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Four crystal structures of the title complexes have been analyzed by X-ray crystallograpgeHessN17Nd, a
= 17.0545(6) Ac = 22.807(3) A, tetragonaR4/ncc, Z = 4. 2: CgoHesN17Gd,a= 17.399(8) A,c = 11.377(6)

A, tetragonalP42,2, Z = 2. 3: CggH7zoN170Ho,

a= 18.096(5) A,c = 11.079(6) A, tetragonaP42,2, Z = 4.

4: CgoH7oN170Lu, a= 18.171(3) Ac=10.987(4) A, tetragonaP4/nmm Z = 2. The [LA"Pg]~ and [NBuy*

ions in each crystal stack alternately in a colu

mn along the 4-fold axis. The Ln(lll) cation of edtR§]n is

eight-coordinated by two phthalocyanato dianions (Pc). The interplanar distances between the two Pc rings have
a linear relationship to the ionic radii of the central Ln(lll) cations. The skew angles between the two Pc rings
are 6.2, 34.4, 43.2, and 45.€or the Nd, Gd, Ho, and Lu complexes, respectively. The skew angle seems to
depend on the strength of the-s interaction between the two Pc rings.

Introduction

Much attention has been paid to bis(phthalocyaninato)-
lanthanide complexes, [LnE€ (Pc= phthalocyanato dianion,
[C32NgH1¢%7), because they are considered as the most promis-
ing electrochromic display materigdsnaterials for molecular
semiconductordand attractive candidates for nonlinear optical
applications' Considerable efforts have been made to inves-
tigate their spectral,electrochromid, electrochemical, mag-
netic® and structurdl properties. Theoretical treatments of
electronic states of these complexes have also been attetfpted.
Most of the interesting characteristics of the bis(phthalocyani-
nato)lanthanide complexes stem from their sandwich-type
structure and the interplanar interaction betweentiedectron
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systems of the two Pc rings. Recently we found that they show
six one-electron redox-reaction steps correspondirzganging
from —4 to +2 in o-dichlorobenzene solutiod. Besides
lanthanoids, tit? and some actinoid%4have been reported to
form sandwich-type complexes.

Weiss and co-workers have extensively studied the struc-
tures of lutetium complexe’s. And several structures of the
[Ln""Pg] complexes have been report€d From these struc-
tures, it is generally accepted that lanthanide ion occupies the
central position with eight coordinated nitrogen atoms of the
two phthalocyaninato moieties, which are parallel and are
in a staggered conformation relative to each other (approxi-
mately 4%).

Recently several tetrabutylammonium salts of the''[P)]
complexes were prepared, and the crystal structures were
analyzed in order to examine the electrochemical properties.
The analyzed structures showed that the conformations of
[Ln""Pg]~ are not only staggered but also eclipsed if the Ln-
(I ions are exchanged. The rotation angle of one Pc ring
compared with another Pc ring, the skew angle, seems to be
closely related to the ionic radius of the central Ln(lll) ion. This
paper reports a new relationship between the skew angle and
the central Ln(lll) ion.

Experimental Section

Materials. Lutetium(lll), holmium(lll), gadolinium(lll), and neody-
mium(lll) acetate hydrates and sodium methylate were obtained from
Wako Pure Chemical Industrie®-Dicyanobenzene and tetrabutylam-
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Table 1. Crystallographic Data for [NBU|J[NdPc,] (1), [NBu4][GdP¢c)] (2), [NBu"4[HOPG]-H.0 (3), and [NBU4J[LUPc;]-H-0 (4)

1 2 3 4
formula GeoHesN17Nd CsoHesN17Gd GeoH7oN170HO GgoH7oN170Lu
a A 17.0545(6) 17.399(8) 18.096(5) 18.171(3)
c A 22.807(3) 11.377(6) 11.079(6) 10.987(4)
Vv, A3 6633.6(10) 3444.1(23) 3628.0(22) 3627.7(15)
z 4 2 2 2
fw 1411.75 1424.76 1450.46 1458.48
space group P4/ncc R2,2 P42,2 P4/nmm

: 296 296 296 296
A(Mo Ka), A 0.71073 0.71073 0.71073 0.71073
Pcale; §-CM 3 1.414 1.374 1.328 1.335
u(Mo Ka), cnmt 8.44 10.22 11.48 14.18
R(F)® 0.048 0.077 0.060 0.054
Ru(F?)° 0.105 0.209 0.142 0.145
Nopd 2428 1932 1594 1713
p:© 0.0649 0.1276 0.0991 0.0828
p2* 9.0573 3.9707 0 0

aNumbers of observed reflections with> 25(1). ° R(F) = 3 ||Fo| — |Fell/3|Fol. ¢ Ru(F?) = [ZW(Fo? — FAIIW(FPAZY2 w = 1/[03(F?) +

(P1P)? + pzP] whereP = (F¢? + 2F?)/3.

Table 2. Atomic Coordinates and Equivalent Isotropic

Table 3. Atomic Coordinates and Equivalent Isotropic

Displacement Parameters 3or [NBu",J[NdPc;] (1) Displacement Parameters 3&or [NBu',[[GdPc] (2)
X y z U X y z U
Nd 0.2500 0.2500 0.04916(2) 0.0398 Gd 0.5000 0.0000 0.41007(6) 0.0886
N1 0.2797(2) 0.1372(2) —0.0179(2) 0.0446 N1 0.6007(6) 0.0504(6) 0.2827(8) 0.091
N2 0.4216(2) 0.1509(2) —0.0273(2) 0.0501 N2 0.5617(9) 0.1837(9) 0.2567(11) 0.111
N3 0.2918(2) 0.1411(2) 0.1172(2) 0.0485 N3 0.3882(7) 0.0156(9) 0.5365(8) 0.110
N4 0.1700(2) 0.0694(2) 0.1287(2) 0.0544 N4 0.3855(10) 0.1563(10) 0.5568(13) 0.111
N5 0.2500 0.2500 0.3001(4) 0.105 N5 0.5000 0.0000 0.0941(13) 0.167
C1 0.3547(3) 0.1093(3) —0.0253(2) 0.0495 C1 0.6130(10) 0.1282(10) 0.2625(9) 0.097
c2 0.3527(3) 0.0252(3) —0.0354(2) 0.0507 Cc2 0.6931(8) 0.1422(8) 0.2298(10) 0.101
C3 0.4113(3) —0.0300(3) —0.0451(3) 0.058 C3 0.7306(11) 0.2091(10) 0.1958(12) 0.126
C4 0.3892(4) —0.1062(3) —0.0549(3) 0.070 C4 0.8048(12) 0.1988(12) 0.1653(18) 0.142
C5 0.3102(4) —0.1277(3) —0.0562(3) 0.073 C5 0.8447(10) 0.1297(14) 0.1666(17) 0.133
C6 0.2515(3) —0.0729(3) —0.0472(3) 0.063 C6 0.8077(10) 0.0621(11) 0.1997(13) 0.121
c7 0.2738(3) 0.0037(3) —0.0357(2) 0.0508 Cc7 0.7305(10) 0.0710(9) 0.2301(12) 0.102
c8 0.2295(3) 0.0759(2) —0.0259(2) 0.0467 c8 0.6701(8) 0.0128(13) 0.2627(11) 0.106
Cc9 0.2479(3) 0.0747(3) 0.1261(2) 0.0504 C9 0.3500(12) 0.0863(13) 0.5543(14) 0.107
C10 0.2993(3) 0.0086(3) 0.1387(3) 0.0589 C10 0.2710(10) 0.0785(14) 0.5793(12) 0.127
Ci11 0.2840(4) —0.0694(3) 0.1513(3) 0.073 Ci1 0.2149(10) 0.1261(16) 0.6078(16) 0.153
C12 0.3478(4) —0.1169(4) 0.1641(4) 0.089 C12 0.1443(18) 0.0993(20) 0.6282(26) 0.194
C13 0.4227(5) —0.0879(4) 0.1653(4) 0.092 C13 0.1307(16) 0.0217(21) 0.6279(21) 0.202
Ci14 0.4389(4) —0.0093(3) 0.1531(3) 0.075 C14 0.1841(13) 0.0327(14) 0.5973(17) 0.162
C15 0.3752(3) 0.0388(3) 0.1395(2) 0.0564 C15 0.2579(8) 0.0015(16) 0.5770(9) 0.123
C16 0.3684(3) 0.1220(3) 0.1266(2) 0.0502 C16 0.3347(11) 0.0372(12) 0.5533(13) 0.110
C17 0.2301(14) 0.1806(9) 0.3388(8) 0.153 C17 0.4295(10) 0.0154(26) 0.1704(18) 0.187
c17 0.2252(19) 0.1802(8) 0.2631(9) 0.192 Cc17 0.4307(11) 0.0165(28) 0.0163(18) 0.197
C18 0.1803(11) 0.1218(6) 0.3039(11) 0.182 C18 0.3725(12) 0.0594(21) 0.0931(37) 0.193
C19 0.2245(9) 0.0459(9) 0.2988(10) 0.160 C19 0.3010(19) 0.0086(14) 0.0831(41) 0.201
Cc18 0.2373(12) 0.1048(6) 0.2971(12) 0.152 C18 0.3588(9) 0.0027(23) 0.0914(30) 0.194
C19 0.1587(11) 0.0642(8) 0.3019(13) 0.184 C19 0.3178(16) 0.0802(19) 0.0949(52) 0.195
C20 0.1697(7) —0.0226(5) 0.2897(5) 0.147 C20 0.2345(12) 0.0642(15) 0.0616(26) 0.191

2 Ueq = (1/3)3;2;U;aaf8,8;. The occupancies of C17 and Clre
0.5. The occupancies of C18 and C19 are 0.54, and those 6&@Gd8

C19 are 0.46.

monium bromide were purchased from Tokyo Kasei Kogyo Co., and
dimethyl formamide (DMF), methanol, and acetone were obtained from

2 Ueq = (L/3)2;3,U;aaaa. The occupancies of C17 and Chre
0.5. The occupancies of C18 and C19 are 0.47, and those 6@d8

C19 are 0.53.

was raised to 340C within 20 min and was then kept at 34Q for

30 min in order to remove any-dicyanobenzene remained. The dark
blue crude reaction products were cooled to room temperature, ground
to powder, and dissolved in a small amount of DMF under sonication,

Kanto Chemical Co.

Synthesis of [NBU,][Ln " Pc,]. Bis(phthalocyaninato)lanthanides
were synthesized according to the method of Moskalev and Kirin ' 4 f
with several modifications. A mixture of Ln(GEOO0)nH,0 (1.0 and the resulting solution (ca. 15 &nhwas filtered to remove any
mmol), o-dicyanobenzene (0.8 mmol), and 280 (0.5 mmol) was insoluble residue. Since the electronic absorption spectra of the filtrates
introduced into a Pyrex test tube (4 cm in diameter and 20 cm in length) févealed that they were mixtures of [lRg]~ and [LH"Pg]°, the
equipped with a glass tube and a thermocouple. The test tube wasfiltrates were electrolyzed at a constant potentia-@.3 V vs Ag/
placed in a mantle heater equipped with a programmable temperatureAgCI_ in a two-compartment electrolysis C(_ell divided W|th_a fnt._ Both
controller (Shimaden, RTC-5630). The mixture was heated from room working and counter electrodes were stainless steel spiral wires (area
temperature to 156C at a constant rate during 20 min, and then it of ca. 30 crf). DMF solution almost saturated with sodium perchlorate
was kept at 156C for 30 min. The mixture melted and changed from  Was introduced into the counter electrode compartment. Electrolysis
colorless to green. Then the temperature was raised t6@8Gthin was carried out under nitrogen atmosphere for a8duuntil the current
15 min and was kept at 28T for 20 min. The melt became dark
blue from green, and then the mixture solidified. The glass tube was (16) Moskalev, P. N.; Kirin, I. SRuss J. Inorg. Chem (Engl. Transl)
connected to a vacuum pump, and under evacuation the temperature ~ 197Q 15, 7.




5800 Inorganic Chemistry, Vol. 35, No. 20, 1996 Koike et al.

Table 4. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters 3or [NBu"yJ[HoPcy] (3)

X y z U

Ho 0.5000 0.0000 0.09603(5) 0.0543
N1 0.3900(4) 0.0007(14) 0.0288(5) 0.067
N2 0.3721(11) 0.1347(9) 0.0503(7) 0.076
N3 0.4263(12) 0.0801(12) 0.2209(6) 0.073
N4 0.3170(8) 0.0204(9) 0.2469(15) 0.074
NS 0.5000 0.0000 0.4022(11) 0.116
C1 0.3459(14) 0.0705(13) 0.0464(22) 0.071
C2 0.2722(13) 0.0448(11) 0.0635(20) 0.076
C3 0.2076(12) 0.0877(13) 0.0875(34) 0.100
C4 0.1425(12) 0.0518(13) 0.1002(32) 0.120
C5 0.1433(11) 0.0269(15) 0.1095(30) 0.123
C6 0.2053(12) 0.0701(12) 0.0824(33) 0.097
C7 0.2693(11) 0.0314(14) 0.0676(19) 0.086
C8 0.3470(12) 0.0541(10) 0.0434(18) 0.053
C9 0.3524(14) 0.0754(12) 0.2462(17) 0.070

C10  0.3271(11)  0.1521(13)  0.2660(14) 0.084
C11  0.2546(10)  0.1784(10)  0.2991(15) 0.109
C12 0.2463(9) 0.2482(13) 0.3263(17) 0.134 Figure 1. Crystal structure of [NBU][Nd"'Pg] viewed along thec
C13  0.3030(12)  0.2972(9) 0.3291(17) 0.136  axis.
Cl4  0.3756(10)  0.2748(8) 0.2985(14) 0.095
C15  0.3858(10)  0.1997(9) 0.2712(12) 0.083
C16  0.4506(18)  0.1542(19)  0.2341(24) 0.107
C17 0.4305(7) 0.0023(37) 0.3245(14) 0.148
C17  0.4324(8) 0.0001(47)  0.4832(15) 0.164
C18  0.3705(10)  0.0346(22)  0.4075(29) 0.194
C18  0.3642(11)  0.0175(21)  0.4056(29) 0.192
C19 0.3061(10) 0.0197(16) 0.4077(36) 0.194
C19  0.3145(12)  0.0505(15)  0.4098(40) 0.169
Cc20 0.2360(9) 0.0244(12) 0.4358(17) 0.159
o1 0.0000 0.0000 0.4403(100) 0.202
02 0.0175(50) 0.0417(65) 0.4335(108) 0.139

2 Ueq = (1/3)2;2;U a8, The occupancies of C17 and Chre
0.5. The occupancies of C18, C1&19, and C19are 0.5.

Table 5. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters3&or [NBu"jJ[LuPc;] (4)

X y z U
Lu 0.2500 0.2500 0.40265(5) 0.0476
N1 0.1729 0.1729 0.2788(4) 0.0524
N2 0.2500 0.0657(3) 0.2546(5) 0.064 Wit
“2 8-%?88(5) g'ﬁgg(s) 823‘71‘2183 882?5 Figure 2. Crystal structure of [NBUJ[Ho"Pg]-H-O viewed along

: : : : th is.
N5 02500 0.2500 08998(11)  0.110 ecaxs
g% 81?2?% 8-(1)2‘232% 8-%22;&3 8-8222 analyses. Anal. Calcd for LugNisH7O: C, 65.79; H, 4.83; N, 16.30.
C3 0.0996(5) 0'0097(4) 012048(7) 0'091 Found: C, 66.25; H, 4.86; N, 16.43. Calcd for Hg€/H;O: C,
ca 0'0272(5) 0'0254(5) 0.1768(9) 0'119 66.25; H, 4.86; N, 16.42. Found: C, 66.94; H, 4.61; N, 15.58. Calcd
c5 0:1890(3) 0:0980(3) 0:5428(4) 0:0569 for GdGoN17Hes: C, 67.44; H, 4.81; N, 16.71. Found: C, 67.22; H,
C6 0_2113(3) 0.0214(3) 0.5650(5) 0.0672 4.76; N, 16.27. Calcd for NCKa\luHng C, 68.06; H, 4.86; N, 16.87.
C7 0.1714(4) 0.0417(4) 0.5861(6) 0.084 Found: C, 68.02; H, 4.81; N, 16.65. _
cs 0.2116(5) 0.1059(4) 0.6081(7) 0.099 Preparation of Single Crystals. Needle-like crystals of [NBu]-
C9 0.2500 0.1830(7) 0.8158(14) 0.111 [Ln"P¢] (20 mg) were dissolved in 200 énof acetone under soni-
co 0.2500 0.1793(8) 0.9751(16) 0.168 cation, and the resulting solution was filtered. To the filtrate placed

C10 0.2781(13) 0.1174(5) 0.8907(18) 0.197 in a 200 cm flask was added 5 chof distilled water. The mouth of
C11 0.2167(10) 0.0610(10) 0.8964(20) 0.170 the flask was covered with a plastic film having some small holes,
C12 0.2500 0.0133(7) 0.9300(14) 0.150 and the flask was allowed to stand for about 1 week at room tempera-

8% 8%288 8(2)32‘712;‘23 iggggggg 8%2 ture until the volume of the solution decreased to about 36. cm

03 0:2371(68) 0..2084(33) 1..1236(55) 0'-151 :taél(() E)grple crystals thus obtained were filtered off and diedacuo

aUgq = (1/3)zizjuija;a;aiaj_ The occupancies of C9 and Céare X-ray Crystal Structure Determinations. X-ray intensity data for
0.25. The occupancies of C10, C11, and C12 are 0.5. [NBu"][Nd"Pg] (1) and [NBUY[Gd"Pg] (2) were collected on a

Weissenberg type FIXD diffractometer with imaging plates (Rigaku
dropped to almost zero. The solution was placed on the alumina columnCatg, R-Axis lics), which was developed in our laboratory. The details
and eluted with methanol containing 2% sodium methylate. A deep of data collection with the new diffractometer have been descfibed.
blue band that was eluted after the green band fot''R@]® was Intensity data were corrected for Lorentz and polarization factors but
collected, an excess amount of tetrabutylammonium bromide was addednot for absorption. The intensity data for [NBJjHo" Pc,]-H-O (3)
and the resulting solution was concentrated to a volume of 30ocm and [NBuU4][LuPc;]-H,0 (4) were collected on AFC-5R and AFC-7S
a rotary evaporator and then was cooled in a refrigerator. Dark purple four-circle diffractometers, respectively. A brief summary of crystal
crude crystals were obtained by filtration. After recrystallization from data and data collection parameters is given in Table 1, and the complete
acetone, yields were between 36.4% and 41.3%. Products were
identified from UV/visible absorption and IR spectra and elemental (17) Ohashi, Y.; Uekusa, Hl. Mol. Struct 1996 374, 37.
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Figure 3. Crystal structure of [NBUJ[Nd" Pg] viewed along [110].

The disordered [NBY]" ions are sandwiched between the [Nriy] ] ]
ions. Figure 6. Molecular structure of [H8Pg]~ and numbering scheme

of the atoms. The thermal ellipsoids, at the 50% probability level, of
the atoms of the upper Pc ring show the principal-axis planes. The
skew angle between the upper and lower Pc rings is°43.2

45.0°

Figure 4. Molecular structure of [N8Pg]~ and numbering scheme

of the atoms. The thermal ellipsoids, at the 50% probability level, of
the atoms of the upper Pc ring show the principal-axis planes. The
skew angle between the upper and lower Pc rings i% 6.2

Figure 7. Molecular structure of [LIPg]~ and numbering scheme

of the atoms. The thermal ellipsoids, at the 50% probability level, of
the atoms of the upper Pc ring show the principal-axis planes. The
skew angle between the upper and lower Pc rings is°4fsdin the
symmetry of this molecule.

All the H atoms of the Pc ligands ih and 4 were located on the
difference Fourier maps, and those 2nand 3 were obtained geo-
metrically. These H atoms were included in the subsequent least-
squares refinement as fixed contributors. The H atoms of the butyl
groups were not included. The final refinement with anisotropic
temperature factors for non-H atoms except for the disordered butyl
atoms, which were refined isotropically, ledRosalues of 0.048, 0.077,
0.060, and 0.054 fol—4, respectively. Atomic coordinates for the
four crystals are given in Tables 2 to 5. Anisotropic temperature factors
and the parameters of the H atoms are included in the Supporting
Information. Atomic scattering factors including anomalous terms were
taken from ref 20. The calculations were carried out on the Sparc 10
computer in our laboratory.

Figure 5. Molecular structure of [GPc]~ and numbering scheme  Results

of the atoms. The thermal ellipsoids, at the 30% probability level, of

the atoms of the upper Pc ring show the principal-axis planes. The Crystal Structures. The crystal structures df and 3 are
skew angle between the upper and lower Pc rings is°34.4 shown in Figures 1 and 2, respectively. The crystal structures

crystallographic details are included in Fhe Supporting In_formatlon. All (18) Hai-Fu, F.R-SAPI9L: Structure Analysis Programs with Intelligent
the crystal structures were solved by dlre_ct methods using the SAPI91 Control Rigaku Corp: Tokyo, 1991.

program packag&and refined by full-matrix least-squares procedures (19) Sheldrick, G. MSHELXL93: Program for the Refinement of Crystal
using SHELXL93!® All the butyl groups are disordered in two sites. Structures University of Gdtingen: Gitingen, Germany, 1993.
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Table 6. Selected Bond Distances (A) for [NBJ[NdPc;] (1), [NBuY][GdPg] (2), [NBu'J[HoPc] (3), and [NBU4J[LuPcy] (4)?

1 2 3 4

Nd—N1 2.509(4) Ge-N1 2.437(10) He-N1 2.423(7) Lu-N1 2.404(3)
Nd—N3 2.523(4) Gd-N3 2.434(11) He-N3 2.407(8) Lu-N3 2.392(6)
N1-C1 1.376(6) NtC1 1.39(2) NEtC1 1.51(3) Nt-C1 1.352(5)
N1-C8 1.363(6) Nt-C8 1.39(2) N1-C8 1.27(3)

N2—C1 1.345(6) N2C1 1.32(2) N2-C1 1.25(3) N2-C1 1.336(6)
N2—C8 1.341(6) N2—C8 1.32(3) N2-Cgi 1.38(3) N2-C1ii 1.336(6)
N3—C9 1.374(6) N3-C9 1.41(2) N3-C9 1.37(3) N3-C5 1.370(6)
N3-C16 1.363(6) N3-C16 1.32(2) N3-C16 1.42(4)

N4—C9 1.333(6) N4-C9 1.37(2) N4-C9 1.18(3) N4-C5 1.329(10)
N4—C16 1.341(6) N4C16i 1.36(2) N4—C16 1.37(4) N4-C5 1.328(6)
C1-C2 1.452(6) CtC2 1.46(2) CtC2 1.43(3) CEC2 1.452(7)
Cc2-C7 1.395(7) cacr 1.40(2) c2C7 1.38(2) C2-C2v 1.385(11)
c7-C8 1.462(6) c7Ccs 1.51(2) c7Cs 1.49(3)

C9-C10 1.456(7) C9C10 1.41(3) C9-C10 1.48(3) C5C6 1.470(8)
C10-C15 1.393(7) C16C15 1.41(3) C16C15 1.37(3) C6-C6i 1.406(12)
C15-C16 1.452(6) C15C16 1.50(2) C15C16 1.49(3)

asymmetry codes: (Y2 — vV, X,z (i) Y2 +y, Y2 — %, z (i) Y2 — %Y,z (V) Y, X 2

Table 7. Selected Bond Angles (deg) for [NBI[NdPc,] (1), [NBuJ[GdPg] (2), [NBu"][HoPc,] (3), and [NBU4][LUPC,] (4)2

1 2 3 4

N1-Nd—N1i 68.20(9) NI-Gd—N1V 69.3(2) N1-Ho—N1V 70.99(14)  NELu—N1x 71.32(10)
N1—Nd—NZ1i 104.9(2) N1-Gd—N1 107.0(5) N1-Ho—N1" 110.4(3) NI-Lu—N1x 111.1(2)
N1—-Nd—N3 75.74(13)  N1-Gd-N3 79.5(4) NI-Ho—N3v 80.6(5) Ni-Lu—N3 80.41(13)
N3—Nd—N3 67.75(9) N3-Gd—N3" 69.6(3) N3-Ho—N3V 70.7(2) N3-Lu—N3* 71.76(13)
N3—Nd—N3ii 104.0(2) N3-Gd-N3" 107.6(5) N3-Ho—N3" 109.9(4) N3-Lu—N3* 112.0(3)
C1-N1-C8 107.5(4) C+N1-C8 107.3(13)  C:N1-C8 108.2(9) CEN1-CL  107.4(5)
C1-N2-C8 123.6(4) C1N2-C8 122.1(15)  C:N2-C8" 126.0(12) CEN2-CIi  123.4(6)
C9-N3-C16 107.5(4) C9N3-C16 104.6(15)  C9N3-C16 110.0(14) C5N3-C5i  108.0(6)
C9-N4—C16 123.7(4) C9-N4—C16 123.5(18)  C9-N4—C16' 124.5(18) C5-N4-C5il  123.2(6)
N1—-C1-N2 127.6(4) N1-C1-N2 128.2(15)  N+CI1-N2 125.4(21) NtC1-N2 127.8(5)
N1-C1-C2 109.9(4) Ni+-C1-C2 110.6(14)  N%C1-C2 103.8(18) N C1-C2 110.3(4)
C1-C2-C7 106.4(4) Cci+C2-C7 107.1(13)  C*C2-C7 111.4(24) C+C2-C2i  105.9(3)
C2-C7-C8 106.0(4) Cc2C7-C8 105.8(14)  C2C7-C8 103.6(21)

N1—C8—N2i 127.3(4) N1-C8—N2V 128.7(15)  N1-C8—N2v 128.0(19)

N1-C8-C7 110.0(4) N1+-C8-C7 109.2(17)  N%C8-C7 112.7(17)

N3—C9-N4 127.2(4) N3-C9-N4 124.5(19)  N3-C9-N4 125.7(23) N3-C5-N4 128.1(5)
N3—-C9-C10 109.9(4) N3-C9-C10 113.8(19)  N3C9-C10 105.9(18) N3 C5-C6 109.9(5)
C9-C10-C15 106.0(4) C9C10-C15 104.4(17)  C9C10-C15 111.0(18) C5C6-Co'i 106.0(3)
C10-C15-C16  106.5(4) C16C15-C16  105.5(16) C16C15-Cl6  104.5(21)

N3—C16-N4i 128.1(4) N3-C16-N4 127.7(17)  N3-C16-N4" 130.9(23)

N3—-C16-C15 110.0(4) N3-C16-C15 111.5(18)  N3C16-C15 107.8(24)

asymmetry codes: (Y2 — Yy, X, z (i) y, Yo — X, z (i) Yo— % Yo=Y,z (V) Yo+ y,Yo— %Xz (V)1 =X —Y,z (Vi Y2 =y, X — Y, z (vii)
Yo=X v,z Vi) v, X,z (X)) Y, 2—%XZX) YVo—%xY—Yy, 2z

of 2 and4 are similar to those of and3, respectively. In all shown in Figure 3. The plane composed of the foigg &toms

the crystals, the [LHPg]~ and [NBUY] " ions stack alternately ~ of the Pc ligand is at a right angle to the 4-fold axis. The bent
along the 4-fold axes. The solvent water molecule3 and4 angle is defined as the angle between the plane composed of
are situated on the 4-fold axes between the above columns. Inthe N, atoms and the vector connecting thg,/dtom and the
order to show the packing mode, the projectionlofiewed center of the central €C bond of the isoindole moiety. The

along the diagonal axis in thab plane is shown in Figure 3.  calculated bent angles listed in Table 8 clearly indicate that the
The [NBU'4] " ion assumes a disordered structure to occupy the two Pc ligands have different conformations. Figure 8 shows
wide space between the anions in the column. There are nothe two modes of contacts between the'[Bt,] ~ and [NBUY] "
unusually short contacts between the molecules. ions, A and B, observed in both sides of the [LFPg] ™ ion.
Molecular Structures. The ORTEP drawings of the mo- Mode A is a closer contact than mode B. This indicates that
lecular structures df—4 viewed along the 4-fold axis are shown the closer contacts cause the smaller bent angles of the Pc rings
in Figures 47, respectively. Selected bond distances and in the four crystals.
angles are given in Tables 6 and 7, respectively. TheNn It has been reported that the interplanar distance between the
distances are in good agreement with the corresponding onegwo Pc ligands is defined as the distance between the upper
determined so far. Other distances and angles are not signifi-and lower planes composed of fougdatoms?® The calculated
cantly different from the usual ones. interplanar distances are 3.08, 2.89, 2.76, and 2.67 A+at,
The central lanthanoid(lll) ions are sandwiched by the two respectively.
Pc ligands and are 8-fold coordinated by the isoindole nitrogen  The four molecules are very similar to each other except for
atoms (Nso) of two Pc rings which form a saucer shape, as the skew angles of the two ligands around the 4-fold axis. We
define the skew angle of the two Pc rings as the projected angle

(20) Brown, P. J.; Fox, A. G.; Maslen, E. N.; O'Keefe, M. A.; Sabin, . of N(1)—Ln—N(4) onto the plane composed of the fougdN
M.; Willis, B. T. M. International Tables for CrystallographyVilson,

A. J. C., Ed.; Kluwer Academic Publishers: Boston, 1992; Vol. C, p
477. (21) Giere, A.; Hoppe, WJ. Chem Soc D 1971 413.
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mode A mode B

Figure 8. Two contact modes between the [Ngd and [Nd"Pg]~
ions: (a) view along the 4-fold axis of mode A and (b) its side view;
(c) view along the 4-fold axis of mode B and (b) its side view.

Table 8. Bent Angles (deg) for [NBUJ[NdPc;] (1),

INBu"J[GdPg] (2), [NBujJ[HoPc,] (3), and [NBULJ[LUPC,] (4)
1 2 3 4

mode A 10.51 12.15 10.72 11.59

mode B 13.07 15.64 13.81 13.31

atoms. The calculated skew angles are 6.2, 34.4, 43.2, artd 45.0
for 1—4, respectively.

Discussion

Relationship between the Interplanar Distance and the
lonic Radius. Table 9 shows the ionic radit,and interplanar
distances observed in the MPar MPcPgx complexes deter-
mined so far, where Bgis the phthalocyanato anion compared
with phthalocyanato dianion, Pc. The interplanar distadge,

was calculated from the distance between the upper and lower

planes composed of the fourgNatoms. Figure 9 shows the
relationship between the ionic radii and the interplanar distances.
The interplanar distances are linearly dependent on the ionic
radii. If the Nso—M—N'jso angles, N and Niso belonging to

the upper and lower Pc rings, respectively, are approximately

the same among these complexes, the interplanar distance should

linearly depend on the MNigs, distance, which has a linear
relationship to the ionic radius of the M ion. This may be why
such a linearship relation can be obtained.

Relationship between the Skew Angle and the Interplanar
Distance. Table 9 also shows the skew angles. There seems

to be no relationship between the skew angle and the interplanar
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(23) Bennett, W. E.; Broberg, D. E.; Baenziger, N.I@rg. Chem 1973
12, 930.
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15, 486.
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C 1991 47, 1836.
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Table 9. Comparison of lonic Radiusiy,? din,” and Skew Angle
Values in MPg and MPcPg¢ Structures

ionic skew
complex radius,A d,A dn, A angle, deg ref

[TiVPg]o86* 0.88 2.42 4 41.1 33
Y'"PcPex 1.159 2.760 3.07 45 29

Zr'VPg 0.98 252 310 39.7° 30

SnVPo 0.95 2.6 3.0 42 23

CeévVPo 1.11 279 3.2F 38.8 32
Pr'"PcPgy 1.266 3.0 3.2 42 31

P Pcox2 1.266 3.08 3.2F 418 34
Nd"PcPgy 1.249 2.96 3.29 38 26

Nd"Po 1.249 3.0 42.3 28
[Nd"Pg)]~ 1.249 3.08 3.59 6.2 this work
[Gd"Pg]~ 1.193 2.89 3.48 34.5 this work
[Ho"Pg]~ 1.155 2.76 3.30 43.2 this work
Er'PcPgy 1.144 2.74 3.06 41.4 35
[Lu"Pg]- 1117 2701 321 43 9c
Lu"HPo 1.117 2.676 3.05 41 9c
LuPcPgy 1.117 2.69 3.06 45 9b
Lu"PcPgy 1.117 2.68 3.08 41 15
[Lu"Pg]~ 1.117 2.67 3.24 45 this work
ThVPo 1.19 2.8 3.32 39.8 24

ThVPo 1.19 2.98 3.39 38 25

ThVPo 1.19 2.96 3.39 37.4 27

UVPg 1.14 2.81 37 21

UVPg 1.14 2.84 3.28 39.1° 24

a Distance between the upper and lower planes composed of four
Niso atoms.P Distance between the upper and lower average planes
of Pc ligands¢ Phthalocyaninato anion, 3&16Ng~. ¢ Not calculated
owing to the lack of the atomic parametet§/alue calculated using
reported atomic coordinatesThis distance was given as 2.20 A in
ref 30.

3.2
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—
ot
-

5
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0.8 1.2 1.3

ionic radius (;\)

Figure 9. Plots of the interplanar distancel, against the ionic radii
of the central atoms. The black squares indicates the fout Plcs] ~
ions in this work.

distance. This may be due to the fact that the calculated
interplanar distances are too small, considering the van der
Waals radius of the aromatic carbon atém.

(35) Ostendorp, G.; Werner, J.-P.; Homborg, Atta Crystallogr, Sect
C, 1995 51, 1125.

(36) Bondi, A.J. Phys Chem 1964 68, 441.
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Ibers, J. A.; Marks, T. JJ. Am Chem Soc 1980 102 6702.
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Chem 1986 25, 2296.
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Table 10. Comparison of Interplanar Distances and Staggered 45 — @B —— —
Angles in MPc Structures ° ®o o, N
. . 40 oA A“ o -
complex interplanar dist, A staggered angle, deg ref o LS
Ha(Pc)l 3.251(3) 40.0 43 85 r L]
Ha(Pc)l 3.203 40 44 ~ 30l
Li(Pcox)? 3.245(2) 38.7(3) 45 -
Fe(Po)l 3.38 383 40 > 25| 1
Co(Pc)l 3.123(1) 40 41 g
Ni(Pc)l 3.244 39.5 37 s 20f 1
Ni(Pc)Br 3.216 39.1(6) 38 8
Ni(Pc)CIO; 3.233(1) 39.5 39 “ 15 | 1
Cu(Po)l 3.195 39.2(3) 42 ‘0
aValues calculated using reported atomic coordingt®hthalo- -
cyaninato anion, &HieNg™. 5 1
0 I I L _ 1 n 4
Table 10 lists the interplanar distances and skew angles 29 30 31 82 33 34 35 36 37
observed in the methallophthalocyanines, MPc {VH,, Li, .
Fe, Co, Ni, Cu), which have the tetragonal crystal system. The dint (A)

structure of MPc is almost planar, and M is 4-fold-coordinated Figure 10. Plots of the skew angles against the- interaction

by the Nso atoms of the Pc ring. The MPc complexes are gistancesd,. The black squares indicates the four Ic;] -~ ions in
stacked in a column parallel to the 4-fold axis in the tetragonal this work, and the black triangles are plots of the MPc complexes.
cell. The interplanar distances are 3.433251 A, and the skew
angles are 38:740°. This indicates that the minimum value gradually decreases. Thig; distances for the MPc complexes,
of the interplanar distance may be 3.1 A. The short interplanar which are the same ad, appear to have the same relation-
distances in Table 8 are due to the saucer shape of the Pc ringsship. The linear relationship is changed when the value
We defined ther—a interaction distance as the distance is greater than 3.5 A, which is the sum of the van der Waals
between the average planes of the upper and lower Pc moietiesradii of the aromatic carbon atoms. This may suggest that, as
Each average plane is calculated from the atoms of four five- the 7z—x interaction decreases, the skew angle decreases
membered rings and the nitrogen atoms connecting the five-and approaches zero if the—x interaction becomes suffi-
membered rings, since these atoms overlap with those of anothetiently small. This is why the skew angles bfand 2 are so
Pc moiety. Ther—ux interaction distances calculatetly, are small.
also given in Table 9. Most of the distances are greater than |t \was believed that the two Pc rings of the MRomplexes
3.1 A. This suggests that tihy value is more appropriate for  have a skew angle of about 45However, this is caused by
the interplanar distance thak if the 7— interaction is taken the fairly strongz—zx interaction between the two Pc rings.
Into account. When the interplanar distance is greater than the usual van der
Figure 10 plots the skew angles against thex inter- Waals contacts, the skew angle is small.
planar distances. As theéy value increases, the skew angle
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