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ABSTRACT

e -

The mild and efficient reaction between triethyl phosphite and benzylic azides
dibenzo[24]crown-8 (DB24C8) and dibenzylammonium (DBA

T)-derived threads but also to incorporate di(

LH=

allows us not only to construct rotaxanes in high yield from
p-toluidine)[24]crown-8, which hinds

DBA™ ions much more weakly than does DB24C8, into a corresponding [2]rotaxane.

Mechanically interlocked molecules continue to attract a great

of rotaxanes,the threading-followed-by-stoppering protocol

deal of attention because of the growing realization that theseis one of the most straightforward, especially when combined

materials can be used to develop mesoscale dévaress
artificial molecular machinedon the nanoscale, and, hence,

with the simple recognition motif provided by the dibenzo-
[24]crown-8 (DB24C8)/dibenzylammonium cation (DBA

it remains necessary to devise new synthetic methods forsystenf, which has formed the basis of many diverse

their construction. Rotaxanésyhich are a class of mechani-
cally interlocked molecules that comprise one or more
macrocyclic units trapped along the rodlike moiety of a

interlocked molecular structurélthough the strong non-
covalent interactions between DB24C8 and DB#low the
near-quantitative formation of pseudorotaxanemplexes

dumbbell-shaped component, have been prepared as protoin relatively nonpolar solvents, there are still only a limited

typical molecular switchésand linear molecular moto#8:d
Among the many synthetic approaches for the construction
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number of chemical reactions that are suitable for generating
rotaxanes by the stoppering of these compléxeeactions
that require polar solvents, high temperatures, and strong

o] .
bases or that produce tight-binding counteranions during the<’—< >jN/_©_[<OMe —> <~—< >jN/_©jX
| 1 |

process are undesirable for efficient stoppering reactions of Boc Boc

Scheme 2

DB24C8/DBA" systems because such conditions can lead C C 2 X = OH—NCS/PPhy
to the dissociation of the pseudorotaxane complexes and, N Ny - 1.TFA/CHCl, | 3 X=Cl %N
hence, result in poor yields of product rotaxanes. PFc "% BHPFy | 2NHPFo/HO T 4 X=Ng <JTER

In this paper, we report a very mild and high-yielding + Q
threading-followed-by-stoppering method for the synthesis o 0\
of rotaxanes. This new stoppering reaction is very efficient: ™~ o™y O o
not only could we synthesize [2]rotaxanes using the strong @[Z z]© Q ko\;rO]AQﬁHN*S*OJ
DB24C8/DBA' recognition systemK, = 27,000 M! in Lo o J | poeny, PFs OH; 6-HPFs A
CDCl)™in up to 87% yield but we also constructed a [2]- @
rotaxane in 40% vyield based on the very weak noncovalent 27

binding!! between DBA and dif-toluidine)[24]crown-8
(DPT24C8;K, < 15 M1 in CDCIl/CD3NO; = 2:1 mix-
ture)1? chlorination using NCS/PRlafforded the benzylic chloride

An ideal Stoppering reaction for rotaxane Synthesis should 3 Chloride3 was then converted to azidainder Finkelstein
exhibit a number of features, including high yield, hassle- conditionst” Removal of the Boc protecting group and then
free purification, and either atom econothgr the produc- subjecting the trifluoroacetate salt to an ion exchange process
tion of benign byproducts. In the latter case, we believed (NHsPR/Hz0) gave the desired azide-functionalized product
that the first step of the Staudinger reactiéthe conversion ~ 5-H-PFs in 72% yield in three steps from the benzylic
of an organic azide to a phosphorimida’[e by the action of a chloride 3. The reaction between trlethyl phosphite and an
phosphite, would be an elegant rotaxane stoppering reactioneduimolar mixture of DB24C8 an8-H-PFs in CH.CI, at
because it releases only nitrogen gas and the phosphorimidatd00 mM concentration at ambient temperature gave [2]-
can undergo a subsequent Arbuzov-type dealkylation reac-rotaxane6-H-PFs in up to 87% yield's
tion!s to form a stable phosphoramidate at ambient temper-  The interlocked nature of the [2]rotaxaleH-PF was
ature in low-polarity solvents (Scheme 1). confirmed by *H NMR spectroscopy (Figure la). The

characteristic position and shape of the multiplets for the

o-, B-, andy-OCH; protons of the DB24C8 unit 06-H-

PF;, which are centered at 4.04, 3.75, and 3.55, respec-
Scheme 1 tively, are shifted upfield from their values in free DB24C8
(6 4.09, 3.80, and 3.69, respectively; Figure 1b); these shifts
are characteristt€ of a crown ether unit positioned around
the NH,™ center of a dibenzylammonium ion and stabilized
by means of [N—H---O] and [C-H---O] hydrogen bonding

o’ Ut
@_\ P(OEt)y ©_\N: b o Arbuzov-type HN—P— O\_
N

- N I \___ Dealkylation [e]

: / /

(12) Because of the low solubility of DBARFs in CDCl; and its weak
i i . interaction with DPT24C8, we provide this upper limit for the association
To test our hypothesis, we prepared the azide-functional- constant by comparing it with that determiné & 15 M2 for the binding

ized dibenzylammonium hexafluorophosphate Sait-PFs of DPT24C8 with a more soluble and more strongly binding salt, bis(4-

. . fluorobenzyl)ammonium hexafluorophosphate. See: Ashton, P. R.; Fyfe,
by the procedure depicted in Scheme 2. Ebtewas reduced ¢ T.: Hickingbottom, S. K.; Stoddart, J. F.. White, A. J. P.; Williams

with LiAIH 4 to give the benzylic alcohd whose subsequent  D. J.J. Chem. Soc., Perkin Trans.1®98 2117-2124 and ref 11.
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anes by virtue of comprising bead- and threadlike components, but their 1937-1946.
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Lett. 1999 1, 129-132. (d) Zehnder, D. W.; Smithrud, D. Brg. Lett. was determined bjH NMR spectroscopy to be 6650 Musing the single-
2001, 3, 2485-2487. (e) Oku, T.; Furusho, Y.; Takata, @rg. Lett.2003 point method (see: Ashton, P. R.; Chrystal, E. J. T.; Glink, P. T.; Menzer,

5, 4923-4925.

(10) Ashton, P. R.; Campbell, P. J.; Chrystal, E. J. T.; Glink, P. T.;
Menzer, S.; Philp, D.; Spencer, N.; Stoddart, J. F.; Tasker, P. A.; Williams,
D. J. Angew. Chem., Int. Ed. Engl995 34, 1865-1869.

(11) Chiu, S.-H.; Liao, K.-S.; Su, J.-Kletrahedron Lett2004 45, 213-
216.

4184
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The solid-state structure of the [2]rotaxar®eH-PFK;
indicates (Figure 2) that the interlocked molecule possesses

rrprrrr[rrr [ Tt t [ T T T T[T T T T[T T T T[T T T [ TTTT]

75 7.0 6.5 60 5§ 55 5.0 4.5 4.0 35

Figure 1. Partial'H NMR spectra (400 MHz, CECN) of (a) [2]-
rotaxane6-H-PFR; and (b) DB24CS8.

interactions. The broad signal@f.45-7.56 of the protons
of the NH,™ center supports the existence of fNH-+-O]
hydrogen bonding between this center and the DB24C8
unit?° The characteristic position and shape of the multiplets
centered ad 4.68 and 4.60 for the protons on the benzylic
methylene units adjacent to the BfHcenters is further  Figure 2. Ball-and-stick representation of the solid-state structure
evidence for the crown ether encircling the DB#oiety ¢ of the [2]rotaxane8-H:-PFR;. The hydrogen bonding geometries,
When rotaxaneé-H-PR; was dissolved in CESOCD; and X+++0, H-++0 [A], and X—H-+-O [deg]: (a) 3.23, 2.36, 162.8; (b)
monitored by*H NMR spectroscopy, we observed no release 2.98, 2.11, 161.4; (¢) 3.25, 2.41, 144.0; (d) 3.57, 2.62, 168.9.
of free DB24C&* which suggests that the terminal diethyl
phosphoramidate groups of rotaxael-PF; are true stop- .
pers for the DB24C8 macrocycté High-resolution fast- WO Phosphoramidate end groups. The DB24C8 component
atom-bombardment (HRFAB) mass spectrometry gave ghas a con_venu_ona_l Z-shaped conformation with the two
molecular ion atn'z 867.4554 (theoretically at/z 867.4561), ~ catechol rings inclined by ca. 470 one another. The
which confirmed the chemical composition of the diethyl dicationic dumbbell component is tethered to the crown ether
phosphoramidate-terminated [2]rotaxafel-PFs. by weak N-H---O and C-H---O hydrogen bonds fad in
Because this monostoppering reaction proceeded so well/19Ure 2), a binding that is supplementedzby stacking
we were inspired to test the stoppering of another azide- between one of the catechol rings of the DB24C8 component
substituted dialkylammonium ion. The reaction between 2nd the central phenylene ring of the dumbbell component

triethyl phosphite (200 mM), DB24C8 (200 mM), and the (centroid--centroid distance and mean interplanar separation
known bisazide-functionalized saltH-PFs (100 mM) in ~ Of 3.84 and 3.55 A, respectively).

CH,Cl, at ambient temperature gave [2]rotaxaBel-PF; The interlocked nature of the [2]rotaxa@éi-PFR was aIS(_)

in 53% yield (Scheme 3P In this case, we grew single corroborated by'H NMR spectroscopy (see Supporting

crystals suitable for X-ray crystallography by liquid diffusion Information). The HRFAB mass spectrum @&H-PFs

that the [2]rotaxane has diethyl phosphoramidate termini.

| '(:19\)A/C}:1§ntri£, ? g.: C\le_lﬁpn, D. é&.;gheiss, é. M.J;Z%%sasg, ZAZ.YFZi 2Sztggdart, To determine the generality and efficiency of this synthetic
P ite, A. J. P, Hniams, D. em. eur. y . H H :

(20) For representative examples of NMR spectra of rotaxanes and method, we were mtereslted. In testing whether we could
pseudorotaxanes, see refs 7d, 9b, and 19. stopper a very weakly binding crown ether/DBAased

~(21) In related pseudorotaxane systems, the use of DMSO as a SOIVentpSEUdOfOtaX&ne system, i.e., one using DPT24C8 as the
disrupts hydrogen bonding to such an extent that no complex forms; thus,

dissolving a rotaxane of this type in DMSO is a good test for the degree of Macrocycle! The very weak electron-donating ability of the
interlocking of the components. For example, see: Chiu, S.-H.; Rowan, S. aniline nitrogen atoms of DPT24C8 make the strength of its
J.; Cantrill, S. J.; Glink, P. T.; Garrell, R. L.; Stoddart, J.®tg. Lett.
2000Q 2, 3631-3634.

(22) Thep-tert-butylbenzyl group is a true stopper for DB24C8 rings, (23) In addition to requiring two stoppering reactions instead of one,
but thep-isopropylbenzyl group is a slippage stopper; see: Ashton, P. R.; the moderate yield of this reaction, relative to that of the monostoppering
Baxter, |.; Fyfe, M. C. T.; Raymo, F. M.; Spencer, N.; Stoddart, J. F.; White, reaction, is possibly the result of the relatively weak binding betvrekln
A. J. P.; Williams, D. JJ. Am. Chem. Sod.998 120 2297-2307. The PR and DB24C8 K, = 4000 M1 in CDCly); see: Ashton, P.; Glink, P.
diethyl phosphoramidate group is larger sterically than an isopropyl group T.; Stoddart, J. F.; Tasker, P. A.; White, A. J. P.; Williams, DChem.
when inspected using CPK molecular models. Eur. J.1996 2, 729-736.
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binding to5-H-PFK; in CH,CI, about 2 orders of magnitude side reactions during the rotaxane formation reaction, and,
weaker than that between DB24C8 &n#li-PF; in the same therefore, the product is formed in a lower yield.

solvent?* Unlike the virtually quantitative formation of the Again, the interlocked nature of the components of this
pseudorotaxane between an equimolar mixture (100 mM) product can be deduced from itsl NMR spectrum. The

of DB24C8 and DBA in CHCI; at ambient temperature, multiplets centered at 4.66 and 4.60 for the protons of the
only about half of the DPT24C8 and DB#species existin  benzylic methylene groups adjacent to the NHenters
the pseudorotaxane form under these conditions. We foundconfirm the presence of the DPT24C8 moiety around the
it difficult to form rotaxanes with this system; indeed, we NH," center of the dumbbell unit in [2]rotaxari®-H-PF,
failed to isolate rotaxane-like products when using two as does the fact that the “tight” multiplet 8.48—3.62) for
different stoppering methods: the 1,3-dipolar cycloaddition the methylene protons within the NGEH,O and OCH-
reaction of the azido groups &H-PF; with di-tert-butyl CH0 units of the uncomplexed DPT24C8 is dispersed over
acetylenedicarboxylate to generate substituted 1,2,3-triazolesa wide range of chemical shift® (2.90-3.68), with each

as stoppefs°2*and the quaternization of triphenylphosphine pair of methylene protons becoming constitutionally hetero-
with the benzylic bromided-H-PF; (Scheme 4) to form  topic, in the [2]rotaxane (Figure 3). Furthermore, the

Scheme 4 @) CH,
CH,
o//\o/\\o 5-H-PFg / P(OEt); @ §%i§§ y CHsH Y N-CH sz;-O
—_— i _
H3C{ } —< }CHa L%I H:;j:H ( } Heo  CHy O-CH,CH,-0O

HOR0

H H (o]
oy L OGS Oio
<
FO O] P e i
10-H-PF
N X &NJ 6 LI

9-H-PF;  X=Br CHy

triphenylphosphonium ions as stopp&&-25Apart from the i

low concentrations of the respective pseudorotaxanes, it may [

be possible that the weakly nucleophilic substituted nitrogen -+
atoms of the aniline units of the crown ether complicate these 8o 75 70 65 60 55 50 45 40 35 30
stoppering reactions by reacting with either the electrophilic 8

benzylic bromide unit of9-H-PR or with di-tert-butyl Figure 3. Partial'H NMR spectra (400 MHz, CECN) of (a) the
acetylenedicarboxylate, which results in complicated mix- [2]rotaxanel0-H-PF; and (b) DPT24C8.

tures of products. In contrast, the reaction between triethyl
phosphite (100 mM), DPT24C8 (200 mM), aidH-PF; (100
mM) in CH,CI, at ambient temperature gave the correspond-
ing [2]rotaxanel0-H-PFK; in 40% yield (Scheme 4). When .
we treated the thredstH-PFs with triethyl phosphite in the phosphoram|date-stoppereq [2]rota?<arﬁb|4-P FB .
absence of a crown ether, we obtained a complicated mixture We have developed a h|gh-y!eld|ng, efficient, and m|Iq
of products from which we could not isolate the correspond- synthetic method for the synthesis of rotaxanes. The reaction

ing dumbbell-shaped phosphoramidate. Thus, the shieldingbemeen triethyl phosphite e}nd _benz_ylic azides allows us not
of the ammonium centers by the crown ethers seems to be2"!Y t+0 construct rotaxanes in high yields from DB24C8 and
an important factor in the success of the reaction. In the DBA"-derived threads but also to incorporate DPT24C8,

presence of the weaker-binding crown ethers, the reactionwhiCh binds DBA' ions much weaker than does DB24CS,

mixture contains a relatively higher concentration of free into a corresponding [2]rotaxane.
5HdPF6 (ca. ﬁO%.'S duncomplr?xed |n|t_|aIIy un(_jer Or:" reaction Acknowledgment. We thank referees for their comments
con _|t|ons)t an it does in the reactions using the stronger- 5, e National Science Council (Taiwan) for financial
binding macrocycleX96% of5-H-PFs is complexed initially su

o ) e pport (NSC 92-2113-M-002-045).
under the conditions in Scheme 2); this higher amount of
free thread has a greater chance of being consumed by the sypporting Information Available: Synthetic and spec-
troscopic data for the new compounds and a discussion on

identification of a signal am/z 949.6 for the L0-H]* ion in
the FAB mass spectrum supports the presence of the diethyl
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