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The reliable determination of gas-phase and solid-state heats of formation are important considerations in energetic materials research. Herein, the ability of PM7 to calculate the gas-phase heats of formation for CNHO-only and inorganic compounds has been critically evaluated, and for the former, comparisons drawn with isodesmic equations and atom equivalence methods. Routes to obtain solid-state heats of formation for a range of single-component molecular solids, salts, and co-crystals were also evaluated. Finally, local vibrational mode analysis has been used to calculate bond length/force constant curves for seven different chemical bonds occurring in CHNO-containing molecules, which allow for rapid identification of the weakest bond, opening up great potential to rationalise decomposition pathways. Both metrics are important tools in rationalising the design of new energetic materials through computational screening processes.
Keywords: heat of formation, computational screening, lattice energy calculations, local force constants, energetic materials
INTRODUCTION
Energetic materials (explosives, propellants, pyrotechnics and gas generators, EMs) are characterised by their ability to rapidly convert chemical potential energy into kinetic energy. Safety is of paramount importance in this field and takes precedence over performance, such that only a limited number of EMs have found employment in civilian and military applications. Many of the well-established EMs, however, do not comply with increasing environmental and public health regulations (Cumming, 2017), which fuels the need to develop new non-toxic and environmentally benign EMs that do not compromise on safety or performance metrics.
Computational screening presents an attractive route in the new materials pipeline, as it offers a cost-effective way to assess candidates prior to synthesis. This is particularly desirable in the field of EMs where safety testing (such as impact, spark and friction sensitivity measurements) typically require gram-scale quantities of compounds to be synthesised. This is potentially very hazardous work when the material is novel and may initiate on the slightest perturbation.
Having access to reliable predictive models also opens up routes to the rational design of new EMs, by offering a path towards understanding structure-property relationships. Previous work in our group has focused on the ability to predict the impact sensitivities of EMs using first principles simulations, and our methods, which are based on a vibrational up-pumping model, have demonstrated success for a range of structurally diverse materials that exhibit widely varying sensitivities to initiation ( Michalchuk et al., 2018a; Michalchuk et al., 2019; Michalchuk et al., 2021). This predictive model highlighted the importance of low energy (ca. 200 ± 50 to 600 ± 150 cm−1) molecular vibrational modes to channel (up-pump) the energy arising from the phonon scattering of the many low energy lattice mode vibrations which become vibrationally hot following a mechanically-induced shock event. Trapping this energy in the low energy molecular vibrations induces large amplitude vibrations that distort the molecular structure to the degree that electronic changes occur: band gaps narrow, electrons flow, and unstable species emerge all on the timescale of a molecular vibration (Michalchuk et al., 2018b). This marks the start of initiation. It therefore follows that crystal lattices with a high density of low-lying molecular vibrations will likely be sensitive to shock and impact-induced initiation. The reverse also holds true: crystal lattices that are vibrationally sparse in this region will likely be shock and impact-insensitive, and are thus safer to handle.
Predicting impact sensitivities is only one aspect of an EM computational screening process. Also of key importance is the stored energy in the molecule, which can be gleaned from the solid-state heat of formation energy, ∆Hf(s). This provides a route to calculate the heat of combustion, which in turn allows prediction of several parameters including the detonation pressure and the velocity and heat of explosion (Politzer et al., 2003), using thermo-chemical software methods such as CHEETAH (Fried and Souers, 1994) or EXPLO-5 (Suceska, 2004).
Multiple routes to calculating ∆Hf(s) have been previously proposed in the literature. Our purpose here is to signpost the current state of the art, and to show its application to EMs. The first step in calculating ∆Hf(s) begins with the gas-phase heat of formation, ∆Hf(g), and various methods have been proposed for this over the years. For instance, Benson’s group increment theory (BIGT) exploited experimental heats of formation for individual groups of atoms to develop group equivalence values for linear and branched alkanes and alkenes (Benson and Buss, 1958). While impressive at the time of inception, its application is limited to the types of molecules represented in the training set, and so it has limited scope beyond this area. More recently, quantitative structure-property relationship (QSPR) models have been realised as a powerful tool to explore the relationships that link molecular structure to material properties. Vatani et al. (2007) devised a new QSPR method for predicting heats of formation for over 1,000 organic molecules, covering almost all organic functional groups. However, transition-metal and main-group elements were not included in the training set, so whilst excellent results were obtained, widespread application is again limited.
Within the field of EMs isodesmic reaction equations (Hehre et al., 1970; Ponomarev and Takhistov, 1997) and the atom- and group-equivalence methods (Byrd and Rice, 2006) are commonly applied. The former relies on a reaction equation where the types of chemical bonds in the reactants and products are conserved, and the heats of formation are known for all other molecules in the reaction except the one unknown (Cramer, 2004). Any intrinsic error associated with calculating any particular chemical bond is thereby cancelled out, meaning that relatively low-level computational methods can be employed to give fairly accurate results (Hehre et al., 1970). This method has been employed in computational chemistry for over 50 years, with recent developments automating the generation of parts of the isodesmic reaction equation (Chan et al., 2020). However, as a general technique it has found little application beyond CHNO-containing molecules.
The atom-equivalence method developed by Byrd and Rice is an advance on BGIT and has been extensively applied to EMs (Singh et al., 2014a; Singh et al., 2014b; Axthammer et al., 2015; Piercey et al., 2016), but is again restricted to CHNO-containing molecules. Here atom equivalence energy values for the four atoms were determined through comparison of experimental heats of formation for molecules in a training set and their computationally derived molecular energies (Byrd and Rice, 2006). This method works well, reporting root mean square deviation of 12.6 kJ mol−1 and is arguably more efficient than the isodesmic equation route, as it requires just the optimised energy of the molecule of interest expressed at a prescribed quantum mechanical model chemistry. A further advantage is the absence of any reliance on further experimental data. However, the continued application to CHNO-only molecules limits its application in a computational screening programme for new EMs which should have the flexibility to draw upon main-group and transition-metal elements.
Given the limitations of these two methods, herein we have pursued the use of PM7 to determine ∆Hf(g) (Stewart, 2013). This has been shown by Wan et al. to out-perform previous semi-empirical methods for a set of 142 organic molecules (Wan et al., 2020). Elioff et al. evaluated its capabilities compared to both the isodesmic and the group equivalence methods for nitrogen-containing organic molecules (Elioff et al., 2016). While the outcome showed that PM7 was the least accurate of the three (R2 line of best fit against experimental data = 0.986, compared to 0.999 and 0.995 for the isodesmic and atom equivalence methods, respectively), it still performs relatively well, and has the advantage of being an easily deployed method that can be used for any molecule containing atoms from H−La and Lu−Bi. Fomin et al. (2017) tested the PM7 method alongside other semi-empirical methods, namely PM6, PM5, PM3, AM/1, and MNDO, for calculating ∆Hf(g) for copper and alkaline Earth metal complexes. They concluded that PM6 and PM7 both perform well, reporting R2 values of 0.961 and 0.960, respectively. While these results are encouraging, further validation for the accurate prediction of ∆Hf(g) for a broader range of inorganic molecules would be welcome and will be provided here. The PM7 method also carries the advantage that no further calculations beyond a geometry optimisation are required, which renders it attractive as part of a high throughput study. Moreover, semi-empirical calculation methods have a wide application and user base, and are being continuously improved (Wan et al., 2020).
Converting ∆Hf(g) to ∆Hf(s) requires the addition of an intermolecular interaction energy term, as captured by the sublimation energy, ∆Hsub, or the lattice energy, ∆HL (formally, ∆HL = −∆Hsub – 2RT). For single-component molecular solids, Politzer et al. have developed a route to determine ∆Hsub from consideration of the electrostatic potential (ESP) (Politzer et al., 1997; Politzer et al., 1998). While they have applied this analysis to estimate many liquid, solid, and solution parameters dependent on non-covalent interactions (Politzer and Murray, 1998; Politzer and Murray, 2002) it is their relationship to calculate ∆Hsub which is most relevant here. The method was developed initially using a training set of 34 CHNO-containing molecules, and further parametrised by Byrd et al. using a training set of 38 CHNO-containing energetic molecules (Byrd and Rice, 2006). The ESP method tested here uses the parameters proposed by Byrd, as parameterisation was carried out at using the B3LYP/6-31G* computational model, rather than the HF/STO-5G* level originally used by Politzer. In addition, Byrd’s training set included functional groups more likely to be present in EMs (e.g., azides and nitro groups).
For salts, an attractive route to ∆Hf(s) from ∆Hf(g) is via calculation of ∆HL using the method developed by Jenkins et al. (1999), Jenkins et al. (2002) that relies only on knowledge of the molecular (formula unit) volume and the stoichiometry of the salt. This method has been used by Gao et al. (2007) to compare the estimated values of ∆Hf(s) for 33 energetic salts to their respective experimental values, using the G2 method to calculate the ∆Hf(g) terms for the ions based on their proton or electron affinities. They reported R2 = 0.983, with a maximum deviation of 158.5 kJ mol−1.
Co-crystals are an important development in the field of EMs (Kennedy and Pulham, 2018). While acknowledging that predicting whether or not a stable co-crystal will form from its single-component species is in itself the greater challenge, having the ability to predict ∆Hf(s) for known materials is also important. This is particularly true for EM research, where creating materials that can store large amounts of chemical energy is an essential requirement. Previous attempts have met with limited success. For instance, Zhang et al. (2016), Bozkuş et al. (2019) both used an atomisation energy method (Curtiss et al., 1997) which can formally only be used to calculate the heat of formation of gas-phase species. Ma et al. (2017) used isodesmic equations to calculate ∆Hf(g) for the co-formers of a CL-20/MTNP co-crystal, and then predicted ∆Hsub using a relationship based on the melting point of the co-crystal. While this method is promising, its application is limited if the melting point is not known. Gavezzotti developed the PIXEL method to calculate ∆HL as a sum of Coulombic, polarisation, dispersion and repulsion intermolecular energies in a crystal structure and has been shown to have the correlation R2 = 0.845 between experimental and calculated ∆HL for 154 organic crystal structures (Gavezzotti, 2011). The method was recently expanded to include parameterisation for transition metal complexes (Maloney et al., 2015). Another route to obtaining ∆HL is through the more computationally demanding dispersion-corrected density functional theory (DFT-D) (Morrison and Siddick, 2003; Feng and Li, 2006; Brandenburg et al., 2015; Fan et al., 2017). For the specific example of co-crystals considered here, as it is uncommon to measure ∆Hf(s) we shall compute formation enthalpies using both PIXEL and DFT-D for direct comparison.
In addition to having reliable routes to predict ∆Hf(s), having knowledge of the strengths of the individual bonds within a molecule is also valuable information at the EM molecular design stage, as it can provide information on the first-stage initiation pathway. Historically, intramolecular bond strengths have been calculated through heterolytic bond cleavage reactions, but this proves problematic beyond the first bond breaking reaction, as each subsequent bond breakage reaction is performed on increasingly unstable molecular fragments (Cremer et al., 2000), or requires a separate bond breaking reaction for each bond to be investigated (Zou et al., 2012). This is particularly problematic for ring systems, where breaking one bond introduces additional strain in the remaining bonds, such that isolating one bond becomes an impossible task. Alternatively, computation of the bond force constants offers a direct route to determining the bond strengths of all bonds within a molecule without recourse to molecular fragmentation. However, the normal modes of molecular vibration, from which the force constants are extracted, are commonly a complex mix of bond stretching, angle bending and twisting motions, meaning that pure bond force constants can rarely be obtained. Recent developments by Konkoli and Cremer (Konkoli and Cremer, 1998a; Konkoli and Cremer, 1998b; Kraka et al., 2020) have allowed for the mass decoupling of the normal modes of vibration, to recast the eigenvectors onto a new set of modes, termed the local modes of vibration, that correlate directly with individual bond stretches, angle bends etc. Their work has shown that the resulting local-mode force constants thus obtained are a direct measure of bond strength (Kraka and Cremer, 2019). Thus performing local mode analysis across a broad range of molecules (both energetic and non-energetic) provides information on the relationship between bond length and bond strength of the most common chemical bonds in EMs, which has the potential to be utilised for molecular design.
Herein, a set of 20 CHNO-containing molecules and a further 31 inorganic molecules was constructed to benchmark the PM7 method against isodesmic equation reactions and the atom equivalence method to calculate ∆Hf(g). Additionally, methods for converting ∆Hf(g) to ∆Hf(s) using the methods proposed by Byrd, Jenkins, and by the PIXEL method/DFT-D for single-component molecular crystals, salts and co-crystals, respectively, were also pursued for 48 compounds. Local vibrational mode analysis has also been carried out on 30 molecules containing chemical bonds found in energetic molecules, to evaluate bond length/strength relationships and to ascertain the likely weakest bonds in energetic molecules. Finally, both parameters have been highlighted for their potential to be included in a computational screening program for new energetic materials.
COMPUTATIONAL METHODS
All optimization and vibrational frequency calculations were performed at the B3LYP/6-31G* level, as implemented in Gaussian16 (Frisch et al., 2016).
Gas-Phase Heat of Formation: Isodesmic Equations
Equations were devised to ensure the type of chemical bonds were conserved, and that the heats of formation of all other molecules in the equation were known (see Supplementary Table 2). The heat of reaction, ∆HR, is then calculated according to Eq. 1.
[image: image]
Where ΔE0 is the change in energy between the products and reactants, ΔZPE is the change in the zero-point energies between products and reactants, and ΔHT is the thermal correction from 0 to 298 K. As the number of atoms remain constant in the reaction, ΔnRT equals zero. The calculated heat of reaction is then equated to Eq. 2. Assuming the molecule of interest is a reactant in the isodesmic equation then its heat of formation is calculated by subtracting the known heats of formation of the other reactants and products from ∆HR.
[image: image]
Gas-Phase Heat of Formation: Atom Equivalence Method
Formation energies were determined according to Eq. 3, where E is the optimised energy of the molecule, nj is the number of atoms of type j and ej is the atom equivalence value of atom j, as determined by Byrd and Rice (Byrd and Rice, 2006).
[image: image]
Gas-Phase Heat of Formation: PM7
PM7 (Stewart, 2013) method was utilised as presented in Gaussian 16, using geometries optimised to global minima from the previously mentioned calculations for improved accuracy. For molecules containing third row and higher atoms, the SCF = YQC algorithm was used, as suggested in the PM7 documentation.
Solid-State Heat of Formation: Single-Component Solids
The solid heat of formation for single component materials were calculated using Eq. 4, where ∆Hf(g) was calculated using PM7 as described above, and ∆Hsub was calculated using the ESP method as described by Eq. 5.
[image: image]
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Where [image: image] and [image: image] are semi-empirically deduced fitting parameters proposed by Byrd et al. (Byrd and Rice, 2006) [image: image] is the surface area of the 0.001 electron.bohr−3 isosurface of the electrostatic potential of the molecule, [image: image]is the measure of variablity of electronic potential on the surface, and [image: image] is the degree of balance between the positive and negative charges on the isosurface. The latter three parameters were calculated using Multiwfn (Lu and Chen, 2012).
Solid-State Heat of Formation: Salts
For the energetic salts ΔHf(s) was calculated from Eq. 6, where ∆Hf(g) of the cations and anions were calculated using PM7 as described above.
[image: image]
Here, ∆HL is expressed by Eq. 7, as proposed by Jenkins et al. (2002).
[image: image]
Where [image: image] and [image: image] are constants that depend on the nature of the ions, and are set to 3 for monoatomic ions, 5 for linear polyatomic ions and 6 for non-linear polyatomic ions. The variables [image: image] and [image: image] denote the relative charges of the respective ions. The term [image: image] denotes the lattice potential energy and in turn is defined by Eq. 8.
[image: image]
Where [image: image]denotes the molecular volume (Vcell/Z), in nm3, and the remaining coefficients [image: image] and[image: image] are fitting terms provided by Jenkins et al. and which vary depending on the charge ratio of the salt.
Solid-State Heat of formation: Co-Crystals
For lattice enthalpies calculated using PIXEL (Gavezzotti, 2005), calculations were set up using MrPIXEL (Reeves et al., 2020) within the Mercury interface, distributed with the Cambridge Structural Database (CSD) (Macrae et al., 2008; Groom et al., 2016). Hydrogen atom positions were set to the CSD normalised positions. For DFT-D, geometry optimisation calculations were performed using CASTEP17 (Clark et al., 2005) using the Perdew-Burke-Ernzerhof functional (Perdew et al., 1996) with a plane-wave basis set with a cut-off energy of 900 eV, which demonstrated convergence to 1 meV.atom−1. Norm-conserving pseudopotentials were used throughout, with a k-point spacing of 0.05 Å−1. The Tkatchenko-Scheffler dispersion correction scheme was applied. Lattice energies were determined by comparing the optimized energy values for the crystal structure with the energy for individual co-formers, modelled as effectively gas phase by removing all but one of the co-former molecules from the optimized crystal structure and computing a single point energy value using the same computational model as applied to the co-crystal. In cases where a unit cell vector was short, such that interactions with the nearest neighbour replica may occur (taken to be <5 Å), the smallest unit cell vector was doubled to ensure zero interaction. This was the case for 64, 70 and 76. Lattice enthalpies were then calculated using Eq. 9.
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Where Ecell is the energy of the unit cell of the co-crystal and Eco-fomer1,2 is the energy of each of the co-formers modelled in the “gas phase” and Z is the number of molecular units in the co-crystal. The ∆Hf(g) terms, to convert the ∆HL terms to ∆Hf(s), were calculated using PM7 as documented above.
Lattice enthalpies of individual co-formers were calculated by adding the thermodynamic correction shown in Eq. 10 to the sublimation enthalpies calculated using the ESP method described above.
[image: image]
Local Mode Force Constants
These were calculated using LMODEA (Kraka et al., 2020), following geometry optimisation and vibrational frequency calculation, for the 31 CHNO-containing molecules listed in Supplementary Table 6.
RESULTS AND DISCUSSION
Calculating Gas Phase Heats of Formation
To test the three different methods for calculating ∆Hf(g) molecules 1–20 (see Figure 1 and Supplementary Table 1), were considered. Molecules were chosen as they had reliably reported experimental ∆Hf(g) available in the literature, and their less complex nature meant that the construction of isodesmic reaction equations was relatively straightforward (reported in full in Supplementary Table 2). As the PM7 method permits inorganic molecules to be studied, a further set of molecules which comprised main group and transition metal elements (23–53) was also studied. Notably, examples include molecules containing lead, copper and halogens, which are commonly found in EMs.
[image: Figure 1]FIGURE 1 | Molecules, salts and co-crystals employed in heat of formation energy calculations.
While the majority of CHNO-containing molecules investigated here have already been reported by Elioff et al. (2016), our process differs in that all molecules were first optimised at the 6-31G*/B3LYP level, followed by a single-point energy evaluation at PM7. In addition, the data set includes a further 4 molecules, namely 1, 2, 4, and 19, which incorporates the important EMs PETN (1), TMETN (2) into the test set. Calculation of ∆Hf(g) for the 31 inorganic molecules (23–53) by PM7 has not been reported before.
When calculated values of ∆Hf(g) are compared against experimental data (Figure 2), the two largest outliers for the isodesmic equation method (Figure 2A and Supplementary Table 3) were PETN and TMETN (1 and 2 respectively), which deviate from the experimental values by 106.8 and 108.0 kJ mol−1, respectively. Both data points were disregarded when carrying out linear fitting, which otherwise returned an R2 value of 0.994, and the gradient of the fitted line, m = 0.989. The reasons for failure for data points 1 and 2 must rest with either the experimental formation energies and/or the geometry optimisations of PETN and TMETN, or the geometry optimisation and/or experimental formation energy of another molecule defined in their respective isodesmic equations. The atom equivalence method (shown in Figure 2B) performs considerably better for these two compounds, which suggests that the experimental formation energies and the geometry optimizations, for both PETN and TMETN, are reliable. The isodesmic reactions constructed for these two molecules both include C(CH3)4, which is absent in all other isodesmic equations constructed for the test set (see Supplementary Table 2). Careful checking of the simulated geometry, to ensure the configuration obtained refers to the global minimum, suggests that the error most likely rests with the experimental heat of formation for C(CH3)4. This highlights a fundamental weakness with the isodesmic equation route, in that any error with any one term in the equation will render the calculated ∆Hf(g) for the target molecule as unreliable.
[image: Figure 2]FIGURE 2 | Showing calculated vs. experimental gas phase heats of formation for the (A) isodesmic, (B) atom equivalence, (C) PM7 for 1–20 and (D) PM7 for 23–53. Data points omitted from the lines of best fit are shown in pink.
Using the atom equivalence method, no outliers where identified, showing the strength of this method for CHNO-containing molecules. This gave an R2 value of 0.994 (m = 0.943), indicating that the atom equivalence method performs just as well as the isodesmic method.
Turning to the PM7 results (Figure 2C), PETN (1) again represents the largest deviation, with the semi-empirical method over-estimating the experimental value by 91.2 kJ mol−1. RDX (17) also appears to be less reliably calculated by this method, compared to the other two routes. Discarding 1 and 17 from the test set gives a line of best fit with R2 = 0.993 (m = 1.083), suggesting overall that this method provides a similar level of accuracy compared to the isodesmic reaction and atom equivalence methods. The correlation with experimental data here is better than that reported by Elioff et al. (2016) (R2 = 0.986) and considering the high overlap of molecules in test sets used, the improvement is likely due to the B3LYP/6-31G* geometry optimization step, as Elioff et al. relied on the PM7 method for structure optimisation as well as energy calculation. For the inorganic molecule list, 23–53, which were tackled by PM7 only, the R2 value increased slightly to 0.995, with the gradient of the line of best fit improved considerably [m = 0.983; omitting the largest outliers ZrF4 (24) and TeF6 (26), which deviate from experimental values by 186 and 203 kJ mol−1, respectively], suggesting its performance is just as reliable for inorganic molecules as it is for organic molecules. It is unclear why ZrF4 and TeF6 deviate so much from the expected values. Other related compounds, 25, 27–29 and 34, have been calculated accurately (although 26 is the only Te-containing compound and Zr is represented just twice in the data set). The possibility of experimental inaccuracy also cannot be ruled out.
Calculating Solid Heats of Formation
To probe the conversion of ∆Hf(g) to ∆Hf(s), 23 of the single-component EMs were selected from the 1–53 test set for which experimentally determined ∆Hf(s) were available (see Figure 3A and Supplementary Table 1), and further pursued using the ESP method. This includes 14 CHNO-containing molecules and 9 inorganic compounds. Fourteen salts (54–67 in Figure 1) were similarly pursued using Jenkins’ method, while 11 co-crystals (68–78 in Figure 1) were explored using PIXEL and DFT-D.
[image: Figure 3]FIGURE 3 | Showing the calculated solid heats of formation for (A) single component crystals, (B) salts and (C) co-crystals. Data points omitted from the lines of best fit are shown in pink.
For the single-component crystals, ∆Hf(s) calculated using the ESP method offered a line of best fit of R2 = 0.995, m = 1.100 [omitting one point that lay off the line, Mn(CO)3Cp (35) by 220 kJ mol−1, see Figure 3A], indicating a good predictive result has been obtained across a broad spectrum of compounds and broad range of energies.
For the EM salts (54–67), application of Jenkins’ method gives a line of best fit through the simulated values (see Figure 3B) with R2 = 0.997 (m = 0.955), and a maximum deviation from experimental values of 80.5 kJ mol−1 for FOX-12 (55). This is an improvement in the correlation reported by Gao et al. (2007) who reported an R2 of 0.984 for a set of 33 inorganic and CHNO EM salts, of which 19 were inorganic and the remainder CHNO. While acknowledging that the improved result obtained here could be due to the smaller test set employed in this work, it could also indicate that the PM7 method, used to calculate the ∆Hf(g) terms for the constituent ions, offered an improvement over the approach adopted by Gao, who relied on isodesmic equations. This latter approach is likely to be particularly problematic here as experimental formation energies of ions are required. Our data set shares two data points with Gao’s (salts 56 and 61); closer inspection of these predictions shows that both ∆Hf(s) values were calculated more accurately here, with 56 deviating from the experimental values by 17 kJ mol−1 (Gao’s prediction differed by 24.7 kJ mol−1), whereas 61 deviated by only 0.9 kJ mol−1 (Gao by 63.5 kJ mol−1). This would therefore appear to support further the use of PM7 to calculate the ∆Hf(g) terms. There are two outliers in this fitting – lead azide (64) and DBX-1 (65), which deviate from their literature values by 222 and 145 kJ mol−1, respectively. We note that both exist as extended coordination complexes in the solid state, which may contribute towards their poor prediction by Jenkins’ method, which was formally devised for salts.
It should be noted that TKX-50 (62) has two values for ∆Hf(s) reported in the literature. The most widely reported is 446.6 kJ mol−1 (Sabatini and Oyler, 2015), which was the value calculated using Jenkins’ method, with the ∆Hf(g) values for the constituent ions calculated using the CBS-4M atomisation method. However, Sinditskii et al. (2015) have argued that this value is questionable when compared to the sum of the enthalpies of formation for the individual components of TKX-50 and when compared with typical heats of reaction between acids and bases. They performed bomb calorimetry experiments and determined ∆Hf(s) to be 111 ± 16 kJ mol−1, far lower than the widely reported calculated value. Our computed value, also derived from the Jenkins’ method, but utilising PM7 to calculate the ∆Hf(g) values for the ions, is 112.6 kJ mol−1, showing that the earlier result was in error due to computation of the ∆Hf(g) terms for the molecular ions.
For the 11 energetic co-crystals investigated, ∆HL was calculated using two different approaches, the quicker PIXEL method, and the more computationally demanding DFT-D method (see Figure 3C and Supplementary Table 6), as no experimental data was available to benchmark the predictions against. From these results, it was readily apparent that the two methods provide comparable results (R2 = 0.997, m = 0.964), meaning that both options are viable for co-crystals as part of a computational screening program. PIXEL does present some limitations, however, as it is not applicable to structures where the number of molecules in the crystallographic asymmetric unit exceeds 2; for these larger crystal lattices DFT-D is at present the only realistic solution.
Next, we offer an interesting comparison between the ∆HL of the co-crystals (from Eq. 9) alongside the ∆HL values for their respective co-formers (from Eqs. 5, 10). This is shown in Figure 4 (and Supplementary Tables 1, 6), from which it is apparent that the sum of the latter gives a reasonable approximation of the former. This is in agreement with Vener et al., who studied a number of co-crystals using DFT-D and hybrid-DFT functionals (Vener et al., 2014). A similar observation was also made by Day et al., who showed using DFT-D simulations that the total energy of 350 organic co-crystals was greater than a linear weighed sum of their single-component counterparts by the order of just ca. 8 kJ mol−1 (per molecule). This applied to around 95% of their data set, showing that co-crystal formation is overwhelmingly driven by thermodynamics (Taylor and Day, 2018). Estimating ∆HL for a co-crystal by this quick approximation may help guide the choice of co-formers for EM research, in order to maximize the amount of stored chemical energy. It also would be particularly useful to estimate ∆HL for co-crystals such as CL-20/HMX, which has a 2:1 ratio of co-formers (Bolton et al., 2012) and thus falls outside the scope of PIXEL calculations. Accordingly, we estimate ∆HL of CL-20/HMX to be ca. −430 kJ mol−1 [based on ∆HL (HMX) + 2 × ∆HL (CL-20), see Supplementary Table 1]. Using DFT-D, the corresponding ∆HL prediction is -460 kJ mol−1. This results in a predicted ∆Hf(s) of ca. 570–600 kJ mol−1. We note that Zhang et al. (2019) estimated a considerably higher value for ∆Hf(s) of 861.9 ± 18.6 kJ mol−1; this was obtained indirectly using a calculated heat of reaction for the formation of solid CL-20/HMX from solid ε-CL-20 and β-HMX, that in turn used a thermochemical cycle based on measured enthalpies of dissolution of all species in acetonitrile, and literature ∆Hf(s) values for ε-CL-20 and β-HMX.
[image: Figure 4]FIGURE 4 | Comparison of calculated lattice enthalpies of co-crystals 68–78 by (A) PIXEL and (B) DFT-D, alongside constituent co-formers.
While Day et al. makes a strong case for co-crystallisation being overwhelmingly thermodynamically driven (Taylor and Day, 2018), a recent report by Perlovich suggests that the formation of around 30% of co-crystals are entropically driven (Perlovich, 2020). This work was based on constructing a dataset of 1947 co-crystals for which experimental sublimation energies were available, from which an algorithm to calculate the Gibbs sublimation energy was derived. Our test set of eleven EM co-crystals is too small to add any significant weight to this argument. While in general the predictions show that the lattice energy of the co-crystal does indeed exceed that of the sum of the co-formers (by up to ca. 70 kJ mol−1, a similar total energy range reported by Day et al.), for some structures (68, 74, 76 and 78 by PIXEL, 68, 72 and 76 by DFT-D) the relationship does not hold, although we note that the energy shortfalls are typically very small. Improving the computational method to improve the accuracy of the comparison (i.e., zero point energy and entropy corrections) (Nyman and Day, 2015) will be considered more broadly in follow up studies. Such corrections could be obtained from calculating full phonon spectra, but these are time consuming to perform and therefore go against the computational screening philosophy which pervades this paper.
In summary, of the three methods tested here for calculating ∆Hf(g), PM7 performs favourably compared with the isodesmic reactions and atom equivalence methods, while offering application to the widest range of molecules. Its strength has also been demonstrated when calculating ∆Hf(s) for single component solids and salts, by the ESP and Jenkins methods, respectively, with predicted values showing excellent correlation with experimental ∆Hf(s) values. Finally, two different methods, PIXEL and DFT-D, were compared for calculating ∆HL terms for co-crystals and found to give comparable results. Comparison of the calculated ∆HL terms show that, to a first approximation, the lattice enthalpy of the co-crystal is the sum of the lattice enthalpies of the constituent co-formers. While this does not inform on the likelihood of success for the formation of new co-crystals, it does offer significant new insight in directing co-crystallisation studies to create new EMs with desired ∆Hf(s) values.
Local Force-Constant Calculations
Local vibrational-mode force constants were calculated for all CHNO-containing molecules in the test set, with a further ten EMs added to provide a wider and more comprehensive coverage of bond length values (31 CHNO molecules in total, Supplementary Table 7, including the EMs CL-20, RDX, HMX, HNB, NTO, TATB, FOX-7, PETN and nitroglycerin). From this data, a relationship between the bond lengths and force constants (bond strengths) of seven different covalent bonding environments can be drawn (see Figure 5).
[image: Figure 5]FIGURE 5 | Correlation between bond lengths and local vibrational mode force constants for seven covalent bonding environments.
The data shown here expands upon the relationship that has been established by Kraka et al. for C−C bonds occurring in both gas and solid state geometries.(Kraka et al., 2020). It also mirrors the trends shown by Byler et al. (1987) and Ladd et al. (1964) for C−N bonds and C−O bonds, respectively. The studies by Byler and Ladd analyzed mainly linear molecules in an effort to reduce the effect of coupling of normal vibrational modes. This limitation is elegantly side-stepped by local vibrational mode analysis through the recasting of the normal modes of vibration into the local modes through mass decoupling (Groom et al., 2016; Hehre et al., 1970) Byler et al. reported bond lengths that ranged from 1.122 Å (k = 20.17 mdyn Å−1, H3CC−NBCl3) to 1.555 Å (k = 3.51 mdyn Å−1, F3C−NO). Their data sit comfortably on our C−N curve, highlighting the power of the local-mode analysis route for obtaining force constants for more complex molecules. Ladd et al. measured the vibrational frequency of the C−O bond stretch for different excited states of carbon monoxide to obtain the relationship between force constant and bond length over the range 1.088–1.396 Å. Their data agree quantitatively with the C–O bond curve shown in Figure 5 at long bond lengths, but consistently underestimates the force constants at shorter (<1.2 Å) distances, which suggests that measuring the force constants of only excited states of CO has skewed the relationship between bond length and force constant. McKean made extensive studies of the vibrational frequencies of isolated C–H bond stretches, a property which is directly comparable to the local mode of vibration (McKean, 1978; Konkoli et al., 1998; Konkoli and Cremer, 1998a; Larsson and Cremer, 1999), and therefore the force constants, and presented a relationship between C–H bond length and experimentally determined stretching frequencies which mirrors the trend shown here. Cremer et al. (2000) also calculated C–H force constants of adiabatic internal modes (an earlier name for local vibrational modes), their shortest C–H bond being 1.086 Å with a force constant of 5.58 mdyn Å−1. This fits on our line presented in Figure 5, which is now further extended to 1.066 Å (and 6.46 mdyn Å−1).
A strong correlation of force constant and bond length is observed for all bond types, and decay functions were used to fit trend lines (Supplementary Table 8) that returned R2 values of ca. 0.99 for all bond types, with the exception of C−N (R2 = 0.98) and N−H (R2 = 0.92), although the latter corresponds to only four data points and is likely under-represented. Four bond types, C−C, C−N, C−O and N−N, encompass single to triple bond behaviour, and N−O bond types include single and double bonds, as evident from the clustering of data points. The wide range of bond lengths studied give rise to a corresponding wide range of calculated local-force constant values, which for the most part follow the sequence C−C > C−N ≈ C−O > N−N ≈ N−O, although the longer distances associated with single C−N bonds render these interactions on a par with single N−N and N−O bonds. The weakness of the long C–N bond fits with expectation: the rupture of R–NO2 bonds has been shown to be a critical step in the decomposition of energetic materials (Sharma and Owens, 1979; Sharma et al., 1982; Owens, 1996). The data shown in Figure 5 are testament to the great potential offered by the local-mode analysis route: it is a quick and straightforward method to compare and contrast the bond strengths of all bonding interactions within a molecule, from which the weakest bond can be unambiguously identified. In essence, the curves shown in Figure 5 allow a direct mapping between bond length and bond strength to be obtained. For the case of CL-20, a cage nitramine structure comprising 5, 6 and 7 membered C−N rings (compound 21 in Figure 1), it has been suggested that the C−N bonds forming the cage can also act as the “trigger linkage,” (Sun et al., 2021) in addition to the generally weaker N−NO2 bonds. This is supported here, with the C−N bonds in the more strained 5-membered rings having force constants similar to the stronger N−NO2 bonds (3.337 vs. 3.151 mdyn Å−1, respectively). The less strained 6-membered ring contains stronger C−N bonds, with force constants ranging from 4.088–4.486 mdyn Å−1, a considerable increase in strength from the C−N bonds present in the 5-membered rings. The relationship between bond length and force constant presented here therefore has the potential to be applied to molecular design, as the weakest bond in a molecule can be tuned by its surrounding molecular environment.
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New asymmetrical Schiff base series based on lateral methoxy group in a central core, (E)-3-methoxy-4-(((4-methoxyphenyl)imino)methyl)phenyl 4-alkoxybenzoate (An), were synthesized and their optical and mesomorphic characteristics were investigated. The lateral OCH3group was inserted in the central ring in ortho position with respect to the azomethine linkage. FT-IR, and NMR spectroscopy as well as elemental analyses were used to elucidate their molecular structures. Their mesomorphic behaviors were characterized by polarized optical microscopy (POM) and differential scanning calorimetry (DSC). These examinations indicated that all the designed series were monomorphic and possessed nematic (N) mesophase enantiotropically, except A12 derivative which exhibited monotropic N phase. A comparative study was made between the present investigated series (An) and their corresponding isomers (Bn). The results revealed that the kind and stability of the mesophase as well as its temperature range are affected by the location and special orientation of the lateral methoxy group electric-resistance, conductance, energy-gap, and Urbach-energy were also reported for the present investigated An series. These results revealed that all electrodes exhibit Ohmic properties and electric-resistances in the GΩ range, whereas the electric resistance was decreased from 221.04 to 44.83 GΩ by lengthening the terminal alkoxy-chain to n = 12. The band gap of the An series was reduced from 3.43 to 2.89 eV by increasing the terminal chain length from n = 6 to n = 12 carbons. Therefore, controlling the length of the terminal chain can be used to improve the An series’ electric conductivity and optical absorption, making it suitable for solar energy applications.
Keywords: lateral methoxy, schiff base liquid crystals, nematic phase, optical properties, electrical properties, solar energy
INTRODUCTION
Today, numerous applications are being found for liquid crystals (LCs) due to their ability to undergo molecular orientation changes, such as electromagnetic fields, optical displays, surface modifications, and solar energy applications (Meng et al., 2018; You et al., 2019; Olaleru et al., 2020). On the other hand, the development of LC structural shapes with specific characteristics for certain applications remains a crucial challenge which needs wide information about the correlation between structural shape and mesomorphic properties, as well as their effect on the involved mechanisms of phase transitions (Lagerwall and Giesselmann, 2006).
[image: Scheme 1]SCHEME 1 | Synthesis way of materials An.
Recently, the small molecule solar cells have exhibited great potential (Badgujar et al., 2016; Bin et al., 2017; Qiu et al., 2017; Bin et al., 2018; Li et al., 2018). Organic solar cells are cost-effective compared to traditional photovoltaic cells. Numerous studies on the applications of organic compounds for photosensitizers in solar cells have been reported (Meng et al., 2018; You et al., 2019; Olaleru et al., 2020). Innovative characteristics of organic solar cells as flexibility, cheap, and ease of use have attracted considerable attention from technological engineers and researchers. Furthermore, modern organic solar cells are low coast and having excellent efficiency (Meng et al., 2018). Due to the applications of solar energy, such as catalytic photo-degradation of dyes, solar hydrogen-generation, photo-electrochemical water splitting, and solar cells, band gap engineering and optical property control are critical parameters of interest (Ahmed and Abdalla, 2020; Helmy et al., 2020; Mohamed et al., 2020; Shaban and El Sayed, 2020; Shaban et al., 2020).
Huge numbers of rod-like thermotropic LCs, with rigid cores containing two or more aromatic rings and terminal flexible chains, have been reported (Kelker and Scheurle, 1969; Sharma and Patel, 2017; Kato et al., 2018). Most of these studies were based on azomethine linkages (Ahmed et al., 2018; Al-Mutabagani et al., 2021; Altowyan et al., 2021; El-atawy et al., 2021). The insertion of high polar compact lateral or terminal groups to main architecture influences the thermal and physical properties of the resulting LC material, such as phase transition temperatures, dielectric anisotropy, and the dipole moment (Jessy et al., 2018; Mishra et al., 2018; Saccone et al., 2018; Zaki et al., 2018; Zaki, 2019). Generally, the intermolecular separation increases due to the addition of lateral substituent, which widens the mesogenic cores and consequently leads to a reduction in lateral interactions (Naoum et al., 1997; Saad and Nessim, 1999; Naoum et al., 2010). However, as the breadth/length of the molecule will increment the thermal stability of produced phases decreases (Luckhurst and Gray, 1979). The small size of the lateral substituent enables its attachment into mesomorphic geometrics without being sterically disrupted, so liquid crystalline mesophases can still be observed. On the other hand, the terminal flexible chain group plays an essential role in the mesomorphic behaviors of synthesized materials (Yeap et al., 2004; Takezoe and Takanishi, 2006). As the length of the flexible terminal chain increases, the molecules tend to be oriented in a parallel alignment (Henderson and Imrie, 2011).
This study aims to synthesize new azomethine derivatives of di-methoxy groups having changeable lengths of the terminal alkoxy-group (n), namely, (E)-3-methoxy-4-(((4-methoxyphenyl)imino)methyl)phenyl 4-alkoxybenzoate, An.
The methoxy substituent is attached to a Schiff base terminal phenyl linker, while the other CH3O group is present into the central of structure as a laterally polar moiety. Moreover, the study aims to investigate the impact of lengthen of alkoxy chain on the mesomorphic properties of synthesized homologues. In addition, a comparison is conducted between the present investigated series and the previously reported isomers to evaluate the impact of exchanging the location of terminal polar groups on the mesomorphic behavior. The research also aims to study their optical and electric behaviors.
EXPERIMENTAL
Synthesis
Many reports have revealed that hydrazones and imines are valuable materials for medicinal and synthetic applications (Gomha and Riyadh, 2011; Abu-Melha et al., 2020; Gomha et al., 2020a; Gomha et al., 2020b; Ouf et al., 2020; Sayed et al., 2020; Gomha et al., 2021; Sayed et al., 2021). The following Scheme 1 shows the synthesis of a series of novel lateral CH3O materials 3 and An:
Details for synthesis of (E)-3-methoxy-4-(((4-methoxyphenyl)imino)methyl)phenol (3) and (E)-3-methoxy-4-(((4-methoxyphenyl)imino)methyl)phenyl 4-alkoxybenzoate, An are included in the Supplementary Material.
1H-NMR, 13C-NMR, Infrared spectra (IR), and elemental analyses for the investigated materials were in agreement with the assigned structures. 1H-NMR data showed the expected ratios (Figure 1, Figure 2, and Figure 3). The physical data of products An are listed below:
[image: Figure 1]FIGURE 1 | NMR spectra of material A6.
[image: Figure 2]FIGURE 2 | NMR spectra of material A8.
[image: Figure 3]FIGURE 3 | NMR spectra of material A12.
(E)-3-Methoxy-4-(((4-methoxyphenyl)imino)methyl)phenyl 4-(hexyloxy)benzoate (A6)
Yield: 87.3%; mp 103–105 °C, FTIR (ύ, cm−1): 3,016, 2,944 (C-H), 1,737 (C=O), 1,622 (C=N). 1H-NMR (400 MHz, DMSO): δ/ppm: 0.80–0.85 (t, 3H, CH3(CH2)3CH2CH2O-), 1.26–1.40 (m, 6H, CH3(CH2)3CH2CH2O-), 1.67–1.73 (m, 2H, CH3(CH2)3CH2CH2O-), 3.74 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 4.03–4.05 (t, 2H, CH3(CH2)3CH2CH2O-), 6.93–6.96 (d, 2H, Ar−H), 7.06–7.11(d, 2H, Ar−H), 7.26–7.30 (m, 3H, Ar−H), 7.47–7.50 (d, 1H, Ar−H), 7.66 (s, 1H, Ar−H), 8.00–8.03 (d, 2H, Ar−H), 8.61 (s, 1H, CH = N) ppm; 13C-NMR (400 MHz, DMSO): δ/ppm: 13.90 (CH3), 22.06, 25.09, 28.44, 30.96 (CH2), 55.29, 55.87 (OCH3), 68.01 (CH2-O), 110.93, 114.43, 114.72, 120.33, 122.01, 122.45, 123.47, 132.10, 135.28, 141.77, 143.93, 151.38, 157.61 (Ar-C), 157.99 (C=N), 163.26 (Ar-C-OR), 163.49 (C=O) ppm. Anal. Calcd. for C28H31NO5 (461.55): C, 72.86; H, 6.77; N, 3.03. Found: C, 72.73; H, 6.61; N, 2.93%.
(E)-4-(((4-Methoxyphenyl)imino)methyl)-3-methoxyphenyl 4-(octyloxy)benzoate (A8)
Yield: 89.7%; mp 96–97°C, FTIR (ύ, cm−1): 3,038, 2,929 (C-H), 1733 (C=O), 1,613 (C=N). 1H-NMR (400 MHz, DMSO): δ/ppm: 0.80–0.82 (t, 3H, CH3(CH2)5CH2CH2O-), 1.19–1.60 (m, 10H, CH3(CH2)5CH2CH2O-), 1.76–1.78 (m, 2H, CH3(CH2)5CH2CH2O-), 3.79 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 4.01–4.04 (t, 2H, CH3(CH2)5CH2CH2O-), 6.53–6.54 (d, 2H, Ar−H), 7.06–7.08 (d, 2H, Ar−H), 7.28–7.32 (m, 3H, Ar−H), 7.42 (d, 1H, Ar−H), 7.68–7.69 (s, 1H, Ar−H), 8.01–8.06 (d, 2H, Ar−H), 8.60 (s, 1H, CH = N) ppm; 13C-NMR (400 MHz, DMSO): δ/ppm: 14.48 (CH3), 22.62, 24.55, 25.48, 25.96, 29.19, 31.77 (CH2), 55.21, 56.43 (OCH3), 68.53 (CH2-O), 107.21, 111.79, 115.25, 123.08, 123.39, 124.09, 129.69, 132.64, 139.50, 142.81, 149.68, 150.62, 151.97 (Ar-C), 154.48 (C=N), 161.28 (Ar-C-OR), 163.82 (C=O) ppm. Anal. Calcd. for C30H35NO5 (489.60): C, 73.59; H, 7.21; N, 2.86. Found: C, 73.42; H, 7.09; N, 2.68%.
(E)-4-(((4-methoxyhenyl)imino)methyl)-3-methoxyphenyl 4-(dodecyloxy)benzoate(A12)
Yield: 86.0%; mp 88–89°C, FTIR (ύ, cm−1): 3,018, 2,925 (C-H), 1731 (C=O), 1,608 (C=N). 1H-NMR (400 MHz, DMSO): δ/ppm: 0.80–0.84 (t, 3H, CH3(CH2)9CH2CH2O-), 1.22–1.36 (m, 18H, CH3(CH2)9CH2CH2O-), 1.69–1.72 (m, 2H, CH3(CH2)9CH2CH2O-), 3.74 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 4.02–4.04 (t, 2H, CH3(CH2)9CH2CH2O-), 6.95–6.96 (d, 2H, Ar−H), 7.05–7.07(d, 2H, Ar−H), 7.26–7.32 (m, 3H, Ar−H), 7.48–7.50 (d, 1H, Ar−H), 7.68 (s, 1H, Ar−H), 8.01–8.03 (d, 2H, Ar−H), 8.61 (s, 1H, CH = N) ppm; 13C-NMR (400 MHz, DMSO): δ/ppm: 13.97 (CH3), 22.10, 24.02, 24.96, 25.44, 28.49, 28.67, 28.72, 31.24, 34.50 (CH2), 55.32, 55.89 (OCH3), 68.02 (CH2-O), 110.97, 114.45, 114.74, 120.35, 122.02, 122.47, 123.49, 132.12, 135.30, 141.78, 143.94, 151.39, 157.63 (Ar-C), 158.01(C=N), 163.28 (Ar-C-OR), 163.51 (C=O) ppm. Anal. Calcd. for C34H43NO5 (545.71): C, 74.83; H, 7.94; N, 2.57. Found: C, 74.71; H, 7.84; N, 2.39%.
RESULTS AND DISCUSSION
Mesomorphic Investigations of Present Series, An
The mesophase characteristics of the synthesized have been investigated via POM and DSC. Figure 4 shows representative DSC thermograms of homologue A8 upon heating and cooling cycles. It was observed that the phase transitions from Cr→ N, and N→ I on heating and reversed on cooling for the short chain length A6 derivative. Transition peaks changed according to the molecular geometry of the designed materials, An. Significant endothermic and exothermic peaks were observed to be dependent on the length of the terminal alkoxy chain (n), and were ascribed to mesomorphic transition. Optical images of A6 and A10 derivatives under POM are depicted in Figure 5. Schlieren/threads textures of the nematic phase were identified upon heating and cooling scans. The mesomorphic transition temperatures, as derived from DSC evaluations, and their associated enthalpies for all the synthesized compounds, An, are summarized in Table 1. The impact of the terminal length of the attached flexible group on their mesomorphic properties is displayed in Figure 4. Results in Table 1 and Figure 6 show that all investigated members of the group An are monomorphic and possess enantiotropic N phase, except the longer chain compound A16 which is monotropic nematogenic. In addition, the homologues An series exhibit a wide nematogenic range and stability dependent on their terminal chain length, where the A16 derivative has the lowest nematic stability. The melting transition of the present compounds, as usual, varies irregularly with the terminal chain length (n). From Figure 6, the shortest chain length derivative (A6) exhibits the highest nematic thermal stability and temperature range 163.6 and 49.1 °C, respectively. The A8 sample also possesses N phase enantiotrpoically with N stability and range nearly 144.9 and 32.8°C, respectively. Moreover, the derivative A10 has the lowest melting temperature 79.8°C, and possesses less enantiotropic thermal nematic stability (122.3°C). The compound bearing the longest chain terminal length (A12) has the lowest thermal nematic stability, so its phase appears monotropically. The geometry, polarizability, and the dipole moment of the designed materials are profoundly affected by the mesomeric kind of the terminals. In expansion, the mesomorphic character is impacted by an increase within the polarity and/or polarizability of the mesogenic part. Moreover, the decrement in N stability with the increasing length of the terminal chains (Figure 6) is associated with the increment of the dilution of interactions within the mesogenic units as well as the increment of the volume fraction of the alkoxy chains (Walker et al., 2019). The nematic range of the present series decreases in the order: A6 > A10 > A8 > A12. The phase character of calamitic molecules is specifically affected by molecular‐molecular interactions that mainly depend on their shapes and the location of the polar lateral and terminal attached groups.
[image: Figure 4]FIGURE 4 | DSC thermograms of derivative A8 with heating /cooling rate of ±10°C/min.
[image: Figure 5]FIGURE 5 | Nematic phase textures upon heating observed under POM for compounds (A) A6 at 155.0°C and (B) A10 at 115.0°C.
TABLE 1 | Temperatures of mesomorphic transitions, °C (enthalpy ΔH, kJ/mole), mesophase range (ΔT, °C), and the normalized-entropy, ΔS/R, of transition for investigated series An.
[image: Table 1][image: Figure 6]FIGURE 6 | Effect of terminal alkoxy-group on the mesophase behavior of the series An.
The normalized entropy changes, ΔSN-I/R, of the present investigated series (An) are summarized in Table 1. The data indicated that independent of the terminal alkoxy chains length, the entropy of N-I transitions show small values with irregular trends that mainly depend on the type of terminal and lateral substituents. Their relatively lower values may be due to the formation of molecular biaxiality (Henderson et al., 2001; Chan et al., 2012; Lee et al., 2012). These results are inconsistent with the previous investigations for dimeric LC materials based on pyrene derivatives (Attard et al., 1992; Attard and Imrie, 1992). Also, the stereo configuration of the lateral methoxy group plays an essential role in the molecular separations. Furthermore, the thermal cis-trans isomerization of the Schiff base linker has an essential role in the observed lower entropy changes, as reported before (Attard et al., 1990; Imrie et al., 1993; Henderson et al., 2001).
Effect of Position of Lateral Methoxy Group in the Mesomorphic Properties
To investigate the effect of the location of lateral CH3O groups on the phase and thermal properties of the materials, a comparison was made between the presently investigated series An and their previously corresponding isomers Bn (Vora and Gupta, 1982) for their mesomorphic properties. The comparison indicated that the thermal stability of the produced phase varies according to the improved molecular dipole moment and polarizability of the lateral methoxy group, which are dependent upon their position. The mesomorphic properties are nearly the same for the shortest terminal chain derivatives (n = 6 and n = 8) for both groups, while the longest chain compounds B10 and B12 have higher thermal stability than A10 and A12, respectively. It could be concluded that the observed nematic range and stability depend on the location and special orientation of the lateral CH3O moiety which was inserted in the mesogenic molecular part.
Electric Properties
The investigated An series’ electrical properties and current-voltage (I–V) characteristics are measured from −10 to 10 V at different scan steps; 1.0, 0.5, 0.1, 0.05, and 0.01 V; and shown in Figures 7A,C. The trends are almost linear (Ohmic behaviors). As a consequence, the resistances of the An electrodes are almost constant and unaffected by the current passing through them. Polymeric and organic systems act like Schottky diodes at low voltage, according to recent research. However, as shown in Figure 7B, the relationship between log (I) and V1/2 is non-linear in the current study, implying that our An electrodes do not behave like Schottky diodes. Figure 7A shows how increasing the applied voltage and increasing the terminal alkoxy-chain length to 12 increased the current intensity. The current intensity for the An series increased to 0.24 nA@10V when the applied voltage was increased to 10 V and the terminal alkoxy-chain length was increased to 12. As the scan step increased from 0.01 to 1 V, the current intensity is slightly increased, Figure 7C. The resistance of the An series is decreased by increasing the terminal alkoxy-chain length to 12. The values of the resistance are decreased from 221.04 GΩ for A6 to 44.83 GΩ for A12. The electric resistance of A10 film is decreased from 191.42 to 144.13 GΩ by increasing the scan step from 0.01 to 1 V as shown in Figure 7D. The values of the electric conductance (σ) were obtained and shown in Supplementary Figure S2 (Supplementary Material) and Table 2. The value of the electrical conductance is increased from 4.52 pS to 22.3 pS by increasing the terminal alkoxy-chain length from n = 6 to n = 12 carbons, as shown in Table 2, since the electrical conductance depends mainly on the number and mobility of charge carriers (Rathi et al., 2017; Kumar et al., 2018). By increasing the scan step from 0.01 to 1 V, the film conductance is increased from 5.22 to 6.94 pS. This indicates the coherent photocurrent generation, which is the basis of the photovoltaic cell (Bian et al., 2020).
[image: Figure 7]FIGURE 7 | Electrical characteristics of An series: (A) Current-Voltage characteristics of An series, (B) Log(I) vs. V0.5 For S10 sample at different step scans, (C) Current-Voltage characteristics of A10 sample at different step scans, and (D) electric resistance for the An samples and A10 at different step scans.
TABLE 2 | Values of the electric conductance,σ, energy gap, Eg, and Urbach energy, EU, of An series.
[image: Table 2]Optical Spectra and Energy Gap Calculation
The wavelength of incident light and the length of the An series’ terminal alkoxy-chain influence the transmittance and absorbance spectra of the An series, as shown in Figures 8A,B. All films showed transmission close to zero up to 400 nm, then the transmission increased and became less than 20% for An samples in the visible light region, Figure 8A. The transmission increased exponentially in the near IR region to reach maxima of ∼50, 66, 10, and 4% at 1,244 nm for A6, A8, A10, and A12 electrodes. After that, the transmission decreased as the wavelength increased. The absorbance spectra in Figure 8B show that An has strong absorption behavior in the UV/Vis region up to ∼860 nm. For the present An series, all films displayed very strong absorbance in the UV region up to ∼400 nm and the strongest absorbance was observed for A6 and the widest band was observed for A8. The absorbance then dropped to a plateau from 400 to 860 nm, then dropped again to a minimum absorbance of around 1,250 nm. Figure 8B shows strong and wide absorption bands centered at ∼341.6, 340.4, 333.6, and 315.5 nm for A12, A10, A8, and A6, respectively, which is blue-shifted by decreasing the terminal alkoxy-chain length of the prepared An series. The bandwidths of these absorption bands are 39.2 nm for A12, 101.9 nm for A10, 112.9 nm for A8, and 54.8 nm for A6. The right edge of the absorption band is red-shifted by increasing the terminal alkoxy-chain length in the An series. This red-shift is mainly attributed to the size effects, where large size increases spin-orbit coupling and controls the exciton positions (Shaban and El Sayed, 2016). The absorption in the visible and IR region is in the order A12 > A10 > A8. This strong absorption and wide absorption band in the visible region is a desirable feature for the designing of energy-efficient solar cells (Liu et al., 2016).
[image: Figure 8]FIGURE 8 | Optical (A) absorbance and (B) transmittance spectra of An films.
According to the optical absorption theorem, the relationship between absorption coefficient, αa, and the photon energy, Eph = hν, h = 6.625x10−34 J/s, for the direct allowed transition is given by (Shaban and El Sayed, 2015):
[image: image]
Where Eg is the optical energy gap. The values of direct Eg for A12, A10, A8, and A6 are obtained by extending the linear segments of the plot of (αaEph)2 vs. Eph to zero as shown in Figure 9A–D. The linear part observed for this figure indicates that the transition is performed directly. Interestingly as reported in Table 2, there is one direct bandgap for each electrode. The value of the bandgap is decreased from 3.43 to 2.89 eV by increasing the terminal chain length from six carbons (A6) to 12 carbons (A12). This reduction in the energy gap is ascribed to the influence of the density of localized states and is preferred for solar energy applications (Ahmed and Abdalla, 2020; Helmy et al., 2020; Mohamed et al., 2020; Shaban and El Sayed, 2020; Shaban et al., 2020). This behavior is consistent with the previously reported studies (Li et al., 2019). The strong absorption in the Visible/IR region and the extension of the bandgap edges are very important for solar energy applications, especially photoelectrochemical hydrogen generation and solar cells (Abdelmoneim et al., 2021; Mohamed et al., 2021; Shaban et al., 2021).
[image: Figure 9]FIGURE 9 | Calculation of energy gap for (A) A12, (B)A10, (C) A8, (D) A6 derivatives, and (E) calculation of Urbach energy for An series.
Urbach energy (EU) refers to the disorder in the material and represents the width of the exponential absorption edge Urbach tail of the valence and conduction bands (El Sayed and Shaban, 2015). The exponential dependency of the EU can be determined according to the following equation (El Sayed and Shaban, 2015):
[image: image]
Where αao is the band tail parameter that can be given by (Sharma et al., 2014):
[image: image]
Where c is the speed of light, σo is electrical conductivity at absolute zero, and ΔE represents the width of the tail of the localized state in the forbidden gap. Figure 9E shows the plot of ln(α) vs. hν for the two band gaps of A6, A8, A10, and A12. The values of EU were obtained from the slopes of the linear fitting of these curves and are reported in Table 2. The statistical parameters, standard deviation (SD) and correlation coefficient (R2), are also reported in this table. The values are 251.3 ± 3.11 for A12 and 1,065.0 ± 9.84 for A6, which refers to the extension of the bandgap edges to cover a wide range of the spectral range. The minimum value of EU was reported for A8.
Tetracene (C) and pentacene (D) are small organic molecule semiconductors and most broadly investigated as p-type conjugated compounds in solar cells with high carrier mobilities of up to 0.1 and 3 cm2V-1 s-1, respectively. Due to their planar conjugated geometrical structures, they have a relatively low band energy gap of 1.7 eV. Thus they are suitable to be used as p-type semiconductors in photovoltaics (Mishra and Bäuerle, 2012).
The compounds being studied (An) are dielectrics due to their high resistance and energy band-gap values. In the presence of an external electric field, dielectric materials can store electric energy due to their polarization. Specifically, the dielectric energy-storing devices that allow for faster energy delivery (i.e., a quicker charge or discharge time), and hence can have promising applications on hybrid electric vehicles and power pulse devices. In the future, An compounds can be further refined by integrating conductive plasmonic nanomaterials to improve the conductivity and minimize the band-gap, allowing these samples to be utilized in solar energy applications such as solar cells, photoelectric cells, and photo-electrochemical cells.
CONCLUSION
New mesomorphic non-symmetrical homologues series based on a lateral CH3O group in a central core, (E)-3-methoxy-4-(((4-methoxyphenyl)imino)methyl)phenyl 4-alkoxybenzoate (An), were synthesized and investigated for their potential in solar energy applications. Molecular structure elucidation for the series was carried out by elemental analyses, FT-IR, and NMR spectroscopy. Examination of their mesomorphic behaviors was conducted via DSC and POM which indicated that all the synthesized homologues members are purely nematogenic and possess enantiotropic N mesophase, except the longer terminal chain compound (A12) which exhibited monotropic N phase. A comparative study between the present series (An) and their corresponding isomers (Bn) revealed that the mesophase stability and kind, as well as its temperature range, are affected by the location and special orientation of the lateral CH3O group. Measurements from the solar energy conversion devices showed that all studied An series exhibited Ohmic behavior with electric resistances in the GΩ range. The resistance of the An series was decreased by lengthening the terminal alkoxy-chain to n = 12 carbons. The highest electric conductivity, 22.3 pS, was reported for A12. The value of the bandgap was reduced from 3.43 to 2.89 eV by increasing the terminal chain length from n = 6 (A6) to n = 12 (A12). The minimum band edge tail, 150.2 ± 2.46 was reported for the A8 derivative. Therefore, increasing the length of the terminal chain will increase the An series’ electric conductivity and optical absorption, making it appropriate for solar energy applications.
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Novel heteroleptic ZnII bis(dipyrrinato) complexes were prepared as intriguing emitters. With our tailor-made design, we achieved far-red emissive complexes with a photoluminescence quantum yield up to 45% in dimethylsulfoxide and 70% in toluene. This means that heteroleptic ZnII bis(dipyrrinato) complexes retain very intense emission also in polar solvents, in contrast to their homoleptic counterparts, which we prepared for comparing the photophysical properties. It is evident from the absorption and excitation spectra that heteroleptic complexes present the characteristic features of both ligands: the plain dipyrrin (Lp) and the π-extended dipyrrin (Lπ). On the contrary, the emission comes exclusively from the π-extended dipyrrin Lπ, suggesting an interligand nonradiative transition that causes a large pseudo-Stokes shift (up to 4,600 cm−1). The large pseudo-Stokes shifts and the emissive spectral region of these novel heteroleptic ZnII bis(dipyrrinato) complexes are of great interest for bioimaging applications. Thus, their high biocompatibiliy with four different cell lines make them appealing as new fluorophores for cell imaging.
Keywords: bis(dipyrrinato) Zn II complexes, cell-viability, far-red emission, heteroleptic Zn II complexes, large Stokes shift, live-cell imaging, multiplexing
INTRODUCTION
Far-red and near-infrared (NIR) fluorophores are highly desired probes for bioimaging and sensing applications in living organisms. In fact, they emit in the so-called “biological imaging window”, where interferences from absorbance by water and proteins and intrinsic autofluorescence are minimal (Weissleder, 2001; Hilderbrand and Weissleder, 2010). Nevertheless, a proper design of far-red/NIR dyes is necessary, as those probes usually suffer from photo-bleaching and low photoluminescence quantum yield (Φ) (Guo et al., 2014). Borondipyrromethene based dyes (BODIPYs) are among the most widely used fluorophore classes used in bioimaging. (Ni and Wu, 2014; Kowada et al., 2015; Grossi et al., 2016; Callaghan et al., 2019; Filatov, 2019; Kaur and Singh, 2019; Qu et al., 2019; Deng et al., 2021). The development of emissive bis(dipyrrinato) zinc complexes have received an increasing momentum only recently, in contrast to BODIPYs, as they were used mainly for supramolecular architectures and coordination polymers (Baudron, 2013; Matsuoka and Nabeshima, 2018; Jiang et al., 2020). With an appropriate design, bright fluorescence can also be achieved from ZnII bis(dipyrrinato) complexes (I.V. Sazanovich, 2004). Even so, homoleptic zinc complexes suffer from an intramolecular electron transfer between the two electronically degenerate excited states of the identical dipyrrins. This process causes the population of a non-emissive symmetry-breaking charge transfer state (SBCT) (Trinh et al., 2014). Although SBCT is very appealing in potential applications such as artificial photosynthesis (Alqahtani et al., 2019; Tungulin et al., 2019) or photovoltaics, (Bartynski et al., 2015), it is not advantageous for other applications such as imaging, where high emission also in polar solvents is of utmost importance. A strategy to control this obstacle is encapsulation in nanoparticles (e.g. mesoporous silica) (Sani et al., 2020). Very recently, green-emitting homoleptic bis(dipyrrinato) zinc complexes were employed as selective probes for cancer cells and as photodynamic therapy photosensitisers (Karges et al., 2019a; Karges et al., 2019b; Karges et al., 2020). However, because of their homoleptic nature, encapsulation in polymeric nanoparticles was necessary to overcome the quenching effects in water.
In heteroleptic bis(dipyrrinato) zinc complexes, the electronically excited states of the two dipyrrinato ligands are energetically different. Thus, the absence of degeneracy sets aside the charge-separated state and these complexes are emissive in polar solvents. Our strategy focused on heteroleptic ZnII bis(dipyrrinato) complexes that also benefit from a pseudo-Stokes shift (Kusaka et al., 2012; Sakamoto et al., 2016). Although Stokes shifts are defined as the separation in energy between the maxima in absorption and emission of a fluorophore, a pseudo-Stokes shift is associated with the difference between the emission and a relative maximum in absorption for an upper-lying excited state, which undergoes a radiation-less deactivation in favour to the lower (and emissive) excited state. Fluorophores with large (pseudo)-Stokes shifts are highly desirable in biochemical experiments so that the label emission is at a significant longer wavelength than excitation (e.g. intracellular imaging enabling multiplexing) (Rauf et al., 2010; Jeong et al., 2011; Shcherbakova et al., 2012; Holzapfel et al., 2018). Our new heteroleptic ZnII bis(dipyrrinato) complexes herein presented have intriguing properties to be used as fluorescent emitters for bioimaging.
RESULTS AND DISCUSSION
The synthesis of the plain dipyrrins (Lp) is easily accessible via a condensation reaction between the arylaldehyde and two and a half equivalents of 2,4-dimethylpyrrole, followed by oxidation by p-chloranil (Loudet and Burgess, 2007). The π-extended dipyrrins (Lπ) were obtained by Knoevenagel condensation of the plain dipyrrins at the methyl groups in alpha to the pyrrolic nitrogen with 2-napthalencarbaldehyde, catalysed by acetic acid (Tungulin et al., 2019). By mixing one equivalent of π-extended dipyrrin and one equivalent of a plain dipyrrin with zinc diacetate (Zn(OAc)2) at room temperature, the corresponding new heteroleptic bis(dipyrrinato) ZnII complexes (LpZnLπ) were obtained with a yield of up to 40%, with chemical structures shown in Figure 1. Column chromatography is needed in order to separate the desired complexes from the homoleptic complexes (Zn(Lp)2 and Zn(Lπ)2) that are also formed in the reaction (Figure 1). The homoleptic complexes 2a, 2b, and 3a were already known, (respectively: (Sakamoto et al., 2016; Tsuchiya et al., 2016; Tungulin et al., 2019) while the other homoleptic complexes are presented here for the first time, to the best of our knowledge. We expect them to have a distorted tetrahedral geometry as other bis(dipyrrinato) ZnII complexes (Kusaka et al., 2012; Tsuchiya et al., 2014; Zhang et al., 2018; Zhang et al., 2019).
[image: Figure 1]FIGURE 1 | Chemical structures of the new heteroleptic Zn bis(dipyrrinato) complexes 1a-e presented in this work. For comparison we reported also the study of the homoleptic complexes of type Zn (Lp)22a-d and of type Zn (Lπ)23a and 3e.
Photophysical Properties
All five heteroleptic complexes 1a–e have an intense blue colour in solution (Figure 2). Their spectroscopic properties were investigated in a nonpolar solvent, such as toluene (PhMe), and in a polar aprotic solvent, such as dimethyl sulfoxide (DMSO), which will be used for the preparation of the biological assays. In order to understand their photophysical properties, their relative homoleptic complexes were also characterised (see Figure 3 and Supplementary Table S1 in ESI). The UV-vis absorbance spectra of complexes 1a–e have shared features, as shown in Figures 2, 3.
[image: Figure 2]FIGURE 2 | UV (A) Uv/Vis absorption spectra with molar absorptivity coefficient (Ɛ) and (B) excitation and emission spectra of heteroleptic complexes 1a-e (λexc = 570 nm) in spectroscopic DMSO; (C) Pictures of 1a-e in dimethyl sulfoxide solution under ambient (top) and (D) UV (bottom) light.
[image: Figure 3]FIGURE 3 | UV Photophysics in spectroscopic toluene for heteroleptic complexes 1a-e (top) and homoleptic complexes 2a-d, 3a and 3e (bottom). (A) Uv/Vis absorption and (B) excitation (dashed plot, λem = 710 nm) emission (solid plot, λexc = 570) spectra of 1a-e. (C) Uv/Vis absorption and (D) excitation (dashed plot, λem = 600 nm for 2a-d, λem = 700 nm for 3a, 3e) emission (solid plot, λexc = 470 nm for 2a-d, λexc = 570 nm for 3a, 3e).
From the absorption spectra, we identify three main electronic transition bands in the heteroleptic complexes 1a–e (Table 1). The broad band at high energy centred at ca. 360 nm is attributed to the electronic transitions localised on the naphthyl vinyl moieties of the π-extended dipyrrins, as they are absent in the plain dipyrrins. It is worth to notice that, in complex 1b, the characteristic structured band of the anthracenyl moiety is not visible as it is hidden by the aforementioned naphthyl vinyl absorption. This is not the case for the homoleptic complex 2b, in which spectrum the vibronic structure of the anthracene absorption is clearly visible. The other two main bands are in the visible region, and their profile is reminiscent of the absorption of the dipyrrin ligands. Between these two bands, the one at highest energy presents a shoulder at 465 nm and a relative maximum at ca. 490 nm (e.g.: ε (1e) = 2.2 104 cm−1 M−1).
TABLE 1 | Photophysical properties of heteroleptic ZnII complexes 1a-e.
[image: Table 1]This absorption is attributed to the singlet ligand centred (1LC) π→π* transition localised on the plain dipyrrin (1LpC in Figure 4). At longer wavelengths, a very intense absorption at ca. 620 nm (e.g.: ε (1e) = 3.3 104 cm−1 M−1) is present with a shoulder at ca. 575 nm, which is assigned to the π→π* transition and its vibronic coupling localised on the π-expanded dipyrrin (1LπC in Figure 4). The ZnII centre is a d10 metal, and it is not involved in the transitions. Furthermore, it is reasonable to expect that the dipyrrinato ligands are almost orthogonal to each other with a weak if not absent exciton coupling (Telfer et al., 2011; Trinh et al., 2014). Each complex shows fluorescence in the far-red region (emission centred at 635 nm) and a lower intensity shoulder in the near-infrared region up to 800 nm. The Φ values were measured by the relative method in two solvents: dimethyl sulfoxide (ETN: 0.44) and toluene (ETN: 0.099) (Reichardt, 1994). In a nonpolar solvent such as toluene, the zinc bis(dipyrrinato) complexes have the highest Φ, with values ranging from 18% for complex 1c to 70% for complex 1a. The difference in Φ among complexes 1a–e has to be ascribed to the distinct aryl group in meso-position of the plain dipyrrins. It has been previously proven that the aryl group rotates in respect to the plain of the dipyrrin, allowing nonradiative deactivation unless bulky substituents impede this rotation (I.V. Sazanovich, 2004). In addition to that, the planarity of the chelating dipyrrin might change upon functionalisation, which also influences the rigidity and, therefore, the radiative transitions of the systems (Tungulin et al., 2019). The π-extended dipyrrin is the same for the heteroleptic compounds, besides complex 1e, which possess a hydroxyl group in position 4 to the 2,6-dimethylphenyl substituent, which is in para to the dipyrrin. The presence of this extra hydroxyl group in 1e with respect to 1d might induce additional nonradiative processes since Φ in 1e is slightly lower than the one in 1d (Φ = 45% and Φ = 63%, respectively). The consistently lower emission efficiency in 1c is related mainly to the increased rotational freedom of the aryl group in the meso-position of the plain dipyrrin. Furthermore, the electron-donating groups such as methoxy and hydroxyl groups induce an additional quenching effect. The homoleptic derivatives are emissive only in toluene (see Supplementary Table S1), although their Φ is much lower than their heteroleptic counterparts (e.g. Φ (2a): 18%). By comparing the emissions in a polar aprotic solvent such as DMSO, it is possible to assert that the emission energies are not affected by changing the polarity of the medium. In fact, LC transitions are not influenced by different polarities. Heteroleptic zinc bis(dipyrrinato) complexes are not symmetric in their ground and excited states. Therefore, the non-emissive symmetry breaking charge transfer state (SBCT) is not present, which is favoured in the case of homoleptic complexes instead (cf. Figure 4 and Supplementary Figure S5). The intensity of the emission of 1a–e in DMSO, although reduced in comparison to the values obtained in PhMe, is still very strong with Φ of ca. 40%, except for complex 1c (Φ = 5%). These values are incredibly appealing for far-red/near-IR emitters, especially because by lowering the emission energies, the nonradiative deactivation paths are much more probable to occur.
[image: Figure 4]FIGURE 4 | Qualitative Jablonski-diagram for the involved photophysical processes in heteroleptic ZnII complexes. (VR: Vibrational radiation; 1LpC: singlet excited state centered on the plain dipyrrin; 1LpC: singlet excited state centered on the π-extended dipyrrin. Pink arrow: rapid interligand nonradiative transition).
The fluorescence decays are monoexponential, and the lifetimes (τ) are close to 3 ns (in DMSO) and 4 ns (in PhMe), with minor differences among the complexes. Radiative rate constants (kr) are comparable among the heteroleptic ZnII complexes and are higher than the nonradiative ones (knr) in PhMe and lower in DMSO (except for complex 1c). Excitation spectra of the investigated complexes show a precise comparison with their relative absorption spectra, meaning that the far-red emission centred on the π-extended dipyrrinato moiety also occurs upon excitation of the plain dipyrrinato moiety (Figures 2B, 3B, and Supplementary Figure S1). Thus, the excited state 1LpC undergoes a rapid interligand nonradiative transition to populate the lower-lying 1LπC (Figure 4). Therefore, upon excitation at shorter wavelength (470 nm), the detected emission is at lower energies (emission maximum at ca. 635 nm). This effect prompts a pseudo-Stokes shift of more than 4,600 cm−1 (Table 1). As the quenching of the plain dipyrrin is total, Nishihara and coworkers suggested a 100% efficient energy transfer from the donor Lp to the acceptor Lπ. (Kusaka et al., 2012; Sakamoto et al., 2016). Advanced studies are necessary in order to elucidate the photophysical pathways of these heteroleptic complexes and, currently, we are investigating the involved nonradiative processes by means of transient absorption spectroscopy, which are beyond the scope of the present work.
Further experiments were done by measuring the fluorescence lifetimes of the heteroleptic complexes 1a–e, using three different excitation wavelengths (455, 570, and 625 nm). For each complex, the obtained decays show identical fittings independently from the excitation energy used (Supplementary Figure S1).
Confocal Laser Microscopy
The emission colors of these new heteroleptic ZnII bis(dipyrrinato) complexes, as well as their high quantum yields also in polar solvents and their large pseudo-Stokes Shifts are appealing properties for their exploitation in bioimaging. Before evaluating their biocompatibility, we analysed their stability in different aqueous environments. The UV/vis absorption spectra of the complexes 1a–e were recorded in Dulbecco Modified Eagle Medium (DMEM) and in deionized water (Supplementary Figure S3), using the same concentrations adopted for the confocal laser microscopy, in order to evaluate these the new dyes in media close to the cellular environment. The absorption profiles are stable. The same is true also in aqueous solutions at pH 3.3 and 5.0 (Supplementary Figure S4). These conditions were chosen based on the typical pH gradient in endocytic compartments of cells and DMEM is tipically used as cellular medium for cell culture applications. Emission profiles of the compounds in DMEM overlay very well with those measured in organic solvents, while there is a bathochromic shift in water, where the emission maxima are at about 670 nm (Supplementary Table S1). Quantum yields of the compounds in aqueous media reflect the extremely large polarity (ETNof H2O: 1.00), since the values are up to 3.1% in DMEM and up to 1.7% in water. Furthermore, it should be noted that water causes an additional quenching effect due to hydrogen-bond-assisted nonradiative deactivation (Maillard et al., 2021).
The stability of these complexes was tested at increasing temperatures (Supplementary Figure S6. The emission of the complexes is only slightly reduced when going from 20 to 50°C, and this can be ascribed to the increasing collisions with solvent molecules followed by an increase of nonradiative deactivation processes. Thus, our far-red emissive bis(dipyrrinato) zinc complexes are stable in an aqueous solution at different pH values and temperatures. In order to test their biocompatibility in living cells, cell viability and cellular uptake were determined in four different cell types, including primary somatic cells such as human dermal fibroblasts (NHDF), a mouse cell line from embryonic fibroblasts (NIH3T3), and two human cancer cell lines (HeLa, and MCF7). To test the viability, MTT assays were performed by treating 104 cells of the respective cell type with different concentrations of the complexes 1a–e for 72 h at 37°C. For all complexes, the LD50 values were >20 μM, showing high biocompatibility (Supplementary Figure S7). On the contrary, MTT assays of the single dipyrrin ligand showed a decreased viability already at concentrations lower than 7 µM (Supplementary Figure S8). For all these results, we assume high stability of these heteroleptic complexes in the cellular environments.
Since all the complexes showed only negligible toxicity when used to treat the different cell lines, a concentration of 20 µM was chosen for the cellular uptake experiments and the live-cell fluorescent imaging (Figure 5, 6 and Supplementary Figures S11–17). With the best performing complexes 1d and 1e we tested their cellular uptake also at different concentrations, such as 1, 10, and 20 µM (Supplementary Figures S9, S10) It was assumed that due to their hydroxyl groups, a higher water solubility was achieved with complexes 1c, 1d, and 1e. As expected, due to the low Φ of 1c, this complex is hardly detectable. In contrast, complexes 1d and 1e display improved cellular uptake with respect to DMSO controls by virtue of their higher solubility in aqueous solution. Complexes 1a and 1b showed decreased cellular uptake. All complexes were taken up by endocytosis at the respective concentrations, leading to an accumulation in the endosomal/lysosomal compartment, which was proven by the counterstaining with Lysotracker GreenTM (Figure 5) (Canton and Battaglia, 2012; Kolmel et al., 2012).
[image: Figure 5]FIGURE 5 | Cellular uptake of heteroleptic bis(dipyrrinato) zinc complexes in HeLa cells ((A): 1a, (B): 1d, (C): 1e). For co-staining of nuclei and endosomes, cells were treated with Hoechst 33,342 (λexc = 405nm, λem = 414–462 nm), Lysotracker™ Green (λexc = 488 nm, λem 494–545 nm); and Hoechst 33,342, compounds 1a, 1d, 1e (λexc = 630 nm, λem = 640–750 nm). Intracellular accumulation of the complexes was detected with fluorescence confocal microscopy using a Leica Stellaris 5 with a white light laser. The overlay is the merged image of the single-channel fluorescence images. Scale bars: 25 μm.
[image: Figure 6]FIGURE 6 | Post-fixation immunochemical staining of nuclei and actin cytoskeleton of NIH3T3 cells treated with compound 1d. Cells were treated with DAPI (λexc = 405nm, λem = 410–470 nm), Actin (λexc = 488 nm, λem 490–535 nm); compound 1d (λexc = 640 nm, λem = 656–700 nm).
As a further analysis, confocal live-cell fluorescence microscopy was performed with Mitotracker™ Green. However, no counterstaining with mitochondrial markers was observed (Supplementary Figures S12–14). Figures 5A–C shows the counterstaining experiments in HeLa cells with Lysotracker Green with Pearson coefficients of 0.85 for 1e, 0.60 for 1d, and 0.24 for 1a (Bolte and Cordelières, 2006). To further test the suitability of these heteroleptic ZnII bis(dipyrrinato) complexes for bioimaging applications, the correlation of incubation time with signal intensity in live-cell imaging and the stability after fixation of cells were also investigated. While differences in the obtained signal intensity could be detected when incubating cells for a period of 0.5, 1.5, and 6 h (Supplementary Figure S17, compound 1e), the complexes showed no decrease in fluorescence intensity after fixation (Figure 6). This proves the versatility of these complexes, as they can be used in live-cell imaging and in fixed-cell experiments, e.g. for immunocytochemistry. Moreover, given the photochemical properties of the compounds and the significant pseudo-Stokes shift, the excitation of complexes was possible at multiple wavelengths, allowing for the simultaneous excitation of two fluorophores at 488 nm and the detection of their emission at different wavelengths.
CONCLUSION
In the search of promising far-red-emitting fluorophores for bioimaging, we designed and synthesized five new heteroleptic ZnII bis(dipyrrinato) complexes. Their relative homoleptic derivatives were prepared for comparison. We investigated their luminescence in two different solvents: the nonpolar toluene and the polar and water-miscible dimethylsulfoxide. In contrast to the homoleptic derivatives, the heteroleptic complexes feature high emission also in polar aprotic solvent, such as DMSO. We confirmed that emission comes only from the singlet excited state that is centered on the π-extended dipyrrin that has the lowest energy gap. Therefore, those heteroleptic complexes emit in the far-red to NIR region, which is highly desirable for biological investigations. Our heteroleptic ZnII bis(dipyrrinato) are stable in aqueous solutions and at different pH. They presented an endosomal uptake with high cell biocompatibility in four different cell types. Thanks to their large pseudo-Stokes shift, these complexes can be excited at multiple wavelengths. Moreover, we demonstrated that they can be used also in fixed-cell experiments. All in one, those results envision heteroleptic ZnII bis(dipyrrinato) complexes as successful fluorophores and motivates further development for exciting application in fluorescence imaging and beyond.
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The activation of Ras small GTPases, including RalA and RalB, plays an important role in carcinogenesis, tumor progress, and metastasis. In the current study, we report the discovery of a series of 6-sulfonylamide-pyrano [2,3-c]-pyrazole derivatives as novel RalA inhibitors. ELISA-based biochemical assay results indicated that compounds 4k–4r suppressed RalA/B binding capacities to their substrates. Cellular proliferation assays indicated that these RalA inhibitors potently inhibited the proliferation of HCC cell lines, including HepG2, SMMC-7721, Hep3B, and Huh-7 cells. Among the evaluated compounds, 4p displayed good inhibitory capacities on RalA (IC50 = 0.22 μM) and HepG2 cells (IC50 = 2.28 μM). Overall, our results suggested that a novel small-molecule RalA inhibitor with a 6-sulfonylamide-pyrano [2, 3-c]-pyrazole scaffold suppressed autophagy and cell proliferation in hepatocellular carcinoma, and that it has potential for HCC-targeted therapy.
Keywords: RalA inhibitors, pyrano[2;3-c]-pyrazole, hepatocellular carcinoma, synthesis, autophagy
INTRODUCTION
Hepatocellular carcinoma (HCC) is a primary liver malignancy with one of the highest mortality rates worldwide (Jacobson et al., 2018; Zhou et al., 2018; Paludetto et al., 2019; Siegel et al., 2019). Although significant progress has been made to improve chemotherapy, transcatheter artery chemoembolization (TACE), and targeted HCC therapy, many patients still present recurrences and the development of drug resistance (Xue et al., 2019; Pan et al., 2020; Yu et al., 2020). Therefore, novel targeted therapeutic approaches are required to help overcome these problems. From a molecular-level perspective, an important HCC development factor is the imbalance of major signaling pathways, including Ras, p53, PI3K/Akt, and Wnt/β-catenin (Saha and Giri, 2019; Zhongqi et al., 2019). Ras—a small-molecule GTPase member—has important regulatory functions in cell signal transduction, cytoplasmic skeletal construction, and material transport (Ostrem et al., 2013; Lim et al., 2014; Lito et al., 2016). Notably, recent findings indicated that the Ras gene was mutated in more than 30% of HCC-afflicted patients sampled (Guichard et al., 2012; Lindsay and Blackhall, 2019; Suzuki et al., 2021). Mutations in the Ras gene have also been detected in various other types of cancers as well, including those for lung cancer, pancreatic cancer, and colon cancer (Zhang et al., 2018; Zhao et al., 2018; Chen et al., 2020). In the subseries of Ras signaling pathways, Ral has one of the most similar structures and functions compared to Ras, reaching up to 50% similarity for their sequences (Yan and Theodorescu, 2018). In the Ral small-GTPase branch, RalA and RalB are closely related G proteins with similar protein structures (Jiang et al., 2016). Their protein structures have an N-terminal free-drifting 11 amino acid sequence, a C-terminal membrane-targeting sequence, and a GTP- binding domain, which facilitate GDP/GTP binding (Zheng et al., 2016). The GTP- binding domain consists of five α-helices, six β-helices, and five loops. Their GTPase activity is low and requires the involvement of GTPase-activating proteins (GAPs) (Tracy et al., 2016). Additionally, the guanylate exchange factor (GEF) plays an important role in GTP/GDP binding and release (Hobbs et al., 2016). Usually, functional Ral members depend on their ability to cycle between activated (phosphorylated) and inactivated (dephosphorylated) Ral states. The Ral inhibitors can be divided into the following cases: targeted to Ral guanine exchange factors (RalGEFs); directly targeted to Ral; targeted to Ral effectors, and combinations of these therapies (Klose et al., 2016).
SCH-53239 was originally designed to inhibit guanine nucleotide exchange and control Ral signaling. A subsequent study elucidated the structure of SCH-53239 and led to the discovery of a derivative with a higher water solubility known as SCH-54292 (Gray et al., 2020). RBC8 has an efficient inhibitory effect on human and mouse platelets, preventing interactions with effector proteins and Ral-binding protein by binding to allosteric sites on GDP-bound Rals, leaving it in an inactive state. These types of compounds include currently reported Ral inhibitors, such as RBC6, RBC10, and BQU5726-27 (Figure 1). Prior structure analyses of BQU57 and RBC8 have suggested that the pyrano-fused pyrazole scaffold can bind to the RalA-GDP allosteric site (Alvarado and Giles, 2007; Hamada et al., 2011; Ezzeldin et al., 2014; Yan et al., 2016; Yan and Theodorescu, 2018; Walsh et al., 2019; Bum-Erdene et al., 2020; Xiong et al., 2020). In the current study, following a rationalized approach for strategic drug design, we aimed to develop methods to change the pyrazole ring N-methyl group into a substituted phenyl ring and add a sulfonyl group at the pyrano ring 2-amine group. These adjustments were performed to enhance RalA binding, via a 3-cyanide group and 4-aronmatic ring. The resultant pyrano[2,3-c]-pyrazole derivatives were assayed via their RalA and HCC cellular proliferation inhibitory capacities.
[image: Figure 1]FIGURE 1 | Chemical structures of known Ral inhibitors, including SCH-53239, SCH-54292, BQU57, RBC6, RBC8, and RBC10.
To achieve these objectives we designed and synthesized 6-sulfonamido-pyrano[2,3-c]-pyrazole–based RalA inhibitors. Then, we assayed their performance in HCC-based models in vitro and in vivo. We used HepG2 cells as vectors for in vitro ELISA-based biochemical assays, cell proliferation assays, and autophagy assays. We hypothesized that compound 4p would suppress RalA/B activation and cellular proliferation, as well as subsequently induce lethal autophagy in HCC-afflicted cells. Furthermore, we hypothesized that compound 4p would significantly suppress tumor growth using a HepG2 xenograft–based model. Overall, we expected that our findings and novel approach using RalA inhibitors will stimulate novel research that might achieve improved outcomes for targeted HCC therapies.
RESULTS AND DISCUSSION
We observed that RalA mRNA levels were upregulated in the Oncomine database cancer subtype panels (Figure 2A). Results suggested that RalA was overexpressed in different cancer subtypes, including bladder cancer, breast cancer, liver cancer, and prostate cancer (He et al., 2019; Pan et al., 2018). Next, we assessed RalA mRNA expression patterns in the TCGA database. RalA was upregulated in ten TCGA subtype cohorts (fold change >2.0, p < 0.01) and was downregulated in two lung cancer cohorts (Figure 2B). The analysis of 369 HCC-afflicted tissues and 160 adjacent normal liver tissue samples from data in the TCGA and GTEx databases demonstrated that RalA mRNA expression in HCC-afflicted tissues was 2.67-fold higher than in adjacently sampled normal ones (Figure 2C) (Wang et al., 2018; Hao et al., 2019; Wang et al., 2019). Furthermore, the RalA mRNA levels were a significant marker to predict HCC-afflicted patients’ prognosis (Figure 2D). IHC-derived images of RalA proteins indicated that they were overexpressed in HCC vs. normal liver tissues (Figure 2E). Based on these results, we hypothesized that the upregulated RalA may be an attractive target for use in HCC-related therapies.
[image: Figure 2]FIGURE 2 | (A) Analysis of the differential RalA expression of various cancer types in the Oncomine database; (B) Differential expression profiles of various cancers and RalA in the TCGA database; (C) Differential expression of RalA protein in HCC and normal tissues; (D) Kalplan–Meier curves of RalA on the overall survival rate of HCC patients in the TCGA database; (E) Protein expression levels of RalA in HCC and adjacent normal tissues detected by IHC, scale bar: 100 μm.
BQU57 and RBC8 as RalA inhibitors were recently reported (Figure 3A) and suggested that they were characterized by a pyran-fused pyrazole scaffold. This type of a scaffold constitutes a core structure that can bind to the RalA-GDP allosteric site, with 2-amino and 3-cyanide groups on the pyran moiety, being key pharmacophores. Pyrano[2,3-c]-pyrazole–based RalA inhibitors’ effects on cancer cell proliferation have also been reported. However, we aimed to further develop efficient small-molecule allosteric RalA inhibitors based on these scaffold dynamics. Based on the necessary 5-nitrile-6-amino-pyrano[2, 3-c] pyrazole scaffold, variations in functional groups (R1 and R2) were introduced into the core structure, enriching the drug-like skeleton diversity (Figure 3B). The resulting compounds may, thus, have great potential to serve as foundations for exploring their uses as novel and efficient RalA inhibitors.
[image: Figure 3]FIGURE 3 | (A) Pyran-fused pyrazole derivatives reported to inhibit RalA; (B) Design strategy of novel RalA inhibitors.
Considering both feasible synthetic routes and the chemical diversity of novel RalA inhibitors, we employed the synthetic route depicted in Scheme 1. Briefly, the starting compound (1a–1o) was a cyano-olefin formed by aldehyde and Malononitrile reactions via Knoevenagel condensation in the presence of acetic acid and sodium acetate. The corresponding pyrazolone (2a–2f) was synthesized from ethyl acetoacetate and phenylhydrazine by heating and refluxing acetic acid constituents for 4 h. The 1a–1o and 2a–2f compounds were further used as raw materials. Then, morpholine was added into methanol (solvent) followed by heating and stirring for 30 min to form pyrano [2,3-c]pyrazole intermediates (3a–3x). Finally, intermediates 3a–3x reacted with a panel of sulfonyl chloride in the presence of DMAP using dichloromethane (DCM) as a solvent to obtain the target compound 4a–4ag (Scheme 1).
[image: Scheme 1]SCHEME 1 | Synthetic route of compounds 4a–4ag. Reagents and conditions: (A). Malononitrile, acetic acid, and CH3COONa, overnight; (B). Ethyl acetoacetate, acetic acid, and reflux, 4 h; (C). Morpholine and methanol, 40°C, 30 min; (D). DMAP and DCM, 35°C, 12 h.
The structures of the synthesized target compounds (4a–4ag) were characterized by their HR-MS, 1H-NMR, and 13C-NMR spectra. Their RalA/B inhibitory activities at 1.0 μM and cellular proliferation data for HCC cell lines are shown in Table 1. When different pyrano [2,3-c]-pyrazole ring–type bioactivities were compared, the remaining RalA/B kinase activity was relatively high for pyran ring substituents with moderate steric hindrance (e.g. benzene rings or halogen-substituted phenyl groups). However, the corresponding HepG2 and Huh7 IC50 values were higher than 10 μM. When the 4-substitution of the pyran ring (R3 substitution) was a 4-trifluoromethyl phenyl or heteroaromatic ring, better activities were observed. Our findings also indicated that the hydrogen atom in the R1 group was preferred using 4s–4ag. Any changes at this site, such as halogen, methyl, or methoxyl substitutions led to a loss of RalA/B and HCC cell proliferation inhibitory activities. We found that the p-methoxybenzenesulfonyl group was the R2 -substituted fragment from compound 4n–4ab with the highest inhibitory activities against RalA/B and HCC cells. 1.0 μM of 4p was added before incubation, and only 13 and 22% of RalA and RalB kinase activities were detected, respectively. After compound 4p’s application, its IC50 values for HepG2 and Huh7 cells were 2.28 ± 0.23 and 4.31 ± 0.39 μM, respectively.
TABLE 1 | Remaining kinase activities (%) after 1 μM compounds 4a–4ag incubation on RalA and RalB and cell proliferation inhibition.
[image: Table 1]In Table 2 we list the IC50 values for compounds 4k–4r for RalA/B and HepG2, Hep3B, Huh-7, and SMMC-7721 HCC cell proliferation. Compound 4p demonstrated the best RalA and RalB inhibitory activities with IC50 values of 0.22 and 0.41 μM, respectively. All eight compounds displayed good to moderately good inhibitory effects on RalA/B and HepG2 cell proliferation. Compounds 4l, 4m, and 4p exhibited potent cellular proliferation inhibitory capacities on the HCC cell lines. In the current study, HepG2 was the most sensitive cell line with IC50 values of 6.01, 9.15, and 2.28 μM for compounds 4l, 4m, and 4p, respectively. Therefore, 4p was selected as the best compound to increase the understanding of its RalA binding and its potential molecular mechanisms against HCC in subsequent experiments.
TABLE 2 | The IC50 values (μM) of compounds 4k–4r on RalA/B and HCC cell lines.
[image: Table 2]The 3D contours of 4p bounded to RalA allosteric sites are shown in Figure 4. We observed that the cyano group of 4p formed a hydrogen bond with the RalA Glu73 residue. The benzene ring at the R1 position and the pyrazole ring formed a π–π conjugation system with RalA Tyr82 residues, which might strengthen the stable binding. A cation–π interaction between 4p p-trifluoromethyl benzenesulfonyl fragment and RalA Arg79 residue was also detected.
[image: Figure 4]FIGURE 4 | 3D contour (A) and 2D contour (B) of the binding mode of compound 4p in at the RalA-GDP allosteric site.
GST pulldown assays were performed to assess 4p RalA/B inhibitory capacities. 2.0 μM of compound 4p significantly suppressed activated RalA and RalB protein expression levels. Only activated RalA was suppressed after incubation with 0.5 μM of compound 4p (Figure 5A). Additionally, total RalA expression was unchanged, which suggested that 4p potentially interfered with RalBP1’s binding to RalA/B.
[image: Figure 5]FIGURE 5 | (A) Selective inhibition of 4p on RalA was observed by the GST pulldown test; (B) Transmission electron micrograph of HepG2 cells treated with 4p, scale bar: 500 nm; (C) Western blotting was used to detect the change of the LC3-II/I ratio; (D) Formation of autophagosome in GFP-LC3–transfected HepG2 cells induced by 2.0 μM 4p, scale bar: 6 μm.
Several reports have characterized RalA/B potential regulatory roles in autophagy (Zhang et al., 2019; Pang et al., 2020; Zhang et al., 2020). Considering the dual effect of HCC autophagy, we assessed changes in HepG2 cell autophagy levels after the addition of 0.5 or 2.0 μM of 4p, before incubation. Based on HepG2 cells’ TEM images with or without 4p (Figure 5B), autophagy vacuoles per cell decreased in the 4p-treated group (p < 0.01). After 4p treatments, LC3-II and ATG5 protein levels declined and SQSTM1 increased. These results suggested that 4p suppressed the autophagy flux in HepG2 cells (Figure 5C). In GFP-LC3–transfected HepG2 cells, cytoplasm LC3 fluorescent puncta numbers also declined after 4p treatments. These results indicated that the 4p addition suppressed autophagy in HepG2 cells. The in vivo antitumor capacities of 4p were determined on a HepG2 subcutaneous xenograft model. The 4p intraperitoneal injections were set to 15 mg/kg and 60 mg/kg, according to in vitro results. We observed that at a high dosage, the treatment group presented superior tumor growth inhibition (TGI) (63%), compared to the low-dosage group (39%) (Figure 6A). Moreover, mean tumor weights in both high- and low-dosage groups notably declined compared to the control (p < 0.01) without significant changes in body weights (Figures 6B,C). The potential 4p molecular mechanisms were further validated using immunofluorescence and IHC analyses of tissue sections stained by antibodies against TUNEL, Ki-67, RalA, LC3-II, and SQSTM1. In the 4p therapy groups, we found that a high 4p dosage group induced declined suppression levels of Ki-67 positive cells (p < 0.01), induced increased TUNEL and SQSTM1 levels, and decreased LC3-II expression (p < 0.01). No clear changes in total RalA levels were detected (Figure 6D). Therefore, the in vivo results were consistent with in vitro experiments.
[image: Figure 6]FIGURE 6 | Compound 4p inhibited tumor growth in a HepG2 xenograft model. (A) Tumor volume changes were determined every 2 days after drug administration; (B) Tumor weight in each mouse in (A, C) The body weight of mice in each group; (D) Immunofluorescence and IHC images and analysis of tissue sections stained by TUNEL, Ki-67, RalA, LC3-II, and SQSTM1 in each group, scale bar: 100 μm.
CONCLUSION
Overall, we reported design, synthesis, and biologically based evaluation details of 6-sulfonamide-pyrano[2,3-c]-pyrazole as a novel RalA inhibitor against HCC, both in vitro and in vivo. Compound 4p was the most effective compound tested. It significantly inhibited cell proliferation and suppressed autophagy in HepG2 cells. These results can be a solid base for further exploration and development of novel RalA inhibitor candidates.
EXPERIMENTAL
General Information
Reactions were monitored using TLC purchased from a commercial supplier. Melting points were determined using a Reichert Thermovar apparatus. Proton nuclear magnetic resonance (1H NMR, 400 MHz) spectra and carbon nuclear magnetic resonance (13C NMR, 100 MHz) spectra were recorded on a Bruker Avance III NMR spectrometer. TMS (tetramethylsilane) was used as the internal standard and chloroform-d or DMSO-d6 was used to dissolve samples. Chemical shifts (d) were marked in ppm. ESI-HRMS spectrum data were collected using a Waters TOF-MS instrument (Waters, Milford, MA, United States). Nitrogen was used as the nebulizing gas, desolvation gas, and cone curtain gas. Chemicals received from commercial sources were used without further purification. Column chromatography was performed on silica gel (400–500 mesh) eluting with ethyl acetate and petroleum ether. TLC was performed on glass-backed silica plates. UV light and I2 were used to visualize products.
Reagents, Antibodies, and Cell Cultures
The antibodies recognizing LC3, p62/SQSTM1, RalA, RalB, and GAPDH were purchased from Proteintech (Wuhan, China). HCC cell lines, including HepG2, Hep3B, Huh-7, and SMMC-7721, were obtained from the Chinese Center for Type Culture Collection (Wuhan, China) and cultured in DMEM (Dulbecco’s modified Eagle’s medium) with 10% FBS (fetal bovine serum) and streptomycin. Cytotoxicity assays were performed by using the MTT method as previously described.
Biochemical and In Vitro Bioassays
The in vitro RalA/B bioactivity assays were performed following methods outlined in previous reports. (Yan et al., 2016; Zhang et al., 2018; Walsh et al., 2019; Bum-Erdene et al., 2020). In brief, the lysates of the test compound or vehicle-treated cells were cleared using cold centrifugation, and supernatants were collected. An RalBP1 solution was added to 96-well plates and incubated for 1–2 h, and then the plates were washed thrice using ELISA buffer. Next, cellular lysates were added, and samples were incubated overnight at 4°C. Then, ice-cold mouse anti-FLAG antibody was added, and samples were incubated for one more hour. After subsequent washing with ELISA buffer thrice, the HRP-conjugated anti-mouse antibody was added, and samples were incubated for another hour. Then, the HRP substrate was added. Antigen–antibody reactions were quenched by the addition of sulfuric acid (2 mol/L). Remaining RalA/B was detected by the OD450 values which were collected by using a plate reader. Cell proliferation assays, colony formation assays, apoptosis assays, GST pulldown, and Western blotting were used following methods outlined in our previous reports. (Zhou et al., 2015; Zhang et al., 2016; Yang et al., 2017; He et al., 2019). Autophagy levels and protein immunoblotting were used following the methods mentioned in our previous reports (Pan et al., 2018; Wang et al., 2018; Hao et al., 2019; Wang et al., 2019; Peng et al., 2020). Detailed experimental procedures are described in supporting materials.
Xenograft Models and In Vivo Evaluation
Female Balb/c nude mice aged 6–8 weeks were purchased from Beijing Huafukang Co. Ltd. (Beijing, China). Animal-based experiments complied with the guidelines of the Animal Ethics Committee (Sichuan University), and all aspects were approved by the Animal Ethics Committee of West China Hospital of Sichuan University (China). In brief, HepG2 cells were injected subcutaneously in the dorsal flank of Balb/c nude mice (5*105 cells per mice). Tumor volumes were recorded every 2 days post cancer cell injection. After the therapeutic endpoint, all mice were euthanized, and tumor tissues were stripped, fixed in formalin, embedded in paraffin, and sectioned. The IHC and immunofluorescent staining methods were performed following methods as per our previous research, (Zhang et al., 2019; Pan et al., 2020; Pang et al., 2020; Zhang et al., 2020), and detailed experimental procedures are also described in supporting materials.
General Procedure of Method for the Synthesis of 4a-4ag
To achieve the desired compound 2-benzylidenemalononitrile (1a), the following steps were completed. First, a mixture of benzaldehyde (10.0 mmol, 1.06 g), malononitrile (10.0 mmol, 0.66 g), sodium acetate (5.0 mmol, 0.41 g), and acetic acid (10 ml) was stirred overnight at room temperature. TLC was used to monitor whether or not the reaction was complete. When the basic reaction of raw materials was complete, ethyl acetate (30 ml) was added after the stirring was stopped, and glacial acetic acid was neutralized by NaHCO3 until pH values up to 7.0 were observed. The organic layer was separated and concentrated, and the crude product was purified using silica gel column chromatography using a mixed solvent of petroleum ether/ethylacetate (4:1) to give compound 1a.
To achieve the desired compound 2-benzylidene-malononitrile (2b), the following steps were completed. First, a mixture of 4-chlorophenylhydrazine salt (20 mmol, 3.6 g) and ethyl acetoacetate (30 mmol, 3.8 ml) was dissolved in 30 ml of glacial acetic acid and refluxed for 4 h. TLC was used to monitor whether or the reaction was complete. When the basic reaction of raw materials was complete, ethyl acetate (30 ml) was added on when the stirring was stopped. Then, glacial acetic acid was neutralized by NaHCO3 to a pH value = 7. The organic layer was separated and concentrated, and the crude product was purified using silica gel column chromatography using a mixed solvent of petroleum ether/ethylacetate (6:1) to give compound 2b.
6-Amino-3-methyl-1,4-diphenyl-1,4-dihydropyrano[2,3c]-pyrazole-5-carbonitrile (3a):A mixture of 1a (5 mmol, 0.77 g), 2a (5 mmol, 1.04 g) and morpholine (2.5 mmol, 0.22 g) in 10 ml methanol was stirred at 40°C for 30 min. The reaction mixture was filtered and washed with a small amount of ice-cold methanol to give the crude product, and then the crude product was purified using silica gel column chromatography using a mixed solvent of petroleum ether/ethylacetate (5:1) to give the compound 3a. Yield: 90%, white power solid, m. p. 170–172°C. 1H NMR (400 MHz, CDCl3) δ 7.65 (dt, J = 7.3, 1.4 Hz, 2H), 7.46 (tt, J = 7.5, 1.6 Hz, 2H), 7.39–7.30 (m, 3H), 7.30–7.24 (m, 3H), 4.67 (s, 2H), 4.66 (s, 1H), and 1.89 (s, 3H) ppm.
6-Amino-3-methyl-1-phenyl-4-(p-tolyl)-1,4-dihydropyrano-[2,3-c]-pyrazole-5-carbonitrile (3b): Synthesized with 1b and 2a according to the general procedure of 3a. Yield: 91%, white power solid, m. p. 169–170°C. 1H NMR (400 MHz, CDCl3) δ 7.68–7.63 (m, 2H), 7.45 (td, J = 8.3, 1.7 Hz, 2H), 7.30 (tt, J = 7.4, 1.6 Hz, 1H), 7.16–7.11 (m, 4H), 4.66 (s, 2H), 4.62 (s, 1H), 2.34 (s, 3H), 1.90 (s, 3H) ppm.
6-Amino-4-(3-chlorophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3c): Synthesized with 1c and 2a according to the general procedure of 3a. Yield: 88%, white power solid, m. p. 155–157°C. 1H NMR (400 MHz, DMSO-d6) δ 7.80–7.78 (m, 2H), 7.49(tt, J = 8.6, 1.9 Hz, 2H), 7.41–7.37 (m, 3H), 7.34–7.30 (m, 3H)), 7.27–7.24 (m, 3H), 4.75 (s, 1H), 1.81 (s, 3H) ppm.
6-Amino-4-(4-bromophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3d): Synthesized with 1d and 2a according to the general procedure of 3a. Yield: 90%, white power solid, m. p. 181–183°C. 1H NMR (400 MHz, CDCl3) δ 7.67–7.62 (m, 2H), 7.51–7.42 (m, 4H), 7.32 (t, J = 7.4 Hz, 1H), 7.14 (dt, J = 8.4, 2.6 Hz, 2H), 4.72 (s, 2H), 4.64 (s, 1H), 1.89 (s, 3H) ppm.
6-Amino-4-(4-fluorophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3e): Synthesized with 1e and 2a according to the general procedure of 3a. Yield: 83%, yellow power solid, m. p. 173–176°C. 1H NMR (400 MHz, DMSO-d6) δ 7.79 (d, J = 8.0 Hz, 2H), 7.49 (t, J = 7.8 Hz, 2H), 7.34–7.29 (m, 3H), 7.22–7.15 (m, 4H), 4.73 (s, 1H), 1.79 (s, 3H) ppm.
6-Amino-4-(3-bromophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3f): Synthesized with 1f and 2a according to the general procedure of 3a. Yield: 87%, white power solid, m. p. 161–164°C. 1H NMR (400 MHz, CDCl3) δ 7.66–7.63 (m, 2H), 7.47 (tt, J = 6.7, 2.0 Hz, 2H), 7.42 (dt, J = 6.5, 2.1 Hz, 1H), 7.36–7.30 (m, 2H), 7.23–7.22 (m, 2H), 4.75 (s, 2H), 4.63 (s, 1H), 1.91 (s, 3H) ppm.
6-Amino-4-(3,4-dichlorophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3g): Synthesized with 1g and 2a according to the general procedure of 3a. Yield: 85%, white power solid, m. p. 198–200°C. 1H NMR (400 MHz, CDCl3) δ 7.66–7.63 (m, 2H), 7.49–7.42 (m, 3H), 7.34 (dt, J = 7.4, 1.1 Hz, 1H), 7.32 (d, J = 2.1 Hz, 1H), 7.13 (dd, J = 8.2, 2.1 Hz, 1H), 4.77 (s, 2H), 4.64 (s, 1H), 1.92 (s, 3H) ppm.
6-Amino-4-(4-bromo-2-fluorophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3h): Synthesized with 1h and 2a according to the general procedure of 3a. Yield: 85%, white power solid, m. p. 200–203°C. 1H NMR (400 MHz, DMSO-d6) δ 7.81–7.75 (m, 2H), 7.56 (dd, J = 10.1, 2.0 Hz, 1H), 7.53–7.47 (m, 2H), 7.42 (dd, J = 8.3, 1.9 Hz, 1H), 7.37–7.26 (m, 4H), 4.97 (s, 1H), 1.83 (s, 3H) ppm.
6-Amino-4-(4-methoxyphenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3i): Synthesized with 1i and 2a according to the general procedure of 3a. Yield: 90%, white power solid, m. p. 176–178°C. 1H NMR (400 MHz, DMSO-d6) δ 7.82–7.76 (m, 2H), 7.49 (tt, J = 8.6, 2.0 Hz, 2H), 7.31 (tt, J = 7.4, 1.1 Hz, 2H), 7.18–7.15 (m, 4H), 6.90 (dt, J = 8.6, 2.0 Hz, 1H), 4.63 (s, 1H), 3.75 (s, 3H), 1.79 (s, 3H) ppm.
6-Amino-4-(furan-2-yl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3j): Synthesized with 1j and 2a according to the general procedure of 3a. Yield: 60%, yellow power solid, m. p. 225.1–225.5°C. 1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 7.8 Hz, 2H), 7.45 (t, J = 7.9 Hz, 2H), 7.37 (d, J = 0.9 Hz, 1H), 7.31 (t, J = 7.4 Hz, 1H), 6.34 (dd, J = 3.0, 1.9 Hz, 1H), 6.23 (d, J = 3.2 Hz, 1H), 4.83 (s, 1H), 4.75 (s, 2H), 2.09 (s, 3H) ppm.
6-Amino-3-methyl-1-phenyl-4-(pyridin-3-yl)-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3k): Synthesized with 1k and 2a according to the general procedure of 3a. Yield: 80%, white power solid, m. p. 188.7–189.1°C. 1H NMR (400 MHz, DMSO-d6) δ 8.55 (d, J = 2.0 Hz, 1H), 8.49 (dd, J = 4.7, 1.5 Hz, 1H), 7.79 (d, J = 7.7 Hz, 2H), 7.66 (dt, J = 7.9, 1.8 Hz, 1H), 7.50 (t, J = 8.0 Hz, 2H), 7.38 (dd, J = 7.8, 4.8 Hz, 1H), 7.33 (t, J = 7.4 Hz, 1H), 7.29 (s, J = 7.0 Hz, 2H), 4.79 (s, 1H), 1.79 (s, 3H) ppm.
6-Amino-3-methyl-1-phenyl-4-(pyridin-4-yl)-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3l): Synthesized with 1l and 2a according to the general procedure of 3a. Yield: 80%, white power solid, m. p. 192.2–192.6°C. 1H NMR (400 MHz, DMSO-d6) δ 8.59 (dd, J = 4.7, 1.3 Hz, 2H), 7.83–7.77 (m, 2H), 7.52–7.48 (m, 2H), 7.40–7.31 (m, 5H), 4.79 (s, 1H), 1.82 (s, 3H) ppm.
6-Amino-3-methyl-1-phenyl-4-(thiophen-3-yl)-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3m): Synthesized with 1m and 2a according to the general procedure of 3a. Yield: 85%, yellow power solid, m. p. 178.2–178.6°C. 1H NMR (400 MHz, DMSO-d6) δ 7.81–7.75 (m, 2H), 7.53–7.45 (m, 3H), 7.37 (dd, J = 2.9, 1.2 Hz, 1H), 7.31 (t, J = 7.4 Hz, 1H), 7.18 (s, 2H), 6.95 (dd, J = 5.0, 1.2 Hz, 1H), 4.82 (s, 1H), 1.86 (s, 3H) ppm.
6-Amino-3-methyl-1-phenyl-4-(4-(trifluoromethyl) phenyl)-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3n): Synthesized with 1n and 2a according to the general procedure of 3a. Yield: 85%, white power solid, m. p. 162.9–163.5°C. 1H NMR (400 MHz, DMSO-d6) δ 7.79 (d, J = 7.8 Hz, 2H), 7.73 (d, J = 8.1 Hz, 2H), 7.50 (t, J = 8.3 Hz, 4H), 7.33 (t, J = 7.6 Hz, 3H), 4.85 (s, 1H), 1.79 (s, 3H) ppm.
6-Amino-1-(2-chlorophenyl)-4-(furan-2-yl)-3-methyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3o): Synthesized with 1j and 2b according to the general procedure of 3a. Yield: 62%, yellow power solid, m. p. 86.8–87.2°C. 1H NMR (400 MHz, DMSO-d6) δ 7.70 (dd, J = 7.8, 1.5 Hz, 1H), 7.59 (td, J = 7.5, 2.2 Hz, 2H), 7.57–7.48 (m, 2H), 7.12 (s, 2H), 6.42 (dd, J = 3.1, 1.9 Hz, 1H), 6.27 (d, J = 3.1 Hz, 1H), 4.90 (s, 1H), 1.96 (s, 3H) ppm.
6-Amino-1-(2-chlorophenyl)-3-methyl-4-(pyridin-3-yl)-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3p): Synthesized with 1k and 2b according to the general procedure of 3a. Yield: 63%, white power solid, m. p. 165.9–166.4°C. 1H NMR (400 MHz, DMSO-d6) δ 8.56–8.47 (m, 2H), 7.71 (dd, J = 7.7, 1.6 Hz, 1H), 7.68–7.61 (m, 2H), 7.59–7.51 (m, 2H), 7.41 (dd, J = 7.8, 4.8 Hz, 1H), 7.15 (s, 2H), 4.80 (s, 1H), 1.78 (s, 3H) ppm.
6-Amino-1-(2-chlorophenyl)-3-methyl-4-(pyridin-4-yl)-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3q): Synthesized with 1l and 2b according to the general procedure of 3a. Yield: 61%, white power solid, m. p. 200.1–200.7°C. 1H NMR (400 MHz, DMSO-d6) δ 8.57 (dd, J = 4.4, 1.5 Hz, 2H), 7.71 (dd, J = 7.8, 1.6 Hz, 1H), 7.66 (dd, J = 7.3, 2.2 Hz, 1H), 7.59–7.51 (m, 2H), 7.28 (dd, J = 4.5, 1.5 Hz, 2H), 7.19 (s, 2H), 4.77 (s, 1H), 1.80 (s, 3H) ppm.
6-Amino-1-(2-chlorophenyl)-3-methyl-4-(thiophen-3-yl)-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3r): Synthesized with 1m and 2b according to the general procedure of 3a. Yield: 65%, yellow power solid, m. p. 167.0–167.5°C. 1H NMR (400 MHz, DMSO-d6) δ 7.70 (dd, J = 7.7, 1.7 Hz, 1H), 7.62 (dd, J = 7.2, 2.2 Hz, 1H), 7.58–7.48 (m, 3H), 7.35 (dd, J = 2.8, 1.0 Hz, 1H), 7.01 (s, 2H), 6.91 (dd, J = 5.0, 1.1 Hz, 1H), 4.83 (s, 1H), 1.85 (s, 3H) ppm.
6-Amino-1-(2-chlorophenyl)-4-(3-methoxyphenyl)-3-methyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3s): Synthesized with 1o and 2b according to the general procedure of 3a. Yield: 80%, white power solid, m. p. 170.7–171.2°C. 1H NMR (400 MHz, DMSO-d6) δ 11.49 (s, 1H), 7.64–7.62 (m, 1H), 7.57–7.42 (m, 3H), 7.28 (t, J = 7.9 Hz, 2H), 7.16 (d, J = 7.2 Hz, 1H), 6.87 (dd, J = 8.2, 2.2 Hz, 1H), 5.85 (d, J = 9.2 Hz, 1H), 4.66 (d, J = 10.9 Hz, 1H), 3.74 (s, 3H), 2.14 (s, 3H) ppm.
6-Amino-1-(4-chlorophenyl)-3-methyl-4-phenyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3t): Synthesized with 1a and 2c according to the general procedure of 3a. Yield: 80%, white power solid, m. p. 165.9–166.4°C. 1H NMR (400 MHz, DMSO-d6) δ 7.83 (dt, J = 8.9, 3.0 Hz, 2H), 7.53 (dt, J = 8.9, 3.2 Hz, 2H), 7.38–7.32 (m, 2H), 7.29–7.19 (m, 5H), 4.68 (s, 1H), 1.78 (s, 3H) ppm.
6-Amino-1-(2-chlorophenyl)-3-methyl-4-phenyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3u): Synthesized with 1a and 2b according to the general procedure of 3a. Yield: 75%, white power solid, m. p. 188.9–189.2°C. 1H NMR (400 MHz, DMSO-d6) δ 11.64 (s, 1H), 7.67–7.56 (m, 3H), 7.51–7.46 (m, 3H) 7.37 (t, J = 7.4 Hz, 2H), 7.32–7.28 (m, 1H), 5.8 (d, J = 9.4 Hz, 1H), 4.70 (d, J = 10.2 Hz, 1H), 2.14 (s, 3H) ppm.
6-Amino-3-methyl-4-phenyl-1-(p-tolyl)-1,4-dihydropyrano-[2,3-c]-pyrazole-5-carbonitrile (3v): Synthesized with 1a and 2d according to the general procedure of 3a. Yield: 90%, white power solid, m. p. 167.0–167.5°C. 1H NMR (400 MHz, DMSO-d6) δ 7.65 (dt, J = 8.5, 2.8 Hz, 2H), 7.35 (tt, J = 7.3, 1.0 Hz, 2H), 7.30–7.23 (m, 5H), 7.17 (s, 2H), 4.67 (s, 1H), 2.35 (s, 3H), 1.77 (s, 3H) ppm.
6-Amino-1-(4-methoxyphenyl)-3-methyl-4-phenyl-1,4-dihydropyrano[2,3-c]-pyrazole-5-carbonitrile (3w): Synthesized with 1a and 2e according to the general procedure of 3a. Yield: 88%, white power solid, m. p. 186.2–187,3 °C. 1H NMR (400 MHz, DMSO-d6) δ 7.65 (dt, J = 8.5, 3.5 Hz, 2H), 7.38–7.32 (m, 2H), 7.29–7.23 (m, 3H), 7.14 (s, 2H), 7.06–7.01 (m, 2H), 4.67 (s, 1H), 3.80 (s, 3H), 1.77 (s, 3H) ppm.
6-Amino-1-(4-fluorophenyl)-3-methyl-4-phenyl-1,4-dihydropyrano[2,3-c]-pyrazole -5-carbonitrile (3x): Synthesized with 1a and 2f according to the general procedure of 3a. Yield: 80%, white power solid, m. p. 162.9–163.5°C. 1H NMR (400 MHz, DMSO-d6) δ 7.84–7.77 (m, 2H), 7.37–7.31 (m, 4H), 7.29–7.24 (m, 3H), 7.19 (s, 2H), 4.68 (s, 1H), 1.77 (s, 3H) ppm.
N-(5-cyano-3-methyl-1,4-diphenyl-1,4-dihydropyrano[2,3-c]-pyrazole-6-yl)-4-methylbenzenesulfonamide (4a): A mixture of 3a (5 mmol, 1.6 g), 4-methylbenzenesulfonyl chloride (5 mmol, 0.95 g), and N,N-dimethylpyridin-4-amine (DMAP) (5 mmol, 0.61 g) in 30 ml dichloromethane was stirred at room temperature overnight. TLC was used to monitor whether the reaction was complete. When the basic reaction of raw materials was complete, the stirring was stopped, and the reaction mixture was cooled to room temperature. The crude product was purified using silica gel column chromatography using a mixture solvent of petroleum ether/ethyl acetate (8:1) to give 4a. Yield: 66%, white power solid, m. p. 68.3–69.7°C. 1H NMR (400 MHz, CDCl3) δ 7.50–7.42 (m, 4H), 7.41–7.38 (m, 1H), 7.35 (dt, J = 8.4, 2.5 Hz, 2H), 7.24–7.18 (m, 3H), 7.17–7.13 (m, 2H), 7.04 (dt, J = 7.7, 0.8 Hz, 2H), 4.98 (d, J = 9.6 Hz, 1H), 4.85 (d, J = 9.6 Hz, 1H), 2.37 (s, 3H), 2.15 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 147.7, 147.2, 140.4, 137.1, 136.3, 130.7 (2C), 129.9, 129.4 (2C), 129.4 (2C), 128.6, 128.5 (2C), 128.0, 127.9 (2C), 123.3 (2C), 114.0, 113.9, 108.3, 40.3, 27.3, 21.7, 14.9 ppm. HRMS (ESI): calculated for C27H22N4NaO3S+ [M + Na]+, 505.1305; found 505.1304.
N-(5-cyano-3-methyl-1-phenyl-4-(p-tolyl)-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4b): Synthesized with 3b according to the general procedure of 4a. Yield: 70%, white power solid, m. p. 74.7–75.0°C. 1H NMR (400 MHz, CDCl3) δ 7.39–7.32 (m, 4H), 7.26–7.11 (m, 7H), 7.04 (d, J = 8.1 Hz, 2H), 4.96 (d, J = 9.7 Hz, 1H), 4.80 (d, J = 9.7 Hz, 1H), 2.37 (d, J = 1.7 Hz, 6H), 2.16 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 147.7, 147.2, 140.4, 137.9, 137.1, 133.3, 130.7 (2C), 129.9 (2C), 129.9, 129.4 (2C), 128.5 (2C), 128.0, 127.7 (2C), 123.3 (2C), 114.0, 113.9, 108.4, 40.1, 27.3, 21.7, 21.1, 15.0 ppm. HRMS (ESI): calculated for C28H24N4NaO3S+ [M + Na]+, 519.1461; found 519.1462.
N-(4-(3-chlorophenyl)-5-cyano-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4c). Synthesized with 3c according to the general procedure of 4a. Yield: 68% white power solid. m. p. 68.4–69.0°C. 1H NMR (400 MHz, CDCl3) δ 7.45 (t, J = 1.6 Hz, 1H), 7.43–7.37 (m, 3H), 7.35 (dt, J = 8.4, 1.6 Hz, 2H), 7.25–7.12 (m, 5H), 7.05 (t, J = 7.8 Hz, 2H), 4.99 (d, J = 9.7 Hz, 1H), 4.81 (d, J = 9.7 Hz, 1H), 2.38 (s, 3H), 2.19 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 148.0, 146.9, 139.9, 137.3, 137.1, 135.2, 130.4, 130.2, 129.9 (2C), 129.0, 128.8 (2C), 128.5 (2C), 128.2, 127.6, 125.9, 123.6 (2C), 112.0, 112.0, 107.0, 41.7, 27.1, 21.7, 14.3 ppm. HRMS (ESI): calculated for C27H21ClN4NaO3S+ [M + Na]+, 539.0915; found 539.0916.
N-(4-(4-bromophenyl)-5-cyano-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4d): Synthesized with 3d according to the general procedure of 4a. Yield: 70%, white power solid, m. p. 101.6–102.3°C. 1H NMR (400 MHz, CDCl3) δ 7.59 (dt, J = 8.5,2.8 Hz, 2H), 7.40–7.30 (m, 4H), 7.24–7.17 (m, 3H), 7.17–7.12 (m, 2H), 7.04 (dt, J = 7.8,1.8 Hz, 2H), 4.98 (d, J = 9.7 = Hz, 1H), 4.80 (d, J = 9.7 Hz, 1H), 2.37 (s, 3H), 2.17 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 148.0, 146.9, 139.9, 137.1, 134.4, 132.4 (2C), 130.1, 129.9 (2C), 129.5 (2C), 128.8 (2C), 128.5 (2C), 127.6, 123.6 (2C), 122.9, 112.1, 112.1, 107.1, 41.7, 27.1, 21.8, 14.3 ppm. HRMS (ESI): calculated for C27H21BrN4NaO3S+ [M + Na]+, 583.0410; found 583.0410.
N-(5-cyano-4-(4-fluorophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4e): Synthesized with 3e according to the general procedure of 4a. Yield: 70%, white power solid, m. p. 113.0–113.5°C. 1H NMR (400 MHz, CDCl3) δ 7.51–7.45 (m, 2H), 7.33 (dt, J = 8.4, 2.2 Hz, 2H), 7.24–7.18 (m, 3H), 7.17–7.11 (m, 4H), 7.05 (dt, J = 7.8, 0.8 Hz, 2H), 4.98 (d, J = 9.7 Hz, 1H), 4.82 (d, J = 9.7 Hz, 1H), 2.38 (s, 3H), 2.16 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 162.1, 148.0, 146.9, 139.8, 137.1, 131.3, 130.2, 129.9 (2C), 129.7 (2C), 128.8 (2C), 128.5 (2C), 127.6, 123.7 (2C), 116.2 (2C), 112.2, 112.2, 107.4, 41.6, 27.4, 21.7, 14.3 ppm. HRMS (ESI): calculated for C27H21FN4NaO3S+ [M + Na]+, 523.1211; found 523.1216.
N-(4-(3-bromophenyl)-5-cyano-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4f): Synthesized with 3f according to the general procedure of 4a. Yield:75%, white power solid, m. p. 68.4–69.5°C. 1H NMR (400 MHz, CDCl3) δ 7.60 (t, J = 1.9 Hz, 1H), 7.54 (ddd, J = 8.0, 1.9, 1.0 Hz, 1H), 7.47 (ddd, J = 8.8, 1.9, 0.7 Hz, 1H), 7.38–7.30 (m, 3H), 7.24–7.18 (m, 3H), 7.18–7.12 (m, 2H), 7.05 (dt, J = 7.8, 0.8 Hz, 2H), 4.99 (d, J = 9.8 Hz, 1H), 4.80 (d, J = 9.8 Hz, 1H), 2.38 (s, 3H), 2.20 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 148.0, 146.9, 139.9, 137.6, 137.1, 131.9, 131.1, 130.6, 130.1, 129.9 (2C), 128.8 (2C), 128.5 (2C), 127.6, 126.3, 123.6 (2C), 123.3, 112.0, 112.0, 107.0, 41.7, 27.1, 21.7, 14.3 ppm. HRMS (ESI): calculated for C27H21BrN4NaO3S+ [M + Na]+, 583.0410; found 583.0410.
N-(5-cyano-4-(3,4-dichlorophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4g): Synthesized with 3g according to the general procedure of 4a. Yield: 69%, white power solid, m. p. 100.9–101.3°C. 1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 2.3 Hz, 1H), 7.55 (d, J = 8.4 Hz, 1H), 7.37 (dd, J = 8.4, 2.3 Hz, 1H), 7.33 (dt, J = 8.4, 2.3 Hz, 2H), 7.25–7.18 (m, 3H), 7.17–7.13 (m, 2H), 7.05 (dt, J = 7.7, 0.8 Hz, 2H), 4.99 (d, J = 9.9 Hz, 1H), 4.78 (d, J = 9.9 Hz, 1H), 2.38 (s, 3H), 2.21 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 147.9, 147.0, 139.9, 137.0, 135.5, 133.5, 133.2, 131.1, 130.1, 130.1, 129.9 (2C), 128.9 (2C), 128.5 (2C), 127.7, 127.1, 123.7 (2C), 111.9, 111.8, 106.7, 41.4, 27.1, 21.8, 14.3 ppm. HRMS (ESI): calculated for C27H20Cl2N4NaO3S+ [M + Na]+, 573.0525; found 573.0523.
N-(4-(4-bromo-2-fluorophenyl)-5-cyano-3-methyl-1-phen-yl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4h): Synthesized with 3h according to the general procedure of 4a. Yield: 66%, white power solid, m. p. 73.6–77.4°C. 1H NMR (400 MHz, CDCl3) δ 7.52 (t, J = 8.1 Hz, 1H), 7.45 (dd, J = 8.5, 1.9 Hz, 1H), 7.35 (dd, J = 9.8, 1.9 Hz, 1H), 7.30 (dt, J = 8.4, 2.2 Hz, 2H), 7.22–7.14 (m, 3H), 7.12–7.06 (m, 2H), 7.02 (dt, J = 8.5, 2.0 Hz, 2H), 5.24 (d, J = 10.9 Hz, 1H), 5.03 (d, J = 10.9 Hz, 1H), 2.37 (s, 3H), 2.32 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 160.0, 148.4, 146.9, 139.9, 137.0, 130.0, 129.9 (2C), 129.5, 128.8 (2C), 128.5 (2C), 128.2, 127.5, 123.6 (2C), 123.3, 122.0, 120.0, 111.9, 111.9, 105.9, 35.5, 26.4, 21.7, 13.8 ppm. HRMS (ESI): calculated for C27H20BrFN4NaO3S+ [M + Na]+, 601.0316; found 601.0311.
N-(5-cyano-4-(4-methoxyphenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4i): Synthesized with 3i according to the general procedure of 4a. Yield: 80%, white power solid, m. p. 145.2–146.0°C. 1H NMR (400 MHz, CDCl3) δ 7.40 (dt, J = 8.6, 3.4 Hz, 2H), 7.34 (dt, J = 8.4, 2.2 Hz, 2H), 7.24–7.18 (m, 3H), 7.17–7.13 (m, 2H), 7.04 (dt, J = 7.7, 1.6 Hz, 2H), 6.96 (dt, J = 8.8, 3.2 Hz, 2H), 4.95 (d, J = 9.7 Hz, 1H), 4.78 (d, J = 9.7 Hz, 1H), 3.83 (s, 3H), 2.37 (s, 3H), 2.16 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 159.4, 147.8, 147.2, 140.3, 137.1, 130.8 (2C), 129.9, 129.5 (2C), 129.2 (2C), 128.6 (2C), 128.2, 128.1, 123.3 (2C), 114.80 (2C), 114.1, 114.0, 108.6, 55.7, 39.8, 27.6, 21.7, 15.0 ppm. HRMS (ESI): calculated for C28H24N4NaO4S+ [M + Na]+, 535.1410; found 535.1417.
N-(5-cyano-4-(furan-2-yl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4j): Synthesized with 3j according to the general procedure of 4a. Yield: 55%, yellow power solid, m. p. 153.8–154.3°C. 1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 1.4 Hz, 1H), 7.35 (d, J = 8.4 Hz, 2H), 7.26 (s, 1H), 7.24–7.18 (m, 3H), 7.4–7.12 (m, 2H), 7.01 (d, J = 8.2 Hz, 2H), 6.52 (d, J = 3.3 Hz, 1H), 6.45 (dd, J = 3.3, 1.9 Hz, 1H), 4.98 (d, J = 8.9 Hz, 1H), 4.84 (d, J = 8.9 Hz, 1H), 2.29 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 149.1, 147.7, 147.5, 144.1, 140.5, 136.9, 130.7 (2C), 129.7, 129.4 (2C), 128.5 (2C), 128.0, 123.2 (2C), 113.7, 113.4, 111.4, 109.3, 106.0, 35.2, 27.2, 21.7, 14.4 ppm. HRMS (ESI): calculated for C25H20N4NaO4S+ [M + Na]+, 495.1097; found 495.1094.
N-(5-cyano-3-methyl-1-phenyl-4-(pyridin-3-yl)-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4k): Synthesized with 3k according to the general procedure of 4a. Yield: 60%, white power solid, m. p. 136.3–137.0°C. 1H NMR (400 MHz, DMSO-d6) δ 7.98 (s, 1H), 7.87 (dd, J = 8.7, 1.0 Hz, 1H), 7.58 (d, J = 8.2 Hz, 2H), 7.52–7.38 (m, 5H), 7.34 (d, J = 8.0 Hz, 3H), 7.12 (d, J = 7.8 Hz, 3H), 2.36 (s, 3H), 2.29 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 161.6, 151.9, 148.9, 147.7, 146.0, 145.0, 144.3, 142.4, 141.8, 138.2, 129.9 (2C), 129.4, 128.6 (2C), 126.0 (2C), 125.3 (2C), 123.4, 119.8, 118.9, 62.6, 21.4, 21.2, 13.5 ppm. HRMS (ESI): calculated for C26H21N5NaO3S+ [M + Na]+, 506.1257; found 506.1272.
N-(5-cyano-3-methyl-1-phenyl-4-(pyridin-4-yl)-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4l): Synthesized with 3l according to the general procedure of 4a. Yield: 60%, white power solid, m. p. 100.5–101.1°C. 1H NMR (400 MHz, DMSO-d6) δ 8.70 (dd, J = 4.7, 1.4 Hz, 2H), 7.48 (d, J = 5.8 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.36–7.28 (m, 3H), 7.18 (d, J = 8.1 Hz, 2H), 7.14–7.07 (m, 2H), 5.95 (d, J = 8.9 Hz, 1H), 5.09 (d, J = 8.9 Hz, 1H), 2.34 (s, 3H), 2.03 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 150.3, 147.7, 147.4, 145.7, 140.9, 136.9, 130.7 (2C), 129.7, 129.5 (2C), 128.6 (2C), 128.1, 123.3 (2C), 123.2 (2C), 113.7, 113.6, 107.0, 100.0, 39.5, 27.0, 21.7, 14.9 ppm. HRMS (ESI): calculated for C26H21N5NaO3S+ [M + Na]+, 506.1257; found 506.1253.
N-(5-cyano-3-methyl-1-phenyl-4-(thiophen-3-yl)-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4m): Synthesized with 3m according to the general procedure of 4a. Yield: 65%, yellow power solid, m. p. 67.8–68.4°C. 1H NMR (400 MHz, DMSO-d6) δ 7.68 (dd, J = 5.0, 2.9 Hz, 1H), 7.61–7.57 (m, 1H), 7.43 (d, J = 8.4 Hz, 2H), 7.36–7.26 (m, 3H), 7.18 (d, J = 8.1 Hz, 2H), 7.15–7.05 (m, 3H), 5.82 (d, J = 8.9 Hz, 1H), 4.94 (d, J = 8.9 Hz, 1H), 2.34 (s, 3H), 2.00 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 147.7, 147.4, 140.4, 137.0, 136.9, 130.7 (2C), 129.8, 129.4 (2C), 128.5 (2C), 128.1, 128.0, 127.8, 123.5, 123.2 (2C), 114.0, 113.8, 108.0, 36.8, 28.0, 21.7, 14.6 ppm. HRMS (ESI): calculated for C25H20N4NaO3S2+ [M + Na]+, 511.0869; found 511.0868.
N-(5-cyano-3-methyl-1-phenyl-4-(4-(trifluoromethyl)phenyl)-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4n): Synthesized with 3n according to the general procedure of 4a. Yield: 73%, white power solid, m. p. 109.3–110.2°C. 1H NMR (400 MHz, DMSO-d6) δ 7.89 (d, J = 8.3 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.44 (d, J = 8.3 Hz, 2H), 7.36–7.30 (m, 3H), 7.18 (d, J = 8.2 Hz, 2H), 7.11 (dd, J = 7.6, 1.9 Hz, 2H), 5.97 (d, J = 9.3 Hz, 1H), 5.12 (d, J = 9.3 Hz, 1H), 2.34 (s, 3H), 2.07 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 148.0, 147.1, 140.0, 139.4, 137.7, 137.0, 131.0, 130.0 (2C), 129.0 (2C), 128.5 (2C), 128.5 (2C), 127.7, 126.3 (2C), 123.8, 123.7 (2C), 112.1, 112.1, 107.0, 41.9, 27.1, 21.9, 14.4 ppm. HRMS (ESI): calculated for C28H21F3N4NaO3S+ [M + Na]+, 573.1179; found 573.1176.
N-(5-cyano-3-methyl-1-phenyl-4-(4-(trifluoromethyl)phenyl)-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)thiophene-2-sulfonamide (4o): Synthesized with 3n and 4-thiophene-2-sulfonyl chloride according to the general procedure of 4a. Yield: 54%, white power solid, m. p. 55.9–56.7°C. 1H NMR (400 MHz, DMSO-d6) δ 8.12 (dd, J = 5.0, 1.3 Hz, 1H), 7.89 (d, J = 8.3 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.55 (dd, J = 3.9, 1.3 Hz, 1H), 7.41–7.34 (m, 3H), 7.24–7.18 (m, 2H), 7.04 (dd, J = 4.9, 4.0 Hz, 1H), 5.98 (d, J = 9.2 Hz, 1H), 5.17 (d, J = 9.2 Hz, 1H), 2.07 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 148.1, 139.9, 139.2, 137.3, 137.0, 136.9, 131.9, 131.0, 129.2 (2C), 128.4 (2C), 128.2, 128.0, 126.3 (2C), 123.8, 123.6 (2C), 112.0, 111.9, 107.1, 41.7, 27.0, 14.5 ppm. HRMS (ESI): calculated for C25H17F3N4NaO3S2+ [M + Na]+, 565.0586; found 565.0572.
N-(5-cyano-3-methyl-1-phenyl-4-(4-(trifluoromethyl) phenyl)-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methoxybenzenesulfonamide (4p): Synthesized with 3n and 4-methoxybenzenesulfonyl chloride according to the general procedure of 4a. Yield: 76%, white power solid, m. p. 72.0–72.7°C. 1H NMR (400 MHz, DMSO-d6) δ 7.89 (d, J = 8.3 Hz, 2H), 7.71 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 9.0 Hz, 2H), 7.36–7.28 (m, 3H), 7.14 (dd, J = 7.8, 1.8 Hz, 2H), 6.86 (d, J = 9.0 Hz, 2H), 5.98 (d, J = 9.3 Hz, 1H), 5.15 (d, J = 9.3 Hz, 1H), 3.83 (s, 3H), 2.07 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 165.1, 148.0, 140.2, 139.4, 137.1, 137.1, 131.0, 130.9 (2C), 129.0 (2C), 128.5 (2C), 127.8, 126.3 (2C), 123.8, 123.6 (2C), 114.6 (2C), 112.2, 112.1, 107.0, 55.9, 41.9, 27.1, 14.4 ppm. HRMS (ESI): calculated for C28H21F3N4NaO4S+ [M + Na]+, 589.1128; found 589.1129.
N-(5-cyano-3-methyl-1-phenyl-4-(4-(trifluoromethyl)phenyl)-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-(trifluoromethyl)-benzenesulfonamide (4q): Synthesized with 3n and 4-(trifluoromethyl) benzenesulfonyl chloride according to the general procedure of 4a. Yield: 62%, yellow power solid, m. p. 153.7–154.1°C. 1H NMR (400 MHz, DMSO-d6) δ 7.86 (d, J = 8.3 Hz, 2H), 7.83–7.76 (m, 5H), 7.73–7.70 (m, 4H), 7.48–7.44 (m, 2H), 6.00 (d, J = 11.3 Hz, 1H), 4.94 (d, J = 11.3 Hz, 1H), 2.24 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 148.2, 139.7, 139.1, 136.8, 136.7, 136.7, 131.1, 129.3 (2C), 129.1 (2C), 128.3 (2C), 128.2, 126.4 (4C), 123.8, 123.6 (2C), 120.9, 111.9, 111.9, 107.3, 41.8, 27.1, 14.5 ppm. HRMS (ESI): calculated for C28H18F6N4NaO3S+ [M + Na]+, 627.0896; found 627.0880.
N-(5-cyano-3-methyl-1-phenyl-4-(4-(trifluoromethyl)phenyl)-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-2,4-difluorobenzenesulfonamide (4r): Synthesized with 3n and 2,4-difluorobenzenesulfonyl chloride according to the general procedure of 4a. Yield: 60%, white power solid, m. p. 65.8–66.5°C. 1H NMR (400 MHz, DMSO-d6) δ 7.89 (d, J = 8.3 Hz, 2H), 7.71 (d, J = 8.3 Hz, 2H), 7.67–7.61 (m, 1H), 7.37–7.27 (m, 4H), 7.20–7.11 (m, 3H), 5.96 (d, J = 9.0 Hz, 1H), 5.21 (d, J = 9.0 Hz, 1H), 2.05 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 167.7, 160.5, 148.3, 139.5, 139.1, 136.8, 133.0, 132.9, 130.0, 129.2 (2C), 128.3 (2C), 128.2, 126.4 (2C), 123.8 (1C), 123.6 (2C), 112.6, 112.0, 111.8, 107.4, 106.4, 41.7, 27.0, 14.4 ppm. HRMS (ESI): calculated for C27H17F5N4NaO3S+ [M + Na]+, 595.0834; found 595.0822.
N-(1-(2-chlorophenyl)-5-cyano-4-(furan-2-yl)-3-methyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4s): Synthesized with 3o according to the general procedure of 4a. Yield: 50%, yellow power solid, m. p. 62.5–63.9°C. 1H NMR (400 MHz, DMSO-d6) δ 7.77 (d, J = 1.2 Hz, 1H), 7.50 (dd, J = 15.6, 7.7, 1.4 Hz, 2H), 7.45 (dt, J = 8.4, 1.5 Hz, 2H), 7.34 (td, J = 7.7, 1.5 Hz, 1H), 7.30 (d, J = 8.2 Hz, 2H), 7.08 (d, J = 7.1 Hz, 1H), 6.55 (dd, J = 3.2, 1.9 Hz, 1H), 6.48 (d, J = 3.2 Hz, 1H), 5.69 (d, J = 9.1 Hz, 1H), 4.88 (d, J = 9.1 Hz, 1H), 2.40 (s, 3H), 2.12 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 149.0, 148.1, 147.6, 144.0, 141.8, 134.3, 131.4, 131.0 (2C), 130.5, 130.5, 130.4, 129.7, 128.4, 128.3 (2C), 113.5, 113.3, 111.4, 109.3, 105.2, 35.1, 27.2, 21.7, 14.3 ppm. HRMS (ESI): calculated for C25H19ClN4NaO4S+ [M + Na]+, 529.0708; found 529.0703.
N-(1-(2-chlorophenyl)-5-cyano-3-methyl-4-(pyridin-3-yl)-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4t): Synthesized with 3p according to the general procedure of 4a. Yield: 51%, white power solid, m. p. 195.8–196.3°C. 1H NMR (400 MHz, DMSO-d6) δ 8.66 (d, J = 1.6 Hz, 1H), 8.62 (d, J = 4.6 Hz, 1H), 7.87 (d, J = 8.1 Hz, 1H), 7.54 (dd, J = 7.9, 4.8 Hz, 1H), 7.51–7.42 (m, 4H), 7.37–7.32 (m, 1H), 7.29 (d, J = 8.3 Hz, 2H), 7.14 (d, J = 7.7 Hz, 1H), 5.89 (d, J = 9.8 Hz, 1H), 5.05 (d, J = 9.8 Hz, 1H), 2.39 (s, 3H), 2.10 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 149.6, 149.1, 147.9, 147.6, 141.7, 135.9, 134.4, 132.3, 131.4, 131.0 (2C), 130.4 (2C), 129.8, 128.5, 128.5, 128.3 (2C), 124.3, 113.6, 113.5, 106.6, 38.2, 27.3, 21.7, 14.9 ppm. HRMS (ESI): calculated for C26H20ClN5NaO3S+ [M + Na]+, 540.0868; found 540.0870.
N-(1-(2-chlorophenyl)-5-cyano-3-methyl-4-(pyridin-4-yl)-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4u): Synthesized with 3q according to the general procedure of 4a. Yield: 53%, white power solid, m. p. 79.0–80.0°C. 1H NMR (400 MHz, DMSO-d6) δ 8.69 (dd, J = 4.6, 1.5 Hz, 2H), 7.52–7.42 (m, 6H), 7.37–7.31 (m, 1H), 7.29 (d, J = 8.2 Hz, 2H), 7.11 (dd, J = 7.9, 1.3 Hz, 1H), 5.90 (d, J = 9.2 Hz, 1H), 5.03 (d, J = 9.2 Hz, 1H), 2.39 (s, 3H), 2.04 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 150.5 (2C), 148.0, 147.6, 145.3, 142.0, 134.3, 131.4, 131.0 (2C), 130.4, 130.4, 130.4, 129.7, 128.4, 128.3 (2C), 123.1 (2C), 113.5, 113.5, 106.2, 39.3, 26.9, 21.7, 14.9 ppm. HRMS (ESI): calculated for C26H20ClN5NaO3S+ [M + Na]+, 540.0868; found 540.0867.
N-(1-(2-chlorophenyl)-5-cyano-3-methyl-4-(thiophen-3-yl)-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4v): Synthesized with 3r according to the general procedure of 4a. Yield: 57%, yellow power solid, m. p. 67.4–68.8°C. 1H NMR (400 MHz, DMSO-d6) δ 7.67 (dd, J = 5.0, 2.9 Hz, 1H), 7.59–7.55 (m, 1H), 7.52–7.44 (m, 4H), 7.33 (td, J = 7.7, 1.6 Hz, 1H), 7.29 (d, J = 8.2 Hz, 2H), 7.11–7.05 (m, 2H), 5.79 (d, J = 9.3 Hz, 1H), 4.88 (d, J = 9.4 Hz, 1H), 2.40 (s, 3H), 2.00 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 148.0, 147.6, 141.5, 136.8, 134.4, 131.3, 131.0 (2C), 130.4 (2C), 129.7, 128.4, 128.3 (2C), 128.2, 128.0, 127.8, 123.5, 113.9, 113.6, 107.1, 36.7, 27.9, 21.7, 14.6 ppm. HRMS (ESI): calculated for C25H19ClN4NaO3S2+ [M + Na]+, 545.0479; found 545.0485.
N-(1-(2-chlorophenyl)-5-cyano-4-(3-methoxyphenyl)-3-methyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4w): Synthesized with 3s according to the general procedure of 4a. Yield: 68%, white power solid, m. p. 66.4–67.7°C. 1H NMR (400 MHz, CDCl3) δ 7.36–7.27 (m, 7H), 7.15 (d, J = 8.2 Hz, 2H), 7.06 (d, J = 7.8 Hz, 1H), 7.05 (t, J = 1.8 Hz, 1H), 6.91 (dd, J = 8.3, 2.2 Hz, 1H), 4.93 (d, J = 10.0 Hz, 1H), 4.69 (d, J = 10.0 Hz, 1H), 3.82 (s, 3H), 2.42 (s, 3H), 2.13 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 160.2, 148.8, 146.6, 140.6, 136.9, 134.8, 131.9, 131.0, 130.2, 130.2, 130.1, 130.1 (2C), 129.8, 128.0 (2C), 127.3, 120.3, 114.6, 113.5, 112.3, 112.0, 106.7, 5.4, 42.4, 27.1, 21.8, 14.1 ppm. HRMS (ESI): calculated for C28H23ClN4NaO4S+ [M + Na]+, 569.1021; found 569.1022.
N-(1-(2-chlorophenyl)-5-cyano-4-(3-methoxyphenyl)-3-methyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)benzenesulfonamide (4x). Synthesized with 3s and benzenesulfonyl chloride according to the general procedure of 4a. Yield: 70%, white power solid, m. p. 66.0–67.5°C. 1H NMR (400 MHz, CDCl3) δ 7.63 (t, J = 7.4 Hz, 1H), 7.49–7.44 (m, 2H), 7.41–7.26 (m, 7H), 7.05 (dd, J = 13.9, 4.9 Hz, 2H), 7.07 (d, J = 7.6 Hz, 1H), 7.03 (t, J = 2.0 Hz, 1H), 4.92 (d, J = 10.1 Hz, 1H), 4.70 (d, J = 10.1 Hz, 1H), 2.14 (s, 3H), 1.56 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 159.9, 148.0, 141.4, 137.7, 136.4, 134.4, 133.9, 133.7, 131.6, 130.6, 130.5 (2C), 129.9, 128.6, 128.2 (2C), 128.1, 120.1, 114.2, 113.8, 113.6, 107.4, 65.7, 55.6, 46.4, 27.2, 14.8 ppm. HRMS (ESI): calculated for C27H21ClN4NaO4S+ [M + Na]+, 555.0864; found 555.0869.
N-(1-(2-chlorophenyl)-5-cyano-4-(3-methoxyphenyl)-3-methyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methoxybenzenesulfonamide (4y): Synthesized with 3s and 4-methoxybenzenesulfonyl chloride according to the general procedure of 4a. Yield: 64%, white power solid, m. p. 67.6–68.2°C. 1H NMR (400 MHz, DMSO-d6) δ 7.53–7.45 (m, 4H), 7.42–7.34 (m, 2H), 7.19–7.16 (m, 1H), 7.07–6.93 (m, 5H), 5.86 (d, J = 10.1 Hz, 1H), 4.86 (d, J = 10.2 Hz, 1H), 3.87 (s, 3H), 3.78 (s, 3H), 2.05 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 165.3, 159.9, 147.9, 141.7, 137.7, 134.5, 131.5, 130.7 (2C), 130.5, 130.4, 129.9, 128.5, 124.3, 120.1, 115.8 (2C), 115.1, 114.2, 113.9, 113.7, 113.6, 107.3, 65.7, 56.6, 55.6, 27.2, 14.8 ppm. HRMS (ESI): calculated for C28H23N4NaO5S+ [M + Na]+, 585.0970; found 585.0973.
N-(1-(2-chlorophenyl)-5-cyano-4-(3-methoxyphenyl)-3-methyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-2-nitrobenzenesulfonamide (4z): Synthesized with 3s and 2-nitrobenzenesulfonyl chloride according to the general procedure of 4a. Yield: 68%, white power solid. m. p. 72.6–73.7°C. 1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 7.9, 1.2 Hz, 1H), 7.79 (td, J = 7.1, 1.4 Hz, 1H), 7.79 (td, J = 7.9, 1.3 Hz, 1H), 7.51 (dd, J = 7.9, 1.0 Hz, 1H), 7.36 (t, J = 8.0 Hz, 1H), 7.31 (d, J = 7.1 Hz, 1H), 7.26–7.17 (m, 3H), 7.07 (d, J = 7.5 Hz, 1H), 6.99 (t, J = 1.9 Hz, 1H), 6.92 (dd, J = 8.2, 2.2 Hz, 1H), 4.82 (d, J = 10.3 Hz, 1H), 4.72 (d, J = 10.3 Hz, 1H), 3.82 (s, 3H), 2.18 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 159.9, 148.1, 147.5, 141.3, 138.2, 137.5, 134.3, 134.1, 131.8, 131.6, 131.0, 130.5, 130.4, 130.3, 129.6, 128.4, 126.4, 126.3, 122.8, 120.0, 114.1, 113.8, 113.6, 107.7, 55.6, 27.3, 14.9 ppm. HRMS (ESI): calculated for C27H20N5NaO6S+ [M + Na]+, 600.0715; found 600.0720.
N-(1-(2-chlorophenyl)-5-cyano-4-(3-methoxyphenyl)-3-methyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-3-nitrobenzenesulfonamide (4aa): Synthesized with 3s and 3-nitrobenzenesulfonyl chloride according to the general procedure of 4a. Yield: 73%, white power solid, m. p. 78.9–79.2°C. 1H NMR (400 MHz, CDCl3) δ 8.44 (ddd, J = 8.2, 2.1, 0.9 Hz, 1H), 8.14 (t, J = 1.8 Hz, 1H), 7.97 (dt, J = 7.9, 1.0 Hz, 1H), 7.67 (t, J = 8.1 Hz, 1H), 7.38 (t, J = 8.0 Hz, 1H), 7.32 (d, J = 9.0 Hz, 1H), 7.26–7.18 (m, 3H), 7.05 (d, J = 7.7 Hz, 1H), 7.00 (t, J = 2.0 Hz, 1H), 6.93 (dd, J = 8.2, 2.2 Hz, 1H), 4.83 (d, J = 10.1 Hz, 1H), 4.76 (d, J = 10.1 Hz, 1H), 3.83 (s, 3H), 2.16 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 159.9, 148.2, 141.0, 137.5, 135.2, 134.2, 134.1, 132.8, 132.4, 131.6, 130.7, 130.5, 130.4, 130.2, 129.8, 128.7, 123.8, 122.8, 120.5, 120.1, 114.2, 113.8, 113.7, 107.6, 55.6, 27.4, 14.8 ppm. HRMS (ESI): calculated for C27H20N5NaO6S+ [M + Na]+, 600.0715; found 600.0717.
N-(1-(2-chlorophenyl)-5-cyano-4-(3-methoxyphenyl)-3-methyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-nitrobenzenesulfonamide (4ab). Synthesized with 3s and 4-nitrobenzenesulfonyl chloride according to the general procedure of 4a. Yield: 60%, white power solid, m. p. 142.5–143.6°C. 1H NMR (400 MHz, CDCl3) δ 8.16 (dt, J = 8.8, 2.2 Hz, 2H), 7.67 (dt, J = 8.8, 2.2 Hz, 2H), 7.37 (t, J = 8.0 Hz, 1H), 7.32 (dd, J = 7.2, 2.0 Hz, 1H), 7.28–7.24 (m, 3H), 7.04 (d, J = 7.7 Hz, 1H), 6.99 (t, J = 2.0 Hz, 1H), 6.93 (dd, J = 8.2, 2.3 Hz, 1H), 4.82 (d, J = 10.0 Hz, 1H), 4.75 (d, J = 10.0 Hz, 1H), 3.83 (s, 3H), 2.16 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 159.9, 151.6, 148.2, 138.8, 137.4, 134.3, 131.7, 130.6, 130.5, 130.4, 130.0 (2C), 129.9, 128.6, 127.4, 125.5 (2C), 123.8, 120.1, 114.3, 113.8, 113.7, 113.6, 107.6, 55.6, 27.4, 14.9 ppm. HRMS (ESI): calculated for C27H21N5O6S+ [M + H]+, 578.0896; found 578.0885.
N-(1-(4-chlorophenyl)-5-cyano-3-methyl-4-phenyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4ac): Synthesized with 3t according to the general procedure of 4a. Compound (4ac) was synthesized from compound (3t) and 4-methylbenzenesulfonyl chloride, in a manner similar to (4a). Yield: 75%, white power solid. m. p. 181.4–181.7°C. 1H NMR (400 MHz, CDCl3) δ 7.49–7.36 (m, 7H), 7.19–7.07 (m, 6H), 4.95 (d, J = 9.6 Hz, 1H), 4.82 (d, J = 9.6 Hz, 1H), 2.43 (s, 3H), 2.15 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 148.5, 147.2, 140.1, 135.6, 135.2, 133.4, 130.7, 129.9 (2C), 129.2 (2C), 128.9 (2C), 128.7, 128.4 (2C), 127.8 (2C), 124.7 (2C), 112.2, 112.2, 108.1, 42.0, 27.2, 21.8, 14.3 ppm. HRMS (ESI): calculated for C27H21ClN4NaO3S+ [M + Na]+, 539.0915; found 539.0914.
N-(1-(2-chlorophenyl)-5-cyano-3-methyl-4-phenyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4ad). Synthesized with 3u according to the general procedure of 4a. Yield: 60%, white power solid, m. p. 77.4–78.0°C. 1H NMR (400 MHz, CDCl3) δ 7.50–7.41 (m, 4H), 7.41–7.33 (m, 3H), 7.32–7.29 (m, 2H), 7.16 (d, J = 8.1 Hz, 2H), 4.93 (d, J = 9.7 Hz, 1H), 4.74 (d, J = 9.6 Hz, 1H), 2.43 (s, 3H), 2.10 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 148.8, 146.6, 140.7, 135.4, 134.4, 131.8, 131.0, 130.2, 130.1, 130.1 (2C), 129.7, 129.2 (2C), 128.6, 128.1 (2C), 127.9 (2C), 127.3, 112.3, 112.2, 106.9, 42.2, 27.1, 21.8, 14.2 ppm. HRMS (ESI): calculated for C27H21ClN4NaO3S+ [M + Na]+, 539.0915; found 539.0916.
N-(5-cyano-3-methyl-4-phenyl-1-(p-tolyl)-1,4-dihydro-pyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4ae). Synthesized with 3v according to the general procedure of 4a. Yield: 70%, white power solid. m. p. 142.5–143.0°C. 1H NMR (400 MHz, CDCl3) δ 7.50–7.42 (m, 4H), 7.40–7.33 (m, 3H), 7.07–6.97 (m, 6H), 4.97 (d, J = 9.6 Hz, 1H), 4.82 (d, J = 9.6 Hz, 1H), 2.39 (s, 3H), 2.34 (s, 3H), 2.14 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 147.9, 147.6, 141.7, 136.3, 134.5, 131.5, 131.1 (2C), 130.7, 130.6, 130.5, 129.9, 129.4 (2C), 128.6, 128.5, 128.3 (2C), 128.0 (2C), 113.9, 113.8, 107.5, 40.6, 27.3, 21.8, 21.7, 14.9 ppm. HRMS (ESI): calculated for C28H24N4NaO3S+ [M + Na]+, 519.1461; found 519.1461.
N-(5-cyano-1-(4-methoxyphenyl)-3-methyl-4-phenyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4af): Synthesized with 3w according to the general procedure of 4a. Yield: 70%, white power solid, m. p. 69.0–70.4°C. 1H NMR (400 MHz, CDCl3) δ 7.50–7.42 (m, 4H), 7.41–7.35 (m, 3H), 7.11–7.03 (m, 4H), 6.70 (dt, J = 8.9,3.4 Hz, 2H), 4.96 (d, J = 9.7 Hz, 1H), 4.81 (d, J = 9.7 Hz, 1H), 3.81 (s, 3H), 2.40 (s, 3H), 2.14 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 147.7, 147.0, 140.5, 137.8, 136.5, 134.7, 130.7 (2C), 130.3, 129.9 (2C), 129.5 (2C), 128.6, 128.6 (2C), 127.9 (2C), 123.3 (2C), 114.0, 113.9, 108.1, 40.5, 27.4, 21.8, 21.1, 14.9 ppm. HRMS (ESI): calculated for C28H24N4NaO4S+ [M + Na]+, 535.1410; found 535.1412.
N-(5-cyano-1-(4-fluorophenyl)-3-methyl-4-phenyl-1,4-dihydropyrano[2,3-c]-pyrazol-6-yl)-4-methylbenzenesulfonamide (4ag): Synthesized with 3x according to the general procedure of 4a. Yield: 68%, white power solid, m. p. 138.6–139.3°C. 1H NMR (400 MHz, CDCl3) δ 7.50–7.37 (m, 7H), 7.17–7.10 (m, 4H), 6.93–6.86 (m, 2H), 4.95 (d, J = 9.6 Hz, 1H), 4.82 (d, J = 9.6 Hz, 1H), 2.41 (s, 3H), 2.14 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 161.7 (1C), 148.2, 147.1, 134.0, 135.3, 133.3 (1C), 130.6, 129.9 (2C), 129.2 (2C), 128.7, 128.4 (2C), 127.8 (2C), 125.5 (2C), 115.7 (2C), 112.3, 112.2, 107.7, 42.0, 27.2, 21.7, 14.3 ppm. HRMS (ESI): calculated for C27H21FN4NaO3S+ [M + Na]+, 523.1211; found 523.1210.
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The power of sensing molecules is often characterized in part by determining their thermodynamic/dynamic properties, in particular the binding constant of a guest to a host. In many studies, traditional nonlinear regression analysis has been used to determine the binding constants, which cannot be applied to complex systems and limits the reliability of such calculations. Supramolecular sensor systems include many interactions that make such chemical systems complicated. The challenges in creating sensing molecules can be significantly decreased through the availability of detailed mathematical models of such systems. Here, we propose uncovering accurate thermodynamic parameters of chemical reactions using better-defined mathematical modeling-fitting analysis is the key to understanding molecular assemblies and developing new bio/sensing agents. The supramolecular example we chose for this investigation is a self-assembled sensor consists of a synthesized receptor, DPA (DPA = dipicolylamine)-appended phenylboronic acid (1) in combination with Zn2+(1.Zn) that forms various assemblies with a fluorophore like alizarin red S (ARS). The self-assemblies can detect multi-phosphates like pyrophosphate (PPi) in aqueous solutions. We developed a mathematical model for the simultaneous quantitative analysis of twenty-seven intertwined interactions and reactions between the sensor (1.Zn-ARS) and the target (PPi) for the first time, relying on the Newton-Raphson algorithm. Through analyzing simulated potentiometric titration data, we describe the concurrent determination of thermodynamic parameters of the different guest-host bindings. Various values of temperatures, initial concentrations, and starting pHs were considered to predict the required measurement conditions for thermodynamic studies. Accordingly, we determined the species concentrations of different host-guest bindings in a generalized way. This way, the binding capabilities of a set of species can be quantitatively examined to systematically measure the power of the sensing system. This study shows analyzing supramolecular self-assemblies with solid mathematical models has a high potential for a better understanding of molecular interactions within complex chemical networks and developing new sensors with better sensing effects for bio-purposes.
Keywords: mathematical modeling, supramolecules, molecular sensing, pyrophosphate, intertwined equilibria, thermodynamic parameter fitting, enthalpy, entropy
1 INTRODUCTION
The capability to precisely detect a target system and monitor its variation over time is highly desirable in various fields, including biological studies, diagnosis, and quality control. Some sensor-target combinations include equilibrium, kinetic, or intertwined equilibrium-kinetic chemical interactions like supramolecular sensors (Johnson-Buck et al., 2015). Other sensor interactions with targets may trigger chemical, electrical, and mechanical changes like hydrogel sensors (Gladman et al., 2016). Supramolecular chemistry is an emergent research field taking its roots in chemistry. Its combination with biology opens a new direction in the study of life and its origin (Vicens and Vicens, 2011). The last several years have seen substantial growth in the field, and many detection efforts have focused on the use of fluorescent supramolecular sensors in cells and tissues (Lim et al., 2005; Palmer and Tsien, 2006; Que et al., 2008; Wong et al., 2009). In many chemical and biological processes, including molecular self-assembly and protein-protein or protein-substrate recognition, noncovalent interactions are critically important (Mugridge, 2010). Drawing inspiration from such natural systems, supramolecular chemists seek to use these weak, nonbonding interactions to mediate the formation and reactivity of host-guest complexes. Sensing applications of supramolecular chemistry rely on exploiting the forces involved in the formation of non-covalent “host-guest” complexes. In all cases, having a binding site that is highly specific for an analyte “guest” in a measurable form is the critical key for the “host” molecules (Lehn, 1994; Goral et al., 2001; Boul et al., 2005; Pérez-Fuertes et al., 2006, 2007; Ayme et al., 2012; You et al., 2015). The continued development of improved sensors depends on achieving a thorough understanding of the underlying chemical properties of the available constructs.
The determination of accurate binding constants is an important prerequisite for the development of many host-guest complexes, which range from sensing to drug discovery and development (Giri et al., 2011; Meier and Beeren, 2014). Unfortunately, in current analyses of supramolecular self-assemblies, no efficient mathematical modeling is applied to obtain these constants. Regular 1:1 or 1:2 complexes, an indicator displacement assay, or an enantioselective indicator displacement assay are usually considered, and the apparent binding constants are determined (Connors, 1987; Hargrove et al., 2010; Sheff et al., 2011). While many assemblies are produced from the reactions/interactions among different species.
The pH has a crucial role in most chemical processes, and many reactions in aqueous solutions show a strong pH dependence (Maeder et al., 2003; Wilkins, 1991). Protonation equilibria are particularly complex with multidentate ligands. Several differently protonated forms of the ligand usually coexist in solution; all of these forms show different reactivities towards each other. As a result, the observed equilibria are strongly pH dependent. Therefore, pH-metric is a practical tool to gain insight into the reactivities of the supramolecular sensors. In this study, we use a simple potentiometric pH method to simultaneously determine thermodynamic constants of the interactions among a self-assembled sensor prepared from ZnII–DPA (DPA = dipicolylamine)-attached phenylboronic acid (1·Zn) and catechol-type dye, alizarin red S (ARS) towards pyrophosphate (PPi). We have previously used these self-assemblies to detect oligophosphates in aqueous solutions (Minami et al., 2016). We considered an indicator displacement assay and determined the apparent binding constants of ARS toward 1.Zn and phosphates toward the sensor ARS-1.Zn. However, different analytical measurements displayed the presence of multiple intertwined equilibria, including twenty-seven equilibrium interactions and reactions. A mixture of such complicated combinations makes it impossible for the simple curve fitting to reproduce the observed progression. We chose 1.Zn-ARS-PPi sensing system because, according to our previous studies, this self-assembly includes many interactions that make it very complicated. So, it is a great candidate to walk the readers through the mathematical equations. Although, this study can be generalized to any other self-assembly examples.
Here, to address this problem and avoid as many assumptions as possible, we develop iterative methods that allow for the rigorous modeling of binding equations with the help of the Newton-Raphson algorithm in MATLAB, describing the complete molecular behaviors. We highlight how the extraction of binding data from a network of equilibria with the help of well-defined mathematical modeling led to having equilibria information of all recognized species to study interactions in chemical systems. This method should be generally applicable so long as the supramolecular system is pH-dependent.
2 COMPUTATIONAL DETAILS
We start with an introduction to the theory of equilibria in solution, the law of mass action, the notations required for the quantitative description of the interactions, which can be rather complex, particularly in aqueous solutions. This is followed by a discussion of the types of measurements that can be carried out and the nature of the data that are delivered. Next, we introduce the computational methods are required for the analysis of the measurements. To give the reader the possibility to apply all the above concepts, we use three practical examples: the potentiometric investigation of the interactions of 1.Zn-ARS-PPi. A suite of MATLAB programs that perform the analysis of the above data sets is available from the authors.
To introduce the mathematical modeling concept, consider a species formed by only three components [image: image], [image: image], and [image: image] (Eq. 1).
[image: image]
where [image: image] is the product of sensor and target combination. [image: image] is the formation constant of the species [image: image]. The definition of the stabilities of all species as a function of the component concentrations via the [image: image] values is consistent and allows the development of general, compact, and thus fast computer programs for data analysis.
Computer programs written for the analysis of measurements for equilibrium investigations contain two parts that require specific attention. The more obvious one is the algorithm for parameter fitting. Its task is to determine the optimal values for the parameters for a given measurement and model. In a titration experiment, the parameters to be fitted are usually the formation constants and, in the case of a spectrophotometric titration, additionally the molar absorption spectra of all-absorbing species. The other important part is computing all species concentrations for a given set of total component concentrations and formation constants. This calculation has to be performed for the solution after each addition of reagent during the complete titration. This second task forms the core of the data fitting and, therefore, we will discuss it first.
2.1 The Newton-Raphson Algorithm
The quantitative analysis of chemical equilibria is achieved using the Newton-Raphson algorithm that computes the species concentrations for a given set of formation constants and total concentrations of the components [image: image], [image: image], and [image: image]. The components are the basic units that interact with each other to form the species. The basis for the computations is the law of conservation of mass. At equilibrium, different species defined in the model reach a certain concentration that obeys the mass law. It means the law of mass action relates the species concentrations to the total concentrations of the components. For instance, the concentration summation of [image: image] existing in different species forms has to equal the known total concentration [image: image].
The quantitative relationship between the concentrations of free components and species is defined by the formation constants:
[image: image]
Each species concentration is computed from the formation constants and the free component concentrations as given in Eq. 2 for the general equilibrium (Eq. 1. For each of the components, [image: image], [image: image], and [image: image], we can write the following equations:
[image: image]
In a titration process, [image: image], [image: image], and [image: image] are the known independent variables and are computed from the reagent solutions and dilutions occurring during the titration. The total concentrations of the components are stored in the matrix Ctot. These total concentrations have to equal the sums over all appropriately weighted species concentrations, Eq. 3. The differences between the calculated and known total concentrations are collected in the vector [image: image]. The goal of the algorithm is to determine the free component concentrations such that the differences [image: image] are zero.
[image: image]
By substituting Eq. 2 in Eq. 3, each total component concentration can be calculated as below and stored in the matrix [image: image]:
[image: image]
where [image: image] is the number of species and [image: image], and [image: image] are the stoichiometric coefficients. The validity of using formation constants is, however, limited to a constant temperature. A model developed on top of these parameters cannot predict the optimized assembly sensing process under various experimental conditions. To address this limitation, we used the van’t Hoff equation to relate changes in the binding constants to changes in temperature, [image: image], leading to estimate the change in enthalpy [image: image] and entropy [image: image] of a chemical interaction/reaction:
[image: image]
[image: image]
where R is the ideal gas constant and equals 8.31 J/mol/K.
There are many ways of solving such a system of equations. The Newton-Raphson algorithm is usually well behaved and is relatively straightforward to implement. however, there is no guarantee for conversion and thus informative data measurements need to be introduced to deal with such cases. These computations are usually complex, and iterative algorithms have to be employed (Maeder and Neuhold, 2007). The algorithm starts with initial guesses for the free component concentrations to compute all species concentrations, and subsequently, mass conservation is checked. If there are any discrepancies, the iterative algorithm is continued. The explanations given here are insufficient for complete understanding, and more extensive definitions are beyond the scope of this study. For more details, we refer the readers to (Maeder and Neuhold, 2007). Analyzing the MATLAB codes supplied by the authors, see the end of this paper, can also assist the comprehension of the methods discussed.
2.2 The Newton-Gauss Algorithm
The next step is to obtain the correct [image: image] and [image: image] values of the combinations among the sensors and the targets using data measured at various conditions. The key point is any species in the considered interactions should exist at some minimal concentrations in the measured data. To obtain the parameters, we applied the numerical Newton-Gauss method (Bevington et al., 1993; Maeder and Neuhold, 2007) and the mathematical model of the considered sensing system to analyze the constructed data through simulations as a proxy to measured data. The measured data is always corrupted by experimental errors, instrumental shortcomings, noise, etc. The purpose of data fitting is to determine a calculated set of data, which resembles the measured data as closely as possible. The data set generated by the model is defined by the model and the thermodynamic parameters ([image: image]). Here, we discuss potentiometric pH titrations. The measurement is a record of the pH of the solution ([image: image]), and the data calculated by the model is [image: image]([image: image]); proton is one of the computed species concentrations. The chemical model together with the parameters allows the computation of all free species concentrations as a function of the titration. This is done by the Newton-Raphson algorithm and the results of these calculations are collected in the matrix [image: image], which is a function of the non-linear parameters.
[image: image]
The non-linear parameters [image: image] require an iterative algorithm that starts with initial guesses and converges towards the optimal solution in a reasonable number of iterations and amount time. The differences between the measured and calculated data are the residuals, [image: image]:
[image: image]
The measure for the quality of the fit is the sum of squares, ssq, which is the sum over the squares of all elements of the vector [image: image].
[image: image]
Eq. 9 demonstrates that [image: image] is a function of the non-linear parameters [image: image] and, of course, of the model and the data themselves that define the matrix of concentration profiles, [image: image]. These parameters are refined to minimize [image: image] using the Newton-Gauss method that is fast and delivers estimates for the effect of experimental noises as the standard deviations of the fitted parameters. Please see (Maeder and Neuhold, 2007) reference for more extensive explanations. The important point to notice in the fitting process is that the smaller the number of parameters, the easier the task of the fitting. Please see Section 3.2. for further discussions.
3 RESULTS AND DISCUSSION
3.1 Plausible Mechanism of the Supramolecular Assembly
Most examples of chemical equilibria can be seen as interactions between Lewis acids and Lewis bases. In an aqueous solution, the protons are always present, and more importantly, they are also Lewis acids, which can compete with any other Lewis acid present. The protonation equilibrium can be described analogously as [image: image] and the law of mass action states that [image: image].
The investigated supramolecular sensing system has been first introduced by Nonaka and his coworkers (Nonaka et al., 2008) to detect multi-phosphates in aqueous solutions. The synthesized receptor, DPA (DPA = dipicolylamine)-appended phenylboronic acid (1) in combination with Zn2+ (1·Zn) forms various assemblies with alizarin dye in a wide range of pHs. Among the existed complexes, ARS binds favorably to the coordinated zinc (II) in the Zn2+–DPA moiety. When PPi is added to the solution, it causes reorganization of the complex to produce an alternative boronate ester assembly. Traditionally, an indicator displacement assay is considered, and the apparent binding constants of ARS to 1·Zn and PPi to ARS-1·Zn are determined. However, analytical evidence (Nonaka et al., 2008; Tomsho and Benkovic, 2012) displayed the presence of multiple intertwined equilibria shown in Scheme 1. ARS and PPi act as two- and four-protonated weak acids, [image: image] and [image: image]. Their corresponding deprotonated forms exist in a wide pH scale. 1·Zn ([image: image]) has a secondary aliphatic amine in the protonated form at lower pHs and a boronic acid moiety as a Lewis acid that exists as either a neutral trigonal-planar species at low pHs or a negatively charged tetrahedral boronate species at high pHs. Free ions [image: image] can also participate in various equilibrium reactions with ARS, 1·Zn, and PPi. Further, since the solvent is water, hydrolysis dissociations can occur. PPi–ARS–1·Zn desired complex ([image: image]) can dissociate whether to its original species- 1·Zn, ARS, and PPi- or to PPi-1·Zn and ARS. The dissociation of PPi from the boronic acid moiety of 1·Zn and eventually from the ternary complex, PPi–ARS–1·Zn, is another event. Also, an excess amount of 1·Zn is capable of binding to the anion PPi. The mixture of such very complicated combinations that are not limited to this example makes it definitely impossible for the simple curve fitting to reproduce the observed progression. We used this self-assembly sensing example in the following sections as stepwise guides for researchers interested in incorporating mathematical modeling into the development of molecular sensors.
[image: Scheme 1]SCHEME 1 | Plausible mechanism related to different interactions among 1.Zn, ARS and PPi.
3.2 Separable Interactions/Reactions of ARS-1·Zn-PPi Assemblies
It is important to develop a nomenclature that uniquely describes all the species formed in solution with their appropriate equilibrium constants. Let us concentrate on the example of ARS-1.Zn-PPi equilibrium study in aqueous solution. After having reviewed the chemical mechanism of ARS-1.Zn-PPi assemblies, the next step is to determine the key chemical players and how they will interact. This step is particularly important, as it sets the stage for how complex our model will ultimately become. Using the nomenclature commonly employed in coordination chemistry, here, five components, [image: image], [image: image], [image: image], and [image: image], react with each other to form any complexity of species, and makes such confusing mechanism (Scheme 1). Note the expressions used: the components are the basic units that interact with each other to form the species; it is convenient to include the components in the list of species. Each of the species is formed by the appropriate number of components, and the quantitative relationship between the component and species concentrations is defined by the formation constant. The notation for equilibrium modelling of ARS-1.Zn-PPi example is represented in Table 1.
TABLE 1 | Notation for equilibrium modeling of the investigated mechanism in Scheme 1.
[image: Table 1]To have a model that can be generalized to any new complex molecular mechanism, we assumed none of the thermodynamic constants associated with the combinations/dissociations among these components are known. The first step is recognizing the interactions/reactions that can be modeled independently. In this case, some of the parameters of interest to the study can be obtained separately, which makes fitting the final model simpler by decreasing the number of unknown parameters. Accordingly, we broke the mechanism shown in Scheme 1 into ten sub mechanisms for independent investigations, Sections 3.2.1–3.2.9. Each sub-model is then followed by Eqs 3–6 to simulate the concentration profiles of the species and Eqs 7–9 to fit the thermodynamic parameters.
3.2.1 Equilibria of ARS/1
[image: image] and [image: image] act as two-protonated acids and convert to their protonated forms by changing the pH from 12 to 2. Each can be modeled and investigated by potentiometric titrations at different temperatures to compute the thermodynamic constants ([image: image] and [image: image]) of [image: image], [image: image], [image: image], [image: image] species:
[image: image]
For the components [image: image] and [image: image], the following equations define the calculated total concentrations based on the law of mass action:
[image: image]
Simulation of the species concentration profiles based on the above mathematical model is done using initial concentrations for [image: image] and proton, thermodynamic constants, and Newton-Raphson algorithm.
3.2.2 Pyrophosphate Protonation Equilibria
PPi can exists in four protonated forms [image: image], [image: image] and [image: image] from basic to acidic pHs.
[image: image]
The mass balances regarding [image: image] and [image: image] components are as follows:
[image: image]
3.2.3 Assemblies of Zinc-Pyrophosphate
The combination of PPi with [image: image] can produce 1:1 complexes of ZnPPi2−, ZnHPPi−, and ZnOHPPi3− (Moe and Wiest, 1977). We modeled these new products according to the following equations:
[image: image]
The equations of conservation mass of this equilibria system used in the algorithm during the titration of pyrophosphate and zinc with HCl are:
[image: image]
3.2.4 Interactions of Zinc and ARS
Zinc ions are capable of interacting with ARS in two steps to have 1:2 coordination complexes. The core structure of ARS—1,2-dihydroxyanthraquinone—serves as new lead structures for ratiometric probes for zinc ions (Kaushik et al., 2015; Zhang et al., 2007). According to the Newton-Raphson algorithm language, the reactions between [image: image] and [image: image] can be written as
[image: image]
Mass equations corresponding to ARS equilibria and its combinations with [image: image] are
[image: image]
3.2.5 Zinc and 1 Complexes
The three nitrogens of the DPA ligand can coordinate strongly to [image: image] cation, with an association constant around 107 M−1 in water. Having three de/protonated forms in the pH 2-12 area (Eq. 10), molecule 1 can have three different combinations with [image: image] with probably close binding constants (Scheme 1) (Gruenwedel, 1968; O’Neil and Smith, 2006; Wong et al., 2009):
[image: image]
The corresponding mass equations are:
[image: image]
3.2.6 [image: image] Complex
The other event from Scheme 1 that can be considered separately is the interaction of [image: image] with [image: image]:
[image: image]
Here we have four components and their related mass balances are as:
[image: image]
3.2.7 Assemblies of ARS and 1
The next consideration was the study of the binding affinities of 1 for ARS (Tomsho and Benkovic, 2012) in solutions of varying pHs. The corresponding mass balances are
[image: image]
As can be seen in Scheme 1, 1 and ARS interactions led to ten different forms of species.
3.2.8 Assemblies of ARS and 1·Zn
The existence of zinc in the structure of 1 makes a new moiety for a binding competition of anions like ARS. We assumed the actual binding ability of boronic acid in 1 with ARS to form [image: image], and [image: image] species is not different from that in 1-ARS assemblies (Nonaka et al., 2008; Tomsho and Benkovic, 2012).
[image: image]
According to Scheme 1, the species that are new and should be taken into account here are [image: image], [image: image], and [image: image].
3.2.9 [image: image]-[image: image] Interactions
The final consideration is the interactions between PPi and the formed sensor [image: image] meaning the last piece of the entire Scheme 1. Therefore, in addition to the all species noticed in previous Sections 3.2.1–3.2.8, the new species [image: image] and [image: image] were included in our mathematical model.
[image: image]
We mathematically defined the entire interactions with any order in Scheme 1 using the concept in Table 1. Each species concentration is computed from the notation in Table 1, the formation thermodynamic constants, and the free component concentrations of H-PPi–ARS–1-Zn.
3.3 Guidance on the Interaction Between Mathematical Models and Experiments
With the mathematical models in place, it is now time to begin the process of using them in concert with experiments to study the molecular sensing system. Unknown thermodynamic parameters are fit by comparing model output with data, and the model itself can be assessed by predicting an unexpected experimental outcome (Banwarth-Kuhn and Sindi, 2020). To show how this step works, we simulated different data using the model and thermodynamic parameters mentioned as “used to construct data” in Tables 2, 3, 6 with noise as a proxy to measured data for each separated part of the mechanism in Scheme 1. For each recognized sub mechanism, we optimized the physicochemical conditions of the simulated potentiometric data so that any species of the considered interactions exists at some minimal concentrations in the data. For some sub-mechanisms, regardless of initial guesses of the thermodynamic parameters being far from the used ones, we reached the results with low precision and accuracy errors like equilibria of ARS/1. However, for cases that required fitting more parameters, we had to come up with initial guesses closer to the real ones, which led to a longer fitting process. One way to avoid this problem is to collect less noisy, more informative data about all species present in the equilibria. The designed experiments for the investigation of the equilibrium network consist of a series of sample solutions with different known total concentrations of the components. The samples are titrated with a strong acid (HCl) at different temperatures to produce pH data under various conditions. There is no limit to the number of possible experiments. Apart from simple cases, pH titration will always include more data than minimally required to determine a particular parameter. It increases the robustness of the analysis and help deliver statistical information about the results, such as standard deviations of the fitted parameters. Here, the hydroxide ion is defined as negative proton concentration [image: image], since in an aqueous solution, the addition of x moles of OH- is equivalent to removing x moles of H+. Its formation constant is the equilibrium constant of water [image: image] (or methanol for molecule 1). Thermodynamic constants of water were kept fixed during all fitting processes. Of the different conditions examined, the optimized ones that lead to accurate and precise thermodynamic parameters are described in the following sections.
TABLE 2 | Obtained thermodynamic constants for the simulated pH datasets corresponding to ARS, 1 and PPi.
[image: Table 2]TABLE 3 | Obtained affinity thermodynamic constants for the simulated pH datasets corresponding to binding affinities of [image: image]to PPi, ARS and 1.
[image: Table 3]3.3.1 Fitting Thermodynamic Parameters of ARS/1 Equilibria
Concentration profiles were simulated based on the equilibrium model (Eqs 1–11), different initial concentrations for [image: image] and proton, thermodynamic constants, and Newton-Raphson algorithm (Supplementary Figures S1A–D). Taking the optimized initial concentrations of the components, [image: image] = 1 mM, [image: image] = 0 ([image: image] = 1 mM), titration is achieved by a strong acid causing change pH from ∼11 to ∼3. The total concentrations of the components at each titration point conveniently collected for both components X and H+. pH changes during the titration process are used as the proxy to the measured data for fitting and acquiring equilibria information (Supplementary Figure S1E). These simulated data are collected in four augmented vectors of pH values at four different temperatures 283, 288, 293, and 298 K, [[image: image]; [image: image]; [image: image]; [image: image]]. To more rigorously test the analysis, random errors with mean zero and SD equal to 0.002 (a realistic value for pH meters) were added to the simulated data. All measurements corresponding to each system (ARS and 1) were thus analyzed using global analysis. The analysis process results in not only the fitted formation thermodynamic constants (the purpose) but also the matrix of concentrations for all hidden species. Supplementary Figures S1F–I displays the acquired concentration profiles for species from the fitting, which are fully matched to the simulated profiles. The augmented data at four different temperatures for each system resulted in well-defined parameters with low standard deviations (Table 2).
3.3.2 Fitting Thermodynamic Parameters of Pyrophosphate Protonation Equilibria
According to the equilibria for PPi and vant’s Hoff definition, there are eight thermodynamic constants corresponding to the species to be determined. The enhanced number of unknown parameters needs finding experiment conditions that have sufficient equilibrium information. Similar to the previous section, simulation of concentration profiles based on the mathematical model (Eqs 1–9, 12–13) requires initial concentrations for the components ([image: image] and [image: image]) and thermodynamic constants (Alberty, 1969) and subsequently calls the Newton-Raphson algorithm. The pH data was generated by calculating the minus logarithm of the simulated proton concentration profiles from the model. White noise with a SD of 0.002 was added to the data. The titration of solutions with initial concentrations of [image: image] = 9.90 × 10−4 M, [image: image] = 0 at the temperatures 283, 288, 293, and 298 K with a strong acid gave pH changes from ∼11 to ∼2. Fitting the model to the constructed data at these conditions showed around 11% accuracy error for thermodynamic parameters of [image: image] associated with the low contribution of this species to the data (Supplementary Figures S2A–D). At 303 K and [image: image] = 9.90 × 10−4 M, and [image: image] = 2.00 × 10−4 M, another titration with pH variation 4.70–1.65 has been attained and added to the previous data (Supplementary Figure S2E). [image: image] concentration is more noticeable at the new pH window. The fitting procedure on the five augmented data [[image: image]; [image: image]; [image: image]; [image: image];[image: image]] delivered thermodynamic parameters with low errors and the acquired concentration profiles of species (Table 2, Supplementary Figures S2F–K).
3.3.3 Fitting Thermodynamic Parameters of Assemblies of Zinc-Pyrophosphate
Having the total concentrations of [image: image], [image: image], and [image: image] and the thermodynamic constants (Moe and Wiest, 1977), free concentrations of species in Eqs 14, 15 are calculated via the model and Newton–Raphson solution. Again, pH changes during the titration process are used as the measured data for fitting and acquiring equilibria information. The concentrations of pyrophosphate and zinc ions in the potentiometric titrations were 9.9 × 10−4 M and 8.7 × 10−4 M, respectively. Higher concentrations of zinc and pyrophosphate were not considered because the precipitation of [image: image] becomes a serious problem (Moe and Wiest, 1977). The simulated data are collected in four vectors of pH values at temperatures 283, 288, 293, and 298 K, with white noise along to SD of 0.002. pH changes at these conditions are from ∼8 to ∼3. Here, our fitting purpose was only computing zinc-pyrophosphate thermodynamic constants. Thermodynamic parameters of pyrophosphate protonation equilibria were kept known in the model obtained from Section 3.3.2. The simulated data and fitting results are given in Figures 1A–I and Table 3.
[image: Figure 1]FIGURE 1 | Simulated concentration profiles for [image: image] = 9.9 × 10−4 M, [image: image] = 8.7 × 10−4 M, and [image: image] = 0 M at (A) 283 K, (B) 288 K, (C) 293 K, and (D) 298 K; (E) Simulated and fitted pH for [[image: image]; [image: image]; [image: image]; [image: image]]; Concentration profiles of species obtained using global analysis corresponding to (F) 283 K, (G) 288 K, (H) 293 K, and (I) 298 K.
3.3.4 Fitting Thermodynamic Parameters of Zinc and ARS Interactions
Concentration profiles were simulated based on the generalized equilibrium model (Eqs 16, 17) at the same temperatures and initial concentrations we used for ARS (Section 3.3.1) along with [image: image] = 5.00 × 10−4 M (Kaushik et al., 2015; Zhang et al., 2007). Next, pH changes during the titration process with white noise along to SD of 0.002 were used as the measured data [[image: image]; [image: image]; [image: image]; [image: image]] for fitting and acquiring equilibria information of Eq. 14. Thermodynamic constants of ARS protonation are kept known in the model, since they were already computed from Eqs 10, 11 in Section 3.3.1. We collected promising fitting results in Supplementary Figures S3A–I, and Table 3.
3.3.5 Fitting Thermodynamic Parameters of Zinc and 1 Complexes
Using the total concentrations of [image: image], [image: image], and [image: image] and the formation constants derived from their thermodynamic parameters (Gruenwedel, 1968; O’Neil and Smith, 2006; Wong et al., 2009), free concentrations of all species can be calculated via Eq. 19 and Newton–Raphson solution at each titration point. To obtain [image: image] and [image: image] related to each species, the temperatures used for molecule 1 titrations (Section 3.3.1) and [image: image] = 1.00 mM and [image: image] = 0 are used to generate different pH measurements based on the mentioned model with white noise (SD 0.002). The fitting results of this global analysis for this equilibrium system eventuate accurately defined parameters with the acceptable standard deviations and hidden concentrations of the involved species (Supplementary Figure S4, Table 3).
3.3.6 Fitting Thermodynamic Parameters of [image: image] Complex
Concentration profiles were simulated based on the equilibrium model for two different initial concentrations of components, [image: image] = 20.00 mM, [image: image] = 10.00 mM, [image: image] = 0 at 283, 288, and 293 K showing pH changes from ∼7.50 to 1.50 and [image: image] = 20.00 mM, [image: image] = 10.00 mM, [image: image] = 10.00 mM at 298 K with pH changes from ∼6.00 to 2.00. According to the modeled concentration profiles (Figure 2), [image: image] presents mostly in the pH range 6.00–2.00. The simulated datasets were again the pH profiles along to white noise with a SD 0.002. Here, the only unknown parameters were the thermodynamic constants corresponding to [image: image] species since the rest fitted before, using Eqs 11, 13, 15, 19. The fitting procedure delivers these parameters precisely (Figure 2, Table 3).
[image: Figure 2]FIGURE 2 | Simulated concentration profiles for [image: image] = 20.00 mM, [image: image] = 10.00 mM, [image: image] = 0 at (A) 283 K, (B) 288 K, (C) 293 K, and (D) for [image: image] = 20.00 mM, [image: image] = 10.00 mM, [image: image] = 10.00 mM at 298 K; (E) Simulated and fitted pH for [[image: image]; [image: image]; [image: image]; [image: image]]; Concentration profiles of species obtained using global analysis corresponding to (F) 283 K, (G) 288 K, (H) 293 K, and (I) 298 K.
3.3.7 Fitting Thermodynamic Parameters of Assemblies of ARS and 1
The next consideration was the determination of the binding affinities of 1 to ARS in solutions of varying pHs. As can be seen in Scheme 1, ten different forms (species and components) are involved in their interactions. The thermodynamic parameters associated with [image: image], [image: image], [image: image], and [image: image] were previously determined by separate experiment designs. The point about the rest species, [image: image], and [image: image], is they convert each other in a triangular path. The changes in the concentrations of [image: image] and [image: image] are dependent to each other with a fully overlapped presence window of pH (Table 4). Also, the binding constants related to these species are fully correlated. Species that are formed from different ways, but, with the same components are correlated. This comes from the fact that in the final mass balance equation of[image: image], there is a new constant, which equals to the summation of equilibrium constants of the correlated species. Based on previous reports (Parczewski and Kateman, 1994), two completely correlated parameters cannot be computed in a chemical model because an increase or decrease of one parameter is compensated by the other. One way to solve such instances is the parameter value of one of the correlated parameters should be fixed and hence not involved in the fitting process. But, in most cases both parameter values are completely unknown and therefore, fixing one is not a viable option. In our previous study, we discovered that coupled equilibrium-kinetic mechanisms can also solve this problem (Emami et al., 2015). Here, we explored that simulating pH data at different temperatures, and initial concentrations of components and augmenting them as one dataset [[image: image]; [image: image]; [image: image]; [image: image]; [image: image]], global analysis (Table 5), allows obtaining the fully correlated binding constants (Supplementary Figure S5, Table 6). Different experiment conditions and the global analysis eliminated the full correlation between binding constants in the assemblies of ARS and 1 and led to earning their thermodynamic constants correctly. Clearly, experimental conditions have to be chosen carefully. Any species needs to exist at some minimal concentration somewhere during the titration for which the thermodynamic constants are to be determined.
TABLE 4 | The pH presence window for the species of Scheme 1.
[image: Table 4]TABLE 5 | Conditions of the simulated datasets related to ARS and 1 titration with a strong acid.
[image: Table 5]TABLE 6 | Obtained affinity thermodynamic constants for the simulated pH datasets corresponding to binding affinities of ARS, 1, Zn, and PPi.
[image: Table 6]3.3.8 Fitting Thermodynamic Parameters of Assemblies of ARS and 1·Zn
According to Scheme 1, the species that are new and should be considered here are [image: image], [image: image], and [image: image]. We simulated several pH data at different experimental conditions for the fitting purpose. In the best conditions, using the initial concentrations of 20 mM ARS and 40 mM 1·Zn at six different temperatures with pH range 2–11, the concentrations of [image: image] and [image: image] do not exceed ∼1.00 × 10−6 and 1.00 × 10−8, respectively. Having these low amounts, the change in pH is less affected by these species, and so obtaining their thermodynamic parameters is impossible. The model fitting is thereby truncated by ignoring their participants, and the only considered thermodynamic parameters were related to [image: image]. At the mentioned initial concentrations and temperatures 278, 284, 298, and 308 K, [image: image] and [image: image] of [image: image]have been obtained with acceptable accuracy and precision (Figure 3, Table 6).
[image: Figure 3]FIGURE 3 | Simulated concentration profiles for [image: image] = 40.00 mM, [image: image] = 20.00 mM, [image: image]= 5 × 10−4 M at (A) 278 K, (B) 284 K, (C) 298 K, and (D) 308 K; (E) Simulated and fitted pH for [[image: image]; [image: image]; [image: image]; [image: image]]; Concentration profiles of species obtained using global analysis corresponding to (F) 278 K, (G) 284 K, (H) 298 K, and (I) 308 K.
3.3.9 [image: image]-[image: image] Interactions
With the thermodynamic values for the species considered before in hand, further pH titrations were performed to determine the [image: image] and [image: image] constants of the new species, [image: image] and [image: image]. We simulated the concentration profiles of species stated in Eq. 24. The obtained pH values from 12 to 2 were examined to probe the associations of ARS, 1, and Zn, with the two-protonated form of PPi. Finally, the data from conditions containing 40 mM ARS and Zn, and 20 mM 1 and PPi at four different temperatures, 278, 284, 308, and 318 K, with pH range ∼5–12 were used to determine the parameters. Simulated and calculated pH for the augmented datasets is shown in Supplementary Figure S6, Table 6. A good agreement between the simulated and calculated pHs by the model further supports our new suggestion method to obtain all equilibrium constants correctly just using the pH data. The interesting point is the possibility of target sensing by the very simple pH metric approach.
3.4 Predict Optimum Conditions for Pyrophosphate Monitoring Using the Developed Mathematical Model
With fit thermodynamic parameters, the mathematical model could be probed for parameter sensitivity and can predict what should happen under particular initial conditions. When we measure data, it is often only possible to experimentally observe a subset of the state variables of interest. For example, here, only the proton concentration in the form of pH can be visualized. The mathematical model can reveal the “hidden” concentrations of all other species too.
We performed computer simulations at fitted values of binding constants, different temperatures, initial concentrations, and starting pHs using the constructed mathematical model, which describes the complete molecular behavior. These simulations enabled the visualization of the experimental variables’ effects on the desired combination ([image: image]) that produces high-intensity fluorescence response leading to PPi detection. For instance, simulation at initial concentrations 40 mM ARS, and 20 mM 1.Zn, OH, and PPi, temperature 308 K (35°C), and pH 5–11 shows the concentration of the desired combination peaks at pH ranges from 6.2 to 7 (Figure 4). This scenario provides directions to reach the maximum possible sensitivity and selectivity of 1.Zn-ARS assemblies towards PPi as our target by fine-tuning different experimental conditions. This mathematical model can be used to study how sensitive one output of interest is to increasing or decreasing the quantity of other factors. The mathematical model can also be used to aid in the design of new experiments. It should be pointed that the values of extracted thermodynamic parameters should be in favor of the target combination to have a practical sensing system. In case of weak interactions, tuning the extracted equilibrium constants of different combinations among the species can also enhance the desired result. For example, changing physicochemical conditions like ionic strength and/or adding/removing a component to the system can alter the values of the thermodynamic constants in favor of the desired combination in which the sensitivity increases.
[image: Figure 4]FIGURE 4 | Concentration profiles of all species in the reaction mechanism (Scheme 1) at different pHs obtained using the developed model and Newton-Raphson Algorithm.
4 CONCLUSION
Using mathematical modeling and the proposed stepwise experiment design, we showed how to quantitatively determine the association of the entire identified interactions among 1 Zn, ARS, PPi and their combinations. After the mathematical algorithm is written in MATLAB, we determined the thermodynamic parameters constants, [image: image] and [image: image], quickly and accurately without having to rely on the assumptions that are inherent in many other common treatment methods. Various values of temperatures, initial concentrations, and starting pHs were considered to optimize the measurement conditions in the use of potentiometric assessments for thermodynamic studies. As a result, we computed all free species concentrations as a function of pH titration using the numerical Newton-Raphson algorithm, and therefore evaluation of multiple simultaneous equations is achieved. This method should be generally applicable so long as the supramolecular system is pH dependent.
Our results demonstrate the power of potentiometric titrations when used in conjunction with mathematical modeling methods to reveal details of the mechanisms of the complex fluorescent sensors used widely in biological chemistry. The significance of this subject can be very much enhanced by the possibility of easily describing mathematically the behavior of complex systems and fine-tuning them for different applications. The very important point in gaining potentiometric data is the pH changes related to the presence region of each species should have adequate titration points. Based on these insights, we highlight how the extraction of binding data from a network of equilibria using mathematical modeling can produce optimum conditions for real-time oligophosphate monitoring. General speaking, the results represent a significant step forward in elucidating the chemistry of complex fluorescent probes and provide a paradigm for future work in this area.
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Human African Trypanosomiasis (HAT), Chagas disease or American Trypanosomiasis (CD), and leishmaniases are protozoan infections produced by trypanosomatid parasites belonging to the kinetoplastid order and they constitute an urgent global health problem. In fact, there is an urgent need of more efficient and less toxic chemotherapy for these diseases. Medicinal inorganic chemistry currently offers an attractive option for the rational design of new drugs and, in particular, antiparasitic ones. In this sense, one of the main strategies for the design of metal-based antiparasitic compounds has been the coordination of an organic ligand with known or potential biological activity, to a metal centre or an organometallic core. Classical metal coordination complexes or organometallic compounds could be designed as multifunctional agents joining, in a single molecule, different chemical species that could affect different parasitic targets. This review is focused on the rational design of palladium(II) and platinum(II) compounds with bioactive ligands as prospective drugs against trypanosomatid parasites that has been conducted by our group during the last 20 years.
Keywords: antiparasitic agents, rational design, trypanosomatid parasites, palladium, platinum
INTRODUCTION
Seventeen infectious diseases have been named by the World Health Organization (WHO) as Neglected Tropical Diseases (NTDs), mainly due to low pharmaceutical industry investment in drug research because of the low associated revenue. Consequently, most of the efforts related to the search of new chemotherapeutics against these diseases has come from the academy. More than 20% of the world’s population lives in regions where these diseases are endemic. The impact of NTDs on the affected countries is enormous because of mortality and morbidity that causes important economic losses (World Health Organization, 2012; De Rycker et al., 2018; Chami and Bundy, 2019; World Health Organization, 2021a).
Human African Trypanosomiasis (HAT), Chagas disease or American Trypanosomiasis (CD), and leishmaniases are protozoan infections produced by trypanosomatid parasites belonging to the kinetoplastid order. These are among the most important neglected diseases and constitute an urgent health problem in developing countries. They are often co-endemic in certain regions of the world (Leishmaniasis and Chagas’ disease in South America and Leishmaniasis and HAT in Africa) and they have span worldwide because of globalization caused by human migration. Despite being some of the most life-threatening infective diseases, only a poor and inadequate chemotherapy is available (De Rycker et al., 2018; Santos et al., 2020; Kourbeli et al., 2021).
American trypanosomiasis also called Chagas’ disease after its discoverer, the Brazilian scientist Carlos Chagas, is endemic in Latin America where there are 7–8 million infected people, 10,000 annual deaths and 25 million people at risk of infection. In the last decades, the number of cases in non-endemic regions, like United States, Australia, Europe and Japan, has increased due to migration flows. The disease is caused by the protozoan parasite Trypanosoma cruzi (T. cruzi) that is mainly transmitted to mammalian hosts by infected blood-sucking bugs. In addition, other modes of transmission, responsible of the spreading of the disease to non-endemic regions, involve blood transfusion, organ transplant and congenital transmission. The parasite shows a complex life cycle that involves stages in the host and in the biological vector. Stages in the host show different susceptibility to drugs, which hampers the development of an effective chemotherapy (Santos et al., 2020; World Health Organization, nd).
The available chemotherapy includes drugs developed more than 50 years ago, Benznidazole and Nifurtimox (Figure 1), which proved to be toxic, require long treatments, are not effective in chronic stage of the disease, and often develop resistance.
[image: Figure 1]FIGURE 1 | Structure of Nifurtimox and Benznidazole.
Many natural products and synthetic inorganic and organic compounds have been successful assayed against T. cruzi and some of them entered clinical trials but finally did not reach the clinics (Paucar et al., 2016; Chatelain and Ioset, 2018; Scarim et al., 2018; Francisco et al., 2020).
Leishmaniases are a group of diseases caused by various Leishmania species. The insect vector that transmits the disease through its bite is a female phlebotomine sandfly. Leishmaniasis affect 350 million people in 98 countries, in four continents. There are three main forms of the disease: cutaneous, visceral and mucocutaneous with different levels of severity. In addition, Leishmania–HIV co-infection has been reported leading to more severe forms that are also more difficult to face (Nagle et al., 2014; Burza et al., 2018; Kwofie et al., 2020; Brindha et al., 2021; World Health Organization, 2021b). Some current drugs for the treatment of this disease are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Some current drugs for the treatment of Leishmaniasis.
HAT mainly occurs in the sub-Saharan regions of Africa and it is transmitted through the bite of a tsetse fly. During the 20th century, the epidemics of this disease was devasting being people living in rural areas the most affected ones. Despite control efforts have reduced the number of annual cases, the relax of surveillance policies, the lack of new drugs for its treatment and the emergence of resistance to the old ones, have contributed to the reappearance of the disease. The protozoan parasite causing this disease is Trypanosoma brucei (T. brucei) and in particular, Trypanosoma brucei gambiense and Trypanosoma brucei rhodesiense subspecies. Most cases of chronic-like infections are caused by T. b. gambiense while T. b. rhodesiense causes the most serious form of the disease. In the late stage of this illness the parasites enter the central nervous system leading to profound sleep effects that give rise to the common name of HAT, sleeping sickness. A similar disease, called Nagana importantly affects cattle since antiquity but, interestingly, humans are resistant to the trypanosome species causing it. All forms of HAT are fatal if they are not properly treated. Five drugs are currently recommended: pentamidine, melarsoprol, eflornithine, suramin, and fexinidazole (Figure 3). Nifurtimox-eflornithine combination therapy is currently a first line treatment for HAT.
[image: Figure 3]FIGURE 3 | Drugs for the treatment of HAT.
However, most of these drugs show toxicity problems and their efficacy is variable depending on the type and stage of the disease. Although the mortality rates for HAT have decreased substantially in the last years with less than 1,000 cases found in 2019, the development of improved drugs bearing high bioavailability and low toxicity is crucial to definitively fight HAT (Nagle et al., 2014; Kourbeli et al., 2021; World Health Organization, 2021c).
Even though in the last years public-private consortia have pushed forward the drug discovery process, in general, no new drugs to treat diseases caused by kinetoplastids have been registered in more than 30 years. As previously stated, current chemotherapy against diseases caused by trypanosomatid parasites is very deficient so more research is urgently needed to discover safe and effective therapies (Nagle et al., 2014; Rao et al., 2019; Kayode et al., 2020).
During the preclinical development of new prospective drugs, it is important to know that these parasites exhibit complicated lifecycles alternating between stages in the insect vectors gut and in the mammalian host. This knowledge is relevant since it is well known that these different stages show different biological properties and, most importantly, different susceptibility to drugs. Shortly, T. cruzi is transmitted to the vertebrate host by the release of metacyclic trypomastigote form of the parasite in the feces of an infected triatome insect vector during its bite. Once inside the host, the parasite converts into the infective blood circulating trypomastigote stage that invades the tissues. Intracellularly, the amastigote form emerges that divides by binary fission and produces cell´s lysis. The released amastigotes convert into blood circulating trypomastigotes. After an insect meal they infect new insects and close the life cycle by converting into the non-infective epimastigote stage that only exists inside the gut of the insect. A similar scenario is observed in the lifecycle of T. brucei that shows four main developmental stages that occur in the infected insect and in the mammalian host, epimastigotes and procyclic forms, slender metacyclic trypomastigotes, and stumpy bloodstream proliferative metacyclic trypomastigotes, being the last one the most relevant form in the development of therapeutic agents. In contrast to other trypanosomatids, the part of the life cycle of T. brucei in the mammalian host occurs completely in the extracellular space. During the lifecycle of Leishmania sp the parasite alternates between the infective promastigote stage generated in the intestine of the insect vector and the replicative amastigote form inside the host macrophages (Brindha et al., 2021; Kourbeli et al., 2021).
Although these trypanosomatid protozoan parasites show important differences, they are transmitted by different insect vectors and are responsible for clinically different human diseases, it has been demonstrated that they show relevant similarities related to their biology. Their genomes have been sequenced in 2005 and they are available in a database for parasites of the family Trypanosomatidae (TriTrypDB, http://tritrypdb.org) (El-Sayed et al., 2005; Aslett et al., 2010). These studies showed that Leishmania spp, T. cruzi and Trypanosoma brucei have many common features, like gene conservation, genome architecture, high synteny, identical amino acid sequences in proteins and common subcellular structures like kinetoplasts. In particular, they show more than 6,100 closely related genes codifying proteins of a total of 8,000–12,000 genes. This paves the way for planning the development of broad-spectrum compounds that could be trypanosomatid-specific, affecting the three main parasites instead of affecting only one of them. This could lead to drugs that affect common targets in the different parasites showing activity against Leishmania spp, T. cruzi and T. brucei (Stuart et al., 2008; Ilari et al., 2018).
Metal-based medicines have been used since ancient times. However, the discovery of the potent anti-tumor activity of cisplatin, [PtCl2(NH3)2] determined the beginning of the modern era of Medicinal inorganic chemistry, accompanied by a huge impact of metal compounds in modern medicine. By exploiting the unique properties of metal ions, Medicinal inorganic chemistry currently offers an attractive option for the rational design of new drugs, looking for defined targets and activities, and new diagnostic and theranostic tools (Zhang and Sadler, 2017; Hanif and Hartinger, 2018; Englinger et al., 2019; Kostelnik and Orvig, 2019; Soldevila-Barreda and Metzler-Nolte, 2019; WahsnerGale et al., 2019; Wang et al., 2019; Anthony et al., 2020; Chamberlain et al., 2020; Chellan and Sadler, 2020; Imberti et al., 2020; Murray and Dyson, 2020; Cirri et al., 2021; Karges and Cohen, 2021; Lin et al., 2021; Silva et al., 2021; Yousuf et al., 2021). In the last decades, the development of metal-based drugs has proven to be a promising approach in the search for new therapeutic tools against parasitic diseases. As a result of the research performed by several academic groups, a great number of classical coordination compounds and organometallics bearing antiparasitic activity were developed (Sánchez-Delgado et al., 2004; Navarro, 2009; Navarro et al., 2010; Gambino, 2011; Gambino and Otero, 2012; Salas et al., 2013; Tahghighi, 2014; Brown and Hyland, 2015; Pessoa et al., 2015; Camarada et al., 2016; Gambino and Otero, 2018; Marcelino et al., 2018; Ravera et al., 2018; Gambino and Otero, 2019; Markwalter et al., 2019; Ong et al., 2019; Mbaba et al., 2020; Păunescu et al., 2021).
STRATEGIES FOR THE RATIONAL DESIGN OF ANTIPARASITIC METAL COMPLEXES
As previously stated, current drugs for the treatment of diseases caused by trypanosomatid parasites are characterized for their severe side effects, the need for prolonged treatments, and the emergence of resistance. In the search for new improved treatment options based on organic compounds, both phenotypic and target-based approaches have been used. In a phenotypic approach, many compounds are evaluated in vitro against the parasites searching for a hit or lead compound and, in the target-based drug design, a specific parasite target is selected, and drugs are drawn up to affect this target specifically (Haanstra and Bakker, 2015; Field et al., 2017; Gambino and Otero, 2019).
The phenotypic strategy has been the method of choice for the discovery of potential metal-based drugs and, in particular, antiparasitic ones. In fact, although metal compounds have the potentiality of interacting with selected parasitic enzymes and biomolecules, they are likely to act on different targets at the same time. In addition, they are usually transformed in vivo into active species by ligand exchange or redox reactions which sometimes makes it difficult to design them to act on specific targets (Navarro et al., 2010; Field et al., 2017; Anthony et al., 2020).
However, metal-based classical coordination complexes or organometallic compounds could be designed as multifunctional agents joining, in a single molecule, different chemical species that could affect different parasitic targets: a bioactive metal ion or metal centre and one or more antiparasitic organic compounds included as ligands. In fact, metal complexes with compounds bearing antiparasitic activity as ligands are expected to maintain the target of the bioactive compound. In addition, the presence of some bioactive metal ions (like palladium or platinum, as will be stated below) could give rise to the appearance of other targets like DNA or parasitic enzymes (Sánchez-Delgado et al., 2004; Gambino, 2011; Gambino and Otero, 2012; Gambino and Otero, 2018; Gambino and Otero, 2019).
In this sense, the peculiar chemical properties of metal complexes impart them the ability to interact with different biomolecules including proteins, enzymes, small peptides, nucleic acids, carbohydrates, among many others. To avoid unspecific toxicity, the design of metal-based compounds bearing antiparasitic activity should include specific targets like proteins or enzymes that are essential for the parasites and are not present in the host (like NADH-fumarate reductase, see below). When the mode of action of metal compounds are involved in metabolic pathways or targets that are common between parasite and mammals, specificity in the toxic action could also be achieved by taking advantage of other differences like the presence of specific organelles in the parasites or the poor mechanisms of detoxification of some toxic species as will be stated in the following sections (Gambino and Otero, 2019).
In particular, DNA is not a specific parasitic target as it is for metal-based antitumor compounds. However, parasites and cancer cells have some common features like their capacity for rapid cell division, some immune evasion and defense strategies, high rate of aerobic glycolysis with key glycolytic enzymes, need of nucleic acid biosynthesis, etc. These similarities noy only support DNA as a valid target for antiparasitic metal-based drugs but also the selection of metal centres that have proved to be useful in cancer therapy, like platinum or palladium (see below) (Williamson and Scott-Finnigan, 1975; Kinnamon et al., 1979; Fuertes et al., 2008; Dorosti et al., 2014; Sullivan et al., 2015).
In the framework of these general features, one of the main strategies for the design of metal-based antiparasitic compounds has been the coordination of an organic ligand with known or potential biological activity, to a metal centre or an organometallic core. The activity of the selected ligand could be enhanced because of metal complexation and its pharmacological properties could be improved as the stabilization of the organic drug may allow it to have a better performance in reaching and affecting the biological targets. In addition, the potential toxicity of the metal may be reduced because the organic ligand may limit the ability of the metal to interact with biomolecules that leads to toxicity. This approach could also be useful to circumvent drug resistance, as the metal complex would mask the organic drug. Finally, as stated, these metallodrugs would be capable of affecting multiple parasitic targets simultaneously (Sánchez-Delgado et al., 2004; Gambino and Otero, 2012; Ong et al., 2019; Navarro and Visbal, 2021).
For a metal compound to be able to accomplish an adequate pharmacological behavior, a very strict control of all its chemical features should be considered. The selection of the nature and oxidation state of the metal, the nature and number of coordinated ligands and the coordination geometry are essential for controlling complexes’ reactivity and tuning their thermodynamic and kinetic stability. In addition, other physicochemical properties like lipophilicity, solubility or protein interaction can also be tuned by the choice of the metal ion, its oxidation state, and the inclusion of auxiliary co-ligands (Barry and Sadler, 2014; Ong et al., 2019; Czarnomysy et al., 2021; Mjos and Orvig, 2014).
This review is focused on the rational design of palladium(II) and platinum(II) compounds with bioactive ligands as prospective antiparasitic drugs that has been conducted by our group during the last 20 years. The selection of these metal ions is based on the resemblance between tumour cells and parasites as stated above. In this sense, the current treatment of cancer is based on platinum complexes, alone or in combination with other chemotherapeutic agents. In addition, most efforts related to the development of more effective and less toxic anticancer agents have been devoted to platinum compounds. On the other hand, complexes containing palladium are closely related to their platinum analogues. Therefore, Pd(II) has been selected as an alternative to Pt(II) in the search of new compounds for cancer therapy. The most significant resemblances are related to their coordination chemistry and, in particular, to the coordination number (four) and geometry (square planar) of their compounds. However, the ligand exchange kinetics of Pd(II) compounds is 104–105 times faster than that of the Pt(II) analogues. This means that Pd(II) compounds are much more reactive in solution which could lead to a higher toxicity and a different biological behaviour. However, the adequate selection of ligands could be able to stabilize Pd(II) complexes affecting their reactivity and imparting substitution inertness (Jahromi et al., 2016; Lazarević et al., 2017; Cirri et al., 2021; Czarnomysy et al., 2021; Yousuf et al., 2021).
PALLADIUM AND PLATINUM COMPLEXES WITH BIOACTIVE LIGANDS
In the search of ligands bearing anti T. cruzi activity, we had developed 5-nitrofuryl-containing thiosemicarbazones (HTS) maintaining the 5-nitrofuryl moiety that has proved to be the pharmacophore group of Nifurtimox (Figure 4). HTS were more active in vitro against T. cruzi than this reference drug. These compounds were designed to act on T. cruzi by the same mechanism than Nifurtimox: the generation of toxic reactive oxygen species (ROS) through the reduction of the nitro moiety followed by redox cycling. In addition, they have proved to affect the activity of trypanothione reductase parasitic specific enzyme through the nitrofuran group as well as to inhibit the main parasitic cysteine protease, cruzipain, through the thiosemicarbazone moiety (Aguirre et al., 2004; Rigol et al., 2005; Otero et al., 2008).
[image: Figure 4]FIGURE 4 | Bioactive 5-nitrofuryl-containing thiosemicarbazones (HTS) and their Pt(II) and Pd(II) complexes.
In order to address the effect of palladium and platinum complexation on the anti T. cruzi activity of these organic compounds, a large series of complexes with different stoichiometries and including different co-ligands was developed (Figure 4).
Thirty two analogous platinum and palladium complexes of the formula [MCl2(HTS)] and [M(TS)2] with M = Pd(II) and Pt(II) were obtained. Most of them were, in vitro, equally or more active than Nifurtimox against T. cruzi (epimastigote form, Tulahuen 2 strain). For palladium complexes, the activity of the ligands was maintained or increased as a consequence of metal complexation. Although, the obtained IC50 differences between the assayed species were quite low (IC50/5 days between 3 and 6 µM), a general trend was found: [PdCl2(HTS)] > HTS > [Pd(TS)2]. However, no similar trend was observed for platinum compounds showing, in most cases, lower activity than the palladium counterparts and the free ligands. Some platinum compounds were also tested against Dm28c epimastigotes and trypomastigotes of T. cruzi. Indeed, the infective trypomastigote form of the parasite resulted more susceptible to most of the tested Pt compounds than the epimastigote form, being these compounds more active on trypomastigotes than Nifurtimox (Otero et al., 2006; Vieites et al., 2008a; Vieites et al., 2009).
On the other hand, eight new palladium(II) and platinum(II) complexes of formula [MCl(TS)(PTA)] with PTA (1,3,5-triaza-7-phosphaadamantane) as co-ligand were obtained. PTA was included with the aim of modulating the solubility and lipophilicity of the new species. Most [MCl(TS)(PTA)] complexes showed similar activities against T. cruzi (trypomastigote form, Dm28c clone) to those of the corresponding HTS ligands and [PtCl2(HTS)] complexes. In contrast to what was observed for [MCl2(HTS)] compounds, no significant differences between palladium and platinum complexes were observed. However, for the most active compound, [MCl(TS4)(PTA)], the selectivity index (SI) was higher for the platinum complex (SI =20) than for the palladium one (SI = 10). It also should be noted that for the whole series of compounds, no correlation between the anti T. cruzi activity and the nature of substituent in the thiosemicarbazone chain was observed (Cipriani et al., 2014).
All prepared palladium and platinum complexes with the 5-nitrofuryl-containing thiosemicarbazones as bioactive ligands were supposed to show various mechanisms of action i.e., affecting the same targets or processes than the bioactive ligands or maintaining those mechanisms related to the PTA co-ligand and/or to the metal ions. Therefore, different studies were performed in order to sustain the proposed targets and to look into the potential mode of action of the metal compounds. Related to the bioactive ligands, the reduction of the nitro moiety had been demonstrated to be the first step of their mechanism of anti T. cruzi action. The nitro anion formed would be responsible of generating other toxic radical species through a redox cycling process. Therefore, the effect of metal complexation on the redox potential of the nitro moiety was studied using cyclic voltammetry. This potential slightly changed because of both palladium or platinum complexes formation (ΔE = 0.05–0.1 V) and no significant differences were observed between both metal ions. However, it should be stated that the nitro moiety of all compounds resulted more easily reducible than that of Nifurtimox, and, therefore, the capacity of generating toxic free radicals would be better for the complexes. The production of free radicals inside the parasite cells was assessed by ESR spectroscopy using 5,5-dimethyl-1-pirroline-N-oxide (DMPO) for spin trapping of radical species having short half-lives. A 10–13 lines spectral pattern was observed for all the studied complexes which is consistent with the intracellular generation of the hydroxyl radical and the nitroheterocyclic radical of the complexes. So, the mechanism of anti T. cruzi action of the HTS compounds seems to remain in the obtained complexes. However, only for [PdCl2(HTS)] and [Pd(TS)2] series, a good correlation between the concentration of the detected radicals (measured through the EPR signal intensities) and the IC50 values for the anti T. cruzi activity was observed. On the other hand, the described redox cycling processes should increase the parasite oxygen consumption. Thus, the parasite oxygen uptake in the presence of the compounds was determined. In general, complexes increased oxygen consumption which confirms that redox cycling processes are occurring inside the parasites treated with the complexes (Otero et al., 2006; Vieites et al., 2008a; Cipriani et al., 2014).
On the other hand, trypanothione reductase and cruzipain inhibition was also observed for some of the obtained metal compounds but no correlation with the anti T. cruzi activity was observed (Otero et al., 2006; Cipriani et al., 2014).
DNA was also tested as a potential target for the developed palladium and platinum compounds. The binding of [MCl2(HTS)] and [M(TS)2] compounds was studied by combining quantification of the bound metal by atomic absorption spectrometry and quantification of DNA by electronic absorption measurements. The amount of metal bound to DNA for platinum complexes was comparable to that previously reported for cytotoxic metal complexes and it was lower than the one determined for palladium complexes (Otero et al., 2006; Vieites et al., 2008a; Vieites et al., 2009).
[MCl2(HTS)] interaction with DNA was characterized by using gel electrophoresis, DNA viscosity measurements, circular dichroism (CD) and atomic force microscopy (AFM). Electrophoresis results showed that all complexes caused the loss of DNA superhelicity and modifications in the shape of plasmid DNA were observed in AFM studies. The effect on DNA was more significant for palladium complexes than for platinum analogues. In addition, CD results showed that while palladium complexes induce modifications in calf thymus DNA structure, no effect was observed for platinum ones. Finally, either Pd or Pt complexes increased the viscosity of DNA which agrees with an intercalative mode of interaction. An explanation for the observed differential intensity of the effect on DNA between palladium and platinum complexes could be the differences in exchange reactions kinetics between both metal ions (Vieites et al., 2011).
Similar results were obtained for [MCl(TS)(PTA)] complexes (Figure 4). The effect of these compounds on DNA was characterized by gel electrophoresis and ethidium bromide fluorescence experiments. Results of both experiments are in accordance with an intercalating-like mode of interaction between DNA and these compounds. However, the intensity of the effect on DNA was dependent on the nature of the metal ion. In fact, all Pd complexes showed a more significant effect on DNA than the platinum ones. In fact, some palladium compounds induce decomposition of DNA at high DNA/complex molar ratios (Cipriani et al., 2014).
It is interesting to note that no correlation between the anti T. cruzi activity and DNA binding was observed for the different series of palladium and platinum compounds. In fact, theoretical calculations performed for [MCl2(HTS)] complexes suggested that, in the cell, these complexes would not interact with DNA because they would react with the cell content before accessing to DNA. In addition, the potency and mode of interaction of both HTS and their metal complexes with T. cruzi cruzipain and trypanothione reductase enzymes was also studied using molecular docking. Results showed that the mode of action of these compounds involved multiple mechanisms and that, depending on the nature of the species, one mode of action would be predominant over others (Merlino et al., 2011).
Other thiosemicarbazone containing bioactive ligands were selected to study the effect of palladium and platinum complexation on the anti T. cruzi activity. Eight Pd(II) and Pt(II) complexes, [MCl2(HIn)] and [M(HIn)(In)]Cl with HIn = thiosemicarbazones derived from 1-indanones were obtained (Figure 5; Gómez et al., 2011).
[image: Figure 5]FIGURE 5 | Bioactive thiosemicarbazones derived from 1-indanones (HIn) and their Pt(II) and Pd(II) complexes.
The in vitro activity on T. cruzi (epimastigote form, Tulahuen 2 strain) and the unspecific cytotoxicity on red blood cells, were studied. All compounds showed higher activity than the corresponding free ligands with IC50 values in the low micromolar range. Most palladium compounds showed higher trypanosomicidal activity than their platinum counterparts. A quite good correlation between lipophilicity and antiproliferative activity was observed for these complexes. On one hand, lipophilicity was enhanced as a consequence of metal complexation and, in most cases, anti T. cruzi activity was also increased. In addition, being most palladium complexes more lipophilic than platinum ones, they showed higher anti T. cruzi activity. Unfortunately, obtained complexes showed low selectivity for the antiparasitic action, being less selective than the free ligands. In this case, coordination to Pd and Pt led to an increase in bioactivity but had a deleterious effect on unspecific cytotoxicity.
On the other hand, obtained complexes were tested for their antitumoral activity. Free ligands had no cytotoxic effect, but platinum and palladium complexes showed anti-leukemia properties and induced apoptosis. However, in this case no clear correlation between antitrypanosomal and antitumoral activities could be detected (Gómez et al., 2011; Santos et al., 2012).
Using the same approach, palladium and platinum compounds with pyridine-2-thiol N-oxide (2-mercaptopyridine N-oxide, Hmpo) as bioactive ligand were studied as potential antitrypanosomal agents (Figure 6). Mpo had shown a high anti T. cruzi activity against all forms of the parasite and no unspecific toxicity on mammalian cells. The antiparasitic action of mpo was related to the inhibition of NADH-fumarate reductase enzyme which is responsible for producing succinate from fumarate in the parasite. The lack of this enzyme in mammalian cells makes it a promising target for the development of antichagasic compounds. In addition, mpo, as similar amine N-oxides do, could suffer bioreduction leading to the release of radical species that are toxic for the parasite (Vieites et al., 2008b).
[image: Figure 6]FIGURE 6 | pyridine-2-thiol N-oxide (Hmpo) and their Pt(II) and Pd(II) complexes.
[Pd(mpo)2] and [Pt(mpo)2] compounds were synthesized and fully characterized. Both complexes showed very high in vitro growth inhibition activity of T. cruzi (epimastigote form, Tulahuen 2 strain) with IC50 values in the nanomolar range (IC50/5 days = 0.067 and 0.200 µM for palladium and platinum complexes, respectively). They were 39–115 times more active than Nifurtimox. In addition, the palladium complex showed an approximately threefold enhancement of the activity compared with the free mpo while only a low increase in the activity was observed for the platinum compound. In addition, owing to their low unspecific cytotoxicity on mammalian macrophages, the complexes showed a highly selective antiparasitic activity.
These complexes were also good candidates for a multi-target activity. In this sense, free-radical production, inhibition of the parasite-specific enzymes trypanothione reductase and NADH-fumarate reductase were studied. Additionally, studies on DNA interaction were performed.
Although radical species could be obtained electrochemically for both metal complexes, no free radical species were detected when they were incubated with the epimastigote form of T. cruzi. In addition, neither trypanothione reductase inhibition nor DNA interaction could be observed.
However, in the assayed conditions, both complexes have an inhibitory effect on NADH fumarate reductase. [Pd(mpo)2] showed the highest inhibition levels while the effect of [Pt(mpo)2] on the anzyme was similar to that of the free ligand. A similar behaviour was observed when analysing the IC50 values of these compounds which strongly suggest the involvement of this enzyme in the mode of action of the obtained complexes.
On the other hand, homology modelling combined with enzyme-cofactor docking were used to propose tertiary structures for NADH-dependent T. cruzi fumarate reductase. This model was used to explain the inhibitory effect and the binding modes of Pd- and Pt-mpo complexes. In fact, obtained theoretical inhibition constants (Ki values) showed a good correlation with the experimental data. Both complexes bind to the enzyme into the cleft between domains 2 and 3, near to the nicotinamide ring of the NADH cofactor. However, [Pd(mpo)2] seems to bind closer to the cofactor which could affect the orientation of the nicotinamide ring for a proper position for catalysis, explaining the better inhibitory capacity displayed by this complex (Merlino et al., 2014).
Quinoxalines (3-aminoquinoxaline-2-carbonitrile 1,4-dioxides) are a family of compounds that had shown anti T. cruzi activity. Previous QSAR studies had shown that these compounds’ activity was dependent on the electronic characteristics of the substituents as well as on the volume at the 3-amino level of the compounds. However, the low activities displayed by some derivatives could be the result of their low solubilities in the physiological media. In this sense, [Pd(quino)2] complexes were obtained in order to improve on one hand, the volume at the 3-amino level (Figure 7) and on the other hand, the bioavailability of the organic ligands. Results showed that the antitrypanosomal activity (epimastigote form, Tulahuen 2 strain) of the quinoxalines was improved upon complexation. The parent ligands having poor trypanosomicidal activity became 20- to 80-times more active upon complexation with palladium (Urquiola et al., 2009; Benítez et al., 2012).
[image: Figure 7]FIGURE 7 | Trypanocidal 3-aminoquinoxaline-2- carbonitrile 1,4-dioxides (quino) and their Pd(II) complexes.
In order to diminish the costs of developing new drugs, “repositioning” was used as one of the strategies for obtaining new antiparasitic compounds. Biphosphonates are examples of this approach. These compounds are the most prescribed drugs for osteoporosis and other bone diseases. Among bisphosphonates, those containing nitrogen (NBPs) have proved to inhibit farnesyl diphosphate synthase (FPPS) enzyme of the osteoclastic cells as their main mode of action. This enzyme is also present in trypanosomatid parasites. In addition, the specificity of the anti T. cruzi action of NBPs could be facilitated by the presence in parasites of specific organelles called acidocalcisomes. Acidocalcisomes are acidic structures involved in the storage and metabolism of phosphorous and calcium in parasites. Their composition is equivalent to the bone mineral so accumulation of bisphosphonates in these organelles would facilitate their antiparasitic action (Gambino and Otero, 2019). Therefore, bisphosphonates were selected as bioactive ligands for our multi-target based approach. In this sense, complexes of the formula [Pd(NBP)2(NN)] with NBP = commercial bisphosphonates (alendronate (ale) or pamidronate (pam)) and NN = 1,10 phenanthroline (phen) or 2,2′-bipyridine (bpy) were obtained (Figure 8). The selection of palladium as metal ion and the NN compounds as co-ligands points at DNA as target. In fact, besides the potential covalent interaction of Pd ion with DNA, metal complexes with these planar aromatic ligands could interact with DNA through intercalation between nucleobases. Additionally, parasitic enzymes of the mevalonate pathway (like FPPS) would also be a potential target for these compounds as they are for the NBP ligands.
[image: Figure 8]FIGURE 8 | Pamidronate (pam) and alendronate (ale) mixed-ligand Pd(II) compounds.
All the obtained compounds showed an increased anti-T. cruzi activity (amastigotes, CL strain) when compared to the free NBP ligands showing only slight signs of unspecific toxicity at high concentrations. In addition, Pd–NBP–phen complexes (IC50/3 days = 1.30 and 1.44 µM for ale and pam, respectively) resulted 15 times more active than the corresponding bpy analogues (IC50/3 days = 17.4 and 21.4 µM for ale and pam, respectively). However, all the complexes were able to similarly inhibit T. cruzi farnesyl diphosphate synthase and solanesyl diphosphate synthase enzymes suggesting that enzymatic inhibition would not be responsible for the observed differences in the biological activity. On the contrary, differences in the anti T. cruzi activity could be explained through the interaction of the complexes with DNA. As expected, the nature of the NN ligand determined the complexes’ interaction with DNA. In fact, both Pd–NBP–phen complexes showed a much higher affinity for DNA in the fluorescent ethidium bromide displacement experiments than Pd–NBP–bpy analogues. It should be noted that, for these complexes, a good correlation between the antiparasitic and antitumor activities was observed. Additionally, the compounds were tested for their antitumoral activities. The cytotoxicity of the complexes on MG-63 osteosarcoma cells was dependent on the nature of the NBP as expected but for the A549 lung adenocarcinoma cells, Pd–NBP–phen compounds showed the highest cytotoxicities (Cipriani et al., 2020).
FERROCENYL DERIVATIVES
Organometallic compounds, characterized by showing at least one σ metal-carbon bond, offer a promising opportunity for the rational design of novel metal-based drugs. They show a wide structural diversity, their lability can be modulated leading to kinetically stable compounds, and they show adequate lipophilicity which favors their in vivo behavior (Allardyce et al., 2005; Hartinger and Dyson, 2009; Noffke et al., 2012; Zhang and Sadler, 2017; Chellan and Sadler, 2020).
In particular, the “sandwich type” ferrocene moiety has shown high potentiality in the development of novel organometallic drugs (Figure 9).
[image: Figure 9]FIGURE 9 | (A) ferrocene moiety; (B) ferrocifen (C) ferroquine (D) 1,1'-bis(dipheny1phosphino) ferrocene, dppf.
For instance, compounds including it, like ferrocifen, an analogue of the antitumoral drug tamoxifen, and ferroquine, an analogue of the antimalarial drug chloroquine, have achieved clinical or preclinical trials (Figure 9). In general, ferrocene derivatives are low cost, they are stable both in air and in solution and they are easy to derivatize. In addition, they are hardly not cytotoxic and have adequate lipophilicity. Furthermore, ferrocene derivatives show improved bioaccumulation when compared to the ionic forms of iron. In addition, ferrocenes are able to undergo one electron oxidation which could catalyze the generations of radicals in a Fenton-like manner, leading to the oxidation of macromolecules. The formation of ROS could be significant for antiparasitic therapy because trypanosomatids have a very primitive system of radical species detoxification (Biot, 2004; Dubar et al., 2008; Biot et al., 2010; Braga and Silva, 2013; Jaouen et al., 2015; Gambino and Otero, 2018).
In order to further address the therapeutic potential of palladium and platinum compounds with the selected bioactive ligands, we followed the rational design strategy previously delineated by including a ferrocene moiety in the new structures (Figure 9). Instead of coupling, as usual, the ferrocene scaffold to an organic skeleton as in ferroquine or ferrocifen, our synthetic strategy was to include the ferrocene fragment as a coligand in the platinum or palladium coordination sphere. The selected coligand, 1,1'-bis(dipheny1phosphino) ferrocene, dppf (Figure 9), acts as bidentate ligand binding to the metal center through the two phosphorus donor atoms and leaving the two extra coordination positions of the metal centre able to coordinate to the selected bioactive bidentate ligand (Figure 10). Accordingly, the twenty-four structurally related ferrocenyl compounds shown in Figure 10 were synthesized and fully characterized in the solid state and in solution and they were evaluated on trypanosomes as well as on mammalian cell models. Their effect on some selected molecular targets was studied and omic studies were performed for the most promising pyridine-2-thiolato-1-oxide (mpo) compounds. In general, the inclusion of the ferrocene moiety led to interesting effects on the biological profile of the compounds (Rodríguez Arce et al., 2015; Mosquillo et al., 2018a; Mosquillo et al., 2018b; Rivas et al., 2018; Rivas et al., 2019; Rodríguez Arce et al., 2019; Mosquillo et al., 2020; Rivas et al., 2021).
[image: Figure 10]FIGURE 10 | Pd(II) and Pt(II) dppf compounds with selected bioactive ligands L, [M(dppf)(L)](PF6).
At a first stage [M(dppf)(L)](PF6) compounds with L = pyridine-2-thiolato-1-oxide (mpo) as bioactive ligand were synthesized and characterized and their biological behavior compared with the previously developed classical coordination compounds [M(mpo)2] (Figure 11; Rodríguez Arce et al., 2015). Both ferrocenyl compounds showed IC50 values in the nanomolar range on T. cruzi epimastigotes (Dm28c strain) as well as low cytotoxicity on VERO epithelial cells (ATCC CCL81) as mammalian cell model, leading to good selectivity towards the parasite (Table 1). The complexes were about 10–20 times more active than the antitrypanosomal drug Nifurtimox (IC50/5 days = 6.0 μM) and two- to five-fold more active than mpo sodium salt. Moreover, epimastigotes of CL Brener strain (type VI) resulted more susceptible to the compounds than the type I Dm28c strain (Table 1). It is well known that genetic diversity of the parasite can lead to different susceptibility to drugs.
[image: Figure 11]FIGURE 11 | Structure of [M(dppf)(mpo)] (PF6) compounds, where M = Pd or Pt, mpo = pyridine-2-thiolato-1-oxide.
TABLE 1 | Activity against trypanosomes of M-dppf-L compounds.
[image: Table 1]The compounds induce necrosis after 24 h of parasite incubation. Both complexes also affected the trypomastigote infection process as well as the number of amastigotes per cell. As expected, these dppf compounds showed lower unspecific cytotoxicity on mammalian cells than the [M(mpo)2] compounds (Table 1; Mosquillo et al., 2018a; Mosquillo et al., 2018b).
Molecular docking studies conducted on a model structure of the T. cruzi NADH fumarate reductase (TcFR) together with experimental in vitro studies on T. cruzi protein extracts demonstrated the inhibitory effect of the compounds on TcFR. As a consequence of palladium and platinum complexation, an increase in the inhibitory effect in respect to the free mpo was observed. Interestingly, the Pt compound had both the highest inhibition values and the highest activity against T. cruzi suggesting that TcFR could be involved in the mode of action of the compounds. Additionally, theoretical calculations confirmed that both compounds could be able to undergo oxidation at the ferrocene moiety which could aid to the biological activity. The generation of radical species inside the parasite cells by the action of M-dppf-mpo compounds was confirmed through EPR experiments (unpublished results) (Gambino and Otero, 2018).
These compounds resulted highly promising deserving further studies. The identification of molecular targets and the understanding of the mode of action of drug candidates are essential data for their clinical development. This knowledge is commonly elusive for metal-based drugs due to complicated mechanisms of action involving the interaction of metal compounds with multiple targets and biomolecules. Inorganic medicinal chemists have traditionally tried to identify and characterize, using in vitro approaches, molecular targets of a metal-based drug that mainly depend on the nature of the organic ligands and the metal center. Omic studies are relevant tools for uncovering the whole mechanism of action of metal-based drugs. Up and down regulated cellular proteins due to effects of drug and molecular targets interactions, identified and quantified by proteomics, together with cell uptake and subcellular distribution, quantified by metallomics, and changes in gene expression, determined by transcriptomics, allow to get a deeper insight into what occurs in the cells after administering a metallodrug. The knowledge achieved is a useful income for the rational design of novel metallodrugs (Wang et al., 2020).
High-throughput omic studies have proved to be powerful tools for going further into the basic biology of parasites like T. cruzi and also for the validation of drug targets (Atwood et al., 2005; Chávez et al., 2017; García-Huertas et al., 2017; Van den Kerkhof et al., 2020). Although these studies have been also used to explore organic drugs action in kinetoplastid parasites, similar studies for metal-based drugs were not reported until part of our group recently performed a high throughput omic study on T. cruzi for the two analogous Pt and Pd organometallic hit compounds [MII(dppf)(mpo)](PF6) (Mosquillo et al., 2018a; Mosquillo et al., 2018b; Mosquillo et al., 2020).
Metallomic studies showed a high Pt and Pd uptake by parasite epimastigotes. For the same dose a higher nanomolar uptake per 106 parasites was determined for Pt-dppf-mpo than for Pd-dppf-mpo. A similar pattern of metal distribution among the four analyzed macromolecules fractions (DNA, RNA, soluble proteins and insoluble proteins including membrane lipids) was found, with a preferential association to DNA. It is well known that metal complexes often could suffer reactions in biological media. Therefore, to evaluate if the M-dppf-mpo compounds are taken up intact by the parasites, the M (Pd or Pt) and Fe (present in the dppf moiety) levels were quantified in the selected parasite fractions at the same time. A 1:1 stoichiometric relationship between Fe and M in each fraction was obtained which would be consistent with the presence of the intact M-dppf-mpo species bound to the selected macromolecules (Mosquillo et al., 2018a; Mosquillo et al., 2018b). Proteomic and transcriptomic analyses allowed to identify differentially expressed transcripts and proteins in the treated parasites. The number of differentially expressed proteins was 342 for Pd-dppf-mpo and 411 for Pt-dppf-mpo. In addition, the number of soluble and insoluble proteins modified after treatment with both compounds was similar. The effect of Pd-dppf-mpo treatment showed more modulated transcripts (2,327 of 10,785 identified transcripts) than Pt-dppf-mpo treatment (201 of 10,773 identified transcripts). These results suggest that the mechanism of action for Pd-dppf-mpo is at the transcriptome level. Differentially expressed transcripts were functionally categorized which allowed to identify the cellular processes and pathways that were affected by the treatment with the compounds. Transcripts involved in DNA binding, protein metabolism, transmembrane transport (ABC transporters related with T. cruzi response and resistance to drugs, among others), oxidative defense, and the biosynthesis of ergosterol pathways were found to be modulated by the presence of the compounds. The whole set of data obtained allowed to suppose that the antitrypanosomal mechanism of action of Pd-dppf-mpo and Pt-dppf-mpo is multimodal. Interestingly, significant biological differences were assessed for both structurally analogous compounds showing the significance of the nature of the metal center on the biological behavior. In particular, metallomic studies allowed to assess that the Pt(II) compound showed higher cellular uptake than the Pd one. In addition, proteomic and transcriptomic studies showed different biological effects of both chemically analogous compounds. Both metals belong to the same group of the periodic table allowing to expect many chemical and physicochemical similarities between their compounds. Nevertheless, differences are expected based on the differential lability of the metal centers. The omic work performed gives details about the biological implications emerging of these chemical differences (Mosquillo et al., 2020).
As previously discussed, NADH-fumarate reductase, a specific parasite enzyme absent in the host, had been previously identified as a potential target for both M-dppf-mpo compounds (Mosquillo et al., 2018a). Although proteomic analysis agrees with this previous finding showing that, the amount of enzyme is modified in the treated parasites respect to untreated control parasites, omic studies unveiled, in addition, several down and up regulated proteins and a wide range of pathways affected by the compounds. Another remarkable point is that in vitro target identification should be in agreement with observed cellular uptake and subcellular localization. In the case of the M-dppf-mpo compounds, DNA was not considered for the in vitro target identification as an important biological target to be tested but metallomics showed a high accumulation of the complexes in the parasite DNA fraction. Globally, this study constitutes the first omic contribution to unravel the whole scenario of effects involved in the mechanism of action of potential metal-based drugs for the treatment of Chagas disease.
Following the promising results obtained with the M-dppf-mpo compounds and in an attempt to get broad spectrum Pd and Pt dppf compounds that could affect both T. brucei and T. cruzi parasites, four 5-nitrofuryl containing thiosemicarbazones (HTS) were coordinated as bioactive bidentate ligands to the {M-dppf} centers leading to eight new heterobimetallic [MII(TS)(dppf)](PF6) Pt(II) or Pd(II) compounds (Figure 10). IC50 values for most compounds were in the low micromolar or submicromolar range against both parasites, having the platinum compounds higher activities than the corresponding palladium ones (Table 1). Their activities were significantly higher than those of the free thiosemicarbazone ligands, showing a 3- to 24-fold increase for T. cruzi and up to 99-fold increase for T. brucei. The presence of the organometallic dppf co-ligand also seems to be responsible for a lower toxicity on mammalian cells and higher selectivity towards both parasites when compared to the free thiosemicarbazone compounds. In addition, new compounds showed higher activity and selectivity than the several groups of Pd and Pt classical coordination complexes with 5-nitrofuryl thiosemicarbazones previously described in this review.
The M-dppf-TS compounds resulted up to 26 times more active on T. cruzi than Nifurtimox (IC50/24 h = 20 μM) and up to 30 times (IC50/24 h = 15 μM) on T. brucei. These Pd and Pt compounds demonstrated to affect the redox metabolism of T. cruzi seeming to retain the mechanism of anti-T. cruzi action of the free ligands previously described in this review. However, no correlation between oxygen uptake and the generation of free oxygen radical species in the parasite, and the anti-T. cruzi activity was observed. Additionally, these compounds demonstrated to interact with DNA. Fluorescence results showed that ethidium bromide (EB) was displaced from the {DNA–EB} adduct as a result of the interaction of the Pd and Pt complexes with the biomolecule. This effect could be related to an intercalative-like mode of interaction or to the generation of DNA conformational changes causing the disruption of EB binding (Log KSV 4.3–5.0, with KSV = Stern Volmer quenching constant). Obtained KSV values could be related to a high affinity of the compounds for DNA. However, no correlation between the interaction with DNA and the biological activity was observed, discarding this biomolecule as a main target.
Zebrafish (Danio rerio) is employed as a toxicological model, among others, for evaluating in vivo toxicity in drug development. The most active and selective compound of the new series, [Pt(dppf)(TS3)] (PF6), showed no in vivo toxicity in zebrafish embryos. All embryos were alive in the 1–100 μM concentration range examined, and no apparent toxicity was observed after 48 h of treatment (Rodríguez Arce et al., 2019).
Based on the very nice results obtained for these complexes on both, T. cruzi and T. brucei, other ferrocenyl compounds, [M(dppf)(L)](PF6), with M=Pd(II) or Pt(II) and HL=tropolone (HTrop) or hinokitiol (HHino), were obtained and evaluated against the bloodstream form of T. brucei and L. infantum amastigotes (Figure 10; Rivas et al., 2018). Tropolones and their derivatives were selected as bioactive ligands because they are considered lead-like natural products. The tropolone moiety shows high possibilities for derivatization including improvements in the metal binding abilities. Tropolone, hinokitiol and their derivatives as well as the metal complexes with these compounds as ligands have shown various biological activities, for example antimicrobial one (Ononye et al., 2013; Saniewski et al., 2014; El Hachlafi et al., 2021).
The obtained complexes showed IC50/24 h values in the range 1.2–4.5 μM against T. brucei together with a significant increase of the activity against this parasite with respect to the free ligands (Table 1). In addition, obtained heterobimetallic compounds showed higher selectivity indexes towards the parasite than the free ligands. Platinum complexes were more selective than palladium ones. Moreover, coordination of the bioactive ligands to the {M-dppf} moiety also led to a slight increase of the anti-leishmanial potency. Studies performed to unravel the mechanism of action of the compounds indicated that no effect on the thiol-redox homeostasis of the parasites is produced by the complexes’ action. On the other hand, fluorescence measurements of displacement of ethidium bromide from the adduct {DNA-EB} showed that DNA could be a probable, but not main, target of these compounds.
Later on, the series of structurally related Pd and Pt dppf compounds was expanded with ten new compounds that include five 8-hydroxyquinoline derivatives (8HQs) as bioactive bidentate co-ligands (Figure 10; Rivas et al., 2019; Rivas et al., 2021). These compounds showed IC50 values against bloodstream T. brucei form, in the submicromolar or micromolar range (IC50/24 h: Pt compounds 0.14–0.93 μM; Pd compounds 0.33–1.2 μM). In addition, they displayed good to very good selectivity towards the parasite (SI: Pt compounds 11–48; Pd compounds 4–102) with respect to murine macrophages (cell line J774) (Table 1). In most cases, an increase of the activity (11- to 41-fold) was observed as a consequence of coordination of the bioactive 8HQs to the {Pt-dppf} moiety. Only part of the Pd compounds were more active than the corresponding 8HQ ligands and most of the Pd compounds were less active than their Pt analogues. It should be stated that, the palladium compounds were 2- to 45-fold more potent than the drug Nifurtimox while platinum complexes resulted 16- to 107-fold more potent than the same reference drug. All the complexes interacted with DNA (Pt compounds Log KSV 3.3–3.9; Pd compounds Log KSV 3.8–4.6) but the Pd compounds show higher Log KSV values than the Pt analogues. In addition, the most active Pt ones induced reactive oxygen species (ROS) formation in tumor cells. Results suggest that the mechanism of action for these complexes against T. brucei may be mediated by interaction with DNA and additionally oxidative stress for the Pt compounds.
An exploratory pre-clinical therapeutic efficacy study was performed in an acute murine model for Human African Trypanosomiasis (HAT) for the most promising Pt compound, Pt-dppf-8HQ Cl,I, (IC50/24 h = 0.14 μM, SI = 48) using mice infected with a bioluminescent cell line of T. brucei that allows in vivo mice imaging. Although preliminary, the in vivo study showed that the assayed compound does not show acute toxicity to animals. In addition, results suggested that although the compound exerts an anti-proliferative activity that prolongs animal survival, it does not exert a curative effect (Rivas et al., 2021).
Having developed a long series of twenty-two structurally related M-dppf-L compounds with different bioactive ligands L (Figure 10) that had been evaluated against bloodstream T. brucei and with the aim of understanding and assessing the main structural parameters that determine the anti-T. brucei activity, a quantitative structure–activity relationships (QSAR) study was performed (Rivas et al., 2021). For this study, the dependent variable was the log10 of the IC50 values on T. brucei. As independent variables, different physicochemical characteristics including lipophilic, electronic, and steric/topological properties were considered (Hansch et al., 1963). Lipophilicity was indirectly determined by a reverse phase TLC method adequate for non-soluble in water compounds that led to experimental Rf and calculated RM values. As electronic parameter a signal of the 1H NMR spectra of the studied compounds was selected. Owing to the chemical variability of the studied compounds, i.e. palladium or platinum and three different families of ligands, the cyclopentadienyl-moiety was selected as common feature to determine the contribution of the compounds’ electronic effect on the measured anti T. brucei activities. The displacement δ of the 1H NMR signals of the protons of the cyclopentadienyl-framework resulted indicative of the coordination and the nature of compound. Consequently, Δδ defined as the largest difference between δ of cyclopentadienyl-framework protons in the complexes and δ of cyclopentadienyl-framework protons without coordination was used as electronic descriptor. Additionally, an indicator variable, IVPd, was defined that adopts value 1 for palladium compounds or 0 for platinum complexes. According to the QSAR study, ligands with electron withdrawing substituents and with high lipophilicity and having platinum as central atom would result in complexes with increased anti T. brucei activity. Among all these descriptors, the electronic properties and the nature of the metal ion were the most relevant ones. QSAR studies are relevant to guide the rational design of further bioactive compounds. However, they are not common in inorganic medicinal chemistry due to the need of having numerous structurally related compounds to perform them (Rivas et al., 2021).
CONCLUDING REMARKS
The development of metal-based compounds for the treatment of diseases caused by trypanosomatid parasites has evolved from rather isolated serendipitous efforts to a more rational and systematic strategy. In this sense, the development of palladium and platinum compounds described in this review constitute an example of this rational phenotypic approach. In fact, from the selection of the metal centers and the bioactive ligands to the inclusion of different co-ligands, the design was based on both chemical and biological arguments. The establishment of structure-activity relationships and the deep insight into the molecular modes of action of the metallic compounds also aided to redesign new compounds with improved pharmacological properties. In this sense, the development of structurally related series of compounds has let us perform quantitative structure activity relationship (QSAR) studies that are not common in Medicinal Inorganic Chemistry.
On the other hand, all the data previously discussed clearly show that the strategy of combining, in a single molecule, palladium or platinum with ligands bearing activity against parasites produce, in most cases, an enhancement of the activity of the ligand and/or a reduction in toxicity. In addition, it was demonstrated that this approach could lead to multifunctional compounds generating single chemical entities that can act simultaneously on multiple targets. In this sense, the omic approach, also new for metal-based antiparasitic drug development, allowed us to go further into the study of the whole mechanism of action of the prospective antiparasitic agents.
In the process of rational design of palladium and platinum complexes bearing antiparasitic activity, the selection of dppf as co-ligand deserves to be highlighted. The inclusion of a bioactive ligand in the {M-dppf} moiety gave the most promising results as most developed ferrocenyl derivatives not only showed low IC50 values in both T. cruzi and T. brucei but also excellent selectivity index values. In particular, the hypothesis of developing broad spectrum drugs that affect more than one trypanosomatid parasite, based on the discovery of common genomic features for T. cruzi, T. brucei and L. major, was verified in the case of the 5-nitrofurylthiosemicarbazone M-dppf-L complexes. These compounds showed IC50 values in the submicromolar or micromolar range on both, T. cruzi and T. brucei. Some of these compounds were good candidates for in vivo studies. Currently, our group is working on the development of delivery systems based on different nano-systems with the aim of avoiding or diminishing usual toxicity and solubility problems of metal-based drugs and to improve bioavailability.
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Sunscreens are essential for protecting the skin from UV radiation, but significant questions remain about the fundamental molecular-level processes by which they operate. In this mini review, we provide an overview of recent advanced laser spectroscopic studies that have probed how the local, chemical environment of an organic sunscreen affects its performance. We highlight experiments where UV laser spectroscopy has been performed on isolated gas-phase sunscreen molecules and complexes. These experiments reveal how pH, alkali metal cation binding, and solvation perturb the geometric and hence electronic structures of sunscreen molecules, and hence their non-radiative decay pathways. A better understanding of how these interactions impact on the performance of individual sunscreens will inform the rational design of future sunscreens and their optimum formulations.
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INTRODUCTION
The incidence of melanoma skin cancer has reached epidemic proportions globally, with cases predicted to continue rising by 2.5% year on year. Against this background, considerable effort is being made towards developing more efficient broad-spectrum sunscreens that protect against both UVA and high-energy UVB rays (Forestier, 2008; Campos et al., 2017). Despite the importance of sunscreens to human health remarkably little was known until very recently about how photoactive organic sunscreens function in terms of their detailed molecular potential energy surfaces (Karsili et al., 2014; Baker et al., 2017). An organic sunscreen molecule works by absorbing damaging UV radiation, and dispersing it into less harmful forms of energy (Forestier, 2008; Karsili et al., 2014; Baker et al., 2017; Losantos et al., 2018). One key requisite for such molecules to act as chemical sunscreens is that they should not undergo chemical change or induce unwanted toxicity upon exposure to UV light (Forestier, 2008). However, the extent to which a molecule’s structure remains intact after absorbing UV light depends not only on its intrinsic photochemistry, but also on how that photochemistry is affected by external chemical and physical influences such as pH, aggregation between components in a mixture, and the effects of phase change.
Commercial sunscreen lotions are complex multicomponent mixtures of organic and inorganic substances dispersed in a mixture of solvents (Osterwalder et al., 2014). This complexity means that individual organic sunscreen molecules can experience a range of different intermolecular interactions within the suncream formulation, including interactions with solvent, counterions and other organic sunscreen molecules. All of these interactions have the potential to perturb the electronic structure of the organic sunscreen, and hence its intrinsic photochemistry. Sunscreen development in commercial laboratories tends to focus on achieving an acceptable bulk formulation without considering such molecular-level interactions (Acker et al., 2014). However, it is clear that a better fundamental understanding of how intermolecular interactions can impact on the performance of organic sunscreens could be beneficial in the rational design of new and improved sunscreens and their optimum formulations (Serpone, 2021). Over recent years, laser spectroscopy techniques have been applied to better understand how intermolecular interactions (e.g., with solvent molecules) and the local environment (pH) affect sunscreen photochemistry. These studies have either been performed in highly simplified mixtures (i.e., one sunscreen molecule and one solvent) or on individual molecules and their complexes in the gas phase (Tan et al., 2014; Rodrigues and Stavros, 2018). In this review, we provide an overview of recent work in this area and illustrate how such studies are beginning to impact on the development of new sunscreen agents.
Before moving to discuss the impact of the molecular-level environment on sunscreen photochemistry, it is useful to review the molecular properties that are linked to good sunscreen action. The majority of organic sunscreen molecules are composed of structures that contain aromatic rings conjugated to carbonyl groups, with examples including cinnamates, salicylates, oxybenzone and avobenzone (Forestier, 2008). All of these molecules provide photoprotection through a combination of a high absorption cross-section for UV light coupled with high internal conversion (IC) efficiency (Forestier, 2008; Baker et al., 2017; Rodrigues and Stavros, 2018). UV electronic excitation is therefore followed by rapid conversion to vibrational energy which is dissipated as heat to the molecule’s surroundings. The extent to which the UV energy absorbed is converted to benign heat is a measure of the suitability of the molecule as a sunscreen, since it ensures that the molecule is able to absorb and dissipate repeated UV photons. Ideally, a sunscreen molecule should be able to dissipate excited state energy through IC (i.e., non-radiatively) on a rapid timescale (femtoseconds-picoseconds), to reduce the possibility of harmful side reactions such as the formation of triplet states, and/or molecular fragmentation (Serpone et al., 2007).
Common organic sunscreen molecules display a range of IC pathways that allow them to dissipate absorbed UV energy. For cinnamates, their side chains contain C=C double bonds that photoisomerize following UV absorption, thus opening an excited state pathway towards a conical intersection which facilitates IC (Peperstraete et al., 2016). Oxybenzone illustrates a different type of IC pathway: It contains an H atom donor on a hydroxyl group adjacent to a carbonyl oxygen acceptor group, allowing intramolecular hydrogen transfer. Following UV photoexcitation, excited state hydrogen transfer, which drives enol-keto tautomerisation, and leads to a slower rotation about the C-C bond which in turn facilitates IC back to the electronic ground state through an S1/S0 conical intersection (Baker et al., 2015). High-level computational studies of the ground and excited state potential energy surfaces of these sunscreen molecules confirm the pathways outlined here, with the oxybenzone system having been studied by Domcke and co-workers (Karsili et al., 2014), and the cinnamates by Cui and co-workers and Ebata and co-workers (Chang et al., 2015; Kinoshita et al., 2021). Any geometric change of the key functional groups involved in accessing the conical intersection for IC has the potential to perturb the optimum decay dynamics of the sunscreen molecule. Thus, our focus in this review will be to explore at molecular-level detail, whether local environmental effects (i.e., solvent molecules, counterions) can lead to geometric structural modifications at the key molecular functional groups, and hence perturb the molecule’s electronic structure to impact its photophysical behaviour.
THE EFFECT OF PH ON ORGANIC SUNSCREENS
Despite the significant growth in fundamental studies of sunscreens over the last decade, surprisingly little attention appears to have been paid to the effect of the pH environment on sunscreen performance (De Laurentiis et al., 2013; Ignasiak et al., 2015; Li et al., 2016). From a chemical perspective, the question to be addressed is straightforward, namely how do the properties of the protonated or deprotonated sunscreen molecule differ from those of the neutral? Li et al. (2016) recently performed a series of oxybenzone photolysis studies in pure water, which revealed that while the neutral form of oxybenzone is stable over long timescales, the anionic form is not. This is potentially a key issue since commercial sunscreens typically involve complex mixtures including water and alcoholic solvents. Moreover, in common usage, sunscreens are exposed to acidic and alkaline environments, with chlorinated swimming pools and the ocean being alkaline (Kulthanan et al., 2013), while human skin and sweat are typically mildly acidic (Proksch, 2018).
Laser-interfaced mass spectrometry (LIMS) is an excellent experimental method for exploring the spectroscopy and photochemistry of protonated and deprotonated forms of the same molecular system (Matthews and Dessent, 2018; Matthews et al., 2018; Uleanya et al., 2020). Since experiments are conducted on isolated, mass-selected ions, the charged system under investigation is unambiguous, and any complications of the bulk environment are removed. The technique allows the measurement of the gas-phase absorption profile of the charged molecule, along with the photon-energy dependent production profile of any ionic photoproducts (Matthews et al., 2016). We have applied this approach over recent years to a number of protonated and deprotonated forms of organic sunscreens (Matthews and Dessent, 2017; Wong et al., 2019b; Wong et al., 2019a; Wong et al., 2021a; Wong et al., 2021b; Berenbeim et al., 2020b).
LIMS was first applied in 2019 to the protonated and deprotonated forms of an organic UV filter, oxybenzone (Wong et al., 2019b). Figure 1 displays the gas-phase absorption spectra of the protonated and deprotonated forms of oxybenzone, along with the solution-phase UV-VIS spectra. From the spectra displayed in Figure 1, it is clear that the protonation state has a dramatic effect on the absorption properties. While the UV absorption profile (400–216 nm) of oxybenzone was only modestly affected by protonation, deprotonated oxybenzone displays a considerably modified absorption spectrum, with very low absorption in the UVA region between 370–330 nm.
[image: Figure 1]FIGURE 1 | (Top) Gas-phase photodepletion (absorption) spectrum of deprotonated oxybenzone ([OB−H]−). (Middle) Gas-phase photodepletion spectrum of protonated oxybenzone ([OB + H]+). The solid lines are a 5-point adjacent average of the data points. A schematic of the lowest-energy isomers of [OB−H]− and [OB + H]+ are shown alongside their respective spectra. (Bottom) Solution-phase absorption spectra of OB under alkaline (blue), neutral (green), and acidic (red) conditions. Data reproduced from (Wong et al., 2019b) with permission from the PCCP owner societies.
The photodissociation pathways of oxybenzone are also found to be affected by the protonation state, with the protonated form photofragmenting primarily by rupture of the bonds on either side of the central carbonyl group, with a significant number of additional photofragments also observed. Intriguingly, the production spectra of these various photofragments fell into two distinctive groups, in terms of their excitation energy production profiles. This revealed that two distinctive decay pathways are accessible to protonated oxybenzone across this region, possibly due to coupling of the initially accessed π-π* transition with an energetically similar charge-transfer state (Dean et al., 2014). In addition, analysis of the photofragments provided information on the nature of the excited-state decay dynamics, revealing that one of these pathways was not associated with ultrafast IC decay. This result is important as it indicates that the protonated form of oxybenzone is a non-ideal sunscreen over the UVA region, and would be likely to undergo enhanced photodegradation under acidic conditions.
Deprotonated oxybenzone photofragments in a completely different way to the protonated form, photodissociating with either loss of a methyl free radical, or a methane molecule from the starting molecule. These results for the isolated deprotonated oxybenzone ion are consistent with the results of Li et al. (2016) who observed oxybenzone acting as a photosensitiser under alkaline conditions, since the free radical photoproducts we observe in the gas-phase system could initiate the observed photosensitiser behaviour in solution.
The potential energy surfaces on which neutral oxybenzone relaxes back to the ground state after UV absorption are well-characterised following advanced quantum-chemical calculations. Domcke and co-workers found that excited-state decay involves proton transfer from the enol to keto forms, followed by rapid internal conversion (Karsili et al., 2014). The expected geometric forms of protonated and deprotonated oxybenzone predict that the keto-enol site is the protonation/deprotonation location, so it is entirely unsurprising to find that the ultrafast decay mechanism is significantly perturbed in alkaline or acidic media. Indeed, this is the key finding from the series of deprotonated and protonated sunscreen molecules we have studied via LIMS, which include avobenzone, 2-phenylbenzimidazole-5-sulfonic acid, and benzophenone-4 (Wong et al., 2019a; Berenbeim et al., 2020b; Wong et al., 2021a). Protonation/deprotonation will impact on the ultrafast decay mechanisms if a geometric change occurs at a structural location involved in the pathway by which the excited state accesses the conical intersection. This occurs upon protonation of avobenzone (Berenbeim et al., 2020b), but not upon deprotonation of benzophenone-4 (Wong et al., 2021a), illustrating the importance of considering the pKa/pKb’s of the sunscreen functional groups, alongside an assessment of these functional group’s involvement in the ultrafast photodecay pathway.
Finally, we note that a growing number of deprotonated/protonated sunscreen molecules have recently been studied in the gas-phase. Table 1 provides an overview of these recent studies, highlighting the sunscreens studied and the techniques used.
TABLE 1 | Summary of Isolated (Gas-Phase) Sunscreen Molecules Studied in their Protonated or Deprotonated Forms.
[image: Table 1]SODIUM CATION BINDING CAN DISRUPT SUNSCREEN ACTION
Alkali metal cations are common constituents of commercial sunscreen mixtures, where they are typically coupled to pH buffered anions. They are also commonly encountered in high concentrations in environments were sunscreens are used, such as swimming pools and the sea. Given that protonation can impact on the function of an organic sunscreen at the molecular level, it is clearly important to understand if cation binding could produce a similar effect. To investigate this, a series of experiments were performed on isolated complexes, M+·OB, where alkali metal cations (M+ = Na+, K+ and Rb+) were bound to the sunscreen oxybenzone, OB (Berenbeim et al., 2020a).
The electronic spectrum of the Na+·OB complex was found to be strikingly different from those of K+·OB and Rb+·OB, indicating that the Na+ cation binds to OB with a different binding motif than K+ and Rb+. Infrared multiphoton dissociation (IRMPD) spectroscopy conducted at the FELIX free electron facility and computational calculations revealed that the cation-dependent UV spectra could be traced to the compact Na+ ion breaking the intramolecular hydrogen bond in OB, and adopting the position normally taking by the hydrogen atom in the most stable form of OB. In contrast, K+ and Rb+ appear to prefer to bind above the aromatic rings, leaving the intramolecular hydrogen bond intact. This is an important result in terms of the UV filtering ability of OB, since the disruption of the intramolecular hydrogen bond that occurs upon Na+ binding blocks the non-radiative relaxation mechanism that relies on excited state electron driven hydrogen atom transfer. A number of other common organic sunscreens (e.g., dioxybenzone and octyl salicylate) relay on similar intramolecular hydrogen bonding for non-radiative relaxation. The results found for the Na+·OB complex suggest that close coordination to Na+ may jeopardize the photostability of these molecules, both in sunscreen mixtures with significant sodium ion concentrations, but also in locations such as swimming pools and the sea.
In considering the potential impact of sodium ion cationization on sunscreen molecules, it is important to acknowledge that the organic sunscreen molecules are frequently present in an oil phase of the sunscreen formulation, which is suspended in an aqueous phase. As such, the sunscreens are in limited contact with metal cations which can be expected to be largely contained in the aqueous phase in the pure formulations. The extent to which phase mixing allows direct contact of cations and sunscreens will be dynamic, as well as location/climate dependent. Nonetheless, a possible enhanced degradation pathway is suggested by the results described above that merits future investigation.
To our knowledge, our study of the effect of alkali metal complexation on oxybenzone is the first to directly probe how cation binding can affect the photodynamics of a sunscreen molecule. However, our results were mirrored by other subsequent studies where metal cation binding has been reported to significantly perturb the excited-state behaviour of an aromatic molecule (Marlton et al., 2021; Robertson et al., 2021), indicating that cation coordination may have widespread photochemical importance.
HOW DOES CHANGING THE SOLVENT AFFECT SUNSCREEN PERFORMANCE?
Microsolvation studies of sunscreen chromophores have been conducted to determine how individual solvent molecules can affect the excited state dynamics, and hence the effectiveness of the chromophores as sunscreen filters. Buma and co-workers investigated the effect of complexation of one water molecule on the UVB photodynamics of the cinnamate sunscreen, 2-ethylhexyl-(2E)-3-(4-methoxyphenyl)prop-2-enoate (EHMC) by probing the behaviour of a modified form of EHMC, methyl-4-methoxycinnamate (MMC) (Tan et al., 2014). In these experiments, they used resonance enhanced multiphoton ionization spectroscopy of an MMCH2O complex formed in a supersonic molecular beam to probe the photodynamics. For bare MMC, they found that absorption of UVB light was not immediately followed by rapid non-radiative decay, as would ideally be the case since photoexcitation resulted in internal conversion to an nπ* state which impeded fast dissipation of the damaging UV light. However, upon H2O complexation, the ordering of the key nπ* and ππ* states were reversed so that the bottleneck to ultrafast decay was removed. This led to the conclusion that the microenvironment was intrinsically promoting efficient ultrafast decay for this sunscreen. More recently, Buma and co-workers have used resonance enhanced multiphoton ionization to investigate an isolated complex of the UV filter methyl sinapate with a single water molecule (Fan et al., 2021), again observing how solvent complexation perturbs the electronic properties.
One of the considerable advantages of such gas-phase studies is that they allow direct comparison with high-level computational chemistry calculations. A number of computational studies were performed on cinnamates after the initial MMC study described above, supporting the conclusion that the individual water molecule led to energetic reversal of the crucial nπ* and ππ* states (Xie et al., 2016; Kinoshita et al., 2019).
A detailed insight into how individual water molecules affect sunscreen structure has been obtained using microwave spectroscopy (Domingos and Schnell, 2018). They assigned the global minimum geometry of oxybenzone and identified the two primary water-binding sites formed at either the enol or keto group, measuring their relative stability and internal dynamics. Intriguingly, the water-docking site influences the relative energies of the keto-enol structures that are directly involved in ultrafast energy dissipation. The results show that local structural changes in sunscreen molecules can lead to selective changes in electronic strcture.
Over the last decade, ultrafast transient absorption spectroscopy has been widely applied to probe the fundamental photodynamics of organic sunscreens in solutions. This work complements the gas-phase work described above since it provides insight into how bulk solvation impacts on the intrinsic sunscreen photophysics. A study of diethylamino hydroxybenzoyl in four different solvents (i.e., methanol, dimethyl sulfoxide, acetonitrile, and cyclohexane) by Orr-Ewing and co-workers provides a recent example (Kao et al., 2021). Work in this area has been previously reviewed by Stavros and co-workers (Rodrigues and Stavros, 2018; Holt et al., 2020) so we refer the reader to the reviews for further information.
SYNERGISTIC EFFECTS THROUGH AGGREGATION OF ORGANIC SUNSCREENS
A recent observation of increased performance of organic sunscreens in the presence of lignin molecules provides further insight into the importance of the local, molecular-level environment on sunscreen efficiency. In a series of experiments, Qian et al. (2016) investigated how the performance of the sunscreens avobenzone and octinoxate changed when they were mixed with organosolv lignin (a mixture of small lignin segments). They observed that the absorption of the mixed solutions increased dramatically, to the extent that the absorption of the mixed solutions was much greater than the sum of the individual component’s absorption. In addition, there were concomitant shifts in the absorption profiles into the UVA region, which is highly notable given how challenging it has proven to identify effective UVA sunscreens. Qian et al. attributed these effects to J-aggregation (a form of π-π* stacking where the angle between the centre of the chromophores is less than 54.7°) between the lignin and the chemical sunscreen molecule (Deng et al., 2011). J-aggregation is known to result in an excitation energy decrease for a π-π* transition, thus producing a substantial redshift in the UV spectrum of the organic sunscreens. It would be important to further characterise the fundamental photophysics associated with these results through gas-phase measurements of complexes of lignin molecular units such as p-coumaryl, coniferyl or sinapyl alcohols with organic sunscreen molecules such as avobenzone or octinoxate. Measurements would be possible using either laser-interfaced mass spectrometry or resonance enhanced multiphoton ionization techniques, and could be conducted alongside infrared spectroscopy measurements to verify whether an intermolecular geometry associated with a J-aggregate geometry is present.
In the context of this discussion, recent work from Kohler and co-workers on the photophysics of eumelanin is notable (Grieco et al., 2020). Eumelanin is a biological pigment with sunscreen function and has represented a photophysical puzzle for decades due to uncertainty over the mechanism by which it delivers sunscreen action. Kohler and co-workers have been able to demonstrate that aggregation of chromophore units with diverse oxidation states is key to eumelanin’s ability to dissipate UV radiation.
CONCLUSION
Experiments that probe the function of organic sunscreen molecules at the detailed, molecular level have already delivered a much-improved understanding of their safety and photostability. What is particularly striking about these experiments is the extent to which the local chemical environment that the sunscreen molecule interacts with has the ability to significantly perturb sunscreen action. This knowledge has the potential to drive the rational development of new, effective, safe sunscreens and their formulations (Karsili et al., 2014), thus paving the way for a reduction in future melanoma cases. A recent study from Bardeen and co-workers is relevant in this context. They found that encapsulation of avobenzone into sodium dodecylsulfate micelles considerably enhances its photostability (Hanson et al., 2020). This was attributed to the micelle creating an enhanced polar microenvironment, which reduces the propensity of avobenzone to diketonize and hence photodegrade. Further work on the encapsulation of organic sunscreens into rationally designed gels or nanoparticles may well provide a pathway further between to and improved performance (Qiu et al., 2018; Song et al., 2021).
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Tazobactam (TazoH) is a penicillinate sulfone β-lactamase inhibitor with negligible antimicrobial activity, commonly used with other antibiotics to provide an effective combination against many susceptible organisms expressing β-lactamases. Two novel Ag(I)-tazobactam frameworks ([Ag(I)-Tazo] and [Ag(I)-Tazo2]) prepared by mechanochemistry are presented herein as alternative forms to improve the antimicrobial activity of tazobactam by exploring synergistic effects with silver, being the first crystal structures reported of tazobactam coordinating to a metal site. The topological analysis of the 3D ([Ag(I)-Tazo]) and 2D+1D ([Ag(I)-Tazo2]) frameworks revealed underlying nets with the cbs (CrB self-dual) and decorated sql topologies, respectively. These novel frameworks are stable and show an enhanced antimicrobial activity when compared to tazobactam alone. Amongst the tested microorganisms, Pseudomonas aeruginosa is the most sensitive to tazobactam and the new compounds. This study thus unveils novel facets of tazobactam chemistry and opens up its application as a multifunctional linker for the design of antibiotic coordination frameworks and related materials.
Keywords: mechanochemistry, supramolecular chemistry, tazobactam, silver, antibiotic coordination frameworks
INTRODUCTION
The development of antibiotics was one of the most significant medical achievements in the treatment of microbial infections, and therefore has saved numerous lives. Nevertheless, the inappropriate use of antibiotics is one of the causes of the emerging antimicrobial resistance (AMR), which represents a major threat to modern society and makes most of the commercially available antimicrobial drugs ineffective (Tooke et al., 2019).
Amongst the different classes of antibiotics, β-lactams encompass several of the most used antimicrobial agents, such as penicillins, cephalosporins, carbapenems and monobactams. The first β-lactam antibiotic, penicillin G, was developed to treat bacterial infections. As these compounds affect the biosynthesis of the bacterial cell wall and demonstrated high efficiency, there has been an increase in the search, development and production of similar penicillin derivatives (Drawz and Bonomo 2010; Bozcal and Dagdeviren 2017; Tooke et al., 2019). In particular, the emergence of β-lactamase-mediated resistance can compromise β-lactam antibiotics efficiency. One of the strategies explored to circumvent this problem concerns the development of selective β-lactamase inhibitors for co-administration with β-lactam antibiotics (Drawz and Bonomo 2010; Docquier and Mangani 2018).
Tazobactam (Figure 1) is an effective inhibitor of β-lactamase against several susceptible organisms expressing various classes of β-lactamases (Fisher et al., 1980; Drawz and Bonomo 2010). It is a penicillinate sulfone, with similarities to the structure of penicillin, however when used as a drug alone it has low antibacterial activity. This compound has been widely used in combination with β-lactam antibiotics in clinical use (Drawz and Bonomo 2010). One of the latest combination therapies with tazobactam relies on its combination with ceftolozane, an antipseudomonal cephalosporin.
[image: Figure 1]FIGURE 1 | Tazobactam (TazoH) representation.
Frequently, patients susceptible to Gram-negative bacilli, such as Pseudomonas aeruginosa and Enterobacterales, are diagnosed with bacterial pneumonia. The therapeutic combination ceftolozane/tazobactam is widely used in the treatment of multidrug-resistant (MDR) P. aeruginosa infections. This Gram-negative bacterium is an especially important nosocomial pathogen with intrinsic resistance to several classes of antimicrobial agents (Jacqueline et al., 2017; Sheffield et al., 2020; Karlowsky et al., 2021). Another possible therapy combines piperacillin and tazobactam (P/T) which is used in the treatment of P. aeruginosa and methicillin-resistant Staphylococcus aureus (MRSA) (Asai et al., 2021). This P/T combination is recommended for clinical use by the World Health Organization Model List of Essential Medicines [22nd List (2021)] as the first choice for severe intra-abdominal infections, high-risk febrile neutropenia, acquired pneumonia at the hospital and necrotizing fasciitis (World Health Organization 2021).
In order to face the microbial (multi) resistance to drugs/antibiotics, several approaches have been developed and tested to augment or improve the arsenal of tools to battle this health growing problem. One of the strategies that could lead to considerable results is the application of nanoporous materials due to their high specific surface area and correlations between the structure and surface characteristics. Metal-organic frameworks (MOFs) belong to this family of materials and represent one of the most current advances in coordination chemistry and supramolecular engineering (Tanaka 2020). MOFs are hybrid extended networks derived from inorganic units (as isolated cations, chains, clusters) and organic polydentate ligands, building a flexible family of crystalline compounds with an extraordinary variety of applications in chemical and material sciences (Rojas et al., 2019), including gas storage (Qasem et al., 2018), catalysis (Hong et al., 2021), luminescence (Huang et al., 2019; Liu et al., 2021a), electrochemistry (Wen et al., 2012; Wang et al., 2020), and separation (Kadioglu and Keskin 2018). MOFs with biomedical and pharmaceutical properties have been reported as carriers for the controlled delivery of different active species (Mileo et al., 2021), for cutaneous and cosmetic treatments (Duan et al., 2021), and as contrast agents for magnetic resonance imaging (Zhang et al., 2018; Hu et al., 2021), not disregarding the potential biomedical/pharmaceutical applications in cancer (Zhang et al., 2018; Li et al., 2020; Liu et al., 2021b; Liu et al., 2021c) and antimicrobial (André et al., 2021; Liu et al., 2021d) therapies.
MOFs based on bioactive components (BioMOFs) are an emerging subclass of MOFs, constructed from a variety of metals and ligands such as amino acids, peptides, nucleobases, saccharides, active pharmaceutical ingredients, and enzyme inhibitors (Rojas et al., 2017; An et al., 2019; Cai et al., 2019; Quaresma et al., 2020). Due to the low steric hindrance, low toxicity, and good biocompatibility of bioligands, BioMOFs are currently widely studied for possible applications in several areas including biomedicine (Sun et al., 2020) and biocatalysis (Celik et al., 2018). Within BioMOFs, the approach to use antibiotics for the direct coordination to biocompatible metal centers, giving rise to antibiotic coordination frameworks (ACFs), has been demonstrated to be a valid strategy to increase the efficiency of already commercially available antibiotics against some microorganisms (André et al., 2019; Quaresma et al., 2021).
Given a virtually unexplored coordination chemistry of tazobactam, the main goal of the present study consisted in probing its potential for the generation of new ACFs. Hence, two novel Ag(I)-tazobactam frameworks, [Ag(I)-Tazo] and [Ag(I)-Tazo2], were synthesized by mechanochemistry, a “green” synthetic route that has already shown its potential for such type of synthesis (Friščic et al., 2020; Zábranský et al., 2021). To the best of our knowledge, the obtained compounds are the first crystal structures reporting the coordination of tazobactam to metal sites. The choice of silver as a cation in these studies lies in its well-recognized antibacterial action (Alexander 2009), allowing use to be made of potential synergistic effects between both ACFs components. The ultimate goal of this study was to improve the antimicrobial activity of tazobactam from the synergy with silver, since this drug is frequently used in the treatment of bacterial infections. Hence, the synthesis, full characterization, structural features, and antimicrobial activity of the obtained ACFs, [Ag(I)-Tazo] and [Ag(I)-Tazo2], are described in the present work.
RESULTS AND DISCUSSION
Two new Ag(I)-tazobactam coordination frameworks [Ag2(µ3-Tazo)(µ4-Tazo)]n (abbreviated as [Ag(I)-Tazo]) and {[Ag(µ-Tazo)(µ-TazoH)][Ag(µ-Tazo)(TazoH)]}n (abbreviated as [Ag(I)-Tazo2]) were synthesized from tazobactam (TazoH) and silver(I) oxide, using 1:1 and 1:2 Ag:tazobactam ratios.
Despite the successful synthesis of both compounds by different methods, liquid-assisted grinding (LAG) performed in a vibrational ball mill was the preferred procedure, due to the low amount of solvent required (η = 0.5 μL/mg) (Do and Friščić 2017), a reduced reaction time, and an ease of the process without compromising high purity and yield.
Powder X-ray Diffraction (PXRD) analysis confirmed the purity of product samples obtained via the slurry reaction, manual grinding, and ball milling methods by comparing the diffractograms with those simulated from the single crystal data of [Ag(I)-Tazo] and [Ag(I)-Tazo2] (Supplementary Figures S1, S2). The purity of both compounds was also confirmed by elemental analysis: [Ag(I)-Tazo]: C, 29.5% calc/29.73% found; H, 2.72% calc/found 2.35%; N, 13.76% calc/13.69% found; S, 7.87% calc/8.08% found; [Ag(I)-Tazo2]: C, 34% calc/34.39% found; H, 3.14% calc/2.98% found; N, 15.86% calc/15.82% found; S, 9.08% calc/9.16% found.
The structural elucidation, and the physicochemical characterization are presented and discussed for both compounds, [Ag(I)-Tazo] and [Ag(I)-Tazo2]. Antimicrobial assays were also carried out to prove the enhanced antimicrobial activity of both compounds unveiled herein.
Structural Characterization
[Ag2(µ3-Tazo)(µ4-Tazo)]n {[Ag(I)-Tazo]}. Despite the 1:1 ratio, the asymmetric unit of [Ag(I)-Tazo] is formed by two crystallographically independent deprotonated tazobactam moieties (µ3-and µ4-Tazo⁻) and two Ag(I) sites, Ag1 and Ag2. The µ3-Tazo⁻ ligand coordinates to two Ag1 sites via the carboxylate [2.229 (5) Å] and the triazole [2.281 (5) Å] functionalities, and to one Ag2 via the other O of the carboxylate group [2.297 (5) Å]. The µ4-Tazo⁻ coordinates to Ag1 via the carboxylate group [2.263 (5) Å] and to three different Ag2 via the other O of the carboxylate [2.607 (5) Å], the carbonyl [2.627 (5) Å] and the triazole [2.276 (5) Å] moieties. The Ag sites assume distorted trigonal planar [Ag1, NC = 3, Ag1 deviation from the plane of 0.196 (4) Å] and tetrahedral (Ag2, NC = 4) coordination geometries (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic representation of (A) the coordination sites and (B) the coordination geometry around the Ag(I) sites (hydrogen atoms have been omitted for clarity reasons) for [Ag(I)-Tazo].
The presence of different coordination sites gives rise to an extended 3D non-porous metal-organic framework (Figure 3), with the consecutive alternation of Ag1 and Ag2 metal sites via the µ3-and µ4-Tazo⁻ linkers. Even though no classical hydrogen bonds are present in the supramolecular arrangement of [Ag(I)-Tazo], two S-O⋅⋅⋅π [2.780 (6) Å, 60.2 (2) ⁰ and 3.545 (6) Å, 83.9 (2) ⁰] and five π⋅⋅⋅π interactions [3.681(4)—4.813(5) Å] are responsible for the interactions within the framework (Supplementary Table S2), resulting in a high packing efficiency (74.2%).
[image: Figure 3]FIGURE 3 | Crystal packing of [Ag(I)-Tazo], depicting (A) the view along the b axis, and (B) the formation of the 3D metal-organic framework.
From the topological analysis, it is possible to conclude that the 3D metal-organic net is built from the 3 and 4-connected Ag1/Ag2 nodes, and the 3 and 4-connected µ3-and µ4-Tazo− nodes (Figure 4). The resulting underlying network can be classified as a dinodal 3,4-linked net with a cbs (CrB self-dual) topology and a point symbol of (63) (66).
[image: Figure 4]FIGURE 4 | Topological representation of a dinodal 3,4-linked net in [Ag(I)-Tazo] with a cbs (CrB self-dual) topology; rotated view along the b axis; Ag1/Ag2 centers (gray balls), centroids of µ3-and µ4-Tazo− moieties (yellow).
{[Ag(µ-Tazo)(µ-TazoH)][Ag(µ-Tazo)(TazoH)]}n {[Ag(I)-Tazo2]}. The asymmetric unit of [Ag(I)-Tazo2] is formed by two crystallographically independent tazobactam molecules (TazoH), two deprotonated tazobactam anions (µ-Tazo⁻) and two Ag(I) centers, fulfilling a 1:2 stoichiometry. Both Ag1 and Ag2 centers are bound by two triazole moieties [2.208 (8) and 2.209 (8) Å for Ag1, 2.168 (9) and 2.176 (9) Å for Ag2]. Ag1 is further coordinated by two carboxylate groups from µ-Tazo⁻/µ-TazoH [2.435 (7) and 2.441 (7) Å]. The Ag2 is only coordinated by the carboxylate group one µ-Tazo⁻ linker (2.504 (8) Å). Despite the different coordination patterns in [Ag(I)-Tazo2], the Ag sites also adopt distorted trigonal planar (Ag1, NC = 3) and tetrahedral (Ag2, NC = 4) coordination geometries (Figure 5).
[image: Figure 5]FIGURE 5 | Schematic representation of (A) the coordination sites and (B) the coordination geometry around the Ag(I) sites (hydrogen atoms have been omitted for clarity reasons) for [Ag(I)-Tazo2].
The structure of [Ag(I)-Tazo2] reveals two independent 2D and 1D coordination networks (Figure 6). The 2D net is formed by the crystallographically independent µ-Tazo⁻ and µ-TazoH moieties that act as linkers for Ag1 centers. The 1D chain is based on Ag2 centers and comprises the terminal TazoH ligands and µ-Tazo⁻ linkers. An overall structure of [Ag(I)-Tazo2] can be defined as a 2D+1D coordination polymer wherein 1D chains (based on Ag2 atoms) are interdigitated into 2D layers (based on Ag1 atoms) (Figure 6). Each of these motifs is reinforced by hydrogen bonds between COOH/COO− groups of tazobactam ligands [O–H···O 2.421 (11) and 2.469 (12) Å] (Table 1); however, there are no classical hydrogen bonds between the 1D and 2D networks. Several weaker interactions are also established (Supplementary Table S2). This structure has a packing efficiency of 69.6%. From a topological perspective, the resulting underlying network can be classified as a 4-linked sql [Shubnikov tetragonal plane net] layer decorated with the chains of 2C1 topology (Figure 7 and Supplementary Figure S3). The sql layer is composed of the 4-connected Ag1 centers and µ-Tazo− linkers, leading to a (44.62) point symbol.
[image: Figure 6]FIGURE 6 | Crystal packing of [Ag(I)-Tazo2] depicting the 2D (blue) and 1D (green) coordination networks.
TABLE 1 | List of the main hydrogen bonds found for compound [Ag(I)-Tazo2].
[image: Table 1][image: Figure 7]FIGURE 7 | Topological representation of a mononodal 4-linked metal-organic layer in [Ag(I)-Tazo2] with a sql topology, decorated with 2C1 chains; rotated view along the b axis; Ag1/Ag2 centers (gray balls), centroids of TazoH/Tazo− moieties (yellow).
The study of the packing interactions is complemented by the analysis of the Hirshfeld surfaces and the corresponding two-dimensional fingerprint plots (Figure 8). The O-H interactions are the most abundant in both compounds, but the presence of hydrogen bonds in [Ag(I)-Tazo2] is responsible for a higher percentage of this type of interactions in [Ag(I)-Tazo2] than in [Ag(I)-Tazo] (44.3 vs 36.5%, respectively). The two spikes in the 2D fingerprint plots corresponding to the O-H interactions are sharper in [Ag(I)-Tazo2], due to the presence of hydrogen bonds and shorter distances. The O-H interactions can be identified as red regions in the dnorm representation, supporting the interactions previously described. The H-H interactions appear in the middle-scattered points in the 2D fingerprint map and are the second most relevant type of interactions {23 and 28.1% for [Ag(I)-Tazo] and [Ag(I)-Tazo2], respectively}. The N-H interactions are also significant, representing 10.8 and 5.5% of the total Hirshfeld surface for [Ag(I)-Tazo] and [Ag(I)-Tazo2], respectively, as well as Ag-O {8.6 and 5.2% for [Ag(I)-Tazo] and [Ag(I)-Tazo2], respectively}. Apart from these, π⋅⋅⋅π (C–C) contacts are observed in [Ag(I)-Tazo] corresponding to 1.7%, but they are not present in [Ag(I)-Tazo2], with lone-pair⋯π (O–C) interactions being also higher in [Ag(I)-Tazo] than in [Ag(I)-Tazo2] (1.8 vs 1%). On the other hand, the lone-pair⋯lone-pair (O–O) interactions are higher in [Ag(I)-Tazo2], corresponding respectively to 5.6% vs 3% in [Ag(I)-Tazo]. All the other interactions are present in minor percentages (see supplementary material for full details, Supplementary Figures S4–S6).
[image: Figure 8]FIGURE 8 | Hirshfeld surface mapped with dnorm, with surfaces shown as transparent to allow the visualization of the compound (A) and two-dimensional fingerprint plots (B) for the most relevant interactions in [Ag(I)-Tazo] (C) and [Ag(I)-Tazo2] (D).
FTIR-ATR analysis of tazobactam, [Ag(I)-Tazo] and [Ag(I)-Tazo2] (Supplementary Figure S7 and Supplementary Table S3) makes evident that the stretching vibrations of the C-SO2-C and N=N groups are visible in TazoH (C-SO2-C:1140, 1190, 1313 cm−1; N=N: 1238, 1455 cm−1) as well as in both compounds [Ag(I)-Tazo] (C-SO2-C: 1139, 1206, 1311 cm−1; N=N: 1233, 1446 cm−1) and [Ag(I)-Tazo2] (C-SO2-C: 1142, 1188, 1321 cm−1; N=N: 1241, 1455 cm−1) without significant changes. Differences in the bands associated with the carboxylic moiety of tazobactam can be detected. The peaks concerning the carbonyl group from the amide are found at 1795, 1791 and 1773 cm−1 for TazoH, [Ag(I)-Tazo] and [Ag(I)-Tazo2], respectively. The main differences in the three spectra correspond to the peaks at around 1610 and 1380 cm−1, characteristic of carboxylate moieties present in both structures. The carbonyl group stretching from the carboxylic acid moiety detected at 1702 cm−1 in TazoH, is not seen in [Ag(I)-Tazo] due to the fully deprotonated Tazo− linkers, with the characteristic peaks of the carboxylate being detected at 1373 and 1599 cm−1. In [Ag(I)-Tazo2], the protonated tazobactam gives rise to the peak at 1702 cm−1, while the deprotonated Tazo− moiety is identified by the peaks at 1384 and 1610 cm−1.
Stability of the Compounds
The stability of the compounds is a very important factor to be controlled, especially for medical/pharmaceutical applications. Considering the PXRD diffractograms of the obtained compounds monitored along time, it can be concluded that no degradation of these silver-organic frameworks under shelf storage conditions is detected, as the patterns remain unchanged for at least 5 months (Supplementary Figures S8–S13).
Regarding thermal stability, DSC/TGA data are very similar for both [Ag(I)-Tazo] and [Ag(I)-Tazo2] (Figure 9 and Supplementary Figure S14), showing their stability until 155°C, temperature at which melting, and decomposition begin. These observations are confirmed by hot-stage microscopy (HSM) data.
[image: Figure 9]FIGURE 9 | (A) Differential scanning calorimetry (DSC) and thermogravimetry (TGA) and (B) hot-stage microscopy (HSM) images at 23, 155 and 227°C for compound [Ag(I)-Tazo2].
Antimicrobial Activity Assays
A microbial screening for the assessment of the antimicrobial activity of the new Ag(I)-tazobactam frameworks was carried out by the determination of their minimum inhibitory concentration (MIC) median values via the microdilution method (Clinical and Laboratory Standards Institute 2018; Alves et al., 2020).
The results obtained (Table 2 and Figure 10) show that, in comparison with free tazobactam, both [Ag(I)-Tazo] and [Ag(I)-Tazo2] are more active against Gram-negative (E. coli and P. aeruginosa) and Gram-positive (S. aureus MRSA, S. aureus, E. faecalis, M. smegmatis) bacteria, with [Ag(I)-Tazo] being also more active against the C. albicans and S. cerevisiae yeasts, benefiting a possible synergistic effect between Ag(I) and tazobactam components (Alexander 2009; Lu et al., 2014).
TABLE 2 | Determination of the minimum inhibitory concentration values (MIC, µg/mL) of the synthesized compounds, and the starting materials for Candida albicans and Saccharomyces cerevisiae (yeasts), Escherichia coli and Pseudomonas aeruginosa (Gram-negative bacteria) and Staphylococcus aureus, Enterococcus faecalis and Mycobacterium smegmatis (Gram-positive bacteria) after 24 h for bacteria and 48 h for yeasts.
[image: Table 2][image: Figure 10]FIGURE 10 | Minimum inhibitory concentration values (MIC, µg/ml) of the synthesized compounds {[Ag(I)-Tazo] and [Ag(I)-Tazo2]} and the starting materials for Candida albicans and Saccharomyces cerevisiae (yeasts), Escherichia coli and Pseudomonas aeruginosa (Gram-negative bacteria) and Staphylococcus aureus, Enterococcus faecalis and Mycobacterium smegmatis (Gram-positive bacteria) after 24 h for bacteria and 48 h for yeasts. DMSO was used as negative control and nystatin, norfloxacin and vancomycin were used as positive controls for yeasts, Gram-negative and Gram-positive bacteria, respectively.
Among the two Ag(I)-tazobactam frameworks, [Ag(I)-Tazo] is generally more active, with MIC values lower than [Ag(I)-Tazo2], except for P. aeruginosa and S. aureus, for which that both new compounds present the same MIC value.
From the list of microorganisms tested in this study, the yeasts were the least sensitive to tazobactam and its frameworks, with [Ag(I)-Tazo] being slightly more active.
Regarding the MIC values for the tested bacteria, generally, tazobactam and its silver derivatives are more efficient against Gram-negative bacteria. In fact, P. aeruginosa shown to be the most sensitive to tazobactam, [Ag(I)-Tazo] and [Ag(I)-Tazo2]. As previously reported, P. aeruginosa isolates were considered highly susceptible to the ceftolozane/tazobactam β-lactam–β-lactamase inhibitor combination, displaying MIC values lower than 4 μg/ml (Karlowsky et al., 2021). Both novel Ag(I) compounds unveiled herein also display very low MIC value (0.98 μg/ml) against this bacterium, showing a promising activity. The MIC values obtained for the new complexes are lower than not also tazobactam, but also lower that silver oxide itself.
Interesting results were obtained from the assay with two different strains of S. aureus (MRSA CIP 106760 and ATCC 25923). Both [Ag(I)-Tazo] and [Ag(I)-Tazo2] display higher activity than tazobactam against both strains, with an important note for the fact that [Ag(I)-Tazo] is even more active against the methicillin-resistant S. aureus (MRSA) strain than the S. aureus (ATCC).
It is worth noting that bacterial infections caused by both P. aeruginosa and S. aureus are commonly treated using β-lactams (Foster 2017; Gherardi et al., 2019). Meanwhile, the emergence of resistant strains to the usual therapy motivated the search for new ways to deal with these very important infections.
The obtained results highlight the importance of the synergy between tazobactam and silver metal centers that possess a well-recognized antimicrobial efficiency (Alexander 2009; Lu et al., 2014). Moreover, these striking, and very promising findings provide a sustainable and fast strategy to reuse the available antibiotics and obtain new and powerful ACFs to battle bacteria like P. aeruginosa and S. aureus, which are responsible for several nosocomial infections and highly capable to develop resistance mechanisms to the existing antibiotics (Foster 2017; Pang et al., 2019).
MATERIALS AND METHODS
Reagents
The following reagents and solvents were purchased from commercial sources and used without further purification: tazobactam (C10H12N4O5S, Carbosynth Ltd.); silver(I) oxide (Ag2O, 99%, Alfa Aesar) and dimethyl sulfoxide (DMSO, 99%, Fluka).
Synthesis
The new compounds [Ag2(µ3-Tazo)(µ4-Tazo)]n (abbreviated as [Ag(I)-Tazo]) and {[Ag(µ-Tazo)(µ-TazoH)][Ag(µ-Tazo) (TazoH)]}n (abbreviated as [Ag(I)-Tazo2]) were synthesized by reacting tazobactam (TazoH) and Ag2O in two different stoichiometries and using the liquid-assisted grinding (LAG) mechanochemical method in the presence of catalytic amounts of water for different periods of time (Table 3). The ball milling reactions were carried out in a Retsch MM400 ball mill at a frequency of 20 Hz, in 15 ml stainless steel snap closure jars containing two 7 mm stainless steel balls (approximately 2.7340 g). Both compounds could also be obtained by manual grinding and suspension methods, however more reaction time is needed as indicated in Table 3. The resulting powder was then dissolved in water, and colorless single crystals of [Ag(I)-Tazo] were grown by slow evaporation of the solvent after 3 weeks at room temperature. With respect to form [Ag(I)-Tazo2], the resulting powder was also dissolved in water and orange single crystals were grown by slow evaporation of solvent after 3 weeks at room temperature.
TABLE 3 | Experimental conditions for the synthesis of compounds [Ag(I)-Tazo] and [Ag(I)-Tazo2].
[image: Table 3]Powder X-Ray Diffraction
Powder X-ray Diffraction data were collected in a D8 Advance Bruker AXS θ-2θ diffractometer (Bruker, Karlsruhe, Germany), equipped with a LYNXEYE-XE detector, copper radiation source (Cu Kα, λ = 1.5406 Å), operated at 40 kV and 30 mA, with the following data collection parameters: 3–60° 2θ range, step size of 0.02° and 1.5 s per step. The diffractograms were used to analyze the purity of compounds [Ag(I)-Tazo] and [Ag(I)-Tazo2] by comparing the experimental PXRD data with the patterns simulated from SCXRD data, using MERCURY 2021.2.0 (Macrae et al., 2008).
Single Crystal X-Ray Diffraction
Crystals suitable for single X-ray diffraction studies were mounted on a loop with Fomblin© protective oil. Data for [Ag(I)-Tazo] and [Ag(I)-Tazo2] was collected on a Bruker D8Quest diffractometer, with graphite-monochromated radiation (Mo Kα, λ = 0.71073 Å) at 293 K. X-ray generator was operated at 50 kV and 30 mA and APEX3 (Bruker 2016) program monitored data collection. Data were corrected for Lorentzian polarization and absorption effects using SAINT (Bruker 2014) and SADABS (Bruker 2014) programs. SHELXT 2014/4 (Sheldrick 2015b) was used for structure solution and SHELXL 2014/7 (Sheldrick 2015a) was used for full matrix least-squares refinement on F2. These two programs are included in the WINGX-Version 2014.1 (Farrugia 1999; Farrugia 2012) program package. A full-matrix least-squares refinement was used for the non-hydrogen atoms with anisotropic thermal parameters. The HCH were inserted in idealized positions and allowed to refine in the parent carbon atom. The hydrogen atoms of the COOH groups of [Ag(I)-Tazo2] were located from the electron density and inserted in idealized positions in the respective parent atoms and allowed to refine in the parent oxygen atom. MERCURY 2021.2.0 (Macrae et al., 2008) was used for packing diagrams and for polyhedral representation. PLATON (Spek and Anthony, 2018) was used for the determination of hydrogen bond interactions. Table 4 summarizes the data collection and refinement details for [Ag(I)-Tazo] and [Ag(I)-Tazo2]. Crystallographic data of compounds [Ag(I)-Tazo] and [Ag(I)-Tazo2] were deposited at the Cambridge Crystallographic Data Centre (Groom et al., 2016) (CCDC 2121840-2121841).
TABLE 4 | Crystallographic data for compounds [Ag(I)-Tazo] and [Ag(I)-Tazo2].
[image: Table 4]Topological Analysis
Topological analysis of the obtained silver(I) coordination frameworks (Blatov 2006; Blatov et al., 2014) was performed by using a concept of underlying (simplified) net (O’Keeffe and Yaghi 2012; Li et al., 2014). Such networks were generated by reducing the ligands to the respective centroids while preserving their connectivity with silver(I) centers. Weak intermolecular interactions, such as hydrogen bonds, and argentophilic contacts, were not considered.
Hot-Stage Microscopy
Hot-stage microscopy experiments were carried out using a Linkam TP94 device connected to a Linkam LTS350 platinum plate, using a 10°C/min heating rate. Images were collected, via the imaging software Cell D (Olympus United Kingdom Ltd., Hertfordshire, United Kingdom), with an Olympus SZX10 stereomicroscope. The observations were conducted under Fomblin© oil with crystals that were previously indexed and whose cell parameters are similar to the previously determined crystal structures.
Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) measurements were recorded on a Thermo Nicolet 6,700 spectrometer (Waltham, MA, United States) with attenuated total reflectance (ATR) mode by averaging 32 scans at a maximum resolution of 4 cm−1, registering the spectra at a wavelength interval of 4,000–650 cm−1.
Elemental Analysis
Data were performed in a Fisons CHNS/O analyzer Carlo Erba Instruments EA-1108 equipment at the Instituto Superior Técnico Analyses Laboratory. Anal. Calculated for [Ag(I)-Tazo]: C, 29.5%; H, 2.72%; N, 13.76%; S, 7.87%. Found: C, 29.73%; H, 2.35%; N, 13.69%; S, 8.08%. Anal. Calculated for [Ag(I)-Tazo]2: C, 34%; H, 3.14%; N, 15.86%; S, 9.08%. Found: C, 34.39%; H, 2.98%; N, 15.82%; S, 9.16%.
Differential Scanning Calorimetry and Thermogravimetry Analysis
Combined measurements were carried out on a SETARAM TG-DTA 92 thermobalance under a nitrogen flow with a heating rate of 10°C/min. The sample masses were in the range from 5 to 10 mg.
Antimicrobial Activity Assays
The synthesized compounds and respective starting materials were tested against yeasts (Candida albicans ATCC 10231 and Saccharomyces cerevisiae ATCC 2601), Gram-negative (Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853) and Gram-positive bacteria (Staphylococcus aureus (MRSA CIP 106760 and ATCC 25923), Enterococcus faecalis ATCC 29212 and Mycobacterium smegmatis ATCC 607) for the determination of their minimum inhibitory concentration (MIC) values. These values were determined by the microdilution method (Clinical and Laboratory Standards Institute 2018; Alves et al., 2020). Briefly, 100 μL of Mueller-Hinton (for bacteria) or Sabouraud Dextrose (for yeasts) liquid culture medium were added to all the 96-wells of the microtiter plates. Then, 100 μL of the testing compounds at a concentration of 1 mg/mL in DMSO were added to the first well. Serial dilutions of (1:2) were performed and 10 μL of bacterial inoculum was added to each well. The microtiter plates were incubated at 37°C for 24 and 48 h for bacteria and yeasts, respectively, and their growth was assessed through the analysis of the optical density of cultures at 620 nm using a Thermo Scientific Multiskan FC (Loughborough, United Kingdom) microplate reader.
CONCLUSIONS
Two new Ag(I)-tazobactam coordination compounds were prepared by LAG, which revealed to be the most advantageous synthetic technique regarding time, yield and purity. The structural elucidation of the new compounds revealed a 3D metal-organic framework in [Ag(I)-Tazo] and an intricate combination of 2D+1D networks in [Ag(I)-Tazo2]. The obtained products are stable on shelf storage and up to 155°C, fundamental requisites for prospective pharmaceutical applications.
Despite the antimicrobial resistance to β-lactams, this class of antibiotics remains an important tool to treat infectious diseases. Importantly, the results disclosed herein show that both [Ag(I)-Tazo] and [Ag(I)-Tazo2] have greater antimicrobial activity than tazobactam alone, making it clear that if co-administered tazobactam were to be replaced by either MOF, the antimicrobial outcomes should be better. Nevertheless, this theory needs to be confirmed by in vivo and in vitro tests.
The coordination to the metal in both new compounds is established by the binding sites of tazobactam that are known to interact with enzymes (β-lactamases) in the human body and that may affect the interaction of tazobactam within the MOFs, leading to a different activity. Also, the potential release of labile silver cations certainly leads to synergistic effects promoting higher antimicrobial efficiency.
Furthermore, these results highlight the use of ACFs as a sustainable and valid alternative to circumvent the emergence of resistance mechanisms to the available antibiotics. As [Ag(I)-Tazo] and [Ag(I)-Tazo2] represent the first structurally characterized coordination compounds of tazobactam, this study also unveils new facets of tazobactam chemistry and will stimulate its application as a multifunctional linker for designing ACFs and related materials with higher antimicrobial efficiency.
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A protein’s structure is the key to its function. As protein structure can vary with environment, it is important to be able to determine it over a wide range of concentrations, temperatures, formulation vehicles, and states. Robust reproducible validated methods are required for applications including batch-batch comparisons of biopharmaceutical products. Circular dichroism is widely used for this purpose, but an alternative is required for concentrations above 10 mg/mL or for solutions with chiral buffer components that absorb far UV light. Infrared (IR) protein absorbance spectra of the Amide I region (1,600–1700 cm−1) contain information about secondary structure and require higher concentrations than circular dichroism often with complementary spectral windows. In this paper, we consider a number of approaches to extract structural information from a protein infrared spectrum and determine their reliability for regulatory and research purpose. In particular, we compare direct and second derivative band-fitting with a self-organising map (SOM) approach applied to a number of different reference sets. The self-organising map (SOM) approach proved significantly more accurate than the band-fitting approaches for solution spectra. As there is no validated benchmark method available for infrared structure fitting, SOMSpec was implemented in a leave-one-out validation (LOOV) approach for solid-state transmission and thin-film attenuated total reflectance (ATR) reference sets. We then tested SOMSpec and the thin-film ATR reference set against 68 solution spectra and found the average prediction error for helix (α + 310) and β-sheet was less than 6% for proteins with less than 40% helix. This is quantitatively better than other available approaches. The visual output format of SOMSpec aids identification of poor predictions. We also demonstrated how to convert aqueous ATR spectra to and from transmission spectra for structure fitting. Fourier self-deconvolution did not improve the average structure predictions.
Keywords: protein, secondary structure, infrared absorbance, validation, self-organising map
INTRODUCTION
Proteins are biomolecules with characteristic 3D shapes that determine their functions, e.g., structural, immune response, enzyme catalysis, and regulation (Lesk, 2010). In addition, there has been a growing interest in proteins as therapeutic agents over the past 20 years (Leurs et al., 2015). For a protein to be functional, it needs to be in a certain conformation; however, purification procedures often induce structural changes. To ensure the correct structure is retained/obtained during protein production and formulation, robust analysis methods must be used for regulatory as well as research purposes (Leurs et al., 2015).
Optical spectroscopic methods have the major advantage of not requiring a protein to form crystals, and they can be applied to any size molecules from peptide to high molecular weight assemblies. Circular dichroism (CD) spectroscopy is routinely used to estimate the secondary structure of unknown proteins and for batch-to-batch comparison of biopharmaceutical products (Woody, 1994; Sklepari et al., 2016; Spencer and Rodger, 2021). CD has the advantage of being relatively straightforward both to implement and to interpret. However, it has a number of limitations largely following from the need to keep the sample absorbance below a maximum of 2.5 at all wavelengths of interest and the need to know the concentration and path length. In aqueous solution, the protein concentration range is therefore practically limited to approximately 0.01—10 mg/ml protein. This is further restricted for biopharmaceuticals which are often formulated with high concentrations of non-protein absorbing components such as amino acids and chloride ions.
An alternative spectroscopic method to CD is mid-infrared absorption spectroscopy as the differential patterns in H-bonds and geometrical orientations of amide bonds in different secondary structure motifs affect the frequencies and intensities of vibrations. Protein IR spectra contain nine separate bands, referred to as Amide A, B, and I–VII (Kong and Yu, 2007; Rygula et al., 2013). It is generally accepted that the Amide I band (1,600–1700 cm−1) carries the most direct link to secondary structure content. Its vibrational contribution is from the C=O stretching of the amide group coupled with the in-phase bending of the N–H bond and stretching of the C–N bond (Krimm and Bandekar, 1986; Bandekar, 1992). Some side chains also absorb in the region; however, in this work, we ignore side-chain contributions because Venyaminov and Kalnin (Venyaminov and Kalnin, 1990) and Oberg (Oberg et al., 2004) found that subtracting side chain contributions provided only a moderate improvement to secondary structure determination. A great deal of work has been done on protein IR spectroscopy, but the best way to extract secondary structure information for regulatory or research purposes remains unclear.
The Amide I band is usually a featureless broad band so curve fitting methods, often preceded by band-narrowing, have been implemented to facilitate structure fitting (Kauppinen et al., 1981; Maddams and Tooke, 1982; Susi and Byler, 1983; Byler and Susi, 1986). Byler and Susi (Byler and Susi, 1986) developed a band-fitting method involving first a deconvolution procedure and then band-shape fitting with the Gaussian bands centred at the maximum (negative) values of the second derivative of the spectrum. They decided, after empirical analysis of over 20 proteins, that the relative areas under bands assigned to α-helix (∼1,654 cm−1), β-sheet (∼1,631 ± 7 cm−1 and ∼1,678 cm−1), and everything else corresponded to their relative secondary structure contents. (This has been assumed by other workers.) They found a fairly good match of their predictions with the Levitt and Greer’s algorithm for extracting secondary structure from crystal data (Levitt and Greer, 1977). However, Levitt and Greer noted in their original work that their approach significantly over-estimates β-structure, making Byler and Susi’s IR predictions a significant over-estimate of β-structure as deemed by other annotation approaches. The more recent consensus, e.g., (Kong and Yu, 2007; Yang et al., 2015), is that 1,620–1,640 cm−1 is attributed to β-sheet, 1,640–1,650 cm−1 to Other structures, 1,650–1,656 cm−1 to α-helix, and 1,670–1,685 cm−1 to turns. However, as noted by Oberg et al. (2004), band fitting usually requires a series of subjective decisions that can dramatically affect both result and interpretation. The authors arguably making the strongest claims for the efficacy of a band fitting approach (Yang et al., 2015) refer to their previous work on cytochrome-c (Dong et al., 1992) and to a paper by Kalnin et al. (1990). However, the Dong cytochrome-c result, while good for α-helix, has a 21–25% error in β-sheet content and Kalnin et al. (1990) used a reference set of proteins of known structure as their fitting approach rather than band fitting.
Various factor analysis methods have been applied to proteins using different reference sets. Lee et al. (1990), using a reference set of 18 protein IR spectra, concluded that they could predict protein secondary structure with standard errors of 4% for α-helix and 8% for β-sheet. Pancoska Keiderling and others used a reference set as well as principal component and factor analysis methodologies for both vibrational CD and IR spectra (Pancoska et al., 1991; Baumruk et al., 1996). Further refinement of the data through Fourier self-deconvolution did not improve their structure estimates (Wi et al., 1998). Dukor et al. and BioTools (Jupiter, US) have developed this approach into an easy-to-use fitting program by complementing the approach with their IR reference set and integrating it with data collection on their instrument. The resulting program ProtaTM provides reasonably good structure estimates, but the details of the fittings cannot be interrogated by the user. Oberg et al. (2004) have extensively explored the application of a partial least squares analysis (PLS) with a 50-protein reference set and concluded that the most important factor is the quality of the reference set—it must cover the structure-space of interest.
Oberg et al. (2004) also considered application of the CD structure fitting program SELCON (Sreerama and Woody, 2000) to IR data which proved to give similar performance to the PLS analysis. They observed that larger reference sets usually do not perform better than smaller ones, as they may include more “anomalous” spectra—so it is important to be able to interrogate results rather than simply accept a number. Goormaghtigh et al. (2006) had significant success with an approach which identifies three key wavenumbers for the three structural features that can be distinguished in the IR spectrum. Their ascending stepwise method identifies the relevance of each wavenumber of the infrared spectrum for the prediction of a given secondary structure and yields a particularly simple method for computing the secondary structure content. The original work has been successfully extended to high throughput secondary structure determination by collecting data in an array format (De Meutter and Goormaghtigh, 2021). However, the preference for a data point in the Amide II band is a concern for biopharmaceutical samples as we have observed that the magnitude of this band varies significantly with formulation vehicle. A different choice of optimal wavenumbers could make the analysis more universal.
Our experience of using CD for the analysis of biopharmaceutical protein structure has convinced us that the most important aspect of a structure fitting approach is to know its limitations. Extensive work has been done to validate methods that determine structure from CD spectra of unknowns. The most widely used methods for CD analysis, e.g., CDsstr (Johnson, 1988) and SELCON3 (Sreerama and Woody, 2000), all use a reference set of spectra of proteins of known secondary structures. Our self-organising map approach (Hall et al., 2014a; Hall et al., 2014b) uses a different approach from CDsstr and SELCON, but we have shown it is equally reliable and it has the advantage that it produces output that enables the user to interrogate what is behind secondary structure estimates. When we needed to develop robust methods for analyzing protein infrared absorbance spectra, we therefore adapted our self-organising map analysis, now called SOMSpec, to be used for structure fitting from Amide I IR spectra (Corujo et al., 2018) and found it seemed to work well for the few examples we considered, though it depended on the reference set of spectra and structure assignments. SOMSpec is described in the Materials and Methods section and the Supplementary Material. The goal of this work was to develop an easy-to-use protein IR spectra analysis platform based on the SOMSpec program and to determine how well it works for various datasets of transmission, Fourier self-deconvolved spectra, and attenuated total reflectance (ATR) spectra. We also provide the means to transform ATR spectra into transmission for slightly improved secondary structure predictions against a transmission reference set. The endpoint of the work is a clear idea of how reliable SOMSpec is for this application and where the user must interrogate the output for further information.
MATERIALS AND METHODS
Secondary Structure Annotation
The hydrogen-bonding pattern-based Dictionary of Secondary Structure of Proteins (DSSP) which divides protein secondary structure into 8 major classes abbreviated as follows: 310-helix (G), α-helix (H), π-helix (I), β-sheet (E), β-bridge (B), turn (T), bend (S), and coil (C) is used in this work. The different reference sets combine the categories differently to reduce the number of classes (Wi et al., 1998). Annotations may be found in http://2struc.cryst.bbk.ac.uk [(Whitmore and Wallace, 2004) and (Oberg et al., 2003)]. Based on the results of reference (Spencer and Rodger, 2021) for CD spectroscopy and reference (Oberg et al., 2004) for IR, we limited our final discussions to three categories which we refer to as α-helix or helix (which includes α-helix and 310-helix), β-sheet, and other (which is the combination of the rest of secondary structure types). As any residue belongs either to the helix or sheet or Other category, we only explicitly present the helix and sheet results in our figures. The deviations for Other are simply minus the sum of the helix and sheet deviations.
Self-Organising Map Spectral Fitting
SOMSpec Operates in Three Steps

i) Training the map: in the first step, an unsupervised self-organising (or Kohonen) map approach creates a 2D square array and organises the reference set protein IR spectra to cluster them in terms of spectral similarity, with the similarity being represented by distances. Each node of the map has a spectrum allocated to it. Unless a reference spectrum sits on a node, a distance-weighted mean of neighbouring reference spectra is assigned to each node. A trained map can be used repeatedly as long as the wavenumber range of the test spectrum is the same as the reference spectra. For the leave-one-out validations (LOOV, see below), we trained for 20,000 steps and for full reference sets for 50,000 steps. The optimal map dimension (Hall et al., 2013) is somewhat lower than the reference set size, so we used 20 × 20 for the solid-state reference set and 40 × 40 for the film one.
ii) Structure assignment: in the second step, a vector which summarises the secondary structure of the spectrum assigned to a node is also assigned to the node. Reference spectra nodes take the reference spectra secondary structure vector. Nodes with distance-weighted sum spectra have secondary structure assigned in the same way.
iii) Test: unknown spectra are tested against the map by identifying nodes that are the best matching units (BMU) for the unknowns in terms of the distance in the spectral space. The secondary structure of the test spectrum is determined by a distance-weighted average of secondary structure of the top 5 or 3 best matching nodes or units (BMUs) in terms of the Euclidean distance on the map.
SOMSpec input files are created as comma-separated txt files. For an N-member reference set, the training file consist of N vertical columns of spectral data, separated by commas, with the corresponding structural data placed below. The test files are in the same format but without the structural information. The files were either created manually using Excel (via the basic .csv output format then renamed with the. txt extension) or automatically produced by a MATLab™ code.
SOMSpec output includes Normalised Root Mean Square Deviations (NRMSD, see Supplementary Materials for details) between experimental and predicted spectra, a plot of the trained map and the overlay of experimental and predicted spectra, the secondary structure predictions, and all the files to enable the plots to be regenerated.
More details about SOMSpec are given in the Supplementary Material which also contains a summary of the input and output information used below. The SOMSpec App [coded in MATLab™ (MathWorks, Chatswood, Australia)] and example input and output files may be found in the data repository which can be accessed via the Supplementary Material.
Leave-One-Out Validation
In LOOV testing the spectra and secondary structure assignments of N–1 proteins out of N proteins in an IR reference set are used as the training set to generate a SOM. Then, the Nth spectrum is tested against that SOM. This is repeated N times. The SOMSpec LOOV training files consist of N–1 vertical columns of spectral data, separated by commas, with the corresponding structural data placed below. The test files for the LOOV are a single column of spectral data. The results of the N LOOV tests give an indication of performance of the method−reference set combination.
Spectra Transformations
ATR to transmission and transmission to ATR: We used the methodology developed in reference (Rodger et al., 2020) to convert ATR spectra into transmission spectra and inverted the methodology to convert transmission spectra into what would be collected on the same sample with a 45° incidence zinc selenide (ZnSe) ATR crystal. In summary (see Supplementary Material for more details), the relationships between ATR and transmission spectra we used are
[image: image]
where [image: image] denotes the protein’s ATR absorbance, [image: image] is the penetration depth times the light intensity factor and [image: image] is the protein’s extinction coefficient times its concentration, where [image: image] is the transmission path length. As the protein absorbance is much smaller than that of water in our experiments, we used [image: image] for water. Given the above equation is linear in [image: image], we do not need to know the protein concentration or extinction coefficient or path length if we ultimately plan to normalise the spectra for structure fitting.
Fourier self-deconvolution (FSD): OriginPro 2021 (Originlab, 2021) was used to perform FSD with the gamma and smoothing factor parameters varied. Each deconvolved spectrum was re-zeroed and re-normalised to 1 at its maximum value.
Band Fitting
Two different band fitting approaches were undertaken. The first uses peak deconvolution within Origin Pro (Originlab, 2021) to fit the absorption bands directly to Gaussians after baselining the Amide 1 band by drawing a straight line from 1,600 cm−1–1700 cm−1. The secondary structure was identified by normalising the total area under the bands to 1 and then summing the areas of the bands that occurred in the accepted wavelength regions for each type of secondary structure: 1,620–1,640 cm−1 for β-sheet and 1,650–1,656 cm−1 for α-helix. If the answers were obviously wrong, the wavelength range was expanded slightly to favour the band-fitting approach. The approach outlined in (Yang et al., 2015) which involves taking the second derivative then band-fitting was also attempted. OriginPro 2021 (Originlab, 2021) was used to take second derivatives and to perform band fitting to Gaussians of minus the second derivative spectrum. The OriginPro fitting methodologies used in this work are detailed in the Supplementary Material, and the OriginPro files are provided in the data repository.
Materials and Data Collection
All the proteins used in this work were purchased from Sigma Aldrich (Poole, United Kingdom) or available in-house. Using 2 different Jasco J-4200 (Jasco, Hachioji, Japan) spectrometers, spectra were collected with 64–1,000 scans with 4 cm−1 resolution, cosine apodization, and wavenumber range from 400 to 4,000 cm−1. The instruments were flushed with nitrogen (N2) at ∼30 L/min flow rate for 10 min to stabilise the water vapour contribution. The sample chamber flow rate was decreased to 5 L min−1 during data collection, and the interferometer was closed to the nitrogen flow. We collected 30 solid-state transmission spectra (see below), 19 aqueous transmission spectra (see below), and 2 aqueous ATR spectra. Baseline water spectra (18.2 MΩ Milli-Q water) were subtracted from the aqueous protein spectra to produce a flat line in the 2,100 cm−1 libration band region. A small scaling factor was sometimes required. If the spectrum could not be made flat in that region, the data were discarded. The integrated absorbance of the 1717–1772 cm−1 or 3,800–3,900 cm−1 regions were used to guide water vapour subtraction where necessary (Max and Chapados, 2009). A vapour spectrum was collected by first purging the instrument with N2, collecting a spectrum, then stopping the N2 flow (which allows a small increase in water vapour in the light beam) and collecting a second spectrum. The difference between the two spectra was used for water vapour correction. In practice, the need for water vapour correction was minimised by collecting a baseline water spectrum directly before each protein spectrum—so both spectra had similar water vapour contributions. Protein spectra were normalised to 1 at the Amide I maximum.
Solid-state data were collected using samples prepared by grinding proteins to a fine powder before mixing with separately grounded potassium bromide (KBr) to obtain a 1–10% w/w dilution of the protein. The KBr/protein mixture was compressed by means of a Manual Hydraulic Press (Specac, Orpington, UK) using 5–10 kpsi for about a minute to produce a pellet which was held between sodium chloride (NaCl) windows in a PIKE Technologies cell (Fitchburg, United States). Since liquid water absorption was detected, a scaled water spectrum collected separately with calcium fluoride (CaF2) windows was subtracted to give a flat spectrum in the 2,100 cm−1 region (Max and Chapados, 2009).
Aqueous protein solutions were prepared by dissolving lyophilised protein powders in 18.2 MΩ cm Milli-Q water in concentrations ranging from 10 to 80 mg ml−1. Insoluble residues were removed by centrifugal filtration with Teflon disk filters (0.22 µm pore size). Solution transmission spectra were collected using a Specac (Orpington, United Kingdom) transmission cell with CaF2 windows and no spacer making an estimated 1 µm path length. About 40 µl of sample was placed on one of the windows and the other was slid over it, making sure no air bubbles got trapped in the process. Two high β-sheet aqueous proteins samples were collected in ATR mode using a Pike Miracle™ ATR unit.
In addition, a 50-protein reference set previously obtained using ATR with thin films that were made by slowly evapourating aqueous protein solutions containing 100 µg of protein under a stream of N2 (Goormaghtigh et al., 2006) was used as the main reference set for this work. The proteins in the 50-protein thin-film set were selected to cover structure and fold space (Oberg et al., 2003; Goormaghtigh et al., 2006). A 47-spectra normalised aqueous transmission reference set provided by BioTools (Jupiter, USA) was used as an additional test set.
RESULTS
The goal of this work was to determine how we could optimise and validate the accuracy and reliability of secondary structure predictions for proteins from good quality protein IR absorbance spectra. A key goal was to have a procedure that required no intelligent intervention until the final analysis of the results. For validation of protein secondary structure fitting methods, the key questions to be answered are:
i) when can the fitting be trusted (most relevant for day-to-day applications)
ii) if the fitting is poor, why? (most relevant for method assessment).
What is presented here is the largest consideration of protein IR data that has been performed to date. We have worked with the reference-set based method SOMSpec, which we designed for CD, to extract structure information for an unknown protein spectrum by finding combinations of known proteins that most resemble the unknown using a self-organising map. We undertook a leave-one-out validation within a large reference set and then tested against a larger set of unknowns from different sources. We also considered to what extent the band shape enhancement of FSD facilitates how SOMSpec extracts information from the broad largely featureless bands of protein IR spectra. The structure information content of solid-state IR spectra, which are even broader than aqueous spectra, is assessed, as is whether transmission and ATR Amide I spectra can be compared. We also perform direct and second derivative band-fitting estimates on the same reference set in order to be able to compare the performance of the approaches most commonly used in the literature relative to an approach using the information in a reference set.
Film Protein IR Spectra LOOV
The main protein IR reference set used in this work is a large one available in the literature (Figure 1A, see Supplementary Table S1 in the Supplementary Material for list of proteins and spreadsheets with SOMSpec input and output data). It is a 50-protein film reference set designed to give structure and fold coverage (Oberg et al., 2003; Goormaghtigh et al., 2006). The data for 50 proteins were collected by drying aqueous protein samples on an ATR unit to a thin film (we refer to this as the 50-protein thin film reference set). This approach has the advantage that the water absorbance of the spectra, which needs to be removed to give the protein contribution, is small rather than dominating the signal. However, it raises the question whether the spectra are an appropriate reference set for aqueous spectra. We expected the ATR film spectra to have the same spectral shape as transmission spectra based on reference (Jang and Miller, 1993) (if the proteins are folded the same). However, we were concerned that the film spectra might be less structured than solution spectra as is observed for solid-state data (see below). Figure 1B contains the overlay of some film and solution spectra for a few proteins of different secondary structure content. The spectra differ no more than independently collected aqueous transmission spectra vary which gave us the confidence to use this reference set as the main training set for SOMSpec IR in this work.
[image: Figure 1]FIGURE 1 | (A) A 50-protein thin-film ATR reference set (see Supplementary Table S1 for list of proteins). Inset: Amide I maxima plotted versus total α-helix red and β-sheet blue content. Proteins F1−F7 (>60% helix) are purple; F8−14 (45–59% helix) are blue; F15−21 (34–44% helix) are turquoise; F22−F28 (26–33% helix) are green; F29−F33, F36, F38 (17–25% helix) are yellow; F34, F35, F37, F39, F40 (10–16% helix) are orange; F41−F50 (<10% helix) are red with the unfolded F50 dotted. (B) Overlay of some normalised ATR thin-film (solid lines) and aqueous transmission (dashed lines) spectra. (C) LOOV deviations of SS prediction from PDB structures for helix (α-helix + 310-helix) and β-sheet for the Amide I 50-protein thin-film reference set in order of decreasing helix content from left to right. 5 × NRMSD of the spectral fit is overlaid. Other category deviations are minus the sum of helix and β-sheet deviations. (D) Phosphoglycerate kinase (F17) LOOV SOMSpec output from 50-protein film reference set for a relatively poor quality example. In the map, U1, U2, U3 are the best matching nodes for the test protein. These can be expressed as linear combinations of their neighbouring reference set nodes. The proteins can be identified from Supplementary Table S1 in the SM, by noting that the test protein is F17 in the reference set, so proteins R1–R16 correspond to F1–F16, and R17–R49 correspond to F18–F50. The real spectrum is F17’s input data, and the predicted spectrum is the SOMSpec output.
The correlation between intensity maximum position and helix or sheet content for the 50-protein thin film reference set is illustrated in the Figure 1A inset. On a simple level, there is a correlation between peak position and low α-helix/high β-sheet content, which is the basis for the band-fitting approaches. Peak position enables high, medium, and low α-helical and β-sheet proteins to be directly identified.
To test the performance of SOMSpec with proteins whose data were collected in an entirely consistent manner, LOOV analysis was performed. The deviations of the predicted fractions of α-helix and β-sheet from the Protein data bank (PDB) (Berman et al., 2000) DSSP are summarised in Figure 1C where the difference between the SOMSpec prediction and the DSSP annotation is plotted for helix (α + 310) and β-sheet. The deviation for Other structures is minus the sum of these two (as both prediction and DSSP content sum to 1). The LOOV average helix (α + 310) prediction error is 8% and the average β-sheet error is 7% (when the unfolded metallothionein II (F50) is excluded).
Figure 1D shows the LOOV graphical output for phosphoglycerate kinase (protein F17). The top graph illustrates the trained SOM with the BMUs for the test protein overlaid. Although there are 1,600 nodes in the map, only those corresponding to the 49 LOOV training set proteins are shown as blue dots with black labels. In this case, the fit is poor as shown by the BMUs not clustering (which indicates the test spectrum does not resemble spectra in any area of the map), a high spectral NRMSD, and poor maximum intensity wavenumber match. If the training is repeated, the map may look different with nodes moved, but the BMUs and structure predictions are almost the same because the nodes’ relationships are regenerated.
For practical application of any fitting method to unknown spectra, an estimate of the error for that specific sample is needed. The spectral NRMSD (5×NRMSD is plotted in Figure 1C to aid visualisation) gives an indication of how well the test spectrum overlays the best spectrum generated from the combination of spectra from the other N−1 spectra in the reference set. This together with the accuracy of the predicted versus experimental wavenumber maximum are guides to fit-quality. To get a more detailed picture of the reliability of SOMSpec, all helix and sheet errors above 10% were individually analysed. Caveats to emerge are:
i) Poor water or water vapour correction causes problems (e.g., F48). If this was a test spectrum, the data should be discarded. As it is part of a published reference set we retained it.
ii) Metallo-proteins whose ligand IR signals contribute to the Amide I region of the spectrum cause secondary structure prediction errors both for their own analysis and where they are BMUs (e.g., F10, F12, F26).
iii) 77% helix F4 (haemoglobin) and 41% helix F12 (cytochrome c) have almost identical spectra so any fit involving either of these as a BMU can only be concluded to have helix >40%.
iv) Predicted and original spectra that have a poor match of a high wavenumber maxima >1,650 cm−1 and/or miss significant high wavenumber intensity indicate helix secondary structure errors.
v) Predicted and original spectra that have a poor match of a low wavenumber maxima (<1,645 cm−1) and/or miss significant low wavenumber intensity indicate β-sheet secondary structure errors.
vi) Immunoglobulins (F42) only give good fits when an immunoglobulin is present in the reference set.
vii) F46 and F50 both have ∼70% random structure which is under-estimated by ∼40% and causes problems when they are BMUs.
The poor protein fits in the LOOV for the 50-protein film reference set are annotated in the final column of Supplementary Table S1.
Aqueous Test Spectra of Known Structure
The LOOV results gave guidance for the use of SOMSpec with unknowns. We therefore tested SOMSpec on a further 68 transmission spectra of various proteins with known secondary structure content using a SOMSpec map trained for the 50-protein thin-film reference set (the trained map is available via the Supplementary Material). Nineteen of the test spectra were collected in transmission mode, 2 were collected by ATR and transformed computationally to transmission (see methods and Supplementary Material spreadsheet), and 47 were from the commercial BioTools reference set. The average total helix and sheet errors were 8 and 5%, respectively (see Figure 2 for deviations from PDB structures), with the major contributions to the helix error being for high helix content proteins. When only the results for proteins of helix content <48% are considered, the helix and sheet average errors are both 5–6%, leading us to conclude that high helix proteins contribute disproportionately to the absolute helix errors. In general, the SOMSpec output plots present warnings where needed as listed above.
[image: Figure 2]FIGURE 2 | Deviations of predictions from PDB structures for average helix (α-helix + 310-helix) and β-sheet for Amide I of 68 aqueous test proteins presented in order of decreasing helix content from left to right. Other category deviations are minus the sum of helix and β-sheet deviations.
Fourier Self-Deconvolution
It is widely accepted for IR spectroscopy applications that FSD can improve analysis. This is partly visual, which is important in most band fitting approaches, but may perhaps also be because it can remove noise from a spectrum. The effects of different parameters are illustrated in the Supplementary Material (Supplementary Figure S1) for bovine serum albumin. LOOV testing of the BioTools 47-protein reference set with a range of FSD parameters made significant improvements in the spectral NRMSDs, e.g., γ = 25 and smoothing factor = 0.5 together with re-zeroing and re-normalising improved average spectral NRMSDs by ∼30%; however, disconcertingly, the average error of structure predictions from PDB structures for these parameters increased marginally (1–2%). Less dramatic parameters, e.g., γ = 10, smoothing factor = 0.25, showed a marginal average improvement in secondary structure estimates, though this probably correlates with the noise reduction of the FSD process.
Fitting ATR Spectra With a Transmission Reference Set
Because we often wish to study proteins in their native environment and aqueous ATR experiments are much easier to perform than transmission, we also investigated the quality of the secondary structure predictions for aqueous ATR spectra. Due to the instrument to instrument and sample to sample (e.g., concentration and buffer components) differences of ATR spectra, we decided that we should use a reference set that was instrument independent (in this case, the 50-protein thin film reference set). We produced ATR test spectra by transforming our transmission spectra for 21 aqueous test proteins to ATR following the equations given in the Supplementary Material which are based on reference (Rodger et al., 2020) (assuming a single bounce 45° incidence ZnSe crystal). The average SOMSpec helix prediction for the ATR spectra was somewhat worse than the corresponding transmission tests at 8 versus 6% for this subset of proteins, but the sheet prediction was marginally (1%) better. Again, visual inspection of output made problems obvious.
Solid-State Protein IR Spectra LOOV
We were interested to test how well SOMSpec worked with Amide I solid-state data, since solid-state proteins are more likely to have the same structures as those used for crystallography and the protein absorbance is not dominated by the water signal. The solid-state spectra (Figure 3A, see Supplementary Material for list of proteins and spreadsheets with SOMSpec input and output data) are broader and less structured than the 50-protein film reference set (Figure 1A). The correlation between position of the intensity maximum and helix or sheet content is slightly worse for the solid-state protein set than for the 50-protein film reference set.
[image: Figure 3]FIGURE 3 | (A) Amide I transmission IR spectra of 30 solid-state proteins normalised to 1. Proteins with α-helix content >45% are indicated with broad lines and have maxima above 1,650 cm−1. Papain and lysozyme are broad dashed lines (see text). Colour coding of spectra is the same as in Figure 1: >60% helix purple; 45–59% helix blue; 34–44% helix turquoise; 26–33% helix green; 17–25% helix yellow; 10–16% helix orange; <10% helix red. Inset: Amide I maxima plotted against α-helix and β-sheet content. (B) LOOV deviations of SS prediction from PDB structures for α-helix and β-sheet for the Amide I of 30-protein solid-state reference set presented in order of decreasing helix content from left to right (for protein identities see Supplementary Material). Other category deviations are minus the sum of helix and β-sheet deviations.
The SOMSpec LOOV results for the 30-protein solid-state reference set are summarised in Figure 3B (see Supplementary Material for input and output details) in terms of deviations of α-helix and β-sheet content from PDB values. The NRMSD levels (plotted as 5×NRMSD) are generally a guide to the quality of the fit. Overall, SOMSpec gave reasonable estimates of secondary structure content with a few notable exceptions. The average deviations are 17% for α-helix and 10% for β-sheet. If we remove three types of problematic proteins from the average error calculation the average errors reduce to 11 and 8% respectively. The problem classes are again 1) high helix content proteins especially those with papain (S19) and/or lysozyme (S12) among their BMUs (the helix content is significantly underestimated), 2) βII proteins in particular trypsin (S24) and chymotrypsin (S25), and 3) the largely unfolded bungarotoxin (S30). Interestingly, both lysozyme and papain CD spectra (Whitmore et al., 2011; Olamoyesan et al., 2021) have βII characteristics suggesting this is a key to the problems with the first two types.
Overall, the solid state SOMSpec LOOV analysis can be described as being indicative of the secondary structure of the test protein as the errors are quite high. The increased accuracy when high helix, high sheet, and βII proteins are removed flags a warning for the quality of the fitting for these classes of proteins. It should be noted that some of the reduced accuracy of the fits with the solid-state rather than film or solution proteins will be the result of the smaller reference set used. However, the space coverage of this reference set is fairly good so we attribute most of the increased error to the broader peaks.
Gaussian Band-Fitting to Determine Secondary Structure
Using SOMSpec takes more effort than a simple band-fitting approach so we assessed whether the extra effort was worth it by making estimates of the secondary structures of the 50-protein thin-film reference set using both a direct Gaussian fitting and second derivative spectra fitting implemented in OriginPro. The differences between the predicted fractions of α-helix and β-sheet and the Protein data bank (PDB) (Berman et al., 2000) DSSP values (referred to as deviations) are plotted in Figure 4A for direct band-fitting and in Figure 4B for the Yang method via the second derivative spectra. The proteins have been plotted in order of helical content decreasing from left to right. The results of the direct fitting were average helix and sheet errors of 19 and 13%, respectively, whereas fitting via second derivatives gave average errors of 10 and 16%. We could see no patterns or common signatures of poor secondary structure estimates to help guide answering either question (i) or (ii) above.
[image: Figure 4]FIGURE 4 | Deviations of secondary structure prediction from PDB structures for helix and β-sheet for the Amide I band of the 50-protein film reference set presented in order of decreasing helix content from left to right for (A) direct Gaussian band-fitting and (B) the second derivative fitting approach reported in reference (Yang et al., 2015). See Supplementary Material for protein identities. Deviations of the Other category deviations are minus the sum of helix and β-sheet deviations.
CONCLUSION
The main goal of this work was to establish a robust and reproducible approach, whose limitations are clear, to extract secondary structure information from Amide I protein IR spectra. In summary, we implemented our reference-set based self-organising map approach, SOMSpec, with a 50-protein thin-film reference set in both LOOV and on 68 other test proteins. We showed that the thin-film ATR spectra could be used as a reference set for transmission spectra aqueous proteins. The average SOMSpec prediction errors were 7% for both helix and sheet content for aqueous protein samples. High helix (>40–50%) estimates are of variable quality due e.g., to the high similarity of cytochrome-c’s spectrum (41% helix) and hemoglobin’s (77% helix). If high helix proteins are removed from the average, then the errors reduce to 5–6%. Due to the cause of the helix errors, adding more proteins to the reference set will not resolve it.
Problematic results were able to be identified by inspection of the SOMSpec outputs. In particular, shifts of wavelength maxima and loss of spectral intensity at high wavenumbers or low wavenumbers indicate, respectively, low helix and low sheet content in the prediction. We also found that proteins such as lysozyme and papain which have βII characteristics in their CD spectra (Whitmore et al., 2011; Olamoyesan et al., 2021) have helix-like IR spectra. Finally, proteins with prosthetic groups which absorb in the Amide I region such as flavins and hemes may also cause errors in secondary structure predictions. Despite these caveats, a key advantage of the SOMSpec approach is that the fitting process is entirely reproducible so it can be used for batch-to-batch comparisons. The attraction of the 50-protein thin-film reference set is that the spectra mirror the shape of transmission spectra as illustrated in Figure 3C but are easier to collect and perform baseline correction than aqueous transmission spectra so the reference set itself is more reliable.
We also estimated the secondary structures of the 50-protein thin-film reference set using two band-fitting approaches and found that the errors can be significant and variable. This work and previous work by (Oberg et al., 2004) on applications of SELCON to IR data suggests that the key advantage of SOMSpec is that it is based on using a reference-set to provide secondary structure information. Thus, it (or e.g., SELCON3) is dependent on the quality of the reference set. SOMSpec has the additional advantage that it enables the user to interrogate the input and output regarding the quality of the fit.
A SOMSpec LOOV analysis of solid-state spectra suggests that there is enough information in solid-state spectra for useful secondary structure fitting, but that the 30-protein reference set is too small.
In accord with the results of Wi et al. (1998), we found that FSD does not improve structure fitting with the reference-set based SOM approach, though the spectral NRMSDs improved in a misleading manner. This is in accordance with FSD not actually increasing the information content of any spectrum.
Finally, ATR data collection is extremely attractive for aqueous protein samples as it is much simpler to mount the sample and simpler to perform the baseline correction. Although we have previously shown it is relatively straightforward to convert ATR spectra to transmission as summarised in the Supplementary Material (Rodger et al., 2020), many users find it attractive to be able to ignore the differences. Our conclusion for ATR data is that if the protein of interest either has high β-sheet content or an extra 2% average helix error is acceptable, then normalised ATR data can be used directly with a transmission (or ATR thin film as in this work) reference set, and conversely. As quality protein ATR data collection is much easier to achieve than with transmission, this innovation addresses some of the challenges of protein structure fitting from IR data.
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Phosphate is an anion of both environmental and medical significance. The increase in phosphate levels in surface waters due primarily to run-offs from fertilized agricultural fields causes widespread eutrophication and increasingly large dead-zones. Hyperphosphatemia, a condition in which blood phosphate levels are elevated, is a primary cause of increased mortality and morbidity in chronic or advanced kidney disease. Resolving both of these issues require, in part, new technology that could selectively sequester phosphate in water at neutral pH. The high hydration energy of phosphate, which prevents organic receptors from functioning in water with sufficient affinity, can be overcome via coordination to a hard metal ion. The hardness, oxophilicity and lability of lanthanide ions make them excellent candidates for the design of high affinity phosphate receptors. In this perspective, we discuss how the principles of lanthanide coordination chemistry can be exploited to design sensitive and selective receptors for phosphate. Unlike many supramolecular systems, these hosts do not recognize their anionic guests via directed electrostatic and hydrogen bonding interactions. Instead, the selectivity of our fluxional receptors is governed entirely by acid-base chemistry and electrostatic forces. Parameters that affect the affinity and selectivity of the receptors include the basicities of the coordinating ligand and of the targeted anion, the acidity of the lanthanide ion, and the geometry of the ligand. Uniquely, their affinity for phosphate can be readily tuned by orders of magnitude either by peripheral interactions or by the lanthanide ion itself without affecting their exquisite selectivity over competing anions such as bicarbonate and chloride.
Keywords: phosphate, receptor, lanthanide, luminescence, supramolecular, recognition
INTRODUCTION–NEED AND REQUIREMENTS FOR PHOSPHATE RECEPTORS
Phosphate, a tetrahedral oxyanion with one of the largest hydration energy (ΔGhydration H2PO4− = -465 kJ mol−1), (Marcus, 1991), has received much attention in supramolecular chemistry due to its significance in both environmental and medical applications. Environmentally, phosphate is the leading cause of eutrophication due to agricultural run-offs into lakes, rivers and coastal waters. (Schindler et al., 2008; Wang and Wang, 2009; Ménesguen et al., 2018). Efforts to clean up or attenuate these damages would benefit from the development of novel technology that can selectively remove and recover phosphate from wastewaters. Medically, the poor ability of dialysis to remove the highly hydrated anion leads to accumulation of phosphate in patients with advanced or chronic kidney diseases. (Sherman, 2016). With time, this accumulation leads to vascular calcification with significant increased risk of mortality and morbidity. (Block et al., 1998; Ganesh et al., 2001; Block et al., 2004). Phosphate binders such as lanthanum carbonate, which are taken orally at large doses, lead to significant side effects and have shown limited efficacy at managing this conditions. (Floege, 2016; Biruete et al., 2020).
Both of these problems could be addressed with efficacious supramolecular receptors that could sequester excess phosphate from complex aqueous media. There are similarities in the requirements for both of these applications, including efficacy in water at neutral pH and extremely high selectivity over other anions present in higher concentration, notably bicarbonate and chloride. There are also differences. Because the target phosphate level in blood is 1.5 mM, phosphate receptors with relatively low affinity will suffice as long as they are highly selective and highly stable. For environmental applications, prevention of eutrophication and algae blooms requires decreasing phosphate levels to below 1 µM, (Great Lakes Water Quality Agreement, 2012), requiring receptors with substantially higher affinity for the anion.
Many receptors for phosphate have been reported and reviewed. (Hargrove et al., 2011; Pal et al., 2020; Ramakrishnam Raju et al., 2020). Most are organic molecules inspired by phosphate binding proteins and follow the traditional lock-and-key principles of supramolecular chemistry. In these cases, phosphate recognition is contingent on pre-organized hydrogen-bonding and electrostatic interactions, which are too weak to overcome the very high hydration energy of phosphate. As a result, they perform poorly or not at all in aqueous media. Overcoming the hydration energy of phosphate, a hard anion, is best achieved by enabling the anion to coordinate a hard metal. Some success has been achieved with zinc(II) and copper (II), although the affinity and selectivity of these receptors remain insufficient for the intended medical and environmental applications. Lanthanide complexes, on the other hand, offer the possibility to achieve not only very high selectivity and sensitivity, as required for both of these applications, but also the ability to tune the affinity for phosphate as desired. Herein we discuss how and why our group has achieved this unique control.
LANTHANIDE-BASED RECEPTORS FOR PHOSPHATE
The affinity of lanthanide complexes with one or more open coordination sites for inorganic phosphate in water is well known. All clinical gadolinium-based magnetic resonance imaging (MRI) contrast agents have at least some affinity for phosphate. (Burai et al., 1997). Many lanthanide-based probes for smaller anions such as HCO3− are not perfectly selective over phosphate despite their more crowded open coordination sites that disfavors coordination of the bulkier tetrahedral anion. (Bretonniere et al., 2004; Pierre et al., 2006a; Pálinkás et al., 2009; Smith et al., 2012). It thus follows from these observations that one could design lanthanide complexes that have good affinity for phosphate simply by opening up at least one coordination site. (Ramakrishnam Raju et al., 2020). Importantly, one should note that for lanthanide receptors in water and in the absence of anions, these open coordination sites are occupied by loosely bound and rapidly exchanging water molecules. Selectivity over other anions, most of which are smaller (i e., F−, HCO3−), is more difficult to engineer since it cannot be achieved by steric means. Instead, this selectivity that is so crucial to both medical and environmental applications has to be incorporated by modifying the nature of the coordinating ligand L.
Insight into how selectivity can be engineered also comes from the field of MRI contrast agents and luminescent probes. Europium(III) complexes of TREN-1,2-hydroxypyridinonate (1, Figure 1A, Table 1), are known to have no affinity for phosphate despite their flexible coordination geometry that leaves two sterically unhindered open coordination sites. (Jocher et al., 2007). They thus differ from their less basic polyaminocarboxylate counterparts that also bind oxyanions such as phosphate and bicarbonate. This difference is rational. Since the filled 5s and 5p orbitals efficiently shield the partially filled 4f orbitals of the lanthanides, bonding to lanthanide ions is almost entirely ionic. Unlike transition metal complexes, there is negligible overlap between the molecular orbitals of the lanthanide ion and those of the coordinating ligands. Coordination to lanthanide ions is thus primarily an acid-base interaction. There is thus, predictably, a well-established relationship between the basicity of the coordinating ligand L and the stability of GdIIIL complexes. The more basic the ligand, the more stable the complex, up to a point near ΣpKa ≈ 35 beyond which the trend reverses. (Kumar et al., 1993; Doble et al., 2003; Pierre et al., 2004).
[image: Figure 1]FIGURE 1 | (A) Chemical structures of phosphate receptors (B) Relaxivity response of GdIII receptors to phosphate binding. Rapidly exchanging water molecules bound to GdIII enhance the proton relaxation of the bulk water, resulting in high longitudinal relaxivity (r1). Bound phosphate anions prevent coordination of water molecules, thereby reducing the proton relaxation of the bulk solvent and decreasing the relaxivity (r1) (C) Luminescence response of EuIII receptors to phosphate binding. Coordinated water molecules efficiently quench EuIII luminescence. Phosphate anions displace the inner-sphere water molecules upon coordination, which increases the EuIII-centered luminescence intensity and lifetime.
TABLE 1 | Inorganic phosphate ternary complex stoichiometry, affinity, selectivity, and mode of detection for phosphate receptors.
[image: Table 1]We postulated that this same trend could be used to rationally design selective lanthanide receptors for phosphate. Since phosphate is not just the guest of the lanthanide host but also one of its ligands, it would thus follow that the basicity of the ligand L should impact the affinity of the GdIIIL complex for phosphate and other anions. TREN-1,2-hydroxypyridinonate (1) ligands, which have a ΣpKa ≈ 35, already fulfill the needs of the gadolinium(III) ion. Coordination of a basic oxyanion guest would increase the sum of the basicity for all coordinating ligands, which is thermodynamically unfavorable. The opposite is true for complexes that use less basic ligands. For those, coordination of an additional oxyanion would be thermodynamically favored because it would increase the ΣpKa.
Indeed, we have demonstrated that if the geometry of the ligand and the charge of the complex are constant, and in the absence of steric hindrance at the open coordination sites, the affinity of gadolinium(III) complexes for anions is directly determined by only two factors: the stability of the complex, which is itself a function of the basicity of the ligand, and the basicity of the anionic guest. (Ramakrishnam Raju et al., 2019). The more stable the GdIIIL complex, the lower the affinity of the lanthanide for the anion. The most stable GdIII complex has no affinity for any anions (Table 1). The lanthanide complexes with intermediate stability form ternary (LnIIIL·anion) or quaternary (LnIIIL·anion2) assemblies with anions. For weakly stable complexes, however, phosphate and other anions readily compete with and displace the ligands L, resulting in the formation of LnIII·anionx precipitates. Advantageously, these equilibriums can be readily monitored by relaxivity. Since the relaxivity (r1) of GdIIIL complexes is directly proportional to the number of inner-sphere water molecules (Figure 1B), unbound GdIIIL receptors have significantly higher r1 than those for which the inner-sphere water molecules have been displaced by coordinating anions.
The reverse—selectivity between different anions for a given lanthanide complex—follows the same rules. In the absence of steric hindrance at the coordination site, the affinity of GdIII complexes for anions always follows the trend in the basicity of the anions: phosphate > arsenate > bicarbonate > fluoride. (Ramakrishnam Raju et al., 2019). That basicity, and not Pearson’s hardness, governs the selectivity between anions is due to the purely ionic nature of lanthanide coordination. Indeed, under basic conditions, significantly softer but also more basic anions such as CN− also coordinate lanthanide ions. (Huang and Pierre, 2018).
The ligand TREN-MAM (2) is slightly less basic than TREN-HOPO (1). (Puerta et al., 2006). As a result, even though GdIII-TREN-HOPO has no affinity for anions, GdIII-TREN-MAM has high affinity for phosphate and good, although not sufficient, selectivity over bicarbonate and fluoride. (Harris et al., 2017; Table 1). Predictably, given the role of basicity on anion coordination, this coordination is pH dependent. GdIII-TREN-MAM binds phosphate with high affinity at neutral pH but not at all at pH 2. This behavior, which is common to the entire class of lanthanide-based phosphate receptors, is key to pH-driven catch-and-release process that, advantageously, enable recycling of the receptor over numerous cycles. (Harris et al., 2017).
It is important to note that the above trends are only valid in so much as there is no significant steric hindrance at the open coordination sites. This is not the case, for instance, for macrocyclic polyaminocarboxylate (DOTA-type) complexes. Crystal structures of lanthanide complexes of the class of tris-bidentate ligands indicate that their open coordination sites, filled with solvent molecules in the absence of anions, are far apart from each other. (Xu et al., 2004; Jocher et al., 2007). There is no steric hindrance preventing anion coordination. Moreover, in the absence of ligand-field stabilization and with non-rigid ligands such as the ones discussed herein, lanthanide complexes are highly fluxional, interconverting rapidly between different isomers close in energy. This rapid interconversion between numerous isomers, which is faster than the NMR time-scale, is apparent for both the unbound (free) and the phosphate-bound form of the complexes. It is evident that this class of fluxional lanthanide hosts does not follow the standard lock-and-key geometric standards of supramolecular chemistry articulated by Emil Fischer whereby recognition of the phosphate guest is reliant on pre-organized hydrogen-bonding and electrostatic interactions. Instead, the affinity and selectivity for phosphate is entirely governed by the highly ionic lanthanide(III)-OPO3H bond.
GdIII-TREN-MAM demonstrated the potential to rebrand failed gadolinium-based MRI contrast agents as phosphate sequestration agents, but its insufficient selectivity over bicarbonate does not make it the receptor of choice for both medical and environmental applications. Based on the above discussion, a complex of stability intermediate between TREN-MAM and TREN-HOPO should offer the necessary selectivity. Given the limited choice in podands, a simpler approach to achieve this goal than changing the podand is to slightly destabilize the GdIII-TREN-HOPO complex by marginally modifying its geometry. With that goal in mind, we synthesized five more tripodal EuIII-HOPO complexes bearing different ligand caps (Figure 1A). (Huang et al., 2020) Europium(III) was chosen for this study instead of gadolinium(III) due to the lower solubility of the lanthanide HOPO complexes that is incompatible with the insensitive nature of relaxometric measurements. The high efficiency by which HOPO sensitizes EuIII emission, on the other hand, enables facile determination of anion coordination by time-resolved luminescence spectroscopy (Figure 1C).
Of the six EuIII-HOPO complexes synthesized, four have eight-coordinate, q = 2 ground states (EuIII1, EuIII5, EuIII6, and EuIII7), whereas two have nine-coordinate, q = 3 ground states (EuIII8 and EuIII13), where q is the number of open coordination sites initially filled by water molecules. This observation is in line with prior reports that demonstrated that the 8 and 9 coordination states of the HOPO-class of complexes are very close in energy such that minor modification in ligand geometry is sufficient to favor one or the other state. (Pierre et al., 2006b). Two of these complexes: the 8-coordinate EuIII-2,2-LI-HOPO (EuIII5) and the 9-coordinate EuIII-3,3-Gly-HOPO (EuIII13) bind phosphate with very high affinity in water at neutral pH. Predictably, the EuIII complex with two open coordination sites binds two phosphate anions, thereby forming a LnIIIL·Pi2 assembly, whereas the one with three open coordination sites binds three phosphate anions, forming LnIIIL·Pi3. Importantly, both complexes showed not only high affinity for phosphate, but also exquisite selectivity over other anions, notably bicarbonate, fluoride and carboxylates. As such, they both fulfill all the prerequisites noted above for both environmental and medical applications of phosphate sequestration.
This study yielded two important conclusions. The first is that there is no relationship between the number of open coordination sites and the affinity of the complex for anions. Some highly stable complexes with three open coordination sites have no affinity for phosphate or any other anions. Some slightly less stable complexes with only two open coordination sites do have high affinity for phosphate. The second is that there is, however, a strong relationship between the quantum yields of europium complexes of 1,2-HOPO and their affinity for phosphate. Indeed, the only two complexes that bind phosphate have noticeably lower quantum yields. Raymond previously reported that lower quantum yields of some 1,2-HOPO EuIII complexes are due in part to the effect to the increased distance separating the HOPO sensitizer from the EuIII ion. (Abergel et al., 2009; Daumann et al., 2016). Decreasing the effectiveness by which one or more 1,2-HOPO podand coordinates EuIII is what leads to increase affinity of the receptor for phosphate. Unfortunately, it is not yet possible to predict or compute which ligand will or will not destabilize the complex, that is, which ligand cap will decrease the effectiveness by which 1,2-HOPO coordinates EuIII as necessary to enable phosphate coordination.
Altogether, these studies demonstrate that highly sensitive and selective receptor for phosphate that function in water at neutral pH can be successfully designed by optimizing the stability of the lanthanide coordination sphere. A common theme in achieving our goal was the importance of the basicity of both the coordinating ligand L and the anions. It thus follows that the nature of the lanthanide ion, which affects its Lewis acidity, should also have an effect on the stability of the complex and, by extension, on the affinity of the receptor for phosphate.
The most important periodic trend across the lanthanide series is their gradual contraction, with a 16% reduction in the ionic radii of the lanthanides from LaIII to LuIII. (Shannon, 1976). This contraction results in a progressive increase in the acidity of the lanthanides across the series from a pKa of 9.24 for LaIII to 7.52 for LuIII. (Klungness and Byrne, 2000). Our NMR studies demonstrated that these tris-bidentate ligands are highly fluxional suggesting that steric hindrance does not impede lanthanide coordination. Given that the stability of gadolinium(III) complexes is a function of the basicity of the ligand, we anticipated a linear progression in stability of LnIII-2,2-LI-HOPO complexes across the series. Indeed, we observed significant and progressive increase in pM values from LaIII to LuIII indicating that for complexes of this class of ligand, steric components do not hinder coordination of even the smallest lanthanides. (Wilharm et al., 2021). The extreme difference in pM values between LuIII and LaIII, ΔpM = 7.5, which is substantially more than that observed with other ligands, suggest that this class of ligands also holds potential for separation of rare earth elements.
The same periodic trend is observed for the affinity of lanthanide complexes for phosphate. The affinity for phosphate of both LnIII-2,2-LI-HOPO and LnIII-3,3-Gly-HOPO increases significantly from LaIII to LuIII, with a difference in affinity (Δlogβ) for the oxyanion of at least 5.2 and 2.5 between the first and last lanthanide complexes of those two ligands, respectively. (Wilharm et al., 2021). As predicted, the affinity of the lanthanide receptors for phosphate can be tuned as desired by orders of magnitude simply by moving left or right on the periodic table. Advantageously, increased efficacy does not come at the detriment of complex stability. lutetium(III) has the highest affinity for phosphate and also forms the most stable 1,2-HOPO complexes. It thus holds particular potential for translational applications for both medical and environmental applications since it is even less likely, given its stability, to leach from the receptor.
The unique ability to design lanthanide complexes that bind phosphate with high affinity and selectivity stems from the purely ionic nature of the lanthanide-ligand interactions. By extension, this ionic nature of lanthanide coordination stipulates that, even in water, peripheral electrostatic charges would have a significant effect on the affinity of the receptor for the oxyanion. We previously exploited this behavior to distinguish between ATP, ADP and AMP and monitor enzymatic reactions of kinases. (Weitz et al., 2012; Weitz et al., 2013). The extreme magnitude of this effect was demonstrated with a series of five amino-acid derivatives, EuIII-3,3-AA-HOPO (EuIII9–EuIII13), that differed in the incorporation of a single positively charged (lysine), negatively charged (glutamate and cysteate) or neutral (serine) pendant group capable of hydrogen bonding (Figure 1A and Table 1). (Huang et al., 2019) In the absence of phosphate, all five of these complexes are nine-coordinate with three inner-sphere water molecules. The two negatively-charged complexes, EuIII-3,3-Glu-HOPO (EuIII11) and EuIII-3,3-Cyst-HOPO (EuIII12) have no affinity whatsoever for phosphate at neutral pH: addition of 10 equivalents of the anion does not increase either the luminescence intensity nor the luminescence lifetime of the probe. Addition of a single alcohol group that can hydrogen bond to phosphate and stabilize its coordination to the lanthanide center increases the affinity of the complex for the oxyanion by 20-fold. Whereas the two neutral complexes EuIII-3,3-Gly-HOPO (EuIII13) and EuIII-3,3-Ser-HOPO (EuIII10) each bind three phosphates, one for each open coordination site, the positively charged complex EuIII-3,3-Lys-HOPO (EuIII9) only binds two. The pendant primary amine of the lysine derivative strongly stabilizes one of the inner-sphere water molecules. As a result, the EuIII-3,3-Lys-HOPO·Pi2 adduct retains one inner-sphere water molecule even in the presence of an excess of phosphate. Similar behavior has been observed with other gadolinium(III) 1-Me-3,2-HOPO complexes. (Pierre et al., 2006b). Nonetheless, even though EuIII-3,3-Lys-HOPO only binds two phosphates, which accounts for its lower increase in luminescence intensity and luminescence lifetime upon anion coordination, both the first and second association constant for phosphate increases over two orders of magnitude compared to the parent neutral glycine derivative. One can thus dramatically increase the affinity of a lanthanide receptor for phosphate by orders of magnitude by adding either peripheral positive charges or stabilizing hydrogen-bonding moieties. The presence of a single negative charge, on the other hand, is sufficient to eliminate all affinity for phosphate. Significantly, increasing or decreasing the affinity via peripheral interactions does not affect the exquisite selectivity of these receptors.
CONCLUSION AND OUTLOOK
The above discussion highlighted the principles behind the design of lanthanide-based receptors with high affinity for phosphate and high selectivity over other common competing anions in water at neutral pH, notably bicarbonate. The high selectivity of these receptors is notable given the absence of steric hindrance at the open coordination sites and the lack of pre-organized hydrogen-bonding or electrostatic interactions. In these aspects, lanthanide-based receptors distinguish themselves from the majority of supramolecular hosts for anion recognition. The high stability of the complexes ensures that the metal will likely not leach into either a biological or environmental media, as prerequisite for any phosphate sequestration technologies. Future work will focus on immobilizing these receptors on polymers or materials and testing these unique filtration technologies in application such as the treatment of hyperphosphatemia and phosphate sequestration from wastewaters.
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Lipoquinones, such as ubiquinones (UQ) and menaquinones (MK), function as essential lipid components of the electron transport system (ETS) by shuttling electrons and protons to facilitate the production of ATP in eukaryotes and prokaryotes. Lipoquinone function in membrane systems has been widely studied, but the exact location and conformation within membranes remains controversial. Lipoquinones, such as Coenzyme Q (UQ-10), are generally depicted simply as “Q” in life science diagrams or in extended conformations in primary literature even though specific conformations are important for function in the ETS. In this study, our goal was to determine the location, orientation, and conformation of UQ-2, a truncated analog of UQ-10, in model membrane systems and to compare our results to previously studied MK-2. Herein, we first carried out a six-step synthesis to yield UQ-2 and then demonstrated that UQ-2 adopts a folded conformation in organic solvents using 1H-1H 2D NOESY and ROESY NMR spectroscopic studies. Similarly, using 1H-1H 2D NOESY NMR spectroscopic studies, UQ-2 was found to adopt a folded, U-shaped conformation within the interface of an AOT reverse micelle model membrane system. UQ-2 was located slightly closer to the surfactant-water interface compared to the more hydrophobic MK-2. In addition, Langmuir monolayer studies determined UQ-2 resided within the monolayer water-phospholipid interface causing expansion, whereas MK-2 was more likely to be compressed out and reside within the phospholipid tails. All together these results support the model that lipoquinones fold regardless of the headgroup structure but that the polarity of the headgroup influences lipoquinone location within the membrane interface. These results have implications regarding the redox activity near the interface as quinone vs. quinol forms may facilitate locomotion of lipoquinones within the membrane. The location, orientation, and conformation of lipoquinones are critical for their function in generating cellular energy within membrane ETS, and the studies described herein shed light on the behavior of lipoquinones within membrane-like environments.
Keywords: lipoquinone, ubiquinone, menaquinone, folded conformation, 2D NMR, electron transport, membrane interface, Langmuir monolayer
1 INTRODUCTION
Molecular conformations are paramount to the physical and chemical properties that dictate recognition and function of molecules within biological systems. The location and conformation of lipoquinones within biological membranes is not well understood and highly debated (Kingsley and Feigenson, 1981; Michaelis and Moore, 1985; Ulrich et al., 1985; Salgado et al., 1993; Soderhall and Laaksonen, 2001; Afri et al., 2004; Galassi and Arantes, 2015; Quirk et al., 2016; Koehn et al., 2018b; Koehn et al., 2019). Lipoquinones are hydrophobic membrane-bound molecules consisting of a redox-active quinone headgroup and an isoprenyl side chain. There are three major structural subgroups of lipoquinones which differ only in the structure of the headgroup. Ubiquinones (UQ), such as Ubiquinone-10 (UQ-10, Figure 1A), comprise of a benzoquinone ring with two methoxy substituents, plastoquinones (PQ) with a dimethylbenzoquinone, such as plastoquinone-9 (PQ-9), and menaquinones (MK), such as menaquinone-9 (MK-9, Figure 1B), contain a methylnaphthoquinone ring. Lipoquinones function as essential components of the respiratory electron transport system (ETS), where they shuttle electrons and protons between membrane-bound protein complexes, ultimately ending in the production of ATP (Nowicka and Kruk, 2010; Kawamukai, 2018). UQ and MK are involved in the ETS of oxidative phosphorylation in mammalian and bacterial cells, but PQ is involved in photosynthetic ETS in plants and photosynthetic bacteria (Kawamukai, 2018). For the purpose of this study, we will focus on UQ and MK. Even though the ETS is vital for life through the production of ATP, the role of lipoquinones is commonly distilled to an abbreviation within a diagram, such as “Q” for Coenzyme Q (UQ-10), the major electron transport agent in eukaryotes (Trumpower, 1981; Kawamukai, 2018), ignoring the conformation and location of these molecules as a whole. Similar to lipoquinones, polyprenyl compounds have been known to adopt preorganized, folded conformations presumably due to hydrophobic effect and π-π interactions (Woodward and Bloch, 1953; Murgolo et al., 1989). The synthesis of cholesterol relies on the preorganized conformation of squalene epoxide to produce a single stereochemical outcome out of 256 (28) possible conformations (Woodward and Bloch, 1953). Moreover, dolichol-19 adopts a coiled conformation (Murgolo et al., 1989). A handful of computational studies have investigated the dihedral angle (φ) about the C2C3CβCγ bond (as shown in red in Figure 1C) in UQs (Nilsson et al., 2001b; Ceccarelli et al., 2003; Galassi and Arantes, 2015; Eddine et al., 2020), MKs (Eddine et al., 2020), and plastoquinones (Nilsson et al., 2001a; Jong et al., 2015; Eddine et al., 2020), which determined φ was ∼90°, 100°, and 90°, respectively. In this study we determined the location, orientation, and conformation of UQ-2 (Figure 1C), a truncated, representative analog for native UQ-10, using 1D and 2D NMR spectroscopic methods in organic solvents and in biological model membrane systems comprised of AOT reverse micelles (RM) (Van Horn et al., 2008). This analysis will allow us to compare the location and conformation of UQ-2 with MK-2 (Figure 1D) (Koehn et al., 2018b) in membrane-like environments to shed light on the controversies regarding the location and conformation of lipoquinones in cellular membranes.
[image: Figure 1]FIGURE 1 | Schematic structures of native lipoquinones: (A) Ubiquinone-10 (UQ-10), and (B) Menaquinone-9 (MK-9). Schematic structures of truncated lipoquinone analogs: (C) Ubiquinone-2 (UQ-2) with the C2C3CβCγ bond indicated in red with dihedral angle, φ, and (D) Menaquinone-2 (MK-2).
The location of UQ-10 within the membrane has been widely studied using experimental and computational methods, but it continues to be controversial. Briefly, there is no consensus regarding the location of UQ-10 with its locations spanning the entire width of the membrane bilayer leaflet. Out of these studies, three schools of thought have emerged; the quinone headgroup is located: 1) at or near the lipid headgroups (Kingsley and Feigenson, 1981; Stidham et al., 1984; Lenaz et al., 1992; Salgado et al., 1993; Galassi and Arantes, 2015; Gómez-Murcia et al., 2016; Kaurola et al., 2016; Quirk et al., 2016; Teixeira and Arantes, 2019), 2) within the acyl chains (Michaelis and Moore, 1985; Cornell et al., 1987; Chazotte et al., 1991; Salgado et al., 1993; Metz et al., 1995; Afri et al., 2004; Hauss et al., 2005), or 3) within the bilayer midplane (Ulrich et al., 1985; Ondarroa and Quinn, 1986; Soderhall and Laaksonen, 2001) (Figure 2). Even though the location of the headgroup is controversial, the field does seem to agree that at least part of the isoprenyl side chain is embedded within the bilayer midplane, and the headgroup is thought to extend into one of the membrane leaflets. This bend (∼90° turn) in the isoprenyl side chain allows UQ-10 to be accommodated within the bilayer, which addresses the fact that UQ-10 is roughly the same length as a typical phospholipid bilayer if UQ-10 were in fully-extended conformation (Trumpower, 1981).
[image: Figure 2]FIGURE 2 | Three possible locations of lipoquinone headgroup: (A) Example of the influence of the isoprenyl side chain length on location of the quinone headgroup. MK-2 and MK-4 are shown as a 2D schematics. MK-2 has been determined to fold in membrane-like interfaces (Koehn et al., 2018b). (B) Relative placement based on headgroup polarity (side chain omitted for clarity) (Van Cleave et al., 2020; Van Cleave et al., 2021).
Two hypotheses have been reported to explain the headgroup position within the membrane. First, the length of the isoprenyl side chain was reported to affect the position of the quinone headgroup by pulling the headgroup closer to the midplane as the side chain length increases. For example, the quinone headgroup of MK-4 would be found closer to the midplane than MK-2 (Figure 2A). On the other hand, the polarity of the headgroup is also thought to anchor its location within the membrane. Recent computational studies by Arantes and coworkers determined UQ associates with the lipid headgroups (Galassi and Arantes, 2015; Teixeira and Arantes, 2019). Together, we recently showed for the series of MK-1, MK-2, MK-3, and MK-4 that the location of the headgroup remained constant as the side chain length increased using both experimental and computational techniques (Van Cleave et al., 2020). As a consequence of the latter, one would anticipate a difference in the location of the more polar UQ headgroup compared to the more hydrophobic MK headgroup as illustrated in Figure 2B (Van Cleave et al., 2020). Lipoquinone headgroup is also linked to diffusive motion. “Swimming” lipoquinones are associated with the phospholipid headgroups, and “diving” are found near the midplane. A few computational and experimental studies determined UQ and various analogs are stabilized in the swimming position (Soderhall and Laaksonen, 2001; Hoyo et al., 2017). A recent computational study determined the lipoquinone position depends on the local protein content of the membrane (Singharoy et al., 2020). If the region is lipid-rich, swimming lipoquinone is the dominant species, and diving lipoquinones are the most common in the vicinity of protein complexes (Gupta et al., 2020; Singharoy et al., 2020).
Although lipoquinone conformation is likely to be critical for function and recognition, the topic of conformation of the UQ and MK headgroup relative to the isoprenyl side chain is curiously ignored in the literature aside from a handful of computational studies (Joela et al., 1997; Bernardo et al., 1998; Lenaz et al., 1999; Nilsson et al., 2001a; Nilsson et al., 2001b; Soderhall and Laaksonen, 2001; Ceccarelli et al., 2003; Tekin and Erkoc, 2010; Galassi and Arantes, 2015; Jong et al., 2015; Ismail et al., 2016; Kaurola et al., 2016; Eddine et al., 2020; Feng et al., 2021). Additionally, a few of the computational studies investigating the location of lipoquinones in the membrane contained figures suggesting φ was ∼90° (Joela et al., 1997; Bernardo et al., 1998; Lenaz et al., 1999; Soderhall and Laaksonen, 2001; Tekin and Erkoc, 2010; Ismail et al., 2016; Kaurola et al., 2016; Feng et al., 2021), leading to the expectation of a folded conformation. However, there was no discussion regarding the conformation of the headgroup relative to the isoprenyl side chain prior to our work in 2018 (Koehn et al., 2018b). The implications of conformation on lipoquinone locomotion were hypothesized by Joela and coworkers (Joela et al., 1997). Therein, they speculated the quinone headgroup is located close to the enzyme active site and moves between membrane and enzyme binding pocket by rotating about the C2C3CβCγ bond. They describe this limited movement with a stationary side chain and a mobile headgroup as if the “tail is wagging the dog.” The isoprenyl chain would serve to the anchor the quinone headgroup location. Since we previously found that the side chain did not dictate the headgroup location for MK-1 through MK-4, we hypothesized that the anchoring of the headgroup drives the extension of the side chain, and that the more polar UQ-2 headgroup will be closer to the interface than the more hydrophobic headgroup of MK-2. Hence, we carried out studies in which the location and conformation of UQ-2 were elucidated in environments that allow direct comparison to previously reported MK-2, which folds within model membrane interfaces (Koehn et al., 2018b). This study will illuminate how headgroup structure changes the position, orientation, and conformation, which are critical to recognition and function, of prominent lipoquinones within membrane-like environments.
2 RESULTS AND DISCUSSION
2.1 Synthesis of UQ-2
UQ-2 8 was prepared using a 6-step synthesis (Scheme 1) starting from commercially available 3,4,5-trimethoxytoluene 1. The synthetic route has been reported in literature (Lu and Chen, 2004; Bovicelli et al., 2008); however, we scaled up the reactions and used modified procedures and conditions to overcome synthetic challenges encountered. The aldehyde 2 was prepared efficiently and was practically pure upon workup using a Rieche formylation reaction with TiCl4, which is the traditional Lewis acid catalyst for this reaction. Efforts to achieve this reaction using AlCl3 as the Lewis acid catalyst were low yielding and resulted in impure compound in our hands. An acid-catalyzed Dakin oxidation reaction was used to afford phenol 3 in excellent yield even after chromatographic purification (Matsumoto et al., 1984). The geranyl ether 6 was prepared via an SN2 reaction between phenolate 4 and geranyl bromide 5 in a modest yield. Efforts to achieve the allylic rearrangement to yield compound 7 close to yields reported in literature (Bovicelli et al., 2008) was met with limited success. A 48% yield was the highest yield we obtained compared to 73% in literature (Bovicelli et al., 2008). Attempts to improve this yield failed, and reactions times longer than 30 min decreased the yield and appeared to increase the amount of unknown side products. While compound 7 was efficiently oxidized to 8 using FeCl3∙6H2O in a mixture of dichloromethane and acetonitrile at 0°C, attempts to follow a published procedure (Bovicelli et al., 2008) using FeCl3 in a mixture of ethanol and H2O at ambient temperature yielded only starting material.
[image: Scheme 1]SCHEME 1 | Synthetic scheme for the six-step synthesis to obtain UQ-2 8 from 3,4,5-trimethoxytoluene 1 using modified protocols as reported (Matsumoto et al., 1984; Lu and Chen, 2004; Bovicelli et al., 2008).
2.2 1D 1H NMR Spectroscopic Studies of UQ-2 in Organic Solvents
To establish that UQ conformation is sensitive to its surrounding environment, UQ-2 was first characterized using 1D 1H NMR spectroscopy. Figure 3 shows the 1D 1H NMR spectra of UQ-2 in isooctane (2,2,4-trimethylpentane), d6-benzene, d5-pyridine, d6-DMSO, d3-acetonitrile, and D2O. The observed chemical shifts of UQ-2 vary dramatically in the different solvents shown. Different spectroscopic trends are observed in the hydrophobic (isooctane, d5-pyridine, and d6-benzene) and the hydrophilic (d3-acetonitrile, d6-DMSO, and H2O/D2O) solvent environments. For example, the isoprenyl protons HM/HN and methoxy protons HJ/HK are observed at significantly different chemical shifts between the two different classes of solvents. The observations could be described by conformational changes of UQ-2 in the various solvent environments investigated, alterations of the electronic state due to interaction with the solvent, or most likely, a combination of both. There were similarities and differences among the investigated solvents. For the hydrophobic solvents, protons HM/HN have similar chemical shifts in isooctane and benzene, but they appear more downfield in pyridine, whereas they appear in similar chemical shifts in the hydrophilic solvents. The chemical shifts for HJ and HK are in different locations in each solvent, which suggests the methoxy groups are changing environments in the different solvents (Nilsson et al., 2001b). The chemical shifts of the vinyl protons HA and HB are increasingly more downfield as the polarity of the hydrophobic solvents increases. In the hydrophilic solvents, HA and HB are found in similar chemical shifts aside from D2O where they appear slightly upfield and obscured by the HOD peak.
[image: Figure 3]FIGURE 3 | 1H NMR (400 MHz) spectra of UQ-2 in hydrophobic (isooctane (2,2,4-trimethtylpentane), d6-benzene, and d5-pyridine) and hydrophilic (d6-DMSO, d3-acetonitrile, and D2O) solvents.
2.3 1H-1H 2D NOESY and 1H-1H 2D ROESY NMR Spectroscopic Studies of UQ-2 in d6-DMSO, d3-Acetonitrile, d6-Benzene, and d5-Pyridine
To determine the conformation of UQ-2 in organic solvents, we utilized two complementary 2D NMR methods, 1H-1H 2D NOESY and 1H-1H 2D ROESY (Jones et al., 2011). We chose to highlight the NOESY and ROESY spectra of UQ-2 in d6-DMSO for direct comparison to our previous work with MK-2 (Koehn et al., 2018b). The corresponding spectra for d3-acetonitrile, d6-benzene, and d5-pyridine can be found in Supplementary Figures S15–S23 in the Supplementary Material. Looking at the structure of UQ-2, a folded conformation, which is defined by a ∼90° dihedral angle about the C2C3CβCγ bond, would be indicated by cross peaks between the headgroup and particular protons on the isoprenyl side chain such as the methyl protons HW and protons further down the side chain, such as HA, HY, and HZ. In the full NOESY spectrum in d6-DMSO, there is a cross peak observed between HW and vinyl protons, HA and HB (Figure 4 and proton labeling scheme is shown in Figure 5A). The proton HB is close enough to HW have NOE interactions; however, HA would be too far away to have NOE interactions unless the molecule is in a folded conformation. In addition, there are cross peaks that confirm the 1D 1H NMR spectra assignments along the isoprenyl tail, such as HW and allylic protons HM and HN and between HA/HB and methyl protons HX, HY, and HZ. The folded conformation is also suggested by the cross peaks observed between methyl protons HW and methyl protons, HX, HY and HZ (Figure 5B). These cross peaks are also observed in the ROESY spectrum (Figures 5C,D. Enlarged full ROESY spectrum is also shown in the Supplementary Materials: Supplementary Figure S13). These cross peaks are indicative of a U-shaped conformation (example shown in Figure 6), placing the terminal methyl groups over the quinone headgroup for UQ-2 in d6-DMSO.
[image: Figure 4]FIGURE 4 | Full 1H-1H 2D NOESY spectrum of UQ-2 in DMSO.
[image: Figure 5]FIGURE 5 | (A) Proton labeling scheme for UQ-2. (B) Partial 1H-1H 2D NOESY spectrum of UQ-2 in DMSO. (C) A larger 1H-1H 2D ROESY spectrum of UQ-2 in DMSO. Full ROESY spectrum can also be found in the Supplementary Material, Supplementary Figure S13. (D) Partial 1H-1H 2D ROESY spectrum of UQ-2 in DMSO.
[image: Figure 6]FIGURE 6 | Examples of three possible classes of UQ-2 conformations: Flat-extended, Folded-extended, and U-shaped (Koehn et al., 2018b; Koehn et al., 2019).
In the case of the 2D NOESY and ROESY spectra of UQ-2 in d3-acetonitrile (Supplementary Figures S16, S17), there are cross peaks observed between HW and vinyl protons, HA and HB, and methyl protons, HX, HY, and HZ, similar to d6-DMSO. Together these suggest a folded, U-shaped conformation, but the results are somewhat inconclusive. The reference peak for d3-acetonitrile, 1.93 ppm, is close to HW (1.94 ppm) and almost overlapping. Therefore, it is hard to conclude if the cross peaks observed are a result of intramolecular NOE interactions or interactions with the solvent. For 2D NOESY and ROESY spectra of UQ-2 in d6-benzene (Supplementary Figures S19, S20), there are cross peaks observed between HW and HX, and HM/HN. In both the flat-extended and folded-extended conformations (example shown in Figure 6), HX, and HM/HN are all within the 5 Å NOE range of HW. To distinguish between the two, we looked for cross peaks between HW and the terminal methyl protons, HY and HZ. In the folded-extended conformation, the average distance between HW and HY is approximately 5.1 Å. In the ROESY spectrum, there are cross peaks present between HW and HY and HZ (Supplementary Figure S20) and they are present in the corresponding NOESY (Supplementary Figure S19). Therefore, the presence of a cross peak between HW and HY in the NOESY (Supplementary Figure S19) suggests HY is inside the NOE range and therefore indicates a folded, open U-shaped conformation in d6-benzene. Similar observations were found for 2D NOESY and ROESY spectra for UQ-2 in d5-pyridine (Supplementary Figures S22, S23). There are cross peaks observed between HW and HA/HB, HX, and HM/HN, but there is a cross peak observed between HW and HY. Similar to benzene, this together suggests UQ-2 adopts a folded, open U-shaped conformation in d5-pyridine.
2.4 Illustrating UQ-2 Conformations Determined by NMR Using Molecular Mechanics
UQ-2 has a short repeating isoprenyl chain (C10) but enough carbons with numerous degrees of rotational freedom; therefore, even the truncated version of UQ-10, UQ-2, can assume many different specific conformations and still be considered folded by our definition. We created 3D conformations (Figure 7) of UQ-2 for visualization using Molecular Mechanics where intramolecular distances between specific protons obtained from 2D NOESY/ROESY NMR spectra (Supplementary Table S1) were used as geometric constraints. While the exact position of the isoprenyl side chain varies slightly from solvent to solvent, UQ-2 adopts a folded conformation in all four solvents examined in the 2D NMR studies, where the dihedral angle about the C2C3CβCγ bond (Figure 1C) is ∼90°.
[image: Figure 7]FIGURE 7 | UQ-2 conformations generated using 2D NMR data distance constraints and MMFF94 calculations to illustrate the conformations elucidated in d6-benzene, d5-pyridine, d6-DMSO, and d3-acetonitrile. Intramolecular distances (Å) between HW and select protons on the side chain are shown (dashed lines).
To understand the differences between the conformations of UQ-2 and MK-2, we first had to determine the distances between the protons on the isoprenyl side chain and the headgroup methyl proton HW. We used the volume integrals from the 2D NOESY spectra and correlated them to intramolecular distances. The volume integral of the HW and HM/HN cross peak, which has a known intramolecular distance of ∼3.5 Å, was set to 1, and each volume integral was standardized against it. From here, the values obtained were used to determine if the cross peaks were strong (>1.5), medium (0.6–1.5), or weak (<0.6). These intensities were translated to distance in Ångstroms accordingly: 1) strong (<3 Å), 2) medium (3–4 Å), and 3) weak (>4 Å). The intramolecular distances were then used to construct the conformations, and MMFF94 minimization calculations were performed to correct bond lengths. The distances in Supplementary Table S1 reflect the intramolecular distances post minimization.
DMSO and pyridine were chosen due to the distinctly different 1D 1H NMR spectra to better illustrate the differences in conformation (Koehn et al., 2018b). Since NOESY and ROESY spectra are products of an average conformation, the intramolecular distances generated are representative of the most abundant conformation. As described previously, the interactions between headgroup methyl protons HW and protons along the isoprenyl side chain, such as vinyl protons HA and methyl protons HX, HY, and HZ, are critical to evaluate UQ-2 conformation in organic solvents. The distances between HW and HA, HX, HY, and HZ imply there is a folded conformation about the C2C3βCγ bond, and the position of the terminal methyl protons HY and HZ relative to HW suggest differences in the position of the end of the isoprenyl side chain: U-shaped or folded-extended conformation.
For UQ-2 in d5-pyridine, the intramolecular distance between HW and HX is shown to be 3.9 Å. The distance between HW and vinyl proton, HA, 3.9 Å, supports a folded conformation. The intramolecular distances between HW and HY and HZ were found to be 8.1 Å and 5.3 A, respectively. Although these values are outside the range of NOE influence, cross peaks were observed in the 2D NOESY and ROESY spectra (Figures 4, 5C, respectively). Therefore, we cannot preclude the possibility that UQ-2 adopts both a folded-extended or a more open U-shaped conformation in d5-pyridine. These results are in line with MK-2 in d5-pyridine, which was previously found to adopt a folded-extended conformation (Koehn et al., 2018b).
We superimposed the conformations of UQ-2 in d3-acetonitrile and d6-DMSO to better visualize the minute differences observed between conformations (Figure 8). The superimposed conformations of UQ-2 in d6-benzene and d5-pyridine are found in the Supplementary Material (Supplementary Figure S25). In Figure 8A, UQ-2 in d3-acetonitrile and d6-DMSO are shown in green and purple, respectively. With the headgroups aligned, there is a slight variation in the dihedral angle along the C2C3CβCγ bond, and the trend continues along the sidechain through the second isoprene unit. This accounts for the differences observed in intramolecular distances toward the end of the isoprenyl side chain. The terminal methyl groups of UQ-2 in d6-DMSO appear directly above the headgroup leading to a U-shaped conformation. The same methyl groups in d3-acetonitrile appear to be above but not centered over the headgroup, which is consistent with the possibility of U-shaped or folded-extended conformation. In Figure 8B, the conformation of UQ-2 and MK-2 in d6-DMSO are superimposed to visualize how the headgroup structure affects the conformation. The C2C3CβCγ bond in both UQ-2 and MK-2 are nearly identical to one another, but the conformation along the side chain starts to deviate past the first alkene. Taking into consideration the many degrees of freedom about the isoprenyl side chain, it is not unexpected to see deviations in conformation along the side chain.
[image: Figure 8]FIGURE 8 | Superimposed 3D conformations of (A) UQ-2 based on the 2D NMR data in d3-acetonitrile (green) and d6-DMSO (purple) and (B) UQ-2 (pink) and MK-2 (blue) based on the 2D NMR data in d6-DMSO.
The folded conformations observed for UQ-2 are likely a result of non-covalent interactions. Firstly, UQ-2 is folding upon itself to minimize interactions with the solvent due to the hydrophobic effect. This is especially apparent in the U-shaped conformations of UQ-2 in the hydrophilic solvents, DMSO and acetonitrile, whereas the hydrophobic solvents, pyridine and benzene, afford an open U-shaped or folded-extended conformation. Additionally, the folded conformation is likely reinforced by π-π interactions between the π bonds in the quinone headgroup and the isoprenyl side chain. This idea is supported by the work done on farnesol, where farnesol does not adopt a folded conformation, regardless of the increased number of degrees of freedom along the molecule (Zahn et al., 2000). Therefore, the presence of the quinone headgroup plays a significant role in the ability of the lipoquinone to adopt a folded conformation, but we only saw modest differences between the folded UQ-2 and MK-2 conformations. In addition to the presence of the lipoquinone headgroup, a study suggests the methyl proton, HW, on the quinone also plays an important role in influencing a folded conformation (Eddine et al., 2020). The quinone methyl group serves as a rotational barrier by preventing the side chain from freely rotating between folded and flat conformations.
2.5 1D 1H NMR Spectroscopic Studies of UQ-2 in RMs
Our ultimate objective was to determine how UQ-2 behaved with respect to membrane-like interfaces. We used a system comprised of nanosized water droplets encased in AOT surfactant to create reverse micelles (RMs) inside an isooctane (hydrophobic) solvent. This simple model system will provide useful information regarding location, orientation, and conformation of UQ-2 at an interface using NMR spectroscopy with minimal overlap between surfactant proton peaks and key UQ-2 proton peaks. 1D 1H NMR spectra of varying RM sizes were collected in D2O (w0: 4, 8, 12, 16, 20, where w0 = [D2O]/[AOT]), shown in Figure 9. The placement of the UQ-2 molecules inside the membrane system was determined via the changes in chemical shift that UQ-2 protons undergo as the RM size changes. Typically, aromatic protons often offer ideal peaks to compare and analyze shifts, as they lie far from any AOT peaks. However, as there are no aromatic protons to observe in UQ-2, we instead observed the vinyl protons peaks (HA/HB), which are both triplet peaks that are easily discernable from the AOT peaks. The peak locations for HA and HB respectively are 5.02 and 4.93 ppm for isooctane, 5.03 and 4.95 ppm for w0 20, 5.03 and 4.95 ppm for w0 16, 5.03 and 4.95 ppm for w0 12, 5.03 and 4.95 ppm for w0 8, 5.03 and 4.95 ppm for w0 4, 4.93 and 4.86 ppm for D2O. The chemical shifts of these peaks do not change significantly enough as the RM changes in size to reliably indicate where in the RM interface the UQ-2 resides. However, the large shift between the D2O sample and the RM samples (−0.10 ppm for HA and −0.09 ppm for HB from w0 4 to D2O) compared to the much smaller shift between the isooctane sample and the RM samples (0.01 ppm for Ha and 0.02 ppm for Hb from isooctane to w0 20) would indicate that the UQ-2 does not reside within the bulk water or in the isooctane of the RM system, and thus UQ-2 must reside somewhere in the RM interface. However, 2D NMR studies will enable the exact location, orientation, and conformation of UQ-2 in RMs to be identified.
[image: Figure 9]FIGURE 9 | 1D 1H NMR (400 MHz) spectra of UQ-2’s alkene protons, HA and HB, in D2O, isooctane, and different sized RMs. An empty RM lacking UQ-2 is also shown for comparison. Peak labelling corresponds to the proton labelling scheme key in Figure 5A.
Dynamic Light Scattering (DLS) was used to determine the hydrodynamic radius of RMs containing UQ-2 and verify that RMs formed in the samples used and that the properties and stability of the samples were consistent with previous studies (see Section V of the Supplementary Material). DLS samples were prepared following the sample preparation method used for NMR spectroscopic studies except that DDI H2O was used instead of D2O. The results showed that RMs formed and that the sizes of the RMs made were in excellent agreement with that of the literature (Maitra, 1984). These results indicate that the introduction of UQ-2 into the RM system does not significantly affect the size or stability of the RMs.
2.6 1H-1H 2D NOESY NMR Spectroscopic Studies of UQ-2 in a RM Model Membrane System
To determine the exact location, orientation, and conformation of UQ-2 within RMs, we obtained an 1H-1H 2D NOESY NMR of UQ-2 in a w0 12 RM (Figure 10). Figure 10A shows a full NOESY spectrum. To elucidate the location and orientation of UQ-2 within the RM, we looked for the interactions of UQ-2 with AOT (Figure 10C). Methoxy protons HJ and HK and benzoquinone methyl protons HW are shown to have cross peaks with AOT between H1′, H4, AOT-CH2, and AOT-CH3. Additionally, HW shows cross peaks with H1, H3’, and H3 of AOT. Vinyl protons HA/HB were found to have cross peaks with H1, H3, and H3’. Allylic protons HM/HN were found to have interactions with H1, H3, H3′ and AOT-CH2, and HQ/HR were found to have interactions with H1′. Although UQ-2 is less hydrophobic than MK-2, it is still shown to penetrate the AOT-water interface. The 2D NOESY cross peaks illustrate that UQ-2 is positioned near the interface of AOT with the methoxy groups of the headgroup oriented towards the alkyl chains of AOT (Figure 11). This orientation is similar to that of MK-2 (Koehn et al., 2018b), however the interactions between HW and HJ/HK with H1-H4 indicate the molecule is positioned closer to the interface than MK-2, which is in agreement with our previous work showing the UQ headgroup is closer to the water pool than MK-2 in phospholipid bilayers (Koehn et al., 2018b; Van Cleave et al., 2020; Van Cleave et al., 2021). The cross peaks observed between HW and HY/HZ and HA/HB indicate UQ-2 is in a folded conformation, specifically a U-shaped conformation. This conformation would not be possible unless the isoprenyl side chain was positioned over the headgroup (Figure 10B). Using methods described above in Section 2.4, the interproton distances of UQ-2 in a w0 12 AOT-RM system were determined between HW and protons along the sidechain (Supplementary Table S2). The intramolecular distance between HW and HX is shown to be 2.6 Å. Additionally, the distance between HW and HY and HZ were found to be 4.6 Å and 3.7 Å, respectively. Together this supports a U-shaped conformation for UQ-2 in AOT-RMs. As a confirmatory measure, 1D NOE experiments were performed to confirm the interactions of HA/HB with HW, HZ and H1′ within the w0 12 AOT-RM system (Supplementary Figure S24). Additionally, the 2D NOESY NMR experiment in AOT-RMs was repeated multiple times, and the same conclusions were made regarding location, orientation, and conformation of UQ-2 in the interface of the AOT-RM system.
[image: Figure 10]FIGURE 10 | 1H-1H 2D NOESY NMR spectra of UQ-2 in w0 12 AOT-RM: (A) full spectrum, (B) partial spectrum. (C) Labeled structure of AOT. Blue text labels correspond to UQ-2 protons and teal text labels to AOT protons.
[image: Figure 11]FIGURE 11 | Illustration of UQ-2 and MK-2’s proposed folded, U-shaped conformations and placement within the RM interface. The arrangements are consistent with 1H-1H 2D NOESY and ROESY NMR spectral data obtained in a w0 12 RM. Color depth gradient shows dark red as closer in distance and the dark blue as farther in distance from the reader. AOT proton labeling scheme key is shown.
2.7 Interaction of UQ-2 With Langmuir Phospholipid Monolayers
2.7.1 Compression Isotherms of Pure and Mixed Monolayers
Finally, we wanted to understand how UQ-2 interacted with the interface of a phospholipid-based membrane monolayer and compare these results to the RM system. UQ-2 was found to have a collapse pressure of 21 mN/m in this study (Figure 12). Our value was obtained by taking the second derivative of area per molecule with respect to surface pressure, with the lowest point representing the collapse pressure. Reported literature values varied widely, with some as high as 35 mN/m and others reporting that UQ-2 dissolved into the subphase (Quinn and Esfahani, 1980; Bernard et al., 2000; Hoyo et al., 2017). These discrepancies may be due to the slightly soluble nature of UQ-2, differences in the composition of the subphase, and even stirring of the subphase.
[image: Figure 12]FIGURE 12 | Compression isotherms of different amounts of 1 mM UQ-2. The solid black curve represents pure phosphate buffer with no UQ-2 present, the dashed curve represents an injection of 20 µl of UQ-2, and the dotted curve represents an injection of 40 µl of UQ-2. Curves are the average of at least three measurements. Standard deviations of the area were calculated for every 5 mN/m of surface pressure.
Pure films of DPPC and DPPE were in line with the literature (Patterson et al., 2016; Hoyo et al., 2017), with DPPC exhibiting its signature gas-liquid transition between 0 and 5 mN/m and its liquid-liquid condensed transition from 5 to 10 mN/m of surface pressure. The gas-liquid transition disappears upon the addition of UQ-2. The normalized 75:25 DPPC:UQ-2 curve does not overlap with the control curve. However, the variability in our measurements makes it impossible to draw a solid conclusion on whether UQ-2 is compressed out of the DPPC monolayer. Regardless, compression modulus analysis showed that increasing amounts of UQ-2 caused the DPPC monolayer to become more elastic (Supplementary Figure S26).
Compression isotherms with DPPE did not exhibit a significant difference in collapse pressure, as seen in Figure 13. The 25:75 and 50:50 DPPE:UQ-2 monolayers exhibited a liquid condensed phase, which suggests a reorganization of the monolayer. All mixed DPPE monolayers demonstrated at least a 9% increase in area per molecule at physiological surface pressure (Jones and Chapman, 1995) (30–35 mN/m) without the normalized curves overlapping with the control (see Supplementary Tables S3, S4). This indicates that UQ-2 is in the interface and spreading the DPPE molecules apart. UQ-2 was not compressed out of the monolayer at physiological surface pressure for DPPE.
[image: Figure 13]FIGURE 13 | Normalized compression isotherms of mixed monolayers of UQ-2 (A and C) or MK-2 (B and D) and either DPPC (A and B) or DPPE (C and D). Solid black curves represent pure phospholipid monolayers, red dashed curves represent 75:25 lipid:lipoquinone films, blue dotted curves represent 50:50 lipid:lipoquinone films, and green dash-dot curves represent 25:75 lipid:lipoquinone films. Curves are the average of at least three measurements. Error bars are the standard deviation of the area at every 5 mN/m of surface pressure. MK-2 data were reproduced with permission from Koehn et al. 2018b).
2.7.2 Comparison of UQ-2 and MK-2 in Langmuir Monolayers
Interestingly, UQ-2 remains in the DPPC interface at physiological surface pressure, whereas MK-2 was likely to be compressed out. There is also a more distinct hump in the 25:75 DPPC:MK-2 curve at 25 mN/m than that of the 25:75 DPPC:UQ-2. In combination with the fact that mixed DPPC:UQ-2 curves do not overlap the control; we might conclude that UQ-2 is more likely to reside in the interface than MK-2. This is logical, as MK is more hydrophobic than UQ.
Both UQ-2 and MK-2 induce a liquid-condensed phase in DPPE, but it appears with a smaller mole fraction of MK-2 than UQ-2. As with DPPC, UQ-2 is always present in the interface as the mixed monolayers are at least 9% more expanded at physiological surface pressure than the DPPE control. Again, the hydrophobicity of the naphthoquinone headgroup of MK-2 is greater than that of the benzoquinone headgroup of UQ-2 which likely explains these differences. In summary, both UQ-2 and MK-2 associated with the Langmuir monolayer interface, but UQ-2 resided closer to the interfacial water than MK-2 due to MKs more hydrophobic nature, consistent with the RM model membrane studies.
3 CONCLUSION
UQs and MKs are critical components of the ETS. UQs are found in bacteria, fungi, plants, and mammals, and MKs are mainly found in gram positive bacteria. While the interactions of these electron transport lipids with the membrane-bound protein complexes along the ETS is well-known, surprisingly their exact location and conformation within the membrane is still widely debated. In this study, we determined the location, orientation, and conformation of UQ-2, a truncated, representative analog for native UQ-10, using 1D and 2D NMR spectroscopic methods in organic solution and biological membrane-like environments. We then compared the UQ-2 results to the previously studied MK-2 to understand fundamentally how the class of lipoquinone molecules behave within membranes.
The 1D and 2D NMR studies showed that different solution environments slightly change the observed folded conformation of UQ-2. In all four solvents examined in this study (DMSO, acetonitrile, pyridine, and benzene), UQ-2 was found to adopt a folded, U-shaped conformation with a ∼90° dihedral angle about the C2C3CβCγ. On the other hand, UQ-2 adopts a more open U-shaped conformation in the hydrophobic solvents, benzene and pyridine, which documents the fact that the environment will impact the conformation of the UQ-2 side chain. Once we established that UQ-2 folded in solution, we wanted to determine if a folded conformation was also adopted in a membrane-like interface. Using 2D NMR spectroscopy, we determined that UQ-2 interacts similarly to MK-2 with the RM model membrane system. Both UQ-2 and MK-2 adopt a folded, U-shaped conformation but reside at slightly different places in the membrane-like interface. Not surprisingly, and consistent with other studies (Van Cleave et al., 2020; Van Cleave et al., 2021), UQ-2 resides closer to the AOT-water interface than the more hydrophobic MK-2. Both lipoquinone molecules were oriented in a manner that allowed the side chain to fold back over the quinone moiety and be accommodated in the surfactant tails. It appears that regardless of lipoquinone headgroup structure, lipoquinones adopt folded conformations at membrane-like interfaces. Langmuir monolayer studies examining the interaction of UQ-2 with DPPC and DPPE phospholipids supported the results of the RM studies. Both UQ-2 and MK-2 were found to associate with the monolayer water-lipid interface, but MK-2 was more easily compressed out of the interface, which indicates UQ-2 resides closer to the interface than MK-2.
In summary, lipoquinones UQ-2 and MK-2 adopted folded conformations in solution and within membrane-like interfaces. The more polar UQ-2 was found to reside slightly closer to the water-surfactant interface, which was supported by both the RM and Langmuir monolayer studies. It appears that the presence of a lipoquinone headgroup is important for anchoring the lipoquinone in the membrane interface and for allowing the isoprenyl side chain to adopt some variation of a folded conformation that can be accommodated within the lipid tails due to the orientation of the lipoquinone within the interface. Varying the structure of the lipoquinone (UQ vs. MK) only modestly changed the location while residing in the RM interface. However, since lipoquinones are redox-active and the polarity of the headgroup changes upon reduction to the quinol form, structural differences in the headgroup likely facilitate locomotion of headgroup within the interface between membrane-bound enzymes in the ETS (Van Cleave et al., 2020). Taken together, the results of this study and others support a model where the headgroups of the longer, native lipoquinones, such as UQ-10 and MK-9, reside close to the water-lipid interface with the side chains folded but penetrating through the acyl tails into the midplane of the membrane bilayer. The location, orientation, and conformation of lipoquinones are critical for their function in generating cellular energy within membrane ETS and the studies described herein shed light on the behavior of lipoquinones within membrane-like environments.
4 EXPERIMENTAL
4.1 General Materials
The following chemicals were used without further purification for the synthetic work: Ultra-high purity argon (99.9%, Airgas), 3,4,5-trimethoxytoluene (97%, Aldrich), α,α-dichloromethyl methyl ether (98%, Aldrich), Dichloromethane (DCM, Stabilized, 99.9%, Fisher Scientific), TiCl4 (99.9%, Aldrich), n-pentane (98%, Merck), Ethyl Acetate (99.9%, Fisher), Diethyl ether (≥99.0%, Merck), NaHCO3 (99.7%, Merck), NaCl (Fisher), Na2SO4 (Fisher), Methanol (Aldrich), 30% aq. H2O2 solution (Sigma-Aldrich), H2SO4 (Fisher), SiO2 (SiliCycle® SilicaFlash® F60, 43–60 μm 60 Å), 60% NaH dispersion in mineral oil (Aldrich), THF (Fisher), Geranyl Bromide (95%, Aldrich), NH4Cl (99.7%, Fisher), BF3 diethyl etherate (≥46.5%, Aldrich), MgSO4 (98%, Merck), Acetonitrile (99.9%, Fisher) and FeCl3 hexahydrate (99.9%, Fisher). The following chemicals were used without further purification for the spectroscopic studies: D2O (99.9%, Cambridge Isotope Laboratories), d1-chloroform (99.8%, Cambridge Isotope Laboratories), d3-acetonitrile (99.8%, Aldrich), d6-DMSO (99.9%, Cambridge Isotope Laboratories), d5-pyridine (99.8%, Merck), d6-benzene (99.5%, Cambridge Isotope Laboratories), isooctane (99.8%, Aldrich), and AOT (≥99%, Aldrich). The following materials were used for the trough work: Sodium phosphate monobasic monohydrate (≥98%) and chloroform (≥99.8%) were purchased from Sigma Aldrich. Sodium phosphate dibasic anhydrous (≥99%) and methanol (≥99.9%) were purchased from Fisher Scientific. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, >99%) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE, >99%) were purchased from Avanti Polar Lipids. Distilled deionized water (DDI H2O) was purified with a Barnsted E-pure system (∼18 MΩ-cm).
4.2 General Methods
All reactions were carried out under argon atmosphere unless otherwise noted. All reagents were used as purchased unless otherwise noted. Solvents were dried by passing through an alumina drying column (Solv-Tek Inc.) under argon pressure (DCM, THF, diethyl ether).
4.3 Syntheses
4.3.1 Preparation of 2,3,4-Trimethoxy-6-Methylbenzaldehyde (2)
To a dry 500 ml round bottom Schlenk flask was added dry dichloromethane (DCM) (150 ml) followed by 3,4,5-trimethoxytoluene 1 (9.97 g, 54.7 mmol) and α,α-dichloromethyl methyl ether (12.58 g, 109.5 mmol, 2 eq.) and then cooled to 0°C. Then, TiCl4 (273.6 mmol, 137 ml, 2.0 M in dry DCM, 2.5 eq. to α,α-dichloromethyl methyl ether) was added dropwise over 30 min via a 250 ml addition funnel under argon at 0°C. After addition was complete, the red reaction mixture was stirred at ambient temperature for 20 h. Thin layer chromatography (TLC) (9:1 n-pentane/EtOAc) showed the reaction was complete. The reaction was then very slowly quenched with ice until the reaction color turned light blue-gray. The DCM was removed under reduced pressure at ambient temperature and the resulting off-yellow liquid was extracted with diethyl ether (3 × 100 ml). The combined organic extracts were washed with sat. NaHCO3 (200 ml), washed with brine (3 × 100 ml), dried over anhydrous Na2SO4, and then the solvent was removed under reduced pressure at ambient temperature. The product was dried under reduced pressure (∼125 Torr) for 1 h, which yielded an off-white crystalline solid (11.40 g, 54.2 mmol, 99.1%) that was pure. 1H NMR (400 MHz, CDCl3) δ: 10.40 (s, 1H), 6.50 (s, 1H), 3.98 (s, 3H), 3.92 (s, 3H), 3.86 (s, 3H), 2.56 (s, 3H). 13C NMR (101 MHz, CDCl3) δ: 191.18, 158.46, 157.78, 139.80, 138.26, 121.48, 110.53, 62.50, 61.12, 56.15, 21.91. HRMS (ESI, OTOF) m/z: [(M + H)+] Calcd for C11H15O4 211.0965; Found 211.0965.
4.3.2 Preparation of 2,3,4-Trimethoxy-6-Methylphenol (3)
To a 250 ml round bottom Schlenk flask was added 2,3,4-trimethoxy-6-methylbenzaldehyde 2 (11.37 g, 54.1 mmol), MeOH (110 ml), and 30% aq. H2O2 solution (7.97 g, 70.3 mmol, 1.3 eq.). Then, conc. H2SO4 (1.08 ml) was added dropwise resulting in a red-orange reaction mixture. After 2.5 h of stirring at ambient temperature under argon, the 1H NMR spectrum showed no aldehyde peak present. The reaction mixture was poured into sat. NaHCO3 (100 ml) and then extracted with DCM (3 × 100 ml). The combined organic extracts were washed sat. NaHCO3 (100 ml), washed with brine (100 ml), dried over anhydrous Na2SO4, and the solvent was evaporated under reduced pressure (∼125 Torr) at ambient temperature to yield 10.55 g crude red oil. The product was then purified by flash column chromatography (7:1 n-pentane/EtOAc, 600 ml SiO2, 70 mm column) to yield the desired product as an off-white crystalline solid (9.75 g, 49.2 mmol, 90.9%). 1H NMR (CDCl3) δ: 6.43 (s, 1H), 5.43 (s, 1H), 3.95 (s, 3H), 3.86 (s, 3H), 3.80 (s, 3H), 2.21 (s, 3H). 13C NMR (101 MHz, CDCl3) δ:146.17, 141.24, 140.14, 140.09, 118.08, 109.63, 61.34, 61.11, 56.75, 15.65. HRMS (ESI, OTOF) m/z: [(M + H)+] Calcd for C10H15O4 199.0965; Found 199.0951.
4.3.3 Preparation of Geranyl 2,3,4-Trimethoxy-6-Methylphenyl Ether (6)
NaH (2.95 g of 60% NaH dispersion in mineral oil washed with n-pentane that was first dried over activated neutral alumina, 73.8 mmol) was added to a dry 500 ml round bottom Schlenk flask containing a solution of 2,3,4-trimethoxy-6-methylphenol 3 (9.75 g, 49.2 mmol) dissolved in dry THF (150 ml). The mixture was stirred at ambient temperature for 35 min. The solvent was removed under reduced pressure at 25°C until an off-white powder was obtained. To a dry 500 ml round-bottom Schlenk flask was added the crude powder dissolved in anhydrous THF (75 ml) and then the mixture was cooled in an ice-H2O bath. Then, a solution of geranyl bromide (16.02 g, 73.8 mmol, 1.5 eq.) in dry THF (75 ml) was added dropwise over 15 min via an addition funnel under argon. The mixture was then warmed to ambient temperature and stirred for 21.5 h under argon. The resulting yellow reaction mixture was slowly quenched with 5% aq. NH4Cl solution (100 ml) and then extracted with diethyl ether (3 × 100 ml). The combined yellow organic extracts were washed with sat. NaHCO3 (100 ml), washed with brine (100 ml), dried over anhydrous Na2SO4, and then the solvent was removed under reduced pressure (∼125 Torr) at ambient temperature to yield 22.4 g crude yellow oil. The crude oil was purified by flash column chromatography (9:1 n-pentane/EtOAc, 1,200 ml SiO2, 70 mm column) to yield a light-yellow oil (9.75 g, 29.2 mmol, 59.4%). 1H NMR (CDCl3) δ: 6.44 (s, 1H), 5.55 (t, J = 7.2 Hz, 1H), 5.10 (t, J = 6.3 Hz, 1H), 4.45 (d, J = 7.1 Hz, 2H), 3.93 (s, 3H), 3.86 (s, 3H), 3.81 (s, 3H), 2.22 (s, 3H), 2.04–2.12 (m, 4H), 1.69 (s, 6H), 1.61 (s, 3H). 13C NMR (101 MHz, CDCl3) δ: 149.19, 147.42, 144.52, 141.48, 140.97, 131.81, 126.54, 124.11, 120.48, 108.45, 69.74, 61.37, 61.23, 56.28, 39.79, 26.53, 25.83, 17.83, 16.47, 16.43. HRMS (ESI, QTOF) m/z: [(M + H)+] Calcd for C20H31O4 335.2217; Found 335.2220.
4.3.4 Preparation of 5-Geranyl-2,3,4-Trimethoxy-6-Methyl-Phenol (7)
To a 500 ml round bottom Schlenk flask was added geranyl 2,3,4-trimethoxy-6-methylphenyl ether 6 (9.73 g, 29.1 mmol) dissolved in dry diethyl ether (120 ml). Then, the mixture was treated with fresh BF3 etherate (36.9 ml, 46.5% BF3 etherate solution, 291.0 mmol, 10 eq.) added dropwise over 5 min and then stirred under argon at ambient temperature for 30 min. After exactly 30 min, the brown colored reaction was quenched with sat. NaCl (100 ml) very slowly over 8 min and then the mixture was extracted with diethyl ether (3 × 100 ml). The combined light yellow organic extracts were washed with sat. NaHCO3 (50 ml, releases CO2), washed with brine (100 ml), dried over anhydrous MgSO4, vacuum filtered, and then the solvent was removed under reduced pressure (∼125 Torr) at ambient temperature to yield 9.41 g crude brown oil. The product was purified by flash column chromatography (9:1 n-pentane/EtOAc, 800 ml SiO2, 70 mm) to yield the desired product (4.67 g, 14.0 mmol, 48.1%) as a light-yellow oil. 1H NMR (CDCl3) δ: 5.60 (s, 1H), 5.05 (q, J = 6.5, 2H), 3.93 (s, 3H), 3.91 (s, 3H), 3.75 (s, 3H), 3.33 (d, J = 6.5, 2H), 2.13 (s, 3H), 2.07 (q, J = 7.2, 2H), 1.98 (m, 2H), 1.76 (s, 3H), 1.65 (s 3H), 1.57 (s, 3H). 13C NMR (101 MHz, CDCl3) δ: 144.49, 143.61, 143.44, 137.85, 135.12, 131.48, 129.82, 124.43, 123.18, 117.68, 61.44, 61.32, 60.92, 39.83, 26.78, 25, 82, 25.66, 17.82, 16.34, 11.48. HRMS (ESI, QTOF) m/z: [(M + Na)+] Calcd for C20H31O4Na 357.2036; Found 357.2004.
4.3.5 Preparation of Ubiquinone-2 (8)
To a 50 ml round bottom flask was added 5-geranyl-2,3,4-trimethoxy-6-methylphenol 7 (0.137 g, 0.410 mmol), followed by DCM (2 ml) and ACN (2 ml) and then cooled to 0°C. An excess of FeCl3 (1.11 g, 4.10 mmol, 10 eq.) dissolved in ACN (4 ml) was then added. The open atmosphere mixture was stirred at 0°C for 35 min. Then, DDI H2O (30 ml) and sat. aq. NaHCO3 (30 ml) were added to the orange reaction mixture and then extracted with diethyl ether (3 × 100 ml). The combined organic extracts were washed with sat. NaHCO3 (50 ml), washed with brine (50 ml), dried over anhydrous Na2SO4, and then the solvent was removed under reduced pressure at ambient temperature to yield UQ-2 as a red oil and practically pure (0.125 g, 0.393 mmol, 95.9%). 1H NMR (CDCl3) δ: 5.03 (t, J = 6.8, 1H), 4.92 (t, J = 7.0, 1H), 3.99 (s, 3H), 3.98 (s, 3H), 3.18 (d, J = 7.0, 2H), 2.01 (m, 8H), 1.72 (s, 3H), 1.64 (s, 3H), 1.57 (s, 3H). 13C NMR (101 MHz, CDCl3) δ: 184.91, 184.05, 144.53, 144.38, 141.84, 139.01, 137.66, 131.68, 124.13, 199.08, 61.28, 39.82, 26.66, 25.81, 25.43, 17.82, 16.43, 12.07. HRMS (DART) m/z: [(M + H)+] Calcd for C19H27O4 319.1904; Found 319.1935.
4.4 Mass Spectrometry
High resolution mass spectrometry (HRMS) experiments were carried out using one of the following instruments: 1) an Agilent 6220 TOF LC/MS (“OTOF”) interfaced to an Agilent 1200 HPLC, 2) a Maxis QTOF (“QTOF”) with electrospray (ESI) mode, and 3) a Maxis QTOF in positive DART mode (DART) using jeffamine as an internal calibration standard.
4.5 NMR Spectroscopic Studies
1D and 2D 1H studies were carried out both in organic solvents and a RM system. 1H and 13C spectra were recorded using either a Varian Model MR400 or Model Inova400 operating at 400 and 101 MHz, respectively. Chemical shift values (δ) are reported in ppm and referenced against the internal solvent peaks in 1H NMR (CDCl3, δ at 7.26 ppm; d3-acetonitrile δ at 1.94 ppm; d6-DMSO, δ at 2.50 ppm; d6-benzene, δ at 7.16 ppm; d5-pyridine, δ at 8.74 ppm; D2O, δ at 4.79 ppm) and in 13C NMR (d6-DMSO, δ at 39.52 ppm; d6-benzene, δ at 128.06 ppm). All NMR spectra were recorded at either 22°C or 26°C. When samples were prepared for RM NMR experiments, deuterium oxide was used instead of H2O, and the pH was adjusted to consider the presence of deuterium (pD = 0.4 + pH) (Samart et al., 2014).
For 1D and 2D NMR spectroscopic studies, a sample for analytical characterization of UQ-2 was prepared by using normal phase preparative thin layer chromatography (TLC) (10:1 n-pentane/EtOAc). First, ∼10 mg of UQ-2 (dissolved in minimal amount of DCM) was loaded onto a preparative TLC plate and then eluted (10:1 n-pentane/EtOAc, 45 min). The plate was briefly dried of eluent solvent and eluted a second time (10:1 n-pentane/EtOAc, 45 min). The orange band was illuminated under UV light and while illuminated, the band was divided into a top half and a bottom half. The bottom half was carefully removed with a razor blade, extracted with DCM, filtered through a disposable Pasteur pipette filled with glass wool (pre-rinsed with DCM) and concentrated under reduced pressure at ambient temperature to provide 6 mg of UQ-2 as a red oil for NMR spectroscopic studies.
4.5.1 Solution 1D 1H NMR Spectroscopic Studies of UQ-2
Samples were prepared by dissolving 5.0 mg of UQ-2 in 0.5 ml of either d1-chloroform, d6-DMSO, d5-pyridine, d3-acetonitrile, and d6-benzene, respectively. The NMR instrument was locked onto the respective deuterium signal in the deuterated solvent used. NMR spectra were then collected using 32 scans for each sample. The data was processed using MestReNova NMR processing software version 10.0.1. The spectra were manually phased and then the baseline was corrected using a Bernstein Polynomial Fit (polynomial order 3). The obtained spectra were referenced to the internal solvent peak.
4.5.2 Sample Preparation for 1H-1H 2D NOESY and 1H-1H 2D ROESY NMR Spectroscopic Studies of UQ-2
To prepare the samples in d5-pyridine, d3-acetonitrile, and d6-DMSO, 3.2 mg of UQ-2 was dissolved in 0.5 ml of solvent to yield a 20 mM solution of UQ-2. The NMR tubes containing the UQ-2 solution were purged with argon prior to data collection. To prepare a 100 mM solution of UQ-2 in CDCl3, 15.9 mg of UQ-2 was dissolved in 0.5 ml CDCl3. To prepare a 20 mM sample, 3.2 mg of UQ-2 was dissolved in 0.5 ml of each respective solvent (d1-chloroform, d6-DMSO, d5-pyridine, d3-acetonitrile, and d6-benzene).
4.5.3 1H-1H 2D NOESY and 1H-1H 2D ROESY NMR Spectroscopic Solution Experiments of UQ-2
1H-1H 2D NOESY NMR and 1H-1H 2D ROESY NMR spectroscopic experiments were conducted using a 400 MHz Varian MR400 NMR at 26°C. A standard NOESY pulse sequence was used consisting of 256 transients with 16 scans in the f1 domain using a 500 ms mixing time, 45° pulse angle, and a 1.5 s relaxation delay. A standard ROESYAD pulse sequence was used consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time, 45° pulse angle, and a 2.0 s relaxation delay. The NMR was locked onto either d5-pyridine, d6-benzene, d3-acetonitrile, or d6-DMSO. The resulting spectrum was processed using MestReNova NMR software version 10.0.1 (see Supplementary Material for details). The spectra were referenced to the internal solvent peak.
4.5.4 Sample Preparation for RM NMR Spectroscopic Studies of UQ-2
A 0.50 M AOT stock solution was made by dissolving AOT (5.56 g, 12.5 mmol) in isooctane (25.0 ml). Empty RMs were made by mixing 0.50 M AOT stock solution with a D2O water pool, and then vortexed. UQ-2 RMs were made in a similar matter. The only difference being a 14.3 mM for UQ-2 stock solution was made by dissolving 45.4 mg of UQ-2 in 10.0 ml of 0.50 M AOT/isooctane solution. The RMs were then prepared using the UQ-2 stock solution. First, 2.0 ml samples were made using specific amounts of the 14.3 mM UQ-2 stock solution and then diluting the sample with the 500 mM AOT/isooctane solution. From the 2.0 ml solutions, 1.0 ml RM samples were prepared using the designated amounts of 2.0 ml sample and then adding the proper amount of D2O with pH 7.0 (see Section 4.2 for pH measurements) for UQ-2 to form the desired size RM. The samples were then vortexed until clear. The overall concentrations for 1.0 ml UQ-2 RM samples are as follows: w0 4, 13.8 mM; w0 8, 6.4 mM; w0 12, 3.5 mM; w0 16, 2.0 mM; and w0 20, 1.4 mM.
4.5.5 1D 1H NMR Spectroscopic Studies of AOT/Isooctane RMs Containing UQ-2
NMR spectra of various size RMs and in isooctane and D2O were obtained using a Varian Inova 400 MHz instrument at 22°C using routine parameters (pulse angle: 45°, relaxation delay of 1 s) using 64 scans. The NMR instrument was locked onto 10% D2O signal for the RM samples and D2O for the sample in D2O. The 1D 1H spectra of UQ-2 in isooctane were doped with 5% d6-benzene for the NMR instrument to lock onto and to achieve properly shimmed spectra. The spectral data was processed using MestReNova NMR processing software version 10.0.1. The spectra were manually phased and then the baseline was corrected using a multipoint baseline correction (cubic splines). The spectrum in D2O was referenced to the internal D2O peak and the spectra in isooctane and RM samples were referenced to the isooctane methyl peak (0.904 ppm) as previously reported (Samart et al., 2014).
4.5.6 Sample Preparation for 1H-1H 2D NOESY and ROESY NMR Spectroscopic Studies of UQ-2 in AOT/Isooctane RMs
A 0.50 M AOT stock solution was made by dissolving AOT (5.56 g, 12.5 mmol) in isooctane (25.0 ml). A 1 ml stock solution of 112 mM UQ-2 in AOT/isooctane was made by dissolving 35.7 mg of UQ-2 in 1 ml isooctane/AOT stock solution. To make a w0 12 RM, 893 μl of 112 mM UQ-2 AOT/isooctane stock solution and 107 μl of D2O at pH 7 were mixed together and then vortexed. This final mixture results in a w0 12 RM microemulsion with an overall concentration of UQ-2 being ∼100 mM (∼29 molecules per RM).
4.5.7 1H-1H 2D NOESY NMR Spectroscopic Studies of UQ-2 in a w0 12 AOT/Isooctane RM
2D NMR spectra were obtained using similar conditions used previously (Peters et al., 2016; Koehn et al., 2018b) using a 400 MHz Varian NMR at 26°C. A standard NOESY pulse sequence was used consisting of 256 transients with 16 scans in the f1 direction using a 200 ms mixing time, 45° pulse angle, and a relaxation delay of 1.5 s. The NMR instrument was locked onto 10% D2O signal. The resulting spectrum was processed using MestReNova NMR software version 10.0.1. (see Supplementary Material for details). The spectrum was referenced to the isooctane methyl peak at 0.904 ppm as previously reported (Samart et al., 2014; Koehn et al., 2018a). The 3D structure illustration within a RM was drawn using ChemBioD Ultra 12.0 and ChemBio3D Ultra 12.0 based on spectral parameters described under results.
4.6 Langmuir Monolayer Compression Isotherm Methods
4.6.1 Instrument and Cleaning
All Langmuir monolayer studies were performed on a Kibron μTrough XS equipped with a Teflon ribbon barrier (hydrophobic) as described previously (Van Cleave et al., 2021). The trough bed was cleaned between runs by scrubbing three times with isopropanol, then scrubbing three times with absolute EtOH, and then rinsing with DDI H2O. The ribbon was cleaned by a rinse with isopropanol, a rinse with absolute EtOH, and then a rinse with DDI H2O.
4.6.2 Preparation of the Subphase
The subphase consisted of approximately 50 ml of 20 mM sodium phosphate buffer (pH 7.40 ± 0.02). The pH was adjusted using 1.0 M HCl or NaOH. The subphase surface was cleaned with vacuum aspiration until the surface pressure remained at 0.0 ± 0.5 mN/m throughout a quick compression.
4.6.3 Preparation of Lipid Solutions
Phospholipid solutions were prepared by dissolving powdered lipid (0.018 g DPPC, 0.017 g DPPE) into 25 ml of 9:1 chloroform/MeOH (v/v) to yield a 1 mM phospholipid stock solution. A 1 mM UQ-2 solution was prepared the same as the phospholipids, but with 0.0016 g UQ-2 dissolved into 5 ml of the chloroform/methanol solution. Stock solutions were stored at −20°C. Mixed monolayer were prepared immediately before experiments by adding appropriate amount of phospholipid stock and UQ-2 stock to a small glass vial and vortexing for ∼30 s. Mixed monolayers consisted of 25:72, 50:50, and 75:25 UQ-2:phospholipid (mol fraction).
4.6.4 Formation and Compression of Monolayers
Monolayers consisted of pure DPPC, pure DPPE, pure UQ-2, or varying phospholipid:UQ-2 molar fractions (25:75, 50:50, 75:25). Films were prepared by adding 20 μl lipid stock solutions or mixtures (40 µl were used for UQ-2 and 75:25 UQ-2:phospholipid to obtain full compression) drop-wise to the surface of the subphase and were equilibrated for 15 min. Monolayers were compressed at a speed of 10 mm/min (5 mm/min from two sides). Surface pressure measurements were made via a modified Wilhelmy plate method where a wire probe was used instead of a plate. Surface pressure was calculated from surface tension with Eq. 1, where π is surface pressure (mN/m), [image: image] is the surface tension of the subphase (72.8 mN/m), and [image: image] is the surface tension after the addition of the monolayer.
[image: image]
The averages of triplicate isotherms were worked up in Excel. The averages were then normalized to the amount of phospholipid according to Eq. 2, where AN is the normalized area per phospholipid (Å2), A is the experimental area per molecule (Å2) (Van Cleave et al., 2021), and x is the mol fraction of phospholipid (0.25, 0.5, or 0.75). This method of analysis was developed from a previous study (Quinn and Esfahani, 1980).
[image: image]
Normalized isotherms were plotted with Origin 2021. Reported error bars are the standard deviations of the experimental area.
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Considering the remarkable relevance of acetylated derivatives of phenols, alcohols, and aryl and alkyl thiols in different areas of biology, as well as in synthetic organic chemistry, a sustainable solvent-free approach to perform acetylation reactions is proposed here. Acetylation reactions are classically performed using excess of acetic anhydride (Ac2O) in solvent-free conditions or by eventually working with stoichiometric amounts of Ac2O in organic solvents; both methods require the addition of basic or acid catalysts to promote the esterification. Therefore, they usually lead to the generation of high amounts of wastes, which sensibly raise the E-factor of the process. With the aim to develop a more sustainable system, a solvent-free, stoichiometric acetylation protocol is, thus, proposed. The naturally occurring phenol, thymol, can be converted to the corresponding—biologically active—ester with good yields, in the presence of 1% of VOSO4. Interestingly, the process can be efficiently adopted to synthesize other thymyl esters, as well as to perform acetylation of alcohols and aryl and alkyl thiols. Remarkably, a further improvement has been achieved replacing Ac2O with its greener alternative, isopropenyl acetate (IPA).
Keywords: acetylation, acetic anhydride, isopropenyl acetate, sustainability, thymol, phenols, alcohols, thiols
INTRODUCTION
In the framework of organic transformations, acetylation is a common and versatile reaction, extensively used both on laboratory and industrial scale. In fact, acetate is usually exploited as an effective protective group for phenols, alcohols, thiols, and amines in several multistep syntheses, including drug preparation (Carey et al., 2006). Moreover, acetylation of bioactive molecules, such as natural phenols, confers enhanced lipophilicity, eventually leading to an improved bioactivity (Su et al., 2020; Floris et al., 2021). The key role of such a reaction is particularly highlighted in the case of Aspirin®, where acetylation is fundamental to allow safe drug administration (Vane and Botting, 2003). Therefore, it is particularly important to find sustainable methodologies to perform acetylation reactions in good yields. Acetic anhydride (Ac2O) is amongst the most used acetylating reagent (Larionov and Zipse, 2011), but basic or acid catalysts are needed to activate it. Yet, 4-(dimethylamino)pyridine (DMAP) (Steglich and Hofle, 1969; Mandai et al., 2018), triethylamine, and tributylphosphine (Vedejs et al., 1993) are generally used as basic catalysts for Ac2O activation in chlorinated solvents. Analogously, several Lewis acid complexes with hard anions (Chandra et al., 2002; Reddy et al., 2006) that significantly enhance metal acidity, such as triflates (Ishihara et al., 1995; Barrett and Braddock, 1997; Chauhan et al., 1999; Saravanan and Singh, 1999; Chen et al., 2001; Orita et al., 2001; Das and Chakraborty, 2011; Kumar et al., 2014), perchlorates (Bartoli et al., 2003), and chlorides (De, 2004), have been adopted in acetylation reactions with Ac2O, showing high catalytic activity. Interestingly, acetylation of tertiary alcohols, which generally show slow rates and unsatisfactory yields, has been successfully obtained by merging together the catalytic activity of Sc(OTf)3 and DMAP (Zhao et al., 1998). However, several disadvantages are associated with these catalysts, such as the moisture sensitivity as well as their high prices. Furthermore, chlorinated solvents, high reaction temperatures, and inert atmosphere are usually required.
In the last years, the chemistry community has been committed to find new sustainable approaches to perform organic transformations, preferring environment-friendly methodologies. Such task results particularly relevant for industrial processes (Sarkar et al., 2016). In this respect, acetylation of phenols, alcohols, amines, and thiols has been extensively investigated, with the goal of improving sustainability through homogenous (Lugemwa et al., 2013; Singha and Ray, 2016; Temperini et al., 2017; Kuciński and Hreczycho, 2018; Zhu et al., 2018; Jain et al., 2019; Chutia and Chetia, 2020; Pantawane et al., 2021) and heterogenous catalysis (Rajabi and Luque, 2014; Bajracharya and Shrestha, 2018; Behera and Patra, 2021; Hlatshwayo et al., 2021). Indeed, earth-abundant transition metals (Zhu et al., 2018; Jain et al., 2019), solvent-free conditions (Rajabi and Luque, 2014; Behera and Patra, 2021), and safe acylating reagents (Singha and Ray, 2016; Temperini et al., 2017; Pantawane et al., 2021) have been employed. Among transition metal complexes, vanadium covers a chief role as an environment-friendly catalyst for several organic transformations, including oxidation and halogenation reactions (Conte and Floris, 2010; Galloni et al., 2013; Floris et al., 2017; Coletti et al., 2018; Sabuzi et al., 2019; Sabuzi et al., 2021; Valentini et al., 2021). Moreover, various inorganic and organic vanadium (IV) complexes have been studied as catalysts in acetylation of alcohols, thiols, and amines, with high excess of acetic anhydride, eventually adding organic solvents (Chen et al., 2001; Oskooie et al., 2008; Taghavi et al., 2011).
In this study, vanadium (IV)-based catalysts have been employed in the sustainable esterification of thymol (2-isopropyl-5-methylphenol, 1), a natural phenolic compound, particularly known at the industrial level for its peculiar biological properties. Notably, functionalization allows to access different thymol derivatives characterized by even more improved bioactivity (Galloni et al., 2018; Piombino et al., 2020; Floris et al., 2021). To this purpose, over the last years, we have been involved in the synthesis of differently functionalized thymol-based products for applications in the biological and cosmetical fields (Sabuzi et al., 2015; Galloni et al., 2018; Piombino et al., 2020). In addition, many studies demonstrated that thymyl acetate resulted more effective than thymol against different pathogenic fungi and several bacterial strains (Floris et al., 2021); other thymyl esters have been recently highlighted for their promising biological and pharmacological activities (Chauhan et al., 2017; Tharamak et al., 2020; Floris et al., 2021). Therefore, considering the growing interest in such valuable compounds, a sustainable method for thymol esterification, even extended for the esterification of other phenols, aliphatic alcohols, and thiols, is presented here.
METHODS
All commercial reagents and solvents were purchased from Sigma-Aldrich/Merck Life Science, with the highest degree of purity, and they were used without any further purification. GC-MS analyses have been performed with a Shimadzu GCMS QP2010 Ultra system. 1H-NMR experiments have been performed with Bruker Avance 700 MHz.
General Procedure for the Synthesis of Thymyl Acetate and Esters 3a–d
In a round-bottom flask, VOSO4·5H2O was suspended in the proper volume of the anhydride. After 10 min, 6.6 mmol (1 g) of thymol was added. The reaction was kept under stirring for 2 or 24 h at room temperature. The reaction was quenched with the addition of 50 ml of distilled H2O, and it was kept under stirring for about 15 min. 10 ml of NaHCO3 (s s.) were then added to the aqueous phase to neutralize the carboxylic acid formed as by-product. The aqueous phase was extracted with 100 ml of ethyl acetate. The organic phase was washed with 100 ml of water until neutrality was reached, dried over anhydrous Na2SO4, and filtered, and the solvent was removed under reduced pressure. The oil was purified by using a chromatography column (SiO2, DCM: petroleum ether 2:3 v:v).
Synthesis of Thymyl Acetate on a 10 g Scale
168 mg of VOSO4·5H2O (0.66 mmol) was suspended in 6.4 ml of Ac2O (0.068 mol). After 10 min, 10 g of thymol (0.067 mol) was added, and the reaction was kept under stirring for 24 h at room temperature. 150 ml of H2O was added, and the aqueous phase was extracted with 2 × 100 mL of ethyl acetate. The organic phase was washed with 2 × 50 mL of 1 M NaOH solution to remove unreacted thymol and then with water. The organic phase was dried over anhydrous Na2SO4 and filtered, and the solvent was evaporated. The product was obtained as a colorless oil. Purity was checked by TLC and 1H NMR analyses. Yield = 87% (11.2 g, 0.058 mol).
Synthesis of Thymyl Acetate on a 50 g Scale
50 g of thymol (0.33 mol) was added to a solution of 32 ml of acetic anhydride (0.34 mol) containing 835 mg of VOSO4·5H2O (3.3 mmol). The reaction was kept under stirring for 24 h at room temperature. The reaction was quenched with the addition of 200 ml of H2O. Being non-soluble in water, the synthesized product has been separated from the aqueous phase through a separatory funnel. The product was diluted with 50 ml of ethyl acetate extracted with 2 × 50 mL of 1 M NaOH solution to remove unreacted thymol and then with water. Then, it was dried over anhydrous Na2SO4 and filtered, and the solvent was removed under reduced pressure. The product was obtained as a colorless oil. Purity was checked by TLC and 1H NMR analyses. Yield = 97% (62.3 g, 0.32 mol).
Synthesis of Esters and Thioesters 5a–h
In a 5 ml round-bottom flask, 1 g of 4a–h was added to an equimolar amount of acetic anhydride containing 1% of VOSO4·5H2O. The reaction was kept under stirring for 2 or 24 h at room temperature. The reaction was then quenched with 50 ml of H2O and kept under stirring for about 15 min. 10 ml of NaHCO3 (s s.) was then added to the aqueous phase, and it was extracted with 100 ml of ethyl acetate. The organic phase was then washed with 100 ml of distilled water until neutrality was reached. The organic phase was dried over anhydrous Na2SO4, filtered, and evaporated. The obtained product was purified by using a chromatography column.
Products have been characterized with GC-MS, 1H NMR, and 13C-NMR analyses. Data are included in Supplementary Material S1.
General Procedure for O-Acetylation With Isopropenyl Acetate
In a 5 ml round-bottom flask, 1% of VOSO4·5H2O was dissolved in 1 eq. of isopropenyl acetate. After 10 min, 1 g of substrate was added. The reaction was kept under magnetic stirring at 60°C for 24 h. An aliquot of 4 μL was taken and diluted in 5 ml with a solution 10 mM decane in ethyl acetate and analyzed with GC-MS. Results are reported in Supplementary Table S7 and Figure 3.
RESULTS AND DISCUSSION
Thymol acetylation was initially explored using acetic anhydride as an acetylating reagent. Ac2O activation was promoted by V(IV)-based catalysts, namely, vanadyl sulfate (VOSO4) and vanadyl acetylacetonate (VO(acac)2). To minimize waste production, thus increasing process sustainability, reactions have been carried out in solvent-free conditions. Consequently, Ac2O has been exploited as a reagent and solvent. Results are reported in Table 1.
TABLE 1 | Thymol acetylation. Reaction conditions: thymol = 6.7 mmol (1 g), T = r. t., and t = 24 h.
[image: Table 1]Results show that reactions performed at room temperature, with 5% of VOSO4 or VO(acac)2 and 8 equivalents of acetic anhydride, led to 85% of isolated product, and no difference between the catalysts has been observed (entries 1–2). Catalyst loading was then decreased to 1% (entries 3–4), and VOSO4 showed higher catalytic performance than VO(acac)2. In particular, thymyl acetate was obtained with 80% yield in 24 h at room temperature, and a further decrease of the catalyst to 0.5% led to only a slight decrease of the yield (entry 5). Thus, 1% of vanadyl sulfate has been chosen for further experiments. Interestingly, with respect to the other catalysts commonly used for acetylation reactions such as amines (Steglich and Hofle, 1969; Mandai et al., 2018), phosphines (Vedejs et al., 1993), and Lewis acid complexes with hard anions (Chandra et al., 2002; Reddy et al., 2006), environmental and human health risks associated with the use of VOSO4 are reduced, being non-toxic for humans, non-flammable, or non-corrosive. Therefore, VOSO4 is considered a safe and biocompatible catalyst; recently, the pharmacological benefits associated with its assumption have been highlighted (Ścibior et al., 2020).
In order to further improve the sustainability of such process, the amount of Ac2O was gradually decreased, and its effect on product yield has been investigated (entries 6–8): reduction of Ac2O up to 1 equivalent (620 μL per gram of thymol) does not affect product yield, which still results higher than 80% (entry 8). The remarkable progress reported here is the VOSO4 reduction to 1% and the stoichiometric amount of Ac2O. In fact, in previously optimized processes, 50% excess of the reactant and higher catalyst loadings (5% mol) were required (Oskooie et al., 2008). Such a result greatly improves the E-factor (Sheldon, 2008) of the process, since a 1:1 stoichiometric ratio between the reactants is preferred to avoid large amount of wastes (Sarkar et al., 2016). Interestingly, reactions performed on a larger scale (i.e., on 10 and 50 g of substrate) led to even more improved yields and strongly reduced E-factor values because of the simplified workup (entries 9–10). In particular, 97% of thymyl acetate was isolated performing the reaction on a 50 g scale, likely anticipating promising results for further scale-ups. To note, all the reactions led to the selective formation of thymyl acetate, and blank experiments showed only 3% of the product (entry 11).
Considering the biological relevance of thymyl esters, the optimized reaction conditions have been exploited to perform thymol esterification with different anhydrides (Figure 1). Remarkably, thymyl esters 3a–3d were obtained in moderate to very good yields at room temperature, working with a stoichiometric amount of reactants and 1% of VOSO4 (Supplementary Table S1). Notably, by increasing the acylating reagent side chain length, a slight decrease in product yield was observed (Supplementary Table S1, entries 1–4), while with trimethyl acetic anhydride (TMA) (Supplementary Table S1, entries 5–6), only 40% of the product was obtained after 24 h. As a matter of fact, both steric hindrance and inductive effect of the three alkyl groups likely deactivate TMA toward a nucleophilic attack (Chen et al., 2001). Conversely, trifluoroacetic anhydride resulted more reactive than the others; indeed, a significant increase in the yield was observed, reaching 90% of isolated product in 2 h and 95% in 24 h (Supplementary Table S1, entries 7–8).
[image: Figure 1]FIGURE 1 | Thymol acetylation reaction using different anhydrides as the acetylating agent.
Given the very good results achieved in thymol esterification, substrate scope has been investigated using acetic anhydride as a model reagent. O- or S-acetylation of phenols, alcohols, and aryl and alkyl thiols has been performed, using a stoichiometric amount of acetic anhydride and 1% of vanadyl sulfate (Figure 2, Supplementary Tables S3, S4).
[image: Figure 2]FIGURE 2 | O,S-acetylation reactions: substrate scope investigation.
Carvacryl and phenyl acetates (5a–b) were obtained with good yields, comparable to that of thymyl acetate in the same conditions, and 86% yield was achieved with benzyl acetate (5e) in 24 h at room temperature. Also, 1-octanol and cyclohexanol were converted to their corresponding esters (5c–d) with a good but slightly lower yield. On the contrary, S-acetylation of alkyl and aryl thiols required higher reaction temperature (Supplementary Table S4). Still, 4-methylphenyl thioacetate (5f) has been obtained with 95% yield at 60°C, while alkyl thiols, such as cyclohexanethiol and 1-octanethiol, were converted to their corresponding thioacetate with 68 and 50% of isolated yield, respectively, likely indicating that both substrate nucleophilicity and steric hindrance affect reaction outcome.
In the context of acetylation reactions, isopropenyl acetate (IPA) is recently emerging as a new green acetylating reagent for alcohols (Barry, et al., 1988; Temperini et al., 2017; Zhu et al., 2018; Rigo et al., 2020), thiols (Kuciński and Hreczycho, 2018), and amines (Pelagalli et al., 2012). The main advantage of IPA is related with the formation of acetone as the only by-product, which can be easily removed from the reaction mixture through distillation. On the contrary, acetylation reactions performed with Ac2O lead to the formation of acetic acid, which must be removed through acid–base extractions. In one of the first reported examples concerning IPA application in acetylation reactions, 20% mol K2CO3 was the catalyst (Barry et al., 1988). Although the reaction proceeded with an almost quantitative yield at room temperature, the environmental impact of the process was negatively influenced by the strong basicity and high amount of the base. In fact, after reaction, high volumes of water were possibly needed to neutralize the K2CO3 solution, thus making the process less sustainable and raising disposal budgets. Such treatments are absent in VOSO4-catalyzed reactions. Thus, 1% of vanadyl sulfate has been used as the catalyst in the O-acetylation of alcohols and phenols, using isopropenyl acetate as both reagent and solvent in a stoichiometric amount (Figure 3). However, at room temperature, O-acetylation did not occur with satisfactory yields; therefore, reactions have been carried out at 60°C. Remarkably, thymol and carvacrol acetylation were accomplished with ca. 75% yield, which is in line with the results achieved with Ac2O; conversely, octyl, cyclohexyl, and benzyl acetate were obtained in lower amounts, and the reaction performed on aryl and alkyl thiols led to poor yields and lacked in selectivity (Supplementary Table S7).
[image: Figure 3]FIGURE 3 | O-acetylation with isopropenyl acetate.
CONCLUSION
In this study, a sustainable procedure to carry out acylation reactions has been proposed. Thymol has been adopted as model substrate, as its ester derivatives are particularly known for their biological properties. Results showed that it is possible to successfully perform thymol acetylation using a stoichiometric amount of acetic anhydride in solvent-free conditions. The activation of acetic anhydride is promoted by the addition of 1% of VOSO4. Here, thymyl acetate can be isolated in 80% yield in 24 h at room temperature. The optimized process shows an E-factor decisively lower than that of the classical acylation reactions, which requires the use of a large excess of acetic anhydride and organic solvents. The advantages of the process have been confirmed by preliminary scale-up studies, which showed that the 50 g scale reaction proceeds with an almost quantitative substrate conversion. Furthermore, the optimized conditions can be efficiently adopted for the synthesis of thymyl esters using different anhydrides, as well as for the acylation of other phenols, alkyl alcohols, and alkyl and aryl thiols.
Interestingly, a further improvement of the sustainability of the process was achieved by carrying out the reaction with a stoichiometric amount of isopropenyl acetate, which is a “greener” alternative to acetic anhydride, as the only by-product is acetone, which is easily removed from the reaction mixture through distillation. Again, good results in phenol acetylation have been obtained at 60°C, although the reaction is worth to be further optimized for alkyl alcohols and thiols.
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The picolinamide-supported tetracoordinated organoboron complexes containing diaryl boronyl segments have been synthesized for the first time. Aryl trifluoroborates were utilized as the BAr2 sources to introduce different aryl motifs with diverse functional groups. The optical experiments discovered these five-membered boron-containing complexes were aggregation-induced emission (AIE) active, thus affording a new class of AIE molecules.
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INTRODUCTION
Taking advantage of the vacant p-orbitals of the boron atoms, the chelating complexation between π-conjugated ligands and -BR2 units will generate tetracoordinated organoboron complexes containing X→B dative bonds that are able to lock the π-conjugated ligands. These modifications will enhance the molecular rigidity, extend the π-conjugation system, and thus afford molecules with superior photoluminescence properties (Chen et al., 2017; Dou et al., 2017; Mellerup and Wang, 2019; Yan et al., 2019; Huang et al., 2020). Therefore, over the past decades, the synthesis, improvement, and application of these tetracoordinated organoboron complexes have attracted a continuing interest from organic and materials communities. However, the emission of these planar structures in aggregates or the solid-state is usually spoiled due to the aggregation-caused quenching (ACQ) effects. This limits their applications in organic optoelectronic materials or other situations that demand solid-state emissions, such as organic lasers and organic light-emitting diodes (OLEDs), which necessitates the development of new series of these complexes with high solid-state luminescence efficiency.
Since the conceptualization of the aggregation-induced emission (AIE) effect by the Tang group in 2001 (Luo et al., 2001; Mei et al., 2015), many types of AIE-active compounds/units have been developed. In recent years, a number of AIE-active tetracoordinated organoboron complexes have been synthesized and applied as aggregate-state emitters (Virgili et al., 2013; Liu et al., 2019; Nitti et al., 2020; Ito et al., 2021; Yin et al., 2021; Min et al., 2022). These AIE-active complexes, which are usually obtained via linking AIE-active units such as tetraphenylethylene (TPE) or introducing rotational aryls onto the chelating backbones, mostly contain BF2 segments. The introduction of BAr2 segments, which had two bulky aryl rings on boron atoms, has been utilized to disrupt the intermolecular π−π stacking in aggregate states and thus enable more efficient AIE effects (Figure 1). Based on our survey, most of the known AIE-active complexes with BAr2 segments were six-membered. To the best of our knowledge, the only AIE-active five-membered cases have been disclosed very recently by Yang and Zou group (Qi et al., 2021). This was surprising since five-membered tetracoordinated organoboron compounds were very commonly encountered in organoboron-based molecules and materials. Moreover, BAr2 segments were usually introduced via Ar3B or aryl organometallic reagents (Kubota et al., 2012; Yan et al., 2014; Gong et al., 2015; Wang et al., 2015; Wu et al., 2015), limiting the accessibility and diversity of the target molecules (Yang et al., 2021).
[image: Figure 1]FIGURE 1 | The tetracoordinated organoboron complexes containing BAr2 segments with AIE properties. The aryl precursors are indicated in the boxes.
On the other hand, innumerable chelating backbones have been applied in the complexation formation of tetracoordinated organoboron, to fine-tune the desirable luminescence properties. In this regard, it is surprising that picolinamide, one of the most available and widely-used chelating ligands in coordination chemistry, has never been used in the preparation of tetracoordinated organoboron, to the best of our knowledge (Yang et al., 2021). Thus, we hypothesized that complexation between picolinamide and BAr2 segments would afford a new series of tetracoordinated organoboron molecules. These complexes should adopt propeller structures and be consisted of electron-deficient pyridyl, electron-rich anilino groups, and the spiro linker centers of boron atoms, which potentially circumvent the trade-off between the complexation stability and the solid-state luminescence, leading to some special light-emitting molecules (Shiu et al., 2016). The proposal would pose at least two major challenges: 1) to properly introduce the relatively flexible picolinamide ligands and 2) to bypass the traditional organometallic BAr2 incorporation pathways.
RESULTS AND DISCUSSION
With these considerations in mind, the investigation was initiated by exploring the reaction between N-phenylpyridinecarboxamide 1a and potassium phenyltrifluoroborate 2a (Sawazaki et al., 2018; Wang et al., 2019), which has been demonstrated to be a competent BPh2 provider recently by Song group (Yang et al., 2018) and our group (Zu et al., 2020) (Table 1). After systematic evaluation of reaction variables, to our delight, under similar reaction conditions with our previous work (Zu et al., 2020), the target product 3a could be isolated in 99% yield by using Mn (1.0 equiv), p-toluenesulfonyl chloride (TsCl, 2.5 equiv) and Na2CO3 (0.5 equiv) in acetonitrile (CH3CN) at 130°C for 24 h (entry 1). The propeller structure of 3a was confirmed unambiguously via X-ray diffraction analysis of its crystals (Table 2).
TABLE 1 | Optimization of reaction conditionsa.
[image: Table 1]TABLE 2 | Optimization of reaction conditionsa.
[image: Table 2]Subsequently, control experiments were performed to elucidate the function of Mn, TsCl and Na2CO3 in these conditions (entry 2–4). It was found TsCl played a vital role in the formation of 3a, in view that its absence would suppress the reaction totally. Omitting Mn from the conditions, still, 81% isolated yield of 3a could be obtained, while the omission of Na2CO3 led to the formation of 3a in only 24% yield. Further evaluation revealed the choice of solvent was also critical (entry 5–10). Other commonly-used organic solvents, including DMF, THF and DMSO, afforded only a trace amount of product 3a. Moreover, the test of the reaction temperature showed the yield dropped sharply while lowering the temperature (entries 11–12). The investigation of a variety of bases showed that Na2CO3 performed best (entries 13–15). The reduction of the amount of 2a also affected the yields remarkably (entries 16–17).
With the optimal conditions in hand, the substrate scope of this methodology was then investigated (Table 2). A broad scope of aryl trifluoroborates containing para- ortho- and meta-substituents were applied in the reactions successfully. Generally, the ortho-substituted aryl trifluoroborates gave lower isolated yields, in comparison with their para- and meta-substituted analogs, mainly due to the steric effect (3e, 58% vs. 3k, 78% vs. 3r, 49%; 3n, 64% vs. 3o, 35%). The reaction tolerated bromides and chlorides well (3c, 3f, 3h), allowing the formation of halogenated products and thus leaving ample space for further decorations. No matter electron-withdrawing (-CF3, -halides, -CN) or -donating (-OMe, -tBu, -OBn) groups were on the aryl trifluoroborates, the target boronyl complexes could be obtained in moderate to good yields. While aryl substrates containing π-extended systems were applied, products with more congested BAr2 segments, like 3b, 3m and 3u, were obtained. Notably, potassium vinyl fluoroborate proceeded smoothly to provide 3d in moderate yields. When the N-substituent of pyridinecarboxamide was changed to 1-naphthyl, 80% of 3v could be isolated.
Then, photophysical properties of the obtained complexes in solvent and in the solid-state were measured. As shown in Figure 2 and Table 3, the selected complexes possessed very weak luminescence in organic solvent DMF along with very low quantum yield (Φliquid < 0.015), probably due to the non-radiative process in the solvent induced by intramolecular rotation. In contrast, the solid-state spectra of the BAr2-species showed intense emission bands centered around 490 nm with high quantum yield (Φsolid: 31–98%), indicating the existence of AIE phenomenon and the absence of strong intermolecular π-π interactions in the solid-state.
[image: Figure 2]FIGURE 2 | The absorption and emission spectra of selected complexes.
TABLE 3 | Luminescence quantum yield and lifetime of selected complexes.
[image: Table 3]Furthermore, the emission properties of 3a were investigated in detail to prove its AIE behaviors (Figure 3). Firstly, under irradiation with a UV lamp at 365 nm, solid 3a showed macroscopical fluorescence (Figure 3A). Then, 3a was dissolved in H2O/MeOH mixtures with different H2O content (Figure 3C). When the H2O content is lower than 60%, 3a was dissolved totally and the solution was transparent without observable fluorescence. As the water content increased from 80 to 90%, 3a became insoluble in the solvents and began to aggregate. Correspondingly, the turbidity and luminescence (at 365 nm) of the solution increased, which could be observed with the naked eyes. 3a would disperse in the pure water with its aggregation showing the same luminescence as the solid-state. The AIE behavior of 3a was further verified by observing the fluorescent changes during the evaporation of MeOH and THF solution of 3a (Figure 3B). On a thin-layer chromatography plate, as the solvent evaporated and 3a molecules aggregated, a clear increase in the fluorescence was observed under UV irradiation at 365 nm.
[image: Figure 3]FIGURE 3 | AIE behaviours of 3a. (A) 3a solid at 365 nm. (B) Fluorescence comparison of 3a solution at 365 nm at different time. (C) Fluorescence comparison of 3a at 365 nm in different ratios of water/methanol.
In order to better understand the AIE properties of these complexes, X–ray crystallographic analysis of 3a was performed. As shown in Figure 4, the boron atoms of 3a adopted a typical tetrahedral geometry to form N,N–chelated five-membered rings. The pyridyl N→B bond lengths are around 0.03 Å longer than the amide N–B bonds. As anticipated, 3a adopt twisted conformations and the two phenyl rings on the boron atom were not coplanar. The dihedral angles of A and B, A and C, B and C were 76.50°, 78.02° and 61.95°, respectively. As for the packing mode, to take advantage of the capacious space around the planar picolinamide motif, two 3a molecules could assemble in the head-to-tail mode. The aryl hydrogens on the B rings could interact with the carbonyl oxygens of the other molecule to form H-bonding (O1 … H1, 2.85 Å; O1 … H2, 2.75 Å; O2 … H3, 2.91 Å). The aforementioned dimers would interlace zigzag to form weak intermolecular π–π interactions. The shortest distances between the aryl D and E rings were around 3.5 Å. These weak intermolecular interactions, like H-bonding and π–π stacking, were able to fix the molecular conformations in the solid-state, thus inhibiting the internal rotations and non-radiative relaxation and inducing the AIE property.
[image: Figure 4]FIGURE 4 | The crystal structure of 3a.
To gain additional insight, density functional theory (DFT) and time-dependent density functional theory calculations (TD-DFT) (Adamo and Jacquemin, 2013) of 3a were performed with Gaussian09 suite of programs (Frisch et al., 2009). The combination of m062x/6–311 g** was applied in both cases (Zhao and Truhlar, 2008). As shown in Figure 5, both the HOMO and LUMO orbitals were delocalized over the picolinamide backbone. However, the electron density distribution of HOMO and LUMO was mainly localized at acyl aniline motif and pyridyl group, respectively. The electron-density contribution of boron in both orbitals were negligible, being 0.80% (HOMO) and 0.48% (LUMO). The HOMO and LUMO orbitals were spatially separated by the boron atom, rendering limited overlap between these two orbitals. Then, TD-DFT calculations on the DFT-optimized structure suggested that lowest energy transition (S0→S1) involves mostly the HOMO and the LUMO orbitals, indicating a possible ligand-to-ligand charge transfer character.
[image: Figure 5]FIGURE 5 | The calculated HOMO (A) and LUMO (B) orbitals of 3a.
In conclusion, using readily available and stable aryl trifluoroborates as the BAr2 sources, the picolinamide-based diaryl boronyl complexes have been synthesized for the first time. These propeller-type five-membered complexes exhibit very weak fluorescence in organic solvents and intense fluorescence in their aggregation/solid-state, showing classical AIE properties, which should originate from the confinement of molecular conformations and the inhibited internal rotations when these molecules assemble.
EXPERIMENTAL SECTION
General Information
Unless otherwise noted, all reactions were carried out under an air atmosphere. Analytical thin-layer chromatography (TLC) was performed on glass plates coated with 0.25 mm 230–400 mesh silica gel containing a fluorescent indicator. Visualization was accomplished by exposure to a UV lamp. All the products in this article are compatible with standard silica gel chromatography. Column chromatography was performed on silica gel (200–300 mesh). Eluent generally contained ethyl acetate (EA), petroleum ether (PE) and triethylamine (TEA).
NMR spectra were measured on a Bruker Ascend 400 spectrometer and chemical shifts (δ) are reported in parts per million (ppm). 1H NMR spectra were recorded at 400 MHz in NMR solvents and referenced internally to corresponding solvent resonance, and 13C NMR spectra were recorded at 101 MHz and referenced to corresponding solvent resonance. Coupling constants are reported in Hz with multiplicities denoted as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br (broad). Infrared spectra were collected on a Thermo Fisher Nicolet 6700 FT-IR spectrometer using ATR (Attenuated Total Reflectance) method. Absorption maxima (ν max) are reported in wavenumbers (cm−1). High resolution mass spectra (HRMS) were acquired on Thermo Scientific LTQ Orbitrap XL with an ESI source. Melting points were measured with a micro-melting point apparatus.
Commercial reagents, including picolinoyl chloride hydrochloride, aniline, naphthalen-1-amine, Mn, p-toluenesulfonyl chloride, Na2CO3 and All potassium trifluoroborate, were purchased from commercial sources and used as received unless otherwise stated.
Preparation of 2-Pyridinecarboxamide
N-phenylpicolinamide (1a). The target product was prepared according to a literature procedure (Li et al., 2014). The product was isolated by flash chromatography as a white solid (1.64 g, 90%): 1H NMR (400 MHz, CDCl3) δ 10.03 (s, 1H), 8.62 (d, J = 4.4 Hz, 1H), 8.31 (d, J = 7.6 Hz, 1H), 7.96–7.87 (m, 1H), 7.82–7.76 (m, 2H), 7.51–7.45 (m, 1H), 7.43–7.36 (m, 2H), 7.15 (t, J = 7.2 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 162.0, 149.9, 148.0, 137.8, 137.7, 129.1, 126.5, 124.3, 122.4, 119.7, 77.4, 77.1, 76.7.
N-(naphthalen-1-yl)picolinamide (1v). The target product was prepared according to a literature procedure.14 The product was isolated by flash chromatography as a white solid (2.03 g, 89%): 1H NMR (400 MHz, CDCl3) δ 10.77 (s, 1H), 8.75–8.70 (m, 1H), 8.46–8.34 (m, 2H), 8.11 (d, J = 8.4 Hz, 1H), 7.98–7.89 (m, 2H), 7.71 (d, J = 8.4 Hz, 1H), 7.63–7.50 (m, 4H). 13C{1H} NMR (101 MHz, CDCl3) δ 162.3, 150.1, 148.2, 137.8, 134.1, 132.4, 128.9, 126.6, 126.4, 126.3, 126.3, 126.0, 126.0, 125.9, 125.1, 122.5, 120.8, 120.5, 119.0, 118.6, 109.7, 77.4, 77.1, 76.7.
Typical Experimental Procedures
General Procedure A
A flame-dried 25 ml vial was placed with a magnetic stir bar. Then, N-phenylpicolinamide (29.7 mg, 0.15 mmol, 1.0 equiv), potassium trifluoro(phenyl)borate (138.0 mg, 0.75 mmol, 5.0 equiv), Mn (82.0 mg, 0.15 mmol, 1.0 equiv), p-toluenesulfonyl chloride (71.5 mg, 0.375 mmol, 2.5 equiv) and Na2CO3 (79.5 mg, 0.075 mmol, 0.50 equiv) as a base, and react with acetonitrile as the reaction solvent at 130°C for 24 h. After the completion of the reaction and concentration, the crude product was purified by column chromatography (silica gel) to give the target product, using PE/EtOAc/DCM the eluent.
Preparation and characterization data for isolated products:
Compounds 3a—3w are unknown compounds. 1H/13C NMR, melting point, IR, data HRMS (ESI) m/z for these compounds are provided herein.
1,1,2-triphenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3a). The product was isolated by flash chromatography as a yellow-green solid (53.8 mg, 99%): mp: 186.4–189.4°C; 1H NMR (400 MHz, CDCl3) δ 8.41–8.34 (m, 2H), 8.19 (td, J = 8.0, 1.2 Hz, 1H), 7.58 (dd, J = 12.4, 6.4 Hz, 1H), 7.55–7.51 (m, 2H), 7.37 (dd, J = 7.6, 4.0 Hz, 4H), 7.27–7.20 (m, 6H), 7.16 (t, J = 7.9 Hz, 2H), 7.02 (dd, J = 1.2, 7.6 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.4, 142.4, 141.6, 140.0, 135.8, 133.7, 128.4, 127.9, 127.3, 127.2, 125.0, 124.8, 122.5, 77.5, 77.2, 76.8. HRMS (ESI), m/z calcd for C24H19BN2ONa+ (M + Na)+ 385.1483, found 385.1485. IR (cm−1): 3,074, 3,009, 1,663, 1,489, 1,348, 762, 702.
1,1-di([1,1′-biphenyl]-4-yl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3b). The product was isolated by flash chromatography as a yellow-green solid (57.9 mg, 75%): mp: 289.0–290.7°C; 1H NMR (400 MHz, CDCl3) δ 8.46 (dd, J = 15.6, 5.6 Hz, 2H), 8.28 (t, J = 7.2 Hz, 1H), 7.72–7.68 (m, 1H), 7.65–7.57 (m, 6H), 7.53–7.47 (m, 8H), 7.44–7.39 (m, 4H), 7.34–7.29 (m, 2H), 7.22 (dd, J = 7.6, 2.0 Hz, 2H), 7.06 (t, J = 7.2 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.3, 148.9, 142.4, 141.6, 141.2, 139.9, 139.8, 134.1, 128.7, 128.4, 127.2, 127.1, 127.0, 126.5, 125.0, 124.6, 122.5, 77.4, 77.2, 76.7. HRMS (ESI), m/z calcd for C36H27BN2ONa+ (M + Na)+ 537.2109, found 537.2111. IR (cm−1): 3,058, 3,015, 1,680, 1,495, 1,348, 740, 686.
1,1-bis(3-bromophenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3c) The product was isolated by flash chromatography as a yellow-green solid (49.9 mg, 64%): mp: 203.5–204.5°C; 1H NMR (400 MHz, CDCl3) δ 8.48–8.40 (m, 1H), 8.38–8.28 (m, 3H), 7.78–7.72 (m, 2H), 7.43–7.35 (m, 6H), 7.25–7.19 (m, 2H), 7.17–7.08 (m, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.2, 148.6, 143.1, 141.6, 139.0, 135.9, 135.8, 132.0, 130.5, 129.8, 128.6, 127.6, 125.6, 124.9, 122.9, 77.4, 77.1, 76.8. HRMS (ESI), m/z calcd for C24H17BBr2N2ONa+ (M + Na)+ 542.9672, found 542.9680. IR (cm−1): 3,058, 1,674, 1,489, 1,348, 762, 692.
2-phenyl-1,1-divinyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3d) The product was isolated by flash chromatography as a yellow-green solid (22.4 mg, 57%): mp: 78.9–80.0°C; 1H NMR (400 MHz, CDCl3) δ 8.40 (d, J = 5.6 Hz, 1H), 8.34–8.22 (m, 2H), 7.93–7.85 (m, 2H), 7.75 (t, J = 6.0 Hz, 1H), 7.38–7.31 (m, 2H), 7.14 (t, J = 7.2 Hz, 1H), 6.30 (dd, J = 19.6, 13.2 Hz, 2H), 5.57 (dd, J = 13.2, 3.2 Hz, 2H), 5.32 (dd, J = 19.6, 3.6 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ 160.6, 149.0, 142.1, 141.0, 140.3, 128.4, 126.5, 124.7, 124.6, 123.7, 122.3, 77.4, 77.1, 76.8. HRMS (ESI), m/z calcd for C16H15BN2ONa+ (M + Na)+ 285.1170, found 285.1173. IR (cm−1): 3,047, 2,928, 1,668, 1,495, 1,360, 757, 686.
1,1-bis(3-fluorophenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3e) The product was isolated by flash chromatography as a yellow-green solid (34.6 mg, 58%): mp: 152.3–154.6°C; 1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 8.0 Hz, 1H), 8.37–8.27 (m, 2H), 7.72 (t, J = 6.4 Hz, 1H), 7.44 (d, J = 7.6 Hz, 2H), 7.25–7.16 (m, 4H), 7.13–7.04 (m, 3H), 7.00 (dd, J = 10.4, 1.2 Hz, 2H), 6.92 (td, J = 8.4, 2.0 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ 164.0, 161.6, 161.2, 148.8, 143.0, 141.5, 139.3, 129.6, 129.5, 128.9, 128.9, 128.5, 127.4, 125.4, 124.8, 122.8, 119.8, 119.6, 114.3, 114.1, 77.4, 77.1, 76.8. 19F NMR (376 MHz, CDCl3) δ -113.78. HRMS (ESI), m/z calcd for C24H17BF2N2ONa+ (M + Na)+ 421.1294, found 421.1297. IR (cm−1): 3,068, 1,680, 1,495, 1,354, 762, 702.
1,1-bis(4-bromophenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3f) The product was isolated by flash chromatography as a yellow-green solid (39.0 mg, 50%): mp: 250.0–251.3°C; 1H NMR (400 MHz, CDCl3) δ 8.42 (d, J = 8.0 Hz, 1H), 8.34–8.28 (m, 2H), 7.72 (t, J = 6.4 Hz, 1H), 7.47–7.41 (m, 2H), 7.36 (d, J = 8.0 Hz, 4H), 7.23–7.16 (m, 6H), 7.07 (t, J = 7.6 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.1, 148.8, 142.9, 141.4, 139.3, 135.2, 131.0, 128.5, 127.4, 125.4, 124.6, 122.8, 121.9, 77.4, 77.1, 76.7. HRMS (ESI), m/z calcd for C24H17BBr2N2ONa+ (M + Na)+ 542.9672, found 542.9680. IR (cm−1): 3,068, 1,674, 1,489, 1,354, 762, 698.
2-phenyl-1,1-di-p-tolyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3g) The product was isolated by flash chromatography as a yellow-green solid (36.9 mg, 63%): mp: 240.9–241.9°C; 1H NMR (400 MHz, CDCl3) δ 8.41–8.35 (m, 2H), 8.24–8.18 m, 1H), 7.64–7.56 (m, 1H), 7.28 (d, J = 8.0 Hz, 4H), 7.20–7.14 (m, 2H), 7.07 (d, J = 7.6 Hz, 4H), 7.05–7.00 (m, 1H), 2.31 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.2, 148.8, 142.2, 141.5, 140.1, 136.6, 133.7, 128.6, 128.2, 127.0, 124.8, 124.6, 122.3, 77.4, 77.1, 76.8, 21.3. HRMS (ESI), m/z calcd for C26H23BN2ONa+ (M + Na)+ 413.1796, found 413.1799. IR (cm−1): 3,020, 1,674, 1,489, 1,348, 768, 686.
1,1-bis(4-chlorophenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3h) The product was isolated by flash chromatography as yellow-green solid (43.3 mg, 67%): mp: 202.0–206.3°C; 1H NMR (400 MHz, DMSO-d6) δ 8.74 (d, J = 5.6 Hz, 1H), 8.56 (t, J = 7.6 Hz, 1H), 8.42 (d, J = 7.8 Hz, 1H), 7.99 (t, J = 6.4 Hz, 1H), 7.47 (d, J = 8.0 Hz, 2H), 7.35–7.25 (m, 8H), 7.19 (t, J = 7.6 Hz, 2H), 7.02 (t, J = 7.2 Hz, 1H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 161.6, 147.3, 145.0, 142.8, 140.3, 135.5, 132.5, 129.5, 128.7, 128.1, 124.9, 124.1, 123.0, 40.6, 40.4, 40.2, 40.0, 39.8, 39.6, 39.4. HRMS (ESI), m/z calcd for C24H17BCl2N2ONa+ (M + Na)+ 453.0703, found 453.0707. IR (cm−1): 3,080, 1,674, 1,489, 1,360, 1,082, 768.
1,1-bis(4-(tert-butyl)phenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3i) The product was isolated by flash chromatography as a yellow-green solid (45.5 mg, 64%): mp: 222.6–223.4°C; 1H NMR (400 MHz, CDCl3) δ 8.42–8.34 (m, 2H), 8.17 (td, J = 8.0, 1.2 Hz, 1H), 7.62–7.54 (m, 3H), 7.32 (d, J = 8.4 Hz, 4H), 7.28–7.23 (m, 4H), 7.20–7.13 (m, 2H), 7.05–6.97 (m, 1H), 1.29 (s, 18H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.3, 149.7, 148.7, 142.1, 141.7, 140.2, 133.5, 128.2, 126.9, 124.7, 124.6, 124.6, 122.2, 77.4, 77.1, 76.8, 34.4, 31.4. HRMS (ESI) m/z calcd for C32H35BN2ONa+ (M + Na)+ 497.2735, found 497.2740. IR (cm−1): 3,080, 2,966, 1,674, 1,489, 1,354, 762, 686.
1,1-bis(benzo[d][1,3]dioxol-5-yl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3j) The product was isolated by flash chromatography as a yellow-green solid (41.9 mg, 62%): mp: 227.6–229.4°C; 1H NMR (400 MHz, CDCl3) δ 8.37–8.33 (m, 2H), 8.20 (td, J = 8.0, 0.8 Hz, 1H), 7.65–7.59 (m, 1H), 7.58–7.52 (m, 2H), 7.23–7.16 (m, 2H), 7.04 (t, J = 7.6 Hz, 1H), 6.85 (dd, J = 7.6, 1.2 Hz, 2H), 6.79 (d, J = 1.2 Hz, 2H), 6.71 (d, J = 8.0 Hz, 2H), 5.85 (s, 4H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.1, 148.6, 147.3, 146.8, 142.5, 141.5, 139.8, 128.3, 127.1, 125.0, 124.6, 122.4, 113.1, 108.2, 100.4, 77.4, 77.1, 76.8. HRMS (ESI) m/z calcd for C26H19BN2O5Na+ (M + Na)+ 473.1279, found 473.1281. IR (cm−1): 3,063, 2,884, 1,680, 1,484, 1,348, 1,234, 1,039, 768.
1,1-bis(4-fluorophenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3k) The product was isolated by flash chromatography as a yellow-green solid (46.6 mg, 78%): mp: 176.1–177.9°C; 1H NMR (400 MHz, CDCl3) δ 8.40 (d, J = 7.6 Hz, 1H), 8.33 (d, J = 5.6 Hz, 1H), 8.31–8.24 (m, 1H), 7.71–7.65 (m, 1H), 7.49–7.44 (m, 2H), 7.34–7.27 (m, 4H), 7.22–7.15 (m, 2H), 7.08–7.02 (m, 1H), 6.96–6.90 (m, 4H). 13C{1H} NMR (101 MHz, CDCl3) δ 163.8, 161.3, 161.1, 148.7, 142.7, 141.4, 139.7, 135.2, 135.1, 128.7, 128.4, 127.3, 125.2, 124.6, 122.6, 114.9, 114.7, 77.4, 77.1, 76.8. 19F NMR (376 MHz, CDCl3) δ -113.78. HRMS (ESI) m/z calcd for C24H17BF2N2ONa+ (M + Na)+ 421.1294, found 421.1298. IR(cm−1): 3,042, 1,680, 1,495, 1,364, 1,164, 774.
1,1-bis(3-(benzyloxy)phenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3l) The product was isolated by flash chromatographyas a yellow-green solid (60.3 mg, 70%): mp: 72.6–74.2°C; 1H NMR (400 MHz, CDCl3) δ 8.36 (d, J = 7.6 Hz, 1H), 8.26 (d, J = 5.6 Hz, 1H), 8.20 (td, J = 8.0, 1.2 Hz, 1H), 7.59–7.50 (m, 3H), 7.38–7.27 (m, 10H), 7.23–7.15 (m, 4H), 7.07 (t, J = 7.2 Hz, 1H), 6.98–6.94 (m, 4H), 6.90–6.84 (m, 2H), 4.97–4.89 (m, 4H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.2, 158.3, 148.7, 142.4, 141.6, 139.9, 137.3, 128.9, 128.5, 128.4, 127.8, 127.6, 127.1, 126.3, 125.1, 124.9, 122.4, 120.0, 113.5, 77.4, 77.1, 76.8, 69.8. HRMS (ESI) m/z calcd for C38H31BN2O3Na+ (M + Na)+ 597.2320, found 597.2322. IR (cm−1): 3,063, 3,030, 1,680, 1,489, 1,348, 1,229, 762, 692.
1,1-di(naphthalen-2-yl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3m) The product was isolated by flash chromatography as a yellow-green solid (63.8 mg, 92%): mp: 215.5–217.0°C; 1H NMR (400 MHz, CDCl3) δ 8.44 (dd, J = 4.8, 4.0 Hz, 2H), 8.20 (td, J = 7.6, 0.8 Hz, 1H), 7.98–7.95 (m, 2H), 7.83–7.78 (m, 2H), 7.77–7.71 (m, 4H), 7.65–7.61 (m, 2H), 7.60–7.55 (m, 1H), 7.51 (dd, J = 8.4, 1.2 Hz, 2H), 7.48–7.40 (m, 4H), 7.19–7.12 (m, 2H), 7.05–6.98 (m, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.4, 148.9, 142.5, 141.7, 139.9, 133.5, 133.4, 133.0, 131.0, 128.4, 128.1, 127.6, 127.1,127.1, 125.7, 125.6, 125.1, 124.8, 122.6, 77.4, 77.1, 76.8. HRMS (ESI) m/z calcd for C32H23BN2ONa+ (M + Na)+ 485.1796, found 485.1797. IR (cm−1): 3,047, 1,668, 1,495, 1,354, 762, 469.
1,1-bis(3-methoxyphenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3n) The product was isolated by flash chromatography as a yellow-green solid (40.5 mg, 64%): mp: 170.9–172.2°C; 1H NMR (400 MHz, CDCl3) δ 8.378 (t, J = 5.2 Hz, 2H), 8.20 (td, J = 400, 1.2 Hz, 1H), 7.64–7.58 (m, 1H), 7.55–7.49 (m, 2H), 7.21–7.15 (m, 4H), 7.07–7.01 (m, 1H), 6.96–6.89 (m, 4H), 6.79–6.75 (m, 2H), 3.67 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.3, 159.1, 148.7, 142.5, 141.7, 139.9, 128.9, 128.3, 127.1, 125.9, 125.1, 124.9, 122.4, 119.4, 112.2, 77.5, 77.1, 76.8, 55.0. HRMS (ESI) m/z calcd for C26H23BN2O3Na+ (M + Na)+ 445.1694, found 445.1699. IR (cm−1): 3,009, 1,668, 1,343, 1,229, 762, 757.
1,1-bis(2-methoxyphenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3o) The product was isolated by flash chromatography as a yellow-green solid (22.2 mg, 35%): mp: 249.1–250.7°C; 1H NMR (400 MHz, CDCl3) δ 9.13 (d, J = 5.6 Hz, 1H), 8.29 (d, J = 7.6 Hz, 1H), 8.15 (t, J = 6.8 Hz, 1H), 7.62 (d, J = 7.6 Hz, 2H), 7.55 (t, J = 6.0 Hz, 1H), 7.43–7.39 (m, 2H), 7.23–7.18 (m, 2H), 7.12 (t, J = 7.6 Hz, 2H), 6.95 (t, J = 7.6 Hz, 1H), 6.84 (t, J = 7.2 Hz, 2H), 6.76 (d, J = 8.0 Hz, 2H), 3.48 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ 162.7, 162.3, 149.6, 142.7, 141.3, 140.9, 137.2, 128.6, 127.9, 125.9, 124.1, 124.0, 121.3, 120.3, 110.4, 77.4, 77.1, 76.8, 54.8. HRMS (ESI) m/z calcd for C26H23BN2O3Na+ (M + Na)+ 445.1694, found 445.1695. IR (cm−1): 3,058, 2,933, 1,674, 1,495, 1,360, 1,234, 757.
2-phenyl-1,1-bis(4-(trifluoromethyl)phenyl)-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3p) The product was isolated by flash chromatography as a yellow-green solid (34.4 mg, 46%): mp: 230.3–232.0°C; 1H NMR (400 MHz, CDCl3) δ 8.47 (d, J = 7.6 Hz, 1H), 8.37 (dd, J = 7.6, 1.2 Hz, 1H), 8.35–8.31 (m, 1H), 7.79–7.74 (m, 1H), 7.50 (d, J = 8.0 Hz, 4H), 7.46–7.40 (m, 6H), 7.24–7.18 (m, 2H), 7.09 (t, J = 7.6 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.1, 148.9, 143.2, 141.4, 139.1, 133.6, 129.8, 129.4, 129.1, 128.6, 127.5, 125.7, 125.5, 124.6, 124.6, 123.0, 123.0, 77.4, 77.0, 76.7. 19F NMR (376 MHz, CDCl3) δ -62.58. HRMS (ESI) m/z calcd for C26H17BF6N2ONa+ (M + Na)+ 521.1230, found 521.1236. IR (cm−1): 3,074, 3,036, 1,691, 1,327, 1,109, 762.
1,1-bis(4-(methylthio)phenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3q) The product was isolated by flash chromatography as a yellow-green solid (44.3 mg, 65%): mp: 242.1–243.6°C; 1H NMR (400 MHz, CDCl3) δ 8.37–8.29 (m, 2H), 8.21 (td, J = 7.6, 0.8 Hz, 1H), 7.64–7.57 (m, 1H), 7.53–7.47 (m, 2H), 7.26–7.22 (m, 4H), 7.18–7.12 (m, 2H), 7.11–7.08 (m, 4H), 7.04–6.98 (m, 1H), 2.40 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.2, 148.7, 142.5, 141.4, 139.8, 137.2, 134.1, 128.4, 127.1, 125.9, 125.0, 124.5, 122.5, 77.4, 77.1, 76.8, 15.5. HRMS (ESI) m/z calcd for C26H23BN2OS2Na+ (M + Na)+ 477.1237, found 477.1238. IR (cm−1): 3,063, 2,916, 1,674, 1,495, 1,375, 1,088, 762.
1,1-bis(2-fluorophenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3r) The product was isolated by flash chromatography as a yellow-green solid (29.3 mg, 49%): mp: 222.9–224.0°C; 1H NMR (400 MHz, CDCl3) δ 8.85 (d, J = 6.0 Hz, 1H), 8.36 (d, J = 7.6 Hz, 1H), 8.25 (td, J = 8.0, 1.2 Hz, 1H), 7.10–766 (m, 1H), 7.65–7.60 (m, 2H), 7.48–7.42 (m, 2H), 7.25–7.20 (m, 2H), 7.20–7.15 (m, 2H), 7.06–7.01 (m, 3H), 6.92–6.86 (m, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ 167.3, 164.9, 161.6, 149.0, 142.5, 142.0, 140.0, 136.9, 136.8, 129.8, 129.7, 128.3, 127.2, 124.6, 123.9, 123.8, 123.8, 122.4, 115.2, 115.0, 77.4, 77.1, 76.7. 19F NMR (376 MHz, CDCl3) δ -103.33. HRMS (ESI) m/z calcd for C24H17BF2N2ONa+ (M + Na)+ 421.1294, found 421.1298. IR (cm−1): 3,068, 1,668, 1,495, 1,354, 762, 746.
1,1-bis(3-(tert-butyl)phenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3s) The product was isolated by flash chromatography as a yellow-green solid (55.5 mg, 78%): mp: 78.1–79.8°C; 1H NMR (400 MHz, CDCl3) δ 8.45–8.37 (m, 2H), 8.21 (td, J = 7.6, 0.8 Hz, 1H), 7.66–7.55 (m, 3H), 7.51–7.45 (m, 2H), 7.32–7.27 (m, 2H), 7.23–7.14 (m, 4H), 7.08–7.01 (m, 3H), 1.25 (s, 18H).13C{1H} NMR (101 MHz, CDCl3) δ 161.3, 149.9, 148.9, 142.3, 141.7, 140.0, 131.6, 130.2, 128.2, 127.4, 127.0, 125.1, 125.0, 123.9, 122.4, 77.5, 77.1, 76.8, 34.7, 31.5. HRMS (ESI) m/z calcd for C32H35BN2ONa+ (M + Na)+ 497.2735, found 497.2740. IR (cm−1): 2,966, 1,680, 1,489, 1,354, 757, 713.
2,2′-(3-oxo-2-phenyl-2,3-dihydro-1H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridine-1,1-diyl)dibenzonitrile (3t) The product was isolated by flash chromatography as a yellow-green solid (33.4 mg, 54%): mp: 252.9–253.7°C; 1H NMR (400 MHz, CDCl3) δ 8.44–8.40 (m, 1H), 8.34–8.29 (m, 2H), 7.75–7.69 (m, 1H), 7.47–7.42 (m, 2H), 7.39–7.34 (m, 4H), 7.22–7.16 (m, 6H), 7.10–7.04 (m, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.0, 148.8, 142.9, 141.4, 139.4, 135.2, 131.0, 128.5, 127.3, 125.3, 124.6, 122.8, 121.9, 77.4, 77.1, 76.7. HRMS (ESI) m/z calcd for C26H18BN4O+ (M + H)+ 413.1568, found 413.1563. IR (cm−1): 3,074, 3,025, 1,674, 1,489, 1,348, 762.
1,1-bis(dibenzo[b,d]furan-4-yl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3u) The product was isolated by flash chromatography as a yellow-green solid (20.3 mg, 25%): mp: 240.3–241.9°C; 1H NMR (400 MHz, CDCl3) δ 9.12 (d, J = 5.6 Hz, 1H), 8.55 (d, J = 7.6 Hz, 1H), 8.31 (t, J = 7.6 Hz, 1H), 7.98–7.90 (m, 4H), 7.71–7.64 (m, 4H), 7.60–7.54 (m, 1H), 7.39–7.34 (m, 2H), 7.33–7.29 (m, 3H), 7.29–7.27 (m, 1H), 7.24 (d, J = 7.6 Hz, 2H), 7.15 (t, J = 7.9 Hz, 2H), 7.00 (t, J = 7.2 Hz, 1H).13C{1H} NMR (101 MHz, CDCl3) δ 162.0, 159.6, 155.5, 149.8, 142.6, 142.3, 140.3, 134.7, 128.2, 126.8, 126.5, 124.6, 124.5, 124.3, 123.2, 122.6, 122.4, 122.1, 120.4, 120.2, 111.3, 77.4, 77.1, 76.7. HRMS (ESI) m/z calcd for C36H23BN2O3Na+ (M + Na)+ 565.1694, found 565.1697. IR (cm−1): 3,053, 1,685, 1,446, 1,348, 1,175, 762.
2-(naphthalen-1-yl)-1,1-diphenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3v) The product was isolated by flash chromatography as a yellow-green solid (49.5 mg, 80%): mp: 251.2–252.5°C; 1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 8.0 Hz, 1H), 8.38 (d, J = 5.6 Hz, 1H), 8.30 (t, J = 7.2 Hz, 1H), 7.75–7.67 (m, 3H), 7.58–7.32 (m, 3H), 7.32–7.27 (m, 3H), 7.23–7.15 (m, 3H), 7.14–6.78 (m, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.4, 148.9, 142.6, 142.5, 136.0, 134.2, 129.7, 128.0, 127.3, 127.1, 125.4, 125.3, 125.2, 124.2, 124.1, 122.8, 77.4, 77.1, 76.7. HRMS (ESI) m/z calcd for C28H21BN2ONa+ (M + Na)+ 435.1639, found 435.1636. IR (cm−1): 3,047, 1,674, 1,398, 1,354, 774, 702.
1,1-bis(4-(benzyloxy)phenyl)-2-phenyl-1,2-dihydro-3H-1λ4,8λ4-[1,3,2]diazaborolo[1,5-a]pyridin-3-one (3w) The product was isolated by flash chromatography as a yellow-green solid (60.3 mg, 70%): mp: 83.7–85.6°C; 1H NMR (400 MHz, CDCl3) δ 8.37 (d, J = 7.2 Hz, 2H), 8.22 (t, J = 8.0 Hz, 1H), 7.66–7.54 (m, 3H), 7.44–7.35 (m, 8H), 7.35–7.28 (m, 6H), 7.19 (t, J = 7.6 Hz, 2H), 7.05 (t, J = 7.6 Hz, 1H), 6.89 (d, J = 8.4 Hz, 4H), 5.02 (s, 4H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.2, 158.2, 148.8, 142.2, 141.5, 140.1, 137.3, 134.9, 128.6, 128.3, 127.9, 127.6, 127.0, 124.8, 124.6, 122.3, 114.2, 77.4, 77.2, 76.8, 69.8. HRMS (ESI) m/z calcd for C38H31BN2O3Na+ (M + Na)+ 597.2320, found 597.2322. IR (cm−1): 3,020, 1,674, 1,592, 1,170, 698.
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Metal clusters have gained a lot of interest for their remarkable photoluminescence and catalytic properties. However, a major drawback of such materials is their poor stability in air and humidity conditions. Herein we describe a versatile method to synthesize luminescent Cu(I) clusters inside the pores of zeolites, using a sublimation technique with the help of high vacuum and high temperature. The porous materials play an essential role as a protecting media against the undesirable and easy oxidation of Cu(I). The obtained clusters show fascinating luminescence properties, and their reactivity can be triggered by insertion in the pores of organic monodentate ligands such as pyridine or triphenylphosphine. The coordinating ligands can lead to the formation of Cu(I) complexes with completely different emission properties. In the case of pyridine, the final compound was characterized and identified as a cubane-like structure. A thermochromism effect is also observed, featuring, for instance, a hypsochromic effect for a phosphine derivative at 77K. The stability of the encapsulated systems in zeolites is rather enthralling: they are stable and emissive even after several months in the air.
Keywords: luminescence, confined space, copper clusters, zeolites, Cu(I), color tunability
INTRODUCTION
Currently, rare-earth-based phosphors are frequently used as emitters in lighting applications. (Bünzli and Piguet, 2005; Eliseeva and Bünzli, 2010). They are commercially available materials that are sufficiently photostable upon UV or blue excitation and meet all the industrial requirements regarding emission colors and efficiency. However, their very high cost and limited natural availability led researchers to find valuable alternatives. In this regard, various materials such as quantum dots based on zinc and cadmium selenides, (Raman et al., 1996; Frecker et al., 2016), have been developed with favorable spectral characteristics to replace rare-earth-based phosphors. Unfortunately, these are usually highly toxic and expensive, (Lewinski et al., 2008), and their use is not desirable. A valuable, cheaper, and a more environmentally friendly alternative is the use of metal complexes (Armaroli et al., 2007; Costa et al., 2012; Keller et al., 2018; Weber et al., 2018) and in this respect, silver has resulted in excellent luminophores with outstanding emission quantum yields when the clusters are protected by the environment. (Fenwick et al., 2016; Baekelant et al., 2019; Baekelant et al., 2020).
Amongst the use of cheaper and more abundant metals, copper is an interesting choice and many compounds have been investigated for their outstanding emission properties. (Armaroli et al., 2007; Costa et al., 2012; Keller et al., 2018; Weber et al., 2018). Indeed, M. Thompson et al. recently reported Cu(I) complexes reaching almost quantitative emission quantum yields. (Hamze et al., 2019; Shi et al., 2019). Nevertheless, their stability is still a critical issue and easy oxidation as well as distortion of their geometry in the excited state are the main drawbacks of such systems. (Itoh et al., 2002; Li et al., 2006; Brühwiler et al., 2009). A possible solution to decrease the non-radiative decay is to take advantage of a pronounced thermally activated delayed luminescence exhibited by some of these complexes. (Palmer and McMillin, 1987; Deaton et al., 2010; Linfoot et al., 2014; Baranov et al., 2020). This process consists in the back population of the lowest excited singlet state from the triplet luminescent level. This process could also solve the long-lived radiative emission decay for the T1→S0 transitions of Cu(I) compounds, typically in the range of hundreds of μs up to ms. (Armaroli et al., 2007; Costa et al., 2012; Keller et al., 2018; Weber et al., 2018). Usually, compounds with such a long excited-state lifetime would not be well suitable as emitters in devices or in solution since quenching processes such as e.g., triplet-triplet annihilation or bimolecular deactivation can easily occur.
In addition, simple compounds such as Cu(I) clusters, (Kyle et al., 1991), containing halides as bridging ligands between the Cu(I) ions, are of great potential as emitters. Still, their formation and existence are restricted to particular conditions. From such versatile species, it is possible to generate a series of emissive compounds by simple substitution of the halide with coordinating ligands such as pyridines or phosphines. (Liu et al., 2012; Parmeggiani and Sacchetti, 2012; Benito et al., 2014).
Indeed, previous work has shown that three main products from reactions of CuI and pyridine, namely [CuI(py)]2 [CuI(py)2]2, and [CuI(py)]4 (py = pyridine), can be formed, showing blue, green, and orange emission, respectively, in the solid-state at room temperature. (Ford et al., 1999). Phosphine molecules have also been investigated as strong ligands in the synthesis of metal clusters due to the excellent coordination properties of phosphine that can stabilize metal clusters. (Perruchas et al., 2011). In general, a way to stabilize transition metal complexes (i.e., preventing oxidation and distortion) can be performed by their encapsulation inside porous nanocontainers. For instance, the successful insertion of transition metal complexes inside mesoporous silica nanoparticles was already performed by De Cola et al., Costa et al. and Hofkens et al., using Ir(III) (de Barros e Silva Botelho et al., 2011; Ezquerro et al., 2019) Pt (II) (Atoini et al., 2018) and Cu(I)complexes (Donato et al., 2018) and Ag(I) clusters. (Fenwick et al., 2016).
This work presents an alternative strategy to stabilize the Cu(I) clusters by their encapsulation in inert silica-based porous materials. We demonstrate that a straightforward sublimation of copper iodide into the pores leads to the formation of luminescent clusters. In addition, the diffusion of a ligand inside the pores results in fast coordination to the Cu(I) ion and a change in the emission color are observed.
RESULTS AND DISCUSSION
Porous silica-based materials such as zeolite L, zeolite Y, MCM-41, and SBA-15 were selected as convenient nanocontainers to be investigated as hosts for the formation of luminescent copper iodide clusters. The different materials differ in crystallinity, alumina content, charge, pore size, and order. For this work, the most relevant feature is the pore size that can influence the size and stability of the resulting clusters and their loading. Moreover, it should also play a role in the stability of the Cu(I) species since bigger pores might allow faster oxidation of the metal cation into Cu(II) due to faster oxygen diffusion inside the pores. Zeolites L (disk-shaped, 1 µm) were first filled by CuI salt by sublimation in a closed system (see experimental section) at high vacuum (10–9 bar) and 200 °C for 2 h (Scheme 1). Upon cooling, we observed a deep red luminescence coming from the zeolite L crystals.
[image: Scheme 1]SCHEME 1 | Schematic illustration of the synthesis of CuI cluster inside zeolite.
This preliminary observation rules out the emission of the CuI salt since its weak emission is centered at 415 nm (Supplementary Figure S1). On the other hand, the copper clusters containing iodine as bridging ligand display a red emission similar to the one we recorded. It is important to note that the material displays the same emission in vacuo and after air exposure. As previously mentioned, the porous material plays a role as a stabilizing agent against the oxidation of Cu(I) into Cu(II). Moreover, the sublimation technique is not effective with complexes and clusters based on heavier transition metal ions, such as for instance platinum (II) or iridium (III), even with a longer heating time. Therefore, we can point out the quasi exclusivity of this approach for copper-based species.
In order to gain more insight into the photophysical properties of the species entrapped in the pores, excitation and emission spectra of CuI@ZeoL were recorded in the solid-state. The emission is characterized by a broad, non-structured band, with maximum of 710 nm (Figure 1) and an emission quantum yield of 14%.
[image: Figure 1]FIGURE 1 | Excitation (λem = 700 nm) and Emission (λexc = 414 nm) spectra of CuI@ZeoL in solid-state condition; inset is the photograph of CuI@ZeoL inside the glass tube. The peak at 410 nm is an artifact.
The origin of the emission can only be assigned to a triplet “cluster-centered” (3CC) excited state, which has mixed iodide-to-metal charge transfer (3XMCT) and metal-centered transfer (3MC: d10 → d9S1Cu). The excitation spectrum recorded at λem = 710 nm shows a broad absorption at about 350 nm. The excited-state lifetime is a few microseconds (see Table 1), with complex multiple decay components pointing out the phosphorescence behavior of the material.
TABLE 1 | Photophysiscal properties of the different hybrid materials.
[image: Table 1]Confocal microscopy images (Supplementary Figure S2) clearly show that the emission originates from the zeolite crystals, emphasizing the successful encapsulation of CuI inside ZeoL, and the formation of a new emissive species. Moreover, different ratios in weight of CuI and ZeoL were studied (see supporting information) obtained by subliming different amounts of CuI in the same amount of zeolite (100 mg). In particular the ratios 10:100, CuI@ZeoL-A; 60:100 CuI@ZeoL-B; 100:100 CuI@ZeoL-C, after indicated only as CuI@ZeoL, and 200:100 CuI@ZeoL-D were prepared and the emission spectra of the obtained materials are depicted in Figure 2A. These data show that the emission energy is independent from the amount of CuI added to the zeolite.
[image: Figure 2]FIGURE 2 | Structure and TEM image of the different porous materials used in this work (top); emission spectra of CuI@ZeoL with different ratios of CuI:ZeoL (CuI@ZeoL-A red line; CuI@ZeoL-B: blue line; CuI@ZeoL-C: orange line; CuI@ZeoL-D: green line) (A); effect of host/pore size to the emission spectra (B) in solid-state condition. On top of the graphs is depicted the representation of the host used in Figure 2B λexc = 414 nm.
Through the SEM images we can see that the morphology of the zeolite and silica material did not change before and after loading the copper source (Supplementary Figure S3), indicating that the loading of CuI did not destroy the porous structure of our materials. Meanwhile, we have obtained a red emission from the loaded CuI inside each host, which indicated that the copper source was successfully loaded inside the porous material. The photophysical properties of the resulting hybrid materials are discussed below.
To prove the confinement effect dictated by the porous containers, needed to obtain such a red emissive material, copper iodide powder was treated alone in the same manner (high vacuum and temperature), and after the treatment, we could not observe any red luminescence from this material. Moreover, the same procedure was performed with bulk, non-porous silica (Supplementary Figure S1). We clearly see the same emission as CuI alone, i.e., an emission maximum at around 415 nm. This emphasizes the importance of the pores rather than the substrate to obtain emissive Cu(I) clusters. On the side, we performed nitrogen sorption experiments to show that the zeolites are indeed filled.
A comparison between the zeolites before and after sublimation of copper iodide reveals a decrease of the pore width and confirms a certain loading of the zeolites.
To understand the effect of the pore size, we have sublimed 100 mg of CuI inside materials featuring bigger pores, namely Zeolite Y (1.2 nm pore), MCM-41 (2 nm pore size), and SBA-15 (10 nm pore size), see Supplementary Materials section. The MCM-41, having 2 nm pore size and 100 nm in diameter, (Trewyn et al., 2007), and the SBA-15 mesoporous silica (SujandiPrasetyanto and Park, 2008) were synthesized following a typical sol-gel micelle-templated process. All those sublimation processes lead to the same deep red luminescence. (Table 1; Figure 2B). These results indicate the similarity of the cluster’s structure, without any dependence on the host used. However, it is essential to note that the cluster inside bigger pores is less stable toward degradation since it allows a more important penetration of oxygen. In the two extreme cases, i.e., zeolite L and SBA 15, the red luminescence of the former does not decrease after several months, while it only takes a few days for the latter to lose its luminescence due to the oxidation of the Cu(I). The loading of the two materials: CuI@ZeoL and CuI@ZeoY (both of them with a ratio CuI:Zeo 100:100), was determined using the ICP-MS technique. The loading of the latter (CuI@ZeoY, 28%) is higher than that of the former (CuI@ZeoL, 13%), and this difference can be easily explained by the difference in the pore size, larger in the case of ZeoY. However, we could not detect evident changes in the emission maximum or excited state lifetimes suggesting that the luminescent species are the same (see Table1).
Knowing that Cu(II) based species are not luminescent, we could assume that the Cu(I) cluster was not oxidized since our material is strongly luminescent. However, the hypothesis of undesirable partial oxidation cannot be disproved only by the use of photophysical studies. In order to ensure there is no Cu(II) in our material, the oxidation state of Cu was then investigated by X-ray photoelectron spectroscopy (XPS) measurements (Supplementary Figure S5). As a control, pure CuI gives us the Cu2p3/2 peak at 932.9eV and I3d5/2 at 620.0eV. The spectra from Cu clusters show the Cu2p3/2 peak at 933.5eV and I3d5/2 at 620.9eV. The binding energy of copper stays in the Cu(I) region compared to the other copper halogen compounds. But more importantly, the spectrum does not feature any signal around 960eV, typical for Cu(II) (satellite signal of Cu(II)).
Both the Cu and I peaks shifted to a little bit higher binding energy in the clusters, which is due to the interactions with the oxygen atoms on the zeolite channels. All the signals present only one contribution in agreement with only one chemical environment, indicating that there is no oxidation of Cu(I).
To assess the structure of the CuI cluster, the species formed inside the zeolite were analyzed by powder X-ray diffraction (PXRD), and the results were determined by Total Pattern Analysis Solutions (TOPAS) software using advanced Rietveld refinement. (Coelho, 2003). Quantitative phase analysis QPA in the TOPAS software is based on the method first described by Hill and Howard. (Hill and Howard, 1987). This method is based on the assumption that 1) all phases in the specimen are identified, 2) all phases are crystalline, and 3) the crystal structures of all phases are known. By comparing the experimental data, calculated data, and its residual (Figure 3), we found that the Cu(I) clusters inside the zeolite have cubic type crystal structure with F-43m space group and a = b = c = 6.056 Å, featuring a Rietveld weigh profile (Rwp) value of 7.8. By performing calculations, we obtained the crystal symmetry, lattice parameter, and we could also determine the atomic composition of the cluster. Finally, we were able to reconstruct the crystal structure of the CuI cluster, as shown in Supplementary Figure S6. The position of the copper cluster inside the zeolite Y was then reconstructed and shown in Supplementary Figure S7.
[image: Figure 3]FIGURE 3 | TOPAS calculation result for CuI@ZeoL. The black curve shows the measured XRD data, the red curve shows the calculated Rietveld fitting, and the blue curve shows the difference between the former and the latter.
Two different organic ligands, i.e., pyridine and triphenyl-phosphine, were inserted in CuI@porous materials. As explained here above, porous hosts have small pores. In other words, zeolites are better candidates for stability reasons.
In this work, zeolites L present too small channels to host the organic ligands. For these reasons, the material chosen for the following of this work is zeolite Y, most likely the best candidate for such a purpose. (Yu et al., 2014; Łukarska et al., 2017). After the addition of the organic ligands into CuI@ZeoY, the characterization of the resulting materials was performed. In order to determine the structure of the resulting CuI cluster formed in zeolites, an interesting approach was to use PXRD analysis by comparing.
One of the materials we obtained with a simulation of the addition of zeolite Y and the already.
Reported (C5H5CuIN)4 cubane cluster (Supplementary Figure S8). (Raston and White, 1976). PXRD studies showed a high degree of crystallinity of the materials, and again by using TOPAS software, (Coelho, 2003), we were able to identify our guest cluster as a cubane-like structure (Scheme 2). It is important to mention the matching between the experimental and the measured patterns, and the Rwp found is 6.5, which is a very good value for such studies.
[image: Scheme 2]SCHEME 2 | Schematic representation of CuI cluster functionalized with pyridine ligands featuring a cubane-like structure. (Ford et al., 1999).
To confirm this result, the compound was isolated from the zeolites by breaking the latter by means of a sonication process. The resulting species was characterized by 1H NMR, DOSY NMR, and HR ESI-MS. NMR spectra of the CuIPy cluster were compared with that of pyridine. While 1H NMR of both molecules, i.e., CuIPy cluster and pyridine, have the same protons, they display similar spectra, featuring three signals in the aromatic region; the main difference relies on a downfield shift of the signals referring to CuIPy cluster, by around 0.5 ppm (Supplementary Figure S9).
DOSY NMR spectra (Supplementary Figure S10, Supplementary Table S1) show a diffusion coefficient of 1.46 nm s−1 and 2.93 nm s−1 for CuIPy cluster and pyridine, respectively. Hence, the molecular volumes determined for pyridine and the CuIPy cluster are respectively 21 Å3 and 169 Å3.
HR ESI-MS spectrum (Supplementary Figure S11) shows an m/z value of 1,075.51, matching perfectly the theoretical predictions of Cu4I4(C6H5N)4. Thus, the isolated molecule was confirmed to be (CuIPy)4.
Copper-iodine clusters were intensively studied by Peter C. Ford. In this regard, a cubic copper-iodine bearing a pyridine on each copper atom was characterized. (Liu et al., 2012). Inline of Ford's studies, our sublimation process, followed by pyridine addition, aims to obtain the same cluster inside the zeolites Y pores.
It has been noticed that both clusters containing organic ligands, i.e., CuIPy@ZeoY and CuIPPh3@ZeoY, feature a thermochromic behavior. In fact, in thermochromic clusters, the luminescent thermochromism is caused by a relative intensity change of two distinct emission bands. (Kitagawa et al., 2010; Perruchas et al., 2010; Fenwick et al., 2016; Tsuge et al., 2016; Baekelant et al., 2019; Baekelant et al., 2020). Hence, the emission of the materials was also measured at 77K (Figure 4), and a correlation could be found between the temperature and the emission profiles. Indeed, the high energy emission band at around 400–450 nm is dominant at low temperature, assigned to a halogen-to-ligand charge transfer (XLCT) transition state.
[image: Figure 4]FIGURE 4 | Emission spectra of CuI@ZeoY in solid-state condition; λexc = 414 nm.
The low energy emission band at around 575 nm for CuIPy@ZeoY and 695 nm for CuIPPh3@ZeoY is dominant at room temperature, which is referred to a cluster-centered excited state (3CC) and can be affected by outer environments such as solid/solution state, temperature, or pressure. Regarding CuIPy@ZeoL, the photophysical data match perfectly with the cluster previosuly described eliminate in Peter Ford studies, this allows us to confirm the cubane like structure, referring to the following chemical formula: (Cu4I4Py4). (Kyle et al., 1991; Ford et al., 1999).
When the tube was taken out from liquid nitrogen and exposed to the irradiation of a UV lamp (365 nm), the interesting reversible thermochromic luminescence from yellow (298 K) to blue (77 K) can be easily distinguished by the naked eye or recorded by a digital camera. Solid-state luminescence performed from 298 to 77 K is in accordance with the thermochromic luminescence and the variation of luminescent intensity. At room temperature, the maximum of the single emission is found at 575 nm with an excited state lifetime featuring a bi-exponential decay, 11 and 2.37 μs, and an emission quantum yield of 34% (Figure 4; Table 1). The long excited-state lifetime, in the microsecond range, indicates the phosphorescence behavior, which is not surprising coming from such clusters. With the decrease of temperature from room temperature to 77 K, the emission band is progressively blue-shifted from 575 to 435 nm, which is accompanied by a widening of the bandwidth and a decrease in emission intensity. This dramatic hypsochromic shift of about 140 nm makes the detection of the color change by the naked eye easier. Without the presence of an organic ligand, the origin of the emission can only be assigned to a triplet “cluster-centered” (3CC) excited state, which has mixed iodide-to-metal charge transfer (3XMCT) and metal-centered transfer (3MC: d10 → d9S1Cu). However, in the case of Cu4I4L4, other transitions such as organic-ligand-related excited states, i.e., halide to ligand charge transfers (XLCT), must be considered.
Moreover, it has been shown that the thermochromic luminescence is due to a significant change in Cu⋯Cu distances that decreases together with the temperature. (Ford et al., 1999). Indeed, at lower temperatures, Cu⋯Cu distances become shorter, and the bonding character becomes more and more obvious. The transition of the LT phase to the HT phase resulted in some shortening of Cu⋯Cu distances. The origin of thermochromic luminescence in CuI cluster is quite different from cubane Cu4I4L4 cluster-based compounds, where relative intensities of 3CC and XLCT emissions with the temperature are responsible for the thermochromic luminescence. (Tard et al., 2008).
CONCLUSIONS
In conclusion, we have synthesized luminescent copper iodide inside porous nanomaterials, with a relatively high photoluminescence quantum yield. The nanomaterial allow high stability due to its protection from oxygen, preventing the oxidation of Cu(I) into Cu(II). A certain correlation was also found between the pore size and the stability of the Cu(I) cluster. By adding an organic monodentate ligand after sublimation of CuI, i.e., pyridine or triphenylphosphine, we are able to tune the luminescence energy, the resulting luminescence featuring an important bathochromic shift. The materials also showed a thermochromic behavior, which led to a significant hypsochromic emission shift of 140 nm. Thanks to several characterizations, among them ESI-HRMS, DOSY NMR, and PXRD experiment followed by Rietveld refinement and simulation, we were able to identify Cu(I) cluster and CuIPy cluster, the latter having a cubane like structure. This finding may lead to the use of copper, much cheaper than its transition metals counterparts, as alternative materials in applications such as lighting devices.
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H.ARS1.ZnPPi;
H.ARS1.ZnPPi,

Used to construct data

Calculated

AH (J/mole) AS (J/mole.K)
104,350 880
71,633 691
37,845 571
28,935 351
100,370 846
100,370 1,269
130,490 1,364

"The standard errors associated with the fitted parameters (dp).
bAccuracy associated with the fitted parameters.

AH (J/mole)

104,350 + 10,883 (0.00%)°
71,633 + 2,718 (-0.00)
37,845 + 4,620 (~0.004%)
28,935 + 350 (0.001%)
96,900 + 51 (~1.45%)
99,145 + 2,820 (-1.22%)
128,836 + 6,068 (~1.27%)

48 (J/mole.K)

889 + 37 (0.64%)
691 + 7.93 (0.001%)
571 + 18.17 (0.002%)
351 + 1.23 (0.004%)
834 + 18.21 (-3.45%)

1,264 + 11.11 (-0.37%)
1,359 + 16.97 (-0.32%)
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Species Used to construct data Calculated

AH (U/mole) S (/mole.K) AH (J/mole) AS (J/mole.K) Ssq
HARS?" 54,334 393 54,289 + 126 (-0.08%)° 393 + 0.4 (-0.04%) 332x 107
H,ARS 52,047 500 51,875 + 143 (-0.33%) 499 + 0.50 (-0.12%)
Hi 44,813 326 44,762 + 91 (-0.11%) 326 + 031 (-0.05%) 3.42x 10"
Ho 1" 64,878 531 64,787 + 113 (-0.14%) 530 + 0.39 (-0.06%)
HPPI* 55,206 369 55,143.9 + 113 (-0.11%) 368 + 0.39 (-0.06%) 850 x 107
H, PP 115,430 704 115,202 + 145 (-0.20%) 703 £ 050 (-0.11%)
HsPPi 101,380 700 100,435 + 475 (~0.93%) 697 + 1.63 (-0.46%)
H.PPi 123,460 806 127,507 + 2,693 (3.35%) 820 +9.02 (1.72%)

"The standard errors associated with the fitted parameters (a,) were caiculated as

a,»:akz\/d—m

where oy represents the estimated SD of the measurement error in dyeas.
55q
op =
©=\af
where d f is the degree of freedom, which is defined as the number of experimental values m (elements of d), subtracted by the number
of optimized parameters np, d f = m — npd;; is the i-th diagonal element of the inverted Hessian matrix H™'. Hessian matrix is the

variance-covariance matrix of the parameters. The diagonal elements contain information on the parameter variances and the
off-diagonal elements the covariances.

= -1
t= )

The Newton-Gauss algorithm for ssq minimization requires the computation of the derivatives of the residuals with respect to

the parameters. These derivatives are collected in the Jacobian J.

Please see (Maeder and Neuhold, 2007) for more extensive explanations.

Accuracy = <M> %100
real

where P,y are the thermodynamic parameters used to construct data and Picyiarea are the thermodynamic parameters calculated using
the fitting procedure.
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Species

ZnPPi*
ZnOHPPI*
ZnHPPi~
ZnARS”
ZnARS}
1Zn*
H1.Zn*
H,1.Zn%
H:1.ZnPPi

Used to construct data

Calculated

AH (U/mole)

86,322
99,370
104,390
102,380
34,127
80,299
120,450
100,370
100,370

AS (J/mole.K)

4
326
625
522
406
413
709
726
949

*The standard errors associated with the fitted parameters (ap).

bAccuracy associated with the fitted parameters.

AH (J/mole)

86,146 + 189° (-0.20%)°
98,711 + 349 (-0.80%)
104,133 + 190 (-0.25%)
102,731 + 549 (0.34%)
34,329 + 638 (0.59%)
80,440 + 761 (0.18%)
120,467 + 782 (0.01%)
100,281 + 1,155 (~0.09%)
100,938 + 6,993 (0.56%)

AS (J/mole.K)

439 + 065 (-0.21%)
323 + 1.20 (-0.20%)
624 + 0.65 (-0.66%)
523 + 1.89 (0.04%)
406 + 2.20 (-0.01%)
418 + 263 (0.12%)
709 + 270 (0.01%)
725 + 3.98 (-0.04%)
950 + 24 (0.20%)

ssq

318 x 107

3.36 x 10°°

3.19x 10

192 x 107
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pH

8115
45115
4575
7-115
511

7-11
4-10
2-9
05-5
0.5-4
15-10
2-105

Species

ZnARS;
1.Zn°
H1.Zn*
H,1.Zn*
ZnPPi*
ZnOHPPI*
ZnHPPi
H1.ZnPPi
H:ARST;
H.ARS1%
H.ARS1?
HARS1?

PH

5-11
6-11
3-11
28
4-11
611
39
2-6
4-8
5-11
5-11
8-11.5
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Data Temperature (K) [ARS]ior (M) [Hior (M) (Mot (M) [Httrant (M)

8 278 1.00 x 10 200 x 107" 1.00 x 10 18.00 x 107
2

¥ns 284 800 x 1077

d%ans 208 18,00 x 10

d s, o0

di% 308 1.90 x 107

-ans.
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Species

ARS ?

1

PPi ¢

H

Zn2
HARS
H,ARS
H1

Hy 1"
HPPi®
H,PPi*"
HyPPi-
H.PPi
ZnARS
ZnARS:
1zn*
H1Zn*
H1Zn*
ZnPPi*
ZnOHPPI*
ZnHPPi
H;1ZnPPi
H:ARS1*
H,ARS1,
H.ARS 1y
HARS1-

Notation

ars 1 ppi h zn
1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1
1 0 0 1 0
1 0 0 2 0
0 1 0 1 0
0 1 0 2 0
0 0 1 1 0
0 0 1 2 0
0 0 1 3 0
0 0 1 4 0
1 0 0 0 1
2 0 0 0 1
0 1 0 0 1
0 1 0 1 1
0 1 0 2 1
0 0 1 0 1
0 0 1 -1 1
0 0 1 1 1
0 1 1 3 1
1 1 0 3 0
1 1 0 2 0
1 1 0 2 0
1 1 0 1 0

Formation constant

Broooo =1
Borono = 1
Booroo =1
Bonoro =1
Boooor =1
Brooro = [HARS )/[H'|[ARS 7]
Broozo = [HARS)/[H']* [ARS *]
Botoro = (H1)/[H*](1]
Borozo = (He 1 VIH' (1]
Boorio = [HPPI")/[H'|[PPI*]
Boorzo = (HPPEV/[H' 12 [PPi]
Pooroo = HaPPI I/ [H' P[PPI %]
Boowao = (HsPPil/[H' ) (PPI~*)
Buooor = [ZNARS)/(Zn" [ARS *]
Bacoor = |ZnARS; |/(Zn™ | ARS “*
Boraor = (1202 1/ (202 )11)
Borons = (H1Zn* Y/ [H']1Zn? ] 1)
Bowger = (H1Zn* )/ [H'F(Zn%] (1]
Buovor = |ZnPP)/(Zn? | [PPI”*)
Boor11 = [ZnOHPPI®"|/(Zn?*|(OH "] [PPi %]
Boons = [ZnHPP®")/(Zn?"|[H' | [PPi ]
Borssr = [Ha1ZnPPi")/(H' ) [1](Zn*" ) [PPi ™)
Brroso = [H-ARST I/ [H'[ARS ] [1]
Brrozo = [H:ARS1al/[H' [ [ARS ?][1]
Birczo = [H2ARS T, )/[H' [ [ARS ] 1]
[HARS1,)/[H" ] [ARS 2][1]
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491 (0.70)
627 (1.24)
1b 364 (1.73)
493 (2.4)
628 (3.89)
1c 366 (0.57)
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626 (1.28)
1d 360 (0.95)
492 (0.90)
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627 (3.28)

Aem [nm]
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638t
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634¢1
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Av[10°em™)
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030 (4.61) ™

0.27 (4.63) @
021 (4.51) ®

0.20 (4.59) @
0.17 (4.42) ®

0.27 (4.62)
0.32 (4.56)

0.32 (4.66)
0.20 (4.53*

o ©
0.4
071

0.378
0.55®

0,05
0.18%

0.46%
063

0.389
0.45"

T [d] [ns]
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4.0
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3.8%

3.6
3.9®

k11077
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20,391

1034
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45"

17.00
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11.9¢
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ke [107 577]
1819
8.3%

17.39
1070
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9.7®!
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141

¥l Measured in DMSO and ™ in toluene. ¥/ Quantum yields were determined by the relative method, using cresyl violet in methanol as reference (& = 0.54).(Brouwer, 2011)  Exciting

with a Nanol. ED source at 570 nm.
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Pt-dppf-trop 2.1
Pd-dppf-trop 13
Pt-dppf-hino 45
Pd-dppf-hino 12
Pt-dppf-TS1 0.77
Pd-dppf-TS1 09
Pt-dppf-TS2 0.60
Pd-dppf-TS2 0.93
Pt-dppf-TS3 0.52
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Pd-dppf-8HQlI 7
Nifurtimox 15

"/ = ICso mammalan cells/ICs parasite.
"Dm28c strain epimastigotes, 24 h incubation.

“CL Brener strain epimastigotes, 24 h incubation.
“Dm28c:strain tripomastigotes, 24 h incubation; EA.hy926 endothelial el line: permanent human celline derived by fusing human umbilicalvein endothelial cells-HUVEC with human lung
cells-A549; VERO cells, VERO kidney epithelial cells from African green monkey (ATCC CCL81): J774, J774 murine macrophages.

e T. cruzi ICso/yM

- 0.28%0.060°
- 0.64°/0.30°
18 (J774) -
8(774) -
>22 -
3 -
>65 (EA.hy926) 3119
55 (EA.hy926) 7.58¢
83 (EA.hy926) 0.79¢
54 (EA.hy926) 1.42¢
>56 (EA.hy926) 0.76¢
51 (EA.hy926) 367
50 (EA.hy926) 1.32¢
>32 (EANy926) 29.4°
113 (J774) -
9.4 (J774) -
27.7 (J774) -
102.4 (774) -
155 (J774) -
44 774) -
478 (U774) -
63 (J774) -
29.1 (J774) -
72 (J774) =
10 W774) 6 (Dm28c epimastigotes)

2.8 (CL Brener epimastigotes)
20 (Dm28c trypomastigotes)

s

18/85 (Vero cell)
39/83 (Vero cels)

>16 (EANy926)
>7 (EAhy926)
>63 (EANy926)
35 (EANy926)
>66 (EANy926)
>14 (EANy926)
38 (EANy926)
>2 (EAhy926)
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Sunscreen

Oxybenzone
Avobenzone
2-phenylbenzimidazole-5-sulfonic acid
benzophenone-4

para-aminobenzoic acid (PABA)
trans-para-coumaric acid
trans-caffeic acid

trans-ferulc acid

pera-coumaric acid

para-coumaric acid

pera-coumaric acid

“LIMS: Laser Interfaced Mass Spectrometry.

°TRPES: Time Resolved Photoelectron Spectroscopy.

Protonated (P) O
Deprotonated (D)

o
El
2
o

DDUDDODOUTDOOT

°LP-IMMS: Laser Photodissociation lon Mobility Mass Spectrometry.

Technique

Lms*
LMs?
ums®
LMs?
Lims*
LMs?
Lims*
umMs?
TRPES®
TRPES®
LP-IMMS®

Reference

Wong et al. (2019b)
Berenbeim et al. (20200)
Wong et al. (2019a)
Wong et al. (2021a)
Matthews and Dessent, 2017
Wong et al. (2021b)
Wong et al. (2021b)
Wong et al. (2021b)

Bull et al. (2020)

Henley et al. (2018)

Bull et al. (2019)





OPS/images/fchem-09-812098/fchem-09-812098-g001.gif





OPS/images/fchem-09-759714/inline_243.gif





OPS/images/fchem-09-784625/fchem-09-784625-g004.gif
Direct band.fitting method

o :‘.1.511|J5§'lllll.;ll.le A,






OPS/images/fchem-09-759714/inline_242.gif
d,

[
\-ARS,





OPS/images/fchem-09-784625/fchem-09-784625-g003.gif
‘Solid state IR absorbance

1800 1750 1m0 1650 1600






OPS/images/fchem-09-759714/inline_241.gif





OPS/images/fchem-09-784625/fchem-09-784625-g002.gif
ik





OPS/images/fchem-09-759714/inline_240.gif
d;

254
- ARS





OPS/images/fchem-09-784625/fchem-09-784625-g001.gif
c 50 il ATR referenc st LOOV deiationsfrom crystal






OPS/images/fchem-09-759714/inline_24.gif





OPS/images/fchem-09-784625/crossmark.jpg
©

|





OPS/images/fchem-09-759714/inline_239.gif





OPS/images/fchem-09-815827/fchem-09-815827-t004.jpg
Chemical formula
Formula weight
Crystal form, colour
Crystal size (mm)
Crystal system
Space group

a (&)

b (A

c (A

BO)

vVA)

z

d (mg.cm™?)

y (mm™)

6 range ()

Reflections collected/unique
Rint

GoF

Final R indices™ [ > 200}

"R, = ZFol—IFl/ 2o
bR, = (Sfw (F.2—F.2RYsfw 2272,

[Ag()-Tazo]

CaoH22Ag2NsO10S2
808.00
Needle, colourless
0.20 x 0.04 x 0.04
Monociinic
P2,
12,4747 (13)
6.4407 (7)
16,9538 (16)
110961 (5)
12720 (2)

2
2126
1778
3.266-26.493
10,530/4,978
00487
1.028
Ry = 0.0380, WA, = 0.0828

[Ag(l)-Tazo,]

Ca0H25AgNEO 1052
707.45
Plate, colourless
0.16 x 010 x 0.05
Monodinic
P2,

10.404 (3)
25.480 (8)
10.538 (3)
100.793 (9)
26285 (13)

4
1.788
0997
2.080-28.833
24,760/12,766
00912
1.004
R = 0.0663, WR; = 0.0873
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Compound

[Ag()-Tazo]

[Ag()-Tazo,]

Method

Ball miling
Manual grinding

Suspension

Ball miling
Manual grinding

Suspension

Tazobactam

144.7 mg
0.4806 mmol
723mg
02403 mmol
722mg
02403 mmol

167.7 mg
0.5583 mmol
83.9mg
0.2792 mmol
83.8mg
0.2792 mmol

Ag,0

56.8 mg
02403 mmol
278 mg
0.1201 mmol
28.0mg
0.1201 mmol

32.4mg
0.1396 mmol

16.3 mg
0.0698 mmol

16.2mg
0.0698 mmol

Tazobactam:Ag ratio

1:1

21

Time

5 min

15 min

48h

5 min

10 min

48h

Solvent (H,0)

100
100

2000

100
100

2000

n (WL/mg)

0.499
1.00

20.0

0.500
1.00

20.0
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Microorganisms Ag:0

Yeasts C. albicans 688
S. cerevisiae 688
Gram-negative bacteria  E. coli 172
P. aeruginosa 166
Gram-positive bacteria . aureus MRSA 688
S. aureus 13.75
E faccalis 5.16
M. smegmatis 11.78

Tazobactam

62.50
>62.50

31.25
15.63

62.50
31.25
>125.00
46.88

[Ag()-Tazo]

31.25
31.25

7.81
0.98

7.81
15.63
156.63
15.63

Legend: Positive controls: Nys—nystatin; Nor—norfloxacin; Van—vancomycin. Negative control: DMSO.
Note: The antimicrobial effect activity of tazobactam is limited by the effect of DMSO, for S. cerevisiae and E. faecalis.

[Ag(l)-Tazo]

62.50
>62.50

1172
0.98

31.25
15.63
31.25
19.53

Positive control

391 (Nys)
391 (Nys)

<0.49 (Nor)
<0.49 (Nor)

0.98 (Var)
391 (Van)
<0.49 (Van)
<0.49 (Van)

Negative control

125.00
62.50

62.50
62.50

125.00
125.00
125.00
125.00
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Sym. Op D-H-A d (D-H) (A) d (H-A) (&) d A (A (DHA) (deg)

14X, y, 142 Or-Hro-0y 0.82 1.7 2.421 (1) 143
14x, y, 142 O47-Hi70-Ony 0.82 1.73 2.469 (12) 148
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Receptor

Eu™
Gd™

Gd'"2

Gd"3

Sm's
Eu's
ad's
Eu'e
Eu7
cu's
Eule
Eu'10
Eu"11
Eu'12
sm'13
Eu™3
Gd"13

Stoichiometry
(LnL:Pi)

No binding

1=

transmetallation

transmetallation

1:2
12
1:2
No binding
No binding
No binding
1:2
1:3
No binding
No binding
1:3
13
1:3

Affinity (logp)®

17

6.1

29

104
10.4
126

13
169

147
145
17.0

Interfering anions
(logp)*

arsenate (7.8)
bicarbonate (2.7)
fluoride (2.0)

arsenate (11)
bicarbonate (3.0)
fluoride (2.6)

arsenate (4.7)
bicarbonate (3.0)
fluoride (3.1)

not tested
none
not tested

none
none

not tested
none
not tested

Mode of
detection

luminescence
relaivity

relaxivity

relaxivity

relaivity

luminescence
luminescence
luminescence
luminescence
luminescence
luminescence
luminescence
luminescence
luminescence
luminescence
luminescence
luminescence
luminescence

Ref

20
24

24

24

24

35
29
35
29
29
29
38
38
38
38
35
29
35

"Overall association constant for the indicated anion, which corresponds to the equilibrium Ln"L + nA™ = Ln"L.A, where p = [Ln""LAJ(ILn"LJIA"T), A~ is the indicated anion and nis the

total number of anions found to bind to the receptor.
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3; 99% CCDC:2111543 Ph  3b75% 3¢ 64% 3d57% 3! 58%

siafiviod s O* O*
3 USRS

Iy (HsC)sC
350% 39 63% C!h 67% 3i64% 31 62% 3k 78%

0

O @ @ @

Bn CF3
3170% 3m 92% 3n 64% 3035% 3p 46% 3‘1 65%

8 I8 U8 ¢ 3 el

B0
3ra9% 3s78% 3t54% 3u25% 3v 80% 3w 70%

*Reaction conditions: pyricihecarboammide 1 (0.15 mmall, potassium and irifucroborate 2 {0.75 mmdl, 5 equiv), ar, CH.CN (1.5 mf), 130°C. 24 h
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Mn (1.0 equiv)

o BF3K + TsCl (2.5 equiv)
N . Na;COj (0.5 equiv) |
N . *
CH3CN (1.5 mL)
130, 24 h
standard conditions
1a 2a
3a
Entry Variations from the Yields (%)°
standard conditions

1 None 99
2 Without Mn 81
3 Without TsCI NR.
4 Without Na,CO5 24
5 DMF instead of MeCN Trace
6 DMA instead of MeCN Trace
7 THF instead of MeCN Trace
8 NMP instead of MeCN Trace
9 DMSO instead of MeCN Trace
10 HFIP instead of MeCN Trace
1 90°C instead of 130'C NR.
(4 110°C instead of 130°C 66
13 K4PO, instead of Na;COs 24
14 Cs:C0; instead of Na;COs 27
15 LIOH instead of Na;COg a1
16 PhBFK (4.0 equiv) 41
17 PhBFK (3.0 equiv) 23

"Reaction conditions: 1a (0.15 mmol), 2a (0.75 mmol, 5 equiv), air, CHsCN (1.5 mi), 130°C, 24 h.
YIsolated vields.





OPS/images/fchem-09-759714/inline_17.gif





OPS/images/fchem-09-759714/inline_37.gif





OPS/images/fchem-10-856832/fchem-10-856832-g005.gif





OPS/images/fchem-09-759714/inline_169.gif





OPS/images/fchem-09-759714/inline_36.gif





OPS/images/fchem-10-856832/fchem-10-856832-g004.gif





OPS/images/fchem-09-759714/inline_168.gif





OPS/images/fchem-09-759714/inline_35.gif





OPS/images/fchem-10-856832/fchem-10-856832-g003.gif
0% o 40% 6o Bo% SO 100%
H,0/MeOH mixtures with different H;0 fractions (vol%)





OPS/images/fchem-09-759714/inline_167.gif





OPS/images/fchem-09-759714/inline_34.gif





OPS/images/fchem-10-856832/fchem-10-856832-g002.gif





OPS/images/fchem-09-759714/inline_16.gif





OPS/images/fchem-09-759714/inline_33.gif
d.ai.





OPS/images/fchem-10-856832/fchem-10-856832-g001.gif





OPS/images/fchem-09-759714/inline_156.gif





OPS/images/fchem-09-759714/inline_32.gif





OPS/images/fchem-10-856832/crossmark.jpg
©

|





OPS/images/fchem-09-759714/inline_310.gif





OPS/images/fchem-10-842190/fchem-10-842190-t001.jpg
Entry ~ V-Cat  V-Cat(%) Ac:O(eq) Isolated Yield ~E-factor?

(%)
1 VOS0, 5% 8 85 87
2 VOlacac), 5% 8 85 87
3 VOSO;, 1% 8 80 92
4 VOfacac), 1% 8 74 100
5 VOS0, 0.5% 8 7 105
6 VOO, 1% 32 85 56
7 VOO, 1% 12 83 45
8 VOSO;, 1% 1.0 83 4.4
o VOSO4 1% 1.0 87 1.3
10°  VOSO, 1% 10 97 06
1 - - 1.0 3° 1469

“Reaction performed on 10 g of thymol.

"Reaction performed on 50 g of thymol.

“GC-MS yield.

9Solvent contribution not included (Sabuzi et al., 2015).
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*Absolute quantum yield was determined using an integrated sphere.
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2.37/10
e
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s (us)/ %
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“Measured at \em = \max (ie. Cul@ZeoL, Cul@SBA-15: Jem = 712 nm; Cul@ZeoY, Cul@MCM-41: \em = 711 nm; CulPy@ZeoV: rt: \em = 575 nm, 77K: \em = 435 nm; CulPPh3@

ZeoY: rt: \em = 695 nm, 77K: dem = 493 nm).
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