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ABSTRACT

Oxidations represent important reactions that are ubiquitous in academia and industry. Hydrogen peroxide (H303) is a common source of active oxygen for oxi-
dations. HoOj is usually diluted in water as it is too unstable to be used in pure form. However, the presence of water can complicate reactions because biphasic
mixtures with organic solvents form. Furthermore, secondary reactions with water may lead to side products. Therefore, alternative forms of H0, such as peroxide
adducts, are an active area of research. Di(hydroperoxy)alkane adducts of phosphine oxides are one attractive solution because they are soluble in organic solvents,
crystallizable, shelf-stable and active towards a variety of oxidation reactions. The only drawback is that the phosphine oxide carrier has to be removed after the
reaction. In this contribution, the bifunctional ligand (EtO)3Si(CH32)2PPh, is immobilized on a silica (SiO3) support which is subsequently end-capped with EtOSi
(CHs)3. The new surface-bound di(hydroperoxy)propane adduct is then generated with the immobilized phosphine oxide as carrier. The adduct and a deuterated
analog are characterized with solid-state and solution NMR spectroscopy. It has been demonstrated that substrates in organic solvents easily access the surface-bound
peroxide and are oxidized quantitatively. The phosphine oxide carrier remains bound to the surface and can be removed easily by settling of the silica. Using the
oxidative esterification of nonyl aldehyde it is proven that the immobilized peroxide adduct does not leach from the silica support and is active and reusable over

multiple cycles.

1. Introduction

Hydrogen peroxide (H20») is a ubiquitous oxidant in industry and
academia due to its applicability to a diverse array of oxidation reactions
[1-3]. The HyO5 market, already a multi-billion-dollar industry, is only
expected to grow over the coming years due to increased demand from
various industrial sectors [4]. Despite its widespread use, a significant
drawback of HO; is the need to dilute it in aqueous solution. Many
common organic solvents are immiscible with water. This limits the
solvent choice and most often necessitates biphasic reactions to be
performed which slows the reaction rates and complicates work-up
procedures. Water can also lead to secondary reactions and the forma-
tion of undesired side-products that reduce the product yield and
necessitate further purification. Finally, aqueous HyO, decays at an
unpredictable rate, necessitating titrations if a stoichiometric amount is
required [5].

To circumvent these issues while still maintaining the impressive
reactivity of HpOj, solid forms of peroxides are an active area of
research. Since phosphine oxides readily engage with different HO
groups via strong hydrogen bonds [6-10], they can be used to stabilize
hydrogen peroxide and di(hydroperoxy)alkanes to form Hilliard
[11-13] and Ahn [13-18] adducts, respectively. All phosphine oxide
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adducts are attractive options as solid peroxides because they are robust
and long-lived, their composition is well-defined on the molecular level,
and they are soluble in organic solvents [11-18]. Ahn adducts in
particular are thermally and mechanically stable, and they crystallize
readily, allowing for easy purification and characterization by single
crystal X-ray diffraction [13-18]. Ahn adducts are easily formed by
combining the phosphine oxide with hydrogen peroxide and a ketone.
For example, to synthesize the specific adduct PhgPOe(HOO);CMesy,
acetone is used as the ketone in combination with Ph3PO as the carrier
[13]. Ahn adducts have been successfully employed in a variety of re-
actions such as selective phosphine oxidation [13,14,16], sulfide to
sulfoxide oxidation [13], the direct oxidative esterification of aldehydes
[18], and Baeyer-Villiger oxidations of cyclic ketones.[17] Due to the
high solubility of the Ahn adducts, these reactions can be performed in
one organic phase and without the need for an additional oxygen
transfer mediator. This renders di(hydroperoxy)alkane adducts of
phosphine oxides superior oxidizing agents. Importantly, the phosphine
oxide carrier is not reactive and non-toxic.

Selected other forms of peroxides that have been applied recently
include urea hydrogen peroxide adducts,[19-21] organic peroxocar-
bonates,[22-24] peroxoborates [24] and organic peroxides.[25] For
example, peroxoborates have been explored in diverse fields ranging
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from oral healthcare [26] to chemical warfare agent degradation,[27]
while peroxocarbonates, phosphates and sulfates have been used as
electrochemical waste-water disinfectants [28].

The remaining disadvantage of all di(hydroperoxy)alkane adducts
compared to aqueous Hy0 is that the phosphine oxide carrier has to be
removed from the product mixture after the reaction. The separation can
easily be accomplished by precipitation with nonpolar organic solvents.
[11] Nevertheless, this process represents one more required step
following the oxidation reaction. Therefore, in this contribution, we
describe a method that allows oxidation reactions to take place in one
organic phase, while the surface-tethered phosphine oxide carrier can be
removed by settling of the support within minutes. In this way, the
phosphine oxide can be recharged with peroxide and the oxidizing agent
can be reused multiple times. Most importantly, the targeted immobi-
lized peroxides are all exposed to the substrates on the silica surface and
in this way ensure efficient, homogeneous reactions. In contrast, solid
inorganic peroxides like peroxocarbonates suffer from low solubility in
organic solvents.

Some bifunctional phosphines incorporating ethoxysilane function-
alities for immobilization on silica are available commercially. Alter-
natively, phosphines such as PhyP(CH3)3Si(OEt); can easily be
synthesized from LiPPh, and Cl(CH3)3Si(OEt)s.[29,30] These phos-
phines can be covalently bound to the silica support according to well-
established methods [29-35] or using a recently developed adsorp-
tion/dry heating process to avoid cross-linking of the ethoxysilanes and
off-surface growth.[36] The formed Si-O-Si bonds to the surface are
extremely robust and prevent leaching of the ligand once at least one
covalent bond is established.[30] The large surface area of silica also
allows for a high loading of the ligand onto the support.[30] The
covalently surface-bound phosphine ligands can be oxidized to the
phosphine oxides by treatment with aqueous hydrogen peroxide.[37]

Immobilizing the phosphine oxide carrier allows for the spent
oxidizer that consists mainly of the phosphine oxide and its water
adduct,[8,11,12] to be separated from the reaction mixture by settling.
The di-(hydroperoxy)propane adduct can then be regenerated by adding
H,0, and acetone,[13-18] and reused. The desired product of the
oxidation reaction is also recovered without need for further purifica-
tion, rendering the adducts an even more attractive option for oxidations
in academia and industry.

Importantly, previous work has shown that silica functionalized with
ligands capable of hydrogen bonding to HoO» could, in principle, offer
greater peroxide loading than silica alone.[38] However, attempts at
functionalizing silica were complicated by decomposition of the ligands
when applying even dilute H,O5, which significantly lowered HyOo
capacity.[38] Additionally, the exact structures that the surface species
assumed were not well defined.

Our contribution represents a substantial improvement, as immobi-
lized ethoxysilanes and phosphine oxides are extremely robust under
harsh reaction conditions.[30,37] In particular, the immobilized phos-
phine oxide carrier is not affected by applying HoO2.[37] Additionally,
31p solid-state NMR allows for a convenient method of characterizing
the stabilized peroxides on the surface. Characteristic differences in the
31p chemical shift, residual halfwidth and chemical shift anisotropy
(CSA, span of the signal) for neat phosphine oxides compared to adducts
of phosphine oxides can be exploited.[39-44]

When adsorbing and covalently binding a bifunctional phosphine
ligand onto silica,[36] there is the potential for phosphine oxide-surface
interactions. Adsorbed triphenylphosphine oxide and alkylphosphine
oxides, for example, have previously been shown to interact strongly
with silica surfaces via the P=0 group.[39-41,45-49] Phosphine oxides
can also form adducts with AlCl3 which is a Lewis acid, like some silica
sites.[50] The ability of phosphine oxides to interact with the silica
surface after they have been tethered to silica via Si-O-Si linkages has
also been demonstrated. In these studies, it was found that lower surface
coverages lead to a greater degree of surface interaction due to the
favored blanket-type structure as opposed to a brush-type structure.[36]

Applied Surface Science 629 (2023) 157333

These interactions have the potential to play a large role in future ap-
plications of these materials as they may significantly impact the reac-
tivity of the phosphine oxide. Therefore, the P=0-silica interactions will
also be explored in the following research description.

This contribution presents the synthesis, characterization, regener-
ation, and reuse of a silica-immobilized Ahn adduct. The residual surface
sites have been end-capped by reaction of the material with EtOSi
(CH3)3.[31,33] 31p MAS (magic angle spinning) NMR [42-44] of end-
capped versus non-end-capped material is used to show that end-
capping can prevent previously observed interactions of the phosphine
oxide with the silica surface. The subsequently generated di(hydro-
peroxy)propane adduct of the immobilized phosphine oxide is then
characterized via multinuclear solid-state NMR. The synthesis of an
analogous deuterated molecular and silica-bound di(hydroperoxy)pro-
pane-dg adduct of a phosphine oxide is also presented. This deuterated
version offers additional proof for the formation of di(hydroperoxy)
propane adducts on silica while also allowing for insight into the
strength of the adduct-phosphine oxide interactions. These interactions
are further explored and the adduct moiety is characterized in solution
through adduct washing experiments. Finally, the activity and recycla-
bility of the new adduct material is confirmed via the oxidation of PPh;
to O=PPhg [11,13,51,52] and the direct esterification of aldehydes
[18,53-58].

In summary, the following outline presents a new route to easily
accessible, well-defined surface-bound di(hydroperoxy)alkane adducts
of phosphine oxides. These stable peroxides can easily be removed from
the reaction mixtures by settling and regenerated for multiple cycles of
reuse. The efficient oxidation of a phosphine to the phosphine oxide and
the direct oxidative esterification of aldehydes [18] serve as reactions to
prove the success of the novel oxidizer.

2. Results and discussion
2.1. Immobilizing the phosphine oxide carrier

The synthetic strategy for generating silica-immobilized di(hydro-
peroxy)propane adducts of a phosphine oxide is displayed in Fig. 1. For
clarity, the immobilized ethoxysilanes are depicted with only one Si-O-
Si linkage, although 2°Si CP/MAS NMR indicates there is a mixture of
silanes bound to the surface by one, two, and three Si-O-Si linkages (see
below).[30,32,36]

A sub-monolayer amount of 1 has been immobilized on silica using
standard literature procedures to produce material 2 (Fig. 1).[29-35]
The immobilization has not been performed while strictly working
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Fig. 1. Synthetic strategy for creating immobilized peroxide adducts starting
from immobilization of 1, followed by end-capping with ethoxytrimethylsilane
and di(hydroperoxy)propane adduct formation. (a) Toluene, 42 h, 70 °C. (b)
Me3SiOEt in excess, 45 h, 70 °C. (c) Acetone, aqueous H,0,, 48 h, RT.
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under inert gas conditions, because fully oxidized material is sought
eventually. Therefore, a mixture of immobilized phosphine 1i and its
oxide 1i(0O) is obtained, as visible in the 31p MAS spectrum of 2 (Fig. 2,
top). The 2°Si CP/MAS spectrum (Figure S1) proves the covalent teth-
ering of the ethoxysilyl groups to the silica support. The statistical
mixture of one, two and three Si-O-Si linkages is in accordance with
previous results for ethoxysilane immobilization using a dilute solution.
[30-32,36]

The 3C CP/MAS NMR spectrum of material 2 shows well-resolved
signals even without employing DNP (Dynamic Nuclear Polarization)
methods [59] that have been assigned completely (Figure S2). As ex-
pected from the 2°Si CP/MAS spectrum, there are 13C signals for residual
ethoxy groups at 61.06 (OCH>) and 18.48 ppm (CHg). Due to the re-
sidual mobility of phosphine linkers tethered via methylene chains,
[30,33,60] even the alkyl and ethoxy proton signals are resolved in the
14 MAS spectrum of 2 (Figure S3).

2.2. End-capping the surface with trimethylsilyl groups

The ultimate goal, as outlined in Fig. 1, is to create surface-bound di-
(hydroperoxy)propane molecules that are stabilized by hydrogen-
bonding to the phosphine oxide group. Unfortunately, surface silanol
groups form hydrogen bonds with phosphine oxides, too. This has been
explored previously for a variety of surface-adsorbed phosphine oxides.
[38-41] Therefore, surface silanol groups are expected to compete with
hydrogen-bonded peroxide for P=0 groups. Given the large number of
surface silanol groups, this competition could be detrimental for the
planned immobilization of the peroxides and for creating material 4
(Fig. 1). In the specific case presented here, it can be demonstrated for
the first time that the interactions of silanol groups with a covalently
bound phosphine oxide takes place as well. While the 5(3'P) for 1i at
—8.95 ppm corresponds to the typical chemical shift of surface-bound
alkyldiarylphosphine linkers,[30,36] the value of 41.99 ppm (Fig. 2,
top) for the immobilized phosphine oxide 1i(0) is comparatively high.
[35,39-41] This indicates that hydrogen-bonding to silanol groups and
therewith a deshielding of the phosphorus nucleus takes place. This
deshielding upon surface adsorption has been observed previously for
surface-adsorbed and molecular, hydrogen-bonded phosphine oxides.
[6,11-18,39-41] Regarding the arrangement of the phosphine oxide
molecules on the surface, one can imagine that in a sub-monolayer the
covalently bound molecules are aligned parallel to the surface, in a
blanket-type manner, as described for covalently bound phosphines
recently.[36]

The competition for hydrogen-bonding that arises from surface
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Fig. 2. 3P MAS NMR spectra of starting material 2 and 3 after end-capping
with EtOTMS.
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silanol groups has to be eliminated prior to generating the desired per-
oxo adducts. Removing silanol protons can, in principle, be achieved by
conventional end-capping with ClSiMes. However, this reaction creates
HCl that is hard to remove from the surface, could potentially protonate
1i and negatively impact the lifetime of the targeted immobilized
peroxide. Therefore, an excess of the milder, but at elevated tempera-
tures and longer reaction times equally efficient, end-capping reagent
EtOSi(CH3)3 (EtOTMS) [31,33] has been added to 2 to produce the end-
capped material 3 (Fig. 1). The successful co-immobilization of EtOTMS
has been confirmed with 2°Si CP/MAS NMR (Figure S4). The spectrum
prominently features the 2°Si signal of the TMS group with the expected
chemical shift of 13.14 ppm in addition to the resonances of 1i.
Importantly, the halfwidth (325 Hz) of the signal speaks for covalent
bonding to the surface, in contrast to merely adsorbed silane.[36]

The 13C CP/MAS spectrum of 3 (Figure S5) shows the signal of the
TMS group at 1.38 ppm in addition to the resonances of 1i. Again, the
large halfwidth of the signal (297 Hz) indicates that the TMS groups are
covalently surface-bound.[36] Adsorbed EtOTMS would feature a sharp
peak due to its higher mobility on the surface.[31,36] H MAS NMR
measurements corroborate the assumption that end-capped material 3
has been generated successfully (Figure S6).

The 3!P MAS spectrum of end-capped 3 in comparison with 2 com-
pletes the picture (Fig. 2, bottom). Since oxygen was not strictly
excluded during the end-capping step, the signal of the phosphine oxide
1i(0) grew at the expense of the resonance of 1i. Since there are no
longer any silanol groups on the silica surface that would withdraw
electron density from phosphorus, the signal of 1i(0) experiences an
upfield shift from 41.99 ppm for 2 to 36.31 ppm for 3. This difference in
5(3'P) of about 5 ppm has been consistently observed for a variety of
other phosphine oxides and their electron withdrawing adducts.
[6,11-18,39-41]

Besides liberating the P=0O group of 1i(0O) from the surface and
preparing it for the following peroxo adduct formation, end-capping the
surface should also be beneficial with respect to repeated regeneration
steps. The TMS groups render the surface of silica hydrophobic [31,61]
and this effect, together with the steric shielding should help to protect
the surface during the (re)generation of the immobilized di(hydro-
peroxy)propane 4 that requires aqueous HyOs. Furthermore, end-
capping with EtOTMS prevents the products of oxidation reactions
from strongly adsorbing at the silica surface, allowing for a clean sep-
aration from the silica by decanting, while extensive washing can be
avoided. This is especially important for the oxidation products relevant
in this contribution, O = PPh3 and the methyl ester of nonanoic acid. It
will also be demonstrated below that the surface-protecting TMS groups
are retained over ten oxidation/regeneration cycles.

2.3. Generating the immobilized peroxide

Next, the immobilized di(hydroperoxy)propane adduct 4 has been
synthesized by stirring material 3 in a mixture of acetone and aqueous
H50, at room temperature for two days.[13-18,37] After the reaction,
the material was dried in vacuo and solid-state NMR has been used to
characterize the sample. It should be noted that the adsorption of
hydrogen peroxide on silica has previously been explored by theoretical
calculations showing that HyO, can form hydrogen bonding interactions
on silica surfaces, particularly with Si-O-Si siloxane bridges.[63] How-
ever, siloxanes represent a small fraction of the available surface sites on
silica relative to silanols, except after very harsh drying conditions.
[31,64] Additionally, the adsorption of H2O, is prevented by end-
capping with EtOTMS.[31,62] It should also be noted that molecular
di-(hydroperoxy)propane adducts are more shelf-stable than HO,
[13-18] offering another advantage of the immobilized peroxides of 4
over simply adsorbing HyO> on silica.[38]

When generating material 4 from 3, a distinct change is obvious in
the 3'P MAS NMR spectrum. The phosphine resonance vanished and one
well-defined signal is obtained. The signal (Fig. 3) of 4 shifts downfield
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Fig. 3. 3P MAS spectra of materials 3 and the immobilized di(hydroperoxy)
propane 4, obtained by treating 3 with aqueous H;O, and acetone.

to 41.93 ppm compared to the signal of 1i(O) in the spectrum of 3 at
39.51 ppm. Therefore, strong hydrogen-bonding of the P=0 group to the
di(hydroperoxy)propane group can be assumed, in accordance to the
scenario of molecular adducts. Additionally, the halfwidth of the reso-
nance decreases from 1.60 kHz for 1i(O) in 3 to 0.98 kHz for 4, which
indicates that the P=0 groups are experiencing a more homogeneous,
well-defined surroundings than in material 3.

i and '3C CP/MAS, as well as 'H MAS NMR spectra of 4
(Figures S7, S8, S9) confirm that the material is well-defined, and all
signals are accounted for. Importantly, the TMS groups remain intact
after adduct formation. This eliminates the possibility that the downfield
shift observed for 4 is caused by the phosphine oxide interacting with
the silica surface as observed for 2 (Fig. 2). Interestingly, an increase in
the signal intensities of the more upfield shifted Si-O-Si resonances in the
range from —53 to —65 ppm indicates that the treatment of 3 with
aqueous H0, and acetone increases the number of Si-O-Si linkages
between the immobilized linkers and the silica surface (Figure S7).
[36,65] This observation is consistent with results that show that
applying aqueous H20 to ethoxysilanes induces cross-linking due to the
presence of water and acid stabilizers in commercial H,O5 which cata-
lyze this reaction [65].

2.4. Selectively deuterated immobilized peroxide

While the 31P, 29Si, 13C, and 'H solid-state NMR spectra clearly
indicate the presence of the immobilized peroxide, the 'H spectrum in
particular suffers from intrinsic large dipolar interactions and a massive
background signal of the silica support (Figure S9). Therefore, in order
to unequivocally prove the presence of the di(hydroperoxy)propane
moiety in 4, the deuterated version 5 has been synthesized from 3 using
acetone-dg (Fig. 4). In this way, CD3 groups are incorporated into the
adduct and 5 and its properties can be investigated with 2H NMR using a
solid-echo pulse program (Fig. 4 and Figure S10). Only one resonance
with the chemical shift of 2.11 ppm, which is characteristic for (CO)CD3
groups, is found in the 2H NMR spectrum of 5. No other 2H signals are
visible, which demonstrates that the deuterated immobilized peroxide
adduct has been formed cleanly.

In order to prove that the 2H NMR signal of 5 (Fig. 4) does not simply

2H NMR o~ . W
(static) P <o £~y
| 5 H o <os " s
F rn,r”d"""‘(” rn,r’/é"'"“’l
|| 2.11 ppm
,_.j 1“ Aviz =211 Hz Ero” Okt sﬁc“”’s.o/’ \ "okt
T I 1
50 0 -50 [ppm] 5

Fig. 4. Solid-echo ?H NMR spectrum of a static sample of 5, obtained from 3 by
reaction with H,O, and acetone-dg.
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stem from adsorbed deuterated acetone, the following experiments were
performed. Acetone-dg vapor has been added to two rotors containing 3
and dried silica. Spectra of both materials were then recorded using the
same measurement parameters as applied for the sample of 5. All ob-
tained ?H NMR spectra are displayed in Figure S10. The resonance of 5
differs from the signals obtained for adsorbed acetone-ds regarding
linewidths and chemical shifts. The signal of 5 is found upfield (2.11
ppm) compared to the signals of the adsorbed species (2.44 and 2.50
ppm), consistent with the reported 'H NMR data for di(hydroperoxy)
propane adducts in solution.[13-18] Furthermore, all 2H NMR signals
have different linewidths, indicating different degrees of mobility on the
surface. Adsorbed acetone-dg on silica is most mobile and consequently
displays the smallest signal halfwidth (128 Hz). This observation is in
accordance with cases of other mobile species adsorbed on silica such as
phosphine oxides and metallocenes [39-41,66-68]. Interestingly, the
least mobile species with the largest signal halfwidth (334 Hz) is ace-
tone-dg adsorbed on 3. This indicates that 1, 1i(0) and TMS groups limit
the mobility of acetone-dg on the surface. Even the CD3 groups in the di
(hydroperoxy)propane moiety of 5, which is covalently bound to the
silica via the phosphine oxide linker, are more mobile with a signal
halfwidth of 211 Hz.

To further prove the presence of the deuterated di(hydroperoxy)-
propane moiety in 5, the two control samples and 5 were washed with
non-deuterated acetone and dried in air. Then, all materials were
investigated with 2H solid-state NMR without rotation using the same
measurement parameters (Figure S10). The ’H signals of the two sam-
ples with adsorbed acetone-dg are completely removed while the reso-
nance of 5 persists. Therefore, it can be concluded that the observed 2H
NMR signal (Fig. 4) belongs to the deuterated di(hydroperoxy)propane
moiety. It persists throughout the intense washing step due to the
strength of the hydrogen bonding between the peroxo moiety and the
covalently bound phosphine oxide linker in 5.

2.5. Studying the stability of the peroxide adducts

In order to assess the stability of the immobilized peroxide 4, several
key experiments have been performed. It has been shown by dynamic
NMR earlier that different di(hydroperoxy)alkane moieties can ex-
change their phosphine oxide carriers in solution.[14] However, the
question of whether or not a ketone can be oxidized and replace a di-
(hydroperoxy)alkane moiety from a given phosphine oxide adduct still
needs to be answered. For this purpose, the deuterated molecular adduct
Ph3PO-(HOO),C(CD3); (6) has been synthesized according to the liter-
ature procedure.[13] This adduct is highly soluble and has been char-
acterized by 3lp (Figure S11), 3¢ (Figure S12), and 'H NMR
(Figure S13). All signals have been assigned based on the values of the
non-deuterated version.[13] In particular, the septet of the CD3 group in
the '3C NMR, and the lack of methyl proton signals in the 'H NMR
spectrum confirm that the di(hydroperoxy)propane moiety in adduct 6
is fully deuterated and intact. Furthermore, the dry powder of 6 displays
the characteristic Pake pattern in the 2H solid-state NMR spectrum
(Figure S14). The key IR peaks of adduct 6 are in accordance with
literature values, and show characteristic C-D stretching frequencies
(Figure S15).

Next, 6 has been dissolved and stirred in an excess of non-deuterated
acetone to determine whether exchange of the di(hydroperoxy)alkane
moiety takes place or whether acetone can just remove the peroxo group
from the immobilized adduct 5. After the solvent was removed in vacuo
the powder was measured with 3lp (Figure S11), 3¢ (Figure S16), H
(Figure S17), and 2H solid-state NMR (Fi gure S18). All spectra indicate
that 6 is still the predominant species. This persistence of 6 also cor-
roborates the washing results for 5 (Figure S10), which showed that the
peroxo moiety is stable in the absence of an easily oxidizable substrate.

The 3P NMR spectrum shows two minor decomposition products,
the water adduct (Ph3P=0-H50), (33.69 ppm) [11,12] and the oxide
Ph3P=0 (31.52 ppm) (Figure S11).[11] The fate of the deuterated di-
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(hydroperoxy)propane has been monitored by probing the non-
deuterated acetone that had been removed in vacuo with 2H NMR
(Figure S19). A signal corresponding to the CD3 groups of acetone-dg,
stemming from the decomposition of the deuterated di(hydroperoxy)-
propane moiety, was observed. This result explains why, despite the
persistence of the CDg signal of 5, its signal-to-noise ratio is diminished
after the intensive acetone washing (Figure S10).

It has been demonstrated earlier using competition experiments that
di(hydroperoxy)alkanes can be exchanged between different hydrogen-
bonded phosphine oxides.[14] Therefore, it has been tested whether the
di(hydroperoxy)propane moiety can be removed from 4 by another,
strongly hydrogen-bonding species like water. In this way, indirect proof
of the presence of the peroxo moiety in 4 can also be obtained.

In order to maximize the amount of di(hydroperoxy)propane moiety,
a sample of 4 with a dense monolayer of linker was synthesized. The
material was stirred in D20 for one hour, then the supernatant was
decanted and investigated by solution 'H NMR spectroscopy. The first
measurement was performed immediately, the second after 3 days
(Fig. 5). Two resonances appear besides the large HOD peak at 4.6 ppm.
They can be assigned to acetone (2.15 ppm) and the methyl protons of
free di(hydroperoxy)propane 7 (1.35 ppm) [14]. The latter confirms
that the di(hydroperoxy)propane moiety in 4 is accessible to D20 and
can be transferred into the aqueous solution. Since the signal intensity of
7 in solution is low, both samples were also compared to a control
spectrum of the pristine solvent D20. Neither of the assigned peaks
appear in this spectrum, and therefore, solvent impurities [69] can be
excluded (Figure S20).

After 3 days, the di(hydroperoxy)propane peak decreased while the
acetone peak increased correspondingly in intensity. This means that the
liberated dihydroperoxide 7 decomposes gradually, forming acetone
(Fig. 5) because in solution the peroxide is no longer stabilized by strong
hydrogen-bonding to the phosphine oxide carrier. Furthermore, finding
7 in the D50 solution affords further evidence that the immobilized di
(hydroperoxy)propane adduct had successfully been generated in 4 and
also shows that the di(hydroperoxy)propane remains stable for several
days even in solution at room temperature.
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Fig. 5. When 4 is treated with D50, di(hydroperoxy)propane (7) is liberated
and slowly decomposes in solution to yield acetone. '"H NMR spectra of the
supernatant were recorded immediately (top) and after 3 days (bottom).
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2.6. Oxidation of PPhs to O=PPhg and regeneration of oxidizer

The immobilized peroxide 4 has been created to enable the easy
removal of the phosphine oxide carrier from the reaction mixture and its
recycling. Furthermore, the regeneration of the oxidizer on the surface
was sought. In order to test these capabilities of the immobilized
oxidizer, in a first step, the oxidation of PPh3 to O=PPh3 was monitored
(Fig. 6). This reaction is a favorable choice because PPhg is practically
not oxidized by oxygen in the air or dissolved oxygen [11,13,51]. In a
control experiment, no oxidation was observed when PPhs was stirred in
THF or with end-capped silica suspended in THF. As communicated
earlier,[17] the di(hydroperoxy)alkane adducts perform the oxidation in
a consecutive process, providing active oxygen atoms from both dihy-
droperoxy groups of one adduct assembly in a stepwise manner.

In a representative oxidation reaction, about two equivalents of PPhj
were dissolved in THF, added to a flask containing 4 and the reaction
mixtures was stirred for 30 min (Fig. 6). After the reaction and settling of
the immobilized phosphine oxide carrier 3, the supernatant was dec-
anted. The silica support has been washed thoroughly to remove any
O=PPhj3 or PPh3 that might have remained adsorbed on the surface.
[11,39-41] The supernatant and washing fractions were combined and
analyzed by 3'P NMR. The ratio of substrate PPhs to product O=PPhs
was then determined by integration and used to calculate the yield of the
oxidation reaction, i.e. the amount of PPh3 converted to O=PPhs. This
value corresponds to the amount of active oxygen that was present in 4.
The yield of oxidized substrate was then determined based upon the
amount of 1 immobilized on the sample of 4, assuming that there are
two reactive oxygens per mole of 1. After the reaction, 4 was regener-
ated by addition of acetone/H202 and the recyclability of 3 and suc-
cessful regeneration of 4 was tested by repeating the procedure outlined
in Fig. 6. The results of 10 cycles are summarized in Table 1.

The results in Table 1 show clearly that the phosphine oxide carrier 3
can be recycled and material 4 regenerated to oxidize substrates over
multiple cycles. The decreasing activity seen after cycle 4 was probably a
result of the silica pores being clogged with residual solvent from the
washing procedures, which hindered diffusion of the dissolved substrate
to the oxidizer on the surface. 'H solid-state NMR of the material after
cycle 6 further corroborated this assumption as large THF signals were
observed (Figure S21). In order to remove the THF, the material was
dried for 2 h in vacuo at 30 °C. The dried material showed decreased
signal intensities for the THF peaks relative to the TMS signal
(Figure S21). Furthermore, the yield improved after drying. The drying
step was also applied between cycles 9 and 10, however, no further gain
in yield was achieved. This suggests that progressively more intensive

PPh, 0=PPh,
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H:0,
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o Lot sgcn,h
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Fig. 6. Oxidation of PPh; to O=PPh3 by 4, removal of the phosphine oxide
carrier by settling, decanting the supernatant containing the product and
regenerating the oxidizer 4.
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Table 1

Repeated oxidation of PPh3 to O=PPhj; using one sample
of 4. The oxidizer is regenerated after each cycle with
acetone/H,0,. In between cycles 6/7 and 9/10 the
material was dried (2 h in vacuo, 30 °C). The asterisk
denotes a cycle where 4 was stored for 5 days after
regeneration before washing; the yield > 100% was due
to residual H,O, adsorbed on the surface.

Cycle Yield of O=PPhgs (%)

81
70
106*
81
38
52
82
67
68
51

%

o

drying treatments may be needed in case more cycles are desired.
Leaching of the phosphine oxide carrier 1i(0) from the silica support
can be ruled out. No NMR signal for 1(0) (~34 ppm) or any other
phosphine species besides PPhy and O=PPhg has been observed when
the supernatant was measured after any of the 10 cycles. The spectrum
from cycle 1 is shown as an example (Figure S22).

It should also be noted that the TMS surface-protecting groups are
fully retained under the conditions used for both the oxidation of PPhg
and the direct oxidative esterification described below. This can be seen
in Figure S21, where the 'H MAS signal of the TMS group persists over
ten oxidation/regeneration cycles. When stored under the atmosphere
for two months, some water is taken up from the atmosphere, however,
the TMS groups are fully retained. Figure S7 provides corresponding 2954
CP/MAS information. When 3 is treated with an aqueous acetone/H;04
mixture, the TMS groups with a signal at about 15 ppm persist.

At this point it should be noted that surface-adsorbed HyO, has the
potential to play a role in the oxidation reaction. Previous work has
shown the ability of HyO5 to adsorb on neat and functionalized silica.
[38,63] In cycle 3, material 4 has been stored after regeneration for 5
days before being washed with water while for all other cycles 4 was
washed immediately. This washing delay led to adsorbed H,O5 which
was likely responsible for the over-oxidation observed in this cycle
(Table 1). Despite the ability for excess HoO5 to adsorb onto 3 during
adduct formation, the adducts are preferred as the phosphine oxide-
stabilized di(hydroperoxy)propane moiety is more stable than HyO,
[17] and the formation of the adduct is dependent on the total amount of
H20; applied, not on the concentration as is the case for adsorbed-only
materials [38,63].

To prove that adsorbed H20y was not responsible for oxidation
observed in the other cycles, 4 was studied by 3'P MAS NMR before and
after the reaction with PPhg in cycle 1 (Fig. 7). After the oxidation there
is a clear upfield shift of the isotropic line, from 42.97 ppm for 4 to

P MAS . ok

(4 kHz) 42.97 ppm g
Avya= 0.7 kHz 4

Before SiCH),

60" é "okt )

Oxidation Reaction

0
Phy’

* 3 36.17 ppm i
Avy, = 1.5 kHz .
* *

e et sgcnm

*

After
Oxidation Reaction

50 [ppm]

Fig. 7. 3'P MAS NMR spectra of material 4 before (top) and after the oxidation
of PPh3 (bottom).
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36.17 ppm for 3. Additionally, the intensities of the rotational sidebands
and therewith the CSA [42] of the signal increase when 4 is spent and 3
is generated. Furthermore, the residual linewidth changes from 0.7 kHz
to 1.5 kHz. These results prove unequivocally that the immobilized di
(hydroperoxy)propane 4, and not adsorbed Hy03, is responsible for the
oxidation of PPhs. The 3!P MAS spectra displayed in Fig. 7 also
demonstrate that no PPhs (~-5 ppm) or O=PPhs (~25 ppm) stay
adsorbed on the silica surface after the oxidation. The spectra again
confirm that the phosphine oxide linker 1i(0) remains covalently bound
to the surface.

2.7. Direct oxidative esterification of nonanal

In order to demonstrate that the immobilized peroxide 4 has merit
for real-life syntheses in academia and industry, it was applied to the
direct esterification of an aldehyde.[18] Molecular versions of di
(hydroperoxy)alkane adducts of phosphine oxides have successfully
been applied to the esterification of diverse aldehydes previously.[18]
Hereby, AlCl3 functions as an inexpensive, non-toxic Lewis acid catalyst.
The only drawback of molecular adducts is that the phosphine oxide
carrier interferes with the analytics in solution and has to be separated
from the reaction mixture after the oxidation.[18] Using the process
described above (Fig. 6), the immobilized phosphine oxide 3 can be
removed by settling and recycled. The surface-bound peroxide 4 is re-
generated with acetone/H05. Nonanal and methanol have been chosen
as substrates, in combination with AICl3 as the catalyst (Fig. 8).

As an additional bonus of 4, the water molecule generated by
reducing the di(hydroperoxy)propane moiety will remain hydrogen-
bonded to the immobilized phosphine oxide carrier.[6,11,12] In this
way, the hydrolysis of the produced ester and of the catalyst AlCl3 is
avoided. This principle has been demonstrated recently for another
moisture-sensitive reaction, the Baeyer-Villiger oxidation.[17] In order
to minimize additional water uptake during the synthesis of 4, it was
washed with dry and degassed acetone and all esterification reactions
have been performed under nitrogen.

The reaction success has been assessed by decanting the supernatant,
removing the solvent in vacuo and analyzing the resulting oil by 'H NMR
spectroscopy (Figure S23). The a methylene protons vicinal to the
carbonyl group have distinct and characteristic chemical shifts for the
nonyl aldehyde, nonanoic acid and the methyl ester, respectively.[18]
The ester formation has also been confirmed by the presence of a signal
corresponding to the OCHg group at 3.65 ppm (Figure S23).

The results of three preliminary esterification experiments are sum-
marized in Table 2. The first reaction E1 led to a mixture of nonanoic
acid and its methyl ester. The presence of the acid indicates that some
water still remained on the silica despite washing it with dry acetone.
The adduct was then regenerated and the reaction repeated (E2). But
this time a small amount (200 mg) of dried silica was added along with
the esterification reagents to sequester residual water on the

AICl;, MeOH,
20 h, RT

Oxidative
Esterification

acetone, H,0,

Fig. 8. Oxidative esterification of nonanal and regeneration of 4.
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Table 2

Results of three preliminary experiments E1-E3 for the esterification of nonanal
to the methyl ester of nonanoic acid using 4 as the oxygen source. Equivalents
are based on the amount of active oxygen present in the sample of 4, assuming
that each immobilized phosphine oxide linker molecule contains two reactive
oxygen atoms.

Experiment El E2 E3
added dried silica (mg) 0 200 300
nonanal (eq) 0.71 0.77 0.97
methanol (eq) 55 150 376
AlCl; (eq) 0.51 0.96 0.96
aldehyde in product mixture (%) 62 25 28
acid in product mixture (%) 18 0 0
ester in product mixture (%) 20 75 72
yield (acid + ester) (%) 13 30 36

hygroscopic silica surface. This approach led to the acid-free formation
of the ester in a respectable yield (30%). The reaction was repeated (E3),
adding a larger amount of dried silica, and a slightly higher yield of 36%
of ester has been obtained without acid byproduct. The results also
prove that the catalyst AlCl3 reaches the peroxide and substrate within
the pores of 4.

It should be noted that in all three experiments E1-E3 (Table 2) the
supernatant was checked by *'P NMR and no signals were observed. This
proves again that the phosphine oxide linker is not leaching during the
reaction and remains on the silica. This eliminates the need to purify the
reaction product and allows the di(hydroperoxy)propane adduct 4 to be
regenerated. The less than quantitative yield may be due to the loss of
some adduct from the silica during the acetone wash as this solvent has
previously been shown to remove some of the peroxide from its phos-
phine oxide carrier (Fig. 5). Nevertheless, the data show that even under
not optimized reaction conditions the principle of the immobilized
peroxide works and ester is obtained under mild conditions.

3. Conclusion

In this contribution, we synthesized a new immobilized phosphine
oxide 3, and end-capped the silica surface with EtOTMS. By studying the
functionalized material before and after end-capping with multinuclear
solid-state NMR spectroscopy it has been demonstrated that the TMS
groups prevent interactions between the phosphine oxide and the silica
surface that may inhibit the subsequent adduct formation. After reaction
with acetone/H205, the silica-bound di(hydroperoxy)propane adduct 4
has been obtained.

31p MAS solid-state NMR was used to directly characterize the new
adduct and observe the expected changes in the peroxide adduct
compared to the phosphine oxide signal, including the downfield shift,
reduced CSA and signal halfwidth. Further characterization has been
achieved by synthesizing a deuterated version of the adduct (5) and
applying 2H NMR to directly confirm the structure and presence of the
phosphine oxide-stabilized di(hydroperoxy)propane moiety. Treatment
of 5 with acetone allowed the characterization of the molecular di
(hydroperoxy)propane 7 in solution and offered insight into the strength
of the phosphine oxide-adduct hydrogen bonds. The stability of 7 in
solution has been monitored by observing its decomposition with solu-
tion 'H NMR spectra.

Finally, the oxidative activity of the surface-bound peroxide 4 has
been assessed by monitoring the oxidation of PPhs to O=PPhs. The
phosphine oxide linker has been recycled and 4 has been regenerated
over 10 cycles while the system maintained its oxidative activity. Mild
heating under vacuum was also shown to restore the adduct activity to
initial levels by removal of residual solvent from the silica pores.
Measuring solid-state >'P MAS NMR of the oxidizing material before and
after use proved that the observed oxidation originated from the adduct
4, and not surface-adsorbed HO9, as the observed signal clearly in-
dicates a shift from the adduct 4 to the oxide 3. The NMR also showed no
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residual PPh3 or O=PPh3 left adsorbed on the surface after the reaction.
Furthermore, investigating the supernatant showed that no phosphine
oxide linker leaches from the silica surface. This result has also been
confirmed when 4 was regenerated and applied repeatedly as the active
oxygen source for the direct esterification of nonanal to the nonanoic
acid ester.

Overall, this contribution presents a new type of oxidizing material.
The peroxide moiety contains two active oxygen atoms per molecule and
is stabilized by strong hydrogen-bonding to a phosphine oxide group.
This phosphine oxide carrier is covalently bound to a silica support.
Therefore, it can be easily removed after the reaction by settling and it
can be recycled. The di(hydroperoxy)propane group can be regenerated
by reaction with acetone/H505. In contrast to solid oxidizers described
previously, the presented material operates in one homogeneous phase
and all active oxygen atoms are accessible for the substrates and the
catalyst needed for the oxidative esterification. The principle of this
new, safe, and long-lived surface-bound oxidizer and its regeneration
can easily be adapted to other oxidation reactions and therefore it
should have a bright future and ample application in synthetic chemistry
and oxidation reactions.

4. Experimental section
4.1. NMR measurements

The 3'P, 13C, 2H and 'H NMR spectra were recorded at RT on a 500
MHz Varian NMR spectrometer. Neat PhoPClL (5(31P) =+81.92ppm)ina
sealed capillary centered in a 5 mm NMR tube was used as reference for
the 3'P chemical shifts of dissolved compounds. The '°C, 2H and 'H
chemical shifts were referenced with respect to the solvent signals. 3!P
NMR spectra for the quantification of the reactive oxygen content were
acquired with a Varian decoupled-NOE pulse program and a 3 s relax-
ation delay. The 3P solid-state NMR spectra were measured with a 400
MHz Bruker Avance NMR instrument using high-power proton decou-
pling and MAS in combination with 4 mm ZrO, rotors. The 3'P MAS
spectra were calibrated using NH4H2PO4 as an external standard 6CP)
= +0.81 ppm). The 13C CP/MAS solid-state NMR spectra were measured
on the same instrument using a RAMP sequence. The spectra were
calibrated with glycine as the external chemical shift standard (5(*>CO)
= 176.5 ppm). The 'H MAS spectra were measured with a single pulse
program and acetone as the external standard (6(1H) = 42.05 ppm). ’H
solid-state NMR spectra were recorded using a solid-echo pulse program
and were calibrated with the external standard acetone-dg 6CH) =
+2.05 ppm).

4.2. Materials and general reaction conditions

Reactions involving 2, 3 and 6 were carried out using standard
Schlenk techniques and a purified nitrogen atmosphere. All other re-
actions were performed in air. Toluene and tetrahydrofuran were ob-
tained oxygen-free from a solvent purification system and were dried
with 4 A molecular sieves. Reagents purchased from Sigma Aldrich,
VWR, Acros, Gelest and BTC were used without further purification.
Aqueous H203 (35%) was obtained from Acros Organics and used as
received. The exact concentration (13.3 M) was determined by titration
with KMnOg. The phosphine (EtO)3Si(CH2)2PPhy (1) was purchased and
its purity was confirmed with solution 31P{lH}, 13¢c{'H} and 'H NMR
spectroscopy. The silica gel was acquired from Silicycle with a 40 A
average pore size, 0.063 to 0.2 mm particle diameter, and 750 m?/g
specific surface area. Before the reactions, the silica was dried in vacuo
for 72 h at 300 °C in a Biichi glass oven.

4.3. Syntheses

Synthesis of 2. In a representative reaction, 1 (1.0597 g, 2.8257
mmol) was added to an oven-dried Schlenk flask and dissolved in
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toluene (10 mL). In a separate flask, dried silica gel (14.9585 g) was
suspended in toluene (30 mL). The solution of 1 was then added to the
silica. The reaction mixture was heated to 70 °C and stirred for 42 h.
Subsequently, the supernatant was decanted, and 2 was washed 3 times
with THF (15 mL, 20 min. stirring). Material 2 was then dried in vacuo
for 5 h at RT. To determine the surface coverage, the solvent was
removed in vacuo from the collected supernatant solutions and the re-
sidual ligand 1 was weighed (0.1203 g) and the obtained value sub-
tracted from the initial mass of 1. The surface coverage (62.8 mg per g of
silica) was then determined as 55%, based on the full monolayer
coverage of 114 mg 1 per g of silica determined previously.[36].

Synthesis of 3. EtOSiMes (27.515 g, 0.23268 mol) was added to the
sample of 2 generated as described above and the mixture was stirred at
70 °C for 45 h. Then, the excess of EtOSiMeg was removed in vacuo. After
2.5 h, material 3 was stirred with THF (30 mL) and after settling, the
supernatant was decanted and material 3 was dried again in vacuo for 2h
at RT.

Synthesis of 4 and 5. Material 3 (1.8212 g, 0.2888 mmol 1) was
placed into a round-bottom flask. Acetone (10 mL) and aqueous Hy02
(0.500 mL, 13.3 M) were added to a scintillation vial and stirred for 5
min. The solution was transferred into the flask containing 3, and the
vial was rinsed with acetone (5 mL) which was also added to the flask.
The reaction mixture was stirred for 42 h at RT. Then, the material was
allowed to settle for 5 min. before the supernatant was removed with a
pipette and vacuum-filtered through a fritted funnel using a side-arm
flask. Deionized water (15 mL) was then added to the flask and the
mixture was stirred for 20 s. The supernatant was again removed and
vacuum-filtered. The modified silica 4, collected on the frit, was added
back into the original flask. The material was then immediately used for
PPhj oxidation experiments. The deuterated material 5 was synthesized
in the same way as 4 by using acetone-dg instead of acetone.

Synthesis of 6. PPhg (507.8 mg, 2.176 mmol) was added to a Schlenk
flask and dissolved in acetone-dg (15 mL). The flask was then cooled to
0 °C and aqueous Hy05 (1.5 mL) was added dropwise under stirring. The
mixture was allowed to slowly warm to RT and was stirred for 16 h.
Then, 10 mL of solvent was removed in vacuo. The remaining solution
was added to an extraction funnel and an aqueous-organic extraction
was performed using DCM and deionized HyO. The DCM layer was
collected and the solvent was removed in vacuo to yield 6 as an opaque
colorless oil (145.0 mg, 0.370 mmol, 17% yield after crystallization).

4.4. Washing procedures for deuterated adducts 5 and 6

For washing material 5 with acetone, an amount of 5 that was suf-
ficient to fill a 4 mm MAS rotor was fully immersed in acetone for 5 min.
The material was then air-dried, filled into the rotor and immediately
measured. For the control experiments, approximately the same amount
of 3 and unmodified dried silica were placed into different solid-state
NMR rotors. Acetone-dg was then adsorbed onto the control materials
by using a pipette to collect acetone-dg vapor from the headspace of a
flask containing acetone-ds and expelling the pipette contents into the
rotors. The rotors were capped and the samples immediately investi-
gated with 2H NMR. After the measurements, the contents of the samples
were transferred to different test tubes and the same washing procedure
used for 5 was applied to the control samples before they were measured
again. The molecular deuterated adduct 6 was washed by combining
polycrystalline 6 (150 mg) with acetone (10 mL) and stirring the
mixture for 4 h. Then the solvent was removed in vacuo. The solvent and
the obtained solid were investigated by NMR spectroscopy.

4.5. Washing procedures for a monolayer of adduct 4

The immobilized adduct with a monolayer of 1 was synthesized in
the same way as 4. For the washing experiment the material (100 mg)
was combined with D;O (5 mL) and stirred for 1 h. The silica was
allowed to settle for 20 min and a portion of the supernatant was
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collected with a pipette and added to an NMR tube for measurement. To
verify that the observed signals originated from the washed adduct and
not from solvent impurities a sample of the neat solvent DoO was
measured using the same acquisition parameters.

4.6. Oxidation of PPhs

The following procedure was repeated for all oxidation cycles, with
slight variations in the amount of PPhs (1.8-2.2 equivalents), except
where noted (Table 1, Cycle 3). PPhs (531.8 mg, 2.028 mmol) was
weighed into a scintillation vial and dissolved in 8 mL of THF. The so-
lution was added under stirring to a flask containing 2.4879 g of 4. 5 mL
of THF was used to rinse the scintillation vial and also added to the
reaction mixture. After 30 min. of stirring the supernatant was removed
with a pipette and vacuum filtered through a fritted funnel using a side-
arm flask. Next, THF (15 mL) was added to the reaction flask and the
suspension was stirred for 20 min. Then the supernatant was removed
with a pipette and filtered as outlined before. This was repeated 2 more
times for a total of 3 washing cycles. After the final washing cycle a
portion of the supernatant was filled into an NMR tube for measurement.
The residual silica material collected on the fritted funnel was returned
into the reaction flask, the material was dried in vacuo for 15 min. and
regenerated according to the procedure for the synthesis of 4 described
above. In between the cycles 6/7 and 9/10, the material was dried for 2
h in vacuo at 30 °C.

4.7. Direct oxidative esterification of nonyl aldehyde

The immobilized oxidizer 4 was generated as described under 4.3.
above, except that water-free, degassed acetone was used and the re-
action mixture was stirred under nitrogen. After stirring for 42 h, the
supernatant was removed and filtered. Water-free and degassed acetone
(10 mL) was added to the adduct under a nitrogen stream and the
mixture was stirred for 2 min. The supernatant was removed under ni-
trogen and filtered. This was repeated two more times for a total of 3
washing cycles. AlCls, nonanal and methanol were added into a 150 mL
oven-dried Schlenk flask under nitrogen. Then water-free, degassed
DCM was added until the AICl3 was dissolved and a clear solution was
obtained. This solution was then transferred to the flask containing 4.
The mixture was stirred under nitrogen for 20 h. The supernatant was
then collected and filtered through a frit into a Schlenk flask. Water-free,
degassed THF (10 mL) was added to the flask containing the spent
oxidizer and the mixture was stirred for 5 min. The supernatant was
removed and filtered into the Schlenk flask with the reaction mixture.
The THF washing was repeated 2 more times for a total of 3 washes. The
solvent was then removed from the collected washing solutions in vacuo
to yield a colorless oil. A portion of the oil was then dissolved in CDCl3
and 'H and *'P{'H} NMR spectra were collected. The spent oxidizer was
dried in vacuo at 50 °C, regenerated to 4 with aqueous HyOy/acetone as
described above, and reused for subsequent oxidation cycles. The second
and third esterification procedures followed the same protocol as the
first, except that only 1 acetone washing step was performed after the
adduct formation and that dried silica was added to 4 prior to adding the
DCM solution with the esterification reagents.
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