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Abstract 
 

Chiral oxygenated aliphatic moieties are recurrent in biological and pharmaceutically relevant 

molecules, and constitute one of the most versatile type of functionalities for further elaboration. 

Herein we report a protocol for straightforward and general access to chiral γ-lactones via 

enantioselective oxidation of strong nonactivated primary and secondary C(sp3)-H bonds in readily 

available carboxylic acids. The key enabling aspect is the use of robust sterically encumbered 

manganese catalysts that provide outstanding enantioselectivities (up to >99.9%) and yields (up to 

96%) employing hydrogen peroxide as the oxidant. The resulting γ-lactones are of immediate 

interest for the preparation of inter alia natural products and recyclable polymeric materials. 

 
  



Introduction 
 

One of the long-standing challenges in chemistry is the efficient synthesis of highly added 

value chiral molecules from readily available, cheap and simple hydrocarbon frameworks with 

minimal waste generation.1 In this context, given the biological relevance and the high chemical 

versatility of chiral oxygenated motifs,2 methods that can enable site and enantioselective C(sp3)-H 

oxidation are particularly valuable.3 Despite of their interest, these methods remain mostly 

inaccessible because their realization has to overcome major challenges;(1) the significantly lower 

reactivity of these bonds compared with most functional groups and (2) the need to control chemo- 

and stereoselectivity in molecules containing multiple nonactivated non-equivalent C(sp3)-H 

bonds.4 Consequently, chiral oxygenated aliphatic frames are still customarily built via laborious 

transformation of pre-existing functional groups. Such limitation has resulted in the design of 

alternative multistep synthetic routes, often involving the use of readily available chiral building 

blocks deriving from natural sources (i.e. the “chiral pool”), thus restricting the use of simple 

hydrocarbon scaffolds as starting materials.5  

State-of-the-art site- and enantioselective oxidation of nonactivated C(sp3)-H bonds is 

basically restricted to heme and non-heme oxygenases, often optimized via directed evolution 

(Figure 1A).6 On the other hand, small molecule oxidation catalysts that operate via mechanisms 

related to iron-dependent oxygenases7 oxidizing enantioselectively methylenic and tertiary C-H 

bonds have been recently described3,8 demonstrating the potential of these reactions to expand 

chemical space and the chiral pool. In these reactions, H2O2 is used as environmentally benign 

oxidant to generate electrophilic high-valent metal-oxo species, which react by a mechanism akin to 

the generally accepted hydrogen atom transfer (HAT)/hydroxyl rebound one displayed by natural 

metalloenzymes.9 

A major challenge for full development of synthetically useful enantioselective C-H 

oxidations is control over site-selectivity.10 As a consequence of this constrain, successful examples 

described so far have a narrow substrate scope. Use of directing groups offers a valuable handle to 

navigate this challenge and exert precise control. Installation and removal of the directing groups 

constitute the major limitations of this approach that can be circumvented by using native substrate 

functionalities. Carboxylic acid groups constitute a privileged functionality for this purpose: they 

are very common in organic molecules, can be chemically manipulated by a wide diversity of 

reactions and if necessary can be tracelessly removed.11 The poor binding ability of carboxylic acid 

moieties to precious metals limits their use in organometallic enantioselective C-H functionalization 

reactions.12 However, using carboxylic acids as directing groups we have recently described 

examples of highly enantioselective intramolecular γ-lactonization of N-phthalimido protected α-



aminoacids13 and adamantaneacetic acids14 using Mn catalysts based on bulky trialkylsilyl-

substituted pyridine moieties (Figure 1B). A detailed mechanistic investigation of carboxylic acid 

directed γ-lactonization,15 and intermolecular acyloxylation reactions12d,16 catalyzed by Mn systems 

has been recently carried out. These reactions provide good yields and excellent ee’s, but their 

narrow substrate scope showcases the current limitations of the reaction. 

 

Figure 1. A) Enantioselective oxidation of C-H bonds by enzymatic metal-oxo species. B) 
Enantioselective oxidation of nonactivated C(sp3)-H bonds by metal complexes. C) Summary of the 
main features of the present work.  

 



Overcoming the limitations of state-of-the-art methods and uncovering the extraordinary 

potential of this reaction requires the identification of novel catalysts. Paradigmatically, this 

challenge parallels the main difficulties faced when using biotechnological tools to address this 

class of reactions, which lay in the identification of competent enzymes and in their evolution to 

optimize selectivity and product yield.6a-c,17 The high specificity of C-H oxidation enzymes and 

sensitivity against oxidative degradation constitute often unsurmountable problems. We envision 

that this class of reactions may constitute a chemical problem for which small molecule catalysts 

represent a powerful and far-reaching alternative. The challenge in the design of such systems 

resides not only in building structurally rich and spatially stringent ligands but also in their ability to 

access the highly electrophilic hypervalent metal oxo species competent for cleavage of strong C-H 

bonds (BDE > 100 kcal·mol-1), while resisting to immolative self-oxidation.  

Herein we describe a solution to this challenge and describe a new class of sterically 

congested chiral Mn catalysts that enable the desymmetrization of carboxylic acids via highly 

enantioselective γ-lactonization at nonactivated primary and secondary C-H bonds using H2O2 as 

the oxidant (Figure 1C). This is a broad, readily accessible class of substrates which can be 

converted, through site and enantioselective lactonization, into precious oxygenated cyclic 

skeletons with innumerable synthetic applications ranging from natural products to multifunctional 

materials. Reactions occur with low catalyst loadings, under mild conditions and in short reaction 

times. The system enables the efficient formation (yields up to 96%) of chiral γ-lactones with 

outstanding site-selectivity and unprecedented levels of enantioselectivity (up to >99.9% ee). The 

potential of this methodology in enabling powerful retrosynthetic strategies is showcased in the 

streamlining of synthetic routes of important natural products, in the access to strained lactones of 

interest in recyclable polymers and in the systematic site- and stereoselective polyfunctionalization 

of cyclohexane skeletons. 

 

Results and discussion  
 

Building on a recently developed procedure for diastereoselective γ-lactonization of gem-

dimethyl groups in chiral substrates,15 cis,cis-2,6-dimethylcyclohexanecarboxylic acid (S1) 

containing 6 primary and 4 secondary γ-C-H bonds (Figure 2A) was chosen as model substrate to 

initiate the exploration of the enantioselective -lactonization of cyclohexanecarboxylic acids, a 

class of substrates for which selective oxidation at the methyl groups, resulting in 

desymmetrization, is a synthetically relevant problem.18 Addition of 1.2 equivalents of H2O2 as the 

oxidant and 0.1 molar equivalents of triflic acid (TfOH) as additive via syringe pump to a 

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) solution of the substrate and the (S,S)-Mn(pdp) (1H) 



catalyst (1 mol%) at 0 ºC, resulted in 80% substrate conversion, yielding lactone P1 originated from 

primary γ-C-H bond oxidation, as the single detectable product in low yield (10%). Interestingly, 

formation of this product occurs with a notable enantioselection (70% ee) (entry 1). Use of the 

bulkier tris-isopropylsilyl substituted catalyst (S,S)-Mn(TIPSpdp) (1TIPS) afforded P1 with a slight 

increase in yield (19%) and diminished enantioselectivity (59% ee) (entry 2). Crucially, replacing 

the pyridine donors in the catalyst structure with N-ethylbenzimidazoles (i.e. (S,S)-Mn(bpeb) (2H))19 

resulted in an extraordinary increase in enantioselectivity (96% ee) without affecting to a significant 

extent yield (14%) (entry 3). The outstanding enantioselectivity observed led us to explore 

additional benzimidazole based manganese catalysts. Inspired by the visionary strategy initially 

designed by Meggers20 and later explored by Xiao,21 we synthesized the chiral complexes (S,S)-

Mn(CF3bpeb) (2CF3) and (S,S)-Mn(iPrbpeb) (2iPr) bearing substituted aryl groups in position 5 of the 

benzimidazole rings (Figure 2B). X-ray crystallographic analysis confirmed the chiral octahedral 

geometries with the steric groups distant from the plane comprising of Mn and O atoms (Figure 

2C). Gratifyingly, by testing them as catalysts in the model reaction we found that use of 2iPr 

increased the yield of the desired product P1 to 45% (entry 4) while affording outstanding 

enantioselection (>99% ee). Catalyst 2CF3 further improved reaction yield to 58% while retaining ee 

(entry 5) and was therefore chosen as standard catalyst for the primary C-H bond oxidation scope 

(Figure 3).  

Increasing the temperature to 25 ºC (entry 6) did not determine any significant change in 

yield and ee, whereas an increase in both H2O2 (2.4 molar equivalents) and catalyst loading (2 

mol%) furnished P1 in 70% yield as a single enantiomer (ee >99%, entry 7). Substituting HFIP 

with a TFE/CH2Cl2 mixture (the substrate was only partially soluble in neat TFE) had detrimental 

effects on reaction yield (entry 8), as did running the reaction in the absence of TfOH (entry 9). 

Surprisingly, although in all reactions some mass loss was observed, with catalysts 1TIPS, 2H, 2CF3 

and 2iPr no other lactone product was detected indicating that lactonization at primary γ-C-H bonds 

is strongly favored over that at γ-methylenic ring sites. 

 

 

 

 

 

 

 

 



 

Figure 2. A) Initial experiments and optimization for the development of an enantioselective 
primary γ-C-H bond lactonization reaction on cis,cis-2,6-dimethylcyclohexanecarboxylic acid (S1). 
a Reaction conditions: Substrate (25 mM), and Mn catalysts (1-2 mol%) were dissolved in HFIP. 
1.2 equiv. of H2O2 (0.9 M solution in HFIP) and 0.1 equiv. of TfOH (0.09 M solution in HFIP) 
were independently delivered over 30 min with a syringe pump, at 0 ºC, unless otherwise indicated. 
Workup as indicated in the Supporting Information. Conversion, yield and ee were determined by 
GC analysis of two or three different runs with biphenyl as internal standard. b Isolated yield. c 
Using TFE:CH2Cl2 (9:1) as solvent mixture. d In the absence of TfOH. B) Structure of the catalysts 
studied in this work based on pyridines and benzimidazoles. C) ORTEP diagram of the solid state 
structure of 2CF3 and 2iPr.  

 



In terms of practicality, it is important to remark that the newly prepared 2CF3 and 2iPr 

catalysts are air-stable, with no significant degradation observed over six months and that the 

oxidation reactions could be performed in open-to-air vessels with no precautions to exclude 

oxygen or humidity. With the optimized conditions in hand the reaction scope for primary C-H 

bond oxidation was investigated (reaction overview and products shown in Figure 3). The 

introduction of a cis-methyl group in position 4 as in S2 resulted in the smooth formation of lactone 

P2 without affecting yield and enantioselectivity. Of interest, this compound is a key intermediate 

in Baran’s synthesis of (-)-Maximiscin, where it was obtained in two steps and overall 49% yield 

(90% ee) from S2 via installation of a chiral directing group and Pd-catalyzed C-H methoxylation, 

followed by cyclization.18 Gratifyingly, our approach furnished the same product in 71% isolated 

yield and 99% ee in a single step starting from the parent carboxylic acid. We note on passing that 

these constitute the first examples of desymmetrization of carboxylic acids via C-H bond oxidation 

at methyl groups, generating up to 4 stereocenters in a single step with high enantioselectivity.  

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 
 
 
 
 
 
Figure 3. General scheme for γ-lactonization at primary C-H bonds of different carboxylic acid 
substrates. a Triple addition of H2O2 (1.2 equiv.) + 2CF3 (1 mol%). b Product isolated using (R,R)-
Mn(CF3bpeb). c Without TfOH. d 2CF3 (1 mol%) and H2O2 (1.5 equiv.) without TfOH at 0 ºC.  
Isolated yields in parenthesis. d.r. = diastereoisomeric ratio. 



Inversion of the relative configuration at C1 as in cis,trans-2,6-

dimethylcyclohexanecarboxylic acid (S3) only resulted in a slight decrease in yield and ee 

furnishing product P3 with a trans bicyclo[4.3.0] junction in 54% isolated yield and 93% ee, 

showing that for the reaction to proceed efficiently, the target methyl groups must not necessarily 

be cis to the carboxylic acid moiety. At this point, in order to check possible reactivity differences 

between methyl groups that are cis and trans to the carboxylic acid moiety, 2,2,6,6-

tetramethylcyclohexanecarboxylic acid (S4) was tested in catalysis. The reaction proceeded with 

the exclusive formation of the trans lactone P4 in satisfactory isolated yield (65%) and excellent ee 

(>99.9%). We speculate that such selectivity may arise from the better accessibility of the trans 

over cis methyl C-H bonds. Importantly, we note on passing that the present reaction enables the 

functionalization of the primary sites in trans [6+5] junction to the directing group, which is 

orthogonal to the functionalization of the primary sites in cis [6+5] junction typically achieved by 

synthetically useful O-centered radical oxidation reactions.22 We were pleased to find out that the 

presence of a carbonyl group in position 4 as in 4-oxo-2,2,6,6-tetramethylcyclohexanecarboxylic 

acid (S5) did not depress reactivity: indeed, product P5 was formed in an outstanding 91% yield, 

furnishing again the lactone with a trans bicyclo[4.3.0] junction as a single enantiomer. As such, the 

present observation sets the stage to further elaborate such optically active γ-lactone at position 4 of 

the cyclohexane framework. Lactones P4 and P5 are of interest because they feature the A ring of 

labdane related diterpenoids,23 offering a new path to access this stereochemically complex ring 

distinct from the natural polyene cyclizations.24  

Furthermore, despite a complex bicyclic structure, oxidation of 7,7-dimethyl-1-

norbornanecarboxylic acid (S6) under standard conditions delivered lactone P6 in good yield (75%) 

and excellent ee (90%). Such result is especially noteworthy when taking into account that the 

oxofunctionalization of the gem-dimethyls of camphor derivatives is notoriously difficult and 

usually requires either free radical or rearrangement reactions.25 Camphane structures with this 

uncommon functionalization appear in natural products such as Oliganthyl cinnamate, which is a 

component of curcuma.26 In addition, camphor-based terpenes are important members of the chiral 

pool that are commonly used in the syntheses of relevant natural products.5b,25b 

Desymmetrization of acyclic α,α-dialkyl substituted carboxylic acids was then undertaken. 

The oxidation of 2-(tert-butyl)-3,3-dimethylbutanoic acid (S7) bearing 18 primary γ-C-H bonds 

occurs in high yield (89%) and excellent enantioselectivity (97% ee). Analogously, γ-lactonization 

of 2-isopropyl-3-methylbutanoic acid (S8) occurs selectively at the primary sites in overall 81% 

yield (d.r. = 2.0) with an outstanding enantioselectivity (99% ee) for the major diastereoisomer, 

leaving the weaker and a priori more reactive tertiary β-C-H bonds untouched. Further removal of 



the β-methyl groups (S9) substantially erodes both yield (22%) and enantioselectivity (62% ee), and 

may suggest the existence of competitive paths. However, when a methyl group is incorporated at 

the α position of the carboxylic acid as in S10, the activity is restored (P10, 85% yield) while 

maintaining similar enantioinduction (56% ee), a behavior that reflects the operation of the Thorpe-

Ingold effect.27 In this scenario, the present methodology also enables γ-C-H bond lactonization at 

primary sites in carboxylic acids bearing aryl bromides (S11), which are usually incompatible in C-

H activation reactions catalyzed by noble metals due to hydrodehalogenation,28 as well as electron 

poor aromatic moieties (S12). Importantly, the products thus formed P11 and P12 provide the 

opportunity to access important structural motifs present in a variety of approved drugs, such as C3-

quaternary azepanes.29 

With the identification of 2CF3 and 2iPr as preferential catalysts for highly enantioselective 

primary C-H oxidation, the γ-lactonization at secondary sites was investigated (Figure 4). The 

oxidation of cyclohexanecarboxylic acid (S13) which contains two enantiotopic γ-methylenic units, 

results in full substrate conversion with formation of only a small amount of γ-lactone P13. No 

significant increase in yield and ee was observed following introduction of a bulky cis tBu group at 

position 4 of the cyclohexane ring (S14). Notably, lactone formation is only observed when the 

carboxylic group is forced in the axial position in the most stable chair conformation (compare S14 

and S15, see also section 6.4 in the Supporting Information), although the high conversion attained 

with both substrates showcases that some unidentified side-reactions can override the γ-

lactonization pathway.  

However, when the α-position of the carboxylic acid is quarternarized as in 1-

methylcyclohexanecarboxylic acid (S16), the reaction becomes chemoselective for γ-lactonization 

(P16, 88% isolated yield) with high enantiodiscrimination (94% ee). The reaction again proceeds 

cleanly with no traces of products deriving from non-directed oxidations. Capitalizing on this 

finding, we tested different 1-substituted cyclohexanecarboxylic acids. Halogen, trifluoromethyl, 

ester, amide, and aromatic substituents are all well tolerated, affording γ-lactones in excellent ee’s 

while maintaining good yields (P17-P21). Of interest, such lactones display a [3.2.1]bicyclic 

structure, hybrid between a ε-caprolactone and a γ-butyrolactone, which are valuable monomers for 

building infinitely recyclable polymers.30 Their access, exclusively in racemic form, requires 

multistep processes starting from 3-cyclohexene-1-carboxylic acid derivatives. Furthermore, the 

exquisite γ-site-selectivity is maintained when modifying the flanking cycle of the acid to 5, 7 and 

8-carbons, affording bicyclic lactones P22-P24 in moderate to high ee.  

The study was then extended to the oxidation of linear and less rigid architectures in which 

the differentiation of the two enantiotopic γ-C-H bonds is particularly challenging. Within this 



frame, γ-lactonization of nonanoic (S25) and valproic acids (S26) occurs with moderate yield and 

from moderate to high ee (up to 84%). However, quaternarization of the α-position of S26 as in S27 

and S28, significantly improves yield (up to 92%), diastereo- (d.r. up to 7.2) and enantioselectivity 

(up to >99.9% ee) (P27 and P28). 

 



Figure 4. Enantioselective γ-lactonization of substituted carboxylic acids. Reaction conditions: 
substrate (25 mM) and Mn catalyst (1 mol%) using TFE as a solvent at 0 ºC. H2O2 (0.9 M solution 
in TFE) delivered over 30 min with a syringe pump. a H2O2 (1.2 equiv.). b H2O2 (2 equiv.). c H2O2 
(3 equiv.). d In the presence of TfOH (0.1 equiv.). e H2O2 (1.5 equiv.). f H2O2 (1.6 equiv.) and triple 
addition of catalyst (0.3 mol% x 3). Isolated yield in parenthesis. n.d. = not detected. d.r. = 
diastereoisomeric ratio. Bottom: Chemical derivatization of lactone P39. 



With these results in hand, we set out to study the oxidation of 1-

alkylcyclohexanecarboxylic acids, displaying competitive exocyclic γ-C-H bonds. Indeed, we found 

that the ee of the γ-lactone product deriving from endocyclic oxidation increases with increasing 

alkyl chain length (i.e. on going from P16 to P29 and P30a), ultimately affording, with S30, 

bicyclic lactone P30a as a single enantiomer, accompanied however by the spirocylic γ-lactone 

P30b resulting from alkyl chain oxidation in moderate ee (36-43%). Interestingly, the site-

selectivity appears to be influenced by catalyst structure; while the oxidation of the cyclohexane 

ring is clearly favored when using sterically congested 2iPr (P30a:P30b = 5), oxidation of the 

endocyclic γ-CH2 unit is attenuated with 2CF3 (P30a:P30b = 1). Remarkably, the present method 

also enables the synthesis of chiral azido compounds (P31a and P31b), which are building blocks 

of interest for azide-alkyne Huisgen cycloaddition, and elaboration into chiral amines.  

We then explored the desymmetrization of substrates S32 and S34, bearing weaker tertiary 

- and β-C-H bonds adjacent to the targeted exocyclic secondary and primary γ-C-H bonds. 

Pleasantly, the reaction led to the exclusive formation of the two γ-lactones deriving from endo- and 

exocyclic oxidation without the formation of any oxidation product at tertiary sites. Interestingly, 

the oxidation of S34 results in the formation of the spirocyclic γ-lactone P34b deriving from 

primary C-H bond oxidation with high enantioinduction (91% ee). Furthermore, the competition 

between exo- and endocyclic γ-C-H bond oxidation can be completely suppressed by electronic 

deactivation, without significantly affecting ee (P33). The outstanding γ-site-selectivity attained in 

the present system is maintained also in the presence of benzylic -C-H bonds which a priori may 

be expected to compete because of their lower BDE (P35a and P35b). A rationale for this 

selectivity has been recently provided on the basis of DFT calculations which pointed to a 

comparatively lower activation barrier for intramolecular HAT from the γ-C-H compared to the - 

and -C-H bonds.15 

The potential of this methodology is also highlighted by the selective oxidation of complex 

fused polycyclic hydrocarbon settings; adamantanecarboxylic acids (S36 and S37) and cis- and 

trans-decalin-9-carboxylic acids (S38 and S39, respectively). The directed oxidation of the rigid 

and bulky substrates S36 and S37 occurs with high ee, albeit in relatively low yield for P36. We 

note on passing that the oxidation of the adamantane core results in the simultaneous formation of 6 

stereogenic centers. Furthermore, the system enables the efficient site-selective oxidation of decalin 

structures with outstanding enantioselectivity (>99.9% ee). Oxygenated decalin skeletons are very 

important structural features in a wide variety of natural products. Their importance is witnessed by 

the large number of multistep strategies aimed at the synthesis and functionalization of decalin 

units.31 Lactones P38a, P38b and P39 can be valuable strategic intermediates en route to the 



synthesis of a wide variety of diterpenoids.32 Notably, the reaction could be readily scaled up (500 

mg quantity) to obtain lactone P39 in high yield (80%) and in an enantiopure form, highlighting the 

practicability of the present protocol.  

γ-Lactones represent ideal versatile platforms to expand the chiral pool due to their 

propensity to undergo a vast array of different chemical transformations.33 This is illustrated by the 

straightforward elaboration of the decalin lactone P39 (Figure 4). Lactone ring opening by 

reduction offers stereoretentive access to important chiral oxygenated motifs. For instance, the 

enantiopure diol P39OH, obtained in 73% isolated yield, is a common structural motif in 

triterpenoids,34 and a valuable starting material that can provide access to chiral cyclohexanes and γ-

ketoacids by dehydratation and oxidation, respectively, as well as to chiral pyrrolidines.35 

Alternatively, lactones can be straightforwardly opened in a stereospecific fashion with 

trimethylsilyl iodide (TMSI) enabling the installation of iodine at the oxidized γ-position with 

inversion of configuration (P39I, obtained in 97% isolated yield). Through this strategy, such iodo 

compounds can be intermediates of interest en route to the synthesis of chiral compounds such as β-

azido ester P39N3, prone to further elaboration. Products such as P39N3 can also be strategic 

intermediates for the synthesis of chiral compounds with the 6-azabicyclo[3.2.1]octane core, which 

are highly valued because of their bioactivity.36 Finally, the free carboxylic acid of P39I can be 

regarded as a handle to sequentially generate a novel γ-C-O bond, increasing molecular complexity 

as well as the number of stereocenters.  

 

Conclusions 
 
We report sterically congested manganese catalysts that enable a general, economical and practical 

synthesis of chiral γ-lactones by a highly enantioselective directed oxidation of strong primary and 

secondary C(sp3)-H bonds under mild conditions and in short reaction times. The method reported 

here provides the straightforward conversion of cheap and simple carboxylic acids into highly 

added-value chiral compounds with unprecedented levels of enantioselectivity. Besides pioneering 

highly enantioselective functionalization of primary C-H bonds, the use of catalysts based on an 

earth abundant metal singularizes the current system with respect to asymmetric C(sp3)-H oxidation 

reactions that rely on precious metals. In addition, the use of hydrogen peroxide as oxidant confers 

to the system a high atom economy, which combined with the mild experimental conditions makes 

the reaction particularly appealing from sustainability and large-scale applicability perspectives. 

The simplicity of the reaction, composed by low loading of a manganese catalyst and hydrogen 

peroxide in a fluorinated alcohol solvent at ambient temperature contrasts with the state-of-the-art 

systems constituted by multiple reagents and additives often accompanied by prolonged heating at 



high temperature, producing large amounts of waste. The availability of the substrates and the 

immediate importance of the resulting products in natural product synthesis and materials combined 

with their facile follow-up elaboration constitutes a distinctive aspect of the current reactions. We 

envision that the high structural versatility and powerful oxidation ability of the novel family of 

catalysts disclosed in this work will find utility in the development of novel enantioselective C-H 

functionalization reactions. 
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