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Abstract. The crystal structures of four novel Hofmann-diam-type clathrates [Cd(tn)Ni(CN)4}-
1.72(0-MeCsHyNH3), 3-0, [Cd(tn)Ni(CN)4]-0.5(m-CICsH4NH,), 3-m, [Cd(daptn)Ni(CN)4]-1.5(p-
MeCsHsNH,), 5-p and [Cd(dahpn)Ni(CN)4]-1.5(2-MeCgoHsN), 7-q have been determined by single
crystal X-ray diffraction method [tn: n = 3, daptn: n = 5, dahpn: n = 7 for NH2(CH;),,NH.]. 3-0
crystallizes in the monoclinic space group P2/m, a = 7.538(2), b = 9.314(5), ¢ = 7.670(2) A, =
91.03(2)°, Z = 1, R = 0.047 for 1252 reflections; 3-m: orthorhombic Pbam, a = 12.1714(7), b =
15.798(1), ¢ =7.737(1) A, Z = 4, R = 0.044 for 1871; 5-p: monoclinic P2i/a, a = 13.736(3), b =
22.014(4), ¢ =7.762(3) A, B =91.04(3)°, Z = 4, R = 0.047 for 5281; and 7-q: orthorhombic Pbam,
a=13.599(2), b = 27.938(4), c = 7.619(2) A, Z = 4, R = 0.054 for 3098. Their host structures are
topologically the same to those of the previously reported Hofmann-diam-type clathrates: the two-
dimensional [CdNi(CN)4]Jeo networks are spanned by NH(CH:z).NH; at every Cd atom to build
up the three-dimensional hosts. The number of cavities available for the guest is regulated by the
deformation of the 2D networks and the diamine ligand in the host structure.
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pane, 1,5-diaminopentane, 1,7-diamincheptane, toluidine, chloroaniline, methylquinoline.

Supplementary Data relating to this article are deposited with the British Library as Supplementary
Publication No. SUP 82192 (37 pages).

* Author for correspondence.



72 HIDETAKA YUGEET AL.

1. Introduction

In our previous works [1-3] we reported the series of the Hofmann-diam-type
clathrates [Cd{NH,(CH;),NH, }Ni(CN)4]-zG (n =2, 4, 5, 6, 8, or 9; = = 0.5-2)
having as a common structural feature the ambidentate «,w-diamino-alkane
(diam) ligand spanning adjacent layers of the two-dimensional (2D) [Ni(CN—
Cd) /4—)4leo network at every Cd atom to-provide the interlayer cavity for the
aromatic guest such as C4H;sN, C¢Hg, PhNHj, 0-, m-, or p-MeCgH4NH3, 2,4- or
2,5-Me,CsH3;NH,, PhNMe,;, 0-Me;CgHy, the aliphatic CgH130H, etc. The three-
dimensional (3D) Hofmann-diam-type structure is derived from the Hofmann-type
[Cd(NH3);Ni(CN)4]-2G clathrate [1a] by an apparent replacement of a couple of
the NH3 ligands confronting each other in the interlayer space between the 2D
networks by a diam ligand bridging between the networks.

Among the Hofmann-diam-type series, it appears to be rather more diffi-
cult to obtain single crystals suitable for X-ray structure determination for the
host with odd-n diamine than even-n ones, although the three examples are
known for [Cd(daptn)Ni(CN),]}-0-MeCgHsNH,, 5-0 [3g], [Cd(daptn)Ni(CN)4|-
m-MeCgH4NH,, 5-m [3g], and [Cd(danon)Ni(CN)4]-0.5(0-Me,CgHy), 9-0 [3h]
(daptn: n = 5; danon: n = 9). The host structure of 9-0, the Hofmann-danon-
type 0-Me,CgHy clathrate, is a rather rare case for the danon; generally the other
series of the clathrates [Cd{danon),Ni({CN)4]-2G are obtained with the composition
and structures different from the present Hofmann-diam-type series under similar
preparation conditions [4].

This paper reports the four newly prepared Hofmann-diam-type clathrates of the
odd-n hosts, Hofmann-tn-type (n = 3), Hofmann-daptn-type (n = 5) and Hofmann-
dahpn-type (n =7): [Cd(tn)Ni(CN)4]-1.72(0-MeCsH4NH3), 3-0, [Cd(tn)Ni(CN)y4]-
0.5(m-ClCgHsNH;), 3-m, [Cd(daptn)Ni(CN)s)-1.5(p-MeC¢H4NH,), 5-p and
[Cd(dahpn)Ni(CN), - 1.5(2-MeCyHgN), 7-q. The structural features of 3-m, 5-p
and 7-q are similar to that of 5-m already reported [3g]; that of 3-0 is rather similar
to that of [Cd(en)Ni(CN)4]-2C¢Hg, 2 [2]. The number of methylene carbons has
been given to each of the numberings for the respective compounds. Their struc-
tural details are described on the basis of the concept that the number of the cavities
available for the guest depends on the deformation of the host lattice with respect
to the 2D network and the diam skeleton.

2. Experimental
2.1. PREPARATION

2.1.1. [Cd(tn)Ni(CN)4]-1.72(0-MeCsH4NH3), 3-0 and
[Cd(tn)Ni(CN)4]-0.5(m-CICsH4NH3), 3-m

Single crystals were prepared by a procedure similar to those already reported [3],
but with a 10 times molar amount of tn to CdNi(CN)4 dissolved in their mother
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aqueous solutions. Atroom temperature 3-0 crystallizes as yellow flakes and 3-m as
yellow plates. Anal. Found for 3-0: C, 40.3; H, 4.64; N, 20.3; Cd, 22.8; Ni, 12.1%.
Calcd. for Ci9,04H25.48CdN7 7oNi (z = 1.72: crystallographically refined occupan-
cy): C, 42.9; H, 4.81; N, 20.3; Cd, 21.1; Ni, 11.0%, and for Cy7 5sHy3 sCdN7 sNi (z
=1.5): C, 41.2; H, 4.64; N, 20.6; Cd, 22.0; Ni, 11.5%. Found for 3-m: C, 28.8; H,
3.21; N, 21.8; Cl, 4.28; Cd, 27.0; Ni, 14.0%. Calcd. for C19H;3CdCly 5Ng sNi: C,
29.1; H, 3.17; N, 22.0; Cl1, 4.29; Cd, 27.2; Ni, 14.2%.

PhNH,, 0-CICsH4NHj, and 2,6-Me,CsH3NH; also gave crystalline products,
but these were too poor in quality for a single-crystal X-ray experiment.

2.1.2. [Cd(daptn)Ni(CN)4]-1.5(p-MeCsH4NH,), 5-p and [Cd(dahpn)Ni(CN)4]-
1.5(2-MeCoHgN), 7-q

Single crystals were prepared by procedures similar to those already reported
[3]. Both 5-p and 7-q crystallize as yellow plates in a refrigerator at ca 5 °C.
Anal. Found for 5-p: C, 42.6; H, 5.14; N, 19.5; Cd, 20.8; Ni, 11.0%. Calcd. for
Ci9.5H»75CdN7 sNi: C, 43.5; H, 5.15; N, 19.5; Cd, 20.9; Ni, 10.9%. Found for
7-q: C, 50.8; H, 5.12; N, 16.5; Cd, 17.8; Ni, 9.18%. Calcd. for CysH3; 5CdN7 sNi:
C,50.4; H, 5.12; N, 16.9; Cd, 18.1; Ni, 9.46%.

2.2. CRYSTALLOGRAPHY

The crystallographic and experimental data are summarized in Table I. Each crys-
tal was coated with epoxy resin to prevent spontaneous liberation of the guest
molecules from the specimen during data collection. The cell dimensions were
refined, each using 25 reflections (30 < 26 < 40°). Three standard reflections
were monitored after every 150: no significant decay was observed. Corrections
were made for Lp and empirical absorption [5], but not for extinction. Positions of
Cd and Ni were located from Patterson syntheses. All non-H atoms found in the
subsequent Fourier and Fourier-difference syntheses were refined anisotropically
through the block-diagonal least-squares procedures. Hydrogen atoms in the host
moieties located at calculated positions were included in the final structure factor
calculations. All calculations were performed using the programs in UNICSIII [6] on
a HITAC M-680H computer in the Computer Center of the Institute for Molecular
Science, Okazaki. Atomic scattering factors were taken from Ref. [7]. Tables of the
structure factors, anisotropic thermal parameters, calculated positions of H atoms,
and interatomic distances and angles have been deposited with the British Library
(37 pages).

The atomic coordinates with the equivalent isotropic thermal parameters, Beg,
are listed in Tables II to V for 3-0, 3-m, 5-p and 7-q, respectively; the ORTEP [8]
views of the structures are illustrated in Figures 14, respectively.
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TABLE 1. Crystallographic and experimental data®.
Compound 3-0 3-m 5-p 7-q
n 3 3 5 7
T 1.72 (1.5 12 3/2 312
Guest 0-MeCsHiNH; m-CICsH4NH2 p-MeCsH4NH; 2-MeCoHgN
Formula mass 533.61 {510.03]  413.09 538.09 620.19
Crystal system monoclinic orthorhombic monoclinic orthorhombic
Space group P2/m Pbam P2i/a Pbam
alA 7.538(2) 12.1714(7) 13.736(3) 13.599(2)
bA 9.314(5) 15.798(1) 22.014(4) 27.938(4)
dA 7.670(2) 7.737(1) 7.762(3) 7.610(2)
B/° 91.03(2) 90 91.04(3) 90
VIA3 538.4(3) 1487.7(2) 2346.7(10) 2894.4(10)
Z 1 4 4 4
Dr g cm™ 1.57(2) 1.86(1) 1.54(1) 1.44(1)
D./gem™ 1.65 [1.57] 1.84 1.52 1.42
F(000) 269.76 [257) 812 1092 1264
Crystal size/mm 0.25 x 0.22 x 0.10 0.50 x 0.25 x 0.25 0.35 x 0.27 x 0.25 0.30 x 0.25 x 0.10
¢ (MoK,)/em™! 18.83 [18.79] 27.84 17.29 14.12
Scan mode 20~w 20-w 20~w w
hkl ranges 0-10,0-13 0-17,0-22, —19to 19, 0-30, 0-19, 0-39,
(4 < 26 < 60°) —10to 10 0-10 —10to 0 0-10
Scan width/° 1.418 +0.3tan# 1.155+03tan® 0945+03tand 1.008 + 0.3tan 6
Transmission factors ~ 0.90-0.99 0.89-0.99 0.90-1.00 0.80-1.00
Reflections measured 1814 2541 7616 4873
used (> 30(Fp)), Ny 1252 1871 5281 3098
No. of parameters, N, 173 155 263 272
R, Ry 0.0468, 0.0578 0.0444, 0.0532 0.0472, 0.0631 0.0535, 0.0574
GOF 0.729 0.962 1.178 1.578
Frax 24 40 40 70
Fin 12 20 20 35
(A/0 ) max: host 0.01 0.01 0.12 0.11
: guest 0.03 0.04 0.24 0.52
Apmaie A3 0.90 0.65 0.79 0.80

*General formula: [Cd{NHz(CHz2),NH;}Ni(CN)s]-zGuest; diffractometer: Rigaku AFC-58S; radiation:
MoK, (A = 0.71069 A); monochromator: graphite; temperature: ambient; correction: Lp and absorp-

tion.

>The relevant values for z = 1.5 are shown in brackets.
°The densities were measured by the flotation method in a bromoform-mesitylene mixture.

“Weighting schemes are: w = (Finax/Fo)* for |Fo| > Fiax, w = 1 for Fpax 2 |Fo| > Fun, w =
025 for |F| < Fun. R = S(||Fo| — |F:|)/S|Fo|- Rw = [Sw(|Fo| — |Fe|)?/Sw(F)*)"/%. GOF =
[Sw(|Fo| = | Fel)? /(N7 = Np)IY2.
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TABLE II. Atomic parameters for [Cd(tn)Ni(CN)4]-1.72(o-MeCsHaNHz),

3-0.

Atom* G z/a y/b zfc Bey/A*
Cd 025 © 0 0 1.836(8)
Ni 025 172 0 172 2.53(2)
N(1) 0.50 0.2164(13) 0 0.2209(12)  10.7(6)
N(2) 050 02194(12) O 0.7811(11)  5.2(2)
N(@3) 0.50 0.0707(18) 0.2339 (10) 0.0575(15)  5.3(3)
C() 0.50 0.3262(10) © 0.3286(10)  5.1(2)
C(2) 0.50 03281(10) © 0.6727(10)  3.5(2)
C@3) 050 0O 0.3629(9) 0 5.02)
C4) 025 0.077(3) 172 0.039(4) 6.8(6)
c(ll) 050 0 0.2788(18) 172 11.1(6)
C(12)"* 0.50 0.162(5) 0.369(3) 0.561(4) 12.9(8)
C(13) 050 0.127(3) 172 0.545(3) 13.3(7)
C(14* 025 0 0.597(3) 172 13.4(13)
C(15)" 025 0.343(5) 0.621(5) 0.636(5) 8.2(9)
CR21)y 036 172 0.267(3) 0 10.2(7)
C(22)" 036 0.476(5) 0.357(4) 0.175(6) 10.3(%)
C(23) 036 04774 172 0.146(4) 13.0(9)
C29)™ 0.18 172 0.594(5) 0 9.0(11)

C(25)" 0.18 0.544(11)  0.576(19) 0.297(5) 239

? Atom in disorder has been asterisked.
® Multiplicity.
¢ By = gzizjﬂijaiaj.

3. Results and Discussion

3.1. STRUCTURE DESCRIPTION

3.1.1.  [Cd(tn)Ni(CN)4]-1.72(o-MeCsH4NH;), 3-0

The centrosymmetric space group P2/m was applied. As shown in Figure 1, the flat
2D network of [Ni(CN—Cd, /4—)4]oo on the mirror plane of the unit cell is similar
to those observed for the Hofmann-type compounds [M(NH3),Ni(CN)4]-2CsHg
(M = Mn [9a], Ni [9b], Cu [9¢c] and Cd [3f, 9d]), 2 [2] and 5-0 [3g]. The tn bridge
and the guest 0-MeCgH4NH, are in disorder due to the symmetry requirements
from the space group. The skeletal atoms of the tn are arrayed along the b axis with
a slight inclination to the (101) plane, on which the Cd—N(1)}—C(1)—Ni linkage
in the network is extended. There are two crystallographically independent cavities
in the unit cell centered at 0, 1/2, 1/2 and 1/2, 1/2, 0, respectively. The respective
guests, with considerably deformed molecular shapes, gave the refined occupancy
factor of 1.00(2) in the former cavity and 0.72(2) in the latter. The latter guest is
observed with the bent arrangement of the substituents from the aromatic plane,
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TABLE III. Atomic parameters for [Cd(tn)Ni(CN)4]-0.5(m-CICsH4NH,),

3-m.
Atom* G*  z/a y/b z/c Bey/A®
Cd 0.50 0.12877(3) 0.15417(2) © 2.153(5)
Ni 0.50 0.36711(5) 0.29037(4) 12 2.368(10)

N(1) 1.00 0.2493(3)  0.1955(3)  0.2176(5) 3.88(7)
N(2) 1.00 0.4937(3)  0.3784(3)  0.2197(5) 3.98(7)
N@3) 0.50 0.0417(5) 02851(4) O 9.4(3)

N4) 0.50 0.3237(4) 0514433) O 3.41(9)
) 1.00 0.2935(3)  0.2313(3)  0.3264(5) 2.85(6)
C2 1.00 0.4444(3)  0.3481(3)  0.3290(5) 2.87(6)

C3) 050  0.0738(7) 03707(5) O 72(3)
C4 050  0.8855) 039414 O 3.9(1)
C(5) 050  021045) 0.4882(4) O 5.12)
CD* 025  0.1716(11) 0.4952(10) 12 4.6(3)
C(12) 050  0.0701(8) 0.55436) 172 5.9(2)
C(13)* 025 —0.0253(10) 0.5276(10) 1/2 42(3)
C(15)* 025  0.038412) 03879(12) 12 7.2(5)
N(11)* 025  02752(15) 0.521009) 112 8.3(5)
ccl 025 —0.1303(3) 0.6007(3) 172 7.9(10)

2 Atom in disorder has been asterisked.

® Multiplicity.

¢ By = %Zizjﬂijaiaj.

4 Refined with 50% probability each of C and CI atmos.

which is inclined by 53.2° against the (101) plane greater than 25.5° for the former
guest. As for the thermal amplitudes of the CN groups in the network, those of C(1)
and N(1) on (101) are considerably greater than those of C(2) and N(2) on (101),
in particular along the b direction. The inclination of the tn skeletal plane against
(101) makes the invasion of the tn skeleton more to the latter cavity than to the
former. These observations support the idea that the latter cavity is less preferable
for the guest to the former one.

3.1.2. [Cd(tm)Ni(CN)4]-0.5(m-ClIC¢H4NH3), 3-m

The centrosymmetric space group Pbam was applied. As shown in Figure 2, the
structure of 3-m is obviously different from that of 3-0 but resembles 5-m [3g]. The
2D network is puckered so much that the dihedral angle § between the [CdN4] and
[NiC4] planes is 65.5° for the larger bend and 24.5° for the smaller; the angle of
65.5° is the largest among the Hofmann-diam-type structures we have determined
so far. Both the skeletal atoms of the tn taking a cis-(frans); (ct3) conformation
and the guest m-CIC¢H4NH, are arrayed on the mirror planes at ¢ = 0 and 1/2,
respectively. The much puckered 2D network is stacked along the b axis with a
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molecules are in disorder.
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TABLE IV. Atomic parameters for [Cd(daptn)Ni(CN)]-1.5(p-
MeCsHsNH3), 5-p.

Atom z/a y/b z/ec Bey/A%
Cd 0.17144(2) 0.20196(1) 0.06316(3)  2.151(4)
Ni 0.42307(4) 0.223208(3)  0.56365(6)  2.346(8)
N(1) 0.2842(3) 0.1923(2) 0.2907(5) 4.07(8)
N(2) 0.5534(3)  0.2786(3) 0.2773(6) 4.22(8)
N@3) 0.5553(3) 0.2810(3) 0.8378(5) 4.04(8)
N(4) 0.2903(3)  0.1821(2) 0.8398(5) 3.72(7)
NG 021194  0.3014(2) 0.0053(%) 4.11(8)
N(6) 0.3694(3) 0.6029(2) —-0.0921(7) 3.77(8)
C(1) 0.3377(3)  0.2067(2) 0.3952(5) 3.11(7)
C(2) 0.5045(3)  0.2623(2) 0.3894(5) 3.03(7)
C@3) 0.5068(3) 0.2612(2) 0.7328(5) 2.98(7)
C4) 0.3406(3)  0.2008(2) 0.7345(5) 2.74(6)
C(5) 0.3055(4)  0.3217(3) 0.0723(9) 4.51(10)
c(6) 03462(5) 03783(2)  —0.0150(10)  4.82(12)
(6(())] 0.2883(4) 0.4368(2) 0.0001(7) 3.81(9)
C(®) 0.3498(4)  0.4902(8) —0.0628(8) 3.78(9)
C©O) 0.3021(3) 0.5533(2) —0.0419(6) 3.23(D)
(1) 0.3427(1) 0.5320(4) 0.4328(12) 732)
C(12) 0.3881(7) 0.4758(4) 0.4213(11) 7.002)
c(13) 0.3397(6) 0.4205(4) 0.4602(9) 6.6(2)
C(14) 0.2426(8) 0.4251(5) 0.5141(9) 7.5(2)
C(15) 0.1966(9)  0.4761(6) 0.5383(13)  9.1(3)
C(16) 0.2475(9) 0.5346(5) 0.4918(13) 9.5(3)
CN(17)° 0.3943(10)  0.5855(5) 0.3940(18)  12.6(4)
CN(18)° 0.1938(11)  0.3545(7) 0.5594(13)  12.6(4)
CN(20)° —0.0013(9) 0.3682(7) 0.872(23) 13.0(4)
c@2n —0.0019(7)  0.4385(7) 0.0464(13)  9.3(3)
C(22) 0.026009) 0.4779(7) 0.1581(13)  10.0(4)
C(23) 0.0369(7) 0.5442(7) 0.1073(14) 9.8(3)

% Beq = %Eiﬁjﬁijaiaj.
® Refined with 50% probability each of C and N atmos.

shift of a/4 so as to give a nodal structure to the interlayer space. The guest is
accommodated in the antinodal zone limiting the number of available cavities to
0.5 per formula unit of the host, similar to the case of 9-0 [3h].

The guest m-CIC¢H4NH, disordered in the cavity centered at 0, 1/2, 1/2 (site
symmetry: 2/m) gives the overlapped image of two orientations inverted to each
other about the cavity center. The tentative assignments were possible for the
respective skeletal atoms based on the electron densities in the Fourier-difference
synthesis; the Cl was averaged with a C on the aromatic ring. The refinement
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TABLE V. Atomic parameters for [Cd(dahpn)Ni(CN)4]-1.5(2-MeCoHgN),

7-q.
Atom* G*  z/a y/b z/c Beg/A®
Cd 0.50 0.22742(3)  0.23669(2) 0 2.447(6)
Ni 0.50 0.48286(6) 0.20845(3) 172 2.40(1)
N(1) 1.00 0.3277(3) 0.2053(2) 0.2206(6) 4.02(8)
NQ) 1.00 0.6309(3) 0.2286(2) 0.2175(6) 4.21(9)
NG) 050  03325(5) 030342 0 41(1)
N4) 0.50 0.3664(5) 0.6658(2) 0 4.0(1)
C() 1.00 0.3866(3) 0.2042(2) 0.3281(5) 2.87(8)
C(2) 1.00 0.5766(3) 0.2183(2) 0.3249(5) 2.87(8)
C(3) 0.50 0.2779(7) 0.3512(3) 0 4.5(2)
C4) 050  03498(6) 030403) O 46(2)
C(5) 0.50 0.2876(7) 0.4409(3) 0 5.6(2)
C(6) 0.50 0.3609(8) 0.4852(3) 0 5.7(2)
c 0.50 0.2974(8) 0.5318(3) 0 6.0(2)
C(8) 0.50 0.3669(6) 0.5760(3) 0 4.3(2)
6[(%)] 0.50 0.3042(6) 0.6219(3) 0 4.1(2)
C(10) 0.50 0.750(3) 0.442(4) 172 79(6)
N(11) 0.50 0.5556(10) 0.4314(4) 1/2 9.7(3)
C(12) 0.50 0.636(2) 0.3972(6) 1/2 13.7(6)
C(13) 050 0.601(2) 0.3453(5) 172 13.0(6)
c(14) 0.50 0.490(2) 0.3340(5) 172 15.1(6)
C(15) 0.50 0.3223(15) 0.3503(8) 172 12.7(6)
C(16) 0.50 0.241(2) 0.3911(7) 12 13.7(7)
C(7) 050  0268(2)  04421(13) 172 25.3(12)
C(18) 0.50 0.3784(12)  0.4468(5) 172 8.9(4)
C(19) 050  0.4489(13) 0.4161(4) 172 9.0(4)
C(20) 0.50 0.421(2) 0.3635(5) 172 14.8(7)
C2n* 025 0.003(4) 0.405(3) —0.193(6) 15(2)
C(22) 1.00 —0.0096(10) 0.4140(11) —0.084(5) 29(2)
C(23) 1.00 —0.0051(12) 0.4614(9) —0.170(5) 37(2)
C(24y 0.50 0 172 —0.116(5) 25(2)

2 Atom in disorder has been asterisked.
® Multiplicity.

CBeq=

-gz:iEjﬂija,-aj.

discriminating between the Cl and C so far applied never gave any acceptable

convergence.

3.1.3. [Cd(daptn)Ni(CN)4]-1.5(p-MeCsH4NH;), 5-p

The centrosymmetric space group P2;/a was uniquely applied from the observed
systematic absences. As shown in Figure 3, the host structure of 5-p is similar
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to that of 3-m. However, owing to the monoclinic distortion of the unit cell, the
2D network is stacked with a slight shift along both the a and c¢ directions. The
puckering of the 2D network is not so great as that in 3-m, the § angles being
41.2° and 16.3°. The skeleton of the daptn taking a trans-gauche-(trans)s (tgts)
conformation is less slanted than the tn in 3-m but inclined against the ab plane.
The less distorted host structure produces the two crystallographically independent
cavities, one centered at ca. 1/4, 1/2, 1/2 (general position) and the other at 0, 1/2,
0 (special position: 1), so that the number of the cavities available for the guest
increases to 1.5. The guest p-MeCsH4NH; molecule in the former cavity is clipped
by the daptn pillars with its aromatic plane almost parallel to the skeletal plane of
the daptn pillars, whereas that in the latter is almost vertical to the daptn skeletal
plane. Discrimination between the CH; and NH; groups was practically impos-
sible, although it is crystallographically possible for the molecule at the general
position; the relevant atoms were refined as an equal probability of C and N.

3.1.4. [Cd(dahpn)Ni(CN)4]-1.5(2-MeCyHgN), 7-q

The centrosymmetric space group Pbam was applied. The host structure of 7-
q is topologically the same as those of 3-m and 5-p, as shown in Figure 4. The
puckering of the 2D network with the  angles of 43.2° and 25.7° is marginally
greater than that in 5-p; however, the dahpn pillar taking an all-trans (tg) confor-
mation is parallel to the b axis. Two crystallographically independent cavities are
given in the host structure: one centered at 1/2, 1/2, 1/2 (2/m) and the other at 0,
1/2, 0 (2/m). The skeletons of the dahpn and the guest 2-MeCgHgN in the former
cavity are all arranged on the mirror planes at ¢ = 0 and 1/2, respectively. The guest
skeleton in the latter cavity is also approximately on the bc plane.

The array of the puckered 2D networks bridged by the almost vertical dahpn
pillar brings about the relative expansion of the former cavity and the compression
of the latter along the b axis. The expanded cavity, approximately surrounded by
four dahpn pillars at the sides and two Ni(CN)4 moieties at the top and the bottom,
is large enough to accommodate a couple of the guests. The guest in the compressed
cavity is in disorder related with the site symmetry 2/m. Since the guests in the
former cavity occupy the space corresponding to two cavity units along the a axis,
the final stoichiometry between the host and guest becomes 1.5.

3.2. DISCUSSION

In Table VI the Hofmann-type clathrate [Cd(NH3),Ni(CN)4]-2C¢Hg and the Hof-
mann-diam-type ones [Cd(diam)Ni(CN),]-2G whose single crystal structures have
been available are listed with the space group, form of the 2D network, conforma-
tion of the diam skeleton and the dihedral angle é between the [CdN4] and [NiCj]
planes. Although the number of cavities in a unit cell of the Hofmann-type is 2, let
us consider a 2 x enlarged structure in volume along the ab plane, involving four
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Fig. 3.  Structure of 5-p showing 30% probability thermal ellipsoids. Top: projection along
the b axis; bottom: projection along the c¢ axis. The CHs and NH, groups of the guest p-
MeCsHsNH; molecule have not been discriminated.
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9
©
Fig. 4. Structure of 7-q showing 30% probability thermal ellipsoids. Top: projection along

the b axis; bottom: projection along the ¢ axis. The guest 2-MeCoHsN molecule in the cavity

centered at 0, 1/2, O is in disorder; isotropic spheres of 8.0 A? for the atoms of the guest
molecuies,
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cavity units, in order to discuss the number of cavities available for the guest in the
Hofmann-diam-type series; the enlarged structure has been exemplified in Figure
1 (the ac plane of 3-0 corresponds to the ab plane of the tetragonal structure).

In the host structures of the methylene number 2, i.e., from 2 to 2" in the lines
of Table VI, the 2D network is flat with the tetragonal symmetries similar to the
Hofmann-type 0; the host structures are substantially the same as one another. In
the Hofmann-pn-type [10] one of the four cavity units is occupied by two methyl
groups of the 1,2-diaminopropane (pn) ligands at random to decrease x to 1.5.

Although 3-0 and 5-0 have the flat 2D network, the network is puckered to a
greater or lesser extent upon increasing the methylene chain length in the diam
above 2. The dihedral angle 8, which should be an index showing the extent of the
puckering, is larger than 60° in the extremely distorted hosts of 3-m and 5-m. In
the even-n hosts the values are less than 48°.

The number of cavities available for the guest, being equal to 2z for the four
in total in the expanded structure, appears to be related to the puckering of the
2D network, the conformation of the diam skeleton, and the shape of the guest
molecule. The flat network and the vertical tn pillar in 3-0 are substantially the same
as those in the 2-family, though the unit cell is slightly distorted to the monoclinic
P2/m with a = b and § = 91.03(2)°. However, as is obvious in Figure 1, the
guest molecules suffer much steric repulsion between those in the fully occupied
cavity and the partly occupied one in 3-0 with the ratio of 1.00(2): 0.72(2) based
on the refined occupancies, or even with the ratio of ca. 1:0.5 suggested from the
analytical results. The thermal ellipsoids of C(1) and N(1) elongated along the baxis
suggest that the apparently flat 2D network might be an average of puckered ones in
disorder. Although the structure has been refined with an acceptable convergence
(see Table I), it is still doubtful that 3-0, as well as 5-0, keep a completely flat
2D newtork; an apparently high symmetry (P4/mmm) with the extremely high
disorders in the interlayer moieties was observed in the structure of 5-0 [3g]

The diam skeleton in the all-frans conformation with even-n (4-pyr, all of the
6- and 8-families) always bridges between the 2D networks slantwise and occupies
two cavity units, leading to z = 1; the unit cell symmetry becomes P2/m or P1
slightly distorted from P2/m. The skeletons of the diam and the guest are arrayed
along the respective mirror planes in the P2/m unit cell or pseudo-mirror planes
in the P1 cell. The cavity has a channel character along the mirror plane but with a
rather narrow opening between the cavities due to the puckering of the 2D network.
The guest is surrounded by four diam pillars in the interlayer cavity.

The structure of 3-m resembles that of 5-m in the extremely puckered 2D
network and the diam skeleton arrayed along the mirror plane. The guest skeleton
is on an adjacent mirror plane in 3-m but statistically distributed about the mirror
plane in 5-m. In the former the guest is surrounded by four tn pillars but in the
latter the guest is clipped by a couple of daptn pillars. The tn span with the cts
conformation is too short to clip the guest between two pillars; the longer daptn
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span allows accommodation of two guests for the four cavities in 5-m (z = 1). The
value of z = 0.5 in 3-m is discussed with 9-0 below.

The effective span length between the networks is elongated in 5-p, 4-a, and
4-0 with the less slanted pillars of the daptn (tgts) and dabtn (ict3), respectively.
The less slanted pillar occupies only one of the four cavity units so that one more
cavity becomes available for the guest with the more slender shape, p-MeCgH4NHj,
PhNH; and o-MeCgH4NH,, which guests are clipped by the diam pillars in parallel
in the channel cavity and vertically in another channel. This effect is remarkable
in 7-q: the tg skeleton is almost vertical to the network elongating the interlayer
distance enough to accommodate a couple of the guest 2-MeCyHgN molecules in
the wider cavity and one in the narrower cavity.

The danon pillar appears to be too long to accommodate the guest 0-Me,CsHy
in a host structure like 7-q. One of the channels separated by the array of the danon
pillars is invaded by the highly twisted skeleton of the gstg conformation in full,
i.e., the channel collapses at one side and that at another side only accommodates
the guests. In 3-m collapse of the cavity occurs along the nodal channel alternately.
The deformation of both structures leads to « = 0.5.

The host structures of odd-n skeleton vary remarkably even among only two
3- and three 5-families; for n = 7 and 9, only one each of well-defined structures
have been available. In other words, the relevant guest selects the host structure
strictly in the odd-n family. In the attempts to prepare clathrates of other guests
under similar experimental conditions, single crystals have been obtained with the
composition Cd(diam);Ni(CN)4-zH,O (z = 0 or 1) for tn, daptn, dahpn and danon.
Their structures will be reported elsewhere [12].

References

1. (a) T. Iwamoto: “The Hofmann-type and related inclusion compounds’ Ch, 2 in Inclusion Com-
pounds Vol. 1, eds. J. L. Atwood, J. E. D. Davies and D. D. MacNicol, Academic Press, London
(1984), pp. 29-57. (b) T. Iwamoto: ‘Inclusion compounds of multi-dimensional cyanometal
complex hosts’ Ch. 6 in Inclusion Compounds Vol. §, eds. J. L. Atwood, J. E. D. Davies and D.
D. MacNicol, Oxford University Press, Oxford (1991), pp. 172-212.

. T. Miyoshi, T. Iwamoto and Y. Sasaki: Inorg. Chim. Acta 6, 59 (1972).

. (a) S. Nishikiori and T. Iwamoto: J. Incl. Phenom. 2,341 (1984). (b) T. Hasegawa, S. Nishikiori,
and T. Iwamoto: J. Incl. Phenom. 2, 351 (1984). (c) S. Nishikiori and T. Iwamoto: Inorg Chem.
25, 788 (1986). (d) T. Hasegawa and T. Iwamoto: J. Incl. Phenom. 6, 143 (1988). (e) T. Hasegawa
and T. Iwamoto: J. Incl. Phenom. 6, 549 (1988). (f) S. Nishikiori, T. Kitazawa, R. Kuroda, and
T. Iwamoto: J. Incl. Phenom. 7, 369 (1989). (g) S. Nishikiori, T. Hasegawa, and T. Iwamoto: J.
Incl. Phenom. 11, 137 (1991). (h) M. Hashimoto, T. Kitazawa, T. Hasegawa, and T. Iwamoto:
J. Incl. Phenom. 11, 153 (1991). (i) T. Hasegawa, S. Franzen, D. Lambright, D. H. Oh, S.
Balasubramanian, B. Hedman and K. O. Hodgson: Inorg Chem. 30, 1441 (1991).

4. M. Hashimoto, T. Hasegawa, H. Ichida, and T. Iwamoto: Chem. Lett. 1397 (1989); M. Hashimoto
and T. Iwamoto: Chem. Lett. 1531 (1990).

. A.T.C. North, D. C. Phillips, and F. S. Mathews: Acta Crystallogr. Sect. A 24, 351 (1968).

. T. Sakurai and K. Kobayashi: Rep. Inst. Phys. Chem. Res. 55, 69 (1979).

. International Tables for X-ray Crystallography, Vol. IV, pp. 71-98, Kynoch Press, Birmingham,
1974 (Distr. Kluwer Academic Publ. Group, Dordrecht).

w N

~ O\



DIAMINOALKANE-PILLARED calena-[Cd(l) TETRA-u-CYANONICKELATE(ID)] 87

8. C. K. Johnson: ORTEP Ii, Report ORNL-5138, Oak Ridge National Laboratory, Oak Ridge, TN
(1976).

9. (a) R. Kuroda and Y. Sasaki: Acta Crystallogr., Sect. B 30, 687 (1974). (b) H. M. Powell and J.
H. Rayner: Nature (London) 163, 566 (1949); J. H. Rayner and H. M. Powell: J. Chem. Soc. 319
(1952). (c) T. Miyoshi, T. Iwamoto, and Y. Sasaki: Inorg. Chim. Acta 7,9 (1973). (d) Y. Sasaki:
Bull. Chem. Soc. Jpn. 42, 2412 (1969).

10. S. Nishikiori, T. Iwamoto, and Y. Yoshino: Bull. Chem. Soc. Jpn. §3, 2236 (1980).

1. 8. Nishikiori and T. Iwamoto: Chem. Lett. 1755 (1981); Bull. Chem. Soc. Jpn. 56, 3246 (1983).

12. H. Yuge, A. Mamada, M, Asai, S. Nishikiori, and T. Iwamoto, J. Chem. Soc., Dalton Trans., in
press.



