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Novel crystallographic Ds-symmetric binuclear triple molecular helices [CoL%][BF4]s (1), [ZnoLts][BF4ls (2), [MnoLY)-
[BF4)s (3), [CosL%][BF4s (4), [Zn:L%][BF4)s (5), and [Mn,L2][BF4), (6) have been achieved to establish the side
chain effect on molecular packing, where L! is [(CsHsN)C(CHz)=N—(CsH)-],.CH, and L? is [(CsHsN)C(CHz)=
N—(CeHa)—]20, respectively. Crystal structure analyses show that each helix crystallizes in a hexagonal crystal
system with space group P3c1 and the general axis of the helix occupies the crystallographic 3-fold axial position
with the other three crystallographic 2-fold symmetries perpendicular to it. Each metal center is bound to three
pyridylimine units to attain C; pseudooctahedral coordination geometry with respective equivalent metal-N (CH=
N) and metal—N (pyridyl) bonds. It is speculated that the existence of the methyl group might minimize the potential
intermolecular interactions, which would be the essential factor controlling the helices formed in idealized
crystallographic D3 symmetry. Moreover, crystallographic idealized Cs-symmetric helicates [Co,L%3][BF4]s (7), [Zn2L33)-
[BF4)s (8), [NiL%][BF4s (9), and [Cu,L33][BF4]s (10) were also structurally characterized for comparison, where L3
is [(CsH4N)C(CH3)=N—],. All the results indicate that the existence of the methyl group in the side chain of aromatic
ligands could effectively reduce the potential zz—s intermolecular interactions and the side chain effect of the
methyl group in crystal packing is robust enough to be exchanged from one network structure to another, which
ensures the generality and predictability of the crystallographic idealized symmetry formation to a certain extent.

Introduction to be exchanged from one network structure to another,
which ensures generality and predictabifity In the practice

of crystal engineering the major challenge is that a crystal
structure is a compromise between interactions of varying
strengths, directionalities, and distance-dependent properties.
One promising way to increase the predictability is to exploit

the interfering effects of one interaction type on another to

Crystal engineeringtthe planning and construction of
crystalline supramolecular architectures from modular build-
ing blocks—permits the rational design of functional molec-
ular materials that exhibit technologically useful behaVvior
such as conductivity and superconductivity, ferromagnetism,
and nonlinear optical properties. To date, many supramo-
lecular synthons (defined as structural units which can be (3) moulton. B.; Zaworotko, M. JChem. Re. 2001 101 1629 and
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or three-dimensional networRsand found robust enough 6) (a) Schmidt. G. M. J.Pure Appl. Chem 1971 27, 647. (b)
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realize a supramolecular target structure as a syntheti
chemist would use a neighboring or proximal group effect,
or to use intermolecular interacting inactive groups minimiz-
ing certain of various interaction types so that its individual

feature is manifested more effectively, which resembles the

group-protection of logic-directed organic synthesis.

In the absence of strong hydrogen donors and acceptors,

aromatic compounds tend to self-assemble thromghr
interactions, GH---z interactions, or botR!® Such a
tendency is so strong even in the presence of conventiona

hydrogen donors and acceptors that many synthons, eve

OO OO
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strong hydrogen bonded synthons, have limited predictions

in the crystal packing based on aromatic molectil€bere

is no doubt that the attempt to insulate and reduce certain

m—x intermolecular interactions from other interactions
would increase the reliability and regularity of such synthons.
The methyl group is steric exclusive and intermolecular
interaction inactive in crystal packing. In our previous work
involving helical architectures, it was found that the spatial

arrangement of the methyl group might effectively weaken
the potential intramolecular and intermolecular interactions
between aromatic rings, in both molecular formation and

crystal packing. Therefore, it is expected that the existence
of the methyl group as a side chain in aromatic backbones

of helicands can sufficiently reduce potential intermolecular
interactions in the crystal packing and make the geometrica
features of other synthons exhibit more effectively.
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However, from a crystallographic point of view, these
symmetries have rarely been obser&dt is postulated that

the absence of ideal symmetry in the solid state would
originate mainly from intermolecular interactions in the
crystal packing or from the presence of side chains with a

On the other hand, helical architecture is one of the most high degree of freedom precluding a rigorous application of

investigated and best understood of metejand coding

the symmetry. In other words, if there were no obviously

edifices!*™** While the basic features of the design necessary gjractional intermolecular interactions in crystal packing,

to assemble such helices are now fairly well established
challenges in defining the precise conformation and molec-
ular aggregation of the helical superstructure still remain.
For a dinuclear triple helix, if two metal ions were linked
by three identicalC,-symmetric ligand strands, the resulting
bimetallic cluster possibly has idealizeld; symmetry.

(9) (a) Biradha, K.; Zaworotko, M. J. Am. Chem. S04998 120 6431.
(b) Jorgensen, W. L.; Severance, D.J.Am. Chem. S0d.99Q 112,
4768.
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2002 26, 796.
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G.; Hopfgartner, GChem. Re. 1997 97, 2005. (d) Provent, C.;
Rivara-Minten, E.; Hewage, S.; Brunner, G.; Williams, A.GChem.
Eur. J. 1999 5, 3487. (e) Albrecht, MChem. Eur. J200Q 6, 3485.
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G.; Hopfgartner, GJ. Chem. Soc., Dalton Tran200Q 3999. (b)
Constable, E. CProg. Inorg. Chem1994 42, 67. (¢) Baum, G,;
Constable, E. C.; Fenske, D.; Housecroft, C. E.; Kulke Chem.
Commun1999 195. (d) Constable, E. C.; Hannon, M. J.; Harverson,
P.; Neuburger, M.; Smith, D. R.; Wanner, V. F.; Whall, L. A.; Zehnder,
M. Polyhedron200Q 19, 23.

(14) (a) Constable, E. C.; Heirlitzer, F.; Neuburger, M.; Zehnder JM.
Am. Chem. Socl997 119 5606. (b) Kruger, P. E.; Martin, N.;
Nieuwenhuyzen, MJ. Chem. Soc., Dalton Tran2001, 1966. (c)
Ziessel, R.; Harriman, A.; El-ghayoury, A.; Douce, L.; Leize, E;
Nierengarten, H.; Van Dorsselaer, New J. Chem200Q 24, 729.

(d) Paul, R. L.; Couchman, S. M.; Jeffery, J. C.; McCleverty, J. A.;
Reeves, Z. R.; Ward, M. Ol. Chem. Soc., Dalton Tran200Q 845.

' crystallographic highly symmetric triple helicates should be
generated.

To test this approach and the effect of the methyl group
on crystal packing, we introduced methyl groups into
systematic easy-to-prepare imine-based bis-bidentate ligands
L,% L5, and L° to obtain the ligands 1, L?, and L® (Chart 1)
and constructed a series of metal helicates from pseudo-
octahedral-coordinated metal ions such as cobalt(ll), zinc(ll),
manganese(ll), and so on. The ease of synthesis and high
yield in a single-step reaction from commercial, inexpensive
reagents has allowed us to systematically probe the effect
of modifications to the ligand backbone through which we
are attempting to control the precise topography, or micro-
architecture, of the array8:1” Crystal structural analyses
of these triple helicates clearly reveal that the existence of
the methyl group in the side chains of aromatic ligands could
effectively reduce the potential intermolecutar s interac-
tions, and the side chain effect of the methyl group in crystal

(15) (a) Hannon, M. J.; Painting, C. L.; Alcock, N. \@hem. Commun.
1999 2023. (b) Hannon, M. J.; Bunce, S.; Clarke, A. J.; Alcock, N.
W. Angew. Chem., Int. EA999 38, 1277. (c) Hannon, M. J.; Painting,
C. L.; Jackson, A.; Hamblin, J.; Errington, \Ehem. CommurL.997,
1807. (d) Childs, L. J.; Alcock, N. W.; Hannon, M.Angew. Chem.,
Int. Ed. 2001, 40, 1079. (e) Hannon, M. J.; Moreno, V.; Prieto, M. J.;
Moldrheim, E.; Sletten, E.; Meistermann, |.; Isaac, C. J.; Sanders, K.
J.; Rodger, AAngew. Chem., Int. EQ001, 40, 880.

(16) (a) Yoshida, N.; Ichikawa, KChem. Commun1997 1091. (b)
Yoshida, N.; Ichikawa, K.; Shiro, MJ. Chem. Soc., Perkin Trans. 2
200Q 17. (c) Yoshida, N.; Oshio, H.; Ito, TChem. Commuril998
63.
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packing is robust enough to be exchanged from one networkvacuum. Anal. Calcd for &H»N4O-H,0: C, 73.6; H, 5.7; N, 13.2.
structure to another, which ensures that the formation of the Found: C, 73.7; H, 5.8; N, 13.3H NMR (500 MHz, (CD)CO):
crystallographic idealized symmetry of triple helicates could ¢ 8.65 (d, 2H, Py), 8.24 (d, 2H, Py), 7.89 (dt, 2H, Py), 7.48 (t, 2H,
be general and predictable to a certain extent. Py), 6.94-6.82 (dd, 4H, Ph), 6.826.71 (dd, 4H, Ph), 2.35 (s, 6H,
—CHy). IR (KBr, cm™1): 3444 (¢ ), 1634, 1588, 1509, 1493,
1435, 1361 %c—c.c—n.c-n), 1231 ¢pr-o), 872, 843, 784, 7T4D¢_py).
) ) Preparation of Complexes [CQL %][BF 4]4 (4), [Zn,L23][BF 4]4
M_aterlals_ and Analyses.All c_hemlcals were of reagent grade (5), and [Mn,L%][BF 4]«(6). The ligand 2 (0.12 g, 0.30 mmol)
qugll_ty qbtamed from commercial sources and used W|th_out further 54 M(BR); (0.20 mmol) [M= Co (4), Zn (5), and Mn §)] were
purification. Elemental analyses (C, H, and N) were carried out on issqved in ethanol (25 mL), and after half an hour of stirring, the

a Perkin-Elmer 240 analyzer. IR spectra were recorded on gray yellow solid (0.12 g, 0.07 mmol, yield 70%) obtained was
VECTOR 22 Bruker spectrophotometer with KBr pellets in the fiared off and dried under vacuumd: Anal. Caled for

4000-400-cnt? regions,'H NMR spectra on a DRX500 Bruker CreHeeBaF16N150:C0,-3H,0: C, 53.9: H. 4.2: N, 9.7. Found: C,
spectrometer at 298 K with TMS as internal standgrd,' and ESI- 53.9: H, 4.6; N 9.9. IR (KBr, cml): 3422 (c_y), 1619, 1595,
MS (Eleptrospray Mass Spectra) ona LCQ system (Finnigan MAT, 1493, 1440, 1376, 1317d—c o c-n), 1243 #pn_o), 1059 (5_),
USA) with methanol as the mobile phase. 878, 817, 784, 746%_1). 5. Anal. Calcd for GeHesBaF1N1205-
Preparation of ligand L. 4,4-Diaminodiphenylmethane (1.0 Zny3H,0: C, 53.5: H, 4.1: N, 9.6. Found: C, 53.3; H, 4.0: N,

g, 5.0 mmol) and 2-acetylpyridine (1.2 g, 10 mmol) were mixed in g 3 14 NMR (500 MHz, (CD2),S0): 6 8.72 (t, 2H, Py), 8.21 (d,
absolute methanol (25 mL) and refluxed for 4 h. When the solution 2H, Py), 7.99 (m, 2H, Py), 7.64 (t, 2H, Py), 7:08.53 (m, 8H,

was slowly evaporated to nearly dry under reduced pressure,yellowph) 2.64-2.26 (m, 6H,—CHs). IR (KBr, cm™Y): 3423 (¢ )
solids were obtained. The product (1.5 g, 3.7 mmol, yield 74%) 1626, 1596, 1494, 1441, 1376, 132%4c o—n.c-n), 1245 ¢pno),

Experimental Section

was recrystallized from a methanedther mixture and dried under
vacuum. Anal. Calcd for &H-,N4s: C, 80.2; H, 6.0; N, 13.8.
Found: C, 80.3; H, 6.0; N, 13.84 NMR (500 MHz, (CD),CO):
0 8.66 (m, 2H, py), 8.26 (d, 2H, py), 7.89 (d, 2H, py), 7.48 (d, 2H,
py), 7.22 (d, 2H, Ph), 6.96 (d, 2H, Ph), 6.76 (m, 2H, Ph), 6.63 (m,
2H, Ph), 3.83 (s, 2H;-CH,—), 2.32 (s, 6H~CHj). IR (KBr, cm™):
3414 (c-n), 1628, 1516, 1435/¢—c c=n.c-N), 1288 (pr-c), 908,

811, 783 (c-n)-

Preparation of Complexes [CoL %3][BF 4]4 (1), [ZnoL %3][BF 4]4
(2), and [Mn,L%][BF 44 (3). The ligand ! (0.12 g, 0.30 mmol)
and M(BF), (0.20 mmol) [M= Co (1), Zn (2), and Mn @)] were
mixed in ethanol (25 mL), and after half an hour of stirring, the
white precipitate obtained was filtered off, washed with ethanol,
and dried under vacuuni: Anal. Calcd for GiH7oN1,B4F16C0y:
C, 58.0; H, 4.3; N, 10.0. Found: C, 58.1; H, 4.3; N, 9.9. IR (KBr,
cmY): 3428 (c-n), 1625, 1597, 1515, 1440, 1375, 1319
(VC=C,C=N,C—N)1 1084 @pr), 871, 829, 781, 747 &H) 2: Anal.
Calcd for GiH7oN1:BsF16Zn,: C, 57.5; H, 4.3; N, 9.9. Found: C,
57.5; H, 4.4; N, 9.81H NMR (500 MHz, (CD,),S0O): 6 8.62 (m,
2H, py), 8.20 (d, 2H, py), 7.97 (m, 2H, py), 7.60 (d, 2H, py), 7.36
(d, 2H, Ph), 7.05 (d, 2H, Ph), 6.82 (s, 2H, Ph), 6.58 (d, 2H, Ph),
3.95 (t, 2H,—CH,—), 2.30 (s, 6H,—CHy). IR (KBr, cm™1): 3425
(ve-n), 1628, 1594, 1514, 1439, 1372, 1314 {c.c-n.c-n), 1065
(V57|:), 869, 828, 782, 7455(;44) 3. Anal. Calcd for Q1H72N1284F1§
Mn,: C,58.2; H, 4.3; N, 10.1. Found: C, 58.3; H,4.4; N, 10.0. IR
(KBr, cm™4): 3419 (c-p), 1634, 1595, 1503, 1439, 1373, 1315
(VC=C,C=N,CfN)u 1084 @/pr), 871, 817, 785, 7476(;7H) Crystals
suitable for X-ray diffraction determination were grown by slow
diffusion of diethyl ether into acetontrile solutions, respectively.

Preparation of Ligand L 2. Bis(4-aminophenyl) ether (1.0 g, 5.0
mmol) and 2-acetylpyridine (1.2 g, 10 mmol) were mixed in
methanol (25 mL) and refluxed for 4 h. When the solution was

slowly evaporated to nearly dry under reduced pressure, yellow

solids were obtained. The product (1.70 g, 4.2 mmol, yield 84%)
was recrystallized from a metharatther mixture and dried under

(17) (a) Fang, C. J.; Duan, C. Y.; He, C.; Meng, QChem. Commun
200Q 1187. (b) He, C.; Duan, C. Y.; Fang, C. J.; Meng, Ql.LZhem.
Soc., Dalton Trans200Q 2419. (c) Fang, C. J.; Duan, C. Y.; Mo, H.;
He, C.; Meng, Q. J.,; Liu, Y. J,; Mei, Y. H; Wang, Z. M.
Organometallic2001, 20, 2525. (d) Fang, C. J.; Duan, C. Y.; Guo,
D.; He, C.; Meng, Q. J.; Wang Z. M,; Yan, C. i&hem. Commun
2001, 2540. (e) Guo, D.; Han, G.; Duan, C. Y.; Pang, K. L.; Meng,
Q. J.Chem. Commur2002 1096.
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1058 (s-f), 878, 816, 785, 746J¢-p). 6: Anal. Calcd for
C73HBGB4F16N1203Mn2-3H20: C, 541, H, 42, N, 9.7. Found: C,
54.4; H, 4.1; N, 9.5. IR (KBr, cml): 3419 (c—p), 1625, 1594,
1493, 1437, 1374, 1313 ¢_c.c—nc-n), 1244 ¢pn-o), 1059 ¢5_p),
871, 817, 785, 7520¢-). Recrystallization of the complexes from
an acetonitrile solution by diffusion of diethyl ether afforded crystals
from which we confirmed the structure by X-ray crystallography.

Preparation of Ligand L3. The ligand 12 was synthesized
according to the literature methégl.

Preparation of Complexes [CoL 33][BF 4]4 (7), [Zn,L33][BF 4]4
(8), [Ni2L33][BF4]4 (9), and [CU2L33][BF4]4 (10) The Ilgand 13
(0.14 g, 0.6 mmol) and M(B#, (0.4 mmol) [M= Co (7), Zn (8),

Ni (9), and Cu (0)] were mixed in ethanol (15 mL), and after an
hour of stirring the white solid (0.21 g, 0.18 mmol, yield 88%)
obtained was filtered off, washed with ethanol (20 mL) angDEt
(5 mL), and dried under vacuurit. Anal. Calcd for GaH4B4F1eN12-
Cox: C,42.8;H,3.6;N, 14.2. Found: C,42.9;H, 3.8; N, 145. IR
(KBr, cm™1): 3388.5 {c-n), 1618.4, 1594.9, 1476.5, 1441.0,
1374.8, 1331.54c—c c=n,c-n), 1083.7 {5—F), 774.8, 740.58: Anal.
Calcd for GoHaoBaF16N12Zno: C, 42.3; H, 3.6; N, 14.1. Found:
C, 42.3; H, 3.7; N, 13.9"H NMR (500 MHz, (C),S0): 6 2.30

(s, 6H, CH), 7.54 (t, 2H, py), 7.88 (t, 2H, py), 8.18 (d, 2H, py),
8.67 (d, 2H, py). IR (KBr, cm?): 3422.2 ¢c-y), 1622.5, 1596.1,
1568.3, 1466.1, 1439.4, 1375.6, 133018 c—nc-n), 1083.9
(’V|37|:), 777.9, 742.49: Anal. Calcd for Q2H4zB4F16N12Ni2: C,
42.8; H, 3.6; N, 14.3. Found: C, 42.8; H, 3.6; N, 14.1. IR (KBr,
cmY): 3422.6 ¢c-p), 1622.3, 1591.4, 1566.3, 1469.9, 1437.6,
1369.0, 1321.7 Yc=c,c=n.c-n), 1083.9 ¢5_F), 783.9, 746.210:
Anal. Calcd for GoH4B4F16N12CW: C, 42.4; H, 3.6; N, 14.1.
Found: C, 42.5; H, 3.3; N, 14.1. IR (KBr, c): 3421.9 ¢c_n),
1583.2, 1560.4, 1467.9, 1443.5, 131818 c—nc-n), 1083.8
(ve—p), 775.4, 749.4. Crystals suitable for X-ray diffraction deter-
mination were grown by slowly evaporating acetonitrile solutions
at room temperature.

Crystallographic Studies. Parameters for data collection and
refinement of complexed—10 are summarized in Tables—B.
Intensities were collected on a Siemens SMART-CCD diffracto-
meter with graphite-monochromatic MaKadiation ( = 0.71073

(18) (a) Stratton, W. J.; Busch, D. H. Am. Chem. Sod.958 80, 1286.
(b) Stratton, W. J.; Busch, D. H. Am. Chem. Sod 96Q 82, 4834.
(c) Stratton, W. J.; Busch, D. H. Am. Chem. S0d.958 80, 3191.
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Table 1. Crystallographic Data for Complexds-32

1 2 3

mol formula GiH72N12Bsa- CaiH7oN1oBs- CeiH72N1Bs-

F16C0> FieZn; F1eMn2
M 1678.61 1691.49 1670.63
cryst syst hexagonal _hexagonal _ hexagonal
space group P3c1 P3c1 P3c1
alA 10.61(1) 10.61(2) 10.68(2)
b/A 10.61(1) 10.61(2) 10.68(2)
c/A 40.83(5) 41.12(1) 41.05(8)
VIA3 3982.6(7) 4009.5(2) 4058.8(1)
A 2 2 2
TIK 293(2) 293(2) 293(2)
w/mm1 0.506 0.687 0.399
no. of refins measd 18909 18887 19022
no. of unique reflns 2360 2366 2401
Rint 0.0833 0.0546 0.0614
R1 0.0667 0.0615 0.0672
wR 0.1381 0.1850 0.1983

ARy = Y [IFol — IFcll/3IFol; WRe = [TW(Fo? — FAZ3W(FA)IY2 w =

U[oX(Fs) + (aP)2 + bP], whereP = [Fo? + 2F7)/3.

Table 2. Crystallographic Data for Complexds-62

4 5 6

mol formula GeHesBaCooF1e-  CrgHeeBaFis-  CraHeeBaFi6-

N1203 N1203Zn, Mn2N1203
M 1684.53 1697.41 1676.55
cryst syst hexagonal ‘hexagonal ~ hexagonal
space group P3c1 P3c1 P3c1
alA 10.5469(8) 10.5469(8) 10.6183(18)
b/A 10.5469(8) 10.5469(8) 10.6183(18)
c/A 40.909(4) 40.909(4) 40.843(10)
VIA3 3941.0(6) 3941.0(6) 3988.0(14)
Z 2 2 2
TIK 293(2) 293(2) 293(2)
w/mmt 0.515 0.702 0.409
no. of refins measd 18742 18935 18840
no. of unique reflns 2332 2339 2361
Rint 0.086 0.094 0.111
Ry 0.073 0.056 0.064
WRy 0.169 0.135 0.172

ARy = 3 [|Fol — IFcll/3IFol; WRe = [TW(Fo? — FAZ3W(FA)FY2 w =

1U[o*(Fe?) + (aP)? + bP], whereP = [F¢? + 2F /3.

Table 3. Crystallographic Data for Complex&s-107

7 8 9 10
mol formula G2H44B4CO CuoHaeBaFie CazHazBaFie- CazHaBaClp-
F16N120 N1202Zn, N12Niz F1eN12
M 1197.99 1228.88 1179.54 1189.2
cryst syst cubic cubic cubic cubic
space group Pa3 Pa3 Pa3 Pa3
21.982(3)  22.0634(8) 21.980(3)  21.973(3)
VIAS 10622(2)  10740.3(7) 10619(2)  10609(2)
Z 8 8 8
TIK 293(2) 293(2) 293(2) 293(2)
ulmm-t 0.727 0.997 0.809 0.902
no. of reflns measd 87312 53539 73910 80385
no. of unique reflns 3109 3150 2338 3110
Rint 0.128 0.025 0.168 0.087
Ry 0.076 0.062 0.077 0.072
WR, 0.194 0.065 0.194 0.185

ARL = Y [IFol — IFcll/SIFol; WRe = [TW(Fo? — FF3W(F?)TY2 w =

U[o?(Fo?) + (aP)? + bP], whereP = [F¢? + 2F?)/3.

A), using SMART and SAINT2 programs. The structures were
solved by direct methods and refined BA by using full-matrix

(19) (a) SMART and SAINT Area Detector Control and Integration

Software; Siemens Analytical X-ray Systems, Inc.: Madison, WI,

1996. (b) Sheldrick, G. MSHELXTL V5.1, Software Reference

Manual; Bruker AXS, Inc.: Madison, WI, 1997.

3

Figure 1. Molecular structure of the triple helicates for compledes3
with hydrogen atoms and anions omitted for clarity.

least-squares methods with SHELXTL version BfAnisotropic
thermal parameters were refined for non-hydrogen atoms. Hydrogen
atoms were localized in their calculation positions and refined by
using the riding model. For complexds-6, the spacer groups
(including the benzene rings and oxygen atom) were refined
disorder. The benzene ring exhibits 2-fold positional disordered.
The s.o.f. (site occupancy factor) of atoms in each part is fixed at
0.5. The s.o.f. of the oxygen atom is also fixed at 0.5. To stabilize
the refinement, thermal parameters on adjacent atoms in disordered
moieties were restrained to be similar.

For complexesl—6, the BR~ anions occupied the 3-fold
positions with the s.o.f. of each boron atom fixed/atThe fluorine
atoms were also refined disordered into two parts with the s.o.f. of
fluorine atoms in the 3-fold position fixed &, and the s.o.f. of
other atoms fixed at 0.5. For complexgs10, the fluorine atoms
in tetrafluoroborates were also refined disordered into two parts
with the s.o.f. of fluorine atoms in the 3-fold position fixed'4s,
and the s.o.f. for other atoms fixed at 0.5. To assist the refinement,
several restraints were applied: (1) al-B or CI-0O bonds were
restrained to be similar and (2) thermal parameters on adjacent
atoms in disordered moieties were restrained to be similar.

Results and Discussion

Crystal Structures of Complexes 1-3. Ligand L' was
obtained in good yield by simply mixing 4;gliaminodi-
phenylmethane and 2-acetylpyridine in a methanol solution.
Interaction of 3 equiv of ligand and 2 equiv of Co(B¥
Zn(BF,),, or Mn(BF,), in ethanol resulted in the formation
of helicates [ML%3] (M = Co (1), Zn (2), Mn (3)) in 70—
80% vyields. Elemental analyses are consistent with the
formation of complexes of the form [pl%][BF4]4. Crystal
structure analyses reveal that complekeS8 are isostructural
(Figure 1) and each consists of two six-coordinatedidms
chelated and bridged by three! Igroups. The MM
separations are similar [ca. 11.5 A on average] and the
molecules are in a triple-helix conformation with crystal-
lographic D; symmetry. One-sixth of the triple helicate is
found in an asymmetry unit with the metal ion occupying
the crystallographic 3-fold axial special position and the
methylene carbon atom occupying the crystallographic 2-fold
axial special position. While the mean-square line passing
through the metal ions of the helix shows a crystallographic
3-fold symmetry axis, three crystallographic 2-fold sym-
metries perpendicular to the helical axis are found through
the methylene carbon atoms of the ligands. Each metal center
is bound to three pyridylimine units intifac configuration
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Table 4. Selected Bond Distances (A) and Angles (deg) of Compléxe&®

1 2 3
Co(1)-N(2) 2.113(4) Zn(1¥N(2) 2.140(3) Mn(1N(2) 2.216(4)
Co(1)-N(1) 2.138(4) Zn(1¥N(1) 2.193(3) Mn(13-N(1) 2.263(4)
N(2)—Co(1)-N(2) 101.2(2) N(2A)-Zn(1)-N(2) 101.0(1) N(2)>-Mn(1)—N(2A) 102.7(1)
N(2A)-Co(1)-N(1) 167.4(2) N(2A}-Zn(1)—-N(1) 165.6(1) N(2A)-Mn(1)—N(1) 163.2(1)
N(2)—Co(1)-N(1) 75.8(2) N(2)-Zn(1)-N(1) 75.5(1) N(2-Mn(1)—N(1) 72.7(1)
N(1A)—Co(1)-N(1) 92.02) N(2B)-Zn(1)~N(1) 93.5(1) N(1A)-Mn(1)-N(1) 91.3(1)
N(2B)—Co(1)-N(1) 91.4(2) N(1A)-Zn(13N(1) 90.6(1) N(2B}-Mn(1)—N(1) 94.1(1)

4 5 6
Co(1)-N(2) 2.106(5) Zn(1¥N(2) 2.137(4) Mn(1N(2) 2.212(4)
Co(1)-N(1) 2.129(5) Zn(1¥N(1) 2.184(4) Mn(13-N(1) 2.243(4)
N(2)—Co(1)-N(2A) 100.9(2) N(2)»-Zn(1)-N(2A) 101.1(1) N(2)-Mn(1)—N(2A) 102.8(1)
N(2)—Co(1)-N(1A) 167.5(2) N(2A)-Zn(1)-N(1) 165.7(2) N(2A)-Mn(1)—N(1) 163.1(2)
N(2)—Co(1)-N(1) 76.1(2) N(2)-Zn(1)-N(1) 75.7(2) N(2)-Mn(1)—N(1) 72.6(2)
N(2A)—Co(1)-N(1) 91.7(2) N(2B)-Zn(1)-N(1) 93.2(2) N(1A)-Mn(1)-N(1) 91.3(1)
N(1A)—Co(1)-N(1) 91.7(2) N(1A}-Zn(1)-N(1) 90.5(1) N(2B}-Mn(1)—N(1) 94.1(1)

asSymmetry code A: 2-y,1+ X — Y,z Symmetry code B: - x+vVy,2—X 2

attaining aCs pseudooctahedral coordination geometry with
three equivalent metalN (CH=N) bonds and three equal
metak-N (pyridyl) bonds, respectively. Coordination to the
metal center to form the ided&s-symmetric helix causes
the interannular twisting among the pyridine and benzene
rings. Bond lengths and angles are all in common ranges
(Table 4).

It is interesting to find that no obviously intermolecular
w— interactions were found relative to the pyridine rings
and benzene rings, for the shortest interhelical at@tom
separation involving the pyridine and benzene rings is longer
than 4.0 A, which is the upper limit of the common distances
for 7—x interactions between two aryl ring®2° As an
alternative, the shortest interhelical ateratom separation
of these crystal structures relative to the carbon atom of the
methyl group is found to be 3.68 A, which is in agreement
with the distance of a weak CHl/interaction between CH
(soft acids) andr groups (soft bases) first advocated by
Nishio2* However, it should be noted that this contact plays
an important role in weakening the potentiat-sr interac-
tions between the aryl rings. In this case, it is reasonable toMost of triple helicates, parallel to thel helical axis, the
speculate that the methyl group is the essential factor molecules tend to align themselves giving the densest

determining the helicates formed in crystallographic ideal Packing and leaving sufficient space in cavities for the
D5 symmetry. counteranions. As in the crystal packing of chain molectfles,

the helicates form layers of hexagonal close-packed cylindri-
cal molecules, which lead to the hexagonal AB close-packed

Figure 2. Hexagonal packing of triple helical species3 along the M--M
axis.

Since the helicates are ionic species, their molecular
packing is essentially directed by weak electrostatic inter- X
action driven by BE anions. Although the electrostatic arrangenlwent (Figure 2)'f I furth
compression in these cases is preferential to make the inter- CTYSt& Stk:ucftures o . Comp exss 4_|6 hT? urt fer
molecular interactions stronger than that between neutralUnderstand the factors influencing the triple helicates forma-
systems? it seems that these interactions do not reduce thet'gn and crystallographic confprmanons extensw_ely, ligand
idealizedD3; symmetry of the helicates reported here. Like was also used to react _W'th the_ cobalt(ll), zmc(ll),_ or

manganese(ll) for assembling possible crystallographic

(20) (a) Shriver, D. F.; Arkins, P.; Langford, C. thorganic Chemistry symmetric triple helicates. Interactlon of |Ig£_:1na\hllth Co-

2nd ed.; W. H. Freeman and Company: New York, 1997. (b) Liu, Z. (BFa4)2, Zn(BF4)2, or Mn(BF,), in a 3:2 ratio in ethanol

H.; Duan, C. Y.; Hu, J.; You, X. Zlnorg. Chem 1999 38, 1719. (c) i i i ini

Zheng. S. L.: Tong, M. L Fu. R W.. Chen. X. M.: Ng.'S. Worg solution resulted in the formation of precipitates;[M| (M

Chem 2001, 40, 3562. =Co, @), Zn (5), Mn (6)). Elemental analyses are consistent
(21) S)Pifhig, ZA'KS%%ZUEOg%TM(%?&'a&" 99,3- (E{) Ntish:\a, l\(lJ Hirota, with the formation of the helicates of the form [M][BF 4]4.

. letranedro ) .(C IShio, M.; Hirota, IM.; Umezawa, . o .
Y. The CHIp interaction, Eidence, Nature and Consequercashn ESI-MS in acetonitrile-methanol solution shows one strong
Wiley & Sons: New York, 1998.

(22) (a) Braga, D.; Grepioni, FAcc. Chem. Re®00Q 33, 601. (b) Braga, (23) Kitaigorodsky, A. I.Molecular Crystals and Moleculef\cademic
D.; Novoa, J. J.; Grepioni, MNew J. Chem2001, 25, 226. Press Inc.: London, UK, 1973.
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Table 5. Selected Crystallographic Data of Related Complexes

ligand metal complexes cryst syst space group
LL [ZnoL%:][BF 4]4 hexagonal P3cl
[CoLL][BF4]4 hexagonal P3c1
[MnoL%3)[BF4]4 hexagonal P3cl
L4 [ZNn,L43][ClO 4] 4160 monoclinic C2lc
[NioL43][BF 4]415¢ monoclinic C2lc
L2 [CoaL25][BF 44 hexagonal P3c1
[Zn2L33)[BF )4 hexagonal P3cl
[Mn2LZ][BF 4]4 hexagonal P3cl
LS [CooL55][BF 4] 4170 monoclinic Cc
[NioL33][BF 4] 4170 monoclinic Cc

Figure 3. Molecular structure of the triple helicates for complexXess
with hydrogen atoms and anions omitted for clarity.

structures related to the carbon atoms of the methyl groups

is found to be 3.68 A, which is in agreement with the distance
peak corresponding to [Glo%s]** (M2 334.4), consistentwith  of a weak interaction involving the methyl group.
formation of a triple helical structure. The presence of the Crystal engineering is defined as the understanding of
only intensive [CelL?]** species indicates that this species jntermolecular interactions in the context of crystal packing
has high stability in solution. ESI-MS spectra also exhibit anq in the utilization of such understanding on the design of
three prominent signals centerednatz 337.8, 407.3, and g new solid with the desired physical and chemical proper-
477.9 for2 corresponding to [Zs.%]*", [HL?]*, and [ZnL % ties25 Above we have demonstrated the syntheses and crystal
(BF4)]*" andmz 332.5, 407.3 and 637.1 corresponding 1o stryctures of six novel crystallographic idealizBg sym-
[MnaL2]**, [HL?]", and [MnL%]?", respectively. The base  metric triple helicates. Contrasted with the helical complexes
peaks atm/z 337.8 and 332.5 correspond to the MOSt from the related ligands4and L5, it is clear that (Table 5)
abundant ion [Zsl.%]*" and [MrL2]*" with isotopic peaks  the methyl group is an essential factor in controlling the
separated by 0.25, which confirmed the- £4harge borne  gymmetry of the helices, and this synthon is robust enough
by the cations. The peaks @iz 407.3 result from a singly o pe exchanged from one network structure to another,
charged species [H]". The presence of the [2b%]*" and  \hich ensures generality and predictability of crystal-
[Mn,L25]#" species indicates the formation of triple-helical lographic ideal symmetry to a certain extent.
structures. An Additional peak that results from the associa- Crystal Structures of Complexes 7-10. To test that the
tion with BF,~ was observed anz 477.9 and ascribed 10 mathy| group in the side chain is a supramolecular synthon
[Zn:L%(BF)]*". The associations between the cationic i controlling the crystal packing, we also examined the
helicates and various counteranions are very common in ESl-crystal structures of triple helicates derived from ligarid L

MS and have been tentatively attributed to electrostatic 1 gate only two triple helicates derived frord have been
interactions structurally characterized by Sheldrick ef&knd Hannon

Cry;tal strugtural apalyse; of complexest .co.nfirm. the et al?” The crystal structure of [Gh33][(ZNCl4)(ZnCl+H,O),*
formation of triple helicates in crystallographic idealiZeg 4H,0]% is determined in space grol2y/n since there are

symmetry as those of complexes 3 (Figure 3). Complexes  (|5ssical G-H---O, O—H---Cl hydrogen bonds which causes

4—6 are also isostructural and each consists of tWo SiX- jts departure from crystallographic idealiz€d symmetry.

coordinated M ions chelated and bridged by threé The  ; seems that the absence of ideal symmetry would originate
M--M separations are ca. 11.5 A on an average. Only 0ne- mainjy from intermolecular interactions such as hydrogen
sixth of the triple helicate is found in an asymmetry unit 1,54s in the crystal packing. We believe that by choosing
with the metal ions occupying the crystallographic 3-fold he appropriate counteranions to reduce the potential inter-

axis special position. Bond lengths and angles are both ysjecular hydrogen bonds, the helicates should be crystal-
unremarkable (Table 4). Coordination to the metal center to iz e in crystallographi®s symmetry, or at least should be

form the idealDs-symmetric helix causes the interannular ¢ormed in Cs symmetry if the ligand is considered not to

twisting among the pyridine and benzene rings. To achieve haveC, symmetry. Reaction ofiwith Zn(BF), or Co(BF),

the idealized; symmetry, the benzene ring exhibits 2-fold o Nj(BF,), or Cu(BF;) in a 3:2 ratio in ethanol solution

positional disorder, and its scattering power is represented egyited in the formation of precipitates. Elemental analyses

by two *half-rings”. _ _ _ indicate the formation of complexes of the formulag[I]-
Slml!arly, no obwous_m_terhghcazt—n interactions were [BFs (M = Co (7), Zn &), Ni (9), Cu (10)). Crystal

found involving the pyridine rings and benzene rings, for gt cture analyses of complex@s 10 have unequivocally

the interhelical atom-atom separations relative to the cqnfirmed that these complexes are isostructural crystal-
pyridine and benzene rings are all longer than 4.0 A, which

is also longer than the common distancesstetr interac- (25) Desiraju. G. RCrystal Engineering: The Design of Organic Solids

tions between two aryl rings. As an alternative, the shortest Mattl'?riéllls dScielrIQCBte9 Monographs, No. 54; Elsevier: Amsterdam, The

. . . etheriands, .

interhelical atorr-atom separation of these three crystal (26) Boyd, P. D. W.. Gerloch, M. Sheldrick, G. M. Chem. Soc., Dalton

Trans 1974 1097.

(24) Hopfgartner, G.; Piguet, C.; Henion, J.DAm. Soc. Mass Spectrom.  (27) Hamblin, J.; Jackson, A.; Alcock, N. W.; Hannon, M.JJ.Chem.
1994 5, 748. Soc., Dalton Trans2002 1635.
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Table 6. Selected Bond Distances (A) and Angles (deg) of Compl&xeR)

72 g o 108
Co(1)-N(1) 2.091(4) Zn(1¥N(1) 2.080(3) Ni(1)-N(1) 2.057(6) Cu(1N(1) 2.081(4)
Co(1)-N(2) 2.114(4) Zn(1¥N(2) 2.190(3) Ni(1-N(2) 2.088(6) Cu(1yN(2) 2.149(4)
Co(2)-N(3) 2.128(4) Zn(2¥N(3) 2.208(3) Ni(2)-N(3) 2.081(6) Cu(zrN(3) 2.159(4)
Co(2)-N(4) 2.085(5) Zn(2¥N(4) 2.086(3) Ni(2)-N(4) 2.064(6) Cu(2yN(4) 2.067(5)
N(1)-Co(1)-N(1A)  100.1(2) N(1}-Zn(1)-N(1A)  102.5(1) N(L»-Ni(1)—-N(1A) 98.7(2) N(1)-Cu(1)-N(1A)  100.8(2)
N(1)-Co(1)-N(2)  76.2(2) N(1}-Zn(1)-N(2)  75.0(1) N(L-Ni(1)-N@2)  77.5(2) N(L-Cu(1}-N@2)  76.0(2)
N(1)-Co(1)-N(2A)  95.1(2) N(1}-Zn(1)-N(2A)  95.6 (1) N(1)-Ni(1)-N(2A)  94.7(2) N(1}-Cu(1)-N(24)  95.1(2)
N(1)-Co(1)-N(2B)  164.8(2) N(1}-Zn(1)-N(2B)  161.8(1) N(L¥Ni(1)-N(2B)  166.5(2) N(1}-Cu(1)-N(2B)  164.2(2)
N(2)—Co(1)-N(2A)  89.3(2) N(2)-Zn(1)-N(2A)  87.3(1) N(2)-Ni(1)—N(2A)  89.8(2) N(2)-Cu(1)-N(2A) 88.7(2)
N(3)-Co(2-N(4)  75.7(2) N@E»-Zn(2)-N(@)  74.6(1) N@G3»Ni(2)-N@)  77.0(2) NGB»-Cu(2-N@4)  75.8(2)
N(3)-Co(2)-N(3A)  88.9(2) N(3)-Zn(2)-N(3A)  86.0(1) N(3)-Ni(2)—N(3A)  89.9(2) N(3}-Cu(2-N(3A) 88.1(2)
N(3)—Co(2-N(4A)  94.2(2) N(3)-Zn(2)-N(4A)  94.2(1) N(3)-Ni(2)—N(4A)  94.3(2) N(3}-Cu(2-N(4A)  94.4(2)
N(3)—Co(2)-N(4B)  164.2(2) N(3)»-Zn(2)-N(4B)  160.5(1) N(3)-Ni(2)~N(4B)  166.2(2) N(3)-Cu(2)-N(4B)  163.6(2)
N(4)—Co(2)-N(4A)  101.6(2) N(4¥-Zn(2)-N(4A)  104.7(1) N(4)»-Ni(2)—-N(4A)  99.5(2) N(4)y-Cu(2)-N(4A) 101.9(2)

aSymmetry code A:z X, y. Symmetry code By, X, z. P Symmetry code A==0.5+ z 0.5— x, 1 — y. Symmetry code B:-0.5-y,1—z 0.5+ z

3.68 A for9, and 3.81 A for1Q], and the mean-square line
passing through the metal ions of the helix shows a
crystallographic 3-fold symmetry. Each metal center is bound
to three pyridylimine units irfac configuration to attain a
C; pseudooctahedral geometry with three equivalent métal
(pyridyl) and metat-N (CH=N) bonds (Table 6). Interest-
ingly, It is worth noting that the CuN separations have a
relatively narrow range (2.072.16 A), indicating the Jahn
Teller effect of the 8electronic configuration of copper(ll)
observed commonly in copper(ll) compleXedisappears.
It is suggested that the disposition of the binding sites in the
ligand is the more important factor than the stereoelectronic
preference of the metal ions in directing the course of the
assembly of the resulting triple-helical complexes in the
present systems. Bond lengths and angles are in the common
ranges (Table 6). Coordination to the metal centers forces
Figure 4. Molecular structure of the triple helicates for compleXesLO the two pyridyl rings to twist around the-NN bond and the
with hydrogen atoms and anions omitted for clarity. logical consequence is the formation of triple-helical arrays.

Detailed structural analyses reveal that no obvious inter-
molecular interactions are found in the crystal packing of
complexes—10, for the shortest intermolecular ateratom
separation in all complexes related to the pyridine ring and
the methyl carbon atom is at least 3.9 A. According to above
analyses, it seems that the existence of methyl groups might
minimize the potential directional intermolecular interactions,
and the absence of the obviously directional intermolecular
interactions in the crystals should cause the helicates to depart
from idealizedC; symmetry.

Table 7 shows the triple helicates derived from ligard L
and the related ligand&272%32it is clear that in the presence
of the methyl group, the helicates preferentially form
idealizedC; symmetry as shown in the solution, except for
the silver triple helicaté’ The silver(l) triple helicate itself

(28) Rice, C. R.; Wd, S.; Jeffery, J. C.; Paul, R. L.; Ward, M. D. Chem.
Soc., Dalton Trans2001, 550.

(29) Guo, D.; Duan, C. Y.; Fang, C. J.; Meng, QJJChem. Soc., Dalton

. . . . . Trans 2002 834.

lographic Cz symmetric triple helicates (Figure 4). These (30) (a) Xu, Z. Q.; Thompson, L. K.; Miller, D. O.; Clase, H. J.; Howard,

Figure 5. Hexagonal packing of triple helical speci&s-10 along the
M---M axis.

i i i i J. A. K,; Goeta, A. Elnorg. Chem.1998 37, 3620. (b) Xu, Z. Q,;
complexes all crystallize in the.cublc crysFaI syst.em wlth Thompaon. L. K.. Black. B A.. Raiph. C.. Miller, D. O.- Leech. M.
space grouPa3 and only one-third of the triple helicate is A.; Howard, J. A. K.J. Chem. Soc., Dalton Tran2001, 2042. (c)

found in an asymmetry unit of each complex. The metal ions Th_ompsond, L. K; Matthcef:/vs, CS.J.; Zhalo, L. Wil;g(r)\, C22 L8eech, M.
occupy the crystallographic 3-fold axial special positions with (7 a Hgl‘fv{a,{,a}é' ~ 5.'7]Wanegm'z. oc- bailon Transod 2258

similar M:++M separations [ca. 3.75 A fof, 3.96 A for8, J. Chem. Soc., Dalton Tran2002 134.
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Table 7. Selected Crystallographic Data of Related Complexes The above results indicate that a substituent group
ligand metal complexes crystsyst  spacegroup (€specially, methyl groups) in the side chain could effectively
(5 [ZnLl%][BFds cubic P23 reduce the potential directional—s interactions between
[CoL3][BF 44 cubic Pa3 aromatic groups. And such a structural unit could be
[Ni2L333][BF4]4 cubic Pa3 considered as a supramolecular synthon to control crystal
[CusL33][BF 44 cubic Pa3 i i i
[COLAI(ZnCl)ZNClrH0)  monoclinic P2./n packmg. Tha_t means that if we |r_1troduce the_methyl group
4H,025 into the functional systems containing aromatic groups, it is
[Ag2L33][PFe] 27 monoclinic C2lc predicted that these systems should be packed in the fashion
L6  [Cdal8[ClO4]4 monoclinic P21 in which 7— interactions weakened to a certain degree.
[N'2'—‘SG§][|3F4]42393 monoclinic P2y However, it should also be noted that in some cased the
Eﬁieﬂ{ggﬂj mgzgﬁ::ﬂ:g ﬁgif presence of hydrogen bonds completely disrupted the ability
c e .
[FesL 6:][PFe 27 orthorhombic  Fdd, of methyl groups to facilitate high symmetry. These results
L7 [MnaL7g[ClO].% monoclinic c2le demonstrated that the aggregation of molecules obviously
[FesL 73][NO3] 202 cubic Pa3 relies on a variety of weaker intermolecular interactions and
[CoaL 73][NO3]*0 trigonal R3c(h) controlls the delicate balance between all weak interactions.
[NioL73][Ni(H 20)6][NO3] 632 trigonal R3c . L
[ZoL 74][ZNBr ], triclinic Pl If one were to assign significance to supramolecular synthons
L8 [Fel®][NOs monoclinic P2/n on the basis of specﬂc interaction strengths, these synthons
[Ni L 8][CIO 4,3 monoclinic P2y/n might not rank very high.
[Cu,L83][CIO 4] 43P monoclinic P2;/c Conclusion
does not have the potential to exhifi§ symmetry even in In summary, we have successfully constructed a series of

solution for the three ligands are not equivalent at all. With idealized symmetric triple helicates in which the methyl
regard to other similar systems in which the methyl group group acts as a supramolecular synthon to minimize the
in the side chain is substituted by the amino gréuthe potentialr—s interactions between the aromatic groups of
triple helicates from ligand Lalso have the possibility to  the backbone of helicands and leads the helicates formed in
crystallize in idealized; symmetry. Although the factors ~ crystallographic idealized symmetry as those existed in
controlling the molecular packing are not discussed in detail, solution. These results also demonstrated that although the
it can be seen from the crystal structures that the presencdnteractions involving the methyl group are very weak, their
of high symmetry might be raised from the absence of strong effect on molecular structure and crystal packing could just
directional intermolecular interactions. However, the Mn(ll) be as predictable as the effect of the classical hydrogen bonds
and Zn(ll) complexes from Lpacked inC2/c andP1 space and strongz—sx interactions. To understand the factors
groups, respectively, in which n@; molecular symmetry  controlling the self-assembly of helicates in crystallographic
was found due to the hydrogen bonds involving the amino D3 symmetry is essential in expanding the field of metal
group. And for the same reason, @3 or Cz symmetric supramolecuar chemistry into the development of new
helicates were found in complexes from ligand. lin supramolecular systems and devige§he designing of
comparison, the intermolecular interaction inactive methyl ligands suitable to modify the inter- and intramolecular
group is better than the amino group to ensure the generalityinteractions provides a possible synthetic route for artificially
and predictability of forming crystallographically idealized ~controlling crystal engineering. Although these complexes
symmetric helicates, since the methyl group cannot supportare very classical triple-stranded helicates, the observation
strong hydrogen bonds. High symmetric architectures were Of crystallographicDs symmetry in the solid state is a
also found inTy symmetric ML¢ pyramidal complexes in ~ remarkable event.
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