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Abstract: First and second-generation rigid dendrim-
ers based on polyphenylated tetrahedral adamantane
cores with four or sixteen peripheral phosphonate
moieties, PD1 and PD2, respectively, were synthe-
sized and characterized. Further reaction of the den-
dritic phosphonates with tungstic acid in the pres-
ence of hydrogen peroxide led to the stepwise in
situ formation of mono- and dinuclear phosphoper-
oxotungstates. These assemblies were effective cata-
lysts for the epoxidation of alkenes in an aqueous
acetonitrile solvent.
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The chemistry of dendrimers is being studied for poten-
tial applications in many diverse areas including mag-
netic resonance imaging, drug-delivery, gene-delivery
vectors, and others.'l One intensively studied applica-
tion has been in the area of catalysis where metalloden-
dritic compounds appear as a novel generation of cata-
lysts that have the catalytic properties of homogeneous
catalysts but may be easily separated after use. This fea-
ture is essential for high reaction efficiency, and eco-
nomical and environmental reasons.”) Membrane reac-
tors, nanofiltration and centrifugation are efficient sep-
aration techniques for this purpose. Indeed, many
periphery-functionalized dendritic catalysts that
can catalyze cross-coupling reactions, hydrogenation,
hydroformylation, polymerization, allylic alkylation
and other important transformations have been describ-
ed,”” but only relatively few dendritic catalysts for cat-
alytic oxidation have been disclosed. Notable examples
are (i) core-functionalized dendritic metalloporphyrins
as biomimetic analogues of heme oxygenases for regio-
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and shape-selective epoxidation of alkenes and oxida-
tion of sulfides,” (ii) polyorganotellurides based on Fre-
chét-type dendrimers that catalyze the oxidation of thi-
ophenol with hydrogen peroxide," (iii) polyoxometa-
late terminated dendrimers based on esterificaton of
the [H,P,V;W,s04]"”" polyoxometalate anion with
dendritic polyols active for thiolane oxidation by fert-
butyl hydroperoxide,® and (iv) quaternary ammoni-
um-based dendrimers that electrostatically bind perox-
ophosphotungstates and activate hydrogen peroxide
for alkene epoxidation.[®!

The synthesis of polyoxometalates is often carried out
by mixing the stoichiometrically required amounts of
monomeric metal salts.”) Similarly, the catalytically ac-
tive tetra(diperoxotungsto)phosphate, {(PO,)[W,0,(u-
0,),(0,),],}* ", can be prepared directly from oxodiper-
oxotungstate and phosphoric acid.”® Subsequent studies
have revealed that diperoxotungten species such as
[W(0)(0,),(H,0),] can bind not only to [PO,]* ", but
also to other assembling ions such as [AsO,’",
[HAsO,)*~, [HPO,J*", [SO,)*~ and their organic ana-
logues such as [CH;AsO;]*~, [PhPO;]*", and others.
Many of these compounds are excellent catalysts for ox-
idation of alkenes and alcohols with aqueous hydrogen
peroxide.”’ We have now utilized the assembly of diper-
oxotungstate to phosphonate groups'® in order to pre-
pare two generations of dendritic analogues based on
a rigid structure with a tetrahedral adamantanyl core.
The peroxophosphonatotungstates were assembled in
situ yielding catalyst mixtures for the hydrogen perox-
ide-mediated epoxidation of alkenes. The assembled
catalyst mixtures are water-soluble, thus allowing their
easy separation from the reaction substrates and prod-
ucts; however, this water solubility did not compromise
their catalytic activity towards hydrophobic substrates.

The synthesis of first generation dendrimer, the tetra-
hedral-shaped tetrakis-1,3,5,7-(4-phosphonatophenyl)-
adamantane (PD1; Scheme 1), began by synthesis of
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PO(OEt), PO(ONa),
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Scheme 1. Synthesis of the first generation dendrimer, sodium tetrakis-1,3,5,7-(4-phosphonatophenyl)adamantane (PD1-Na).

i} PACL(PPh,), Cul, Me,;Si-C=C-C¢H, 85 °C, 24 h
ii) Bu;NF, THF, 4 h
iiiy p-Xylene, reflux, 48 h
iv) CgHl(O,CCF,), |, CHCI, 48 h v
PO(OH), v) PdCI,(PPh,), HPO(OEY), PhH, Et,N, 80 °C, 72 h
vi) HCI conc., reflux, 24 h

PO(OH),

Scheme 2. The synthesis of the second generation dendrimer, hexadecaphosphonic acid PD2.

1,3,5,7-tetraphenyladamantane followed by iodination = was prepared by a palladium-catalyzed P—C coupling re-
with iodine and [bis(trifluoroacetoxy)iodo]benzene action of 1 and diethyl phosphite. Acidic hydrolysis of 2
leading to tetrakis-1,3,5,7-(4- iodophenyl)adamantane gave PD1, which appeared to be poorly soluble in water.
(1) according to a literature procedure.'” Tetrakis- In order to increase its solubility the octasodium salt,
1,3,5,7-(4-diethylphosphonatophenyl)adamantane (2) PD1-Na was prepared.
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Figure 1.*'P NMR spectra of 4-MePhPO(ONa), in a H,O/H,0,/CD;CN mixture in the presence of different amounts of
[W(0)(0,),(H,0),].

Synthesis of the second generation dendritic hexade-  drimer, 6, was prepared by a [2 4 4] cycloaddition-decar-
caphosphonate PD2 (Scheme 2) began by the Pd-cata-  bonylation reaction of 5 with tetraphenylcyclopentadi-
lyzed Sonogashira coupling reaction of 1 with triisopro-  enone.'!! Todination followed by a Pd-catalyzed P—C
pylsilylethyne to yield 4 followed by deprotection of ter-  coupling reaction and acid hydrolysis yielded the hexa-
minal alkyne to yield tetrakis-1,3,5,7-(4-ethynylphenyl)- ~ decaphosphonic acid PD2.
adamantane (5). The tetrahedral polyphenylene den-
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Figure 2. °'P NMR spectra of PD1-Na in a H,0/H,0,/CD;CN mixture in the presence of different amounts of [W(O)(O,),-

(H,0),].

The in situ assembly of the peroxophosphonatotung-
state catalytic species was followed by *'P NMR. In Fig-
ure 1 one may observe the *'P NMR spectra upon addi-
tion of one, two and three equivalents of the diperoxo-
tungten species, [W(0O)(0,),(H,0),], to an aqueous sol-
ution of the monomeric 4-methylphenylphosphonic
acid disodium salt, 4-MePhPO(ONa),.

Upon addition of one equiv. of [W(O)(0,),(H,0),],
Figure 1A, one may observe that three phosphorus-con-
taining species are obtained, including the parent com-
pound 4-MePhPO(ONa), at 12.77 ppm, and two species
shifted down-field appearing at 15.15 and 16.45 ppm.
These are clearly phosphotungstate species as evi-
denced by the "W satellites (*Jpw~15 Hz) and are
formulated as the mononuclear {(4-MePhPO;)-
[WO(0,),(H,0)]}*~ and the dinuclear {(4-MePhPO;)-
[WO(0,),(H,0)],}> .8 From the peak areas, it is also
clear that the assembly of the peroxophosphonatotung-
state species is not quantitative. Upon addition of two
equivalents of [W(0O)(0O,),(H,0),], Figure 1B, the as-
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sembly process is completed with the formation of a
~1:1 mixture of mono- and dinuclear peroxophospho-
natotungstates; some [W(0O)(0,),(H,0),] remains un-
bound to the phosphonate. This was verified by
"W NMR which showed two peaks at —621 and
—689 ppm attributable to the peroxophosphotung-
states and [W(O)(0,),(H,0),], respectively. Further ad-
dition of peroxotungstate, Figure 1C, does not change
the picture although very small amounts, <1%, of an
unidentified phosphorus containing species
(16.34 ppm) were formed.

A virtually identical assembly process was observed
with the dendritic phosphonate PD1-Na, Figure 2, al-
though the "W satellites are more poorly resolved.
Here upon addition of four equivalents of [W(O)(O,),
(H,0),], Figure 2A, various mono- and dinuclear per-
oxophosphonatotungstate compounds are formed, as evi-
denced by the peaks at 15.04 and 15.90 ppm, respective-
ly. The cluster of peaks at ~12.7 ppm is attributable to
isomeric species (non-complexed and complexed phos-
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Table 1. Alkene epoxidation with aqueous H,O, catalyzed by in situ assembled catalytic systems.

Substrate Conversion [mol % ]® Selectivity [mol %]™

PD1-Na ArPO;Na, No RPO;Na,! PD1-Na ArPO;Na, No RPO;Na,!
1-octene 68 65 37 92 94 5
E-2-octene 91 82 54 93 99 6
cyclooctene >99 97 >99 >99 >99 66
cyclododecene 92 90 81 >99 >99 12

Reaction conditions: 1 mmol alkene, 20 pmol H,WO,, 5.1 umol PD1-Na or 20 umol 4-MePhPO;Na,, 0.1 mL 60% H,O,

(2 mmol), 0.25 mL CH;CN, 70°C, 5 h.
[4] Conversion is mol % alkene reacted.

] Selectivity is mol % epoxide formed; other products were aldehydes and acids for linear alkenes and diols, diketones and

ring cleavage products for cyclic alkenes.
[l Without phosphonate.

phonates at the arms of the dendrimer). Addition of
eight equivalents of [W(0O)(0O,),(H,0),] completes the
assembly process, Figure 2B. Attempts to crystallize
these assembled mixtures of catalytic compounds were
expectedly unsuccessful, but the IR spectra of the pre-
cipitated compound shows the expected peaks at
950 cm ! [v(W=0) for the terminal oxo group],
847 cm ! [v(O—0) for the peroxo fragments], and
1100-1030 cm ' [v(P—O) for the phosphorus-oxygen
stretching modes]. It is worthwhile mentioning that the
incomplete complexation of peroxotungstates to the
dendritic phosphonate implies a dynamic solution be-
havior due to continuous association-dissociation proc-
esses and the existence of various peroxophosphotung-
states in equilibrium.

Catalytic epoxidation of alkenes was carried by first
assembling the peroxophosphotungstate species by dis-
solving 20 umol tungstic acid and 5.1 pmol PD1-Na in
0.1 mL H,0, (aqueous 60%, 2 mmol) and 0.25 mL ace-
tonitrile. After dissolution and assembly of the catalyst
mixture the substrate (1 mmol) was added and then
the reaction solution was brought to 70°C. The results
presented in Table 1 show that the catalytic mixture sat-
isfactorily catalyzed the epoxidation of simple cyclic and
linear alkenes. Moderate to excellent conversions and
high selectivity to epoxide was observed. There was no
significant dendrimeric effect as the use of 20 umol 4-
MePhPO(ONa), instead of PD1-Na gave a similar re-
sult in the epoxidation reaction. The use of the PD2-
Na dendrimer (20 pmol H,WO,, 1.2 umol PD2-Na,
0.1 mL H,0,, 0.25 mL acetonitrile, 1 mmol E-2-octene,
70°C, 5 h) for the epoxidation of 2-octene as a model
substrate gave a lower conversion (62% versus 91%
for PD1-Na) but higher selectivity (98% versus
93%)." Interestingly, it would appear that both the den-
dritic and monomeric phosphonates also are buffering
agents because in their absence there was only a very
low epoxide yield,® although moderate conversions
were observed presumably due to catalysis by the acidic
solution of [W(0O)(0,),(H,0),]. For this reason also us-
ing a smaller amount of PD1-Na (1.25 pmol) gave a sig-
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nificantly less selective epoxidation reaction even
though the amount of peroxophosphotungstate species
formed in situ is probably similar, Figure 2.

The recycle, recovery and reuse of the catalyst mixture
was quite simple and was achieved by phase separation.
For example, cyclododecene (1 mmol) was oxidized in
the presence of the PD1-Na based catalyst assembled
as described above. The product was phase separated
from the catalyst by addition of 1 mL of ethyl acetate
and 0.1 mL of water. The aqueous phase was concentrat-
ed by evaporation of the water and new portions of sub-
strate and hydrogen peroxide were added. There was no
observable loss of activity over three reaction cycles:
93%, 92%, and 95% conversion, respectively at >99%
selectivity to epoxide.

In conclusion, novel dendritic phosphonates have
been prepared and used to assemble in situ peroxophos-
photungstate species that are active and selective for the
epoxidation of simple alkenes with hydrogen peroxide.
A simple catalytic reaction protocol allows for the reuse
of the catalyst mixture.

Experimental Section

Synthesis and Characterization

Details of the synthetic procedures and characterization of the
compounds are given in the supporting information.

General Procedure for the Catalytic Oxidation of
Alkenes by Assembled Polyphosphoperoxotungstates

Reactions were carried out in 4-mL vials, equipped with a mag-
netic stirring bar. In a typical reaction, the specific substrate
(1 mmol) was added to a mixture of 0.25 mL of acetonitrile,
tungstic acid (0.02 mmol), PD1-Na (0.0053 mmol) and hydro-
gen peroxide (2 mmol). The resulting mixture was heated
(70°C) and stirred at a constant rate (ca. 1000 rpm) for all
runs. After 6 h vials were cooled down by an ice bath, then
opened and 1 mL of ethyl acetate was added to the reaction
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mixture. The resultant mixture was stirred for 15 min. and the
organic phase of the mixture was separated and dried over Na,
SO,. The assembled catalyst remained in the aqueous phase.
Conversions of the substrate were measured by GLC using a
5% phenylmethylsilicone (30 m, 0.32 mm ID, 0.25 um coating)
column. Products were identified by GC-MS analysis.
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