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Abstract: Unspecific Peroxygenases (UPOs) have emerged as robust biocatalysts for selective oxygenation reactions, as they are easily produced at scale and require only hydrogen peroxide as the external oxidant. UPOs can catalyze the oxygenation of the primary benzylic carbons of toluenes to give alcohol, aldehyde and carboxylic acid products. They can also catalyze hydroxylation at the benzylic position of ethylbenzenes, and the subsequent oxidation of the secondary alcohols to ketones. In this study, we have investigated factors that affect the balance of products in UPO-catalyzed benzylic oxygenations using a range of functionalised toluenes and ethyl benzenes, and a UPO from Agrocybe aegerita (rAaeUPO-PaDa-I-H variant). The product distribution is dependent upon a mixture of steric and electronic effects and, in selected cases, controlling the reaction conditions permits products from each product series to be generated chemoselectively. In this way, electron poor toluenes were converted directly into carboxylic acids in isolated yields of 36–99% on preparative scale.
Introduction
The selective oxidation of small organic molecules remains a considerable challenge in synthesis, with issues of selectivity, reagent toxicity, process hazard and sustainability persistent problems when developing scalable synthetic reactions.[1-3] For these reasons, enzymes have been of interest for many years as possible candidates for industrial oxygenation reactions. Of these, the best investigated have been hemoproteins,[4] and especially cytochromes P450,[5,6] which, when exploited in whole cell fungi, have a rich history of application to, for example, the selective hydroxylation of steroids.[7,8]  For the selective oxidation of smaller molecules, P450s have also been used to prepare alcohol products, but there are complications, especially with heterologous expression, and also their application on large scale, as these enzymes require both electron transfer proteins and an exogenous nicotinamide cofactor to exert their activity when used in vitro.  If further oxidative transformations are needed to convert the alcohols into aldehydes/ketones or acids, standard chemical oxidations are typically adopted. Reagents such as Dess–Martin periodinane, manganese dioxide and chromium(VI) oxidants (e.g. pyridinium chlorochromate, Jones reagent etc.) are all commonly used.  However, each has notable drawbacks. with respect to their toxicity, atom economy and/or their long-term sustainability,[9,10]  notwithstanding the requirement to perform an additional synthetic transformation in order to access the higher oxidation level products.
Enzymes have also been used in alcohol oxidation reactions, including both flavin[11,12] and copper-dependent alcohol oxidases such as galactose oxidase (GAO)[13,14] and alcohol dehydrogenases[15,16] for alcohol to aldehyde/ketone conversions.   Aldehyde dehydrogenases[17,18] have also been employed for conversions of aldehydes into carboxylic acids. In these cases, the transformation to the more oxidized products can be useful in a synthetic context, for example in cascade processes that depend upon the production of a carbonyl or carboxylic acid intermediate.[19-21] Many of these classes of enzymes are also dependent upon nicotinamide cofactors however.
The discovery of unspecific peroxygenases (UPOs) by Hofrichter and co-workers[22-24] revealed a new class of secreted fungal hemoprotein capable of a spectrum of oxidative reactions similar to those of cytochromes P450, including hydroxylation of unactivated carbon atoms.  In contrast to P450s however, UPOs are dependent upon only exogenous hydrogen peroxide as an oxygen donor to make the crucial iron(IV) oxo intermediate (‘Compound I’) in the active site that is the oxidant in these reactions.[25]  Coupled to this, UPOs have been shown to be stable, robust and have high activity in the transformation of model compounds such as ethylbenzene 1 (Scheme 1A),[26] which can be hydroxylated by the UPO from Agrocybe aegerita (AaeUPO) in an asymmetric fashion to give the (R)-2-phenylethanol product 1a with high enantiomeric excess, in addition to a range of other useful chemical transformations.[27-30] The application of UPOs to synthetic transformations has been greatly assisted by the development of heterologous expression systems in Saccharomyces cerevisiae and Pichia pastoris,[31,32] which can yield large amounts of enzyme that can be lyophilized to give a user-friendly powder that can be stored as a stable catalyst for a number of years with good retention of activity.[33] In addition to the application of UPOs to the oxidation of ethylbenzenes,[26] fatty acids,[34] terpenes[35] and drug molecules,[36] we have recently applied the rAaeUPO-PaDa-I-H variant to the scalable oxidation of a series of nitrogen heterocycles (e.g. 2) into oxygenated products (2a), which can serve as valuable chiral synthons for pharmaceutical synthesis (Scheme 1A).[37]



Scheme 1. Benzylic oxygenation and further oxidation reactions using UPOs.

In previous reports on benzylic oxygenation reactions using UPOs,[27,37,38] it has been noted that in contrast to most P450s, UPOs are capable of over-oxidation of alcohol products to both carbonyl and carboxylic acid products. For example, Kinne and co-workers showed that toluene 4 can be oxidized by the native AaeUPO from Agrocybe aegerita to give 93% conversion into benzoic acid 4c, as a result of sequential oxidations by the enzyme (Scheme 1B).[38] Preparative yields of carboxylic acid products were not given however. The UPO from Marasmius rotula was also shown to oxidise the alkanes dodecane and tetradecane into complex mixtures of oxygenated products that included mono- and di-carboxylic acids, also on an analytical scale.[39] Given the potential utility of these ‘over-oxidation’ products, in this study we have explored the versatility of the AaeUPO variant rAaeUPO-PaDa-I-H,[33] for the generation of aldehydes/ketones and carboxylic acids from various toluenes and benzyl alcohols.  In some cases, we show that the selective synthesis of aldehydes/ketones (4b/5b) and carboxylic acids (4c) from alkylbenzene precursors (4/5) can be achieved on a preparative scale and in a single step (Scheme 1C).
Results and Discussion
Biocatalytic Oxidation of Toluenes 
We began our study with an examination of the oxidation of the benzylic methyl group of a series of substituted toluene derivatives by rAaeUPO-PaDa-I-H (Table 1). The enzyme was prepared as described previously[33] and used as a lyophilized powder. Each reaction was performed on a 0.1 mmol scale at 10 mM [substrate] and 1.0 equivalent of H2O2 added by a syringe pump over the course of 2 h at a rate of 0.5 eq. h-1 (see Experimental Section). Conversion into the respective alcohol (a), aldehyde (b) and carboxylic acid (c) products was measured by NMR analysis of the crude reaction mixtures following an aqueous work-up. As just one equivalent of H2O2 (i.e. one oxidation equivalent) was used in most of the examples in Table 1, incomplete oxidation and the formation of mixtures of alcohol (a), aldehyde (b) and carboxylic acid (c) products was expected; these single H2O2 equivalent initial experiments were designed primarily to test the viability of each oxidation step while minimizing oxidative stress on the UPO.
Table 1. Product distribution (NMR yield) in the biotransformation of 0.1 mmol toluenes 6–18 by rAaeUPO-PaDa-I-H using 1 equivalent of H2O2 unless stated. [a]3 equivalents of H2O2 were used. [b] Calculated based on [%a + 2(%b) + 3(%c)]/equivalents of H2O2.
	

En-
try
	

Toluene
	
a (%)
	

b (%)
	
c (%)
	Yield
per H2O2
(%)[b]


	1
	6, X = p-OMe
	6a, 55
	6b, 15
	6c, 0
	85

	2
	7, X = o-OMe
	7a, 0
	7b, 0
	7c, 0
	0

	3
	8, X = p-Br
	8a, 15
	8b, 0
	8c, 35
	120[40]

	4
	9, X = m-Br
	9a, 0
	9b, 0
	8c, 40
	120[40]

	5
	10, X = o-Br
	10a, 0
	10b, 0
	10c, 0
	0

	6
	11, X = p-Cl
	11a, 20
	11b, 0
	11c, 20
	80

	7
	12, X = p-CO2Me
	12a, 20
	12b, 25
	12c, 15
	115[40]

	8
	12, X = p-CO2Me[a]
	12a, 0[a]
	12b, 0[a]
	12c, 80[a]
	80

	9
	13, X = p-CONH2
	13a, 20
	13b, 25
	13c, 10
	100

	10
	14, X = p-SO2NH2
	14a, 10
	14b, 30
	14c, 0
	70

	11
	15, X = p-Ph
	15a, 35
	15b, 15
	15c, 0
	65

	12
	16, X = p-CN
	16a, 10
	16b, 25
	16c, 14
	92

	13
	16, X = p-CN[a]
	16a, 0[a]
	16b, 0[a]
	16c, 55[a]
	55

	14
	17, X = p-NO2
	17a, 0
	17b, 0
	17c, 0
	0

	15
	18, X = p-NMe2
	18a,
30[41]
	18b, 0
	18c, 0
	30



The differences in product distribution suggested that a mixture of of steric, electronic and hydrophobic properties of the substrates influences the chemoselectivity.  Ortho-substitution appeared to present an obstacle to transformation, presumably on steric grounds; unreacted substrate remained in these cases.  However,  meta-substituted substrate 9 was tolerated. Electron donating para-substituents appeared to favour the formation of alcohol and aldehyde products over acids. In contrast, more electron withdrawing para-substituents appeared to favour acid formation; e.g. the halogenated substrates tested gave higher ratios of the carboxylic acid product c. No reactions were observed in the absence of either enzyme or hydrogen peroxide. A comparison of the hydrophobicities of the aldehyde intermediates b, using calculated logD values (see SI, Table S1), suggested that their transformations to carboxylic acids might be enhanced by the hydrophobicity of the halogenated substrates, and consequent improved binding in the hydrophobic active site of rAaeUPO-PaDa-I-H. The results contrast those recently reported by Wang and co-workers,[42] in which the oxidation of toluenes using immobilised PaDa-I and tert-butyl hydroperoxide in neat substrate or organic solvent gave predominantly aldehyde products. This was attributed to the lack of water in the reaction medium, which was thought to react with the aldehyde intermediates to form gem-diols (often called hydrates) that are thought to be the substrates for UPO oxidation to the carboxylic acids observed here. 
As noted above, because one equivalent of H2O2 was used in most of the examples in Table 1, the formation of mixtures of alcohol (a), aldehyde (b) and carboxylic acid (c) products was expected. However, if the formation of higher oxidation level products is required, simply increasing the amount of H2O2 can easily effect this change in product distribution; for example, using 3 equivalents of H2O2 enabled clean conversion into carboxylic acids 12c and 16c (Entries 8 and 13). This one-enzyme/one-pot conversion of toluenes into carboxylic acids is arguably the most synthetically useful transformation in this series, and to better illustrate its synthetic utility, the oxidation of toluene derivatives 8, 9, 11, 12 and 16, was then carried out on a preparative scale (20–60 mg; SI Section 3.2) to enable isolated product yields to be measured. It was found that for these substrates, the combination of rAaeUPO-PaDa-I-H and three equivalents of H2O2 enabled smooth conversion into the corresponding benzoic acid products, which could be isolated cleanly in 36–99% yield (Scheme 2). 



Scheme 2. Preparative scale UPO-catalysed oxidation of toluenes into carboxylic acids.


Biocatalytic Oxidation of Benzyl Alcohols 
The direct oxidation of alcohols into carboxylic acids using standard chemical methods is often not trivial, and reaction conditions tend to require the use of harsh conditions and/or toxic reagents (e.g. classical Jones oxidation conditions are highly acidic, and use strongly oxidizing and toxic Cr(VI) trioxide).[43] Our results on toluene oxidation therefore encouraged us to investigate the UPO selectivity with the primary alcohols as substrates, in the mode of reactions that had been previously studied using GAO.[14] 
As before, the test reactions in Table 2 were performed on a 0.1 mmol scale with 10 mM substrate and 1.0 equivalent of H2O2 added by a syringe pump over the course of 2 h at a rate of 0.5 eq. h-1; see Experimental Section). Oxidation of para-methoxybenzyl alcohol (6a), para-bromo- (8a) and para-phenyl- (15a) benzyl alcohols gave mixtures of aldehyde and acid products (Table 2). Oxidation of p-methyl benzyl alcohol 19a (Table 2) gave a mixture of 45% aldehyde 19b and 25% acid 19c products, but also 5% of p-hydroxymethyl benzaldehyde with additional oxidation at the para-methyl group. However, p-chlorobenzyl alcohol (11a) gave exclusively the acid product (11c) with 60% NMR yield (the maximum theoretically possible based on the H2O2 used). In contrast to the transformations of ortho-substituted toluenes in Table 1, ortho-substitution was not a barrier to the oxidation of benzyl alcohols; for example, o-bromobenzyl alcohol 10a gave the aldehyde 10b and acid 10c products with 10% and 40% conversion respectively (Entry 3). As before, if full conversion to the carboxylic acid product c was required, this was easily achieved by increasing the H2O2 loading; for example, use of 3 equivalents H2O2 (Entries 4 and 9) resulted in 94% and 96% yields of ortho-bromo benzoic acid 10c and the o-Me analog 20c respectively. The relatively high tolerance of the UPO to higher H2O2 loadings is a major strength of this robust biocatalytic system. 
Table 2. Product distribution (NMR yields unless noted) in the oxidation of benzyl alcohols by rAaeUPO-PaDa-I-H using 1 equivalent of H2O2 unless stated. [a] 3 equiv. H2O2 used and an isolated yield was obtained. [b] Calculated based on [(%b) + 2(%c)]/equivalents of H2O2.
	

Entry
	

Alcohol
	

b (%)
	

c (%)
	Yield
per H2O2[b]
(%)

	1
	6a, X = p-OMe
	6b, 50
	6c, 30
	110[40]

	2
	8a, X = p-Br
	8b, 50
	8c, 25
	100

	3
	10a, X = o-Br
	10b, 10
	10c, 40
	90

	4
	10a, X = o-Br
	10b, 0[a]
	10c, 94[a]
	63[a]

	5
	11a, X = p-Cl
	11b, 0
	11c, 60
	120[40]

	6
	15a, X = p-Ph
	15b, 60
	15c, 20
	100

	7
	19a, X = p-Me
	19b, 45
	19c, 25
	95

	8
	20a, X = o-Me
	20b, 20
	20c, 10
	40

	9
	20a, X = o-Me
	20b, 0[a]
	20c, 96[a]
	64[a]




It is interesting to contrast these results with those obtained for GAO-mediated transformation of substituted benzyl alcohols to acid products reported by Birmingham and Turner.[14] In those experiments, it was found that substrates with electron withdrawing groups were favoured overall; indeed p-nitro benzyl alcohol 17a was transformed effectively to 100% of the acid product 17c by GAO.[14] p-Methyl 19a and p-methoxy 6a substrates gave mixtures of aldehyde and acid products with the UPO, whereas GAO gave predominantly aldehydes (>90%); p-Chlorobenzyl alcohol 11a gave only the acid product 11c with the UPO, whereas with GAO an approximately equal amount of aldehyde 11b and acid were obtained. Last, o-bromo 10a and o-methyl 20a substrates gave significant amounts of acid products with the UPO, whereas GAO gave only aldehyde products. This comparison reveals a useful complementarity between these methods for the selective generation of oxidised products.

Benzylic Oxidation of Ethyl Benzenes
Next, our attention turned to the transformation of ethylbenzene substrates.  The oxidation of ethylbenzene 1 by the AaeUPO, PaDa-I variant and other UPOs is a well-established model reaction that is commonly used to report on the activity and enantioselectivity of UPOs.[26] We have recently published a short survey of the activity of rAaeUPO-PaDa-I-H towards substituted ethyl benzenes,[44] and shown that enantioselectivity of hydroxylation towards the production of (R)-configured secondary alcohol products such as 1a is conserved across ortho-, meta- and para-methyl ethyl benzenes as well as p-methoxy 21, p-chloro- 22 and p-fluoro- 23 derivatives. In some cases, however, it is clear that overoxidation to acetophenone derivatives also takes place. Mixed oxidation level products were also observed in a related study on terpene oxygenation.[45] Although over-oxidation constitutes a problem with respect to the recovery of enantioenriched alcohols, it can also be harnessed productively for enzymatic cascade reactions, as discussed previously. We therefore decided to examine an analogous set of ethylbenzene substrates to explore the possibilities of controlling product distribution with these reactions. In these cases, analytical scale transformations were first conducted on a 150 L scale and analyzed by GC (Table 3 and SI Figure S1). 
Table 3. Product distribution in analytical-scale oxidation of ethyl benzenes by rAaeUPO-PaDa-I-H using 1 equivalent of H2O2 (see Experimental Section). Figures are reported for t = 60 min with product distribution analysed by GC-FID, rounded to the nearest 5% (see SI, Figure S1). [a] Calculated based on [(%a) + 2(%b)]/equivalents of H2O2.
	

Entry
	

Ethyl benzene
	

a (%)
	

b (%)
	Yield
per H2O2[a]
(%)

	1
	1, X = H
	1a, 95%
	1b, 5%
	105[40]

	2
	21, X = p-OMe
	21a, 60%
	21b, 30%
	120[40]

	3
	22, X = p-Cl
	22a, 80%
	22b, 0%
	80

	4
	23, X = p-F
	23a, 40%
	23b, 5%
	50

	5
	24, X = p-CF3
	24a, 40%
	24b, 5%
	50

	6
	25, X = p-CN
	25a, 65%
	25b, 0%
	65

	7
	26, X = p-NO2
	26a, 35%
	26b, 0%
	35



With these substrates, the first hydroxylation step was followed by a slower alcohol oxidation step resulting in the formation of ketones (see SI, plots A–D in Figure S1). The outlier in this regard was the electron-rich p-methoxyethylbenzene 21 (Figure S1B), which gave a larger amount of the ketone product p-methoxyacetophenone 21b under the conditions employed. In all other cases, ketone formation barely exceeded 5% of the final reaction mixture.  To demonstrate the selectivities achievable in a synthetic setting, p-methoxyethylbenzene 21 and p-cyanoethylbenzene 25 were oxidised using 1 equivalent of H2O2 added via slow addition (Scheme 3) on a 30 mg scale (SI Section 4.3).
Both substrates 21 and 25 were converted into the corresponding alcohols 1-(4-methoxyphenyl)ethanol 21a and 4-(1-hydroxyethyl)benzonitrile 25a with 91% and 75% isolated yields, respectively when the biotransformations were performed on preparative scale; a 20% yield of ketone 25b was also obtained from the reaction of 4-cyanoethylbenzene 25. Note that the combined yields of 25a and 25b is consistent with 1.1 oxidation equivalents in total (more than the 1 equivalent of H2O2 used) indicating that a small amount of aerial oxidation may have taken place in this instance, most likely to oxidise 25a into 25b. The ee of the secondary alcohols 21a and 25a produced from these reactions was not measured during this study; however, based on the established enantioselectivity of the rAaeUPO-PaDa-I-H oxygenation of 21a, 22a and 23a[44] it is highly likely that both 21a and 25a were both formed as the (R)-enantiomer shown.



Scheme 3. Preparative scale UPO-catalysed oxidation of ethyl benzenes.

Finally, we also examined the efficacy of rAaeUPO-PaDa-I-H at transforming racemic secondary alcohols as substrates, on a preparative scale (Scheme 4, SI Section 5.1). In all cases efficient transformation of the alcohols was achieved.  The observation of >50% yield in all of the successful examples is noteworthy, as it confirms that the rAaeUPO-PaDa-I-H is capable of oxidizing both enantiomers of the chiral secondary alcohol precursors. Under the conditions used, the isolated yields did not exhibit a significant dependence on the electronic nature of the ring. Indeed, the para-substituted ethylbenzenes were all oxidised to the corresponding ketones with acceptable to good isolated yields (53–94%). In fact, the best performing substrate was the 1-(p-(trifluoromethyl)phenyl)ethanol 24a, which was also one of the most electron-deficient. Even the p-nitroacetophenone 26b was afforded with 67% isolated yield. Although two ortho-substituted substrates 31 and 32 were not transformed, meta-substituents were tolerated by the enzyme, as demonstrated by the oxidation of 1-(m-nitrophenyl)ethanol 29a and 1-(m-bromophenyl)ethanol 30 to the ketones 29b and 30b with 61% isolated yield in each case. 



Scheme 4. Preparative scale UPO-catalysed oxidation of secondary benzylic alcohols into ketones.


Conclusion
UPOs can be powerful catalysts for the oxidation of non-activated carbon atoms, and indeed can replace multiple chemo- or biocatalytic steps in the oxidation of alkanes to acids with a one-pot, one-step reaction using only hydrogen peroxide as the external oxidant. These processes therefore promise the possibility of more atom economic and sustainable scalable oxidations in the future.  In addition to careful adjustment of reaction conditions for tailoring the product profile of these oxidations, more extensive libraries of native, and engineered UPOs, could be screened in order to find catalysts that maximize product yields in each case.

Experimental Section
General Procedure for 0.1 mmol Scale Reactions
The following general method was used to acquire the product distributions in Tables 1 and 2: The substrate (0.10 mmol, 1.00 eq.) was dissolved in MeCN (1 mL; 10% (v/v) of final reaction volume to give a final substrate concentration of 10 mM). The solution was added to lyophilised rAaeUPO-PaDa-I-H expression supernatant at a concentration of 4.4 U mL-1 in KPi buffer (8 mL; pH = 7.00, 50 mM). 30 m/m% aqueous H2O2 solution (102 µL, 34.0 mg, 1.00 mmol, 1.00 eq.) was diluted in deionised water (1.00 mL) and added to the reaction by syringe pump at a rate of 0.5 eq h-1 (over 2 h). The reaction media were the transferred to a separating funnel, extracted with EtOAc (3 x 10 mL), and the unified organic phases were washed with brine (15.0 mL), dried over anhydrous MgSO4, filtered, and evaporated in vacuo to yield the crude material, which was analysed by 1H NMR spectroscopy. The NMR yields quoted in the Tables are based on the relative integrals of characteristic NMR signals for the starting materials and various products (all are previously reported compounds), adjusting for the mass of the crude product obtained to account for material lost during work-up. NMR yields are rounded to the nearest 5%.
Example Procedure for Larger Scale Reactions
p-Chlorotoluene 11 (34.0 mg, 268 µmol, 1.00 eq.) was dissolved in MeCN (2.68 mL). The solution was added to lyophilized rAaeUPO-PaDa-I-H expression supernatant (121.8 mg, 107 U) in KPi buffer (23.2 mL, pH = 7.00, 50 mM).  Three equivalents of H2O2 (82.3 µL, 27.4 mg, 805 µmol, 3.00 eq.) were added to the reaction media in deionised water (1.00 mL) over 3 h. The reaction media were extracted with EtOAc (4 x 30 mL), the unified organic phase was washed with brine (25.0 mL), dried over anhydrous MgSO4, filtered, and evaporated in vacuo to yield the crude material as white solid. The crude was purified by preparative thin-layer chromatography (eluent: EtOAc:n-hexane = 9:1) to afford the title compound 11c as a white solid.Rf = 0.19 (eluent: n-Hex:EtOAc = 7:3). Yield: 28.0 mg, 67%.

Analytical Scale Oxidations of Ethyl Benzene Derivatives
Reactions were performed in 96 well plates in 150 µL total volume of 50 mM KPi buffer (pH 7.0) and 10 % v/v MeCN co-solvent. [Substrate] = 2 mM; [H2O2] = 2 mM; [rAaeUPO] = 0.50 U mL-1; H2O2 was added in one batch at the start of reactions. Figures are reported for t = 60 min with product distribution analysed by GC-FID, rounded to the nearest 5% (see SI, Figure S1).
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An Unspecific Peroxygenase from Agrocybe aegerita (rAaeUPO-PaDa-I-H variant) has been used to promote the high yielding oxygenation of the primary benzylic carbons of toluenes to give alcohol, aldehyde and carboxylic acid products on preparative scale. The same enzyme can also catalyze the preparative scale hydroxylation at the benzylic position of ethylbenzenes, and subsequent oxidation of the secondary alcohols to ketones.
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