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The structures of 1:1 complexes (3b, 4b, and 5b) of 1.4,7,10,13-pentaoxa-, 1,13-dioxa-4,7,10-trithia[13]- and
1,4,7,10,13,16-hexaoxa[16](1,1’)ruthenocenophanes (3a, 4a, and 5a) with HgCl,, and 3a have been determined by
the single-crystal X-ray diffraction method. The complexing forms of the three complexes are quite similar to
each other. Crystal data: 3b, triclinic, space group PI, a=12.043(3), b=10.759(2), ¢=8.529(2) A, @=98.76(2),
B=101.22(2), y=77.03(2)°, U=1049.5 A3, Z=2, D.=2.19 g cm™3, u(Mo Ka)=84 cm™!. 4b, triclinic, space group P1
a=17.100(3), 5=8.986(1), c=8.618(2)A, a=105.17(1), B=62.24(1), y=100.54(1)°, U=1128.1 A3, Z=2, D.=2.18
gcm™3, (Mo Kea)=81 cm~l. 5b, monoclinic, a space group P2,/a, a=26.881(7), b=10.344(3), c=8.414(2),
B£=96.97(2)°, U=2322.2 A3, Z=4, D.=2.11 gcm™3, u(Mo Ka)=76 cm~.. 3a, triclinic, space group P1, a=11.107(1),
b=8.816(1), ¢=9.788(1)A, «=70.48(1), B=99.76(1), v=101.31(1)°, U=877.6(2) A3, Z=2, D~1.59 gcm™>,
(Mo Ka)=9 cm~1. Only the Ru atom of the ruthenocene nucleus of these complexes was coordinated to HgCl,
with a slightly distorted trigonal-planar configuration. The distances between the Ru and the Hg atoms are

2.683(3), 2.704(1), and 2.696(2) A, respectively.

Many research groups have recently attempted to
investigate modified crown ethers in order to develop a
new functionality for them.! For example, the syn-
theses of many kinds of macrocyclic compounds con-
taining aza, thia, phosphorus, arsenic, and/or other
coordinatable atoms have been reported. In this con-
nection, several research groups have reported new-
type crown ethers, thiacrown ethers, and oxathiacrown
ethers which contain a ferrocene unit as an integral
part of a ring member.? However, the complexes of
crown ethers,® thiacrown ethers? and azacrown eth-
ers® with HgCl, are rare, although a number of the
complexes of crown ethers including ferrocenocrown
ethers have already been reported.? In connection
with this viewpoint, we have studied the preparation
and structures of the complexes of metallocenocrown
ethers with an interest in the electron-transfer interac-
tion between the complexed cation and the metal atom
of the metallocene nucleus.® In a previous paper,” we
reported on the molecular structure of a 1:1 complex
(1b) of 4,7,10,13-tetraoxa-1,16-dithiaf16](1,1’)ruthe-
nocenophane (la) with HgCly, in which the linear
Cl-Hg-Cl moiety was found to be held perpendic-
ularly in the central cavity of the macrocyclic moiety.
The distance between the Ru atom and the Hg atom
is longer than 3.6 A, which is too long for a
direct Ru-Hg interaction. We have also previously
reported® on the complexes (2b—4b) of polyoxa- and
1,n-dioxathia[n]ruthenocenophanes (2a—4a) with
HgCl, (or AgNO3) (2—4) and the presence of a strong
electron-transfer interaction between the Ru atom and
the Hg atom in 3a and 4a from the 'TH NMR and UV
spectral data. The Ru-Hg interaction may be
explained by two possible complexing manners: i) the

Hg atom incorporated into the crown ether moiety
interacts with the Ru atom; ii) the Hg atom is directly
coordinated to the Ru atom from the opposite side of
the macrocyclic ring. The result is very different from
that of the 1:1 silver complex 2b in which the Ag atom
incorporated in the crown ether cavity of the host
molecule does not interact with the Ru atom of the
ruthenocene. In this paper,” we report on the molecu-
lar structures of 3b, 4b and the 1:1 complex 5b of
1,4,7,10,13,16-hexaoxa[16](1,]1’)ruthenocenophane (5a)
in order to clarify the nature of the Ru-Hg interaction.
An X-ray analysis of ruthenocenophane (3a) was also
carried out in order to compare the structural change
of the organic moiety by complexing.

Complexes 3b, 4b, and 5b were prepared by the same
method as mentioned in a previous paper.®

The molecular structures of 3a and its HgCl, com-
plex 3b are illustrated in Fig. 1. Also, the molecular
structures of 4b and 5b are also illustrated in Fig. 2.
The final atomic parameters for 3b, 4b, 5b, and 3a are
listed in Tables 1—4, and the bond lengths as well as
the bond and torsion angles are given in Tables 5—8
for 3b, 4b, 5b, and 3a, respectively. In the complexes
(3b—>5b) the Hg atom is coordinated directly to the Ru
atom of the ruthenocene nucleus from the opposite
side of the crown ether moiety, with a slightly distorted
trigonal-planar configuration. The Ru-Hg inter-
atomic distances in 3b, 4b, and 5b are 2.683(3), 2.704(1),
and 2.696(2) A, respectively, which essentially equal
the sum (2.68 A) of the covalent radii of Ru and Hg
atoms.!®? The results differ completely from that of
1b in which the Hg atom incorporated in the central
cavity of the macrocyclic moiety forms a distorted
hexagonal-bipyramidal geometry with the two chlo-
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(a)

(b)

Molecule 3a 3b

Fig. 1. (a) A perspective view of the molecules with atom numbering. (b) Projection of the
organic ligand moiety on the Cp ring containing the C(1) atom are also given with the C.-----C
distances (A) between the rings. An open circle denotes the Ru atom.

(a)

(b)

Molecule 4b 5b

Fig. 2. (a) A perspective view of the molecules with atom numbering. (b) Projection of the organic
ligand moiety on the Cp ring containing the C(1) atom are also given with the G------Cdistances (A)
between the rings. An open circle denotes the Ru atom.
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Table 1. Fractional Atomic Coordinates (X10% X102 for Table 3. Fractional Atomic Coordinates (X10%) and

C, O) and Thermal Parameters (A2), with Estimated Thermal Parameters (A2), with Estimated Standard
Standard Deviations in Parentheses of 3b Deviations in Parentheses of 5b

Atom x y z Be!? Atom x y z Be!?
Hg —190.6(11) 9352.4(12) 2731.8(15) 4.8 Hg 5062.3(3) 3336.8(9) 3958.7(9) 3.5
Ru 1476(2)  7572(2)  1546(3) 3.9 Ru 5636(1)  2818(2)  1621(2) 2.6
cl(1) 5(7)  11559(6)  4126(8) 5.0 Cl(1)  5528(2) 4556(5)  6515(6) 3.1
Cl(2) —2284(7)  9481(8)  2101(10) 5.8 Cl2)  4495(2) 1931(6)  5278(6) 3.8
C)y  6419(7) 3637(22)  1876(24) 3.0
o) e g e 4209 C2)  6159(7) 4113(19)  3101(20) 47
(2) (2) (3) (3) 3(0.5) c3) 5752(8)  4863(19)  2389(22) 5.6
C(3) 225(1)  934(%)  218(5) 7.7(0.9) Cl4) 5752(8)  4740(20)  736(23) 7.3
C(4) 2803)  847(3)  101(4) 6.2(0.7) C(5  6151(7) 3969(21)  399(21) 9.0
C(5) 331(3)  733(3)  176(%) 5.0(0.6) O(6)  6848(5) 2975(18)  2195(15) 6.6
0O(6) 358(2) 659(2) 421(3) 5.4(0.4) c() 7078(8)  2521(29) 841(26) 5.7
e ggg(g) ggg(? o >80 C(8)  7404(9) 1457(35)  1378(34) 6.1
o say a3 sisg) a507) 0(9)  77947)  1902(26)  256421) 6.0
9) (3) (3) (3) 5(0.7) C(10)  8263(9) 1336(32)  2555(28) 5.6
C(10) 251(5)  339(5)  565(6)  10.4(1.3) C(11)  8570(9) 2030(28)  1479(29) 5.5
CO1)  342(4)  241(5)  538(6) 9.6(1.2) oD  omne  1sie19  —san 48
8(113?) ig? f;}(i) gg;‘g) ‘;'f(g'g) C(13)  8529(9) 2731(28) —1182(31) 5.0
C(l 2 460(3) 127< O 66< 2 r 0( 0'3) C(14)  8214(9) 2583(28) —2763(25) 4.4
(14) (3) ) (%) 0(0.8) O(15)  7736(6) 312219) —2596(17) 4.6
015 487(2)  242(2)  134(3) 6.9(0.6) C(16)  740009)  3006(26) —4017(25) 4.1
g(}‘;) ggg(g) gég(;‘) 1(3)2(2) g'z(g'g) C(7)  7101(9)  1786(27) —4133(24) 3.6
(17) (3) (3) (4) -40.6) O(18)  6706(5) 1895(16) —3184(16) 2.9
0(18) 243(2) 478(2)  —12(3) 5.6(0.5) C(19)  6328(9) 906(23) —3514(23) 3.2
C(19) 149(2) 561(3) 17(3) 4.0(0.5) C(20)  5900(8)  1180(21) —2608(22) 4.3
C(20) 9%8(2)  5713)  1773) 4.0(0.5) O@l)  6042(5)  865(14) —973(14) 4.0
c@l) —2(3) 667(3) 136(4) 4.7(0.6) C(22)  5693(7)  1100(19) 0(20) 29
C22)  —1¥3)  7203)  —4(4) 5.5(0.7) C(23)  57938)  739(18)  1670(21) 3.2

C23) 823)  6543) —71(Y 4.8(0.6) C(24)  5331(9)  958(19)  2305(22) 2.3
C(25)  4978(8)  1541(22)  1110(26) 4.3
C(26)  5211(8)  1672(18) —301(20) 3.5

Table 2. Fractional Atomic Coordinates (X10%)
and Thermal Parameters (A2), with Estimated
Standard Deviations in Parentheses of 4b

Atom x y z Beg!? Table 4. Fractional AAt‘omic Coordinates (X10%) and
Thermal Parameters (A?), with Estimated Standard
Hg 650.9(4) —296.7(7) 1322.7(9) 3.7 s :
Ru 1529.0(7) 2072.4(7) 2677.1(12) 2.4 Deviations in Parentheses of 3a
cl(1) 911(3)  —3026(4) 455(6) 5.4 Atom x y z Bl
Cl2) 992(2) 242(4)  2101(5) 3.7 Ru 607.5(10) 2464.0(14) 2467.7(12) 2.0
cQ) 2930(8) 1564(15)  847(17) 2.9 c) 985(13)  1321(16)  961(15) 2.7
C2) 2425(8) 117(15)  1028(20) 3.4 C2) —10(13)  297(17) 1718(15) 2.8
C(3) 2023(9) 85(17)  2921(19) 3.7 C(3) —984(13)  1171(19) 1386(17) 3.5
C(4) 2313(9) 1464(18)  3776(19) 4.2 C(4) —623(13)  2767(20)  409(16) 3.5
C(5) 2850(9)  2416(17) 2541(18) 3.5 C(5) 637(14) 2876(19) 129(15) 3.2
0(6) 3469(6) 2079(11) —702(12) 3.3 0(6) 2109(8)  1002(12)  869(9) 2.7
C(7) 3332(11)  1204(17) —2247(18) 4.1 C(7) 92493(14) —397(17) 2038(16) 3.3
C(8) 3837(11) 2127(20) —3702(20) 5.0 C(8) 3847(14) —286(19) 2049(18) 3.8
S(9) 3366(4) 3908(6) —3303(8) 8.5 0(9) 4446(9) 891(13) 2748(12) 4.1
C(10) 3905(27) 5219(25) —2067(36) 18.4 C(10) 5813(14) 966(21) 2928(21) 4.9
C(11) 4059(19) 6613(31) —2094(33) 13.8 C(11) 6397(16)  2159(22) 3670(19) 4.8
S(12)  4644(3) 8135(5) —1267(6) 5.3 O(12)  6336(10) 3733(13) 2722(11) 4.0
C(13)  4582(10)  7545(19)  659(21) 4.9 C(13)  6873(17) 5015(23) 3344(20) 5.2
C(14)  3690(10)  7717(18) 2186(21) 4.7 C(14)  6736(14) 6632(21) 2360(19) 4.4
S(15) 3695(3) 7038(6) 4015(6) 5.1 O(15) 5480(9) 6990(13) 2163(12) 4.4
C(16)  2585(10)  7339(18)  5698(20) 4.3 C(16)  4636(14) 6417(18) 112517) 3.6
C(17) 1925(9) 6009(17)  5664(18) 3.4 C(17) 3702(15)  4968(20) 1729(21) 5.1
O(18)  1892(6) 5744(10)  3945(12) 3.4 O(18)  2851(8)  5492(11) 2425(11) 2.8
C(19) 1298(8) 4580(15) 3699(18) 2.9 C(19) 2044(12) 4243(17) 3214(16) 2.8
C(20)  1236(9) 4129(14)  2052(17) 3.0 C(20)  2269(14) 2612(18) 4068(16) 3.1
C(21) 514(9) 3021(14)  2309(19) 3.5 C(21)  1153(14) 1821(20) 4788(15) 3.5
C(22) 146(9) 2707(16)  4054(20) 3.6 C(22) 308(14)  2958(20) 4381(16) 3.8

C(23) 629(9) 3707(16)  4963(18) 3.2 C(23) 836(13)  4434(18) 3428(16) 3.3
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Table 6. Bond Lengths (A) and Bond and Torsion
Angles (°) in the Organic Ligand of 4b

1 2 3 4 1-2 1-2-3 1-2-3-4 1 2 3 4 1-2 1-2-3 1-2-3-4
Pentaoxa-crown moiety Trithia-crown moiety

O6) C(l) C2) C(3) 1.30(4) 134(3) 174(3) O6) C(1) C2) C(3) 1.367(18) 127.4(14) 175.8(13)
0(6) C(1) C(5) C(4) 116(33)  —176(3) 0(6) C(1) C(5) C4) 122.4(13) —174.4(12)
C(2) C(1) O(6) C(7) 15(5) C(2) C(1) O(6) C(7) 16(2)
C(5) C(1) O(6) C(7) —163(3) C(5) C(1) O(6) C(7) —168.5(14)
C(1) O(6) C(7) C(8) 114(2) 159(3) C(1) O(6) C(7) C(8) 114.1(12)  168.6(12)
0(6) C(7) C(8) O(9) 1.48(4) 110(3) —75(4) 0(6) C(7) C(8) S(9) 1.46(2) 106.0(14) —70.0(16)
C(7) C(8) O(9) C(10) 1.53(5) 106(3)  —168(3) C(7) C(8) S(9) C(10) 1.51(3) 114.5(13)  89(2)
C(8) 0O(9) C(10) C(11) 1.45(5) 116(3) —80(5) C(8) S(9) C(10) C(11) 1.80(2) 100.8(16) 151(3)
0(9) C(10) C(11) O(12) 1.43(6)  114(5) —65(6) S(9) C(10) C(11) S(12) 1.80(5) 123(4)  —172.6(14)
C(10) C(11) O(12) C(13) 1.37(8)  109(4) 169(4) C(10) C(11) S(12) C(13) 1.24(6)  135(3) —28(5)
C(11) O(12) C(13) C(14) 1.50(6)  109(3)  —164(3) C(11) S(12) C(13) C(14) 1.74(3)  103.1(13) —74.3(17)
0(12) C(13) C(14) O(15) 1.36(5) 111(3) 72(4) S(12) C(13) C(14) S(15) 1.823(19) 111.6(13) 178.3(2)
C(13) C(14) O(15) C(16) 1.49(6) 113(3) —112(4) C(13) C(14) S(15) C(16) 1.48(3) 107.8(13) 179.9(12)
C(14) O(15) C(16) C(17) 1.42(5) 119(3) 75(4) C(14) S(15) C(16) C(17) 1.837(19) 101.0(8) 89.7(13)
O(15) C(16) C(17) O(18) 1.35(5) 116(3) 174(3) S(15) C(16) C(17) O(18) 1.789(18) 115.2(12) —62.4(16)
C(16) C(17) O(18) C(19) 1.50(5)  107(3)  —178(3) C(16) C(17) O(18) C(19) 1.49(2)  107.2(12) —178.3(12)
C(17) O(18) C(19) C(20) 1.43(4) 121(2) 2(4) C(17) O(18) C(19) C(20) 1.464(18) 115.3(11) —175.8(11)
C(17) O(18) C(19) C(23) 175(3) C(17) O(18) C(19) C(23) 8(2)
O(18) C(19) C(20) C(21) 1.32(4) 123(2)  —177(3) 0(18) C(19) C(20) C(21) 1.366(19) 121.4(14) —174.6(13)
0(18) C(19) C(23) C(22) 130(3) 177(3) 0(18) G(19) C(23) C(22) 129.1(14)  175.9(15)
Cyclopentadienyl ring Cyclopetadienyl ring

C(l) C(2) C3) C4) 1414 105(3) 8(4) C(1) C(2) C(3) C4) 1.43(2) 105.9(14) —1.3(19)
C@2) C(3) C(4) C(5) 1.45(5) 109(3) —5(5) C@2) C(3) C4) C(5) 1.452) 107.2(14) 3(2)
C(3) C(4) C(5) C(1) 1.41(6) 106(3) —1(4) C(3) C4) C(5) C1) 1.40(2) 110.6(15) —2.9(19)
C(4) C(5) C(1) C(2) 1.43(5) 109(3) 6(4) C4) C(5) C(1) C2) 1.41(2) 106.1(14) 2.0(19)
C(5) C(1) C(2) C(3) 1.39(4) 110(3) —9(4) C(5) C(1) C2) C(3) 1.42(2) 110.1(14) —0.4(19)
C(19) C(20) C(21) C(22) 1.59(4) 97(2) —5(4) C(19) C(20) C(21) C(22) 1.42(2) 106.6(14) —2.9(19)
C(20) C(21) C(22) C(23) 1.44(4) 118(3) 2(4) C(20) C(21) C(22) C(23) 1.41(2) 1103(14) 3(2)
C(21) C(22) C(23) C(19) 1.37(5)  104(3) 3(4) C(21) C(22) C(23) C(19) 1.42(2) 107.2(14) —1.4(19)
C(22) C(23) C(19) C(20) 1.39(5) 113(3) —6(4) C(22) C(23) C(19) C(20) 1.44(2) 106.4(14) —0.3(19)
C(23) C(19) C(20) C(21) 1.37(4) 108(2) 6(3) C(23) C(19) C(20) C(21) 1.44(2) 109.5(13) 1.9(19)
Hg coordination Hg coordination
Ru Hg CI(1) 2.683(3)  126.3(2) Ru Hg CI(1)  2.7041) 128.0(1)
Ru Hg Cl(2) 1281(2) Ru Hg Cl(2) 122.1(1)
Ru Hg CI1) 99.4(2) Ru Hg Cl(2) 106.0(1)
cll) Hg CI2) 2.528(9)  103.7(3) Cl(1) Hg CI2) 2430(5) 104.6(2)
CI(1) Hg CI(1) 2.943(9) 89.9(3) Cl(2) Hg CI2’) 2.5744) 85.0(1)
C1(2) Hg CK1") 2.451(9) 93.0(3) Cl(2’y Hg CIK1) 2.885(4)  99.2(2)
CKl’y —x,2—y, 1—=z Cl2") —x,—y, —z

rine atoms coordinated axially and the Cl-Hg-Cl skel-
ton is almost linear with an angle of 172.7(2)°.” The
complexing manner is very similar to that of the 1:1
complex?® of dibenzo-18-crown-6 with HgCl,.

In the 'HNMR spectra of the ruthenocenophanes
(3a and 4a), the chemical shift differences between a-
and B-protons of the Cp rings are only 0.41 and 0.38
ppm, respectively.® The results suggest that the two
Cp rings are nearly parallel'? to each other. Further-
more, CPK model inspections suggest that cavity sizes
of 3a and 4a are sufficient to encapsule the Hg atom.
Also, if the Hg atom is incorporated into the crown
ether part of 3b and 4b, the Hg atom has to take a
distorted pentagonal-bipyramidal geometry with two
Cl atoms coordinated axially. However, interestingly,
the Hg atom in 3b and 4b is directly bonded to the Ru
atom of the ruthenocene nucleus from the opposite
side of the crown ether moiety. The result suggests

that, in the complexes 3b and 4b, the pentagonal-
bipyramidal geometry of the Hg atom is unstable
compared with its hexagonal-bipyramidal geometry in
1b, although some other factors can not be ruled out.
It is noteworthy that the Hg atom in 5b, which has the
same ring number of the crown ether moiety as 1b, is
directly bonded to the Ru atom from the opposite site
of the crown ether moiety with a slightly distorted
trigonal-planar configuration, although the Hg atom
in 1b is incorporated into the macrocyclic moiety with
a distorted hexagonal-bipyramidal geometry (as de-
scribed above). The difference in the complexing mode
of 5b and 1b is attributed to the presence of the two
sulfur atoms in the crown ether moiety in 1b, since the
sulfur atom coordinates more strongly with the Hg
atom than does the oxygen atom. In the complexes
(3b, 4b, and 5b), the sums of the three bond angles
about each Hg atom are 358.1, 354.7, and 345.7°, and
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Table 8. Bond Lengths (A) and Bond and Torsion
Angles (°) in the Organic Ligand of 3a

1 2 3 4 1-2 1-2-3 1-2-3-4 1 2 3 4 1-2 1-2-3 1-2-3-4
Hexaoxa-crown moiety Pentaoxa-crown moiety

06) C(1) C2) C3) 1.40(3) 122(2) 173.7(19) O6) C(1) C2) C(3) 1.355(14) 130.4(13) —176.0(15)
0(6) C(l1) C(5) CH) 130(2) —176(2) O(6) C(l1) C(5) CH) 119.3(13) 176.6(12)
C@) C(1) 0(6) C(7) 179(2) C@) C(1) 06) C(7) —21(2)
C(5) C(1) O(6) C(7) 0(4) C(5) C(1) O(6) C(7) —163.8(13)
C(1) O(6) C(7) C(8) 1172)  —158(2) C(1) O(6) C(7) C(8) 113.911) —163.1(11)
O6) C(7) C(8) O(9) 1.44(4) 108(3) —63(3) 0O6) C(7) C(8) O(9) 1.454(19) 107.0(13) 78.2(15)
C(7) C(8) O(9) C(10) 1.44(5) 110(3) —144(3) C(7) C(8) O(9) C(10) 1.486(19) 107.6(10) 174.8(13)
C(8) O(9) C(10)C(11) 1.43(4) 117(3) 88(3) C(8) O(9) C(10)C(11) 1.428(17) 111.0(8) —178.9(13)
0(9) C(10) C(11) O(12) 1.39(4) 112(3) —68(3) 0(9) C(10) C(11) O(12) 1.489(16) 109.7(11) —73.4(19)
C(10) C(11) O(12) C(13) 1.48(4) 109(2) 164(2) C(10) C(11) O(12) C(13) 1.46(2) 110.1(16)  179.3(15)
C(11) O(12) C(13) C(14) 1.38(3) 114(2) —171(2) C(11) O(12) C(13) C(14) 1.39(2) 115.0(11) —176.8(14)
0(12) C(13) C(14) O(15) 1.42(3) 109(2) 72(3) 0(12) C(13) C(14) O(15) 1.440(18) 113.7(17)  T4(2)
C(13) C(14) O(15) C(16)  1.50(4) 107(2)  —178(2) C(13) C(14) O(15)C(16) 1.45(3)  112.9(16) —82.9(19)
C(14) O(15) C(16) C(17) 1.42(3) 112(2) 90(3) C(14) O(15) C(16) C(17) 1.457(16) 116.5(9) 105.4(17)
O(15) C(16) C(17) O(18) 1.41(3) 114(2) 78(3) O(15) C(16) C(17) O(18) 1.414(16) 116.1(17) 68.6(19)
C(16) C(17) O(18) C(19)  1.49(4) 109(2) 165.9(19) C(16) C(17) O(18) C(19) 1.50(2)  107.5(14) —171.1(13)
C(17) O(18) C(19) C(20) 1.41(3) 113.3(18) —173.3(18) C(17) O(18) C(19) C(20) 1.473(16) 114.4(13) 35(2)
0(18) C(19) C(20) O(21) 1.44(3) 109.7(19) —75(2) C(17) O(18) C(19) C(23) —151.3(14)
C(19) C(20) O(21)C(22) 1.48(3) 108.6(18) 178.3(16) 0O(18) C(19) C(20) C(21) 1.375(12) 127.9(14) 175.0(14)
C(20) O(21) C(22) C(23) 1.42(4) 115.1(16) 176.4(16) 0(18) G(19) C(23) C(22) 123.4(14)  175.2(14)
8((‘;(;)) 8((2221)) 8((2232 )) 85323 1.342)  119.017) 1_73(3() 17) Cyclopentadienyl ring

’ ’ ’ C(l) C2) C(3) C4) 1.42(2) 107.8(14) 0.1(19)

0O(21) C(22) C(26) C(25) 131.2(19) 173.2(2) C2) C3) C4) CB5) 1.382)  104.0(15) 02)
Cyclopentadienyl ring C(3) CH4) C(B) C(1) 1.442) 108.2(15)  —0.1(19)
C(1) C@2) C(3) C@4) 1.403) 108.0(18)  5(2) C@4) C(5) C(1) C@2) 1.45(2) 104.8(14)  0.2(19)
C(2) C(3) C(4) C() 1.41(3) 106.2(18) —I1(3) C(5) C(1) C2) C(3) 1.43(2) 110.2(13) —0.2(19)
C(3) C4) C(5) C(1) 1.40(3) 110.3(19) —2(3) C(19) C(20) C(21) C(22) 1.45(2) 105.9(14) —0.6(19)
C4) C(5) C(1) C(2) 1.39(3) 106.6(19) 5(3) C(20) C(21) C(22) C(23) 1.46(2)  108.4(15) 0(2)
C(5) C(l) C2) C(3) 1.40(3) 108.5(19) —6(3) C(21) C(22) C(23) C(19) 1.42(2) 109.1(15) 0(2)
C(22) C(23) C(24) C(25) 1.45(3) 104.7(18) —5(3) C(22) C(23) C(19) C(20) 1.41(2) 108.2(14) —0.5(19)
C(23) C(24) C(25) C(26) 1.43(3) 110(2) 1(3) C(23) C(19) C(20) C(21) 1.44(2) 108.4(13) 0.7(19)
C(24) C(25) C(26) C(22) 1.43(3) 108(2) 3(3)
C(25) C(26) C(22) C(23) 1.41(3) 107.3(18) —=7(2)
C(26) C(22) C(23) C(24) 1.42(3) 109.9(19) 7(2)
Hg coordination

Ru Hg CI(1) 2.696(2) 115.3(1)
Ru Hg Cl2) 130.6(1)
Ru Hg CI(1") 115.5(1)
Cl(1) Hg Cl(2) 2.670(6) 99.8(2)
Cl(1’y Hg CIKI) 2.697(6) 87.0(1)
Cl(2) Hg CI(I) 2.466(6) 99.1(2)
Cl(1") 1—x,1—y, 1—2z.

the deviations of the Hg atom from the Cl(1)-Ru-~Cl(2)
plane are 0.201, 0.340, and 0.562 A, respectively. The
deviation of the Hg atom from the CI(1)-Ru-Cl(2)
plane in 5b is larger than those found in 3b and 4b.
These values mean that the coordination of the Hg
atom found in the present complexes is very close to
trigonal, and that most probably those bonds are
formed by sp? hybridization. This configuration of the
Hg atom is very similar to those of N(CHj3),HBr;'? and
[(CsHs),Ru],3HgCl,.1¥ A slight distortion from sp?
hybridization which would require an exactly planar
configuration is due to the interaction with the adja-
cent molecule as described below. Furthermore, one
Cl atom of the complex, which is the atom with the
longer distance in the two Hg-Cl bonds, is linked by a

Fig. 3.

weak bond to the Hg atom of the adjacent complex, as
shown in Fig. 3. The bond length between Hg-Cl1(2)
(1—x, 1—y, 1—z) in 5b which is responsible for the
dimer formation is 2.697(6) A, and the value is shorter
than those (2.943 and 2.885 A) for 3b and 4b, respec-
tively. These distances for 3b, 4b, and 5b are about
0.35—0.6 A shorter than the sum of the van der Waals
radiil® of Hg and Cl atoms. These results indicate
that the complexes (3b, 4b, and 5b) consist of a dimer
of the Hg-Cl’ bond in crystals. Therefore, the total
coordination sphere of the Hg atom can be described
as a trigonal pyramid with the chlorine of the adjacent
molecule in the apex.
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The deviations of the dihedral angle between the
plane of Cl(1)-Ru-Cl(2) and the average plane of the
Cp rings in 5b, 69.4(6) and 75.2(7)°, respectively, were
also smaller than those (90.2-and 89.0°, 84.5 and 91.4°)
for 3b and 4b, respectively. These results are thought
to be due to differences in the ring numbers of the
crown ether moieties in 3b, 4b, and 5b.

IBCNMR Spectra. The BCNMR spectra of com-
plex 5b and the ruthenocenophane (5a) in DMSO-dg
were obtained. The bridge-head carbon signal of 5b is
shifted up-field (10.40 ppm) and the a- and B-ring car-
bon signals down-field (1.0 and 1.1 ppm) compared
with those of the ruthenocenophane (5a), although the
methylene carbon signals are slightly shifted up-field
(0.2 ppm). In the 3C NMR spectra of 3b and 4b, how-
ever, the signals of the bridge-head carbon are shifted
only 2.0 and 1.9 ppm up-field compared with those in
the corresponding metal free ligands. Seyferth et al.1¥
reported that the signal of the bridge-head carbon in
(1,1’-ferrocenediyl)phenylphosphine, in which the Cp
rings are highly tilted, is shifted up-field about 58 ppm
compared with that of the corresponding acyclic com-
pound (diphenylphosphinoferrocene). Also Osborne
et al.® observed similar results in [1]ferrocenophanes.
As shown in Fig. 2, the Cp rings of 5b are tilted back to
allow an interaction of the Hg atom to the ruthenium
atom. The angles between the Cp ring planes in 5b
(22.1(9)°), 3b (23.1(4)°), and 4b (22.5(7)°) are larger than
those found in 3a (3.8(7)°) and 5a (2.5°).18 The angles
of 5b are comparable to those obtained for 3b (23.1(4)°)
and 4b (22.5(7)°), and the differences in the tilt angles
between 3a and 3b, 5a and 5b are nearly the same.
However, the main conformational change in 5b is
reflected in the overlapping pattern between the two
Cp rings compared with 3b and 4b. The torsion angle
C(1)-Cp(1)-Cp(2)-C(22) (Cpl and Cp?2 are centroids of
the Cp rings) in 5b is 53.4°, although those of 3b and
4b are 69.3 and 75.9°, respectively. Therefore, the large
shift of the bridge-head carbon in 5b is not attributed
only to the tilting of the Cp rings. The distances
between the bridge-head carbon atom and C(22) and/
or C(23) carbon atoms in the opposite Cp ring in 5b
are also nearly equal to those in 3b and 4b. Therefore,
the large shift of the bridge-head carbon in 5b is also
not attributed to a steric compression.!?)

At present the reason is not clear.

Experimental

13C NMR spectra were obtained on a JEOL FX-90Q) spec-
trometer with TMS as internal standard.

Materials. 1,4,7,10,13-Pentaoxa[13](1,1’)ruthenoceno-
phane (3a), 1,13-dioxa-4,7,10-trithia[13](1,1’)ruthenoceno-
phane (4a), dichloro(1,4,7,10,13-pentaoxa[13](1,1’)rutheno-
cenophane)mercury(II) (3b), dichloro(l,13-dioxa-4,7,10-
trithia[13](1,1’)ruthenocenophane)mercury(II) (4b), and
dichloro(1,4,7,10,13,16-hexaoxa[16](1,1’)ruthenocenophane)-
mercury(IT) (5b) were prepared by the same manner as in
described in the previous paper. Mercury(II) chloride used
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was reagent grade. Solvents were dried in appropriate
methods and then purified by distillation under nitrogen.

IBC NMR Spectra (in DMSO-dg). 3a, 128.3(Cb), 60.2(Cg),
64.8(C,), 71.2, 70.4, 69.8, 69.1(CH,). 3b, 130.3(Cb), 64.4(C,),
61.5(Cg), 72.0, 66.5(CH,). 4a, 128.1(Cb), 60.2(Cg), 65.2(Cs),
72.5, 33.7, 32.5, 31.6(CH,). 4b, 130.0(Cb), 66.0(C.), 61.4(Cg),
71.2, 70.3, 69.8, 69.0(CH,). 5a, 128.2(Cb), 60.1(Cg), 64.9(C,),
71.0, 70.3, 70.0, 69.9, 69.1(CH,). 5b, 117.8(Cb), 65.9(C,),
61.2(Cg), 71.0, 70.3, 69.9, 69.1(CHy).

X-Ray Crystallography. Crystals of dimensions 0.5X0.5X
0.2 mm, 0.5X0.2X0.1 mm, 0.4X0.2X0.2 mm, and 0.5X0.2X
0.05 mm for the metal free ligand 3a, complexes 3b, 4b, and
5b were used for X-ray crystallography. Crystal data are as
follows: 3a, C;3H,,OsRu, Mw=421.5, triclinic, space group
PI, a=11.107(1), b=8.816(1), ¢=9.788(1) A, «=70.48(1),
B=99.76(1), y=101.31(1)°, U=877.6(2) A3, Z=2, D,=1.59
gcm™3, y(MoKa)=9 cm~!. 3b, C;3sHyOsRuHgCl,, Mw=
693.0, triclinic, space group PI, a=12.043(3), 56=10.759(2),
c=8.529(2) A, 0=98.76(2), B=101.22(2), y=77.03(2)°, U=
1049.5 A3, Z=2, D,=2.19 gcm™3, y(Mo Ka)=84 cm™.. 4b,
C1sH,0,8;RuHgCl,, Mw=741.2, triclinic, space group PI,
a=17.100(3), b=8.986(1), c=8.618(2) A, a=105.17(1), B=
62.24(1), y=100.54(1)°, U=1128.1 A3, Z=2, D,=2.18 gcm™3,
,u(MoKa)’—‘Bl cm™L 5b, CgongoeRquclg, Mw=737.04,
monoclinic, space group P2,/a, a=26.881(7), b=10.334(3),
c=8.414(2) A, B=96.97(2)°, U=2322.2 A3, Z=4, D,=2.11 g
cm™3, y(Mo Ka)=76 cm™1.

Intensity data for 20=<50° were recorded on a Rigaku AF
C-5R with graphite-monochromatized Mo Ka radiation.
Among totals of 3084 (3a), 3689 (3b), 3946 (4b), and 4070 (5b)
independent reflections collected, 2996, 3244, 3394, and 3142
were considered to be observed at the 2.00 (F,) level and were
corrected for Lorentz and polarization factors, but not for
absorption. The structures of 3a, 3b, 4b, and 5b were solved
by the heavy-atom method, and refined by a block-diagonal
least-squares method. The positions of the hydrogen atoms
could be estimated by using standard geometry. The final
refinements with anisotropic temperature factors for the
nonhydrogen atoms and isotropic temperature factors for the
hydrogen atoms lowered the R values to 0.097 (R.=0.123,
w=1/06%F,)), 0.107 (R+=0.128, w=1.0), 0.055 (R+=0.057,
w=1/0(F,)), and 0.067 (R+=0.056, w=1/6%(F,)) for 3a, 3b, 4b,
and 5b, respectively. But, for 3b the isotropic temperature
factors were used for the O and C atoms because of the nega-
tive values of several atoms on the anisotropic refinements
for the nonhydrogen atoms. Anomalous dispersion correc-
tions were applied to the scattering factors of Hg, Ru, Cl,
and S.1®

Lists of structural factors, anisotropic thermal parameters,
and H-atom coordination are being kept at the Chemical
Society of Japan (Document No. 8853).
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