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Abstract 

The reaction of Ru(acac)a in ethanol in the presence of dienes (diene = 2,5-dimethyl-2,4-hexadiene, isoprene, 1,2,4,5-temm~ethyl° 1,4- 
cyclohexadiene) with zinc as reducing agent affords Ru(acac),(diene) complexes. For the acyclic diene ligands, the Ru(acac) 2 unit 
exhibits a preference for the trans-diene coordination. The structures for the 2,5-dimethyl-l,3-hexadiene and 1,2.4,5-tetramethyl-l,4- 
cyclohexadiene derivatives have been detemfined crystallographically, The Ru(acac),(hexadiene) complex crystallizes in the monoclinic 

o o " o ' 

space group P 2 t / n  with a ~= 10.658(2) A. b ~ 12,075(3) ~, c ~  15.332(3) A and /~ = 108.07(5) for Z =  4. The cyclohexadtene 
complex crystallizes in a triclinic space group Iq', with a = 8.495(4) ,~, b =  8.456(4) ~,, c =  14.364(6) A, and a =  78.88(2) °, 
/:1~, 82.60(2) °, y ~ 78.04(2) ° for Z - 2 .  The solid-state structure for the dimethylhexadiene complex revealed an tFLtrans.diene 
coordination, while for the cyclic diene it revealed isolated olefin interactions. 

Kcyword,~: Rutheniunl; Diene complexes; u'an.~+Diene coordination 

1. hl lrolhlclhln 

tl'LcisDie,te (I) and enediyl (il) coordirnttion modes 
fire lhe most  c o n n l l o n  bol lding in le rac t ions  of  acyclic 
conjugated dienes to lransi l ion nielals [I], "i'he hil ler 
coordination mode is frequenlly encoitniered hi early 
transition metals whereas Ihe r/'loCi,~'odielie bondin{-> is 
cllaraeleristi¢ of middle and late transition metals, li is 
inteivstin t to note thai in both coordination modes the 
dieile has adopted the cis geometry despite the fact that 
the trans conformer is the predominant isomer for the 
free diene at ambient temperature. 

The ~4-trans-diene coordination ( l id to mononuclear 
complexes was reported for the first time in 1980 with a 
ZrCp2(butadiene) complex [2]. At the present time, 
there are not many reports concerning metal complexes 
containing this novel coordination mode [3,4]. These 
species are of current interest since they should display 
different bonding and reactivity patterns compared with 
metal complexes containing an O'Lcis-diene or enediyl 
coordination mode [5]. 

" Corresponding author. 
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P,'evmus research on rothenium-diene chemisn'y [3d] 
showed that the Ru(acac)~ unit has Ihe ability 1o bind 
conjugated diene ligands in the cis or trans col|forllla ° 
tion, depending on the lib, and gcometry. We now wish 
tO report  new exan lp le s  of  trans-tlicnc coorttillaliotl  of  
unsymmetrical and highly subslituted acyclic diene lig- 
ands trod th~ coordination pattern of an unconjugated 
cyclic diene ligand to Ru(acac) a. 'lql¢ir structures and 
bonding patterns are discussed. 

2. Experimental 

All procedures involving the handling oi orgallome- 
tallie compounds were carried either in a glove box o," 
in double manifold vacuum lines. Solvents and liquids 
were added by glass syringes with stainless steel nee- 
dles. Hydrocarbon solvents were dried a,ld degassed by 
distillation over Na/K-benzophenone under nitrogen. 
All NMR solvents were dried over potassium, lnfi'alvd 
spectra were taken in dried KBr pellets. The NMR 
spectra were obtained on 300 MHz General Electric and 
200 MHz Varian spectrometers. Analytical data were 
obtained by Athmtic MicroLab Inc. 

Ru(aeae)~ was prepared by a published procedure [6]. 
Diene ligands were obtained commercially fi'om Aldrich. 
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2.1. Synthesis o f  bisfacetylacetonate )t ~l ~-2,5-dimethyl - 
2,4-hexadiene)ruthenium(li), Ru(C~ HzOe ),(~ ~-2.5- 
CsH~) ,  1 

To an ethanolic solution of 0.5 g (1.26 mmol) of 
Ru(acac)3 was added 1.38 g (12.6 mmol) of 2,5-di- 
methyl-2,4-hexadiene and 1.0 g of zinc dust under 
nitrogen. The reaction mixture was refluxed for 6 h, 
developing an orange-green color. The solvent was 
removed in vacuo and the residue was extracted with 
three 15 ml portions of pentane and filtered through a 
coarse fritted funnel padded with celite. The resulting 
orange solution was concentrated to about 20 ml and 
cooled to - 2 3  °C for 12 h, precipitating first Zn(acac) 2 
as a by-product. The supernatant was transferred to 
another flask, the volume reduced to about 7 ml and 
cooled to - 2 3  °C for 24 h affording a bright-orange, 
air-stable crystalline solid in 65% yield based on 
Ru(acac) 3. 

Infrared data (KBr): 3078(w), 3000(w), 2976(sh), 
2945(w), 2893(m). 1575(s). 1517(s), 1446(m). 1403(s), 
1365(m). 1264(m), 1064(m). 1024(m). 935(m). 803(m) 
cm -I. t H NMR 8 (benzene-d 6, ambient) major isomer: 
5.21 (s. 2H). 3.77 (s. 2H). 2.02 (s. 6H), 1.77 (s, 6H). 
!.66 (s. 6H). 1.30 (s, 6H). I~C NMR 8 (benzene-d 6 
ambient): 186.95 (s, 2C), 184.59 (s. 2C). 98.43 (d, 2C, 
J ~ 155 Hz). 93.71 (d, 2C. J ~ 165 Hz), 90.60 (s. 2C). 
28.03 (q. 2C, J ~ 127 Hz). 27.90 (q. 2C, J ~- 127 Hz), 
26.22 (q. 2C, J ~ 125 Hz), 18.94 (q, 2C, J ~ 127 Hz). 
Anal. Found: C, 52.72: H. 6.88. C.~H,~O~Ru. Calc,: C, 
52.83: tl. 6.89%. 

2,2. Synthe,~is of hisfacetflacctonato)(r~.2°merhyl~ 1,3~ 
hutadiene )ruthenium( ll ). Ru( C ~ H ~ O, ) fl ~ Jo 3oC', H,~ ). 2 

This yellow air-stable product was prepared in an 
analogous manner as described for Ru(~-2.5 o 
CsHt~XCsH~O:) ~. The final product is purified by 
sublimation at 60 "C and reduced pressure (10 -~ Torr). 

Infrared data (KBr): 3077(w), 2993(w), 2981(w), 
2907(w), 1577(s), 1515(s), 1458(m), 1438(m), 1394(s), 
1378(s), 1265(m), 1201(m), 1092(w), 1025(m), 936(m), 
803(m) cm ° t I H NMR 6 (ben~ene-d~ ambient), iso- 

mer I: 5.36 (s, I H), 5.34 (s, I H), 3.94 (d, I H, J = 7 
Hz), 3.79 (s, 1H) 3.71 (dd, IH, J = 7; 12 Hz), 3.58 (d, 
IH, J = 12 Hz), 3.21 (s, IH), 2.00 (s, 3H), 1.99 (s, 3H), 
1.73 (s, 3H), 1.70 (s, 3H), 1.33 (s, 3H). 13C NMR 8 
(benzene-d 6 ambient): 187.58 (s, IC), 187.03 (s, 1C), 
I85.93 (s, IC), 185.38 (s, 1C), 109.26 (s, IC), 99.60 (d, 
IC, J = 156 Hz), 99.36 (d, IC, J = 156 Hz), 97.72 (d, 
IC, J = 166 Hz), 69.80 (t, IC, J = 161 Hz), 65.39 (t, 
IC, J = 162 Hz), 27.99 (q, IC, J = 125 Hz), 27.94 (q, 
1C, J = 125 Hz), 27.71 (q, 1C, J =  125 Hz), 27.48 (q, 
1C, J =  127 Hz), 14.72 (q, IC, J = 125 Hz). ~H NMR 

(benzene-d 6 ambient), isomer II: 5.49 (s), 5.24(s), 
5.08 (s), 4.99 (s), 4.40 (d, J = 12 Hz), 4.14(s), 4.11 (s), 
3.86 (s), !.97(s), 1.95(s), 1.88 (broad s), 1.60 (s), i.59 
(s), 1.08 (s). "~C{'H} NMR ~ 108.7, 98.79, 98.67, 
96.41, 69.80, 66.28, 15.37. Other resonances apparently 
obscured by the major isomer. Anal. Found: C, 48.86; 
H, 5.99. C,sH2zOaRu. Calc.: C, 49.03; H, 6.03%. 

2.3. Synthesis o f  bis(acetylacetonate)(~ 4-1,2,4,5-tetra - 
m ethyl- l . 4-cyclohexadiene )ruthenium( ll ). Ru( C 5 H 7- 
02 )2(~ 4"!,2,4,5"CIoH 16), 3 

To a solution of 0.5 g (I.26 retool) of Ru(acac)~ in 
20 ml of ethanol under nitrogen was added 0.52 g (3.78 
retool) of 1,2,4,5-tetramethyl-l,4-cyclohexadiene and 
!.5 g of zinc dust. The reaction mixture was refluxed 
overnight, resulting in a brown solution. The solvent 
was removed in vacuo, the unreacted diene sublimed 
and the crude product extracted with two 15 ml portions 
of pentane. The brown solution was concentrated to 
a!~ut 10 ml and cooled to ~ 23 °C, yielding a bricko~d 
airostable crystalline product (55% yield based on 
Ru(acac),). 

Infrared data (KBr): 2961(m), 2897(w), 279~Xm), 
1585(s), 1516(s), 1401(s), 1368(m), 1263(m), 1196(w), 
1097(s), 1023(s), 935(w), 802(s) cm °t 'H NM~ 
(benzeneod 6 ambient): 5.22 (s, 2H), 3.70 (d, 2H, J ~ 12 
Hz), 3,23 (d, 2H, J ~ 12 Hz), 2,13 (s, 6H), i,70 (s, 6H), 
1.67 (s, 6H), i.19 (s, 6H). I~C{IH} NMR 6 (benzene-d 6 
anabient): 186,38, 185,96, 98.52, 77.65, 76.85, 46.10, 
28,60, 26.92, 18,30, 17.67. Anal. Found: C, 54.92; H, 
6,88, C,0H aoOtRu. Calc.: C, 55.14; H, 6.94%. 

M 

I l l  

I t  

2.4, CD, stallographic studies 

Crystal, data collection, and refinement parameters 
are given in Table I, Suitable crystals for single-crystal 
X~ray diffraction were sectioned and mounted with 
epoxy cement on thin glass fibers. The unit-ceil parame- 
ters were obtained by the least squares refinement of the 
angular settings of 24 reflections (20 ~ 2025°). 

Systematic absences in the diftTacdon data for 1 are 
uniquely consistent for space group P2~/n .  No evi- 
dence of symmetry higher than triclinic was observed in 
either the photographic or diffracfon data for 3, The 
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Table I 
Crystallographic data for I and 3 

! 3 

Crystal parumctcrs 
Formula C is H 2sO4Ru C2oH soO4Ru 
Formula weight 409.5 435.5 
Clysutl system monoclinic triclinic 
Space group P 2 i / n P~ 
a (,~,) ! 0.658(2) 8.495(4) 
b (,~) 12.075(3) 8.456(4) 
c (~k) 15.332(3) 14.364(6) 
ct (deg) - 78.88(2) 
/~1 (deg) 108.07(5) 82.60(2) 
7 (deg) - 78.04(2) 
v (~.3) 1876(I) 1010(3) 
Z 4 2 
Crystal dimensions 0.2 x 0.3 xO.4 0,2 xO.2 ×0.3 

(mm 2) 
Crysial color yellow orange 
D (caM) (gcm - 3 ) 1.450 1.433 
~ (MoKa)(cm -j ) 8.52 7.96 
Temperature (K) 298 298 
T (max)/T (ra in)  0.427/0.359 0.532/0.459 

Data collectitm 
Diffractometer Siemens P4 
Monochromator graphite 
Radiation Mo K a 

(a = 0.71073,4,) 
20 scan range (deg) 4,0-47.0 4.0-60.0 
Datacollected(h.k,I) 5:11. +13, +17 :1: II, :1: il. +20 
Reflections collected 2834 6099 
Independent reflections 2720 5883 
htdependent observed 2209 (n ,~ 4) 4790 ( ,  = 5 ) 

reflections 

Sld,/rl]n 3/197 
Vat, i, stds, (%) < I 

R</hwmcnt " 
R( I: i (%) 3,i)3 
RIwF)I%) 4,10 
,.4 / o (max) 0.000 

, a / ( t , )  te2~ ,' 0.39 
N,, IN, 10.6 
GOF 1.05 

3 / 1 9 7  
<1 

3.07 
3.77 
0.002 
0.42 
21.1 
1,20 

Quantity minimized ~' 2wA1; R ~ ~ A / ~  (Fo); R(w) 
.v.,lwl.21%,'(Fowll2), A ~ I(F ° - r~)l. 

structures were solved by direct methods, completed by 
subsequent difference Fourier syntheses and refined by 
full-matrix least squares procedures. Semi-empirical el- 
lipsoid absorption corrections were applied to the data. 

All software and sources of the scattering factors are 
contained in either the SHELXTL (5.1) or the SHELXTL 
PLUS (4.2) program libraries (Sheidrick, Siemens XRD, 
Madison, Wl). 

3 .  Results and discussion 

Ru(acac)a has proved to be a versatile precursor for a 
variety of organometallic complexes [3d,7]. Thus, the 

reaction of Ru(acac).~ with excess of diene and Zn as 
reducing agent affords ps:udo-octahedral Ru(acac)z(di- 
ene) complexes, in wi ld  greater than 50%. (Eq. (1)). 

Rut acac) ,~ + diene EtOa'~ Rut acac),, (diene) ( ! ) 

diene=2,5-dimethyl-2,4-hexadiene, 1; 2-methyl-l,3- 
butadiene, 2; 1,2,4,5-tetramethyl-l,4-cyclehexadiene, 3. 

For the acyclic ligands, the complexes exhibit a 
~14-trans-diene coordination mode, as verified by NMR 
spectroscopy and X-ray diffraction studies (vide infra). 
All the Ru(acac)2(diene) complexes show IR bands in 
the region of 1600-1500 cm-  i corresponding to the 
C - O  functional group of  the acac ligands. 

The I H NMR spectrum of Ru(acac)2(2,5-dimethyl- 
. 

,4-hexadle~e), 1, displays a six-line pattern, indicating 
the presence of a two-fold rotation axis (C 2) as a result 
of  an ~-trans-diene coordination. An rl4-cis-diene co- 
ordination in a pseudo-octahedral environment would 
lower the symmetry and the two-fold rotation axis will 
be nonexistent, tendering in a more complex 12-line ~H 
NMR pattern. The spectrum of I shows four signals at 
1.29-2.0 ppm corresponding to the methyl groups of 
the acac and diene ligands. Only one signal is observed 
for the Hs attached to the central carbon atoms of the 
diene iigand (3.77 ppm); also, only one resonance is 
displayed for the methyne protons of the acac ligands 
(5.21 ppm). 

Another set of  resonances (in le.~s than 5% abun- 
dance) with a similar splitting pattern can be idenlified, 
suggesti,g the presence of another isomeric species 
with an ~14-trans-diene coordinatio~l, The difference in 
solubility between these two isomers might explain the 
small percentage of the second diastereoisomer present 
in tbe NMR spectra. In fact, variableotemperature J 1,1 
NMR studies of the 2,5odimethyPl,4ohexadiene con't° 
plex (Supplement~y material) showed that at 35 °C 
initially one species is observed. Ariel' 15 rain at 35 "C, 
the second isomeric species with a Sixoline pattern 
appears. A ratio of  I: 1 is reached after 45 rain at 35 ¢'C, 
which remained unchanged after 5 h. Based on these 
results, both species should have similar, if not identio 
cal, thermodynamic stability [3d]. 

The 13C NMR data for 1 further support the r/4~ 
trans-diene coordination with a very symmetric nine-line 
pattern. That is, two different sets of methyl groups, one 
set of C - H  and quaternary carbons are displayed for the 
diene iigand. Furthermore, two different ketonic, C - H  
and CH 3, groups are clearly evident and belong to the 
acac ligands. The hick of symmetry brought by the 
rl4.cis-diene conformation would make all the carbon 
atoms in. the complexl~ unequivalent, yielding" an 18-hne' 
pattern in the C NMR spectrum, Two structures can 
be proposed for this complex in which the Ru(acac) 2 
unit has distinguished between the two trans-diene 
enantiofaces, IV and V. However, the exact isomeric 
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species (IV or V) responsible for the t H NMR spectrum 
splitting pattern cannot be assigned with certainty, 
though it is clear that in the solid state the diene is 
bound in the trans conformation, as verified by X-ray 
diffraction studies. 

The structure of Ru(acac),(2.5-dimethyl-2,4- 
hexadiene) is shown in Fig. I and pertinent positional 
and bonding parameters are provided in Tables 2 and 3. 
A structural study for I revealed an ,)4.transodiene 
coordination for the hexadiene ligand in a pseudoooc* 
tahedral coordination environment. 111e compotmd pos- 

//  \ \  

Fig, l, Solkl-state structure of Ru(T/~-2,5-C~H~.tXC.~H~O~)~ drawn 
with 35% tMm~al ellipsoids, 

Table 2 
Atomic coordinates (X 10 4) and equivalent isotropic displacement 
coefficients (,~2 X 103) for Ru(acac)2(2,5-dimethyl-2,4-hexadiene), I 

x y z U~q ~ 
Ru 160.6(31 2009.6(3) 2341,0(2) 34( 1 ) 
0(I) 1009(31 718(21 3185(21 42(I) 
0(2) - 108(31 2895(2) 3404(2) 44(I) 
0(3) 2024(31 2661(21 2842(2) 41(I) 
0(41 653(3) 1052(2) 1405(2) 40(1) 
C(1) 1830(51 - 300(4) 4537(4) 66(2) 
(2(2) 1192(41 734(4) 4045(3) 46(2) 
C(3) 872(41 1572(4) 4539(3) 50(2) 
(2(5) 5(5) 3353(5) 4897(3) 67(2) 
C(6) 4198141 3016(4) 2945(4) 57(2) 
C(7) 2934(4) 2404(3) 2516(3) 41(21 
C(81 2878(4) 1636(41 1841(3) 45(2) 
(?(9) 1818(41 1007(4) 1356(3) 44(2) 
C(iO) 2010(5) 169(4) 686(3) 62(2) 
COl) -1827(41 121(](31 2118(31 42(2) 
C(12) - 1726(4) 1862(3) 1395(3) 44(2) 
O(131 - 1399(41 2999(4) 1571(31 43(2) 
C(14) - 349(4) 3428(4) 1312(3) 48(2) 
(7(15) - 1845(4) - 24(3) 2001(31 56(2) 
C(16) - 2496(4) 1578(41 2796(3) 54(2) 
C(17) 236(5) 4509(4) 1717(3) 59(2) 
C(18) - 122(5) 3138(4) 420(3) 57(2) 
C(4) 2?8(4) 2564(4) 4225(3) 45(2) 

a Equivalent isotropic U defined as 
orthogonalized U tensor. 

! 

one third of the trace of the 

Table 3 
Pertinent bond lengths (~) and bond angles (deg) for Ru(acac):(2,5- 
dimethylo2,4-hexadiene), I 

Bond Iength.v 
Ru=O(I) 2,049(3) Ru~O(2) 2.043(3) 
Ru:O(3) Z050(3) RuooO(4) 2.034(3) 
Ru=C(I I) 2,255(4) Rural2) 2.0~}1(4) 
Ru Vii3) 2,(189(41 Ra~C(14) 2278(5) 
0(I)- C(2) 1,271(~) 0(2)=C(4) 1,261(5) 
0(3) C(?) 1.2t_gXO) tX4LC(9) 1.268(6) 

I )~C(2) 1,507(?) CX21~C(3) 1,369(7) 
C(3)~C(4) 1,371(1) C(5)~C~4) 1,497(81 
C(6)-C(7) 1,498(6) C(7)~C(8) 1.378(6) 
C(8)~C(,9) 1.373(6) C(9)=C(I0) 1,501(7) 
C(I I)~C(12) 1.391(7) C(I I)-C(I 5) i.501(6) 
C(I I)-C(16) 1.498(71 C(12)-C(13) 1.421(6) 
C(13)-C(14) 1.399(71 C(14)-C(17) 1,495(61 
C( 141~C(18) 1,502(81 

Bo,;d ongles 
O(g)~Ru~O(2) 9Z2(I) O(I)~RuoO(3) 82.5(I) 
0(2)-Ru-O(31 81.9(I) O(I )o-Ru~O(4) 81.5(i) 
0(21~Ru-O(4) 172.4(I) O(31~Ru-O(41 92.9(I) 
Ru-O(I)-C(I) 122.6(31 Ra~0(2LoC(4) 123.2(31 
Ru-0(3LC(7) 122.2(21 Ru-0(4)~C(9) 122.5(21 
0(1)- C(2LC(3) 126,9(41 C(21-C(31-C(41 128.2(41 
O( 11~C(2)~C(1 ) 114,0(41 O(3)-C(71-C(81 127.2(41 
C( I )o~C(2)--C(31 119,1(41 C(7)-C(81-C(91 128.0(51 
O(31~C(7)-C(61 113,8(41 O(41-C(91-C(10) 114,5(41 
C(6)~C(71-C~81 119,0(4)  C(12)-C(! 11-C(151 117.9(4) 
0(4)-C(9)-C(101 126,9(41 L~I2)-C(I I)-C(16/ 123.8(41 
C(8)~C(9)-C(101 118,6(41 C(I I)-C(I 2)-C(13) 118.0(4) 
CII21-C(13)-C(14) 118,3(41 C(131-C(141~C(171 118.2(51 
0(21-C(41-C(51 114.4(4)  O(2)-C(41-C(3) 126.8(51 
0(13)-C(14)-C(18) 122.8(41 C(31-CI4)-c(51 118.8(41 
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sesses a pseudo C, symmetry as deduced by NMR 
spectroscopic data. The Ru-C bond distances for the 
terminal carbon atoms (2.255(4) and 2.278(5) ~,) are 
considerably longer than the Ru-C(internal) bonds 
(2.091(4) and 2.08~9(4) A). The diene skeleton exhibits a 
carbon-carbon bond pattern of short (C(I I)-C(I 2), 
1.391(7) ,~), long (C(12)-C(13), 1.421(6) ,~,), short 
(C(13)-C(14), 1.399(7) A,), characteristic of a neutral 
free diene. Although the diene is attached in the trans 
conformation, the Ru-C bonding patterns (Ru-C(termi- 
hal) > Ru-C(,internal)) are similar to those of the "04- 
cis-diene coordination in the previously reported 
Ru(acac),.(cyclohexadiene) complex [3d]. The Ru-O 
bond distances range from 2.034(3) to 2.050(3) /~,. 
Notably, Ru-O(4) is shorter than the test of the Ru-O 
bonds. This shortening results in a lengthening of the 
Ru-C(14) bond apparently due to steric crowding. The 
O-Ru-O angles within the chelates(acac) average 
92.6(1) ° while the interligand (cis) O - R u - O  angles 
range from 81.5(I) to 82.5(I) °. The trans O-Ru-O 
angle is ! 72.4( ! )°. 

The diene fragment is nonplanar with a torsion angle 
of 122 °` equivalent to a tilt of the C(11)-C(12) and 
C(13)~C(14) bonds of 29 ° toward the Ru atom. For 
comparison, similtu" patterns have been observed in 
Ru(acac)2(~/'Ltrans.2,4-dimethyl- 1,3-pentadiene) with a 
torsion angle of 123 ° and a tilt of the olefinic units of 
28 ° t3d]. 

The use of an unsymmetric diene leads to the forma- 
tion of more isomeric species, complicating the struc- 
ture assignment by NMR spectroscopy, as i!i Ihe case of 
Ru(acac),(isoprene) complex. Four diasteroisomers can 
exist, two involving the cis coordination and two witll 
the trans diene coordinlation, as shown in VI aml VII. 

]:urtllermore, the nllture of the ligand increases tl~e 
nuntber of resonances in the NMR spectra even if the 
dien~e attains the tt~ms conlbrmation, due to its unsym- 
metrical substitution. We have characterized this com- 
plex using 2D COSY and 2D NOE spectral data (see 
Supplementm'y material) and by comparing its 'H NMR 
spectrum to that of RuCbenzene)t~'~-cis-isoprene) com- 
plex [8] and of the closely nelated Ru(acac),(r/'Ltrans- 
2,3-dimethyl-l,3-butadiene) [3d]. The COSY spectrum 
of the Ru(acac)2(isoprene) complex contains one major 
isomeric species with a 12-line pattern and another 
isomeric species il| less than 10% abundance, partially 
obscured by the major isomer. The olefinic region from 
3-4.5 ppm is perhaps the most important region which 
exhibits resonances con'esponding to the isoprene lig- 
and. Two singlets at 3.21 and 3.80 ppm and two 
doublets at 3.57 and 3.96 ppm can be readily identified 
and correspond to the protons attached to the terminal 
carbon atoms of the diene ligand. The multiplet at 3.70 
ppm can be attributed to the hydrogen attached to the 
unmethylated internal carbon atom of tbe isoprene, 
which exhibits coupling to the terminal protons located 

at 3.57 and 3.96 ppm. The isoprene ligand is believed to 
be bound in tile rams conformation based on the follow- 
ing arguments. The NOESY spectrum, in the olefinic 
region of the diene, revealed a strov~ correlation be- 
tween the hydrogens attached to file same terminal 
carbon atom. However, no correlation is observed be- 
tween the two endo protons (3.21 and 3.58 ppm) of the 
two terminal carbon atoms of the isoprene lioand, which 
supports the presence of the diene in the trans confor- 
mation. Otherwise, a correlation between the two endo 
protoils of the terminal carbons would have been ob- 
served. The cis-diene conformer typically exhibits a 
larger chemical shift difference between endo(anti) and 
exo(syn) protons of the diene ligand [5,8,9]. The rather 
small chemical shift difference betwee,~ the syn and anti 
protons (exo and endo), as well as : resonance pat- 
tern, strongly support out" proposed structures. Also, the 
geminal protons of the diene show no measurable cou- 
pling between them, suggesting the diene has adopted 
the trans conformation. 

The preference of the Ru(acac) 2 unit to bind conju- 
gated dienes in the trans conformation is clearly evi- 
dent, at least for acyclic diene ligands. However, the 
Ru(acac) 2 unit is also able to bind conjugated dienes in 
the cis conformation, as is the case for the 
Ru(acac)2(I,3-cyclohexadiene) complex [3d]. As a re- 
sult, it was of interest to explore the coordination 
properties of a nonconjugated cyclic diene to the 
Ru(acac)., unit. Indeed, the coordin,'ltion of a mote rigid 
but symmetric cyclic diene, 1,2,4,5-tetramethylol,4~ 
cyclohexadiene, can be attained by Ru(acac)~ unit. 

The 'tt  and '~C NMR spectral data for 
Ru(acac)~< I ,2,4,5 °tetr'mlethyl~ 1,4~cyclohexadiene) 
show a very symmetric environment, suggesting the 
presence of a two+fold rotation axis ill the complex, as a 
result of the dienc being symmetrically coordinated to 
the metal center, at least in solution. Despite the sire+ 
plicity of the NMR SlYectral data, we pursued the deter° 
ruination of the solid-state structure for this complex. 
The solid-state structure of 3 is depicted in Fig. 2 and 
related structural data are presented in Tables 4 and 5. 

The solid-state structure of 3 revealed the diene is 
coordinated in a pseudo-octahedral environment. The 
diene did not undergo isomerization from 1,4- to a more 
conjugated 1,3-diene. Ru-O bonds ate almost identical 
(2.068(2), 2.072(2), 2.068(2) and 2.(166(2) ,~) but con+ 
siderably longer than Ru-O bonds for the 2,5-dimethylo 
2,4-hexadiene complex, 1. 

The intraligand O - R u - O  angles for acac are 89.3( I )°, 
the cis O-Ru-O angles range from 80.7(I) to 87.4(I) ° 
and the trans O-Ru-O '~ngle is 166.3(1 )°. When com- 
pared with the trans-hexadiene complex, 1, we observe 
a contraction of the trans and intraligand O-Ru~O 
angles as we change from an acyclic to a cyclic diene. It 
seems that the cyclic diene is sterically more demanding 
than the acyclic diene. This increase in steric demands 
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Fig. 2. Solid-state structure of Ru(~4-1.2.4,5-C~oH~6XCsH~O2)2 
drawn with 35% thermal ellipsoids. 

by the cyclic diene is reflected in longer Ru-O bond 
distances (vide infra) compared with the hexadiene 
complex. Similar patterns have been observed in 
Ru(acac)z(1,3-cyelohexadiene) vs. Ru(acac)z(2,4-di- 
methyl- 1,3-pentadiene) [3d]. 

Tttbl¢ 4 
Atomic coordtnateg (x  I0'*) and equivalent isotropic displacement 
eocfflcient~ (/~X lOb for Ru(aca).~(l,2,4,5-tetramethyl.l,4- 
cyclohexadten¢). 3 

Ru 2497(2) 241~2) 747%6(I) 30(I) 
0(1) 4636(2) 761(2) 7452(I) 38(I) 
0(2) 2964(2) 3192(2) 6030(I) 40(1) 
0(3) 2608(2) 1642(2) 8927(I) 38(I) 
0(4) 3862(2) 4105(2) 7533(I) 39(I) 
C(1) 206(3) 4003(3) 7083(2) 43(1) 
C(2) - 1810) 2871(3) 6496(2) 46(I) 
C(3) 8S5(3) 1276(3) 6863(2) 41(1) 
C(4) 725(3) 789(3) 7837(2) 40(1) 
C(S) -43S(3) 1909(3) 8413(2) 45(I) 
C(6) 67(3) 3516(3) 8058(2) 42(1) 
C(?) 295{4) $692(3) 6594(3) 60(I ) 
~8) 1598(3) 179(3) 6163(2) 53(I) 
C(9) - 19(3) 4602(4) 8770(2) 55(I) 
C(10) 1312(4) -891(3) 8324(2) 5a(1) 
C(II) 72.24(3) -525(3) 695(}(2) 49(I) 
C(12) 5712(3) 698(3) 6760(2) 36(I) 
C(13) 5608(3) 1632(3) 5864(2) 46( I ) 

! 4) 4 2 8 1 ( 3 )  2759(3) 554,5(2) 41( I ) 
C(15) 4342( , t )  3522(4) 4515(2) 61(I) 
C(16) 3368(4) 1317(4) 10464(2) 56(I) 
~17) 3462(3) 2112(3) 9431(2) 40(I) 
C(18) 4405(3) 3282(3) 9144(2) 47(I) 
C(I9) ~37(3) 4218(3) 8249(2) 38(1) 
C120) SSS0(4) 5~4(4) 8076(2) 58(I) 

* Equivalent isotropic U defined as one third of the trace of the 
~ t i ~ l  Ig~ tensor. 

Table 5 
Pertinent bonding lengths (.~) and bond angles (deg) for 
Ru(acac)2(l,2A,5-tetramethyl- 1,4-cyclohexadiene), 3 

Bond lengths 
Ru - O(!) 2.068(2) 
Ru-O(3) 2.068(2) 
Ru-C(I) 2.208(3) 
Ru-C(4) 2.216(3) 
O(1)-C(12) !.263(3) 
O(3)-C(t 7) !.260(4) 
C(1)-C(2) 1.517(5) 
C(I)-C(7) 1.507(4) 
C(3)-C(4) !.379(47 
C(4)-C(5) t.516(4) 
C(5)-C(6) 1.514(47 
C( i I)-C(12) !.503(3) 
C(13)-C(14) 1.393(4) 
C(!6)-C(17) 1.509(4) 
0(18)-C(19) 1.386(4) 

Bond angles 
O(1)-Ru-O(2) 89.3(!) 
O(2)-Ru-O(3) 166,3(I) 
O(2)-Ru-O(4) 80.9(I) 
C(3)-Ru-C(4) 36.2(I) 
C(3)-Ru-C(6) 76.9(I) 
Ru-O(I)-C(12) 125.7(I) 
R~ O(3)-C(17) 124.8(2) 
C(!)-C(6)-C(5) !16.1(3) 
0(I)-C(12)-C(I l) 115,4(2) 
O(2)-C(14)-C(I 3) 126.8(2) 
O(3)-C(I 7)-C(18) 127.2(2) 
C(17)-C(18)-C7(19) 126.5(3) 
C(12)=C(13)-C(14) 126,7(2) 

Ru-O(2) 2.072(2) 
Ru-O(4) 2.066(2) 
Ru-C(3) 2.218(3) 
Ru-C'(6) 2.217(3) 
O(2)-C(14) 1.266(3) 
O(4)-C(19) !.269(3) 
C(I)-C(6) 1.381(4) 
C(2)-C(3) 1.514(3) 
C(3)-C(8) 1.506(4) 
C(4)-C(I0) !.499(3) 
C(6)-C(9) 1.502(5) 
C(12)-C(13) i.384(3) 
C(14)-C(15) 1.498(4) 
C(17)-C(18) 1,389(4) 
C(19)-C(20) 1.501(4) 

O(I)-Ru-O(3) 80.7(1) 
O(I)-Ru-O(4) 87.4(I) 
O(3)-Ru-O(4) 89.3(I) 
C(I)-Ru-C(6) 36.4(17 
Ru-O(2)-C(I 4) 124.6(2) 
Ru-O(4)-C(I 9) 126.0(27 
C(3)-C(4)-C(5) 116,3(2) 
C(5)-C(6)-C(9) 117.8(2) 
O(I)-C'(12)-C(I 3) 126.0(2) 
O(2)-C( 14)-C'(15) 114.7(2) 
O(4)-C(19)-C(20) 115.0(2) 
O(3)-C(17)-C(I 6) 114,2(2) 
O(4)-C(19)-C(18) 125.6(3) 

The Ru-C bonds are all very similar (2.208(3)- 
2.218(3) ~)  and in general are slightly shorter than for 
the hexadiene complex. In contrast to the hexadiene 
complex, a pattern of Ru-C(terminal) bonds longer than 
Ru-C(internal) bonds is not observed for the 1,2,4,5-te° 
tramethyl-l,4~eyclohexadiene complex, owing to the 
nonconjugated nature of the diene ligand. Furthermore, 
as a free diene, all four olefinic carbon atoms of the 
1,2,4,5qetramethyl-l,4-cyclobexadiene are equivalent, 
but upon coordination, owing to the C 2 symmetry of the 
Ru(acac) 2 unit, C(3) and C(6) are not necessarily equiv- 
alent to C(I) and (2(4). Nevertheless, upon examination 
of the Ru-C bond distances, it seems that these differ- 
encos are marginal and no major distortion of the 
olefinic units are detected in the structure. Thus, the 
complex can be considered as a ruthenium-bis(olefin) 
variant. 

In general, i and 3 are structurally similar pseudo-oc- 
tabedral complexes but with some differences in the 
Ru-C and Ru-O bond distances. Their similarity can 
be extended to Ru(acac)2(l,3-cyclohexadiene) and 
Ru(acac)2(wans-2,4-dimethyl- 1,3-pontadiene) com- 
plexes. 1hat is, cyclic diene complexes exhibit shorter 
Ru-C bond distances than acyclic diene complexes. 
The opposite trend is observed in the Ru-O bond 
distances, the acyclie diene complexes exhibiting shorter 
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Ru-O bonds. This behavior is supported by previous 
molecular orbital calculations for other trans-diene 
complexes. Legzdins and co-workers [10] have sug- 
gested that trans-diene coordination occurs when the 
ligand to metal bond interaction (ligand donation) is 
more important than metal to ligand (~--backbonding) 
interaction, at least for molybdenum species. 

in our case, for Ru-trans-diene complexes, this ra- 
tionale could bc invoked, since better ligand to metal 
donation will make the metal center more electron rich, 
yielding shorter and presumably stronger Ru-O bonds. 
This is the trend observed in Ru(acac)2(2,5-dimethyl- 
2,4-hexadiene) and Ru(acac)2(2,4-dimethyl-l,3-pentadi- 
ene) [3d] complexes. Besides the electronic factors, 
steric effects can also be present in the acyclic conju- 
gated diene complexes but to a lesser extent. Although 
it is clear that the ~4-cis-diene coordination of 2,5-di- 
methyl-2,4-hexadiene would experience unfavorable 
steric interactions brought by the two endo methyl 
groups, for isoprene or 2,3-dimethyl-1,3-butadiene [3d] 
ligands, such interactions are not present and the ~4. 
trans-diene coordination still prevails. 

The Ru(acae) 2 unit has demonstrated the capability 
to coordinate a wide variety of diene ligands, both 
cyclic and acyclic, containing conjugated and unconju- 
gated double bonds. It also shows a thermodynamic 
preference for vl4-trans-diene coordination and the abil- 
ity to distinguish between diene enantiofaces. The above 
properties are of interest for the selective preparation of 
nontrivial natural p~oducts of biological importance. At 
the present time, we have activated l°methoxy-3-(tri- 
methyl-siloxy)ol,3-butadiene with an Ru(acac) 2 unit 
Ill],  a precursor for the synthesis of a natural product 
[12]. The use of this complex in the synthesis of natural 
products will be investigated. 

4. Supplementary material 

Tables of anisotropic thennal parameters, hydrogen 
atoms parameters (4 pages) and structure factors (21 
pages). I H NMR of 1 and NOESY and COSY spectra 
of 2 are available. Ordering information may be found 
on any current masthead page. 
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