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This paper describes the self-assembly of a new class of three-component dynamic [2]catenanes, which
are driven or stabilized by intramolecular hydrogen bonding, coordination, and electrostatic interaction.
One of the component molecul2sconsisting of an aromatic oligoamide spacer and two peripheral zinc
porphyrin units, was designed to adopt a folded preorganized conformation, which is stabilized by
consecutive intramolecular three-centered hydrogen bonds. Component m8lecalénear secondary
ammonium bearing two peripheral pyridine units, which was designed to form a 1:1 complex with 24-
crown-8 6). The'H NMR and UV-vis experiments in CDGHCDsCN (4:1 v/v) revealed that, due to

the preorganized U-shaped featuPecould efficiently bind3 through the cooperative zirgyridine
coordination to generate highly stable 1:1 comp?e3. Adding 5 to the 1:1 solution of and3 led to

the formation of dynamic three-component [2]caten2s8e5 as a result of the threading 8fthroughb.

IH NMR studies indicated that in the 1:1:1 solution (3 mM) [2]caten2r85 was generated in 55%

yield at 25°C. The yield was increased with the reduction of the temperature and [2]catenane could be
produced quantitatively in a 1:1:2 solutior2[= 3 mM) at —13 °C. Replacing3 with 1,2-bis(4,4
bipyridinium)ethane 4) in the three-component solution could also give rise to similar dynamic [2]-
catenane-4-5 albeit in slightly lower yield.

Introduction chemistsi2 On the basis of kinetically controlled covalent bond
) ) ~formation, a vast number of catenanes have been constructed.
Because of their unique molecular structures and potential Recently, the strategy of dynamic covalent chemisias also

applications in molecular machines and electronic devices, in b . . . .
een extensively exploited for the synthesis of discrete types
the past two decades the self-assembly of catenanes and related y exp Y P

supramolecular architectures has been of great interest too_f cqtenaneé.Catenanes_ generated via both_apprt_)aches are
kinetically stable, that is, the component rings in these
— ) ) supramolecular structures, once formed, are interlocked irrevers-
T Shanghai Institute of Organic Chemistry. . . . . . . .
+East China Normal University. ibly. Catenanes incorporating coordination bonds in their
v (t) (163 7810h”t|)' Cf&Catgnranesgogxagtesd gndt K;lqtﬂcademic PlrgSSi e!»\lsew component rings represent another class of structurally unique
2%5’. © Séu(v;gem;l-gfngietrichléuc?\ec%s supramolecular constructs because their self-assembly is ther-

Balaxaass and Knat¥Viley-VCH: Weinheim, Germany, 1999. modynamically controlled and the component rings in these
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catenanes are able to exchange reversibly in solution. Moreover bones usually possess highly predictable compact conforniétién.
they are also potentially useful supramolecular platforms for We recently initiated a program to explore their potentials as a

exploring new dynamic combinatorial chemistry. However,

new generation of preorganized scaffolds for supramolecular

examples of catenanes assembled from the formation of self-assembly! Previously, we utilized rationally designed

coordination bonds-incorporated rings are relatively fefv.

rigidified aromatic amide oligomers as backbones for construct-

Therefore, it remains of importance to develop new efficient ing fullerene-recognizing supramolecular tweeZérdviore

approaches for such types of dynamic interlocked systems.

recently we also assembled a new series of highly stable artificial

Foldamers are linear molecules that are induced by nonco-heteroduplexes by introducing simple self-binding amide sites

valent forces to adopt rigidified well-established secondary into preorganized aromatic oligoamide skeletéhé/e herein
structure$. Due to its directionality and strength, hydrogen describe how a foldamer-based bis-zinc porphyrin tweezer is
bonding is one of the ideal noncovalent forces for constructing utilized to efficiently direct the self-assembly of a new series

such structurally elegant artificial structures. As a result of the of dynamic [2]catenanes from three components via two discrete
rigid and planar features of the aromatic amide unit, hydrogen noncovalent interactions.

bonding-induced foldamers with the aromatic oligoamide back-
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Results and Discussion

The strategy used for the construction of the new class of
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FIGURE 1. Self-assembling strategy for the dynamic three-component
[2]catenanes.

bonding to adopt a preorganized U-shaped conformation.
Component B is a linear secondary ammonium, which bears
two peripheral pyridine units. Driven by two coordination bonds,
A is able to efficiently bind B to form macrocylic complex:- A

B, while B can thread through C, 24-crown-8 in the present
study, by the cation-macrocyclic polyether recognition to
generate pseudo[2]rotaxane®? If all three different nonco-
valent forces were strong enough, dynamic three-component [2]-
catenane AB-C would be produced from the three-component
solution.

To validate the above concept, compouridsnd 2 were
designed to possess the rigidified folded conformation of
component A (Chart 1). Compoudvas related to component
B (Figure 1) and4 was also prepared because Loeb et al.
reported that this molecule could be driven by intermolecular
N*---O ion dipole interactions and-€H---O hydrogen bonds
to thread through crown ethBito form modestly stable complex
4.5.25

The synthetic route fod and 2 is provided in Scheme 1.
Thus, hydroquinoné was first dioctylated in hot DMF to give
7 in 70% vyield. The ether was then treated with nitric acid to
produce8 in 40% yield. Palladium-catalyzed hydrogenation of
8in THF yielded diamine& quantitatively. The latter was then
coupled with10in dichloromethane in the presence of DCC to
afford 11 in 70% yield. Compound.1 was again reacted with
12%2awith EDCI as condensing reagent to producen 46%
yield. Finally, porphyrinl was treated with zinc acetate in
methanol and dichloromethane to gguantitatively. For the
synthesis of3 (Scheme 2), prop-2-yn-1-amink3 was first
treated with ditert-butyl dicarbonate in aqueous THF to give
14 in 75% yield. The latter was reacted with 3-bromoprop-1-
yne in THF in the presence of sodium hydride to affaflin
50% vyield. Palladium-catalyzed reaction I8 with 4-iodopy-
ridine in THF produced dipyridinel6 in 94% vyield. The
intermediate was then deprotected in trifluoroacetic acid to give
17,26 which was further hydrogenated to afford amit8.
Finally, treatment of18 with trifluoromethanesulfonic acid
produced compound.2” Compound4 was prepared based on
the reported metho®.Compound<4.—3 have been characterized
by the H, 13C NMR, and (HR) mass spectroscopy or mi-
croanalysis.

(24) (a) Glink, P. T.; Schiavo, C.; Stoddart, J. F.; Williams Jalam.
Sammiun1996 1483. (b) Clifford, T.; Abushamleh, A.; Busch, D. Hroc,
A2002 99, 4830. (c) Schalley, C. A.; Weilandt, T
Brueggemann, J.; \gile, F. 2005 248 141.
(25) Tiburcio, J.; Davidson, G. J. E.; Loeb, ity ? 002
1282.
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CHART 1
CsH17- 0 CaH17-
\\H\ lH», 2
n- C5H11O ) OC5H11-n
C8H17‘ CsH17-
1:M=H
2:M=2Zn
(R = 3,5-di(t-butyl)phenyl)
.
| X H | A (\O/ \0/\
N~ 2 N
CF3S04 3 [0 0]
I /N 0 0
DO L)
2CF,S05 4 5

Previous X-ray and spectroscopic investigations have revealed
that the amide protons ifh and 2 were involved in intramo-
lecular three-centered hydrogen bondi&tR28 To further
evidence the rigidified preorganized conformation of their
aromatic oligoamide moiety, fragment molecul®and20 were
also prepared by the route as shown in Scheme 3. The X-ray
crystal analysis 019 and20 showed the existence of consecu-
tive intramolecular hydrogen bonds, which forced their back-
bones to adopt a rigidified planar conformation (Figure 2). The
IH NMR spectrum of2 in CDCL—CD3sCN (4:1) was of high
resolution and the signals of the amide protons appeared in the
downfield area (9.97 and 10.62 ppm, respectively, 3.0 mM).
Because the skeleton @fmight be regarded as a combination
of 19 and20, these results support that zinc porphyZiadopts
the proposed rigidified U-shaped conformation.

CPK modeling showed that the two porphyrin units2oh
the folded state were roughly parallel to each other, forming a
rigid molecular tweezer with a spatial separation of ca. 2 nm
between the porphyrin units. Such a distance is suitable for
complexing3 or 4 through two Zn-N coordination bonds.
Adding 1 equiv of2 to the solution of3 caused all the signals
of 3 in the IH NMR spectrum to shift upfield greatly
(Figure 3), supporting strong complexation occurring between
two compoundg? The Job’s plot obtained from the UWis
experiments revealed a 1:1 binding stoichiomé®ridV—vis

(26) The salt of this amine was originally designed as the linear
component, but found to be unstable at room temperature.

(27) The basicity of secondary amines is substantially stronger than that
of 4-alkylatedpyridines ApKa ~ 7). Therefore, monoprotonation of
compound3 should occur on the central nitrogen atom, see: (a) Bordwell,
F. G.; Hughes, D. |jininsSissmmiio ¢ 986 108 7300. (b) Brown, H. C,;
McDaniel, D. H.; Hdlinger, O. Determination of Organic Structures by
Physical MethodsAcademic Press: New York, 1955; Vol. 1, p 567.

(28) Gong, B it 2001, 7, 4337.

(29) (a) Sanders, J. K. M.; Bampos, N.; Clyde-Watson, Z.; Darling,
S. L.; Hawley, J. C.; Kim, H.-J.; Mak, C. C.; Webb, S.The Porphyrin
Handbook; Kadish, K. M., Smith, K. M., Guilard, R., Eds.; Academic
Press: New York, 2000; Vol. 3, p 1. (b) Shao, X.-B.; Jiang, X.-K.; Zhao,
X.; Zhao, C.-X.; Chen, Y.; Li, Z. TMZOM 69, 899.

(30) Job, P S 0928 9, 113.
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SCHEME 1
OH OCgHq7-n OCgHy7-n OCgH47-n
n- CgH17B|" O.N H.N
choa, DMF HNo3 HOAc 2 Hz, Pd-C (10%) 2
90 °C, 7 h, 70% so °C,0.5h THF, r.t,3h
’ 40% NO, 100% NH
OH 0 sH47-n OCgHy7-n OCgH47-n
6 8 9
OMe
9, DCC, HOBt
HOC COH = 5 nCgHyyO e QCgHq7-n
CH,Cl, r.t. 3
10 12'h, 70% ]@[ ' j@[
CBH17-n CSH17-n
OC;Hqq4-n 1
HO,C O
11, EDCI, DMAP Zn(OAc);, MeOH-CH,Cl, 0
2
Ar Ar CHyClp rt, 12 h, 46% r.t., 1h, 100% 2]
Ar = 3,5-di(t-butyl)pheny! |
Ar 12
SCHEME 2 SCHEME 3
(Boc),0, NaHCO, O OMe O OMe
. NH, > = NHBoc
- THF-H,0, rt. /1: cl cl o+ NH,
13 4h, 75%
4-iodopyridine 21 22
i) NaH, THF, .t 0.5 h /\N Pd(PPhs),Cl,, Cul o
ii) 3-bromopro-1-yne Boo iFProNH, THF, r.t.
rt,5h, 50% 15 1h, 94% DMAP, NEt, Ney ?nH;ND
—_— s Me >
THF, r.t., 4 h, 85% %
Z VN CF4COOH o
Me
| X Boc | —_—
_ _N rt,4h,60%
N 16 OMe
~ P N AN Hy, Pd-C (10%) HNO3 AcOH NO, H,, Pd-C (10%)
_—
N~ 17 [N THR.rL5h81% T 80°C. 3 35% °C,3h,35% O,N THF1,0rdt°7 7h
OMe °
AN N CF3SO3H, 100% 24
O/\/\”/\/\@ _ ,3
N~ 18 N HZNKIOMe 2-methoxybenzoy! chloride (26)
N . . . DMAP, NEts, THF
titration experiments (Figure 4) were then performed. Fitting MeO NH; rt. 12 h, 80%
the data to a 1:1 binding mode gave rise to an association 2 Me
constanKassocof 5.7(0.7) x 108 M~1 for complex2-3.31 The e o)
value is impressive considering the increased polarity of the MeOH »_Q
binary solvent used compared to chlorofotfrindicating the @_{" NH.“OMe
efficiency of the intramolecular hydrogen bonding-induced o) o““
preorganization oR. Also on the base of UVvis titration 20

experiments, th&,ss0.0f complex2:4 in CDCl;—CDsCN (4:
1, v/v) was determined to be ca. A49].9) x 10* M~1, which
is considerably smaller than that 23 possibly as a result of
the electron-withdrawing effect of the pyridinium units.

The recognition between secondary ammonium ions and
crown ethers has been established to be an efficient templation,
for the synthesis of rotaxanésMixing 3 and5 (3 mM) resulted
in pronounced change of the chemical shifting3qfAo: 0.33
and 0.16 ppm for NH and NCHirespectively) in théH NMR
spectrum (Figure 3). On the basis of thd NMR dilution

experiments, &,ss00f ca. 180 M was determined for complex
3-5. In a similar way, a notably largé€,ssocvalue (ca. 260 M?)
was also established for the complex dfwith dibenzo-24-
crown-8. Becausé displayed only one single peak in the
NMR spectrum, which is perfect as a dynamic probe, we chose
5, instead of dibenzo-24-crown-8, for the self-assembly of the
dynamic [2]catenane.

The'H NMR spectrum in CDGHCD3CN (4:1, v/v) revealed
that, in the presence @and3 (1:1), crown etheb displayed
two single signals (3.48 and 2.83 ppm). Gradient experiments
(Figure 5) established that the two signals corresponded to the
free and catenated speci28-5 (Figure 6), respectively. 2D-
NOESY experiments revealed a NOE connection of modest

(31) Conners, K. ABinding ConstantsThe Measurement of Molecular
Complex StabilityWiley: New York, 1987.
(32) Satake, A.; Kobuke, Yiadkalagsan?005 61, 13.

2900 J. Org. Chem.Vol. 72, No. 8, 2007


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jo062523g&iName=master.img-003.png&w=359&h=232
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jo062523g&iName=master.img-004.png&w=211&h=184
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jo062523g&iName=master.img-005.png&w=208&h=265

New Class of Three-Component Dynamic [2]Catenanes

FIGURE 2. The solid-state structures of compourids(upper) and
20 (down), highlighting the intramolecular hydrogen bonding and
rigidified planar conformation.

a)
e )
b)
c) a-H BH NH
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FIGURE 3. Partial'H NMR spectra (400 MHz) of the solution (3
mM) of (a) 2, (b) 2 + 3 (1:1), (c) 3, (d) 3 + 5 (1:1), and (e)5 in
CDCl;—CDsCN (4:1, viv) at 25°C.
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FIGURE 4. Absorption spectral changes 2f(1.8 x 10 M%) on
titration with 3 (0—5.0 x 107> M%) in CDCL—MeCN (4:1, v/v) at
25°C.

intensity between the signal 6fat 2.83 ppm and thg-H signal
of the pyridine units o8 (Figure 6)33 No such connection was
displayed for the signal ob at 3.48 ppm. Under identical
conditions, the 1:1 solution &and5 did not give similar NOE

(33) NOE connections could not be confirmed between the signal of
at 2.83 ppm and the signals of the methylene unit3 déie to overlapping
of the methylene signals with other signals at the upfield area.
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FIGURE 5. Partial’H NMR spectra (400 MHz) of (a2 + 3 (1:1, 3
mM), (b) 5 (3 mM), (c)2 (3 mM) + 3+ 5 (1:1:0.2), (d)2 (3 mM) +
3+ 5(1:1:0.6), (€)2 (3 mM) + 3 + 5 (1:1:1), ()2 B3 mM) + 3 +
5 + DABCO (1:1:1:1), (9)2 (3 mM) + 3 + 5 + DABCO (1:1:1:5),
(h) 2 (3 mM) + 3 + 5(1:1:2) at 25°C, and ()2 (3 mM) + 3+ 5
(2:1:2) at—13 °C in CDCkL—CDsCN (4:1, v/v).

even at a concentration of 5.0 mM. Adding 1 equiv of DABCO
to the 1:1:1 solution o2, 3, and5 caused a remarkable decrease
of the intensity of the signal & at 2.83 ppm (Figure 5f). Upon
addition of 5 equiv of DABCO, the signal & at 2.83 ppm
vanished completely (Figure 5g). All these observations sup-
ported that the signal at 2.83 ppm was that of the crown ether
threaded by linea8. Addition of DABCO caused de-protonation

of 3 to yield neutral aminel8 and consequently de-threading
of 5 from it, as shown in Figure &' Because 24-crown-8
displayed only one signal in the 1:1 solution®&nd5 of the
same concentration in the same solvent (Figure 3d) and
compound® and3 could form a very stable complex, the above
results supported that interlocked dynamic [2]caten243e5

was generated in the three-component solution through Ap-
proach A shown in Figure 1 and the exchange between the free
and catenate8 was slow on the NMR time scale. The result
also suggested that catenation substantially increased the kinetic
barrier of threading and de-threading ®through5. On the
base of the integrated intensity, we determined that the dynamic
[2]catenane was formed in ca. 55% and 84% yield in the 1:1:1
and 1:1:2 solution (Figure 5, parts e and h). VaridibleNMR
investigations revealed that reducing the temperature remarkably

(34) Because DABCO is also a strong ligand, the de-catenation may also
result from its competitive coordination to the zinc porphyrin unitof
Nevertheless, the result from both routes supported the formation of the
dynamic [2]catenane in the solution.
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FIGURE 6. Proposed structures of dynamic [2]caten@&5 and
de-catenation by the addition of DABCO. The intermolecular NOE
connection betweeB and5 is shown in the [2]catenane.

increased the yield of the dynamic [2]catenane. Quantitative
formation of the dynamic [2]catenane was realized-&8 °C,

FIGURE 7. Partial'H NMR spectra (400 MHz) of the solution of (a)
2(3.0mM), ()3 + 5 (1:1), ()2 + 3+ 5(0.2:1:1), ()2 + 3+ 5
(0.6:1:1), and (2 + 3 + 5 (1:1:1) in CDC—CDsCN (4:1, v/v) at
25°C ([3] = [5] = 3.0 mM).

complexed and freeb, respectively, are greatly different.
Considering the large difference in molecular siz&08, and
5, these results well supported tHat3, and the complexe8
were bound tightly in the form of one single entity, i.e., the
proposed dynamic [2]catenane.

Addition of an incremental amount of compougdo the
1:1 solution of3 and5 also cause to display two signals in
theH NMR spectrum (Figure 7), which are obviously produced
by the uncatenated and catenated species, respectively (Ap-
proach B, Figure 1). The signal of the catenated species is broad
when the amount o2 is low and became increasingly sharp
and shifted upfield with the increase &f This result could be
rationalized by considering an increasingly enhanced coordina-
tion between the zinc porphyrins & and the peripheral
pyridines of3, which led to an increased shielding effect for
on5in the dynamic [2]catenane. In contrast, the chemical shift
of the signal of the uncatenat&dvas not significantly affected
by the addition of2.

It was reported that compoundsand 5 could form [2]-
pseudorotaxand:5, which was stabilized by intermolecularN

as was evidenced by the 1:1 ratio of the integrated intensity of --O ion dipole interactions and-€H-:-O hydrogen bond%>36

the signal of the free and catenatgdfor the 1:1:2 solution
(Figure 5i). At the same temperature, the yield of the dynamic

[2]catenane was estimated to be ca. 75% for the 1:1:1 solution.

Increasing the temperature of the mixture solution t6©@lid
not cause the two signals &fto coalesce, implying that the

Therefore, the possibility of the formation of a dynamic [2]-
catenane fron®, 4, and5 was also explored in CDgtCDs-

CN (4:3, v/v) (Figure 8). The content of GDN in the binary
solvent was increased to achieve a relatively high solubility for
compound4. Different from the result of the 1:1 solution 8f

dynamic three-component [2]catenane was stable even atand5 in CDCl—CDsCN (4:1, v/v), which revealed a singlet

increased temperature.
Numerous attempts to detect the ion peak of the three-

for 24-crown-85 in the'H NMR spectrum (Figure 3d), thkH
NMR spectrum of the 1:1 solution @ and5 in CDCl3—CDs-

component assembly by the mass spectroscopy were unsucEN (4:3, v/v) gave rise to two singlets (3.34 and 3.27 ppm) for
cessful. To collect more evidence for the formation of the 5 (Figure 8c), which corresponded to the free and thredged
dynamic [2]catenane, two-dimensional diffusion-ordered NMR respectively. This observation implied that the exchanging

(DOSY) investigations have been perfornf@ayhich gave rise
to diffusion coefficients D) of 3.9 x €9, 3.9 x €9 4.3 x
e and 6.0x e 9 m¥s for 2, 3, and the two species &,

process between the threading and de-threaditigrough 5
was slow on théH NMR time scale. ThéH NMR spectra of
the solution of2, 4, and a variable amount & in CDCl;—

respectively (see the Supporting Information). It can be found CDsCN (4:3, v/v) are provided in Figure 8. Similar to the
that the first three values are quite close. However, the latter observations in the system 8f 3, and5, crown ethels in the
two values, which were produced from the two species of presence o2 and4 also displayed two single signals obviously

(35) (a) Gafni, A.; Cohen, Yj 1997, 62, 120. (b) Gafni, (36) (a) Loeb, S. J.; Wisner, J. . 1998 37,

A.; Cohen, V. joniniifiamisligin 2002 67, 2639. (c) Zhao, T.; Beckham,
H. W.; Gibson, H. W ifassssssiasmis 003 36, 4833.
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e
2838. (b) Loeb, S. J.; Tiburcio, J.; Vella, S. J.; Wisner, Jaitainigiit:
Chem.2006 4, 667.
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FIGURE 8. Partial'H NMR spectra (400 MHz) of the CDgtCDs-
CN (4:3, v/v) solution of (ap + 4 (1:1), (b)5 (3.0 mM), (c)4 + 5
(1:1), (d)2 + 4 + 5(1:1:0.2), ()2 + 4 + 5 (1:1:0.6), and (f)2 +
4+ 5 (1:1:1) at 25°C and (g)2 + 4 + 5 (1:1:1) at—13°C ([2] =
[4] = 3.0 mM).

CHART 2

Dynamic [2]catenane 2:4-5

as a result of the formation of dynamic [2]caten@w5 (Chart

2), which corresponded to the signal at 2.72 ppm. Moreover,
upon addition of a small amount @ the signal of5 at 3.27
ppm in the two-component complek5 disappeared (Figure
8d). This result reflects that the formation of the dynamic [2]-
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Although three different noncovalent interactions are introduced
and a coordination bond-incorporated macrocycle of 48 atoms
is involved, the thermodynamically controlled creation of the
new series of interlocked architectures is remarkably effi@éent.
The dynamic [2]catenane could be assembled quantitatively
albeit at lowered temperature. The result demonstrates the
potential of rigidified aromatic amide oligomers in supramo-
lecular self-assembly. The extension of this strategy to the self-
assembly of dynamic [3]catenanes and reversibly regulated
interlocked architectures is currently under investigation.

Experimental Section

Compound 7.To a stirred solution o6 (9.00 g, 82.0 mmol)
andn-octyl bromide (30 mL, 0.17 mol) in DMF (90 mL) was added
potassium carbonate (34.0 g, 0.25 mol). The suspension was stirred
at 100°C for 7 h and then cooled to room temperature. The solid
was filtered and the filtrate was concentrated under reduced
pressure. The resulting residue was triturated with ethyl acetate (200
mL). The organic phase was washed with saturated sodium
bicarbonate solution (100 mL), water 3100 mL), and brine (100
mL) and dried over sodium sulfate. The solvent was then removed
under reduced pressure. The resulting crude product was recrystal-
lized from ethyl acetate and petroleum ether to give compaund
as a white solid (19.0 g, 70%). Mp 5%7 °C [lit.3® mp 56°C]. H
NMR (300 MHz, CDCk): ¢ 0.88-1.44 (m, 22 H), 1.591.56 (m,

4 H), 1.76-1.72 (m, 4 H), 3.91 (tJ = 6.6 Hz, 4 H), 6.83 (s, 4 H).
MS (El) m/z 334 [M]*.

Compound 8.To a stirred solution of compourd(17.0 g, 0.10
mol) in acetic acid (350 mL) was added slowly concentrated nitric
acid (20 mL) at room temperature. The mixture was then stirred at
80 °C for 0.5 h and cooled to room temperature. The yellow
precipitate formed was filtered and washed with water thoroughly.
The solid was dried in vacuo and then recrystallized from ethyl
acetate to give compourttlas a yellow solid (6.00 g, 40%). Mp
89-91°C.H NMR (300 MHz, CDC}): 6 0.88-1.47 (m, 22 H),
1.59-1.54 (m, 4 H), 1.861.90 (m, 4 H), 4.09 (tJ = 6.3 Hz, 4
H), 7.51 (s, 2 H). MS (El)m/z 424 [M]*. Anal. Calcd for
C,H3eN,Og: C, 62.24; H, 8.55; N, 6.60. Found: C, 62.23; H, 8.44;
N, 6.49.

Compound 9.A suspension of compourg)(0.50 g, 1.20 mmol)
and Pd-C (10%, 50 mg) in THF (10 mL) was stirred under an
atmosphere of hydrogen gas (1 atm) at room temperature for 1.5
h. The solid was then filtered off and the solution was concentrated
in vacuo to give the desired compound as a white solid (0.44 g,
100%). The product was unstable in the air and used for the next
step without further purificationttH NMR (300 MHz, CDC}): ¢
0.85-1.46 (m, 22 H), 1.751.71 (t, 4 H), 2.0#2.03 (t, 4 H), 3.85
(t, J= 6.6 Hz, 4 H), 6.35 (tJ = 3.3 Hz, 2 H).

Compound 11. At room temperature, to a stirred solution of
compoundl0® (88 mg, 0.45 mmol), HOBt (0.12 g, 0.90 mmol),
and DCC (0.19 g, 0.90 mmol) in dichloromethane (20 mL) was
added a solution of compourfi(0.34 g, 0.90 mmol) in dichlo-
romethane (10 mL). The solution was then stirred at room

catenae was quite favored. By comparing the integrated intensitytemperature for 12 h and concentrated under reduced pressure. The

of the two signals 05, we established that the yields of dynamic
[2]catenane2-4-5 in the 1:1:1 mixture solution (3.0 mM) at 25
and—13°C were ca. 50% and 62%, respectively. These results
show that compound is slightly less efficient as an axle than

3 for the creation of the new series of dynamic [2]catenanes.

Conclusion

In summary, we have in this work illustrated a new concept
of assembling dynamic [2]catenanes by making use of the
preorganization of the hydrogen bonding-mediated oligoamide
backbone to create the tweezer-styled key building block.

resulting residue was subjected to column chromatography (dichlo-
romethane/methanol 200:1) to give compouricas a white solid
(0.25 g, 70%). Mp 29-31 °C. 'H NMR (300 MHz, CDC}): ¢

(37) Several dynamic [2]rotaxanes with zinc porphyrin units as stoppers
have been reported, see: (a) Gunter, M. J.; Farquhar, S. M.; Mullen, K. M.
004 28, 1443. (b) Johnstone, K. D.; Yamaguchi, K.; Gunter,
M. 2005 3, 3008. (c) Gunter M. M
Chem 2004 1655. (d) Ikeda, T.; Asakawa, M.; Shimizu, i
2004 28, 870.

(38) Nierengarten, J.-F.; Gu, T.; Hadziioannou, G.; Tsamouras, D.;
Krasnikov, V. 004 87, 2948.

(39) Venimadhavan, S.; Shelly, K. P.; Stewart, Jadaisaimagin 1989
54, 2483.
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0.79-1.47 (m, 24 H), 1.821.78 (m, 8 H), 3.78 (s, 3 H), 4.00 (t,
J=18.6 Hz, 8 H), 6.40 (s, 2 H), 7.39 (,= 8.1 Hz, 1 H), 8.17

(s, 2 H), 8.25 (dJ = 7.5 Hz, 2 H).13C NMR (300 MHz, CDCY):

5 14.0, 14.1, 22.6, 22.6, 26.0, 26.1, 29.2, 29.3, 29.3, 29.4, 29.5,

Wu et al.

CDCL): 6 1.46 (s, 9 H), 2.23 (s, 1 H), 3.93 (s, 2 H), 4.73 (br, 1
H). MS (ESl)m/z 178 [M + Na]*.

Compound 15# To a stirred solution of compouri# (0.45 g,
2.90 mmol) in THF (4 mL) was added sodium hydride (60%, 0.15

31.7,31.8,64.2,69.2,69.7, 100.5, 106.6, 119.1, 125.2, 128.4, 132.8g, 3.80 mmol). The suspension was stirred for 0.5 h and then

134.6, 140.3, 142.7, 155.9, 161.9. MS (MALDI-TORYz 890
[M + H]™, 902 [M + NaJ*. Anal. Calcd for GzHg4N4O7: C, 71.58;
H, 9.52; N, 6.30. Found: C, 71.40; H, 9.54; N, 6.07.

Compound 1. At room temperature, to a stirred solution of
compoundsl1 (0.11 g, 0.12 mmol)12 (0.34 g, 0.32 mmol), and
DMAP (2 mg) in dichloromethane (15 mL) was added EDCI (80
mg). The solution was stirred at room temperature for 12 h and
then another portion of dichloromethane (10 mL) was added. The
solution was washed with saturated sodium bicarbonate solution
(20 mL), water (3x 10 mL), and brine (10 mL) and then dried
over sodium sulfate. Upon removal of the solvent under reduced

pressure, the resulting residue was subjected to column chroma-

tography (dichloromethane/petroleum ether 8:1) to give porphyrin
1as a purple solid (0.17 g, 46%). Mp 14244 °C. H NMR (400
MHz, CDCk): ¢ 0.56-1.71 (m, 166 H), 1.89 (t) = 7.5 Hz, 12

H), 2.07 (t,J = 8.1 Hz, 8 H), 3.99-4.02 (m, 7 H), 4.17 (t) = 6.6

Hz, 4 H), 4.44 (tJ= 7.2 Hz, 4 H), 7.35 (d) = 3.9 Hz, 4 H), 7.72

(s, 6 H), 8.03 (s, 12 H), 8.24 (d,= 4.2 Hz, 4 H), 8.40 (s, 2 H),
8.48 (s, 2 H), 8.81 (d, d}; = 12.9 Hz,J, = 6.3 Hz, 16 H), 9.08
(d,J=2.4 Hz, 2 H), 9.93 (s, 2 H), 10.56 (s, 2 H}C NMR (300
MHz, CDCL): 6 14.0, 14.1, 22.5, 22.6, 22.7, 28.2, 29.2, 29.3, 29.4,

29.6 (d), 29.7, 31.7, 31.8, 31.9, 35.1, 64.5, 69.6, 69.9, 70.3, 105.6,

propargyl bromide (0.59 g, 4.60 mmol) was added dropwise. The
mixture was stirred at room temperature foh and then quenched
with saturated ammonium chloride solution. The solvent was
removed under reduced pressure and the resulting residue triturated
with ethyl acetate (30 mL). The organic phase was then washed
with water (3x 30 mL and brine (30 mL) and dried over sodium
sulfate. After the solvent was removed in vacuo, the resulting
material was subjected to flash chromatography (petroleum ether/
dichloromethane 2:1) to give compoui8 as pale yellow liquid
(0.28 g, 50%)H NMR (300 MHz, CDC}): 6 1.53 (s, 9 H), 2.22

(s, 2 H), 4.16 (br, 4 H). MS (ESIn/z 216 [M + Na]'.

Compound 16. A suspension of compountl5 (97 mg, 0.50
mmol), 4-iodopyridine hydrochloric acid salt (0.21 g, 1.00 mmol),
Pd(PPB).Cl, (18 mg, 0.025 mmol), cupric iodide (7 mg, 0.0375
mmol), and DIPA (0.5 mL) in THF (2.0 mL) was stirred at room
temperature for 1 h. The solvent was then removed under reduced
pressure and the resulting residue triturated with dichloromethane
(10 mL). The organic phase was washed with water (10 mL) and
brine (10 mL) and dried over sodium sulfate. Upon removal of the
solvent under reduced pressure, the crude product was purified by
column chromatography (dichloromethane/methanol 50:1) to give
compoundl6 as pale yellow oil (0.16 g, 94%). Mp 888 °C. 'H

105.7,118.3, 121.0, 121.2, 121.5, 121.5, 123.4, 125.0, 128.4, 129.6 NMR (300 MHz, acetonels): 6 1.50 (s, 9 H), 4.50 (s, 4 H), 7.35
129.8, 130.0, 135.7, 141.3, 141.4, 141.8, 141.9, 148.7, 148.8, 156.2(d, d, J1 = 4.5 Hz,J, = 1.8 Hz, 4 H), 8.55 (d, d}, = 4.5 Hz,

156.6, 162.5, 163.4. MS (MALDI-TOFjn/z 3014 [M + H]*.
Anal. Calcd for GoiHoseN12011: C, 80.04; H, 8.55; N, 5.57.
Found: C, 79.81; H, 8.69; N, 5.23.

Compound 2.A solution of compound. (56 mg, 0.016 mmol)
and Zn(OAc)-2H,0 (39 mg, 0.16 mmol) in methanol and dichlo-
romethane (5 mL, 1:10) was stirred at room temperature for 1 h
and then concentrated in vacuo. The resulting residue was triturate
in dichloromethane (20 mL). The organic phase was washed with
water (2x 5 mL) and brine (5 mL) and dried over sodium sulfate.

Upon removal of the solvent under reduced pressure, the resulting

solid was subjected to flash chromatography (dichloromethane/
methanol 100:1) to give compourias a purple solid (60 mg,
100%). Mp 196-198°C. 'H NMR (400 MHz, CDC}): ¢ 0.61—

2.00 (m, 178 H), 1.97 ) = 6.0 Hz, 4 H), 2.16 (tJ=7.5Hz, 4

H), 4.03-4.09 (m, 7 H), 4.23 () =7.2 Hz, 4 H), 453 (t) = 7.2

Hz, 4 H), 7.41 (dJ = 3.0 Hz, 4 H), 7.77 (s, 6 H), 8.09 (s, 12 H),
8.33 (d, dJJ; = 10.2 Hz,J, = 4.2 Hz, 4 H), 8.45 (s, 2 H), 8.52 (s,

2 H), 8.979.02 (m, 16 H), 9.06 (dJ = 2.7 Hz, 2 H), 9.97 (s, 2

H), 10.62 (s, 2 H)X*C NMR (300 MHz, CDC}): 6 13.9, 14.1,
14.2, 22.5, 22.6, 22.7, 26.0, 26.1, 28.2, 29.2, 29.3, 29.4, 29.6 (d),
31.6, 31.8, 31.9, 35.1, 64.5, 69.6, 69.9, 70.3, 105.6, 105.6, 111.3

150.3, 150.4, 150.5 (d), 156.5, 162.4, 163.5. MS (MALDI-TOF)
m/z 3138 [M + H]*. HRMS (MALDI-FT): Anal. Calcd for
C201H252N120112n2 [M + H]Jr 31378106, found 3137.8082.

Compound 14. At room temperature, to a stirred solution of
propargyl aminel3(1.10 g, 20.0 mmol) in THF (12 mL) and water
(12 mL) were added saturated sodium bicarbonate solution (1 mL)
and ditert-butyl dicarbonate (0.42 mL). The solution was stirred
at room temperature fot h and then concentrated in vacuo. The
resulting residue was triturated with ethyl acetate (20 mL). The
solution was washed with water 8 10 mL) and brine (10 mL)
and dried over sodium sulfate. Upon removal of the solvent in
vacuo, compound4 was obtained as a pale yellow solid (2.30 g,
75%). Mp 40-42 °C [lit.4° mp 41—42 °C]. IH NMR (300 MHz,

J, = 1.8 Hz, 4 H).13C NMR (300 MHz, CDC}): ¢ 28.4, 36.5,
81.6, 89.4, 125.7, 130.9, 149.8, 154.3. MS (B8l 348 [M +
H]*. HRMS (ESI): Anal. Calcd for gH2,N3O, [M] * 348.1706,
found 348.1706.

Compound 17.A solution of compound.6 (0.20 g, 0.60 mmol)
in trifluoroacetic acid (2 mL) was stirred at room temperature for

d4 h and then concentrated under reduced pressure. The resulting

residue was triturated with dichloromethane (10 mL). The organic
phase was washed with sodium hydroxide solution (1 M, 3 mL),
water (2x 5 mL), and brine (50 mL) and dried over sodium sulfate.
Upon removal of the solvent in vacuo, the resulting residue was
subjected to flash chromatography (dichloromethane/ methanol 50:
1) to afford compound.7 as a pale yellow solid (0.12 g, 60%).
Mp 68—70°C.*H NMR (300 MHz, CDC}): o 3.84 (s, 4 H), 7.29
(d,d,J;=1.6 Hz,J, = 4.4 Hz, 4 H), 8.57 (d, dJ; = 1.6 Hz,J,
= 4.4 Hz, 4 H).13C NMR (300 MHz, acetonek): ¢ 38.1, 81.6,
93.4,126.3, 131.9, 150.8. MS (ESt)/z 248 [M + H]*. HRMS
(ESI): Anal. Calcd for GgH14N3 [M] + 248.1182, found 248.1186.
Compound 18. A suspension of compound7 (0.12 g, 0.50
mmol) and Pe-C (10%, 60 mg) in THF (5 mL) was stirred under
an atmosphere of hydrogen gas (1 atm) at room temperature for 5

120.7,121.0, 122.5, 123.3, 128.4. 129.5, 129.7, 129.9, 131.6, 132.1’h. The solid was filtered off and the filtrate concentrated under

132.2, 132.4, 136.3, 138.1, 141.8, 141.9, 141.9, 148.5 (d), 148.6,

reduced pressure. The resulting residue was subjected to flash
chromatography (dichloromethane/methanol 50:1) to give com-
pound18 as a pale yellow oil (0.10 g, 81%)1 NMR (300 MHz,
CDClg): ¢ 2.00 (t,J = 7.5 Hz, 4 H), 2.65 (tJ = 7.6 Hz, 4 H),
275 (t,J=7.2Hz,4H),7.11(d,d)1=05Hz,1,=4.4Hz, 4
H), 8.49 (d, d,J; = 0.5 Hz,J, = 4.4 Hz, 4 H).13C NMR (300
MHz, CDCk): 6 27.9, 32.3, 48.0, 123.7, 149.6, 149.9. MS (ESI)
m/z 256 [M + H]". HRMS (ESI): Anal. Calcd for GH2N3 [M]*+
256.1808, found 256.1807.

Compound 3.Compoundl8 (33 mg, 0.13 mmol) was dissolved
in methanol (2 mL). Under stirring, a solution of trifluoromethane-
sulfuric acid (0.22 M, 0.59 mL) in water was added slowly. Stirring
was continued for 10 min and then the solvent was removed under
reduced pressure to give compouB@s a pale yellow solid (52
mg, 100%). Mp 148-150°C. 'H NMR (300 MHz, COyCN-d3): ¢

C. M.; Comer, D. D.; Williams, J. P.; Caporale,

(40) Cheng, S.; Tarby,
- H. I 1 996 4, 727.

L
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(41) Boger, D. L.; Lee, J. K.; Goldberg, J.; Jin, st 2000
65, 1467.
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1.93-1.99 (M, 4 H), 2.72 () = 7.5 Hz, 4 H), 2.99 (t) = 7.8 Hz, solid. Mp 203-205°C [lit.* mp 200-210°C]. *H NMR (300 MHz,

4 H),7.26 (d,dJ; =1.5Hz,J,=7.5Hz,4H),851(d, d); = CDCl): 6 3.99 (s, 6 H), 7.57 (s, 2 H). MS (En/z 228 [M]".

1.5 Hz,J, = 7.5 Hz, 4 H).13C NMR (300 MHz, CDC}): 4 27.01, Compound 25. A suspension of compoung4 (0.43 g, 1.90

32.2, 48.4, 118.3, 124.9, 150.5. MS (E®t)z 256 [M + H]" . mmol) and Pe-C (50 mg, 10%) in THF (6 mL) was stirred under

HRMS (ESI): Anal. Calcd for gH., N3 [M]+ 256.1808, found 1 atm of hydrogen gas at room temperature for 7 h. The solid was

256.1808. filtered and the filtrate concentrated to give compo@&f as a
Compound 19.To a stirred solution of compour2? (0.63 g, purple oil (100%). The product was used for the next step without

5.20 mmol) and triethylamine (1 mL) in THF (10 mL) was added further purification.'H NMR (300 Hz, CDC}): 6 3.76 (s, 6 H),

a solution of compound2142 (0.58 g, 2.50 mmol) at room  6.28 (s, 2 H).

temperature. The solution was stirred foh and then concentrated Compound 20.To a stirred solution of compour2b (0.29 g,
under reduced pressure. The resulting residue was triturated in1.70 mmol), DMAP (50 mg), and triethylamine (0.5 mL) in THF
dichloromethane (20 mL). The organic phase was washed with (5 mL) was added a solution of compouB6 (0.58 g, 3.40 mmol)
diluted hydrochloric acid (0.5 M, 10 mL), water (10 mL), saturated in THF (5 mL). The solution was stirred at room temperature for
sodium bicarbonate solution (10 mL), and brine (10 mL) and dried 12 h and then concentrated under reduced pressure. The residue
over sodium sulfate. The solvent was then removed under reducedwas triturated in ethyl acetate (15 mL). The organic solution was
pressure and the crude product purified by recrystallization from washed successively with dilute hydrochloric acid (0.5 N, 5 mL),
EtOAc to give compound9 as a colorless solid (0.81 g, 80%). saturated sodium bicarbonate solution (5 mL), water (10 mL), and
Mp 170-172°C.*H NMR (300 Hz, CDC}): ¢ 3.98 (s, 6 H), 4.03 brine (10 mL) and dried over sodium sulfate. Upon removal of the
(s, 3 H), 6.97 (d, dJ; = 1.5 Hz,J , = 7.9 Hz, 2 H), 7.06 (d, t, solvent in vacuo, the resulting crude product was purified by flash
Jy=15Hz,J,=7.7Hz, 2 H), 713 (d, ), = 1.8 Hz,J, = 7.7 chromatography (petroleum ether/EtOAc 5:1) to give compound
Hz, 2 H), 7.43 (tJ= 7.8 Hz, 1 H), 8.29 (dJ = 7.8 Hz, 2 H), 8.60 20 as a white solid (80%). Mp220°C dec.'H NMR (300 MHz,

(d, d,J; = 1.8 Hz,J, = 7.8 Hz, 2 H), 10.08 (s, 1 HXC NMR CDCLy): ¢ 4.01 (s, 6 H), 4.08 (s, 6 H), 7.05 (d,= 8.2 Hz, 2 H),
(300 MHz, CDC}): 6 55.8, 64.2,110.2,120.6,121.4,124.2,125.4, 7.14 (t,J=7.5Hz, 2 H), 7.49 (d) = 7.2 Hz, 2 H), 8.30 (d, d,
128.0, 128.3, 135.2, 148.5, 155.9, 162.5. MS (E®Ix. 407 J1=1.8Hz,J,=7.9Hz, 2H), 852 (s, 2H),10.71 (s, 2 H}C

[M + H]*, 429 [M + NaJ*. Anal. Calcd for GsH»:N,Os: C, 67.76; NMR (300 MHz, CDC}): 6 56.1, 56.8, 77.2, 104.0, 111.6, 121.5,
H, 5.47; N, 6.64. Found: C, 67.97; H, 5.46; N, 6.89. 122.2,124.0, 132.2, 133.0, 142.3, 157.5, 162.8. MS (Efht) 436

Compound 24.To a stirred solution of compour3 (5.00 g, [M + NaJ*.

e e oo S e v a3 Acknovedgment. We hnk e Neona Natal Scence
€ for 0.5 h and then cooled to room temperature and poured into 20572126), the National Basic Research Program (2007CB808000),

cold water (100 mL). The yellow precipitate formed was filtered . : . ;
and washed with water thoroughly. The crude product was dried @1d the Chinese Academy of Sciences for financial support.

under reduced pressure and then purified by flash chromatography  sypporting Information Available: The 2D DOSY spectrum
(petroleum ether/EtOAc 10:1) to afford compouddias a yellow  of the solution o®, 3, and5 in CDClL/CDSCN (4:1, Vv), the general
experimental method, and crystallographic information (CIF files)
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