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Abstract: We present an overview of an entirely new concept in nanotechnology, dendrimer
disassembly. Dendrimer disassembly is a process that relies on a single triggering event to
initiate multiple cleavages throughout a dendritic structure that result in release of individual
dendrimer subunits or larger dendrimer fragments. The potential of this process lies in (1) the
nature of dendrimers as covalent assemblages of active species, and using the chemistry of
disassembly to release these species into a system; and (2) the role of dendritic components
of a system in influencing solubility, energy harvesting, or insulating capabilities, etc., and using
the chemistry of disassembly to reverse those contributions to a system. This is a powerful
construct, in that dendrimers and dendritic structures can be made up of a wide variety of
subunits, compatibilized with many different environments, and incorporated into countless
systems. We anticipate that dendritic materials with disassembly capabilities will (a) be useful
for traditional polymer degradation technologies and (b) have potential applications in nano-
technology, biomedicine, sensors, etc.
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Introduction convergent;® double exponentidl orthogonal®. However,

Dendrimer synthesis* is an active area of research with dendrimer synthesis is also a mature fi€icin that many
new developments emerging at a rapid pace, including effortsOf the synthetic, purification, and characterization techniques
in the synthesis of new materials and the development of

new strategies for their preparation (e.g., divergént, (6) Tomalia, D. A; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.;
Martin, S.; Roeck, J.; Ryder, J.; Smith, P. Dendritic Macromol-

- ecules: Synthesis of Starburst Dendrimétacromoleculed986
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85721-0041. Tel: 520-626-4690. Fax: 520-621-8407. Commun199Q 1010-1013.
E-mail: mcgrath@u.arizona.edu. (8) Grayson, S. M.; Frechet, J. M. J. Convergent Dendrons and

(1) Janssen, H. M.; Meijer, E. W. The synthesis and characterization Dendrimers: from Synthesis to ApplicatiorShem. Re. 2001,
of dendritic moleculesMater. Sci. Technoll999 20, 403-458. 101, 3819-3867.

(2) Turnbull, W. B.; Stoddart, J. F. Design and synthesis of glyco- (9) Kawaguchi, T.; Walker, K. L.; Wilkins, C. L.; Moore, J. S. Double
dendrimersRev. Mol. Biotechnol.2002 90, 231—-255. Exponential Dendrimer Growthl. Am. Chem. Sod995 117,

(3) Lebreton, S.; Monaghan, S.; Bradley, M. Solid-phase dendrimer 2159-2165.
chemistry: synthesis and applicatio#gdrichimica Acta2001, (10) Zeng, F.; Zimmerman, S. C. Rapid Synthesis of Dendrimers by
34, 75—-83. an Orthogonal Coupling Strategy. Am. Chem. S0d.996 118,

(4) Hecht, S. Functionalizing the interior of dendrimers: Synthetic 5326-5327.
challenges and applicationd. Polym. Sci. 2003 41, 1047 (11) Newkome, G. R.; Moorefield, C. N.; \gtle, F.Dendrimers and
1058. Dendrons: Concepts, Syntheses, ApplicatiM@H: New York,

(5) Buhleier, E.; Wehner, W.; \itle, F. “Cascade”- and “Nonskid- 2001.
Chain-like” Syntheses of Molecular Cavity Topologi€ynthesis (12) Frehet, J. M. J.; Tomalia, D. ADendrimers and Other Dendritic
1978 155-158. Polymers John Wiley: New York, 2002.
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have been perfected to the point that dendrimers and dendritic

components are fairly common players in molecular, mac-
romolecular, and nanoscale systefd! The frontline of
current dendrimer research is in applications for which they

are uniquely suited, as we must now delve deeper, past the
initial synthetic challenges, to see what technologies and
fields these distinctive macromolecules are truly capable of

impacting.

Both traditional polymer- and non-polymer-based tech-
nologies are being impacted by dendritic architectures.
Recent developments in the field of dendrimers/dendritic
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Figure 1. “Dendrimer disassembly”: stimulus (*) to a trig-
gering group in a dendritic structure results in a cascade

macromolecules have explored potential applications in drug fragmentation into constituent subunits.

delivery, display technology, catalyst supports, sensor tech-

nology, imaging contrast, gene therapy, chemical separationsthe unique nature of the dendritic architecture with its high

and viscosity and rheology modification, among
others!?1822:30 These uses of dendrimers effectively rely on

(13) Frechet, J. M. J. Dendrimers and other dendritic macromol-
ecules: From building blocks to functional assemblies in nano-
science and nanotechnology. Polym. Sci. 2003 41, 3713~
3725.

(14) Caminade, A.-M.; Majoral, J.-P. Nanomaterials Based on Phos-
phorus Dendrimersicc. Chem. Re004 37, 341—-348.

(15) Scott, R. W. J.; Wilson, O. M.; Crooks, R. M. Synthesis,
Characterization, and Applications of Dendrimer-Encapsulated
NanoparticlesJ. Phys. Chem. B005 109, 692—704.

(16) Boas, U.; Heegaard, P. M. H. Dendrimers in drug rese&icam.
Soc. Re. 2004 33, 43—63.

(17) Cloninger, M. J. Biological applications of dendrimeZsirr. Opin.
Chem. Biol.2002 6, 742—748.

(18) Patri, A. K.; Majoros, I. J.; Baker, J. R., Jr. Dendritic polymer
macromolecular carriers for drug deliveurr. Opin. Chem. Biol.
2002 6, 466-471.

(19) Moorefield, C. N.; Newkome, G. R. Unimolecular micelles:
supramolecular use of dendritic constructs to create versatile
molecular container€C. R. Chim.2003 6, 715-724.

(20) Cameron, C. S.; Gorman, C. B. Effects of Site Encapsulation on
Electrochemical Behavior of Redox-Active Core Dendriméi..
Funct. Mater.2002 12, 17—-20.

(21) Hedrick, J. L.; Magbitang, T.; Connor, E. F.; Glauser, T.; Volksen,
W.; Hawker, C. J.; Lee, V. Y.; Miller, R. D. Application of
complex macromolecular architectures for advanced microelec-
tronic materialsChem. Eur. J2002 8, 3308-3319.

(22) Dahan, A.; Portnoy, M. Dendrons and Dendritic Catalysts on Solid
Support.J. Polym. Sci. 2004 43, 235-262.

(23) Tully, D. C.; Ffehet, J. M. J. Dendrimers at surfaces and
interfaces: chemistry and applicatiorGhem. Commun2001,
1229-1239.

(24) Hecht, S.; Frehet, J. M. J. Dendritic Encapsulation of Function:
Applying Nature’s Site isolation Principle from Biomimetics to
Materials ScienceAngew. Chemlnt. Ed. 2001, 40, 74-91.

(25) Bosman, A. W.; Janssen, H. M.; Meijer, E. W. About Dendrim-
ers: Structure, Physical Properties, and Applicati@em. Re.
1999 99, 1665-1688.

(26) Hearshaw, M. A.; Moss, J. R. Organometallic and related metal-
containing dendrimer<Chem. Commurii999 1-8.

(27) Fischer, M.; Vatle, F. Dendrimers from design to applicatien
a progress reporAngew. Chemlnt. Ed. 1999 38, 885-905.

(28) Chow, H.-F.; Mong, T. K.-K.; Nongrum, M. F.; Wan, C.-W. The
Synthesis and Properties of Novel Functional Dendritic Molecules.
Tetrahedron1998 54, 8543-8660.

(29) Uhrich, K. Hyperbranched Polymers for Drug Delivefyends
Polym. Sci.1997 5, 388—-393.
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degree of branching, large number of chain ends, and overall
globular morphology.

However, most applications of dendrimers involve what
might be termed “passive” dendrimer use, where the dendritic
architecture and its inherently globular morphology are used
to effectively passivate, insulate, or simply separate molecular
components of a system by covalent or noncovalent encap-
sulation. Related applications use the dendritic architecture
to display or host chemically or physically reactive compo-
nents, such as catalytic sites, chromophores, or mesogens,
often in precise relation to each other. In all of these
applications the dendrimer serves as a type of scaffold, albeit
critical for function, and in some applications the dendrimer
scaffold is responsible for communication of physical
events within the system, such as energy transfer or self-
organization3-1°

In contrast, not common are “active” applications of
dendrimers, in which the dendritic structure is the reactive
component of the system and chemical events are propagated
throughout the dendritic network, directly taking advantage
of the inherent generational amplification that dendrimers
possess. In this sense we believe that dendrimers have an
untapped potential in which the dendrimer structure can be
activated for chemical eventgleavage reactionghat propa-
gate through the dendritic architecture, disassembling it into
component subunits.

Accordingly, we have recently developed a new controlled
dendrimer degradation process known as “dendrimer disas-
sembly” (Figure 1) that takes advantage of a chemical event
propagating through the dendritic architecture, rendering the
structure an “active” component of a systéht2 Dendrimer

(30) Liu, M.; Frechet, J. M. J. Designing dendrimers for drug delivery.
Pharm. Sci. Technol. Toda}999 2, 393-401.

(31) Li, S.; Szalai, M. L.; Kevwitch, R. M.; McGrath, D. Dendrimer
Disassembly by Benzyl Ether Depolymerizatiah.Am. Chem.
Soc.2003 125 10516-10517.

(32) Szalai, M. L.; Kevwitch, R. M.; McGrath, D. V. Geometric
Disassembly of Dendrimers: Dendritic Amplificatiod. Am.
Chem. Soc2003 125 15688-15689.

(33) Szalai, M. L.; McGrath, D. V. Phototriggering of geometric
dendrimer disassembly: an improved synthesis of 2,4-bis(hy-
droxymethyl)phenol based dendrimeietrahedron2004 60,
7261-7266.



Dendrimer Disassembly

disassembly relies on a single triggering event to initiate
multiple cleavages throughout a dendritic structure that
results in release of individual dendrimer subunits or larger
dendrimer fragments. The potential of this process lies in
two new classes of applications for dendrimer chemistry
relying on (1) the established roles of dendritic components
in nanotechnology for influencing solubility, energy harvest-
ing, or insulating capabilities, etc., and using the chemistry
of disassembly to significantly alter those contributions to a
system by stripping the dendrimer away tracelessly; and (2)
the nature of dendrimers as a reservar compact covalent
assemblageof active species, and using the chemistry of

disassembly to release these species into a system (“dendritic

amplification”).
Hence, the ability to degrade dendrimers in this fashion
has the potential to impact previously established uses of
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dendrimers, as well as introduces a new paradigm for their Figure 2. (a) Linear disassembly through a dendritic structure
roles in chemical systems, i.e., as compact reservoirs of/€ading to degradation into several large fragments. (b)
releasable active species. We find this a powerful construct, Geometric disassembly leading to degradation into a large

in that dendrimers and dendritic structures can be made up™UmPer of small fragments. (Red = cleavage vector; blue =

of a wide variety of subunits, made compatible with many {99er 9roups.)

different _enviro_nments, _and_ incorporated_ into_ Countle_ss require only a single subunit within the structure to be
systems, including the biological arena. This review details triggered by a physical or chemical stimulus to initiate a

the current state of development of dendrimer dis- ghontaneous cascading cleavage (Figure 1). Although this
assembly} 36 significant related contributions from other concept is a new means of degrading dendrimers, it is in

laboratories; “° and the potential for significant positive  gssence a depolymerizatitfyet since the actual cascade
impact of dendrimer disassembly on the emerging use of cjeavage process is not technically depropagation of a
dendrimers and dendritic polymers in advanced technologlesp0|ymeric structure (i.e., the reverse of propagation where

including drug delivery. monomer units are released successively from the polymer
chain end), we have used the new term “dendrimer dis-
Fundamentals of Dendrimer Disassembly assembly”.

In this section we describe the fundamental concept of ~We distinguish between two limiting types of dendrimer
dendrimer disassembly and the capabilities it provides that disassembly based on the nature of the cleavage cascade
we anticipate exploiting. Unlike previously reported materials (Figure 2).Linear disassemblyarithmetic cleavage) takes
with discrete degradable subunits that have to be indepen-Place along a single cleavage vector through the dendrimer,

dently cleaved! 5 dendrimers engineered for disassembly breaking the structure up into several relatively large
fragments after triggering at the focal point or periphery

(34) Szalai, M. L.; McGrath, D. V. Geometric Disassembly of
DendrimersPolym. Mater. Sci. Engz003 89, 406-407.

(35) Szalai, M.; McGrath, D. V. Synthesis of Disassembling Den-
drimers.Polym. Mater. Sci. Eng004 91, 552—-553.

(36) Szalai, M. L.; McGrath, D. V. Vinyl Sulfoxide: A Versatile
Trigger for Dendrimer Disassemblolym. Prepr. (Am. Chem.
Soc., Dv. Polym. Chem.p004 45 (2), 110-111.

(37) de Groot, F. H. M.; Albrecht, C.; Koekkoek, R.; Beusker, P. H.;
Scheeren, H. W. “Cascade-Release Dendrimers” Liberate All End
Groups upon a Single Triggering Event in the Dendritic Core.
Angew. Chem., Int. EQR003 42, 4490-4494.

(38) Amir, R. J.; Pessah, N.; Shamis, M.; Shabat, D. Self-lmmolative
Dendrimers Angew. Chem., Int. EQ003 42, 4494-4499.

(39) Shamis, M.; Lode, H. N.; Shabat, D. Bioactivation of Self-
Immolative Dendritic Prodrugs by Catalytic Antibody 38CR.
Am. Chem. SoQ004 126, 1726-1731.

(40) Amir, R. J.; Shabat, D. Self-immolative dendrimer biodegradability
by multi-enzymatic triggeringChem. Commur2004 1614-1615.

(41) Tully, D. C.; Trimble, A. R.; Frehet, J. M. J. Dendrimers with
thermally labile end groups: An alternative approach to chemically
amplified resist materials designed for sub-100 nm lithography.
Adv. Mater.200Q 12, 1118-1122.

(Figure 2a). Although an efficient method to degrade a
material, linear disassembly does not propagate in a dendritic

(42) Seebach, D.; Herrmann, G. F.; Lengweiler, U. D.; Bachmann, B.
M.; Amrein, W. Synthesis and Enzymatic Degradation of Den-
drimers from (R)-3-Hydroxybutanoic Acid and Trimesic Acid.
Angew. Chem., Int. Ed. Endl996 35, 2795-2797.

(43) Smet, M.; Liao, L.-X.; Dehaen, W.; McGrath, D. V. Photolabile
Dendrimers Using-Nitrobenzyl Ether Linkage<Org. Lett.200Q
2, 511-513.

(44) Jansen, J. F. G. A.; Meijer, E. W.; de Brabander-van den Berg,
E. M. M. The Dendritic Box: Shape Selective Liberation of
Encapsulated Guests. Am. Chem. S0d.995 117, 4417-4418.

(45) Watanabe, S.; Sato, M.; Sakamoto, S.; Yamaguchi, K.; Iwamura,
M. New Dendritic Caged Compounds: Synthesis, Mass Spec-
trometric Characterization, and Photochemical Properties of
Dendrimers witho-Carboxy-2-nitrobenzyl Caged Compounds at
Their PeripheryJ. Am. Chem. So200Q 122 12588-12589.

(46) Sawada, H. liEncyclopedia of Polymer Science and Engineering
Mark, H. F., Bikales, N. M., Overberger, C. G., Menges, G.,
Kroschwitz, J. I., Eds.; Wiley: New York, 1985; Vol. 4, pp 79
745.
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fashion. Geometric disassemplyin contrast, does take region of space, i.e., high local concentration. Second, a
advantage of the inherent branching in the dendritic structure dendrimer has different structural regions, including a distinct
(Figure 2b). In a dendritic structure that has a 1:2 branching exterior which can be engineered for desired macroscopic
ratio, each cleavage event leads to two subsequent cleavagproperties (e.g., solubility, pharmacokinetics, film-forming
events, fragmenting the dendrimer into its individual con- properties), while the interior can contain the subunits that
stituent subunits. will be “activated” upon disassembly of the structéte*

It is in geometric disassembly of a dendrimer structure Third, within the interior of a dendrimer a subunit is
that an enhanced capability for controlled dendrimer deg- relatively insulated from the external environmét;so the
radation technology arises. For a single cleavage event atmasking of the activity of a subunit can merely be its
the focal point of a dendron, the total number of periphery incorporation into the interior of a dendritic framework.
and branching subunits released is shown in eq 1, wgre ~ Similarly, the coisolation of certain chromophores, such as
is the branching multiplicity an@ is the generatioff. Hence, ~ self-quenching emissive units, can also be a form of masking.
an exponential number of fragments are generated by a singldisassembly would decrease quenching and enhance emis-
triggering event, and since these fragments can have propersion. Fourth, if trigger groups are on the periphery of the
ties that are dramatically different from those of the intact dendrimer, then there are numerous sites per dendrimer to
dendrimer, the nature of the system changes as well. Thisinitiate disassembly, making the process more efficient from
constitutes a concept we term “dendritic amplification”, an initiation standpoint.
whereby dendrimer disassembly, triggered by a specific
stimulus (light, heat, pH, etc.), amplifies a certain property Dendrimer Disassembly Mechanism
or quality of a system by increasing the number of molecular  We present here the chemistry we have used to develop
species contained thereif® The level of amplification  disassembling dendrimer systefs¥ Selective transforma-
depends on dendrimer generation while the nature oftion of a 4-O-substituted benzyl ether precursborinto
amplification depends on the identity of the released subunits, vinylogous$® hemiacetal anior2 (Scheme 1) initiates an
and could include (i) increase in the concentration of a certain electronic cleavage cascade to yield by 1,6-elimination a
chemical agent, e.g., a polymerization initiator or therapeutic p-quinone methideptQM )—nucleophilically trapped under

agentf® (ii) change in solvent/medium parameters, e.g., the reaction conditions (i.e., by water, alcohols, thiol, &tc.)
polarity or dielectric constant; (iii) change in the interaction

of the medium with light, e.g., absorbance, fluorescence (49) Tomalia, D. A.: Naylor, A. M.; Goddard, W. A. Starburst

emission, or refractive index; or (iv) solubility of the released Dendrimers: Molecular Level Control of Size, Shape, Surface
subunits themselves, e.g., precipitation. Chemistry, Topology, and Flexibility from Atoms to Macroscopic
Matter. Angew. Chem., Int. Ed. Endl99Q 29, 138-175.
o N:— 1 (50) Hawker, C. J.; Malmstro, E. E.; Frank, C. W.; Kampf, J. P.
released subunits = N, + <——) Exact Linear Analogs of Dendritic Polyether Macromolecules:
—_ Ny — 1 (1) Design, Synthesis, and Unigque PropertieAm. Chem. So¢997,
s prihery ) — 119 9903-9904. .

subunits #b,amhing/ (51) Newkome, G. R.; Moorefield, C. N.; Baker, G. R.; Johnson, A.

subunits L.; Behera, R. K. Alkane Cascade Polymers Possessing Micellar

Topology: Micellanoic Acid DerivativesAngew. Chem., Int. Ed.
Linear polymer systems can degrade quite rapidly upon Engl. 1991, 30, 1976-1980.
main chain scission, releasing fragments into their local (52) Hawker, C. J.; Fighet, J. M. J. Control of Surface Functionality
environment® So why is geometric disassembly of den- in the Synthesis of Dendritic Macromolecules Using the Conver-

drimers better for releasing active species into a system than,___ 98Nt Growth ApproachMacromoleculed99Q 23, 4726-4729.
d dable li | 2 W distinct ad t . (63) Wooley, K. L.; Hawker, C. J.; Fohet, J. M. J. Polymers with
egradable linear polymers < Ve see distinct advantages in Controlled Molecular Architecture: Control of Surface Function-

USing dendri.tic structures in particular_for the relea_ls_e of ality in the Synthesis of Dendritic Hyperbranched Macromolecules
“active” species that extend beyond the increased efficiency using the Convergent Approach. Chem. Soc., Perkin Trans. 1
of fragment release. First, the intrinsically globular nature 1991 1059-1076.

of the dendritic structuf@° dictates that, if disassembly is  (54) Hawker, C. J.; Wooley, K. L.; Fohet, J. M. J. Unimolecular

rapid, then the release of active species will be in a confined Micelles and Globular Amphiphiles: Dendritic Macromolecules
as Novel Recyclable Solubilization Agends.Chem. Soc., Perkin

Trans. 11993 1287-1297.

(47) For the geometric cleavage of a dendrimer, rather than a dendron,(55) Hawker, C. J.; Wooley, K. L.; Fohet, J. M. J. Solvatochromism
the total number of subunits released is multipled My the as a Probe of Microenvironment in Dendritic Polyethers: Transi-
multiplicity of the core subunit. tion from an Extended to a Globlar Structude Am. Chem. Soc.

(48) The unmasking of active species in linear polymers for therapuetic 1993 115 4375-4376.
effect has been demonstrated: (a) Synthesis and degradation(56) Krishnamurthy, S. The Principle of Vinylogy. Chem. Educ.

characteristics of salicylic acid-derived poly(anhydride-esters). 1982 59, 543-547.

Erdmann, L.; Uhrich, K. EBiomaterials200Q 21, 1941-1946. (57) Wan, P.; Barker, B.; Diao, L.; Fischer, M.; Shi, Y.; Yang, C.
(b) Degradable poly(anhydride ester) implants: effects of localized 1995 Merck Frosst Award Lecture Quinone methides: relevant
salicylic acid release on bone. Erdmann, L.; Macedo, B.; Uhrich, intermediates in organic chemist@an. J. Chem1996 74, 465—

K. E. Biomaterials200Q 21, 2507-2512. 475.
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Scheme 1. Linear Para Disassembly Pathway Scheme 2. Linear Ortho Disassembly Pathway
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and a liberated alkoxide QR?, 3). This 1,6-elimination
mechanism and similar schemes (both 1,6- and 1,4-elimina- o-QM 8
tions) have been reported as the basis for the mechanism of
protecting groups, enzyme-activated inhibitors, and prodfuffs. ion cleaves through a benzyl group to create two new
Note that in principle any phenolic protecting group can serve phenoxide ions. Consider structut® (Scheme 3), which
as R (e.g., R = acetyl® trimethylsilylethoxymethyl (SEM§° has botho- andp-benzy! ether linkages with respect to the
allyl,*® enzyme substratey and be removed using the initially triggered R group. Removal of the triggering group
appropriate conditions. If alkoxideOR? were also a viny-  R! initiates two sequential cleavage cascades via QRIs
logous hemiacetal anion akin Zythen a subsequent cleavage and14. The end result is the release of two equivalents of
should occur. Accordingly, oligomeric sequences of structure alkoxide “OR? which, if analogous to phenoxidel, will
1in a dendritic framework (e.g5, Chart 1) successfully  both continue along a geometric disassembly pathway.
undergo linear disassembly along this “para cleavage path-Accordingly, incorporation of a geometric disassembly
way” when the triggering group, ‘Ris removed under the  pathway based on Scheme 3 has been carried out and shown
appropriate condition®. (Note the similarity to acetal resin  to be successful (e.g., third generation dendién Chart
depolymerizatior{?) 1)32-35
An analogous electronic cascade cleavage occurs when Two other research groups concurrently published similar
vinylogous hemiacetal anioh(Scheme 2) is generated from systems with geometric dendrimer disassembly capability.
2-O-substituted benzyl ether precur$t by a 1,4-elimina- These groups have used the terms “cascade-reféassl
tion to yield o-quinone methideq:QM), also trapped by a  “self-immolative’®®° to describe their systems. “Self-
nucleophile, and alkoxideOR? (3). Oligomeric sequences immolative” is borrowed from the prodrug literature and
of structure6 in a dendritic framework (e.g9, Chart 1) also specifically refers to a class of benzyl ether or amine units
successfully undergo linear disassembly along this “ortho linking a trigger (specifier) moiety to active drug. Activation
cleavage pathway” under the appropriate conditf5ii4. of the trigger (specifier), typically by enzymatic cleavage,
The combination of the electronic cascade cleavage spontaneously releases the drug through a 1,4- or 1,6-
chemistries in Scheme 1 and Scheme 2 into a single subunitlimination cascade, an example of the double prodrug
makes it possible to construct dendritic structures that approach> ¢’ Although these systems use different chemical
disassemble in a geometric fashion, where each phenoxidestructures and trigger groups (vide infra), the cleavage
pathways are all essentially based on generation of a benzyl-
based vinylogous hemiacetal anion and the subsequent
spontaneous electronic cleavage cascade described above

(58) Greenwald, R. B.; Pendri, A.; Conover, C. D.; Zhao, H.; Choe,
Y. H.; Martinez, A.; Shum, K.; Guan, S. Y. Drug delivery systems

employing 1,4-or 1,6-elimination: Poly(ethylene glycol) prodrugs  (Chart 2). _ _ _
of amine-containing compounds.Med. Chem1999 42, 3657— We note that despite the relatively straightforward concept,
3667. the current structural diversity in disassembling dendrimers

(59) Li, S.; McGrath, D. V. Effect of Macromolecular Isomerism on s limited. Only three cleavage pathwdy&3"38and six
the Photomodulation of Dendrimer Properti@ésAm. Chem. Soc. trigger groups (Chart 3) (ally#32 o-nitrobenzyl3338 p-
2000 122, 6795-6796. aminobenzyP’ t-Boc3® retro-aldol/retro-Michaet? and

(60) Jobron, L.; Hindsgaul, O. Novel Para-Substituted Benzyl Ethers . o
for Hydroxyl Group Protectiond. Am. Chem. Sod999 121 phenylacetamid®) have been reported. The specific triggers

5835-5836.

(61) Plante, O. J.; Buchwald, S. L.; Seeberger, P. H. Halobenzyl Ethers (65) Carl, P. L.; Chakravarty, P. K.; Katzenellenbogen, J. A. A novel
as Protecting Groups for Organic SynthedisAm. Chem. Soc. connector linkage applicable in prodrug designMed. Chem.
200Q 122 7148-7149. 1981, 24, 479-480.

(62) Dolce, T. J.; Grates, J. A. IBncyclopedia of Polymer Science  (66) Wakselman, M. 1,4-Eliminations and 1,6-Eliminations from
and EngineeringMark, H. F., Bikales, N. M., Overberger, C. Hydroxy-Substituted and Amino-Substituted Benzyl Systems
G., Menges, G., Kroschwitz, J. I., Eds.; Wiley: New York, 1985; Chemical and Biochemical Applicationslow. J. Chem.1983
Vol. 1, pp 42-61. 7, 439-447.

(63) Kevwitch, R. M. Ph.D. Thesis, University of Arizona, 2004. (67) Bundgaard, H. The double prodrug concept and its applications.

(64) Szalai, M. L.; McGrath, D. V. Unpublished results. Adv. Drug Deliv. Rev. 1989 3, 39-65.
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Chart 1. Dendrons Capable of Linear Para, Linear Ortho, and Geometric Disassembly
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Q o ' 0-': triggering
BnQ . B nzo,. group
BnO o =OR, RO, 0w\ o--R'
BnO
s=0
BnO ' BnO. \ 0 HQO"‘ o
\QI\O ' 00 . 0 ‘
BnO o 1o7° ‘ R20° @
5 , 0= 16
BnO R,0=}
L v mss:r;g U
u R,0"

Scheme 3. Geometric Disassembly Pathway
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Chart 2. Other Geometric Disassembly Pathways3738
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used in our systems, the conditions of disassembly, and the Linear Disassembly31-¢® Using an iterative convergent
methods of assaying the disassembly process are all describegynthesis (Scheme 4), we prepared zeroth through third

in the next section. generation dendrons (e.@.7) capable of linear disassembly
through a para cleavage vector. The trigger was the allyl

Examples of Dendrimer Disassembly group, and ap-nitrophenoxy (PNP) reporter group was

Systems intentionally installed at the focal point of the dendrons so

We present here the synthesis and assay of disassemblinghat complete disassembly could be assayed by the UV
dendritic systems. We have to date reported examples of bothabsorbance of liberatgenitrophenoxide (PNP) ion (ca. 430
linear and geometric disassembly with allyl anditrobenzyl nm in DMF). Experimental conditions for rapid disassembly,
trigger groups. Pd(PPk)s/NaBH, in DMF, were a variation on standard allyl
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Chart 3. Reported Disassembly Triggering Groups (Triggering Conditions)

Allyl (Pd¥BH,"):

Szalai, Kevwitch, McGrath J. Am. Chem. Soc. 2003,
125, 15688; Li, Szalai, Kevwitch, McGrath, J. Am.
Chem. Soc. 2003, 125, 10516.

o-Nitrobenzyl (hv):
R'O NO,
Amir, Pessah, Shamis, Shabat, Angew. Chem. Int.

Ed., 2003, 42, 4494; Szalai, McGrath Tetrahedron
2004, 60, 7261.

p-Aminobenzyl (Zn%/AcOH):
OR

de Groot, Albrecht, Koekkoek, Beusker, Scheeren,
Angew. Chem. Int. Ed., 2003, 42, 4490.

BOC (1. TFA; 2. TEA):

Sl 9
O _N

g \/\N’u\on
O |

Amir, Pessah, Shamis, Shabat, Angew. Chem. Int.
Ed., 2003, 42, 4494.

Retro-aldol/retro-Michael (cat. antibody 38C2):

0]

|
OO o

o O

Amir, Pessah, Shamis, Shabat, J. Am. Chem. Soc.
2004, 126, 1726.

Phenylacetamide (penicillin-G-amidase):

@)

Amir, Shabat Chem. Commun. 2004, 1614.

Scheme 4. Linear Disassembly Synthesis
CHO ,
/@’ 1. allylbromide 25 (m=0)
o e, | o2 g
. CBr,
21 4 3 HO 28 (m=3)
Br acetone
0
allylo oG- |
22
CHO
1. LIAIH, K.CO
2. CBry/PPhg acetons
(m=m+1) L O[G-n
23a (n'=0)
b =1
C(n'=2)

27

deprotection condition®.Smooth disassembly was observed molecular weights were consistent with trapping of QM
for all compounds in 85100% vyields based on final intermediates by excess hydride in solution.

absorptivity of PNP at 432 nm by UV spectrophotometry ~ Geometric Disassembly?>3> We have explored the
(Figure 3). The liberated fragments of the disassembly divergent synthesis of geometrically disassembling dendrons
process were characterized by G@nd LC-MS, and their based on the 2,4-bis(hydroxymethyl)phenol subunit from two
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Figure 3. Left: UV spectra during disassembly of 27. Inset: Absor
at 432 nm as a function of time during disassembly of 25—27.

Scheme 5. Geometric Disassembly Synthesis with Isophthalate

SOCl,
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—
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29a (R=0OMe)  o-nitrobenzyl K2CO4/DMF
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2. LiAlH, or NaBH,

readily available precursors: isophthala2®a and iso-
phthalaldehyd&9b (Scheme 5). While both routes proved
viable, LiAIH, was the necessary reducing agent in the route
using29a, and this was not compatible with easily reduced
trigger groups such as photolab@enitrobenzyl derivatives.

In this case, the route usingOb where NaBH was the

t/min
bance at 280, 312, and 432 nm with time. Right: Absorbance

or Isophthalaldehyde

NO,
o) ¢l R0 _—O—O—NOZ
HO
——
K,COq
tc DM {0 NO,
a1 on_q on_q
32

absorbance of liberated PNP ion and was found to proceed
in ca. 95% yields.

Phototriggered Geometric Disassembly?3 Phototrig-
gered dendrimers capable of geometric disassembly were
prepared up to the third generation (e.84) using the
isophthalaldehyd&9b based synthesis detailed above (Scheme

reducing agent was required. Geometric disassembly hasd). Disassembly in DMF solution with NaBH1 mg/mL)

been successfully effected in dendrons up to the third
generation (e.g.33, 34) with either allyl or o-nitrobenzyl
trigger groups. Disassembly was again monitored by UV

02N No2

No2
o, N OZN

OZN N02
5@) 33 (R = ally)
0 3"(FF -,, OCH3 :'
A‘I OzN OC|2H25
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proceeded to 7580% completion after irradiation at 310
nm for 60 min as monitored by absorbance of PNP ion. A
control experiment with a zeroth generation compound that
cleaved in 80% yield indicated that the dendrimer dis-
assembly yields were limited by an inefficient photochemical
deprotection and not the disassembly chemistry. By monitor-
ing these disassembly reactions Yy NMR spectroscopy

in DMSO-ds we were able to confirm that base is indeed
necessary to initiate disassembly subsequent to trigger
removal. Stable free phenols (e.85) were observed upon
irradiation in the absence of NaBHand disassembly was
subsequently initiated by addition of this or other bases
(Scheme 6). NaBlHas the base provided the cleanest results,
presumably due to its serving as both a base and an efficient

(68) Beugelmans, R.; Bourdet, S.; Bigot, A.; Zhu, J.-P. Reductive
deprotection of aryl allyl ethers with Pd(P§/iNaBH,. Tetra-
hedron Lett.1994 35, 4349.
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Scheme 6. 'H NMR Data of Phototriggered Disassembly
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Drug Delivery with Disassembling
Dendrimers

The potential of disassembling dendritic systems in drug
delivery has been demonstrated separately by the groups of
de Groot’ and Shabat®“° Using a 1,8-elimination geo-
metrically disassembling subunit (Chart 2a), de Groot
synthesized first and second generation geometrically disas-
sembling dendrimer36 and37, respectively (Chart 4Y. The
peripheral subunits were the chemotherapeutic drug pacli-
taxel, and triggering of disassembly occurred by reduction
of the nitro group to the amine under mild conditions
(Zn/AcOH). Two and four equivalents of paclitaxel were
released fron36 and37, respectively, as evidenced by NMR,
mass spectrometry, and chromatography. Furthermore, byprod-
uct aminodiol 38, formed by trapping of a quinoidal
intermediate with water, was found to display no cytotoxicity
in seven human tumor cell lines.

Following an initial communication of dendrimers con-
structed from a bis(1,4-elimination) geometrically disas-

trapping nucleophile for the reactive QMs generated during sembling subunit (Chart 28§, Shabat and co-workers
disassembly. In geometric disassembly, the two cleavagereported dendritic homo- and heterodimeric prodrugs based
events per subunit occur sequentially, and efficient trapping on this subunit that released 2 equiv of chemotherapeutic
of QM after the first cleavage is necessary for the second drugs doxorubicin (DOX), camptothecin (CPT), or béth.

cleavage to occur.
Chart 4. Paclitaxel-Releasing Disassembling Dendrimers3’
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The trigger group was a retro-aldol/retro-Michael substrate
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Chart 5. Doxorubicin (DOX) and Camptothecin (CPT) Containing Disassembling Dendritic Prodrugs
DOX-NH
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for catalytic antibody 38C2 that was attached to the focal from the same dendritic platform to achieve synergistic
point of the dendron through an appropriate linker. Bio- effects. The authors speculate that precise drug combinations
activation of the dendritic prodrugs was evaluated by growth could be tailored to specific types of cancer and their ratios
inhibition assays on the Molt-3 luekemia cell line. A mild determined by their incorporation into a dendritic prodrug
to significant increase in toxicity (24 times) was observed  platform. In a further contribution, the same authors report
for homodimeric dendritic prodrug® and41in comparison dendrons with multiple enzymatic triggers sensitive to
to analogous monomeric prodrug@and42 when activated penicillin-G-amidase, effectively increasing the sensitivity
by catalytic antibody 38C2 (Chart 5). Most remarkable, of these potential prodrugs to the triggering agént.
however, was the effect observed upon activation of het-

erodimeric prodrugt3. The toxicity of prodrugd3was 50-  Conclusion

fold higher than a combination of two monomeric prodrugs  Although it is a new and still-developing concept in
(40and42), suggesting that different drugs can be released dendrimer chemistry, we have confidence that disassembling
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dendrimers and dendritic structures will find use in many research efforts in other laboratories desiring to use this
applications in materials and other areas of chemistry, technology.
including drug delivery. We are currently focusing our efforts
on the_de5|gn and mplementaﬂon_of |mproyed synthetic Acknowledgment.  This work was generously sup-
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