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Abstract: Dentromers (from dentro, devtgo: tree in Greek), and meros (negoo, in greek: part)
are introduced as a family of dendrimers constructed according to successive divergent 1 — 3
branching. The smaller dentromers have 27 terminal branches. With alcohol termini they were
originally named arborols by Newkome, who pioneered 1 — 3 constructions of dendrimers and
dendrons. Giant dentromers have been constructed and decorated in particular with ferrocene and
other redox active groups. The synthesis, specific properties, and applications are examined in
this mini review article dedicated to Don Tomalia, with an emphasis on dense peripheral packing
favoring the functions of encapsulation, redox sensing, and micellar template for catalysis in water
and aqueous solvents.
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1. Introduction

Besides the seminal articles on dendrimers by Tomalia [1], Newkome [2], and Denkewalter [3] in the
early 1980s, the beauty and enormous potential of dendrimers were revealed to the scientific community by
the superb prospective review article published by Don Tomalia in Angewandte Chemie in the late 1980s [4].
Tomalia was the one who astutely coined the term dendrimer [4]. He also produced by far the most popular
family of dendrimers, the polyamidoamine dendrimers known to all chemists as PAMAM dendrimers [4,5],
with great potential in biomedical applications [6-9]. These dendrimers, like most of the other dendrimer
families, were synthesized according to a double-branching construction called 1 — 2 branching, whereby
each group is branched to two other groups, and so on, i.e., doubling the number of peripheral groups from
one generation to the next [10-38].

In the present mini-review, we wish to highlight another dendrimer family, synthesized upon
triple branching, therefore leading to a much larger number of tethers than double branching for the
same generation number. We call this family “dentromers” from dentro (§evtgo, in Greek: tree) and meros
(negoo, in Greek: part, etymologically “made of several parts,” like in polymers). The triple-branching
dendrimer construction [39] is much less frequent than the double-branching one [40—43]. It was

Molecules 2018, 23, 966; d0i:10.3390/molecules23040966 www.mdpi.com/journal/molecules


http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0001-6446-8751
https://orcid.org/0000-0001-8020-9776
https://orcid.org/0000-0002-0213-637X
http://www.mdpi.com/1420-3049/23/4/966?type=check_update&version=1
http://www.mdpi.com/journal/molecules
http://dx.doi.org/10.3390/molecules23040966

Molecules 2018, 23, 966 2 of 15

pioneered by Newkome in his seminal article on unimolecular micelles called arborols in 1985 [2].
The topology of triple branching is found with linkers such as a trisubstituted carbon connected
to a substrate, a 1,3,5-trisubstituted arene, or gallic acid with the 3,4,5 arene hydroxy substituents
and derivatives.

The first method of triple branching was extensively used by Newkome to synthesize useful
dendrons [44]. For instance, derivatives of tris(hydroxymethyl)methane were shown to react cleanly
with acrylonitrile to yield a tris-nitrile or with chloroacetic acid in methanol to yield tris(esters) [45,46],
and nitromethane was also a starting point reacting with acrylic esters to yield tris(ester) derivatives [46,47].
Another strategy consisted of the connection of a pre-synthesized trifunctional dendron, was achieved
by Newkome’s group upon the reaction of a bromo-terminated dendrimer core with a dendron bearing
a focal point terminated by an ethynyl group [46,48]. Interestingly, this pre-prepared dendron grafting
strategy was even applied to PAMAM dendrimers to form molecular micelles [49] and to perform calixarene
core functionalization [50]. Miller and Neenan initiated an arene-cored triple-branching construction with
1,3,5-triiodobenzene when they reported their seminal convergent dendrimer construction in 1990 [11]
(as Hawker and Fréchet [10]), but the convergent strategy further involved arene desymmetrization with
only double branching. Finally, another family of useful dendrons is Percec dendrons derived from gallic
acid, leading to the assembly of a variety of soft materials with various shapes [51].

2. Organoiron Arene Activation

Our dentromer construction and other branched molecule constructions were initiated by powerful
temporary organoiron activation of mono- or polymethyl arenes. The principles of activation of simple
and commercial arenes for branching out are detailed as follows. The n°-cyclopentadienyl (Cp) iron group
is indeed an excellent, simple, cheap, and non-toxic (contrary to metal carbonyls) arene activator in both
the 18-electron cationic sandwich complexes [CpFeH(n6-arene)] [PFg] [52,53] and in the 19-electron neutral
isostructural analogues [CpFe!(n°®-arene)] [54-56]. These cationic complexes are easily synthesized on a large
scale by reactions of the arenes with ferrocene [57]. In 1979, a series of six iterated sequences consisting of
deprotonation/nucleophilic substitution reactions allowed us to transform the hexamethylbenzene ligand in
the cationic complex [CpFe'(n®-CsMeg)] [PF¢], 1, into hexaethylbenzene in the complex [CpFe!!(n®-CEt)]
[PEg]l, 2. The reactions were conducted under ambient conditions either stepwise [54] or as a one-pot
reaction [58]. This was the beginning of an iteration strategy to synthesize arene-centered star molecules,
including functional ones according to a 1 — 1 directionality [59]. Upon reaction of complex 1 with +-BuOK
and allyl bromide, it was possible to selectively synthesize from complex 1 the hexabutenyl benzene
complex [CpFeH(Tlé—C(,(CHZCHZCH:CH2)6)] [PE¢], 3 (see the arene ligand structure of 3 in scheme 1) in
one day or, much more slowly, the dodecaallyl dendritic molecule [CpFeH M®-C4[CH(CH,CH=CH,),]¢}]
[PF¢], 4 upon reaction in three weeks. This later reaction corresponds to a 1 — 2 directionality [60].
This double branching with allyl groups was much more easily obtained by utilizing the same reaction
starting from the 1,2 4,5-tetramethylbenzene (durene) complex [CpFeH(n6—1,2,4,5-C6H2Me4)] [PFq], 5 [60]
or from the other 18-electron complex [CpCo'(n>-CsMes)] [PFg], 6 [61], providing the dendrimer cores
[CpFeH(n6-l,2,4,5—C6H2{CH(CHZCH:CHZ)z}4)][PF6], 7 (see the arene ligand structure of 7 in scheme 1) and
[CpCoHI(nS—C5{CH(CHZCHzCHz)z }5)] [PF], 8 respectively. This reactivity trend shows that the branching
facilities in the polymethylbenzene complexes [CpFe'(n®-CsH,Meg ,)] [PFg] at a given methyl arene
substituent strongly depends on the number of methyl group neighbors of this methyl group (Scheme 1).
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Scheme 1. Various directionalities quantitatively obtained upon perallylation of cationic
polymethylbenzene iron sandwich complexes upon reaction with KOH and allylbromide in THF under
ambient conditions followed by visible-light photodecomplexation. Complex 1 = [CpFe!!(n®-CsMey)]
[PE4]; in the scheme, FE = (n°-CsHsFe)* with the PFs~ counter anion.

This rule was establishing from the beginning with methyl iodide and was completed with the
mesitylene ligand of the complex [CpFeH (n°-1,3,5-C¢H3Mes)] [PFg], 9 in which the methyl substituents
have no neighbors [58]. In this latter case, no steric inhibition prevents the one-pot replacement of
the three H atoms of each methyl groups by 3 methyl or allyl groups upon a series of nine iterative
deprotonation/methylation or allylation sequences. In this case, the reactions correspond to 1 — 3
directionality. The bursting one-pot nona-allylation of the mesitylene complex is especially interesting
because it is virtually quantitative and quickly provides a nonafunctional dendritic (dentromeric) core
9 [62]. In addition, the arene ligand is readily displaced by mesitylene upon visible photolysis to
regenerate the starting complex 9. Altogether, after photochemical decomplexation using visible
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light, the star core 10, the dendrimer core 11 and the dentromeric core 12 are readily accessible upon
temporary complexation of the precursor haxamethylbenzene, durene, and mesitylene, respectively.

Another challenge was the extension of these multiple iteration sequences to the synthesis of
a dendron. This was achieved starting from the p-chlorotoluene complex [CpFe!'(n®-p-CsHyMe(Cl))]
[PEg], 13. The large-scale reaction of this complex 13 with K,COj3 in ethanol at 50 °C provided the
4-ethoxytoluene complex [CpFeH(n6—p—C6H4Me(OEt))] [PF¢] that reacted with +-BuOK + allyl bromide to
directly yield, in a one-pot reaction, the iron-free dendron p-HOCgH4C(CH,CH=CH,)3, A, in 40% yield [63],
as shown in the bottom of Scheme 2. In this eight-step one-pot reaction, +-BuOK plays three roles:
base to deprotonate the benzylic methyl groups (three times), nucleophilic cleavage of the O-C bond
(assisted by CpFe* activation) and finally electron-transfer reagent to transfer an electron to the iron
sandwich cation, yielding the highly unstable 19-electron species [64]. Subsequent ferrocenylation upon
hydrosilylation with FcSi(H)Me, (Fc, ferrocenyl = 1°-CsHsFen®-CsHy) readily afforded a triferrocenyl
dendron p-HOCH4C(CH,CH,-CH,Si(Me),Fc)s that was convenient (with a phenol group at the focal
point) for ferrocenyl-terminated dentromer constructions [65].

DIVERGENT CONSTRUCTION OF GIANT DENTROMERS
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Scheme 2. Construction of giant dentromers starting from ferrocene.

3. Dentromer Construction

A remarkable advantage of dentromers over dendrimers of the same generation is the larger number of
terminal groups produced. For instance, starting from a nonabranched core (Oth generation, see Scheme 2),
dentromers reach a theoretical number of 729 terminal in only four generations, whereas 1 — 2 branching
from the same core reaches only 48 terminal groups in four generations (see Figure 1 for the 3rd generation
243-allyl dentromer).
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Figure 1. Planar representation of the 243-allyl dentromer (Scheme 2, 3rd generation).

This nonaallylated core 12 was easily functionalized in many ways. For instance its hydroboration
followed by oxidation by H,O; yields a nano-ol and hydrosilylation inter alia with HSiMe,(CH,SiCl)
leads to an air-robust nona-chloromethyl-terminated dendritic core in which nucleophilic substitution
by Nal, NaNj3, or sodium phenolate yields nona-iodo, nona-azido, and nonaaryloxy-terminated
dendrimers, respectively, that are suitable for further Williamson or “click” reactions. At this point the
introduction of additional 1 — 3 directional dendrons by appropriate coupling with the core provided
clean divergent construction of dentromers whereby the terminal branch number is multiplied by 3
from a generation to the next one. For instance, the reaction of the nona-chloromethyl-terminated
dendritic core with the phenoltriallylmethyl dendron A in the presence of sodium iodide by Williamson
reaction leads to the next generation of polyallyl dendrimer with 27 allyl groups [66]. Iterative dendron
branching up to the 9th generation led to a dentromer with a theoretical number of 177,147 branches,
although the divergent construction inherently results in defects that are more numerous as the
generation number increases. Nevertheless, the IH, 13C, and °Si NMR spectra, HRTEM and AFM in
particular, allowed us to progressively follow the dentromer construction, indicating that in generation
9 the actual branch number is on the order of 10° [66].

Another powerful method consisted of applying copper-catalyzed azide alkyne cycloaddition (CuAAC),
ie., “click” chemistry [67-69]. For instance, a reaction of the nona-azido core with the phenol dendron
functionalized at the focal point with a propargyl group provides suitable 1,2,3-triazole-linked dentromers [70].

Thus the trifunctional dendrons may be used either to proceed from one generation to the next or
to decorate dentromers in the same time as multiplying their number of terminal branches. Examples
have been provided with dendrons that are trifunctionalized with various organometallics such as
redox-active ones [71-74] or water-solubilizing ones [75]. In this later series, the Percec dendron [42,43],
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initially based on gallic acid, is particularly useful because the terminal hydroxyl groups are easily
alkylated with triethylene glycol (TEG) bromide for water solubility.

4. The Applications of Dentromers

Starting from the nano-allylated core obtained by CpFe-induced nona-allylation of mesitylene,
only one generation is needed to reach a 27-functional dentromer that is used as a sensor, template,
and micelle, in particular for catalysis applications [76].

Construction of ferrocenyl-terminated dendrimers (Figure 2) was achieved until the 7th generation
containing a theoretical number of 19,683 ferrocenyl groups. Actually electrochemical and spectroscopic
monitoring led to an estimation of approximately 15,000 terminal groups. AFM showed the steady increase
of the height of the dentromer layer upon increasing generation numbers. The images of the 5th and 6th
generations showed regularly distributed spots [72].
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Figure 2. Planar representation of a 81-ferrocenyl dentromer (2nd generation).

Cyclic voltammograms consisted of a single wave from the Oth to the 7th generation without
significant irreversibility or slow electron transfer, indicating faster rotation of the dentromer and/or
electron hopping from redox site to redox site. Oxidation of the 5th generation ferrocene dentromer led
to a reversible size increase of nearly 50% by AFM of the dentromer upon oxidation, meaning that these
nanosystems breathe like molecular machines upon redox cycling. The apparent equivalence of all the
peripheral redox sites in cyclic voltammetry has a very important consequence for redox recognition
and sensing.

Indeed, redox sensing is a useful property of dentromers terminated by redox-active groups such
as ferrocene [77], biferrocene [74], CpFe(nG—arene) [771], [(n5—C5Me5)Fe(dppe)] [78], cobalticinium [79],
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or FeyCps(CO)y clusters [80]. Besides the ion pairing and supramolecular hydrogen bonding
properties, the parameter that boosts the redox recognition of substrates is the dendritic effect involving
encapsulation of substrates inside the dendrimer periphery. This crucial dendritic effect is optimized
in dentromers because they ensure a denser packing of terminal groups with 1 — 3 branching than in
looser 1 — 2 branching. This phenomenon appears particularly marked in amidoferrocenes [81,82]
and click ferrocenyl dendrimers, which sense both oxo-anions such as ATP% (a DNA fragment) [83]
and transition-metal cations [70,74]. The combined use of gold nanoparticles (NPs) and dendrons
organized with 1 — 3 connectivity such as nanosilylferrocene dendrons with a thiol terminal group
allows us to construct large ferrocenyl dentromers in which the weak interaction between the silicon
atom bonded to ferrocene and the anionic phosphate group of ATP? also provides a good means of
ATP? redox sensing (Figure 3).

Figure 3. Redox ATP? sensing using a large gold NP-cored silylferrocenyl-terminated dentromer.

The cyclovoltammetry wave of the silylferrocenyl groups interacting with ATP?Z is significantly shifted,
allowing titration. Modified electrodes with this dentromer allow repetitive titrations.

Another area in which dentromers have an additional advantage compared with dendrimers
is that of support and template in catalysis. PAMAM dendrimers have already been shown to be
efficient templates for catalysis of olefin hydrogenation and cross carbon—carbon coupling reactions by
dendrimer-encapsulated NPs [84,85]. “Click” dentromers are advantageous alternatives, however.

The first catalytic applications of “click” dentromer-encapsulated NPs were conducted for olefin
hydrogenation and the Suzuki-Miyaura reaction [70]. These dentromers are terminated by triazolylferrocenes,
and cyclic-voltammetry-monitored titration indicated that they coordinate, for instance, with one triazole
group per Pd™l. Reduction of Pd" to Pd” atoms led to Pd NP formation. The sizes of these NPs, determined
by transmission electron microscopy, showed that for the 27- and 81-dentromers they contained a number
of atoms corresponding to the same number of previously coordinated Pd" cations. These numbers are
36 atoms (27 + 9) for the 27-dentromer and 117 atoms (81 + 27 + 9) for the 81-dentromers. The theoretical sizes
were 1.0 and 1.6 nm for the 27- and 81-dentromers respectively, and the observed sizes were 1.1 + 0.2 nm
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and 1.6 £ 0.3 nm, respectively, showing that the agglomerated atoms were retained inside the dentromers in
dentromer-encapsulated NPs. This information was useful to understand the catalytic reaction mechanisms.
Whereas, for hydrogenation, the observed TOFs were as expected, the NP size was smaller, as already
known for polymer-stabilized NPs [86]; in Suzuki-Miyaura reactions, the TOF was hardly dependent on
the dendrimer generation, reaching values of 5 x 10°. This observation led to the suggestion that a leaching
mechanism was in operation. In this mechanism catalysis is probably ensured by the leaching of single
atoms or small clusters containing a few atoms subsequent to aryl halide oxidative addition onto the NP
surface. These active atoms are supposedly more easily caught by the mother NP as the NP catalyst is
higher, which would explain the “homeopathic” catalysis [70,87]. This behavior is related to that observed
by de Vries’ group for a Heck reaction conducted at 150 °C [88], but, interestingly, the Suzuki-Miyaura
reactions analyzed here, unlike the Heck reactions, were carried out under ambient conditions.

The small water-soluble dentromer containing nine Percec-type dendrons with a propargyl group
at the focal point connected to the nonaazido dendritic core by CuAAC click reaction (Scheme 3)
turned out to be remarkably productive and recyclable in several types of catalysis conducted in water
or aqueous solvents, including olefin metathesis catalyzed by commercial Ru-benzylidene catalysts,
the click reaction catalyzed by Cul-tren catalyst, and several NP-catalyzed reactions [89]. Reactions
were compared using either this 27-dentromer or the higher-generation 81-dentromer terminated by the
same Percec dendron, and they did not result in significant dendritic effects, i.e., the TOFs did not
improve upon using the 81-dentromer template compared to the lower-generation dentromer.

- N3

1) HSiMe,CH,Cl
Karsted cata
THF, r.t., 1d

2) NaN3 DMF i B
80°C. 1d 3 CuS04.5H,0, sodium ascorbate

H,O/THF, 3 days, 25°C

Scheme 3. Synthesis of the standard water-soluble dentromer terminated by Percec-type dendrons
serving as micellar template for a variety of reactions catalyzed by transition-metal complexes or NPs
in water or aqueous solvents.

For instance, the use of the 27-dentromer allows us to decrease the amount of CuSO; catalyst to
ppm amounts followed by reduction to Cu! by Na ascorbate and to apply this catalyst to the synthesis of
triazole molecules of biomedical interest. In other examples, the same 27-dentromer served as a template
to catalyze the CuAAC or carbon-carbon coupling reactions using ppms of Cu or Pd NP catalyst,
respectively [90]. The presence of intra-dentromer ligands was essential in dendrimer-encapsulation
NP catalysis, as demonstrated by the sizes of Au NPs obtained in 81- dentromers with or without
inter-dentromer triazole ligands.

With intra-dentromer triazoles, the size of Au NPs formed by the addition of HAuCl, followed by
reduction using NaBH4 was approximately as expected from the number of triazole groups showing
intra-dentromer formation, whereas without triazole groups the Au NP size obtained was much larger,
indicating AuNP formation outside the dendrimer [73] Using HRTEM and HAAD STEM, it was
possible to precisely locate Au NP [91] and Ag NPs [92] in nanosnakes or at the inner periphery of
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dentromers. As illustrated in Figure 1, NPs can accommodate dendrons upon binding to the core,
which can also provide very efficient catalysts [93].

Finally, the zeroth (Scheme 3) and first-generation dentromers (Figure 4) terminated by water-
solubilizing TEG-Percec dendrons are among the best supports for catalyzing hydrogen production
from ammonia-borane hydrolysis under ambient conditions, showing the potential of new applications
of dentromers in the field of energy [94].
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Figure 4. Planar representation of a 81-TEG dentromer (1rst generation).

Dentromers have so far scarcely been applied to the biomedical field unlike the other
dendrimers [6-9,32-38,95]. Nevertheless, gold nanoparticle-centered silylferrocenyl-terminated
dentromers have been shown to electrochemically recognize the ATP anion, a DNA fragment [81].
In this case, dentromers present a significant advantage over other dendrimers, because a close
dendrimer—substrate interaction is favored by triple branching, as shown by a positive dendritic
effect (i.e., the fact that the increase in the generation number results in better recognition [77],
unlike in catalysis [94]). Dentromers have also been shown to encapsulate various substrates [96-100],
including vitamin C and other vitamins [96,97], dopamine, and acetylcholine [98,99]. It has not
been demonstrated that gold-nanoparticle-cored dentromers would necessary present an advantage
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over other dendrimers in drug delivery, however. For instance, water-soluble TEG-terminated gold
nanoparticles were shown by 600 MHz 'H NMR in D,O to encapsulate nine molecules of docetaxel
(Figure 5). This taxane, known in its classic formulation as taxoter, is one of the most powerful and
efficient anti-cancer drugs; thus, this nanodevice was designed for in vitro drug delivery [101,102].

o)

Figure 5. Molecular structure of the strong anti-cancer drug docetaxel.

5. Concluding Remarks

The original organoiron chemistry of arene activation and multiple functionalization was used
in the late 1970s to propose a set of reactions leading to stars and dendritic cores. The principle of
iterations has since then been the key to dendritic, dendronic, and dentromeric constructions. Around
the turn of the century, new dendrons and giant dentromers, a family of dendrimers with 1 — 3
branching, were constructed based on these principles. Specific applications include the fast synthesis
of dentromers with a large number of peripheral groups, such as ferrocene and other organometallics,
leading, for instance, to molecular batteries and redox sensors. This redox behavior parallels that
of the polyelectronic reduction of fullerenes [103,104], but with an electrostatic effect that is almost
nil in dendrimers and dentromers terminated with redox groups. The fast access to small dentromers
terminated with Percec-type dendrons also allowed many applications as micellar templates for
catalysis in water or aqueous solvents. The shortcomings of dentromers are not apparent, although
biomedical applications remain rare (vide supra); such applications might be of great interest [95].

In conclusion, the ideas and works presented in this mini-review could be developed in part
thanks to the concept of dendrimers developed by Tomalia in his seminal 1990 review.

Acknowledgments: Invaluable collaborations and discussions with Jean-René Hamon and Jean-Yves Saillard
(Rennes), Lionel Salmon (LCC, Toulouse), Marie-Christine Onuta (UMBC, MD, USA), Fengyu Fu, Sylvain Gatard,
Haibin Gu, Na Li, Feng Lu, Dong Wang, Changlong Wang (Bordeaux), Pengxiang Zhao (Chengdu),
and Sergio Moya and his group (biomaGUNE, San Sebastian, Spain). Financial support from the University
of Bordeaux, the Centre National de la Recherche Scientifique, the Agence Nationale pour la Recherche (D.A.),
the Ministere de I'Enseignement Supérieur et de la Recherche (PhD grant to C.D.), the Institut Universitaire de
France (D.A.), the Chinese Scholarship Council (PhD grants to X.L., Q.W., and Y.W.), and L'Oréal (D.A.) are
gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tomalia, D.A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.; Martin, S.; Roeck, J.; Ryder, J.; Smith, P. A New
Class of Polymers: Starburst-Dendritic Macromolecules. Polym. |. 1985, 17, 117-132. [CrossRef]

2. Newkome, G.R;; Yao, Z.; Baker, G.R.; Gupta, V.K. Micelles. Part 1. Cascade molecules: A new approach to
micelles. A [27]-arborol. J. Org. Chem. 1985, 50, 2003-2004. [CrossRef]

3. Denkewalter, R.G.; Kolc, ].F,; Lukasavage, W.]. Macromolecular Highly Branched Homogeneous Compounds.
U.S. Patent 4,410,688, 18 October 1983.

4. Tomalia, D.A.; Naylor, A.M.; Goddard, W.A. Starburst Dendrimers: Molecular-Level Control of Size, Shape,
Surface Chemistry, Topology, and Flexibility from Atoms to Macroscopic Matter. Angew. Chem. Int. Ed. 1990,
29,138-175. [CrossRef]


http://dx.doi.org/10.1295/polymj.17.117
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1002/anie.199001381

Molecules 2018, 23, 966 11 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Tomalia, D.A. Birth of a New Macromolecular Architecture: Dendrimers as Quantized Building Blocks for
Nanoscale Synthetic Polymer Chemistry. Prog. Polym. Sci. 2005, 30, 294-324. [CrossRef]

Wiener, E.C.; Brechbiel, M.W.; Brothers, H,; Magin, RL.; Gansow, O.A.; Tomalia, D.A.; Lautebur, PC.
Dendrimer-based metal chelates: A new class of magnetic resonance imaging contrast agents. Magn. Reson. Med.
1994, 31, 1-8. [CrossRef] [PubMed]

Esfand, R.; Tomalia, D.A. Poly(amidoamine) (PAMAM) dendrimers: From biomimecry to drug delivery and
biomedical applications. Drug. Discov. Today 2001, 427-436.

Lee, C.C.; MacKay, J.A.; Fréchet, ] M.].; Szoka, E.C. Designing dendrimers for biological applications.
Nat. Biotechnol. 2005, 23, 1517-1526. [CrossRef] [PubMed]

Kannan, R.M.; Nance, E.; Kannan, S.; Tomalia, D.A. Emerging concepts in dendrimer-based nanomedicine:
From design principles to clinical applications. J. Intern. Med. 2014, 276, 579-617. [CrossRef] [PubMed]
Hawgker, C.J.; Fréchet, ].M.]. Preparation of polymers with controlled molecular architecture. A new
convergent approach to dendritic macromolecules. J. Am. Chem. Soc. 1990, 112, 7638-7639. [CrossRef]
Miller, TM.; Neenan, T.X. Convergent synthesis of monodisperse dendrimers based upon 1,3,5-trisubstituted
benzenes. Chem. Mater. 1990, 2, 346-349. [CrossRef]

Yamamoto, K.; Higuchi, M.; Shiki, S.; Tsuruta, M.; Chiba, H. Stepwise radial complexation of imine groups
in phenylazomethine dendrimers. Nature 2002, 415, 509-511. [CrossRef] [PubMed]

Serroni, S.; Denti, G.; Campagna, S.; Balzani, V. Arborols Based on Luminescent and Redox-Active Transition
Metal Complexes. Angew. Chem. Int. Ed. 1992, 31, 1493-1495.

Van der Made, A.W.; van Leeuwen, PW.N.M. Silane Dendrimers. |. Chem. Soc. Chem. Commun. 1992, 1400-1401.
[CrossRef]

Nagasaki, T.; Ukon, M.; Arimori, S.; Shinkai, S. Crowned arborols. J. Chem. Soc. Chem. Commun. 1992, 8,
608-609. [CrossRef]

De Brabander-van den Berg, E.M.M.; Meijer, E.W. Poly(propylene imine) Dendrimers: Large-Scale Synthesis
by Hetereogeneously Catalyzed Hydrogenations. Angew. Chem., Int. Ed. Engl. 1993, 105, 1370-1372.
[CrossRef]

Moors, R.; Vogtle, F. Dendrimeric Polyamines. Chem. Ber. 1993, 126, 2133-2135. [CrossRef]

Seyferth, D.; Son, D.Y.; Rheingold, A.L.; Ostrander, R.L. Synthesis of an organosilicon dendrimer containing
324 Si-H bonds. Organometallics 1994, 13, 2682-2690. [CrossRef]

Bryce, M.R.; Devonport, W.; Moore, A.J. Dendritic macromolecules incorporating tetrafulvalene units.
Angew. Chem. Int. Ed. 1994, 33, 1761-1763. [CrossRef]

Launay, N.; Caminade, A.-M.; Lahana, R.; Majoral, ]J.-P. A General Synthetic Strategy for Neutral
Phosphorus-Containing Dendrimers. Angew. Chem. Int. Ed. 1994, 33, 1589-1592. [CrossRef]

Launay, N.; Caminade, A.-M.; Majoral, J.-P. Synthesis and reactivity of unusual phosphorous dendrimers.
A useful divergent growth approach up to the seventh generation. J. Am. Chem. Soc. 1995, 117, 3282-3283.
[CrossRef]

Sournies, F; Crasnier, F; Graffeuil, M.; Faucher, J.-P.; Labarre, M.-C.; Labarre, ]J.-F. Spherical
Cyclophosphazene Dendrimers to the Fifth Generation. Angew. Chem. Int. Ed. 1995, 34, 578-581. [CrossRef]
Casado, C.M.; Cuadrado, I.; Moran, M.; Alonso, B.; Lobete, F.; Losada, J. Synthesis of the first redox-active
organometallic polymers containing cyclosiloxanes as frameworks. Organometallics 1995, 14, 2618-2620.
[CrossRef]

Casado, C.M.; Cuadrado, I.; Moran, M.; Alonso, B.; Garcia, B.; Gonzales, B.; Losada, ]. Redox-active ferrocenyl
dendrimers and polymers in solution and immobilized on electrode surfaces. J. Coord. Chem. Rev. 1998, 185,
53-79.

Balzani, V.; Campagna, S.; Denti, G.; Juris, A.; Serroni, S.; Venturi, M. Designing dendrimers based on
transition-metal complexes. Light harvesting properties and predetermined redox patterns. Acc. Chem. Res.
1998, 31, 26-34. [CrossRef]

Armaroli, N.; Boudon, C.; Felder, D.; Gisselbrecht, D.; Gross, ].-P.; Marconi, M.; Nicoud, G.; Nierengarten, J.-F.;
Vicinelli, V. A copper (I) bis-phenanthroline complex buried in fullerene-functionalized dendritic black boxes.
Angew. Chem. Int. Ed. Engl. 1999, 38, 3730-3733. [CrossRef]

Newkome, G.R; He, E.; Moorefield, C.N. Suprasupermolecules with novel properties: Metallodendrimers.
Chem. Rev. 1999, 99, 1689-1746. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.progpolymsci.2005.01.007
http://dx.doi.org/10.1002/mrm.1910310102
http://www.ncbi.nlm.nih.gov/pubmed/8121264
http://dx.doi.org/10.1038/nbt1171
http://www.ncbi.nlm.nih.gov/pubmed/16333296
http://dx.doi.org/10.1111/joim.12280
http://www.ncbi.nlm.nih.gov/pubmed/24995512
http://dx.doi.org/10.1021/ja00177a027
http://dx.doi.org/10.1021/cm00010a006
http://dx.doi.org/10.1038/415509a
http://www.ncbi.nlm.nih.gov/pubmed/11823855
http://dx.doi.org/10.1039/c39920001400
http://dx.doi.org/10.1039/C39920000608
http://dx.doi.org/10.1002/ange.19931050916
http://dx.doi.org/10.1002/cber.19931260925
http://dx.doi.org/10.1021/om00019a026
http://dx.doi.org/10.1002/anie.199417611
http://dx.doi.org/10.1002/anie.199415891
http://dx.doi.org/10.1021/ja00116a037
http://dx.doi.org/10.1002/anie.199505781
http://dx.doi.org/10.1021/om00006a003
http://dx.doi.org/10.1021/ar950202d
http://dx.doi.org/10.1002/(SICI)1521-3773(19991216)38:24&lt;3730::AID-ANIE3730&gt;3.0.CO;2-D
http://dx.doi.org/10.1021/cr9800659
http://www.ncbi.nlm.nih.gov/pubmed/11849008

Molecules 2018, 23, 966 12 of 15

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Caminade, A.-M.; Majoral, J.-P. Dendrimers containin heteroatoms (Si, P, B, Ge or Bi). Chem. Rev. 1999, 99,
845-880.

Bosman, A.W.; Janssen, H.M.; Meijer, E.W. About dendrimers: Structure, physical properties and applications.
Chem. Rev. 1999, 99, 1665-1688. [CrossRef] [PubMed]

Nierengarten, J.F. Fullerodendrimers: A new class of compounds for supramolecular chemistry and material
science applications. Chem. Eur. J. 2000, 6, 3667-3670. [CrossRef]

Grayson, S.M.; Fréchet, ] M.]. Convergent dendrons and dendrimers: From synthesis to applications.
Chem. Rev. 2001, 101, 3819-3867. [CrossRef] [PubMed]

Newkome, G.R.; Moorefield, C.N.; Vogtle, F. Dendrimers and Dendrons: Concepts, Syntheses, Applications;
Wiley-vch: Weinheim, Germany, 2001.

Tomalia, D.A.; Fréchet, JM.]. (Eds.) Dendrimers and Other Dendritic Polymers; Wiley: Amsterdam,
The Netherlands, 2001.

Newkome, G.R.; Shreiner, C.D. Poly(amidoamine), polypropylenimine, and related dendrimers and
dendrons possessing different 1 — 2 branching motifs: An overview of the divergent procedures. Polymer
2008, 49, 1-173. [CrossRef]

Astruc, D.; Boisselier, E.; Ornelas, C. Dendrimers Designed for Functions: From Physical, Photophysical
and Supramolecular Properties to Applications in Sensing, Catalysis, Molecular Electronics, Photonics and
Nanomedicine. Chem. Rev. 2010, 110, 1857-1959. [CrossRef] [PubMed]

Caminade, A.-M.; Turrin, C.-O.; Laurent, R.; Ouali, A.; Delavaux-Nicot, B. Dendrimers Towards Catalytic,
Material and Biomedical Uses; John Wiley & Sons: Chichester, UK, 2011.

Tomalia, D.A.; Christensen, J.B.; Boas, U. Dendrimers, Dendrons and Dendritic Polymers; Cambridge University Press:
Cambridge, UK, 2012.

Campagna, S.; Ceroni, P.; Puntoriero, F. (Eds.) Designing Dendrimers; Wiley: Hoboken, NJ, USA, 2012.
Newkome, G.R.; Shreiner, C. Dendrimers derived from 1 — 3 branching motifs. Chem. Rev. 2010, 110,
6338-6442. [CrossRef] [PubMed]

Rengan, K.; Engel, R. Ammonium cascade molecules. J. Chem. Soc. Chem. Commun. 1992, 757-758. [CrossRef]
Denliker, PJ.; Diederich, F; Gross, M.; Knobler, C.B.; Louati, A.; Sanford, E.M. Dendritic Porphyrins: Modulating
Redox Potentials of Electroactive Chromophores with Pendant Multifunctionality. Angew. Chem. Int. Ed. 1994,
33, 1739.

Percec, V; Mitchell, CM.; Cho, WD.; Uchida, S.; Glodde, M.; Goran, U.; Zeng, X, Liu, Y;
Balagurusamy, V.S.K.; Heiney, P.A. Designing Libraries of First Generation AB3 and AB, Self-Assembling
Dendrons via the Primary Structure Generated from Combinations of (AB)y-AB3 and (AB)-AB, Bilding
Blocks. J. Am. Chem. Soc. 2004, 126, 6078-6094. [CrossRef] [PubMed]

Rosen, B.M.; Wilson, C.J.; Wilson, D.A.; Percec, V. Dendron-Mediated Self-Assembly, Diassembly,
and Self-Organization of Complex Systems. Chem. Rev. 2009, 109, 6275-6540. [CrossRef] [PubMed]
Newkome, G.R. Suprasupermolecular chemistry: The chemistry within the dendrimer. Pure Appl. Chem.
1998, 70, 2337-2343. [CrossRef]

Newkome, G.R;; Yao, Z.-Q.; Baker, G.R.; Gupta, V.K.; Russo, P.S.; Saunders, M.]. Chemistry of micelles series.
Part 2. Cascade molecules. Synthesis and characterization of a benzene[9]3-arborol. J. Am. Chem. Soc. 1986,
108, 849-850. [CrossRef]

Newkome, G.R.; Moorefield, C.N.; Baker, G.R. Building Blocks for Dendritic Macromolecules. Aldrichim. Acta
1992, 25, 31-38.

Newkome, G.R.; Moorefield, C.N.; Theriot, K.J. A convenient synthesis of bis-homotris: 4-amino-4-[1-
(3-hydroxypropyl)]-1,7-heptanediol and 1-azoniaprpellane. J. Org. Chem. 1988, 53, 5552-5554. [CrossRef]
Moorefield, C.N.; Newkome, G.R. A Review of Dendritic Macromolecules. In Advances in Dendritic Molecules;
Newkome, G.R., Ed.; JAL: Greenwich, UK, 1994; Volume 1, pp. 1-67.

Twyman, L.J.; Beezer, A.E,; Esfand, R.; Hardy, M.].; Mitchell, ].C. The Synthesis of Water-Soluble Dendrimers
and their Application as Possible Drug Delivery Systems. Tetrahedron Lett. 1999, 1743-1746. [CrossRef]
Newkome, G.R.; Hu, Y.; Saunders, M.].; Fronzsek, S.R. Silvanols: Water-Soluble Calixarenes. Tetrahedron Lett.
1991, 32, 1133. [CrossRef]

Rudick, J.G.; Percec, V. Induced Helical Backbone Conformations of Self-Organizable Dendronized Polymers.
Acc. Chem. Res. 2008, 41, 1641-1652. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/cr970069y
http://www.ncbi.nlm.nih.gov/pubmed/11849007
http://dx.doi.org/10.1002/1521-3765(20001016)6:20&lt;3667::AID-CHEM3667&gt;3.0.CO;2-D
http://dx.doi.org/10.1021/cr990116h
http://www.ncbi.nlm.nih.gov/pubmed/11740922
http://dx.doi.org/10.1016/j.polymer.2007.10.021
http://dx.doi.org/10.1021/cr900327d
http://www.ncbi.nlm.nih.gov/pubmed/20356105
http://dx.doi.org/10.1021/cr900341m
http://www.ncbi.nlm.nih.gov/pubmed/20666373
http://dx.doi.org/10.1039/c39920000757
http://dx.doi.org/10.1021/ja049846j
http://www.ncbi.nlm.nih.gov/pubmed/15137774
http://dx.doi.org/10.1021/cr900157q
http://www.ncbi.nlm.nih.gov/pubmed/19877614
http://dx.doi.org/10.1351/pac199870122337
http://dx.doi.org/10.1021/ja00264a054
http://dx.doi.org/10.1021/jo00258a033
http://dx.doi.org/10.1016/S0040-4039(98)02680-X
http://dx.doi.org/10.1016/S0040-4039(00)92026-4
http://dx.doi.org/10.1021/ar800086w
http://www.ncbi.nlm.nih.gov/pubmed/18605742

Molecules 2018, 23, 966 13 of 15

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Abd-El-Aziz, A.S.; Bernardin, S. Synthesis and reactivity of arenes coordinated to cyclopentadienyliron
cations. Coord. Chem. Rev. 2000, 203, 219-267. [CrossRef]

Catheline, D.; Astruc, D. The Use of Ferrocene in Organometallic Synthesis: A two Step Preparation
of Cyclopentadienyliron Acetonitrile and Phosphine Cations via Photolysis of Cyclopentadienyliron
Tricarbonyl or Arene Cations. J. Organomet. Chem. 1984, 272, 417-426. [CrossRef]

Astruc, D.; Hamon, J.-R.; Althoff, G.; Roman, E.; Batail, P.; Michaud, P.; Mariot, J.-P.; Varret, F.; Cozak, D.
Design, Stabilization and Efficiency of Organometallic “Electron Reservoirs”. 19-Electron Sandwichs
n°-CsRsFe(I) n°-CgRg, a Key Class Active in Redox Catalysis. . Am. Chem. Soc. 1979, 101, 5445-5447.
[CrossRef]

Astruc, D.; Roman, E.; Hamon, J.-R.; Batail, P. Novel Reactions of Dioxygen in Organometallic Chemistry.
Hydrogen Atom Abstraction versus Dimerization of the 19-Electron Complexes n°-Cyclopentadienyl Iron(I)
no-Arene. J. Am. Chem. Soc. 1979, 101, 2240-2242. [CrossRef]

Moinet, C.; Roman, E.; Astruc, D. Electrochemical Reduction of Cations n5—Cyc10pentaclieny1 Fe* nf-Arene
in Basic Media. Study of the Behavior of the Radicals Formed “in Situ”. J. Electroanal. Chem. 1981, 121,
241-253. [CrossRef]

Astruc, D. Why is Ferrocene so Exceptional. Eur. J. Inorg. Chem. 2017, 6-29. [CrossRef]

Hamon, J.-R; Saillard, J.-Y.; Le Beuze, A.; McGlinchey, M.; Astruc, D. Multiple Formation and Cleavage of
C-C Bonds in CpFe*(Arene) Sandwichs and the Unusual C¢Ets Geometry in the X-Ray Crystal Structure of
CpFe+(n6—C6Et6) PF¢. J. Am. Chem. Soc. 1982, 104, 7549-7555. [CrossRef]

Moulines, E; Astruc, D. Tentacled Iron Sandwichs. Angew. Chem. Int. Ed. Engl. 1988, 27, 1347-1349.
[CrossRef]

Moulines, F.; Gloaguen, B.; Astruc, D. One-Pot Multifunctionalization of Polymethyl Hydrocarbon 7t-Ligands.
Maximum Space Occupancy by Double Branching and Formation of Arborols. Angew. Chem. Int. Ed. Eng.
1992, 28, 458-460. [CrossRef]

Gloaguen, B.; Astruc, D. Chiral Pentaisopropyl- and Pentaisopentyl Complexes: One-Pot Synthesis by
Formation of Ten Carbon-Carbon Bonds from Pentamethylcobaticinium. J. Am. Chem. Soc. 1990, 112,
4607-4609. [CrossRef]

Moulines, F; Djakovitch, L.; Boese, R.; Gloaguen, B.; Thiel, W.; Fillaut, J.-L.; Delville, M.-H.;
Astruc, D. Organometallic Molecular Trees as Multi-Electron and Proton Reservoirs: CpFe* Induced
Nona-Allylation of Mesitylene and Phase-Transfer Catalyzed Synthesis of a Redox Active Nona-Iron
Complex. Angew. Chem., Int. Ed. Engl. 1993, 32, 1075-1077. [CrossRef]

Sartor, V.; Djakovitch, L.; Fillaut, J.-L.; Moulines, F.; Neveu, F,; Marvaud, V.,; Guittard, J.; Blais, F; Neveu, J.-C.;
Astruc, D. Organoiron Routes to a New Dendron for Fast Dendritic Syntheses Using Divergent and
Convergent Methods. |. Am. Chem. Soc. 1999, 121, 2929-2930. [CrossRef]

Ruiz, J.; Lacoste, M.; Astruc, D. Arene Exchange by P Donors in the 19-Electron Complexes FeICp(Arene):
Kinetics, Mechanism and Salt Effects; Characterization and Reactivity of the New 17-Electron and 19-Electron
Radicals FeICp(PR3)n (n=2and 3). J. Am. Chem. Soc. 1990, 112, 5471-5483. [CrossRef]

Nlate, S.; Ruiz, J.; Blais, J.-C.; Astruc, D. Ferrocenylsilylation of Dendrons: A Fast Convergent Route to
Redox-Stable Ferrocene Dendrimers. Chem. Commun. 2000, 5, 417-418. [CrossRef]

Ruiz, J.; Lafuente, G.; Marcen, S.; Ornelas, C.; Lazare, S.; Cloutet, E.; Blais, J.-C.; Astruc, D. Construction
of Giant Dendrimers Using a Tripodal Buiding Block. J. Am. Chem. Soc. 2003, 125, 7250-7257. [CrossRef]
[PubMed]

Kob, H.C.; Finn, M.G.; Sharpless, K.B. Click Chemistry: Diverse Chemical Functions from a Few Good
Reactions. Angew. Chem., Int. Ed. 2001, 40, 2004-2021.

Binder, W.H.; Sachsenhofer, R. Click Chemistry in Polymer and Materials Science. Macromol. Commun. 2007,
28, 15-54. [CrossRef]

Franc, G.; Kakkar, A K. Click methodologies: Efficient, simple and greener routes to design dendrimers.
Chem. Soc. Rev. 2010, 39, 1536-1544. [CrossRef] [PubMed]

Ornelas, C.; Ruiz, ].; Cloutet, E.; Astruc, D. Click Assembly of 1,2,3-Triazole-Linked Dendrimers Including
Ferrocenyl Dendrimers that Sense Both Oxo-anions and Metal Cations. Angew. Chem. Int. Ed. 2007, 46,
872-877. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0010-8545(99)00182-4
http://dx.doi.org/10.1016/0022-328X(84)80485-4
http://dx.doi.org/10.1021/ja00512a071
http://dx.doi.org/10.1021/ja00502a070
http://dx.doi.org/10.1016/S0022-0728(81)80582-7
http://dx.doi.org/10.1002/ejic.201600983
http://dx.doi.org/10.1021/ja00390a026
http://dx.doi.org/10.1002/anie.198813471
http://dx.doi.org/10.1002/anie.199204581
http://dx.doi.org/10.1021/ja00167a104
http://dx.doi.org/10.1002/anie.199310751
http://dx.doi.org/10.1021/ja983868m
http://dx.doi.org/10.1021/ja00170a011
http://dx.doi.org/10.1039/a908791e
http://dx.doi.org/10.1021/ja021147o
http://www.ncbi.nlm.nih.gov/pubmed/12797798
http://dx.doi.org/10.1002/marc.200600625
http://dx.doi.org/10.1039/b913281n
http://www.ncbi.nlm.nih.gov/pubmed/20419208
http://dx.doi.org/10.1002/anie.200602858
http://www.ncbi.nlm.nih.gov/pubmed/17031893

Molecules 2018, 23, 966 14 of 15

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Diallo, AK.; Ornelas, C.; Salmon, L.; Ruiz, J; Astruc, D. Homeopathic Catalytic Activity and
Atom-Leaching Mechanism in the Miyaura-Suzuki Reactions under Ambient Conditions Using Precise
“Click” Dendrimer-Stabilized Pd Nanoparticles. Angew. Chem. Int. Ed. Engl. 2007, 46, 8644-8648. [CrossRef]
[PubMed]

Ornelas, C.; Ruiz, J.; Belin, C.; Astruc, D. Giant Dendritic Molecular Electrochrome Batteries with Ferrocenyl
and Pentamethylferrocenyl Termini. J. Am. Chem. Soc. 2009, 131, 590-601. [CrossRef] [PubMed]

Wang, Y.; Salmon, L.; Ruiz, J.; Astruc, D. Metallodendrimers in Three Oxidation States with Electronically
Interacting Metals and Stabilization of Size-Selected Gold Nanoparticles. Nat. Commun. 2014, 5, 3489.
[CrossRef] [PubMed]

Djeda, R.; Rapakousiou, A.; Liang, L.; Guidolin, N.; Ruiz, J.; Astruc, D. Click Syntheses of Large 1,2,3-Triazolyl
Biferrocenyl Dendrimers and Selective Roles of the Inner and Outer Ferrocenyl Groups in the Redox
Recognition of the ATP% Anion and PdY Cation. Angew. Chem. Int. Ed. 2010, 49, 8152-8156. [CrossRef]
[PubMed]

Boisselier, E.; Diallo, A.K.; Salmon, L.; Ornelas, C.; Ruiz, ]J.; Astruc, D. Encapsulation and Stabilization of
Gold Nanoparticles with “Click” Polyethyleneglycol Dendrimers. J. Am. Chem. Soc. 2010, 132, 2729-2742.
[CrossRef] [PubMed]

Astruc, D.; Liang, L.; Rapakousiou, A.; Ruiz, J. Click Dendrimers and Triazole-Related Aspects: Catalysts,
Mechanism, Synthesis, and Functions. A Bridge between Dendritic Architectures and Nanomaterials.
Acc. Chem. Res. 2012, 45, 630-640. [CrossRef] [PubMed]

Valério, C.; Fillaut, J.-L.; Ruiz, J.; Guittard, J.; Blais, J.-C.; Astruc, D. The Dendritic Effect in Molecular
Recognition: Ferrocene Dendrimers and their Use as Supramolecular Redox Sensors for the Recognition of
Small Inorganic Anions. J. Am. Chem. Soc. 1997, 119, 2588-2589. [CrossRef]

Valério, C.; Alonso, E.; Ruiz, |.; Blais, ].-C.; Astruc, D. A Polycationic Metallodendrimer with 24 Organoiron
Termini which Senses Chloride and Bromide Anions. Angew. Chem. Int. Ed. Engl. 1999, 38, 1747-1751.
[CrossRef]

Astruc, D.; Ornelas, C.; Ruiz, J. Metallocenyl Dendrimers and their Applications in Molecular Electronics,
Sensing and Catalysis. Acc. Chem. Res. 2008, 41, 841-856. [CrossRef] [PubMed]

Ruiz, J.; Belin, C.; Astruc, D. Assembly of Dendrimers with Redox-Active Clusters [CpFe(u3-CO)l4 at the
Periphery and Application to Oxo-anion and Adenosyne-5"-Triphosphate (ATP) Sensing. Angew. Chem. Int.
Ed. 2006, 45, 132-136.

Daniel, M.-C.; Ruiz, J.; Nlate, S.; Blais, J.-C.; Astruc, D. Nanoscopic Assemblies Between Supramolecular
Redox Active Metallodendrons and Gold Nanoparticles: Syntheses, Characterization and Selective
Recognition of HyPO4~, HSO4™ and Adenosine-5'-Triphosphate (ATP?) Anions. . Am. Chem. Soc. 2003, 125,
2617-2628. [CrossRef] [PubMed]

Daniel, M.-C.; Ruiz, J.; Astruc, D. Supramolecular H-bonded Assemblies of Redox-Active Metallodendrimers
and Positive and Unusual Dendritic Effects on the Recognition of HyPO4~. J. Am. Chem. Soc. 2003, 125,
1150-1151. [CrossRef] [PubMed]

Stryer, L. Biochemistry, 2nd ed.; Freeman: New York, NY, USA, 1981; p. 240.

Crooks, RM.; Zhao, M.; Sun, L.; Chechik, V.; Yeung, L.K. Dendrimer-Encapsulated Metal Nanoparticles:
Synthesis, Characterization, and Application to Catalysis. Acc. Chem. Res. 2001, 34, 181-190. [CrossRef]
[PubMed]

Scott, RW.J.; Wilson, O.M.; Crooks, R.M. Synthesis, Characterization, and Applications of Dendrimer-
Encapsulated Nanoparticles. . Phys. Chem. B 2005, 109, 692-704. [CrossRef] [PubMed]

Toshima, N.; Yonezawa, T. Bimetallic nanoparticles—novel materials for chemical and physical applications.
New J. Chem. 1998, 22, 1179-1201. [CrossRef]

Deraedt, C.; Astruc, D. “Homeopathic” Palladium Nanoparticle Catalysis of Cross Carbon-Carbon Coupling
Reactions. Acc. Chem. Res. 2014, 47, 494-503. [CrossRef] [PubMed]

De Vries, ].G. A unifying mechanism for all high-temperature Heck reactions. The role of palladium colloids
and anionic species. Dalton Trans. 2006, 421-429. [CrossRef] [PubMed]

Diallo, A.K.; Boisselier, E.; Liang, L.; Ruiz, ]J.; Astruc, D. Dendrimer-induced Molecular Catalysis in Water:
The Example of Olefin Metathesis. Chem. Eur. J. 2010, 16, 11832-11835. [CrossRef] [PubMed]

Deraedt, C.; Pinaud, N.; Astruc, D. A Recyclable Catalytic Dendrimer Nanoreactor for Part-Per-Million Cu(I)
Catalysis of “click” Reactions in Water. J. Am. Chem. Soc. 2014, 136, 12092-12098. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/anie.200703067
http://www.ncbi.nlm.nih.gov/pubmed/17929338
http://dx.doi.org/10.1021/ja8062343
http://www.ncbi.nlm.nih.gov/pubmed/19113856
http://dx.doi.org/10.1038/ncomms4489
http://www.ncbi.nlm.nih.gov/pubmed/24686339
http://dx.doi.org/10.1002/anie.201004756
http://www.ncbi.nlm.nih.gov/pubmed/20857474
http://dx.doi.org/10.1021/ja909133f
http://www.ncbi.nlm.nih.gov/pubmed/20131826
http://dx.doi.org/10.1021/ar200235m
http://www.ncbi.nlm.nih.gov/pubmed/22148925
http://dx.doi.org/10.1021/ja964127t
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12&lt;1747::AID-ANIE1747&gt;3.0.CO;2-G
http://dx.doi.org/10.1021/ar8000074
http://www.ncbi.nlm.nih.gov/pubmed/18624394
http://dx.doi.org/10.1021/ja021325d
http://www.ncbi.nlm.nih.gov/pubmed/12603150
http://dx.doi.org/10.1021/ja020833k
http://www.ncbi.nlm.nih.gov/pubmed/12553800
http://dx.doi.org/10.1021/ar000110a
http://www.ncbi.nlm.nih.gov/pubmed/11263876
http://dx.doi.org/10.1021/jp0469665
http://www.ncbi.nlm.nih.gov/pubmed/16866429
http://dx.doi.org/10.1039/a805753b
http://dx.doi.org/10.1021/ar400168s
http://www.ncbi.nlm.nih.gov/pubmed/24215156
http://dx.doi.org/10.1039/B506276B
http://www.ncbi.nlm.nih.gov/pubmed/16395440
http://dx.doi.org/10.1002/chem.201002014
http://www.ncbi.nlm.nih.gov/pubmed/20821770
http://dx.doi.org/10.1021/ja5061388
http://www.ncbi.nlm.nih.gov/pubmed/25093967

Molecules 2018, 23, 966 15 of 15

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Rapakousiou, A.; Deraedt, C.; Gu, H.; Salmon, L.; Belin, C.; Ruiz, J.; Astruc, D. Mixed-Valent Intertwinned
Polymer Units Containing Biferrocenium Chloride Side Chains Form Nanosnakes that Encapsulate Gold
Nanoparticles. . Am. Chem. Soc. 2014, 136, 13995-13998. [CrossRef] [PubMed]

Liu, X.; Gregurec, D.; Irigoyen, J.; Martinez, A.; Moya, S.; Ciganda, R.; Hermange, P; Ruiz, J.; Astruc, D.
Precise Localization of Metal Nanoparticles in Dendrimer Nanosnakes or Inner Periphery and Consequences
in Catalysis. Nat. Commun. 2016, 7, 13152. [CrossRef] [PubMed]

Wang, C.; Ciganda, R.; Salmon, L.; Gregurec, D.; Irigoyen, J.; Moya, S.; Ruiz, J.; Astruc, D. Highly efficient
transition metal nanoparticle catalysts in aqueous solutions. Angew. Chem. Int. Ed. 2016, 55, 3091-3095.
[CrossRef] [PubMed]

Astruc, D.; Wang, Q.; Fu, F; Escobar, A.; Moya, S.; Ruiz, J. “Click” dendrimer-stabilized nanocatalysts for
hydrogen release upon ammonia-borane hydrolysis. ChemCatChem 2018, 0. [CrossRef]

Ornelas, C. Brief Timelapse on dendrimer Chemistry: Advances, limitations and Expectations. Macromol. Chem. Phys.
2016, 217, 149-174. [CrossRef]

Boisselier, E.; Ruiz, J.; Astruc, D. Encapsulation de la vitamine C dans des dendrimeres solubles dans 1’eau.
French Patent 101305FR, 22 January 2008.

Zhao, P; Ruiz, J.; Astruc, D. Encapsulation of water-soluble vitamins in hydrophobic media. Chem. Lett.
2012, 41, 1107-1109. [CrossRef]

Ornelas, C.; Boisselier, E.; Martinez, V.; Pianet, I.; Ruiz, J.; Astruc, D. New Water-soluble Polyanionic
Dendrimers and Binding of Acetylcholin in Water by Mean of Supramolecular Interactions. Chem. Commun.
2007, 5093-5095. [CrossRef] [PubMed]

Boisselier, E.; Ornelas, C.; Pianet, I.; Ruiz, J.; Astruc, D. Four Generations of Water Soluble Dendrimers
with 9 to 243 Benzoate Tethers: Synthesis and Dendritic Effects on Their Ion Paring with Acetylcholine,
Benzyltriethylammonium and Dopamine in Water. Chem. Eur. . 2008, 14, 5577-5587. [CrossRef] [PubMed]
Diallo, A.K.; Boisselier, E.; Ruiz, J.; Astruc, D. Nouveau Procédé de métathese d’oléfines ou d’énynes.
French Patent 08/05548FR, 8 October 2008.

Frangois, A.; Laroche, A.; Pinaud, N.; Salmon, L.; Ruiz, J.; Robert, J.; Astruc, D. Encapsulation of docetaxel
into PEGylated gold nanoparticles for vectorization to cancer cells and in vitro results. ChermMedChem 2011,
6,2003-2008. [CrossRef] [PubMed]

Zhao, P.,; Astruc, D. Docetaxel nanotechnology in anti-cancer therapy. ChemMedChem 2012, 7, 952-972.
[CrossRef] [PubMed]

Bossard, C.; Rigaut, S.; Astruc, D.; Delville, M.-H.; Félix, G.; Février-Bouvier, A.; Amiell, J.; Flandrois, S.;
Delhaes, P. One-, Two- and Three-Electron Reduction of Cgy Using the Electron-Reservoir Complex
[Fele(CéMeé)]. J. Chem. Soc. Chem. Commun. 1993, 3, 333-334. [CrossRef]

Zhou, EM.; Jehoulet, C.; Bard, A.J. Reduction and electrochemistry of fullerene Cg in liquid ammonia.
J. Am. Chem. Soc. 1992, 114, 11004. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/ja5079267
http://www.ncbi.nlm.nih.gov/pubmed/25253420
http://dx.doi.org/10.1038/ncomms13152
http://www.ncbi.nlm.nih.gov/pubmed/27759006
http://dx.doi.org/10.1002/anie.201511305
http://www.ncbi.nlm.nih.gov/pubmed/26822288
http://dx.doi.org/10.1002/cctc.201800407
http://dx.doi.org/10.1002/macp.201500393
http://dx.doi.org/10.1246/cl.2012.1107
http://dx.doi.org/10.1039/b710391c
http://www.ncbi.nlm.nih.gov/pubmed/18049764
http://dx.doi.org/10.1002/chem.200701607
http://www.ncbi.nlm.nih.gov/pubmed/18386283
http://dx.doi.org/10.1002/cmdc.201100311
http://www.ncbi.nlm.nih.gov/pubmed/21834092
http://dx.doi.org/10.1002/cmdc.201200052
http://www.ncbi.nlm.nih.gov/pubmed/22517723
http://dx.doi.org/10.1039/C39930000333
http://dx.doi.org/10.1021/ja00053a072
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Organoiron Arene Activation 
	Dentromer Construction 
	The Applications of Dentromers 
	Concluding Remarks 
	References

