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Homochiral column structure of rac- and A-[MHI(tn)3]P309
(M = Co, Cr; tn = 1,3-diaminopropane; P;O09 = cyclotriphosphate(3—))
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The crystal structures of rac- and A-[M™(tn);]P;04-nH,O (M = Co, Cr;

tn = 1,3-diaminopropane = trimethylenediamine; P30y = cyclotriphosphate(3—)) were
determined by single-crystal X-ray analyses. In rac-[Co(tn)s;]P;0y-7.3H,0, the [Co(tn);]** cations
with the same absolute configuration (4 or A) and the P30,>~ anions are alternately arrayed and
connected by multiple NH- - -O hydrogen bonds to form a homochiral columnar structure.

Adjacent homochiral columns with opposite chirality are connected by intercolumn hydrogen
bonds to form a racemic pair of columns. The crystal structure of rac-[Cr(tn);]P304-7.5H,0 is
similar to that of the Co complex; however, there exist two types of racemic pairs of columns.
In the crystal of A-[Co(tn);]P304-2.5H,0, a pair of columns consisting of alternately stacked
A-[Co(tn);]* " cations and P;Oo>~ anions are linked by hydrogen bonds. Neighboring column
pairs are further linked by hydrogen bonds to form a three-dimensional (3-D) sheet structure.
The crystal structure of A-[Cr(tn);]P3;09-2.5H,0 is isomorphous with the Co complex.

The circular dichroism (CD) spectra of aqueous solutions of A-[M(tn);]Br; (M = Co, Cr)
change when P;0o°~ is added, and the changes were explained by ion pair formation through

hydrogen bonds.

Introduction

Hydrogen bonding has been the subject of contemporary
research interest for nearly a century because of its prevalence
and importance in various branches of science.! It is operative
in determining molecular conformation and molecular aggrega-
tion, and in the function of a vast number of chemical systems
ranging from inorganic to biological. In crystal structures, the
packing of the molecules mainly depends on the symmetry of
the lattice and the ensuing intermolecular interactions that
drive the molecules to assemble. One of the most decisive
steering forces in this context is hydrogen bonding. The utility
of hydrogen-bonded motifs in the generation of new materials
has been extensively studied. Earlier, we reported the formation
of a 2-D homochiral sheet structure created by self-organization
of chiral self-complementary cobalt(i1) complexes with a tripodal
ligand containing three imidazole groups through NH---N
hydrogen bonds.>
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In a previous paper,® we reported the crystal structures of
rac- and A-[Co(en)3]P309-2H,0 (en = 1,2-diaminoethane =
ethylenediamine; P3Oy = cyclotriphosphate(3—)). In the racemic
complex, the [Co(en)s]* " cations with either 4 or A configu-
ration and P;O,>~ anions were alternately arrayed and con-
nected by multiple hydrogen bonds to form a homochiral
columnar structure. Adjacent homochiral columns of different
chirality were connected by intercolumn hydrogen bonds
through P;0y>~ anions to form a tetrameric cyclic cylindrical
structure. In the crystal of the A-complex, the adjacent columns
of the same chirality (A4) were connected to form the cyclic
cylindrical structure. In both complexes, all six amino groups
per [Co(en);]* " participated in the formation of 12 hydrogen
bonds, in which eight hydrogen bonds contributed to the
construction of a homochiral column and the remaining four
hydrogen bonds contributed to the intercolumn interactions.
The CD spectrum of an aqueous solution of A-[Co(en);]**
changed drastically when excess P;04>~ was added, and this
change was explained by ion pair formation through hydrogen
bonds.

In this study, the cation—anion assembly between [M(tn)s]>
M = Co, Cr; tn = 1,3-diaminopropane = trimethylenediamine)
and P304>" has been examined. The six-membered tn chelate
ring is conformationally labile and can assume several con-
formations (Scheme 1)* and the orientation of N-H group is
different in each conformation. Thus, different interactions
from those in [Co(en);]P;0y are expected to be observed. An
X-ray diffraction study has revealed that a homochiral columnar
structure is formed by multiple NH---O hydrogen bonds
between [M(tn);]>* and P304>". The crystal structures and
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Scheme 1 Conformations of six-membered tn chelate rings (a) chair,
(b) boat, and (c) skew-boat.

the nature of the cation—anion interactions in aqueous solutions
as studied by CD spectra are reported.

Results and discussion
Synthesis, characterization, and properties

The Cr complexes were prepared in the dark because they are
unstable to light exposure. The [Co(tn)s]* " and [Cr(tn)s]* "
complexes were resolved by fractional crystallization of the
diastereomeric salts with 3-nitro-d-camphor, [M(tn)z](3-nitro-
d-camphor); (M = Co or Cr).> The A-isomer was obtained as
the less soluble part. The resolving agent was removed by
dissolving A-[M(tn)z](3-nitro-d-camphor)z in 47% HBr, and
the bromide, A-[M(tn)3]Brs, was precipitated by the addition
of ethanol. A-[M(tn)3]Br; was allowed to react with Ag;P;0o,
and after removing precipitated AgBr, slow evaporation of the
filtrate gave A-[M(tn);]P;09 as pink (M = Co) or yellow
(M = Cr) crystals. The racemic complexes, rac-[M(tn)3;]P3Oo,
were prepared from [M(tn);]Cl; and Ag3;P30g. The IR spectra
of rac- and A-[M(tn);]P309 showed characteristic bands
attributable to »(PO,) and ©»(POP) at 1293-1297 and
978-981 cm !, respectively.® The [Co(tn);]* ™ complex showed
the first ('A;; = '"T1g (Op)) and the second (‘A — 'Tag (On))
d—d absorption bands at 488 and 351 nm, respectively, while
[Cr(tn);]** showed the first (4A2g - 4T2g (Oy)) and the second
bands (4A2g - 4T1g (0y)) at 464.5 and 354 nm, respectively;
the data are in accordance with those reported in the
literature.”

Table 1 lists the CD spectral data for A-[M(tn);]Br;
(M = Co, Cr) and A-[M(tn);]P309 in water. The data for
the bromides are compatible with those reported in the
literature.®® The CD intensity of A-[Co(tn);]Brs is extremely
small compared with that of the five-membered en-ring com-
plex, A-[Co(en);]Brs.” It has been reported that in a series of
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Fig. 1 CD spectral changes of A-[Co(tn);]Br; (2.5 mM) as a function
of Na;P3;0y concentration (0-25 mM).

[Co(en)s_,(tn),]* " (n = 0-3), the CD intensity of the first
absorption band region decreases as the number of tn chelate
rings increases.” Fig. 1 shows the CD spectral changes of
A-[Co(tn);]Brs (2.5 mM) as a function of the P30~ concen-
tration. In the absence of P;0o°~, the complex exhibits a
positive and a negative band at 534 and 476 nm, respectively,
in the first absorption band region. With an increase in the
P304~ concentration, the strength of the negative CD band
increases at the expense of the positive CD band. Similar
spectral changes were reported when an oxoanion such as
PO~ or SO427 was added to an aqueous solution of
A-[Co(tn);]*".!"® The changes were ascribed to the stereo-
chemical lability of the tn chelate ring between a chair and a
skew-boat conformation in solution (¢f. Scheme 1).!! When
P;04°~, PO,~, or SO, was added to an aqueous solution of
A-[Co(en)s]’ ", a similar spectrum change (i.e., an increase of
the negative CD band at the expense of the positive band) was
observed in the first absorption band region, and the change was
attributed to the stabilization of the & (lel) conformation. "
Thus, the ¢ skew-boat (le/) conformation of the tn chelate ring
may be stabilized by an increase in the P;Oy>~ concentration.

The CD spectral changes of A-[Cr(tn)3]Brsz as a function of
the P3;04°~ concentration were also studied (Fig. S1, ESIY).
Although the strength of the positive CD band at 480 nm
decreased with an increase in the P;O¢>~ concentration, a
negative CD band did not appear in the shorter wavelength
region of the first absorption band region.

X-Ray crystal structures

Structure of rac-[Co(tn);]P309-7.3H,0. The crystallo-
graphic data are summarized in Table 2. This compound
crystallized in the monoclinic space group P2;/c (No. 14) with

Table 1 CD spectral data for A-[M(tn);]Br; (M = Co, Cr) and A-[M(tn);]P;0y in water

Complex A/nm Ag/M~'em™! Complex A/nm Ag/M~ em™!
A-[Co(tn);]Br; 534 0.079 A-[Cr(tn);]Br3 480 0.392

476 —0.147 346 0.012

344 —0.010
A-[Co(tn);]P309 538 0.057 A-[Cr(tn);]P309 480 0.350

478 —0.176 341 0.015

349 —0.014 270 0.014

311 0.0001
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Z = 4. The asymmetric unit of the crystal contains
three [Co(tn);]’ " cations, three P30y>~ anions, and 22 water
molecules. Thus, 12 [Co(tn);]** cations exist in the unit cell.
Fig. 2 shows an ORTEP view of rac-[Co(tn);]P304-7.3H,0
with selected atom numbering schemes. There are three types
of [Co(tn);]*", each Co (Col, Co2, and Co3) being coordi-
nated by three tn chelate rings through two amine nitrogen
atoms to form an octahedral Co™ complex. The three six-
membered tn chelate rings around each Co assume different
conformations; they assume the chair (N1-N2) and the skew-
boat (N3-N4, N5-N6) conformation around Col, the chair
(N7-N8, N11-N12) and the skew-boat (N9-N10) conforma-
tion around Co2, and the chair (N13-N14, NI15-Nle6,
N17-N18) conformation around Co3. The relevant coordina-
tion bond lengths and bond angles are listed in Table 3. The
average Co—N coordinate bond length is 1.986 A, which is
close to the value (1.979 A) for A-[Co(tn);]Cl5-H,0."? The
P;0,°~ anion is conformationally labile and can assume
several forms; for example, in the crystals of rac- and
/1-[Co(en)3]P309~2H20,3 the P;Oo°~ anion assumes a boat
conformation, while the anion assumes a chair conformation
in the crystal of ErNas(P305),-9H,0.'% One of the three P;0y>~
anions in rac-[Co(tn);]P30y-7.3H,0 assumes a chair conforma-
tion (P7-P9), while the other two (P1-P3 and P4-P6) assume a
skew-boat conformation (Figs. 2 and 3). The [Co(tn);**
cations and the P;0y>~ anions are stacked alternately in the
order Col-P504°> —C02-P30y> —C03-P30,°—Col by linking
with multiple NH---O hydrogen bonds to form a columnar
structure along the [201] direction (Fig. 3(a)). It is to be noted
that each column is homochiral, consisting of only one of the
two enantiomers, A- and A-[Co(tn);]**. The neighboring
homochiral columns with opposite configurations are linked
by six hydrogen bonds, NI1.---0O4, N6---04, N7---022,
N12---022, N13---013, and N18- - -O13, to construct a racemic
pair of columns (Fig. 3(a)). The crystal involves 40 types of
NH- - -O hydrogen bonds, the distances being listed in Table S1,
ESL.f In a previous paper,” we reported the crystal structure of
the analogous en complex, rac-[Co(en);]P30q-2H,0. In the en

Table 3 Relevant coordination bond lengths (A) and angles (°)
with their estimated standard deviations in parentheses for
rac-[CO(tn)3]P309‘7A3HzO

Bond length/A

Co(1)-N(1) 1.977(3) Co(1)-N(4) 1.986(3)

Co(1)-N(2) 1.990(3) Co(1)-N(5) 1.996(3)

Co(1)-N(3) 1.984(3) Co(1)-N(6) 1.991(3)

Co(2)-N(7) 1.981(3) Co(2)-N(10) 1.987(3)

Co(2)-N(8) 1.993(3) Co(2)-N(11) 1.985(3)

Co(2)-N(9) 1.969(3) Co(2)-N(12) 1.990(3)

Co(3)-N(13) 1.994(3) Co(3)-N(16) 1.983(3)

Co(3)-N(14) 1.986(3) Co(3)-N(17) 1.992(3)

Co(3)-N(15) 1.965(3) Co(3)-N(18) 1.997(3)
Co—Nyy 1.986 A

Bond angle/®

N(1)-Co(1)-N(2) 90.89(15)  N(7)-Co(2)-N(8) 90.86(14)

N(3)-Co(1)-N(4) 89.52(15)  N(9)-Co(2)-N(10) 94.94(15)

N(5)-Co(1)-N(6) 88.67(14)  N(11)-Co(2)-N(12)  94.73(15)

N(13)-Co(3)-N(14)  91.60(15)

N(15)-Co(3)-N(16)  91.83(14)

N(17)-Co(3)-N(18)  94.58(15)

complex, a similar homochiral columnar structure to the tn
complex is formed, and adjacent homochiral columns with
different chirality are further connected by intercolumn hydrogen
bonds through P;O,°~ anions to form a tetrameric cyclic
cylindrical structure. In the present tn complex, the racemic
pairs of columns described above are connected intricately
with lattice water molecules by hydrogen bonds to form a 3-D
network structure (Fig. 3(b)).

Structure of rac-|Cr(tn);]P500-7.5H,0. The crystallographic
data are summarized in Table 2. This compound crystallized in
the triclinic space group P1 (No. 2) with Z = 2. The asymmetric
unit of the crystal contains two [Cr(tn);]>* cations, two
P;0,°~ anions, and 15 water molecules. Fig. 4 shows an
ORTEP view of rac-[Cr(tn);]P309-7.5H,0 with selected atom
numbering schemes. Each Cr (Crl, Cr2) is coordinated by
three tn chelate rings through two amine nitrogen atoms to
form an octahedral Cr' complex. All three six-membered tn

Table 2 X-Ray crystallographic data for rac-[Co(tn);]P309-7.3H,0, rac-[Cr(tn);]P309-7.5H,0, A-[Co(tn);]P3;04-2.5H,0, and A-[Cr(tn);]P;0q-

2.5H,0
rac‘—[Co(tn)3]P309-7.3H20 l'ac—[Cr(tn)3]P309-7.SHZO A-[Co(tn)3]P309'2.5H20 A—[Cr(tn)3]P3Og-2‘5H20
Formula C57H134C03N13049P9 C1gHgoCraN12033P6 C1gH70C0,N,053P C1gH70CraN15023P6
Formula weight 1951.01 1292.80 1126.53 1112.65
Crystal system Monoclinic Triclinic Orthorhombic Orthorhombic
Space group P2,/c (No. 14) P1 (No. 2) P2,2,2; (No. 19) P2,2,2; (No. 19)
alA 11.9653(3) 10.5938(3) 10.4652(3) 10.4697(3)
b/A 28.8024(6) 17.1108(5) 14.9511(4) 14.9840(3)
c/A 23.1787(5) 17.6112(4) 28.3327(6) 28.6381(6)
o/° 90 116.9937(10) 90 90
pl° 94.9064(9) 99.04438(9) 90 90
7/° . 90 96.3816(14) 90 90
VA3 7958.3(3) 2748.12(13) 4433.12(19) 4492.68(19)
zZ 4 2 4 4
Deate/g cm ™3 1.628 1.562 1.688 1.645
ufem ! 9.077 6.689 10.570 7.883
Ry [I > 2.06(D])" 0.0666 0.0411 0.0283 0.0273
Ry [all data]” 0.2057 0.1378 0.0417 0.0511
T/K 103 103 93 103
Flack parameter — — 0.004(7) 0.012(10)

“ Ry = Z|F| — |FJI/EIF,|. " Ry = [EW(F2| — [F2)YEw|F,2 2,
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Fig. 2 ORTEP view of rac-[Co(tn);]P;0y-7.3H,0 with selected atom numbering schemes showing the 50% probability ellipsoids. Water

molecules and hydrogen atoms are omitted for clarity.

Fig. 3 X-Ray crystal structure of rac-[Co(tn);]P;0y-7.3H,0. (a) Racemic pair columnar structure constructed by two columns with 4- and

A-[Co(tn);]’*. The alternately stacked [Co(tn)]> "

cations and the P309>~

anions are linked by NH- - -O hydrogen bonds. (b) Top view of the

crystal structure, showing a racemic pair of columns constructed by intercolumn hydrogen bonds to form a 3-D structure. Color code; Co: orange,
N: blue, O: red, P: white, H: pale green. Yellow and light blue show the carbon atoms of the 4- and A-enantiomers, respectively. Symmetry

operators, *: x + 2, y,z + 1;¥:12 —x, =y, | —z; & —x, —y, —z.

Fig. 4 ORTEP view of rac-[Cr(tn);]P;09-7.5H,0 with selected atom
numbering schemes showing the 50% probability ellipsoids. Water
molecules and hydrogen atoms are omitted for clarity.

chelate rings around Crl assume a chair conformation,
while chair (N7-N8, N11-N12) and skew-boat (N9-N10)
conformations are involved around Cr2. The relevant coordi-
nation bond lengths and bond angles are listed in Table 4.

The average Cr—N coordinate bond length is 2.092 A, which is
larger than in the analogous Co complex (1.986 ;‘x) by about
0.1 A. The difference is in accord with the difference in
the ionic radius between Cr’ " (6-coord, 0.76 A) and Co>*
(6-coord, low spin, 0.67 A).M One P;0,°>~ anion (P4-P6)
assumes a chair conformation; the other one (P1-P3) assumes
a skew-boat conformation. Five amine NH groups of Crl are
linked to the oxygen atoms of the skew-boat P30¢>~ anion by
NH- - -O hydrogen bonds, and the cations and anions are
stacked alternately to form a columnar structure along the
a-axis (Fig. 5(a)). Furthermore, a column involving complexes
with a single configuration (4, for example) is linked to the
neighboring column involving the complexes with the opposite
configuration (A, for example) by two types of hydrogen
bonds, N2H- - -O8 and N3H- - -O8, to construct a racemic pair
of columns (Fig. 5(a)). Similarly, five amine NH groups of
Cr2 are linked to the oxygen atoms of the P30o>~ anion with
the chair conformation by NH---O hydrogen bonds. Two
columns consisting of 4-Cr2 and A-Cr2 are linked by hydrogen
bonds, N8---0O16 and N9---0O16, to form a racemic pair of

2780 | New J. Chem., 2010, 34,2777-2784
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Table 4 Relevant coordination bond lengths (A) and angles (°)
with their estimated standard deviations in parentheses for
I”ac'-[Cr(tn)3]P3Og-7.5H20

Bond length//o\

Cr(1)-N(1) 2.099(2) Cr(1)-N(4) 2.091(2)
Cr(1)-N(2) 2.094(2) Cr(1)-N(5) 2.092(2)
Cr(1)-N(3) 2.086(2) Cr(1)-N(6) 2.092(2)
Cr(2)-N(7) 2.091(2) Cr(2)-N(10) 2.099(2)
Cr(2)-N(8) 2.085(2) Cr(2)-N(11) 2.093(2)
Cr(2)-N(9) 2.103(2) Cr(2)-N(12) 2.076(2)
Cr-N,, 2.092 A

Bond angle/®

N(1)-Cr(1)-N(2) 93.43(9) N(7)-Cr(2)-N(8) 90.18(9)
N(3)-Cr(1)-N(4) 89.44(9) N(9)-Cr(2)-N(10) 86.59(9)
N(5)-Cr(1)-N(6) 87.38(10) N(11)-Cr(2)-N(12) 90.13(10)

columns. Thus, there are two types of racemic pairs of
columns in rac-[Cr(tn)3]P30¢-7.5H,0, and the crystal structure
is different from that of the analogous cobalt(ii) complex.
These two types of racemic pairs of columns are situated along
the [011] direction. Fig. 5(b) gives the top view of the columns,
showing that the columns involving the same absolute configu-
rations are arrayed vertically, and the columns with opposite
configurations are positioned alternately in the horizontal
direction. Water molecules intricately link the racemic pairs
to construct a 3-D structure. The distances of 26 types
of NH---O hydrogen bonds in the crystal are listed in
Table S2, ESL.t

Structure of A-|Co(tn);]P309-2.5H,0. The crystallographic
data are summarized in Table 2. This compound crystallized in
the acentrosymmetric orthorhombic space group P2;2:2;
(No. 19) with Z = 4. The asymmetric unit of the crystal
contains two [Co(tn);]* " cations, two P3Oy>~ anions, and five
water molecules. The absolute configuration around Co was
confirmed to be A by the Flack parameter (0.004(7)).'® Fig. 6
shows an ORTEP view of A-[Co(tn);]P309-2.5H,O with
selected atom numbering schemes. There are two types of

A-Cr1

A-Cr1 A-Cr2 A-Cr2

o13p
010
015 /b- P4
\ Ee 014f>-o12

o168 o1 ~ 01’7
0183&

Fig. 6 ORTEP view of A-[Co(tn);]P;04-2.5H,0 with selected atom
numbering schemes showing the 50% probability ellipsoids. Water
molecules and hydrogen atoms are omitted for clarity.

[Co(tn)s]* " (Col, Co2), and both complexes have the same tn
conformations, two chair and one skew-boat conformations.
One P304°~ anion (P4-P6) assumes a chair conformation,
while the other (P1-P3) assumes a skew-boat conformation.
The relevant coordination bond lengths and bond angles are
listed in Table S3, ESI.¥ The average Co—N coordinate bond
length, 1.987 A, is almost the same (1.986 A) as for the racemic
complex.

Fig. 7 shows the packing diagram of the crystal. Six NH
groups of Col are hydrogen bonded to the O atoms of the
P50,°~ anions with the skew-boat conformation. Alternately
stacked [Co(tn)s]’ " cations and P3Oy>~ anions form a columnar
structure along the a-axis. Similarly, six NH groups of Co2 are
linked by multiple NH- - -O hydrogen bonds to the O atoms of
a P30y°~ anion with the chair conformation to construct a
column along the a-axis. These two neighboring columns are
linked further by hydrogen bonds (N2.--O15, N3---015,

Fig. 5 X-Ray crystal structure of rac-[Cr(tn);]P30y-7.5H,0. (a) Two types of racemic pair columnar structures. Each column is constructed by
alternate stacking of the hydrogen-bonded [Cr(tn);]* " cations and the P3Oo>~ anions, and the two columns involving the [Cr(tn)s]’ " cations with
opposite configurations (4, A) are linked by hydrogen bonds to form a racemic pair of columns. (b) Top view of the structure showing that the
columns involving the same absolute configurations are arrayed vertically. Water molecules intricately link the racemic pairs to construct a 3-D
structure. Color code; Crl: dark green, Cr2: light green, N: blue, O: red, P: white, H: pale green. Yellow and light blue show the carbon atoms of

the 4- and A-enantiomers, respectively. Symmetry operators, *: x + 1, y,z;f:x — Ly, z;: 1 —x, 1 —y, —z;§ 2 = x, l — y, —z; Il: —

l—x,—y, 1 —z; %2 —x, =y, | —z; 1 —x, =y, 1 — z.

x, 1=y, —z9:
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Fig. 7 X-Ray crystal structure of A-[Co(tn);]P304-2.5H,0. (a) Column pair structure along the a-axis, which was constructed by multiple

hydrogen bonds between the alternately stacked [Co(tn)s]* "

cations and P;0,>~ anions, and the neighboring columns are further linked by

hydrogen bonds. (b) 2-D sheet structure viewed down the a-axis. (c) Top view of the crystal structure, showing the intercylinder hydrogen bonds.
Color code; Col: orange, Co2: yellow, N: blue, O: red, P: white, C: light blue, H: pale green. Symmetry operators, *: x + 1, y, z; f:x — 1, y, z; I+
l—x 12+, 12—-z82—x, =12+ p, 12—z llx,y + 1,z012+x, 12—y, 1 —z** 12 + x,32—y,1—12z

N7---05, N12.--05) to form a column pair. A water molecule
(019) serves to stabilize this structure by hydrogen bonds
with two P304>~ anions (O19---05, O19---015) (Fig. 7(a)).
Neighboring column pairs along the b-axis are linked by four
types of hydrogen bonds (N4---O17, N5---O17, N10---08,
NI11---08) to form a 2-D sheet structure in the ab-plane
(Fig. 7(b)). The 2-D sheets are further linked by hydrogen
bonds with water molecules to form a 3-D structure. Fig. 7(c)
shows that the two types of complex cations are arrayed in
pairs, Col, Col, Co2, Co2, Col, Col,... along the c-axis.
There are 25 types of NH- - -O hydrogen bonds in the crystal,
the distances being listed in Table S4, ESI.¥ The crystal
structure is different from that of the corresponding en
complex. In the crystal of A-[Co(en);]P309-2H>0, columns
constructed by alternate linking of [Co(en)s;]’" cations and
P;0,°~ anions are further connected to form a tetrameric
cyclic cylindrical structure.’

Structure of A-[Cr(tn);]P509-2.5H,0. The crystallographic
data are summarized in Table 2. The crystal structure
was isomorphous with that of A-[Co(tn);]P309-2.5H,0. The
absolute configuration around Cr as determined by the Flack
parameter'® (0.012(10)) was A, as expected. An ORTEP view
and the crystal structure are shown in Fig. S2 and S3,
respectively, and the relevant coordination bond lengths and
bond angles are listed in Table S5 (ESI{). The average Cr—N
coordinate bond length (2.088 A) is almost the same as for the
racemic complex (2.092 A). There are 25 types of NH---O
hydrogen bonds in the crystal, the distances being listed in
Table S6, ESL.

Conclusion

The most striking feature of the crystal structure of
rac-[IM™(tn);]P304-nH,O (M = Co, Cr) is the formation of

a columnar structure involving only one of the two possible
enantiomers (4, A) of the complex cations. The homochiral
column is formed by alternate linking of the [Co(tn);]**
cations with the same absolute configuration (4 or A) and
the P30y~ anions. The components are connected by multiple
NH---O hydrogen bonds whereby chiral recognition is
achieved. Adjacent homochiral columns with opposite chirality
are connected by intercolumn hydrogen bonds to form a
racemic pair of columns, and thus conglomerate crystallization
did not take place. Although the conformations (chair and
skew-boat) of the six-membered tn chelate rings and the
P;0,°~ anions are different among the complexes, it is to be
noted that all of the complexes have a similar columnar
structure consisting of the [M(tn);]’ " cations and the P;04>~
anions.

Experimental section
General

All reagents and solvents used in the syntheses were of
reagent grade, and they were used without further purifi-
cation. Na3P300-H,0,> AgsP30,-H,0,'® [Co(tn);]Cls,"" and
[Cr(tn);]Cl;-4H,07"  were prepared by the literature
procedures.

Synthesis of the complexes

rac-[Co(tn)3]P309-7.5H,0. [Co(tn)3]Cl; (0.196 g, 0.5 mmol)
in 5 mL of water was added to a suspension of Ag;P30¢-H,O
(0.282 g, 0.5 mmol) in 5 mL of water, and the mixture
was stirred in the dark for 3 h. After removing AgCl by
filtration with the aid of Celite, the filtrate was evaporated
slowly at room temperature to give orange crystals. They
were collected by filtration and recrystallized from water.
Yield: 0.179 g (55%). Found: C, 16.58; H, 6.49; N, 12.75%.
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CoHy5sCoNgOy6.5P3 requires C, 16.55; H, 6.94; N, 12.86%.
IR (KBr disk, vma/cm™'): 1583, 6(N-H, amine); 1294,
U(PO,, P30,°7); 980, POP, P;04°7).

A-[Co(tn);](3-nitro-d-camphor);z-0.5H,0. (This diastereomeric
salt was prepared by a slight modification of the procedure of
Rancke-Madsen and Woldbye.)® An aqueous solution (3 mL)
of sodium 3-nitro-d-camphor (0.658 g, 3.0 mmol) was mixed
with rac-[Co(tn)3]Cl3-4H,0 (0.919 g, 2.0 mmol) in water (2 mL).
The mixture was evaporated slowly at room temperature to
yield orange plates, which were collected by filtration, washed
with water, and dried in air. Yield: 0.22 g (13%). Found: C,
53.37, H, 8.23; N, 14.30%. C39H7;3CoNgOg 5 requires C,
53.29; H, 8.37; N, 14.34%. IR (KBr disk, vma/cm™):
1595, 8(N-H, amine); 1671, vc—o(3-nitro-d-camphor); 1453,
UN—o(3-nitro-d-camphor).

A-Co(tn);]Br;-H,0. A-[Co(tn)s](3-nitro-d-camphor);-0.5H,O
(0.206 g, 0.23 mmol) in 47% HBr (2 mL) was slowly added to
ethanol (50 mL) to give a pink precipitate, which was collected by
filtration, washed with ethanol, and air-dried. Yield: 0.113 g
(90%). Found: C, 19.85; H, 5.63; N, 15.12%. CyH3,Br;CoNsO
requires C, 20.05; H, 5.98; N, 15.59%. IR (KBr disk, Vmax/cm’l):
1583, 6(N-H, amine).

A-[Co(tn)3]P309-2.5H,0. An aqueous solution (4 mL) of
A-[Co(tn);]Br3-H,O (0.053 g, 0.098 mmol) was mixed with a
suspension of Ag;P3;0¢-H,0 (0.055 g, 0.098 mmol) in 5 mL of
water, and the mixture was stirred vigorously in the dark.
After removing AgBr by filtration with the aid of Celite, the
filtrate was evaporated slowly at room temperature to give
pink rods. They were collected by filtration and recrystallized
from water. Yield: 0.045 g (82%). Found: C, 19.22; H, 6.03; N,
14.81%. CgoH3,Br;CoNgO requires C, 19.19; H, 6.26; N,
14.92%. IR (KBr, vmax/cm™1): 1584, S(N-H, amine); 1294,
U(PO,, P304°7); 978, (POP, P304°7).

rac-|Cr(tn)3]P309-7.5H,0. This complex was prepared in
the dark by the same method as for the analogous Co'!
complex except that [Cr(tn);]Cl3-4H,O was used instead of
[Co(tn);3]Cl5. Yield: 80%. Found: C, 17.05; H, 6.52; N,
13.14%. CoH4sCrNgOq4.5P5 requires C, 16.72; H, 7.02; N,
13.00%. IR (KBr disk, ymx/cm’l) 1589, 6(N-H, amine);
1297, (PO,, P304>7); 978, POP, P;04°7).

A-[Cr(tn)3](3-nitro-d-camphor)s-0.5H,O. This diastereomer
was prepared in the dark by a method similar to that for the
cobalt complex. The crude material was recrystallized from
water to yield yellow crystals. Found: C, 53.71; H, 8.33;
N, 14.45%. C39H73CrNgOg s requires C, 53.71; H, 8.44; N,
14.46%. IR (KBr disk, ymx/cm’l): 1589, 6(N-H, amine); 1671,
Vc—o(3-nitro-d-camphor); 1452, vn—o(3-nitro-d-camphor).

A-[Cr(tn)3]Br3-H,0. A-[Cr(tn);](3-nitro-d-camphor)-0.5H,O
(0.515 g, 0.6 mmol) in 47% HBr (2 mL) was slowly added to
ethanol (100 mL) to give a yellow precipitate, which was
collected by filtration, washed with ethanol, and air-dried.
Yield: 0.297 g (93%). Found: C, 20.53; H, 5.60; N, 15.44%.
CoH3,Br;CoNgO requires C, 20.32; H, 6.06; N, 15.79%. IR
(KBr disk, Vmax/cmfl): 1577, §(N-H, amine).

A-[Cr(tn)3]P309-2.5H,0. This complex was prepared in the
dark by the same method as for the analogous Co™ com-
plex except that A-[Cr(tn);]Br;-H,O was used instead of
A-[Co(tn);]Br3-H,0. Yield: 67%. Found: C, 19.41; H, 6.04;
N, 14.99%. CoH35CrNgOq; sP5 requires C, 19.43; H, 6.34; N,
15.11%. IR (KBr disk, vmax/cm™'): 1577, §(N-H, amine);
1293, (PO,, P30¢°7); 981, (POP, P304°7).

Physical measurements

UV-Vis spectra were recorded using a JASCO Ubest-550
spectrophotometer. Infrared spectra were measured using a
JASCO FT/IR-550 spectrophotometer. CD spectra were
recorded using a JASCO J-720 spectropolarimeter.

X-Ray crystallography

Single crystals were mounted on a glass fiber and coated with
epoxy resin. The X-ray data were collected using a Rigaku
RAXIS RAPID II imaging plate area detector employing
graphite monochromated Mo-Ka radiation (1 = 0.71073 A).
The structures were determined by direct methods (SIR2004)'®
and expanded using Fourier techniques'® and successive Fourier
difference methods with refinement of full matrix least squares
on F2. The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were introduced in calculations using the
riding model. All calculations were performed using the
Crystal Structure 3.8 software package.*
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