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______________________________________________________________________________

De Vos, D. E.; Sels, B. F. Angew. Chem. Int. Ed. 2004, 44, 30-32. 

The authors reviewed various methods to catalyze the conversion of methane to methanol, including the Shilov method, and other methods involving Hg(I)/Hg(II) couples. Research in the last decade has shown that ionic gold is capable of catalyzing asymmetric aldol reactions and carbonylations, as well as exhibiting Lewis acid properties in the addition of oxygen nucleophiles into alkynes, and catalyzing C-C bond formation using alkynes. The step from Hg and Pt in Shilov reactions to Au is logical, due to the fact that Au(I) is isoelectronic with Hg(II), and Au (III) and Pt(II) are also isoelectronic.  For the oxidation of methane to methanol, selenic acid was used as an oxidant. Selenic acid converts methane to methanol on its own, but this reaction was minimized by protection of the product as methyl bisulfate, which is easily converted to methanol using of highly concentrated sulfuric acid. It is not clear whether the reaction proceeds by oxidative addition on Au(I) or electrophilic substitution on Au(III). While most of the Au present is Au(III), oxidative addition to Au(I) is energetically favored, and should not be dismissed as a possibility. 

______________________________________________________________________________

Lee, J. M., and Chang, S. Tetra. Lett. 2006, 47, 1375-1379. 
The authors used the Shilov catalyst system with a variety of different oxidants to catalyze the formation of aryl lactones from o-alkyl substituted carboxylates. These reactions require milder reaction conditions compared to the oxidation of methane—instead of fuming sulfuric acid, common solvents are chlorobenzene, toluene, and water. Various yields were obtained with the different systems investigated, though the reactions with the highest yield employed the Shilov system (K​2PtCl4 and K2PtCl6), and the second highest yield was obtained using K2PtCl4 with CuCl2 as the oxidant. 
____________________________________________________________________________

Luinstra, G. A.; Labinger, J. A.; Bercaw, J. E. J. Am. Chem. Soc. 1993, 115, 3004-3005.


The authors prepared, isolated, and characterized [NMe4]2[PtCl5R] complexes (R = CH3, CH2CH2OH). These species were chosen because they are salts of the postulated intermediates in the Shilov oxidation of methane (to CH3OH and CH3Cl) and of ethanol (to HOCH2CH2OH and ClCH2CH2OH). It was determined that there is an equilibrium between [PtCl5R]2- and [PtCl4(H2O)R]- in aqueous solutions containing excess chloride ions. The ligand trans to the alkyl substituent is the one exchanged via a 5-coordinate intermediate. Within the functionalization step, studies of the treatment of erythro-[PtCl5CHDCHDOH]2- with chloride affords primarily threo-ClCHDCHDOH. This suggests that the final step occurs via nucleophilic attack rather than reductive elimination of methyl and coordinated water or chloride. It was not determined whether this nucleophilic attack occurs at a five-coordinate or six-coordinate Pt(IV) center.
______________________________________________________________________________

Luinstra, G. A.; Wang, L.; Stahl, S. S.; Labinger, J. A.; Bercaw, J. E. J. Organomet. Chem. 1995, 504, 75-91.


The authors used model complexes in order to perform a mechanistic analysis of species closely related to those used in the Shilov system. The authors investigated reactions between [PtCl4]2- and RI (R = CH3, CH2CH2OH), which afford the corresponding [PtCl5R]2- species. Kinetic studies of the decomposition of [PtCl5R]2- to ROH and RCl in aqueous chloride solution support nucleophilic attack by Cl- or H2O on the platinum-bound R group as the mechanism of the final step. 195Pt labeling of the [PtCl6]2- oxidant was used to determine whether the oxidation involves alkyl or electron transfer. The intensity of platinum satellites in the 1H NMR should change dramatically if the alkyl group is transferred to the Pt(IV) center during oxidation. However, the fact that normal satellite intensity was observed throughout the reaction suggests that the oxidation involves a two-electron transfer accompanied by Cl transfer, as shown in the following equation:

[PtCl3(C2H4)]-  +  [195PtCl6]2-  +   H2O  ( [Pt (CH2CH2OH)Cl5]2-  +  [195PtCl4]2-.
_____________________________________________________________________________

Muradov, N. Z.; Shilov, A. E.; Shteinman, A. A., Reac. Kin. and Cat.Lett. 1975, 2, 417-423.

The reactions of monooxygenase proceed by an oxenoid mechanism. The reactions in previous chemical systems attempting to mimic monooxygenase do not proceed through such a mechanism, but rather through a hydroxyl radical intermediate.  In an oxenoid mechanism, no free radicals or free molecules of oxygen are formed, and the transfer of the oxygen atom is coupled with the oxidation of a metal catalyst.  The oxenoid reaction is useful synthetically, as it allows for the oxidation of an alkane to an alcohol with both high efficiency and retention of configuration.  Seven of the test reactions exhibited little to no retention of configuration along with selectivities close to those of model systems featuring OH radicals.  Two of the reactions, however, produced an alcohol corresponding to the starting alkane as the main product in the presence of molecular oxygen at room temperature.  These two reactions were that of CF3COOOH in RH, and that of N-pyridine-N-oxide, with h( in CH2Cl2.  The second part of the paper describes an experiment in which the oxidation of isopentane was carried out in the presence of different organic compounds.  The nature of these compounds affected the selectivity of the oxidation.  This result suggests that there is no common hydroxylating particle for this set of reactions, and that ligand exchange occurs in the intermediate oxygen complex.

______________________________________________________________________________

Periana, R. A.; Taube, D. J.; Evitt, E. R.; Loffler, D. G; Wentreck, P. R.; Voss, G.; Masuda, T. Science 1993, 259, 340-343.


A Hg(II)/H2SO4 system was reported which catalyzes the conversion of methane to methyl bisulfate. Overall, 50% methane conversion and 85% selectivity for the formation of methyl bisulfate were observed. The major side product was carbon dioxide, suggesting that a small amount of overoxidation occurs. Because Hg(II) does not have an accessible oxidative addition pathway, an electrophilic C-H activation route is thought to occur. The methylmercury(II) intermediate was detected by NMR spectroscopy. The authors postulate that attack by SO42- leads to nucleophilic abstraction of the methyl group. This system is catalytic in the mercuric ions, with sulfuric acid as the oxidant. The authors suggest that a multistep reaction involving (i) conversion of methane to methyl bisulfate using the Hg(II)/H2SO4 system, (ii) hydrolysis of methyl bisulfate to methanol, and (iii) reoxidation of sulfur dioxide to sulfuric acid with air could potentially be accomplished relatively inexpensively on an industrial scale. 
______________________________________________________________________________

Periana, R. A.; Taube, D. J.; Gamble, S.; Taube, H.; Satoh, T.; Fuhii, H. Science 1998, 280, 560-564.


In the system reported, methane is converted to methyl bisulfate using a platinum(II) bipyrimidine catalyst in concentrated sulfuric acid at temperatures as low as 100 oC. This system accomplishes 89% conversion of methane, as well as demonstrates 81% selectivity for formation of methyl bisulfate. A significant advantage of forming methyl bisulfate rather than directly making methanol is that the bisulfate group protects against overoxidation, which would lead to the formation of combustion products. From control experiments, it was determined that oxidation of methyl bisulfate was greater than 100 times slower than oxidation of methane. The bipyrimidine (bpym) ligand was chosen due to the fact that it is capable of stabilizing a cationic platinum species and is stable in the presence of fuming, concentrated sulfuric acid. Although loss of the bpym ligand is reversible, the bypm ligand has a high affinity for Pt(II) due to the fact that bpym is a (-acid. Using the bypm ligand prevents precipitation of insoluble platinum salts from solution. This system is catalytic in the Pt complex, with SO3 as the formal oxidant. The mechanism for this reaction is quite similar to that of the original Shilov reaction, although the details of the C-H activation step (whether it proceeds via an electrophilic or oxidative addition pathway) were not resolved.

______________________________________________________________________________

Shilov, A.E.; Shteinman A.A. Acc. Chem. Res. 1999, 32, 763-771.


This paper discusses the various possible and observed mechanisms of alkane oxidation to form alcohols.  The introduction discusses two pathways for the reaction.  The first is the radical pathway, which is usually nonselective but displays a 1º<2º<3º selectivity for less active radicals.  The other reaction pathway is a 2e- reaction that features the direct interaction of an alkane with a metal core.  This second pathway displays the opposite selectivity of the radical mechanism, 1º>2º>>3º.  The second pathway seems to be much closer to the way natural monooxygenases function.  One of the investigations concerned the activity of CP450, a natural iron porphyrin, in CH3CN.  Measurements of the KIE reveal a kH/kD ratio of approximately 2:1, which does not conclusively point to one pathway over another. It seems likely that the mechanism in effect involves electrophilic attack.  

The next goal of the experiment was to model methane monooxygenase (MMO).  The complex chosen to model this enzyme was a binuclear iron complex, [Fe2O(dpy)2(OCOR)2-(H2O)2]X2 (X=Me, H, or NO2).  The reaction proceeded through both a radical pathway (1) and an oxenoid mechanism (2) with cyclohexane in the presence of H2O2.

Fe-O-Fe(H2O) + H2O2(Fe-O-Fe(OOH) ( Fe-O FeVI=O + HO(  (1)

                                                                    ( Fe-O-FeV=O + HO-    (2)

Retentions of configuration during the oxidations of both trans-1,4,dimethylcyclohexane and trans-1-methyl-2-phenyl-cyclopropane were also evidence for at least some participation of the 2e- mechanism. These complexes were unfortunately too kinetically unstable to accurately model the behavior of MMO.  The next attempt was the reaction of methane on the zeolite FeZSM5.  N2O was used as the oxygen donor, which decomposes to load the active centers of the zeolite with oxygen at extremely high temperatures.  The zeolite then reacted with methane at room temperature at 92-100% efficiency to form a product later identified as methanol.  KIE data was used to determine that the rate-determining step of the methane oxidation involved C-H bond breaking.  The authors believe that the reaction of MMO proceeds through a “five-coordinate carbon intermediate.”  The oxygen bound to the metal atom can add to a double bond or aromatic molecule, and this is the source of isomerization, rather than a radical step.
______________________________________________________________________________

Süss-Fink, G.; Stanislas, S.: Shul'pin, G.B.; Nizova, G.V. Appl. Organomet. Chem. 2000, 14, 623-628. 


Large-scale industrial applications of C-H activation make it desirable to eliminate the extreme reaction conditions necessary for procedures catalyzed by mercury salts or by platinum complexes. The authors utilize sodium vanadate and pyrazine-2-carboxylic acid (pcaH) to efficiently catalyze the reaction of methane with diatomic oxygen (from air) and hydrogen peroxide to produce methyl hydroperoxide, which subsequently decomposes into methanol and formaldehyde. Formic and acetic acid are also produced when the reaction occurs at higher temperatures over a long period of time. The pcaH acts as a co-catalyst to vanadate, and the result of this co-catalyst system is a reaction that proceeds under mild conditions (25–75 °C) either in aqueous or acetonitrile solution. The complexes formed from the catalyst precursor and the co-catalyst (under the reaction conditions) were isolated and characterized as the derivatives [VO2(pca)2]- and [VO(O2)(pca)2]-. The authors found that these derivatives could also be used as catalysts in the oxidative functionalization of cyclohexene, though they were less active than the precursor system [VO3]-/pcaH, which has a catalyst/co-catalyst ratio of (1:4). 
_____________________________________________________________________________

Szeto, K. C.; Kongshaug, K. O.; Jakobsen, S.; Tiset, M.; Lillerud, K. P.  Royal Soc. Chem. 2008, 2054-2060.

The authors created a coordination polymer based off of the platinum (II) catalyst of the Shilov system. This kind of polymer is also called a metal-organic framework (MOF) in the literature. Pt(BPDC)Cl2 (BPDC=2,2’-bipyridine-5,5’-dicarboxylic acid) was chosen as the species for use in the polymer. The polymer had the catalytic Pt site built into the final structure, which included a Pt(II) source and a cis-chelating N-based organic ligand, as well as relatively labile ligands coordinated at the other two sites on the square planar Pt(II) center. These units came together in a framework anchored by Gd into the asymmetric polymer unit. Each polymer unit consisted of two Gd atoms and three Pt(BPDC)Cl2 units, with each Gd atom coordinating to five carboxylate oxygen atoms and three water molecules. This structure leaves the square planar geometry of the catalytic site intact while switching to a heterogeneous catalyst system.

______________________________________________________________________________

West, N. M.; Templeton, J. L. Can. J. Chem. 2009, 87, 288-296.

One of the major downsides to the original Shilov reaction is the fact that it uses platinum consumptively.  The goal of this set of experiments was to determine if a non-consumptive pathway was possible. The scorpionate ligands Tp’ (hydrotris(3,5-dimethylpyrazolyl)borate) and Tp (hydridotris(pyrazolyl)borate) were employed in this series of experiments.  These ligands can stabilize both platinum (II) square planar complexes and Pt (IV) octahedral complexes following oxidative addition. Both [K][TpPtMe2] and [K][Tp’PtMe2] can be protonated to form thermally stable cis alkyl hydride ligands.  The third arm of the pyrazolyl borate ligand inhibits the formation of a five-coordinate intermediate.  In an arene solution, thermolysis at temperatures over 100 ºC yields methane and an aryl alkyl hydride Pt (IV) complex, which can be subsequently converted to a diaryl hydride Pt(IV) complex.  Thermolysis in a deuterated arene solution reveals that the reductive coupling of methane is reversible.  Thermodynamic studies show that the barrier to reductive coupling to form methane is lower than that of elimination of methane, meaning the dissociation of methane is the rate-limiting step in this reaction.  When exposed to a strong acid, Tp’PtMe2H forms a five-coordinate complex due to the dechelation of one of the Tp’ arms.  Under these conditions, reductive elimination of methane occurs at temperatures as low as -78 ºC.  

The authors also investigated complexes involving the bidentate nacnac (bis-N-aryl-(-enaminimine) ligand.  This dispensed with the need for a promoter, which had to be used during [Tp’PtMe​2]- reactions in order to promote dissociation of the third arm of the scorpionate ligand.  Stirring nacnacH (N-aryl, aryl=phenyl) with Me2Pt2((-Sme2) in n-pentane overnight resulted in both C-H activation and dehydrogenation of pentane.  The reaction showed selectivity for the formation of 1-pentene, leading to a conclusion that primary C-H activation is favored when linear alkanes are used.

______________________________________________________________________________

Zhu, H.; Ziegler, T.  J. Organomet. Chem. 2006. 691, 4486.


Based on C-H functionalization from the original experiment done by Shilov et al. in 1962, the authors used density functional theory (DFT) in order to assess whether methane uptake or C-H functionalization is the rate-determining step during the PtCl42- catalyzed H-D exchange of alkanes in acidic aqueous solutions. The authors found that PtCl42- (95.8%), PtCl3(H2O)- (4.1%), and PtCl2(H​2O)2 (5x103-%) are the three active species. PtCl42​- contributes most to the dissociative pathway and PtCl3(H2O)- contributes most to the associative pathway, while PtCl2(H​2O)2  is such a small concentration  that it is negligible to both pathways. Calculated thermodynamic and kinetic data of methane uptake favor a dissociative scheme. Under different reaction conditions, where PtCl2(H​2O)2  is directly added to the acidic aqueous solution, and the higher concentration of this reagent combined with having the lowest reaction barrier of the three, the associative mechanism is favored. The authors conclude that the transition state of both the associative and dissociative uptake of CH4 has a higher barrier than C-H activation, meaning that methane uptake is the rate-determining step under Shilov reaction conditions. Further, based on the two conditions of methane uptake (PtCl2(H​2O)2 either  in situ or not), the authors concluded that PtCl2(H​2O)2 is the most active catalyst for H-D exchange, and whether the associative and dissociative pathways is operating is determined by the concentration of the three active species. 
______________________________________________________________________________








