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Di(hydroperoxy)adamantane Adducts: Synthesis, Characterization 
and Application as Oxidizers for the Direct Esterification of 
Aldehydes

Fabian F. Arp,† Rahym Ashirov,† Nattamai Bhuvanesh and Janet Blümel*

The di(hydroperoxy)adamantane adducts of water (1) and phosphine oxides p-Tol3PO·(HOO)2C(C9H14) (2), o-
Tol3PO·(HOO)2C(C9H14) (3), and Cy3PO·(HOO)2C(C9H14) (4), as well as a CH2Cl2 adduct of a phosphole oxide dimer (8), 
have been created and  investigated by multinuclear NMR spectroscopy, and by Raman and IR spectroscopy. The single 
crystal X-ray structures for 1-4 and 8 are reported. The IR and 31P NMR data are in accordance with strong hydrogen 
bonding of the di(hydroperoxy)adamantane adducts. The Raman ν(O−O) stretching bands of 1-4 prove that the peroxo 
groups are present in the solids. Selected di(hydroperoxy)alkane adducts, in combination with AlCl3 as catalyst, have been 
applied for the direct oxidative esterification of n-nonyl aldehyde, benzaldehyde, p-methylbenzaldehyde, p-
bromobenzaldehyde, and o-hydroxybenzaldehyde to the corresponding methyl esters. The esterification takes place in an 
inert atmosphere, under anhydrous and oxygen-free conditions, within a time frame of 45 minutes to 5 hours at room 
temperature. Hereby, two oxygen atoms per adduct assembly are active with respect to the quantitative transformation of the 
aldehyde into the ester.

1. Introduction
One of the most important substance classes in academia, 

industry, and in the household are peroxides.1 Consequently, 
crystalline peroxosolvates have enjoyed an exponential growth in 
interest over the last decade.2 Peroxides are active ingredients for 
bleaching in the production of goods, for wastewater treatment, and 
for disinfection1,2 in the household and in medicine, for radical-
initiated polymerizations,1b and disintegrating the novel corona 
virus. Peroxides are also important for oxidation reactions, with or 
without supporting catalysts.1,2 For example, amines are oxidized to 
obtain amides,3 and alkanes can be activated.4 Epoxidations rely on 
favorable oxidizers,5 and sulfides can be transformed selectively into 
sulfoxides.6 Even the clean oxidation of phosphines to phosphine 
oxides is a non-trivial task.7-11 Other examples include the Baeyer-
Villiger oxidation for transforming ketones into lactones,12 and the 
direct formation of esters from aldehydes13-28 can be accomplished 
by using peroxides in combination with transition metal catalysts.21-

28

Aqueous H2O2 is ubiquitous, but not an ideal oxidizing 
reagent. Its major drawback is the abundance of water it brings into 

the reaction mixture, which often leads to unwanted secondary 
reactions. Furthermore, aqueous H2O2 has to be titrated29 prior to 
each application when exact stoichiometry is needed. In case the 
reagents are not water soluble the oxidation reactions have to be 
performed in a biphasic system, slowing rates and requiring phase 
separations later. Water-free formulations of H2O2 such as urea 
hydrogen peroxide (UHP)30 and peroxocarbonates31 are used, but 
their composition is not well defined and they are basically insoluble 
in organic solvents. Peroxides like (Me3SiO)2 and (CH3)2C(OO) 
(DMDO) are applied, but their synthesis and storage are 
problematic.32

Figure 1. Di(hydroperoxy)adamantane adducts of water, 
H2O·(HOO)2C(C9H14) (1), and phosphine oxides, p-
Tol3PO·(HOO)2C(C9H14) (2), o-Tol3PO·(HOO)2C(C9H14) (3), and 
Cy3PO·(HOO)2C(C9H14) (4).

Phosphine oxides play increasingly important roles in 
synthetic chemistry, as final products or intermediates.33,34 Their 
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application in Mitsunobu reactions has been described,34g and they 
are attractive organocatalysts for the recently explored redox-free 
version of this reaction.34h Phosphine oxides are also co-products of 
Wittig and Appel reactions and unwanted byproducts of phosphine 
chemistry, especially in the field of catalysts immobilized with 
bifunctional phosphines.35,36 Phosphine oxides can be used to probe 
surface acidities37 and they aid as models in decomposing warfare 
agents.38 Most recently, it has been discovered that phosphine oxides 
self-adsorb on surfaces in the absence of solvents, and their 
mobilities have been investigated using NMR in the solid state.39-41 
Importantly, phosphine oxides readily form hydrogen bonds with 
different donors like phenols to create extended networks.42-44 Other 
hydrogen bond donors include naphthol,44 sulfonic acids,45 and even 
water.41,46,47 Hydrogen-bonded motifs have also been reported in 
combination with silanols and chloroform.48 The most powerful 
methods to analyze these diverse P(V) species are multinuclear 
solid-state NMR and X-ray diffraction.39-41,48-50

More recently, our group has worked at creating superior 
oxidizers by hydrogen-bonding favorable peroxides to phosphine 
oxides. We communicated two new varieties of phosphine oxide 
adducts.51-55 Hilliard adducts (R3PO∙H2O2)2 (R = alkyl, aryl) are 
generated by treating phosphine oxides or phosphines with 
H2O2.11,47,53 When ketones (R'COR") are added, Ahn adducts, 
di(hydroperoxy)alkane adducts of phosphine oxides, 
R3PO∙(HOO)2CR'R" (R,R',R" = alkyl, aryl), are obtained.51,52-55 

The studies on Ahn adducts so far allow these statements: (a) 
All adducts are obtained reproducibly, and with well-defined 
composition. (b) All adducts crystallize readily in large habits. (c) 
The structures and packing motifs of Ahn adducts are of a general 
nature, irrespective of the substituents R, R', and R". (d) All adducts 
are stable and safe at elevated temperatures, and when being 
hammered and ground, with shelf lives of months at ambient 
temperatures. (e) Different synthetic routes starting from the 
phosphines, their oxides, and from Hilliard adducts can be employed 
to generate Ahn adducts.54 (f) In the presence of suitable substrates 
one Ahn adduct releases two active oxygen atoms in a consecutive 
manner.54,55 (g) The high solubility of all adducts in organic solvents 
allows for oxidation reactions in one homogeneous phase. (h) The 
reactivity of Ahn adducts matches that of aqueous H2O2, however, 
they do not come with an excess of water that may entail unwanted 
secondary reactions. (i) The adducts can be characterized by X-ray 
diffraction, Raman and IR spectroscopy, solid-state and solution 
NMR, including DOSY51 and natural abundance 17O NMR.47,51 (j) 
Potentially dangerous oligomers like triacetone triperoxide (TATP) 
have never been found in any preparation, indicating that phosphine 
oxides efficiently prevent their formation. 

The solid Ahn adducts are easy to add to reactions.47,51-55 The 
advantage of the anhydrous oxidation has been demonstrated, for 
example, by the clean synthesis of water-sensitive 
Ph2P(O)P(O)Ph2.54 Sulfides are transformed into sulfoxides in 
organic phases without overoxidation to the sulfones.53,54 Baeyer-
Villiger oxidations of ketones yield lactones selectively, while 
requiring mere traces of an acid as a catalyst.55 

In the presented work Ahn adducts are applied as oxidizers in 
the direct formation of esters from aldehydes. Esters represent one of 

the most prevalent functional groups in organic chemistry. They are 
abundant in various natural products, polymers, and 
pharmaceuticals.13 Their omnipresence has motivated chemists to 
develop different synthetic strategies over the past century. The 
direct esterification of aldehydes is conceptually and economically 
more attractive than traditional methods that are based on acid 
activation followed by nucleophilic substitution, and therefore 
receives increasing attention.13-28 The main advantages consist of 
utilizing readily available starting materials and avoiding the 
isolation of free carboxylic acid intermediates. This can be 
particularly important in natural product synthesis when 
incompatible functionalities or protecting groups are present in the 
substrate.

Numerous direct oxidative esterification methods have been 
developed, for example, the oxidative esterification of aldehydes via 
hemiacetal intermediates. Direct esterifications of aldehydes by 
oxidation of hemiacetals without use of a transition metal catalyst 
have been reported with organic and inorganic oxidants such as 
iodine,14 oxone,15 iodine and diacetoxyiodobenzene,16 N-
iodosuccinimide,17 sodium hypochlorite,18 pyridinium hydrobromide 
perbromide,19 and hydrogen peroxide.20 However, the instability of 
the hemiacetal intermediate and steric features of the aldehydes and 
alcohols are not compatible with the majority of these reagents. Most 
of the methods yield only methyl esters or they are applicable only 
with very reactive aromatic aldehydes. 

So far, most successful are transition metal-catalyzed oxidative 
esterifications.21-28 For example, oxidative esterifications of 
aldehydes were achieved by using rhodium-,21 vanadium-,22 
palladium-,23 gold-,24 iron-,25 and copper-based26 catalysts. The main 
drawbacks of these methods are the unfavorable stoichiometric ratios 
of the reagents, limited substrate scope, and the harsh reaction 
conditions needed. Moreover, large-scale use of these methods is not 
practical because of the catalyst cost. An alternative strategy for the 
oxidative esterification of aldehydes that does not involve the 
formation of hemiacetals is the oxidative esterification of aldehydes 
by using N-heterocyclic carbenes (NHC) as catalysts.27,28 Examples 
of metal-free NHC-catalyzed27 and NHC transition-metal-
catalyzed28 esterifications have been reported. Unfortunately, these 
methods are not generally applicable and have been optimized for 
either aromatic or aliphatic aldehydes. Furthermore, a large excess of 
primary alcohols is needed. Most recently, however, the successful 
NHC/carboxylic acid co-catalysis for the oxidative esterification of 
demanding aldehydes has been communicated.56

In this contribution we pursue three goals. First, we seek to 
broaden the range of ketones that can be used to create 
di(hydroperoxy)alkanes. It is demonstrated that not only ketones 
flanked by two n-alkane groups can form Ahn adducts, but also the 
sterically demanding adamantanone with two tertiary carbon atoms 
bound to the ketone group (Figure 1). Second, we report an attempt 
to use a phosphole oxide as stabilizing carrier for Ahn adducts. 
While the desired Ahn adduct could not be generated, the attempt led 
to the discovery of an easy stereoselective synthesis of a phosphole 
dimer that could also be characterized by single crystal X-ray 
diffraction. Finally, the general applicability of Ahn adducts as 
oxidizers for the direct oxidative esterification of several aliphatic 
and aromatic aldehydes is demonstrated. Hereby, the inexpensive 
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AlCl3 can be used as the catalyst under anhydrous conditions. 
Therewith, the scope of oxidizing agents and catalysts for the 
oxidative esterification of aldehydes will be broadened. This 
synthetic approach is an attractive alternative to the currently used 
methods because it does not require a transition metal, it works at 
room temperature, is fast and uses an inexpensive, non-toxic 
catalyst.

2. Results and Discussion
2.1. Synthesis and Purification

In order to broaden the range of well-characterized 
peroxides with reproducible composition, several new Ahn 
adducts incorporating peroxo groups have been created (Figure 
1). Hereby, special emphasis has been placed on the selection 
of a strained ketone to probe the boundaries of adduct 
formation. Furthermore, the ketone-derived di(hydroperoxy)-
adamantane moiety in 1-4 is the same, so the influence of the 
different phosphine oxides on the adduct characteristics can be 
investigated systematically. The water adduct of 
di(hydroperoxy)adamantane (1) has been synthesized by 
reacting adamantanone with aqueous H2O2 in the presence of 
iodine as the catalyst.57 Since di(hydroperoxy)adamantane is 
more strongly hydrogen-bonded to phosphine oxides than to 
water, the Ahn adducts 2-4 are accessible by reaction of 1 with 
the corrresponding phosphine oxides p-Tol3P=O (5), o-
Tol3P=O (6), and Cy3P=O (7). 

An attempt to probe the boundaries of the range of 
applicable phosphine oxide carriers by using 1,2,5-
triphenylphosphole leads via 2+2 cycloaddition to the 
stereoselective formation of the phosphole oxide dimer 8 in a 
high yield. Interestingly, instead of hydrogen-bonded 
hydroperoxy groups or H2O2, dichloromethane (DCM) has been 
incorporated in the solid-state structure in a bridging function. 

Other approaches aimed at reducing the weight of the 
phosphine oxide carrier have been based on the secondary 
phosphine HPPh2 and HP(O)Ph2. However, phosphinic acid has 
been retrieved quantitatively from each experiment performed 
under varied conditions. 

All adducts crystallize readily in large specimens and can be 
purified by recrystallization. This feature, together with their 
high solubility in organic solvents, facilitates the 
characterization. Especially meaningful for the new adducts are 
Raman and IR spectroscopy, as well as single crystal X-ray 
diffraction and NMR analyses. The shelf life of adamantane-
based Ahn adducts matches that reported earlier. For example, 
polycrystalline (o-Tol)3P=O. (HOO)2C(CH3)2 retains 88% 
oxidative power after being stored in the freezer for one year at 
−20 °C.

2.2. Single Crystal X-Ray Diffraction

The species 1-4 can easily be obtained in large colorless habits, 
therefore they have been investigated by single crystal X-ray 
diffraction (Figures 2, 3, 4, 5).58 The structure of the phosphole 

oxide dimer 8 is displayed in Figures 6 and 7.58 Most probably the 
phosphine oxide carriers help 2-4 to crystallize. All P=O bond 
lengths are summarized in Table 1, the O∙∙∙H and oxygen-oxygen 
distances in the moieties O∙∙∙H−O in Table 2. The dihedral angles 
C−C−P=O and O∙∙∙O−O−C are reported in Table 3.

In the water adduct of di(hydroperoxy)adamantane (1) the 
peroxo molecules are connected with each other via the hydrogen-
bonded water, hereby forming an extended two-dimensional 
network. Interestingly, even with this new structural motif, two 
neighboring adamantane moieties are oriented in opposite directions, 
like in the hydrogen-bonded assemblies with phosphine oxides.

Figure 2. Single crystal X-ray structure of H2O·(HOO)2C(C9H14) (1).58 

The phosphine oxide/di(hydroperoxy)adamantane assemblies in 
2-4 each exhibit two geminal HOO groups bound to the O=P 
function (Figures 3 and 4). This structural motif has been 
communicated previously for other Ahn adducts.51-55  Therefore, 2-4 
corroborate the general structural nature and exact stoichiometry 
with two hydrogen bonds per O=P group. Each phosphine oxide 
group carries two active oxygen atoms, one more per assembly than 
Hilliard adducts.11,47,53 All adducts of 2-4 are arranged so that 
adjacent ones point in opposite directions, as shown for 2 (Figure 3). 

Figure 3. X-Ray structure of two independent adducts units of p-
Tol3PO∙(HOO)2C(C9H14) (2).58 

Figure 4. X-Ray structures of o-Tol3PO∙(HOO)2C(C9H14) (3, left) and 
Cy3PO∙(HOO)2C(C9H14) (4, right).58
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In all adducts 2-4 the P=O bonds are longer than those of the 
corresponding phosphine oxides by 0.012 to 0.0217 Å (Table 1). The 
P=O bonds in 2-4 are longer because hydrogen bonding to the HOO 
groups renders them weaker. IR spectroscopy corroborates these 
results (see below). Comparing the two adducts with 
triarylphosphine oxide carriers, 2 and 3, the P=O bonds are more 
elongated for the ortho methyl substituented species than for the 
para-substituted version. The structure of 3 does not show steric 
congestion, therefore electronic effects might dominate the length of 
the P=O bond in this case. The largest P=O bond length difference 
with 0.017 Å can be found for 4 which incorporates the Cy3PO 
carrier. This result is expected, as it has been demonstrated with 
dynamic NMR spectroscopy earlier that this phosphine oxide binds 
more strongly to di(hydroperoxy)alkanes than triarylphosphine 
oxides.51

Table 1. P=O bond lengths (Å) of the adducts 2-4,58 compared with the 
bond lengths of the corresponding pure phosphine oxides, and the 
differences ∆(P=O) of the bond lengths.

Adduct
Adduct

P=O bond 
lengths (Å)

R3PO 
P=O 

lengths (Å)
 ∆(P=O) (Å)

2 1.5005(12) 1.4885(17)51 0.012

3 1.4984(10) 1.478(2)/ 
1.481(2)59

0.0204/
0.0174

4 1.5077(11) 1.486/1.489/
1.49060

0.0217/0.0187/
0.0177

All O∙∙∙H distances in the structures of the adducts, H2O∙∙∙H in 1 
and PO∙∙∙H  in 2-4, are between 1.750 and 1.939 Å (Table 2).58 

According to the literature, hydrogen bonds typically exhibit O∙∙∙H 
distances of 1.85 to 1.95 Å.61 Therefore, it can be concluded that all 
di(hydroperoxy)adamantane adducts form strong hydrogen bonds to 
water and phosphine oxides. 

Furthermore, the oxygen-oxygen O∙∙∙H−O distances, which can 
be regarded as another indicator for the formation of hydrogen 
bonds,62 all lie within the range of 2.661-2.808 Å in 1-4 (Table 2), 
which is again well within the established 2.75−2.85 Å region for 
O∙∙∙H−O.62

Table 2. H2O∙∙∙H (1) and PO∙∙∙H (2-4), and oxygen-oxygen distances 
O∙∙∙H−O (Å) of the adducts 1-4.58 

Adduct O∙∙∙H 
distances (Å)

O∙∙∙H−O 
distances (Å)

1 1.750/1.862 2.6611(14)/2.8080(15)

2 1.865/1.917 2.69(2)/2.748(10)

3 1.867/1.939 2.712(3)/2.781(4)

4 1.846/1.887 2.680(7)/2.706(7)

Another interesting feature of Ahn adducts are the C−O−O∙∙∙O 
dihedral angles. For 1-4 (Table 3) it is found that at least one of the 
hydrogen bonds per adduct exhibits an absolute value in the range 
from 89.54° to 93.02°. In comparison, solid hydrogen peroxide has a 

dihedral angle of 90.2(6)°. The second hydrogen bond of each 
assembly in 1-4 shows a higher degree of distortion, most probably 
to allow for arrangement in the crystal. These dihedral angles 
assume values from 93.14° to 104.70° (Table 2).

Contemplating the O=P−C−C dihedral angles of 2-4 is 
interesting in the context of a recent theoretical study of phenyl ring 
conformations in Ph3PO.63 Based on this study, the minima with 
respect to energy of the O=P−C−C dihedral angle lie around ±33° 
and ±25° of 0° or 180°, as determined by different theoretical 
methods. Assessing dihedral angles in Ph3PO moieties from crystal 
structures of species without metals, they are clustering in the areas 
of ±15−30° around 0° and 180°.63 Adducts 2 and 3 are perfect 
candidates to test this theory using the O=P−C−C dihedral angles 
(Table 3). Obviously, the steric demand of the methyl groups in the 
ortho positions of the phenyl rings in 3 lead to a large deviation from 
both calculations and experimentally predicted values. The 
O=P−C−C dihedral angles in 3 are larger than those in Ph3PO. In 2, 
the para methyl groups do not exert steric strain and therefore the 
dihedral angles follow the calculated and experimentally found 
ranges.63 For completeness, Table 3 also includes the dihedral 
O=P−C−C dihedral angles of 4 which shows the characteristic chair 
conformation of the cyclohexyl rings.

Table 3. Dihedral angles (°) in the di(hydroperoxy)adamantane adducts 1-4.58

Adduct C−O−O∙∙∙O O=P−C−C

1 92.75(9)/96.47(9) −

2 −88.5(3)/−100.2(3) −8.56(15)/17.36(15)/85.29(14)

3 92.73(12)/95.09(12) 36.08(13)/49.26(13)/54.47(12)

4 93.03(19)/93.15(18) −61.51(12)/−60.15(13)/−33.46(13)

 
The desire to decrease the weight and to broaden the range of 

applicable phosphine oxide carriers provoked the treatment of 1,2,5-
triphenylphosphole with the water adduct of di(hydroperoxy)-
adamantane 1. Instead of the expected phosphole oxide adduct, 
however, a 2+2 cycloaddition takes place, and the dimer 8 is 
obtained in high yield (Figures 6 and 7). The 1,2,5-
triphenylphosphole dimer has previously been obtained by 
irradiation.64 Although 8 it is not the desired product, the structure of 
8 incorporates interesting features. The stereochemistry is in analogy 
to the reported dimer.64 The two P=O groups in the molecule are 
pointing to the same side of the ring system (Figure 6).

Figure 5. Single crystal X-ray structure of the phosphole oxide dimer DCM 
adduct 8. The DCM molecules and H atoms are not displayed for clarity.58 
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Another interesting aspect of the X-ray structure of 8 is the 
presence of two bridging DCM molecules between two molecules of 
8 (Figure S1). Hydrogen bonding between P=O and HO groups is a 
classic type. However, P=O groups can also form hydrogen bonds in 
the presence of polarized C-H bonds, and several structures of 
phosphine oxides with hydrogen-bonded CHCl3 have been 
reported.48,65,66 In these cases, each P=O group interacts with one 
CHCl3 hydrogen. In the crystal of 8, however, two hydrogen bonds 
to P=O groups are formed by each bridging DCM molecule (Figure 
S1).

2.3. 31P NMR Spectroscopy

The solubilities of 2-4 are high in the conventional solvents, in 
accordance with the solubilities of other Ahn adducts.51-55 31P NMR 
spectroscopy is the analytical method of choice and spectra are 
obtained within minutes. In order to avoid cumbersome external 
referencing and altering the chemical shifts by an internal standard, 
it is inserted in a capillary. The chemical shifts of 2-4 assume 2.36 to 
8.13 ppm higher values than the corresponding pure phosphine 
oxides p-Tol3P=O (5), o-Tol3P=O (6), and Cy3P=O (7). (Table 4). 
This observation is in accordance with values from other Ahn 
adducts.51-55 The higher chemical shift values are due to interactions 
with the HOO groups, which lead to deshielding of the 31P nuclei. 
The electron densities are drawn towards the oxygen atoms in the 
P=O groups. Therefore, the 31P NMR signals of Ahn51-55 and Hilliard 
adducts11,47,53 are shifted downfield. A higher ∆δ(31P) value indicates 
stronger hydrogen bonding. Therefore, it can be concluded that the 
trialkylphosphine oxide Cy3P=O (7) binds most firmly, followed by 
the triarylphosphine oxide  p-Tol3P=O (5). The phosphine oxide o-
Tol3P=O (6) is most weakly bound. The IR data discussed below and 
exchange experiments reported earlier51 corroborate this 
interpretation. 

In contrast to the 31P chemical shifts, there are only minimal 
changes in the 1H and 13C NMR data when creating the Ahn adducts 
2-4 from the phosphine oxides 5-7. This can, for example, be seen 
when comparing the δ(13C) and J(31P-13C) values of 2 with those of 
5.51

Table 4. 31P NMR chemical shifts of the adducts 2-4 and their corresponding 
phosphine oxides 5-7 in CDCl3 and the differences ∆δ(31P) of the chemical 
shift values.

Adduct δ(31P) of 
adducts [ppm]

δ(31P) of R3PO 
[ppm]

∆δ(31P) 
[ppm]

2 32.30 29.2847 3.02

3 39.87 37.5147 2.36

4 58.04 49.9111 8.13

2.4. IR and Raman Spectroscopy

The Ahn adducts 1-4 incorporate two functional groups that are 
meaningful for the characterization by IR spectroscopy,67 P=O, and 
O−H. The stretching frequencies of the P=O groups can be 
compared with those of the corresponding pure phosphine oxides p-

Tol3P=O (5), o-Tol3P=O (6), and Cy3P=O (7). The ν(P=O) of 1-4 are 
5−56 cm−1 smaller than those of the neat phosphine oxides 5-7. As 
discussed above in the 31P NMR section, the interactions of the HOO 
groups with the P=O oxygen weaken this bond and reduce the 
wavenumbers. The differences range between 5−56 cm−1 (Table 5), 
which is in general in accordance with earlier studies of Ahn adducts 
with phosphine oxide carriers.51-55 Interestingly, the extent of the 
weakening of the P=O group by the hydrogen bonding in the Ahn 
adducts is dominated by the substituents R in the phosphine oxides 
R3PO, while the nature of the di(hydroperoxy)alkane does not play a 
major role. For example, hydrogen bonding to p-Tol3P=O (5) entails 
a smaller wavenumber ν(P=O) in 2 (∆ν(P=O) = 32 cm−1), which is 
close to the value observed for the di(hydroperoxy)cyclohexane and 
-heptane adducts of tri(para-tolyl)phosphine oxide (∆ν(P=O) = 35 
cm−1 for both).51 In contrast, the phosphine oxide carrier o-Tol3P=O 
(6) leads to the weakest hydrogen bonding with a low ∆ν(P=O) of 5 
cm−1, a value that is very close to the 6 cm−1 reported for o-
Tol3PO·(HOO)2C(CH2)6.51 Finally, the ∆ν(P=O) value for 4 is 
highest with 56 cm−1, which is comparable to the 44 cm−1 for the 
di(hydroperoxy)cyclohexane adduct of tricyclophosphine oxide.54 
These results corroborate the assumption that Cy3PO (7) interacts 
more strongly with HOO groups than triarylphosphine oxides. This 
is in accordance with an earlier study of activation enthalpies, 
performed by studying adduct exchange with dynamic NMR 
spectroscopy.51 Regarding the triarylphosphine oxides, IR proves 
that p-Tol3PO is more strongly bound to di(hydroperoxy)alkanes 
than o-Tol3PO, again in perfect harmony with the earlier exchange 
studies (Table 4).

The wavenumbers ν(O−H) of the HOO groups of 1-4 are found 
within the range of 3339−3225 cm−1 (Table 5). Additionally, for the 
water adduct 1, the ν(O−H) stretching band of water is discernible at 
3433 cm−1.11,67 The influence of the P=O group on the O−H 
hydrogen atoms renders the O−H bonds weaker, in this way 
diminishing the ν(O−H) values. In accordance with the scenario of 
∆ν(P=O), the ∆ν(O−H) indicate that Cy3P=O leads to the strongest 
hydrogen bond, followed by p-Tol3P=O and o-Tol3P=O, while the 
hydrogen-bonding to water is comparatively weak. Again, these 
results are in accordance with the 31P  NMR data discussed above 
and earlier exchange studies.51

The adducts 1-4 are symmetric, and their Raman spectra have 
well-defined ν(O−O) stretches (Table 5), although they are not as 
intense as those of the Hilliard adducts.47 The ν(O−O) lie between 
869 and 871 cm−1, in accordance with the values of analogous 
adducts47,51 and with (Ph3PO∙H2O2)2.68 According to expectation, the 
bond order is one and consequently the wavenumbers are much 
lower than those found for O2 gas (1556 cm−1)69 and O2

− (1139 
cm−1).70 Basically, the ν(O−O) values for the hydrogen-bonded 
di(hydroperoxy)adamantanes 1-4 lie in the region of aqueous 
(99.5%) H2O2 (880 cm−1)71 and H2O2 vapor (864 cm−1).72 The O−O 
bonds in 1-4 are, however, still stronger than those in alkali 
peroxides (736-790 cm−1)73 and in the oxidizing agent tBuOOH (847 
cm−1).74 In summary, the ν(O−O) of 1-4, in combination with the 
results of the X-ray diffraction studies, prove that peroxo groups are 
present in the adducts.
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Table 5. IR stretching frequencies ν(P=O) [cm−1] of the P=O groups of the 
di(hydroperoxy)adamantane adducts 1-4 and comparison with their 
corresponding neat phosphine oxides p-Tol3P=O (5), o-Tol3P=O (6), and 
Cy3P=O (7), ∆ν(P=O) [cm−1], ν(O−H) of the hydrogen-bonded hydroperoxy 
groups, and the Raman ν(O−O) stretching frequencies.

Adduct Adduct 
ν(P=O) 
[cm−1]

R3PO 
ν(P=O) 
[cm−1]

∆ν(P=O) 
[cm−1]

ν(O-H) of 
adducts [cm−1]

ν(O−O) 
[cm−1]

1 − − − 3339a 871

2 1153 118547 32 3269 869

3 1153 115847 5 3296 869

4 1101 115711 56 3225 871
a ν(O−H) = 3433 cm−1 (H2O); ν(O−H) = 1659 cm−1 (overtone, H2O)

2.5. Oxidative Direct Esterification of Aldehydes

In this section, the novel oxidative esterification of aldehydes 
using Ahn adducts is presented. This is an attractive alternative to 
the current methods described in the inctroduction section because it 
(a) does not require a transition metal, (b) works at room 
temperature, (c) is fast and (d) uses an inexpensive, non-toxic 
catalyst (Scheme 1). The Ahn adducts 2-4 can be used to transform 
nonyl aldehyde to the corresponding methyl ester by reaction with 
methanol in the presence of AlCl3. The reaction progress was 
monitored by observing the α-CH2 protons of the relevant species, 
the aldehyde, acid, and ester by 1H NMR spectroscopy. These 
protons have sufficiently different chemical shifts in CDCl3 (2.41, 
2.35, and 2.30 ppm, respectively), so that the ratios of the reaction 
products can be obtained by integration. In order to avoid signal 
overlaps with the formed adamantanone from 2-4, the Ahn adduct 
Ph3PO∙(HOO)2CMe2 (9)53 has been employed for a detailed 
investigating the direct esterification. For analyzing the reaction 
outcomes for aromatic aldehydes, the corresponding ortho protons of 
the aldehydes and esters were used.

Scheme 1. Direct oxidative esterification of nonyl aldehyde (R = n-C8H17, 
C6H5, p-tolyl, p-bromophenyl, o-hydroxyphenyl) using the Ahn adduct 9 as 
stoichiometric oxygen source.

In a first step, an inexpensive, readily available, effective catalyst 
was sought. Commercially available AlCl3 proved to be highly 
efficient for the oxidative esterification in combination with Ahn 
adducts. Lewis acids such as ZnBr2 and LiI, have been tested as 

catalysts under various conditions, however, carboxylic acid was 
always obtained as a main product. It should be noted that the acid 
also forms slowly when the nonyl aldehyde is exposed to the 
atmosphere. In case the reactions are performed under air for ten 
minutes or one hour in the presence of 10 mol% AlCl3 as the 
catalyst, 69% and 91% conversion are achieved with mostly 
carboxylic acid as the product, while the ester content was only 9% 
and 33%, respectively. Therefore, in the following all reactions were 
carried out under a purified nitrogen atmosphere. 

It is furthermore important to maintain anhydrous conditions, as 
AlCl3 that has been exposed to the atmosphere over prolonged times 
loses its activity as a Lewis acid catalyst due to hydrolysis. 
Broensted acids are not efficient for the esterification. For example, 
when aqueous HCl is used under the standard conditions described 
below (Table S3, entry 6), conversion to the carboxylic acid is 
mainly observed, with only trace amounts of ester formed. It is 
noteworthy that AlCl3 does not hydrolyze readily in the presence of 
anhydrous methanol. As demonstrated by multinuclear NMR earlier 
the adduct [AlCl2(MeOH)4]+ forms.75 Fortunately, due to their high 
solubilities in organic solvents, Ahn adducts do not require reaction 
mixtures to be aqueous or biphasic systems, which extends their 
applications to include water sensitive compounds and materials 
such as AlCl3 in organic and inorganic synthesis. The water formed 
during the oxidation reaction remains bound to the phosphine oxide 
carrier.11,41,47,48

Tables 6 and S3 summarize the effects of the oxidant, the 
catalyst and the reaction time on the outcome of the direct 
esterification of nonyl aldehyde. When the reaction is carried out 
under the standard conditions (1 equiv. aldehyde, 0.6 equiv. of 9 and 
0.25 equiv. of AlCl3) for ten minutes, about 72% conversion with 
80% ester in the product mixture are observed (entry 1). At a longer 
reaction time of 45 minutes, nearly quantitative conversion could be 
achieved and the ester was generated selectively (entry 2). Control 
experiments were performed without the catalyst, without the 
oxidant, and without both. Only about 12%, 13%, and 4% 
conversion were obtained, with carboxylic acid being the dominant 
product (Table 6, entries 3, 4, and 5). The nature of the 
di(hydroperoxy)alkane adducts is uncritical, for example, application 
of adducts 2-4 as oxidizers under the standard conditions lead to 
comparable esterification results.

Table 6. Direct oxidative esterification of 1 equivalent of nonyl aldehyde 
using the Ahn adduct Ph3PO∙(HOO)2CMe2 (9) as oxygen source and AlCl3 as 
the catalyst. All reactions have been performed in 1 mL of methanol and at 
room temperature under a nitrogen atmosphere. 

Entry Adduct
(equiv.)

Catalyst
(equiv.)

Time
(min)

Main 
Product

Conver-
sion (%)

Ester in 
Product

(%)

1 0.60 0.25 10 Ester 71.7 80

2 0.57  0.25 45 Ester 99.6 100

3 0.60 0 45 Acid 11.6 0

4 0 0.26 45 Acid 12.6 32

5 0 0 45 Acid 3.9 0
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In Tables 7 and S4 the effect of the oxidizer amount on the 
esterification reaction is summarized. In all Ahn adducts, there are 
two peroxide groups per phosphine oxide carrier, which can 
potentially oxidize the aldehyde to the ester in the presence of the 
alcohol. It has been demonstrated earlier that Ahn adducts lose 
active oxygen atoms in a stepwise manner, with the second peroxo 
group per adduct assembly being more reluctant to release the 
oxygen.53,54 In order to clarify whether both peroxo groups of an 
Ahn adduct are used for the oxidative esterification, or only one, a 
series of reactions using different amounts of adduct 9 has been 
performed under the standard conditions (Table 7). When about 1.2 
molar equivalents of 9 are applied, meaning a peroxo oxygen content 
of about 2.1 equivalents, nearly quantitative conversion to form the 
ester selectively is observed (97.4%, entry 1). Reducing the amount 
of 9 to ca. 0.6 eq, which still amounts to a peroxo oxygen content of 
about 0.96 equivalents per aldehyde, still 99.6% conversion has been 
achieved, again with selective ester formation (entry 2). This result 
shows unequivocally that both peroxide groups in 9 were consumed 
in the oxidation reaction. It should be noted that no carboxylic acid 
has been found in the reaction mixtures. 

To further corroborate the result that both peroxide groups in 9 
were used for the oxidation, substoichiometric amounts of the adduct 
were employed (Table 7, entries 3 and 4). About 0.4 and 0.3 
equivalents of the adduct, corresponding to active oxygen contents 
of ca. 0.7 and 0.5 equivalents per aldehyde group were applied. 
Hereby, about 84% and 59% conversion were achieved with 100% 
ester selectivity in each case. These conversion values relate to the 
expected values of 67% and 46%, assuming that the active oxygen 
atoms in both peroxo groups of the adduct were used for the 
oxidation. Therefore, we can conclude that both peroxide groups in 
the Ahn adduct were used for the direct oxidative esterification of 
the nonyl aldehyde.

Table 7. Direct oxidative esterification of 1 equivalent of nonyl aldehyde 
using the Ahn adduct Ph3PO∙(HOO)2CMe2 (9) as oxygen source and AlCl3 as 
the catalyst. All reactions have been performed in 1 mL of methanol and at 
room temperature under a nitrogen atmosphere. The reaction time was 45 
minutes for all entries.

Entry Adduct
(equiv.)

Active oxy-
gen (equiv.)

Catalyst
(equiv.)

Conver-
sion (%)

Ester in 
Product (%)

1 1.21  2.06  0.27 97.4 100

2  0.57  0.96  0.25 99.6 100

3  0.39  0.67  0.25 83.8 100

4  0.27  0.46  0.26 58.7 100

In order to test the range of applicable substrates, the more 
demanding aromatic substrates benzaldehyde (10), the electron rich 
p-methylbenzaldehyde (11) and the electron deficient p-
bromobenzaldehyde (12), as well as the intramolecularly hydrogen-
bonded o-hydroxybenzaldehyde (13) were subjected to the standard 
procedure over different amounts of time. The results of the 
unoptimized reactions are summarized in Tables 8, S5, and S6. All 
reactions yielded the corresponding ester as the main product.

For benzaldehyde, a conversion of 32% was found after only 45 
minutes. A longer reaction time of 6 hours with the same amounts of 
catalyst and oxidizer led to much higher conversion of nearly 80%. 
An 86% conversion of 10 to 100% ester can alternatively be 
achieved by doubling the amount of 9 and AlCl3 (Table 8).

Similarly, the more electron rich 11 requires a longer reaction 
time of 5 hours for 70% conversion under otherwise standard 
conditions of 0.6 and 0.3 equivalents of oxidizer and catalyst (Table 
8). The example of 12 shows that a bromine substituent at the phenyl 
ring can be tolerated under the standard reaction conditions and 
within 5 hours a conversion of 82% with optimal selectivity of 100% 
was obtained. For the aromatic substrate 13 with an intramolecular 
hydrogen bridge between the OH group in ortho position and the 
aldehyde oxygen, a reaction time of 5 hours results in ca. 46% 
conversion and the product consists only of the ester (Table 8).

Table 8. Direct oxidative esterification of 1 equivalent each of benzaldehyde 
(10), p-methylbenzaldehyde (11), p-bromobenzaldehyde (12), and o-
hydroxybenzaldehyde (13) using the Ahn adduct Ph3PO∙(HOO)2CMe2 (9) as 
oxygen source and AlCl3 as the catalyst. All reactions have been performed 
in 1 mL of methanol and at room temperature under a nitrogen atmosphere. 
In each reaction the ester was the main product. 

Alde-
hyde

Adduct
(equiv.)

Catalyst
(equiv.) Time Conver-

sion (%)

Ester in 
Product

(%)

10 0.59 0.26 45 min 32.1 100

10 1.05 0.46 5 h 85.6 100

10 0.60 0.25 6 h 79.2 95.5

11 0.62 0.27 45 min 37.2 93

11 0.62 0.27 5 h 70.0 88

12 0.67 0.26 5 h 82.1 100

13 0.65 0.24 5 h 45.6 100

3. Conclusions 
Four new di(hydroperoxy)adamantane adducts 1-4 have 

been synthesized. One adduct features hydrogen-bound water 
(1), the others (2-4) are Ahn adducts with the corresponding 
phosphine oxides p-Tol3P=O (5), o-Tol3P=O (6), and Cy3P=O 
(7). Furthermore, an unexpected dimeric reaction product (8) of 
1,2,5-phenylphosphole is reported. It is demonstrated that the 
adducts can be synthesized easily, and with reproducible 
composition. All adducts 1-4 and 8 are characterized by single 
crystal X-ray diffraction. For the di(hydroperoxy)adamantane 
adducts 2-4 one general structural motif is identified. In the 
context of earlier studies of our group and others, the presented 
work highlights the interesting structural diversity and 
reactivity of the P=O∙∙∙H assembly. The 31P, 13C, and 1H NMR 
data of 2-4 are analyzed and compared to the parent phosphine 
oxides. The hydrogen bonding in 1-4 is further confirmed by IR 
and Raman spectroscopy. It is demonstrated that Ahn adducts 
in general function as efficient oxygen donors for the direct 
esterification of aldehydes. In combination with the inexpensive 
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and readily available Lewis acid catalyst AlCl3 quantitative and 
selective conversion of nonyl aldehyde to the methyl ester is 
achieved at ambient temperature within 45 minutes. Hereby, the 
active oxygen atoms of both peroxo groups in the Ahn adduct 
are consumed for the direct oxidative esterification. The more 
challenging aromatic aldehydes benzaldehyde (10), p-
methylbenzaldehyde (11) p-bromobenzaldehyde (12), and o-
hydroxybenzaldehyde (13) can selectively be transformed into 
the esters in high yields by increasing the reaction times to 5 
hours or alternatively by doubling the amounts of oxidizer and 
catalyst.

In future work phosphines and phosphine oxides will be 
covalently35,36 or electrostatically35d,76 bound to silica. Immobilized 
Ahn adducts can subsequently be obtained by reaction with aqueous 
H2O2 in the presence of ketones. Immobilization will allow the easy 
separation of the phosphine oxide carrier from the esterification 
reaction mixture and its regeneration and reuse by adding H2O2 and 
ketones. The covalently anchored phosphine oxides and their peroxo 
adducts can be characterized with classical solid-state NMR35,36,39-

41,76 in the dry state and HRMAS in the presence of a 
solvent.35a,b,e,f,36

4. Experimental Section

(a) General Considerations. All reactions were carried out 
using standard Schlenk line techniques and a purified N2 
atmosphere, if not stated otherwise. Reagents purchased from Sigma 
Aldrich or VWR were used without further purification. Aqueous 
H2O2 solution (35% w/w) was obtained from Acros Organics and 
used as received. Solvents were dried by boiling them over sodium, 
then they were distilled and stored under purified nitrogen. Acetone, 
dichloromethane (Aldrich, ACS reagent grade) and ethanol (200 
proof) were dried over 3 Å molecular sieves (EMD Chemical Inc.) 
prior to use. AlCl3 was used as received from Beantown Chemical in 
the form of grains (anhydrous, 99% pure), and was stored under an 
inert atmosphere. 

(b) NMR Spectroscopy. The 1H, 13C, and 31P NMR spectra were 
recorded at 499.70, 125.66, and 202.28 MHz on a 500 MHz Varian 
spectrometer. The 13C and 31P NMR spectra were recorded with 1H 
decoupling if not stated otherwise. Neat Ph2PCl (δ(31P) = 
+81.92 ppm) in a capillary centered in the 5 mm NMR tubes was 
used for referencing the 31P chemical shifts of dissolved compounds. 
For referencing the 1H and 13C chemical shifts, if not mentioned 
otherwise, the residual proton and the carbon signals of the solvents 
were used (C6D6: δ(1H) = 7.16 ppm, δ(13C) = 128.00 ppm; CDCl3: 
δ(1H) = 7.26 ppm, δ(13C) = 77.00 ppm). The signal assignments were 
based on comparisons with analogous phosphine oxides.11,47,51-55  

(c) IR Spectroscopy. The IR spectra of the neat powders of all 
adducts and compounds were recorded with a Shimadzu IRAffinity-
1 FTIR spectrometer equipped with a Pike Technologies MIRacle 
ATR plate.

(d) Raman Spectroscopy. The Raman spectra were acquired 
using a Jobin-Yvon Horiba Labram HR instrument coupled to an 

Olympus BX41 microscope with 514.51 nm laser excitation from an 
Ar-ion laser. A 600 lines/mm grating and an acquisition time of 2 s 
were applied. 60 scans gave spectra of good quality. 

(e) X-Ray Diffraction see Supplementary Material. 

(f) Synthesis and Characterization

Synthesis of H2O·(HOO)2C(C9H14) (1). The water adduct 1 has 
been synthesized according to a literature procedure.57 
Adamantanone (1.00 g, 6.66 mmol) and iodine (169 mg, 0.666 
mmol) are dissolved in acetonitrile (13.3 ml). Aqueous hydrogen 
peroxide (2.29 mL, 35%, 11.62 M, 26.6 mmol) is added and the 
reaction mixture is stirred for 24 h. The mixture is concentrated 
under reduced pressure and extracted with dichloromethane (60 mL) 
once. The organic phase is dried over sodium sulfate and filtered. 
The filtrate is concentrated under reduced pressure to ca. 3 mL and 
the product is purified by column chromatography, eluting with 
pentane, then dichloromethane, and finally with ethyl acetate. The 
water adduct of gem-di(hydroperoxy)adamantane 1 is obtained as a 
colorless solid (944 mg, 4.32 mmol, 65% yield). Melting range 90-
93 °C.

NMR (δ, CDCl3), 1H 2.11-1.65 (m, 14H, H2-H5); 13C{1H} 
112.87 (s, C1), 35.83 (s, C2*), 33.69 (s, C3#), 31.02 (s, C4*), 
25.94 ppm (s, C5#). *,#assignments interchangeable. IR: ν(O−H) = 
3433 (H2O), ν(O−H) = 3339 (OOH), δ(O−H) = 1659 (H2O) cm−1.

Synthesis of p-Tol3PO∙(HOO)2C(C9H14) (2). p-Tol3PO 
(163 mg, 0.508 mmol) and di(hydroperoxy)adamantane (102 mg, 
0.508 mmol) are dissolved in dichloromethane (10 mL). Hexanes 
(10 mL) is added to the mixture and the solvent is allowed to 
evaporate. Colorless crystals (231 mg, 0.443 mmol, 87% yield) are 
obtained. Melting point 135-137 °C.

NMR (δ, CDCl3), 31P{1H} 32.30 (s); 1H 7.52 (dd, 3J(31P–1H) = 
11.9 Hz, 3J(1H–1H) = 8.1 Hz, 6H, H2'), 7.24 (dd, 3J(1H–1H) = 
7.9 Hz, 4J(31P–1H) = 2.2 Hz, 6H, H3'), 2.38 (s, 9H, H5'), 2.11-1.61 
(m, 14H, H2-H5); 13C{1H} 142.53 (d, 4J(31P–13C) = 2.8 Hz, C4'), 
132.18 (d, 2J(31P–13C) = 10.4 Hz, C2'), 129.32 (d, 3J(31P–13C) = 
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12.6 Hz, C3'), 129.13 (d, 1J(31P–13C) = 107.2 Hz, C1'), 111.27 (s, 
C1), 35.86 (s, C2*), 33.90 (s, C3#), 31.05 (s, C4*), 25.95 (s, C5#), 
21.69 ppm (d, 5J(31P–13C) = 1.3 Hz, C5’). *,#assignments 
interchangeable. IR: ν(O−H) = 3269, ν(P=O) = 1153 cm−1.

Synthesis of o-Tol3PO∙(HOO)2C(C9H14) (3). o-Tol3PO 
(160 mg, 0.499 mmol) and di(hydroperoxy)adamantane (100 mg, 
0.499 mmol) are dissolved in 10 mL of CH2Cl2. Then, hexanes 
(10 mL) is added to the mixture and the solvent is allowed to 
evaporate under ambient conditions. Colorless crystals (195 mg, 
0.374 mmol, 75% yield) can be isolated. Melting point 141-143 °C.

NMR (δ, CDCl3), 31P{1H} 39.87 (s); 1H 7.44 (t, 3J(1H–1H) = 
7.5 Hz, 3H, H4'), 7.32 (dd, 3J(1H–1H) = 7.4 Hz, 4J(31P–1H) = 4.1 Hz, 
3H, H3'), 7.15 (t, 3J(1H–1H) = 6.7 Hz, 3H, H5'), 7.07 (dd, 3J(31P–1H) 
= 14.2 Hz, 3J(1H–1H) = 7.5 Hz, 3H, H6'), 2.48 (s, 9H, H7'), 2.12-
1.60 (m, 14H, H2-H5); 13C{1H} 143.71 (d, 2J(31P–13C) = 7.7 Hz, 
C2'), 133.09 (d, 2J(31P–13C) = 13.1 Hz, C6'), 132.28 (d, 3J(31P–13C) = 
10.3 Hz, C3'), 132.27 (s, C4'), 129.93 (d, 1J(31P–13C) = 102.3 Hz, 
C1'), 125.71 (d, 3J(31P–13C) = 13.0 Hz, C5'), 111.23 (s, C1), 35.91 (s, 
C2*), 33.99 (s, C3#), 31.10 (s, C4*), 27.46 (s, C5#), 22.13 ppm (d, 
3J(31P–13C) = 4.2 Hz, C7'). *,#assignments interchangeable. IR: 
ν(O−H) = 3296 cm−1, ν(P=O) = 1153 cm−1. 

Synthesis of Cy3PO∙(HOO)2C(C9H14) (4). Cy3PO (148 mg, 
0.499 mmol) and di(hydroperoxy)adamantane (100 mg, 0.499 mmol) 
are dissolved in methylene chloride (10 mL). After adding hexanes 
(10 mL), the reaction mixture is left for the solvent to slowly 
evaporate. Colorless crystals (199 mg, 0.400 mmol, 80% yield) are 
yielded. Melting point 159-161 °C.

NMR (δ, CDCl3), 31P{1H} 58.04 (s); 1H 11.25 (br. s, 2H, OOH), 
2.06-1.60 (m, 32H, H2-5, H1'eq, H2'eq, H3'eq, H4'eq); 1.42 (q, 3J(1H–
1H) = 11.2 Hz, 6H, H2'ax), 1.29–1.22 (m, 9H, H3'ax, H4'ax); 13C{1H} 
111.01 (s, C1), 35.89 (s, C2*), 34.89 (d, 1J(31P–13C) = 60.1 Hz, C1'), 
33.99 (s, C3#), 31.50 (s, C4*), 27.49 (s, C5#), 26.86 (d, 3J(31P–13C) = 
12.0 Hz, C3'), 26.15 (d, 2J(31P–13C) = 3.0 Hz, C2'), 26.05 ppm (d, 
4J(31P–13C) = 1.2 Hz, C4'). *,#assignments interchangeable. IR: 
ν(O−H) = 3225 cm−1, ν(P=O) = 1101 cm−1.

Synthesis of phosphole oxide dimer dichloromethane adduct 
(8). 1,2,5-Triphenylphosphole (400 mg, 1.28 mmol) is dissolved in 
14 mL of CH2Cl2. Hydrogen peroxide (6 mL, 50%, 17.6 M, 105.6 
mmol) is added and the biphasic mixture is stirred vigorously 
(1150 rpm). The phases are separated and 5 mL of hexanes is added 
to the organic phase. After slow evaporation of the solvent, the 
yellow precipitate is washed with pentane (2 x 5 mL). The solid is 
recrystallized from a 1:1 mixture of dichloromethane with hexanes 
by slow evaporation of the solvents. A yellow crystalline material 
(414.2 mg, 0.558 mmol, 87% yield) is collected.

(g) Standard procedure for oxidative direct esterification
In a representative experiment, a Schlenk flask was charged with 
anhydrous AlCl3 (10.1 mg, 0.0757 mmol) under nitrogen. Then, dry, 
degassed CH3OH (1.0 mL, 25 mmol) was added to the Schlenk 
flask. Finally, Ph3PO·(HOO)2CMe2 (9) (65.9 mg, 0.171 mmol) and 
nonyl aldehyde (43.0 mg, 0.302 mmol) were added and the reaction 
mixture was stirred for 45 min under nitrogen. Next, methanol was 
evaporated in vacuo and the remaining viscous liquid was used for 
obtaining the aldehyde conversion and potential product ratios by 1H 
NMR. The yield of crude ester was determined as 99.6% based on 
the presence of the dominant triplet of the α-CH2 protons of the 
methyl nonanoate at 2.30 ppm and the low intensity triplet of the α-
CH2 protons of the nonyl aldehyde at 2.41 ppm.

(h) Procedure for isolating methyl nonanoate
Anhydrous AlCl3 (59.8 mg, 0.450 mmol) was weighed into a 
Schlenk flask and dissolved in dry, degassed CH3OH (10.0 mL, 248 
mmol) under nitrogen. Subsequently, Ph3PO·(HOO)2CMe2 (9) 
(889.8 mg, 2.303 mmol) and nonyl aldehyde (250.0 mg, 1.760 
mmol) were added and the reaction mixture was stirred for 45 min. 
Then 0.50 mL of liquid was removed from the reaction mixture, 
methanol was removed in vacuo, and the remaining viscous liquid 
was used for obtaining the aldehyde conversion and potential 
product ratios by 1H NMR. The yield of crude ester was determined 
as 100% based on the sole presence of the triplet peak of the α-CH2 
protons of the methyl nonanoate at 2.30 ppm. Next, all methanol was 
removed from the remaining reaction mixture in the Schlenk flask 
under high vacuum. Then 37 mL of hexanes were added to extract 
the organic products. The resulting suspension was stirred for 20 
minutes and left overnight for the precipitate to settle. Next, the 
solution was transferred to another Schlenk flask via filtration 
through a cotton plug. The hexanes were removed in vacuo and the 
remaining liquid was recondensed. Methyl nonanoate was obtained 
as a colorless liquid with the characteristic fruity odor (109.6 mg, 
0.6372 mmol, 38% isolated yield, not optimized). The NMR data of 
methyl nonanoate are in agreement with the literature.77 1H NMR 
(CDCl3): δ = 3.66 (s, 3H), 2.30 (t, 2H), 1.61 (quint, 2H), 1.28 (m, 10 
H), 0.87 (t, 3H); 13C{1H} NMR  (CDCl3): δ = 174.49, 51.63, 34.28, 
31.95, 29.36, 29.30, 29.25, 25.11, 22.78, 14.23 ppm.
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