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Zipped-Up Chain-Type Coordination Polymers: Unsymmetrical Amide-
Containing Ligands Inducing b-Sheet or Helical Structures

Kazuhiro Uemura,*[a] Yuki Kumamoto,[b] and Susumu Kitagawa[b, c, d]

Introduction

Crystal engineering by exploiting noncovalent forces has at-
tracted much attention in recent years due to the challenge

of constructing novel solid architectures,[1–3] particularly
porous coordination polymers.[1] This field of research has
been developed and accelerated by means of simple strat-
egies, such as the hydrogen-bonded supramolecular syn-
thon[2c] and the use of secondary building units (SBUs),[1d]

which provide effective guidelines for constructing deriva-
tive architectures. In particular, supramolecular synthons de-
scribe the precise recognition events that take place when
molecules assemble, a concept that has prompted numerous
reports about the crystal structures of hydrogen-bonded or-
ganic molecules.[2,3] Furthermore, the idea of combining co-
ordination polymers and ligand-based hydrogen bonds has
been introduced recently,[2e] opening up a new dimension in
this field.

There are some advantages to this approach because it
allows a combination of strength, imparted by a coordina-
tion network, and flexibility, allowed by the softer hydro-
gen-bonding interactions.[4] In fabricating networks using
both noncovalent forces, the design of organic ligands is im-
portant because hydrogen-bonding sites can possibly coordi-
nate to metals, resulting in unpredicted crystal structures.
Despite these inherent difficulties, the following organic li-

Abstract: The crystal structures of thir-
teen AgI coordination polymers involv-
ing py-CONH-(CH2)n-py (py=pyri-
dine; n=0, 1) derivatives were deter-
mined by means of single-crystal X-ray
analyses. All of the compounds form
one-dimensional chains composed of
AgI atoms and bridging ligands with
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[X]}n (X=PF6

�, ClO4
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�, and NO3
�

with solvent molecules). The unsym-
metrical coordination environments
around AgI atoms induce direction in
the chains, that is, -[NH-(CH2)n-py-Ag-
py-CO]-, which resembles the align-
ment of amino acid chains in proteins.
In compounds {[Ag ACHTUNGTRENNUNG(4-pia)][X]}n (1�X;

4-pia=N-(4-pyridyl)isonicotinamide;
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�, ClO4
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�, and NO3
�),

{[Ag ACHTUNGTRENNUNG(4-pmia)][X]}n (2�X; 4-pmia=N-
(pyridin-4-ylmethyl)isonicotinamide;
X=PF6

�, ClO4
�·H2O, and NO3

�·H2O),
and {[Ag ACHTUNGTRENNUNG(3-pmia)][X]}n (3�X; 3-
pmia=N-(pyridin-3-ylmethyl)isonico-
ACHTUNGTRENNUNGtinamide; X=PF6
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NO3

�·H2O), each chain is aligned par-
allel to neighboring chains, but adja-
cent chains run in the opposite direc-
tion. Particularly in {[Ag ACHTUNGTRENNUNG(3-pmia)]-
ACHTUNGTRENNUNG[PF6]}n (3�PF6

�), {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[ClO4]}n

(3�ClO4
�), and {[Ag ACHTUNGTRENNUNG(3-pmia)]ACHTUNGTRENNUNG[BF4]}n

(3�BF4
�), amide moieties of 3-pmia li-

gands are complementarily hydrogen
bonded to amide moieties in neighbor-
ing chains, as in the b-sheet motif in
proteins. On the other hand, in {[Ag ACHTUNGTRENNUNG(4-
pmna)] ACHTUNGTRENNUNG[PF6]·MeOH}n (4-pmna=N-
(pyridin-4-ylmethyl)nicotinamide), all
chains in the crystal form left-handed
(4a�PF6

�·MeOH) and right-handed
(4b�PF6

�·MeOH) helical structures
with a helical pitch of 28 :. Heteroge-
neous anion exchanges proceed reversi-
bly in 2, but not in 3, which provides
information about the thermal stabili-
ties of the crystals.
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gands combined with metals have afforded rationally built-
up structures: py-amide (py=pyridine),[5] py-urea-py,[6] py-
amide-py,[7,8] and py-(amide)2-py types[6a,9] (Scheme 1). In

the crystal structures constructed by using these organic li-
gands, pyridine moieties are coordinated to metal ions,
whereas amide and urea moieties interact through hydrogen
bonds, to avoid the coordination of hydrogen-bonding sites
to metals, thus raising the possibility of dealing rationally
with both coordination and hydrogen bonds. Furthermore,
by using coordination polymers instead of discrete molecu-
lar assemblies, the resulting structures have fewer degrees of
freedom, thereby facilitating structural prediction and con-
trol.

On this basis, we have prepared the unsymmetrical
amide-containing ligands, py-CONH-py, py-CONH-CH2-py,
and py-CONH-(CH2)2-py, in which two pyridyl groups are
bridged by -CONH-, -CONH-CH2-, and -CONH-(CH2)2-
moieties, respectively (Scheme 1), to add a new structural
dimension to coordination networks having a b-sheet
motif[10] by incorporating cross-linked coordination-based
motifs. The backbone of these ligands is an amide moiety,
which is well known for its typical hydrogen-bonding net-
work. Coordination polymers derived from these ligands are
expected to self-assemble through complementary hydrogen
bonds involving an amide backbone. Previously, we have re-
ported the synthesis and structures of square grids[8a,b] and
repeated rhomboid-type chains[8c] with these types of li-
gands. Especially in square grids [Co(X)2 ACHTUNGTRENNUNG(3-pna)2]n (3-pna=

N-(pyridin-3-yl)nicotinamide; X=NCS�, NO3
�, and Br�)

and {[Co ACHTUNGTRENNUNG(NCS)2ACHTUNGTRENNUNG(4-peia)2]·4Me2CO}n (4-peia=N-(2-pyridin-
4-ylethyl)isonicotinamide), complementary amide···amide
hydrogen bonds effectively connect each square grid. Com-

pared with symmetrical amide- or urea-containing ligands,
these types of unsymmetrical amide-containing ligands have
not yet been employed widely in a systematic manner.

To establish principles, researchers often exploit a simple
system that allows modeling and study of phenomena that
are superimposed upon a more complicated, multicompo-
nent system. Thus, one-dimensional (1D) chainlike com-
plexes, being the simplest topological type of coordination
array, represent a good starting point to model and investi-
gate infinite, polymeric compounds to develop strategies for
engineering supramolecular polymers. In this paper, to ex-
plore the contribution of py-CONH-(CH2)-py-type ligands,
crystal structures of coordination networks based on N-(4-
pyridyl)isonicotinamide (4-pia), N-(pyridin-4-ylmethyl)isoni-
cotinamide (4-pmia), N-(pyridin-3-ylmethyl)isonicotinamide
(3-pmia), and N-(pyridin-4-ylmethyl)nicotinamide (4-pmna)
are shown. By fixing the metal coordination geometry as
linear, we have explored the solid structures resulting from
reactions of AgX (X=PF6

�, ClO4
�, BF4

�, and NO3
�) with

the above-mentioned ligands.

Results and Discussion

Design strategy : The systems mentioned in this paper oper-
ate under conditions in which distinct metal coordination
and hydrogen bonds should be involved in independent
binding events between unsymmetrical amide-containing li-
gands and AgX (X=PF6

�, ClO4
�, BF4

�, and NO3
�).

Scheme 2 shows our proposed amide-containing py-X-py-
type ligands. These ligands consist of three structural parts:
1) pyridyl groups that can coordinate to a metal, 2) an
amide group that can form hydrogen-bond interactions with
nitrogen and oxygen atoms, and 3) an alkyl moiety that can
lengthen the ligands. Due to their unsymmetrical shapes,
two kinds of N donors, nitrogen atoms in the carbonyl pyri-
dine (NC) and those in the amino (or methylene) pyridine
(NN or NM), are available. Because of p conjugation be-
tween the carbonyl pyridine and the amide moiety, nearly
zero torsion angles between their planes are expected. This
results in the following four ligand shapes in coordination
networks: rod, arch, L-shape, and zigzag (Scheme 2), such
as 4,4’-bipyridine (4,4’-bpy), 3,4’-bipyridine (3,4’-bpy), and
3,3’-bipyridine (3,3’-bpy).

The coordination sphere of AgI can adopt coordination
numbers between two and six[11,12] and prefers a linear two-
coordinate geometry with N donor ligands to afford 1D
chains with bidentate py-X-py-type ligands.[13] Amide moiet-
ies in the ligands would guide hydrogen-bonding interac-
tions among 1D chains; it is expected that each chain would
be cross-linked by the complementary amide···amide hydro-
gen bonds, or intermolecular hydrogen bonds by means of
anions or solvent molecules.

Crystal structures of {[Ag ACHTUNGTRENNUNG(4-pia)][X]}n (1�X; X=PF6
�,

ClO4
�, BF4

�, and NO3
�): {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[PF6]}n (1�PF6

�) com-
prises one AgI atom and one 4-pia ligand that are crystallo-

Scheme 1. Different types of symmetrical and unsymmetrical organic li-
gands that can be used to construct crystal structures when combined
with metals.
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graphically independent (Figure 1a). The 4-pia ligands are
linked by AgI atoms to produce a 1D network. Each AgI

atom is coordinated by two pyridine nitrogen atoms of 4-pia
ligands of the NC and NN types, leading to an electronically
unsymmetrical AgI center. All chains run along the (a+c)
direction, with pyridine rings perpendicular to the ac plane.
Adjacent chains run in opposite directions, as shown in Fig-
ure 1b. The 1D chains are not linear but wavy; AgI atoms
are at the top and bottom of the waves. Between the two
parallel chains, the closest approach is AgI–AgI at
3.622(1) :, whereas the greatest separation is around PF6

�

anions at about 7.1 :. The PF6
�

anions are weakly associated
with the AgI atoms (AgI–F=

2.764(7) :) and are hydrogen
bonded to amide moieties (N-
ACHTUNGTRENNUNG(amide)···F=3.00(1) :). De-
spite close amide–amide distan-
ces between the chains (N–O=

3.203(8) :), the hydrogen
bonds between PF6

� and amide
moieties obstruct the formation
of amide···amide hydrogen
bonds.

Although the anions exhibit
substantial differences in both
shape and size (molecular sizes:
PF6

�=54 :3, ClO4
�=47 :3,

BF4
�=38 :3, and NO3

�=

34 :3),[14] {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[ClO4]}n
(1�ClO4

�), {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[BF4]}n
(1�BF4

�), and {[Ag ACHTUNGTRENNUNG(4-pia)]-
ACHTUNGTRENNUNG[NO3]}n (1�NO3

�), adopt simi-
lar network motifs to 1�PF6

�

(Figure 2). In 1�ClO4
�,

1�BF4
�, and 1�NO3

�, all wavy
1D chains run along the (a+c)
direction with adjacent chains

running in the opposite direction, as in 1�PF6
�. Table 1

summarizes selected bond lengths and angles within four
compounds of 1. Coordination distances and angles around
AgI atoms are similar. As with PF6

� molecules in 1�PF6
�,

each anion in the network is hydrogen bonded to amide

Scheme 2. The amide-containing py-X-py-type ligands used in this study, which result in rod, arch, L, and
zigzag ligand shapes in coordination networks. m and p signify meta and para, respectively.

Figure 1. Crystal structures of {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[PF6]}n (1�PF6
�). a) ORTEP

drawing of 1�PF6
� at the 30% probability level. The PF6

� ion and hydro-
gen atoms except for those of the amide hydrogen are omitted for clarity.
b) Overall structure (left) and cross-sectional view (right) of 1�PF6

�. 1D
chains run in parallel to form a sheet, in which PF6

� ions are accommo-
dated. Dotted lines (right) correspond to sheets.

Figure 2. Crystal structures (left) and cross-sectional views (right) of
a) {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[ClO4]}n (1�ClO4

�), b) {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[BF4]}n (1�BF4
�), and

c) {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[NO3]}n (1�NO3
�). Hydrogen atoms except for those in

amide moieties are omitted for clarity. 1D chains run in parallel to form
a sheet.
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moieties. Thus, 1�ClO4
�, 1�BF4

�, and 1�NO3
� also do not

contain complementary amide···amide hydrogen bonds.

Crystal structures of {[Ag ACHTUNGTRENNUNG(4-pmia)][X]}n (2�X; X=PF6
�,

ClO4
�·H2O, and NO3

�·H2O): Figure 3 shows the crystal
structure of {[Ag ACHTUNGTRENNUNG(4-pmia)]ACHTUNGTRENNUNG[PF6]}n (2�PF6

�). There are two
kinds of individual AgI, 4-pmia, and PF6

� molecule in the

crystal. Each AgI atom is coordinated by two pyridine nitro-
gen atoms of 4-pmia molecules, NC and NM. Although these
pyridine donors are nonequivalent because of the unsym-
metrical structure of this ligand, the two AgI�N bond
lengths are similar: AgI�NC=2.160(5) and 2.152(5) :, AgI�
NM=2.152(5) and 2.134(6) : (Table 2). Coordination of the
two types of pyridine donor in 4-pmia ligands affords a
slightly bent geometry (NC-AgI-NM=161.0(2) and
162.0(2)8). Each AgI atom is linked by the 4-pmia ligands to
provide a 1D chain of {[Ag ACHTUNGTRENNUNG(4-pmia)]ACHTUNGTRENNUNG[PF6]}n, which forms a
zigzag shape, turning at the methylene moiety (angles (N-
ACHTUNGTRENNUNG(amide)-C ACHTUNGTRENNUNG(methyl)-C ACHTUNGTRENNUNG(pyridine))=113.6(5) and 114.7(5)8).

The direction of each chain
(-[NH-(CH2)n-py-Ag-py-CO]- or
-[CO-py-Ag-py-(CH2)n-NH]-) is
opposite to that of neighboring
chains. These chains are aligned
along the c axis and slide
against neighboring chains,
where oxygen atoms in amide

moieties interact with AgI atoms[13c–e] (AgI–OACHTUNGTRENNUNG(amide)=

2.611(5) and 2.685(5) :) to form wave sheets (Figure 3b).
These sheets are stacked along the a axis to afford 1D chan-
nels filled with PF6

� molecules as shown in Figure 3b.
As well as 2�PF6

�, in {[Ag ACHTUNGTRENNUNG(4-pmia)] ACHTUNGTRENNUNG[ClO4]·H2O}n
(2�ClO4

�·H2O) and {[Ag ACHTUNGTRENNUNG(4-pmia)] ACHTUNGTRENNUNG[NO3]·H2O}n
(2�NO3

�·H2O) each AgI atom is coordinated by two pyri-
dine nitrogen atoms of 4-pmia molecules, NC and NM, to
afford wavy 1D chains. Each chain direction is opposite to
that of neighboring chains, as shown in Figure 4. The pack-
ing modes of chains found in 2�ClO4

�·H2O and
2�NO3

�·H2O are different from those in 2�PF6
�. Oxygen

atoms of amide moieties in both 2�ClO4
�·H2O and

2�NO3
�·H2O project from the chain and hydrogen bond to

water molecules. Incorporated water molecules are hydro-
gen bonded to three surrounding sites, namely oxygen
atoms in amide moieties, oxygen atoms in anions, and hy-
drogen atoms in amide moieties. As shown in Figure 4,
ClO4

� and NO3
� ions interact with AgI atoms and are

placed among these zigzag chains.

Crystal structures of {[Ag ACHTUNGTRENNUNG(3-pmia)][X]}n (3�X; X=PF6
�,

ClO4
�, BF4

�, and NO3
�·H2O): In {[Ag ACHTUNGTRENNUNG(3-pmia)]ACHTUNGTRENNUNG[PF6]}n

(3�PF6
�), each AgI atom is bridged by a 3-pmia ligand with

distorted linear geometry (NC-AgI-NM=174.9(1)8, AgI�NC=

2.149(3) :, and AgI�NM=2.143(3) :), as shown in Fig-
ure 5a, to afford an infinite zigzag chain as in 1 and 2. Also

Table 1. Selected bond lengths [:] and angles [8] in 1�X (X=PF6
�, ClO4

�, BF4
�, and NO3

�).

Ag�NC Ag�NN NC-Ag-NN Ag–Ag O ACHTUNGTRENNUNG(amide)–NACHTUNGTRENNUNG(amide)

1�PF6
� 2.122(5) 2.110(5) 172.1(2) 3.622(1) 3.203(8)

1�ClO4
� 2.139(8) 2.147(8) 168.1(3) 3.293(2) 3.35(1)

1�BF4
� 2.144(4) 2.140(4) 169.2(2) 3.2692(7) 3.361(7)

1�NO3
� 2.167(3) 2.155(3) 168.4(1) 3.2824(9) 3.135(5)

Figure 3. Crystal structures of {[Ag ACHTUNGTRENNUNG(4-pmia)] ACHTUNGTRENNUNG[PF6]}n (2�PF6
�). a) ORTEP

drawing of 2�PF6
� at the 30% probability level. The PF6

� ion and hydro-
gen atoms of pyridine rings are omitted for clarity. b) Overall structure
(left) and cross-sectional view (right) of 2�PF6

�. 1D chains run in paral-
lel to form a sheet with C=O–AgI interactions. Two sheets stack, and the
thin and thick lines show the upper and lower sheets, respectively.

Table 2. Selected bond lengths [:] and angles [8] in 2�X (X=PF6
�,

ClO4
�·H2O, and NO3

�·H2O).

Ag�NC Ag�NM NC-Ag-NM

2�PF6
� 2.160(5), 2.152(5) 2.152(5), 2.134(6) 161.0(2), 162.0(2)

2�ClO4
�·H2O 2.165(5) 2.163(5) 174.6(2)

2�NO3
�·H2O 2.163(3) 2.159(3) 173.3(1)

Figure 4. Overall structures (left) and cross-sectional views (right) of 1D
chains of a) {[Ag ACHTUNGTRENNUNG(4-pmia)]ACHTUNGTRENNUNG[ClO4]·H2O}n (2�ClO4

�·H2O) and b) {[Ag ACHTUNGTRENNUNG(4-
pmia)] ACHTUNGTRENNUNG[NO3]·H2O}n (2�NO3

�·H2O). 1D chains run in parallel to form a
sheet with O ACHTUNGTRENNUNG(amide)···O ACHTUNGTRENNUNG(water)···N ACHTUNGTRENNUNG(amide) hydrogen bonds.
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in 3�PF6
�, each chain direction (-[NH-(CH2)n-py-Ag-py-

CO]- or -[CO-py-Ag-py-(CH2)n-NH]-) is opposite to that of
neighboring chains. It is worth noting that hydrogen bonds
of the type NH···O=C (N···O=2.831(4) :) existing between
the adjacent chains create a complementary amide binding
network like a b sheet (Figure 5b). The b sheet of 3�PF6

� is
a wavelike sheet with about 10 : thickness. The closest
AgI–AgI distance between chains is 3.5764(9) :. These
wavelike sheets interdigitate along the a axis (Figure 6a), by
stacking of methyl pyridine rings with about 4 : separation.
There is no hydrogen bonding between adjacent sheets.
Compounds {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[ClO4]}n (3�ClO4

�) and {[Ag ACHTUNGTRENNUNG(3-
pmia)]ACHTUNGTRENNUNG[BF4]}n (3�BF4

�) are isostructural with 3�PF6
�, and

also form structures like a b sheet, as shown in Figure 6. As
Table 3 shows, the amide···amide (N···O) hydrogen-bond
lengths between adjacent chains are 2.829(4) and 2.823(4) :
in 3�ClO4

� and 3�BF4
�, respectively. Complementary ami-

de···amide hydrogen bonds afford 1D dipole arrays, in which
neighboring arrays with opposite directions cancel out.
Anion molecules (PF6

�, ClO4
�, and BF4

�) are accommodat-
ed within the basins of b sheets.

In the case of {[Ag ACHTUNGTRENNUNG(3-pmia)]ACHTUNGTRENNUNG[NO3]·H2O}n (3�NO3
�·H2O),

water molecules are included in the network, since the
NO3

� anion is smaller than other anions.[14] The water mole-
cules are hydrogen bonded to oxygen atoms of amide moiet-
ies, oxygen atoms of nitrate anions, and nitrogen atoms in
amide moieties (Figure 7), thus affording sheets with inter-
molecular hydrogen bonds like 2�ClO4

�·H2O and
2�NO3

�·H2O.

Crystal structures of {[Ag ACHTUNGTRENNUNG(4-pmna)] ACHTUNGTRENNUNG[PF6]·MeOH}n

(4a�PF6
�·MeOH and 4b�PF6

�·MeOH): In {[Ag ACHTUNGTRENNUNG(4-pmna)]-
ACHTUNGTRENNUNG(PF6)·MeOH}n (4a�PF6

�·MeOH), each AgI atom is linearly
coordinated to 4-pmna ligands (NC-AgI-NM=178.1(1)8,
Table 4) to provide a 1D chain. In spite of the nonequivalent
pyridine donors, no significant difference was observed for
the two AgI�N bond lengths: AgI�NC=2.16(2) and AgI�
NM=2.14(1) :. The interesting feature of this chain is a hel-

ical framework with a 28 : unit
repeated along the c axis
(Figure 8). Compound
4a�PF6

�·MeOH crystallizes in
space group P43, resulting in a
unique single left-handed heli-
cal structure. Compound
4a�PF6

�·MeOH has a 43 axis

Figure 5. Crystal structures of {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[PF6]}n (3�PF6
�). a) ORTEP

drawing of 3�PF6
� at the 30% probability level. The PF6

� anion and hy-
drogen atoms of pyridine rings are omitted for clarity. b) Overall struc-
ture of 3�PF6

�. 1D chains run in parallel to form a sheet with O-
ACHTUNGTRENNUNG(amide)···HN ACHTUNGTRENNUNG(amide) hydrogen bonds.

Figure 6. The b-sheet-type structures (left) and their cross-sectional views
(right) of a) {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[PF6]}n (3�PF6

�), b) {[AgACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[ClO4]}n
(3�ClO4

�), and c) {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[BF4]}n (3�BF4
�). Three b sheets are

stacked along the a axis; thin and thick lines express individual sheets.

Table 3. Selected bond lengths [:] and angles [8] in 3�X (X=PF6
�, ClO4

�, BF4
�, and NO3

�·H2O).

Ag�NC Ag�NN NC-Ag-NN Ag–Ag O ACHTUNGTRENNUNG(amide)···NACHTUNGTRENNUNG(amide)

3�PF6
� 2.149(3) 2.143(3) 174.9(1) 3.5764(9) 2.831(4)

3�ClO4
� 2.162(3) 2.156(3) 172.9(1) 3.3214(7) 2.829(4)

3�BF4
� 2.136(3) 2.144(3) 173.5(1) 3.342(1) 2.823(4)

3�NO3
�·H2O 2.161(2) 2.159(2) 172.25(8) – –
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along the c axis. The PF6
� ions and methanol molecules are

located within the helical columns with close contact distan-
ces: AgI–OACHTUNGTRENNUNG(MeOH)=2.76(2) and AgI–FACHTUNGTRENNUNG(PF6

�)=3.11(4) :.
One helical column is interdigitated with adjacent columns
by weak association between the oxygen atom of the amide
moiety and the AgI atom in the adjacent chain (AgI–O-
ACHTUNGTRENNUNG(amide)=2.78(5) :).[13c–e] It is well known that the helical
structure of proteins is mainly driven and stabilized by intra-
molecular hydrogen-bonding interactions between amide
groups within the flexible polypeptide backbone.[10] Howev-
er, in 4a�PF6

�·MeOH, carbonyl oxygen atoms do not hy-
drogen bond to N�H, but interact weakly with AgI atoms in
neighboring chains, unlike the a-helix form in proteins.
However, in the case of 4b�PF6

�·MeOH, the compound
crystallizes in space group P41, resulting in single right-
handed helicity (Figure 8b). Thus, compound 4 crystallizes
as cocrystals of 4a�PF6

�·MeOH and 4b�PF6
�·MeOH.

Comparison of relationship between chains in compounds
1–4 : All compounds 1–4 form 1D chains, which are attribut-
ed to the bridging of AgI atoms with linear coordination en-
vironments. The most significant feature is that AgI atoms
are unsymmetrically coordinated in all compounds; that is,
NC-Ag-NN(M), rather than NC-Ag-NC and NN-Ag-NN (or NM-
Ag-NM). This coordination mode induces chain direction
within -[NH-(CH2)n-py-Ag-py-CO]- (n=0 (1) or 1 (2–4)) as
seen in amino acid sequences in proteins.[10]

Scheme 3 summarizes the relationships between chains in
compounds 1–4. Each chain in compounds 1–3 runs parallel,
with neighboring chains running in opposite directions. As
mentioned previously, amide moieties in 1 form hydrogen
bonds with incorporated anion molecules, resulting in no
significant interaction between chains. On the other hand,
chains are cross-linked with neighboring chains by intermo-
lecular (H2O) hydrogen bonds in 2�ClO4

�·H2O,
2�NO3

�·H2O, and 3�NO3
�·H2O, and with b-sheet motifs oc-

curring in 3�PF6
�, 3�ClO4

�, and 3�BF4
�.

In proteins, the chain of amino acids produces secondary
structures, namely a-helix and b-sheet motifs.[10] The b-sheet
structure is classified into two types: parallel and antiparal-
lel.[10] In the former, all chains are oriented in the same di-
rection. In the latter, adjacent chains are oriented in the op-
posite direction, and folding of a single chain is often ob-
served. The arrangements of hydrogen-bonding linkage in
3�PF6

�, 3�ClO4
�, and 3�BF4

� is of the latter, antiparallel
type.

To date, helical structures based on coordination com-
pounds designed by selecting suitable metals and oligopyri-
dines have been reported,[15] and control of their length and
single-, double-, or triple-stranded nature has been ach-
ieved.[16] Moreover, b-sheet structures have been obtained
by cross-linking 1D coordination polymers.[6a,9f,g,i] Interest-
ingly, in our case, helical and b-sheet structures similar to
the self-assembled structures of folded proteins have been
obtained from two isomeric py-CONH-(CH2)-py-type li-
gands.

Figure 7. Crystal structures of {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[NO3]·H2O}n (3�NO3
�·H2O).

Overall structure (left) and cross-sectional view (right) of 3�NO3
�·H2O.

1D chains run in parallel to form a sheet with O ACHTUNGTRENNUNG(amide)···O ACHTUNGTRENNUNG(water)···N-
ACHTUNGTRENNUNG(amide) hydrogen bonds.

Table 4. Selected bond lengths [:] and angles [8] in 4a�PF6
�·MeOH and

4b�PF6
�·MeOH.

Ag�NC Ag�NM NC-Ag-NM

4a�PF6
�·MeOH 2.16(2) 2.14(1) 178.1(1)

4b�PF6
�·MeOH 2.17(1) 2.13(1) 178.5(5)

Figure 8. Crystal structures of {[Ag ACHTUNGTRENNUNG(4-pmna)] ACHTUNGTRENNUNG[PF6]·MeOH}n
(4a�PF6

�·MeOH and 4b�PF6
�·MeOH). a) ORTEP drawing of

4a�PF6
�·MeOH at the 30% probability level. The PF6

� anion and hydro-
gen atoms of pyridine rings are omitted for clarity. b) Overall structure of
4a�PF6

�·MeOH (right) and 4b�PF6
�·MeOH (left). Both compounds

form helical structures (4a�PF6
�·MeOH: left-handed; 4b�PF6

�·MeOH:
right-handed) with the helical pitch of 28 :.
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Comparison of ligand conformations in compounds 1–4 :
Amide-containing ligands have three flat planes, the carbon-
yl pyridine, amino (methylene) pyridine, and amide planes,
with each plane connected through single bonds. As shown
in Scheme 4, two torsion angles, a and b, are defined: angle
a between the carbonyl pyridine and amide plane and angle
b between the carbonyl pyridine and amino (methylene)
pyridine. Table 5 summarizes angles a and b found in 1–4. A
tendency for a large value of a to be accompanied by a
small value of b can be observed.[17] As shown in previous
reports,[9i, 18] amide···amide hydrogen bonding occurs only
when the angle between carbonyl pyridine and the amide
plane is greater than 208. In our case, the a angles in
3�PF6

�, 3�ClO4
�, and 3�BF4

� are greater than 208.
The significant difference among compounds 2–4 is the

conformation of py-CONH-(CH2)-py-type ligands, in which
two types, A and B, are present. Types A and B imply that
the methylene pyridine is on either the upper or lower side
relative to the plane of carbonyl pyridine and amide moiety,
respectively (Scheme 4). As shown in Scheme 4, in com-
pounds 2 and 3 (except for 2�PF6

� and 3�NO3
�·H2O), all

ligand conformations in a single chain are the same, and the
two kinds of chain are alternately aligned. Also, in
4a�PF6

�·MeOH and 4b�PF6
�·MeOH, only type A or B is

crystallized, which induces helical structures. On the other
hand, in a single chain of 3�NO3

�·H2O, types A and B are
alternately connected in the form -A-B-A-B-.[19] Figure 9
shows three kinds of single chain in 2�ClO4

�·H2O,
3�ClO4

�, and 3�NO3
�·H2O. Each chain forms a zigzag with

pitches of 25.1, 18.9, and 26.6 :, respectively. It is worth
noting that the chain pitch is rationally regulated by the
change from para- to meta-methylene pyridine between
2�ClO4

�·H2O and 3�ClO4
�. Compared with 2�ClO4

�·H2O

and 3�ClO4
�, the chain of 3�NO3

�·H2O is close to a
straight line, which is attributed to the alternating alignment
of ligand conformations (-A-B-A-B-).

The most interesting feature in our system is that two
kinds of biomimetic structure, the b sheet and the helix,
have been constructed by combining py-CONH-CH2-py-
type ligands with AgPF6. A slight change of ligand orienta-
tion, (para-NC, meta-NM) and (meta-NC, para-NM), induces
drastic structural difference, namely b sheet (3�PF6

�,

Scheme 3. Summary of the relationships between chains in compounds 1–
4.

Scheme 4. Scheme showing the three flat planes of the amide-containing
ligands, the torsion angles, a and b, and the two types of confomation, A
and B, of the py-CONH-(CH2)-py-type ligands in compounds 1–4.

Table 5. The angles [8] of a and b, and symbols found in 1�X (X=PF6
�,

ClO4
�, BF4

�, and NO3
�), 2�X (X=PF6

�, ClO4
�·H2O, and NO3

�·H2O),
3�X (X=PF6

�, ClO4
�, BF4

�, and NO3
�·H2O), 4a�PF6

�·MeOH, and
4b�PF6

�·MeOH.

ACHTUNGTRENNUNG(a,b)[a,b] Symbol[c]

1�PF6
� (+27.6, +31.5), (�27.6, �31.5) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p0, p0)]

1�ClO4
� (+27.0, +29.7), (�27.0, �29.7) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p0, p0)]

1�BF4
� (+25.8, +26.7), (�25.8, �26.7) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p0, p0)]

1�NO3
� (+36.2, +18.8), (�36.2, �18.8) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p0, p0)]

2�PF6
� (+11.7, +66.2), (�11.7, �66.2),

(�32.4, +64.5), (+32.4, �64.5)
C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p1, p0)]

2�ClO4
�·H2O (+2.1, +82.5), (�2.1, �82.5) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p1, p0)]

2�NO3
�·H2O (+3.2, +76.7), (�3.2, �76.7) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p1, p0)]

3�PF6
� (+22.0, +64.8), (�22.0, �64.8) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(m1, p0)]

3�ClO4
� (+20.9, +65.3), (�20.9, �65.3) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(m1, p0)]

3�BF4
� (+21.0, +62.7), (�21.0, �62.7) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(m1, p0)]

3�NO3
�·H2O (+7.3, +73.6), (�7.3, �73.6) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(m1, p0)]

4a�PF6
�·MeOH (�5.0, +90.0) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p1, m0)]

4b�PF6
�·MeOH (+5.6, �89.6) C ACHTUNGTRENNUNG[AgI ACHTUNGTRENNUNG(p1, m0)]

[a] a=angle (Py ACHTUNGTRENNUNG(carbonyl)–amide plane). [b] b=angle (Py ACHTUNGTRENNUNG(carbonyl)–
Py(amino or methylene)). [c] Symbols are assigned according to our pre-
viously reported category in which the NH-py-M-py-CO unit in a “metal-
lo-amino acid” was regarded as an “amino acid fragment”. See ref. [4].
C: chain (designator of patterns); m and p : meta and para (substituted
position of NH- or CO-containing group); 0 and 1: number of atoms in
between NH- (or CO-) and py group.
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3�ClO4
�, and 3�BF4

�) and helix (4a�PF6
�·MeOH and

4b�PF6
�·MeOH). Scheme 5 shows single chains of 3�PF6

�

and 4a�PF6
�·MeOH, in which both have -A-A-A-A- ligand

alignments with arch- and L-shaped networks, respectively.
The drastic difference is attributed to the torsion angles be-
tween two ligands through the AgI atoms. In 3�PF6

�, the
torsion angles are about 1808, with amide moieties directly
opposed. On the other hand, in 4a�PF6

�·MeOH, the torsion
angles are about 08, which produces a 43 helical structure.
As shown in Scheme 5, the schematic drawing of 3�PF6

�

with torsion angles of 08 exhibits the helical form, thus com-
pound 3 also potentially has the possibility of helical crystal
structures with additional molecules such as MeOH in
4a�PF6

�·MeOH.

Anion binding and irreversible anion exchange with struc-
tural transformation : Recent investigations of anion recogni-
tion[20] have revealed that urea moieties in molecules are
good candidates for anion binding and focused also on
amide moieties.[20e] In all compounds 1–3, each anion is sur-
rounded by and packed between 1D chains, within which

AgI atoms and amide moities interact at close proximity. To
compare experimentally the thermodynamic stabilities for
crystal-packing forces, heterogeneous anion exchan-
ges[9c,h,13c,d,21] were carried out. The experiments were per-
formed as follows: freshly bulk-synthesized powder samples
(0.50 mmol) were immersed in aqueous solutions (5 mL)
containing excess NaX (X=PF6

�, ClO4
�, BF4

�, or NO3
� ;

25 mmol) for three days. The resulting powder samples were
filtered, washed with water, and dried in air, followed by
measurement of IR spectra and X-ray powder diffraction
(XRPD).[22] Although anion exchanges may proceed by
means of dissolution,[21i] it is possible to compare the stabili-
ties.

In the case of 1�X (X=PF6
�, ClO4

�, BF4
�, and NO3

�),
anion exchange did not proceed, which indicated that anions
in the crystal are closely packed.[23] On the other hand, in
2�X (X=PF6

�, ClO4
�·H2O, or NO3

�·H2O), the exchanges
occurred smoothly by means of crystal-to-crystal transfor-
mations and reverse exchange was also observed. Figure 10
shows the anion environments in compounds 2�X. Anions
are in close contact with several AgI atoms, and hydrogen
bonded to the amide moiety in 2�PF6

�, but to water mole-
cules in both 2�ClO4

�·H2O and 2�NO3
�·H2O. Taking these

results into account, paired incorporation (anion and water
molecules) affords nonrigid hydrogen-bonded networks in
this system. This conclusion is also supported by the results
in 3�X (X=PF6

�, ClO4
�, BF4

�, and NO3
�·H2O). Compound

3�NO3
�·H2O was smoothly exchanged to become 3�PF6

�,
3�ClO4

�, or 3�BF4
� by means of crystal-to-crystal transfor-

mations. On the other hand, compounds 3�PF6
� and

3�ClO4
� did not release their incorporated anions from

their structures, even when the crystals were immersed in
aqueous solutions including excess quantities of other anion-

Figure 9. Single chains of {[Ag ACHTUNGTRENNUNG(4-pmia)]ACHTUNGTRENNUNG[ClO4]·H2O}n (2�ClO4
�·H2O),

{[Ag ACHTUNGTRENNUNG(3-pmia)]ACHTUNGTRENNUNG[ClO4]}n (3�ClO4
�), and {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[NO3]·H2O}n

(3�NO3
�·H2O) with schematic views.

Scheme 5. The single chains of 3�PF6
� and 4a�PF6

�·MeOH, in which
both have -A-A-A-A- ligand alignments with arch- and L-shaped net-
works, respectively.

Figure 10. Schematic views of the anion environments in a) {[Ag ACHTUNGTRENNUNG(4-
pmia)] ACHTUNGTRENNUNG[PF6]}n (2�PF6

�), b) {[Ag ACHTUNGTRENNUNG(4-pmia)] ACHTUNGTRENNUNG[ClO4]·H2O}n (2�ClO4
�·H2O),

and c) {[Ag ACHTUNGTRENNUNG(4-pmia)]ACHTUNGTRENNUNG[NO3]·H2O}n (2�NO3
�·H2O). Values represent the

distances [:] between atoms. Expressions for double bonds in ClO4
� and

NO3
� anions are omitted.
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ic species.[24] Such irreversible anion exchange indicates that
the hydrogen-bonded structure of compounds 3�PF6

� and
3�ClO4

� are relatively rigid (Figures 6 and 11), thus indicat-
ing that the b-sheet type of structure is rather more stable
thermodynamically than the networks of intermolecular hy-
drogen bonds.

Conclusion

In this paper, we have demonstrated that the amide-contain-
ing ligands 4-pia, 4-pmia, 3-pmia, and 4-pmna afford 1D
chains in combination with AgI atoms. Although structural
controls in this new topological system of py-CO-NH-CH2-
py are rather difficult because of the free rotation of the
methylene moieties, all compounds form chains with unsym-
metrical AgI coordination environments. Crystal structures
show that the amide moieties in the ligands, especially in 3-
pmia, project from parallel-aligned chains and participate in
cross-linking of chains in the crystals. We have, therefore,
developed a series of amide-containing coordination net-
works that open the way to new possibilities in metal–ligand
architectures useful for the construction of linkage networks
using complementary amide bindings. This principle of crys-
tal engineering and supramolecular synthesis could be used
to design, isolate, and characterize a number of novel net-
work structures that are prototypal.

Experimental Section

Materials : Isonicotinoyl chloride hydrochloride, nicotinoyl chloride hy-
drochloride, 4-aminopyridine, 3-aminopyridine, 4-(aminomethyl)pyridine,

3-(aminomethyl)pyridine, and NaPF6 were obtained from Tokyo Kasei
Industrial Co. AgNO3, NaNO3, and NaBF4 were obtained from Wako
Co. AgPF6 was obtained from Aldrich Chemical Co. AgBF4 and Ag-
ClO4·nH2O were obtained from Nacalai Tesque Co. NaClO4 was ob-
tained from Kishida Chemical Co. The 4-pmna was synthesized according
to a reported procedure.[8c]

Synthesis of N-(pyridin-4-ylmethyl)isonicotinamide (4-pmia): The ligand
was prepared by the reaction of isonicotinoyl chloride hydrochloride
(13.0 g, 73.0 mmol) with 4-pycolylamine (7.4 mL, 73.0 mmol) in dry tetra-
hydrofuran (250 mL) in the presence of triethylamine (21 mL, 150 mmol)
under N2. The product was recrystallized from acetone/hexane in 36%
yield (5.7 g). 1H NMR (DMSO): d=4.51 (d, J=6.0 Hz, 2H), 7.31 (d, J=

5.5 Hz, 2H), 7.80 (d, J=6.0 Hz, 2H), 8.50 (d, J=5.5 Hz, 2H), 8.74 (d, J=

6.0 Hz, 2H), 9.41 ppm (t, J=6.0 Hz, 1H); elemental analysis calcd (%)
for C12H11N3O: C 67.59, H 5.20, N 19.71; found: C 67.39, H 5.25, N 19.58.

Synthesis of N-(pyridin-3-ylmethyl)isonicotinamide (3-pmia): The ligand
was prepared by the reaction of isonicotinoyl chloride hydrochloride
(6.5 g, 36.5 mmol) with 3-pycolylamine (3.7 mL, 36.5 mmol) in dry tetra-
hydrofuran (125 mL) in the presence of triethylamine (10.5 mL,
75 mmol) under N2. The product was recrystallized from acetone/hexane
in 45% yield (3.5 g). 1H NMR (DMSO): d =4.51 (d, J=6.0 Hz, 2H), 7.36
(dd, J=8.0, 5.0 Hz, 1H), 7.73 (d, J=8.0 Hz, 1H), 7.78 (d, J=6.0 Hz, 2H),
8.46 (d, J=5.0 Hz, 1H), 8.56 (s, 1H), 8.73 (d, J=6.0 Hz, 2H), 9.37 ppm
(t, J=6.0 Hz, 1H); elemental analysis calcd (%) for C12H11N3O: C 67.59,
H 5.20, N 19.71; found: C 67.02, H 5.04, N 19.62.

Synthesis of {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[PF6]}n ACHTUNGTRENNUNG(1�PF6
�): A solution of 4-pia (2.99 mg,

0.015 mmol) in ethanol (1.5 mL) was carefully layered on a solution of
AgPF6 (1.90 mg, 0.008 mmol) in water (1.5 mL), with a mixed solvent of
ethanol/water (v/v 1:1, 1.5 mL) placed between the two layers (yield:
99%). FTIR: ñ=3393 (m; n, N�H stretching band), 1694 (s; n, amide-I),
1518 (s; d, amide-II), 842 cm�1 (s, br; n, PF6

�); elemental analysis calcd
(%) for C11H9AgF6N3OP: C 29.23, H 2.01, N 9.30; found: C 29.37, H
2.16, N 9.31.

Synthesis of {[AgACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[ClO4]}n ACHTUNGTRENNUNG(1�ClO4
�): A solution of 4-pia

(14.9 mg, 0.075 mmol) in ethanol (1.5 mL) was carefully layered on a so-
lution of AgClO4·nH2O (7.77 mg, 0.038 mmol) in water (1.5 mL), with a
mixed solvent of ethanol/water (v/v 1:1, 1.5 mL) placed between the two
layers (yield: 19%). FTIR: ñ =3328 (m; n, N�H stretching band), 1689
(s; n, amide-I), 1515 (s; d, amide-II), 1089 cm�1 (s, multibands; n, ClO4

�);
elemental analysis calcd (%) for C11H9AgClN3O5: C 32.50, H 2.23, N
10.34; found: C 32.30, H 2.30, N 10.33.

Synthesis of {[AgACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[BF4]}n ACHTUNGTRENNUNG(1�BF4
�): A solution of 4-pia (14.9 mg,

0.075 mmol) in ethanol (1.5 mL) was carefully layered on a solution of
AgBF4 (7.30 mg, 0.038 mmol) in water (1.5 mL), with a mixed solvent of
ethanol/water (v/v 1:1, 1.5 mL) placed between the two layers (yield:
5.5%). FTIR: ñ=3350 (m; n, N�H stretching band), 1690 (s; n, amide-I),
1516 (s; d, amide-II), 1075 cm�1 (s, multibands; n, BF4

�); elemental analy-
sis calcd (%) for C11H9AgBF4N3O: C 33.54, H 2.30, N 10.67; found: C
33.71, H 2.41, N 10.79.

Synthesis of {[Ag ACHTUNGTRENNUNG(4-pia)] ACHTUNGTRENNUNG[NO3]}n ACHTUNGTRENNUNG(1�NO3
�): A solution of 4-pia (14.9 mg,

0.075 mmol) in ethanol (1.5 mL) was carefully layered on a solution of
AgNO3 (6.37 mg, 0.038 mmol) in water (1.5 mL), with a mixed solvent of
ethanol/water (v/v 1:1, 1.5 mL) placed between the two layers (yield:
42%). FTIR: ñ=3273 (m, br; n, N�H stretching band), 1695 (s; n,
amide-I), 1524 (s; d, amide-II), 1385 cm�1 (s; n, NO3

�); elemental analysis
calcd (%) for C11H9AgN4O4: C 35.80, H 2.46, N 15.18; found: C 35.91, H
2.60, N 15.33.

Synthesis of {[Ag ACHTUNGTRENNUNG(4-pmia)] ACHTUNGTRENNUNG[PF6]}n ACHTUNGTRENNUNG(2�PF6
�): A solution of 4-pmia

(32 mg, 0.15 mmol) in ethanol (1.5 mL) was carefully layered on a solu-
tion of AgPF6 (19 mg, 0.075 mmol) in water (1.5 mL), with a mixed sol-
vent of ethanol/water (v/v 1:1) placed between the two layers (yield:
74%). FTIR: ñ =3431 and 3413 (m; n, N�H stretching band), 1661 (s; n,
amide-I), 1543 (s; d, amide-II), 842 cm�1 (s, br; n, PF6

�); elemental analy-
sis calcd (%) for C12H11AgF6N3OP: C 30.92, H 2.38, N 9.02; found: C
31.62, H 2.44, N 9.53.

Synthesis of {[Ag ACHTUNGTRENNUNG(4-pmia)] ACHTUNGTRENNUNG[ClO4]·H2O}n (2�ClO4
�·H2O): A solution of

4-pmia (16 mg, 0.075 mmol) in ethanol (1.5 mL) was gently layered on a

Figure 11. Schematic views of the anion environments in a) {[Ag ACHTUNGTRENNUNG(3-
pmia)] ACHTUNGTRENNUNG[PF6]}n (3�PF6

�), b) {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[ClO4]}n (3�ClO4
�), c) {[Ag ACHTUNGTRENNUNG(3-

pmia)] ACHTUNGTRENNUNG[BF4]}n (3�BF4
�), and d) {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[NO3]·H2O}n

(3�NO3
�·H2O). Values represent the distances [:] between atoms. Ex-

pressions for double bonds in ClO4
� and NO3

� anions are omitted.
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solution of AgClO4·nH2O (7.8 mg, 0.037 mmol) in water (1.5 mL), with a
mixed solvent of ethanol/water (v/v 1:1, 1.5 mL) placed between the two
layers (yield: 72%). FTIR: ñ =3267 (m; n, N�H stretching band), 1656
(s; n, amide-I), 1552 (s; d, amide-II), 1088 cm�1 (s, multibands; n, ClO4

�);
elemental analysis calcd (%) for C12H13AgClN3O6: C 32.86, H 2.99, N
9.58; found: C 32.76, H 2.81, N 9.65.

Synthesis of {[Ag ACHTUNGTRENNUNG(4-pmia)]ACHTUNGTRENNUNG[NO3]·H2O}n (2�NO3
�·H2O): A solution of 4-

pmia (16 mg, 0.075 mmol) in ethanol (1.5 mL) was gently layered on a so-
lution of AgNO3 (6.4 mg, 0.037 mmol) in water (1.5 mL), with a mixed
solvent of ethanol/water (v/v 1:1, 1.5 mL) placed between the two layers
(yield: 55%). FTIR: ñ=3256 (m; n, N�H stretching band), 1655 (s; n,
amide-I), 1552 (s; d, amide-II), 1385 cm�1 (s; n, NO3

�); elemental analysis
calcd (%) for C12H13AgN4O5: C 35.93, H 3.27, N 13.97; found: C 36.34, H
3.02, N 14.28.

Synthesis of {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[PF6]}n ACHTUNGTRENNUNG(3�PF6
�): A solution of 3-pmia

(32.0 mg, 0.150 mmol) in ethanol (1.5 mL) was carefully layered on a so-
lution of AgPF6 (19.0 mg, 0.075 mmol) in methanol/chloroform mixed
solvent (v/v 9:1, 1.5 mL), with a mixed solvent of ethanol/chloroform (v/v
19:1, 1.5 mL) placed between the two layers (yield: 80%). FTIR: ñ=

3295 (m; n, N�H stretching band), 1660 (s; n, amide-I), 1553 (s; d,

amide-II), 836 cm�1 (s, br; n, PF6
�); elemental analysis calcd (%) for

C12H11AgF6N3OP: C 30.92, H 2.38, N 9.02; found: C 31.29, H 2.39, N
9.09.

Synthesis of {[Ag ACHTUNGTRENNUNG(3-pmia)] ACHTUNGTRENNUNG[ClO4]}n ACHTUNGTRENNUNG(3�ClO4
�): A solution of 3-pmia

(16.0 mg, 0.075 mmol) in ethanol (1.5 mL) was carefully layered on a so-
lution of AgClO4·nH2O (7.77 mg, 0.038 mmol) in water (1.5 mL), with a
mixed solvent of ethanol/water (v/v 1:1, 1.5 mL) placed between the two
layers (yield: 72%). FTIR: ñ =3285 (m; n, N�H stretching band), 1657
(s; n, amide-I), 1552 (s; d, amide-II), 1089 cm�1 (s, multibands; n, ClO4

�);
elemental analysis calcd (%) for C12H11AgClN3O5: C 34.27, H 2.64, N
9.99; found: C 34.11, H 2.56, N 10.08.

Synthesis of {[Ag ACHTUNGTRENNUNG(3-pmia)]ACHTUNGTRENNUNG[BF4]}n ACHTUNGTRENNUNG(3�BF4
�): A solution of 3-pmia

(32.0 mg, 0.150 mmol) in ethanol (1.5 mL) was carefully layered on a so-
lution of AgBF4 (14.6 mg, 0.075 mmol) in methanol/chloroform mixed
solvent (v/v 9:1, 1.5 mL), with a mixed solvent of ethanol/chloroform (v/v
19:1, 1.5 mL) placed between the two layers (yield: 27%). FTIR: ñ=

3279 (m; n, N�H stretching band), 1655 (s; n, amide-I), 1555 (s; d,
amide-II), 1074 cm�1 (s, multibands; n, BF4

�); elemental analysis calcd
(%) for C12H11AgBF4N3O: C 35.33, H 2.72, N 10.30; found: C 35.50, H
2.75, N 10.09.

Table 6. Crystal data and structure refinements of 1�PF6
� 1�ClO4

�, 1�BF4
�, 1�NO3

�, 2�PF6
�, 2�ClO4

�·H2O, 2�NO3
�·H2O, 3�PF6

�, 3�ClO4
�,

3�BF4
�, 3�NO3

�·H2O, 4a�PF6
�·MeOH, and 4b�PF6

�·MeOH.

Compound 1�PF6
� 1�ClO4

� 1�BF4
� 1�NO3

� 2�PF6
� 2�ClO4

�·H2O 2�NO3
�·H2O

formula C11H9AgF6N3OP C11H9AgClN3O5 C11H9BAgF4N3O C11H9AgN4O4 C24H22Ag2F12N6O2P2 C12H11AgClN3O6 C12H11AgN4O5

Mr 452.04 406.53 393.88 369.08 932.14 436.56 399.11
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic orthorhombic orthorhombic
space group C2/c C2/c C2/c C2/c P21/n Pbca Pbca
T [K] 293 293 293 293 293 293 293
a [:] 20.222(8) 19.760(10) 19.670(8) 19.67(1) 9.704(4) 13.4092(9) 12.903(5)
b [:] 8.652(3) 8.112(3) 7.908(3) 6.728(4) 25.40(1) 9.3825(7) 9.022(4)
c [:] 16.482(6) 16.797(8) 16.980(7) 18.67(1) 12.458(5) 25.048(1) 24.54(1)
a [8] 90 90 90 90 90 90 90
b [8] 92.282(6) 93.519(7) 92.943(6) 91.663(9) 94.893(6) 90 90
g [8] 90 90 90 90 90 90 90
V [:3] 2881(1) 2687(2) 2637(1) 2470(2) 3058(2) 3151.3(3) 2856(2)
Z 8 8 8 8 4 8 8
1calcd [gcm

�1] 2.084 2.009 1.984 1.985 2.024 1.840 1.856
m (MoKa) [mm�1] 1.579 1.719 1.572 1.647 1.491 1.478 1.437
2q range [8] 5.5–55.0 5.5–54.9 5.5–54.9 5.5–55.0 5.5–55.0 5.5–53.4 5.5–54.9
GOF on F2 1.787 2.896 1.658 1.524 1.734 0.932 1.255
R1

[a] [I>2s(I)] 0.070 0.104 0.050 0.044 0.071 0.069 0.048
wR2

[b] (all data) 0.209 0.336 0.140 0.124 0.188 0.240 0.129

Compound 3�PF6
� 3�ClO4

� 3�BF4
� 3�NO3

�·H2O 4a�PF6
�·MeOH 4b�PF6

�·MeOH

formula C12H11AgF6N3OP C12H11AgClN3O5 C12H11BAgF4N3O C12H11AgN4O5 C13H11AgF6N3O2P C13H11AgF6N3O2P
Mr 466.07 420.56 407.91 399.11 494.08 494.08
crystal system monoclinic monoclinic monoclinic monoclinic tetragonal tetragonal
space group P21/c P21/c P21/c P21/a P43

[c] P41
[c]

T [K] 293 293 293 293 223 223
a [:] 8.501(1) 8.4895(4) 8.514(4) 8.951(5) 7.9357(7) 7.9389(7)
b [:] 19.951(3) 18.888(7) 18.763(9) 13.049(7) 7.9357(7) 7.9389(7)
c [:] 9.6221(2) 9.227(2) 9.071(4) 12.215(7) 28.283(3) 28.250(3)
a [8] 90 90 90 90 90 90
b [8] 108.4339(4) 105.094(2) 104.630(6) 94.210(9) 90 90
g [8] 90 90 90 90 90 90
V [:3] 1548.2(2) 1428.5(6) 1402(1) 1422(1) 1781.1(3) 1780.5(3)
Z 4 4 4 4 4 4
1calcd [gcm

�1] 1.999 1.955 1.932 1.863 1.842 1.843
m (MoKa) [mm�1] 1.473 1.621 1.482 1.443 1.290 1.291
2q range [8] 5.5–54.6 5.5–53.4 5.5–55.0 5.5–55.0 5.5–55.0 5.5–55.0
GOF on F2 2.102 1.365 1.452 1.007 1.682 1.743
R1

[a] [I>2s(I)] 0.053 0.039 0.044 0.033 0.073 0.080
wR2

[b] (all data) 0.155 0.132 0.119 0.088 0.165 0.161

[a] R=� j jFo j� jFc j j /� jFo j . [b] Rw= {�w[(F2
o�F2

c)
2]/[(�wF2

o)
2]}1/2. [c] Space group is determined based on Flack parameters, which are 0.4(1) and

�0.03(9) in 4a�PF6
�·MeOH and 4b�PF6

�·MeOH, respectively.
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Synthesis of {[Ag ACHTUNGTRENNUNG(3-pmia)]ACHTUNGTRENNUNG[NO3]·H2O}n (3�NO3
�·H2O): A solution of 3-

pmia (32 mg, 0.15 mmol) in ethanol (1.5 mL) was gently layered on a so-
lution of AgNO3 (13 mg, 0.075 mmol) in water (1.5 mL), with a mixed
solvent of ethanol/water (v/v 1:1, 1.5 mL) placed between the layers
(yield: 80%). FTIR: ñ=3259 (m; n, N�H stretching band), 1657 (s; n,
amide-I), 1554 (s; d, amide-II), 1384 cm�1 (s; n, NO3

�); elemental analysis
calcd (%) for C12H13AgN4O5: C 35.93, H 3.27, N 13.97; found: C 35.66, H
3.20, N 14.08.

Synthesis of {[Ag ACHTUNGTRENNUNG(4-pmna)] ACHTUNGTRENNUNG[PF6]·MeOH}n (4�PF6
�·MeOH): A solution

of 4-pmna (16 mg, 0.075 mmol) in ethanol (1.5 mL) was carefully layered
on a solution of AgPF6 (9.5 mg, 0.038 mmol) in a methanol/chloroform
mixed solvent (v/v 9:1, 1.5 mL), with a mixed solvent of ethanol/chloro-
form (v/v 19:1, 1.5 mL) placed between the two layers (yield: 60%).
FTIR: ñ =3448 (m; n, N�H stretching band), 1664 (s; n, amide-I), 1533
(s; d, amide-II), 841 cm�1 (s, br; n, PF6

�); elemental analysis calcd (%)
for C13H15AgF6N3O2P: C 31.35, H 3.04, N 8.44; found: C 31.87, H 3.01, N
8.63.

X-ray crystal analysis : All single crystals were mounted on a glass fiber
and coated with epoxy resin. For each compound, X-ray data collections
were carried out by using a Rigaku Mercury diffractometer with graph-
ite-monochromated MoKa radiation (l =0.71069 :) and a charge-coupled
device (CCD) two-dimensional detector. Two different c settings were
used and w were changed by 0.58 per frame. Intensity data were collected
with a w scan width of 0.58. Empirical absorption correction using
REQABA[25] was performed for all data. Crystal data and details of the
structure determinations are summarized in Table 6. The structures of
1�NO3

�, 2�PF6
�, 3�ClO4

�, 3�BF4
�, and 3�NO3

�·H2O were solved by a
direct method using the SIR97 program[26] and expanded using Fourier
techniques.[27] The structure of 2�ClO4

�·H2O was solved by a direct
method using the SIR92 program[28] and expanded using Fourier tech-
niques.[27] The structure of 3�PF6

� was solved by a direct method using
the SAPI91 program[29] and expanded using Fourier techniques.[27] The
structures of 1�PF6

�, 1�ClO4
�, 1�BF4

�, 2�NO3
�·H2O, 4a�PF6

�·MeOH,
and 4b�PF6

�·MeOH were solved by a direct method using the DIRDIF
(Patty) program[30] and expanded using Fourier techniques.[27] The final
cycles of the full-matrix least-squares refinements were based on the ob-
served reflections. All calculations were performed by using the teXsan
crystallographic software package of Molecular Structure Corporation.[31]

For all compounds the non-hydrogen atoms were refined anisotropically
and all the hydrogen atoms were placed in the ideal positions. In
1�ClO4

�, the disorder of the perchlorate anion containing Cl(1) and
O(2)�C(4) was found at a final stage, and thus its atom positions were
isotropically refined under a rigid condition. In compound 2�PF6

�, the
F(8) atom was refined isotropically. In 2�ClO4

�·H2O, the water molecule
of the O(6) atom was refined isotropically. In 2�NO3

�·H2O, the water
molecule of the O(5) atom was refined isotropically. In 3�NO3

�·H2O, the
water molecule of the O(5) atom was refined isotropically. In
4a�PF6

�·MeOH, the F(2)�F(3), O(2), and C(13) atoms were refined iso-
tropically. In 4b�PF6

�·MeOH, the F(3)�F(4), O(2), and C(13) atoms
were refined isotropically. CCDC-686311 (1�PF6

�), 686312 (1�ClO4
�),

686313 (1�BF4
�), 686314 (1�NO3

�), 686315 (2�PF6
�), 686316

(2�ClO4
�·H2O), 686317 (2�NO3

�·H2O), 686318 (3�PF6
�), 686319

(3�ClO4
�), 686320 (3�BF4

�), 686321 (3�NO3
�·H2O), 686322

(4a�PF6
�·MeOH), and 686323 (4b�PF6

�·MeOH) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. The microcrystalline samples of 1–3
were prepared in the same solvent, and the crystallinity was checked by
X-ray powder diffraction (XRPD) as shown in Figures S6–S8 (see the
Supporting Information).

Physical measurements : Infrared (IR) spectra were recorded on a
Perkin-Elmer 2000 FTIR spectrophotometer with samples prepared as a
Nujol mull. XRPD data were collected on a Rigaku RINT-2200 (Ultima)
diffractometer using CuKa radiation.
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