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ABSTRACT

A dendrimer with rotaxane-like characteristics has been assembled under thermodynamic control from complementary wedge-shaped precursors
by slippage in CH,Cl,. The driving force for the self-assembly process is the molecular recognition that exists as a result of [N*—H---0] and
[C=H-+-Q] hydrogen bonds between an NH,™ center in one Fréchet-type benzyl ether wedge and a dibenzo[24]crown-8 unit that links the other
two such wedges.

Although dendrimers containing mechanically interlocked into an already interlocked molecular compound by Wittig
components are knownthey are far from commonplace. chemistry that allows no less than four surrogate stoppers
Usually, they have been prepared by template-directedto be replaced by dendrons. The resulting dendrimer with
protocols wherein, at some point in the synthesis, a supra-its mechanical branching points is kinetically stable in
molecular species is formed that is then modified covaléntly contrast with the so-called supramolecular dendrifnans!

to introduce either the catenane or rotaxane architeéture. their assembli€svhich are subject to thermodynamic control
Recently, for example, we descrilfatie construction of a  and are usually kinetically labile, in common with most
dendrimer that contains two identical covalently linked bis- noncovalently bonded superstructures. An intermediate situ-
dendrons and a core unit fused to two rings that encircle the ation between mechanically interlocked molecular dendrim-
two bis-dendrons. In this work, the dendrons were introduced
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ers and supramolecular dendrimers is provided by dendriticto have dissociated completely into its components inside
pseudorotaxan&svhere the components of the superstructure 18 h on standing at 2%C.
are not only noncovalently bonded with one another, but also In the knowledge of these remarkable experimental find-
interpenetrate each other. ings, it occurred to us that a possible approach to the
The slippage methodologyprovides a bridge between preparation of mechanically bonded dendrimers might be
kinetically stable, mechanically interlocked compounds and provided by using the slippage protocol involving one
kinetically labile, supramolecular assemblies. Some time ago,dendron carrying a DB24C8 ring and another dendron that
we established that the secondary dialkylammonium ion is attached to one side of an MHcenter, leaving the other
(RCH)NH,*, where R is a cyclohexyl group and the side free to support a cyclohexylmethyl group, i.e., a slippage
counterion is PE, will form a kinetically stable [2]rotaxane  stopper for the DB24C8 ring. For the dendrons, we chose
when the salt and dibenzo[24]crown-8 (DB24C8) are heated Frechet-type benzyl ether wedges because (i) they are readily
(Figure 1) under reflux (at 46C) in CH,Cl, (50 mM in salt available and soluble in solvents such as,CkHand (ii) we
surmised that the phenolic ether functions would not interfere
with the [N"—H---O] hydrogen bonds and [EH-:-O]
interactions that constitute most of the noncovalent bonding
in the recognition motif involving a CHNH,"CH, center

Bis(cyclohexylmethyl)ammonium and a DB24CS8 ring.

Hexafluorophosphate —— The preparations of (i) a dialkylammonium s2iH:PF;,
o O/"ﬁ carrying a dendritic wedge and bearing a cyclohexylmethyl
8 o:c:c:}j +  HN+ PFg™ group, respectively, on either side of its bfHcenter, and
O_ O (ii) a bis-dendrons containing a DB24C8 recognition site
DB24C8 are summarized in Scheme 1. The synthesis of the benzyl

CHyClp CD3S0CDs Scheme 1. Preparation of Dendritic Wedges for Assembly by
40°C A~ 25°C Slippage
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@’O (illy HC1/ HZ0
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75 % |
(i} NaBH, / THF / MeOH

63 % | {ii) CBry / PPhy / THF

{iii} PPh, / CH,Cly

Figure 1. A slippage system par excellence!

and 150 mM in DB24C8) for 32 day$.An almost 98%
conversion to the rotaxane in this experiment is reflected in ®
a 90% vyield of a crystalline product which showed no
tendency to dissociate in CDZCD;CN (3:1) solution upon
standing for several weeks at 2C. However, when this

(i) 47 MNaH / CH,Cl;
crystalline product was dissolved in GBOCD;, it was found

(i) Hy /PO, 1 CHCl,
73% |
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protonation of the resulting amine and counterion exchange, ||| NG

produced2-H-PF; in 75% yield overall. The bis-dendrdn
incorporating the crown ether was prepared by reducing the 0-OCH, B-OCH, y-OCH ,
aldehydel, brominating the benzyl alcohol, and reacting the
benzyl bromide with P4 to generate the triphenylphos-
phonium salt3-Br in 63% yield overall. Wittig olefination
of 3-Br with the syndiformyl-DB24C8 derivative4'® af- CHCl —
forded a mixture of cis and trans olefins which were then "
subjected to catalytic hydrogenation, yieldia 73% yield '
overall.

On account of the fact that the dialkylammonium &h
carries a larger-electron-rich dendritic wedge, it was decided
to perform a model slippage experiment (Scheme 2) first of

| e
Scheme 2. Slippage and Deslippage CgHsCH,O || AIC H;O‘."\“

(@)
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8-H:-PFg

DB24C8 (@] @) me e :

o T X J n ACHNT oo

CH,Cl, / Refiux / 10d ¢ 5 (CLJ\_J L Jt-_l | :
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‘% f’p PFy Figure 2. Partial 'lH NMR spectra (500 MHz, CELCl,) of the
5 Ritad | dendritic wedge-shaped [2]rotaxaBeH-PF; formed by slippage
. Yy @ between2-H-PF, and DB24C8: (a) free DB24C8, (b) the [2]-

o rotaxane8-H-PF;, and (c) free2-H-PF;.

its free components, nameyH-PR; and DB24C8, supports
the fact that it has a [2]rotaxane architecture. In particular
(i) the downfield shifts of the signals for the methylene group
protons adjacent to the NH center and (ii) the separating
out of the signals for both the-OCH, andy-OCH, protons

into two pairs of well-resolved multiplets, reflecting their
diastereotopicities in the [2]rotaxane, should be noted. The
FAB mass spectrum afforded further strong evidence for the
interlocked nature of the components &H-PF; with the

, presence in it of a base peakratz 1288.6, corresponding
of 2-H-PF; was heated under reflux with DB24C8 (100 mM), 4, the g H* ion alongside a much less intense peak for the

resulting _in the appearance in tﬁH NMR_sp_ectrum, 2-H" ion atm/z 840.4. These experiments prove convincingly

recorded in CBCly, of a new set of signals which increased that, not only is the dendritic dumbbe2-H-PF; able to

in their intensities with time and have chemical shifts (see undérgo slippage through the DB24CS8 ring, but also the

below) commensurate with the formation of a [2]rotaxane. .qq,,ct formed in the process is stable enough to be isolated

When the slippage kinetics had slowed significantly (after , oyromatography without undergoing dissociation. Thus,

10 days), the mixture was separated into its COMpONents by;i" 4y he safely concluded that, under relatively nonpolar

preparative TLC (Si@ CH.CL/THF, 95:5). The [2]rotaxane ¢4 ditions,8-H-PF; behaves as a molecular species, i.e., it

8-H-PF; was isolated in 39% vyield in its pure form, along 5 4 [2]rotaxane

with unrelactedZ-H-PFa and DB24C8. Comparison (Figure \yjth hoth the wedge-shaped components in hand, and in

2) of the™H NMR spectrum oB-H-PFs with the spectra of  yhe knowledge that slippage can be performed betv@en
- — , H-PF and DB24C8, we decided to investigate the self-

(13) The synthesis of is also outlined in Scheme 1. In the reaction of . ..

triethyleneglycol bistosylate6] with 3,4-dihydroxybenzaldehyde in the ~ assembly of the triply branched dendritic [2]rotaxa®e

presencle of a base, onI):j oge t;)Jlure is?]r_ner, nlanielrﬁ_ isolatt)ed_. The  H-PFK from 2-H-PF; and5. We used conditions similar to

regiose ect|V|ty, expresse: ouply In this nucl eopnilic su stitution, is H H . H

believed to be dictated by the stabilization of the phenoxide ion in the those gmployed in the preparation 8H I_DFG with th?

position para to the formyl group. See: (a) Reitz, A.; Avery, M. A.; exception thal-H-PF and5 were present in the reaction

Verlander, M. S.; Goodman, M. Org. Chem1981, 46, 4889-4863. (b) i i . i i

Allwood, B.; Kohnke, F. H.; Slawin, A. M. Z.; Stoddart, J. F.; Williams, mixture in a 3:1 molar ratio. Th? reaction proceede(_:i very

D. J.J. Chem. Soc., Chem. Comm(885 311-314. (c) Bourgeois, J.-P.;  Slowly. After 90 days, the reaction mixture was subjected

Echegoyen, L.; Fibbioli, M.; Pretsch, E.; Diederich,Ahgew. Chem., Int. ~ to silica gel column chromatography and the most apolar

Ed.1998 37, 2118-2121. ThetH NMR spectrum recorded in GSOCDy ; .
(see Supporting Information) is consistent with the presence of only one component, which turned out to be the [2]I’OtaX9FH PFe,

isomer, i.e., compound, as already reported in the literature. was isolated pure in 19% vyield. The interlocked nature of

all with DB24C8. Consequently, a GAI, solution (10 mM)
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the two components di-H™ was confirmed by FAB mass components is not as favorable as that observed (Figure 1)
spectrometry and byH NMR spectroscopy. The mass in the model systefficould find its explanation in a number
spectrum revealed a base peakrét 2770 corresponding  of different factors present (Scheme 2) in both the dumbbell-
to the 9-H' ion. The 'H NMR spectrum (Figure 3) of shaped componer®H-PF; and the ring componeri that

are absent in the bis(cyclohexylmethylammonium) ion and

] DB24C8. The dendritic wedges present2iH-PFR; and 5

contain six phenolic oxygen atoms and seven benzenoid

. . rings, all of which are going to enter into a competition with
CeHsCHa0 |: A B-OCH, 7-OCH, m”‘f”‘“ the DB24C8 core oxygen atoms to accept hydrogen bonds
- t_ Hy woct, l l from the single, all-important CIH,*CH, center, i.e., the
- A A J \ immediate molecular and supramolecular environments
: — ':__‘ "“-t;l-l._._ around this hydrogen bond donating cgnter impair the
9HPFg | i strengths of the [N—H---O] hydrogen bonding and [€H-
Lo -+0] interactions at the recognition site. Presumably, if we
A A were to employ wedges containing only saturated hydrocar-
bon _buildir_lg blocks, we _could a_nticipa_te a much more highly
CaHCHLO -"‘IArCHQO efficient slippage “reaction”. Given this scenario, which we
1 . ACHN' CYCHN® are testing currently, there is good reason to suppose that
e o dendrimers containing mechanical bonds can be assembled
' 3 ' 3 ' and disassembled with close to 100% efficiencies, depending

upon their immediate environments, where solvent, temper-
Figure 3. Partial’H NMR spectra (500 MHz, CEl,) of the ature, and pH are all parameters that can be manipulated at

dendritic [2]rotaxan@-H-PF; self-assembled by slippage between Will-** The prospect of being able to trap guest molecules

2-H-PFs and the crown ether-based bis-dendgor(a) free rings, within a closed dendritic host system, which can subsequently

(b) the [2]rotaxane-H-PF;, and (c) free2-H-PF;. be broken apart in a controlled manner, is one that has very
obvious implications for the slow reled8eof drugs in
patients.
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this same experiment was carried out®H-PFs;, we found
that it dissociated into its two componensH-PK and
DB24C8, with aty, of 7.8 h. (14) The ability to assemble and disassemble dendrimers where hydrogen

To date, this investigation has established the principle bonding between the components is complemented by a mechanical bond

; ; ; renders the rotaxane-like dendrimer much more stable than a conventional
that meChamca‘"y interlocked ,dendnmers Ca_n be Se!f' supramolecular dendrimer where multiple hydrogen bonds, even when they
assembled under thermodynamic control by using the slip- act cooperatively, lead to dynamic superstructures for the most part, i.e.,
page pI’OtOCO? The major driving force for the rotaxane the mechanical bond can be employed to bring added stability to supramo-
. . ) . . . . . lecular dendrimers based on hydrogen-bonding interactions.

formation in refluxing dichloromethane is believed to arise " (15) (a) Park, K Controlled Drug Delery. Challenges and Strategies
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