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Abstract: Higher-dimensional crystals have been studied
for the last thirty years. However, most practicing chem-
ists, materials scientists, and crystallographers continue to
eschew the use of higher-dimensional crystallography in
their work. Yet it has become increasingly clear in recent
years that the number of higher-dimensional systems con-
tinues to grow from hundreds to as many as a thousand
different compounds. Part of the problem has to do with
the somewhat opaque language that has developed over
the past decades to describe higher-dimensional systems.
This language, while well-suited to the specialist, is too so-
phisticated for the neophyte wishing to enter the field,
and as such can be an impediment. This Focus Review
hopes to address this issue. The goal of this article is to

show the regular chemist or materials scientist that knowl-
edge of regular 3D crystallography is all that is really nec-
essary to understand 4D crystal systems. To this end, we
have couched higher-dimensional composite structures in
the language of ordinary 3D crystals. In particular, we de-
veloped the principle of complementarity, which allows
one to identify correctly 4D space groups solely from ex-
amination of the two 3D components that make up a typi-
cal 4D composite structure.

Keywords: composite compounds - host-guest systems -
incommensurate structures - intermetallic phases - super-
space group

%

1. Introduction

The pedestrian we refer to in the title is a regular materials
chemist, solid-state chemist, or crystallographer, someone
with a firm background in regular crystals, someone who,
like us, has his or her understanding of crystal space groups

fi

rmly embedded in the 230 space groups of Volume A of

the International Tables.'! This article is especially for the
regular crystallographer who, like us, has become both in-
trigued and befuddled by the large number of recent articles
that speak of four-, five-, and even six-dimensional crys-
tals,>®!! articles that talk about space groups such as 4,/
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Higher-dimensional crystals: The International Tables for Crystallogra-
phy Volume C refers to higher-dimensional crystals as incommensurate
crystals. Herein, we refer to these same systems as higher-dimensional
crystals to emphasize the essential point that incommensurate crystals
are only crystals, that is, they have translational symmetry, when more
than three (higher) dimensions are used.

amd(00y)00ss" and R3m(00y)0s,M'? space-group names
whose meaning we, as ordinary crystallographers, can only
guess.

The goal of this review is twofold. The first goal is to in-
troduce a methodology for the determination of the space
group for one class of higher-dimensional structures: compo-
site systems.**1314l The methodology is based on the idea
that for higher-dimensional crystals, just as in ordinary 3D
crystals, the easiest way to determine a space group is by
careful examination of the real crystal structure. In this, we
differ significantly from many of the previous literature ac-
counts of higher-dimensional crystallography.”'>!? Previ-
ous literature accounts of composite structures, for example,
that given in Volume C of the International Tables,” always
rely in part, and sometimes wholly, on a reciprocal-space ap-
proach for the identification of higher-dimensional space-
group symmetry. By contrast, the concept of reciprocal
space will not be used at all herein.’

% By contrast, a real-space account of modulated structures has been pre-
viously given.*!

* The focus of this article is the determination of the higher-dimensional
space group once a 3D crystal structure has been determined (this step
can be, and often is, achieved through the determination of a 3D com-
mensurate crystal structure). We therefore assume herein that we are
dealing with a specific chemical system for which the 3D diffraction
problem has been solved. The chemical systems considered in this arti-
cle are based on those crystal structures reported in the last full com-
pendium of intermetallic crystal structures known to us: Pearson’s
Handbook of Crytallographic Data for Intermetallic Phases.*) We
made one exception to this self-imposed limitation: we included all
known higher-dimensional composite elemental structures.

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 1205
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The methods in this Focus Review are applied to compo-
site structures. A composite structure is a system that readily
decomposes into two separate subunits, each with their own
separate lattice constants. (We will give specific examples of
such compounds in this article: elemental structures under
high pressure, Rb-TV# ! and Sc-11,/?! binary systems such
as Ir;Gas®! and Pt,Zn;,,"" and more complex formulations
such as BaoFe S;,."'**)) However, by being introduced to
this single class of higher-dimensional crystals, the reader
would hopefully become more at ease with other classes of
higher-dimensional crystals, quasicrystals,®*>! and modulat-
ed structures.[*-1

We show herein that for composite crystals the determina-
tion of higher-dimensional space groups is quick, if one just
looks at the crystal structure itself. By that we do not mean
looking at a 4D crystal structure (which sounds to us a
daunting task), but rather looking at the composite 3D sys-

Junliang Sun was born in 1979 in
i Suzhou, China and received his BSc
(2001) and PhD (2006) in chemistry at
Peking University (Prof. Jianhua Lin). He
also worked at Cornell University as an
exchange student and postdoctorate in
2004 and 2006 (Prof. Stephen Lee). He is
currently a postdoctorate in Prof Xiao-
dong Zou’s group in Stockholm Universi-
ty. His research interests include structure
determination with X-ray and electron-mi-
croscopy techniques and the physical
properties of oxides and intermetallic
compounds.

Stephen Lee has been a Professor in the
Chemistry and Chemical Biology Depart-
ment of Cornell University since 1998.
His abiding interest in intermetallic crys-
tals dates back to his training with Jeremy
Burdett, Jean Rouxel, and Wolfgang
Jeitschko.

Jianhua Lin was born in 1955 in Inner
Mongolia, China. After receiving his PhD
in chemistry at Peking Univ. in 1986 with
Prof. Mianzeng Su and working as a post-
doctoral fellow (1988-1991) with Prof.
von Schneiring at the Max Plank Institute
for Solid Research in Stuttgart and Prof.
Gordon Miller at Iowa State Univ. (1991-
1993), he was appointed Assoc. Prof.
(1993) and became Full Prof. (1995) at
Peking Univ. His research interests lie in
the synthesis, structures, and physical
properties of new solid-state compounds,
including transition-metal oxides, borates,
phosphates, and porous materials.

1206 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Sun, S. Lee, and J. Lin

tems that form the physical basis of the higher-dimensional
crystal. In this way, we found that the only change from or-
dinary crystallography is that one has to examine at least
two 3D crystals (one for each component of the composite)
to derive a correct space-group name.

At the same time, there is another goal underlying this ac-
count. We wish to show that the newfangled nomenclature
of crystallographic space groups is very manageable, espe-
cially if one already understands the names of the original
230 space groups. For those readers patient enough to work
through this article, we hope that by its conclusion, they
would not only understand the symbols of the higher-dimen-
sional space groups, but also be able to name the higher-di-
mensional space groups correctly when describing new and
interesting crystalline systems.

In doing so, we wish to show that it is actually worthwhile
to use the new higher-dimensional nomenclature, as the new
names actually simplify our understanding of a good
number of the more complex structures with which we rou-
tinely deal. As our own expertise tends toward the interme-
tallic side of materials chemistry, the examples we chose
come from this branch of materials chemistry. We consider
for much of this article the Nowotny chimney-ladder
phases, #2556 3 significant family of binary transition-
metal and main-group-element compounds.

2. Prevalence of Higher-Dimensional Crystals

The motivation for understanding higher-dimensional crys-
tallography is straightforward. We know now that higher-di-
mensional crystals are fairly common. They are found in
compounds of almost all the elements in the periodic table
and in crystals of every Bravais class.08¥4:3%62 At the
same time, a description of such systems as higher-dimen-
sional crystals leads to a true decrease in complexity: struc-
tures that contain hundreds (or even thousands) of atoms in
the three-dimensional unit cell or even structures that are
not crystalline at all in three dimensions reduce in higher di-
mensions to structures with just a handful of (typically one
to five) atoms in the unit cell.

In this section we focus on data that illustrate the wide-
spread nature of higher-dimensional crystals. We consider
here intermetallic compounds (inorganic compounds that do
not contain a halogen, noble gas, or oxygen atom in the
chemical formula). By this definition (a standard one®"), in-
termetallic compounds involve compounds of 80 of the first
92 elements in the periodic table.*

When we think of the crystal structures of such interme-
tallic compounds, we tend to think of simple crystal struc-
tures: the face-centered cubic close packing or the diamond
structure. But an examination of the intermetallic structural
database® shows that there are 1100 intermetallic com-
pounds found in 260 structure types with over 100 atoms in

* We suspect that higher-dimensional compounds are just as frequently
found in oxides and halides, but these latter compounds lie outside our
expertise.

Chem. Asian J. 2007, 2, 1204 -1229





4D Space Groups

the unit cell. Such structures vary from compounds with
simple stoichiometries such as MgAu,'® and NaCd,® to
more complex formulae such as Ca,;RhyB. /! and
Mgs,Ag7.1! They are found in all seven of the crystal sys-
tems. Most if not all of these structures can be thought of as
being quite involved and, to many of us, including the au-
thors, mysterious.

Tables 1 and 2 list the primitive tetragonal and face-cen-
tered orthorhombic structures given in Pearson’s Hand-
book?! with over 100 atoms in the unit cell. Hydrides, bo-
rides, silicides, germanides, sulfides, nitrides, arsenides, and
others are included in this list. Also included is a list of the
subset of these complex structures that we can currently de-
scribe as higher-dimensional crystals. For these crystal
classes, half of the large-unit-cell structures prove to be
higher-dimensional crystals.

Table 1. Primitive tetragonal intermetallic structures with at least 100
atoms per unit cell.”!

Formula Atoms Type
NdsFe ;B " 328 composite
Mn,,Siy; 296 composite
Sm,,Feq,Bgy 274 composite
Gd,Fe,B," 256 composite
AlB,, 216

AlBeB,, 212

FeNb,Si, 198

B 196

V,Gesy, 192 composite
Cd;As, 160 modulated
HogMn,;H,; 156

Ta,P,Sy 148 composite
Y Mn,;Hys 148

Mo ;Ge,s 144 composite
BasFe,Sg 128 composite
TaTe, 160 modulated
Mn,;Siyy 120 composite
BayFe S5, 116 composite
Ce,Fe,,BH, 112

Rh,,Ga,; 108 composite
LisCeyGey, 108

[a] Data source: Pearson’s Handbook.? [b] These two structures may
also be treated as orthorhombic.”!

Table 2. Face-centered orthorhombic intermetallic structures with at
least 100 atoms per unit cell.l?

Formula Atoms Type
RbNayGay, 928 quasi. approx.[”!
Na;Li;Gay, 920 quasi. approx.
EuGa,S, 224 modulated
BaCdSnS, 224 modulated
Na;LaNgH,, 176

TIPbAs;S¢ 176

Ca;Rh,,B, 164 composite
Cd,Py, 136

S 128

SrsRh By 116 composite
PrRh;sB, 116

SrNy 112

[a] Data source: Pearson’s Handbook.”* [b] quasi. approx. = quasicrystal-
line approximate.

Chem. Asian J. 2007, 2, 1204 -1229

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

In the Supporting Information we give similar tables for
the remaining Bravais lattice types.’ As these further tables
show, roughly a third of all crystal structures with over 100
atoms in the unit cell can be described as higher-dimension-
al crystals.®

These tables further break down higher-dimensional crys-
tals into three categories: composite structures, modulated
structures, and quasicrystalline approximants.***3671 Al
though the remainder of this article will investigate only one
of these three categories, composite structures, it is hoped
that a thorough understanding of this single class of higher-
dimensional crystals would serve as an introduction to
higher-dimensional crystallography in general.

3. Superstructures for Regular Crystallography

Before launching into our detailed description of how one
can correctly obtain the name of a higher-dimensional space
group, we begin by noting that the types of physical systems
that can be treated by such methods are actually simple var-
iants of a type of problem with which many of us are famili-
ar from ordinary materials chemistry and crystallography.
Figure 1a shows a simple 1D chain of atoms in which the
atoms are equally spaced. The distance between atoms is re-

a) —
3 s % .
g ¢
b) - -+ - -+ — -~

Figure 1. A simple 1D distorted system. a) Before distortion: all atoms
(filled circles) lie equally spaced along a straight line. b) After distortion:
half the atoms shift to the left, half to the right (arrows). ¢) Distortion in
b) represented as a simple cosine function. Positive values of the func-
tion=atoms shifted left, negative values=atoms shifted right.

ferred to as ¢y, the sole lattice parameter of the 1D unit cell.
Figure 1b shows a distortion of this simple 1D chain of
atoms. The atoms are shifted in the directions indicated by
the arrows. The original atomic positions are indicated by
hatch marks, and the atom positions after distortion are in-
dicated by small solid circles. In Figure 1b, the atoms begin
to form closely associated pairs. Many materials chemists
would recognize this distortion as a Peierls distortion.[**"

° Cubic crystals are not listed in the Supporting Information. As we ex-
plain later in this article, cubic symmetry is incompatible with 4D crys-
tallography, which is the focus of this article.

® It is also quite possible that some of the remaining structures may
prove to be representations of higher-dimensional crystals, but of types
hitherto not described.
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Although Figure 1b provides an adequate view of the dis-
tortion of a 1D chain of atoms, we found that an alternative
view would be of greater utility. In this alternative view, we
replaced the arrows of Figure 1b by simple curves such as
the simple sinusoidal wave shown in Figure 1c. Positive
values of this sinusoidal curve represent atoms that are shift-
ed to the left, whereas negative values denote atoms that
are shifted to the right.

With this convention in mind, we looked at all the places
along the horizontal axis with hatch marks. We then moved
the atoms that were originally located at these hatch marks
either left or right, depending on the sign of the sinusoidal
curve. As comparison of Figure 1b and c shows, the dis-
placements generated by the sinusoidal curve of Figure 1c
are the same as those denoted by the arrows in Figure 1b.

The cosine wave of Figure 1c has a wavelength c,. As
Figure 1 shows, '/,c,=c;. However, much more complicated
relations between ¢, and ¢; can and, as we shall see, do
exist. In the next section, we consider the case whereby c,/c,
is not only not a simple number, it is not even a rational
number. It is in cases like this that higher-dimensional crys-
tallography becomes relevant.

4. The 1D Incommensurate Structure

Our introduction to higher-dimensional crystallography is
multistepped. We look first at the simplest of all possible
higher-dimensional systems, a system that involves a physi-
cal 1D chain of hypothetical atoms. In later sections new
features will be added to this model by turning first to the
1D composite structure, then the 2D composite structure,
and lastly real 3D composite systems (we will delve further
into what composite systems are later). Finally, higher-di-
mensional Bravais classes will be discussed. At each step
along the way we will become acquainted with key features
of higher-dimensional crystallography. At the end of this ar-
ticle, our intention is that the reader would be able to use
higher-dimensional crystallography in their own materials
research projects.

4.1. Introduction to the 1D Incommensurate Structure

We begin our account of how to identify the higher-dimen-
sional space group by examining how the higher-dimension-
al unit cell is created. Just as in ordinary 3D crystallography,
the identification of higher-dimensional space groups re-
quires initial determination of the unit-cell axes. To obtain
the higher-dimensional unit-cell axes, we need to show how
this unit cell is generated from an ordinary unit cell (an or-
dinary cell to which an extraordinary modification has oc-
curred).

These ideas can be understood by considering the sim-
plest of all possible crystalline systems: the one-dimensional
crystal with a single atom per unit cell located initially at
the unit-cell origin. This crystal was already shown in Fig-

1208 www.chemasianj.org
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ure 1a. We now consider a new variant of this structure
(Figure 2).

a) DI
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Figure 2. A simple 1D incommensurate crystal. a) Before distortion:
atoms (filled circles) lie equally spaced along a straight line. b) After dis-
tortion: atoms are displaced according to a periodic function. Positive
values of the periodic function=atoms shifted left, negative values=
atoms shifted right. The distorted structure is incommensurate as the
wavelength of the periodic function, c,, is not a rational multiple of the
original unit-cell length c,.

As discussed earlier, this simple crystal by itself is just a
1D crystal; it turns into a higher-dimensional crystal only
after perturbation of its atomic positions. The perturbations
are simple enough; as before, they follow a periodic func-
tion, and each atomic position is shifted according to the
value of this periodic function at the original atomic position
(indicated by hatch marks located at all integer values in
Figure 2). The atom is moved according to the values of this
function: positive values correspond to a shift to the left,
negative values to a shift to the right (Figure 2b). Some
useful terminology is as follows: the original atomic posi-
tions, at integer values, are given by the average position (or
structure),” the atomic shifts are called the atomic displace-
ments, and the final atomic positions are known as the real
positions (or structure).

In the previous section, the perturbing function has a
wavelength that is a simple multiple (2x) of the original
unit-cell length. In Figure 2, by contrast, something much
more interesting happens. The perturbing wavelength c, is
fundamentally different from the original unit-cell length c,
(compare Figures 1 and 2). By fundamentally different we

7 The average structure is clear in this case: it is the structure without
atomic displacements. In general, as long as the displacements are
small, identification of the average structure is fairly facile. We will
give specific examples of the average structures and their determination
throughout this article. Notably, the term “average structure” used
herein is often spoken of as another concept, the basic structure. As de-
fined above, the average structure is composed of the atomic positions
in the small unit cell based on the average of the various modulated po-
sitions in the supercell structure. We feel that, for the general reader,
the term “average structure” expresses more clearly and intuitively the
averaging process by which the average structure is obtained in our
hands. The attentive reader may also think that the average structure is
not defined in a fully rigorous manner. As we hope to show in the ex-
amples herein, the average structure as we take it to mean leads in a
practical manner to an accurate determination of the higher-dimension-
al structure and space group. All cases for which we have hitherto ex-
amined the concept of the average structure have led to a clear resolu-
tion of the higher-dimensional space group.

Chem. Asian J. 2007, 2, 1204 -1229
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mean that the wavelength of the perturbing function is an ir-
rational multiple of the original unit-cell length (why this
can happen will be explained later in the text). As Figures 1
and 2 show, in such a case the rules by which the atoms are
shifted seem much more complex.

In this new case, the atoms, which were all originally lo-
cated at integral multiples of the unit-cell length, experience
a different value of the perturbing function. Every atom is
thus shifted by a slightly different amount to the others. The
outcome is that the resulting atomic system is no longer a
crystal; in the least, it is not a one-dimensional crystal.

This interesting system is called a 1D incommensurate
structure. It comes about because the ratio of the perturbing
wavelength ¢, to the original unit-cell length ¢, is an irra-
tional number. This ratio is of sufficient importance to war-
rant its own name: we call it y. Thus, y=ci/c,, or ¢;=vc,
(Figure 2).

4.2. The (1+1)D Unit Cell

Although the system described in Figure 2b is not a 1D
crystal, it is a cross-section of a 2D crystal. To show this, the
following mathematical artifice is introduced. We rotate the
perturbing periodic function of Figure 2b by 90°, not just
once, but around every original atomic position (all at inte-
gral positions). This procedure is shown in Figure 3. The per-
turbing periodic function thus rotated crosses the original
horizontal axis at the exact final (or real) positions of the
atoms.

What is represented in Figure 3 is a crystal: a 2D crystal.
This crystal has cell axes x; and x,. (The length of the
former axis is ¢,. The length of the latter is discussed below.)

Figure 3. A simple 1D incommensurate structure represented as a 2D
crystal. Atoms (filled circles) lie at the intersection of the horizontal line
(the physical space) with a set of vertical periodic displacement functions.
Drawn in this fashion, an oblique 2D unit cell with unit-cell vectors x;
and x, can be discerned. Compare this figure with the conventional 1D
representation of the simple 1D incommensurate structure given in
Figure 2.

Chem. Asian J. 2007, 2, 1204 -1229
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Interestingly, the crystal no longer contains points to de-
scribe atomic positions; rather, it uses periodic curved lines
to denote the atomic positions. The final (or real) 1D incom-
mensurate structure is the cross-section of this full 2D
curved-line representation as it crosses the horizontal axis.

As the horizontal axis of the 2D crystal is the only portion
of that crystal with any real physical meaning, it is possible
to simplify the diagram in Figure 3 without changing its
physical interpretation. In particular, as the vertical direc-
tion is completely perpendicular to the only physically real
axis in the diagram, we can change the unit scale in the ver-
tical direction at will. The easiest choice would be to change
the vertical unit length so that ¢, is of length unity. As ¢,=1,
the expression yc, in Figure 3 reduces to just y, which is the
ratio of the original unit-cell length ¢, to the perturbing
wavelength c,.

The 2D crystal thus simplified remains oblique (the 2D
equivalent of a monoclinic crystal). Cell parameters are ex-
pressed by two cell-axis lengths and one cell angle. With ref-
erence to Figure 3 and some elementary trigonometry, the
length of x, is 1 and the length of x; is /2 4 y2. Similarly,
the angle between these axes is |cot™ (ci/y)|.

We call this 2D crystal a (1+1)D crystal, not just because
141=2, but because we wish to separate the number of
physically real axes in the crystal (one, the first 1) from the
number of physically unreal axes (also one in this example,
the second 1) in the constructed crystalline system.

To understand the following sections, it is useful to note
that the (14+1)D crystal shown in Figure 3 is not the only
2D crystal in which the horizontal cross-section is the per-
turbed 1D crystal structure in Figure 2b. We could also have
chosen the new cell-axis direction not to lie perpendicular to
the horizontal direction. Such a choice would have modified
the overall picture.

In particular, as we want the real atomic positions to
remain at the intersection of the wavy curves and the hori-
zontal axes, we have to warp the shape of the former.® One
useful direction for the curved lines is the x; direction
(Figure 4). Again, as only the horizontal portion of this crys-
tal has real physical significance, we can define the wave-
length of the curved lines at will. As shown later, for curved
lines in the x; direction, a useful choice for their wavelength
is y/c;%2 + y?, which is the exact length we found previously
for the x; axis.

4.3. The 1D Composite Crystal

In the previous two sections, we considered a 1D crystal
whose atoms are subject to the influence of a perturbing
wavelength. This perturbing wavelength arises somewhat
mysteriously from outside the original atomic positions. In
this section, we consider a more immediate picture of the

8 We do not have to warp the curves in Figure 3 as the vertical value of
the curve is the exact amount by which the atoms are laterally dis-
placed. A pure 90° rotation, therefore, converts the vertical value of
the curve into the correct lateral displacement without change in func-
tional shape. The same is not true for other directions.
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Figure 4. A simple 1D incommensurate structure represented as a 2D
crystal. Atoms (filled circles) lie at the intersection of a horizontal line
(the physical space) with a set of diagonal periodic displacement func-
tions. Drawn in this fashion, an oblique 2D unit cell with unit-cell vectors
x; and x, can be discerned. Compare this figure with the 2D representa-
tion shown in Figure 3. The 2D unit-cell parameters for both Figures 3
and 4 are the same.

perturbing wavelength (the example will need to be simpli-
fied, and will remain for now of a hypothetical nature).

In Figure 5, we consider a 1D system composed of two
different atom types, represented in red and blue. As shown
later, one atom type corresponds to a transition-metal atom,
whereas the other is a main-group element. Both red and
blue atoms originally lie by themselves in 1D unit cells, with
both unit cells having only a single atom within them. The
interesting complication of Figure5 is that the unit-cell
lengths of the red and blue atoms are fundamentally differ-
ent from each other: that of the former is ¢, and that of the
latter is c¢,, where c/c,=y, with y being an irrational
number.

A1=Cs

b) C1=YCy
® L L 2 I—. @—o—@
Cz

c) Ax=¢y
f 3 > -+ - Blue substructure

Figure 5. The 1D incommensurate composite system (b) made up of two
separate incommensurate components (see Figure 2) superimposed onto
each other. The two separate systems are shown in red and blue. The two
component incommensurate systems are shown separately in a) and c).
The periodic distortion of each component has a wavelength equal to the
unit-cell length of the other component.

~Red substructure

Average structure
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We now suppose that the red and blue atoms interact
with one another. We could, for example, consider that red
and blue atoms gently repel one another. As each atom type
repels the other, it experiences a potential based on the po-
sitions of the atoms of the other type. The displacements
that result from these potentials are shown in Figure Sa and
c.” As in Figure 2, positive values of the displacement curves
correspond to atomic shifts to the left, whereas negative
values represent shifts to the right.

The fundamental assumption made is that the displace-
ment curves are caused by the original positions of the
atoms of the other chain. As a consequence, the displace-
ment curves have the wavelength of the original unit cell of
the other atom type. Thus, the displacement curve for the
red atoms (red curve in Figure 5a) has wavelength 1,=c,.
Conversely, the displacement curves for the blue atoms
(blue curve in Figure 5c) has wavelength 1,=c;.

We can now combine Figures 3-5 into a single diagram.
As in Figure 3, we rotate one displacement curve (the red
curve of Figure 5a) so that it lies in the vertical direction.
As in Figure 4, we rotate the other displacement curve (the
blue curve of Figure 5) so that it lies in the x; direction. This
combined diagram is shown in Figure 6a.

The resulting combination is the superposition of the two
earlier curves, one on top of the other. The superimposed
displacement curves of Figure 6a correspond to that of a
single 2D crystal. The crossing of the red and blue curved
lines of this 2D crystal (or more properly, (141)D crystal)
with the horizontal axis gives the exact location of the red
and blue atoms, respectively.

Also useful for later work is consideration of the average
structure. The average structure is one in which both red
and blue atoms lie unchanged from the potentials caused by
the other atom type. It is the simple structure for which the
displacement curves can be represented as flat lines (all dis-
placements are equal to zero). The average structure repre-
sented as a (141)D crystal is shown in Figure 6b. Compar-
ing Figure 6a and b, we see that the average structure (with
no atomic displacements) has a unit cell of the same size as
the (1+1)D crystal with atomic displacements.

° One or both of the following points may have been noticed. First, dis-
placements that result from the simple repulsive model posited herein
should more properly have the shape of a tangent function: the non-an-
alytical points of the tangent function, which tend toward oo when ap-
proached from the left and toward —oco when approached from the
right, would correspond to the original location of the other atom type.
In this article, we have drawn the displacement functions as simple sine
curves, which is the simplest of all possible periodic functions. The sine
curve was chosen because of the ease with which its general shape can
be viewed and not for any physical reason. Second, the non-analytical
points in the tangent function result from pairs of red and blue atoms
that lie infinitely close to one another, for which repulsions would in
principle become infinitely large. This is of course unreal. It turns out
that in true physical systems, the two atom types (often transition-
metal atoms vs. main-group atoms) lie in neighboring chains and, there-
fore, do not approach infinitely close to one another.
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Figure 6. a) 1D incommensurate composite structure viewed as a 2D crys-
tal. The atoms (red and blue filled circles) lie at the intersection of the
horizontal axis (the physical space) with a series of vertical (red) and di-
agonal periodic curves (blue). This figure is a composite of Figures 3 and
4. b) 1D composite structure with no periodic distortion to the atomic po-
sitions. In b), the periodic curves of part a) are simplified to straight
lines. Both a) and b) have the same 2D unit-cell parameters.

5. The 2D Composite Structure

In the preceding section, we considered the 2D (or more
properly, the (1+1)D) representation of a 1D composite
crystal. With this example, we learned the method by which
a higher-dimensional crystalline unit cell can be fashioned
from a lower-dimensional composite system. In this section,
we move to a 3D system that is a (241)D composite crystal,
that is, a physical 2D composite system that requires one ad-
ditional nonphysical dimension to convert it into a crystal-
line representation. With this (2+1)D composite crystal in
hand, we can study how actual space-group operations
appear in higher-dimensional systems.

We consider first the system shown in Figure 7a. In this
system, there are two types of atoms: red and blue. As in
the preceding case, before displacement, the red and blue
atoms lie in unit cells with only a single red or blue atom in
them, respectively. As before, one interesting twist is that
the unit cells of the red and blue atoms are not the same.
Both unit cells are two-dimensional and bear the same a
axis, but the other cell axes, the ¢; and ¢, axes for the red
and blue atoms, respectively, are fundamentally different
from each other. In this latter case, the ratio of the two axes
is again the irrational number y. The a axes are typically re-
ferred to as the common axis, whereas the ¢, and ¢, axes are
denoted the incommensurate axes.

As Figure 7a shows, both the red and blue atoms share
space-group symmetry elements. In particular, they share
the mirror plane indicated in Figure 7a as a solid purple
line. The standard crystallographic notation of a solid hori-
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Figure 7. Two different 2D incommensurate composite structures. a) In
this structure, both components (red and blue atoms; filled circles) share
mirror-plane symmetry (solid purple line). b) In this structure, the red
component has a mirror plane (solid red line), whereas the blue compo-
nent has a c¢ glide (dashed blue line). Both composite structures are in-
commensurate in the ¢ direction but commensurate in the a direction.

zontal line to represent a mirror plane normal to the vertical
direction is used here, and the color purple was chosen as it
is made up of both red and blue. This mirror symmetry op-
eration applies equally to the red and blue systems of atoms.

Simultaneously, we also consider the alternative chemical
system shown in Figure 7b. This structure has exactly the
same red-atom structure as that of Figure 7a, but it differs
in the position of the blue atoms. Whereas the blue atoms in
Figure 7a have mirror-plane symmetry, the blue atoms in
Figure 7b have glide-plane symmetry (c glide). In Figure 7b,
the solid horizontal purple line of Figure 7a is therefore re-
placed by a solid horizontal red line (for the mirror plane of
the red substructure) and a dashed horizontal blue line (for
the glide plane of the blue system).

We now consider the displacements of the red and blue
atoms caused by the composite nature of the crystals. We
have seen in the previous section that the red and blue dis-
placements can be expressed as curves, whose intersections
with the physical axis gives the exact positions of the dis-
placed atoms (Figure 5). Both the structures in Figure 7
differ from the previous example in that there are now two
(rather than one) physical axes: the common a axis and the
incommensurate ¢; and ¢, axes. In these new cases, the red
and blue atomic displacements are again represented respec-
tively as red and blue curves, but now they need to intersect
two physical axes to give the actual red and blue atomic po-
sitions.

The red and blue curves with the 2D physical structures
are shown in Figure 8a and b. The red and blue curves run
along the x, and x; directions, respectively, and the 2D phys-
ical structures are represented by the horizontal plane
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Figure 8. The two different 2D incommensurate composite structures of
Figure 7 represented as 3D crystals. Atomic positions (filled circles) lie at
the intersection of the horizontal plane (yellow; the physical space) with
a series of periodic curves (red and blue). The structures of Figure 7a
and b are represented by a) and b), respectively. The same structures are
shown in ¢) and d) without periodic atomic distortions. Compare this
figure with Figure 6.

(shown in yellow). The red and blue curves intersect the
yellow horizontal plane at the exact position of the red and
blue atoms. Neither the red nor blue curve runs along the x;
direction, because, as comparison of Figures 7 and 8 shows,
X, points in the direction of the common a axis.

As in the earlier example, it is useful to consider the 3D
representation of the average structure, that is, the structure
without atomic displacements. In the average structure, the
red and blue curves degenerate into straight lines. These
straight lines are shown in Figure 8c and d; the blue and red
lines continue to run along the x; and x, directions.

5.1. Symmetry in the 2D Composite Structure

We now turn to a closer examination of the (2+1)D compo-
site crystal of Figure 8a and b, with the goal of understand-
ing the symmetry operations in this 3D system. We begin by
examining the displacements of the red and blue atoms. We
posit that both red and blue atoms shift away from each
other toward the void spaces of the structure. As a conse-
quence of this assumption, both red and blue atoms shift to
positions that surround their original undisplaced positions
(the so-called average positions).

Figure 9 illustrates these new atomic positions as orbits
around their original undisplaced positions. If indeed the
atomic displacements correspond to a type of orbit around a
central position, the curves based on these orbits, that is, the
red and blue curves in Figure 8a and b, would actually be
helices. These helices are shown explicitly in Figure 10. They
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Figure 9. Distortions of the two 2D incommensurate structures (see
Figure 7) represented as “orbits” around the original undistorted atomic
positions. Empty circles =undistorted atomic positions, filled circles =dis-
torted atomic positions, large circles =distortions viewed as “orbits”. The
model drawn corresponds to repulsion between the red and blue atoms.
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Figure 10. The 2D composite structure of Figure 7a represented in 3D
space. As in Figure 8, the real 2D composite structure lies on a cross-sec-
tional plane (which passes through the origin) normal to the x, direction.
a) Unit cell viewed in the previously shown orientation of Figure 8.
b) Unit cell viewed along the x; axis. The displaced atomic positions,
which in the real 2D space lie in “orbits” around the undisplaced posi-
tions (see Figure 9), are represented in the 3D diagram as helices.

are the (241)D equivalent of the (14 1)D sine curves in the
previous section.

We are now in a position to consider explicitly space-
group symmetry operations. To find the space-group symme-
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try, the symmetry relationship between the various red (and
blue) helices must be identified. Close examination of
Figure 8 is warranted. On the basis of our initial assumption
that both red and blue atomic displacements are caused by
atoms of the other color, it is the position of the curve of
the other color that leads to the shape of the final helix.

The formation of the final helical shapes can be viewed as
an evolutionary process that begins with the undisplaced po-
sitions of the original average structure. In the original aver-
age structure, the red and blue curves are straight lines (Fig-
ure 8c and d). In response to the other curve (blue or red),
each curve begins to evolve by shifting away from places
where the curves are in closest contact and toward places
where the curves are far apart. The final result is the helices
of Figure 9.

As the red and blue curves only experience a potential
caused by the other curve, the displacements in the curves
respect any space-group symmetries present in the other
curve. If there is any space-group symmetry element present
in the initial (2+1)D average structure, this symmetry ele-
ment would be maintained throughout the evolution of the
curve shapes. To identify the space-group symmetries of the
(241)D system, we therefore need only identify the symme-
try elements present in the original average structure itself.

As Figure 8c shows, there is a mirror plane normal to the
x, direction in the original average structure, shown in red.
As anticipated by the above paragraph, this mirror plane re-
mains in the final helical picture of Figure 8a. That the
mirror plane is present at all is a direct consequence of its
presence in both the red and blue substructures; it is origi-
nally shown as the purple horizontal line in Figure 7a (this
point can be seen by particular attention to the yellow plane
in Figure 8c, the physical structure, and its intersection with
the red and blue lines running along the x, and x; directions,
respectively). Written as a formula in standard crystallo-
graphic notation, this red mirror-plane operation can be ex-
pressed as (&, x3, x4): the point initially located at (x;, x3, x,)
is thus transformed.

We now turn to Figure 8d, in which the mirror plane of
Figure 8c is replaced by a glide plane. It is an x, glide as the
glide—translation is half a unit cell in the x, direction. A
comparison of Figures 7b and 8d shows that this glide oper-
ation comes about from the glide operation present in the
blue substructure of Figure 7b. The glide operation in Fig-
ure 7b causes half the blue atoms to shift half a unit cell
over. Consequently, half the blue lines of Figure 8d are
shifted half a unit cell over, and the blue lines together take
on a staggered appearance. The yellow plane (of Figure 8d)
and its intersection with the blue lines is again of particular
note. This glide plane is written mathematically and in stan-
dard notation as (&, X3, X,+ /).

In Figure 11, the symbols for the (2+1)D symmetry oper-
ations are shown explicitly below the diagrams of the two-
dimensional composite systems. For good measure, an addi-
tional 2D composite system is included, in which the red-
atom substructure has a glide plane but the blue a mirror
plane (the converse of Figure 7b). In this latter case, consid-
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Figure 11. Illustration of rule that governs higher-dimensional space-
group operations of composite structures: each composite component de-
termines the space-group symbol for a different higher-dimensional cell
direction. The red and blue components determine the x; and x, terms,
respectively. Mirror and glide planes are represented as x; and x;4'/,
(red component) and x, and x,+'/ (blue component). a) The red and
blue components have mirror planes normal to the a direction. b) The
red component has a mirror plane, but the blue component has a glide
plane. c) The red component has a glide plane, but blue component has a
mirror plane. The mathematical expressions given under the respective
structures all follow the stated rule.

eration of the 3D average structure shows the presence of
an x; glide plane (as this composite crystal is analogous to
that of the previous cases, a full picture is not given here,
unlike those in Figure 8). As Figure 11 c states, this glide op-
eration can be written as (%, x;+ '/, x4).

Figure 11 allows us to extract a general rule about higher-
dimensional space-group operations. In the common direc-
tions of the crystal, the mathematical symmetry operation is
unchanged from that of the original physical space. Thus, a
mirror or glide plane normal to the a direction causes (in all
three cases) the first component of the symmetry operation
to be —x,, just as in ordinary crystallography.

Incommensurate directions are of even greater interest.
As Figure 11 illustrates, the component of the first incom-
mensurate direction, X, is x; when the red substructure has
a mirror plane, but is x;+/ with a glide operation. Similar-
ly, the component for the second incommensurate direction,
X4, 1S x, when the blue substructure has a mirror plane, but
is x,+ '/, with a glide operation. In other words, the red sub-
structure controls the mathematical operation in the x; di-
rection, whereas the blue substructure equally determines
the operation in the x, direction. For this reason, the mathe-
matical symmetry components in Figure 11 are color-coded:
red for values in the first incommensurate direction, blue
for those in the second, and black for labels in the common
a direction.

It turns out that the result of Figure 11 is generally true:
higher-dimensional symmetry operations can be found di-
rectly by considering the symmetry operations of the two
substructures independently. Most importantly, in general,
we need only consider the substructures in the original phys-
ical space. In this way, by examining the physical 2D dia-
gram of the composite system in Figure 5b, the red and blue
substructures are seen to have, respectively, a mirror plane
(%, x3) and a c glide (%, x,+'/) in the a (or x,) setting, and
that in this setting there is a (2+1)D space-group operation,
(%1, X3, x,+'/) (Figure 11).

This general rule is important for the remainder of this
paper. Furthermore, this higher-dimensional symmetry has
the same coordinates with respect to the common axis or
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axes. We call this the principle of complementarity. This
principle is of particular importance when we consider
chemically real three-dimensional composite systems. Be-
cause of this rule, higher-dimensional symmetry elements
can be deduced from the original physical 3D structures,
and we only have to look at the 3D structures to deduce the
(3+1)D (i.e., 4D) symmetry elements. Crystallographers are
generally well-versed in viewing 3D structures; on the other
hand, it is difficult to visualize 4D structures. Therefore, this
general rule is a significant convenience in determining (3+
1)D symmetry elements.

6. Real Intermetallic Composite Systems
6.1. Nowotny Chimney-Ladder Phases

6.1.1. Nowotny Chimney—Ladder Phases as Composite
Structures

As a first real example, we consider the Nowotny chimney-
ladder (NCL) phases, a chiefly binary family of intermetallic
compounds composed generally of main-group elements
from Groups 13-14 and transition-metal atoms from
Groups 4-9.12:52567L721 - A typical example is Ir;Gas,
which was discovered by Nowotny and co-workers 40 years
ago (Figure 12).

At first glance, chimney-ladder structures such as Ir;Gas
are complex. When the principal intermetallic bonds in the
structure are drawn (bonds between Ir and Ga atoms; Fig-
ure 12a), it is hard to deduce much at all. However, when
Ir;Gas is viewed as a composite structure, the overall crystal
appearance is significantly simpler. The two components of
the composite structure are the transition-metal network
shown in red and the main-group network in blue and gray.

As Figure 12b shows, with respect to the transition-metal
component, the unit cell is made up of three nearly equal
transition-metal pieces (in red) stacked one on top of the
other in the ¢ direction. Indeed, the axis length of the transi-
tion-metal component is '/; that of the ¢ axis of the full com-
posite structure. We call this length ¢ ; L stands for long
(Figure 12). The structure of the main-group component is
even simpler: it is a distorted chain of main-group atoms
running along the ¢ direction. The blue (and equivalently
the gray) atoms repeat roughly every '/; of the full ¢ axis. As
this is an even shorter distance than c¢;, we call this length
¢, with S for short.

Figure 12 shows that the chains of main-group atoms form
a fivefold helix, which when viewed down the ¢ axis nearly
has the shape of a star. Unfortunately, the focus of this arti-
cle is the identification of the higher-dimensional space
group. As noted in the previous section, to determine this
space group, we consider only the average structure, that is,
the structure in which both main-group and transition-metal
positions fully respect the translational symmetries of ¢g and
c, respectively. The starlike shape of the main-group atoms
is lost with respect to the cg unit cell. As there is only a
single main-group atom in the cg cell, the average cg struc-
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Figure 12. 3D composite structure of the Nowotny chimney-ladder phase
Ir;Gas. a) Structure with principal intermetallic Ir-Ga bonds shown.
b) Structure considered as a composite of the Ir (red) and Ga substruc-
tures (gray and blue). c) Composite structure viewed along the c axis.
d) Each substructure has its own characteristic cell-axis parameter: ¢,
and cg for the Ir and Ga components, respectively. The composite views
given in b)-d) are visually simpler than the “bonding” view of a).

ture can contain just a linear chain of main-group atoms
(Figure 12d).1°

Nowotny chimney-ladder structures form a large range of
conventional (commensurate) 3D crystal structures. Their
stoichiometries, which include Ru,Sn;,’  Mn,Si;,™!
Cr;;Ge o, Mn;sSin,™  RhyGaz,?!  Rhy;Ge,,,”  and
V,7Ge;,B°1 as well as their range of c-axis lengths, which
vary from 5 to over 100 A, give some measure of their
broad versatility. (Chimney-ladder structures with incom-
mensurate cells are equally known.™) The conventional

1 The key to choosing the average structure is to pick the substructure
that has the highest symmetry compatible with the real atom positions.
In going from the fivefold helix to the linear chain, we regain the four-
fold axis of the original tetragonal system. Notably, when choosing the
average substructure by the principle of complementarity, the real sub-
structure results in general from the perturbations caused by the other
substructure. In some cases, it is useful to consider other related
phases that may share the same average substructure. For example,
with NCL phases, whereas individual structures have different helices
of main-group atoms (threefold for Ru,Sn;, sevenfold for Mn,Si;, or
even 19-fold for Cr;;Ge,y), one readily arrives at the linear chain when
searching for commonality between these structures, which is the only
possibility compatible with the tetragonal symmetry of these systems.
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space groups of these phases vary as well: for tetragonal
chimney-ladder structures, the conventional cells break
down into three separate space groups: 142d, P4c2, and P4n2.

Remarkably, despite all this variety, tetragonal Nowotny
chimney-ladder phases, when viewed as composite crystals,
have exactly the same type of average composite structures;
the only differences are in the distances ¢; and cg[' This
observation leads to a real simplification. As shown in the
following sections, the various tetragonal Nowotny chim-
ney-ladder structures, even though they have different 3D
space groups, may all belong to the same (3+1)D space
group.

By way of motivation, we conclude this section by show-
ing a simple illustration of the above assertion. The average
structure of yet another chimney-ladder structure, Ir,Ges,["
is shown in Figure 13. Even though the space group of
Ir,Ges is P4c2, unlike Ir;Gas, which has P4n2 space-group
symmetry, the average structures of these two compounds
are quite similar, except for the different cg and ¢, distances.

=
LB\

F

[

" p—

Figure 13. The Nowotny chimney-ladder phase Ir,Ges. a) Actual struc-
ture showing two separate components. Red=Ir, blue and gray=Ge.
b) Structure without atomic displacements caused by the other compo-
nent. The structures a) and b) are termed the real and average structures,
respectively. Compare the structure of Ir,Ges to that of Ir;Gas shown in
Figure 12.

6.1.2. (3+1)D Space-Group Symmetry in Nowotny
Chimney-Ladder Phases

In this section, we combine the results of the previous two
sections. On the one hand is the analysis from the last sec-
tion, that Nowotny chimney-ladder phases can be viewed as
composite crystals. On the other is the general rule dis-
cussed two sections ago, that higher-dimensional space-
group operations can be read directly from the space-group
operations of the components.

Figure 14a shows the average structure of Ir;Gas viewed
along the c direction; this structure was previously viewed
from another perspective (Figure 12d). (This average struc-
ture is equivalent to the average structure of other chim-
ney-ladder phases.) In Figure 14b and c, we divide this per-
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Figure 14. 3D symmetries of the Ir (red) and Ga (blue) components of
the Ir;Gas composite structure. The structure is shown without atomic
displacements due to the other component (see Figure 12). a) Structure
viewed along the c¢ axis. b) The four generating symmetry operations of
the Ir component (4,, a glide, m, and d glide). c¢) The corresponding four
symmetry operations for the Ge component. Explicit expressions for the
first three generating operations are given under the respective figures.
For the fourth, see Figure 15.

spective of the average structure into the transition-metal
(red) and main-group (blue) components.

Each component on its own forms a crystalline lattice
with a corresponding space group. We turn first to the tran-
sition-metal average network. A single unit cell of this net-
work is given in Figure 14b. The cell is tetragonal and con-
tains four atoms: at the cell corner, at the cell center, and at
the center of both the ac and bc faces (the heights of the
atoms in this figure are given with respect to the transition-
metal ¢ axis, ¢;; Figure 12); the cell is body-centered. Fur-
ther examination of this cell shows that this substructure is
of I4,/amd symmetry, space group No. 141 (this is the 3-Sn
structure™ in solid-state chemistry).

There are 32 operations in this space group, all of which
can be generated from the space-group elements mentioned
in the space-group name: I, 4;, a, m, and d. In this section,
we restrict our attention to space-group operations that are
not centering conditions (i.e., do not pertain to the Bravais
lattice type); we therefore turn to the last four operations.
In Figure 14b, the 4,, a, m, and d operations are represented
by using their standard crystallographic symbols; each of
these symmetry operations are indeed found in this struc-
ture.
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Even more interesting is the main-group average network
shown in blue in Figure 14c. There are four atoms in the
unit cell: two at height zero and two at height '/,. Heights
here are given with respect to the main-group c axis, that is,
¢s of Figure 12. The space-group operations of the main-
group structure are drawn explicitly in Figure 14c. But
rather than placing a canonical set of generating space-
group operations, we consider instead those main-group
space-group operations that have the same rotation or re-
flection component as the previous 4,, a, m, and d opera-
tions of the transition-metal average network (i.e., symme-
tries that are complementary to the transition-metal net-
work). As Figure 14c¢ shows, the 4,, a, and m operations of
the transition-metal network are replaced, respectively, by a
fourfold rotation, an a glide, and a ¢ glide. Either the new
symbols are different, or, in the case of the a glide, one com-
ponent of the glide has changed. In the transition-metal net-
work, the mirror reflection of the a glide lies at height %,
whereas in the main-group network, it is at height '/,.

We turn now to the last of the four generating space-
group operations of the transition-metal component, the d
glide. This diamond-glide operation transforms in a most un-
usual manner when shifted to the main-group component.
The reflection part of this symmetry operation must, by the
principle of complementarity, remain the same. The unusual
features lie in the translation part of this glide operation.
Whereas, for the transition-metal component, the translation
part of the diamond glide is the standard (‘/,, '/, '/;) shift,
for the main-group component, the glide—translation is a
nonstandard (*/,, /4, '/5) shift. This main-group glide—transla-
tion has neither an ordinary glide name nor a standard crys-
tallographic symbol. With reference to Jana2000,7> it is
termed a g, glide. We therefore coined the symbol shown in
Figure 14 ¢ (this symbol was chosen to resemble an ordinary
diamond-glide operation, but has twice as many dots than a
diamond glide to indicate that the fractional shift in the cg
direction is double that of a normal diamond operation).

Figures 14 and 15 show explicitly the mathematical formu-
lae of the transition-metal 4,, a, m, and d operations and
their main-group counterparts. Thus, the transition-metal 4,
and the main-group fourfold axes are written as (x,, %+ ',
x;3+'4) and (x,, % +'/, x4), respectively. Two sections ago,
we noted that one could directly express the higher-dimen-
sional space-group operations from knowledge of the physi-
cal space-group operations. The rule discussed previously
was that for the higher-dimensional operations, the
common-axis coordinates (i.e., in the a and b directions; in
other words, the x; and x, directions) remain the same, but
two new additional axes are included (one for each compo-
nent). The two new coordinates are x; and x,, which refer to
the transition-metal and the main-group incommensurate
components, respectively. Applying this rule to the 4, and
fourfold operations, we derive from the two initially sepa-
rate three-dimensional operations (x,, % +'5, x;+) and
(2, £/, x,) a single (3+1)D space-group operation, (x,
T4 X34 i x0).
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Figure 15. a) The d glide of the Ir (red) component and b) the corre-
sponding symmetry operation for the Ga (blue) component of the Ir;Gas
composite structure. The structure is shown without atomic displacements
due to the other component (see Figures 12 and 14). Explicit expressions
for these two symmetry operations are given under the respective figures.
These symmetry operations are one of the generating operations of the
3D space group for the Ir and Ga components.

In the same manner, the mathematical formulae for the
other 3D space-group operations (given in Figures 14 and
15) can be combined to obtain the correct (3+1)D space-
group operations. These are given in Table 3. As stated in
this table, the (3+1)D replacement for the a, m, and d oper-
ations are (x;+'5, X5, £34 /4, X4+ '4), (%1, X2, X3, X4+'/5), and
(22, B+ oy X3+ sy x4+ ), respectively.

Table 3. Generation of rotoreflection symmetries for Nowotny chimney—
ladder phases.

Symmetry Xy X, X3 Xy
Transition-metal network

4 X 5+'h xs+'/,

a X1 +l/2 R%) X3+3/4

m X X, X3

d X5 5+'h x5+,

Main-group network

4 X2 X +]/2 X4

a x+'% Xy i+
c X X x4+]/2
g glide % B+ X+
Transition-metal network

4 X, +'h x4+ Xy

a xi+'% X B+ +')
m Xy X X3 x4+]/2
d X, x4 X+ x4/

We are now very close to our goal of determining the
higher-dimensional space-group symbol (except for the
Bravais lattice type). Before that, there is one further point
that must be considered. Fortunately, it can be understood
in the context of regular 3D crystals. For this issue, the frac-
tions '/, ‘4, and */,, which appear in the mathematical for-
mulae of the space-group operations shown above, must be
examined more carefully.

As we shall see, just as in ordinary 3D crystallography,
the origin of these fractions stem from two separate sources.
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The first is the translational components of glide planes (or
screw axes). The second has nothing to do with the glide op-
eration, but rather that the symmetry operation in question
does not pass through the origin of the unit cell. The first
source is therefore a fixed feature of the space group, and
the second pertains to the unit-cell origin.

We give a 3D example here. Let us consider an a glide
whose mirror plane is normal to the ¢ axis and assume that
the mirror plane of this glide passes through the origin of
the unit cell, that is, it lies in the ab plane at height ¢=0.
Such an operation would be expressed as (x;4'/, X5, X3).
The fraction '/, that appears in this expression refers to the
translational component of the a glide.

Let us now consider instead an a glide whose mirror
plane is still normal to the ¢ axis, but does not pass through
the origin; instead, it lies at height c=/,. In other words,
the mirror plane has the same orientation as the mirror
plane of the previous paragraph, but lies at a different
height. In this case, the glide operation is represented as
(x;+'4, x5, %3+'%). Here, the first !/, in this expression
refers to the glide component of the translation, whereas the
second !/, refers to a shift in the height of the mirror plane.

The names of (341)D space groups distinguish between
these two possibilities. The space-group name explicitly rec-
ognizes fractions due to translational components, but does
not consider fractions due to the different possible origins of
the unit cell. In applying this rule, particular attention is
paid to the second component of the composite structure (in
the case of Nowotny chimney-ladder phases, the main-
group atoms form the second component). For this compo-
nent, we examine space-group operations that correspond to
the generating space-group operations of the first (transi-
tion-metal) component. As discussed previously, these main-
group operations are a fourfold rotation, an a glide, a ¢
glide, and a g, glide. Only the c and g, glides have fractional
components of glide-translation in the x, direction (i.e., the
incommensurate direction) (Figures 14 and 15). In both
cases, the fraction is !, a number represented in the Inter-
national Tables Volume C by the letter s (the fractions '/s,
'/,, and '/, are represented by the letters ¢, g, and h, respec-
tively).[®

The space-group names for the generating operations of
the Nowotny chimney-ladder phases can now be stated ex-
plicitly as 4,/amd(00ss) The origin of the name is as follows:
4,/amd refer to the symmetry operations of the first (transi-
tion-metal) component. We know these letters are correct
because we know that the 3D space group for the first com-
ponent is I4,/amd. The second part of the symbol, (00ss),
refers to the second component. For the second component,
we know that the rotoreflection portion of the space-group
operations must be the same as for the first component. In-
formation about the rotoreflection portion of the operations
is therefore wholly contained in the 4,/amd part of the
space-group name, and we need consider only the transla-
tional portions of the space-group operations of the second
component. As discussed above, the four second-component
generating operations are 4/acg,. Of these, only the last two
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have fractional glide—translation components along the in-
commensurate ¢ direction. Hence, the first two operations
(4 and a glide) are designated the symbol 0 (i.e., no glide—
translation component in the x, direction), whereas the
latter two operations (c and g, glide) carry the letter s (i.e.,
a '/, glide—translation fractional component). The generating
operations of the (3+1)D space group are therefore desig-
nated 4,/amd(00ss).

7. The (3+1)D Bravais Lattice
7.1. An Elementary Example

The determination of the remaining part of the (3+1)D
space-group name requires the determination of the (3+
1)D Bravais classes. This is carried out with an approach
quite similar to that used for determining (3+1)D rotore-
flection symmetry elements. The crux of the method is to
examine the individual 3D substructures of a composite
structure separately, determine their 3D symmetry elements,
and only then apply the principle of complementarity to join
these elements together into full-fledged (3+1)D symmetry
operations.

In the earlier sections, our attention was focused on rota-
tions and reflections (e.g., the 4,/amd and 4/acg, symmetries
of the respective substructures of Nowotny chimney-ladder
phases). We now turn to 3D translational symmetry and,
hence, 3D Bravais classes. We begin with an elementary ex-
ample: the structure of Rb-IV at a pressure of 17-
20 GPa.?7 Although high-pressure Rb-IV has only one
type of element, its structure, remarkably, is most conven-
iently viewed as having two tetragonal substructures with a
common g axis of 10.35 A but different ¢ axes (c1=5.19, ¢,
~3.18 A)."

The structure of Rb-IV is illustrated in Figure 16 and is di-
vided into two substructures: the first substructure, in red, is
on the left, whereas the second substructure, in blue, is on
the right (both red and blue atoms are, of course, rubidium
atoms). Atom heights of the different rubidium atoms are
also shown. The fractional heights of the red and blue atoms
in this figure are with respect to the ¢; or ¢, axes and there-
fore cannot be directly compared with one another.

The two substructures can be separately described: the
red substructure consists of two rosettes of atoms, one cen-
tered at the cell corner and the other at the cell center.
These rosettes are arranged in a body-centered fashion. The
blue substructure is even simpler: there are just two atoms
in the unit cell, located in a body-centered manner.

It is easy to write the fundamental 3D lattice vectors (the
generating vectors of the Bravais lattice) of these two cells.
We wish, however, to use a single canonical procedure to
obtain the generating vectors of any given Bravais lattice.
The convention adopted herein is to specify only three gen-
erating vectors per 3D Bravais lattice. First, all lattice vec-

"' In this, rubidium is hardly alone. To our knowledge so far, seven other
elements adopt composite structures at high pressure: K, Sr, Ba, Sc,
As, Sb, and Bi.?®”"!
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Figure 16. (34+1)D Bravais lattice for the composite structure of high-
pressure Rb-IV. From the two component average substructures (top),
the 3D Bravais lattice generating vectors can be derived (middle). By the
principle of complementary, (3+1)D vectors are formed from the fusion
of two 3D vectors (the third component of the (3+1)D vectors derives
from the vectors of the red substructure, the fourth from those of the
blue). A fourth vector, (0, 0, 0, 1), is added to complete the 4D space.

tors that correspond to centering conditions are included as
one of the three required operations. Thus, in the case of an
I-centered cell, the translation (‘/, '/, ') is included. The
remaining generating operations are then chosen sequential-
ly from the a, b, and ¢ directions."

For the case of Rb-1V, the canonical 3D generating vec-
tors of the red and blue substructures are the vectors vy, v,
and v; (Figure 16). At first glance, the three generating vec-
tors of both substructures look identical. However, although
v, for the two substructures may look the same, they are
not. Here, c,#c,, hence the '/,c coordinates of the two v,
vectors refer to different c translations. By contrast, a,=a,=
a and b,=b,=b, thus the '/, in the a and b coordinates
refers to exactly the same a and b translations. This is an im-
portant distinction.

We can say that the red and blue v, vectors are comple-
mentary to each other as their coordinates are exactly the
same with respect to the a and b axes (the common axes).
For two vectors to be complementary, the vector coordinates

2 We may follow this prescription in all cases except for a C-centered
cell. In this case, the vectors ('/,, '/, 0) and the a and b directions span
only a 2D space. Therefore, for a C-centered cell, we choose as our
three generating translations the vector (‘/5, '/, 0) and the b and c di-
rections.
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in the third direction, the incommensurate axes, are of no
matter: in the third direction, the coordinates may be equal
or not. As Figure 16 shows, each of the pairs of v, v,, and v;
vectors are complementary.

The 3D-lattice generating vectors of the two substructures
are in the same type of complementary relationship with
one another; this was previously found when we examined
the rotoreflection symmetry elements of the two substruc-
tures of a given composite structure. Thus, for example,
when we considered the 4, and fourfold axes of the two sub-
structures in Nowotny chimney-ladder phases, we noted
that the two operations 4,, (x,, %+ '/, x;+'/), and 4, (x,,
%+'4, x,) are complementary, for which the common axis
coordinates of these two operations are the same, but the in-
commensurate axes coordinates could be different.

We can therefore treat the pairs of v, v,, and v; vectors of
the red and blue substructures in a manner identical to that
used in the case of rotoreflections. In those earlier systems,
we combined the two 3D operations into a (3+1)D opera-
tion. The first two coordinates are those with respect to the
common axes, and the third and fourth coordinates are
taken from the incommensurate coordinates for the red and
blue substructure, respectively. We apply this same proce-
dure here for the v, v,, and v; vectors. The resulting (3+
1)D vectors are shown in Figure 16.

In the procedure outlined above, we generated three fun-
damental lattice vectors for the (3+1)D Bravais lattice.
Only one more (3+1)D vector is required to generate the
full lattice. Given that the fourth dimension of the (3+1)D
Bravais lattice is a mathematical artifice, this fourth Bravais
lattice vector should be chosen to be as simple as possible.
The simplest fourth vector is (0, 0, 0, 1), and this proves to
be an adequate fourth vector in all cases (this vector is the
combination of (0, 0, 0) in the first substructure and (0, 0, 1)
in the second substructure). We include this fourth vector in
Figure 16.

We call these four fundamental lattice vectors u;, u,, us,
and u,. All (3+1)D Bravais lattice vectors can be generated
from integral combinations of these vectors. Hence, these
four vectors can be considered to be the four canonical gen-
erating operations of the (3+1)D Bravais lattice.

It would be useful, however, if we could adopt a simpler
notation that captures the information given by these four
Bravais lattice generating lattice vectors, in much the same
way that ordinary /-centering represents the three 3D gener-
ating lattice vectors (4, 4, '4), (1, 0, 0), and (0, 1, 0). We
propose here a simple labeling scheme. By the prescriptions
given above, the fact that both the red and blue substruc-
tures are I-centered tetragonal specifies all the information
necessary to determine u;, u,, u;, and u,. We therefore call
the (3+1)D Bravais lattice II-tetragonal, whereby the first
and second / symbols refer to the red- and blue-substructure
Bravais lattice, respectively.

This general approach appears promising. With only
knowledge of the 3D Bravais lattices of the two substruc-
tures, one can obtain the (3+1)D Bravais lattice, which is
described by placing the two 3D Bravais lattice symbols one
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after the other. This is the simplest notation for the (3+1)D
Bravais lattice we know of. There are, however, a number of
complications that need to be considered, and we do so
below.

7.2. A General Procedure for (3+1)D Bravais Lattices

From the discussion in the last section, we found that, to
obtain the (3+1)D Bravais lattice, we only need to deter-
mine the two 3D Bravais lattices of the two substructures.
For example, the first and second substructures of Rb-IV are
both I-centered tetragonal, so the Rb-IV (3+1)D Bravais
lattice can be correctly specified by the symbol //-tetragonal.
This procedure, however, needs to be examined more close-
ly if we are to have a general procedure for determining
(34 1)D Bravais lattices. Nowotny chimney-ladder phases, a
set of compounds considered earlier in this article, are an
ideal starting point for this examination.

We begin, just as we did in the case of Rb-IV, by specify-
ing the two substructures in Nowotny chimney-ladder
phases. The first substructure, based on the transition-metal
atoms, is shown in red in Figure 17; the second substructure,
based on the main-group atoms, is given in blue. We exam-
ine both substructures separately for their individual Bravais
lattice vectors. A few of these vectors, v,—vs, are shown in
Figure 17.

A difference can immediately be seen between the Now-
otny chimney-ladder phases and the Rb-IV structure. In the
latter, the Bravais lattice vectors of each substructure are in
a complementary relationship with a Bravais lattice vector
of the other substructure. By contrast, for the Nowotny
chimney-ladder phases, although there is a complementary
blue Bravais lattice vector for each red vector, the converse
is not true. Thus, whereas the red and blue substructures
have complementary red and blue vectors v, v,, and vs,
there is no complementary red vector for the blue vectors v,
and vs.

However, complementarity is the abiding principle that
underlies (34 1)D symmetry operations. Simply put, only
pairs of symmetry operations that are complementary can
be used to generate higher-dimensional symmetry opera-
tions. In the case of Bravais lattices, the solution is simple:
we ignore all Bravais lattice vectors that do not have a com-
plementary vector in the other substructure. Thus, we ex-
clude, among others, v, and vs, but we keep the vectors vy,
v,, and v;. These restricted sets of complementary vectors
are shown in the middle of Figure 17.

The middle panel of Figure 17 reveals a further important
point: both restricted sets are still 3D Bravais lattices (we
call these the restricted red and blue Bravais lattices). For
the first substructure, the restricted Bravais lattice is still /-
centered; for the second, the restriction of complementarity
reduced the second Bravais lattice to a P-centered lattice
(this P-centered lattice has different cell parameters from
the first substructure: a,=(a;—b,)/2 and b, = (a; +b,)/2).

As with the case of Rb-IV, we now combine the two re-
stricted 3D Bravais lattice vectors and, with the procedure
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Figure 17. (34+1)D Bravais lattice of Nowotny chimney-ladder phases.
The two average substructures are given in red and blue (top). The aver-
age substructure of the 3D Bravais lattices and their vectors are given in
the middle panel. The blue substructure has Bravais lattice vectors for
which there are no complementary vectors in the red substructure (v,
and vs). Those Bravais lattice vectors that have a complementary vector
in the other average substructure are fused together to form a (3+1)D
set. (The vector (0, 0, 0, 1) is added to complete the set.) The result is a
(3+1)D IP-tetragonal Bravais lattice (bottom).

outlined in the previous section, generate the (3+1)D Brav-
ais lattice. The generating vectors for this (34 1)D Bravais
lattice are given in Figure 17 as u;—u,. By using the nomen-
clature developed for Rb-IV but by applying it only to the
restricted Bravais lattices, the (3+1)D Bravais lattice is
found to be IP-tetragonal.
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7.3. Tetragonal (3+1)D Bravais Lattices

The examples of the last two sections give us a general pro-
cedure for obtaining (3+1)D Bravais lattices. It has four
steps: 1) find the 3D Bravais lattice vectors for each 3D sub-
structure separately, 2) delete those lattice vectors that have
no complement in the other substructure (i.e., find the two
restricted Bravais lattices), 3) specify the canonical generat-
ing lattice vectors for the first 3D substructure and find the
complementary vectors for this canonical set for the second
substructure, and 4) combine the two sets of vectors to
obtain the (3+1)D Bravais lattice.

This procedure is sufficiently convoluted for specifying
concretely the different complementary restricted Bravais
lattices and their resultant (3+1)D Bravais lattice types. In
this section, we do so for (3+1)D tetragonal structures. We
begin by noting that all 3D Bravais lattices are of either I-
or P-type. We therefore only need consider these two types
of 3D cells.

In the simplest case, the 3D Bravais lattices are both the
same. Both could be P- or I-centered. The resultant (3+1)D
cells in these two cases would be PP- or Il-tetragonal, re-
spectively. Slightly more complex is the case whereby the
two substructures still share the same a and b axes, but one
of the substructures is I-centered while the second is P-cen-
tered. This case is illustrated in Figure 18.

According to the procedure outlined in the previous sec-
tion, we restrict our attention to those Bravais lattice vectors
that have a complement in the other substructure. This re-
stricted set of vectors is illustrated in the middle panel of
Figure 18. As this figure shows, the restricted Bravais latti-
ces are both of P-type. The resultant (3+1)D Bravais is,
therefore, PP-tetragonal.

At first glance, we might think that the above list exhausts
all possibilities for (3+1)D Bravais lattices. But there are, in
fact, other possibilities. We can, for instance, have an /I-cen-
tered first substructure and a P-centered second substruc-
ture, but for which the two a and b axes are not equal. As
Figure 19 shows, if the unit cell of the second substructure is
rotated by 45° with respect to the first substructure and, ad-
ditionally, a,=(a;—b,)/2 and b,=(a,+b,)/2, there is a one-
to-one complement for each and every Bravais lattice
vector. As Figure 19 shows, the (3+1)D Bravais lattice is
IP-tetragonal.

The final case for which a natural one-to-one correspond-
ence can be established is the case whereby the first sub-
structure is P-centered and the second substructure is I-cen-
tered and, additionallyy, a,=a,—b; and b,=a;+b,
(Figure 20). The resultant (3+1)D Bravais lattice is, there-
fore, PI-tetragonal. The IP-tetragonal case of Figure 19 and
the Pl-tetragonal case of Figure 20 are nearly the same, but
the roles of first and second substructures have been trans-
posed. Notably, even though this is true, the (3+1)D gener-
ating vectors are not related by a simple transposition.

A natural question at this point is whether there are addi-
tional pairs of tetragonal 3D Bravais lattices that must also
be considered. The answer to this question is no. Although
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Figure 18. (34+1)D Bravais lattice generated from two 3D average sub-
structures with /- and P-tetragonal Bravais lattice symmetry (the a and b
axes are the common axes of the two average substructures). Top: 3D
Bravais lattice vectors for the two 3D average substructures (some of
these 3D vectors have no complementary vector in the other substruc-
ture, e.g., v,). By fusing the two sets of complementary 3D Bravais lattice
vectors and adding the vector (0, 0, 0, 1) (middle and bottom), a (3+1)D
PP-tetragonal Bravais lattice is obtained (bottom).

there are other rotations besides 45° that lead to coincident
Bravais lattices, in no other case does such a rotation lead
to two Bravais lattices that are fully complementary with
one another. The restricted Bravais lattices based on these
other rotations prove to be just one of the (3+1)D tetrago-
nal Bravais lattices previously specified: PP, II, IP, and PL."
We have therefore successfully enumerated all (3+1)D tet-
ragonal Bravais lattices.

7.4. (3+1)D Bravais Lattices by Bravais Class

The remaining Bravais classes can be treated in a similar
manner. In this, our task is significantly simplified by two
factors. First, we are only interested in (3+41)D symmetry

3 These four cases simplify to just three in the Appendix.
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Figure 19. (34+1)D Bravais lattice generated from two 3D average sub-
structures with /- and P-tetragonal Bravais lattice symmetry (the a and b
axes are rotated by 45° with respect to each other). Top: two 3D Bravais
lattices. Middle: two sets of 3D Bravais lattice vectors, all of which are
complementary. The corresponding 3D Bravais lattice vectors are fused
into the (3+1)D vectors. The vector (0, 0, 0, 1) is added to obtain a (3+
1)D IP-tetragonal Bravais lattice. (compare Figure 18).

operations that are based on complementary 3D symmetry
operations. In other words, for any composite crystal, the
symmetry operations considered from each 3D substructure
must contain the same point-group operations (with the
same common-axis coefficients); therefore, the two sub-
structures must share the same fixed 3D point group and
the same rotation axes. It is for this reason that both sub-
structures of (3+1)D tetragonal systems are always of tet-
ragonal symmetry.

Second, we restrict our attention herein to (3+1)D sys-
tems. Each 3D substructure can therefore only have a single
axis that is incommensurate with the axes of the other sub-
structure. Thus, in the case of the tetragonal systems previ-
ously discussed, the only incommensurate axis must be the ¢
axis (were the incommensurate axis either the a or b axis,
the tetragonal-based equality of the @ and b axes would es-
sentially lead to two incommensurate axes).

We see how these restrictions play out in (3+1)D Bravais
lattices for each of the individual Bravais classes below. We
proceed from highest to lowest symmetry, from cubic to
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Figure 20. (34+1)D Bravais lattice generated from two 3D average sub-
structures with P- and I-tetragonal Bravais lattice symmetry (the a and b
axes are rotated by 45° with respect to each other). Middle: the comple-
mentary 3D Bravais lattice vectors. By fusing the complementary 3D
Bravais lattice vectors and adding the vector (0, 0, 0, 1), a (3+1)D PI-
tetragonal Bravais lattice is obtained (compare Figures 16-19).

monoclinic.'"* The case of cubic symmetry can be quickly dis-
posed of. Because both substructures must have the same
point group, in this case both substructures would be of
cubic symmetry. As a=b=c in cubic systems, by symmetry
it is not possible for the two substructures to differ with re-
spect to a single axis. It is therefore impossible to create a
(34 1)D cubic Bravais lattice.

Hexagonal/trigonal systems resemble more closely the
case of tetragonal systems. For these Bravais lattices, there
are two 3D Bravais classes, which we call P-hexagonal and
R-hexagonal. For a (3+1)D system with a single set of in-
commensurate axes, only the unique c¢ axis can function as
the incommensurate axis (as in the tetragonal systems dis-
cussed above, were a or b the incommensurate axis, the sym-

4 Herein, we restrict our attention to sets of substructure axes that are
oriented along the same directions of the crystal. Thus, triclinic and
monoclinic crystals, in which the incommensurate axes are not the
monoclinic unique axis, will not be considered. In our opinion, these
cases, which present their own novel complications in real space, are
treated more appropriately within the context of (2+2) and (3+2)D
crystals. Furthermore, they are of small practical importance when dis-
cussing intermetallic structures that tend to be dominated by higher-
symmetry systems.
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metry-induced equality of a and b would create a second in-
commensurate axis).

For the case whereby the common a and b axes are the
same for both hexagonal/trigonal substructures, there are
four possible (3+1)D combinations that must be consid-
ered: PP, RR, RP, and PR. Complementarity further limits
the number of possibilities. Whereas the first two combina-
tions lead to fully complementary Bravais lattices, the
second two reduce in both cases to just PP-hexagonal sym-
metry. (The argument for this latter point, being in all re-
spects identical to that used in Figure 18 for tetragonal sys-
tems, is not reproduced here.)

Just as with tetragonal symmetry, two cases whereby the
two hexagonal cells are rotated with respect to each other
must now be considered. In the first case, the second sub-
structure is rotated by 30° with respect to the first, and a,=
*/;a;+'/b, and b,= —'/sa;4-'/sb,. The first substructure is R-
hexagonal, and the second is P-hexagonal. As Figure 21
shows, the resultant (3+1)D Bravais lattice is RP-hexagonal.

R-hexagonal P-hexagonal
o .o _ o O
@) o 3 Oo
@
b a
¥ 2 o (OF)
O
O o}
O O

Figure 21. Complementary 3D vectors for two 3D substructures that have
R- and P-hexagonal Bravais lattices symmetries (the a and b axes are ro-
tated by 30° with respect to each other). Top: the two 3D Bravais lattices.
Bottom: the two sets of complementary Bravais lattice vectors (v, Vs,
and v;).

A second possibility is shown in Figure 22. The second
substructure is again rotated by 30° with respect to the first,
but now a,—a;—b, and b,=a,+2b,. Here the first and
second substructures are P- and R-hexagonal, respectively;
the resultant (3+1)D structure is PR-hexagonal. (Compari-
son of Figures 21 and 22 shows that these two cases are simi-
lar except that the roles of the first and second substructure
are reversed.) This completes our enumeration of (3+1)D
hexagonal/trigonal crystals.

The procedure for obtaining orthorhombic (3+1)D Brav-
ais lattices is in some sense simpler than those discussed
above. With orthorhombic symmetry, the a, b, and c axes
are always rotoreflection axes and are the only such axes in
the crystal. Complementarity of symmetry operations re-
quires, therefore, that the cell axes for both substructures
point along the same direction. As a consequence, unlike
the previous cases, we need not consider rotations of any of
the common axes. For (3+1)D orthorhombic systems, the ¢
axis is conventionally the incommensurate axis.
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P-hexagonal R-hexagonal
O 0 O B
§nYy o
.11'3
2 . @2
O O ©
6 U
o O
\% Vi O OVS V4 @
& © © @ O o

Figure 22. Complementary 3D vectors for two 3D substructures that have
P- and R-hexagonal Bravais lattices symmetries (the a and b axes are ro-
tated by 30° with respect to each other). Top: the two 3D Bravais lattices.
Bottom: the two sets of complementary Bravais lattice vectors (v, v,,
and vs).

There are six 3D orthorhombic Bravais lattices in total: P,
A, B, C, I, and F. We consider first the C- and /-orthorhom-
bic systems (Figure 23). As discussed previously, the C and
lattices are fully complementary with each other and, when
placed together, generate a (3+1)D CI- or IC-orthorhombic
Bravais lattice."®

C-orthorhombic

O 0 O
o o
.y o
o
o)

I-orthorhombic

OOOOO

\Z

Figure 23. Complementary 3D vectors in C- and I-centered orthorhombic
3D Bravais lattices. Both lattices have a set of generating 3D Bravais
lattice vectors (v, v,, and v3).

In the same manner, we examine the P, A, B, and F latti-
ces. As shown in Figure 24, any pair of these lattices can be
fully complementary with each other, but only if some of
the cell-axis lengths are halved or doubled with respect to
each other. Thus, any pair of these four Bravais lattices can
be combined to make a (3+41)D Bravais lattice.

Examination of Figures 23 and 24 shows, by contrast, that
it is not possible to make fully complementary pairs of 3D
Bravais lattices from a single 3D Bravais lattice from
Figure 23 (C or I) and a single 3D Bravais lattice from
Figure 24 (P, A, B, or F). Thus, any such pair would necessa-

!5 The order as to which substructure is designated the first and which
the second determines which of the two possible (3+1)D Bravais latti-
ces, CI- or IC-orthorhombic, is correct.
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P-orthorhombic A-orthorhombic
O O O O 6o
.1/2

o o

o o

B-orthorhombic

o e O

Figure 24. Complementary 3D vectors in P-, A-, B-, and F-centered or-
thorhombic 3D Bravais lattices. Each of these lattices has a set of gener-
ating 3D Bravais lattice vectors (v;, v,, and vs), all of which are comple-
mentary.

rily reduce to a pair of restricted Bravais lattices that are
fully complementary to one another. These pairs of restrict-
ed Bravais lattices have been previously described.

We can now enumerate the number of possible (3+1)D
orthorhombic crystals. For the two 3D orthorhombic Bravais
classes, we can either choose any two Bravais classes from
the two in Figure 23 (C or I) or two Bravais classes from the
four in Figure 24 (P, A, B, or F). There are therefore 20 or-
thorhombic (3+1)D Bravais lattices in total (20=2x2+4x4).

We end this section with a discussion (3+1)D Bravais
monoclinic systems, in which the incommensurate axis is the
unique axis of the structure. It is conventional to choose the
¢ axis as the unique axis. We restrict our attention to the P,
A, and B lattices.'® As Figure 25 shows, these three Bravais
classes are fully complementary with one another. There are
therefore nine (3+ 1)D monoclinic Bravais classes.

P-monoclinic A-monoclinic B-monoclinic
o O O (o] o @& O o0
KU O DA
© (o] © (o] ]

ViV, VsV Vi v

Figure 25. Complementary 3D vectors in P-, A-, and B-centered
monoclinic 3D Bravais lattices (compare Figure 24).

16 Both A- and B-centering have to be considered, as we have a fixed set
of common axes. It is therefore possible that, with respect to the fixed
set of common axes, the first substructure has B-centering but the
second has A-centering.
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It would be nice if we could say that we have fully enum-
erated all (3+1)D Bravais lattices or that we have given the
(34 1)D Bravais lattice names that conform to the Interna-
tional Tables Volume C. Unfortunately, neither claim would
be true. The nomenclature developed so far is quite differ-
ent from that of the International Tables. Furthermore, we
have not yet considered transformations of the cell axes,
which may convert some of the enumerated Bravais classes
into others. These points are considered in detail in the re-
maining sections.

We can, however, give some hint of the conclusions of the
following sections. Table 5 gives the (3+1)D Bravais classes
enumerated above, together with their names as found in
the International Tables Volume C and Bravais lattice
number. The (3+1)D cell-axis transformations that convert
the enumerated Bravais classes into their canonically ac-
cepted form are also included.

7.5. Conventional Nomenclature for the (341)D Bravais
Lattice

In the previous section, we derived an accurate nomencla-
ture for the (3+1)D Bravais lattice, but unfortunately this
nomenclature is not that of the International Tables Vol-
ume C. In this section, we present a procedure for convert-
ing the (3+1)D Bravais lattice names developed so far into
the conventional format.

As Table 4 shows, the conventional designation of the
(34 1)D Bravais lattice consists of a single 3D Bravais lat-
tice symbol (i.e., P, I, F, etc.) followed by a three-dimension-
al vector (e.g., PF-orthorhombic is expressed as P(‘/'4y),
IP-tetragonal is designated 1(00y)). An examination of
Table 4 shows the source of part of the name from the Inter-
national Tables: the letter at the beginning of the name
from the International Tables is the Bravais lattice type of
the first substructure. The vector designation is more puz-
zling.

The reason why the vector portion of the name from the
International Tables is so puzzling is that it is in fact a recip-
rocal lattice vector, the g vector often referred to in articles
of higher-dimensional crystallography.l'”'!'” It is therefore
quite difficult to associate a physical meaning with the ¢

7 The q vector is defined in the following manner. The reciprocal basic
vectors of the first substructure are designated a*, b*, and c¢;*. These
three vectors form a reciprocal lattice. Some of the reflections can be
indexed with integers based on these three vectors: they are called the
main reflections. But in a (341)D crystal, there are additional reflec-
tions that are not describable in terms of these three vectors: they are
called satellites. To index these satellites, one more reciprocal vector is
needed: the g vector. With these four reciprocal vectors, one can then
index all reflections with four integer indices as hkim. The selected g
vector must fulfil the condition that if the main reflection is systemati-
cally absent, so are its satellites (hkl0 is the main reflection and hklm
(m+0) are its satellites). Although it is difficult to see the connection
between the g vector thus defined and the real-space representation
presented herein, we have verified for all relevant crystal systems that
the real-space procedure given herein produces a satisfactory recipro-
cal-space g vector.
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Table 4. (3+1)D Bravais lattices.

Bravais Cell-axis
Int. Tables no- lattice
tation, trans- no.
formed cell

Bravais lattice type
Int. Tables no-
tation, untrans-
formed cell

Nomenclature
herein

transformation®

axes axes
Monoclinic!®!

PP P(00y) P(00y) 5

PA P(Ol/zy) P(Ol/zy) 6

PB PCA0y) PCA0y) 6

AP A(00y) A(00y) 7

AA A(01y) A(00y) 7 X3 =X3+X,
AB ACAOp) ACAHO) 8

BP B(00y) B(00y) 7

BA B(0':) B(0':) 8

BB B(10y) B(00y) 7 Xy =X;+X,
Orthorhombic!®!

PP P(00y) P(00y) 9

PA P(0') P(0'/y) 10

PB PCA0y) PCA0y) 10

PF P(hLhy) P(hhy) 11

AP A(00y) A(00y) 15

AA A(01y) A(00y) 15 Xy =X;+X,
AB ACHOY) ACAHOY) 16

AF A(hly) AC/07) 16 X =xtx,
BP B(00y) B(00y) 15

BA B(0'/) B(0'/y) 16

BB B(10y) B(00y) 15 Xy =X;+X,
BF B(1'%y) B(0'%y) 16 Xy =X;+X,
FP F(00y) F(00y) 17

FA F(01y) F(01y) 18

FB F(10y) F(10y) 18

FF F(11y) F(00y) 17 X3 =X3+X,
ic 1(00y) 1(00y) 12

i 1(10y) 1(00y) 12 Xy =X;+X,
cc C(00y) C(00y) 13

CI C(10y) C(10y) 14

Tetragonal

PP P(00y) P(00y) 19

PI PCAy) P(Ahy) 20

1P 1(00y) 1(00y) 21

i 1(10y) 1(00y) 21 Xy =X3+Xy
Hexagonal

RP R(00y) R(00y) 22

R,R, R,(10p)M R,(00y) 22 Xy =X;+X,
R,R, R,(01y)M R,(00y) 22 X5 =X;—X,
PR PCAfy) P('y) 23

PP P(00y) P(00y) 24

J. Sun, S. Lee, and J. Lin

ponent, y. In direct space, each of these three components
can be taken as ratios. As noted previously, y is the ratio ¢,/
¢, (¢; and ¢, are the incommensurate axes in the two sub-
structures). It would be nice if the first two numbers were
similarly the ratios a,/a, and b,/b,, but given that a and b are
the commensurate axes and generally a,=a, and b, =b,, it is
clear that this definition would not be appropriate.

Instead, g, is the ratio of the ¢ and a components of one
of the three 3D generating vectors of the second substruc-
ture. Similarly, g, is the ratio of ¢ and b of the second of the
three 3D generating vectors. The crux of the difficulty in the
determination of q is in deciding which of the three generat-
ing vectors of the second substructure should be the first
and the second.

We illustrate the selection process with two examples. We
consider first the PF-orthorhombic case, which is more
properly called P(‘4'/y) (Table 4). Figure 26 shows the
three generating vectors of the second substructure in the
PF-orthorhombic system. We now need a procedure that
designates which of the v vec-
tors should be used to generate
g and q,, respectively.' ®) o Oo

The first generating vector is
chosen in a three-step process.

First, we consider the subset of b

all the Bravais lattice points of O
the second substructure in

Figure 26 that has the smallest

positive (nonzero) value in the vy vl

a direction, then we choose @ (@)
among this subset the Bravais o ki . o
lattice points that have the (Qy‘ 2 Va *{y D
smallest nonnegative value in g == gy =1kl =th

the b direction. Finally, among
this further subset, we select the
Bravais lattice vector that has
the smallest nonnegative coeffi-
cient in the ¢ direction. The
second generating vector is
chosen by a similar process, but

Figure 26. g, and g, for the
(B+1)D PF-orthorhombic
system. ¢, and g, are deter-
mined by the 3D F-centered
part of the PF-orthorhombic
system. This figure shows a 3D
F-centered Bravais lattice. For

[a] If x/ is not listed, x/ =x;. [b] Through cell-axis transformation, some (3+
1)D Bravais lattices can be converted into each other; see the Appendix.
[c] Only cases whereby the unique axes of the monoclinic cells are incom-
mensurate are considered here. [d] For rhombohedral lattices, o stands for
obverse, r for reverse. By using the procedure defined in the text, the (3+
1)D Bravais lattice R(21y) for the R,R, system is obtained. From the recipro-
cal lattice definition of the g vector, (21y) is the reciprocal vector between
the main reflection, say, 000, and its first-order satellite reflection, say, 21y.
We can, however, equivalently set another main reflection, say, 110, as the
main reflection while retaining the same first-order satellite, 21y. With this
change of main reflection, the vector between the main reflection and the
first-order satellite becomes 21y—110=10y. Thus, R(21y) is equivalent to

R(10y). Similarly for the R,R, (3+1)D system, R(10y) becomes R(01y).

the smallest coefficient in the b
direction is selected first, fol-
lowed by a narrowing of choice
with respect to the a axis, and fi-
nally a further narrowing with
respect to the c axis.

By following this procedure,
vy, (1,0,'4), is determined as the
first generating vector. Given
that ¢, is the value of the ¢ coor-
dinate divided by the a coordi-

q;, we select the vector v,
which is the Bravais lattice
vector with the smallest posi-
tive value along the a direction
and the smallest nonnegative
value along the b and ¢ direc-
tions. For ¢,, we select v,
which is the Bravais lattice
vector with the smallest posi-
tive value along the b direction
and the smallest nonnegative
value along the a and ¢ direc-
tions. ¢; and ¢, are obtained
from the equations shown in

vector in direct space. However, such a physical meaning is
given below.

The three components of the q vector (g;, ¢,, and g;) are
two simple numbers (0, 1, '/, or '/4) followed by a third com-
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nate, we find that gq,=!,, the figure.

whereby 15 =14+ 1. Similarly,

'8 We need only select among the 3D generating vectors of the second
substructure. Full information about the generating vectors of the first
substructure is already contained in the P portion of the name

P(]/zl/z)’)-
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g1=0/%=0 g;=0/1=0

Figure 27.q, and g, for the
(3+41)D [IP-tetragonal system.
q, and ¢, are determined by
the 3D P-lattice part of the IP-
tetragonal system. This figure
shows such a 3D P-tetragonal
Bravais lattice. As  with
Figure 26, the vector v, is the
Bravais lattice with the small-
est positive value along the a
direction and the smallest non-
negative value along the b and
¢ directions. However, the
vector with the smallest posi-
tive value along the b direction
and the smallest nonnegative
value along the a and c¢ direc-
tions is again v;. We therefore
choose the vector v, as the
Bravais lattice vector with the
second-smallest  nonnegative
value along the b direction and
the smallest value along the a
and c directions. g, and g, are
obtained from v, and v, from
the equations shown in the

the second generating vector is
found to be v,, (0, 1, ), and
(given that g, is the value of
the ¢ coordinate divided by the
b coordinate) g,='/, whereby
=15 +1. We conclude that
the q vector is (‘4'/4y), and the
conventional (3+1)D Bravais
lattice symbol is P(','/ry).

The second example illus-
trates a pitfall in the procedure.
This example is based on the
IP-tetragonal lattice, which was
previously derived for Nowotny
chimney-ladder phases (Fig-
ures 17 and 27). The first
chosen generating vector is the
Bravais lattice vector with the
smallest a-axis coordinate, fol-
lowed by the smallest b-axis co-
ordinate, and finally the small-
est c-axis coordinate. This
vector is vy, (*4, ‘4, 0), and so
q:=0, whereby 0 = 0 < 1/,

The pitfall arises with the

second chosen  generating
vector. Our procedure for
choosing this vector (i.e.,

choosing the vector with the
smallest b coefficient, followed
by the smallest a coefficient,
and finally the smallest ¢ coeffi-
cient) leads to the same gener-

ating vector as the one initially
chosen, vy, (4, '3, 0).

The second chosen generat-
ing vector must be different
from the first. We therefore adopt an alternative procedure.
For the second chosen vector, we consider instead generat-
ing vectors with the second-smallest positive value along the
b direction, followed by the smallest coefficients in the a
and ¢ directions. By this procedure, the second chosen gen-
erating lattice vector is (0,1,0), or v, in Figure 27. We deduce
that g,=0, whereby 0 =0+14 The q vector is therefore
(00y), and the Bravais lattice type is 7(00y).

We are now in a position to state unambiguously the full
conventional (3+1)D space group. We combine the (3+
1)D Bravais lattice with the previously derived 4D rotore-
flection symbols. For Nowotny chimney-ladder phases, the
Bravais lattice is 1(00y), whereas the previously derived ro-
toreflection symbol is 4,/amd 00ss; the complete space-
group name is, therefore, 74,/amd(00y)00ss.”%

figure.
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8. Conclusions

Although this is a long article, we hope that it conveys the
simple message that higher-dimensional crystallography is
just a continuation of ordinary 3D crystallogaphy. Crystal-
lographers who are willing to accept new twists to tradition-
al concepts should be able to apply higher-dimensional crys-
tallography in their work. Furthermore, there are substantial
advantages of higher-dimensional descriptions for many
complex 3D crystal structures. Mn,,Si ;" has 296 atoms in
its 3D crystal unit cell, but in 4D it has just two crystallo-
graphically inequivalent atoms (one manganese and one sili-
con atom). Rb-IV,”?* which is incommensurate (and so not
even a crystal in 3D), also has just two crystallographically
inequivalent atoms in its 4D unit cell.

These substantial reductions are also found for numerous
other structures. We conclude this Focus Review by tabulat-
ing some of these systems. We restrict our attention to struc-
tures reported in Pearson’s Tables of Intermetallic Com-
pounds®! and to elemental structures under pressure.
Tables 5 and 6 list those compounds that can be appropriate-
ly termed composite structures. As these tables show, com-
posite structures are found in borides, gallides, germanides,
stannides, antimonides, sulfides, and other intermetallic for-
mulations.

As the methods of space-group determination given
herein are straightforward, these tables also list the appro-
priate 4D space group of each of these composite systems.
In some cases, the 4D space group listed differs from the
one initially reported. In other cases, the 4D space group is
listed where not specified by the original authors. We hope
that these examples will help illustrate the versatility of de-
termining 4D space groups from real 3D crystal structures.

As stated repeatedly, the ease by which the (3+1)D
space group can be deduced resides in the fact that we only
need to search for two separate 3D space groups, one for
each of the 3D components of the composite structure. Fur-
thermore, owing to the principle of complementarity, only
those separable 3D operations that have common compo-

Table 5. Composite high-pressure elemental structures.'?!

Formula  Superspace group No. No. of  Reference
atoms
K-III 14/mcem(00y) 140.1 2 [77,78]
Rb-IV I4/mem(10y)s0001! 1402 2 [25,26,77]
Sr-V 14/mcem(00y) 1401 2 [77,79]
Ba-IVa 14/mem(00y) + 140.1 2 [77,80]
B2/b(af1) 151 2

Ba-IVb 14/mem(00y) 4 orthorhombic ~ 140.1 2 [77,80]
Ba-IVc unknown [77,80]
Sc-I1 14/mcem(00y) 1401 2 [28]
As-1IT B2/b(af1) 151 2 [77,81]
Sb-11 14/mcem(10y)000s 1403 2 [77,82,83]
Sb-1V B2/b(af1) 151 2 [77,81]
Bi-IIT 14/mcem(10y)000s 1403 2 [77,82,83]

[a] Owing to the methodology of this article, all W, matrices that have
the ¢ axis as the incommensurate axis have the simplest form (1000,
0100, 0001, 0010). [b] Reference [77] gives Rb-IV to be I4/
mem(00y)000s.
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Table 6. Known composite intermetallic compounds.!?!

Formula Superspace group No. No. of atoms Reference
LiB, Pl(apy) 21 3 [6]
(LaS)106VS, Pl(aBy) 21 4 (3]
(EuS),,;sNbS, F2mm(11y) 427 4 [84]
LagNb;S,, F2mm(10y)0s0 4210 4 [85-87]
Na,Sn, Cmcem(00y) 631 2 [88]
CayGay, Cmcem(10y) 633 2 [89]
Ru,sYy, Abma(01y)ss0O 647 6 [90]
Pt,Zn,, Ammm(01y)0s0 65.10 2 [30]
Ca;Rhy,B,, Fmmm(00y) 69.1 3 [65]
SrsRh;,B;, Fmmm(00y) 69.1 3 [65]
BagHIfS,¢ Fmmm(00y) 69.1 3 [91]
BasHf,S,; Fmmm(00y) 69.1 3 [91]
NijZng; Fmmm(11y)s00 692 4 [58,92,93]
Ta,P,Sy P4,2,2(00y)q00 942 9 [94]
Gd,Fe,B, P4,/nmc(00y)s0s0 1372 3 [57]
NdsFe 4B g P4,/nmc(00y)s0s0 1372 3 [57,95,96]
Smy;FeqBgo P4,/nmc(00y)s0s0 1372 3 [97]
HosFe,;By; P4,/nmc(00y)s0s0 1372 3 [98]
Smy;Coy,Byg P4,/nmc(00y)s0s0 1372 3 [99]
Nd,oFegsBgg P4,/nmc(00y)s0s0 1372 3 [100]
PryMny By  P4,/nmc(00y)s0s0 1372 3 [101]
Pr,Re B, P4,/ncm(00y)s00s 1382 6 [101]
Ce;Ga;sNi, 14/mmm(00y) 139.1 2 [102]
BayFe (S5, I4/mmm(10y)00ss®®  139.3 3 [32,33]
BasFe,S g I4/mmm(10y)00ss®  139.3 3 [31,33]
Rh,Ga,, 14,/amd(00y)00ss 1412 2 [29]
Rh;,Gey, 14,/amd(00y)00ss 1412 2 [56]
Mo;Ge,; 14,/amd(00y)00ss 1412 2 [55]
V,,Ges, 14,/amd(00y)00ss 1412 2 [55]
Mn,;Sijy 14,/amd(00y)00ss 1412 2 [52]
Mn;;5Sip 14,/amd(00y)00ss 1412 2 [53]
Mn,;Siy, 14,/amd(00y)00ss 1412 2 [54]
(Mo/Rh)Ge,  I4,/amd(00y)00ss 1412 2 [8]
(Cr/Mo)Ge, 14,/amd(00y)00ss 1412 2 9]
ZrBi, 4 14,/amd(00y)00ss 1412 2 [10]
La; ;sRh;In, R3m(00y) 160.1 3 [14]

Sr, TiS, 44 R3m(00y)0s 1602 3 [59,103]
Mn;,;Ge, P3m1(00y)0s 1642 7 [104]
Ybgln, R3m(00y)0s 1662 2 [105]
Pd,Sb; R3m(00y)0s 1662 2 [106]

[a] Owing to the methodology of this article, all W, matrices that have
the ¢ axis as the incommensurate axis have the simplest form (1000,
0100,0001,0010). [b] Reference [32] gives the superspace group for
these systems as I4mm(10y)0ss, which is a subgroup of the group listed
here.

nents along the common axes can be joined into higher-di-
mensional symmetry operations. The separability of the
component parts and the complementarity of their joint
symmetries lead to the facile application of higher-dimen-
sional crystallography to everyday crystal systems.

9. Appendix
9.1. Canonical (3+1)D Bravais Lattices

We have discussed how a (3+1)D Bravais lattice can be
fashioned from two fully complementary 3D Bravais lattices,
and how these (3+1)D lattices are conventionally repre-
sented by a single 3D lattice designation followed by a ¢
vector. Thus, the (3+1)D Bravais lattices of Nowotny chim-
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ney-ladder phases and Rb-IV were found to be [(00y) and
1(10y), respectively. Table 4, however, shows that these two
Bravais lattices can both be represented by the same symbol
1(00y), and that there is a cell-axis transformation that con-
verts one of the two (3+1)D Bravais lattices into the other.

The existence of such cell-axis transformations may not
be surprising. For example, cell transformations exist that
convert F- and C-centered tetragonal cells into /- and P-cen-
tered cells, respectively. In the sections below, we review the
standard transformations of 3D Bravais lattice cell axes and
illustrate how these transformations play out in (3+1) di-
mensions.

9.1.1. A Review of 3D Bravais Lattice Determination

In ordinary 3D crystallography, the unit cell is chosen with
respect to the crystal symmetry. Thus, in tetragonal crystals,
the a, b, and c axes are conventionally orthogonal to one an-
other, and a=»b but in general a#c. These axes are chosen
so that they are aligned with the rotoreflections found in the
crystal structure. Ultimately, it is the symmetries in the crys-
tal and not the metrics of the cell axes that determine the
symmetry of the Bravais lattice.

It is the requirement that the cell axes align themselves
with many of the symmetry operations of the crystal that
leads to nonprimitive unit cells. Familiar Bravais lattice des-
ignations such as A, B, C, I, and F are due to the fact that
cells larger than the primitive cell must be chosen to align
cell axes with symmetry operations. Thus, in standard set-
tings, we have P- and C-monoclinic cells, P-, C-, I-, and F-or-
thorhombic cells, and P- and I-tetragonal cells.

As the above list demonstrates, the number of standard
Bravais lattice types varies depending on the crystal system.
Those Bravais lattice types missing from a given crystal
system are often absent because there exist cell-axis trans-
formations that turn a given Bravais lattice into another
standard Bravais lattice type.

We give a single example from 3D crystallography.” In
standard settings, there are no I-centered monoclinic cells.
The operative word here is standard, as /-centered mono-
clinic cells do exist. An example of one is shown in
Figure 28; the I-centered cell is in green. However, an alter-
native choice is the C-centered cell (in black). The standard
setting is the C-centered cell, not the I-centered cell.

Why are there no standard I-centered monoclinic cells
but standard /-centered orthorhombic cells? The answer has
to do with the nature of monoclinic symmetry, orthorhombic
symmetry, and the cell-axis transformation implicit in
Figure 28. This cell-axis transformation requires a change in
the a axis but none in the b and c axes. If we call the C- and
I-centered a axes ac and a;, respectively, the following rela-
tion holds: a.=a;+ ¢. This cell-axis transformation conforms
to the requirements of a conventional monoclinic cell (that
the b axis is unique, i.e., perpendicular to the other axes
both before and after the cell transformation), but does not

9 Tt turns out that this single example, in various guises, accounts for all
but one of the (3+1)D transformations given in Table 4.
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C-centered

Figure 28. Relationship between the nonstandard 3D /-centered mono-
clinic cell and the standard 3D C-centered monoclinic cell. The I-cen-
tered cell is shown in green, the C-centered cell in black. Although both
the I- and C-centered cells correspond to the same lattice, the unit cells
are different. Cell-axis vectors for the /- and C-centered cells are shown
in green and black, respectively.

fulfil the conditions of an orthorhombic cell, that the a axis
remains equally perpendicular to the other two axes. Thus
(and this is important in the next sections), we consider only
those cell-axis transformations that respect the symmetries
of the crystal system.

9.2. (3+1)D Tetragonal Cell Axes

The short review given above illustrates that if we are to
find allowed (3+41)D cell transformations, we need to speci-
fy the exact cell-axis requirements for any given (3+1)D
Bravais crystal system: not the lattice generating vectors
that have hitherto been our main concern, but rather the
cell axes themselves. (A 3D example may be useful here to
clarify this distinction. For a 3D I-centered tetragonal Brav-
ais lattice, while the generating vectors can be taken as (',
U, U5), (1, 0, 0), and (0, 1, 0), the cell-axis vectors corre-
spond to the a, b, and c¢ directions.) Thus, we are not inter-
ested in the four generating vectors w;, but rather the (3+
1)D vectors discussed at the beginning of this article, x;.

As an illustration, we consider the x; vectors for a tetrago-
nal system. In this system, the common axes are fairly
straightforward. The common 3D a and b axes are perpen-
dicular to each other, and a=»b. Given that x,=a and x,=b,
x; and x, are perpendicular to each other, and |x;|=|x,|.

We turn now to the x; and x, axes. The latter is defined to
be perpendicular to the real 3D physical space. It is there-
fore perpendicular to two of the real-space axes, a and b (x,
is of unit length). Similarly, x; is perpendicular to the
common axes a and b, but is not perpendicular to the in-
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commensurate ¢ axes.’’ As noted previously, the angle be-
tween these axes is |cot'(c,/y)|; therefore, x; and x, are
not perpendicular to each other. In summary, in a (3+1)D
tetragonal cell, x, and x, are equal in magnitude and are per-
pendicular to each other, x; and x, are perpendicular to x;
and x, but are not perpendicular to each other. Finally, x, is
of unit length. These are the metric requirements of a (3+
1)D tetragonal cell.

Our interest here is in cell-axis transformations that pre-
serve the x; relationships specified above. One such transfor-
mation type, which will play a significant role in the next
section, are cell-axis transformations that preserve the cell
axes X;, X,, and x,, but for which there is a new cell axis x;/,
which is a linear combination of x; and x,. This cell-axis
transformation maintains all the metric requirements of a
(34 1)D tetragonal cell. Such transformations are therefore
allowed in tetragonal symmetry.

9.2.1. An Example of a (3+1)D Cell Transformation for
Rb-1V

We apply a cell transformation of the type specified in the
previous section to the Rb-IV system. This system is I-tet-
ragonal, and the first and second chosen Bravais lattice vec-
tors are (', ', ') and (0, 1, 0) (Figure 16). Given that ¢ is
the ratio of the c- and a-axis coordinates for the first chosen
vector and that ¢, is a similar ratio of the ¢ and b axes for
the second chosen vector, we find that q is (10y), and the
overall Bravais class is 7(10y). We now seek a cell-axis trans-
formation that converts this designation into the canonical
one in the International Tables Volume C.

As mentioned above, for tetragonal systems any cell
transformation in which x;, x,, and x, are unchanged but
where x;' is a linear combination of x; and x, preserves the
overall tetragonal nature of the (3+1)D Bravais lattice. We
consider one such transformation: the one in which x;'=x;+
Xy

We need to calculate how such a cell-axis transformation
changes the cell-axis coordinates. To do so, we can represent
a vector with respect to either the old or the new basis vec-
tors, but in either case the two representations are equal.
Thus, if we take the coordinates of a given vector to be &
and &/ with respect to the two sets of cell axes, then Z&x;=
2&/x/. Given the definitions of the x; vectors, §;=§&;/ for i=
1,2, or 3, and &§,=&;'+ &, (or equivalently, &, =&,—&;).

Let us apply these coordinate transforms to the Rb-IV
system. The left half of Figure 29 shows the generating vec-
tors of the (3+1)D Bravais lattice of this structure. These
four vectors are initially represented with respect to the old
cell-axis vectors. We then transform the coordinates as de-
scribed above. The new cell-axis representations, w;, are
given in the bottom right of Figure 29.

Interestingly, this is not the first time in this article that
we have come across this new set of u; vectors. In fact, these
are the same vectors previously encountered in Figure 19
for the IP-tetragonal (IP-tetragonal being I(00y) in the In-

2 A review of x; axes for (2+1)D systems may be helpful; see Figure 8.
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Figure 29. Relationship between the nonstandard (3+1)D [Il-tetragonal Bravais lattice (/(10y)) and the standard (3+1)D IP-tetragonal Bravais lattice
(1(00y)). Left: two 3D Bravais lattices (red and blue), both of which are I-centered and have complementary 3D Bravais vectors (middle). These two
sets of 3D Bravais lattice vectors are fused to obtain a set of (34+1)D vectors with (3+1)D [II-tetragonal Bravais lattice symmetry (/(10y)). Right: two
3D Bravais lattices that are I-centered (red) and P-centered (blue). Their 3D Bravais vectors are shown below. By fusing these two sets of vectors, a set
of (3+1)D vectors with IP-tetragonal Bravais lattice symmetry (Z(00y)) is obtained. The cell transformation that changes the cell-axis coordinates
(bottom) converts the (34 1)D II-tetragonal symmetry (/(10y)) on the left into the (3+1)D [P-tetragonal symmetry (Z(00y)) on the right.

ternational Tables) system. In other words, under the cell
transformation described above, II-tetragonal (I(10y) of the
International Tables) transforms into the /P-tetragonal (or
1(00y)) Bravais lattice. As this cell transformation respects
the constraints of tetragonal symmetry, //-tetragonal and /P-
tetragonal are equivalent Bravais lattices.
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Abstract: The self-assembly of Ge-O
polyhedra by metal-complex templates
leads to initial examples of open ger-
manate structures under mild solvo-
thermal conditions. These materials are
constructed from Ge-O cluster build-
ing bocks (Ge; X,y (X=0, OH, or F) or
Ni@Ge,,0,,(OH);) and span the full
range of dimensionalities from 1D
chains of  Ge;0;(OH),F;-Cl-2[Ni-
(dien),] (FJ-6) to 2D layers of
Ge,0,,F;0.5[In(dien),]-0.5H,dien:

trigonal bipyramids, and one GeXg oc-
tahedron with a p;-O atom at the
center of the cluster, whereas the Ni@
Ge,0,4(OH); cluster in FJ-1a/FJ-1b is
formed by condensation of nine pe-
ripheral GeO, tetrahedra and five inte-
rior GeO;Ni units with one ps-Ni atom
at the center of the cluster. FJ-6 is
characterized by a pair of racemic
Ge,0,,(OH),F; cluster chains and rep-
resents only one example of 1D germa-
nates; 1 exhibits unique germanate
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apertures encapsulating an unknown
indium complex, and the framework
structure of FJ-1a/FJ-1b with large 24-
membered-ring channels is the first ex-
ample of porous materials that contain
metal-metal bonds (Ge**—Ni*). These
initial examples of germanates from
metal-complex templates provide a
useful model system for understanding
the mechanisms of host-guest interac-
tions, which may further facilitate the
design and development of new porous

2H,0 (1) and 3D frameworks of Ni@
Ge;0,4(OH);2[Ni(L);] (FJ-1a/FJ-1b)
(dien=diethylenetriamine, L =ethyl-
enediamine (en) or 1,2-diaminopro-
pane (enMe)). The Ge,X, cluster in
FJ-6 and 1 is formed by condensation
of four GeX, tetrahedra, two GeX;s

germanium

synthesis

Introduction

The advent of new crystalline porous oxides is of continued
interest in solid-state chemistry because of their great
impact in catalysis, separation, and ion exchange."”! This
class of solids was initially composed of aluminosilicate zeo-
lites constructed from corner-sharing metal-oxygen tetrahe-
dra. However, the discovery of microporous AIPO, by Fla-
nigen and co-workers! in the early 1980s spurred wide-
spread enthusiasm in the synthesis of non-aluminosilicate-
based microporous materials with unknown framework top-
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materials “on demand”. It is shown
that the symmetry and configuration of
the guest metal complex can be im-
printed onto the host inorganic frame-
work through hydrogen bonding be-
tween host and guest.

transfer

ologies, novel framework polyhedral geometries and connec-
tivities, and “record-breaking” pore sizes, such as the micro-
porous compounds VPI-5 (18-membered ring; 18-MR),"
VSB-1 (24-MR),* ND-1 (24-MR),®®! and SU-M (30-MR).[]

Lately, interest in microporous germanates has been
steadily growing!® after the discovery of the first germanate
with an open framework by Xu and co-workers!” at the be-
ginning of the 1990s. Interest in using germanium as a
framework-forming element is not only because it is the ele-
ment chemically closest to silicon but also because of its
flexible coordination behavior (tetrahedron, square pyramid
or trigonal bipyramid, and octahedron), significantly greater
T—O bond distances (~1.76 A for Ge—O and ~1.61 A for
Si—O), and associated smaller T-O—T angles (120-135° for
Ge—O—Ge and 140-145° for Si—O—Si) than those in most
silicates.'”’ The geometrical parameters make germanates
particularly favorable candidates for the formation of frame-
works with 3-MR channels in a strain-free manner, which is
thought to be the key to very open frameworks.'Yl Further-
more, germanium is capable of forming cluster aggregates
that offer great opportunities for the design of open frame-
works with large channels, as predicted by Férey in terms of
scale chemistry and defined as the “cluster-condensation”
mechanism.'"” The Ge,0,X; (X=OH, F) (Ge,) and
Ge,0,X, (Gey) secondary building units (SBUs) were
noted as robust cluster building units and can be used to
build extra-large pore systems as shown in ASU-121 with
3D interconnected eight-, 10-, and 16-ring channels and in
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ASU-16% (also SU-1287) with 24-ring channels, whose
structures are based on the different arrangements of the
Ge; clusters. Another example of a 24-ring germanate is
FDU-4,8 which is built by the connection of corner-sharing
Ge,0,5(OH), clusters. More recently, Zou and co-workers®™
demonstrated that the different building units of Ge, and
Ge, clusters can also be combined into the same framework
structure, for example, SU-8 and SU-44 with 3D intercon-
nected eight-, 10-, and 16-MR channels and eight-, 10-, 16-,
and 18-MR channels, respectively. Notably, they reported in
a previous work[’l a crystalline mesoporous germanate (SU-
M) with 30-MR extra-large channels (>20 A), which is built
from a unique Gey, cluster and has the lowest framework
density of any inorganic material.

Although a complete and detailed understanding of the
mechanisms of formation of microporous compounds is cur-
rently difficult, several models account for the final frame-
work structures by postulating various building blocks from
the viewpoint of host infrastructure, such as the SBU
model™ ¥ and the chain-self-assembly model." Tnasmuch
as such solids are usually made by hydrothermal routes in
the presence of various templates, in some cases by encapsu-
lating them with a very close fit between the templates and
the pore walls, it is necessary to investigate the assembly
process of framework polyhedra by the templates from the
viewpoint of host—guest interactions.''”! It has been shown
that host-guest charge and symmetry matching are impor-
tant synthetic parameters for the self-assembly process of
porous materials wherein the shape, size, and charge of
guest templates can determine the host framework, 5152
whereas the origin of this phenomenon is less clear. Thus,
the selection of proper templates to direct to “particular”
framework structures is a useful approach for a better un-
derstanding of the origin of the host-guest matching. In con-
trast to alkali-metal ions and organic amines, rigid metal
complexes used as templates, which exhibit various charges,
unique spatial configurations, and rich hydrogen-bonding
sites, have shown great advantages in the synthesis of novel
open-framework materials such as phosphates,® phos-
phites,® and borophosphates.”’ Remarkably, it was shown
that a chiral metal complex as a guest can imprint its chiral
characteristics onto the inorganic host framework of phos-
phates through the noncovalent interactions between host

Abstract in Chinese:

WRHRFMT, SESBREDERA FH 5 MKT ID B
Ge;013(OHYF5-Cl-2[Ni(dien)2] (FJ-6), 2D 2 Ge;01F50.5[In(dien)2]-0.5H:dien-
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and guest.”** Unfortunately, versatile metal complexes as
templates are absent from the literature with regard to mi-
croporous germanates, except for ICMM-2, which contains
an extra-framework linear complex [M(NH;),] (M=Ag™* or
Cu™), and several examples in which the transition-metal
(Zn, Co, Cd, In) complexes were incorporated with the
framework.*

We are focusing on the synthesis of open-framework ma-
terials constructed from Ge-O clusters®*?! and are dedicat-
ed to investigating the effect of the introduction of hetero-
atoms, such as boron (+3 oxidation state),****! on their
framework topologies. As a part of our ongoing research,
we are currently interested in extending the unique perfor-
mance of versatile metal complexes to the germanate
system and further understanding its role in determining the
host framework structures of germanates. In this work, by
structure elucidation of initial examples of germanates con-
structed from the linkage of cluster units by using metal-
complex templates, we attempt to give new insight into the
self-assembly process of porous solids from the viewpoint of
host—guest interactions. These materials span a range of di-
mensionalities from the 1D chain of Ge;O,;(OH),F;-Cl-2[Ni-
(dien),] (FI-6)*Y to the 2D layer of Ge;O.F;0.5[In-
(dien),]-0.5H;dien2H,O (1) and the 3D frameworks of
Ni@Ge,0,,(0OH);2[NiL;] (FJ-1a/FJ-1b)® (dien=diethyl-
enetriamine, L =ethylenediamine(en) for FJ-1a, 1,2-diami-
nopropane (enMe) for FJ-1b). It is shown that the occur-
rence of shape-controlled synthesis for such materials by
using metal-complex templates coincides with the host—
guest symmetry and configuration correspondence that
result from the hydrogen-bonding interactions between the
framework and template, which also provide a useful model
system for a better understanding of the self-assembly of
host framework polyhedra by guest templates, and may fur-
ther facilitate the rational design and development of cer-
tain predicted porous materials.

Results and Discussion
Synthesis

The germanates in question were synthesized by using sol-
vothermal technology. FJ-6 and 1 were prepared with pyri-
dine as solvent in the presence of HF. Notably, the existence
of HF in the synthetic process was necessary for the forma-
tion of the two compounds. FJ-6 was initially obtained from
a mixture containing H;BOj; designed for the synthesis of a
borogermanate;*¥ H;BO; was later removed from the reac-
tion system, and it was found that the synthesis could still be
carried out. Furthermore, powder X-ray diffraction showed
that a phase-pure sample with FJ-6 framework topology
could also be obtained as polycrystallites by using [Co-
(dien),]** as template cations. For 1, the unknown [In-
(dien),]** complex cations are self-organized in the reaction
medium and play the role of a cooperative template with
the organic amine in the formation of the inorganic net-
works. When In,O; was removed from the reaction system,
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a new layered germanate, Ge,O,,F5(H,dien), s H,0,’" with
the ASU-20®" framework structure was isolated. FJ-1a/FJ-
1b was initially obtained by using ethylene glycol as solvent
in the presence of [NiL;]Cl,-2H,O (L=en, enMe) as tem-
plate.®™ The synthesis conditions of FJ-1a/FJ-1b were not
very critical: a phase-pure sample with high crystallinity was
isolated either by using pyridine instead of ethylene glycol
as solvent or by the replacement of [NiL;]Cl,-2H,O with a
mixture of NiCl,2H,0O and en or enMe in the original reac-
tion system. However, when other transition metals and
amines, such as Mn?*, Fe?*, Cu®*, Zn**, or Cd** and en
were used instead of Ni**or In’* and enMe or dien, no
structures similar to 1, FJ-1, or FJ-6 were formed. Crystallo-
graphic and refinement details for 1 are summarized in
Table 1. The morphology of 1 is shown in Figure 1.

Table 1. Crystal data and structure-refinement parameters for 1.

Parameters 1

CeN,sHpsGeslngsO4F;

Empirical formula

M, [gmol '] 1038.84
Crystal system monoclinic
Space group C2/c

a[A] 35.875(4)
b[A] 14.1723(14)
c[A] 10.4110(9)
al°] 90

Bl 101.832(4)
7] %

VA7 5180.8(9)
V4 8

Pealed [g cm 3] 2.664

2[A] 0.71073 (Moy,)
w [mm™] 8.543

Reflections collected
Independent reflections
Refined parameters

19658
5924 (R(int) =0.0703)
323

GOF on F* 1.107
R1, wR2 (I>20(D)) 0.0622, 0.1265
Largest diff. peak, hole [e A~] 1.327, —0.971

NONE SElI 50kV X350 10;tm_ WD 14.8mm

Figure 1. Scanning electron microscopy image of 1.

Crystal Structures of the 1D and 2D Phases

The structures of FJ-60*! and 1 are constructed from a
Ge; X,y (X=0, OH, or F) cluster unit (Figure 2), in which
seven Ge atoms exhibit mixed coordination of four to six
with O or F anions. The center of gravity of the cluster
nearly coincides with a tricoordinated oxygen atom, which is
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Figure 2. Polyhedral view of the Ge, X,y (X=0, OH, or F) cluster unit of
FJ-6 and 1. Tetrahedra are shown in white, trigonal bipyramids are
striped, and the octahedron is in gray.

bound to an octahedral and two trigonal-bipyramidal Ge
centers. Two pairs of corner-sharing tetrahedral Ge atoms
are linked to the octahedral and trigonal-bipyramidal Ge
sites by doubly bridging oxygen atoms in their equatorial
planes. Whereas all the Ge polyhedra are connected to each
other by their vertices, the two trigonal bipyramids are
linked by a common edge. The Ge,X;, cluster unit can also
be described as a D4R unit, which is present in zeolites,
AIPOs,” and some germanates,®™*#“2 with two neigh-
boring tetrahedral atoms replaced by one capping octahe-
dral Ge atom. The location of the central tricoordinated
oxygen atom within the cluster unit is similar to that of a
fluorine or an oxygen atom that is typically observed within
the D4R cage.

Similar Ge;X,, cluster units were observed in ASU-12,
ASU-1651  ASU-19B1  ASU-20,*" and Ge, O, (OH)-
N,CsH,,® by using different bases as templates. Seven of
the anions in this cluster are singly coordinated and avail-
able for linkage when the clusters condense into a frame-
work, but the presence of partly terminal anions can prevent
the Ge; X4 clusters from completely connecting, thus gener-
ating interrupted structures. For example, in ASU-128¥1 and
ASU-16," the clusters are linked by the sharing of five ver-
tices into five-connected nets that result from prismatic
stacking of planar 6° and 4.8 nets, respectively. Further-
more, the layers of ASU-20®! are four-connected 4* nets,
which are further connected in pairs by additional isolated
GeO, linkages to produce the slab structure of ASU-19.[!
However, in Ge;jO, (OH)'N,CiH,,,BY the Ge,X,, clusters
are linked to each other by additional isolated GeO, tetra-
hedra to produce a 3D framework with a relatively dense
noninterrupted structure in which no terminal anion is pres-
ent.

The structure of FJ-6 consists of 1D anionic chains of
Ge,01,(OH),F; clusters linked by p,-O1 atoms from two tet-
rahedral Ge centers (Figure 3a). Of the five singly coordi-
nated anions in each cluster, two on the remaining tetrahe-
dral Ge centers are hydroxy groups and three related to the
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Figure 3. a) The inorganic chain running along the a direction in FJ-6.
b) The inorganic sheet parallel to the bc plane in 1. Tetrahedra are
shown in white, trigonal bipyramids are striped, and octahedra are in

gray.

octahedral and two trigonal-bipyramidal Ge centers are
fluorine atoms. In the 2D phase 1, each Ge,O¢F; cluster
unit is connected to four adjacent clusters by sharing p,-O5
and -O12 atoms of tetrahedral Ge centers to give rise to the
same layer topology as ASU-20® (four-connected 4* square
lattice; Figure 3b). The singly coordinated anions associated
with the octahedral and two trigonal-bipyramidal Ge centers
are terminal fluorine atoms. However, the sheets in 1 con-
tain uniform 10-MR apertures instead of the alternate eight-
and 12-MR openings in ASU-20,® which is attributed to
the highly flexible intercluster Ge—O—Ge bond angles and
different cluster orientations in the inorganic layers. The
Ge—O—Ge bond angles between the clusters are in the
range 142.8(4)-151.3(4)° for 1 and 131.9(3)-141.8(5)° for
ASU-20®1 whereas the intracluster Ge—O—Ge angles
remain confined around an average value of 119° (~118.9°
for 1 and 119.1° for ASU-20®!) that is independent of the
framework structure. Similar values were also found for
ASU-121 and ASU-16.%

The geometrical parameters for FJ-6 and 1 remain within
a range typical for germanates. In 1, the Ge—O bond length
for the tetrahedral Ge atoms is between 1.713(6) and
1.769(6) A, and the O—Ge—O angle is in the range 104.7(3)-
115.9(3)°. The Ge—O bond length for trigonal-bipyramidally
coordinated atoms varies from 1.773(6) to 2.051(5) A, and
the average Ge—F bond length is 1.814(5) A. The octahe-
drally coordinated Ge atom has an expected longer Ge—X
distance in the range 1.811(5)-2.016(5) A.

Hexacoordinated dien complexes of transition metals
have been known for a long time™! and usually have s-fac,
u-fac, and mer configurations; the latter two are chiral. In
FJ-6, there exist two unique Ni sites that correspond to the
two isomers s-fac-[Nil(dien),]** and mer-[Ni2(dien),]**, re-
spectively; no u-fac-[Nil(dien),]** isomer is incorporated.
The alternate arrangement of [Ni(dien),]** and the inorgan-
ic chain gives rise to a 3D super-molecule network (Fig-
ure 4a). In the [100] projection, each inorganic chain is sur-
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Figure 4. a) Polyhedral view along the [101] direction of FJ-6 showing the
packing of the metal complexes between the inorganic chains. b) Poly-
hedral view along the [001] direction of 1 showing the alternate array of
the indium complex and the H,dien cations between the inorganic layers.
Guest water molecules are omitted for clarity. Tetrahedra are shown in
white, trigonal bipyramids are striped, and octahedra are in gray.

rounded by five [Ni(dien),]** stacks that interact with the
chains electrostatically and through hydrogen bonds, with
N--O and N--F distances of 2.888(6)-3.299(7) and 3.023(6)—
3.153(7) A, respectively. There is also hydrogen bonding be-
tween isolated Cl~ anions and the N atoms of [Ni(dien),]**,
with N---Cl distances in the range 3.396(6)-3.589(6) A.
However, in 1, the crystallographically distinct In**
cation, which exists in an octahedral environment of two
chelating dien ligands, has an s-fac configuration; no u-fac-
[In(dien),]** and mer-[In(dien),]** isomers are incorporat-
ed. The indium complex [In(dien),]** has not been reported
until now. In—N bond lengths are between 2.244(8) and
2.261(8) A and are comparable with those of transition-
metal complexes;™® the N—In—N angle varies between
79.2(3) and 180.0(1)°. The Ge—O inorganic layers in 1 are
stacked in an ABCD sequence along the [100] direction,
with the indium complexes and triprotonated dien molecules
inserted alternately in the interlamellar space (Figure 4b).
The 10-MR channels within the two adjacent layers that en-
capsulate the indium complexes are relatively well-aligned,
whereas the adjacent layers that encapsulate the triprotonat-
ed dien molecules are staggered: a 10-MR channel in one
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layer faces a Ge;O4F; cluster unit in the next layer. Such a
layered arrangement generates a 1D system of zigzagged
pseudo-10-MR channels along the [100] direction with
indium complexes located within the channels. In fact, the
indium complexes and the triprotonated dien molecules are
located at the unit-cell inversion center, which results in two
possible orientations of the dien molecules due to the statis-
tical disorder of the N5 and C6 atoms. Close examination of
the guests reveals that the amine groups of the complex cat-
ions and the dien molecules interact with the lattice oxygen
atom, the terminal fluorine atom in the framework, and the
water guests through extensive hydrogen bonding, with
N--O and N--F distances in the range 2.800(2)-3.293(10)
and 2.765(15)-3.125(9) A, respectively.

Crystal Structure of the 3D Phase

FJ-1a and FJ-1b are composed of two isostructural frame-
worksP! built by a novel Ni@Ge,;0,,(OH); cluster unit
(Figure 5a). The Ni@Ge,,0,,(OH); cluster is composed of
one Ni center, 14 Ge centers, 24 O centers, and three OH
units. The Ni" ion is located at the center of the Ni@
Ge4,0,,(OH); unit and is bound to five Ge** ions by Ge**—
Nit bonds to yield a trigonal-bipyramidal core {Ni@Ge;}
(three Ge4 atoms in the equatorial plane and two Ge3
atoms at apical positions). Nine peripheral tetrahedral Ge'

Figure 5. a) Polyhedral and ball-and-stick view of the Ni@Ge,0,,(OH);
cluster unit of FJ-1a built from 14 germanium sites and a central nickel
site. GeO, tetrahedra are shown in white. b) Topological framework of
FJ-1a showing the 24-ring channels and the Ni@Ge,0,,(OH); motifs.
c) The six-connected nodes are reticulated into a decorated version of
the six-connected acs net (Schlifli symbol 4°.6°), a hexagonal ABA array.
d) View of the orderly separation of the chiral [Ni2(en);]** complexes at
the center of the 24-ring channel and the achiral trigonal-prismatic
[Ni3(en);]** complexes occluded between the Ni@Ge,,0,,(OH); clusters
along the [001] direction.
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sites (six Gel and three Ge2 atoms) form three trimers
(Ge;0y) through corner sharing, and each trimer is further
linked to four Ge" centers of the cluster core by u,-O
atoms. However, each Ge2 center connects a terminal
oxygen atom that belongs to hydroxide ligands.

Each Ni@Ge,,0,,(OH); cluster is linked to six other clus-
ters by Ge—O2—Ge bonds to form a 3D framework (Fig-
ure 5b) that contains large 24-MR channels along the [001]
direction, which intersect with three 12-ring channels along
the [100], [010], and [110] directions. The overall network is
a decorated version of the acs net (Schlidfli symbol
4°.6%),#%1 which has a rarely observed underlying topology
(a hexagonal ABA array) in which each six-coordinate
vertex is replaced by an Ni@Ge ,0,,(OH); cluster unit (Fig-
ure 5¢). Interestingly, two types of [Ni(en);]** complexes
are encapsulated in the channels of FJ-1a (Figure 5d): one
is a regular octahedral [Ni2(en);]** cation, the other is a
rare trigonal-prismatic [Ni3(en);]** cation that resulted
from the statistical disorder of N2 atoms chelating en li-
gands. The enantiomers of the [Ni2(en);]** complexes locat-
ed in the centers of the 24-MR channels are alternately ar-
ranged as A and A configurations along the [001] direction,
whereas the [Ni3(en);]*" cations that reside in the 12-ring
channels are separated by Ni@Ge,,0,,(OH); motifs along
the [001] direction. There is extensive hydrogen bonding be-
tween the N atoms of the two types of complexes and the
framework O atoms, with N--O distances in the range
3.072(16)-3.167(20) A. Notably, the existence of Ni* and
Ge?7 is considered to be an important factor for the blue lu-
minescence of FJ-1.!

Framework-Template Interactions

An understanding of framework-template interactions and
the role of the template in microporosity generation is of
importance not only for new insight into the mechanisms of
formation of the microporous frameworks; it could also lead
to a rational design of such materials. Upon examining the
symmetries of the host framework and guest template on
the basis of the structures described here, we surprisingly
found that the condensation of framework polyhedra
around template molecules is dictated by the molecular
symmetries of the latter.

In FJ-6, each unit cell contains a pair of racemic anionic
cluster chains denoted the left- and right-handed configura-
tions (Figure 6a). Notably, each left-/right-handed chain has
the same C, symmetry as the chiral [Ni2(dien),]** cations
and is related to the chiral [Ni2(dien),]** cation stack by
sharing twofold axes in such a way that the metal complex
with the A configuration is associated with the left-handed
chain, and the metal complex with the A configuration is as-
sociated with the right-handed chain. In other words, there
exists a symmetry and configuration correspondence be-
tween the chiral complexes and the inorganic chains. A de-
tailed examination of hydrogen bonding reveals that each
chiral [Ni2(dien),]** cation forms two hydrogen bonds with
the corresponding chiral inorganic chain (Figure 6b), and

www.chemasianj.org 1235





FULL PAPERS

Figure 6. Representations of the host-guest symmetry and configuration
correspondence in FJ-6. a) Stacking of the racemic anionic cluster chains
and metal complexes in one unit cell viewed along the a axis. b) Hydro-
gen bonding between the racemic anionic cluster chains and correspond-
ing chiral complex templates viewed along the c axis. ¢) View of the cen-
trosymmetric H-bonding between the achiral [Nil(dien),]** complex and
the racemic anionic cluster chains as well as two guest Cl~ anions. Tetra-
hedra are shown in white, trigonal bipyramids are striped, and octahedra
are in gray. L and R refer to the left and right chiral chain, respectively.

that these hydrogen bonds are also related by a twofold
symmetry axis. This implies that hydrogen bonding imposes
a C, symmetry operation of the chiral complex templates
onto the inorganic chains, thus imbibing them with chiral
characteristics in the assembly process of the Ge-O poly-
hedra. There exists a pair of enantiomers of mer-[Ni2-
(dien),]** related by an n glide plane in FJ-6, which leads to
the chirality and racemization of the inorganic chains. Fur-
thermore, an achiral complex with the s-fac-[Nil(dien),]**
configuration also exists; it is located at the unit-cell inver-
sion center, which produces a central symmetry microenvir-
onment related to a pair of adjacent racemic chains and two
chlorine anions through hydrogen bonding (Figure 6¢). The
combination of central and plane symmetry operations leads
to the achiral crystal structure of FJ-6.

In contrast to FJ-6, only s-fac-[In(dien),]** complex cat-
ions with 1 symmetry are encapsulated between the inorgan-
ic layers in 1. The stacking fashion of the inorganic layers is
completely determined by the s-fac-[In(dien),]’* cations, all
of which are located at an inversion center that coincides
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with the 1 symmetry element of each individual s-fac-[In-
(dien),]** cation. In other words, the condensation of the in-
organic layers around the guest metal complexes is dictated
by the symmetry of the latter. At the same time, the hydro-
gen bonds between the indium complex cation and two clus-
ter units from adjacent layers as well as two guest water
molecules are related by an inversion center (Figure 7). It

Figure 7. View of the centrosymmetric H-bonding between the achiral
[In(dien),]’* complex and two cluster units from adjacent layers as well
as two interlayer water molecules in 1. Tetrahedra are shown in white,
trigonal bipyramids are striped, and octahedra are in gray.

was shown that a rigid metal complex exerts its symmetry-
templating effect through hydrogen bonding.“**¥ By com-
parison, the flexible dien cation has a relatively weak tem-
plating effect and adjusts its molecular conformation with a
disordered model to conform to the higher symmetry of the
inorganic framework.

The assembly of the inorganic framework of FIJ-1%° by
metal complexes can be understood as a shape-controlled
process. Its 3D framework structure is characteristic of a
pair of enantiomers of a propellane-like chiral structural
motif denoted the A and A configurations (Figure 8a and b,
respectively). The significance of giving prominence to a
structure with such chiral inorganic motifs becomes appar-
ent once it is recognized that the propellane-like structural
motif and the chiral complex cation ([Ni2(en);]**) both
have the same D; symmetry, and that each chiral structural
motif is assembled by a chiral metal-complex cation
([Ni2(en);]**) in such a way that the metal complex with the
A configuration is closely related to the chiral motif with the
A configuration and vice versa (Figure 8a and b). This re-
markable stereospecific correspondence between the metal-
complex template and the structure of the inorganic host
clearly indicates that there exists molecular recognition be-
tween the guest and the host, which allows the configuration
and symmetry information of the guest template to be im-
printed onto the inorganic framework through hydrogen-
bonding interactions. The alternate stacking of the pair of
enantiomers of [Ni2(en);]*" along the [001] direction related
by a mirror plane (Figure 8c) leads to the chirality and iso-
merization of the propellane-like structural motif and pro-
duces the achirality of the overall structure of FJ-1a, with
the achiral [Ni3(en);]** cation situated on the plane exhibit-
ing a trigonal-prismatic configuration. Similarly, only sym-
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Figure 8. Representations of the host-guest symmetry/configuration cor-
respondence in FJ-1a, showing the hydrogen bonds between a pair of en-
antiomers of the propellane-like chiral motif with a) A and b) A configu-
ration and the corresponding enantiomers of chiral A- and A-[Ni2(en);]**
complexes. ¢) A pair of enantiomers of chiral A- and A-[Ni2(en),]** com-
plexes that alternately reside in the 24-MR channels interacts with six
OG6H groups from the chiral structure motifs through six hydrogen bonds.

metry correspondence between the achiral [Ni3(en),]**

complex and the building bocks of the Ni@Ge,,0,,(OH);
cluster exists in FJ-1.

The preceding discussion shows that the remarkable cor-
respondence between the symmetry/configuration of the
metal-complex template and the structure of the inorganic
host is a general feature for the materials described herein,
and hydrogen bonding between the host and guest allows
the information of the guest template to be imprinted onto
the inorganic framework. Insitu Raman spectroscopy
showed™! that the template configuration is considered to
be intimately related to the framework-forming species and
determines the final structure of the porous aluminophos-
phate material. Moreover, it was expected that a mixed-con-
figuration template could favor the formation of different
microporous structures. Interestingly, only the s-fac-[In-
(dien),]** isomer was incorporated into the structure of 1,
and an orderly separation of chiral and achiral complexes in
FJ-1 and FJ-6 was also found. This indicates the molecular-
recognition capability and stereospecificity of the host
framework for guest template configuration, which is more
than the general understanding that the equilibrium distri-
bution of the various isomeric forms of a metal complex as
depending considerably on environmental parameters such
as ion association, solvation, temperature, intramolecular
nonbonding interactions, and statistical weighting factors.[*’)
Nevertheless, as discussed above, the use of an achiral metal
complex or a pair of racemic isomers of a metal complex as
a template is prone to the introduction of additional central
or plane symmetry elements in the solids. Given that a crys-
tal structure formed from enantiomerically pure chiral mole-
cules is always chiral,”* it is conceivable that the synthesis
of a chiral or even an optically pure porous solid may be re-

Chem. Asian J. 2007, 2, 1230-1239

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

alized by using an enantiomerically pure metal-complex
template and/or a judicious choice of framework-forming
species to influence the template configuration.

Thermal Analysis

Compared with FJ-6 and FJ-1a, which is stable up to 350
and 300°C, respectively, 1 is stable up to about 200°C. Sub-
sequently, decomposition occurs in three steps with a total
weight loss of 21.8 %. An initial gradual weight loss of 3.7 %
between 200 and 250 °C corresponds to the loss of two inter-
layer guest water molecules per formula unit (caled: 3.5%).
The latter two steps cover a wide temperature range of 240—
920°C and is accompanied by a weight loss of 18.1 %, which
corresponds to the departure of organic amines and 1.5 HF
molecules per formula unit (caled: 17.8%). The relatively
high thermal stabilities of the materials are due to the exten-
sive hydrogen-bonding and electrostatic interactions be-
tween the inorganic frameworks and metal-complex tem-
plates.

Conclusions

Mild solvothermal methods resulted in initial examples of
novel open germanate materials by using metal complexes
as templates, whose structures are constructed from the
direct linkage of cluster units and range from 1D chains to
2D layers and 3D frameworks. The successful syntheses of
such materials suggest further opportunities for isolating
new microporous germanates formed from metal-complex
templates in a systematic way. The structure elucidation re-
veals that there is a good correspondence of symmetry and
configuration between the guest metal complex and the host
inorganic framework. The origin of this phenomenon is at-
tributed to hydrogen bonding between host and guest. It is
highly likely that the host—guest symmetry and configuration
correspondence leads to the shape-controlled synthesis for
such materials in the presence of metal-complex templates
and plays a more general role in the formation of many
other microporous materials. Therefore, this study provides
new insight into their mechanisms of formation. Given that
such host-guest correspondence can determine the charac-
teristics of the inorganic framework, and that an achiral or a
pair of racemic isomers of the metal-complex template is
prone to the introduction of additional central or plane sym-
metry elements in the solids, the synthesis of a chiral or
even optically pure crystalline porous germanate material
may ultimately be realized by using an enantiomerically
pure metal-complex template and/or a judicious choice of
framework-forming species to influence the template config-
uration. Investigations in this direction are underway.
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Experimental Section
Materials and Instrumentation

All syntheses were performed in a 23-mL teflon-lined stainless-steel au-
toclave under autogenous pressure. Reagents were obtained from com-
mercial sources and used without further purification. Elemental analysis
of C, H, and N was performed on an Elemental Vario EL III analyzer.
Infrared (IR) spectra were obtained from powder samples as KBr pellets
on an ABB Bomen MB 102 series IR spectrophotometer over a frequen-
cy range of 400—4000 cm™'. Qualitative energy-dispersive spectroscopy
(EDS) was performed on a JEOL JSM6700F field-emission scanning
electron microscope equipped with an Oxford INCA system. Thermogra-
vimetric analysis (TGA) was performed on a Mettler Toledo TGA/
SDTA 85le analyzer under N, atmosphere with a heating rate of
10°Cmin™".

Syntheses

1: Typically, germanium dioxide (0.152 g, 1.46 mmol) and indium dioxide
(0.141 g, 0.51 mmol) were dispersed in a mixed solvent of pyridine
(4.5 mL) and water (1 mL), and then dien (2.5mL) followed by HF
(40 wt %, 0.15 mL) was added with constant stirring. The resulting mix-
ture was sealed in a 23-mL teflon-lined autoclave, heated at 180°C for
7 days, and then cooled to room temperature. The product containing a
white polycrystalline powder and colorless prism-shaped single crystals
was separated by sonication, further washed by distilled water, and then
air-dried (45.2% yield based on GeO,). IR (KBr): 7=3450, 3256, 1603,
1539, 1458, 1347, 1146, 1082, 992, 878, 798, 592, 533, 474, 414 cm™; ele-
mental analysis: calcd (%) for C,NoH;,Ge4InO3,Fs: C 6.94, H 2.41, N
6.06; found: C 6.98, H 2.51, N 6.12; EDS: Ge/In/F calcd: 7:0.5:3; found:
6.8:0.5:2.7.

X-ray Crystallography

Suitable single crystals with dimensions 0.10x0.10x 0.02 mm® for 1 were
selected for single-crystal X-ray diffraction analysis. Data were collected
on a Siemens SMART CCD diffractometer with graphite-monochromat-
ed Moy, radiation (1=0.71073 A) at 293 K. All absorption corrections
were performed with the SADABS program.? The structure was solved
by direct methods and refined by full-matrix least-squares methods on F*
with the SHELXTL97 program package.”” The N5 and C6 atoms of the
dien molecule were refined with a model of splintering due to the special
position of the molecule, and soft constraints were also applied on the
C—C and C—N bond lengths of the disordered dien molecule; the C1
atom of the [In(dien),]’" cation was also disordered over two sites. All
hydrogen atoms, except those on the disordered C and N atoms and
guest water molecules, were positioned geometrically and refined with a
riding model. All non-hydrogen atoms except those disordered atoms
were refined anisotropically. The position of the highest peak
(1.327 ¢ A7) in the final Fourier map was near that of the disordered
dien molecule. In 1, the inorganic Ge-O layers are connected to two dif-
ferent templates, Hidien and [In(dien),], through hydrogen-bonding in-
teractions to form an open-framework structure, which gave rise to voids
of 216 A’. Such voids in the crystal structure are common in microporous
materials. For example, the 24-MR-channel zinc phosphate ND-1" con-
tains voids of 285 A®, which resulted from the exceptionally porous struc-
ture.

CCDC-205575, -628446, -277021, and -280327 (FJ-6, 1, FJ-1a, and FJ-1b,
respectively) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_request/cif.
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Abstract: A series of 13 silver(I)
double and multiple salts containing
1,3-butadiynediide, C,*~, were synthe-
sized by dissolving the silver carbide
Ag,C, in a concentrated aqueous solu-
tion of one or more of the silver salts
AgNO;, AgCF;CO,, AgC,FsCO,, AgF,
AgBF,, and AgPF,. The 1,3-butadiyne-

Fine-tuning with various ancillary
anionic ligands caused the Ag, aggre-
gate at each ethynide terminus to
adopt a butterfly-shaped, planar, or
barblike configuration, within which
the silver—ethynide interactions can be
classified into three types: o, m, and
mixed (o0,7). The effect of coexisting ni-

the above synthon was also explored.
The hydrolysis of PF,~ and BF,™ led to
the formation of the quadruple salt
Ag,C,4 AgNO;AgPF,0,-Ag;PO, and
a novel (F),(H,O);3 hydrogen-bonded
tape in the triple salt Ag,C,2AgF-
10 AgC,F;CO,-CH;CN-12H,0, respec-
tively. The largest silver—ethynide clus-

diide anion invariably adopts a
Wy,ly coordination mode in these com-
pounds, which indicates that the
Ag,cC=C-C=CD>Ag, moiety can be
used as a new type of metalloligand
supramolecular synthon for the con-
struction of coordination networks.

carbides

Introduction

Metal-polyyne complexes are of current interest, as their
linear coordination geometry and m unsaturation make them
useful building blocks for rigid-rod molecular wires,"! which
have potential applications as electrical conductors,? light-
emitting diodes,” and nonlinear optical materials.[*! Further-
more, the photoluminescence properties of metal-polyyne
complexes have been under intense investigation by several
research groups.”! The terminal ethynide moieties in a poly-
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aggregate described to date,
(Cy);@Ag, occurs in  3AgC,
12 AgC,F5sCO,-5[(BnMe;N)C,FsCO,]:
4H,0 (Bn=benzyl).

yne ligand not only act as good o donors and weak m accep-
tors to form a large variety of linear metal-alkynyl com-
plexes,® but they can also function as good m donors
through p,—d, overlap with metal atoms to produce a multi-
tude of cluster complexes and multinuclear aggregates.”:*
Although the first silver carbide prepared, silver ethyne-
diide (Ag,C,), has been known to be a highly explosive ma-
terial for one and a half centuries,” its higher homologues
Ag—(C=C),—Ag (n>2) have seldom been synthesized and
are poorly characterized. Hunsmann reported in 1950 that
the treatment of 1,6-dichloro-1,3,5-hexatriyne (ClI-C=C—C=
C—C=C—Cl) with AgNO; in concentrated NH,OH solution
yielded a precipitate, which, however, was not characterized
further as a result of its readily explosive nature."” Recently,
we synthesized crude Ag,C,, which is insoluble in most sol-
vents and highly explosive in the dry state when subjected
to heating (over 138°C) or mechanical shock.'' Raman
spectra showed that a typical carbon-carbon triple bond
exists in the structure of this polymeric compound. In two
structurally related double salts, Ag,C,6 AgNO;nH,O (n=
2, 3), the "C=C—C=C~ dianion adopts an unprecedented
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Jg coordination mode, with each terminus capped by a but-
terfly-shaped Ag, basket."!! Moreover, the invariable ap-
pearance of this |, mode indicates that the Ag,CC=C—C=
CDAg, moiety may be perceived as a new kind of supra-
molecular synthon? of the metalloligand type!™ for the as-
sembly of coordination networks. As an extension of our
studies in this area, we report a series of 13 double and mul-
tiple silver salts containing C,*~ and thus provide further in-
sight as to how other coexisting anionic and/or neutral li-
gands may influence the coordination environment of C,*".
Our results also establish the general utility of the supra-
molecular synthon Ag,CC=C—-C=CDAg, in the construction
of multidimensional coordination networks.

Results and Discussion

In our previous synthesis of Ag,C,, hexachloro-1,3-buta-
diene (C,Cly) was treated with nBuLi to yield the intermedi-
ate compound Li,C, through the Fritsch-Buttenberg-Wie-
chell rearrangement.™™ Thus, half of the silver ions were
precipitated as AgCl, which needed to be removed with a
concentrated solution of ammonia to give relatively pure
silver 1,3-butadiynediide (Ag,C,). In the present study, we
treated 1,4-bis(trimethylsilyl)-1,3-butadiyne with nBuLi and,
subsequently, with AgNO; to produce Ag,C, as a light-gray
powder in higher yield. In subsequent synthetic procedures,
a concentrated aqueous solution of one or more silver salts
was used to dissolve Ag,C, through the formation of
C,@Ag; moieties consolidated by argentophilic interac-
tions."! When AgPF; was added to an aqueous solution of
Ag,C, and AgNOs, the PF;~ anion was found to undergo hy-
drolysis to yield PF,0, and PO,*", and we thus isolated the
second quadruple salt known to date. A series of 2D and
3D coordination networks based on the Ag,CC=C—C=
CDAg, supramolecular synthon were obtained through the
employment of two perfluorocarboxylate ligands, CF;CO,~
and C,FsCO,", with the option of adding ancillary nitrile li-
gands RCN (R=Me, Et, fert-butyl). The introduction of

Abstract in Chinese:

TSI Ag,Cy WMET — R TV ERRIKIR, FETEERAR
ZHZBE. THRAREM EFAE. PUGETERR S E B, &
MNERTENEH 1, 3-TZHR_ABTFH—HROVUBNEEER
the Hd, 1, 3-T TRTAE T HI0, - BOA R E L B X
B EMEHT, RP AgcC=C-C=CoAg, T UEN—FH &
JR-RARR B TERT AT HERMM S . #—Fr, BiR
FAR R BB BS FRLAR, T LIRS s Bk 5 25 1 ) B A DU SR B
SARMMA, ATTERETE. FERASAHREN, Hhia-RiE
ERATUAREE: o n FEE (o, 1) - A, BRIOMWFRTHE
MR AR 4 sh R TR Bk & M F IS FARIE . HEE
BRR, BB U SRR KA, ARG T8 MR
B U0 24k & Y Ag,Cy - 4AgNO; - AgPF,0, - AgiPO,, 3 F
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quaternary ammonium salts as structure-modification agents
resulted in lower-dimensional coordination networks.

2Ag,C;2AgF-6 AgNO,H,0 (1)

The crystal structure of the triple salt
2Ag,C,2 AgF-6 AgNO;-H,0 (1) contains two different types
of [Ag,C,Ag,] aggregate, as shown in Figure 1a. The first
C,2 dianion (C2=C1-C1A=C2A) is located at an inversion
center, with each terminus surrounded by a butterfly-shaped
Ag, basket. The resulting [Ag,C,Ag,] aggregate has a quasi-
C,, axis with a mirror plane that passes through the C, chain
and four silver atoms (Ag4, Ag6, AgdA, and Ag6A). The
Ag4 atom is m-bonded to the ethynide terminal CI1=C2
bond with Agd—C1=2.667(7) A. This distance is longer than
the other Ag—C distances, which range from 2.128(5) to
2.519(7) A. Another C,;>~ dianion, C4=C3—C3B=C4B, is lo-
cated on a C, axis with each ethynide terminus capped by a
barblike Ag, basket. The C, chain lies perpendicular to the
plane that passes through three silver atoms (Ag4, Ag5, and
Ag6A), with Ag—C distances of 2.347(6)-2.508(6) A, and
points toward the silver atom Ag3 at a C3—C4—Ag3 angle of
178.8(5)°. The C4—Ag3 distance of 2.067(6) A is the shortest
reported for 1,3-butadiyne-1,4-diyl-silver complexes.'!”!
This unusual barblike bonding mode of the ethynide moiety
was once reported for copper—alkyl ethynide complexes.['¥!

Figure 1. a) Atom labeling (50% thermal ellipsoids) and coordination
modes of the anionic ligands in 2 Ag,C,2 AgF-6 AgNO;-H,O (1). Symme-
try codes: A: 'p—x, 1=y, 1—z; B: 1—x, y, 1'h—2z; C: Vo4x, 1'fs—y, o+
2 Dix, 1=y, 2= Erx, 1=y, Yotz Fr —x, y, Yo—25 G: Th—x, Yoty
1'/,—z. Selected bond lengths and distances (A): C1-C2 1.234(8), C3—C4
1.229(8), Ag-+Ag 2.782(1)-3.338(6). b) Coordination column in 1 formed
through the fusion of two types of [Ag,C,Ag,] aggregates. The distorted-
octahedral hydrogen-bonding environment of the bridging aqua ligand
O1W, which lies on a crystallographic C, axis, is indicated by dashed
lines. Selected distances (A): O1W--01 2.793, O1W--O7 2912,
O1W--08 2.796.
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As shown in Figure 1b, two C, chains in 1 are perpendicu-
lar to one another (90.4°), and the aforementioned two
[Ag,C,Ag,] aggregates coalesce by sharing two silver atoms
of the type Ag4 and Agb to generate a coordination column
along the [101] direction. Hydrogen bonding between the
disordered hydrogen atoms of the aqua ligand O1W, which
is located on a crystallographic C, axis, and six oxygen
atoms of nitrate groups plays a role in the stabilization of
the columnar structure. These coordination columns are ar-
ranged in a pseudohexagonal array and are further connect-
ed by two W, nitrate groups (N1 and N3) and one ; fluoride
ligand (F1) to form a structurally robust 3D coordination
network (Figure 2). Notably, the sum of three Ag-F-Ag
angles for this p; fluoride ligand is 337.7°, which indicates an
unusual trigonal-pyramidal coordination mode that differs
from the planar p; mode in some reported silver com-
plexes."”)

"7
s\.. S a
di S I -1[ R -up
N7 VT 7 N7 V- N
d @fﬁ@@s‘%ﬁ..@
4 0/4;\ (SR AN %
.l,.; -\-”: (e =1 W

Figure 2. 3D coordination network in 1 viewed along the [101] direction.

Ag2C4‘4 AgNO3'AgPF202'Ag3PO4 (2)

To increase the concentration of the silver ions required to
dissolve Ag,C, and to adjust the molar ratio of the cation
(Ag™) and anions (C,>~ and NO;), we initially introduced
AgPF, as an additive because of its high solubility in water
and the poor coordination ability of the hexafluorophos-
phate anion. However, PF,~ underwent unexpected hydroly-
sis to yield both PF,0,” and PO, anions. It is well-known
that the hydrolysis of hexafluorophosphate (PF,~) generates
the difluorophosphate anion PF,0,, which occurs in a
number of crystal structures.’” There are, however, only a
few instances in which crystalline compounds containing
PO/ are generated by the complete hydrolysis of hexa-
fluorophosphate.?”™ 2! Two tetrahedral oxophosphate ligands
coexist in the crystal structure of
Ag,C4 AgNO;-AgPF,0,-Ag;PO, (2; Figure 3a). The exper-
imental bond lengths at the two phosphorus centers (P1 and
P2) are listed in Table 1. Relative to the bond lengths at P2
(1.486(11)-1.562(11) A), there is one much shorter bond of
1.437(13) A and one much longer bond of 1.604(11) A in
the oxophosphate ligand P1, which indicates that these two
phosphate ligands should be differentiated. If the charge-
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Figure 3. a) Atom labeling (50% thermal ellipsoids) and coordination
modes of the anionic ligands in Ag,C,4 AgNO; AgPF,0,-Ag;PO, (2).
Symmetry codes: A: 1—x, y—l/z, 1-z;Bix, y,14z; Cix,y, z—1; D: x—1,
v, B —x, Yty 1=z Fil—x, 4y, 1-2; G: 1+x, y, z; H: 1—x, o+,
—z; I: 2—x, '+, —z. Selected bond lengths and distances (A): C1—C2
125(3), C3—C4 1.22(2), Ag-Ag 2.826(2)-3.001(2). b) Coordination
column in 2 along the a direction connected by PF,0,” and PO,*” on one
side and by these two groups plus the nitrate ligand N4 on the other side.

Table 1. Ligation environments and bond lengths at the two phosphorus
centers (P1 and P2) in complex 2. (Symmetry codes are given in
Figure 3).

Ligand Atom (X) P-X[A] X-Agl[A] Mean X-Ag [A]
Pl F1 1.604(11)
F2 1.549(11)  Ag2D 2297(13)  2.300
Ag6E 2.302(12)
013 1481(15)  Ag3E 2.404(16)  2.405
AgdF 2.506(14)
Ag7 231(2)
014 1437(13)  Agl 2363(13)  2.357
Ag6F 2.351(14)
P2 015 1.517(19)
016 1486(11)  Ag3H 2287(13)  2.328
Ag5 2.368(11)
017 1.559(9)  AglG 2.429(8)  2.379
Ag2 2.436(8)
Ag9 2.271(10)
018 1562(11)  Agdl 2204(11)  2.324
Ag5G 2.443(11)
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balance requirement and the process for the hydrolysis of
PF;~ are taken into account, the following combinations of
these two anionic ligands are possible: 1) H,PO,”+PO./",
2) HPO,> +PFO;*", or 3) PF,0, 4+PO,’". The first combi-
nation is excluded because in that case one protonated
oxygen atom of H,PO,” would bond with at least two silver
atoms to result in the p,-n*n?n’ bonding mode for both
phosphate ligands. There is no precedent for such an ar-
rangement in the reported metal complexes of H,PO,~ (see
the Supporting Information).”? Although PFO;*" is also a
plausible intermediate in the hydrolysis of PF;~, only a few
crystalline solids contain this anionic ligand derived from
hexafluorophosphate.” We compared the P-X (X=0O or
F) bond distances in 2 with those in reported complexes that
contain HPO,>", PFO,>", and PF,0, ., and reached the
conclusion that the anions PF,0, and PO,*~ coexist in com-
plex 2. This is the second silver(I) quadruple salt that con-
tains four different anions (C,>~, NO,~, PF,0,", and PO,*").
The first such salt to be described was
2 Ag,C,-3 AgCN-15 AgCF;CO,2 AgBF,-9H,0.”) Among the
limited number of silver phosphate complexes that have
been subjected to crystal-structure analysis,” this is the first
in which a p,-n> %1’ coordination mode has been observed
for PO,*". Furthermore, the p,-n*,n*n° coordination mode of
PF,0,™ corresponds to the highest ligation number known
for this ligand.*?”

Each terminus of the C,;>~ dianion is encapsulated in a
butterfly-shaped Ag, basket with silver—ethynide interac-
tions that range from 2.134(16) to 2.401(16) A. These quasi-
C,, [Ag,CiAg,] aggregates are connected by PF,0,” and
PO, at one end and by their symmetry equivalents plus
one nitrate group (N4) at the other end to form a coordina-
tion column along the a direction (Figure 3b). The linkage
of adjacent columns arranged in a hexagonal array normal
to [100] through the remaining three independent nitrate
groups (N1, N2, and N3) in p;-O0,0’,0", 1,-O,0’, and -
0,0,0" modes, respectively, with the aid of the remaining
bonding sites of the ligands centered at P1, P2, and N4, then
generates a 3D coordination network (Figure 4).

Ag,C+6 AgCF,CO,7TH,0 (3)

Although the pg bonding mode of C,>~ with a butterfly-
shaped Ag, basket at each end is dominant in nitrate com-
plexes of Ag,C,, it is believed that diverse silver aggregates
can be obtained by varying the anionic ligands. The use of
silver trifluoroacetate in place of silver nitrate in the crystal-
lization step led to the formation of
Ag,C,6 AgCF;CO,7H,0 (3), in which one terminal ethyn-
ide, C1=C2, bonds to a commonly observed butterfly-shaped
Ag, basket through silver—ethynide interactions in the range
2.156(19) to 2.360(19) A, and the other, C3=C4, to a planar
Ag, segment through a p-n'n' %y’ bonding mode
(Figure 5). Although such a coordination mode has been re-
ported for a terminal ethynide moiety with a planar M, ag-
gregate in transition-metal complexes,” in such cases the
C—C=C bond angles are mostly bent, in contrast to the
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Figure 4. Pseudohexagonal array of coordination columns in 2 linked by
nitrate and phosphate groups to yield a 3D coordination network.

Figure 5. Atom labeling (50% thermal ellipsoids) and unsymmetrical co-
ordination mode of C;*~ in Ag,C,-6 AgCF;CO,7H,0 (3). Other ligands
are omitted for clarity. Selected bond lengths and distances (A): C1-C2
1.27(3), C3—C4 1.21(3), Ag--Ag 2.718(3)-3.250(5).

nearly linear bond angle of 173(2)° in 3. The C, chain points
slantwise at an angle of 43° to the mean plane defined by
Ag5, Agb, Ag7, and Ag8.

Owing to this unusual ligation mode of C,2~, adjacent
[Ag,C,Ag,] aggregates can be connected mutually by the
linkage of two p;-O,0',0’ trifluoroacetate groups (O7-O8
and 09-010) and one aqua ligand (O6W) to generate a
2, helix along the a direction (Figure 6a). These infinite heli-
cal coordination columns are arranged in a hexagonal array
viewed along [100] and further bridged by the other two ps-
0,0’,0’ trifluoroacetate groups (O5-06 and O11-012) to
yield a 3D coordination network (Figure 6b).

Ag,C,7AgCF,CO,CH,CN-4H,0 (4)

Unsymmetrical coordination of 1,3-butadiynediide is possi-
ble not only through the presence of different Ag, configu-
rations at the two termini of the C, chain, but also through
the variation of o and m silver—-ethynide bonding. In the
crystal structure of Ag,C,7 AgCF;CO,-CH;CN-4H,O (4),
the ethynide moiety C1=C2 is bound to a butterfly-shaped
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Figure 6. a) Coordination column in 3 with a 2, M-type (left-handed) axis
along [100] formed through the connection of two , trifluoroacetate
groups (O7-0O8 and 09-010) and one aqua ligand (O6W). b) Hexagonal
array of helical coordination columns in 3 bridged by trifluoroacetate
groups (O5-O6 and O11-O12) through the ps;-O,0’,0’ bonding mode.
All trifluoromethyl moieties of CF;CO,™ are omitted for clarity.

Ag, basket by o bonding in the range 2.216(6) to 2.483(7) A,
and C3=C4 is encapsulated in a similar Ag, basket through
both o and = silver—ethynide interactions, with ¢ bonds in
the range 2.214(7) to 2.440(6) A and a m interaction between
Ag5 and C3 at a distance of 2.548(5) A. Two inversion-relat-
ed [Ag,C,Ag,] aggregates are connected by a Ag2--Ag2A
edge and four p;-O,0,0’ trifluoroacetate groups (of the
type O5-06 and O7-08) to form a building unit (Fig-
ure 7a); such units are further linked by the other trifluor-
oacetate groups (of the type O9-0O10 and O11-O12) along
[110] to produce a polymeric coordination chain. The link-
age of adjacent coordination chains through the external
silver atom Ag4, which is bonded to an acetonitrile group
and two aqua ligands (O2W and O3W), generates a 2D co-
ordination network parallel to the ab plane. This network is
further stabilized by four types of hydrogen bonds between
adjacent polymeric chains (Figure 7b).

Furthermore, these 2D coordination networks packed
along the ¢ direction are bridged by a series of p;-O,0',0’
trifluoroacetate groups of the type O1-O2 and O3-0O4 to
yield a 3D coordination network, in which the orientations
of polymeric chains of successive layers follow the order
A[110] B[110] A[110] B[110]... (Figure 8).

Ag,C 10 AgCF,CO,2 [(Et,N)CF;CO,]-4 (CH,);CCN (5)

In the crystal structure of Ag,C,-10AgCF;CO,
2[(Et,N)CF;CO,]-4(CH;);CCN (5), the centrosymmetric
C,*~ dianion is located inside a metallocarboxylate ring com-
prising two terminal butterfly-shaped Ag, baskets and two
inversion-related trifluoroacetate groups of the type O11-
O12 (Figure 9a). The Ag—O bonds to the trifluoroacetate
groups in the ring are markedly shorter (2.245(9)-
2.250(9) A) than the Ag—O bonds for the remaining five tri-
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Figure 7. a) Atom labeling (50% thermal ellipsoids) of a building unit
bridged by four 15-0,0',0' trifluoroacetate  groups in
Ag,C,7AgCF;CO,-CH;CN-4H,0 (4). All CF; moieties of trifluoracetate
groups and other ligands are omitted for clarity. Symmetry code: A:
,—x, 1',—y, 1—z. Selected bond lengths and distances (A): C1-C2
1.214(8), C3—C4 1.230(8), Ag-—Ag 2.725(3)-3.308(1). b) 2D coordination
network formed through the linkage of adjacent polymeric chains by an
03W-Agd-02W moiety and four hydrogen bonds (A): O2W--02 2.794,
O2W--013 2.753, O3W--04 2.836, O3W--012 2.893. All fluorine atoms
are omitted for clarity.

Figure 8. The packing of 2D coordination networks in 4 along the ¢ direc-
tion and linkage by two ps-O,0,0’ trifluoroacetate groups (O1-O2 and
03-04) generates a 3D coordination network. Different 2D coordination
networks composed of polymeric chains along A[110] and B[110] are in-
dicated in black and gray, respectively.

fluoroacetate groups in the structure (2.327(7)-2.580(7) A).
Three trifluoroacetate groups (O1-02, O7-08, and 09—
010) each span an Ag--Ag edge through the p,-O,0" mode,
whereas the other two trifluoroacetate groups (03-O4 and
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Figure 9. a) Atom labeling (50 % thermal ellipsoids) in
Ag,C410 AgCF;CO,2 [(Et,N)CF;CO,]-4 (CH;);CCN (5), which contains
a metallacycle formed by two terminal Ag, baskets and two trifluoroace-
tate groups. Some fluorine atoms and other groups are omitted for clari-
ty. Symmetry codes: A: 1-x, 1-y, 1-z; B: 'f—x, y—'/4, 'h—z. Selected
bond lengths and distances (A): C1-C2 1.223(9), Ag-Ag 2.830(1)—
2.923(1). b) Rosette metallacycle in 5 generated through the linkage of
metallocarboxylate rings by the external silver atom Ag6 and two tri-
fluoroacetate groups (03-04 and O5-06). The tetraethylammonium
cation (Et,N%) is denoted by a large gray sphere.

05-06) bridge the [Ag,C,Ag,] unit and the external silver
atom Agb6 through the p;-O,0',0’ mode. Accordingly, the
[Ag,C,Ag,] units are interlinked to generate a rosettelike
metallacycle, in which the enclosed tetracthylammonium
cations (Et,N™), which are located above and below the
metallacycle, project at two opposite petal positions. Two tri-
methylacetonitrile ligands are bonded to another external
silver atom, Ag5, at each of the remaining petal positions,
and one of these ligands protrudes into the macrometallacy-
cle (Figure 9b). The dihedral angle between this macrocycle
and the aforementioned metallocarboxylate ring is 71.7°.
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The tiling of the rosette metallacycles yields a 2D coordina-
tion network parallel to the (101) plane.

Such 2D networks are then packed along the [101] direc-
tion. Every [Ag,C,Ag,] unit in the upper network lies exact-
ly above the center of a rosette metallacycle of the network
below. This arrangement results in a series of voids between
adjacent networks to accommodate the tetraethylammoni-
um cations (Figure 10). Adjacent 2D networks are separated
by 12.75 A.

Figure 10. Packing view of 2D coordination networks in 5 viewed along
the b direction. Each gray sphere represents a tetraethylammonium
cation.

[Agi6(Ca)(CF5CO,),(H,0)5]-2 (H;07)-14H,0 (6)

Yellow blocklike crystals of [Ag;s(Cy)(C,F5sCO,);6(H,O)s):
2 (H;0%)-14H,0 (6) crystallize in the high-symmetry space
group P4,/nmc. The C/*~ carbon-atom chain and the hydro-
nium cation generated under acidic conditions (pH 2-3) are
both located on the 4, axis. Each terminus of the carbon-
atom chain is encircled by three concentric annuli, and the
C, chain is completely perpendicular to these planar rings
(Figure 11a). The square Ag, segment that surrounds the
ethynide moiety at each terminus constitutes the first annu-
lus, which is bound by the ethynide C1=C2 through four
Ag—C o bonds of 2.206(12) A in length to form an unprece-
dented dumbbell-like [Ag,C,Ag,] aggregate. The second an-
nulus is a 12-membered metallacycle that consists of eight
oxygen atoms of four p,-O,0,0',0’ pentafluoropropionate
groups and four silver atoms of the type Agl. In the periph-
eral environment, the fluorine atoms of eight u,-O,0’ penta-
fluoropropionate groups (of the type O1-02), each of which
spans two inversion-related silver atoms of the type Agl, to-
gether with the four aforementioned p,-O,0,0',0’ penta-
fluoropropionate groups comprise the four hydrophilic arcs
of the third annulus. This dumbbell-like [Ag,C,Ag,] aggre-
gate contains eight [Ag,(1,-C,FsCO,),] linking units to con-
nect eight dumbbell building blocks with the formation of a
robust 3D coordination network (Figure 11b).

A crownlike 12-membered water ring linked by hydrogen
bonding between OIW and O2W also surrounds the
[Ag,C,Ag,] aggregate (Figure 12a). The remaining water
molecules (O3W and O4W) and hydronium cation (O5W)
are buried inside a series of infinite channels along the a di-
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Figure 11. a) Atom labeling (50% thermal ellipsoids) and coordination
modes of the terminal ethynide moiety and pentafluoropropionate
groups in [Ags(Cy)(CF5CO,)6(H,0)5]2(H;0)-14H,0 (6), viewed
along the C, carbon chain. Water molecules and hydronium ions are
omitted for clarity. Symmetry codes: A: ',—x, 1!y, z; B: x, 14—y, z;
C: 'h—x, y, z; D: 1—x, 1—y, 1—z. Selected bond lengths and distances
(A): C1-C2 1.18 (3), Ag--Ag 2.86(2)-3.10(2). b) 3D coordination net-
works bridged by eight [Ag,(1,-C,FsCO,),] linking units. All C,F5 moiet-
ies of C,F5CO, groups and other ligands are omitted for clarity.

rection (Figure 12b). Although it is clear that extensive hy-
drogen bonding exists within each water channel, positional
disorder of the oxygen atoms precludes their precise loca-
tion.

Ag,C16 AgC,F;CO,:6 CH;CN-8H,0 (7)

Upon the addition of acetonitrile to the crystallization
medium in the preparation of 6, the configuration of the
Ag, aggregate at each 1,3-butadiynediide terminus changes
from planar to butterfly-shaped. In the new complex,
Ag,C,16 AgC,F;CO,-6 CH;CN-8H,O (7), the silver—ethyn-
ide interactions lie in the range 2.171(9) to 2.443(9) A. The
butterfly-shaped Ag, basket at each terminus is surrounded
by three p,-0,0,0’,0’ pentafluoropropionate groups (O5-
06, 07-08, and 011-012) and two ,-O,0’ groups (O9-
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a)

Figure 12. a) Crownlike water ring surrounding the [Ag,C,Ag,] aggregate
in 6. Hydrogen-bond distances (A): O1W--O2W 2.827, O1W--O1W’
2.647. b) Infinite channel filled with water molecules along the a direc-
tion. All C,Fs moieties of C,FsCO, groups and other ligands are omitted
for clarity.

010 and O13-014). The pentafluoropropionate groups in
the p, bonding mode are connected to three [Ag,(u,-
C,F;CO,),] bridging units and an external silver atom, Ag8,
which is bonded to an acetonitrile group (Figure 13a). The
[Ag,C,Ag,] aggregates are connected by bridging units of
the type Ag5-Agb to yield a (4,4) coordination network par-
allel to the bc plane (Figure 13b), and this network is fur-
ther linked by the other two axial bridging units of the type
Ag7-Ag7 to form a 3D coordination network.

Ag,C,2AgF-10 AgC,F,CO,.CH,CN-12H,0 (8)

The crystal structure of Ag,C,;2AgF-10AgC,FsCO,
CH,CN-12H,0 (8) contains two independent C,*~ ligands,
each of which is located at an inversion center and envel-
oped within a closed silver-atom ring (Figure 14a). The first
metallacycle, B, can be viewed as an eight-membered ring
composed of Ag4, Ag8, Ag9, Agl0, and their inversion-re-
lated atoms, with two silver atoms of the type Agll attached
to it. The eight silver atoms in the ring are almost coplanar
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Figure 13. a) Atom labeling (50% thermal ellipsoids) and coordination
modes of the anionic and neutral ligands in
Ag,Cy16 AgC,FsCO,-6 CH;CN-8H,0 (7). All C,Fs moieties are omitted
for clarity. Symmetry codes: A: '/—x, y—'5, 1'h—z; B: —x, —y, 1—2z. Se-
lected bond lengths and distances (A): C1-C2 1.22 (1), Ag~Ag 2.845(1)-
3.081(1). b) (4,4) Coordination network parallel to the bc plane with each
[Ag,C,Ag,] aggregate connected by four [Ag,(u,-C,FsCO,),] bridging
units. All C,F5 moieties and other ligands are omitted for clarity.

with a mean deviation of 0.187 A, and the bond lengths be-
tween neighboring silver atoms lie in the range 2.884(1) to
3.023(1) A with Ag-Ag-Ag angles of 99.21(3)-108.84(4)°
for vertex atoms and 153.54(4)-167.22(4)° for atoms be-
tween the vertices. Four silver atoms (Ag2, Ag3, Ag4, and
Ag6) and those related by inversion together constitute the
core eight-membered ring of the silver metallacycle A.
These atoms are also coplanar with a mean deviation of
0.253 A. This plane forms an angle of 47.7° with the mean
plane of ring B, whereas the angle between the two C,
chains is 73.2°. Thus, the C, chains are not coplanar with the
corresponding eight-membered rings. The lengths of the
eight Ag-—-Ag edges in the metallacycle lie between 2.844(1)
and 3.005(3) A, and the bond angles lie in the range
106.25(6)-107.87(6)° at Ag3 and Agd4 and 150.1(1)-
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Figure 14. a) Atom  labeling  (50% thermal  ellipsoids)  in
Ag,C,2 AgF-10 AgC,FsCO,-CH,;CN-12H,0O (8), which contains two me-
tallacycles (A and B). Other groups are omitted for clarity. Symmetry
codes: A: 1—x, 1—y, 1—z; B: 1—x, 2—y, 1—z. Selected bond lengths (A)
C1—C2 1.23(1), C3—C4 1.22(1). b) Adjacent metallacycles in 8 connected
by sharing the silver atom Ag4 and further bridged by the trifluoroace-
tate group O15-0O16 and the aqua ligand O1W. All C,Fs moieties are
omitted for clarity.

156.95(5)° at Ag2 and Ag6. Six silver atoms (Agl, Ag5S,
Ag7, and the inversion-related atoms) lie above and below
this eight-membered ring to form an Ag,, girdle, which is
consolidated by two pentafluoropropionate groups of the
type O19-020 and two aqua ligands of the type O10W. The
Ag,, and Agy, silver segments are fused alternately by shar-
ing silver atoms of the type Ag4 to generate a silver column
along the b direction. One pentafluoropropionate group
(015-016) and an aqua ligand (O1W) also bridge the two
segments (Figure 14b). Notably, the bridging unit [Ag,(p-
C,FsCO,),] composed of silver atoms (Agl2 and Agl3) and
C,FsCO,™ groups (O1-O2 and O7-08) is not involved in
the connection between silver columns as a result of long
Ag—O bonds of 2.63 A in length.

The addition of AgBF, increases the concentration of
silver ions when aqueous solutions of less water-soluble
silver salts, such as AgCF;CO,, AgC,FsCO,, and AgCF;SO;,
are used to dissolve the polymeric compound Ag,C,.””!
However, the tetrafluoroborate ions can undergo hydrolysis
to yield F~ and such species as BF;(OH)” and
BF,(OH), .39 The existence of two independent fluoride
ligands in 8 can be rationalized by the fact that the charge
balance is satisfied, and that the Ag—F bond lengths be-
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tween the silver atoms Agl4 and Agll and fluoride ligands
F1 and F2 of 2.404(8) and 2.406(9) A, respectively, are sig-
nificantly shorter than the Ag—O bonds between aqua li-
gands and silver atoms (2.459(8)-2.588(9) A). Thus, F1 acts
as a terminal ligand bonded to the external silver atom
Agl4, but F2 together with the abundant water molecules of
crystallization construct an intricate hydrogen-bonded
system to link adjacent silver columns further to form a 2D
network.

As shown in Figure 15, nine independent water molecules
and F2 together with the inversion-related species form a
series of five- and six-membered rings through hydrogen
bonding. Two water molecules (O3W and O11W), one coor-
dinated water molecule (O9W), and the inversion-related
molecules form a chairlike cyclic (H,O)s hexamer in which
the O--O hydrogen-bonding distances lie between 2.802 and
2.887 A and the O--0--O angles for O3W and O11W are
134.9° and 101.3°, respectively. In contrast, the O--O--O
angle at silver-bonded O9W is just 86.1°. This chair confor-
mation similar to that found in the structure of ice occurs
commonly in crystalline hydrates.”!! A five-membered hy-
drogen-bonded ring formed by four water molecules and
one fluoride ligand adopts an envelope-like configuration
with O3W lying out of the basal plane. The O--O(F) distan-
ces between the atoms in the ring are in the range 2.746—
2.866 A. Another six-membered ring consists of a planar ar-
rangement of four water molecules (O4W, O5W, O8W, and
O12W) and one fluoride ligand (F2) with a mean deviation
from the plane of 0.052 A, and one silver-bonded water mol-
ecule (O7W) that lies above this plane. This configurational
diversity relative to the aforementioned chairlike (H,O),
cluster may be attributed to the participation of the fluoride

o1 02 ) ’h—.g}ﬂ Ve E)QW'
e S G
: St SR |t " 9-...
o7TW*™, K 8T O3W' % Pt
< O9W feri1w™ e
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y 014
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Figure 15. a) Hydrogen-bonding tape T6(2)5(4)6(4)5(4)6(2) of 18 water
molecules and two fluoride ligands between two silver metallacycles in
Ag,C,2 AgF-10 AgC,FsCO,-CH;CN-12H,0 (8). Other ligands are omit-
ted for clarity. b) Hydrogen bonds between the T6(2)5(4)6(4)5(4)6(2)
tape and surrounding pentafluoropropionate groups.

1248 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T. C. W. Mak et al.

ligand in hydrogen bonding. The O--O(F) distances in the
six-membered ring range from 2.695 to 2.842 A with bond
angles of 107.1-129.8°. The geometrical parameters of this
(F),(H,0),5 hydrogen-bonding tape, which can be described
as T6(2)5(4)6(4)5(4)6(2) (T=tape; the numbers in paren-
theses represent water molecules shared between the adja-
cent rings) according to the nomenclature introduced by
Mascal et al.,* are summarized in the Supporting Informa-
tion. This hydrogen-bonding tape is further connected to 14
carboxylate moieties above and below the silver rings of
type B to generate a 2D network (Figure 16).

Figure 16. 2D network in 8 with the

hydrogen-bonding
T6(2)5(4)6(4)5(4)6(2) tape linking the metallacycles of type B.

Ag,C12 AgC,FsC0,:6 CH,CH,CN-4H,0 (9) and
Ag,C 12 AgC,F,CO,:6 (CH,),CCN-5H,0 (10)

To explore the effect of neutral nitrile ligands, we replaced
the acetonitrile added in the preparation of 7 with propioni-
trile and trimethylacetonitrile, and obtained the two iso-
structural complexes Ag,C,12 AgC,FsCO,-6 CH;CH,CN-
4H,0 (9) and Ag,C,12AgC,FsCO,6(CH;);CCN-5H,0
(10), respectively. In the crystal structures of 9 and 10, each
C/* ligand is located at an inversion center with the termi-
nal ethynide moieties embraced by butterfly-shaped Ag,
baskets through silver—ethynide interactions in the range
2.128(11)-2.388(11) A and 2.182(14)-2.412(13) A, respec-
tively. The two terminal Ag, baskets, each of which is con-
nected to the silver atom Ag5 by an Ag:-Ag interaction, are
bridged by two inversion-related pentafluoropropionate
groups through the p;-O,0,0’ coordination mode to produce
a ten-membered metallacycle (Figure 17a). Another ps-
C,FsCO, group spans an Ag--Ag edge and also coordinates
to an external silver atom, Ag7, which is bonded to a
CH;CH,CN or (CH;);CCN group (Figure 17b). Further-
more, two pentafluoropropionate groups (O3-O4 and O7-
08) each span an Ag--Ag edge and both connect with an
[Agy(-CFsCO,),] unit composed of two silver atoms of
the type Agb and two inversion-related
W, pentafluoropropionate groups of the type O5-O6 (Fig-
ure 17b). An Ag6—04 bond length of 2.590(9) A and an
Ag6—07 bond length of 2.519(10) A were observed for 9,
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Figure 17. a) Atom labeling (50% thermal  ellipsoids) in
Ag,C,12 AgC,FsCO,6 CH;CH,CN-4H,0 (9) and the isostructural com-
plex Ag,C,-12 AgC,F;CO,6 (CH;);CCN-5H,0 (10), which contain a 10-
membered metallacycle. b) Coordination skeleton of the terminal ethyn-
ide moiety of the C;~ ligand in 9 and 10. All C,Fs moieties are omitted
for clarity. The propionitrile group bonded to Ag7 in 9 and the trimethyl-
acetonitrile group bonded to Ag7 in 10 are in gray and black, respective-
ly. Symmetry codes: A: 1—x, —y, 1—z; B: 1—x, —y, —z. Selected bond
lengths and distances (A): 9: C1—C2 1.26(1), Ag-+Ag 2.803(1)-3.204(2);
10: C1-C2 1.19(2), Ag--Ag 2.872(2)-3.318(2).

and corresponding bond lengths of 2.649 and 2.576(12) A
were found for 10. Adjacent ten-membered metallacycles
are linked by this bridging unit along the ¢ direction to gen-
erate a coordination chain, which is further connected by
three hydrogen bonds to yield a 2D network parallel to the
ac plane (Figure 18). The bulky nitrile ligand in 10 enlarges
the separation between adjacent (4,4) networks from
12.881 A in 9 to 13.485 A. The extra water molecule (O3W)
in the stoichiometric formula of 10 is accommodated in the
interlayer region.

Ag,C 16 AgC,F;CO,-4(CH,),CCN-6 H,0 (11)

Next, we investigated the effect of varying the molar ratio
of Ag,C, to carboxylate ligands on the coordination network
and dimensionality. As the solubility of polymeric Ag,C, de-
pends on the concentration of silver ions, we kept the latter
constant but changed the molar ratio AgC,FsCO,/AgBF,
from 1:2 to 2:1, which resulted in the formation of
Ag,C, 16 AgC,FsCO,4 (CH;);CCN-6 H,O (11). The centro-
symmetric pg coordination mode of C,~ also exists in the
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Figure 18. 2D (4,4) network in 9 and 10 linked by [Ag,(1,-C,F5CO,),]
units along the ¢ direction and bridged by three hydrogen bonds along
the a direction. All C,Fs moieties and nitrile groups are omitted for clari-
ty. Selected distances (A): 9: OTW--02W 2.719, O1W--O2A 2.887,
O1W--O10A 2970; 10: O1W--O2W 2.694, O2W--O2A 2.852,
O2W--O10A 2.970. Symmetry codes: A: 2—x, —y, 1—z; B: 1—x, —y, —z.

crystal structure of 11: Each terminus is capped by an Ag,
basket through o-type silver—ethynide interactions that
range from 2.172(7) to 2.375(7) A and a mbond between
Ag9 and C2 of 2.615(7) A in length. Each of two silver
atoms of the type Ag6 bonds to a terminal Ag, aggregate to
produce an Ags basket, and these baskets are further bridg-
ed by two pentafluoropropionate groups (O7-O8 and O7A-
O8A) to generate a 12-membered metallacycle (Figure 19).

Moreover, the pentafluoropropionate group O7-O8 is
also connected through the p,-O,0’,0’,0" bonding mode to
an external silver atom, Ag7, which is in turn bonded to one
trimethylacetonitrile group and an [Ag,(us-C,FsCO,)] bridg-
ing unit composed of Ag4 and the pentafluoropropionate
group O15-016. Another p, pentafluoropropionate group,
05-06, spans one Ag-+Ag edge and is connected to the two
external silver atoms Ag7 and Ag8. However, the penta-
fluoropropionate group O1-O2 not only bonds to one
Ag-Ag edge, but also bridges two [Ag,(C,FsCO,),] linking
units. The linkage of [AgsC,Ags] aggregates by these [Ag,
(G,F5CO,),] units, which comprise two Ag5 atoms and two
013-014 pentafluoropropionate groups along the ¢ direc-
tion and two Ag4 atoms and two O15-016 pentafluoropro-
pionate groups along the b direction, produces a 2D coordi-
nation network (Figure 20). This network contrasts strongly
with the (4,4) network observed for 9 and 10 with the partic-
ipation of hydrogen bonding.
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Figure 19. a) Atom thermal

labeling  (50%
Ag,C,-16 AgC,FsCO,4 (CH;);CCN-6 H,O (11), which contains a 12-mem-
bered metallacycle. b) Coordination configuration of the anionic ligands
in 11. All C,Fs moieties, tert-butyl groups, and other ligands are omitted
for clarity. Symmetry codes: A: 1—x, 1—y, 1—z; B: 1—x, 1—y, —z; C: 1—x,
2—y, 1—z. Selected bond lengths and distances (A): C1-C2 1.214(9),
Ag-Ag 2.823(1)-3.001(5).

ellipsoids)  in

Ag,C, 8 AgC,F,CO,2[(Et,N)C,F.CO,]-4H,0 (12)

In the crystal structure of Ag,C,-8AgC,FsCO,
2[(Et,N)C,FsCO,]-4H,0 (12), the centrosymmetric C,;>~ di-
anion is encapsulated in a metallacycle that consists of two
Ags aggregates bridged by two pentafluoropropionate
groups (0O3-O4 and O3A-0O4A) and two aqua ligands
(O2W and O2WA; Figure 21 a).

Versatile coordination modes are observed for the carbox-
ylate ligands in this structure (Figure 21b). Each of two pen-
tafluoropropionate groups (O1-0O2 and O7-08) coordinates
with an Ag--Ag edge of the Ags basket through the p,-O,0’
mode. The carboxylate ligand O9-O10, however, chelates
with the silver atom Ag5. The more complex coordination
modes p-0,0,0',0" and 13-0O,0,0" are observed for O3-0O4
and O5-06, respectively, which link the [AgsC,Ags] units to
form a coordination column along the ¢ direction. Such co-
ordination columns are further stabilized by a series of hy-
drogen bonds between 02, 010, O1W, and the aqua ligand
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Figure 20. (4,4) Coordination network in 11 oriented parallel to the bc
plane and bridged by two types of [Ag,(C,FsCO,),] units. All C,Fs moiet-
ies and other ligands are omitted for clarity. Symmetry codes: B: 1—x,
1-y, —z; C: 1—x,2—y, 1—z.

Figure 21. a) Perspective view of the metallacycle in
Ag,C,;8 AgC,FsCO,2[(EtyN)C,FsCO,]-4H,0 (12) formed through the
linkage of two terminal Ags baskets by pentafluoropropionate groups
(03-04 and O3A-04A) and aqua ligands (O2W and O2WA), with atom
labeling (50 % thermal ellipsoids). b) Coordination modes of pentafluoro-
propionate groups in 12. All C,Fs moieties and other peripheral ligands
are omitted for clarity. Symmetry codes: A: —x, y, l/rz; B: x, 1y,
z—'/; C: —x, 1—y, 1—z. Selected bond lengths and distances (A): C1-C2
1.22(1), Ag+Ag 2.857(1)-3.198(2).
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O2W (Figure 22a) and are arranged in a hexagonal array
with the tetraethylammonium cations located in the intersti-
ces (Figure 22b).

Figure 22. a) Coordination column in 12 connected by two independent
pentafluoropropionate groups (O3-O4 and O5-06) and surrounded by a
series of hydrogen-bonding straps. All C,Fs moieties are omitted for clari-
ty. Selected distances (A): O1W--02 2.856, O1W--O2W 2.741,
O2W--010 2.719. b) Hexagonal array of coordination columns in 12
viewed along the ¢ direction. The tetracthylammonium cations (repre-
sented by large black spheres) occupy the interstices between the col-
umns. All C,F5 moieties are omitted for clarity.

3Ag,C12 AgC,F;CO,:5[(BnMe,;N)C,F.CO,]-4H,0 (13)

The presence of the bulky ammonium cation BnMe;N*
(Bn=benzyl), induces the sharing of silver atoms by the
supramolecular synthon Ag,CC=C—C=C>D>Ag, and thus
leads to the formation of a novel Ag,C(C,);DAg, cluster ag-
gregate in the crystal structure of 3 Ag,C, 12 AgC,FsCO,
5[(BnMe;N)C,FsCO,]-4H,0O (13). As shown in Figure 23a,
three 1,3-butadiynediide ligands are embraced by two nearly
planar Ag, segments, which are bridged by four pentafluoro-
propionate groups through the p;-O,0’,0" bonding mode.
The C, chains have a mean twist angle of 49° and all adopt
the yg coordination mode, with each terminus bonded to
four silver atoms (Figure 23a). The two Ag, segments have
a similar configuration despite different Ag--Ag distances,
and each side can be described as three C=CD>Ag, moieties
that share three central silver atoms and are consolidated by
other pentafluoropropionate groups that span the Ag-Ag
edges. Moreover, these two similar Agy segments are almost
parallel to one another with a dihedral angle of 3.7°, and a
quasi-C; axis passes through the centers of the
Agl--Agd--Ag7 and Agl0--Agl3--Agl6 triangles (Fig-
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Figure 23. a) Perspective view of the Ag,C(C,);DAg, aggregate in
3Ag,C,- 12 AgC,FCO,-5[(BnMe;N)C,FsCO,|-4H,0 (13), in which two
parallel planar Ag, segments are bridged by four p,;-O,0,0" pentafluoro-
propionate groups, with atom labeling (40% thermal ellipsoids). The
C,Fs moieties and other ligands are omitted for clarity. Selected bond
lengths (A): C1-C2 1.22(2), C3—C4 1.24(2), C5-C6 1.21(2), C7—C8
1.22(2), C9—C10 1.23(1), C11-C12 1.22(1). b) AgyC(C,);DAg, aggregate
viewed along the vector from the center of the triangle Agl-Ag4-Ag7 to
the center of the triangle Agl0-Agl3—-Agl6 to show its quasi-D; symme-
try. The Ag-Ag distances shown by solid lines range from 2.812(1) to
3.328(1) A and are thus shorter than twice the van der Waals radius of a
silver ion (3.4 A). The longer Ag-Ag edges are represented by dashed
lines (A): AglAg7 3.506, Agl-Ag9 3.462.

ure 23b). Thus, this Ag,C(C,);DAg, aggregate has quasi-D;
symmetry.

Furthermore, adjacent Ag,C(C,);DAg, aggregates sur-
rounded by pentafluoropropionate groups are linked by an
aqua ligand O2W along the b direction to generate a zigzag
coordination column (Figure 24). These coordination col-
umns are arranged in a hexagonal array similar to that ob-
served for 12, and the BnMe;N™ ions are located in the in-
terstices.

The [Ag,C,Ag,] Aggregate

The invariable appearance of the pgbonding mode of the
1,3-butadiynediide ligand in reported silver(I) double salts
Ag,C,6 AgNO;nH,O (n=2, 3) and the present 13 com-
plexes substantiates our presumption that the Ag,CC=C—
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Figure 24. Coordination column in 13 along the b direction bridged by
the aqua ligand O2W. Quaternary ammonium cations are omitted for
clarity.

C=C>Ag, moiety can serve as a new type of supramolecular
synthon in the construction of coordination networks of var-
iable dimensions. However, the configuration of the Ag, ag-
gregate that embraces each ethynide terminus can be fine-
tuned by varying the coexisting anionic or neutral ligands to
give a butterfly-shaped, planar, or barblike geometry. These
different Ag, configurations may be ascribed to diverse
silver—ethynide interactions that play different roles in the
Ug coordination modes, which can be broadly classified into
three types: o, &, and mixed (o,7). The crystallographic data
for the [Ag,C,Ag,] aggregates in complexes 1-13 are sum-
marized in the Supporting Information. We classify the
silver—ethynide interactions in these complexes according to
the Ag—C bond lengths and C=C—Ag bond angles. The o-
type Ag—C bonds are much shorter than the other two bond
types, and the corresponding C=C—Ag bond angles are close
to 180° (Table 2). In contrast, the significantly longer n-type
Ag—C bonds are accompanied by acute C=C—Ag bond
angles, which is consistent with the picture of a silver(I)
atom that interacts with a pair of linked sp-hybridized
carbon atoms. Bonds of the mixed (o,7) type correspond to
silver—ethynide bonding for which the bond lengths and
angles lie between these two extremes. The three different
Ag, configurations observed in the present study can be
considered to arise from various combinations of the three
types of Ag—C interactions: The barblike Ag, aggregate in 1
can be described as [ox 14 (0,m) %3], the planar Ag, aggre-
gate in 3 as [0x2+mx2], another aggregate in 6 as [0x4],
and the butterfly-shaped aggregate as [0x2+ (0,)x2] or
[0x2+mx1+4(0,m)x1]. Furthermore, most Ag--Ag distan-
ces in this series of 13 silver complexes of Ag,C, are shorter
than 3.40 A (twice the van der Waals radius of the silver
atom), which indicates that a significant argentophilic inter-
action" plays a pivotal role in the formation of the
[Ag,C,Ag,] aggregates.

Anionic Ligands

By analogy with Ag,C,,® when polymeric Ag,C, is dis-
solved in a concentrated aqueous medium that contains sil-
ver(I) ions, the labile [C,@Agg]%t species thus formed need
to be neutralized and stabilized by anionic ligands during
the crystallization process. Thus, the presence of one or
more ancillary anionic ligands is a key factor in the supra-
molecular assembly of the Ag,c C=C—C=CD>Ag, synthon in

1252

www.chemasianj.org

T. C. W. Mak et al.

Table 2. Classification of the silver—ethynide interactions in the silver
1,3-butadiynediide complexes 1-13.

Complex Ag,C,Ag, Typeof C2-Ag Cl-Ag CIl=C2-Ag
type bonding [A] [A] [°]
1 butterfly ox2 2.128(5)- 137.5(4)-140.0(4)
2.151(5)
axl 2.519(7) 2.667(7)  83.04)
(om)yx1  2.423(6) 106.3(4)
barb ox1 2.067(6) 178.8(5)
(om)x3  2.347(6)- 93.5(4)-97.1(4)
2.508(6)
2 butterfly ox2 2.134(16)- 124.8(11)-155.5(11)
2.295(15)
axl 2.368(16)- 2.718- 91.2(10)-93.0(13)
2.401(16) 2.737
(om)x1  2.315(15)- 100.7(14)-105.0(11)
2.393(15)
3 butterfly ox2 2.156(19)- 136.7(15)-139.0(15)
2.183(19)
(om)x2  2.287(19)- 101.8(13)-104.5(13)
2.360(19)
planar ox2 2.18(2)- 136.4(18)-143.1(18)
2.20(2)
X2 2.31(2)- 2.52(2)-  77.2(14)-85.6(15)
2.58(2) 2.60(2)
4 butterfly ox3 2.186(6)— 120.2(5)-143.1(5)
2.277(7)
axl 2.440(6)- 2.548(5)- 80.6(4)-87.7(4)
2.483(7) 2.721
5 butterfly ox2 2.226(7)- 140.0(6)-141.3(6)
2.238(7)
(om)x2  2.361(8)- 104.6(6)-106.1(6)
2.378(8)
6 planar ox4 2.206(12) 123.4(6)
7 butterfly ox2 2.171(9)- 121.7(7)-148.7(7)
2.216(9)
(om)x2  2.290(9)- 98.2(6)-113.8(6)
2.443(9)
8 butterfly ox2 2.139(9)- 126.8(8)-150.1(9)
2.174(9)
axl 2.443(9) 2.724 89.8(6)
(om)x1  2.404(9)- 101.5(7)-106.9(7)
2.423(10)
9 butterfly ox2 2.128(11)- 135.9(9)-138.7(9)
2.180(11)
(om)x2  2.326(11)- 91.5(8)-116.7(9)
2.388(11)
10 butterfly ox2 2.182(14)- 133.7(11)-143.3(11)
2.218(14)
(om)x2  2411(13)- 97.1(10)-114.5(11)
2.412(13)
11 butterfly ox2 2.172(7)- 133.4(6)-142.6(6)
2.183(7)
ax1 2.375(7) 2.615(7)  87.3(5)
(o, m)x1 2.337(7) 112.0(5)
12 butterfly ox2 2.193(10)- 136.1(8)-136.2(9)
2.209(10)
ax1 2.379(10)  2.579(9)  85.1(7)
(o, m)x1 2.356(10) 121.5(8)
13 butterfly  ox2 2.169(12)- 132.2(9)-142.0(10)
2.259(12)
(o, m)x2 2.275(11)- 92.2(8)-117.5(9)
2.695(12)
ox2 2.148(11)- 127.2(9)-145.5(10)
2.256(12)
axl 2.526(11)- 2.764- 83.5(8)-89.1(8)
2.699(12) 2.841

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. (Continued)

Complex Ag,C,Ag, Typeof C2-Ag Cl-Ag Cl=C2-Ag
type bonding [A] [A] [°]
(om)x1  2.296(11)- 108.6(8)-111.4(9)
2.316(12)

the construction of coordination networks. On the basis of
our previous synthesis of the double salts
Ag,C,6 AgNO;nH,O (n=2, 3), we used silver nitrate to-
gether with silver fluoride to obtain the triple salt 1, which
has a similar robust 3D-coordination-network structure. The
second known quadruple salt 2 was acquired through the hy-
drolysis of PFs". The coordination columns of 2 are linked
by a series of nitrate and phosphate groups to yield a 3D co-
ordination network. However, when carboxylate ligands
with a hydrophobic tail (CF;CO,” and C,FsCO,”) were em-
ployed, relatively loose 3D coordination networks were ob-
tained, as observed for 3 and 6, the melting points of which
are much lower than those of the four nitrate complexes.
The formation of loose coordination networks and porous
crystal structures may be due to the steric effects of the car-
boxylate ligands and their weak coordination ability relative
to that of the nitrate group. Moreover, a comparison of 10
and 11 demonstrates that the dimensionality of the coordi-
nation network can be modulated by varying the molar ratio
of anionic ligands in the preparation of the complexes.

Nitrile Ligands

In the present study, nitrile ligands of varying sizes were
often introduced to effect crystallization. Apparently, when
nitrile ligands participate in the crystallization process, they
bond to a peripheral silver atom and prevent sterically the
linkage of carboxylate ligands to form higher-dimensional
coordination networks. This behavior accounts for the varia-
tion in the trifluoroacetate complexes 3, 4, and §, and in the
pentafluoropropionate complexes 7, 9, 10, and 11. Thus, the
use of nitrile ligands of varying degrees of bulkiness pro-
vides an efficacious approach to the design of low-dimen-
sional coordination networks.

Quaternary Ammonium Salts

Quaternary ammonium ions have been utilized effectively
in the generation of a vast variety of inclusion compounds,
in which they serve as guest species for charge balance and
space filling.®¥! In the complexes described herein, such cat-
ions act to some extent as bulky spheroidal balloons to pre-
vent the self-assembly of high-dimensional networks; thus, a
2D network is observed for § and an infinite coordination
column for 12. Furthermore, the use of quaternary ammoni-
um salts as additional components necessarily leads to the
formation of various types of anionic silver(I) coordination
columns and 2D and 3D networks in which more-anionic li-
gands are bound to the metal centers and/or the fusion of
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aggregates is facilitated. As a result of the combined steric
effects of C,FsCO,” and the bulky ammonium cation
BnMe;N™, the supramolecular synthon Ag,C,Ag, is apt to
share silver atoms, thus leading to the formation of the
novel AgyC(C,);DAg, aggregate in 13.

Conclusions

We have investigated systematically the synthesis and struc-
ture of a series of 13 silver(I) complexes of Ag,C, (Table 3).
The generation of the quadruple salt 2 by the hydrolysis of
hexafluorophosphate represents a viable route to multiple
salts for future studies. Diverse configurations of the
[Ag,C,Ag,] aggregate were observed in which C/ was
found to adopt the py bonding mode consistently. These con-
figurations can be tuned by varying the ancillary anionic li-
gands. The silver—ethynide interactions in the aggregates can
be classified conveniently into three types: o, , and mixed
(o,). We also investigated the effects of various types of co-
existing nitrile ligands to obtain a better understanding for
the design of other coordination networks with the Ag,CC=
C—C=C>DAg, supramolecular synthon. The (F),(H,0); fluo-
ride-water tape in 8 and the (C,);@Ag,s aggregate in 13 are
both unprecedented among silver(I) complexes.

Experimental Section
Reagents and Instruments

Hexachloro-1,3-butadiene (97 %, Aldrich), 1,4-bis(trimethylsilyl)-1,3-bu-
tadiyne (98 %, International Laboratory), and nBuLi in hexane (1.6M,
Merck) were purchased and used without further purification. Tetrahy-
drofuran (THF) was purified by heating at reflux over metallic sodium
and benzophenone. All other reagents were of analytical grade and used
as received. Infrared spectra were obtained from KBr pellets on a Nico-
let Impact 420 FTIR spectrometer in the 400-4000-cm™' region. Elemen-
tal analysis (C, H, N) was performed by the Medac Ltd. Brunel Science
Center, United Kingdom.

Syntheses

Method A for the preparation of Ag,C,: As described previously,'" the
treatment of Li,C, (generated in situ from hexachloro-1,3-butadiene and
nBuLi) with solid AgNO; in a 1:2 molar ratio in THF yielded a 1:1 mix-
ture of Ag,C, (~40%) and AgCl (=50wt%) contaminated with a
minute amount of metallic silver as a dark-gray powder.

Method B for the preparation of Ag,C,: THF (20 mL) was cooled to
—78°C in a 100-mL Schlenk flask, and nBuLi in hexane (1.6M, 5.1 mL,
8.2 mmol) was added with a syringe. The mixture was stirred for 15 min
at —78°C, and then a solution of 14-bis(trimethylsilyl)-1,3-butadiyne
(0.778 g, 4 mmol) in THF (5 mL) was added dropwise with a syringe. The
cold bath was then removed, and the mixture was stirred at room temper-
ature for 3 h. THF (10 mL) and AgNO; crystals (1.352 g, 8 mmol) were
added to the flask under a stream of nitrogen. The solid AgNO; dissolved
gradually, and the mixture was stirred overnight. Ag,C, (78 %) contami-
nated with a small amount of metallic silver was isolated by filtration as
a light-gray powder, then washed several times with THF and finally with
deionized water.

Caution: Ag,C, should be stored wet in the dark at —10°C, and only a
small quantity should be used for subsequent synthesis.

1: Moist Ag,C, (0.2 g) was added to a concentrated aqueous solution of
AgNO; (1 mL; 0.513 g, 3 mmol) in a beaker, and the mixture was stirred
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until the solution was saturated. The excess Ag,C, was filtered off, and
the filtrate was mixed with an aqueous solution of AgF (1 mL; 0.370 g,
3 mmol). The resulting mixture was placed in the dark. After 1 day, the
transparent yellow blocklike crystals of 1 (~40%) that had deposited
were collected. Compound 1 turns black above 110°C. M.p. (decomp.):
125.5-127.1°C; IR: #=2060 cm™" (vw, v(C=C)); elemental analysis: calcd
(%) for CgH,F,0sNsAg,: C 5.28, H 0.11, N 4.62; found: C 5.10, H 0.27,
N 4.31.

2: AgNO; (0.342 g, 2 mmol) and AgPF, (0.253 g, 1 mmol) were dissolved
in deionized water (1 mL). Moist Ag,C, (0.2 g) was added to the solution,
and the resulting mixture was stirred for about half an hour then filtered.
The filtrate was placed in the dark at room temperature. After a few
days, yellow prismatic crystals of 2 (30 %) were collected. Compound 2
decomposes above 170°C. IR: #=2050cm™" (vw, v(C=C)); elemental
analysis: calcd (%) for C,F,O4sN,P,Ag,,: C 3.06, N 3.57; found: C 2.88,
N, 3.21.

3: Moist Ag,C, (=0.2 g) was added to a concentrated aqueous solution
(1 mL) of AgCF;CO, (0.234 g, 1 mmol) and AgBF, (0.380 g, 2 mmol) in a
beaker, and the mixture was stirred until the solution was saturated. The
excess Ag,C, was filtered off, and the solution was placed in a refrigera-
tor at —10°C. After a few days, the transparent yellow blocklike crystals

Table 3. Crystallographic data for compounds 1-13.

T. C. W. Mak et al.

of 3 (=40%) that had deposited were collected. M.p. (decomp.): 70.3-
71.6°C; IR: 7=2056 cm™' (m, v(C=C)); elemental analysis: calcd (%) for
CH1,F1300Ags: C 11.20, H 0.82; found: C 11.09, H 0.77.

4: A synthetic procedure similar to that for the preparation of 3 was
used, but CH;CN (0.1 mL) was added to the filtrate before it was placed
in a refrigerator at —10°C. Pale-yellow blocklike crystals of 4 (~30%)
were deposited. M.p.: 67.3-69.0°C; IR: #=2064 cm ™' (vw, v(C=C)); ele-
mental analysis: calcd (%) for C,H;;F,;OsNAgy: C 12.49, H 0.58, N
0.73; found: C 12.33, H 0.67, N 0.58.

5: Ag,C, (~0.2 g) and solid (Et,N)BF, (0.1 g) were added to a concen-
trated aqueous solution (1 mL) of AgCF;CO, (0.220 g, 1 mmol) and
AgBF, (0.382 g, 2 mmol) in a beaker, and the mixture was stirred until
the solution was saturated. The excess Ag,C, and (Et,N)BF, were filtered
off, and (CH;);CCN (0.1 mL) was added to the filtrate, which was then
placed in a refrigerator at —10°C. After a few days, the transparent pale-
yellow platelike crystals of 5 (~30% ) that had deposited were collected.
M.p.: 62.3-64.0°C; IR: 2055 cm ™' (vw, v(C=C); elemental analysis: calcd
(%) for CyH76F360,4NgAg,: C 23.35, H 2.33, N 2.55; found: C 2326, H
2.34, N 2.25.

Compound 1 2 3 4 5 6 7

Formula CsHyF,010NgAg,  CiF,0NGPrAgy  CigHiuFig00Ags CoHyiFpOgN - CoHyeF3004Ns  Cs;HsFggOsAgis CosHasF50040Ng
Agy Agp Ags

M, 1818.54 1570.72 171518 1923.07 3291.67 4816.66 4988.45

Crystal system monoclinic monoclinic orthorhombic monoclinic monoclinic tetragonal monoclinic

Space group C2/c (No. 15) P2, (No. 4) P222, (No.19)  C2/c (No. 15) P2,/n (No. 14) P4,/nmc (No.137)  C2/c (No. 15)

a [A] 23.312(1) 6.623(1) 14.246(4) 32.366(5) 17.768(5) 18.696(1) 30.343(5)

b [A] 10.663(1) 16.678(2) 23.445(7) 11.730(2) 16.063(4) 18.696(1) 17.745(3)

c [A] 13.167(1) 10.159(1) 11.670(4) 26.827(4) 17.804(5) 18.495(1) 27.272(4)

a[°] 90 90 90 90 90 90 90

BI°] 124.168(1) 93.941(2) 90 123.638(3) 91.772(7) 90 111.327(5)

v [°] 90 90 90 90 90 90 90

|4 [A%] 2708.0(2) 1119.5(2) 3898(2) 8479(2) 5079(2) 6464.9(6) 13678(4)

Z 4 2 4 8 2 2 4

D, 4.456 4.660 2.899 3.000 2.126 2.481 2415

[gem™]

T [K] 293 293 293 293 293 293 293

 [mm™] 8.575 8.796 4.085 4.223 2.388 2.562 2.689

R1Y (I>20) 0.0245 0.0455 0.0863 0.0414 0.0497 0.0756 0.0585

wR2"! (all data)  0.0624 0.1280 0.2146 0.1223 0.1109 0.2727 0.1703

GOF 1.059 1.081 1.106 1.026 1.064 1.088 0.999

Compound 8 9 10 11 12 13

Formula CiHyF5205NAgy,  CsgHigFoiOnsNeAgy  CroHeFoOuNeAgy  CrHisFgnO3sNyAgs  CsoHugFs0OuNoAg ) CrisHigFysOssNsAgs

M, 3483.64 3916.99 4103.33 5038.64 3089.51 5680.40

Crystal system triclinic monoclinic monoclinic triclinic monoclinic monoclinic

Space group P1 (No.2) P2,/n (No. 14) P2,/n (No. 14) P1 (No. 2) C2/c (No. 15) P2,/c (No. 14)

a [A] 16.377(3) 13.490(2) 14.369(3) 15.663(1) 35.539(4) 18.542(2)

b [A] 16.699(3) 25.763(4) 26.970(5) 15.803(1) 15.288(2) 25.200(3)

c [A] 19.318(4) 16.551(3) 16.943(3) 17.424(1) 18.077(2) 35.713(4)

a[°] 115.495(4) 90 90 111.402(1) 90 90

B°] 111.796(4) 109.874(6) 111.775(4) 97.449(1) 114.750(2) 91.311(3)

v [°] 90.599(4) 90 90 112.345(1) 90 90

Vv [A3] 4336(2) 5409(2) 6097(2) 3528.9(4) 8920(2) 16682(3)

Z 2 2 2 1 4 4

D, 2.650 2.400 2.230 2.365 2.295 2.223

[gem™]

T [K] 293 293 293 293 293 293

 [mm™] 3.266 2.641 2.350 2.606 2.314 2.222

R1% (I>20) 0.0591 0.0619 0.0814 0.0470 0.0714 0.0664

wR2"! (all data) 0.1720 0.1478 0.2260 0.1405 0.2268 0.2278

GOF 0.959 1.056 1.077 1.019 1.077 1.001

[a] RU=S|F, |~ | F.|/£| F,|. [b] wR2={S[w(F7 = FYVE[w(F V] -
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6: This complex was prepared according to the method used to prepare 3
by adding AgCF;CF,CO, (0.270 g, 1 mmol) in place of AgCF;CO,. M.p.:
103.6-105.2°C (decomp. above 122°C); IR: #=2073 cm™' (vw, v(C=C));
elemental analysis: caled (%) for Cs,HsFgOs6Ags: C 12.97, H 1.05;
found: C 12.74, H 1.03.

7: AgCF;CF,CO, (0.270 g, 1 mmol) and AgBF, (0.382 g, 2 mmol) were
dissolved in deionized water (1 mL), and moist solid Ag,C, (~0.2 g) was
added to the solution. The resulting mixture was stirred for 10 min, then
the excess Ag,C, was filtered off. CH;CN (0.1 mL) was added to the fil-
trate, which was then placed in a refrigerator at —10°C. After several
days, the pale-yellow blocklike crystals of 7 (~55%) that had deposited
were collected. M.p.: 38.2-41.0°C (decomp. above 128°C); IR: v=
2075cm™"  (vw, v(C=C)); elemental analysis: caled (%) for
CeH3,FyiOy0NgAg g0 C 15.41, H 0.69, N 1.68; found: C 15.36, H 0.75, N
1.50.

8: Ag,C, (~0.2 g) was added to a concentrated aqueous solution (1 mL)
of AgCF;CF,CO, (0.542 g, 2 mmol) and AgBF, (0.190 g, 1 mmol) in a
beaker, and the mixture was stirred until the solution was saturated. The
excess Ag,C, was filtered off, the filtrate was placed in a desiccator filled
with acetonitrile vapor, and the solution was stored in the desiccator in a
refrigerator at —10°C for about 1 month. The transparent pale-yellow
blocklike crystals of 8 (~15%) that had deposited were then collected.
Compound 8 decomposes above 125°C. IR: #=2042 cm ™' (vw, v(C=C));
elemental analysis: calcd (%) for CsH,;F5,03,NAg;,: C 12.42, H 0.78, N
0.40; found: C 12.50, H 0.73, N 0.27.

9: Pale-yellow crystals of 9 (=35%) were obtained by the procedure
used to prepare 7 by adding propionitrile (0.1 mL) in place of acetoni-
trile. M.p.: 56.3-57.0°C; IR: #=2062 cm™' (vw, v(C=C)); elemental anal-
ysis: caled (%) for CsgHsgFgOpsNgAg 4 C 17.78, H 0.98, N 2.14; found: C
17.45, H 1.14, N 2.07.

10: Pale-yellow blocklike crystals of 10 (~40%) were obtained by the
method used to prepare 7 by adding (CH;);CCN (0.1 mL) in place of
acetonitrile. M.p.: 69.2-72.0°C; IR: #=2083 cm™' (vw, v(C=C)); elemen-
tal analysis: calcd (%) for C;HgFsO0NgAg 4 C 20.49, H 1.57, N 2.05;
found: C 20.33, H 1.35, N 1.98.

11: Yellow blocklike crystals of 11 (~35%) were obtained by the
method used to prepare 10 by changing the molar ratio of AgCF;CF,CO,
to AgBF, from 1:2 to 2:1. M.p.: 75.7-77.0°C; IR: 7=2061 cm™! (vw,
v(C=C)); elemental analysis: calcd (%) for C;,H3FgON,Ag s C 17.16,
H 0.96, N 1.11; found: C 17.19, H 0.67, N 0.92.

12: Moist Ag,C, (0.2 g) and solid (Et,N)BF, (0.1 g) were added succes-
sively to a concentrated aqueous solution (1mL) of AgCF,CF,CO,
(0.542 g, 2 mmol) and AgBF, (0.190 g, 1 mmol). The mixture was stirred
for 0.5 h, then the excess Ag,C, and (Et,N)BF, were filtered off, and the
filtrate was placed in a refrigerator at —10°C. After 1 week, transparent
pale-yellow prismatic crystals of 12 (~30% ) were collected. M.p.: 62.4—
64.1°C; IR: #=2074cm™" (vw, v(C=C)); elemental analysis: calcd (%)
for Cs)H5F500N,Ag : C 19.44, H 1.56, N 0.91; found: C 19.44, H 1.26,
N 0.87.

13: Moist solid Ag,C, (0.2 g) was added to a concentrated aqueous solu-
tion (1mL) of AgCF;CF,CO, (0.542 g, 2 mmol) and AgBF, (0.190 g,
1 mmol). The mixture was stirred for 0.5 h, then the excess Ag,C, was fil-
tered off. A solution of (BnMe;N)BF, (0.5Mm) in acetonitrile (0.2 mL) was
added to the filtrate, which was then placed in a refrigerator at —10°C
for 2 months. Transparent pale-yellow block crystals of 13 (~55%) were
obtained. M.p.: 63.4-65.0°C; IR: #=2057 cm™! (vw, v(C=C)); elemental
analysis: calcd (%) for C;;;HgFssO5NsAg: C 23.89, H 1.56, N 1.23;
found: C 23.62, H 1.34, N 1.07.

X-ray Crystallographic Analysis

Data for complexes 1 and 6 were collected at 293 K with Moy, radiation
on a Bruker SMART APEX II CCD diffractometer with frames of oscil-
lation range 0.3°. Intensities for the other 11 complexes were measured
on a Bruker SMART 1000 CCD diffractometer by using the same proce-
dure. During data reduction, an empirical absorption correction was ap-
plied by using the SADABS program.® The structures were solved by
direct methods, and non-hydrogen atoms were located from difference
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Fourier maps. All non-hydrogen atoms, unless otherwise noted, were sub-
jected to anisotropic refinement by full-matrix least-squares on F° by
using the SHELXTL program.*! The parameters for the crystal data and
X-ray structure analysis are summarized in Table 3. The refinement de-
tails are described in the Supporting Information. CCDC-650195-650207
(1-13, respectively) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre at http://www.ccdc.cam.ac.uk/data_
request/cif.
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Spectrum-Structure Relationship in Carbohydrate Vibrational Circular
Dichroism and Its Application to Glycoconjugates

Tohru Taniguchi and Kenji Monde*'"!

Abstract: Preliminary reports of the
nature of the vibrational circular di-
chroism (VCD) peak at around
1145 cm™!, which is characteristic of
axial glycosidic sugars and is called the

tion but also the pyranose conforma-
tion. Isotope and theoretical studies
characterized its vibrational mode as
C1-H1 deformation coupled with Cl1-
O1 stretching, which indicates its ap-

plicability to more-complicated glyco-
conjugates. In this study, for the first
time, carbohydrate VCD spectra were
reliably predicted by means of density
functional theory (DFT) calculations.

glycoside band (J. Am. Chem. Soc.
2004, 126, 9496), have been throughly
examined. Through systematic carbo-
hydrate measurements, it was found
that the sign of the glycoside band re-
flects not only the anomeric configura-

Introduction

Carbohydrates are extremely diverse molecules that include
polysaccharides, nucleotides, glycoproteins, glycolipids, and
glycosylated natural products. Their structural complexity is
closely related to their multiple biological functions such as
immune defense, viral infection, cell adhesion, protein regu-
lation, and fertilization."! Carbohydrates are made up of
monosaccharide residues connected through glycosidic link-
ages. Much synthetic effort has been made in the stereose-
lective construction of glycoside bonds, that is, o or 5 config-
uration.”? The anomeric configuration regulates recognition,
stability, and secondary structure, as is widely investigated in
various fields from drug development to food digestion.*
For these reasons, the determination of anomeric stereo-
chemistry is a key step in the structural analysis of natural
as well as synthetic carbohydrates.
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The VCD technique was applied to
glycopeptides, and simultaneous analy-
sis of both the carbohydrate and agly-

; ; can parts was carried out.
- vibrational

Due to the diversity of carbohydrates, structural studies of
these compounds are not as straightforward as those of pro-
teins and DNA and require several complementary methods
such as NMR spectroscopy and MS instead of just automatic
analysis. Although NMR spectroscopy has been widely
used, it is limited to small molecules such as oligosacchar-
ides, and the acquisition and interpretation of NMR spectra
is time-consuming. On the other hand, MS methods have
become quite advanced in recent decades,’ and glycan
structures have been successfully characterized by using the
tandem-MS technique (MS"). However, because carbohy-
drate MS analysis observes fragmentation at the glycosidic
linkage, information about the anomeric configuration is
ambiguous. This is also the case in analysis by conventional
permethylation,’®” in which the glycoside bonds are cleaved
and, therefore, the anomeric configurations of the original
compounds are impossible to assign. The development of
further techniques is imperative in this rapidly progressing
glycoscience field.

A carbohydrate molecule is an assembly of chiral carbon
atoms, but the aforementioned methods are based on achiral
theory, which does not extract chiral structural information.
Optical rotation, a chiroptical technique with the longest
history, was used for an anomeric configuration study of
mainly monosaccharides.®! Recently, vibrational circular di-
chroism (VCD) spectroscopy has seen significant instrumen-
tal and theoretical advances that allow the routine investiga-
tion of carbohydrates. VCD spectroscopy measures the dif-
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ble mid-IR region is confined
to a frequency of less than
1500 cm ™', where broad and
relatively weak VCD features
have been observed, thus ham-
pering the establishment of an
unambiguous  structure-spec-
trum relationship. This situation
may be compared to polypep-
tides and nucleic acids, which
exhibit characteristic ~amide
VCD signals indicative of their
structures.'” Interpretation of
VCD spectra of proteins and nucleic acids has been aided
by theoretical calculation,™ but, in the case of carbohy-
drates, the theoretical approach faces difficulties in manag-
ing their flexibility and solvent effects.

However, the high sensitivity of VCD spectroscopy to
even subtle structural changes recognized in the previous

mation.
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Figure 1. a) Preliminarily proposed structural motif exhibiting a negative sharp band at around 1145 cm™" (the
negative glycoside band). R represents the glycosyl acceptor, but it can be just a proton (R=H) or a methyl
group (R=Me). Each monosaccharide structure is shown on the right, in which 2a-10a and 2¢ are a-D-sugars
and 2b-10b and 2d are (3-p-sugars except for Sa (methyl f-L-arabinopyranoside) and 5b (methyl a-L-arabino-
pyranoside). In the first part of this paper, it was found that the glycoside band was observable irrespective of
the substituents at C2 (R,, and R,,). In the last part, R was substituted for an ordered peptide. b) Representa-
tive VCD (top) and IR spectra (bottom) of axial and equatorial glycosides (solid line=2a and 2b, dashed
line=2a and 2'b). At 1146 cm ™', only 2a (axial glycoside with the *C, conformation) exhibited a negative,
sharp, intense VCD peak, that is, the glycoside band. These spectra were obtained in [Dg]DMSO (c=0.16M,
[=72 ym; DMSO =dimethyl sulfoxide) for 3 h. For the spectra of the other sugars, see the Supporting Infor-

sugar VCD reports'? stimulated us to conduct an extensive
VCD study on carbohydrates. In the course of the construc-
tion of a comprehensive carbohydrate VCD database, we re-
cently discovered the first carbohydrate structure-VCD-
spectrum relationship; we characterized the anomeric con-
figuration and named its signal the “glycoside band”. This
band was preliminarily defined as a negative, sharp, and in-
tense VCD band at around 1145 cm™, exhibited by p-sugars
with an axial o-glycosidic linkage (Figure 1)."*! The band
was observed for methyl a-glycosides (R,=0OMe and R,=
H; Figure 1) of p-glucose (2a), p-galactose (3a), D-xylose
(4a), p-mannose (6a), and 2-acetamide-2-deoxy-D-glucose
(7a), which suggests that this band may be observable in
other sugar species. Furthermore, the VCD spectra of a set
of D-glucobioses, a-D-glucose (2¢) and f-p-glucose (2d),
imply the generality of the glycoside band for the various
types of carbon atoms involved in the glycosidic linkages,
that is, methyl (2a-10a in Figure 1), methylene (the o-1,6-
linked glucobiose), methine (the other a-linked glucobio-
ses), or even just a proton (2¢). Taking advantage of the
high signal intensity of this band, we further demonstrated
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the first monitoring of an enzymatic reaction with VCD
spectroscopy. However, there has been no insight into the
vibrational mode of the glycoside band. Because this charac-
teristic feature can potentially advance the use of VCD
spectroscopy in this field, and because the effectiveness of
vibrational optical activity techniques in the study of glyco-
proteins was recently indicated by means of ROA,M a de-
tailed understanding of this band is essential for further
VCD application to carbohydrate structural analysis.
Herein, we describe the nature of the glycoside band, in-
cluding its vibrational mode and ability to characterize con-
formation, through systematic carbohydrate VCD measure-
ments, isotope experiments, and theoretical calculations on
model compounds. In this study, for the first time, carbohy-
drate VCD spectra were reliably interpreted by density
functional theory (DFT) calculations.'”! Finally, VCD spec-
troscopy was applied to glycopeptides, thus demonstrating
the broad applicability of this band to glycoconjugates and
allowing the simultaneous structural analysis of carbohy-
drate and aglycan parts.

Results and Discussion
Differences in the Glycoside Bands of *C, and 'C, Sugars

The VCD spectra of the axial methyl glycosides 2a-Sa and
the equatorial counterparts 2b-5b were obtained in the
mid-IR region.”” The glycoside band was commonly ob-
served for the axial glycosidic species but not for the equa-
torial. Comparison of 2a with 3a and 4a suggests that this
band is independent of the C4 and C6 substituents. This is
also the case with 5a, which is designated a (3-L-sugar.
Several other L-sugars with axial glycosidic linkage, such
as methyl a-L-glucopyranoside (2'a; Figure 1), L-galactose
(3), r-fucose (11), and methyl a-L-fucopyranoside (11a)

OH OH OMe

HO
O Me O Me (@]
OH OH OH
OH OH OH

HO HO HO

3' (L-galactose) 11 (L-fucose) 11a

Scheme 1. Structures of the 'C, sugars that exhibited the positive glyco-
side band. For the spectra of these sugars, see the Supporting Informa-
tion.

(Scheme 1), exhibited positive glycoside bands.*! From
these data, the type of pyranose-ring conformation (*C, or
IC,) and the direction of the glycoside (axial or equatorial),
rather than the p/L and o/f designations, should be included
in the definition of the glycoside band.!'”! Thus, a negative
glycoside band was observed for an axial glycosidic sugar in
the *C, conformation, whereas a positive band was seen for
that in the 'C, form. Consequently, it is suggested that not
only the anomeric configuration but also the pyranose-ring
conformation can be distinguished by using the glycoside
band.
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Independence of the Glycoside Band from C2 Substituents

To utilize the glycoside band optimally for carbohydrate
structural analysis, it is crucial to gain sufficient insight into
its vibrational mode as well as its scope and limitations. We
next examined the influence of the C2 substituents (R,, and
R,,) as this band was assumed to relate to the anomeric
center (C1); at this point, the closest carbon atom, C2, can
perturb this band. Moreover, R,, and R, in biological car-
bohydrates are more variable than the other carbon atoms
(Figure 1), so the applicability of the technique in such sys-
tems should be investigated.

VCD spectra of methyl a-glycosides 6a-10a (6: R, =
OH, R.;=H; 7 and 8: R,,=H, R.,;=NHAc; 9: R,,=NHAc,
R.,,=H; 10: R,=H, R,,=H) were obtained, and all of
them showed the negative glycoside band.™” These results
demonstrate the generality of this band for various patterns
of R, and R,

Isotope Experiment

The independence of the glycoside band from the substitu-
ents on C2-C6 indicates that it stems mainly from vibration-
al motions that involve the anomeric carbon atoms and
atoms in its close vicinity. To identify the vibrational mode
in more detail, we considered two approaches. The first was
isotope labeling, which was used to interpret the VCD spec-
tra of biomolecules.'*>!¥ If the absorption of interest origi-
nates primarily from a diatomic stretching movement, the
approximate frequency shift can be predicted by the Hooke
law."”) However, isotopic assignment often becomes ineffi-
cient or ambiguous in cases in which more than two atoms
contribute significantly to the vibrational transition. The
second approach used was the recently developed DFT cal-
culations," which gives the vibrational modes that corre-
spond to each absorption. The latter approach was limited
to relatively simple molecules or model compounds of the
complicated targets.

Our primary attempt was the isotopic substitution of the
anomeric oxygen atom (O1) of methyl a-p-glucopyranoside
(Figure 2a). The '*O-labeled 12 exhibited the glycoside band
at a frequency 5 cm™! lower than the unlabeled 2a, thus im-
plying the involvement of O1 in this vibrational transition.
This vibration would not be a simple diatomic C-O stretch-
ing movement as the shift is too small compared to that of
about 30 cm ™! predicted by the Hooke law. We next pre-
pared 1-deuterated methyl a-p-glucopyranoside (13) starting
from 1-[D]glucose and methanol. Unexpectedly, 13 exhibit-
ed dramatically different spectral patterns from those of 2a
in the glycoside-band region (Figure2b). The glycoside
band shifted to 1136 cm™ with decreased intensity or to
below 1100 cm ™', or disappeared due to complete change of
the vibrational mode. In any case, the result strongly indicat-
ed significant participation of H1 in the glycoside-band ab-
sorption. This absorption cannot be assigned as a diatomic
CIl-H1 stretch because C-H stretches are observed at
around 3000 cm™', and we recently assigned the Cl1-H1
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Figure 2. VCD (middle) and IR spectra (bottom) of isotopomers in
[Dg]DMSO (c=0.16 M, [=72 pm, BaF, cell) and difference VCD spectra
(dashed line) between unlabeled methyl o-p-glucopyranoside (2a) and
labeled a) methyl 1-["*O]a-p-glucopyranoside (12) and b) methyl 1-[D]a-

p-glucopyranoside (13). The negative peak of 12 appeared at 1141 cm™!,

lowered by 5 cm™' compared to that of nonlabeled 2a (at 1146 cm™). For
13, a new small negative band appeared at 1136 cm™'. The difference
spectra were obtained by subtracting the isotopomer spectra from the
spectrum of 2a. VCD spectra were collected for 3 h.

stretching vibration to approximately 2900 cm™.”" There-
fore, comparison of 2a with both 12 and 13 supports a vibra-
tional transition associated with more than two atomic oscil-
lations that include H1, C1, and O1. To unravel this compli-
cated vibrational motion, DFT calculations were performed
next.

Design and Synthesis of the Axial and Equatorial
Glycosidic Model Compounds

DFT predictions associated with experimental VCD spec-
troscopy reveal the absolute stereochemistry and conforma-
tion of various types of natural as well as synthetic mole-
cules.”! As mentioned before, however, simulation of carbo-
hydrate VCD spectra was not successful except in a few
cases,” due to the structural complexities and solvation fac-
tors involved. To simulate the vibrational mode of the glyco-
side band, we attempted to utilize a properly designed calcu-
lation-compatible model compound.

The resultant models 14a and 14b (Scheme 2) were de-
signed to reflect the axial glycosidic feature that was expect-
ed to exhibit the glycoside band, as well as be simple, rigid,
and soluble in a non-hydrogen-bonding solvent to enable re-
liable simulation. To simplify matters, most substituents
were replaced by protons in the model, because the substitu-
ents have little influence on the glycoside band as discussed
above. The simplest axial glycoside model would thus be
(5)-2-methoxytetrahydropyran (16a; Scheme 3); however,
its anomeric isomer 16b cannot be an equatorial model, as
16b is actually the enantiomer of 16a and would not exist in
the “C, conformation but would undergo a ring flip to take
the 'C, form (Scheme 3). We considered obtaining both
axial and equatorial models that share a common backbone,
to gain better insight by comparison of their VCD spectra.
Therefore, the pyranose-ring conformations in 14a and 14b
were fixed to the *C,; conformation by a trans-decalin frame-
work (Scheme 2). Two rings were fused at carbon atoms
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b-xylose 17 18a, 180
e @] f (@]

&, HoS Ry — ‘Q(@/Rz
192, 19b i 142, 14p R

18a, 19a, and 14a: R{ = OMe, R, = H
18b, 19b, and 14b : R; = H, R, = OMe

Scheme 2. Synthesis of the axial and equatorial model compounds.
a) Ac,0, pyridine, room temperature. b) HBr, AcOH, CH,Cl,, 0°C.
¢) Zn, CuSO,, CH,Cl,, H,0, 0°C. d) MeOH, TPHB, CH,Cl,, 0°C, then
separated. ¢) NaOMe, MeOH, room temperature. f) CH,CICH,CI,
NaOH, H,O, TBAB, 65°C. These conditions were not optimized.
TBAB =tetra-n-butylammonium bromide, TPHB = triphenylphosphine
hydrobromide.

OR
O O -
Vﬁ L) — 52%
OR
4C4 (axial) 4C4 (equatorial) 1C4 (axial)
15a: R=H 15b: R = H
16a: R = Me 16b: R = Me

Scheme 3. Relationship between the simplest pyranose glycosidic models
and their conformations: (S)-2-hydroxytetrahydropyran (15a), (S)-2-
methoxytetrahydropyran (16a), and their enantiomers (15b, 16b). The
anomeric stereochemistry of 16 is fixed by the methyl substituent, where-
as that of 15 is less stable because of the hemiacetal structure.

remote from Cl1 and connected through oxygen atoms to
result in sugar-resembling structures.

The axial and equatorial model compounds 14a and 14b
were prepared in an enantiomerically pure way starting
from D-xylose. By following a standard procedure, p-xylal
(17) was obtained in three steps (overall 34 %). Glycosida-
tion of glycal with a catalytic amount of triphenylphosphine
hydrobromide™ was applied to 17 in the presence of
3 equivalents of methanol to give 18a and 18b in a 5:6 ratio
(44 %).2Y Deacetylation of 18a and 18b yielded 19a and
19b, respectively. Their hydroxy groups 3-OH and 4-OH
were bridged by using 1,2-dichloroethane to afford 14a and
14b, respectively, in moderate yields. The glycosidic struc-
tures of 14a and 14b were confirmed as axial and equatori-
al, respectively, by the coupling constants between the NMR
signals of the anomeric and the vicinal protons (CDCl;;
14a: brd, Jym.n=3.5Hz, Hl; 14b: dd, Jy p.=9.4 Hz,
Jii1 2eq=2.0 Hz, H1).P"! The synthetic intermediates 19a and
19b (methyl 2-deoxy-p-xylopyranosides), which were solu-
ble in CDCl;, were also studied to reinforce the discussion
about the glycoside band.

Experimental and Theoretical VCD Spectra of 14a, 14b,
and 19a: Vibrational Mode of the Glycoside Band

Conformational analysis of 14a and 14b by using MMFF9%4
and subsequent DFT optimization at the B3LYP/6-31G(d,p)
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Figure 3. Calculated stable conformers and VCD (top) and IR spectra (bottom) of a) 14a in CCl,, 0.24 M, 46-
um BaF, cell, b) 14b in CCl,, 0.16 M, 46-um BaF, cell, ¢) 19a in CDCl;, 0.10M, 100-pm CaF, cell, and d) 19b in
CDCl;, 0.10M, 100-um CaF, cell. For 19a and 19b, the theoretical spectra were obtained by averaging the
spectra of each conformer according to the Boltzmann population shown in parentheses. The frequencies of
the theoretical spectra were scaled by 0.98, the peak widths at half maximum were 8 cm™' for a) and b) and
10 em™! for ¢) and d). The glycoside-band regions are highlighted in gray. VCD spectra were collected for 2 h.

level of theory led to only one stable conformer each. As
expected, they exist in the *C; pyranose-ring conformation,
so the glycosidic methyl groups are directed axially and
equatorially, respectively (Figure 3a and b). For the opti-
mized conformer, VCD and IR spectra were simulated and
compared with the experimental spectra obtained in CCl,,
which allowed observation up to 850 cm™'. The axial glyco-
side model 14a exhibited a sharp, negative, and strong peak
in both the experimental and theoretical VCD spectra (Fig-
ure 3a). On the other hand, a weak, relatively flat peak was
observed for the equatorial model 14b (Figure 3b), thus in-
dicating that the glycoside-band character is specific for
axial glycosides. In other words, the anomeric configuration
is also distinguishable in these model compounds by this
band. The close agreement of the simulated spectra with the
experimental shows, for the first time, that carbohydrate vi-
brational properties are predictable in a well-designed
system.

To further our understanding about the vibrational nature
of this band, axial a-glycosidic 19a was also studied. After
DFT optimization, four stable conformers were obtained.
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motion occurs at H1 and tends
toward CIl-H1 deformation
rather than CI-H1 stretch.
Whereas the movement of C1
is almost parallel to that of H1
in the same direction, O1
moves in the opposite direction,
thus causing C-O stretch.”!
These vibrational features are consistent with the isotope
experiments. On the other hand, as indicated by the system-
atic carbohydrate measurements, any contribution from the
backbone other than C1 seems to be small or negligible.
Consequently, the vibrational mode of the glycoside band
was assigned as Cl-H1 deformation coupled with C1-O1
stretch. The predicted coupling phenomenon is reasonable
as vibrations of (hemi)acetal C-H deformation are known to
be perturbed by C-O stretches.

The assignment was further supported by the simulation
of the isotope shifts of 14a and 19a (see Experimental Sec-
tion). When O1 was replaced with *O, the shifts in the gly-
coside bands of 14a and 19a were estimated to be as small
as 15 and 12cm™, respectively, to lower frequency
(Table 1). The band intensities were almost constant, thus
reproducing the observed trends in '®O-labeled 12. On the
other hand, deuteration simulation of H1 resulted in a re-
markable VCD spectral change between 1200 and
1050 cm™!: the disappearance of the glycoside band. Analy-
sis of each vibrational mode indicated decoupling of C1-D1
deformation from C1-O1 stretching. A new, weak negative
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1155 cm™! (R = -124 [107% esu? cm?))

(b) 19a-(i) (c)19b-(i) —

1154 cm™" (R = -180 [10~* esuZ cm?]) 1150 cm™" (R = 86 [10~%* esu? cm?])

Scheme 4. Calculated vibrational mode at the glycoside band of a) 14a,
b) 19a-(i), and c) 19b-(i). The frequencies and rotational strengths R are
shown below. The wavenumbers are not scaled. The arrows represent the
degrees and directions of each nuclear movement.

Table 1. Observed and simulated isotope shifts.

Molecule Frequency Ae

(observed) [em™] [Lmolecm™]

2a 1146 —0.032

12 (1-[*0]2a) 1141 —0.025

13 (1-[D]2a) 1136 —0.006

Molecule  Frequency® R Dominant

(simulated) [cm™] [107* esu?cm?]  vibrations!®!

14a 1155 —124 6 C1-H1, v,, C1-01-C’
1[*0]14a 1140 ~138 § C1-H1, v,, C1-01-C’
1[DJ14a 1119 71 & C1-HI1, v C5-05,

O ~CH,— (ethylene)
19a 1154 —180 o C1-H1, v,, C1-01-C'
1-[*0]19a 1142 —174 d C1-H1, v,, C1-01-C'
1[D]1%a 1123 26 & C1-H1, v C5-05
14b 1190 21 d C1-H1, v,, C1-01-C,

8 —CH,- (C2),  -CH, (C5)

[a] Predicted values without scaling. [b] Rotational strengths. [c] &=
deformation, v=stretch, as=antisymmetric.

peak at around 1120 cm ™' was tentatively assigned as part of
the glycoside-band vibrational mode recoupled with C5-O5
stretching. The simulated spectral feature agreed well with
the experimental spectrum of deuterated 13, in which the
glycoside band was lost but a small negative band appeared
at 1136 cm ™ instead.

To investigate the axial specificity of the glycoside band,
vibrational modes of the equatorial 14b were also analyzed.
In calculated 14b, vibrational motion corresponding to the
glycoside band was not recognized near 1150 cm™!, but vi-
bration involving CIl1-H1 deformation and C1-O1-C'
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stretching occurred at 1190 cm™!

methylene deformation to alter the vibrational character.
Hence, the axial specificity is primarily ascribed to a differ-
ence in frequency and consequent modification of the vibra-
tional mode. In general, the stretching frequency is lowered
in the presence of a factor that weakens the covalent
bond.”! For axial glycosidic sugars, the anomeric effect
(donation from the axially oriented lone-pair electrons of
OS5 to the C1-O1 o* orbital) decreases the C1-O1 bonding
and lowers its stretching frequency relative to the equatorial
species. Any factors that strengthen or weaken the C1-O1
linkage could shift the frequency of the glycoside band. If
the shift is significantly large, C1-O1 stretch combines with
other vibrations or decouples from C1-H1 deformation to
result in a complete change of the VCD property in the gly-
coside-band region. Although the glycoside band is present
for a variety of axial glycosides, we observed the disappear-
ance of this band for those with carbonyl and aromatic sub-
stituents at the anomeric position (data not shown).

, where it conjugated with
[30]

Positive Glycoside Band Exhibited by 'C, Sugars

Methyl 2-deoxy-f-D-xylopyranoside 19b was also examined,
and conformational analysis in the absence of solvent effects
predicted that the three dominant conformers take the 'C,
form with axial glycosidic linkages , despite 19b being a -b-
sugar (Figure 3d). This is supported by the NMR coupling
constants between the anomeric proton and the two vicinal
protons in CDCly (Jy1 joax= 4.3 Hz, Jy1 112e¢ = 3.5 Hz). The so-
lution of 19b in CDCIl; would therefore be an appropriate
model for investigating the positive glycoside band observed
in the 'C, conformation. The experimental VCD spectrum
showed a broad and weak signal above 1150 cm™' as with
19a and the other sugars studied, whereas the positive gly-
coside band appeared just below 1150 cm™" (Figure 3d). The
overall VCD characteristic is in good agreement with that
of the Boltzmann-weighted spectrum, including the glyco-
side band. The vibrational mode at the glycoside band was
simulated as in Scheme 4c¢, in which the structure was re-
oriented to bring C1 to the front and take C4 to the back.
In this mode, again, the C1-H1 deformation associated with
the C1-O1-C’" asymmetric stretch was recognized, thus con-
firming that this type of vibration contributes to the glyco-
side band in both chair conformations. A comparison of the
vibrational modes of 19a and 19b (Scheme 4b and c)
showed that the nuclear motions around the anomeric
center are almost mirror images of each other, in accord-
ance with the opposite signs of the signals in their VCD
spectra. In the calculated structure of 19b, the anomeric
oxygen atom was suggested to form a hydrogen bond with
the hydroxy group at C3, but the glycoside band was ob-
served irrespective of the presence of this bond, as shown in
the VCD spectra of 19a and 19b.

Notably, the calculation-assisted VCD technique used
herein clarified the preference of 19b for the 'C, conforma-
tion over the “C,; this arrangement would place all hydroxy
groups in less hindered equatorial positions. Here, the glyco-
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side band differentiated the conformation as well as the
anomeric configuration. Although conformational analysis
with VCD spectroscopy has been widely used in systems
ranging from small molecules® to proteins and nucleic
acids,"! this is one of the first applications of this technique
to the study of carbohydrate conformation.

Figure 4 summarizes the nature of the glycoside band as
inferred from the results obtained so far. The glycoside
band is defined as a sharp and intense VCD band near

4 (0] O/
1 =V
4

4 O\ 1
C1 C4

(1145 £ 25) cm™' VCD
C1-H1 deformation
C1-01 stretch

- (1145 + 25) cm™!

C1-H1 deformation
VCD C1-01 stretch

Figure 4. Summary of the glycoside band.

1145 cm ™, exhibited by sugars with axial glycosidic linkages,
with negative and positive signs for the *C, and 'C, confor-
mations, respectively, that arises from Cl1-H1 deformation
coupled with C1-O1 stretching vibration.

Application to Glycoconjugates

Systematic observations and theoretical studies revealed
that the vibrational movement of the glycoside band is
almost independent of the substituent involved in the glyco-
sidic linkage. This finding indicates that observation of the
glycoside band in VCD spectra is applicable to studies of
more-complicated glycoconjugates. In the first part of this
paper, we mentioned that simple carbohydrates do not have
carbonyl groups, in contrast to other biomolecules that have
been studied with characteristic C=0O-stretching VCD sig-
nals. The lack of carbonyl VCD signals in simple carbohy-
drates proves to be advantageous when glycoconjugates are
analyzed. As the glycoside band is not based on carbonyl vi-
bration, a simultaneous structural analysis of a carbohydrate
and an aglycan moiety, such as peptide, protein, lipid, and
others, can be conducted by focusing on both spectral re-
gions.

Figure 5 shows the compatibility of the glycoside band
with analysis of peptide secondary structure. Glycopeptide
20 is an antifreeze glycoprotein (AFGP) with a weight-aver-
age molecular weight of 6600 Da, which corresponds to 8-15
repeating units.”” It was indicated that the antifreeze activi-
ty of AFGP is related to the polyproline type II (PPII)-like
helical structure of the polypeptide backbone, and that this
left-handed helix is regulated by the axial a-O-linked carbo-
hydrate. To study these structural features, the VCD spec-
trum of 20 in water was obtained. As shown in Figure 5, 20
exhibited a negative glycoside band at 1165 cm™" and an in-
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N 20 n=8-15
Mé H O Mé H i
0.1
0.05
0
-0.05
-0.1
AA
x 10* 12
IR 10.05
0
1800 1700 1600 1500 1400 1300 1200 1100 A
v/em™

Figure 5. VCD and IR spectra of glycopeptide AFGP polymer 20
(500 mgmL " in H,O, 6-um CaF, cell, 2 h). The amide I VCD and glyco-
side bands are highlighted in gray.

tense negative—positive amide I VCD band characteristic of
PPII-type secondary structure,'™*! thus confirming the
PPII structural tendency previously suggested by electronic
CD and NMR spectral studies.”” The PPII-amide VCD
feature was also recognized in a solution of 20 in D,O,
whereas its tripeptide monorepeating unit 21 did not show
any such characteristic feature.®” This result with the poly-
peptide structure is consistent with the previous report,
which predicted that a monomeric AFGP cannot take up an
ordered conformation. Although two examples of glycopro-
tein VCD study have been reported so far,™! this is the first
VCD application to glycopeptides in which simultaneous
structural elucidation of carbohydrates and polypeptides
was also successfully carried out.

The broad applicability of the glycoside band was also
demonstrated for other glycoconjugates such as glycolipids.
Further VCD studies on glycoconjugates, including the si-
multaneous analysis of carbohydrate and aglycan parts, are
in progress.

Conclusions

Through systematic carbohydrate VCD studies, we have
characterized the glycoside band, the first unambiguous
spectrum-structure correlation in carbohydrate VCD, as
summarized in Figure 4. Isotope experiments and theoretical
studies support the assignment of its vibrational mode as the
C1-H1 deformation coupled with C1-O1 stretch. By starting
from simple model compounds, reliable VCD predictions
were first conducted on carbohydrates, including 19a and
19b, which contain flexible hydroxy groups. These results
show that the complex vibrational nature of carbohydrates
may be investigated by utilizing a properly designed system.
These approaches may help in finding other structure-specif-
ic VCD features. We also used VCD spectroscopy for the
first time in glycopeptide analysis and demonstrated the
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broad applicability of glycoside-band identification in VCD
spectra to glycoconjugates. This study is expected to open
new perspectives in glycoconjugate structure elucidation
based on chiral information, which could play an important
role in association with other methods such as NMR spec-
troscopy and MS, in the field of glycoscience.

Experimental Section
General Procedures

'"H (600 MHz) and “CNMR (150 MHz) spectra were recorded on a
Bruker Avance spectrometer. Chemical shifts (d) are reported in ppm
relative to tetramethylsilane, and coupling constants (/) are in hertz. The
following abbreviations are used for signal multiplicities: s=singlet, d=
doublet, m=multiplet. EI MS was performed on a JEOL JMS-FABmate
at the Center for Instrumental Analysis, Hokkaido University. Optical ro-
tations were measured on a Perkin—Elmer 343 polarimeter with a 1-cm
optical cell at ambient temperature. Analytical TLC was performed on
0.2-mm silica-gel plates (Merck 60 F-254), and column chromatography
was carried out with silica gel (Kanto 60 N, 60-210 um). HPLC purifica-
tion was done on a Shimadzu LC-6A liquid chromatograph equipped
with a Shimadzu RID-6A refractive-index detector and a CHIRALPAK®
AD (1 cm ¢ x25 cm) or CHIRALPAK' TA column (1 cm ¢x25 cm).

Preparation of Methyl Glycosides

8O-labeled 12 was prepared from p-glucose and [**O]methanol (pur-
chased from Icon Isotopes) in the presence of a catalytic amount of acid
as described in reference [14]. Methyl glycosides 2’a, 2'b, 5b, 8a, 8b, 9a,
10a, and 10b were prepared in a similar manner by using the correspond-
ing sugars and methanol in the presence of DOWEX-50 H*. The prepa-
ration of 13, 14a, 14b, 19a, and 19b as well as their spectroscopic data
are described in the Supporting Information. Compound 6a was pur-
chased from Toronto Research Chemicals as containing isopropanol and
was used after having been evaporated twice from methanol. Other
chemicals were purchased and used without further purification. AFGP
polymer (20) and monomer (21) were kindly donated by Prof. Shin-
Ichiro Nishimura and Dr. Yuki Tachibana of Hokkaido University.*”

VCD Spectroscopy

VCD and IR spectra were obtained on a Bomem/BioTools Chiralir spec-
trometer with or without the second photoelastic modulator. All spectra
were recorded at a resolution of 4 or 8cm™' at ambient temperature.
Other conditions such as concentration, type of cell, solvent, and collec-
tion time are stated in the figure captions. Both VCD and IR spectra
were corrected by a solvent spectrum obtained under the same experi-
mental conditions.

Computation

The conformational distributions of 14a, 14b, 19a, and 19b were calcu-
lated by using MMFF94 systematic conformational searches with the
Spartan 02 package,*!! followed by further optimization at the B3LYP/6—
31G(d,p) level of theory without considering solvent effects, by using the
Gaussian 03 package.™” Conformer(s) within 2 kcalmol™ from the most
stable were taken into account for VCD/IR calculations at the same level
of theory. VCD and IR spectra were simulated with Lorentzian line-
shapes of 8- or 10-cm ™' width. Boltzmann populations were calculated by
using AG values at 298 K. Final spectra were obtained based on the
Boltzmann population average of each spectrum. Calculated nuclear dis-
placements of the vibrational mode of interest were visualized with the
GaussView program.

Isotope shifts were simulated by using the freqchk utility implemented in
the Gaussian 03 package. Checkpoint files recorded in the calculations of
14a and 19a-(i) were used.
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Controlled Stability of the Triple-Stranded Helical Structure of a §-1,3-
Glucan with a Chromophoric Aromatic Moiety at a Peripheral Position
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Abstract: We synthesized a semiartifi-
cial p-1,3-glucan, curdlan with dialkyl-
aniline groups (CUR-DA), that bears
chromophoric aromatic groups at its
peripheral  positions.  Spectroscopic
studies as well as microscopic observa-

attributes that are similar to those of
the triple-stranded helical structure of
native [3-1,3-glucans such as schizophyl-
lan. Moreover, we found that the sta-
bility of the triple-stranded helical
structure can be easily modulated by

solvent composition and metal-ion
(Zn**) binding. As B-1,3-glucan poly-
saccharides are known to serve as
“polymeric” hosts, including certain
DNA molecules, carbon nanotubes,
and conjugated polymers, and complex-

tions indicate that CUR-DA adopts a
triple-stranded  helical structure in
water- or methanol-rich solutions of di-
methyl sulfoxide (DMSO). This triple-
stranded helical structure exhibits high
thermal stability and resistance to base,

charides -
transitions

Introduction

Nature has evolved multistranded helical architectures such
as double-stranded DNA molecules™ and triple-stranded
polypeptides (collagen!™), which are profoundly correlated
with their biological function and mechanical strength.
Recent progress in supramolecular chemistry has enabled us
to construct such multistranded helical structures through
metal-ligand,” hydrogen-bonding,” and van der Waals in-
teractions.**! However, multistranded helical structures that
consist of more than three strands are still very rare.*®

[a] Dr. M. Ikeda, S. Haraguchi, Dr. M. Numata, Prof. S. Shinkai
Department of Chemistry and Biochemistry

Graduate School of Engineering

Kyushu University

Fukuoka 819-0395 (Japan)

Fax: (+81)92-802-2820

E-mail: seijittm@mbox.nc.kyushu-u.ac.jp

Dr. M. Ikeda

Present address: Department of Synthetic Chemistry and Biological
Chemistry

Graduate School of Engineering

Kyoto University

Kyoto 615-8510 (Japan)

Supporting information for this article is available on the WWW
under http://www.chemasianj.org or from the author.

[b

—

0

WWILEY
1290 InterScience

Keywords: helical
metal-ligand interactions - polysac-
self-assembly - structural

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ation occurs only with the single-
stranded structure, this information is
very useful for the creation of these at-
tractive polymeric composites, the con-
trolled release of DNA, and so on.

structures .

Lehn and co-workers elegantly demonstrated that a triple-
stranded helical structure can be constructed through metal-
ligand interactions.! Thereafter, several groups reported
that even quadruple- and hexastranded helical structures
can be constructed by skilful utilization of these interac-
tions.”) Apart from the use of metal-ligand interactions,
however, there are only a few examples of multistranded
helical structures that consist of more than three strands,
such as the functionalization of the triple-stranded helical
structure of collagen.®

It is well-known that some stereoregular polysaccharides
also adopt multistranded helical structures in solution as
well as in the solid state.’? Among them, -1,3-glucan, which
is a polysaccharide composed of D-glucose connected by f3-
1,3 linkages, has been extensively investigated, and the re-
sults revealed that it gives rise to right-handed, triple-strand-
ed helical structures in water."”! The OH group at the C2
position of 3-1,3-glucan plays an important role in stabilizing
the triple-stranded helical structure by interstrand hydrogen
bonding, whereas the OH group at the C6 position is orient-
ed toward the outside of the helix (Figure 1). Recently, our
group investigated the molecular-recognition properties of
schizophyllan (SPG), which consists of a -1,3-glucan main
chain with a $-1,6-glucan side chain at every third glucose
unit.'!" Accordingly, SPG can form well-defined macromo-
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Figure 1. a) Synthesis of CUR-DA. b) Schematic representation of the
structural transition of CUR-DA induced by the solvent effect. DMSO =
dimethyl sulfoxide.

lecular complexes with polynucleotides in which two strands
of SPG and one strand of the polynucleotide tie together to
form a hetero-triple-stranded helical structure in aqueous
solution, as evidenced by experimental and theoretical
data." In contrast, curdlan (CUR), which simply comprises
a p-1,3-glucan main chain without any side chains, displays
low solubility; therefore, its functionalization has been very
limited so far. To this end, we exploited new methodologies
for the quantitative, site-specific modification of the C6 po-
sition in CUR by using “click chemistry”,l* which offers
broad possibilities for exploring the functionalization of the
modified CUR (Figure 1a). Notably, the OH group at the
C2 position is not affected during this modification, which is
crucial for the inclusion of guest molecules!"” and essential
for the formation of the triple-stranded helical structure
(Figure 1b).

We describe herein the construction of a triple-stranded
helical structure based on the (-1,3-glucan scaffold, which

Abstract in Japanese:
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bears aromatic functional groups at its peripheral positions,
and the control over the formation of the triple-stranded
helical structure by metal-ion binding. This helical array of
aromatic functional groups is of interest from the viewpoint
of electro- and optochemical applications to sensors based
on photoinduced electron transfer, photocurrent-generation
systems, light-harvesting systems, and so on.['¥ In this study,
we introduced dialkylaniline (DA) groups with diethylene
glycol moieties to probe the structural changes by UV/Vis
and CD spectroscopy and to impart solubility in polar sol-
vents (Figure 1a).

Results and Discussion
Characterization of CUR-DA: UV/Vis and CD Spectra

CUR-DA was synthesized from CUR according to the
method reported previously (Scheme 1) and characterized

AN IS
O @)
NH,  CI O OH \/)
N
K,COs Kl
BuOH OH
OH
I 30% I k/i/ o_J
N
1 \/I
“N
N 1, _CuBr2, ascon_‘bic N\[\j’
o acid, propylamine %&&
O O. Q 0.
oH 1, DMSO oH I,
CUR-N, 49% CUR-DA

Scheme 1. Synthesis of CUR-DA.

by '"H NMR and IR spectroscopy as well as elemental analy-
sis (see Experimental Section). The molecular weight (M,,)
of CUR-DA was 6.0x10° (PDI=1.6), as estimated by size-
exclusion chromatography (SEC). We first evaluated the
structural properties of CUR-DA by spectroscopic measure-
ments. Figure 2a shows typical UV/Vis and CD spectra of
CUR-DA in mixed solvents of water/DMSO and methanol/
DMSO of various compositions. In DMSO, CUR-DA
showed very weak CD signals (Aéssom==1.9, A€ygrpm=
—4.4m'em™) in the wavelength region assigned to the ab-
sorption band of the 4-anilino-1,2,3-triazole moiety (Ap.=
294.5 nm). Interestingly, the CD signals increased signifi-
cantly with an increase in the volume fraction of water (Vy,)
and finally resulted in an inversion from the positive to the
negative Cotton effect. Furthermore, a blue shift accompa-
nied by the hypochromic effect was verified in the UV/Vis
spectra, which suggests that the 4-anilino-1,2,3-triazole moi-
eties are aligned in the manner of H-type aggregation. The
fluorescence of the 4-anilino-1,2,3-triazole moieties was sig-
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Figure 2. a) UV/Vis and CD spectra of CUR-DA (2.1x107°m) in DMSO
(V=0), water/DMSO (Vy=0.5), and methanol/DMSO (V=0.7) at
25°C with a 1-cm cell (see Supporting Information, Figures S4 and S5).
b) Plots of CD signal intensity at the first Cotton effect (Aéyog,,) and
wavelength of absorption maxima (4,,,) of CUR-DA against the volume
fraction of water (Vw="Vyaer/(ViaertVomso); A) and methanol (Vy=
Vmethanol/(Vmelhanol + VDMSO); B)

nificantly quenched by the addition of water, which is con-
sistent with the formation of the H-type aggregates (see
Supporting Information, Figure S8). These results indicate
that the aromatic moieties of CUR-DA are arranged in a
helical, stacked fashion upon addition of water.

The sharp transition (Vy~0.2) observed in the plots of
CD intensity and A, against Vy, (Figure 2b, lines (A)) indi-
cates that the changes in the UV/Vis and CD spectra can be
ascribed to the structural transition between two characteris-
tic structures of CUR-DA. The structural properties of f3-
1,3-glucan polysaccharides such as SPG were investigated by
means of optical rotatory dispersion (ORD) and viscometry
because they contain no useful chromophores for probing
their structures by conventional spectroscopic measure-
ments. These studies revealed that the $-1,3-glucan polysac-
charides changed their structures dramatically from a single-
stranded random coil to a triple-stranded helical structure at
a Vy value of about 0.2."7 This good agreement of the tran-
sition points allows us to consider that CUR-DA adopts a
triple-stranded helical structure in water/DMSO (V,,>0.3).

We found that water can be replaced by methanol to
induce such a structural transition. As shown in Figure 2a,
the UV/Vis and CD spectra in methanol/DMSO at a metha-
nol volume fraction (V) of 0.7 are very similar to those in
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water/DMSO at Vy=0.5. These results are summarized in
Table 1. Furthermore, the presence of a sharp transition (Vy
~0.35) was verified from Figure 2b, lines (B). These results
indicate that CUR-DA also adopts a triple-stranded helical

Table 1. Selected CD and UV/Vis spectral data of CUR-DA in various
solvents.

Solvent Agy Aéyng e[M'em™]
[Mem™] [Mem™] (Aomax [nm])
(Amax [nm]) (Ammax [nm])
DMSO +16(115)  —37(287) 28000
(294.5)
Water/DMSO (Vy=05)  —95.1 (297.5) +32.4 (273.5) 24000
(287.5)
Methanol/DMSO _83.5(296.5) +266(273) 26000
(Vyy=0.7) (287.5)

structure in methanol/DMSO (Vy>0.5). As van der Waals
interactions and hydrophobic (solvophobic) effects can be
weakened by the addition of methanol, it is reasonable that
the transition in the mixed methanol/DMSO solvent shifted
to a higher V) value than that in water/DMSO.

It is known that the triple-stranded helical structure of 8-
1,3-glucans is stable and remains intact over a wide range of
temperature, pH, and ionic strength.!'”! The thermal stability
of the triple-stranded helical structure of CUR-DA in water/
DMSO and methanol/DMSO was evaluated by CD spec-
troscopy (see Supporting Information, Figures S9 and S10).
The CD signal intensities changed upon raising the tempera-
ture; however, the changes were small relative to those in-
duced by changing the solvent composition. Also, the resist-
ance against base was assessed by the addition of 1.0m aque-
ous NaOH to the solution of CUR-DA. In general, the
triple-stranded helical structure of 3-1,3-glucans is stable up
to pH 13.1'7 Indeed, we observed almost no change in the
UV/Vis and CD spectra upon the addition of NaOH of up
to 60 mm (Figure 3). These features of CUR-DA are consis-
tent with those of the triple-stranded helical structure of
native [3-1,3-glucans.

To explain these spectroscopic properties of CUR-DA, we
constructed a molecular model of a right-handed, triple-
stranded helical structure of CUR-DA by molecular-me-
chanics calculations (Figure 4a; see Experimental Section
for details). The structure obtained implies that the 4-anili-
no-1,2,3-triazole moieties can be aligned in the manner of
H-type aggregation, as evidenced by the UV/Vis spectral
data. The H-type aggregation results from the tight triple-
stranded helical structure brought forth by the 1D architec-
ture of CUR-DA. The helical arrangement of the 4-anilino-
1,2,3-triazole moieties in such a stacked alignment could be
attributed to the origin of the observed enhancement of the
CD signals (Figure 5), whereas the bias of chirality is diffi-
cult to predict from this model. We consider that the hydro-
gen bonding shown in red in Figure 4b may contribute to
the bias of chirality.
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Figure 3. UV/Vis and CD spectra of CUR-DA (2.1 x107m) in a) water/DMSO (Vy=0.5) and b) methanol/DMSO (V;=0.5) at 25°C upon the addition
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Figure 4. a) Computer-generated Corey-Pauling—Koltun (CPK) model
for the right-handed, triple-stranded helical structure of CUR-DA.
b) Possible hydrogen-bonding mode between glucose in the main chain
and the 4-anilino-1,2,3-triazole moiety. The diethylene glycol groups were
substituted by methyl groups for clarity.

Microscopic Observations by AFM and TEM

To obtain further insight into the structural properties of
CUR-DA in various solvents, we carried out microscopic
observations by means of atomic force microscopy (AFM).
Figure 6a and b shows typical AFM images of the samples
spin-cast from DMSO and water/DMSO (Vy=0.5), respec-
tively, on highly oriented pyrolytic graphite (HOPG). CUR-
DA spin-cast from DMSO (single-stranded structure) ap-
pears tangled on the AFM images as a result of its flexible
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Triple-stranded helical structure

Figure 5. Schematic representation of the possible assignment of the
UV/Vis and CD spectral data.

conformation (Figure 6a). In contrast, CUR-DA spin-cast
from water/DMSO at Vy=0.5 (triple-stranded structure)
displays a rodlike, fibrous structure in the AFM images (Fig-
ure 6b). The height of these structures is approximately
1.7 nm, which can be ascribed to the diameter of the ideal
triple-stranded helical structure of CUR-DA (3.5 nm) esti-
mated from theoretical calculations (Figure 4a). The tip-in-
duced deformation of the sample might reduce the height of
the polymers.'® From the average molecular weight (M,,) of
CUR-DA estimated by SEC and the length of one pitch
(=~1.8nm as a 6, helix) of the triple-stranded helical struc-
ture of B-1,3-glucan, we estimated the average molecular
length of the triple-stranded helical structure of CUR-DA
to be about 380 nm. This length is almost comparable to the
length of the fibrous objects observed in Figure 6b and c.
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Figure 6. AFM height images of CUR-DA on HOPG spin-cast from
a)DMSO and b, c)water/DMSO (Vy=0.5) (10 pugmL™", 5uL,
5000 rpm). The cross-sectional analyses along the dotted lines in the
images are shown.

These results support the view that CUR-DA adopts the
triple-stranded helical structure in water/DMSO (Vy=0.5).

If CUR-DA adopts the triple-stranded structure, the ini-
tial concentration that is set for the preparation of the
triple-stranded helical structure should exert a strong influ-
ence on the morphology. First, we increased the amount of
CUR-DA that showed individual fibrous objects by spin-
casting an appropriate amount of the solution. As shown in
Figure 7b, CUR-DA spin-cast from water/DMSO (Vy=0.5)
displayed a significant change in morphology from individu-
al rodlike fibrous objects to a sheetlike structure composed
of aligned rodlike fibrous objects with the same height as
that of the rodlike fibrous objects in Figure 6b (see also
Supporting Information, Figure S12). In contrast, CUR-DA
spin-cast from DMSO became highly tangled due to the
flexible nature of its single-stranded random coil structure
(Figure 7a). Second, we increased the initial concentration
of CUR-DA from 10 to 100 pgmL™". Figure 7 c shows a typi-
cal AFM image of the sample spin-cast from a 1:10 diluted
solution of CUR-DA in water/DMSO (100 uygmL™", Vy=
0.5) on HOPG:; the original solution (100 ugmL™") covered
almost the whole surface of the HOPG substrate. This AFM
image is different from Figure 7b: it shows a network struc-
ture with almost the same height as that of the rodlike ob-
jects in Figure 6b. As the changes in the UV/Vis and CD
spectra were nearly independent of concentration from 2 x
107° to 4x107*m (i.e., from 10 to 200 ugmL™") (see Support-
ing Information, Figure S13), the fundamental structure in
this concentration range should be the same. Therefore, this
morphological difference caused by a change in the initial
concentration indicates that CUR-DA adopts a multistrand-
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Figure 7. AFM height images of CUR-DA on HOPG spin-cast from
a) DMSO, b) water/DMSO (Vy=0.5) (10 ygmL~", 25 uL , 3000 rpm),
and c) water/DMSO (Vy=0.5) (1:10 diluted solution of 100 ugmL™',
25 uL, 3000 rpm). The cross-sectional analysis along the dotted line in c)
is shown. d) TEM image of CUR-DA on carbon-coated copper grid cast
from water/DMSO (Vy=0.5) (1:10 diluted solution of 100 pgmL',
10 uL).

ed structure, most probably triple-stranded, in water-rich
DMSO solvents.

To obtain further information on the structure of the net-
work, we carried out microscopic observations by means of
transmission electron microscopy (TEM). Figure 7d displays
a typical TEM image of a sample of CUR-DA prepared ac-
cording to the method used for the AFM observations (Fig-
ure 7¢). The image clearly shows the presence of the net-
work structure, including several diverging points demon-
strated by the arrows (three or four branches). These diverg-
ing points can be explained by formation of the network
structure connected by the triple-stranded helical structure
(Figure 8). With the pieces of evidence obtained by spectro-
scopic and microscopic investigations, it is reasonable to
consider that CUR-DA adopts the triple-stranded helical
structure in water- and methanol-rich DMSO solvents, al-
though we cannot exclude the possibility of formation of
some other fibrous structures. This point would be clarified
by X-ray diffraction measurements of the oriented fiber sub-
strate, the preparation of which is still unsuccessful.

Influence of Metal-Ion Binding on the Triple-Stranded
Helical Structure

Control over multistranded helical structures, such as the in-
terconversion of the double- and single-stranded structures
of DNA, by means of external stimuli plays important roles
in biological processes. Moreover, such a structural change

Chem. Asian J. 2007, 2, 1290-1298
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)

Figure 8. Schematic representation of the morphology of CUR-DA on
HOPG, which depends on the preparation conditions: formation of the
triple-stranded helix in a dilute solution (A) or in a concentrated solution
(two types of diverging point are shown) (B), and aggregation of the
triple-stranded helix prepared from the dilute solution on HOPG (C).

attracted much attention in the field of supramolecular
chemistry with the aim of exploiting the mechanical mod-
ules used in nano- as well as
biotechnology.'*?!! Herein, we
evaluated the influence of
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of the absorption band (292 —294 nm). In contrast, in meth-
anol/DMSO at V\;=0.5 (Figure 9b), the CD signal intensity
decreased with an increase in the concentration of Zn** and
finally resulted in an inversion from the negative to the posi-
tive Cotton effect, which was accompanied by a distinct red
shift of the absorption band (286—294 nm). This spectral
change is very similar to that observed for the structural
transition from the triple-stranded helical structure to the
single-stranded structure. Figure 9c shows the plots of CD
signal intensity against the concentration of Zn?* for both
solutions. The plot for DMSO shows a conventional binding
curve, and the CD signal intensity was saturated at approxi-
mately 1.0 mm of Zn**. In contrast, the plot for methanol/
DMSO at Vy=0.5 has an induction period, and the CD
signal intensity increased suddenly from 1.0 mm and saturat-
ed at approximately 5.0 mm of Zn**. This result can be ex-
plained thus: the binding of Zn?* to CUR-DA in the triple-
stranded helical structure is suppressed because of its rigidi-
ty, whereas, once Zn** binds to the triple-stranded helical
structure, the transition to the single-stranded structure can
occur in a concerted manner to result in cooperative binding
of the Zn** ion.

To obtain further insight into these spectral changes, the
structural-transition curves of CUR-DA in the presence of
Zn** and Na* ions were evaluated. As shown in Figure 9d,
the presence of Zn>* strongly affected the structural curve.

metal-ion binding on the struc-
ture of CUR-DA. The experi-
ments were conducted by using
a mixed methanol/DMSO sol-
vent, because metal-ion-ligand
interactions are stronger in
methanol/DMSO than in water/
DMSO. Furthermore, as the
structural-transition curve ob-
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Figure 9. UV/Vis and CD spectra of CUR-DA (2.1 x107°m) in a) DMSO and b) methanol/DMSO (Vy,=0.5) at
25°C upon addition of Zn(OAc),"(H,0), (0—6.4 mm). c) Plots of CD signal intensity at 308 nm in DMSO (A)
and at 298 nm in methanol/DMSO (Vy=0.5) (B) versus the concentration of Zn(OAc),(H,0),. d) Plots of
CD signal intensity at 298 nm in the absence (A) and presence of Zn(OAc),(H,0), (10 mm) (B) and NaSCN
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In contrast, the presence of Na*t showed almost no influence
on the transition (Vy=0.35), thus indicating that the inter-
action between Nat and CUR-DA is negligible under these
conditions. It was reported that 1,2,3-triazole can bind tran-
sition-metal ions,” and the OH groups of sugar moieties
can participate as second binding sites in metal-ion bind-
ing.” We thus presume that Zn>* could be bound to the
1,2,3-triazole and OH groups at the C2 and C4 positions. To
obtain some insight into the binding mode of Zn** to CUR-
DA, the '"H NMR spectral changes were evaluated; howev-
er, serious broadening of signals made it difficult (see Sup-
porting Information, Figure S14) .

In view of this behavior, the modulation of the formation
of the triple-stranded helical structure of CUR-DA was in-
vestigated. As 1,4,8,11-tetraazacyclotetradecane (cyclam) ex-
hibits extremely high affinity to transition metals,* the ad-
dition of cyclam would remove the Zn?* ions bound to
CUR-DA in the form of the single-stranded structure, and
CUR-DA would recover the triple-stranded helical struc-
ture. As a result, alternate addition of Zn(OAc),(H,0), or
cyclam would lead to interconversion between the triple-
stranded helical structure and the single-stranded structure
at V=0.5. Figure 10a shows the UV/Vis and CD spectral
changes of CUR-DA upon the alternate addition of Zn-
(OAc),2H,0 and cyclam. The results clearly indicate the re-
versible modulation between the triple-stranded helical
structure and the single-stranded structure (Figure 10c).

S. Shinkai et al.

ance to base; these attributes are similar to those of the
triple-stranded helical structure of native f3-1,3-glucans such
as schizophyllan. Interestingly, we succeeded in modulating
the formation of the triple-stranded helical structure sequen-
tially upon the addition of Zn** ions or cyclam to a solution
of CUR-DA.

It is already known that 3-1,3-glucan polysaccharides are
capable of including various 1D objects such as certain
DNA molecules, carbon nanotubes, conjugated polymers,
and so on as “polymeric” hosts.'"'?! In the inclusion process,
however, it is necessary to dissociate the triple-stranded hel-
ical structure into the single-stranded structure, which can
interact with these 1D objects. The present findings there-
fore imply that this process can be easily controlled by using
B-1,3-glucan polysaccharides with introduced functional
groups. Furthermore, the creation of 2D, 3D, and aligned
1D composites would become possible by the skilful utiliza-
tion of these introduced functional groups. We therefore be-
lieve that the information obtained in this study are useful
for the further development of “polymeric” supramolecular
chemistry in the field of 3-1,3-glucan polysaccharides.

Experimental Section
Materials and Methods

'"H NMR spectra were obtained on a Brucker DRX600 or AV300M spec-
trometer. Tetramethylsilane (TMS) was used as the reference. IR spectra
were obtained on a Perkin—-Elmer
Spectrum One FTIR spectrometer.
UV/Vis and CD spectra were obtained
in 1-cm or 1-mm quartz cells on a

Jasco V-570 spectrometer and a Jasco
J-710 spectropolarimeter, respectively.
Fluorescence spectra were obtained on
cyclam a Perkin-Elmer LS-55 luminescence
spectrometer. AFM measurements

cyclam
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Figure 10. Formation of the triple-stranded helical structure of CUR-DA modulated by metal ions (Zn**).
a) UV/Vis and CD spectra of CUR-DA (2.1 x 10 °m) in methanol/DMSO (V,=0.5) at 25°C upon the addition
of Zn(OAc),-(H,0), (5.0 mm) or cyclam (5.0 mm) in cycles. b) Plot of CD signal intensity at 298 nm versus the
number of cycles. ¢) Schematic representation of the control over the formation of triple-stranded structure by

zinc(II) ions.

Conclusions

We have demonstrated that CUR-DA adopts a triple-strand-
ed helical structure in water- or methanol-rich DMSO sol-
vents and that the chromophoric groups introduced at the
peripheral positions are aligned helically in the manner of
H-type aggregation, as evidenced by spectroscopic measure-
ments and microscopic observations. The triple-stranded
helical structure exhibits high thermal stability and resist-
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were performed with a Nanoscope Illa

s microscope (Veeco Instruments, Santa
® e Barbara, CA) in air at ambient tem-
perature with standard silicon cantile-
vers (RTESP, Veeco Instruments, San-
tabarbara, CA) in tapping mode.
Nanoscope image-processing software
cyclam was used for image analysis. TEM
images were acquired with a JEOL
TEM-2010 transmission electron mi-
croscope (accelerating voltage 120 kV,
beam current 65 nA). SEC was per-
formed with a Jasco PU-1580 Plus
liquid-chromatography system
equipped with a UV/Vis detector
(UV-1570 Plus), a refractive-index
(RI) detector (RI-2031 Plus), and a
column oven (CO-2060 Plus). An SEC column (TSKgel a-4000, Tosoh)
was connected, and DMSO was used as the eluent at a flow rate of
0.3 mLmin~" at 40°C. The molecular-weight calibration curve was ob-
tained with pullulan standards (Shodex). Molecular modeling was per-
formed on SGI WS by using the Insight II/Discover 3.0 program with the
CVFF force field. The starting main-chain conformation of CUR-DA was
based on the crystal structure of the triple-stranded helical structure of
CUR," and the right-handed, triple-stranded helical structure was con-
strained. The constructed model was optimized by the conjugate-gradient
method until the root-mean-square value became less than

Chem. Asian J. 2007, 2, 1290-1298
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0.1 kcalmol ' A~ CUR (M,,=1000000), 4-ethynylaniline, and cyclam
were obtained from Wako Chemicals, TCI, and Aldrich, respectively.
Spectroscopic-grade DMSO was obtained from Kishida Chemicals and
used for all measurements. All other starting materials and solvents were
purchased from chemical companies and used as received.

Sample Preparation for AFM and TEM

The following provides a typical example of the approach. A solution
was spin-cast on freshly cleaved HOPG with a spin-coater (K-359 S1,
Kyowariken). The substrate was dried under reduced pressure for at least
6 h and subjected to AFM observation. The same solution was placed on
a copper TEM grid on an elastic carbon-support film (20-25 nm) with
filter paper underneath, and the excess solution was removed with the
filter paper immediately. The TEM grid was dried under reduced pres-
sure for at least 6 h prior to TEM observation.

Syntheses

1: Compound 1 was synthesized according to the reported method for
similar compounds (Scheme 1).” 2-(2-Chloroethoxy)ethanol (4.0 mL,
2.2 equiv) was added to a solution of 4-ethynylaniline (2.0 g, 17 mmol),
K,CO; (5.2¢g, 22equiv), and KI (283 mg, 0.1 equiv) in 1-butanol
(20 mL), and the mixture was heated under reflux and argon atmosphere
for 3days. The reaction mixture was diluted with dichloromethane
(100 mL) and washed with water (2x50 mL). The organic layer was
dried over sodium sulfate, and the solvent was removed under reduced
pressure. The residue was purified by column chromatography (SiO,,
CH,Cl,/acetone =4:1 v/v) to afford 1 (1.5 g, 30 %) as an orange oil. FTIR
(neat): #=3393, 3277, 3096, 3041, 2869, 2097, 1605, 1515, 1353, 1181,
1116, 1055, 816, 532 cm™'; "H NMR (600 MHz, CDCl;, 25°C): 6="7.34 (d,
J=8.6 Hz, 2H, ArH), 6.64 (d, J=8.8 Hz, 2H, ArH), 3.71-3.66 (m, 8H,
CH,), 3.61-3.56 (m, 8H, CH,), 2.97 (s, 1H, C,CH), 2.59 ppm (d, J=
5.0 Hz, 2H, OH) (see Supporting Information, Figure S1); MS (MALDI-
TOF, dithranol): m/z caled for C;¢H,3sNO,: 293.16 [M]*; found: 293.14.

CUR-DA: Water (0.7mL), propylamine (0.7 mL), CuBr, (7.6 mg,
5mol %), ascorbic acid (30.0 mg, 25 mol%), and 1 (500 mg, 2.5 equiv
(monomer unit)) were added to a solution of Cur-N;'™ (127 mg,
0.68 mmol (monomer unit)) in DMSO (7mL) (stirred for 2h at room
temperature to dissolve Cur-N; in DMSO completely). The solution was
stirred at room temperature for 12 h and dialyzed by distilled water with
a SpectraPor membrane (MWCO: 8000, wet with 0.1% sodium azide)
for 2 days, and the resulting solid was collected by filtration and dried in
vacuo to afford CUR-DA (160 mg, 49 %) as a pale-brown powder. FTIR
(powder): 7=3444, 3017, 2970, 2923, 1739, 1617, 1505, 1366, 1217, 1054,
813, 527cm™' (see Supporting Information, Figure S3); 'H NMR
(300 MHz, [D¢]DMSO, 25°C): 0=8.53 (s, 1H, triazole H), 7.71 (br, 2H,
ArH), 6.74 (br, 2H, ArH), 5.82 (br, 1H, OH), 5.23-4.80 (m, 2H, OH and
1-H), 4.58 (s, 2H, OH), 3.75-3.30 ppm (m, 22H (overlapped with water),
NCH,CH,0CH,CH,0H, 2-H, 3-H, 4-H, 5-H, and 6-H) (see Supporting
Information, Figure S2); elemental analysis: caled (%) for C,H3N,Oy
(H,O)p75: C 5349, H 6.83, N 11.34; found: C 53.67, H 6.62, N 11.52;
SEC: M, =6.0x10°, M,/M,=1.6.
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Design of Binaphthyl-Modified Symmetrical Chiral Phase-Transfer Catalysts:
Substituent Effect of 4,4',6,6'-Positions of Binaphthyl Rings in the
Asymmetric Alkylation of a Glycine Derivative
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Abstract: A series
chiral phase-transfer catalysts with
4.,4'.6,6'-tetrasubstituted binaphthyl
units have been designed, and these
aryl- and trialkylsilyl-substituted phase-

of symmetrical

Keiji Maruoka**

Schiff base under mild phase-transfer
conditions, and the eminent substituent
effect of the 4,4',6,6'-positions of the bi-
naphthyl units on enantioselection was
observed. In particular, the OctMe,Si-

highly efficient for the phase-transfer
alkylation of tert-butylglycinate-benzo-
phenone Schiff base with various alkyl
halides, including sec-alkyl halides. The
highly fluorinated catalyst was also uti-

transfer catalysts, which included a
highly fluorinated catalyst, were pre-
pared. The chiral efficiency of these
chiral phase-transfer catalysts was in-
vestigated in the asymmetric alkylation
of  tert-butylglycinate-benzophenone

Introduction

Enantioselective reactions that use chiral phase-transfer cat-
alysts provide one of the most useful methods for practical
asymmetric synthesis because of its simple reaction proce-
dures and mild reaction conditions.? In 1989, O’Donnell
et al. reported the asymmetric synthesis of natural and non-
natural o-amino acids by enantioselective alkylation of pro-
chiral protected glycine derivatives with a Cinchona alkaloid
derived chiral phase-transfer catalyst,”] and recently, Corey
etal.,™ Lygo etal.”! Nijera and co-workers,® and Jew,
Park, and co-workers”! developed more efficient Cinchona
alkaloid derived chiral catalysts for this system. However,
almost all the elaborated chiral phase-transfer catalysts re-
ported so far have been restricted to Cinchona alkaloid de-
rivatives, which unfortunately constitute a major difficulty in
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substituted catalyst was found to be
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lized as a recyclable chiral phase-trans-
fer catalyst by simple extraction with
fluorous solvents.

molecular

the rational design and fine-tuning of phase-transfer cata-
lysts. In 1999, we contributed to this area by introducing bi-
naphthyl-modified N-spiro-type chiral phase-transfer cata-
lysts of type 1, which were applied to the highly efficient
catalytic enantioselective alkylation of tert-butylglycinate—
benzophenone Schiff base (2) with excellent enantioselectiv-
ity (Scheme 1).5% After our report, several new types of
chiral phase-transfer catalysts derived from tartaric acid™”
and others!"!! have been developed, and the further develop-
ment of efficient chiral phase-transfer catalysts is of great in-
terest in the field.

In this study, the introduction of 3,3'-diaryl substituents to
the chiral ammonium bromide 1a was found to be crucially

0
+ PhGH,Br catalyst 1 (1 mol%) Ph C_N%
_catalyst1 (Tmol)  ppo=
Ph,C= N\AO,BU toluene/50% ag. KOH - OtBu

0°c 3 “Ph

Ar _
Br Ogﬂ
OO +

). 1b (Ar = Ph), 1c(Ar—[3Np ). 1d (Ar = 3,5-Ph,CgHs)

1a: 90% (81% ee)
1b: 82% (89% ee)
1c: 95% (96% ee)
1d: 91% (98% ee)

1a(Ar=H

Scheme 1. Asymmetric alkylation of glycine derivative 2 with chiral
phase-transfer catalyst 1. Np=naphthyl.
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important for obtaining high enantioselectivity.’! However,
from the viewpoint of simple catalyst design, unsymmetrical
catalysts such as 1b-d require the troublesome synthesis of
both right- and left-hand parts of the molecules. Clearly, the
preparation of a symmetrical chiral ammonium bromide of
type 4 has a distinct advantage over unsymmetrical 1b-d
(Scheme 2). Unfortunately, however, the attempted synthe-

R= SM%OW
R = SiMea(CH2CH;CaF17))

CHzBr BrCH2
CHZBr BrCH2
Ga—

Scheme 2. Synthesis of symmetrical catalysts 5.

sis of symmetrical 3,3'-diaryl-substituted chiral ammonium
salts of type 4 was found to be totally unsuccessful in the
preparation step due to steric repulsion of the tetraaryl sub-
stituents. Accordingly, we were interested in examining the
effect of 4,4'-substituents, particularly 4,4',6,6'-substituents of
the symmetrical catalysts of type S, owing to synthetic con-
venience.'>"*l Easy introduction of trialkylsilyl moieties on
the binaphthyl rings further expands the scope of our re-
search. Thus, symmetrical catalysts of type 5 can be pre-
pared from the corresponding dibromide 6 and aqueous am-

Abstract in Japanese:

EFTFIVERD 446,68 MAZT VY —LERT Y TAXALI YL
R EALUEBBBMEOT VA U RUEREITV., ZhbOf
PIEMEE 7Y U BEEEADREF TR NMGIC L > TEME LI & 2 A,
EF 7 FIVERED 4,4,6,6' fLOBBREN T FAEREICERE
HEEHEZDHILERH L, BICVAFAT I FAL Y VLR E
AL fliflt Sg i3, ERMTAIANT A REFDRBET ALF AN
FA RERAWZZ )V UFEE 2ORE T X IMERISIZEB TR
LR REREE XL, IDICAE S 0EERRIZ. VAT R
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monia as a most economical nitrogen source. Herein, we
report the convenient synthesis of symmetrical catalysts of
type S and their substituent effects in the asymmetric alkyla-
tion of glycine derivative 2. Also, highly fluorinated symmet-
rical catalyst Sh was conveniently prepared and applied to
the recovery technique used for such fluorous catalysts.!'"]
This fluorinated catalyst Sh demonstrates the first example
of a recyclable fluorous chiral phase-transfer catalyst.!"”

Results and Discussion

Synthesis of 4,4',6,6'-Tetrasubstituted Symmetrical Chiral
Ammonium Bromides

Initially, we synthesized 4,4,6,6'-tetraaryl-substituted chiral
ammonium bromides 5a and 5b from the known 4,4',6,6'-
tetraarylbinaphthols 7a and 7b,™ respectively, in a five-
step sequence (Scheme 3). Thus, 4,4',6,6'-tetraphenylbinaph-
thol (7a) was transformed with Tf,0 and Et;N into the cor-
responding bistriflate 8a, which was subjected to Pd-cata-
lyzed carbonylation with CO (gas) and MeOH to furnish
bisester 9a. Reduction of 9a was effected with LiAIH, to
afford diol 10a, which was further treated with BBr; to
afford dibromide 6a. Finally, treatment of 6a with an excess
of aqueous ammonia in CH;CN gave directly the desired N-
spiro-type chiral ammonium bromide 5a in high yield.
Chiral ammonium bromide 5b was also synthesized from 7b
in a similar manner.

For the synthesis of polysilylated chiral phase-transfer cat-
alysts 5c-h, 4,4',6,6'-tetrakis(trialkylsilyl)binaphthols 7c¢-h
were prepared from known 4,4,6,6'-tetrabromobinaphthol
(1)1 (Scheme 4). Trialkylsilyl groups of various sizes,
which included a highly fluorinated trialkylsilyl group, were
easily introduced in a similar manner. Thus, lithiation of
4,4',6,6'-tetrabromobinaphthol MOM ether (12) with BuLi
in THF and subsequent trapping of the resulting tetraanion
with commercially available trialkylsilyl chlorides gave the
corresponding polysilylated binaphthol MOM ethers 13 ¢-h.
Deprotection of 13c-h was carried out with TsOH to fur-
nish 4,4',6,6'-tetrakis(trialkylsilyl)binaphthols 7c¢-h. Further
transformation to the desired polysilylated chiral ammonium
bromides Sc-h was effected from 7c¢-h in a similar manner
as described for the synthesis of 5a and 5b, except for the
use of a different bromination agent.

Catalytic Asymmetric Phase-Transfer Alkylation of
tert-Butylglycinate-Benzophenone Schiff Base: Substituent
Effect of the 4,4,6,6'-Positions of Symmetrical Catalysts 5

With efficient synthetic schemes in hand, we set out to eval-
uate these symmetrical chiral ammonium salts as chiral
phase-transfer catalysts in the asymmetric alkylation of tert-
butylglycinate-benzophenone Schiff base (2). First, we ex-
amined the chiral efficiency of the symmetrical catalysts Sa—
g in comparison with nonsubstituted symmetrical catalyst 1a
by the asymmetric benzylation of glycine derivative 2. Thus,
the asymmetric benzylation of 2 with benzyl bromide in
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Scheme 3. Synthesis of 4,4,6,6'-tetraaryl-substituted symmetrical chiral ammonium bromides 5a and Sb.

DMSO =dimethyl sulfoxide, DPPP =1,3-bis(diphenylphosphanyl)propane, Tf = trifluoromethanesulfonyl.

aqueous KOH/toluene under the influence of 1 mol % of Sa
gave the corresponding benzylation product 3 (R'=CH,Ph)
in 85% yield with 92% ee (Table 1, entry 2; 81% ee with
1 mol% 1a under similar reaction conditions: entry 1). En-
couraged by this positive observation, we further examined
other 4,4'6,6'-tetrasubstituted catalysts Sb—g, and benzyla-
tion product 3 (R'=CH,Ph) was obtained with high enantio-
selectivity (94-99 % ee; Table 1, entries 3-8). Next, we ex-

ty (88-93% ee;

12 (99%

CO (gas)

OH | THO,EtN OTf DPPP

Pd(OACc),,

CHZCIZ
-78 °C— RT

oTs iPr2NEt, MeOH/DMSO
100 °C, 15 atm

7c-h (92—99%) 8c-h (64—99%)

OMOM

OMOM

13c-h 78 92%)

COOMe
COOMe

9¢-h (78—91 %)

NaH

_Mowmcl_ OMOM | Bui_ scl
T TTHE . THE
0°C—RT OMOM _7gec  —78°C—RT
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amined the methylation of 2
with symmetrical catalysts Sa—
g, because catalyst la gave
only low enantioselectivity
(33% ee) in the case of meth-
ylation (Table1, entry9). In
the reaction with methyl
iodide, CsOH-H,0O was em-
ployed as a base to attain suffi-
cient reactivity.’! The methyla-
tion of 2 under the influence of
5a gave the product 3 (R'=
Me) in 94% yield with higher
enantioselectivity (52%  ee)
(Table 1, entry 10). Use of 5b
as a catalyst further increased
the enantioselectivity to 72 %
ee (Table 1, entry 11). Finally,
the use of polysilylated cata-
lysts Sc—g provided further en-
hancement of enantioselectivi-

Table 1, entries 12-16). The selectivities
were somewhat influenced by the silyl substituents of polysi-
lylated catalysts Sc—g in the asymmetric benzylation and
methylation of glycine derivative 2. In the benzylation reac-
tion, sterically less hindered silyl groups gave higher enan-
tioselectivity (SiMes: 99% ee, SiEt;: 97 % ee, SiBus: 94 %
ee; Table 1, entries 4-6). On the other hand, in the reaction
with a small alkyl halide such as methyl iodide, sterically

TsOH

CH,Cl,/MeOH
40°C

Si
Si
_LAH, CH,OH gy, CBr, PPhy OO CHyBr 289 aq. NH,
P Beoh (88-95%)
e - CH,OH ngRT CHBr  CHICN o (5= siMe,)
C—»RT — reflux d(Si= SiEty)
Si e (Si = SiBuy)
Iy f (Si= SiMe,Ph)

g (Si = SiMe,Oct)

| - 0,
10c-h (95 99%) h(S7 = SiMe,(CH,CH,CqF 17))

6¢c—h (95-99%)

Scheme 4. Synthesis of 4,4',6,6"-tetrasilyl-substituted symmetrical chiral ammonium bromides 5c¢—h. MOM =methoxymethyl, Ts=p-toluenesulfonyl.
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Table 1. Substituent effect of symmetrical catalysts in the enantioselec-
tive phase-transfer alkylation of 2.
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Table 2. Catalytic enantioselective phase-transfer alkylation of 2 with
sg_[al

o o
0 talyst (1 mol% o 9
Ph C:N\)J\ + RX catalyst (1 mol’) PhZC:N%J\ Ph C:N\)J\ + RX 59 (1 mol%) PhZC:N%OIB
2 OtBu toluene/50% aq. KOH H A”R‘ OtBu 2 OfBu toluene/50% ag. KOH o ,R u
2 0°c 3 2 0°C 3
Entry R'X Catalyst t Yield®  eel [%] Entry R'X t Yield"® e [%]
[h]  [%] (config,)ld! [h] [%] (config.)!

1 PhCH,Br 1a (R=H) 12 90 81 (S) 1 PhCH,Br 17210 96 99 (S)

2 5a (R=Ph) 4 85 92 (S) 2 B 96 98 98 (S)

3 5b (R=3,5-Ph,CJH,) 24 &7 97 (S) s

4 5S¢ (R=SiMe;) 50 9 99 (S) 3 Z e 32 % 99.(5)

5 5d (R=SiEt;) 60 96 97 (S) Br

6 5e (R=SiBu,) 120 97 94 (S) 4 e 77 90 99 (5)

7 5f (R =SiMe,Ph) 26 98 98 (S)

=Si Br
8 5g (R=SiMe,Oct) 172 96 99 (S) s /©/\ 168 % % (5)
F
[e] _

9[0I Mel 1a (R=H) 12 94 33(S) 6 Mel 14 o 93 (5)
10M 5a (R=Ph) 12 83 52.(S) e Bil 10 &7 98 (5)
1 5b(R=35-Ph,CH;) 12 86 72 (S) gl Hexl 10 81 97 (5)
120 5¢ (R=SiMe;) 10 93 88 (S) |
131l 5d (R=SiEt,) 12 90 90 (S) 9t \r 15 70 95 (S)
140 5e (R=SiBu,) 10 92 92 (S) |
151 5¢f (R =SiMe,Ph) 2 92 92 (S) 10 O/ 15 75 96 (S)
16! 5g (R=SiMe,Oct) 14 92 93 (S)

[a] Unless otherwise specified, the reaction was carried out with
1.2 equivalents of R'X in the presence of 1 mol% catalyst in 50% aque-
ous KOH/toluene (1:3 v/v) under the given reaction conditions and argon
atmosphere. [b] Yield of isolated product. [c] The enantiopurity of 3 was
determined by HPLC analysis of the alkylated imine with a chiral
column (Daicel Chiralcel OD or OD-H) and hexane/isopropanol as sol-
vent. [d] The absolute configuration of 3 was determined by comparison
of the HPLC retention time with that of the authentic sample, which was
independently synthesized by the reported procedure.” [e] 5.0 equiva-
lents each of R’X and CsOH-H,O as a base were used, and the reaction
was performed at —20°C.

more hindered silyl groups gave higher enantioselectivity
(SiMes: 88 % ee, SiEt;: 90% ee, SiBus: 92% ee; Table 1, en-
tries 12-14). In both cases, catalyst 5g (R =SiMe,Oct) exhib-
ited the highest asymmetric induction (Table 1, entries 8 and
16).

With this information in hand, we investigated the gener-
ality of catalyst 5g (R=SiMe,Oct) with various alkyl hal-
ides, and the results are summarized in Table 2. Because of
the steric hindrance (or long alkyl chains) of the dimethyloc-
tylsilyl groups in catalyst 5g, the asymmetric alkylation of
glycine derivative 2 proceeded slowly (Table 2, entries 1-5).
Accordingly, the stronger base CsOH-H,O was utilized in-
stead of aqueous KOH for unreactive alkyl halides to accel-
erate the rate of alkylation (Table 2, entries 6-10). In gener-
al, uniformly high asymmetric induction was observed (93—
99% ee). Excellent enantioselectivity (95-96% ee) was at-
tained in the asymmetric alkylation with sec-alkyl halides
(Table 2, entries 9 and 10), which is known to be the hither-
to difficult catalytic asymmetric alkylation of a glycine anion
equivalent.’!*! These results clearly demonstrate the effec-
tiveness of catalyst Sg for the enantioselective synthesis of
both natural and nonnatural o-amino acids.

Chem. Asian J. 2007, 2, 1276 -1281
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[a] Unless otherwise specified, the reaction was carried out with
1.2 equivalents of R'X in the presence of 1 mol% 5g in 50% aqueous
KOH/toluene (1:3 v/v) under the given reaction conditions and argon at-
mosphere. [b] Yield of isolated product. [c] The enantiopurity of 3 was
determined by HPLC analysis of the alkylated imine with a chiral
column (Daicel Chiralcel OD or OD-H) and hexane/isopropanol as sol-
vent. [d] The absolute configuration of 3 was determined by comparison
of the HPLC retention time with that of the authentic sample, which was
independently synthesized by the reported procedure.” [e] 5.0 equiva-
lents each of R'X and CsOH-H,O as a base were used, and the reaction
was performed at —20°C. [f] 32 % yield over 24 h.

A Recyclable Fluorous Chiral Phase-Transfer Catalyst

A further useful advance in the field of chiral phase-transfer
catalysis would involve the design of easily recyclable cata-
lysts. In this context, we are interested in the possibility of
designing a fluorous chiral phase-transfer catalyst as a recy-
clable catalyst, as fluorous phase-separation techniques for
the recovery of fluorinated catalysts have been found to be
most useful in recently advanced catalyst-recovery tech-
niques,' and some fluorous chiral metal catalysts have
been developed for this method.*%'"18 We examined the
chiral efficiency and reusability of the polyfluorinated
phase-transfer catalyst Sh. In the aqueous KOH/toluene bi-
phasic system, catalyst Sh becomes heterogeneous due to its
low solubility in toluene.!'” Nevertheless, 5h was found to
promote the benzylation efficiently to give the alkylated
product 3 (R'=CH,Ph) with good enantioselectivity (90 %
ee; Table 3, entry 1).2% After the reaction, catalyst Sh was
easily recovered by simple extraction with FC-72" as a flu-
orous solvent (Scheme 5)?? and could be utilized for the
next run without any loss of reactivity and selectivity
(Table 3, entries 1-3). Other selected examples with several
alkyl halides are also listed in Table 3.
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Table 3. Chiral efficiency and reusability of fluorous chiral catalyst 5h.!"!

o]
o] 5h (3 mol%)
_ + R'X Ph,C=N 7)J\
PhC N\)J\OtBu toluene/50% aq. KOH o I"R" OtBu
2 0°c 3

Entry R'X t Yield® [%] eel [%]

[h] (config.)ld!
1 PhCH,Br 96 82 90 (S)
2Ll PhCH,Br 96 79 92 (S)
3M PhCH,Br 96 81 92 (8)
4 =z e 140 81 90 (8)

Br
5 D/\ 70 82 92 (8)
Me
Br
6 94 93 93 (S)
F

7tel Etl 10 83 87 (S)

[a] Unless otherwise specified, the reaction was carried out with
1.2 equivalents of R’X in the presence of 3mol% 5h in 50% aqueous
KOH/toluene (1:3 v/v) under the given reaction conditions and argon at-
mosphere. [b] Yield of isolated product. [c] The enantiopurity of 3 was
determined by HPLC analysis of the alkylated imine with a chiral
column (Daicel Chiralcel OD or OD-H) and hexane/isopropanol as sol-
vent. [d] The absolute configuration of 3 was determined by comparison
of the HPLC retention time with that of the authentic sample, which was
independently synthesized by the reported procedure.” [e] Use of recov-
ered catalyst in Table 3, entry 1. [f] Use of recovered catalyst in Table 3,
entry 2. [g] 10 equivalents each of R'X and CsOH-H,O as a base and
a,0,a-trifluorotoluene as a solvent were used, and the reaction was per-
formed at —20°C.

Toluene Toluene

, 3 (product)

2 (substrate) 3 (product)

——»|product 3

@Y Fe-72
aq. KOH L Separation
FC-72
©  pudey
Reuse ‘

Scheme 5. Recovery and reuse of polyfluorinated catalyst Sh for
asymmetric alkylation of glycine derivative 2.

Conclusions

We have developed synthetically convenient 4,4',6,6'-tetra-
substituted symmetrical chiral phase-transfer catalysts Sa—h
and applied them to the asymmetric alkylation of fert-butyl-
glycinate-benzophenone Schiff base (2). The substituent
effect of the 4,4',6,6'-positions of binaphthyl for chiral effi-
ciency was observed in the asymmetric alkylation, and we
found the SiMe,Oct-substituted catalyst 5Sg to be a very effi-
cient chiral phase-transfer catalyst. This asymmetric phase-
transfer chemistry was further extended to the design of re-
cyclable fluorous chiral phase-transfer catalyst Sh by the in-
troduction of the SiMe,(CH,CH,C¢F,;) group, and good
chiral efficiency and reusability in the asymmetric alkylation
of 2 were attained.

1280 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

K. Maruoka et al.

Experimental Section

General procedure for catalytic enantioselective alkylation of 2 under
phase-transfer conditions (benzylation): Benzyl bromide (0.36 mmol) was
added to a mixture of 2 (0.30 mmol) and catalyst 5g (0.0030 mmol) in tol-
uene (3.0mL) at 0°C under argon atmosphere. Next, aqueous KOH
(50%, 1.0 mL) was added dropwise, and the resulting mixture was stirred
vigorously for 172 h. The mixture was then poured into water and ex-
tracted with Et,O. The organic extracts were washed with brine and
dried over Na,SO,. Evaporation of solvents and purification of the resid-
ual oil by column chromatography on silica gel (Et,O/hexane=1:10)
gave the benzylation product 3 (R'=CH,Ph; 111 mg, 0.288 mmol, 96 %
yield) as a colorless oil. The enantiomeric excess was determined to be
99% ee by chiral HPLC analysis (Daicel Chiralcel OD, hexane/isopropa-
nol=100:1, flow rate=0.5 mLmin ', t=14.8 (R) and 28.2 min (S)). The
absolute configuration was determined by comparing the HPLC reten-
tion time with that of the authentic sample independently synthesized by
the reported procedure.
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Heat-Capacity Changes in Host—-Guest Complexation by Coulomb
Interactions in Aqueous Solution

Koji Kano,* Yoshiyuki Ishida, Kohei Kitagawa, Mayuko Yasuda, and Maki Watanabe!®!

Abstract: Heat-capacity changes
(AC,") were determined for the com-
plexation of 1-alkanecarboxylates with
protonated hexakis(6-amino-6-deoxy)-
a-cyclodextrin  (per-NH;*-0-CD) and
heptakis(6-amino-6-deoxy)-p-cyclodex-
trin (per-NH;*-B-CD). AC,’ decreased
with an increase in the binding con-
stant (K) and plateauved at K=
4000m~'. The complexes of 1-penta-
noate, 1-hexanoate, and 1-heptanoate
with per-NH;*-a-CD are classified as
the host—guest system in which the size
of the guest fits the CD cavity well. In
such a system, van der Waals interac-
tion is the major force for complexa-
tion, leading to a negative AH’ value.
Simultaneously, the water molecules
around the hydrophobic alkyl chain of

released to the aqueous bulk phase,
leading to a positive AS° value. The
negative AC,’ value in such complexa-
tion is ascribed to dehydration of the
hydrophobic alkyl chain of the guest
and extrusion of the water molecules
inside the CD cavity. Meanwhile, the
complexes that show positive AC,’
values are characterized by complexa-
tion in which the guest molecules are
significantly smaller than the CD cavi-
ties. In such a case, the complexation is
endothermic and driven by the entropy
gain. When the guest is much smaller

Keywords: calorimetry - cyclodex-
trins - electrostatic interactions -
hydrophobic effect proteins -
thermodynamics

than the CD cavity, the main binding
force should be Coulomb interaction.
To form an ionic bond, dehydration of
the charged groups must occur. This
process is endothermic and leads to
positive AH’ and AS° values. As the
top of the CD cavity is capped by a
small but hydrophobic alkyl chain, the
water molecules inside the CD cavity
may form the iceberg structure. This
process must be accompanied by a pos-
itive ACPO value. Hence, the complexa-
tion of a small guest with the CD with
a large cavity through Coulomb inter-
actions shows positive and large AC,’
values. These conclusions were applied
to the electrostatic binding of proteins
with an anionic ligand.

the guest and inside the CD cavity are

Introduction

Heat-capacity changes (AC,”) have been widely utilized to
study the unfolding of proteins as well as protein—protein,
protein-ligand,"? protein-DNA,®! and protein-membrane
interactions.! It is assumed that protein unfolding causes
exposure of the hydrophobic part of the protein to the aque-
ous bulk phase to yield ordered water structures around the
exposed part of the protein, thus resulting in a positive ACP‘J
value.®! Conversely, binding of a hydrophobic ligand to a
protein gives a negative AC,’ value due to dehydration from
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both protein and ligand. Such an effect is called “hydropho-
bic interaction”.!! The solvent-accessible surface area
(ASA) is presumed to correlate the exposed hydrophobic
area with AC,’.’ Meanwhile, hydration of a polar or
charged solute and dehydration of polar or ionic groups are
considered to lead to negative and positive AC,” values, re-
spectively.”>71 Numerous examples showing negative or
positive AC,” values in biological systems have been mainly
interpreted in terms of solvent reorientation. There is no
doubt, however, that factors other than solvent reorientation
participate in AC,’; the question is how much each factor
contributes to the total AC, value. Sturtevant predicted posi-
tive AC,” values in events such as 1) exposure of nonpolar
groups to the aqueous phase, 2) hydrogen-bond formation,
and 3) generation of internal vibrational modes.” Indeed,
the explanation of AC,” in terms of ASA has been in
doubt.®” On the basis of their study of the combination of
a random-network model of water and Monte Carlo calcula-
tions, Sharp and co-workers demonstrated that the change
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in heat capacity upon solubilizing a solute in water depends
on the number of hydrogen bonds participating in the first
hydration shell of a hydrophobic solute or in the first and
second hydration shells of a polar solute.”? The difference in
the structures of hydrated water around nonpolar and polar
solutes was considered to cause the difference in the signs of
AC, 1 Although there is controversy over a detailed
theory of AC,” in aqueous solution, it is evident that AC,’
depends on the formation or decomposition of the water
structures around hydrophobic solutes. The problem is an
understanding of ACpo in the cases of polar and charged sol-
utes. There are individual examples of positive AC,’ values
in the complexation of charged host and guest pairs. For ex-
ample, Privalov and co-workers reported positive AC,’
values in electrostatic interactions between a DNA-binding
protein (HMG-D100) with a positively charged (15+) pep-
tide chain at an end of Drosophila melanogaster (HMG-D)
and a DNA duplex, whereas complexation with HMG-D75
with a 5+ charge showed a negative AC,” value.'™ They
simply concluded that dehydration from polar groups results
in positive AC,’ values.” Similarly, electrostatic binding of
a cell-penetrating peptide, CPP R9, with an anionic heparan
sulfate proteoglycan in lipid membranes was reported to
show positive AC,” values at >37°C.*l Meanwhile, De La
Cruz and co-workers interpreted the positive ACP" value in
the complexation of actomyosin VI with ADP in terms of a
temperature-dependent enthalpy change due to endother-
mic isomerization of actomyosin VI that has to occur prior
to binding with ADP'” Endothermic distortion of DNA
was also assumed to be an origin of the positive AC, value
in the complexation of DNA with Sac7d mutants.* The in-
terpretation of ACPO in the complexation of polar or charged
solutes is chaotic.

Herein, we report a well-designed host—guest system in
which AC,’ switches regularly between positive and negative
values in the complexation of positively charged cyclodex-
trins with negatively charged 1-alkanecarboxylates (C,CO,")
of increasing hydrophobicity. Hexakis(6-amino-6-deoxy)-o-
cyclodextrin  (per-NH,-0-CD) and heptakis(6-amino-6-
deoxy)-p-cyclodextrin  (per-NH,-f-CD;  pK,=6.9-8.511)
were chosen as the hosts. At pH 6.0, all the amine groups of
these cyclodextrins were protonated to yield the polycation-
ic hosts (per-NH;*-a-CD and per-NH;*-3-CD), which in-
cluded alkanecarboxylates (pK,=4.7-4.9) through both
electrostatic and van der Waals and/or hydrophobic interac-
tions [Eq. (1)]." The participation of van der Waals and/or

n=6; per-NH;"-a-CD
n=7; per-NH;*-B-CD
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hydrophobic interactions in the complexation with per-
NH;*-a-CD, which has a narrower cavity, may be much
larger than that for per-NH;*-B-CD with the larger cavity.
The present system enables us to measure AC,” values for
host-guest complexation as a function of the balance be-
tween intermolecular van der Waals and/or hydrophobic
and electrostatic interactions.

Results and Discussion
Complexes of C,CO, with Per-NH;*-a- and -p-CD

Thermodynamic studies of alkanecarboxylates and benzoate
with native o- and B-cyclodextrins (a- and B-CDs) are re-
ported elsewhere.!"”) In most cases, the complexation of the
carboxylate anions with native CDs showed positive entropy
changes (AS"). A detailed study of the complexation of p-
methylbenzoate with per-NH;*-a- and -B-CD was previous-
ly carried out by means of UV/Vis and '"H NMR spectrosco-
py.'? In the present study, the complexation was followed
by means of isothermal titration calorimetry (ITC), which
provides the binding constant for complexation (K) and the
enthalpy change (AH") directly. A typical result of the calo-
rimetric titration is shown in Figure 1. Complexation of 1-
butanoate (C;CO,") with per-NH;"-a-CD is an endothermic
process, and analysis of the titration curve indicated the for-
mation of the 1:1 host—guest complex. Meanwhile, the titra-
tion curves obtained for other C,CO,™ ions (n=4-6) could
not be fitted to the equation for 1:1 complexation and were
instead analyzed by assuming simultaneous formation of the
2:1 C,CO, /per-NH;*-a-CD complexes. The thermodynamic
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[C3CO,7]/ [per-NH3*-a-CD]

Figure 1. Calorimetric titration of per-NH;"-a-CD (9x10™*M per cell)
with successive injections of C;CO,™ (7.5x1072m in a syringe, 10x5-uL
and 20 x 10-uL aliquots) in 0.02M aqueous NaCl at pH 6.0 and 298.15 K.
Top: Raw data showing the amount of heat generated after each injec-
tion of C;CO, . Bottom: Plot of the amount of heat generated per injec-
tion as a function of the C;CO, /per-NH;*-a-CD molar ratio. The solid
line represents the best fit of the data to a model of 1:1 stoichiometry.
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Table 1. Thermodynamic parameters for the complexation of anionic guests with per-NH;*-a-CD in 0.02m

aqueous NaCl at pH 6.0 and 298.15 K.
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of C,CO,", 1-propanesulfonate
(C5S0O;7), branched alkanecar-

Guest K, AH' TAS’ K, AH’ TAS’ boxylates, p-methylbenzoate (p-

M1 [kImol™] [kJmol™] M1 [kImol™] [kImol™] TA"), and 2-naphthalenecar-
C;CO,- 664418 3.24+0.04 19.34+0.1 - - - boxylate (2-NpCA’) with per-
C,CO," 4168 +299 ~4.10+0.07 16.5+0.1 23+17 ~15+12 53435 + n :
C.CO, 12200+ 1400 ~729+0.14 16.1+0.1 58449 13410 72:41 Hs"-o-and f-CD were deter
C,CO,” 22060+1111 ~10.1£0.1 14.8+0.1 530480 33403 19+1 mined from the temperature-

parameters for complexation of C,CO,” with per-NH;*-a-
CD obtained by ITC are summarized in Table 1.

K, increased and AH" decreased with an increase in the
alkyl-chain length of C,CO,". These results are reasonable
because van der Waals interactions between the host and
the guest should be strengthened as the alkyl-chain length
increases. Nonetheless, the complexation of C,CO,” with
per-NH;"-a-CD is promoted by positive and large entropy
changes. Dehydration from both host and guest seems to be
the essential factor for promoting the complexation. The
contribution of the entropy term is more remarkable in the
complexation of C,CO,™ ions with shorter alkyl chains. This
result is apparently explained by the enthalpy—entropy com-
pensation effect.

Although the analysis of the ITC data suggests the 2:1
complexes, the binding constant for the second step (K,) for
each system is so small compared with K; for the first step
that the Job plots for the changes in the chemical shifts of
the signals of per-NH;*-a-CD upon addition of C,CO,” ap-
parently showed a 1:1 stoichiometry of the complexes (see
Supporting Information). The structures of the C,CO, /per-
NH;*-a-CD complexes were confirmed by 2D NMR spec-
troscopy. Figure 2 shows the ROESY spectrum for the
C¢,CO, /per-NH;*-a-CD system as a representative exam-
ple. All the cross-peaks indicate the formation of a complex
whereby the carboxylate group is anchored by the ammoni-
um groups and the hydrophobic alkyl chain of the guest is
placed inside the CD cavity.

ITC suggested that per-NH;*-3-CD forms 1:1 complexes
with C,CO,” (n=3-6), and no 2:1 complexes were detected.
In all cases, the complexation was endothermic and was pro-
moted by positive and large AS” values (see below).

Heat-Capacity Changes

Temperature-dependent  enthalpy (AH®) and entropy
changes (AS°) are represented by Equations (2) and (3), re-
spectively:

AH® = ACY(T - Tyy) @
A8 = ACIn (Tl) ()

ACP0 is the isobaric heat-capacity change, and Ty and Ty
are the absolute temperatures at which AH® and AS°, re-
spectively, are zero. The AC,’ values for the complexation
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dependent AH° values, which
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Figure 2. ROESY spectrum of the C,CO, /per-NH,;*-a-CD complex in a
solution of NaCl (0.02m) in D,0 at pD 6.0 and 298 K. [C,CO, |=
[per-NH;*-0-CD] =1x10">M, mixing time =250 ms.

were obtained from the calorimetric measurements. An ex-
ample of the linear relationship between AH’ and T is
shown in Figure 3. The thermodynamic parameters deter-
mined for the various host—guest pairs are summarized in
Table 2. Only 1:1 complexation was considered in the cases
of the C,CO, /per-NH;"-0-CD pairs that form 2:1 com-
plexes with small K, values.

In all cases, the complexation was accompanied by posi-
tive and large AS® values, which suggests that dehydration
from both host and guest promotes formation of the inclu-
sion complex."?

Figure 4 shows the relationship between K and AC,’. In
all the complexations of 1-alkanecarboxylates with per-
NH,*-B-CD, the AC,” values were positive and decreased
linearly as K increased (AC,'=-0.22K+800, R*=0.96).
This is the first example of positive AC,’ values in inclusion-
complex formation of CDs. Meanwhile, all the host-guest
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Figure 3. Plot of AH" versus T for the C;CO, /per-NH;*-B-CD pair in
0.02m aqueous NaCl at pH 6.0.

pairs with the larger K values due to better size fitting
showed negative AC,” values and did not obey the above
linear relationship, though AC,’ also tended to decrease
with increasing K. The results shown in Figure 4 indicate
that AC,” is positive in the complexation of a guest whose
molecular size is too small to fit the CD cavity, and that it
decreases steadily with an increase in the size of the guest.

No linear relationships were observed between AH’ and
AC,, and between TAS’ and AC,’, when all the data in
Table2 were applied (Figure5; AC,” (kJmol'K™")=
0.037AH"+0.080, R*=0.58; AC) (kJmol' K™=
0.035TAS°—0.620, R*=0.29). However, there are fairly good
linear relationships between AH’ and AC,’ and between
TAS® and ACPO if the data for C;CO, /per-NH;"-a-CD as
well as for C;CO, /, 4-CH;C,CO, /, and 5-CH;C;CO, /per-
NH;*-B-CD are neglected (Figure 5).

Table 2. Binding constants (K) and enthalpy (AH"), entropy (TAS’), and heat-capacity changes (AC,’) for the
complexation of various anions with per-NH;*-a- and -B-CD in 0.02m aqueous NaCl at pH 6.0 and 298.15 K.

K. Kano et al.
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Figure 4. Plot of AC,’ versus K. o and B stand for per-NH;*-o- and
-B-CD, respectively. The abbreviations are defined in the footnote of
Table 2.

Equations (4) and (5) show the relationships between
AC,’ and AH’ and between AC,” and AS’ in the complexa-
tion of the organic anions with per-NH;*-a- and -B-CD,
except for the systems shown in red in Figure 5. These two
equations should not be applied generally.

AC,” in kImol ' K™ = 0.034AH° + 0.072, R* = 0.90 4)

AC," in kImol ' K™' = 0.046TAS"—0.88, R* = 0.89 (5)

When the analysis was limited to the 1-alkanecarboxylates
(C,CO,") with n=4-6, a better linear relationship was ob-
served between AC,’ and TAS" (AC,"=0.050TAS"—0.99,
R*=0.95), although the AC,’ values for per-NH;*-a-CD
were negative and those for per-NH;*-3-CD were positive.

Generally, a guest whose mo-
lecular size fits a CD cavity
well shows a large K value. This

is the case for the C,CO, /per-

CD Guest K AH’ TAS AC N .
1] [kImol ] [kImol ] Umol'K] NH;"-a-CD pairs. A host—guest

perNH;*a-CD GO, 664+18 33401 19440.1 670442 pair with a wellfitting ~size
C,CO, 4168 £299 —41+0.1 165403 —90+15 forms a stable inclusion com-
CsCO,~ 12200+ 1400 ~7340.1 16.0+0.4 —190+9 plex of which the main binding
C,CO, 17300400 ~10.9+0.1 133402 23042 force is van der Waals interac-

per-NH, *-B-CD C,CO, 439421 68+0.1 219402 750445 UOD lea;tng to a negative and
C,CO, 854425 11.740.1 28.5+0.1 stoxe0  large AH" value. The enthalpy-
C,CO, 2003 £68 62401 251401 370412  entropy compensation rule pre-
C,CO, 2347 +£43 74401 26.7+0.1 280£24  dicts a negative AS® value in
CS0,° 11990 +852 102402 13.1+0.1 ~140+9 such a case, However, the AS’
C,S0; 723490 032+0.12 16.6+0.3 ~100+5 ues £ C O
3-CH,C;CO, 1114431 10.8+0.1 282402 s00430 - YAUes for every L5 [per
4-CH,C,CO," 5490 +270 3.6+0.1 250402 ~180+5 NH;"-a-CD  pair  examined
2-CH,C5CO,~ 2362+57 9.1+0.1 28.4+0.2 310+16 were positive, which suggests
5-CH;C5CO,~ 16900+ 1672 1.4£0.1 256403 25043 that dehydration from both
p-TA 7464 £281 32401 18.9+0.2 ~150+3 host and euest is still an impor-
2-NpCA 16710+ 662 63401 178402 150413 & P

[a] C,CO, stands for 1-alkanecarboxylate. For example, C;CO,™ is the 1-butanoate ion. C;SO; = 1-propane-
sulfonate, 3-CH;C;CO,” =3-methyl-1-butanoate, 4-CH;C,CO,” =4-methyl-1-pentanoate, 2-CH;C;CO, =2-
p-TA™ =p-methylbenzoate,

methyl-1-hexanoate,  5-CH;C;CO, = 5-methyl-1-hexanoate,
naphthalenecarboxylate.
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tant factor even in the complex-
ation of long-alkyl-chain 1-al-
kanecarboxylates  with  per-

2-NpCA —=2-
NH;*-0-CD. AC,” decreased
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Figure 5. Plots of AC,’ versus AH" (top) and TAS® (bottom) for the
complexation of organic anions with per-NH;*-a- and -B-CD.

steadily with an increase in the alkyl-chain length of the
guest. An increase in the alkyl-chain length of the guest
means an increase in the contribution of hydrophobic as
well as van der Waals interaction. It might be reasonable to
assume that the steady decrease in AC,’ in the C,CO, (n=
4-6)/per-NH;*-0-CD systems can be ascribed to the destruc-
tion of the iceberg structures around the hydrophobic alkyl
chain upon inclusion. It is well-known that complexation ac-
companied by breaking of the iceberg structures (hydropho-
bic interaction) results in a negative and large AC,’ value.”
As the experimentally obtained AS® for the C,CO, /per-
NH;*-a-CD system decreased with an increase in the alkyl-
chain length, AS® is not adequate for discussing hydrophobic
interaction. As is widely recognized, AC,” is the good pa-
rameter for studying hydrophobic interaction. It can be con-
cluded that the steadily decreasing AC,” in the complexation
of per-NH;*-a-CD with C,CO,” of increasing alkyl-chain
length reflects the expanding destruction of the ordered
structure of water (iceberg) around the hydrophobic alkyl
chain.

Each C,CO, /per-NH;*-p-CD pair also showed a positive
AC, value that steadily decreased with an increase in the
alkyl-chain length of C,CO, . The pairs with positive AC,’
values are characterized by their complexation of guest mol-
ecules that are significantly smaller than the CD cavity. In
these cases, the complexation is endothermic (AH’>
0 kImol™!) and is driven by the entropy gain. When the size
of the guest is much smaller than that of the CD cavity, the
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main binding force should be Coulomb interaction. To form
an ionic bond between hydrophilic cation and anion, dehy-
dration from the charged groups must occur. The dehydra-
tion process is endothermic and leads to a positive AH"
value if the dehydration energy is larger than the ionic bond
energy. It is well-known that the sign of AC,’ is positive and
negative when the ordered water structure (iceberg) around
the hydrophobic solute(s) is formed and destroyed, respec-
tively.”! Conversely, AC,” has been demonstrated to be neg-
ative and positive when the water structure around the
polar and/or charged solute(s) is formed and destroyed, re-
spectively.®*”! When limited to the n-alkanecarboxylates,
each AC,’ value can apparently be interpreted in terms of a
combination of dehydration from the hydrophobic and hy-
drophilic (charged) parts of the guest. However, an addi-
tional factor must be considered for the present system. This
factor is the contribution of hydration of and/or dehydration
from the inside of the CD cavities.

Scheme 1 shows the hydration and dehydration patterns
in the present system. The total heat-capacity change,

0 0

® : AC; Genydipoiary , @@ ACy denyamonpolan
: 0

®: AC, hyacp)

Scheme 1. Hydration and dehydration patterns in the complexation of a
cationic CD with an anionic alkanecarboxylate.

ACpololal, in the complexation of an alkanecarboxylate with
per-NH;*-CD is composed of three factors [Eq. (6)]:

0 0 0 0
ACp total — ACp dehyd(polar) + AC‘p dehyd(nonpolar) + ACp hyd(CD)

(6)

ACPOdehyd(polar) is the contribution from the dehydration of
the charged groups of the solutes. As hydration of an ion
gives a negative AC,” value,”* AC, sepyatpoiar) Should be posi-
tive. AC, senydtnonpotary (< 0) is the term for the collapse of the
water aggregates around the hydrophobic alkyl chain of
C,CO,  and the dehydration of the CD cavity. ACpohyd(CD)
(>0) is the heat-capacity change during the formation of the
water aggregates in the vicinity of the alkyl chain of C,CO,"
inside the CD cavity. The last term becomes significant in
the complexation of a smaller alkanecarboxylate with per-
NH;*-3-CD with the larger cavity because, in this case,
there is an enough space in the CD cavity where the water
molecules are located. When (AC, senyaqpotar) + AC, hya(cn)) >
| AC,  senydtmonpotar) |+ AC, ora Decomes positive. This is the case
of the positive ACP0 values in the complexation of the
C,CO, /per-NH;*-B-CD pairs. In the complexation of 1-al-
kanecarboxylates (n=4-6) with per-NH;*-a- and -B-CD,
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the positive value of ACpohyd(CD) must decrease steadily with
increasing length and/or bulkiness of the alkyl chain of the
guest. This could be the reason for the positive but steadily
decreasing AC,’ values in the complexation of per-NH;*-f-
CD and the negative and steadily decreasing AC,’ values in
the complexation of per-NH;*-a-CD as the alkyl-chain
length of the guest is increased.

The problem is the pairs (C;CO, /per-NH;*-a-CD and
C;CO, "/, 4-CH,C,CO, "/, and 5-CH;CsCO, /per-NH;*-3-
CD) whose plots of AC,” versus AH’ and AS” deviate from
the linear relationships. The anions in this category are
roughly classified into two groups: very hydrophilic and
small anions and amphiphilic anions with a methyl branch at
the ends of the alkyl chains. The water structures in the vi-
cinity of hydrophilic C;CO,  may be different from those of
more hydrophobic C,CO,", as deduced from the results of
Sharp and co-workers, who found that the water structure
around argon is icelike, whereas a more random hydration
shell is formed around K*.P) If this difference in hydration
can be applied to the present system, we would be able to
interpret the deviation of the plots for C;CO, . However,
the discontinuity in ACpodehyd(mnpolar) of C;CO,™ seems to be
implausible. We then noticed AC,’yqcp) The AC,’nacp)
value of the C;CO, /per-NH;*-CD system should be posi-
tive and large because of the large space inside the CD
cavity, whose top is covered by a hydrophobic butyl group.
The unexpectedly large and positive ACPOM value for the
C;CO,™ system seems to be ascribed to the abnormally large
and positive AC,’qcp) value. The negative AC,” value for
the C;SO; /per-NH;*-B-CD pair is suggestive of the impor-
tant contribution of AC,”4cp) 10 AC, . As shown in
Table 1, the ACPO values for the C;SO; /per-NH;"-a- and -p-
CD systems were (—14049) and (—100+5) Jmol 'K, re-
spectively, whereas those for the C;CO,  complexes of per-
NH;*-a- and -B-CD were (670+42) and (750=+
45) Jmol ' K™, respectively. To explain such a remarkable
difference in ACPO between C;SO;™ and C;CO,, the struc-
tures of the inclusion complexes were determined from the
ROESY spectra (Figure 6). No cross-peak was observed be-
tween the 3-H protons of per-NH;"-a-CD and C,H, of
C;CO,, whereas cross-peaks were clearly seen between 3-H
and C.H; and C H,. This result strongly suggests that in the
structure of this inclusion complex, the guest molecule proj-
ects upwards (Figure 6). In the ROESY spectrum of the
C;SO; /per-NH;t-a-CD complex, however, the cross-peak
between 3-H and C,H, was clearly observed, thus indicating
that the C;SO;™ molecule was included more deeply into the
cyclodextrin cavity (Figure 6). The penetration of C;SO;~
causes extended extrusion of the water molecules inside the
CD cavity, which weakens the contribution of ACpohyd(CD).
MM?2 calculations (BioMedCAChe 6.0; Figure 7) suggest
that the CO,™ group of C;CO," interacts with two neighbor-
ing NH;* groups of per-NH;*-f-CD, whereas the SO;~
group of C;SO;™ is anchored by three NH;* groups, thus
leading to a significant difference in the structures of the in-
clusion complexes. Consequently, the C;SO;™ ion causes a
narrowing of the rim of the side with the NH;* groups and
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Figure 6. ROESY spectra of the C;CO, /perNH;*-a-CD (top) and
C;SO; /per-NH;T-a-CD  complexes (bottom) in a solution of NaCl
(0.02m) in D,O at pD 6.0 and 298 K. [C;CO, | =[C;SO; ] =[per-NH;*-a-
CD]=0.01mM, mixing time =250 ms.

penetrates more deeply into the CD cavity than in the case
of C;CO, . 4-CH;C,CO,™ and 5-CH;C;CO,™ have the bulky
methyl branches at the ends of the hydrophobic alkyl
chains. Penetration of these bulky guests into the per-NH;*-
B-CD cavity brings more extensive extrusion of the water
molecules from the inside of the CD cavity, thus leading to
very small contribution of AC,"4cp) t0 AC,’ o The nota-
ble difference in the ACPO values between 2-CH;C;CO,™ and
5-CH;CsCO,™ supports the above assumption. In conclusion,
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Figure 7. Energy-minimized structures of the C;CO, /per-NH;*-3-CD
(left) and C;SO; /per-NH;*-B-CD complexes (right) obtained from MM?2
calculations using BioMedCAChe 6.0. The effects of the solvent were not
considered in the calculations.

ACpohyd(CD) is the main contributor to the positive and large
ACPOU,tal value in the complexation of a relatively small al-
kanecarboxylate with a polycationic CD that has a relatively

large cavity.

Heat-Capacity Changes in the Complexation of Proteins
with a Polyanionic CD

Heat-capacity changes have been widely utilized to study
the unfolding of proteins and protein-ligand interactions in
biological systems.>”! Generally, biological systems are so
complex that their ACP" values warrant greater attention. As
an extension of the present study, we measured tempera-
ture-dependent AH’ values for the complexation of cationic
proteins with a polyanionic CD to determine the contribu-
tion from dehydration of the charged groups of the proteins
to AC,. We used heptakis(6-carboxymethyl-2,3-di-O-
methyl)-3-CD (CDM-(3-CD) in the dissociated form as the
polyanionic CD. Our previous study showed that CDM-f3-
CD is bound to horse heart cytochrome ¢ (cyt c; pl 10.4) in
0.01m aqueous NaCl at pH 7.0 through Coulomb interac-
tions.'! Such a simple system would be appropriate for
studying AC,” in protein-ligand complexation through Cou-
lomb interactions. In this study, the electrostatic binding of
cytc as well as metmyoglobin (metMb) with CDM-B-CD

Table 3. Binding constants (K), enthalpy (AH’), entropy (TAS’), and heat-capacity changes (AC,”) for the
complexation of cyt c and metMb with CDM-f-CD in 0.01 M aqueous NaCl at 298.15 K, and the phase-transi-
tion temperatures of the proteins in the absence (7y) and presence of CDM-f-CD (T
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was thermodynamically examined by means of ITC. The re-
sults are listed in Table 3.

The calorimetric titration curves for the cyt c/CDM--CD
system were well-fitted to the equation for 1:1 complex for-
mation. As found previously,™ the complexation is endo-
thermic and is driven by the entropy term, which suggests
the occurrence of extended dehydration from both cyt ¢ and
CDM-B-CD upon association. The plot of AH® versus T
showed poor linearity in this system (see Supporting Infor-
mation). Although the exact ACPU value for this system was
hardly determined, it is likely to be positive and small
(AC, =(1314136) Jmol 'K™"). At pH7, cytc (pI 10.4) has
nine positive charges. This character of cyt c has been ap-
plied to the design of various artificial receptors that are
bound to cyt ¢ through Coulomb interactions.'”) In spite of
extended dehydration, the complexation of cyt ¢ with CDM-
B-CD showed a positive and small ACPO. This result corre-
sponds to the conclusion that ACPOdehyd(pola,) is not a major
factor for the positive and large AC,” values in some com-
plexations of C,CO,~ with per-NH;*-CDs.

The pI value of metMb is 7.4. Therefore, electrostatic in-
teractions between metMb and CDM-B-CD were studied at
pH 5.5. The complexation is also endothermic and is pro-
moted by the entropy gain. Although TAS° for the metMb/
CDM-3-CD system was slightly smaller than for cyt c/CDM-
p-CD, ACPO was much larger than for the complexation of
cyt ¢ with CDM-B-CD. Such a positive and large AC,” value
cannot be interpreted in terms of dehydration of the
charged groups of metMb and CDM-3-CD. One of the plau-
sible explanations of the positive AC,” value is the increase
in heat capacity by the formation of the iceberg structure of
water due to exposure of the nonpolar part of metMb upon
complexation with CDM-B-CD.*>1%7] We then measured
the circular dichroism (cd) spectral changes of metMb upon
addition of CDM-3-CD (see Supporting Information). How-
ever, no spectral change was observed with metMb at 25°C.
It is evident that no significant denaturation of metMb
occurs upon association with CDM-B-CD, whereas a small
structural change of metMb caused by CDM-3-CD is possi-
ble. There are few examples of positive ACP0 values that are
ascribed to the endothermic structural changes of proteins
during protein-ligand interactions.*!%! The small, ligand-in-
duced structural change of a protein that does not affect the
two-dimensional structure of the protein may be difficult to
detect. We followed the changes in ellipticity of metMb at
222 nm (0,,,) as a function of temperature (Figure 8), and
the phase-transition tempera-
tures (Tys) in the absence and
presence of CDM-3-CD were
Dy fa determined (Table 3). The Ty

of metMb was lowered by 18°C

Protein pH K AH° TAS® AC) Two T .

[Mil] [kJmOrl] [kJIl’lOlil] [JmOrIK—I] [K] [K] m the presence of CDM—B-CD,
eyte 77 (628£054)x10° 116404 392402 131136 85 79 Which suggests that CDM-$-CD
metMb 55 (7.37+£0.58) x 10° 164+13 385+15 840+ 161 84 66 alters the intraprotein interac-

[a] The Ty values for cytc (1x107°m) in Tris-HCI buffer (0.01m, pH 7.0) and those for metMb (1x10°m) in
succinic acid buffer (5x 107*m, pH 5.5) were obtained in the absence and presence of CDM-B-CD (5x107*m)

by measuring 6,y,.
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tions and leads to some struc-
tural change in metMb. Similar
results were obtained with cyt c.
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Figure 8. Thermal-denaturation profiles monitored by cd intensities at
222 nm (6,5,) of metMb (3x107°m) in the absence (blue) and the pres-
ence (red) of CDM-B-CD (1x107m) in 5x10~*Mm succinic acid buffer at
pHS.5.

The small structural change in the protein caused by CDM-
B-CD may be the origin of the positive and large AC,’ value
rather than dehydration of the charged groups. Theoretical
calculations predicted a positive AC,” value in noncovalent
intraprotein interactions leading to structural change in the
protein.["®!

Conclusions

The complexation of amphiphilic C,CO,” with polycationic
per-NH;*-CD through a cooperative contribution of electro-
static and inclusion interactions is an excellent subject for
studying AC,’ in host—guest chemistry. As is well-known, de-
hydration of the hydrophobic part of a guest upon inclusion
results in a negative and large ACp0 value. However, release
of water molecules from charged groups makes a small con-
tribution to ACPO. On the other hand, the formation of the
iceberg structure of water inside the cavity of a guest-load-
ing CD results in a positive and large AC,’ value. In electro-
static protein-ligand association, dehydration of the charged
groups of both protein and ligand also produces a minor
contribution to ACPO, whereas the small structural change in
the protein induced by electrostatic binding to a ligand
seems to the main factor for a positive and large AC,’ value.

Experimental Section

The per-NH,-a- and -3-CD used were the same as those reported previ-
ously.”?’ The commercially obtained alkanecarboxylic acids (C,CO,H)
were converted into their sodium salts by dissolving them in equimolar
aqueous solutions of NaOH. The sodium carboxylates were isolated by
evaporation and used after drying under vacuum. Horse heart cytc
(Sigma) and metMb (Sigma) were purchased and used as received. We
checked the purities of these proteins by obtaining their UV/Vis spectra
and observing the extinction coefficients at the Soret bands of hemin.

Microcalorimetric measurements were carried out with a Microcal VP-
ITC isothermal titration calorimeter. The titration curves obtained were
analyzed with the ORIGIN software program. ITC measurements for the
CD system were performed in aqueous NaCl (0.02m) to adjust the ionic
strength. UV/Vis spectra were recorded on Shimadzu UV-2100 and UV-
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2450 spectrophotometers with thermostatic cell holders. pH values were
measured with a Horiba M-12 pH meter. NMR spectra were recorded on
a JEOL JNM-ECAS500 spectrometer (500 MHz) in D,O (CEA, 99.9%)
with sodium 3-trimethylsilyl[2,2,3,3-’H,]propionate (TSP; Aldrich) as an
external standard and NaOD for adjustment of pD.
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Poly(phenylacetylene) Bearing N,N-Diisopropylaminomethyl Groups with

Chiral Acids in Water
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Abstract: A stereoregular poly(phenyl-
acetylene) bearing an N,N-diisopropyl-
aminomethyl group as the pendant
(poly-1) changed its structure into the
prevailing one-handed helical confor-

Eiji Yashima*'"!

imbalance in these acids, in particular,
phenyl lactic acid in water. For exam-
ple, a 0.005% enantiomeric excess of
phenyl lactic acid can be detected by
CD spectroscopy. The observed ICD

pendent on the temperature and con-
centration of poly-1, probably due to
aggregations of the polymer at high
temperature as revealed by dynamic
light scattering and AFM. On the basis

mation upon complexation with opti-
cally active acids in water. The com-
plexes exhibited induced circular di-
chroism (ICD) in the UV/Vis region of
the polymer backbone. Poly-1 is highly
sensitive to the chirality of chiral acids
and can detect a small enantiomeric

dichroism -

acetylene)s

Introduction

The helix is an important structural motif among a variety
of conformational states observed in molecular and supra-
molecular organizations as exemplified in DNA and pro-
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of the temperature-dependent ICD
changes, the preferred chiral helical
sense of poly-1 was found to be con-

circular i i o
structures t.ro e(li) by rToncova ent lﬁ)n??fg interac-
poly(phenyl- tions by using structurally different en-

antiomeric acids.

teins. Therefore, the construction of artificial helical poly-
mers'! and oligomers (foldamers)? or supramolecular heli-
cal assemblies® with controlled helicity has attracted signifi-
cant interest in recent years in the fields of polymer and
supramolecular chemistry and materials science because of
their possible applications in chiroptical devices and chiral
materials, which include enantioselective adsorbents and
catalysts.'*&4

In a series of studies, we reported unique helicity induc-
tion in optically inactive, stereoregular cis-transoidal poly-
(phenylacetylene)s that bear various functional groups, such
as carboxy,”! phosphonate,® boronate,” sulfonate,® and
amine groups,”'” or bulky crown ethers!'"! as pendants.
These poly(phenylacetylene)s change their dynamically rac-
emic helical conformations to that of the preferred sense
upon complexation with specific chiral guests in organic sol-
vents® 891 and water.'*'? Their complexes exhibit char-
acteristic induced circular dichroism (ICD) in the UV/Vis
region of the polymer backbones. The signs of the Cotton
effect can be used to predict the absolute configurations of
the guest molecules.!>!3

Among the poly(phenylacetylene)s prepared to date,
poly(4-(N,N-diisopropylaminomethyl)phenylacetylene)
(poly-1; Scheme 1) is particularly interesting because the hy-
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Scheme 1. Structures of poly-1 and chiral carboxylic and sulfonic acids.

drochloride of poly-1 (poly-1-HCI) is soluble in water and
produces an excess in helical sense in the presence of a
small amount of various chiral acids, such as the sodium salt
of phenyl lactic acid (2), of low enantiomeric excess (ee)
through a significant amplification of chirality in water, thus
showing ICD.") Moreover, poly-1-HCl was, for the first
time, found to form a lyotropic nematic liquid crystal (LC)
in concentrated aqueous solution because of its stiff helical
backbone with a long persistence length of 26 nm. Further-
more, the nematic LC phase converted into the cholesteric
counterpart by doping with a tiny amount of chiral acids
with low ee, and the helix-sense excess of the polymer back-
bone was further amplified through interchain interactions
in the cholesteric LC state relative to that in dilute solu-
tion.'"*< This liquid-crystalline feature of the induced helical
poly-1-HCI enabled us to determine its helical structure by
X-ray diffraction of oriented films of liquid-crystalline poly-
1-HCL™™ The polyelectrolyte function of poly-1-HCI accom-
panied by the hydrophobic pendants!* appears to be crucial
for such a hierarchical amplification of the macromolecular
helicity in dilute and concentrated aqueous solution because
the neutral poly-1 has a low sensitivity to the chirality of the
chiral acids”*®! and produces no LC phase in organic sol-
vents.[1%]

During the course of our studies, we found that the neu-
tral poly-1, which is not soluble in water, became soluble in
the presence of excess amounts of free aromatic and aliphat-
ic carboxylic acids ([acid]/[poly-1]>2), which prompted us

Abstract in Japanese:

ISz oA Y T AT I AFAVEERET AR 7 22T v F L UFEER
WL KPP CHFEERBELE T, —FMEX I Foz bW AREDEICH
T HFER CD 2T I F R Uz, R TIIOEFERRBRON T ) 5 1 —
WA B < A L. 0.005%DEEDH S BRI CD (2L Y RETFEET
bofz, FHiEt CDITRER L OMRERFEMEAZ R L, AFM RHHERE L Y &k,
IR TR EEEER LTS ARENRE N E R S, FHe CD ©
BEISEELFIR LT, MEDRL D RFEMERBMAFET, EEICLS CD
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to investigate the helicity induction and chiral amplification
of free poly-1 with chiral acids in water.

Results and Discussion

CD Studies of Helix Induction of Poly-1 with Chiral Acids
in Water

Poly-1 was prepared by the polymerization of the corre-
sponding monomer (1) with [Rh(nbd)Cl], (nbd =norborna-
diene) according to a previously reported method.”**!l The
stereoregularity of poly-1 was confirmed to be highly cis-
transoidal (cis content=96%) based on "H NMR spectros-
copy (see Supporting Information, Figure S1).'"“! The
number-average molecular weight (M,) and its molecular-
weight distribution (M,/M,) were 3.4x10° and 2.21, respec-
tively, as determined by size-exclusion chromatography
(SEC) of its hydrochloride salt (poly-1-HCI).l"!

Figure 1a shows typical CD and absorption spectra of
poly-1 in the presence of (R)- and (S)-2 (4 equiv with re-
spect to monomer units of poly-1) in water at 20°C (green
solid and dotted lines, respectively), as well as the spectral
changes at various temperatures.'’l The complexes exhibited
mirror images of split-type intense ICD signals in the poly-
mer-backbone region at 20°C; the CD and absorption spec-
tral patterns and the ICD signal intensity were similar to
those of the complex of poly-1-HCl with the sodium salt of
(5)- or (R)-2 ((S)- or (R)-2-Na) in water at 25°C.1" Howev-
er, in sharp contrast to the poly-1-HCI-(S)-2-Na complex in
water, the ICD signal magnitude was sensitive to tempera-
ture and increased with a decrease in temperature, although
it decreased sharply at around 22-25°C, and the ICD signal
almost completely disappeared at 30°C.

This remarkable change in the ICD signal intensity was
accompanied by a significant change in the absorption spec-
tra. The absorbance maximum (4,,,) at 422 nm and 0°C un-
derwent a red shift to 449 nm at 30-40°C, the peak at
around 320 nm decreased as the temperature increased, with
clear isosbestic points at 302 and 375 nm, and the color of
the solution changed from yellow to orange (Figure 1a—c).
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Figure 1. a) CD spectral changes of poly-1 with (R)- and (S)-2 in water
(pH 3.1) at various temperatures. Absorption spectral changes of poly-1
with (R)-2 in water are also shown. b) Temperature-dependent changes
in Agy,g (red circles) and A, (blue diamonds) of poly-1 with (R)-2 in
water. c) Visible difference of poly-1 with (R)-2 in water at 0 and 40°C.
The concentration of poly-1 was 1.0 mg (4.6 mmol monomer units)mL .
[2)/[poly-1]=4.

These CD and absorption spectral changes were completely
reversible and could be repeated at least ten times, which in-
dicates that the helix-sense preference of poly-1 induced by
(8)- or (R)-2 increases with decreasing temperature, and the
conformation of the polymer backbone may change from a
tightly twisted helix at lower temperatures to a rather re-
laxed, extended one at high temperatures. This speculation
is supported by the fact that the CD signal intensity de-
creased monotonically while maintaining its spectral pattern
along with the changes in the absorption maxima (Fig-
ure 1b). A similar thermoreversible change in the absorp-
tion spectrum of poly-1 also took place in the presence of
achiral benzoic acid (see Supporting Information, Fig-
ure S3). Notably, poly-1-HCl complexed with (S)- or (R)-2-
Na ([2-Na]/[poly-1-HCI]=0.5) did not show such a change
in its absorption and CD spectra over the same temperature
range (0-40°C). A similar temperature-dependent CD and
absorption spectral change was reported for poly(N-propar-
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gylamide)s, and this was considered to be due to a transition
of the polymer backbones from helix to random coil.'”
Another possible explanation for the signal shifts in the
absorption spectra to longer wavelengths may be due to ag-
gregations of the polymer main chains at high tempera-
ture.'¥ We next obtained the CD and absorption spectra of
poly-1  at  different  concentrations  ([poly-1]=1-
0.01 mgmL™) in the presence of a constant concentration of
(5)-2 at 25°C (Figure 2). The ICD signal magnitude in-

cone. (mg mL™
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conc. (mg mL~" [ 8
1
\ i o1 [
™ 0025 |,
od S \ 0-01 ex 1073/
T \— | M om!
T T T T I 0

300 400 500
Alnm —s

Figure 2. CD and absorption spectral changes of poly-1 with (S)-2 in
water (pH 3.0-2.7) at various concentrations of poly-1 (0.01-1 mgmL™")
at 25°C. The concentration of (S)-2 was 3.1 mg (19 mmol)mL .

creased significantly with decreasing poly-1 concentration
and was accompanied by a blue shift in the absorption spec-
trum. The concentration-dependent changes in the CD and
absorption spectra of the poly-1-2 complex suggest the for-
mation of poly-1 aggregates at high temperature.

Dynamic light scattering (DLS) of the poly-1-(S)-2 com-
plex in water at high (38°C) and low (3°C) temperatures
was then performed. The values of the hydrodynamic radius
(Ry) of the polymer estimated in water at 3 and 38°C were
43nm and 2.35 um, respectively. Furthermore, from the
light-intensity-autocorrelation function (g*(t)), it was found
that the time-correlation delay was much faster at 3°C than
at 38°C, which indicates that large particles were formed at
38°C (see Supporting Information, Figure S4).

AFM measurements were also performed to obtain fur-
ther information with respect to the morphology of the
poly-1-(S5)-2 aggregates at high and low temperatures
(Figure 3). Individual poly-1 chains complexed with (S)-2
were directly observed on mica prepared from a dilute solu-
tion at 0°C, whereas a number of entwined polymer chains
were observed when deposited at 40°C. These results agree
with the assumption that the poly-1-(S)-2 complex exists as
aggregates at high temperature."!

Poly-1 also responded to other optically active free car-
boxylic and sulfonic acids (3-9 in Scheme 1) in water, and
the complexes exhibited similar temperature-dependent
ICD signals and signs of the Cotton effect when the abso-
lute configurations of the chiral carboxylic acids were the
same (Figure 4 and Table 1); the ICD signal intensities in-
creased significantly with decreasing temperature.
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Figure 3. Tapping-mode AFM height images of the poly-1-(S)-2 complex
on mica prepared at a) 0 and b) 40°C. The concentrations of poly-1 and
(5)-2 were 0.01 and 3.1 mgmL™" ([2]/[poly-1]=400), respectively. The
height profiles obtained along the dotted lines in the images are also
shown.

Chiral Amplification and Nonlinear Effects in Water

Chiral amplification® is one of the most interesting features
of dynamic helical polymers as reported for polyisocya-
nates,'**?!1  polysilanes, ™% and poly(phenylacetylene)s
with functional pendants.!'»>*8-6ade 1l previgusly, we report-
ed that the complex formation of poly-1-HCl with partially
resolved chiral acids showed a strong positive nonlinear re-
lationship (majority rule)? between the ee of the chiral
acids, such as 2-Na, and the observed ICD signal intensities
in water."? The positive nonlinear effect of poly-1-HCI in-
creased with an increase in the amount of 2-Na. However,
the addition of 2-Na (>0.5 equiv) resulted in precipitation
of the polymer, and further experiments were difficult.!'"!
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Figure 4. Variation of the |Ag,,| values of poly-1 complexed with (S)-2
(@), (5)-3 (@), (5)-4 (O), (5)-5 (@), (5)-6 (@), (5)-7 (O), L-8 (O), and
(5)-9 (O) in water with temperature. The concentration of poly-1 was
1.0 mg (4.6 mmol monomer units)mL"". [(S)-2 or (S)-3]/[poly-1]=4, [(S)-
4, (S)-5, or (5)-6]/[poly-1]=10, and [(S)-7 or L-8]/[poly-1]=1.

Table 1. Signs and difference in excitation coefficient of the second
Cotton effect (Agy,g) for the complexes of poly-1 with chiral carboxylic
and sulfonic acids in water.!

Chiral  [acid]/ pH  Sign

Ae [M~'em™] (A [nm])

acid  [poly-1] 25°C 10°C 0°C

2 4 31— 307 (363) 242 (360)  25.1 (360)
R2 4 31+ 2.81 (362) 233 (359) 242 (360)
53 4 32 - 251 (371) 163 (367)  19.4 (368)
(S-4 10 26 - 209 361) - 22.6 (361)
(55 10 26 - 116 (364) 192 (362)  20.9 (362)
(56 10 26 - 652 (361) - 19.4 (362)
$7 1 32 - 157 (362) 168 (361) 172 (361)
L8 1 33— 628 (362) 12.5(361)  15.4 (360)
9 4 25 + 499 (366) 14.8 (364)  18.5 (364)

[a] The concentration of poly-1 was 1.0 mgmL".

We then investigated whether a similar nonlinear effect
could be observed for poly-1 with nonracemic, free carbox-
ylic acids in water. The chiral carboxylic acid 2 was selected
as a helix inducer because it produced the most intense ICD
signals in water at 0°C among the chiral acids used in this
study (Table 1). Poly-1 complexed with 4 equivalents of 2
(S-rich) exhibited almost no nonlinear effect at 25°C. How-
ever, the extent of the convex deviation from linearity
became remarkably greater with decreasing temperature,
and below 0°C even an ee of 2 of 5% gave rise to the full
ICD signals as induced by 2 of 100% ee (Figure 5). This no-
ticeable positive nonlinear effect of poly-1 was superior to
that observed for the poly-1-HCI-2-Na system and enabled
the detection of the chirality of 2 of a very small ee with an
accuracy greater than 0.005 %; an almost-linear relationship
between the ee (0.1-0.005%) and the ICD signal intensities
of poly-1 was observed below 0°C (see Supporting Informa-
tion, Figure S6). These results indicate that poly-1 is highly
sensitive to the small enantiomeric imbalance of optically
active acids in water.
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Figure 5. a) Changes in ICD signal intensity (Ae,,y) of poly-1
(1.0 mgmL ") versus the ee of 2 ([2]/[poly-1]=4; pH 3.0-3.2) during com-
plexation with poly-1 in water at 25, 10, 0, and —10°C. b) Expanded
detail of the ICD signal intensity at 10, 0, and —10°C.

Chiral Competition: Helix Inversion Controlled by
Noncovalent Competition between Structurally Different
Enantiomeric Acids

Another interesting feature of dynamic helical polymers is
reversible helix inversion between right- and left-handed
helices. Biological polymers such as DNA®! and polypep-
tides® with specific sequences and several synthetic, dy-
namic helical polymers that bear optically active substitu-
ents through covalent bonding are known to undergo inver-
sion of helicity regulated by external stimuli, such as a
change in temperaturel!&1np 182125261 apd golyent.[len18.26.27]
However, inversion of macromolecular helicity induced by
chiral stimuli through noncovalent bonding interactions is
quite rare,*-6=18260:27¢28 ¢ can be used to sense the chirali-
ty of chiral guests as well as to produce enantiomeric heli-
ces!®! based on the concept of noncovalent “helicity induc-
tion and chiral memory”.!'**t2l Furthermore, Green and
co-workers recently reported designer polyisocyanates that
showed inversion of helicity at a desired temperature in
dilute solution by copolymerization of a pair of structurally
different enantiomers, which are in competition with each
other in their preference of helical sense.l*")

We then investigated if such an inversion of macromolec-
ular helicity for poly-1 could be possible by using two differ-
ent enantiomeric acids in water through noncovalent bond-
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ing interactions. We examined a series of combinations of
the different enantiomeric acids in Scheme 1 and found that
(5)-2 and p-8, which showed steep and gentle changes in the
ICD signal intensities of poly-1 versus temperature, respec-
tively, could be used for this purpose.

Figure 6 shows the temperature-dependent changes in the
ICD signal intensities of a mixture of poly-1, (S)-2, and p-8
([(S)-2]/[p-8]/[poly-1] =0.4:1:1) in water. The sign of the

2_
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-10 0 10 20 30 40 50 60
7/°C——

Figure 6. Variation of the Ag,,y values of poly-1 complexed with (S)-2
and p-8 ([(S)-2]/[p-8]/[poly-1] =0.4:1:1) in water with temperature.

Cotton effect inverted from negative to positive at around
25°C, a result of the differences in the binding affinity of
each enantiomer to poly-1 and the chiral twisting power be-
tween (S)-2 and D-8, which may force poly-1 into either a
right- or left-handed helix, depending on the temperature.
Consequently, inversion of the helicity of poly-1 could be
controlled by noncovalent chiral competition.*”

Conclusions

In summary, we have found that a poly(phenylacetylene)
that bears an N,N-diisopropylaminomethyl group as the
pendant (poly-1) is highly sensitive to the chirality of chiral
acids through formation of a predominantly one-handed
helix in water, particularly at low temperature, and that it
can detect an extremely small enantiomeric imbalance in
carboxylic acids. The polyelectrolyte function of poly-1 in
the presence of chiral acids appears to be important for its
high sensitivity to chirality because poly-1 shows a weak
ICD signal even in the presence of excess chiral acids in or-
ganic solvents. Moreover, the preferred helical sense of
poly-1 can be controlled by temperature-dependent, nonco-
valent chiral competition between structurally different en-
antiomeric acids.

Experimental Section

Instruments

Solution pH was measured with a B-211 pH meter (Horiba, Japan).
NMR spectra were recorded on a Varian INOVA-500 spectrometer oper-
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ating at 500 MHz for 'H in CD;CN. SEC was performed with a JASCO
PU-980 liquid chromatograph (JASCO, Hachioji, Japan) equipped with a
UV (254 nm; JASCO UV-970) detector. A Tosoh (Tokyo, Japan) TSK-
GEL SuperAWM-H column (30 cm) was connected, and an aqueous so-
lution containing tartaric acid (9 mm) and tartaric acid sodium salt
(0.1 mm) was used as the eluent at a flow rate of 0.6 mLmin~'. The mo-
lecular-weight calibration curve was obtained with poly(ethylene oxide)
and poly(ethylene glycol) standards (Tosoh). FTIR spectra were obtained
in a 0.15-mm CaF, cell on a JASCO JV-2001YS spectrophotometer
equipped with a temperature controller (EYELA NCB-1200). The con-
centration of poly-1 was SmgmL~"' in D,O. Laser Raman spectra were
obtained on a JASCO RMP-200 spectrophotometer. Absorption and CD
spectra were obtained in a 0.1-, 0.5-, 1.0-, or 10-mm quartz cell on a
JASCO V-570 spectrophotometer and a JASCO J-725 or J-820 spectropo-
larimeter, respectively. The temperature (—10 to 100°C) was controlled
with a JASCO ETC 505T (absorption spectroscopy) and a JASCO PTC-
423L apparatus (CD spectroscopy). DLS was performed with a Photal
DLS-7070YN instrument (Otsuka Electronics Co., Ltd., Osaka, Japan)
equipped with a 10-mW He/Ne laser (632.8 nm) at 3 and 38°C. AFM was
performed with a Nanoscope IIla microscope (Veeco Instruments, Santa
Barbara, CA) in air at ambient temperature with standard silicon cantile-
vers (NCH, Nanoworld, Neuchatel, Switzerland) in the tapping mode.
AFM images were recorded at the resonance frequency of the tips with
125-um-long cantilevers (200-300 Hz) and a spring constant of approxi-
mately 40 Nm'. All the images were collected with the maximum-avail-
able number of pixels (512) in each direction. The scanning speed was at
a line frequency of 1.0 Hz. The effective radii of the silicon tips were esti-
mated with Au colloids (5 nm; ICN Biomedicals, Inc., Aurora, OH) as
imaging standards and were 5-10 nm.

Materials

Deionized, distilled water was degassed with nitrogen before use in all
the experiments. The optically active acids were purchased from Aldrich
(Milwaukee, WI) or Tokyo Kasei (TCI, Tokyo, Japan) and used as re-
ceived.

Cis-transoidal poly-1 was prepared by the polymerization of 4-(N,N-diiso-
propylaminomethyl)phenylacetylene (1) with [Rh(nbd)Cl], according to
a previously reported method.’*!% The stereoregularity of the obtained
poly-1 was confirmed to be highly cis-transoidal (cis content=96%)
based on the 'HNMR spectrum (see Supporting Information, Fig-
ure S$1).*) The M, and M, /M, of poly-1 were estimated to be 3.4 x10°
and 2.21, respectively, as determined by SEC of its hydrochloride salt
(poly-1-HCI).['"!

CD: The concentration of poly-1 was calculated on the basis of monomer
units and was 1.0 mgmL™"' (4.6 mM monomer units) unless otherwise
stated. For the complexation of poly-1 with optically active acids, poly-1
(~1 mg) and an appropriate amount of the chiral acid were dissolved in
water in a 2-mL vessel equipped with a screwcap to keep the poly-1 con-
centration at 1.0 mgmL ™" (4.6 mm), and the absorption and CD spectra
were then recorded.

Nonlinear effects of poly-1 with 2: The nonlinear effects between the in-
tensities of the ICD signals and the ee of 2 during complexation with
poly-1 were investigated in water. The molar ratio of 2 to the monomer
units of poly-1 ([2])/[poly-1]) was held constant at 4 (mol/mol). In the ex-
periments, stock solutions of 2 were separately prepared for the large
(2<ee<100%) and small (0.005<ee<2%) ee values before the CD
measurements.

Preparation of 2 with large ee and CD measurements with poly-1: Stock
solutions of (S)-2 (18.6 mm, 10 mL) and (R)-2 (18.6 mm, 10 mL) in ace-
tone were prepared. Aliquots of these stock solutions were placed in 10
vessels so that the ee of the mixtures (S-rich) were 2, 3, 4, 5, 10, 20, 40,
60, 80, and 100%. After the acetone was removed under reduced pres-
sure from each vessel, poly-1 (1.0 mg) was added, and the mixture was
dissolved in water to keep the poly-1 concentration at 1.0 mgmL™'
(4.6 mm). The absorption and CD spectra were then recorded for each
vessel to determine the changes in the CD spectra.

Preparation of 2 with small ee and CD measurements with poly-1: The
stock solutions of 2 with small ee values (0.005 <ee <2%) were carefully
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prepared in a similar way to that in the literature,'"*l and the experimen-
tal procedures are described below.

(S)-2 of 1.0 and 0.5% ee (S/R=50.5:49.5 and 50.25:49.75): Stock solu-
tions of (RS)-2 (37 mm) and (S)-2 (0.37 mm) in acetone were first pre-
pared as follows: (RS)-2 (61.1 mg) and (5)-2 (15.4 mg) were placed in 10-
and 250-mL flasks equipped with stopcocks, respectively. Acetone was
then added to make up the solutions of the appropriate volume. Aliquots
of the stock solutions of (RS)-2 and (S)-2 were transferred into two 2-mL
vessels equipped with screwcaps so that the ee of 2 (S-rich) was 0.5 and
1.0 %, respectively. After the acetone was removed under reduced pres-
sure, poly-1 (1.0 mg) was added, and the mixture was dissolved in water
to keep the poly-1 concentration at 1.0 mgmL~" (4.6 mm). The absorption
and CD spectra were then recorded for each vessel.

(S)-2 of 0.1 and 0.05% ee (S/R=50.05:49.95 and 50.025:49.975): A stock
solution of (S5)-2 (0.037 mm) was first prepared as follows: The stock solu-
tion of (S)-2 (0.50 mL, 0.37 mm) prepared above was transferred into a 5-
mL flask equipped with a stopcock and diluted with acetone to the re-
quired volume to produce the stock solution of (§)-2 (0.037 mm) in ace-
tone. Aliquots of the stock solutions of (RS)-2 (37 mm) and (S)-2
(0.037 mM) were transferred into two 2-mL vessels equipped with screw-
caps so that the ee of 2 (S-rich) was 0.1 and 0.05 %, respectively. After
the acetone was removed under reduced pressure, poly-1 (1.0 mg) was
added, and the mixture was dissolved in water to keep the poly-1 concen-
tration at 1.0 mgmL~"' (4.6 mm). The absorption and CD spectra were
then recorded for each vessel.

(8)-2 of 0.01 and 0.005% ee (S/R=250.005:49.995 and 50.0025:49.9975): A
stock solution of (S)-2 (0.0037 mm) was first prepared as follows: The
stock solution of (§)-2 (0.50 mL, 0.37 mm) prepared above was trans-
ferred into a 50-mL flask equipped with a stopcock and diluted with ace-
tone to the required volume to produce the stock solution of (S)-2
(0.0037 mm) in acetone. Aliquots of the stock solutions of (RS)-2 (37 mm)
and (5)-2 (0.0037 mm) were transferred into two 2-mL vessels equipped
with screwcaps so that the ee of 2 (S-rich) was 0.01 and 0.005 %, respec-
tively. After the acetone was removed under reduced pressure, poly-1
(1.0 mg) was added, and the mixture was dissolved in water to keep the
poly-1 concentration at 1.0 mgmL™" (4.6 mm). The absorption and CD
spectra were then recorded.

DLS: A stock solution of poly-1 (1.0 mgmL™', 4.6 mm) complexed with
(8)-2 ([(S)-2)/[poly-1] =4) was prepared in a 5-mL flask equipped with a
stopcock in water. The solution was filtered with a 0.45-pum syringe filter
(Toyo Roshi Co., Ltd., Japan) below 10°C, then DLS of the sample was
performed at a fixed scattering angle of 90° at 3 and 38°C. The obtained
autocorrelation functions were analyzed by the method of cumulants to
give the translational diffusion coefficients (D). The corresponding hy-
drodynamic radius (R,) was calculated by using the Stokes-Einstein
equation: R, =kygT/(67hD), in which kg, h, and T are the Boltzmann con-
stant, the solvent viscosity, and the absolute temperature, respectively.
The estimated R, values for poly-1 in water at 3 and 38°C were 43 nm
and 2.35 um, respectively; these values support the formation of aggre-
gates of the polymer main chains at high temperature.

AFM: A stock solution of poly-1 (0.01 mgmL™) in an aqueous solution
of (S)-2 (0.019 M) was prepared. A 20-uL aliquot of the stock solution
was dropped onto freshly cleaved mica, the solution was simultaneously
blown off with a stream of argon, and the mica substrate was dried in va-
cuo overnight for the recording of the AFM images in the tapping mode
(Figure 3).
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Thermodynamics of Hydrophobic Interactions: Entropic Recognition of a
Hydrophobic Moiety by Poly(Ethylene Oxide)-Zinc Porphyrin Conjugates

Hiroya Iwamoto, Tadashi Mizutani,* and Koji Kano'"

Abstract: The recognition of 4-alkyl-
pyridines by water-soluble poly(ethyl-
ene oxide)-zinc porphyrin conjugates
was studied with a focus on the ther-
modynamic parameters of binding. Mi-

dTAS’ = TAS’(4-pentylpyridine)—
TAS’(4-methylpyridine) =+11.8 kJ
mol ! at 298 K), thus showing the sig-
nificance of water reorganization
during host-guest interaction. The en-

thalpy—-entropy compensation tempera-
ture of binding of 4-alkylpyridines was
as low as 38 K; only below this temper-
ature could the enthalpic term be a
driving force. The binding affinity was

crocalorimetric studies indicated that
binding of the alkyl group of the guest
in water is driven by the entropic term
(8AH = AH (4-pentylpyridine)—

AH"(4-methylpyridine) =+1.7 kI mol *,

polymers -

Introduction

The binding of various organic ligands to globular proteins
is driven by a number of intermolecular forces, such as hy-
drogen bonding, electrostatic interactions, van der Waals in-
teractions, and desolvation-induced entropic gain. Hydro-
phobic interactions!™? are a combination of van der Waals
interactions (attractive forces between hydrophobic moieties
are stronger than those between a hydrophobic moiety and
water molecules) and desolvation-induced entropic gain (ex-
pelling a number of water molecules by association of two
larger molecules) and are one of the important driving
forces of binding in aqueous solution. In proteins that bind
hydrophobic ligands such as cholesterols® and fatty acids,™”
an effective hydrophobic environment in water is construct-
ed by using amino acids with a hydrophobic side chain, such
as valine, leucine, methionine, and phenylalanine, and the
appropriate secondary and tertiary structures. To construct a
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modulated by the addition of cations
and by varying the degree of polymeri-
zation of poly(ethylene oxide), which
suggests that guest binding is coupled
with polymer conformation.

effect
recep-

hydrophobic binding site in water, we need to prepare a
large receptor to encompass the solvent-accessible guest sur-
face effectively.”) Besides the important roles of hydropho-
bic interactions in binding, water affects the reactivities of a
number of chemical reactions and often alters a reaction
pathway completely. Therefore, sequestration of a molecule
from water in aqueous media is one of the major challenges
in water-based solution chemistry.’!

We previously prepared a zinc porphyrin with eight w-car-
boxyalkyl chains as solubilizing auxiliary groups and report-
ed the thermodynamic binding parameters of various
guests.”! The electrostatic repulsion between the carboxy
groups considerably hinders the binding of hydrophobic
guests. To avoid electrostatic repulsion between charged
groups and to prepare a receptor with a better hydrophobic
binding site, we employed neutral hydrophilic groups, that
is, poly(ethylene oxide) (PEO) groups,” in place of the car-
boxylates: we reported the synthesis and binding properties
of a zinc porphyrin that has four long alkyl chains with PEO
terminals.’? We found that the PEO-zinc porphyrin conju-
gate binds 4-alkylpyridines more tightly than the anionic
zinc porphyrin receptor. Herein, we prepared new water-
soluble zinc porphyrin receptors that have eight alkyl chains
with PEO terminals, and the binding of 4-alkylpyridines and
N-alkylimidazoles was investigated, with the aim of evaluat-
ing the enthalpic and entropic contributions to hydrophobic
interactions in host—guest systems.

YWILEY 3
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Results and Discussion
Receptor Preparation

PEO-zinc porphyrin conjugate 1a was prepared as shown in
Scheme 1. PEO 10a with an amine group at the terminus
was prepared from poly(ethylene oxide) monomethyl ether
of average molecular weight 750 (8a). Coupling of 10a with
porphyrin octacarboxylic acid 7 gave 11a. Compound 11a
was purified by silica-gel column chromatography and then
gel-permeation chromatography on a Sephadex LH-20
column. The 'H NMR spectrum of 11a in CDCIl; showed
characteristic resonances at —2.59 (inner NH protons) and
8.62 ppm (singlet, p-pyrrole protons). The amide protons ap-
peared at 6.39 ppm, which was assigned by the COSY cross-
peak with the PEO methylene resonance at 3.4 ppm. Com-
pound 11a is soluble in water and most organic solvents.
The UV/Vis spectra of 11a in water and CHCl; showed the
Soret band at 421 and 423 nm, respectively. The peak width
of the Soret band in water is similar to that in CHCIl;, which
implies that no aggregation of the porphyrin moiety of 11a
occurs in water. Zinc complex 1la was prepared by reaction
of 11a with zinc acetate. PEO-zinc porphyrin conjugate 1b
was similarly prepared by using PEO with an average mo-
lecular weight of 2000 (8b). pH titration of an aqueous solu-
tion of 11b (0.1m NaClO,) with HCIO, gave a pK, value of
2.9 for the protonation of the inner imine nitrogen atom.
The structures of 1a and 1b are shown in Scheme 2.

Binding Equilibria in Water

UV/Vis titration of a solution of 1a in 0.1 M aqueous potassi-
um phosphate buffer at pH 7.0 with 4-ethylpyridine at 25°C
caused a decrease in the absorbance at 423 nm and an in-
crease in the absorbance at 436 nm with isosbestic points
(Figure 1). The binding constants for the pyridine and imida-
zole derivatives of 1a and 1b were determined by nonlinear

Abstract in Japanese:

RYZF L orFHy FERFESEERFLT ) VICLd &-TAFALEY
VDR TFRBERNFOIEZ P ORI L, KPIZBITHHEEFHORE
BIBDFRER, 4-AFNEY Vo EHARTARUFALY DIy F ) E—
AT 1.7 K mol' RF|, = hm e —24p (TAS®) X 11.8 kI mol™! HFITH
D, TAXRVEORBITT Y ha—RNERERETDICRIBZ L, T4

bbb, WKL EOKOEEEILBBEN A LR TWBHI ERbhoT, T

NELEOBBOT L ZNE——x v b O —HHEIEBEEIL 38K & HEFIZEL,

ZORELVIERTOART VNV —IEREREIN L0 55 LERLE,
B ERFET I F A OBERPR) ZF Lo ALY ROBESEIZL-T
LEAEHIRELL, BOFOa LT xr—ALa SR NOBEAMEEL

TWD I LARBENT,
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H3Clé )o—R
n

8a:R=H,n=16
8b:R=H,n=44 )

9a:R=Ts,n=16

9b:R=Ts,n=44 )
, fg

10a: R=NHy, n=16

10b: R =NH5, n=44

6:R= (CH2)10COOCH3
Je
7-R= (CH2)1oCOOH

11a: R = (CH,)10CONH(CH2CH,0),CH3, n = 16
11b: R = (CH2)1OCONH(CHchzo)nCHs, n=44

R = (CH5)1oCONH(CH,CH,0),CH3
1a:n=16
1b: n=44

Scheme 1. Synthesis of PEO-appended zinc porphyrins 1a and 1b. Re-
agents: a) pyridinium hydrochloride; b) Br(CH,),,COOMe; c) KOH;
d)10a or 10b, HOBt, EDC-HCI; e) TsCl, NaOH; f) NaN;; g) Ph;P;
h) Zn(OAc),. EDC=N-(3-dimethylaminopropyl)-N-ethylcarbodiimide,
HOBt = N-hydroxybenzotriazole.

1.4

T T 1
0 50 100 150 200
V/mL—>

Alau ——

350 400 450 500 550 600 650
Alnm —»

Figure 1. UV/Vis titration of 1a with 4-ethylpyridine in potassium phos-
phate buffer at pH 7 and 298 K. 4-Ethylpyridine (7.65 mm, 0—200 uL)
was added to of 1a (3.13 pM, 3 mL), with the decrease in absorbance of
1a due to dilution corrected. Inset: Plot of the absorbance at 423 (de-
crease) and 436 nm (increase) against the volume of 4-ethylpyridine
added.
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Scheme 2. Structures of the receptors.
curve fitting to the absorbance changes at two different 04
wavelengths and are listed in Table 1. ]

-26 -
Table 1. Binding constants and free-energy changes for the complexation T
of pyridine and imidazole derivatives to 1a and 1b in potassium phos- E 287
phate buffer (0.1m) at pH 7 and 25°C. 2 30
Host Guest K& M —~AG"™ [kJmol™] o; N
1la 4-methylpyridine 19000 24.4 < 32
la 4-ethylpyridine 54200 27.0
1a 4-propylpyridine 148000 29.5 -34
1a 4-pentylpyridine 1250000 34.8
1b pyridine 12000 233 -36
1b 4-methylpyridine 38400 26.2 T ! ! ' ' ‘ !

C 0 1 2 3 4 5 6

1b 4-ethylpyridine 103000 28.6 n
1b 4-propylpyridine 302000 313
1b 4—pentylpyridipe. 1210000 34.7 Figure 2. Plot of the free energy of binding of the 4-alkylpyridines to 1a
1b 4-ter t—butyl;)-y1j1d1ne 300000 312 (A) and 1b (@) in potassium phosphate buffer at pH7 and 298 K
1b 4-benzylpyridine 610000 33.0 against the number of carbon atoms () in the guest alkyl group of the
1b N-methylimidazole 234 135 4-alkylpyridines.
1b N-ethylimidazole 303 14.1

[a] Estimated errors=+5%. [b] AG'=—RTInK, T=298 K.

The characteristic feature of the binding constants is that
the free energy of binding, —AG", increased linearly as the
alkyl group in the 4-position of pyridine became longer.!'”
Figure 2 shows the plot of the free energy of binding against
n, in which n is the number of carbon atoms in the alkyl
group of the 4-alkylpyridines. From the slope of the plotted
line, we estimated the free energy of binding per CH, unit.
The value of —~dAG"dn was 2.6 and 2.2 kJmol™' for 1a and

Chem. Asian J. 2007, 2, 1267 -1275

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1b, respectively. Figure 2 shows that 1b binds the pyridyl ni-
trogen atom more tightly than 1a (more negative vertical in-
tercept), whereas 1a binds the alkyl group of the guest more
tightly than 1b (larger slope). The molecular weight of the
PEO fragments clearly affects the hydrophobic recognition
energy of the receptor: the receptor with shorter PEO
chains showed a better recognition of the alkyl group of the
4-alkylpyridines. The shorter PEO chains have less steric
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hindrance, or less exclusion volume, than the longer PEO
chains, and 1la can accommodate the alkyl chain of the
guest more comfortably.

For the binding of the pyridyl nitrogen atom, the peak
maxima of the Soret band of 1a and 1b in the UV/Vis spec-
tra in CH,Cl, were at 425 nm, whereas the peak maxima of
1a and 1b in water were at 428 and 425 nm, respectively. It
is well-known"! that coordination of an oxygen ligand to
zinc porphyrin occurs with a red shift of the Soret band.
Therefore, receptor 1a with shorter PEO chains has water
as an axial ligand of zinc. This explains the weaker binding
of 1a than 1b toward pyridines.

How the balance between the hydrophilic and hydropho-
bic moieties of a receptor molecule impacts the binding
properties is not well-characterized, and the present results
suggest that a large hydrophilic moiety will have a negative
effect on hydrophobic interaction between the receptor and
guest. The values of —dAG"dn for 1a and 1b are both
smaller than that for receptor 2 (—dAG%dn=3.4 kImol ™).
Comparison of the hydrophobic binding between 1a/1b and
2 will be discussed later on the basis of enthalpy and entro-
py changes of binding.

Interestingly the binding constants determined in sodium
phosphate buffer were different from those determined in
potassium phosphate buffer (Table 2). The binding constants

Table 2. Binding constants of pyridines to 1b in sodium and potassium
phosphate buffer (pH 7, 0.1m) at 25°C.

Pyridine Sodium phosphate Potassium phosphate
4-Methylpyridine 49500 38400
4-Ethylpyridine 197000 103000
4-Propylpyridine 650000 320000
4-tert-Butylpyridine 597000 300000
4-Benzylpyridine 773000 610000

for the former were approximately twice those for the latter,
except for 4-methylpyridine and 4-benzylpyridine. Yanagida
et al. reported that PEO binds alkali-metal ions, and the se-
lectivity is similar to that of [18]crown-6.1" Therefore, potas-
sium ions are bound to the PEO chains more tightly, thus in-
ducing conformational changes to alter binding affinity indi-
rectly. Binding experiments except for those shown in
Table 2 were carried out in potassium phosphate buffer to
allow comparison of the data with those previously reported
for receptor 2.

Relative to pyridine derivatives, imidazoles showed much
looser binding to receptor 1b. This may be attributed to the
hydrophilic nature of imidazoles. Recognition of the alkyl
group of the imidazole guest was also ineffective as seen in
the small K(EtImd)/K(MeImd) ratio (Imd=imidazole) and
the AG® value of —0.6 kImol™'. Similar behavior was ob-
served in the binding of 4-(2-hydroxyethyl)pyridine to re-
ceptor 2, which was hindered by the hydroxy group.!’
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Binding Equilibria in Dichloromethane

The binding constants of pyridine derivatives of 1a and 1b
in CH,CI, are listed in Table 3 along with those for receptor
2. First, the binding affinity remained almost the same as

Table 3. Comparison of binding constants K (Mm~') in CH,Cl, at 25°C.

Pyridine 1a 1b 200

Pyridine ol 1210 4190
4-Methylpyridine 670 1400 9080
4-Ethylpyridine 790 1430 11500
4-Propylpyridine 830 1600 10400

[a] Not determined. [b] See reference [9].

the alkyl chains in guest became longer. Hydrophobic inter-
actions would not work for binding in an organic solvent;
the recognition of the alkyl chain was ineffective in di-
chloromethane. Interestingly, the binding constants observed
for receptors 1a/1b were consistently smaller than those ob-
served for 2. The binding affinity increased in the order
1a<1b<2. The lower affinity of receptors 1a/lb can be at-
tributed to steric repulsion due to their alkyl chains or ex-
clusion volume effects of their poly(ethylene oxide) groups.

It may be argued that coordination of the PEO ether
oxygen atoms to zinc is an important factor in binding ther-
modynamics, as several crystal structures of coordination
complexes of ethers and zinc porphyrins have been report-
ed.”¥! The average number of PEO oxygen atoms are 128,
352, and 176 for 1a, 1b, and 2, respectively. If only the coor-
dination of the PEO oxygen atom dictates the binding ther-
modynamics, we would expect the binding affinity to in-
crease in the order 1b <2 <1a. Therefore, PEO oxygen co-
ordination may occur, but it is not the major factor deter-
mining the binding affinity.

Enthalpy and Entropy Changes of Binding in Water

Enthalpy and entropy changes of binding were determined
by microcalorimetric titration of a solution of 1a in potassi-
um phosphate buffer at pH7.0 with 4-alkylpyridines
(Table 4). The titration curves fitted best to a 1:1 binding
model. The binding constants determined from the microca-
lorimetric titration curves were 18700, 145000, and

Table 4. Enthalpy and entropy changes in binding in potassium
phosphate buffer at pH 7.0.

Host  Guest AH’ TAS"! Method
[kImol™] [kJmol™]

la 4-methylpyridine -245+12 -02+14  MCM

1a 4-propylpyridine —233+05 62405  MCM

1a 4-pentylpyridine —228+02  11.6+0.1 mch!

1b 4-methylpyridine —223+0.7 3.8+0.6 van’t Hoff
1b 4-propylpyridine —25.6+0.8 544038 van’t Hoff
1b 4-pentylpyridine —-19.1+1.1 155+1.1 van’t Hoff
1b 4-benzylpyridine —18.5+0.8 14.6+0.8 van’t Hoff
1b N-methylimidazole —6.6+0.1 6.9+0.1 van’t Hoff
1b N-ethylimidazole -3.1+04 11.1+£0.3 van’t Hoff

[a] T=25°C. [b] Microcalorimetric titration.
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1050000M ! for 4-methylpyridine, 4-propylpyridine, and 4-
pentylpyridine, respectively, which are in fairly good agree-
ment with those determined by UV/Vis titration (Table 1).
Although the free-energy difference SAG’=AG"(4-pentyl-
pyridine) —~AG"(4-methylpyridine) is —10 kJmol™', the en-
thalpy difference SAH"=AH’(4-pentylpyridine)—AH"(4-
methylpyridine) is positive and only 1.7 kJmol™; 8TAS’=
TAS"(4-pentylpyridine)— TAS(4-methylpyridine) =

11.8 kImol ' at 298 K. Therefore, the tighter binding of 4-
pentylpyridine relative to 4-methylpyridine can be attributed
to the entropic term. Liu et al.' reported that chiral recog-
nition of camphor by modified cyclodextrins is driven by en-
tropic change. The values of TAS" are plotted against AH’
in Figure 3. The linear correlation shows that the CH,--CH,

15 -
W 10
s
£
=
x
o, 54
[%5]
g

0_

I I T I I 1
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Figure 3. Plot of TAS® against AH’ for the binding of 4-methylpyridine,
4-propylpyridine, and 4-pentylpyridine to la in potassium phosphate
buffer at pH 7 and 298 K. AH" and AS” were determined by microca-
lorimetry.

hydrophobic interaction is characterized by SAH"=0.4 and
TSAS"=3.0 kJ per CH, unit at 298 K. The linear correlation
also shows that there is an enthalpy—entropy compensation
for the recognition of the alkyl groups by 1a. The compen-
sation plot yields a slope of 7.7 and an intercept of
186 kImol~!. The slope corresponds to the compensation
temperature of 38 K: an extremely low compensation tem-
perature was obtained. Only below this temperature could
the enthalpic term be a driving force. Therefore, the entrop-
ic term is dominant at ambient temperature. The low com-
pensation temperature implies that hydrophobic interactions
consist of a number of weak elementary interactions.

The enthalpy and entropy changes of binding to cyclodex-
trins were analyzed by the compensation plot (TAS® versus
AH®) 131817 in which the slope and the vertical intercept are
important parameters. According to Inoue etal. ' the
slope (a) reflects the amount of conformational reorganiza-
tion the host undergoes upon binding. The vertical intercept
(B) is associated with the degree of desolvation upon bind-
ing. Both values of the slope and the intercept are quite
large compared with those previously reported for the bind-
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ing of DNA intercalators to gable-type porphyrins (a=0.74,
£=322kImol ™) as well for cyclodextrin—guest com-
plexes (a=0.9, f=13.0 kI mol™!).+!l Therefore, the pres-
ent binding is associated with a considerable amount of con-
formational change and desolvation.

Enthalpy and entropy changes of hydrophobic interac-
tions have been evaluated by using the phase transfer of al-
kanes and alcohols between water and organic solvents,””
as well as the binding of alcohols and carboxylic acids to cy-
clodextrins.">") Abraham®” reported that the increments
per methylene group for the transfer of alkanes from
hexane to water at 298 K were AG"=3.85, SAH"=2.76,
and TOAS’=—1.09 kJmol™'. These values indicate that hy-
dration of alkanes is unfavorable both enthalpically and en-
tropically, with a larger enthalpic contribution. On the basis
of these data, we can deduce that hydrophobic interaction is
driven by both the enthalpic term and the entropic term, the
former being more important. Enthalpy and entropy
changes of binding of alkanols and carboxylic acids to cyclo-
dextrins were investigated,!'!" and the increase in the alkyl-
chain length of the guest was found to result in a negative
enthalpy change and a negative entropy change. Increments
per methylene group for the binding of alkanols to a-cyclo-
dextrin in water at 298 K were d8AG°=—-3.0, SAH"=-3.8,
and TOAS’=—-0.8 kImol~'. Thus, hydrophobic recognition
of an alkyl group by cyclodextrin is enthalpically driven.
Both of these studies demonstrate that the enthalpic term
plays an important role in hydrophobic interactions. In con-
trast to these results, for the binding to 1a, we showed that
the increment per methylene group of the entropic term is
positive and contributes favorably to binding, whereas that
of the enthalpic term is positive and contributes unfavorably
to binding. In the host—guest systems in water investigated
so far, low-molecular-weight host molecules with a small
number of degrees of conformational freedom were em-
ployed relative to the biological counterpart, protein. In
such host—guest systems, van der Waals interactions may
dominate the binding energetics and lead to the enthalpical-
ly driven binding. In our system as well as in binding by pro-
tein, the degree of conformational freedom is much larger
and the induced fit to the hydrophobic surface of the guest
occurs more extensively. More extensive desolvation of both
host and guest is expected to occur, and this would explain
the large positive entropic gain.

The enthalpy and entropy changes of binding to 1b were
determined by van’t Hoff analysis of the binding constants
determined in the temperature range 15-45°C. A represen-
tative example of the van’t Hoff plot is shown in Figure 4.
The binding constants at each temperature were determined
three to six times to check reproducibility, and the standard
deviations were also estimated. The values of the enthalpy
and entropy changes are listed in Table 4. The binding of
alkyl pyridines to receptor 1b was characterized by a nega-
tive enthalpy change and a positive entropy change. The
tighter binding of 4-pentylpyridine relative to 4-methylpyri-
dine was ascribed to the favorable entropic term, and this
trend is similar to the case of binding to 1a. The values of
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Figure 4. van’t Hoff plot of the binding of 4-propylpyridine to 1b in
potassium phosphate buffer at pH 7.

AH’ and AS° for the binding of 4-benzylpyridine are similar
to those of 4-pentylpyridine. The aromatic moiety is thus
recognized through a similar mechanism as the aliphatic
moiety. Loose binding of imidazoles can be attributed to the
less negative enthalpy changes. The hydrophilic nature of
imidazoles may resist complete dehydration even when
bound in a hydrophobic cavity, and water molecules may
disrupt the van der Waals contact of the nonpolar surfaces
of the host and guest to lead to less favorable enthalpy
changes.

Comparison of Thermodynamic Parameters of Binding
between 1a/1b and 2

Figure 5 shows the plot of AS” against AH" of binding of al-
kylpyridines and alkylimidazoles to 1a, 1b, 2, and 3. The
values of AH’ and AS° for the same guest, 4-propylpyridine,
decreased on going from 2 to 3 to 1 (points d, e, h, and i in
Figure 5). Therefore, there is an enthalpy—entropy compen-
sation in varying the host structure.”!! As shown in Figure 5,
the enthalpy/entropy changes for binding of 4-alkylpyridines
were different between 1a/lb and 2. Binding by 1a/lb is
characterized by positive entropic changes, binding by 2 by
negative entropic changes. The number of alkyl groups thus
has a dramatic impact on the binding mechanism and hydro-
phobic interactions. The less effective recognition of hydro-
phobic groups by 1a/lb relative to 2 as reflected in a less
negative —dAG"/dn value may be attributed to the following
three mechanisms:

1) The binding site of 1 is not hydrated and is stabilized
by the effective intramolecular alkyl-alkyl interactions.
Thus, van der Waals stabilization with guest alkyl chains is
counterbalanced by the loss in intramolecular van der Waals
interactions of the alkyl groups of 1, which results in only a
small enthalpic gain.

2) The larger values of AS® of 1 than those of 2 and 3 indi-
cate that desolvation of the guest and the host occurs more
extensively in 1a/1b. More extensive desolvation than 2 and
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Figure 5. Plot of entropy changes versus enthalpy changes. A\ =1a and al-
kylpyridines, @ =1b and alkylpyridines, benzylpyridine, ll =1b and imi-
dazoles, A =2 and alkylpyridines, O =3 and alkylpyridines; a=1b-pen-
tylpyridine, b=1b-benzylpyridine, c¢=1a—pentylpyridine, d=1a-propyl-
pyridine, e=1b-propylpyridine, f=1b-methylpyridine, g=1a-methyl-
pyridine, h =3-propylpyridine, i=2-propylpyridine, j=3-methylpyridine,
k=2-pyridine, 1 =1b-ethylimidazole, m =1b-methylimidazole.

3 may be attributed to the larger number of alkyl chains in
1a/1b and the neutral PEO group of 1a/lb, respectively.

3) The large exclusion volume of the PEO group may
have negative effects on the construction of a hydrophobic
recognition cavity. The smaller binding constants of 1a/lb
relative those of 2 in dichloromethane can be explained by
greater steric repulsion between receptors la/lb and the
guest.

Figure 5 shows that, for 1b, 2, and 3, both the enthaplic
and the entropic terms favor binding of 4-propylpyridine
over that of 4-methylpyridine or pyridine (JAH" <0, SAS® >
0; point i vs. k, h vs. j, and e vs. f in Figure 5), whereas only
the entropic term favors binding of 4-pentylpyridine over
that of 4-propylpyridine (84H">0, SAS">0; point a vs. e in
Figure 5) for 1b. Therefore, the recognition mechanism of a
short alkyl chain seems to be different from that of a long
alkyl chain. One possible explanation is that the alkyl group
of the guest is bound in a different microscopic environment
according to the alkyl-chain length (Figure 6). Although de-
tails of the hydration of 1b are not clear, we speculate that
water molecules cannot penetrate deep into the binding
pocket, and the 4-propyl group is placed in a nonaquated
region, whereas the terminus of the 4-pentyl group is placed
in an aquated region to expel water molecules upon binding.

Figure 6 shows the structure of the complex between re-
ceptor 1b and 4-pentylpyridine obtained by molecular-dy-
namics simulation with the MM3 force field in vacuo. The
simulation predicts that the alkyl group of 4-alkylpyridine is
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Region (b)
with H,0 intrusion

Region (a)
without H,O intrusion

Porphyrin plane

Figure 6. Molecular-dynamics simulation of the 1b—-4-pentylpyridine com-
plex in vacuo. Atoms of the porphyrin framework and the pyridine core
are shown as shaded circles, and alkyl chains of receptor and guest are as
filled circles.

in van der Waals contact with the alkyl chains in 1b. This
structure supports the idea that extensive desolvation of the
guest occurs upon binding as deduced from the observed
large entropic changes.

Conclusions

The recognition of alkyl groups by induced-fit-type porphy-
rin receptors was evaluated by comparison of the thermody-
namic parameters of binding of 4-alkylpyridines of varying
alkyl-chain length. The free energy of binding of 4-alkylpyri-
dines increased linearly with an increase in the number of
alkyl carbon atoms of the guest for all zinc porphyrins with
eight PEO-alkyl substituents (molecular weight of each
PEO unit=750; 1a), eight PEO-alkyl substituents (molecu-
lar weight of each PEO=2000; 1b), and four PEO-alkyl
substituents (molecular weight of each PEO =2000; 2); the
increment in free energy is 2.6, 2.2, and 3.4 kJmol™" per CH,
unit, respectively. The receptor with shorter PEO chains
showed better recognition of the alkyl groups of the guest.
Therefore, the hydrophobic/hydrophilic balance seems to be
important for receptor design. The microcalorimetric study
of binding by 1la showed that the enthalpy and entropy
changes also vary linearly with increasing alkyl-chain length.
The entropic term becomes more favorable for binding with
increasing alkyl-chain length, thus demonstrating that hydro-
phobic recognition is driven by the entropic term (the
CH,-CH, hydrophobic interaction is characterized by
SAH"=0.4 and TOAS’=3.0kJ per CH, unit at 298 K). The
compensation temperature was as low as 38 K, which im-
plies that the enthalpic term could be a driving force only
below this temperature. The binding constants in sodium
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phosphate buffer were as twice as large as those in potassi-
um phosphate buffer, which demonstrates that cation-in-
duced conformational changes in PEO indirectly modulate
binding affinity.

Experimental Section
Equipment

Microcalorimetric titration was performed with a MicroCal VP-ITC iso-
thermal titration calorimeter. UV/Vis spectra were recorded on a Shi-
madzu Multispec-1500 spectrophotometer.

Molecular-Dynamics Simulations

Molecular-dynamics simulation of the complex between 1b and 4-pentyl-
pyridine was performed in vacuo by using BioMedCAChe Version 5.02
with an MM3 force field and a time step of 0.001 ps at 300 K for 1000 ps,
starting from a conformer of 1b with all-frans extended PEO chains.

Syntheses

4: 2,6-Dimethoxybenzaldehyde (20.00 g, 120.5 mmol) was dissolved in
propionic acid (1.00 L). The solution was heated to 120°C with continu-
ous stirring. Pyrrole (8.40 mL, 121.5 mmol) was slowly added to the
heated solution, and heating was continued at 120°C for 7 h. After the
solution was cooled to room temperature, it was left to stand overnight.
The purple crystalline product was isolated following the literature proce-
dure® to afford 5,10,15,20-tetrakis(2,6-dimethoxyphenyl)porphyrin (4;
2.07 g, 8.04%). '"HNMR (500 MHz, CDCLy): 6=-2.50 (s, 2H; NH), 3.50
(s, 24H; OMe), 6.99 (d, J=8.4 Hz, 8H; phenyl H), 7.69 (t, /=8.4 Hz,
4H; phenyl H), 8.67 ppm (s, 8H; B-pyrrole); MS (FAB): m/z =855 [M +
H]*.

5: Porphyrin 4 (0.33 g, 0.45 mmol) and pyridinium chloride (22.91 g,
0.20 mol) were placed in a 300-mL three-necked round-bottomed flask
under Ar. The mixture was heated under reflux at 220°C for 6 h. After
the reaction mixture was cooled to room temperature, water (500 mL)
and ethyl acetate (200 mL) were added. The organic layer was separated,
washed with HCI (0.1m, 2x150 mL) then saturated aqueous NaHCO;
(2x200 mL), and dried over Na,SO,. Evaporation of the solvent and pu-
rification by column chromatography (SiO,, EtOAc/THF=4:1, 2x) af-
forded 5,10,15,20-tetrakis(2,6-dihydroxyphenyl)porphyrin (5) as a red-
purple solid (0.18 g, 53.4%). '"H NMR (500 MHz, CD;0D): 6=6.82 (d,
J=8.3 Hz, 8H; phenyl H), 7.47 (t, J=8.3 Hz, 4H; phenyl H), 8.84 ppm
(s, 8H; B-pyrrole); MS(FAB): m/z =743 [M+H]*.

6: Porphyrin 5 (0.21 g, 0.28 mmol) and K,CO; (0.84 g, 6.13 mmol) were
dissolved in dry N,N-dimethylformamide (DMF; 6.35 mL) under Ar,
then methyl 11-bromoundecanoate (1.48 mL, 6.13 mmol) was added. The
reaction mixture was heated at 50°C for 3 days. After the solution was
cooled to room temperature, water (200 mL) and ethyl acetate (250 mL)
were added. The organic layer was separated, washed with water (3x
200 mL) then saturated aqueous NaHCO; (3x200 mL), and dried over
Na,SO,. Evaporation of the solvent and purification by column chroma-
tography (SiO,, CHCL;) afforded 5,10,15,20-tetrakis(2,6-bis(10-methoxy-
carbonyldecyloxy)phenyl)porphyrin (6) as a red-purple solid (0.58 g,
86.9%). '"HNMR (500 MHz, CDCL,): 6=-2.59 (s, 2H; NH), 0.63-1.59
(m, 128H; CH,), 2.18-2.321 (m, 16 H; CH,), 3.59-3.73 (m, 40H; CO,Me
and CH,), 6.95 (d, /=84 Hz, 8H; phenyl H), 7.63 (t, J=8.4Hz, 4H;
phenyl H), 8.63 ppm (s, 8H; B-pyrrole); MS (FAB): m/z=2329 [M]*.

7: Porphyrin 6 (0.10 g, 43.79 umol) was dissolved in a solution prepared
by mixing THF (20 mL), methanol (4 mL), and KOH (0.5m, 6 mL) under
Ar. After being stirred at room temperature for 48 h, the solution was
evaporated. HCl (0.5m, 8 mL) was added, followed by ethyl acetate
(15 mL). The organic layer was washed with water (2x25 mL) then satu-
rated aqueous NaCl (2x15 mL) and dried over Na,SO,. Evaporation of
the solvent and purification by gel-permeation chromatography on Se-
phadex LH-20 (CH;OH, 2x) afforded a purple oil of 5,10,15,20-tetrakis-
(2,6-bis(10-carboxydecyloxy)phenyl)porphyrin ~ (7; 58 mg, 60.1%).
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'"HNMR (500 MHz, CD;0D): 6=0.43-1.58 (m, 128 H; CH,), 2.08-2.12
(m, 16H; CH,CO,), 3.80-3.86 (m, 16H; CH,), 7.06 (d, J=8.6 Hz, 8H;
phenyl H), 7.70 (t, J=8.6 Hz, 4H; phenyl H), 8.67 ppm (s, 8H; B-pyr-
role); MS (FAB): m/z=2217 [M]*.

9a: This compound was synthesized according to the reported proce-
dure.”? Sodium hydroxide (10.00g, 0.25 mol) in water (50 mL) and
poly(ethylene glycol)-750 monomethyl ether (8a; 7.50 g, 10.00 mmol) in
THF (50 mL) were placed in a flask, and the mixture was cooled in an
ice bath with stirring. p-Toluenesulfonyl chloride (1.72 g, 9.00 mmol) in
THF (50 mL) was added dropwise to the mixture over 1 h with continu-
ous stirring and cooling of the mixture below 5°C. The solution was
stirred at 0-5°C for a further 3h and then poured into iced water
(200 mL). The mixture was extracted with CHCl; (2x200 mL). The com-
bined organic extracts were washed with water (300 mL2 x ) then saturat-
ed aqueous NaCl (300 mL) and dried over Na,SO,. Upon evaporation of
the solvent, w-O-tosylpoly(ethylene glycol)750 monomethyl ether (9a) of
satisfactory purity was obtained®! (8.32 g, 91.9%). '"HNMR (500 MHz,
CDCl;): 6=2.44 (s, 3H; CHj;), 3.37 (s, 3H; CH;0), 3.57-3.71 (m, 66H;
CH,), 4.15 (t, J=5.0Hz, 2H; CH,), 7.34 (d, J=8.0 Hz, 2H; phenyl H),
7.80 ppm (d, J=8.0 Hz, 2H; phenyl H).

10a: w-Deoxy-w-aminopoly(ethylene glycol)750 monomethyl ether (10a)
was prepared according to the reported procedure®! by using sodium
azide (0.91¢g, 14.00 mmol) and 9a (8.32¢g, 9.00 mmol). Yield: 6.39 g,
92.8%. '"HNMR (500 MHz, D,0): 6=2.84 (t, J=5.0 Hz, 2H; CH,), 3.41
(s, 3H; CH;0), 3.57-3.73 ppm (m, 66 H; CH,).

11a: Amine 10a (0.20 g, 0.27 mmol), HOBt (41 mg, 0.27 mmol), and fi-
nally EDC (51.8 mg, 0.27 mmol) were added to a solution of 7 (62 mg,
28 umol) in CH,Cl, (20 mL) at room temperature under Ar. After 46 h,
the mixture was evaporated and purified by column chromatography
(Si0,, CHCl/MeOH =10:1). Further purification by gel-permeation
chromatography on Sephadex LH-20 (CH;OH, 2x) afforded PEO750-
appended prophyrin 11a as a red-purple oil (204.8 mg, 89.0%). '"H NMR
(500 MHz, CDClLy): 6=-2.59 (s, 2H; inner H), 0.60-1.58 (m, 128H;
CH,), 2.01-2.06 (m, 16H; CH,CONH), 3.31-3.36 (m, 40H; CONHCH,
and OCH;), 3.45-3.75 (m, 512H; OCH,0CH,CH,0), 6.39 (s, 8H;
CONH), 6.94 (d, /J=84Hz, 8H; phenyl H), 7.62 (t, /=8.4Hz, 4H,
phenyl H), 8.62 ppm (s, 8H; B-pyrrole); MS (MALDI-TOF, 3-indole-
acrylic acid): m/z caled for CsoH;6N;,Ou: 7960 [M]*; found: broad
peak at 6500-8600.

la: A solution of 11a (204 mg, 24.90 umol) in CH;OH (10 mL) and
CH,Cl, (10mL) was mixed with saturated Zn(OAc), (21.20 mg) in
CH;OH (2mL), and the mixture was heated under reflux for 3 h in the
dark. The solution was evaporated, and the residue was dissolved in
CHCI;. The CHCI,; layer was washed with deionized water, and the or-
ganic layer was evaporated. The product was further purified by gel-per-
meation chromatography on Sephadex LH-20 (CH;OH, 2x) to afford
PEO750-appended zinc porphyrin 1a as a pink solid (173.3 mg, 87.4%).
"H NMR (500 MHz, CDCl;): 6 =0.60-1.58 (m, 128 H; CH,), 2.00-2.05 (m,
16H; CH,CONH), 3.31-3.36 (m, 40H; CONHCH, and OCH,), 3.45-3.75
(m, 512H; OCH, and OCH,0CH,0), 6.27 (s, 8H; CONH), 6.95 (d, /=
8.4 Hz, 8H; phenyl H), 7.62 (t, J=8.4 Hz, 4H; phenyl H), 8.70 ppm (s,
8H; B-pyrrole).

9b: This compound was synthesized according to the reported proce-
dure.” Sodium hydroxide (8.00 g, 0.2 mol) in water (40 mL) and poly-
(ethylene glycol)2000 monomethyl ether (8b; 5.01 g, 2.5 mmol) in THF
(40 mL) were placed in a flask, and the mixture was cooled in an ice bath
with stirring. p-Toluenesulfonyl chloride (0.65g, 3.41 mmol) in THF
(40 mL) was added dropwise to the mixture over 2 h with continuous stir-
ring and cooling of the mixture below 5°C. The solution was stirred at 0—
5°C for a further 3 h and then poured into iced water (200 mL). The mix-
ture was extracted with CH,Cl, (2x200 mL). The combined organic ex-
tracts were dried over anhydrous Na,SO,. Upon evaporation of the sol-
vent, ®-O-tosylpoly(ethylene glycol)2000 monomethyl ether (9b) was ob-
tained (4.66 g, 86.5% yield). '"H NMR (500 MHz, CDCly): 0=2.46 (s,
3H; CH,), 3.39 (s, 3H; CH;0), 3.56-3.71 (m, 200H; CH,), 4.17 (t, J=
5.0 Hz, 2H; CH,), 7.34 (d, J=8.0 Hz, 2H; phenyl H), 7.80 ppm (d, /=
8.0 Hz, 2H; phenyl H).
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10b: o-Deoxy-w-aminopoly(ethylene glycol)2000 monomethyl ether
(10b) was prepared according to the reported procedure® by using
sodium azide (75mg, 1.15mmol) and 9b (1.66 g, 0.77 mmol). Yield:
1.44 ¢, 99.0%. '"H NMR (500 MHz, [D4]dimethyl sulfoxide ([Ds]DMSO)):
0=2.60 (t, J=5.0Hz, 2H; CH,), 3.20-3.51 ppm (m, 203H; CH;O and
CH,).

11b: Amine 10b (1.01 g, 503 pmol), HOBt (115 mg, 754 umol), and final-
ly EDC (144 mg, 754 umol) were added to a solution of 7 (58 mg,
26.2 ymol) in CH,Cl, (25mL) at room temperature under Ar. After
4 days, the mixture was evaporated and then purified by column chroma-
tography (SiO,, CHCL/MeOH =10:1, 2x). Further purification by gel-
permeation chromatography on Sephadex LH-20 (CH,OH, 2 x ) afforded
PEO-appended porphyrin 11b as a red-purple oil. Yield: 101 mg, 21.6%.
'"H NMR (500 MHz, CDCL;): 6=-2.61 (s, 2H; inner H), 0.62-1.58 (m,
128H; CH,), 2.01-2.06 (m, 16H; CH,CONH), 3.35-4.24 (m, 1448H,
OCH,, CONHCH,, OCH,CH,, and OCHs;), 6.25 (brs, 3H; CONH), 6.92
(d, /=8.0Hz, 8H; phenyl H), 7.60 (t, /J=8.0Hz, 4H; phenyl H),
8.60 ppm (s, 8H; B-pyrrole).

1b: A solution of 11b (30 mg, 1.66 pmol) and Zn(OAc),-saturated meth-
anol (2mL) in CH;0H (10 mL) and CH,Cl, (10 mL) was heated under
reflux for 3 h in the dark. The solution was evaporated, and the residue
was dissolved in CHCl;. The CHCI; layer was washed with deionized
water, and the organic layer was evaporated. The product was further pu-
rified by gel-permeation chromatography on Sephadex LH-20 (CH;OH,
2x) to afford PEO-appended zinc porphyrin 1b as a pink solid. Yield:
30mg, 100%. 'HNMR (500 MHz, CDCL): 6=0.62-1.58 (m, 128H;
CH,), 1.99-2.06 (m, 16H; CH,CONH), 3.354.24 (m, 1448H, OCH,,
CONHCH,, OCH,CH,, and OCH3,), 6.29 (brs, 8H; CONH), 6.93 (d, /=
8.0 Hz, 8H; phenyl H), 7.60 (t, J=8.0 Hz, 4H; phenyl H), 8.68 ppm (s,
8H; B-pyrrole).
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Abstract: New types of enantiopure
compounds were synthesized to gain
better insight into the structural fea-
tures of phenylene ethynylene cyclo-
phynes. Besides the previously ob-
tained meta-substituted arylene ethyn-
ylenes, 1, ortho-connected phenylene
ethynylene units were incorporated to
give cyclophynes with ortho/meta and
ortholortho connection modes, 2 and 3.

nent was also accommodated in 4.
Both abinitio calculations and NMR
spectra suggest a large amount of
strain for 2 but less strain for 3 and 1a,
the latter having the smallest ring size
among cyclophynes with the meta/meta

Keywords: acetylenes - chirality -
cyclophanes - cyclophynes - helical
structures

connection mode. The CD spectra of 2
and 3 showed a characteristic shoulder
at around 340 nm, similar to the case
of 1a. This implies that the aromatic
acetylene bonds cross over each other
in the double-helical structure. These
results indicate that chirality informa-
tion is useful for probing the persisten-
cy of molecular shape.

Furthermore, a diphenylethyne compo-

Introduction

Modern cyclophane chemistry has witnessed great advances
in its acetylenic family, cyclophynes, in the context of grow-
ing interest in carbon-rich materials and shape-persistent
macrocyclic molecules.!) In particular, numerous aromatic
cyclophynes have appeared owing to rapidly developed
technology for the synthesis of aromatic acetylenes. Some of
these molecules are chiral but, unfortunately, obtained as
racemates except for only a few.?! Previously, we synthe-
sized double-helical cyclophynes composed of meta-connect-
ed phenylene ethynylene frameworks with 2,2'-binaphthyl
templates such as (R,P)-l1a and -1b.”! The CD spectra of
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these molecules displayed dramatic variations of the Cotton
effect that depended on ring size, thus implying that molecu-
lar chirality, once enantiopure materials have been acquired,
can provide a probe for the persistency of molecular shape.
Accordingly, we were intrigued by the design of other cyclo-
phynes with double helicity in enantiopure form. In phenyl-
ene ethynylene cyclophynes, the substitution pattern of the
aromatic rings directs the orientation of the acetylenic
bonds, thereby defining the molecular structure and its per-
sistency. In this study, the ortho connection of the ethynyl
groups on the phenylene ring was newly taken into account
to give (R,P)-2 and -3. Furthermore, a diphenylethyne com-
ponent was also accommodated to provide (R,P)- and
(S,M)-4. The shape persistency of these compounds, togeth-
er with 1 for comparison, will be discussed on the basis of
the NMR and CD spectra.

Resuls and Discussion

The synthesis of (R,P)-2 and -3 is shown in Scheme 1. meta-
Substituted phenylethynyl compounds 8a and 9a were pre-
pared according to our previous method.”) The correspond-
ing ortho-substituted derivatives, 8b and 9b, were obtained
analogously. Desilylation of 8a and 8b afforded meta- and
ortho-triazenes 10a and 10b, respectively. Next, coupling of
9a or 9b with 10b afforded 11a or 11b. Conversion of tri-

YWILEY
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7a: meta-Et;N;
7b: ortho-Et;N;
_—
[Pd(PPh;3),Cl,]C
ul, iPryNH
toluene

LIHMDS, then . 5 X=H

precursor 20. Subjection of (R)-
and (S5)-20 to intramolecular
coupling afforded (R,P)- and
(S,M)-4, respectively.

The molecular structures of
1a, 2, and 3 were calculated at
the HF/6-31G* level.*! The re-
sults are summarized in Table 1,

Me;,SiCl 6: X = TMS (76%) 8a: X = TMS; Y = meta-Et,N; (83%) and the space-filling models are
Mel, A FEsb: X =TMS; Y = ortho-Et;N; (82%) Ko,COs, shown in Figure 1. Corey-Paul-

9a: X = TMS; Y = meta-l (91%) THF, P
— 9b: X = TMS: Y = ortho-l (91%) MeOH ing-Koltun (CPK) models of

10a: X =H;Y = meta-Et,N; (92%)
10b: X =H;Y = ortho-Et,N; (93%) ~

[Pd(PPh3),Cly]
9 +10p _Cul, iProNH
toluene

11b: X = TMS; Y = Et,N3; ortho-phenylene (80%)

11a: X = TMS; Y = Et,N;; meta-phenylene (73%)
Mel, A
12a: X = TMS; Y = |; meta-phenylene (87%) K.CO
— 12b: X = TMS; Y = I; ortho-phenylene (77%% v

13a: X = H; Y = I; meta-phenylene (92%)
13b: X = H; Y =1, ortho-phenylene (79%)

[PA(PPh3),Cl,]
Cul, Pr,NH

2 (21%) or 3 (22%)
toluene

these compounds suggest very
slight flexibility arising from
fluttering of the dihedral angle
between the biphenyl faces, al-
though 2 is more rigid than the
others. This is in accord with
the smaller enthalpy of forma-
tion of 2 relative to 1a and 3.
Apparently, 2 is more strained
because  of  unsymmetrical
ortho/meta mixed connecting
modes; this is reflected in the
bond angles of the C(sp) atoms,
which are smaller for 2 (169.7-
174.5°) than for 1a and 3
(174.0-177.8°). At first glance,
it seemed to us that the confor-

MeOH

Scheme 1. Synthesis of (R,P)-2 and -3. LIHMDS =lithium hexamethyldisilazide, TMS = trimethylsilyl.

azenes 11a and 11b into iodides 12a and 12b followed by
desilyation afforded precursors 13a and 13b, respectively.
Subjection of these compounds to intramolecular cyclization
afforded (R,P)-2 and (R,P)-3.

Diphenylethyne-containing (R,P)- and (S,M)-4 were pre-
pared according to the procedures shown in Scheme 2. Re-
action of 6 with building block 15 afforded 16, which was
then converted into iodide 17. Coupling between 10a and 17
followed by the usual transformations via 18 and 19 afforded

1300 www.chemasianj.org
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mation of 3 with ortholortho

connections might be tightest,

but this is not the case because

of the high molecular symmetry. This indicates clearly that

the persistency of molecular shape is not only governed by

the connectivity; the symmetry of the whole molecule plays

a more important role. Accordingly, it is quite natural that

1a, which bears symmetrical meta/meta connections, has the
most relaxed conformation of the three compounds.

The NMR spectral data are in good agreement with the

above calculations. As summarized in Table 2, the >*C NMR

spectra showed acetylenic carbon signals between 89.6 and
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[Pd(PPh;),Cl5]

O—= O =
E— + — /
| | toluene

iPryNH Et;N; I

[Pd(PPh3),Cl,]
Cul

toluene
iProNH

[Pd(PPh;),Cl,]

+ 17 Cul
N.Et toluene
=H T2 prNH

10a

K,CO;,
THF, MeOH

[Pd(PPh;,),Cl5]
Cul

toluene
iProNH

Scheme 2. Synthesis of (R,P)- and (S,M)-4.

Table 1. Differences in enthalpy of formation and bond angles calculated
at the HF/6-31G* level.

Compound AAH

C(sp) bond angles [°]

[kcalmol ]
la 0 173.9, 173.9, 174.9, 174.9, 175.5, 175.5, 174.9,
175.0
2 +4.69 169.7, 169.7, 171.5, 171.5, 172.9, 173.0, 174 .4,
174.5
3 +0.80 175.2,175.2,175.8, 175.8, 175.9, 175.9, 177.8,
177.8

[a] Relative to 1a.
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(RP)-1a

(R,P)-2

(R.P)-3
Figure 1. Space-filling models of 1a, 2, and 3.

Table 2. Representative '"H NMR chemical shifts (ppm) of 1a, 1b, 2, 3,
and 4.

Compound ortho-H Acetylenic carbon atoms
la 7.928% 90.4, 92.15

1b 7.498°! 89.1, 89.7, 92.15!

2 7.51 92.1,92.2,93.2,94.2

3 91.4,92.3

4 7.64 89.6, 89.7, 89.9, 91.7, 91.8

92.3 ppm for 3 and 4. Moreover, 1a and 1b also gave similar
results (89.1-92.1 ppm). On the other hand, the acetylenic
carbon nuclei of 2 resonated at higher frequency (92.1-
94.2 ppm). This is reminiscent of bent atomic arrangements
around acetylenic carbon atoms induced by the strained
structure.”’) The 'H NMR signal of the proton located at the
double-ortho position in the meta-connected phenylene is
also diagnostic of the molecular structures. A singlet ap-
peared at 7.51 and 7.64 ppm in 2 and 4, respectively, where-
as la exhibited this signal at 7.92 ppm. Clearly, the proton
in 1a is situated closer to the phenyl ring of another chain,
thus undergoing paramagnetic deshielding effectively. X-ray
crystallography® as well as the above molecular modeling
show that the central benzene rings in 1 are somewhat tilted
from planarity due to the close contact of the protons at the
double-ortho position.

The CD spectra of the relevant compounds are illustrated
in Figure2. A strong positive band appeared at around
300 nm for the R,P enantiomers of 1a, 2, and 3. Further-
more, a shoulder can also be seen in the longer-wavelength
region (330-340 nm). Previously, we disclosed that the posi-
tive band in this region is attributable to aromatic acetylenic
bonds that cross each other in the P helicity.!

In contrast, a negative band appeared at around 340 nm
for (R,P)-4, as was also observed for (R,P)-1b.**! We also

www.chemasianj.org 1301
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Figure 2. CD spectra of (R,P)-1a, -2, and -3, as well as (R,P)- and
(S,M)-4.

disclosed that such alteration is a result of loose arylene
ethynylene macrocycles that do not bear fixed crossing aro-
matic acetylenic bonds.® As the magnitude of the negative
band of (R,P)-4 is comparable to that of (R,P)-1b and is
much smaller than those of the higher homologues with 52-
and 62-membered cycles,”™ the structure of (R,P)-4 is not
completely flexible but strained to some degree. Of further
note is the perfect reversal of the CD spectrum of (S,M)-4,
which is indicative of the enantiopurity of the compounds
obtained here.

Conclusions

We have synthesized novel phenylene ethynylene cyclo-
phynes in enantiopure form. On the basis of ab initio calcu-
lations, the ortho connection of ethynyl groups on the ben-
zene ring has proved, as expected, to induce a more rigid
structure than meta connection. However, it was found that
molecular symmetry contributes a greater extent to the
structure and causes the unsymmetrical ortho/meta mixed
connecting modes to be most strained. The strained sp-hy-
bridized carbon atoms were explicitly detected by means of
BC NMR spectra. More interestingly, a slight difference in
shape persistency between these molecules was detected by
CD spectroscopy. In other words, the high sensitivity of CD
spectroscopy is promising for probing molecular persistency.

Experimental Section

General

All reactions were carried out under an atmosphere of nitrogen with
freshly distilled solvents, unless otherwise noted. Melting points were de-
termined with a Taike XT-4 micromelting-point apparatus and are uncor-
rected. THF was distilled from sodium/benzophenone. Other solvents
such as toluene and diisopropylamine were distilled from CaH,. A solu-
tion of BuLi in hexane was purchased from Aldrich and titrated before
use by the Gilman method. [Pd(PPh;),Cl,] was purchased from Merck.
NMR spectra were recorded on Varian INOVA-400 or JEOL Lamba-
da 500 instruments with tetramethylsilane as an internal reference. Mass
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spectra were recorded on an LCQ-Advantage LC/MS" (atmospheric
pressure chemical ionization (APCI), Thermo-Finnigan) mass spectrome-
ter. Optical rotations were obtained on a JASO P-1010 polarimeter. UV/
Vis and CD spectra were recorded on LabTech UV-2000/2100 and JASO
J-820 spectrometers, respectively. IR spectra were recorded on a WQF-
410 spectrometer.

Syntheses

Compounds 5, 6, 7, 8a, and 9a were prepared according to the previously
published procedures.’! The synthetic procedures for 11b, 12b, 13b, and
15-20 are given in the Supporting Information.

8b: A 100-mL flask was charged with 6 (743 mg, 1.98 mmol), 7b (500 mg,
1.65 mmol), [(Ph;P),PdCL,] (42 mg, 0.06 mmol), Cul (11 mg, 0.06 mmol),
diisopropylamine (8 mL), and toluene (30 mL). After the mixture was
stirred at 80°C for 11 h, it was cooled to room temperature and filtered.
The filtrate was poured into aqueous NH,Cl and extracted with ethyl
acetate. The extract was then washed with brine, dried over MgSO,, and
filtered. The solvent was evaporated in vacuo, and the residue was sub-
jected to chromatography (SiO,, hexane/CH,Cl,=2:1) to give 8b
(743 mg, 82%) as a yellow solid. M.p.: 132-133°C; [a]s"=+498.7 (c=
0.1M, CHCL) for R enantiomer; IR (KBr): #=2927 (C,,n—H), 2145 (C=
C), 1398, 1086, 849, 750 cm™'; '"H NMR (CDCl,, 400 MHz): 6 =—0.30 (s,
9H, TMS), 1.32 (t, J=7.2 Hz, 6H), 3.77 (q, J=7.2 Hz, 4H), 6.13 (d, J=
72 Hz, 1H), 6.76 (t, J=7.2 Hz, 1H), 7.07 (t, J=8.0 Hz, 1H), 7.23 (d, J=
8.0 Hz, 1H), 7.28-7.31 (m, 3H), 7.40 (d, /=8.4 Hz, 1H), 7.44-7.49 (m,
2H), 7.67 (d, J=8.4 Hz, 1H), 7.69 (d, J=7.6 Hz, 1H), 7.90 (d, /=8.4 Hz,
2H), 7.93 ppm (d, J=8.4Hz, 2H); "*CNMR (CDCl;, 100 MHz): 0=
—0.71 (TMS), 10.2 (CH;), 14.4 (CH,), 41.0 (CH,), 48.4 (CH,), 924 (C=),
93.2 (C=), 985 (C=), 1049 (C=), 116.5 (CH), 1182 (C), 121.5 (C),
122.3 (C), 124.3 (CH), 126.0 (CH), 126.4 (CH), 126.5 (CH), 126.5 (CH),
126.6 (CH), 1269 (CH), 127.6 (CH), 127.7 (CH), 127.8 (CH), 127.9
(CH), 128.0 (CH), 128.3 (CH), 1284 (CH), 132.5 (C), 132.7 (C), 132.8
(C), 133.0 (CCH), 139.6 (C), 141.4 (C), 151.5 ppm (C); MS (APCI): m/z
(%)=550.0 [M+1]* (100), 551.0 [M +2]* (42), 552.0 [M +3]* (16).

9b: A 50-mL sealed tube was charged with 8b (319 mg, 0.58 mmol) and
methyl iodide (30 mL). The solution was kept at 120°C for 20 h. The re-
action mixture was filtered and then evaporated. The residue was sub-
jected to chromatography (SiO,, hexane/CH,Cl,=5:1) to give 9b
(304 mg, 91%) as a pale-yellow solid. M.p.: 48-49°C; [a]¥?=+510.6
(c=0.1M, CHCL,) for R enantiomer; IR (KBr): 7=3055 (C,on—H), 2954,
2146 (C=C), 1587 (C,om=C), 1248, 845, 748 cm™'; 'H NMR (CDCl,,
400 MHz): 6=-0.26 (s, 9H, TMS), 6.79 (d, /=8.0Hz, 1H), 6.82 (t, /=
8.0 Hz, 1H), 7.09 (t, J=7.6 Hz, 1H), 7.24 (d, J=8.8 Hz, 1H), 7.30 (d, J=
7.6 Hz, 1H), 7.35 (t, J=8.0 Hz, 2H), 7.46 (t, J=8.4 Hz, 1H), 7.48 (t, J=
8.4 Hz, 1H), 7.63 (d, J=8.0 Hz, 1H), 7.67 (d, /=84 Hz, 1H), 7.82 (d, /=
84Hz, 1H), 790 (d, J=7.6Hz, 2H), 794 ppm (d, J=88Hz, 2H);
BCNMR (CDCl;, 100 MHz): 6=-0.65 (TMS), 92.9 (C=), 94.6 (C=),
98.9 (C=),99.8 (C=), 104.7 (C), 121.1 (2C), 121.7 (C), 126.5 (CH), 126.6
(CH), 126.6 (CH), 126.6 (CH), 126.8 (CH), 126.8 (CH), 127.3 (CH),
127.8 (CH), 127.9 (CH), 127.9 (CH), 127.9 (CH), 1282 (CH), 128.6
(CH), 128.9 (CH), 130.0 (C), 132.6 (CH), 132.8 (C), 133.2 (C), 133.3 (C),
138.3 (CH), 140.0 (C), 141.1 ppm (C); MS (APCI): m/z (%)=577.0 [M+
1]* (100), 578.0 [M +2]* (37), 579.1 [M +3]* (14).

10a: A 50-mL flask was charged with 8a (250 mg, 0.5 mmol), K,CO;
(632 mg, 5 mol), THF (10 mL), and methanol (10 mL). The resulting mix-
ture was stirred at room temperature for 5 h. The reaction mixture was
poured into water and extracted with ethyl acetate, and the organic layer
was dried over MgSO, and filtered. The solvent was evaporated, and the
residue was subjected to chromatography (SiO,, hexane/CH,Cl,=5: 1) to
give 10a (200 mg, 92 %) as a pale-yellow oil. "'H NMR (CDCl,; 500 MHz):
0=1.25 (brs, 6H, 2xCH,), 2.77 (s, 1H, C=CH), 3.73 (q, /=7.02 Hz,
4H, 2xCH,), 6.53 (d, J=7.65 Hz, 1H), 6.94 (s, 1H), 7.05 (t, J=7.80 Hz,
1H), 7.19-7.32 (m, 5H), 7.45-7.49 (m, 2H), 7.74-7.77 (m, 2H), 7.90-
7.95 ppm (m, 4H); "CNMR (CDCl; 125MHz): 6=11.7 (CH;), 13.7
(CH,), 41.0 (CH,), 48.4 (CH,), 80.7 (CH=), 82.8 (C=), 88.6 (C=), 94.0
(C=), 1204 (C), 120.5 (CH), 121.6 (C), 122.9 (CH), 123.3 (C), 126.1
(CH), 126.3 (CH), 1264 (CH), 126.5(8) (CH), 126.6(5) (CH), 126.7
(CH), 127.8 (CH), 127.9 (CH), 1279 (CH), 128.0 (CH), 128.0 (CH),
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128.1 (CH), 1283 (CH), 128.8 (CH), 1324 (2 C), 132.7 (C), 133.0 (C),
139.6 (C), 140.7 (C), 150.7 ppm (C).

10b: A round-bottomed flask was charged with 8b (682 mg, 1.24 mmol),
K,COj; (497 mg, 3.6 mmol), THF (30 mL), and methanol (30 mL). The re-
sulting mixture was stirred at room temperature for 1.5 h. The reaction
mixture was poured into water and extracted with ethyl acetate, and the
organic layer was dried over MgSO, and filtered. The solvent was evapo-
rated, and the residue was subjected to chromatography (SiO,, hexane/
CH,Cl,=3:1) to give 10b (550 mg, 93 %) as a yellow powder. M.p.: 178—
180°C; [a]y®=+456.7 (c=0.1m, CHCL) for R enantiomer; IR (KBr):
7=3309 (C=C-H), 2970 (C,on—H), 2198 (C=C), 1398, 1090, 822,
752 cm™'; 'TH NMR (CDCl;, 400 MHz): 6=1.32 (t, J=7.2 Hz, 6H), 3.77
(q, /=72 Hz, 4H), 6.30 (d, J=7.6 Hz, 1H), 6.79 (t, J=7.6 Hz, 1H), 7.09
(t, /=7.6Hz, 1H), 7.24 (d, J=7.6 Hz, 1H), 7.24 (d, J=8.8 Hz, 2H), 7.29
(t, J=7.6 Hz, 1H), 7.31 (t, J=7.2 Hz, 1H), 7.47 (t, J=8.0 Hz, 2H), 7.72
(d, J=88Hz, 1H), 7.75 (d, /=8.4Hz, 1H), 791 (d, /=8.0Hz, 1H),
791 ppm (d, J=84Hz, 1H); "CNMR (CDCl, 100 MHz) 6=10.2
(CHs;), 14.4 (CHs;), 41.0 (CH,), 48.4 (CH,), 80.5 (CH=), 83.0 (C=), 92.6
(C=), 929 (C=), 116.6 (CH), 118.1 (C), 120.6 (C), 122.5 (C), 1244
(CH), 126.2 (CH), 126.3 (CH), 126.6 (CH), 126.7 (CH), 126.7 (CH),
126.8 (CH), 127.9 (CH), 127.9 (CH), 127.9 (CH), 128.0 (CH), 1284
(CH), 128.6 (CH), 128.9 (CH), 132.6 (2xC), 132.7 (C), 133.1 (CH), 133.1
(0), 139.2 (C), 141.0 (C), 151.6 ppm (C); MS (APCI): m/z (%)=377.3
[M—N;Et,]* (100), 478.1 [M+1]* (72), 479.1 [M+2]* (23).

11a: A 100-mL flask was charged with 9a (242 mg, 0.42 mmol), 10b
(229 mg, 0.48 mmol), [(Ph;P),PdCl,] (11 mg, 0.016 mmol), Cul (3 mg,
0.016 mmol), diisopropylamine (5mL), and toluene (20 mL). After the
mixture was stirred at 80°C for 15 h, it was cooled to room temperature
and filtered. The filtrate was poured into aqueous NH,Cl and extracted
with ethyl acetate. The extract was then washed with brine, dried over
MgSO,, and filtered. The solvent was evaporated in vacuo, and the resi-
due was subjected to chromatography (SiO,, hexane/CH,Cl,=3:1) to
give 11a (287 mg, 73%) as a yellow solid. M.p.: 101-102°C; [a]¥*° =
+104.5 (c=0.1m, CHCL;) for R enantiomer; IR (KBr): #=3442, 3057
(Carom—H), 2960, 2204, 2146 (C=C), 1593 (C,,on—C), 1408, 1248, 818, 750,
688 cm™'; '"HNMR (CDCl,, 400 MHz): 6=-0.28 (s, 9H), 1.27 (t, J=
7.6 Hz, 6H), 3.73 (q, J=7.6 Hz, 4H), 6.23 (d, J=7.6 Hz, 1H), 6.28 (s,
1H), 6.40 (d, /=8.0 Hz, 1H), 6.43 (d, J=7.2 Hz, 1H), 6.78 (t, J=7.6 Hz,
2H), 7.08 (t, J=7.6 Hz, 1H), 7.24 (d, J=7.6 Hz, 1H), 7.25-7.34 (m, 8H),
7.39-7.50 (m, 4H), 7.65 (d, J=8.0Hz, 1H), 7.70-7.77 (m, 3H), 7.82—
8.00 ppm (m, 8H); “CNMR (CDCl;, 100 MHz): 6=11.1 (CH;), 14.8
(CHs;), 41.9 (CH,), 48.8 (CH,), 89.7 (C=), 89.9 (C=), 92.6 (C=), 92.6
(C=),92.7 (C=),93.1 (C=),987 (C=), 1048 (C=), 116.7 (CH), 118.2
(C), 121.3 (C), 121.4 (C), 121.5 (C), 122.6 (C), 123.0 (C), 123.2 (C), 124.3
(CH), 126.2 (CH), 126.4 (CH), 126.5 (4x CH), 126.6 (3 x CH), 126.7(CH),
126.9 (CH), 127.5 (CH), 127.6 (CH), 127.8 (2CH), 1279 (2CH), 127.9
(2CH), 128.0 (2xCH), 128.0 (2CH), 128.2 (CH), 128.4 (CH), 128.5 (CH),
130.4 (CH), 130.7 (CH), 132.4 (C), 132.6 (C), 132.7 (C), 132.7 (C), 132.8
(©), 133.0 (CH, 2xC), 133.6 (CH), 133.7 (C), 139.6 (C), 140.3 (C), 140.4
(C), 141.1 (C), 151.7ppm (C); MS (APCI): m/z (%)=9263 [M+1]*
(79), 927.4 [M+2]* (100), 928.4 [M+3]* (52), 929.4 [M+4]* (27), 930.4
[M+5]* (16).

12a: A 50-mL sealed tube was charged with 11a (259 mg, 0.28 mmol)
and methyl iodide (30 mL). The solution was kept at 120°C for 20 h. The
reaction mixture was filtered and then evaporated. The residue was sub-
jected to chromatography (SiO,, hexane/CH,Cl,=5:1) to give 12a
(230 mg, 87 %) as a pale-yellow solid. M.p.: 119-120°C; [a]5°=+349.0
(c=0.1M, CHCL,) for R enantiomer; IR (KBr): 7=3437, 3057 (C,om—H),
2956, 2146 (C=C), 1593 (C,om—C), 1502, 1250, 818, 748, 685cm™';
'"H NMR (CDCl;, 400 MHz): 6=10.28 (s, 3H, TMS), 6.33 (s, 1 H), 6.41
(d, J=8.0Hz, 1H), 6.47 (d, J=7.6 Hz, 1H), 6.79 (t, /=7.6 Hz, 1H), 6.81
(t, J=7.6 Hz, 1H), 6.84 (d, /=8.0 Hz, 1H), 7.09 (t, J=7.6 Hz, 1H), 7.24—
7.37 (m, 8H), 7.41-7.49 (m, 4H), 7.62 (d, J=8.0Hz, 1H), 7.65 (d, J=
84 Hz, 1H), 7.71 (d, /=84 Hz, 1H), 7.75 (d, J=8.8 Hz, 1H), 7.84 (d, /=
8.4 Hz, 1H), 7.87 (d, J=84Hz, 2H), 7.90-7.97 (m, 5H); “CNMR
(CDCl;, 100 MHz): 6=—0.66 (TMS), 89.7 (C=), 89.8 (C=), 91.1 (C=),
92,6 (C=), 929 (C=), 949 (C=), 98.8 (C=), 99.8 (C=), 104.8 (C),
121.3 (C), 121.3 (C), 121.5 (C), 121.7 (C), 123.1 (C), 123.1(2) (C), 126.4
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(CH), 126.5 (2xCH), 126.6 (2xCH), 126.6 (2xCH), 126.6(7) (2xCH),
126.7(7) (CH), 126.8 (CH), 126.9 (CH), 127.4 (CH), 127.6 (CH), 127.8
(CH), 127.9 (2xCH), 128.0 (CH), 128.0 (3xCH), 128.1 (4xCH), 128.5
(CH), 128.7 (CH), 128.9 (CH), 130.6 (CH), 130.6 (CH), 132.5 (C), 132.7
(0), 132.7 (2xC), 133.0 (C), 133.0 (C), 133.1 (C), 133.2 (C), 133.3 (C),
133.7 (CH), 138.4 (CH, C), 139.9 (C), 140.3 (C), 140.4 (C), 141.1 (C); MS
(APCI): m/z (%)=9522 [M]* (31), 953.1 [M+1]* (100), 954.1 [M +2]*
(60), 955.1 [M+3]* (21).

13a: A round-bottomed flask was charged with 12a (213 mg, 0.22 mmol),
K,CO; (230 mg, 2.1 mmol), THF (30 mL), and methanol (30 mL). The re-
sulting mixture was stirred at room temperature for 1h. The reaction
mixture was poured into water and extracted with ethyl acetate, and the
organic layer was dried over MgSO, and filtered. The solvent was evapo-
rated, and the residue was subjected to chromatography (SiO,, hexane/
CH,Cl,=4:1) to give 13a (181 mg, 92%) as a yellow powder. M.p.: 122
123°C; [a]5°=+295.6 (c=0.1m, CHCL) for R enantiomer; IR (KBr):
7=3464, 3286 (C=C-H), 3055 (C,;on—H), 2204 (C=C), 1593 (C,;on—C),
1502, 818, 748 cm™'; '"H NMR (CDCl;, 400 MHz): 6=2.78 (s, 1H, CH=),
6.40 (s, 1H), 6.49 (d, J=7.6 Hz, 1H), 6.49 (d, J=8.0 Hz, 1H), 6.82 (d, J=
8.0 Hz, 2H), 6.85 (d, J=8.0Hz, 1H), 7.10 (td, /=7.6, 1.2 Hz, 1H), 7.18
(d, J=8.8Hz, 1H), 7.24-7.35 (m, 8H), 7.43-7.51 (m, 4H), 7.63 (d, /=
8.0Hz, 1H),7.72 (d, /=8.4Hz, 1H), 7.73 (d, J=8.8 Hz, 1H), 7.75 (d, J=
8.4 Hz, 1H), 7.84 (d, J=8.4 Hz, 1H), 7.88-7.98 ppm (m, 7H); “C NMR
(CDCl;, 100 MHz): 6=80.6 (C=), 80.6 (C=), 82.8 (C=), 894 (C=),
89.7 (CH=), 92.7 (C=), 2.8 (C=), 92.8 (C=), 94.9 (C), 99.8 (C), 120.5
(C), 121.3 (C), 1214 (C), 121.7 (C), 123.0 (C), 123.1 (C), 126.4 (CH),
126.5 (CH), 126.5 (2xCH), 126.6 (CH), 126.7 (CH), 126.7 (CH), 126.8
(4xCH), 126.9 (CH), 127.4 (CH), 126.7 (CH), 128.0 (CH), 128.1 (5x
CH), 128.1 (CH), 1282 (CH), 128.5 (CH), 128.7 (CH), 128.9 (2xCH),
130.7 (CH), 130.8 (CH), 132.4 (C), 132.5 (C), 132.6 (C), 132.7 (2xC),
133.0 (C), 133.2 (C), 133.3 (C), 133.8 (CH), 138.4 (CH), 140.0 (2xC),
140.3 (C), 140.7 ppm (C); MS (APCI): m/z (%)=881.0 [M+1]* (100),
882.0 [M+2]* (49).

2: A 100-mL two-necked flask was charged with [(Ph;P),PdCl,] (14 mg,
0.02 mmol), Cul (4 mg, 0.02 mmol), diisopropylamine (8 mL), and tolu-
ene (40 mL). A solution of 13a (90 mg, 0.10 mmol) in diisopropylamine
(5mL) and toluene (20 mL) was added to the above suspension over a
period of 30 h at 80°C by a machine. The reaction mixture was cooled to
room temperature and filtered. The filtrate was poured into aqueous
NH,CI and extracted with ethyl acetate. The extract was then washed
with brine, dried over MgSO,, and filtered. The solvent was evaporated
invacuo, and the residue was subjected to chromatography (SiO,,
hexane/CH,Cl,=4:1) to give 2 (21 mg, 21%) as a pale-yellow powder.
M.p.: 212-214°C; [a]}°=+682.3 (c=0.1m, CHCL) for R,P enantiomer;
UV/Vis (CHCl;, 1.0x107° molL™): Ay (Ema) =242 (9.4x10%), 252 (9.2
10%), 276 (6.5x10%), 306 nm (4.6x10*m'em™"); UV/Vis (CHCl,, 2.7x
107 molL™"): Ay (Emax) =242 (1.1x10%), 253 (1.1x10%), 276 (7.8 x10%),
306 nm (5.6x10°m'em™); IR (KBr): #=3433, 2924 (C,on—H), 2197
(C=C), 1588 (Cpom=C), 1460, 818, 748cm™'; 'HNMR (CDCl,,
400 MHz): 0=6.71-6.74 (m, 2H), 6.75 (d, J=7.2Hz, 2H), 6.86 (t, J=
7.6 Hz, 1H), 6.88-6.90 (m, 2H), 7.04 (d, /=84 Hz, 2H), 7.25 (t, J=
7.6 Hz, 2H), 7.31 (t, J=8.4 Hz, 2H), 7.33 (t, J=8.8 Hz, 2H), 7.43 (t, /=
7.6 Hz, 2H), 7.50 (d, J=8.4Hz, 2H), 7.51 (s, 1H), 7.73 (d, /=84 Hz,
2H), 7.80 (d, J=8.0 Hz, 2H), 7.84 ppm (d, J=8.8 Hz, 2H); “C NMR
(CDCl;, 100 MHz): 6=92.1 (C=), 922 (C=), 932 (C=), %42 (C=),
121.7 (C), 121.8 (C), 123.2 (C), 124.4 (C), 126.3 (CH), 126.4 (CH), 126.5
(CH), 126.5 (CH), 126.7 (CH), 126.8 (CH), 127.2 (2xCH), 127.4 (CH),
127.6 (CH), 127.9 (CH), 128.0 (CH), 128.1 (CH), 128.2 (CH), 130.0
(CH), 132.6 (C), 132.7 (C), 133.0 (C), 133.1 (C), 133.6 (CH), 138.9 (C),
141.1 (C), 141.9 ppm (CH); MS (APCI): m/z (%)=753.1 [M+1]* (100),
7542 [M+2]* (56), 755.2 [M+3]* (18); elemental analysis: calcd (%)
for CeoHs,: C 95.72, H 4.28; found: C 95.89, H 4.09.

3: A 100-mL two-necked flask was charged with [(Ph;P),PdCl,] (14 mg,
0.02 mmol), Cul (4 mg, 0.02 mmol), diisopropylamine (8 mL), and tolu-
ene (40 mL). A solution of 13b (90 mg, 0.10 mmol) in diisopropylamine
(5mL) and toluene (20 mL) was added to the above suspension over a
period of 30 h at 80°C by a machine. The reaction mixture was cooled to
room temperature and filtered. The filtrate was poured into aqueous
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NH,CI and extracted with ethyl acetate. The extract was then washed
with brine, dried over MgSO,, and filtered. The solvent was evaporated
invacuo, and the residue was subjected to chromatography (SiO,,
hexane/CH,Cl,=4:1) to give 3 (17 mg, 22%) as a pale-yellow powder.
M.p.: 239-242°C; [a]¥*=+479.0 (c=0.1m, CHCL,) for R,P enantiomer;
UV/Vis (CHCl;, 1.0x107° molL™"): Ay (Emax) =242 (1.2x10%), 250 (1.1 x
10°), 270 (7.9x10%, 305nm (5.6x10*m'ecm™'); UV/Vis (CHCl,, 2.7x
107 molL™"): Amax (Emax) =242 (1.5%x10%), 250 (1.4x10%), 270 (1.1x10°%),
305 nm (7.7x10*m 'em™); IR (KBr): #=23435, 2925, 2206 (C=C), 1462,
816, 746 cm™'; "H NMR (CDCl,, 400 MHz): § =6.71-6.73 (m, 4H), 6.84—
6.86 (m, 4H), 7.19 (d, J=8.4 Hz,4H), 7.28 (t,/J=8.0 Hz, 4H), 7.44 (t, /=
7.6 Hz, 4H), 7.69 (d, /J=8.4 Hz, 4H), 7.88 (d, /=8.4 Hz, 4H), 7.94 ppm
(d, J=8.4Hz, 4H); "CNMR (CDCl;, 100 MHz): 6=91.4 (C=), 92.3
(C=), 121.7 (C), 124.8 (C), 126.2 (CH), 126.4 (CH), 126.4 (CH), 127.1
(CH), 127.5 (CH), 127.9 (CH), 129.6 (CH), 132.4 (CH), 132.5 (C), 133.1
(C), 139.4 ppm (C); MS (APCI): m/z (%)=753.2 [M+1]* (100), 754.2
[M+2]* (65), 755.2 [M+3]* (33); elemental analysis: caled (%) for
CgoHs,: C 95.72, H 4.28; found: C 95.78, H 4.19.

(R)-4: A 100-mL flask was charged with [(Ph;P),PdCl,] (30 mg,
0.03 mmol), Cul (13.4 mg, 0.07 mmol), diisopropylamine (10 mL), and
toluene (50 mL). A solution of 20 (161 mg, 0.16 mmol) in toluene
(20 mL) was added to the above suspension over a period of 6 h at 75°C
by a syringe machine. The resulting mixture was then stirred at 75°C for
20 h. The reaction mixture was cooled to room temperature and filtered.
The filtrate was poured into aqueous NH,CI and extracted with ethyl
acetate. The organic layer was dried over MgSO, and filtered. The sol-
vent was evaporated, and the residue was subjected to chromatography
(SiO,, hexane/CH,Cl,=3:1) to give (R)-4 (35 mg, 25%) as a pale-yellow
solid. M.p: 205.0-206.0°C; [a]h*=+17.7° (c=0.1M, CHCL) for R,P en-
antiomer; UV/Vis (CH,Cls, 1.3x10°molL™"): Ay (emax) 305 (8.3x10%),
281 (1.2x10%), 254 (1.0x10%), 246 nm (9.7x10*m'em™"); IR (KBr): 7=
3055, 2924, 1593, 1462, 1377, 893, 818, 746 cm™'; 'HNMR (CDCl,,
400 MHz): 6=6.81 (d, J=7.6 Hz, 1H), 6.91 (t, J=8.4 Hz, 1H), 7.04-7.14
(m, 8H), 7.23-7.30 (m, 6 H), 7.43-7.50 (m, 5H), 7.64 (s, 2H), 7.79 (d, /=
8.4 Hz, 2H), 7.81 (d, J=8.8 Hz, 2H), 7.86-7.90 (m, 6H), 7.94 ppm (d, /=
8.4 Hz, 2H); *C NMR (CDCl;, 100 MHz): 6=89.6 2xC=), 89.7 (C=),
89.9 (C=),91.7 (C=), 91.8 (C=), 121.5 (C), 121.5 (C), 123.1 (C), 123.5
(©), 123.8 (C), 126.4 (CH), 126.5 (CH), 126.6 (CH), 126.6 (CH), 126.6
(CH), 126.7 (CH), 128.0 (CH), 128.1 (CH), 128.1 (CH), 1282 (CH),
1283 (CH), 129.0 (CH), 129.5 (CH), 129.8 (CH), 131.4 (CH), 132.5 (C),
132.6 (C), 132.9 (2xC), 133.6 (CH), 137.3 (CH), 139.2 (C), 139.6 ppm
(C); MS (APCI): m/z (%)=851.2 [M—2]* (29), 852.2 [M—1]* (44), 853.1
[M]* (100), 854.1 [M+1]* (63), 855.1 [M+2]* (83); elemental analysis:
caled (%) for CqHje: C 95.77, H 4.23; found: C 95.66, H 4.31.

D.-L. An, J. Otera et al.

(S,M)-4: Prepared analogously. [a]}y’=—19.2 (c=0.1m, CHCL,).
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Highly Ordered Mesoporous Carbonaceous Frameworks from a Template of
a Mixed Amphiphilic Triblock-Copolymer System of PEO-PPO-PEO and

Reverse PPO-PEO-PPO

Yan Huang,”! Huagiang Cai,"”! Ting Yu,"! Xiuli Sun,"” Bo Tu,™ and Dongyuan Zhao**

Abstract: A series of highly ordered
mesoporous carbonaceous frameworks
with diverse symmetries have been suc-
cessfully synthesized by using phenolic
resols as a carbon precursor and mixed
amphiphilic surfactants of poly(ethyl-
ene oxide)-b-poly(propylene oxide)-b-
poly(ethylene  oxide) (PEO-PPO-
PEO) and reverse PPO-PEO-PPO as
templates by the strategy of evapora-
tion-induced organic—organic self-as-
sembly (EISA). The transformation of
the ordered mesostructures from face-

ieved by simply adjusting the ratio of
triblock copolymers to resol precursor
and the relative content of PEO-PPO-
PEO copolymer F127, as confirmed by
small-angle X-ray scattering (SAXS),
transmission  electron  microscopy
(TEM), and nitrogen-sorption meas-
urements. The blends of block copoly-
mers can interact with resol precursors
and tend to self-assemble into cross-
linking micellar structures during the
solvent-evaporation process, which pro-

vides a suitable template for the con-
struction of mesostructures. The assem-
bly force comes from the hydrogen-
bonding interactions between organic
mixed micelles and the resol-precursor
matrix. The BET surface area for the
mesoporous carbonaceous samples cal-
cined at 600°C under nitrogen atmos-
phere is around 600 m?g!, and the
pore size can be adjusted from 2.8 to
5.4 nm. An understanding of the organ-
ic-organic self-assembly behavior in
the mixed surfactant

centered (Fd3m) to body-centered
cubic (Im3m), then 2D hexagonal
(P6mm), and eventually to cubic bicon-
tinuous (Ia3d) symmetry has been ach-

Introduction

Ordered mesoporous carbonaceous materials have attracted
tremendous attention owing to their potential applications

Keywords: amphiphiles -
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rous materials - self-assembly
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amphiphilic
system would pave the way for the syn-
thesis of mesoporous materials with
controllable structures.

block

in many areas of materials science, such as catalysis,!'! sen-
sors,” bioreactors,”) energy storage,* and so on. Carbona-
ceous materials from templates of amphiphilic triblock co-
polymers can form ordered mesostructures with high surface
areas and narrow pore-size distributions. The key to the suc-
cessful generation of mesoporous carbonaceous materials is
to utilize organic—organic self-assembly with appropriate
block copolymers to construct the mesostructure.®
Recently, a series of mesoporous polymers and carbon
materials with different symmetries have been prepared by
using a variety of amphiphilic triblock polymers as tem-
plates.”" As opposed to the large number of available surfac-
tants, only a fraction of these amphiphilic triblock copoly-
mers can be utilized to produce highly ordered mesostruc-
tures. The most commonly used triblock copolymers are of
the type poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) (PEO-PPO-PEQ), which are commer-
cially available as pluronics or synperonics. PEO-PPO-PEO
triblock copolymers have established morphological behav-
ior, and the interplay between block immiscibility and con-
nectivity generates a rich variety of mesoscopic structures.!®!

Chem. Asian J. 2007, 2, 1282 -1289
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Tanaka et al. used resorcinol/formaldehyde as carbon pre-
cursors and triblock copolymer F127 (EO,,,PO;EO,() as a
template to prepare mesoporous carbon materials with
channel structures by direct carbonization.”! Meanwhile, by
using amphiphilic triblock copolymers as a template and a
soluble low-molecular-weight polymer of phenol and formal-
dehyde as a precursor, mesoporous polymer and carbon ma-
terials with Pémm and Im3m symmetries were synthesized
by Meng et al.'"%!!l Bicontinuous /a3d carbonaceous meso-
structures can also be obtained by using triblock copolymer
P123 (EOQ,PO,,EO,,) as a template.">'¥) Liang and Dai em-
ployed phloroglucinol/formaldehyde as a carbon source,
with enhanced hydrogen-bonding interactions of the triblock
copolymer F127 template, to form 2D hexagonal mesopo-
rous carbon materials with different morphologies.!""

In contrast, the reverse triblock copolymers PPO-PEO-
PPO are rarely used in the synthesis of ordered mesoporous
materials, ™ because of the difficulty of formation of oil-in-
water micelles."*'®! The hydrophobic PPO blocks of PPO-
PEO-PPO are present at both ends, and their hydrophobic
effect is significant; this enables the copolymers to form a
hard micelle, thus resulting in the characteristic phases that
occur in the inverse system PEO-PPO-PEO."?! Very re-
cently, we intentionally used a reverse PPO-PEO-PPO tri-
block copolymer with a long PEO segment in the synthesis
of ordered mesoporous polymer and carbon materials,
which extended the category of templates available.

Template synthesis from a mixed-surfactant system has
been proven to be a versatile and efficient approach to ach-
ieve highly ordered mesoporous materials with different
symmetries. Charged mixed-surfactant systems, which in-
clude cationic—cationic®™?! and cationic-anionic®' mixed-
surfactant systems, have already been utilized to synthesize
ordered mesoporous silicates. Moreover, surfactant systems
that involve the triblock copolymer PEO-PPO-PEO, by as-
sociating with ionic surfactants,*® diblock copolymers,*” or
triblock copolymers PEO-PPO-PEO with variable chain
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RN R (A, i
B B A R SRR PR L REA PR AL B R XS
(SAXS) . ILFIEST Bi (TEM) BUEE IR BT, 0T B
B resol MBRMRAILLEILLAL F127 BORIRS & &, T LATT(0 MOk /e LB
MLEH], ATLVSEILATOSI A (Fd 3 m) FIALSIEM (Im3 m) , HEF
CHEANTTR (Pomm) . BSBIRGEL IR (a3 d) HIAREEAR . Resol Hij 4R 7%
WS RIE. RSB B TR R A A, B AL —
AW B TR 17 A . 600 °C K5Ke BT /- FLBR AR BET L&
TN 600m? g, FLAK/NE 2.8 Bl 5.4 nm 8 H AT L %0 RARIEA LR
SCBYI(AT L — L 1AL B o AT 4 W B S S5 4 T B A LA 2
PRSI T T B

PEO (F127) F1AI PPO-PEO-PPO Kk,

CHEMISTRY

AN ASIAN JOURNAL

length,” can also work well in the generation of ordered
mesostructured silicates. However, there is no report about
the synthesis of ordered mesostructures by using mixed am-
phiphilic triblock copolymers PEO-PPO-PEO and reverse
PPO-PEO-PPO as templates.

Herein, we demonstrate a synthesis of ordered mesostruc-
tured carbonaceous materials by using mixed PEO-PPO-
PEO and reverse PPO-PEO-PPO triblock copolymers as
templates. A series of highly ordered mesoporous polymers
and carbon materials with 2D hexagonal P6mm and cubic
Fd3m, Im3m, and la3d structures were achieved by simply
adjusting the ratios of F127, reverse POs;EO;3POs; (desig-
nated R1), and phenolic resol precursors through a solvent-
evaporation-induced self-assembly (EISA) process.""*! The
mixed-block-copolymer system can interact with resols and
tend to self-assemble into micellar structures, which provide
a suitable template for constructing mesostructures. Synergy
effects provide the mixed-triblock-copolymer system with
abundant phase behavior.

Highly ordered mesoporous carbonaceous materials of
various symmetries were prepared by using phenolic resol
as a precursor and mixed triblock copolymers F127-R1 as a
template through the solvent EISA method. Pyrolysis above
350°C under nitrogen atmosphere removed the templates,
and further calcination above 600°C resulted in the corre-
sponding mesoporous carbonaceous frameworks. In the ex-
periments, all the samples were calcined at 600°C under N,
for convenience of comparison.

Results and Discussion
Face-Centered Fd3m Mesostructure

Ordered mesoporous carbonaceous materials with face-cen-
tered cubic structures (space group Fd3m) can only be syn-
thesized in the reverse-triblock-copolymer (R1) system with
a copolymer/phenol/formaldehyde molar ratio of 0.0065:1:2,
and addition of a small amount of F127 can influence the
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mesophase. The small-angle X-ray scattering (SAXS) pat-
tern of the as-synthesized sample S1 shows six poorly re-
solved peaks (Figure 1a). After calcination at 600°C under
nitrogen, the SAXS pattern of the sample became more re-
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Figure 1. a) SAXS pattern and b) nitrogen-sorption isotherm (inset: pore-
size distribution) for the face-centered cubic Fd3m mesoporous carbon
sample (S1). ¢) SAXS pattern and d) nitrogen-sorption isotherm (inset:
pore-size distribution) for the body-centered cubic Im3m mesoporous
carbon sample (S2).

solved, and eight diffraction peaks were observed. The g-
value ratios of these peaks are
V3:/8:v/11:v/19:/27:4/36:1/56:1/76, which were carefully in-
dexed as the 111, 220, 311, 331, 333 (511), 442 (and/or 600),
642, and 662 reflections of the face-centered cubic meso-
structure with space group Fd3m. The lattice parameters for
the as-synthesized and calcined samples were calculated!!?
to be 45.1 and 32.6 nm, respectively, thus suggesting a
framework shrinkage of 27.7%. This indicates that the
framework undergoes a further condensation process during
calcination. The representative TEM images and corre-
sponding Fourier diffractograms (Figure 2a and b) show
that the sample S1 contains a high degree of periodicity
over large domains, viewed from the [110] and [211] direc-
tions. The observable reflections from the Fourier diffracto-
grams and the SAXS data can be summarized as {hkl: h+k,
h+1, k+1=2n}, {0ki: k+[=4n}, and {h00: h=4n}, which
further confirms that the mesostructure has highly ordered
face-centered cubic (Fd3m) symmetry. The 600 reflection is
forbidden for the Fd3m mesostructure. Therefore, it can be
removed from the SAXS patterns. The lattice parameter es-
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Figure 2. TEM images (inset: Fourier diffractograms) taken along the
a) [110] and b) [211] directions of the face-centered cubic Fd3m mesopo-
rous carbon sample (S1), and along the c) [100] and d) [111] directions of
the body-centered cubic Im3m mesoporous carbon sample (S2).

timated from TEM images is approximately 31.9 nm, which
is consistent with that determined from the SAXS data.

The nitrogen adsorption—desorption isotherms (Figure 1b)
of the calcined sample S1 exhibit typical type-IV curves
with an H,-type hysteresis loop, thus implying the caged
mesopores with small windows. Notably, a broad capillary
condensation characteristic with two clear rapidly increasing
steps was observed in the adsorption branch at a relative
pressure (P/P,) of 0.4-0.7. Bimodal pore-size distributions
were clearly observed (Figure 1b, inset), which suggests that
the carbonaceous sample (S1) has two types of caged meso-
pores related to the face-centered cubic Fd3m mesostruc-
ture.’”3Y The calculated pore size of the small cages is
32nm and that of large cages is 5.4 nm. The Brunauer—
Emmett-Teller (BET) surface area of calcined sample S1 is
590 m?>g~!, and the pore volume is 0.35 cm®*g~' (Table 1).

Body-Centered Im3m mesostructure

A mesophase transformation occurred with an increase in
the amount of triblock copolymer F127 in the organic-or-
ganic self-assembly. The SAXS pattern (Figure 1c) of the
as-synthesized sample S2 shows six resolved diffraction
peaks with g values of 0.469, 0.661, 0.812, 0.938, 1.048, and
1.241 nm™!. After calcination at 600°C under N,, the diffrac-
tion peaks became more resolved and shifted to higher g
values with ratios of 1:v/2:v/3:v/4:/5:y/7. Taken with the
TEM observations (see below), these diffractions were in-
dexed as the 110, 200, 211, 220, 310, and 321 reflections of
the body-centered cubic mesostructure with space group
Im3m. The lattice parameters were calculated for the as-syn-
thesized and calcined samples S2 to be 18.9 and 13.0 nm, re-

Chem. Asian J. 2007, 2, 12821289
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Table 1. Physicochemical properties of mesoporous carbonaceous materials with different symmetries (calcined at 600°C in N,) prepared with a mixture

of triblock copolymers as templates by the EISA method.

Samples Mesostructure Cell parameter BET surface Micropore area Pore size Pore volume
Copolymers/phenol/formaldehyde ~ R1/F127 [nm] area [m’g'] [m*g~"] [nm] [em*g™!]
0.0065:1:2 00 Fd3m 32.6 590 400 32,54 0.35

2:1 Im3m 13.4 600 400 3.7 0.35
1:1 Im3m 13.0 600 390 3.7 0.37
1:2 Im3m 12.9 590 390 3.7 0.39
0 Im3m 12.7 580 400 38 0.36
0.013:1:2 00 Pomml?! 11.2 650 380 34 0.38
2:1 Pomml?! 10.5 630 350 33 0.39
1:1 P6mm 9.6 600 310 33 0.37
12 Pémm 9.7 600 310 32 0.38
0 Pémm 9.2 590 330 3.0 0.32
0.016:1:2 4:1 1a3d 21.8 620 370 2.8 0.33

[a] Contains a little of the Ja3d mesophase.

spectively. The framework shrinkage was about 31.2%,
which is a little bit larger than that for sample S1. The TEM
images viewed along the [100] and [111] directions together
with the corresponding Fourier diffractograms (Figure 2¢
and d) further reveal that the carbonaceous product (S2)
has a highly ordered arrangement of mesopores with a
body-centered cubic (Im3m) structure.

The nitrogen adsorption—desorption isotherms of the cal-
cined sample S2 also exhibit typical type-IV curves with an
H,-type hysteresis loop, which corresponds to a 3D caged
mesostructure (Figure 1d). Unlike the bimodal pore system
of the Fd3m mesostructure, the nitrogen sorption measure-
ments of the body-centered cubic Im3m mesostructured car-
bonaceous S2 reveal a uniform pore-size distribution cen-
tered at 3.7 nm (Table 1). The BET surface area and the
pore volume were -calculated to be 600m?g~! and
0.37 cm®g !, respectively.

In the case of the R1-F127 mixed-surfactant system as the
template, when the copolymer (R1-F127)/phenol/formalde-
hyde molar ratio was fixed at 0.0065:1:2, the body-centered
cubic (Im3m) mesostructure was obtained over a wide range
(2-0) of R1/F127 ratios (Figure 3a). The SAXS patterns

a) [ b)\
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Figure 3. SAXS patterns of the calcined mesoporous carbon materials
synthesized by using a template of the mixed-triblock-copolymer surfac-
tant system with the copolymer/phenol/formaldehyde molar ratio fixed at
a) 0.0065:1:2 and b) 0.013:1:2 while changing the ratio of R1/F127.
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show that the 311 reflection peak at a g value of 0.65 nm™!

for the Fd3m mesostructure changed to the 110 reflection
for the Im3m mesostructure, due to changes in the spatial
arrangement of the pores and lattice parameters. The ¢
value for the 110 reflection of the Im3m mesostructure
slightly increased with an increase in the amount of F127 in
the mixed-surfactant system. However, the BET surface
areas, pore sizes, and pore volumes of the resulting samples
were independent of the amount of F127 (Table 1).

2D Hexagonal P6mm Mesostructure

A mesophase transformation from the body-centered cubic
(Im3m) to the 2D hexagonal (P6mm) mesostructure oc-
curred when the surfactant/phenol/formaldehyde ratio was
changed to 0.013:1:2. The SAXS pattern (Figure 4a) of the
as-synthesized sample S3 displays the three typical diffrac-
tion peaks for 2D hexagonal symmetry. After calcination at
600°C, three resolved peaks indexed as the 10, 11, and 20
reflections of hexagonal P6émm symmetry were observed,
which suggests that the mesostructure is stable. The calculat-
ed lattice parameters are 15.9 and 9.6 nm for the as-synthe-
sized and calcined sample S3, respectively, thus suggesting a
large structural shrinkage of 39.6%. The typical stripelike
and hexagonally arranged structures in the TEM images
(Figure 5a and b) recorded along the [001] and [110] direc-
tions, respectively, were observed, which further confirms a
high-quality P6mm hexagonal mesostructure. The unit lat-
tice parameter of calcined sample S3 estimated from the
TEM images is 9.6 nm, which is in a good agreement with
the value calculated from the SAXS data.

The N, sorption isotherms of the S3 sample calcined at
600°C in nitrogen show typical type-IV curves with a clear
condensation step at P/P,=0.4-0.6 (Figure 4b), thus indicat-
ing a uniform mesopore-size distribution. A peculiar hyste-
resis loop between the H, and H, type was observed, which
might be caused by an intermediate pore structure between
cagelike and cylindrical from the phase transformation.”?
The sample exhibited a pore size of 3.3 nm, a BET surface

area of 600 m”>g~!, and a pore volume of 0.37 cm*g .
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Figure 4. a) SAXS pattern and b) nitrogen-sorption isotherm (inset: pore-
size distribution) for the 2D hexagonal P6mm mesoporous carbon
sample (S3). ¢) SAXS pattern and d) nitrogen-sorption isotherm (inset:
pore-size distribution) for the bicontinuous cubic la3d mesoporous
carbon sample (S4).

a)

Figure 5. TEM images (inset: Fourier diffractograms) taken along the
a) [001] and b) [110] directions of the 2D hexagonal P6mm mesoporous
carbon sample (S3), and along the c) [111] and d) [311] directions of the
bicontinuous cubic /a3d mesoporous carbon sample (S4).

When the amount of R1 exceeded that of F127 (R1/
F127>1) and the copolymer/phenol/formaldehyde ratio was
fixed at 0.013:1:2, the SAXS patterns (Figure 3b) of the re-

1286 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sulting materials show a shoulder on the first intense diffrac-
tion peak. The ratio of the d values calculated from the
SAXS data is somehow close to that (d,1/d,y) for bicontinu-
ous cubic Ia3d symmetry. However, the TEM measurements
show a 2D hexagonal mesostructure over a large periodic
ordered domain (see Supporting Information, Figure S1).
This phenomenon may be attributed to a distorted P6émm
mesostructure that is slightly mixed with a cubic Ja3d meso-
phase. With a decrease in the R1/F127 ratio, the SAXS pat-
terns show good 2D hexagonal mesostructures, and the g
value of the 10 reflection increased, which corresponds to a
small lattice parameter. The BET surface areas, pore sizes,
and pore volumes of the hexagonal mesostructured samples
decreased slightly (Table 1).

Bicontinuous Ia3d Mesostructure

Another mesophase with the bicontinuous cubic /a3d struc-
ture was obtained by simultaneously increasing the amount
of phenolic resol precursor, while keeping the R1/F127 ratio
higher than 4:1. The SAXS pattern (Figure 4c) of the as-
synthesized sample S4 shows one intense diffraction peak at
a g value of 0.41 nm™! and other weak peaks at g values of
0.65-1.25. After calcination at 600°C under nitrogen, four
resolved diffraction peaks were observed, which were in-
dexed as the 211, 220, 420, and 332 reflections of cubic la3d
symmetry; this suggests a highly ordered mesostructure. A
weak diffraction peak indexed as the 110 reflection was also
observed in the SAXS pattern of calcined sample S4, which
suggests a small structural defect of I4,32 symmetry.'**]
The calculated lattice parameters are 37.4 and 21.8 nm for
the as-synthesized and calcined samples, respectively. The
characteristic TEM images (Figure 5S¢ and d) along the [111]
and [311] directions provide further evidence for the forma-
tion of the bicontinuous cubic la3d mesostructure. The
planar defects and structural distortion were also observed
in the TEM images viewed along the [111] direction, which
may be caused by the inhomogeneous shrinkage of the me-
sostructure during calcination.

The nitrogen sorption isotherms (Figure 4 d) illustrate that
calcined sample S4 has typical type-IV curves with a clear
capillary-condensation step, thus suggesting the presence of
a uniform mesopore. A narrow pore-size distribution with a
mean value of 2.8 nm was calculated from the Barrett—
Joyner—Halenda (BJH) model. Notably, the bicontinuous
cubic Ia3d mesostructure was only formed in a very narrow
R1/F127 range. If the amount of F127 exceeds that of R1 by
25% in the mixed amphiphilic surfactant system, a less or-
dered mesostructure tends to form.

Self-Assembly of Mixed Triblock Copolymers

The micellization process of block copolymers has some in-
herent complexity due to their structural characteristics such
as block length, composition, and architecture. There have
been many studies on the self-assembly process and meso-
phase formation from PEO-PPO-PEO-type copolymer

Chem. Asian J. 2007, 2, 12821289
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templates.*~% In contrast, reverse-type PPO-PEO-PPO co-
polymers are seldom used to synthesize mesoporous materi-
als, because it is thermodynamically difficult to form meso-
structures under general hydrophilic synthesis conditions.
The sequence of PPO and PEO segments can greatly influ-
ence the physicochemical behavior of the copolymers in the
micellization process. During the EISA process, when the
concentration of PPO-PEO-PPO in the system reaches the
critical micelle concentration (CMC), three possible configu-
rations for reverse PPO-PEO-PPO may be formed (Fig-
ure 6a).°3 The dangling configuration would lead to one
hydrophobic PPO segment highly exposed to the hydrophil-
ic matrix, which is energetically unfavorable. The loop con-
figuration is that of micelle formation, which is quite similar
to the configuration of the PEO-PPO-PEO copolymers.
However, it has an entropic penalty from the intense folding
of the PEO segments. The reverse PPO-PEO-PPO copoly-
mer with a long PEO chain is therefore deliberately used to
lower the curving energy and to form the mesophase with
high curvature. The configuration that is most clearly differ-
ent from the micelles of PEO-PPO-PEO is the bridging
configuration, in which the two outer PPO blocks partici-
pate in two different micelles or aggregates. This behavior
leads to an interconnected micelle network for reverse
PPO-PEO-PPO.

The interplay of PPO-PEO-PPO and PEO-PPO-PEO
between block immiscibility and connectivity generates a

CHEMISTRY

AN ASIAN JOURNAL

rich variety of mesoscopic structures. In the case of the indi-
vidual reverse PPO-PEO-PPO (R1) with a long PEO chain
as a template, it can be deduced that two sets of intercross-
ing micelles of different sizes can be formed, which is closely
related to its specific folding behavior."®**! This results in
the formation of a unique bimodal pore mesostructure with
face-centered cubic (Fd3m) symmetry. It is well-known that
increasing the hydrophilic/hydrophobic ratio leads to a me-
sophase with a higher interface curvature. In the case of a
fixed copolymer/precursor ratio, the hydrophilic/hydropho-
bic effect is largely determined by the PEO/PPO ratio. As
the PEO/PPO ratio of F127 is much larger than that of R1,
the hydrophilic/hydrophobic ratio of the copolymer system
is increased with the addition of F127. The mesostructure
changes from Fd3m to Im3m, which has a lower interface
curvature, thus indicating that the special comicellization be-
havior and connectivity also play important roles in the
phase transformation. This suggests that the F127 molecules
are incorporated into the uniform cross-linked micelle net-
works,[**#1 which tend to make their size uniform. In the
mixed-triblock-copolymer system, the hydrophobic PPO
segments are buried inside, away from contact with the hy-
drophilic matrix; most of the hydrophilic PEO segments
have a strong affinity with the resol precursors and self-or-
ganize through hydrogen-bonding interactions into spherical
or cylindrical domains or gyroid interpenetrating networks
(Figure 6b). A sequence of mesostructures, from the 3D

mesocage structure (Fd3m and

Im3m) to the 2D hexagonal

(P6mm) and then the 3D bi-

9 PE! S
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PEO PEO domain in the composite mi-
celles, thus resulting in an in-
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crease in interface curvature
(Figure 6¢).0%%1 In this way,
the mesostructure changes
from that of high curvature to
that of low curvature.

Bicontinuous

c) | Mesophase transformation induced by a decrease in interface curvature

Mixed with Decrease in the amount
F127 of precursors

tion from cubic close-packing to loose packing.
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Further decrease in
the ratio of precursors

(IR P TN i 1 (TS

Figure 6. Schematic representation of the possible configurations of PEO-PPO-PEO and reverse PPO-PEO-
PPO triblock copolymers during a) the EISA process, b) the formation of mixed-type cross-linking micelles
and self-assembly, and c) mesophase transformation induced by a decrease of the interface curvature. With
comicellization of PEO-PPO-PEO and PPO-PEO-PPO and a decrease in the amount of resol precursors, the
interface curvature of mixed amphiphilic micelles was decreased, thus resulting in the mesophase transforma-
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Conclusions

We have demonstrated a suc-
cessful synthesis of highly or-
dered mesoporous carbona-
ceous frameworks with varia-
ble cubic Fd3m, Im3m, Ia3d,
and hexagonal symmetries by
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using mixed amphiphilic surfactants of reverse triblock co-
polymer R1 (POs;EO,3POs;) and F127 (EO;,cPO,,EO,() as
the template and phenolic resol as the carbon precursor
through the EISA strategy. The ordered mesoporous carbo-
naceous material with face-centered cubic Fd3m symmetry,
in particular, shows a bimodal pore system with mean pore
diameters of 3.2 and 5.4 nm and a small window size, which
is associated with the characteristic phase behavior of re-
verse triblock copolymers PPO-PEO-PPO. The carbona-
ceous mesostructures can be transformed from high curva-
ture to low (Fd3m—Im3m—P6mm—Ia3d) by simply ad-
justing the R1/F127 and copolymer/resol precursor ratios.
The PEO-PPO-PEO-type and PPO-PEO-PPO-type tri-
block copolymers can interplay and simultaneously contrib-
ute to the micellization process and organic—organic self-as-
sembly through hydrogen-bonding interactions to form in-
tercrossing micelle networks. The use of mixed amphiphilic
copolymers of PEO-PPO-PEO and PPO-PEO-PPO could
have wide-ranging applicability for the development of new
mesoporous materials.

Experimental Section

Chemicals

Triblock PEO-PPO-PEO copolymer pluronic F127 (EO;,xPO,EO;)
was purchased from Acros Corp. Reverse triblock copolymer R1
(POs;EO,3POs;) was prepared from an anionic-polymerization method
by using KOH as a catalyst. In a typical preparation, poly(ethylene
glycol) 6000 (PEG 6000; 5.0 g) and propylene oxide (PO; 12 mL) mono-
mer were mixed in an autoclave at ambient temperature. KOH (0.10 g)
was then added, and the mixture was heated at 120°C under nitrogen for
24 h. After cooling to room temperature, the catalyst was neutralized by
adding acetic acid and then removed by centrifugation. The polymer was
dissolved in toluene. The final product (13.6 g, 90.8 % yield) was collect-
ed by recrystallization from isooctane, with an M, of 12000 and the
molar EO/PO-segment ratio of 1.28 determined by '"H NMR spectrosco-
py (see Supportin Information, Figure S2). As the molecular weight of
block copolymers F127 and R1 used for the experiments were only slight-
ly different, we used the mean value of 12000 as their molecular weight
for convenience. Other chemicals were purchased from Shanghai Chemi-
cal Corp. All chemicals were used as received without further purifica-
tion. Millipore water was used in all experiments.

Syntheses

Phenolic resol precursor: Soluble phenolic resols were prepared under
basic conditions according to the previously reported procedure.!!!
Phenol (1.0 g, 10.6 mmol) was melted at 50°C, then a solution of NaOH
(20 wt%, 0.21 g, 1.06 mmol) was added with stirring over 10 min. After
formalin (37 wt %, 1.725 g, 21.2 mmol) was added dropwise, the mixture
was stirred at 75°C for 1 h and cooled to room temperature. A solution
of HCI (0.6 M) was used to adjust the pH of the mixture to neutral, after
which water was removed. The obtained phenolic resol (M, <500 mea-
sured by gel-permeation chromatography (GPC)) was redissolved in eth-
anol for further use.

Face-centered cubic (Fd3m) S1: S1 was synthesized by using triblock co-
polymers as a template and phenolic resols as a precursor with a copoly-
mer/phenol/formaldehyde molar ratio of 0.0065:1:2, with R1/F127 =cc.
In a typical synthesis, R1 (0.30 g) was dissolved in ethanol (5.0 g). The
resol precursor (5.0 g) containing phenol (0.36 g, 3.8 mmol) and formal-
dehyde (0.23 g, 7.6 mmol) was then added with stirring over 10 min to
form a homogeneous solution. A transparent film was obtained by pour-
ing the solution into dishes to evaporate the ethanol at room temperature
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for 6 h and further heating in an oven at 100°C for 24 h. The as-synthe-
sized products were collected and calcined at 600°C for 4 h at a heating
rate of 1°Cmin~" under nitrogen atmosphere to obtain the final product
S1.

Body-centered cubic (Im3m) S2: S2 was prepared by using mixed tri-
block copolymers as templates with a copolymer/phenol/formaldehyde
molar ratio of 0.0065:1:2, with R1/F127=1:1. In a typical synthesis, R1
(0.15 g) and F127 (0.15 g) were dissolved in ethanol (5.0 g). The resol
precursor (5.0 g) containing phenol (0.36 g, 3.8 mmol) and formaldehyde
(0.23 g, 7.6 mmol) was then added with stirring over 10 min to form a ho-
mogeneous solution. The subsequent thermopolymerization and calcina-
tion process were performed according to the above procedure.

Two-dimensional hexagonal (P6mm) S3: S3 was prepared by using mixed
triblock copolymers as templates with a copolymer/phenol/formaldehyde
molar ratio of 0.013:1:2, with R1/F127=1:1. In a typical synthesis, R1
(0.15 g) and F127 (0.15 g) were dissolved in ethanol (5.0 g). The resol
precursor (5.0 g) containing phenol (0.18 g, 1.9 mmol) and formaldehyde
(0.12 g, 3.8 mmol) was then added with stirring over 10 min to form a ho-
mogeneous solution. The subsequent thermopolymerization and calcina-
tion process were performed according to the above procedure.

Bicontinuous cubic (Ia3d) S4: S4 was prepared by using mixed triblock
copolymers as templates with a copolymer/phenol/formaldehyde molar
ratio of 0.016:1:2, with R1/F127=4:1. In a typical synthesis, R1 (0.24 g)
and F127 (0.06 g) were dissolved in ethanol (5.0 g). The resol precursor
(5.0 g) containing phenol (0.15 g, 1.6 mmol) and formaldehyde (0.10 g,
3.3 mmol) was then added with stirring over 10 min to form a homogene-
ous solution. The subsequent thermopolymerization and calcination pro-
cess were performed according to the above procedure.

Characterization

SAXS measurements were taken on a Nanostar U SAXS system with
Cug, radiation (40kV, 35mA). Nitrogen adsorption—desorption iso-
therms were recorded at 77 K with a Micrometritics Tristar 3000 analyzer.
Before the analysis, the samples were degassed in vacuum at 200°C for
at least 6 h. The BET method was utilized to calculate the specific sur-
face areas and the pore volume, and pore-size distributions were derived
from the adsorption branches of the isotherms by the BJH model. TEM
images were obtained with a JEOL 2011 microscope operating at 200 kV.
The samples for TEM measurements were suspended in ethanol and sup-
ported on a holey-carbon film on a Cu grid.
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