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Abstract: A new straightforward method of synthesis of
dendrimers, using two branched monomers (CA; and DB,),
is described. Each generation is obtained in a single quan-
titative step, with only N, or H,O as byproducts; generation
4 is obtained in only four steps. The end groups are
alternatively phosphines and hydrazines; their versatile
reactivity is illustrated by the reaction of generation 4 with
a branched CDs monomer, which increases the number of
end groups in a single step from 48 to 250.

Despite the enormous success met by dendrimers,!
with around 6000 references already indexed, one should
not forget the main drawback of these compounds, that
is their multistep synthesis, which is always boring and
time-consuming. Several improvements have been pro-
posed to shorten the time dedicated to synthesis, such
as the use of hypermonomers? (dendrons), “double-
stage”,® “double-exponential growth”,* “orthogonal cou-
pling™® strategies, or multiple additions “one-pot”® pro-
cesses. However, several of these methods still have
numerous drawbacks; often the number of steps is not
significantly decreased, and the use of activating agents
is frequently necessary, thus improvements are still
needed. Having also in mind the necessity of a “green”

* Laboratoire de Chimie de Coordination CNRS. Fax: 33 5 61 55
30 03.

§ Centre of Molecular and Macromolecular Studies.
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Note

chemistry, it is desirable that the byproducts are envi-
ronmentally friendly, that only a very slight excess of
reagents is used for quantitative reactions, and that no
protection/deprotection process is applied.

Our first method of synthesis, which concerned phos-
phorus dendrimers,” was proposed as early as 1994;8 it
already fulfilled all three requirements, using two mono-
mers, one of type AX; (HNNMeP(S)Cl,) and one of type
YD (NaOCgH,CHO), whose quantitative reactions with-
out any activating reagent generated only NaCl and H,0O
as byproducts. Furthermore, the presence of aldehyde or
P(S)CI, end groups allowed a rich variety of functional-
izations to be carried out,® which led to numerous
properties and applications.® The only drawback of this
synthesis is that two reactions are needed for synthesiz-
ing one generation, thus we proposed later an improve-
ment based on the use of two branched monomers, AB»
and CD, monomers, whose quantitative reactions gener-
ated only H,O and N, as byproducts (Chart 1).1! Besides
the generation after generation growing, we also dem-
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CHART 1. Various Types of Branched Monomers
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B, + 3 CA, + 6 DB, + 12 CA, + 24 DB, (this work)

onstrated that a one-pot multiple additions process
afforded also the fourth generation with good purity.!!
We recently proposed a new improvement of the AB, +
CD; process, using ABs and CDs monomers'? for multi-
plying by five the number of end groups; these were used
either alone or in combination with AB, and CD,
monomers (Chart 1). We report here another straight-
forward synthesis of dendrimers derived from the same
concept, but using CA, and DB, monomers, i.e., mono-
mers whose reactive groups are inverted compared to the
AB, + CD; method, demonstrating a real “lego”*® chem-
istry for the tailored synthesis of dendrimers.

The method of synthesis envisaged requires the use of
three building blocks: two branched monomers (CA; and
DB,) and a core, which can be of either type B; or Ag,
depending on which type of branched monomer will be
used first. We decided to use the triphosphine B; as the
core, whose synthesis was already reported,* as well as

(11) Brauge, L.; Magro, G.; Caminade, A. M.; Majoral, J. P. J. Am.
Chem. Soc. 2001, 123, 6698. Correction: J. Am. Chem. Soc. 2001, 123,
8446.

(12) Maraval, V.; Caminade, A. M.; Majoral, J. P.; Blais, J. C. Angew.
Chem., Int. Ed. 2003, 42, 1822.
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SCHEME 1.
DB,

Synthesis of the Branched Monomer

Ph
/

P(S)Cl3 OHC O-R
o
B @ p-Ph
D Ph
B

that of the CA; branched monomer.'®> The other branched
monomer (DB,) is synthesized by the reaction of 2 equiv
of NaOCsH4PPh, with P(S)Cl; at low temperature, fol-
lowed by the reaction of 1 equiv of NaOCsH,CHO
(Scheme 1). The DB, monomer is obtained in good yield
after purification by column chromatography (83%).

Having in hand the three building blocks, we begun
to carry out the synthesis of the dendrimer by reacting 3
equiv of CA, with 1 equiv of the B3 core. The expected
Staudinger reactions occur upon heating for 6 days at
35 °C, with elimination of N, and formation of P=N
linkages, to afford the first generation G; in one step
(Scheme 2). The completion of the reaction is monitored
by 3P NMR, with the disappearance of both singlets
corresponding to the phosphines (6 = — 6.1 ppm) and to
Nz;—P (6 82.7), and with the appearance of a set of two
doublets, characteristic of P=N—P=S linkages at 6 12.6
(P=N) and 71.4 ppm (P=S), with 2Jpp = 17 Hz. The
structure of G; was also confirmed by *H and 3C NMR,
mass spectrometry (FAB), and elemental analysis.

Starting from G;, the condensation reaction with 6
equiv of DB, occurs readily overnight at room tempera-
ture, to afford the second generation G,. The completion
of the reaction is also monitored by 3P NMR, which
displays an important shielding of the signal correspond-
ing to the P=S group of the P=N—P=S linkages, from ¢
71.4 ppm for G; to ¢ 57.3 ppm for G,. Using again the
CA, derivative (12 equiv) to react with G, affords G; after
heating for 6 days at 35 °C (the same conditions than
used previously for G;). Starting from Gs, the fourth
generation G, is obtained by the condensation reaction
of 24 equiv of the DB, monomer at room temperature.
All these compounds are isolated in nearly quantitative
yields, and they are all characterized by 3P NMR, which
is a remarkably efficient tool to monitor the completion
of reactions. As an illustration, Figure 1 displays the 3P
NMR spectrum of G, (48 phosphine end groups), in which
all the signals corresponding to the eight types of
phosphorus atoms are clearly distinguishable, including
the signal corresponding to the single phosphorus of the
core (Py), and the two sets of two doublets corresponding
to the P=N—P=S linkages of the first and the third
generations. Beside the signal corresponding to the
phosphine end groups (6 —6.0 ppm), the signals of the
phosphorus atoms of the internal skeleton appear in
three areas, depending on their environment: around
+10 ppm for the iminophosphorane groups (ArsP=N),
around +50 ppm for thiophosphate groups (S=P(0-),),

(14) Merino, S.; Brauge, L.; Caminade, A. M.; Majoral, J. P.; Taton,
D.; Gnanou, Y. Chem. Eur. J. 2001, 7, 3095.
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Am. Chem. Soc. 1994, 116, 5007.



SCHEME 2. Synthesis of the Dendrimer
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FIGURE 1. 3P NMR spectrum of Ga.

and around +57 ppm for the trisaminothiophosphine
groups (S=P(N<)3).

Obviously, all these compounds are also characterized
by 'H and 3C NMR and elemental analyses. It is worth
noting that the methyl groups are also useful probes for
both 'H and 3C NMR, since their chemical shifts vary
from 2.69 (*H) and 39.8 ppm (*3C) for NMeNH, to
approximately 3.20 (*H) and 33 ppm (*3C) for NMeN=C.

The CA; + DB, method described here affords either
hydrazides or phosphines as end groups, whereas the
method we described previously (AB, + CD, or ABs +
CDs)'112 gave either phosphines or aldehydes as end
groups, depending on the number of the generation. All
these end groups are useful for further reactions, and
both methods are compatible, illustrating the concept of
“lego™® chemistry. For instance, the dendrimer G, is
reacted with 48 equiv of the CDs monomer (Scheme 3).
The completion of the reaction is observed after 3 days
at 35 °C, as shown here again by 3P NMR, with the
disappearance of the signal corresponding to the phos-

Ph

phines end groups, and the appearance of a complex
ABB'M type system corresponding to P=N—[PN]s. This
single step allows multiplying by five the number of end
groups, from 48 PPh, for G, to 250 CHO for Gs.

In conclusion, we have described a new and straight-
forward method of synthesis of dendrimers, which ex-
emplifies the rapid methods we discovered previously.
Each generation is obtained in a nearly quantitative
yield, using a quasistoichiometric amount of reagents
(generally 1.02 equiv per function), and the only byprod-
ucts are N, and H,O. This method of synthesis gives
“layer-block” dendrimers, that is to say dendrimers
constituted alternatively of two types of layers, P(S)-
OC6H4PPh2:NP(S) and P(S)NMEN:CHC6H4OP(S) De-
pending on the generation, the end groups are either
phosphines or hydrazides, both being potentially useful
for further reactions, as illustrated by the reactivity of
G, with a CDs monomer. Indeed, this reaction allows the
direct grafting of 250 aldehyde end groups in one step
from the 48 phosphine end groups of the fourth genera-
tion. This compound is also a potentially useful precursor
for a versatile reactivity on the surface of dendrimers.

Experimental Section

Compounds Bs,* CA,® CDs,° and HOCgH4PPh,¢ were
synthesized as described previously.

Gs Dendrimer. To a solution of G4 dendrimer (50 mg, 0.002
mmol) in THF (2 mL) was added a solution of monomer CDs
(77 mg, 0.099 mmol) in THF (2 mL). The resulting solution was
stirred at 35 °C for 3 days, then the solvent was removed under
vacuum. The residue was washed 3 times with a mixture ethyl
acetate/ether/pentane (1/1/2) to remove the small excess of
monomer CDs. Gs dendrimer was obtained as a white powder
in 95% yield (116 mg). 3P {*H} NMR (CDCls, d, ppm, Jpp): 4.2
(ddd, 23 = 31.8 Hz, 23 = 63.3 Hz,2J = 91.3 Hz), 7.0 (br d, 2J =
63.3 Hz), 7.1 (br d, 23 = 91.3 Hz), 11.6 (d, 2J = 31.8 Hz), 11.8 (d,
2J = 27.1 Hz), 50.0, 50.9, 51.0, 56.6 (d, 2J = 27.1 Hz). *H NMR
(CDCls, 6, ppm, Jup): 3.16 (br d, 3J = 8 Hz, 90H), 6.91-7.58
(m, 1992H), 9.75 (s, 48H), 9.79 (s, 192H). 3C {1H} NMR (CDCls,
o, ppm, Jcp): 33.0 (br s), 121.2 (br s), 121.4, 127.0 (br d, 1J =

(16) Herd, O.; Hessler, A.; Hingst, M.; Tepper, M.; Stelzer, O. J.
Organomet. Chem. 1996, 522, 69.
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SCHEME 3. Synthesis of Gs
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108 Hz), 128.4, 128.6 (dd, 1J = 108 Hz, 3J = 3 Hz, Csl), 128.6,
128.7 (d, 3J = 13 Hz), 130.9, 131.1, 132.0 (br s), 132.4 (d, 2J =
11 Hz), 132.8, 132.9, 134.6 (d, 2J = 12 Hz), 149.3 (d, 2J = 8 H2),
149.5 (d, 23 = 8 Hz), 153.4 (br s), 155.4 (d, 2J = 10 Hz), 156.9 (d,
2J = 8 Hz), 190.7, 190.8. IR (KBr, », cm~1): 1700. Anal. Calcd
for C3054H2322N2670573P253546 (61241) C, 5990, H, 382, N, 6.11.
Found: C, 60.11; H, 3.93; N, 6.02.
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Supporting Information Available: Experimental pro-
cedures and %'P, 'H and 13C NMR data for all compounds (DB,
G1, G, G3, G4, Gs), with the assignment of all signals. 3P and
13C NMR spectra of dendrimer Gs. This material is available
free of charge via the Internet at http://pubs.acs.org.
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