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Introduction P £\
We have extensively studied the coordination chemistry of 5 ARCE.SO 3 RuflRu(hRugHRU(I
the Cl-bridged dinuclear R®RU", RU'RU", and RURU' B
complexes. One of our objectives is to coordinate external 2 AgCl 50°C
dinitrogen in theu-N, mode between the two ruthenium centers AN 3+
and subsequently reduce the nitrogen atom to NHz, MHNH;. \ : ':N AN = CH,CN
Previously, we attempted to remove the bridging chlorides in [P/ oM
the dinuclear Ru complexes under a nitrogen atmosphere in Fos—sg P
expectation of achieving-N; coordination. When the R AN\,“,..HJ»‘P
Ru" complex [RuCI(P(OMe)2]»(u-Cl)2(u-S5) (1) was oxidized o \AN
by 2 equiv of AQCESG; in CH3CN at room temperature,
Ag™ extracted the terminal chlorides instead of the bridging 4 RubRu
chlorides to yield{ [Ru(CHsCN)(P(OMe})2]2(u-Cl)o(u-S5)} 2+ _ ) o )
(2) (Scheme 13 a series of experiments it is cIe_ar tl1agen_erates a variety of
Removal of the bridging chlorides in compl&xby metallic product_s under different OX|dat|on/rquuct_|on conditions. _
magnesium in CEDH resulted in the formation of the R In this note, we report a reexamination of the reduction
Ru'", mixed-valent tetranuclear complex, [Ru(P(ON)ey(u- conditions of complexl and employ sodium amalgam as a

H)2(u-S)(s-S) (3).2 When the oxidation ofL by AgCFSO; reductant that allows quantitative reduction of'Rio Ru'. The
was conducted at 56C, not only the terminal chlorides but ~ réduction in THF leads to complete removal of the bridging
also the bridging chlorides were removed in a single reaction chlorides to Y'?|d2the tetranuclear Raomplex, [RuClg-Cl)-
to yield the RURU" mixed-valent dinuclear compleX[Ru- (P(OMe})o(u i 1>-S)Ru(P(OMeY)(u-P(OMe)-P,0)]2 (6), al-
(CHsCN)3(P(OMeY)2](1-Sp)} 3 (4).1 In this reaction, complex though it exh!blts no affinity to d|n|t_rogen. Complex has,
4 must be preceded by compl@xwhich loses the two bridging ~ however, a unique structure that consists of tmosRU'SSRU
chlorides under elevated temperature (Scheme 1). Reduction ofc0res aligned parallel to each other. The result of the X-ray
a THF solution ofl by metallic sodium at room temperature ~Study of6 is presented along W'thla discussion of the proposed
resulted in elimination of one of the two bridging chlorides to féaction pathways clarified b¥P{*H} NMR spectroscopy.
yield the novel tetranuclear Biwomplex, [NaRw(P(OMe}))4- . .
(t-Clya(ta-Clyolu - S5)o{u-P(OMe)-P,0)]- THF (5 THF)3 From ~ EXPerimental Section
General Methods.All synthetic procedures were performed under
* Address all correspondence to this author at Department of Chemistry, purified nitrogen using standard Schlenk techniques or in a nitrogen
WaTseda University, Tokyo 169-8555, Japan. atmosphere glovebox unless otherwise mentioned. Commercially
xﬁ%;idgc?enr:‘é‘érgr% Technology Corporation available anhydrous solvents were used without further purification.
(1) (a) Transition Metal Sulfur Chemistry: Biological and Industrial Solution*'P{*H} NMR spectra were obta_med 0r_1 a JEOL EX'270W_B
Significance Stiefel, E., Matsumoto, K., Eds.; ACS Symposium Series SPectrometer using CDEland the chemical shifts were recorded in
653; American Chemical Society: Washington, DC, 1996; Chapter reference to a P(OMgJCDs).CO external standard set at 140 ppm.
15. (b) Matsumoto, K.; Matsumoto, T.; Kawano, M.; Ohnuki, H.; IR spectra were recorded in KBr matrix.
Shichi, Y.; Nishide, T.; Sato, TJ. Am. Chem. Sod996 118 3597. Synthesis of the Title ComplexA THF (20 mL) suspension ofl

gg)) ﬁgﬁ;r’g’tf\’/’l Kbgrﬁﬂ]riraﬁﬂ'{/\'fﬁgﬁg& m%'h?m'atheJtn%ggf\]&ilni' (0.20 g, 0.22 mmol) was placed in an autoclave, which consists of a

Chem. Sac1993 115 2068, (e) Kawano, M.; Hoshino, C.; Matsumoto, two-piece acrylic resin jacket equipped with a pressure gauge and a

K. Inorg. Chem 1992 31, 5158. (f) Uemura, H.; Kawano, M.; fitting 100 mL glass vessel. The autoclave was then sonicated for ca.
Watanabe, T.; Matsumoto, T.; Matsumoto,IKorg. Chem1992 31, 30 min to the point where no visibly large grain bfvas left. To the
5137. (g) Kato, M.; Kawano, M.; Taniguchi, H.; Funaki, M.;  vessel was added 0.35 g (0.44 mmol) of sodium amalgam (2:9%),
Moriyama, H.; Sato, T.; Matsumoto, Knorg. Chem 1992, 31, 26. and the vessel was filled with Njas at 15 atm. The autoclave was
(h) Kawano, M.; Watanabe, T.; Matsumoto, Bhem. Lett1992 2389. then kept at—37 °C, and vigorously stirred for-42 weeks until the

(i) Matsumoto, T.; Matsumoto, KChem. Lett 1992 1539. (j)
Matsumoto, T.; Matsumoto, KChem. Lett1992 559. (k) Matsumoto,
T.; Matsumoto, K.; Sato, Tinorg. Chim. Actal992 202 31.
(2) Matsumoto, K.; Ohnuki, H.; Kawano, Nhorg. Chem1995 34, 3838. (4) Booth, H. S. edinorganic SynthesisMcGraw-Hill: New York, 1939;
(3) Matsumoto, K.; Sano, Yinorg. Chem 1997, 36, 4405. p 10.
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reaction solution became a light-brown homogeneous solution. Any
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Table 1. Summary of Crystal Data fog- THF

formula Q3H80025P884C|4RU4 Z 2
fw 1739.05 dealcs g CNT3 1.953
cryst syst monoclinic abs coeft), 16.14
cm?t
space group P2;/a(No. 14) abs corr DIFABS
, 13.582(2) radiationi), A Mo Ka
(0.710 69)
b, A 15.813(2) Re 0.043
c, A 14.753(1) Ra? 0.047
B, deg 111.008(8) GOF 2.00
vV, A3 2957.8(6) T,°C 0,0

*R= 3 (IFol = |Fel)/XIFol- ® Ry = [ZW (IFol — [Fel)/YwWIFol]™2,
W = 1/o(Fo)% ¢ GOF = [SW(|Fo| — [Fcl)¥3 (Neefins — Nparam3] V2
dDIFABS: An empirical absorption correction program. See ref 6.

insolubility (mostly NaCl and Hg) was removed by centrifugation
followed by filtration. The filtrate was layered with ca. 30 mL of hexane
at 0°C to yield yellow X-ray quality crystals & THF .5 31P{*H} NMR
(0 ppm): 175 [d,Jp-p = 73.0 Hz,P(u,7>-OMe)(OMe}], 157 [d, Jp—p
= 73.0 Hz,P(OMey)3], 144 [d, J,-, = 94.4 Hz, RIP(OMe);P(OMe}],
140 [d, J,-p = 94.4 Hz, RuP(OMeP(OMe)s]. The sample subjected
to elemental analysis was a mixtureGnd6-THF, and the calculation
value agreed with the experimental value when 0.9 molecule of THF
was included. Anal. Calcd for Z£dH79. 4024 PsS«CluRW: C, 19.14; H,
4.61. Found: C, 19.16; H, 4.41. Yield: 26%.

Collection and Reduction of X-ray Data. A crystal of 6:THF
(0.5 x 0.2 x 0.2 mn?) was subjected to single-crystal X-ray diffraction

analysis. Because the crystal decays slowly at room temperature, X-ray

measurement was performed &@ Unit cell parameters were obtained
from a least-squares fit of 24 reflections in the range 26:5260 <
24.5 measured on a Rigaku AFC-7R four-circle diffractometer using
graphite-monochromated Modkradiation (0.710 69 A). The Loreniz
polarization and absorptiércorrections were made to the collected
data. The crystal data are give in Table 1, and the details of the data
collection are in Table S1 (Supporting Information).

Solution and Refinement of the Structure. The structure of6-
THF was solved by a direct method and subsequent Fourier techniques
All of the non-hydrogen atoms in the complex were located and were
refined anisotropically by a full-matrix least-squares method. All
calculations were performed using SHELXS 86. The final atomic
positions and thermal parameters ®iTHF are listed in Table S2
(Supporting Information). The anisotropic thermal parameters are
deposited in Table S3 (Supporting Information).

Results and Discussion

Synthesis and Properties of Complex 6The yield of
complex6 depends strongly on the reaction temperature. In an

Notes

Figure 1. ORTEP diagram of [RuCl{-CI)(P(OMe})»(u,7*,n*S;)Ru-
(P(OMe})(u-P(OMe}-P,0)]. (6-THF) showing 50% probability ther-
mal ellipsoids for all non-hydrogen atoms.

Scheme 2
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to exist as an individual molecule only in the solvent, and two
molecules ofl merge and crystallize as compléx The 31P-
{*H} NMR spectrum of the reaction solution shows that the
resonance corresponding 6does not appear at any point.
Indeed, the isolated crystals 6fare hardly soluble in THF.

attempted synthesis at room temperature, the reaction solution  Structure of 6. The monosolvate-THF was subjected to

turned brown within 1 week, and no product was obtained
analytically pure. In a successful synthesis, on the other hand,
the reaction vessel was kept-a87 °C throughout the reaction,

in which the solution gradually turned light brown over 2 weeks.
The proposed reaction pathway is shown in Scheme 2.

The initial step of the reaction is the reduction of the two
Ru" centers inl to RU' by 2 equiv of metallic sodium,
concomitant with extraction of the bridging chloride by Nas
NaCl to yield an intermediaté. Previously we reported that
AgT extracts exclusively the terminal chloride at room temper-
ature and the bridging chloride remains int¥#cOn the other
hand, N& and Mg" preferentially extract the bridging chlo-
ride22 The reduction of Rl to RuU' must be followed by
rotation about the SS bond that generates a trans configuration
which is thermodynamically favorable. Simultaneously, solvent
molecules coordinate to the Raenters to fill the coordination
vacanciesl(). The resulting dinuclear Rispecies is considered

(5) Complex6 crystallizes in two forms, with and without a solvent
molecule.
(6) Walker, N.; Stuart, DActa Crystallogr., Sect. A983 A39, 158.

X-ray diffraction. The ORTEP diagram is shown in Figure 1,
and the selected bond distances and angles are listed in
Table 2.

The two halves o6-THF are related through a true crystal-
lographic inversion center that sits at the center of the rhombic
RW,S; core. The structure can be viewed as tvemsRU'SSRU
cored aligned parallel to each other and linked through newly
generatequ,nt,7%-S;, u-Cl, and u-P(OMe)-P,0O groups. The
u-Cl and theu-P(OMe}-P,O groups are doubly bridging the
two coordinatively nonequivalent Rucenters, which have
distorted octahedral coordination environments. Suttar@s
RuSSRu configuration is ubiquitous, including contributions
from this laboratory such as complék and{[Rux(CHsCN)s-
(P(OMe})q](u-S,CH,COCH)} (CFsS03)3+0.5(CHy)20 (7). but
a complex with theransRU'SSRU core is raré? The RUSSRu
core lies almost in a plane with a dihedral angle of’6The
Ru(2)-S(1) and Ru(2yS(2) distances (2.403(2) and 2.478(3)
A, respectively) are comparable to the'Ru,%-S,2~ distances

(7) Matsumoto, K.; Uemura, H.; Kawano, NMhorg. Chem1995 34, 658.
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Table 2. Selected Bond Distances (A) and Angles (deg) for
6-THFab

Bond Distances

Ru(1)-CI(1) 2.428(2) Ru(1)Cl(2) 2.478(2)
Ru(1)-S(1) 2.332(2) Ru(BP(1) 2.167(3)
Ru(1)-P(2) 2.206(3) Ru(1yO(1) 2.382(6)
Ru(2)-Cl(2) 2.446(2) Ru(2}S(1) 2.403(2)
Ru(2)-S(2) 2.478(3) Ru(2)S(2%) 2.368(2)
Ru(2-P(3) 2.247(3) Ru(2yP(4) 2.205(3)
S(1y-S(2) 2.102(3) P(4)0(1) 1.642(6)
Bond Angles
Cl(1)-Ru(1)-ClI(2) 89.46(9) CI(1yRu(1)>-S(1) 166.88(10)
Cl(1)—Ru(1)-P(1) 92.59(10) Cl(LyRu(1)-P(2) 95.45(10)
Cl(1)-Ru(1)-0O(1) 83.7(2) Cl(2yRu(1y-S(1) 84.06(8)
Cl(2)-Ru(1)-P(1) 94.20(10) CI(2yRu(1}-P(2) 171.27(9)
Cl(2-Ru(1)-0O(1)  83.0(2) S(LyRu(1)y-P(1) 99.23(9)
S(1-Ru(1)-P(2) 89.66(9) S(HRu(1)-0O(1) 84.2(2)
P(1)-Ru(1)-P(2) 92.8(1)  P(IFRu(1-0O(1) 175.3(2)
P(2-Ru(1)-0(1) 90.3(2) Cl(2yRu(2-S(1) 83.29(8)
CI(2-Ru(2-S(2)  86.14(8) CI(2rRu(2-S(2) 167.78(9)
Cl(2)—Ru(2)-P(3) 91.78(9) Cl(2rRu(2)-P(4) 89.12(9)
S(1y-Ru(2)-S(2) 50.99(8) S(HRu(2)-S(2) 89.33(8)
S(1)-Ru(2-P(3) 167.72(9) S(HRu(2)-P(4) 95.18(9)
S(2-Ru(2)-S(2) 81.64(8) S(HRu(2)-P(3) 117.62(9)
S(2-Ru(2-P(4) 146.16(9) S(2HRu(2-P(3) 93.49(9)
S(2y-Ru(2)-P(4) 101.28(9) P(3)Ru(2y-P@4) 96.0(1)

aSee Figure 1 for the atom-labeling scheblumbers in paren-
theses are estimated standard deviations for the last significant digit.

(2.334(5y-2.527(5) A) found in5-THF3 The two RuS
distances in theansRuSSRu (Ru(B-S(1)= 2.332(2) A, Ru-
(2)—S(2*) = 2.368(2) A) are consistent with those founddin
(2.322(2) A) and irv (2.339(5) and 2.380(5) A). It is noteworthy
that the Ru-S distance in théransRuSSRu are longer than
the typical values found in its cis analogue and are little affected
by the metal oxidation state. The RutB (phosphite) distances
(2.167(3) and 2.206(3) A), the Ru(2P (u-phosphite) distance
(2.205(3) A), and the Ru(2)P (phosphite) distance (2.247(3)
A) in 6:THF are also comparable to thosebif2.186(6)-2.204-
(6) A). The S(1)-S(2) distance (2.102(3) A) in the-S,2~ or
u.n?-S?~ ligands of 6-THF is longer than any of previously
reported value$ reflecting that the SS single bond order is
reduced undep,y2-mode coordination. Upon coordination of
Omethoxy IN P(OMe} to Ru, the P(4)0O(1) distance (1.642(6)
A) becomes slightly longer than that in the noncoordinated
methoxy groups (1.590(7) and 1.602(7) A). The difference is
reflected inv(P—0O), which shows a lower frequency shift from
728 cnt! (noncoordinated) to 692 crm (coordinated).

31P{1H} NMR Studies. The single crystals o6 THF were
dissolved in CDG, and the3'P{H} NMR spectrum was
observed (Figure 2).

Despite dissolution of single crystals, the spectrum exhibits
two sets of four doublets, indicating the coexistence of two

(8) (a) Sellmann, D.; Lechner, P.; Knoch, F.; Moll, M1.Am. Chem. Soc
1992 114, 922. (b) Mizobe, Y.; Hosomizu, M.; Kawabata, J.; Hidai,
M. J. Chem. Soc., Chem. Commaf91, 1226. (c) Amarasekera, J.;
Rauchfuss, T. B.; Wilson, S. Rnorg. Chem 1987, 26, 3328. (d)
Rauchfuss, T. B.; Rodgers, D. P. S.; Wilson, SJRAmM. Chem. Soc
1986 108 3114. (e) Kim, S.; Otterbein, E. S.; Rava, R. P.; Isied, S.
S.; Filippo, J. S., Jr.; Waszcyak, J. ¥. Am. Chem. Sod983 105
336. (f) Muller, A.; Jagermann, W.; Enemark, J. Boord. Chem.
Rev. 1982 46, 245. (g) Elder, R. C.; Trkula, Mnorg. Chem 1977,
16, 1048.
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Figure 2. 3P {*H} NMR spectrum of6 in CDCls.

structures with different modes of P(OMegoordination.
Among those two sets, the set of dominant peaks (175, 157,
144, and 140 ppm) was assigned @sGenerally,3'P NMR
chemical shifts of RI(P(OMe}), appear at ca. 135 ppm or
lower field, and those of R{(P(OMe)), at the vicinity of 123
ppm? Two resonances at 144 and 140 ppm in complex
correspond to the two P(OMgljgands, which coordinated cis

to RuU'(1). The resonances at 175 and 157 ppm are assigned as
two unique phosphite ligands on the 'R2), u-P(OMe)-P,0

and P(OMey, respectively. Of the second set of peaks (168,
154, 144.3, and 141.8 ppm: shown with asterisks), resonances
at 144.3 and 141.8 ppm are readily assigned as the two P{OMe)
ligands cis to each other. However, the resonances at 168 and
154 ppm exhibit substantial upfield shifts from the correspond-
ing resonances observed in complex(175 and 157 ppm,
respectively). The magnitude of the shift is largerfeP(OMe)-

P,O, presumably because the RO (phosphite) bond (2.382-

(6) A), which is considerably longer than the sum of covalent
radii (2.08 A), undergoes cleavage upon dissolution. Concomi-
tantly, the coordination vacancy on the ruthenium will be filled
by CDCB.
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