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Abstract 

Low temperature addition of P(OMe), to Ru/2,3_dimethylbutadiene 
Ru/1,3-cyclohexadiene cocondensates yields Ru(diene) 2 P(OMe) 3 complexes. 
reactions of the bis(dimethylbutadiene) complexes M(C,H,,),CO (M = Fe, ? q 

and 
The 

Ru) 
with P(OMe), give new complexes containing either TJ’ : $-octadienediyl or q*-oc- 
tatriene ligands. 

Introduction 

It is generally accepted that transition metal catalysed dimerisations of 1,3-dienes 
involve a multistep mechanism [1,2]. Coordination of two diene monomers to the 
metal atom is thought to precede formation of an octadienediyl ligand; subsequent 
transformation to the stable organic dimerisation product and release from the 
metal centre then complete the cycle. A complete series of representative inter- 
mediates has never been isolated, although octadienediyl complexes have been 
observed in certain active systems [3,4]. 

We now report that the stoichiometric reactions of M(dimethylbutadiene),CO 
(M = Fe, Ru) with trimethylphosphite provide a model for the formation of 
1,3,6-octatrienes via the multistep mechanism outlined above. Some new complexes 
produced from the reaction of trimethylphosphite with Ru/ diene cocondensates are 
also presented. 

Results and discussion 

Syntheses of Ru(diene), P(OMe), complexes 
The use of metal vapours is now established as a route for the synthesis of certain 

classes of organometallic compounds of the refractory transition elements [5]. We 
have previously prepared Ru/diene cocondensates on a satisfactory scale (ca. 1 g 
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Scheme 1. (i) P(OMe)I excess, refluxing THF, 90 min, yield 72%. (ii) P(OMe), excess. refluxing toluene, 
40 h, yield 85%. (iii) P(OMe), excess, refluxing THF, 15 h, yield 878. 

The reactions of M(dimethylbutadiene),CO complexes with P(OMe), have been 
found to differ somewhat from the carbonylation reactions, and our results are 
summarised in Scheme 1. 

(u) M = Ruthenium. The high yield formation of the n3 : q3-octadienediyl com- 
plex Ru(q3 : ~3-C,,H,,)(CO)P(OMe)3 (3) from Ru(n4-C,H,,),CO and P(OMe), 
requires only 90 min in refluxing THF. A structure for 3 may be proposed by 
analogy with the crystallographically determined structure of the related dicarbonyl 
species Ru(q3: v~-C,~H~~)(CO)~ [lo]. It is shown schematically in Fig. 1, and 
features an octadienediyl ligand with an approximately gauche-locked methylene 
chain, anti-substitution of both ally1 groups, and a trans-arrangement of the 
terminal carbon atoms. NMR data for 3 (Table 1) are consistent with this structure; 
in particular, the four methyl groups are chemically inequivalent and a large value 
of J(P-C) (43 Hz) is observed for the coupling between the tram related P and C(3) 
atoms. 

Fig. 1. Proposed structure for the 9’: q3-octadienediyl species M(q3 : v3-C,,H,,)(CO)P(OR), 3, 5 and 7. 
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Table 1 

NMR data for octadienediyl complexes Ru(n3 : n3-C,,H20)(CO)P(OR)3 u 

3,R=Me 5, R = Ph 

H(l), Wl’), H(8), W’) ’ 

H(4), H(4’), H(5), H(5’) ’ 
Methyls on C(2), 
C(3), C(6) and C(7) 

P(OR) 3 

I-‘= e 

C(1), C(8) ’ 

cm C(7) 
C(3) R 
C(4) Lh 

C(5) h 
C(6) 
Methyls on C(2), 
C(3), C(6) and C(7) ’ 
co 
P(OR) 3 

3.02 (d, 4.6); 2.93 3.06; 3.06; 
2.78; 2.61 2.86; 2.47 
1.75 (m); 1.50 (m) 1.75 (m); 1.45 (m) 
2.11; 2.05 (d, 3.0); 2.35 (d, 2.9); 1.56; 
1.62 (d, 7.7); 1.43 1.55 (d, 9.6); 1.34 
3.43 (d, 11.5) 7.2(m) 

38.4; 37.2 39.3; 37.5 
114.6; 110.5 116.1; 111.9 

81.6 (d, 43) 81.4 (d, 51) 
43.0 (d, 10) 42.9 (d, 13) 
42.6 43.4 
85.8 88.3 
23.3; 22.3 (d, 9); 22.1 (d, 7); 22.2; 
22.2; 20.8 21.4; 20.8 

209.5 209.9 
50.9 J 151.9; 129.4; 124.1; 121.7 k 

-“P{‘H) 
167.2 146.4 

’ In CDCI, (298 K), S (ppm). Figures in parentheses refer to the J values (Hz) for coupling with 
phosphorus. Signals are singlets unless otherwise stated. ’ Proton integrations are all consistent with their 
assignment. ’ ‘J(syn - anti) not observed. ’ Complexity of signals is consistent with four inequivalent 
protons. ‘J(C-H) multiplicities are all consistent with their assignment. ’ t, J(C-H) - 155 Hz. 
g Assigned on the basis of large J(P-C). A t, J(C-H) - 125 Hz. ’ q, J(C-H) - 126 Hz.’ q, J(C-H) - 145 
Hz. k 151.9 (J(P-C) 11 Hz), others d, J(C-H) - 160 Hz. 

the chemical shift of the H(4) proton (4: 6 0.47, 6: 6 0.02 ppm) is in the range 
characteristic of the terminal en&-protons for M(diene)L, complexes of iron and 
ruthenium. Furthermore, the downfield shift of H(4) relative to H(l(endo)) (0.83 
ppm in 4; 0.75 ppm in 6) has been noted as a general feature in the ‘H NMR 
spectra of Fe(diene) complexes bearing an exo-substituent on C(4) [12]. 

More detailed structural information on the q4-octatriene complexes 4 and 6 
cannot be derived with certainty from the NMR data. The most stable conformation 
about the metal atom in 4 and 6, however, may be inferred from the results of a 19F 
NMR study of Fe(diene)(CO)(PF,), complexes by Busch and Clark [13], and is 
shown below. The unequal J(P-H) values between the individual octatriene protons 



and the two phosphorus atoms are consistent with ;i static squat: pyramidal 
coordination, but since even complete diene rotation does not render the phosphites 
equivalent, the ahhence of fluxionality is unproven. SimilarI\, rratricttxi rt>tation 
about the C(4)-C(5) bond of the octatriene ligand. .ilthough ~incc~nf~rr_ticJ, i\ 

‘bf h.i 

Wl(exo)) 
H(i( endoj) 
H(4) 
H(5) 
H(5’j 
Methyls on C(2). c’(3) 

Methyls on C(h). C(7) 

P(OMe) 3 

i “7 d 

C(1) f 
C(2). C(3) 
CC41 / 
C‘(5) y 
C(i,,, C(7) 
Methyls on 
C(2). C(3). C(6). C(7) ” 
CO 
P(OMe), ’ 

!.34(d. 85) 
0.36 (dd. 14.5. 9.5) 
(1.47 (ddd, - 18, 
2.79 (ddd. ... 6) 
.I.57 (ddd. - 4) 
2.20 (d. 3.9): 
7.10 (dd. 4.4. 4.3) 
i .71, 1.6X: 
1.62 
3.57 (d. 1 I .Yj, 
1.46 (d, 11 .X) 

34.3 
91.4; 94.9 
5:.3 id, 41)) 
36 : 

12Y.Y: 122.6 
20.6: 20.3; 20.3: 
17.7; 15.8 

204.9 
50.7: 50.5 
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suggested by the unequal 3J(H-H) values between the inequivalent protons on C(5) 
and the endo-proton on C(4). 

Experimental 

Solvents were dried, distilled, and deoxygenated prior to use, and all organome- 
tallic manipulations were routinely carried out under nitrogen. Commercial reagents 
were used, and the free dienes and P(OMe), were purified by distillation. 

Fe(~4-C,H10)zC0 and Ru(TJ~-C,H~~)~CO were prepared by published proce- 
dures [14,6], and a vapour synthesis plant (Planar, VSP 500) fitted with a positive 
hearth electron beam furnace, was used to produce Ru/diene cocondensates. Mass 
spectra (electron impact, 70 eV) were recorded with a Finnigan 1020 GC-MS 
spectrometer. NMR spectra were recorded on Bruker WH-360 (‘H, 360 MHz; i3C, 
90.55 MHz) and CXP-200 (31P, 81.01 MHz) FT spectrometers. Phosphorus chem- 
ical shifts are reported in ppm downfield from 85% H,PO,. Infrared spectra were 
recorded on a Perkin-Elmer 577 spectrophotometer. Elemental analyses were 
performed by Ilse Beetz Mikroanalytische Laboratorium, Kronach, West Germany. 

Vapour syntheses 
Ru(2,3-dimethylbutadiene), P(OMe), (I). In the apparatus previously described 

[6], Ru vapour (950 mg, 9.4 mmol) and an excess of 2,3_dimethylbutadiene (40 ml) 
were cocondensed over a period of 2 h at - 196°C. P(OMe), (5 ml) was then 
rapidly condensed on to the mixture, the reaction chamber filled with nitrogen gas, 
and the temperature allowed to rise under constant pressure (1 atm). Extraction 
with THF (200 ml) at -20°C filtration through dry Florisil and solvent evapora- 
tion gave an oil, which was taken up in pentane (150 ml). Treatment with activated 
carbon (2 g), stirring for 5 min, filtration and solvent evaporation gave an orange 
oil, which was sublimed (50°C; 10e4 mbar; 72 h) on to a cold finger kept at 
- 30” C. The sublimate was recrystallised from pentane to yield 1 as pale yellow 
plates (950 mg, 26%): m.p. 104°C; MS, m/e for lo2 Ru (relative intensity) 390 [M+] 
(55) 359 (8) 308 (26) 278 (69) 266 (100); ‘H NMR (CDCl,) 6 3.62 (d, 9H, 
J(P-H) 11.4 Hz, OMe), 1.68 (d, 12H, J(P-H) 2.4 Hz; Me), 1.59 (s, 4H, H(exo)), 
-0.37 (d, 4H, J(P-H) 17.8 Hz, H(endo)); 13C NMR (CDCI,) 6 89.2 (s), 50.6 (q, 

J(C-H) 145 Hz, OMe), 35.9 (t, J(C-H) 154 Hz), 18.2 (q, J(C-H) 126 Hz); 
3’P{‘H}NMR (CD,Cl,) 6 190.1 (s). Anal. Found: C, 46.41; H, 7.49; P, 8.03. 
C,,H,,O,PRu talc: C, 46.26; H, 7.51; P, 7.95%. 

Ru(l,S-cycIohexadiene),P(OMe), (2). As above, P(OMe), (5 ml) was added to a 
Ru vapour (620 mg, 6.1 mmol)/l,3-cyclohexadiene (30 ml) cocondensate held at 
- 196°C. Work-up was as for 1, except that before sublimation crude 2 was 
obtained as a brown powder on decantation from a concentrated pentane solution 
(- 78” C). Complex 2 was obtained as cream coloured plates (525 mg, 22%): m.p. 
109°C (dec); MS, m/e (relative intensity) 386 [Mf] (14) 355 (6) 304 (loo), 289 
(85); ‘H NMR (CDCl,) S 4.38 (m, 4H, J(P-H) 2.9 Hz, H(2) and H(3)), 3.74 (d, 
9H, J(P-H) 11.8 Hz, OMe), 3.00 (m, 4H, H(1) and H(4)), 1.59 (m, 4H, J(gem) 10 
Hz), 1.16 (m, 4H, J(P-H) 3.7 Hz); 13C NMR (CDCl,) 6 75.4 (d, J(C-H) 166 Hz), 
53.8 (d, J(C-H) 153 Hz), 49.6 (q, J(C-H) 145 Hz, OMe), 24.0 (td, J(C--H) 130, 
J(P-C) 10 Hz); 31P{1H} NMR (CDCl,) S 188.7 (s). Anal. Found: C, 46.81; H, 
6.62; P, 7.95. ClsH2,03PRu talc: C, 46.75; H, 6.54; P, 8.04%. The minor product 



Ru(?7’-C,H,)[P(OMe),l,. formed in a l/4 molar ratio with 2, was identified 
spectroscopically in the crude product prior to purification: ‘H NMR (C’DCI ,) S 
4.96 (m. 2H), 3.53 (d, 271-a. J(P-H) 10.8 Hz). 2.66 (m. 21-1). CH, - I.6 1.2 
(masked): “P{ ‘H)NMR (C’DCli. 253 K) 8 181.9 (apical P atom). 162.6 17 hasal P 
atoms). 

Octudienediyl complexes 
Ru(17’:,rl’-C,2Hlo)(CO)P(OMe)., (3). 4 solution of Ru(q’-ChH,,, )zCO (410 mg. 

1.4 rnmol) and P(OMe), (360 mg, 2.9 mmol) in THF (80 ml) vva) reflexed for 90 
min and the solvent then evaporated under reduced pressure. P~mranc extraction 
(2 x 50 ml) gave a turbid solution. which wa:, clarified h\ Ltddition of activ,ated 
carbon (0.5 g) and filtration. C’hromatographv (SO,, pentane, ether) followed hv 
sublimation (50 o C; IO ’ mkar: 4X h) gave 3 as a straw coioured ori (4.Z mg. 72’;;). 
IR (pentane). v(CO) 1930 cm I: MS, rl7,Ie (relative intenStl>) 41 S / vi ] (42). 3%) 
(48). 308 (27). 27x (JO), 2Ah (100). Anal. Fc-r~~ncl: C'. 4h.iX: k1. -' lo: I'. 8 04 

C,,H,,QPRu talc: c’. 46.03: H. 7.00; I’. 7.42:;. 
Kinetics: For each run, 25 ml of an octane solution of known P(OMc) ,, concentra- 
tion (O.l--0.4 M) was transferred to a Schlenk tube fitted with :I 5uhaseal cap and 
magnetic stirrer. and thih \vas placed in a constant temperature bath at 45” C’. 
Ru(T)~-C,H,~~),CO (40 mp) wits added (initial concentratron -- 5 :v 10 ’ ,CI). 
Aliquots were removed at 5 min intervals for immrdiatc 1R sptxtial .;nalv>ts 
(2000--1900 cm I). Phe absorhances 04) due ta Ru( rl’-( ,,ti:,,)TC.O I iW3 cn; I) 
and 3 (1930 cm ‘) were measured, and from the gradien’ L\ of the linear plot4 of 
ln( A:) vs. I and ln( A, -- ,t, ; L-S. I, rrspectivolq. the foi]iGng pseudo-first <jrder r,ttc 
constants (k ,,,,,) were deri\,ed: /P(OMe) <] ( ,%I ) ‘A&,,,, (x i. I,:, ‘0: 0 b 12 i .i).J >. 10 1: 
(~.22O,‘l.XX x 10~~; 0.774,, 2.30 r: 10 4: 0.326, 2.67 x IO :. \.i.Jlii.‘3.-1’ ‘X~ ii! :. ;I 
least-squares fit of A,,,, vs. /P(OMc),] gave the rate equitti<ln rcpcjrtcil 111 the text. 

Rdg-‘: ‘~‘-C,,Fi,,,)fCOiPfc:)l’hi: (Sj. Similar treatment c+f Rut r)‘-Cr~ii,i,),C‘O 
(320 mg. 1.1 mmol) and P(OPh); (710 m g, 2.30 mmol), hut :i?Iili~ut the ~uhlimation, 
gave. after two recrvstallisations from pcntane. pale qeliow crpwi4 oi‘ 5 (4%0 mg. 
74%): m.p. 114°C; IR (pentane). rp(CO) 1942 cm ‘: ?rlS. PII ii (rrlatric rntrnsit~) 
604 jM+] (3), 576 (6). 494 (10) 412 (IO), 310 (5). 766 (12). “17 (l()i)j. :%xn:ti. I-ound: 
C. 62.20: H, 5.96: P. 5.15. C:!H ,,O,PRu talc: C. 61 6X: I-I. T.84: I’, 5.1 3’;. 

Ru(~4-C,,tl~,,)(C’O)/P10.~~eiti, (4). A solution of complex 3 (235 mg. 0.6 
mmol) and P(OMe)j (1.45 g. Il.7 mmol) in toluene (60 ml) was refluxed for 40 h. 
Work-up as for 3 gave 4 as a htraw coloured oil (260 mg. X5?;‘): IR tpentane). v(c‘O) 
1923 cm -~I; MS, m/e (relativ’e intensity) 542 [%~‘](42). 514 (!i). “1 I (X!t. 3%) (72). 
350 (100). Anal. Fountf: C. 43.31: H. 7.29: P. 10.98. C’,,~H~~O~f’, Ku ca!i‘. C’. 42.14: 
H. 7.07: P, 11.44%. 

b-q q”-C,, H,,,)(CO)[P(OMc), j 2 16). A solution of Fe( TJ’-( ‘e H ],, ) ICfl (570 mg. 
2.3 mmol) and P(OMe), (630 mg, 5.1 tnmol) in THF (100 ml) was retftuxed fcjr 15 h. 
Work-up as for 3 gave 6 as a yllow oil (990 mg, 87?,): IR (pentanti). r~(C0) 1902 
cm -I: MS, m/e for “‘Fe trclative intensity) 496 [,\I. ] (16). 368 (31, 465 (4). 437 (3). 
344 (41), 304 (100). 220 (14) “\nal. Found: C‘. 46.45: H. 7.G <‘,,,I~ ,,O-PylTc talc: 
C, 45.98: H. 7.72%. 



95 

Curbonylution ofl. Complex 1 (250 mg) was heated at 120 o C in toluene (20 ml) 
for 72 h under CO (150 atm). Work-up as for 3 gave Ru(2,3-dimethyl- 
butadiene)(CO),P(OMe), as an orange oil (49 mg, 21%): IR (pentane), Y(CO) 2005, 
1945 cm-‘; MS, m/e (relative intensity) 364 [M+] (41) 336 (87) 308 (loo), 278 
(81); ‘H NMR (CDCl,) 6 3.61 (d, 9H, J(P-H) 13.4 Hz, OMe), 2.25 (d, 6H, 
J(P-H) - 3 Hz, Me), 1.62 (d, 2H, J(H-H) - 2 Hz, H(exo)), -0.07 (dd, 2H, 
J(P-H) - 10 Hz, H(endo)); 13C NMR (CDCl,) S 200.3 (CO), 100.4 (s), 51.2 (q, 
J(C-H) 146 Hz), 35.4 (t, J(C-H) 154 Hz), 20.8 (q, J(C-H) 127 Hz). 
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