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Abstract

The reaction of an S-bridged Co™Pd"Co™ trinuclear complex containing two non-bridging thiolato groups, [Pd{Co(aet);},"
(aet = 2-aminoethanethiolate), with o-dibromoxylene (0-xylBr») in water produced a cyclic Co™Pd", hexanuclear complex, [{Co,P-
d(aet)4}2(o-L)2]8jL ([17¥"; 0-L = o-bis(2-aminoethylthiomethyl)benzene), in which two Co™Pd"Co™ trinuclear units are linked by two
o-xyl>" moieties through C-S bonds. A similar cyclic Co™,Pd", complex, [{Co,Pd(act)s}»(m-L),I** ([21"; m-L = m-bis(2-aminoethylth-
iomethyl)benzene), bearing a relatively large cavity that accommodates water molecule(s), was synthesized by the reaction of
[Pd{Co(act);},*" with m-dibromoxylene (m-xylBr,) in water. While [1]¥1 afforded only the racemic (As/A4) isomer, both the racemic
(2aT®"; Au/A4) and the meso ([2bTF; AsAs) isomers were formed for 2. In addition, the meso [2b]" was found to exist as a mixture
of two diastereomers, (As)>(Ag)> and (AsAgr)(ArAs), which arise from the difference in chiral configurations (R and S) of asymmetric
sulfide S atoms, while the racemic [1¥ and [2a]®" existed as a pair of enantiomers, (As)s4 and(AR)4, which were optically resolved.
The complexes obtained were characterized on the basis of electronic absorption, CD, and NMR spectroscopies, along with single crystal

X-ray analyses.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The design and synthesis of molecular assembled com-
pounds have received intense attention, because of the
structural diversity, stereoselective aggregation, and char-
acteristic properties based on their unique frameworks
[1-12]. In particular, current interest has been devoted to
the creation of ring- or cage-shaped metalloaggregates in
relation to the development of supramolecular chemistry
and host—guest chemistry [5-12]. In most cases, ring- or
cage-shaped structures have been constructed from the
self-assembly of well-designed organic compounds in com-
bination with transition metal ions through coordination
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bonds. On the other hand, the use of covalent bonds, such
as C-C and C-S, for the construction of ring- or cage-
shaped metalloaggregates is little investigated, despite its
advantage in forming rigid frameworks that are resistant
to external influences.

It has been recognized that thiolato groups coordinated
to a transition metal center possess a relatively high nucle-
ophilicity, which results in the formation of C-S bonds by
alkylation reactions [13-15]. In fact, a number of metal
complexes with sulfide ligands have been derived from
thiolato complexes by treatment with alkyl halides or alkyl
sulfate [13-20]. Recently, we have shown that two non-
bridging thiolato groups in an S-bridged Co"'Pd"Co™
trinuclear complex, [Pd{Co(aet);},*", which selectively
forms a racemic-syn isomer [21,22], are readily alkylated
by benzyl bromide to produce [Pd{Co(aet),(bztea)},]*"
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(bztea = benzyl-2-thioethylamine), retaining the racemic-
syn configuration of the trinuclear structure, although the
corresponding reaction with methyl iodide or dimethyl sul-
fate is accompanied by the syn-to-anti isomerization [23].
Thus, it is expected that the use of dibromoxylene, instead
of benzyl bromide, would lead to the production of some
cyclic metalloaggregates, in which the [Pd{Co(aet);},F"
cations are linked by xylene fragments through C-S bonds.

In this paper, we report on the synthesis and character-
ization of a new class of cyclic metalloaggregates, which are
formed by the reactions of [Pd{Co(aet);},]*" with dibro-
moxylene in aqueous media (Scheme 1). Notable differ-
ences in the cavity size and the stereochemistry of cyclic
metalloaggregates, which is caused by the change of geo-
metrical isomerism (ortho vs. meta) of dibromoxylene, is
also reported, along with their molecular structures deter-
mined by single-crystal X-ray analyses.

2. Results and discussion

2.1. Synthesis and characterization of [ {Co,Pd(aet) }>(o-
L)oJ™ ([1]%)

Treatment of a dark brown aqueous solution of
[Pd{Co(aet);}»F", which has two non-bridging thiolato
groups at the terminal [22], with o-dibromoxylene (o-
xylBr;) in a 1:1 ratio gave a dark-red solution. When the
reaction solution was chromatographed on an SP-Sephadex
C-25 column, only one red-brown band was eluted with a
1.0 mol dm > NaCl aqueous solution. From the red-brown
eluate, a red-brown compound ([17*") was isolated as the

chloride salt. As expected, X-ray fluorescence spectrometry
of [1]Clg revealed the presence of Co and Pd atoms in a 2:1,
and its elemental analytical result is consistent with the
formula for a 1:1 adduct of [Pd{Co(aet);}>F" and o-xyl*".
The electronic absorption spectrum of [1]Clg in water is
characterized by a visible band at ca. 20 x 10° cm ™' with a
shoulder at the lower energy side and an intense near-UV
band at ca. 30 x 10°> cm™! with shoulders at the lower and
higher energy sides (Fig. 1 and Table 1). This absorption
spectrum coincides well with that of 2mol of
[Pd{Co(aet),(bztea)}>]*" (bztea = benzyl-2-thioethylamine),
in which two non-bridging S atoms for [Pd{Co(aet);},]*" is
bound by benzyl groups [23]. Furthermore, the '*C NMR
spectrum of [1¥" in D,O showed aromatic carbon signals
in the region ¢ 132-137, besides methylene carbon signals
in the region 6 35-58. These results indicate that
[Pd{Co(aet);}»F" and o-xyl*" are connected through C-S
bonds in a 1:1 ratio in [1]¥". The cyclic Co™,Pd", hexanu-
clear structure of [1F7 ([{Co,Pd(aet)s}s(0-L)>") that is
composed of two Co™Pd"Co™ trinuclear units and two
o-xyl*" moieties was established by X-ray analysis for
[1)(ClO4)(NO3); (vide infra).

Complex [11*" was optically resolved into the (—1—)?2% and
(—)S2 isomers, which show CD spectra enantiomeric to
each other, by an SP-Sephadex C-25 column chromatogra-
phy using a 0.5 mol dm > [Sb,(R,R-tartrato),’~ aqueous
solution as an eluent. This is consistent with the X-ray ana-
lytical result of [1]¥", which indicated the presence of a pair
of enantiomers, A4 and A4. The entire CD spectral pattern
of the (+)50 isomer of [1¥" resembles that of the A,

520
isomer of [Pd{Co(aet),(bztea)},]*" (Fig. 1). This suggests
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Fig. 1. Absorption and CD spectra of (+)§ZI')]-A4-[1]8+ (—),
(H)5m-As-2a]*" (=--), [2b]FF (---), and (+)55-[Pd{Co(aet), (bztea)},]*" x
2 (--+-) in H,0.

that (+)50-[17¥" has the A4 configuration, while its (—)50
isomer has the A4 configuration. It is interesting to noted
that the CD spectral curve of (+)§£-A4-[1]8+ considerably

Table 1
Absorption and CD spectral data of [1F", [2a®", and [2b]** in H,O?

Abs max: 6/10° cm™! (logs/ CD extrema: 6/10° cm™! (A¢/
mol~ ! dm? em ™) mol~! dm* em ™)

As(PdCos(aet)y}»(0-L), B (1FF)

16.2 2.9y 16.17 (—1.3)
19.41 (3.20) 19.19 (+22.2)
23.0 (4.0 26.46 (+70.1)
26.7 4.7y 31.64 (—128.2)
30.90 (4.95) 38.46 (+78.3)
33.5 (4.8)" 45.15 (—166.4)
45.17 (4.96) 48.19 (=75.0)
As{PdCox(aet)s}(m-L)I* ([2a])

16.1 (2.7 16.10 (—0.5)
19.26 (3.21) 19.25 (+22.2)
23.5 4.1y 24.27 (+22.0)
26.9 4.7y 27.06 (+38.7)
30.81 (4.89) 31.70 (—62.3)
33.1 (4.8 38.99 (+53.7)
45.1 (5.0)2 48.19 (—132.0)
AyAs- [{PdCox(act)s}o(m-L)*" ([2b1°)

16.0 (2.6

19.21 (3.16)

24.0 (4.1yh

27.2 (4.6

30.81 (4.82)

36.1 (4.5

455 (4.9

% The sh label denotes a shoulder.

deviates from the curve of two moles of AA-
[Pd{Co(act),(bztea)},]*" in the region of ca. 22-28x
10>cm™!. The asymmetric sulfide S atoms in A-[17%",
which would be fixed to the R configuration more tightly
than those in A,-[Pd{Co(aet),(bztea)},]*", together with
the skew cyclic structure of [17*", seems to be responsible
for this deviation.

2.2. Synthesis and characterization of [ {Co,Pd(aet)} -
(m-L)>]"" ([2]"")

The 1:1 reaction of [Pd{Co(aet);},** with m-dibromox-
ylene (m-xylBr,) in water also gave a dark-red solution, like
the reaction with o-dibromoxylene. When the reaction
solution was chromatographed on an SP-Sephadex C-25
column, however, two red-brown bands were eluted with
a 1.0mol dm— NaCl aqueous solution. From the two
red-brown eluates, red-brown compounds ([2alf" and
[2b*") were isolated as the chloride salts. The X-ray fluo-
rescence and elemental analyses of [2a]Clg and [2b]Clg are
in agreement with the formula for a 1:1 adduct of
[Pd{Co(aet);}," and m-xyl>". Furthermore, the absorp-
tion spectra of [2a®" and [2b]*" in water are very similar
to that of [1¥" over the whole region (Fig. 1 and Table
1). Based on these results, together with their NMR spec-
tra, it is considered that [2al®" and [2b*" are isomers of
a cyclic Co™,Pd", hexanuclear complex composed of
two Co""Pd"Co™ trinuclear units and two m-xyl*" moie-
ties, the structure of which is analogous to the cyclic struc-
ture in [17". Indeed, X-ray analyses demonstrated that
[2a®* and [2b]*" are the racemic (Ay/As) and meso (A>A)
isomers of [{Co,Pd(aet)s},(m-L),", respectively, in which
two CoMPd"Co™ trinuclear units are linked by two
m-xyl*" moieties in a cyclic form (vide infra). This is com-
patible with the fact that [2a®" was optically resolved into
the (+)5 and (—)5y isomers, which show CD spectra
enantiomeric to each other, while [2b]*" was not optically
resolved. The entire CD spectral feature of the (+)5, iso-
mer of [2a®" is similar to that of A4[1F". Thus, the
(+)50 and (—)5q isomers of [2al" are assignable to have
the A4 and A4 configurations, respectively (Fig. 1 and Table
1). Consistent with this assignment, only the (+)§2D0 isomer
of [2a®" was formed when the A, isomer of
[Pd{Co(aet);},*" was used as the starting complex.

2.3. Molecular structure of A4 Ay [{Co,Pd(aet)}s-
(0-L)2J*" ([1]°)

X-ray structural analysis of [1](ClO4)(NOs); - 13H,0
revealed the presence of a discrete complex cation, ClO,~
and NO,~ anions, besides water molecules. The number
of the counter anions implies that the complex cation is
octavalent. The structure of the complex cation [1F*" is
shown in Fig. 2, and its selected bond distances and angles
are listed in Table 3.

The complex cation [1" contains two linear-type
Co"MPd"Co™ trinuclear units (average Pd—Co = 3.347(2)
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Table 2
Crystallographic data of complexes

[1)(CI0,)(NO5); - 13H,0

[2a]Cls - 17H,0 [2b]Cls - 17H,0

Empirical formula C40H1 ]4Cl|CO4N]903gPd2S]2

Fw 2338.19
T (K) 200
Radiation Z (A) 0.7107
Crystal system Monoclinic
Space group P2,/n
a(A) 20.85(2)
b (A) 17.48(1)
¢ (A) 23.94(2)
o (°)

B (°) 90.83(7)
7 (%)

V(A% 8729(12)
4 4

Pcale (Cm73) L.779
w(Mo-Kar) (cm™) 1.556

R (I>24(D) 0.086
Ry, (all data) 0.224

C4oH22ClgCo4N5017Pd,S, C40H122ClgCo4N2017Pd,S15

2160.34 2160.34
296 296
0.7107 0.7107
Monoclinic Triclinic
P2/c P1
15.463(3) 15.722(2)
34.444(6) 17.485(2)
18.066(4) 18.351(3)
71.32(1)
107.11(2) 91.87(1)
112.43(1)
9196(3) 4395(1)
4 2
1.560 1.633
1.648 1.725
0.104 0.059
0.318 0.219

Fig. 2. Top (a) and side (b) views of A4/A4[{CosPd(aet)s}a(o-L),JF"
(17" with the atomic labeling scheme. The A, isomer is selected.
Hydrogen atoms are omitted for clarity.

A, Co-Pd-Co= 174.92(5)°), in which two mer-(S)-
[Co(N)5(S)s] octahedra are bridged by a square-planar Pd"
atom through four thiolato S atoms. The two terminal S
atoms in each Co'"Pd"Co™ trinuclear unit are bound by
two methylene carbon atoms from two o-xyl>" moieties
so as to form a cyclic Co™,pd", hexanuclear structure in
[{Co,Pd(aet)s}»(0-L), " (Pd- - -Pd = 7.016(1) A). Two chi-
ral configurations (A and A) are possible for each mer-(.S)-
[Co(N)3(S)3] octahedron. The two mer-(S)-[Co(N)s(S)s]
octahedra in each Co™Pd"Co™ trinuclear unit have the
same chiral configuration to give the A, or A, form, like

the parental [Pd{Co(aet);},]*" [22]. Furthermore, the same
configurational Co™Pd"Co™ trinuclear units are con-
nected by o-xyl>" moieties to afford only the A4 and Ay iso-
mers. All the four sulfide S atoms bound by o-xyl**
moieties are fixed to the S configuration for the A4 isomer
and to the R configuration for the A4 isomer. Thus, only a
pair of enantiomers, (Ag)s and (Ag)a, exist in [1T¥7; the lat-
ter isomer is selected in Fig. 2. In [17¥", there is no crystal-
lographically imposed symmetry, but three quasi C, axes
that are orthogonal to one another pass through the center
of the cyclic structure to have an idealized D, symmetry.
This D, symmetrical cyclic structure in [1" resembles that
found in an S-bridged Co"™,Pd",Au's octanuclear
complex, [Au,{Pd[Co(aet);]s},]°" (Pd---Pd = 6.991(1) A),
in which two [Pd{Co(aet);}>]" units are linked by two lin-
ear Au' atoms through thiolato groups [21]. However, in
[17¥" the two Co—Pd—Co lines are not parallel to each other
with a skew angle of 22.4°, which is distinct from the nearly
parallel Co-Pd—Co lines in [Au,{Pd[Co(aet);]5},]°".

The bond distances and angles about the S-bridged
CoMPd"Co™ trinuclear units in [1F" are essentially the
same as those in [Pd{Co(aet)(bztea)}»]*" [23]. In particular,
the Pd-Sihiolate (average 2.332(4) A) and Co—Spjolato (aver-
age 2.262(3) A) distances are very similar to those in
[Pd{Co(aet)z(bztea)}z]‘”r (average Pd-S =2.324(2) A and
Co-S,et = 2.251(2) A), although the Co-Syygqc (average
2.299(4) A) bonds are somewhat longer than the Co—Sgyj54e
(2.277(2) A) bonds in [Pd{Co(aet),(bztea)},]*", presumably
due to the steric congestion between the two Co'"Pd"Co™
trinuclear units in [17¥".

2.4. Molecular structure of A A4~[{CorPd(aet)}>-
(m-L)>]* ([2a]°")

X-ray structural analysis of [2a]Clg - 17H,O showed the
presence of a discrete complex cation, Cl™ anions and
water molecules. The number of CI™ anions implies that
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Table 3

Selected bond distances (A) and angles (°) of [{Co,Pd(aet)s},(0-L,)(ClO4)(NO3); - 13H,0 ([1](ClO4)(NOs); - 13H,0)
Pd1-S1 2.318(2) Col-N1
Pd1-S2 2.354(2) Col-N2
Pd1-S4 2.315(2) Col-N3
Pd1-S5 2.352(2) Co2-S4
Pd2-S7 2.319(2) Co2-S5
Pd2-S8 2.344(2) Co2-S6
Pd2-S10 2.325(2) Co2-N4
Pd2-S11 2.324(2) Co2-N5
Col-S1 2.253(2) Co2-N6
Col-S2 2.276(2) Co3-S7
Col-S3 2.301(2) Co3-S8
S1-Pd1-S2 84.28(5) S4-Co2-S5
S2-Pd1-S4 175.22(4) S4-Co2-S6
S1-Pd1-S5 176.99(4) S4-Co2-N4
S4-Pd1-S5 84.17(5) S5-Co2-N35
S7-Pd2-S8 84.94(6) S5-Co2-N6
S7-Pd2-S11 175.63(5) S6-Co02-N6
S8-Pd2-S10 174.30(5) N4-Co2-N5
S10-Pd2-S11 85.10(6) S7-Co3-S8
S1-Col-S2 87.59(5) S7-Co3-S9
S1-Co1-S3 176.08(5) S7-Co3-N7
S1-Col-N1 88.6(1) S8-Co3-N8
S2-Col-N2 87.7(1) S8-Co03-N9
S2-Col-N3 176.4(1) S9-Co3-N9
S3-Col1-N3 86.4(1) N7-Co3-N8
NI-Col-N2 178.3(2) S10-Co4-S11

1.977(4) Co03-S9 2.286(2)
2.004(4) Co3-N7 1.982(4)
2.006(4) Co3-N8 1.989(4)
2.271(2) Co3-N9 2.001(4)
2.273(2) Co4-S10 2.246(2)
2.323(2) Co4-Sl11 2.266(2)
1.994(4) Co4-S12 2.284(2)
2.009(4) Co4-N10 1.973(4)
2.013(4) Co4-N11 1.992(4)
2.257(2) Cod-NI12 2.002(4)
2.248(2)

87.02(5) S10-Co4-S12 176.44(5)

178.84(5) S10-Co4-N10 87.7(1)

87.0(1) S11-Co4-N11 87.9(1)
87.7(1) S11-Co4-N12 178.5(1)
175.9(1) S12-Co4-N12 87.6(1)
87.3(1) N10-Co4-N11 175.6(2)
177.1(1) Pd1-S1-Col 94.78(5)
88.67(6) Pd1-S2-Col 93.22(5)
177.62(5) Pd1-S4-Co2 93.41(5)
87.5(1) Pd1-S5-Co2 94.39(5)
87.8(1) Pd2-S7-Co3 93.23(6)
177.9(1) Pd2 S8 Co3 92.81(6)
87.5(1) Pd2-S10-Cod 93.48(6)
177.2(4) Pd2-S11-Cod 93.00(6)

88.31(6)

the complex cation is octavalent. The structure of the com-
plex cation [2a** is shown in Fig. 3, and its selected bond
distances and angles are listed in Table 4.

The complex cation [2al’" contains two linear-type
QOHIPdHCOIII trinuclear units (average Pd—Co = 3.325(6)
A, Co-Pd-Co = 176.5(1)°) that are linked by two m-xyl**
moieties through the terminal non-bridging S atoms, form-
ing a cyclic Co™,Pd", hexanuclear structure in [{Co,P-
d(aet)s}»(m-L),I*" (Pd---Pd =7.016(1) A). The two mer-
(S)-[Co(N)5(S)s] octahedra in each Co"Pd"Co™ trinu-
clear unit have the same chiral configuration to give the
A, or A, form, and furthermore, the same configurational
Co"MPd"Co™ trinuclear units are connected by m-xyl**
moieties to give only the A4 and A4 isomers. All the four
sulfide S atoms bound by m-xyl*" moieties are restricted
to have the S configuration for the A4 isomer and the R
configuration for the A4 isomer. Thus, only a pair of enan-
tiomers with an idealized D, symmetry, (Ag)s and (Ag)g, is
formed in [2a]®"; the former isomer is selected in Fig. 3.
This Co™,Pd", cyclic structure in [2a®" resembles that
in [17", featuring a skew arrangement of two Co—Pd—Co
lines with an angle of 19.0°. However, [2a®" possesses a
relatively larger cavity inside the ring (Pd---Pd=
10.155(3) A), which accommodates a water molecule,
because of the steric demand of the m-xyl>" connector
(Fig. S1). The bond distances around each metal center
in [2a]*" (average Pd-Syiotato = 2.315(10) A, Co-Siniotato =
2.243(10) A, Co-Sguinde = 2.268(10) A) are comparable
with those in [17*7.

Fig. 3. Top (a) and side (b) views of As/A4[{PdCos(act)s},(m-L),IF*
([2a®") with the atomic labeling scheme. The A, isomer is selected.
Hydrogen atoms are omitted for clarity.
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Table 4

Selected bond distances (A) and angles (°) of Ay/A4-[{PdCos(aet)s}(m-L),]Clg - 17H,0 ([2a]Clg - 17H,0)
Pd1-S1 2.322(8) Col-N1
Pd1-S2 2.284(8) Col-N2
Pd1-S4 2.325(8) Col-N3
Pd1-S5 2.303(9) Co2-S4
Pd2-S7 2.366(8) Co2-S5
Pd2-S8 2.292(8) Co2-S6
Pd2-S10 2.325(8) Co2-N4
Pd2-S11 2.288(8) Co2-N35
Col-S1 2.268(9) Co2-N6
Col-S2 2.227(9) Co3-S7
Col-S3 2.287(9) Co3-S8
S1-Pd1-S2 85.3(3) S4-Co2-S5
S1-Pd1-S5 178.7(3) S4-Co2-S6
S1-Pd1-S4 176.8(3) S4-Co2-N4
S4-Pd1-S5 84.7(3) S5-Co2-N35
S7-Pd2-S8 83.8(3) S5-Co2-N6
S7-Pd2-S11 173.7(3) S6-Co02-N6
S8-Pd2-S10 172.5(3) N4-Co2-N5
S10-Pd2-S11 84.2(3) S7-Co3-S8
S1-Col-S2 87.9(3) S7-Co3-S9
S1-Co1-S3 176.3(4) S7-Co3-N7
S1-Col-Nl1 86.5(7) S8-Co3-N8
S2-Col-N2 89.9(7) S8-Co03-N9
S2-Col-N3 177.0(7) S9-Co3-N9
S3-Col1-N3 84.8(7) N7-Co3-N8
NI1-Col-N2 178(1) S10-Co4-S11

2.00(2) Co3-S9 2.292(9)
2.01(2) Co3-N7 2.00(2)
1.95(2) Co3-N8 1.95(2)
2.259(9) Co3-N9 1.97(2)
2.220(9) Co4-S10 2.268(9)
2.262(9) Co4-Sl11 2.210(9)
2.00(2) Co4-S12 2.262(9)
1.98(2) Co4-N10 1.94(2)
2.00(2) Co4-N11 1.97(2)
2.231(9) Co4-N12 2.06(3)
2.236(9)

88.2(3) S10-Co4-S12 176.7(4)

177.3(4) S10-Co4-N10 88.0(6)

88.5(6) S11-Co4-N11 87.1(7)
87.4(7) S11-Co4-N12 176.9(8)
177.8(7) S12-Co4-N12 85.8(8)
87.3(7) N10-Co4-N11 174.5(9)
175.7(9) Pd1-S1-Col 92.2(3)
88.3(3) Pd1-S2-Col 94.3(3)
178.4(4) Pd1-S4-Co2 92.6(3)
84.7(6) Pd1-S5-Co2 94.3(3)
87.6(6) Pd2-S7-Co3 93.0(3)
176.5(7) Pd2-S8-Co3 94.9(3)
88.8(7) Pd2-S10-Co4 92.9(3)
176.5(9) Pd2-S11-Cod 95.5(3)
87.4(3)

2.5. Molecular structures of AyA,-[ {CorPd(aet) 4} >-
(m-L):]°" ([2b]*F)

X-ray analysis revealed that the asymmetric unit of
[2b]** contains two crystallographically independent com-
plex cations ([2b,]*" and [2b5]8+), besides Cl~ anions and
water molecules. The number of CI™ anions implies that
each complex cation is octavalent. The structures of the
two complex cations are shown in Fig. 4, and their selected
bond distances and angles are listed in Table 5.

The two complex cations have a similar cyclic Co™,P-
d", structure ([{Co,Pd(aet)s}>(m-L),IF"), in which two
linear-type Cof”Pd”Colll trinuclear units (average Pd-
Co =3.318(2) A, Co-Pd-Co =176.57(5)°) are linked by
two m-xyl*" moieties through the terminal non-bridging
S atoms. The two mer-(S)-[Co(N);(S);] octahedra in each
Co™Pd"Co™ trinuclear unit have the same chiral configu-
ration to give the A, or A, form, like the two Co™ octahe-
dra in [1F" or [2a®". However, in each of [2b,}" and
[ZbB]8+ the A, and A, configurations are selected for the
two Co™Pd"Co™ units, constructing a meso (A,A,) struc-
ture. The structures of [2b,}" and [ZbB]8+ can be discrimi-
nated in terms of the R and S configurations for the four
sulfide S atoms. That is, [2b,]** adopts the (As)»(Ag)> con-
figuration with an averaged C,;, symmetry, while [ZbB]8+
has the (AsAgr)(AgAs) configuration with a C; symmetry
(Fig. 4).

The bond distances around each metal center in [me]f+
(average Pd-S = 2.317(%) A, Co-Syridgging-ra = 2.243(3) A,
Co-Sthioether = 2.275(3) A) and [Zbﬁ]8 (average Pd-S =

2323(3) A; CO*Sbridging-Pd = 2254(3)5 Cofsthioether =

2.289(3) A) are very similar to each other, and these dis-
tances are comparable with the corresponding distances
in [2al®". Furthermore, the intramolecular Pd:--Pd dis-
tances between the two Co"'Pd"Co" trinuclear units
(9.921(1) A for [2b,]*" and 10.033(1) A for [2bg]*") are sim-
ilar to the distances in [2al®" (10.155(3) A). It is worth to
mention that [2b, " and [ZbB]8+ accommodate water mol-
ecules in their cavity, as does [2a®" (Fig. S1).

2.6. Stereochemistry of the Co™ Pd", metallacycles

In the Co"™,Pd", hexanuclear complexes, [{Co,P-
d(aet)y}o(0-L)oI"" (1) and [{CosPd(aet)s}a(m-L)] "
(21", the two mer-(S)-[Co(N)5(S);] octahedra in each
Co™MPd"Co™ trinuclear unit commonly have the same
chiral configuration to give the A, or A, form. Thus, it is
seen that the chiral configuration (A, or A») of the parental
[Pd{Co(aet)s},I*" is retained in the course of the reactions
with o- or m-xylBr, This is supported by the fact that only
the A, isomer was formed for [2]** when the A, isomer of
[Pd{Co(aet)s}»F" was reacted with m-xylBr>.

Considering the combination of the A, and A, configu-
rations for the two Co™Pd"Co™ units, racemic (As/As)
and meso (A,A,) forms are possible for [17¥" and [2.
However, [1}¥" afforded only the racemic form, which
was shown by the column chromatographic behavior,
together with the single-crystal X-ray analysis. Molecular
model examinations reveal that there exists an unfavorable
steric interaction between the two Co™Pd"Co™ units
when [{Co,Pd(aet)4}(0-L),]*" adopts the meso form. The
selective formation of the racemic form has also been
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Fig. 4. Top (a) and side (b) views of two isomers of A,A,-[{Co,Pd(aet),} z(m-L)z]sJr ([2b]8+) with the atomic labeling scheme (left for [Zbc,]8+ and right for
[2bs**). Hydrogen atoms are omitted for clarity.

Table 5

Selected bond distances (A) and angles (°) of AyA,-[{PdCos(aet)s}(m-L),]Clg - 17H,0 ([2b]Clg - 17H,0)

Pd1-S2 2.305(2) Col-N1 1.980(6) Co3-S9 2.266(3)
Pd1-S1 2.331(2) Col-N2 1.973(7) Co3-N7 1.978(7)
Pd1-S4 2.328(2) Col-N3 2.011(7) Co3-N8 1.984(7)
Pd1-S5 2.305(2) Co2-S4 2.255(2) Co3-N9 1.998(7)
Pd2-S7 2.330(2) Co2-S5 2.237(3) Co4-S10 2.254(2)
Pd2-S8 2.318(3) Co2-S6 2.282(3) Co4-S11 2.258(3)
Pd2-S10 2.321(3) Co2-N4 1.987(7) Co4-S12 2.313(3)
Pd2-S11 2.322(2) Co2-N5 1.972(7) Co4-N10 1.980(7)
Col-S1 2.252(2) Co2-N6 1.987(7) Co4-N11 1.966(7)
Col-S2 2.239(2) Co3-S7 2.260(3) Co4-N12 1.995(8)
Col-S3 2.272(3) Co3-S8 2.244(2)

S1-Pd1-S2 84.74(8) S4-Co02-S5 88.03(9) S10-Co4-S12 171.0(1)
S2-Pd1-S4 172.9(1) S4-Co2-S6 179.7(1) S10-Co4-N10 86.9(2)
S1-Pd1-S5 173.08(8) S4-Co2-N4 86.5(2) S11-Co4-N11 87.2(3)
S4-Pd1-S5 84.69(8) S5-Co2-N5 86.9(2) S11-Co4-N12 178.1(3)
S7-Pd2-S8 84.72(9) S5-Co2-N6 175.5(2) S12-Co4-N12 85.7(2)
S7-Pd2-S11 179.7(1) S6-Co2-N6 86.5(2) N10-Co4-N11 176.6(3)
S8-Pd2-S10 177.89(9) N4-Co2-N5 175.4(3) Pd1-S1-Col 92.46(8)
S10-Pd2-S11 84.40(9) S7-Co3-S8 88.09(9) Pd1-S2-Col 93.48(8)
S1-Col-S2 88.16(9) S7-Co3-S9 176.8(1) Pd1-S4-Co2 92.56(9)
S1-Co1-S3 178.3(1) S7-Co3-N7 87.4(2) Pd1-S5-Co2 93.64(9)
S1-Col1-N1 86.5(2) S8-Co3-N8 88.4(2) Pd2-S7-Co3 92.96(8)
S2-Col1-N2 87.2(2) S8-Co3-N9 176.9(2) Pd2-S8-Co3 93.72(9)
S2-Col-N3 175.4(2) S9-Co3-N9 87.1(2) Pd2-S10-Co4 93.29(9)
S3-Col-N3 86.8(2) N7-Co3-N8 176.5(3) Pd2-S11-Co4 93.16(8)
NI1-Col-N2 176.0(3) S10-Co4-S11 87.45(9)

recognized for the S-bridged Co™,Pd",Au', metallacycle, interaction. It should be noted that the meso form of [2]8+
[Au,{Pd[Co(aet);]s}»]°", the Pd- - -Pd distance (6.991(1) A) (2b") was found to contain two diastereomers,
of which is quite similar to that in [1F¥" (7.016(1) A) [21]. (As)2(ARr)> and (AsAg)(ArAs), which are discriminated by
On the other hand, both the racemic and meso forms were the difference in the R and S configurations of the asym-
generated for [2]**. This is understood by the larger sepa- metric sulfide S atoms, while the racemic form of [2"
ration between the two Co'"Pd"Co™" units due to the link- ([2al®") exists as a pair of enantiomers having the unified
age with m-xyl2+ moieties, which can avoid an unfavorable chiral configurations, (Ag)s and (Ag)s, as does [1]8+.
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Recently, we have shown that the two terminal thiolato
groups in A,- and A»-[Pd{Co(aet);},*" are bound by ben-
zyl groups so as to give the S and R configurational sulfide
S atoms, respectively [23]. Thus, the selective formation of
the (Ag)s and (Ag)s isomers for [1¥" and [2al®" can be
explained by the stability of the Ag or Ax configuration
for each Co™ octahedron, which does not involve a serious
non-bonding interaction between an attached alkyl group
and an aet chelate ring in each Co™" octahedron. The for-
mation of the Az and Ag configurational Co™ octahedra in
[2b]", besides the Ag and A configurational ones, is most
likely due to an additional steric factor between the m-xyl>"
methylene groups and the adjacent aet ligands, which is
caused by the linkage of the two Co"Pd"Co™ units hav-
ing the opposite chiral configurations.

The '*C NMR spectrum of [1¥" in D,O exhibits only
three aromatic and seven methylene carbon signals for 12
aromatic and 28 methylene carbon atoms in the complex
(Fig. S2). Furthermore, only two o-xyl*" methylene dou-
blets are recognized at 6 4.21 and 3.97 in the '"H NMR
spectrum of [17¥" (Fig. S3). These NMR spectral features
imply that the symmetrical cyclic structure of [1F" found
in crystal is retained in solution. A similar '*C and 'H
NMR spectral behavior is also observed for [2a*", indica-
tive of the retention of its symmetrical cyclic structure in
solution. However, two m-xyl*" methylene doublets appear
at much closer positions (J 4.12 and 4.08) in the "H NMR
spectrum of [2a]f", reflecting the more flexible cyclic struc-
ture of [2al®" compared with that of [1]¥. The overall
NMR spectral behavior of [2bF" resemble that of [1F"
and [2a®", but a characteristic difference is noticed in more
minute detail, which results from the presence of two dia-
stereomers, (Ag)2(Agr)> and (AsAR)(ArAs). That is, all pro-
ton signals, including m-xyl** methylene signals (& 4.19 and
4.08), are broadened in the '"H NMR spectrum of [2b]"
(Fig. S3). In addition, the *C NMR spectrum of [2b]**
exhibits rather broad m-xyl*" methylene signals at o
39.41 and 39.82 (Fig. S2).

3. Concluding remarks

It was shown in this study that in aqueous media the S-
bridged Co™Pd"Co™ trinuclear [Pd{Co(aet);},F" reacts
readily with dibromoxylene (xylBr,) to form the Co™,Pd",
hexanuclear metallacycles that are composed of two
Co™MPd"Co™ units and two xyl>" moieties ([1** and
[2F"), thanks to the high nucleophilicity of two terminal
thiolato groups in [Pd{Co(aet);},}*". The chiral configura-
tion (A, or A,) of [Pd{Co(aet);},]’" was found to be
retained in the course of the dialkylation reactions. The
linkage of the two Co™Pd"Co™ units with o-xyl>* moie-
ties selected the A, or A, configuration for the Co'pd™-
Co™ units and the R or S configuration for the sulfide S
atoms, generating only a racemic compound with the uni-
fied chiral centers, (Ag)4 and (Ag)s, which were successfully
optically resolved. On the other hand, not only a racemic
compound containing the (Ag)s and (Ag); enantiomers

(2al’*), but also a meso compound containing the
(As)2(Agr)> and (AsAg)(ArAs) diastereomers ([2bFF) was
produced by the linkage with m-xyl*" groups. Note that
the cyclic structures in [2a®" and [2b]** possesses a rela-
tively large cavity enough to accommodate water mole-
cule(s), while no appreciable cavity exists in [1". Thus,
the slight modification of the geometrical isomerism of
the xyl** linkers (ortho vs. meta) results in a marked differ-
ence not only in the cavity size but also in the stereoisom-
erism of the generated Co",Pd", metallacycles.

4. Experimental
4.1. Synthesis of complexes

4.1.1. Preparation and optical resolution of A/,
[{CoxPd(aet)4}>(0-L),]Clg ([1]Clg)

To a brown solution containing [Pd{Co(aet)s},]-
Cl, - 5H,0 [22] (0.50 g, 0.61 mmol) in 100 cm® of water
was added o-dibromoxylene (0.20 g, 0.67 mmol). The mix-
ture was stirred at room temperature for 2 days, during
which time the brown suspension turned to a dark red solu-
tion. The insoluble materials were filtered off, and the fil-
trate was chromatographed on an SP-Sephadex C-25
column (Na™ form, 4 cm x 45 cm). After the column had
been swept with water and with a 0.5 mol dm > aqueous
solution of NaCl, a red-brown band of [1" was eluted
with a 1.0 mol dm ™~ aqueous solution of NaCl. The eluate
was concentrated to a small volume with a rotary evapora-
tor. After removal of deposited NaCl by filtration, the fil-
trate was allowed to stand at room temperature
overnight. The resulting red-brown powder was collected
by filtration, and then recrystallized from water at room
temperature. Yield for [1]Clg - 13H,0: 0.24 g (38%). Anal.
Calc. for [Pd2C04(C2H6NS)4(C12H20N2S2)2]C18' 13H20
C, 23.01; H, 5.50; N, 8.05. Found: C, 22.87; H, 5.22; N,
8.18%. '"H NMR (D,0): 6 7.55 (4H, m), 7.40 (4H, m),
421 (4H, d, J=13.4Hz), 3.97 (4H, d, J=13.4 Hz),
3.82-3.72 (12H, m), 3.61 (4H, dd, J=11.9, 3.4 Hz), 3.03—
2.98 (4H, m), 2.83-2.81 (4H, m), 2.70 (4H, dd, J=13.4,
3.1 Hz), 2.61-2.53 (16H, m) 2.39 (4H, td, J=134,
6.7 Hz). 3C NMR (D,0): 6 35.95 (CH,S), 36.21 (CH,S),
37.17 (CH,S), 37.85 (CH,S), 45.95 (CH,NH,), 56.61
(CH,NH;), 57.15 (CH,;NH,), 132.59 (Ph), 132.89 (Ph),
136.05 (Ph). Dark red crystals of [1](ClO4)(NO3); - 13H,0
suitable for X-ray analysis were obtained by the metathesis
of [1]Clg with NaClO, in water, followed by recrystalliza-
tion from water by adding an aqueous solution of NaNOs.

An aqueous solution of [1]Clg - 13H,O was chromato-
graphed on an SP-Sephadex C-25 column (Na' form,
2 cm x 30 cm), using a 0.50 mol dm > aqueous solution of
Na,[Sby(R,R-tartrato),]- SH,O as an eluent. When the
developed band was completely separated into two bands
in the column, the eluent was changed to a 1.0 mol dm>
aqueous solution of NaCl. Each eluate of the two bands
was concentrated to a small volume, and the concentrated
solution was used for the CD spectral measurement.
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The concentration of each solution was evaluated on the
basis of the absorption spectral data of the racemic chloride
salt. It was found from the absorption and CD spectral
measurements that the earlier and the later moving bands
in the column contained the (+)5, and (—)%, isomers of
1T, respectively.

4.1.2. Preparation and optical resolution of A Ay and A3A5-
[{COQPd((l€[)4}2(m-L)Q]Clg ([2(1]678 and [2b]clg)

To a brown solution containing [Pd{Co(aet)s},]-
Cl, - 5H,O (0.50 g, 0.61 mmol) in 100 cm® of water was
added m-dibromoxylene (0.20 g, 0.67 mmol). The mixture
was stirred at room temperature for 2 days, during which
time the brown suspension turned to a dark red solution.
The insoluble materials were filtered off, and the filtrate
was chromatographed on an SP-Sephadex C-25 column
(Na* form, 4 cm x 45cm). After the column had been
swept with water and with a 0.5 mol dm > aqueous solu-
tion of NaCl, two red-brown bands of [2b]*" (A,A>-[2F")
and [2a®" (A4/A4[2]") were eluted in this order with a
1.0 mol dm > aqueous solution of NaCl. The formation
ratio for this reaction was estimated to be ca.
2al*:[2b** = 1.4:1, based on the absorption spectral mea-
surements. Each eluate of the two bands was concentrated
to a small volume with a rotary evaporator. After removal
of deposited NaCl by filtration, the filtrate was allowed to
stand at room temperature overnight. The resulting red-
brown microcrystals were collected by filtration, and then
recrystallized from water at room temperature. One of
the dark red crystals thus obtained for each of [2a]Clg
and [2b]Cly was used for X-ray analysis. Yield for
[2a]Clg - 13H,0:0.10 g (16%). Anal. Calc. for [Pd,Coy-
(C2H6N8)4(C12H20N282)2]C18 ' 17H20 C, 2301, H, 550,
N, 8.05. Found: C, 22.83; H, 5.22; N, 8.04%. 'H NMR
(Dy0): 6 7.54 (6H, s), 7.38 (2H, s), 4.12 (4H, d,
J=13.4Hz), 408 (4H, d, /=134 Hz), 3.83 (4H, td,
J=13.1, 43Hz), 3.70-3.67 (8H, m), 3.57 (4H, dd,
J=12.2, 43Hz), 3.26-3.18 (8H, m), 2.99 (4H, td,
J=11.38, 4.1 Hz), 2.84 (4H, dd, J=13.7, 2.1 Hz), 2.90-
2.60 (8H, m), 2.32-2.29 (8H, m). '*C NMR (D,O): ¢
35.77 (CH,S), 37.64 (CH,S), 40.16 (CH,S), 40.19 (CH,S),
46.69 (CH,;NH,), 55.72 (CH,NH,), 57.24 (CH,NH,),
132.07 (Ph), 132.97 (Ph), 138.29 (Ph). Yield for [2b]Cls -
17H,0O: 0.18g (30%). Anal. Calc. for [Pd,Coy-
(CzHéNS)4(C12H20N282)2]C18 ' 17H20 C, 2224, H, 569,
N, 7.78. Found: C, 21.97; H, 5.37; N, 7.77%. '"H NMR
(D,0): 6 7.59 (2H, br s), 7.55 (6H, br s), 4.19 (4H, d,
J=13.4Hz), 408 (4H, br d, J=13.0 Hz), 3.80-3.63
(16H, m), 3.15 (8H, br s), 2.92 (4H, br s), 2.74 (8H, br s),
2.64 (4H, d, J=12.2 Hz), 2.30 (4H, br s), 2.12 (4H, br s).
13C NMR (D,0): § 35.87 (CH,S), 37.04 (CH,S), 39.41
(CH,S), 39.82 (CH,S), 46.30 (CH,NH,), 55.96 (CH,NH,),
56.98 (CH,;NH,), 132.28 (Ph), 132.79 (Ph), 132.92 (Ph),
137.56 (Ph).

An aqueous solution of [2a]Clg - 13H,O was chromato-
graphed on an SP-Sephadex C-25 column (Na™ form,
2 cm x 40 cm), using a 0.50 mol dm > aqueous solution of

Na,[Sb,(R,R-tartrato),]- SH>,O as an eluent. When the
developed band was completely separated into two bands
in the column, the eluent was changed to a 1.0 mol dm >
aqueous solution of NaCl. Each eluate of the two bands
was concentrated to a small volume, and the concentrated
solution was used for the CD spectral measurement. The
concentration of each solution was evaluated on the basis
of the absorption spectral data of the racemic chloride salt.
It was found from the absorption and CD spectral mea-
surements that the earlier and the later moving bands in
the column contained the (+)5, and (—)s, isomers,
respectively.

4.2. Physical measurements

The electronic absorption spectra were recorded on a
Ubest-55 spectrophotometer and the CD spectra on a
JASCO J-700 spectropolarimeter at room temperature.
The elemental analyses (C, H, N) were performed at Osaka
University. The 'H and '*C NMR spectra were recorded
on a JEOL JNM-A500 NMR spectrometer at the probe
temperature in D,O, using sodium 4,4-dimetyl-4-silapen-
tane-1-sulfonate (DSS) as the internal reference.

4.3. X-ray structural determination

Single crystal X-ray diffraction measurements for
[1](ClO4)(NO3); - 13H,O was made on a Rigaku RAXIS-
RAPID imaging plate area detector, while those for
[2a]Clg- 17H,O and [2b]Clg- 17H,O were made on a
Rigaku AFC5R four-cycle diffractometer with a graphite
monochromated Mo-Ka radiation. Crystallographic data
are summarized in Table 2. Unit cell parameters were
determined by a least-squares refinement. The intensity
data were collected by the w scan mode up to 20,,,x = 55.0°
for [1](Cl1O4)(NO3); - 13H,0 and by the w-20 scan mode up
to 20 = 40.1° for [2a]Clg - 17H,0 and up to 26 = 55.0° for
[2b]Clg - 17H,0 [24]. The intensities were corrected for Lor-
entz and polarization. The 6594, 2959, and 8189 indepen-
dent reflections with 7> 20¢(/) of the measured 15948,
8598, and 20180 reflections were considered as “observed”
and used for the structure determinations of [1](ClOy)-
(NO3)7 : 13H20, [22](:18 : 17H20, and [Zb]CIg . 17H20,
respectively.

Each structure was solved by direct methods and
expanded using Fourier techniques. The non-hydrogen
atoms except some disordered anions and water molecules
were refined anisotropically by full-matrix least-squares
methods for [1](ClO4)(NOs); - 13H,0. For [2a]Clg - 17H,0,
only Pd, Co, S, and Cl atoms were refined anisotropically,
while the other non-hydrogen atoms were refined isotropi-
cally. For [2b]Clg- 17H,0, all the non-hydrogen atoms
were refined anisotropically by full-matrix least-squares
methods. Hydrogen atoms except those of water molecules
were placed at calculated positions but were not refined.
All calculations were performed using the CrystalStructure
crystallographic software package [25].
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Appendix A. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic Data
Centre, CCDC Nos. 299775, 299776, and 299777. These
data can be obtained free of charge via www.ccdc.cam.
ac.uk/data_request/cif, by e-mailing to data_request@
ccde.cam.ac.uk, or by contacting The Cambridge Crystal-
lographic Data Centre, 12, Union Road, Cambridge CB2
1EZ, UK, fax: +44 1223 336 033. Figures of molecular
structures of [2a’" and [2b]" involving accommodated
water molecule(s) and '*C and "H NMR spectra of [1T*%,
[2al®*, and [2b]" are available (Figs. S1-S3). Supplemen-
tary data associated with this article can be found, in the
online version, at doi:10.1016/j.jorganchem.2006.08.059.
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