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Palladium(0) Nanoparticles Stabilized by Phosphorus Dendrimers
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A new family of phosphorus dendrimers containing on their surfaces 3, 6, 12, and 96 15-membered azamacrocycles
has been synthesized. The coordinating ability of these macrocycles to palladium(0) atoms allowed the preparation
of new dendrimers of several generations containing the corresponding metal complexes and several new nanoparticulated
materials, where nanoparticles are stabilized mainly by the complexed dendrimers of the zero, first, and fourth generations.
No reduction process of palladium(ll) salts was needed to prepare nanoparticles 8f2mn diameter. All the new
compounds and materials have been characterized by NMR, IR, elemental analysis and/or matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) spectrometry, high-resolution transmission electron microscopy, and electron
diffraction. Also UV—vis spectra were obtained. The Mizorelileck reaction has been catalyzed in a homogeneous
and heterogeneous manner by using four different materials; in all cases, the catalyst could be recovered and reused
several times.

1. Introduction tion (cationic and anionic surfactants); (ii) those that provide

Transition metal nanoparticles attract a great deal of attention; StaPilization by compounds possessing a functional group
their preparation, structure determination, and applications are€ndowed with high affinity for metals such as thiols, sulfides,
topics of current interes2 Among other interesting properties, amines, and phosphankgjii) those that simply entrap nano-
their highly specific surfaces render them attractive in Particles such as polymers (e.g., poly(vinylpyrrolidone)), cy-
catalysisi"oP In general, metallic nanoparticles are defined as clodextrines, and dendrimers, although electrostatic stabilization
having a diameter between 1 and 50 nm. They are surroundec@!SO operates with polymefsand (iv) heavily fluorinated
by a shell of an adequate protecting agent that preventscompounds tshat stabilize metal nanoparticles by unknown
agglomeratiort® The protecting agents can be broadly divided mechanisms:

into four categories: (i) those that provide electrostatic stabiliza- ~Dendrimers are avery special type of hyperbranched polymers,
which are synthesized step by step (generation after generation)
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—OCsH4,CH=NNMeP(S) branches and CletOC;H,CHO end Ar<

groups’™ The reactivity of these end groups has already led to 02
various applications of these phosphorus-containing dendrimers N\L
in catalysis’? biology,’® and materials sciencé. 2N

The stabilization of nanoparticles by entrapment in the cavity M
of dendrimers has some precedéttIhe group of Crooks has /\;”\/N\soz
investigated the formation of noble metal nanoparticles in the 05N ar
interior of poly(amidoamine) (PAMAM) and poly(propylene- Ar
imine) (PPI1) dendrimer$This entrapment strategy consists of 1 M = nothing
introducing a salt of metal in the interior of the dendrimer where 2 M=Pd(0), Pt(0)
coordination with the amino groups fixes up the cations. A HaNGCH.CHoNH
reduction step converts the cations into metallic atoms in the Gl
interior, which form nanoparticles entrapped by the tridimensional \©\

skeleton of the dendrimer. For metals whose cations do not $0;
coordinate well with amines, an alternative solution was N
established. Thus, copper nanoparticles were formed as described, X

and then a solution of a more noble metal (e.g.,"Agvas ~

introduced. Silver cations were reduced by Cu(0) to silver atoms [~ ~_N-g0
that remain entrapped in the dendrimer in the nanoparticulated OZS’N v 2
form. These precedentworks are clear examples of what is known Ar
as dendrimer encapsulated nanoparticles (DENs). When nano-

particles are not included in dendrimer structures, we talk about
dendrimer-stabilized metal nanoparticles (DSNs). Excellent
examples of this last group have been reported. The group of
Esumi has prepared silver, platinum, and palladium nanoparticles
stabilized by PAMAM and PPI in aqueous and nonaqueous
solutions; the effect of the concentration of reactants on the size

gf t?e n:én_o pta;]rtlcl_lfs htasét))een studiédther examples can also were characterized by standard methods of molecular chemistry,
€ found In the literature: . . whereas nanoparticles were determined by high-resolution
On the other hand, some of us have been interested inyansmission electron microscopy (HR-TEM), elemental analysis,
nanoparticles stabilized by heavily fluorinated compoutfds.  anginfrared spectroscopy. Also, UWis experiments confirmed
During these studies, we came to the intuition that the formation he formation of Pd(0) nanoparticles (Pd NPs). In all cases
of nanc_)partlcles is favored if _the stabilizing molecule features gjactron diffraction of the samples of nanoparticles showed the
a functional group that coordinates one metal atom. Thus, our characteristic pattern of face-centered cubic (fcc) palladium(0)
attention was attracted to triolefinic 15-membered macrocycles yith the averaged-spacing values given in the Supporting
1(Figure 1), whi)se preparation and properties have been describeghormation. Representative experimental values are indicated
by some of us! These macroc_ycles are excellent coordinating Figure 2 of the text. Theoreticaispacing values corresponding
agents for Pd(0) and Pt(0) forming stable complex@herefore, 5 pd(0) fcc are as follows: 1.17, 1.38, 1.95, and 2.25 A.
theyfglflll the conditions tp stabilize nan_opz?lmcles if appropriate The combination of the catalytic activity of Pd(0) complexes
substituents are placed in the aromatic rings, such as polyflu- ang nanoparticles and the modular solubility of phosphorus
orinated or polyoxyethylenated chaiffShe initial coordination  gendrimers in organic solvents has allowed us to obtain interesting
of a palladium atom is guaranteed, and the synthetic proceduregasily recoverable and reusable catalysts for organic reactions.

for this family of macrocycles is very versatile since the building Periphery Modification of Dendrimers. Phosphorus den-
blocks are arenesulfonamides and 1,4-dihalogeno-2-butene. Manyyrimers containing 3, 6, 12, and 96 aldehyde groups on their

arenesulfonamides or the corresponding sulfonyl chlorides aregfaces 4-Go, 14 4-Gay, 15 4-Gey, 16 and 4-Geu, 16 respectively)

Ar
3a: Ar = 4-Me-CgH,-
3b: Ar = 2,4,6-tri-i-Pr-CgH,-

Figure 1. Structures of 15-membered macrocyclésaqd 3a,b)
and their metal complexe)(

nanoparticles. We have chosen macrocygtsand3b!3 (Figure
1) and phosphorus-containing dendrimers for further elabor&tion.
Compounds free of palladium as well as well-defined complexes

commercially available. have been condensed with macrocy@asind3b to obtain the
) _ corresponding imines whose=@ bonds were reduced with
2. Results and Discussion borohydride derivates to afford compourfl§Schemes 1 and

Therefore, we endeavored to prepare dendrimeric structures?)- . . . .
Dendrimers functionalized with macrocycka presented

containing 15-memberedtrio|efinicmacrocyclestotakeadvantagel, tod solubility in ordi ! - theref icted
of the known properties of both structures to synthesize Mited solubility in ordinary solvents; therefore, we restricte
our studies with it to the smaller generations.
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Scheme 1. Synthesis of Dendrimers of Zero Generation, 5a,bgGand Their Palladium(0) Complexes, 6a,b-G
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Synthesis of Dendrimers of First and Fourth Generations, 5b-@and 5b-Gg, and Their Palladium(0) Complexes
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Table 1. Palladium Nanoparticles Stabilized by Dendrimeric Compounds

initial molar atoms solubility
Pd(0) ratio Pd(0)/ Pd(0)/  morphology of of product
entry dendrimer source macrocycle time result  Pd% composition @ (nm) particl€  nanoparticles  in THF
1 5a-Gy Pd,(dba), 1.17 14h nanopart 10.97Pdx(6a-Go); and/or 4.2+ 0.7 2.6x 10° agglomerated no
Pds(5a-Gy):® (Figure 2a,b)
2 5a-Gy Pd,(dba), 2.07 14h nanopart 11.37Pdy(6a-Go); and/or 4.14+0.7 2.4x 10° well-defined no
Pds(5a-Gy)1 © (Figure 2c,d)
3 5b-Go  Pdx(dba), 1.17 14h complex 8.206b-Gg yes
4  5b-Gy Pdydba) 3.33 14h nanopart 19.3%Pd;(6b-Go): 4.3+0.7 2.8x 10° well-defined yes
(Figure 3a,b)
5 5b-Gy  Pdy(dba) 3.33 48 h  nanopart 29.32Pd;(6b-Go): 34+0.6 1.4x 10 well-defined yes
in vesicles
(Figure 3c)
6 5b-Gy  Pd(PPBb)s 3.33 14h  complex 6b-Go yes
7 5b-Gy  Pd(PPh)a 3.33 6 days nanopart 22.00d;2-13(5b-Go)1 25+0.4 55x 10 well-defined yes
(Figure 3d)
8 5a-Gg Pdy(dba) 3.00 7 days nanopart 15.8®d;g6a-G).and/or 3.9+ 1.0 2.1x 10° agglomerated no
Pd13_&5a'GCo)1e
9 5b-Gay  Pdy(dba) 3.00 6 days nanopart 16.1Pd:1(6b-Gcy)1 5.7+ 0.6 6.5x 10° agglomerated yes
(Figure 4a)
10 5b-Gg  Pd(PPh)4 1.33 2 days compléx 12.40 6b-Gg yes
11  5b-Gg Pd(PPB)4 3.67 2 days complex 6b-Gy yes
12 5b-Go Pd(PPh). 5.00 7 days nanopart 25.3%d3(6b-Gcy)1 2.9+05 8.6x 1¢? well-defined yes
in vesicles
(Figure 4b-d)
13 5b-Ga  Pd(dba) 3.08 14h nanopart 10.66Pds(6b-Gcy): 3.4+ 0.4 1.4x 1¢® well-defined yes
(Figure 5a)
14  5b-Ga  Pd(PPh)4 1.83 7 days nanopart 14.80d(6b-Gcy)1 7.9+2.2 1.7x 10" agglomerated yes
(Figure 5b)
15 5b-Ga  Pd(dba) 1.21 14h  complek 6b-Gcy yes
16 6b-Go,  Pdy(dba) 3.00 14h nanopart 15.90Pdy3g(6b-Ges)y 3.2+ 0.5 1.1x 16 well-defined yes
(Figure 5c,d)

a All reactions were performed in THF at 670 °C.  Determined by elemental analystDetermined as\(nandVaiom)0.74; this correction factor
is the percentage of space occupation in fcc structdrésr more details, see the Supporting InformatibNMR spectra could not be registered
for solubility reasons; therefore, wheth@a-G, and/or5a-G, (entries 1 and 2) o6a-G and/or5a-Ga (entry 8) is/are present in the protecting
shield cannot be ascertainéd&lemental analysis showed that the complex was contaminated by black pallddiusmall number of Pd(0)
nanoparticles of 5.8 nm were observed.

due to the imine proton. Botle andZ isomers of the imines are  with Pd(0) sources. The entrapping dendrimers could be made
presumably formed, as indicated by the appearance of severabffree macrocycles or of complexed macrocycles inthe periphery.
singlets in théP NMR spectra for the phosphorus atoms bearing Both situations should be distinguishable by NMR. All the
the macrocycles. Reduction of these imines induces the disap-experiments are shown in Table 1.

pearance of the signal at 8:8.3 ppmintH NMR and the recovery When dendrimers containing tolyl groups on the surface were
of a sharp singlet if'P NMR for the phosphorus atoms linked  reated with Pg{dba), insoluble materials were obtained
to the macrocycles. _ _ containing Pd NPs (Table 1, entries 1, 2, and 8). IR spectra
Reaction of Dendrimers with Sources of Palladium(0):  showed the presence of a dendritic structure in the material;
Complexes and NanoparticlesMacrocyclesl regularly form  powever, the lack of solubility prevented NMR characterization,

stable complexe22 when exposed to palladium(0) (either g for this reason the definition of the periphery of the dendrimer

tetrakis(dibenzylideneacetone)dipalladium(0)ABday,) or tet- was not possible. Elemental analysis showed the relation between
rakis(triphenylphosphino)palladium(0) (Pd(RRJ) throughthe - py0) and the phosphorus atoms. Therefore, the molar formulation
three endocyclic olefins: Since macrocyclebare betterligands o ¢he nanoparticles could iRes(5a-Go)1 or Pdx(6a-Go): (entries

than dba, the transfer of metal from Jadba) to 1 occurs 1 and 2) andPdis d5a-Gay): or Pd; g(6a-Gay): (entry 8) (or
spontaneously. The transfer of palladium from PA@PI0 1 iy4res). The use of a different ratio of Pd(0) atoms/macrocycle
is facilitated by the irreversible oxidation of the phosphine toits iy 5a-Go had no influence on the final size and composition

oxide. The presence or the absence of palladium(0) coordinatedyhe nanoparticles. However, working with a higher ratio allowed
to the macrocycle can be deduced from the NMR spectra. Indeed, ;s 15 obtain Pd NPs of better quality; agglomeration was not

free macrocycles present signals for the olefinic protons and observed (compare entries 1 and 2. and HR-TEM bpictures of

carbons ad ~5.50-5.80 and~124 ppm, respectively, whereas Figure 2a (and 5) ' P

for palladium complexes strong upfield shifts are observed up All studies conducted with dendrimers containing 2.4.6-

to 6 2.50-4.40 (depending on the proton considered) and 78 triisonropviohenvl ar nth riohery aave prod ? ’I,bl

83 ppm, respectivel§’ triisopropylphenyl groups on the periphery gave products soluble
Discrete palladium complexes or nanoparticles are expected!? €0mmon organic solvents, that could be studied by NMR

in the following study, by treatment of all dendrimers prepared experiments, WiFh their compositipns bei”g well defi,”efi Some
of these dendrimers treated with practically stoichiometric

(17) (a) Cerezo, S.; Core C.; Lago, E.; Molins, E.; Moreno-Mas, M.; amounts of Pg(dba), gave discrete complexe6l{-Go and6b-
Tgaég!az,ogg Iztl;)?lg)(latsé,g R.;tTorripé.; %allrlb:ri,/_A.Etlr. 5'1}10&%- cyemzool Gcy, entries 3 and 15, respectively). However, when an excess
. a-Quintana, A.; Roglans, A.; vicente, ae 1z, J.; Mloreno- .
Mahas, M.; Parella, T.; Benet-Buchholz, J.; SolansCkem. Eur. J2005 11, of this Pd(O) source was used$ mol Pd(O) atomS/macrocyde)’

2689-2697. nanoparticulated materials were isolated (entries 4, 5, 9, 13, and
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Figure 2. Characterization of nanoparticles of entries 1 and 2
obtained fronba-Gy (Table 1). (a) HR-TEM picture of nanoparticles
of entry 1. (b) Electron diffraction patterns corresponding to Pd(0)
fcc of nanoparticles of entry 1 (A). (c) HR-TEM picture of
nanoparticles of entry 2. (d) Core size distribution histograms of
nanoparticles of entry 2.

3 4 L3
Diameter (nm)

Figure 3. (a and b) HR-TEM picture and core size distribution
histogram of nanoparticles of entry 4. (c and d) HR-TEM pictures
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2 3 4
Diameter (nm)

Figure 4. HR-TEM pictures of nanoparticles of entries 9 (a) and
12 (b and c). (d) Core size distribution histogram of nanoparticles
of entry 12. Both materials were obtained fr&h-Gc,.

UV —vis spectra obb-Gg, 6b-Gp (entry 3) andPd;(6b-Go)1
(entry 5) were obtained (see the Supporting Information). A
clear interaction between the Pd(0) atoms and the endocyclic
olefins of macrocycles anchored on the surface of the dendrimer
was observed in the complex and also in the nanoparticulated
material spectra. In the spectrum of this last material, a clear
monotonic increase in the absorption was observed which can
be matched to the spectrum of Pd NPs in previous literdfure.

When the small dendrime&h-Gy and5b-Gg, were treated
with Pd(PPR), different products were obtained depending on
the reaction time: discrete complex@s-Go, and6b-Gg, were
isolated for short reaction times, but nanoparticulated materials
were achieved when the reaction was carried out for more than
6 days (compare entries 6 and 7 (Figure 3d) and entries 10/11
and 12 (Figure 4b and c, vesicle organized NPs)). Increasing the
initial molar ratio of Pd(0) used for the macrocycle seemed to
have no effect on the type of product obtained (compare entries
10 and 11); the reaction time seemed to be the more important
variable. Triphenylphosphine oxide was also presentin all of the
products; its elimination was not possible. It should be mentioned
that when the reaction was carried out with dendri®ierGy,

Pd NPs were stabilized by the free dendrimer and not by the
corresponding Pd(0) complex as usual (entryidNMR spectra

of nanoparticles of entries 5 (c) and 7 (d). In all cases, materials were of the soluble nanoparticulated material confirmed the composi-

obtained fromsb-Go.

16). NPs were stabilized by corresponding compléstgsas it
was probed byH NMR spectra. Their composition was also
determined by elemental analysis. Usiz G as the stabilizer,

an increase in the percentage of Pd(0) and in the yield of the
material was observed when the reaction was performed for longer
reaction times; however, no change in the composition of the
materials was noticed (compare entries 4 and 5 and see th

Experimental section). A different dispersion of nanopatrticles

was observed between both experiments. The nanoparticles o
entry 4 were dispersed; however, the nanoparticles of entry 5

tion. Decomplexation of the macrocycles has already been
observed by the action of temperatdfeThese experiments
suggested that, in the process of forming nanoparticles, standard
organometallic complexation is the first event of the sequence,
followed by nanoparticle formation and eventual decomplexation
of the macrocyclé?

For these small dendrimers, the use of Pd@pHhstead of
(dba), allowed us to obtain Pd NPs of smaller sizes (for
b-Go: 2.5 nm, entry 7, and 3.4 nm, entry 5; fob-Gcy: 2.9

fim, entry 12, and 5.7 nm, entry 9 (Figure 4)). However, when

(18) (a) Henglein, AJ. Phys. Chem. B00Q 104, 6683-6685. (b) Garcia-

were included in vesicles (Figure 3a and c). This arrangement martinez, J. C.: Scout, R. W. J.: Crooks, R. M.Am. Chem. So@003 125,

could be related to the preparation of the samples for HR-TEM.

The same effect has also been observed in other materidés (
infra).

11190-11191. (c) Tan, H.; Zhan, T.; Fan, W. ¥hem. Phys. LetR006 428

352-355. (d) Rao, C. R. K.; Lakshminarayaman, V.; Trivedi, DMater. Lett.
2006 60, 3165-3169. (e) Kim, J.-H.; Chung, H.-W.; Lee, T. Rhem. Mater.
2006 18, 4115-4120.
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ﬁ Hz H 02 /
P{0 c -N-(CH2 NH SN
2 ___

7-Gy
Figure 6. Dendrimer containing the same functional groups as

dendrimers previously reported in this articeGo) but without
macrocycles on its surface.

of dendrimers that could stabilize each nanoparticle. For small
dendrimers (zero and first generation), each nanoparticle seemed
to be stabilized by multiple dendrimers (3773, depending on
the material; DSNs type). However, for the biggest one (the
fourth generation dendrimer), we obtained a smaller ratio (5
dendrimers/nanoparticlé).in this case, the possibility to have
encapsulated nanoparticles should be also considered.

A model dendrimer similar t&-Gy has also been prepared
(7-Go, Figure 6). This compound does not contain macrocycles
on its structure; however, when it was treated with(Blda),

Distribution %

5 ] non-homogeneous, agglomerated, badly defined insoluble nano-
particles of 3.8 nm were obtained (see the Supporting Informa-
¢ "2 3 “od tion). The presence of the macrocycles on the surfaces of
m Diameter (nm) dendrimers is important to obtain well-defined nanoparticles.

Moreover, the solubility of these new materials can also be

Figure 5. HR-TEM of nanoparticles of entries 13 (a) and 14 (b) modulated by the groups contained on the surfaces of the

obtained fronbb-Gc;. HR-TEM picture (c) and core size distribution

histogram (d) of nanoparticles of entry 16 obtained frBRGC. macrocycles. Animportant role of macrocycles in the stabilization
of Pd NPs was also observed in the catalytic tests performed.

bigger dendrimers were useBb-Gc; and 5b-Ge) reactions Catalytic Tests. Metal nanoparticles in general, and in

with Pd(PPh), gave the worst results. NPs obtained fréin particular palladium nanoparticles, have found application in

Gey were bigger and more agglomerated than those obtainedcatalysis due to their highly specific surfacés:?9°We have
using Pd(dba), (7.9 and 3.4 nm, entries 13 and 14, Figure 5a described fluorous biphasic systems that permitted recovery and
and b respectively). WheBb-Ge, was treated with an excess reutilization of palladium nanoparticles as catalysts in Suzuki
of Pd(PPB),, neither complete complexation of macrocycles C€ross-coupling and in MizorokiHeck reactions?Phosphorus-
nor nanoparticle formation was achieved after 7 days. The samecontaining dendrimers have been previously functionalized by
reaction performed with B(tba), gave good quality Pd NPs of convent_lonal metal ligands on the surface (P, P,N, or N,N ligands),
3.2 nm (entry 16, Figure 5c and d). and their complexes have been used as homogeneous catalysts
With these results, we can conclude that nanoparticle size didi" Michael additions, Knoevenagel and Stille reactions, and
not seem to have any relation to the dendrimer used as the sta@rylation reactions; these dendritic catalysts were easily recovered
bilizer. However, the selection of palladium(0) sources in com- and reused! Palladium(0)-triolefinic 15-membered macrocycles
bination with stabilizers is important to determine the size of the ©f tyP€ 2 have also been used as catalysts or precatalysts of
nanoparticles, but no rule could be generalized. Pd NPs obtained>¢Veral organic reactions in homogeneous and heterogeneous
from Pch(dba), required, in general, shorter reaction times, ~ Mannersi**22Nanoparticles stabilized by our 15-membered
Compounds or materials containing large amounts of pal- Macrocycles containing long polyfluorinated and polyoxyeth-
ladium(0) presented broad signals in #eNMR spectra. No ~ Y/enated chains were good homogeneous catalysts for Heck
phosphorus signals (or very broad ones) could be detected in the®@actions® Several examples of coupling reactions have been

31p NMR spectra of soluble materials containing nanoparticles. catalyzed by entrapped nanoparticles in dendrimers (usually
This effect could be explained by the proximity of the PAMAM derivatives)?® Now, we have tested one dendrimer

nanoparticles to these atoms which reduces isotropy (reduceontaining only palladium(0) complexes on its surface and three
mobility); similar effects have been described previously in the batches of nanoparticles stabilized by dendrimers containing at

literature!® ; :
. _ (20) Herein, we present an example of how the number of dendrimers per
At present, we cannot give a definitive answer to how these nanoparticle was calculated. For nanoparticles stabilized by the complexed

nanoparticles are stabilized. However, the preparation of solubledendrimer of the fourth generatiosp-Ges, the number of dendrimers per

. . . . . . . nanoparticle was calculated by dividing the number of atoms of Pd in the
nanoparpcles |ncludes.flltrat|0n through Celite without noticeable corresponding nanoparticles (nanoparticles of 3.2 nm diameter containifil
destruction. IR, UV-vis, andH NMR spectra showed the  atoms of Pd) by the number of palladium atoms in the molar formulation of the
presence of dendrimers in the materials. So, in conclusion, all material/dendrimer (238, if the material wRd,3¢6b-Gcy)1, data calculated from

X . - . elemental analysis). In this case, we obtained a relation of 5 dendrimers/nanopatrticle.
these facts confirm that nanoparticles are stabilized by dendrimers.™ 31y a) Maraval, V.; Laurent, R.; Caminade, A-M.; Majoral, J@gano-

From the composition of the materials and the number of atoms metallics200Q 19, 4025-4029. (b) Koprowsky, M.; SebastiaR. M.; Maraval,

H ; ; i H H .; Zablocka, M.; Cadierno, V.; Donnadieu, B.; Igau, A.; Caminade, A.-M.;
contained inthe nanoparticles, itis possible to establish the numbe%aioral’ 3-POrganometallic@002 21, 4680-4687. () Laurent, R.: Caminade,
A.-M.; Majoral, J.-P.Tetrahedron Lett2005 46, 6503-6506. (d) Ouali, A.;

(19) (a) Badia, A.; Gao, W.; Singh, S.; Demers, L.; Cuccia, L.; Reven, L. Laurent, R.; Caminade, A.-M.; Majoral, J.-P.; Taillefer, 1. Am. Chem. Soc
Langmuir1996 12, 1262-1269. (b) Zelakiewicz, B. S.; De Dios, A. C.; Tong, 2006 128 15990-15991.

Y.Y.J. Am. Chem. So2003 125, 18-19. (c) Gopidas, K. R.; Whitesell, J. K.; (22) (a) Blanco, B.; Brissart, M.; Moreno-Mas, M.; Pleixats, R.; Mehdi, A.;
Fox, M. A. J. Am. Chem. So2003 125 14168-14180. (d) Kim, K.-S.; Reye C.; Bouquillon, S.; Hain, F.; Muzart, JAppl. Catal., A2006 297, 117—
Demberelnyamba, D.; Lee, Hangmuir2004 20, 556-560. (e) Horinouchi, S.; 124. (b) Moreno-Maas, M.; Pleixats, R.; Serra-Muns, 8ynlet2006 18, 3001~
Yamanoi, Y.; Yonezawa, T.; Mouri, T.; Nishihara, Eangmuir2006 22, 1880— 3004. (c) Masllorens, J.; Gonlea, |.; Roglans, AEur. J. Org. Chem2007,

1884. 158-166.
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Scheme 3. Heck Reaction Catalyzed by 6b43Entry 3), less accessible, being more external and accessible in following
Pd;(6b-Gg)1 (Entry 5), Pdasg(6b-Ge)1 (Entry 16), and runs. The migration of Agsnanoclusters from the internal cavities
Pd(6a-Go)1/Pds(5a-Go)1 (Entry 2)2 to the surface of phosphorus dendrimers of the same generation
! has been described by some of?fis.
©/ 2%Pdcat. o sn i Similar He_ck reactions have_been catalyzed by macrocycles
+ BusN.THF, 60°C, COOBu complexed with palladium(0OR( Figure 1); however, conversions
ZCo0Bu 24 hours were not always complete, and the catalyst could not be recycled.
0.21 M Phi Decomplexion of palladium(0) was observed, and black palladium

was formed. Free macrocycles were recovered by flash chro-
Pdx(6a-Gg)y matography-!
sbt'G% Pd;(6b-Go) Pdm(ts"‘%c**h and for The last catalytic test was performed in heterogeneous media.
{E0mg3) (entry 5) (entry 16)  Pds(5a-Go)s Insoluble nanoparticles stabilized by a zero generation dendrimer
Bafter4h (eoiry:2) (Pdy(6a-Gy)1, entry 2) were less active compared with materials
Oafter 24 h of entries 5 and 16, and their activity seemed to be more or less
96%a) o 96%@ constant after some runs; neither a clear increase nor a decrease
R - 82%® 89%() was observed. (Scheme 3)
- | . 1 Catalytic tests performed, in a heterogeneous way, with Pd(0)
M - NPs stabilized by model dendrimé+G, gave clearly the worst
conversions (0%ta4 h and 58% at 24 h in the first cycle, 32%
at 24 h in the fourth cycle); a total loss of activity was observed
40 in the fifth run, and palladium black seemed to be formed. These
results enhance the importance of the presence of our macrocycles
20 on the surfaces of dendrimers, not only increasing in some cases
the solubility of the nanoparticulated materials obtained and giving
better quality nanopatrticles, but also showing an important role
12345 12345 12345 12345 in the stabilization of NPs run after run. Macrocycles could also
play an important role in the reaction mechanism, probably by
the stabilization of discrete palladium atoms that could take part
in the catalytic cycle.
So, as a conclusion of this part of the work, under the same

the same time palladium(0) complexes in their structures. The ) " S 0
three first experiments were conducted in homogeneous media®*P€rimental conditions (0.21 M benzene iodide, 2% Pd(0) atoms

(all nanoparticles tested were completely soluble in THF), but @S the ca_talyst), soluble nanoparticulated catalysts showed_ to be
the catalytic material obtained in entries 3, 5, and 16 (Table 1) MO"® active than heterogeneous ones. Under these conditions,

was easily recovered and reused, and it could be precipitatedSOIUble nanopatrticles stabilized by the sma!ler dendrir@ibr (
using pentane. One last experiment was conducted in hetero-Go, €ntry 5) resulted the more active material tested.

geneous media using as the catalytic mat@h{6a-Go)1/Pds- After recycling the catalysts five times, they were recovered
(5a-Go); of entry 2 (Scheme 3). mixed with a large amount of ammonium salts formed during

The Mizoroki-Heck reaction of iodobenzene withbuty! the reactions. At that point, recovered dendrirbrG, could
acrylate in basic media (BN) was catalyzed by 2% of the not be analyzed due to the small amounts used in the first cycle
paliadium(0) atoms coming from the different materials presented (8 M9). However, its constant catalytic activity seemed to indicate
just before. In all cases, the catalyst was recovered and reused"@t N0 big changes inits structure should have occurred. It could
five times without appreciable loss of activity. Conversions at NOt be determined if it acted as a homogeneous catalyst or as a
4 and 24 h and isolated yields of some of the runs performed precatalyst. The other three recovered catalysts were analyzed

are represented in Scheme 3 (see also the Supporting Information)?Y HR-TEM after the fifth run. No nanoparticles were observed
Conversions were calculated by gas chromatography (GC) usingfrom the recovered material of entry 5, probably due to the small

undecane as the internal reference in all runs. The soluble catalystguantity used in the first run (3 mg) and the presence of large
(entries 3, 5, and 16) were more active than the heterogeneou@mounts of tetraalkylammonium salts. However, from the analysis

one (entry 2). Nanoparticles stabilized by the complexed of the other two materials, we concluded that the recovered
dendrimer of the zero generati6h-Go (Pd:(6b-Go)s, entry 5) nanoparticles were clearly smaller than the starting ones. Before
gave better results than the discrete complexed de'ndﬁtn@o catalysis, the materials of entries 2 and 16 contained nanopatrticles
(entry 3). Working with NPs stabilized by a higher generation of 4.1 and 3.2 nm diameter, respectwely; after the fifth run, th_e
dendrimerPd,s4(6b-Ge): of entry 16, did notimprove the final diameters were 2.3 and 2.4 nm, respectively (see the Supporting
results. Moreover, conversion in the initial run was very low Information). The decrease in the size of the nanoparticles after
(10% afte 4 h and 52% at 24 h) compared with that in the same Catalytic cycles has been rarely observedhis effect could

run performed by usingd;(6b-Go); as the catalyst (34% after explain, in the homogeneous catal_yS|s tests, _the increase in the
4 h and 100% after 24 h); however, conversions improved in the speed of the reaction obsorved during the series of.experlments,
following runs (Scheme 3). The small activity in the first run  Un after run. No information related to the stabilizing shell of
could be explained in this case by the presence of nanoparticlesthese new nanopatrticles is available at the moment. Nevertheless,

in the internal cavities of this dendrimer of the fourth generation, @mMmonium salts obtained during the catalyzed reaction could
also play any rolé® The important role of dendrimers in the

100

% of conversion

Run Number
a(a) Isolated yield of butyl cinnamate.

(23) For a review on the use as catalysts of metal nanoparticles, specially
entrapped nanoparticles in dendrimers: (a) Astruc, D.; Lu, F.; Ruiz Aranzaes, J.  (24) Schmid, G.; Emmrich, E.; Majoral, J.-P.; Caminade, A.Svhall2005

Angew. Chem., Int. EQ005 44, 7852-7872. (b) Scott, R. W. J.; Wilson, O. M.; 1, 73—75.
Crooks, R. M.J. Phys. Chem. BR005 109 692-704. (c) Lemo, J.; Heuze, K.; (25) (a) Narayanan, R.; EI-Sayed, M. A.Am. Chem. So2003 125, 8340-
Astruc, D.Inorg. Chim. Acta2006 359 4909-4911. (d) Wu, L.; Li, B. L.; 8347. (b) Thathagar, M. B.; Kooyman, P. J.; Boerleider, R.; Jansen, E.; Elsevier,

Huang, Y. Y.; Zhou, H. F.; He, Y. M.; Fan, HDrg. Lett.2006 8, 3605-3608. C. J.; Rothenberg, GAdv. Synth. Catal2005 347, 1965-1968.
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stabilization of these nanoparticles was probed when the samethe same dendrimer containing stabilized nanopatrticles works
reaction was performed with Pd(OAcas the catalyst and faster. The use of nanoparticles stabilized by the fourth generation
tributylamine as the base in the presence of ARtder inert dendrimer as the catalyst did not improve conversions, so no
atmosphere, and no formation of nanoparticles was observeddendritic effect is observed in this case. The diameter of the
after the reaction without the presence of dendrimers. In nanoparticles used as the catalyst decreased after several runs,
comparison with our catalytic tests, this reference experiment an effect that could explain the increase of the activity of the
worked faster at the beginning of the reaction (82% conversion nanoparticulated catalysts tested run after run. Further studies in
after 4 h) but the reaction stopped and only 92% conversion wascatalysis will be reported in following works.
observed after 24 h, probably due to the precipitation of palladium-  The presence of macrocycles in phosphorus dendrimers allows
(0) black during the reaction. In this system, the catalyst could us to modulate the solubility of new nanoparticulated materials
not be recovered. to favor the formation of good quality nanoparticles and their
The bad results obtained in the catalytic tests performed with stabilization after catalytic cycles.
Pd(OAc) and NPs stabilized by-Gy enhance the interest for
the recoverable and reusable catalyst reported in this work. 4. Experimental Section

General.Melting points were determined with a Kofler apparatus
and are uncorrected. IR spectra were recorded in the attenuated total
New dendrimers containing up to 96 triolefinic 15-membered reflectance mode (ATR) in a Bruker Tensor 27 spectrometer. NMR
macrocycles on their surfaces have been prepared. Thesépectra were recorded with a Bruker AC250 or Bru_ker AM4OO

macromolecules have the ability to stabilize palladium(0) NStrumentH NMR and'3C{*H} NMR (62.5 MHz) chemical shifts

. L . are reported relative to tetramethylsilane; coupling constants are
nanopqrtlcules frorp 2.5 up to 7.9 nm in diameter. Dendr|mers reportgd in Hz3'P NMR spectra are)r/eported relat)ive%gﬂﬂ)‘; 85%
containing 2,4,6-tr||§0propylphenyl groups on their surfaces' in water. The attributions ofH NMR and3C NMR spectra were
generated nanoparticulated materials soluble in common organicyone ysing distortionless enhancement by polarization transfer

solvents; however, the presencepdblyl groups gave insoluble  (DEPT), nuclear Overhauser effect (nOe), correlation spectroscopy
ones. (COSY), heteronuclear multiple quantum correlation (HMQC),
A new synthesis of palladium(0) nanoparticles stabilized by heteronuclear multiple bond correlation (HMBC), and total correlation
phosphorus dendrimers has been presented directly from pal-spectroscopy (TOCSY) experiments when necessary.
ladium(0) sources, without the necessity of the addition of a  Matrix-assisted laser desorption ionization time-of-flight (MALDI-
reducing agent. Classical methods used are based on (i) thel OF) spectra were recorded on a BIFLEX spectrometer (Bruker-
reduction of a high valence metal salt in the presence of the Franzen Analytik) equipped with a pulsed nitrogen laser (337 nm),
stabilizer; (ii) the hydrogenation of an unsaturated ligand in a °PErating in positive-ion reflector mode, using 19 kV acceleration
metal(0) complex; or (iii) vapor metal deposition. Our method, v?étgggdlvﬁtgc?nsg /(an 'ic::htye(::gggiyfﬁ?;n azgrlch))r glrt]:;‘gg VV\\/IE?Z
here described, is based on the interchange of ligands in a discret :

; ! issolved at concentrations between 0.1 and 5 mg/mL in THF or
Pd(0) complex: Pgdba) or Pd(PPH)4 and dendrimers contain-  chioroform.

ing macrocycles of typ& on their surface. Indeed, macrocycles  Ejemental analyses for C, H, N, S, Pd, and P are the average of
1 are better ligands than dba, and therefore, transfer of the initial two determinations.
_paIIadmm atomto the macrocycle is favored. Triphenylphosphine  yv —vis spectra 05b-Go, 6b-Go (entry 3), andPd,(6b-Go): (entry
is better as a ligand than macrocycledHowever, the transfer  5) were obtained in 8453 Hewlett-Packard spectrometer ip-CH
of metal to the macrocycle is favored by the oxidation of the CICH,CI using 10> M concentrations.
phosphine to its oxide, a process difficult to avoid even by working ~ TEM analyses were performed in the “Servei de Micrqsad
under inert atmosphere. NPs formed fromy(@da), required of the Universitat Autaoma de Barcelona using a Hitachi H-7000
generally shorter reaction times. The coordination of a first modelat 100kV. Insoluble nanoparticulated materials were sonicated
palladium atom by the macrocycles seems to favor the formation in THF for 2 min, and one drop of the finely divided suspension,
of small well-defined nanoparticles. The combination between ©F Of the solution if the material was directly soluble in THF, was
the palladium(0) source and the stabilizer is important to obtain P/aced on a specially produced structureless carbon support film
N . . . having a thickness of-46 nm and dried before observation.
smaller and higher quality nanoparticles; however, no general Yields of nanopatrticles were determined as (palladium incorpo-
rule could be proposed. NP size does not depend on the generation P P P

of dendrimers used as stabilizers. The methodology is highly ratelcli n nanopgrtlclesf/%alla?um mtroduced)lfoo. d under i
reproducible. All preparations of dendrimers were performed under inert

) ) atmosphere. Complexes and nanoparticles were prepared with
These new materials have been used as easily recoverabléchlenk type glassware. Anhydrous solvents were used thoroughly.

homogeneous and heterogeneous catalysts in Mizetd&ck Compound8a,113b,134-Go, 14 4-G o, 54-Gey, e andd-Gelowere

reactions; in general, the homogeneous ones are more activesynthesized according to published procedures.

than the heterogeneous one as expected. Dendrimers containing preparation of 5a-Go. (a) Formation of the Imine Deative.

only palladium(0) complexes on the surface, materials containing Macrocycle3a (0.50 g, 0.70 mmol) in THF (10 mL) was added to

complexes and nanopatrticles, or both are good catalysts; howevera solution 0#4-G, (0.10 g, 0.23 mmol) in THF (15 mL). The mixture

was left overnight under stirring at room temperature. The solvent

(26) (a) Bmnemann, H.; Brijoux, R.; Brinkmann, R.; Dinjus, E.; Joussen, T.; Was evaporated to 1 mL, and then pentane was added until the

3. Conclusions

Korall, B. Angew. Chem., Int. Ed. Engl991 30, 1312-1314. (b) Reetz, M. T.; formation of a white precipitate. The mixture was stirred for 10 min

\';\'/e'b'ng W.J. Asm- ACh‘é"tU- 59‘1993 1186 7401_,\1742/2- (C)I RBeefth Migél-,”fét%'g' and filtered via cannula. The solid was washed twice with a mixture
i uaiser, 5. A, Imming, U.; Breuer, N.; Vogel, Bclence. f . . . 0

367-369. (d) Kiraly, Z.; Veisz, B.; Mastalir, Z.; Razga, Z.;"kany, |. Chem. of THF—pentane (1:10) and dried to afford 0.39 g (66%) of the

Commun1999 1925-1926. (e) Mukhopadhyay, S.: Rothenberg, G.; Gitis, D.; trisimine as a white solid that was not purified furtiiét NMR (250
Sasson, DJ. Org. Chem200Q 65, 3107-3109. (f) Reetz, M. T.; Winter, M.; MHz, CDCk) 6 2.44 (s, 18H, H-21), 3.264.00 (m, 48H, H-5,6,-

?Biizb(agﬁ%ki'ﬁ Xhu'_[inl{gbrscgtj TA:mV?ﬁén\qﬂggg&gulréi-gggé_ 2811%8‘2;) 11,14,15), 4.66-4.80 (NH), 5.46-5.70 (m, 18H, H-12,13,16), 6.50
Bras,.J. L.; Muk’he.r}ee, D. ’K.;.Goh.laz, S Tristény, M.; Ganéhegui, B,; Méreno— (d,J=7.5Hz, 2H, H-8), 9'66 (d)=8.6 Hz, 4H, H-8), 7'29_7'43
Mafas, M.; Pleixats, R.; Hen, F.; Muzart, JNew J. Chem2004 28, 1550— (m, 8H, H1,2), 7.23 (dJ = 8.1 Hz, 12H, H-19), 7.55 (d] = 8.6
1553. (i) Reetz, M. T.; De Vries, J. Ghem. Commur2004 1559-1563. Hz, 6H, H-9), 7.64 (dJ = 8.1 Hz, 12H, H-18), 7.767.82 (m, 4H,
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H-1,2), 8.32 (br s, 3H, H-4BP{'H} NMR (101.3 MHz, CDC})
0 52.8, 53.0 (possibl&,E isomers around €N).

(b) Reduction of the Imine Dertive. The above trisimine (0.39
g, 0.15 mmol) in THF (10 mL) was added to NaBEN (0.18 g,
2.80 mmol) in THF (5 mL). The mixture was magnetically stirred

Badetti et al.

(b) Reduction of the Imine Dertive. The above trisimine (0.39
g,0.12 mmol) in THF (10 mL) was added to a solution of NaBN
(0.12 g, 1.91 mmol) in THF (5 mL). The mixture was stirred for 3
days at 70°C. The solvent was evaporated, and the residue was
washed with chloroform. The solution was decanted to eliminate
solids and filtered through Celite, and the solvent was evaporated.
The new residue was washed with THpentane (1:10) and dried
to afford 5b-Gy as a white solid (0.36 g, 91%). mp 12426 °C.

IR (ATR) 3381, 2959, 2866, 1596, 1305, 1149¢mH NMR (250
MHz, CDCk) 6 1.23 (d,J = 6.8 Hz, 36H, H-22), 1.25 (d] = 6.8

Hz, 72H, H-24), 2.86-3.00 (m, 12H, H-5,21), 3.153.30 (m, 6H,
H-6), 3.60-3.90 (m, 42H, H-4,11,14,15), 4.08 (sept= 6.7 Hz,
12H, H-23), 4.81 (NH), 5.655.80 (m, 18H, H-12,13,16), 6.59 (d,

J = 8.8 Hz, 6H, H-8), 7.15 (s, 12H, H-19), 7.19 (d#h-4 = 8.5

Hz, Ju—p = 1.4 Hz, 6H, H-1), 7.33 (dJ = 8.5 Hz, 6H, H-2), 7.54
(d,J=8.8 Hz, 6H, H-9)13C{*H} NMR (62.5 MHz, CDC}) 6 23.3
(C-22), 24.5 (C-24), 28.9 (C-23), 33.9 (C-21), 42.4 (C-6), 47.3 (C-
5), 48.5 (C-14,15), 51.0 (C-11), 52.5 (C-4), 111.6 (C-8), 120.8 (d,
Jc-p = 4.8 Hz, C-1), 123.4 (C-19), 125.2 (C-10), 128.7 (C-12,-
13,16), 128.9 (C-9), 129.1 (C-2), 129.6 (C-12,13,16), 130.6 (C-17),
130.7 (12,13,16), 137.4 (dc-p =1.9 Hz, C-3), 149.4 (d)c-p =

7.6 Hz, C-0), 151.2 (C-18), 151.5 (C-7), 152.9 (C-20p{1H}
NMR (101.3 MHz, CDC}) 6 54.6. MALDI-TOF MS (matrix of
dihydroxybenzoic acid)nvz calcd for G7:H240N15021P S0, 3190.5
[M*]; found, 3213.5 [M+ Na'], 3229.5 [M+ K*]. UV —vis (CHy-
CICH.CI): Amax(€) =224 (150 207),237 (128 182),276 nm (167 192
M~1cm™).

Preparation of Complex 6b-Gy. A mixture of dendrimebb-Gy
(0.10 g, 3.13x 1072 mmol) and Pg(dba), (0.06 g, 0.11 mmol) in
THF (3 mL) was stirred overnight at 6C. The crude reaction was
filtered through Celite, and the solvent was evaporated to 1 mL.
Pentane was then added, and the formed solid was filtered, washed

for 5 days at 70C and then cooled at room temperature. The solids yith pentane, and dried to affob-Go (0.05 g, 43%) as a brown

were filtered off, and the filtrate was evaporated to 1 mL. Pentane gqjid. mp 189-192°C. IR (ATR) 2958, 2866, 1596, 1458, 1305
was added, and a yellowish oil precipitated. The solvent was decanted; 151 cnrL, iH NMR (250 MHz, CDCh) 6 1.10-1.35 (108H, H-22,-

off, and anhydrous ether (3 mL) was added. After 10 min of stirring,

24), 1.66-1.75 (m, 3H, H-11,14,15), 2.62.20 (m, 9H, H-11,-

a white solid appeared. It was dissolved in acetone, leaving an 14 15) 2.86-3.00 (m, 15H, H-5,21,12,13,16), 3.23.30 (m, 15H,

insoluble residue that was filtered off. A mixture of eth@entane
(1:10) was added, areh-G, precipitated as a white solid (0.33 g,
84%). mp 115-118°C. IR (ATR) 2848, 1595, 1330, 1153, 1088
cm L. 1H NMR (250 MHz, [Dg]-THF) 6 2.51 (s, 18H, H-21), 2.96
(m, 6H, H-5), 3.37 (m, 6H, H-6), 3.71 (br s, 24H, H-11,14,15), 3.78
(br s, 12H, H-11,14,15), 3.91 (s, 6H, H-4), 5:58.75 (m, 18H,
H-12,13,16), 5.90 (NH), 6.77 (d, = 8.8 Hz, 6H, H-8), 7.31 (dd,
Jy-n = 8.3 Hz,Jy_p= 1.5 Hz, 6H, H-1), 7.47 (d) = 8.2 Hz, 12H,
H-19), 7.51 (dJ = 8.3 Hz, 6H, H-2), 7.60 (d] = 8.8 Hz, 6H, H-9),
8.78 (d,J = 8.2 Hz, 12H, H-18)3C{'H} NMR (62.5 MHz, [Ds]-
THF) 0 21.5 (C-21), 43.8 (C-6), 48.7 (C-5), 51.3 and 51.4 (C-11,-
14,15),53.5(C-4),112.2(C-8),121.6 @, p= 4.8 Hz, C-1),125.9
(C-10), 128.1 (C-18), 129.9 (C-9), 130.1 (C-2), 130.4 (C-19), 130.6
and 130.9 (C-12,13,16), 138.0 (C-17), 140.0 (C-3), 144.0 (C-20),
150.5 (d,Jc-p = 7.6 Hz, C-0), 153.5 (C-7F*P{*H} NMR (101.3
MHz, [Dg]-THF) 6 52.5. MALDI-TOF MS (matrix of dihydroxy-
benzoic acid)m/zcalcd for GodH144N15021PS 0, 2517.8 [Mf]; found,
2540.8 [M+ Na'].

Preparation of 5b-G. (a) Formation of the Imine Dewrative.
Macrocycle3b (0.39 g, 0.42 mmol) in THF (10 mL) was added to
a solution o#-Gg (0.06 g, 0.14 mmol) in THF (10 mL). The mixture

H-6,11,12,13,14,15,16), 3.6(3.80 (m, 6H, H-12,13,16), 3.80
3.95(m, 6H, H-4), 4.184.20 (m, 18H, H-12,13,16,23), 4.4@.75
(m, 18H, H-11,14,15), 4.79 (NH), 6.55 (d,= 8.5 Hz, 6H, H-8),
7.17 (s, 12H, H-19), 7.18 (dl = 8.5 Hz, 6H, H-1), 7.32 (dJ =
8.5 Hz, 6H, H-2), 7.50 (dJ = 8.5 Hz, 4H, H-9), 7.56 (dJ = 8.8
Hz, 2H, H-9).13C{*H} NMR (62.5 MHz, CDC}) 6 23.3 (C-24),
24.5 (C-22), 29.0 (C-23), 33.9 (C-21), 42.4 (C-6), 43.6 (C-11,14-
15), 45.0 (C-11,14,15), 46.3 (C-11,14,15), 47.2 (C-5), 47.5 (C-11,-
14,15), 48.2 (C-11,14,15), 49.6 (C-11,14,15), 52.5 (C-4), 78.3 (C-
16), 78.4-78.9 (m, C-13), 83.1 (C-12), 111.6 (C-8), 120.83¢,r
= 3.8 Hz, C-1), 123.7 (C-19), 128.8 (C-2), 129.1 (C-9), 130.8 (C-
10), 131.0 (C-17), 137.4 (dc—p = 1.9 Hz, C-3), 149.3 (dJc—p =
7.6 Hz, C-0), 151.0 (C-18), 151.5 (C-7), 152.9 (C-28p{H}
NMR (101.3 MHz, CDC}) 6 54.7. MALDI-TOF MS (matrix of
dihydroxybenzoic acid):m/z calcd for G7iH24dN1502:PSoPds,
3508.2 [M']; found, 3534.9 [M+ Na'] (badly defined). UV-vis
(CH.CICH,CI): Amax (€) = 227 (107 566), 276 nm (87 167 M
cm).

Preparation of 5a-Gg. (a) Formation of the Imine Devative.
Macrocycle3a(0.40 g, 5.4x 10~ mmol) in THF (2 mL) was added
to cyclotriphosphazené-Gg, (0.08 g, 8.75x 1072 mmol) in the

was stirred overnight. The solvent was evaporated to 1 mL, and same solvent (1 mL). The mixture was stirred overnight at room
pentane was added until the formation of a white precipitate. The temperature, the solvent was evaporated, and pentane was added

mixture was stirred for 10 min and filtered via cannula. The solid
was washed with THFpentane (1:10) and dried to afford 0.39 g
of the trisimine (89%) as a white solid. IR (ATR) 2954, 1598, 1313,
937 cntL. IH NMR (250 MHz, CDC}) 6 1.24 (d,J = 6.7 Hz, 36H,
H-22), 1.26 (d) = 6.7 Hz, 72H, H-24), 2.91 (sept= 6.7 Hz, 6H,
H-21), 3.20-3.60 (m, 6H, H-5,6), 3.664.00 (m, 42H, H-5,6,11,-
14,15), 4.11 (sept] = 6.7 Hz, 12H, H-23), 4.70 (NH), 5.565.90
(m, 18H, H-12,13,16), 6.50 (d,= 8.2 Hz, 2H, H-8), 6.65 (d]) =

8.2 Hz, 4H, H-8), 7.06-7.50 (m, 8H, H-1,2), 7.17 (s, 12H, H-19),
7.58(dJ=8.2Hz, 6H, H-9), 7.77 (m, 4H, H-1,2), 8.32 (s, 3H, H-4).
S1P{1H} NMR (101.3 MHz, CDCJ) 6 52.9, 53.1 (possiblg Eisomers
around G=N).

until the formation of a white precipitate. The stirring was maintained
for 10 more minutes, and the solid was filtered via cannula, washed
twice with THF—pentane (1:10), and dried to afford 0.44-¢l00%)
of the hexaimine!H NMR (250 MHz, CDC}) 6 2.42 (s, 36H,
H-21), 3.16-3.30 (m, 4H, H-5,6), 3.463.80 (m, 92H, H-5,6,11,-
14,15), 5.03 (br s, NH), 5.55 (m, 36H, H-12,13,16), 64070 (m,
12H, H-8), 6.76-7.80 (m, 36H, H-1,2,9), 7.31 (d,= 8.1 Hz, 24H,
H-19), 7.65 (d,) = 8.1 Hz, 24H, H-18), 8.19 (m, 6H, H-4'P{*H}
NMR (101.3 MHz, CDC}) 6 9.52, 9.56, 9.63, 9.67 (possihieE
isomers around €N bonds).

The hexaimine was used in the next step without further
purification.
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(b) Reduction of the Imine Detive. The crude hexaimine (0.44
g, 8.75x 1072 mmol) in THF (8 mL) was added to a solution of
NaBH;CN (0.20 g, 3.18 mmol) in THF (2 mL). The mixture was
stirred at 60°C for 6 days. The solvent was evaporated, and the
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1H NMR (250 MHz, CDC}) ¢ 1.10-1.40 (bs, 216H, H-22,24),
1.60-1.75 (m, 6H, H-11,14,15), 2.6€2.20 (m, 18H, H-11,14,15),
2.75-3.00 (m, 30H, H-5,12,13,16,21), 3.68.40 (m, 30H, H-6,
11,12,13,15,16), 3.783.80 (m, 12H, H-12,13,16), 3.804.00 (m,

residue was washed twice with water for 5 min each and then with 12H, H-4), 4.06-4.30 (m, 36H, H-23, H-12,13,16), 4.3@.90 (m,

THF—pentane (1:10) to affora-Gg (0.29 g, 66%) as a white
solid. mp 85-90°C. IR (ATR) 3376, 2965, 1595, 1505, 1442, 1330,
1154, 1090 cmt. *H NMR (250 MHz, [Ds]-THF) 6 2.46 (s, 36H,
H-21),2.89 (m, 12H, H-5), 3.30 (m, 12H, H-6), 3:58.85 (m, 84H,
H-4,11,14,15), 5.59 (m, 36H, H-12,13,16), 5.82 (NH), 6.72)(,
8.7 Hz, 12H, H-8), 6.93 (d] = 8.4 Hz, 12H, H-1), 7.26 (d] = 8.4
Hz, 12H, H-2), 7.41 (dJ = 8.2 Hz, 24H, H-19), 7.56 (d] = 8.7
Hz, 12H, H-9), 7.74 (dJ) = 8.2 Hz, 24H, H-18)13C{1H} NMR
(62.5 MHz, [D3]-THF) 6 21.0 (C-21), 43.3 (C-6), 48.2 (C-5), 50.7
(C-14,15),50.8 (C-11), 53.1 (C-4), 111.7 (C-8), 121.0 (C-1), 125.4
(C-10), 127.5(C-18), 129.3 (C-2), 129.4 (C-9), 129.5 (C-12,13,16),
129.8 (C-12,13,16), 130.0 (C-19), 130.4 (C-12,13,16), 137.4 (C-
17), 138.0 (C-3), 143.5 (C-20), 149.9 (C-0), 152.9 (C3mp{H}
NMR (101.3 MHz, [Qj])-THF) 6 8.39. MALDI-TOF MS (matrix
ditranol): m/z calcd for GagH28gN33040P3S 5, 5044.5 [W], found,
5067.6 [M+ Na'].

Preparation of 5b-Gg. (a) Formation of the Imine Derative.
A solution of macrocycledb (0.40 g, 0.43 mmol) in THF (3 mL)
was added to a solution of cyclotriphosphazér@c, (0.06 g, 0.07
mmol) in THF (2 mL). The mixture was stirred overnight at room

temperature. The solvent was evaporated to 1 mL, and pentane was

added until the formation of a white precipitate. The mixture was
stirred for an additional 10 min, and the solid was filtered via cannula,
washed twice with THFpentane (1:10), and dried to afford the
hexaimine as a white solid (0.40 g, 93%M NMR (250 MHz,
CDCl) 6 1.24 (apparent t] = 6.0 Hz, 216H, H-22,24), 2.843.01

(m, 18H, H-5,21), 3.263.60 (m, 18H, H-5,6), 3.604.00 (m, 72H,
H-11,14,15), 4.12 (m, 24H, H-23), 4.73.00 (br s, NH), 5.75 (m,
36H, H-12,13,16), 6.44 (d] = 9.2 Hz, 2H, H-8), 6.62 (br dJ =

8.7 Hz, 10H, H-8), 6.867.30 (m, 24H, H-1,2), 7.20 (s, 24H, H-19),
7.54 (apparent f]= 7.9 Hz, 12H, H-9), 8.19 (m, 6H, H-43'P{ *H}
NMR (101.3 MHz, CDCY}) 6 9.48, 9.58, 9.62 (possible presence of
isomers around €N bonds).

(b) Reduction of the Imine Dertive. A solution of the above
crude hexaimine (0.27 g, 0.05 mmol) in THF (10 mL) was added
to a solution of NaBHCN (0.12 g, 1.83 mmol) in THF (2 mL). The
mixture was stirred for 5 days at Q. The solvent was evaporated,

36H, NH and H-11,14,15), 6.507.90 (m, 72H, H-1,2,8,9,19 and
POPHh). 3C{1H} NMR (62.5 MHz, CDC}) ¢ 23.3 (C-24), 24.5
(C-22), 29.0 (C-23), 33.9 (C-21), 4363.5 (C-4,5,6,11,14,15),
78.3-83.1 (C-12,13,16), 111.6 (C-8), 120.8 (C-1), 123.7 (C-19),
128.8 (C-2), 129.1 (C-9), 130.8 (C-10), 131.0 (C-17), 137.4 (C-3),
149.3(C-0),151.0(C-18), 151.5(C-7), 152.9 (C-28{H} NMR
(101.3 MHz, CDC}) broad singlets at 8.96 (NsP3), 28.25 (POP).
MALDI-TOF MS could not be registered. Anal. Found: N, 5.34;
S, 5.73; Pd, 12.4. Nanoparticles could not be detected by TEM.
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Preparation of 5b-Gg;. (a) Formation of the Imine Devative.
Macrocycle3b (0.10 g, 1.07x 107t mmol) in THF (3 mL) was
added to dendrimet-Gg; (0.03 g, 8.88x 1072 mmol) in THF (2
mL). The mixture was stirred overnight at room temperature. The
solvent was evaporated, and the imine was used in the next step
without further purification’H NMR (250 MHz, CDC}) 6 1.10—
1.40 (apparent]=6 Hz, 432H, H-28,30), 2.95 (m, 36H, H-11,27),
3.34 (m, 24H, H-11,12), 3.43 (m, 12H, H-11,12), 36090 (m,
162H, H-5,17,20,21), 4.064.30 (m, 48H, H-29), 4.79 (br s, NH),
5.42 (m, 2H, H-18,19,22), 5.76 (m, 70H, H-18,19,22), 6.4Q)(¢,

8.6 Hz, 6H, H-14), 6.60 (apparentlt= 8.7 Hz, 18H, H-14), 6.85
7.30(m, 108H, H-1,7,8,25), 7.5(¢.80 (m, 42H, H-2,4,15), 8.19 (br
s, 12H, H-10)3P{*H} NMR (101.3 MHz, CDC}) broad singlets
ato 9.67, 63.11, 63.40.

and the residue was digested with chloroform. The suspension was (b) Reduction of the Imine Demtive. The above crude
filtered through Celite, and the filtrate was evaporated. The residue dodecaimine (0.12 g, 8.83 10-3mmol) in THF (10 mL) was added

was washed with THFpentane (1:10) and dried to affosth-Gcy
(0.13 g, 45%) as a white solid. mp 12426 °C. IR (ATR) 3383,
2958, 1596, 1506, 1308, 1149 cin'H NMR (250 MHz, CDC})
01.22(dJ=6.4Hz, 72H,H-22),1.24 (d,= 6.4 Hz, 144H, H-24),
2.78-2.99 (m, 24H, H-5,21), 3.18 (br s, 12H, H-6), 3-:68.88 (m,
84H, H-4,11,14,15), 4.08 (sept= 6.7 Hz, 24H, H-23), 4.89 (NH),
5.60-5.85 (m, 36H, H-12,13,16), 6.56 (d= 8.5 Hz, 12H, H-8),
6.91(dJ= 8.2 Hz, 12H, H-1), 7.13 (d] = 8.2 Hz, 12H, H-2), 7.15
(s,24H, H-19), 7.52 (d]= 8.5 Hz, 12H, H-9)}3C{*H} NMR (62.5
MHz, CDCL)  23.3 (C-22), 24.5 (C-24), 28.9 (C-23), 33.8 (C-21),
42.4 (C-6), 47.3 (C-5), 48.5 (C-14,15), 51.0 (C-11), 52.5 (C-4),
111.6 (C-8), 120.7 (C-1), 123.7 (C-19), 125.0 (C-10), 128.7 (C-
12,13,16), 128.8 (C-9), 128.9 (C-2), 129.5 (C-12,13,16), 130.5 (C-
17),130.7 (C-12,13,16), 136.4 (C-3), 149.4 (C-0,Hdp=4.8 Hz,
Jc-p = 2.8 Hz), 151.2 (C-18), 151.6 (C-7), 152.9 (C-28P{*H}
NMR (101.3 MHz, CDC})) 6 9.91. MALDI-TOF MS (matrix of
dihydroxybenzoic acid)m/zcalcd for G42H4g0N3304,P3S8, 6390.0
[M*]; found, 6391.1 [M+ H*], 6413.3 [M+ Na']. MALDI-TOF
MS (matrix of ditranol): m/z found, 6413.0 [M+ Na'].
Preparation of 6b-Gg, (Entry 10). A mixture of 5b-Gg¢, (0.10
g, 1.56x 1072 mmol) and Pd(PPjy (0.14 g, 1.25x 10~ mmol)
in THF (7 mL) was refluxed under stirring for 2 days. The solution

was filtered through Celite, and the solvent was evaporated to 1 mL.

to NaBHCN (0.10 g, 1.60 mmol) in THF (2 mL). The mixture was
stirred for 5 days at 60C. The solvent was evaporated, and the
residue was digested with anhydrous chloroform. Salts were
eliminated by passing through Celite, and the filtered solution was
evaporated. The residue was washed with HgEntane (1:10) and
dried to afford5b-Gc, (0.09 g, 73%) as a white solid. mp 12830

°C. IR (ATR) 3383, 2959, 1597, 1504, 1460, 1420, 1304, 1191,
1149 cn7l. IH NMR (250 MHz, CDC}) 6 1.23 (apparent ] = 6.2

Hz, 432H, H-28,30), 2.863.00 (m, 48H, H-11,27), 3.2683.30 (m,
42H, H-5,12), 3.66-3.85 (m, 168H, H-10,17,20,21), 3.98.20 (m,
48H, H-29), 4.94 (br s, NH), 5.605.85 (m, 72H, H-18,19,22), 6.55
(d,J = 8.2 Hz, 24H, H-14), 6.91 (d] = 8.1 Hz, 12H, H-2), 7.09
(d,J = 8.1 Hz, 24H, H-7), 7.14 (s, 48H, H-25), 7.23 (#l= 8.1

Hz, 24H, H-8), 7.52 (d)= 8.1 Hz, 24H, H-15), 7.557.70 (m, 18H,
H-1,4).13C{*H} NMR (62.5 MHz, CDC}) 6 23.3 (C-28), 24.5 (C-
30), 29.0 (C-29), 32.7 (C-5), 33.9 (C-27), 41.9 (C-12), 47.0 (C-11),
48.5(C-20,21),51.1(C-17),52.3(C-10),111.7 (C-14), 121.0(C-1),
121.1 (C-7), 123.7 (C-25), 124.7 (C-16), 128.0 (C-2), 128.7 (C-
18,19,22), 128.8 (C-15), 129.3 (C-8), 129.5 (C-18,19,22), 130.5
(C-23), 130.7 (C-18,19,22), 132.0 (C-3), 137.4 (C-9), 138.8 (C-4),
149.6 (C-6), 150.9 (C-0), 151.2 (C-24), 151.5 (C-13), 152.9 (C-26).
S1P{*H} NMR (101.3 MHz, CDC}) 6 9.89, 63.71. MALDI-TOF
MS (matrix ditranol): m/zcalcd for GzH100d\N75000PeSs2, 13 911.2

Pentane was added, and the formed precipitate was filtered and[M*]; found, 13 935.0 (broad) [Mt Na'], 13 953.2 [M+ K*].

washed with pentane (some ORPRémains) to afford 0.06 g (60%,
calculated neglecting the OPPlof 6b-Gg, as a brown solid. mp
180-195°C. IR (ATR) 2958, 2865, 1596, 1505, 1429, 1309, 1151.

Preparation of 5b-Gg,. (a) Formation of the Imine Devative.
Macrocycle3b (0.20 g, 2.13x 10~ mmol) and dendrime#-Ge,
(0.055 g, 1.78x 10-3 mmol) were disolved in THF (0.5 mL). The
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Nanoparticles of Entry 1. General MethodA mixture of5a-Gy
(0.10 g, 0.04 mmol) and RBiba), (0.08 g, 0.14 mmol) in THF (4
mL) was stirred overnight at 68C. The liquid was decanted off,
and the precipitated solid was washed with THF to afford 0.05 g
(35%) of nanoparticles. Dec range 24350 °C. IR (ATR) 2915,
1594, 1330, 1154, 1090 crh Elemental analysis found: P, 0.68;
Pd, 10.97. TEM: 4.2t 0.7 nm (THF, average calculated for 117
particles). See Figure 2. MALDI-TOF spectroscopy of the small
quantity of the residue obtained from the evaporation of the decanted

mixture was stirred at room temperature for 5 days. The solvent wasliquid permitted identification of the presence @d-Gy. MALDI-
concentrated to 0.25 mL, and pentane was added until the formationTOF MS (matrix of dihydroxybenzoic acid):nv/z calcd for

of a white precipitate. The mixture was stirred for an additional 10
min, and the solid was filtered via cannula, washed twice with FHF

Ci123H144N1502:PPdS;0, 2835.5 [M], 2729.6 [M — Pd"], 2623.7
[M — 2Pd", 2517.8 [M — 3Pd]; found, (broad signals) 2863.5 [M

pentane (1:10), and dried to afford the dendrimer containing 96 + Na'], 2757.1 [M— Pd+ Na'], 2649.9 [M— 2Pd+ Na'], 2543.8

imines on the surface as a white solid 0.20 g (94%)NMR (250
MHz, CDCk) 6 1.25 (t,J = 6.5 Hz, 3456H, H-28,30), 2.73.10
(m, 384H, H-11,27), 3.163.50 (m, 462H, H-12, bl 3-5), 3.70-
3.90 (m, 1152H, H-17,20,21), 3.9@.20 (m, 384H, H-29), 4.80
(bs, NH), 5.66-5.80 (m, 576H, H-18,19,22), 6.3(/.90 (1602H,
aromatic and kgl-3-4), 8.20 (s, 96H, H-10, B=N). 31P{*H} NMR
(81 MHz, CDCB) 6 (bs) 64.95, 65.79 (possible presence of isomers
around G=N bonds). NP; was not observed.

(b) Reduction of the Imine Defétive. To a solution of the above
dendrimer containing imines (0.20 g, 1.&710-3 mmol) in CH:Cl,
(2 mL) was added a solutiorf @ M Me,SBH; in CH,Cl, (100L,

0.01 mol). The mixture was stirred for 5 days at room temperature.

An amount of 2 mL of MeOH was then added to the solution, and

the mixture was stirred during 10 min. The solvent was evaporated,

and this last process was repeated twice more. CompBb+Eic,
(0.15 g, 75%) was isolated as a white solid. mp-1423°C. IR
(ATR) 3380, 2957, 2867, 1598, 1503, 1461, 1310, 1147'cht
NMR (500 MHz, CDC}) 6 1.15-1.31 (m, 3456H, H-28,30), 2.80
2.98 (m, 192H, H-27), 3.063.10 (m, 192H, H-11), 3.153.35 (m,
462H, H-3-5, H-12), 3.66-3.90 (m, 1344H, H-10,17,20,21), 4.60
4.20 (septJ = 6.4 Hz, 384H, H-29), 4.865.20 (NH), 5.74 (bs,
576H, H-18,19,22), 6.507.90 (m, 1602H, aromatic andoHs-4).
13C{*H} NMR (125 MHz, CDC}) 6 23.5 (C-28), 24.8 (C-30), 29.2
(C-29), 30.0 (G-3-5), 34.1 (C-27), 40.7 (C-11), 45.1 (C-12), 48.8
(C-20,21),51.2(C-10,17),112.0(C-14), 121 122.0 (G-3-1, C-7),
123.9 (C-25), 125.5 (C-16), 127%828.0 (G-3-2), 129.0 (C-18,-
19,22), 129.2 (C-15), 129.3 (C-8), 129.8 (C-18,19,22), 130.4 (C-
23),130.9(C-18,19,22), 132.44G-3), 139.0 (G-3-4, C-9), 150.6-
150.6 (G-3-0,C6),151.7 (C-24), 151.8 (C-13), 153.2 (C-269{ *H}
NMR (101.3 MHz, CDC}) 6 65.93. NP; was not observed.
Ce19H540N6630762P93S379 could not be identified by MALDI-TOF
MS (matrix ditranol).

Preparation of 6b-Gg¢, (Entry 15). A mixture of 5b-Gg, (0.03
g, 2.50x 10°7 mmol) and Pg(dba), (0.17 g, 2.89x 10-5> mmol)
in THF (3 mL) was refluxed under stirring for 1 night. The solution

was filtered through Celite, and the solvent was evaporated to 1 mL.

[M — 3Pd+ Na'], 2511.7 [M" — 3Pd]. See Figure 2a and b.

Nanoparticles of Entry 2. Ayield of 0.07 g (59%) was obtained.
dec range>300°C. IR (ATR) 2915, 1594, 1330, 1154, 1090 chn
Elemental analysis found: P, 0.66%; Pd, 11.37%. TEM: 4.7
nm (THF, average calculated for 175 particles). See Figure 2c and
d.

Nanoparticles of Entry 4. General MethodA mixture of5b-Gy
(0.05 g, 0.016 mmol) and R@iba), (0.09 g, 0.16 mmol) in THF (6
mL) was stirred overnight at 6. The liquid was filtered through
Celite, the filtrate was evaporated to 1 mL, and then pentane was
added until precipitation. The solid was filtered and washed with
pentane to afford 0.03 g (36%). dec range 2298°C. IR (ATR)
2958, 2866, 1596, 1458, 1308, 1151 ¢mtH NMR data are the
same as those f@h-Go. Elemental analysis found: P, 0.57; Pd,
19.35. TEM: 4.3+ 0.7 nm (THF, average calculated for 629
particles). See Figure 3a and b.

Nanoparticles of Entry 5. A yield of 0.18 g (98%) was obtained.
Dec range 196200°C. IR (ATR) 2955, 2867, 1597, 1460, 1310,
1148 cmt. 'H NMR data are the same as those 6brGy (a smalll
amount of dba was retained on the solid). Y¥s (CH,CICH,CI):
Amax (€) = 228 (136 718), 272 nm (87 494 Mcm™?) (side band).
Elemental analysis found: P, 0.84; Pd, 29.32. TEM: 8.d.6 nm
(THF, average calculated for 236 particles). See Figure 3c.

Nanoparticles of Entry 7. Ayield of 0.05 g (62%) was obtained.
Dec range 196200°C. IR (ATR) 2958, 2864, 1594, 1429, 1307,
1151 cmt. *H NMR data are the same as those3brGo; broader
signals were obtained. Elemental analysis found: N, 3.52; S, 5.07;
Pd, 22.00. TEM: 2.5 0.4 nm (THF, average calculated for 265
particles). See Figure 3d.

Nanoparticles of Entry 8. Ayield of 0.10 g (77%) was obtained.
Decrange>310°C. IR (ATR) 2958, 2865, 1596, 1505, 1429, 1309,
1151 cml. Elemental analysis found: P, 1.00; Pd, 15.83. TEM:
3.9+ 1.0 nm (THF, average calculated for 132 particles).

Nanoparticles of Entry 9. A yield of 0.07 g (98%) was obtained.
Dec range 246250°C. IR (ATR) 2958, 2867, 1597, 1310, 1154
cm L. 'H NMR data are the same as those &t-Gg,. Elemental

Pentane was added, and the formed precipitate was filtered andanalysis found: P, 0.82; Pd, 16.17. TEM: 5t70.6 nm (THF,

washed with pentane to afford 0.03 g6if-Gc, (92%) as a brown
solid. mp 165-170°C (decomposition). IR (ATR) 2957, 2868, 1598,
1503, 1460, 1314, 1191, 1149, 907 ¢m'H NMR (500 MHz,
CDCl;) 6 1.26 (t,J = 6.5 Hz, 3456 H, H-28,30), 1.661.80 (m,
96H, H-17,20,21), 1.962.25 (m, 288H, H-17,20,21), 2.78.00

(m, 480H, H-11,17,20,21,27), 3.68.35 (m, 750H, K-5-5, H-12,
H-17,20,21, H-18,19,22), 3.7#8.95 (m, 384H, H-10,18,19,22),
4.00-4.30 (m, 576H, H-18,19,22,29), 4.34.90 (m, 576H, H-17,-
20,21, NH), 6.56-7.90 (1602H, aromatic anchkk-4). 13C{ 'H} NMR
(125 MHz, CDC¥) 6 24.0 (C-30), 25.3 (C-28), 29.2 (C-29), 33.5
(Co-3-5), 34.6 (C-27), 43.8 (C-12), 44.4 (C-17,20,21), 45.7 (C-17,-
20,21), 46.1 (C-17,20,21), 47.0 (C-11), 48.4 (C-17,20,21), 49.0 (C-
17,20,21),50.4 (C-10), 78-80.0 (m, C-19,22), 83.8 (C-18),112.4
(C-14),121.6-123.0 (m, G-3-1, C-7), 124.4 (C-25), 128-0130.5

(m, G-3-2, C-8,15), 131.6132.0 (G-3-3, C-16,23), 139.5 (£5-

4, C-9), 149.6-151.0 (G-3-0, C-6), 151.6 (C-24), 151.7 (C-13),
153.7 (C-26)3P{H} NMR (81 MHz, CDCk) 6 60.4. NsP; was

not observed. A small quantity of palladium(0) nanoparticles was
detected by TEM (5.8t 0.7 nm, THF, average calculated for 26
particles).

average calculated for 629 particles). See Figure 4a.

Nanoparticles of Entry 12.Ayield of 0.10 g (97%) was obtained.
Dec range 186190°C. IR (ATR) 2958, 2865, 1596, 1505, 1429,
1309, 1151 cmt. *H NMR data are the same as those 6brGa,.
Elemental analysis found: N, 3.74; S, 4.63; Pd, 25.39. TEM: 2.9
+ 0.5 nm (THF, average calculated for 271 particles). See Figure
4b—d.

Nanoparticles of Entry 13. Ayield of 0.04 g (40%) was obtained.
Dec range 216220°C. IR (ATR) 2956, 2868, 1598, 1503, 1461,
1315, 1149 cmt. *H NMR (250 MHz, CDC}) 6 1.27 (bs, 432H,
H-28,30), 1.66-1.75 (m, 12H, CH in the cycle), 1.952.20 (m,
36H, CH, in the cycle), 2.753.00 (m, 60H, H-11,27, CH in the
cycle), 3.16-3.30 (m, 72H, H-5,12, CH and CHn the cycle),
3.65-3.70 (m, 24H, CH in the cycle), 3.88.93 (m, 24H, H-10),
4.10-4.30 (m, 72H, H-29, CH in the cycle), 4.38.90 (m, 72H,
CHyinthe cycle, NH), 6.46-7.70 (m, 174H, H-1,2,4,7,8,14,15,25).
Elemental analysis found: P, 1.64; Pd, 10.66. TEM: 8.d.4 nm
(THF, average calculated for 155 particles). See Figure 5a.

Nanoparticles of Entry 14.Ayield of 0.07 g (92%) was obtained.
Dec range 226230°C. IR (ATR) 2958, 2866, 1596, 1503, 1430,
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1308, 1151 cm’. 1H NMR (250 MHz, CDC}) ¢ 1.10-1.40 (bs, (95:5) as the eluent to affonatbutyl cinnamate (82% yield) as a

432H, H-28,30), 1.862.20 (m, 48H, CHin the cycle), 2.753.00 colorless oil. IR (ATR) 2966, 2867, 1710, 1637, 1172¢éntH

(m, 60H, H-11,27 and CH in the cycle), 3:08.40 (m, 60H, H-5,12,  NMR (250 MHz, CDC}) 6 0.97 (t,J = 7.4 Hz, 3H), 1.44 (m, 2H),

CH and CH in the cycle), 3.86-4.80 (m, 210H, NH, H-10,29, CH ~ 1.70 (m, 2H), 4.21 (t) = 6.6 Hz, 2H), 6.44 (dJ = 16.0 Hz, 1H),

and CH in the cycle), 6.56-7.80 (m, 174H, H-1,2,4,7,8,14,15,25  7.38 (m, 3H), 7.53 (m, 2H), 7.69 (d,= 16.0 Hz, 1H).

and POPY). Elemental analysis found: N, 4.61; S, 5.17; _Pd, 14.80.

TEM: 7.9+ 2.2 nm (THF, average calculated for 62 particles). See  Acknowledgment. Financial support from the Ministry of
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through Celite, the filtrate was evaporated to 1 mL, and then pentaneand 2005SGR00305) is acknowledged. One of us (R.M.S.) was

was added until precipitation. The solid was filtered and washed . : p Al
. o . o incorporated to the research group through a “Ramon y Cajal

with pentane to afford 0.03 g (89%). Dec pomB00°C. IR (ATR) contract (MCyT-FEDER/FSE). The Ministry of Education and

2957, 2868, 1598, 1503, 1460, 1314, 1191, 1149, 907 ciH . f inis al full K ledaed f d |
NMR data are the same as those ir-Gc,. Elemental analysis ~ SCIence of Spainiis also gratefully acknowledged for predoctora

found: P, 1.29; Pd, 15.90. TEM: 32 0.5 nm (THF, average  Scholarships to E.B.
calculated for 177 nanoparticles). See Figure 5¢ and d.

Preparation of n-Butyl Cinnamate under Catalysis by Pchsg Supporting Information Available: NMR, IR, and MALDI-
(6b-Ggy); of Entry 16 and Recovery of the Catalytic Material TOF spectra of compoundg,b-Go, 6b-Go, 5a,b-Geo, 6b-Go, 5b-Gey,
(Run 2). A mixture of iodobenzene (0.09 g, 0.5 mmol), butyl acrylate 5b-Gc;, and 6b-Gcs; experimental description of the synthesis of
(0.08 g, 0.6 mmol), tributylamine (0.1 g, 0.5 mmad?)gase(6b-Gey)1 compound7-§50 and its intermediates (NMR, IR spectra, and MALDI-
of entry 14 (0.006 g, 0.009 mmol of Pd, 2 mol %), and THF (2 mL) TOF); UV—vis spectra obb-Go, 6b-Go, andPd;(6b-Go); some NMR
was heated at reflux for 24 h. The evolution of the reaction convertion @nd IR spectra of nanoparticulated materials; HR-TEM and electron
was followed by GC, using undecane as the internal reference (0.07diffraction images of entries 1, 2, 4, 5-8, and 12-16 of Table 1,

g, 0.5 mmol). After cooling, pentane (5 mL) was added, and then nanoparticles obtained fromGo, and the recovereq materials isolated
the catalyst and inorganic salts were filtered and washed twice with ggtﬁ:&aettﬂy:":sﬁisgfoggﬂggatlssotfserflfﬂ?ss rzngr;gril;' ;ng\tlzki)lfslgofr:tgngg
pentane (5 mL); this solid was used as the catalyst in the next run. : T

The organic solutions were evaporated, and the residue was purifiedChalrge via the Internet at hip://pubs.acs.org.

by column chromatography on silica gel with hexamthyl acetate LA7013418



