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Abstract: The synthesis of a number of new phosphino- and arsinobenzenechromium tricarbonyl ligands ER2C6H,Cr(CO), 
(ER, = PEt,, PPr',, PBu',, PPh,, AsPh, AsMe,), ER[C6H,Cr(CO),], (ER = PEt, PBut, PPh, AsPh) has been achieved by reacting 
lithium derivatives of benzenechromium tricarbonyl with appropriate chloroghosphines or iodoarsines. The spectroscopic 
properties of these ligands are described. The structure of P~',Pc~H,c~(co), was determined by an X-ray crystallographic study. 
This is the first solid state structure to be reported for a phosphinobenzenechromium tricarbonyl derivative. The structures of four 
metal carbonyl cluster complexes were also determined. Crystals of P~',Pc~H,c~(co), (3, C,,H19Cr03P) are monoclinic, space 
group P2,lc, a = 8.150(2) A, b = 13.490(2) A, c = 15.125(1) A, P = 100.19(1)0, Z  = 4; those of R~,(c~),,[PP?,c~H,c~(c~),] 
(15, C26H19CrO14PRu3) are monoclinic, space group P2,ln, a = 8.565(2) A, b = 21.808(3) A, c = 17.167(3) A, P = 97.41(2)', 
Z  = 4; those of Ru3(CO)lo[PPh2C6H,Cr(CO)3]2 (19, C3,H,,Cr0,~PRu3) are orthorhombic, space group Pbca, a = 17.367(4) A, 
b = 24.47 l(5) A, c = 16.096(3) A, Z  = 8; those of Ru3(CO),o[PPr'2C6H,Cr(CO)3]2~CH2C12 (16, C40H3,Cr2016P2Ru3~CH2C12) 
are orthorhombic, space group P2,2,2, a = 13.832(3) A, b = 17.558(2) A, c = 10.144(1) A, Z  = 2; and those of 
Os3(CO),[PEt,C6H,Cr(CO),], (26, C4,H4,Cr30,,0s3P3) are trigonal, space group P3, a = 15.7558(4) A, c = 12.662(1) A, Z =  2. 
The structures were solved by the Patterson method and were refined by full-matrix least-squares procedures to R = 0.03 1,0.027, 
0.029,0.025, and 0.029 (R,, = 0.027,0.024,0.024,0.023, and 0.025) for 2326,4110, 3878,3046, and 4093 reflections with I r 
3 4 4 ,  respectively. 

Key words: metal carbonyl clusters, phosphinobenzenechromium tricarbonyl derivatives, arsinobenzenechromium tricarbonyl 
derivatives, crystal structures. 

R&sumC : On a synthCtisC un certain nombre de nouveaux ligands, les phospino et arsinobenzkne chrome tricarbonyle 
ER2C6H,Cr(CO), (ER, = PEt,, PP~',, PBu',, PPh,, AsPh,, AsMe,), Er[C,H,Cr(CO),],, (ER = PEt, PBu', PPh, AsPh) en faisant 
rCagir des dCrivCs IithiCs du benzkne chrome tricarbonyle avec les chlorophosphines ou les iodoarsines appropriCs. On dCcrit les 
propriCtCs spectroscopiques de ces ligands. On a dCterminC, par cristallographie de rayons X, la structure du composC 
P?,Pc~H,c~(co),. Cette publication reprCsente la premikre Ctude d'un dCrivC phosphinobenzkne chrome tricarbonyle dans 
1'Ctat solide. On a Cgalement dCterminC la structure des complexes de quatre agrCgats de mCtal tricarbonyle. Les cristaux de 
P?~C~H,C~(CO), (3, C,,HI9CrO3P) appartiennent au groupe d'espace monoclinique P2,/c, avec a = 8,150(2) A, b = 13,490(2) A, 
c = 15,125(1) A, P = 100,19(1)0, Z =  4; les cristaux de Ru,(CO),, [PP?,c~H,c~(co),] (15, C26H19Cr0,4PRu3) appartiennent au 
groupe d'espace monoclinique P2,ln, avec a = 8,565(2) A, b = 21,808(3) A, c = 17,167(3) A, P = 97,41(2)", Z =  4; les cristaux 
de Ru3(CO),o[PPh2C6H,Cr(CO)3]2 (19, C32H,,Cr0,4PRu3) appartiennent au groupe d'espace orthorhombique Pbca, avec a = 
17,367(4) A, b = 24,47 l(5) A, c = 16,096(3) A, Z  = 8; les cristaux de R~,(CO),~[PP?,C~H,C~(CO)~]~~C~C~~ (16, 
C40H3,Cr20,6P2Ru3~CH2~~2) appartiennent au groupe d'espace orthorhombique P21212, avec a = 13,832(3) A, b = 17,558(2) A, 
c = 19,144(1) A, Z  = 2; et les cristaux de OS,(CO)~[PE~,C~H,C~(CO)~]~ (26, C4,H4,Cr30,,0s3P3) appartiennent au groupe 
d'espace trigonal P7, avec a = 15,7558(4) A, c = 12,662(1) A, Z  = 2. On a rCsolu les structures par la mkthode de Patterson et on 
les a afflnCes par la mCthode des moindres carrCs, matrice complkte, jusqu'i des valeurs de R = 0,03 1,0,027,0,029,0,025 et 
0,029 (R,, = 0,027,0,024,0,024,0,023 et 0,025) pour respectivement 2326,4110,3878,3046 et 4093 reflexions avec I 2  3 4 4 .  

Mots clks : agrCgats de metal carbonyle, dCrivCs phosphinobenzkne chrome tricarbonyle, dCrivCs arsinobenzkne chrome 
tricarbonyle, structures des cristaux. 
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Introduction Scheme 1. Key to compounds. 

The pyrolysis of metal cluster derivatives of arylphosphines 
and arsines has proved to be a fruitful procedure for the prep- 
aration of cluster-bound arynes such as benzyne, ferrocyne, 
and naphthyne (1-3). We have also described how similar 
reactions give rise to derivatives of benzynechromium tricar- 
bony1 (4). The present paper is principally concerned with the 
preparation and characterization of some metal carbonyl 
derivatives of the type M3(CO)pn(ER2Ar')n (M = Ru, 0s;  E = 
As, P; R = alkyl, aryl; Ar' = (r) -C,H,)Cr(CO),; n = 1, 2) that 
have been used as precursors in the synthesis of aryne deriva- 
tives. We also describe the preparation of seven new phos- 
phines and arsines containing the ( r ) 6 - ~ 6 ~ , ) ~ r ( ~ ~ ) 3  moiety. 

Experimental 

Unless otherwise stated, all reactions and subsequent manipu- 
lations involving organometallic reagents were conducted 
under an argon atmosphere by using standard Schlenk and 
vacuum line techniques. 

Phosphorus trichloride, chlorodiethylphosphine, dichloro- 
ethylphosphine, chlorodiphenylphosphine, and dichlorophe- 
nylphosphine were purchased from Strem Chemicals Inc. 
They were stored under argon after distillation under reduced 
pressure. The purity of all phosphines was ascertained by 
using 3 1 ~ { ' ~ )  NMR spectroscopy. Ruthenium trichloride 
(kindly loaned by Johnson Matthey Ltd.), n-butyllithium (Ald- 
rich), chromium hexacarbonyl (Strem), and osmium carbonyl 
(Steck) were used as received. 

Column chromatography was carried out by using silica gel 
(230-400 mesh) or neutral alumina (80-200 mesh, Brockman 
Activity I) obtained from BDH Co. 

'H NMR spectra were recorded on Varian XL-300 (299.94 
MHz), Bruker WH-400 or a WH-200FT (400.00 MHz, or 
200.00 MHz) spectrometers, and are referenced to CDC1, or 
CD2C12 set at 7.25 pm, and 5.32 ppm, respectively, at ambi- I' ent temperature. P{'H) NMR spectra were recorded on 
Varian XL-300 (121.42 MHz) or Bruker WH-200 (80.96 
MHz) spectrometers and are referenced to external PPh, 
(CDCl,) set at -5.6 ppm relative to 85% H3P04 (aq) unless 
otherwise indicated. All chemical shifts are reported in ppm 
and coupling constants in Hz. 

Infrared spectra were recorded by using a Perkin-Elmer 
598, 783 or 1710 FTIR spectrophotometer. The spectra were 
calibrated by using the 1601 cm-' band of polystyrene. 

Low-resolution electron impact (EI) mass spectra were 
obtained by using a KratosIAEI MS902 mass spectrometer, 
which was operated in the direct insertion mode (70 eV, 120- 
150°C source temperature). Fast atom bombardment (FAB) 
mass spectra were measured using an updated MS-9 mass 
spectrometer equipped with a FAB source. The matrix was 3- 
nitrobenzyl alcohol. 

The following reagents were prepared by literature meth- 
ods: C6H5Cr(CO), ( 3 ,  Ru3(CO),, (6), Os,(CO),,(CH,CN), 
0s,(CO)l,(CH3CN)2 (7), (CH3)2AsI (8), Bu2TC1 (9), 
(CH3CN)3Cr(C0)3 (lo), Ru3(C0)' l(CH3CN) (1 I), 
Na[(C,H,),CO] (-0.025 M in THF) (12). 

Preparation of BufPC12 
A freshly prepared Grignard solution of ButMgC1 (2 M, 250 
mL) was added dropwise with stirring to phosphorus trichlo- 

RE[C6H5Cr(CO),l, 

RE = PhP, 7 
Bu'P, 8 
EtP, 9 
PhAs, 10 

ride (68.5 g, 44 mL, 0.5 mol) dissolved in diethyl ether (200 
mL) at -20°C: the temperature of the reaction mixture was 
then allowed to rise to room temperature. The mixture was 
refluxed for 1 h and then filtered to remove the white solid. 
Distillation of the filtrate under reduced pressure gave BufPC12 
as a colorless liquid (35 g, 45%), which solidified on standing, 
bp 143-148°C (760 Torr; 1 Torr = 133.3 Pa). 3 r ~ { 1 ~ ]  NMR 
(121.4 MHz, C6D6) 6: 199.9 (s). 'H NMR (300 MHz, C6D6) 6: 
1.0 (d). 

Preparation of pr ipcl2 , 

A Grignard solution of PfMgCl in ether (1.25 M, 800 mL) 
was added dropwise to a stirred diethyl ether solution of PCl, 
(55.0 g, 26 mL, 0.4 mol). A white precipitate formed during 
the addition and the reaction mixture was refluxed for an addi- 
tional 2 h. The solution was separated from the precipitate by 
filtration through a medium porosity Schlenk filter. The ether 
solvent was removed by distillation at atmospheric pressure 
and the oily residue was distilled under reduced pressure. The 
product was an air-sensitive, colorless liquid (30 g, 65%), bp 
27°C (3 mmHg). 3 1 ~ { ' ~ )  NMR (121.4 MHz, CDCI,) 6: 139.2 
(s). 'H NMR (300 MHz, CDC1,) 6: 1.80-1.91 (m, 2H), 1.05 
(q76H). 

Preparation of [C,H,Cr(CO),]PBut2, 2 
A solution of C,H,Cr(CO), (1.0 g, 4.7 mmol) in THF (20 mL) 
in a Schlenk tube was cooled to -78°C and treated dropwise 
with n-BuLi in hexane (3.0 mL, 1.6 M, 4.8 mmol). The result- 
ing solution was stirred at -78°C for 50 min, when But2PC1 
(1.0 mL, 5.2 mmol) was added. The reaction mixture was 
stirred at -78°C for 1 h, warmed to room temperature, and 
stirred continuously for an additional hour. After evaporating 
the solvent in vacuo, the residual oil was dissolved in CH2C12 
(20 mL) and then filtered under nitrogen through a frit packed 
with Celite to remove LiC1. The solvent was removed in vacuo 
to afford a red oil. Hexane (5 mL) was added to the red oil, the 
resultant suspension was stirred vigorously, and a yellow pre- 
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cipitate was obtained. The solid was further purified by recrys- 
tallization from hexane-CH2C1, (211) to yield 2 as a yellow 
crystalline solid: yield 80%. IR (KBr) v(C0): 1960 (vs), 1900 
(vs), 1880 (s), 1870 (sh), 1865 (s) cm-'. 3 ' ~ { 1 ~ )  NMR (121.42 
MHz, CDC13) 6: 42.8 (s). 'H NMR (300 MHz, CDC13) 6: 5.7 
(t, J(H-H) = ~ H z ,  2H), 5.6 (t, J(H-H) = 6 HZ, lH), 5.2 (t, J(H- 
H) = 6 Hz, 2H), 1.2 (d, J(P-H) = 10 Hz, 18H). MS (EI) d e :  
358 [Pf]. Anal. calcd. for CI7Hz3CrO3P: C 56.97, H, 6.47; 
found: C 56.80, H 6.52. 

Preparation of [c~H,c~(co),]PP~',, 3 
Compound 3 was synthesized by the procedure described for 
the preparation of 2 except that P?,PCI (0.75 mL, 5.0 mmol) 
was used instead of BuiPCl. Yellow crystals of 3 were 
obtained after recrystallization from hexanes-CH,Cl, (2: 1) at 
-30°C (1.1 g, 70%). IR (KBr) v(C0): 1970 (s), 1880 (s, br) 
cm-~  . 31 P{'H) NMR (121.42 MHz, CDC13) 6: 13.9 (s). 'H 

NMR (300 MHz, CDCl,) 6: 5.33 (t, J(H-H) = 5 Hz, 3H), 5.18 
(t, J(H-H) = 5 HZ, 2H), 1.95 (q, 2H), 1.05 (dd, J(H-H) = 5.5 
Hz, 12H). MS (EI) d e :  330 [Pf]. Anal. calcd. for 
C1,Hl9CrO3P: C 54.55, H 5.76; found: C 54.72, H 5.87. 

Preparation of [C,H,Cr(CO),]PEt,, 4 
Chlorodiethylphosphine (0.97 mL, 8.0 mmol) was similarly 
used to afford 4 as a red oil, which was -90% pure accordin B to its ,'P NMR spectrum. v(C0): 1978 (s), 1885 (s) cm- . 
3 ' ~ { 1 ~ )  NMR (121.42 MHz, CDC13) 6: - 13 (s). 'H NMR 
(300 MHz, CDCl,) 6: 5.4 (t, J(H-H) = 6 Hz, 3H), 5.2 (t, 
J(H-H) = 6 Hz, 2H), 1.8 (q, 4H), 1.2 (m, 6H). IR (CH2Cl2) MS 
(EI) d e :  302 [P']. 

Preparation of [C6HSCr(C0),]AsMe,, 5 
A similar procedure was used to prepare 5 from Me,AsI as a 
yellow solid (70% yield). IR (KBr) v(C0): 1960 (s), 1880 (s, 
br) cm-'. 'H NMR (300 MHz, CDCl,) 6: 1.4 (S, 6H), 5.5 (t, 
J(H-H) = 5.5 HZ, 3H), 5.3 (t, J(H-H) = 5.5 HZ, 2H). MS (EI) 
d e :  3 18 [P']. Anal. calcd. for C, ,H,,AsCrO,: C 41.53, H 
3.49; found: C 41.63, H 3.49. 

Preparation of [C,H,Cr(CO),]PPh,, 1 
A similar procedure was used to prepare 1 from Ph2PC1 as a 
yellow crystalline solid (85% yield). IR (KBr) v(C0): 1980 
(s), 1900 (s, br) cm-'. 3 1 ~ { ' ~ )  NMR (121.42 MHz, CDC13) 6: 
-5.2 (s). 'H NMR (300 MHz, CDC13) 6: 7.4 (br s, lOH), 5.4 (t, 
lH), 5.2 (m, 4H). MS (EI) d e :  398 [P']. 

Preparation of [C6HSCr(CO),],AsPh,, 6 
A similar procedure was used to synthesize 6 from Ph,AsI as a 
yellow crystalline solid (80% yield). 'H NMR (300 MHz, 
CDCl,) 6: 7.4 (br s, lOH), 5.3 (br s, lH), 5.2 (br s, 4H). MS 
(EI) d e :  358 [P']. Anal. calcd. for C21H1503A~Cr: C 57.03, H 
3.42. Found: C 56.74, H 3.21. 

Preparation of [C,H,Cr(CO),],PBd, 8 
Benzenechromium tricarbonyl (1.62 g, 7.55 mmol) was dis- 
solved in THF (25 mL) at -78°C. A solution of n-butyllithium 
in hexane (4.8 mL, 1.6 M, 7.7 mmol) was added slowly with a 
syringe to the cold, stirred solution. The solution was then 
stirred at -78°C for 50 min. C1,PBut (0.65 g, 4 mmol) in THF 
(10 mL) was then added dropwise with a syringe to the solu- 
tion. The reaction mixture was stirred at -78°C for an addi- 

tional hour and allowed to warm to room temperature. The 
solvent was evaporated in vacuo. The residual red oil was dis- 
solved in CH2Cl2 (20 mL) and then filtered through a short 
column of silica gel under nitrogen. Dark red impurities and 
LiCl were left on the top of the column. Evaporation of the 
eluate followed by crystallization of the solid residue from 
CH,Cl,-hexanes (1:2) afforded 8 (70% yield) as a yellow 
crystalline solid. IR (KBr) v(C0): 1970 (s), 1890 (s, br) cm-'. 
3 ' ~ { ' ~ )  NMR (121.42 MHz, CDC13) 6: 20.7 (s). 'H NMR 
(300 MHz, CDC1,) 6: 5.7 (t, J(H-H) = 6 HZ, 2H), 5.4 (t, J(H- 
H) = 6 Hz, 4H), 5.2 (d, J(H-H) = 6 HZ, 4H). 1.2 (d, J(P-H) = 
10 Hz, 9H). MS (EI) d e :  514 [Pf]. Anal. calcd. for 
C2,H,,Cr2O3P: C 51.37, H 3.72; found: C 51.27, H 3.71. 

Preparation of [C,H,Cr(CO),],PEt, 9 
The same procedure used for the synthesis of 8 was followed 
for the preparation of 9 from EtPCl,, as a yellow crystalline 
solid (65% yield). IR (KBr) v(C0): 1962 (s), 1851 (s, br) 
cm-l 31 . P{'H) NMR (121.42 MHz, CDCl,) 6: -5.5 (s). 'H 
NMR (300 MHz, CDCI,) 6: 5.4 (t, J(H-H) = 6 Hz, 6H), 5.2 (t, 
J(H-H) = 6 Hz, 4H), 1.8 (q, J(H-H) = 6 Hz, 4H), 1.2 (m, 6H). 
MS (EI) d e :  486 [P+]. Anal. calcd. for C20H,,06Cr2P: C 
49.39, H 3.12; found: C 49.75 H 3.34. 

Preparation of [C,H,Cr(CO),]PPh, 7 
The same procedure was followed for the preparation of 7 
from PhPCl, as a yellow crystalline solid (70% yield). IR 
(Nujol) vCO): 1970 (s), 1900 (s, br), cm-'. 3 ' ~ { ' ~ )  NMR 
(121.42 MHz, CDC13) 6: -4.0 (s). 'H NMR (300 MHz, 
CDCl,) 6: 7.3-7.6 (m, 5H), 5.6 (t, J(H-H) = 6 Hz, 4H), 5.3 (t, 
J(H-H) = 6 Hz, 2H), 5.2 (d, J(H-H) = 6 Hz, 4H). MS (EI) d e :  
534 [P']. Anal. calcd. for C2,H1,CrO6P: C 53.94, H 2.83; 
found: C, 53.60, H 2.85. 

Preparation of [C,H,(CO),]AsPh,, 10 
The same procedure was followed for the preparation of 10 
from PhAsI, as a yellow solid (70% yield). MS (EI) d e :  578 
[Pf]. 'H NMR (300 MHz, CDCl,) 6: 7.4 (br s, 5H), 5.5 (t, 4H), 
5.3 (t, 2H), 5.15 (s, 4H). Anal. calcd. for C24H,,Cr06As: C 
49.84, H 2.62; found: C 49.50, H 2.43. 

Procedure A. Preparation of 
Ru3(CO)ll:I[AsMe,(C6H,Cr(CO)3)], 11 

A freshly prepared Na(Ph,CO) solution was added dropwise 
to a rapidly stirred solution of Ru,(CO),~ (200 mg, 0.3 1 mmol) 
and (CH3)2A~[C6H5Cr(C0)3] (100 mg, 0.31 mmol) in THF 
(25 mL) until the solution darkened in color (typically 5-10 
drops). When TLC examination of the reaction mixture 
showed that no starting material remained, the solvent was 
removed in vacuo. The resulting dark red oil was dissolved in 
CH2C12 (3 mL) and was chromatographed on a silica gel col- 
umn with CH,Cl,-hexanes (1:1.4) as eluent to give three 
bands. Band 1 (yellow) was Ru3(CO),, (trace amount) identi- 
fied by IR spectroscopy and TLC. Band 3 was the disubsti- 
tuted ruthenium cluster Ru3(CO)lo[AsMe2(C6H,Cr(CO)3)12 8 
(trace amount). Band 2 gave red crystalline 11 (245 mg, 85% 
yield). IR (KBr) v(C0): 2100 (m), 2040 (s), 2020 (s), 1890 
(sh), 1900 (s) cm-'. 'H NMR (300 MHz, CDCl,) 6: 1.9 (s, 6H), 
5.3 (t, J(H-H) = 6.6 Hz, 2H), 5.4 (d, J(H-H) = 6 HZ, 2H), 5.6 
(t, J(H-H) = 6.6 Hz, 1H). Mass spectrum (FAB): d e :  931 
[P']. Anal. calcd. for C22HllA~Cr014R~3: C 28.43, H 1.20; 
found: C 28.14, H 1.23. 
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Procedure B. Preparation of 
Ru3(CO)lo[AsMe2(C6H,Cr-(C0)3)12, 12 

The title compound was prepared in a way similar to that 
used for the monosubstituted compound 11 except that a 
little over 2 equivalents of the arsine (210 mg, 0.62 mmol) 
was used. The product was purified by using column chro- 
matography with CH,C12-hexanes (1:l) as eluent and was 
isolated in 70% yield. 'H NMR (300 MHz, CDCI,) 6: 5.5 (t, 
J(H-H) = 6 Hz, 2H), 5.4 (d, J(H-H) = 6.3 Hz, 4H), 5.2 (m, 
4H), 1.8 (s, 12H). Mass spectrum (FAB): d e :  1223 [Pf]. 
Anal. calcd. for C,,H,,As,Cr,ORu,: C 31.51, H 1.82; 
found: C 3 1.29, H 1.93. 

Procedure C. Preparation of 
0s3(CO)ll[AsMe2(C6H,Cr(C0)3:)], 13 

The compound [Os3(CO), ,(MeCN)] (200 mg, 0.22 mmol) was 
stirred in CH,Cl, (30 mL) with Me,AsC6H,Cr(CO), (70 mg, 
0.22 mmol) for 2 h at room temperature to afford a clear yel- 
low solution. Silica gel (200-400 mesh, 5 mL) was then added 
to the crude solution and the solvent was removed in vacuo. 
The dried residual silica gel was added to the top of a silica gel 
column. By using CH2C1,-hexanes (1: 1:8) as eluent, the pure 
yellow 13 was obtained in 90% yield (235 mg) from the first 
band. 'H NMR (300 MHz, CDCI,) 6: 5.5 (t, lH), 5.4 (d, 2H), 
5.2 (t, 2H), 2.0 (s, 6H). Mass spectrum (FAB) d e :  1198 [Pf]. 
Anal. calcd. for C,,H, ,AsCrO140s3: C 22.08, H 0.93; found: C 
22.16, H 0.98. The second band that was eluted gave a small 
amount of the disubstituted cluster derivative identified by 
using mass spectrometry. 

Procedure D. Preparation of 
0s3(CO)lo[AsMe2C6H,Cr(C0)312, 14 

The procedure used for the preparation of 14 was identical to 
that used for 13 with the exception that [Os3(CO),,(MeCN),] 
(100 mg, 0.1 mmol) was used. Pure 14 was thus obtained in 
70% yield. 'H NMR (300 MHz, CDC1,) 6: 5.5 (t, 4H), 5.2 (t, 
6H), 1.9 (s, 12H).Mass spectrum (FAB~ d e :  1487 [Pf]. Anal. 
calcd. for C,,H,,As,Cr,Ol60s3: C 25.85, H 1.49; found: C 
25.71, H 1.57. 

Procedure E. Preparation of 
Ru~(CO)~~[PP~'~C~H~C~(C~)~], 15 

Addition of PPNfCl- (10 mg) to a solution of Ru3(CO),, (200 
mg, 0.3 1 mmol) and P?,Pc~H~(co), (103 mg, 0.3 1 mmol) in 
THF (40 mL) resulted in gas evolution. After stirring for 30 
min, the solvent was removed from the red solution under 
reduced pressure. The residue was dissolved in CH,Cl, 
(2 mL) and applied to a silica gel column, with CH,Cl,- 
hexanes (1:1.7) as eluent. The first band proved to contain 
Ru,(CO),, and the third band was characterized as 
R~,(CO)~,[PP?,C~H,(CO),],. The major second band 
afforded 15 as a red powder in 80% yield after solvent evapo- 
ration. Crystals of 15 were grown from CH2Cl2-hexanes 
(1 :2.5) at -30°C. The crystals thus obtained were washed with 
hexanes and dried in vacuo for 1 min. IR (CH,Cl,) v(C0): 
2100 (s), 2049 (vs), 2017 (vs), 1978 (vs), 1907 (vs) cm-'. 942 
[Pf]. 3 ' ~ { ' ~ }  NMR (121.4 MHz, CDCl,) 6: 58.9 (s). 'H NMR 
(300 MHz, CDC1,) 6: 5.7 (t, J(H-H) = 6.2 HZ, 3H), 5.2 (t, J(H- 
H) = 6.3 Hz, 2H), 2.5 (m, 2H), 1.2-1.4 (m, 12H). Mass spec- 
trum (FAB) d e :  Anal. calcd. for C,6H19CrO14PRu3: C 33.16, 
H 2.03; found: C 32.84, H 1.90. 

Procedure F. Preparation of 
R~~(CO)~~[P~',PC~H,C~(C~)~I~~ 16 

The title complex was prepared in the same manner as 
described for the preparation of the monosubstituted cluster 
15 except that a little over 2 molar equivalents of 
P~',Pc~H,c~(co), (215 mg, 0.65 mmol) was used. Following 
chromatography with CH2C1,-hexanes (1: 1.3) as eluent, pure 
16 was obtained in 70% yield as a dark red powder. X-ray-qual- 
ity crystals were grown from CH,Cl,-hexanes (l:2.5) at -4°C. 
IR (KBr) v(C0): 2022 (s), 1973 (vs), 1903 (vs) cm-I. 'H)  
NMR (121.4 MHz, CDCI,) 6: 54.6 (s). 'H NMR (300 MHz, 
CDC1,) 6: 5.75 (t, 6H), 5.2 (t, J(H-H) = 6.3 Hz, 4H), 2.5 (m, 
J(H-H) = 6.1 Hz, 4H), 1.2-1.4 (m, 24H). Mass spectrum (FAB) 
d e :  1244 [Pf]. Anal. calcd. for C41H40C1,Cr,016P2R~3: C 
37.06, H 3.04. found: C 37.03, H 2.97. 

Preparation of o~~(co),,[P~~~Pc~H,c~(co)~], 17 
The yellow complex 17 was obtained in 80% yield by using 
procedure C. IR (KBr) v(C0): 2100 (w), 2050 (s), 2030-2000 
(vs, br), 1990- 1960 (vs, br), 1940 (w), 19 10 (s), 1890 (s) cm-'. 
3 ' ~ { ' ~ )  NMR (121.4 MHz, CDC1,) 6: 27.8 (s). 'H NMR (300 
MHz, CDCl,) 6: 5.7 (t, 3H), 5.2 (t, 2H), 2.5 (m, 2H), 1.2-1.4 
(m, 12H). Mass spectrum (FAB) d e :  1209 [Pf]. Anal. calcd. 
for C,6H19CrO140~3P: C 25.83, H 1.59; found: C 25.89, H 
1.59. 

Preparation of O~~(CO)~~[P~~~PC~H,C~(CO~]~, 18 
The yellow complex 18 was isolated in 80% yield by using 
procedure D. IR (KBr) v(C0): 2080 (m), 2010 (sh), 2000 (vs), 
1970 (vs), 1900 (s, br) cm-'. 3 1 ~ { ' ~ )  NMR (121.4 MHz, 
CDC1,) 6: 21.7 (s). 'H NMR (300 MHz, CDC1,) 6: 5.7 (t, 6H), 
5.2 (t, 4H), 2.4 (m, 4H), 1.1-1.4 (m, 24H). Mass spectrum 
(FAB) d e :  1513 [P']. Anal. calcd. for C40H3,Cr,0160s3P,: C 
3 1.79, H 2.54; found: C 3 1.63, H 2.50. 

Preparation of Ru~(CO),,[P~~PC~H,C~(CO)~], 19 
The complex 19 was isolated, by following procedure A, as a 
red powder (-70% yield). This powder was dissolved in 
CH2C1, (10 mL), layered with hexanes (20 mL), and stored in 
a freezer for a week to give red-orange prism-like crystals. IR 
(Nujol) v(C0): 2100 (s), 2060 (sh), 2040 (s), 2020 (vs), 2000 
(vs), 1970 (vs), 1960 (sh), 1900 (s) cm-'. 3 1 ~ { ' ~ )  NMR 
(121.4 MHz, CDCI,) 6: 37.3 (s). 'H NMR (300 MHz, CDC1,) 
6: 7.4-7.6 (br s, 1 OH), 5.6 (t, J(H-H) = 6 Hz, 3H), 5.1 (t, J(H- 
H) = 6 Hz, 2H). Mass spectrum (FAB) d e :  101 1 IPfl. Anal. 
calcd. for c~ ,H,~c~o ,~PRu, :  C 38.07, H 1.50; found: c 38.21, 
H 1.55. 

Ru3(CO),o[Ph,PC,H,Cr(C0)312,20 
Compound 20 was isolated in 60% yield by following proce- 
dure B. 3 1 ~ { 1 ~ )  NMR (121.4 MHz, CDCI,) 6: 36.5 (s). 'H 
NMR (300 MHz, CDC1,) 6: 7.4-7.6 (br s, 5H), 5.5 (t, 6H), 5.1 
(t, 4H). Mass spectrum (FAB) d e :  1381 [Pf]. Anal. calcd. for 
C5,H30Cr,016P,Ru3: C 45.26, H 2.20; found: C 45.39, H 2.28. 

Preparation of 0s3(CO)ll[Ph2PC6H,Cr(C0)3], 21 
Solid 21 was obtained in 80% yield by following procedure C. 
IR (KBr): v(C0) 2150 (s), 2060 (vs), 2020 (vs), 2000 (vs), 
1970 (vs), 1900 (vs) cm-'. 3 ' ~ { ' ~ }  NMR (121.4 MHz, 
CD,Cl,) 6: 0.3 (s). 'H NMR (300 MHz, CD,Cl,) 6: 7.5 (m, 
1 OH), 5.8 (td, J(H-H) = 5.8 Hz, 1 H), 5.6 (td, J(H-H) = 5.7 HZ, 
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2H), 5.2 (td, J(H-H) = 5.8 Hz, 2H). Mass spectrum (FAB) m/e: 
1277 [P']. Anal. calcd. for C32Hl,CrO140s3P: C 30.07, H 1.19; 
found: C 30.15, H 1.23. 

Preparation of RU~(CO)~~[E~,PC~H~C~(CO)~], 22 
Compound 22 was obtained in 85% yield by using procedure 
A. 3 ' ~ ( 1 ~ )  NMR (121.4 MHz, CDC1,) 6: 28.2 (s). IR (KBr): 
2100 (s), 2040 (s), 2020 (s), 1980 (vs), 1970 (vs), 1950 (s), 
1900 (s), 1870 (s) cm-I. 'H NMR (300 MHz, CDCI,) 6: 5.5 
(td, J(H-H) = 7 HZ, IH), 5.3 (td, J(H-H) = 7 HZ, 2H), 5.2 
(2dd, J(H-H) = 7 Hz, 2H), 2.0-2.4 (m, 4H), 1.2-1.4 (2t, J(H- 
H) = 7 Hz, 6H). Mass spectrum (FAB) m/e: 915 [P']. Anal. 
calcd. for C24H,,Cr014PR~3: C 3 1.55, H 1.66; found: C 3 1.47, 
H 1.66. 

Preparation of Ru3(CO)lo[Et2PC6H,Cr(CO)3]2, 23 
Thedarkredproduct23wasisolatedin75% yieldby usingproce- 
dure B. IR (KBr) v(C0): 2070 (w), 2020 (s), 2000-1910 (s, br), 
1910-1880(s,br),cm-'.3'~('~) NMR(121.4MHz,CDC13)6: 
28.4 (s). 'H NMR (300 MHz, CDC1,) 6: 5.6 (t, J(H-H) = 7 Hz, 
IH),~.~(~,J(H-H)=~HZ,~H),~.~(~,J(H-H)=~HZ,~H),~.~- 
2.4 (m, 8H), 1.2-1.5 (2t, J(H-H) = 7 Hz, 12H). Mass spectrum 
(FAB) m/e: 11 89 [P']. Anal. calcd. for C38H32C12Cr2016P2R~3: 
C 34.91, H 2.54; found: C 34.74, H 2.59. 

Preparation of OS~(CO), , [E~~PC~H,C~(CO)~],  24 
The yellow product 24 was obtained in 80% yield by following 
procedure E.IR (KBr) v(C0): 2100 (m), 2060 (s), 2030 (s), 
2000 (vs), 1980 (sh), 1970 (vs), 19 10 (s), 1900 (sh), 1880 (s), 
1870 (sh), cm-'. 3 1 ~ ( ' ~ ~  NMR (121.4 MHz, CDCI,) 6: -9.1 
(s). 'H NMR (300 MHz, CDCI,) 6: 5.5 (t, J(H-H) = 7 Hz, lH), 
5.4 (t, J(H-H) = 7 HZ, 2H), 5.2 (d, J(H-H) = 7 HZ, 2H), 2.2- 
2.4 (m, 4H), 1.2-1.4 (t, J(H-H) = 7 Hz, 6H). Mass spectrum 
(FAB) m/e: 1182 [P']. Anal. calcd. for C24Hl,Cr0,40s3P: C 
24.40, H, 1.28; found: C 24.56, H 1.3 1. 

Preparation of 0s3(CO)lo[E~PC6H,Cr(CO)3]2, 25 
The use of procedure D afforded 25 in 70% yield. IR (KBr) 
v(C0): 2075 (m), 2010 (sh), 1980 (vs, br), 1890 (s, br) cm-'. 
,'P( I H )  NMR (121.4 MHz, CDCI,) 6: -9.8 (s). 'H NMR (300 
MHz, CDCI,) 6: 5.5 (t, J(H-H) = 7 Hz, lH), 5.3 (t, J(H-H) = 7 
Hz, 2H), 5.2 (d, J(H-H) = 7 Hz, 2H), 2.2-2.6 (m, 4H), 1.2-1.5 
(2t, J(H-H) = 7 Hz, 6H). Mass spectrum (FAB) m/e: 1456 
[P']. Anal. calcd. for C36H30Cr20160~3P2: C 29.71, H 2.08. 
found: C 29.96, H 2.14. 

Preparation of OS~(CO), [E~~PC~H,C~(CO)~]~ ,  26 
A solution of OS,(CO),,[E~~PC~H,C~(C~)~] (300 mg) was 
heated in refluxing n-octane under a nitrogen atmosphere for 
15 h. After this time TLC showed that no starting material 
was present. The solvent was then removed under reduced 
pressure and the resulting brown oil was transferred to a silica 
gel column. Elution with hexane gave one yellow band, 
which was 0s3(CO),,, as identified by IR spectroscopy. Sub- 
sequent elution with hexanes-CH2C12 (1 : 1.7) afforded three 
bands. Bands 1 and 3 contained trace amounts of unidenti- 
fied products. The major band 2 contained the complex 26. 
Orange crystals suitable for X-ray structure analysis were 
grown from hexanes-CH2C12 (3:l) at -30°C. IR (KBr) 
v(C0): 1965 (vs, br), 1930 (s), 1890 (vs, Br) cm-'. 3 1 ~ ( ' ~ )  

NMR (121.4 MHz, CDC1,) 6: - 15.9 (s). 'H NMR (300 MHz, 

CDCI,) 6: 5.6 (t, J(H-H) = 7 HZ, 3H), 5.4 (t, J(H-H) = 7 Hz, 
6H), 5.2 (d, J(H-H) = 7 Hz, 6H), 2.0-2.5 (m, 12H), 1.2-1.4 
(m, 18H). Mass spectrum (FAB) m/e: 1729 [P']. Anal. calcd. 
for C4,H4,Cr30s3P3: C 33.33, H 2.63; found: C 32.93, H 
2.62. 

Preparation of RU~(CO)~~[P~P{C~H,C~(CO)~}~], 27 
The title compound was prepared by three different methods 
but always in low yield. Method A resulted in 25% yield and 
method E in 15% yield. An excess of PhP[C,H,Cr(CO),], 
(200 mg) was added to a cool solution of Ru,(CO), ,(MeCN) 
(100 mg, 0.15 mmol, 20 mL of CH2C12) generated in situ. The 
resulting solution was stirred for 1 h and the solvent was 
removed in vacuo. The ,'P NMR spectrum of the crude 
product indicated the presence of 27 in low yield. 

27: yellow solid. IR (CH2Cl ) v(C0): 2100 (s), 2050 (s), f 2040 (s), 1970 (s), 1900 (s) cm- . 3 ' ~ ( ' ~ )  NMR (121.4 MHz, 
CDCl,) 6: 37.6 (s). 'H NMR (300 MHz, CDC1,) 6: 7.4-7.6 (m, 
5H), 5.8 (m, 6H), 5.3 (m, 4H). Mass spectrum (FAB) m/e: 
1147 [PC]. Anal. calcd. for C35Hl,Cr2017PRu3: C 36.69, H 
1.32; found: C 36.65, H 1.40. 

Preparation of OS~(CO)~~[P~P{C~H~C~(CO)~}~], 28 
The yellow solid 28 was isolated in 50% yield by using proce- 
dure C. 3 1 ~ ( 1 ~ )  NMR (121.4 MHz, CDCI,) 6: 0.1 (s). 'H 
NMR (300 MHz, CDCI,) 6: 7.6 (m, 2H), 7.4 (m, 3H), 5. 7 (t, 
6H), 5.4 (q, 4H). Mass spectrum (FAB) m/e: 1415 [P']. Anal. 
calcd. for C35Hl,Cr20170s3P: C 29.75, H, 1.07; found: C 
29.50, H 1.31. 

Preparation of Ru~(CO),,[P~~A~C~H~C~(CO)~], 29 
The red product 29 was obtained in 10% yield by following 
procedure A. 3 1 ~ ( ' ~ )  NMR (121.4 MHz, CDCI,) 6: 7.3 (m, 
lOH), 5.3 (t, 2H), 5.1 (3H). Mass spectrum (FAB) m/e: 1054 
[P']. Anal. calcd. for C32Hl,AsCrO14Ru3: C 36.48, H 1.44; 
found: C 36.64, H 1.56. 

X-ray crystallographic analyses 
Crystallographic data appear in Table 1. The final unit-cell 
parameters were obtained by least-squares on the setting 
angles for 25 reflections with 20 = 27.8-33.1" for 3, 35.7- 
40. 1" for 15,20.1-30.7" for 19,30.1°-36.8" for 16, and 40.1"- 
45.5" for 26. The intensities of three standard reflections, mea- 
sured every 200 reflections throughout the data collections, 
decayed linearly by 7.8% for 15 and by 2.1% for 19 and 
showed only small random fluctuations for other complexes. 
The data were processed and corrected for Lorentz and polar- 
ization effects, decay (where appropriate), and absorption 
(empirical, based on azimuthal scans for three  reflection^).^ 

The structures were solved by the Patterson method. The 
structural analysis of 26 was initiated in the centrosymmetric 
space group P3 on the basis of the E-statistics and the Patter- 
son function. This choice was confirmed by subsequent calcu- 
lations. Complex 16 has exact (crystallographic) C2 symmetry 
and complex 26 has exact C3 symmetry. 

The dichloromethane solvent in 16 was modeled as 1: 1 dis- 
ordered over two sites, both carbon atoms lying on the twofold 

teXsan: Crystal structure analysis package. Molecular Sturcture 
Corp., The Woodlands, Tex. 1985 and 1992. 
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2172 Can. J. Chem. Vol. 74, 1996 

Table 1. Crystallographic data." 

Compound 3 15 19 16 26 
Formula C15H19Cfid' C26H19CrO14PRu3 C32H,5Cfi14PRu3 C40H38Cr20,6P2Ru3CH2C12 C48H,,Cr30130s3P3 
Fw 330.28 941.61 1009.64 1328.81 1729.38 
Color, habit Yellow, prism Golden, prism Red-orange, prism Black, prism Red-brown, prism 
Crystal system Monoclinic Monoclinic Orthorhombic Orthorhombic Tigonal 
Space group P2,lc P2,ln Pbca P2,2,2 P3 
a,  A 8.150(2) 8.565(2) 17.367(4) 13.832(3) 15.7758(4) 
b, A 13.490(2) 21.808(3) 24.47 l(5) 17.558(2) 15.7758(4) 
c, A 15.125(1) 17.167(3) 16.096(3) 10.144(1) 12.662(1) 
a, deg 90 90 90 90 90 

P, deg 100.19(1) 97.4 l(2) 90 90 90 
YY deg 90 90 90 90 120 
V, A' 1636.8(4) 3 179.5(10) 6840(2) 2463.7(7) 2722.2(3) 
Z 4 4 8 2 2 

PC~IC, g/cm3 1.340 1.967 1.960 1.791 2.1 10 
F(000) 688 1832 3920 1316 1644 
p(Mo-K,), cm-' 8.00 18.10 16.89 15.65 77.00 
Crystal size, mm 0.40 x 0.40 x 0.50 0.18 x 0.30 x 0.40 0.25 x 0.35 x 0.45 0.16 x 0.25 x 0.39 0.20 x 0.25 x 0.40 
Transmission factors 0.84-1.00 0.84-1 .OO 0.89-1 .OO 0.88-1 .OO 0.54-1.00 
Scan type 0-20 0-20 w 0-20 0-20 
Scan range, wO 1.10 + 0.35 tan 0 1.30 + 0.35 tan 0 0.94 + 0.35 tan 0 1.26 + 0.35 tan 0 1.42 + 0.35 tan 0 
Scan, " min-' 32 16 16 16 32 
Data collected +h, +k,  f l  +h, +k,  f l  +h,  +k,  + I  +h,  +k,  +I fi, +k, + I  

1 

2emsx, deg 55 55 55 60 70 
Crystal, decay, % 7.8 2.1 Negligible Negligible 
Total reflections 4195 7987 8579 4035 8652 
Unique reflections 3929 7492 8579 4035 8006 
Rmerge 0.020 0.029 - - 0.044 
Number with 1 2  3o(I) 2326 4410 3878 3046 4093 
Variables 182 406 460 3 07 227 
R 0.03 1 0.027 0.029 0.025 0.029 

4, 0.027 0.024 0.024 0.023 0.025 
go f 2.25 1.67 1.41 1.68 1.35 
Max AJo (final cycle) 0.001 0.001 0.003 0.01 0.001 
Residual density e/A3 -0.21 to 0.23 -0.38 to 0.38 -0.44 to 0.42 -0.45 to 0.41 -1.36 to 1.28 (near 0s)  

Temperature 294 K, Rigaku AFC6S diffractometr, MoK, (k  = 0.71069 A) radlatlon, graphite monochromator, takeoff angle 6.0'. aperture 6.0 x 6.0 mm 
at a dlstance of 285 mm from the crystal, statlonary background counts at each end of the scan (scanhackground tlme ratio 2: I) ,  aU2.(F2) = [S2(C + 4B)]/Lp2 
(S = scan rate. C = scan rate, C = scan count, B = normalized background count), funchon minimized Zw(lF,I -  IF,^)^ where w = ~F,,%~(F:), R = ZIIFJ - 
IF,IIICIF,I, R, = (Zw(lF,I - IFcI)21CwlFo12)'R, and gof = [Zw(lF,I - IFc1)21(m - n)]lR. Values given for R, R,, and gof are based on those reflections with 1 2  3a(I). 

axis. All non-hydrogen atoms were refined with anisotropic 
thermal parameters. Hydrogen atoms were fixed in calculated 
positions (C-H = 0.98 A, B, = 1.2 B,,,,,, ,,,, ). Secondary 
extinction corrections were applied for 3 and 26, the final val- 
ues of the extinction coefficients being 1.13(3) x lo4 and 
3.9(2) x respectively. Neutral atom scattering factors for 
all atoms and anomalous dispersion corrections for the non- 
hydrogen atoms were taken from the International Tables for 
X-Ray Crystallography (13). A parallel refinement of the mir- 
ror image of 16 gave significantly higher residuals, the R and 
R, ratios being 1.083 and 1 .loo, respectively. Final atomic 
coordinates and equivalent isotropic thermal parameters, 
selected bond lengths, and selected bond angles appear in 
Tables 2 4 ,  respectively. Hydrogen atom parameters, aniso- 
tropic thermal parameters, bond lengths, bond angles, torsion 

angles, intermolecular contacts, and least-squares planes are 
included as supplementary material.3 

Results and Discussion 

Two different strategies were utilized previously to prepare 

Copies of material on deposit may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2. 
Tables of hydrogen atom coordinates and bond lengths and angles 
involving hydrogen atoms have also been deposited with the 
Cambridge Crystallograhic Data Centre and can be obtained on 
request from The Director, Cambridge Crystallographic Data 
Centre, University Chemical Laboratory, 12 Union Road, 
Cambridge CB2 lEZ, UK. 
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Table 2. Final atomic coordinates and Be, (A2)." 

Atom x Y z 

Table 2. (continued). 

Atom x 
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Table 2. (continued). 

Can. J. Chem. Vol. 74. 1996 

Table 2. (concluded). 

Atom Atom x Y z Bc, 
- 

C(3 1) 
(332) 

16 
Ru( 1) 
R u m  
Cr( 1 ) 
Cl( 1 )b 
Cl(1 a)" 
P( 1) 
O(1) 
O(2) 
0 0 )  
O(4) 
O(5) 
O(6) 
o(7) 
O(8) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(11) 
C( 12) 
C(13) 
C(14) 
C(15) 
(716) 
C(17) 
C(18) 
(719) 
C(20) 
C(2 1 )* 
C(2 1 a)h 

26 

Cr( 1 ) 
P(l) 
O(1) 
O(2) 
O(3) 
O(4) 
0 0 )  
O(6) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 

phosphino- and arsinobenzenechromium tricarbonyl deriva- 
tives. The first was the thermal replacement of three carbonyls 
from Cr(C0)6 by an aryl group attached to the phosphine. 
Thus, refluxing the arylphosphine and chromium hexacarbo- 
nyl in a decalin solution gives rise to two series of complexes: 
monomeric R2PC6H5Cr(CO), and dimeric [R2PC6H5- 
Cr(CO),],. This route gives low yields, requires considerable 
time, and is limited in scope (14). For some phosphines, such 
as Ph,P and (m-tolyl),P, only the dimers are isolated (14). 

The second strategy employed for the formation of 
R2PC6H5Cr(CO), involves the reaction of a chlorophosphine 
with the lithium derivative of benzenechromium tricarbonyl 
( - q 6 - ~ i ~ 6 ~ 5 ) ~ r ( ~ 0 ) 3 ,  in THF or Et20, at low temperature. 
Two indirect routes to the lithiated intermediate have been 
developed; one involves a trans-metallation reaction between 
bis(-q6-phenyltricarbonylchromium)mercury and n-butyllith- 
ium (15). The second, more efficient, route involves trans- 
metallation of [ - q 6 - ( ~ u n 3 ~ n ) ~ 6 ~ 5 ] ~ r ( ~ ~ ) 3  with n-BuLi in 
THF at -78°C (16). The butyltin derivative can be synthe- 
sized by the reaction of (MeCN),Cr(CO), with (tributylstan- 
ny 1)benzene. 

Semmelhack et al. (17) developed a high-yield direct lithi- 
ation method involving addition of n-BuLi to C6H6Cr(CO), in 
THF at -78°C in the presence of TMEDA. Subsequent addi- 
tion of halophosphine or arsine affords the desired phosphino- 
and arsinobenzenechromium tricarbonyl derivatives. This 
method was adopted for the present investigation; 10 com- 
plexes (1-10) were prepared in this work including the three 
known compounds Ph2PC6H5Cr(CO), 1, PhP[C6H5Cr(CO),], 
7, and Ph,AsC6H5Cr(CO), 6, which were isolated in higher 
yields than previously reported (16a, 18). In our hands the 
yields of the R2P[C6H5Cr(C0)3] phosphines are higher than 
those of RP[C6H5Cr(CO),],. Recrystallization is best 
employed as a purification method because of the possibility 
of decomposition of the compounds on silica gel or alumina. 
Compounds 1-10 are all yellow solids, except 
Et,PC6H5Cr(CO),, 4, which is a red oily liquid; all are soluble 
in a range of organic solvents. In the solid state, the com- 
pounds are stable for long periods of time under an inert atmo- 
sphere. In general, their spectroscopic properties are much as 
expected. The 3 1 ~  NMR shifts can be fitted reasonably well to 
the Grim and McFarlane equation (19): 6 (w.r.t. 85% H3P04) 
= -62 + Cup if up for the c ~ H ~ c ~ ( c o ) ~  moiety is taken as 
+20. 

The crystal structure of P~,P(c~H~)c~(co),  3 is shown in 
Fig. 1 and selected bond lengths and bond angles appear in 
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Cullen et al. 

Fig. 1. Molecular structure of P~',Pc~H,c~(co),, 3; 33% 
probability thermal ellipsoids are shown for the non-hydrogen 
atoms. 

Table 3. The "three-legged piano-stool" geometry is typical of 
( r16-arene)~r(~0)3 complexes. The CO-Cr-CO angles range 
from 87.6(1)" to 89.0(1)" and the Cr(C0)3 moiety is partially 
eclipsed (i.e., midway between eclipsed and staggered relative 
to the r16-phenyl ring). A staggered structure is rare for 
monosubstituted arenes (20). 

One of the isopropyl groups in the pri2 moiety is oriented 
almost perpendicular to the n-arene moiety. This conforma- 
tion forces the remaining isopropyl group below the plane of 
the n-arene ring, with the Cr(CO), moiety. 

The structure of Ph2AsC6H,Cr(C0),, 6 (21), is very similar 
to that of 3. In fact the change from Ph,As to P~',P is barely 
discernible in the C6H,Cr(C0)3 moiety. The ring C-C bonds 
of 3 vary between 1.391(4) and 1.419(3) A in an apparently 
random manner; however, in 6 there appears to be some ten- 
dency towards an alternation in the bond lengths. 

With the advent of mild synthetic routes (22), many tertiary 
phosphine and arsine derivatives of Ru,(CO),, and 0s3(CO),, 
have been prepared; however, only one contains a benzene 
chromium tricarbonyl moiety. To fill in this gap, 10 new deriv- 
atives of Ru3(CO),,, 11, 12, 15, 16, 19, 20,22,23, 27, and 29 
were synthesized and characterized. Most reactions employed 
sodium benzophenone ketyl (BPK) as catalyst. PPN salts were 
also used to assist the substitution reactions although this 
method is less satisfactory. The catalyzed reactions with the 
ligands (R2EC6H,)Cr(C0)3 (R,E = Me,As, pri2p, Et,P, Ph2P) 
afford the expected mono- or di-substituted products in good 
yield with the yields of the monosubstituted derivatives 
being higher. However, under the same conditions 
Ph ,A~c~H,cr (C0)~  and PhP[C6H5Cr(CO),], yield only the 
monosubstituted products 27 and 29. Bu ' ,PC~H,C~(C~)~  
appears to react only to a limited extent under these conditions 
and PhAs[C6H5Cr(C0),], or Bu 'P[C~H,C~(C~)~] ,  not at all. 
The bulk of the ligands is probably the determining factor; 
however, it should be noted that the very bulky PFc,Ph (Fc = 
ferrocenyl) forms Ru3(CO),,(PFc,Ph), in high yield (23). 

Fig. 2. Molecular structure of Ru,(CO), , [P~',PC~H,C~(CO),], 
15; 33% probability thermal ellipsoids are shown for the non- 
hydrogen atoms. 

Substitution reactions of 0s3(CO),, are facilitated by the 
use of the activated clusters, 0s3(CO),,(MeCN) and 
Os,(CO),,(MeCN), (24), and the new complexes 13, 14, 17, 
18, 21, 24, 25, 28 were prepared by using this method- 
ology. The bulky ligands Bu 'P [C~H,C~(C~)~] ,  and 
B u ' , P C ~ H , C ~ ( C ~ ) ~  failed to react. The trisubstituted deriva- 
tive 0s3(CO),[(Et2PC6H,)Cr(C0)3]3, 26, was obtained by 
refluxing 0s3(CO), , [Et,PC6H,Cr(C0),] in n-octane: com- 
pound 26 was the major product in addition to Os,(CO),,. The 
spectroscopic properties of the cluster derivatives are much as 
expected. 

The crystal structures of two monosubstituted complexes 15 
and 19 have been determined. ORTEP plots are shown in Figs. 2 
and 3. Metrical data are summarized in Tables 3 and 4. The 
phosphine ligands are equatorial and the longest of the Ru- 
Ru bonds is cis to the ligand. The average metal-metal dis- 
tances in 15 and 19 are 2.8908 and 2.8729 A, respectively, 
which is greater than the 2.854 A found for Ru3(CO),,. This 
expansion has been attributed to the bulk of the ligands. The 
cone angles of the isopropyl-and phenyl- phosphines are esti- 
mated to be 164" and 154", respectively, by using data from 
the structure of RU(CO),[P~',PC~H,C~(CO)~]~.~ 

The disubstituted ruthenium cluster Ru,(CO),,- 
[P~',P(c~H,c~(co),)], 16 also has been crystallographically 
characterized and the structure is shown in Fig. 4. Selected 
metrical data for the 1: 1 dichloromethane solvate are listed in 
Tables 3 and 4. 

The structure is that commonly found for M3(CO),,L2 clus- 
ters where the two ligands occupy equatorial positions at 
opposite ends of one of the Ru-Ru bonds. The structure of 

- 

W.R. Cullen, S.J. Rettig, and H. Zhang. Unpublished results. 
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Table 3. Bond lengths (A) with estimated standard deviations in 

par en these^.^ 

Bond Length Bond Length 

3 
Cr(1)-C(l) 1.835(3) p ( 1 ) 4 ( 1 0 )  1.849(3) 
Cr( 1)-C(2) 1.819(3) P( l )4(133)  1.865(3) 
Cr( 1)-C(3) 1.834(3) O(l)--C(l) 1.151(3) 
Cr( 1 ) 4 ( 4 )  2.231(2) 0 ( 2 ) 4 ( 2 )  1.157(3) 
C r ( l ) 4 ( 5 )  2.209(2) 0(3)-C(3) 1.154(3) 
Cr( 2.206(3) C ( 4 ) 4 ( 5 )  1.404(3) 
Cr(1)-C(7) 2.218(3) c ( 4 ) 4 ( 9 )  1.41 9(3) 
Cr( 1 )--C(8) 2.2 1 l(3) C(5)-C(6) 1.4 14(4) 
Cr( 1 ) 4 ( 9 )  2.197(3) C(6)-C(7) 1.393(4) 
Cr( 1 )-A 1.71 C(7)-C(8) 1.400(4) 
p( 1 ) 4 ( 4 )  1.840(3) C(8)-C(9) 1.391(4) 

15 
Ru(1)-Ru(2) 2.9276(6) Cr( 1 )-A 1.72 
Ru(1)-Ru(3) 2.8776(5) P ( l )4 (155)  1.834(4) 
Ru(1)-P(1) 2.384(1) p( 1 ) 4 ( 2  1) 1.859(4) 
Ru(l)<(l) 1.863(4) p( 1 ) 4 ( 2 2 )  1.863(5) 
R u ( 1 ) 4 ( 2 )  1.938(5) O(l)-c(l) 1.145(5) 
Ru( 1 ) 4 ( 3 )  1.9 19(5) 0(2)--c(2) 1.134(5) 
Ru(2)-Ru(3) 2.8672(7) 0(3)--C(3) 1.141(5) 
R u ( 2 ) 4 ( 8 )  1.923(5) 0(4)--C(4) 1.130(5) 
R u ( 2 ) 4 ( 9 )  1.90 l(5) 0(5)-C(5) 1.128(5) 
R u ( 2 ) 4 (  10) 1.945(5) 0 ( 6 ) 4 ( 6 )  1.127(6) 
Ru(2 )4 (11 )  1.92 l(5) 0(7)-c(7) 1.134(5) 
R u ( 3 ) 4 ( 4 )  1.904(5) 0(8)-c(8) 1.134(5) 

1 
R u ( 3 ) 4 ( 5 )  1.9 12(5) 0(9)-C(9) 1.129(5) 
Ru(3)--C(6) 1.943(5) O(10)-C(10) 1.123(5) 
R u ( 3 ) 4 ( 7 )  1.943(5) O(1 1)-WC(1 1) 1.139(5) 
C r ( l ) 4 ( 1 2 )  1.845(6) 0 ( 1 2 ) 4 ( 1 2 )  1.150(6) 
Cr(1)-C(l3) 1.850(6) O(13)-C(13) 1.136(6) 
Cr(1)-C( 14) 1.838(5) O(14)-C(14) 1.153(5) 
C r ( l ) 4 ( 1 5 )  2.274(4) C(15)4 (16 )  1.413(5) 
Cr( 1 ) 4 (  16) 2.207(4) C ( l 5 ) 4 ( 2 0 )  1.417(6) 
C r ( l ) 4 (  17) 2.205(5) C(16)4 (17 )  1.405(6) 
Cr (1 )4 (18 )  2.203(5) C(17)4 (18 )  1.388(6) 
Cr(1)-C(l9) 2.187(5) C(18)4 (19 )  1.407(7) 
Cr(1)-C(20) 2.190(5) C(19)4 (20 )  1.390(6) 

19 
Ru(1)-Ru(2) 2.8686(6) Cr( 1)-A 1.70 
Ru(1)-Ru(3) 2.8900(7) P ( 1 ) 4 ( 1 5 )  1.828(5) 
Ru(1)-P(l) 2.372(1) p( 1 ) 4 ( 2  1) 1.840(5) 
R u ( l ) 4 ( 1 )  1.893(6) P( 1 ~ ( 2 7 )  1.838(5) 
Ru( l ) 4 ( 2 )  1.935(6) o (  1 )-c( 1) 1.129(6) 
Ru(1)+(3) 1.925(6) 0(2)-c(2) 1.141(6) 
Ru(2)-E$u(3) 2.8602(6) 0(3)--C(3) 1.138(6) 
~u(2)&(4) 1.921(6) 0(4)--C(4) 1.125(6) 
R u ( 2 ) 4 ( 5 )  1.892(6) 0(5)-C(5) 1.140(6) 
R u ( 2 ) 4 ( 6 )  1.953(7) 0 ( 6 ) 4 ( 6 )  1.119(6) 

I R u ( 2 ) 4 ( 7 )  1.963(6) 0(7)-C(7) 1.124(6) 
I 

Ru(3)--C(8) 1.920(6) 0(8)-c(8) 1.124(6) 
Ru(3)--C(9) 1.94 1 (6) 0(9)--C(9) 1.140(6) 
Ru(3 )4 (10 )  1.902(6) 0 ( 1 0 ) 4 ( 1 0 )  1.131(6) 
Ru(3 )4 (11 )  1.932(6) 0 ( 1 1 ) 4 ( 1 1 )  1.131(6) 
Cr( 1 )-C( 12) 1.843(7) O(12)-C(12) 1.146(7) 
C r ( l ) 4 ( 1 3 )  1.854(6) O(13)-C(13) 1.132(6) 

Table 3. (concluded). 

Bond Length Bond Length 

1.158(6) 
1.4 14(7) 
1.413(7) 
1.392(7) 
1.398(8) 
1.393(8) 
1.4 1 O(7) 

"Here and elsewhere, A refers to the unweighted centroid of the 
$-coordinated aromatic ring. 

bSymmetry operation: x, y, z. 
'Symmetry operation: 1 - y, x - y ,  z. 

OS~(CO),,(PFC,P~)~ provides a rare example of the alternative 
1,2-trans,cis arrangement of the phosphine ligands (25). In 16 
the three Ru-Ru bond distances (mean value 2.8923 A) are 
the same within experimental error. This is in contrast to the 
monosubstituted complexes 15 and 19 in which there are sig- 
nificant differences in the three Ru-Ru separations with the 
Ru-Ru bond cis to the phosphine ligand being significantly 
elongated. In other disubstituted complexes, R U , ( C O ) ~ ~ L ~ ,  the 
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Cullen et al. 

Table 4. Bond angles (deg) with estimated standard deviations in parentheses." 

Bonds Angle (deg) Bonds Angle (deg) 
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Table 4. (continued). 

Bonds Angle (deg) 

Ru(3)-Ru(1)-C(3) 90.2(2) 
P(1)-Ru(1)-C(1) 107.1(2) 
P(1)-Ru(1)-C(2) 8 8.0(2) 
P(1)-Ru( 1)-C(3) 93.6(2) 
C(1 )-Ru( 1 )-C(2) 89.1(2) 
C(1)-Ru( 1 )-C(3) 87.5(2) 
C(2)-Ru(1)-C(3) 176.5(2) 
Ru(1)-Ru(2)-Ru(3) 60.59(2) 
Ru(1)-Ru(2)-C(4) 162.6(2) 
Ru(1)-Ru(2)-C(5) 97.5(2) 
Ru(1)-Ru(2)-C(6) 87.1(2) 
Ru(1 )-Ru(2)-C(7) 90.4(2) 
Ru(3)-Ru(2)-C(4) 102.1(2) 
Ru(3)-Ru(2)-C(5) 158.0(2) 
Ru(3)-Ru(2)-C(6) 87.7(2) 
Ru(3)-Ru(2)-C(7) 88.1(2) 
C(4)-Ru(2)-C(5) 99.9(3) 
C(4)-Ru(2)-C(6) 90.9(3) 
C(4)-Ru(2)-C(7) 90.5(2) 
C(5)-Ru(2)-C(6) 92.9(2) 
C(5)-Ru(2)-C(7) 90.7(2) 
C(6)-Ru(2)-C(7) 175.8(2) 
Ru(1)-Ru(3)-Ru(2) 59.85(1) 
Ru(1)-Ru(3)-C(8) 149.6(2) 
Ru(1)-Ru(3)-C(9) 87.9(2) 
Ru(1)-Ru(3)-C(10) 110.7(2) 
Ru(1)-Ru(3)-C(11) 86.4(2) 
Ru(2)-Ru(3)-C(8) 89.8(2) 
Ru(~) -Ru(~) -C(~)  90.1(2) 

16 
R~(l)~-Ru(l)-Ru(2) 60.014(9) 
Ru(1 )b-R~(l  )-P(l) 174.92(3) 
Ru(~)~-Ru(1)-C(1) 86.1(1) 
Ru(1 )b-R~( l  )-C(2) 93.2(1) 
R~(l)~-Ru(l)-C(3) 82.0(1) 
Ru(2)-Ru(1)-P(l) 119.81(3) 
Ru(2)-Ru(1)-C(l) 139.8(2) 
Ru(2)-Ru(1)-C(2) 69.8(1) 
Ru(2)-Ru(1)-C(3) 97.6(1) 
P(1)-Ru(1)-C(1) 95.9(1) 
P(1)-Ru(1)-C(2) 91.4(1) 
P(1)-Ru(1)-C(3) 93.1(1) 
C(1)-Ru(1 )-C(2) 93.1(2) 
C(1)-Ru(1 )-C(3) 98.4(2) 
C(2)-Ru( 1 )-C(3) 167.2(2) 
Ru(1 )-Ru(2)-Ru(1 )b 59.97(2) 
Ru(1)-Ru(2)-C(4) 102.9(1) 
Ru(1 ) - R u ( ~ ) - C ( ~ ) ~  154.6(1) 
Ru(1)-Ru(2)-C(5) 75.0(2) 
R~(l)-Ru(2)-C(5)~ 98.0(2) 
C ( ~ ) - R U ( ~ ) - C ( ~ ) ~  98.8(3) 
C(4)-Ru(2)-C(5) 94.8(2) 
C ( ~ ) - R U ( ~ ) - C ( ~ ) ~  90.3(2) 
C ( ~ ) - R U ( ~ ) - C ( ~ ) ~  172.0(3) 

26 
Os(1)'-Os(1 )-Os(1 )d 60.00 

Bonds Angle (deg) 
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Table 4. (concluded). 

Bonds 

Os(1)"-Os( 1)-P( 1) 
Os(1)'-Os(1)-C(1 I) 
Os( 1)'-Os( 1)-C( 12) 
Os(l)'-Os(1)-C( 13) 
Os( 1)"-Os( 1)-P(1) 
Os(l)d-Os(l)-C(l 1) 
0s(l)d-Os(l)-C(12) 
Os(1 )d-Os( 1)-C(13) 
P(1)-Os(1)-C(I 1) 
P(l)-os(l)-c(l2) 
P(l)-os(l)-c(l3) 
c(11)-0s(1)-c(12) 
C(l1)-Os(1)-C(l3) 
C(12)-Os(1)-C(13) 
C(l4)-Cr(1)-C(l5) 
C(l4)-Cr( 1)-C(l6) 
C(l5)-Cr(1)-C(l6) 

Angle (deg) Bonds Angle (deg) 

"Here and elsewhere, A refers to the unweighted centroid of the q6-coordinated aromatic 
ring. 

bSymmetry operation: x,  y, z. 
'Symmetry operation: 1 - y, x - y, z. 
dSymmetry operation: 1 - x + y, I - x,  z. 

Fig. 3. Molecular structure of Ru,(CO), , [Ph2PC6H5Cr(CO),1, 
19; 33% probability thermal ellipsoids are shown for the non- Fig. 4. Molecular structure of RU,(CO),,[P?~PC~H~C~(CO)~)]~, 
hydrogen atoms. 16; 33% probability thermal ellipsoids are shown for the non- 

hydrogen atoms. 
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Fig. 5. Molecular structure of 0s,(CO),[Et,PC6H,Cr(CO)3]3, 26; 33% probability 
thermal ellipsoids are shown for the non-hydrogen atoms. 

M, frame is essentially an isosceles triangle (26). The average 
Ru-Ru bond distance in 16 is longer than that in the parent 
carbonyl (mean 2.854 A) by 0.04A and is not significantly dif- 
ferent from that in the monosubstituted complex 15 (mean 
2.8908 A). 

In 16 the introduction of two phosphine ligands results in 
considerable twisting of the RuL', units about the Ru-Ru 
bonds. Unlike the monosubstituted complexes, none of the 
equatorial carbonyls are found on the Ru, plane; for example, 
CO(1) and CO(4) lie on opposite sides of the Ru, plane by 0.73 
A and 0.64 A, respectively. As a result, all the axial carbonyls 
are also moved from their idealized positions. Consequently 
there are no pronounced differences in the bond distances 
between axial carbonyls and equatorial carbonyls (mean 1.9 11 
A); the pseudoequatorial Ru-CO(1) bond at the substituted 
ruthenium atom is the shortest (1.872(4) A). 

I The molecular structure of the trisubstituted derivative 

bony1 (average 2.877 A (27)), by 0.024 A. In OS,(CO)~(PP~, , 
the average 0s-0s bond distance is also increased to 2.91 1 , 
but in trisubstituted ruthenium clusters the average Ru-Ru 
separation is essentially the same as that found in Ru,(CO)~, 
(28). 

In 26 the phosphorus atoms are coordinated at pseudo-equa- 
torial sites and are all situated away from the Os, plane by 0.52 
A in the same direction. The 0s-P bond at 2.344(1) A is sur- 
prisingly shorter than the Ru-P bond found in 19 (2.372(1) 
A) and 15 (2.384(1) A). In some other trisubstituted com- 
plexes the phosphine ligands are arranged in such a way that 
one lies below the M, plane, while the other two lie above it 
(28). 

The products of the thermal decomposition of some of these 
cluster complexes will be reported in a forthcoming publica- 
tion (29). 

I 0s3(CO)g[Et,PC6H,Cr(CO)3]3 26 has been determined. The Acknowledgments 
relevant bond distances and angles are tabulated in Tables 3 We thank the Natural Sciences and Engineering Research 
and 4 and an ORTEP plot of the structure is shown in Fig. 5. The Council of Canada for financial support. 
molecule 26 has a crystallographic threefold axis, and the 
structure contains an eiuilateral^triangular Os, core with the 
three phosphine ligands bound one to each osmium atom in 
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