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Abstract: A third generation dendron possessing one activated vinyl group linked to the core and 16 chlorines
linked to the surface has been functionalized with various groups at the core (primary amine, phosphine, or
azide), and on the surface (aldehyde, tertiary amine, or nitrile). These functionalized dendrons are used as
building blocks for the synthesis of several complex dendritic architectures, obtained throughaerecore-

surface, or corecore—surface-core couplings using very simple one-step reactions between these functions,
such as Michael additions between vinyl and primary amino groups or Staudinger reactions between phosphines
and azides. These reactions finally induce the formation of layer-block dendrons, a surface-block dendrimer,
a layer-block dendrimer, a layered surface-block dendrimer, and a segment-block dendrimer, all issued from
the same original dendron.

Introduction a multifunctional coré,which may be a small dendrimer. The
Dendrimers constitute a new class of macromolecules which 9rafting of dendrons on dendrimers allows to increase dramati-

has strongly stirred up the imagination of the scientific com- cally the number of end groups of the d(;ndrimgr in“one step,
munity for more than 10 years. Indeed, these highly branched fOr instance from 6 to F6or from 12 to 288, creating “layer-
nanosized macromolecules possess precise constitutions and 310ck” dendrimer8 (Figure 1). This way has been also applied

large number of functional groups which confer upon them  (4) (a) Zimmerman, S. C.; Zeng, F.; Reichert, D. E. C.; Kolotuchin, S.
unique propertiesIn fact, the main drawback of these fascinat- V. Sciencel996 271, 1095. (b) Huck, W. T. S.; Hulst, R.; Timmerman,

; - ; v : P.; van Veggel, F. C. J. M.; Reinhoudt, D. Angew. Chem., Int. Ed. Engl.
ing molecules is their lengthy step-by-step synthesis. A few ways 1997, 36, 1006. (c) Zimmerman, S. Curr. Opin. Colloid Interface Sci.

to improve this synthetic pathway have been proposed, mosti997 2, 89. (d) Wang, Y.; Zeng, F.; Zimmerman, S. Tetrahedron. Lett
of them implying molecular trees called “dendrodsThe 1997, 38, 5459. (€) Freeman, A. W.; Vreekamp, R. H.{ €ret, J. M. J.

dendrons are reminiscent of dendrimers, but in contrast to Polym. Mater. Sci. Endl997 77, 138. (f) Percec, V.; Cho, W. D.; Mosier,
dendri h . £ . he | | fP. E.; Ungar, G.; Yeardley, D. J. B. Am. Chem. S0d.998 120, 11061.
endrimers, they possess one reactive function at the level ofgy giarez, M.; Lehn, J. M.: Zimmerman, S. C.; Skoulios, A. A.; Heinrich,

the core. Most of these dendrons are obtained by a convergenB. J. Am. Chem. Sod.998 120, 9526.

strategy introduced by Fche® and are synthesized in most Ch(5) (aE) Cthlegég-z Fi;oggaFB)LTY'lK';DCh?n' ?(TTi V\(1-:(;<W0|E Eigg/él\/l-
: : : em. eur. y . zalls, D.; lor, etraneadron Le
cases only up to generation 2, 3, or 4, to avoid the steric 37, 8293 (c) Issberner, J.;\gtle, F.; De Cola, L.; Balzani, VChem. Eur.

crowding of the core function. Depending on the type of this J. 1997 3, 706. (d) Newkome, G. R.; He, E.; Godinez, L. Macromol-
function, several dendrons can be associated by their core in aeculesl998 31, 4382. (e) Kawa, M.; Frenet, J. M. JChem. Mater1998

- ; ; 10, 286. (f) Plevoets, M.; Vgtle, F.; De Cola, L.; Balzani, Wew J. Chem.
spontaneous self-assemBlgiround a metdl or by reaction with 1999 63. (q) Enomoto. M., Aida. T3, Am. Chem. S04999 121, 874,
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T Laboratoire de Chimie de Coordination du CNRS. Soc., Perkin Trans. 1992 1623. (c) Hawker, C. J.; Febet, J. M. JJ.
* Laboratoire des IMRCP. Chem. Soc., Perkin Trans.1892 2459. (d) Wooley, K.; Hawker, C. J.
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that the surface is always very easily functionali?éd@hus,
our aim was to prepare a dendron possessing one function
located at the core and several easily reactive functions located
on the surface. We report here the synthesis of a third generation
phosphorus-containing dendron possessing a vinyl group at the
level of the core and 16 chlorines on the surface, its subsequent
functionalization at both levels independently, and the use of
Layer-block Segment-block Surface-block such functionalized dendrons as building blocks for the synthesis
Figure 1. Schematized special dendritic architectures. of surface-block, layer-block, and segment-block dendrimers.

to the rapid synthesis of dendrons. In these cases, the surfacé&esults and Discussion
of one dendron reacts with the core of several dendfons.
Association of these larger dendrons by their core is another
way to obtain layer-block dendrimers when layered dendrons
are used!

Interestingly, very special macromolecular architectures called
“segment-block” or “surface-block” dendriméi@&igure 1) have
been obtained mainly using dendrons. In the first case, several

The main difficulty in using the divergent strategy for the
synthesis of dendrons is to keep unreacted the function located
at the level of the core when growing the dendron and then to
activate it later. The function we choose to place at the core is
an activated vinyl group which should undergo Michael type
reactions with amines, but which should not react during the
synthesis of the dendron. The first step of this synthesis is a
SStaudinger reaction between diphenylvinylphosphine and several

or more of the same dendréhpr the same generation with a functionalized phosphorus azidds—d (Scheme 1). Azides

different skeleton to obtain segment-block dendrimi&éBurface- 1la—c were obtained reacting one equivalent of P($)@fst

block dendrimers possess two different types of end groups yith two equivalents of functionalized phenols in basic condi-
located in definite areas on the surface of the dendrimers; theyyions at low temperature and then with NaRn X-ray structure
are obtained by grafting dendrons with different end groups analysis of compoundb (Figure 2) indicates that the bond
together or on a single core. The ratio of both surface groups |gngihs and bond angles of the-R—N—N linkage compare
depends on the relative amount of each type of dendt@ts || with those found for other phosphorus azids.

gir;fet:\eem?seneratlon used for both dendrons, which may be  ryq Staudinger reaction induces the quantitative formation
: ) of compound=2a—d-[G’g], possessing aPN—P=S linkage,

To the best of our knowledge, no example of synthesis of all cnaracterized iP NMR by the appearance of two doublets.
these special dendritic architectures (layer-block, segment-block,The X-ray structure analysis of compouc-[G'o] reveals the
and surface-block dendrimers), using only subtle modifications presence of two crystallographically independent molecules. The
of a unique dendron in the last step of its synthesis has beenzORTEP drawing of one of then2¢-[G'oa]) is represented in
described up to now. However, such an approach is particularly Figure 3. Bond lengths and angles of the—P=S linkage

interesting, because it would dramatically fasten the synthesisin hoth molecules are similar to those we already repdited,
of special dendritic architectures. Pursuing our researcheswell as to those concerning the-2H=CH, group?*
concerning tailored dendrimetsye reasoned that the divergent
method we used to synthesize phosphorus-containing dendri- (16) (a) Galliot, C.; LarfeC.; Caminade, A. M.; Ma_jorall, J. Bcience
mers” could be applied to the synthesis of dendrons. The g’gﬁml13(?1E-n(gl)1€')-§‘7r"§6%ggf‘g)'”£‘:feé cA Bﬂdhr':gj%ﬁ 5 i-gg”m?ﬁ;‘[’j-e’
advantage of the divergent method over the convergent one isx ‘.. ‘Majoral, J. P.J. Am. Chem. Sod998 120, 4029. (d) Lare C.;

Donnadieu, B.; Caminade, A. M.; Majoral, J. €hem. Eur. J1998 4,

(8) Xu, Z.; Kahr, M.; Walker, K. L.; Wilkins, C. L.; Moore, J. S. Am. 2031. (e) LarfeC.; Bressolles, D.; Turrin, C.; Donnadieu, B.; Caminade,
Chem. Soc1994 116, 4537. A. M.; Majoral, J. P.J. Am. Chem. S0d.998 120, 13070.

(9) Hawker, C. J.; Wooley, K. L.; Fahet, J. M. JMacromol. Symp. (17) (a) Launay, N.; Caminade, A. M.; Lahana, R.; Majoral, JARgew.
1994 77, 11. Chem., Int. Ed. Engl1994 33, 1589. (b) Launay, N.; Caminade, A. M;
(10) (a) Spindler, R.; Fhet, J. M. JJ. Chem. Soc., Perkin Trans. 1 Majoral, J. P.J. Am. Chem. S0d.995 117, 3282. (c) Galliot, C.; Prébté,

1993 913. (b) Wooley, K. L.; Hawker, C. J.; Feket, J. M. JAngew. Chem., D.; Caminade, A. M.; Majoral, J. Rl. Am. Chem. S0d.995 117, 5470.
Int. Ed. Engl.1994 33, 82. (c) Kawaguchi, T.; Walker, K. L.; Wilkins, C. (d) Lartigue, M. L.; Donnadieu, B.; Galliot, C.; Caminade, A. M.; Majoral,
L.; Moore, J. S.J. Am. Chem. Socl995 117, 2159. (d) Zeng, F.; J. P.; Fayet, J. Macromoleculed 997 30, 7335.
Zimmerman, S. CJ. Am. Chem. Sod.996 118 5326. (e) Klopsch, R.; (18) (a) Slany, M.; Bardaji, M.; Casanove, M. J.; Caminade, A. M;
Franke, P.; Scfiker, A. D. Chem. Eur. J1996 2, 1330. (f) L'abbe G.; Majoral, J. P.; Chaudret, B. Am. Chem. So&995 117, 9764. (b) Launay,
Forier, B.; Dehaen, WChem. Commurl996 2143. (g) lhre, H.; Hult, A.; N.; Slany, M.; Caminade, A. M.; Majoral, J. B. Org. Chem1996 61,
Frechet, J. M. J.; Gitsov, IMacromolecules998 31, 4061. 3799. (c) Lartigue, M. L.; Slany, M.; Caminade, A. M.; Majoral, Jdhem.
(11) Moore, J. SAcc. Chem. Red.997, 30, 402. Eur. J. 1996 2, 1417. (d) Bardaji, M.; Kustos, M.; Caminade, A. M;
(12) (a) Kremers, J. A.; Meijer, E. WI. Org. Chem1994 59, 4262. Majoral, J. P.; Chaudret, BEOrganometallicsl997, 16, 403. (e) Slany, M.;

(b) Newkome, G. R.; Gtmer, R.; Moorefield, C. N.; Cardullo, F; Bardaji, M.; Caminade, A. M.; Chaudret, B.; Majoral, J.IRorg. Chem.
Echegoyen, L.; Rez-Cordero, E.; Luftmann, HAngew. Chem., Int. Ed. 1997, 36, 1939. (f) Bardaji, M.; Caminade, A. M.; Majoral, J. P.; Chaudret,

Engl. 1995 34, 2023. (c) Newkome, G. Rl. Heterocycl. Chen996 33, B. Organometallics1997 16, 3489. (g) Predté, D.; Caminade, A. M.;
1445. (d) Peerlings, H. W. I.; Struijk, M. P.; Meijer, E. \@hirality 1998 Majoral, J. P.J. Org. Chem1997 62, 4834. (h) Lartigue, M. L.; Caminade,
10, 46. A. M.; Majoral, J. P.Tetrahedron: Asymmetrd997, 8, 2697. (i) Caminade,

(13) (a) Hawker, C. J.; Fohet, J. M. JJ. Am. Chem. S0d.992 114, A. M.; Laurent, R.; Chaudret, B.; Majoral, J. Eoord. Chem. Re 1998
8405. (b) Tomalia, D. A.; Swanson, D. R.; Klimash, J. W.; Brothers, H. 178-180 793. (j) Majoral, J. P.; Caminade, A. Mop. Curr. Chem1998
M., lll. Polym. Prepr. (Am. Chem. Soc.,:.DPolym. Chem.}1993 34, 52. 197, 79.

(14) (a) Wooley, K. L.; Hawker, C. J.; Fehet, J. M. JJ. Chem. Soc., (19) (a) Schomburg, D.; Wermuth, U.; Schmutzler@hem. Ber1987,
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2a-[G'3], 2b-[G'3], 2¢-[G'3]
N5 dendron. The next step for this purpose is the reactioasf
[G'o] with H.NNMeP(S)C). The expected reaction was the
C26 condensation of the Nigroup with the aldehyde, but a Michael
addition of the NH on the vinyl group could not be ruled out.
c22 In fact, the condensation reaction is faster than the Michael
c23 addition of the primary amino group, and we have never
c21 observed this addition, even when a slight excess,biNtMeP-
(S)ChL is used. The condensation induces the formation of
C24 compound?a-[G,], characterized by the disappearance of the
signals corresponding to the CHO groupstthNMR and IR,
Cc20 s as well as the disappearance of both doublef3RriNMR (© =
10.6 and 50.9 ppm fd2a-[G'g]) on behalf of the appearance of
two new doubletsd = 11.8 and 52.7 ppm fa2a-[G,]) for the
P=N-—P=S linkage. The presence of the unreacted vinyl group
is indicated by'H NMR (ABCX system) and3C NMR (6 =
136.9 for CH=). The structure of compoun@a-[G;] is
confirmed by an X-ray structure analysis (Figure 4). The data
concerning the CH=CH—P=N—-P=S linkage of 2a-[G,]
c11 compare well with those d2c-[G'o]. One can notice also that
C15 each arm (the O@1,CH=N—N(Me)P=S linkage) is flat, a
c14 ci12 tendency which was already seen for other small dendrimers

possessing this linkagés-e.17d

c13 Dendrona-[Gy] are grown frona-[G4], using the method
Cc16 we already described for the synthesis of dendrirheadternat-
Na ing addition of hydroxybenzaldehyde sodium salt ang H

NNMeP(S)C). These reactions are carried out up to the
formation of the third generation dendr@a-[Gs] (Scheme 1),

Figure 2. ZORTEP drawing of compountb. Selected bond lengths
in A and bond angles in degrees—R1 1.690(11); Nt+N2 1.242-
(14); N2—-N3 1.119(13); P-N1—N2 117.2(9); N:-N2—N3 173.6(12).

possessing 16 chlorines on the surface and one vinyl group
located at the core. All of the steps preceding the synthesis of
2a-[G3] are monitored by!P NMR: a shielding of the signal

Compound®b—d-[G'q] have been synthesized as models to of the phosphorus which undergoes the reaction is observed on
test the functionalization at the level of the core (see examplesgoing from —P(S)C} to —P(S)[OGH4CHO]}, (from 6 ~63.3
later on), but only compounga-[G'¢] can be used to grow the  to é ~60.5 ppm), and a slight deshielding occurs for the signal
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Figure 3. ZORTEP drawing of compoungc-[G'sa]. Selected bond lengths in A and bond angles in degree@dd6'oa] {and 2¢-[G'ob]}:
P2A—N1A 1.569(4){P2B—N1B 1.590(4) ; N1IA—P1A 1.569(4){N1B—P1B 1.573(3); P1IA—C1A 1.775(5){ P1B—C1B 1.780(5); CIA—C2A
1.308(7),{ C1B—C2B 1.304(7); P2A—N1A—P1A 135.4(2){ P2B—N1B—P1B 132.4(%); N1IA—P1A—C1A 110.2(2){N1B—P1B—C1B 109.5-

(2)}; PIA-C1A—C2A 121.3(4){P1B—C1B—C2B 121.6(4).

Figure 4. ZORTEP drawing of compoun@a-[G;] (one P(S)G group is disordered). Selected bond lengths lengths in A and bond angles in
degrees: P2N1 1.579(4); N+-P1 1.591(4); P£C1 1.786(5); C+C2 1.282(7); P2N1-P1 127.4(2); N+P1-C1 113.2(2); P+C1-C2 127.1-

(4).

of the same phosphorus on going frer®(S)[OGH4CHO], to
—P(S)[OGH4CH=NNMeP(S)C}], (from 6 ~60.5 toé ~62.3

ppm). Obviously, the condensation is also characterizelHby
13C NMR, and IR spectroscopies. It is important to note that
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7-[G'3-{G'5]

SR it

Figure 5. Schematized drawing of dendrons and dendrimers.

the signals corresponding to the &HCH—P=N—P=S linkage leading to dendron2b-[G';], 2b-[G'3], 2¢c-[G';], and2c-[G'4],
are easily detected by multinuclear NMR (the CH part is difficult respectively (Scheme 1, Figure 5).
to detect for the highest generations, due to the coupling with  The Michael additions we intended to perform to graft new
both phosphorus atoms). Thus, we decided to stop the growingfunctions at the level of the core should present some difficulties;
of the dendron at this step, the third generation, to monitor thus, we decided first to test these reactions on small models,
readily the reactions we intended to do at the level of the core. easily synthesized and characterized, namely, compounds
Indeed, dendror2a-[Gs] can be easily functionalized on the 2-[G'g]. Thermal additions of primary and secondary amines
surface or at the core; dendr@a-[G3] is the elemental brick  on vinylphosphine oxides generally occurs in very good yield,
which will serve to build all of the multidendritic assemblies due to the activation of the double bond by the electron-
described in this paper. withdrawing P=O group?2 Compound2d-[G’¢] possesses aP

The easiest way to graft other functions on the surface of N—P=0 group which should be more electron-withdrawing
2a-[Gy] consists of reacting sodium salts of functionalized than simple P=O groups, thus enhancing the reactivity of the
phenols such as 4-cyanophenol or 3-dimethylaminophenol vinyl group. Indeed, addition of 200% excess of methylhydra-
instead of hydroxybenzaldehyde. These reactions have been(75)(a) Maki, G.; Merkl, B. Tetrahedron Lett1981 22, 4459. (b)
carried out with the second and third generation dendrons, Pietrusiewicz, K. M.; Zablocka, MTetrahedron Lett1988 29, 1991.
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zine on2d-[G'¢] at room temperature induces the formation of of the CH; group is observed i®C NMR, from ¢ = 50.5 for

a single product3d-[G'q] (Scheme 2), as indicated ##P NMR 3d-[G'o] to 6 = 37.7 for4d-[G'o)..

by the deshielding of the signal corresponding teHM (6 = The NH; group of compoun@b-[G'¢] undergoes another type
9.8 for 2d-[G'o], 6 = 16.8 for 3d-[G'(]). The reaction of the  of condensation reaction with two equivalents obPGH,OH
vinyl group is corroborated by the disappearance of the signalsat 90°C. This reaction leads to the formation of a diphosphino
corresponding to CHCH, in 'H and3C NMR. Since meth- group (Scheme 2), in a way that we have already experienced
ylhydrazine possesses one primary and one secondary aminmn the surface of dendrimetédf Compoundsb-[G'g] displays
group, the addition reaction might occur with either of these one singlet atd = —23.8, corresponding to the phosphino
groups, the reaction with both groups being excluded by the groups, besides the doublets corresponding to tallPP=S
presence of a single product i NMR. In fact, the reactive  linkage, in3P NMR. The occurrence of only one singlet for
group is NMeH, as demonstrated later by the condensation ofthe PRPCHN group in3P NMR and only one doublet ikC
3d-[G'¢] with aldehydes. The same type of reaction, applied to NMR confirms the presence of one MNigroup in compound
compounb-[G'q] leads ta3b-[G']; in this case, the electron-  3b-[G'¢]. Indeed, the presence of two unequivalent NH groups
withdrawing group is the FN—P=S linkage (Scheme 2). The  would lead to a P#PCH.NMeNCH,PPHh linkage which would
addition induces the deshielding of the doublet corresponding display two singlets i#’P NMR and two doublets for the GH

to the PBP=N group in3P NMR from 6 = 12.9 for2b-[G'(] groups in'3C NMR. A large shielding for the signal of the GH

to 6 = 19.9 for 3b-[G'g]. A spectacular shielding is also group is also observed C NMR from & = 50.6 for3b-[G'q]
observed for the CH#=CH—P part in3C NMR, from 137.1 to 6 = 33.6 for5b-[G'].

and 127.2 ppm, respectively for compol2ist[G'¢] to 54.1 and The Michael addition on the vinyl group can be applied to
25.0 ppm, respectively, for the GBH,P part of compoun8b- several types of primary and secondary amines, for instance, to
[G'q). ethylenediamine. The addition of a very large excess (32 000%)

Thus, the Michael addition allows the grafting of primary of H,NCH,CH,NH, to compoundc-[G'g] at room temperature
amino groups which should be used later. Indeed, two equiva- leads cleanly to compourt-[G'g] in a 1:1 reaction (Scheme
lents of 3d-[G'g] undergo a Schiff condensation with both 3). This compound possesses a primary and a secondary amino
aldehyde groups of the phosphorus aZidgeindicating tha3d- groups, which should react in their turn in a Michael addition.
[G'o] possesses one Ngroup, and not two NH groups. This  This assumption is demonstrated wi&m[G'g] (170% excess)
reaction leads to the formation of a new type of dendron, having and2b-[G'¢] are reacted together at 9G. 3P NMR indicates
an azido group at the cordd-[G'o], (Scheme 2). Besides the that the reaction occurs to yielt([G'g]-[G'g], possessing two
disappearance of signals corresponding to CHO and iNH different types of end groups (Scheme 3). Indeed, the presence
NMR and IR spectroscopies, an important shielding of the signal of two sets of two doublets corresponding to both types=ef P
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N—P=S linkages, ath = 16.2 (PhP) and 52.0 (ES), both
issued from théc-[G'¢] part, and aP = 19.5 (PhP) and 51.1
(P=S), both issued from th2b-[G'¢] part of 7-[G'o]-[G '] are
detected.

2

of the signal of the &N group (fromd ~10 to~18 ppm) in
3P NMR, and the large shielding of the signal of the @frbup
B to phosphorus (frond ~137 to~54 ppm) in13C NMR. A
similar trend is observed for the reaction of a very large excess

In this case also, the question which arises concerns the aminaf ethylenediamine (40 000% excess) wWait+[G'3], leading to

group which reacts: is it the NH or the Nigroup of6c-[G'¢]?
A careful comparison between thR& NMR spectra o6c-[G o]

6¢-[G'3] (Scheme 4). These data indicate that the steric hindrance
at the level of the core of the third generation dendrons is not

and7-[G'q]-[G o] shows that among the signals corresponding more important than for the model compound. This fact is due

to the HNCH,CH,NHCH,CH,P moieties, the first one (un-

derlined) is the most modified by the reactiah(= +10 ppm

for the first one, A6 = —0.6 ppm for the second one,

to the great length of the branches (9.8 A between P2 and P3
or P4 in compoun@a-[G;]) and could be anticipated in view
of the easy reactivity of the internal layers of dendrimers having

respectively). This observation strongly suggests that the reactionthe same type of branch&Thus, further reactions can be
occurred on the primary amino group and not on the secondary enyisaged on the NHgroup.

amino group obc-[G'g]. This result seems to be in contradiction

with the reaction of methylhydrazine on compou2tisd-[G'¢],

which occurs on the NH group, and with the known tendency
of secondary amino groups to undergo Michael additions more
easily than the primary orf@ However, the fact that the vinyl
group of2b-[G'(] is sterically hindered by both phenyl groups
must be taken into account (see the X-ray structure of the related

compoundc-[G'g], Figure 3). Thus, the NH group éfc-[G'¢]

is itself too hindered to react with the vinyl group, whereas the

Two types of condensation reactions have been carried out
from 3b-[G'3] and 3c-[G'3] (Scheme 5). The condensation of
PhPCHOH with the NH, group of dendror8c-[G'3] at 90°C
leads to the formation of a diphosphino linkage at the core of
dendrorbe-[G'3]. The most characteristic data of this compound
is a singlet in31P NMR atd = —23.9 for the tricoordinated
phosphorus atoms, and a singlet'#& NMR at = 52.8 for
the NCHPPh group; these values correspond perfectly to those

NH, group located at the end of a spacer is non-hindered andfound for the model compoungb-[G'o].

does react, leading t6-[G'o]-[G (]

The Schiff condensation of two equivalents 3-[G'3] or

Having in hand several ways to functionalize the core and to 3¢-[G'3] with both aldehyde groups of the phosphorus azide
associate these cores, we decided to apply these reactions ttnduces the association of two dendrons, leadingl€G's],

the third generation dendro2a-[G'3], 2b-[G'3], and2c-[G'4].

Both dendron®b-[G'3] and 2c-[G'3] react with an excess of

or 4¢c-[G'3),, respectively. The condensation induceNMR
the large shielding of the GHgroup of the core (from~50.5

methylhydrazine (200% excess), leading cleanly to the formation ppm for 3b—c-[G'3] to ~37.8 ppm for4b—c-[G'3]2) already

of dendrons3b-[G'3] and3c-[G'3], respectively (Scheme 4). In

observed for the3d-[G'g] — 4d-[G'(]. transformation. Com-

NMR spectra these compounds display characteristic signalspounds4b-[G's], and4c-[G's], possess an azido group at the
for the R-CH,CH,P=N—P=S linkages the same as those found core and can be viewed as fourth generation layered dendrons

for the model compoungb-[G'¢], in particular the deshielding

made up of two types of layers: one havingFBOGH,CH=
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NNMeCH,CH,PPh=N linkages, the other one having=S size-exclusion chromatography. The NMR data concerning the
POGH4CH=NNMe linkages repeated three times (Scheme 5). core of 7-[G'3]-[G'3] are different from those of-[G'o]-[G'¢].

The third generation dendrda-[G's] is expected to behave Indeed, in the later compound, the surface is close to the core;
in a very special way when reacted with methylhydrazine. thus, the presence of two types of functions on the surface
Indeed, this compound possesses both one vinyl group able tonduces a dissymmetry of all of the components of the (SyPN
undergo the addition of the NHMe part of methylhydrazine, PPBCH,CH,NHCH,CH,NHCH,CH,PPh=NP(S) linkage, which
and 16 aldehyde groups able to undergo the condensation withgives distinct signals for all the atoms. In contrast, the surface
the NH; part. To prevent the reaction of some methylhydrazine of 7-[G'3]-[G'3] is far from the core; thus, the dissymmetry of
molecules on both sides, an excess (200%) is used (Scheme 6)he surface has no influence upon the core, which is symmetrical.
The formation of dendroBa-[G's] induces the disappearance In this case, bothN—P=S linkages give only two doublets
of signals corresponding to both GHCH and CHO groups in in 3P NMR até = 17.3 and 52.0, both PGEH,NH linkages
IH NMR, indicating that both addition and condensation give only one doublet and one singlet'ic NMR ato = 27.8
occurred. Of course, it is not possible to ascertain in this caseand 41.3, respectively, and the NH@EH,NH linkage gives
that the same molecule of methylhydrazine did not react on both only one singlet ad = 52. Compound-[G'3]-[G'3] is a surface-
sides. However, if this type of reaction occurred, it is only as a block dendrimer; indeed, even if the internal skeleton is identical

marginal process. Indeed, tHé&C NMR spectra of3a-[G'3] on both sides, this dendrimer possesses two different faces: 16
compared to those dfa-[G's] indicate the appearance of only  dimethylamino groups on one side, 16 nitrile groups on the other
two new signals for the Cigroups atd = 34.6 (CHNHN= side (Figure 5).

CH) and 50.4 (HINNCH3CH,CH,P); the formation of PCH Another type of surface-block dendrimer is obtained when

CH,NCH3N=CH linkages should give an additional signal two equivalents of dendrodAb-[G'3],, having an azide at the

presumably at-38 ppm (se€3C NMR spectra of compounds  core, are associated with one equivalent of dendrofG's],

4-[G'3]2), which is not observed. The use of PICH,OH on having two phosphino groups at the core, via two Staudinger

3a-[G'g] allows the grafting of monophosphino groups on the reactions (Scheme 8). The formation of dendrindejG's)-

surface and of a diphosphino group at the core. Both types of [[G'3]2]. is characterized by the disappearance of the singlets

groups give slightly different signals P NMR (6 = —23.5 corresponding to the tricoordinated phosphorus atay# (=

for NMeCH,PPh and —23.9 for N(CHPPh),) besides the = —23.9 for5c¢-[G'3]) and the NP groups §3'P = 59.8 for 4b-

signals corresponding to the skeleton of dend&m[G's) [G'3]2). The PAP=N—P=S linkages formed by these associa-

(Scheme 6). tions are distinguishable from the otherL,P#N—P=S linkages,
These experiments give dendrons possessing either a vinyl,particularly the PgP groups which give a doublet at= 13.9

a primary amino, a diphosphino, or an azido group at the level for the NCHPhP groups which reacted and another doublet at

of the core. All of these compounds are useful precursors of 6 = 18.0 for the NCHCH,PPh groups. Furthermore, the

multidendritic systems. For instance, a Michael addition between shielding of the signal of the carbon atento the tricoordinated

dendron6c-[G'3] (100% excess) and dendr@b-[G'3] at 90 phosphorus atom which undergoes the reaction fddfC =

°C induces the formation of dendrim&f[G'3]-[G'3] (Scheme 52.8 for5¢-[G'3] to 313C = 50.0 for 8-[G'3]-[[G '3]2]2, and the

7). This compound is purified from the excess6Gaf[G's] by modification of the shape of this signal (singlet fac-[G'3],
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doublet withtJcp = 80 Hz for8-[G'3]-[[G '3]2]2) are character- groupsa to phosphorus, located at= 25.0 (Jcp = 65 Hz)
istic of a change in the coordination of phosphorus and thus for the CHCH,PPh groups of4b-[G'3], and10-[G'g], 6 = 60.9
confirm that the Staudinger reaction occurr@dG's]-[[G '3]2]2 (3cp = 10 Hz) for the NCHPPh groups 0f9-[G's]'%¢andd =
is both a surface-block and a layer-block dendrimer. Indeed, 56.0 (Jcp = 80 Hz) for the NCHPPh groups ofL0-[G'g]. Thus,
on one hand the internal layers close to the core possess P in this case also, the Staudinger reaction induces important
N—P=S linkages, whereas the other internal layers have not, changes in thé3C chemical shifts and coupling constants for
and on the other hand two types of end groups are located inthe CH groupsa. to phosphorus. Compourdd-[G'g] is a layer-
definite areas of the surface in a 1/4 ratio (16 dimethylamino block dendrimer (Figure 5), possessing NPIRh=N—P=S
groups and 64 nitrile groups) (Figure 5). linkages at the level of the fourth generation and NCH,-
Dendron4b-[G'3]; having an azide at the core can also be PPh=N—P=S linkages at the level of the fifth generation, both
used to multiply rapidly the number of end groups of a linkages being absent in the skeleton of the other generations.
dendrimer possessing phosphino groups at the surface. Indeed, The previous examples show that dendrd{&'s], possess-
the reaction of 24 equivalents 8b-[G'3], with one equivalent ing an azide at the core can be grafted to the core of another
of the third generation dendrim8¢[G's] possessing 24 diphe-  dendron or to the surface of a dendrimer, provided they bear
nylphosphino end group® leads in one step to the formation  phosphino groups. Having in hands dend&m[G's] which
of the eighth generation dendrimé&0-[G's] possessing 768  have phosphino groups both at the level of the core and on the
nitrile end groups (Scheme 9). The formation of dendrid@r surface, we decided to react it with dendr[G's), (Scheme
[G'g] is characterized by the disappearance of the singlets 10). The Staudinger reaction occurs both at the level of the core
corresponding to the #® groups of4b-[G'3], and the PPh and on the surface &a-[G'3], leading to the “unsymmetrical”
groups of9-[G'3] in 3P NMR, and by the appearance of a dendrimerl1-[G4],-[G'g] possessing 576 dimethylamino groups
doublet characteristic of the NGALPN group atd = 13.9. on the surface (Figure 6). The reaction is monitored3Hy
Signals very characteristic of the @RCH,PPh=N—P=S NMR, which shows the total disappearance of signals corre-
linkages also appear if*C NMR. Indeed, this linkage give  sponding to NP and to tricoordinated phosphorus atoms, and
signals different from those obtained for the sD{CH,PPh part the appearance of a doublet corresponding to the NrGiPN
of 9-[G'3] and also different from those obtained for the4&£H linkages av = 13.9. The occurrence of the Staudinger reaction
NCH,CH,PPh=N—P=S linkages also included in the skeleton both at the level of the core and on the surfacafG's] is
of 10-[G'g]. The most characteristic signals concern the,CH confirmed by!3C NMR. Indeed, the signals corresponding to
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Figure 6. Schematized drawing of dendrimgt-[G'4].-[G'g].
Scheme 10
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the CH groups a to the tricoordinated phosphorus atoms of the surface. Compountil-[G'4],-[G'g] is a kind of layered
undergo a shielding and an increase oftthg coupling constant ~ segment-block dendrimer having two fourth generation dendrons
during the transformatioba-[G's] — 11-[G'4]2-[G's] from & and one eighth generation layered dendron linked to a gREH

= 53.5 (Jcp = 4 Hz) to 6 = 51.8 (broad doubletJcp ~80 NNMeCH,CH,P trifunctional core (Figure 6).

Hz) for the NCHP groups of the core, and frotn= 60.9 {Jcp Physical Properties. The molecular peak of dendrons is
= 10.7 Hz) tod = 56.0 {Jcp = 70 Hz) for the NCHP groups detected by MALDI TOF experiments. However, this technique
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8-[GSM[C sl — 2¢-[G'3) ing the increa_se of the moleculqr wgight. In fact, a plot of log
partially purifiec molecular weight versus retention time for the dendrons and
dendrimers described in this paper, including the very special
dendrimerl1-[G'4],-[G'g], gives a relatively straight line (Figure
8). In the same conditions, polystyrene standards give another
straight line, with a different slope which increasingly deviates
from the dendrons and dendrimers plot as molecular weight
increases. This tendency was already descfitmutd was
attributed to the increase of the density and compactness of
dendritic macromolecules as molecular weight increases.

However, it must be emphasized that the molecular weight
is not the single parameter which influences the physicochemical
properties of these dendritic macromolecules. Indeed, the
differential scanning calorimetry experiments for dendrdbs
[G's] and 2c-[G'3], which differ only by the nature of the
functional group linked to the surface, gives a drastic difference,
as already reported for other dendréh&;°the T, value is 377
! T T T T . T T T K for 2b-[G'3] (16 CN end groups) and 341 K f@c-[G'3] (16
14 16 18 20 22 min NMe, end groups). It must be noted also that the dendrimers
constituted of botl2b-[G'3] and2c-[G'3] have only ond g, with
a value intermediate between the values found for these
dendrons. The occurrence of only ofig (and not two) in
dendritic macromolecules containing blocks of different chain
b) end substitution was already reporf&@*>15The T, value for

dendrimer7-[G'3]-[G'3] is 357 K and that foB-[G'3]-[[G '3]2]2
is 352 K.

8-[G'3]-[[G'3lal X ¥ 2¢-[G'3]

Conclusions

The presence of 16 chlorines on the surface and one vinyl
group at the core of the third generation dend2aqGz] allows
specific new functionalizations independently of the surface with
functionalized phenols and of the core with various amines.
These functionalizations finally induce the presence of primary
amines, phosphines, or azide at the core. Such functions display
a versatile reactivity, leading to the formation of an unprec-
edented series of dendritic macromolecules with very special
architectures through cot&ore, core-surface, or corecore—

1'4 T 1|e ' 1'8 T 2[0 T 2'2 T min surface-core couplings. Layer-block dendrorb([G'3],, 4c-
[G'3]2), a surface-block dendrimer{G's]-[G'4]), a layer-block
Figure 7. SEC traces of compoundz-[G's] and8-[G's]-[[G ']2].. dendrimer {0-[G'g]), layered surface-block dendrim@-[G's]-
[[G'3]2]2), and segment-block dendrimeri[G'4],-[G'g]) have
appeared not useful for the detection of structure defects sincepeen obtained in this way. Two types of functional groups can
the irradiation of these dendrimers at 350 nm provokes the pe |ocated in definite areas on the surface of several of these
cleavage of a number of bonds (hydrazino units) as shown by gendrimers. These functions may have complementary proper-
a very broad absorption at 23360 nm, thus including the  opyijously, this reactivity could be extended to the grafting of
wavelength of the laser light used for MALDI TOF experiments  many other types of functions. It must be emphasized also that
(337 nm). these very complex and varied macromolecules are obtained in
However, the degree of purity of dendrons and dendrimers a few steps from a common precurs@a-[Gs]. Such an
can be checked by size-exclusion chromatography. Chromato-gpproach allows the very rapid multiplication of the number of
grams of dendron&b-[G's], and 2¢-[G'5] indicate that their  end groups in one step, for instance from 24 to 768 for the
polydispersity is comparable to or better than that of narrow 9.[G'5] — 10-[G'g] transformation, or from 16 to 576 for the

distribution polystyrene standards (polydispersity/M, = 5a-[G'3] — 11-[G'4]o-[G'g] transformation. Work is underway
1.03). The SEC trace foRc-[G5] is depicted Figure 7. o apply this approach to the synthesis of other types of dendritic
Comparison of the SEC trace 8f[G's]-[[G '3]2]> with that of architectures with specific properties, in particular, in the field

dendron2c-[G'3] indicates thaB-[G's]-[[G 's]2]2 has a narrow  of mixed organie-inorganic chemistry and material sciences.
molecular weight distribution (Figure 7). Furthermore, the

elimination of the excess of dendr@o-[G'3] is easily monitored Experimental Section

by SEC, as can be seen when comparing Figure87&5]- _ ‘ _ _ _
[[G'3)2)2 partially purified, contaminated by traces 2¢-[G'3]) General. All manipulations were ceirrledmout with standard high-
and Figure 7b &-[G'3)-[[G '3]]. purified). The retention time ~ Vacuum and dry-argon techniquési, °C, 3! NMR spectra were

RN Ty ; . recorded with Bruker AC 200, AC 250, or AMX 400 spectrometers.
of 8-[G'3-{[G "3J2]2 is smaller than that of the dendron, confirm References for NMR chemical shifts are 85%Pi), for 3P NMR,

(23) B|aisy J. C.; Turrin’ C.; Caminade’ A. M.; MajoraL J. P, to be SIMe4 for H and*3C NMR. The attribution of3C NMR Signals has
published been done usindmeq two-dimensional HMBC, and HMQC, broad
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Figure 8. Plot of SEC retention time versus logarithm of molecular weight for polystyrene standards and dendrons and dendrimers.

Table 1. Crystallographic Data

2c-[G'oa] —

1b 2¢c-[G'gb] 2a-[G4]
asymmetric unit @HsNsPS GoHesNeO4P4S, C30H29Cl4N50-P4S3
molecular weight 341.28 1123.19 853.44
Pealcd (@-cm™3) 1.433 1.294 1.466
u(cm™) 3.21 2.56 6.70
Fooo 348 2368 876H
crystal system triclinic monoclinic triclinic
space group P1 P2:/n P1
a(A) 8.6198(15) 17.9530(17) 10.7742(15)
b (A) 9.0671(16) 10.8093(10) 13.955(2)
c(h) 11.284(2) 30.051(3) 14.805(2)
o (deg) 90.03(2) 90 107.250(16)
B (deg) 91.85(2) 98.657(11) 109.204(15)
y (deg) 116.183(19) 90 98.361(17)
V (A3 790.9(2) 5765.3(10) 1933.4(5)
z 2 4 2
crystal size 0.3 0.2x 0.04 0.25x 0.07 x 0.05 0.2x 0.1x 0.1
crystal shape thin plate thin plate parallelepiped
crystal color colorless colorless colorless
R 0.0875 0.0608 0.0419
wR2 0.1051 0.1169 0.0969
G.O.F 1.134 1.009 1.024

band, or CWE'P decoupling experiments when necessary. DSC spectra added a small excess of dichloromethylhydrazinothiophosphine in

were recorded with a NETZSCH DSC 204 machine. Compolad solution in chloroform. The mixture was stirred at room temperature

was prepared according to a published procediResparative size- for 12 h. After evaporation of the solvent, the product was washed

exclusion chromatography was performed using Bio-Beads S-X1 beadsseveral times with a mixture THF/pentane (1/5) to gd&e[G] (n =

(operating range 66814000 gmol™) from Bio-Rad company and THF 1-3) as white powders. Single crystals 24-[G,] suitable for X-ray

as eluent. SEC analytical data were obtained at@Using a Waters diffraction were grown in a THF/pentane (1/5) solution at room

410 differential refractometer, thregdn Waters Styragel HR columns  temperature.

(300 x 8 mm) connected in series in order of decreasing pore size  General Procedure for the Synthesis of 2&c-[G's] (n = 1-3).

(10 000 A_, 1000 A, 100 A) and THF as eluent with a nominal flow of 14 4 solution oRa-[G,] (typically 2 g) in THF (typically 20 mL) was

1.2 mL/min. ) ] added a small excess of sodium dait1b, or 1c. The resulting mixture
General Procedure for the Synthesis of 2ad-[G'g|. Toasolution a5 stirred at room temperature for 12 h. The solution was first

of diphenylvinylphosphine (typically 5 mmol) in GRI, (typically 10 centrifuged and then evaporated under vacuum. The product was

mL) was added at 6C one equivalent ofa—d. Ten minutes after the  \yashed with a mixture THF/pentane (1/5) to give a white powder for
end of the addition, the mixture was warmed to room temperature and 2a-[G'y] and2b-[G',] or a brown powder foRc-[G'y].

stirred for 3 h, and then the solvent was removed under vacuum. . .
' . o X-ray Analysis of Compounds 1b, [2c-[Ga], 2¢-[Gob]], and 2a-
soIG ?gﬁrgfl ggée’duretfor_égﬁ S%/ nthgsligLZet-[ch;l _210 r?q)L)T Svgs [G4]. Data collection was performed at low temperatufe= 160 K)
utl n-1 (typically 2 g) i (typically for three compounds on a STOE imaging plate diffraction system

(24) Mitjaville, J.; Caminade, A. M.; Mathieu, R.; Majoral, J. .Am. (IPDS), equipped with an Oxford Cryosystems Cryostream cooler
Chem. Soc1994 116, 5007. device and using a graphite monochromatized Moridiation ¢ =
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0.71073 A). The crystal-to-detector distance was chosen to be 80 mm,occupancy found to be close to 0.5. A weighting scheme was used in
owing to a low diffraction density at an angle of Bragg higher than the last cycles of refinement, where weights are calculated from the
24°. Final unit cell parameters for each measurement were obtained following formula: weight= 1/[0*(F,?) + (aP)? + bP] where P =

by a least-squares refinement on a set of 5000 reflections equally (Fo?> + 2F2)/3.

distributed in reciprocal space, and a crystal decay was monitored by  Molecules are illustrated using the program ZOR¥E#th a 50%
measuring 200 reflections per image. Any fluctuations of the intensity probability displacement ellipsoids for non-hydrogen atoms. Main data

were observed over the course on the data collection. concerning the crystals and the X-ray analysis are gathered in Table 1.
The structures were solved by direct methods using (SHR@2y Further details concerning the crystal structure investigation are

refined by least-squares proceduresF8rwith the aid of (SHELXL- available on request from the Director of the Cambridge Crystal-

97Y° by minimizing the function: Sw(F,?> — F?)?, whereF, and F¢ lographic Data Centre, 12 Union Road, GB-Cambridge, UK.

are respectively the observed and calculated structure factors. The

atomic scattering factors were taken frémternational Tables for X-ray Acknowledgment. Thanks are due to the European Com-

Crystallography?” All hydrogen atoms have been located on difference  munity (INCO-Copernicus project ERBIC15CT960746) and to
Fourier maps for whole structures but introduced in a processus of the CNRS for financial support.

calculation in a riding model with isotropical thermal parameters fixed

at 20% higher than those of the carbon atoms to which they were Supporting Information Available: Experimental proce-
connected. All non-hydrogen atoms were anisotropically refined, a dures and characterization data for new compounds. ZORTEP
statistical disorder having been found for dielichlorothiophospho- drawing and Tables of crystal data, data collection, structure
ranyl group of compounda-[G,]. Chlorine and sulfur atoms of this ) 4ion and refinement, atomic coordinates, bond lengths and
group have been anisotropically refined on two positions with an angles, and anisotropic’thermal parametersitmr[Zc-[G'oa]

(25) Altomare, A.; Cascarano, G.; Giacovazzo, G.; Guagliardi, A.; Burla, 2C-[Gob]] and 2a-[Gi] (PDF). This material is available free
M. C.; Polidori, G.; Camalli, MSIR92 program for automatic solution of of charge via the Internet at http:/pubs.acs.org.
crystal structures by direct methods.Appl. Cryst 1994 27, 435.
(26) Sheldrick, G. M.SHELXL97 program for the refinement of crystal JA992099J
structures; University of Gtingen: Germany, 1997.
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