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Synthesis, Characterization, and Spontaneous Resolution of Chiral Nickel(ll) Complexes
with the Tripod Ligand Tris[2-(((2-phenylimidazol-4-yl)methylidene)amino)ethyllamine
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The chiral nickel(ll) complexes of a tripod-type ligand with the chemical formulas [p{}INO3),-MeOH (1),
[Ni(H3L)](ClO4)2:MeOH (2), and [Ni(HsL)](CeHsCOO)-6H,0 (3) were synthesized and characterizedl(H
tris[2-(((2-phenylimidazol-4-yl)methylidene)amino)ethyl]Jamine). The crystal structurés-8fwere determined

by their single-crystal X-ray analysek.CsHagN1207Ni: orthorhombicP2:2:21; a= 14.198(2) Ab = 22.422(2)

A, ¢ =12.019(2) A,Z = 4. 2, C37HaoN100sClNi: orthorhombic,P2:2,2;; a = 14.206(2) Ab = 22.735(3) A,

¢ =12.696(3) A,Z = 4. 3, CsoHsgN10010Ni: triclinic, P1; a= 14.191(5) A b = 16.048(4) A,c = 13.692(4) A,

o= 115.25(2), p = 111.07(3), y = 64.75(2), Z = 2. Each complex has an octahedral coordination environment

for the nickel(ll) ion, formed by the six nitrogen donor atoms, and is eith&@elockwise) or aA (anticlockwise)
enantiomorph, depending on the screw arrangement of the tripod-type ligand around the nickel(ll) ion. The circular
dichroism (CD) spectrum of a powdered sample of a crystdl sfiowed a positive and a negative peak at 915

and 630 nm, respectively, and that of another crystal showed an enantiomeric pattern. The observation of the
Cotton effect and the crystal structure provided evidence for spontaneous resolution of the chiral complex molecule.

Introduction Chart 1. Chemical Structure of [Ni(kL)]%"

Chirality is an important concept not only in chemistry but

2+
also in living organisms, pharmaceuticals, and the chemical (\N,>\ ’

industry. When a chiral molecule crystallizes to form a

crystalline racemate, the product is either (1) a racemic N N N
compound, (2) a racemic mixture (conglomerate), or (3) a J \ /\/ N
racemic solid solutioA. The separation of two enantiomers NiZ

forming a conglomerate does not require any optically active / ‘\ ~
auxiliary agent, since resolution spontaneously occurs during / N N N \
the course of crystallization. Spontaneous resolution, which is HNJI ph‘< \ Ph)\\N
characteristic of a conglomerate, was first observed in am- Ph H
monium sodium tartrate by Pasteur in 1848ince this historic ﬂ

discovery, a large number of chiral molecules have been
synthesized and investigated, but only a limited number of theseChart 2. A (Clockwise) andA (Anticlockwise)
molecules are known to be conglomerété4. Enantiomorphs Due to the Screw Arrangement of the
In this study, we synthesized the chiral nickel(ll) complexes TfiPod-Type Ligand around the Ni(ll) lon
of a tripod-type ligand with the chemical formulas [NH{L])]-
(NOg3)2rMeOH (1), [Ni(H3L)](ClO4)2*MeOH (2), and [Ni(HsL)]-
(CeHsCOO)R-6H,0 (3) (HsL = tris[2-(((2-phenylimidazol-4-
yl)methylidene)amino)ethyllamine) (see Chart 1). Each complex
is either aA (clockwise) or aA (anticlockwise) enantiomorph,
depending on the screw arrangement of the tripod-type ligand
around the Ni(ll) ion, as shown in Chart 2. Becausand 2
are found to be conglomerates, we report the syntheses, crystal
structures, and circular dichroism (CD) spectra of these com-

R
plexes. A(clockwise) A(anticlockwise)
* To whom correspondence should be addressed. Tel/F&1-96-342- . .
3390. E-mail: naohide@aster.sci.kumamoto-u.ac.jp. Results and Discussion
T Kumamoto University. L . .
+ Okayama University. Syntheses and CharacterizationsThe tripod-type Schiff-
1) JacqtlleS. J. J.:| Collet, A; WEen, S. Bnantiomers, Racemates and  base ligand kL was prepared by a 3:1 condensation reaction
ResolutionsWiley: New York, 1981. _ _A- imi i ia(D-ami ine i
(2) Pasteur, LAnn. Chim. Physl848 24, 442. of 2-phenyl-4 formyhrmdazple with tris(2-aminoethyl)amine in
(3) Collet, A.; Brienne, M,-J.; Jacques,Ghem. Re. 198Q 80, 215. methanol. The reaction mixture was subsequently used for the
(4) Werner, A.Ber. Dtsch. Chem. Ge4914 47, 2171. syntheses of the nickel(ll) complexes without isolation of the
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Figure 1. Top: ORTEP drawing ofl, with a selected atom-num-
bering scheme, showing tieenantiomorph (anticlockwise molecule)
and 50% probability ellipsoids. Bottom: ORTEP drawing of the cation
of 1 viewed down the pseudo-3-fold axis showing an anticlockwise
structure.

ligand. The nickel(Il) complex [Ni(kL)](NO3),:MeOH (1) was
prepared by mixing the ligand solution and nickel(ll) nitrate
hexahydrate in methanol in a 1:1 molar ratio. Similar reaction
procedures were adopted for the syntheses of [NiJKICIO 4),-
MeOH (2) and [Ni(HsL)](CsHsCOQ)-6H,0 (3). The infrared
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Figure 2. Packing diagram of showing that only thé\ enantiomorph
(anticlockwise molecule) is involved in the crystal.

cmY), perchloraterc—o (1057-1176 cnt?), or benzoate (1596
cm™ 1) absorptions. The molar electrical conductivities 4f-3

in 103 M solutions ofN,N-dimethylformamide are 132, 132,
and 15 S crimol™t, respectively. The values fdrand2 are

in the expected range for 1:2 electrolytedNjN-dimethylform-
amide® The magnetic susceptibilities of the powdered samples
were measured in the temperature range8@0 K under an
external magnetic field of 10 000 G, giving effective magnetic
moments that are practically constant at ca:g.0rhese values
are in the expected range for discrete mononuclear high-spin
Ni(ll) complexes’—?

Structural Descriptions of 1—3. The crystal structure of each
complex consists of a dipositive nickel(ll) complex cation with
a nitrate, perchlorate, or benzoate counteranion and methanol
or water molecules as the crystal solvents. Because the cations
of these complexes assume similar molecular structures the same
atom-numbering scheme was adopted for each. The ORTEP
drawing of1 is shown in Figure 1. The ORTEP drawings with
atom-numbering schemes f& and 3 are deposited in the
Supporting Information. The ORTEP drawing of the cation
viewed down the pseud@s axis of1, given in Figure 1, shows
the anticlockwise enantiomorph. A packing diagram of the
molecule in the unit cell ofl is shown in Figure 2. Selected
bond distances and angles with their estimated standard devia-
tions for 1—3 are summarized in Table 1.

Each complex has an octahedral coordination environment
for the Ni(ll) ion, formed by the N donor set of the tripod-
type ligand, including three imidazole and three imine nitrogen
atoms. The distances of the six-N\ bonds are in the ranges
2.089(5)-2.188(5) A for1, 2.098(8)-2.155(9) A for2, and

(5) Nakamoto, K.nfrared and Raman Spectra of Inorganic and Coor-
dination Compoundsith ed.; Wiley: New York, 1986.

(6) Geary, E. JCoord. Chem. Re 1971, 7, 81.

(7) Carlin, R. L. Magnetochemistry Springer-Verlag: Berlin, 1986;
Chapter 5.

spectra of these complexes show characteristic bands attributable(®) Boudreaux, E. A.; Mulay, L. NTheory and Applications of Molecular

to the imidazole/n—n (2300-2840 cntl), the Schiff-basec—y
(1644-1649 cntl), and the counteranion nitratg-o (1384

ParamagnetismWiley: New York, 1976; p 491.
(9) Earnshaw, Alntroduction to MagnetochemistryAcademic Press:
New York, 1968.
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Table 1. Relevant Bond Distances (A) and Angles (deg) with Table 2. Hydrogen-Bond Distances (A) for [Ni@H)](NO3),*MeOH
Estimated Standard Deviations in Parentheses for (2), [Ni(H3L)](ClO4)2MeOH (2), and [Ni(HsL)](CeHsCOQ)-6H,0
[Ni(H3L)](NO3).*MeOH (1), [Ni(H3L)](ClO4)*MeOH (2), and 3)

[Ni(H3L)](CsHsCOO)Y6H,O (3) D A D-+-A

1 2 3 H-Bonds forl

Bond Distances N(7) 0(2) 2.869(9)
Ni—N(2) 2.120(6) 2.098(8) 2.076(8) N(10) 0(4) 2.781(9)
Ni—N(3) 2.131(5) 2.151(7) 2.135(8) N(4) o(7) 2.768(8)
Ni—N(5) 2.130(5) 2.124(8) 2.140(8) o) o) 2.798(8)
Ni—N(6) 2.122(6) 2.138(8) 2.150(8) )
Ni—N(8) 2.089(5) 2.105(8) 2.103(8) NT) H Bg?g)s for2 2.76(1)
Ni—N(9) 2.188(5) 2.155(9) 2.149(7) N(4) o) 2'84(1)

Bond Angles N(10) 0(2) 3.09(1)
N(2)—Ni—N(3) 79.4(2) 79.5(3) 78.5(3) )
N(2)~Ni~N(5) 92.7(2) 93.7(3) 93.8(3) N(LO) H Bg?g)s fors 2.700)
RoavE R R I o0 7
—NI— . . .
N(2)—Ni—N(9) 89.9(2) 89.5(3) 90.3(3) N(7) o) 2.87(1)
mgg—ml—mgg; ggggg g?ig; géggg Possible Intermolecular H-Bonds f8r
—NI— . . .
N(3)—Ni—N(8) 172.2(2) 172.6(3) 170.4(3) D A D---A b A D---A
N(3)—Ni—N(9) 97.0(2) 97.0(3) 95.5(3) o@1)  0(9) 2.83(1) O@1)  O(©9) 2.70(1)
N(5)—Ni—N(6) 78.9(2) 79.4(3) 78.3(3) o)  O(4) 2.80(1) O(B)  O(6) 2.92(2)
N(5)—Ni—N(8) 95.3(2) 95.0(4) 94.4(3) o) 0@ 2.83(1) O®)  O(7) 2.94(1)
N(5)—Ni—N(9) 174.2(2) 173.6(4) 172.9(3) o7 0@ 2.741)  0(8)  0(9) 2.82(1)
N(6)—Ni—N(8) 90.4(2) 89.4(3) 90.0(3) 0(9) O(10)  2.97(3)
N(6)—Ni—N(9) 98.7(2) 97.6(3) 97.8(3)
N(8)—Ni—N(9) 79.4(2) 79.2(3) 79.6(3) +b S
Cony /(‘
2.076(8)-2.150(8) A for3. As shown in Chart 2 and Figure 2, "‘L:Q%?‘ o10° (\é:

each nickel(ll) complex can be eitherfa(clockwise) or aA

(anticlockwise) enantiomorph, depending on the screw arrange- o \

ment of the tripod-type ligand around the nickel(ll) ion. Because /{\3‘,9% 08./%09 /O e

1 and2 crystallize in an acentrosymmetric space graef2:21, O ; §O,d S o 08"

their crystals should consist of one of two enantiomorphs. On /‘DGO/O'G o7 %

the basis of the analysis of the Flack paramété@ryas found 7\/ (,'5'5 2 55'(‘,%9

that the crystals ot and2 used for the present X-ray analyses -de%J Ra

consist of theA (anticlockwise) enantiomorph, as shown in Follad o Lo

Figure 2 forl. The present X-ray analyses demonstrate that e

the separations of the two enantiomers spontaneously occurred }’%5 o

during the crystallizations and thatand2 are conglomerate. ' ’8; Jou

In contrast, the crystal structure & consists of theA ¢

(clockwise) andA (anticlockwise) enantiomorphs related by a

symmetry operation of inversion, a3 crystallizes in the F?%» .

centrosymmetric space gro®i. The above results suggest that O?@

there are important effects due to the counteranion, the solvent

of recrystallization, and the crystal solvent on the crystal packing *° o

(Which does the complex form, a racemic compound or & Figyre 3. Packing diagram 08 showing that the\ (clockwise) and
racemic mixture (conglomerate)?). the A (anticlockwise) enantiomorphs are involved in the crystal.

The imidazole nitrogen atoms of the tripod-type ligand form
hydrogen bonds (NH-O) with the methanol and water mol-  Cotton effect provides more evidence that spontaneous resolu-
ecules of the crystal solvents and with counteranions through tion took place during the course of crystallization.

the imidazole proton. The NO distances assigned to the  Concluding Remarks. The chiral nickel(ll) complexes of a
hydrogen bonds are listed in Table 2. It should be noted that tripod-type ligand with the chemical formulas [N§B](NO3).-
there is no multidimensional network structure due to the pMeOH (@), [Ni(H3L)](CIO4)2*MeOH (2), and [Ni(HsL)](CeHs-
hydrogen bonds. In contrast, the water molecules and oxygencp0),-6H,0 (3) have been synthesized and characterized. In
atoms of the benzoate form a complex network due to the  gach complex, the screw coordination arrangement of the tripod-
hydrogen bonds, as shown in Figure 3 and Table 2. type ligand around the nickel(ll) ion induces chirality, resulting
CD Spectra. A crystal of 1 was selected and ground into a in a A (clockwise) or aA (anticlockwise) enantiomer. The
powder. A CD spectrum of the powdered sample was recordedsingle-crystal X-ray analyses and CD spectra confirmedthat
in the 4006-1000 nm range by the Nujol mull method. This and2 are conglomerate. Intermolecular interactions, including
spectrum showed a positive and a negative peak at 915 andcation—cation, catior-anion, anior-anion, and ior-crystal
630 nm, respectively, and the spectrum of another crystal solvent, were investigated. However, no intermolecular interac-
showed an enantiomeric CD pattern. The CD spectra of thesetions were found, except for hydrogen bonds. The hydrogen
two crystals ofl are shown in Figure 4. The observation of the honds do not form multidimensional extended network struc-
tures. We could not determine the mechanisms whetednyd
(10) Flack, H. D.Acta Crystallogr., Sect. A993 39, 876. 2 crystallize as conglomerates.
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[Ni(H sL)](NO 3)2sMeOH (1). A methanolic solution of 2-phenyl-
4-formylimidazole (2.583 g, 15 mmol, in 10 mL) was added to a
methanolic solution of tris(2-aminoethyl)amine (0.731 g, 5 mmol, in
10 mL). The mixture was stirred at room temperature for 30 min, and
the resulting yellow solution was used in the subsequent reaction
without isolation of the tripod-type ligand. A methanolic solution of
nickel(ll) nitrate hexahydrate (1.454 g, 5 mmol, in 20 mL) was added
/ to the ligand solution, and the mixture was stirred for 30 min at room

F temperature and filtered. The filtrate was allowed to stand for several
J/ days, after which the light-blue crystals that had precipitated were
collected by suction filtration, washed with a small amount of methanol,
and dried in vacuo. Yield: 2.260 g (55%). Anal. Calcd fast@uoN12-
O:Ni: C,53.97; H, 4.90; N, 20.41. Found: C, 53.87; H, 4.91; N, 20.39.
IR (KBr; cm™): vy (imidazole), 2846-2300; vc—y (imine), 1648;
vn-o (nitrate), 1384Ay: 132 S cmd mol~tin DMF. Mp: 275°C dec.

CD (Nujol, Ama/nm): 950.
[Ni(H 3L)](CIO 4)2MeOH (2). The complex was prepared as de-
Wavelength (nm) scribed forl using nickel(ll) perchlorate hexahydrate (1.828 g, 5 mmol)
instead of nickel(ll) nitrate hexahydrate. The product was obtained as
Figure 4. CD spectra of powdered samples bfTwo crystals ofl blue crystals. Yield: 0.370 g (8%). Anal. Calcd fogH4N1006Clo-
were selected and ground into powder, and the CD spectra were jj: C, 49.47: H, 4.49: N, 15.59. Found: C, 49.27: H, 4.56: N, 15.48.
recorded by the Nujol mull method. One crystal showed a positive |5 (KBr: cm™): vy_y (imidazole), 2836-2500; vey (imine), 1649:

and a negative peak at 915 and 630 nm, respectively, and the otherV (perchlorate), 1176, 1110, 105K, 132 S crd mol-* in DMF
showed an enantiomeric CD pattern. 1\/750 ~300°C ' ' ' M- '

. . . . [Ni(H 3L)](C HsCOO),*6H,0 (3). To the ligand solution (5 mmol
To design a species that induces spontaneous resolution, 8 20 mL of methanol) was added a methanol solution of nickel(ll)

chiral molecule with enantioselective homochiral discrimination chorige hexahydrate (1.189 g, 5 mmol). The mixture was stirred at
and a 3D network structure due to substantially strong inter- room temperature for 30 min, after which an aqueous solution of sodium
molecular interactions should be developed, i.e., a self- benzoate (1.44 g, 10 mmol) was added. The mixture was stirred for 30
complementary metal complex with assembly character and amin and then filtered. The filtrate was allowed to stand for several

At (Arbitrary Scale)
o

400 600 800 1000

chiral recognition unit. A metal complex with a multidentate

ligand involving an imidazole group, which has not only donor
ability but also acceptor ability both in coordination bonds and
in hydrogen bond!14is a good candidate for this purpose.

Studies along this line are currently in progréss?

Experimental Section

General Procedures.All chemicals and solvents used for the

days, after which the light-blue microcrystals that had precipitated were
collected by suction filtration, washed with a small amount of methanol,
and dried in vacuo. Yield: 1.356 g (29%). Anal. Calcd faphioN1o-
OseNi: C, 63.96; H, 5.30; N, 14.75. Found: C, 64.11; H, 5.27; N,
14.95. The crude product was recrystallized as light-blut crystals from
a mixture of methanol and water. Anal. Calcd fopl@ssN10O10Ni: C,
59.01; H, 5.74; N, 13.76. Found: C, 59.76; H, 5.74; N, 14.04. IR (KBr;
cm1): vo-n (hydrogen-bonded carboxylic acid), 3378500; ve—n
(imine), 1644yc—o (carboxylic acid), 1596 crmt. Ay: 15 S cnd mol™

syntheses were of reagent grade. Reagents used for the physicain DMF. Mp: 225°C dec.

measurements were of spectroscopic grade.

Warnind Perchlorate salts are potentially explesi and should be
handled only in small quantities and with care.

Tris[2-(((2-phenylimidazol-4-yl)methylidene)amino)ethyl]-
amine (HsL). A methanolic solution of 2-phenyl-4-formylimidazole
(2.582 g, 15 mmol, in 10 mL) was added to a methanolic solution of
tris(2-aminoethyl)amine (0.731 g, 5 mmol, in 10 mL). The methanol
was evaporated, giving an oily material, and then diethyl ether (50 mL)

Physical MeasurementsElemental analyses for C, H, and N were
performed at the Elemental Analysis Service Center of Kyushu
University. Infrared spectra were recorded with the KBr disk method
using a Perkin-Elmer Paragon 1000 FT-IR spectrometer. Magnetic
susceptibilities were measured with an MPMS5 SQUID susceptometer
(Quantum Design Inc.) in the-2300 K temperature range under an
externally applied magnetic field of 1 T. The calibration was made
with palladium metal. Corrections for diamagnetism were applied using

was added. Scratching the oily material with a spatula resulted in the Pascal’s constant8 Effective magnetic moments were calculated using

formation of a yellow powder. Anal. Calcd forzgseN1o-MeOH: C,
69.35; H, 6.29; N, 21.86. Found: C, 69.54; H, 6.39; N, 21!66NMR
(300 MHz, CDC¥; ¢): 8.11 (s, 3H, CH), 8.67.0 (m, 18H, Ar H),
3.65 (br t, 6H=NCH,CH,), 2.84 (br t, 6H=NCH,CH,). Mp: 153—
155°C.

(11) Kolks, G.; Frihart, C. R.; Rabinowitz, H. N.; Lippard, S.1.Am.
Chem. Soc1976 98, 5720.

(12) Brewer, C. T.; Brewer, G.; Jameson, G.; Kamara, P.; May, L.; Rapta,
M. J. Chem. Soc., Dalton Tran$995 37.

(13) Costes, J. P.; Garcia, M.lhorg. Chim. Actal995 237, 57.

(14) Tadokoro, M.; Isobe, K.; Uekusa, H.; Ohashi, Y.; Toyota, J.; Tashiro,
K.; Nakasuji, K.Angew. Chem., Int. Ed. Endl999 38, 95.

(15) Mimura, M.; Matsuo, T.; Motoda, Y.; Matsumoto, N.; Nakashima,
T.; Kojima, M. Chem. Lett1998 691.

(16) Matsumoto, N.; Mizuguchi, Y.; Mago, G.; Eguchi, S.; Miyasaka, H.;
Nakashima, T.; Tuchagues, J.Ahgew. Chem., Int. Ed. Endl997,
36, 1860.

(17) Miyasaka, H.; Okamura, S.; Nakashima, T.; Matsumoto]nirg.
Chem.1997, 36, 4329.

(18) Shii, Y.; Motoda, Y.; Matsuo, T.; Kai, F.; Nakashima, T.; Tuchagues,
J.-P.; Matsumoto, Ninorg. Chem.1999 38, 3513.

(19) Katsuki, I.; Kojima, M.; Matsumoto, N. To be submitted for publica-
tion.

the equationuer = (8yaT)Y?, wherey, is the magnetic susceptibility
per nickel. Circular dichroism spectra were recorded on a JASCO J-720
spectropolarimeter.

X-ray Data Collections and Reductions and Structure Determi-
nations. Each single crystal was mounted on a glass fiber and coated
with epoxy resin. All crystallographic measurements were carried out
on a Rigaku AFC-7R diffractometer with graphite-monochromated Mo
Ka radiation ¢ = 0.710 69 A) and a 12 kW rotating-anode generator.
The data were collected at a temperature of£2D°C using thew—26
scan technique to a maximun® Zalue of 50.0 at a scan speed of
8.0—16.C/min (in w). The weak reflections|(< 10.0s(1)) were
rescanned (maximum of five scans), and the counts were accumulated
to ensure good counting statistics. The intensities of three representative
reflections were measured after every 150 reflections. Over the course
of the data collection, the standard reflections were monitored and decay
corrections were applied by the use of a polynomial expression. An
empirical absorption correction based on the azimuthal scans of several
reflections was also applied, as were corrections for Lorentz and
polarization effects.

(20) Kahn, O.Molecular MagnetismVCH: Weinheim, Germany, 1993.
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Table 3. Crystallographic Data for All Complexes Sw|Fo|4 Y2 were used. The weighting scheme was based on counting
1 2 3 statistics. Plots o w(|Fo| — |F¢|)? versus|F,|, the reflection order in
data collection, (sirg)/4, and various classes of indices showed no
formula GoHaoN1207Ni Cs7Ha0N100eCINi CsoHseN10O10Ni unusual trends. In the least-squares refinements, the Flack parameter,
fw 823.50 898.39 1017.77 defined agF| = (1 — X)|F(+)| + x|F(—)|, was refined? Thex values

space group P2:212; (No. 19) P2:2:2, (No. 19)  P1(No. 2) were 0.055 and 0.096 fat and 2, respectively, indicating that the

‘g’é %gigggg %g%gggg 12%2&% selected enantiomer was correct in each case.
c:A 12:019(2) 12:696(3) 13:692(4) Neutral-atomic scattering factors were taken from the work of
a, deg 90 90 115.25(2) Cromer and Wabe® Anomalous dispersion effects were included in
B, deg 90 90 111.07(3) F¢; the values ofAf" and Af " were those of Creagh and McAulé&y.
vy, deg 90 90 64.75(2) The values for the mass attenuation coefficients were those of Creagh
Vv, A3 3826.4(7) 4100.5(10) 2489(1) and Hubbef> All calculations were performed using the teXsan
Z 4 4 2 crystallographic software package of the Molecular Structure &orp.
Deaca g €T3 1.429 1.455 1.36 Crystal data and details of the structure determinations are summarized
u, cmt 5.73 6.76 4.58 in Table 3.
R2R,P 0.040, 0.043 0.070, 0.044 0.087, 0.086

AR = 3 |IFal = [Fll/ZIFol. ®Ra = [SW(Fol — [Fe)SWIFolY Acknowledgment. This work was supported by Grants-in-
w = 1o(Fo)2. Aid for Scientific Research in Priority Areas (Nos. 11136241

and 11136236, “Metal-Assembled Complexes”) from the Min-
The space group2:2;2; for 1 and2 was unequivocally determined  istry of Education, Science, and Culture of Japan.

by the extinction rule. There were two possible space groups$:for ) . ) )
P1 and P1. Only P1 was possible because the structure was well  Supporting Information Available: ORTEP drawings fo2 and
determined and the constituting atoms gave reasonable thermal3 and X-ray crystallographic files, in CIF format, for the structure
parameters whefP1 was assumed. The structures were solved by determinations ofi—3. This material is available free of charge via
DIRDIF92 (PATTY) and expanded using Fourier technigtiéd The the Internet at http:/pubs.acs.org.
non-hydrogen atoms were anisotropically refined. Hydrogen atoms at |~gg0g025
their ideal calculated positions were included in the structure factor
calculations but not refined. Full-matrix least-squares refinements
(I > 2.0Qs(1)) were employed, where the unweighted and weighted (23)

Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography, The Kynoch Press: Birmingham, England, 1974; Vol. IV,

agreement factol® = Y [|Fo| — |F¢/|/3|Fo| andRy = [SW(|Fo| — |Fc)%

(21) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Garcia-

Granda, S.; Gould, R. O.; Smits, J. M. M.; Smikalla, @RDIF92:

The DIRDIF Program Systenilechnical Report; Crystallography
Laboratory, University of Nijmegen: Nijmegen, The Netherlands,

1992.

(22) Fan, H.-F.SAPI91: Structure Analysis Programs with Intelligent

Control; Rigaku Corp.: Tokyo, 1991.

Table 2.2A.

(24) Creagh, D. C.; McAuley, W. J. Imternational Tables for Crystal-
lography; Wilson, A. J. C., Ed.; Kluwer Academic Publishers: Boston,
MA, 1992; Vol. C, Table 4.2.6.8, pp 21222.

(25) Creagh, D. C.; Hubbel, J. H. Imternational Tables for Crystal-
lography; Wilson, A. J. C., Ed.; Kluwer Academic Publishers: Boston,
MA, 1992; Vol. C, Table 4.2.4.3, pp 2606.
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