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Abstract 

Methyl groups are ubiquitous in natural products and biologically active compounds, but methods 

for their selective transformation in such structures are limited. For example, terpenoids contain 

many methyl groups, due to their biosynthetic pathways. We demonstrate that the combination of 

methyl C–H silylation and oxidation proximal to native hydroxyl or carbonyl groups occurs in a 

range of terpenoids and show that the installed hydroxyl group serves as a toehold to enable 

substitution, elimination, or integration of the methyl carbon into the terpenoid skeleton by the 

cleavage of C-C bonds. In one case, substitution of the entire methyl group occurs by further 

oxidation and decarboxylative coupling. In a second, substitution of the methyl group with 

hydrogen occurs by photochemical hydrodecarboxylation or epimerization by retro-Claisen 

condensation. In a third, photocatalytic decarboxyolefination formally eliminates methane from 

the starting structure to generate a terminal olefin for further transformations. Finally, a Dowd-

Beckwith-type rearrangement cleaves a nearby C–C bond and integrates the methyl group into a 

ring, forming derivatives with unusual and difficult-to-access expanded rings. This strategy to 

transform a methyl group into a synthon, marks a distinct approach to restructuring the skeletons 

of complex architectures and adding functional groups relevant to medicinal chemistry.  

 

Introduction 

Methyl groups are ubiquitous in natural products and biologically active compounds, and in many 

cases the presence or absence of the group is known to affect the solubility, conformation, or 

binding of these compounds to biological targets.1 Despite their prevalence and function, methods 

for the modification of methyl groups in complex molecules to increase their value further are 

limited because the selective cleavage of C–H or C–C bonds connected to the methyl carbon atom 

is challenging to achieve. The existing C–C bond is non-polar and inaccessible to catalysts and 

reagents, and cleavage of the C–H bond is challenging because the primary C(sp3)–H bonds of the 
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methyl group are stronger (101 kcal/mol)2 than secondary or tertiary C(sp3)–H bonds and 

electronically unactivated (pKa ~50).3 Thus, functional groups and weaker C–H bonds are 

typically the sites of reaction.  

 

Scheme 1. (A) Deletion of three methyl groups in the biosynthesis of cholesterol. (B) Formal deletion of a methyl 

group in the total synthesis of (–)-picrotoxinin (Shenvi). (C) One-pot C–H silylation and oxidation directed by alcohols 

or ketones. (D) Methyl groups are prevalent in terpenoids because of their biosynthetic pathway. (E) This work: 

manipulation of methyl groups in terpenoid skeletons to achieve substitution, elimination, and integration.  

Reactions at the methyl groups in complex structures could be valuable to initiate sequences that 

modify nearby C–C bonds and install new functional groups or alter the molecule’s framework. It 

is well established that catalytic reactions at C–H bonds can add functional groups in place of 

hydrogen and alter the periphery of a molecule;4 less established are studies showing how the 

functionalization of C–H bonds can lead to the removal or change in connectivity of C–C bonds 

within complex molecules in concert with the replacement of the methyl group with functional 

groups that are important to medicinal chemistry. 



The functionalization of C–H bonds to initiate the cleavage of C–C bonds is well known in 

biosynthetic pathways. For example, the “deletion” (i.e. substitution with hydrogen) of three 

methyl groups initiated by site-selective 1° C(sp3)–H oxidation occurs during the biosynthesis of 

cholesterol from squalene in all animals (Scheme 1A).5 Although less common, the elimination of 

methyl groups also has been used in the total synthesis of terpenoids. For example, Shenvi and 

coworkers formally deleted a methyl group in their synthesis of the sesquiterpenoid (−)-

picrotoxinin (Scheme 1B)6 by a four-step sequence involving a Suárez oxidation of a C–H bond 

directed by a proximal alcohol. These structural changes to the carbon skeleton by reactions that 

ultimately cleave the C–C bond can strongly affect the biological activity of the compound. For 

example, deletion of the C19-methyl group of progesterone forms a derivative with 4-8 times 

greater binding affinity to progesterone receptors as progesterone itself;7 this discovery eventually 

led to the development of norethisterone, the first oral contraceptive.8 

Methods that do exist to cleave a primary C–H bond and modify a methyl group typically rely on 

C(sp3)–H bond activation catalyzed by a transition-metal complex coordinated by a directing 

group.9 Catalytic processes based on the insertion of extremely sterically hindered rhodium 

carbenoids into primary C–H bonds in the absence of a directing group have been developed, but 

the scope of functional groups that can be installed is limited by the requirement of a donor-

acceptor carbene and the lack of reactivity of hindered methyl groups.10  C(sp3)–H bond activation 

is selective for methyl C(sp3)–H bonds because the formation of a primary alkyl-metal bond is 

kinetically11–13 and thermodynamically14,15 favorable over that of secondary or tertiary alkyl-metal 

bonds, and the directing group controls the site of functionalization. To alleviate the required 

preinstallation and subsequent removal of specific directing groups for such transformations16–18 

and recognizing that alcohols are the most common functional group present in natural products,19 

our group developed approaches to use alcohols and ketones as native directing groups for an 

iridium-catalyzed C(sp3)–H silylation and oxidation sequence (Scheme 1C).20 Dehydrogenative 

silylation of the alcohol or hydrosilylation of the ketone with diethylsilane, intramolecular C(sp3)–

H silylation, and Tamao-Fleming oxidation of the 5-membered oxasilacycle in one pot afforded 

1,3-diol products.21  

Terpenoids are one class of natural products that typically contain multiple methyl groups. They 

contain at least one methyl group per five carbon atoms because they trace their biosynthetic origin 

to dimethylallyl and isopentenyl pyrophosphate units from the mevalonate pathway (Scheme 

1D).22 Thus, methods for the replacement of methyl groups in terpenoids with other functional 

groups or methods in which functionalization of a methyl group can induce modifications to the 

terpenoid skeleton would be highly valuable for late-stage diversification. Many methods for the 

undirected functionalization of secondary, tertiary, or allylic C–H bonds in terpenes are known,23,24 

but methods that modify the methyl groups in these structures are less common. Costas and 

coworkers have reported the manganese-catalyzed C–H lactonization of methyl groups γ to 

carboxylic acids,25,26 but the scope of the reaction is limited because carboxylic acids are less 

common in natural products than alcohols or ketones.19 



Here, we report a strategy that combines our ability to convert methyl groups proximal to native 

alcohol or carbonyl moieties into hydroxymethyl groups within a range of terpenoid structures 

with an ability to use the installed functionality for sequences that lead to substitution, elimination, 

or integration of the methyl group (Scheme 1E). In some cases, these sequences occur with 

concomitant installation of new groups, including heteroaryl, amino, fluoro, functionalized alkyl 

groups, or deuterium, and, in other cases, with structural rearrangement of the terpenoid core. We 

anticipate that this approach will widen the chemical space that can be accessed from natural 

terpenoids and synthetic structures with methyl groups proximal to an oxygen-based functionality 

and demonstrate, most generally, a synthetic strategy for deep-seated changes initiated by 

transformations at the position of methyl groups.  

Results and Discussion 

1. C(sp3)–H silylation of terpenoids  

To begin our studies on the restructuring of complex molecules initiated by the silylation of C–H 

bonds, we first surveyed the silylation and oxidation of methyl groups in a series of terpenoids. 

Various monoterpenoids, sesquiterpenoids, triterpenoids, and steroids underwent the silylation of 

methyl C(sp3)–H bonds to set the stage for subsequent manipulation of the erstwhile methyl group 

(Scheme 2). We had previously reported the silylation and oxidation of (+)-fenchol, (+)-camphor, 

methyl oleanolate, and methyl glycyrrhetinate (2a-d),20 but to access a wider range of structures 

and to establish the scope and limitations of this approach to functionalize methyl groups in 

terpenoids, we conducted this reaction sequence with a range of additional terpenoids. The 

monoterpenoids (−)-dihydroterpinen-4-ol (2e) and (−)-thujone (2f) were hydroxylated with 

complete selectivity for the γ-methyl group. (−)-Patchoulol, an important fragrance compound,27 

was hydroxylated to form 14-hydroxypatchoulol 2g and 13-hydroxypatchoulol 2h in a 3:1 ratio 

and 52% overall yield. Sarpong and coworkers recently reported a de novo synthesis of 14-

hydroxypatchoulol,28 itself a natural product isolated from V. stenoptera.29 We accessed this 

compound in a one-pot synthesis from (−)-patchoulol in 39% yield. Methyl dihydrobetulinate 

underwent silylation and oxidation to form diol 2i in 72% yield on a 0.4 g scale and 65% yield on 

a 1.1 g scale. A dihydrobetulin derivative underwent the same process to form diol 2j in 46% yield. 

Betulin and betulinic acid derivatives bearing a 1,1-disubstituted olefin moiety, similarly, 

underwent this functionalization to form diols 2k and 2l, albeit in lower yields. In an effort to 

increase the water solubility of betulinic acid, which has anti-cancer and anti-HIV properties, 

Baran reported the hydroxylation of the benzyl ester analog of 2k in 24% yield.30 A derivative of 

allylestrenol formed a 4:1 mixture of products 2m and 2n from functionalization at methyl and 

methylene positions, respectively. 18-Hydroxy derivatives of the steroids estrone and estriol 

formed in moderate yields (2o, 2p). The sesquiterpenoid cedrol, which does not contain any 1° C–

H bonds γ to the alcohol, formed the product 2q from 1,4-silylation and oxidation in 34% yield.   



 

Scheme 2. Silylation and oxidation of terpenoids. Isolated yields are given. Me4Phen = 3,4,7,8-tetramethyl-1,10-phenanthroline. 
aStep 3 performed with CsOH·H2O (12 equiv), tBuOOH (14 equiv), TBAF (5 equiv), DMF.  bStep 2 performed with [Rh(COD)2Cl]2 

(2 mol%) and Xantphos (4.4 mol%) instead of [Ir(COD)(OMe)]2 and Me4phen. cStep 3 performed with added KF (2.5 equiv) in 

DMF instead of THF. dStep 3 performed with KF (10 equiv) and mCPBA (10 equiv) in DMF. eStep 3 performed with KHF2 (2.5 

equiv) and mCPBA (3 equiv) in DMF. fStep 1 performed with RuCl2(PPh3)3 (0.2 mol%) instead of [Ir(COD)(OMe)]2. See 

supplementary information for detailed reaction conditions. 



 

Based on the observed reactivity of the terpenoids we examined, we have devised a set of 

guidelines for the iridium-catalyzed C–H silylation of cyclic and polycyclic structures summarized 

at the bottom of Scheme 2. These rules are predominantly based on the equatorial or axial 

disposition of the diethyl(hydrido)silyl ether group and the proximal potentially reactive methyl 

group. Three relationships between the silyl ether and the potentially reactive methyl group tend 

to form products from silylation of the methyl C–H bonds. First, compounds bearing an equatorial 

silyl ether and an equatorial methyl group generally undergo silylation of a methyl C–H bond in 

good yield (Case A). Examples include the diterpenoid pleuromutilin, reported by Herzon,31 

camphor (2b), and the plant-derived triterpenoids (2c, 2d, and 2i-2l). Second, substrates containing 

an axial silyl ether and an equatorial methyl group, such as the fucose derivatives reported by 

Bols,32,33 undergo the reaction in good yield (Case B). Third, compounds containing axial or 

pseudoaxial silyl ether and methyl groups can undergo the silylation process (Case C). The axial 

hydroxyl groups in the bicyclo[2.2.1]heptane and bicyclo[2.2.2]octane skeletons of fenchol and 

patchoulol are close in space to the axial methyl groups, and both substrates undergo the C–H 

silylation process and lead to 1,3-diols (2a, 2g). The pseudoaxial silyl ether moiety in the five-

membered D-ring in steroid skeletons, such as that in 2m, 2o, and 2p, direct functionalization to 

the axial C-18 methyl group.  

The disposition of silyl ether and methyl groups that typically did not react contain an equatorial 

silyl ether and a proximal axial methyl group, especially a methyl group at a ring junction (Case 

D). Examples of structures containing alcohols and methyl groups that generate such silyl ethers 

include digoxigenin, rockogenin, and 5β-hydroxycholestane, shown in Section 3 of the Supporting 

Information and summarized in Scheme 2. In molecules containing an equatorial silyl ether and 

proximal geminal dimethyl substituents, the silylation usually occurred exclusively at the 

equatorial methyl group in this unit (2c, 2d, and 2i-2l).  

The origin of this selectivity can be rationalized by consideration of the stability of cis- versus 

trans-fused rings and steric environment of a methyl group in an axial or equatorial position. 

Trans-decalin rings are more stable than cis-decalins, and trans-5,6-fused ring systems are more 

stable than the analogous cis-fused rings;34 these relative stabilities are linked to the greater steric 

hindrance of the axial positions versus the equatorial positions of cyclohexane rings. Thus, the 

preference for reaction of the equatorial methyl group of the gem-dimethyl unit vicinal to the silyl 

ether (see Case A) results from the formation of an oxasilametallacycle with a trans-decalin-type 

structure and a trans-5,6-fused ring structure in the oxasilacyclopentane product. Reaction of the 

axial methyl group would require the formation of a higher-energy cis-decalin-type iridacycle 

wherein the ethyl substituents of the silane experience severe syn-pentane interactions with the 

axial substituents of the cyclohexane ring (see Case D). Thus, the barrier to C–H oxidative addition 

of an axial methyl group from an iridium bound to an equatorial silyl ether is prohibitive, and no 

examples of oxasilolane products with this relative geometry were observed in the substrates we 

surveyed. The reaction with an equatorial methyl group directed by an axial silyl ether (Case B) 



also requires the formation of an iridacycle with cis-decalin geometry, but because the methyl 

group is oriented away from the ring, syn-pentane interactions with the diethylsilyl group and 

iridium center are avoided. Finally, the scenario where both the methyl group and the silyl ether 

are axial typically occurs in bicyclic or 5,6-fused ring systems (Case C). For such compounds, we 

propose that ground state destabilization and the greater proximity of the two reacting groups favor 

the C–H oxidative addition. The methyl group and the silyl ether are locked in relatively high-

energy eclipsed conformations in the bicyclo[2.2.1]heptane or bicyclo[2.2.2]octane ring systems 

of 1a and 1g, which decreases the energetic penalty for forming the iridacycle. The pseudoaxial 

silyl ether in the steroids (1m, 1o, 1p) is not fully eclipsed with the methyl group but is nonetheless 

situated in close proximity to that group. Moreover, the bulky ethyl substituents of the silane are 

pointed away from the ring system and, thus, do not experience steric interactions in the transition 

state that prohibit oxidative addition of the methyl C–H bond. Overall, we have demonstrated that 

this sequence of C–H silylation and oxidation occurs with a range of monoterpenoids, 

sesquiterpenoids, steroids, and triterpenoids and that a set of simple guidelines can predict the 

outcomes of the reaction based on the geometries of the directing group and the proximal methyl 

group. 

 

2. Substitution of methyl groups 

With the hydroxylated products 2a-2q in hand, we examined various methods for substitution, 

elimination, and integration of the hydroxymethyl group. A formal substitution would enable the 

late-stage diversification of terpenoid skeletons by conversion of the typically unreactive methyl 

group into a variety of functional groups.35 To achieve such substitution, we developed conditions 

to oxidize the newly installed primary alcohol to a carboxylic acid (see Section 4A of the 

Supporting Information) and to protect the pre-existing secondary alcohol as an acetate (Scheme 

3). β-acetoxyacids 3a-3d were synthesized in moderate to good yields from diols 2a-2d by this 

sequence. The carboxylic acid moiety then underwent substitution by various photocatalytic 

decarboxylations,36 leading to the formal, overall replacement of the methyl group with a series of 

alkyl groups, aryl groups, and functional groups.  

Substitution of a methyl group with an alkyl chain can improve the binding affinity of organic 

structures to a biological target by increasing van der Waals interactions within a hydrophobic 

binding site, and this binding can be further modulated by the functional groups appended to the 

attached alkyl groups.37,38 To show the potential to use the alcohol from silylation and oxidation 

for the installation of alkyl and functionalized alkyl groups, we prepared β-acetoxyacid 3a from 

glycyrrhetinic acid. Glycyrrhetinic acid derivative 3a underwent decarboxylative Giese reactions 

with methyl acrylate and phenyl vinyl sulfone to form alkyl derivatives 4aa and 4ab in 75% and 

51% yield.39 Carboxylic acid 3b derived from betulinic acid also underwent alkylation to form 

4ba. The sulfone in 4ba can be cleaved under reductive conditions to reveal an ethyl group,40 

resulting in formal homologation of the methyl group.  

 



 

Scheme 3. Substitution of methyl groups in terpenoids. Isolated yields are given. Yields in parentheses are the overall 

yields over 4-5 steps from the diols. aOlefin (1.5 equiv), Ir[dF(CF3)ppy]2(dtbpy)PF6 (1.0 mol%), K2HPO4 (1.2 equiv), 

DMF, blue LEDs, 30 °C, 16 h. b1. PhthN-OH, DIC, DMAP, CH2Cl2, rt, 16 h. 2. Heterocycle (2 equiv), CF3COOH, 4-

CzIPN (2-4 mol%), DMSO, blue LEDs, 45 °C, 16 h. c(PhO)2P(O)N3 (1.1 equiv), Et3N (1.5 equiv), anisole, 85 °C, 20 

h. dSelectfluor (2.1 equiv), 2,6-lutidine (1.8 equiv), Fe(OAc)2 (10 mol%), 4,4'-(MeO)-2,2'-bipy (10 mol%), blue LEDs, 

MeCN/H2O, 30 °C. e1. CsOH, MeOH, 25 °C, 1 h. 2.  Ir[dF(CF3)ppy]2(dtbpy)PF6 (1.0 mol%),  TRIP-SH (10 mol%), 

CH2Cl2/D2O, blue LEDs, 30 °C, 16 h. See supplementary information for detailed reaction conditions.  

Nitrogen-containing heteroarenes are contained in hundreds of FDA-approved drugs because they 

participate in strong binding interactions and confer favorable physicochemical properties.41 

However, terpenoids usually do not contain such heteroarenes. Therefore, we examined 

decarboxylative Minisci reactions to install heteroaryl fragments in place of the methyl group of 

terpenoid structures. To do so, the carboxylic acid in glycyrrhetinic acid derivative 3a was 



substituted with pyrazine form 4ac in 29% yield.42 Formal substitution of the methyl group in 

betulinic acid derivative 3b with pyrazine formed 4bb in 23% yield. Finally, a similar sequence 

with camphor-derived acid 3c converted the original methyl group with pyrazinyl, pyridinyl, 

quinolinyl, and quinoxalinyl units to form 4ca-4cd in 25-76% yields. 

In addition to the nitrogen atoms in heteroarenes, nitrogen atoms in amino groups or amide 

derivatives are present a large fraction of FDA-approved drugs,41 but they are notably absent in 

most plant-derived terpenoids. Therefore, we sought to install such nitrogen-containing groups 

from the carboxylic acid units in 3a-c by Curtius rearrangement of an in situ-generated acyl 

azide.43,44 Indeed, treatment of acids 3a and 3b with diphenylphosphoryl azide led to isocyanates 

4ad and 4bc in moderate yields (Scheme 3). Treatment of  isocyanate 4ad with an alcohol bearing 

a dioxolone moiety formed carbamate 4ah, a derivative of glycyrrhetinic acid that was investigated 

for the treatment of hyperkalemia.44   

The substitution of H or Me with fluorine in a biologically active compound typically improves its 

metabolic stability.45 Thus, we sought to convert the methyl group to a fluoride by C(sp3)–H 

silylation, oxidation, and decarboxylative fluorination. By this sequence, fluorinated derivatives 

of glycyrrhetinic acid (4ae), betulinic acid (4bd), and fenchol (4da) were prepared. The 

decarboxylative fluorination step occurred in 47%-53% yields with an iron catalyst.46  

Deuterated compounds are increasingly prominent in pharmaceuticals because the kinetic isotope 

effect can retard metabolism at positions of a drug prone to oxidation with essentially no change 

in the drug’s physicochemical properties.47 Photocatalytic deuterodecarboxylation of 

glycyrrhetinic and betulinic acid derivatives with D2O,48 the cheapest source of deuterium,49 

generated products 4af and 4be in 81% and 83% yields, respectively, with 95% deuterium 

incorporation. In all cases, the functional group was installed with retention of configuration, likely 

due to preferential trapping of the radical from the less hindered pseudoequatorial face. We 

emphasize that the same β-acetoxyacid intermediate 3 derived from 1,3-diol 2 was used for all five 

decarboxylative substitution reactions, thereby illustrating the versatility of our strategy for the 

late-stage diversification of a biologically-active compound.50  

3. Deletion of methyl groups 

The deletion of a methyl group (a formal substitution of hydrogen for –CH3) from terpenes is 

shown in Scheme 4. This deletion is crucial to the biosynthesis of cholesterol, as well as plant and 

fungal sterols,51 and it can strongly affect the binding affinities of drugs (vide supra).7,52 We 

performed a direct decarboxylation of acids 3a and 3b under photocatalytic conditions without the 

preinstallation of a thiohydroxamate ester, as required in a more conventional Barton 

decarboxylation.49 The demethylated terpenoids 4ag and 4bf formed in high yields with complete 

retention of configuration.  



 

Scheme 4. Deletion of methyl groups in terpenoids with retention and inversion of configuration. Isolated yields are 

given. a1. CsOH, MeOH, 25 °C, 1 h. 2.  Ir[dF(CF3)ppy]2(dtbpy)PF6 (1.0 mol%),  TRIP-SH (10 mol%), CH2Cl2/H2O, 

blue LEDs, 30 °C, 16 h. b1. Dess-Martin periodinane (2.4 equiv), NaHCO3 (10 equiv), CH2Cl2, rt, 4 h. 2. NaOMe (1.5 

equiv), MeOH, rt, 16 h.   

 

Scheme 5. Ring-opening of bicyclic terpenoids. Isolated yields are given. Conditions: 1. Dess-Martin periodinane (2.4 

equiv), NaHCO3 (10 equiv), CH2Cl2, rt, 4 h. 2. NaOMe (1.5 equiv), MeOH, rt, 16 h. 



We hypothesized that the demethylation also could proceed with net inversion of configuration if 

the demethylation was conducted by a process in which the two stereoisomeric products were 

allowed to equilibrate. The 4α-methyl isomer should be more stable because the methyl group is 

oriented equatorially and syn-pentane interactions are avoided.53 While the trapping of the tertiary 

alkyl radical is kinetically controlled and irreversible, the protonation of a putative enolate 

intermediate would be reversible. To generate this enolate, we oxidized diol 2 to a β-ketoaldehyde 

5 and treated it with sodium methoxide to trigger a retro-Claisen condensation. This retro-Claisen 

condensation leads to loss of the methyl group as methyl formate. Demethylated triterpenoid 

derivatives of glycyrrhetinic acid (6a), betulinic acid (6b), and oleanolic acid (6c)54 were 

synthesized by this sequence. Although it is the functionalized methyl group that is excised, in situ 

epimerization under the alkaline conditions led to the product from formal deletion of the 

unfunctionalized methyl group, as designed. An estrone derivative also underwent demethylation 

to form 6d, although a mixture of diastereomeric ketones was generated because the stabilities of 

cis- and trans-5,6-fused rings only differ by ~0.5 kcal/mol.34  

A retro-Claisen process with the 1,3-dioxygenated intermediates also can lead to the cleavage of 

C–C bonds to form ring-opened products (Scheme 5). For example, oxidation of the 1,3-diol 

derived from the bicyclic monoterpenoid fenchol (2a) by Dess-Martin periodinane and treatment 

with sodium methoxide led to ketoester 6e in 40% yield (dr = 1:1). A similar sequence with the 

diol derived from camphor (2b) formed ketoester 6f as a 3:1 mixture of diastereomers in 81% 

yield. The retro-Claisen condensation can occur via nucleophilic addition of methoxide to either 

the aldehyde or ketone of the intermediate, leading to demethylation or ring opening. In the 

triterpenoids and steroid derivatives (6a-6d), the more electrophilic aldehyde is attacked, leading 

to elimination of methyl formate and overall demethylation (vide supra). However, in these 

bicyclic monoterpenoids, nucleophilic addition to the aldehyde likely occurs reversibly because 

elimination of methyl formate would generate a strained enolate. Nucleophilic addition of 

methoxide to the ketone, instead, leads to irreversible ring-opening to form the monocyclic 

ketoesters 6e and 6f. The release of ring strain in the norbornane scaffold (~15 kcal/mol)55 provides 

a strong driving force for the formation of the observed products.  

4. Formal elimination of methane  

The formal, overall dehydromethylation of a terpenoid was achieved by excising the functionalized 

methyl group and concomitantly forming an olefin, which serves as a useful functional handle for 

further modification of the terpenoid skeleton (Scheme 6).56,57 To this end, we followed a 

photochemical decarboxyolefination protocol reported by Ritter.58 In this scenario, oxidation of 

the methyl group to the carboxylic acid and decarboxyolefination would form an alkene in place 

of a gem-dimethyl unit. Thus, subjection of the β-acetoxyacid intermediates derived from 

glycyrrhetinic acid (3a) and betulinic acid (3b) to the reported conditions generated terminal 

alkenes 7a and 7b in 70% and 83% yields respectively. Olefin 7c formed similarly from carboxylic 

acid 3e derived from terpinen-4-ol. The decarboxyolefination of acid 3d derived from fenchol 

generated alkene 7d as a 10:1 mixture of diastereomers, due to a minor amount of epimerization 



at the carbon bearing the acetate moiety. Complete regioselectivity for the terminal olefin was 

observed in all cases in which internal isomers could form. Hydroboration and oxidation of alkene 

7b led to anti-Markovnikov hydration to form diol 8b in 66% yield.59 The acetyl protecting group 

was hydrolyzed under the alkaline conditions of the oxidation step. The hydroboration is highly 

stereoselective for syn-addition to the pseudoequatorial α-face of the olefin, likely because the α-

face is more sterically accessible. Therefore, this sequence involving formal dehydromethylation 

enables the functionalization of methyl groups that cannot be hydroxylated directly by the iridium-

catalyzed C(sp3)–H silylation and oxidation sequence, such as the previously unmodified 4β-

methyl group (C-24) in 3a and 3b and the equatorial methyl group in fenchol derivative 3d. 

 

Scheme 6. Elimination of methyl groups in terpenoids. Isolated yields are given. Yields in parentheses are the overall 

yields over 3-4 steps from the diols. aThe tertiary alcohol was not acetylated for this compound.  

5. Integration of methyl groups 

The hydroxylated methyl group also can be integrated into the ring systems of terpenoids. The 

modified carbon skeletons thus obtained are rare or unknown in naturally occurring terpenoids and 

could have distinct physicochemical or biological properties.60,61 Terpenoids with expanded rings 

are typically accessed by a three-step sequence including a Tiffeneau-Demjanov rearrangement; 

however, the ring expansion is often unselective, forming a mixture of constitutional isomers from 

migration of either of the alkyl substituents of the ketone.62 For example, analogs of the 

neuroactive steroid allopregnanolone with expanded A or D rings have been synthesized and tested 

as potential drug candidates for the treatment of postpartum depression.63,64  

Our synthetic strategy for integration of the methyl group was based on the Dowd-Beckwith ring 

expansion (Scheme 7).65 While the classical Dowd-Beckwith reaction is performed on alkyl 

halides, Chen66 and Ding67 have reported Dowd-Beckwith-type ring expansions starting from 

thioxanthates that would more easily be formed from the sterically hindered alcohols in our 

substrates than the corresponding halides. Selective functionalization of the neopentyl primary 



alcohol was achieved with O-phenyl chlorothionoformate, after which the secondary alcohol was 

oxidized to give ketone 9. Among various conditions tested (see Section 6 of the Supporting 

Information), those with pyridinium chlorochromate formed the ketone in the highest yields; other 

conditions led to decomposition of the thionocarbonate or to little conversion.  

Scheme 7. Integration of methyl groups in terpenoids. Isolated yields after the three-step sequence from the diol are 

given. a1. PhOC(S)Cl, pyridine, DMAP (0.1 equiv), MeCN, 0 °C to rt, 16 h. 2. PCC, celite, CH2Cl2, rt, 3 h. 3. 

(Me3Si)3SiH, AIBN, PhH, 120 °C, 3 h.  

We then intercepted the Barton-McCombie deoxygenation of the thionocarbonate unit in 9 to form 

the ring expanded product. Rearrangement of the initially generated primary alkyl radical by 

addition to the ketone formed a cyclopropane containing an alkoxy radical (9-int-1). This 

cyclopropane opened to form a tertiary alkyl radical (9-int-2), which was trapped by a hydrogen 

atom source to form the ring-expanded product. We found that the use of tris(trimethylsilyl)silane, 

rather than the more commonly used tributylstannane, in this process was crucial to obtaining 

reproducibly high yields of the product. By this procedure, the hydroxylated methyl group in 

glycyrrhetinic acid, betulinic acid, and oleanolic acid were incorporated into the A ring to generate 

analogs containing a seven-membered ring (10a-c). We hypothesize that the tertiary alkyl radical 

from the rearrangement is selectively reduced by tris(trimethylsilyl)silane by approach from the 

more sterically accessible pseudoequatorial face (vide supra), leading to the observed major or 

exclusive diastereomer.  

The integration of methyl groups into steroids and monoterpenoids was also investigated. The five-

membered D ring in estrone was similarly expanded with this sequence (10d). However, attempts 

to perform the Dowd-Beckwith ring expansion with the corresponding (+)-fenchol derivative led 

to Barton-McCombie deoxygenation without rearrangement, yielding exclusively (−)-fenchone 

(see Section 6 of the Supporting Information). The lack of rearrangement in this case is likely due 

to a greater barrier to formation of the cyclopropyloxy radical intermediate because of ring strain 

in the norbornane scaffold.  



6. Application to the synthesis of medicinally relevant compounds  

The substitution of  methyl groups in biologically active terpenoids has been exploited for studies 

of structure-activity relationships.68 For example, Dragoli and coworkers use palladium-catalyzed 

C(sp3)–H acetoxylation of 11a to synthesize intermediate 11c (Scheme 8). Subsequent Curtius 

rearrangement and nucleophilic addition of an alcohol generated functionalized carbamate 

derivatives that were drug candidates for the treatment of hyperkalemia.44 The C(sp3)–H activation 

of the methyl group in their synthesis required the installation of an oxime as a directing group, 

necessitating four functional group interconversions,69 as well as a high loading (18 mol%) of 

palladium catalyst. In our sequence, the C(sp3)–H silylation and oxidation of the methyl group was 

performed in one pot using only 2 mol% of iridium and 0.2 mol% of ruthenium. Thus, we were 

able to synthesize the key carboxylic acid-containing glycyrrhetinic acid derivative 3a (analogous 

to 11c), which is primed for the Curtius rearrangement or other decarboxylative substitution 

reactions, in 31% yield over 7 steps in 5 separate vessels compared to the prior 21% yield over 9 

separate steps in 9 vessels.   

 

Scheme 8. Comparison of Dragoli’s and our route to glycyrrhetinic acid derivatives that are primed for reactions that 

substitute the functionalized methyl group.  

Conclusions 

We have shown how the site-selective hydroxylation of methyl groups proximal to ketone or 

alcohol units in various terpenoids by the combination of C–H silylation and oxidation directed by 

native hydroxyl groups enables the initial juxtaposed methyl group to serve as a synthetic handle 

for transformations that substitute, eliminate, or integrate this group. Substitution of the methyl 

group installs a series of medicinally relevant functional groups, including heteroarenes, fluorine, 

and deuterium. Substitution of the methyl group with hydrogen occurs with retention or inversion 

of configuration, depending on the class of reaction used for C–C bond cleavage. Elimination of 

the methyl group leads to selective formation of a terminal olefin, thereby activating one of the 



original geminal methyl units for further functionalizations. Integration of the methyl group into 

the carbon skeleton of the terpenoid leads to modified structures, which have expanded rings, that 

are rare in nature and are otherwise difficult to access synthetically. We anticipate that this strategy 

will find applications in the synthesis and pharmacology of terpenoid derivatives, as well as other 

natural products or synthetic intermediates bearing methyl groups.  

 

ASSOCIATED CONTENT 

Supporting Information. This material is available free of charge at http://pubs.acs.org.  

Experimental procedures, characterization of new compounds, and spectroscopic data 

(PDF).  

AUTHOR INFORMATION 

Corresponding Author 

John F. Hartwig – Department of Chemistry, University of California, Berkeley, California 

94720, United States; orcid.org/0000-0002-4157-468X; Email: jhartwig@berkeley.edu 

Authors 

Yi Cheng Kang − Department of Chemistry, University of California, Berkeley, California 

94720, United States;  

Richard T. Wetterer − Department of Chemistry, University of California, Berkeley, California 

94720, United States;  

Rashad Karimov − Department of Chemistry, University of California, Berkeley, California 

94720, United States;  

Masahiro Kojima − Department of Chemistry, University of California, Berkeley, California 

94720, United States;  

Max Surke − Department of Chemistry, University of California, Berkeley, California 94720, 

United States;  

Inmaculada Martín-Torres − Department of Chemistry, University of California, Berkeley, 

California 94720, United States;  

Jeremy Nicolai − Department of Chemistry, University of California, Berkeley, California 

94720, United States; 

Masha Elkin − Department of Chemistry, University of California, Berkeley, California 94720, 

United States 

 

Author Contributions 

Notes 

The authors declare no competing financial interest. 



 

ACKNOWLEDGMENTS 

This work was supported by the National Institutes of Health under award number R35GM130387. 

We thank Drs. Hasan Celik, Raynald Giovine, and Pines Magnetic Resonance Center’s Core NMR 

Facility (PMRC Core) for spectroscopic assistance. The instrument used in this work was in part 

supported by NIH S10OD024998. We thank the QB3/Chemistry Mass Spectrometry Facility and 

the Catalysis Center at UC Berkeley for assistance with mass spectrometry. The authors would 

like to thank John Brunn for his skilful technical assistance. M.K. thanks the Japan Society for the 

Promotion of Science (JSPS) for the JSPS Overseas Research Fellowship. M.E. was supported by 

the NIH Kirschstein NRSA postdoctoral fellowship (F32GM134579).  

 

REFERENCES 

(1)  Schönherr, H.; Cernak, T. Profound Methyl Effects in Drug Discovery and a Call for New 

C–H Methylation Reactions. Angew. Chem. Int. Ed. 2013, 52, 12256–12267. 

https://doi.org/10.1002/anie.201303207. 

(2)  McMillen, D. F.; Golden, D. M. Hydrocarbon Bond Dissociation Energies. Annu. Rev. 

Phys. Chem. 1982, 33, 493–532. https://doi.org/10.1146/annurev.pc.33.100182.002425. 

(3)  Jorgensen, W. L.; Briggs, J. M.; Gao, J. A Priori Calculations of pKa’s for Organic 

Compounds in Water. The pKa of Ethane. J. Am. Chem. Soc. 1987, 109, 6857–6858. 

https://doi.org/10.1021/ja00256a053. 

(4)  Guillemard, L.; Kaplaneris, N.; Ackermann, L.; Johansson, M. J. Late-Stage C–H 

Functionalization Offers New Opportunities in Drug Discovery. Nat Rev Chem 2021, 5, 

522–545. https://doi.org/10.1038/s41570-021-00300-6. 

(5)  Nes, W. D. Biosynthesis of Cholesterol and Other Sterols. Chem. Rev. 2011, 111, 6423–

6451. https://doi.org/10.1021/cr200021m. 

(6)  Crossley, S. W. M.; Tong, G.; Lambrecht, M. J.; Burdge, H. E.; Shenvi, R. A. Synthesis of 

(−)-Picrotoxinin by Late-Stage Strong Bond Activation. J. Am. Chem. Soc. 2020, 142, 

11376–11381. https://doi.org/10.1021/jacs.0c05042. 

(7)  Tullner, W. W.; Hertz, R. High Progestational Activity of 19-Norprogesterone. 

Endocrinology 1953, 52, 359–361. https://doi.org/10.1210/endo-52-3-359. 

(8)  Djerassi, C. Chapter 9B - The Chemical History of the Pill*. In Standardizing 

Pharmacology: Assays and Hormones (Second Edition); Parnham, M., Page, C., Bruinvels, 

J., Eds.; Discoveries in Pharmacology; Academic Press, 2023; Vol. 2, pp 245–266. 

https://doi.org/10.1016/B978-0-323-85517-4.00049-7. 

(9)  Dalton, T.; Faber, T.; Glorius, F. C–H Activation: Toward Sustainability and Applications. 

ACS Cent. Sci. 2021, 7, 245–261. https://doi.org/10.1021/acscentsci.0c01413. 

(10)  Liao, K.; Yang, Y.-F.; Li, Y.; Sanders, J. N.; Houk, K. N.; Musaev, D. G.; Davies, H. M. L. 

Design of Catalysts for Site-Selective and Enantioselective Functionalization of Non-

Activated Primary C–H Bonds. Nature Chem 2018, 10, 1048–1055. 

https://doi.org/10.1038/s41557-018-0087-7. 

(11)  Berry, M.; Elmitt, K.; Green, M. L. H. Photoinduced Insertion of Tungsten into Aromatic 

and Aliphatic Carbon–Hydrogen Bonds by Bis(η-Cyclopentadienyl)Tungsten Derivatives. 

J. Chem. Soc., Dalton Trans. 1979, 1950–1958. https://doi.org/10.1039/DT9790001950. 



(12)  Janowicz, A. H.; Bergman, R. G. Activation of Carbon-Hydrogen Bonds in Saturated 

Hydrocarbons on Photolysis of (η5-C5Me5)(PMe3)IrH2. Relative Rates of Reaction of the 

Intermediate with Different Types of Carbon-Hydrogen Bonds and Functionalization of the 

Metal-Bound Alkyl Groups. J. Am. Chem. Soc. 1983, 105, 3929–3939. 

https://doi.org/10.1021/ja00350a031. 

(13)  Jones, W. D.; Hessell, E. T. Photolysis of Tp’Rh(CN-Neopentyl)(η2-PhN=C=N-Neopentyl) 

in Alkanes and Arenes: Kinetic and Thermodynamic Selectivity of [Tp’Rh(CN-Neopentyl)] 

for Various Types of Carbon-Hydrogen Bonds. J. Am. Chem. Soc. 1993, 115, 554–562. 

https://doi.org/10.1021/ja00055a027. 

(14)  Stoutland, P. O.; Bergman, R. G.; Nolan, S. P.; Hoff, C. D. The Thermodynamic Driving 

Force for C–H Activation at Iridium. Polyhedron 1988, 7, 1429–1440. 

https://doi.org/10.1016/S0277-5387(00)81772-6. 

(15)  Wick, D. D.; Jones, W. D. Energetics of Homogeneous Intermolecular Vinyl and Allyl 

Carbon−Hydrogen Bond Activation by the 16-Electron Coordinatively Unsaturated 

Organometallic Fragment [Tp‘Rh(CNCH2CMe3)]. Organometallics 1999, 18, 495–505. 

https://doi.org/10.1021/om9808211. 

(16)  Kakiuchi, F.; Tsuchiya, K.; Matsumoto, M.; Mizushima, E.; Chatani, N. Ru3(CO)12-

Catalyzed Silylation of Benzylic C−H Bonds in Arylpyridines and Arylpyrazoles with 

Hydrosilanes via C−H Bond Cleavage. J. Am. Chem. Soc. 2004, 126, 12792–12793. 

https://doi.org/10.1021/ja047040d. 

(17)  Mita, T.; Michigami, K.; Sato, Y. Iridium- and Rhodium-Catalyzed Dehydrogenative 

Silylations of C(Sp3)–H Bonds Adjacent to a Nitrogen Atom Using Hydrosilanes. Chem. 

Asian J. 2013, 8, 2970–2973. https://doi.org/10.1002/asia.201300930. 

(18)  Kanyiva, K. S.; Kuninobu, Y.; Kanai, M. Palladium-Catalyzed Direct C–H Silylation and 

Germanylation of Benzamides and Carboxamides. Org. Lett. 2014, 16, 1968–1971. 

https://doi.org/10.1021/ol500519y. 

(19)  Ertl, P.; Schuhmann, T. A Systematic Cheminformatics Analysis of Functional Groups 

Occurring in Natural Products. J. Nat. Prod. 2019, 82, 1258–1263. 

https://doi.org/10.1021/acs.jnatprod.8b01022. 

(20)  Simmons, E. M.; Hartwig, J. F. Catalytic Functionalization of Unactivated Primary C–H 

Bonds Directed by an Alcohol. Nature 2012, 483, 70–73. 

https://doi.org/10.1038/nature10785. 

(21)  Hartwig, J. F.; Romero, E. A. Iridium-Catalyzed Silylation of Unactivated C–H Bonds. 

Tetrahedron 2019, 75, 4059–4070. https://doi.org/10.1016/j.tet.2019.05.055. 

(22)  Harrewijn, P.; van Oosten, A. M.; Piron, P. G. M. Production of Terpenes and Terpenoids. 

In Natural Terpenoids as Messengers: A multidisciplinary study of their production, 

biological functions and practical applications; Harrewijn, P., van Oosten, A. M., Piron, P. 

G. M., Eds.; Springer Netherlands: Dordrecht, 2000; pp 11–57. https://doi.org/10.1007/978-

94-010-0767-2_2. 

(23)  Ishihara, Y.; Baran, P. S. Two-Phase Terpene Total Synthesis: Historical Perspective and 

Application to the Taxol® Problem. Synlett 2010, 2010, 1733–1745. 

https://doi.org/10.1055/s-0030-1258123. 

(24)  Kanda, Y.; Ishihara, Y.; Wilde, N. C.; Baran, P. S. Two-Phase Total Synthesis of Taxanes: 

Tactics and Strategies. J. Org. Chem. 2020, 85, 10293–10320. 

https://doi.org/10.1021/acs.joc.0c01287. 



(25)  Call, A.; Cianfanelli, M.; Besalú-Sala, P.; Olivo, G.; Palone, A.; Vicens, L.; Ribas, X.; Luis, 

J. M.; Bietti, M.; Costas, M. Carboxylic Acid Directed γ-Lactonization of Unactivated 

Primary C–H Bonds Catalyzed by Mn Complexes: Application to Stereoselective Natural 

Product Diversification. J. Am. Chem. Soc. 2022, 144, 19542–19558. 

https://doi.org/10.1021/jacs.2c08620. 

(26)  Call, A.; Capocasa, G.; Palone, A.; Vicens, L.; Aparicio, E.; Choukairi Afailal, N.; 

Siakavaras, N.; López Saló, M. E.; Bietti, M.; Costas, M. Highly Enantioselective Catalytic 

Lactonization at Nonactivated Primary and Secondary γ-C–H Bonds. J. Am. Chem. Soc. 

2023, 145, 18094–18103. https://doi.org/10.1021/jacs.3c06231. 

(27)  van Beek, T. A.; Joulain, D. The Essential Oil of Patchouli, Pogostemon Cablin: A Review. 

Flavour and Fragrance Journal 2018, 33, 6–51. https://doi.org/10.1002/ffj.3418. 

(28)  Na, C. G.; Kang, S. H.; Sarpong, R. Development of a C–C Bond 

Cleavage/Vinylation/Mizoroki–Heck Cascade Reaction: Application to the Total Synthesis 

of 14- and 15-Hydroxypatchoulol. J. Am. Chem. Soc. 2022, 144, 19253–19257. 

https://doi.org/10.1021/jacs.2c09201. 

(29)  Dong, F.-W.; Wu, Z.-K.; Yang, L.; Zi, C.-T.; Yang, D.; Ma, R.-J.; Liu, Z.-H.; Luo, H.-R.; 

Zhou, J.; Hu, J.-M. Iridoids and Sesquiterpenoids of Valeriana Stenoptera and Their Effects 

on NGF-Induced Neurite Outgrowth in PC12 Cells. Phytochemistry 2015, 118, 51–60. 

https://doi.org/10.1016/j.phytochem.2015.08.015. 

(30)  Michaudel, Q.; Journot, G.; Regueiro-Ren, A.; Goswami, A.; Guo, Z.; Tully, T. P.; Zou, L.; 

Ramabhadran, R. O.; Houk, K. N.; Baran, P. S. Improving Physical Properties via C–H 

Oxidation: Chemical and Enzymatic Approaches. Angew. Chem. Int. Ed. 2014, 53, 12091–

12096. https://doi.org/10.1002/anie.201407016. 

(31)  Ma, X.; Kucera, R.; Goethe, O. F.; Murphy, S. K.; Herzon, S. B. Directed C–H Bond 

Oxidation of (+)-Pleuromutilin. J. Org. Chem. 2018, 83, 6843–6892. 

https://doi.org/10.1021/acs.joc.8b00462. 

(32)  Frihed, T. G.; Heuckendorff, M.; Pedersen, C. M.; Bols, M. Easy Access to L-Mannosides 

and L-Galactosides by Using C–H Activation of the Corresponding 6-Deoxysugars. 

Angewandte Chemie International Edition 2012, 51, 12285–12288. 

https://doi.org/10.1002/anie.201206880. 

(33)  Frihed, T. G.; Pedersen, C. M.; Bols, M. Synthesis of All Eight L-Glycopyranosyl Donors 

Using C–H Activation. Angew. Chem. Int. Ed. 2014, 53, 13889–13893. 

https://doi.org/10.1002/anie.201408209. 

(34)  Fülöp, F.; Bernáth, G.; Pihlaja, K. Synthesis, Stereochemistry and Transformations of 

Cyclopentane-, Cyclohexane-, Cycloheptane-, and Cyclooctane-Fused 1,3-Oxazines, 1,3-

Thiazines, and Pyrimidines. In Advances in Heterocyclic Chemistry; Elsevier, 1997; Vol. 

69, pp 349–477. https://doi.org/10.1016/S0065-2725(08)60085-9. 

(35)  Hong, B.; Luo, T.; Lei, X. Late-Stage Diversification of Natural Products. ACS Cent. Sci. 

2020, 6, 622–635. https://doi.org/10.1021/acscentsci.9b00916. 

(36)  Jin, Y.; Fu, H. Visible-Light Photoredox Decarboxylative Couplings. Asian J. Org. Chem. 

2017, 6, 368–385. https://doi.org/10.1002/ajoc.201600513. 

(37)  Tanaka, H.; Takashima, H.; Ubasawa, M.; Sekiya, K.; Nitta, I.; Baba, M.; Shigeta, S.; 

Walker, R. T.; De Clercq, E.; Miyasaka, T. Structure-Activity Relationships of 1-[(2-

Hydroxyethoxy)Methyl]-6-(Phenylthio)Thymine Analogs: Effect of Substitutions at the C-

6 Phenyl Ring and at the C-5 Position on Anti-HIV-1 Activity. J. Med. Chem. 1992, 35, 

337–345. https://doi.org/10.1021/jm00080a020. 



(38)  Ho, B.; Michael Crider, A.; Stables, J. P. Synthesis and Structure–Activity Relationships of 

Potential Anticonvulsants Based on 2-Piperidinecarboxylic Acid and Related 

Pharmacophores. Eur. J. Med. Chem. 2001, 36, 265–286. https://doi.org/10.1016/S0223-

5234(00)01206-X. 

(39)  Chu, L.; Ohta, C.; Zuo, Z.; MacMillan, D. W. C. Carboxylic Acids as A Traceless 

Activation Group for Conjugate Additions: A Three-Step Synthesis of (±)-Pregabalin. J. 

Am. Chem. Soc. 2014, 136, 10886–10889. https://doi.org/10.1021/ja505964r. 

(40)  Nájera, C.; Yus, M. Desulfonylation Reactions: Recent Developments. Tetrahedron 1999, 

55, 10547–10658. https://doi.org/10.1016/S0040-4020(99)00600-6. 

(41)  Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the Structural Diversity, Substitution 

Patterns, and Frequency of Nitrogen Heterocycles among U.S. FDA Approved 

Pharmaceuticals. J. Med. Chem. 2014, 57, 10257–10274. 

https://doi.org/10.1021/jm501100b. 

(42)  Sherwood, T. C.; Li, N.; Yazdani, A. N.; Dhar, T. G. M. Organocatalyzed, Visible-Light 

Photoredox-Mediated, One-Pot Minisci Reaction Using Carboxylic Acids via N-

(Acyloxy)Phthalimides. J. Org. Chem. 2018, 83, 3000–3012. 

https://doi.org/10.1021/acs.joc.8b00205. 

(43)  Weinstein, A. B.; Ellman, J. A. Convergent Synthesis of Diverse Nitrogen Heterocycles via 

Rh(III)-Catalyzed C–H Conjugate Addition/Cyclization Reactions. Org. Lett. 2016, 18, 

3294–3297. https://doi.org/10.1021/acs.orglett.6b01611. 

(44)  Dragoli, D. Glycyrrhetinic Acid Derivatives for Use in Treating Hyperkalemia. 

WO2020163642A1, August 13, 2020. 

(45)  Shah, P.; Westwell, A. D. The Role of Fluorine in Medicinal Chemistry: Review Article. J. 

Enzyme Inhib. Med. Chem. 2007, 22, 527–540. 

https://doi.org/10.1080/14756360701425014. 

(46)  Zhang, Y.; Qian, J.; Wang, M.; Huang, Y.; Hu, P. Visible-Light-Induced Decarboxylative 

Fluorination of Aliphatic Carboxylic Acids Catalyzed by Iron. Org. Lett. 2022, 24, 5972–

5976. https://doi.org/10.1021/acs.orglett.2c02242. 

(47)  Di Martino, R. M. C.; Maxwell, B. D.; Pirali, T. Deuterium in Drug Discovery: Progress, 

Opportunities and Challenges. Nat. Rev. Drug Discov. 2023, 22, 562–584. 

https://doi.org/10.1038/s41573-023-00703-8. 

(48)  Li, N.; Ning, Y.; Wu, X.; Xie, J.; Li, W.; Zhu, C. A Highly Selective Decarboxylative 

Deuteration of Carboxylic Acids. Chem. Sci. 2021, 12, 5505–5510. 

https://doi.org/10.1039/D1SC00528F. 

(49)  Kopf, S.; Bourriquen, F.; Li, W.; Neumann, H.; Junge, K.; Beller, M. Recent Developments 

for the Deuterium and Tritium Labeling of Organic Molecules. Chem. Rev. 2022, 122, 

6634–6718. https://doi.org/10.1021/acs.chemrev.1c00795. 

(50)  Kim, K. E.; Kim, A. N.; McCormick, C. J.; Stoltz, B. M. Late-Stage Diversification: A 

Motivating Force in Organic Synthesis. J. Am. Chem. Soc. 2021, 143, 16890–16901. 

https://doi.org/10.1021/jacs.1c08920. 

(51)  Benveniste, P. Sterol Biosynthesis. Annu. Rev. Plant Biol. 1986, 37, 275–308. 

https://doi.org/10.1146/annurev.pp.37.060186.001423. 

(52)  Pan, M. M.; Kovac, J. R. Beyond Testosterone Cypionate: Evidence behind the Use of 

Nandrolone in Male Health and Wellness. Transl. Androl. Urol. 2016, 5, 213–219. 

https://doi.org/10.21037/tau.2016.03.03. 



(53)  Hoffmann, R. W.; Stahl, M.; Schopfer, U.; Frenking, G. Conformation Design of 

Hydrocarbon Backbones: A Modular Approach. Chem. Eur. J. 1998, 4, 559–566. 

https://doi.org/10.1002/(SICI)1521-3765(19980416)4:4<559::AID-CHEM559>3.0.CO;2-T. 

(54)  Johns, S. R.; Lamberton, J. A.; Morton, T. C.; Suares, H.; Willing, R. I. Triterpenes of 

Lantana Tiliaefolia. 24-Hydroxy-3-Oxours-12-En-28-Oic Acid, a New Triterpene. Aust. J. 

Chem. 1983, 36, 2537–2547. https://doi.org/10.1071/ch9832537. 

(55)  Howell, J.; Goddard, J. D.; Tam, W. A Relative Approach for Determining Ring Strain 

Energies of Heterobicyclic Alkenes. Tetrahedron 2009, 65, 4562–4568. 

https://doi.org/10.1016/j.tet.2009.03.090. 

(56)  Crossley, S. W. M.; Obradors, C.; Martinez, R. M.; Shenvi, R. A. Mn-, Fe-, and Co-

Catalyzed Radical Hydrofunctionalizations of Olefins. Chem. Rev. 2016, 116, 8912–9000. 

https://doi.org/10.1021/acs.chemrev.6b00334. 

(57)  Patel, M.; Desai, B.; Sheth, A.; Dholakiya, B. Z.; Naveen, T. Recent Advances in Mono- 

and Difunctionalization of Unactivated Olefins. Asian J. Org. Chem. 2021, 10, 3201–3232. 

https://doi.org/10.1002/ajoc.202100666. 

(58)  Sun, X.; Chen, J.; Ritter, T. Catalytic Dehydrogenative Decarboxyolefination of Carboxylic 

Acids. Nat. Chem. 2018, 10, 1229–1233. https://doi.org/10.1038/s41557-018-0142-4. 

(59)  Kozubek, M.; Hoenke, S.; Schmidt, T.; Deigner, H.-P.; Al-Harrasi, A.; Csuk, R. Synthesis 

and Cytotoxicity of Betulin and Betulinic Acid Derived 30-Oxo-Amides. Steroids 2022, 

182, 109014. https://doi.org/10.1016/j.steroids.2022.109014. 

(60)  Huang, X.-C.; Guo, Y.-W.; Song, G.-Q. Fortisterol, a Novel Steroid with an Unusual 

Seven-Membered Lactone Ring B from the Chinese Marine Sponge Biemna Fortis Topsent. 

J. Asian Nat. Prod. Res. 2006, 8, 485–489. 

https://doi.org/10.1080/10286020410001690127. 

(61)  Charaschanya, M.; Aubé, J. Reagent-Controlled Regiodivergent Ring Expansions of 

Steroids. Nat. Commun. 2018, 9, 934. https://doi.org/10.1038/s41467-018-03248-2. 

(62)  Dave, V.; Warnhoff, E. W. α-Halo Ketones. 10. Regiospecific Homologation of 

Unsymmetrical Ketones. J. Org. Chem. 1983, 48, 2590–2598. 

https://doi.org/10.1021/jo00163a034. 

(63)  Dansey, M. V.; Di Chenna, P. H.; Veleiro, A. S.; Krištofíková, Z.; Chodounska, H.; Kasal, 

A.; Burton, G. Synthesis and GABAA Receptor Activity of A-Homo Analogues of 

Neuroactive Steroids. Eur. J. Med. Chem. 2010, 45, 3063–3069. 

https://doi.org/10.1016/j.ejmech.2010.03.037. 

(64)  Robichaud, A.; Salituro, F.; Blanco-Pillado, M.; La, D.; Harrison, B.; Morningstar, M. 

Compositions and Methods for Treating CNS Disorders. WO2020264495A1, December 30, 

2020. 

(65)  Singha, T.; Rouf Samim Mondal, A.; Midya, S.; Prasad Hari, D. The Dowd–Beckwith 

Reaction: History, Strategies, and Synthetic Potential. Chem. Eur. J. 2022, 28, e202202025. 

https://doi.org/10.1002/chem.202202025. 

(66)  Chen, S. H.; Huang, S.; Kant, J.; Fairchild, C.; Wei, J.; Farina, V. Synthesis of 7-Deoxy- 

and 7,10-Dideoxytaxol via Radical Intermediates. J. Org. Chem. 1993, 58, 5028–5029. 

https://doi.org/10.1021/jo00071a002. 

(67)  Hu, J.; Jia, Z.; Xu, K.; Ding, H. Total Syntheses of (+)-Stemarin and the Proposed 

Structures of Stemara-13(14)-En-18-Ol and Stemara-13(14)-En-17-Acetoxy-18-Ol. Org. 

Lett. 2020, 22, 1426–1430. https://doi.org/10.1021/acs.orglett.0c00029. 



(68)  Midzak, A.; Rammouz, G.; Papadopoulos, V. Structure–Activity Relationship (SAR) 

Analysis of a Family of Steroids Acutely Controlling Steroidogenesis. Steroids 2012, 77, 

1327–1334. https://doi.org/10.1016/j.steroids.2012.08.019. 

(69)  Gaich, T.; Baran, P. S. Aiming for the Ideal Synthesis. J. Org. Chem. 2010, 75, 4657–4673. 

https://doi.org/10.1021/jo1006812. 
 

 

 

  



TOC Graphic 

 

Synopsis 

The C–H silylation of methyl groups in complex terpenoids unlocks diverse transformations, 

including elimination, substitution with other functional groups, and integration into an expanded 

ring. 




