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this type of coordination complex to real applications which
depend on easily distinguished ªonº and ªoffº signals. Studies
on the immobilization of these complexes on appropriate
conducting surfaces are underway.
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Isocyanate-Based Dendritic Building Blocks:
Combinatorial Tier Construction and
Macromolecular-Property Modification**
George R. Newkome,* Claus D. Weis, Charles N.
Moorefield, Gregory R. Baker, Bradley J. Childs, and
Jon Epperson

In the current development of dendritic chemistry[1] the
application of iterative technology is being examined from
many different perspectives. These areas include the use of
dendrimers and related materials as unimolecular micelles,[2]

ordered network building blocks,[3] chromatography addi-
tives,[4] cancer therapeutics,[5] and electrically conducting
materials.[6] Central to the construction of these macromolec-
ular assemblies is the design and tuning of properties such as
solubility, viscosity, and reactivity for specific applications.
Hence it is desirable to design synthetic methods for the ready
introduction of functionally diverse terminal groups.

Recently we reported the synthesis of the stable isocyanate
triester 1 and its use as a building block in the rapid
ªdendrimerizationº of protic materials and surfaces.[7] In
addition, we disclosed the syntheses of the related branched

monomers[8] 2 ± 5. Each of these monomers possesses a triad
of protected functional groups, an sp3 C-branching center and
a reactive isocyanate moiety. We herein report on the concept
of the rapid modification of properties through combinatorial
synthesis analogous to that used for the discovery of novel
solid-state materials,[9] biologically active substrates,[10] and
artificial receptors.[11] While dendrimers have recently been
employed[12] and touted[13,14] as vehicles for the generation of
standard small-molecule libraries, our combinatorial method
relies on mixtures of AB3-type monomers having varying
compositions of different, yet mutually compatible building
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blocks for sequential formation of ªtiersº and dendrimer
construction.

Reaction of the isocyanate monomers 1 ± 5 with a fourth-
generation poly(propylene imine) dendrimer (DSM, 32-
PPI)[15] bearing 32 NH2 groups in refluxing tert-butyl alcohol
or dichloromethane afforded (>90 %) the corresponding 96-
ester 6, 96-cyanide 7, 96-siloxane 8, 96-N-t-BOC compound 9,
and 96-benzyl ether 10. Formation of these compounds is
supported by their 13C NMR spectra (Figures 1 and 2,
Table 1). Anticipated key absorptions corresponding to the

Figure 1. 13C NMR spectra for the peripherally homogeneous ester, cyano,
and siloxane dendrimers 6, 7, and 8, respectively, and the peripherally
heterogeneous dendrimers 11 (prepared from 0.5, 0.4, and 0.1 equivalents
of monomers 1, 2, and 3, respectively) and 12 (0.7, 0.15, and 0.15 equivalents
of 1, 2, and 3, respectively). Spheres represent the DSM-32-PPI dendritic
core.

covalently attached 1!3 branched monomers are observed in
each spectrum (d values): 6 : 172.7 (CO), 80.0 (C(CH3)), 27.9
(CH3); 7: 118.4 (CN), 69.8, 65.9 (CH2OCH2), 18.8 (CH2CN);
8 : 63.6 (CH2O), 26.0 (C(CH3)3), 18.2 (C(CH3)3), ÿ5.2
(Si(CH3)2); 9 : 156.5 (CO), 78.9 (C(CH3)3), 28.3 (C(CH3)3);
10 : 138.6, 128.4, 127.6, 127.4 (C-aryl), 72.8 (CH2C6H5), 71.0
(CH2CH2O). As expected, signals attributed to the imine-
based superstructure are broadened and less intense (d

values): 6 : 52.0 (CH2CH2CH2, CH2CH2CH2CH2), 51.0
(CH2CH2CH2NHCONH).

Figure 2. 13C NMR spectra of dendrimers 9 and 10, which have carbamate
and benzyl ether terminal groups, respectively, and the peripherally
heterogeneous dendrimers 13 (prepared from 0.5 equivalents each of
monomers 4 and 5) and 14 (prepared from 13, see text).

Further potential to exploit the connectivity of the iso-
cyanate-based monomers was subsequently examined by
treatment of the 32-PPI dendrimer with mixtures of mono-
mers 1 ± 3 (total of 32 equivalents). Specifically, mixtures of
building blocks 1, 2, and 3 in various ratios [(0.5:0.1:0.4) and
(0.7:0.15:0.15)] afforded the corresponding combinatorial-
based dendrimers 11 and 12 (Figure 1). Evidence for the
formation of these peripherally heterogeneous dendrimers
includes the observation (after chromatographic purification)
of all the pertinent 13C NMR signals exhibited in the spectra of
the analogous, peripherally homogeneous macromolecules
6 ± 8. More specifically, the spectrum of each peripherally
heterogeneous dendrimer exhibits signals at d� 172.8, 118.3,
80.1, 63.5, 51.5, 18.7, and ÿ5.3 (corresponding to CO[BA] , CN,
C(CH3)3[BA] , CH2O[Si] , CH2CH2[DSM] , CH2CN, and Si(CH3)2,
respectively). The observed low intensity and slightly broad-
ened signals at d� 157.8 and 157.6 (NHCONH[BA, Si, CN])
suggest that the surface is relatively rigid as a result of
hydrogen bonding between the urea units and crowding of the
terminal groups.
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Scheme 1 illustrates the concept of combinatorial growth as
it relates to the construction of dendrimers such as 14 having
surfaces with multifarious functional groups. Thus, treatment
of the DSM-32-PPI dendrimer with a mixture of monomers 4
and 5 (16 equivalents each) in refluxing dichloromethane
afforded the heterogeneous macromolecule 13. Following
isolation and purification, the structure of the new hetero-
dendrimer 13 was confirmed by its 13C NMR spectrum
(Figure 2, Table 1), which contains the relevant signals
exhibited in the spectra of both the corresponding homoge-

neous macromolecules 9 and 10. Principal signals are
observed at d� 138.7, 128.6, 127.8 (C-aryl[BE]), 78.9
(C(CH3)3[N-t-BOC]), 72.9 (CH2C6H5[BE]), 71.1 (CH2CHO[BE]),
41.2 (CH2CH2NH[N-t-BOC]), 28.8 (C(CH3)3[N-t-BOC]). Removal of
the BOC groups by treatment with formic acid and subse-
quent reaction of the free amines with a mixture of isocyanate
monomers 1, 2, and 4 (0.375, 0.25, 0.375 equivalents, respec-
tively) yielded the peripherally hetereogeneous dendrimer 14.
Its structure was verified by its 13C NMR spectrum (Figure 2),
which displays the expected peaks at d� 173.1 (CO[BA]), 156.5

Table 1. 13C NMR data for compounds 6 ± 14 (subscripts denote absorptions arising from specified units) (62.9 MHz, CDCl3, 25 8C).

6 : d� 172.7 (CO), 157.9 (NHCONH), 80.0 (C(CH3)3), 56.0 (tert-C), 52.1
(CH2CH2CH2CH2, CH2CH2CH2), 51.0 (CH2CH2CH2NHCONH), 37.8
(CH2NHCONH), 30.2, 29.5 (CH2CH2CO2, CH2CH2NHCONH), 27.9
(C(CH3)3), 24.2 (CH2CH2CH2CH2, CH2CH2CH2)
7 : d� 158.2 (NHCONH), 118.4 (CN), 69.8, 65.9 (CH2OCH2), 58.9 (tert-C),
52.0 (CH2CH2CH2, CH2CH2CH2CH2), 51.0 (CH2CH2CH2NHCONH), 38.3
(CH2NHCONH), 29.6 (CH2CH2CH2CH2), 27.4 (CH2CH2NHCONH), 23.8
(CH2CH2CH2), 18.8 (CH2CN)
8 : d� 158.2 (NHCONH), 63.6 (CH2O), 56.7 (tert-C), 52.2 (CH2CH2CH2,
CH2CH2CH2CH2), 51.0 (CH2CH2CH2NHCONH), 38.0 (CH2NHCONH),
32.0 (CH2CH2CH2O), 29.0 (CH2CH2CH2CH2), 26.9 (CH2CH2O), 26.0
(C(CH3)3), 25.0 (CH2CH2NHCONH), 24.2 (CH2CH2CH2), 18.2 (C(CH3)3),
ÿ5.2 (Si(CH3)2)
9 : d� 158.7 (NHCONH), 156.5 (CO), 78.9 (C(CH3)3), 57.0 (tert-C), 52.4
(CH2CH2CH2, CH2CH2CH2CH2), 51.4 (CH2CH2CH2NHCONH), 41.2
(CH2CH2NH), 37.9 (CHNHCONH), 33.3 (CH2CH2CH2), 29.8 (CH2CH2-
NHCONH), 28.7 (C(CH3)3), 23.9 (CH2CH2CH2, CH2CH2CH2CH2)
10 : d� 158.2 (NHCONH), 138.6 (C1-Aryl), 128.4 (C2-Aryl), 127.6 (C3-
Aryl), 127.4 (C4-Aryl), 72.8 (CH2C6H5), 71.0 (CH2CH2O), 56.9 (tert-C), 52.3
(CH2CH2CH2CH2, CH2CH2CH2), 50.9 (CH2CH2CH2NHCONH), 37.7
(CH2NHCONH), 32.1 (CH2CH2CH2O), 28.2 (CH2CH2NHCONH), 23.8
(CH2CH2CH2O)

11/12 : d� 172.8 (CO[BA]), 157.8, 157.6 (NHCONH[BA, Si, CN]), 118.3 (CN),
80.1 (C(CH3)3[BA]), 69.9, 65.8 (CH2OCH2[CN]), 63.5 (CH2O[Si]), 58.9 (tert-
C[CN]), 56.0 (tert-C[BA]), 51.5 (CH2CH2CH2[DSM] , CH2CH2CH2CH2[DSM] ,
CH2CH2CH2NHCONH[DSM]), 38.8 (CH2NHCONH[DSM]), 32.0 (CH2CH2O[Si]),
30.3, 29.6, 28.0 (CH2CH2CO2, C(CH3)3[BA]), 25.9 (C(CH3)3[Si]), 24.2
(CH2CH2CH2[DSM]), 18.7 (CH2CN[CN]), 18.2 (C(CH3)3[Si]), ÿ5.3 (Si(CH3)2)
13 : d� 158.5 (NHCONH[N-t-BOC, BE]), 156.4 (CO[N-t-BOC]), 138.7 (C1-Aryl[BE]),
128.6 (C2-Aryl[BE]), 127.8 (C3,4-Aryl[BE]), 78.9 (C(CH3)3[N-t-BOC]), 72.9
(CH2C6H5[BE]), 71.0 (CH2CHO[BE]), 57.0 (tert-C[N-t-BOC, BE]), 52.4 (CH2CH2-
CH2CH2[DSM] , CH2CH2CH2[DSM]), 51.4 (CH2CH2CH2NHCONH[DSM]), 41.2
(CH2CH2NH[N-t-BOC]), 37.9 (CH2NHCONH[DSM]), 33.2 (CH2CH2CH2[N-t-BOC]),
32.3 (CH2CH2CH2O[BE]), 28.8 (C(CH3)3[N-t-BOC]), 23.9 (CH2CH2CH2[N-t-BOC, BE],
CH2CH2CH2CH2[DSM])
14 : d� 173.1 (CO[BA]), 158.2 (NHCONH[BA, CN, N-t-BOC, BE]), 156.5 (CO[N-t-BOC]),
138.7 (C1-Aryl[BE]), 128.5 (C2-Aryl[BE]), 127.7 (C3,4-Aryl[BE]), 118.7 (CN[CN]),
80.5 (C(CH3)3[BA]), 78.9 (C(CH3)3[N-t-BOC]), 72.9 (CH2C6H5[BE]), 71.1 (CH2CH2-
O[BE]), 70.1, 66.0 (CH2OCH2[CN]), 57.1, 56.2 (tert-C[BA, CN, N-t-BOC, BE]), 51.4
(CH2CH2CH2[DSM], CH2CH2CH2CH2[DSM], CH2CH2CH2NHCONH[DSM]), 41.1
(CH2CH2CN[CN]), 38.3 (CH2NHCONH[DSM]), 33.2 (CH2CH2CH2[N-t-BOC] ,
CH2CH2CH2O[BE]), 32.2, 29.9 (CH2CH2CO2[BA]), 28.7, 28.3 (C(CH3)3[BA, N-t-BOC]),
23.8 (CH2CH2CH2[N-t-BOC, BE] , CH2CH2CH2CH2[DSM]), 18.9 (CH2CN[CN])

Scheme 1. Combinatorial synthesis of dendrimer 14, which is characterized by diversity in the surface functional groups.
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Self-Assembly of Novel Polyrotaxanes:
Main-Chain Pseudopolyrotaxanes with
Poly(ester crown ether) Backbones**
Caiguo Gong and Harry W. Gibson*

Physically linked molecules, rotaxanes and catenanes,[1]

comprise a major research field of supramolecular chemistry[2]

which has fascinated scientists in recent decades. Polyrotax-
anes, in which a cyclic and a linear species (one of which is part
of a macromolecule) are mechanically interlocked with each
other, have also been extensively studied since their proper-
ties are different than those of conventional covalent poly-
mers.[1, 3±10] The novel properties of these compounds often
result from their unusual architectures. Therefore, designing

(CO[N-t-BOC]), 138.7, 128.5, 127.7 (C-aryl[BE]), 118.7 (CN), 80.5
(C(CH3)3[BA]), 78.9 (C(CH3)3[N-t-BOC]), 72.9 (CH2C6H5[BE]), 28.7,
28.3 (C(CH3)3[N-t-BOC, BA]), 18.9 (CH2CN[CN]). Similar signals
are observed in the spectra of the homogeneous macro-
molecules 6, 7, 9, and 10. Higher generation materials can
easily be constructed by further selective deprotection of
functional groups and subsequent treatment with any mixture
of compatible isocyanate-based monomers.

A great advantage of this protocol is the potential to adjust
dendritic properties by modifying the surface groups. The
polyamine dendrimer afforded by liberation of the NH2

moieties on dendrimer 13 (50:50 mixture of N-t-BOC and
BE terminal groups) displays amphiphilic behavior. For
example, it is highly soluble in MeOH as well as partially
soluble in both H2O and CHCl3; this compound is thus
reminiscent of a ªuniversal micelleº. Key 13C NMR signals
arising from the NH2- and PhCH2O-terminated arms collapse
and broaden in the deuterated solvents CDCl3 and D2O,
respectively. This can be rationalized by considering that
surface groups with termini that favor solvation are extended
and freely rotating, while groups with unfavorable solvent
interactions are contracted and folded back into the molec-
ular superstructure where less freedom of movement is
afforded. FreÂchet et al.[16] observed analogous behavior when
dendritic wedges were attached to polyethylene glycol star
polymers. This behavior can be modified by altering the ratio
of the functional groups on the dendrimer surface. For
example, a dendrimer with a 75:25 mixture of amino and
benzyl ether moieties is completely miscible in H2O and
insoluble in CHCl3.

Combinatorial construction of dendrimers is well suited to
the rapid design and construction of nanoscale superstruc-
tures having a variety of forms and functions. The large-scale
screening of vastly differing material properties should thus
be possible. These dendritic materials are likely to have
cavities and clefts within the framework, resulting in various
degrees of local as well as overall asymmetry. As such, these
materials can be viewed as being intermediate between
dendrimers and classical polymers: a ªpolycelleº. We are
currently investigating their potential use as catalysts and
phase-transfer agents.
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