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Abstract: The progression from synthetically achiral ligand and metal ion, to isolated chiral metal complex,
to homochiral two-dimensional (2D) assembly layer, and finally to conglomerate is presented. The cobalt-
(Il1) complexes of achiral tripod-type ligands involving three imidazole groups with the chemical formulas
[Co(HsL%)](ClO4)3*H,O (6) and [Co(HsL")](ClO4)3+0.5H,0O (7) were synthesized, where HiL® = tris[2-
(((imidazol-4-yl)methylidene)amino)ethyllJamine and HsL” = tris[2-(((2-methylimidazol-4-yl)methylidene)-
amino)ethyllamine. Each complex induces the chirality of clockwise (C) and anticlockwise (A) enantiomers
due to the screw coordination arrangement of the achiral tripod-type ligand around the Co(lll) ion. The fully
protonated (6, 7), the formally hemi-deprotonated (6', 7'), and the fully deprotonated (6, 7'') complexes
were obtained as good quality crystals by adjusting the pH of the solutions. The crystal structures were
determined by single-crystal X-ray analyses. There is no intermolecular network structure in the fully
protonated complexes (6, 7). The fully deprotonated complexes (6", 7'") form a hydrogen-bonded network
structure, in which the C and A enantiomers coexist and are connected through a water molecule. The
formally hemi-deprotonated species [Co(H1sL®° 7)]*>*, which functions as a self-complementary chiral
building block, generates equal numbers of protonated and deprotonated molecules by an acid—base
reaction to form an extended 2D homochiral layer structure consisting of a hexanuclear structure with a
trigonal void as a unit. The 2D structure arises from the intermolecular imidazole—imidazolate hydrogen
bonds between [Co(HzL8° 7)]3* and [Co(L8° 7)]°, in which adjacent molecules with the same chirality are
arrayed in an up-and-down fashion. In the crystal lattices of the perchlorate salts (6, 7'), the perchlorate
ions are located in the cavity, and the homochiral layer consisting of C enantiomers and the adjacent layer
consisting of A enantiomers are stacked alternately to give an achiral crystal. The chloride salt of the hemi-
deprotonated complex [Co(H1sL%)]Cli5:4H,0 (6a’) is found to be a conglomerate, in which the chloride
ions are positioned in the intermediate region of the double layer, and layers with the same chirality are
well stacked by adopting the up-and-down layer’s shape to generate channels, and so form a chiral crystal.
The circular dichroism (CD) spectrum of 6a’ showed a positive peak and a negative peak at 480 and 350
nm, respectively, and the spectrum of another crystal showed an enantiomeric CD pattern, providing further
evidence of spontaneous resolution on crystallization.

Introduction

Since the historic discovery of spontaneous resolution in

ammonium sodium tartrate by Louis Pasteahjrality has been

animportanttopicin chemistry, pharmacy, and living organi&rhs.
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Chirality is expressed at both the molecular and supramolecular
levels®—° The initial progress in chirality was in the generation
of molecular chirality from the reaction of achiral components,
which developed into assembling isolated chiral molecules.
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When a chiral molecule aggregates and crystallizes, it can form (a) ]! 2% (b)

either (1) a racemic compound, (2) a conglomerate (racemic ﬁ&ﬁ_| N

mixture), or (3) a racemic solid solutiéhJacques et al. reported (CH2)m (CH2)n \ fm\
that, statistically, between 5 and 10% of all racemates form } \ ﬁ[ SN é N
conglomerate crystald,indicating that homochiral interaction AN AN 4\\ W,
in the formation of crystalline racemates is usually weaker than 4 3 ® . weem
heterochiral interactiot? Although the formation of conglomer- H RPR*Q C (clockwise)

ates vs racemic compounds is determined by the laws of physics n(m. n,R', R?) ~

under specific conditions, these laws are not yet fully under- 13,3, H H) N/of /‘"3
stood, and therefore the formation of conglomerates cannot be 2(3,3, H, CHy) R;‘N/ﬁnq }5 N2: N2
predicted a priort3 If enantioselective homochiral molecular 3 (3,4, H, CHa) HNZNY \F‘{E”H \m. N1)/A
discrimination arising from substantially strong, selective, and 4 (3, 4, H, CHs)

directional interactions, such as a coordination Bérat a

hydrogen bond? can be extended from two adjacent molecules

to one-dimensional (1D), 2D, and 3D systems, then a conglom-
erate exhibiting 3D intermolecular homochiral interaction, and (C)

5 (3, 3, CHs, CgHs)

hence showing spontaneous resolution on crystallization, would D <\}<
be achieved® The question to be answered in the most essential y " /glu‘j\\\ a2 /gﬁf\\l
and difficult step toward this purpose is, “How can we design g{ N}jdln ‘NgiuH A r2 NW NS
a particular molecule exhibiting an intermolecular homochiral R;N/I” N\\q """ A L
interaction and a multidimensional extended structure?” HN:’)J}J EZNH A R:”\C;

To realize the above-mentioned synthetic strategy, we have A —-H* r~'l/_\ + ..ccC
focused on metal complexes with polydentate ligands involving + -
imidazole groups/:18 because a metal complex with an imi- e +H' ’”;5* or ’3
dazole group can be a versatile self-complementary building & R %’:u\ R ’j":u R?
component by the formation of coordination and hydrogen ,,[ NS 4,{ NS A /,{ ’ “@@N

o . : HNZg  WARNH N—-JJ H R? _.N-{‘ H

bonds!®2% Previously, we have reported the chiral self- ke TR o e o R "
complementary copper(ll) complexes [Cu(M)](ClO4). (n = c A Y ¢
1-5) with achiral pentadentate strand-type ligands involving N‘(N_\‘.
two imidazole groups per molecule-5 (Figure 1)?2 These <

complexes become eith€ (clockwise) orA (anticlockwise) Figure 1. (a) Molecular Structureslof gOPpef(“) complexés5 with
enantiomers, due to the spiral coordination arrangement of thejrPentadentate ligands, wheném, n, R%, RY) = 1(3, 3, H, H);2(3, 3, H,

hiral ligands. The mono-deprotonated complex [CUjillO CHg); 3(3, 4, H, CH); 4(3, 4, H, GHs); 5(3, 3, Ch, Cets). (b) Structures
achiralig ' e p b p 4 of C (clockwise, green) and (anticlockwise, red) enantiomers. (c) Two
(n = 1-5) has one imidazole and one imidazolate moiety per possible 1D structures of the mono-deprotonated complex formed by
molecule,l'—5', which functions as a chiral self-complementary hydrogen bonds b(_atween two adjacent_ enantiom'ers, homochiral (upper:
building component, and may possibly aggregate into hetero- 2 3) and heterochiral (lower, 5) 1D zigzag chains.

chiral (..CACA..) and homochiral (CCCC.. and .AAAA..)

1D zigzag chains, due to the hydrogen bond between the Imidazole and imidazolate groups of adjacent units, as shown

schematically in Figure 1. Compountis-3', with the less bulky

(10) (a) Eliel, E. L.Stereochemistry of Carbon CompounblieGraw-Hill: New ituen he 2- ition of the imidazole moi iel
York, 1962. (b) Collet, A.; Brienne, M.-J.; JacquesChem. Re. 198Q SbeI tuent at the pos tion of t .e d.a ole . 0 ety’ ye.dEd
80, 215-230. (c) Jacques, J. J.; Collet, A.; Wilen, S. Enantiomers either a .CCCC.. or an .AAAA.. isotactic 1D zigzag chain,
Racemates and Resolutio®hn Wiley & Sons: New York, 1981. i ' I\ i i
(11) Jacques, J.; Leclercq, M.; Brienne, M.I&trahedron1981, 37, 1727 while compoun_dsl ahd5 Wlt_h the bU|k_y SUbsm_uent ylelded
1733. ...CACA.. syndiotactic 1D zigzag chains. As in the case of
a2) f{gcgéfl-j;gz%d‘we'ze“ W. B.; Dunitz, J. D. Am. Chem. Sod 991, compoundsl'—3, the homochiral 1D chain can be easily
(13) Kuroda, R.; Mason, S. B. Chem. Soc., Dalton Tran$981, 1268-1273. produced, but the homochiralCCCC.. and . AAAA.. chains
(b) Brock, C. P.; Dunitz, J. DChem. Mater1994 6, 1118-1127. f ;
(14) (a) Hernandez-Molina, M.; Lloret, F.; Ruiz-Perez, C.; Julve,Iibrg. are arrayed altemate'y to give an achiral CryStal'
f\?/lhgmdlg% |37| C413l—,41'\?/’g-h(b) LaCmbeftrE-(:)OFaeggEgé J.-P.; Policar, C.; To increase the dimensionality from 1D to 2D, we have
-baaaran, 1.; Cesario, em. Commu . . N . . .
(15) (a) Seto, C. T.; Whitesides, G. NI. Am. Chem. S0d993 115, 905-916. designed cobalt(lll) complexes with achiral tripod-type ligands
(b) Bishop, R.Synlett1999 1351-1358. (c) Aoyama, Y.; Endo, K.; Anzai, i i imi . 6 .
T.; Yamaguchi, Y.; Sawaki, T.; Kobayashi, K.; Kanehisa, N.; Hashimoto, InVO|Vmg thr7ee imidazole groups. ([CgéH )].(CIOA)‘?’ HZO (6)
H.; Kai, Y.; Masuda, HJ. Am. Chem. Sod.996 118 5562-5571. and [Co(HL)](ClO4)3:0.5H0 (7), H3L® = tris[2-(((imidazol-
(16) (a) Eliel, E. L.; Kofron, J. TJ. Am. Chem. Sod953 75, 4585-4587. (b) _ ; i i — tric[D- _
Addadi, L.: Lahav, M.Pure Appl. Chem1979 51, 1269-1284. 4-yl)methylidene)amino)ethyllamine andgl = tris[2-(((2
(17) Miyasaka, H.; Okamura, S.; Nakashima, T.; Matsumotdnbicg. Chem. methylimidazol-4-yl)methylidene)amino)ethyllamine) (Figure
1997, 36, 4329-4335. ; S
(18) (a) Mimura, M.; Matsuo, T.; Motoda, Y.; Matsumoto, N.; Nakashima, T.; 2a). I_EaCh complex induces  the Ch'ra!'ty of ti@ and A
ﬁOinma, m Fhem-CLﬁﬁlg%%QG%é—gggm(bs)gggtsuki, I.; Matsumoto, N.; enantiomers due to the screw coordination arrangement of the
ojima, M. Inorg. Chem , . . . . . .
(19) Kolks, G.; Frihart, C. R.; Rabinowitz, H. N.; Lippard, S.JJ.Am. Chem. achiral tripod-type ligand around the Co(lll) ion (Figure 2b).
Soc.1976 98 5720-5721, The protonated complexes [Coftf)](ClO4)s-HO (6) and
(20) Matsumoto, N.; Motoda, Y.; Matsuo, T.; Nakashima, T.; Re, N.; Dahan, P P [ )]( 4)3 . 2 ( )
F.; Tuchagues, J.-Bnorg. Chem 1999 38, 1165-1173. [Co(H3L")](ClO4)3-0.5H:0 (7), the formally hemi-deprotonated

(21) Lorente, M. A. M.; Dahan, F.; Sanakis, Y.; Petrouleas, V.; Bousseksou, . d _
A.: Tuchagues, J.-Rnorg. Chem.1995 34, 5346-5357. complexes [Co(HsL)](CIO4)154H0 (6) and [Co(H.sL7)]

(22) Shii, Y.: Motoda, Y.; Matsuo, T.; Kai, F.; Nakashima, T.; Tuchagues, J.- (ClO4)15 (7'), and the fully deprotonated complexes [CH[L

P.; Matsumoto, NInorg. Chem.1999 38, 3513-3522. /1 . " f
(23) Brewer, C. T, Brewe?, G.; Shang, M.; Scheidt, W. R.; Mullerdnbrg. 2.5H0 (6 ) and [_CO(L7)] 3.5H0 (7 ) W_ere obtained as gOOd i
Chim. Actal998 278 197-201. crystals by adjusting the pH of the solutions. The formally hemi-
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Figure 2. (a) Molecular structures of the cations@®&nd7 [Co(HsL")]3"
(n=16, 7). (b) Views looking down and up the molecule along the molecular
Cs axis for C (green) andA (red) enantiomers and their schematic
representations, in which the curve line from the central tertiary amine to
the terminal imidazole nitrogen through the imine nitrogen is represented
by the arrow.

deprotonated species, [Co(HL")]15" (n = 6, 7), functions as
a self-complementary chiral building block or generates equal

[Co(HsL™M]X3 and [Co(H.sLM]X 1.5 (n = 6, 7, X= mononega-
tive ions), and the electrically neutral fully deprotonated
complex, [Co(IM]°, could be obtained. Among these, the hemi-
deprotonated species [Co(HL")]*>* functions as a chiral self-
complementary building block or generates equal numbers of
completely protonated and completely deprotonated molecules,
[Co(HsL™)]3" and [Co(HLM]°, by an acid-base reaction to form
an extended 2D structure due to its intermolecular imidazole
imidazolate hydrogen bonds. Since the molecular building block
having C3 symmetry has a capped- and tripod-type molecular
shape, and the adjacent molecules are linked by hydrogen bonds
at the terminal sites of the molecules, the adjacent molecules
are alternately arrayed on a plane perpendicular tcChaxes
in an up-and-down fashion to give a 2D double-layer structure.
As shown schematically in Figure 3, there are two pairs of
plausible homochiral and heterochiral assembly 2D layer
structures, in which one pair of structuresgndb) exhibits a
trigonal void and the other pair of structuresapndd) exhibits
a hexagonal void. As the frameworks of these 2D layer
structures are constructed from multiple hydrogen bonds, there
should be a distinct difference in the enantioselective discrimi-
nation between the homochiral and heterochiral aggregations.
As experimentally confirmed later by the single-crystal X-ray
analyses of the hemi-deprotonated compleggsta, and 7',
and as demonstrated later from molecular model considerations,
the homochiral 2D assembly structur@ (s preferred to the
other 2D structured ¢, andd) in the present molecular system.
Synthesis and Properties of the Protonated, Hemi-depro-
tonated, and Fully Deprotonated Co(lll) Complexes.The
tripod-type hexadentate ligand;tf was prepared by mixing
tris(2-aminoethyl)amine and 4-formylimidazole in a 1:3 molar
ratio in methanol, and the ligand solution was used without
isolation for the synthesis of the Co(lll) complexes. The
protonated Co(lll) complex [Co(#L8)](ClO4)3-H.O (6) was

numbers of completely protonated and completely deprotonatedoptained as red-orange crystals by mixing the ligand solution,

molecules [Co(HLM]3" and [Co(L")]° to form an extended 2D
homochiral layer structure due to the intermolecular imidazole
imidazolate hydrogen bonds of the alternately arrayed
[Co(HsL™]3 and [Co(M]° In this work, we report an

trans[CoCh(py)4]Cl,%> and NaClQin methanol in a 1:1:3 molar
ratio, and from subsequent recrystallization of the crude product
from aqueous solution at pH 3. The C, H, and N microanaly-
ses agreed with the formula [Coft$)](ClO4)s*H20. The molar

interesting molecular system inducing spontaneous resolution,electrical conductivity inN,N-dimethylformamide (DMF) was
in which a chiral molecule generated from achiral components 206 S mot* cn? and is in the expected range for a 1:3 electro-

gives a homochiral 2D layer via self-organization and intermo-
lecular homochiral interaction, and the resulting 2D layers with
the same chirality are stacked in the crystal by fitting the up-
and-down layer’s shape to form a conglomerate.

Results and Discussion

Molecular Design of the Homochiral 2D Layer Structure.
The Co(lll) complex with tripod-type ligand involving three
imidazole groups [Co(kL™]®*" (n = 6, 7) was designed and

lyte.?® The IR spectrum showed the characteristic bands as-
signable to the &N stretching vibration of the Schiff-base
ligand at 1626 cmt and to the G+O vibration of the perchlorate
ion at 1082-1145 cnt1.2” When 3 equiv of NaOH aqueous
solution was added to a methanolic solutionfthe fully
deprotonated comple®” with chemical formula [Co(B)]-
2.5H,0 was obtained as red cubic crystals. The IR spectrum
showed a sharp band assignable to tkeNGstretching vibration

of the Schiff-base ligand at 1597 ci while the characteristic

synthesized. As shown in Figure 2, each complex has abands due to the perchlorate ion were absent. Compélind

molecular C3 axis and induces the chirality o€ and A

was insoluble in common organic solvents and water, and hence

enantiomers due to the screw coordination arrangement of themeasurement of the solution electrical conductivity could not

achiral tripod-type ligand. The Co(lll) ion is inert for ligand

be performed. When 1.5 equiv of aqueous NaOH solution, or

substitution reactions, and hence the interconversion betweertriethylamine, was added to a methanolic solutioB,dhe hemi-

C andA enantiomers through a trigonal twist mechanism (the
so-called Bailar twisgf and through a bond rupture mechanism

is restricted. From the adjustment of the pH of the solution
containing the complex, the proper anionic salts of the proto-
nated and the formally hemi-deprotonated complexes,

(24) Corey, E. J.; Bailar, J. C., J3. Am. Chem. Sod.959 81, 2620-2629.

deprotonated compleg' with the formal chemical formula
[Co(H15L9)](ClO4)1.54H,0, in which half of the three imidazole
groups per unit are formally deprotonated, was obtained as

(25) Werner, A.; Feenstra, Ber. Dtsch. Chem. Ge4906 39, 1538-1545.

(26) Geary, E. JCoord. Chem. Re 1971, 7, 81-122.

(27) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coordination
Compoundsé4th ed.; John Wiley & Sons: New York, 1986.
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Figure 3. Two pairs of plausible homochiral and heterochiral assemblies formed by intermolecular imidiazidlezolate hydrogen bonds between [Co-
(HsL®)]3+ and [Co(L9)]° with trigonal void @ andb) and with hexagonal voidc(andd). (a) The molecular structure of a homochiral unit of the 2D layer
of {[Co(HsL®)][Co(L®)]}» and its schematic drawing with a trigonal voith) (The molecular structure of a heterochiral unit and its schematic drawing with
a trigonal void. ¢) Homochiral unit structure with a hexagonal void and its schematic drawd)d-4€terochiral unit structure with a hexagonal void and

its schematic drawing. The color schemes are the same as for Figure 2.

orange crystals. The molar electrical conductivity in DMF was in pure water (ca. 0.6& 1072 M aqueous solution), as indicated

129 S mot?! cn?, which is about half the value o6 and

consistent with the property of a formal 1:1.5 electroRfén

by the constant electrode potentials. Thealue of6 decreased
from 3 to O for the forward titration with the addition of 0.05

addition to the characteristic bands due to the perchlorate ionM aqueous NaOH solution, in which the reddish transparent
at 1059-1143 cn1?, the IR spectrum showed two bands due solution began to cloud, yielding a yellow precipitate aronnd

to the G=N stretching vibration of the Schiff-base ligand at
1625 and 1594 cnt, which are assigned to thC=N) of the
protonated and deprotonated species, [Gbf}J*" and

[Co(L®)1°, respectively.

The Co(lll) complex of the ligand §L7 as the perchlorate

= 1.5. For the reverse titration, tmevalue increased from 0O to
3 with the addition of 0.05 M HCI. The precipitate began to
dissolve gradually, and the solution became transparentat
1.5. The reverse titration curve differs from the forward titration
curve in the region oh = 0—1.5, probably due to the fact that

salt, [Co(HL")](ClO4)3:0.5H:0 (7), and the hemi-deprotonated 6" is so insoluble and stable, such that protons could hardly

and fully deprotonated complexes, [Ca@H")](ClO4)15(7') and
[Co(L7)]-3.5H:0 (7""), were prepared by methods similar to
those for the corresponding complex&st’, and6'’, respec-

tively. The molar electrical conductivities in ca. f0M DMF
solutions were 198, 111, and 0.7 S miotn? for 7, 7', and7",

bind to the imidazole group. The forward and reverse titration
curves for7 are almost the same, and precipitation was not
observed under the experimental conditions. Tkg pK2, and
pKs values are 5.9, 7.2, and 8.5 férand 6.3, 7.7, and 9.0 for
7, respectively. The higherkpvalues in7 are ascribed to the

respectively, these values being consistent with their 1:3, 1:1.5, electron-donating effect of the 2-methyl group of the imidazole

and neutral electrolyte properties, respectivlyhe IR spec-
trum showed a characteristic band assignable to theNC

stretching vibration of the Schiff-base ligand at 1634 érfor
7 and 1596 cm! for 7", respectively. The IR spectrum @f

showed two absorptions at 1635 and 1609 &nwhich are

moiety. The fully protonated, the hemi-deprotonated, and the
fully deprotonated complexes can be obtained as good quality
crystals by adjusting the pH of the solution, based on the pH
titration curves.

pH-Dependent Electronic SpectraThe pH-dependent elec-

assignable to the(C=N) of the protonated and deprotonated tronic spectra of7 were measured in aqueous solution (see

species, [Co(kL")]3" and [Co(L))]°, respectively.

Potentiometric pH Titration. To study the quantitative
correlation between the pH and the proton dissociation

Experimental Section), and the forward and reverse spectral
change is shown in Figure 5a and b, respectively. The spectrum
of 7 exhibited a broad band at 472 nm (molar extinction

association of the imidazole groups, potentiometric pH titrations coefficiente = 178 M1 cm™1), assignable to a-€éd transition.
of 6 and 7 were performed in water. The proton association On addition of 0.10 M aqueous NaOH solution, the molar

number,n, calculated using Bjerrum’s meth&&° vs pH is
plotted for 6 and 7 in Figure 4a and b, respectively. The
imidazole proton did not dissociate whéior 7) was dissolved

(28) Gran, GAnalyst1952 77, 661-671.

(29) Beck, M. T.; Nagypal, IChemistry of Complex EquilibriaWiley: New

York, 1990; pp 243-286.
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extinction coefficient of this broad band increased. This spectral

change is characterized by isosbestic points at 418 and 554 nm.
The spectra for the reverse titration exhibited isosbestic points

at the same wavelengths and converted to the spectrum of the
fully protonated complex, demonstrating that the equilibrium

is reversible. The pH-dependent electronic spectré ofere
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Figure 4. (a) The pH-dependent potentiometric titration curve in the
plots of proton association numbervs pH of 6 for the forward (black)
and reverse (white) titrations. (b) The pH-dependent potentiometric titration
curve of7.

Table 1. Selected Coordination Bond Distances (A) for
[Co(H3L®)](ClO4)3:H20 (6), [Co(H15L%)](ClO4)15:4H20 (6'),
[Co(L9)]-2.5H,0 (6"), and [Co(H15L®)]-4H,0 (6a')

6

6

6"

6a’

Wavelength/nm

Figure 5. The pH-dependent electronic spectra7ofor the (a) forward

and (b) reverse titrations. An aqueous solution70f0.24 mmol of the
complex in 80 mL of water) was prepared. A spectrum was recorded after
each 0.40 mL addition of 0.10 M NaOH solution, until 3 equiv of NaOH
was added. Immediately afterward, the electronic spectra were recorded
for the reverse titration, following each 0.40 mL addition of 0.10 M HCI
solution to the solution resulting from the forward titration. The spectra
were corrected for the volume variation due to the addition of the NaOH
and HCI solutions.

Co—N(2) 1.93(1) 1.90(2) 1.955(5) 1.961(9) Table 2. Relevant Coordination Bond Distances (A) for
1.94(1) 1.93(2) 1.980(9) [Co(H3L7)](ClO4)3:5H20 (7), [Co(H15L")](ClO4)15 (7'), and
Co—N(@3) 1.90(1) 1.92(2) 1.911(5) 1.905(8) [Co(L))]-3.5H.0 (7")
1.94(1) 1.93(2) 1.896(8)
Co—N(5) 1.98(1) 1.88(2) 7 v "
1.97(1) 1.99(2) Co—N(2 1.960(5), 1.967(5 1.948(2)1.959(2 1.960(7
Co—N(6) 1.88(1) 1.92(2) cw%sﬁ 1.94455%, 1.955%5; 1.942%2&.945%2; 1.91957%
1.92(1) 1.86(2) Co—N(5)  1.954(5), 1.945(5) 1.953(7)
Co—N(8) 1.95(1) 1.98(2) Co—N(6)  1.934(5), 1.949(5) 1.933(7)
Co-NG) igi((% igg(é)) Co—N(8)  1.946(5), 1.947(5) 1.956(7)
1905 1560 Co-N(9)  1.952(5), 1.942(5) 1.940(7)

aData for [Co(HL7)]3*. ? Data for [Co(L)]°.

not measured, due to the precipitation encountered during the o ] )
titration procedure. to the screw coordination arrangement of the achiral tripod
X-ray Crystal Structures. The relevant coordination bond  ligand around the Co(lll) ion.
distances for &, 6', 6, and 6d) and (7, 7, and 7") are Structures of Protonated Co(lll) Complexes 6 and 7.The
summarized in Tables 1 and 2, respectively. The crystal datacrystal structures 06 and7 are essentially similar, and their
and details of the structure determination &6', 6", and6a structures can be adequately described as an isolated system.
and7, 7', and7" are summarized in Tables 3 and 4, respectively. An ORTEP drawing of the cation d is shown in Figure 6,
Throughout the crystal structures of all of the complexes, each representing the atom labeling and chiral coordination arrange-
Co(lll) ion assumes a similar octahedral coordination environ- ment. There is no intermolecular hydrogen-bonded extended
ment with the N donor atoms of three CeN(imidazole or structure in the crystal structures 6fand 7. Their packing
imidazolate) bonds and three €bl(imine) bonds. Each com-  diagrams show that th€ and A enantiomers coexist in the
plex becomes a chiral molecule withCaor A enantiomer due  crystal to form a racemic compound. Figure 7 shows a packing

J. AM. CHEM. SOC. = VOL. 124, NO. 4, 2002 633



ARTICLES Katsuki et al.

Table 3. X-ray Crystallographic Data for [Co(H3L8)](ClO4)3:H20 (6), [Co(H1.5L8)](ClO4)15°4H20 (6'), [Co(L?)]-2.5H,0 (6'"), and
[Co(H15L9)]Cl1 5-4H,0 (6a")

6 6 6" 6a’
formula GigH26N10013ClzCo CigH30.9N10010Cl1.5CO CigH26N 1002 5Co CigH30.9N1004Cl1 5CO
fw 755.75 659.11 481.4 563.12
space group Cc(No.9) Cc(No.9) 143d (No. 220) P3 (No. 143)

a A 36.389(2) 24.330(7) 20.446(1) 12.277(2)
b, A 13.313(2) 12.887(5) 20.446(1) 12.277(2)
¢ A 12.704(2) 18.157(4) 20.446(1) 9.321(2)
o, deg 90 90 90 90

5. deg 104.98(1) 91.86(2) 90 90

v, deg ) 90 90 120

V, As 5946(1) 5690(3) 8546.6(2) 1216.7(2)
Z 8 8 16 2

Decaio g CNT3 1.688 1.539 1.496 1.537
u,cmt 9.26 8.11 8.45 9.17
R2Rw.,? % 0.040, 0.045 0.060, 0.062 0.064, 0.037 0.055, 0.065

Table 4. X-ray Crystallographic Data for [Co(H3L7)](ClO4)3:5H20 (7), [Co(H1.5L7)](ClIO4)15 (7'), and [Co(L7)]-3.5H,0 (7")

7 7 7"
formula G1H31N100125ClsCo CGoiH2g N1006Cl1 sCO G1H34N1005 5Co
fw 788.83 629.13 541.50
space group P2;/c (No. 14) R3 (No. 148) Fdd2 (No. 43)
a, 13.195(4) 15.285(1) 23.112(3)

b, A 13.873(5) 15.285(1) 35.397(2)

c, A 33.930(4) 39.656(2) 12.425(2)

o, deg 90 90 90

B, deg 96.39(2) 90 90

y, deg 90 120 90

Vv, A3 6172(3) 8024.1(5) 10164(2)

z 8 12 16

Dcalc, g cnT 3 1.698 1.562 1.415

u, et 8.95 8.49 7.22

R2Ry,? % 0.058, 0.036 0.041, 0.032 0.048, 0.039

AR = J[IFo| = [Fell/ZIFol. ® R = [ZW(IFo| = [Fel)7IWIFol]¥2 w = 1/o(Fo).

Figure 6. ORTEP drawings of the cation for [Co§?)](ClO4)3:H20 (6)

with the selected atom numbering scheme showing 50% probability
ellipsoids, in which one of the two crystallographically independent cations
is represented. (a) The side view and (b) the top view projected from the

central nitrogen atom to the €bion along the moleculaEs axis showing Figure 7. Packing diagram of [Co(#L9)](ClO4)s-H.O (6) showing that

the C enantiomer. there is no extended intermolecular hydrogen-bonded network structure.
. . . EnantiomersC and A are represented by the colors green and red,

diagram of 6, in which green- and red-colored molecules respectively.

represent the&€ and A enantiomers, respectively.

The systematic extinction of the X-ray diffraction dataof =~ and one water molecule with hydrogen bond distances of
indicated the space group to be eitl@&2/c or Cc. When the N(4)---O(13)= 2.89(1) A, N(10)--O(26)= 2.67(2) A for cation
space groupC2/c was assumed, one of the three perchlorate Co(1) and N(14)-0(20) = 2.90(2) A, N(17)--O(25) =
ions of [Co(HL®)](ClO4.)z-H20 suffered from disorder, and an  2.92(2) A for cation Co(2). The water molecule O(25) is further
occupancy factor of 0.5 must be assigned to both of the possiblehydrogen bonded to one oxygen atom of the £1@nion with
positions. Assuming the space groGp, the structure has no  O(25)--0(21) = 2.69(2) A.
disorder, and structural analysis gave better discrepancy indices The complex [Co(HL7)](ClO4)3:0.5H,0 (7) crystallized into
than C2/c. The space groucc was therefore selected. The the monoclinic space group2i/c with Z = 8. The crystal
crystal structure of [Co(kL8)](ClO4)3-H20 (6) consists of two structure consists of two electrically tripositive [Ca{H)]3"

electrically tripositive cations [Co($t6)]3", six CIO;~ anions, cations, six CI@Q anions, and one water molecule of crystal-
and two water molecules of crystallization as the unique unit. lization as the unique unit. One of the three imidazole nitrogen
Two of the three imidazole groups for each [Cel(¥)]3" cation atoms of the first cation Co(1) is hydrogen bonded to one

are hydrogen bonded to one oxygen atom of the,Cl@hions perchlorate anion with N(79-0O(1) = 2.892(8) A. Three imid-
634 J. AM. CHEM. SOC. m VOL. 124, NO. 4, 2002
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Figure 8. An extended intermolecular hydrogen-bonded network structure Figure 9. X-ray crystal structure of [Co(kbL9)](ClO4)154H0 (6)
of [Co(L")]-3.5H,0 (7""). The water oxygen atom O(1) and the atom O(1)* showing a homochiral 2D layer structure formed by hydrogen bonds between

generated by a two-fold rotation symmetry operation doubly bridge the two [CO(HsL?)]*" (Col) and [Co(B)]® (Co2) (dashed line). The counteranions
adjacent [Co([)] and [Co(L)]* species by hydrogen bonds to give a and the water molecules are omitted for clarity. (a) Top view showing a

hydrogen-bonded dimeric structure. Enantiom@randA are represented ~ [8yer structure, in which the same enantiomeZs dreen) are linked by
by the colors green and red, respectively. intermolecular imidazoleimidazolate hydrogen bonds. (b) Side view of a

double layer consisting of an up-and-down molecular array.

azole nitrogen atoms of the second cation Co(2) are hydrogen2.90(1) A and O(1y-O(4) = 2.89(1) A, and the two oxygen
bonded to the water molecule and two independent perchlorateatoms O(2) and O(4) are hydrogen bonded with G(@)(4) =
ions with N(14):-0(26) = 2.762(7) A, N(17)--O(9) = 2.835 2.90(1) A. As a result, an extended dimensional structure is
(7) A, and N(20)--0(13)= 2.857(7) A, respectively. The water  constructed due to these hydrogen bonds.
molecule O(26) is further hydrogen bonded to the oxygen atom  Structures of Hemi-deprotonated Co(lll) Complexes 6
of another perchlorate ion with O(2690(18) = 2.825(7) A. and 7. The crystal structures 06’ and 7' consist of an
Structures of Fully Deprotonated Co(lll) Complexes 6' essentially similar 2D layer, constructed from the intermolecular
and 7'. Both 6" and 7" form a hydrogen-bonded network imidazole-imidazolate hydrogen bonds. Figure 9 shows the top
structure through water molecules. The fully deprotonated view and the side view of the 2D layer structuresafin which
complex [Co(19)]-2.5H,0 (6") crystallized in the cubic space the perchlorate anions and the water molecules are omitted for
groupl43d with Z = 16, and thus, one-third of the molecule is  clarity.
the unique unit. The Co(lll) ion and the central amine nitrogen  The systematic extinction of the X-ray diffraction datagof
atom occupy special positions passing throughGhexis. The suggested either the space grdd®/c or Cc. Both structural
water molecule suffers from disorder, and the occupancy factor analyses gave acceptable solutions for the space g©@2fos
was assigned to the oxygen atom. The imidazolate nitrogenand Cc under the condition that some disorder was included.
atoms of [Co(19)]° are hydrogen bonded to the crystal water The X-ray analyses could not determine the space group
molecule with a bond distance of N(4)YO(1) = 2.766(9) A. definitely due to the small number of observed reflections, where
The neighboring water molecules are further hydrogen bonded oxygen atoms of perchlorate ions and water molecules were
to each other to form an extended intermolecular network refined with the isotropic thermal parameter and all of the
structure. hydrogen atoms were placed at their calculated positions. The
The fully deprotonated complex [Co{)]-3.5H,0 (7"') crys- space grougCc was finally selected on the basis of chemical
tallized in the orthorhombic space gro®ud2, consisting of and physical reasons. The unique unit in the space g@up
[Co(L")]-3.5H,0 as the unique unit, and the crystal structure is involves a fully deprotonated complex and a fully protonated
shown in Figure 8. The water oxygen atom O(1) and the atom complex as well as three ClOions, whereas the unique unit
O(1)* generated by a two-fold rotation symmetry operation in the space grou©2/c consists of [Co(HsL%)]15" and 1.5
doubly bridge the two adjacent [Cofll and [Co(L")]* species ClO4~ anion. The infrared spectrum showed two bands assign-
by hydrogen bonds with N(4*0O(1) = 2.92(1) A and able to the protonated and deprotonated species, which supports
N(7):+-O(1) = 2.830(9) A to give a hydrogen-bonded dimeric the space grougc. Further, the X-ray structure of the analogous
structure. The oxygen atom O(1) is further hydrogen bonded compound?7' described later was definitely solved by the
to other water molecules with the distances of @(Q(2) = formulation [Co(HL")][Co(L7)](CIO,)s.
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intermolecular imidazoleimidazolate hydrogen bond of
N(4)-+*N(8) = 2.725(4) A to give a 2D layer structure, in which
the component molecules [Cof)]3" and [Co(L")]° with the
same chirality are assembled. The -@¥(imine) and Ce-
N(imidazole) coordination bond distances for the protonated
species Co(1) are 1.948(2) and 1.942(2) A, respectively, and
those for the deprotonated species Co(2) are 1.959(2) and 1.945-
(2) A, respectively, demonstrating that the -€d(imine)
distance is greatly affected by the deprotonation and the Co
N(imine) distance for the deprotonated molecule is rather longer
than that for the protonated molecule. In contrast to the-Co
N(imine) distance, the €N bond distance 1.273(3) A for the
protonated molecule is slightly shorter than that for the
deprotonated molecule, 1.288(4) A. This result is consistent with
the infrared spectrum, which exhibits two bands at 1635 and
1609 cm! assignable to the=€N vibrations of the protonated
and deprotonated molecules, respectively, as described previ-
ously. Figure 10 shows that a homochiral layer with
enantiomer and an adjacent layer witlenantiomer are stacked
alternately, and there is no channel structure.

The most striking feature of the crystal structuégs?’, and
6d (described later) is that theé enantiomer aggregates only
with the C enantiomer and th& enantiomer aggregates only
with the A enantiomer to produce a homochiral assembled 2D

Figure 10. X-ray crystal structure of [Co(kkL7)](ClO4)1 5 (7') showing a

homochiral 2D layer structure. Two complementary molecular building layer.
blocks with the same chirality, i.e., the protonated species [@o(F" (A Consideration of Plausible Homochiral and Heterochiral
enantiomer, red) and the fully deprotonated species [GI((A enantiomer, 2D Layer Structures. Figure 3 shows two pairs of plausible

red), are linked by the intermolecular hydrogen bond of N¢#)8) = . . . .
2.725(4) A and arrayed alternately in an up-and-down fashion to give a homochiral and heterochiral 2D layer structures, in which one

homochiral 2D layer structure. (a) Top view showing the stacking manner pair @ andb) exhibits a trigonal void and the other pairgnd
of two adjacent layers with opposite chirality and showing no channel d) exhibits a hexagonal void. The X-ray analysessoénd 7'
structure. (b) Side view. reveal that the compounds assume the homochiral 2D layer

The crystal structure & consists of a completely protonated structure with a trigonal voida) and that the structure is suitable
complex [Co(HLS)J3+, a completely deprotonated complex [Co- for hydrogen bond formation. The heterochiral 2D layer structure

(L9)]°, three perchlorate anions, and eight water molecules of with atrigon_al voigl b) is unfavorable on the l_)asis of molecular
crystallization as the unique unit. The component molecules [Co- model considerations. Wh.e” one of two adjacent molecules of
(HsL8)]3+ and [Co(L5)]° are chiral molecules with the or A the 2D_Iayer _structureaﬁ in Figure 9 was replaced by an
screw coordination arrangement of the tripod ligand. They a!ternatlng chiral molecule in order to have_ the same NWi
function as chiral complementary building blocks and aggregate d|s_tance, _st_ructureb]{ res_ult_ed. The dlre_ctl_ons of the two
alternately due to the intermolecular imidazelmidazolate adjac_ent imidazole and _|m|dazolate moieties are apparently
hydrogen bonds to form an extended 2D layer structure having unsunabI.e for the formqtlon ofa hydrogen bond. _
a hexanuclear unit with a trigonal void, as shown in Figure 9a.  There is the other pair of plausible 2D layer structures with
The intermolecular N:N hydrogen bond distances are & hexagonal voido(andd), in which each triangle representing
N(4)---N(14) = 2.72(3), N(7)--N(20) = 2.703(13), and the tripodCs geometry of the complex is arrayed on a plane
N(10)+-N(17) = 2.68(3) A. The adjacent molecules with a Perpendicular to th€; axis in an alternate up-and-down fashion
Capped_ and tripod_type Shape are arrayed in an alternate up.to form a |ayered structure ConSiSting of a hexanuclear structure
and-down fashion to give a double-layer structure, as shown in With a hexagonal void as a unit. On the other hand, each triangle
Figure 9b. of (a and b) is arrayed in the same direction on a plane
Figure 10 shows the top and side views of the crystal structure Perpendicular to th€; axis to form a layer structure consisting
of the homochiral 2D layer for the methyl substituent at the Of & hexanuclear structure with a triangle void. Therefore, a
2-position of the imidazole moiety, [CogHL7)](CIO4)15 (7). pair of the s.tructuresa(and b) is geometrically dlfferent.fr(.Jm
7' crystallized in the trigonal centrosymmetric space gre@p ~ the other pair of the structuresgndd). On the basis of similar
and the crystal structure consists of a completely protonated molecular model considerations, we can easily anticipate that
species [Co(kL7)]3", a completely deprotonated species the heterochiral 2D layer structurd)(is much preferred to the
[Co(L7)]°, three perchlorate anions, in which the unique atoms homochiral layer structure). The above consideration suggests
are one-third of [Co(kL7)]3" and [Co(L)]°, and one perchlorate  that the homochiral aggregation would lead to a structure with
ion. Since the hydrogen atoms were refined well by the least- @ trigonal void ) and that the heterochiral aggregation would
squares calculation, the protonated and deprotonated molecule&ad to a structure with a hexagonal vodt).(At present, we do
are well distinguished by the X-ray analysis. Two component Not have enough data to conclude that the homochiral structure
molecules, [Co(BL7)]3" and [Co(L)]°, having moleculaiCs (a) is preferred to the heterochiral structurd.(
axes are arrayed alternately in an up-and-down fashion on a The relationship between the molecular chirality and the
plane perpendicular to th€; axis and are linked by the assembly structure has been well investigated for the oxalato-
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Formation of the Conglomerate by Tuning Counteranions.
The homochiral 2D layer structure is preferentially constructed
by multiple intermolecular hydrogen bonds in this molecular
system. There are two possible stacking manners of the 2D
layers into the 3D crystal lattice. In both of the crystal lattices
of 6 and 7', a homochiral layer withC enantiomer and an
adjacent homochiral layer wittA enantiomer are stacked
alternately to give a heterochiral interlayer crystal packing. The
counteranion occupies a part of the interlayer space, so it is
expected that the stacking manner of the 2D layers into the 3D
crystal lattice depends somewhat on the size and shape of the
counteranion. It is known that the chloride and bromide salts
of chiral cobalt(l1l) complexes, [Co(ox)elX and cis-[Co(NO;).-
enp]X (X = CI~, Br7, I7, ox = oxalato, en= ethylenediamine),
exhibit spontaneous resolution but the iodide salts do not exhibit
spontaneous resolutiGAThis suggests that a homochiral crystal
stacking can be obtained by choosing the proper counteranions.

In this molecular system, the small counteranionic salts, such
as the chloride and nitrate salts, gave the homochiral interlayer
stacking of 2D homochiral layers into the 3D crystal lattice.
The chloride salt [Co(HsL8)]Cly 54H,0 (6d) crystallized in a
noncentrosymmetric trigonal space grde® with Z = 2. The
complex forms a homochiral 2D layer structure constructed
by multiple intermolecular hydrogen bonds between the com-
pletely protonated and completely deprotonated components
[Co(H3L8)]3" and [Co(L9)]°, similar to those of6’ and 7', in
which the imidazole-imidazolate hydrogen bond distance is

2 D Heterochiral 3 D Homochiral N(4)---N(8) = 2.701(11) A and the hydrogen atoms were placed

Figure 11. Relationship between the molecular chirality of the building at their calculated positions. Figure 12a shows the stacking
blocks and the assembly structure for the oxalato-bridged heterometal manner of the homochiral 2D layers & projected along the
assembly [MM(ox)s]n. The building components [M(ox)and [M'(ox)4], Cs axis (crystallographic-axis), in which the adjacent layers

represented by chiral octahedra, assumé&@) or A(A) configuration. The ; el thaxis Wi ;
geometrically different 3D and 2D structures are constructed by the with the same chirality are stacked along is without shift

homochiral and heterochiral assemblies of the chiral building components by fitting and adopting the up-and-down shaped layers them-

[M(ox)3] and [M'(ox)s], respectively. selves to give a channel structure and to form a chiral crystal.
) ) ) Figure 12b shows the side view of the homochiral 2D layers of
bridged heterometal assembly compounds [&)s]n, in which 6a, in which the Ct ions are accommodated in the intermediate
the building components [M(0¥) and [M'(0x)s], represented  yegion of the double layer. The water molecules exist as the
by chiral octahedra, hav@s symmetry and assume(C) or crystal water and play no role in hydrogen bonding. The distance

A(A) configuration3®-32 Figure 11 shows schematic drawings f Co(1)--Co(2) bridged by the intermolecular NHN hydro-

of the chiral building components and the generated assemblygen bond is 10.405(2) A, and the next neighboring-&2o
structures. When the building components with the same gistances of an intralayer hexagonal unit are Ce(Cp(1) =
chirality [M(ox)s] and [M'(0x)3] are alternately arrayed by an  co(2y--Co(2) = 12.277(2) A. One Co(lll) ion of one layer is
oxalato bridge, a homochiral 3D assembly structure is gener- contacted by five Co(lll) ions of adjacent layers. These five
ated®* When the components with different chirality are jnterjayer Ce--Co contact distances without the NHN bridge
glternately arrayeq, a heterochiral 2D honeycomb Iayer structure g composed of three contact distances at 7.290(2) A due to
is generated! This demonstrates that the homochiral and contact parallel to the layer and two contacts at 9.321(2) A due
heterochiral assembling of chiral building components [M{pX)  to contact perpendicular to the layer. The intra- and interlayer
and [M(ox)s] produced geometrically different 3D and 2D cq...Co distances for6', 6a, and 7 are summarized in
structures, respectively. As examined above, the moleculargpje 5.

model consideration of our complementary components |y 3 comparison of homochiral stacking with heterochiral
[Co(HaL")]*" and [Co(L)]° suggests that the homochiral  giacking of the 2D layer into the 3D lattice, Figure 13a shows
aggregation would lead to a structure with a trigonal vald (e top view of the stacking manner 6f projected along the
while the heteror_:hiral ag_gregation would lead to a structure _with Cs axis, in which the adjacent layers with opposite chirality are
a hexagonal voidd). This demonstrates that the homochiral - stacked. Figure 13b shows the side view of the heterochiral
aggregation also produces a structure that is geometrlcallystackmg of 2D layers of', demonstrating that the ClOions
different from that of the heterochiral aggregation in the present 5, positioned in a cavity. As given in Table 5, the intralayer
molecular system. Co(1):-Co(2) distances bridged by the hydrogen bonds are
10.412(5), 10.367(3), and 10.365(5) A % and 10.849(1) A

(30) Tamaki, H.; Zhong, Z. J.; Matsumoto, N.; Kida, S.; Koikawa, M.; Achiwa,
N.; Hashimoto, Y.; Okawa, Hl. Am. Chem. S0d.992 114, 6974-6979.

(31) Decurtins, S.; Schmalle, H. W.; Oswald, H. R.; Linden, A.; Ensling, J.; (33) (a) Cai, J.; Myrczek, J.; Bernal,d. Chem. Soc., Dalton Tran995 611—
Gitlich, P.; Hauser Alnorg. Chim. Actal994 216, 65—73. 619. (b) Yamanari, K.; Hidaka, J.; Shimura, Bull. Chem. Soc. Jpri973

(32) Decurtins, S.; Schmalle, H. W.; Schneuwly, P.; Oswald, Hn&g. Chem. 46, 3724-3728. (c) Gillard, R. D.; Tipping, L. H. Rl. Chem. Soc., Dalton
1993 32, 1888-1892. Trans.1977, 1241-1247.
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Figure 13. Stacking manner of two adjacent layers of the heterochiral 2D
layer complex [Co(hsL8)](ClO4)1.54H,0 (6'), in which adjacent layers
with different chirality C enantiomer, green, andl enantiomer, red) are
alternately stacked, and the GlOions (yellow) are located approximately
Figure 12. Stacking manner of two adjacent layers of the homochiral 2D [N the cavity. (a) Top view. (b) Side view showing the positions of the
layer complex [Co(HsL6)]Cl1.54H,0 (6&) with an intermolecular imida- ClO4™ ions.

zole—imidazolate hydrogen bond distance of N¢4N(8) = 2.701(11) A.

Adjacent layers with the same chiralit¢ enantiomers, green) are stacked The interlayer Ce-Co contact distances perpendicular to the
along thec-axis by fitting or adopting the up-and-down layer’s shape to layers are 9.009(2) and 9.105(2) A t6r and 9.4236(7) and

form a channel. The Clions (yellow), as the counteranion, are located in A . . .
the intermediate region of the double layer. (a) Top view showing the 2-2303(6) A for7', which are compatible with 9.321(2) A of

channel structure. (b) Side view showing the positions of thei@is. 6a. The three interlayer CeCo distances parallel to one layer
Table 5. Intra- and Interlayer Co---Co Distances (A) for 2D are 7.431(3), 8.388(3), and 8.490(3) A 18 and 9.614(1),
able 5. - . . N
Assembly Compounds [Co(H1 sL8)](ClO4)1 5+4H,0 (6"), 9.914(1), and 9.5328(6) A for'. Trlle_se distances are signifi-
[Co(H15L%)]-4H,0 (6a"), and [Co(H15L7)](ClO4)1s (7') cantlly longer It(han 7.292(2) Ad @, mdmgtln% tlrllat a closer
. . : interlayer packing is achieved & . A rather bulky counter-
6 6a 7 N ' .
(a) Intralayer Cer-Co Distances of Hexagon Unit (A) a”'o_”* SUCh_as Cfl'oh’ Cannolt tl)e accommOdat.ed "f: the mlter-
&0%).;%)(2) 11% %%75(2) 10.405(2) 10.849(1) medlatgr Leg(ljor: odt e domtJb te ;yetrtrt])uthoccupleslt e tmtfe;hayt;D
ridged by - space. The data demonstrate that the hexagonal unit of the
NH:-+-N) 10.412(5) ) P .
Co-Co (next 12.887(3) 12.277(2) 15.285(1) layer of 6 spreaqls out and elongates to one direction, to avoid
neighbor) 13.766(3) the perchlorate ions. The hexagonal unit of the 2D layer' of
(b) Interlayer Ce-Co Distances (A) also spreads out due to tht_e steric requirement qf the 2-methyl
Co(1)+-Co(1) 9.099(2) 9.321(2) 9.4236(7) group of the imidazole moiety, and a 2D layer is stacked on
9.914(1) the adjacent layer with opposite chirality and shift, as shown in
Co(2y+Co(2) 9:105(2) 9:321(2) 10%123(05(6) Figure 10. As shown in Figure 12, the'Gbns of6d are located
Co(1y+-Co(2) 8.490(3) 7.290(2) 9.614(1) in the intermediate region of the double layer, and therefore
?'zgigg 9.5328(6) the adjacent layers & are stacked closer than @by fitting

and adopting the up-and-down shape’s layers, as evidenced by
the interlayer distances. In other words, a close interlayer
for 7', which are compatible with 10.405(2) A 6. The three stacking can be achieved for the 2D compound with the smaller
next neighboring intralayer GoCo distances of the hexagonal ~counteranion and leads to a homochiral interlayer stacking into
structure are 12.887(3) A and two 13.766(3) A ®r and a 3D lattice to induce a conglomerate.

15.285(1) A for7', which are significantly longer than 12.277(2) Circular Dichroism Spectra. The X-ray analysis demon-

A of 6d. These data demonstrate that the dimensions of the strates thaba is a conglomerate and that spontaneous resolution
hexagon of one layer can be easily deformed and expanded byof the two enantiomers occurs during the course of the
the counteranion and the methyl group at the imidazole moiety, crystallization. A crystal oba was selected and dissolved in
suggesting that the 2D hydrogen-bonding network is surprisingly dimethyl sulfoxide. The circular dichroism (CD) spectrum of
and conveniently flexible. the solution was measured in the range -3800 nm. The
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T T T T T introducing a proper spacer molecule. Another noteworthy
property of this molecular system is that the interconversion
+ E between the building blocks and the 2D homochiral assembly
framework with a chiral void is reversible by adjustment of the

pH. A study along this line is currently underway.

> Experimental Section

’ Caution! Perchlorate salts of metal complexes with organic ligands
are potentially explosive. Only small quantities of material should be
N7 ] prepared, and the samples should be handled with care.

1 I 1 1 1 General Procedure All chemicals and solvents used in the syntheses
350 400 450 500 550 600 were of reagent grade. Reagents used for the physical measurements
were of spectroscopic grade.

) ) o ) Tris[2-(((imidazoyl-4-yl)methylidene)amino)ethyl]Jamine HsL®.
Figure 14. CD spectra _ofacrystalllte (67 dlssolve_d in dimethyl sulfoxide. Tris(2-aminoethyl)amine (0.146 g, 1 mmol) was added to a solution
mﬁtﬁg z?yesctglugnhéivoég ;ﬁgﬁ;:{%%@ﬁss&r)eg;;;r: (rdac;]t?eedegﬁvner;]' of 4-formylimidazole (0.288 g, 3 mmol) in 30 mL of methanol, and

' the mixture was stirred at 5CC for 10 min. The ligand solution was
spectrum showed a positive peak and a negative peak at 480/sed without any isolation of the ligand for the synthesis of the cobalt-
and 350 nm, respectively, and the spectrum of another crystal(ll) complexes.
showed an enantiomeric CD pattern. The CD spectra of the two  [CO(HsL)I(CIO4)sH:0 (6). Tris(2-aminoethyl)amine (0.146 g, 1
crystals of6a are shown in Figure 14. The observation of the mmol) was added to a solution of 4_—formyI|m|daz_oIe (0.288 g, 3 mmol)
Cotton effect provides definitive evidence that spontaneous " 30 ML of methanol, and the mixture was stirred at¥Dfor 10

. . A min. A solution oftrans[CoClx(py)]CI?* (0.482 g, 1 mmol) in 20 mL
resolution took place during the course of crystallization. of methanol was added to the ligand solution. After the first solution

Con_duc_j'ng _Re_marks' _Th's work ShO\_NS an example Of_ was stirred fo 1 h atroom temperature, a solution of NaGI(®.367
evolution in chirality, that is, the progression from the syntheti- 4 3 mmol) in 15 mL of methanol was added. The mixed solution was
cally simple achiral ligand, to the isolated chiral complex, to filtered, and the filtrate was allowed to stand overnight. The dark red
the homochiral assembled 2D layer, and then to the conglomer-crystalline precipitate was collected by suction filtration, washed with
ate. The synthesized Co(lll) complexes with capped- and tripod- a small volume of methanol, and dried in vacBecrystallization was
type ligands containing three imidazole groups, [Ch(Bi3* performed from the aqueous solution at 8, adjusted by the addition
(n= 6, 7), contain the relevant molecular information required ©f 0.10 M HCI. Yield: 0.242 g (42%). Anal. Calcd for [Cogt)]-
to answer the molecular design question, “how to generate (NC'%‘)%'E')"ZICF;: (Kcéss.Gl; (?nyqiiﬁ)ﬁlglééig?' Fou?gl:o('i,)ZlSI.‘?g; 1'1’5548;

irali ; , 16.69. - Ve=N ) , Veil-o 4 ) )
ity o Sl companrts S ot 10 108 ACEALES L v 1 (WS04 3 42 (1 a9, 551

] o ’ (1H, s), 8.49 (1H, s), 7.83 (1H, s), 3:3.4 (m, 4H, CH). Am: 206 S
Q) a ge_neratlon of molecular chlrallty due to the screw . /"1 in DME. Mp: >300°C.
poordlnatlon arrangement of an achiral Illgand around a metal [Co(H1el 9](CIO)1+4H,0 (6). An aqueous solution of 0.1 M
ion, (2) a self-organization process derived from. the|r sglf- NaOH (7.5 mL, 0.75 mmol) was added to a solutior6@0.377 g, 0.5
complementary character, and (3) an extended multidimensionalmmol) in 30 mL of methanol. After the solution was stirred for 5 min
homochiral discrimination in a self-organization process. The at room temperature, it was filtered. The filtrate was allowed to stand
complexes have a molecul@g axis and induce the chirality of  for several days. The red-orange crystalline precipitate was collected
C andA enantiomers due to the screw coordination arrangementby suction filtration, washed with a small volume of methanol, and
of the achiral tripod ligand around the Co(lll) ion. By adjustment dried in vacuo Yield: 0.194 g (58%). Anal. Calcd for [Co@L%)]-
of the pH of the solution, the species with the formal chemical (ClO:)154H.0: C, 32.80; H, 4.66; N, 21.25. Found: C, 32.91; H, 4.51;
formula of [Co(H.&L"]15" generates equal numbers of com- N:21.42. 1R (K?r): V?=N('m'ne) 16125’ 1594 cr; VC"‘_’(CIO“ )01143’
pletely protonated and completely deprotonated molecules astt?d 1259 cm- AM'”129 S mO_T cm in DMF. Mp: >280°C.
chiral complementary building blocks to form a 2D homochiral [Co(L?)]-2.5H.0 (6). A 3 equiv amounts of aqueous 0.1 M NaOH

| tructure f d by int lecular imidazelmidazolat solution (1.5 mmol) was added to a solution6of0.377 g, 0.5 mmol)
ayer structure formed Dy intermolecuar imidazolgidazolate in 50 mL of methanol. After the solution was stirred for 30 min in a

hydrogen bonds on crystallization. The chiral molecular blocks \yater path, it was filtered. The filtrate was allowed to stand for several
are linked by multiple hydrogen bonds and are arrayed on a gays. The red-orange crystalline precipitate was collected by suction
plane perpendicular to the molecul@ axes in an alternate filtration, washed with a small volume of methanol, and dried in vacuo
up-and-down fashion to produce a unique 2D double-layer Yield: 0.102 g (41%). Anal. Calcd for [Cof)]-2.5H:0: C, 44.91; H,
structure. The counteranion, together with the crystal solvent 5.44; N, 29.10. Found: C, 44.81; H, 5.41; N, 29.12. IR (KBrj—\-
molecules, occupies a part of the interlayer space so that the(imine) 1597 cm®. Ay: insoluble in common organic solvents. Mp:
packing manner of the homochiral 2D layers depends somewhat™ 300 °C.

on the size of the counteranion. Smaller counteranions, such as [Co(H1sL%)]Cl154H;0 (6a). To the ligand solution (1 mmol) was
CI-, can be accommodated in the intermediate region of the added a solution drans{CoCly(py).|Cl (0.482 g, 1 mmol) in 20 mL
double layer and thus lead to a tight homochiral interlayer of methanol. After being stirred fd. h atroom temperature, the so_luﬂon
stacking. In the presence of a small counteranion, the hemi-WaS evaporated to dryness. The crude product was recrystallized from

d t ted | d t uti Th aqueous solution at pH 3—4, adjusted by the addition of 0.1 M HCI.
eprotonated compléx undergoes spontaneous resolution. he red-orange crystals of the crude product [Ga®]Cl; (6a) were

present molecular design can provide a novel synthetic designcojiected. A 1.5 equiv amount of triethylamine was added to a solution
of homochiral porous materials for enantioselective separation of the crude produdain 20 mL of methanol. The solution was filtered,
and catalysi$.Although the size of the chiral void is small in  and the filtrate was allowed to stand for several days. Anal. Calcd for
the present complexes, the chiral void space can be tuned by[Co(H;s.%)]Cl.s4H;0: C, 38.36; H, 5.54; N, 24.85. Found: C, 38.57;

CD (Arbitrary Scale)
(=]
¢
I

Wavelength / nm
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H, 5.35; N, 25.05. IR (KBr): vc=n(imine), 1594+ shoulder cm?.

Anm: 62 S mof? cn? in DMF. Mp: >300°C.
[Co(H15L9)](NO3)15(6b'). A solution of excess NaN£n methanol

was added to a solution of the crude prodéetn 20 mL of methanol.

corrected for the volume variation due to the addition of the NaOH
and HCI solutions.

X-ray Data Collection, Reduction, and Structure Determination.
Single crystals were mounted on a glass fiber and coated with epoxy

The solution was allowed to stand overnight, and the orange crystalsresin. All crystallographic measurements were carried out using a

of [Co(HsL®)](NO3); (6b) that precipitated were collected. A 1.5 equiv
amount of triethylamine was added to a solution of [CA®B(NOs)3
(6b) in methanol. The solution was filtered, and the filtrate was allowed
to stand for several days. Anal. Calcd for [Ce@H®)](NOs).5 C,
40.72; H, 4.27; N, 30.34. Found: C, 40.36; H, 4.22; N, 30.12. IR
(KBTr): ve=n(imine), 1593+ shoulder cm?; vy—o(NOs™), 1381 cm?.
Anm: 84 S mott cn? in DMF. Mp: >300 °C. Preliminary cell
dimensions: trigonak=b=12.59 A,c=18.38 A,V =2527.3 &.
Tris[2-(((2-methylimidazoyl-4-yl)methylidene)amino)ethyl]-
amine HsL’. The ligand was prepared by a method similar to that for
HsL,8 using 2-methyl-4-formylimidazole instead of 4-formylimidazole.

Rigaku AFC-7R diffractometer with graphite-monochromated Mo K
radiation ¢ = 0.710 69 A) and a 12 kW rotating anode generator. The
data were collected at a temperature of 2aL °C using thew—26

scan technique to a maximun® 2alue of 50.0 with a scan speed of
8.0—16.C°/min (in omega). The weak reflections € 10.05(1)) were
rescanned (maximum of five scans), and the counts were accumulated
to ensure good counting statistics. The intensities of three standard
reflections were measured after every 150 reflections. Over the course
of the data collection, the standard reflections were monitored, and
decay corrections were applied through a polynomial expression. An
empirical absorption correction based on the azimuthal scans of several

The ligand solution was subsequently used for the synthesis of the Co-reflections was applied. The data were also corrected for Lorentz and

(1) complex without isolation of the ligand.

[Co(H3L)](Cl04)3:0.5H,0 (7). A method similar to the synthesis
of 6 was adopted, yielding dark red crystals. Anal. Calcd for [Gh(}}-
(ClO4)30.5H,0: C, 31.97; H, 3.96; N, 17.76. Found: C, 31.90; H,
4.01; N, 17.61. IR (KBr):vc—(imine), 1634 cm?; vc—o(ClO,™) 1145,
1117, 1082 cm. Am: 198 S mot? cn? in DMF. Mp: >300°C.

[Co(H1sL7)](CIO4)15 (7'). A method similar to the synthesis 6f
was adopted, yielding red crystals. Anal. Calcd for [Co{H)](ClO,)1 5

C, 40.09; H, 4.57; N, 22.26. Found: C, 40.02; H, 4.56; N, 22.21. IR
(KBr): vc=n(imine) 1635, 1609;vc-o(ClO47) intense broad bands
around 1083 cmt. Ay: 111 S mof? cn? in DMF. Mp: >300 °C.

[Co(L7)]-3.5H,0 (7). A method similar to the synthesis 6f was
adopted, yielding orange crystals. Anal. Calcd for [C9|13.5H,0:

C, 46.58; H, 6.33; N, 25.87. Found: C, 46.79; H, 6.31; N, 25.63. IR
(KBr): vc=n(imine), 1596 cm. Ay: 0.7 S mof? cn? in DMF. Mp:
>300°C.

Physical MeasurementsElemental analyses for C, H, and N were
performed at the Elemental Analyses Service Center of Kyushu
University. Infrared spectra were recorded using a Perkin-Elmer
FT-IR Paragon 1000 spectrometer with KBr disks. Electrical conductiv-

ity measurements were carried out on a Horiba DS-14 conductometer

in ca. 10° M N,N-dimethylformamide solutions. Circular dichroism

polarization effects.

The structures were solved using the DIRDIF92(PATTY) package
and expanded using Fourier techniq&&®.The non-hydrogen atoms,
except for the disordered atoms, were anisotropically refined. Hydrogen
atoms at their ideal calculated positions were included in the structure
factor calculations but not refined, except f8r Full-matrix least-
squares refinementd ¢ 2.0Q(1)) were employed, where the un-
weighted and weighted agreement factor®ef Y ||Fo| — |Fcl|/3 |Fol
andRy = [YW(|Fo| — |F¢|)¥YW|Fo|3 Y2 were used. In the least-squares
refinement for the crystals with the noncentrosymmetric space groups,
the Flack parameter defined #5| = (1 — X)|F(+)| + X|F(—)| was
refined to determine the absolute configuratién.

Neutral atomic scattering factors were taken from Cromer and
Waber?” Anomalous dispersion effects were includedrinthe values
Af" andAf"" used were those of Creagh and McAuféyhe values
for the mass attenuation coefficients were those of Creagh and Hibbel.
All calculations were performed using the teXsan crystallographic
software package from Molecular Structure Corporatfo@rystal data
and details of the structure determination 616', 6", and6éa and?,

7', and7" are summarized in Tables 3 and 4, respectively.
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standard electrode potenti&°) was first determined using Gran’s plot
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— E(mV))/59.15), and the proton association degreayas calculated

using Bjerrum’s method for the forward and reverse titratins.
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