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Abstract

The reaction between Ru,(CO),, and a cyclic olefin (cis-cyclooctene or trans-cyclododecene) at 100 °C for several hours gives the
title compounds ( u-H),Ru;(CO)o( p5-n%-CgH,,) (1), and (u-H)Ru;(CO)g( u5-13-C,H ) (2), both of which have been characterized
by X-ray diffraction studies, IR and NMR spectral measurements and elemental analysis. The prolonged reaction between Ru(CO),, and
cis-cyclooctene gives compound HRu;(CO)4(CgH;,) (3). Compound 3 has been characterized with IR and NMR spectral analyses. In 1
the cyclooctene ring is linked via a g4-1%-alkyne type of bonding to the face of the Ru, cluster. It is formally o-bonded to two of the
three Ru atoms and 7-bonded to the third Ru. The two hydrides in 1 are bridging Ru—Ru bonds. In 2 the cyclododecene ring is bonded to
the Ru, face via the ;:.3-113-CCHC linkage. There are two formal o-bonds from the allyl part to the hydrido-bridged Ru atoms and the

73-allyl linkage to the third Ru atom.

Keywords: Cluster; Ruthenium; Olefin; Cyclooctene; Cyclododecene; Bridging ligand

1. Introduction

Reactions of wunsaturated hydrocarbons with
Ru,(CO),, at elevated temperatures have been of inter-
est for several years [1,2]. Hydrocarbon fragments in
these reactions tend to undergo extensive rearrange-
ments, which may resemble those occurring on metal
surfaces during catalytic processes. We have studied
high-temperature reactions of Ru,(CO),, with cyclic
olefins and determined the crystal structures of the title
compounds, in which the cyclic alkenes, cyclooctene
and cyclododecene, rearrange in different ways.

Compound 1 has been synthesized previously by the
direct reaction of Ru,(CO),, with cyclooctene or by the
reaction of a-H,Ru,(CO),, with either cycloocta-1,5-
diene or the corresponding 1,3-isomer [3]. The structure
of the cluster has been discussed in terms of spectro-
scopic data, and it has been proposed to contain two
Ru-C o-bonds, a 7-bonded olefinic fragment and the
two H ligands in the bridged position on a Ru—Ru edge.

Bruce et al. [4] have investigated the reaction of
Ru,(CO),, with cyclododeca-1,5,9-trienes and found
the reaction happens slowly with all geometrical iso-
mers of the triene in refluxing petroleum ether and gives

* Corresponding author.

0022-328X /96 /$15.00 © 1996 Elsevier Science S.A. All rights reserved

SSDI 0022-328X(95)05831-1

four complexes. These have been characterized spectro-
scopically, and the crystal structure of HRu,(CO)y(C ,-
H,5) has also been determined. The compound was
found to contain a novel 7-allyl system bonded to a
triangular ruthenium cluster. Besides the u,-n*-CCHC-
linkage between C(1), C(2) and C(3), the double bonds
were deduced to be between C(6)-C(7) and ((9)-C(10)
and the hydride ligand to be terminal or bridging (the
latter being favored by the geometry of the cluster). On
the basis of spectral measurements proposals for struc-
tures of the three other complexes were not made. The
p;3-n° bonding mode, which is commonly found in
homo- and heterometallic alkyne clusters similar to 1, is
one possible bonding mode at least for the cis-isomer of
cyclic olefins although changes between different iso-
mers may happen during reactions, as introduced by
Sappa et al. [1]. With cycloalkenes the rearrangements
are not as extensive; thus, it is easier to observe differ-
ent bonding modes.

2. Experimental
2.1. General comments

Ru,(CO),, (Johnson-Matthey) and cis-cyclooctene
(95%; Aldrich) and cis / trans-cyclododecene (33.3% /
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67.7%; TCI) were from commercial sources and were
used without further purification. Except for chromato-
graphic separations all manipulations were carried out
under nitrogen. IR spectra were recorded with a Nicolet
750 FT-IR spectrometer, and 'H and C NMR spectra
on a Bruker AMX-400 or a Bruker AM-250 spectrome-
ter at ambient temperature or at — 55 °C to 0 °C with
TMS as reference.

2.2. Preparation of compounds 1 and 3

Ru,(CO),, (100 mg, 0, 156 mmol) was dissolved in
25 ml of cis-cyclooctene and heated at 100 °C. The
mixture was stirred for 92 h under nitrogen, the unre-
acted cyclooctene was distilled under vacuum, and the
light brown residue chromatographed on silica plates
with hexane as eluent gave (i) a yellow band (1), 46 mg
(44.3%) recrystallized from hexane; anal./calc. C (%)
30.87/30.55; H (%) 2.16 /2.11; O (%) 21.27 /21.64; IR
(hexane, ¥(CO), cm™'): 2103.7 s, 2075.5 vs, 2053.5 vs,
2039.2 s, 2025.9 s, 2013.3 s, 2006.8 s, 1987.4 s; 'H
NMR (CDCl;, 0 °C, ppm): 1.52 (s, 8H(CH,),), 3.17
(dt, 2H(CH,), Juy = 4.1 Hz and J,; = 12.2 Hz), 2.85
(td, 2H(CH) Jyy=41 Hz and Jy, =122 Hz)
—15.92 (s, 'H, RuHRu, —55 °C), —20.34 (s, 'H,
RuHRu, —55 °C); “C {'"HINMR (CDCl,, ppm): 14.8
(s, 2C, CH,), 23.4 (s, 2C, CH,), 32.3 (s, 2C, CH,),
162.6 (s, 2C, C=C), 190.5-194.0 (9C, CO); (i) a
yellow-orange band, HRu;(CO),(CzH,,) (3), 36 mg
(34.7%); IR (cyclohexane, ¥(CO), cm™'): 2092.3 m,
2064.2 vs, 2040.5 vs, 2023.9 s 2017.5 m, 2004.3 m,
1995.6 m, 1987 5w, 1981.3 w; 'H NMR (CDCl,, 0 °C,
ppm): 3.71 (t, 'H, J = 4.1 Hz), 3.06 (m, 2H), 2.78 (m
2H), 2.40 (m, 2H), 1.90 (m, 4H) —20.46 (s, H,
RuHRu); (iii) a purple band (unidentified), 15 mg
(14.5%).

2.3. Preparation of compound 2

Ru,(CO),, (50 mg, 0.0782 mmol) was dissolved in
20 ml of (cis / trans-mixture) cyclododecene and heated
at 100 °C. The mixture was stirred for 60 hours under
nitrogen, the unreacted cyclododecene was distilled un-
der vacuum, and the brown residue chromatographed on
silica plates with hexane as eluent gave (i) a yellow
band (2), 10 mg (17.8%), recrystallized from hexane;
anal. /calc: C(%) 35.28/3491; H(%) 2.84/2.79; IR
(hexane, ¥(CO), cm™'): 2094.3 m, 2067.6 s, 2043.1 vs,
2025.2 s, 2013.1 m, 2005.9s, 1994.1 w, 1972.0 w; 'H
NMR (CDCl,, 20 °C, ppm): 1.56 (s, 14H, CH,), 2.85
(td, 2H, CH,, Jyy = 4.1 Hz and J,;, = 12.2 Hz), 3.17
(dt, 2H CH,, Jyy=41Hz and J ;= 122 Hz) 6.66
(d 'H, CH, Jy, =22Hz), —20.13 (¢, 'H, RuHRu,

Juy = 2.2Hz); °C "H NMR (CDCl,, ppm): 14.8 (s, 3C,
CH,), 23.4 (s, 4C, CH,), 30.4 (s, 2C, CH,), 31.7 (s,
1C, CH), 32.3 (s, 2C, CCHC), 190-201 (9C, CO); (ii) a
yellow band), 10 mg (17.8%); IR (CH,Cl,, »(CO),

cm™ ') 20929 m, 2065.9 vs, 2039.7 vs, 2020.3 m,
2006.0 m br.; (iii) a yellow band, 3 mg (5.3%); IR
(hexane, »(CO), cm™'): 20830 m, 2046.5 vs, 2013 s,
2000.6 s, 1989.5 m 1982.3 w; '"H NMR (CDCI3, 0 °C,
ppm): —21.22 (s, 'H, RuHRu).

2.4. Crystallographic studies

Intensity measurements were done using a Nicolet
R3m diffractometer at 20 °C with graphite monochro-
matized Mo-K a radiation (A =0.71073 A), w-scan
mode with a scan width of 1.2° for 1 and 1.6° for 2, and
a variable scan speed of 2.49-29.30° min~'. The data
sets were corrected for Lorenz and polarization factors.
An empirical absorption correction was made from
Y-scan data; the transmission factors were 0.137-0.213
and 0.380-0.500 for 1 and 2, respectively.

The crystal structures were determined by direct
methods and subsequent Fourier synthesis using the
SHELXTL [5] program package. Non-hydrogen atoms
were refined anisotropically except in 2, in which the
disordered cyclododecene carbon atoms were refined
isotropically. Hydrogen atoms were placed at calculated
positions with fixed isotropic thermal parameters (C-H
0.96 A and U 0.08 A?) except for the hydride ligands
and the central allylic hydrogen atom in 2 which were
located from difference Fourier maps and not refined (U
0.08 A2).

Details of crystal parameters, data collection parame-
ters and refined data are summarized in Table 1. The
atom coordinates are listed in Tables 2 and 3. Hydrogen
atom coordinates, anisotropic displacement parameters
and complete lists of bond lengths and angles have been
deposited at the Cambridge Crystallographic Data Cen-
tre.

3. Results and discussion

The cyclic olefins, cis-cyclooctene and trans / cis-
cyclododecene, react with Ru;(CO),, at elevated tem-
perature (100 °C) to give complexes 1, 3 and 2 respec-
tively, involving different bonding modes. The title
complexes, 1 and 2 (Scheme 1), were isolated with
chromatographic separation and characterized with
chemical analysis, IR, and NMR spectroscopy as well
as X-ray diffraction.

For the prolonged reaction of Rus(CO),, with cis-
cyclooctene the chromatographic separation of the reac-
tion mixture gives the second band which consists of, in
addition to the starting cluster, a compound which gives
a different IR spectrum from that of 1 and has hydride
resonance signals in the '"H NMR spectrum at 3.71
ppm, t, 3.06 ppm, m, 2.2-2.9 ppm, m, and —20.46
ppm, s. According to Canty et al.’ this complex is
HRu,(CO),(C.H,,) (3), Wthh they have characterized
by mass spectroscopic and '"H NMR data. The starting
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( -HRu(COXy( 23-m°-C ,H ) (2)

1 2
FwW 665.5 719.6
Crystal system Monoclinic Monoclinic
Space group P2, /c P2, /c
a(R) 9.173(2) 14.794(5)
b (R) 16.646(5) 15.835(5)
c(A) 28.60%(7) 11.479(6)
B© 90.40(2) 109.23(3)
V(A 4368(2) 253%(2)
VA 8 4
D (gem™) 1.771 1.882
Crystal 0.2x0.3x0.3 0.07x0.2x0.3
dimensions (mm)
Centered 25 25
reflections
Radiation MoK« MoK «
hkl range 0,0, —37;11,21,37 0,0, —18; 14,20, 18
20 (%) 5-55 5-55
No. unique 10075 5848
reflections
No. observed 6326 2763
data,
1220(D)
e (mm™") 1.796 1.773
No. parameters 523 295
R 0.0418 0.0659
wR? 0.0461 0.0652
Goof 1.21 1.49
*wR=[EwW(|F,| = |F.D*/EwI|F, |1V, w=1/c%F)+
0.0005F2),

olefin contains 95% cis-isomer and thus the cis-com-
plex 1 forms first, but longer warming causes the
formation of trans-complex 3 also, which is observed in

the reaction mixture after about 100 h. When refluxing

in toluene solution (110 °C) for several hours, com-
pound 1 forms an equilibrium mixture with compound
3. In the IR spectra »(CO) frequencies for 3 are similar
with those of 2. Thus, 3 has been identified as the
trans-cyclooctene complex of Ru,(CO),, based on the
IR and '"H NMR spectroscopic measurements.

Accordingly the chromatographic separation of the
reaction mixture of Ru,(CO),, with cis / trans-
cyclododecene gave two yellow bands with CO-stretch-
ing frequencies resembling those of 1. It is bossible that
both cyclododecene complexes (cis- and trans) are
present in solution, but the trans-complex, 2, is more
stable, because the slow evaporation of solvent from the
other yellow compound solution gives only crystals of
the trans-complex, 2. In addition, when remaining a
longer time in solution, the other yellow compounds
form the complex 2 on the basis of IR and 'H NMR
measurements.

The cyclic olefins C,H,,_, (n=26, 8, 12) replace
three axial carbonyl groups of the Ru,(CO),, cluster.
All remaining carbonyl groups have IR signals in the
typical terminal CO-group region. The IR spectra con-

sist of eight signals for 1 and 2 in hexane and nine
signals for 3 in cyclohexane. The high number of IR
signals indicates the lower symmetry of Ru,(CO), moi-

Table 2
Atomic coordinates (X 10*) for (u-H),Ruy(CO)( it;-72-C5H,,)
)

Ru(1) 2480(1) 1386(1) 4718(1)
Ru(2) 28(1) 2580(1) 4367(1)
Ru(3) 56(1) 1957(1) 5250(1)
o(11) 5326(7) 1906(4) 4258(2)
o(12) 417%(8) 428(4) 5453(2)
0(13) 2020(9) —42(4) 4036(2)
o 1757(8) 361%(4) 3626(2)
0(22) —2208(7) 3758(4) 4484(2)
0(23) —~1560(8) 1460(5) 3724(3)
0(31) 720(8) 121%(5) 6210(2)
0(32) —1644(6) 3333(4) 5681(2)
0(33) —273%(7) 1075(4) 4981(3)
(1) 231%(7) 2422(4) 5152(2)
c 1403(7) 3001(4) 4952(2)
c®) 140%(8) 3868(4) 5128(3)
(4 2505(9) 4366(4) 4851(3)
as) 402(9) 4003(5) 4822(3)
c(6) 4776(9) 3827(5) 5294(3)
) 4805(8) 295%(5) 544%(3)
a(®) 333%(8) 2576(4) 5565(3)
c(11) 4282(9) 1714(5) 4429(3)
c(12) 3507(9) T77(4) 5188(3)
c(13) 2201(11) 461(5) 4291(3)
c(22) —1271(9) 3322(5) 4448(3)
c@21) 1203(8) 3221(5) 3905(3)
Cc(23) —890(9) 1869(5) 3964(3)
Cc(32) —1013(8) 2804(5) 5526(3)
c@3D 494(9) 1476(5) 5856(3)
c(33) —1705(9) 1405(5) 5081(3)
Ru(1B) 2495(1) —681(1) 2645(1)
Ru(2B) 4743(1) 608(1) 2776(1)
Ru(3B) 4945(1) —458(1) 2051(1)
O(11B) —24(7) 176(5) 2985(3)
O(12B) 893(8) —1963(4) 2072(2)
O(13B) 2896(9) -~ 1795(5) 3504(3)
O(21B) 3236(9) 1967(5) 3294(3)
0(22B) 7280(9) 1653(5) 2453(3)
O(23B) 6556(10) —236(6) 3548(3)
O(31B) 4081(10) —1793(5) 1370(3)
0(32B) 6640(7) 483(5) 1326(2)
O(33B) T776%7) —1118(4) 2483(2)
C(1B) 271%8) 78(4) 2049%(2)
Cc(2B) 3664(8) 7014 2137(2)
C(3B) 3761(9) 1434(4) 1807(3)
C(4B) 2768(10) 2105(5) 1953(3)
C(5B) 1200(13) 185%(7) 2059(5)
C(6B) 438(13) 1462(8) 166%(4)
C(7B) 268(9) 532(6) 1688(3)
C(8B) 1692(8) 56(5) 1631(3)
C(11B) 735(10) —160(5) 2850(3)
C(12B) 1459%(10) —1486(5) 2280(3)
C(13B) 2718(10) - 1394(5) 3196(3)
C(21B) 3817(11) 1448(6) 3109(3)
C(22B) 6332(11) 1267(6) 2572(3)
C(23B) 5910(11) 100(6) 3282(3)
C(31B) 4427(10) —1292(6) 1605(3)
C(32B) 6010(9) 131(6) 1594(3)
C(33B) 6703(10) —878(5) 2316(3)
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ety than that in the parent Ru(CO),; cluster, which has
only three carbonyl signals in the IR.n

Complex 1 crystallizes in space group P2,/c with
two molecules (A and B) in the asymmetric unit. The
molecular structure of 1 (molecule A) is given with the
atomic numbering scheme in Fig. 1. The selected bond
lengths and angles are given in Tables 4 and 5, respec-
tively. cis-Cyclooctene coordinates to the Ru; cluster
via the two olefinic carbon atoms. On coordination the
Ru; centre is activated by CO-dissociation, and the
olefin undergoes an intramolecular oxidative addition to
the Ru, centre; the hydride ligands bridge the Ru(1)-
Ru(2) and Ru(1)-Ru(3) bonds. The Ru(1)-Ru(2) and
Ru(1)-Ru(3) bonds are 26 and 12 pm longer, respec-
tively, than the remaining Ru(2)-Ru(3) bond (274.1(1)
pm for A and 273.8(1) pm for B) owing to the bridging
hydrides (Table 4). The average metal-metal bond dis-
tance in the parent cluster Ru;(CO),, is 285.4 pm [7].
The hydride ligands also induce the Ru(1)-Ru(2)-
C(21), Ru(2)-Ru(1)-C(11) and Ru(1)-Ru(3)-C(33)

Table 3

Atomic coordinates ( X 10*) for ( u-H)Ru;(CO)o( pt5-13-C,H o) (2)
Ru(2) 3871(1) 5070(1) 2181(1)
Ru(3) 2239%(1) 4388(1) 437(1)
Ru(1) 2884(1) 3575(1) 272%(1)
0(22) 4336(12) 6103(11) 199(13)
oQ21) 4760(8) 6227(8) 436%(11)
o(23) 5797(10) 4102(11) 2718(16)
0(32) 1981(10) 5491(9) —1851(11)
o(31) 657(8) 3129%(8) —841(12)
0(33) 3839(8) 3328(8) 34(11)
o(11) 3010(9) 3497(8) 5420(10)
o(12) 1718(10) 1968(8) 2020(11)
0(13) 4692(9) 2482(9) 2975(13)
C(22) 4217(13) 5754(12) 964(17)
c@2n 4428(9) 5816(11) 3531(15)
c(23) 5077(13) 4432014 245%17)
c(32) 2061(12) 5080(11) ~1003(14)
c@31) 1224(12) 3614(11) —384(13)
Cc(33) 3275(12) 3735(13) 283(14)
can 3006(10) 3528(9) 440%(14)
c(12) 2157(12) 2570(11) 2284(16)
c(13) 4047(12) 2888(10) 2888(14)
c41) 1650(9) 4304(10) 2076(11)
C(42) 1678(8) 5171(8) 1704(10)
C(43) 2506(10) 558%(9) 1612(11)
C(44) 2320(12) 6522(9) 1199(13)
Cc(45) 2610(12) 7136(9) 2294(16)
C(46) 2 2461(19) 6842(17) 3561(25)
C(46')? 1851(29) 7104(25) 2951(34)
o4 1352(25) 6928(22) 3346(32)
c47)® 2027(29) 6628(25) 4052(36)
C(48) 1198(14) 6435(14) 4467(19)
C(49) ? 1236(23) 5455(23) 4402(28)
Cc(49') ® 572(26) 5675(25) 3833(32)
(50) ® 367(21) 5084(22) 3491(26)
c(s0) ® 1085(24) 4834(23) 4221(31)
c(s1) 537(12) 4105(12) 3307(17)
Cc(52) 673(10) 401%(10) 2060(14)

? Occupancy factor of 0.5.

bond angles to open. The angles between equatorial CO
ligands, C(12)-Ru(1)-C(11) and C(22)-Ru(2)-C(21),
are significantly smaller (average 11.2°) than those in
the parent cluster (Ru,(CO),,) (Table 5). It is obvious
that metal hydrides cancel the repulsion between equa-
torial oxygens.

The cyclooctene ligand in 1 is formally o-bonded to
the Ru(1) and Ru(2) atoms and 7-bonded to the Ru(3)
atom. There is a slight difference in bond strength
between the two formal o-bonds because Ru(2)-C(2)
and Ru(1)-C(1) have different bond lengths 207.7(7) /
213.1(6) and 207.9(7) /213.3(7) pm in molecules A and
B, respectively, indicating a stronger bond in the former
case. In addition, the bonding type is reflected in Ru—
C(olefin) bond lengths, the mean Ru(1)-C(olefin) and
Ru(2)-C(olefin) interactions being approximately 13
pm shorter than the Ru(3)-C(olefin) interactions. Bond-
ing also causes distortion in the ligand coordination at
Ru;: Ru-Ru-C(olefin) bond angles (mean of 60°) are
clearly smaller (Table 5) than the Ru-Ru-C, angles
(mean of 90°) in the parent cluster. In the C; ring the
C(2)-C(1) bond length is 139.9(9) pm for molecule A
and 138.2(10) pm for molecule B, indicating that the
bond is slightly longer than a normal C—C double bond.
Other C-C distances in the C, ring average 152.6 pm
for A and 152.1 pm for B.

The complex 1 was also formed in a reaction of
H,Ru (CO),, with cis-cyclooctene. In cis-cyclooctene
solution H,Ru ,(CO),, gives a mixture that was chro-
matographed on silica plates with hexane as eluent
(unreacted cis-cyclooctene was distilled first in vac-
uum). Separation gave (i) a yellow band of 1 and (ii) a
yellow band of Ru,(CO),,.

Compound 1 shows a fluxional behavior, which is
seen in the '"H NMR spectra. Resonances at 2.48 and
3.05 ppm broaden above ambient temperature and coa-
lesce to a singie broad absorption at 2.82 ppm (ca. 40
°C) because of the rapid H-exhange at the CyH,, ring.
With the metal hydrides there is also rapid H-exhange
between the Ru—Ru edges of the cluster. At ambient
temperature the Ru—H-Ru signals are broadened to one
very broad signal at —18.0 ppm because of the posi-
tional scrambling of the metal hydrides. On decreasing
the temperature the broad signal is separated into two
signals. At —55 °C the 'H NMR spectrum in the
high-field region consists of two sharp singlets at
—15.92 and —20.34 ppm.

Canty et al. [3] have previously identified compound
1 (made from H,Ru,(CO),,) by mass spectroscopic
analysis and '"H NMR spectroscopy. They have ob-
served similar conformational changes as we, when
measuring the '"H NMR spectra at different tempera-
tures. They claimed that the fluxional behavior of the
CgH,, was a consequence of conformational changes
about carbon atoms C, and Cg, thereby interconverting
H, < H,,. They supposed that the formation of Ru,
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Table 4
Selected bond lengths (pm) in ( u-H),Ru(CO)( 5-n°-C3H ;) (1A and 1B), ( u-H)Ru4(CO)o( p15-73-C |, H,4) (2), HRu4(CO)G(C , H,5) [8] (5)
and RU3(CO)12 [7] (6)

1A 1B 2 s 6
Ru(1)-Ru(2) 299.7(1) 299.8(1) 295.6(2) 292.9%(4) 285.95(4)
Ru(1)-Ru(3) 286.6(1) 285.2(1) 280.0(2) 277.%(4) 285.12(4)
Ru(2)-Ru(3) 274.1(1) 273.8(1) 279.7(2) 277.5(4) 285.18(4)
Ru(1)-C(1) /C(41) 213.1(6) 213.3(7) 208.0(13) 202(3) 194.7(4)
Ru(2)-C(2) /C(43) 207.7(7) 207.9(7) 207.7(13) 201(2) 195.3(5)
Ru(3)-C(1)/C(41) 223.5(6) 222.8(7) 232.3(15) 223(3)
Ru(3)-C(2)/C(43) 230.0(6) 228.2(7) 229.0(13) 218(3)
Ru(3)-C(42) 226.6(14) 2192) 195.0(4)
Ru(1)-C(11) 193.1(8) 192.7(9) 188(2) 17H49 192.5(5)
Ru(1)-C(12) 192.8) 194.3(9) 18%(2) 18K 4) 191.8(5)
Ru(1)-CX(13) 198.1(8) 198.3(9) 199(2) 200(5) 192.9(4)
Ru(2)-C(21) 189.9%(8) 189.7(9) 191(2) 17%(4) 193.4(5)
Ru(2)-C(22) 190.3(9) 191.9(10) 196(2) 184(6) 190.9(5)
Ru(2)-C(23) 196.9%9) 198.2(9) 198(2) 19%(5) 193.2(5)
Ru(3)-C(31) 194.99) 194.3(9) 193(2) 183(4) 193.0(4)
Ru(3)-C(32) 189.4(8) 190.8(8) 193(2) 184(4) 190.8(5)
Ru(3)-C(33) 191.7(8) 191.0(9) 191(2) 186(4) 194.3(4)
Ru(1)-H(12) 164 167 169
Ru(2)-H(12) 182 169 169
Ru(1)-H(13) 160 160
Ru(1)-H(13) 168 162
cluster compounds was possibly due to the formation of The molecular structure of 2 is given with the atomic
Ru,(CO),, during the reaction, so they have also made numbering scheme in Fig. 2. The bond lengths and
complex 1 directly from Ru,(CO),, and cis-cyclooc- relevant bond angles are presented in Tables 4 and 5.
tene. trans-Cyclododecene coordinates in the Ru, cluster via
Table 5
Selected bond angles (°) in ( u-H),Ru;(CO)( p3-n*-CgH,;) (1A and 1B), ( u-H)Ru,(CO)o( p15-n°-C,H ) (2) and Ru,(CO),, (6)

1A 1B 2 6

Ru(2)-Ru(1)-C(11) 104.1(2) 102.5(3) 111.3(4) 98.9(1)
C(13)-Ru(1)-C(11) 93.6(3) 96.3(4) 95.5(6) 90.5(2)
C(12)-Ru(1)-C(11) 91.8(3) 93.8(4) 95.6(7) 104.0(2)
Ru(2)-Ru(1)-C(13) 103.0(3) 105.2(3) 89.1(5) 89.6(1)
Ru(3)-Ru(1)-C(13) 119.2(3) 118.3(3) 110.8(5) 89.2(1)
C(12)-Ru(1)-C(13) 94.8(3) 93.6(4) 87.8(7) 90.2(2)
Ru(3)-Ru(1)-C(12) 100.4(2) 98.8(3) 98.3(5) 97.1(1)
Ru(1)-Ru(2)-C(21) 107.8(2) 106.3(3) 115.8(6) 98.8(1)
C(23)-Ru(2)-C(21) 100.0(3) 100.9(4) 93.4(7) 90.2(2)
C(22)-Ru(2)-C(21) 93.3(3) 94.3(4) 95.3(8) 105.0(2)
Ru(1)-Ru(2)-C(23) 99.3(3) 98.8(3) 92.2(6) 89.1(1)
Ru(3)-Ru(2)-C(23) 105.5(3) 103.7(3) 115.9(6) 90.6(1)
(22)-Ru(2)-C(23) 93.0(4) 93.4(4) 88.0(9) 90.2(2)
Ru(3)-Ru(2)-C(31) 94.1(2) 94.8(3) 94.0(5) 96.4(1)
Ru(1)-Ru(3)-C(31) 100.42) 96.2(3) 97.9(5) 96.41)
(33)-Ru(3)-C(31) 101.3(3) 101.6(4) 97.5(8) 92.0(2)
C(32)-Ru(3)-C(31) 92.3(3) 92.44) 94.5(7) 103.3(2)
Ru(1)-Ru(3)-C(33) 111.2(2) 112.5(3) 78.6(5) 90.5(1)
Ru(2)-Ru(3)-C(33) 91.1(2) 89.9(2) 75.2(5) 87.0(1)
C(32)-Ru(3)-C(33) 91.4(3) 91.5(4) 96.6(8) 89.0(2)
Ru(2)-Ru(3)-C(32) 98.4(2) 102.9(3) 103.6(5) 100.2(1)
Ru(3)-Ru(1)-C(1)/C(41) 50.5(2) 50.6(2) 54.5(4) 89.6(1)
Ru(3)-Ru(2)~-C(2)/C(43) 55.0(2) 54.5(2) 53.6(3) 88.%(1)
Ru(2)-Ru(1)-C(1)/C(41) 67.0(2) 66.8(2) 85.1(4) 89.1(1)
Ru(1)-Ru(2)-C(2)/C(43) 68.1(2) 67.9(2) 83.5(4) 90.2(1)
Ru(2)-Ru(3)-C(2)/C(43) 71.(2) 71.0(2) 75.003) 90.1(1)

Ru(1)-Ru(3)-C(1) /C(41) 47.4(2) 47.7(2) 74.5(3) 89.9(1)




42 K.O. Kallinen et al. / Journal of Organometallic Chemistry 510 (1996) 37—43

N
_Ru/ \Ru/—— \l
VAN /N, HeRs
— _\R/||4'. H"\-». //
+ 7 \C C/
)
~ N
N P
s I~
\c’f\c/ @
[ B\
HyC CHZ
Scheme 1.

the u,-n>-CCHC linkage. As in cluster 1 the coordina-
tion of olefin is activated by CO-dissociation. The
olefin undergoes an intramolecular oxidative addition to
a Ru centre with the hydride bridging the Ru(1)-Ru(2)
bond, which is clearly longer (295.6 pm) than the
remaining two Ru(2)-Ru(3) and Ru(1)-Ru(3) bond
lengths (279.7 pm and 280.0 pm, respectively) (Table
5). The hydride ligand also induces the Ru(2)-Ru(1)—
C(11) and Ru(1)-Ru(2)-C(21) bond angles to open. As
in 1, angles between equatorial CO ligands, C(12)-
Ru(1)-C(11) and C(21)-Ru(2)-C(22), are smaller than
those in the Ru,(CO),, cluster because the effect of the
repulsion caused by the hydride ligand is stronger than
that of the equatorial oxygen. The organic ring is bonded
with two formal o-bonds, Ru(1)-C(41); Ru(2)-C(43),
to the hydride-bridged Ru atoms and #-bonded to the
Ru(3) atom. This is reflected, as in 1, in Ru—C(olefin)
bond lengths: the effect is approximately the same as in

Fig. 1. Structure of ( u-H),Ru;(CO)y( u;-12-CgH 5) (1)

033}

02! o2
3 158 oE]

Ca7) g’ 149’}

Ci48)
Fig. 2. Structure of ( w-H)Ru;(CO)o( p3-1°-C1,H,g) (2).

1. The Ru-Ru-C(olefin) bond angles are also clearly
smaller (Table 5) than the mean Ru~Ru-C,, angles of
90° in the parent cluster. The four ring carbon atoms
(C46, C47, C49, C50) are disordered. The C atoms in
the ring have high thermal motion resulting from the
free movement of the nine carbon atoms that are not
bonded to the metal cluster. The allylic bonds, C(41)-
C(42) and C(42)-C(43), are 144.2(20) pm and 142.6(20)
pm, respectively, which are shorter than normally ob-
served for the single C—C bonds, indicating a delo-
calised double bond of the allylic unit.

In 2 the central allylic hydrogen of the ,u,3-n3-CCHC
part of the C,, ring and the hydride ligand show an
intramolecular interaction; the coupling of the two pro-
tons is detected in '"H NMR measurements: the metal
hydride resonance is observed at —20.13 ppm and the
allylic hydrogen at 6.66 ppm (J,, = 2.2 Hz). These
signals are found to broaden on decreasing the tempera-
ture below —30 °C. At —50 °C both signals, —20.13
and 6.66 ppm, appear as broad singlets (§v = 7.5 Hz).
The coupling between the central allylic hydrogen and
the metal hydride is obviously present at these low
temperatures. In addition, a coupling of these two pro-
tons with other hydrogens of the dodecene ring (namely,
those bonded to C(44) and C(52)) starts to appear at
lower temperatures when the motion of the dodecene
ring is slowed down. This additional coupling broadens
the signals at —20.13 and 6.66 ppm and obscures the
coupling observed at higher temperatures. In addition,
other signals of the hydrogens in the cyclododecene ring
broaden when decreasing the temperature because of the
same kind of additional coupling.

A coupling similar to that in compound HRu;(CO)y-
(C,H,,y) (2) has also been detected in the HRu,(CO)o-
(C,,H,s) complex [4,8], which is isostructural with 2.
Its 'H NMR spectrum consists of two doublets at 6.19
ppm and —20.24 ppm because of the allylic hydrogen
and metal hydride, respectively. The protons are cou-
pled together; J,; = 2.7 Hz [8] or 2.5 Hz [4]. At least
one example of the opposite also exists: in the HRu,-
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(CO)¢(n-CsH,y) complex the high-field signal is not
coupled detectably to the central allylic proton of the
hydrocarbon [9].

4. Conclusion

The reactions of Ru,(CO),, with some cyclic olefins
resulted in two different coordination modes depending
on the ligand. The coordination of cis-cyclic olefins
seems to involve the w,-n’-bonding mode and coordi-
nation of trans-cyclic olefins tends to involve the ;-
713-CCHC linkage to the metal core. Both cis-cyclooc-
tene and rtrans-cyclododecene replace three axial car-
bonyls from the parent cluster. The coordination of
cis-cyclooctene involves the p;-n>-bonding mode and
that of trans-cyclododecene, the u,-n*-CCHC linkage
to the Ru, triangle. The geometry of the parent
Ru,(CO),, cluster is changed during the ligand coordi-
nation, which is clearly seen in X-ray and spectroscopic
characterization.

Acknowledgements

We thank Dr. Jouko Vepsiliinen and Prof. Jouni
Pursiainen for helpful advice and fruitful discussions
about the NMR studies.

References

[1] E. Sappa, A. Tiripicchio and P. Braunstein, Chem. Rev., 83
(1983) 203.

[2} J. Lewis and B.F.G. Johnson, P. Appl. Chem., 44 (1975) 43.

[3] A.J. Canty, B.F.G. Johnson and J. Lewis, J. Organomet. Chem.,
43 (1972) C35.

[4] M.I. Bruce, M.A. Caims and M. Green, J. Chem. Soc. Dalton,
(1972) 1293.

[5] SHELXTL PLUS, Release 3.4, Nicolet Co., Madison, WI, 1988.

(6] A.J. Canty, A.J.P. Domingos, B.F.G. Johnson and J. Lewis, J.
Chem. Soc. Dalton, (1973) 2056.

[7]1 M.R. Churchill, F.J. Hollander and J.P. Hutchinson, Inorg. Chem.,
16 (1977) 2655.

[8] A. Cox and P. Woodward, J. Chem. Soc. (A) (1971) 3599-3603.

[9] A.P. Humphries and S.A.R. Knox, J. Chem. Soc. Dalton, (1975)
1710.



