Dalton Transactions

2 Dalton
PN Transactions

Hydrogen Peroxide Adducts of Triarylphosphine Oxides

Journal: | Dalton Transactions

Manuscript ID | DT-ART-07-2019-003070.R1

Article Type: | Paper

Date Submitted by the

Author: 26-Aug-2019

Complete List of Authors: | Arp, Fabian; Texas A&M University, Department of Chemistry
Bhuvanesh, Nattamai; Texas A&M University,
Bluemel, Janet; Texas A&M University, Department of Chemistry

SCHOLARONE™
Manuscripts




Page 1 of 14

Dalton Transactions

DPalton Transactions

\L SOCIETY
CHEMISTRY

Hydrogen Peroxide Adducts of Triarylphosphine Oxides

Fabian F. Arp,? Nattamai Bhuvanesh? and Janet Bliimel*?

Received 00th July 2019,
Accepted 00th 2019

Five new hydrogen peroxide adducts of phosphine oxides (p-Tol;PO-H,0,), (1), (0-Tol;PO-H,0,), (2), (0-Tol,PhPO-H,0,),

DOI: (3), (p-Tol;PO),-H,0, (4), and (0-TolPh,PO),-H,0, (5), and the water adduct (o-Tol,PhPO-H,0), (6) have been synthesized
and fully characterized. Their single crystal X-ray structures have been determined and analyzed. The IR and 3'P NMR data

www.rsc.org/

are in accordance with strong hydrogen bonding of the hydrogen peroxide. The mono- versus dimeric nature of the adduct

assemblies has been investigated by DOSY NMR experiments. Raman spectroscopy of the symmetric adducts and the

v(0O—0) stretching bands confirm the presence of hydrogen-bonded hydrogen peroxide in the solid materials. The

solubilities in organic solvents have been quantified. Due to the high solubilities of 1-6 in organic solvents their 7O NMR

spectra could be recorded in natural abundance, providing well-resolved signals for the P=0O and O—O groups. The adducts

1-5 have been probed regarding their stability in solution at 105 °C. The decomposition of the adduct 1 takes place by loss

of the active oxygen atoms in two steps.

1. Introduction

Peroxides are ubiquitous in daily life.! They are active
ingredients for disinfecting and bleaching in the production of
goods,” the household, and wastewater treatment. Recently, H,O,
has been shown to break down polymers.? Artemisinin and related
species play roles as antiparasitic and anti-malarial agents.*
Peroxides are also employed in industry, for example, as radical
initiators of polymerizations,'® and they play central roles in
synthetic chemistry.! Recent applications include the oxidation of
amines® and sulfides,® alkane activation,” and epoxidations.® Our
group’!® and others'®?3 study all aspects of phosphine oxidation.
Furthermore, Baeyer-Villiger oxidations are indispensable for
synthesizing esters from ketones.!>*

For preparative chemistry, the ideal peroxide would be
inexpensive, easily accessible, reproducible in its composition, and
soluble in organic solvents. It should be safe and stable at ambient
temperatures on the shelf. Finally, a solid oxidizing agent would be
desirable that can easily be administered.

Presently, aqueous H,0, is the most ubiquitous oxidizing agent
in academic labs, although it is not ideal. The main drawback is the
abundance of water it delivers to the reaction mixture which can lead
to unwanted secondary reactions. Additionally, in case the reagents
are not water-soluble the oxidations have to be performed in a
biphasic system, slowing rates and requiring phase separations later.
Furthermore, commercial aqueous H,O, contains a large amount of
nitric acid as a stabilizer. Nevertheless, commercially available H,O,
degrades at unpredictable rates,?® and has to be titrated?**? prior to
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each application when exact amounts of active oxygen are needed.
Aqueous H,0, also decomposes quickly in the presence of metal
ions like Fe3*.25¢ Water-free formulations of H,O,, for example, urea
hydrogen peroxide (UHP)?® and peroxocarbonates?’ are in use. The
main disadvantage is that the composition of these materials is not
well defined. Furthermore, they are insoluble in organic solvents and
hard to remove from reaction mixtures. Other approaches include
encapsulated® and immobilized versions of H,0,,* and H,0,
adducts of metal complexes.3%3! Peroxides like (Me;SiO), and
(CHj3),C(00) (DMDO) are applied, but their synthesis and storage
are problematic.3!-32

Phosphine oxides are important, for example, because they are
unwanted byproducts of phosphine chemistry®? and catalysis.?3-37
They are also co-products of Wittig and Appel reactions and can be
used to probe the surface acidities of oxide materials.’® Currently
phosphine oxides receive attention regarding the analysis and
decomposition of warfare agents,® as flame retardants,*® and
synthetic intermediates and targets.!64!

Phosphine oxides readily form hydrogen bonds with diverse

types
phenols,*>* with naphthol,** sulfonic acids,** and water.!!13:46

of donors. Examples include hydrogen-bonding with
Phosphine oxides with hydrogen bonds to silanols, phenols, and
even chloroform have recently been characterized.!” The potential of
phosphine oxides as hydrogen bond acceptors has been studied

theoretically,*’ also in combination with hydrogen-bonded H,0,.48

Furthermore, the influence of hydrogen bonding on the 3'P solid-
state NMR spectra of phosphine oxides has been analyzed in detail
by our group'!''1317.18 and Shenderovich.** When solid phosphine
oxides are combined with porous materials, such as silica,’® they
adsorb on the surface by hydrogen-bonding with surface silanol
groups, even in the absence of a solvent. This phenomenon and the
dynamic properties have also been studied by multinuclear solid-
state NMR.13.18
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Recently, we discovered that phosphine oxides have the unique

ability to stabilize hydrogen peroxide! 12 and
di(hydroperoxy)alkanes by forming strong hydrogen bonds.!?!415
The materials obtained exhibit general structural motifs for both
adduct forms, the Hilliard adducts (R3PO-H,0,),,'"!2 and the Ahn
adducts R3PO-(HOO),CR'R" (R, R', R" = alkyl and aryl).!>1415 The
peroxides are stabilized by well-defined hydrogen bonding by the
phosphine oxides without compromising their oxidative efficiency.
Both Hilliard and Ahn adducts selectively and instantaneously
oxidize phosphines to phosphine oxides.!!-1>1415 The merit of water-
free oxidation in particular has been demonstrated by the clean
synthesis  of the  water-sensitive
Ph,P(O)P(O)Ph,."*  Sulfides
sulfoxides in organic phases,'>!4 and Baeyer-Villiger oxidations of

ketones are efficient with Hilliard and Ahn adducts.!?

diphosphine  dioxide

are transformed selectively into

Both adduct types are safe and robust towards high temperatures
and mechanical stress and have shelf lives of months at ambient
temperatures.!121415 The Hilliard and Ahn adducts do not contain
acids or other impurities that would have to be removed, as in the
case of aqueous H,0,, when it is needed for special applications.’!
Most importantly, the high solubility of all adducts in organic
solvents allows for homogeneous oxidation reactions in one organic
phase. The Hilliard and Ahn adducts are solid, have well-defined
compositions, and they can easily be administered to reaction
mixtures.

Because of the favorable characteristics of these useful and
intrinsically interesting Hilliard and Ahn oxidizers we sought to
further explore the scope of these phosphine oxide adducts.
Regarding later applications on a larger scale, it is desirable to
minimize the weight and cost of the solid oxidizers. In this respect
the Hilliard adducts are more favorable than the Ahn adducts.
Therefore, we focused on the former, also because the only
structurally characterized Hilliard adducts reported so far are
(Cy;PO-H,0,),,1'  (BusPO-H,0,),,'2  (Ph3PO),'H,0,,2  and
(Ph3PO-H,0,),'H,0,.'2 The Ph;PO adducts have been the most
elusive regarding a well-defined ratio of phosphine oxide to peroxide
groups, although they are most desirable because the parent
phosphine oxide is inexpensive and a waste product of the Wittig
and Appel processes. In our quest to obtain highly soluble H,O,
adducts with  well-defined
triarylphosphine oxides, incorporating methyl substituents in the

composition, we turned to

ortho and para positions of the phenyl rings, as carriers for H,O,.

In this contribution we report five new H,0O, adducts of
triarylphosphine oxides, 1-5, and one H,O adduct, 6 (Scheme
1). It is demonstrated that the adducts can be synthesized easily,
reproducibly, and with the desired 1:1 or 2:1 ratio of phosphine
oxide to peroxide groups. The adducts are fully characterized
by single crystal X-ray diffraction, and two general structural
motifs are identified. The 3!P, 13C, and 'H NMR data are
analyzed and compared to the parent phosphine oxides. Due to
the high solubility of all adducts, natural abundance 7O NMR
spectra are obtainable. The presence of the hydrogen-bonded
H,O, molecules is further confirmed by IR and Raman
spectroscopy. The solubilities of the adducts in diverse organic
solvents are quantified and the association of the adducts in

2 | Dalton Trans., 2019, 00, 1-3

solution is studied by Diffusion Ordered Spectroscopy (DOSY).
The lifetimes of the adducts are monitored in solution at
elevated temperatures.

2. Results and Discussion
2.1. Synthesis and Purification

In order to broaden the range of available hydrogen
peroxide adducts and analytical methods for their
characterization, the triarylphosphine oxide dimers 1-5 and the
water adduct 6 have been synthesized (Scheme 1). The
syntheses were straightforward by combining dichloromethane
solutions of the corresponding phosphines with 35% aqueous
hydrogen peroxide. After phase separation the adducts 1-3,
containing H,0, molecules per assembly, result.
Additionally, 4, incorporating only one H,O, bridge per adduct,
is isolated after heating a solution of 1 in toluene to 105 °C for
10 hours. Adduct 5 is obtained as the only product when the
synthetic route used for 1-3 is applied. Interestingly, no mixed
dimeric H,0,/H,O adduct has been found in the solid state so
far. Nevertheless, the existence of 4 and 5 suggests that the loss
of active oxygen atoms in the adducts occurs in a stepwise
manner, as described earlier for the di(hydroperoxy)alkane
adducts of phosphine oxides.!*> The H,O adduct 6 was obtained
from 3 by decomposing the bound H,O, with molecular
sieves!'! and recrystallizing the product while exposed to the
atmosphere.

For the comparison of spectroscopic data, the phosphine oxides
corresponding to the adducts 1-6, p-Tol;PO (7), o-Tol;PO (8), o-
Tol,PhPO (9), and o-TolPh,PO (10) have been synthesized.
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Scheme 1. The H,0, adducts of triarylphosphine oxides 1-5 and the H,O
adduct 6.

The adducts 1-5 are mechanically and thermally stable and their
melting points and ranges could be determined. The characterization
of the adducts was furthermore facilitated by their readiness to

This journal is © The Royal Society of Chemistry 20xx
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crystallize in large habits with dimensions in the cm range (Figure
1). Besides the single crystal X-ray structures, the IR and Raman
spectroscopic data are reported. The 3'P NMR results are in
agreement with earlier findings,!'> and the DOSY experiments
elucidate the mono- versus dimeric nature of selected adducts in
solution. Due to the high solubility of the adducts in organic
solvents, the natural abundance 7O NMR spectra could be obtained
with well-resolved signals for the P=0 and H,0, oxygen nuclei.

Figure 1. Single crystals of 1 (left) and 2 (right).

2.2. X-Ray Crystallography

All adducts 1-6 crystallize readily in large colorless specimens of
high quality (Figure 1). As earlier research on Ph;PO as a
crystallization aid for amines has shown,>® the triarylphosphine
oxide moieties are most probably responsible for the ease of
crystallization. All adducts 1-6 have been investigated by single
crystal X-ray diffraction. The structures are displayed in Figures 2-
8% and the P=0 bond lengths, O-"H and oxygen-oxygen distances
O--H—O are summarized in Table 1.

Figure 2. Single crystal X-ray structure of (p-Tol;PO-H,0,), (1).*

The adducts 1-3 incorporate the H,O, molecules sandwiched
between the two P=O groups. The center piece of the assemblies
contains the two H,0O, molecules in the characteristic chair
conformation. The latter has been found earlier for the only other
structurally  characterized adducts with  (H,O,), cores,
(Cy3PO'H,0,),,'! (‘BuzPO-H,0,),,'? and (Ph3;PO-H,0,),-H,0,.!2 The
H,0, molecules hydrogen-bonded in 1-3 feature dihedral angles
defined by the H-O—O—H [=0--0—-0--0O=] angles of 99.042(12)°
[89.060(11)°] (1), 100.003(18)° [100.069(18)°] (2), and 99.277(4)°

This journal is © The Royal Society of Chemistry 20xx
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[98.969(4)°] (3), which are considerably larger than the value of
90.2(6)° found in solid H,O,. The dihedral angles in the mono-H,0,
adducts 4 and 5 are even larger with 131.868(4)° [93.062(5)°] (4)
and 111.642(6)° [109.300(6)°] (5), most probably due to the steric
demands of packing in the unit cell.

Although in 1 there appears to be additional space between the
two phosphine oxide carrier molecules (Figure 2), it is not used to
incorporate a third H,O, molecule, as found earlier for the
triphenylphosphine adduct (Ph;PO'H,0,),'H,0,.2  The
available free space on one side of the dimeric assembly in 1
amounts to ca. 68 A3, This pocket size was estimated as the product
of the distances a, b, and ¢ with the following descriptions. a
represents the minimal clearance between the p-Tol substituents of

oxide

two different phosphine oxides in the dimeric assembly. b is double
the maximal height of the chair formed by the two H,0O, molecules
and the two P=0O oxygen atoms. ¢ has been defined as the distance
between two mirrored oxygen atoms of the two different H,O,
molecules within one dimeric assembly. The available space
estimated in this way seems large, however, part of this space is
taken up by the CH; group of the p-Tol substituent of a neighboring
dimeric assembly. Due to the hydrogen bond formation, the P=O
bond order is reduced and the bond is weakened. The P=O bond
longer in 1 (1.4988(3) A)* than in the parent phosphine oxide p-
Tol;PO (7) (1.4885(17) A).5*

Regarding the X-ray structure of 2 (Figure 3), it is obvious that
the three methyl groups in the ortho positions of the phenyl
substituents at phosphorus fill more of the space in the immediate
surroundings of the two H,0, molecules than the para-methyl-
substituted phenyl groups in 1 or the unsubstituted phenyl groups in
(Ph3PO-H,0,),-H,0,.12 However, contemplating only one dimeric
assembly, there would still be room for a third H,O, molecule.
Estimating the free space in analogy to the procedure outlined above
for 1, ca. 35 A3 are obtained, which is about half the value for 1. The
distance a has the highest impact on the calculation, due to the
presence of the ortho methyl groups in the o-Tol substituents. While
the available space alone is still compatible with accommodating one
more H,0,, the packing in the crystal is not favorable for a third
H,0, molecule per assembly. The unit cell of 2 (Figure 4) displays
the arrangement of the dimeric adducts in the crystal lattice. The
dense packing of the assemblies and the particular arrangement of
the adducts clearly does not facilitate the accommodation of a third
H,0, molecule.

Figure 3. Single crystal X-ray structure of (o-Tol;PO-H,0,), (2).>*

Dalton Trans., 2019, 00, 1-3 | 3
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Figure 4. Unit cell of the adduct (o-Tol;PO-H,0,), (2).>*

The P=0 bond in 2 is again elongated (1.5010(3) A, Table 1) as
compared with the neat phosphine oxide o-Tol;PO (8)
(1.478(2)/1.481(2) A).55 The lengthening of the P=0O bond is more
substantial (0.020/0.023 A) than for 1, so the ortho methyl
substituents at the phenyl groups clearly have an impact.

Table 1. P=O bond lengths (A), as well as O--H and oxygen-oxygen
distances O--H—O (A) of the adducts 1-6.5

@ Metrics from the major component of the disordered H,O, are reported.

In the X-ray structure of 3 (Figure 5) the two methyl groups in

Dalton Transactions
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Figure 5. Single crystal X-ray structure of (o-Tol,PhPO-H,0,), (3).

Adduct 4 has only half the number of active oxygen atoms as
compared to 1-3. It could be isolated as an intermediate in the
stepwise release of oxygen when 1 was exposed to elevated
temperatures in solution. Therefore, it might become useful as a
more robust and mild oxidizer.

S

Figure 6. Single crystal X-ray structure of (p-Tol;PO), H,0, (4).>*

Curiously, the water molecule that is created when 1 loses one
active oxygen atom has not been found in the crystal structure. Since
adducts with a (H,O), core, like 6 (Scheme 1) exist, we assume that

P=0 bond O--H 0--H-0 the structure of the mixed adduct (p-TolsPO)-(H,O/H,0,) (p-
Adduct | h (A di 2 di "
ength (A) istance (A) istance (A) Tol;PO) is not favorable for crystallization. The fact that the mono-
1 1.4988(3 1.9365(3) / 2.7734(4) / H,0; adduct 4 is preferred over the mono-H,O adduct corroborates
&) 1.9258(4): 2.7651(5)
the finding that H,O, is more firmly bound than a water molecule
2 1.5010(3) 11'855185((33))/ 22'78218876(2)/ and replaces hydrogen-bonded water from phosphine oxides.!* In
1.91259(6)/ 276245(8) / this ?ase,.there wou.ld be spaf:e left for one. waFer molecgle, tfut the
3 1.50455(7) 1.84216(6)" 2.69200(9)° packing in the unit cell might prevent its incorporation in the
structure. The P=0 bond in 4 is lengthened from 1.4885(17) A for p-
4 1.49474(8) 1.9274609) 2.72339(12) TolsPO (7) to 1.49474(8) A (Table 1). The difference in the bond
5 1.4975(3) / 1.8478(5) / 2.6844(8) / lengths is only about 0.006 A, illustrating the diminished effect of
1.4980(3) 1.8706(6)* 2.7202(8)* only one hydrogen-bonded H,0, in the adduct on the P=O groups of
2.0032(16) / 2.861(3)/ 4.
6 1.488(16) 2.0504(16) 2.915(3)

The single crystal X-ray structure of 5 resembles that of 4,
exhibiting the same structural motif (R;PO),"H,0,. The P=0O bond
lengths (Table 1) is slightly larger in 5, while the O--H distance is
correspondingly shorter.

the ortho positions of the phenyl substituents at phosphorus fill some
of the space around the (H,0;), core of the assembly. The center of
the adducts again assumes the preferred chair conformation, which
emerges as the general structural characteristic of all Hilliard H,O,
adducts of phosphine oxides with the dimeric motif (R;PO-H,0,),.

4 | Dalton Trans., 2019, 00, 1-3
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Figure 7. Single crystal X-ray structure of (0-TolPh,PO), H,0, (5).>*

The phosphine oxide hydrate 6 shows the high affinity of
phosphine oxides for water!!>!3 and is the first triarylphosphine
oxide water adduct with the structural motif (R;PO-H,0),
described so far (Figure 8). Only the hemihydrate (p-
TolsPO),"H,O has been reported previously.’® The other
structurally characterized hydrate, (Cy;PO-H,0),, incorporates
a trialkylphosphine oxide.!?

4o

Figure 8. Single crystal X-ray structure of (0-Tol,PhPO, H,0), (6).>*

The four oxygen atoms per assembly of 6 lie in a plane (Figure
8). The P=0 bond of 6 is the shortest among the adducts 1-6, and it
can be concluded that the hydrogen bonding of the P=O groups to
H,O is weaker than the bonding to H,O,. The H-O-H angle
amounts to 104.6°.

All O-H distances in 1-5 confirm the presence of hydrogen
bonding, as they are within the range of 1.8228(3)-1.9365(3) A
(Table 1).57 Hydrogen bonds typically exhibit O---H distances of 1.85
to 1.95 A.57 The H,0 adduct 6 shows slightly longer O--H distances,
but the structure nevertheless suggests the presence of hydrogen
bonds (Figure 8). Furthermore, the O--H—O distances of 1-5, which
are another indicator for the formation of hydrogen bonds,* all lie
within the range of 2.6844(8)-2.8186(4) A (Table 1). This confirms
strong hydrogen bonding, as the values are between 2.75 and 2.85
A8 Only for the H,0O adduct 6, the O--H—O distances of
2.861(3)/2.915(3) A are slightly larger, but the visual impression of
the presence of hydrogen bonds again dominates.

This journal is © The Royal Society of Chemistry 20xx
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2.3. DOSY NMR Spectroscopy

As the preceding section and the single crystal X-ray structures
show, in the solid state the adducts 1-5 consist of dimers that are
held together by hydrogen bonds. However, no information about
the dissociation in different solvents is available at this time. Since
Hilliard adducts can be transformed into Ahn adducts by exchange
of H,O, with (HOO),CR,,'* it is assumed that a certain degree of
dissociation of the dimers (R3PO-H,0,), takes place in solution. To
clarify this issue, we sought to employ Diffusion-Ordered NMR
Spectroscopy (DOSY) to probe the hydrogen bond association in 1-
5.5 The phosphine oxide carriers of the adducts provide access to
the straightforward 3'P DOSY experiments.®-¢! The resulting values
should be within a £1 A error margin. The obtained Stokes diameters
of the adducts and their corresponding phosphine oxides were
compared with the maximal sizes of the species, as defined by the
largest H-H distance within one molecule or assembly in the X-ray
structure (Table 2). The reliability of the measurements is
corroborated by the fact that the Stokes diameters of the adduct-free
phosphine oxides correspond very well to the sizes calculated from
their structures. This also confirms that there is no association
between the phosphine oxides. Next, we sought to apply the method
to the most stable Hilliard adduct!! with a trialkylphosphine oxide
carrier. For (Cy;PO-H,0,),!!in THF, a Stokes diameter of 18 A was
obtained. This corresponds well to the maximal H-H distance of
16.9 A within the error margin of the DOSY measurement.
Therefore, one can conclude qualitatively that this adduct undergoes
only minimal dissociation in THF and remains mainly dimeric.

Table 2. Stokes diameters obtained from DOSY measurements in C¢Dg
(*THF-d, #Tol-dg), and maximal H--H distances of the adducts and their
corresponding phosphine oxides, derived from the single crystal X-ray
structures.

. Maximal H--H
Adduct Stokes Diameter [A] distance [A]
R;PO Adduct R;PO Adduct
(Cy;PO-H,0,),'"! 11% 18* 10.066 16.9111
9*
1 10* 11 11.277 17.938
12#
2 10%* 11 9.503 16.355
3 11 11 9.610 16.932
4 10 11 11.277 18.849
5 10 10 9.479 16.013

For the adducts with triarylphosphine oxide carriers 1-5,
however, the Stokes diameters are more in the range of the
phosphine oxides (Table 2). In order to exclude that the polar solvent
THF led to the dissociation of the dimeric adducts, the DOSY
experiments were also performed using benzene and toluene.
Nevertheless, only a marginal increase of the Stokes diameters of the
adducts, as compared to their corresponding phosphine oxides, was
found. Therefore, it is concluded on a qualitative basis that the

Dalton Trans., 2019, 00, 1-3 | 5
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adducts 1-5, incorporating triarylphosphine oxide carriers, undergo
dissociation in solution. Since the Stokes diameters of the adducts
are still 1 to 2 A larger than the values for the phosphine oxides, it is
assumed that the dissociation of the dimers leads to the monomeric
adducts of the type R;PO-H,0,. In a monomeric adduct the H,0O,
molecule is "dangling" at the P=O oxygen atom and has a high
degree of freedom regarding its motions without compromising the
strength of the hydrogen bond. It can, for example, fold towards the
substituents at phosphorus and in this way the size of the assembly
can be minimized. Therefore, the Stokes diameter of a monomeric
adduct is only slightly larger than that of the phosphine oxide. The
assumption that the adducts do not completely dissociate into R;PO
and H,0, is also corroborated by the fact that the adducts show
much higher solubility in most organic solvents than the parent
phosphine oxides. In order to quantify the strength of the hydrogen
bonding between H,0, and the phosphine oxides, and the
dissociation constant, more sophisticated techniques would be
needed. These include, for example, theoretical calculations, as
performed for N-H-N hydrogen-bonded systems,®> and
measurements at ultra-low temperatures, like those applied to cyclic
trimers of phosphinic acids.®* However, additional qualitative
support for the presence of associated monomers of the type
R3PO-H,0, descibed in this work, comes from 3!'P and 170 NMR, as
outlined in the following sections.

2.4.3'P NMR Spectroscopy

Due to the high solubiliy of the H,O, adducts of the phosphine
oxides in organic solvents (see below), 3'P NMR spectra can be
recorded in short periods of time. For precise referencing, a capillary
with liquid CIPPh, as the standard was centered in the NMR tubes.
The changes of the 3'P chemical shifts of the adducts 1-6, as
compared with the corresponding phosphine oxides 7-10 are
noticeable (Table 3). This result corroborates the assumption that in
solution monomeric adducts of the type R;PO-H,0, are still present,
and that the H,O, does not entirely dissociate from the phosphine
oxide carriers. The observable trend is that the formation of the
hydrogen bond leads to deshielding of the *'P nuclei due to electron
density being relocated towards the oxygen atom in the P=O group.
Therefore, the chemical shift values are generally higher for the
adducts than for the phosphine oxides.

Table 3. 3'P NMR chemical shifts of the adducts 1-6 and their corresponding
phosphine oxides 7-10 in CDCl; and the differences of the chemical shift
values.

In contrast to the 3'P chemical shifts, there are only minimal
changes in the 'H and '3C NMR data when creating the H,O, adduct
from a phosphine oxide. This can, for example, be seen when
comparing the §(13C) and J(3'P-13C) values of 2 with those of 8.5

2.5. 70 NMR Spectroscopy

While 3'P NMR spectroscopy is a routine method, 70O NMR
poses some challenges. The Larmor frequency of 7O is in a
favorable range, but its natural abundance is only 0.037%, which is
about half of the value for H. 7O is a quadrupolar nucleus with a
nuclear spin of I = 5/2. The quadrupole moment Q = -2.6-102¢ is of
moderate size,®5 and therefore 70O NMR signals can be expected to
be broader than 100 Hz for species with unsymmetric electronic
surroundings of the 'O nucleus. Most 70 NMR studies have been
performed using isotopically enriched samples to facilitate the
Examples include investigations of organic
peroxides®®-%® and alkyl hydrotrioxides.®® Furthermore, the peroxide

measurements.

binding to the active center of an enzyme’® and polymer degradation
mechanisms have been studied using 70O NMR.”! Enriched samples
were also used for 170 solid-state NMR investigations of hydrogen
bonding in carboxylic acids,”> and for studying polymorphs of
triphenylphosphine oxide.”?

However, due to the fast quadrupolar relaxation, transients can
be collected in rapid succession and compounds with sufficient
solubility in non viscous solvents are accessible to 70O NMR in
natural abundance, without isotopic enrichment. Fortunately, the
adducts 1-6 are very soluble in organic solvents (see below).
Especially their high solubility in CH,Cl, is favorable because it
allows the measurement of very concentrated samples in a non
viscous solvent. The low viscosity of CH,Cl, reduces the correlation
time of the adducts and therefore diminishes the halfwidths of the
quadupolar 70O NMR signals.®

A representative 70O NMR spectrum is shown in Figure 9 and all
70 NMR data of the H,O, adducts 1-5, the H,O adduct 6, and the
corresponding phosphine oxides 7-10 are summarized in Table 4.
The spectrum in Figure 9 shows the clearly resolved signals of 2 due
to the large chemical shift dispersion of '7O. The hydrogen-bonded
H,0, resonates at 184.32 ppm, the P=O oxygen nucleus at 60.04
ppm. The signal at —5.05 ppm corresponds to H,O hydrogen-bonded
to the P=O group. It came into existence in the course of the
measurement due to slow decomposition of the H,O, at the elevated
temperature of 35 °C, which was applied in order to reduce the
viscosity of the solution and therewith the correlation time and
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Addet | ity | P | wipoioom | Tomd |
1 30.44 7 29.28 1.16 170 NMR
2 37.90 8 37.51 0.39
3 36.47 9 34.66 1.81 W
4 30.47 7 29.28 1.19 el
5 33.50 10 31.42 2.08 350 300 250 200 plpsng 100 50 0 50
6 34.96 9 34.66 0.30 Figure 9. 70 NMR spectrum of (o-Tol;PO-H,0,), (2) in CH,Cl,, recorded at

35°C.
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Table 4. 70 NMR chemical shifts J('’O) (signal halfwidths Avy, [Hz]) of the
adducts 1-6 and their corresponding phosphine oxides 7-10 in CH,Cl,.

J('70
O [ppm] | 5170 [ppm] 5(70) [ppm]
of bound -
Adduct of P=0 group of R;PO
HO0AL0 17, ) [H2) (Avi [Hz))
(Avy [Hz)) 12 12
1 183.96 (494) 46.60 (365) 7 48.10 (434)
2 18432 (548) | 60.04429) | 8 | 61.84(517)
3 184.97 (253) | 53.05(302) | 9 | 59.96 (125)*
4 184.77 (480) | 4583483) | 7 | 48.10434)
5 18423 (462) | 4622407) | 10 | 48.99 231y
6 -6.69 (81.8)* 59.74 (284.4)* 9 59.96 (125)*

*The species 6 and 9 were not sufficiently soluble in CH,Cl, and were
therefore measured in acetonitrile at 75 °C. The signal of 9 is split into
doublets with 'J('P-70) = 159.6 Hz. * 'J('P-70) = 163.5 Hz.

The J(170) of the P=O groups are found within the range of
4583 to 60.04 ppm, in accordance with other compounds
incorporating phosphorus-oxygen double bonds.”* As compared to
the 6(170) of the P=0 group of 1 (46.60 ppm) (Table 4) the chemical
shift for the oxygen nucleus of Ph;P=0 in CDCI; has been reported
as 43.3 ppm.”> The deviation from this value and in general the
variation of the (!70) for the P=O groups in 1-6 and 7-10 reflects
the presence of substituents at the aromatic rings. Furthermore, the
solvent dependence of 170 NMR chemical shifts can be substantial.®®

Regarding the 6('70) of the P=0 groups in the adducts 1-6 with
those of the corresponding phosphine oxides 7-10 measured in the
same solvents (excluding the pair 3/9) shows that hydrogen bonding
leads to a slight, but consistent upfield shift of the signals ranging
from 0.22 (6/9) over 1.50 (1/7), 1.80 (2/8) and 2.27 (4/7), to 2.77
(5/10) ppm (Table 4). Obviously, the electron density around the
oxygen nucleus is increased by the pull of electrons from the
aromatic rings and phosphorus towards oxygen and the hydrogen
bond. This leads to a shielding of 17O and the observed upfield shift.
This result also corroborates the assumption that, although the
DOSY measurements exclude the presence of dimeric assemblies of
the adducts as present in the solids, the H,O, is still associated with
the phosphine oxides and monomeric assemblies of the type
R3;PO-H,0; are prevalent in CH,Cl, solution.

The solvent dependence of the halfwidths Av), of the 7O NMR
signals is illustrated by the measurements of 6 and 9 in acetonitrile.
The Avyy, values are smaller when the measurements were performed
in acetonitrile at 75 °C (Table 4). Under these conditions the
halfwidth Avy;, of the 7O phosphine oxide resonance of 9 is small
enough to reveal its splitting into a doublet with 'J(3'P-170) = 159.6
Hz. This value is in accordance with the literature (160 Hz).”
Acetonitrile and the elevated temperature of 75 °C were not used as
a solvent for 1-5 due to concerns that it could decompose the H,0,
adducts (see below) in the course of the measurements or compete
with the P=0 groups as a hydrogen acceptor for H,0,.%

This journal is © The Royal Society of Chemistry 20xx
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The 7O NMR resonances of the hydrogen-bonded H,O,
moieties of 1-5 are in the narrow range between 183.62 and 184.97
ppm (Table 4). Compared with the literature value of 180 ppm in
different solvents,”70 all hydrogen-bonded H,O, in the adducts
experience a downfield shift between 3.62 and 4.97 ppm. Obviously,
the hydrogen bonding reduces the electron density around the 7O
nuclei, leading to a deshielding and higher §('7O) values. This result
again supports the assumption that the adducts persist in solution as
monomers of the type R;PO-H,0,. For the H,O adduct 6 (Table 4)
and the H,O liberated by the decomposition of H,O, in 2 (Figure 9),
upfield shifts of -6.69 and —5.05 ppm as compared to pure water
with 6('70) = 0 ppm, are observed. The reason for this is most
probably that hydrogen bonding among water molecules reduces the
electron density at the 17O nucleus in H,O more than the hydrogen
bonding with a P=0 group.

2.6. IR and Raman Spectroscopy

The IR spectra’ of the H,O, adducts 1-5 and the parent
phosphine oxides 7-10 corroborate the results from 3'P NMR
spectroscopy (Table 5, Figure 10). The stretching frequencies and
therewith wavenumbers for the P=O groups are lower for 1-5 as
compared to 7-10 because the hydrogen bonding with H,O, weakens
the double bond. The lower bond order means that less energy is
required to excite the stretching mode of the bond in the adducts and
therefore lower wavenumbers are observed. The differences
Av(P=0) are in the range of 8-27 cm’!, in accordance with an earlier
limited study of adducts with varying H,O, content.!!

] 1170 cm?
40 3 * : T : r T T

3900 3600 3300 3000 2700 2400 2100 1800 1500 1200 900 600
¥/em?

Figure 10. IR spectrum of the neat H,O, adduct (p-Tol;PO-H,0,), (1).

The v(O—H) stretching bands of the hydrogen-bonded H,0, in 1-
5 display wavenumbers of 3214 to 3271 ¢m™! which can be clearly
distinguished from potential water bands around 3400 ¢cm'.'7¢ The
hydrogen bonding of the H,O, to the P=0O group weakens the O—H
bonds which leads to lower v(O—H) wavenumbers. In comparison,
the water adduct 6 displays an O—H stretching band at 3450 cm’!.
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Table 5. IR stretching frequencies v(P=0) [cm™'] of the P=O groups of the
H,0, adducts 1-5 and comparison with their corresponding neat phosphine
oxides 7-10 Av(P=0) [cm'], v(O—H) of hydrogen-bonded H,0,, and the
Raman v(O—O0) stretching frequencies of the hydrogen-bonded H,0,.

v(P=0) [cm'] i
Adduct/ 1 7 dduet s | avp=0) | VOO |6 6
phosphine . 1 adducts 1
s phosphine [em] 1 [em]
oxide - [em™]
oxide
1/7 1170/ 1185 15 3214 868
2/8 1150/ 1158 8 3271 869
3/9 1149/ 1176 27 3286 877
4/7 1172/ 1185 13 3225 871
5/10 1168 /1190 22 3261 871
6/9 1159/ 1176 17 3450 -

Due to the favorable symmetry of the adducts 1-5, the Raman
spectra showed the O—O stretching bands (Table 5). One
representative Raman spectrum is displayed in Figure 11. The
v(0O—0) values are found within the narrow range from 868 to 877
cml. They are in agreement with the theoretically predicted values
for (Ph;PO-H,0,),.48® As expected, due to the bond order of one, the
wavenumers are much lower than those found for O, gas (1556 cm-
177 and O, (1139 c¢cm™).”® Basically, the v(O—O) for hydrogen-
bonded H,0, in 1-5 lies in between the values for aqueous (99.5%)
H,0, (880 cm™')” and H,0, vapor (864 cm™).80 However, the O—O
bonds in 1-5 are still stronger than those in alkali peroxides (736-790
cm )8! or the popular oxidizing agent ‘BuOOH (847 cm™!).8

Raman

868 cm™

T T T ™ T

400 700 1000 1300 1600 1900 22/00 2500 2800 3100 3400 3700 4000
W /eme

Figure 11. Raman spectrum of the neat H,O, adduct (p-Tol;PO-H,0,), (1).

2.7. Solubilities

The H,0, adducts 1-5 are highly soluble in the most common
organic solvents (Figure 12). The quantified solubilities of 1-5 are
highest in the protic solvents MeOH and EtOH. For example, more
than 750 mg of 2 can be dissolved in one mL of MeOH. But even in
CHCI; the solubilities are substantial. Overall, the solubilities in non
protic solvents like THF or CH,Cl, are highest for adducts
containing o-Tol substituents at phosphorus, while they are in
general lowest for those with only p-Tol groups. This is most
probably due to the shielding of the polar H,O, moieties by the
methyl groups in the ortho positions, rendering the R;PO-H,0,
assemblies more hydrophobic. Curiously, all adducts are only
sparingly soluble in water and hexane. This is, however, favorable

8 | Dalton Trans., 2019, 00, 1-3
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with respect to isolating and purifying the adducts. After the biphasic
synthesis the adducts are found in the organic phase. Large crystals
can then be grown by overlaying this phase with hexane or pentane.

The high solubility of 1-5 in organic solvents can be exploited
for many oxidation reactions. They can be performed in one organic
phase, rendering a biphasic reaction mixture obsolete. This is
especially advantageous in cases where the large amount of water
that is introduced along with aqueous H,O, would lead to unwanted
secondary products. Having all educts dissolved in one phase also
allows the reactions to proceed faster as compared to processes that
only take place at phase boundaries. Naturally, no phase separation
or cumbersome drying of the products is required when performing
the reactions with 1-5 in organic solvents. The one water molecule
formed per P=O group for 1-3 (per two P=0O groups for 4 and 5)
when all peroxy groups have reacted remains hydrogen-bonded to
the phosphine oxide carriers and will not interfere with the product
or the progress of the reaction. The water adducts reported earlier!!-13
and adduct 6 (Scheme 1, Figure 8) can be transformed into the
corresponding H,O, adducts by treating them with 35% aqueous
H,0,. Therefore, after oxidation reactions, for example Baeyer
Villiger, phosphine, or sulfide oxidations,'>!%! the phosphine oxides
can easily be recharged by aqueous H,0, after being removed from
the reaction mixtures by precipitation with water or hexanes.
Alternatively, the phosphine oxides can be bound to insoluble
inorganic supports like silica’®342 and separated from the supernatant
reaction mixtures by decanting. After recharging with H,O, the
tethered phosphine oxides can be reused.

800 1 (p-TolsPO-H,03).
- W2 (0-TolsPO-H;0,).
'3 (0-Tol,PhPO-H203).
600 | I m 4 (p-TolsP0O)2-H20:
% s 1P I m 5 (0-TolPh;PO)2H:0;
g 400 |
Q2
=2
8 300
200
100 I 1 I
b 4, & O 9 G O S R & A & A
S Ton lo, A 0, B B o B S6h 0 T8, g
G %y F 0’0,);% % % @ C’@o@o‘)@o@%”@

Figure 12. Solubilities of the adducts 1-5 in representative solvents.

2.8. Shelf Lives

The H,0, adducts 1-5 are remarkably stable with respect to dry
grinding and hammering. They do not react to sudden impact or
release gas in a violent manner. Only when the powders are brought
directly into a flame oxygen is released at slow speed without any
pronounced audible or visual effect. Most of the adducts can even be
molten without initial decomposition, while the oxygen effervesces

This journal is © The Royal Society of Chemistry 20xx
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in tiny bubbles at a higher temperature. It should be noted, however,
that low pressure will eventually lead to loss of H,O, from the
phosphine oxide carrier. Consequently, lower yields of adducts are
obtained, when prolonged vacuum is applied during the synthesis.
On the other hand, combining Ph;PO with aqueous H,O, at 0 °C
instead of ambient temperature, more than one H,O, molecule per
P=0 group is incorporated in the adduct and (Ph;PO-H,0,),-H,0; is
formed.'?

The longevity of the adducts can be probed by determining
their oxidative power. The latter can be monitored by a
standardized in situ 3'P NMR test.!21322> This test uses a
weighed excess of Ph;P that is converted into Ph;PO by any
peroxide group (but not by oxygen in the air), no matter
whether it resides within the adducts 1-3 or the mono-H,O,
adducts 4 and 5. The oxidative power, which corresponds to the
number of active oxygen atoms in the sample, is then
determined by the integrals of the 3'P NMR signals of Ph;PO
and Ph;P. For (p-TolsPO-H,0,), (1), for example, 100%
oxidative power corresponds to one active oxygen atom per
P=0 group. As solids, the adducts 1-5 remain oxidatively active
over months at ambient temperature. For example, after three
years of storage in the laboratory atmosphere at room
temperature (22 °C), solid 1 retained 33% of its original
oxidative power. After storing 1 for six months at -18 °C in a
freezer, 91% of its oxidative power remained.

100 & ¢ 1 (p-TolsPO-H,0,),
2 (O-T0|3PO'H202)2
4t 4 3 (0-TolzPhPO-H:02)2
2 * 4 (p-Tol;PO)2-H.0,
] 5 (O-TO|thPO)z'H202
= 60 A
8 .
[ L | *
S " ¢ .
g 40 m L
5t
20{%.1
* ) ] [ n
*
* *
0 T T T T |
0 2 4 6 8 10
Time [h]

Figure 13. Oxidative power of compounds 1-5 while being heated to 105 °C
in toluene (1-3, 5) or chlorobenzene (4).

Due to the stability of the adducts, solutions of 1-3, and 5
were heated to 105 °C in toluene, and aliquots were tested for
oxidative power in the course of time (Figure 13). Adduct 1
proved to be the most stable under these conditions, followed
by 3, while 2 and 5 are losing oxidative power more quickly
and at about the same pace. Regarding adduct 1, after 10 hours
at 105 °C, more than half of its oxidative power was lost. The
solvent toluene was then removed, the residue was redissolved
in chlorobenzene and again heated to 105 °C while monitoring
the oxidative power (Figure 13, asterisks). Between the end of

This journal is © The Royal Society of Chemistry 20xx
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the first curve and the start of the curve using chlorobenzene
there is a gap in oxidative power of about 5%, which is due to
the vacuum being applied for removing toluene. Over the next
10 hours in chlorobenzene the oxidative power of the material
was lost almost entirely. Since the persistence of about half of
the original oxidative power of 1 suggested a stepwise loss of
H,0,, with the second H,0, being retained much longer, a
separate experiment was conducted. Adduct 1 was heated to
105 °C for 10 hours, and subsequently the mono-H,0, adduct 4
was identified and isolated in 76% yield. The fact that the
oxygen loss of 4 was faster in chlorobenzene than in toluene
speaks for the assumption that the decomposition of H,O; in the
adducts proceeds by a radical mechanism.

3. Conclusions

In order to investigate whether H,O, adducts of
triarylphosphine oxides can be obtained reproducibly with a
common structural motif and a well-defined composition, five
new hydrogen peroxide adducts of phosphine oxides have been
synthesized and fully characterized, (p-Tol;PO-H,0,), (1), (o-
TolsPO-H,0,), (2), (0-Tol,PhPO-H,0,), (3), (p-Tol;PO),-H,0,
(4), and (0-TolPh,PO),-H,O, (5). For comparison of the
analytical data, the water adduct (o-Tol,PhPO-H,0), (6) was
obtained. The single crystal X-ray diffraction studies of 1-3
show that there is a common structural motif with two H,O,
moieties hydrogen-bound and bridging two phosphine oxide
molecules. The same basic principle is observed for adduct 6,
with two H,O molecules and two P=O groups constituting the
core of the assembly, held together by hydrogen bonding. The
adducts 4 and 5 each contain one H,O, molecule sandwiched
between two P=O groups and held in its place by hydrogen
bonding.

DOSY spectroscopy revealed that the H,O, adduct of a
trialkylphosphine oxide, (CysPO-H;0,),,
predominantly dimeric in solution, while the triarylphosphine
oxide adducts 1-5 dissociate into monomeric adducts of the
type R;PO-H,0,.

3P NMR spectroscopy of the adducts 1-6, in comparison
with the corresponding parent phosphine oxides 7-10, shows a
downfield shift of the signals as the common trend. The
hydrogen bonding of the P=O groups reduces the electron
density around the 3!'P nuclei, thus deshielding them. The
solubilities of all adducts and phosphine oxides are very high in
representative organic solvents and allow natural abundance
170 NMR spectroscopy. The hydrogen bonding in the adducts
leads to lower 8('’O) values due to the shielding of the 'O
nuclei of the P=O groups as compared to the parent phosphine
oxides. The 70 NMR chemical shifts of the hydrogen-bonded
H,0O, molecules, on the other hand, are higher than the value
for H,O, in aqueous solution. This result confirms that the
hydrogen bonding of H,O, to P=O groups is stronger than to
H,O molecules.

IR spectroscopy corroborates the NMR and X-ray
crystallography results, as the P=O bonds are weakened in the
adducts and therefore the stretching frequencies v(P=0) are
lowered as compared to those of the corresponding phosphine

remains
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oxides. The v(O—H) stretching frequencies of the bridging H,O,
moieties in 1-5 also display lower values than the water adduct
6. Raman spectroscopy has allowed to determine the stretching
frequencies of the O—O bonds of the hydrogen-bonded H,O,
molecules in 1-5.

The decomposition of 1-5 has been monitored in toluene
and chlorobenzene at elevated temperature. The adduct 1 is
transformed into 4 within ten hours, indicating that the active
oxygen of an adduct assembly is lost in a stepwise manner and
that the mono-H,0O, adduct 4 is thermally more robust than 1.
However, in chlorobenzene all oxidative power is lost within
ten hours at 105 °C.

In the context of previous studies from our group and
others, this work highlights the immense structural diversity
and interesting reactivity of the P=O-H arrangement. The
stepwise loss of the active oxygen from the two H,O, bridges
of the phosphine oxide adducts and retention of the H,O
molecules, in combination with the high solubility of the
adducts, guarantee that the adducts will find applications, for
oxidizers in academic

example, as synthesis or as

polymerization starters.

4. Experimental Section

(a) General Considerations. All reactions were carried out
using standard Schlenk line techniques and a purified N,
atmosphere, if not stated otherwise. Reagents purchased from Sigma
Aldrich or VWR were used without further purification. Aqueous
H,0, 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 A molecular sieves (EMD Chemical Inc.)
prior to use.

(b) Solubility measurements of 1-5. The adducts (5 to 12 mg
amounts) were placed into tared 20 mL vials. The desired solvent
was added in dropsized portions while shaking the vial vigorously at
20 °C. Once all solid was dissolved, the overall weight gain was
recorded, and the solvent volume was calculated.

(¢) NMR Spectroscopy. The 'H, 13C, and 3'P NMR spectra were
recorded at 499.70, 125.66, and 202.28 MHz on a 500 MHz Varian
spectrometer. The 3C and 3P NMR spectra were recorded with 'H
decoupling if not stated otherwise. Neat Ph,PCl (JC'P) =
+81.92 ppm) in a capillary centered in the 5 mm NMR tubes was
used for referencing the 3'P chemical shifts of dissolved compounds.
For referencing the 'H and *C chemical shifts the residual proton
and the carbon signals of the solvents were used (C¢Ds: o('H) =
7.16 ppm, §('3C) = 128.00 ppm; CDCl;: ('H) = 7.26 ppm, §('3C) =
77.00 ppm). The signal assignments are based on comparisons with
analogous phosphine oxides'!-'>!7 and 'H,'H-COSY, 'H,*C-HSQC,
'H,3C-HMBC, and 3'P-decoupled NMR spectra. The assignments of
all o-Tol substituent signals follows the numbering in the scheme
provided under the Experimental description of 2.

170 NMR Spectroscopy. The natural abundance '"O NMR
spectra were recorded using 0.3 to 0.5 molar CH,Cl, solutions of the
compounds at 35°C. A Varian 500 NMR spectrometer equipped
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with a 5mm broadband probe operating at 67.79 MHz was
employed. The following measurement parameters have been
optimized to yield spectra of good quality with 0.8-10% to 1.4-10°
scans: spectral window (73.5 kHz), number of data points (7353),
measurement pulse length (20 ps), pulse angle (90°), relaxation
delay (30 ms), and acquisition time (100 ms). The chemical shifts
were referenced externally using pure D,0 (5('70) = 0 ppm).

31p DOSY. The 3'P DOSY NMR measurements were performed
using a Varian 500 NMR spectrometer equipped with a 5 mm broad
band probe operating at 202.33 MHz. 0.01 to 0.02 molar solutions of
the compounds in THF-ds were investigated at 25 °C. Hereby, 20
gradient increments were measured after optimizing the following
parameters: diffusion gradient length (2.7 ms), diffusion delay
(100 ms), spectral window (6.1 kHz), complex points (4096),
measurement pulse length (12.65 ps), pulse angle (90°), relaxation
delay (30 s), acquisition time (675 ms), number of scans (16), and
number of steady state pulses (32).

(d) 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.

(e) 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.

(f) X-ray Diffraction see Supplementary Material.
(g) Synthesis and Characterization of Adducts

Tri-p-tolylphosphine oxide H,0, adduct (p-Tol;PO-H;0;),
(1). p-Tol;P (457 mg, 1.5 mmol) was placed in a Schlenk flask under
a nitrogen atmosphere and dissolved in dichloromethane (5 mL).
Under stirring 2.15 mL of aqueous hydrogen peroxide (35%, 25
mmol) were added to the solution. The mixture was stirred
vigorously for 30 min, then the phases were separated, and the
solvent was allowed to slowly evaporate from the organic phase at
ambient temperature and pressure. A colorless powder was obtained.
Recrystallization from dichloromethane (4 mL) and pentane (2 mL)
by slow evaporation gave 1 in the form of a crystalline colorless
solid (475 mg, 0.671 mmol, 89% yield). Melting range 142-146 °C.

NMR (5, CDCl), 3'P{'H} 30.44 (s); 'H 8.09-7.79 (br s, OH),
7.53 (dd, *JC'P-'H) = 11.9 Hz, *J('"H-'H) = 8.0 Hz, 6H, H,), 7.25
(dd, 3J('H-'H) = 8.0 Hz, “J('P-'H) = 2.1 Hz, 6H, H,,)), 2.39 (s, 9H,
CH;); 13C 142.41 (d, “J('P-13C) = 2.6 Hz, C,), 132.16 (d, 2J(*'P-13C)
= 10.3 Hz, C,), 129.31 (d, J('P-13C) = 106.8 Hz, C)), 129.28 (d,
3JGP-13C) = 12.5 Hz, C,,), 21.71 (d, >J(3'P-13C) = 1.3 Hz, CH3).

Tri-o-tolylphosphine oxide H,0, adduct (o-Tol;PO-H,0,),
(2). o-Tol3P (1.20 g, 3.94 mmol) was dissolved in dichloromethane
(14 mL) in a Schlenk flask under ambient atmosphere and the
solution was cooled to 0 °C. While stirring, 6.07 mL of aqueous
hydrogen peroxide (35%, 71.0 mmol) were added. The reaction
mixture was stirred vigorously for 1.5 h, while it slowly warmed up
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to 23 °C. The phases were separated, and the solvent was allowed to
evaporate from the organic phase at ambient temperature and
pressure. A colorless solid was obtained (1.363 g, 1.923 mmol, 98%
yield). Melting range 134-137 °C.

NMR (8, CDCls), 3'P{'H} 37.90 (s); 'H 7.44 (tt, 3J('H-'H) = 7.5
Hz, SJCG'P-'H) = “J('H-'H) = 1.6 Hz, 3H, H4), 7.31 (ddquint, >J(H-
'H) = 7.5 Hz, *JC'P-'H) = 4.1 Hz, “J('H-'H) = 0.8 Hz, 3H, H3), 7.15
(dt, 3J('H-'H) = 7.8 Hz, *JC'P-'H) = 2.7 Hz, 3H, H5), 7.09 (ddd,
3JCP-TH) = 14.0 Hz, 3J('H-'H) = 7.7 Hz, *J('H-'H) = 1.5 Hz, 3H,
H6), 6.86-6.59 (br s, OH), 2.48 (s, 9H, H7); 1°C 143.49 (d, 2JC'P-
13C) = 7.6 Hz, C2), 132.92 (d, 2JG'P-13C) = 12.9 Hz, C6), 132.05 (d,
3J3'P-13C) = 10.4 Hz, C3), 131.93 (d, “JC'P-13C) = 2.6 Hz, C4),
130.46 (d, 'JG'P-13C) = 101.5 Hz, C1), 125.55 (d, 3J('P-13C) = 12.8
Hz, C5), 22.03 (d, 3JC'P-13C) = 3.9 Hz, C7).

Di-o-tolylphenylphosphine  oxide H,0, adduct (o-
Tol,PhPO-H;0,); (3). 0o-Tol,PhP (232 mg, 0.8 mmol) was placed in
a Schlenk flask and dissolved in dichloromethane (2.7 mL) under a
nitrogen atmosphere. While stirring, 1.2 mL of aqueous hydrogen
peroxide (35%, 14 mmol) were added. The mixture was stirred
vigorously for more 30 min, then the phases were separated, and the
solvent was allowed to slowly evaporate from the organic phase at
ambient temperature and pressure. Adduct 3 was obtained as a
crystalline, slightly yellow solid (280 mg, 0.4 mmol, 100% yield).
mp 145 °C.

NMR (d, CDCl,), 3'P{'H} 36.47 (s); 'H 7.65 — 7.55 (m, 3H, H,,
H,, Ph), 7.48 (dt, *J('H-'H) = 7.6 Hz, “/*'P-'H) = 2.8 Hz, 2H, H,,
Ph), 7.44 (dt, 3J("H-'H) = 7.6 Hz, “J('H-'H) = 0.9 Hz, 2H, H4), 7.31
(dd, 3J('H-'H) = 7.4 Hz, “JC'P-'H) = 4.1 Hz, 2H, H3), 7.15 (dt,
3J('H-'H) = 7.4 Hz, “J(*'P-'H) = 2.5 Hz, 2H, H5), 7.02 (ddd, 3J('P-
'H) = 13.9 Hz, 3J('H-'H) = 7.3 Hz, “/("H-'H) = 0.9 Hz, 2H, H6),
5.98 — 5.60 (br s, 2H, OH), 2.50 (s, 6H, CH,); 13C 143.55 (d, 2J('P-
13C) = 7.8 Hz, C2), 133.13 (d, 2J('P-13C) = 13.2 Hz, C6), 132.38 (d,
2J(3'P-13C) = 9.8 Hz, C,, Ph), 132.25 (d, “J('P-13C) = 2.6 Hz, C4),
132.17 (d, 3J('P-13C) = 10.4 Hz, C3), 132.08 (d, 'J('P-13C) = 103.3
Hz, C, Ph), 132.06 (d, “J('P-13C) = 2.8 Hz, C,, Ph), 130.27 (d,
IJG'P-13C) = 103.1 Hz, Cl), 128.73 (d, *J(3'P-13C) = 12.1 Hz, C,,
Ph), 125.54 (d, 3JG'P-13C) = 13.0 Hz, C5), 21.97 (d, 3J('P-13C) =
4.4 Hz, C7).

Tri-p-tolylphosphine oxide H,0, adduct (p-Tol;PO),"H,0,
4). (p-Tol;PO-H,0,), (1) (514 mg, 0.725 mmol) was dissolved in
toluene (30 mL). The solution was stirred and heated to 105 °C for
10 h. Subsequently, the oxidative power was determined by the
method described earlier,'? and found to be diminished to 55%. The
solution was slowly cooled to -35 °C. Hereby, a colorless solid was
obtained, which was redissolved in a mixture of dichloromethane
and pentane (2:1, 10 mL). Slow evaporation of the solvents led to the
formation of large colorless crystals of 4 (370.6 mg, 0.549 mmol,
76% yield). Melting range 116-137 °C.
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NMR (8, CDCLy), 3'P{'H} 30.47 (s); 'H 7.54 (dd, 2JC'P-'H) =
11.9 Hz, 3J('H-'H) = 8.1 Hz, 6H, H,), 7.26 (dd, *J(H-'H) = 7.8 Hz,
4JG'P-'H) = 2.1 Hz, 6H, H,), 6.84-6.46 (br s, OH), 2.40 (s, 9H,
CHs); 3C 142.48 (d, “JG'P-3C) = 2.6 Hz, C,), 132.22 (d, %J(3'P-13C)
= 10.4 Hz, C,), 129.40 (d, JCG'P-3C) = 107.4 Hz, C,), 129.33 (d,
3JGIP-13C) = 12.6 Hz, C,,), 21.73 (d, SJC'P-13C) = 1.3 Hz, CHy).

Diphenyl-o-tolylphosphine  oxide H,0, adduct (o-
TolPh,P0O),H,0, (5). 0-TolPh,P (221 mg, 0.8 mmol) was placed in
a Schlenk flask and dissolved in dichloromethane (2.7 mL) under a
nitrogen atmosphere. Under stirring 1.2 mL of aqueous hydrogen
peroxide (35%, 14 mmol) were added to the solution. The mixture
was stirred vigorously for 30 min. before the phases were separated.
Then the solvent was allowed to slowly evaporate from the organic
phase at ambient temperature and pressure. Adduct 5 was obtained
as a crystalline, slightly yellow solid (285 mg, 0.4 mmol, 100%
yield). Melting range 129-132 °C.

NMR (J, CDCly), 3'P{'H} 33.50 (s); 'H 7.64 (dd, 3J('P-'H) =
12.1 Hz, 3J('H-'H) = 6.9 Hz, 4H, H,, Ph), 7.56 (tq, *J('"H-'H) =
7.3 Hz, °J('P-'H) =~ “J('"H-'H) = 1.4 Hz, 2H, H,, Ph), 7.47 (dt, *J('H-
'H) = 7.6 Hz, “JC'P-'H) = 2.9 Hz, 4H, H,,, Ph), 7.43 (t, >J('"H-'H) =
7.5 Hz, 1H, H4, o-Tol), 7.29 (dd, 3J('H-'H) = 7.6 Hz, *JC'P-'H) =
4.2 Hz, 1H, H3, o-Tol), 7.14 (dt, 3J('H-'H) = 7.5 Hz, “JG'P-'H) =
2.2 Hz, 1H, H5, 0-Tol), 7.01 (ddd, 3J('P-'H) = 14.2 Hz, 3J('H-'H) =
7.7 Hz, “J('"H-'H) = 1.4 Hz, 1H, H6, 0-Tol) 2.44 (s, 6H, CHs); *C
143.42 (d, 2JG'P-13C) = 8.1 Hz, C2), 133.63 (d, 2JC'P-13C) = 13.1
Hz, C6), 132.39 (d, “J(3'P-13C) = 2.6 Hz, C4), 132.15 (d, J('P-13C)
=104.2 Hz, C;, Ph), 132.06 (d, “J(*'P-13C) = 2.8 Hz, C,, Ph), 132.05
(d, 3JG'P-13C) = 10.5 Hz, C3), 131.99 (d, 2JC'P-13C) = 9.9 Hz, C,,
Ph), 130.24 (d, 'J('P-13C) = 104.0 Hz, C1), 128.72 (d, 3J('P-13C) =
12.2 Hz, C,,, Ph), 125.33 (d, 3J('P-13C) = 13.0 Hz, C5), 21.76 (d,
3JCP-13C) = 4.9 Hz, C7).

Di-o-tolylphenylphosphine  oxide H,O  adduct (o-
Tol,PhPO-H,0), (6). (0-Tol,PhPO-H,0,), (3) (434 mg,
0.637 mmol) was placed in a Schlenk flask and dissolved in
dichloromethane (30 mL). Dry molecular sieves (350 mg) were
added and the mixture was stirred for 18 h at 20 °C. The molecular
sieves were allowed to settle and the supernatant was collected with
a syringe. The solvent was removed in vacuo. The colorless residue
was recrystallized from toluene while being exposed to the
atmosphere. The water adduct 6 was obtained as a crystalline
colorless solid (340 mg, 0.524 mmol, 82% yield). Melting range
109-120 °C.

NMR (J, CDCly), 3'P{'H} 34.96 (s); 'H 7.56-7.45 (m, 3H, H,,
H,, Ph), 7.42 — 7.37 (m, 2H, H,,, Ph), 7.35 (t, 3J('H-'H) = 7.5 Hz,
2H, H4, o-Tol), 7.22 (dd, 3J('H-'H) = 7.7 Hz, “J*'P-'H) = 4.0 Hz,
2H, H3, o-Tol), 7.06 (dt, *J('"H-'H) = 7.5 Hz, *J(*'P-'H) = 2.2 Hz,
2H, H5, 0-Tol), 6.95 (ddd, 3J('P-'H) = 14.0 Hz, *J('H-'H) = 7.7 Hz,
4J('H-'H) = 1.1 Hz, 2H, H6, o-Tol), 2.43 (s, 6H, CH3); 13C 143.54
(d, 2J('P-13C) = 7.8 Hz, C2), 133.08 (d, 2J(*'P-13C) = 12.9 Hz, C6),
132.75 (d, 'JG'P-13C) = 102.9 Hz, C;, Ph), 132.38 (d, 2J(*'P-13C) =
9.6 Hz, C,, Ph), 132.12 (d, 3J('P-13C) = 10.3 Hz, C3) 132.05 (d,
4J(P-13C) = 2.6 Hz, C4), 131.87 (d, “J('P-13C) = 2.8 Hz, C,, Ph),
130.91 (d, J('P-13C) = 102.3 Hz, C1), 128.66 (d, *J('P-13C) = 12.0
Hz, C,, Ph), 125.48 (d, 3J('P-13C) = 12.9 Hz, C5), 21.99 (d, *J(*'P-
13C) = 4.4 Hz, C7).
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