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The 1,3-dimetalloallyl tri-ruthenium cluster
(u-H)Ruz(us-n*>-CHCHCMe)(CO), and its PPh; derivatives
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Abstract

Reactions of Ru,(CO);, with 1,3-butadiene or cis-2-butene give the ps-n>-dimetalloallyl compound (p-H)Ru,(u,-
7-CHCHCMe)(CO); (2). Refluxing 2 with PPh, gives the CO-substituted products (u-H)Ru,y(us-n°-
CHCHCMe)(CO)s(PPhs) (3) and (u-H)Rus(ps-m°-CHCHCMe)(CO),(PPhs); (4). Single crystal X-ray diffraction
studies of 2, 3 and 4 show that all have the dimetalloallyl unit. These investigations demonstrate that this unit
is remarkably stable and might be expected to form on triangular arrays of metal atoms on metal surfaces.

Introduction

When ethylene is adsorbed on ruthenium metal sup-
ported on silica, weakly adsorbed ethane, cis- and trans-
2-butene and butane are formed as ascertained by solid
state >C NMR studies [1]. In addition, there are *C
NMR peaks for chemisorbed species whose identities
are not unequivocally established. In an effort to char-
acterize such species by comparing their >C NMR
spectra with those of trinuclear ruthenium complexes
containing hydrocarbon ligands analogous to those which
may form on the ruthenium surface, we have examined
reactions of Ru,;(CO),, with ethylene, cis-2-butene and
1,3-butadiene. It is known [2] that Ru,;(CO),, reacts
with ethylene to give a mixture of seven products among
which was (u-H)Rus(u;-n*-CEtCHCMe)(CO), (1). Al-
though the yield was low in this reaction, other (u-
H)Ru;(p;-13-CRICR?CR?)(CO), complexes have been
prepared [3] in much higher yields from reactions of
the p,-carbyne complex (u-H)sRus(us-CR*)(CO), with
R2C=CR? and from Ru,(CO),, with alkenes, dienes
and alkynes [4]. The product (p-H)Rus(ps-n’-
CHCHCMe)(CO), (2) of the reaction of Ruy(CO),,
with 1,3-butadiene exhibited an unusually low field 'H
NMR signal (8 8.52 ppm) for the terminal allyl proton
H(2), which raised a question about the correctness of
the structural assignment [4b]. In the present study,
we repeated the synthesis of 2 from Ru,(CO),, and
1,3-butadiene. Complex 2 is also formed from reactions
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of Ru;(CO),, with cis-2-butene and of H,Ru,(CO),,
with 1,3-butadiene. In addition, we have examined the
reaction of 2 with PPh, seeking rearrangement or partial
displacement of the p;-n*-CHCHCMe ligand. The struc-
tures of 2, the phosphine mono-substitution product
3, and the phosphine di-substitution product 4 have
been established by X-ray diffraction studies; all contain
the ps-n>-CHCHCMe ligand (Scheme 1).

Experimental

The IR, 'H and *C NMR and mass spectra were
recorded on Digilab FTS-7, Nicolet-710 FT IR, Varian
VXR-300, Kratos MS-50 and Finnigan 4000 spectrom-
eters, respectively. Carbon and hydrogen analyses were
carried out by Galbraith Laboratories, Inc. H,Ru,(CO),,
was prepared by the literature method [5].

H H(3)
& 4, L2
c. 3 2
MC\C/‘AC’& Hy \C/‘/\\C,H( )
Ru(CO); Ru(CO}z
N 2
(CO);RU Ru{CO) (L3)(CO),Ru Ru(CO),(LY)
3 \H/ 3 2! 3 \H/ 1 2
o))
1 2 L'=C0,12=Co
8: L!=CO,L2=PPh,
4: L! = PPh,, LZ = PPh,
Scheme 1.
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Syntheses of (u-H)Ru;(us-n-CHCHCMe)(CO), (2)
Into a glass pressure vessel, Ru;(CO),, (50 mg, 0.078
mmol) and dry degassed hexanes (30 ml) were placed.
The vessel was pressurized with butadiene or cis-2-
butene (20 to 30 psi) and then heated to 90 °C and
stirred for 24 h. The resulting lemon-yellow solution
was filtered and concentrated to 3-5 ml under vacuum.
Unreacted Ru;(CO),, was removed by filtration, and
the filtrate was chromatographed on a silica gel column
(1X20 cm) with hexanes. The eluent was concentrated
and upon cooling to —25 °C gave orange crystals of
2 (yield: 24 mg, 50% from butadiene; 11 mg, 23% from
cis-2-butene). Anal. Calc. for C;HO;Rus: C, 25.62;
H, 0.99. Found: C, 25.62; H, 1.01%. IR »(CO) cm™*
(hexane): 2097m, 2071s, 2045vs, 2027s, 2018m, 2010s,
1997w, 1959w. 'H NMR (8, ppm; CDCL,): 8.52 d(H(2),
1H), 6.96 dd (H(3), 1H), 2.82s (Me, 3H), —20.41 d
(H(1), 1H) (J,, s=6.8 Hz; J, ;=2.38 Hz). PC NMR
(8, ppm; CDCl,): 39.13 (Me), 117.53 (C(2)), 159.45
(C(1)), 190.42 (C(3)), 200.0, 197.5, 195.89, 191.97 and
191.91 for CO groups. EI-MS: m/e 610.6 (M ™).

Synthesis of 2 from H,Ru,(CO),,

A solution of H;Ru,(CO);, (50 mg, 0.067 mmol) in
hexanes was heated at 90 °C under butadiene pressure
in the pressure vessel for 20 h. The resulting brownish-
orange solution was concentrated to a few ml and
passed through a silica gel column (1X20 cm). A
lemon-yellow eluent was collected, concentrated to a
few ml and kept at —20 °C to yield orange crystals
(yield 20%) of 2.

Reaction of 2 with PPh;

A 20 ml hexanes solution containing 80 mg (0.13
mmol) of 2 and excess PPh, (50 mg, 0.19 mmol) were
refluxed with magnetic stirring for 24 h in a 50 ml
Schlenk flask. The reaction mixture was evaporated
under vacuum to near dryness; the suspension was
transferred to a silica gel column (2X10 cm) and
chromatographed using mixtures of hexanes and CH,Cl,
as the eluents. Five bands separated. The first and
second bands were eluted with hexanes; the third band
was eluted with 1:6 CH,Cl-hexanes. The first band
was unreacted 2. The second band was the mono-
substituted phosphine complex (u-H)Rus(us-n-
CHCHCMe)(CO)(PPh,) (3) (yield: 30 mg, 27%) and
the third band was the disubstituted phosphine complex
(4-H)Rug(ps-m*-CHCHCMe)(CO),(PPhy), (4) (yield:
18 mg, 15%); both 3 and 4 are yellow—orange in color.
Very small amounts (<1%) of two additional com-
pounds, red and yellow bands, eluted with 1:4
CH,Cl,-hexanes; they were not characterized.

(u-H)Ru,(n>-CHCHCMe)(CO)g(PPh;)  (3): Anal.
Calc. for C;0H,,0sPRu;: C, 42.70; H, 2.51. Found: C,
43.01; H, 2.72%. IR »(CO) cm~! (hexanes): 2081s,

2041vs, 2025 vs, 2002m, 1987m, 1969w. 'H NMR (5,
ppm, CDCl;) (atom labelling is given in Scheme 1):
8.52 (d, H(2), 1H), 6.93 (dd, H(3), 1H), 2.18 (d, Me,
3H, J(HP)=4.45 Hz), 6.9-7.4 (m, Ph), —19.70 (dd,
H(1), 1H, J(HP)=153 Hz); J,,=6.62 Hz, J, ,=
2.35 Hz). *C NMR (8, ppm, CDCl,): 37.72 (C, Me),
118.01 (d, C(2), J(CP)=1.5 Hz), 158.42 (C(1)), 194.96
(d, C(3), J(CP)=17.05 Hz), 128.33 (d, Ph,,, J(CP) =10.58
Hz), 130.33 (d, Ph,, J(CP)=2.0 Hz), 133.12 (d, Ph,,
J(CP)=11.88 Hz), 135.53 (d, Ph;, J(CP)=48.35 Hz);
190.17 (d, CO, J(CP)=4.0 Hz), 192.14, 195.7, 197.0 (d,
CO, J(CP)=3.53 Hz), 199.24 (d, CO, J(CP)=2.02 Hz),
199.35 and 201.83 (d, CO, J(CP)=8.56 Hz) are CO
groups. *'P NMR (8, ppm; CDCl;): 60.26. EI-MS:
mle 843 (M™).

(n-H)Rus (p3-n*-CHCHCMe)(CO),(PPhs), @:
Anal. Calc. for C,;H,c0,P,Ru,-CH,,: C, 54.79; H, 4.16.
Found: C, 54.50; H, 4.25%. IR »(CO) cm ' (hexanes):
2049s, 2013vs, 1980m, 1974m, 1953w. 'H NMR (5, ppm,
CD,CL): 7.33-7.2 (m, Ph), 2.19 (d, Me, 3H, J(HP) = 4.48
Hz). In CDCl,: 7.5-6.9 (broad, Ph), 2.13 (d, Me, 3H,
J(HP)=4.49 Hz), —18.5 (H(1), broad). *C NMR (3,
ppm, CD,CL): 37.95 (t, Me, J(CP)=3.9 Hz), 119.26
(C(2)), 195.62 (t, C(3), J(CP)=1.8 Hz), 12849 (dd,
Ph,,, J(CP)=8.56 Hz), 130.4 (d, Ph,, J(CP)=2.5 Hz),
133.82 (d, Phy, J(CP)=12.08 Hz), 190.0~204.0 for CO
groups. P NMR (8, ppm, CDCl,): 64.81 (d, P(1),
J(PP)=14.7 Hz), 60.37 (d, P(2), J(PP)=16 Hz). FAB-
MS in CH,Cl,-3-nitrobenzyl alcohol matrix mje 1078.8
*1*).

Crystallographic analysis of
(n-H)Rus(psn’-CHCHCMe)(CO), (2)

An orange crystal of 2 was mounted on a glass fiber,
which was placed in the beam of a Rigaku AFC-6R
diffractometer. Crystal data are given in Table 1. The
space group assignment was based on systematic ab-
scnces of: 0kl: k=2n; hOl: =2n; hk0: h =2n. Intensities
of three reflections which were measured after every
150 reflections remained constant throughout data col-
lection indicating crystal stability. The data were cor-
rected for absorption, Lorentz and polarization effects.
The structure was solved by direct methods [6]. The
non-hydrogen atoms were refined anisotropically. Neu-
tral atom scattering factors were taken from Cromer
and Waber [7]. Anomalous dispersion effects were
included in F_,. [8]; the values for Af' and Af” were
those of Cromer [9]. All calculations were performed
using the TEXSAN crystallographic software package
[10].
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TABLE 1. Crystal data for (u-H)Ruy(p;-7*-CHCHCMEe)(CO), (2), (1-H)Ruy(pt3-n*-CHCHCMe)(CO)y(PPh;) (3) and (u-H)Ru,(ps-

7°-CHCHCMe)(CO),(PPh;), (4)

2 3 4
Formula C13H609RUJ (.‘/_;oHZIOSPRu:; C47H3607P2RU3
M 609.40 843.67 1076.95
Space group Pbca (No. 61) P1 (No. 2) P2,2,2, (No. 19)
a (A 15.086(6) 8.840(3)° 14.079(3)
b (A 18.130(6) 11.046(3)¢ 14.891(3)
¢ (A) 12.671(4) 16.607(3)¢ 20.708(3)
VA 8 2 4
vV (A% 3466(2) 1515(1) 4341(2)
D (g em™3 2.336 1.849 1.649
A(Mo Ka) (A) 0.71069 0.71069 0.71069
u (em™Y) . 25.75 15.5 11.3
Temperature (°C) 23+1 22+1 22+1
Scan width (°) 1.52+0.3 tan @ 0.8+0.35 tan @ 0.8+0.35 tan 6
Scan type w260 0-20 6-20
8 Range (°) 0-50.1 4.0-54.0 4.0-50.0
Total no. reflections measured 3461 6158 8291
No. observed reflections 2303 (30) 5373 (30) 3884 (30)
No. variables 226 382 532
Reflections/parameter ratio 10.19 14.17 7.30
R 0.040* 0.026* 0.020*
R, 0.048° 0.038° 0.027°

R=3||Fo| = |FJVSIFo|. *Ru=[Ew(Fo| — [FPYEMF1% w=1/(F.]). a=108.55(1), B=98.46(2), y=91.66(2)°.

Crystallographic analysis of
(n-H)Ru; (p;-m’-CHCHCMe)(CO)(PPh;) (3)

An orange crystal was attached to the tip of a glass
fiber. The X-ray diffraction data were collected on an
Enraf-Nonius CAD-4 diffractometer, and the cell con-
stants were determined from a list of reflections found
by an automated search routine; details appear in Table
1. All data were corrected for absorption and for Lorentz
and polarization effects. The crystal belongs to the
triclinic system and space group P1 was indicated initially
by intensity statistics [11] and later confirmed by the
successful refinement of the structure. The positions
of the Ru and P atoms were determined by direct
methods; all remaining non-hydrogen atoms were found
in one successive difference Fourier map. All non-
hydrogen atoms were refined with anisotropic thermal
parameters. The hydrogen atoms of the methyl-allyl
group were found in a difference Fourier map and
placed into the structure. Refinement calculations were
performed on a Digital Equipment Corp. Micro VAX
IT computer using the CAD4-SDP programs [12]. Neu-
tral atom scattering factors and anomalous scattering
corrections were taken from refs. 7 and 9, respectively.

Crystallographic analysis of
(n-H)Ru;(ps-n’-CHCHCMe)(CO),(PPhs); (4)

The analysis was similar to that for complex 3; details
appear in Table 1.

Positional and thermal parameters for 2, 3 and 4
are given in Tables 2-5. ORTEP drawings of these
clusters are shown in Figs. 1-3.

Results and discussion

Synthesis and structure of
(u-H)Rus(ps-1’-CHCHCMe)(CO), (2)

In this study, the 1,3-dimetalloallyltri-ruthenium clus-
ter (u-H)Rus(ps-n>-CHCHCMe)(CO), (2) was pre-
pared (Scheme 2) from the reactions of Ru,(CO),,
with 1,3-butadiene or cis-2-butene or from H,Ru,(CO),,
with 1,3-butadiene. The IR and *H NMR spectra of
orange air-stable 2 are the same as.those reported [4b]
for this compound previously. The ?*C NMR assignments
are made by comparison with assignments of related
dimetalloallyl complexes [13]; the assignment of C(3)
is not definitive because it occurs in the range of the
CO ligands.

Ruz(CO)yp + / o \
Ruy(CO)y, + // \\
H4Ru,(CO),, + // \\

Scheme 2.

\
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The complex (u-H)Ru,(u;-7°-CHCHCMe)(CO), (2)
has a structure (Scheme 1 and Fig. 1) characteristic
of related (u-H)Ruz(us-1n*-CR'CR*CR?)(CO), com-
plexes: (u-H)Rus(u;-n>-CMeCHCEL)(CO), [4c], (m-
H)Ru;(u5-17°-CMeCMeCMe)(CO),, (p-H)Rus(ms-n-
CMeCMeCOMe)(CO),,  (p-H)Ru;(u;-n°-CMeCMe-
CSEt)(CO), [14] and (u-H)Os3(us-n>-CHCHCOR)-
(CO); (R=H or Me) [15], all of which have been
studied by X-ray diffraction. They all contain the pus-
n>-dimetalloallyl structure with C(1) and C(3) o bonded
to Ru(1) and Ru(3), respectively, and the allyl group
m-bonded to Ru(2). Thus, despite the low chemical
shift (8.52 ppm) for H(2), the structure of 2 is very
similar to those of the other u,-1>-CR!CR2CR? clusters.
The equal C(1)-C(2) (1.39(1) A) and C(2)-C(3)
(1.40(1) A) bond distances are consistent with a de-
localized allyl-type ligand. The C(1)-C(2)-C(3) and
C(2)-C(3)—C(4) angles are 123.3(7) and 115.4(2)°, rc-
spectively.

The Ru(1)-C(1) (2.0608) A) and Ru(3)-C(3)
(2.095(8) A) distances are very similar to those in o-
bonded Ru-aryl (2.092 A) and Ru-vinyl (2.079 A)
complexes [16]. On the other hand, the Ru(2)-C(1)
(2.235(7) A), Ru(2)-C(2) (2.278(8) A) and Ru(2)-C(3)
(2.274(7) A) distances are significantly longer. As in
the previously reported p;-n*-CR*CR*CR? cluster struc-
tures, the hydride-bridged Ru(1)-Ru(3) distance
(2.941(1) A) is longer (0.17 A) than the average of
the other two Ru-Ru distances and 0.09 A longer than
the average Ru-Ru distance in Ru;(CO),, [17]. The
C(4) carbon is 0.125 A out of the C(1)-C(2)-C(3) plane,
and H(1) is 0.405 A out of the Ru(1)-Ru(2)-Ru(3)
plane. As noted for other dimetalloallyl complexes [14],
the Ru-CO distances (Ru(1)-C(13) and Ru(3)-C(33))
to the CO groups trans to C(1) and C(3) of the allyl

Fig. 1. ORTEP drawing of (u-H)Rus(u5-n*-CHCHCMe)(CO),
(2).

group are (.06 A longer than the average of the other
Ru-CO distances.

PPh-substitution products of
(u-H)Rus (ps-m’-CHCHCMe)(CO), (2)

The reaction of 2 with excess or equimolar PPh,
gives a mixture of the mono- and di-substituted phos-
phine clusters 3 and 4 in 27 and 15% isolated yields,
respectively. Compound 3 was separated as one band
by column

(u-H)Ru,(p5-1°-CHCHCMe)(CO), + PPh, —>
2

(u-H)Ru,(n*-CHCHCMe)(CO)s(PPh,) +
3

(#-H)Rus(p5-n>-CHCHCMe)(CO),(PPh,),
4

chromatography; however, '"H NMR analysis shows it
to be an approximately 9:1 mixture of two positional
isomers. The NMR spectrum of the major isomer is

TABLE 2. Atomic coordinates (X 10*) and B.* for (u-H)Rus(u;-
7*-CHCHCMe)(CO), (2)

Atom  x ¥ z B, (AY
Ru(l)  8675.4(4)  1877.0(3) 51475  2.79(3)
Ru(2)  7082.6(4)  17782(3) -586.0(5)  2.70(3)
Ru(3)  7887.9(4) 453.2(3) -834(5)  2.82(3)
O(11)  8854.0(5)  3523(3) 186(6)  6.1(4)
0(12)  9559(5) 1878(4) 2647(6)  6.4(4)
0(13)  10333(5) 1626(4) —839(6)  6.9(4)
0(21)  6701(6) 3381(3) ~1094(6)  6.7(4)
0(22)  5469(5) 1252(4) —1811(6)  7.0(4)
0(23)  8434(4) 1580(3) ~2330(5)  4.5(3)
0(31)  6778(5)  —416(4) —1660(6)  6.3(4)
0(32)  8020(5) —785(3) 1505(5)  6.0(4)
0(33)  9557(5) 17(4) —1336(7)  7.3(5)
C(11)  8804(6) 2916(5) 21(7)  40(4)
Cc(12)  9263(6) 1877(4) 1818(7)  3.8(4)
c(13)  9729(6) 1680(5) —346(7)  4.0(4)
C(21)  6839(6) 2788(5) —887(7)  4.1(4)
C(22)  6072(6) 1458(5) —1366(7)  4.0(4)
C(23)  7969(6) 1610(4) —1606(7)  3.4(4)
C(31)  7189(6) —102(5) —1052(8)  44(4)
C(32)  7998(6) —327(5) 891(7)  3.7(4)
C(33)  8959(7) 193(4) —869(8)  4.5(5)
c(1) 7418(6) 2082(4) 1076(6)  3.1(3)
c@) 6729(6) 1574(5) 1132(6)  3.5(4)
c3) 6746(5) 891(4) 618(6)  3.2(3)
c(4) 5901(7) 444(5) 694(8)  5.1(5)
H(1) 8486 940 77 33
H(2) 7218 2629 1480 3.7
H(3) 6165 1815 1526 4.2
H(@4) 5343 619 1036 6.0
H(5) 6380 449 -8 3.8
H(6) 6041 —91 1209 6.1

.Beq = (87‘2/3)2?- 12}- 1Uya*a*a;-d,.



reported in ‘Experimental’. It has a structure in which
the PPh, is coordinated at Ru(3) as established by X-
ray diffraction studies (see below). In the minor isomer,
the PPh; is coordinated at Ru(1). The structures of
both are readily assigned based on the following NMR
data (in CDCl, solvent): (i) in the methyl region, there
is a doublet at 2.18 (d, J(PH)=4.45 Hz) and a singlet
at 2.78 in a 9:1 ratio corresponding to the major and
minor isomers; (ii) there are two pairs of doublets in
the hydride region —19.70 and —19.60 (both have
J(PH)=15.3 Hz); (iii) in the >C NMR spectrum, two
signals (37.72 and 38.99 ppm) were observed for the
methyl carbon; (iv) two signals (118.01 and 117.60 ppm)
were observed for the C(2) carbon; (v) two signals
(158.42 and 164.29) for the C(3) carbon were observed;
(6) in the *'P NMR spectrum, two signals were observed
at 60.26 and 61.49 in a ratio of 9:1.

The structure of the major isomer was unequivocally
established by an X-ray diffraction study; an ORTEP
plot of 3 is shown in Fig. 2. The basic structure is that
of complex 2 (Fig. 1), with the hydride bridging one
edge of a triangle of ruthenium atoms. The angle
between the planes defined by Ru(1)-Ru(2)-Ru(3) and
Ru(1)-C(1)-C(2)-C(3)-Ru(3) is 51.0°. In general, the
Ru-Ru distances are longer in 3 than in 2; thus
Ru(1)-Ru(3) is 0.03 A longer in 3 than 2, and the
average of Ru(1)-Ru(2) and Ru(2)-Ru(3) is 0.01 A
greater in 3 than in 2. A similar lengthening of Ru-Ru
distances is seen [18] in Ruy(CO)y,_, (L), clusters as
the number of non-carbonyl ligands increases. Thus,
the increased electron density made available to the
skeleton by replacing CO with PPh, results in cluster
expansion. The higher electron density on cluster 3 is
also indicated by a higher field shift of the methyl
protons in 3 (2.18 ppm) as compared with that in 2
(2.82 ppm).

0(12)

Fig. 2. ORTEP drawing of (u-H)Ru,(us-n°-CHCHCMe)-
(CO)s(PPh;) (3). The Ph groups are omitted for clarity.
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Elemental analyses for (u-H)Rus(us-n*-CHCH-
CMe)(CO),(PPh;), (4) suggest that the compound re-
sults from the substitution of two CO ligands in 2. But
in the 'H NMR spectrum, signals for H(2) and H(3)
were not identified; perhaps they are obscured by the
Ph resonances. Clearly H(2) is shifted from its downfield
position at 8.52 ppm in 2. The broadness of the high
field hydride signal at —18.5 ppm is presumably
caused by coupling to H(3), P(1) and P(2). The methyl

TABLE 3. Positional and thermal parameters and their e.s.d.s
for (u-H)Ru,(ps-n*-CHCHCMe)(CO)y(PPh;) (3)

Atom x y z B (A%
Ru(l)  0393093)  020104(2)  0.39955(1) 3.123(5)
Ru(2) 0.52751(3) 0.03259(2) 0.27092(1) 3.303(5)
Ru(3) 0.28661(3) 0.15939(2) 0.21395(1) 2.835(4)
cq) 0.6039(4)  02267(3)  0.3662(2) 3.85(7)
c@) 0.6323(3)  02281(3)  0.2859(2) 3.99(7)
cB3) 0.5176(3)  0.1909(3)  0.2111(2)  3.56(6)
C(4) 0.5785(4)  0.1887(4)  0.1306(2) 5.49(8)
C(11)  03582(4)  03662(3)  0.4686(2) 4.08(7)
O(11)  03383(3)  04659(3)  0.5107(2) 6.19(7)
C(12)  05027(5)  0.1607(3)  0.4941(2) 4.74(8)
O(12)  05731(4)  0.1424(3)  0.5507(2) 7.67(9)
C(13)  01993(4)  0.1201(4)  0.4073(2) 4.59(8)
O(13)  0.0905(3)  00726(3)  0.4139(2) 7.67(8)
C(14)  0.6679(4) —00396(3)  0.3394(2) 4.83(8)
O(14)  07491(4) —0.0849(3)  03777(2) 7.89(9)
C(15)  03457(4) —00648(3)  0.2669(2) 4.01(7)
O(15)  02482(3) —0.1368(2)  02647(2) 5.06(6)
C(16) 0.5812(5) —0.0743(3) 0.1659(2) 5.17(8)
O(16)  0.609(4) —0.1378(3)  0.1023(2) 7.90(8)
C(17)  00841(4)  00970(3)  0.2194(2) 3.89(7)
O(17) —00345(33)  00540(3)  0.2180(2) 6.09(7)
C(18)  02531(4)  00593(3)  0.0967(2) 4.33(7)
O(18)  02302(4) —00050(3)  00262(2) 6.70(8)
P 0.21582(8) 0.34970(6) 0.19454(4) 2.80(1)
C(111)  0.0800(3)  0.3347(3)  0.0973(2) 3.22(6)
C(112)  0.1194(4)  02712(3)  0.0170(2)  4.06(7)
C(113)  00180(5)  02572(4) —00572(2) 5.16(9)
C(114) —0.1253(5)  03027(4) —00532(2) 5.65(9)
C(115) —0.1658(4)  03632(4)  0.0258(2) 5.46(9)
C(116) —00645(4)  03794(3)  0.1008(2) 4.17(7)
C(121)  03777(3)  04555(3)  0.1922(2) 3.15(6)
C(122)  03921(4)  04962(3)  0.1228(2) 3.99(7)
C(123)  05189(4)  05757(3)  0.1272(2) 4.97(8)
C(124)  0.6298(4)  0.6151(4)  0.1988(3) 5.37(9)
C(125)  0.6127(4)  05763(4)  0.2679(3) 5.25(9)
C(126)  0.4902(4)  04972(3)  02650(2) 4.28(7)
C(131)  0.1271(3)  04583(3)  0.2799(2)  3.16(6)
C(132)  0.1387(4)  0.5885(3)  0.2950(2) 4.84(8)
C(133)  0.0695(5)  0.6704(4)  0.3588(3) 5.8(1)

C(134) -00132(4)  06212(4)  0.4062(2) 5.32(9)
C(135) —0.0306(4)  04922(4)  0.3900(2) 4.58(8)
C(136)  0.0403(4)  041003)  0.3271(2) 3.82(7)

*Anisotropically refined atoms are given in the form of the
isotropic equivalent displacement parameter defined as:
(4/3)[a*B(1,1) + b*B(2,2) +c*B(3,3) +ab(cos v)B(1,2) +ac(cos B)-
B(1,3) +bc(cos a)B(2,3)].
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TABLE 4. Positional and thermal parameters and their e.s.d.s
for (u-H)Rus(us-n*-CHCHCMe)(CO),(PPh;), (4)

Atom x y z B (A%»?
Ru(1) 0.08478(2)  0.40437(2)  0.51258(1)  2.655(5)
Ru(2) 0.03251(2)  0.36077(2)  0.63971(1)  3.211(5)
Ru(3)  —0.033462) 052577(2) 0.59481(1) 2.874(5)
cQ) —0.0143(3)  03119(3)  0.5429(2)  3.39(7)
c2) —0.0961(3)  03268(3)  0.5791(2)  3.67(8)
c3) —0.1139(3)  0.4104(3)  0.6102(2)  3.55(7)
c(4) —02007(3)  04112(4)  0.6537(2)  4.9(1)
c(5) 0.1808(3)  03177(3)  0.5134(2)  3.39(7)
o(5) 0.2382(2)  02636(2)  0.5147(2)  5.15(7)
c(6) 0.1737(3)  05008(3)  0.5015(2)  4.28(9)
o(6) 0.2264(3)  0.5566(2)  0.4968(2)  7.9(1)
) 0.1045(3)  02539(3)  0.6517(2)  4.32(9)
o) 0.1510(3)  0.1921(2)  0.6596(2)  6.49(9)
C(@8) —00125(4)  03581(4)  0.7265(2)  5.5(1)
o(8) ~0.0381(3)  03556(4)  0.7780(2)  8.9(1)
c(9) 0.1324(3)  0.4451(3)  0.6480(2)  4.12(8)
0(9) 0.1988(2)  0.4874(2)  0.6612(2)  5.13(7)
c(10) 0.0612(3)  0.6191(3)  0.5910(2)  3.75(8)
0(10) 0.1167(2)  0.6744(2)  0.5936(2)  5.70(8)
C(11)  —00607(3)  0.5647(3)  0.6790(2)  4.35(9)
o(11)  -00721(3)  05850(3)  0.7311(2)  7.02(9)
P(1) 0.06213(6)  0.37554(6)  0.40356(5)  2.88(2)
c(111) 0.1688(3)  03623(2)  0.3534(2)  3.27(7)
c(112) 0.1616(4)  03206(4)  0.2933(2)  4.67(9)
c(113) 0.2400(4)  03128(4)  0.2537(2)  5.4(1)
c(114) 0.3262(3)  03469(3)  027202)  5.3(1)
C(115) 03344(3)  03877(3)  033113)  5.1(1)
C(116) 0.2563(3)  03960(3)  03713(2)  4.11(8)
C(121) —0.0086(3)  0.4558(3)  03575(2)  3.77(8)
C(122) —0.1013(3)  04739(3)  03778(2)  4.70(9)
C(123) —0.1569(4)  05332(4)  0.3436(3)  6.3(1)
Cc(124)  —01231(4)  0.5752(4)  02904(3)  6.3(1)
C(125)  —00335(4)  0.5605(4)  0.2720(3)  7.0(1)
c(126) 0.0241(4)  0.5008(4)  0.3040(2)  5.5(1)
c(131) 0.0055(3)  0.2655(3)  0.3911(2)  3.30(7)
c(132) 0.05703)  0.1899(3)  0.4055(2)  4.58(9)
C(133) 0.0161(4)  0.1045(3)  0.4022(2)  5.3(1)
C(134)  —00775(4)  0.0970(3)  0.3852(3)  5.4(1)
C(135) —0.1288(3)  0.1707(4)  0.3698(3)  5.6(1)
C(136)  —00890(3)  0.2564(3) 03723(2)  4.47(9)
P(2) —0.14615(7)  0.62020(6) 0.54929(5) 3.17(2)
C(211)  —02563(3)  0.5738(3)  0.5152(2)  3.60(7)
C(212) -03336(3)  0.6284(4)  0.5029(3)  6.0(1)
C(213) —04114(4)  05982(4)  0.4711(8)  7.5(1)
C(214)  —04141(4)  05089(4)  0.4501(3)  6.7(1)
C(215) —03415(4)  04537(3)  0.4645(3)  5.6(1)
C(216) —02611(3)  04851(3)  0.4975(2)  4.09(8)
C(221) -01045(3)  0.6906(3)  0.4828(2)  3.53(7)
C(222) —0.1552(4)  0.7663(3)  0.4623(3)  5.1(1)
C(223) —0.1232(4)  0.8166(3)  0.4108(3)  6.1(1)
C(224)  —0.0385(4)  0.7940(4)  03806(3)  5.8(1)
C(225) 0.0103(3)  0.7202(3)  0.3999(3)  5.3(1)
C(226) —0.0203(3)  0.6691(3)  0.4511(2)  4.35(9)
C(231) —0.1919(3)  0.6996(3)  0.6086(2)  4.01(8)
C(232) —02600(3)  0.6727(4)  0.6523(2)  5.4(1)
C(233)  -02914(4)  0.7303(5)  0.7010(3)  7.4(1)
C(234) -02545(5)  0.8131(4) 0.7067(3)  83(1)
C(235) —0.1875(5)  0.8424(4)  0.6656(3)  7.7(1)
C(236) —0.1546(4)  0.7857(4)  0.6161(3)  6.0(1)

2See footnote a in Table 3.

Fig. 3. ORTEP drawing of (u-H)Rus(p3-n>-CHCHCMe)-
(CO)5(PPh;), (4). The Ph groups are omitted for clarity.

protons occur as a doublet at 2.13 (J(HP)=4.49 Hz).
In the *C NMR spectrum, signals for C(2) and C(3)
could be assigned, but none for C(1) was detected; it
may have been obscured by the PPh; carbons.

Despite uncertainties in the NMR characterization
of 4, the structure of this compound as determined by
X-ray diffraction (Fig. 3) shows that it has the same
ws->-CHCHCMe structure as 2 and 3, except that
there are PPh; groups at both Ru(l) and Ru(3). As
found in the comparison of 2 and 3, the additional
PPh, ligand lengthens the Ru-Ru distances still further.
The Ru-H bonds become longer with the added PPh;
the hydride is 0.4-0.6 A above the Ru(1)-Ru(2)-Ru(3)
plane toward the allyl group in all three of the complexes.
The geometry of the allyl ligand remains essentially
the same in all of the complexes.

Conclusions

A significant conclusion from these studies is that
the p;-n>-CHCHCMe dimetalloallyl group is remarkably
stable. It forms in reactions of Ru,(CO),, with either
1,3-butadiene or cis-2-butene. It resists rearrangement
or displacement in reactions of (u-H)Rus(us-n’-
CHCHCMe)(CO), (2) with PPh;, the CO groups being
preferentially substituted. Thus, it seems that dime-
talloallyl groups would be stable on triangular arrays
of atoms on metal surfaces. Yet to our knowledge,
such a unit has not been proposed to form on such
surfaces. For the system involving ethylene adsorption
on Ru/SiO, [1], physisorbed cis- and frans-2-butene and
butane are formed; in addition, a chemisorbed species
with a *C NMR signal at 85 ppm is detected. In view
of the stability of the u,-n*-dimetalloallyl group in Ru,
clusters, one might consider this as a possible chem-



TABLE 5. Selected bond distances and angles in (u-H)Ru;(us-
7°-CHCHCMEe)(CO), ), (n-H)Ru,(u,-7*-CHCHCMe)-
(CO)s(PPh;) (3) and  (u-H)Ruy(psn*-CHCHCMe)(CO),-
(PPhs); (4)

2 3 4
Ru(1)-Ru(2) 2.784(1) 2.7905(3)  2.8096(5)
Ru(2)-Ru(3) 2.766(1) 2.7946(3)  2.7865(5)
Ru(1)-Ru(3) 2.941(1) 2.9690(3)  2.9895(5)
Ru(1)-C(1) 2.060(8) 2.056(3) 2.059(5)
Ru(2)-C(1) 2.235(7) 2.235(3) 2.231(5)
Ru(2)-C(2) 2.278(8) 2.249(3) 2.269(5)
Ru(2)-C(3) 2.274(7) 2.267(3) 2.278(5)
Ru(3)-C(3) 2.095(8) 2.070(3) 2.094(5)
C(1)-C(2) 1.39(1) 1.397(5) 1.398(7)
C(2)-C(3) 1.40(1) 1.422(5) 1.423(8)
C(3)-C(4) 1.51(1) 1.506(5) 1.513(7)
Ru(1)-H(1) 1.742 1.80(4) 1.8198(3)
Ru(3)-H(1) 1.619 1.72(4) 1.8057(4)
Ru(1)-Ru(2)-Ru(3) 63.99(3) 64.23(1) 64.58(1)
Ru(2)-Ru(3)-Ru(l)  58.29(3) 57.82(1) 58.08(1)
Ru(2)-Ru(1)-Ru(3) 57.71(2) 57.95(1) 57.34(1)
Ru(1)-Ru(3)-C(3) 83.7(2) 84.02(9) 83.76(15)
Ru(3)-Ru(1)-C(1) 82.8(2) 82.22(9) 81.6(1)
C(1)-C(2)-C(3) 123.3(7) 122.8(3) 121.5(5)
Ru(3)-C(3)-C(2) 123.2(6) 123.4(2) 123.8(4)
Ru(3)-C(3)-C(4) 121.1(6) 123.1(3) 121.1(4)
Ru(1)-C(1)-C(2) 126.0(6) 126.7(3) 128.5(4)
C(2)-C(3)-C(4) 115.4(7) 113.3(3) 115.0(5)
Ru(1)-H(1)-Ru(3) 122.06 115.36(2) 111.09(2)

isorbed species on the ruthenium metal. This appears
not be the case, since the *C NMR ranges of C(1)
(158-159 ppm), C(2) (117-119 ppm) and C(3) (190-195
ppm) in complexes 2, 3 and 4 are quite different from
the 85 ppm signal of the new species on the ruthenium
surface.

Supplementary material

Listings of bond distances and angles, thermal pa-
rameters and structure factors are available from R.J.A.
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