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Abstract

Polyoxygenated hydrocarbons that bear one or more hydroxyl groups comprise a large set of 

natural and synthetic compounds, often with potent biological activity. In synthetic chemistry, 

alcohols are important precursors to carbonyl groups, which then can be converted into a wide 

range of oxygen- or nitrogen-based functionality. Therefore, the selective conversion of a single 

hydroxyl group in natural products into a ketone would enable the selective introduction of 

unnatural functionality. However, the methods known to convert a simple alcohol, or even an 

alcohol in a molecule that contains multiple protected functional groups, are not suitable for 

selective reactions of complex polyol structures. We present a new ruthenium catalyst with a 

unique efficacy for the selective oxidation of a single hydroxyl group among many in unprotected 

polyol natural products. This oxidation enables the introduction of nitrogen-based functional 

groups into such structures that lack nitrogen atoms and enables a selective alcohol epimerization 

by stepwise or reversible oxidation and reduction.

The controlled modification of natural products enables chemists to alter the physical 

properties and resulting functions of these complex molecules. Selective reaction at a 

specific hydroxyl group in a polyhydroxylated molecule, particularly one that is less reactive 

towards classical reagents, is a synthetic challenge caused by competing, undesirable side 

reactions and the lack of selectivity for a reaction at one of the multiple identical functional 

groups. Catalysts or reagents that differentiate between the same functional groups in 

different environments are needed to achieve selective, direct functionalization of such 

structures. To this end, catalysts based on peptides have been developed that selectively 

acylate, phosphorylate or sulfonate one alcohol group over the others in complex polyols1,2, 

and rhodium complexes catalyse carbene insertions into the hydroxyl groups in polyol 

structures3, but these reactions attach substituents to the oxygen atom. They do not form 
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bonds to the carbon at which the hydroxyl group is bound1–3. If a single alcohol among 

many could be oxidized selectively to a ketone, then a wide range of reactions that would 

replace the original hydroxyl group, restructure the rings of the natural product or add 

substituents at the position of the C–H bond alpha to the hydroxyl group could be 

conducted4.

However, catalysts are not known that selectively oxidize one hydroxyl group among many 

in a range of polyol natural products. Scattered examples of the oxidation of polyol natural 

products have been published, but no catalyst or conditions have been broadly applicable to 

this synthetic goal. Classical methods lead to mixtures of products and existing catalysts 

oxidize unhindered primary C–H bonds to form aldehydes over hindered secondary C–H 

bonds in the core of the structures to form ketones (vide infra). Thus, we sought a 

combination of catalyst and reagent that would be sufficiently mild and selective for the 

oxidation of secondary alcohols in polyol natural products.

Although many catalysts for the oxidation of alcohols are known, few catalyse the oxidation 

of hindered secondary alcohols. We envisioned that the oxidation of secondary alcohols over 

primary alcohols could be achieved by conducting a transfer dehydrogenation with a ketone 

as the acceptor. Base-activated Ru(p-cymene)(Ts-DPEN) (Ts, tosyl; DPEN, 

diphenylethylenedia-mine)5, Shvo’s catalyst6,7, Ru(PPh3)Cl2 with KOH7 and Ru-MACHO 

with KOH8 have been reported to catalyse the dehydrogenation of simple unhindered 

secondary alcohols, such as cycloalkanols with no beta substituents, or secondary alcohols 

with one beta substituent in some cases, but are not reported to catalyse the dehydrogenation 

of more-hindered alcohols that contain two beta substituents. We found that Ru-MACHO 

with KOH and Shvo’s dimer are able to oxidize this type of hindered model substrate under 

forcing conditions (Supplementary Information gives details), but not at temperatures that 

are likely to tolerate highly functionalized molecules. Thus, to achieve the formation of 

ketone units in polyol natural products, a complex that catalyses the oxidation of hindered 

secondary alcohols over primary alcohols is needed.

To create such a catalyst, we investigated ruthenium complexes that contain a combination 

of weakly coordinating anions and unhindered, strongly donating phosphines. The 

ruthenium centre would be a relatively soft, mild Lewis acid that would not lead to 

indiscriminant decomposition, the labile anions would allow the formation of an alkoxide 

from the alcohol with a weak base at low temperatures, and the small phosphines would 

allow a reaction at the hindered secondary alcohols. By using acetone as the oxidant, the 

oxidation of primary alcohols into aldehydes would be uphill thermodynamically and the 

selectivity of the process could favour the oxidation of a hindered secondary alcohol over a 

primary alcohol. Moreover, it would do so without the radical intermediates of classical 

methods for preferential oxidation of secondary alcohols but would be unselective for one 

alcohol over others in a complex structure. Here we show that such a ruthenium complex 

catalyses the selective dehydrogenation of secondary alcohols in a set of more than a dozen 

natural products comprising a wide range of structures and that the resulting ketones can be 

converted by a subsequent catalytic processes into final products that contain nitrogen-based 

functionality and restructured ring systems.
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Results and discussion

Development of catalysts and conditions for the selective oxidation of hindered secondary 
alcohols

Several sequential phases of catalyst development described in the Supplementary 

Information led to a new ruthenium complex (Fig. 1a and Supplementary Section 2). The 

precursor Ru(DMSO)4(OTf)2 (DMSO, dimethylsulfoxide; OTf, SO2CF3) was generated in 

acetone solvent and treated with various phosphine ligands to give potential catalysts. The 

complexes that result from the addition of unhindered alkylphosphines PEt3, PMePh2 and 

PEt2( p-Me2N–Ph) all gave active catalysts for the dehydrogenation of the hindered model 

alcohol diisopropylcarbinol. Thereafter, a synthesis of a series of catalyst precursors lacking 

DMSO ligands was developed (Ru-1, Ru-2 and Ru-3), and the activity of these complexes 

was found to be an order of magnitude greater than that of the system generated in situ. The 

initial results of the oxidation of a model hindered alcohol are shown in Fig. 1b. In contrast 

to prior transition-metal catalysts that do not oxidize such hindered secondary alcohols, this 

ruthenium complex converted dicyclohexylcarbinol into the corresponding ketone at room 

temperature in only three hours. The same oxidation also occurred when 1,4-

cyclohexanedione or trifluoroacetophenone was used as a stoichiometric oxidant and the 

reaction was run in trifluoroethanol solvent.

The reactions of a series of primary and secondary alcohols and mixtures of primary and 

secondary alcohols with acetone as the hydrogen acceptor and Ru-2 as the catalyst are 

shown in Fig. 1c. These results show that the oxidation of secondary alcohols occurs over 

the oxidation of primary alcohols. The individual reactions of primary alcohols occur to a 

low conversion over a time that leads to the full conversion of secondary alcohols, and 

reactions with a mixture of primary and secondary alcohols preferentially convert the 

secondary alcohol into the ketone.

Selective oxidation of polyol natural products to ketone derivatives

Figure 2 summarizes the transfer dehydrogenation of 13 polyol natural products and three 

methyl esters of natural products. This figure shows the products from the oxidation 

reactions and the configuration of the alcohol unit that underwent oxidation. These reactions 

occur with several classes of natural products, including steroids, diterpenoids, 

sesquiterpenoids, iridoids, carbohydrates, alkaloids and macrolides, which shows the broad 

applicability of the catalyst system. The ruthenium catalysts we developed display a 

remarkable selectivity for the oxidation of a single secondary alcohol within each natural 

product in Fig. 2 and for a reaction at the alcohol over auxiliary functionality. The reactions 

of these natural products revealed guidelines to predict the site selectivity of the oxidations. 

The reactions catalysed by Ru-2 with acetone as the hydrogen acceptor led to the oxidation 

of secondary alcohols in these structures over the primary alcohols. This catalyst also senses 

subtle differences between the steric and electronic properties of secondary alcohols, which 

leads to a remarkable selectivity for the oxidation of one secondary alcohol over other 

secondary alcohols.
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In general, the ruthenium catalyst was selective for the more electron rich of the secondary 

alcohols and in most cases for the less hindered of the secondary alcohols. For example, the 

catalyst reacts with secondary alcohols that contain fewer than two hydroxy or alkoxy 

groups on the carbon atoms beta to the hydroxyl group, but it does not react with alcohols 

that contain two or more oxygen-based substituents at these positions. Primary alcohols that 

contain a single oxygen atom on the beta carbon are not oxidized by this system. Owing to 

this effect of electron-withdrawing substituents, the catalyst tolerates polyoxygenated 

moieties, such as sugars, attached to molecules via glycosidic bonds. In contrast, deoxy 

sugars are oxidized selectively to give the corresponding ketones by the catalyst system. In 

general, dione products from the oxidation of multiple alcohols were not observed because 

of the high sensitivity of the catalyst to differences in the properties of various alcohols. The 

use of a dehydrogenation process with a ketone as the acceptor, rather than a conventional 

oxidation with oxygen, peroxide or amine oxide, creates a tolerance for olefins, amides, 

esters, enoates, epoxides, acetals, amines, phenols and carbohydrates in elaborate 

topological settings.

The examples in Fig. 2a show the selectivity for oxidation of secondary alcohols over 

primary alcohols and the selectivity for one secondary alcohol over the others in polyol 

structures. The dehydrogenation of andrographolide with Ru-2 occurred selectively at the 

hindered secondary alcohol at the C3 position to form the corresponding ketone in a 65% 

yield (1a). This secondary alcohol reacts over the secondary alcohol at the C14 position 

because of the electron-withdrawing groups near C14. The iridoid glycoside aucubin 

underwent oxidation catalysed by Ru-2 at the secondary alcohol of the cyclopentenol to 

form ketone 1b in an 87% yield; the primary allylic alcohol remained untouched, and the 

glycoside unit was stable because each alcohol in a glycoside has two or more beta oxygen 

atoms. Catalyst Ru-1, which is apparently more oxidizing than Ru-2, generates about ~4% 

aldehyde, but Ru-2 is fully selective for the formation of the ketone. The oxidation of D-

glucal occurred selectively to give a vinylogous ester in an 88% yield (1c). In contrast to 

those in a fully oxygenated carbohydrate, one hydroxyl group in D-glucal bears only one 

beta-oxygen atom and, therefore, undergoes oxidation by Ru-2. The oxidation of kirenol 

formed the natural product 15-dehydrokirenol (1d) in a single step in a 54% yield9. This 

selectivity appears to be controlled by a combination of the relative reactivity of secondary 

versus primary alcohols and the reactivity of one secondary alcohol over another. The alpha 

hydrogen of the cyclohexanol portion of this molecule experiences 1,3-eclipsing interactions 

with axial methyl and hydroxymethyl groups (Fig. 3), which leads to oxidation at the less-

electron-rich secondary alcohol at C15. Chelation of the 1,2-diol could also favour selective 

oxidation at the C15 position, which helps to overcome the electronic deactivation of this 

secondary alcohol by the proximal primary alcohol. As is usually observed in our system, 

the secondary alcohol was oxidized preferentially over the primary alcohols.

Oxidation of ouabain occurred with a remarkable selectivity for one of many hydroxyl 

groups. Ouabain contains eight hydroxyl groups, one in a primary alcohol, five in secondary 

alcohols and two in tertiary alcohols. Under the conditions with acetone as the hydrogen 

acceptor and Ru-2 as the catalyst, the oxidation of ouabain occurred at a single secondary 

alcohol to give a mono-ketone product in a 92% yield (1e). The glycosidic functionality was 
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fully tolerated because of the deactivation of each of these hydroxyl groups by an adjacent 

glycosidic oxygen atom or hydroxyl substituents. The primary alcohol, again, was less 

reactive than the secondary alcohol with acetone as the acceptor and Ru-2 as the catalyst. 

The alpha hydrogen on the secondary alcohol of ring C has 1,3-diaxial relationships with the 

hydroxymethyl substituent and a methyl substituent and, therefore, is less accessible 

sterically than the hydrogen that reacts (Fig. 3). Treatment of the keto-ouabain product with 

NH2OSO3H led to deglycosylation, generating 1-keto-ouabagenin (3a) in an 80% yield 

(Supplementary Information). This reaction exposes a less-hindered alcohol and provides a 

route to a useful keto-cardenolide core structure.

The examples in Fig. 2b show that small differences in the electronic and steric 

environments of the hydroxyl groups in polyols that contain only secondary alcohols lead to 

large effects on the site selectivity. For example, the dehydrogenation of fusidic acid methyl 

ester yielded a single ketone derivative in a 97% yield (1f). Both hydroxyl groups of this 

natural product are sterically hindered, but one alcohol is slightly more hindered partly 

because of a 1,3-eclipsing arrangement of the alpha hydrogen of the hydroxy group on the C 

ring with a gamma methyl group, and oxidation occurs at the less hindered of the two 

alcohols (Fig. 3). Steric effects also control the selectivities for the oxidation of digoxigenin, 

although the difference in steric properties in this case is more pronounced. In this structure, 

the alcohol that lacks vicinal substituents undergoes oxidation (1g), whereas the alpha 

hydrogen of the other hydroxyl group bears a gauche 1,2 interaction and an eclipsing 1,3 

interaction that blocks the site (Fig. 3). Cholic acid methyl ester is dehydrogenated 

selectively at the hydroxy group that lacks beta substituents or 1,3-eclipsing interactions 

between the alpha hydrogen and another substituent (1h and Fig. 3). Finally, the reaction of 

for-skolin illustrates the strong effect of the electronic properties of two secondary alcohols 

on selectivity. One of the secondary alcohols of forskolin is flanked by a quaternary carbon 

beta to the alcohol, and the other is flanked by a vicinal acetate. In this case, oxidation 

occurs at the more electron-rich alcohol, even though it is more sterically hindered (1i).

Sterically accessible vicinal diols react when they lack additional proximal oxygen atoms. 

When reactive, they undergo dehydrogenation to form hydroxy ketones without 

epimerization of the adjacent alcohol. For example, the oxidation of oestriol with Ru-2 
yielded the α-hydroxyketone product 1j, which results from the dehydrogenation of the 

more sterically accessible alcohol, in a 97% yield. However, the polyketide mupirocin 

methyl ester reacted in a 70% yield (1k) at the methyl carbinol over the alcohols in the 

vicinal diol. This vicinal diol unit of mupirocin methyl ester is less electron rich than that in 

oestriol because of the oxygen of the tetrahydropyran ring, and the methyl carbinol is 

sterically accessible.

For the oxidation of deacetylbaccatin III, which is the core of taxol and a precursor to 

docetaxel, an α-hydroxyketone unit inhibited the catalyst activity under our standard 

conditions. The α-hydroxyketone unit bound to the catalyst in a pure acetone solvent to 

form a ruthenium alkoxide, which was characterized by single-crystal X-ray diffraction 

(Supplementary Section 3). However, reaction in a mixture of acetone and trifluoroethanol 

(added to labilize the alkoxide) led to the selective oxidation of the secondary allylic alcohol 

to give a single ketone product in a 70% yield (1l). In concert, the secondary alcohol of the 
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β-hydroxyketone underwent full epimerization, presumably from a reversible retro-aldol 

process10.

The catalyst Ru-2 reacts with remarkable tolerance for primary allylic alcohols and α-

hydroxyenoates. The oxidation of the iridoid glycoside genipin and the macrolide brefeldin 

demonstrate the ability to oxidize a secondary alcohol without isomerization of a primary or 

secondary allylic alcohol in the same molecule to give the corresponding aldehyde or 

ketone. Brefeldin underwent selective oxidation in 87% yield at the alcohol on the five-

membered ring to form 1m. In contrast, reaction of this same compound with the catalyst 

generated from Cy2P(CH2)4PCy2 and Ru (DMSO)4(OTf)2 led to a selective isomerization of 

the allylic alcohol to the corresponding ketone 1q. Genipin underwent oxidation by Ru-2 at 

the secondary alcohol over the primary allylic alcohol to form lactone 1n directly; prior 

oxidation to the lactone required protection and deprotection of the primary allylic 

alcohol11.

Figure 2c shows oxidations that were conducted with ketones that have higher oxidation 

potentials than that of acetone. Trifluoroacetophenone can be used in stoichiometric 

quantities as the oxidant in various solvents in place of acetone when a more strongly 

oxidizing acceptor is required. For example, selective lactonization of the diterpenoid 

lagochiline to give the natural product lagochirsine (1o) occurred in a 40% yield with 2 

equiv. trifluoroacetophenone in a dioxane solvent and Ru-2 as the catalyst, whereas the 

reaction with acetone as the oxidant gave an acetonide product derived from the 1,3-diol 

moiety. The lactonization occurred after dehydrogenation of the relatively exposed primary 

alcohol, driven by the formation of a five-membered ring. Previously, the oxidation of 

lagochiline formed products from the oxidation of multiple hydroxyl groups12. Also, 

trifluoroacetophenone in excess quantities can be used to increase the rate of some slow and 

thermodynamically less favourable oxidations. For example, the oxidation of ivermectin 

with acetone as the hydrogen acceptor occurred in a <10% yield, but the same reaction with 

20 equiv. tri-fluoroacetophenone in dioxane formed ketone 1p in a 54% isolated yield. The 

other secondary alcohol in this structure bears multiple oxygen atoms on adjacent carbon 

atoms, so it is unreactive to our system.

Selective transformations of the keto derivatives of polyol natural products

The catalyst we discovered for the selective generation of a ketone unit in these natural 

products provides the potential to create derivatives of these natural products from 

modification at a single site. For example, we sought to use the ketone to incorporate 

nitrogen-containing functionality by reductive amination. However, catalytic aminations of 

hindered alcohols in complex polyols have not been reported, and the array of functionality 

in most natural products would be unlikely to tolerate the reaction temperatures, oxidants 

and bases used in the catalytic oxidation and amination with published catalytic systems. 

Therefore, we sought to identify simple catalytic conditions for this process. We also sought 

to modify the ring systems by insertions of nitrene units by a Beckmann rearrangement to 

form lactams. However, the lack of Beckmann rearrangements of such hindered and 

functionalized structures necessitated the development of the conditions for this process.

Hill and Hartwig Page 6

Nat Chem. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4 shows the formation of products that contain nitrogen-based functionality from 

selected examples of the ketones formed by our alcohol dehydrogenation. To demonstrate 

the potential for the oxidation and amination to occur on complex structures, we studied 

reactions of 3-keto-andrographolide. The arylamine derivative 2f was prepared from ketone 

2e by retro-aldol cleavage of the hydroxy-methyl group, followed by reductive amination 

with the iridium catalyst Cp*IrCl(N-(4-dimethylaminophenyl)-2-pyridylcarboxamide) 

(Ir-1)13 (Cp*, pentamethyl-cyclopentadienyl) and arylammonium formate. Classical 

reductive amination conditions with 2e gave diastereomeric mixtures of the amination 

product or side reactions at the enoate functionality, which included isomerization, reduction 

or conjugate addition. The seven-membered lactam 2d was prepared by reaction of the 

ketone with NH2OSO3H in trifluoroethanol (TFE) (aqueous (aq.)). This process is driven by 

the excellent leaving-group ability of sulfate in aqueous trifluoroethanol, which dissolves 

nonpolar substrates. In other solvents, the oxime was obtained as the main product. Again, 

more classical methods that involve the initial formation of the oxime gave isomerization of 

the enoate functionality, elimination of the hydroxy group on the five-membered ring and 

other decomposition reactions. Yet, the initial formation of the oxime did allow us to isolate 

a product 2c that contained a fused isoxazole group after the formation of an oxime and 

subsequent treatment with TsCl.

This sequence of oxidation and amination was applied to several additional natural products. 

Figure 4b shows the reaction of keto-fusidic acid methyl ester with NH2OSO3H to form the 

seven-membered lactams 2h and 2i directly. Reaction of the same ketone with ammonium 

formate catalysed by Ir-1 led to a diastereoselective reductive amination to form the free 

primary amine 2j. Figure 4c shows that the reductive amination of the dehydrogenation 

product of D-glucal with the ammonium salt of 2,6-difluoroaniline, as well as with the 

amine derivative of lithocholic acid, catalysed by Ir-1 gave diastereomerically pure amine 

products 2l and 2m in one step from the concomitant reduction of the carbon–carbon double 

bond and reductive amination of the ketone.

In addition to these reactions that involve a single ketone formed by alcohol oxidation, we 

developed a route from complex vicinal diols to lactams. As shown in Fig. 4d, the 

hydroxyketone derived from the oxidation of oestriol was directly converted into lactam 2p 
in a redox-neutral reaction under reductive amination conditions with Ir-1 and ammonium 

formate. As an alternative, stepwise oxidation and amination of hydroxyketone 1j allowed 

the parallel synthesis of multiple lactams. Baeyer–Villiger oxidation of the keto-oestriol 

occurred with H2O2 as the oxidant and [Pt(dppb) (OH)]2[BF4]2 (Pt-1)14 (dppb, 1,4-

bis(diphenylphosphino)butyl) as the catalyst to generate acetal 2o in an 84% yield. 

Treatment of the acetal product with Ir-1 and ammonium formate salts (NH3RO2CH for R = 

H, Ph) led to N-substituted lactam derivatives 2p and 2q in 78 and 77% yields, respectively.

Epimerization of alcohol units in polyol natural products

Our system not only catalyses the transfer of hydrogen from hindered alcohols to acetone 

with isopropanol as the by-product, but it also catalyses the reverse transfer of hydrogens 

from isopropanol to hindered ketones, such as pinacolone (Fig. 1d). This result suggested 

the potential to epimerize a single hydroxy group in complex polyols with a single catalyst. 
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For example, the ketone generated from the dehydrogenation of fusidic acid methyl ester 

was reduced by catalytic Ru-2 and isopropanol to give 3-epi-fusidic acid methyl ester (4a) 

in an 80% yield, with the remaining material identified as the parent fusidic acid methyl 

ester (Fig. 5a). Similarly, ouabain, which was oxidized selectively with acetone, was reduced 

with isopropanol catalysed by Ru-2 to form 1-epi-ouabain (4b) in 90% yield. With other 

polyols, such as D-glucal and andrographolide, reduction of the ketone regenerated the 

starting natural product.

A one-step epimerization also occurred in some cases. For example, the site-selective 

epimerization of fusidic acid methyl ester at the C3 position catalysed by Ru-2 occurred in 

an 84% yield, whereas that of ouabain occurred at the C1 position in a 60% yield (Fig. 5b 

and Supplementary Section 4). Although Shvo’s catalyst, which is widely used for dynamic 

kinetic resolutions15, also catalysed the epimerization of fusidic acid methyl ester at 70 °C to 

give 84% of the C3 epimer, it did not react with ouabain up to the decomposition 

temperature of 100 °C. The combination of (Ph5Cp)Ru(CO)Cl and KOtBu, which also has 

been used to epimerize simple alcohols16,17, did not react with either of these molecules 

(Supplementary Section 4).

Comparison with alternative methods for alcohol oxidation applied to polyol natural 
products

Although the catalytic oxidation of alcohols has been the subject of much research, few 

studies targeted the oxidation of complex polyols. Instead, most studies focused on the 

reactions of unhindered benzylic and allylic alcohols, linear alkanols or cyclohexanols18–22. 

In the most recent and arguably most impressive example, a series of polyglycosides were 

oxidized by Waymouth’s catalyst in 30–60% yields at the terminal sugar23. Prior to this 

study, the polyketide antibiotic mupirocin methyl ester was oxidized by the combination of 

TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl), NaOCl and KBr to give only a 31% yield 

of a monooxidation product24, and the labdane diterpene forskolin was oxidized by 

stoichiometric CrO3/pyridine in an 80% yield25, whereas another labdane diterpene, 

andrographolide, was oxidized to the 3-ketone in only a 5% yield under the optimized 

conditions26. These studies illustrate that the conditions developed for the reaction of one 

structure do not translate into the oxidation of another structure of the same or different 

class, and some molecules have resisted selective oxidation under all known conditions27–29.

To assess in more detail the suitability of known procedures with classical stoichiometric 

reagents and modern catalysts for the selective oxidation of a broader range of polyols, we 

conducted reactions on several representative densely functionalized structures shown in Fig. 

3: andrographolide, ouabain, mupirocin methyl ester and kirenol (Supplementary Section 5). 

Each of these four natural products gave mixtures of products with classical reagents, and no 

conditions gave a significant yield of the ketone product obtained from the reaction with 

Ru-1 or Ru-2 as the catalyst and acetone as the hydrogen acceptor. The reactions we 

conducted with simple published substrates occurred as described with both classical 

reagents. However, the reactions under these conditions with the four selected natural 

products gave complex mixtures. Andrographolide reacted with Dess Martin periodinane 

(DMP) to oxidize the primary alcohol over the secondary alcohols to generate a mixture of 
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49% aldehyde, 35% keto-aldehyde and only 3% of the ketone. N-bromosuccinimide in 

acetone, tested because of the selective oxidation of simple bile acids28, gave a complex 

mixture. Swern oxidation converted 65% of andrographolide into an unknown structure that 

lacks a ketone or aldehyde, and Oppenhauer conditions with trifluoroacetone catalysed by 

AlEt2OEt gave little to no conversion. The oxidation of mupirocin, ouabain methyl ester and 

kirenol also gave mixtures of products with these oxidation systems. The reaction of 

mupirocin with DMP gave an unselective oxidation to a complex mixture of products (at 

least five), the 1H NMR spectrum of which contained multiple new olefin resonances that 

signalled elimination processes. The reaction of the same substrate with AlEt2OEt/

trifluoroacetone or the Swern reagent formed a mixture of many products with a low 

selectivity. The oxidation of ouabain with DMP formed one or more aldehyde products in 

45% yield from the oxidation of the primary alcohol, along with multiple additional 

products. The Swern reagent and AlEt2OEt/trifluoroacetone gave full, unselective 

conversion into multiple products that bear olefins, as determined by 1H NMR spectroscopy. 

The reaction of kirenol with DMP gave decomposition to a mixture of several products, two 

of which contain aldehyde functionality, whereas reaction with AlEt2OEt/trifluoroacetone 

gave full decomposition to multiple products that bear new olefins.

The ability of modern oxidation and alternative transfer-dehydrogenation catalysts to oxidize 

andrographolide, mupirocin methyl ester and ouabain selectively was also assessed. The 

reaction of andrographolide with benzoquinone and catalytic [Pd(neocuproine)

(OAc)]2[OTf]2 (ref. 30), which was reported to oxidize secondary over primary alcohols in 

1,2- and 1,3-diol units, gave products that were similar to those of the reaction of DMP 

(65% aldehyde, 30% keto-aldehyde and no 3-ketone). The attempted oxidation of the same 

substrate with Ru-MACHO and KOH led to a low conversion. Shvo’s dimer oxidized 

andrographolide under optimized conditions to give a 43% yield of the 3-ketone, along with 

three other products in 32, 19 and 4% yields derived from the oxidation of the primary 

alcohol with a concomitant side reaction, loss of the hydroxyenoate functionality and loss of 

the 1,1-disubstituted olefin, respectively. Ru-MACHO and KOH led to decomposition of 

mupirocin methyl ester. Oxidation of mupirocin methyl ester by Shvo’s dimer occurred 

concomitantly with multiple side reactions, such that little product from the selective 

oxidation of the alcohol to the ketone occurred. Waymouth’s catalyst gave a low conversion 

of ouabain into multiple products, whereas the combination of Ru-MACHO and KOH led to 

the decomposition of ouabain without oxidation. Shvo’s dimer led to no conversion of 

ouabain up to temperatures at which autodecomposition occurs.

Mechanistic analysis of kinetic versus thermodynamic origins of the selectivity

The mechanism of ruthenium-catalysed transfer dehydrogenations is generally thought to 

begin by displacement of one of the labile ligands with alcohol and the generation of a 

ruthenium alkoxide7,31. When a tertiary amine is included in the reactions, the generation of 

the alkoxide could occur by deprotonation of the bound alcohol by an amine. In TFE 

solvent, no base is needed for the alcohol oxidation to proceed (Fig. 1b), and the generation 

of the alkoxide could occur by elimination of HOTf stabilized by a substrate alcohol. β-

hydrogen elimination from the alkoxide would then generate the ketone and a ruthenium 
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hydride. The resulting hydride would insert acetone to form an isopropoxide complex that 

undergoes protonolysis to initiate a second cycle.

To examine whether the observed selectivity for the oxidation of secondary over primary 

alcohols results from a kinetic selectivity or whether it results from a thermodynamic 

selectivity because of the reversible oxidation of the primary alcohol and irreversible 

oxidation of the secondary alcohol, we conducted a deuterium labelling study 

(Supplementary Section 7). The dehydrogenations of andrographolide, oestriol, ouabain and 

fusidic acid methyl ester were conducted with 5 equiv. isopropanol-d8 added as the source of 

deuteride. No deuterium was incorporated into any positions of the product molecules. An 

analogous experiment was conducted with a combination of cyclohexanol and 2-

methylpentanol in acetone in the presence of 5 equiv. isopropanol-d8 (Supplementary 

Section 7). Under these conditions, no oxidation of the primary alcohol was observed, and 

no deuterium was incorporated into the position alpha to oxygen in the primary alcohol that 

would signal reversible oxidation. Only the oxidation of cyclohexanol was observed, and 

just 1–2% deuterium was incorporated into the position alpha to oxygen in the unreacted 

cyclohexanol. These results indicate that, with the catalyst we report, the presence of excess 

acceptor leads to a kinetic selectivity for the oxidation of alcohols in both complex and 

simple substrates, even a specific hindered secondary alcohol over a primary alcohol.

Conclusion

The selective oxidation of one secondary alcohol among many can be used strategically in a 

variety of synthetic contexts to alleviate the need for protective groups to dictate site 

selectivity. The present catalyst addresses this challenge and provides a foundation for 

further advancements in hydrogen-transfer reactions involving X–H bonds. Alcohols are the 

most common functional group in natural products because of the selective hydroxylation of 

C–H bonds by P450 enzymes, whereas amino groups are less common because of the lack 

of enzymes for a direct amination. Yet, nitrogen-based functionality can impart favourable 

properties for biological activity. The catalytic reactions that we have reported create new 

complex architectures that could provide new leads for medicine, molecular biology and 

agroscience. The ability to epimerize precisely the site of an OH group, to convert an OH 

group into an NH group or to incorporate nitrogen into the ring system or chain provides the 

ability to combine nature’s spectacular synthetic prowess to create complex architectures 

with modern catalytic synthetic chemistry as a means to create unnatural products with 

enhanced physical properties and function over those provided solely from biosynthetic 

pathways.

Methods

General procedure for alcohol oxidation

Under N2, equimolar Ru-2 and N-methylmorpholine (NMM) were combined in acetone or 

TFE to form a solution. This solution was then added to a solution of the alcohol starting 

material in acetone or a mixture of acetone and TFE in a vial, along with a magnetic stir bar 

if the starting alcohol did not fully dissolve at room temperature. Next, the vial was sealed 

and heated at 65 °C for several hours, with stirring if applicable. The reaction was then 
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cooled to room temperature and evaporated to dryness. Finally, the residue was purified by 

recrystallization or column chromatography on silica gel.

Data availability

The data reported in this paper are available in the Supplementary Materials. 

Crystallographic data for the structures reported in this paper are deposited at the Cambridge 

Crystallographic Data Centre (CCDC) under the deposition numbers CCDC 1556838 

(Ru-3-Cl), CCDC 1556837 (Ru-2-DABIII-alkoxide), CCDC 1556836 (Ru-2), CCDC 

1556835 (2e), CCDC 1556834 (2d), CCDC 1556833 (2c) and CCDC 1556613 (1l). Copies 

of these data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Model alcohol oxidation and catalyst synthesis
a, Synthesis of the ruthenium catalyst for alcohol-transfer dehydrogenation. b, Mild 

oxidation of a hindered secondary alcohol is enabled by the catalyst Ru-2. c, Reactions of 

primary and secondary alcohols show the selectivity for the oxidation of secondary alcohols 

over primary alcohols. Conversions are shown in parentheses. d, The mild reduction of a 

hindered ketone is enabled by Ru-2 with iPrOH as the reductant. r.t., room temperature. 

NMM; N-methylmorpholine.
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Figure 2. Examples of the site-selective oxidation of polyol natural products
a, The oxidations of this series of natural products shows that the reactions occur at 

secondary over primary alcohols in complex structures. b, The oxidations of this series of 

natural products that contain multiple secondary alcohols show that the reactions occur at 

one secondary alcohol over other secondary alcohols. c, Thermodynamically less-favourable 

oxidations and selective dehydrogenations with stoichiometric amounts of acceptor occur 

with trifluoroacetophenone as the acceptor. Allylic isomerization occurs over oxidation in 

the presence of a ruthenium catalyst that contains the bidentate phosphine.
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Figure 3. Examples of the 1,3-eclipsing interactions that influence the selectivity of the 
dehydrogenation of certain polyols
Steric occlusion of the alpha hydrogen or the hydroxyl group of the alcohols present in 

complex molecules by distal substituents with an eclipsing 1,3-relationship decreases the 

rate of oxidation at these sites. The site of dehydrogenation is shown in red.
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Figure 4. Oxidation and amination of structurally complex polyol natural products
a, The incorporation of nitrogen-based functional groups into andrographolide occurs by the 

formation of oxime derivatives and catalytic reductive amination. (i) NH2OH–HCl, pyridine, 

40 °C, 4 h; (ii) TsCl, NEt3, THF, 40 °C, 2 d; (iii) NH2OSO3H, 1:1 0.01% TFA:TFE, 50 °C, 

24 h; (iv) NH2OSO3H, 1:1 2.5% NaHCO3(aq):TFE, 50 °C, 40 min, then 80 °C, 60 min; (v) 

2SmI2, methyl acrylate, 4:1 THF:TFE, 65 °C, 25 min; (vi) 3% Ir-1, C8H9NH2, HCO2H, 

MeOH, 65 °C. b, The incorporation of nitrogen-based functional groups into fusidic acid 

methyl ester is achieved by a direct conversion of the ketone formed by oxidation into the 

corresponding lactam and by catalytic and diastereoselective reductive amination of this 
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ketone to the free amine. (vii) NH2OSO3H, 1:1 H2O:hexafluoroisopropanol, 50 °C, 20 min, 

then 80 °C, 30 min, then 1:1 H2O:Me2CO, 80 °C, 10 min; (viii) 2.5% Ir-1, NH4O2CH, 

MeOH, 65 °C, 4 h. c, The incorporation of nitrogen-based functional groups into D-glucal is 

achieved by catalytic and diastereoselective reductive amination. The conjugation of two 

natural products was achieved by this approach. (ix) 2.5% Ir-1, C5H4F2NH3O2CH, MeOH, 

65 °C, 10 h; (x) Ir-1, lithocholic amine, HCO2H, MeOH, 65 °C, 20 h. d, The incorporation 

of nitrogen-based functional groups into oestriol is achieved by a one-step catalytic 

conversion of the hydroxyketone to give the corresponding lactam or by the combination of 

Baeyer–Villiger oxidation and reductive amination to yield N-substituted lactams. (xi) 3% 

Pt-1, H2O2(aq), THF, r.t., 2 d or 3% Pt-1, H2O2(aq), THF, 45 °C, 6 h (77% yield); (xii) R = 

H, 2.5% Ir-1, NH4O2CH, MeOH, 65 °C, 4 h; R = Ph, 2.5% Ir-1, PhNH3O2CH, MeOH, 12 

h; (xiii) 2.5% Ir-1, NH4O2CH, MeOH, 65 °C, 4 h.
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Figure 5. The reduction of complex ketones and one-step epimerization of complex alcohols
a, Reduction of complex ketones with isopropanol enables site-selective epimerization 

within polyol natural products. b, Site-selective epimerization of complex polyols is 

achieved in one step with Ru-2 as the catalyst in the absence of an acceptor. S.M., starting 

material. NMM; N-methylmorpholine.
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