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Abstract

:

Hydrogen has the potential to serve as a new energy resource, reducing greenhouse gas emissions that contribute to climate change. Natural hydrogenases exhibit impressive catalytic abilities for hydrogen production, but they often lack oxygen tolerance. Oxygen-tolerant hydrogenases can work under oxygen by reacting with oxygen to form inactive states, which can be reactivated to catalytic states by oxygen atom removal. Herein, we synthesized three NiFeSe complexes: (NiSe(CH3)FeCp, NiSe(CH3)FeCp* and NiSe(PhNMe2)FeCp) with features of active sites of [NiFeSe]-H2ases, which are the oxygen-tolerant hydrogenases, and we investigated the influence of electronic and steric factors on the oxygen reaction of these “biomimetic” complexes. In our research, we found that they react with oxygen, forming 1-oxygen species, which is related to the O2-damaged [NiFeSe] active site. Through a comparative analysis of oxygen reactions, we have discovered that electronic factors and steric hindrance on Se play a significant role in determining the oxygen reactivity of NiFe complexes related to hydrogenases’ active sites.
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1. Introduction


With the world’s increasing reliance on fossil fuels, the rise of greenhouse gases and looming threat of climate change, there has been a drive to develop alternative fuels and environmentally friendly energy solutions. While solar, wind and water powers are clean, pollution-free and inexhaustible, unfortunately, they are unstable, variable and intermittent, which makes them less convenient, stable or efficient for widespread use. One of the solutions to address this problem is to store or convert these unstable natural energies into stable chemical bonds [1]. Among various energy carriers, hydrogen stands out due to its high energy per unit mass, cleanliness and zero carbon emission [2]. By utilizing hydrogen as an energy carrier, we can store the solar power and/or wind power into the dihydrogen bonds and release the energies when needed, such as in hydrogen vehicles.



So far, the best catalyst reported for hydrogen production has been platinum, which is both expensive and relatively scarce in terms of resources [3]. In the quest to design economic, efficient and sustainable catalysts for hydrogen production, natural catalysts, hydrogenases, have captured the interest of researchers. Hydrogenases, which are metalloenzymes, reversibly catalyze hydrogen gas from protons and electrons [4]. There are three main classes of hydrogenases, which include the [Fe]-, [FeFe]- and [NiFe] hydrogenases [5,6,7,8,9,10]. The active sites of these metalloenzymes are composed of inexpensive transition metals (iron and nickel), sulfur and simple diatomic ligands (CO and CN) that are effective for π-delocalization and H-bonding. While these natural catalysts demonstrate impressive catalytic abilities, a great challenge in utilizing hydrogenases or their models for industrial purposes is their low oxygen tolerance [11,12,13].



Oxygen tolerance has been used to describe the ability of hydrogenase to catalyze hydrogen oxidation or evolution under aerobic conditions, and more recently, it has been suggested to be limited for the catalysis of hydrogen oxidation only due to the catalysis possibility of oxygen-sensitive hydrogenases for hydrogen evolution [14]. However, a previous broader definition is still accepted and used in publications [15,16,17]. Some hydrogenases are reported to be oxygen-tolerant [18,19,20], and one possible mechanism is that oxygen-tolerant hydrogenases can react with oxygen to form an inactive state that can be subsequently recovered to rejoin the catalytic cycle [21,22]. Among the three classes of hydrogenases, it is reported that the [NiFe] hydrogenases have the highest oxygen tolerance [23]. Within the class of [NiFe] hydrogenases, there are two subclasses: [NiFeS] and the [NiFeSe] hydrogenases (Figure 1a, adapted from a previous study [24]). While sharing similar structures, one of the terminal cysteines in [NiFeS] hydrogenases is replaced by the selenocysteine in [NiFeSe] hydrogenases. However, this small modification results in the difference that the [NiFeSe] hydrogenases exhibit better recovery from oxygenation, suggesting a possible oxygen tolerance [15,16,25,26].



Although hydrogenases serve as natural catalysts for hydrogen production, they are inconvenient for direct industrial use due to the need for extraction and purification. Therefore, based on the active sites of hydrogenases, chemists and biochemists have designed and synthesized biomimetics [4,9,17,27,28] and bioinspired complexes [29,30,31], which show promise as catalysts. In addition, several biomimetics have been developed for the study of oxygenated [NiFeS] and [NiFeSe] hydrogenases, which helps to understand oxygen tolerance [24,32,33,34,35,36]. Specifically, in our previous study, the NiFe complex with selenium (Figure 1b) exhibited lower oxygen reactivity and higher oxygen recovery than its all-sulfur analog [24,35,36]. In the presence of oxygen, our sulfur complex was found to preferentially uptake two oxygen atoms that could not be recovered, while the selenium complex exhibited a preference for one oxygen atom that could be removed while adding a reducing agent.



To gain a deeper understanding of the O atom uptake, this study explores both steric hindrance on selenium and electronic modifications at the iron site. As depicted in Figure 1c, R′ was the phenyl group. However, R′ can also be substituted with other groups to change the chemical environment of the center atom, selenium. For example, once the R′ group was substituted by methyl, due to its smaller size, a less steric hindrance effect on the selenium atom should make it much easier to be attacked by oxygen. This would make the NiFeSe complex more oxygen-sensitive in order to generate more oxidated species once exposed under oxygen-containing environments (surprisingly, the results did not match with our expectations, vide infra). Additionally, the Cp ring that coordinated on the Fe side could be replaced by η5-C5Me5 (Cp* ring). Because the Cp* group is the more electron-donating group compared to the Cp group, the electron density on Fe would increase and should be able to transfer to the chalcogenide, resulting in a higher electron density on the selenium side. Such an increase of the electron density on Se was expected to facilitate its 1-oxygen uptake, which was also confirmed by computational calculations. However, it should be pointed out that the great CO ligand was maintained, because it is not only a part for mimicking the hydrogenases’ active site but also a great monitor for any structure change during the reaction, since it has an obvious band in the IR spectrum.



In summary, we anticipate that these modifications will alter the oxygen reactivity of the NiSeFe complex and lead to the formation of more 1-oxygen–selenium products. By comparing the oxygen reactions of these complexes, our goal is to analyze the effects of the electronic and steric factors on the O2 reactivities of the NiFe complexes.




2. Results


2.1. Synthesis and Characterizations


Nickel dithiolate complexes are well-known for their reactivity as metalloligands, forming M-(μ2-SR)2-M′ bridges [37,38,39]. In 2010, Darensbourg’s group reported several cleavage reactions of nickel bimetallic dimer [NiN2S]22+ using ligands such as imidazole, pyridine, etc. [40]. In our previous studies, those dimers were also able to be sliced by phenyl-based reductants, such as thiophenolate (SPh), benzeneselenolate (SePh) and their derivatives [24,35]. Based on these studies, the heterobimetallic complex was synthesized in our study. The [NiNS2]22+ dimer was divided by SeMe or SePhNMe2, and the latter group was much bigger than the former, which could introduce a comparison of the steric hindrance in this system. The attained NiN2S•SeMe was further reacted with FeCp(CO)(CH3CN)+ or FeCp*(CO)(CH3CN)+ to obtain NiSe(CH3)FeCp or NiSe(CH3)FeCp*, respectively. This set, NiSe(CH3)FeCp/NiSe(CH3)FeCp*, was chosen to investigate the electronic effect, since the Cp* was much more electron rich than Cp. The isolated NiN2S•SePhNMe2 was reacted with FeCp(CO)(CH3CN)+ to obtain NiSe(PhNMe2)FeCp. This complex, in combination with NiSe(CH3)FeCp, was used to analyze the steric effect on the O2 reaction.



The synthesis routes and IR spectra of these heterobimetallics are shown in Figure 2. We hypothesized that, as the electron-donating ability of the substitution group on chalcogenide increases, more electron density should be able to transfer to iron through chemical bonds, which would result in more π-back-bonding formation between the iron atom and the coordinated carbon monoxide molecule and weaker carbon–oxygen triple bonds. This can be reflected by the decrease of the wavelength of carbon–oxygen bonding (v(CO)). In order to prove our hypothesis, we used an IR spectrophotometer to detect the v(CO) of each synthetic complex. The v(CO) of NiSe(CH3)FeCp* was found at 1905 cm−1, while NiSe(CH3)FeCp exhibited a value of v(CO) = 1929 cm−1, which is in agreement with the fact that Cp* contributed more electrons due to its stronger electron-donating effect of methyl groups to the Fe atom rather than Cp. However, the electron-donating abilities of SeCH3 (the top branch species in Figure 2) and SePhNMe2 (the methyl group was substituted by a para-dimethyl amine benzyl group, the bottom branch species in Figure 2) were determined to be equivalent according to their identical v(CO) bands at 1929 cm−1. Thus, when we compared these two complexes, we could exclude the electronic effect and consider the steric effect as the main factor.




2.2. Oxygen Tolerance Test


At 22 °C, the heterobimetallic complexes were added to the O2-saturated DCM solutions, and the reaction progresses were monitored by v(CO) using FTIR spectroscopy. We observed that the initially clear solution of complexes gradually transformed into a slightly cloudy solution. Following filtration, solvent removal and redissolving in DCM, the resulting solution was analyzed by high-resolution mass spectrometry. Based on previous studies, nickel–sulfur complexes were found to preferentially uptake two oxygen atoms, while nickel–selenium species exhibited a preference for one, suggesting the formation of a 1-oxygen uptake species in the three NiSeFe complexes [24,35]. Our previous work also showed that a 2-oxygen uptake NiSeFe complex, if generated, underwent comproportionating with the precursor to form two equivalents of the 1-oxygen complex. In this study, the NiSeFe complexes also followed the 1-oxygen uptake rule and matched with our expectations. It should be pointed out that, in our study, the O atom was bonded to Ni; however, in other, previous NiFe hydrogenase biomimetics studies, the O atom was also found to bind to the Fe moiety. For example, Ogo’s group have published several significant studies on the O2 reaction with biomimetic NiFe complexes in which the O2 was activated to bond to Fe and perform O2 reduction [41,42]. In our study, the O atom adopted a different insertion mode, although it was less reactive in O2 reduction but it more gentle and potentially easier to be reversed to the original structure. Besides, while there was an oxidation state change in most reported studies, in our case, both the Fe and Ni maintained the two oxidation states.



Furthermore, it also suggested that the oxygen reactivity would be influenced by the electron-rich nature and steric hindrance of selenium, leading to the shorter reaction time and higher yield of oxygenates. The results of each O2 reaction were characterized and analyzed vide infra.



2.2.1. The O2 Reaction of NiSe(CH3)FeCp


In the O2 uptake reaction between O2 and NiSe(R′)FeCp (R′ = Me or H), the time-dependent IR spectra for its product, the 1-oxygen uptake species, is presented in Figure 3. The reaction took approximately 35 min to reach completion. IR spectroscopy revealed the disappearance of the CO band at 1929 cm−1, which represented the starting material, while a new band at 1947 cm−1 emerged along with the progression of the reaction. Upon the reaction lasting over 35 min, no further peak shifting and peak height changes could be observed. After isolation, the yield of oxygenated products, calculated by weight, was approximately 30%. Furthermore, in the mass spectra, the parent peak and isotope bundle for this complex, which was 490.95 m/z, matched with the predicted value (Figure S1).




2.2.2. The O2 Reaction of NiSe(CH3)FeCp*


Compared to the v(CO) band of NiSe(CH3)FeCp mentioned above, the NiSe(CH3)FeCp*, where the Cp group was switched to Cp* (C5Me5), exhibited the same optimized reaction time (35 min), whereas, based on the IR analysis as shown in Figure 4, the v(CO) band shifted from 1905 cm−1 to 1934 cm−1 after the reaction. It should be pointed out that this reaction was not finished until around 35 min, as shown in the inset of Figure 4b. The shoulder of 1905 (the band of the reactant) was still there at the reaction time of 25 min. Also, one thing to be pointed out in departure from all the other cases, is that the band of 1934 cm−1 was broader than those observed in the other oxygenated compounds, indicating that there might be more than one product; more details are analyzed below. The yield of the overall oxygenated products was approximately 58%.



To separate the two components in the reaction mixture, we employed the column purification method by using a column filled by aluminum oxide (Al2O3). After the O2 uptake reactions, dark-colored product mixture solutions were filtered and concentrated by vacuum vaporization. Subsequently, the volume-reduced filtrates were separately loaded onto different Al2O3 columns for further clean up.



We initially used pure DCM as the eluent to wash down portion 1 (v(CO) = 1941 cm−1), which exhibited an orangish color. Then, a mixture of 10% methanol and 90% dichloromethane was used to elute down the following reddish-colored portion 2 (v(CO) = 1927 cm−1). The yield ratio of portion 1 to portion 2 was approximately one to nine. It is important to note that, in order to visualize the difference better, the intensity of the v(CO) band at 1941 cm−1 was multiplied by nine in Figure 4c. We also attempted to influence the yield ratio using other O atom sources besides O2, including hydrogen peroxide, trimethylamine N-oxide, tert-butyl OOH, etc., but those trials were all unsuccessful.



The parent peak and isotope bundles for this complex mixture, as shown in Figure S2a, matched with the predicted value 561.03 m/z. Isolated portion samples were also sent for analysis by mass spectrometry. As shown in Figure S2b,c, the same parent peak at 561.03 m/z was found in the +ESI-MS spectra. The results strongly suggested that the two portions were likely isomers.



As shown in Figure 5a, the portion 2 species, NiOSeFe, still maintained the heterobimetallic structure, and the O atom was inserted into the Ni-Se bond, with the formation of new bond of Ni-O and O-Se due to the fact that the Ni-Se bond was broken. The distance between Ni and Fe was 3.604 Å, indicating that there was no metal–metal bond. From the side view of the structure, as shown in Figure 5b, it can be seen that the five-membered ring of Ni-O-Se-Fe-S was not in a plane but as a “crown”. Such a structure might be due to the repelling of electrons or the steric hindrance. According to the structure of portion 2, we assume that the O atom was inserted between Fe and Se in portion 1 due to the higher nucleophile and oxygen reactivity of Se than S [26]. However, the structure of portion 1 was not confirmed, as it was not dominant in the mixture, and further studies are needed to confirm the structure.




2.2.3. The O2 Reaction of NiSe(PhNMe2)FeCp


Same as the other biomimetics, the NiSe(PhNMe2)FeCp was dissolved in the O2-saturated DCM, and the oxygenation reaction was monitored by IR spectroscopy. According to the v(CO) in the IR spectra (Figure 6), within 40 min, the shift was transformed from 1929 cm−1 to 1950 cm−1, with a final yield of 61% oxygenated product. Such product was further confirmed as the 1 oxygen uptake complex by mass spectrometry, as the m/z signals of 596.0067 matched perfectly with its calculated value (Figure S3).






3. Discussion


Taking the three O2 reactions mentioned above as the conclusion, their reaction parameters are summarized in Table 1. From the reaction time, there was no obvious difference between the three reactions. It should be pointed out that, different from the O2 bubbling method that some literature has reported (our previous studies [24,35] (from M. Darensbourg’s team) included), in this study, we used the O2-saturated method, dissolving oxygen in DCM solution before the O2 reaction. Such a modification excluded that the speed of O2 diffusion in the solution affected the O2 reaction. The O2 reactions in this study all finished in 35–40 min, indicating that the differences in electronic or steric hindrance did not affect the reaction time in oxygenation.



3.1. Electronic Effect on the Fe Moiety


With the experimental data of NiSe(CH3)FeCp and NiSe(CH3)FeCp* in hand, we could analyze how different substitution groups on Fe caused their distinct O2 uptake reactivity. Consistent with previous studies, mass spectrometry analysis proved that 1-O uptake was the only oxygenating type of the nickel–selenium complexes [24,35]. However, contrary to our expectations, the oxygen uptake reaction time period of electrons enriched in NiSe(CH3)FeCp* did not vary at all. There are two assumptions that can be used to explain this experimental phenomenon. First, the electron density generated by the substituted selenium center was sufficient enough to provide the optimized conditions for oxygen to be added, regardless of the donor group on Fe. This step was not the time-limited step for this oxygenating reaction. Second, due to the relatively far distance between the Cp ring and reaction center, selenium, the change in electron density of the iron atom might not have influenced the oxygenating reaction rates at a significant level.



Although there was no substantial variance on the reaction rates of the Cp and Cp* complexes, the yields of their oxygenized compounds still diverged from each other (56% vs. 30%). Based on our previous DFT (density functional theory) studies, the O2 uptake intermediates were proposed to be Ni(III)-OO, with bond breaking of Ni-S or Ni-Se at the same time [35]. Despite no oxygen atom being directly added onto the Fe site, it played the role as a Se-R stabilizer and reaction accelerator, which promoted the oxygen reduction progress. For Cp* substitution, the existing five methyl groups on the five-member ring enlarged the electron density of Fe, which might better facilitate an O2 reduction and steady its reaction intermediate.



To further compare the oxidation reactions of NiSe(CH3)FeCp and NiSe(CH3)FeCp*, DFT computations were also performed in this study to address the thermodynamic driving forces for O atom uptake and the different types of oxidized products. As summarized in Figure 7, the free energies, ∆G°, for O insertion into the Ni-Se and Fe-Se bonds in NiSe(CH3)FeCp were −24.1 and −6.2 kcal/mol, while, in NiSe(CH3)FeCp*, the numbers were −29.9 and −9.1 kcal/mol. These numbers indicated that the oxidation reaction of NiSe(CH3)FeCp* was easier than NiSe(CH3)FeCp, with more negative free energies (ca. −3 to 5 kcal/mol), which was what we expected, since Cp* causes the Fe moiety to obtain a higher electron density than Cp, and it matched with our experimental results that the oxidation product yield of NiSe(CH3)FeCp* (56%) was higher than the products of NiSe(CH3)FeCp (30%). Compared to the 2-O insertion type, in both cases, the O atom thermodynamically preferred to insert between Ni and Se rather than Fe and Se.




3.2. Intermediate Delocalization Effect on Se


Although the reaction time (35–40 min) remained similar, the yield of NiOSe(PhNMe2)FeCp (61%) was much greater than NiOSe(CH3)FeCp (30%). Considering the fact that both analogs showed equal C≡O IR vibration values, those two groups’ electron-providing capabilities were comparable. Under this circumstance, to some degree, we could compare the steric hindrance between them. However, it should be pointed out that the PhNMe2 group was not suitable to investigate the purely steric effects, and the synthesis of new complexes with more hindered alkyl chains should be explored to better investigate this aspect.



Surprisingly, the experiments aforementioned contradicted our initial thought that the higher yield should result from less steric hindrance, which would make the oxygen molecule proximate Se easier. Due to the possibility of an electronic effect as well, in order to explain why CH3 and PhNMe2 revealed similar reaction rates but distinct yields, we looked at if any structural features would facilitate the formation of NiOSe(PhNMe2)FeCp. As mentioned in the previous paragraph, the intermediate of such an oxygen uptake reaction was likely to be a peroxide species, which is a kind of radical species. Compared to Se-PhNMe2, where the radical had a chance to delocalize on the benzene ring and the para-nitrogen atom, which led to the increasing of the intermediate stability, the methyl group, due to its relatively small size and the absence of an electron delocalization ability, could not offer any protection for the intermediate radical when reacted with other radical quenchers in the reaction mixture. It is very likely that the radical was quickly consumed by the cations and anions that existed everywhere in the solvent to form variable byproducts, such as Se-Se and di-selenide, after the peroxide intermediates had formed. The demonstrated two-isomer formation additionally supported our assumption. In contrast, in the amino phenyl group case, the •Se- PhNMe2 radical was able to delocalize in the π system in order to prolong its lifetime, which would definitely drive the reaction in the single-oxygen uptake direction. Further experiments will be necessary to prove the aforementioned assumptions.





4. Materials and Methods


4.1. General Materials and Techniques


All reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA), VWR (Radnor, PA, USA) or Thermo Fisher Scientific (Waltham, MA, USA). All purified organic solvents were further dehydrated by a manual solvent purification system (M. Braun Inc., Stratham, NH, USA) packed with Alcoa F200-activated alumina desiccant. All reactions (except the O2 oxidation reactions) and operations were performed in a glovebox or on a double-manifold Schlenk vacuum line under an inert gas supply.




4.2. IR Spectrometry Analysis and Reaction Progress Monitoring


Solution infrared spectra were evaluated on a Tensor 37 Fourier-transform IR (FTIR) spectrometer (Bruker, Billerica, MA, USA) using a CaF2 cell with a 0.2 mm path length. Oxygenation completion was monitored by the change in the IR absorption peaks that corresponded to the C≡O stretching area. The time period the reaction lasted was recorded to represent the optimized reaction rate when there was no change in the intensity for both the reactant and product’s C≡O stretching bands.




4.3. X-ray Structure Analysis and Data Processing


Data collections for X-ray structure determination were carried out using APEX24 or Venture (Bruker, Billerica, MA, USA) with a graphite mono-chromated radiation source (λ = 0.71073 Å). All crystals were coated in paraffin oil and mounted on a nylon loop and placed under streaming nitrogen gas (110/150K). The structures were solved by direct methods (SHELXS-97) and refined by standard Fourier techniques against F square with a full-matrix least squares algorithm using SHELXL-97 and the WinGX (1.80.05) software package. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in calculated positions and refined with a riding model. Graphical representations were prepared with ORTEP-III. Crystallographic data (including structure factors) were deposited with the Cambridge Crystallographic Data Centre (no. 2035045).




4.4. DFT Calculation Methods


All of the spin-polarized calculations were based on density functional theory (DFT) and performed by the DMol3 package. The GGA (generalized gradient approximation) in the Perdew–Burke–Ernzerhof form, DSPP (semi-core pseudopotential method) with the double numerical basis sets and the polarization functional (DNP) were chosen for the calculations. The dispersion interaction was accounted by a DFT-D correction with a Grimme scheme. The SCF convergence for every electronic energy was set as 1.0 × 10−7 Ha. The geometry optimization convergence criteria were set up as follows: 1.0 × 10−7 Ha for the energy, 0.001 Ha Å−1 for the force and 0.001 Å for displacement, respectively. The free energy (G) for the elemental reaction step was analyzed by the formula


G = E + EZPE − TS








where E is the total energy of the structures, EZPE is the zero-point energy, T is the temperature and S the change in entropy. Finally, the reaction energies (G) of different intermediates were defined by the formula


ΔG = Gi − Greactant








where Gi is the energy of the intermediate, and Greactant is the total energy of the reactant.





5. Conclusions


In our work, we synthesized and analyzed three different NiSeFe heterobimetallics in order to further investigate the buried mystery of what factors make nickel–selenium hydrogenase exhibit a certain oxygen tolerance. The O2 uptake of the three “biomimetics” are conducted to compare the electronic and steric effects, as well as structural comparisons. Although similar reaction times were observed for all complexes to achieve the optimal yields, the actual yields differed. A higher yield of 1-oxygen species was observed when the Se-PhNMe2 and Cp* groups were present in the biomimetic organometallic complexes. Therefore, we drew the following conclusions:




	(a)

	
The three complexes can react with oxygen to form a 1-oxygen species, which is related to the O2-damaged [NiFeSe] hydrogenases‘ active sites.




	(b)

	
Since NiSe(PhNMe2)FeCp and NiSe(CH3)FeCp shared identical v(CO) values, PhNMe2 had an electron-donating ability equivalent to that of the CH3 group. Cp* demonstrated better electron-donating properties than Cp, resulting in increased π-back-bonding from Fe to CO and a higher oxygen reactivity.




	(c)

	
The -SeMe group, due to its greater lability and reduced steric bulk, produced a pair of isomers that were detected at different IR wavenumbers.




	(d)

	
The -SeMe variant, owing to its small size and limited electron delocalization ability of the methyl group, exhibited lower oxygen reactivity—in other words, more decomposed byproducts and a lower yield of 1-oxygen uptake species.




	(e)

	
Besides all the effects aforementioned, other factors might influence the complex oxidation reactivity.









In conclusion, first, we found all the complexes could be oxygenated to 1-oxygen species, which had the potential to be recovered. Then, through a comparative analysis of oxygen reactions, we discovered that the higher electron donation and steric hindrance on selenium could increase the oxygen reactivity of our hydrogenase biomimetics. We hope our study can become a modest spur to stimulate researchers to dig deeper into the hydrogenase oxygen tolerance area to discover more appreciated charities to promote the study and production of hydrogen energy.
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Figure 1. (a) The structures and active sites of [NiFeS] and [NiFeSe] hydrogenases. (b) A formatted structure of NiFe complexes related to [NiFe] hydrogenases’ active sites (previous study [24]). (c) A sketch of modifications to the NiFeSe complex. 
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