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Figure 4a shows the AFM image of one partially obscured
{001}, face of EMT. The hexagonal nature of the face with edge
length about 0.6 um is immediately apparent. Though the over-
all terrace topology on the crystal surface is not as well defined
as for FAU, both a hexagonal nature and a diminishing terrace
width towards the edge of the crystal are evident. This hexago-
nal terrace morphology is a consequence of the symmetry gener-
ated along the [001], direction by the ABAB stacking of fauja-
site layers. Although individually the A and B layers have
threefold symmetry (see Scheme 1) they are rotated with respect
to one another by 60° thereby generating a pseudo sixfold axis.
Section analysis again reveals that the terraces are approximate-
Iy 1.5 nm thick and this thickness is highly uniform. The growth
terraces of the EMT structure are less well defined than those of
the FAU structure which is a reflection of the larger number of
defects in EMT than FAU."

Experimental Procedure

The zeolites were synthesized in the system 108i0,:1.0A1,0,:2.4Na,0:140H,0:1.0
crown ether. The sources of material were 40wt % colloidal silica (HS-40 Ludox);
40wt % sodium aluminate solution; [15jcrown-5 and [18]crown-6 (Aldrich). Gels
were aged for two days at room temperature followed by crystallization in Teflon
bottles for eight days at 95 C.

AFM images were recorded on a Nanoscope Multimode Microscope from Digital
Instruments operating in TappingMode. Samples were secured on an adhesive sur-
face to prevent Jateral movement. A first order planefit was conducted on the images
in the x and v directions to level the crystal terraces, and simulated illumination is
used to emphasize the crystal steps. Dark areas around crystal edges are due to the
surface topography possessing a greater slope than the side of the tip. Thus, these
areas contain information on the tip shape only and do not contain topographical
information.
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Controlled Assembly of Nanosized
Metallodendrimers**

Wilhelm T. S. Huck, Frank C. J. M. van Veggel,* and
David N. Reinhoudt*

There is considerable interest in the synthesis of well-defined
structures of nanometer dimensions.!’! These structures can be
constructed by formation of covalent bonds, but this requires
multistep synthesis.[?! Therefore, various other strategies have
been developed that rely on self-assembly through noncovalent
interactions, for example hydrogen bonds. Whitesides et al.*!
obtained stable rosettelike structures constructed of melamine
and barbituric acid units held together by strong hydrogen
bonds. The nanotubular assemblies prepared by Ghadiri et al.!1*!
are another beautiful example of hydrogen-bonded assemblies.
Dative bonds to transition metals can also be employed in self-
assembly. Lehn et al. have applied the coordination of oligopy-
ridines to transition metals to form triple helices, ladder poly-
mers, and molecular grids.[> Previously, we have described the
self-assembly of small aggregates and ribbonlike polymers using
the uranyl cation.!®! In this paper we describe the synthesis of
metallodendrimers by controlled assembly.

Dendrimers are attractive, nanosize compounds with very
specific architectures.!”- 8] Dendrimers can be synthesized by
following either a convergent or a divergent route.!”! in which an
increasing number of new covalent bonds are formed in each
generation. A few dendrimers containing transition metals have
been reported.['® Van Koten et al."*) have used metalated den-
drimers as homogeneous catalysts. Balzani and co-workers re-
ported the synthesis of metallodendrimers containing transition
metals in every generation, which relied on sequential reactions
on the metal centers and protection/deprotection of ligands.!*?!
In contrast, Achar and Puddephat built dendrimers by oxidative
additions to Pt complexes.['?]

We have recently described the synthesis of large organopalla-
dium spheres by “genuine” self-assembly.”**! Now we report
here that we can control this process and use this method for the
synthesis of first-, second-, and third-generation metalloden-
drimers. Our approach is based on controlled assembly of build-
ing blocks that contain all the necessary information. We make
use of the coordination chemistry of Pd" and have combined in
building block BB-CI two kinetically inert tridentate “pincer-
type” ligands and one labile coordinating cyano group
(Scheme 1). The nucleus G, has in this case C; symmetry with
three Pd centers.

The temporary protection of the metal center by a strongly
coordinating Cl~ ion prevents coordination by cyano groups.
Further growth of Pd complex G, is achieved by replacing the
Cl™ ion for a noncoordinating BF; ion, by reaction with
AgBF,. Subsequent addition of three equivalents of the pro-
tected building block BB-Cl yields the next generation den-
drimer G,. By repeating this sequence twice it is possible to
build the third-generation metallodendrimer G,.

The synthesis of BB-Cl and G, is outlined in Scheme 2. The
S-C-S pincer ligand was prepared in seven steps from dihydroxy-
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Scheme 2. Synthesis of dendrimer building blocks.

isophthalic acid.”*#! The pincer ligands were coupled to a tri-
bromomesitylene spacer to afford the nucleus L,, or to di-
bromomonocyanomesitylene to yield the dendrimer building
block L,. Simple cyclopalladation of L, and L, with
[Pd(CH,CN),(BF,),]""*! gave in quantitative yield the bis- and
trispaliadium complexes, which were directly converted into the
chloride complexes BB-Cl and G,, respectively, by stirring with
aqueous NaCl. The palladation is quantitative and occurs exclu-
sively at the position activated by both S donor atoms, as can be
deduced from 'HNMR spectroscopy. A broad singlet at §
= 4.4 for the CH,S protons reflects the slow conformational
interconversion of the five-membered Pd cycle, and the absence
of a singlet at 6 = 6.85 indicates complete cyclopalladation.
After purification by column chromatography (silica gel, eluting
with CH,Cl,/MeOH 97/3) BB-Cl and G, were obtained in
yields of 70 and 40 %, respectively.

Nucleus G, was activated by stirring with three equivalents of
AgBF, in CH,Cl,/nitromethane (1/1), and three equivalents of
BB-Cl were added to form the assembly G, . Repeating the same
procedure yielded in a very simple way metallodendrimers G,
and G;. These complexes were purified by filtration over hyflo
and column chromatography (silica gel reversed phase, eluting
with nitromethane) to remove the precipitated silver chloride.
The yellow-colored metallodendrimers were obtained as a single
fraction in quantitative yield after chromatography. The synthe-
sis of an nth generation metallodendrimer is a one-pot proce-
dure, because intermediate generations need not be isolated.
The assembly process is controlled by the repetitive addition of
AgBF, and BB-Cl. Dendrimers G, -G were fully characterized

1214 ©. VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1996

1) [Pd (CH,CN) 1(5&;

PhS
\

O

0570-0833:96:3511-1214 8 15.00+.25/0

by *H and *3C NMR and FT-IR spec-

troscopy,!'®! electrospray mass spec-

en trometry (ES-MS), and elemental
analysis (Table 1).

AL The "H NMR spectra of G, -G, are

remarkably simple because of the high
o symmetry of the nucleus and the simi-
larity of the building blocks. The for-
mation of the desired compounds can
be deduced from the ratios of the in-
tensities of the signals of the CH,CN
and CH,O protons, which is 1:3 for
G,, 3:7 for G,, and 1:2 for G;.
a 1™ The signals in the 'H NMR spectrum
of G; show some broadening, indicat-
ing the restricted motion of the inner
generations. The *C NMR spectra

show no shifts on going from G, to G,.['7
Molecular masses were determined by ES-MS. The trans-
formed ES mass spectra (Fig. 1)[*% show signals at m/z 1516.2

Table 1. Selected physical data for G,-G;.

Gy M.p. 164-166 C: '"HNMR (CDCl;): 6 =7.81 (m, 12H: ArgH). 7.39 (s, 3H:
ArH). 7.35 (m, 18 H: ArgH). 6.63 (s. 6 H: Ar, ;H), 4.93 (s. 6H; CH,0), 4.53 (br. s.
12H: CH,S); '3C NMR (CDCly): § =156.5. 150.2, 137.7. 132.3, 131.4, 129.8.
129.7. 109.2, 69.8, 51.7; ES-MS: miz: 15162 {M —Cl]”. Analysis: caled for
CyoHs,0,S,Pd;Cl;-H,0: C 52.78. H 3.79; found: C 52.51, H 3.70.

G,:M.p. 154 157 C;'HNMR (CD,NO,): 8 =7.63 (m. 36 H: Ar,H}. 7.45 (s, 3H:
ArH),7.40(s,9H; ArH). 7.29 (m. 54 H: ArgH). 6.62 (s. 18H: Ar,,H). 4.93 (s, {8 H:
CH,0). 4.49 (br. s, 36H: CH,S). 3.78 (s. 6H: CH,CN):; 3C NMR (CD;NO,.
80 C): o =153.1, 147.0, 1458, 1349, 1283, 1279, 1264, 1258 106.1.
46.2, 19.8: ES-MS: m.z: 47595 [M —2Cl1—2BF,]". Analysis caled for
Cu19H,75:B3NLOGF LS, CLPd, CH;NO,: C 51.47, H 3.58. N 1.11, C1 4.20: found:
C 51.99, H 3.74. N 1.33. C1 4.09.

G,: M.p. 148-152 C; "HNMR (CD;NQ,): § =7.75 (m, 84H; ArH). 7.4 (m.
156H; ArH). 6.75 (s. 42 H: Arp H), 5.00 (s. 42H: CH,0).4.54 (br. s, 84 H; CH,S).
3.89(s. 18H; CH,CN); 13 C NMR (CD;NO,. 80 'C): & =153.1,147.0, 145.8, 134.9,
128.2,127.9,126.5.125.8,122.8, 106.1,66.2.46.2, 19.8; ES-MS:m/z: 11907.0[M]*.
Analysis caled for Cs,oH 26BeNO,, Fy(S,,Cl,Pd,, - 2CH;NO,: C 51.99, H 3.62.
N 1.29. C13.53; found: C 51.74, H 3.75, N 1.86, C1 3.16.

G;: M.p. 139142 'C: '"HNMR (CD,;NO,): § =7.7 {m, 180H: ArsH). 7.5 (m.
336H: ArH). 6.8 (s, 30H: ArpH). 5.0 (s, 90H: CH,0). 4.5 {(br. 5, 180H: CH,S).
3.9 (s.42H: CH,CN): 13C NMR (CD;NO,. 80 C): 0 =153.1,147.0. 145.8. 1349,
128.2, 127.9, 126.5, 125.8, 122.8. 106.1. 66.2. 46.2. 19.8; ES-MS: m;z: 24032 [M
- 19BF o] + . Analysis caled for C,1WH,MB“N,,O4,F“S<,()Clupd4; 10CH;NO,:

M-Cl* [M-2BF,-2Cl]
00 151|8.8 100 4760
i ‘
1/ %
0 .
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My [M-198F,]
9565 11907 24032
8545 .
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Fig. 1. ES muass spectra for G, -G,.
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([Gy —C1]7),4783.5, (G, —Cl —2BF,]*), 11907.0 [G,] ") and
24030.2 (G, —19BF,]"). The loss of anions takes place inside
the mass spectrometer, generating the multiply charged ions
needed for detection and calculation of the molecular weight.!'*]

Molecular mechanics calculations'?®! were performed on
G, -G,. The square-planar coordination environment of the Pd
centers is well preserved. It is clear that after the second genera-
tion the structure of the dendrimer becomes quite entangled
(Fig. 2.

Fig. 2. Optimized structures of G, --G;.

We have shown that organometallic structures of nanometer
dimensions can now be constructed in a very simple and con-
trolled way. This method of controlled assembly provides a new
and versatile tool for dendrimer synthesis. The method allows
large variation in the metal in each generation, the coordinating
ligands, and the structure of the nucleus.
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Molecular Boxes Based on Calix|4]arene
Double Rosettes**

Remko H. Vreekamp, John P. M. van Duynhoven,
Martin Hubert, Willem Verboom, and
David N. Reinhoudt*

The construction of noncovalently bonded, well-defined ag-
gregates has received increasing attention over the last few
years. The study of molecular self-assembly is expected to
provide information on how interactions between molecular
functionalities lead to entities with new shapes and functions.
The shapes of recently described ensembles range from box-
es!t 2l and channels' to more complex three-dimensional net-
works and other discrete aggregates.[* ~®) Reported molecular
boxes based on noncovalent interactions all have rather small
cavities, since they result from the dimerization of two molecules
with concave structures.[*! Recently we prepared receptors with
large hydrophobic cavities by the covalent combination of cal-
ix[4]arenes and resorcin[4]arenes.!”’ The successful synthesis
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