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ABSTRACT

The first selective catalytic hydrogenation induced by the artificial helix based on oligo(phenanthroline dicarboxamide)s containing a 9,10-
anthraquinone subunit is described. Due to the steric hindrance within the helically folded oligomers, the selective reductions of the anthraquinone
units were completely different from those of model substrates, which subsequently mimicked the enzyme catalysis for preventing some
reactions from occurring.

In the past decade, synthetic helical foldamers1 have attracted
great attention for mimicking the structures and functions
of biological macromolecules and showing potential applica-
tions in material sciences and supramolecular chemistry.
Consequently, numerous helical foldamers have been de-
signed and synthesized by different strategies.1,2 The specific
chemical environments provided by foldamers not only
mimic the catalytic behavior of biological systems for

reactions3 but also prevent some reactions from occurring.4

However, studies of foldamer reactivity are still fewer in
number. One particular study carried out by Moore’s group
involved the methylation of a dimethylaminopyridine unit
placed in the backbone of mPE foldamers using a methy-
lating agent, which acted as a “reactive sieve” for different
sizes and different shapes of guest substrates.5 Another
special example reported by Huc’s group6 is about the
pyridine N-oxidation of the helical oligopyridine dicarboxa-

† Institute of Chemistry.
‡ Graduate School.
(1) (a) Hecht, S. M.; Huc, I. Foldamers: Structure, Properties and

Applications; Wiley-VCH: Weinheim, Germany, 2007. (b) Gellman, S. H.
Acc. Chem. Res. 1998, 31, 173–180. (c) Hill, D. J.; Prince, R. B.; Hughes,
T. S.; Moore, J. S. Chem. ReV. 2001, 101, 3893–4011.

(2) Some recent reviews see: (a) Huc, I. Eur. J. Org. Chem. 2004, 1,
17–29. (b) Gong, B.; Sanford, A. R.; Ferguson, J. S. AdV. Polym. Sci. 2007,
206, 1–29. (c) Li, Z.-T.; Hou, J.-L.; Li, C.; Yi, H.-P. Chem. Asian J. 2006,
1, 766–778. (d) Davis, J. M.; Tsou, L. K.; Hamilton, A. D. Chem. Soc.
ReV. 2007, 36, 326–334.

(3) (a) Breslow, R. Acc. Chem. Res. 1980, 13, 170–177. (b) Smaldone,
R. A.; Moore, J. S. Chem.-Eur. J. 2008, 14, 2650–2657.

(4) (a) Conn, M. M.; Rebek, J., Jr. Chem. ReV. 1997, 97, 1647–1668.
(b) Breslow, R.; Dong, S. D. Chem. ReV. 1998, 98, 1997–2011. (c)
Vriezema, D. M.; Aragonès, M. C.; Elemans, J. A. A. W.; Cornelissen,
J. J. L. M.; Rowan, A. E.; Nolte, R. J. M. Chem. ReV. 2005, 105, 1445–
1489. (d) Breslow, R. Acc. Chem. Res. 1995, 28, 146–153.

(5) (a) Heemstra, J. M.; Moore, J. S. J. Am. Chem. Soc. 2004, 126,
1648–1649. (b) Heemstra, J. M.; Moore, J. S. J. Org. Chem. 2004, 69,
9234–9237. (c) Smaldone, R. A.; Moore, J. S. J. Am. Chem. Soc. 2007,
129, 5444–5450. (d) Smaldone, R. A.; Moore, J. S. Chem. Commun. 2008,
1011–1013.
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mide strands. The same group recently also reported an
interesting selective bromination of helically folded oligo-
amides by N-bromosuccinimide.7

Recently, we reported a new class of phenanthroline-
derived oligoamide helical foldamers.8 Due to their small
helical hollows and extremely compact structures, we
envisioned that the active group inside the helical cavity
could be well-protected against some reactions from occur-
ring. Consequently, we designed and synthesized the oligo-
mers 1∼3 (Scheme 1), in which the reactive 9,10-anthraquino-

ne unit was positioned at the midpoint of the helical
foldamer’s backbone. Herein, we report the folding-induced
selective hydrogenation of the helical anthraquinone ana-
logues to give the new helical foldamers 1a∼3a. To our
knowledge, this is the first selective reduction of the single
artificial helix, which shows completely different catalytic
hydrogenation from the mode reaction of diacetamide
anthraquinone.

The oligomers 1∼3 were synthesized by the reaction of
the appropriate monoacid8a with 1,8-diaminoanthracene-9,10-
dione in dichloromethane in the presence of dicyclohexyl-
carbodiimide and 1-hydroxybenzotriazole (Scheme 1). Simi-
lar to the oligo(phenanthroline dicarboxamide)s previously
reported,8 the 1H NMR and 2D NOESY studies clearly
supported formation of the helical secondary structures of
oligoamides 1∼3 in solution.9 The UV/vis absorption spectra
further confirmed the intramolecular interactions of the
helical foldamers (Figure 1, solid line). As expected, a

hypochromic effect with an increasing number of phenan-
throline rings was observed, indicating the formation of the
helical ordering and π-π* stacking of the phenanthroline
units (λmax ) ∼330 nm) in 1∼3.9,10

A single crystal of oligomer 2 suitable for X-ray diffraction
was obtained by slow evaporation of a solution of CH2Cl2/
EtOH.11 The crystal structure showed that oligomer 2 adopts
a regular helical secondary structure, and the two carbonyl
groups of the 9,10-anthraquinone unit position inside and
outside the helical hollow, respectively (Figure 2), which

implies the two carbonyls can show different catalytic
hydrogenation activities.12

The catalytic hydrogenations were performed under a
hydrogen atmosphere in acetic acid in the presence of 10%
Pd/C. We first tested the hydrogenation of diacetamide
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Scheme 1. Synthesis and Selective Catalytic Hydrogenations of
Oligomers 1∼3

Figure 1. UV-vis spectra of the molecular strands 1∼4 (solid line)
and 1a∼4a (dash line) in CHCl3 (c ) 1.0 × 10-5 M).

Figure 2. Side view (a) and top view (b) of the crystal structure of
2. Solvent molecules and hydrogen atoms have been omitted for
clarity.
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anthraquinone (4) as the model13 and found the reaction
could be finished in 45 min to give the anthrone 4a in a
quantitative yield (Scheme 2). It was found that compound

4a did not dissolve in CDCl3, and the 1H NMR spectrum in
d6-DMSO showed that 4a could be transformed into anthrol
4b. After 1 day, almost no changes of the spectrum occurred,9

in which the tautomeric constant ([anthrone]/[anthrol]) was
found to be approximately 1/1.8.14 We also synthesized
dibutyramide anthraquinone 5 but found that its hydrogena-
tion product 5a did not dissolve in CDCl3 either.9,15

The first evidence for the hydrogenation of 4 came from
the UV/vis absorption spectrum, in which the characteristic
absorption of the anthraquinone chromophore at ∼440 nm
disappeared (Figure 1, green dash line). The 1H and 13C NMR
and MS spectra were also in agreement with the structure
of anthrone 4a, which was further established by the TOCSY
and NOESY spectra. In the TOCSY spectrum of 4a, no cross
peaks between Ha and the aryl protons Hc-He were ob-
served.9 Meanwhile, the NOESY spectrum of 4a also
exhibited no cross peaks between Ha and the aryl protons
Hc-He but the expected correlation between proton Ha and
the NH proton Hb (Figure 3). These observations indicated

that the hydrogenation of 4 selectively occurred on the inside
carbonyl group to give product 4a. Moreover, we have also

attempted to obtain the crystals of the anthrones. Although
we have not succeeded so far, the crystals of a dianthrone
derivative of 4a suitable for X-ray analysis were unexpect-
edly obtained by slow diffusion of ether into a solution of
4a in DMF,16,17 and its crystal structure provided an
accessorial evidence for the structure of 4a (Figure 4).

Under the same conditions as above, it was interestingly
found that the catalytic hydrogenations of oligomers 1∼3
selectively occurred on the outer carbonyl group to give the
anthrone analogues 1a∼3a in high yields. It was different
from the model compound 4 that oligomers 1a∼3a did not
dissolve in d6-DMSO, but they were found to be stable in
CDCl3 for more than one month. Compared with oligomers
1∼3, the characteristic absorption band of the anthraquinone
chromophore at ∼440 nm disappeared in the UV-vis
absorption spectra of 1a∼3a (Figure 1, dash line), while the
absorption bands of the phenanthroline rings were still
identical to those of 1∼3, which implied that oligomers
1a∼3a were also in helical structures. Moreover, the 1H
NMR spectra of 1a∼3a showed a new peak for the
methylene proton Ha but no obvious changes for the shifts
of NH zone signals, especially the proton Hh signal (Figure
5). The results not only suggested the formation of the
anthrones but also indicated the maintained helical confor-
mation of the oligomers.

Structures of the oligomers 1a∼3a were further proved
by their TOCSY and NOESY spectra.9 In the NOESY
spectra of 2a, a cross peak between proton Ha and proton
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Scheme 2. Selective Catalytic Hydrogenation of Diacetamide
Anthraquinones 4 and 5

Figure 3. Partial NOESY spectrum (600 MHz, d6-DMSO) of 4a.

Figure 4. Side view (a) and top view (b) of the crystal structure of
the dianthrone. Hydrogen atoms have been omitted for clarity.
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Hb was shown, while no cross peaks between Ha and the
NH protons Hh were observed, which were all in agreement
with the structure of 2a. Moreover, the TOCSY spectrum
of 2a also showed the expected correlations between proton
Ha and protons Hb and Hc (Figure 6), which further provided
unambiguous evidence for the selective hydrogenation of 2
occurring on the outer carbonyl group to give product 2a.
This result is completely different from that of the model
reaction, in which the presence of diacetamide units might
make the adjacent keto groups bind with the catalyst more
stably and subsequently yield the selective reduction products
of anthrones. For oligomers 1∼3, the selective catalytic
hydrogenation is most likely caused by the steric hindrance
within the helically folded oligomers.

In conclusion, we have presented the first selective
reduction induced by a single artificial helix based on
oligo(phenanthroline dicarboxamide)s containing a 9,10-
anthraquinone subunit. Due to the steric hindrance within

the helically folded oligomers, the selective catalytic hydro-
genation of the anthraquinone unit was completely different
from that of model substrates. The results presented here
cannot only mimic the enzyme catalysis for preventing some
reactions from occurring but also provide a convenient
method to synthetic new helical foldamers. Further studies
will attempt to build higher-ordered structures by the
coupling reactions16 of the helical anthrone analogues and
will also focus on the design of reactions in which the
oligomers have potential to act catalytically.
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Figure 5. Partial 1H NMR spectra (600 MHz, CDCl3) of oligomers
1∼3 and 1a∼3a (5.0 mM).

Figure 6. Partial TOCSY spectrum (600 MHz, CDCl3) of oligomer
2a.
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