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Chapter 1 

Selective catalytic oxidations 
From palladium-catalysed anti-Markovnikov oxidation of terminal 
alkenes to manganese catalysed oxidations with H 2O2 
 
 
The palladium-catalysed oxidation of alkenes, the Wacker-Tsuji reaction, is a 
undoubtedly a classic in organic synthesis providing reliable access to methyl-ketones 
from terminal alkenes often under mild reaction conditions. Methods that switch the 
selectively of the reaction to provide the aldehyde product have been as elusive as they 
are desirable due to the access they provide to a valuable functional group. In this 
chapter, we survey both the methods which have been developed recently in achieving 
such selectivity and discuss common features and mechanistic insight that offers 
promise in achieving the goal of a general method for anti-Markovnikov selective olefin 
oxidations. Finally the scope of this thesis will be described briefly together with a short 
introduction to manganese catalyst systems that are investigated in chapters 5 and 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter was published in part as a review:  
J. J. Dong, W. R. Browne and B. L. Feringa, Angew. Chem. Int. Ed., 2014, DOI: 
10.1002/anie.201404856. 
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1.1 Introduction 

The palladium(II)-catalysed oxidation of α-olefins to carbonyl compounds, reactions that 
are closely related to the industrial Wacker process for the oxidation of ethene to 
acetaldehyde,[ 1 ] is generally referred to as the Wacker–Tsuji reaction.[ 2 ] This 
transformation has become one of the best known palladium-catalysed reactions over 
the last half century,[3] and is used widely in the preparation of carbonyl containing 
compounds due to its good tolerance to other functional groups and efficiency, in 
particular that oxygen can often be used as terminal oxidant. Under the Wacker–Tsuji 
conditions, the palladium(II) catalysed oxidation of α-olefins usually follows 
Markovnikov selectivity to afford the methyl ketone products (Scheme 1). 

 

Scheme 1. Wacker oxidation of α-olefins with Markovnikov and anti-Markovnikov (AM) 
regioselectivity. 

The mechanism(s) by which the Wacker reaction proceeds has been the subject of 
investigation for over 50 years with one of the earliest studies reported by Smidt et al.[2a] 
The generally accepted global mechanism is one in which an alkene coordinates to the 
Pd(II) followed by nucleophilic attack by water and β-hydride elimination to afford the 
carbonyl product.[4] Conventionally, copper(II) chloride and molecular oxygen[5] are used 
as oxidant to regenerate palladium(II) from the palladium(0) formed in the reductive 
elimination step, which was studied extensively by Goddard and coworkers[6] and by 
Stirling, Ujaque and coworkers[7] by theoretical methods, recently (Scheme 2). The 
nucleophilic addition and other steps of the Wacker process have been studied in detail 
by Henry and co-workers and by other groups.[4,8] 

 
Scheme 2. General mechanism for Wacker-Tsuji oxidation of alkenes. 

Anti-Markovnikov (AM) selective oxidation of α-olefins is, however, highly desirable[9] as 
these reactions provide direct access to aldehydes under neutral conditions and often at 
room temperature. As such it provides an alternative to, for example, hydroformylation, 
[10] thereby circumventing the need for homologation, aldol condensation routes in the 
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case of -hydroxy-aldehyde synthesis[11] and alkene bond cleavage through periodate 
oxidation or ozonolysis[12]. 

Aldehyde selectivity, under Wacker-Tsuji reaction conditions (Scheme 1), was achieved 
as early as the mid-1980s, albeit with high selectivity only for certain substrates in which 
various functional groups were present to direct the catalyst to provide the AM product, 
including α,β-unsaturated cyclic carbonates,[13] 2-vinyl furanoside derivatives[14] and 
more recently phthalimide protected allylic amines.[15] An exception to this is the report 
by Feringa, in which AM selectivity was achieved with styrene under non-Wacker-Tsuji 
oxidation conditions (vide infra). 

The 2007 review by Muzart et al. highlighted the challenge presented in achieving high 
selectivity in the oxidation of terminal alkenes to aldehydes.[ 16 ] In the present 
introduction, we focus on those systems that have shown the highest AM selectivity in 
the oxidation of terminal alkenes and on the exciting recent progress in this field.  

It should be noted that AM oxidation of α-
olefins is not limited to aldehyde 
formation but also AM amination,[ 17,18] 
alkylation[ 19 ] and acetalisation[ 20 ] of -
olefins has been achieved using essentially 
the same palladium catalysts. (Scheme 3) 
These quite diverse reaction classes[16] can 
be considered to follow broadly similar 
mechanisms to that of the Wacker-Tsuji 
oxidation and hence to broaden the 
mechanistic perspective, we will survey 
the various approaches taken in achieving 
AM selectivity in the oxidation of -
alkenes in general. 

 
Scheme 3. Palladium-catalysed AM oxidation 
of α-olefins to aldehydes, acetals, alkanes and 
enamines. 

An obvious, albeit highly challenging, approach to achieving AM selectivity in the 
oxidation of alkenes is to modify the reaction conditions substantially,[21, 22] and to 
employ ligands for the Pd(II) catalyst, including nitrite and HMPA[23] – the so-called 
catalyst directed selectivity approach.[24] Indeed the use of even these simple ligands has 
provided more general access to AM oxidation of α-olefins (vide infra). Although DMF is 
used predominantly, the palladium-catalysed oxidation of alkenes is remarkably tolerant 
to variations in solvent; indeed the reaction shows a distinct, albeit unpredictable, 
dependence of aldehyde/ketone selectivity on solvent. For example with t-butanol high 
AM regio-selectivity was obtained in the oxidation of styrene and allyl acetate compared 
with the same reaction carried out in DMF.[21, 25] Finally, although oxygen is the 
archetypal oxidant in the Wacker-Tsuji reactions, other terminal oxidants have been 
employed successfully also (even as early as the 1960s)[26] and in the latter part of this 
review a brief discussion of the various strategies employed in terms of palladium re-
oxidants will be discussed. 
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1.2 The role of solvent in Anti-Markovnikov oxidations 

Although the Wacker process for the oxidation of ethylene is carried out using aqueous 
solutions at high temperature and pressures, the laboratory variant, the Wacker-Tsuji 
reaction, is conventionally carried out in DMF and less frequently in other 
solvents.[26,27,28] However, the challenges that AM oxidation of alkenes presents has 
driven the use of alternative solvents in the search for conditions that give high AM 
selectivity, most notably t-butanol and acetonitrile (vide infra).  

1.2.1 AM oxidations in DMF and acetonitrile 

The palladium(II) catalysed oxidation of terminal olefins with water usually proceeds in 
DMF and follows Markovnikov addition to give ketones as the primary products. 
Nevertheless under certain conditions, and in particular for specific classes of substrate, 
AM selectivity has been observed when the reaction has been carried out in DMF. From 
the point of view of application, most of the examples in the literature[16] have involved 
relatively complex compounds as single examples or with highly restricted substrate 
scope.  

The oxidation of acetonides and cyclic carbonates of allylic diols has been reported by 
Kang and co-workers to proceed with AM selectivity.[13] Reaction of a terminal allylic diol 
under O2 (1 atm), in DMF/H2O with PdCl2 and CuCl afforded the methyl ketone. By 
contrast the corresponding acetonide was converted to the aldehyde product (Scheme 
4). An analogous cyclic allylic carbonate underwent oxidation to the corresponding 
aldehyde product also, albeit with decarboxylation to provide an γ-hydroxy-α,β-
unsaturated aldehyde as the final product. The good AM selectivity obtained indicates 
that decarboxylation is either subsequent or concomitant with the alkene oxidation as 
otherwise the ketone product would have been expected from the deprotected diol. The 
authors suggested that chelation of Pd(II) by two adjacent oxygen atoms may favour 
attack by water in an anti-Markovnikov fashion. 

This mechanism was supported by 
the observation that the oxidation 
of α- or β-alkoxy substituted olefins 
did not yield the corresponding 
aldehydes selectively. Furthermore, 
Jung and Nichols have shown that 
the same high selectivity for the 
aldehyde product is obtained in the 
oxidation of terminal allylic 
acetonides, albeit with the yield of 
aldehyde being, in the authors’ own 
words, low or irreproducible.[29] 

 
Scheme 4. Wacker oxidation of acetonides and cyclic 
carbonates of allylic diols. 

Anti-Markovnikov selectivity in the oxidation of allylic alcohols: Steric interactions or 
hemiacetal formation? 

In a number of cases, homo-allylic alcohols have shown a tendency towards formation of 
butyrolactols. Indeed, Nokami reported that allylic alcohols bearing substituents  to the 
alkene and alcohol(at allylic position R2) afforded γ-butyrolactols as the main products 



  Selective catalytic oxidations 

5 

when using PdCl2 as catalyst and p-benzoquinone as oxidant in DMF with added 
water.[28] By contrast, methyl ketones were obtained as the main products when the 
hydroxyl group was acetylated or in the absence of substituents at the allylic -position. 
Such an observation might suggest that the formation of the lactol is the underlying 
reason for the observed AM selectivity. However, similar regioselectivity was observed 
upon oxidation of γ-butyrolactols with a set of substituents including alkyl, alkoxy, 
alkoxycarbonyl and sulfonyl groups indicating that steric effects dictate the product 
distribution (Scheme 5). 

 
Scheme 5. Oxidation of 1-alkene-4-ol to γ-butylrolactols. 

Ura and coworkers have investigated the Pd(II) catalysed formation of the cyclic acetals 
of vinylarenes, allyl ethers, and 1,5-dienes using BQ as oxidant and DMF as solvent. [30] 
Under these conditions pinacol showed the highest regioselectivity in the attack on 
terminal carbon of styrene due to its steric bulkiness, with less sterically hindered diols 
providing only a 1: 1 ratio of cyclic acetal and ketal. The best regioselectivity was 
achieved for vinylarenes (>95%) (Scheme 6), while allyl ethers and 1,5-dienes showed 
slightly less selectivity towards formation of acetals.  

 

Scheme 6. Oxidation of vinylarenes to acetals via nucleophilic attack of diols. 

Brimble and coworkers reported that AM oxidation of vinylphthalide could be achieved 
under classic Wacker oxidation conditions and suggested also that the bridging oxygen 
of the lactone would chelate to palladium, i.e. would act as a directing group.[31] The 
stereochemical integrity in substrate was completely retained during the oxidation 
(Scheme 7a). 

Wacker-Tsuji oxidation of 3-hydroxy-4-vinylfuranoside derivatives with exclusively AM 
selectivity was reported by Mereyala and co-workers (Scheme 7b).[14] It was found that 
when the 3-hydroxy group was cis to the vinyl group the products formed were lactols 
due to the trapping of the aldehydes formed. The aldehyde and methyl ketone products 
were obtained in equal amounts and without formation of lactols when the 3-hydroxy 
group was trans to the vinyl group. Notably protection of the 3-hydroxy group invariably 
led to the formation of aldehydes regardless of whether the 3-hydroxy group was cis or 
trans to the vinyl group.  
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Scheme 7. Oxidation of (a) vinylphthalide and (b) 4-vinyl furanosides. 

Similarly, Gelas and co-workers reported that the oxidation of α,β-ethylenic acetal of 
mono- or di-saccharides resulted in oxidation of the double bond at the α-position of the 
acetal group to afford the aldehyde product selectively.[32] 

The group of Pellissier and Santelli have reported the Wacker type oxidation of a range 
of steroid derivatives bearing a terminal vinyl group.[33] Unsatisfactory selectivity was 
obtained with CuCl and O2 as oxidant, however, good AM selectivity was obtained with 
benzoquinone together with perchloric acid and Pd(OAc)2 as catalyst; a system reported 
earlier by Miller and Wayner.[34] Aldehyde selective oxidation with palladium catalysts 
has been observed in the synthesis of steroid derivatives under these reaction 
conditions also. Again, ester and ether groups were proposed to coordinate to Pd(II), 
which facilitates the anti-Markovnikov hydroxypalladation (Scheme 8).[35] These data 
combined suggest that sterics or the presence of an oxygen bearing group (either from 
an alcohol, acetal or ester) in proximity to the alkene is key to AM selectivity. 

 
Scheme 8. Oxidation of terminal olefins in steroid derivatives. 

Anti-Markovnikov selectivity in the oxidation of allylic amines 

Indeed substrate specific examples of AM oxidation under conventional Wacker-Tsuji 
conditions have been noted in the oxidation of allylic amines also. For example, Blechert 
and coworkers reported that oxidation of benzyloxycarbonyl protected allylic amines 
proceeded with full AM selectivity (76% yield), in their synthesis of tetraponerines 
(Scheme 9a).[36]  
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In 2009, Weiner et al. 
reported that phthalimide 
protected allylic amines 
underwent fully selective 
oxidation to the 
corresponding aldehyde 
under conventional Wacker-
Tsuji conditions. These 
aldehyde products are key 
intermediates in the 
preparing of optically active 
β3-amino acids from allylic 
acetate using three 
consecutive catalytic 
steps.[15] 

 
Scheme 9. Oxidation of alkenes bearing (a) protected diamines 
and (b) phthalimide protected allylic amines provide for high 
AM selectivity. Z = benzyloxytosylate or sulfonate. 

The lack of AM selectivity with other protecting groups indicated that coordination via 
the carbonyl of the phthalimide group with the palladium catalyst is important. Indeed, 
the electron-withdrawing nature of the protecting group was unlikely to be a 
determining factor as the N-tosyl and N-nosyl protected substrates gave full conversion 
to the corresponding ketone products. Overall, however, the nature of the protecting 
group has been found to have a major impact on the selectivity of the oxidation – i.e. 
substrate control over selectivity rather than catalyst control, which holds consequences 
in regard to efforts to develop more general methods that would provide AM selectivity 
for a wider range of substrate classes. Again the role of solvent can appear to be less 
important with regard to selectivity as the same AM selectivity was observed with the 
use of t-butanol and [(CH3CN)PdCl(NO2)] as catalyst, however, for substrates bearing 
other protecting groups (e.g., Boc), a clear switching of selectivity was observed on 
changing solvent. Hence, the phthalimide protected allylic amines are more the 
exception than the rule in this regard (Scheme 9b). 

Recently, Sigman and co-workers achieved high selectivity for the AM alkylation product 
with phthalimide protected allylic amines as substrates in the hydroalkylation using a 
combination of Pd(MeCN)2Cl2, Zn(OTf)2, BQ, 3Ǻ MS, in DMA (Scheme 10).[19a] In sharp 
contrast to the oxidation of protected allylic amines to aldehydes and ketones by Weiner 
et al.,[15] where AM selectivity was observed only with phthalimide as a protecting group, 
Sigman and coworkers obtained good AM selectivity in hydroalkylation with a wide 
range of amine protecting groups in this study. Furthermore, Sigman and coworkers 
observed that protected allylic alcohols showed good AM selectivity also.[19b] The 
absence of selectivity with dodecene, confirms that the allylic substituent is essential to 
achieve AM selectivity.  
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Perdeuteriated alkylzinc reagents 
were used to probe the selectivity of 
palladium hydride species, which 
form through trans-metallation with 
the organozinc reagent followed by 
β-hydride elimination.[ 37 ] Notably, 
though, the absence of deuterium 
incorporation at the allylic carbon 
(C3) and the observation of 
stereoretention indicated that the 
palladium does not coordinate to 
that carbon, e.g., as a Pd(II) allyl 
species but instead results in 
deuterium incorporation in the C1 
and C2 positions indicating that the 
palladium forms - and 2- 
complexes only. 

 
Scheme 10. Alkylation of phthalimide protected 
allylic amine. 

Mechanistic studies 

In 2001, Spencer and co-workers reported that the regioselectivity in a palladium-
catalysed alkene oxidation can be influenced substantially by the presence of an allylic 
hydrogen.[38] It was observed that when 1-phenyl-propene was used instead of styrene 
the regioselectivity changed towards the 1-phenylpropan-2-one product. Mechanistic 
studies indicated that an agostic C–H or enyl (σ+π) complex formed between the allylic 
hydrogen and the palladium catalyst, which may govern the regioselectivity observed 
(Scheme 11). 

 

Scheme 11. Oxidation of β-(D3)methyl styrene. 

 

 

Scheme 12. Rationalisation of observed 
AM regioselectivity. 

Notably, they also reported that with stoichiometric palladium(II) AM selective oxidation 
of styrenes took place in the absence of reoxidants.[39] The extent of anti-Markovnikov 
selectivity for several substrates indicate the possible involvement of η4-palladium–
styrene complex (Scheme 12).  

The AM oxidation of 1,5-dienes has been reported by Ho and co-workers under Wacker 
oxidation conditions,[ 40 ] although sub-stoichiometric amounts of Pd(II) and gem-
disubstitution were required for AM selective oxidation of this substrate class.  
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1.2.2 AM oxidations in alcohols as solvent 

 As discussed above the effect of solvent on AM selectivity was noted by Feringa[21] as 
early as 1986, in the aerobic oxidation of styrene using the catalyst [PdCl(NO2)(MeCN)2], 
with t-butanol providing for selective conversion to the aldehyde product albeit with low 
overall conversions and 10% yield. Over and above the increased AM selectivity, the use 
of t-butanol in place of DMF or THF resulted in an increase in reaction rate as noted later 
by Wenzel and coworkers.[25] This increase in rate was ascribed to the protic nature of 
the solvent and indeed small amounts of water increased the reaction rate further albeit 
at the cost of a decrease in AM selectivity. Notably aldehyde selectivity increased in the 
order n-butanol < sec-butanol < t-butanol, which taken together suggests that the t-
butanol acts as a nucleophile to attack the less hindered terminal carbon of the olefin to 
provide the aldehyde product, while other alcohols engaged in the competing attack at 
the more hindered carbon of the olefin to provide the ketone product. This latter study 
focused on the oxidation of allyl acetate, which was converted to aldehyde as the main 
product under optimized conditions (Scheme 13). It should be noted, however, that for 
1-octene, the best selectivity (57%) was obtained only at low conversion (4%). 

 
Scheme 13. AM oxidation of allyl acetate. 

In 2005, Hosokawa’s group reported that, with modification of the reaction conditions, 
5% decanal could be obtained from 1-decene in t-butanol.[ 41] Again the AM selectivity 
was attributed to the steric bulk of the alcohol, which acts as a nucleophile. Paired 
interacting orbitals (PIO) analysis was used to model the oxypalladation step in the 
reaction and indicated that the facile formation of a Pd–C and a C–OR bond at either C1 
or C2 of olefin is responsible for the regioselectivity. 

Grubbs’ and co-workers reported that a terminal alcohol could be prepared from 
terminal alkenes, e.g., styrene, via anti-Markovnikov oxidation catalysed by Pd(II) with 
Cu(II) present followed by in situ reduction with isopropanol using Shvo’s catalyst.[42] 

Primary alcohols were obtained with high selectivity in the case of styrene derivatives 
while secondary alcohols were the main product obtained in the case of aliphatic 
alkenes. The selectivity in regard to the final alcohol product was dependent on the 
regioselectivity of the initial oxidation. The authors noted that a t-butyl vinyl ether was 
obtained in the absence of water, which was assigned as a key intermediate in the 
process of aldehyde formation, which supports the general model in which nucleophilic 
attack by solvent is the key step in determining selectivity. 

 
Scheme 14. AM oxidation of vinylarenes. 

Subsequently, the same group reported that the palladium-catalysed AM oxidation of 
styrene derivatives could be achieved in the absence of a Cu(II) salt and that the 
palladium(II) catalyst loading could be decreased from 10 mol% to 2.5 mol% when the 
reactions were carried out at 85oC (Scheme 14).[43] These conditions were later applied 
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to the preparation of linear amines via a two-step, one-pot reductive amination through 
sequential Pd(II)-catalysed oxidation and Ir(III)-catalysed reduction.[44]  

Murahashi and coworkers have reported that Pd(II) catalyses formation of cyclic acetals 
from terminal olefins (Scheme 15). Diols were used as nucleophile instead of water and 
good AM regioselectivity was observed with electron deficient olefins.[20] It should be 
noted that in this system dimethoxyethane was used as solvent as the yields obtained in 
DMF were reported to be low. The formation of an acetal from CH2=CHCOPh competed 
with the formation of significant amounts of Michael addition-type by-products, 
however, these side reactions could be supressed by addition of Na2HPO4. That the 
additive worked as a proton scavenger was confirmed by the observation that K2CO3, 
inhibited these side reactions also. Based on a study of the 1,2-migration of deuterium in 
D2C=CHOPh, the authors proposed that the reaction pathway involved oxypalladation, 
Pd-H elimination, and subsequent ring closure to yield the enol ether. Oxygenation of 
Pd-H species with molecular oxygen was also proposed to be part of the catalytic cycle. 
Later studies provided further evidence (18O incorporation from H2

18O) for the 
involvement of a hydroperoxopalladium(II) species in the catalytic cycle in the oxidation 
of 1-decene.[45]  

 
Scheme 15. Oxidation of electron-poor α-olefins to cyclic acetals. 

Using methanol as nucleophile in the acetalisation of methacryloyl derivatives opened 
up a new route for synthesising both (R)- and (S)-3-hydroxy-2-methylpropanal dimethyl 
acetal. It was proposed that the stereochemistry in the acetal product was determined 
at the trans-oxypalladation and stereoselective 1,2-hydride migration steps.[46] Again 
although alcohols were used as nucleophiles, instead of water, in the Pd(II) catalysed AM 
oxidation, dimethoxyethane was used as solvent.  

Previously, Dai and coworkers reported acetalisation of terminal olefins with the 
nucleophile (i.e. an alcohol) as solvent, 10% Li2PdCl4 as catalyst and 300 mol% CuCl2 as 
oxidant (Scheme 16). High selectivity in favour of the acetal (AM) product was obtained 
for tertiary allyl amine.[47] Alkoxyl chlorinated products were obtained with opposite 
regioselectivity, however, with a allyl sulfide or a secondary allyl amine. 

 
Scheme 16. Acetalisation of allylic amines and allylic sulfides. 
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With 4-pentenyl sulfide, the selective nucleophilic attack at the terminal carbon is 
ascribed to the direct influence of the S atom in the oxypalladation step. Presumably 
due to the fact that nitrogen is less suited to coordination to palladium than sulfur is, 4-
pentenylamine afforded a 1:1 product ratio of acetal and ketal. It is of note that Cu(II) is 
essential in achieving acetal selectivity as when BQ was employed the product obtained 
with tertiary allyl amine was a mixture of the ketal and acetal products. Lempers and co-
workers reported the Pd(II) catalysed oxidation of methylacrylate to 3,3-dimethoxy 
methyl propionate using methanol both as nucleophile and solvent and oxygen as 
oxidant.[48] Notably, addition of an Fe(III) salt as well as a Cu(II) salt was more efficient in 
reoxidation of the Pd(0) formed since Fe(III) can rapidly oxidize Cu(I) to Cu(II), and 
oxidation of Fe(II) to Fe(III) by oxygen is fast also. 

The number of examples in which the regioselectivity of the palladium-catalysed 
oxidation of alkenes is reversed by the presence of functional groups that can engage in 
coordination to the catalyst is impressive and indicates that hydroxylpalladation is the 
key step that determines the outcome of the reaction under Wacker-Tsuji oxidation 
conditions (PdCl2, DMF, H2O, CuCl, O2). Alcohols as solvent and nucleophile, in place of 
DMF / H2O, provides a more general approach to achieving AM selectivity primarily due 
to the steric encumbrance imposed by the alcohol and the nature of substrates. 
Although the use of alcohols reduces the limitations in terms of allylic functional group, 
achieving a generally applicable method yielding AM selectivity consistently remains 
elusive. 

1.3 Ligand-directed Pd(II) catalysed oxidations 

A relatively straightforward approach to AM selective oxidation of α-olefins is to use 
additives that can potentially act as ligands to palladium(II), providing, of course, steric 
and electronic perturbation of the catalysed reactions and, in the case of nitrite, 
mediating the oxygen transfer to the -olefin. 

1.3.1 Palladium nitrite system 

The oxidation of olefins to ketones in acetonitrile catalysed by 
bis(acetonitrile)chloronitro palladium(II) was reported by Andrews and Kelly in 1981.[49] 
The proposed mechanism involves a palladium nitro-nitrosyl redox cycle involving 
oxygen. 18O-labeling indicated that the oxidation of olefins involves oxygen transfer from 
the nitro group to the olefin rather than from water as in the classical Wacker oxidation 
reaction. Furthermore [PdCl(NO)] was identified as a red-brown precipitate when the 
oxidation of 1-decene to 2-decanone was carried out in the absence of oxygen at room 
temperature. The precipitate was found to react with oxygen to regenerate the initial 
palladium-nitro complex.[50,51,52] 18O-labelling, spectroscopic data and a crystal structure 
have confirmed that the formation of heterometallocycle is plausible as an intermediate 
step (Scheme 17).  
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Scheme 17. Catalytic cycle for the oxidation of alkenes to ketones with [PdCl(NO2)(MeCN)2]. 

Heumann reported that [PdCl(NO2)(MeCN)2] catalysed the oxidation of 4-vinylcyclohex-
1-ene with oxygen to the corresponding exocylic-ketone as the sole product. In contrast 
bicyclic olefins, such as 5-vinylnorbornene, underwent epoxidation of the internal 
alkene.[53] Heumann and Andrews proposed that the cycloaddition of the nitropalladium 
complex to the olefin is likely to be followed by β-H elimination, which is consistent with 
heterocycles forming as intermediates in the catalytic cycle.  

The application of a palladium-nitro/nitroso catalyst in the aerobic oxidation of terminal 
alkenes to aldehydes was reported by Feringa as early as 1986.[21] The catalyst was 
prepared by heating a mixture of [PdCl(NO2)(MeCN)2] and CuCl2 in a molar ratio of 1:4 in 
t-butanol at 50oC. In oxygen saturated t-butanol, 1-decene was oxidized to both 
aldehyde and ketone in a 3:2 ratio. Addition of KNO2 improved the selectivity of 
aldehyde to 7:3. When carried out in propan-2-ol, the selectivity was reversed in favour 
of the ketone product, which is consistent with the later findings by Feringa and 
coworkers[15] with regard to the solvent sensitivity towards regioselectivity in the case of 
protected allylic amines. Styrene was oxidized exclusively to phenylacetaldehyde albeit 
with only 10% conversion. An in situ formed heterobimetallic Pd(II)/Cu(II) catalyst 
coordinated to the substrate was considered to determine the selectivity of the 
cycloaddition step. The absence of activity with [PdCl2(MeCN)2] indicated that the nitro 
ligand was essential for the reactivity observed (Scheme 18).  

 
Scheme 18. The catalytic pathway in the oxidation of a terminal alkene to an aldehyde with 
[PdCl(NO2)(MeCN)2]. 

α-Alkoxytetrahydrofurans could be prepared by oxidation of homoallylic alcohols using 
t-butanol or isopropanol as solvent (Scheme 19).[54] The method holds the advantage 
that a substituent at the allylic position is unnecessary, in contrast to where DMF, with 
water present also, was used.[28] This method shows significantly higher selectivity of 
oxidative cyclisation to alkoxytetrahydrofurans, compared to the Wacker type oxidation 
to methylketones. Addition of a methylene unit to the carbon chain resulted in a loss in 
selectivity with both pyran and furan products formed, indicating that the five 
membered ring is formed more favourably than the six membered ring. 
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Scheme 19. Oxidation of homoallylic alcohols to α-alkoxytetrahydrofurans. 

The same palladium-nitro/nitroso redox couple has recently been employed by Grubbs 
and coworkers in the aerobic oxidation of linear aliphatic α-olefins and linear α-olefins 
bearing functional groups, including carboxylic acid, halides, ester, ether, and aryl 
groups.[22] The catalyst system was comprised of [PdCl2(PhCN)2], CuCl2, and AgNO2 in t-
butanol/MeNO2 at 20-25oC. An aldehyde/ketone ratio of 4:1 was obtained in the 
oxidation of 1-dodecene, albeit that the yield of the aldehyde was reduced by the 
partially competitive formation of olefin isomerization products also. In the case of 
linear α-olefins selectivity towards the aldehyde product was found to depend on the 
functional groups present. The authors ascribed the increase in ketone formation to an 
intermolecular Markovnikov attack by these nucleophilic functionalities. This catalytic 
system, which uses [PdCl2(PhCN)2] with NaNO2, was applied in the AM oxidation of 
alkenes bearing oxygen groups at the allylic or homoallylic positions (Scheme 20). High 
selectivity towards the aldehyde products were obtained ( >9 : 1).[55]  

  
Scheme 20. Oxidation of alkenes bearing oxygen groups at the allylic or homo allylic positions. 
18O labelling studies indicated that 81% of the oxygen incorporated into the aldehyde 
product originated from the nitrite salt used. It was noted that the remaining 12% could 
arise from water through a competing traditional Wacker-type nucleophilic attack. The 
combination of a Pd(II) salt and nitrite as catalyst afforded better selectivity and yield of 
aldehyde. It is possible that the catalyst facilitates formation of an NO2 radical in situ and 
that radical-type addition of NO2 to the alkene occurs, which is selective for the terminal 
position as this would generate an intermediate secondary alkyl radical (Scheme 21a). It 
was proposed that the radical addition pathway was central to the formally anti-
Markovnikov selectivity observed. However, trapping of the intermediate radical has not 
been achieved yet.  
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Scheme 21. a) Rationalisation of AM selectivity on the basis of radical stability and b) Oxidation 
of phthalimide protected allylic amines and homoallylic amines. 

Phthalimide protected allyl amine was unusual as excellent AM selectivity was obtained 
under classic Wacker oxidation conditions (Scheme 1 and Scheme 21b).[15] Indeed > 90% 
selectivity in favour of the aldehyde product was obtained for phthalimide protected 
homoallylic amine also, which do not show AM selectivity under Wacker-Tsuji 
conditions.[15] Notably, a kinetic study showed that the selectivity remained constant 
after 5% conversion indicating that the formation of the catalyst that engages in the 
majority of the reaction is not immediate. 

1.3.2 Other ligands 

In 1991, Hosokawa et al. reported that N-allylamides could be oxidized to aldehydes in 
high selectivity using [PdCl2(MeCN)2], CuCl and hexamethylphosphoric triamide (HMPA) 
under water free aerobic conditions, while methyl ketones were obtained under the 
conventional Wacker conditions (Scheme 22).[23] The AM selectivity with HPMA was 
observed only with N-allylamides and a ca. 1:1 ratio of aldehyde to ketone was obtained 
in the oxidation of allyl acetate. In contrast to the conventional Wacker conditions 
where water acts as the source of the oxygen atom, HMPA is key for aerobic oxidation 
under anhydrous conditions and it was proposed that it acted as a ligand for copper to 
supress deallylation. In the presence of water, 95–100% regioselectivity towards the 
methyl ketone products was observed.  
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Scheme 22. Oxidation of N-allylamides using HMPA as ligand. 

The authors noted that the aldehyde selectivity maybe due to chelation of the 
hydroperoxo complex and amido carbonyl group to the palladium. In 1996, Hosokawa et 
al. isolated a proposed intermediate, a palladium-copper heterobimetallic complex with 
a μ4-oxo atom derived from molecular oxygen (Scheme 23).[56] Freistad et al. reported, in 
2007, the application of this system in the oxidation of trifluoroacetimide protected 
allylic amines bearing an adjacent acetonide functional group with good AM 
selectivity.[57] 

 
Scheme 23 Formation of a palladium-copper heterobimetallic complex with a μ4-oxo bridge. 

Stahl and coworkers have reported the amination of styrene derivatives with 
palladium(II) as catalyst and deprotonated oxazolidinone as the nucleophile under 
aerobic conditions.[18] It was noted that the regioselectivity was controlled by the 
binding of the Brønsted base to the catalyst. When [(CH3CN)2PdCl2] was used, the AM 
amination products predominate, while Markovnikov amination products were obtained 
in the presence of Brønsted bases such as NEt3 and Bu4NOAc (Scheme 24). The authors 
proposed that the kinetic and thermodynamic products of styrene aminopalladation 
exhibit opposite regiochemistry, and hence may be the reason for the reversal in 
regioselectivity observed upon changes in the Brønsted base used. The thermodynamic 
preference for AM amination of styrene with oxazolidinone reflects the stability of the 
η3-benzyl adducts. 

 
Scheme 24. Oxidative amination of styrene. 

At the same time, Atwood and coworkers reported a stoichiometric amine addition to 
Pt(II)-coordinated alkyl olefins.[58] In this case, regiochemical distinction between the 
kinetic and thermodynamic products was observed also, however, the AM 
aminoplatination adduct was favoured kinetically, presumably for steric reasons, and it 
isomerized to the Markovnikov adduct at elevated temperatures. 
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1.4 Oxidants 

Although molecular oxygen is the ideal terminal oxidant in terms of atom economy, the 
value of AM-oxidation products often makes the use of other oxidants attractive where 
higher reaction rates and selectivity can be achieved. In general, it is considered that the 
reoxidation of the Pd(0) intermediate formed in the reaction is the key step to achieving 
high turnover numbers and therefore, in principle, any electron sink would suffice. The 
only exception to this are cases where palladium reacts directly with molecular oxygen 
to form palladium-peroxy species as proposed by Murahashi and coworkers.[45, 46] 
Several alternative reoxidants have been shown to be useful in the AM selective 
oxidation of terminal alkenes already including copper/oxygen combinations and 
benzoquinone.[33,42] In several cases the use of oxidants other than molecular oxygen 
have been found to increase the rate of reaction substantially and on occasion have led 
to improved AM selectivity also, indicating that the oxidant has a direct role in at least 
controlling the position of the rate determining step or even in leading to alternative 
reaction mechanisms.  

Indeed Spencer and coworkers (vide supra) have demonstrated that the regeneration of 
the Pd(II) species is not necessarily only a peripheral part of the catalytic cycle in regard 
to selectivity. They noted that with stoichiometric palladium(II) the oxidation of terminal 
alkenes proceeded with high AM selectivity. 

However, under catalytic conditions the 
ketone product was obtained with 
oxidants such as benzoquinone and 
MnO2 and decreased moderately with 
oxidants such as a H2O2 and t-BuOOH, 
which can be considered as dioxygen-
like species. The only exception to this 
was a non-coordinating oxidant the 
heteropoly-acid H4[PMo11VO40] (HPA), 
which provided high AM selectivity 
(Scheme 25).[39] 

 
Scheme 25. Oxidation of styrene using different 
oxidants. 

Overall, as can be seen in the discussion above, a strong correlation between the 
terminal oxidant used and the extent of AM selectivity obtained cannot be drawn, since 
it is the combination of solvent, oxidant, catalyst, ligand and substrate which determines 
the selectivity together, with no single factor dominating the outcome of the reactions. 
Nevertheless, the use of alternate reoxidants such as DDQ, as shown by Chen et al.59 
recently for palladium catalysed C-H activation to form -unsaturated aromatic 
aldehydes, does present an obvious path towards achieving catalyst control over 
selectivity. 

1.5 Conclusion and outlook for anti-Markovnikov oxidation of terminal alkenes 

The aim of this introduction is to provide an overview of the successful efforts to achieve 
anti-Markovnikov selective oxidation, including the preparation of aldehydes, acetals, in 
amination and alkylation (Scheme 3). Overall, it is apparent that AM selectivity is largely 
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substrate dependent, i.e. that specific substrates bearing certain functional groups need 
to be present. Nevertheless, some hints that catalyst control over selectivity can be 
achieved have appeared in the literature. It should be noted that AM selectivity 
observed for a specific substrate for one reaction class does not necessarily imply that 
similar selectivity will be observed for other conversions. For example, in the case of AM 
hydroalkylation of allylic amines[19a] the nature of the protecting group is of less 
relevance than for the corresponding AM oxidations of the substrates.[15]  

From a mechanistic perspective, two key aspects are apparent. The first is that the 
formation of an 2-palladium complex followed by nucleophilic attack of either water or 
alcohol is likely to determine the selectivity observed. The second is that the mechanism 
in its detail is not only dependent on the solvent composition used but also on the 
substrate and terminal oxidant. Despite considerable efforts, in particular in the 1980 
and 1990s, there remains an increasing need to explore the mechanism of the known 
AM reactions to establish commonalities that can be used to develop more robust 
general approaches to achieve AM selective oxidations of alkenes. Whether such a goal 
of generally applicable conditions can be reached is, however, placed in doubt by the 
observation that even with the same catalyst, apparently similar reactions can proceed 
by quite different mechanisms as in the case of [Pd(CH3CN)2ClNO2]. Of particular note is 
that in certain cases, stoichiometric reactions (in terms of Pd(II)) have provided high AM 
selectivity whereas catalytic variants show a considerable decrease in selectivity. This 
observation indicates that achieving AM selectivity may be a kinetic problem rather than 
a thermodynamic one and efforts to accelerate the reoxidation of the palladium(II) 
catalyst may be of most impact in terms of selectivity.  

Finally, the recent progress made in achieving AM selectivity under relatively mild 
reaction conditions and with ever shorter reaction times indicate that further efforts 
towards AM selective methods will simultaneously lead to improvements with regard to 
catalyst loading also. The prospect of direct catalytic AM functionalization at the 
terminal position of -olefins under full catalyst control makes these efforts highly 
attractive and worthwhile to pursue vigorously. 

1.6 Goals and outline of thesis  

The overall aim of the studies described in this thesis is to achieve highly selective 
catalytic oxidation of organic substrates. In the chapters 2 and 3 the highly challenging 
goal of selective anti-Markovnikov oxidation of terminal alkenes, specifically allylic 
esters and amides is tackled. The aldehydes obtained are highly valuable intermediates 
especially in the synthesis of unnatural -amino acids. In chapter 4 a preliminary 
exploration of the mechanisms by which these reactions proceed will be described. The 
aim of this study was to understand the key factors that determine selectivity and the 
mechanism by which oxidation proceeds in terms of the role of oxidant.  

In the second part of this thesis, an alternative approach to the oxidation of alkenes is 
explored in chapter 5, using a recently discovered[60] manganese catalyst system is 
described. In chapter 6 this catalytic system is applied further in the oxidation of 
alcohols and alkanes. Here a brief introduction to earlier work with this catalytic systems 
is given.  
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Developing catalytic systems for the oxidation of alkenes to epoxides or cis-diols has 
attracted an increasing attention in recent decades.[61] In particular, the use of atom 
economic and environmentally friendly terminal oxidants, especially oxygen and 
hydrogen peroxide. Manganese, a relatively non-toxic 1st row transition metal, has 
shown advantages in oxidation catalysis in both cost and reactivity. The development of 
new methods for selective oxidative transformations based on manganese catalysts is a 
major part of the work described in this thesis. Although the topic has been reviewed in 
detail recently,[62] here, a brief introduction to the background of the ‘in-situ prepared 
homogeneous manganese based catalyst system used in the oxidation of alkenes with 
H2O2 by our group will be given. 

Over the last three decades many novel ligand systems have been developed for iron or 
manganese oxidation catalysts. Typical examples of such ligands included N,N’,N’’-
trimethyl-1,4,7-triazacylononane[63] and pyridyl based ligand families[64] (e.g., TPEN, 
TPTN). These ligands showed varying efficiency together with iron or manganese in 
catalysing epoxidation and cis-dihydroxylation of alkenes and C-H activation in the 
presence of peracetic acid or H2O2. A key drawback of many of the pyridyl based 
catalysts was that they required 8-10 equiv. of H2O2 and engaged in substantial catalase 
type activity prior to the onset of oxidation of substrates.[65] For example, full conversion 
in the oxidation of cyclooctene required 8 equivalents H2O2. With 4 equivalents of H2O2 
less than 20% conversion was obtained, however addition of a further 4 equivalents of 
H2O2 resulted in full conversion. It was considered that the excess of oxidant was used to 
degrade pyridine based ligand. Indeed, Pijper et al. confirmed that degradation of the 
pyridyl based ligands (TPTN, 1, 2, 3, 4) to picolinic acid occurred during manganese 
catalysed oxidations, i.e., 1H NMR spectra showed the formation of pyridine-2-carboxylic 
acid after catalysed epoxidation of 2,3-dimethylbut-2-ene in acetone-d6.[66] 

 
Scheme 26. Ligands discussed in the text. 

These results prompted the authors to replace ligand 1 by an equivalent amount of 
pyridine-2-carboxylic acid, which showed the same activity and selectivity with a range 
of substrates for epoxidation or cis-dihydroxylation of alkenes. Importantly much less 
H2O2 was needed when pyridine-2-carboxylic acid was used compared with that 
required with the pyridyl based ligands.  

Understanding the role of ligands, i.e. as a source of pyridine-2-carboxylic acid, led to the 
development of a new catalytic system for the oxidation of alkenes, which consisted of 
Mn(ClO4)2, pyridine-2-carboxylic acid, NaOAc, H2O2 in acetone. Only near stoichiometric 
amounts of oxidant were needed for the reaction, which provided high reactivity and 
selectivity on oxidation of electron deficient alkenes to diols. [67] 
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Scheme 27. Oxidation of electron deficient alkenes. 

This catalytic system is relatively insensitive to the nature of the base, where 1 mol% of 
NaOAc, Na2CO3, NaHCO3, NaOH or NH4OAc provided comparable results. The base is 
essential for the reactivity as no conversion was observed using acids such acetic acid 
instead. However, surprisingly addition of acetic acid after the reaction started did not 
inhibit the reaction as long as base was added initially. 

Ketone based solvents were found to be essential for this system. Acetone and 
butanone were used successfully as solvent for oxidations with this catalyst system. A 
ketone co-solvent was tested to understand the role of ketone in the reaction when 
acetonitrile was used as ‘innocent solvent’. There was 20% conversion obtained with 10 
vol% acetone while an electron deficient ketone showed higher activity. More than 95% 
conversion has been observed using 10 vol% CF3COCH3. 19F NMR spectroscopy for this 
reaction indicated intermediate formation of a ketone peroxide. However, conversion 
was not obtained with CCl3COCCl3. 

In conclusion, the in situ prepared catalyst system was shown to be highly active in the 
cis-dihydroxylation of electron deficient alkenes. A number of electron rich alkenes were 
found to form epoxide as main product under the same reaction condition. This catalytic 
system is highly attractive since stoichiometric amounts of an environmentally friendly 
terminal oxidant H2O2 provided good activity in the oxidation of alkenes. Furthermore, 
pre-prepared ligands were not needed, which saves energy and cost. 

However, there was still a limitation that needed to be overcome, including safety 
concerns in regard to the use of ketones as solvent together with H2O2 as oxidant – with 
the potential for explosions in large scale reactions. The use of ketones as co-solvents 
could remove this risk, however, CF3COCH3 is volatile and corrosive and hence not an 
ideal choice. 

In chapter 5, this catalyst system, manganese / pyridine-2-carboxylic acid, is developed 
into a versatile method for the epoxidation of a broad scope of alkenes using a wide 
range of solvents. Multigram scale selective oxidations of electron rich alkenes using 
near-stoichiometric H2O2 under ambient conditions is described. It will be shown that 
high T.O.N. (up to 300,000) and T.O.F. (up to 40 s-1) can be achieved with good to 
excellent selectivity, remarkable functional group tolerance and a wide solvent scope. 
Furthermore, the role of ketone co-solvent is explored through the use of spectroscopy. 

In chapter 6, the oxidation of alcohols and C-H activation is reported with high turnover 
numbers and mild reaction conditions. Again the in situ prepared catalyst based on 
manganese(II) salts, pyridine-2-carboxylic acid and butanedione, is employed, which 
provides good to excellent conversions and yields with H2O2 as oxidant. Regio-selectivity 
in the oxidation of alcohols and C-H bond oxidation is described. Secondary alcohols are 
showed to react faster than primary alcohols and benzyl C-H oxidation proceeds in 
preference to aliphatic C-H oxidation. 
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Chapter 2 

Pd-catalysed selective anti-Markovnikov 
oxidation of allylic esters 
 
 
 
The Pd(II)-catalysed anti-Markovnikov oxidation of allylic esters to aldehydes at room 
temperature provides a viable alternative to valuable cross aldol products. High 
regioselectivity towards the aldehyde product was achieved using the ester protecting 
group for the allylic alcohol. Remarkably, rapid isomerisation, catalysed by palladium, 
between linear and branched allylic ester regioisomers, together with the much higher 
rate of oxidation of the branched isomer, results in the same aldehyde product forming 
selectively both form the linear and branched allylic esters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter was published in part:  
J. J. Dong, M. Fañanás-Mastral, P. L. Alsters, W. R. Browne and B. L. Feringa, Angew. Chem. Int. 
Ed., 2013, 52, 5561 –5565.  
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2.1 Introduction 

The Pd(II)-catalysed anti-Markovnikov oxidation of allylic esters to aldehydes at room 
temperature provides a viable alternative to valuable cross aldol products. High 
regioselectivity towards the aldehyde product was achieved using the ester protecting 
group for the allylic alcohol. Remarkably, rapid isomerization, catalysed by palladium, 
between linear and branched allylic ester regioisomers, together with the much higher 
rate of oxidation of the branched isomer, results in the same aldehyde product forming 
selectively both form the linear and branched allylic esters. 

The Pd(II)-catalysed oxidation of alkenes to carbonyl compounds, usually referred to as 
the Wacker or Wacker-Tsuji reaction,[1,2]

 is arguably one of the best-known reactions 
catalysed by palladium. It is an important catalytic process, industrially for the 
production of ethanal and synthetically for the conversion of olefins to ketones.[3,4] The 
oxidation of terminal alkenes typically proceeds with selective formation of 
methylketones.[5]

 The anti-Markovnikov (AM) Wacker oxidation of terminal olefins to 
aldehydes remains, however, a major challenge.[6] Under certain conditions, AM 
selectivity is obtained with styrenes,[7,8.9,10] Michael-type acceptor alkenes[11] and certain 
olefins, such as 2-vinyl-furanosides, bearing a directing functional group.[12]

 Indeed, high 
aldehyde selectivity in the catalytic oxidation of phthalimide protected allylic amines 
was reported by our group to yield a key intermediate in the preparation of β-amino 
acids.[13] On the other hand Sigman and co-workers have reported the regioselective 
oxidation of protected allylic amines controlled by various palladium catalysts to yield 
the corresponding methyl ketones.[14] 

In 1986, Pd(II)-catalysed aldehyde selective oxidation of styrene with O2 and CuCl in t-
BuOH at 30 oC was reported by Feringa.[7]

 Later, Wenzel reported good selectivity (6:1) 
for aldehyde formation from allyl acetate (56% combined yield of aldehyde and ketone), 
in t-BuOH with PdCl2/CH3CN/CuCl/NaCl at 50oC.[15]

 More recently aldehyde selective 
oxidation of styrenes was reported by Grubbs and co-workers using the catalyst 
[PdCl2(CH3CN)2], p-benzoquinone as oxidant and t-BuOH as solvent at 85oC.[10]

 However, 
a more general anti-Markovnikov alkene oxidation of non-aryl alkenes under mild 
conditions remains a challenge, despite the tremendous value in extending this reaction 
to other substrate classes, in particular allylic alcohols and esters. 

 

Scheme 1. Synthesis of -Hydroxy aldehydes by cross aldol reactions compared with Pd(II) 
catalysed oxidation of allylic esters. 
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β-Hydroxy aldehydes are usually prepared by the cross-aldol reaction between 
aldehydes or an aldehyde and a ketone.[16] The direct catalytic formation of an aldehyde 
via selective attack at the terminal carbon of an α-olefin would be a highly valuable 
alternative. However, the selective anti-Markovnikov oxidation of allylic alcohols to β-
hydroxy aldehydes has proven to be very difficult due to formation of the ketone 
products and competing olefin isomerisation.[17] 

Here, we demonstrate the aldehyde selective catalytic oxidation of ester protected 
allylic alcohols with as low as 0.5 mol% of [PdCl2(PhCN)2] and p-benzoquinone (BQ) as 
oxidant in t-BuOH under ambient conditions. Importantly, the same anti-Markovnikov 
oxidation products were obtained selectively from both branched and linear allylic 
esters (Scheme 1) due to rapid isomerization between allylic esters under the reaction 
conditions (vide infra). 

2.2 Results and discussion 

Initial attempts at AM oxidation of ester protected allylic alcohols, under conditions 
used earlier by our group for the AM oxidation of phthalimide protected allylic 
amines,[13] provided the Markovnikov product primarily (see Section 2.3.3, Table 4). A 
broad screening of reaction conditions (see Section 2.3.3, table 6), indicated that t-BuOH 
and the stoichiometric oxidant p-benzoquinone offered the highest AM selectivity. The 
methyl ketone was the main product obtained in the oxidation of unprotected allylic 
alcohol with [PdCl2(CH3CN)2] and p-benzoquinone in acetone/t-BuOH (Table 1, entry 1). 
Protection of oct-1-en-3-ol with 2-methoxyethoxymethyl and benzyl groups did not 
realize an improvement in regioselectivity (Table 1, entries 2 and 4). Furthermore the 
trimethylsilyl protected allyl alcohol was found to be unstable with deprotection 
observed under the reaction conditions (Table 1, entry 3).  

In sharp contrast, a wide range of allylic esters were found to give good aldehyde 
selectivity under the present reaction conditions (Table 1, entries 5-12).[18]

 Aryl ester 
protected but-3-en-2-ol provided a > 5:1 ratio of aldehyde to ketone (Table 1, entries 5, 
6, 7 and 10). 2-Furoyl protected but-3-en-2-ol and oct-1-en-3-ol gave a > 7:1 ratio of 
aldehyde and ketone (Table 1, entries 8 and 11). Similar aldehyde selectivity was 
obtained using the thiophene-2-carboxyl and acetyl protecting groups (Table 1, entries 9 
and 12). The 2-furoyl protecting group provided high selectivity for the aldehyde 
products and was focused upon in the optimization of reaction conditions (Tables S3, S4 
and S5). 

In the absence of water, conversion was not observed and although the selectivity was 
not affected significantly when water was present in near stoichiometric amounts 
addition of excess water led to a reduction in selectivity (Section 2.3.3, Table 5). The 
solidification of t-BuOH at ambient temperatures was found to be problematic and 
although the use of higher temperatures (Section 2.3.3, Table 5) avoided this, the 
selectivity was reduced also. The solidification of t-BuOH could be avoided conveniently 
by addition of co-solvents, other than water, also, (e.g., acetone, dichloromethane, 
diethyl ether and pentane, Section 2.3.3, Table 7) with acetone giving the highest 
selectivities (Section 2.3.3, Table 6, entry 5). The use of high substrate concentrations 
(0.5 M), together with the fact that water does not need to be added to the reaction 
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indicates, tentatively, that the source of the oxygen in the aldehyde and ketone products 
originates from the solvent t-BuOH. 

Table 1. Effect of protecting group on the oxidation of allylic alcohols 

 

Entry  R1 R2 [b] Conv. [a], [b] A : M : (L+K) 
1[c] C5H11 H full 11 : 89 : 0 
2 C5H11 MEM full 15 : 85 : 0 
3[d] C5H11 TMS full --- 
4 Me  full 20 : 80 : 0 

5 Me  full 79 : 14 : 7  

6 Me 
 

full 79.5 : 11.5 : 9  

7 Me 
 

full 75 : 13.5: 11.5 

8 Me  full 83 : 11 : 6 

9 Me  full 85: 10 : 5 

10 Me 
 

full 74.5 : 13.5 :12 

11 C5H11  full 87 : 6 :7 
12 C5H11  full 86 : 7 :7 

[a] 0.025 M in substrate, conversion and selectivity determined by 1H NMR spectroscopy. [b] 
reaction mixtures were stirred at r.t. until completion was indicated by TLC unless stated 
otherwise. [c] unidentified side products observed. [d] deprotection was observed under 
reaction conditions. 

A range of palladium complexes were tested for anti-Markovnikov selectivity under 
optimized reaction conditions (Chapter 4, Table 1). [PdCl2(PhCN)2] showed higher 
selectivity in the oxidation of 2B to the corresponding aldehyde 2A (Chapter 4, Table 1) 
and shorter reaction times in general compared with, e.g., [PdCl2(CH3CN)2].[19] 

A key challenge in the palladium catalysed oxidation of alkenes is the often high catalyst 
loadings employed.[1,3]

 In the present system, as little as 0.5-2.5 mol% catalyst is 
sufficient, providing excellent aldehyde selectivity (A:M ratios were 7:1 – 20:1) when 
substrate concentrations from 0.1 M to 0.5 M in t-BuOH/acetone are used (Table 2). 2-
Furoyl protected allylic alcohols (1-8B) were tested under the optimized reaction 
conditions; 0.5-2.5 mol% of [PdCl2(PhCN)2], 1 equiv. of p-benzoquinone and t-
BuOH/acetone at room temperature (Table 2).  
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Most aliphatic allylic esters underwent oxidation with high selectivity for the formation 
of aldehydes in > 70% yield (Table 2, entries 1-4). Ester protected 4-methylhex-1-en-3-ol 
(5B) provided good selectivity also, albeit in a yield of only 45% of aldehyde 5A due to 
the formation of the corresponding linear allylic ester 5L (Table 2, entry 5 and vide infra). 

Table 2. Pd(II)-catalysed oxidation of branched allylic esters[a], [b] 

 
Entry R compound Conv. A : M A, Isolated yield 

1[c] H 1B full 11 : 1 1A,  78% 
2[d] CH3 2B full 7 : 1 2A,  71 % 
3[d] C2H5 3B full 20 :1 3A,  79 % 
4[e] C5H11 4B full 20 : 1 4A,  73% 

5[e], [f]  5B 95% 20 : 1 5A,  45% 
6[c]  6B full 20 : 1 6A,  71% 

7[e], [f] Ph 7B full 20 : 1 7A,  52% 
8[e], [g] Bn 8B 95% 20 : 1 8A,  64% 

[a] Reactions were performed at 1 mmol (substrate) scale. 0.5 M in substrate unless noted 
otherwise, conversion and selectivity determined by 1H NMR spectroscopy. [b] reaction mixtures 
were stirred at r.t. until completion (by TLC). [c] 0.5 mol% PdCl2(PhCN)2 [d] 1 mol% PdCl2(PhCN)2. 
[e] 2.5 mol% PdCl2(PhCN)2. [f] unless stated otherwise, the major side product was the 
corresponding linear allylic ester. [g] 0.1 M substrate concentration. 

By contrast, the benzyl methyl ether substituted allylic ester provided high selectivity 
and yield of the aldehyde product (Table 2, entry 6). The phenyl and benzyl substituted 
allylic esters provided the aldehyde in slightly lower yield (52% and 64%, Table 2, entries 
7 and 8, respectively); again primarily due to rearrangement and not ketone formation 
(vide infra). 

When p-benzoquinone was omitted from the reaction mixture the linear allylic ester 
(e.g., 2L) was the main species present within several minutes (Scheme 2). This indicates 
that it is the thermodynamically most stable regioisomer and that under the reaction 
conditions an equilibrium, e.g., 2B and 2L, is established. Such a rearrangement, 
catalysed by palladium, has been noted previously by Henry, Oehlschlager and others.[20] 
In the presence of p-benzoquinone, the rearrangement occurred also but was slower (ca. 
30 min). [26,27] Using the (S)-enantiomer of benzoate protected pent-1-en-3-ol,[21] the 
anti-Markovnikov product, which was obtained with 30% ee, (see section 2.3.7), 
showing partial retention of configuration. This indicated that the rate of oxidation was 
of a similar order of magnitude as the rate of isomerisation to the corresponding linear 
allylic ester (Scheme 2).  

From a mechanistic perspective the rearrangement could suggest the involvement of (π-
allyl)-palladium complexes. However, it should be noted that, in the presence of 
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deuterated acetic acid, neither the oxidised nor the rearrangement products of an acetyl 
protected allylic ester contained the CD3C(=O)- moiety.[22]  

Importantly, despite the relatively rapid reversible rearrangement to the linear allylic 
ester, in the presence of p-benzoquinone, all substrates examined gave the branched 
aldehyde as the main product under optimised reaction conditions. This, together with 
the low amounts of the ketone (2K), resulting from oxidation of the linear allylic ester, 
indicates that k3>>k4 and that the Curtin-Hammett principle [23] applies (Scheme 2). 

 

Scheme 2. (i) Isomerization equilibrium and oxidation of linear an branched alkenes. The 
mechanism is consistent with (ii) the partial loss of e.e. benzyl protected substrate and (Table 3) 
the conversion of linear allylic esters (e.g. 2L) to branched ester protected -hydroxy aldehydes. 

The observation of isomerization to predominantly the linear isomer under the reaction 
conditions encouraged us to examine the possibility of using linear allylic esters as 
starting material to obtain the protected β-hydroxy aldehydes A. Indeed, several 
examples of linear alcohols L (Table 3) demonstrated that this alternative substrate class 
could be used with selectivities and yields being essentially the same as those obtained 
from the corresponding branched allylic esters (Table 3). An exception was 2-furoyl 
protected 3-phenyl-prop-2-ene-ol 8L, which showed lower conversion and yield and 
required higher catalyst loadings than the corresponding branched allylic ester 8B.  

Table 3. Oxidation of linear allylic esters 

 
Entry R compound Conv.[a][b] A : M A, isolated yield 

1[c] CH3 2L full 7 : 1 2A, 70% 
2[d] C2H5 3L full 16 : 1 3A, 74% 
3[d] C5H11 4L 95% 15 : 1 4A, 72% 
4[c]  6L full 20 : 1 6A, 71% 

5[e], [f] Bn 8L 85% 10 : 1 8A, 43% 

[a] Reactions were performed at 1 mmol scale, 0.5 M in substrate. Conversion and selectivity 
determined by 1H NMR spectroscopy. [b] reaction mixtures were stirred at r.t. until completion 
as indicated by TLC unless stated otherwise. [c] 2.5 mol % PdCl2(PhCN). [d] 1 mol% PdCl2(PhCN)2. 
[e] 10 mol % PdCl2(PhCN)2. [f] 0.1 M substrate concentration. 
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A major advantage of the isomerisation between branched and linear allylic esters is 
that even substrate mixtures provide only a single major product, i.e. the aldehyde, in 
this Pd(II) catalysed oxidation (Scheme 3). 

 

Scheme 3. Oxidation of a mixture of linear and branched allylic esters.  

The ester group at the allylic position of the alkenes was found to be key to anti-
Markovnikov selectivity when compared with other protecting groups (Table 1). This 
protecting group class was previously found to be important in the rearrangement of 
allylic esters with palladium(II) complexes also.[20] However, we have found that the 
rearrangement can be blocked by the use of cyclic protecting groups, i.e. in 4-vinyl-1,3-
dioxolan-2-one and the corresponding aldehyde was obtained with high selectivity while 
only trace ketone formation and no rearrangement was observed (Scheme 4a). 
Furthermore, the reaction proceeded at a much faster rate than with acyclic allylic 
esters, possibly due to the absence of the competing rearrangement. In this case, 
competing decarboxylation[28] was observed also, which leads to a decreased yield. It is 
notable that, as for isomerization, the decarboxylation is much faster in the absence of 
p-benzoquinone.  

 

Scheme 4. Oxidation of 4-vinyl-1,3-dioxolan-2-one and homoallylic esters. 

Finally, the AM selectivity observed for ester protected homoallylic esters, which cannot 
undergo isomerisation to the linear allylic esters, was found to be surprisingly high under 
the reaction conditions optimised for allylic esters (Scheme 4b). 

In summary, we have developed the first highly selective catalytic anti-Markovnikov 
oxidation of allylic esters, which provides a facile route to the synthesis of protected β-
hydroxy aldehydes from terminal alkenes with high selectivity, high yield and, 
importantly, with low Pd catalyst loadings. Furthermore, the aldehyde products can be 
obtained by using either the branched or linear protected allylic esters under the same 
reaction conditions, which provides a new synthetic approach for the preparation of β-
hydroxy aldehydes from linear allylic esters or even the mixtures of terminal and internal 
alkenes. Future studies will focus on the catalytic use of p-benzoquinone using a ‘redox 
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coupling with oxygen approach,[24] as applied recently in the Pd catalysed oxidation of 
internal alkenes.[25] 

2.3 Experimental Section 

General procedure for the catalytic oxidation of branched allylic esters (Table 2): 
[PdCl2(PhCN)2] and p-benzoquinone were dissolved in a mixture of t-BuOH and acetone 
( v : v / 24 : 1). The branched allylic ester B (0.5 M) was added to the mixture under N2 
and stirred at room temperature until the reaction was complete; by T.L.C. analysis. The 
combined organic layers were washed with brine, dried over Na2SO4, and concentrated 
in vacuo. Purification by flash silica-gel chromatography yielded the desired aldehyde A.  

Note. All reagents are of commercial grade and used as received unless stated 
otherwise.  

2.3.1 General Procedures and methods 

Chromatography: Merck silica gel type 9385 230-400 mesh, T.L.C.: Merck silica gel 60, 
0.25 mm, with visualization by UV and cerium/molybdenum or potassium permanganate 
staining.  Mass spectra were recorded on an AEI-MS-902 mass spectrometer (EI+) or a 
LTQ Orbitrap XL (ESI+). 1H- and 13C-NMR spectra were recorded on a Varian AMX400 
(400 and 100.59 MHz, respectively) using CDCl3 as solvent. Chemical shift values are 
reported in ppm with the solvent resonance as the internal standard (CHCl3: 7.26 for 1H, 
77.0 for 13C). Data are reported as follows: chemical shifts, multiplicity (s = singlet, d = 
doublet, t = triplet, q =quartet, br = broad, m = multiplet), coupling constants (Hz), and 
integration. 13C spectra were assigned based on APT 13C-NMR spectroscopy. All reactions 
were carried out under a nitrogen atmosphere using oven dried glassware and using 
standard Schlenk techniques.  

2.3.2 Preparation of substrates 

Preparation and protection of branched allylic esters 

 
A dry Schlenk tube was charged with aldehyde (10 mmol) and dry THF (40 mL) and 
cooled to 0°C. Vinylmagnesium bromide (12 mL, 1.0 M in THF) was added dropwise to 
the mixture. Upon complete conversion (2 h), the reaction was quenched with saturated 
aqueous NH4Cl (50 mL). The aqueous layer was extracted with EtOAc (2 x 50 mL). The 
combined organic layers were washed with brine (50 mL), dried over Na2SO4, and 
concentrated under reduced pressure. Purification by flash silica-gel chromatography 
(pentane / ether) yielded the desired allylic alcohol.  
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The allylic alcohol (10 mmol) and pyridine (20 mmol) were dissolved in CH2Cl2 (5.0 mL). 
The reaction mixture was cooled to 0 °C and charged dropwise with the acid chloride 
(10.3 mmol). Upon complete addition, the reaction mixture was allowed to warm to r.t. 
and conversion verified by TLC. The mixture was diluted with EtOAc (100 mL) and 
washed with aqueous 1N HCl (30 mL), water (30 mL) and brine (30 mL). The solution was 
concentrated under reduced pressure. Purification by flash silica-gel chromatography 
(pentane / ether) yielded the desired allylic ester. 

Protection of linear allylic alcohols 

 
Linear allylic alcohols were protected as for branched allylic alcohols where the 
corresponding allylic alcohols were available from commercial sources. 

Preparation of protected linear allylic esters from their corresponding branched allylic 
esters 

 
A solution of the allylic ester (5 mmol) in t-BuOH (9.52 mL) and acetone (0.48 mL) under 
argon was treated with [PdCl2(MeCN)2] (10 mol%). The solution was stirred overnight 
after which conversion had reached in excess of 50 %. The solution was concentrated in 
vacuo. Purification by flash silica-gel chromatography (pentane / ether) yielded the 
linear allylic ester. 
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2.3.3 Optimisation of conditions for catalysed oxidation reactions 

Table 4. Selectivity and conversion achieved in the oxidation of allylic esters with oxygen as 
terminal oxidant   

a) 

 
 

 Entry Conditions Reaction  
time A : Ma Comments 

1 PdCl2 (10 mol%), CuCl 
(100 mol%), DMF:H2O 7:1  3 days 1 : 5.5 73% isolated yield 

2 PdCl2 (10 mol%), CuCl2 
(50 mol%), DMF:H2O 4:1  3 days 0 : 100 Reaction stops at 

62% conv.  

3 Na2PdCl4 (10 mol%), CuCl 
(100 mol%), DMF:H2O 1:1  5 days 0 : 100 ---- 

a Determined by 1H-NMR spectral analysis of the crude reaction mixture. 

b) 

 

 Entry Solvent A : Ma Comments 

1 DMF:H2O 7:1 1 : 3 Full conv. after 2 days; 79% yield 

2 DMF:H2O 1:1 0 : 100 82% yield 

3 DMF:H2O 7:1 + 2 eq. 
HMPA 0 : 100 85% yield 

4 DMF -- No reaction, SM recovered 

5 Acetonitrile -- No reaction, SM recovered 

6 DMF:H2O 5:1 1 : 4.2 Full conv. 

7 DMF:H2O 15:1 1 : 3.7 Slower reaction; Full conv. not reached 

8 t-BuOH:H2O 9:1 1.8 : 1 85% yield of combined yield (A and M) 
a Determined by 1H-NMR analysis of the crude reaction mixture. 
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Table 5. Selectivity and conversion achieved in the oxidation of allylic esters with different 
amount of water 

 

 Entry Solventc Conv.b 2A : 2M : (2L+2K) 

1 t-BuOH / 100 eq. H2O full 71 : 24 : 5 

2 t-BuOH / 3 eq. H2O full 75 : 17 :8 

3a t-BuOH / 3 eq. H2O full 68 : 19 : 13 

4 t-BuOH / 1.1 eq. H2O full 75 : 15 : 10  

5 t-BuOH / acetone (24 : 1)d full 83 : 11 : 6 
a at 40 oC b reaction mixtures were stirred at r.t. until completion (by TLC) unless stated otherwise 
c keep the substrate concentrate at 0.025 M d volume ratio. 
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Table 6. Screening of solvent, temperature, reaction time and added water in the oxidation of 2B 
with 10 mol% [PdCl2(MeCN)2].  

 

entry time H2O 
Equiv. solvent Temp. resulta 

1 5 h 3.0 t-amyl alcohol r.t. Low conversion 
2 20 h 3.0 t-amyl alcohol r.t. Full conv. A: M / 2.5 : 1 
3 18 h 1.1 t-amyl alcohol r.t. Full conv. A:M / 3.2:1 

4 18 h 1.1 t-BuOH : t-amyl alcohol 
24 : 1 r.t. Full conv. A:M / 3.3:1 

5 3 h 100 t-BuOH r.t. Full conv. A:M / 2.2:1 

6 5 h 3.0 t-BuOH r.t. Full conv. A:M / 4.4:1 
side products less than 10% 

7 5.5 h 3.0 t-BuOH (0.025 M) r.t. Full conv. A:M / 4.4:1 
more than 10% side product 

8 3 h 3.0  t-BuOH 40 oC Full conv. A:M / 3.5:1 

9 5.5 h 1.1 t-BuOH r.t. Full conv. A : M / 4.9 :1 
10% side product 

10 20 h 
 1.1 t-BuOH (5 mol% Pd) r.t. Full conv. A : M / 4.2 :1 

17% side product 

11 20 h 
 1.1 t-BuOH (1 mol% Pd) r.t. Full conv. A : M / 4.8 :1 

10% side product 

12 5.5 h 3.0 t-BuOH : i-PrOH 
24 : 1 r.t. Full conv. A : M / 4.4 : 1 

13 5.5 h 3.0 t-BuOH : EtOH 
24 : 1 r.t. Full conv. A : M / 3.5 : 1 

14 4 h 1.0 t-BuOH : i-PrOH 
24 : 1 r.t. Full conv. A : M / 5 : 1 

14.5% side product 

15 4 h 1.0 t-BuOH : acetone 
24 : 1 r.t. Full conv. A : M / 6.3 : 1 

9% side product 

16 5 h 1.0 t-BuOH : acetone 
4 : 1 r.t. Full conv. A : M / 6.3 : 1 

9% side product 

17 4h 1.0 t-BuOH : butanone 
4 : 1 r.t. Full conv. A : M / 6.0 : 1 

7% side product 

18 4h 1.0 t-BuOH : butanedione  
(4 equiv.) r.t. Full conv. A : M / 6.4 : 1 

Less than 5% side product 

19 4.5 h 1.1 Acetone r.t. 
55% conv. Only 
rearrangement product (i.e. 
the linear alkene) 

a side product = corresponding linear alkene and oxidised linear alkene 
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Table 7.  Oxidation of 2B with co-solvents, at r.t. using 10 mol% [PdCl2(CH3CN)2] 

entry time solvent resulta 

1 6 h t-BuOH : t-BuCN ( 24 : 1) 74% conv. 40% side product 
26% aldehyde 8% ketone 

2 6 h t-BuOH : CH2Cl2 (24 : 1) Full conv. A : M / 6.3 : 1 
5% side product 

3 6 h t-BuOH : Diethyl ether (24 : 1) 90% con. 10% side product 
A : M / 6.5 : 1   

4 5h t-BuOH : Pentane (24 : 1) Full conv. A : M / 5.7 : 1 
6% side product 

5 6h t-BuOH : Acetone (24 : 1) Full conv. A : M / 7.5 : 1  
6% side product 

a side product = corresponding linear alkene and oxidized linear alkene. 

2.3.4 General procedures for catalysed oxidation of allylic esters  

Oxidation of branched allylic esters (Table 2, Scheme 4) 

[PdCl2(PhCN)2] (0.005 mmol to 0.025 mmol) and p-benzoquinone (1 mmol) were 
dissolved in a 2 ml mixture of t-BuOH and acetone (v : v / 24 : 1). The branched allylic 
ester (1 mmol, 0.5 M) was added to the mixture under N2 and stirred at room 
temperature until the reaction was complete by T.L.C. analysis. The combined organic 
layers were washed with brine, dried over Na2SO4, and concentrated in vacuo. 
Purification by flash silica-gel chromatography yielded the desired aldehyde.  

Oxidation of linear allylic esters (Table 3) 

[PdCl2(PhCN)2] (0.005 mmol to 0.05 mmol) and linear allylic alcohol (0.5 mmol, 0.5 M) 
were dissolved in the 1 ml mixture of t-BuOH and acetone (v : v / 24 : 1). p-
Benzoquinone (0.5 mmol) was added in the solution. The reaction mixture was 
protected by nitrogen and stirred at room temperature until the reaction was complete. 
The combined organic layers were washed with brine, dried over Na2SO4, and 
concentrated in vacuo. Purification by silica-gel flash chromatography yielded the 
desired aldehyde.  

Oxidation of a mixture of linear and branched allylic esters (Scheme 3) 

[PdCl2(PhCN)2] (0.025 mmol) and linear allylic alcohol (0.5 mmol, 0.25 M) were dissolved 
in the 2 ml mixture of t-BuOH and acetone (v : v / 24 : 1). After stirring for 30 min, p-
benzoquinone (1 mmol) was added to the solution. After the p-benzoquinone had 
dissolved, the branched allylic ester (0.5 mmol, 0.25 M) was added. The reaction mixture 
was kept under N2 and stirred at room temperature until the reaction was complete. 
The combined organic layers were washed with brine, dried over Na2SO4, and 
concentrated in vacuo. Purification by flash silica-gel chromatography (9 : 1 / pentane : 
ether eluent) yielded the desired aldehyde. 
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2.3.5 Characterisation of products and substrates 

 3-Oxopropyl furan-2-carboxylate 1A (Table 2, entry 1) Isolated by flash 
column chromatography on silica gel (pentane/ether = 9:1, Rf = 0.6). The title compound 
was obtained as a colourless oil (78% yield). HRMS (ESI+) calc. for C8H9O4 (M+H)+ 
168.0500, found 169.0494;  
1H NMR (400 MHz, CDCl3) δ 9.84 (s, 1H), 7.58 (s, 1H), 7.17 (d, J = 3.5 Hz, 1H), 6.51 (m, 
1H), 4.64 (t, J = 6.17 Hz, 1H), 2.90 (dt, J = 1.35 Hz, 6.16, 1H); 13C NMR (101 MHz, CDCl3) δ 
199.0, 158.3, 146.5, 144.1, 118.3, 111.8, 58.3, 42.7. 

 4-Oxobutan-2-yl furan-2-carboxylate 2A (Table 2, entry 2) Isolated by flash 
column chromatography on silica gel (pentane/ether = 9:1, Rf = 0.5).The title compound 
was obtained as a colourless oil (71% yield). HRMS (ESI+) calc. for C9H11O4 (M+H)+ 
183.0651, found 183.0651;  
1H NMR (400 MHz, CDCl3) δ 9.79 (s, 1H), 7.57 (s, 1H), 7.16 (d, J = 3.5 Hz, 1H), 6.50 (m, 1H), 
5.6 (m, 1H), 2.87 (ddd, J = 16.94 Hz, 7.08 Hz, 2.32 Hz, 1H), 2.70 (ddd, J = 16.94 Hz, 5.43 
Hz, 1.46 Hz, 1H), 1.45 (d, J = 6.37 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 199.0, 157.9, 
146.4, 144.4, 118.2, 111.8, 66.6, 49.5, 20.2. 

 1-Oxopentan-3-yl furan-2-carboxylate 3A (Table 2, entry 3) Isolated by flash 
column chromatography on silica gel (pentane/ether = 8.5:1.5, Rf = 0.55).The title 
compound was obtained as a colourless oil (79% yield). HRMS (ESI+) calc. for C10H13O4 
(M+H)+ 197.0808, found 197.0808;  
1H NMR (400 MHz, CDCl3) δ 9.78 (s, 1H), 7.56 (s, 1H), 7.15 (d, J = 3.49 Hz, 1H), 6.49 (m. 
1H), 5.46(m. 1H), 2.80 (ddd, J = 16.8 Hz, 7.26 Hz, 2.56 Hz, 1H), 2.73 (ddd, J = 16.8 Hz, 5.06 
Hz, 1.5 Hz, 1H), 1.77 (m. 1H), 0.97 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 199.3, 
158.1, 146.4, 144.3, 118.1, 111.8, 70.9, 47.6, 27.3, 9.4. 

 1-Oxooctan-3-yl furan-2-carboxylate 4A (Table 2, entry 4) Isolated by 
flash column chromatography on silica gel (pentane/ethyl acetate = 8.5:1.5, Rf = 
0.45).The title compound was obtained as colourless oil (73% yield). HRMS (ESI+) calc. 
for C13H19O4 (M+H)+ 239.1277, found 239.1277; 
1H NMR (400 MHz, CDCl3) δ 9.79 (s, 1H), 7.57 (s, 1H), 7.16 (d, J = 3.5 Hz, 1H), 6.51 (m. 
1H), 5.53 (m. 1H), 2.79 (ddd, J = 16.75 Hz, 7.13 Hz, 2.59 Hz, 1H), 2.74 (ddd, J = 16.75 Hz , 
5.12 Hz , 1.6 Hz, 1H), 1.74 (m, 2H), 1.30 (m, 6H), 0.87 (m, 3H); 13C NMR (101 MHz, CDCl3) 
δ 199.3, 158.1, 146.4, 144.3, 118.2, 111.8, 69.9, 48.1, 34.2, 31.4, 24.8, 22.4, 13.9.  



  AM oxidation of allylic esters 

37 

 4-Methyl-1-oxohexan-3-yl furan-2-carboxylate 5A (Table 2, entry 5) 
Isolated by flash column chromatography on silica gel (pentane/ether = 8:2, Rf = 
0.45).The title compound was obtained as a colourless oil (45% yield). HRMS (ESI+) calc. 
for C12H17O4 (M+H)+ 225.1121, found 225.1120; 
1H NMR (400 MHz, CDCl3) δ 9.79 (s, 1H), 7.58 (s, 1H), 7.16 (d, J = 3.5 Hz, 1H), 6.50 (m. 
1H), 5.54 (m. 1H), 2.72 (m, 2H), 1.88-1.16 (m, 3H), 0.94 (m, 6H); 13C NMR (101 MHz, 
CDCl3) δ 199.7, 199.6, 158.1, 146.5, 118.1, 118.1, 111.8, 72.9, 72.3, 45.8, 44.8, 38.5, 38.1, 
25.3, 24.9, 14.3, 14.1, 11.5, 11.3. 

 1-(Benzyloxy)-4-oxobutan-2-yl furan-2-carboxylate 6A (Table 2, entry 
6) Isolated by flash column chromatography on silica gel (pentane/ether = 7.5:2.5, Rf = 
0.4).The title compound was obtained as a colourless oil (71% yield). HRMS (ESI+) calc. 
for C16H17O5 (M+H)+ 289.1070, found 289.1070; 
1H NMR (400 MHz, CDCl3) δ 9.80 (s, 1H), 7.59 (s, 1H), 7.35-7.27 (m. 5H), 7.18 (d, J = 3.5 
Hz , 1H), 6.51 (m, 1H), 5.67 (m, 1H), 4.61-4.53 (dd, J = 22.8 Hz, 12.1 Hz, 2H), 3.75-3.67 
(ddd, J = 22.5 Hz ,10.5 Hz, 4.7 Hz, 2H), 2.90 (dd, J = 6.2 Hz, 1.6 Hz, 2H); 13C NMR (101 
MHz, CDCl3) δ 198.7, 157.8, 146.6, 144.1, 137.5, 128.4, 127.8, 127.6, 118.5, 111.9, 73.3, 
70.2, 68.5, 45.0, 29.6. 

 3-Oxo-1-phenylpropyl furan-2-carboxylate 7A (Table 2, entry 7) Isolated by 
flash column chromatography of silica gel (pentane/ether = 8:2, Rf = 0.5).The title 
compound was obtained as a colourless oil (52% yield). HRMS (ESI+) calc. for C14H13O4 
(M+H)+ 245.0808, found 245.0810; 
1H NMR (400 MHz, CDCl3) δ 9.80 (s, 1H), 7.58 (s, 1H), 7.45-7.30 (m. 5H), 7.21 (d, J = 3.5 
Hz, 1H), 6.51 (m, 1H), 3.23 (ddd, J = 17.0 Hz, 8.3 Hz, 2.2 Hz, 1H), 2.99 (ddd, J = 17.0 Hz, 
4.9 Hz, 1.3 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 198.3, 157.5, 146.6, 144.2, 138.6, 128.8, 
128.6, 126.3, 118.5, 111.9, 70.9, 49.7. 

 4-Oxo-1-phenylbutan-2-yl furan-2-carboxylate 8A (Table 2, entry 8) 
Isolated by flash column chromatography on silica gel (pentane/ether = 7:3, Rf = 0.4).The 
title compound was obtained as a colourless oil (64% yield). HRMS (ESI+) calc. for 
C15H15O4 (M+H)+ 259.0970, found 259.0965; 
1H NMR (400 MHz, CDCl3) δ 9.73 (s, 1H), 7.58 (s, 1H), 7.32-7.23 (m. 5H), 7.15 (d, J = 3.5 
Hz, 1H), 5.72 (m, 1H), 3.14 (dd, J = 13.7 Hz, 6.0 Hz, 1H), 3.00 (dd, J =13.8 Hz, 6.9 Hz , 1H), 
2.78 (ddd, J = 17.07 Hz, 7.4 Hz, 2.3 Hz, 1H), 2.72 (ddd, J = 17.0 Hz, 5.0 Hz, 0.9 Hz, 1H); 13C 
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NMR (101 MHz, CDCl3) δ198.9, 157.8, 146.5, 144.2, 136.0, 129.5, 128.6, 127.0, 118.3, 
111.8, 70.3, 46.9, 40.2. 

 Allyl furan-2-carboxylate 1B (Table 2, entry 1) Isolated by flash column 
chromatography on silica gel (8 : 2 / pentane : ether eluent). The title compound was 
obtained as a colourless oil (91% yield).  
1H NMR (400 MHz, CDCl3) δ 7.54 (s, 1H), 7.16 (d, J = 3.5 Hz, 1H), 6.46 (m, 1H), 5.97 (m, 
1H), 5.37 (d, J = 7.17 Hz, 1H), 5.25 (d, J = 10.41 Hz, 1H), 4.76 (d, J = 5.7 Hz, 2H) 

 But-3-en-2-yl furan-2-carboxylate 2B (Table 2, entry 2) Isolated by flash column 
chromatography on silica gel (7.5 : 2.5 / pentane : ether eluent). The title compound was 
obtained as a colourless oil (93% yield).  
1H NMR (400 MHz, CDCl3) δ 7.51 (s, 1H), 7.12 (d, J = 3.5 Hz, 1H), 6.44 (m, 1H), 5.87 (m, 
1H), 5.51 (m, 1H), 5.29 (d, J = 7.2 Hz, 1H), 5.13 (d, J = 10.5 Hz, 1H), 1.36 (d, J = 6.5 Hz, 3H). 

 Pent-1-en-3-yl furan-2-carboxylate 3B (Table 2, entry 3) Isolated by flash 
column chromatography on silica gel (8.5 : 1.5 / pentane : ether eluent). The title 
compound was obtained as a colourless oil (90% yield).  
1H NMR (400 MHz, CDCl3) δ 7.53 (s, 1H), 7.13 (d, J = 3.5 Hz, 1H), 6.45 (m, 1H), 5.82 (m, 
1H), 5.36 (m, 1H), 5.30 (d, J = 7.2 Hz, 1H), 5.18 (d, J = 10.5 Hz, 1H), 1.73 (m., 2H), 0.91 (t, J 
= 7.4 Hz, 3H). 

 Oct-1-en-3-yl furan-2-carboxylate 4B (Table 2, entry 4) Isolated by flash 
column chromatography on silica gel (8 : 2 / pentane : ether eluent). The title compound 
was obtained as a colourless oil (94% yield).  
1H NMR (400 MHz, CDCl3) δ 7.49 (s, 1H), 7.09 (d, J = 3.5 Hz, 1H), 6.40 (m, 1H), 5.79 (m, 
1H), 5.35 (d, J = 7.2 Hz, 1H), 5.12 (d, J = 10.5 Hz, 1H), 1.64 (m, 2H), 1.28 (m, 6H), 0.78 (m, 
3H)  

 4-Methylhex-1-en-3-yl furan-2-carboxylate 5B (Table 2, entry 5) Isolated by 
flash column chromatography on silica gel (9 : 1 / pentane : ether eluent). The title 
compound was obtained as a colourless  oil (88% yield).  
1H NMR (400 MHz, CDCl3) δ 7.57 (s, 1H), 7.17 (d, J = 3.5 Hz, 1H), 6.49 (m, 1H), 5.86 (m, 
1H), 5.39 (d, J=7.2 Hz, 1H), 5.41-5.20 (m, 3H), 1.74-1.69 (m,1H), 1.57-1.50 (m,1H), 1.25-
1.15 (m,1H), 0.97-0.82 (m, 6H). 
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 1-(Benzyloxy)but-3-en-2-yl furan-2-carboxylate 6B (Table 2, entry 6)  
Isolated by flash column chromatography on silica gel (8.5 : 1.5 / pentane : ether eluent). 
The title compound was obtained as a colourless oil (85% yield).  
1H NMR (400 MHz, CDCl3) δ 7.59 (s, 1H), 7.33-7.21 (m, 6H), 6.52 (m,1H), 5.93 (m,1H), 
5.74 (m,1H), 5.44 (d, J = 7.2 Hz, 1H), 5.31 (d, J = 10.5 Hz, 1H), 4.61 (dd, J = 2.2 Hz, 22.7 Hz, 
2H) , 3.73-3.64  (m, 2H). 

 1-Phenylallyl furan-2-carboxylate 7B (Table 2, entry 7) Isolated by flash column 
chromatography on silica gel (8 : 2 / pentane : ether eluent). The title compound was 
obtained as a colourless oil (85% yield).  
1H NMR (400 MHz, CDCl3) δ 7.58 (s, 1H), 7.46-7.32 (m, 5H), 7.24 (d, J = 3.5 Hz, 1H), 6.50 
(m, 1H), 6.14 (m, 1H), 5.43 (d, J = 7.2 Hz, 1H), 5.33(d, J = 10.5 Hz, 1H). 

 1-Phenylbut-3-en-2-yl furan-2-carboxylate 8B (Table 2, entry 8) Isolated by 
flash column chromatography on silica gel (9 : 1 / pentane : ether eluent). The title 
compound was obtained as a colourless oil (87% yield).  
1H NMR (400 MHz, CDCl3) δ 7.57 (s, 1H), 7.31-7.17 (m, 6H), 6.49 (m, 1H), 5.91 (m, 1H), 
5.71 (m, 1H), 5.33 (d, J = 7.2 Hz, 1H), 5.23 (d, J = 10.5 Hz, 1H), 3.13 (dd, J = 7.1 Hz, 13.7 
Hz, 1H), 3.02 (dd, J = 6.3 Hz, 13.7 Hz, 1H) 

 (E)-but-2-en-1-yl furan-2-carboxylate 2L (Table 3, entry 1)  Isolated by flash 
column chromatography on silica gel (8.5 : 1.5 / pentane : ether eluent). The title 
compound was obtained as a colourless oil (93% yield).  
1H NMR (400 MHz, CDCl3) δ 7.50 (s, 1H), 7.11 (d, J = 3.5 Hz, 1H), 6.43 (m, 1H), 5.80 (m, 
1H), 5.59 (m, 1H), 4.66 (d, J = 6.5 Hz, 1H), 1.66 (d, J = 6.4 Hz, 1H). 

 (E)-pent-2-en-1-yl furan-2-carboxylate 3L (Table 3, entry 2)  Isolated by flash 
column chromatography on silica gel (9 : 1 / pentane : ether eluent). The title compound 
was obtained as a colourless oil (91% yield).  
1H NMR (400 MHz, CDCl3) δ 7.53 (s, 1H), 7.14 (d, J = 3.5 Hz, 1H), 6.46 (m, 1H), 5.83 (m, 
1H), 5.56 (m, 1H), 4,72 (d, J = 6.3 Hz, 2H), 2.02 (m, 2H), 0.97 (m, 3H). 
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 (E)-oct-2-en-1-yl furan-2-carboxylate 4L (Table 3, entry 3)  Isolated by 
flash column chromatography on silica gel (8 : 2 / pentane : ether eluent). The title 
compound was obtained as a colourles  oil (95% yield).  
1H NMR (400 MHz, CDCl3) δ 7.55 (s, 1H), 7.17 (d, J = 3.5 Hz, 1H), 6.48 (m, 1H), 5.83 (m, 
1H), 5.62 (m, 1H), 4.73 (d, J = 6.4 Hz, 2H), 2.03 (m, 2H), 1.27 (m, 6H), 0.86 (m, 3H). 

 (E)-4-(benzyloxy)but-2-en-1-yl furan-2-carboxylate 6L (Table 3, entry 4)  
Isolated by flash column chromatography of silica gel (9.5 : 0.5 to 8.5 : 1.5 / pentane : 
ether eluent). The title compound was obtained as a colourless oil (61% yield).  
1H NMR (400 MHz, CDCl3) δ 7.53 (s, 1H), 7.30-7.21 (m, 5H), 7.15 (d, J = 3.5 Hz, 1H), 6.46 
(m, 1H), 5.92 (m, 2H), 4.78 (d, J = 4.3 Hz, 2H), 4.48 (s, 2H), 4.02 (d, J = 3.5 Hz, 2H). 

 (E)-4-phenylbut-2-en-1-yl furan-2-carboxylate 8L (Table 3, entry 5) Isolated 
by flash column chromatography on silica gel (9.7 : 0.3 to 8.5 : 1.5 / pentane : ether 
eluent). The title compound was obtained as a colourless oil (56% yield).  
1H NMR (400 MHz, CDCl3) δ 7.57 (s, 1H), 7.32-7.18 (m, 6H), 6.51 (m, 1H), 6.02 (m, 1H), 
5.73 (m, 1H), 4.79 (d, J = 6.3 Hz, 2H)), 3.42 (d, J = 6.7 Hz, 2H). 

  



  AM oxidation of allylic esters 

41 

2.3.6 Offline 1H NMR spectroscopic analysis  

Reaction progress in the oxidation of allylic ester 2B (Scheme 2i) was studied by off-line 
1H NMR spectroscopy. 

 
 t0 = 0 h (only starting material 2B),  t1 = 1 h (starting material 2B, linear allylic ester 2L, aldehyde 
2A), t2 = 5 h (starting material 2B, linear allylic ester 2L, aldehyde 2A), t3 = 16 h (starting material 
2B, linear allylic ester 2L, aldehyde 2A), t4 = 36 h (aldehyde 2A, ketone 2M, ketone 2K) 

2.3.7 Oxidation of enantiopure protected allylic alcohol  

Retention of configuration in the oxidation of enantiopure benzyl protected pent-1-ene-
3-ol determined by chiral HPLC (ODH – i-PrOH/Heptane, 1:99). 
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HPLC chromatogram of benzyl protected 3-hydroxypentanal prepared by oxidation of 
(left) racemic benzyl protected 3-hydroxypentanal and (right) (S)-benzyl-pent-1-ene-3-ol 
ester. 
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Chapter 3 

Palladium - catalysed anti-Markovnikov 
oxidation of allylic amides to protected 
β-amino aldehydes 
 
 
 
A general method for the preparation of N-protected β-amino aldehydes from allylic 
amines or linear allylic alcohols is described. Here the Pd(II) catalysed oxidation of N-
protected allylic amines with benzoquinone is achieved in t-BuOH under ambient 
conditions with excellent selectivity toward the anti-Markovnikov aldehyde products 
and full retention of configuration at the allylic carbon. The method shows a wide 
substrate scope and is tolerant of a range of protecting groups. Furthermore, -amino 
aldehydes can be obtained directly from protected allylic alcohols via palladium-
catalysed autotandem reactions and the application of this method to the synthesis of 
β-peptide aldehydes is described. From a mechanistic perspective, we demonstrate that 
t-BuOH acts as a nucleophile in the reaction and that the initially formed tert-butyl ether 
undergoes spontaneous loss of isobutene to yield the aldehyde product. Furthermore t-
BuOH can be used stoichiometrically thereby broadening the solvent scope of the 
reaction. Primary and secondary alcohols do not undergo elimination allowing the 
isolation of acetals, which subsequently can be hydrolysed to their corresponding 
aldehyde products. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
This chapter was published in part:  
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3.1 Introduction 

-Amino acids, in particular unnatural variants, are of increasing importance, not least in 
the preparation of protease-resistant -peptides and / -peptides.[1,2] Furthermore, -
amino aldehydes, the direct precursors of -amino acids,[2] are crucial building blocks for 
the preparation of peptide aldehydes,[3] which enable ligation of unprotected peptides 
in aqueous solution, show potent bioactivity,[4] and are key intermediates in the 
synthesis of natural products and pharmaceutical derivatives.[5] 

Catalytic approaches for preparation of -amino aldehydes rely primarily on the 
Mannich reaction,[6] Michael additions,[7] hydroformylation,[8] and methodologies such 
as anti-Markovnikov (AM) hydration of alkynes and the aza-Petasis-Ferrier 
rearrangement.[9] A highly attractive direct route to protected -amino aldehydes is 
through the AM oxidation of N-protected terminal allylic amines  [10] 

Recent progress in the palladium-catalysed AM oxidation of alkenes made by both our 
group and Grubbs and co-workers, has enabled the realisation of selective oxidation of a 
range of terminal alkenes to aldehydes.[11] Indeed, we recently demonstrated that allylic 
esters can be oxidised readily to the corresponding aldehydes selectively using a catalyst 
such as [(PhCN)2PdCl2] and the oxidant p-benzoquinone in tert-butyl alcohol (t-BuOH) 
under ambient conditions.[12 c]  

The new opportunities arising from Wacker-Tsuji AM oxidation of allylic amines was 
demonstrated recently by Feringa and co-workers in the AM-selective oxidation of 
phthalimide-protected allylic amines to their corresponding 3-amino aldehydes 
(Scheme 1).[12] However, extension of this method to any other protecting group 
resulted in loss of AM selectivity, severely limiting its utility (Scheme 1). Hence, despite 
its obvious synthetic worth, a general method for the synthesis of protected -amino 
aldehydes through AM oxidation of the corresponding allylic amines has, until the 
present report, not been achieved.  

 
Scheme 1. Catalytic Oxidative Synthesis of phthalimide-protected -amino aldehydes from 
branched allylic amines.[12] 

Herein we show highly selective AM oxidation of branched allylic amines bearing a range 
of protecting groups to give the corresponding aldehydes under ambient conditions 
(Scheme 2). The fact that various protecting groups and solvents can be used makes this 
approach general and flexible in both organic synthesis and peptide chemistry. The key 
to the success of our method lies in the combination of p-benzoquinone (BQ) as the 
oxidant and t-BuOH as the solvent / reagent (in place of the conventional Wacker-Tsuji 
conditions employing O2, CuCl and DMF/H2O, respectively). Importantly, the method 
allows for full retention of the stereochemistry of enantioenriched allylic amides, 
providing a new route for the catalytic asymmetric synthesis of amino aldehydes 
(Scheme 2). Furthermore, the Pd(II) catalysts used also enable protected -amino 
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aldehydes to be obtained directly from protected linear allylic alcohols via an 
autotandem approach. Finally, in earlier studies by both our group and the group of 
Grubbs, the use of t-BuOH as solvent was perceived to be essential to achieving AM 
selectivity. Here we demonstrate that the role played by the alcohol, either as solvent or 
stoichiometrically, is as a nucleophile and the source of oxygen atom in the final product. 
However, although all of the linear and tertiary alcohols employed give full conversion, 
only t-BuOH provides excellent AM selectivity in the oxidation of allylic amides. 

 
Scheme 2. Catalytic oxidative synthesis of protected -amino aldehydes described in this 
chapter. 

3.2 Results and discussion 

The method introduced recently by our group for the oxidation of allylic esters, i.e., with 
[(RCN)2PdCl2] (R = CH3, iPr, Ph) as the catalyst and BQ as the oxidant in t-BuOH under 
ambient conditions,[11c] was applied here in the oxidation of trichloroacetyl-protected 
allylamine to yield the aldehyde product exclusively (>99:1; Table 1, entry 1).  

Table 1. Catalyst Screening 

 
entry catalyst conversion A : Ma 

1 [(CH3CN)2PdCl2] full 99 : 1 
2 [(iPrCN)2PdCl2] full 99 : 1 
3 [(PhCN)2PdCl2] full 99 : 1 
4 [PdCl2] 30% 99 : 1 
5 [(MeCN)2PdCl(NO2)] 40% 99 : 1 
6 [Pd(OAc)2] 0% - 

     a Conversion and ratio is determined by 1H NMR spectroscopy. 

Several related catalysts were tested under the same conditions (Table 1). Complexes of 
the type [(RCN)2PdCl2] (entries 2 and 3) were similarly effective with full conversion and 
AM selectivity, whereas lower conversion was obtained using [PdCl2] or 
[(MeCN)2PdCl(NO2)] albeit with full retention of the AM selectivity (entries 4 and 5). 
Conversion was not observed with [Pd(OAc)2] (entry 6). The activity observed with 
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[PdCl2] is less than that where nitrile ligands are present, but the observation that AM 
selectivity is retained with all of the catalysts that showed activity suggests that the role 
of the nitrile ligand is to increase the solubility of the catalyst and to enable ready 
displacement of a ligand by the substrate, i.e., the alkene.[13] 

Substrate scope and tolerance of protecting groups The scope of the reaction with 
regard to protecting groups and substituents was investigated with the readily available 
catalyst [(CH3CN)2PdCl2] and BQ as the oxidant in t-BuOH (Scheme 3). When the catalyst 
loading was varied from 2.5 to 10 mol%, only the reaction rate was affected (it 
increased) and no change in AM selectivity was observed (typically > 99 : 1 aldehyde : 
ketone). Notably, the addition of excess BQ oxidant did not increase the reaction rate. 
Further studies employed a catalyst loading of 5 mol% and stoichiometric BQ with a 
substrate concentration at 0.5 M in t-BuOH.  

 
Scheme 3. Pd(II)-catalysed oxidation of protected allylic amides. 

% Isolated yields and (in parentheses) aldehyde: ketone ratio are shown. 

Phthalimide-protected allylic amines were oxidised to aldehydes 2a and 2b with 
excellent selectivity (> 99:1; Scheme 3) using a reducing reaction time reduced of 16 h 
compared with those required under Wacker-Tsuji conditions (Scheme 1), where 72 h 
was required together with 10 mol% catalyst.[12] N-Boc-protected 1-phenylallylamine 1d 
was converted to 2d in high yield and selectivity, which contrasts with the formation of 
the corresponding ketone product under Wacker-Tsuji conditions as reported earlier.[12] 
Mono- or bis-N-protected phenylallylamines with a series of protecting groups  were 
also converted to the corresponding aldehydes selectively, including pivalic (2c), benzoyl 
(2e), 2-furoyl (2g) and trichloroacetyl (2h) monoprotected substrates and 
benzoyl/phenyl (2k) and trifluoroacetyl/ methoxyl phenyl (2l) bis-protected ones. In 
addition, 4-methoxylphenyl (2f), methyl (2i), pentyl (2j) and ethyl (2m) substituted allylic 
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amines with various protecting groups were converted selectively in good isolated yields 
(Scheme 3). The relatively lower yield of 2c, 2e and 2f are mainly due to lower 
conversion of the substrate and formation of enamine side products. 

Synthesis of protected -amino aldehydes from linear allylic alcohols It should be 
noted that the synthesis of protected allylic amine precursors is often challenging.[14] The 
wide tolerance to protecting groups shown by the present catalytic system, however, 
allows for protected -amino aldehydes to be prepared directly from linear allylic 
alcohols in high yield and atom economy. Protection of linear allylic alcohols with several 
imidoyl groups was followed by in situ Pd(II)-catalysed rearrangement[ 15 ] to the 
protected branched allylic amines and subsequent oxidation to the corresponding 
aldehydes in good yields (Scheme 4) with the same selectivities as obtained in the one- 
step protocol (Scheme 3). Trifluoroacetyl/4-methoxyphenyl-protected but-3-en-2-amine 
(2o) was converted with excellent selectivity (99:1), while trichloroacetyl-protected but-
3-en-2-amine (2i) provided the same selectivity as in the one-step protocol (7:1, 
aldehyde:ketone). It should be noted that for product 2p, the lower yield obtained was 
due to low conversion in the oxidation of the allylic amide. Furthermore, the slightly 
lower yields in the tandem reactions (Scheme 4) compared with those for oxidation of 
isolated allylic amides (Scheme 3) were due to the formation of small amounts of 
decomposition products, which has been noted earlier as being due to the formation of 
acetamides and allylic cations.[15a] Notably, the palladium catalysed [3,3]-rearrangement 
of the allylic imidate to the allylic amide was not observed in the case of 3-phenylallyl 
trichloroacetimidates.[15b] 

 
Scheme 4. Synthesis of -amino aldehydes from allyl imidate via an Autotandem[16] reaction. 

Conditions: total reaction time 36 - 72 h; 10 mol% catalyst loading added in the first step. 
Isolated yield and (in parentheses) aldehyde: ketone ratios are shown. 

Importantly, in contrast to the oxidation of allylic esters, where the reversibility of the 
Pd(II) catalysed rearrangement between branched and linear isomers resulted in erosion 
of enantiomeric excess in enantioenriched branched allylic esters,[12c] the 
enantioselectivity is fully retained in the case of allylic amines (Scheme 5). The 
palladium-catalysed enantioselective Overman rearrangement[15] proceeds with 
excellent enantiomeric excess in t-BuOH, and the subsequent Pd(II)-catalysed oxidation 
provides the corresponding aldehyde in 95% ee. Hence the synthesis of an enantiomeric 
rich -amino aldehyde can be achieved readily starting from the achiral allylic alcohol. 
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Scheme 5. Asymmetric Overman rearrangement followed by Pd(II) catalysed oxidation to 
aldehyde with retention of enantiomeric excess 

Synthesis of protected -amino-aldehyde dipeptides In the view of the substrate scope 
of the reaction, its application to dipeptide synthesis was examined. Phenylallylamine 
was protected with N-trifluoroacetyl-L-proline and subsequently converted to the 
corresponding -amino aldehyde-containing peptide in 83% yield with excellent AM 
selectivity (Scheme 6), to provide the corresponding dipeptide aldehyde with the 
expected 1:1 ratio of diastereomers. Furthermore, phthalylglycine was coupled to 
phenylallylamine and upon oxidation the corresponding aldehyde derivative was 
obtained in high yield (81%, Scheme 6). The peptide bond here helps the selective 
oxidation to -peptide aldehyde, which circumvents the need for N-deprotection in 
conventional peptide synthesis.  

 
Scheme 6. Synthesis of -peptide aldehyde via palladium catalysed oxidation 

Catalyst loading 5 mol%; Isolated yields and diastereomeric ratios determined by 1H NMR 
spectroscopy are shown. 

Role of the Solvent. A key feature of AM oxidations of alkenes with Pd(II) is the 
requirement that t-BuOH be used as solvent.[11] The attack of a nucleophile, i.e., water 
or alcohol, is viewed as being a key step in the Pd(II) catalysed oxidation of alkenes. 
Indeed, Grubbs and co-workers proposed that t-BuOH reacted with an 2-styrene 
complex to form an enol ether as an intermediate, followed by hydrolysis with water to 
release phenylacetaldehyde.[11b, f] The importance of stoichiometric water in the 
oxidation of styrene was exemplified in that report by the 38% yield of aldehyde 
achieved when only adventitious water (i.e. from atmospheric moisture) was present.  

In sharp contrast, in both the oxidation of allylic esters reported by our group earlier[11c] 

and in the oxidation of allylic amines reported here, reduced selectivity was observed 
with water present, and indeed, water is not needed in order to achieve both full 
conversion and AM selectivity. The data support a mechanism for the oxidation of these 
substrates in which water and t-BuOH compete as nucleophiles, with the former 
providing the methyl ketone product and the latter the desired aldehyde product. 
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In the present study, when methanol or ethanol was used as the solvent, a decrease in 
AM selectivity (dialkoxy acetal : ketone ca. 2:1) was observed. The formation of dialkoxy 
acetals is notable and consistent with earlier reports on the oxidation of -olefins 
bearing electron-withdrawing substituents in the presence of, in particular, diols.[17]  
Furthermore, when aldehyde 2h was added at the start of a reaction, together with an 
oxidisable allylic amide, it did not form an acetal (Scheme 7). Hence, the formation of 
the acetal must occur during the catalytic cycle and not subsequent to oxidation of the 
alkene. 

 
Scheme 7. Oxidation of 1h in the presence of 2h in methanol. 

These data confirm the role of the alcohol as nucleophile. However, the direct formation 
of the aldehyde product when t-BuOH is used as solvent, even under anhydrous 
conditions, suggested that an elimination reaction takes place subsequent to the 
oxidation (Scheme 8). The elimination was confirmed by headspace GC analysis with the 
detection of 2-methyl-propene during the oxidation of both allylic amides and allylic 
esters. As expected, although other alcohols could be used for the reaction, butene 
isomers were not detected in the gas phase in those cases. Indeed neither was 2-methyl-
propene observed when the substrate was omitted. Furthermore, when stoichiometric 
t-BuOH was used with acetone as the solvent, full conversion and selectivity were 
achieved. When t-BuOH was omitted from the reaction, conversion was not observed, 
confirming its role as reagent. 

 
Scheme 8. Oxidation of allylic amines or allylic esters in the presence of t-BuOH. 

Quantification of the transformation of a tertiary alcohol to its corresponding alkene 
during the oxidation of allylic amides was obtained using the tertiary alcohol 2-phenyl-2-
propanol stoichiometrically in the oxidation of allylic amides in acetone (Scheme 9). 2-
Phenyl-1-propene was formed stoichiometrically together with full conversion of the 
allylic amide, albeit notably with a loss in selectivity (aldehyde to ketone ratio of 1.5:1). 
The decrease in AM selectivity is likely due to water,[18] which competes with sterically 
hindered tertiary alcohols more effectively than with t-BuOH. Indeed, although full AM 
selectivity was observed when t-BuOH was used stoichiometrically in acetone, the 
addition of 10 equiv. of water resulted in a substantial decrease in selectivity to 3:1 
(aldehyde:ketone). Similar results were obtained with 3-methylpentan-3-ol and 2,3-
dimethylpentan-3-ol (see Experimental section for further details). 

 
Scheme 9. Oxidation of allylic amides in the presence of a 2-phenyl-2-propanol. 
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These data confirm the role of the alcohol in the reaction as a nucleophile and that the 
direct formation of aldehyde is due to elimination in the case of tertiary alcohols. 
However, the fact that AM selectivity is achieved only with t-BuOH indicates that the 
selectivity is not solely dependent on either steric factors or on the occurrence of the 
elimination itself. 

Mechanistic considerations. The observation of stoichiometric isobutene formation 
with tertiary alcohols as well as alkoxy acetals with other alcohols precludes mechanisms 
in which hydrolysis of an alkyl enol ether intermediate is involved in the catalytic cycle. It 
is notable that when t-BuOH-d10 was employed either stoichiometrically with acetone as 
the solvent and stoichiometric palladium catalyst or as the solvent with Pd(II) (20 mol%), 
deuterium incorporation into the product was not observed with either 1a or 1h 
(Scheme 10). It should be noted that in both cases full conversion was achieved after 5 h 
while excellent selectivity was retained (A:M > 99 : 1). 

 
Scheme 10. AM selective oxidations with t-BuOH-d10. 

These data further indicate that hydrolysis of an enol ether, which would involve 
deuterium incorporation at the -carbon of the terminal alkene, is unlikely to be 
involved in the reaction under the conditions employed here. Hence, the mechanism is 
distinct from that proposed by Grubbs and co-workers in the oxidation of styrene in the 
presence of stoichiometric water.[11b]. Furthermore, the absence of deuterium 
incorporation when t-BuOH-d10 was used as the solvent excludes the occurrence of enol 
tautomerisation under reaction conditions. The absence of deuterium incorporation is 
consistent with a model in which intramolecular hydrogen transfer from C1 to C2 occurs 
together with acetal formation.[17b, 19] 
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Scheme 11. Proposed mechanism for aldehyde and acetal formation. 

On the basis of the experimental data, a number of possible nucloephilic pathways can 
be excluded already (Scheme 11). When primary alcohols are used (i.e., EtOH, MeOH), 
the corresponding dialkoxy acetals are obtained from allylic amides; however, these 
acetals are not formed after oxidation from aldehyde products (vide supra, Scheme 8). 
Hence, although aldehydes are obtained directly when tertiary alcohols are used, in all 
other cases it is clear that alkoxy acetals are the primary product of the oxidation by 
palladium.  The absence of deuterium incorporation from the solvent excludes enol 
intermediates in the reaction pathway, and the full retention of enantioselectivity 
excludes the formation of intermediate -allyl palladium complexes. 

3.3 Conclusion 

We have demonstrated that protected -amino aldehydes from the corresponding 
protected allylic amines and even from linear allylic alcohols, can be obtained under 
ambient conditions with a wide range of protecting groups. Furthermore, we 
demonstrate that t-BuOH acts as a nucleophile and provides the aldehyde product 
directly by means of an elimination to give isobutene. Crucially, the retention of 
stereochemistry in chiral protected allylic amines and the applicability of this method to 
peptide synthesis present considerable opportunities in synthesis and chemical biology. 

3.4 Experimental section 

3.4.1 General procedures and methods 

All reagents are of commercial grade and used as received unless stated otherwise. 
Chromatography: Merck silica gel type 9385 230-400 mesh, TLC: Merck silica gel 60, 0.25 
mm, with visualisation by UV and potassium permanganate staining.  Mass spectra were 
recorded on an AEI-MS-902 mass spectrometer (EI+) or a LTQ Orbitrap XL (ESI+). 1H- and 
13C-NMR spectra were recorded on a Varian AMX400 (400 and 100.59 MHz, respectively) 
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using CDCl3 as solvent. Chemical shift values are reported in ppm with the solvent 
resonance as the internal standard (CHCl3: 7.26 for 1H, 77.0 for 13C). Data are reported as 
follows: chemical shifts, multiplicity (s = singlet, d = doublet, t = triplet, q =quartet, br = 
broad, m = multiplet), coupling constants (Hz), and integration. 13C NMR spectra were 
assigned based on APT 13C-NMR spectroscopy. 

General procedure for the oxidation of allylic amides 

[PdCl2(CH3CN)2] (0.05 mmol) and p-benzoquinone (1 mmol) were dissolved in t-BuOH (2 
ml). The allylic amide (1 mmol, 0.5 M) was added to the solution and stirred at room 
temperature until the reaction was complete as determined by T.L.C. analysis. The 
combined organic layers were washed with water, dried over Na2SO4, and concentrated 
in vacuo. Purification by flash silica-gel chromatography yielded the desired aldehyde. 
For characterisation see section 3.4.3. 

Oxidation of allylic imidate to protected β-amino-aldehyde 

[PdCl2(CH3CN)2] (0.005 mmol to 0.05 mmol) and allylic imidate (0.5 mmol, 0.5 M) were 
dissolved in the t-BuOH (1 ml). After stirring for 6h, p-benzoquinone (0.5 mmol) was 
added in the solution. The reaction mixture was stirred at room temperature until the 
reaction was complete. The combined organic layers were washed with water, dried 
over Na2SO4, and concentrated in vacuo. Purification by silica-gel flash chromatography 
yielded the desired aldehyde. For characterisation see section 3.4.3. 

3.4.2 Preparation of Substrates 

Preparation and protection of branched allylic esters 

Substrate 1a and 1b were prepared using the Mitsunobu reaction as described 
elsewhere.[12] Substrates 1c, 1d, 1e, 1f and 1g are prepared by protection of the 
corresponding allylic amine. 

 
General method: The appropriate allylic alcohol (10 mmol) was dissolved in 
dichloromethane and the solution cooled to -15°C. Aqueous KOH (50 %, 10 mL) and 
tetrabutyl ammonium hydrogen sulfate (44 mmol, 15 mg) were added at -15°C, followed 
by dropwise addition of trichloracetonitrile (11.7 mmol, 1180 μl). The resulting mixture 
was stirred for 30 min at -15°C, followed by 30 min at RT. The solution was diluted with 
dichloromethane and water was added. The organic phase was separated, and the 
aqueous phase was extracted twice with dichloromethane. The combined organic 
phases were dried over Na2SO4, concentrated in vacuo, and filtered over silica gel (2 cm). 
The silica gel was eluted with dichloromethane, and the product allylic imidate was 
isolated by evaporation of the solvent in vacuo.[20] 

K2CO3(2 mg/mL xylene) was added  to a solution of the allylic imidate (1 equiv) in xylene 
(6 ml per 1 mmol of trichloroacetimidate) and the mixture heated to 140°C for 24 h. The 
reaction mixture was cooled to room temperature, concentrated in vacuo, and filtered 
over a short column of silica gel (eluent toluene) to yield the trichloroacetyl protected 
allylic amides 1h, 1i, 1j.[21] 
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5 M NaOH(aq) (30 equiv) was added to a solution of the corresponding amide (1 equiv) 
in absolute ethanol (5 mL per 1 mmol of amide), and the mixture was stirred at room 
temperature for 24 h. The mixture was concentrated in vacuo to remove ethanol and 
the aqueous residue was acidified to pH 1 by the addition of 6 M HCl (aq.) and washed 
three times with CH2Cl2. Na2CO3 was added to the aqueous layer to increase the pH to 8. 
The mixture was extracted three times with diethyl ether. The combined organic layers 
were dried over Na2SO4, filtered, and concentrated under reduced pressure to provide 
the corresponding allylic amine.[21] 

Preparation of 1c, 1e, 1f and 1g: A solution of benzoyl, pivaloyl or furoyl chloride (1.2 
mmol) in dry dichloromethane (2mL) was added slowly to a stirred solution of the 
appropriate allylic amine (1 mmol) in dry pyridine (2.7 mL), at 0 °C. The reaction mixture 
was stirred under an inert atmosphere at room temperature for 3 h. The mixture was 
concentrated in vacuo and the residue dissolved in chloroform, washed with NaHCO3 
(aq.) and brine. The organic layer was dried over Na2SO4, filtered and concentrated in 
vacuo. The crude product was purified by flash column chromatography.[22] 

Substrate 1d: (Boc)2O (810 mg, 3.71 mmol) was added to a stirred solution of allylic 
amine (3.71 mmol) in dioxane (8mL) containing 8 mL aqueous solution of NaOH (2.5 M)  
and the mixture was stirred at room temperature for 30 min. After addition of water (10 
mL), the mixture was extracted with diethyl ether. The combined organic phases were 
washed with brine, dried (Na2SO4), and concentrated in vacuo. The residue was purified 
by flash column chromatography.[23] 

 
Substrates 1k, 1l and 1m were prepared by rearrangement of the corresponding allylic 
imidates. Sodium hydride (60% in mineral oil, 1.1 equiv) was added to a solution of allylic 
alcohol in THF (2 ml / mmol) at 0 °C. After stirring at room temperature for 2 h, a 
solution of 2,2,2-trifluoro-N-(4-methoxy-phenyl)-acetimidoyl chloride  or N-phenyl 
benzimidoyl chloride (1.0 equiv) in THF (0.5 mL / mmol) was added. Stirring was 
continued for 2 h, then water (10 mL / mmol) and MTBE (10 mL / mmol) were added. 
The organic and aqueous phases were separated and the aqueous phase was extracted 
with MTBE (10 mL / mmol). The combined organic phases were dried over Na2SO4 and 
concentrated in vacuo. The residue was purified by column chromatography (pentane + 
NEt3) to afford the desired allylic imidate.[24] 

Allylic imidate was added at room temperature to a solution of 
bis(acetonitrile)dichloropalladium(II) (5 mol%) in DCM (2ml /mmol) and the mixture 
stirred overnight. The mixture was concentrated in vacuo and filtered over silica gel 
using DCM as eluent.  The solvent was removed in vacuo to yield the corresponding 
allylic amide.  

 

 

 

 



Chapter 3 

56 

3.4.3 Characterisation of products 

N-(3-oxo-1-phenylpropyl)pivalamide 2c Isolated by flash column 
chromatography on silica gel (pentane/ether = 6 : 4). The title compound was obtained 
as a white solid (58% yield). HRMS (ESI+) calc. for C14H20NO2 (M+H)+ 234.1488, found 
234.1489;  
1H NMR (400 MHz, CDCl3) δ 9.69(s, 1H), 7.32-7.17 (m, 5H), 6.24 (s, 1H), 5.42 (dd, J = 6.4 
Hz, 14.2 Hz, 1H), 2.90 (m, 2H), 1.13 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 200.4, 177.9, 
140.5, 128.9, 127.8, 126.3, 49.0, 48.4, 38.7, 27.4. 

 tert-butyl (3-oxo-1-phenylpropyl)carbamate 2d Isolated by flash column 
chromatography on silica gel (pentane/ether = 6:  4).The title compound was obtained 
as a white solid (85 % yield). HRMS (ESI+) calc. for C14H20NO3 (M+H)+ 272.1257, found 
272.1256;  
1H NMR (400 MHz, CDCl3) δ 9.74 (s, 1H), 7.37-7.27 (m, 5H), 5.20-5.13 (m, 2H), 3.02-2.88 
(m, 2H), 1.42 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 200.1, 155.0, 140.9, 128.8, 127.7, 
126.2, 79.9, 50.1, 49.8, 28.3. 

N-(3-oxo-1-phenylpropyl)benzamide 2e Isolated by flash column 
chromatography on silica gel (pentane/ether = 5 : 5).The title compound was obtained 
as a light yellow solid (50 % yield). HRMS (ESI+) calc. for C16H16NO2 (M+H)+ 254.1175, 
found 254.1171;  
1H NMR (400 MHz, CDCl3) δ 9.81 (s, 1H), 7.78-7.76 (d,  J = 7.7 Hz, 2H), 7.52-7.29 (m, 8H), 
6.95 (m, 1H), 5.73-5.68 (dd,  J = 6.5 Hz, 14.1 Hz, 1H), 3.24- 3.18 (dd, J = 6.5 Hz,  17.0 Hz, 
1H), 3.09-3.03 (dd,  J =  6.0 Hz,  17.0 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 200.5, 166.7, 
140.3, 133.9, 131.7, 128.9, 128.6, 127.9, 126.9, 126.5, 49.1, 48.8. 

N-(1-(4-methoxyphenyl)-3-oxopropyl)benzamide 2f Isolated by flash 
column chromatography on silica gel (pentane/ether = 6 : 4).The title compound was 
obtained as a yellow solid (50 % yield). HRMS (ESI+) calc. for C17H18NO3 (M+H)+ 
284.1281, found 284.1279;  
1H NMR (400 MHz, CDCl3) δ 9.81 (s, 1H), 7.76-7.74 (m, 2H), 7.51-7.29 (m, 5H), 6.89-6.83 
(m, 3H), 5.68-5.63 (dd,  J = 6.5 Hz, 14.1 Hz, 1H), 3.79 (s, 3H), 3.23- 3.16 (dd, J = 6.5 Hz,  
16.8 Hz, 1H), 3.06-3.00 (dd,  J =  6.3 Hz,  16.8 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 200.5, 
166.6, 159.2, 134.0, 132.3, 131.7, 128.5, 127.8, 126.9, 114.3, 55.3, 48.8, 48.6. 
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N-(3-oxo-1-phenylpropyl)furan-2-carboxamide 2g Isolated by flash column 
chromatography on silica gel (pentane/ether = 5 : 5).The title compound was obtained 
as a white solid (86 % yield). HRMS (ESI+) calc. for C14H14NO3 (M+H)+ 244.0968, found 
244.0968;  
1H NMR (400 MHz, CDCl3) δ 9.80 (s, 1H), 7.43 (m, 1H), 7.38-7.27 (m, 5H), 7.13-7.12 (d, J = 
3.4 Hz, 1H), 6.95 (m, 1H), 6,50-6.90 (m, 1H), 5.71-5.66 (dd,  J = 6.5 Hz, 14.7 Hz, 1H), 3.22- 
3.16 (dd, J = 6.9 Hz, 16.9 Hz, 1H), 3.08-3.02 (dd,  J = 6.1 Hz, 17.0 Hz, 1H); 13C NMR (101 
MHz, CDCl3) δ 199.9, 157.6, 154.6, 144.0, 140.0, 128.9, 128.0, 126.5, 114.7, 112.2, 48.9, 
48.2. 

2,2,2-trichloro-N-(3-oxo-1-phenylpropyl)acetamide 2h Isolated by flash 
column chromatography on silica gel (pentane/ether = 6 : 4).The title compound was 
obtained as a white solid (84 % yield). HRMS (ESI+) calc. for C11H11Cl3NO2 (M+H)+ 
293.9849, found 293.9851;  
1H NMR (400 MHz, CDCl3) δ 9.78 (s, 1H), 7.60 (bs, 1H), 7.40-7.32 (m, 5H), 5.44-5.39 (m, 
1H), 3.29-3.23 (dd, J = 5.6 Hz, 17.7 Hz, 1H), 3.12-3.06 (dd,  J = 6.0 Hz, 17.7 Hz, 1H); 13C 
NMR (101 MHz, CDCl3) δ 199.6, 161.3, 138.7, 129.1, 128.3, 126.3, 104.9, 50.7, 47.8.   

2,2,2-trichloro-N-(4-oxobutan-2-yl)acetamide 2i Isolated by flash column 
chromatography on silica gel (pentane/ether = 7 : 3).The title compound was obtained 
as a yellow oil (72 % yield). HRMS (ESI+) calc. for C11H11Cl3NO2 (M+H)+231.9693, found 
231.9693;  
1H NMR (400 MHz, CDCl3) δ 9.79 (s, 1H), 7.17 (bs, 1H), 4.40-4.30 (m, 1H), 2.88-2.82 (dd, J 
= 5.0 Hz, 18.0 Hz, 1H), 2.81-2.75 (dd,  J = 5.6 Hz, 18.1 Hz, 1H), 1.38-1.36 (d, J = 6.8 Hz, 3H); 
13C NMR (101 MHz, CDCl3) δ 200.2, 161.2, 92.4, 48.2, 43.4, 19.7. 

2,2,2-trichloro-N-(1-oxooctan-3-yl)acetamide 2j Isolated by flash column 
chromatography on silica gel (pentane/ether = 6 : 4).The title compound was obtained 
as yellow oil (76 % yield). HRMS (ESI+) calc. for C10H17Cl3NO2 (M+H)+288.0319, found 
288.0315;  
1H NMR (400 MHz, CDCl3) δ 9.78 (s, 1H), 7.12 (bs, 1H), 4.26-4.18 (m, 1H), 2.82-2.79 (m, 
2H),1.73-1.58 (m, 2H); 1.42-1.28 (m, 6H), 0.87 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 
200.4, 161.5, 92.5, 47.6, 47.0, 33.8, 31.2, 25.7, 22.4, 13.8. 

N-(3-oxo-1-phenylpropyl)-N-phenylbenzamide 2k Isolated by flash column 
chromatography on silica gel (pentane/ether = 7 : 3).The title compound was obtained 
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as a yellow oil (83 % yield). HRMS (ESI+) calc. for C22H20NO2 (M+H)+ 330.1488, found 
380.1484;  
1H NMR (400 MHz, CDCl3) δ 9.88 (s, 1H), 7.28-6.99(m, 13H), 6.69-6.60 (m, 3H), 3.25-3.17 
(dd, J = 9.6 Hz, 16.2 Hz, 1H), 3.01-2.96(dd, J = 5.9 Hz, 16.3 Hz, 1H); 13C NMR (101 MHz, 
CDCl3) δ 200.0, 171.1, 139.6, 138.6, 136.2, 130.3, 129.3, 128.6, 128.5, 128.3, 128.2, 
128.1, 127.6, 127.5, 54.4, 45.5. 

2,2,2-trifluoro-N-(4-methoxyphenyl)-N-(3-oxo-1-phenylpropyl)acetamide 
2l Isolated by flash column chromatography on silica gel (pentane/ether = 7 : 3).The title 
compound was obtained as a white solid (81 % yield). HRMS (ESI+) calc. for C18H17F3NO3 
(M+H)+ 352.1155, found 352.1157;  
1H NMR (400 MHz, CDCl3) δ 9.82 (s, 1H), 7.32-7.27(m, 3H), 7.13-7.05 (m, 3H), 6.89-6.86 
(m, 1H), 6.63-6.60 (m, 1H), 6.69-6.45 (m, 1H), 6.26-6.24 (m, 1H), 3.79 (s, 3H), 3.16-3.09 
(dd, J = 9.3 Hz, 16.7 Hz, 1H), 2.98-2.92 (dd, J = 6.1 Hz, 16.6 Hz, 1H); 13C NMR (101 MHz, 
CDCl3) δ 198.7, 160.0, 156.8 (q,  JCF = 35.5), 136.7, 131.9, 131.4, 128.8, 128.6, 128.5, 
126.7, 113.8, 113.5, 112.0 q,  JCF = 288.6), 55.3, 55.3, 44.8;  19F-NMR (376 MHz, CDCl3): δ 
= −67.0. 

2,2,2-trifluoro-N-(4-methoxyphenyl)-N-(1-oxopentan-3-yl)acetamide 2m 
Isolated by flash column chromatography on silica gel (pentane/ether = 7 : 3).The title 
compound was obtained as a dark yellow oil (82 % yield). HRMS (ESI+) calc. for 
C14H17F3NO3 (M+H)+ 304.1155, found 304.1156;  
1H NMR (400 MHz, CDCl3) δ 9.75 (s, 1H), 7.12-6.89(m, 2H), 6.91-6.89 (m, 2H), 5.08-5.04 
(m, 1H), 3.83 (s, 3H), 2.60-2.54 (m, 3H), 1.69-1.59(m, 2H), 1.02 (m, 3H); 13C NMR (101 
MHz, CDCl3) δ 199.7, 160.3, 157.3 (q,  JCF = 35.0), 131.6, 131.2, 115.0, 114.5, 114.3, 112.1 
(q,  JCF = 288.6 Hz), 55.6, 55.0, 46.5, 25.8, 11.2; 19F-NMR (376 MHz, CDCl3): δ = −67.2. 

N-(1-oxopentan-3-yl)-N-phenylbenzamide 2n Isolated by flash column 
chromatography on silica gel (pentane/ether = 6 : 4).The title compound was obtained 
as a dark yellow oil (62 % yield). HRMS (ESI+) calc. for C18H20NO2 (M+H)+ 282.1488, found 
282.1485;  
1H NMR (400 MHz, CDCl3) δ 9.86 (s, 1H), 7.22-7.03(m, 10H), 5.15 (m, 1H), 2.87-2.80 (dd, J 
= 8.9 Hz, 16.4 Hz, 1H), 2.76-2.71 (dd, J = 4.3 Hz, 16.5 Hz, 1H), 1.89-1.57 (m, 2H), 1.09 (t, , 
J = 7.3 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 200.8, 171.4, 136.6, 129.7, 129.2, 128.9, 
128.2, 127.6, 127.3, 54.9, 47.2, 26.2, 11.4.  

2,2,2-trifluoro-N-(4-methoxyphenyl)-N-(4-oxobutan-2-yl)acetamide 2o 
Isolated by flash column chromatography on silica gel (pentane/ether = 6 : 4).The title 
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compound was obtained as a yellow oil (61 % yield). HRMS (ESI+) calc. for C13H15F3NO3 

(M+H)+ 290.0998, found 290.1000;  
1H NMR (400 MHz, CDCl3) δ 9.75 (s, 1H), 7.11-7.06 (m, 2H), 6.92-6.90 (m, 2H), 5.24-5.15 
(m, 1H), 3.83 (s, 3H), 2.77-2.68 (dd, J = 7.9 Hz, 16.7 Hz, 1H), 2.55-2.49 (dd, J = 6.2 Hz, 16.7 
Hz, 1H), 1.21 (d, J = 6.8 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 199.1, 160.1, 156.5 (q,  JCF = 
35.1 Hz), 131.4, 131.1, 127.1, 114.2, 114.0, 111.9 (q,  JCF = 288.5 Hz), 55.4, 49.1, 48.1, 
18.5; 19F-NMR (376 MHz, CDCl3): δ = −67.5. 

2,2,2-trifluoro-N-(4-methoxyphenyl)-N-(1-oxooctan-3-yl)acetamide 
2p Isolated by flash column chromatography on silica gel (pentane/ether = 6 : 4).The 
title compound was obtained as a yellow oil (53 % yield). HRMS (ESI+) calc. for 
C17H22F3NO3 (M+H)+ 346.1624, found 346.1626;  
1H NMR (400 MHz, CDCl3) δ 9.74 (s, 1H), 7.10-7.04 (m, 2H), 6.92-6.89 (m, 2H), 5.15-5.12 
(m, 1H), 3.83 (s, 3H), 2.62-2.51 (m, 2H), 1.58-1.30 (m, 8H), 0.89 (m, 3H); 13C NMR (101 
MHz, CDCl3) δ 199.5, 160.1, 157.0 (q,  JCF = 34.0 Hz), 131.4, 131.0, 127.0, 114.2, 114.0, 
111.9 (q,  JCF = 288.7 Hz), 55.4, 53.2, 46.6, 32.4, 31.4, 26.0, 22.4, 13.9; 19F-NMR (376 MHz, 
CDCl3): δ = −67.2. 

3.4.4 Enantioselective synthesis of protected β-amino aldehydes by rearrangement / 
oxidation  

 

 (S)-(+)-COP-Cl, as catalyst, (7.32 mg, 0.005 mmol) and AgOCOCF3 (1.1 mg, 0.005 
mmol) were dissolved with stirring in t-BuOH (0.2 mL) and protected from light. After 3 
h, a solution of 3-phenylallyl (N-phenyl)benzimidate(31.5 mg, 0.1 mmol) and iPr2NEt was 
added and was stirred at room temperature for 3 d. The solution was concentrated and 
the residue was purified by column chromatography on silica gel. 76% yield of allylic 
amide with 97% ee was obtained.[15a] 

 [PdCl2(CH3CN)2] (0.005 mmol, 1.2 mg) and enantiomerically pure allylic 
imidate (0.05 mmol, 16 mg) were dissolved in the t-BuOH(0.1 ml). p-Benzoquinone (0.05 
mmol, 5.4 mg) was added in the solution. The reaction mixture stirred at room 
temperature for 20h. The combined organic layers were washed with water, dried over 
Na2SO4, and concentrated in vacuo. Purification by silica-gel flash chromatography 
yielded the desired aldehyde (82 % yield). 

The protected was reduced to the corresponding protected β-amino alcohol. 
NaBH4 (2 mg, 0.05 mmol) was added in portions at 0°C to a cooled solution of the β-
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amino aldehyde (14 mg, 0.04 mmol) in 1 mL of MeOH. After stirring at room 
temperature for 1 h, the reaction mixture was quenched with saturated aqueous NH4Cl 
(10 mL) and extracted 3 times with ethyl acetate (30 mL).The combined organic layers 
were washed with brine and dried over Na2SO4, the solvents were removed in vacuo. 
The crude product was purified by silica-gel column chromatography (Pentane/EtOAc) to 
yield the desired product (93 % yield, 13 mg). Enantiomeric excess was determined by 
HPLC. 

  

Figure 1. HPLC(Chiralpak OD-H : heptane/i-propanol = 90/10) trace of (left) racemic and (right) 
N-(1-hydroxypentan-3-yl)-N-phenylbenzamide synthesised by enantioselective. 
rearrangement/oxidation 

3.4.5 Synthesis of β-peptide-aldehydes 

Preparation of substrates: To a stirred solution of 1-phenyl allylamine (1 mmol) in 
triethylamine (1.1 equiv) in DCM (1 ml), a solution of (S)-N-(trifluoroacetyl)pyrrolidine-2-
carbonyl chloride or Phthalylglycyl chloride (1 mmol)  in dry dichloromethane (4 ml) was 
added slowly at 0 °C. The reaction was stirred under an inert atmosphere at room 
temperature for 16 h. The mixture was washed with water and dried over Na2SO4, 
filtered and concentrated. The product was purified by flash column chromatography. 

Procedure for Oxidations:  [PdCl2(CH3CN)2] (0.005 mmol to 0.025 mmol) and p-
benzoquinone (1 mmol) were dissolved in t-BuOH  (2 ml ). Allylic amide (1mmol, 0.2 M) 
was added to the mixture and stirred at room temperature until the reaction was 
complete as determined by T.L.C. analysis. The combined organic layers were washed 
with water, dried over Na2SO4, and concentrated in vacuo. Purification by flash silica-gel 
chromatography yielded the desired aldehyde. Due to the low solubility of phthalylglycyl 
protected allylic amine in t-butanol, acetone was added as co-solvent for the reaction 
(acetone : t-butanol, 1 : 1 v/v) 

2-(1,3-dioxoisoindolin-2-yl)-N-(3-oxo-1-phenylpropyl)acetamide[3b] Isolated by 
flash column chromatography on silica gel (pentane/acetone = 3 : 1).The title compound 
was obtained as a white solid (81 % yield).  
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1H NMR (400 MHz, CDCl3) δ 9.70 (s, 1H), 7.87-7.85 (dd, J = 3.0 Hz, 5.4 Hz, 2H), , 7.74-7.72 
(dd, J = 3.0 Hz, 5.4 Hz, 2H), 7.35-7.26(m, 5H), 6.72-6.70 (d, J = 7.8 Hz, 1H), 5.54-5.50 (dd,  
J = 6.3 Hz, 14.0 Hz, 1H), 4.33 (s, 2H), 3.13-3.08 (dd,  J = 6.3 Hz, 17.2 Hz,  1H), 2.99-2.93 
(dd, J = 6.3 Hz, 17.2 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 200.2, 167.7, 165.6, 139.7, 
134.2, 131.9, 128.9, 127.9, 126.4, 123.6, 49.1, 48.5, 40.8. 

(2S)-N-(3-oxo-1-phenylpropyl)-1-(2,2,2-trifluoroacetyl)pyrrolidine-2-
carboxamide Isolated by flash column chromatography on silica gel (pentane/ether = 1 : 
3).The title compound was obtained as a yellow oil (83 % yield).  

1H NMR (400 MHz, CDCl3) δ 9.73-9.69 (s, 1H), 7.37-7.25(m, 5H), 7.10 (bs, 1H), 5.48-5.40 
(m, 1H), 4.55-4.49(m, 1H), 3.78-3.67(m, 2H), 3.03-2.90 (m, 2H), 2.28-2.16 (m, 2H), 2.03-
1.94 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 199.8, 199.7, 169.0, 168.9, 157.37 (q,  JCF = 
286.7 Hz), 140.0, 139.9, 128.9, 128.9, 127.9, 127.8, 126.4, 126.2, 120.4 (q,  JCF = 37.6 Hz), 
61.4, 61.3, 49.3, 49.2, 48.8, 48.7, 47.4, 27.4, 27.2, 25.1; 19F-NMR (376 MHz, CDCl3): δ 
=−72.4. HRMS (ESI+) calc. for C17H17F3N2O3 (M+H)+ 343.1264, found 343.1270 

 

 3.4.6 Role of alcohol as nucleophile 

 
Procedure: 0.1 mmol allylic amide (28 mg) was added in the solution of 0.01 mmol 
PdCl2(MeCN)2 (2.6 mg), 0.1 mmol BQ (10.8 mg), 0.1 mmol 2-Phenyl-2-propanol (13.6 mg), 
0.2 ml acetone. The mixture was stirred at room temperature for 18h.  

Phenyl-1-propene:  1H NMR (400 MHz, CDCl3) δ 7.40-7.20 (m, 5H), 5.27 (s, 1H), 4.98 (s, 
1H), 1.91 (s, 3H). 

2,2,2-trichloro-N-(2-oxo-1-phenylpropyl)acetamide:  1H NMR (400 MHz, CDCl3) δ 8.16 (s, 
1H), 7.46-7.31 (m, 5H), 5.44 (d, J = 5.8 Hz, 1H), 2.16 (s, 3H) 
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Figure 2. 1H NMR spectrum in CDCl3 of the reaction mixture obtained upon oxidation of allylic 
amide with 2-Phenyl-2-propanol 

 

Figure 3. 1H NMR spectrum in CDCl3 of 2,2,2-trichloro-N-(2-oxo-1-phenylpropyl)acetamide. 



  AM oxidation of allylic amides 

63 

Oxidation of 1h in acetone with 1 equiv. of tert-butanol and 10 equiv. of D2O 

0.1 mmol allylic amide (28 mg) was added in the solution of 0.01 mmol PdCl2(MeCN)2 
(2.6 mg), 0.1 mmol BQ (10.8 mg), 0.1 mmol t-butanol (9.6 μL), 1 mmol D2O (18 μL), 0.2 
ml (CD3)2CO. The mixture was stirred at room temperature for 18 h.  The 1H NMR 
spectrum of the reaction mixture, diluted by adding (CD3)2CO, was recorded directly.  
Subsequently, the reaction mixture was diluted in CH2Cl2, washed with water, dried over 
MgSO4 and concentrated in vacuo.  The 1H NMR spectrum of the product mixture was 
obtained in both CDCl3 and (CD3)2CO. 

2,2,2-trichloro-N-(3-oxo-1-phenylpropyl)acetamide:  
1H NMR [400 MHz, (CD3)2CO] δ 9.78 (s, 1H), 7.66 (s, 1H), 7.49-7.28 (m, 5H), 5.57 (m, 1H), 
3.27 (dd, 1H), 3.13 (dd, 1H). 
1H NMR (400 MHz, CDCl3) δ 9.79 (s, 1H), 7.62 (bs, 1H), 7.40-7.32 (m, 5H), 5.43 (m, 1H), 
3.27 (dd, 1H), 3.10 (dd, 1H).  

2,2,2-trichloro-N-(2-oxo-1-phenylpropyl)acetamide:  
1H NMR [400 MHz, (CD3)2CO] δ 8.66 (s, 1H), 7.49-7.28 (m, 5H), 5.66 (d, 1H), 2.16 (s, 3H). 
1H NMR (400 MHz, CDCl3) δ 7.40-7.20 (m, 5H), 5.44 (s, 1H), 2.16 (s, 3H). 

  

  
Figure 4. 1H NMR spectrum in (CD3)2CO of the reaction mixture.  
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Figure 5. 1H NMR spectrum of the product mixture, recorded in (CD3)2CO (top) and in CDCl3 
(bottom); Note that in CDCl3, the signals from the ketone product overlap with those of the 
aldehyde product. 

  

Oxidation of 1h in acetone with 1 eq of 2-phenyl-2-propanol and 10 eq. of D2O 

0.1 mmol allylic amide (28 mg) was added to a solution of 0.01 mmol of PdCl2(MeCN)2 
(2.6 mg), 0.1 mmol of BQ (10.8 mg), 0.1 mmol of 2-phenyl-2-propanol (13.6 mg), 1 mmol 
of D2O (18 μL) and 0.2 ml of (CD3)2CO. The mixture was stirred at room temperature for 
18h. The 1H NMR spectrum of the reaction mixture was recorded after dilution in 
(CD3)2CO directly. Subsequently the reaction mixture was diluted in CH2Cl2, washed with 
water, dried over MgSO4 and concentrated in vacuo.  The 1H NMR spectra of the product 
mixture were obtained in CDCl3 and (CD3)2CO. 

2,2,2-trichloro-N-(3-oxo-1-phenylpropyl)acetamide:  
1H NMR [400 MHz, (CD3)2CO] δ 9.78 (s, 1H), 7.66 (s, 1H), 7.49-7.28 (m, 5H), 5.57 (m, 1H), 
3.27 (dd, 1H), 3.13 (dd, 1H). 
1H NMR (400 MHz, CDCl3) δ 9.79 (s, 1H), 7.40-7.32 (m, 5H), 5.43 (m, 1H), 3.27 (dd, 1H), 
3.10 (dd, 1H).  

2,2,2-trichloro-N-(2-oxo-1-phenylpropyl)acetamide:  
1H NMR [400 MHz, (CD3)2CO] δ 8.66 (s, 1H), 7.49-7.28 (m, 5H), 5.66 (d, 1H), 2.16 (s, 3H). 
1H NMR (400 MHz, CDCl3) δ 7.40-7.20 (m, 5H), 5.44 (s, 1H), 2.16 (s, 3H). 

2-phenyl-2-propanol:  
1H NMR [400 MHz, (CD3)2CO] δ 7.53-7.18 (m, 5H), 3.99 (s, 1H), 1.51 (s, 6H). 
1H NMR (400 MHz, CDCl3) δ 7.49-7.26 (m, 5H), 1.59 (s, 6H).  
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Figure 6. 1H NMR spectrum of reaction mixture in (CD3)2CO.  

  
Figure 7. 1H NMR spectrum of product mixture in (CD3)2CO (top) and CDCl3 (bottom). Note that 
in CDCl3, the signals from the ketone product overlap with those of the aldehyde product. 
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3.4.7 Stability of tertiary alcohols toward dehydration under reaction conditions 

2-phenyl-2-propanol 

0.25 mmol of 2-phenyl-2-propanol (34 mg) was added to a solution of 0.025 mmol of 
PdCl2(MeCN)2 (6.5 mg), 0.25 mmol of BQ (27 mg) and 0.5 ml of (CD3)2CO. The reaction 
mixture was stirred at room temperature for 72 h. The 1H NMR spectrum of the reaction 
mixture was recorded following dilution in (CD3)2CO directly.   

2-phenyl-2-propanol: 1H NMR [400 MHz, (CD3)2CO] δ 7.53-7.16 (m, 5H), 1.51 (s, 6H). 

Phenyl-1-propene: 1H NMR [400 MHz, (CD3)2CO) δ 7.53-7.16 (m, 5H), 5.39 (s, 1H), 5.08 (s, 
1H), 2.13 (s, 3H).  

 

  
Figure 8. 1H NMR spectrum of the reaction mixture in (CD3)2CO.  

3-methyl-3-pentanol  

0.25 mmol 3-methyl-3-pentanol (31 μL) was added to a solution of 0.025 mmol of 
PdCl2(MeCN)2 (6.5 mg), 0.25 mmol of BQ (27 mg) and 0.5 ml of (CD3)2CO. The reaction 
mixture was stirred at room temperature for 18 h. The 1H NMR spectrum of the reaction 
mixture was recorded following dilution in (CD3)2CO directly.   

3-methyl-3-pentanol: 1H NMR [400 MHz, (CD3)2CO] δ 1.43 (q, 4H), 1.05 (s, 3H), 0.85 (t, 
6H) 

3-methyl-pent-2-ene: 1H NMR [400 MHz, (CD3)2CO] δ 5.15 (m, 1H), 1.95 (q, 2H), 1.56 (s, 
3H), 1.53 (d, 3H), 0.94 (t, 3H). 
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Figure 9. 1H NMR spectrum in (CD3)2CO of the reaction mixture.  

 

2,3-dimethyl-3-pentanol  

0.25 mmol of 2,3-dimethyl-3-pentanol (35 μl) was added to a solution of 0.025 mmol of 
PdCl2(MeCN)2 (6.5 mg), 0.25 mmol of BQ (27 mg) and 0.5 ml of (CD3)2CO. The reaction 
mixture was stirred at room temperature for 72 h. The 1H NMR spectrum of the reaction 
mixture was recorded following dilution in (CD3)2CO directly.   

2,3-dimethyl-3-pentanol: 1H NMR [400 MHz, (CD3)2CO] δ 1.68 (m, 1H), 1.44 (q, 2H), 1.00 
(s, 3H), 0.87 (m, 9H). 

3,4-dimethyl-pent-2-ene: 1H NMR [400 MHz, (CD3)2CO] δ 2.01 (m, 2H), 1.60 (m, 9H), 0.94 
(m, 3H). 

2,3-dimethyl-pent-2-ene: 1H NMR [400 MHz, (CD3)2CO] δ 5.19 (m, 1H), 2.21 (m, 1H), 1.54 
(m, 6H), 1.08 (d, 6H). 
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Figure 10. 1H NMR spectrum in (CD3)2CO of the reaction mixture.  

3.4.8 Reactions carried out with and in deuteriated t-BuOH 

 
Scheme 12 

Procedure: 0.05 mmol allylic amide (14 mg) was added in the solution of 0.05 mmol 
PdCl2(MeCN)2 (13 mg), 0.05 mmol BQ (5.4 mg), 0.05 mmol t-C4D9OD (15 l), 85 l 
acetone. The mixture was stirred at room temperature for 5h. The reaction solution was 
measured by 1H NMR by adding CDCl3 directly without workup. 
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Figure 11. 1H NMR spectrum in CDCl3 of the reaction mixture of Scheme 12 using stoichiometric 
C4D9OD 

 
 Scheme 13 

Procedure: 0.125 mmol allylic amide (36mg) was added in the solution of 0.025 mmol 
PdCl2(MeCN)2 (6.5 mg), 0.125 mmol BQ (13.5 mg), 250 l t-C4D9OD. The mixture was 
stirred at room temperature for 5h. The reaction solution was measured by 1H NMR by 
adding CDCl3 directly without workup. 

  
Figure 12. 1H NMR spectrum in CDCl3 of the reaction mixture of Scheme 13 using C4D9OD as 
solvent 
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Scheme 14 

Procedure. 0.125 mmol allylic amide (33 mg) was added in the solution of 0.025 mmol 
PdCl2(MeCN)2 (6.5 mg), 0.125 mmol BQ (13.5 mg), 250 μl t-C4D9OD. The mixture was 
stirred at room temperature for 72 h. The 1H NMR spectrum of the reaction mixture was 
recorded after dilution in CDCl3 and shows no incorporation of deuterium from the 
solvent. 

3-(1,3-dioxoisoindolin-2-yl)-3-phenylpropanal: 1H NMR (400 MHz, CDCl3) δ 9.74 (s, 1H), 
7.75 (m, 2H), 7.63 (m, 2H), 7.45 (m, 2H), 7.28-7.22 (m, 3H), 5.85 (dd, 1H), 3.90 (dd, 1H), 
3.35 (dd, 1H). 

 

  
 

Figure 13. 1H NMR spectrum of reaction mixture (scheme 14) in CDCl3. 
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Chapter 4 

Mechanistic insight into the anti-
Markovnikov oxidation of alkenes 
 
 
 
In this chapter the mechanism by which the anti-Markovnikov oxidation of alkenes 
catalysed by Pd(II) proceeds is explored through a combination of spectroscopy and 
variation in reaction conditions. It is shown that although alkenes can form complexes 
with Pd(II) readily, the first step in the reaction appears to be the formation of a 
complex between Pd(II) and benzoquinone and that the oxidation state of Pd(II) do not 
necessarily change during the reaction. Furthermore it is apparent that formation of 
Pd(0) in the reaction is unlikely. 
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4.1 Introduction 

The Palladium(II) catalysed oxidation of alkenes to ketones or acetaldehyde (also known 
as the Waker-Tsuji and Wacker processes, respectively), has been known for over 60 
years.[1] As discussed in the introductory chapter, discovering methods for the Pd(II) 
catalysed anti-Markovnikov selective oxidation of terminal alkenes has been a challenge 
for almost as long a period of time. The first successful example was reported by 
Feringa[ 2 ] in 1986, in the oxidation of styrene to phenylacetaldehyde using 
[PdCl(NO2)(MeCN)2], CuCl and oxygen in tert-butanol. Despite excellent selectivity 
towards the AM product, the reaction was effectively single turnover (10% yield from 
10% catalyst loading). The nitro ligand was proposed to be non-innocent in the reaction 
and was in fact shown later by Grubbs and co-workers [3] as being the source of oxygen 
in the aldehyde product (Scheme 1). 

 
  
Scheme 1. Proposed mechanism of aldehyde formation catalysed by PdCl(NO2)(MeCN)2.[2, 3] 

More recently, Grubbs and co-workers[4] reported the synthesis of terminal alcohols 
from alkenes, i.e. a formally anti-Markovnikov hydration, via oxidation of styrene to 
phenylacetaldehyde using [PdCl2(MeCN)2] as catalyst and benzoquinone as terminal 
oxidant and subsequent reduction of the aldehyde using  Shvo’s catalyst. From a 
mechanistic perspective, the selectivity was ascribed to the formation of a tert-butyl 
enol ether, which underwent hydrolysis to the aldehyde in the presence of water 
(Scheme 2). 

 
Scheme 2. Proposed mechanism of aldehyde formation by hydrolysis of enol ether.[4] 

As described in chapters 2 and 3, the oxidation of both terminal allylic esters and amines 
can be achieved with excellent AM selectivity at ambient temperatures using catalysts 
such as [CH3CN)2PdCl2], p-benzoquinone as oxidant and t-butanol as solvent (Scheme 3). 
In contrast to styrene, however, the presence of water impacted the selectivity 
negatively and indeed water is not necessary to obtain the aldehyde product. This and 
several other observations raise questions regarding the mechanism by which these 
reactions take place, not least that, for example, a NO2 ligand was not required (Scheme 
3). Indeed such ligands (i.e. in [PdCl(NO2)(MeCN)2]) show reduced reaction rates in 
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comparison with [CH3CN)2PdCl2] in the oxidation of allylic esters and amides. In chapter 
3, it was shown that alcohols serve as nucleophile in the reaction and the absence of 
incorporation of deuterium from solvent indicates that an -hydrogen is transferred to 
the -position during the reaction (Chapter 3, scheme 10). 

           
Scheme 3. Oxidation of allylic esters and allylic amides (chapters 2 and 3). 

The AM oxidation of allylic alcohols presents opportunities as an alternative to aldol 
condensations in the synthesis of protected β-hydroxy aldehydes. In chapter 2 it was 
shown that such regioselectivity could be achieved through the Pd(II) catalysed 
oxidation of ester-protected allylic alcohols using BQ as oxidant in t-butanol. 
Furthermore, catalyst loading could be decreased to 0.5 mol% and relatively mild 
conditions (i.e. neutral conditions and at ambient temperature) could be employed. 
Again, a key strength of palladium(II)-catalysed oxidations in allowing for orthogonal 
reactions to proceed simultaneously was demonstrated. A palladium-catalysed 
rearrangement of ester-protected linear allylic esters to the corresponding branched 
isomers was found to proceed under the reaction conditions employed,[5] which enabled 
the same product to be obtained as for the protected β-hydroxy terminal alkenes 
(Scheme 4). Hence both linear and branched allylic esters can be used as starting 
material to obtain the same protected β-hydroxy aldehydes (Scheme 4). Reaction 
monitoring by 1H NMR spectroscopy indicated that the Curtin–Hammett principle [6] 

applied in this case with the selectivity towards the branched aldehyde product due to 
the low rate at which the thermodynamically more stable linear allylic ester underwent 
oxidation and the relatively rapid Pd(II) catalysed isomerisation between the branched 
and linear allylic alcohols. The absence of substitution of the acetyl protecting group 
with CD3CO- (i.e. originating from CD3CO2H added to the reaction mixture) and the 
partial retention of enantiomeric excess at the allylic position when starting from a 
single enantiomer of the branched allylic ester suggests that, at least in the oxidation 
step (k3 and k4 in Scheme 4), a Pd(II) allyl species is not formed as an intermediate. 

 
Scheme 4. Pd(II)-catalysed equilibration between linear and branched allylic esters and 
competing oxidation reactions. 

In this chapter, the mechanisms by which the reactions described in chapters 2 and 3 
proceed will be discussed and in particular the roles played by, and interplay of, the 
catalyst ([PdCl2(RCN)2], where R = CH3, iPr or Ph), the oxidant (in particular p-
benzoquinone), solvent  and substrates: allylic esters and allylic amides.  

In both the oxidation of allylic esters and allylic amides, a key complication in 
mechanistic studies is the occurrence of competing reactions, some of the more 
important of which are catalysed by Pd(II). The occurrence of these additional reactions 
makes a detailed kinetic analysis impractical, in regard to extraction of reaction order. 
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Nevertheless, these side reactions also open up many opportunities in both achieving 
greater reactivity/substrate scope as demonstrated in chapter 2 and 3 and in exploring 
how the catalyst achieves such high anti-Markovnikov selectivity. 

In exploring the mechanisms by which the oxidation of terminal alkenes proceeds 
several key aspects need to be addressed; i) the nature of the interactions between the 
catalyst, substrate and oxidant,  ii) whether or not benzoquinone reoxidises Pd(0) to 
Pd(II) as is often proposed or facilitates a Pd(II) - Pd(IV) cycle or engages in a concerted 
intramolecular electron transfer between substrate and terminal oxidant, and (iii) the 
relation to other reactions that can occur, e.g., Overman rearrangement, enamine 
formation, i.e. are there common intermediates with Pd(II) formed or do these other 
pathways compete with the oxidation. Finally, a key question needs to be addressed into 
the role of ligands in regard to controlling selectivity further. 

4.2 Results and discussion 

4.2.1 Reaction of the PdCl2(CH3CN)2 with alkenes 

As discussed in chapter 2, even in the absence of oxidant, allylic esters such as 1B 
(Scheme 5) underwent rapid (in comparison to the rate of oxidation) isomerisation to 
the linear allylic ester 1L. The rate of the rearrangement was reduced when the catalyst 
was first stirred with benzoquinone to the extent that (30%) enantiomeric excess was 
retained in the product. Omission of benzoquinone resulted in rearrangement of 
branched linear allylic ester 1B to linear allylic ester 1L with only trace amounts (< 5%) of 
oxidation products formed (Scheme 5). 

 
Scheme 5. Rearrangement of allylic ester1B to 1L catalysed by Pd(II). 

Similarly, when allylic amide 2B was allowed to react with 2.5 mol% of the Pd catalyst, in 
the absence of p-benzoquinone, only trace amounts of the aldehyde product were 
formed.  Instead, rearrangement to form the corresponding enamine 2L was observed 
with > 75% yield (Scheme 6).   

 
Scheme 6. Isomerisation of allylic amide to enamine catalysed by Pd(II). 

Furthermore, with stoichiometric [PdCl2(MeCN)2], less than 5% conversion of styrene 
was observed even over several days (Figure 3) and with 2,2,2-trichloro-N-(1-
phenylallyl)acetamide  no oxidation and >95 % conversion to the enamine was observed 
(Scheme 7). The lack of conversion is particularly important since, in the presence of 
oxidant (benzoquinone), full conversion and AM selectivity was achieved.  
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These data suggests that although Pd(II) can, and indeed does (vide infra), bind alkenes 
readily, these Pd(II) alkene complexes are unlikely to be involved in the catalytic cycle 
and are instead a resting state for the catalyst and an initial step in isomerisation.  

 
Scheme 7. Reaction between an allylic amide and stiochiometric Pd(II) in the absence of 
benzoquinone. 

The possibility of formation of alkene Pd(II) complexes was explored with styrene and an 
allylic amide. Both styrene7 and allylic amides form complexes with [PdCl2(MeCN)] in 
benzene. Removal of solvent in vacuo, yielded a red solid and tacky solid, respectively. 
The Raman spectra ( exc 785nm) of both compounds show clear shifts in the olefinic and, 
in the case of allylic amides, the carbonyl stretching modes, confirming complexation to 
Pd(II). In the case of styrene, the loss of one of the two intense bands at ca. 1620 cm-1 is 
consistent with 2-complexation of the alkene. The alkenes were released upon 
dissolution in DMSO-d6 (Figure 1). 

 
Figure 1. Raman spectra ( exc 785nm) of styrene, the catalyst and the complex isolated from a 
mixture of styrene and catalyst in benzene. 
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Figure 2. Raman spectra of 2,2,2-trichloro-N-(1-phenylallyl)acetamide, the complex isolated 
from benzene and the catalyst. 

 

The reaction of styrene and of allylic amines with sub-stoichometric [Pd(II)Cl2(CH3CN)2] 
was investigated in the absence of terminal oxidant. In the case of styrene, although 
within one hour the reaction mixture turned from orange to dark green and a 
precipitate formed, and indeed little conversion was observed even after 2 days. The 1H 
NMR spectrum obtained of the liquid phase is similar to that of styrene (Figure 3i) with 
minor broadening (Figure 3ii). In contrast the spectrum obtained from the solid formed 
(Figure 3iii) shows broadening of the -H of the alkene and the ortho-hydrogens of the 
phenyl ring. This latter spectrum returns to that of styrene upon addition of DMSO 
(Figure 3iv) indicating that a styrene-Pd(II) complex had formed. The lack of conversion 
to the aldehyde under stoichiometric conditions is in contrast to the report of Spencer et 
al. in which, 2 eq. of PdCl2, in DMF/H2O provided 58% conversion of styrene to aldehyde 
after 5 h,[8] and may indicate that water is necessary as nucleophile in order for the 
reaction to proceed, however it is more probable that the primary reason for a lack of 
reaction in t-BuOH is that the Pd(II) catalyst is precipitated as a 1:1 complex with styrene 
and therefore cannot catalyse the reaction. 
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Figure 3. 1H NMR spectrum (from bottom to top) (i) of styrene, (ii) of the liquid phase obtained 
from an equimolar mixture of [PdCl2(CH3CN)2] and styrene in tert-butanol-D10 after stirring for 1 
h at room temperature, (iii) of the solid formed (dissolved in CDCl3) and (iv) after addition of 
DMSO to solution (iii).  

In contrast to styrene, however, the solid formed upon from mixture of allylic amide and 
[PdCl2(CH3CN)2] in t-BuOH does not show obvious difference from the allylic amide and a 
significant amount of enamine formation was observed (Figure 4). These data indicate 
that although the allylic amide forms a complex with Pd(II), its association constant is 
likely to be lower than that of styrene. Furthermore, although PdCl2(MeCN)2 forms 
relatively stable complexes with the alkenes, it is not itself capable of rapid oxidation of 
the alkene and, where possible, engages in isomerisation processes instead. 
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Figure 4. 1H NMR spectrum (bottom to top)  of (i) 2,2,2-trichloro-N-(1-phenylallyl)acetamide in 
CDCl3, (ii) of solid (dissolved in CDCl3)  (iii)  solution (diluted in CDCl3) obtained after 1 h at room 
temperature from a mixture of [PdCl2(CH3CN)2] and 2,2,2-trichloro-N-(1-phenylallyl)acetamide. 

The effect of variation in catalyst on the selectivity and conversion achieved in the 
oxidation of allylic esters was explored. Although PdCl2 is the catalyst used primarily for 
the Wacker oxidation, it provides only modest to good reactivity under the present 
conditions (Table 1, entries 1 and 7), in comparison to the nitrile based catalysts such as 
[PdCl2(MeCN)2]. Hence, although additional nitrile ligands are not essential, they 
increase reactivity possibly due to catalyst solubility (Table 1, entries 2, 8 and 9); it 
should be noted that PdCl2 shows limited solubility in t-BuOH. In the case of PdBr2, some 
rearrangement products were observed but, as with PdI2, oxidation was not observed 
(Table 1, entries 12 and 13). Notably, although in the presence of nitrile ligands full 
conversion is achieved, addition of 1 to 10 equiv of acetonitrile resulted in a near 
complete loss of activity towards oxidation but did not supress isomerisations. 

Similar reactivity as with [PdCl2(MeCN)2] was observed with allyl complexes, e.g., (η3- 
C3H5)2Pd2Cl2, (Table 1, entry 11). Importantly, the presence of less labile ligands, such as 
trisubstituted phosphine and 1,5-cyclodiene, resulted in a complete loss of oxidation 
activity and minor amounts of isomerisation products formed (Table 1, entries 4,5 and 
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11). Indeed, in the case of the two step one pot enantioselective conversion of linear 
allylic imidate to protected -amino-aldehydes (see chapter 3), although a Pd(II) catalyst 
was used for the first isomerisation step, additional PdCl2(MeCN)2 was required in order 
for the subsequent oxidation to take place (see chapter 4 for details). In the case of 
Pd(OAc)2, conversion was not observed even with addition of KCl. Similar results were 
obtained in the case of allylic amides also (see chapter 3).  

Table 1. Dependence of conversion and selectivity on catalyst used  

 
entry catalyst Conv. A : M 

1 PdCl2 full 2.1 : 1 

2 PdCl2(MeCN)2 full 3 : 1 

3 Pd(OAc)2 0 % - 

4 PdCl2(o-tolyl3P)2  0 % - 

5 PdCl2(COD) 0 % - 

 

entry catalyst Conv. 2A : 2M : 
(2L+2K) 

6 none 0 % --- 

7 PdCl2 68 % 19 : 7 : 42 

8 PdCl2(MeCN)2 full 83 : 11 : 6 

9 PdCl2(PhCN)2 full 84 : 10 : 6 

10 (η3- C3H5)2Pd2Cl2 full 75 : 9 : 16 

11 PdCl2(PPh3)2 0 % --- 

12 PdBr2 ca. 5% --- 

13 PdI2 0 % --- 
 

4.2.2 Role of oxidant in the Pd(II) catalysed oxidation of alkenes and suppression of 
isomerisation reactions 

As discussed above, the presence of the oxidant, benzoquinone, has an important role 
not only as an electron sink but also in reducing the rate of isomerisation reactions, in 
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particular the Overman rearrangement5 in the case of allylic esters and enamine 
formation in the case of allylic amides. Furthermore, as shown above, the catalyst 
cannot oxidise the substrate on its own even where the catalyst is used 
stoichiometrically. These observations raise questions as to the roles played by the 
oxidant over and above its role as electron sink. It is notable however, that although an 
increase in catalyst concentration results in an increase in the rate of reaction with 
stoichiometric benzoquinone, using excess benzoquinone does not have a similar effect, 
and with 50 mol% oxidant 60% conversion (with 50% oxidised products and 10% 
rearrangement products) was obtained after 1 h. Such behaviour is consistent with a 
rapid prior equilibrium, for example of a benzoquinone/palladium complex that lies in 
favour of the complex.  

Overall, the conversion to oxidised products achieved is limited by the amount of 
benzoquinone available and not the palladium catalyst; i.e. the catalyst itself even under 
normal reaction conditions does not serve as a terminal electron sink. 
 
Formation of complexes between the allylic amide and [PdCl2(MeCN)2] is manifested in 
the formation of precipitates under reaction conditions and indeed a mixture of 1:1 and 
2:1 alkene:Pd(II) complexes can be expected to be present in solution.[7] The 
complexation of alkenes to the Pd(II) would be expected to compete with coordination 
of benzoquinone. If benzoquinone needs to coordinate during the catalytic cycle then 
such complexation would be expected to inhibit the reaction. This possibility was probed 
through reactions in which the order of addition of alkene (0.15 M) and benzoquinone 
(1.0 M) to a solution of [PdCl2(MeCN)2] (0.025 M) in t-butanol-D10 was varied. Full 
conversion was obtained with high selectivity to aldehyde within 55 min when the 
alkene and benzoquinone were added simultaneously or benzoquinone added first. By 
contrast when the when the alkene was stirred with [PdCl2(MeCN)2] for 15 min prior to 
addition of benzoquinone, although 95% conversion was observed a substantial amount 
of enamine (doublet at 1.6 ppm in Figure 5) was obtained also. These data support the 
hypothesis that complexation between the alkene and Pd(II) leads to isomerisation while 
in the presence of oxidant this pathway is effectively shut down. Notably, isomerisation 
of the substrates as well as oxidation was prevented by addition of a small amount of 
DMSO. 
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Figure 5. 1H NMR spectra of the reaction mixture (2,2,2-trichloro-N-(1-phenylallyl)acetamide, 
benzoquinone and (PdCl2(CH3CN)2])and in t-butanol-D10) diluted in CDCl3 after 55 min. bottom: 
all reagents added simultaneously, top: allylic amide added 15 min prior to benzoquinone. 

Although benzoquinone was the oxidant of choice in the methods described in chapters 
2 and 3, the effectiveness of other oxidants was examined in the oxidation of allylic 
esters. Dichlorobenzoquinone shows similar activity and selectivity as BQ in the 
oxidation of allylic esters. Notably, only 4% conversion to a rearrangement product was 
obtained using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as oxidant as well as 
3,3',5,5'-tetra-tert-butyl-4,4'-diphenoquinone (TBD) and K3[Fe(CN)6] (Table 2). 

Table 2. Pd(II) catalysed oxidation of allylic esters with various oxidants 

Entry oxidant conversion A : M 
1 benzoquinone  (100 mol%) full 2.9 : 1 
2 benzoquinone  (200 mol%) full 2.9 : 1 
3 benzoquinone  (50 mol%)    60%        2.5 :1 
4 dichloro-benzoquinone (100 mol%)   full 2.9 : 1 

5 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 
 (100 mol%) 4 % -- 

6 3,3',5,5'-tetra-tert-butyl-4,4'-diphenoquinone 3 % -- 
7 t-BuOOH(70%wt in H2O)  (100 mol%) 50 % 1 : 1 
8 K3[Fe(CN)6] (100 mol%) 3 % -- 
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The differences in reactivity between the various substituted benzoquinones and other 
electron and oxygen transfer oxidants indicates that the coordination of BQ to Pd(II) is 
likely to be a key step in the catalytic cycle since the tetrasubstituted BQ (DDQ), despite 
having a similar redox potential, is less likely to coordinate to Pd(II) due to the steric 
hindrance. However, it is notable that the rearrangement is also suppressed. 

4.2.3 Evidence for complexation of Pd(II) with p-benzoquinone  

Benzoquinone was employed as an oxidant in most of the reactions carried out in 
chapters 2 and 3. In principle, the role of the oxidant could be expected to reoxidise 
Pd(0) to Pd(II) after the substrate has undergone oxidation. However, as discussed above, 
the Pd(II) catalysts do not oxidise, spontaneously, the alkenes despite forming 2-alkene 
complexes.   

When only 0.3 equiv. of p-benzoquinone with respect to substrate were added to 2B in 
t-BuOH in the presence of 2.5 mol% [PdCl2(MeCN)2], 80% conversion was observed, 
albeit with 30 % yield of the aldehyde product and ca. 50% yield of the isomerised 
substrate 2L. Hence, we postulate that benzoquinone coordinates to the Pd(II) catalyst 
prior to reaction of the catalyst with the alkene substrate. Indeed, for the reaction to 
proceed efficiently, it was found necessary to stir the Pd(II) catalyst with p-
benzoquinone in t-BuOH, for 10 to 20 minutes before addition of substrate. 
Spectroscopy was employed to support this hypothesis. 

Stoichiometric [PdCl2(MeCN)2] (5 mM) was stirred with benzoquinone (5 mM)  in t-BuOH 
for 2 h after which  the solvent was removed in vacuo. The 1H NMR and Raman spectra 
of the residue  were recorded. The spectra showed the formation of hydroquinone by 1H 
NMR and semiquinone by Raman spectroscopy. (BQ  in CDCl3 is at 6.79 ppm and for 
hydroquinone at 6.71ppm, Figure 6). 

 
Figure 6. Left: 1H NMR and right: Raman spectrum (785 nm) of the solid obtained from a 1:1 
mixture of Pd(II)(Cl)2(CH3CN)2 and BQ (1) in t-BuOH. 

Since quinhydrone (QH) was formed during the reaction, QH was prepare from a 1 : 1 
mixture of BQ and hydroquinone. The dark red solid QH (5 mM) was mixed with an 
equimolar amount of PdCl2(MeCN)2  (5 mM) for 2 h in t-BuOH, the solvent was removed 



  Mechanism of the AM oxidation of alkenes 

85 

in vacuo and the isolated product PdCl2(MeCN)2 / QH (2) obtained was characterised by 
1H NMR and Raman spectroscopy.  

When a solid sample of 1 (50 mol%)  was used  in the oxidation of styrene, ca. 50% 
conversion was obtained with the aldehyde as the main product within 2 h. Longer 
reaction times did not lead to further conversion of the styrene. Under these conditions, 
allylic amide was also oxidised to the corresponding aldehyde together with formation 
of enamine. Although the formation of enamine is slower than that of aldehyde, a 1 : 1 
ratio of both products were obtained after full conversion was reached. The same 
results were obtained using residue 2 (Scheme 8). 

 

 
Scheme 8. Oxidation of allylic amide with substoichiometric oxidant/catalyst. 

      These data suggest that the oxidation of styrene and allylic amides is catalysed by 
either a palladium species in a higher oxidation state than Pd(II) or a by a concerted 
electron transfer to the benzoquinone from the substrate mediated by Pd(II), while the 
formation of enamines is catalysed by Pd(II). This interpretation is further confirmed by 
reaction of an equimolar mixture of allylic amide (0.05 M), PdCl2(MeCN)2 and BQ in t-
BuOH. This reaction only gave corresponding aldehyde as main product without 
formation of enamine.  

4.2.4 Insight into the mechanism from substrate scope 

In summary, in the first instance the functional groups of allylic alcohols and amines 
were protected to form the corresponding allylic esters and allylic amides in order to 
prevent oxidation of the alcohol and amine functional groups.  A number of protecting 
groups (PG) were investigated in the present study. In the case of the allylic alcohols, it 
was found that protecting groups containing carbonyl functionalities resulted in a 
significant increase in the AM selectivity of the aldehyde product, over the Markovnikov 
(ketone) product (Scheme 9).  These data suggest that the presence of the carbonyl 
moiety directs the nucleophile to attack the terminal carbon of the -olefin, thereby 
forming the aldehyde product.  Such phenomena could be a consequence of an effect of 
the carbonyl group on the coordination mode of the Pd catalyst to the substrate.  As 
such, it is possible that the Pd catalyst coordinates to both the PG carbonyl moiety and 
the alkene group, simultaneously. 
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Scheme 9. Effect of protecting group on selectivity. 

In the case of the protected allylic amines, a range of protecting groups was investigated 
also.  1-phenylprop-2-en-1-amine was protected with carbonyl containing groups, where 
the R substituent was varied, as shown in Scheme 10.  Most of the protecting groups 
allowed for the aldehyde to be formed as the main product with excellent selectivity 
with respect to ketone (See chapter 3, scheme 3). These data confirm the importance of 
a carbonyl group in achieving regioselectivity. 

 
Scheme 10. Variation in protecting group. 

4.3 Summary and conclusions 

The experimental data reported in this chapter indicate that although Pd(II) can bind to 
alkenes, such complexation actually retards their oxidation rather than accelerates it. 
Coordination of the oxidant prior to attack on the substrate is therefore most likely to 
occur. These results hold important implications with regard to the standard mechanism 
proposed for the Wacker Tsuji reaction in that an intramolecular electron transfer from 
alkene to benzoquinone mediated by the Pd(II) ion is involved rather than a more 
classical Pd(II)/Pd(0) cycle. This conclusion implies that efforts towards extending the 
method to a system in which oxygen is the terminal oxidant should focus on 
regeneration of a mediator such as benzoquinone rather than attempting to reoxidise a 
putative Pd(0) intermediate that is unlikely to be present in fact. 
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4.4 Experimental section 

General Procedures and methods 

All reagents are of commercial grade and used as received unless stated otherwise. 
Chromatography: Merck silica gel type 9385 230-400 mesh, TLC: Merck silica gel 60, 0.25 
mm, with visualisation by UV and potassium permanganate staining.  1H-NMR spectra 
were recorded on a Varian AMX400 (400 MHz).  Mass spectra were recorded on an AEI-
MS-902 mass spectrometer (EI+) or a LTQ Orbitrap XL (ESI+). Raman spectra were 
recorded at 785 nm on a Perkin Elmer Raman station. For details of reaction conditions 
and characterisation of products for allylic alcohols see chapter 2, for allylic amines see 
chapter 3. 
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Chapter 5 

Oxidation of alkenes with H2O2 by an in 
situ prepared Mn(II)/pyridine-2-
carboxylic acid catalyst and the role of 
ketones in activating H2O2 
 
 
A simple, high yielding catalytic method for the multigram scale selective epoxidation of 
electron rich alkenes using near-stoichiometric H2O2 under ambient conditions is 
reported. The system comprises of a Mn(II) salt (<0.01 mol%), pyridine-2-carboxylic acid 
(<0.5 mol%) and sub-stoichiometric butanedione. High T.O.N. (up to 300,000) and T.O.F. 
(up to 40 s-1) can be achieved for a wide range of substrates with good to excellent 
selectivity, remarkable functional group tolerance and a wide solvent scope. It is shown 
that the formation of 3-hydroperoxy-3-hydroxybutan-2-one from butanedione, and 
H2O2 in situ, is central to the activity observed 
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5.1 Introduction 

The central role played by epoxides and (cis-)diols in all areas of synthetic organic 
chemistry, from total synthesis and materials science to bulk chemicals production,[1] 

places the development of new methods for olefin oxidation at the centre of efforts to 
increase sustainability and reduce the environmental footprint of processes. [2] In this 
regard considerable efforts have focused on replacing methods based on scarce and 
potentially toxic metals such as chromium, ruthenium and osmium with metals such as 
iron, titanium, manganese, tungsten and molybdenum. In addition to using 
environmentally benign and abundant metals, substituting terminal oxidants in 
particular Oxone, NaOCl, iodosylbenzenes and mCPBA, [3] with more atom economic 
oxidants such as O2 and especially H2O2 is a major challenge.  

Ideally, catalytic oxidation methods based on efficient, safe and readily applicable ‘off 
the shelf’ components (i.e. in situ preparation) are desirable for the oxidation of alkenes 
with H2O2 for practical, economic and environmental reasons. Their relatively low 
toxicity and cost and the often high turnover numbers (T.O.N.s) that can be achieved, 
position manganese, [4, 5, 6] iron, [7] tungsten[8, 9, 10, 11, 12] and molybdenum[13]  based 
catalysts at the focus of current attention. [3]  Notable examples are the ‘off the shelf’ 
systems based on molybdenum and tungsten oxides developed by Payne, [8]  Venturello[9, 

10]  and Noyori[2, 11, 12] and coworkers and the methyltrioxorhenium (MTO) system 
developed by Herrmann[14, 15]  and others. The tungsten and molybdenum systems have 
demonstrated remarkably high turn-over numbers (>2,000) and frequencies (> 10 s-1) 
with H2O2 as terminal oxidant. Initial limitations imposed by the acidic conditions 
resulted in restrictions to their application in the formation of acid sensitive substrates 
and other substrates such as styrene; but, recently, modified conditions towards 
addressing this issue have been reported. [16, 17]

 In the case of the MTO systems good 
conversion and selectivity can be achieved for a range of alkene substrates in particular 
trans-alkenes albeit with relatively long reaction times (1- 20 h). [14, 15] 

Alkene epoxidation and (cis-)dihydroxylation with manganese based catalysts has seen 
rapid progress in recent years also, [18, 19] not least in the recent reports by Lau and co-
workers with (PPh4)2[Mn(IV)(N)(CN)4],[20]  and with the manganese tri- and tetraaza-
macrocycle based complexes developed by De Vos, [21] Berkessel, [22]  Busch, [23, 24] 
Costas[25, 26] and our own groups. [4,  27]  For methods based on manganese, however, the 
challenge is to activate H2O2 using similarly simple in situ prepared catalysts without 
producing hydroxyl radicals and avoiding strongly acidic or basic conditions. [28] The 
systems reported by Hage et al. in NaHCO3(aq) buffer[4] and by Burgess and co-workers[5] 
for the epoxidation of alkenes with MnSO4 and aqueous NaHCO3 with DMF or t-BuOH, 
albeit both requiring excess H2O2 (> 5 equivalents), are amongst the few in situ prepared 
manganese based procedures available to date. 

The current challenge therefore is to develop methodologies that allow for efficient 
oxidation of alkenes (in terms of oxidant) with readily available catalyst systems under 
neutral conditions with good functional group tolerance and selectivity. Recently, we 
reported such a straightforward method, based on a Mn(II) salt (0.1 mol%), pyridine-2-
carboxylic acid (PCA, 0.5 mol%) and H2O2 (2.0 equiv.), for the cis-dihydroxylation of 
electron deficient alkenes in acetone in excellent yields and selectivities. [29, 30, 31]  In 
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addition the system showed moderate to good activity and selectivity in the epoxidation 
of electron rich alkenes.  

The system, although effective, raised two important issues. Firstly, the requirement for 
a ketone to be used as (co-)solvent[32] suggested that ketone-hydrogen peroxide adducts 
are involved in the reaction either as a reservoir, to reduce the steady state 
concentration of H2O2, or that these adducts are in fact involved in the oxidation directly. 
Secondly, in contrast to the, e.g., largely aqueous tungsten based systems,[8, 9, 10, 11, 12] 
the use of a combination of acetone and H2O2 presents a substantial risk of explosion 
and hence may prove unsuitable for routine use especially on medium and large scale.[33, 

34, 35] In our earlier report,[29] we demonstrated that in acetonitrile similar reactivity 
could be achieved with 5 vol% of 1,1,1-trifluoroacetone, albeit being a ketone that is 
expensive and generates fluorinated waste. The combination of safety issues, cost and 
waste, in addition to solubility considerations and the drive for increased selectivity 
towards epoxidation of electron rich alkenes prompted us to explore other solvents and 
ketones. 

Here we report a general and robust method for the epoxidation of simple and 
multifunctional alkenes with H2O2, catalysed by a combination of a Mn(II) salt, pyridine-
2-carboxylic acid (PCA) and sub-stoichiometric 1,2-diketones, specifically butanedione[36]  
in a wide range of solvents (Scheme 1). The use of sub-stoichiometric butanedione is 
cost effective and reduces the risks associated with H2O2 in combination with organic 
solvents considerably compared with the original acetone/H2O2 combination.[ 37 ] 
Importantly, it enables a broad solvent scope, much higher reaction rates (completion 
reached within 10-20 min), unprecedented turnover frequencies (up to 40 s-1) and 
extremely low catalyst loadings (< 0.01 mol% Mn(II)) at room temperature. The method 
is straightforward and provides high selectivity with good to excellent atom efficiency 
(Scheme 1). 

  
Scheme 1. Conversions and yields (isolated) obtained for the epoxidation of selected electron 
rich alkenes. Substrate final concentration was 0.5 M final concentration. 

Furthermore, we demonstrate that the ketone used is catalytic in the reaction through 
the reversible formation of ketone-peroxide adducts. Through mechanistic studies we 
show that the primary limitation to the system is the competing oxidation of the ketone 
additive to carboxylic acids,[37] which eventually leads to a loss in activity. The 
recognition of the ketone-hydrogen peroxide adduct as the actual oxidant[38] presents 
considerable potential in the development of a new approach to oxidation catalysis. 

 



Chapter 5 
 

92 

5.2 Results and discussion 

5.2.1 General reaction conditions and optimisation 

An initial screening of the oxidation of diethylfumarate and cyclooctene using 
stoichiometric amounts of ketones, with acetonitrile as solvent, identified 
butanedione[36] as a viable alternative to acetone or 1,1,1-trifluoroacetone, both in 
terms of cost, safety/toxicity and selectivity. 

Initial screening showed that, with 0.5 equiv. of butanedione, 0.05 mol% Mn(II) and 0.5 
mol% PCA,  95% conversion and 53% yield of cyclooctene oxide could be achieved (see 
Experimental section, table 3). cis-Diol and α-hydroxy-ketone by-products were obtained 
also. Surprisingly, increasing the amount of butanedione decreased both the conversion 
of cyclooctene and yield of epoxide. Higher turnover numbers (T.O.N. 9,500) and yield 
(80%) of the desired epoxide product was obtained by decreasing the concentration of 
Mn(II) to 0.01 mol%. Under these conditions full conversion was achieved within 15 min 
at room temperature (table 3, entry 3). For -pinene similar optimisation indicated that 
the conditions optimum for cyclooctene were generally applicable (See table 4) for 
electron rich alkenes (with regard to electron deficient alkenes somewhat different 
conditions provided the best conversions and yields, see table 5, vide infra). 

The dependence of conversion on the concentration of Mn(II) was examined further in 
the epoxidation of cyclooctene (Table 1). Similar yields (71% to 74%) were obtained 
even with only 0.001 mol% Mn(II) was used. Conversion decreased to 30% when 0.0001 
mol% Mn(II), however this still represents a turnover number of 300,000 with respect to 
Mn(II).  

Table 1. Effect of Mn(II) concentration on the epoxidation of cycloctene.a 

 

Entry Mn(ClO4)2.6H2O (mol %) T.O.N. Conversion (%) Yield (%) 

1 0.005 19,400 97% 71% 

2 0.002 48,500 97% 74% 

3 0.001 95,000 95% 72% 

4 0.0005 130,000 65% 50% 

5 0.0001 300,000 30% 20% 

aConversion and yield was determined by Raman and 1H NMR spectroscopy (+/- 3%, see 
Experimental section). Substrates were 0.5 M final conc. 
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The concentration of PCA could be reduced to 0.1 mol% with only a slight decrease in 
yield (see Experimental section, table 3, entry 4). Omission of either Mn(II), PCA or 
butanedione resulted in a complete loss of activity (table 3, entries 6-8). 

      Using conditions optimised for cyclooctene directly, the epoxide product of 1-methyl 
cyclohexene was obtained in high yield (90%), which indicated that with aliphatic 
alkenes this system performs well. Both aliphatic and aromatic alkenes were 
investigated under the reaction conditions optimised for cyclooctene also. Even without 
further optimisation, good to excellent conversion was observed for all cyclic alkenes 
examined, with typically 70% yield of the corresponding epoxide products. From a 
mechanistic perspective, the notable absence of significant allylic oxidation of 
cyclohexene indicates that hydroxyl radicals are not involved.[39] 

 
Scheme 2. Conversions and yields obtained for the epoxidation of electron rich alkenes using 
reaction conditions optimised for cyclooctene. 

Conversion and yield was determined by Raman and 1H NMR spectroscopy (+/- 3%, see 
Experimental section). Substrate final concentration was 0.5 M. Isolated yields are indicated for 
selected substrates in parentheses.  

For acyclic alkenes, good conversion was achieved with the highest yields for 
trisubstituted alkenes. 44% yield of epoxide product was obtained for 1-octene while for 
the gem-disubstituted alkene, 2,4-dimethyl-heptene, 80% yield of the epoxide product 
was obtained. Internal di-, tri- and tetra-substituted alkenes showed higher reactivity in 
general, with full conversion and 70-83% yield of the epoxide product (Scheme 1 and 9). 
As for styrene (Scheme 1), a set of aromatic alkenes were selectively oxidised to the 
corresponding epoxide (Scheme 2). Epoxidation of 2-carene and 3-carene (Scheme 2) 
showed full diastereoselectivity as in the oxidation of α-pinene (Scheme 1). 
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Although, the conditions optimised for the oxidation of cyclooctene provide generally 
good conversions and yields of the epoxide products, for several substrates, such as 1-
octene and phenanthrene, incomplete conversion was observed, (Scheme 2). Variation 
in the concentration of butanedione, catalyst or H2O2 did not lead to improved results. 
However, by reducing the concentration of the substrate from 0.5 to 0.25 M but holding 
the concentration of all other components the same as in Scheme 2, higher conversion 
(90 and 85%, respectively) and yield of epoxide (60 and 68%, respectively) could be 
achieved. For -unsaturated alkenes (Tables S5) in general lower conversions were 
achieved and selectivity was low with the cis-diol product as the major product. 

Increasing the reaction to multigram scale for cyclooctene (1.1 to 5.5 g, 10-50 mmol) 
and trans-stilbene (9 g, 50 mmol) afforded essentially the same conversions and yields 
as on sub-gram scale (see Experimental section).  

5.2.2 Oxidation of acid/base sensitive alkenes 

The optimised reaction conditions described above are essentially neutral which makes 
the current method especially suitable for acid or base sensitive epoxide products such 
as α-pinene oxide and styrene oxide. For both these substrates (Scheme 1) excellent 
conversion and good yields (73% isolated yield) were achieved with the present system.  

 
Scheme 3. Oxidation of α-pinene followed by in situ conversion to campholenic acid. 

The natural product α-pinene is an important precursor to the flavour ingredient 
campholenic aldehyde (Scheme 3) and the preparation is carried out typically via the 
epoxide. -Pinene oxide could be isomerised in situ to campholenic aldehyde with 20% 
final yield, in an overall one pot reaction by adding SiO2 with gentle heating (Scheme 
3).[40, 41, 42, 43] The present system allows the use of silica directly (i.e. without the need to 
modify it with other metal catalysts) which offers a considerable advantage over other 
methods. 

5.2.3 Oxidation of conjugated and non-conjugated dienes 

For non-conjugated dienes high regioselectivity was obtained compared to conjugated 
dienes, which showed only modest regioselectivity. In general, epoxidation of more 
substituted double bonds was preferred over less substituted double bonds. For 
limonene selectivity for the epoxidation of the internal alkene was observed. For citral, 
only one product was obtained, i.e. chemoselective epoxidation of the electron rich 
alkene without aldehyde oxidation (scheme 4). 
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Scheme 4. Epoxidation of substrates containing progressively dissimilar double bonds. For 
reaction conditions see Experimental section. 

5.2.4 Oxidation of alkenes bearing multiple functional groups and allylic stereocentres 

Selective oxidation of compounds with multiple oxidation sensitive centres, especially 
alcohols and aldehydes is a major challenge and is essential in achieving general 
applicability of any new method.[44, 45, 46] Remarkably, for the unprotected homoallylic 
alcohol trans-2-decen-1-ol, the epoxide product was obtained in 61% yield (73% 
conversion) with only 10% of aldehyde. Indeed, in general, aldehydes and primary 
alcohols were stable under reaction conditions as shown for a series of bifunctional 
alkenes. For example, 3-vinyl benzaldehyde afforded the corresponding epoxide with 
77% conversion and 66% yield (Scheme 5). β-citronellol showed good selectivity for 
epoxide product and the aldehyde was not observed after the reaction (Scheme 1). 

For N-phenylcarbonyl-1,2-dihydro-quinoline-2-carbonitrile the corresponding epoxide 
product could be obtained in 65% isolated yield (vide infra, Scheme 7). 

 
Scheme 5. Oxidation of aldehyde and alcohol functionalised alkenes to the corresponding 
epoxide products. For reaction conditions see Experimental section. Yield determined by 1H 
NMR spectroscopy, isolated yield in parentheses. 

Tolerance to protecting groups is a further characteristic of the present system. In the 
present study silyl based protecting groups were found to be unstable to reaction 
conditions as expected based on the sensitivity of such groups to H2O2. By contrast, 
hydrolytically sensitive acetyl and tert-butoxycarbonyl (Boc) protected alcohols were 
found to be stable under reaction conditions (Scheme 6). 
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Scheme 6. Oxidation of protected allylic alkenes to the corresponding epoxide products. For 
details see section 5.4.6, yield determined by 1H NMR spectroscopy, isolated yield in 
parentheses. 

Retention of configuration at the stereogenic centre of enantiopure acetyl protected 
allylic alcohol[47] (isolated yield of epoxide 88%)  upon epoxidation was observed, i.e. the 
epoxide product was obtained as only two of the four possible diastereomers (see 
section 5.4.6).  This, together with the absence of allylic oxidation in the case of 
cyclohexene, (Scheme 2) provides strong evidence that species such as hydroxyl radicals 
are not formed in the reaction.  

Stereochemical aspects. Stereochemistry presents a key challenge in modern synthetic 
chemistry. In the present system the influence of substrate on the stereochemical 
outcome of the reaction is evident for cyclic systems, especially terpenoids such as 
pinene and carenes (Schemes 1 and 2). For N-phenylcarbonyl 1,2-dihydro-quinoline-2-
carbonitrile (Scheme 7) the corresponding epoxide product was obtained as a single 
diastereomer showing that stereochemical control by the substrate can be exerted for 
cyclic alkenes. This, together with the retention of stereochemistry in protected allylic 
alcohols makes the present system a versatile general method for the epoxidation of 
complex alkenes. 

 
Scheme 7. Oxidation of N-phenylcarbonyl 1,2-dihydro-quinoline-2-carbonitrile to the 
corresponding diastereomerically pure epoxide product. For reaction conditions see 
Experimental section.  Yield determined by 1H NMR spectroscopy. 

cis-Dihydroxylation of electron deficient alkenes.  

The catalysed cis-dihydroxylation of electron deficient alkenes such as diethylfumarate 
and succinimide was a major challenge in oxidation chemistry, until recently, when we 
demonstrated that clean conversion and excellent selectivity for the cis-diol product 
could be achieved using acetone as solvent.[29] Under the present conditions using 
acetonitrile and butanedione, optimised for cyclooctene epoxidation, good conversion 
(74%) and full selectivity was observed for the cis-dihydroxylation of diethylfumarate 
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(Scheme 8 and Table 5). Increasing the relative amount of butanedione from 0.5 equiv. 
to 1.0/1.5 equiv. w.r.t. substrate allowed for full conversion. Surprisingly an increase in 
[Mn(II)] to 0.05 mol% resulted in a decrease in conversion (Table 5). 

 
Scheme 8. Oxidation of electron deficient alkenes to their cis-diol products. For details see 
section 7. In all cases only a single product was formed. Yield determined by 1H NMR 
spectroscopy. Substrates were 0.5 M final conc..  

5.2.5 Solvent dependence and scope 

Although acetonitrile is the solvent of choice in the present study, the ability to use a 
wider range of solvents is important both for safety and economic reasons and to 
overcome solubility limitations that may be encountered with certain substrates. Using 
the conditions optimised in acetonitrile, the solvent scope for the oxidation of 
cyclooctene and diethylfumarate (which yields the cis-diol product exclusively) was 
examined.[48] In general, in alcohols, good conversion and yields were obtained albeit 
slightly lower than obtained in acetonitrile (Table 2). Remarkably, in acetone and 
butanone, using only 0.01 mol% of Mn(II), conversion was not observed without 2,3-
butanedione within 2 h.  

Table 2. Solvent dependence of the epoxidation of cyclooctene 

Entry Solvent Conversion (%) Yield (%) 
1 Acetone 90 68 
2 Butanone 85 58 
3 tert-BuOH 65 55 
4 CH3CN 95 80 
5 Methanol 90 62 
6 Ethanol 70 45 

5.2.6 Mechanistic considerations 

Several mechanistically relevant observations can be made based on the substrate scope. 
The degree of retention of configuration of cis-/trans- 2-heptene (Scheme 9) is relatively 
low. For cis-2-heptene, 75% of the epoxide product was obtained as a mixture of cis-2-
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heptene oxide and trans-2-heptene oxide (2:1) (Scheme 9). By contrast, trans-2-heptene 
provided 45% trans-2-heptene oxide and only 9% cis-2-heptene oxide. This indicates 
that the epoxidation of alkenes is not a concerted reaction but is instead stepwise. It 
should be noted though that the heptane-1,2-diol that was formed as a minor product 
was in both cases the result of cis-dihydroxylation only. Essentially the same results 
were obtained with both cis- and trans-1-methylstyrene and cis- and trans-stilbene. 

 

 
Scheme 9. Oxidation of cis-/trans-2-heptene, 1-methyl-styrene and stilbene. For conditions see 
Experimental section. Yields determined by 1H NMR spectroscopy. Note that the trans-
dihydroxylation products were not observed in any of the examples. 

The absence of significant allylic oxidation, for example, for cyclohexene, indicates that 
the low retention of configuration observed for 2-heptene is not due to a radical 
oxidation pathway involving hydroxyl radicals however. Furthermore, the 
diastereoselectivity observed for the epoxidation of 1-benzoyl-1,2-dihydro-2-
quinolinecarbonitrile and the absence of racemisation for (S)-4-phenylbut-3-en-2-yl 
acetate requires, however, that if a stepwise mechanism is involved then the rate of the 
step, prior to which rotation can occur, is generally fast.  

5.2.7 Role of ketone in the catalytic reaction 

Although our initial objective was to find safer alternatives to acetone as solvent, we 
discovered that butanedione was an active ketone for the manganese catalytic oxidation 
of alkenes sub-stoichiometrically. Indeed at low Mn(II) loadings the requirement for 
butanedione to be present, even when acetone is used as solvent, indicated that the 
ketone was involved directly in the reaction and not simply acting as (co)solvent. Indeed, 
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the full conversion observed with sub-stoichiometric amounts of butanedione means 
that it is involved in the oxidation directly and is therefore catalytic. Furthermore, the 
broad solvent scope and the absence of activity when butanedione was omitted, 
together with the increased activity that allows for the use of low Mn(II) (<0.01 mol%) 
and PCA (<0.05 mol%) catalyst loadings, with much shorter reaction times than in 
acetone alone, hinted that hydrogen peroxide/butanedione adducts (i.e. 3-hydroperoxy-
3-hydroxybutan-2-one) could be involved.  UV/Vis and Raman spectroscopic analysis of 
the reaction mixture confirmed that the diketone reacts immediately (<10 s) with H2O2 

in a 1:1 ratio , manifested in the decrease and blue shift in both the carbonyl stretch 
(1722 cm-1) in the Raman spectrum (Figure 1) and the absorption band at 417 nm in the 
UV/vis absorption spectrum of the reaction mixture (Figure 2).  

 
Figure 1. Changes in the Raman spectrum (upper spectrum 1500-1800 cm-1 region, lower 
spectrum 500-1100 cm-1 region), exc 785 nm, of the reaction mixture during the epoxidation of 
cyclooctene . The conditions used are those stated in Scheme 3. Spectra at prior to (purple) and 
t= 1 (blue), 5 (green), 20 (grey) and 30 (orange) min after addition of H2O2.(1,2-DCB : 1,2-
dichlorobenzene) 

 
Figure 2. Changes in the (a) UV/vis absorption spectrum of the reaction mixture 1 min after 
addition of H2O2 and after 35 min. (b) absorbance of the butanedione at 417 nm over time. 
Conditions used are those stated in Figure 1. 

That the changes observed are due to the formation of a mono-hydroperoxyacetal 
(Scheme 10) is supported by the 1:1 stoichiometry required to see a complete loss in the 
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intensity of both the 1722 cm-1 Raman band and the 417 nm UV/Vis absorption band 
(Figure 2). With 1 equiv. of H2O2 with respect to substrate, the 1722 cm-1 Raman band 
and the 417 nm absorption began to recover after approximately 66% of the H2O2 was 
consumed (i.e. <1 equiv. of H2O2 with respect to butanedione remained). This is 
consistent with the formation of 1:1 adduct of H2O2 and butanedione (Scheme 10).[49] 

 
Scheme 10. Reaction between ketones and H2O2. 

5.3 Conclusions 

In conclusion, a practical, fast and readily implemented method for selective epoxidation 
of electron rich alkenes with H2O2 and an in situ prepared catalyst system was 
established which can achieve high turnover numbers (up to 300,000). Importantly, the 
tolerance to other oxidation sensitive functional groups, the mild conditions (i.e. 
between 0 oC and r.t.) and solvent scope make this system highly competitive with 
stoichiometric oxidants such as mCPBA. The system is especially suited to epoxidation of 
electron rich alkenes and shows good to excellent selectivity in the epoxidation of dienes 
and bifunctional substrates. In the case of electron deficient alkenes the method can 
show exceptional selectivity and activity in their cis-dihydroxylation. The preliminary 
mechanistic study has focused on the role of butanedione and indicates that further 
optimisation of the system should focus on overcoming the oxidation of the ketone as a 
competing reaction.  

5.4 Experimental   

5.4.1 Materials and Methods 

UV/Vis absorption spectra were recorded at room temperature in 1 mm pathlength 
quartz cuvettes using a AnalytikJena Specord600. Raman spectra were recorded using a 
Perkin Elmer Raman Flex equipped with a fibre optic probe ( exc 785 nm). For both 
Raman and 1H NMR spectroscopy 1,2-dichlorobenzene was employed as internal 
standard. EPR spectra were recorded using a Bruker at room temperature using a liquid 
cell and at 77 K using 2 mm. 

Caution. The drying or concentration of solutions that potentially contain H2O2 should be 
avoided. Prior to drying or concentrating, the presence of H2O2 should be tested for 
using peroxide test strips followed by neutralisation on solid NaHSO3 or another suitable 
reducing agent. When working with H2O2, suitable protective safeguards should be in 
place at all times.  
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Caution. Butanedione has been linked with lung disease upon exposure to vapours. It 
should be handled in a properly ventilated fumehood and exposure to vapours should be 
avoided.  

All reagents are of commercial grade and used as received unless stated otherwise. 
Hydrogen peroxide was used as received as a 50 wt. % solution in water; note that the 
grade of H2O2 employed can affect the outcome of the reaction where sequestrants are 
present as stabilisers.1H NMR (400.0MHz) and 13C NMR (100.6 MHz) spectra were 
recorded on a Varian Avance400. Chemical shifts[50] are relative to 1H NMR CDCl3 (7.26 
ppm), DMSO-d6 (2.5 ppm), CD3CN (1.94 ppm), 13C NMR CDCl3 (77 ppm).  

5.4.2 Optimisation of conditions for catalytic oxidation of cyclooctene, -pinene and 
diethyl fumarate   

Table 3. Optimisation of conditions for the epoxidation of cyclooctene 

 

Entry Mn(ClO4)2 
. 6H2O 

(mol %) 
Pyridine-2-COOH 

(mol %) 
butanedione 

(equiv.) 
Conv.a 

(%) 
Yieldb,c (%) 

(isolated yield) 
1 0.05 0.5 0.5 95 53 
2 0.05 0.5 1.5 95 56 
3 0.01 0.5 0.5 95 80 (73) 
4 0.01 0.1 0.5 93 70 
5 0.01 0.1 3.0 30 15 
6 ---- 0.5 0.5 0 0 
7 0.05 --- 0.5 0 0 
8 0.05 0.5 ----- 0 0 

a Determined by 1H NMR and Raman spectroscopy. b Yields determined by 1H NMR using 1,2-
dichlorobezene as  internal standard. c The side products were the corresponding cis-diol and α-
hydroxyl ketone. 
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Table 4. Optimisation of conditions for the epoxidation of -pinene 

 

Entry Mn(ClO4)2 
. 6H2O 

(mol %) 
Pyridine-2- COOH 

(mol %) 
butanedione 

(equiv.) 
Conversiona 

(%) 
Yieldb,c (%) 

(isolated yield) 
1 0.05 0.5 0.5 86 65 
2 0.05 0.5 1.5 85 45 (43) 
3 0.01 0.5 0.5 95 80(73) 
4 0.01 0.1 0.5 80 47 
5 0.01 0.1 3.0 35 15 
6 0.05 0.5 3.0 28 12 
a Determined by 1H NMR and Raman spectroscopy. b Yields determined by 1H NMR using 1,2-
dichlorobezene as  internal standard. c The side products were the corresponding cis-diol and α-
hydroxyl ketone products and rearrangement products. 

Table 5. Optimisation of conditions for the cis-dihydroxylation of diethyl fumarate 

 
Entry Mn(ClO4)2 

. 6H2O (mol %) Butanedione (equiv.) Conversiona (%) 
1 0.01 0.5 74 
2 0.01 1.0 94 
3 0.01 1.5 full 
4 0.05 0.5 61 
5 0.05 1.0 78 
6 0.05 1.5 89 

a Determined by 1H NMR and Raman spectroscopy. Only the cis-diol product was formed. 

5.4.3 Procedures for catalytic  oxidation of alkenes described in schemes 1, 2, 4-7 and 9 
and characterisation  of  products 

General procedure: To a solution of Mn(ClO4)2.6H2O(0.01 mol %, 0.0361 mg) and 
pyridine-2-carboxylic acid (0.5 mol %, 0.123 mg) in acetonitrile was added the alkene (1 
mmol) to give a final concentration of the substrate of 0.5 M, NaOAc (aq. 0.6 M, 1 mol %, 
16.7μl) and 2,3-butanedione (0.5 equiv. 43.5 μl) to give a final volume of 2 ml. The 
solution was stirring in an ice/water bath before addition of H2O2 (50 wt. % , 1.5 equiv., 
85 μl). The solution was stirred for 1 h.  

After 1 h, brine (10 ml) was added and the reaction mixture was extracted with 
dichloromethane. The combined organic layers were washed with brine. The product 
was dried over Na2SO4(anhyd.), filtered, and the dichloromethane was removed in 
vacuo. 1,2-Dichlorobenzene was employed as internal standard for Raman and 1H NMR 
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spectroscopy. The products were isolated by flash column chromatography on silica gel 
230-400 or neutral aluminium oxide 70-230. 

Note: For some reactions CD3CN was used as solvent with analysis after the reaction 
carried out by 1H NMR spectroscopy directly. 

 
Cyclooctene oxide Isolated by flash column chromatography on neutral aluminium oxide 
70-230 (pentane/ether = 9:1, Rf = 0.6). The title compound was obtained as colourless 
solid (91.5 mg, 0.73 mmol, 73 %) 

At 1.1 gram (10 mmol) scale, the oxidation of cyclooctene using the same procedure 
provided  cyclooctene oxide as a colourless solid (881 mg, 7.0 mmol, 70 %)  

At 5.5 gram (50 mmol) scale, the oxidation of cyclooctene using the same procedure 
provided full conversion with cyclooctene oxide obtained as a colourless solid (4.23 g, 
33.5 mmol, 67 %). (side products: 15% diol, 7% alpha-hydroxyl ketone)1H NMR (400 
MHz, CDCl3) δ 2.87-2.81 (m, 2H), 2.12-2.06 (m, 2H), 1.60-1.30 (m, 8H), 1.25 (m, 2H); 13C 
NMR (101 MHz, CDCl3) δ 55.5, 26.5, 26.3, 25.5. 

 
α-pinene oxide  The procedure used was as for the catalysed  oxidation of cyclooctene. 

The product was isolated by flash column chromatography over neutral aluminum oxide 
(pentane/ether = 99:1, Rf = 0.6).The title compound was obtained as colourless  oil (111 
mg, 0.73 mmol, 73%). 

On a 680 mg (5 mmol) scale α-pinene was converted to α-pinene oxide to yield a 
colourless  oil (540 mg, 3.55 mmol, 71%) 
1H NMR (400 MHz, CDCl3) δ 3.04 (dd, J = 4.1 Hz, 1.1, 1H), 2.02-1.86 (m, 4H), 1.73-1.68 
(m, 1H), 1.60 (d, J = 9.4 Hz, 1H), 1.33 (s, 3H), 1,28 (s, 3H), 0.93(s, 3H); 13C NMR (101 MHz, 
CDCl3) δ 60.3, 56.8, 45.0, 40.5, 39.7, 27.6, 26.6, 25.8, 22.3, 20.1; HRMS (ESI+) calc. for 
C10H17O (M+H)+ 153.1265, found 153.1274. 
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Styrene oxide. The procedure used was as for the catalysed  oxidation of cyclooctene. 
The product was isolated by flash column chromatography over neutral aluminium oxide 
(pentane/ether = 85:15, Rf = 0.5).The title compound was obtained as colourless  oil 
(87.5 mg, 0.73 mmol, 73%) . 

 1H NMR (400 MHz, CDCl3) δ 7.41-7.28 (m, 5H), 3.87 (t, J =2.7 Hz, 1H), 3.15 (dd, J = 5.5 Hz, 
4.1, 1H), 2.81 (dd, J = 5.5 Hz, 2.5, 1H); 13C NMR (101 MHz, CDCl3) δ 137.6, 128.9, 128.5, 
128.1, 127.9, 125.4, 52.3, 51.1. 

 
Citronellol epoxide The procedure used was as for the catalysed oxidation of 
cyclooctene. The product was isolated by flash column chromatography over neutral 
aluminium oxide (pentane/ether = 30:70, Rf = 0.5).The title compound was obtained as 
colourless  oil (117 mg, 0.68 mmol, 68%). 

 1H NMR (400 MHz, CDCl3) δ 3.65(m, 2H), 2.68 (t, J = 6.3 Hz, 3H), 1.74-1.36 (m, 7H), 1.28 
(s, 3H), 1.24 (s, 3H), 0.89 (d, J=6.5, 3H),  13C NMR (101 MHz, CDCl3) δ 64.6, 64.6, 60.8, 
58.4, 58.3, 39.7, 39.5, 33.7, 33.6, 29.3, 29.1, 26.4, 26.1, 24.8, 19.6, 19.4, 18.6, 18.6; 
HRMS (ESI+) calc. for C10H21O2 (M+H)+ 173.1536, found 173.1527. 

 
1,2-Epoxyoctane The procedure used was as for the catalysed oxidation of cyclooctene. 
The product was isolated by flash column chromatography over neutral aluminium oxide 
(pentane/ether = 98:2, Rf = 0.5). The title compound was obtained as colourless oil (52.5 
mg, 0.41 mmol, 41%).  
1H NMR (400 MHz, CDCl3) δ 2.89 (m, 1H), 2.74 (q, 1H), 2.45 (q, 1H), 1.53- 1.27 (m, 10H), 
0.88(t, 3H); 13C NMR (101 MHz, CDCl3) δ 52.3, 47.1, 32.4, 31.7, 29.0, 25.9, 22.5, 14.  
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2-Methyl-2-(2-methylpentyl)oxirane The procedure used was the same as for the 
catalysed  oxidation of cyclooctene. The product was isolated by flash column 
chromatography over silica gel (pentane/ether = 97:3, Rf = 0.5). The title compound was 
obtained as a colourless oil (102 mg, 0.72mmol, 72%).  
1H NMR (400 MHz, CDCl3) δ 2.52-2.45 (m, 2H), 1.73-1.40 (m, 2H), 1.26-1.18 (m, 7H), 
1.09-0.97 (m, 1H), 0.88-0.79 (m, 6H); 13C NMR (101 MHz, CDCl3) δ 56.0, 55.9, 54.3, 53.7, 
44.2, 44.1, 39.7, 39.1, 30.0, 29.8, 20.7, 20.6, 20.0, 19.8, 19.5, 14.1; HRMS (ESI+) calc. for 
C9H19O (M+H)+ 143.14285, found 143.14304;  

 
At 9 gram (50 mmol) scale, the oxidation of stilbene using the same procedure provided 
85% conversion with stilbene oxide obtained as a colourless solid (6.24 g, 31 mmol, 
63.5 %). (side products: 15% diol, 3% alpha-hydroxyl ketone). 
1H NMR spectrum in CDCl3 of the purified product obtained by multi-gram oxidation of 
trans-stilbene 
1H NMR (400 MHz, CDCl3) δ 7.49-7.40 (m, 10H), 3.96(s, 2H); 13C NMR (101 MHz, CDCl3) δ 
137.2, 128.6, 128.4, 125.6, 62.9. 
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Figure 3. 1H NMR spectrum in CDCl3 of the crude product obtained by oxidation of phenanthrene. 
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Figure 4. 1H NMR spectrum in CD3CN with 1,2-DCB as internal standard of the reaction mixture 
obtained by oxidation of 2-carene 

 
3-carene oxide The procedure used was as for the catalysed oxidation of cyclooctene. 
The product was isolated by flash column chromatography over neutral aluminium oxide 
(pentane/ether = 96:4, Rf = 0.5). The title compound was obtained as colourless  oil (68 
mg, 0.45 mmol, 45%).  
1H NMR (400 MHz, CDCl3) δ 2.82 (s, 1H), 2.30 (m, 1H), 2.13 (dd, J = 9.0 Hz, 7.2), 1.55 (m, 
2H), 1.24 (s, 3H), 0.99 (s, 3H), 0.71 (s, 3H), 0.50 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 
58.1, 55.8, 27.7, 23.3, 23.0, 19.1, 15.9, 14.5, 13.8.  
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Figure 5. 1H NMR spectrum in CDCl3 with 1,2-DCB as internal standard of the crude product 
obtained upon oxidation of dec-2-en-1-ol.  

 

 
3-(Oxiran-2-yl)benzaldehyde  The procedure used was as for the catalysed  oxidation of 
cyclooctene. The product was isolated by flash column chromatography over neutral 
aluminium oxide (pentane/ether = 81:19, Rf = 0.6).The title compound was obtained as 
colourless  oil (90 mg, 0.61 mmol, 61%).  
1H NMR (400 MHz, CDCl3) δ 10.02 (s, 1H), 7.83 (m, 2H), 7.54 (m, 2H), 3.95 (t, J =2.6 Hz, 
1H), 3.20 (dd, J =5.3, 4.1, 1H), 2.82 (dd, J =5.4, 2.5, 1H); 13C NMR (101 MHz, CDCl3) δ 
191.9, 139.0, 131.3, 129.5, 129.2, 126.6, 51.7, 51.2; HRMS (ESI+) calc. for C9H9O2 (M+H)+ 
149.05971, found 149.05980.   
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(1aS*,2S*,7bR*)-3-Benzoyl-1a,2,3,7b-tetrahydrooxireno[2,3-c]quinoline-2-carbonitrile. 
The reactions procedure was the same as for the oxidation of cyclooctene. The product 
was isolated by flash column chromatography over silica gel (Dichloromethane, Rf = 0.5). 
The title compound was obtained as white solid ( 180 mg, 0.65 mmol, 65%). 
1H NMR (400 MHz, CDCl3) δ 7.53-7.51 (dd, J=7.5, 1.1 Hz, 1H), 7.4-7.34 (m, 3H), 7.27-7.23 
(m, 2H), 7.19-7.16 (t, J=7.5 Hz, 1H), 7.08-7.03 (t, J =7.6 Hz, 1H), 6.54-6.52 (d, J = 8.0 Hz, 
1H), 6.27 (d, J = 2.4 Hz, 1H), 4.29-4.27 (dd, J = 3.8 Hz, 2.6, 1H),  4.15 (d, J = 4.0 Hz, 1H) ; 
13C NMR (101 MHz, CDCl3) δ 170.1, 135.2, 133.6, 131.3, 130.1, 129.1, 128.3, 126.8, 
126.4, 124.0, 114.8, 59.4, 51.0, 41.5; HRMS (ESI+) calc. for C17H12N2O2 (M+Na)+ 
299.07910, found 299.07887;  The stereochemistry of 1-benzoyl-1,2-dihydro-2-
quinolinecarbonitrile oxide was determined by 1H-NMR spectroscopic analysis. The 
coupling constants[51] of protons Ha, Hb and Hc (see Scheme) indicate that the CN group is 
trans to the epoxide moiety. 
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Figure 6. 1H and 13C NMR spectra in CDCl3 of the isolated product from the oxidation of 1-
benzoyl-1,2-dihydro-2-quinolinecarbonitrile. Only one diastereoisomer pair formed. 
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Figure 7. 1H NMR spectrum in CDCl3 with 1,2-DCB internal standard of the crude product 
obtained upon oxidation of cis-heptene. 
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Figure 8. 1H NMR spectrum in CDCl3 with 1,2-DCB internal standard of the crude product 
obtained upon oxidation of trans-heptene. 
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Figure 9. 1H NMR spectrum in CDCl3 of the reaction mixture obtained upon oxidation of cis-1-
methylstyrene. 
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Figure 10. 1H NMR spectrum in CDCl3 of the reaction mixture obtained upon oxidation of trans-1-
methylstyrene. 
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Oxidation of conjugated and non-conjugated dienes – Scheme 4 

 
Figure 11. 1H NMR spectrum in CD3CN with 1,2-DCB internal standard of the reaction mixture 
obtained upon oxidation of citral. 

5.4.4 Procedure for catalytic oxidation of -pinene followed by in situ isomerisation 
and product characterisation  

 

Procedure: After epoxidation of α-pinene (1 mmol, 158 μl) by the procedure described 
for cyclooctene, silica gel 230-400 (150 g) was added to the reaction mixture, which was 
then stirred at 40oC for 1 h. The silica gel was removed by filtration and the solvent was 
removed in vacuo. Campholenic aldehyde was obtained as yellow oil (30 mg, 0.2 mmol, 
20 %) 
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Figure 12. 1H and 13C NMR in spectrum in CDCl3 of the product campholenic aldehyde obtained 
from -pinene. 
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5.4.5 Procedures for the catalytic oxidation of electron deficient alkenes  

 
Oxidation of electron deficient alkenes to their cis-diol products. In all cases only a single 
product was formed. 

The alkene (1 mmol, final conc. 0.5 M), aqueous NaOAc (0.6 M, 16.7 μl, final conc. 5 mM) 
and 2,3-butanedione (130.5 μl, final conc. 0.75 M) were added to a solution of Mn(ClO4)2 

(final conc. 0.05 mM) and pyridine-2-carboxylic acid (2.5 mM) in CH3CN to give a final 
volume of 2ml. The solution was stirred in an ice water bath and H2O2 (50 wt. % , 1.5 
equiv. 85 μl) was added as a single portion and the solution stirred for 1 h. After 1 h, 
brine (10 ml) was added and the reaction mixture was extracted with dichloromethane. 
The combined organic layers were washed with brine. The product was dried over 
Na2SO4(anhyd.), filtered, and the dichloromethane was removed in vacuo.  

5.4.6 Retention of chirality in allylic alkenes 

  

 
  

Figure 13. 1H NMR spectrum in CDCl3 of the crude product obtained by the oxidation of (S)-4-
phenylbut-3-en-2-yl acetate. 
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Figure 14. HPLC chromatogram (Chiralpak AD-H : Heptane/i-Propanol = 98/2, 216nm) of the 
product obtained by the oxidation of racemic 4-phenylbut-3-en-2-yl acetate (together with 4-
phenylbut-3-en-2-yl acetate) also showing all four stereoisomers. 

 

 
Figure 15. HPLC chromatogram (Chiralpak AD-H : Heptane/i-Propanol = 98/2, 216nm) of the 
product obtained by the oxidation of (S)-4-phenylbut-3-en-2-yl acetate showing only two of the 
four potential stereoisomers.  
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Chapter 6 

Manganese catalysed selective 
oxidation of aliphatic C-H groups and 
secondary alcohols to ketones with 
H2O2  
  
 
An efficient and simple method for selective oxidation of secondary alcohols and 
oxidation of alkanes to ketones is reported. An in situ prepared catalyst is employed 
based on manganese(II) salts, pyridine-2-carboxylic acid and butanedione, which 
provides good to excellent conversions and yields with high turnover numbers (up to 
10,000) with H2O2 as oxidant at ambient temperatures. In substrates bearing multiple 
alcohol groups, secondary alcohols are converted to ketones selectively and in general, 
benzyl C-H oxidation proceeds in preference to aliphatic C-H oxidation. 
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6.1 Introduction 

Selective oxidation of alcohols to ketones together with direct conversion of C-H bonds 
to alcohols and ketones are crucial, yet also highly challenging, processes in synthetic 
organic chemistry, pharmaceuticals and fine and bulk chemical synthesis (Scheme 1).[1] 

Traditional methods for achieving such transformations, although in general highly 
effective, are becoming increasingly undesirable due to increasing demands to reduce 
the environmental impact, and increase the mass and energy efficiency of processes. 
Hence the drive to develop benign methods compels us to explore the use of methods 
employing 1st row transition metals and clean (mass efficient) oxidants.[2] Hydrogen 
peroxide is a highly favourable oxidant in this regard, second only to oxygen, [3]  with 
water as the sole by-product.[4] 

 
Scheme 1. Oxidation of alcohols and alkanes to ketone. 

Several highly effective catalytic methods for the oxidation of alcohols with H2O2 have 
been reported, not least the system of Noyori and coworkers based on tungsten 
oxide/PTC (where PTC is phase transfer catalyst),[5] Beller and coworkers employing iron 
catalysts[6] and catalysts based on rhenium, molybdenum and tungsten oxides.[7] 
However, the use of high temperatures and/or catalyst loadings and potentially toxic 
PTCs drives the search for alternative methods. Manganese based catalysts are 
attractive in C-H and alcohol oxidations due to their generally low toxicity, and the often 
high reaction rates and turnover numbers that can be achieved even at room 
temperature. Manganese catalysts, based on salen ligands[8] have been employed in 
oxidation of alcohols with iodosobenzene as oxidant[8a] and catalysed the 
enantioselective kinetic resolution of secondary alcohols.[8b]

 Manganese catalysts based 
on polypyridyl and azacyclononane based ligands,[9, 10,11]  as well as porphyrins,[12] have 
been applied also.[13]  

Recently, our group reported an efficient method for the epoxidation and cis-
dihydroxylation of alkenes catalysed by an in situ prepared manganese(II) catalyst which 
is near stoichiometric in H2O2.[14,15,16] 
This catalytic system consists of a MnII 
salt, pyridine-2-carboxylic acid and sub-
stoichiometric amounts of ketone and 
showed good to excellent selectivity, 
high-turnover numbers (up to 300,000) 
and high-turnover frequencies (up to 30 
s-1) at room temperature, with a wide 
solvent scope.[16] 

 
Scheme 2. Oxidation of cyclohexanol to 
cyclohexanone. 

Here, we report the application of this catalytic system to the oxidation of alcohols and 
alkanes under ambient conditions and low catalyst loadings (Scheme 2). For substrates 
that do not bear alkene moieties, we show that high-yields and selectivity can be 
achieved in the oxidation of secondary alcohols with good to excellent selectivity of 
secondary over primary alcohol oxidation. Furthermore, at higher catalyst loadings (0.1 
mol%) selective C-H oxidation at benzylic positions can be achieved as well as C-H 
oxidation of alkanes.  
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6.2 Results and discussion 

In the present study, initially the oxidation of alcohols was investigated using conditions 
optimised earlier for alkene oxidation (scheme 2),[16] i.e., substrate (0.5 M), 0.01 mol% 
manganese perchlorate, 1.0 mol% of sodium acetate and 0.5 mol% of pyridine-2-
carboxylic acid as catalyst and 0.5 equiv. of butanedione in acetonitrile with 1.5 equiv. of 
H2O2. With these conditions cyclohexanol was oxidised to cyclohexanone in 73% yield, 
albeit with incomplete conversion (Table 1, entry 1). With 3.0 equiv. of H2O2, full 
conversion and 91% yield of cyclohexanone was obtained. Importantly, the reactions 
proceeded without formation of significant amounts of side products (e.g., Baeyer-
Villiger oxidation products, double oxidation). 

Table 1. Oxidation of secondary alcohols 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[a] Reaction conditions: 0.5 M substrate (1 mmol), 50 μM Mn(ClO4)2.6H2O, 2.5 mM  pyridine-2-
carboxylic acid, 5.0 mM NaOAc, 0.25 M butanedione and 1.5 M H2O2 in acetonitrile. [b] Isolated 
yield, unless stated otherwise. [c] Conversion and yield, based on substrate, determined by 1H 
NMR spectroscopy. [d] 0.4 M substrate (0.8 mmol). [e] In acetone. [f] 0.25 M substrate (0.5 
mmol). [g] 0.75 M H2O2 (1.5 equiv. w.r.t. substrate) was used. 

These conditions were applied to a series of secondary alcohols (Table 1).  Cyclic and 
acyclic aliphatic alcohols were converted cleanly to their corresponding ketone products 
(Table 1, entries 2-3). For 5-nonanol the conversion achieved was, however, lower which 

Entry[a] Substrate Conv. [c](%) Product Isolated Yield (%)[b] 

1  
full 
(73%)  

91[c] 

(73[g]) 

2[d]  full  
78 
 

3[d]  97 
 

88 

4[e]  80 
 

72 

5 
 

71 
  

68[c] 

6 
 

full 
 

95 

7 
 

97 
 

90 

8 
 

92 
 

77 

9 
 

90 
 

80 

10 
 

88 
 

75 

11[f] 
 

70 
 

64 

12 
 

78 
 

76 
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was ascribed to its lower solubility in acetonitrile compared with the other alcohols 
examined. The relatively wide solvent scope of the present catalyst system 
demonstrated previously,[16] allows for the low solubility of 5-nonanol to be overcome 
by using acetone in place of acetonitrile and provided 5-nonanone in high yield (Table 1, 
entry 4). 

The oxidation of sterically encumbered alcohols was investigated also. 2,4-Dimethyl-
pentan-3-ol was converted (71%) with 68% yield to 2,4-dimethyl-pentan-3-one (Table 1, 
entry 5). Similarly the natural product, isoborneol, was converted to camphor in 
excellent yield (Table 1, entry 6). The reactions in general were found to be scalable, 
without significant difference in conversion or yield (see section 6.4.2 for details). 
Notably, at larger scale complete conversion was achieved by extraction of the product 
and unreacted starting material from the reaction mixture and subjecting the mixture to 
the same reaction conditions a second time. In the case of isoborneol at 4 g scale, full 
conversion and an isolated yield of 87% was achieved. 

A series of secondary benzylic alcohols were oxidised to their corresponding ketones 
under these reaction conditions, in good yields (Table 1). Even bromo-phenyl or 
oxidatively sensitive methoxy-phenyl bearing substrates proceeded in moderate to good 
conversion. In general, lower conversion can be overcome by decreasing the initial 
concentration of the substrate,[16] e.g., as with 1-(4’-methoxyphenyl)ethanol (Table 1, 
entry 11). 

 
Scheme 3. Oxidation of tetrahydro-2H-pyran-2-ol to valero-lactone (yield determined by 1H NMR 
spectroscopy). 

The oxidation of hemiacetals was explored through tetrahydro-2H-pyran-2-ol, which can 
be viewed as a cyclic alcohol with an ether functional group. Full conversion and 
moderate yield (44%) of valero-lactone was achieved. The moderate yield of the desired 
product was due primarily to the ring opening to give corresponding carboxylic acid in 
situ (Scheme 3). 

 
Scheme 4. Competition experiment between 1-phenyl- and 2-phenyl-ethanol (for conditions see 
table 1). 

The selective oxidation of secondary aliphatic and aromatic alcohols in the presence of 
primary alcohols was explored through competition experiments (Schemes 4 and 5). 
Oxidation of an equimolar mixture of 1- and 2-phenyl-ethanol provided 75% conversion 
of 1-phenyl-ethanol to acetophenone with only trace conversion of 2-phenyl-ethanol. 
For substrates bearing both secondary and primary aliphatic alcohol moieties, oxidation 
of the secondary alcohol proceeded preferentially also (Scheme 5). 
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Scheme 5. Chemoselective oxidation of secondary over primary alcohol moieties (for conditions 
see Table 1). 

In addition to the oxidation of secondary alcohols to ketones, the direct oxidation of 
methylene units to ketones with the present catalytic system was explored.  

The direct oxidation of aliphatic compounds such as cyclohexane and cyclooctane 
proceeded with good conversion and selectivity to the corresponding mono-ketone 
product. (Table 2, entries 1 and 2). In contrast to alcohol oxidation, however, higher 
catalyst loadings (0.1 mol%) and up to 4.0 equiv. of H2O2 were required (Scheme 6). In 
addition to the ketone product, the corresponding alcohol, together with a mixture of 
diketones were observed in amounts that were dependent on the exact reaction 
conditions. 

 
Scheme 6. Oxidation of cyclohexane to cyclohexanone under optimised reaction conditions. 

 
Scheme 7. Oxidation of 1-ethyl-4-methyl-benzene to 4-methyl-acetophenone under optimised 
reaction conditions. 

At catalyst loadings of 0.1 mol%, the oxidation at the benzylic positions for a wide range 
of alkylated aromatics could be achieved at room temperature (Table 2, entries 3-12). 
For both ethylbenzene and propylbenzene the corresponding aromatic ketone product 
was obtained with good selectivity (Table 2, entries 3 and 4). In contrast, oxidation of 
toluene proceeded with lower conversion (35-40%) and low yield of a mixture of benzyl 
alcohol (8-10%), benzaldehyde (8-10%) and benzoic acid and a low mass balance due to 
the formation of an insoluble polymeric material. 
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Table 2. Oxidation at alkyl and benzylic positions [a] 

Entry Substrate Conv. 
(%) 

Product/s (isolated yield)[b] 

(%) 

1  63 (34 [c]) 

2  60 (41[c]) 

3  80   
  (50 [c])            (13 [c]) 

4  50     
   (34)                 (3 [c]) 

5  full 
(60) (12[c]) (4[c]) 

6  full 
(66) (9[c]) (25) 

7  full 
(99) 

8[d]  full 
(76) 

9  90 
(37 [c])  (50 [c])     

10  75   
   (28)                      (17 [c]) 

11 
 

25 
(17) 

12  80 
 (73) 

13 
 

83 
 (34) 

[a] reaction conditions : 0.5 M substrate (1 mmol),, 0.5 mM Mn(ClO4)2
. 6H2O, 5 

mM  pyridine-2-carboxylic acid, 10 mM NaOAc, 0.75 M butanedione and 2.0 
M H2O2 in acetonitrile. [b] isolated yield, based on substrate,  unless stated 
otherwise. [c] 1H NMR yield, based on substrate, see Section 6.4 for details. 
[d] 0.25 M substrate (0.5 mmol). 

1-Ethyl-4-methyl-benzene was found to undergo good conversion (70%) with moderate 
yield of 4-methyl-acetophenone as the main product, albeit with significant amounts of 
a white polymeric by-product also (Scheme 7). In general, for cyclic systems full 
conversion was achieved with moderate to excellent isolated yields of the corresponding 
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ketone (Table 2, entries 5-9). Surprisingly, in many cases substantial amounts of the 
intermediate alcohol product was obtained, which would suggest that the rate of C-H 
oxidation, although slower is nevertheless comparable with the rate of alcohol oxidation. 
The doubly oxidised product, anthracene-9,10-dione, was obtained from 9,10-
dihydroanthracene in excellent yield, (Table 2, entry 7). In contrast, the mono-oxidised 
alcohol and ketone product was obtained as the primary product in the oxidation of 
9,10-dihydrophenanthrene (Table 2, entry 9).  

The selective oxidation of 1,2,3,4-tetrahydro-1-naphthol to the corresponding ketone, 
without further oxidation at the other benzylic position, confirms that benzylic positions 
are marginally less susceptible to oxidation than secondary aryl alcohols (Table 1, entry 
10).  Nevertheless, where there is sufficient oxidant available further oxidation to the 
diketone products is observed. 

p-Methoxy- and o-nitro-phenylethanes could be converted to the corresponding aryl-
methyl-ketones as well (Table 2, entry 10 and 11). The lower yield of 1-(4-
methoxy)phenyl-ethanone reflects the lower conversion observed for the corresponding 
alcohol 1-(4-methoxyphenyl)ethanol also (Table 1, entry 11). Similarly, lower conversion 
was observed for o-nitro-phenylethane (Table 2, entry 11). 

Surprisingly, oxidation of 2-benzyl-pyridine to phenyl(pyridin-2-yl)methanone proceeded 
with good conversion and selectivity without formation of the N-oxide product (Table 2, 
entry 12). 

The selectivity towards methylene over methyl C-H groups was investigated using 1-
methylpyrrolidin-2-one. Good conversion (83%) to and moderate isolated yield (34%) of 
1-methylpyrrolidine-2,5-dione was achieved (Table 2, entry 13), however the selectivity 
was poor with several side products observed also.  

With regard to the mechanism for conversion of aliphatic C-H groups to alcohols and 
subsequently to ketone, it is likely that a similar active species is responsible as in the 
oxidation of alkenes reportedly previously.15,16 The involvement of active oxygen species 
such as O2 and hydroxyl radicals should be considered also, however. The direct 
involvement of atmospheric O2 can be excluded based on mass balance; at the 
conversions observed, it would not be possible to obtain the oxygen required from the 
dissolved oxygen present. The disproportionation of the H2O2 present could provide 
considerably more oxygen; again however this can be discounted due to the relatively 
low level of catalase type activity observed. Hence, the presence of both alcohol and 
ketone products can be ascribed to sequential oxidation rather than for example a 
Russell’s mechanism17 between alkyl radicals and oxygen. 

6.3 Conclusions 

In this contribution we demonstrate that selective oxidation of secondary alcohols can 
be achieved at room temperature with an in situ prepared manganese catalyst with high 
turnover numbers (up to 10,000) and with near stoichiometric H2O2. The reaction is 
scalable from 100 mg to 4 g and in many examples highly selective. Although we have 
demonstrated previously that this catalyst system is tolerant of several common 
protecting groups,[16] the selectivity of the catalyst towards secondary alcohols over 
primary alcohols is demonstrated also, which reduces the need for the introduction 
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prior to oxidation and subsequent removal of protecting groups and is complimentary to 
catalytic methods for selective primary alcohol oxidation based on copper and Tempo 
catalysts.[3c,6a] For benzylic alcohol oxidation and in particular for cyclic systems, selective 
oxidation to the mono-ketone product can be achieved under mild conditions and with 
good efficiency in terms of the oxidant H2O2. The activity of the catalytic system towards 
alkane oxidation shows an expected preference towards benzylic C-H, but nevertheless 
the relatively high yield and good selectivity observed in the oxidation of cyclic alkanes 
such as cyclooctane highlight the absence of other oxidation processes, not least Baeyer-
Villiger oxidation. 

6.4 Experimental section 

6.4.1 General Procedures and methods 

Chromatography: Merck silica gel type 9385 230-400 mesh, TLC: Merck silica gel 60, 0.25 
mm, with visualisation by UV, cerium/molybdenum or potassium permanganate 
staining.  1H- and 13C-NMR spectra were recorded on a Varian AMX400 (400 and 100.59 
MHz, respectively) in CD3CN or CDCl3. Chemical shift values are reported in ppm with the 
resonance solvent signal as the internal reference (CHCl3: 7.26 for 1H, 77.0 for 13C). Data 
are reported as follows: chemical shifts, multiplicity (s = singlet, d = doublet, t = triplet, q 
=quartet, br = broad, m = multiplet), coupling constants (Hz), and relative integration. 
13C spectra were assigned based on APT 13C-NMR spectroscopy.  

General procedure for oxidation of secondary alcohols The alcohol (1 mmol) was added 
to a stock solution containing Mn(ClO4)2.6H2O (0.01 mol %, 0.0361 mg) and pyridine-2-
carboxylic acid (0.5 mol %, 0.123 mg) in acetonitrile to give a final substrate 
concentration of 0.5 M. NaOAc (aq. 0.6 M, 1 mol %, 16.7 μL) and butanedione (0.5 equiv. 
43.5 μL) were added to give a final volume of 2 mL. The solution was stirred with cooling 
in an ice/water bath before addition of H2O2 (50 wt. %, 3.0 equiv., 170 μL). After 12-16 h 
stirring at room temperature, brine (10 mL) was added and the reaction was extracted 
with dichloromethane. The combined organic layers were reduced in vacuo. The 
products were isolated by flash column chromatography on silica gel 230-400. Products 
were characterised by NMR spectroscopy (see the Section 6.4.3). 

General procedure for oxidation at alkyl and benzylic moieties C-H The alkane (1 mmol) 
was added to a stock solution of Mn(ClO4)2

.6H2O (0.1 mol %, 0.361 mg) and pyridine-2-
carboxylic acid (1.0 mol %, 0.246 mg) in acetonitrile to give a final substrate 
concentration of 0.5 M. NaOAc (aq. 0.6 M, 2 mol %, 33.4 μL) and butanedione (1.5 equiv. 
130.5 μL) were added to give a final volume of 2 mL. The solution was stirred with 
cooling in an ice/water bath before addition of H2O2 (50 wt. %, 4.0 equiv., 227 μL). After 
12-16 hours, brine (10 mL) was added and the reaction was extracted with 
dichloromethane (3 by 10 mL). The combined organic layers were concentrated in vacuo. 
The products were isolated by flash column chromatography on silica gel 230-400. 
Products were characterised by NMR spectroscopy (see the Section 6.4.3). In certain 
cases a solid material was obtained also, which based on FTIR, Raman and NMR analysis 
appeared to be a polymer. 

Caution. The drying or concentration of solutions that potentially contain H2O2 should 
be avoided. Prior to drying or concentrating, the presence of H2O2 should be tested for 
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using peroxide test strips followed by neutralisation on NaHSO3 or another suitable 
reducing agent. When working with H2O2, suitable protective safeguards should be in 
place at all times. 

Caution. Butanedione has been linked with lung disease upon exposure to vapours. It 
should be handled in a properly ventilated fumehood and exposure to vapours should 
be avoided.  

Note. All reagents are of commercial grade and used as received unless stated 
otherwise.  

6.4.2 Examples of reactions at > 1g scale 

Isoborneol (4 g) was added to a solution of MnII(ClO4)2.6H2O (0.01 mol %), 
pyridine-2-carboxylic acid (0.5 mol %), NaOAc (aq. 0.6 M, 1 mol %) and butanedione (0.5 
equiv.) in acetonitrile to give a final substrate concentration of 0.5 M. The solution was 
cooled in an ice/water bath before addition of H2O2 (50 wt. %, 3.0 equiv.) and the 
temperature was allowed to rise overnight with stirring. Brine was added to the reaction 
mixture and the product and any unreacted isoborneol extracted with dichloromethane 
(3 x 10 mL). The combined organic layers were concentrated in vacuo, with residual 
dichloromethane stripped in vacuo by addition of acetonitrile. Isoborneol (63%) was 

converted with full selectivity towards camphor . The crude mixture was 
subjected to the same reaction conditions resulting in full conversion of the isoborneol. 
Camphor was isolated in 87 % yield (3.45 g) after purification by flash column 
chromatography on silica gel (pentane/ether = 9/1, Rf = 0.3). The product was 
characterised by 1H NMR spectroscopy (vide infra). 

6.4.3 Characterisation of isolated products 

Cyclooctanone (Table 1, entry 2) Isolated by flash column chromatography on 
silica gel (dichloromethane/ether = 9:1, Rf = 0.5).The title compound was obtained as a 
colourless oil (78% isolated yield). 

 
1H NMR (400 MHz, CDCl3) δ 2.47 (m, 4H), 1.94 (m, 4H), 1.62 (m, 4H), 1.43(m, 2H); 13C 
NMR (101 MHz, CDCl3) δ 218.2, 41.9, 27.1, 25.6, 24.7. 

 

 2-Octanone (Table 1, entry 3) Isolated by flash column chromatography on 
silica gel (pentane/ether = 9:1, Rf = 0.5). The title compound was obtained as a 
colourless oil (88% yield). 
1H NMR (400 MHz, CDCl3) δ 2.41 (t, J = 7.4 Hz, 2H), 2.12 (s, 3H), 1.56 (m, 2H), 1.27(br, 6H, 
CH2), 0.88 (t, J = 7.3 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 209.3, 43.8, 31.6, 29.8, 28.8, 
23.8, 22.4, 14.0. 
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 Nonan-5-one (Table 1, entry 4) Isolated by flash column chromatography on 
silica gel (pentane/ether = 95/5, Rf = 0.5).The title compound was obtained as a 
colourless oil (72% yield). 
1H NMR (400 MHz, CDCl3) δ 2.40-2.36 (t, J = 7.4 Hz, 4H), 1.58-1.50 (q, J = 7.4 Hz, 4H), 
1.35-1.25 (sextuplet, J = 7.4 Hz, 4H), 0.91-0.88 (t, J = 7.3 Hz, 6H); 13C NMR (101 MHz, 
CDCl3) δ 211.6, 42.5, 26.0, 22.3, 13.8. 

 Camphor (Table 1, entry 6) Isolated by flash column chromatography on silica gel 
(pentane/ether = 9/1, Rf = 0.3).The title compound was obtained as a white solid (95% 
yield). 
1H NMR (400 MHz, CDCl3) δ 2.36-2.30 (m, 1H), 2.08 (t, J = 4.5 Hz, 1H), 1.96-1.90 (m, 1H), 
1.83 (d, J = 18.2 Hz, 1H), 1.70-1.63 (m, 1H), 1.42-1.28 (m, 2H), 0.94(s, 3H), 0.89 (s, 3H), 
0.81(s, 3H); 13C NMR (101 MHz, CDCl3) δ 219.6, 57.7, 46.8, 43.2, 43.0, 29.9, 27.0, 19.8, 
19.1, 9.2. 

Acetophenone (Table 1, entry 7) Isolated by flash column chromatography on 
silica gel (pentane/ether = 9/1, Rf = 0.3).The title compound was obtained as a 
colourless oil (90% yield). 
1H NMR (400 MHz, CDCl3) δ 7.96-7.03 (m, 2H), 7.57-7.53 (m, 1H), 7.46-7.43 (m, 2H), 2.59 
(s, 3H); 13C NMR (101 MHz, CDCl3) δ 198.1, 137.1, 133.1, 128.5, 128.3, 26.6. 

Propiophenone (Table 1, entry 8) Isolated by flash column chromatography on 
silica gel (pentane/ethyl acetate = 95/5, Rf = 0.5).The title compound was obtained as a 
colourless oil (77% yield). 
1H NMR (400 MHz, CDCl3) δ7.98-7.96 (m, 2H), 7.57-7.53 (m, 1H), 7.48-7.44 (m, 2H), 3.04-
2.98 (q, J = 7.2 Hz , 2H), 1.25-1.21 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 200.8, 
136.9, 132.8, 128.5, 127.9, 31.8, 8.2. 

 Benzophenone (Table 1, entry 9) Isolated by flash column chromatography on 
silica gel (pentane/ethyl acetate = 95/5, Rf = 0.5).The title compound was obtained as a 
colourless oil (80% yield). 
1H NMR (400 MHz, CDCl3) δ 7.82-7.80 (m, 4H), 7.61-7.57 (m, 2H), 7.50-7.47 (m, 4H); 13C 
NMR (101 MHz, CDCl3) δ 196.7, 137.6, 132.4, 130.0, 128.3. 

 3,4-dihydronaphthalen-1(2H)-one (Table 1, entry 10) Isolated by flash column 
chromatography on silica gel (pentane/ethyl acetate = 95/5, Rf = 0.5).The title 
compound was obtained as a yellowish oil (75% yield). 
1H NMR (400 MHz, CDCl3) δ 8.05-8.02 (m, 1H), 7.49-7.44 (m, 1H), 7.33-7.24 (m, 2H), 
2.99-2.95 (t, J = 6.1 Hz, 2H), 2.68-2.64 (dd, J = 6.2 Hz, J = 6.8 Hz, 2H), 2.18-2.10 (m, 2H); 
13C NMR (101 MHz, CDCl3) δ 198.3, 144.4, 133.4, 132.6, 128.7, 127.2, 126.6, 39.2, 29.7, 
23.3. 
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1-(4-Bromophenyl)ethanone (Table 1, entry 12) (missing) Isolated by flash 
column chromatography on silica gel (pentane/ether = 9/1, Rf = 0.5).The title compound 
was obtained as white solid (76% yield). 
1H NMR (400 MHz, CDCl3) δ 7.80-7.77 (d, J = 8.6 Hz, 2H), 7.58-7.56 (d, J = 8.6 Hz, 2H), 
2.55 (s, 3H); 13C NMR (101 MHz, CDCl3) δ197.0, 135.8, 131.8, 129.8, 128.2, 26.5. 

 2,3-dihydro-1H-inden-1-one (Table 2, entry 5) Isolated by flash column 
chromatography on silica gel (pentane/ether = 80/20), Rf = 0.5).The title compound was 
obtained as a yellow oil (60% yield). 
1H NMR (400 MHz, CDCl3) δ 7.76-7.14 (m, 1H), 7.60-7.56 (m, 1H), 7.48-7.46 (m, 1H), 
7.38-7.34 (m, 1H), 3.13-3.10 (dd, J = 5.6 Hz, J = 6.1 Hz, 2H)), 2.68-2.65 (m, 2H);  13C NMR 
(101 MHz, CDCl3) δ 207.0, 155.1, 137.1, 134.6, 127.2, 126.7, 123.7, 36.2, 25.8. 

2,3-dihydronaphthalene-1,4-dione (Table 2, entry 6) Isolated by flash column 
chromatography on silica gel (pentane/ether = 80/20), Rf = 0.5).The title compound was 
obtained as a yellow oil (25% yield). 
1H NMR (400 MHz, CDCl3) δ 8.07-8.05 (m, 2H), 7.76-7.74 (m, 2H), 3.10 (s, 4H); 13C NMR 
(101 MHz, CDCl3) δ 195.9, 135.2, 134.3, 126.7, 37.5. 

anthracene-9,10-dione (Table 2, entry 7) Isolated directly after workup without 
purification. The title compound was obtained as an orange solid (99% yield). 
1H NMR (400 MHz, CDCl3) δ 8.34-8.32 (m, 4H), 7.82-7.80 (m, 4H); 13C NMR (101 MHz, 
CDCl3) δ 183.1, 134.1, 133.5, 127.2. 

 9H-fluoren-9-one (Table 2, entry 8) Isolated by flash column chromatography 
on silica gel (pentane/ether = 80/20), Rf = 0.5).The title compound was obtained as a 
yellow oil (76% yield). 
1H NMR (400 MHz, CDCl3) δ 7.67-7.66 (m, 2H), 7.54-7.47 (m, 4H), 7.31-7.28 (m, 2H); 13C 
NMR (101 MHz, CDCl3) δ 193.9, 144.4, 134.7, 134.1, 129.1, 124.3, 120.3. 

1-(4-Methoxyphenyl)ethanone (Table 2, entry 10) Isolated by flash column 
chromatography on silica gel (pentane/ether = 8/2, Rf = 0.5).The title compound was 
obtained as a yellowish oil (28% yield). 
1H NMR (400 MHz, CDCl3) δ 7.94-7.92 (m, 2H), 6.94-6.92 (m, 2H), 3.87 (s, 3H), 2.55 (s, 
3H); 13C NMR (101 MHz, CDCl3) δ 196.8, 163.5, 130.6, 130.3, 113.7, 55.4, 26.3. 
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 1-(2-nitrophenyl)ethanone (Table 2, entry 11) Isolated by flash column 
chromatography on silica gel (pentane/ether = 80/20), Rf = 0.5).The title compound was 
obtained as a colourless oil (17% yield). 
1H NMR (400 MHz, CDCl3) δ 8.08-8.06 (m, 1H), 7.73-7.69 (m, 1H), 7.62-7.57 (m, 1H), 
7.44-7.42 (m, 1H), 2.54 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 199.9, 145.7, 137.8, 134.2, 
130.7, 127.3, 124.3, 30.1. 

 phenyl(pyridin-2-yl)methanone (Table 2, entry 12) Isolated by flash column 
chromatography on silica gel (pentane/ether = 80/20), Rf = 0.5).The title compound was 
obtained as a light brown oil (73% yield). 
1H NMR (400 MHz, CDCl3) δ 8.73 (d, J = 4.5 Hz, 1H), 8.05 (m, 3H), 7.91 (m, 1H), 7.59 (m, 
1H), 7.49 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 193.8, 155.1, 148.5, 137.0, 136.3, 132.9, 
131.0, 128.1, 126.1, 124.6. 

1-methylpyrrolidine-2,5-dione (Table 2, entry 13) Isolated by flash column 
chromatography on silica gel (pentane/ether = 50/50), Rf = 0.5).The title compound was 
obtained as a white solid (34% yield). 
1H NMR (400 MHz, CDCl3) δ 2.99 (s, 3H), 2.72 (s, 4H); 13C NMR (101 MHz, CDCl3) δ 177.3, 
28.2, 24.7. 
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Summary 
What is the difference between fire and life? Both are essentially oxidations with 
oxygen; the difference is selectivity and control. In this dissertation the goal was 
primarily achieving control over oxidation chemistry to gain selectivity using palladium 
and manganese based catalysts. 

Palladium catalysed anti-Markovnikov (AM) selective oxidation of -olefins, including 
the preparation of aldehydes, acetals is a challenge and highly desirable in modern 
chemistry, as these reactions provide direct access to aldehydes under neutral 
conditions and often at room temperature.[1] Overall, it is apparent that AM selectivity is 
largely substrate dependent, i.e. that specific substrates bearing certain functional 
groups need to be present i.e. styrene (Scheme 1).[2] Furthermore, it is apparent that, 
although a general method based on specific reaction conditions is unlikely to emerge, 
recent examples suggest that at least for certain substrate classes generally applicable 
methods can be developed (Chapter 1). 

 
Scheme 1. Various AM oxidation reactions of styrene that can be achieved with palladium 
catalysis. 

In chapter 2, the first highly selective catalytic anti-Markovnikov oxidation of allylic 
esters is described, which provides a facile route to the synthesis of protected β-hydroxy 
aldehydes from terminal alkenes with high selectivity, high yield and, importantly, with 
low Pd catalyst loadings. A key side reaction encountered was the palladium catalysed 
Overman rearrangement that eroded the enantiomeric excess of the substrates rapidly. 
However, this rearrangement is also an advantage in that the same aldehyde products 
can be obtained by using either the branched or linear protected allylic esters under the 
same reaction conditions. This aspect opens up new synthetic approaches to the 
preparation of β-hydroxy aldehydes from linear allylic esters or even the mixtures of 
terminal and internal alkenes (Scheme 2). 

 
Scheme 2. Palladium AM oxidation of allylic esters to aldehydes.  

In chapter 3, it was shown that the same catalytic system could be applied to the 
synthesis of protected -amino aldehydes and again a palladium catalysed 
rearrangement allowed for the corresponding protected -amino aldehydes to be 
prepared even from protected linear allylic alcohols under ambient conditions with a 
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wide range of protecting groups. Crucially, in contrast to allylic esters, the retention of 
enantioselectivity in chiral protected allylic amines and the applicability of this method 
to peptide synthesis presents considerable opportunities in synthesis and chemical 
biology (Scheme 3). These studies also enable us to identify the precise role played by 
alcohols and especially t-BuOH in the reaction, where it acts as a nucleophile and in the 
latter case provides the aldehyde product directly via elimination to isobutene (Chapter 
3). 

 
Scheme 3. AM oxidation of allylic amide catalysed by palladium. 

From a mechanistic perspective the catalytic system, the development of which is 
described in chapters 2 and 3, and which consists of a Pd(II) catalyst, benzoquinone as 
oxidant and t-BuOH as solvent, is shown in chapter 4 to be distinct from the classic 
Wacker-Tsuji method in many aspects. The data reported indicate that although Pd(II) 
can bind to alkenes, such complexation may actually retard their oxidation rather than 
accelerate it and indeed leads to other isomerisation reactions not least enamine 
formation. Coordination of the oxidant prior to attack on the substrate is most likely to 
occur. These results hold important implications with regard to the standard mechanism 
proposed for the Wacker-Tsuji[3] reaction in that a redox neutral cycle (i.e. the Pd(II) 
oxidation state is not changed throughout the cycle) could be involved instead of 
generally accepted Pd(II)/Pd(0) cycle (Chapter 4). The coordination of the oxidant 
suggests that the use of other oxidants than benzoquinone such as t-BuOOH may offer 
additional opportunities in the AM oxidation of alkenes. 

Finally, recent progress made in achieving AM selectivity under relatively mild reaction 
conditions and with ever shorter reaction times indicates that further efforts towards 
AM selective methods will simultaneously lead to improvements with regard to catalyst 
loading also. The prospect of direct catalytic AM functionalisation at the terminal 
position of -olefins with full catalyst control makes these efforts highly attractive and 
worthwhile to pursue. 

In chapters 5 and 6, a manganese/pyridine-2-carboxylic acid based catalyst developed by 
our group recently[4] for the cis-dihydroxylation of electron deficient alkenes was 
explored. This catalytic system is highly attractive since stoichiometric amounts of an 
environmentally friendly terminal oxidant H2O2 provided good activity in the oxidation of 
alkenes. Furthermore, pre-prepared ligands were not needed, which saves energy and 
cost. However, at the outset of this thesis project, there was still a limitation that 
needed to be overcome, including safety concerns in regard to the use of acetone as 
solvent together with H2O2 as oxidant – with the potential for explosions in large scale 
reactions. The use of other ketones as co-solvents could remove this risk, however, 
although CF3COCH3 was found to be effective, it is volatile and corrosive and hence far 
from being an ideal solution. 
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In chapter 5, we show that a safer system can be employed where sub-stoichiometric 
amount of butandione was used as additive and wide solvent scope has been 
successfully tested for this method. Applying this method in the cis-dihydroxylation of 
electron deficient alkenes shows the same exceptional selectivity and activity observed 
with acetone. Furthermore, selective epoxidation of electron rich alkenes with H2O2 was 
achieved with high turnover numbers (up to 300,000) and turnover frequency (up to 40 
s-1). Importantly, the tolerance to other oxidation sensitive functional groups, the mild 
conditions (i.e. between 0 oC and r.t.) and solvent scope make this system highly 
competitive with stoichiometric oxidants such as mCPBA (Scheme 4). The system shows 
good to excellent selectivity in the epoxidation of dienes and bifunctional substrates. 
Mechanistic studies focused on the role of butanedione in the reaction and highlighted 
the key role that the formation of butanedione-hydrogen peroxide adducts play in the 
reaction. A key challenge, however, that became clear in the study is to overcome the 
competing oxidation of the ketone that ultimately limits turnover number (Chapter 5). 

 
Scheme 4. Epoxidation of alkenes with manganese/pyridine-2-carboxylic acid. 

In chapter 6, selective oxidation of secondary alcohols can be achieved at room 
temperature with this in situ prepared manganese catalyst with high turnover numbers 
(up to 10,000) and with near stoichiometric H2O2. The reaction is scalable from 100 mg 
to 4 g and in many examples with high selectivity. Although we have demonstrated 
previously that this catalyst system is tolerant of several common protecting 
groups(Chapter 5), the selectivity of the catalyst towards secondary alcohols over 
primary alcohols is demonstrated also, which reduces the need for the introduction 
prior to oxidation and subsequent removal of protecting groups and is complimentary to 
catalytic methods for selective primary alcohol oxidation based on copper and Tempo 
catalysts.[5] For benzylic alcohol oxidation and in particular for cyclic systems, selective 
oxidation to the mono-ketone product can be achieved under mild conditions and with 
good efficiency in terms of the oxidant H2O2. With higher catalyst loadings (0.1 mol%) 
selective C-H activation at benzylic positions can be achieved as well as C-H activation of 
alkanes (Scheme 5, Chapter 6). 

 
Scheme 5. C-H bond activation oxidation and alcohol oxidation catalysed by manganese. 

In this dissertation, the original goal – to achieve selectivity and control over the 
oxidation of alkenes, alcohols and alkanes – has to, a large extent, been achieved. The 
key challenge remaining in the palladium catalysed AM oxidation of alkenes is to move 
further and use oxygen as a terminal oxidant, most probably through regeneration of 
the benzoquinone used. With respect to oxidation with the manganese/picolinic acid 
catalyst system, key questions remain regarding the mechanism by which these 
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reactions take place and equally to apply this system in multistep catalytic oxidations to 
access other functionalities, not least -hydroxy-ketones, and alternatives to ozonolysis. 
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Samenvatting 
Wat is het verschil tussen vuur en leven? Beide zijn in wezen oxidatie met zuurstof; het 
verschil tussen hun is selectiviteit en controle. Het doel in dit proefschrift is vooral het 
bereiken van controle over oxidatie processen om selectiviteit te verkrijgen met behulp 
van palladium- en mangaan-gebaseerde katalysatoren. 

Selectieve palladium-gekatalyseerde anti-Markovnikov (AM) oxidatie van -olefinen, 
inclusief de bereiding van aldehyden en acetalen, is een uitdaging en is zeer gewenst in 
de moderne chemie. Dit omdat deze reacties in één stap aldehyden opleveren onder 
neutrale condities en bij kamertemperatuur. [1] AM selectiviteit is duidelijk afhankelijk 
van het substraat of, meer specifiek, van de functionele groepen die aanwezig zijn in het 
substraat zoals bijvoorbeeld styreen (zie schema 1).[2] Het is echter onwaarschijnlijk dat 
een algemene methode met specifieke reactie omstandigheden gevonden zal worden, 
desalniettemin suggereren recente voorbeelden dat voor verschillende substraatklassen 
algemene methoden ontwikkeld kunnen worden (zie hoofdstuk 1).  

 
 

Schema 1. Verschillende AM oxidatie reacties voor styreen die met behulp van palladium-
katalyse gerealiseerd kunnen worden.  

In hoofdstuk 2 wordt de eerste zeer selectieve AM oxidatie van allylische esters 
beschreven. Deze methode maakt een gemakkelijke route voor de synthese van 
beschermde -hydroxy aldehyden van -olefinen mogelijk met een hoge selectiviteit, 
hoge opbrengst en, belangrijk, met een kleine hoeveelheid Pd-katalysator. De meest 
relevante nevenreactie was de door palladium-gekatalyseerde Overman omlegging die 
de enantiomere overmaat van de substraten snel verminderde. Echter, deze omlegging 
kan ook een voordeel zijn omdat dezelfde aldehyde producten gemaakt kunnen worden 
uit zowel vertakte als lineaire allylische esters onder dezelfde reactiecondities. Hierdoor 
is er een compleet nieuwe aanpak mogelijk voor de bereiding van -hydroxy aldehyden 
uit lineaire allylische esters en zelfs van mengsels van -olefinen en interne alkenen.  

 
Schema 2. Palladium-gekatalyseerde AM oxidatie van allylische esters onder vorming van 
aldehyden. 
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In hoofdstuk 3 wordt aangetoond dat hetzelfde katalysatorsysteem toegepast kan 
worden voor de synthese van beschermde -amino aldehyden, de palladium-
gekatalyseerde omlegging zorgt ervoor dat de deze -amino aldehyden zelfs bereid 
kunnen worden uit beschermde lineaire allylische alcoholen bij kamertemperatuur met 
verscheidene beschermgroepen. Het belangrijkste verschijnsel is, in tegenstelling tot de 
allylische esters, de retentie van enantioselectiviteit van de chirale beschermde 
allylische amines en de toepasbaarheid van deze methode voor het bereiden van 
peptides. Hierdoor zijn diverse toepassingen in zowel de synthese als in de chemische 
biologie mogelijk (zie schema 3). Deze studies stellen ons in staat om de exacte rol van 
de alcoholen en in het bijzonder van t-BuOH te indentificeren in deze reactie. t-BuOH is 
hier een nucleofiel en zorgt direct voor de vorming van het aldehydeprodukt door 
eliminatie van isobuteen.  

 
Schema 3. AM oxidatie van allylische amiden gekatalyseerd door palladium. 

Vanuit een mechanistisch oogpunt wordt in hoofdstuk 4 uiteengezet hoe het 
katalytische systeem, waarvan de ontwikkeling is beschreven in hoofdstuk 2 en 3, en dat 
bestaat uit een Pd(II) katalysator, benzochinon als oxidant en t-BuOH als oplosmiddel in 
verscheidene aspecten afwijkt van de klassieke Wacker-Tsuji oxidatie. De bevindingen 
wijzen erop, dat ondanks dat Pd(II) in staat is om alkenen te binden, een dergelijke 
complexatie de oxidatiereactie vertraagt en dat daarbij nevenproducten ontstaan zoals 
andere isomeren en zelfs enamines. Coördinatie van de oxidator geschiedt naar alle 
waarschijnlijkheid alvorens de aanval op het substraat plaatsvindt. Deze resultaten 
hebben belangrijke implicaties met betrekking tot het standaard voorgestelde 
mechanisme van de Wacker Tsuji[3] reactie in de zin dat een redox neutrale cyclus (m.a.w. 
de Pd(II) oxidatiestaat verandert niet gedurende de cyclus) betrokken kan zijn in plaats 
van de algemeen geaccepteerde Pd(II)/Pd(0) cyclus (Hoofdstuk 4). De coördinatie van de 
oxidator suggereert dat het gebruik van andere oxidanten dan benzochinon, zoals t-
BuOOH, verdere kansen zou kunnen bieden in de AM oxidatie van alkenen. 

Tenslote toont de recente vooruitgang in het behalen van selectieve AM oxidatie onder 
relatieve milde reactiecondities en zelfs met kortere reactietijden, aan dat verdere 
inspanningen gericht op selectieve AM methoden ook zullen leiden tot gelijktijdige 
vermindering van de hoeveelheid benodigde katalysator. Het vooruitzicht van directe 
katalystische AM functionalisering van het uiteinde van -olefinen door middel van 
complete katalysator controle maakt deze inspanningen zeer aantrekkelijk en de moeite 
waard om na te streven.  

In hoofdstuk 5 en 6 wordt een op mangaan/pyridine-2-carbonzuur gebaseerde 
katalysatoronderzocht welke recentelijk door onze onderzoeksgroep ontwikkeld is.[4] Dit 
katalysator systeem is zeer aantrekkelijk omdat stoichiometrische hoeveelheden van de 
milieuvriendelijke oxidator H2O2 zorgde voor een goede oxidatie van alkenen. Verder 
was het niet nodig om gesynthetiseerde liganden te gebruiken waardoor energie en 
kosten bespaard worden. Echter, bij de start van het in dit proefschrift beschreven 
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project waren er nog beperkingen die overwonnen moesten worden, waaronder een 
veiligheidskwestie ten aanzien van het gebruik van aceton als oplosmiddel in combinatie 
met H2O2 als oxidator vanwege mogelijk explosiegevaar tijdens het opschalen van de 
reactie. Door andere ketonen te gebruiken als neven oplosmiddel zou dit risico 
vermeden kunnen worden. CF3COCH3 is een effectief alternatief, maar het is vluchtig en 
corrosief en is hierdoor een verre van ideale oplossing voor het probleem.  

In hoofdstuk 5 wordt aangetoond dat een veiliger systeem kan worden gebruikt waarin 
een sub-stoichiometrische hoeveelheid butaandion als additief is toegevoegd. Dit 
systeem is getest met een groot aantal verschillende oplosmiddelen. Deze methode is 
toegepast voor de cis-dihydroxylering van elektronendeficiënte alkenen en laat dezelfde 
uitzonderlijke selectiviteit en activiteit zien als in aceton. Hiernaast is selectieve 
epoxidatie van elektronrijke alkenen met H2O2 bereikt met hoge turnovers (tot 300.000) 
en een hoge turnover frequentie (tot 40 s-1). De tolerantie voor andere oxidatiegevoelige 
functionele groepen, de milde omstandigheden (temperatuur tussen 0°C en 
kamertemperatuur) en het grote aantal oplosmiddelen dat gebruikt kan worden maken 
dit systeem een waardig alternatief voor stoichiometrische oxidanten zoals mCPBA (zie 
schema 4). Het systeem laat een goede tot excellente selectiviteit zien voor de 
epoxidatie van dienen en bifunctionele substraten. De mechanistische studies waren 
gefocust op de rol van butaandion in de reactie en laten zien dat de vorming van 
butaandion-waterstof peroxide adducten een belangrijk rol hebben in de reactie. Uit 
deze studie werd duidelijk dat het een uitdaging is om de concurrerende oxidatie van de 
ketonen, die leidend tot een lagere turnover, te verminderen.   

 

 
Schema 4. Epoxidatie van alkenen met mangaan/pyridine-2-carbonzuur.  
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In hoofdstuk 6 wordt aangetoond dat selectieve oxidatie van secundaire alcoholen kan 
worden bereikt bij kamertemperatuur met deze in situ bereide mangaankatalysator 
waarbij een hoge turnover wordt behaald (tot 10.000) met een bijna stoichiometrische 
hoeveelheid H2O2. De reactie is schaalbaar van 100 mg tot 4 gram en bezit in de meeste 
gevallen een zeer hoge selectiviteit. In hoofdstuk 5 is aangetoond dat dit 
katalysatorsysteem tolerant is ten aanzien van verschillende beschermende groepen. 
Daarnaast werd de selectiviteit van de katalysator voor secundaire alcoholen boven 
primaire alcoholen ook aangetoond. Hierdoor is het niet nodig om de primaire alcoholen 
te voorzien van een beschermende groep voordat de oxidatie uitgevoerd wordt. Deze 
methode is aanvullend op de selectieve oxidatie van primaire alcoholen op basis van 
koper en Tempo katalysatoren.[5] Voor oxidatie van benzyl alcoholen en in het bijzonder 
voor cyclische systemen, kan selectieve oxidatie naar het mono-keton produkt worden 
bereikt onder milde omstandigheden waarbij een hoge efficiëntie behaald wordt ten 
aanzien van de oxidator H2O2. Met hogere percentages katalysator (0.1 mol%) is 
selectieve C-H activering mogelijk van de benzylische posities evenals C-H activatie van 
alkanen (zie schema 5, hoofdstuk 6) 

 

 
Schema 5. C-H bond activatie en alcohol oxidatie gekatalyseerd door mangaan.  

Het oorspronkelijke doel van het onderzoek dat beschreven wordt in dit proefschrift - 
het verkrijgen van selectiviteit en controle over de oxidatie van alkenen, alcoholen en 
alkanen - is grotendeels bereikt. De belangrijkste uitdaging die er nog ligt voor de 
palladium-gekatalyseerde AM oxidatie van alkenen is om het gebruik van zuurstof als 
uiteindelijke oxidator mogelijk te maken, hoogstwaarschijnlijk door regeneratie van het 
verbruikte benzochinon. Met betrekking tot oxidatie met het mangaan/picolinezuur 
katalysator-systeem, zijn er nog onduidelijkheden over het mechanisme waarmee deze 
reacties plaatsvinden. Verdere uitdagingen zijn om dit systeem toe te passen in 
katalytische oxidaties over meerdere stappen om toegang te krijgen tot andere 
functionele groepen, in het bijzonder α-hydroxyketonen, en als alternatief voor 
ozonolyse. 
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