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ABSTRACT
Annala, Riia
Conformational properties and anion complexes of aromatic oligoamide
foldamers
Jyväskylä: University of Jyväskylä, 2019, 80 p.
(JYU Dissertations
ISSN 2489-9003; 84)
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In this work, the conformational properties and anion binding of aromatic
oligoamide foldamers with 4-9 aromatic units are described. Single crystal Xray diffraction, NMR experiments, mass spectrometry and CD spectroscopy
were used to study the conformations and structures of the foldamers, while 1H
NMR and ITC titrations were used to elucidate the anion binding of the
foldamers. The literature review focuses on the anion binding of foldamers.
The structural analysis of five extended foldamers with 7-9 aromatic units
showed that the folding motifs are similar to shorter foldamers. The folding is,
therefore, predictable and relies mainly on intramolecular hydrogen bonding.
The helical and open conformations are retained when foldamers with 5 aromatic units are extended to 7 or 9 aromatic units. A variety of other structures
can be obtained by changing the type of a spacer group between the pyridine
rings in the foldamer backbone.
The binding of small halides is facilitated by the helical preorganization of
the foldamers. Five crystal structures of fluoride complexes were obtained. In
the complexes, the fluoride is located at the center of a helix. One of the crystal
structures was chiral and even exhibited symmetry breaking in the bulk sample.
Anion complexes were in line with solid state structural studies. The
shorter foldamers with 5 aromatic units had the best affinity to chloride in acetone. A slight increase in the affinity was observed for foldamers with electron
withdrawing groups. A favorable entropy increase was the main driving force
in the 1:1 chloride complexation. For foldamers with two nitro groups at the
foldamer ends, a 1:2 host:guest complex was also unexpectedly observed.
Ion mobility mass spectrometry results show that the deprotonated and
protonated foldamers and their Cl- and Na+, K+ and Cs+ complexes have only
one preferential conformation in the gas phase. Several cation complexes had
conformations where the guest did not affect the size of the conformation, but
further comparisons to molecular models are needed to make conclusions about
the conformations of the complexes.
Keywords: foldamers, anion binding, supramolecular chemistry, X-ray
diffraction, NMR spectroscopy, ion mobility mass spectroscopy
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1 REVIEW OF THE LITERATURE
1.1 Introduction
1.1.1

Foldamers

Foldamers are scientists’ attempt to not only mimic the functions of natural biopolymers but to discover new functions. Gellman1 coined the term foldamers to
mean artificial oligomers with “well-defined secondary structural preferences.”
In this case, the expression “well-defined” means that the conformational preferences of moderate length oligomers should be detectable in solution.
Foldamers can be categorized into two categories: biotic foldamers and
abiotic foldamers. In biotic foldamers, the building blocks are natural, such as
nucleotides and α- and β-peptides, or the oligomers follow the same folding
principles as biopolymers.2,3 Abiotic foldamers have unnatural backbones and
different types of folding modes. Many abiotic foldamers, for example, have
aromatic backbones.4 Heterogeneous foldamers are generated by mixing different types of building blocks.5,6
A helix is the most sought out folding mode in foldamer design because of
the prevalence of helicity in biological molecules and its potential optical properties due to the chirality of the helix.7,8 In addition to helices, foldamers can fold
into other conformations, such as sheets.9 The desired conformational preference
can be created in multiple different ways.10 The foldamer can be rigidified by local conformational preferences and interactions11 or remote intrastrand interactions of the backbone12. The conformation can also be induced by solvophobic
effects13,14, metal coordination15, binding of a guest16, or other external stimuli17.
1.1.2

Foldamers as supramolecular hosts and receptors

Due to the prevalence of helical folding, foldamers can form an internal helical
cavity, which is ideal for small guests, or they are helically preorganized to accept guests.18 Alternatively, the ionic or neutral guests can induce foldamers to
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adopt a certain conformation.19 Metal coordination assisted folding of rigid
foldamers can also help in the encapsulation of the guest.20 Foldamers can
change their conformation to bind to a guest and in that regard have significant
advantage to rigid macrocycle receptors.21 The control of the foldamer conformation via a guest has many potential applications,22 for example, in colorimetric anion detection23 and in creating cell penetrating vectors24,25.
By careful design, a foldamer can be made to act as a container for specific
guests.26 Huc et al.27, for example, have recently managed to iteratively design28
a foldamer capsule that can selectively bind disaccharide xylobiose (FIGURE 1).
Capsules have wider diameter at the center so that the guest molecule is completely enclosed inside.

FIGURE 1 Crystal structure of the xylobiose binding foldamer capsule. Figure used with
permission from ref. 27. Copyright (2018) Wiley.

Foldamer receptors that bind or release upon external stimuli, such as metal
coordination29 or pH30-32, could be used as transmembrane channels and transporters or in other stimuli responsive materials. Foldamer receptors have also
other potential functions, for example, as catalysts33, molecular receptors34,35,
luminescent materials36, and chemical sensors37.
1.1.3

Anion binding receptors

The properties of anions, such as hydrophilicity or hydrophobicity, hydrogen
bonding with the solvent, low charge to radius ratio, sensitivity to pH, and different anion geometries, make the design of anion receptors challenging.38 Despite inherent difficulties, several acyclic and cyclic anion receptors have been
developed that utilize hydrogen bonds, halogen bonding and anion···π interactions in binding.39 The preorganization and rigidity of cyclic and bicyclic receptors make them suitable for selective binding of small anions and the anions, can
also be used as templates in the synthesis of macrocycles.40 Anion coordination
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also has been used to self-assemble knots, molecular cages, and other supramolecular structures.41
Anion binding receptors have a great variety of potential applications.42
Sensor or optical and electronic materials development can benefit from receptors that show optical properties change upon anion guest binding.43 Anion extraction is important in waste treatment to prevent anions, such as nitrates and
phosphates, from causing eutrophication44, or other harmful anions getting into
the environment.45 Selective receptors can facilitate the selective transport of
ions through membranes or enable the separation of mixtures of anions.46 For
example, a potential treatment for cystic fibrosis could be found from artificial
chloride transport systems, since the disease is caused by the lack of chloride
transport through the natural ion channels.47

1.2 Anion binding foldamers
Anion binding is one aspect where foldamers mimic and are inspired by nature.
Various substituent groups have been used to bind anions to foldamers, mainly
through hydrogen bonds. Quite often, the anion induces the folding of the
foldamer into a helical conformation,22 but the guest anion can also force the
foldamer to uncoil from that helical conformation.48 In the third type of complex, a preorganized foldamer binds the guest.49
The anion binding of foldamers has been studied with halide anions (F-,
Cl , Br-, and I-) and with molecular anions, such as NO3-, PF6-, CN-, N3- AcO-,
PhCO2-, HSO4-, H2PO4-, and CH3COO-. The binding affinities have been studied
by 1H NMR, ITC, UV-vis, and fluorescence spectroscopic titration. The structures of the complexes have been studied by single crystal XRD, NMR spectroscopic methods, and CD spectroscopy.
1.2.1

Triazole-based foldamers

Triazole-based foldamers utilize the hydrogen bond donor properties of the CH
group in the polarized 1,2,3-triazole ring (FIGURE 2).50 W. D. Kumler51 first reported CH-based hydrogen bonds in 1935. The existence of CH hydrogen bonds
was largely overlooked until the evidence of CH hydrogen bonds in the crystal
structures came forth.52,53 The 1,2,3-triazole motif is selectively formed by a socalled “click reaction,” a CuI-catalyzed cycloaddition of organic azides.54 The
click reaction is so fast and efficient that at first it was mainly used to connect
other functional groups together.55 Since then, the anion binding function of
triazoles have been used in receptors varying from macrocycles to rotaxanes.50
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FIGURE 2 A schematic presentation of anion (A-) binding mode of 1,2,3-triazole ring.

1.2.1.1 Preorganized triazole-based foldamers
Different methods to introduce preorganization to aryl triazole foldamers have
been successfully attempted. Meudtner and Hecht55,56 were the first to study the
anion recognition of aryl triazole foldamers. The chiral helical conformation of
these foldamers is based on the chiral side groups and intramolecular hydrogen
bonds between CH of the triazole and the nitrogen of the pyridine rings in every other aryl ring. Amazingly, according to the CD spectrum, the chiral foldamer 1 can change its helicity when achiral chloride and bromide anions are present, whereas in the presence of fluoride, it retains its helicity (FIGURE 3). The
recognition interactions were not studied further, but low pH seemed to intensify the effect.

FIGURE 3 Foldamer 1 can change its chirality when binding to anions. Figures used with
permission from ref. 56. Copyright (2008) Wiley.

Flood et al.57 also used intramolecular hydrogen bonds for preorganization.
The OH···N hydrogen bond forms on the outer rim of short crescent foldamer
2a, leaving the CH groups free for anion binding (FIGURE 4). This preorganization resulted in approximately a fifty-fold increase in binding of chloride compared with the non-preorganized foldamer 2b (4.7×104 M-1 vs. 1.0×103 M-1, 1H
NMR titrations in CD2Cl2).
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FIGURE 4 The preorganized foldamer 2a exhibits stronger binding to chloride than the
non-preorganized 2b. Figure is reprinted with permission from ref. 57. Copyright (2010) American Chemical Society.

The same design principle, where the intramolecular hydrogen bonds are
on the outer ring, was used in foldamers 3a-b (FIGURE 5) to create a capsule for
chloride.58 Foldamer 3a has chiral side chains, and it produced the crystal structure of 3a·Cl-·Na+ complex with an M helix. Based on the chemical shifts in
NMR titrations (CDCl2, CD3CN), foldamers 3a-b also formed helical duplex
capsule complexes (3a/b)2·Cl-. Binding constants for foldamer 3b, which has
solubility increasing side chains, were determined by UV-vis spectroscopic titration. The formation stability of the duplex increased when water was added
to MeCN (K2: 500 000 M–1 in pure MeCN and 38 000 000 M–1 in 1:1 H2O:MeCN),
and the foldamer 3b can bind chloride even when 50 % water is present. Similarly to biomolecules, hydrophopic effects play an important part in formation
of the 2:1 foldamer:chloride complex. Molecular models show that the duplex
conformation efficiently protects the triazole hydrogen bond donors from solvents.
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FIGURE 5 Schematic representation of foldamers 3a-b (left), the crystal structure of 3a·Cl·Na+ complex (top right), and molecular model of the duplex (bottom right).
The figures on the right are reprinted (adapted) with permission from ref. 58.
Copyright (2013) American Chemical Society.

Jiang et al.49 discovered that the preorganized foldamer 4a was a more efficient transporter of Cl- across a lipid membrane than partially preorganized
foldamer 4b. 1H NMR titrations revealed that foldamer 4a also had higher affinity to halide anions (Cl-, Br-, and I-) in DCM than foldamer 4b in chloroform
(FIGURE 6).
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FIGURE 6 Schematic representation of foldamers 4a and 4b and their binding affinities.

A ruthenium(II) complex was incorporated into the backbone of foldamers
5a-b to make the foldamers partially preorganized for the helical binding of anions (FIGURE 7).59 The ROESY measurements of foldamer 5a in acetone-d6 confirmed that the foldamer is folded when in presence of Cl-. The binding of chloride, bromide, iodide, and nitrate anions to foldamer 5a was studied by NMR,
UV-vis, and fluorescence titration experiments. Binding affinities could not be
determined from the UV-vis titrations, but the binding constants from the NMR
and fluorescence titrations are presented in TABLE 1. The NMR chemical shifts
induced by chloride in acetone-d6 indicated that a 2:1 complex, where the chloride is sandwiched between two foldamers, forms in addition to the 1:1 complex. In DMSO-d6, however, only a 1:1 complex was observed. The data from
NMR and ITC titrations in DMSO suggested 2:1 foldamer:anion binding and
duplex formation for foldamer 5b.
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TABLE 1 Binding constants for foldamers 5a-b.
Foldamer 5a
Anion

Ka in acetone [M-1][a]

Cl-

K11 = (5.09±0.17)×105
K21[c] -

Ka in D2O/acetone-d6
(5/95) [M-1][b]
K11 = (4.3±0.2)×103
K21 = (2.9±0.2)×10

Br-

K11 = (1.15±0.05)×106
K21 = (9.73±1.11)×104

K11 = (4.8±0.4)×103
K21 = (3.6±0.9)×10

K11 = (8.3±0.02)×10

I-

K11 = (2.86±0.07)×104
K21 = (5.03±0.75)×104

K11 = (5.9±0.5)×103
K21 = (2.4±0.3)×10

K11 = 7.1±0.9

Ka in DMSO-d6 (5/95)
[M-1][b]
K11 = (2.1±0.17)×102

NO3-

K11 = (1.93±0.01)×105
K11 = (1.5±0.2)×103
-[d]
[c]
K21 K21 = (4.5±0.7)×10
[a] Fluorescence titration. [b] NMR titration. [c] Could not be determined.
[d] No complexation.
Foldamer 5b

Cl-

K11 = (6.08±0.30)×103
K21 = (1.38±0.12)×103

Ka in D2O/acetone-d6
(5/95) [M-1][b]
K11 = (2.41±0.22)×103
K21 = (2.15±0.22)×103

Br-

K11 = (6.05±0.38)×102
K21[c] -

K11 = (6.30±0.67)×102
K21 = (4.69±0.54)×103

I-

K11 = (3.20±0.32)×102
K21[c] -

K11 = (4.10±0.47)×102
K21 = (8.56±1.1)×103

Anion

Ka in DMSO-d6 [M-1][a]

NO3-

K11 = (5.5±2.3)×10
-[c]
K21[c] [a] NMR titration. [b] ITC. [c] Could not be determined.

FIGURE 7 Schematic representation of foldamers 5a-5b and molecular models of their 2:1
anion complexes. The figures are used with permission from ref. 59. Copyright
(2016) Wiley.
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Cationic side chains were used to induce helical folding of a triazole containing foldamer in a water:methanol solvent mixture.60 The foldamer 6
(FIGURE 8) can bind chloride and fluoride ions even in aqueous solution (water:methanol 75:25) through the internal helical cavity. The binding prevents the
aggregation of the foldamer.
Foldamers 7a and 7b constitute of cationic methylpyridinium groups between the triazole units (FIGURE 8).61 1H NMR titration was used to study the
binding of chloride, bromide, and iodide in an aqueous solvent mixture (6:94
D2O/pyridine-d5). The binding was nonselective, and the association constants
were in the order of 103 M-1 for 7a and 104 M-1 for 7b.
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FIGURE 8 Cationic foldamers 6 and 7a-b that can bind halide anions in aqueous solvent
mixtures.

Photoswitchable azobenzene moiety in triazole foldamer 8 backbone was used
to influence the binding conformation (FIGURE 9).62 In this foldamer receptor,
the binding affinity increased 4-fold for Cl- (from 70 M-1 to 290 M-1, 1H NMR
titration in acetone-d6) when the azobenzene was irradiated with UV light to
adopt the cis form.

FIGURE 9 The photoswitchable foldamer 8. Figure is reprinted (adapted) with permission
from ref. 62. Copyright (2010) American Chemical Society.

In the light active foldamers 9a-c (FIGURE 10), the chloride binding conformation is stabilized by π-π stacking interactions when the azobenzene end
groups are in trans conformation.63,64 The binding constant for foldamer 9a de-
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termined by UV-vis titration in 50% MeCN/THF was 40300 M-1. For foldamer
9b, which has added aromatic groups that increase the π-π stacking interactions,
the binding affinity increased to 126000 M-1 in the same conditions. To further
increase the chloride affinity, the helical conformation of foldamer 9c was stabilized with side chains that form β-sheet-like hydrogen-bonding arrays with
each other and, therefore, interlock the ends of the foldamer together (FIGURE
10). This resulted in a binding constant of 970000 M-1. The chloride can be released by irradiating the azobenzene groups to cis conformation, which breaks
the π···π contacts.
O

N
iBu H

O

Tg

N
N

OTg
O

N N
N

N N
N

N

N

TgO

N

Hex =

O

O

O

iBu
O

NH

H
N

N N
N
N

O

O

N N
N
N

O
N
iBu H

Tg
Hex
NH

N

N
N

9c

O

OTg

N

N
N
N

TgO

N

N
N

N
O

Tg =

Tg

N

N N
N

N

Hex
HN O

N
iBu H

9b

O

O

O

N
N
N

N

9a

O

H
N

O

N
N
N

TgO

N

H
N

O
OTg
O

NN
N
N

i-Bu

HN
O

N
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anion binding increases with higher preorganization via π-π stacking interactions or intramolecular hydrogen bonds. When the azobenzene groups are
switched to cis conformation, the preorganization interactions are lost. Figure
is reprinted (adapted) with permission from ref. 64. Copyright (2014) American
Chemical Society.
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Aryltriazole foldamer 10 with a resorcinol group in its backbone can also
be switched between preorganized helical halide binding conformation and wshaped weakly binding conformation by protonating and de-protonating the
resorcinol OH groups (FIGURE 11).65 Binding of Cl-, Br-, and I- was nonselective
and the binding constants in 6:94 (v/v) [D6]DMSO/CDCl3 solution were 1-2
orders of magnitude larger for the helical conformation (Cl-: 8.1×104 M-1, Br-:
1.8×104 M-1, I-: 3.1×103 M-1) than for the w-shaped conformation (Cl-: 3.1×102 M-1,
Br-: 2.7×102 M-1, I-: 2.1×102 M-1).

FIGURE 11 The pH-switchable foldamer 10 and the conformational change from helical to
w-shape.

Preorganization can also hinder anion binding as is the case with helical
triazole-based foldamers (11, FIGURE 12) where no binding of chloride or iodide could be seen.66 The conformation is too strongly stabilized by intramolecular CH···F bonding, which prevents the triazole CH groups from hydrogen
bonding to the anions.

FIGURE 12 The strong CH···F hydrogen bonds prevent foldamers 11 from binding anions.

1.2.1.2 Anion induced folding in triazole-based foldamers
The research group of Craig67 was the first to demonstrate that CH···anion binding can induce aryl triazole foldamers to fold into a helical conformation
(FIGURE 13). The helicity is caused by directional CH···halide interactions in
the 1:1 foldamer-anion complexes, and the interactions are strong enough to be
observed by 1H NMR spectroscopy. The binding constants for chloride complexes of the foldamers 12 and 13 (K= 1.7×104 M-1 and 1.3×103 M-1, respectively)
were determined by 1H NMR titration in deuterated acetone. Further studies of
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foldamers 12 and 13 with different anions (Br-, I-, PhCO2-, HSO4-, NO3- and PF6-)
and in different solvents and solvent mixtures revealed that the binding is
weaker if the solvents have good hydrogen bond donor ability.68 Anions with
small ionic radius have greater binding affinity, and increasing the number of
triazole CH···anion hydrogen bond donors to the foldamer backbone has a positive effect on binding.

FIGURE 13 Foldamers 12 and 13 and their assumed anion binding mode. The figure is
reprinted (adapted) with permission from ref. 68. Copyright (2009) American
Chemical Society.

Foldamer 14 (FIGURE 14) can helically wrap around large halides, such as
and I-.69 The binding of Cl- (K = 6.9 M-1), Br- (K = 2.7×102 M-1), and I- (K =
2.1×102 M-1) in deuterated DCM, however, was 2 to 6 orders of magnitudes
weaker than with the comparable macrocycles (K = 1.1×107 M-1 for Cl-, K =
7.5×106 M-1 for Br- and K = 1.7×104 M-1 for I-, determined using UV spectroscopy).69,70 Foldamers 15a-c (FIGURE 14), with alternating triazole and amide
groups, also fold into helical conformations when binding halide ions (Cl-, Br-, I).71 The host:guest stoichiometry was 1:1 for short oligomer 15a and 1:2 for
longer oligomers 15b and 15c. To bind two halides, the helical pitch of the
foldamers increases so that the distance between the electrostatically repulsive
anions increases as well.
Br-
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FIGURE 14 Foldamers 14 and 15a-c (top). The anion binding induces a helical conformation and the helical pitch of the foldamers increases to accommodate second
chloride (bottom, figure used with permission from ref. 71. Copyright (2010)
Wiley).

Halide induced folding can be monitored by placing fluorescent 1,8naphthalimide motifs at the triazole foldamer 16 terminus (FIGURE 15) because
the binding of halide either changes or quenches the fluorescent emission.72 The
strong π-π stacking of the aromatic terminal groups in foldamer 16 enhances
the non-selective binding to halides (Cl-, Br-, I-, K = 105 M-1, determined by fluorescent titration in THF). The binding to chloride brings the naphthalimide motifs closer together to create a π-π stacked excimer, whose emission is detectable
at 480 nm. In foldamers 17a-d, the π-π stacking interaction of terminal groups
only slightly affects the nonselective binding of Cl-, Br-, and I-.73 Instead, the amide H-bond donor enables the binding in foldamers 17c-d (K = 101-102 M-1 in
15:85 (v/v) DMSO-d6/CDCl3, 1H NMR titrations), while 17a does not bind halides at all.
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FIGURE 15 The anion induced folding of foldamer 16 can be monitored by fluorescence
spectroscopy (top). Halide binding modes of foldamers 17a-d (bottom).

Foldamers 18a-b (FIGURE 16) have high affinity to various anions but low
selectivity. 74 The binding affinities for Cl-, Br-, I-, NO3-, HSO4-, H2PO4-, and AcOwere all in the range of 106-105 M-1 (in 10:90 (v/v) DMSO/THF, as determined
by UV-vis titration).

FIGURE 16 18a-b has low selectivity but high affinity to several anions. The binding induces a helical folding (right, image reprinted from ref. 74, Copyright (2016),
with permission from Elsevier).

Foldamers 19a-b (FIGURE 17) have three triazolecarboxamide units in their
backbone and the best affinity toward sulfate anion (K = 1300 M-1 and 2200 M-1,
respectively in CD2Cl2).75 For F-, Cl-, Br-, AcO-, and H2PO4-, the binding affinities
with 19a were 1 to 3 orders of magnitude smaller. NOESY NMR studies of the
stable 19a·SO42- complex indicated a helical conformation around the anion.
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FIGURE 17

Foldamer 19 wraps around sulfate anions in helical conformation as evidenced by NOESY NMR studies. Proton correlations are shown with arrows. Figure used with permission from ref 75. Copyright (2014) Wiley.

Instead of hydrogen bonds, Beer et al.76 used halogen bonds to bind anions
in their 5-iodo-1,2,3-triazole-based foldamers 20a-d, where the CH proton is
replaced by iodide (FIGURE 18). These four dentate foldamers had a greater
affinity especially toward larger halides, such as I-, compared with the analogus
hydrogen bond based triazole foldamer receptors 21a-d. The crystal structure of
20c·NaI shows that the foldamer is not tightly wrapped around the I- due to the
large size of iodine XB donor atoms. Instead, the iodotriazoles are tilted towards the I- situated 3 Å above the mean plane of the foldamer backbone
(FIGURE 18).
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FIGURE 18 The 5-iodo-1,2,3-triazole-based foldamers 20a-d and the equivalent hydrogen
bond based triazole foldamer receptors 21a-d (top). The crystal structure of
20c·NaI shows how the foldamer binds to iodide by halogen bonds (bottom).
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Mancheño et al.77 have designed chiral chloride binding foldamer 22
(FIGURE 19) as helical anion-binding catalysts. The catalyst dearomatized
quinolones asymmetrically with high enantioselectivity. Similarly, the principle
has been used with shorter triazolium cation receptors to catalyze asymmetric
alkylation of oxindoles.78

FIGURE 19 The chloride complex of chiral foldamer 22 catalyses the dearomatization of
quinoles enantioselectively. Figure on right reprinted (adapted) with permission from ref. 77. Copyright (2014) American Chemical Society.

1.2.2

Hydrazine foldamers

Hydrazine foldamers have been used to bind neutral saccharides79-81, but the
hydrazine foldamers 23a-b (FIGURE 20) can also bind halide anions and saccharides separately or even simultaneously.82 The Cl- and Br- complexes both
have 1:2 foldamer:halide stoichiometry confirmed by Job’s plot, and the association constants are higher for chloride (K1 = 133 M-1, K2 = 89 M-1 vs. K1 = 75 M-1,
K2 = 18 M-1 for 23b·Cl2 and 23b·Br2, respectively, in CDCl3). The synergistic
binding of saccharides and chloride was investigated by CD spectroscopy. The
addition of chloride to the 23a:saccharide complex greatly increased the CD
signal, indicating that the binding of the chiral saccharide to the achiral foldamer is amplified by the chloride binding.
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FIGURE 20 Foldamers 23a and 23b and DFT optimized model of 23a·2Cl–·saccharide
complex. Figure used with permission from ref. 82. Copyright (2013) Wiley.

1.2.3 Oligoindole foldamers
Oligoindoles use the NH group of indoles as hydrogen bond donors to bind anions. Typically, the oligoindole-based foldamers exists as a random coil, and the
folding is induced by the anion.83 Kyu-Sung Jeong et al.84 introduced oligoindole
foldamers 24a-c (FIGURE 21) that fold into a helical conformation when binding
to chloride. Similar foldamers 25a-d are fluorescent and express fluorescent color
change upon binding of an anion.85 The association constants for foldamers 25c
and 25d with a series of anions were determined by fluorescence spectroscopy in
20 % (v/v) MeOH/DCM (FIGURE 21). Both 25c and 25d had the highest affinity
for fluoride. For foldamers 25a and 25b, only the chloride binding was tested,
which resulted in association constants of <1 M-1 and 630 M-1, respectively.
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FIGURE 21 Schematic presentation of foldamers 24a-c and 25a-d (left) and the association
constants of foldamers 25c and 25d in 2:8 (v/v) MeOH/DCM mixture (right).

Chiral oligoindole foldamers 26a-e have a preference to fold upon binding
to anions either into M-helix or P-helix based on which of the chiral phenylethylamine (R or S, respectively) is incorporated at the ends of the foldamers.86,87
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The helicity is observed in CD spectra when TBACl is added to foldamers 26a-e
in CDCl2 or in 1:1 (v/v) CH3CN/DCM. NOESY spectra of 26a·Cl- and 26c·Clcomplexes supported the helical conformation. The binding of foldamer 26a
with Cl-, Br-, I-, NO3-, and N3- was studied with UV-vis titration in 99:1 (v/v)
DCM/MeOH. The best affinity was for N3- with binding constant of 8.5×105 M-1,
and the weakest affinity was to I- (Ka = 2.6×102 M-1). The binding constants for
Cl-, Br- and NO3- were 2.9×105 M-1, 6.2×104 M-1 and 4.4×104 M-1, respectively.

FIGURE 22 Chiral foldamers 26a-d fold to M- or P-helices upon anion binding depending
on the chirality of the substituent R2. Figure on the right is reprinted (adapted)
with permission from ref. 86. Copyright (2008) American Chemical Society.

Jang et al.88 synthesized molecular tweezers 27 (FIGURE 23) that fold when either chloride anion or 1,4 diazabicyclo[2.2.2]octane (DABCO) is bound in different binding sites. The tweezers can also bind both guests at the same time.
UV-vis titration in THF resulted in a binding constant of 4.93×104 M−1 for the
27·Cl- complex. The 27·DABCO complex made the chloride binding site suitably preorganized so that the binding of chloride increased significantly (Ka =
7.10×105 M−1) in the presence of DABCO.
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FIGURE 23 Schematic presentation of foldamer 27 (top). Energy-minimized molecular
models of foldamer 27 complexes and their respective association constants determined by UV-vis titration in THF (bottom, the figure used with permission
from ref. 88. Copyright (2009) Wiley).

The research group of Jurczak89 combined indole groups with urea hydrogen bond donors in their foldamer 28 (FIGURE 24). The foldamer could bind
H2PO4- in MeOH-d3 with a binding constant of 235 M-1. For HSO4-, PhCO2-, Cl-,
and Br- anions, the binding constants were one order of magnitude smaller. The
crystal structure of the 28·HPO4- complex shows that the HPO4- is bound to the
foldamer by eight hydrogen bonds (FIGURE 24).
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FIGURE 24 Foldamer 28 and the crystal structure of 28·HPO4- complex. Reprinted (adapted)
with permission from ref. 89. Copyright (2010) American Chemical Society.
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1.2.4

Indolocarbazole-based foldamers

The indolocarbazole unit is useful for making internal cavities inside helically
folded foldamers due to its large size.90 Increasing the length of indolocarbazole
foldamers 29a-d increased the binding constants with chloride.91 The binding
constants 11 M-1 for 29a·Cl- and 560 M-1 for 29b·Cl- were determined by NMR
titration in 4:1 (v/v) DMSO-d6/MeOH-d3. For chloride complexes of 29c and
29d, the binding constants of 37000 M-1 and 140000 M-1, respectively, were determined by fluorescence spectroscopy in 4:1 (v/v) DMSO/MeOH.

FIGURE 25 Schematic representation of foldamers 29a-d.

A water soluble foldamer 30a with an internal cavity and hydrolyzed ester
side chains (FIGURE 26) can bind halides in the order Cl− > F− > Br−, (K = 65, 46
and 19 M-1, respectively, determined by NMR titration in D2O).92 In organic solvents (4:1 DMSO:MeOH), however, the affinity is stronger for F- than for Cl(FIGURE 26). Further proof about helical folding upon binding was later obtained from a crystal structure and solution studies of indolocarbazole foldamer
30b.93 The foldamer 30b has a high selectivity toward sulfate (640000 M-1) determined by fluorescence spectroscopy in 10% (v/v) MeOH:CH3CN. The binding affinity of 30b to H2PO4−, Cl−, Br−, CH3CO2−, and CN− was two orders of
magnitude smaller.
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FIGURE 26 Foldamers 30a-b, the crystal structure of sulfate complex of 30b and binding
constants for 30a in 4:1 DMSO:MeOH solution.

Expanding the cavity by substituting ethynyl to butadiynyl allows larger
anions (H2PO4−, CH3CO2− and N3-) to be bound to foldamers 31 and 32a-b (FIGURE 27).94 Like the triazole foldamer of Meudtner and Hecht56 (chapter 1.2.1.1),
chiral indolocarbazole foldamer 32a can invert its helicity upon binding to achiral
anions (SO42-, Cl-, AcO-).95 Foldamer 32b has selectivity to sulfate ions (Ka =
2.5×105 M-1, determined by fluorescence spectroscopy in 10% (v/v) MeOH:acetone) because the urea NHs form hydrogen bonds to the sulfate.96 Binding constants for 32b·H2PO4- and 32b·AcO- complexes were one order of magnitude
smaller (determined by 1H NMR in 10% (v/v) CD3OH:acetone-d6).
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FIGURE 27 Expanded foldamers 31 and 32a-b (left). The CD spectrum of foldamer 32a
with various anions showing the inversion of chirality with SO42-, Cl- and AcO(right). Reprinted with permission from ref. 95. Copyright © 2015 Taylor &
Francis Group

Jeong et al.97 made fluorescent indolocarbazole foldamers 33a-b where the
fluorescence is turned off by the π-π staking of the helical conformation present
in nonpolar solvents including wet CD2Cl2, CDCl3, and toluene-d8. The fluorescence is turned back on by fluoride and sulfate anions that bind to the foldamer
and so disrupt the π - π stacking.
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FIGURE 28 Foldamers 33a-b, photographs of the fluorescent complexes under UV lamp
and the fluorescence spectra. Reprinted (adapted) with permission from ref. 97.
Copyright (2016) American Chemical Society.

1.2.5 Pyridinium-based foldamers
In pyridinium-based foldamers, either the protonated pyridine acts as a hydrogenbond donor for anion binding or an N-alkylpyridium cation facilitates the
hydrogen or halogen binding. Johnson et al.98 obtained crystal structures showing that protonated 2,6-bis(anilinoethynyl)pyridine foldamer 34 folds into a helical structure induced by chloride binding in the solid state (FIGURE 29). The
chloride is bound by hydrogen bonds from the pyridium NH and from the two
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amide NHs. Arylethynyl foldamer 35 (FIGURE 29) self-assembles into a triple
helicate when binding to iodides via halogen bonds to iodopyridinium
groups.99 The iodide complex of the triple helicate revealed eight iodine…iodine halogen bonds that bind two iodides inside the tubular helicate.
1H NMR, 2D NOESY, and 2D DOSY experiments indicated the triple helicate is
also stable in solution (1:4 v/v [D7]DMF–CD3CN) up to 68 °C.
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FIGURE 29 Schematic presentation of foldamers 34 and 35 (on the left). a) The crystal
structures of 2,6-bis(anilinoethynyl)pyridine foldamer 34 and the chloride
complex of the protonated foldamer 34 (Reprinted (adapted) with permission
from ref. 98. Copyright (2009) American Chemical Society). b) The crystal
structure of 35 triple helicate complex (Used with permission from ref. 99.
Copyright (2016) Wiley).

1.2.6 Dipyrrolyldiketone boron complex-based foldamers
Dipyrrolyldiketone boron complex-based foldamers fold into helical structures
induced by anion binding.100 1:1, 1:2, and 2:2 host to guest binding ratios between the foldamers 36a, 36b, and 36c and chloride anions, respectively, were
observed in the solid state (FIGURE 30).101 1H NMR studies in CD2Cl2 supported 1:1 binding with Cl- for foldamers 36a and 36d. Binding constants for Cl-, Br-,
and I- anions with foldamers 36a, 36b, 36d, and 36e were determined by UV-vis
titration in DCM (FIGURE 30).
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FIGURE 30 Foldamers 36a-e and the crystals structures of a) 36a·Cl-, b) 36b·Cl2- and c)
36c2·Cl2- complexes. Figure used with permission from ref. 101. Copyright
(2010) Wiley. Table below presents the binding constants for 36a-b and 36d-e
in DCM.

Maeda et al.102 also discovered that the chirality of the dipyrrolyldiketone
boron complex-based foldamers 37a-b is induced by chiral π-conjugated counter cations of the chloride and bromide (38a-d) that bind to the foldamers
(FIGURE 31). The induction is caused by ion-pair formation between the
foldamer-anion complex and the chiral cation in DCM. The asymmetric formation of helical structures was detected in the CD signals and in the increased
circularly polarized luminescence (CPL).
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FIGURE 31 Foldamers 37a-b and the chiral chloride and bromide salts 38a-d.

In foldamers 39a-d (FIGURE 32), the chirality of the helix can also be induced by the chirality of the amino acid anion guests (L-Phe- and D-Phe-).103 The
chirality of L-Phe- complexes of foldamers 39b-c was observed with CD spectroscopy and with CPL spectroscopy. The binding constants for L-Phe-, Cl-, Br-, and
CH3CO2- complexes of 39a-d were determined by UV-vis spectroscopy in DCM.
Binding constant were also determined for complexes (see table in FIGURE 32).

HN
F
F

NH
O F
B F
O

O
B
O
HN
R

NH

39a: R = H
39b: R = Ph

R

F
F B O
O

HN

NH
O

HN
R

F
B F
O
NH

39c: R = H
39d: R = Ph

R

FIGURE 32 Foldamers 39a-d and a table presenting binding constants for Cl-, Br-, CH3CO2-,
and L-Phe-complexes in DCM.

1.2.7 Aromatic amide foldamers
Considering how popular aromatic amide synthons have been in designing
foldamers104 and the fact that the amide NHs are excellent hydrogen bond do-
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nors, surprisingly little research has been done on the anion binding of aromatic
amide foldamers. The research groups of Light105 and Feng106 have both investigated pyridine-2,6-dicarboxamide- and isophthalamide-based receptors for
halide binding. The foldamers 40a-b (FIGURE 33) selectively bind fluoride in
DMSO-d6-water mixtures.105 The binding constants determined by 1H NMR
titration for 40a complexes were >104 M-1 for fluoride and <10 M-1 for chloride.
The crystal structures of fluoride and chloride complexes were also obtained
(FIGURE 33). The fluoride and chloride are hydrogen bonded from the amide
NH groups and the NHs of the indole end groups. Small size of the fluoride
enables it to fit inside the cavity of the foldamers, whereas the chloride is clearly
located above the cavity. This might explain the observed selectivity for fluoride.
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FIGURE 33 The foldamers 40a-b and the crystals structures of fluoride complexes (middle)
and chloride complexes (right) of 40a (top) and 40b (bottom). The figures are
reproduced from ref. 105 with permission from The Royal Society of Chemistry.

Instead of halides, helical folding of arylamide foldamers 41a-d (FIGURE
34) is induced by benzene-1,3,5-tricarboxylate anions in DMSO.107 The helical
structure was confirmed by the fluorescent emission from the pyrene interactions at the ends of the foldamers. Similar benzamide foldamers 42a-b (FIGURE
34) bind helically to di- and tricarboxylate anions in DMSO.108 Chiral guests Dglutamic acid and L-glutamic acid induce excess of P or M helical chirality, as
observed by CD spectroscopy.
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1.2.8

Aromatic oligourea foldamers

Ureas are effective hydrogen bond donors in anion receptors109 and typical
building blocks of foldamers.110 The group of Yang111,112 has studied chloride
complexes of o-phenyl bridged oligoureas 43a-d and 44a-e with varying chain
lengths containing four to seven phenyl groups (FIGURE 35). Altogether six
crystal structures of the foldamers 43a-d were obtained. The shortest foldamer
43a forms two different 1:1 binding crystal structures with chloride, where the
foldamer binding conformations are slightly different. The longer foldamers
43b-d showed helical binding around two chloride anions (1:2 host:guest complexes). Remarkably, the Cl···Cl distance in 43b·Cl2 complex is only 3.613(9) Å,
meaning that the strong electrostatic repulsion between the chloride anions is
overcome in the structure. It was proposed that the π-π stacking and eight cooperative hydrogen bonds help in overcoming the repulsion. With foldamers
43c-d, the Cl···Cl distances are longer (3.8 - 4.0 Å). The crystal structures of similar foldamers 44a-e (FIGURE 35) revealed also 1:2 host-guest ratio with Cl···Cl
distances in the range of 3.8 - 4.1 Å. With mass spectrometric studies in CHCl3,
the binding ratios of the foldamers 44a-e seem to be the same as in the solid
state, but with NMR titration studies in DMSO-d6, the binding ratios to Cl- are
1:1 and the binding constants are at the 102 M–1 level. It was proposed that the
dinuclear complexes form in less polar solvents.
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FIGURE 35 Foldamers 43a-d and 44a-e. The crystal structures of the chloride complexes of
foldamers a) 43a-d (Reprinted (adapted) with permission from ref. 111. Copyright (2012) American Chemical Society) and b) 44a-e (Used with permission
from ref. 112. Copyright (2013) Wiley).

Increasing the number of urea motifs in sulfate binding foldamers 45a-d
increased the chelate effect and hydrophobic effect, but it was suggested that
the shorter urea receptors 45a-b had better complementarity to sulfate because
larger downfield shifts (average of 1.4 ppm for 45a-b and 0.9 ppm for 45c-d) of
the NHs are seen when 1 eq of sulfate is added in 1H NMR experiments.113 The
urea based foldamer 46 has one of the ortho-substituted phenyl groups replaced
by a flexible carbohydrate spacer, which enables it to form a triple helicate with
phosphate anion coordination (FIGURE 36).114
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FIGURE 36 Foldamers 45a-d and 46 (top). a) The calculated and b) the crystal structures
the sulfate complexes of foldamers 45a and 45c, respectively (bottom left, reprinted (adapted) with permission from ref. 113. Copyright (2010) American
Chemical Society). c) Crystal structure of triple helicate phosphate anion complex of foldamer 46 (bottom right, used with permission from ref. 114. Copyright (2011) Wiley).

An interesting example of an ion pair host is an m-phenyl bridged oligourea foldamer 47 (FIGURE 37).115 The foldamer 47 binds chloride (K = 132 M1 in CDCl ) and acetate (K = 251 M-1 in CDCl ) outside its cavity and simultane3
3
+
ously also the counter cation Et4N inside its cavity. The anion is bound by the
NHs of one of the two urea groups that are located at the outer ring due to an
intramolecular NH···O hydrogen bond to ether oxygen.
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FIGURE 37 Foldamer 47 and a binding model of 47·Et4N+·Ac- complex based on 2D ROESY correlations (shown with arrows). Reproduced from ref. 115 with permission from The Royal Society of Chemistry.
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Jeong et al.116 investigated the binding affinities of a series of diphenylureas (48a-e, FIGURE 38) with chloride and sulfate. For foldamers 48b-e, the binding affinities were higher for sulfate whereas the foldamer 48a had better affinity to Cl-. Overall, the longer foldamers had larger binding constants presumably because of the increased number of urea-groups that can form hydrogen
bonds to the anions. A crystal structure of the 48b·SO42- complex showed that
the foldamer forms hydrogen bonds to sulfate with the urea NHs and also from
the OH groups at the ends of the foldamer.

t-Bu

t-Bu

O
N
H

OH

N
H
H
N

HO

H
N
O

t-Bu

t-Bu
n

48a: n=0
48b: n=1
48c: n=2
48d: n=3
48e: n=4

FIGURE 38 A scheme of foldamers 48a-e, the crystal structure of 48b·SO42- complex (Reprinted (adapted) with permission from ref. 116. Copyright (2012) American
Chemical Society.) and the binding constants for 48a-e chloride and sulfate
complexes in 15% (v/v) CD3OH/acetone-d6 and 20 % (v/v) CD3OH/DMSO-d6
solutions, respectively.

Amide-linked bisurea oligomers 49a-e can function as chloride carriers
across POPC (1-palmitoyl-2-oleoyl-2-oleoylphosphatidyl-choline) membranes.117 The transportation activity depended on the foldamer substituents in
order of OCH3 (49e) ∼ H (49d) < Cl (49c) < CO2CH3 (49b) ≪ CN (49a), which
was in line with the chloride binding affinities (FIGURE 39). The binding affinities were determined by 1H NMR in 1:9 (v/v) DMSO-d6/CDCl3 saturated with
water (<0.1%).
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FIGURE 39 Foldamers 49a-e and the binding constants in 1:9 DMSO-d6/CDCl3.
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Dihydrogen phosphate selective foldamer 50a (FIGURE 40) has potential
as a molecular switch, as it has different binding conformations for halides (Cl-,
Br-, I-) and oxoanions (H2PO4-, HSO4-, OAc-, and NO3-).118 An open structure for
halide complexes and an enclosed conformation for oxoanions was interpreted
from 1H NMR shifts and from the crystal structure of 50a·Br2 complex. The conformation of foldamer 50b is also induced by anion binding, but the enclosed
conformation dominates even in the chloride complex.119 The foldamer 50b had
the highest 1:1 binding for H2PO4-. Binding constants for 50a-b complexes were
determined by 1H NMR titrations in 10% DMSO-d6:CDCl3 or by UV-vis in 10%
DMSO:CHCl3 (FIGURE 40).
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FIGURE 40 Foldamers 50a-b, the crystal structure of 50a·Br2 complex showing the open
conformation and DFT model of the enclosed conformation of 50a·H2PO4complex. Figure used with permission from ref. 118. Copyright (2013) Wiley.
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Pihko et al.120 have made foldamer organocatalyst 51 for enantioselective
Mannich reactions. The crystal structure of hexafluoroacetylacetonate complex
has the desired conformation for catalytic activity. When foldamer 51 is bound
to a chloride, the folding mode is altered, which inhibits the catalysis (FIGURE
41).
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FIGURE 41 Schematic representation of foldamer 51 and the crystal structures of foldamer
51 binding to chloride (middle) and to hexafluoroacetylacetonate (right).

1.2.9 Aliphatic oligoureas and amides
Contrary to aromatic foldamers, the anion binding in aliphatic foldamers often
happens at the end of the helix, although crescent wrapping around sulfate anion has also been observed.121 Guihard et al.122 investigated the anion binding of
a series of aliphatic oligoureas 52a-e with different lengths and end groups
(FIGURE 42). The foldamer helix provides preorganization, and the anion is
bound to the four urea NHs at the end of helix that do not participate in intramolecular hydrogen bonding. The binding affinity order PhCO2− > CH3CO2− >
H2PO4− > Cl− for foldamer 52a was estimated from an NH signal shift in 1H
NMR spectra. The binding affinity for chloride increased with the length of the
foldamer chain (Ka = 89 M-1 for 52a and Ka = 140 M-1 for 52b in DMSO-d6) and
when the terminal group can participate in the binding like the 1H indol 7
yl urea group of foldamer 52e (Ka = 212 in DMSO-d6).
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FIGURE 42 Schematic representation of foldamers 52a-e.

Clayden et al.123 have studied oligourea foldamers composed of meso cyclohexane-1,2-diamines, where the helical folding is caused by the directional
hydrogen bonds. The ends of the achiral foldamers are enantiotopic: in the N
terminus the urea is in the axial position, and in the C terminus, the urea is in
the equatorial position and the termini have different chemical environments
according to NMR (FIGURE 43). The helix chirality and the direction of the hydrogen bonds could be controlled by binding a chiral carboxylate anion Boc-DProline to the N terminus of the foldamer 53. The 1:1 complex of foldamer 53
had a binding constant of K= 8500 ± 500 M-1, and approximately 50% helical
excess was achieved.
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FIGURE 43 Foldamer 53 and the suggested structure of foldamer 53 with Boc-D-Proline,
inducing a right-handed helix. Figure used with permission from ref. 123.
Copyright (2016) Wiley.

Aliphatic amide foldamers 54a-d with urea binding sites can also be induced to change their helicity by binding chiral phosphates (FIGURE 44).124 The
foldamers have 13C labeled methyl groups enabling the helicity to be monitored
by 13C NMR. The estimates of the binding constants for the phosphate anion
complexes of 54a were determined by adding a base to a 1:3 mixture of 54a and
phosphate acids 55a-c in THF-d8 and monitoring the change by 13C NMR.
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FIGURE 44 Schematic representation of foldamers 54a-d and the chiral phospahtes 55a-c
(top). The suggested structure for phosphate anion binding to foldamers (bottom left, Reproduced from ref. 124 with permission from The Royal Society of
Chemistry). The estimated binding constants of phosphate anion complexes of
foldamer 54a (table, bottom right).

45

2 EXPERIMENTAL
2.1 Aims and background of the work
The aim of this work was to study the conformational stability and
complexation properties of aromatic oligoamide foldamers 56-65 (FIGURE 45).
The main methods used were single crystal X-ray diffraction, nuclear magnetic
resonance (NMR) studies and mass spectrometric (MS) studies. Further
supporting information was obtained from DFT optimized structures. Using
different methods, the properties of the compounds could be determined in
each state of mater: solid, in solution, and gas. The work is a continuation of the
previous work done in the research group of prof. Nissinen, where the solid
state conformations and interactions of aromatic oligoamide foldamers with 4
to 5 aromatic units were studied.125-128 The previous work started with the study
of two different oligomers: one with a central pyridine group and one with a
phenyl group instead.125 The pyridine foldamer showed a preference to form a
protohelical conformation, whereas the foldamer with the phenyl ring did not
have any obvious folded conformation. The pyridine dicarboxamide motif was
selected for further studies because the conformation with three intramoleculer
hydrogen bonds from amide NHs to C=O group resembles an oxyanion hole
motif of the enzymes.127 Oxyanion holes are catalytic sites in biomolecules,
where hydrogen bonds stabilize negatively charged oxygen atoms of a
tetrahedral or enolate intermediates. The similarity comes from the multiple
hydrogen bond donors binding to the same hydrogen bond acceptor.
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FIGURE 45 The foldamers studied in this work.

The previous studies showed that the modified foldamers folded into
essentially two different hydrogen bonded conformations.127,128 Based on the
shape of the conformation, one was noted as the @-fold and the other as the Sfold (FIGURE 46). The compact @-fold has helical conformation, whereas the Sfold is more elongated. Both folds have 2-3 intramolecular hydrogen bonds.

FIGURE 46 The general conformations noted as @-fold and S-fold.

The structural studies indicated that these foldamers may have promizing
preorganization for complexation of ions. Thus, in this work, the complexation
properties of selected foldamers 56-60 with anions both in the solid state and in
solution state have been studied. Additionally, a series of longer foldamers with
7 to 9 aromatic units (61-65) was studied in detail to find out how the folding is
affected when the foldamer is extended or when different linkers between the
pyridine dicarboxamide motifs are added. Finally, the complexation with
cations and anions as well as conformational studies were conducted with ion
mobility mass spectrometry.

2.2 The synthesis of the foldamersI,II
The synthesis of foldamers 56-57, 59-60 and intermediates 66-72 were reported
in previous papers.127,129 The foldamers 58 and 61-65 were synthetized by modular synthesis, meaning that larger building blocks, such as intermediates 68-72,
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were first synthetized and then connected to create the whole foldamer
(FIGURE 47). The amide bonds were formed either by acylation reaction between acid chlorides and amines or by using amide bond cross-linker (EDC) to
catalyze the coupling reaction between carboxylic acids and primary amines. A
non-protected o-phenylenediamine was used for the synthesis of the intermediates 69-71, but for the synthesis of the intermediate 72, a mono-N-Boc-ophenylenediamine 73 was prepared130 and used to increase the yield.

FIGURE 47 The synthesis routes for foldamers 58 and 61-65.

2.3 Structural studies of extended foldamersI
Foldamers 61-65 were synthesized to investigate the stability of the @- and Sfold motifs in longer foldamers. In foldamers 61 and 65, the number of pyridine
groups, when compared to the foldamer 56, was increased from one to two or
three, respectively. In foldamer 62, the unsymmetrical spacer group between
two pyridine rings was used to remove the C2v symmetry present in the other
foldamers. Foldamer 63 was made with an ortho-substituted rigid spacer group
between the pyridine rings, whereas its structural isomer 64 was made flexible
with a meta-substituted phenyl ring at the center. Overall, 17 solvate crystal
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structures were obtained, which indicates that the foldamers have a good ability to crystallize, but they do not pack efficiently together on their own.
2.3.1 Foldamer 61
Foldamer 61 has a single ortho-substituted phenyl ring as the linker between two
pyridinedicarboxamide units. Two different conformations were observed in the
solid state based on six single-crystal structures obtained (FIGURE 49). Helical
conformation with both pyridine centers in @-folds was found in five of the crystal structures. A more open conformation where one pyridine center adopts the Sfold and the other the @-fold was found only in the DCM solvate crystal structure.

FIGURE 48 Crystal structures of foldamer 61 illustrating the helical conformation where
both pyridine centers adopt the @-fold (left) and the open conformation with @and S-fold (right). Solvents and aromatic protons have been removed for clarity.

Two correlations measured by NOESY 1H NMR in DMSO-d6 indicate that
the foldamer has a folded conformation in solution (FIGURE 49), but the correlations could correspond to either the helical structure or the open structure.
Therefore, no conclusion about the conformation in solution could be made.

FIGURE 49 The NOESY correlations a and b, showed on the helical crystal structure, are
possible in both the helical and in the open conformation. They, however, indicate that the foldamer is somehow folded in solution.
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Of the helical structures, the 61-DMA-H2O and 61-MeCN-H2O structures
are isomorphous. In the crystal packing, the foldamers are connected into pairs
via OHw···O=C hydrogen bonds by two water molecules (FIGURE 50). The adjacent foldamers also π···π stack between the pyridine centers. The 61-DMF-H2O
structure has the same pattern in the crystal packing, but the difference to previous structures (61-DMA-H2O and 61-MeCN-H2O) comes from the efficiency
of the packing. The solvent molecules (DMA, MeCN, DMF) are hydrogen
bonded to an outer NH group of the foldamer in all structures, but in 61-DMFH2O, an additional solvent molecule is located between the ends of the foldamers, thus preventing them from π···π stacking conversely to the 61-DMA-H2O
and 61-MeCN-H2O structures.
In 61-DMSO structure, the foldamers pack into π···π stacked layers and are
hydrogen bonded to the DMSO molecules. In 61-MeOH structure, the foldamers are connected to pairs, and the pairs further connect to chains by intermolecular hydrogen bonds. The foldamers are also directly hydrogen bonded to
pairs in the more open 61-DCM structure and disordered solvent molecules
reside in the space created by the non-helical open conformation.

FIGURE 50 The crystal packing of 61-DMA-H2O, 61-DCM, 61-DMSO, and 61-MeOH crystal structures and the intermolecular graph set motifs that were observed. Aromatic hydrogens have been removed for clarity.

2.3.2 Foldamer 62
Two very similar solid state conformations from four different crystal structures
were obtained for foldamer 62, which has an unsymmetrical linker unit between
the two pyridine units (FIGURE 51). The carbonyl group from the linker prefers
to form hydrogen bonds towards the closest pyridine with graph set motifs S(6)
and S(12). This results in a compact helical conformation. Aromatic π-π stacking
interactions also play a role in the folding. Four NOESY 1H NMR correlations
correspond to the crystal structures (marked in green, FIGURE 51) but five correlations do not correspond to the crystal structures (marked in red). The correlations still indicate that the foldamer is somewhat similarly folded in solution with
the difference that the end of the foldamer is in a different position.
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FIGURE 51 The 62-MeCN crystal structure with intramolecular graph set motifs (left) and
overlay of 62-DMSO (orange) and 62-DCM (green) structures showing the similarity of the two conformations (middle). The aromatic hydrogens have been
removed for clarity. On the right, NOESY correlations a-e (red) that do not correspond to the crystal structures and f-i (green) that correspond to the crystal
structures.

In the 62-DCM structure and in the isomorphous 62-MeCN and 62-EtOAc
structures, the foldamers form pairs by intermolecular hydrogen bonding
(NH···O; R22(14) motif; FIGURE 52). The DCM molecules are located between
two foldamer pairs. In the EtOAc and MeCN solvate structures, the foldamer
pairs stack with π···π interactions, and the solvents are located in the interstice
in the crystal lattice, whereas in the 62-DMSO structure, the foldamers are hydrogen bonded to two DMSO molecules (D(2) motifs).

FIGURE 52 The crystal packing of 62-DCM and 62-DMSO structures. Aromatic hydrogens
have been removed for clarity.

2.3.3 Foldamer 63
Foldamer 63 has three ortho-substituted phenyl rings as a rigid spacer between
the two pyridine centers. Only two crystal structures were obtained with distinctly different conformations (FIGURE 53). The rigid linker separates the two
pyridine-2,6-dicarboxamide units into two independent @-folds, which can orient themselves differently in respect to the linker. In the DMSO solvate structure, the @-folds are at the same side of the linker (so called cis conformation),
forming a cavity, whereas in the DMA solvate, the @-folds are in different sides
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in respect to the linker, making it the trans conformation. The seven NOESY 1H
NMR correlations (marked in green, FIGURE 53) indicate that the foldamer is in
the cis conformation in DMSO-d6 solution.

FIGURE 53 The 63-DMA (left) and 63-DMSO (middle) crystal structures, where aromatic
hydrogens have been removed for clarity. On the right, the seven NOESY correlations a-g (green) that correspond to the cis conformation of 63-DMSO structure.

In the 63-DMSO crystal packing, the foldamers are connected to chains via
intermolecular hydrogen bonds (NH8…O6; C(11) motif and NH1…O4; C(16)
motif; FIGURE 54). A disordered DMSO is bound inside the cavity of the
foldamer by hydrogen bonds. In the 63-DMA structure, the solvents are located
in between the foldamers that form ladder-like chains by direct intermolecular
hydrogen bonds (O3…HN8) and solvent-mediated hydrogen bonds
(NH1…Os…HN5; FIGURE 54).

FIGURE 54 Crystal packing of 63-DMSO and 63-DCM structures and the intermolecular
graph set motifs describing the hydrogen bonding. Aromatic hydrogens have
been removed for clarity.
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2.3.4 Foldamer 64
Foldamer 64 has also three phenyl rings as a linker between the two pyridine
centers, but the central phenyl ring is meta-substituted, so the linker is not as
rigid as in foldamer 63. Only one crystal structure, an ethyl acetate solvate, was
obtained. The flexibility of the linker allows the pyridine centers to fold in
symmetrical S-folds oriented at the opposite sides of the central ring, resulting
in an open but still compact conformation. The structure is further stabilized by
two additional S(22) hydrogen bonds from the outmost carbonyl (O1 or O8) to
the central NH group (NH5 or NH4, respectively), which are not usually part of
the S-fold. Many of the 1H NMR peaks of foldamer 64 overlap, so defining interactions from NOESY 1H NMR correlations was difficult. A folded conformation is indicated by correlations a-d (FIGURE 55), but predictions of the
structure or comparisons to the solid-state structure are impossible to make.

FIGURE 55 The crystal structure of 64-EtOAc with the solvents and aromatic hydrogens
removed for clarity (left). Four NOESY correlations a-d marked to the crystal
structure in green (right).

In the crystal packing, the foldamers form continuous chains by intermolecular hydrogen bonds (O3…NH4 and O6…NH5; R22(14) motif; FIGURE 56),
and the disordered EtOAc solvents are located between the chains.

FIGURE 56 The crystal packing of 64-EtOAc. Aromatic hydrogens have been removed for
clarity.
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2.3.5 Foldamer 65
Foldamer 65 has a pyridine ring in the linker that enables the linker to contribute to the folding. Two different solid-state conformations were obtained from
four crystal structures. The acetone, DCM, and DMF solvate structures are isomorphous with a nearly helical conformation (FIGURE 57). The chloroform
solvate has a more open bowl-shaped structure. Two NOESY 1H NMR correlations (g and h, FIGURE 57) indicate that the solution state conformation resembles the helical-type conformation, while most of the correlations (b-f) are viable
in both of the crystal structures. One correlation (a) does not fit either of the
crystal structures, which implies that the end of the foldamer is orientated
slightly differently than in the nearly helical structure.

FIGURE 57 The crystal structures of 65-Ac and 65-CHCl3. The solvents and aromatic hydrogens were removed for clarity. The NOESY correlations a-g shown on the
helical structure.

In the three isomorphs, a complex intermolecular hydrogen-bond network
is seen. The foldamers form pairs connected by two hydrogen bonds, and the
pairs are connected to chains of pairs (FIGURE 38). The solvents are located inside the interstices in the crystal lattice. In the 65-CHCl3 crystal structure, the
foldamers form pairs via intermolecular hydrogen bonds, and the foldamers
also occupy each other’s bowl-like cavities together with solvent molecules.

FIGURE 58 The crystal packing of 65-Ac (left) and 65-CHCl3 (right) and the intermolecular
graph set motifs observed. Aromatic hydrogens have been removed for clarity.

54
2.3.6 Structural comparison
The folding of foldamers 61-65 is mainly induced by intramolecular hydrogen
bonding in a reasonably predictable fashion. When the foldamers are elongated,
by adding more pyridinedicarboxamide units separated by an ortho-substituted
phenyl ring, the folding pattern essentially stays the same as in shorter foldamers,
which is illustrated in FIGURE 59. The NMR studies also indicate a helical-type
conformation of foldamers 61 and 65 in solution instead of the open conformation. When the spacer between two pyridine rings is longer than one phenyl
ring, a greater variety of structures can be obtained. The foldamer 62 with unsymmetrical spacer favors compact conformation with aromatic interactions in
solid state. A rigid spacer in foldamer 63 separates the pyridine centers to fold
independently, but a more flexible spacer in foldamer 64 allows the spacer to
contribute to the folding with additional intramolecular hydrogen bonds.

FIGURE 59 The overlay of the crystal structures of foldamers 56 (grey), 61 (green), and 65
(yellow). Aromatic hydrogens have been removed for clarity.

2.4 Complexation studiesII,III
Anion complexation of foldamers 56-65 was at first attempted by crystallization
of foldamers with TBA halide salts. All attempts with larger foldamers 61-65,
however, were unsuccessful. Therefore, the shorter foldamers 56-60 were chosen for further studies. Also in this case, only fluoride complexes formed crystals with foldamers 56-60, despite several crystallization attempts with halide
anions, NO3- and HSO4-. Preliminary (-)ESI-MS and 1H NMR experiments for
fluoride binding of foldamer 56 were done. In the ESI-MS spectrum the [M+F]complex signal was not observed, and only deprotonated foldamer was seen,
which indicated that in non-protic organic solvents the F- tends to deprotonate
the foldamer. For this reason, the mass spectra of fluoride salts and of foldamers
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57-60 were not measured. The 1H NMR spectrum displayed poor resolution and
widening of the signal peaks when fluoride was added to the solution of
foldamer 56, which indicated proton exchange or aggregation.
Based on (-)ESI-MS screening and the competition experiments, the Cl-, Br-,
I-, and NO3- binding to foldamer 56 was studied with 1H NMR titrations. In order to study the effect of the electron withdrawing substituents, foldamers 57
and 58 were also chosen as comparison for 1H NMR titrations with the most
promising anion, namely chloride. The chloride binding of foldamers 56-58 was
also studied with ITC titrations.
2.4.1 Foldamer 56
In previous studies the C2v symmetrical achiral foldamer 56 has adopted a protohelical conformation with either right-handed (P) or left handed (M) helicity in
centrosymmetric crystal structures.125,128 When 56 was crystallized with TBAF,
the 56·F--complex surprisingly formed a chiral crystal structure with a space
group P212121. In the crystal structure, all the foldamer molecules have M helicity
and are helically wrapped around the F- (FIGURE 60). The fluoride is bound by
four NH···F- hydrogen bonds and two CH···F- interactions from the ortho protons
of the outermost phenyl rings. The anion also forms a CH···F- interaction with the
para protons of the outermost phenyl group of the adjacent foldamer complex.
The crystallization was repeated several times resulting in the same chiral crystal
and structure. The bulk sample of the crystals and three individual crystals were
measured with circular dichroism (CD) spectroscopy to investigate the chirality
of the crystals (FIGURE 60). The results indicate symmetry breaking during crystallization since all the samples had a negative Cotton effect at 245-380 nm. A
computer simulation of the CD spectrum showed a similar Cotton effect.

FIGURE 60 The crystal structure of 56·F—complex (56-TBAF) showing the fluoride binding
conformation (left) and the crystal packing interactions (middle). The CD spectra of three individual crystals (blue, green, and red), the bulk sample of 56TBAF (black), and the simulated CD spectrum (brown).

Preliminary 1H NMR titrations of foldamer 56 with TBAF in acetone-d6
indicated aggregation and deprotonation, so the fluoride complex could not be
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studied further in solution. (-)ESI-MS screenings with ammonium salts of F-, Cl-,
Br-, I-, NO3-, H2PO4-, SO42-, HSO4- or CO32- resulted in peaks corresponding to Cl-,
Br-, NO3-, I-, and HSO4- 1:1 complexes. A binding order of Cl- > Br- > I- was observed in the competition experiments for the halides. Based on these results Cl-,
Br-, NO3-, and I- were chosen for titration experiments.
1H NMR titrations were executed in acetone-d with tetrabutylammonium
6
salts of the anions. Efficient 1:1 binding enabled by the suitable cavity size was
only observed with the smallest chloride anion with binding constant over 104
M-1. Titration with TBABr, TBAI, and TBANO3 showed smaller chemical shifts
for NH protons and smaller binding constants than with TBACl, indicating that
chloride has the best fit in terms of size and shape. Based on the shifts in the 1H
NMR spectra and supporting DFT calculations the foldamer 56 assumes a helical conformation around the chloride with NH···Cl- and C-H···Cl- interactions
(FIGURE 61). A binding constant of (2.3 ± 0.4)×104 M-1 was measured by isothermal titration calorimetry (ITC) for the 56·Cl--complex. The ITC experiments
also provided the enthalpy and entropic parameters of ΔH = -2.5 ± 0.2 kcal/mol,
TΔS = 3.4 ± 0.3 kcal/mol and ΔG = -5.9 Δ ± 0.1 kcal/mol. The favorable entropy
increase was the main driving force for the chloride binding and was probably
due to the desolvation/solvation processes during the complexation.

FIGURE 61 a) The solution state DFT structure showing the distances of hydrogen bonding
interactions (Å). b) 1H NMR spectra of foldamer 56 with 0 and 1 equivalent of
TBACl in acetone-d6. Chemical shift changes of the NH protons (a,b) and ortho
protons of the outermost phenyl rings (f) in c) TBACl titration, d) TBABr titration, and e) TBANO3 titration of foldamer 56. f) The spectrum of one of the ITC
titration experiments.

2.4.2 Foldamer 57
Foldamer 57 has a cyano substituent at the para position of the outmost phenyl
group. Therefore, the foldamer does not have C2v mirror symmetry. The 57·Fcomplex forms centrosymmetric crystal structure, where the foldamer wraps
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around the fluoride with similar interactions as in 56·F- complex (FIGURE 62).
Two complexes (P and M helical) pack together with π···π stacking interactions
from a p-cyanophenyl ring and a phenyl ring. In addition to this, the electron
deficient p-cyanophenyl ring from one complex has 3.90 Å anion···π interaction
with the fluoride of the other complex.

FIGURE 62 The crystal structure of 57·F- complex (57-TBAF) showing the fluoride binding
conformation (left) and the crystal packing (right) and anion···π interactions
with dashed lines.

In the (-)ESI-MS experiments, the chloride, iodide, and bromide complexes
were studied, and the peaks for the 1:1 complexes of all three halides were observed. 1H NMR titration studies for foldamer 57 were done with TBACl in acetone-d6. The foldamer had very similar chemical shifts to foldamer 56, and the
equilibrium was also reached at 1 eq (FIGURE 63). This suggests that the chloride binding conformation of foldamer 57 is similar to foldamer 56. The DFT
minimized structure of 57·Cl--complex also had a very similar binding mode to
chloride. The ITC measurements indicated a 1:1 binding with Ka = (4.6 ± 0.9) 104
M-1. The 57·Cl--complex formation has the enthalpy and entropic parameters of
ΔH = -2.5 ± 0.2 kcal/mol, TΔS = 3.9 ± 0.3 kcal/mol and ΔG = -6.4 Δ ± 0.1
kcal/mol. Similarly to foldamer 56, the favorable entropy increase was the main
driving force for the chloride binding to foldamer 57.

FIGURE 63 The solution state DFT optimized structure showing the distances of hydrogen
bonding interactions (Å). a) 1H NMR spectra of foldamer 57 with 0 and 1
equivalent of TBACl in acetone-d6. b) Chemical shift changes of the NH protons (a, a’, b and b’) in TBACl titration.
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2.4.3 Foldamer 58
The foldamer 58 crystallizes in a flatter and more open conformation than 56
and 57. Foldamer 58 has only two intramolecular hydrogen bonds, but the 1,2diamino ring and the nitrophenyl ring interact with intramolecular π···π stacking, which is uncommon for these foldamers. Moreover, the crystal packing is
stabilized by intermolecular π···π interactions.
The fluoride binding significantly affects the solid-state conformation by
inducing a helical conformation instead of the flatter conformation (FIGURE 64).
In the solid state, the 58·F--complex forms a polar crystal structure with a space
group Pca21. In the structure, the nitro groups orient along the crystallographic
c-axis, and the foldamer wraps around the fluoride into P and M helical complexes. The fluoride is bound by four NH···F- hydrogen bonds and only one
CH···F- interaction, since one of the nitrophenyl rings is rotated perpendicular
to the anion. Additionally, the anion forms a CH···F- interaction with the pyridine ring of the adjacent complex causing the complexes pack into chains. Contrary to 57·F- complex, no anion···π interaction was observed in the packing of
the 58·F-complex, although both have electron deficient aromatic rings suitable
for the interaction.

FIGURE 64 The crystal structure of foldamer 58 (left) without anion. The crystal structure
of 58·F- complex (58-TBAF) showing the fluoride binding conformation (middle) and the crystal packing (right).

In the (-)ESI-MS experiments the chloride, iodide, and bromide complexes
were studied and peaks for the 1:1 complexes of all three halides were observed.
Titration studies for foldamer 58 were done with TBACl in acetone-d6. The internal NHa protons and the terminal ortho-aryl proton Hf do not shift as much
as the respective protons of the 56·Cl- and 57·Cl- complexes (FIGURE 65). The
foldamer 58 may change its conformation more than foldamer 56 and 57 upon
binding to chloride, since the ortho-aryl protons Hg and He in the ring B experienced downfield shifts.
Two pieces of evidence suggest that the binding stoichiometry could be
higher than 1:1; in the titration, the chemical shifts reaches the saturation at 2
equiv of the guest and the binding constant for 1:1 complex (5800 M-1) is lower
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than expected considering that the foldamer has two electron withdrawing
groups and it is one order of magnitude smaller than the binding constants of
56 and 57. A 1:2 (H:G) model resulted in a better fit for the titration data and a
binding constant of K11 > 104 M-1, which fits the expectations. The K12 value for
the 1:2 complex is 108 M-1.
The DFT minimized structures for both the 1:1 and 1:2 complexes were
calculated (FIGURE 65). In the 1:1 complex, the anion resides inside the helically folded foldamer bound by four NH hydrogen bonds and by CH···F- and π···Finteractions. In the 1:2 complex, the fluorides are bound outside the foldamer
helix by one NH hydrogen bond and a π···F- interaction from the nitrophenyl
rings.
The ITC measurements indicated the 1:1 binding with Ka = (3.0 ± 0.3) 104
M-1, but the 1:2 binding could not be disregarded because the enthalpy loss
from the disassembly of 1:1 complex could be compensating for the enthalpy
gain from the assembly of the 1:2 complex.

FIGURE 65 a) The solution state DFT structure showing the distances of hydrogen binding
interactions (Å). a) 1H NMR spectra of foldamer 58 with 0, 1 and 15 equivalent
of TBACl in acetone-d6. b) Chemical shift changes of the NH protons (a and b)
in TBACl titration. c) The DFT calculated structures for the 1:2 complex.

2.4.4 Foldamers 59 and 60
Additional solid-state fluoride complexes were crystallized with the shorter
foldamers 59 and 60 that wrap around the fluoride anion only partially due to
their shortness. Therefore, the packing in 59 and 60 structures is affected by the
countercation TBA+ located between the complexes in TBA-complex chains. For
complex 59·F-, the P and M helices alternate in the chain. For 60·F- -complex,
however, the P or M handedness cannot be determined because the foldamer 60
is severely disordered in the structure.
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FIGURE 66 The crystal structure of a) 59·F--complex (59-TBAF) and b) 60·F--complex (60TBAF) showing the fluoride binding conformation. The crystal packing of the
structures c) 59-TBAF and d) 60-TBAF.

2.5 IM-MS studies of foldamers 56 and 61-65*
2.5.1 Introduction to IM-MS
Ion mobility mass spectrometry (IM-MS) combines ion mobility spectrometry
(IM) and mass spectrometry (MS). IM-MS is an experimental technique that enables the gas phase study of the conformations of ions and ionic complexes. The
method has been widely used in the conformational analysis of biological molecules and complexes and recently has been applied to the study of supramolecular complexes.131
With IM-MS, ions can be separated based on their shape and size. In drifttube (DT) IM spectroscopy the separation is achieved with a uniform electric
field that drives ions through a buffer gas filled tube.132 The collisions with the
gas and the ions determine the drift time (td) of the ions. Small and compact
ions have a smaller td than large and elongated ions. From the measurements, a
collision cross section value (DTCCS) can be calculated and compared with CCS
values obtained from other experiments, such as crystal structures, DOSY NMR,
or from calculated structures. IM-MS has been used to determine the tertiary
structures of foldamers133, conformational properties of β-peptides134, and the
folding behavior of oligorotaxanes135. The purpose of this work was to study
the complexation and conformations of six different aromatic oligoamide
foldamers 56 and 61-65 (FIGURE 67) with ion mobility mass spectrometry and
test the suitability of the method to this type of foldamers.

These results have not been previously published. Detailed methods and parameter are
presented in Appendix I.
*
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FIGURE 67 Foldamers 56 and 61-65 were studied with IM-MS.

2.5.2

Negative polarity results

Except for foldamer 63, all the foldamers had only a single peak in the ion mobility spectra (FIGURE 68) meaning that they have only one major conformation
in the gas phase. Foldamer 63 revealed two peaks indicating two possible conformations. The second peak at higher drift time, however, is likely due to the
Cl-complex dissociating in the drift tube on the way to the detector. Foldamers
63 and 64 have the same mass, but foldamer 64 moved slower in the drift tube,
indicating a larger conformation. The mass of foldamer 65 differs from foldamer 63 and 64 by 1 Da, but the drift time is similar to foldamer 63, indicating
that foldamer 65 has a similar surface area in its conformation as foldamer 63.
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FIGURE 68 The drift times of the deprotonated foldamers 56 and 61-65.

The DTCCSN2 results for the deprotonated foldamers are presented in TABLE 2. The DTCCSN2 value of 231.6 (± 0.16) Å2 for 56 was compared with the CCS
values calculated from the helical crystal structure of foldamer 56 and a crystal
structure with an S-fold, modified from foldamer 57 since foldamer 56 has not
crystallized in the S-fold conformation (FIGURE 69). The CCS value of 234.3 Å2
from the helical crystal structure was the closest to the experimental value,
whereas the CCS value of the S-fold was much larger (245.4 Å2). On the other
hand, CCS values calculated from the DFT structures127 had only a small difference between the helical 56-@1 (231.5 Å2) and S-folded 56-S (234.1 Å2). Two other, previously simulated conformations had much smaller CCS values (56-@2:
223.3 Å2 and 56-h: 214.6 Å2), and one conformation had a significantly larger
CCS value (56-w: 266.4 Å2, FIGURE 69). It can be concluded that in the gas
phase, deprotonated foldamer 56 has a similar surface area to the @-fold crystal
structure and a folded conformation between the non-folded and the most
compact conformations.
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FIGURE 69 CCS values were calculated from crystal structures (56-@ and 56-S*) and from
previously simulated DFT conformations (56-@1, 56-@2, 56-h, 56-S and 56w).127 One NH proton was removed, and negative charge was placed on the nitrogen atom in the crystal structures and the molecular models of foldamer 56.
From these deprotonated models, the CCS values were calculated. (*The
deprotonated S-fold was modified from the crystal structure of foldamer 57 by
removing the cyano group and replacing it with a proton.)

Foldamer 61 has a DTCCSN2 value of 268.2 (± 0.34) Å2, and the CCS values
from the helical (280.0 Å2) and the more open crystal structure (311.4 Å2) are
significantly higher. The experimental DTCCSN2 values are also significantly
lower than the values obtained from crystal structures (TABLE 2) in the case of
other foldamers 62-65. This means that the deprotonated foldamer is in a more
compact conformation in the gas phase than the foldamers are in any of the
crystal structures.
A CCS value of 251.4 Å2 for the 56·Cl- complex was calculated from the
gas phase DFT structure, and it is 11.7 Å2 larger than the experimental value
(239.7 ± 0.21; TABLE 2). This implies that the chloride is bound to the foldamer
in a compact way, possibly in a helical conformation. Compared with deprotonated foldamers, foldamer-chloride complexes have 5.0-8.3 Å2 larger DTCCSN2
values. For foldamer 64, however, the DTCCSN2 value of the chloride complex is
2 Å2 smaller than that of the deprotonated foldamer. This means that the flexible foldamer 64 wraps around the chloride and makes the conformation of the
complex more compact.
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TABLE 2

The DTCCSN2 values (Å2) from IM-MS experiments and calculated CCS
values for the deprotonated foldamers 56 and 61-65 and foldamerchloride complexes.
deprotonated
2
N2/Å

DTCCS

CCS-1*/Å2
CCS-2**/Å2
chloride complex
2
N2/Å

DTCCS

CCS-DFT/Å2

[56-H]231.6
(± 0.16)
234.8
245.4

[61-H]268.2
(± 0.34)
280.0
311.4

[62-H]282.3
(± 0.38)
311.8
312.6

[63-H]301.6
(± 0.42)
352.8
366.7

[64-H]309.6
(± 0.43)
357.4
-

[65-H]301.0
(± 0.34)
341.5
367.3

[56+Cl]239.7
(± 0.21)
251.4

[61+Cl]274.5
(± 0.34)
-

[62+Cl]290.6
(± 0.45)
-

[63+Cl]309.4
(± 0.41)
-

[64+Cl]307.6
(± 0.40)
-

[65+Cl]306.0
(± 0.42)
-

* CCS values calculated from 56-MeOH, 61-DMA-H2O, 62-EtOAc, 63-DMSO, 64-EtOAc and 65Ac crystal structures.
** CCS values calculated from 57-EtOAc, 61-DCM, 62-DMSO, 63-DMA and 65-CHCl3 crystal
structures.

2.5.3 Positive polarity results
All the foldamers had only a single peak in the ion mobility spectra (FIGURE
70), meaning that they only have one major conformation in the gas phase. The
minor peak of protonated 61 at td~27 is probably a measurement artifact/impurity. The DTCCSN2 values of the protonated foldamers are in the same
order as the deprotonated foldamers, meaning that the protonated foldamer 64
has larger conformation than foldamers 63 and 65, which have the same drift
times.

FIGURE 70 The drift times of the protonated foldamers 56 and 61-65.

The DTCCSN2 values of alkali metal complexes of 56 and 61-65 are all larger
than those of the protonated foldamer. The DTCCSN2 value of [56+K]+ is slightly
smaller than [56+Na]+, suggesting that [56+K]+ has a smaller surface area despite its larger mass (TABLE 3). This indicates that foldamer 56 has a different
mode to binding K+ than Na+, enabling more compact conformation for [56+K]+.
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Alternatively, the binding modes of Na+ to 56 vary more, resulting in larger distribution of different sizes, but the resolutions of the peaks do not support this
conclusion (see Appendix I).
The DTCCSN2 values of [61+K]+ and [61+Cs]+ are also smaller than those of
[61+Na]+, indicating different and more compact binding modes for [61+K]+
and [61+Cs]+ (FIGURE 71). The DTCCSN2 values for [61+K]+ and [61+Cs]+ differ
slightly, suggesting that the binding of these cations are in a position where the
size of the cation does not affect the overall size of the complex.

FIGURE 71 Drift spectrums for the protonated foldamers and their Na+, K+, and Cs+ complexes.

The [62+K]+ complex has the similar DTCCSN2 value as the protonated
foldamer 62 ([62+H]+). Thus, they have a conformation in which the size of the
cation does not affect the size of the conformation. Furthermore, in this case K+
and Cs+ complexes had smaller DTCCSN2 values, indicating a more compact conformation. The DTCCSN2 values of the cation complexes of 63 are in the predicted order (H+ < Na+ < K+ < Cs+) based on the differences in the masses of the
complexes.
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TABLE 3

The DTCCSN2 values (Å2) from experiments for the protonated foldamers
56 and 61-65 and for their Na, K, and Cs complexes.

DTCCS

N2

/

[56+H]+
223.5
(± 0.19)

[61+H]+
259.9
(± 0.20)

[62+H]+
285.7
(± 1.3)

[63+H]+
304.0
± 0.41

[64+H]+
307.9
± 0.35

[65+H]+
303.9
± 0.38

/

[56+Na]+
232.1
(± 0.15)

[61+Na]+
275.1
(± 0.20)

[62+Na]+
291.8
(± 0.31)

[63+Na]+
312.1
(± 0.50)

[64+Na]+
315.8
(± 0.42)

[65+Na]+
307.8
(± 0.41)

[56+K]+
231.1
(± 0.16)

[61+K]+
272.2
(± 0.24)

[62+K]+
287.8
(± 0.32)

[63+K]+
315.2
(± 0.40)

[64+K]+
314.9
(± 0.40)

[65+K]+
304.6
(± 0.38)

[56+Cs]+
233.0
(± 0.14)

[61+Cs]+
271.2
(± 0.18)

[62+Cs]+
294.8
(± 0.30)

[63+Cs]+
317.1
(± 0.41)

[64+Cs]+
312.5
(± 0.41)

[65+Cs]+
305.1
(± 0.35)

Å2

DTCCS

N2

Å2

DTCCS

N2 /

Å2

DTCCS

Å2

N2/

The Na+, K+, and Cs+ cation complexes of foldamer 64 all have similar
DTCCS
N2 values, indicating that they also have similar conformations in which
the size of the cation does not affect the size of the conformation. [64+Cs]+ has
slightly more compact conformation, which may indicate that the flexible
foldamer 64 can more easily wrap around bigger cations. The protonated
foldamer 64 [64+H]+, however, still has the smallest DTCCSN2 and thus the most
compact conformation.
The drift spectra suggest that [65+H]+, [65+K]+, and [65+Cs]+ have similar
binding modes, where the size of the cation has little effect to the size of the
complex (FIGURE 71). [65+Na]+, on the other hand, has a larger conformation
or wider variety of different conformations.
Unfortunately, within the timeframe of the Ph.D. project, we did not have
time and possibility to simulate the protonated foldamers or cation complexes
nor did we have any respective crystal structures available. Therefore, these
results can be considered as preliminary, and they still require confirmation and
comparison to other methods to fully support the conclusions.
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SUMMARY
In this work, the conformational properties and complexation of aromatic oligoamide foldamers 56-65 were studied. Single crystal x-ray diffraction was used
to study the conformations of foldamers 61-65 and the fluoride complexes of
foldamer 56-60 in the solid state. CD spectroscopy was used to study the chirality of the crystals. NMR experiments revealed the intramolecular interactions of
foldamers 61-65. 1H NMR and ITC titrations were used to elucidate the binding
of anions to foldamers, and DFT calculations of the chloride complexes provided further information of the possible binding modes.
The conformational properties of foldamers 61-56 are remarkably predictable and stable, which is seen, among other things, by the number of solvated
crystal structures they produce. The folding motifs (@-fold and S-fold) of shorter foldamers are retained in the longer foldamers. By tuning the structure of the
spacer groups between the pyridine rings, a variety of conformations can be
obtained. Foldamers 61 and 65 both exhibited either a helical conformation or a
more open conformation. The unsymmetrical spacer group in foldamer 62 enabled a compact conformation with π-π interactions of the aromatic rings.
Foldamer 63 has two distinct conformations based on which side of the rigid
spacer the two pyridine centers fold with the @-fold motif in relation to each
other. Because the structural isomer foldamer 64 has a flexible spacer group, the
foldamer can adopt a flatter conformation in crystal structure, but NOESY NMR
correlations were inconclusive.
As expected, the preorganization of foldamers 56-60 facilitated the binding
of small halides, such as fluoride and chloride, but only fluoride complexes
crystallized. The fluoride is located at the center of the helix bound by three to
four amide NHs and CH···anion, π···anion, or NH2···anion interactions depending on the foldamer. The crystal packing of the fluoride complexes resulted in
chiral, noncentrosymmetrical, and centrosymmetrical space groups. The formation of chiral crystal structure from achiral compounds is in itself really rare,
but astonishingly the chiral complex 56·F- also exhibited exceptional symmetry
breaking in the bulk sample.
Foldamer 56 binds chloride selectively and with high affinity (Ka = 104 M-1)
in solution. Comparison to foldamers 57 and 58 with electron withdrawing
groups revealed a slight increase in chloride binding affinity. The 1:1 complexes
most likely have a helicoid structure, but for foldamer 58 a 1:2 host:guest complex was also observed. The chloride complexes showed positive entropies, and
the largest entropy term was for the 58·Cl- complex.
The IM-MS studies indicated that the deprotonated and protonated
foldamers 56 and 61-65 and their anion and cation complexes have only one
preferential conformation in the gas phase. The DFCCSN2 values also indicated
that 63 and 65 have a more compact conformation than foldamer 64. Many of
the cation complexes had a conformation in which the size of the cation did not
affect the size of the conformation. These results are in line with the conformational stability and folding properties seen in solid state and in solution. Further
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comparisons to molecular models are needed to make further conclusions about
the gas phase complexation conformations.
This work provides important information on the conformation properties
and anion complexation of pyridine-2,6-dicarboxamide based oligoamide
foldamers. The unexpected symmetry breaking of complex 56·F- shines light on
how the homochirality in biomolecules could have originated from achiral organic compounds. In future, the predictability and stability of the conformations and the fluoride and chloride complexation properties of the foldamers
could be exploited in a number of applications ranging from molecular switches
to anion catalysts.
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APPENDIX I
IM-MS methods
The mass spectra and the ion mobility spectra were measured by an Agilent
6560 TOF mass spectrometer. Dual ESI ion source was used, and high purity N2
gas was utilized in the drift tube. 5 µM samples of the foldamers in MeOH,
MeCN, DMSO or 9:1 mixture of DCM:MeCN were prepared. One equivalent of
NH4Cl, NH4Br, or NH4I were added to the samples to measure the complexes at
negative polarity. NaI, KI, and CsI salts were added to form Na, K, and Cs
complexes, and 0.1 % of formic acid was used to protonate the foldamers at
positive polarity. All samples were injected with a syringe pump at a 5 µl/min
flow rate. The parameters for stepped field measurements are in Tables A1 and
A2. MeCN was used as solvent in the positive polarity measurements and
MeOH in the negative polarity measurements.
The DTCCSN2 values of ESI tuning mix calibrant were measured in both
polarity and compared to the literature values (Table A3)11. The results were
acceptable, since the CCS values deviated approximately only ±3 Å2. The resolution of the peaks was in the range of 38-49, which indicates that a peak represents only one conformation.

1

Gabelica, V.; Afonso, C.; Barran, P.E.; Justin, L.P.B.; Bleiholder, C.; Bowers, M.T.;
Bilbao, A.; Bush, M.F.; Larry Campbell, J.; Iain, D.G.C.; Causon, T.J.; Clowers,
B.H.; Creaser, C.; Pauw, E.D.; Far, J.; Francisco Fernandez-Lima; Fjeldsted, J.C.;
Giles, K.; Groessl, M.; Hogan, C.J.; Hann, S.; Kim, H.I.; Kurulugama, R.T.; May,
J.C.; McLean, J.A.; Pagel, K.; Richardson, K.; Mark. E. Ridgeway; Frédéric Rosu;
Sobott, F.; Shvartsburg, A.A.; Thalassinos, K.; Valentine, S.J. and Wyttenbach, T.,
chemrxiv preprint, 2018, 10.26434/chemrxiv.7072070.v2.
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Table A1. IM-MS stepped field parameters for negative polarity measurements

General
ion polarity
stop time

negative
3.5 min

abs. threshold
rel. threshold
time segments

200
0.01
8#, 0.5 min

Acquisition
mass range
frame rate
IM transient rate
max drift time
TOF transient
rate
IM trap fill time
IM trap release
time

100-1700 m/z
0.5 frames/s
32 IM transients/frame
70 ms
503 transients/IM transients
10000 µs
150 µs

Source
gas temp
drying gas
nebulizer
VCap
fragmentor
oct 1 RF Vpp

325 °C
1 l/min
2 psig
5190 V
380 V
800 V

Advanced Parameters
high pressure funnel RF
trap funnel RF
trap entrance grid delta

-150 V
-150 V
-10 V

trap exit grid 2 delta
drift tube entrance voltage

-10 V
-1074 V −
-1674 V

drift tube exit voltage
rear funnel entrance

-224 V
-217.5 V

rear funnel RF
rear funnel exit
IM hex delta
IM hex entrance
collision cell delta delta
IBC delta delta

-150 V
-45 V
8V
-41 V
0V
0V
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Table A2. IM-MS stepped field parameters for positive polarity measurements

General
ion polarity
stop time

positive
3.5 min

abs. threshold
rel. threshold
time segments

200
0.01
7#, 0.5 min

Acquisition
mass range
frame rate
IM transient rate
max drift time
TOF transient
rate
IM trap fill time
IM trap release
time

100-1700 m/z
0.5 frames/s
32 IM transients/frame
70 ms
503 transients/IM transients
10000 µs
150 µs

Source
gas temp
drying gas
nebulizer
VCap
fragmentor
oct 1 RF Vpp

250 °C
10 l/min
8 psig
5250 V
400 V
790 V

Advanced Parameters
high pressure funnel RF
trap funnel RF
trap entrance grid delta

150 V
150 V
10 V

trap exit grid 2 delta
drift tube entrance voltage

10 V
1074 V −
1674 V

drift tube exit voltage
rear funnel entrance

224 V
217.5 V

rear funnel RF
rear funnel exit
IM hex delta
IM hex entrance
collision cell delta delta
IBC delta delta

150 V
45 V
-8 V
41 V
0V
0V
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Table A3. The measured DTCCSN2 values of calibrant (ESI Tune mix) and the literature values.

ESI tune mix
positive polarity
m/z 322
m/z 622
m/z 1222
m/z 1522
ESI tune mix
negative polarity
m/z 302
m/z 602
m/z 1034
m/z 1334
m/z 1634

DTCCS
N2

(Å2)

155.2 ± 0.16
204.6 ± 0.23
283.3 ± 0.38
318.0 ± 0.42
DTCCS
N2

(Å2)

141.6 ± 0.20
183.0 ± 0.18
258.0 ± 0.32
287.4 ± 0.38
321.7 ± 0.42

literature CCS
values (Å2)
153.67 ± 0.20
202.67 ± 0.24
281.25 ± 0.55
315.79 ± 0.81
literature CCS
values (Å2)
140.66 ± 0.32
180.94 ± 0.31
255.59 ± 0.53
285.29 ± 0.78
319.53 ± 1.34

CCS calculation methods
The calculations were performed with the Ion Mobility Spectrometry Suite
(IMoS v1.08) program. Parameters for CCS value calculations are in Table A4.
Table A4. The IMoS v1.08 program calculation parameters
Is it simplified?
no
Total Charge
-1
Method used
trajectory method
Number of rotations
3
Gas molecules per rotation
300000
Lennard-Jones?
yes
Reduction Coef.
1.000
Molecular mass of Gas
28.00 Da
Alpha polarization
1.70 A3
Radius of gas
1.50 A
Accommodation coefficient
0
Diffuse Scattering?
yes
Reemission vel. (mean)
521.68 m/s 92% Maxwell
Timestep
150
Boxdomain (one charge)
16 A
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Structural tuning and conformational stability of aromatic
oligoamide foldamers
Riia Annala,[a] Aku Suhonen,[a] Heikki Laakkonen,[a] Perttu Permi[a,b] and Maija Nissinen*[a]
Abstract: A series of aromatic oligoamide foldamers with two or
three pyridine-2,6-dicarboxamide units as their main folding motifs
and varying aromatic building blocks as linkers have been
synthetized to study the effects of the structural variation on the
folding properties and conformational stability. Crystallographic
studies showed that in the solid state the central linker unit either
elongates the helices and more open S-shaped conformations,
compresses the helices to more compact conformations or acts as a
rigid spacer separating the pyridine-2,6-dicarboxamide units, which
for their part add the predictability of the conformational properties.
Multidimensional NMR studies showed that, even in solution,
foldamers show conformational stability and folded conformations
comparable to the solid state structures.

Introduction
During the last decades our understanding about biological
processes, such as the catalytic activity and selectivity of
enzymes, has greatly increased. This understanding has
brought numerous new opportunities for chemists to learn from
and adapt towards chemical applications. Synthetic biomimetic
oligomers known as foldamers aim to combine the advantages
of biological polymers to the favourable properties of synthetic
oligomers, such as endurance of varying temperatures, pH and
salt concentrations, and possibility to function in organic
solvents.[1,2] Their structural rigidity obtained by, for example,
repeating aromatic moieties connected by amide or urea bonds
allows smaller size and a simpler design of the molecules and
adds predictability and stability to their folding and secondary
structures, which is the basis for potential applications of
foldamers.[3]
A number of different types of aromatic oligoamides have been
studied both in solution and in the solid state giving indication on
how structural features and interactions affect the folding and
conformational properties.[4] In solution the folding properties are
greatly affected by competitive interactions with solvent, thus
diminishing the predictability of the folding in solution.[5] In the
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solid state, on the other hand, the requirement of the closest
packing and possibility of small molecule inclusion either in the
interstice between the foldamers or inside the fold, may alter the
folding and conformational properties.[6,7] The properties of
aromatic foldamers, such as the flexibility[8], water solubility[9]
and overall conformation[10] as well as diameter[11] and chirality[12]
of the helix, have been tuned by the addition of different types of
monomers. The most common trend has been the addition of
aliphatic monomers to make heterogeneous foldamers[13,14] but
also foldamers with different aromatic sequences have been
made to create, for example, foldamer capsules[15] and selective
receptors[16].
The pyridine-2,6-dicarboxamide unit is one of the structural
motifs used as a turn unit to impose helical conformations on
oligomers.[17] Our previous studies with a series of aromatic
oligoamides (4-5 aromatic rings) with a pyridine-2,6dicarboxamide center have shown that this type of short
foldamers reliably adopt two, almost equally stabile folded
conformers with only small variances in their hydrogen bonding
and structural features.[18-20] Which conformer, denoted as @ or
S according to their overall shape (Scheme 1),[21] prevails
depends on the chemical structure of the foldamer as well as
environment, such as crystallization conditions and solvent. The
conformers and folding of these molecules are based on
intramolecular hydrogen bonding between the amide groups and
the pyridine-2,6-dicarboxamide unit, which forms a suitable
niche for multiple interactions, whereas aromatic interactions
seem to play a minor role in the folding preferences of the
oligoamides. Interestingly, the @ conformer with three
intramolecular hydrogen bonds forming to a single carbonyl
oxygen, resembles closely an oxyanion hole motif found in the
active sites of certain enzymes.[22] Artificial, non-peptidic models
for oxyanion hole are not common, as only a few examples of
amide and ester carbonyls motifs as acceptors for multiple
hydrogen bonds have been described.[23] Thus, aromatic
oligoamide foldamers possess great potential as structural and
functional mimics of enzyme catalysts.
In our current study, we show that the oxyanion hole motif and
the folding patterns are preserved, when the size of the foldamer
increases and the number of pyridine-2,6-dicarboxamide units is
doubled or tripled (Scheme 1). The spacer unit separating the
pyridine-2,6-dicarboxamide units affects the overall folding of the
foldamer by preventing certain geometries and/or inducing
helicity or compact conformations by participating in
intramolecular hydrogen bonding. This indicates that
conformational adaptability of foldamers can be controlled with
suitable spacers without losing the essential folding motifs and
potential binding sites, such as oxyanion hole motif.

Results and Discussion
A series of five oligoamide foldamers (7-9 aromatic rings) were
synthetized applying the procedures described in our previous
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papers18-20 (see SI for details). The conformational features and
the stability of the fold and oxyanion hole motif were studied in
the solid state by X-ray crystallography and compared with the
solution state information obtained by multidimensional NMR
spectroscopy. In foldamers 1-3 two pyridine-2,6-dicarboxamide
units are separated by 1-3 ortho-substituted phenyl rings and 02 amide bonds, whereas in foldamers 4 and 5 either a third
pyridine-2,6-dicarboxamide center or its phenyl analogue are
used as a spacer. The ortho substituted phenyl rings of
foldamers 1-3, especially three consequent rings, act as a linear
type of spacer, whereas meta substituted centers of 4 and 5
automatically cause a different type of overall fold, which in the
case of the pyridine-2,6-dicarboxamide center of 5 leads to a
helical fold stabilized by intramolecular hydrogen bonding to
pyridine.

Scheme 1. Chemical structures of the foldamers 1-5 including notifications of
benzene and pyridine rings and numbering of C=O and NH groups. The
spacer groups are circled with dotted lines. A schematic presentation of two
observed folding patterns around pyridine-2,6-dicarboxamide center (bottom
row).

Solid state conformations
The crystallization studies of the foldamers resulted in 17
different crystal structures. All of the crystal structures obtained
for 1-5 were solvates, which indicates that folded molecules
cannot pack very efficiently due to their complex and awkward
shape. In the structures of foldamers 1-3 and 5 at least one of
the pyridine-2,6-carboxamide units adopts the predicted folded
@ conformation (Scheme 1; Table 1; Table S-3 in SI) by 2-3
hydrogen bonds from adjacent C=O group to NH groups next to
pyridine ring, thus retaining the desired oxyanion hole motif.
Foldamer 4 is the only exception to this as both pyridine-2,6dicarboxamide centers are in a more open S conformation.
Table 1. 17 solvate structures of the foldamers 1-5 and the
conformations of the pyridine centers
Structure
Center P1 Center P2 Notes
1-DMA-H2O
@
@
isomorphous
1-MeCN-H2O
1-DMF-H2O
1-MeOH
1-DMSO
1-DCM

@
@
@
S

@
@
@
@

2-MeCN
2-EtOAc

@

S

2-DCM
2-DMSO
3-DMA
3-DMSO
4-EtOAc

@
@
@
@
S

S
S
@
@
S

5-Ac
5-DCM
5-DMF

@

@

5-CHCl3

S

@

isomorphous

trans
cis
isomorphous

Foldamer 1
Altogether six single crystal structures of the foldamer 1 were
obtained (see SI for crystallization details), but only two
variations of overall conformation were observed. The
isomorphous structures of 1-DMA-H2O and 1-MeCN-H2O adopt
an overall tight helical conformation with both pyridine centers in
an @ fold (@/@; Figure 1). The conformations of 1-DMSO, 1MeOH and 1-DMF-H2O solvates are also similar with both
pyridine centers in @ fold (see ESI Figure S-1 for an overlay of
all @/@ structures). In these structures either one (1-MeOH) or
both (1-DMA-H2O, 1-MeCN-H2O, 1-DMF-H2O and 1-DMSO) of
the outmost phenyl rings have a CH-π interaction with the
spacer phenyl ring. 1-DCM solvate has a less folded structure,
as one of the pyridine-2,6-dicarboxamide centers adopts an
open S fold whereas the other one is in an @ fold (@/S; Figure
1). The outmost phenyl ring of the @ folded part of the molecule
interacts with the spacer phenyl ring via CH-π interaction (3.041
Å) like in the other structures.
The crystal packing in all structures of foldamer 1 is based on
intermolecular hydrogen bonding. In isomorphous @/@-
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structures (1-DMA-H2O and 1-MeCN-H2O) and in 1-DMF-H2O
structure two water molecules connect two foldamers into pairs
via bifurcated hydrogen bonds (OHw…O=C; graph set 𝑅"" (20))
and further to chains formed by these pairs (NH1…Ow, graph
sets 𝐶$$ (13) and 𝑅"" (20); Figure 1). The pairing is enhanced by ππ stacking between the pyridine centers P1 of the adjacent
molecules. The solvent (DMA, MeCN or DMF) is hydrogen
bonded to the outer groove of the fold (NH6…Solvent; D(2)
motif). The difference of the crystal structures of isomorphous
structures and 1-DMF-H2O comes from the efficiency of packing.
In 1-DMA-H2O and 1-MeCN-H2O there is π-π stacking between
the end phenyl rings (D), which is prevented in 1-DMF-H2O
structure by the inclusion of one extra solvent molecule between
the rings (See SI Figure S-2). In 1-DMSO solvate the
intermolecular hydrogen bonds orient to two DMSOs, which fill
the interstice between the foldamers. The foldamers still pack
into layers: the grooves of the folds assemble parallel to each
other and interact via π-π interactions (See SI; Figure S-2).

In 1-DCM and 1-MeOH solvates there are direct hydrogen
bonds between the foldamers as two intermolecular hydrogen
bonds between NH1 and C=O2 groups (𝑅"" (14) motif) connect
the foldamers into pairs. In case of the more open @/S
conformation of 1-DCM structure, this leads to a niche for a
disordered solvent molecule inside the pair of the awkwardly
shaped molecules (Figure 1). In 1-MeOH solvate the pairs are
further connected to chains via solvent mediated hydrogen
bonds from MeOH to NH6 of one foldamer and C=O4 of the next
pair (see SI Figure S-2).

Figure 2 The conformations of 2-MeCN (top left) and an overlay presentation
of the structures of 2-DMSO (orange) and 2-DCM (green; top right). The
crystal packing of 2-DCM (middle) and 2-DMSO (below). Solvents are shown
with space filling model and hydrogen bonds with turquoise bonds.
Nonbonding hydrogens and disorder have been omitted for clarity.

Figure 1 The conformations and schematic presentations of folding of 1-DMAH2O (top left) and 1-DCM (top right). Crystal packing of 1-DMA-H2O (middle)
and 1-DCM structures (below) showing the inclusion of solvents and
intermolecular hydrogen bonding motifs (turquoise lines and graph set
notifications). Nonbonding hydrogens and disorder have been omitted for
clarity and solvents are shown with space fill model.

Foldamer 2
Four different single crystal structures of foldamer 2 were
obtained from acetonitrile, ethyl acetate, dichloromethane and
DMSO solutions. Two of these structures, the MeCN and the
EtOAc solvates (2-MeCN and 2-EtOAc), are isomorphous and
the differences between all four structures are minor. In all four
structures the P2 pyridine-2,6-dicarboxamide center adopts an
@-fold, whereas the P1 center is in S-fold (Figure 3). The overall

FULL PAPER
conformation is compact, almost helical structure where two
pyridines have parallel displaced π-interactions with each other
and the end of the S-fold surrounds the helical part. The
similarities are facilitated by the unsymmetrical linker unit, where
the C=O4 group prefers to form the S-fold by hydrogen bonds to
the NH groups of the pyridine-2,6-dicarboxamide unit P1 (graph
set motifs S(6) and S(12)). The outmost NH1 finishes the S-fold
by a hydrogen bond to O2 (S(7) motif; 2-DCM) or to O5 of the
pyridine-2,6-dicarboxamide center P2 (S(20) motif; other
solvates), which leads to slight difference in the orientation of the
outmost phenyl ring. The @ folds around pyridine center P2 in
isomorphous 2-MeCN and 2-EtOAc structures and in 2-DCM
solvate are based on typical three hydrogen bonds between the
outmost C=O group (O7) and NH groups of the P2 unit (S(7) and
S(13) motifs) and to the next NH group (NH4) in the linker (S(16)
motif). In 2-DMSO, however, the third hydrogen bond is missing
as the amide NH4 is hydrogen bonded to solvent (D(2) motif).
Also in the case of foldamer 2 the crystal packing is based on
the pairing of molecules via direct intermolecular hydrogen
bonding (NH7…O6; 𝑅$$ (14) motif; Figure 2). The solvents are
located inside the cleft formed by two hydrogen bonded pairs of
foldamers (DCM) or interstice in the crystal lattice (EtOAc and
MeCN) (See SI Figure S-4). The exception to pairwise hydrogen
bonding is the DMSO solvate, as DMSO disrupts this pattern
and the intermolecular hydrogen bonds to two DMSO molecules
(from NH7 and NH4 to O10A and O30A; D(2) motifs).

Foldamer 3
Two single crystal structures of the foldamer 3 were obtained
from crystallizations in DMA and DMSO solution. Both structures
have two @-folded pyridine-2,6-dicarboxamide units with typical
hydrogen bonding patterns (S(7) and S(13) motifs), but the
foldamer 3 does not have an overall helical conformation
because the linker group constituting of three ortho-substituted
phenyl rings is fairly rigid, thus separating the ends of the
foldamer as independent folds, which can orient differently in
respect to the spacer unit. The two conformers observed in the
crystal structures are indeed distinctly different (Figure 3). In 3DMSO solvate the pyridine-2,6-dicarboxamide units of the
molecule turn on the same side of the spacer (cis) giving a
foldamer a bowl-like overall conformation with a solvent
accessible cavity occupied by a disordered DMSO which is
hydrogen bonded to NH4. The foldamer molecules are
connected head-to-tail manner into continuous chains
(NH8…O6; C(11) motif and NH1…O4; C(16) motif; Figure 3). In
3-DMA solvate the pyridine-2,6-dicarboxamide units are oriented
on the different sides of the linker group (trans), which leaves
the center of the foldamer open for interaction with solvents and
enables the packing into ladder-like chains via direct
intermolecular hydrogen bonding (O3…HN8) on one side and
via solvent mediated hydrogen bonds on the other side
(NH1…Os…HN5; Figure 5). Two DMA molecules are nested in
between the directly hydrogen bonded foldamer pair and have
intermolecular hydrogen bonds to the NH4 of the foldamers
(NH4…Os). The conformational difference between the two
solvates may be caused by the efficiency of packing, as nearly
planar DMA enables denser packing than DMSO, as well as the
hydrogen bonding preferences in each case.
Foldamer 4
The only crystal structure of foldamer 4 was obtained from ethyl
acetate. The conformation is symmetrical with two S folds
oriented on the opposite sides of the central phenyl ring. The
meta-substituted spacer of foldamer 4 is not as planar and rigid
as the ortho-substituted analogue of the foldamer 3, which might
be a reason for the preference of S folds. The conformation is
stabilized to a compact entity by an additional intramolecular
hydrogen bond from outmost carbonyl C=O (O1 and O8) to
central NH groups (NH5 and NH4, respectively). The packing of
4-EtOAc is based on continuous chains formed by
intermolecular hydrogen bond from O3 and O6 to NH4 and NH5
of the neighboring foldamers. Two disordered EtOAc molecules
fill the interstice between the chains.

Figure 3 The solid state conformations and crystal packing of 3-DMA (top left
and middle) and 3-DMSO (top right and below) showing the trans and cis
orientations of pyridine-2,6-dicarboxamide centers in respect to spacer unit.
Non-bonding hydrogens and disorder have been omitted for clarity and the
solvents are shown with space fill model.

Foldamer 5
Four single crystal structures of the foldamer 5 were obtained,
three of which (5-Ac, 5-DCM and 5-DMF) are isomorphous and
nearly helical structures with the outmost pyridine-2,6dicarboxamide units adopting an @ fold. In this case, the fold is
stabilized by only two hydrogen bonds (S(7) and S(13) motifs)
as additional hydrogen bonds are prevented because of
hydrogen bonds to the pyridine-2,6-dicarboxamide center P3 at
the spacer unit. This center facilitates significantly helical-type of
folding by forming a third center for intramolecular hydrogen
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bonds. The helical folding of the foldamer leaves several
hydrogen bonding groups exposed at the outer surface of the
fold, which enables the formation of a complex intermolecular
hydrogen bond network. The foldamers form pairs with two
hydrogen bonds (NH8…O7) and these pairs are further
connected to the chains of pairs via hydrogen bonds (NH1…O6)
which connects each foldamer to three other foldamers; to one
with two hydrogen bonds, to two with one hydrogen bond.

shaped overall conformation, respectively. Both these
conformations have an intrinsic niche or cavity for binding small
guests, which is seen as solvent inclusion. In foldamers 1 and 2
the spacer is shorter and such individual behaviour of pyridine2,6-dicarboxamide units is not possible. In foldamer 1 the short
phenyl spacer plays only a minor role in conformational
preferences and four different crystal forms with two distinctly
different overall conformers are hence likely caused by packing
effects. The foldamer 2, on the other hand, has unsymmetrical
spacer which exclusively favors @/S conformation in the solid
state and the differences in overall conformations of different
crystal structures are only minor.

Figure 4 Conformation and crystal packing of 4-EtOAc. The conformation of
the foldamer 4 is very compactly folded and the solvents fill the interstice
between the chains of foldamers. Non-bonding hydrogens and solvent
disorder have been omitted for clarity. Solvents are shown with space fill
model and hydrogen bonds with turquoise.

In 5-CHCl3 solvate, however, the overall conformation is less
folded and bowl-like, as pyridine-2,6-dicarboxamide center P1
adopts an S fold. The bowl-shaped molecule is occupied by the
ends of the neighboring foldamers and solvents. The mutually
included assembly is further strengthened by intermolecular
hydrogen bonds between a pair of foldamers occupying each
other’s cavities (H8N…O7; 𝑅$$ (14) motif). The hydrogen bonded
pairs pack together in a 2D plane by π-stacking from the sides of
the bowls. The gaps between the 2D planes are filled with
disordered solvents.
Structural comparison of the compounds
The solid state structures of a series of foldamers 1-5 show that
the hydrogen bonding and the folding patterns of the pyridine2,6-dicarboxamide units are reliably the same as observed with
shorter oligoamide foldamers with only one pyridine-2,6dicarboxamide unit.18-20 The role of the spacer unit for the overall
conformation becomes evident, when comparing foldamers 1-3.
In foldamer 3 the rigidity of the spacer separates the pyridine
centers to act like individual folding centers and hinder the
formation of S folds in the solid state. The position of individual
centers in respect to relatively long, linear and rigid spacer may
be either cis or trans, which induces either Z-shaped or bowl-

Figure 5 The conformations and packing of 5-Ac (top left and middle) and 5CHCl3 (top right and below). Aromatic hydrogens have been removed for
clarity.

Changing the substitution positions of the central phenyl ring
from ortho to meta in foldamer 4 increases the flexibility of the
molecule which changes both the overall conformation and
behaviour of pyridine-2,6-dicarboxamide units. More flexible
linker part enables the formation and stabilization of S folds by
additional intramolecular hydrogen bonds. The overall
conformation, however, is relatively compact. It is not possible to
make any definite conclusions about the conformational stability
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and prevalence as only one crystal structure of foldamer 4 was
obtained.
Introducing a third pyridine-2,6-dicarboxamide unit as a spacer
in foldamer 5 changes the intramolecular hydrogen bonding
significantly, which is seen as a reduction of number of hydrogen
bonds from three to two in @ folded conformations of pyridine
centers P1 and P2. The foldamer 5 can be seen as an extended
version of foldamer 1 and they indeed share similar types of
conformations (Figure 6). The foldamer 1 and 5 both have
helical solvate structures and one more open structure. The
difference between the two conformations observed is probably
due to solvent interactions and packing.

and 1-DCM the correlation is stronger in the @/@-conformation.
Another observation supporting the conclusion about a folded
conformation is the correlation b, which is an interaction
between the hydrogens of aromatic ring B or C and pyridine ring
P2 or P1. This correlation is also possible in both @/@- and
S/@-conformations.

Figure 6 Comparison of the different conformations of foldamer 1 (green) and
foldamer 5 (orange): a) comparison between the helical structures of 1-DMAH2O and 5-Ac. b) Comparison between the open structures of 1-DCM and 5CHCl3.

Solution state studies
Solution state studies were performed for foldamers 1-5 to
compare their solution state conformations with their solid state
structures and to see, if the solid state motifs are observed in
solution. To this end, a suite of 2D of homo- and heteronuclear
correlation experiments was employed in addition to 1D 1H NMR
and 13C NMR experiments to yield a complete resonance
assignment to all foldamers (see SI for details). 2D NOESY
spectra were measured to obtain through space internuclear
connectivities for conformational analysis. DMSO-d6 was used
as solvent in all samples. The 2D NOESY spectra show that the
foldamers adopt folded conformations in the solution and in the
case of foldamers 3-5 the data is fairly consistent with
conformations seen in the crystal structures.
In the case of foldamer 1 the correlations show that the
compound has a folded structure, but the correlations fit both
solid state conformations equally well (see ESI Table S-3 for a
detailed list of correlations). Two of the correlations, however,
support the conclusion that the foldamer is folded also in
solution (Figure 7a). The correlation a shows an interaction
between the hydrogens of aromatic ring A or D and the amide
NH3 or 4. This correlation is possible in both @/@- and S/@conformations although based on the crystal structures 1-DMSO

Figure 7 Selected NOE correlations of foldamers 1-5 shown in relation to
relevant crystal structures. In symmetric foldamers only one set of correlations
is shown. Correlations are marked with green if they are seen in the crystal
structure and with red if they are not seen in the crystal structure

The solution state conformation of foldamer 2 is likely to deviate
from the one observed in the solid state. The correlations of the
one half of the foldamer match the solid state conformation,
while the other end does not correspond to any of the
interactions seen in the crystal structures. The deviating
correlations a-e are all located at the pyridine center adopting
the S-conformation in the crystal structure (Figure 7b; left side of
the molecule, red lines). If the solution state conformation
corresponded to the crystal structures, the correlation a should
be found between NH1 and hydrogens on the opposite side of
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the aromatic ring S2 (para position to NH4 and NH5). Instead,
the correlation is seen between NH1 and S2 hydrogens next to
the amide groups. The same difference is observed with the
correlation c (NH2) with respect to the orientation of ring S2.
Correlation b between NH2 and aromatic ring A hydrogens is not
possible in the crystalline state conformation, which indicates
different orientation towards the end of the molecule compared
with the crystal structures. Correlation d between NH2 and
aromatic ring D hydrogens and correlation e between NH3 and
aromatic ring A hydrogens further confirm the tighter and more
folded orientation of the molecule end in solution. Correlations f-i
(f = NH4 - D; g = NH5 - S1; h = NH5 – D; i = NH6 - S1)
correspond well to the @-folded pyridine-2,6-dicarboxamide
center of the crystal structures (Figure 7b; the right side of the
molecule, green lines). These results indicate that the
conformation of foldamer 2 in solution is probably @/@ instead
of @/S that is exclusively seen in all crystal structures.
The NOE correlations a-f of foldamer 3 agree well with the @
folds of the crystal structures (Figure 7c, Table 2). Additionally, a
strong correlation (g) between the aromatic hydrogens of rings B
and S2 suggests that the structure resembles the crystal
structure 3-DMSO where the pyridine centers are in cis
orientation with respect to the spacer. Given that DMSO was
used as a solvent both in the solution and solid state studies, the
observed similarities between the crystal structure and the NMR
data are somewhat expected. Based on the roughly similar
correlations of symmetrically equivalent bonds (see ESI Table S3), the conformation is nearly symmetrical in solution like in the
solid state structure of 3-DMSO. The correlation f, however,
differs from the distances of the crystal structures. This can be
explained by permanent hydrogen bonding to solvent DMSO in
the crystal structure. Another minor difference between the
solution and solid state structures is the stronger correlation a
between NH1 and NH3 in solution. The NMR spectra also show
some peaks, which could be identified as an additional solution
state conformation. No clear NOE correlations, however, that
could be used to determine the features of this conformation
were identified.
The characterization of the solution state conformation of
foldamer 4 was difficult because of many overlapping
interactions and the presence of a second minor conformation in
solution. Correlations a-d from NH2/7 and NH3/6 protons to
aromatic hydrogens still indicate a folded conformation (Figure
7d, Table S-3 in SI). Due to overlapping peaks of S2 and P1/P2
hydrogens and S2 and A/D hydrogens, however, it is not
possible to unambiguously determine the conformations or how
well they correspond to the solid state structure.
NOESY spectra of foldamer 5 show several correlations that
confirm a folded solution state conformation (Figure 7e, Table S3 in ESI). Most of these correlations (b-f) are in agreement with
both conformations observed in the crystal structures, while two
correlations (g = P1-S2 and h = P3-D) narrow the conformation
to resemble the @/@ structure, which is also more prevalent in
the solid state. Correlation a, however, does not correspond to
any of the interactions seen in the crystal structures. This
suggests that although the solution state conformation
resembles the helical @/@ conformation, it is still slightly

different with respect to the orientation of the end of the
molecule in the solid state. Alternatively, fast conformational
exchange on the NMR timescale may take place between
different structures.

Conclusions
Foldamers 1-5 with two or three pyridine-2,6-dicarboxamide
centers and varying linker groups as their structural components
show reliable folding patterns and stability of the desired
oxyanion hole motif in respect to pyridine-2,6-dicarboxamide
centers both in solution and in the solid state. Additionally, the
number of pyridine-2,6-dicarboxamide centers can be multiplied
without losing the essential structural features. The overall
conformation of the foldamer varies depending on the linker unit.
Foldamer 1 and foldamer 5, which is an extended version of 1,
have similar ubiquitous helical conformations (@/@), but also
alternative, more open structure in the solid state (@/S),
probably caused by solvent effects during the crystallization. In
the case of foldamer 1, no conclusive information about the
solution conformation could be obtained, whereas in case
foldamer 5 the prevalent conformation in solution appears to be
@/@. The unsymmetrical linker unit of foldamer 2 directs the
foldamers to have similar compact helical conformations in the
solid state, whereas NOESY spectra indicate more folded @/@
type of conformer in solution. The flexibility of the metasubstituted linker group in foldamer 4 enables compact Sshaped folded conformation with additional intramolecular
hydrogen bonds in contrast to the rigid ortho substituted spacer
of foldamer 3 which enables the @-folded pyridine-2,6dicarboxamide units to orient in either trans or cis in relation to
the center. The flexibility of foldamer 4 was also seen in solution,
as no conclusive conformational information could be obtained
and a possibility of alternative conformers was observed in NMR
spectra.
Our future studies will orient toward utilizing extended foldamers
as anion hosts utilizing their conformational predictability, and on
the other hand, conformational adaptability without losing the
binding site structure, which creates a suitable binding site for,
for example, halogen anions.[24] Additionally, anion binding
capacity together with the resemblance to oxyanion hole motifs
of enzymes provides excellent basis for future studies as
enzyme-mimicking organocatalysts.

Experimental Section
Materials and methods
The synthesis and characterization details of foldamers 1-5 are
presented in ESI. All starting materials were commercially available and
used as such unless otherwise noted. Analytical grade solvents and
Millipore water were used for crystallizations and slurries. NMR spectra
were measured with Bruker Avance DPX250 MHz, Bruker Avance DRX
500 MHz or with Bruker Avance III HD 800 MHz spectrometer and the
chemical shifts were calibrated to the residual proton and carbon
resonance of the deuterated solvent. Melting points were measured in an
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Table 3. Crystal data and data collection parameters. The data of the isomorphous structures and the data of the structures 1-DMF-H2O and 1-MeOH are
presented in ESI.

Formula
-1

M/gmol
Crystal system
Space group
a/Å
b/Å
c/Å
α/º
β/º
γ/º
V/Å3
Z
ρcalc/g cm-3
µ/mm-1
F(000)
Crystal size/mm
2θmax/°
T/K
Radiation
λ/Å
Monochromation
Absorption correction
Abs. cor. program
Refinement programs
Meas. reflns
Indep. reflns
Parameters
Rint
R1 [I> 2σ(I)]
wR2 [I> 2σ(I)]
GooF on F2
d. peak/ hole/eÅ-3

Formula
-1

M/gmol
Crystal system
Space group
a/Å
b/Å
c/Å
α/º
β/º
γ/º
V/Å3
Z
ρcalc/g cm-3
µ/mm-1
F(000)
Crystal size/mm
2θmax/°
T/K
Radiation
λ/Å
Monochromation
Absorption correction
Abs. cor. Program
Refinement programs
Meas. reflns
Indep. reflns
Parameters
Rint
R1 [I> 2σ(I)]
wR2 [I> 2σ(I)]
GooF
d. peak/ hole/eÅ-3

1-DMA-H2O

1-DMSO

1-DCM

2-MeCN

2-DCM

C46H34N8O6•
C4H9NO•H2O
899.95
Triclinic
P-1
11.7500(4)
12.2120(6)
17.0988(6)
105.575(4)
99.439(3)
100.534(4)
2263.99(17)
2
1.320
0.092
944
0.18x0.10x0.10
58.412
173
Mo-Kα
0.7107
mirror
Multi-scan
CrysAlisPro
ShelXle
30246
10756
650
0.0269
0.0487
0.1071
1.033
0.217 and -0.242

C46H34N8O6•
2(C2H6OS)
951.07
Monoclinic
P21/c
16.1850(4)
20.8963(3)
15.4316(4)
90
117.981(3)
90
4609.0(2)
4
1.371
1.587
1992
0.22x0.10x0.02
148.778
123
Cu-Kα
1.5418
mirror
Multi-scan
CrysAlisPro
ShelXle
27685
9190
635
0.0331
0.0379
0.0956
1.032
0.499 and -0.375

C46H34N8O6•
CH2Cl2
879.74
Monoclinic
P21/c
21.4224(4)
8.59628(14)
23.4432(5)
90
98.435(2)
90
4270.44(14)
4
1.368
0.213
1824
0.26x0.08x0.08
50.698
173
Mo-Kα
0.7107
mirror
Multi-scan
CrysAlisPro
ShelXle
13910
7760
614
0.0236
0.0495
0.1006
1.020
0.487 and -0.468

C53H39N9O7•
1.5(C2H3N)
975.51
Triclinic
P-1
9.6033(3)
14.7566(6)
18.3628(10)
66.954(4)
83.106(4)
82.514(3)
2367.33(19)
2
1.369
0.761
1018
0.28x0.12x0.02
153.886
123
Cu-Kα
1.5418
mirror
Multi-scan
CrysAlisPro
ShelXle
15013
9464
683
0.0265
0.0430
0.1065
1.037
0.255 and -0.407

C53H39N9O7•
CH2Cl2
998.86
Triclinic
P-1
11.7016(3)
12.8693(3)
17.0721(5)
70.042(2)
86.966(2)
76.8250(10)
2352.04(11)
2
1.410
0.205
1036
0.32x0.14x0.14
57.28
173
Mo-Kα
0.71073
graphite
Multi-scan
Denzo-SMN 1997
SHELXL-97
23446
12030
670
0.0449
0.0648
0.1454
1.070
0.463 and -0.732

3-DMA

3-DMSO

4-EtOAc

5-Ac

5-CHCl3

C60H44N10O8•
2(C4H9NO)
1207.29
Triclinic
P-1
13.4719(11)
16.0247(8)
16.1687(13)
115.068(6)
104.451(7)
93.334(5)
3007.8(4)
2
1.333
0.749
1268
0.227x0.145x0.44
152.686
123
Cu-Kα
1.5418
mirror
Analytical
CrysAlisPro
ShelXle
17709
11797
877
0.0306
0.0513
0.1323
1.047
0.322 and -0.348

C60H44N10O8•
C2H6OS
1111.18
Triclinic
P-1
9.4954(3)
14.7041(5)
20.5624(5)
80.211(2)
77.542(2)
75.175(3)
2689.91(15)
2
1.372
1.119
1160
0.216x0.176x0.100
154.112
123
Cu-Kα
1.5418
mirror
Analytical
CrysAlisPro
ShelXle
20331
11025
810
0.0249
0.0491
0.1311
1.019
1.021 and -0.314

0.5 C60H44N10O8•
0.5(C4H8O2)
1121.15
Monoclinic
C2/c
30.8937(6)
8.3612(2)
22.6973(4)
90
108.423(2)
90
5562.4(2)
4
1.339
0.093
2344
0.360x0.222x0.134
28.950
123
Mo-Kα
0.71073
mirror
Multi-scan
CrysAlisPro
ShelXle
18883
6458
477
0.0138
0.0435
0.1149
1.062
0.514 and -0.230

C59H43N11O8•
0.16(C3H6O)
1043.57
Triclinic
P-1
11.8122(4)
12.4913(4)
18.8041(6)
91.549(3)
108.190(3)
102.989(3)
2554.26(14)
2
1.357
0.764
1086
0.20x0.10x0.08
153.988
123
Cu-Kα
1.5418
mirror
Multi-scan
CrysAlisPro
ShelXle
40504
10625
765
0.0266
0.394
0.1007
1.025
0.260 and -0.257

C59H43N11O8•
CHCl3
1153.41
Triclinic
P-1
13.0605(2)
13.21636(19)
22.8823(3)
79.6980(12)
82.4084(12)
63.0169(16)
3357.19(10)
2
1.108
1.647
1192
0.343x0.168x0.138
153.984
123
Cu-Kα
1.5418
mirror
Analytical
CrysAlisPro
ShelXle
69781
14337
791
0.0305
0.0751
21.63
1.045
0.489 and -0.509
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open capillary using a Stuart SMP30 melting point apparatus and are
uncorrected. ESI-TOF mass spectra were measured with a LCT
Micromass spectrometer.

J. Léger, C. Dolain, P. Guionneau, I. Huc, Tetrahedron 2003, 59, 83658374; d) X. Hu, S. J. Dawson, Y. Nagaoka, A. Tanatani, I. Huc, J. Org.
Chem. 2016, 81, 1137-1150.
[5]

X-Ray Crystallography
The crystal data and data collection parameters are presented in Table 3
and in ESI (isomorphous structures and the structures 1-DMF-H2O and
1-MeOH). General procedure for crystallization: 5-50 mg of foldamers
were dissolved in 0.1-6 ml of solvent. Heating and stirring were used to
help the dissolving process. After the compounds had dissolved the
solutions were allowed to evaporate at room temperature until the
crystals formed. The details of crystallization and refinement are
presented in ESI. Single crystal X-ray diffraction data of structures 1MeCN-H2O and 2-DCM were measured with a Bruker Nonius KappaCCD
diffractometer using a Bruker AXS APEX II CCD detector. Single crystal
structures 1-MeOH, 1-DMSO, 2-MeCN, 2-EtOAc, 2-DMSO, 3-DMA, 3DMSO, 5-DCM, 5-Ac, 5-DMF and 5-CHCl3 were measured with an
Agilent Supernova Dualsource diffractometer and an Agilent Atlas CCD
detector. Single crystal structures 1-DMF-H2O, 1-DMA-H2O, 1-DCM and
4-EtOAc were measured with an Agilent Supernova diffractometer using
an Agilent Eos CCD detector. All structures were solved with direct
methods and refined using Fourier techniques. All non-hydrogen atoms
were refined unisotropically, except for one acetonitrile in the structure 2MeCN, which was refined isotropically due to disorder. The hydrogen
atoms were placed in idealized positions except for the N-H and H2O
hydrogen atoms which were found from the electron density map. N-H
hydrogen H5NB of structure 3-DMSO was placed in an ideal position,
and included in the structure factor calculations. SQUEEZE was used on
structure 5-CHCl3 to remove severely disordered CHCl3 molecules that
could not be modelled. Details of the crystal data and the refinement are
presented Supporting information. Graph set symbols[25] for hydrogen
bonding were assigned and used to compare the hydrogen bonding
between the different crystal structures. CCDC 1555244-1555260
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic
Data
Centre
through
www.ccdc.cam.ac.uk/data_request/cif.
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Aromatic oligoamide foldamers containing a central pyridine-2,6-dicarbonyl motif are partially preorganized to favor the
binding of the fluoride anions. In the solid state the foldamer-fluoride complexes form achiral, polar and chiral crystal
structures depending on the chemical structure of the foldamer. One of the six foldamers studied here, a C2v symmetrical
foldamer 1, formed repeatedly chiral crystal structures when crystallized with tetra-butylammonium fluoride showing
supramolecular bulk chirality and symmetry breaking in crystallization.

Introduction
Host-guest systems, which change conformation upon an
external stimulus represent a fascinating class of responsive
molecules with potential applications in sensing and as
1,2
molecular machines.
Synthetic spontaneously folding
molecules, or simply foldamers, form helical structures via
intramolecular interactions, but also with the help of external
stimulus, such as binding of guest molecules or ions within the
3
foldamer.
Recently foldamers have been used as
4,5
supramolecular hosts for anions. Complexation of achiral
anions (halides and sulfate) has induced a change in the
6,7
helicity of foldamers, and produced a helical fold of a linear
8
amide receptor in the solid state. Chiral guests, on the other
9
hand, have induced chiral folding of dipyrrolyl receptors. The
cases where achiral foldamers adopt a chiral structure instead
of racemic mixture in solution or in the solid state, however,
3,10
are scarce
since single helicity is usually induced by chiral
11
substituents within the foldamer scaffold or through binding
2,12
of a chiral guest .
Emergence of chiral solid state structures from flexible achiral
13
building blocks is an interesting phenomena illustrating how
folding induced molecular level chirality is transferred to
macroscopic scale. The induction of helical chirality from
achiral components by anion binding is important, for
example, in non-linear optical applications for second14
harmonic generation and liquid crystals. Overall, about 10 %
15
of achiral components crystallize in chiral structures but

symmetry breaking, i.e. spontaneous crystallization of a
homochiral crystals instead of a racemic mixture or a
conglomerate, of the bulk sample is very rare. Known
16
17
examples include silver helicates, coordination polymers
18
and porous materials using chiral catalyst in crystallization . In
addition, it is postulated that number of nucleation events
may affect on symmetry breaking through secondary
17
nucleation.
Herein we have investigated fluoride complexes of a family of
aromatic oligoamide foldamers. The foldamers are partially
preorganized for anion complexation, yet the flexibility of the
molecules is evident from the versatility of molecular
conformations in the solid state structures of the free
foldamers and their solvates, as observed in our previous
19,20
studies.
The fluoride complexes of achiral foldamers
formed achiral, polar and chiral crystal structures depending
on the foldamer used and one of the complexes showed bulk
homochirality.

Results and discussion
An achiral C2v symmetrical foldamer 1 with a central pyridine2,6-dicarbonyl motif and four amide groups has a mirror plane
running perpendicular to the central pyridine ring (Fig. 1). In
the solid state foldamer 1 adopts a protohelical conformation
(defined as an @-conformation) with three intramolecular
hydrogen bonds to a single carbonyl group rotated towards
19,20
the central pyridine ring.
In previously characterized 12
different crystal forms of 1, the foldamer has adopted both
left-handed (M) and right-handed (P) helices forming
20,21
centrosymmetric structures.
The folding properties of an
asymmetric foldamer derivative 2 with an electron
withdrawing p-cyano substituent at the end of the molecule
(point group Cs) are similar to 1, except that the compound has
also been found in a more open S-shaped conformation where
the third intramolecular hydrogen bond forms between the
20,21
inner carbonyl group and outer amide proton.
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In order to compare the effect of the electron withdrawing
substituents to molecular folding and anion binding properties,
foldamer (3) with o-nitrophenyl rings symmetrically at the
both ends of the molecule was prepared. The synthesis was
made by coupling 2-nitrobenzoic acid and o-phenylenediamine
to produce N-(2-aminophenyl)-2-nitrobenzamide (7). A
subsequent reaction of 7 with pyridine-2,6-dicarbonyl
dichloride produced foldamer 3 with 29 % yield (see ESI for
details). Foldamer 3 crystallized in a relatively open
conformation with only two intramolecular hydrogen bonds to
the central pyridine ring (graph set notifications S(7) and S(13);
Fig. 1) and also lacking the third intramolecular bond present
in S-conformation of 2. Clearly, the nitro substituents promote
π···π interactions, which have not played a major role in the
structures of any other foldamers. Nitrophenyl and 1,2diamino rings interact via intramolecular face-to-face πstacking. In addition, several intermolecular π···π interactions
stabilize the crystal packing, unlike in any other foldamers.
The complexation of fluoride anions with foldamers 1–3 was
investigated by crystallizing the foldamers with tetra†
butylammonium fluoride yielding 1:1 host-guest complexes.
In solution strong aggregation was observed as broadening of
the NMR signals. Thus, no binding constant could be
determined or detailed solution state studies done. In
addition, fluoride complexes of two shorter foldamers 4 and 5
were crystallized as a reference. As expected, the fluoride is
bound to the interior of the foldamers 1-5 by hydrogen

Figure 1 a-b) Complex 1-TBAF (all M helical), c) 2-TBAF (M helical shown), d) 3TBAF (M helical shown), e) 4-TBAF (M helical shown) and f) 5-TBAF.
Intramolecular hydrogen bonds to the fluoride anion are shown with dashed lines.

bonding with the amide hydrogens (N···F 2.59–2.82 Å)
organizing the foldamers into helical loops around the anion
(Fig. 2). The central pyridine ring has an important role in
preorganization of the inner N-H protons towards the fluoride
binding site at the center of the molecule, as evidenced by the
comparison to a crystal structure of analogous 1,319
dicarboxamide phenyl foldamer 6,
which forms open,
sandwich-like 2:2 fluoride complex (see Fig. S-7 in ESI).
Interestingly, complex 1-TBAF formed a chiral crystal structure
(space group P212121) in which all foldamer molecules have
folded to a left-handed direction (M helicity, Fig. 2a-b). The
outermost phenyl rings of 1 contribute to the fluoride
complexation by C-H···F interactions from the ortho protons
H6 and H33 (C···F 3.21–3.25 Å, <DHA 153-162˚). The individual
complexes organize in zig-zag shaped chains where the
terminal phenyl group points towards the anion of the
adjacent complex (Fig. 3a). In order to investigate the
reproducibility of homochirality of crystals, crystallization was
repeated in the same conditions and with seed crystallization.
The resulting crystals had the same space group and cell
parameters as the reported structure, which confirmed that
fluoride complex forms reliably a chiral crystal structure.
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Figure 3 Selection of crystal packing showing significant interactions between two complex units: a) complex 1-TBAF forms chains (C31···F1 3.43 Å), b) P and M helical
complexes of 2-TBAF pack by π···π interactions (anion···π marked with a dashed bond), c) 3-TBAF forms chains via C-H···F contact, d) intermolecular N-H···O hydrogen bond in
+
4-TBAF and e) alternating layers of TBA and foldamer in 5-TBAF. Cations and anions are shown with space filling model.

The missing mirror symmetry and one p-cyano substituent of
foldamer 2 had interesting effects on the centrosymmetric
fluoride complex 2-TBAF. The hydrogen bonds are similar to
the hydrogen bonds in 1-TBAF (Fig. 2c), but 2-TBAF complexes
form both P and M helical loops, which pack as dimers via π···π
interactions between an electron poor p-cyanophenyl ring and
a phenyl ring (Fig. 3b). In addition, one of the p-cyanophenyl
groups is located at the distance of 3.90 Å from the fluoride
suggesting an anion···π interaction. The complex 3-TBAF
formed a crystal structure with polar orientation (space group
Pca21) of the N6 nitro groups along the crystallographic c-axis.
The o-nitrophenyl rings have asymmetrical torsion angles and
interactions with the fluoride anions since one of the rings has
a C-H···F contact of 3.09 Å like in complexes of 1 and 2, but the
other ring is rotated perpendicular to the anion (Fig. 2d). The
overall structure contains M and P helical complexes, which
pack in a head-to-tail fashion into chains with pyridine rings
forming short C-H···F contacts (3.10 Å, Fig. 3c).
The shorter foldamers 4 and 5 cannot completely surround the
fluoride anions, which exposes the anion to the simultaneous
ion pair interaction with countercation TBA (Fig. 2e-f and 3de). Therefore, TBA contributes to the packing of complexes
unlike in 1-TBAF – 3-TBAF, where TBA cations fill the spaces
between the foldamer chains or dimers without direct
interaction with the fluoride. In the complex 4-TBAF M and P
helices alternate in chains formed by the layers of complexes
and TBA. The structure of 5-TBAF, however, constitutes of
mutually disordered M and P folds. Therefore, it is not possible
to say, if the complex-TBA chains constitutes of one hand only
or alternating M and P folds.
Interestingly, all unsymmetrical pyridine-2,6-dicarboxamide
foldamers 2, 4 and 5 crystallize with inversion symmetry,
whereas the symmetrical 1 and 3 form non-centrosymmetric
crystal structures. Fluoride complexation, molecular folding
and weak intermolecular interactions render especially
foldamer 3 pronouncedly to an unsymmetrical conformation,
whereas the binding of the fluoride increases conformational
symmetry of 1 compared with the @-conformation of the free
host (Fig 2a).

The supramolecular chirality of 1-TBAF complexes in the
crystal structure is likely caused by weak interactions between
the adjacent complex chains and TBA cations, or the overall
shape of the complex chain. Due to the achiral structure of 1
and fluoride anion and TBA cation they are expected to form a
statistical 1:1 distribution of M and P helical complexes in the
solution, which should produce similar distribution of M and P
helical crystals. The chirality of the crystals was investigated
with circular dichroism (CD) spectroscopy by comparing three
single crystals and bulk sample of 1-TBAF crystals (Fig. 4).‡
Interestingly, all samples gave a negative Cotton effect at 245–
380 nm indicating symmetry breaking in crystallization
promoting the crystallization of the M-helical form 1-TBAF. A
control experiment where a single crystal of 1-TBAF was
dissolved in THF did not show any Cotton effect indicating that
racemic mixture forms immediately after solvation. A
computer simulation of the CD spectrum was made using the
crystal structure coordinates of 1-TBAF.
Also in this case negative Cotton effect was observed
corroborating the solid state CD measurements. The reasons
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for the symmetry breaking in crystallization may result from
very few nucleation events (very slow crystallization) after
which the chirality is transferred through the sample by
secondary nucleation. Absorption spectra of the solid 1-TBAF
revealed the extension of UV-transitions to longer
wavelengths compared to UV-spectra measured in solution
(see Fig. S-8 in ESI). The red shift in the absorption spectra is
caused by stronger intermolecular forces between complexes
in the solid state than in solution.

4
5

6
7
8

Conclusions
The crystal structures of foldamer fluoride complexes show
that the prearrangement of the pyridine-2,6-dicarboxamide
foldamers to a helical conformation allows the complexation
¶
of small halide anions , such as fluoride, with only minor
alterations to the @-shaped conformation of the foldamer.
Foldamer complexes are, however, more difficult to crystallize
than free foldamers or their solvates, as foldamer fluoride
complexes form mainly intramolecular hydrogen bonds,
whereas in free foldamer and solvate structures
intermolecular hydrogen bonds facilitate the crystal packing.
Therefore, several different packing modes for the complexes
were found depending on the electric and steric factors of the
terminal aromatic rings. This results in both centrosymmetric
and intriguing non-centrosymmetric structures. The same
helicity of all the 1-TBAF complexes within the crystal structure
results from weak interactions between the adjacent complex
chains and TBA cations, or the overall shape of the complex
chain.

9
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2OLJRDPLGHIROGDPHUVDVKHOLFDOFKORULGHUHFHSWRUV±WKH
LQIOXHQFHRIHOHFWURQZLWKGUDZLQJVXEVWLWXHQWVRQDQLRQELQGLQJ
LQWHUDFWLRQV
.DLVD+HOWWXQHQ>D@5LLD$QQDOD>D@$NX6XKRQHQ>D@-XKR,ORQLHPL>D@(OLQD.DOHQLXV>D@*HPPD$UDJD\>E@
3DEOR%DOOHVWHU>E@>F@+HLNNL07XRQRQHQ>D@DQG0DLMD1LVVLQHQ >D@

$EVWUDFW 7KH DQLRQ ELQGLQJ SURSHUWLHV RI WKUHH FORVHO\ UHODWHG
ROLJRDPLGH IROGDPHUV ZHUH VWXGLHG XVLQJ 105 VSHFWURVFRS\
LVRWKHUPDO WLWUDWLRQ FDORULPHWU\ DQG PDVV VSHFWURPHWU\ DV ZHOO DV
')7FDOFXODWLRQV7KH+105VSHFWUDRIWKHIROGDPHUVLQDFHWRQHd
VROXWLRQUHYHDOHGSDUWLDOSUHRUJDQL]DWLRQE\LQWUDPROHFXODUK\GURJHQ
ERQGLQJZKLFKFUHDWHVDVXLWDEOHFDYLW\IRUDQLRQELQGLQJ7KHOLPLWHG
VL]H RI WKH FDYLW\ KRZHYHU HQDEOHG HIILFLHQW ELQGLQJ E\ WKH LQQHU
DPLGHSURWRQVRQO\IRUWKHFKORULGHDQLRQUHVXOWLQJLQWKHIRUPDWLRQRI
DWKHUPRG\QDPLFDOO\VWDEOHFRPSOH[$OOFKORULGHFRPSOH[HV
GLVSOD\HG D VLJQLILFDQW IDYRXUDEOH FRQWULEXWLRQ RI WKH HQWURS\ WHUP
0RVW OLNHO\ WKLV LV GXH WR WKH UHOHDVH RI RUGHUHG VROYHQW PROHFXOHV
VROYDWLQJ WKH IUHH IROGDPHU DQG WKH DQLRQ WR WKH EXON VROXWLRQ XSRQ
FRPSOH[ IRUPDWLRQ 7KH LQWURGXFWLRQ RI HOHFWURQ ZLWKGUDZLQJ
VXEVWLWXHQWV LQ IROGDPHUV  DQG  KDG RQO\ D VOLJKW HIIHFW LQ WKH
WKHUPRG\QDPLFFRQVWDQWVIRUFKORULGHELQGLQJFRPSDUHGWRWKHSDUHQW
UHFHSWRU5HPDUNDEO\WKHELQGLQJRIFKORULGHWRIROGDPHUQRWRQO\
SURGXFHG WKH H[SHFWHG  FRPSOH[ EXW DOVR RSHQ DJJUHJDWHV ZLWK
 KRVWDQLRQ VWRLFKLRPHWU\

,QWURGXFWLRQ
$QLRQ ELQGLQJ E\ V\QWKHWLF UHFHSWRUV KDV PDQ\ LPSRUWDQW
ELRFKHPLFDO DQG FKHPLFDO DSSOLFDWLRQV LQ PHPEUDQH WUDQVSRUW
DQLRQUHFRJQLWLRQDQGVHQVLQJDQGWHPSODWHDVVLVWHGFDWDO\VLVRI
FRPSOH[PROHFXODUDUFKLWHFWXUHV>@$QLRQELQGLQJKDVDOVREHHQ
XVHGWRFRQWUROWKHFRQIRUPDWLRQDQGVKDSHRIDQLRQUHVSRQVLYH
PROHFXOHV DQG FRPSOH[HV LQFOXGLQJ V\QWKHWLF VHOIIROGLQJ
PROHFXOHVIROGDPHUV>@0RUHRYHUPRGXODWLRQRIWKHIROGDPHU
DQLRQ FRPSOH[HV WR KRVW PXOWLSOHDQLRQVKDV EHHQ VWXGLHG )RU
H[DPSOH DU\OWULD]ROH IROGDPHUV VKRZHG VHTXHQFH GHSHQGHQW
HTXLOLEULXPEHWZHHQVLQJOHDQGGRXEOHKHOLFHVELQGLQJFKORULGHLQ
 RU  VWRLFKLRPHWULHV>@ ,QFUHDVLQJ WKH OHQJWK RI WKH DU\O
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'U.DLVD+HOWWXQHQ5LLD$QQDOD'U$NX6XKRQHQ-XKR,ORQLHPL
'U(OLQD.DOHQLXV3URI+HLNNL07XRQRQHQ3URI0DLMD1LVVLQHQ
'HSDUWPHQWRI&KHPLVWU\1DQRVFLHQFH&HQWHU
8QLYHUVLW\RI-\YDVN\OD
32%R[),8QLYHUVLW\RI-\YDVN\OD)LQODQG
(PDLOPDLMDQLVVLQHQ#M\XIL
'U*HPPD$UDJD\DQG3URI3DEOR%DOOHVWHU
,QVWLWXWHRI&KHPLFDO5HVHDUFKRI&DWDORQLD ,&,4 $YJGD
3DwVRV&DWDODQV7DUUDJRQD6SDLQ
3URI3DEOR%DOOHVWHU
&DWDODQ,QVWLWXWLRQIRU5HVHDUFKDQG$GYDQFHG6WXGLHV ,&5($ 
3DVVHLJ/OXtV&RPSDQ\V%DUFHORQD6SDLQ

WULD]ROHIROGDPHUFKDLQLQGXFHGFRPSOH[DWLRQRIWZRKDOLGHVLQWR
D VLQJOH IROGDPHU KHOL[ DFFRPSDQLHG ZLWK DQ LQFUHDVH LQ WKH
KHOLFDOSLWFKLQFRPSDULVRQWRWKHFRPSOH[>@7KHVLJQLILFDQFH
RIWKHSUHRUJDQL]HGELQGLQJVLWHIRUWKHVHOHFWLYLW\DQGDIILQLW\RI
DQLRQ FRPSOH[DWLRQ KDV EHHQ ZLGHO\ GHPRQVWUDWHG ZLWK
PDFURF\FOLF DQG FU\SWDQGOLNH UHFHSWRUV>@ ,Q QHXWUDO DF\FOLF
DQLRQ UHFHSWRUV SUHRUJDQL]DWLRQ KDV EHHQ LQGXFHG E\
LQWUDPROHFXODUK\GURJHQERQGLQJWRUHGXFHWKHHQWURSLFSHQDOW\
1HYHUWKHOHVV
RI
WKH
FRPSOH[
IRUPDWLRQ>@
VROYDWLRQGHVROYDWLRQHIIHFWVDUHNQRZQWRSOD\DVLJQLILFDQWUROH
LQDQLRQELQGLQJLQSRODUPHGLD>@
7KH S\ULGLQHGLFDUER[DPLGH PRWLI KDV EHHQ XVHG LQ PDQ\
DF\FOLFDQLRQUHFHSWRUVDVDFRQIRUPDWLRQDOORFNWRGLUHFWWKHcis
RULHQWDWLRQ RI WKH DGMDFHQW 1+ JURXSV WKURXJK LQWUDPROHFXODU
K\GURJHQERQGLQJLQWHUDFWLRQVZLWKWKHS\ULG\OQLWURJHQDWRP>@
([DPSOHVRIWKLVFRQVWUXFWLQFOXGHVHOHFWLYHUHFHSWRUVIRUIOXRULGH
DQGFKORULGHKDYLQJWKHFHQWUDOS\ULGLQHGLFDUER[DPLGHPRWLI
HTXLSSHGZLWKLQGROHJURXSV>@
$URPDWLFROLJRDPLGHIROGDPHUVKDYHEHHQZLGHO\VWXGLHGIRUWKHLU
HDVH RI V\QWKHVLV DQG FRQIRUPDWLRQDO VWDELOLW\>@ ,Q SUHYLRXV
VWXGLHVZHLQYHVWLJDWHGWKHFRQIRUPDWLRQDOIHDWXUHVRIDVHULHVRI
ROLJRDPLGH IROGDPHUV LQFRUSRUDWLQJ WKH S\ULGLQH
GLFDUER[DPLGHPRWLI>@:HVKRZHGWKDWWKHIROGDPHUVDGRSWHG
WZRGLIIHUHQWFRQIRUPDWLRQV,QRQHRIWKHPWKHUHFHSWRUWDNHVD
SURWRKHOLFDOVKDSH VRFDOOHG#FRQIRUPDWLRQ DQGLQWKHRWKHU
LW DUUDQJHV LQ D PRUH RSHQ 6VKDSH )LJ 6 (6,  7KH WZR
FRQIRUPDWLRQV GLVSOD\ VLJQLILFDQW GLIIHUHQFHV LQ LQWUDPROHFXODU
K\GURJHQ ERQGLQJ SDWWHUQV 0RUHRYHU WKHVH SUHIHUUHG
FRQIRUPDWLRQDO IHDWXUHV UHPDLQ HYHQ ZKHQ WKH QXPEHU RI
S\ULGLQHGLFDUER[DPLGHXQLWVLQWKHIROGDPHUDUHGRXEOHGRU
WULSOHG>@ 5HPDUNDEO\ WKH LQFRUSRUDWLRQ RI DQ HOHFWURQ
ZLWKGUDZLQJQLWURVXEVWLWXHQWDWWKHorthoSRVLWLRQVRIWKHWHUPLQDO
SKHQ\OJURXSVRIWKHIROGDPHUSURPRWHGWKHREVHUYDWLRQRIDQHZ
W\SHRIFRQIRUPDWLRQLQWKHVROLGVWDWH>@7KLVODWWHUFRQIRUPDWLRQ
ZDVIODWWHUDQGVKRZHGWKHHVWDEOLVKPHQWRILQWUDPROHFXODUʌāāāʌ
VWDFNLQJ LQWHUDFWLRQ EHWZHHQ WKH $ DQG %¶ SKHQ\O ULQJV RI WKH
IROGDPHUDVZHOODVWZRLQWUDPROHFXODU1+āāā2 &ERQGV7KHcis
SUHRUJDQL]DWLRQRIWKHWZRDPLGHVJURXSVH[HUWHGE\WKHS\ULGLQH
GLFDUER[DPLGH PRWLI ZDV VWLOOSUHVHQW LQ WKLV FRQIRUPHU :H
VXUPLVHGWKDWWKHcisDUUDQJHPHQWRIDPLGHJURXSVREVHUYHGLQ
WKH FDUER[DPLGHS\ULG\O XQLW LQ DOO FRQIRUPDWLRQV RI WKH
UHFHSWRU SURYLGHG D VXLWDEOH KRVW SUHRUJDQL]DWLRQ IRU WKH
FRPSOH[DWLRQRIVPDOODQLRQV
+HUHLQ ZH GHVFULEH WKH UHVXOWV REWDLQHG LQ ELQGLQJ VWXGLHV RI
DQLRQV LQ VROXWLRQ XVLQJ WKUHH VWUXFWXUDOO\ UHODWHG ROLJRDPLGH
IROGDPHUV ± 6FKHPH   2XU UHVXOWV GHPRQVWUDWH WKDW WKH
FRQIRUPDWLRQ SUHRUJDQL]DWLRQ  RI WKH KRVW LV QRW VXEVWDQWLDOO\
DOWHUHG GXULQJ WKH ELQGLQJ SURFHVVHV RI WKH DQLRQV UHVXOWLQJ LQ
KHOLFDO  KRVWDQLRQ  FRPSOH[HV 2Q WKH RQH KDQG WKH



SUHVHQFHRIDQHOHFWURQZLWKGUDZLQJ&1VXEVWLWXHQWLQWKHpara
SRVLWLRQRIRQHWHUPLQDOSKHQ\OULQJRIWKHIROGDPHUSURYLGHVD
VOLJKWLQFUHDVHLQWKHIUHHHQHUJ\RIELQGLQJIRUWKHFRPSOH[
FRPSDUHGWR2QWKHRWKHUKDQGWKHLQWURGXFWLRQRIDQHOHFWURQ
ZLWKGUDZLQJ QLWUR VXEVWLWXHQW DW WKH orthoSRVLWLRQ RI WKH WZR
WHUPLQDO SKHQ\O ULQJVRI  HYLGHQWO\ IDYRXUV WKH IRUPDWLRQ RI DQ
RSHQ FRPSOH[ ZLWK  KRVWFKORULGH  VWRLFKLRPHWU\ IURP WKH
LQLWLDOO\ DVVHPEOHG  FRXQWHUSDUW LQ WKH VDPH UDQJH RI
FRQFHQWUDWLRQVXVHGLQWKHWLWUDWLRQVRIDQG


6FKHPH  2OLJRDPLGH IROGDPHUV ± VKRZLQJ WKH FRUUHVSRQGLQJ SURWRQ
DVVLJQPHQW IRUWKHV\PPHWULFDODQG$ $¶HWF 

5HVXOWVDQG'LVFXVVLRQ
(6,06H[SHULPHQWV
7KHROLJRDPLGHIROGDPHUKDVILYHDURPDWLFVL[PHPEHUHGULQJV
DQGIRXUSULPDU\DPLGHJURXSV:HKDYHSUHYLRXVO\VKRZQWKDW
LQWKHVROLGVWDWHUHFHSWRUIRUPVDFRPSOH[ZLWKIOXRULGH>@
7KHERXQGUHFHSWRUDGRSWVDKHOLFDOOLNHFRQIRUPDWLRQIHDWXULQJD
VL]DEOHSRODUFDYLW\VXLWDEOHIRUWKHLQFOXVLRQRIWKHIOXRULGHZLWK
WKHVLPXOWDQHRXVIRUPDWLRQRIIRXU1+āāā)ØK\GURJHQERQGVDQG
WZRDGGLWLRQDO&+āāā)ØLQWHUDFWLRQV
0DVVVSHFWURPHWU\ZDVXVHGLQWKHVFUHHQLQJRIRWKHUSRWHQWLDO
DQLRQVWKDWPLJKWELQGWRKRVWLQVROXWLRQ7KH  (6,06VSHFWUD
QHJDWLYH LRQ PRGH  RI VHSDUDWH DFHWRQLWULOH VROXWLRQV RI 
FRQWDLQLQJWKUHHHTXLYDOHQWVRIWKHDPPRQLXPVDOWVRI)&O%U
,12+3262+62RU&2VKRZHGLQWHQVHVLJQDOVIRU
WKHSHDNVFRUUHVSRQGLQJWRFRPSOH[HVZLWKFKORULGHEURPLGH
DQG QLWUDWH DQG LRQV >&O@ >%U@ >12@ DSSHDUHG LQ WKH
VSHFWUD/HVVLQWHQVHSHDNVZHUHGHWHFWHGIRUWKHLRQSHDNVRI
WKH  FRPSOH[HV RI LRGLGH DQG K\GURJHQ VXOIDWH >,@ DQG
>+62@ 7KHPDVVVSHFWUDIURPVROXWLRQVZLWK&ODQG%UDOVR
VKRZHGWKHSHDNRIWKHGHSURWRQDWHGUHFHSWRU>+@7KLVPLJKW
UHVXOWIURPWKHEDVLFLW\RIWKHDQLRQV $ LQDQRQSURWLFRUJDQLF
VROYHQW DQG HOLPLQDWLRQ RI +$ IURP WKH FRPSOH[HV ,Q (6,06
VSHFWUD PHDVXUHG IURP LRGLGH VROXWLRQ >0+@ ZDV EDUHO\
GHWHFWDEOH EXW LQWHUHVWLQJO\ IURP WKH VROXWLRQ FRQWDLQLQJ ) WKH
SHDN RI WKH GHSURWRQDWHG UHFHSWRU >+@ ZDV H[FOXVLYHO\
REVHUYHG:HLQWHUSUHWWKLVUHVXOWDVHYLGHQFHRIWKHKLJKEDVLFLW\
RI)LQDQRQSURWLFRUJDQLFVROYHQW
:H SHUIRUPHG ELODWHUDO FRPSHWLWLRQ H[SHULPHQWV LQYROYLQJ
UHFHSWRUDQGDVHULHVRIKDOLGHVZKLFKLQFOXGHG&O%UDQG,
7KUHHHTXLYDOHQWVRIHDFKFRPSHWLQJDQLRQ &ODQG%U%UDQG
, ZDVDGGHGWRDQDFHWRQLWULOHVROXWLRQRI7KH(6,06VSHFWUD






VKRZHGVLJQLILFDQWGLIIHUHQFHVLQLQWHQVLWLHVIRUWKHFRPSOH[HV
>$@ ,Q WKH FRPSHWLWLRQ EHWZHHQ FKORULGH DQG EURPLGH WKH
>&O@ FRPSOH[ ZDV FOHDUO\ PRUH DEXQGDQW ZLWK DOPRVW 
UHODWLYHLQWHQVLW\5HVSHFWLYHO\FRPSHWLWLRQEHWZHHQEURPLGHDQG
LRGLGHVKRZHGPRUHDEXQGDQWFRPSOH[IRUPDWLRQZLWKEURPLGH
$VVXPLQJ WKDW WKH (6, UHVSRQVH RI WKH WKUHH DQLRQLF 
FRPSOH[HV LV VLPLODU WKH REVHUYHG GLIIHUHQFH LQ UHODWLYH
LQWHQVLWLHV RI WKH SHDNV FDQ EH FRUUHODWHG ZLWK WKH UHODWLYH
DEXQGDQFH RI WKH DQLRQLF FRPSOH[HV LQ VROXWLRQ ,Q VKRUW WKH
DEXQGDQFH RI WKH FRPSOH[HV ZLWK UHFHSWRU  LQ FRPSHWLQJ
FRQGLWLRQVLVFOHDUO\KLJKHVWIRUFKORULGHIROORZHGE\EURPLGHDQG
LRGLGH
7KH HYDOXDWLRQ RI ELQGLQJ SURSHUWLHV XVLQJ 06 ZDV DOVR
SHUIRUPHGIRUWKHIROGDPHUVDQGKDYLQJDF\DQRVXEVWLWXHQW
LQWKHparaSRVLWLRQRIRQHWHUPLQDOSKHQ\OULQJDQGQLWURJURXSV
LQ WKH orthoSRVLWLRQ RI ERWK WHUPLQDO SKHQ\O ULQJV UHVSHFWLYHO\
:H OLPLWHG WKH ELQGLQJ DQDO\VHV WR WKH KDOLGHV WKDW ZHUH
VXFFHVVIXOO\FRPSOH[HGE\KRVWQDPHO\&O%UDQG,7KH06
VSHFWUDVKRZHGWKHH[SHFWHGSHDNVIRUWKHFRPSOH[HV>&O@
>%U@ >,@ >&O@ >%U@DQG >,@ 7KHVH UHVXOWV LQGLFDWHG
WKDW WKH LQFRUSRUDWLRQ RI WKH VXEVWLWXHQWV LQ WKH WHUPLQDO SKHQ\O
ULQJV RI WKH IROGDPHUV GLG QRW DIIHFW WKHLU DQLRQ ELQGLQJ
VLJQLILFDQWO\


+105WLWUDWLRQVRIIROGDPHU
1H[WZHXQGHUWRRNWKHHYDOXDWLRQRIWKHDQLRQELQGLQJSURSHUWLHV
RIWKHWKUHHUHFHSWRUVXVLQJ +105VSHFWURVFRS\$OO +105
VSHFWURVFRS\ WLWUDWLRQV RI  ZLWK FKORULGH EURPLGH LRGLGH DQG
QLWUDWH DQLRQV DV WHWUDEXW\ODPPRQLXP VDOWV ZHUH FDUULHG RXW
XVLQJ PLOOLPRODU VROXWLRQV RI WKH KRVW LQ DFHWRQHG>@ 7KH
LQFUHPHQWDO DGGLWLRQ RI WKH DQLRQ LQGXFHG VLJQLILFDQW FKHPLFDO
VKLIWFKDQJHVLQVHYHUDOVLJQDOVRIWKHSURWRQVRIIROGDPHU
,QSDUWLFXODUWKHJUDGXDODGGLWLRQRI7%$&OWRDPLOOLPRODUVROXWLRQ
RISURGXFHGVLJQLILFDQWGRZQILHOGVKLIWVLQWKHWZRVLJQDOVRILWV
DPLGH SURWRQV )LJXUH D  7KLV REVHUYDWLRQ VXJJHVWV WKHLU
LQYROYHPHQW LQ WKH IRUPDWLRQ RI K\GURJHQERQGLQJ LQWHUDFWLRQV
ZLWKWKHFKORULGH7KHDGGLWLRQRIHTXLYRIWKH7%$&OLQGXFHG
WKHVDWXUDWLRQRIWKHFKHPLFDOVKLIWFKDQJHV7KHVHREVHUYDWLRQV
LQGLFDWHWKDWWKHELQGLQJSURFHVVRIWKHIROGDPHUZLWKFKORULGH
VKRZV IDVW G\QDPLFV RQ WKH FKHPLFDO VKLIW WLPHVFDOH DQG D
FRPSOH[ZLWKVWRLFKLRPHWU\ &O LVIRUPHGIRUZKLFKDELQGLQJ
FRQVWDQWRYHU0FDQEHHVWLPDWHG7KLVYDOXHLVWRRODUJHWR
EHPHDVXUHGDFFXUDWHO\XVLQJ+105VSHFWURVFRS\WHFKQLTXHV
7KHFRPSOH[DWLRQLQGXFHGVKLIW &,6 H[SHULHQFHGE\WKHDPLGH
SURWRQVLQWKHFHQWUDOELVFDUER[DPLGHS\ULG\OXQLW +D DQGWKH
DPLGHV FRQQHFWLQJ WKH WHUPLQDO SKHQ\O JURXSV +E  ZHUH YHU\
VLPLODU 'į   DQG 'į   SSP UHVSHFWLYHO\ 7KLV UHVXOW
VXJJHVWHGWKDWWKH\ZHUHLQYROYHGLQWKHELQGLQJRIWKHDQLRQWR
WKH VDPH H[WHQW>@ ,Q DGGLWLRQ WR WKH DPLGH SURWRQV WKH ortho
SURWRQV+IRIWKHWHUPLQDOSKHQ\OULQJV $ DOVRVKLIWHGGRZQILHOG
'į SSP ,QFRQWUDVWWKHmeta-DQGparaSURWRQVRIWKH$
SKHQ\O ULQJ PRYHG VOLJKWO\ XSILHOG ± SSP  :H
LQWHUSUHWHG WKHVH REVHUYDWLRQV FRQVLGHULQJ WKH selective
HVWDEOLVKPHQW RI &+āāā&OØ LQWHUDFWLRQV ZLWK WKH orthoDURPDWLF
SURWRQV +I 
7KH JHRPHWU\ DGRSWHG E\ IROGDPHU  LQ WKH &O FRPSOH[ ZDV
LQIHUUHG IURP WKH FKHPLFDO VKLIW FKDQJHV H[SHULHQFHG E\ WKH
orthoDURPDWLFSURWRQV+HDQG+JRIWKHGLDPLQRSKHQ\OULQJ%
DQGWKHorthoSURWRQ+FRIWKHELVFDUER[DPLGHS\ULG\OXQLW



)LJXUH+105VSHFWUDRIIROGDPHU DP0KRVW DQG EP0KRVW LQDFHWRQHGZLWKDQGHTXLYRI7%$&O&KHPLFDOVKLIWFKDQJHV
H[SHULHQFHGE\SURWRQVDEDQGILQ F DQGSURWRQVDD¶EDQGE¶LQ G GXULQJWKHWLWUDWLRQV6FKHPHRIIUHHKRVW LQDSURWRKHOLFDO#FRQIRUPDWLRQ DQG
WKHVXJJHVWHGKHOLFDOFKORULGHFRPSOH[HVIRUDQG H 7KHDQLVRWURSLFILHOGLQGXFHGE\WKHR[\JHQORQHSDLUVLVLQGLFDWHGZLWKUHGGDVKHGOLQHV

3URWRQV+HDQG+FPRYHGVOLJKWO\XSILHOG 'į SSP ZKLOH
SURWRQ+JVKLIWHGPLQLPDOO\GRZQILHOG 'į SSP ,WLVZHOO
NQRZQWKDWWKHHOHFWURQORQHSDLUVRIWKHR[\JHQDWRPRIFDUERQ\O
JURXSV LQ GLSKHQ\O XUHDV SURGXFH DQ DQLVRWURSLF ILHOG LQGXFLQJ
ODUJH XSILHOG VKLIWV WR WKH V\QorthoDURPDWLF SURWRQ 'į ! 
SSP 2ZLQJWRWKHUHGXFHGFKHPLFDOVKLIWFKDQJHVREVHUYHGIRU
WKHDURPDWLFSURWRQVorthoWRWKHDPLGHJURXSVRIXSRQFRPSOH[
IRUPDWLRQ ZH FRQFOXGH WKDW WKH ERXQG UHFHSWRU H[SHULHQFHV D
UHGXFHGFRQIRUPDWLRQDOFKDQJHWRZUDSDURXQGWKHERXQGDQLRQ
LQFRPSDULVRQWRWKHFRQIRUPDWLRQDGRSWHGLQVROXWLRQLQWKHIUHH
VWDWH:HSXWDWLYHO\DVVLJQDKHOLFRLGDOO\VKDSHGFRQIRUPDWLRQIRU
IUHHLQVROXWLRQEDVHGRQRXUVROLGVWDWHVWXGLHV
:HDOVRSHUIRUPHGD+105VSHFWURVFRS\WLWUDWLRQRIZLWKWKH
EURPLGH7%$VDOW7KHLQFUHPHQWDODGGLWLRQRIWKHVDOWSURGXFHG
WKH H[SHFWHG FKHPLFDO VKLIW FKDQJHV IRU WKH SURWRQ VLJQDOV RI
IROGDPHU )LJXUH 5HPDUNDEO\WKHDGGLWLRQRI HTXLYDOHQWV
RIWKHEURPLGHVDOWGLGQRWSURYRNHWKHVDWXUDWLRQRIWKHFKHPLFDO
VKLIW FKDQJHV 7KH PDWKHPDWLFDO DQDO\VLV RI WKH WLWUDWLRQ GDWD
XVLQJDWKHRUHWLFDOELQGLQJLVRWKHUPSURGXFHGDJRRGILWDQG
UHWXUQHGDELQGLQJFRQVWDQWYDOXH. 0 7DEOH DQGWKH
FRPSOH[DWLRQ LQGXFHG VKLIW &,6  YDOXHV RI WKH DQDO\VHG SURWRQ
VLJQDOV 7KH GRZQILHOG &,6 FDOFXODWHG IRU WKH WHUPLQDO DPLGH
SURWRQV+EZDV'į SSP7KHLQWHUQDODPLGHSURWRQVLQ
+DDOVRVKLIWHGGRZQILHOGEXWWRDOHVVHUH[WHQW'į SSP
7KH orthoSURWRQ +J LQ WKH GLDPLQRSKHQ\O ULQJ % PRYHG
GRZQILHOG 'į   SSP ZKHUHDV WKH FKHPLFDO VKLIW FKDQJH
H[SHULHQFHGE\WKHRWKHUorthoSURWRQLQWKHVDPHULQJ+HZDV
QHJOLJLEOH ,W LV ZRUWK\ WR QRWH WKDW WKH orthoSURWRQ +I LQ WKH
WHUPLQDOSKHQ\OJURXSVVKRZHGDVLJQLILFDQWGRZQILHOG&,6'į 
SSP$OWRJHWKHUWKHVPDOOYDOXHVFDOFXODWHGIRUWKH&,6RI
WKHDPLGHSURWRQVLQWKH%UFRPSOH[VXJJHVWWKDWRZLQJWRWKH
ODUJHU VL]H RI WKH EURPLGH DQLRQ WKH K\GURJHQ ERQGLQJ
LQWHUDFWLRQVDUHVXEVWDQWLDOO\UHGXFHG1HYHUWKHOHVVWKHWUHQGVRI
WKH&,6VXSSRUWWKDWWKHUHFHSWRUDGRSWVDERXQGFRQIRUPDWLRQ
LQWKH%UFRPSOH[WKDWLVVLPLODUWRWKHRQHSUHVHQWLQWKH&O
DQDORJXH







)LJXUH  D 7KH + 105 VSHFWUD RIIROGDPHU  LQDFHWRQHG P0  ZLWK
LQFUHPHQWDO DPRXQWV RI DQLRQV 7KH FKHPLFDO VKLIW FKDQJHV REVHUYHG E\
SURWRQVZLWKDGGLWLRQRIE 7%$%UF 7%$12ILWWHGWRELQGLQJLVRWKHUPV UHG
OLQHV 



7DEOH  %LQGLQJ FRQVWDQWV IRU  DQG 7%$ VDOWV LQ  VWRLFKLRPHWU\
GHWHUPLQHGE\105WLWUDWLRQLQDFHWRQHGDWÛ&
*XHVW
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>D@*OREDOILWRIVLJQDOV>E@7KHDYHUDJHRIWZR105WLWUDWLRQVHVWLPDWHG
HUURU

6LPLODUO\ZHGHWHUPLQHGWKHELQGLQJFRQVWDQWYDOXHVIRUWKH
FRPSOH[HV RI  ZLWK QLWUDWH DQG LRGLGH DV  DQG  0
UHVSHFWLYHO\ )LJXUH)LJ6 7KHVHUHVXOWVDUHLQFRPSOHWH
DJUHHPHQW ZLWK WKH ILQGLQJV RI WKH PDVV VSHFWURPHWU\
H[SHULPHQWV YLGHVXSUD 7KHWUHQGLQELQGLQJFRQVWDQWYDOXHVLV
WKH H[SHFWHG RQH IRU WKH ELQGLQJ RI WKH DQLRQV XVLQJ PDLQO\
K\GURJHQERQGLQJ LQWHUDFWLRQV 7KH LQFUHDVH LQ WKH VL]H RI WKH
PRQRFKDUJHGDQLRQKDVDGHWULPHQWDOHIIHFWLQWKHVWUHQJWKRIWKH
K\GURJHQERQGLQJ LQWHUDFWLRQ ZKLFK LV SULPDUO\ RI HOHFWURVWDWLF
QDWXUH FKDUJHGLSROH  2YHUDOO WKH REVHUYHG FKHPLFDO VKLIW
FKDQJHVIRUWKHSURWRQVRIGXULQJWKHWLWUDWLRQVZLWKLRGLGHDQG
QLWUDWHVXJJHVWDFKDQJHLQWKHELQGLQJJHRPHWU\DGRSWHGE\WKH
UHFHSWRULQWKHFRPSOH[HVZLWKWKHODUJHUDQLRQVFRPSDUHGWRWKH
RQH H[SUHVVHG LQ WKH ELQGLQJ RI FKORULGH DQG EURPLGH
$OWHUQDWLYHO\ FRPSOH[HV RI RWKHU VWRLFKLRPHWU\ WKDQ WKH VLPSOH
PLJKWEHDVVHPEOHGZLWKWKHODUJHUDQLRQV8QIRUWXQDWHO\WKH
ORZWKHUPRG\QDPLFVWDELOLWLHVRIWKHFRPSOH[HVKDPSHUHGIXUWKHU
VWXGLHV


+105WLWUDWLRQVRIIROGDPHU
7KHFKORULGHDQLRQZDVVHOHFWHGIRUIXUWKHUELQGLQJVWXGLHVZLWK
IROGDPHU  )ROGDPHU  KDV RQH HOHFWURQ ZLWKGUDZLQJ F\DQR
VXEVWLWXHQWDWWKHparaSRVLWLRQRIRQHRILWVWHUPLQDOSKHQ\OJURXS
$¶ 6FKHPH 7KLVVXEVWLWXWLRQLVH[SHFWHGWRLQFUHDVHWKHDQLRQ
ELQGLQJDIILQLW\RIGXHWRWKHHOHFWURQZLWKGUDZLQJHIIHFWRIWKH
VXEVWLWXHQWZKLFKLVH[SHFWHGWRIDYRXU1+āāāDQLRQ&+āāāDQLRQ
DQGDQLRQāāāʌLQWHUDFWLRQV0RUHRYHUWKHODFNRICYV\PPHWU\IRU
IROGDPHUVKRXOGDOORZDGLUHFWFRPSDULVRQRIWKHFRQWULEXWLRQRI
WKHWZRGLIIHUHQWKDOYHVRIWKHKRVWLQWKHFKORULGHELQGLQJ
7KHFRPSOHWHDVVLJQPHQWRIWKHSURWRQVLJQDOVRIIROGDPHUZDV
EDVHGRQDVHWRIKLJKUHVROXWLRQ'DQG'105VSHFWUD +

& ++ &26< +64& DQG +0%& 105  7KH + 105
VSHFWURVFRS\ WLWUDWLRQ RI IROGDPHU  ZLWK 7%$&O LQ DFHWRQHd
VKRZHGWKHGLDJQRVWLFFKHPLFDOVKLIWFKDQJHVRIWKHSURWRQVRI
WKHKRVWIRUWKHIRUPDWLRQRIWKHFRPSOH[ )LJXUH ZLWKDQ
HVWLPDWHG ELQGLQJ FRQVWDQW YDOXH ODUJHU WKDQ  7KH DPLGH
SURWRQ+E¶FRUUHVSRQGLQJWRWKHpF\DQRSKHQ\OVXEVWLWXHQW ULQJ
$¶ VKRZHGWKHODUJHVW&,6 'į SSP ,QFRQWUDVWWKHDPLGH
SURWRQ +E DWWDFKHG WR WKH SKHQ\O ULQJ PRYHG GRZQILHOG WR D
OHVVHU H[WHQW 'į   SSP  EXW VWLOO LQ OLQH ZLWK WKH VKLIW
H[SHULHQFHG E\ WKH DQDORJRXV DPLGH SURWRQV RI  7KLV
REVHUYDWLRQ VXJJHVWHG WKDW WKH HOHFWURQZLWKGUDZLQJ &1
VXEVWLWXHQWKDGDQRWLFHDEOHHIIHFWRQWKH1+āāā&OØLQWHUDFWLRQIRU
+E¶ 6LPLODUO\ WKH LQWHUQDO DPLGH SURWRQV +D DQG +D¶ GLVSOD\HG
UHGXFHGGRZQILHOGVKLIWV'į DQGSSPFRPSDUHGWR






WKHLUFRXQWHUSDUWVLQIROGDPHU7KHorthoSURWRQV+I¶DQG+IRI
WKHWZRWKHWHUPLQDODU\OJURXSVRIPRYHGGRZQILHOG 'į 
SSP WRDVLPLODUH[WHQW:HREVHUYHGDQDORJRXVFKHPLFDOVKLIW
FKDQJHVIRUWKHFRUUHVSRQGLQJorthoSURWRQVLQIROGDPHU7KHVH
REVHUYDWLRQVVXJJHVWWKDWDGRSWVDVLPLODUFRQIRUPDWLRQWKDQ
IRUFKORULGHELQGLQJ
:H SHUIRUPHGD'12(6< H[SHULPHQWRI WKH&O FRPSOH[LQ
DFHWRQHGZKLFKVKRZHGVWURQJ12(FURVVSHDNVEHWZHHQWKH
1+VRIWKHorthoVXEVWLWXWHGDPLGHVLQWKHWZRGLDPLQRULQJVRI
+D DQG +E DQG +D¶ DQG +E¶ UHVSHFWLYHO\ )LJ 6 (6,  7KLV
REVHUYDWLRQ VXSSRUWV WKH syn FRQIRUPDWLRQ DGRSWHG E\ WKH
DPLGHVLQWKH&OFRPSOH[


+105WLWUDWLRQVRIIROGDPHU
7KHFRPSOH[DWLRQRI&OZLWKIROGDPHUSRVVHVVLQJRQHVWURQJ
HOHFWURQZLWKGUDZLQJ VXEVWLWXHQW DW WKH ortho SRVLWLRQ RI LWV WZR
WHUPLQDO DU\O ULQJV $ DQG $¶  ZDV H[SHFWHG WR SURYLGH D
VLJQLILFDQW ERRVW LQ ELQGLQJ DIILQLW\ 7KH + 105 VSHFWURVFRS\
WLWUDWLRQKRZHYHUUHYHDOHGWKDWWKHGRZQILHOGVKLIWVH[SHULHQFHG
E\WKHWZRWHUPLQDODPLGHSURWRQV1+EZHUHVLPLODUWRWKHRQH
PHDVXUHG IRU IROGDPHU  )LJXUH   ,QWULJXLQJO\ WKH LQWHUQDO
DPLGHSURWRQV1+DDQGWKHorthoDU\OSURWRQ+IRIWKHWHUPLQDO
SKHQ\O JURXSV LQ  H[SHULHQFHG UHGXFHG GRZQILHOG VKLIWV 
DQGSSP LQFRPSDULVRQWRWKHRQHVREVHUYHGIRUIROGDPHUV
 DQG  6XUSULVLQJO\ ERWK orthoDU\O SURWRQV +J DQG +H RI WKH
GLDPLQRSKHQ\O ULQJ % H[SHULHQFHG VLJQLILFDQW GRZQILHOG VKLIWV
± SSP  ZKLFK FDQ EH LQWHUSUHWHG DV D FKDQJH LQ
IROGDPHUFRQIRUPDWLRQXSRQFKORULGHELQGLQJFRPSDUHGWRDQG
 )XUWKHUPRUH WKH VDWXUDWLRQ RI WKH FKHPLFDO VKLIW FKDQJHV
H[SHULHQFHGE\WKHSURWRQVRIUHFHSWRUZDVDFKLHYHGDIWHUWKH
DGGLWLRQRIHTXLYDOHQWVRIWKH7%$&O7KLVILQGLQJLVLQVWULNLQJ
GLIIHUHQFHWRWKHREVHUYDWLRQVPDGHLQWKHDQDORJRXVWLWUDWLRQVRI
 DQG  ZLWK FKORULGH UHTXLULQJ RQO\ RQH HTXLYDOHQW WR UHDFK
VDWXUDWLRQ7KHVHUHVXOWVVXJJHVWHGWKDWWKHELQGLQJRIFKORULGHWR
IROGDPHU  PLJKW SURGXFH D FRPSOH[ ZLWK KLJKHU VWRLFKLRPHWU\
WKDQ WKH VLPSOH  7KH PDWKHPDWLFDO DQDO\VLV RI WKH WLWUDWLRQ
GDWD XVLQJ D  WKHRUHWLFDO ELQGLQJ LVRWKHUP SURGXFHG DQ
DFFHSWDEOH ILW UHWXUQLQJ D ELQGLQJ FRQVWDQW YDOXH ORZHU WKDQ
H[SHFWHGIRUWKHFRPSOH[. 07KLVYDOXHLVRQH
RUGHURIPDJQLWXGHVPDOOHUWKDQWKHRQHVPHDVXUHVIRUWKH
FRPSOH[HVRIFKORULGHZLWKWKHDQGFRXQWHUSDUWV$VFRXOGEH
DQWLFLSDWHGDEHWWHUILWRIWKHWLWUDWLRQGDWDZDVREWDLQHGXVLQJD
 +*  ELQGLQJ PRGHO FRQWDLQLQJ PRUH YDULDEOHV WR RSWLPLVH
..įDQGį 5HPDUNDEO\WKHQHZILWUHWXUQHG.YDOXH
IRU WKH VWDELOLW\ RI WKH  FRPSOH[ ODUJHU WKDQ  0 7KLV
FDOFXODWHGPDJQLWXGHIRU.LVPRUHLQOLQHZLWKRXUH[SHFWDWLRQV
7KHILWDVVLJQHGDYDOXHRI0WRWKHFRPSOH[0RVWOLNHO\
D UHODWLYH LQFUHDVH LQ WKH WKHUPRG\QDPLF VWDELOLW\ RI WKH 
FRPSOH[ LV UHVSRQVLEOH IRU LWV IRUPDWLRQ WR D VLJQLILFDQW H[WHQW
GXULQJ WKH WLWUDWLRQ UDWKHU WKDQ D GHVWDELOLVDWLRQ RI WKH 
SUHFXUVRU VHH')7FDOFXODWLRQV :HFDUULHGRXWDVWDWLVWLFDO)
WHVW RI WKH GDWD ILW WR WKH WZR WKHRUHWLFDO PRGHOV WR VXSSRUW RXU
SUHIHUHQWLDOVHOHFWLRQRIWKHPRGHO




VSHFWURVFRS\WLWUDWLRQVDQGFRQVLGHULQJDELQGLQJPRGHO2Q
WKH RWKHU KDQG WKH ELQGLQJ HQWKDOS\ PHDVXUHG IRU WKH &O
FRPSOH[ LV VOLJKWO\ VPDOOHU WKDQ WKDW REWDLQHG IRU WKH FKORULGH
FRPSOH[HV ZLWK WKH IROGDPHUV  DQG  (YHQ WKRXJK RQO\ RQH
ELQGLQJHYHQWLVGHWHFWHGE\,7&ZHFDQQRWUXOHRXWWKHIRUPDWLRQ
RI WKH  FRPSOH[ $VVXPLQJ WKDW WKH HQWKDOS\ JDLQ IRU WKH
IRUPDWLRQRIWKH  FRPSOH[ LV DOPRVW LGHQWLFDO WR WKHHQWKDOS\
ORVVGXULQJWKHGLVDVVHPEO\RIWKHFRPSOH[WKHQHWHQWKDOS\
RIWKHELQGLQJSURFHVVZLOOEHDWKHUPLFDQGWKXVQRWGHWHFWDEOHE\
,7&


)LJXUHD 7KH+105VSHFWUDRIIROGDPHUZLWKDQGHTRI7%$&OLQ
DFHWRQHG P0KRVW E 7KHFKHPLFDOVKLIWFKDQJHVREVHUYHGE\SURWRQV
ZLWK DGGLWLRQ RI JXHVW XS WR  HT VKRZQ IRU FODULW\  ILWWHG WR D  ELQGLQJ
LVRWKHUP F  7KH ')7 PLQLPL]HG VWUXFWXUH RI &O VKRZLQJ K\GURJHQ ERQG
GLVWDQFHVLQcQJVWU|PVDQG105ODEHOV

,7&H[SHULPHQWV
,VRWKHUPDOWLWUDWLRQFDORULPHWU\ ,7& H[SHULPHQWVZHUHFDUULHGRXW
WRDVVHVVDQGFRPSDUHWKHELQGLQJDIILQLWLHVRIIROGDPHUV±IRU
FKORULGH DFFXUDWHO\ 7KHVH H[SHULPHQWV DOVR SURYLGHG WKH
WKHUPRG\QDPLF HQWKDOS\ DQG HQWURS\ SDUDPHWHUV RI WKH
FRPSOH[DWLRQSURFHVVHV 7DEOH)LJXUH 7KHPHDVXUHPHQWV
ZHUHSHUIRUPHGDW&E\SODFLQJ±P0DFHWRQHVROXWLRQV
RIWKHKRVWLQWKHFDORULPHWHUFHOODQGDGGLQJLQFUHPHQWDODPRXQWV
RI ± P0 DFHWRQH VROXWLRQ RI 7%$&O XVLQJ D FRPSXWHU
FRQWUROOHGPLFURV\ULQJH7KHELQGLQJFRQVWDQWYDOXHVGHWHUPLQHG
IRU WKH &O DQG &O FRPSOH[HV DUH VLPLODU DQG WKHLU ELQGLQJ
HQWKDOSLHV LGHQWLFDO 7KXV WKH HIIHFW SURYLGHG E\ LQFRUSRUDWLQJ
RQH&1JURXS HOHFWURQZLWKGUDZLQJVXEVWLWXHQW LQWKHWHUPLQDO
SKHQ\OVXEVWLWXHQWRILVPLQLPDOEDVHGRQWKH,7&UHVXOWV

7DEOH7KHUPRG\QDPLFSDUDPHWHUVIRUWKHIROGDPHU&OFRPSOH[HVLQ
DFHWRQHDW&7KHSDUDPHWHUVDUHDQDYHUDJHRI,7&PHDVXUHPHQWV
+RVW

.D î0 

ǻ+>D@
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>D@LQNFDOîPRO

6XUSULVLQJO\WRXVZKHQWKHLQWHUDFWLRQRIIROGDPHUZLWKFKORULGH
ZDVSUREHGXVLQJDQ,7&H[SHULPHQWDVLQJOHVLJPRLGDOLVRWKHUP
ZLWKDQLQIOH[LRQSRLQWFHQWUHGDWDPRODUUDWLRZDVREVHUYHG
7KXV WKH LQWHJUDWHG DQG QRUPDOLVHG KHDW YDOXHV ZHUH ILW WR D
WKHRUHWLFDO  ELQGLQJ PRGHO 7KH UHWXUQHG .D YDOXH ZDV LQ
FRPSOHWH DJUHHPHQW ZLWK WKH RQH GHWHUPLQHG XVLQJ + 105







)LJXUH7KH,7&WLWUDWLRQRIIROGDPHUZLWK7%$&OLQDFHWRQHDWÛ&F KRVW 
P0'DWDEHORZPRODUUDWLRZDVRPLWWHGIURPWKHILWGXHWRWKHKHDW
RIGLOXWLRQRIWKHJXHVW

7KH ELQGLQJ SURFHVVHV RI FKORULGH ZLWK WKH IROGDPHU VHULHV DUH
KLJKO\IDYRXUHGE\HQWURS\,QIDFWWKHHQWURSLFWHUPLVWKHPDLQ
FRQWULEXWRU WR FRPSOH[ IRUPDWLRQ VXJJHVWLQJ WKDW VLJQLILFDQW
VROYDWLRQGHVROYDWLRQ SURFHVVHV DUH WDNLQJ SODFH GXULQJ WKH
ELQGLQJSURFHVVHV7KHREVHUYDWLRQRIDYHU\ODUJHDQGIDYRXUDEOH
HQWURSLF WHUP IRU ELQGLQJ SURFHVVHV RI DQLRQV ZLWK QHXWUDO
UHFHSWRUVLQSRODUVROYHQWVLVQRWXQSUHFHGHQWHG>@7KHIRUPDWLRQ
RI FRPSOH[HVRI WKH IROGDPHUV LQZKLFK WKHDQLRQLVDOPRVW
IXOO\VROYDWHGE\WKHSRODUJURXSVDQGWKHK\GURJHQDWRPVRIWKH
UHFHSWRUUHTXLULQJDFRPSOHWHGHVROYDWLRQRIWKHFKORULGHDQGWKH
SRODUJURXSVRIWKHUHFHSWRUZRXOGSURYLGHDVHQVLEOHH[SODQDWLRQ
WRRXUREVHUYDWLRQV



7KHVHUHVXOWVGHPRQVWUDWHWKHLPSRUWDQWDQGGLIILFXOWWRSUHGLFW
FRQWULEXWLRQRIWKHHQWURSLFWHUPLQELQGLQJH[SHULPHQWVRIDQLRQV
SHUIRUPHG LQ SRODU VROYHQWV &OHDUO\ WKH VROYDWLRQGHVROYDWLRQ
SURFHVVHV H[SHULHQFHG E\ UHFHSWRUV  DQG  DQG WKHLU FKORULGH
FRPSOH[HVDUHGLIIHUHQWIURPWKRVHRIWKHGLQLWURIROGDPHU7KH
H[LVWHQFH RI SURPLQHQW VROYDWLRQGHVROYDWLRQ SURFHVVHV PDNHV
WKH DQDO\VLV DQG GLVVHFWLRQ RI WKH FRQWULEXWLRQV RI WKH HQWKDOS\
DQGHQWURSLFWHUPVWRELQGLQJGLIILFXOW1HYHUWKHOHVVWKHUHGXFHG
FRQIRUPDWLRQDO FKDQJH H[SHULHQFHG E\ WKH IROGDPHUV XSRQ
FKORULGHELQGLQJZKLFKZHGHULYHGIURPWKH+105H[SHULPHQWV
FRQVWLWXWHV DQ DGGLWLRQDO IDFWRU WR UHGXFH WKH HQWURSLF FRVW RI
FRPSOH[IRUPDWLRQ

7KH&+Iāāā&OGLVWDQFHVRIDQGcVXSSRUWWKHH[LVWHQFH
RIZHDNLQWHUDFWLRQVZLWKWKHorthoSURWRQVRIWKHWHUPLQDOSKHQ\O
ULQJVRI
7KH')7HQHUJ\PLQLPL]HGVWUXFWXUHRIWKH&OFRPSOH[LVYHU\
VLPLODU WR WKH FDOFXODWHG VWUXFWXUH RI &O 7KH PRVW VLJQLILFDQW
ILQGLQJLVWKDWGXULQJHQHUJ\PLQLPL]DWLRQWKH&OVKLIWVFORVHUWR
WKH paraF\DQR SKHQ\O ULQJ RI IROGDPHU  LQ FRQWUDVW WR WKH
V\PPHWULFDOVWDUWLQJJHRPHWU\XVHGLQWKHFDOFXODWLRQ7KLVILQGLQJ
FRLQFLGHV ZHOOZLWK WKHREVHUYHGODUJH&,6RI 1+ELQ WKH105
WLWUDWLRQ
7KHFU\VWDOVWUXFWXUHRI)XVHGDVVWDUWLQJFRRUGLQDWHVIRUWKH
HQHUJ\PLQLPL]HG  &O FRPSOH[ VKRZHG D VLPLODU KHOLFDO
FRQIRUPDWLRQRI WKH IROGDPHU )LJXUH 7KHKDOLGHHVWDEOLVKHV
IRXU 1+ K\GURJHQ ERQGV D +Iāāā)Ø LQWHUDFWLRQ DQG D )Øāāāʌ
LQWHUDFWLRQZLWKWKHWHUPLQDOQLWURSKHQ\OULQJV$ )LJ6 7KH
')7 PLQLPL]HG VWUXFWXUH RI &O KRZHYHU VKRZHG D ʌāāāʌ
LQWHUDFWLRQEHWZHHQULQJV$DQG%DQGIXUWKHU&OØāāāʌLQWHUDFWLRQV
EHWZHHQ WKH DQLRQ DQG ULQJ $ 2QH RI WKH 1+Dāāā&O K\GURJHQ
ERQGV LV H[WHQGHG  DQG  c  LQ FRPSDULVRQ WR &O
ZKHUHDVWKH1+Eāāā&OGLVWDQFHVDUHVKRUWHQHG DQGc 
LQSHUIHFWDJUHHPHQWZLWKWKHREVHUYHG&,6LQWKH105WLWUDWLRQ
5HPDUNDEO\WKH+Iāāā&OØLQWHUDFWLRQKDVEHHQHOLPLQDWHGZKLFK
SDUWLDOO\ FRLQFLGHV ZLWK WKH UHGXFHG &,6 REVHUYHG LQ WKH 105
WLWUDWLRQ
:HDOVRXVHG')7FDOFXODWLRQVWRDVVLJQDSXWDWLYHVWUXFWXUHWR
WKH &O FRPSOH[ 7KH UHVXOWLQJ HQHUJ\PLQLPL]HG VWUXFWXUH
)LJXUH VKRZVWZRLQWUDPROHFXODU1+Dāāā2 &K\GURJHQERQGV
DQG WZR ELQGLQJ FOHIWV IRU WKH DQLRQV LQ ZKLFK WKH\ DUH
H[SHULHQFLQJ K\GURJHQ ERQGV ZLWK 1+E DQG &OØāāāS LQWHUDFWLRQV
ZLWKWKHQLWURSKHQ\OULQJV


)LJXUH ')7PLQLPL]HG VROXWLRQVWDWH JHRPHWULHV IRU&ODQG&O DF D
YLHZVKRZLQJWKHK\GURJHQERQGLQJGLVWDQFHVLQcQJVWU|PVEG DVLGHYLHZ
DVDVSDFHILOOLQJPRGHO$WRPFRORUVEOXH QLWURJHQJUHHQ FKORULQHJUH\ 
FDUERQUHG R[\JHQZKLWH K\GURJHQ


')7FDOFXODWLRQVRIIROGDPHUV±
7KHFRQIRUPDWLRQDGRSWHGE\WKHUHFHSWRUXSRQFKORULGHELQGLQJ
&OFRPSOH[ZDVDOVRLQYHVWLJDWHGXVLQJ')7FDOFXODWLRQVLQWKH
JDV SKDVH DQG LQ VROXWLRQ VHH (6, IRU WKH GHWDLOV DQG
FRPSDULVRQRIJDVSKDVHDQGVROXWLRQVWDWHVWXGLHV 7KHLQLWLDO
JHRPHWU\ IRU WKH HQHUJ\ PLQLPL]DWLRQ RI WKH &O FRPSOH[
FRQVLVWHGRIWKHDWRPLFFRRUGLQDWHVRIWKHFRUUHVSRQGLQJIOXRULGH
IROGDPHU FRPSOH[ FU\VWDO VWUXFWXUH>@ 7KH HQHUJ\PLQLPL]HG
VWUXFWXUHRIWKH&OFRPSOH[LQVROXWLRQFRLQFLGHGZHOOZLWKWKH
KHOLFDOFRQIRUPDWLRQGHGXFHGIURPWKH+105WLWUDWLRQGDWD7KH
FKORULGH DQLRQ LV ORFDWHG ZLWKLQ WKH SRODU ELQGLQJ VLWH RI 
HVWDEOLVKLQJ IRXU K\GURJHQERQGV ZLWK WKH DPLGH 1+V DQG WZR
&+āāā&OLQWHUDFWLRQVZLWKWKHorthoSURWRQVRIWKHWHUPLQDOSKHQ\O
JURXS )LJXUH 7KLVFRQILUPVWKDWWKHUDGLXVRIWKHFKORULGHLV
WRRELJIRUWKHDQLRQWREHV\PPHWULFDOO\LQVHUWHGLQWKHFDYLW\RI
WKHKHOL[GHILQHGE\ERXQG)RUWKLVUHDVRQWKHFKORULGHVKLIWV
DZD\IURPWKHSODQHGHILQHGE\WKHDWRPVRIWKHS\ULGLQHULQJ7KH
DYHUDJH K\GURJHQ ERQG OHQJWKV IRU WKH 1+E SURWRQV  DQG
c LVVKRUWHUWKDQIRUWKH1+DDQDORJXHV DQGc 







)LJXUH$QHQHUJ\PLQLPL]HGVWUXFWXUHRI&OVKRZLQJD K\GURJHQERQGV
ZLWKEODFNGDVKHGOLQHVE &OØāāāʌLQWHUDFWLRQVZLWKPDJHQWDGDVKHGOLQHV$WRP
FRORUVEOXH QLWURJHQJUHHQ FKORULQHJUH\ FDUERQUHG R[\JHQZKLWH 
K\GURJHQ

&RQFOXVLRQV
2OLJRDPLGH IROGDPHUV ± IRUPHG DQLRQLF FRPSOH[HV ZLWK
FKORULGH EURPLGH LRGLGH DQG QLWUDWH ZKLOH VKRZLQJ WKH KLJKHVW
ELQGLQJDIILQLW\WRZDUGVFKORULGHLQWKHRUGHURI. 07KH
cisSUHRUJDQL]DWLRQ H[HUWHG E\ S\ULGLQHGLFDUER[DPLGH PRWLI
ZDV FOHDUO\ DVVLJQHG IURP WKH 105 H[SHULPHQWV LQ VROXWLRQ
%DVHGRQWKH105DQG')7VWXGLHVDKHOLFRLGVWUXFWXUHIRUWKH
 FRPSOH[HV LQ VROXWLRQ ZDV SURSRVHG 7KH HOHFWURQ
ZLWKGUDZLQJparaF\DQRVXEVWLWXHQWDWRQHWHUPLQDOSKHQ\OJURXS
LQ IROGDPHU  VOLJKWO\ LQFUHDVHG WKH ELQGLQJ DIILQLW\ WRZDUGV
FKORULGH\HWWKHHIIHFWZDVPLQLPDO7KHorthoQLWURVXEVWLWXHQWV



LQIROGDPHUKDGDQXQH[SHFWHGFRQWULEXWLRQWRWKHDQLRQELQGLQJ
VLQFH EHVLGHV D WKHUPRG\QDPLFDOO\ VWDEOH  FRPSOH[ ZH
VXJJHVWWKHIRUPDWLRQRIDKRVWJXHVWFRPSOH[
$OOFKORULGHFRPSOH[HVKDGDODUJHSRVLWLYHHQWURS\WHUPZKLFK
GHPRQVWUDWHVWKHLPSRUWDQWDQGGLIILFXOWWRSUHGLFWFRQWULEXWLRQRI
WKH HQWURSLF WHUP LQ ELQGLQJ H[SHULPHQWV SHUIRUPHG LQ SRODU
VROYHQWV5HPDUNDEO\WKH&OFRPSOH[VKRZHGWKHKLJKHVWJDLQ
LQ HQWURS\ ZKLFK LQGLFDWHV GLIIHUHQW VROYDWLRQGHVROYDWLRQ
SURFHVVHV RI GLQLWURIROGDPHU  DQG LWV FRPSOH[HV 7KLV LV
UHIOHFWHG LQ WKH VOLJKWO\ GLIIHUHQW ELQGLQJ JHRPHWU\ VXSSRUWHG E\
DQLRQāāāʌLQWHUDFWLRQVDQGWKHOLNHO\SUHVHQFHRIDFRPSOH[LQ
FRPSDULVRQWRWKHWZRFRXQWHUSDUWV&OHDUO\WKHLQFUHDVHLQWKH
HOHFWURVWDWLF LQWHUDFWLRQV IRU WKH ELQGLQJ RI FKDUJHG VXEVWUDWHV
ZLWKDQHXWUDOUHFHSWRULQSRODUVROYHQWGRHVQRWZDUUDQWDQHWJDLQ
LQ IUHH HQHUJ\ RI ELQGLQJ RZLQJ WR WKH FRPSOH[
VROYDWLRQGHVROYDWLRQSURFHVVWKDWWDNHVSODFHLQVROXWLRQ

([SHULPHQWDO6HFWLRQ

ZDVWLWUDWHGZLWKD7%$&OVROXWLRQRIDFRQFHQWUDWLRQRIFJXHVW îFKRVW
(DFKWLWUDWLRQZDVSHUIRUPHG±WLPHV$EODQNH[SHULPHQWZDVGRQHE\
WLWUDWLQJWKHJXHVWVROXWLRQWRWKHSXUHVROYHQWDQGWKHKHDWRIGLOXWLRQZDV
UHGXFHGIURPWKHH[SHULPHQWEHIRUHILWWLQJWKHGDWDWRDELQGLQJLVRWKHUP
&DOFXODWLRQV
7KHJDVSKDVHDQGVROXWLRQVWDWHJHRPHWU\RSWLPLVDWLRQVZHUHSHUIRUPHG
IRUWKHIROGDPHUFRPSOH[HV&O&ODQG&OZLWKWKH7XUERPROHSURJUDP
SDFNDJH>@ XVLQJ WKH 3%(3%( GHQVLW\ IXQFWLRQDO>@ WRJHWKHU ZLWK
$KOULFKV¶ GHI7=93 EDVLV VHWV>@ DQG *ULPPH¶V *'%- HPSLULFDO
GLVSHUVLRQFRUUHFWLRQ>@7KHHIIHFWRIWKHVROYHQW DFHWRQHİ  ZDV
WDNHQ LQWR DFFRXQW XVLQJ D FRQGXFWRUOLNH FRQWLQXXP VROYDWLRQ PRGHO
&2602>@7KHLQLWLDOJHRPHWULHVRIFRPSOH[HV&O&ODQG&OZHUH
WDNHQ GLUHFWO\ IURP WKH VLQJOHFU\VWDO ;UD\ GLIIUDFWLRQ GDWD RI WKH
FRUUHVSRQGLQJ IOXRULGH FRPSOH[HV>@ 7KH LQLWLDO JHRPHWU\ IRU &O ZDV
HQYLVDJHG E\ DQDO\VLQJ WKH REVHUYHG &,6 LQ WKH 105 WLWUDWLRQ  )XOO
IUHTXHQF\FDOFXODWLRQVZHUHSHUIRUPHGIRUWKHRSWLPLVHGVWUXFWXUHVLQWKH
JDVSKDVHWRHQVXUHWKDWWKH\FRUUHVSRQGWRWUXHPLQLPDRQWKHSRWHQWLDO
HQHUJ\K\SHUVXUIDFH

0DWHULDOV

$FNQRZOHGJHPHQWV

$OOVWDUWLQJPDWHULDOVDQGFKHPLFDOVZHUHFRPPHUFLDOO\DYDLODEOHDQGXVHG
DVVXFKXQOHVVRWKHUZLVHQRWHG$QDO\WLFDOJUDGHVROYHQWVZHUHXVHGIRU
WKH FRPSOH[DWLRQ VWXGLHV &RPSRXQGV  ZHUH SUHSDUHG DV SUHYLRXVO\
UHSRUWHG>@

)XQGLQJ IURP $FDGHP\ RI )LQODQG SURMHFWV  
DQG DQG8QLYHUVLW\RI-\YDVN\OD PRELOLW\IXQGLQJ
IRU .+  DUH DFNQRZOHGJHG 06F (VD +DDSDQLHPL LV JUDWHIXOO\
DFNQRZOHGJHG IRUDVVLVWDQFH ZLWK WKH 105PHDVXUHPHQWVDQG
0LQQD.RUWHODLQHQDQG$QQLLQD$KRIRUSURYLGLQJIROGDPHU

0DVVVSHFWURPHWULFVWXGLHV
0DVVVSHFWURPHWU\H[SHULPHQWVZHUHSHUIRUPHGZLWK0LFURPDVV/&7(6,
72) DQG 4VWDU (OLWH (6,472) PDVV VSHFWURPHWHUV  P0 VWRFN
VROXWLRQVRIIROGDPHUVDQGZHUHSUHSDUHGLQ7+)DQGP0VWRFN
VROXWLRQV RI DPPRQLXP VDOWV RI JXHVWV ZHUH SUHSDUHG LQ 0H2+ ,Q DOO
PHDVXUHPHQWVDFHWRQLWULOHZDVXVHGDVVROYHQWDQGWKHFRQFHQWUDWLRQRI
KRVWV   DQG  ZDV  0 DQG WKH FRQFHQWUDWLRQ RI JXHVWV  0
&RPSHWLWLRQH[SHULPHQWVZHUHSHUIRUPHGZLWKIROGDPHUDQGDPPRQLXP
VDOWVRIKDOLGHLRQV&ODQG%UDQG%UDQG,UHVSHFWLYHO\
105WLWUDWLRQ

.H\ZRUGV$QLRQV)ROGDPHUV+RVWJXHVWV\VWHPV
5HFHSWRUV6XSUDPROHFXODUFKHPLVWU\
>@
>@
>@
>@
>@

7KH 105 VSHFWUD ZHUH PHDVXUHG ZLWK D %UXNHU $YDQFH '5;  RU
%UXNHU$YDQFHVSHFWURPHWHUDW&DQGWKHFKHPLFDOVKLIWVZHUH
FDOLEUDWHGWRWKHUHVLGXDOSURWRQUHVRQDQFHRIWKHGHXWHUDWHGVROYHQW)RU
105WLWUDWLRQ±P0KRVWVWRFNVROXWLRQZDVSUHSDUHGLQDFHWRQHG
XVLQJ +DPLOWRQ JODVV V\ULQJHV 7KH JXHVW VROXWLRQV ZHUH SUHSDUHG IURP
7%$)ā +2  7%$&O 7%$%U 7%$, RU 7%$12 LQ KRVW VROXWLRQ NHHSLQJ
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