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Abstract 

The alkynyl-bridged triruthenium cluster Ru3(CO)9(/.~2-H)(/£3-'r/2-C-~-ftBu) (1) reacts with the redox-active diphosphine ligand 
4,5-bis(diphenylphosphino)-4-cyclopenten-l,3-dione (bpcd) in the presence of Me3NO to afford the new cluster Ru3(CO)7(/x2-H)(/x 3- 
r/2-C=-CtBuXbpcd) (2) in 76% yield. The diphosphine ligand in 2 is bound at the unique ruthenium atom in a chelating fashion, and is 
the first example of a cluster-coordinated bpcd ligand. Cluster 2 has been characterized in solution by IR and NMR (1H and 31p) 
spectroscopy and in the solid state by X-ray diffraction analysis. Ru3(CO)7(/~-,-H)(/z3-'q2-C~CtBuXbpcd), as the CH2CI-, solvate, 

o - o o o 

crystallizes in the monoclinic space group P21/c: a = 21.190(1) A, b = 12.345(1) A, c = 17.272(1) A, /3 = 95.075(5), V= 4500.5(5) 
~3, Z = 4, dcalc = 1.667 g cm-3; R = 0.0399, R w = 0.0432 for 3255 observed reflections. The redox properties of 2 were explored by 
cyclic voltammetry, which revealed the presence of a reversible one-electron reduction process (bpcd based) and an irreversible oxidation 
(metal based). The nature of the HOMO and LUMO in 2 has been examined by carrying out extended Hiickel MO calculations on the 
model cluster Ru3(CO)7(/xa-H)(/x3-7/2-C=-CH)(H4-bpcd), and the results are discussed with respect to the observed electrochemistry. 
The propensity of cluster 2 to undergo P-C bond cleavage is discussed in the light of other diphosphine ligand work. 
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I. In troduct ion  

The reaction between Ru3(CO)12 and alkynes has 
been extensively studied over the last few years with 
regard to cluster-assisted activation of  the alkyne ligand 
[1]. For the reaction between the terminal alkyne 3,3-di- 
methylbut - l -yne  and Ru3(CO)12 , the cluster Ru3(CO) 9- 
(/.~2-H)(/./.3-r/2-C~CtBu) (1) may be isolated in high 
yields by carefully monitoring the thermolysis reaction 
[2]. This cluster is o f  interest because it contains a 
bridging hydride ligand, as a result o f  an alkyne C - H  
bond activation, and a 5 e -  donor/x3-r /2-alkyne moiety. 
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The structural composit ion of  this cluster and others of  
its genre has been fully characterized by X-ray and 
neutron diffraction techniques [2-4] .  

The triruthenium cluster Ru3(CO)9(/z2-H)(/z3-~/2- 
C--=CtBu) exhibits rich reaction chemistry. It has been 
employed as a starting material in the construction of  
mixed-metal  clusters [5] and has been shown to react 
with phosphine ligands in a manner that is dependent on 
the nature o f  phosphine. Monodentate phosphine lig- 
ands undergo regiospecific substitution at an equatorial 
site on the unique ruthenium atom to give Ru3(CO) s- 
(/x2-H)(/d,3-r/2-C~CtBu)(PR3), as demonstrated by X- 
ray diffraction analysis; however,  solution N M R  mea- 
surements have revealed the existence of  a tripodal 
rotation process that serves to equilibrate the phosphine 
ligand about the equatorial and axial positions [6]. 
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Bidentate phosphine ligands react with Ru3(CO)9(/A 2- 
H)( /z3- ' r /2-C~CtBu)  to give both chelating and bridging 
isomers of Ru3(CO)7(/x2-H)(/x3-'q2-C~CtBu)(P-P) de- 
pending on the nature of the diphosphine ligand. For 
example, whereas the rigid ligands dppm and (Z)- 
Ph2PCH=CHPPh 2 give only single products arising 
from bridging of a hydride-free edge and chelating of 
the unique ruthenium center, respectively, the flexible 
diphosphine ligand dppe gives a mixture of bridging 
and chelating isomers [7]. 

We have recently begun a program designed to study 
the interactions between redox-active diphosphine lig- 
ands and polynuclear cluster compounds [8]. Accord- 
ingly, we were interested in examining the substitution 
chemistry of  Ru3(CO)9(/~2-H)(/z3-*' /2-C=CtBu) with 
the redox-active diphosphine ligand 4,5-bis(diphenyl- 
phosphino)-4-cyclopenten- 1,3-dione (bpcd). 

Ph2P PPh 2 

bpcd 

Our interest in this particular diphosphine ligand 
stems from a lack of organometallic compounds that are 
substituted by this ligand [9], coupled with our observa- 
tion of facile P-C bond cleavage exhibited by the bpcd 
ligand in other polynuclear cluster complexes [10], 
behavior that we hoped would be observed in 
Ru3( fO)7( /~e -H) ( /~3- r /2 - f~CtBu) (bpcd) .  Herein we 
report our data on the synthesis, X-ray diffraction struc- 
ture and electrochemistry of Rus(CO)7(/x2-H)(/,£3-'0 2- 
C=CtBu)(bpcd). Extended Hiickel MO calculations 
were performed on the model cluster compound 
Ru3(CO)7(/.~2-H)(/.~3-T/2-C~CH)(H4-bpcd), the results 
being compared with the redox data obtained from 
Ru3(CO)7(/z2-H)(/Z3-'l~ 2 -C~  C t Bu)(bpcd). 

2.  R e s u l t s  a n d  d i s c u s s i o n  

2.1. Synthesis and characterization of Rus(CO)z(Iz 2- 
H)(i,.t3-'02-C ~ Ctnu)(bpcd)  

The cluster Ru3(CO)9(~2-H) (~3- 'Q2-C~CtBu)  (1) 
[11] reacts with bpcd [12] in either 1,2-dichloroethane or 
CH2CI 2 with assistance from the oxidative decarbonyla- 
tion reagent Me3NO to afford the bpcd-substituted clus- 
ter Ru3(CO)7(Pt2-H)(/x3-r/2-CmCtBu)(bpcd) (2). Clus- 
ter 2 may be isolated as an orange-brown solid in 
yields up to 76% by chromatography over silica gel 
using CH2C12 as the eluent. Eq. (1) shows the reaction 
under examination. 

tBu 

Ph2P 

(OC)3 Ru - - - - - ~  Ru(CO)  3 + 

~ I ~ H  PhzP \\ 
Ru O 

(CO)3 
tBu 

O Ph 2 j 

2Me3NO) ~ P ~ s u / ~ - - ~  Ru(CO)3 (1)  

0 C Ru 
O (CO)s 

The infrared spectrum of 2 in C6H12 exhibits termi- 
nal v(CO) bands at 2064 (s), 2046 (vs), 2004 (vs), 1987 
(s) and 1943 (w) cm -1, while the v(CO) bands at 1747 
(w) and 1717 (m) cm -1 are assigned to the dione 
moiety associated with the bpcd ligand, on the basis of 
the frequency similarity to cyclopenten-3,5-dione and 
4,5-dichloro-4-cyclopenten-l,3-dione [13]. The 1H NMR 
spectrum of 2 displays a high-field triplet (1H) at 
-21.38 (JP-n = 1.6 Hz), and is in full agreement with 
the existence of a bridging hydride ligand. The methy- 
lene protons of the bpcd ligand appear as a classical AB 
quartet centered at ~ 3.52 with a J /Av  value of 0.31 
[14]. A single resonance at 6 1.68 and multiple reso- 
nances from 6 7.3 to 8.5 may be assigned to the t-butyl 

• • 3l and phenyl groups, respectively. A single, sharp P 
n • 31 1 resonace at 6 80.7 m the P{ H} spectrum indicates 

Table 1 
X-ray crystallographic and data processing parameters 
Ru3(CO)7(/zz-HX/.t3-'r/2-C~CtBuXbpcd) • CH2C12 (2) 

for 

Space group Monoclinic, P 21 / c 
Cell constants: 

a (,~) 21.190(1) 
b (A) 12.345(1) 
c (A) 17.272(1) 
/3 (°) 95.075(5) 

V, ,~3 4500.5(5) 
Molecular formula C43 H34CI209P2Ru 3 
Formula weight 1130.80 
Formula units per cell (Z) 4 
p (g cm -3) 1.667 
Crystal size (mm 3) 0.15 × 0.15 × 0.62 
Absorption coefficient (~) (cm- 1 ) 12.16 
A (radiation) (,~) 0.71073 
Data collection method to 
Collection range (°) 2.0 ~< 2 0 ~< 44.0 
Total No. of data collected 5983 
No. of independent data, 1 > 3o-(1) 3255 
Total no. of variables 411 
R 0.0399 
R W 0.0432 
Weights [0.04F 2 +(0-F)2]- l 
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that the bpcd ligand in 2 exists in a symmetrical envi- 
ronment consistent only with a chelating bpcd ligand. 
With the exception of some minor frequency differ- 
ences, the spectroscopic data for 2 mirror the data 

Table 2 
Positional parameters for the non-hydrogen atoms of Ru3(CO)7(AI, 2- 
H)(/.t3-'q2-C--=CtBuXbpcd) (2) with estimated standard deviations in 
parentheses a 

Atom x y z B (,~2) 

Ru(1) 0.75691(4) 0.14552(7) 0.20930(5) 2.42(2) 
Ru(2) 0.84996(4) 0.01108(7) 0.15048(5) 3.30(2) 
Ru(3) 0.85018(4) 0.23369(7) 0.11898(5) 3.28(2) 
P(1) 0 .7093(1)  0 .2881(2)  0.2638(1) 2.57(5) 
P(2) 0 .7122(1)  0 .0394(2)  0.2967(1) 2.60(5) 
O(1) 0 .6463(3)  0 .1201(7)  0.0883(4) 5.1(2) 
0(2) 0.9517(4) - 0.0836(8) 0.0555(5) 7.4(2) 
0(3) 0.8579(4) - 0.1677(7) 0.2709(5) 6.9(2) 
0(4) 0.7333(4) - 0.0941(7) 0.0653(5) 6.1(2) 
0(5) 0 .8565(4)  0 .4641(6)  0.1828(5) 5.3(2) 
0(6) 0 .7372(4)  0 .2897(8)  0.0062(5) 6.3(2) 
0(7) 0 .9540(4)  0 . 2 7 6 ( 1 )  0.0112(6) 9.3(3) 
O(12) 0.6041(4) 0 .3829(6)  0.3871(4) 4.7(2) 
O(14) 0.5948(3) 0 .0070(6)  0.4182(4) 3.8(2) 
C(1) 0 .6873(4)  0 .1293(9)  0.1375(6) 3.4(2) 
C(2) 0.9154(5) - 0.049(1) 0.0928(7) 4.7(3) 
C(3) 0.8554(5) - 0.0997(9) 0.2268(7) 4.4(3) 
C(4) 0.7751(5) - 0.0539(9) 0.0979(6) 4.2(3) 
C(5) 0 .8546(5)  0 .3758(9)  0.1600(6) 3.8(2) 
C(6) 0 .7779(5)  0 . 2 6 9 ( 1 )  0.0516(6) 4.3(3) 
C(7) 0 .9173(6)  0 . 2 5 9 ( 1 )  0.0518(7) 5.6(3) 
C(11) 0.6587(4) 0 .2324(8)  0.3362(5) 2.7(2) 
C(12) 0.6150(5) 0 .2878(8)  0.3870(6) 3.1(2) 
C(13) 0.5880(5) 0 .2007(9)  0.4353(6) 3.4(2) 
C(14) 0.6113(4) 0 .0958(8)  0.4038(5) 2.6(2) 
C(15) 0.6582(4) 0 .1249(8)  0.3465(5) 2.5(2) 
C(16) 0.8485(4) 0 .1503(8)  0.2327(5) 2.8(2) 
C(17) 0.9083(4) 0 .1428(9)  0.2139(6) 3.3(2) 
C(18) 0.9753(5)  0 . 1 4 8 ( 1 )  0.2487(7) 4.3(3) 
C(19) 0.9866(6)  0 . 2 6 3 ( 1 )  0.2783(9) 7.2(4) 
C(20) 0.9814(6)  0 . 0 7 1 ( 1 )  0.3177(8) 6.7(4) 
C(21) 1.0233(5) 0 . 1 2 1 ( 1 )  0.1935(9) 7.3(4) 
C(111) 0.7558(4) 0 .3913(8)  0.3201(5) 2.8(2) b 
C(112) 0.8180(5) 0 .3677(9)  0.3493(6) 3.7(2) b 
C(113) 0.8538(5) 0 . 4 4 5 ( 1 )  0.3903(7) 4.7(3) b 
C(114) 0.8284(6) 0 . 5 4 5 ( 1 )  0.4005(7) 4.8(3) b 
C(115) 0.7689(6) 0 . 5 6 9 ( 1 )  0.3739(7) 5.3(3) b 
C(116) 0.7304(5) 0 .4909(9)  0.3348(6) 3.9(2) b 
C(117) 0.6534(4) 0 .3674(8)  0.2005(6) 3.0(2) b 
C(118) 0.6753(5) 0 .4476(8)  0.1543(6) 3.3(2) b 
C(119) 0.6323(5) 0 . 5 0 3 ( 1 )  0.1016(6) 4.1(2) b 
C(120) 0.5711(5) 0 .4805(9)  0.0977(6) 4.0(2) b 
C(121) 0.5478(5) 0 .4020(9)  0.1421(6) 4.1(2) b 
C(122) 0.5898(5) 0 .3437(9)  0.1937(6) 3.9(2) b 
C(211) 0.7597(5) -0.0189(9) 0.3799(6) 3.3(2) b 
C(212) 0.8207(5) 0 . 0 1 5 ( 1 )  0.3996(7) 4.5(2) b 
C(213) 0.8571(6) - 0.028(1) 0.4640(7) 5.5(3) ~ 
C(214) 0.8328(6) -0.104(1) 0.5073(8) 5.9(3) b 
C(215) 0.7716(5) -0.139(1) 0.4905(7) 5.0(3) b 
C(216) 0.7349(5) - -0 .097(1)  0.4267(7) 4.4(2) b 
C(217) 0.6617(4) --0.0711(8) 0.2595(6) 3.1(2) b 
C(218) 0.5997(5) --0.0509(9) 0.2295(6) 3.8(2) b 
C(219) 0.5623(5) -0.133(1) 0.1957(7) 5.1(3) b 

Table 2 (continued) 

Atom x y z B (,~2) 

C(220) 0.5870(6) - 0.235(1) 0.1913(8) 6.4(3) b 
C(221) 0.6478(7) - 0.256(1) 0.2184(8) 6.6(3) b 
C(222) 0.6860(5) - 0.174(1) 0.2530(7) 4.8(3) b 
Cl(1) 0.4031(3)  0.2601(5) 0.5262(5) 15.1(2) 
C1(2) 0 .4963(4)  0.3977(7) 0.5699(7) 23.5(4) 
C(ls) 0 .4180(9)  0 .386(2)  0 .536(1)  10.2(5) b 
C(2s) 0.4525(8) 0 .373(2)  0.662(1) 9.5(5) b 

a Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as (4/3)[a2B(1, 1)+ 
b2B(2, 2)+ c2B(3, 3)+ ab(cos ",/)B(1, 2)+ ac(cos fl)B(1, 3) 
+ bc(cos a)B(2, 3)]. 
b These atoms were refined isotropically.. 

reported for the related cluster Ru3(CO)7(/x2-H)(/t./.3-'r/2- 
C-- C t Bu)[(Z)-Ph 2 PCH = CHPPh 2 ] [7b]. 

2.2. X-ray diffraction structure of  Ru3(CO)7(ldb2-H)(l~ 3- 
he-c- C'Bu)(bpcd) 

The molecular structure of 2 was established by 
X-ray diffraction analysis. Cluster 2 exists as discrete 
molecules in the unit cell with no unusually short inter- 
or intramolecular contacts. The X-ray data processing 
and collection parameters are listed in Table 1. Tables 2 
and 3 give the final fractional coordinates and selected 
bond distances and angles, respectively. The ORTEP 
diagram for 2, which is shown in Fig. 1, reveals the 
chelating disposition of the bpcd ligand at the unique 
ruthenium center [Ru(1)] and the five-vertex polyhedral 
core expected for a closo trigonal bipyramid [15]. 

The triruthenium frame is approximated by a near 
equilateral triangle based on the Ru-Ru  bond distances 
that range from 2.802(1) to 2.841(1) ,~. The origin of 
this deviation of the metallic core from equal Ru-Ru  
bond lengths results from bpcd elongation of the non- 
hydride-bridged Ru-Ru  vectors, as observed in other 
P-substituted triruthenium clusters of this genre [6]. 
Accordingly, the shorter Ru(2)-Ru(3) distance of 
2.802(1) A is assigned to the hydride-bridged Ru-Ru  
vector. In the case of 2, the bridging acetylide ligand 
forces the /x2-hydride below the triruthenium plane and 
promotes the observed shortening of the Ru(2)-Ru(3) 
vector [16]. The observed Ru(1)-Ru(2) and Ru(1)-  
Ru(3) bond elongation in 2 is presumed to result from a 
combination of electronic and steric effects originating 
from the ancillary bpcd ligand. Substitution of two 
strong 7r-accepting CO ligands by the o--donating bpcd 
ligand is predicted to lead to longer Ru(1)-Ru(2) and 
Ru(1)-Ru(3) bonds based on the trans influence ex- 
erted on the cluster core by the bpcd phosphine ligand 
relative to the replaced CO ligands [17]. Steric repul- 
sions between the bpcd and the bridging alkynyl ligand 
would also be relieved by distortion of the Ru 3 core. 
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The mean Ru-CO distance of 1.90 .~ is within the 
range of those distances reported for other alkynyl- 
bridged Ru 3 clusters [6] and the Ru-C(tr,  7r) distances 
of the coordinated alkynyl ligand are unexceptional with 
respect to the parent c l u s t e r  Ru3(CO)9(/zz-H)(/.~3-'r/2- 
C-CtBu)  [3] and related P-substituted clusters [6]. No 
major structural perturbations within the bpcd ligand are 
seen as a result of coordination to the Ru(1) center. 
However, the planes defined by the Ru 3 core and the 
bpcd core oxygen and carbon atoms lead to a dihedral 
angle of 11.3 °, tipped up from the Ru 3 plane and the 
normal equatorial plane. 

2.3. Electrochemical  studies 

Cyclic voltammetric studies on cluster 2 and the free 
bpcd ligand were conducted at a platinum disk electrode 
in MeCN solvent containing 0.1 M tetra-n-butylam- 

monium perchlorate (TBAP) as the supporting elec- 
trolyte. These data are summarized in Table 4. Cluster 2 
exhibits a reversible one-electron reduction at El~ 2 = 
- 0 . 7 9  V, on the basis of peak current (Ipa/Ipc) ratios of 
unity and the linear plots of the current function (Ip) as 
a function of the square root of the scan rate (v)  over 
scan rates from 0.05 to 1.0 V s -~ [18]. An irreversible 
multi-electron oxidation wave is observed at Epa = 0.82 
V. Increasing the scan rate to 2 V s-~ and dropping the 
temperature to - 3 0 ° C  did not lead to any noticeable 
reverse reduction wave. The room temperature cyclic 
voltammogram of 2 is shown in Fig. 2. 

We also examined the CV behavior of the bpcd 
ligand because the redox data have not been reported, to 
our knowledge. Whereas common diphosphine ligands 
such as dppm and dppe do not reveal any reduction 
behavior down to ca. - 1 . 5  V in MeCN solvent, the 
redox-active diphosphine ligands bpcd and 2,3-bis(di- 

Table 3 
Selected bond distances (~,) and angles (°) in Ru3(CO)7(P,2-HX/z3-'02-C~CtBuXbpcd) (2) a 

Bond distances 
Ru(1)-Ru(2) 2.833(1) Ru(1)-Ru(3) 2.841(1) 
Ru(2)-Ru(3) 2.802(1) Ru(1)-P(1) 2.274(3) 
Ru(1)-P(2) 2.268(3) Ru(1)-C(16) 1.949(9) 
Ru(2)-C(16) 2.232(9) Ru(3)-C(16) 2.220(9) 
Ru(2)-C(17) 2.27(1) Ru(3)-C(17) 2.26(1) 
Ru( 1 ) - C( 1 ) 1.852(9) Ru(2)- C(2) 1.93( 1 ) 
Ru(2)-C(3) 1.90(1) Ru(2)-C(4) 1.93(1) 
Ru(3)-C(5) 1.89(1) Ru(3)-C(6) 1.89(1) 
Ru(7)-C(7) 1.94(1) P(1)-C(ll) 1.850(9) 
P(2)-C(15) 1.83(1) O(1)-C(1) 1.17(1) 
O(2)-C(2) 1.13(1) O(3)-C(3) 1.13(1) 
O(4)-C(4) 1.12(1) O(5)-C(5) 1.16(1) 
O(6)-C(6) 1.14(1) O(7)-C(7) 1.11(1) 
O(12)-C(12) 1.20(1) O(14)-C(14) 1.18(1) 
C(11)-C(12) 1.50(1) C(11)-C(15) 1.34(1) 
C(12)-C(13) 1.50(1) C(13)-C(14) 1.50(1) 
C(14)-C(15) 1.51(1) C(16)-C(17) 1.34(1) 
C(17)-C(18) 1.49(1) 

Bond angles 
Ru(2)-Ru(1)-Ru(3) 59.17(3) 
Ru(1)-Ru(3)-Ru(2) 60.28(3) 
Ru(2)-Ru(1)-P(2) 104.19(7) 
Ru(3)-Ru(1)-P(2) 159.80(7) 
C(1)-Ru(1)-C(16) 149.6(4) 
Ru(1)-Ru(2)-C(17) 76.9(2) 
Ru(3)-Ru(2)-C(17) 51.6(3) 
Ru(1)-Ru(3)-C(17) 76.8(3) 
Ru(1)-C(1)-O(1) 175.1(9) 
Ru(2)-C(3)-O(3) 178(1) 
Ru(3)-C(5)-O(5) 177.8(9) 
Ru(3)-C(7)-O(7) 177(1) 
P(1)-C(11)-C(15) 118.0(7) 
O(12)-C(12)-C(11) 125.3(9) 
C(11)-C(12)-C(13) 106.5(8) 
O(14)-C(14)-C(13) 127.5(9) 
C(13)-C(14)-C(15) 106.8(8) 
P(2)-C(15)-C(11) 119.8(7) 

Ru(1)-Ru(2)-Ru(3) 
Ru(2)-Ru(1)-P(1) 
Ru(3)-Ru(1)-P(1) 
P(1)-Ru(1)-P(2) 
Ru(1)-Ru(2)-C(16) 
Ru(3)-Ru(2)-C(16) 
Ru(1)-Ru(3)-C(16) 
C(16)-C(17)-C(18) 
Ru(2)-C(2)-O(2) 
Ru(2)-C(4)-O(4) 
Ru(3)-C(6)-O(6) 
P(1)-C(11)-C(12) 
C(12)-C(11)-C(15) 
O(12)-C(12)-C(13) 
C(12)-C(13)-C(14) 
O(14)-C(14)-C(15) 
C(11)-C(15)-C(14) 
P(2)-C(15)-C(14) 

60.54(3) 
161.85(7) 
106.65(7) 
86.8(1) 
43.2(2) 
50.8(2) 
43.2(2) 

142(1) 
176(1) 
177(1) 
175(1) 
130.7(7) 
111.3(8) 
128(1) 
105.2(8) 
125.6(9) 
109.6(8) 
130.5(7) 

a Numbers in parentheses are estimated standard deviations in the least significant digits. 
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0 7  

Cl14 O~mL C7~ 

" "  

e.l  a..e- , , ,  ~ 1 ~  O2 

C215 
Fig. i. ORTEP drawing of the non-hydrogen atoms of Ku3(CO)7(/-~ 2- 
HXP,3-ri2-C----CtBu)(bpcd) (2). Thermal ellipsoids are drawn at the 
50% probability level. 

phenylphosphino)maleic anhydride (bma) do display ac- 
cessible reduction wave(s) at lower reduction potentials 
owing to the presence of the electron-withdrawing 1,3- 
dione and maleic anhydride functionalities [19]. A 
quasi-reversible one-electron reduction at El~ 2 = - 1.15 
V has been recorded for the bpcd ligand under condi- 
tions identical with those employed for cluster 2. A 
current ratio of  0.74 has been measured for the 0 / -  1 
redox couple of  this ligand at a scan rate of 0.1 V s-1.  
The observed current deviation from unity suggests that 
the kinetic complications are responsible for the quasi- 
reversible behavior. Unlike the bma ligand, which ex- 
hibits two close one-electron reduction waves at El~ 2 = 

Table 4 
Cyclic voltammetric data for clusters 1 and 2 and bpcd a 

Com- Redox couple b 
pound 0 / -  1 0 / +  1 

Ep c Ep a El~2 Ep a EV c El~2 

1 c - 1 . 9 3  - - 1 . 2 3  - 

2 d --0.83 --0.75 --0.79 0.82 -- 
bpcd e,f - 1.10 -- 1.20 - 1.15 1.26 - 

a In ca. 10 -3 M MeCN solutions containing 0.1 M TBAP at room 
temperature and a scan rate of 0.1 V s -1. Potentials are in volts 
relative to a silver wire quasi-reference electrode, calibrated against 
ferrocene. 
b Ep c and Ep a refer to the cathodic and anodic peak potentials of 
the CV waves. The half-wave potential El~ 2, which represents the 
chemically reversible redox couple, is defined as (Epc + Epa)/2. 
c See Ref. [20] for the initial electrochemical report on cluster 1. 
d A cu r r en t  ra t io  (Ipa/Ipc) of 1.0 was observed or the 0 / - 1  redox 
couple. 
e A current ratio (Ipa/Ipc) of 0.74 was observed for the 0 / -  1 redox 
couple. 
f See Ref. [30] for the polarographic reduction data for the bpcd 
ligand. 

2.0 ~A ..... ._.....~ 

112 
Potential (Molls) 

Fig. 2. Cathodic scan cyclic voltammogram o f  Ru3(CO)7(/z2-H)(/.L3- 
~2-C--~CtBu)(bpcd) (2) (ca. 10 3 M) in MeCN at room temperature 
containing 0.1 M TBAP and a scan rate of 0.1 V s -1. 

- 0 . 6 3  and - 1 . 3 8  V, assignable to the 0 / - 1  and 
- 1 / -  2 redox couples [8c], the bpcd ligand displays 
only the 0 / -  1 redox couple over this potential range. 
The less electron-withdrawing 1,3-dione moiety mani- 
fests itself in a more negative reduction potential for the 
0 / -  1 redox couple in comparison with the bma ligand 
with its strongly electron-withdrawing maleic anhydride 
ligand. 

The effect of  the coordinated bpcd ligand on cluster 
2 is readily seen in the redox potential of the 0 / -  1 
redox couple. The one-electron reduction observed in 
cluster 2 is predicted to occur largely at the redox-active 
bpcd ligand [19]. The 0.36 V potential shift in the 
0 / -  1 redox couple in 2 relative to the free ligand is 
not surprising as the electron density associated with the 
bpcd ligand is diminished on coordination. We have 
also included the CV data for the parent cluster, recorded 
under identical conditions, in Table 4 for comparative 
purposes. The electrochemical properties of Ru3(CO) 9- 
(/z2-H)(/x3-'o2-C=CtBu) have been reported [20]. In 
comparison, cluster 1 undergoes an irreversible reduc- 
tion at Epe = - 1 . 9 3  V, a more negative potential rela- 
tive to that in cluster 2 with its coordinated diphosphine 
ligand. In the absence of a low-lying, ligand-based 
LUMO, the expected potential shift of  the LUMO in 2 
is predicted to be of  the order of  - 0.4 V relative to the 
parent cluster ( - 0 . 2  V decrease per added P-ligand) 
[21]. This dichotomy is readily explained by the inter- 
vention of a ligand-based LUMO that serves as the site 
for electron accession in the 0 / -  1 redox couple in 
cluster 2. The redox modulation of polynuclear systems 
by electron-accepting ligands such as bpcd and bma 
promises to provide novel redox compounds with pos- 
sible materials applications in solid-state devices. 

2.4. Ex tended  Hiickel calculations 

The composition of the HOMO and LUMO in cluster 
2 was probed by carrying out extended Hiickel molecu- 
lar orbital calculations on the model cluster compound 
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Fig. 3. CACAO drawings of the HOMO (left) and the LUMO (right) for Rus(CO)7(/x2-HX/~3-'r/2-C=--CHXH4-bpcd). 
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Ru3(CO)7 (//,2-H)(/x3-'r/2-C~CH)(H4-bpcd). Here the t- 
butyl and phenyl groups were removed from the crystal- 
lographic structure of cluster 2 and were replaced by 
hydrogen groups. Fig. 3 shows the three-dimensional 
CACAO drawings of these molecular orbitals [22]. 

The HOMO in cluster 2 is found at - 11.7 eV and is 
best described as a ruthenium-based orbital, with the 
largest contribution being the dx2_y2 orbital (43%) at 
the bpcd-substituted Ru(1) center. The Ru(2) and Ru(3) 
centers bond weakly with the Ru(1). In keeping with the 
general MO results for other trimetal clusters, the 
HOMO in 2 may be considered as a Ru-Ru bonding 
orbital [23]. Calculations at the CNDO level on 
Ru3(CO)9(/z2-H)(/.~3-'r/2-C~ftBu) are also in agree- 
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ment with the metal-based nature of the HOMO in 2 
[241. 

The extended Hiickel calculations indicate that the 
LUMO occurs a t -  10.4 eV and resides entirely on the 
bpcd ligand in a MO that is nodally similar to gr 4 of a 
six 7r-electron system [8c]. This rr * system is in full 
agreement with the electrochemical reduction data for 2, 
which place the site of electron accession on the ancil- 
lary bpcd ligand. One important aspect of employing a 
redox-active ligand such as bpcd in the coordination 
sphere of a metal cluster is that the LUMO no longer 
consists of an antibonding array of metal framework 
orbitals. Electron occupation of such antibonding or- 
bitals has been shown to lead to facile cluster fragmen- 
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tation. Our data suggest that new and stable paramag- 
netic clusters can be prepared through the use of suit- 
able redox-active diphosphine ligands. 

2.5. Thermal stability of Ru3(CO)7(I.£2-H)(I~3-T] 2- 
C =- CtBu)(bpcd) 

The thermolysis reactivity in cluster 2 was investi- 
gated owing to our observation of facile P -C  bond 
activation in RCCo3(CO)7(bpcd) (where R = Ph, ferro- 
cenyl) [10a]. Similar P -C  bond activation has also been 
reported in a bma-substituted dicobalt dimer containing 
a diphenylacetylene ligand [8c]. These reactions are 
illustrated in Eqs. (2) and (3), respectively. Therefore, it 
was of interest to test for analogous reactivity with the 
coordinated acetylide ligand in 2. It was hoped that P-C 
bond cleavage would be followed by the coupling of the 
acetylide and dione ligands in 2. 

Unlike the above transformations, which occur read- 
ily over the temperature range 40-80°C, cluster 2 was 
found to be stable in refluxing toluene and m-xylene 
solutions. This stands in sharp contrast to our prelimi- 
nary data on the corresponding phenylacetylide cluster 
Ru3(CO)7( ~2-H)(/x3-r/LC~CPh)(bpcd), which reacts in 
refluxing toluene to give a product displaying P-C bond 
cleavage [25]. The subtle effects of the acetylide R 
group in controlling the thermal reactivity of the ancil- 
lary bpcd ligand will be the focus our future research 
efforts. 

3. Conclusions 

The reaction between Ru3(CO)9(/,z2-H)(/./~3-~2-C ~ 
CtBu) and the redox-active bpcd ligand proceeds re- 
gioselectively to give the chelating cluster Ru3(CO) 7- 
(/x2-H)(/.L3-'r / 2-C~Ct Bu)(bped). X-ray diffraction analy- 
sis has shown that the bpcd ligand occupies the equato- 
rial sites at the unique ruthenium center. The electro- 
chemical and extended Hiickel MO data reveal that 
cluster 2 exhibits an accessible one-electron reduction, 
with the bpcd ligand functioning as the site for electron 
accession. 

4. Experimental section 

The starting Ru3(CO)12 cluster was synthesized from 
RuCI3.nH20 , using the carbonylation procedure of 
Bruce et al. [26] and Ru3(CO)9(/z2-H)(/z3-r/2-f~CtBu) 
[11] and bpcd [12] were prepared by using the reported 
literature procedures. All halogenated solvents were dis- 
tilled from P205 under argon using Schlenk techniques 
[27]. Toluene and MeCN were distilled from sodium- 
benzophenone and Call2, respectively. All purified sol- 
vents were stored in Schlenk storage vessels equipped 

with Teflon stopcocks. The TBAP used in the CV 
studies was obtained from Johnson Matthey Electronics 
and was recrystallized from ethyl acetate-light 
petroleum, followed by drying for 2 days under vac- 
uum. C and H microanalyses were performed by At- 
lantic Microlab (Norcross, GA, USA). 

Infrared spectra were recorded on a Nicolet 20 SXB 
FT-IR spectrometer in 0.1 mm NaC1 cells. 1H and 31p 
NMR spectra were recorded in CDC13 solvent at 200 
and 121 MHz on a Varian Gemini-200 spectrometer and 
a Varian VXR-300 spectrometer, respectively. The re- 
ported 31p chemical shift was referenced to external 
H3PO 4 (85%), with the positive chemical shift to low 
field of the external standard. 

4.1. Synthesis of 
(bpcd) 

To 0.25 g (0.38 

Ru 3 (C0)7 (l't2-H) (~3- rl 2_C =-- C tBu)- 

mmol) of Ru3(CO)9(/z2-H)(/,~3-'r/2- 
C=CtBu) and 0.19 g (0.40 mmol) bpcd in a Schlenk 
tube were added 50 ml of CHeCI2, followed by 61.8 
mg (0.82 mmol) of Me3NO. The reaction solution was 
stirred overnight under argon and then examined by IR 
and TLC analyses. After solvent removal under vac- 
uum, the product was isolated by chromatography over 
silica gel using CH2CI 2 as the eluent. The analytical 
sample and single crystals of 2 suitable for X-ray 
analysis were grown from a CH2CI 2 solution contain- 
ing 2 that had been layered with pentane; yield 0.31 g 
(76%). IR (CH2C12): v(CO) 2064 (s), 2046 (vs), 2004 
(vs), 1987 (s), 1943 (w), 1747 (w, bpcd) and 1717 (m, 
bpcd) cm -1. IH NMR (CDC13): 6 -21.38 (1H, t, 
JP-rt = 1.6 Hz), 1.68 (9H, s, tBu), 3.52 (2H, AB quar- 
tet, J = 21.6 Hz), aromatic multiplet 7.3 to 8.5 (20H). 
31p{1H} NMR spectrum (CDC13): 6 80.7. Anal. Found: 
C, 45.68; H, 3.00. Calc. for C42H3309P2Ru 3 • CH2C12: 
C, 45.67; H, 3.08%. 

4.2. X-ray diffraction structure of  RuJCO)z(#2-H)(IX 3- 
n2-C=-CtBu)(bpcd) 

An orange-brown crystal of dimensions 0.15 × 0.15 
× 0.62 mm was sealed inside a Lindemann capillary 
and then mounted on the goniometer of an Enraf-Non- 
ius CAD-4 diffractometer. The radiation used was Mo 
K a monochromatized by a crystal of graphite. Cell 
constants were obtained from a least-squares refinement 
of 25 reflections with 20 > 30 °. Intensity data in the 
range 2.0 t> 20 ~> 44 ° were collected at room tempera- 
ture using the ~scan  technique in the variable-scan 
speed mode and were corrected for Lorentz, polariza- 
tion and absorption (DIFABS). Three reflections 
(1000, 080, 0010) were measured after every 3600 s of 
exposure time as a check of crystal stability (<  3%). 
The structure was solved by using a Patterson map, and 
all of the non-hydrogen atoms were located with differ- 
ence Fourier maps and refined by using full-matrix 
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least-squares methods. The bridging hydride that spans 
the Ru(2)-Ru(3) bond was not located satisfactorily and 
was not included. Other H atoms were included in the 
model at idealized positions ( d C - H  = 0.95 A). With 
the exception of the phenyl and solvent carbon atoms, 
all non-hydrogen atoms were refined anisotropically. 
Refinement converged at R = 0.0399 and R w = 0.0432 
for 3255 unique reflections with I > 3o-(1). 

4.3. Electrochemical studies 

Cyclic voltammetric experiments were carried out by 
using a PAR Model 273 potentiostat/galvanostat, 
equipped with positive feedback circuitry in order to 
compensate for IR drop. The three-electrode cell used 
in the CV studies was of laboratory-made design, allow- 
ing for all cyclic voltammograms to be obtained under 
oxygen- and moisture-free conditions. All CV experi- 
ments employed a platinum disk (area = 0.0079 cm 2) as 
the working and auxiliary electrode. All voltammo- 
grams utilized a silver wire quasi-reference electrode, 
with the quoted potential data being referenced to the 
formal potential of the CP2Fe/Cp2Fe + (internally 
added) redox couple, taken to have El~ 2 = 0.307 V 
[181. 

4.4. Molecular orbital calculations 

The extended Hiickel calculations reported here were 
carried out with the original program developed by 
Hoffmann and Lipscomb [28], as modified by Mealli 
and Proserpio [22]. The input Z-matrix for Ru3(CO)  7 
( p , z - H ) ( ~ 3 - ' 0 2 - C ~ C H ) ( H 4  - -  bpcd) was constructed by 
replacing the phenyl groups on the bpcd ligand and the 
t-butyl group on the acetylide ligand with hydrogen 
groups using the PC modelin~ program MOBV. The C-H  
(1.06 .~) and P -H (1.42 A) distances used in the 
extended Hiickel calculations were taken from model 
compounds [29]. 
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