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Chirality Induction and Protonation-Induced Molecular Motions in Helical

Molecular Strands
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Abstract: The long oligopyridinedicar-
boxamide strand 9, containing 15 het-
erocyclic rings has been synthesized
and its helical structure determined by
X-ray crystallography. It was shown
that the shorter analogue 6 displays in-
duced circular dichroism and amplifica-
tion of induced chirality upon dissolu-
tion in an optically active solvent, di-
ethyl-L-tartrate. A novel class of helical
foldamers was prepared, strands 14-16,

NMR spectroscopy (on 8 and 9) and
circular dichroism (on 16) studies show
that the oligopyridine carboxamide
strands undergo reversible unfolding/
folding upon protonation. The protona-
tion-induced unfolding has been con-
firmed by X-ray crystallographic deter-
mination of the molecular structure of
the extended protonated heptameric
form 8%. The molecular-scale mecha-
no-chemical motions of the protona-

tion-induced structural switching con-
sist of a change of the length of the
molecule, from 6 A (6, coiled form) to
29 A (8*, uncoiled form) for the hep-
tamer and from 12.5 A (9, coiled form,
X-ray structure) to 57 A (9%, uncoiled
form, from modeling) for the pentade-
camer. Similar unfolding/folding mo-
tional processes take place in the L-
tartro strands 15 and 16 upon protona-
tion/deprotonation, with loss of helici-

based on two oligopyridine carbox-
amide segments linked through a L-tar-
taric acid derived spacer. These tartro
strands display internal chirality induc-
tion as well as chirality amplification.

Introduction

The self-organization of molecules into helical and multiple
helical architectures can be found throughout nature: from
a-helical polypeptides and double-helical nucleic acids to
more complex helical protein structures, microtubules, and
the protein coating of the tobacco mosaic virus. In the case
of the a-helix of polypeptides and the double helix of DNA,
hydrogen bonding, stacking interactions, and hydrophobic
effects contribute to the formation and stabilization of the
helical conformation.!! The design of nonbiological species
that spontaneously organize into helical architectures is of
considerable interest in view of their relation to life sciences
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ty-induced circular dichroism on un-
folding as shown for the protonated
form 16™.

as well as of their potential applications in materials science,
nanotechnology, and optical and electronics devices.”! It
requires in particular the identification of helicity codons,”
structural motifs that enforce helical folding of molecular
strands.

In synthetic systems, single-helical molecular shapes may
be induced through hydrogen bonding,>® conformational
preferences,®”! solvophobic effects,® cation binding,®™ and
steric interactions.* A family of pyridine-based oligoamide
strands was synthesized and studied in our laboratory.” In-
tramolecular hydrogen bonds led to their folding into single-
helical conformers, as racemic mixtures of right- and left-
handed helices in the solid state as well as in solution.

The transfer of chiral information to achiral or dynamical-
ly racemizing molecular, supramolecular, and macromolecu-
lar helical systems has attracted great interest in recent
years.”% Indeed, chirality transfer can be used for sensing
chirality in a wide range of chiral molecules, as well as for
developing novel chiroptical devices and chiral materials as
enantioselective absorbents and catalysts.!""]

Considerable effort has been focused recently on the de-
velopment of molecular and supramolecular systems that
undergo dynamic structural changes induced by internal or
external, physical or chemical triggers. Controlled structural
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modifications play a most important role in biology, in
which they are key to the functioning of motor proteins
such as myosin in muscle action, kinesins, and dyneins,'>%
as well as of rotary motion in the multiprotein ATP synthase
assembly. %1 Such dynamic processes are of mechano-
chemical nature, involving chemical reactions like ATP/
ADP interconversion, proton transfer, or ion binding. Con-
traction/extension motions of helical-protein supercoils
occur in the bacterial flagellar protofilament,'”! but related
artificial systems are rare.

Structural changes of heterocyclic oligomers induced by
solvent effects,"™ ion binding,'” and protonation®-? have
been described. We recently reported the generation of con-
traction/extension molecular motion through metal-ion
binding and release!™ and by protonation/deprotonation-
induced structural switching of pyridine-derived oligoamides
between a helical conformation and a protonated linear
one.!)

Herein, we describe the synthesis of new pyridine-based
oligoamides, namely the heptameric 6-8 and pentadecamer-
ic 9 entities (containing respectively seven and fifteen pyri-
dine groups), that undergo enforced folding into single heli-
ces in solution and in the solid state. We also report the in-
duction of chirality in such racemic helical mixtures by ex-
ternal or internal effectors, by using a chiral solvent or a co-
valently linked chiral tartaric acid fragment, respectively, as
in compounds 14-16."

We finally describe the protonation-induced nanomechan-
ical structural interconversion of such molecular strands be-
tween folded and unfolded forms.

Abstract in Russian:

CHHTe3UpOBaH  ONHTOMUpHAMHAUKapOokcamMun 9, coxepxamui 15
TCTCPOIMKIIOB; CrO CIHpANCBHIAHAs CIPYKTypa OblIa YCTAaHOBICHA C
HOMOIBI PEHTICHOCTPYKTYPHOTO aHajin3a. Beulo mokasaHo, 4To Gonee
KOPOTKMH amajor, rentamep 6, obmagaer MHIYIMPYEMBIM KpPYTOBEIM
IMXPOM3MOM U 0ojiee BBIPAXKEHHOH, ueM Tpumep 4, CIIOCOOHOCTBIO K
HHAYKIWM XHPATBHOCTH MNPY PACTBOPEHHHM B ONTHYECKH AKTHBHOM
pactBopuTene—auaTHI-L-TapTpate.  CHHTE3WpOBaH  HOBHII  Kiacc
crupaneBuaHblx donpamepos (helical foldamers), coctosmx u3 ABYX
OJIUTONHPUAMHKAPOOKCAMH/IHBIX CEIMEHTOB, CBS3aHHBIX [IOCPEACTBOM
XHPAJILHOTO JIMHKEpa Ha OCHOBE L-BUHHOM KHUCIOTH (coeaunenus 14-16).
OTH coeqMHEHNA 00HAPYKHUBAIOT BHYTPEHHIOI HHAYKIHIO XHPAIbHOCTH 1
YCHUJICHHC XHPAIBHOCTH NpPH YUIMHEHHH nemu. O6patuMoc paspylIcHHC
BTOPUYHOI CIHpaneBUIHOH CTPYKTYpPBl MCCIEAYeMBIX COEIHMHEHHH IpU
MPOTOHUPOBaHMHU ObUTO 0OHapyxeHo MetonoM SIMP (coenuuenns 8 u 9) u
METOJIOM KpPYyroBOTO auxpou3ma (coeauHenue 16), U HOATBEPXKIAEHO
PEHTTCHOCTPYKTYPHBIM ~ QHAJIM30M  KPUCTALUIMYECKOH  CTPYKTYpHI
pa3sBEpHYTOH MPOTOHHPOBaHHON ¢opMmbl 8%, Monekyaipusie pH-
HHAYIHPYCMBIC ~ MCXaHO-XMMHYCCKHE  ABIDKCHHA  IPHUBOIIT K
3HAYUTEIbHOMY M3MEHEHMIO JUIMHBI MOJIEKYJIbl HPH IPOTOHHPOBAHUM
remramepa—ot 6 A (6, ckpydennas dopma) mo 29 A (8*, passepHyras
¢dopMa).  AHaJNOIHYHOE  SIBICHHE MMEET  MECTO  TakkKe IpH
MPOTOHUPOBAHN/ ISTTPOTOHUPOBAHHN coequHeHui 15, 16, copmeprkammx
JIMHKEP L-BHHHON KUCIOTHL Ha mpumepe mpOTOHHpOBaHHOH ¢opmer 167
1I0Ka3aHO  MCYE3HOBEHHE KPYI'OBOIO  JMXpOM3Ma, OOYCIIOBJIEHHOI'O
CTIMPANBHOCTHIO CTPYKTYPHI.
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Results and Discussion

Design of the components: Molecular strands such as 6-9,
composed of alternating 2,6-diaminopyridine and 2,6-pyri-
dinedicarbonyl units (Scheme 1), have been found to adopt
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Scheme 1. Synthesis of heptameric and pentadecameric strands:
a) SOCL, reflux; b) Boc,O, THF, 60°C, 57%; c)1a, Et;N, THF, RT,
88%; d) TMSI, chloroform, RT, then MeOH, reflux, 61%; ¢) 1a, E;N,
THF, RT, 61%; f) TMSI, dichloromethane, RT, then MeOH, reflux,
35%; g) 1a, Ei;N, THF, RT, 53%.

a helical conformation both in solution and in the solid state
due to the presence of a conformational codon introducing
a strong turn (Figure 1).! Modeling studies on this codon

Figure 1. Conformational codon leading to the folding of these oligomers
into molecular helices.

suggest that the substituents at the 6- and 6'-positions define
an angle of about 39°, deviating substantially from the 60°
expected for sp® centers with planar trigonal symmetry. As a
consequence of this turn, a helical motif forms from strands
containing more than five pyridine rings. The heptameric
strand was found to undergo a helical folding into 1.6
turns.©!

The introduction into such oligopyridinedicarboxamide
strands of a L-tartaric acid moiety should make it possible to
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induce chirality into the helices and obtain an amplification
of the molecular chirality. It may also open opportunities for
the formation of extended double helical structures.

To this end, the novel chiral foldamer 15 was designed in
which two single trimeric strands are connected by a chiral
L-tartro spacer. The longer analogue 16 was also synthesized
in order to study the influence of the chiral linker on the
helical chirality and the amplification of the molecular chi-
rality.

Synthesis: A previously developed monodeprotection strate-
gy'®! was optimized and applied iteratively to prepare novel
heptameric and pentadecameric molecular strands. 2,6-Di-
aminopyridine (2) was efficiently monoprotected by treat-
ment with Boc-anhydride and heating. The monoamine 3
obtained reacted with pyridine-2,6-dicarbonyl dichloride
(1a) to afford the corresponding bis-Boc-protected trimer 4.
Its monodeprotection was realized by exposure to a stoi-
chiometric amount of TMSI, followed by hydrolysis in meth-
anol, giving the monoamine 5 in 61 % yield. This amine was
subsequently coupled to 1a to yield bis-Boc-protected hep-
tamer 6. After treatment of this compound with a stoichio-
metric amount of TMSI, followed by hydrolysis in methanol,
monoamine 7 and diamine 8 (as a side product) were ob-
tained in 35% and 21% yield, respectively. Monoamine 7
was subsequently coupled to 1a to yield the bis-Boc-protect-
ed pentadecamer 9 (Scheme 1). Despite the lack of alkoxy
chains, pentadecamer 9 is still soluble in chlorinated solvents
due to the presence of the Boc-protection groups.

For the preparation of the L-tartaric bis-(pyridine-based
oligoamide) strands 14-16, a convergent synthetic procedure
was applied. Preparative quantities of L-O,0-didodecyl-tar-
taric diacid 13%¥ were obtained by O-alkylation of
N,N,N',N'-tetramethyl-L-tartaramide (11), followed by acidic
hydrolysis of the obtained diamide 12. The latter was subse-
quently treated with phosphorus pentachloride to give the
dichloride 13b.

Synthesis of the L-tartaric bis-(pyridine-based oligoamide)
14 (Scheme 2) was achieved by statistical acylation of 2,6-di-
aminopyridine (2) with butyryl chloride to yield the mono-
amide 10, which was then coupled with 13b, affording 14 in
42 % yield.

Longer strands of L-tartaric bis-(pyridine-based oligo-
amide) were obtained by coupling the previously prepared
monoamines 5 and 7! with diacid chloride 13b to yield L-
tartaric bis-trimer 15 and L-tartaric bis-heptamer 16, respec-
tively (Scheme 2).

Compounds 14-16 have NMR ('H, °C) and mass spectral
data in agreement with their structure (see Figure 4 and Ex-
perimental Section).

Helicity of the molecular strands

Formation of a single helix by the pentadecamer 9 in the
solid state: The pentadecamer 9 is highly crystalline. A
single crystal of 9 was obtained by liquid/liquid diffusion
and was analyzed by X-ray diffraction. In the crystal, penta-
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Scheme 2. Synthesis of strands 14-16: a) butyryl chloride, Et;N, THF,
0°C, 60 %; b) dodecyl iodide, NaH, DMF, 80°C, 40 %; c) conc. HCI/H,O,
reflux, 68 %; d) PCls, Et,0, RT; e) Et;N, THF, RT, 42 %; f) 5, Et;N, THF,
RT, 40%; g) 7, Et;N, THF, RT, 38 %.

decamer 9 adopts a single-helix conformation presenting
three helical turns in accordance with the previous struc-
tures determined for the penta-, hepta-, and undecamer!**"
(Figure 2).

Figure 2. Cylindrical bonds (left) and CPK representations (right) of the
solid-state molecular structure of the single helix formed by pentadeca-
mer 9, determined by X-ray crystallography: a) side view; b) top view.

Within pyridinecarboxamide groups, intramolecular hy-
drogen bonds form between the hydrogen atoms of the
amide groups and the pyridine nitrogen atom with typical
distances of 2.21-2.24 A (Figure 1).

In the crystal structure of pentadecamer 9, the aromatic
ring n overlaps with the aromatic ring n+4. The helical
pitch (the distance along the helix axis between ring n and

Chem. Eur. J. 2007, 13, 5466 —5479
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ring n+4) is 3.5 A. This indi-
cates a tight Van der Waals
contact between  aromatic
rings, suggesting that stacking
likely plays a role in the cohe-
sion of the structure. The helix

FULL PAPER
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of pentadecamer 9 and its cen-
tral void have a slightly ellipti-
cal shape (Figure 2b). The axes
of the helix are 13.48 and
10.82 A long, those of the in-
ternal voids are 8.17 and
555A long. The internal
cavity contains several water

H4 H3 H5

A Lo

. f b
molecules, probably forming M&«“UILA% " J}a Mﬂ”"‘t At ,H‘ AN M Jﬂ”'cﬂﬂulbl'b";_
hydrogen bonds with the T T T
strand. 0.0 9.6 9.2 8.8 8.4 B.0 7.6 7.2 6.8
&/ ppm

Table 1 gives a comparative
presentation of the helical
structure of 9 and the previous-
ly determined structure of the
shorter analogue 6.

For a symmetrical helical
structure, the line going
through the nitrogen atom and the C4 carbon atom of the
central pyridine ring should be a C,-symmetry axis. The
helix formed by pentadecamer 9 is indeed perfectly C, sym-
metrical, and the line going through the nitrogen atom and
the C4 carbon atoms of the central pyridine ring is a crystal-
lographic symmetry axis. Thus, the crystallographic asym-
metric unit cell contains only half a helix. On the other
hand, the helix formed by heptamer 6 deviates slightly from
a perfect C, symmetry. The series of torsional angles be-
tween consecutive pyridine rings at the two strand termini
are not identical (Table 1). As a result, the crystallographic
unit cell contains an entire strand.

As for the previously determined helical structure of 6,
pentadecamer 9 belongs to a nonchiral space group, which
means that plane symmetrical right- and left-handed helical
strands are present in the crystal.

25°C.

Single-helix formation by strands 6 and 9 in solution: Dilute
solutions of the oligomeric strands 6 and 9 in deuterated
chloroform or DMSO feature sharp proton NMR spectra
consistent with the presence of a single well-defined species.
In all cases, the pattern of the signals indicates that on aver-
age, the molecular strands adopt a symmetrical structure
with respect to the central pyridine ring. Figure 3 shows the
"H NMR spectra of solutions of trimeric (4, n=1), hepta-

Table 1. Characteristics of the helical structures in the solid state.

n=3
‘, 112 10.8 10.4
n=717

Figure 3. Part of the 400 MHz 'H NMR spectra of trimer 4, heptamer 6 and pentadecamer 9 in [Dg]DMSO at

meric (6, n=3) and pentadecameric (9, n=7) strands in
[D¢]DMSO, all of which bear terminal Boc-protecting
groups. In these compounds, strand curvature generates half,
one-and-a-half, and three turns, respectively.

Comparison of the spectrum of heptamer 6 to that of its
shorter analogue, trimer 4, shows that a number of signals
are substantially shifted upfield, which suggests intramolecu-
lar stacking interactions in 6. The signals of the terminal di-
aminopyridine rings have chemical shift values of 6=7.48,
7.32 (H3 and H5) and 7.61 ppm (H4) in 6, whereas they are
at 7.84, 7.60 (H3 and H5) and 7.86 ppm (H4) in 4 (Figure 3).

These data are consistent with a helical structure of hep-
tamer 6 in solution involving an aromatic overlap between
the terminal rings and part of the second-to-last rings. Such
an overlap corresponds well to the one-and-a-half helical
turn observed in the solid state for heptamer 6.

For pentadecamer 9 in [Dg]DMSO, much larger upfield
shifts of the hydrogen-bonded NH protons and of the aro-
matic signals are observed (Figure 3), which again indicates
a helical conformation.

The folding of the strands into helices is enforced by in-
tramolecular hydrogen bonding and further stabilized by ar-
omatic stacking interactions, which are both strong in low
polarity solvents, such as chloroform. Two-dimensional
NMR studies in deuterated chloroform were carried out in
order to reveal contacts between remote atoms that may

Compound Helical Torsional angles[°] Outer diameters of Inner diameters of
pitch pyridine—pyridine elipsoidal cavity [A]® elipsoidal cavity [A]®!
6 3.58 6.2,16.7,13.7,8.0,16.3,2.3 13.67; 10.98 8.28;5.58
9 3.50 7.0,14.2,11.3,17.7,15.2, 15.8, 8.0, 8.0, 15.8, 15.2, 17.7, 11.3, 14.2, 7.0 13.48;10.82 8.17;5.55
[a] C—C atom center distances. [b] N—N atom center distances.
Chem. Eur. J. 2007, 13, 5466—5479 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 5469
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come in close proximity upon helix folding. However,
NOESY spectra were complicated by correlation signals
caused by exchange phenomena resulting from the dimeriza-
tion of the helices.*! Nevertheless, NOESY signals were
even observed at low concentration, in which the dimer is
present in only minor amounts.

Since the present helical self-organization process leads to
the stacking of heteroaromatic pyridine rings of the molecu-
lar strands 6 and 9, spectroscopic examination of intramolec-
ular interactions between these chromophores is of interest.

The excimer formation by heptamer 6 and pentadecamer
9 resulting from the self-organized stacking of the pyridine
residues in the helix was revealed by UV/Vis absorption and
fluorescence studies and confirmed the helical conformation
of these molecular strands.”"

Single-helix formation by tartro-strands 14-16 in solution:
Dilute solutions of the molecular strands 14-16 in deuterat-
ed chloroform or DMSO show sharp proton NMR spectra
consistent with the presence of a single well-defined species.
In all cases, the pattern of signals indicates that the molecu-
lar strands adopt a symmetrical structure with respect to the
tartaric acid derived spacer.

Figure 4 shows the '"H NMR spectra of solutions of 14-16
in deuterated chloroform. From 14 to 15 a strong deshield-
ing of the amide hydrogens is observed due to their partici-

14 i

6/ ppm

Figure 4. Part of the 400 MHz 'H NMR spectra of molecular strands 14—
16 in CDCl; at 25°C. For 15 and 16 the signals above 10 ppm correspond
to the amide protons between two pyridine groups; the other two NH
signals are located in the aromatic region. The spectrum of 15 in DMSO
is described in the Experimental Section.

pation in the hydrogen bonding that causes the curvature of
the strand 15. From 15 to 16 the shifting of amide hydrogen
atoms is related to the hydrogen bonding in the two helical-
ly wrapped heptameric type segments of 16.

Moreover, two-dimensional NMR studies in deuterated
chloroform were carried out in order to reveal NOESY con-
tacts between remote atoms that may come in close proxim-
ity upon the formation of a supramolecular architecture by
15 and thus to determine its conformation. NOE signals due
to the interactions of terminal amide protons with the asym-
metric center-OCH protons, with the ester OCH, protons of
the tartaric acid derived spacer, and with aromatic protons
were observed. These correlation signals are in agreement
with the expected helical conformation of 15.

5470 —— www.chemeurj.org
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Unfortunately, no crystals of 15 and its longer analogue
16 were obtained, possibly due to the presence of long alkyl
chains. The following UV/Vis absorption, fluorescence, and
CD studies further confirm helix formation by 15.

UV/Vis absorption study: The electronic absorption spec-
tra of the molecular strands 14-16 in chloroform display ab-
sorption maxima at 292, 295, and 298 nm respectively, due
to m—m* electronic transition of the pyridine moiety
(Figure 5). From 14 to 16 a slight red-shift (bathochromic

Absorbance

0 .
265 315 365

Wavelength / nm

Figure 5. Electronic absorption spectra of the molecular strands 14-16
(CHCl;, 107 m): 14 (—), 15 (—), 16 ().

effect) was observed that can be attributed to the increased
number of conjugated pyridine rings. The values of the
molar absorptivity for the chiral foldamers 14-16 show a hy-
perchromic effect from 14 to 16 (¢ [M *cm ']=25000 (14),
29000 (15), 72000 (16)), as expected for an increased
number of pyridine rings.

Fluorescence emission study: On excitation of a 107> M solu-
tion of L-tartaric bis-monomer 14 in chloroform at 320 nm,
pyridine-like fluorescence is observed at about 363 nm. Ex-
citation of 15 under similar conditions resulted in the obser-
vation of a broad band at 437 nm and weak pyridine fluores-
cence (Figure 6). These hypo- and bathochromic effects ob-
served on going from 14 to 15 can be attributed to the for-
mation of excimers, as it was found for related oligopyri-
dinedicarboxamide helical molecular strands 6 and 9.*!
These excimers result from the self-organized stacking of
the pyridine residues in the helix, thus indicating a helical
conformation of 15.

From L-tartaric bis-trimer 15 to L-tartaric bis-heptamer
16, a strong increase in fluorescence is observed (hyperchro-
mic effect) due to the increased number of overlapping pyri-
dine rings (Figure 6).

Chem. Eur. J. 2007, 13, 5466 —5479
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Figure 6. Fluorescence emission spectra of the molecular strands 14-16
(CHCl,, 107°m): 14 (—), 15 (—), 16 ().

Chirality induction

Induced circular dichroism: Optical activity may be induced
in a symmetric substrate when optically active solvents are
used for its dissolution.”” The solvation gives rise to an
asymmetric perturbation of the chromophoric substrate that
induces a circular dichroism (CD) band in its UV-absorbing
region. Such induced CD (ICD) spectra have been observed
in a number of situations in which complexation between
chiral and achiral partners (host-guest systems) takes place,
when the conditions are such that the effect from perturba-
tion can be studied by CD."*>

Solvent-induced chirality of oligopyridinedicarboxamide mo-
lecular strand 6: The coiled molecular strand 6 may present
either right-handed (plus, P) or left-handed (minus, M) hel-
icity®! and exists in solution as a racemic (P,M) mixture of
dynamically interconverting P and M helices. Induction of
chirality into such racemic molecular strands was observed
under chiral solvation of 4 and 6 dissolved in the optically
active solvent L- and D-diethyl tartrate.

Tartaric acid is a chiral species, widely used as a chiral re-
agent, chiral-resolving agent, and chiral auxiliary in organic
synthesis,”! and it may induce CD in achiral molecules.

To study ICD phenomenon of oligopyridinedicarbox-
amide molecular strands, enantiomeric derivatives of tartaric
acid, such as L- and D-diethyl tartrate, were used as chirali-
ty-inducing solvents upon dissolution of achiral heptamer 6.

Chirality-inducing molecules, such as tartrates, can show
significantly different CD bands in different achiral environ-
ments. Therefore true ICD due to achiral molecules can
only be demonstrated in the spectral region outside the ab-
sorption bands of the chiral-inducing molecules. The system
diethyl tartrate/pyridine-based oligoamide 6 is well-suited
because L- and D-diethyl tartrates show CD bands below
240 nm due to the n—m* transition in the carboxylic group,
whereas, as shown above, the absorption band of strand 6
displays maxima at 305 nm due to the m—m* electronic tran-
sitions.

Chem. Eur. J. 2007, 13, 5466 —5479
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As was discussed above, heptamer 6 adopts a helical con-
formation both in solution and in the solid state. The CD
spectrum of heptamer 6 recorded in achiral solvent, such as
chloroform, shows no CD signal (curve not shown), as
strand 6 is a racemic mixture of both helical conformations
(P,M) formed with equal probability and in dynamic equilib-
rium.

The ICD spectrum of a 10~*m solution of the achiral hep-
tamer 6 in L-diethyl tartrate shows a negative ICD band in
the UV-absorbing region of 6 at 322nm (Ae [M'cm™']=
—44.2) due to the m—m* electronic transition of the pyridine
moiety (curve L-7, Figure 7a). When bp-diethyl tartrate was
used as solvent, curve D-7, the mirror image of the curve L-
7, was obtained with a positive ICD band at 322 nm (Ae=
43.8; Figure 7a).

Ag a) - LT
D-7
30 — 13
D-3
5
—— :
2 320 370 A/nm
20 =
2
r
45
an %99
. L7
— -3
03
21 371 A/nm
.D_2A

Figure 7. a) Induced circular dichroism (ICD) and b) UV/Vis absorption
spectra of 10~*m solutions of achiral trimer 4 (curves L-3 and p-3) and
heptamer 6 (curves L-7 and D-7) in L- and D-diethyl tartrate.

The observed phenomena result from the effect of chiral
enantiomeric solvents, like L- and p-diethyl tartrate, which,
in addition to inducing an asymmetric perturbation of transi-
tion moments, may perturb the equilibrium between the
right- and left-handed helical conformations of 6, causing a
preference for one helical sense and thus giving negative or
positive ICD band, as illustrated in Figure 8.

Amplification of induced chirality by helical heptamer 6: The
ICD spectra of 10~*m solutions of the achiral trimer 4 in L-
and D-diethyl tartrate were recorded (curve L-3 and D-3, re-
spectively, Figure 7a). Comparison of the ICD spectrum of
the heptamer 6 to that of its shorter analogue trimer 4 re-
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racemic mixture

-

CD inactive

Figure 8. Schematic illustration of the perturbation of the equilibrating P
and M helical forms of heptamer 6 upon dissolution in optically active
solvents, such as L- and D-diethyl tartrate.

corded in D-diethyl tartrate shows that the ICD bands of
both molecular strands appear at the same wavelength
(322 nm), but that Ae is much smaller for trimer 4 and equal
to 11.0 (Figure 7a). The UV/Vis absorption coefficient ¢ in
L-, D-diethyl tartrate (¢ [M'ecm™!]=26000 (4), 40000 (6);
Figure 7b) increases 1.5 times from trimer 4 to heptamer 6,
whereas Ae increases 4.0 times. This differential increase in
¢ and Ae indicates that, in addition to the effect of the in-
crease in ¢, the folding of heptamer 6 into a helix in accord-
ance with the previously obtained data leads to an amplifi-
cation of the induced chirality.

Chirality features of strands 15 and 16: The introduction of
asymmetric carbon centers into helical structures leads to
mixed chirality features combining asymmetry at a center
with helicity, as for example in the case of double helicates
generated from molecular strands containing asymmetric
carbon centers.”

The strands 15 and 16 display interesting additional chiral-
ity features due to the simultaneous presence of the asym-
metric carbon centers of the tartaric and spacer and of the
two oligopyridine dicarboxamide segments that may adopt
independently either P or M helicity:

1) Helical enantiomerism (P,P and M,M) and diastereo-
isomerism (M,P) depending on whether the two helical
segments are of same or opposite helicity.

2) Mixed chirality combining center asymmetry and helici-
ty.

3) Helicity induction by the asymmetric carbon centers into
the helical segments that are in dynamic equilibrium be-
tween P and M forms; as the two asymmetric carbon
atoms in the L-tartaric acid derived spacer have the same
chirality, one expects that the same helicity will be in-
duced into each helical segment, whereas the helicities
would be opposite for a meso-tartaric spacer.

Chirality amplification by helical folding of 15: Circular
dichroism (CD) spectra of 107M solutions of chiral com-
pounds 14-16 were recorded in chloroform. As shown in
Figure 9, r-tartaric bis-monomer 14 gives a negative CD
band in its UV-absorbing region at 300 nm (|Ae|=3.6) due
to the m—nt* electronic transition of the pyridine moiety. Its
longer analogue L-tartaric bis-trimer 15 also gives a negative
CD band at the same wavelength region as 14 (295 nm), but
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Figure 9. Circular dichroism spectra of 10~ m solutions of the molecular
strands 14-16 in CHCl;: 14 (—), 15 (——), 16 ().

| Ae| is much larger and equal to 13.8. This increase in the
molar CD (Ae¢) by a factor of 3.8 from 14 to 15 is much
larger than the increase in UV/Vis absorption coefficient ¢
(factor of 1.2 from 14 to 15).

Thus, the amplification of the CD spectrum from 14 to 15
is caused not only by the increase in ¢ related to the number
of pyridine rings, but also by the presence of helical seg-
ments in bis-trimer 15.

Comparison of the spectra of UV/Vis absorption and CD
studies of the L-tartaric bis-heptamer 16 to that of its shorter
analogue 15 shows that from 15 to 16, both ¢ and Ae in-
crease 2.5 times. The amplification of the CD spectrum from
15 to 16 can then be attributed to the increase in the
number of pyridine rings.

In conclusion, chiral information of a tartaric acid derived
spacer covalently linked to pyridine-based oligoamide seg-
ments is transferred into these strands and amplified due to
the helical features of 15 and 16. This result may be taken
to indicate that the helical folding of the oligopyridinecar-
boxamide segments of 15 and the perturbation of their PM
equilibrium towards one helicity result in a marked amplifi-
cation of the optical activity.

Protonation-induced molecular motion in strands 8 and 9:
The preferred conformation of the 2,6-diaminocarbonylpyri-
dine group in the coiled strands 4-9 have the N—H, and C=
O bonds in syn and anti orientations, respectively, with re-
spect to the direction of the nitrogen lone pair of the pyri-
dine group.®®?! Protonation of the latter may be expected
to cause a conformational inversion, so as to allow forma-
tion of new hydrogen bonds between the carbonyl groups
and the pyridinium proton (Figure 10).

In the molecular strands 4-9, protonation may be expect-
ed to occur regioselectively at the more basic pyridine nitro-
gen atoms of the 2,6-diaminopyridine moieties, while the
2,6-pyridinedicarbonyl fragments remain unprotonated. As a
result, pronounced shape modifications may occur in these

- . H‘N N’H

NN, ) LI NP

Figure 10. Conformational changes induced by protonation/deprotonation
of a 2,6-diaminocarbonylpyridine unit.
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strands. Thus, one and two-dimensional NMR experiments
were carried out to study the protonation-induced confor-
mational changes of oligoamides 8 and 9.

Proton NMR investigations: When a suspension of heptamer
8 or pentadecamer 9 in deuterated acetonitrile was treated
with triflic acid (four and eight equivalents, respectively),
the corresponding protonated species formed immediately
and the compounds dissolved. The results of NMR spectros-
copy and mass spectrometry studies were in accordance
with the formation of the corresponding tetra- and octa-pro-
tonated species 8" and 9*.

In the case of the tetra-protonated form of heptamer 8,
the signals of the new pyridinium protons Ha and Hb ap-
peared very unshielded at 6=13.5 and 17.1 ppm respective-
ly, in agreement with a conformation in which they are also
hydrogen bonded to one or two amide carbonyl groups
(Figure 11). The broadening of the Ha signal can be attrib-
uted to the exchange of Ha proton with amine protons. In
the bis-Boc derivative 6 the corresponding Ha signal is
sharp.

Two-dimensional NMR experiments showed NOE signals
due to the interaction of the three different amide protons
Hc, Hd, and He with their corresponding vicinal aromatic
protons Hf, Hg, and Hh, respectively (Figure 11).

Upon protonation of pentadecamer 9 by the addition of
eight equivalents of triflic acid in deuterated acetonitrile,

Hb

FULL PAPER

the signals of the new pyridinium protons Ha and Hb also
appeared very unshielded at 6=16.2-17.3 ppm, indicating
an octa-protonated form 9* (Figure 12). Two-dimensional
NMR measurements also showed NOE signals between the
amide protons and the adjacent aromatic protons.

Thus, the data of one- and two-dimensional proton NMR
experiments agree with the formation of the protonated spe-
cies 8t and 9% as unfolded, undulating ribbons, resulting
from the conformational reorientation of the 2,6-diamino-
pyridine groups induced by its protonation and the subse-
quent rearrangement of the hydrogen-bonding pattern.

Molecular structure of the tetra-protonated form 8% in the
solid state: Crystals of the heptameric protonated form 8*
were obtained by liquid/liquid diffusion and were analyzed
by X-ray diffraction. The structural data confirmed the un-
folding of the helical strand 8 to give the extended undulat-
ing form shown in Figure 13 for 8*. In view of the analo-
gous proton NMR spectroscopic features, an extended
shape of similar type may be ascribed to the pentadecameric
protonated form 9%.

The pyridinium protons on the 2,6-aminodicarbonyl cen-
ters form hydrogen bonds with one or two carbonyl groups
with distances of 1.90-1.97 A to the oxygen atoms of the
carbonyl groups and distances of 2.64-2.67 A between the
pyridinium nitrogen atom and the oxygen atoms of the car-
bonyl group. The distances between the oxygen atoms of
two carbonyl groups hydrogen
bonded to the same pyridinium
proton are 2.98 and 3.09 A.

Within the pyridine-2,6-car-
boxamide groups, intramolecular
hydrogen bonds form between
the hydrogen atoms of the
amide group and the pyridine
nitrogen atom, with distances of
221-225 A. The distances be-
tween the nitrogen atoms of the
amide group and the pyridine
nitrogen atom are 2.66-2.70 A,
the same as in a previously de-
termined crystal structure of the
helical molecular strand 6 (the
derivative of 8).1%%0I

The molecular-scale mechano-
chemical consequence of the
protonation-induced structural
switching is the change of the
length and of the hydrodynamic
volume of the molecule. For the
heptamer, the length changes
from 6 A (6, coiled form X-ray
structure) to 29 A (8*, uncoiled

N._NH;

13'.'0' 12.0' 11.0
5/ ppm

14.0 10.0

Figure 11. Protonation-induced unfolding of the helical strand 8 to the corresponding extended form 8*, and

part of the 400 MHz '"H NMR spectrum of the extended form 8+ in CD,CN.
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Ts.0 8. form), and for the pentadeca-
mer, from 12.5 A (9, coiled form,
X-ray structure) to 57 A (97, un-

coiled form, from modeling).
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Figure 12. Protonation-induced unfolding of the helical strand 9 to the corresponding extended form 9, and part of the 400 MHz 'H NMR spectrum of
the extended form 9% in CD,CN; integration yields Ha (2H) and Hb (6 H).

Reversible coil-uncoil molecular motion of 8: The reversibil-
ity of the protonation process was corroborated by 'H NMR
experiments. As shown in Figure 14, when an excess of trif-
lic acid was added to the heptameric strand 8 in deuterated
DMSO a shift of all the signals was observed, showing the
formation of unfolded species 8% (Figure 14b); the signals
went back to the starting position after the mixture was
treated with an excess of triethylamine, thus indicating the
restoring of the initial helicoidal strand 8 (Figure 14c). The
broadening of the NH signals may be ascribed to a slow ex-
change due to the added reagents. The pyridinium protons
could not be observed in DMSQO, but this solvent was used
due to the fact that the heptameric strand 8 is soluble in it,
and not in acetonitrile.

Protonation-induced conformational changes in strands 15
and 16: It was shown above that the L-tartaric bis-trimer 15
adopts a helical conformation in solution, which also holds
for its longer analogue L-tartaric bis-heptamer 16 in view of
the similarity in spectroscopic properties. As these molecu-

29 A

Ll »

Figure 13. a) Front view and b) side view of the solid-state molecular
structure determined for the protonated heptameric form 8* (triflate

anions have been omitted for clarity) by X-ray crystallography. The cal-
culated hydrogen atoms on the terminal NH, groups have been omitted.
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lar strands may undergo protonation, as described above for
8 and 9, NMR experiments were carried out to study the

Chem. Eur. J. 2007, 13, 5466 —5479


www.chemeurj.org

Helical Structures F U L L PAP E R

W protonation induced conforma-
J | tional changes of L-tartaric bis-
heptamer 16.

Proton NMR study: When a
suspension of bis-heptamer 16
in deuterated acetonitrile was
treated with eight equivalents
of triflic acid, the correspond-

b),x } k ing protonated species formed
- immediately and the com-
‘ T+H+ pound became soluble. Results

| ‘ of NMR and mass spectrome-

a) | 1_1 UUl l v N try studies indicated the forma-
. . G - T 8 tion of the octa-protonated

‘ A AR EAS A LR RS R RS T form 16* (Figure 15). The sig-
' ' ’ ’ a nals of the pyridinium protons

Ha and Hb appeared very un-
Figure 14. Part of the .4.00 MHz '"H NMR spe.,ctra of a.) heptamer 8 in [D{]DMSO, b) after the addition of triflic shielded at 6=164 and
acid, and c) after addition of an excess of triethylamine. The CPK model of 8 was created based on the crystal
structure of 6.

5/ ppm

17.1 ppm,  respectively, in
agreement with a conformation

CF3S0;H | CD;CN

(CF3803) g®

JLM

17.0 16.0 15.0 14.0 13.0 12.0 11.0
51/ ppm

BocHN NHBoc

Figure 15. Protonation-induced unfolding of the helical strand 16 to the corresponding extended form 16*, and part of the 400 MHz 'H NMR spectrum
of the extended form 16" in CD;CN.
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in which they are hydrogen bonded to one or two amide car-
bonyl groups.

Thus, the NMR data agree with the formation of the pro-
tonated form 16 as unfolded, undulating ribbon, resulting
from the conformational reorientation of the 2,6-diamino-
pyridine groups under protonation, in line with what was
found for the related molecular strands 8 and 9.

Circular dichroism study: Circular dichroism (CD) measure-
ments on the bis-heptamer 16 were performed to corrobo-
rate the NMR data. As discussed above, the chiral L-tartaric
acid derived spacer of 16 shifts the equilibrium between the
right- and left-handed helical conformations of the oligopyr-
idine carboxamide segments, which gives rise to a CD band
in the absorption region of the pyridine-based groups associ-
ated with its helical conformation. Upon addition of an
excess of triflic acid to bis-heptamer 16 in chloroform, this
band disappears (Figure 16) as the diaminopyridine units

AE
20
]

— T

238 278 318 358 A/nm

-20 4

-40 J

Figure 16. Circular dichroism spectra of 10> m solutions in CHCI, of pure
bis-heptamer 16 (—)and its corresponding protonated species 167
(-----) formed under protonation with triflic acid.

are protonated and the nonhelical entity 16* forms. Subse-
quent neutralization with an excess of triethylamine restores
this CD signal, thus demonstrating the reversibility of the
protonation induced conformational changes of 16. In sum-
mary, data of CD experiments are consistent with the pro-
posed transition from the helical conformation to the un-
folded extended form for 16.

Conclusion

The present results extend those previously reported® on
the helical folding of oligopyridinedicarboxamide strands. In
particular, the introduction of a central chiral spacer based
on L-tartaric acid gave strands bearing two helically folded
oligopyridine-type segments. Furthermore, chiral induction
by the asymmetric carbon centers results in helicity induc-
tion, with a shift in the equilibrium of the dynamically equi-
librating right- and left-handed helices.

Both external (by an optically active solvent) and internal
(by asymmetric centers) chirality induction in racemic heli-
cal strands and the amplification of molecular chirality by
helical folding were revealed for the molecular strands in-
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vestigated. These molecular strands undergo reversible
structural interconversion between helical and extended
forms by protonation/deprotonation processes, generating
very large amplitude reversible extension/contraction me-
chano-molecular motions.

In conclusion, the present results corroborate our earlier
studies®’*! on the design of folding codons based on suit-
ably selected heterocyclic sequences that have well-defined
conformational preferences and/or hydrogen-bonding fea-
tures. Furthermore, they also demonstrate that large ampli-
tude molecular motions may be induced by both reversible
ion-binding"” and protonation processes, fuelled by acid—
base neutralization energy.

Experimental Section

General methods: THF was distilled over sodium/benzophenone. Abso-
lute DMF (dried over molecular sieves, H,O <0.005%) was purchased
from Fluka. Triethylamine (Lancaster, 99 %) was used as received. 2,6-
Diaminopyridine (Aldrich, 98%) was purified by recrystallization from
hot chloroform after filtration with charcoal. All other commercially
available products were used without further purification. Flash column
chromatography was performed using silica gel (Geduran, SI 60; 40—
63 um, Merck). Infrared spectra were recorded as thin films on NaCl
discs on a Perkin Elmer 1600 Series FTIR. UV/Vis spectra were recorded
on a Varian CARY 3 spectrophotometer. Circular dichroism spectrosco-
py was performed on a Jasco-810 spectrometer. Fluorescence spectrosco-
py was performed on an AMINCO-Bowman Series 2 luminescence spec-
trometer. 400 MHz 'H NMR spectra and 100 MHz CNMR spectra
were recorded on a Bruker Avance 400 spectrometer, and 200 MHz
"H NMR spectra and 50 MHz “C NMR spectra on a Bruker SY 200
spectrometer. The solvent signal was used as an internal reference for
both 'H and C NMR spectra. The following notation is used for the
"H NMR spectral splitting patterns: singlet (s), doublet (d), triplet (t),
quartet (q), multiplet (m). Two-dimensional NMR experiments were per-
formed on a Bruker ARX 500 spectrometer and a Bruker Avance 400
spectrometer. FAB-mass spectrometric measurements were performed
by the Service de Spectrométrie de Masse, Institut de Chimie, Université
Louis Pasteur. Electrospray studies were performed on a Bruker Micro
TOF mass spectrometer. Melting points (M.p.) were recorded on a Biichi
Melting Point B-540 apparatus and are uncorrected. Elemental analyses
were performed by the Service de Microanalyse, Institut de Chimie, Uni-
versité Louis Pasteur.

X-ray crystallography: X-ray diffraction data for compounds 9 and 8*
were collected on a Nonius KappaCCD diffractometer with a graphite
monochromated Moy, radiation (1=0.71071 A), phi scans, at 173 K, at
the Laboratoire de Cristallochimie, Université Louis Pasteur, Strasbourg.
Their structures were determined by Nathalie Kyritsakas and André
DeCian using direct methods and refined (based on F* using all inde-
pendent data) by full-matrix least-square methods. Hydrogen atoms were
included at calculated positions by using a riding model. The R factors
were 8.4 and 16.1% for 8% and 9, respectively. The fragility and low dif-
fraction of the crystals of 9 led to a higher R factor.

CCDC 220032 (8%) and CCDC 220031 (9) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

(6-Aminopyridin-2-yl)carbamic acid tert-butyl ester (3): A solution of di-
tert-butyldicarbonate (21.24 g, 97.32 mmol, 100 mol%) in THF (50 mL)
was added dropwise to a solution of 2 (10.62 g, 97.32 mmol, 100 mol %)
in dry THF (105 mL)at RT. The reaction was allowed to proceed under
heating (50-60°C) for 21 h. Removal of the solvent and purification of
the reaction residue by column chromatography (SiO,; 10%EtOAc/
CH,Cl,) afforded 3 (11.61 g, 57 %) as a white powder. M.p. 125-127.5°C;
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IR (thin film): =3379, 3211, 2978, 1720, 1619, 1578, 1529, 1457, 1423,
1392, 1368, 1298, 1235, 1158, 1085, 1053, 951, 886, 790, 760, 729 cm™;
'HNMR (200 MHz, [D]chloroform): 6=8.08 (brs, 1H), 7.39 (t, /=
8.0 Hz, 1H), 7.20 (d, */=8.0 Hz, 1H), 6.14 (d, *J=7.9 Hz, 1H), 4.51 (brs,
2H), 1.50 ppm (s, 9H); *CNMR (50 MHz, [D]chloroform): 6=157.3,
152.6, 150.7, 139.8, 102.9, 101.8, 80.8, 28.3 ppm; FAB-MS: m/z (%): 210.1
(100) [M+H]*; elemental analysis caled (%) for C,(H;sN;0, (209.24): C
57.40, H 7.23, N 20.08; found: C 57.10, H 7.47, N 19.94.
2,6-Bis-(6-tert-butoxycarbonylaminopyridin-2-ylcarbamoyl)pyridine  (4):
Compound 3 (5.00 g, 23.9 mmol, 200 mol%) and triethylamine (2.66 g,
26.3 mmol, 220 mol % ) were dissolved in dry THF (90 mL) and previous-
ly prepared diacid chloride 1a (2.44 g, 12.0 mmol, 100 mol%) in THF
(10 mL) was added dropwise at RT. The reaction was allowed to proceed
for further 1 h. The reaction mixture was then filtered, evaporated to dry-
ness, and applied to a column of silica (SiO,; 4% EtOAc/CH,Cl,—20%
EtOAc/CH,Cl,). Compound 4 (5.75¢g, 88%) was obtained as a white
powder. M.p. 210°C (decomp); IR (thin film): 7=3365, 3300, 2979, 2923,
1731, 1696, 1584, 1504, 1461, 1392, 1388, 1297, 1230, 1155, 1074, 1000,
881, 842, 800, 753 cm™'; 'H NMR (200 MHz, [D(]DMSO): 6 =11.13 (brs,
2H), 9.45 (brs, 2H), 8.37 (m, 3H), 7.83 (m, 4H), 7.60 (dd, *J=6.4 Hz,
*J=2.4 Hz, 2H), 1.43 ppm (s, 18 H); *C NMR (50 MHz, [Ds]DMSO): 6 =
162.1, 152.5, 151.0, 149.3, 148.6, 140.0, 139.9, 125.6, 109.5, 109.0, 79.7,
27.9 ppm; FAB-MS: m/z (%): 550.2 (45) [M+H]*; elemental analysis
caled (%) for C,;H;N;O4 (549.58): C 59.01, H 5.69, N 17.84; found: C
59.19, H 5.78, N 18.00.
(6-{[6-(6-Aminopyridin-2-ylcarbamoyl)pyridine-2-carbonylJamino}pyri-
din-2-yl)carbamic acid tert-butyl ester (5): TMSI (0.741g, 0.53 mL,
3.703 mmol, 110 mol%) via a dry syringe was added to compound 4
(1.85 g, 3.366 mmol, 100 mol %) dissolved in chloroform (20 mL) and the
mixture was stirred at RT for 30 min. The solvent was then evaporated,
the residue was dissolved in methanol (30 mL), and the resulting mixture
was heated to reflux for 45 min to hydrolyse the intermediately formed
trimethylsilyloxycarbonyl group. After evaporation of the solvent, the
solid residue was applied to a column of silica (SiO,; gradient 10%
EtOAc/CH,Cl,—30% EtOAc/CH,Cl,). Compound 5 (0.92 g, 61 %) was
obtained as a white powder. M.p. 135-136°C; IR (thin film): 7#=3366,
3292, 2977, 1730, 1692, 1617, 1582, 1533, 1453, 1392, 1367, 1300, 1233,
1154, 1073, 1001, 884, 793, 748 cm™'; 'H NMR (200 MHz, [D,]DMSO):
0=11.28 (brs, 1H), 11.15 (brs, 1H), 9.53 (brs, 1H), 8.35 (m, 3H), 7.84
(m, 2H), 7.60 (m, 2H), 7.33 (d, *J=7.7 Hz, 1H), 7.42 (d, *J=8.1 Hz, 1 H),
148 ppm (s, 9H); "CNMR (50 MHz, [D¢{]DMSO): 6=161.7, 161.2,
157.6, 152.5, 150.6, 148.8, 148.3, 139.7, 139.0, 125.5, 125.3, 108.5, 108.1,
104.6, 102.7, 100.0, 80.3, 27.6 ppm; FAB-MS: m/z (%): 450.1 (70)
[M+H]*; elemental analysis caled (%) for C,,H,3N,0,2H,0 (449.46): C
54.42, H 5.61, N 20.20; found: C 54.62, H 5.31, N 20.09.
2,6-Bis-(6-{[6-(6-tert-butoxycarbonylaminopyridin-2-ylcarbamoyl)pyri-
dine-2-carbonyl]amino}pyridin-2-ylcarbamoyl)pyridine (6): A previously
prepared diacid chloride 1a (0.163 g, 0.59 mmol, 100 mol %) solution in
THF (2 mL) was added by means of a cannula to a solution of 5 (0.530 g,
1.18 mmol, 200 mol %) and triethylamine (0.131 g, 1.30 mmol, 220 mol %)
in dry THF (30 mL) at RT. The reaction was allowed to proceed for 1 h
at RT, at which time 1a (0.3 equiv) was added to compensate for hydroly-
zation. After another 30 min, the reaction mixture was filtered, evaporat-
ed to dryness, and subjected to chromatography on a column of silica
(SiO,; 2%EtOH/CHCL,) to afford 6 (0.370 g, 61 %) as a white powder.
M.p. 280.5-282.5°C; IR (thin film): 7=3318, 2971, 1731, 1703, 1582, 1510,
1454, 1392, 1388, 1306, 1229, 1155, 1073, 1002, 800 cm™'; 'H NMR
(200 MHz, [D4]DMSO): 6=11.17 (brs, 2H), 10.62 (brs, 2H), 10.34 (brs,
2H), 9.4 (brs, 2H), 8.56 (d, >J=7.8 Hz, 2H), 8.33 (m, 6H), 821 (d, *J=
6.8 Hz, 2H), 8.02 (d, *J=6.8 Hz, 2H), 7.93 (m, 3H), 7.61 (t, */=7.8 Hz,
2H), 748 (d, y=7.8 Hz, 2H), 7.31 (d, */=7.8 Hz, 2H), 1.29 ppm (s,
18H); "CNMR (50 MHz, [D]chloroform, 65mwm, dimer): 0=199.1,
160.6, 160.5, 150.9, 149.9, 149.6, 148.7, 147.7, 140.9, 140.4, 140.1, 139.5,
136.7, 125.9, 125.3, 110.1, 109.8, 108.5, 108.1, 107.2, 81.0, 27.8 ppm; FAB-
MS: m/z (%): 1030.3 (65) [M]*), 2060.7 (3) [M,]*; elemental analysis
caled (%) for C5;H4N 504, (1030.01): C 59.47, H 4.60, N 20.40; found: C
59.62, H 4.86, N 20.14.
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(6-{[6-(6-{[6-(6-{[6-(6-Aminopyridin-2-ylcarbamoyl)pyridine-2-carbonyl]-

amino}pyridin-2-ylcarbamoyl)pyridine-2-carbonyl]Jamino}pyridin-2-ylcar-

bamoyl)pyridine-2-carbonylJamino}pyridin-2-yl)carbamic acid fert-butyl
ester (7) and 2,6-bis-(6-{[6-(6-aminopyridin-2-ylcarbamoyl)pyridine-2-car-
bonyl]amino}pyridin-2-ylcarbamoyl)pyridine (8): TMSI (0.20 g, 0.15 mL,
1.02 mmol, 110 mol%) was added by means of a dry syringe to com-
pound 6 (0.96 g, 0.93 mmol, 100 mol%) dissolved in dichloromethane
(100 mL), and the mixture stirred at RT for 2 h. The solvent was then
evaporated, the residue was dissolved in methanol (96 mL) and the re-
sulting mixture was heated to reflux for 4 h to hydrolyze the intermedi-
ately formed trimethylsilyloxycarbonyl group. After evaporation of the
solvent, the solid residue was purified several times by using flash chro-
matography (SiO,; 3% EtOH/CHCl;—7% EtOH/CHCL;) to afford 7
(0.30 g, 35%) as a white powder. As a side product of the reaction, com-
pound 8 (0.16 g, 21 %) was obtained.

Data for 7: M.p. 330°C (decomp); '"H NMR (400 MHz, [D{]DMSO): 6 =
11.38 (brs, 2H), 11.02 (brs, 2H), 10.73 (brs, 1H), 10.65 (brs, 1H), 9.11
(brs, 1H), 8.47 (d, */=7.0Hz, 2H), 8.37-7.91 (m, 13H), 7.65 (t, /=
8.6 Hz, 1H), 7.50 (d, *J=7.8 Hz, 1H), 7.38 (d, *J=8.6 Hz, 1H), 7.29 (4,
*J=7.8 Hz, 1H), 7.06 (d, *J=7.8 Hz, 1H), 6.09 (d, */=8.6 Hz, 1H), 5.53
(brs, 2H), 1.33 ppm (s, 9H); *C NMR (100 MHz, [D¢]DMSO): 6=162.2,
162.1, 161.8, 161.2, 161.0, 158.4, 152.0, 150.8, 149.6, 149.0, 148.8, 148.6,
148.5, 148.3, 148.0, 140.4, 140.3, 140.0, 139.9, 139.7, 138.7, 125.7, 125.5,
111.2, 111.0, 110.8, 108.5, 108.3, 104.4, 101.7, 79.5, 27.7 ppm; FAB-MS: m/
z (%): 930.1 (85) [M+H]*; caled for CyuHsoN;5Og: 929.31; compound 7
was used as intermediate for the synthesis of compound 9.

Data for 8: M.p. 240°C (decomp); 'H NMR (400 MHz, [D¢]DMSO): 6 =
11.65 (brs, 2H), 11.32 (brs, 2H), 10.86 (brs, 2H), 8.43 (d, */=7.8 Hz,
2H), 8.34-8.21 (m, 8H), 7.99-7.93 (m, 5H), 7.34 (t, */=7.9 Hz, 2H), 7.13
(d, 3J=79Hz, 2H), 620 (d, /=82 Hz, 2H), 5.61 ppm (brs, 4H);
BCNMR (100 MHz, [D]DMSO): 6=162.6, 162.3, 161.7, 158.5, 149.9,
149.8, 149.3, 149.0, 148.9, 148.4, 140.5, 139.7, 138.9, 125.9, 125.7, 125.4,
1122, 111.7, 104.4, 102.2 ppm; FAB-MS: m/z (%): 830.1 (100) [M+H]*;
caled for CyH3N;sO4: 829.26; the structure of compound 8 was con-
firmed by the crystal structure data (Figure 13).

2,6-Bis-(6-{[ 6-(6-{[ 6-(6-{[ 6-(6-tert-butoxycarbonylaminopyridin-2-ylcarba-
moyl)-pyridine-2-carbonylJamino}pyridin-2-ylcarbamoyl)pyridine-2-car-
bonyl]amino}pyridin-2-ylcarbamoyl)pyridine-2-carbonyl]amino}pyridin-2-
ylcarbamoyl)pyridine (9): A previously prepared diacid chloride 1a
(0.037 g, 0.18 mmol, 100 mol%) solution in THF (2 mL) was added by
means of a cannula to a solution of 7 (0.34 g, 0.37 mmol, 200 mol %) and
triethylamine (0.041 g, 0.40 mmol, 220 mol %) in dry THF (30 mL) at RT
The reaction was allowed to proceed for 1h at RT, at which time 1a
(0.3 equiv) was added to compensate for hydrolyzation. After 2 h, the re-
action mixture was filtered, evaporated to dryness and chromatographed
on a column of silica (SiO,; 2% EtOH/CHCI,) to afford 9 (0.19 g, 53%)
as a white powder. M.p. 314-314.5°C; '"H NMR (400 MHz, [D;]DMSO):
0=10.31 (brs, 2H), 10.15 (brs, 2H), 10.00 (brs, 4H), 9.87 (brs, 2H), 9.32
(brs, 4H), 8.71 (brs, 2H), 8.21 (m, 9H), 8.09 (t, > =7.2 Hz, 2H), 8.01 (d,
*J=17.2Hz, 3H), 7.93-7.87 (m, 7TH), 7.76 (d, *J=7.2 Hz, 2H), 7.66 (d, *J=
7.8 Hz, 2H), 7.57 (d, *’J=7.8 Hz, 2H), 7.49-7.41 (m, 4H), 7.30 (m, 6H),
7.19 (t, 3J=7.8 Hz, 2H), 7.07 (d, *J=7.9 Hz, 2H), 6.95 (d, /=82 Hz,
2H), 6.85 (d, /=82 Hz, 2H), 1.10 ppm (s, 18H); FAB-MS: m/z (%):
1991.8 (42) [M+H]*; caled for CeH7N3Op5: 1990.62; the structure of
compound 9 was confirmed by the crystal structure data (Figure 2).
N-(6-Aminopyridin-2-yl)butyramide ~ (10): Compound 2 (13.0g,
119 mmol, 100 mol %) and triethylamine (12.7 g, 119 mmol, 100 mol %)
were dissolved in dry THF (200 mL) and the solution cooled to 0°C in
an ice bath. A solution of butyryl chloride (12.7 g, 125 mmol, 105 mol %)
in THF (20 mL) was added dropwise over a period of 1 h and the reac-
tion allowed to proceed at 0°C for another 3 h, before warming to RT.
The reaction mixture was filtered, evaporated to dryness, and subjected
to chromatography (SiO,; gradient: EtOAc/hexane 30:70—60:40). Com-
pound 10 (12.8 g, 60%) was obtained as a white powder. M.p. 154—
155.5°C; IR (thin film): 7=3326, 3205, 1672, 1620, 1537, 1455, 1294,
1162, 794 cm™'; '"H NMR (200 MHz, [D{]DMSO): 6=9.74 (s, 1H), 7.28
(m, 2H), 6.17 (d, *’J=7.2 Hz, 1H), 5.67 (brs, 2H), 2.30 (t, */=7.1 Hz,
2H), 1.56 (m, 2H), 0.86 ppm (t, *J=7.2 Hz, 3H); "C NMR (50 MHz,
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[Dg]DMSO): 0=171.6, 158.4, 150.5, 138.7, 103.2, 101.0, 38.1, 18.5,
13.5 ppm; FAB-MS: m/z (%): 180.1 (100) [M+H]*; elemental analysis
caled (%) for CoH;3N;0 (179.22): C 60.32, H 7.31, N 23.45; found: C
60.09, H 7.57, N 23.39.
L-0,0-Didodecyl-N,N,N',N'-tetramethyltartaramide (12):**! sodium hy-
dride (60% in oil; 8.23 g, 205.6 mmol, 210 mol %) was suspended in dry
DMF (300 mL) under an atmosphere of nitrogen followed by compound
11 (20.0 g, 98.0 mmol, 100 mol % ). After another 15 min a solution of do-
decyl iodide (60.92 g, 205.6 mmol, 210 mol %) in dry DMF (100 mL) was
added dropwise under nitrogen. After stirring at RT for 2 h, the reaction
mixture was heated at 80°C for 2.5 days. The reaction was cooled, con-
centrated in vacuo, and the residue was partitioned between Et,O
(100 mL) and H,O (100 mL). The organic extract was dried over Na,SO,
and concentrated in vacuo. The mixture was purified by column chroma-
tography (SiO,; 20 % EtOAc/CH,Cl,—40% EtOAc/CH,Cl,). Compound
12 (21.2 g, 40%) was obtained as a yellowish solid. M.p. 56.5-58°C;
'"HNMR (400 MHz, [D]chloroform): 0=4.69 (s, 2H), 3.54 (dtd, /=
15.5 Hz, *J=7.1 Hz, /=2.1 Hz, 4H), 3.17 (s, 6H), 2.92 (s, 6H), 1.56 (m,
4H), 1.25 (m, 36H), 0.88 ppm (t, */=7.1 Hz, 6H); “C NMR (100 MHz,
[D]chloroform): 0=169.7, 76.6, 69.8, 37.1, 35.7, 31.8, 29.9, 29.5, 26.0, 22.6,
14.0 ppm; FAB-MS: m/z (%): 541.7 (100) [M+H]*; HRMS (FAB-MS):
m/z caled for [Cy,HgN,O,4H]: 541.4944; found: 541.4937; elemental
analysis caled (%) for Cy,HgN,O, (540.86): C 71.06, H 11.93, N 5.18;
found: C 71.26, H 11.96, N 5.32.

L-2,3-0,0-didodecyltartaric acid (13):***! Compound 12 (0.83 g,
1.53 mmol, 100 mol%) was dissolved in 67% aqueous solution HCI
(20.5 mL) and heated to reflux for 4.5 days. The reaction was cooled to
RT and extracted with of CHCl; (30 mL). The organic extract was dried
over Na,SO,, concentrated in vacuo and washed with hexane (10 mL).
The precipitated product was collected by vacuum filtration and dried to
give product 13 (0.52 g, 68%) as a wite solid. M.p. 60-61°C; '"H NMR
(400 MHz, [D]chloroform): 6=4.38 (s, 2H), 3.71 (dt, /=92 Hz, /=
7.1 Hz, 2H), 3.51 (dt, =92 Hz, *J=7.1 Hz, 2H), 1.60 (brm, 4H), 1.25
(m, 36H), 088ppm (t, J=7.1Hz, 6H); “CNMR (100 MHz,
[D,]methanol): 6 =173.0, 81.0, 73.2, 33.1, 30.6, 27.1, 23.8, 14.5 ppm; FAB-
MS: m/z (%): 485.5 (100) [M—H]; elemental analysis calcd (%) for
CyH5,04 (486.72): C 69.09, H 11.18; found: C 68.58, H 11.69.
L-0,0-Didodecyl-N,N"-bis-(6-butyrylaminopyridin-2-yl)tartaramide (14):
Phosphorus pentachloride (76.0 mg, 0.365 mmol, 250 mol %) was added
to a solution of diacid 13 (71.0 mg, 0.146 mmol, 100 mol %) in dry diethyl
ether (2 mL), and the reaction was allowed to proceed at RT for 2 h to
afford the crude diacid chloride 13b, which was immediately transferred
by means of a cannula to a previously prepared solution of 10 (65.4 mg,
0.365 mmol, 250mol%) and triethylamine (0.045mL, 0.321 mmol,
220 mol %) in dry THF (1.5 mL) at RT. After stirring at RT for 18 h, the
reaction mixture was filtered, evaporated to dryness, and subjected to
chromatography (SiO,; gradient: EtOAc/hexane 30:70—50:50). Com-
pound 14 (0.05g, 42%) was obtained as a yellowish oil. '"H NMR
(400 MHz, [D]chloroform): 0=8.81 (s, 2H; NH), 7.98 (d, *J=8.5Hz,
2H), 7.94 (d, */=8.5 Hz, 2H), 7.72 (t, */=8.5 Hz, 2H), 7.63 (s, 2H; NH),
4.40 (s, 2H), 3.65 (dt, J=9.2 Hz, *J=7.1 Hz, 2H), 3.46 (dt, ’/=9.2 Hz,
3J=7.1Hz, 2H), 2.37 (t, *J=7.7 Hz, 4H), 1.76 (qt, */=7.7 Hz, 4H), 1.52
(m, 4H), 1.22 (m, 36 H), 1.01 (t, */=7.7 Hz, 6 H), 0.86 ppm (t, *J=7.6 Hz,
6H); *C NMR (100 MHz, [D]chloroform): 6 =171.5, 168.8, 149.9, 148.7,
141.0, 110.1, 109.3, 81.6, 73.7, 39.8, 32.0, 29.7, 29.4, 26.1, 22.8, 18.9, 14.2,
13.8 ppm; ES-MS: m/z (%): 831.6 (80) [M+Na]*; caled for
CysH76NqO¢+Na: 831.57.
L-0,0-Didodecyl-N,N'-bis-(6-{[6-(6-tert-butoxycarbonylaminopyridin-2-
ylcarbamoyl)pyridine-2-carbonylJamino}pyridin-2-yl)tartaramide (15):
Phosphorus pentachloride (69.5 mg, 0.334 mmol, 250 mol %) was added
to a solution of diacid 13 (65.0 mg, 0.133 mmol, 100 mol %) in dry diethyl
ether (1.4 mL), and the reaction was allowed to proceed at RT for 2 h to
afford the crude diacid chloride 13b, which was immediately transferred
by means of a cannula to a previously prepared solution of 5 (150.0 mg,
0.334 mmol, 250 mol%) and triethylamine (0.041 mL, 0.294 mmol,
220 mol %) in dry THF (3 mL) at RT. After stirring at RT for 23 h, the
reaction mixture was filtered, evaporated to dryness, and subjected to
chromatography (SiO,; 20%EtOAc/CH,Cl,). Compound 15 (72.1 mg,
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40%) was obtained as a yellow oil. 'H NMR (400 MHz, [Dg]DMSO): 6 =
11.50 (s, 2H; NH), 11.22 (s, 2H; NH), 9.57 (s, 2H; NH), 9.19 (s, 2H;
NH), 8.41 (t, ’J=7.7 Hz, 4H), 8.32 (d, *J=7.7 Hz, 2H), 7.94 (m, 10H),
7.63 (d, *J=7.7 Hz, 2H), 4.37 (s, 2H), 4.18 (dt, 2/=9.2 Hz, */=7.1 Hz,
2H), 3.67 (dt, 27=9.2 Hz, *J=7.1 Hz, 2H), 1.46 (m, 22H), 1.13 (m, 36 H),
0.81 ppm (m, 6H); *C NMR (100 MHz, [D]chloroform): § =171.5, 162.1,
161.5, 152.4, 151.0, 150.7, 149.5, 149.0, 148.6, 143.8, 141.1, 140.9, 140.8,
139.7, 126.2, 117.6, 115.2, 108.9, 81.6, 80.5, 72.8, 32.0, 29.8, 28.5, 26.1, 22.8,
14.2 ppm; ES-MS: m/z (%): 1275.6 (83) [M—Boc+Na]*; elemental analy-
sis caled (%) for C;,HyN,O4, (1349.62): C 64.08, H 7.17; found: C 64.04,
H 6.94.
L-0,0-Didodecyl-N,N'-bis-(6-{[ 6-(6-{[6-(6-{[ 6-(6-tert-butoxycarbonylami-
nopyridin-2-ylcarbamoyl)pyridine-2-carbonyl|Jamino}pyridin-2-ylcarba-
moyl)pyridine-2-carbonyl]Jamino}pyridin-2-ylcarbamoyl)pyridine-2-car-
bonyl]amino}pyridin-2-yl)tartaramide (16): Phosphorus pentachloride
(29.0 mg, 0.139 mmol, 250 mol %) was added to a solution of diacid 13
(27.0 mg, 0.055 mmol, 100 mol %) in dry diethyl ether (1 mL), and the re-
action was allowed to proceed at RT for 2 h to afford the crude diacid
chloride 13b, which was immediately transferred by means of a cannula
to a previously prepared solution of 7 (129.0 mg, 0.139 mmol, 250 mol %)
and triethylamine (0.017 mL, 0.122 mmol, 220 mol %) in dry THF (5 mL)
at RT. After stirring at RT for 23 h, the reaction mixture was filtered,
evaporated to dryness, and subjected to chromatography (SiO,;
80 %EtOAc/CH,Cl,). Compound 16 (23.5 mg, 38%) was obtained as a
yellow solid. M.p. 293-295.5°C; '"H NMR (400 MHz, [D]chloroform): 6 =
10.91 (s, 2H; NH), 10.72 (s, 2H; NH), 10.64 (s, 2H; NH), 10.34 (s, 2H;
NH), 10.31 (s, 2H; NH), 10.22 (s, 2H; NH), 8.65 (d, */=7.7 Hz, 2H),
8.59 (d, *J=8.5Hz, 2H), 8.54 (d, *J=7.7 Hz, 2H), 8.47 (d, *J=7.7 Hz,
2H), 841 (d, *J=7.7Hz, 2H), 824 (d, *J=7.7 Hz, 2H), 8.10 (m, 8H),
8.03 (d, *J=7.7 Hz, 2H), 7.93 (m, 10H), 7.75 (m, 8H), 7.57 (t, *J=7.7 Hz,
2H), 7.35 (d, *J=7.7 Hz, 2H), 6.83 (s, 2H; NH), 3.96 (s, 2H), 3.52 (dt,
2J=9.2Hz, *J=7.1Hz, 2H), 3.31 (dt, J=9.2 Hz, *J=7.1 Hz, 2H), 2.29
(m, 4H), 1.32 (s, 18H), 1.25 (m, 36H), 0.88 ppm (t, */=7.7 Hz, 6H);
BC NMR (100 MHz, [D]chloroform, 23 mm, aggregates): 6 =170.8, 170.4,
161.7, 161.5, 161.3, 161.1, 160.5, 160.4, 151.7, 151.5, 150.4, 150.1, 149.5,
149.4, 149.1, 148.8, 148.7, 148.5, 148.1, 147.9, 147.6, 147.3, 142.9, 141.3,
140.9, 140.2, 139.9, 139.6, 138.9, 138.4, 126.2, 125.9, 125.2, 117.3, 115.1,
114.5, 110.5, 110.3, 109.5, 108.8, 108.2, 106.7, 81.1, 79.1, 72.5, 32.1, 29.8,
27.9,25.7,22.8, 14.3 ppm; ES-MS: m/z (%): 1155.7 (60) [M]**; elemental
analysis calcd (%) for CyH;,5N3,05 (2310.49): C 62.38, H 5.58; found: C
62.53, H 5.47.
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