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Palladium nanoparticle-cored Fréchet type G;-dendrimer (Pd-G,) stabilized by Pd-carbon bonds is syn-
thesized and characterized by IR, NMR, UV-Vis and TEM. Pd-G; was found to be a highly efficient, chemo-
selective and reusable catalyst for the room temperature hydrogenation of carbon-carbon multiple
bonds. Reducible functionalities like CHO, CO, COOR, CN, NO, and halogens were unaffected. Pd-G, is pro-
jected as an efficient catalyst for the selective hydrogenation of carbon-carbon multiple bonds in multi-
functional organic molecules.

© 2011 Elsevier Ltd. All rights reserved.

Nanoparticle-cored dendrimers (NCD) are core-shell materials
possessing nanometer-sized metal cluster at the core and a shell
made of dendrons of different generations, which are attached
radially to the core.!™® Because of the conical shape and steric
requirements of the dendrons, their assembly on the metal surface
is decided by a sterically induced stoichiometry, leaving large
number of voids at the metal surface as shown in Figure 1. The
unpassivated metal surface at the voids can function as catalytic
sites. NCDs with different metals and dendrons were synthesized
and characterized in the past and several of them have been stud-
ied for their catalytic activities.>>®

One of us in collaboration with Fox and Whitesell designed and
synthesized the first catalytically active NCD.? Our idea was to de-
sign a Pd catalyst that is capable of catalyzing several reactions. We
observed that the Heck and Suzuki reactions catalyzed by Pd-NCD
were successful but it failed as a hydrogenation catalyst due to the
hydrogenolysis of the NCD, leading to its decomposition and pre-
cipitation of Pd. We felt that if the Pd-S bonds in the NCD are re-
placed by Pd-C bonds, then hydrogenolysis could be prevented
and the NCD might function as good hydrogenation catalyst also.
In this Letter, we report the synthesis and characterization of a
Pd-cored G;-dendrimer (Pd-G;), where the Fréchet-type G;-den-
drons are linked to the Pd core through Pd-carbon bonds. We also
show that Pd-G; is a very effective catalyst for the chemoselective
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Figure 1. Schematic of a NCD.

hydrogenation of olefinic and acetylenic bonds at room tempera-
ture and atmospheric pressure in the presence of other reducible
groups like CHO, NO, and halogens.

We have recently reported the synthesis and characterization of
Au-NCDs, where the Fréchet dendrons are linked to the gold clus-
ter through Au-C covalent bonds.” We employed a similar strategy
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for the synthesis® of Pd-G; which involved the simultaneous
reduction of G;-diazadendron and Pd(II) phase-transferred into
dichloromethane using TOAB by NaBH,.”°~'' During reduction
Pd(Il) is reduced to palladium atoms, which through nucleation
and growth process grows into small Pd clusters. The diazoden-
dron upon reduction forms a phenyl radical terminated dendron.
At some stage of reduction, the dendron radicals get attached to
the growing Pd nanoparticles to give Pd-G; as shown in Scheme 1
(see SI for synthesis). Pd-Gq, obtained as a black powder, was freely
soluble in chloroform, dichloromethane, tetrahydrofuran and
insoluble in alcohols, diethyl ether and water. It was very stable
for several months both in the solid state and in solution.

TEM image of the Pd-G, thus prepared is shown in Figure 2. Fig-
ure 2 shows that the Pd core in Pd-G; has average diameter of
2.7 nm. Thermogravimetric analysis showed that nearly 60% of
the weight of Pd-G, is due to Pd metal (=700 Pd atoms, see SI).
A simple calculation!~® would show that approximately 131 den-
drons are linked to the Pd core in Pd-G;.

Pd-G, was characterized by UV-Vis, FTIR, and NMR spectrosco-
pies (see SI for UV, IR and NMR spectra). The UV-Visible spectrum
of Pd-G; gave a progressively decreasing absorption profile with no
plasmon band, consistent with earlier reports.> The G;-diazoden-
dron exhibited vibrational stretching of the diazo group at
2237 cm™ !, which was absent in the IR spectrum of Pd-G; and ex-
cept for this difference, IR spectra of Pd-G,; and G;-diazodendron
were identical. 'TH NMR of G;-diazodendron showed signals at &
8.2 and 7.0 due to the diazophenyl ring protons’° and upon reduc-
tion, these peaks disappeared along with considerable signal
broadening. Broadening of the NMR signals due to fast spin-spin
relaxation of atoms close to metal core or size-dependent spin-spin
relaxation clearly support the metal core-organic shell type struc-
ture of Pd-G;.!~*712-14 The signals at 6 <3 ppm in the 'H NMR of
Pd-G; can be due to trapped TOAB.” In the '*C NMR spectrum of
G-diazodendron signals at 6 168, 135 and 118 ppm are identified
as belonging to the diazo bearing phenyl group, which disappeared
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Scheme 1. Synthesis of Pd-G,.
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Figure 2. (a) TEM image (b) core-size histogram of Pd-G;.

upon reduction to Pd-G,. Similar observations were made earlier
for monolayer protected gold cluster where Au is attached directly
to the phenyl group and it was suggested that the signals due to
phenyl ring carbons linked directly to the metal have broadened
so much that they are indistinguishable from the background.”®-14
XRD studies indicated the presence of diffraction peak at 40° (20)
corresponding to the {111} plane of metallic palladium fcc lattice.
However, calculation of particle size from diffraction line broaden-
ing was difficult due to their low intensity.

Having characterized Pd-G,, we evaluated its catalytic activity
in hydrogenation reactions. We have attempted hydrogenation'®
of different substrates listed in Table 1 using catalytic amounts of
Pd-G;. The yields reported in Table 1 are isolated product yields
and purity has been confirmed by NMR and GC-MS analysis (see
SI). It may be noted that for entries 1-13 in Table 1, product yields
are nearly quantitative and reaction times were low. The reaction
conditions employed!® were very mild compared to hydrogenation
reactions of similar substrates using other palladium catalysts
where complete reduction of substrates including aromatic rings
were reported.'® Inspection of Table 1 also reveals that Pd-G; is a
very selective catalyst for the reduction of C=C and C=C at room
temperature and mild hydrogen pressure, even in the presence of
sensitive groups like nitro (entries 5-13 in Table 1). Selective
reduction of C-C multiple bonds in multifunctional organic mole-
cules is always challenging especially in the presence of groups like
NO, and CHO which can also undergo reduction under the hydro-
genation conditions.'®~2° In Pd-G, catalyzed hydrogenations, these
groups remain unaffected. Entries 14-15 show that halogens (Cl, Br
and I) and endocyclic double bonds are also unaffected under the
reaction conditions. We have calculated turnover number (TON =
moles of product formed/moles of palladium atoms) and turnover
frequency (TOF = moles of product formed/moles of palladium
atom/hours) for Pd-G; and the values are given in Table 1.

Designing an efficient hydrogenation catalyst that can perform
under mild reaction conditions with high chemoselectivity is still
an active challenge in organic synthesis. The commonly employed
hydrogenation catalyst Pd/C do not normally exhibit selectivity in
the reduction of multifunctional organic compounds.'”"'92° Table 1
shows that Pd-G; can catalyze chemoselective reduction of C=C in
the presence of NO, group (substrates 7 and 12). Reduction of NO,
did not occur even after reaction time was extended to 8 h (see SI).
Our control experiments with these substrates showed that hydro-
genation with Pd/C (under same reaction conditions with respect
to time and Pd content in the catalyst) led to reduction of both ni-
tro and C=C moieties (entries 7¢ and 12¢ in Table 1). With only
5 mg Pd/C (reaction time 6 h), mixture of products arising from
the reduction of C=C (80%) and C=C plus nitro (20%) were ob-
tained. It is reported that chemoselectivity can be observed with
Pd/C if suitable catalyst poisons were employed.!”!%2° But, the
presence of these additives may demand their separation from
the final products after reaction. Thus, if chemoselective hydroge-
nation is desired Pd-G; is a better choice. Our studies show that
endocyclic double bonds are insensitive to hydrogenation condi-
tions with Pd-G; and at present we are not certain about the rea-
son for this selectivity which requires further understanding of
the reaction mechanism. In addition to the substrates reported in
Table 1, we have carried out reduction of compounds containing
isolated carbon-carbon multiple bonds such as 1-dodecyne, 1-oc-
tyne and hex-5-ene-2-one. In these cases GC-MS analysis of reac-
tion mixtures indicated complete reduction of carbon-carbon
multiple bonds and formation of corresponding products. How-
ever, these products being volatile liquids could not be isolated
completely using the standard procedure employed here. Hence
these reactions are not reported in Table 1.

We observed that most of the Pd-G; could be recovered and
reused a few times without loss of catalytic activity. Catalyst
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Table 1
Hydrogenation using Pd-G;°
Entry Substrate Product Yield® (%) TON¢ Time (h) TOF (h™1)
1 @J @—/ 90 77.6 4 19.4
2 @—: @—/ 92 83.0 4 20.8
3 O / O 99 19.6 6 33
4 O = O 98 19.8 6 33
5 Q_//_ COOH O_/_ COOH 95 233 6 3.9
6 Q—/_ CHO @J cHO 81 29.0 7 42
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Isolated product yield.

TON = moles of product/moles of Pd atom.

TOF = moles of product / moles of Pd atom/hour.
Control experiment using 10% Pd/C (2.8x10~> mol Pd).
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recovery studies with phenylacetylene (2 mmol) and Pd-G, (5 mg)
showed nearly 92% conversion efficiency for three cycles after
which product yields decreased, most probably due to incomplete
recovery of catalyst in the previous cycles (see SI for experimental
details).

The importance of transition metals in hydrogenation catalysis
is well documented in the literature.2°-2° Although there are sev-
eral reports dealing with hydrogenations catalyzed by dendri-
mer-encapsulated Pd nanoparticles,>'?? and Pd/Pt nanoparticle-
cored dendrimers,>® there are few reports dealing with chemose-
lective hydrogenations using these catalysts. Previously reported
Pd-NCDs required elevated temperature and pressure conditions
to carry out hydrogenation reactions.® Catalyst recovery and recy-
cling were also not possible with these systems. In these cases, the
Pd nanoparticles were stabilized by either noncovalent interac-
tions or weak coordinate bonds. In Pd-G;, the dendrons are linked

Substrate and Pd-G, (2.8 x 107> mol Pd) were taken in ethyl acetate (15 mL) and stirred under hydrogen atmosphere (hydrogen balloon) for the indicated time.

to Pd cluster by very strong Pd-C bonds (bond energy
~436 kKJM~1)."! These materials are expected to be very stable
and active compared to other NCDs.

In conclusion, present work describes the synthesis and
characterization of a palladium nanoparticle-cored Fréchet type
G;-dendrimer, Pd-G;, where the dendrons are linked to Pd core
through Pd-C bonds. Pd-G; was characterized using IR, NMR
and UV-visible spectroscopies. TEM analysis indicated the pres-
ence of nearly spherical, polydisperse particles with average
diameter of 2.7 nm. Preliminary studies show that Pd-G; meets
all the requirements to act as a highly efficient, chemoselective,
room temperature hydrogenation catalyst with good recyclability
and short reaction times giving excellent product yields. We are
interested in developing nanoparticle catalysts that are capable
of catalyzing several reactions. In this context we are exploring
the catalytic efficiency of Pd-G; in other C-C bond forming
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reactions and the results are very encouraging. These studies are
in progress in our laboratory.
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