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Abstract: An open capsule-type octanuclear heterometallic sulfide cluster without an intramolecular inversion
center [Ru(75-CsMeg){ P(OMe)3}{ MoO(u3-S)s} (Cul),]2 (5) has been synthesized for the first time by stepwise
connection of three mononuclear building blocks, i.e., (i) [RuCl.(17-CsMeg){ P(OMe)s}] (1a) as an octahedral
terminal building block to control the direction of cluster expansion, (i) [MoOS;]?~ as a tetrahedral polydentate
building block owing to the strong coordination ability of the S atoms, and (iii) a Cul building block to form
a trigonal planar (u-S),Cul unit or to form a linkage unit of two incomplete cubane-type octanuclear
frameworks. The stepwise connection was made in the following order: [RuCl,(%-CsMeg){ P(OMe)s}] (13,
mononuclear) — [Ru(r%-CsMeg){ P(OMe)s}{ MoOS(u,-S)2} ] (2a, dinuclear) — [Ru(;78-CsMes){ P(OMe)3} { MoO-
(u2-S)2(us-S)} Cul] (3a, butterfly-type trinuclear) — [Ru(78-CsMegs){ P(OMe)s}{ MoO(us-S)3} (Cul)2]2 (5). When
P(OMe); was replaced by P(OEt)s, which is more bulky than P(OMe)s, in the starting ruthenium building
block [RuCl,(178-CsMeg){ P(OEt)3}] (1b, mononuclear), only the tetranuclear incomplete single cubane cluster
[Ru(r8-CsMeg){ P(OEt)3}{ MoO(us-S)3} (Cul),] (6) was generated, owing to the steric effect of P(OEt)s.

Introduction Chart 1 shows different types of metal sulfide and oxide
Extensive efforts have so far been devoted to synthesize metafc!USters so far synthe(;s,ged with complete cubane frameworks
sulfide and oxide clusters with complete cubane or incomplete {€-9-/A, single cubané?*'B, corner-.shazlfti? double cubane with
cubane frameworks because of the interest in their geometrical@n intramolecular inversion centei); C, corner-shared
relevance to the active site structures of enzymes with cubane-

like units such as RB&; and MnO, as well as potential
applications in the area of cataly$i<.

T Osaka University, PRESTO and SORST, JST.
* Kanazawa University.
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Chart 1
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t Reported numbers based on the data gathered from ACS, SciFinder.

¥ An intramolecular iversion center.
®: S, O, or metal ions.
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Chart 2

closed capsule-type
linked incomplete double cubane
without i

T An intramolecular iversion center.

There is only one example of the synthesis of a closed

open capsule-type
linked incomplete double cubane
without /t

®: S, O, or metal ions.

cubane framework without an intramolecular inversion center

capsule-type linked incomplete double cubane sulfide cluster as shown as typ®1 in Chart 2: [Ruf8-CsMeg){ P(OMe)}-

without i with one vacant coordination sité (in Chart 2)32
which is regarded as a structural model for the catalytically
active site (FeMoco) of Mo-nitrogena&The half-capsule of

L can be slid to one side with the change of linkage ligands to

{MoO(us-S)} (Cul)z]2 (5). Scheme 1 summarizes our strategy
to synthesize the open capsule-typgicluster5 by stepwise
connection of three mononuclear building blocks: [RugS
CsMeg){ P(OMe)}}] (1a, mononuclear)— [Ru(y%-C¢Meg)-

give an open capsule-type linked incomplete double cubane{P(OMe)}{MoOSu,-S)}] (2a, dinuclear)— [Ru(;®-CsMeg)-

sulfide cluster withouti, which has two uncovered vacant
coordination sitesNl in Chart 2). However, the synthesis of
such an attractive open capsule-type sulfide clustdnas yet

{P(OMe}}{ MoO(u2-Sh(us-S)} Cul] (33, butterfly-type trinuclear)
— a mixture of two incomplete double cubane-type octanuclear
sulfide clusters with or without an intramolecular inversion

to be achieved because there has been no systematic strategsenter [Rug8-CsMeg){ P(OMex}{ MoO(uz-S)} (Cul),]» (4 or 5,
for the synthesis of such open capsule-type sulfide clustersrespectively), which were separated by recrystallization. When

without an intramolecular inversion center.
We report herein the first example of a rational synthesis of

P(OMe} was replaced by P(OEt)jn the starting ruthenium
building block [RuCh(;78-CeMeg){ P(OEt}} ] (1b, mononuclear),

an open capsule-type octanuclear heterometallic sulfide clusteronly the tetranuclear incomplete single cubane cluster/jRu(

(MgSs, where M= metal ions) with a linked incomplete double
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ions) bonds are disrupted during catalysis to form a closed capsule-type

heterometallic sulfide cluster with linked incomplete double cubang&{M
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CoeMeg){ P(OEt}}{ MoO(us-S)3} (Cul),] (6) was formed due to
the steric effect of P(OE$)which is more bulky than P(OMg)
(Scheme 1). The structures b, 2a, 3a, 3b, 4, 5, and6 were
determined by X-ray analysis.

Experimental Section

Materials and Methods. Compoundsla, 1b, 2a, 2b, 3a, 3b, 4, 5,
and6 are stable to air. All preparative procedures were routinely carried
out under an atmospheric pressure of Ar. Methanol, hexane, acetonitrile,
N,N-dimethylformamide (DMF), diethyl ether, dichloromethane, and
chloroform were purchased from Wako Pure Chemical Industries, Ltd.
and were used without further purification. Trimethyl phosphite, triethyl
phosphite, and Cul were purchased from Wako Pure Chemical
Industries and were used without further purification. [Ri#S+Cs-
Meg){ P(OMe}}] (1@ and [NHj[MoOS;] were prepared by the
methods described in the literat#fé>[PhyPL[MoOS;] was synthesized
from [NH4],[MoOS;] by a method similar to that for [RR],[M0S,]
and by the method described in the literatéfréd NMR spectra were
recorded on a JEOL 300 MHz spectrometer (JNM-AL 300) and reported
in ppm vs tetramethylsilane (TMS). IR spectra of solid compounds as
KBr disks were recorded on a Thermo Nicolet NEXUS 870 FT-IR
instrument using 2 crt standard resolution at ambient temperature.
ESI-MS data were collected on an API 365 triple quadrupole mass
spectrometer (PE-Sciex) in positive detection mode, equipped with an

(34) (a) Werner, H.; Kletzin, H.; Roder, Kl. Organomet. Chen1988 355,
401-417. (b) Klaeui, W.; Buchholz, Elnorg. Chem.1988 27, 3500~
3506.

(35) (a) McDonald, J. W.; Friesen, G. D.; Rosenhein, L. D.; Newton, W. E.
Inorg. Chim. Actal983 72, 205-210. (b) Harmer, M. A.; Sykes, Gnorg.
Chem.198Q 19, 2881-2885.

(36) Hadjikyriacou, A. I.; Coucouvanis, Dnorg. Synth.199Q 27, 39.
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Scheme 1
0]
I
_Cl mo0ss 5. /A cul
Ru D —— RU\ /MO\ —_— R
Cl - in MeOH S7 N5 in acetonitrile \
mononuclear dinuclear butterfly-type
1af, 1b* 2af, 2bt trinuclear
3a’, 3b*
Cul in acetonitrile |
R =Me R=Et
(from 3aT) (from abi)
0] 0]
I i
~18
B N
& s
| u Ru u Ru Cu
N /i) N / N
u Ru.Cu—l I 1 1
’ S\i ‘ octanuclear 4 (Wlth i) ‘ incomplete
: isolated by recrystallization single cubane-type

“,’,'0/ from a mixture of 4 and 5 in
o] DMF/ether
(type Kin Chart 1)

I\' L{{Rl} u——'l
SN, octanuclear 5 (without #)$
4 isolated by recrystallization from
il a mixture of 4 and 5 in DMFT
(type M in Chart 2)

ion spray interface. The sprayer was held at a potentiat®D kV,
and compressed Nvas employed to assist liquid nebulization.
[RuCl o(n5-CsMeg){ P(OEt)s}] (1b). A suspension of [RuCH-Ce-
Meg)(u-Cl)]2 (1.00 g, 2.00 mmol) and triethyl phosphite (5 Ynn
dichloromethane (150 cihwas refluxed for 1 h. A dark red solution

tetranuclear
6

(type Hin Chart 1)

12+

Ru= RFI;” ta: R = Me
th: R = Et
(OR)g

§i: an intramolecular inversion center.
DMF = N, N-Dimethylformamide.

\ J

(CDClg, 23 OC): 0 1.97 (d,4\]p'H = 1.2 Hz, 18H,_CH3(176-C5M96)),
3.68 (d,3Jp,H = 10.5 Hz, 9H,_OCH:;).
[Ru(#5-CeMeg){ P(OEt)s}{ MoOS(u2-S)}] (2b). Complex2b was
similarly prepared fromib in 89% yield based otb. Anal. Calcd for
CigH3sMoO4PRuUS: C, 33.90; H, 5.22%. Found: C, 33.61; H, 4.92%.

was filtered and evaporated to dryness. Recrystallization of the solid *H NMR (CDCl;, 23°C): ¢ 1.20 (t,3Jun = 6.9 Hz, 9H,—CH,CH3),

residue from dichloromethane/hexane gave dark red crystals. A product1.23 (t,3Jun = 6.9 Hz, 9H,—CH,CH3), 2.21 (d,*Jp s = 0.9 Hz, 18H,

was collected by filtration and dried in vacuo. Yield: 96% based on —CHs(17°-CeMes)), 2.28 (d,“Jp 1 = 0.9 Hz, 18H,—CHs(175-CsMey)),

[RUC'(T]G-CGMGG)(IM-CD]Z Anal. Calcd for GgH3:Cl,OsPRu: C, 43.20; 3.88 (dq,3\]P,H =6.9 HZ.3\]H'H = 6.9 Hz, 6H,—CH2—), 3.99 (dq,st’H

H, 6.65%. Found: C, 43.19; H, 6.3M NMR (CDCl;, 23 °C): ¢ = 6.9 Hz,3J4n = 6.9 Hz, 6H,—CH,—).

1.26 (t,%4n = 6.9 Hz, 9H,—CH,CH3), 2.03 (d,*Jp s = 1.2 Hz, 18H, [Ru(5-CeMeg){ P(OMe)s} { MoO(u2-S)h(us-S) Cul] (3a). Cluster3a

—CHs(17°-CeMeg)), 4.14 (dg,%Jen = 6.9 Hz,3Jyn = 6.9 Hz, 6H, was obtained from a reaction 8 (0.32 g, 0.54 mmol) with Cul (0.10

—CHz—). g, 0.54 mmol) in acetonitrile (60 cin After stirring for 12 h at room
[Ru(75-CeMeg){ P(OMe)s} { MoOS(u2-S)} ] (2a). A methanol solu- temperature, the mixture was concentrated to ca. Ziyring a purple

tion (50 cn?) of 1a (0.69 g, 1.51 mmol) was added to a methanol precipitate, which was collected by filtration, washed with a small

solution (250 crf) of [PhyP],[Mo0OSs] (1.37 g, 1.54 mmol) at room amount of diethyl ether, and dried in vacuo (Yield: 93% based on

temperature. The mixture was stirred for 12 h to yield purple crystals 28). Anal. Calcd for GsH/CulMoOPRuUS: C, 22.92; H, 3.46%.

of 2a, which were collected by filtration, washed with methanob(3 Found: C, 23.00; H, 3.29%H NMR (CDiCN, 23°C): 6 2.26 (d,

30 cnf) and diethyl ether (3« 20 cn#), and dried in vacuo. Crystals ~ “Jpn = 1.2 Hz, 18H,—CHj(%-CeMes)), 3.23 (d,*Jpy = 11.1 Hz, 9H,

of 2awere further obtained by evaporating the filtrate to ca. 100 cm —OCHa).

below 30°C. Yield: 87% based ofha. Anal. Calcd for GsH,7M0oO4- [Ru(#5-CeMeg){ P(OEt)s}{ MoO(u2-Sh(us-S) Cul] (3b). Complex

PRuS: C, 30.25; H, 4.57%. Found: C, 29.96; H, 4.31%. NMR 3b was similarly prepared fror2b in 87% yield based ob. Anal.
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Calcd for GgH3zsMoO4PRuUS: C, 26.11; H, 4.02%. Found: C, 25.93;
H, 4.25%.'*H NMR (CDsCN, 23°C): 6 1.16 (t,%Jun = 6.9 Hz, 9H,
—CH,CHs), 2.24 (d,*Jp 4 = 1.2 Hz, 18H,—CH3(;7°-CsMes)), 3.78 (dq,
3‘Jp,H =6.9 HZ,3‘JH,H =6.9 HZ, 6H,_CH2—).

[Ru(n8-CsMes){ P(OMe)z}{ MoO(uz-S)} (Cul) 2] (4, with an In-
version Center). Method A. Cul (0.053 g, 0.30 mmol) was added to
an acetonitrile solution (100 cinof 3a (0.20 g, 0.25 mmol) at room
temperature. After stirring for 12 h at room temperature, the mixture
was concentrated to ca. 50 €giving a purple precipitate, which was
collected by filtration, washed with a small amount of diethyl ether,
and dried in vacuo. Dark red block crystalsffvere obtained from a
DMF/diethyl ether solution of the purple precipitate. Yield: 40% based
on3a Anal. Calcd for GoHs.CulsaM0.0sP.RWSs: C, 18.45; H, 2.79%.
Found: C, 18.71; H, 2.61%H NMR (CDsCN, 23°C): ¢ 2.31 (d,
“Jpn = 1.2 Hz, 18H,—CH3(5®-CsMeg)), 3.43 (d,%Jpn = 11.7 Hz
—OCHj3). Method B. Cluster4 was obtained from a reaction @a
(0.30 g, 0.50 mmol) with Cul (0.20 g, 1.05 mmol) in acetonitrile (100
cn?). After stirring for 12 h at room temperature, the mixture was
concentrated to 50 chto give a purple precipitate, which was collected
by filtration, washed with a small amount of diethyl ether, and dried
in vacuo. Dark red block crystals @ were obtained from a DMF/
diethyl ether solution of the purple precipitate. Yield: 44% based on
2a

[Ru(n8-CeMeg){ P(OMe)s}{ MoO(us-S)} (Cul) 5] (5, without an
Inversion Center). Cluster5 was prepared in the same manne#as
Dark red platelet crystals & were obtained from a DMF solution of
the purple precipitate. Yield: 40% based3a Anal. Calcd for GoHss
Cwl4M0,08P.RWSs: C, 18.45; H, 2.79%. Found: C, 18.71; H, 2.61%.
H NMR (CDsCN, 23°C): 6 2.31 (d,“Jp,s = 1.2 Hz, 18H,—CHs(1°-
CsMeg)), 3.43 (d,%Jpy = 11.7 Hz—OCHj).

[Ru(#5-CeMeg){ P(OEt)s}{ MoO(us-S)} (Cul) 5] (6). Cluster6 was
obtained from a reaction &b (0.20 g, 0.25 mmol) with Cul (0.053 g,
0.30 mmol) in acetonitrile (100 ct After stirring for 12 h at room
temperature, the mixture was concentrated to ca. 5Qyering a purple
precipitate, which was collected by filtration, washed with a small
amount of diethyl ether, and dried in vacuo (Yield: 94% based on
3b). Anal. Calcd for GgHs3l .CLMOOsPRUS: C, 21.22; H, 3.27%.
Found: C, 20.95; H, 3.05%4H NMR (CDsCN, 23°C): 6 1.19 (t,
8Jun = 6.9 Hz, 9H,—CH,CH3), 2.29 (d,*Jp = 1.2 Hz, 18H,—CHj(°-
CeMEe)), 3.75 (dq,3Jp,H =6.9 HZ,3JH,H = 6.9 Hz, 6H,—CH2—).

X-ray Crystallographic Analysis. Crystallographic data fota,3”
23,%8 33,%%3b,*0 4,41 5,42 and6*® have been deposited with the Cambridge

Cci

Figure 1. ORTEP drawing ofla. Selected bond length§A) and angles
(¢/deg): Ru-C1=2.207(3), RurC2=2.227(3), Ru+C3 = 2.248(3),
Rul-C4 = 2.216(3), Ru+C5= 2.288(3), Ru+C6 = 2.284(3), C+C6

= 1.433(5), C4C5=1.437(5), C5-C6 = 1.402(5), Ru+Cl1 = 2.4138-
(9), Rut-CI2 = 2.4042(9), RutP1= 2.2678(9), P+Rul—-CI1 = 86.51-
(3), PI-Rul-CI2 = 86.17(4), CIt-Rul—CI2 = 88.84(3).

respectively. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK
{Fax: (+44)1223-336-033. E-mail: deposit@ccdc.cam.adc.hkea-
surements were made on a Rigaku/MSC Mercury CCD diffractometer
with graphite monochromated ModKradiation ¢ = 0.7107 A). Data
were collected and processed using the CrystalClear program (Rigaku).
All calculations were performed using the teXsan crystallographic
software package of Molecular Structure Corporation. An ORTEP
drawing of3b is shown in Figure S1 (in the Supporting Information).

Results and Discussion

Synthesis and Structures of [RUCH(55-CeMeg){ P(OR)z}]
{R = Me (1a), Et (1b)}. Complexeslaandlb were prepared
from the reaction of [RuCH{®-CeMeg)(u-Cl)]> with P(OR} {R
= Me(1a), Et(1b)} in dichloromethané? Red crystals ofla

Crystallographic Data Center as supplementary publication No. CCDC- \;5ed in X-ray analysis (Figure 1) were obtained from mixed

266125, 266126, 240914, 266127, 266128, 240913, and 266129

(37) Crystal data fola:0.5CHCl,: Cis58H28Cl30sPRu, MW 500.79, mono-
clinic, space groug2/c (No. 15),a = 15.536(2&):\&1 =9.1070(8) Ac=
28.617(3) A, = 95.150(43, V = 4032.4(7) B, Z = 8, Dc = 1.650 g
cm~3, u(Mo Ka) = 12.65 cntt, T= 173 K,R1 = 0.036, andR,, = 0.095.

(38) Crystal data foRa: Cyi5H27M0O4PRUS, MW 595.54, orthorhombic, space
groupCme; (No. 36),a = 9.449(6) Ab = 16.93(1) A,c = 13.252(8) A,
V=12119(2) B, Z="4, Dc = 1.866 g cm?3, u(Mo Ko) = 16.91 cnil, T
= 223 K, R1 = 0.040, andr,, = 0.088.

(39) Crystal data for3a-0.7CHCN: Cip.adH20.14CUINg MOO,PRUS, MW
814.73, monoclinic, space Eromlln (No. 14),a = 8.934(4 Ab=
23.350(9) A,c = 13.258(7) A8 = 96.171(7), V = 2749(2) K, Z = 4,
Dc = 1.968 g cm?, u(Mo Ka) = 31.87 cnii, T = 173 K, R1 = 0.058,
andR, = 0.160.

(40) Crystal data foBb: C;gH33CulMoOPRUS, MW 828.07, monoclinic, space
%roup P2i/a (No. 14),a = 16.036%)) Ab=11.237(6) A,c = 15.621(9)

, B =93.755(9y, V = 2808(2) B, Z = 4, Dc = 1.958 g cm?, u(Mo
Ko) = 31.21 cm!, T = 223 K, Rl = 0.057, andR,, = 0.145.

(41) Crystal data foA-DMF: CigH34Cupl,MONOsPRUS, MW 1049.54, mono-
clinic, space groupt2/c (No. 15),a = 37.63(2) A,b = 9.293(4) A,c =
19.393(9) A, = 110.535(5), V = 6350(4) B, Z = 8, Dc = 2.195 g
cm3, u(Mo Ka) = 43.94 cnt, T= 173 K,R1 = 0.053, andR,, = 0.165.

(42) Crystal data fob: CisH27Cwpl,MoO,PRUS, MW 976.44, monoclinic, space
groupC2/c (No. 15),a = 9.545(2) A,b = 18.288(3) A,c = 31.466(6) A,
B = 97.5020(7), V = 5445.0(9) &, Z = 8, Dc = 2.382 g cm3, u(Mo
Ko) = 51.11 cni!, T = 173 K, Rl = 0.042, andR,, = 0.085.

(43) Crystal data fo6: CigH33Cl,M0O,PRUS, MW 1018.52, monoclinic,
space groufP2,/n (No. 14),a = 9.395(4) A b = 16.327(7) Ac = 19.521-
(9) A, f=95.777(5),V=2979(2) B, Z = 4,Dc = 2.271 g cm3, u(Mo
Ka) = 46.76 cm!, T = 223 K, Rl = 0.046, andR,, = 0.119.
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'solvents of dichloromethane/diethyl ether. The Ru atom has an
octahedral coordination geometry with bonding parameters
similar to [RuCh(1%-CsMes)(PMes)].** The distances between
Ru atom and carbons of thg-C¢Me;s ring of complexlain
the solid state are not equivalent: the distances of &b and
Ru—C6 {2.288(3) and 2.284(3) A, respectivilyrans to the
P(OMe} ligand are longer than those of RC1, Ru-C2, Ru-
C3, and Rt-C4{2.207(3), 2.227(3), 2.248(3), and 2.216(3) A,
respectively trans to the CI ligands. This indicates that the
P(OMe} ligand has a greater trans influence than the Cl ligands.
Thus, the bond distance of E£6{1.402(5) A of the #5-Cs-
Meg ring is shorter than those of €1C6 and C4-C5{1.433-
(5) and 1.437(5) A, respectivgly

Synthesis and Structures of [Ruf8-Ce¢Meg){ P(OR)3}-
{MoOS(u2-Sy}] {R = Me (2a), Et (2b)}. The molecular
structure of the dinuclear sulfide compl@a determined by
X-ray analysis is shown in Figure 2. Red crystal®afused in
the X-ray analysis were obtained from mixed solvents of
chloroform/diethyl ether. Ru and Mo atoms have octahedral and

(44) Hansen, H. D.; Nelson, J. drganometallics200Q 19, 4740-4755.
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Figure 2. ORTEP drawing oRa. Selected interatomic distancé&) and
angles ¢/deg): Rut-Mol = 2.924(1), Ru+S1= 2.388(2), Mot+S1=
2.247(2), MotS2 = 2.121(5), Mo+-01 = 1.80(1), Rut+S1-Mol =
78.16(8), RutMol-S2 = 136.1(2), Ru+Mo1—-01 = 115.4(3), St
Mo1—01 = 110.0(2), S2Mo1—01 = 108.6(4).

tetrahedral coordination geometries, respectively. The-Rio

distance, 2.924(1) A, is similar to that of the trinuclear sulfide

cluster [Ry (CO)(PhNCHS)(PP(u-S);} ;Mo] {2.8646(8) A .45

The Mo—S (bridge) bond distances (av. 2.247 A) are consider-

ably longer than the MeS3 (terminal) bond distance iRa
{2.121(5) A and in Cs[Mo0S;] (2.178 A) with some double
bond charactef® The Mo—0 bond distanc§1.80(1) A is in

the normal double bond distances range. An infrared spectrum

of complex2a, therefore, exhibits tway,—s bands, one for
Mo—S (bridge) (450 cm?!) and the other for Me-S (terminal)
(494 cnr), and onevye—o band (899 cm?).*® The Ru-Mo—
01 angle{115.4(37} of 2ais smaller than RtMo—S2{136.1-

(2)°} owing to the steric effect of the trimethyl phosphite group.

An infrared spectrum of comple®b also exhibits twovpe-s
bands, one for MeS (bridge) (457 cm!) and the other for
Mo—S (terminal) (497 cm?), and oneye—o band (897 cm?).
Synthesis and Structures of [Ruf8-C¢Meg){ P(OR)3}-
{MoO(u2-Sk(us-S) Cul] {R = Me (3a), Et (3b)}. An ORTEP
drawing of3ais shown in Figure 3. Red crystals 8& used in

the X-ray analysis were obtained from mixed solvents of

acetonitrile/diethyl ether. The trinuclear clust8a has a

£ C14

C15
C13

Figure 3. ORTEP drawing oBa. Selected interatomic distancé&l) and
angles §/deg): Rut-Mol = 2.885(2), Mo}-Cul = 2.655(2), Ru+S1
= 2.372(3), Ru+S2=2.382(3), Mo}S1= 2.233(3), M0}-S2= 2.277-
(3), M01-S3=2.208(4), Mo}+-04 = 1.714(9), CutI1 = 2.453(2), Rut
S1-Mol = 77.49(9), RutS2-Mol = 76.48(9), Ru+S2-Cul =
117.9(1), S+ M0o1-04=111.0(3), S2M01—04 = 111.9(4), S3-Mol—
04=110.5(3), Mo}+-S2—Cul= 71.48(9), Mo}-S3—-Cul= 73.5(1), S2-
Cul-S3= 107.1(1).

angles ¢/deg): Rut-Mol = 2.883(1), Mo+Cul= 2.672(2), Mot-Cu2
=2.687(2), RutS1=2.376(3), RutS3=2.383(2), Mo}S1= 2.272-
(3), Mo1-S2 = 2.283(3), Mo}-S3 = 2.265(3), Mo}-04 = 1.693(7),
Cul—I1 = 2.459(2), Cuz12 = 2.514(2), Cuz-I2* = 2.972(2), Rut
S1-Mol = 76.64(8), Ru+S3-Mol = 76.30(8), Ru+S1-Cul= 117.9-
(1), Rul-S3-Cu2 = 124.3(1), St Mo1—-04 = 111.3(3), S2Mol1—04
=111.1(3), S3Mo1-04 = 113.5(3), Mo}S1-Cul= 72.18(8), Mot

butterfly-type framework, in which the Ru, Mo, and Cu atoms S3-Cu2= 71.66(8), S+Cul-S2= 108.0(1), S2-Cu2-S3= 106.8(1),

are arranged in a right-angled fashi§Rul-Mol—Cul =
91.89(5}}, and the S2 atom haga-coordination mode. There
are a few reports on such 4% butterfly-type mixed metal

clusters?3%3le The Ru, Mo, and Cu atoms have octahedral,
tetrahedral, and trigonal planar coordination geometries, re-

spectively. The Me-S2 (u3) bond distancg2.277(3) A is
longer than the Me-S1 (u;) and Mo—S3 («2) bond distances
{2.233(3) A and 2.208(4) A, respectivily Thus, the IR

(45) Kato, M.; Kawano, M.; Taniguchi, H.; Funaki, M.; Moriyama, H.; Sato,

T.; Matsumoto, K.Inorg. Chem.1992 31, 26—35.

(46) (a) Miler, A.; Diemann, E.; Jostes, R.;"Bge, H.Angew. Chem., Int. Ed.
Engl. 1981, 20, 934-955. (b) Schmidt, K. H.; Mler, A. Coord. Chem.
Rev. 1974 14, 115-179. (c) Diemann, E.; Mier, A. Coord. Chem. Re

1973 10, 79-122. (d) Zhang, C. Z.; Jin, G.-C.; Chen, J.-X.; Xin, X.-Q.;

Qian, K.-P.Coord. Chem. Re 2001, 213 51-77. (e) Nakamoto, K.

Infrared and Raman Spectra of Inorganic and Coordination Compounds

5th ed.; John Wiley & Sons: New York, 1997.

12—Cu2-12* = 100.44(5).

spectrum as a KBr disk &a shows threey,—s bands at 467,
471, and 474 cmt and onevyo—o band at 914 cmt. The
trinuclear butterfly-type clusteBb was also synthesized from
a reaction oRb with Cul. Red crystals 08b used in the X-ray
analysis were similarly obtained from a DMF solution 3i§
(Figure S1 in the Supporting Information). The IR spectrum as
a KBr disk of 3b shows threevy,-s bands at 446, 457, and
465 cnt! and onevwo-o band at 915 cmt.

Synthesis and Structure of [Rug®-CsMes){ P(OMe)s}-
{MoO(us-S)}(Cul)z]2> (4 with an Inversion Center). The
butterfly-type trinuclear sulfide clust@awas transformed into

a mixture of two incomplete double cubane-type octanuclear

sulfide clusters [Ruff-CeMeg){ P(OMex}{ MoO(us-S)} (Cul);]»

J. AM. CHEM. SOC. = VOL. 127, NO. 41, 2005 14371
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Scheme 2

b

A

3af, 3bt
M;5S;

Ny, .
1at, 1b* 2af, 2bt
M, M,S;
R=Me
(from 3at)

with an intramolecular inversion cente#)(and without an
intramolecular inversion centeb), which were separated by
recrystallization as shown in Scheme 1. Red crystals used in
the X-ray analysis oft were obtained from a DMF/diethyl ether
solution of the mixture o# and5. As depicted in Figure 4,
cluster4 has a linked incomplete double cubane-type octanuclear
framework with a crystallographic inversion center (tyen
Chart 1), in which two incomplete cuboidal subunitss(iv-
S) (M = Ru, Mo, and Cu), are linked by two Cyu-1)---Cu
bridges. Although both Cul and Cu2 have a trigonal planar
coordination geometry, Cu2 has an interaction with the neigh-
boring 12* atom to reflect a dimerization in clustdr {the
distances of Cu2I2 and Cu2-12* are 2.514(2) and 2.972(2)
A, respectively. Such an octanuclear framework with the weak
bridging | interactions has also been observed in INEEus-
Mo0,S:0:2l¢] {the distances of Cul are 2.517(2) and 2.984(3)
A} and [NE#]4[CusM0,Ss02Brl 4] {the distances of Cul are
2.502(2) and 2.972(3) A previously determined by X-ray
analysis'’ The Mo atom has a distorted tetrahedral coordination
geometry with one Me-O bond{1.693(7) A and three Me-
(u3-S) bonds (approximately same as one another: av. 2.273
A) reflecting one strongrmo—s band at 445 cmt of an IR
spectrum as a KBr disk of.

Synthesis and Structure of [Ruf®-CsMeg){P(OMe)s}-
{MoO(us-S)} (Cul)2]2 (5 without an Inversion Center). Red

(47) (a) Hou, H.; Long, D.; Xin, X.; Huang, X.; Kang, B.; Ge, P.; Ji, W.; Shi,
S.Inorg. Chem.1996 35, 5363-5367. (b) Hou, H.-W.; Xin, X.-Q.; Liu,
J.; Chen, M.-Q.; Shu, SI. Chem. Soc., Dalton Tran$994 3211-3214.
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R=Et
(from 3b%)

6
A
Ny,
(OR);
Ta:R=Me e:metal ions (M)
Hh:R=Et ®:u3S(9)

L.

crystals used in the X-ray analysis Bfwere obtained from a
DMF solution of the mixture oft and5. As depicted in Figure

5, cluster5 has an open capsule-type octanuclear framework
(type M in Chart 2), in which two incomplete cubane units,
Ma(us-S)s (M = Ru, Mo, and Cu), are linked by twgs-I
bridges. To the best of our knowledge, this is the first example
of such an open capsule-type cluster without an intramolecular
inversion center. The Ru atom is octahedrally coordinated, and
the Mo atom has a distorted tetrahedral coordination with one
terminal O and threg:s-S atoms. The Cul and Cu2 have a
trigonal planar geometry with two S and one Cl atoms, but Cu2
has a weak interaction with the neighboring 12* atdnhe
distances of Cu2I2 and Cu2-12* are 2.497(1) and 3.046(1)

A, respectively.

ESI-MS has rapidly been becoming one technique to probe
the structure of metal complexes in soluti§rOn the basis of
our background of ESI-MS studié®48we have used ESI-
MS to probe the structure & and6 in solution. The positive
ion mass spectrum of the same crystal used in the X-ray analysis
of 5in CH3CN shows signals atvz 1826.4{relative intensity
(I) = 30% in the range offiVz 1300 to 2009, m/z 1636.4 ( =
100%), andn/z 1445.4 ( = 70%) (Figure 6a). The envelope at
m/z 1826.4 has a characteristic distribution of isotopomers that
matches well with the calculated isotopic distribution for{

I]* (Figure 6b and 6c). In the spectrum each envelope gives a

(48) (a) Chen, PAngew. Chem., Int. EQR003 42, 2832-2847. (b) Ogo, S.;
Makihara, N.; Watanabe, YOrganometallics1999 18, 5470-5474.
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(b)

Figure 5. (a) ORTEP drawing o6. Selected interatomic distancesd)
and angles#/deg): Rut-Mol = 2.8979(7), Mo+Cul= 2.665(1), Mot
Cu2 = 2.674(1), Ru+S1= 2.381(2), Ru+S2= 2.388(2), Mot-S1=
2.275(2), Mo}+-S2= 2.281(2), Mo}-S3= 2.272(2), Mo}+-0O4 = 1.694-
(4), Cul-11 = 2.450(1), Cuz-12 = 2.497(1), Cuz-12* = 3.046(1), Rut
S1-Mol = 76.95(5), Rut+S2-Mol = 76.69(5), Ru+S1-Cul =
117.85(7), Ru+S2-Cu2 = 124.00(7), S+Mo1—-04 = 110.9(2), Sz
Mo1—04 = 114.0(2), S3Mo1—-04 = 111.3(2), Mo}-S1-Cul= 71.86-
(5), M01-S2—-Cu2 = 71.49(5), S+ Cul-S3= 108.62(7), S2Cu2-S3
= 107.49(7), 12-Cu2—12* = 103.49(4). (b) The open capsule-type linked
incomplete double cubane framework 5f{ CsMes, P(OMe}, and the
terminal iodide ligands (11 and 11*) are omitted for clajity

©1826.4
(a) (b)
©1636.4
ll.
1300 1500 1700 1900 1810 1830
mlz miz

Figure 6. (@) Positive-ion ESI mass spectrum®in CH3CN. The signal
atm/z 1826.4 corresponds t& [~ 1] . The signals at/z1636.4 (b — | —

Cull*) and 1445.4 § — | — 2Cul]") are product ions off — I]*. (b) The
signal atnvz 1826.4. (c) Calculated isotopic distribution fd - 1]*.

wide distribution of isotopomers due to isotopes of Mo,
15.9%; %Mo, 16.7%; and®®o, 24.1%) and Cu®Cu, 69.2%
and 5Cu, 30.8%). MS/MS measurements indicate that the
signals atm/z 1636.4 (b — | — Cul]*) and 1445.4 @ — | —
2Cul]") are product ions of — I]*. The IR spectrum as a
KBr disk of 5 exhibits thevmo—s andvmo—o bands at 442 and
926 cn1l, respectively.

Synthesis and Structure of [Ruf®-CsMeg){ P(OEt)3}-
{MoO(us-S)} (Cul)2] (6). An incomplete single cubane-type
tetranuclear sulfide clustér (typeH in Chart 1) was prepared
from a reaction of butterfly-type trinuclear sulfide clustly

Figure 7. ORTEP drawing oB. Selected interatomic distancds}) and
angles ¢/deg): Rut-Mol = 2.878(1), Mo+-Cul= 2.669(1), Mot-Cu2
= 2.655(1), Ru+S1=2.390(2), Ru+S2= 2.385(2), Mo}+S1= 2.279-
(2), M01-S2 = 2.277(2), Mo}+S3 = 2.270(2), Mo}+-04 = 1.716(5),
Cul-I1=2.452(1), Cuz12 = 2.452(1), Ru+S1-Mol = 76.07(6), Rut
S2-Mol=76.21(6), Ru+S1-Cul= 121.99(7), Ru+ S2—Cu2= 117.41-
(8), S1-M0o1-04 = 114.7(2), S2Mo1—04 = 110.7(2), S3Mol1—-04
= 111.1(2), Mo}+S1-Cul = 72.13(6), Mo}-S2—Cu2 = 71.43(6), St
Cul-S3 = 108.62(8), S2Cu2—-S3= 108.69(7).

e1041.4
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Figure 8. Positive-ion ESI mass spectrum &fin CHzCN. The signal at
m/z 1041.4 corresponds t® [+ NaJ*.
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with an equimolar Cul. Red crystals 6fused in the X-ray
analysis (Figure 7) were obtained from a DMF/diethyl ether
solution of6. Figure 7 shows that a very bulky ligand of triethyl
phosphite prevents dimerization @ Thus, the IR spectrum of
6 measured in DMF exhibits onay,—s band (442 cm') and
onevmo—-o band (927 cm?); these values agree well with those
obtained in the solid state (as a KBr disk) at 442 &rfvyo-s)
and 927 cm? (vmo—0).

The positive ion ESI mass spectrum@ih CH;CN in Figure
8 shows a prominent signal a¥'z 1041.4 { = 100% in the
range ofm/z 500 to 1500), which corresponds t6 - NaJ".

Thermal Stability of [Ru( 7s-Ce¢Meg){ P(OMe)z}{ MoO(u3-
S)k}(Cul)2]2 (5) and [Ru(y®-CeMee){ P(OEt)sH{ MoO(uz-S)} -
(Cul)7] (6). We have performedH NMR measurements &
and6 dissolved in acetonitrile in order to compare the thermal
stability in solution. Figure 9ac show the time-dependent
CsMeg signals int'H NMR spectra ofs in CD3;CN, indicating
that the structure of the octanuclear clusieis preserved in
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Figure 9. Time-dependent §Me; signals intH NMR spectra o6 in CHs-
CN for 1 h (a), 24 h (b), and 36 h (c). Time-dependéhiNMR spectra of
6 in CH3CN for 1 h (d), 24 h (e), and 36 h (f).

2.2

CH3CN for 1 h but that it slowly decomposes to the trinuclear
cluster3a and the dinuclear clust&ta*® On the other hand,
the structure of tetranuclear clustéris stable for 36 h in
acetonitrile (Figure 9df). Thus, the thermal stability of the
octanuclear clustes dissolved in solution is quite different from
that of the tetranuclear clustérin the same solvent.
Methodology for the Building Block Construction of
Heterometallic Sulfide Clusters.The successful methodology
for the building block construction of heterometallic sulfide

to control the direction of the cluster expansion. The Cl ligands
of 1aandlb are readily replaced by the S atoms of [Ma{S,
which functions as a tetrahedral polydentate building block
owing to the strong coordination ability of the S atoms. The
dinuclear complexe®a and2b were generated from a reaction
of laand1b with [MoOS;]2~. The Cul building block binds to
the S atoms of [MoO$?~ to form a trigonal planaru-S)Cul

unit of the butterfly-type trinuclear sulfide cluste3a and 3b.

In the case of trimethyl phosphiteP(OMe)}} used as a
supporting ligand of the ruthenium complex, octanuclear
incomplete double cubane cluster&ind5 were generated by
a reaction of the butterfly-type trinuclear sulfide clustgéasvith
the Cul building block. When trimethyl phosphf{®(OMe)}
was replaced by triethyl phosphi{é(OEt}} as a supporting
ligand of the ruthenium complex, however, only the tetranuclear
incomplete single cubane-type clustewas generated due to
the steric effect of the triethyl phosphif®(OEt}} group, which
is more bulky than trimethyl phosphit¢eP(OMe)}}. This
indicates that open capsule-type octanuclear sulfide cluSters
and6 are attained by controlling the bulkiness of a supporting
ligand.

Conclusions

A building block approach in Schemes 1 and 2 has been
successfully employed to stepwise construct the target cluster
5, which is an open capsule-type octanuclear heterometallic
sulfide cluster with the linked incomplete double cubane
framework without an intramolecular inversion center. Such a
building block approach provides a valuable strategy in devel-
oping new structural models for the defective surface of

clusters in this study is summarized in Scheme 2 as polyhedronheterogeneous sulfide or oxide catalysts and for the molecular

figures of 1a, 1b, 2a, 2b, 33, 3b, 4, 5, and6. The butterfly-
type trinuclear sulfide clustei@a and3b as key precursors for
the synthesis of, 5, and6 were prepared stepwise in methanol
and acetonitrile from the mononuclear building blocks with
different coordination abilities (vide infra). The mononuclear
ruthenium complexeda and 1b have been used as a starting
material in whichla and 1b with bulky CsMes and P(ORy

recognition sites in enzymes with cubane-type units.
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(49) The GMe; signals due to the corresponding tetranuclear cluster cannot be

distinguished from those of the octanuclear clusteecause of the weak
bridging interaction as indicated by the X-ray structuresah Figure 5.
Although the ESI mass spectrum 6fin Figure 6 clearly indicates the
existence of the octanuclear clustein solution, the coexistence of the
corresponding tetranuclear cluster in solution cannot be ruled out.
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