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Abstract

The electron-deficient cluster ( p,-H)Ru;(CO)g[ p15-NS(O)MePh] (1) reacts with the terminal alkyne PhCH,C=CH to give the vinyl
complex Ru ( u,-CO)»(CO)ql 11-NS(O)MePh)( u,-1',n?-PhCH,C=CH,) (2). The analogous reaction with internal alkynes (RC=CR')
affords the clusters Ru;( u,-COXCO),f 1£5-NS(O)MePh)( p5-n'.n*-RC=CHR') (3: R=R =Pr"; 4 R =Ph; R = Bu") in which the
vinyl ligand has opened a Ru—-Ru bond upon coordination the Ru, framework. In the case of diphenylacetylene. reaction with two
equivalents of the alkyne, yields the vinyl-alkyne cluster ( u,-H)Ru,(CO)g( o-1',m%-PhC=CHPhX p;-n',n*-PhC=CPh)[ p5-1' 7>
NS(O)Me(C¢H )} (5) with ortho-metallation of the phenyl substituent of the sulfoximido cap. © 1997 Elsevier Science S.A.

Kexwords: Clusters; Ruthenium: Alkynes; Vinyl ligands; Crystal structures

1. Introduction

The vinyl ligand. -CH=CH,, and its derivatives
have received much attention in coordination chemistry
because of the synthetic potential of this function for
vinylation processes such as the Heck Reaction [1].
Cluster complexes containing vinyl ligands have been
discussed [2] as intermediates in catalytic processes
such as alkene isomerisation [3], alkene hydrogenation
[4), alkyne hydrogenation [S-7], and alkyne-alkene
codimerization [8].

There are several coordination modes of the vinyl
ligand in cluster chemistry, and for trinuclear clusters,
three types of vinyl coordination have been found so far

Corresponding author.

0022-328X /97 /517.00 © 1997 Elsevier Science S.A. All rights reserved.
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(Scheme 1). If the vinyl group is coordinated in a
terminal fashion (‘end-on’) to the metal center, it is only
o-bound and acts as one-electron donor (type A). Only
one example of this type is reported in the literature: the
complex Ru,(CO)y( p,-ampy)(n'-PhCCHPh)
(ampyH =2-amino-6-methylpyridine) was fully charac-
terized [5]. Unfortunately, no structural information is
available for this complex, but the n'-coordination is
confirmed by the NMR data. This compound is only
accessible from the corresponding st.-1'.1*-vinyl com-
plex Ru,(CO),( u;-ampyX y-n',m*-PhCCHPh) by re-
action with carbon monoxide, the latter complex being
an example for type B (w-‘side-on’) [5]. If the vinyl
ligand is coordinated in a g,-n',n*-fashion (o-‘end-on’
to one metal center and 7-‘side-on’ to another metal
center) according to type B, it acts as a three-electron
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Scheme 1.

donor. Numerous examples of this type are known, the
first compounds to be characterized being ( pu,-
H)Os,(CO)y( u,-n',7*-CHCHR) (R = Ph, Me, Et, tBu)
and (p,-H)Os;(CO)4( it,-n',n*-CRCHR') (R = Ph, R’
= Ph, Me, Et) [9]. Complexes of this type are accessible
either by alkyne insertion into metal-hydrogen bonds or
by C-H activation of an alkene on a metal cluster [10].

In type C, the vinyl ligand, while still being a
three-electron donor, is coordinated in a u3-n',n2-fash-
ion (o-‘end-on’ to one metal center and 7r-‘side-one’ to
the other two metal centers). This coordination has been
found in (uz-H)Os3(CO)lO( w31, m*-CF,CCHCF;)
[11 12] and in (n°-CsMe;)WRu,(CO),( p,-NPh)( ;-

,n -CF3CCHCF1) [13] The complex Ru,(CO)g( u;-

n',n*-HNNMe, X u,-1',7*-PhCCH,) [14] can be clas-
sified as type C, in as much as the vmyl group also acts
as a three-electron donor coordinated to the three metal

centres in a p,-n',m°-fashion, but differs in as much as
the vinyl cap bridges an open Ru, framework and not a
closed trinuclear metal core.

In this paper, we report the synthesis and structural
characterization of some new trinuclear vinyl complexes
by the reaction of the electron-deficient cluster ( u,-
H)Ru,;(CO)¢[ p;-NS(O)MePh] [15] with terminal and
internal alkynes.

2. Results and discussion

2.1. Reaction of (p,-HJRu,(COJy[ u;-NS(O)MePh] (1)
with PhCH,C=CH

The thermal reaction between the electron-deficient
cluster ( w,-H)Ru,(CO),{ u,-NS(O)MePh] (1) [15] and

HRU,(CO)[NS(O)MePh] + PhCH;C=CH ———>

(1)
Ru,4(CO){[PhCH,C=CH,]INS(O)MePh] + CO
(2)
Me\S/Ph Me\ _Ph
o~y o7y
,co -co
(c:O)2 (CO), (CO)Z/u—/—- ——/— \ /
\ / F’hCH/ \\ ——c\ﬂ RU
o co
PhCH/ cO), ( )2
(2a) (2b)

Scheme 2.



V. Ferrand et al. / Journal of Organometallic Chemistrv 549 (1997) 263-274 265

Tabie 1
IR* and NMR" data of the complexes 2-5
Complexes 6
2a 2065(w), 2052(w), 2036(s), 2010(s), 3.25(CH,)5:3.50(C=CHH)s; 4.42 (C=CHH) s; 7-8 (Ph) m:
1998(m), 1984(m), 194 1(m), 1823(m) 4.486 (PhCH H) d: 2/, = 13.2 Hz: 328 (PhCHH) d. J,_y = 132 Hz
2b 2066(w), 2053(w), 2038(s), 2012(s), 3.06 (CH,) 5;3.99(C=CHH)s;420(C=CHH)s; 7-8 (Ph) m;
2000(m), 1985(m), 1946(m), 1826(m) 4.51 (PhCHH) d: Myy_yy = 13.2 Hz; 349 (PhCHH) d, *J,,_,, = 13.2 Hz
3¢ 2060(w), 2031(s). 2009(s), 1994(m), 2.59,3.09,3.26 (CH,) 5, 5.165,4.95(C=CHPr")t, BJH _y=6Hz
1979(m), 1965(w), 1945(m), 1823(w) S.05(C=CHPr") t; 3.IH,H =4 Hz; 0.7-3.1(Pr*"C=HPr"y m; 7.70 (Ph) m
4¢ 2061(w), 2049(vw),2030(s), 2012(s), 2.68,3.10,3.33(CH,) 5, 5.55,5.28 (C=CHBu" 1, RJH_H = 6.3 Hz; 0.89,
1995(m). 1968(w), 1947(m), 1875(vw), 091, 1.03 (~C=CH(CH,),CH,) t; *Jyy_, = 7.3 Hz; 1.3-2.4
1851(vw), 1826(w) (C=CH(C H,);CH,) m; 7.50 (Ph) m
54 2049%(w), 2032(s), 2016(s), 1983(m), —8.37 (Ru-H-Ru) 5; 3.18 (CH,) s; 6.62 (P_hC=C HPh)s; 6.7-7.8 (Ph) m
1958(w) » .

“In cyclohexane (2-4) or dichloromethane (5) solution.
®In a CDCI, solution.
“Three isomers in solution.

the terminal alkyne PhCH,C=CH in refluxing tetrahy-
drofuran affords within four hours the vinyl complex
Ru,( u,-C0),(CO)¢[ p,-NS(O)MePh)( u,-n',m2-
PhCH,C=CH,) (2). Two isomers of 2 were separated
from the reaction mixture by chromatographic methods
(Scheme 2).

Both isomers were characterized by their analytical
and spectroscopic data. While 2a gave suitable crystals
for the X-ray structure determination, 2b did not crystal-
lize, but there is spectroscopic evidence for 2b being an
isomer of 2a. On the basis of the NMR and IR data, we
believe that the u,-1',72%-vinyl ligand in 2b is coordi-

Fig. 1. ORTEP plot of 2a. Thermal ellipsoids are drawn at 40% of probability.
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nated in an inverted fashion with respect to 2a. The IR
spectra of the two isomers 2a and 2b in cyclohexane are
very similar in the carbonyl region, both presenting six
bands in the region of terminal CO vibrations and one
absorption at 1823 cm™"' for 2a and 1826 cm™' for 2b,
which 1s attributed to bridging carbonyl ligands (Table
1). The '"H NMR spectra of 2a and 2b also show a very
similar pattern of signals, but differ in the chemical
shifts (Table 1). In both cases, the hydride signal of the
starting compound 1 at & — 15.84 ppm has disappeared,
indicating the insertion of the carbon-carbon triple
bond into the M-H bond. A multiplet between § 7.0
and 8.0 ppm can be assigned to the phenyl protons. The
two hydrogen atoms of the benzyl group are non-equiv-
alent and resonate as two doublets (2a: § 4.42 and 3.50
ppm; 2b: & 4.51 and 3.49 ppm, *J,, 13.2 Hz]. The
vinyl protons appear as two singlets (2a: § 4.49 ppm
and & 4.28 ppm; 2b: § 4.20 and & 3.99 ppm). The
methyl group of the nitrogen cap is observed at higher
field (2a: & 3.25 ppm, 2b: § 3.06 ppm) than in 1 (&
3.36 ppm).

The C {'H} spectrum of 2a at low temperature
(—80°C) in CD,Cl, shows the two bridging carbonyls
ligands at 6 238 and 227 ppm, and the six terminal
carbonyl signals at 6 190, 192, 196, 199, 199.6, 205
ppm. The two carbon atoms of the vinyl group are
found at & 60.7 and 59 ppm, indicating these two

Table 2 ,

Selected bond lengths [A] and bond angles [°] for 2a
C(9)-C(10) 1.39(2)
C(9)-c11) 1.57(2)
C(9)-Ru(1) 2.120(12)
C9)-Ru(3) 2.231(12)
C(10)-Ru(3) 2.272(13)
N-S 1.559(10)
N-Ru(2) 2.158(10)
N-Ru(3) 2.170(9)
N-Ru(1) 2.166(10)
S-0(9) 1.481(10)
Ru(1)-Ru(2) 2.698(1)
Ru(2)-Ru(3) 2.703(1)
Ru(1)-Ru(3) 2.797(1)
C(10)-C(9)-C(11) 117.5(11)

Estimaled slandard deviations in parentheses.

carbon atoms are more sp> than sp® hybridized, due to
the back-bonding from the ruthenium d orbitals.

2.2. Molecular structure of Ruyu,-CO)L(CO)slu;-
NS(O)MePhl( p,-n',m*-PhCH.C=CH,) (2a)

The molecular structure of 2a was confirmed by
single-crystal X-ray analysis. Suitable crystals of 2a
were obtained by crystallization at 20°C from a mixture
of cyclohexane and pentane. Fig. 1 shows the molecular

HRu,(CO)o[NS(O)MePh] + RC=CR' ——>
(1)
Ru,(CO),[RC=CHR'][NS(O)MePh] + CO
(3: R=R'=Pr; 4:R=Ph; R"=Bu")
0 Me
Ph—‘ﬁ/Me O§ISII/Ph
N CO
\ Ru
Ru(CO) / Ru(CO)
(co), Ru< //\ ' o ’7 : RU<’
/ \\ M \\ M / '§C/
/ Pr/C PhoC PAERN
r Ru Bu" Ru
(CO)2 (CO),

4)

Scheme 3.
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structure of 2a; selected bond lengths and angles are
presented in Table 2.

The three ruthenium atoms form a closed isoceles
triangle [Ru(1)-Ru(2) 2.698(1); Ru(1)-Ru(3) 2.797(1),
Ru(2)-Ru(3) 2.703(1) A} Each ruthenium atom is
bonded to two terminal CO groups and to the nitrogen
cap, as in 1 {15]. Two of the three ruthenium-ruthenium
bonds, Ru(1)-Ru(2) and Ru(2)-Ru(3), are bridged by
CQ groups which are in the same plane as the metal
framework. while the Ru(1)-Ru(3) edge is bonded by
the vinyl ligand. The vinyl group is almost perpendicu-
lar to the metal plane [C(9)-C(10) L Ru(1)-Ru(3):
98.5°]. The carbon atom C(9) occupies an equatorial site
and is o-bonded to Ru(l). Due to the coordination to
the Ru(1)-Ru(3) bond, the C(9)-C(10) double bond is
longer (1.39(2) A) than a free carbon—carbon double
bond (average 1.316A) [16]. The nitrogen cap is further
away from the metal plane in 2a than in complex 1, the
average Ru-N distances in 2a being 2.16 A, whereas in
1 they are 2.1]1 A. At present we have no other explana-
tion for this elongation.

The structure of 2a compares well with previously
reported vinyl complexes, for example Ru(CO)gl u5-
n?-N(Me), NH)( u-1*-PhC=CH,) [14]. However, while
all these clusters present the expected electron count of
48 e, the complexes 2a and 2b contain only 46 e and
are electron-deficient.

2.3. Reaction of (u,-H)Ru,(CO)y[ p;-NS(O)MePh] (1)
with RC=CR (3: R=R' =Pr"; 4: R=Ph; R' = Bu")

With internal alkynes, (p,-H)Ru;(CO)o[ p5-
NS(O)MePh] (1) reacts differently in refluxing THF:
with an excess of Pr"C=CPr" or PhC=CBu", the vinyl
complexes Ru,( u,-CO)CO),[ 1;-NS(O)MePh]( p;-
n',n*-Pr*C=CHPr") (3) and Ru,( u,-CO)CO),-{ u,-
NS(O)MePh]( p;-n',7°-PhC=CHBu") (4) are obtained
in good yields (Scheme 3).

The IR spectra of 3 and 4 (Table 1) show the same
carbonyl pattern with seven bands in the region of
terminal carbonyl groups and one absorption at 1823
cm™! (3) and 1826 cm™! (4) which is assigned to a
bridging carbonyl ligand. The 'H NMR spectra of 3 and
4 in CDCl; are very complicated, indicating the pres-
ence of several isomers in solution (Table 1): while the
crystals of 3 and 4 contain only one isomer (see Section
2.4 below), the solution in CDCI, contains, in both
cases, three isomers which can be recognized by the
different singlets for the methy! substituents at the
sulfur atom and by three triplets for the vinyl proton.
Two of these three triplets are well resolved and with a
1:1 ratio, having a coupling constant of 6.0 Hz (3), or
6.3 Hz (4). whereas the third triplet is not well resolved.
A multiplet centered around & 7.70 ppm (3) or & 7.50
ppm (4) is caused by the various phenyl protons. In the
case of 4, the three isomers give rise to three triplets at

Fig. 2. ORTEP plot of 3. Thermal ellipsoids are drawn at 40% of
probability.

8 1.03, 0.95, 0.89 ppm which are assigned to the
methyl groups of the butyl chains.

2.4. Molecular structure of Ru;( u,-CONCO),[ ;-
NS(O)MePh]( p;-n',m*-RC=CHR') (3: R=R =Pr";
4: R= Ph; R = Bu")

Suitable crystals of 3 and 4 were obtained at —18°C
from hexane or a mixture of CH,Cl, and hexane,
respectively. The molecular structure of 3 is depicted in
Fig. 2, and that of 4 in Fig. 3. Selected bond lengths and
angles of both compounds are presented in Tables 3 and
4. Both 3 and 4 have the same overall structure, show-
ing the same carbonyl and vinyl coordination. The three
ruthenium atoms form an open triangle with three dif-
ferent ruthenium—ruthenium distances {3: Ru(1)-Ru(2)
2.690(1), Ru(l) --- Ru(3) 3.542(2), Ru(2)-Ru(3)
2.776(1) A; 4: Ru(1)-Ru(2) 2.6786(13),
Ru(1) - - - Ru(3) 3.5394(7), Ru(2)-Ru(3) 2.7649(13) A}.
Two of the three ruthenium atoms, Ru(1) and Ru(2), are
bonded to two terminal CO groups, whereas Ru(3) is
bonded to three terminal CO groups. A carbonyl group
bridges the Ru(1)-Ru(2) edge and lies in the same
plane as the metal framework; probably due to this
linkage, this bond is shorter than the other ruthenium-
ruthenium bonds.
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Fig. 3. ORTEP plot of 4. Thermal ellipsoids are drawn at 40% of
probability.

We also observe that in 3 and 4 the nitrogen cap is
further away from the Ru, triangle than in 1, all the
Ru-N bond lengths being different [3: Ru(1)-N 2.23(3),
Ru(2)-N 2.14(3), Ru(3)-N 2.193) A; 4: Ru(1)-N
2.224(9), Ru(2)-N 2.128(9), Ru(3)-N 2.156(8) A}, in
contrast to 2. The vinyl ligand, being a three-electron
donor, is coordinated in a similar fashion as a u,-
n',m-alkynyl group which is a five-electron donor.

Table 3 .
Selected bond lengths [A] and bond angles [°] for 3

C(19)-C(20) 1.425(6)
C(18)-C(19) 1.51(5)
C0)-c(21) 1.529(5)
C(20)-Ru(3) 2.235(4)
C(20)-Ru(2) 2.241(4)
C(20)-Ru(1) 2.329(4)
C(19)-Ruf3) 2.243(4)
C(19)-Ru(1) 2.427(4)
C(19)-H(19) 0.96(5)

N-§ 1.554(3)
N-Ru(2) 2.144(3)
N-Ru(3) 2.193(3)
N-Ru(1) 2.233(3)
S-0(9) 1.448(3)
Ru(1)-Ru(2) 2.690(1)
Ru(2)-Ru(3) 2.776(1)
Ru(1) - - - Ru(3) 3.542(2)
C(18)-C(19)-C(20) 125.7(3)
C(19)-C(20)-C(21) 116.7(3)

Estimated standard deviations in parentheses.

Table 4 .

Selected bond lengths [A] and bond angles [°] for 4
C(8)-C(9) 1.42(2)
Cc@®)-coy . 1.51(2)
C(9)-C(16) 1.54(2)
C(8)-Ru(3) 2.235(12)
C(8)-Ru(2) 2.274(10)
C(8)-Ru(1) 2.292(12)
C(9)-C(16) 1.54(2)
C(9)-Ru(3) 2.195(11)
C(9)-Ru(1) 2.499(11)
C(9)-H() 0.93(1)
N(1)-s(1) 1.560(9)
N(1)-Ru(2) 2.130(9)
N(1)-Ru(3) 2.156(8)
N(1)-Ru(1) 2.224(9)
S(1-o(1) 1.450(9)
Ru(1)-Ru(2) 2.6786(13)
Ru(2)-Ru(3) 2.7649(13)
Ru(1) - - - Ru(3) 3.5394(7)
C(9)-C(8)-C(10) 117.7(9)
C(8)-C(9)-C(16) 126.1(10)

Estimated standard deviations in parentheses.

This type of vinyl coordination has only been observed
so far in Ru;(CO)4( py-n',m*-PhC=CH,) u;-n',n*-
N(Me),NH] [14]. The C=C double bond [3: C(19)-
C(20); 4: C(8)-C(9)] adopts a perpendicular coordina-
tion with respect to the open edge [Ru(1) - - - Ru(3) L
C(8)-C(9): 84° Ru(l)--- Ru(3) L C(19)-C(20): 89°]
and is situated above the metal plane. The nitrogen
atom, the three ruthenium atoms, and the carbon atoms
C(20) in 3 and C(8) in 4, form a trigonal-bipyramidal
CRu;N core (Figs. 2 and 3). The carbon~carbon double
bond of the vinyl is longer in clusters 3 and 4 [3:
C(19)-C(20) 1.425(6) A; 4: C(8)-C(9) 1.425(2) A]
than in 2 [C(9)-C(10) 1.39(2) A}, probably due to the
coordination to the three metal centers.

The o—ar coordination of the vinyl ligand in 3 and 4
is not easy to describe in terms of localized bonds.
Whereas the distances Ru(2)-C(20) 3 and Ru(2)-C(8)
4 of 2.241(4) and 2.274(10) A, respectively, correspond
to a o-single bond, the m-bonding of the C(20)-C(19)
backbone in 3 and the C(8)-C(9) backbone in 4 is
divided between the two ruthenium atoms Ru(3) and
Ru(1). In both cases the C=C unit is, however, closer to
Ru(3) than to Ru(1) [3: Ru(1)-C(19) 2.427(4), Ru(3)-
C(19) 2.243(4) A; 4: Ru(1)-C(9) 2.499(1 1), Ru(3)-C(9)
2.195(11) A). Unlike in Ru,(CO)g( ps-1',m2-
PhC=CH,)[ u5-n',7*-N(Me),NH] [14] which repre-
sents a 48e cluster, clusters 3 and 4 present an electron
count of only 46 e. For an open M; triangle, the noble
gas rule would require 50 e, hence, 3 and 4 are even
more electron-deficient than the closed clusters 1 and 2.

2.5. Reaction of (p,-H)Ru;(CO)yl u;-NS(OIMePh] (1)
with PhC=CPh

With diphenylacetylene, the electron-deficient cluster
( ,-H)Ru4(CO)[ pt4-NS(O)-MePh] (1) reacts at 100°C



V. Ferrand et al. / Journal of Organometallic Chemistry 549 (1997) 263-274 269

HRuU,(CO),{NS(O)MePh} + 2 PhC=CPh ——>

H
HRu,(CO)[PhC=CHPh][PhC=CPh]{NS(O)Me(C¢H,)] + 3 CO
(5)
Me
-0
]
Ph
N He /
(CO), N _>c
-BU \ Ph
//C\R/CO) —Ru
u
(comm*\ = (CO), \
Ph c{ 3
Ph
(5)
Scheme 4.
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Fig. 4. ORTEP plot of 5. Thermal ellipsoids are drawn at 40% of probability.
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in THF to afford the vinyl-alkyne complex (u,-
H)Ru,(CO)( u.-n',n?-PhC=CHPhX u;-n',n*-PhC=
CPh)[ i5,m',n*-NS(O)Me(CH,)] (3). In this case, two
equivalents of the alkyne are consumed to replace three
carbonyl ligands: one alkyne inserts into the
ruthenium-hydrogen bridge, whereas the other one
opens up a ruthenium-ruthenium bond and coordinates
as an almost perpendicular 4 e donor across the open
site. In addition, the phenyl substituent at the sulfur
atom undergoes, an ortho-metallation and transfers a
hydrogen atom to the ruthenium framework (Scheme 4).

The IR spectrum of 5 (Table 1) shows only absorp-
tlons of terminal carbonyl ligands in the v, region.
The 'H NMR spectrum exhibits a single hydride reso-
nance at & —8.37 ppm. The methyl group of the
nitrogen cap is observed at & 3.18 ppm, and the vinyl
proton appears as a singlet at § 6.60 ppm. A multiplet
centered around & 7.5 ppm is assigned to the different
phenyl groups. The structure of § was confirmed by a
single crystal X-ray structure analysis.

2.6. Molecular structure of (u,-H)Ru;(CO)s( uy-m',m?-
PhC=CHPh) ;' m?-PhC=CPh)[ ;' m*-NS(O)
Me(CzH,)] (5)

Suitable crystals of 5 were grown at room tempera-
ture crystallization from a mixture of CH,Cl, and
hexane. The molecular structure of 5 is depicted in Fig.
4. Selected bond lengths and angles are presented in
Table 5. The molecular structure of § is quite complex,
because it contains not only a u,-n',m*-vinyl ligand,
but also an alkyne ligand coordinated in a rare fashion
over an open ruthenium-ruthenium site; furthermore the
phenyl group of the sulfoximido cap has undergone an
ortho-metallation. The three ruthenium atoms form an
open triangle [Ru(l) Ru(2) 2.7336(9), Ru(1)-Ru(3)
2.7376(8), Ru(2) - - - Ru(3) 3.3957(10) A}, each ruthe-
nium atom being bonded to two terminal CO groups.
The hydride ligand is coordinated quasi-symmetrically
between Ru(1) and Ru(3) [Ru(1)-H(1Rul) 1.79(5),
Ru(3)-H(IRul) 1.77(5) A] forming a dihedral angle of
4.198° with the Ru, core. The other metal-metal bond
Ru(1)-Ru(2) is bridged by the vinyl ligand in the
classical w,-n',n*fashion. The ligand is coordinated
almost perpendicularly with respect to the Ru(1)-Ru(2)
edge [Ru(l)-Ru(2) L C(22)-C(23): 100°] and adopts a
cis configuration in order to avoid steric hindrance, in
line with other vinyl complexes [5-8,17-30], e.g. Ru,
(CO)gl u-m*-N(C H HCsH,N)X p,-n?-PhC=CHPh)
[8]. The diphenylacetylene ligand adopts the w;-n',n?-
coordination, almost perpendicular with regard to the
Ru(2) - - - Ru(3) edge [C(8)-C(9) L Ru(2)-Ru(3) 80°].
The perpendicular coordination of an alkyne to a metal
cluster [31-33] was first observed for the unsaturated
complex Fey(CO)y( u;-n*-RC=CR) [34]. In trinuclear

Table 5 .

Selected bond lengths [A] and bond angles [*] for 5
C(8)-C(9) 1.352(5)
C(8)-C(16) 1.493(5)
C(9)-C(10) 1.482(5)
C(8)-Ru(1) 2.309(4)
C(8)-Ru(2) 2.385(4)
C(8)-Ru(3) 2.296(4)
C(9)-Ru(2) 2.084(4)
C(9)-Ru(3) 2.401(4)
C(22)-C(23) 1.395(5)
C(22)-Ru(2) 2.419(4)
C(23)-Ru(!) 2.11104)
C(23)-Ru(2) 2.308(4)
C(22)-H(22) 0.94(4)
C(22)-C(30) 1.479(5)
C(23)-C(24) 1.489(5)
Ru(1)-H(I1Ru) 1.79(5)
Ru(3)-H(1Ru) 1.77(5)
N(D-S(1) 1.558(3)
S(1)-C(2) 1.756(4)
C(2)-C(3) 1.396(6)
C(3)-Ru(3) 2.084(4)
N(1)~Ru(1) 2.122(3)
N(1)~Ru(2) 2.132(3)
N(1)~-Ru(3) 2.135(3)
S(1)-0(1) 1.450(3)
Ru(1)-Ru(2) 2.7336(9)
Ru(2) - - - Ru(3) 3.396(1)
Ru(1)-Ru(3) 2.7376(8)
C(8)~C(9-CU® 129.7(4)
C(9)-C(8)~C(16) 124.2(3)
C(23)-C(22)-C(30) 127.7(4)
C(22)-C(23)-C(24) 122.93)
Ru(3)-Ru(1)-Ru(2)~H(1Ru) 4.198

Estimated standard deviations in parentheses.

ruthenium cluster chemistry, there is only one alkyne
complex known to have a perpendicular alkyne coordi-
nation: Ru,( p;-n%-PhC=CPh)CO), (dppm) [35.36]. In
the vinyl-alkyne complex CpWRu,(CO)s( u,-
NPh)[ p;-1n%-C,(CF,), Il ;-1°-C(CF;)CH(CF,)], the
bis(trifluoromethyl) acetylene ligand is coordinated in a
parallel fashion with respect to the metal-metal bond,
and the Ru,W core forms a closed metal triangle [37].
In the case of 5, the alkyne axis is not exactly perpen-
dicular with respect to the Ru(2) - - - Ru(3) vector (80°),
unlike the known complex [35.36), and there is no
metal-metal bond between the two ruthenium atoms
Ru(2) and Ru(3). The carbon atom C(8) is closer to
Ru(1) and Ru(3) than to Ru(2) [Ru(1)-C(8) 2.309(4),
Ru(2)-C(8) 2.385(4), Ru(3)-C(8) 2.296(4) Al. whereas
the carbon atom C(9) is closer to Ru(2) than to Ru(3)
[Ru(2)-C(9) 2.084(4), Ru(3)-C(9) 2.401(4) Al. The
C(8)-C(9) bond length is shorter (C(8)-C(9) 1.3515(4)
A) than in Ru;( p3-n?-PhC,Ph)Y(CO); (dppm) (35,36]
(C=C 1.409(6) A), probably due to reduced back bond-
ing from the Ru; core in 5.
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The other important point of this structure is the
ortho-metallation of the phenyl group. The complex
H,Ru,(CO),(PPh,),[ u,-NC(Ph)C,H,] [38], which
contains an ortho-metalated 1-azavinylidene ligand, also
shows a five membered ring. The main difference be-
tween this complex and 5 resides in the fact that to our
knowledge, 5 is the first example of a cluster presenting
an ortho-metallation involving four different atoms in a
five-membered ring: 1Ru, IN, 1S, 2C, whereas the
known ortho-metallation clusters normally contain
four-membered rings [39]. The five-membered ring is
not planar, and two of the five bonds, [Ru(3)-C(3)
2.084(4) and Ru(3)-N 2.135(3) A] are longer than the
others (Table 5). Complex § is also unique in as much
as it presents both, a w,-n',n -vinyl and a w,-n',n%al-
kyne coordination at the same Ru, framework. With an
electron-count of 48e, 5 is electron-deficient like 1 and
2,

3. Experimental

All manipulations were carried out in a nitrogen
atmosphere, using standard Schlenk techniques. The
organic solvents were refluxed over appropriate desic-
cants [40], distilled and saturated with nitrogen prior to
use. The NMR spectra were recorded using a Varian
Gemini 200 BB instrument or a Bruker AMX 400. The
IR spectra were recorded using a Perkin—-Elmer FTIR
1720X  spectrophotometer (4000-400 c¢cm™'). Micro-
analytical data were obtained from the Mikroelemen-
taranalytisches Laboratorium der ETH Ziirich. The mass
spectrum was recorded by Professor T.A. Jenny, Uni-
versity of Fribourg (Switzerland). The starting com-
pound ( 2,-H)Ru;(CO)g[ 1;-NS(O)MePh] (1) was syn-
thesized according to the published method [15]. Methyl
phenyl sulfoximine (racemate) was obtained from Pro-
fessor Carsten Bolm, RWTH Aachen. PhCH,C=CH,
Pr"C=CPr", PhC=CBu" were purchased from Aldrich,
and diphenylacetylene from Fluka, and were used with-
out further purification.

3.1. Synthesis of Ru(u,-CO)L(CON(py-nt,m?- .

PhCH,C=CH,)[ 11,-NS(O)MePh] (2)

A solution of (u,-H)Ru;(CO)q[ 1t,-NS(O)MePh] (1)
(150 mg, 0.21 mmol) and PhCH,C=CH (79 ul, 0.63
mmol) in THF (25 ml) was heated in a pressure Schlenk
tube to 55°C for 4 h. After evaporation of the solvent
the residue was dissolved in CH,CI, and submitted to
thin-layer chromatography (silica gel,
CH,CI, /cyclohexane 1:1). The two isomers of 2 sepa-
rated into two main orange bands. The first one con-
tained 2b, the second one 2a. Both isomers were ex-
tracted with CH,Cl, and crystallized from pentane, 2a
was recrystallized from cyclohexane/pentane. The or-

ange crystals were dried in vacuo (2a: 30 mg, 17%; 2b:
30 mg, 17%). Anal. Found 2a: C. 35.91; H, 2.25; N,
1.73. C,,H,,NO,SRu,. Calc. C. 36.09; H, 2.14; N,
1.75%. Found 2b: C. 38.53; H, 2.49; N, 1.65.
C,,H;NOySRu, - 0.5 C;H,,, Calc. C, 38.52; H, 2.85;
N, 1.66%. Mass Spectrum (FAB) m /z: 2b: 801(M™)
(”)ZRU)‘

3.2. Synthesis of Ru,(u,-CONCO),(pu;-n',m?-
Pr"C=CHPr")[u;-NS(O)MePh] (3)

A solution of ( u,-H)Ru,(CO)y[ ,-NS(O)MePh] (1)
(150 mg, 0.21 mmol) and Pr"C=CPr" (93 ul, 0.63
mmol) in THF (25 ml) was heated in a pressure Schlenk
tube to 55°C for 5 h. After evaporation of the solvent,
the residue was dissolved in CH,CI, and separated by
thin-layer chromatography (silica gel,
CH,Cl, /cyclohexane 1:1). The main orange band was
extracted by CH,Cl, and further purified by thin-layer
chromatography (silica gel, CH,Cl,/hexane/acetone
20:70:5). The main orange band was extracted with
CH,Cl,, and 3 was recrystallized from hexane at
—18°C. The orange-yellow crystals were dried in vac-
cuo (3: 30 mg, 17%). Anal. Found: C, 35.08; H, 2.94;
N, 1.82. C,;H,;NOySRu,, Calc. C, 34.85; H, 2.92; N,
1.77%.

3.3. Synthesis of Ru(u,-CONCO),(p,-n',m?-
PhC= CHBM")[/J.j-NS(O)MePh] (4)

A solution of ( u,-H)Ru(CO)4[ 1iy-NS(O)MePh] (1)
(150 mg, 0.21 mmol) and PhC=CBu" (111 pul, 0.63
mmol) in THF (25 ml) was heated in a pressure Schlenk
tube to 55°C for 5 h. After evaporation of the solvent,
the residue was dissolved in CH,Cl, and separated by a
thin-layer chromatography (silica gel,
CH,Cl,/cyclohexane 1:1). The main red—orange band
was extracted by CH,Cl, and further purified by thin-
layer chromatography (silica gel,
CH,Cl, /hexane /acetone 20:70:5). The main red-
orange band was extracted with CH,Cl,, and 4 was
recrystallized from CH,Cl,/hexane at —18°C. The
orange crystals were dried in vaccuo (4: 30 mg, 17%).
Anal. Found: C, 38.51; H. 2.80, N, 1.70.
C,,H,;NOgSRu,, Cale. C, 38.57; H, 2.76; N, 1.67%.

3.4. Synthesis of Ru,(pu,-HNCO)g(py-n'.m?-
PhC = CHPh)( p;-n',m?-PhC=CPh)[ u;-NS(O)MePh]
(5)

A solution of ( u,-H)Ru;(CO)y[ p,-NS(O)MePh(1)
(150 mg, 0.21 mmol) and PhC=CPh (75 mg, 0.28
mmol) in THF (30 ml) was heated in a pressure Schlenk
tube to 100°C for 7 h. After evaporation of the solvent,
the residue was dissolved in CH,Cl, and separated by a
thin-layer chromatography (silica gel,
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CH,Cl, /cyclohexane 1:1). From the major yellow band,
5 was extracted by CH,Cl, and § was recrystallized
from CH,Cl,/hexane (1:1) at room temperature. The
yellow crystals were dried in vaccuo (5: 60 mg, 44%).
Anal. Found: C, 49.87; H, 2.79: N, 1.49.
C, H,,NO,SRu,, Calc. C, 50.10; H, 2.97; N, 1.42%.

3.5. X-ray structure analysis of 2a, 3, 4 and 5

Suitable crystals of 2, 3, 4 and S were obtained as
indicated Sections 3.1, 3.2, 3.3 and 3.4. Intensity data
were collected on a STOE IPDS at room temperature
for 2a and 3, and, on a Stoe-Siemens AED2 4-circle
diffractometer at —50°C for 4 and —80°C for 5 (Mo
K a graphite monochromated radiation, A = 0.71073 A,
w/26 scans). Table 6 summarizes the crystallographic
and selected experimental data for 2a, 3, 4 and 5. The
structures were solved by direct methods using the
program SHELXS-86 [4]1]. The refinement, using
weighted full-matrix least-square on F*, was carried
out using the program SHELXL-93 [42). For 4, an
empirical absorption correction was applied using DI-
FABS [43] and for 5 based on ¥ scans. The vinyl
hydrogen atoms of 3, 4 and 5 were located from
difference maps and refined isotropically. In the case of
3 the temperature factor was fixed at 0.08 A2 The
methyl, methylene and phenyl hydrogens of 2a, 3 and 4
were included in calculated positions and refined as
riding atoms using the SHELXL 93 default parameters.
For 5, the remainder of the hydrogens were located
from difference maps and refined isotropically. The
figures were drawn with ZORTEP [44] (thermal ellip-
soides, 40% probability level). Full tables of atomic
parameters and bond lengths and angles may be ob-
tained from the Cambridge Crystallographic Data Cen-
tre, 12 Union Road, Cambridge CB2 1EZ (UK) on
quoting the full journal citation.
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Abstract

The reaction of the electron-deficient cluster { p,-H)Ru;(CO)g[ 15-NS(O)MePh} (1) with para-nitrotolane gives, with coupling of two
alkyne units and elimination of the para-nitrophenyl fragment, the trinuclear complexes Ru;(CO)g[ ut;-7°-PhCCCC(H)Ph] p,-
NS(O)MePh] (2) and Ru,( u,-COXCO),[ p3-1°-PhCCCC(H)Ph][ 1,-NS(O)MePh] (3). The resulting organic moiety, coordinated as
p3-1>-Se-donor. is best considered as a butenyny! (PhC=C-C=C(H)Ph) ligand in 2 and as a butatrienyl (PhC=C=C=C(H)Ph) ligand in
3. From the reaction mixture, the two isomeric vinyl complexes Ru( 1£,-C0),(CO)¢[ p,-n*-PhC=C(HXC ¢H ;-p-NO,)| p5-NS(O)MePh]
(4a) and Ru,( p,-CO)(CO)y[ pt1-0*(C4H 4-p-NO,)-C=C(H)Ph}-[ p;-NS(O)MePh] (4b) complexes can also be isolated. © 1997

Elsevier Science S.A.

Keywords: Cluslers; Ruthenium; Alkynes; Carbon-carbon coupling; Crystal structures

1. Introduction

Reactions involving carbon—carbon bond formation
in transition metal clusters are of considerable interest
because of their potential for generating new and un-
usual types of hydrocarbon fragments [1,2]. Reactions
of this type are also considered as models for related
processes occurring on metal surfaces [3-5]. In particu-
lar, alkynes can be coupled in the coordination sphere
of transition metal clusters to give C,, Cq, Cq4, and C),
hydrocarbyls [6-37). Thus, the cluster
Cp, Mo,Co,(CO),S; reacts with phenylacetylene, in a
first step to give the wu,~-n’-alkyne cluster
Cp,Mo,Co,(CO),S,(PhCCH) which, in a second step,
adds another equivalent of phenylacetylene to give
Cp,Mo,-Co,(CO),S,(CPhCHCHCPh) in which the two
alkynes are coupled to give a cyclopentadiene unit [38].
On a Ru, metal core, diphenylacetylene can be coupled
to give a C¢ hydrocarbyl: The cluster Ru (CO)g( pt-

* Corresponding author.

0022-328X /97 /S17.00 © 1997 Elsevier Science S.A. All rights reserved.
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PPh){ %', 1", 12,12 (Ph)CC(PhYC(Ph)C-n*-CC(Ph)C(Ph)-
C(Ph)] is formed from the reaction of Ru(CO),,( p,-
PPh)with C,Ph, (391

In the preceding publication [40], we reported the
reaction of the electron-deficient cluster (pu,-
H)Ru,;(CO),[ u,-NS(O)MePh] (1) with non-functional
alkynes to give various types of vinyl complexes. In an
effort to generalize this concept, we extended this reac-
tion also to functional alkynes. In this paper, we report
the reaction of 1 with PhC=C(C(H,-p-NO,) to give
Ru; clusters containing C, hydrocarbyl ligands result-
ing from the carbon-carbon coupling of two alkyne
units.

2. Results

2.1. Reaction of (p,-H)Ru;(CO)yl juy-NS(O)MePh] (1)
with PhC=C(C4H-p-NO,)

The thermal reaction of the electron-deficient cluster
( ,-H)Ru,4(CO)of p13-NS(O)-MePh] (1) and the alkyne
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Table |
IR and NMR data of the complexes 2-4
Complexes veo [em™'] 8("H) [ppm]
2° 2070(vs), 2048(s). 2008(s) 294 (CH,)s; 7.09-8.54 (C=C(Ph)H and C Hy)
R 2080(m), 2040(vs), 201 (vs), 1974(m), 1805(w) 298 (CH, s; 7.08-8.54 (C=C(Ph)H and C, H)
4a + 4b° 2065(vw), 2057(w), 2039(s). 2015(s), 2005(sh), 3.192, 3.348 (C HyJs: 6.015, 6.237 (C=CHPhor
1988(m), 1950(m), 1828(w) C=CH(C¢H -p-NO,) s, 6.60-8.00 (C¢ Hs and C H,-p-NO3) m
“In CH,Cl,.

®In cyclohexane solution.
“In a CDCl; solution.

PhC=C(C(H,-p-NO,), containing an electron-
withdrawing group in one of the two aromatic sub-
stituents, affords in refluxing THF the two C,-hydro-
carbyl clusters Ru;(CO),[ u3—1°-PhCCCC(H)Ph][ w,-
NS(O)MePh] (2) and Ru,( u,-COXCO),[ u3~n>-PhC-

CCC(H)Ph][ 15,-NS(O)MePh] (3). The reaction solution
also contains the two isomeric vinyl complexes
Ru,( ,-C0),(CO)¢[ p,-1*-PhCCH)C H NO, I -
NS(O)MePh] (4), which are presumably intermediates
in the formation of 2 and 3. The products 2, 3 and 4 can

HRu,(CO),INS(O)MePh] + p-NO,-C;H;C=C-Ph

(1)
H
Ph._ L_ph i
o} v Ph C
. —~C—C N C— 7
]\s N\ " Fof
(CO) \ 3 U\
Ru(CO), \ Ru(CO),
| \
(co), Ru/ (o), RU(/C/é
\[ Y
N Il
” Ph—IS§O
Ph—S=0 (2 Me (3
Me
Me
_s=© Me\séo
Ph i Ph/"
/ | / N\

(of0) cO
(CO)ZRu.../_ﬁ \Tu (CO), (CO)Z;U‘{— ___\_TU(CO)Z
Ph \ / -NO,-C.H \ /

RN Ru—CO P “\/c\\ r(—CO
— _—
H (|3 (CO), Ho 67 (co),
Ph
P‘Noz'CsH4

(4a) and (4b)

Scheme 1.
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be separated from the reaction mixture by thin-layer
chromatography—however, 4 does not resolve into the
two isomers 4a and 4b clearly distinguishable in the
NMR spectrum of 4.

Compounds 2, 3 and 4 were characterized by their
analytical and spectroscopic data, 2 and 3 also gave
suitable crystals for X-ray structure analysis. The IR
spectrum of 2 exhibits three v., absorptions corre-
sponding to only terminal CO ligands, whereas the IR
spectrum of 3 presents four bands assigned to the
terminal CO ligands and one absorption at 1805 ¢cm ™'
which can be attributed to the bridging CO group (Table
1). The '"H NMR spectra of both 2 and 3 are very
similar, showing the same pattern of signals but differ-
ing in the chemical shifts, in accordance with the
molecular structures of 2 and 3 (Table 1).

The constitution of 4 is proposed on the basis of the
spectroscopic and analytical data: In the FAB mass
spectrum, the molecular peak is found at m/z 908
("2Ru); in addition a complete fragmentation series
corresponding to the subsequent loss of eight CO lig-
ands is observed, all ions presenting the characteristic
Ru, isotope pattern. The infrared spectrum of 4 (Table
1) displays a v., pattern almost identical to that of the
vinyl cluster Ru;(u,-CO),(CO)4l p;-
NS(O)MePh|( p1,-7n',7*-PhCH,C=CH,) characterized
by X-ray crystallography (Ref. {40}, see preceding pa-
per); we therefore assign the absorption at 1828 cm™!

to two bridging carbonyl ligands, being located over the
two ruthenium-ruthenium bonds which are not bridged
by the vinyl ligand. The 'H NMR spectrum of 4 (Table
1) clearly reveals the presence of two isomers by two
signals for the vinyl hydrogen (8 6.015 and 6.237 ppm)
and two signals for the methy! substituent on the sulfur
atom (& 3.192 and 3.348 ppm). This is also reflected in
the >C NMR spectrum of 4 which shows the signals for
the methyl substituent on the sulfur atom (8 45.6 and
48.4 ppm) and two singlets at § 67.8 and 72.0 ppm for
the alkenyl carbon atoms (C= CH).

We interpret these findings by the presence of two
isomers which differ only in the orientation of the
t,—n2-vinyl ligand: Ru,(u,-CO),(CO)[ n,-n*-
PhCC(H)-(C4H NO,)I[ 1;,-NS(O)MePh] (4a) and
Ru,( 1,-C0O),(CO)4[ py~n*-(C¢H,NO,)CC(H)Ph]-

[ 1;3-NS(O)-MePh] (4b) (Scheme 1), but it is not possi-
ble to assign the NMR signals unambiguously to 4a or
4b.

2.2. Molecular structure of Ru,(CO)ylu;-m°-
PhCCCC(H)Ph][ jn,-NS(O)MePh] (2)

The molecular structure of 2 was confirmed by a
single crystal X-ray structure analysis. Suitable crystals
of 2 were grown at 4°C from a mixture of CH,Cl, and
hexane. The unit cell contains two independent

Fig. 1. ORTEP plot of 2 (Molecule A). Thermal ellipsoids are drawn at 40% of probability.
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molecules of 2 which have the same constitution but
differ in bond angles and bond lengths. The structure of
the two molecules of 2 is presented in Figs. 1 and 2.
Selected bond lengths and angles of the two molecules
are listed in Table 2.

The organic fragment arising from the C-C coupling
of two alkyne units is best described as a butenynyl
ligand PhC=C-C=C(H)Ph. Each of the three ruthe-
nium atoms are bonded to three terminal CO groups.
The nitrogen cap is bridging only the two ruthenium
atoms Ru(l) and Ru(3) in_a u,-fashion [Ru(1)-N
2.166(5); Ru(3)-N 2.161(3) Al, in contrast to 1 where
the nitrogen links the three metal centers in a w;-mode.
We also observe that in 2 the nitrogen—sulfur double
bond is shorter [N(1)-S(1) 1.514(5) A] than in 1 [N=S
1.566(7)], probably due to the coordination to only two
metal atoms, the NS(O)MePh ligand still being a three-
electron donor ligand. The C, ligand is coordinated to
the Ru,; framework by only three carbon atoms and acts
as a five-electron ligand (Figs. | and 2). The carbon-
carbon double bond of the vinyl part of the C, ligand is
not involved in the coordination. The carbon atom C(8)
is o-bonded to Ru(2) [Ru(2)-C(8) 2.095(6) A] and
donates one electron, whereas the C(9)-C(10) triple
bond is 7r-bonding to both, Ru(1) and Ru(3) [Ru(1)-C(9)
2.339(5); Ru(1)-C(10) 2.234(6); Ru(3)-C(9) 2.326(6);
Ru(3)-C(10) 2.202(5)] and acts as a four-electron donor.
Compound 2 can be compared to HOs;(CO)y( p3~n’-

C48

-
Sl

Table 2 .

Selected bond lengths (Al and bond angles [deg] for 2

Molecule A Molecule B

C(7)-C(8) 1.328(8)  C(46)-C(47) 1.339(8)
C(7)-H(7) 0.98(6) C(46)-H(46A) 0.99(5)
C(8)-C(9) 1.394(8)  C(47)-C(48) 1.383(8)
C(8)~Ru(2) 2.095(6)  C(47)-Ru(6) 2.082(6)
C(9)-C(10) 1.350(8)  C(48)-C(49) 1.341(8)
C(9)-Ru(2) 2.197(6)  C(48)-Ru(6) 2.207(6)
C(9)-Ru(3) 2.326(6)  C(48)-Ru(4) 2.342(6)
C(9)-Ru(1) 2.339(5)  C(48)-Ru(5) 2.358(6)
C(10)-C(11) 1.468(7)  C(49)-C(50} 1.483(8)
C(10)-Ru(3) 2.202(5)  C(49)-Ru(5) 2.187(6)
C(10)-Ru(1) 2.234(6)  C(49)-Ru(4) 2.212(6)
Ru(1)-Ru(2) 2.8644(7)  Ru(4)-Ru(6) 2.8570(7)
Ru(2)-Ru(3) 2.9030(7) Ru(5)-Ru(6) 2.8908(8)
Ru(1)-Ru(3) 3.1703(2)  Ru(4)-Ru(5) 3.1654(2)
o(1)-5(1) 1.462(5)  0(2)-5(2) 1.461(5)
N(1)-5(1) 1.514(5)  N(2)-S(2) 1.516(5)
N(D)-Ru(3) 2.161(5)  N(2)-Ru(5) 2.163(5)
N(1)-Ru(1) 2.166(5)  N(2)-Ru(4) 2.170(5)
C(8)-C(1)-C(1) 129.2(6)  C(46)-C(47)-C(48) 134.4(6)
C(N-C(8)-C(9) 133.5(5)  C(49)-C(48)-C(47) 162.0(6)
C(10)-C(9)-C(8) 158.4(6)  C(48)-C(49)-C(50) 130.5(5)
C(9)-C(10)-C(11) 131.7(5)  C(51)-C(50)-C(49)  122.0(6)

Estimated standard deviations in parentheses.

H,CC=C-Me), which is the only complex presenting
the same CCC coordination mode, according to the
interpretation of the spectroscopic data, since no crystal

%‘\\' \é‘ /.
/ S
Q A /
5
'
c46 9 &
c \\’10/ —J\.
) ca7 ./
s
>
X
V77 ) ‘\"
Rub

Fig. 2. ORTEP plot of 2 (Molecuie B). Thermal ellipsoids are drawn a1 40% of probability.
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structure analysis is available [41]. The short distance
between Ru(2) and C(9) [Ru(2)-C(9) 2.1972(1) A] is
presumably due to a geometric arrangement of the C,
chain with respect to the Ru, core. This description of
the C, ligand as a o,m,m-donor is however, an over-
simplification because of the mixing of the ¢ and
contributions of each metal-ligand interaction [42,43].

The electron count of 2 being 50e is in accordance
with an open M, triangle. We therefore consider the
Ru(1) - - - Ru(3) vector as an open edge, even if the
distance is shorter [Ru(l) - - - Ru(3) 3.1703(2) A] than
in open Ru, clusters (average Ru - - - Ru 3.430 A). The
C(8)C(9)C(10) angle is 158.4°(6), confirming the de-
scription of a butenynyl fragment; for a allenyl
(butatrienyl) moiety, the average CCC angle is normally
between 138°(2) and 152°(1) [42].

2.3. Molecular structure of Ruy(u,-CONCO),[;-n-
PhCCCC(H)Ph][ n;-NS(O)MePh] (3)

The molecular structure of 3 was confirmed by a
X-ray structure analysis of a suitable crystal obtained by
room temperature crystallization from a mixture of
CH,CI, and hexane. The molecular structure of 3 is
depicted in Fig. 3, selected bond lengths and angles are
presented in Table 3.

The three ruthenium atoms in 3 form an open trian-

1
s

Table 3 .

Selected bond lengths [A] and bond angles [deg] for 3
C(8)-C(9) 1.407(5) N(1)-Ru(1) 2.129(3)
C(8)-Ci D 1.497(5) N(1)-Ru(3) 2.165(3)
C(8)-Ru(3) 2.227(4) N(1)-Ru(2) 2.228(3)
C(8)-Ru(1) 2.314(4)  O(1)-S 1.445(3)
C(8)-Ru(2) 2.319(4) Ru(1)-Ru(2) 2.7164(3)
C(9)-C(10) 1.336(6)  Ru(1)-Ru(3) 2.8290(3)
C(9)-Ru(3) 2.099(4) Ru(2)-Ru(3) 3.43243)
C(9)-Ru(2) 2.250(4)

C(10)-C(17) 1.326(6) C(9)-C(8)-C(11) 121.1(3)
C(10)-Ru(2) 2.286(4)  C(10)-C(9)-C(8) 139.7(4)
C(1m-HO17)  0.99(4) C(17)-C(10)-C(9) 150.3(4)
N(1)-S 1.554(3) © C(10)-C(17)-C(18) 122.4(4)

Estimated standard deviations in parentheses.

gle [Ru(1)-Ru(2) 2.7164(5); Ru(1)-Ru(3) 2.8290(5);
Ru(2) - - - Ru(3) 3.4324(3) A], all ruthenium-ruthenium
distances being different. Two of the three ruthenium
atoms, Ru(1) and Ru(2), are bonded to two terminal CO
groups, whereas Ru(3) is bonded to three terminal CO
ligands. A carbonyl group bridges the Ru(l)-Ru(2)
edge and lies in the same plane as the metal framework
(dihedral angle 175.7°). The position of the carbonyl
ligand is not symmetrical between both ruthenium atoms,
and C(29) is closer to Ru(1) than to Ru(2) [Ru(1)-C(29)

(= 0O

c8 (&
9 l ~ /\"’\
0 Ru3 S
B @ % i
Ru2 \’f/ R
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Fig. 3. ORTEP plot of 3. Thermal ellipsoids are drawn at 40% of probability.
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2.0208(2); Ru(2)-C(29) 2.1199(2) Al. We also ob-
served that the nitrogen cap is asymmetrically coordi-
nated to the Ru; core, all the Ru~N bond lengths being
different [Ruo(l)—N 2.129(3); Ru(2)-N 2.228(3); Ru(3)-
N 2.165(3) A].

The coordination of the C, fragment in 3 is different
from that in 2, inasmuch as it is best described as
butatrienyl ligand PhC=C=C=C(H)Ph, although it also
acts as a Se-donor and it is also coordinated by three
carbon atoms. The double bond C(10)=C(17) does not
interact with any ruthenium as in 2 [Ru(1)-C(17)
5.5385(5);° Ru(2)-C(17) 3.3886(4); Ru(3)-C(17)
4.2806(5) A]. In a first approximation, we can consider
the C, ligand to be o-bonded by C(8) to Ru(l) and
Ru(2) (‘shared o-bond’) [Ru(1)-C(8) 2.3136(2);
Ru(2)-C(8) 2.3186(2) A] and m-bonded by C(8)=C(9)
to Ru(3) [Ru(3)-C(8) 2.2275(2); Ru(3)-C(9) 2.0989(3)],
and w-bonded by C(9)=C(10) to Ru(2) [Ru(2)-C(9)
2.2501(2); Ru(2)-C(10) 2.2857(3)]. A comparison of
the butatrienyl ligand in 3 with allenyl complexes such
as Ruy(CO),[ py-13-EtCCC(H)CH,] [44] or
Ru;(CO)yf p3-1*-CH,CC(‘Pr))( w,-PPh,) [45] reveals
the C(8)C(9)C(10) angle of 139.7°(4) to be similar to
the corresponding allenyl angles of 143.7°(3) [45] or
142.3%(6) [44].

3. Discussion

Despite the different coordination of the C, ligand in
2 and 3, the nature of the C, hydrocarbyl fragment is
the same. The two ligands can in fact be considered as
two mesomeric representations of the same hydrocarbyl
radical.

Ph-C = C-C=C(H)Ph & Ph ~ C=C=C=C(H)Ph

In both, 2 and 3, the C, hydrocarbyl ligand is
coordinated to the Ru, framework by only three carbon
atoms, the C=C(H)Ph double bond of the ligand is not
interacting with a metal atom. The main difference
between clusters 2 and 3 is the electron-deficient char-
acter of 3 (48e), while 2 is electron-precise comprising
50e.

It is interesting to note that the C, hydrocarbyl
ligands in 2 and 3, formed by a carbon-carbon coupling
of two C, units, can obviously not be generated from
the corresponding C, hydrocarbon. The reaction of
Ru,;(CO),, with the enyne PhC=C-CH=C(H)Ph leads
to the formation of three isomeric binuclear complexes
Ru,(CO)4[C,Ph,(CH=CHPh),] as well as to two trinu-
clear clusters Ru,(CO)( u-CO),[C,Ph,(CH=CHPh), ]
and Ru;(CO)[ us-7n'm',n*,n*C,Ph,(CH=CHPh),],
none of which contains a C, hydrocarbyl ligand [46].

The isolation and characterisation of the vinyl com-
plex 4 (two isomers 4a and 4b) from the reaction
mixture would suggest that the C-C coupling of the two

alkyne units on the Ru; core implies insertion of the
alkyne into the ruthenium-hydrido bond in 1 to give a
vinyl complex followed by the coordination of a second
alkyne to give an alkyne-vinyl complex in which the
C-C coupling takes place. However, the reaction of 4
(isomer mixture) with para-nitrotolane under the same
reaction conditions did not yield 2 or 3. We therefore
rule out the intermediacy of 4a or 4b in the formation of
2 and 3.

4, Experimental

All manipulations were carried out in a nitrogen
atmosphere, using standard Schlenk techniques. The
organic solvents were destilled over appropriate drying
agents [47], saturated with nitrogen prior to use. The
NMR spectra were recorded using a Varian Gemini 200
BB instrument or a Bruker AMX 400 at 297 K. The IR
spectra were recorded using a Perkin-Elmer FTIR 1720X
spectrophotometer (4000-400 c¢cm™'). Microanalytical
data werc obtained from the Mikroelementaranalytis-
ches Laboratorium der ETH Ziirich. The mass spectrum
was recorded by Professor T.A. Jenny, University of
Fribourg (Switzerland). The starting compounds ( u,-
H)Ru ;(CO)y[ 1,-NS(O)MePh] (1) (48] and
PhC=C(C,H,-p-NO,) were synthesized according to
published methods [49]. Methyl phenyl sulfoximine
(racemate) was obtained from Professor Carsten Bolm,
RWTH Aachen (Germany).

4.1. Reaction of (p,-H)Ru,(CO)yl pu;-NS(OIMePh] (1)
with PhC=C(Cy4 H,-p-NO,)

A solution of { p,-H)Ru;(CO)y[ p5-NS(O)MePh] (1)
(200 mg, 0.28 mmol) and PhC=C(C.H,-p-NO,) (188
mg, 0.84 mmol) in THF (40 ml) was heated in a
pressure Schlenk tube to 50°C for 6 h. After evaporation
of the solvent the residue was dissolved in CH,Cl, and
separated by thin-layer chromatography (first: alu-
minum oxide, CH,CI, /hexane 1:1; second: silica gel
CH,Cl,/cyclohexane 1:1). From the first main band
(red) 2 was extracted with CH,Cl, and recrystallized
from CH,Cl, /hexane at 4°C. 3 was extracted from the
second main band (red-orange) with CH,Cl, and re-
crystallized from CH,Cl,/hexane at room temperature.
The third main band (orange) contained 4 as the isomer
mixture 4a and 4b, which was extracted with CH,Cl,
and obtained as a brownish powder. All compound were
dried in vacuo. 2: yield 36 mg. 14%. Anal. Found 2: C,
43.94; H, 2.22; N, 1.78. C,,H|y)NO,,SRu;(0.5 C,H ),
Calc. C, 43.98; H, 2.74; N. 1.47%. 3: yield 27 mg,
11%. Anal. Found 3: C, 45.34; H, 295; N. 1.53.
C,, H,,NOySRu;(0.75 C4H,,). Calc. C, 45.33: H. 2.95;
N,1.47%. 4: yield 17 mg, 7%. Anal. Found 4: C. 44.34;
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Table 4

Crystallographic and refinement data for 2, 3

Compound 2 3

Empirical formula C;,H gNOqRu,S C;H (NOyRu,S - CH,Cl,
Formula weight (g mol~ ") 912.79 969.71

Temperature (K) 293(2) 293(2)

Crystal system monoclinic monoclinic

Space group P2,/a P2,/n

a, b.c(A) 19.649(2), 29.004(2), 11.7751(8) 10.0921(11), 16.326(2),21.525(3)
a, .y (® 90, 90.026(7), 90 90. 99.763(12). 90
Volume (A%) 6710.5(10) 3495.1(7)

z 8 4

D, /gcm™ 1.807 1.843

Absorption coefficient (Mo Ka, mm™") 1.306 7 1.397

F(000) 3568 1896

Crystal size 0.57 X 0.53 X 0.30 0.53x0.30 X030

6 Scan range (°) 2.07 10 25.50 2.11 10 25.52

h, k, | ranges —231023,01035,010 14 —~121t012,0t0 19,00 26
Reflections collected 12476 6517

Independent reflections 12476 6517

Reflections observed [/ > 20(/)] 10047 5833

Data /restraints / parameters 12473 /0/936 6510/0/455

Goodness of fiton F? 1.155 1.144

Final R indices [/ > 20 (/)]

R indices (all data)

Largest diff. peak and hole (e A*)
Empirical absorption correction
Transmission faclors: min/max

DIFABS
0.758/1.156

R1 =0.0492, wR2 = 0.0856
R1 =0.0691, wR2 = 0.0930

1.054 and —0.473

R1=10.0322, wR2=0.0742
R1=0.0386, wR2 = 0.0804

0.885 and —0.444

H, 3.27; N, 2.91. C,H sN,0,,SRu,(1.5 C,H,,), Calc.
C, 44.92; H, 3.57; N, 2.75%. Mass spectrum (FAB)
m/z: 4908 (M*) ("2Ru).

4.2. X-ray structure analysis of 2 and 3

Suitable crystals of 2, 3, were obtained as indicated
in Section 4. Intensity data were collected on a Stoe-
Siemens AED? 4-circle diffractometer at room tempera-
ture (Mo—oKa graphite monochromated radiation, A =
0.71073 A; w/26 scans). Table 4 summarizes the
crystallographic and selected experimental data for 2
and 3. The structures were solved by direct methods
using the program SHELXS-86 [50). The refinement,
using weighted full matrix least-square on F?, was
carried out using the program SHELXL-93 [51]. For 2,
an empirical absorption correction was applied using
[DIFABS] [52]. Complex 3 crystallizes with a molecule
of CH,Cl, per unit cell. The hydrogen atoms of the C,
hydrocarbyl chains of 2 and 3 were located from differ-
ence maps and refined isotropically. The methyl, and
phenyl hydrogens of 2 and 3 were included in calcu-
lated positions and refined as riding atoms using the
SHELXL 93 default parameters. The figures were drawn
with ZORTEP [53] (thermal ellipsoides, 40% probabil-
ity level). Full tables of atomic parameters and bond
lengths and angles may be obtained from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cam-

bridge CB2 1EZ (UK) on quoting the full journal
citation.
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Triruthenium—iridium clusters containing alkyne ligands: synthesis,
structure, and catalytic implications of [(u-H)IrRuy(CO),,(n;-n’-
PhC=CPh)] and [IrRu,(CO),,(ns-1>-PhC=CPh)(u-n’>-PhC=CHPh)]
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The mixed-metal cluster {HIrRu,;(CO),;] 1 reacts with one equivalent of disubstituted alkynes RC=CR to give
[H1rRu,(CO), {p;-n*-RC=CR)] (R = Ph 2; R = Me 3), with a second equivalent of the alkyne the clusters
{[IrRuy{CO),o{1te-n*-RC=CR)(p-n?-RC=CHR)] (R = Ph 4; R = Me 5) are obtained. The single-crystal X-ray
structure analyses of 2 and 3 show these clusters 1o have a tetrahedral Ru;lr framework containing the alkyne
ligand coordinated in a parallel fashion over the Ru, face of the metal skeleton. In contrast, the clusters 4 and 5
consist of a butterfly arrangement of the Ru,Ir framework with the alkyne ligand coordinated to all four metal
atoms, giving an overall octahedral Ru,IrC, skeleton, as demonstrated by the single-crystal structure analysis of 4.
Cluster 1 is an excellent catalyst for the hydrogenation of diphenylacetylene to give stilbene (catalytic turnover
number 990 within 15 min), clusters 2 and 4 are also catalytically active but seem to represent side-channels of the

catalytic cycle.

The synthesis of mixed-metal alkyne clusters has received much
attention due to their potential as models for the carbon-
carbon triple bond activation on metal surfaces'? and for their
catalytic potential in hydrogenation reactions.’ Different metals
in a cluster may also have synergistic effects for catalytic trans-
formations. On the other hand, the increase of the catalytic
activity of a transition metal catalyst by addition of another
metal complex gives rise to speculations about the formation
of mixed-metal clusters to account for the synergistic effect
observed.*

The reaction of tetranuclear clusters with internal and
terminal alkynes often affords the corresponding butterfly
complexes where the C, unit bonds to the M, framework in a
e-n3-fashion to form a quasi-octahedral M,C, skeleton.’ The
co-ordination in a p,-n’*-mode of the alkynes on a face of a
tetrahedral metal framework is not common and only a few
examples have been reported in the literature.®

In a recent publication, we have described the synthesis and
the reactivity of the mixed-metal cluster [HIrRu,(CO),5] 1
towards H,.” We now report on the reactivity of 1 towards
internal alkynes such as diphenylacetylene and 2-butyne,
and on the catalytic activity of I in the hydrogenation of
diphenylacetylene.

Results and discussion

Synthesis and characterisation of [HIrRu,(CO)(RC=CR)} (2
R = Ph; 3R = Me)

The thermal reaction of [HIrRu,(CO),3} 1 with one equivalent
of alkyne in hexane leads to the formation of the new tetra-
hedral mixed-metal alkyne clusters [HIrRu;(CO),,(PhC=CPh))]
2 and [HIrRu{CO),,(MeC=CMe)] 3 (Scheme 1). The two com-
plexes 2 and 3. isolated by chromatographic methods, are stable
towards air and moisture. The infrared spectra of clusters 2 and
3 are very similar in the carbonyl region, both presenting six
bands in the region of terminal CO vibrations and one absorp-
tion at 1842 cm™' (2) and 1844 cm™! (3) which is attributed to
the bridging carbonyl ligand (Table 1).

In the 'H NMR spectra of 2 and 3, the hydride signals are
observed at higher field with respect to 1. In the case of 2. a

H—Ru(CO),

(CO)ZRU<//\ +RC==C Ru (CO),
[\oc Ru(CO)3_>(co Ru
-2CO

ockV//

Ru (CO),
lr—
(CO)J (o), lr—CO
2: A =Ph
3: A =Me
-3C + RC==CR
+2 RC=CR

4: R =Ph

5. R =Me

Scheme I Synthetic routes to clusters 2-5.

multiplet centred around J 7.15 can be assigned to the phenyl
protons, whereas in the case of 3 the two methyl groups of the
alkyne ligand are equivalent and give only one singlet at ¢ 2.72,
indicating that the alkyne is co-ordinated symmetrically over
the Ru,lr framework.

Solid state structures of [HIrRu,(CO),,(s;-n*-RC=CR)]
(2R = Ph; 3R = Me)

The molecular structures of 2 and 3 have been solved by single-
crystal X-ray structure analysis. Suitable crystals of 2 and 3

J. Chem. Soc., Dalton Trans.. 1998, 3825-3831 3825



Table 1 1R and '"H NMR data

Complex WCO)/em™

P

[HRu,I1(CO),(PhC=CPh)] 2
[HRu,Ir(CO), (MeC=CMe)] 3
[Ru,1r(CO),o( PhC=CPh) PhCH=CPh} 4

[Ru,Ir(CO) o MeC=CMe)(MeCH=CMe)] 5§

2095w, 2071s, 2053s. 2037vs,
2012m, 1994m, 1842w

2094w, 2068s, 2049s. 2033vs,
2009m, 1988m, (844w

2078m, 2043vs, 2037s. 2027m,
2001w, [990vw, 1964vw
2078m, 2066w, 204 3vs, 2032vs,
2014s. 1997m, 1983w, 1959w

7.30-7.00 (C,H,. m). - 18.88 (H. s)
2.72(CH,.s). ~18.98 (H. s)
7.70-6.20 (C4Hs. m). 4.90 (H. s)

4.80 (CH;CHCCH,, dq *Jyyy 6.1 443, 0.7)

3.09 (CH;CHCCH,. d *J,,,, 0.7 Hz). 2.90 (CH,CCCH,. 5)
2.74 (CH,CCCH,.s) 1.82 (CH,CHCCH,. d *Jy,, 6.1 Hz)
4.86 (CH,CHCCH;, dq 4y, 5.95 Hz “Jy, 0.8 Hz}

3.07 (CH,CHCCH,), 2.88 (CH,CCCH,. 5)

2.71 (CH,CCCH,. s), 1.77(CH,CHCCH,. d *J,,44y 5.95 Hz)

 Recorded in dichloromethane 2 and 3, in hexane 4 and 5. ®* Measured in CDCl, solution at 294 K, J in Hz. © Two isomers in solution (ratio 7:1).

Fig. I ORTEP plot of [HIrRuy(CO),,(u,1*-C,Phy)] 2. Thermal
ellipsoids are drawn at 30% of probability.

Fig. 2 ORTEP plot of [HIrRuy(CO), (1;-n*-C,Me,)] 3. Thermal
ellipsoids are drawn at 30% of probability.

were grown at — 18 °C in hexane. The molecular structure of 2 is
depicted in Fig. | and that of 3 in Fig. 2. Selected bond lengths
and angles of both compounds 2 and 3 are listed in Tables 2 and
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Table 2 Selected bond lengths (A) and angles (°) for molecule 2

Ir(1)-Ru(2) 2.6985(7) Ru(2)-C(13) 2.208(7)
Ie(1)-Ru(1) 2.7736(8) Ru(2)-Ru(3) 2.7634(9)
Ir(1)-Ru(3) 2.8092(7) Ru(3)-C(12) 2.191(8)
Ru(1)-C(13) 2.134(8) Ru(3)-HRu(l) 1.91(8)
Ru(1)-Ru(2) 2.8476(9) C(12)-C(13) 1.399(10)
Ru(1)-Ru(3) 2.8513(9) C(12)-C(14) 1.495(11)
Ru(1)-HRu(!) 1.51(8) C(13)-C(20) 1.481(11)
Ru(2)-C(12) 2.170(8)

Ru(2)-Ir(1)-Ru(1) 62.70(2) Ir(1)-Ru(2)-Ru(1) 59.94(2)
Ru(2)-1r(1)-Ru(3) 60.24(2) Ru(3)-Ru(2)-Ru(l)  61.04(2)
Ru(1)-Ir(1)}-Ru(3) 61.42(2) Ru(2)-Ru(3)-Ir(1) 57.90(2)
Ir(1)-Ru(1)-Ru(2) 57.361(19) Ru(2)-Ru(3)-Ru(1)  60.90(2)
Ir(1)-Ru(1)-Ru(3) 59.91(2) Ir(1)-Ru(3)-Ru(1) 58.67(2)
Ru(2)-Ru(1)-Ru(3)  58.06(2) C(13)-C(12)-C(14) 125.87)
Ir(1)-Ru(2)-Ru(3) 61.86(2) C(12)-C(13)-C(20) 124.6(7)

Estimated standard deviations in parentheses.

Table 3 Selected bond lengths (A) and angles (°) for molecule 3

Ir(1}-Ru(2) 2.4972(7) Ru(2)-C(I) 2.446(10)
Ir(1)}-Ru(3) 2.783%(7) Ru(2)-Ru(3) 2.8156(10)
Ir(1)-Ru(l) 3.0591(8) Ru(3)-C(2) 2.049(8)
Ru(1)-C(1) 1.901(7) Ru(3)-H(1) 1.75(6)
Ru(1)-Ru(2) 2.8665(10)  C(1)-C(2) 1.385(12)
Ru(1)-Ru(3) 2.8847(10)  C(1)-C(3) 1.534(13)
Ru(1)-H(1) 1.76(6) C(2)-C(4) 1.388(10)
Ru(2)-C(2) 2.299(9)

Ru(2)-Ir(1)-Ru(3)  64.17(2) Ir(1)-Ru(2)-Ru(1) 69.15(2)
Ru(2)-1r(1)-Ru(l)  61.13(2) Ru(3)-Ru(2)-Ru(l)  61.01(2)
Ru(3)-1r(1)-Ru(l)  58.94(2) Ir(1)-Ru(3)-Ru(2) 52.966(19)
Ru(2)-Ru(1)-Ru(3) 58.62(2) Ir(1)}-Ru(3)-Ru(l) 65.29(2)
Ru(2)-Ru(1)-Ir(1)  49.717(18)  Ru(2)-Ru(3)-Ru(l)  60.37(2)
Ru(3)-Ru(!)-Ir(l)  55.76(2) C(2)-C(N-C(3) 129.3(7)
Ir(1)-Ru(2-Ru(3)  62.87(2) C(H-C(-C(1) 121.6(8)

Estimated standard deviations in parentheses.

3. Both, 2 and 3 have the same overall structure showing the
same carbonyl, alkyne and hydride co-ordination. The four
metal atoms form a tetrahedron where the Ru-Ir distances vary
from 2.6985(7) to 2.8092(7) A for 2 and from 2.4972(7) to
3.0591(8) A for 3. The clusters 2 and 3 present, as expected for a
tetrahedral arrangement, an electron count of 60. The short
distances Ru(2)-1r(1) {2 2.6985(7). 3 2.4972(7) Al are due to the
bridging carbonyl ligand over this edge. The base of the tetra-
hedron is composed of three ruthenium atoms, each of the Ru~
Ru distances being different. In both complexes the longer
Ru(1)-Ru(3) distance [2 2.8513(9): 3 2.8847(10) A] suggests the
presence of the hydrido bridge across this edge. The hvdride
ligand in 2 is not symmetrically co-ordinated to the Ru(l)-
Ru(3) edge [2 Ru(l)~HRu(1) 1.51(8). Ru(3)-HRu(1) 1.91(8) A).
whereas in complex 3 the hydride is quasi symmetrically
co-ordinated to the Ru(1)}Ru(3) vector [Ru(1)-H(l) 1.76(6)



Ru(3)-H(1) 1.75(6) A]. Two of the three ruthenium atoms are
bonded to three terminal CO groups. whereas Ru(2) and Ir(1)
are bonded to two terminal CO groups and share the bridging
CO ligand. The alkynes are co-ordinated in a p;-1°-bonding
mode. which is commonly observed in trinuclear alkyne com-
plexes:® compounds 2 and 3 compare well with the mixed-
metal clusters [HCpWOs,(CO),q(p;-n°-C,Tol,)] (Tol = tolyl)*
and with [H,05,CO)y(p;-n>-C,Phy)(n*-C,Ph,)).% The p;-n*-
RCCR ligand (2 R = Ph: 3 R = Me) lies on the Ru, face of the
1rRu;, framework and is formally n-bonded to Ru(2) [2 Ru(2)-
C(12) 2.170(8). Ru(2)-C(13) 2.208(7) A: 3 Ru(2)-C(1)
2.446(10). Ru(2)-C(2) 2.299(9). A] and is o-bonded to Ru(l)
and Ru(3) [2 Ru(1)-C(13) 2.134(8), Ru(3)-C(12) 2.191(8) A; 3
Ru(1)-C(1) 1.901(7), Ru(3}-C(2) 2.049(8) A}. The formal elec-
tron counts at the individual metal atoms are 18.5 for Ru(1) and
Ru(3), 18 for Ru(2) and 17 for Ir(1).

The electron deficiency of the Ir atom is apparently compen-
sated for by direct donation from the ruthenium atoms. This s
confirmed by the very short Ir(1)-Ru(2) distance {2 Ir(1)-Ru(2)
2.6985(7): 3 Ir(1)-Ru(2) 2.4972(7) A] and by the presence of the
bridging carbonyl ligand over Ru(2)-1r(1).

Owing to the co-ordination of the alkyne group to the metal
core, the carbon-carbon triple bond is lengthened (2 C(12)-
C(13) 1.399(10): 3 C(1)-C(2) 1.385(12) A]. being in the same
range as observed for other clusters such as [HCpWOs,(CO),o-
(uy-n3-C,Toly)] fisomer 1 1.38(6), isomer 2 1.45(6) A]* and
[H,05(CO)(u;-n*-C,Ph,)(n*C,Ph,)]  (1.44(1) A}  The
alkyne ligands PhC=CPh and MeC=CMe are bent, the angles
being 125.8(7)° [C(14)-C(12)-C(13)] and 124.6(7)° [C(12)-
C(13)-C(20)] for 2. 129.3(7)° [C(2)-C(1)»-C(3)] and 121.6(8)°
[C(H-C(2)-C(4)] for 3.

A comparison of both structures shows that in 3 the dis-
tances Ru(1)-C(1) [1.901(7) A] and Ru(3)-C(2) [2.049(8) Alare
shorter than the analogous distances in 2 [Ru(1)-C(13) 2.134(8)
A: Ru(3)-C(12) 2.191(8) A]. These differences in the formal
ruthenium-carbon o-bonds may be explained by steric effects,
the mcthyl substituents being less demanding than the phenyl
substituents. For the distances corresponding to the formal
ruthenium—carbon n-bonds, the inverse effect is observed. In
3 the distances Ru(2)-C(1) [2.446(10) A] and Ru(2)-C(2)
(2.299(9) A] are longer than the corresponding distances in 2
[Ru(2)-C(13) 2.208(7) A: Ru(2)-C(12) 2.170(8) A}, probably
due to the higher electron density of 2-butyne with respect to
diphenylacetylene.

Syanthesis and characterisation of [IrRu;(CO),,(RC=CR)-
(RCH=CR)) (4 R = Ph; 5R = Me)

Reaction of the tetrahedral alkyne clusters 2 and 3 with a
further equivalent of the corresponding alkyne gives the but-
terfly clusters [IrRuy(CO),o(RCCR)(RCH=CR)] (4 R =Ph; §
R = Me), also accessible directly from 1 with at least two
equivalents of PA\CCPh or MeCCMe (Scheme 1). The infrared
spectra of 4 and 5 exhibit almost the same +(CO) pattern in the
area of terminal carbonyls (Table 1). The '"H NMR spectra of 4
and 5 reveal the presence of a vinyl in addition to the alkyne
ligand; 4 shows a multiplet centred around & 6.95 which is
assigned to the various phenyl protons. The vinyl proton
appears as a singlet at § 4.90, being characteristic for vinyl com-
plexes.® In the case of 5. the '"H NMR spectrum is more compli-
cated, indicating the presence of two isomers in CDCI, solution
(ratio 7:1). We believe the major isomer to be analogous to 4,
whercas in the minor isomer the p-n*-CH;CH=CCH,; vinyl
ligand is co-ordinated in an inverse fashion with respect to the
Ru and Ir atoms. The structure of 4 was confirmed by a single-
crystal X-ray structure analysis.

Solid state structure of [IrRu,(CO),y(pt,-n2-PhC=CPh)-
(u-n’-PhCH=CPh)} 4

Suitable crystals of 4 were obtained by slow diffusion of

Table 4 Sciected bond lengths (A) and angles (%) for molecule 4

le(1)-C(11) 2.015(6)  Ru(2)-C(25) 2.250(6)
1r(1)-C(25) 2176(7)  Ru2)-C(26) 2.383(6)
Ir(1)-Ru(3) 2.6518(6) Ru(3)-C(11) 2.185(6)
Ru(2)- - - Ru(3) 3.9380(5) Ru(3)-C(26) 2.250(6)
Ir(1)-Ru(2) 273737 Ru(3)=C(12) 2.262(7)
1e(1)-Ru(1) 28311(7)  Ru(2)-C(25) 2.290(7)
Ru(1)-C(26) 21947 C(1)-C(1D 1.419(10)
Ru(1)-Ru(3) 27101(8)  C(i2)-H(12) 1.03(8)
Ru(1)-Ru(2) 2.72339)  C(25)-C(26) 1.431(10)
C(12)-C(11)-C(13) 1226(5)  Ci26)-C(25)-C(27)  127.9(6)
C(11)-C(12)-C(19) 1275(6)  C(25)-C(26)-C(33) 125.5(7)

Ru(3)-Ir(1)-Ru(l)-Ru(2) 117.27(3)

Estimated standard deviations in parentheses.

Fig. 3 ORTEP plot of [IrRuyCO)ue-n*-C,Ph,}(pu-n*-PhCH=CPh))]
4. Thermal ellipsoids are drawn at 30% of probability.

methanol into a concentrated dichloromethane solution at
room temperature. The molecular structure of 4 is depicted in
Fig. 3. Selected bond lengths and angles are presented in Table
4. The cluster 4 is the second compound known with p-n’-
alkyne and a u-n’-vinyl ligand co-ordinated to a tetranuclear
butterfly skeleton; it compares well with [FeCo,(CO)(p,-1’-
PhC=CPh)(1-n*-PhCH=CPh)].'® The butterfly backbone con-
sists of a ruthenium and an iridium atom which are bound to
two wingtip ruthenium atoms. The Ir(1)}-Ru(1) bond distance is
longer [2.8311(7) A] than the other metal-metal distances in 4,
but it is nevertheless in the usual range of the hinge lengths in
Ru,C, butterfly complexes.>!' The non-bonding Ru(2) - - » Ru(3)
edge [3.9380(5) A] can be compared 1o the values of 3.485(4)
and 4.123(1) A reported for the related butterfly clusters
[FeCo;(CO)s(pts-n*-PhC=CPh)(u-1*-PhCH=CPh)]"* and [Co,-
Mo,(4-C,Me,)(p-CO)(CO)4(n*-CsHy),).!2  respectively. The
dihedral angle between the intersection of the two planes of
1rRu, is 117.27(3)° usual for butterfly clusters.®*'® All carbonyl
ligands in 4 are terminal (the angles [r~C-O and Ru-C-O being
in the range of 174-179°). Two of the three ruthenium atoms,
Ru(1) and Ru(3) are bonded to two CO ligands, whereas Ru(2)
and Ir(1) are bonded to three carbonyls.

The PhCCPh ligand interacts with all four metal atoms in a
p4-1*-fashion. The carbon—carbon backbone [C(25)-C(26)] is
nearly parallel to the Ru(1)-1r(1) hinge of the cluster. and the
torsion angle of the diphenylacetylene unit C(25)-Ir(1)>-Ru(1)-
C(26) measures 1.9(2)°. The two carbon atoms C(25) and C(26)
can be considered as a-bound to Ir(l) and Ru(l) respectively
[16(1)-C(25) 2.176(7): Ru(1)-C(26) 2.194(7) A] and as n-bound
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Table 8 Catalytic hvdrogenation of diphenylacetylene

Product (* )
Cutalyst PhCCPh trans-PhCHCHPh cis-PhCHCHPh PhCH,CH,Ph TON TOF/min™!
[HIrRuCOY,y 0 98.8 0.2 1 990 66
[H,IrRu,(CO), ] 17 48.5 3 1.5 815 54
[HIrRu(CO),,(PhCCPh)} 6 73 18 3 910 60
(HIrRu(CON(PhCCPhPhCH=CPh)] 30 30 37 3 670 45

Conditions: P(Hy) = 10 bar. T=120°C. hexane = 30 ml. 7= 15 min. Cutalyst: 1.174 x 10°* mol. Catalyst-substrate ratio 1:1000. TOF: catalytic

wurnover frequency. TON: catalvtic turnover number.

Table 6 Catalytic hydrogenation of diphenylacetylene in presence of CO

Product (/4)

Cutalyst PhCCPh trans-PhCHCHPh ¢is-PhCHCHPh PhCH,CH,Ph TOF/min™' tmin
[HIrRu,(CO),)) 0.1 44 95.3 0.09 16 30
[H,1rRu,(CO),) 2 3 95 0 ¥ 45
[H1rRuy(CO),,(PhCCPh)) 0.5 44 95 0.08 13 40
[HIrRuy(CO),{ PhCCPh ) PhCH=CPh)} 0 16 80 0 11 45

Conditions: P(H,) =9 bar. AA(CO) =1 bar. T=120°C. hexane = 30 ml. Catalyst: 1.174 x 107° mol. Catalyst-substrate ratio 1:500. TOF: catalytic

turnover frequency.

to the two wingtip ruthenium atoms [Ru(2)-C(25) 2.250(6):
Ru(2)-C(26) 2.283(6): Ru(3)-C(26) 2.250(6). Ru(3)-C(25)
2.290(7) A).

Owing to the co-ordination to the four metal atoms, the C-C
bond is longer [C(25)-C(26) 1.431(10) A] than in clusters 2 and
3. The vinyl ligand is co-ordinated to Ir(1) and Ru(3) in a
classical p-n*-mode; the C(11)-C(12) group is o-bound to Ir(l)
[Ir(D)-C(11}2.115(6) A] and is n-bound to Ru(3) [Ru(3)-C(11)
2.185(6): Ru(3)-C(12) 2.262(7) A]. Also due to the co-
ordination to the metal framework the C-C bond is lengthened
[C(25)-C(26) 1.431(10) A] with respect to a free carbon—carbon
double bond.

With an electron count of 60, cluster 4 is electron-deficient,
since a M, butterfly cluster consistent with the noble gas rule
would require 62 electrons. However, considering 4 as an octa-
hedral RuylrC, cluster. it is consistent with Wade’s rules predict-
ing a closo-structure.'®

Catalytic hydrogenation of diphenylacetylene

The mixed-metal cluster {HIrRuy(CO),;] 1 turned out to be an
excellent catalyst for the hydrogenation of diphenylacetylene
in hexane solution (Table 5). Within 15 min. the substrate
is completely converted. the catalyst-substrate ratio being
{11000, the catalytic turnover frequency (TOF) being 66 min™*
{120°C, 10 bar). The selectivity is very high, giving 98.8%
trans-stitbene. 0.2% c¢is-stilbene and [% 1,2-diphenylethane.
The main product. rrans-stilbene precipitates directly from the
reaction mixture.

At the end of the catalytic reaction, the yellow solution
contains the intact IrRu; cluster system however, it is not the
[HirRuy(CO),;] complex employed but [H;IrRu;(CO),,] which
forms quantitatively from [HIrRu;(CO),;] under hydrogen
pressure.” [H,;IrRu,(CO),,] as well as the alkyne derivatives iso-
lated. [IrRuy(CO) ol p;-n*-PhC=CPh)] 2 and [IrRu,(CO),o(pe-n-
PhC=CPI)(p-n"-PhCH=CPh)] 4, also catalyse the hydro-
genation ol diphenylacetylene. However. the selectivities and
activities are not as good as in the case of [HIrRu,(CO),;] 1
(Table 3). If the hydrogenation is carried out in the presence of
carbon monoxide (H,-CO 9:1). both selectivity and activity
decrease (Table 6). In particular, it is interesting to note that
under these conditions the main product is c¢is-stilbene.

On the basis ol these findings, the recovery of the intact
IrRuy cluster. and the isolation and characterisation of the
two acetylene derivatives [IrRuy(CO),,(u;-n2-PhC=CPh)] 2 and
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[IrRu;(CO),pe-n>-PhC=CPh)(u-n*-PhCH=CPh)] 4, we pro-
pose a tentative mechanism involving intact 1rRu, intermed-
iates for the catalytic hydrogenation of diphenylacetylene
(Scheme 2). The cluster {HIrRuy(CO),;] 1 can react with the
alkyne under CO substitution to give an intermediate [HIr-
Ru;(CO),,(PhC=CPh)]. After hydrogen transfer from the metal
framework onto the co-ordinated alkyne, the vinyl species
[IrRu;(CO),(PhCH=CPh)] is formed. Uptake of molecular
hydrogen should give [H,IrRuy(CO),,(PhCH=CPh)] which,
after reaction with CO gives stilbene and the catalyst [HIr-
Ru;(CO),;]) 1 (cycle A). Under the reaction conditions (H, pres-
sure) the catalyst is converted into {H;lrRu;(CQ),,], the only
organometallic species detected (by IR spectroscopy) at the end
of the reaction and which can be isolated. This cycle parallels
the hydrogenation mechanism proposed by Cabeza er al. using
the trinuclear cluster [HRuy(CO)y(ampy)] (Hampy = 2-amino-
6-methylpyridine) as the catalyst.' We consider the two alkyne
clusters 2 and 4 which we isolated from the reaction of 1 with
diphenylacetylene to be members of a side channel which oper-
ates only in the absence of hydrogen. The hydrogenated species
[H;IrRu;(CO),,] also reacts with the alkyne to give, with form-
ation of the corresponding olefin, the intermediate [Hlr-
Ru;(CO),,(PhC=CPh)] (cycle B). This is in accordance with the
observation that 1 reacts more rapidly with H, than with diphe-
nylacetylene. The infrared spectrum shows that under a pres-
sure of 2 bar of H, at 120 °C (after 2 min), 1 is quantitatively
converted into [H,;l1rRu;(CO),,]). in the presence or absence of
diphenylacetylene.

Experimental

All reactions were carried out in an atmosphere of pure nitro-
gen using standard Schlenk techniques. Solvents were distilled
over appropriate drying agents and deoxygenated and nitrogen-
saturated prior 1o use.'® Preparative thin-layer chromatography
was performed using 20 X 20 cm plates coated with Fluka silica
gel G. The starting complex [HIrRuy(CO),,] was prepared
according to the published method.” Diphenylacetylene and
octadecane were purchased from Fluka, cis- and trans-stilbene
as well as 1,2-diphenylethane were purchased from Aldrich and
used as received. NMR spectra were recorded using a Varian
Gemini 200 BB or a Bruker AMX 400 spectrometer. using the
resonance of the residual protons of the deuteriated solvents as
reference. Infrared spectra were recorded with a Perkin-Elmer
1720X FT-IR spectrometer. Mass spectra were measured by
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Scheme 2 Proposed mechanism for the catalytic hydrogenation of diphenylacetylene catalysed by [HIrRu,(CQ),;). Isolated and fully characierised

species are indicated by a frame.

Professor T. A. Jenny at the University of Fribourg, Switzer-
land. Microanalyses were carried out by the Mikroelement-
aranalytisches Laboratorium of the ETH Zirich, Switzerland.
GC spectra were recorded with a DANI 86.10 gas chromato-
graph using a Chrompack (WCOT fused silica 25 M X 0.32 mm)
capillary column and octadecane as internal standard.

Preparations

{HIrRu,(CO),,(PhC=CPh)] 2. A solution of [HIrRu;(CO),,]
1 (73 mg, 0.085 mmol) and PhC=CPh (15 mg, 0.085 mmol) in
hexane (30 ml) was stirred at 80 °C in a pressure Schlenk tube.
During the reaction the pressure was released once. After 1 h
the solution changed from red to orange. After removal of the
solvent, the dark orange residue was dissolved in 5 ml of
CH,C), and submitted to thin-layer chromatography (silica gel,
CH,Cl,-hexane 1:3). Two main bands were obtained. The first
one contained [IrRuy(CO),,(PhC=CPh)}(PhCH=CPh)] 4 (5.1
mg, 11%). The second one (orange) contained 2, it was
extracted with CH,Cl, and recrystallised from hexane at
—18°C. The FAB mass spectrum of 2 shows the molecular
peak at m/z 985 ("*Ru, '*'Ir), followed by a fragmentation series
of {HIrRu(CO),(PhC=CPh)] (n = 1-10). The orange air-stable
crystals were dried in vacuo. Yield 17.3 mg, 23% (Found: C,
30.64; H, 1.11. C,sH,,0,Ru,Ir requires C, 30.55; H, 1.13%).

[HIrRu,(CO), (CH,C=CCH,)] 3. A solution of [HIrRu;-
(CO),51 1 (100 mg. 11.6 mmol) and a slight excess of cold
CH,C=CCH, (10 pl, 12.8 mmol) in hexane (30 ml) was stirred at
85 °C in a pressure Schlenk tube. During the reaction the pres-
sure was released once. After 90 min the solution had changed
from red to orange. After removal of the solvent, the dark

orange residue was dissolved in 5 ml of CH,CJ, and purified by
thin layer chromatography (silica gel, CH,Cl;~hexane 1:3).
Two bands were obtained, the first one contained [IrRuy(CO),,-
(CH,C=CCH,)}(CH,CH=CCH,)] 5 (3 mg, 3%), the second one
(orange) contained 3. The product was extracted with CH,Cl,
and recrystallized from hexane at — 18 °C. The orange air-stable
crystals were dried in vacuo. Yield 40 mg. 40% (Found: C, 21.01;
H, 0.78. C,sH,0,,Ru,lr requires C, 20.98; H, 0.82%).

[IrRu,(CO),((PhC=CPh)(PhCH=CPh)] 4. A solution of
[HIrRuy(CO),,] 1 (100 mg, 11.6 mmol) and PhC=CPh (62 mg,
34.8 mmol) in hexane (30 ml) was stirred at 85 °C in a pressure
Schlenk tube. During the reaction the pressure was released
once. After 90 min the solution had changed from red to dark
brown. After removal of the solvent. the dark brown residue
was dissolved in 5 ml of CH,Cl, and purified by thin layer
chromatography (silica gel, CH,Cl,~hexane 1:3). Cluster 4 was
extracted from the main brown band with CH,Cl, and
recrystallized at room temperature from a biphasic mixture of
CH,Cl,-MeOH. The black air-stable crystals were dried in
vacuo. Yield 53 mg, 40% (Found: C. 40.56; H. 1.74. C;3H,,0,4-
Ru,Ir requires C. 40.28; H, 1.87%). The product 4 is also access-
ible from 2 (17.3 mg, 0.0176 mmol) and PhC=CPh (3.45 mg
0.0176 mmol) by heating in hexane (30 ml, 90 °C, 60 min, one
pressure release) in 78% yield after thin-layer chromatography.

[IrRu,(CO),(CH,C=CCH,)}(CH,CH=CCHj,)] 5. A solution
of [HIrRu,(CO),;] 1 (100 mg.11. 62 mmol) and a large excess of
CH,C=CCH, (91 ul, 116. 2 mmol) in hexane (30 ml) was stirred
at 85°C in a pressure Schlenk tube. During the reaction the
pressure was released once. After 4 hours the solution had
changed from red to dark yellow. After removal of the solvent,
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Table 7 Crystallographic graphic data and refinement details for compounds 2. 3 and 4

2 3 4
Formula CysH,, IrO Ruy C,sH,1rORu, CyH 110 Ru;
M 982.75 858.62 1132.96
Crystal system Monoclinic Monoclinic Triclinic
Space group P2,in P2c Pl
als 9.3321(14) 14.0189(12) 9.7803(9)
bIA 32.744(3) 9.6264(15) 10.9610(10)
clA 9.3486(13) 15.7007(6) 18.1569(16)
a® 90 90 83.294(11)
pr 98.413(12) 90.003(3) 85.845(11)
o 90 90 69.536(10)
UiA? 2825.9(M) 2118.8(4) 1810.1(3)
V4 4 4 2
Crystal size/mm 0.38 x0.38 x0.27 0.34 x 0.34 x 0.23 0.30 x 0.23 x 0.15
Colour Red Orange Black
DJg cm™? 2.310 2.692 2079
pimm™’ 6.323 8.411 4.949
Transmission factors: min/max 0.0595/0.1764 0.0404/0.1376 0.170/0.642
F000) 1832 1576 1076
4 limits/® 2.29-25.49 2.12-28.79 2.22-25.88
Ikl ranges —11t01}1,01039,0t0 11 -19t00.0to 11, -16to 16 =-1ltoll.-13to0 13, —-2210 21
Reflections measured 5254 3956 14184
Independent reflections 5254 3956 6501
Observed reflections 4596 . 3479 5168
RI[I > 2a(D)/R} (all data)® 0.0366/0.0478 0.0359/0.0443 0.0349/0.0469
wR2(I > 20(D)wR2 (all data)® 0.0735/0.0820 0.0824/0.0876 0.0890/0.0922
Goodness of fit on F© 1.130 1.129 1.024
Maximum é/o 0.000 ) 0.001 . 0.001
Largest difference peak and hole/e A’ 0.932/-0.912 1.406/~1.162 1.187/-0.943

“ RU=Z||F)| ~ FIVEIF. & wR2 = [Ew(F,} = FAYEWFYTE. < S = [Ew(F,2 ~ FA(n — p)I (n = number of reflections, p = number of parameters).

the dark brown residue was dissolved in S ml of CH,Cl, and
purified by thin layer chromatography (silica gel, CH,Cl,-
hexane [:4). Complex 5 (existing as a mixture of two isomers)
was extracted from the main brown band with CH,Cl, and was
precipitated as a brown powder from methanol-pentane at
28 °C. The powder was dried in vacuo. Yield 13.2 mg, 13%
(Found: C, 25.23; H, 2.38. C3H,;0,,Ru;lr-2CH;OH requires
C. 25.32; H, 2.23%). The product 5 is also accessible from 3 (57
mg, 66.4 mmol) and an excess of CH;C=CCH, (50 ul, 10
equivalents) by heating in hexane (30 ml, 90 °C. 3 hours, one
pressure release) in 41% yield after thin-layer chromatography.

Catalytic runs

In a typical experiment, 1.174 x 107* mol of the catalyst were
dissolved in hexane (30 ml). To this solution, placed in a 100 ml
stainless-steel autoclave, 1000 equivalents of the substrate were
added. After purging three times with H,, the autoclave was
pressurised with hydrogen (10 bar) and heated to 120 °C under
vigorous stirring of the reaction mixture. After the reaction
time indicated in Tables 5 and 6, the autoclave was cooled to
room temperature and the pressure released. The reaction
mixture was then analysed by gas chromatography.

Crystallography

Single crystals of 2 and 3 were obtained in hexane at —18 °C,
whereas 4 was recrystallized at room temperature by diffusion
of methanol into CH,Cl,. Selected crystallographic data for the
three complexes are summarised in Table 7 and significant bond
lengths and bond angles are listed in Tables 2, 3 and 4.

Data collection, solution and structure refinement. Single-
crystal X-ray diffraction data of 2 and 3 were collected at room
temperature on a Stoe-Siemens AED2-four circle diffract-
ometer using Mo-Ka graphite-monochromated radiation (4 =
0.71073 A: 20 scans) and for 4 on a Stoe Imaging Plate
Diffractometer System (Stoe & Cie, 1995) equipped with a
one-circle goniometer and a graphite-monochromator. 200
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exposures (3 min per exposure) were obtained at an image plate
distance of 70 mm with 0 < ¢ < 200 and with the crystal oscil-
lating through 1° in . The resolution was D, — Dq., 0.81-
12.45 A. The structures were solved by direct methods using the
program SHELXS-97*¢ and refined by full matrix least squares
on F? with SHELXL-97." The positions of the hydrides in 2
and 3 as well as the vinyl proton in 4 were located from Fourier-
difference maps and refined isotropically, while the remaining
hydrogen atoms were included in calculated positions and
treated as riding atoms using SHELXL-97 default parameters.
For 2 and 3 an empirical absorption was applied based on
w scans'® and for 4 using DIFABS."” Crystallographic details
are given in Table 7 and significant bond lengths and bond
angles are listed in Tables 2. 3 and 4. The Figures were drawn
with ORTEP? (thermal ellipsoides, 30% probability level).

CCDC reference number 186/1194.

See http://www.rsc.org/suppdata/dt/1998/3825/ for crystallo-
graphic files in .cif format.
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Tri- and Tetranuclear Mixed-Metal Clusters Containing Alkyne Ligands:
Synthesis and Structure of [RuzIr(CO);;(RCCR")|",
[Ru,Ir(CO)o(RCCR")]~, and [HRu,Ir(CO)o(RCCR")}
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The tetrahedral cluster anion [Ruslr(CO)y ;)™ (1) reacts with
internal alkynes RC=CR' to afford the alkyne derivatives
[RusIr(CO)1(RCCRI)J" (22 R=R"=Ph; 3: R=R' =Et; 4: R =
Ph; R' = Me; 5: R = R’ = Me] which have a buitterfly
arrangement of the Ruslr skeleton in which the alkyne is
coordinated in a p,-n? fashion. Under CO pressure they
undergo fragmentation to give the trinuclear cluster anions
[RUII(CO)(RCCR)J" (6: R=R"=Ph; 2 R=R' = E(; 8: R =
Ph; R' = Me; 8: R = R’ = Me], in which the alkyne ligand is
coordinated in a u3-n? parallel fashion. Protonation of these
trinuclear anions leads to the formation of the corresponding

neutral hydrido clusters [HRu,Ir(CO)o(RC=CR'})] (10: R=R' =
Ph; 11: R = R’ = Et; 12: R = Ph; R’ = Me; 13: R = R’ = Me).
The protonation of the butterfly anions 2 and 3, however,
gives rise to the formation of the neutral tetrahedral clusters
[HRu3Ir(CO){{(RCCR’)] (14: R =R’ =Ph and 15: R = R' = Et),
respectively. The analogous clusters [HRu3lr(CO),;-
(PhCCCHy3;)] (16) and [HRu;ir(CO),((CH;CCCHj)] (17) are
only accessible from the reaction of the neutral cluster
[HRu;lr(CO);3] with the corresponding alkynes. The
complexes 2, 4, 5, 6, 10, 12 and 15 are characterised by X-
ray structure analysis.

Introduction

The chemistry of mixed-metal clusters of transition met-
als has been studied in great detail in recent years,!
stimulated by their possible catalytic potential and the com-
bination of different metals in the same complex.!*3-**] The
mixed-metal cluster Pt;Rug(CO),0(1t3-PhCoPh)(ps-H)(u-H)
has been shown by R. D. Adams et al. to be an very active
catalyst for the hydrogenation of alkynest<~3 Tetranu-
clear clusters with the butterfly structure] have received
much attention, due to their intermediary position between
tetrahedral and square-planar clusters. They have been also
considered as a model for chemisorption of small mol-
ecules,® and they have been studied as intermediates in
homogeneous catalytic processes.[*78] Both, metal atoms
and ligands can vary widely in butterfly-type clusters, which
determines, on the one hand, the structural properties of
the butterfly framework and, on the other hand, the chem-
istry of the coordinated ligands.

In a recent publication,® we have described the reactivity
of the neutral tetrahedral cluster [HRu;Ir(CQ);5]%! towards
alkynes and its catalytic potential in hydrogenation reac-
tions. We now report the reaction of its precursor, the clus-
ter anion [Ru;It(CO);3]~ ¥ with internal alkynes, which af-
fords anionic alkyne clusters of the type [Ruslr-
(CO)1(RCCR)]™, and we also report on the reactivity of
the latter anions towards CO and H*.

lal Institut de Chimie, Université de Neuchatel,
Avenue de Bellevaux 51, CH-2000 Neuchatel, Switzerland
Fax: (internat.) + 41-32/718-2400
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Results and Discussion

Synthesis of the Cluster Anions
[RusIr(CO){;(RCCR')|™ (2-5)

The thermal reaction of the tetrahedral cluster anion
[RusIr(CO);5]~ (1) with the internal alkynes diphenylacety-
lene, 3-hexyne, 1-phenyl-1-propyne, or 2-butyne yields, at
90 °C in CH,Cl, solution (pressure Schlenk tube), the al-
kyne derivatives [Ru;Ir(CO);(RCCR")]” (2: R = R’ = Ph;
3:R=R' ' =Et;4: R =Ph;R" = Me; 5: R = R’ = Me)
(Scheme 1). These anions can be isolated as the bis(triphen-
ylphosphoranylidene)ammonium salts from a mixture of di-
ethyl ether and hexane (2, 4, and §), or from a mixture of
ethanol and pentane (3). Complexes 2, 4, and S gave suit-
able crystals for X-ray structure analysis.

The infrared spectra of all the compounds display the
same absorption pattern in the v, region, indicating the
presence of terminal as well as bridging CO ligands (Table
1). The 'H-NMR spectra of 2—5 are complicated by the
multiplets of the [N(PPh,),]* cation,; for 2 and 4, the reson-
ances of the phenyl protons of the alkyne ligands overlap
with the signals of the cation. In the case of 4 (containing
an unsymmetrical alkyne ligand). only one singlet at § =
2.82 is observed for the methyl group, indicating the pres-
ence of only one isomer. In the case of 3 and 5 (containing
a symmetrical alkyne ligand), the two alkyl substitueats on
the alkyne are nonequivalent, suggesting the alkyne ligand
to be coordinated in a nonsymmetrical fashion to the Ru;lr
framework (Table 1). This is confirmed by the X-ray struc-
ture analysis of the bis(triphenylphosphoranylidene)am-
monium salts of 2, 4, and 5.
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Scheme 1. Synthetic routes to clusters 2—-13

Molecular Structures of [Ru;Ir(CO),;(RCCR")}™
(2, 4, and 5)

Suitable crystals of 2, 4, and 5 {[N(PPh;),]* salts} were
grown at room temperature from a mixture of diethyl ether
and hexane. The molecular structures of the anions 2, 4,
and 5 are depicted in Figures 1, 2, and 3, respectively. Selec-
ted bond lengths and angles of complexes 2, 4, and 5 are
summarized in Tables 2, 3, and 4, respectively. The crystal
structures consist of discrete [N(PPhs),]* cations and
[RusIe(CO),,(RCCR")]™ anions showing normal intermo-
lecular contacts between the atoms of the ions. The cluster
anions 2, 4, and 5 have the same overall structure: The four
metal atoms form a butterfly skeleton where the iridium
atom occupies a hinge position, whereas in the known co-
balt analogue [Ru;Co(CQ);;(PhCCPh)]~,!'! obtained by
reaction of {Ru3;Co(CO),5]~ with diphenylacetylene, the co-
balt atom occupies a wingtip position. In other mixed-metal
clusters anions with the butterfly core structure, such as
[RuzM(CO),,Cp(CH;CCCH,)]” (M = W, Mo)!'l and

[Co3Ru(CO),o(PhCCPh))~, 1124 the single metal atom M al-

ways occupies a hinge position as found in 2, 4, and 5.

All metal—metal distances in 2, 4, and 5 are different
(Tables 2, 3. 4). but in the expected range for Ru—Ru and
Ru—1Ir single bonds.*#9 In the three clusters, the coordi-
nation of the eleven carbonyl ligands is the same: While
nine carbony! groups are terminal, one CO ligand [C(6)O(6)
in 2, C(20)0(20) in 4, C(10)O(10) in 5] is bridging the
Ir—Ru(3) edge. one CO ligand [C(10)O(10) in 2, C(14)O(14)
in 4. C(150(15) in 5] being coordinated to Ru(2) is semi-
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Figure 1. ORTEP plot of {IrRuy(CO),\(ps-n>-C,Ph,)]” (anion 2):
thermal ellipsoids are drawn at 50% of propability

bridging to Ru(3) as indicated by the distances car-
bon—Ru(2) [2: C(10)-Ru(2) 1.903(7) A 4
C(14)—Ru(2) = 1.896(3) A; 5: C(15)—Ru(2) = 1.903(6) A]
and the carbon—Ru(3) (2: C(10)—Ru(3) = 2.8893(3) A; 4:

Eur. J. Inorg. Chem. 1999, 853—862
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Table 1. IR and NMR data of the complexes 2—17

Complexes veo [em™ ) 3 (‘H) [ppm]t>=4

[N(PPh,):][Ru;1r(CO), (PhCCPh)] (2)  2055(m).  2009(vs). 1988(s). 1960(sh).” 1913(w}, 7.70-6.80 (CsHs. m)
1801(w})

[N(PPh;),]Ru;Ice(CO) (EtCCENO] (3} 2052(m).  2002(vs). 1983(s), 1962(sh), 1937(m), 7.70~7.40 (CeHs, m); 2.68 (CH;CH,CCCH,CHj, q “Jyy, 7.4
1913(w). 1794(w) Hz); 2.61 (CH;CH,CCCH.CH;, q 3Juy 7.4 Hz) 094

(CH,CH,CCCH,CHj,, t an 74 Hz): 0.90
. (CHJCH2CCCH2CH3, t S‘IIIH 74 HZ)

[N(PPh;),][Ru;1r(CO), (PhCCMe)] (4)  2055(m), 2007(vs), 1986(s). 1963(sh), 1936(m), 7.70—7.39 (CgHs, m); 2.82 (CH;CCPh, 5)
1909(w). 179%(w)

[N(PPh,),]JRu;1r(CO), ({MeCCMe)| (5) 2054(m). 2004(vs), 1984(s), 1959(sh), 1934(m), 7.70-7.42(CsHs, m), 3.14(CH;CCCH3,s); 2.91 (CH;CCCH,. 5)

1906(w). 1800(w)
[N(PPh;):][Ru16(CO)o(PhCCPh)] (6)
[N(PPh;),][Rualr(CO)(EICCEL)] (7)

[N(PPhy):][Ru,lr(CO)o(PhCCMe)] (8)
[N(PPh3);][Ru,Ir(CO)o(MeCCMe)] (9)

2054(m}. 2011(s), 1998(vs), 1980(s), 1940(m)
2048(w). 2002(s). 1992(vs). 1971(m). 1932(w)

2052(w). 2007(s), 1996(vs), 1976(m), 1938(w)
2049(w). 2002(s), 1993(vs), 1971(m). 1934(w)

6.60—7.70 (CgHs, m)

7.70—7.20 (C¢Hs, m); 341 (CH;.CH,H,CCCH,-H,.CH,, dq
Uiane 1.2 Hz, l.luj,m, 13.3 Hz ), 274 (CH3CH.,H,
CCCH,-Hy,CH:, dq *Jyane 7.3 Hz, 2pane 13.0 Hz): 210
(CH3 CH, H,CCCH, Hy CH . dq 3Jypnc 7.2 Hz, Jygape 13.3
Hz); 1.97 (CH,;.CH,H,CCCH, -H,CHs., dq 3/ijp'ue 7.3 Hz
2fiany 13.0 Hz);1.14 (CH3 CH H,CCCH,-H, CHxe. 1 *yy
7.3 Hz); 1.07 (CH3,CH,H,CCCH, HyCHc, t 3y 7.3 Haz):
7.70-6.90 (C¢Hs, m); 2.64 (CH,CCPh, s(isomer 1)): 2.30
(CH,CCPh, s(isomer 2))

7.71=7.35 (C¢H's. m); 2.70 (CH;CCCHs, 5); 2.40 (CH;CCC H,. )

[HRus1{CO)g(PhCCPh)) (10) 2100(w).  2072(vs), 2061(s), 2034(s), 2022(m), 7.20-6.80 (C¢Hs, m); —15.07 (RuHRuy,s)
2016(m). 2005(w)
[HRu,1e(CO)(EICCED)] (11) 2099(w), 2069(s), 2057(s). 2030(vs), 2018(m). 293 (CH,CH,CCCH,CH;, q 3y 74 Hz: 242
2008(m), 1990(w) (CH;CH,CCCH, CH,;, q *yu 74 Hzx 134
(CH,CH,CCCH,CH;, t 3un 74 Hz): 1.20
(CH;CH,CCCH,CH,;, t 3Jyy 7.4 Hz), ~15.39 (RuHRu. s)
[HRus1r(CO)o(PhCCMe)] (12) 2100(w), 2071(vs), 2060(s), 2032(s), 2021(m), 7.20-6.90 (C¢Hs, m); 2.80 (CH,CCPh,s); —15.27 (RuHRu.s)
2003(m), 1994(w) :
[HRu,Ir(CO)y(MeCCMe)] (13) 2099(w), 2069(vs), 2057(s), 2030(vs), 2018(m), 2.83(CH,CCCH,,s);2.37 (CH;CCCH,, s); —~15.31 (RuHRu. )
2008(m), 1991(w)
[HRu;1r(CO), (PRCCPh)] (14) 2095(w), 2071(s). 2053(s), 2037(vs), 2012(m), 7.30—7.00 (C¢Hs, m); —18.88 (RuHRu, s}
1994(m), 1842(w)
[HRu31r(CO), ((ELCCE®)] (15) 2095(w), 2070(s), 2051(s), 2034(vs), 2010(m), 2.98 (CH,CH,H,CCCH, H,-CHj;, dq */yy 7.3 Hz, 2Jyy 15.0
1991(m). 1840(w) Hz); 2.74 (CH;CH, H,CCCH,.H,-CH;, dq 3/ 7.3 Hz, *Jyy
15.0 Hz); 1.28 (CH;CH,H,CCCH, H,CH;, t *Jyy 7.3 Hz);
-19.10 (RuHRuy, s)
[HRu;Ir(CO),,(PhCCMe)] (16) 2093(w),  2065(s), 2048(s), 2032(vs), 2006(m), 7.50~7.20(Cg¢Hs, m);2.80(CHj;,s) —18.88 (RuHRu,s)
1989(m), 1842(w)
[HRu3IH(CO), ((MeCCMe)} (1T) 2094(w). 2068(s), 2049(s), 2033(vs), 2009(m), 2.72(CH,,s); —18.98 (RufRuy,s)

1988(m), 1844(w)

fal Recorded in ether (2—5). CH,Cl, (6—9, 14—17), hexane (10—12, 13). — ® Measured in CDCI; solution at 294 K at 200 MHz (2,
4-6, 9, 10, 12—-15, 17). ~ [l Measured in CDCl; solution at 294 K at 400 MHz (3, 7, 8, 11, 16). — 14} Measured in CDCl; solution at

215 K at 400 MHz (7, 8).

C(14)-Ru(3) = 2.8115(3) A; 5: C(15)-Ru(3) = 2.8613(7)
A]. The angles C(10)—Ru(2)-Ru(3) = 73.72)° (2),
C(14)—Ru(2)-Ru(3) = 71.86(10)° (4), C(15)—Ru(2)—
Ru(3) = 73.00(19)° (5) are found to be similar to the angle
observed in the cluster anion [FeRu;(CO),,NO)~'3 for a
semibridging CO group.!!¥l These findings are comfirmed
by the infrared spectra of 2—5 which exhibit a v, absorp-
tion around 1920 cm™'.

The alkyne ligand in 2, 4, and 5 is coordinated to the
Ru;Ir metal core in a p;-n? fashion. One of the carbon
atoms is o-bonded to Ir, whereas the second one is o-
bonded to Ru(2), both carbon atoms being n-bonded to
Ru(1) and Ru(3). This observation is confirmed by the 'H-
NMR spectra of 3 and 5 which display two different chemi-
cal shifts for the two ethyl or methyl substituents, respec-
tively. The carbon—carbon bond is closer to Ru(}) than to
Ru(3) in the three clusters, the torsion angle between the
carbon—carbon backbone and the Ir(1)—Ru(2) edge is
close to 0° [2: 0.0°(18): 4. —0.04(11); 5: 0.3°(2)] indicating
that these two bonds are almost parallel.

With an electron count of 60e, 2, 4, and 5 are electron-
deficient, since an My butterfly cluster consistent with the
noble-gas rule would require 62 electrons. However, con-
sidering 2, 4. and 5 as octahedral Ru;1rC, clusters, an elec-

Eur. J. Inorg. Chem. 1999, 853—862

tron count of 60e is consistent with Wade’s rules which pre-
dict a closo structure. '3

Synthesis of [RuyIr(CO)o(RCCR")]™ (6—9)

The cluster anions {Ru3Ir(CO),,(RCCR’)]” 2:R =R’ =
Ph;3: R=R'=Et;4: R =Ph;R'" =Me;5: R =R’ =
Me) undergo fragmentation of the metal core under CO
pressure (2 bar) at 90 °C to give the trinuclear alkyne cluster
anions [Ru,Ir(CO);;{RCCR")]™ (Scheme 1). They can be
isolated as the bis(triphenylphosphoranylidene)ammonium
salts from a mixture of CH,Cl, and diethyl ether (6) or
from ethanol and pentane (7—9). The loss of metal frag-
ments from a cluster has already been observed;'91!"! for
example the cluster anion [RuCo3(CO)o(pa-n-CoPhy)]~
can release a “Co(CO)” fragment to give the trinuclear
complex [RuCo(CO)o(p3-n3-C,Ph,)] in which the alkyne
adopts a parallel coordination.!!21018]

The infrared spectra of 6—9 exhibit in the carbonyl re-
gion absorptions of only terminal CO ligands (Table 1). The
room-temperature 'H-NMR spectrum of 8 reveals, in ad-
dition to the signals of the [N(PPh;),]* cation, two singlets
for the methyl group of the MeCCPh ligand in a ratio of
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Figure 2. ORTEP plot of [ItRu;(CO);,(us-n>-PhCCMe)]~ (anion
4); thermal ellipsoids are drawn at 50% of propability

Figure 3. ORTEP plol of ([rRu3(CO);y(pa-n*-C;Me,)]~ (anion 5);
thermal ellipsoids are drawn at 50% of propability

45:55. This ratio does not change down to —58 °C (CDCl,),
suggesting the presence of two isomersi!°=22 In the case of
[RuzIr(CO)s(MeCCMe)}™ (9), two singlets for the methyl
substituents are observed in a ratio of I:1, because the
chemical environment of each CCH; moiety is different.
The spectrum of [Ru,It(CO)o(EtCCEL)]~ (7) is more com-
plicated, presenting a temperature dependence of the sig-
nals of the ethy! substituents: At room temperature, four
broad signals for the hydrogen atoms of the methylene
groups are observed. resulting in four well-resolved mul-
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Table 2. Selected bond lengths [A). bond angles [°], and torsion
angles [°] for the anion 2: estimated standard deviations in paren-
theses

In(h-Ru(l)  2.7223(5)  Ru(3)-C(25) 2.298(4)
I(D)-Ru(3)  2.7235(6)  Ru(3)-C(24) 2.335(4)
Ir(1)-Ru(2)  2.7756(5)  Ru(3)-C(6) 1.993(6)
1r(1)—C(6) 2.133(7) C(24)-C(25)-C(18) 126.1(4)
Ir(1)-C(25)  2.188(4) C(25)-C(24)~-C(12) 127.1(4)
Ru(l)-Ru(?)  2.7357(6)  O(6)-C(6)—Ir(1) 134.9(6)
Ru(1)-C(25)  2.242(4) 0(6)-C(6)—Ru(3) 142.5(6)
Ru(1)-C(24)  2.258(5) C(10)-Ru(2)-Ru(3)  73.72)
C(24)-C(25)  1.443(6) 0(10)-C(10)-Ru(2)  173.6(7)
C(25)-Ir(1)—- 0.00(18)

Ru(2)-C(24)

Table 3. Selected bond lengths [A]. bond angles [°], and torsion
angles [°] for the anion 4; estimated standard deviations in paren-
theses

Ir(1)~Ru(l)  2.70254)  Ru(3)-C(2) 2.338(3)
Ir(1)-Ru(3)  2.7018(4)  Ru(3)-C(3) 2.375(3)
Ir(1)-Ru(?)  2.8690(4)  Ru(3)-C(20) 1.977(3)
Ir(1)-C(20)  2.1053)"  C(1)~C(2)-C(3) 124.8(2)
r()-C(2)°  2.1323) C@2)~C(3)-C(4) 123.5(2)
Ru(D—-Ru(2) 2.7158(5)  O(20)-C(20)—1r(1) 135.5(3)
Ru()-C(2)  2.2823)  OQ0)-C(20)-Ru(3)  141.6(3)
Ru()-C(3)  2.297(3)  C(14)-Ru(2)-Ru(3)  71.86(10)
Ru(2)-Ru(3) 2.7483(5) O(14)-C(14)-Ru(2)  167.4(3)
Ru(2)—-C(14) 1.896(3)  C(3)—Ru@)~Ir(1)-C(2) 0.04(11)
Ru(2)-C(3) 2.151(3) C(2)-C(3) 1.429(4)

Table 4. Selected bond lengths [A]. bond angles [°], and torsion
angles [°] for the anion 5; estimated standard deviations in paren-
theses

Ir(1)~Ru(l)  2.7044(7)  Ru(3)-C(1) 2.356(6)
Ir(1)—Ru(3)  2.7182(7) Ru(3)-C(2) 2.321(5)
Ir()-Ru(2)  2.8000(8) Ru(3)-C(10) 2.012(6)
I(H-C(10)  2.125(6)  C(3)~C(1)-C(2) 123.7(5)
I()-CQ2)  2.150(6)  C(1)-C(2)-C(4) 124.3(5)
Ru()-Ru(2) 2.7114(9)  O(10)-C(10)—=Ir(1) 136.1(5)
Ru()-C(1)  2.2725)  O(10)-C(10)—Ru(3)  141.8(5)
Ru(1)-C(2)  2.242(6)  C(15)-Ru(2)-Ru(3)  73.00(19)
Ru(2)-Ru(3) 2.7647(8) O(15)-C(15)-Ru(2)  170.5(6)
Ru(2)-C(1)  2.154(6)  C@2)~Ir(1)~Ru@)—C(1) 0.3(2)
Ru(2)-C(I5) 1.903(6)  C(1)~C(2) 1.406(8)

tiplets at =58 °C, in a ratio of 1:1:1:1. In a selective decou-
pling experiment by irradiating at the resonances of the
methyl proton, the four methylene multiplets resolve into
four doublets with a coupling constant of 13 Hz, showing
the protons of each methylene group to be diastereotopic
(Table l)'120.22a.22c.23a]

Molecular Structure of |Ru,Ir(CO)o(PhCCPh)]~(6)

The molecular structure of 6 was confirmed by a single-
crystal X-ray structure analysis of the bis(triphenylphos-
phoranylidene)ammonium salt. Suitable crystals were ob-
tained by slow diffusion of diethyl ether into a concentrated
dichloromethane solution at room temperature. The molec-
ular structure of the anion is depicted in Figure 4. Selected
bond lengths and angles are presented in Table 5. The crys-
tal structure consists of discrete [N(PPh;).]* cations and
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{Ru,Ir(CO)e(PhCCPh)]™ anions showing normal intermo-
lecular contacts between the atoms of the ions. The ru-
thenium and iridium atoms of the cluster anion form a
closed triangle in which all the metal —metal distances are
different but within the range of Ru—Ru and Ir—Ru single
bonds (Table 5). Each metal atom is bonded to three ter-
minal CO groups.

Table 5. Selected bond lengths [A], bond angles [°], and torsion
angles [°] for the anion 6; estimated standard deviations in paren-
theses

Ir(1)=Ru(1) 2.71208)  Ru(2)—C(1) 2.096(8)
Ir(1)-Ru(2) 2.7952(10) Ru(2)—-C(1) 2.096(8)
Ir(1)-C(2) 2.117(8) C(1)—-C(2) 1.363(11)
Ru(l)-Ru(2) 2.7084(11) C(1)~-C(2)—C(3) 125.4(7)
Ru(1)—C(1) 2.260(8) C(2)-C(1)—C(9) 123.5(7)
Ru(1)-C(2) 2.246(8) C(9-C(1)-C(2)—-C3) -—9.8(13)

The alkyne ligand is coordinated in a classical p;-n? fash-
ion over the metal triangle!'®! as observed in [Co,Ru(CO)y-
(C,Ph,)]*2 The C(1)—C(2) backbone is almost parallel to
the Ir(1)-Ru(2) edge [C(2)—Ir(1)—Ru(2)—C(1) 1.2(3)°].
The carbon atoms C(1) and C(2) are o-coordinated to Ir(l)
and Ru(2), respectively, and are both n-bonded to Ru(1).

Figure 4. ORTEP plot of [IrRu,(CO)q(p3-12-C>Phy)]~ (anion 6);
thermal ellipsoids are drawn at 50% of propability

The carbon—carbon bond is shorter in 6 [C(1)—C(2)
1.363(11) A] than in 2 [C(24)—C(25) 1.443(6) A]. This is
due to the coordination of the alkyne to only three metal
atoms in 6 with respect to 2 where it is coordinated to four
metal atoms. The carbon—carbon bond length in 6
[C(1)=C(2) 1.363(11) A] compares well with that in [Co,-
Ru(CO)o(C,Phy)] (C—C 1.370(3) A)l'I and related com-

Eur. J Inorg. Chem. 1999, 853862

plexes in which the C—C bond length varies from 1.33 to
1.47 A.U8 Clusters 6—9 have the expected electron count
of 48e for trinuclear clusters which obey the noble gas rule.

Synthesis of [HRu,Ir{CO)o(RCCR")] (10—-13)

The reaction of the anions [Ru:lr(CO)g(RCCR")]™ (6—9)
with an excess of HBF, ¢« OEt, at room temperature leads
to the formation of the neutral hydrido clusters [HRu,lr-
(CO)o(RCCR")] (10: R =R’ = Ph; 11: R = R’ = Et; 12
R = Ph; R’ = Me; 13: R = R’ = Me), which can be iso-
lated by chromatographic methods and recrystallized from
hexane at —18 °C (Scheme 1).

The infrared spectra of 10— 13 display an almost identical
V., absorption pattern in the region of terminal carbonyl
ligands (Table 1). The '"H-NMR spectra of 10—13 indicate,
in addition to the signals of the alkyne substituents, the
resonance of a bridging hydrido ligand at around 6 = —15
(Table 1). In all cases, only one isomer is observed. For
[HRu,Ir(CO)o(EtCCEL)] (11) and [HRu>Ir{CO)s,-
(MeCCMe)] (13), the two ethyl or methyl groups are found
to be nonequivalent.

Molecular Structure of [HRu,Ir(CO)o(RCCR")]
(10, 12)

Suitable crystals of [HRu,Ir(CO)y(PhCCPh)] (10) and
[HRu,[r(CO)g(PhCCMe)] (12) have been obtained from a
concentrated hexane solution at —18 °C. The molecular
structure of 10 is depicted in Figure S and that of 12 in
Figure 6. Selected bond lengths and angles are presented in
Tables 6 and 7. The crystal-structure analysis of 10 reveals
two independent molecules per asymmetric unit of the unit
cell, which have the same constitution, but differ slightly in
bond lengths and angles.

The two clusters 10 and 12 have the same overall struc-
ture, showing the same carbonyl and alkyne coordination.
The three metal atoms form a closed triangle. Each metal
atom is bonded to three terminal CO groups. In both com-
plexes the longer Ru(1)—Ru(2) distance [10: 2.7965(10); 12:
2.7943(7) A] suggests the presence of the hydrido bridge
across this edge.

The alkyne ligand is coordinated in a p3-n? fashion over
the Ru,Ir framework as also found in cluster 6. All car-
bon—carbon and carbon—metal distances compare well
with those in other Mi(u3-n2-RCCR’) complexes.!'$! The
neutral complexes [HRu,Ir(CO)g (RCCR")] (10—13) have,
as the anions 6—9, the expected electron count of 48e.

Reaction of [Ru;Ir(CO);,(RCCR")]™ with
HBF, * OEtz

Protonation of the anions [Ruzlr(CO),{(RCCR")]™ gives
different results depending on the nature of the coordinated
alkyne ligand. For R = R’ = Ph (14) or R = R’ = Et (15),
the neutral hydrido complexes [HRu;Ir(CO),,(PhCCPh)]
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Figure 5. ORTEP plot of [HIrRux(CO)g(u3-n*-C,Phy)] 10; thermal
ellipsoids are drawn at 50% of propability

Figure 6. ORTEP plot of {(HIrRuy(CO)s(j1;-n*-PhCCMe)] 12: ther-
mal ellipsoids are drawn at 50% of propability
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Table 6. Selected bond lengths [;\]. bond angles [°]. and torsion
angles {°] for 10; estimated standard deviations in parentheses

Molecule A Molecule B

Ir(1)—Ru(2) 2.6901(7) 1r(2)—Ru(4) 2.6936(9)
Ir(1)—Ru(l) 2.7523(8) Ir(2)—-Ru(3) 2.7517(8)
Ie(1)-C(2) 2.076(6) 1r(2)—C(25) 2.080(6)

Ru(1)-Ru(2) 2.7965(10) Ru(3)~C(24) 2.119(7)

Ru(1)—-C(1) 2.113(7)  Ru(3)—Ru(4) 2.7938(9)
Ru(1)-H(1) 1.77(11)  Ru(3)—H(2) 1.63(11)

Ru(2)—-C(1) 2.295(6) Ru(4)—-C(235) 2.310(6)

Ru(2)-C(2) 2.307(6) Ru(4)-C(24) 2.32%7)

Ru(2)-H(1) 1.85(11) Ru(4)~H(2) [.91(11)

C(1H—-C(2) 1.374(9) C(24)~-C(25) 1.375(9)

C(2)-C(1)-C(3) 123.9(6) C(25)-C(24)—-C(26) 124.46)

C(1)-C(2)-C(9) 125.0(6) C(24)—C(25)—C(32) 124.9(6)

C3)-C(H-C2)—C(9) 8.7(10) C(26)—C(24)— ~6.5(10)

C(25)-C(32)

Table 7. Selected bond lengths [A]. bond angles [°]. and torsion
angles [°] for 12; estimated standard devialions in parentheses

If(1)-Ru(l)  2.6924(6) Ru(2)-C(2) 2.111(6)
Ir()-Ru(2)  2.7578(5) Ru(2)-H(1Ru) 1.78(7)
Ir(1)-C(1) 2.0746) C(1)-C(2) 1.372(9)
Ru()-Ru(2)  2.7943(7) C(2)-C(1)-C(3) 123.9(6)
Ru()-C(2) "  2.285(6)  C(1)-C(2)-C(4) 124.4(5)
Ru()-C(1)  2.318(6) C(3)-C(1)-C(2)-C(4) -0.3(10)
Ru(1)-H(IRu) 1.81(7) ,

(14) and [HRu;Ir(CO),(EtCCEt)] (15) are formed (Scheme
2). When R or R’ is a methyl group, the reaction does not
afford the neutral hydrido complex, but leads to an un-
identified green decomposition product. The expected clus-
ters [HRu;Ir(CO),,(PhCCMe)] (16) and [HRu;Ir(CO),;-
(MeCCMe)] (17) are, however, accessible from the reaction
of the neutral hydrido cluster [HRu;Ir(CO),;] with the cor-
responding alkyne (Scheme 2). Clusters 14 and 17 have al-
ready been reported®! and they are included here for the
sake of completeness.

The infrared spectra of 14—17 display in the v, region
the same absorption pattern: Five bands are assigned to
terminal CO ligands and one absorption around 1840 cm ™!
corresponds to a bridging CO group (Table 1). In the 'H-
NMR spectra of 14—17, the hydrido ligand resonates as a
singlet around 8 = —19. In 15 the ethyl substituents of the
alkyne ligand are found to be equivalent, but the two hyvdro-
gen atoms of the methylene groups are diastereotopic (Table
1). The molecular structure of 15 is confirmed by a single-
crystal X-ray structure analysis.

Molecular Structure of [HRu;Ir(CO),, (EtCCEt)]
(15)

Suitable crystals of 15 were grown at —18 °C in hexane.
The molecular structure of 15 is depicted in Figure 7. Selec-
ted bond lengths and angles of 15 are listed in Table 8. The
complex 15 has the same overall structure as found in 14
and 17,1 showing the same carbonyl. alkyne and hydride
coordination pattern.
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Figure 7. ORTEP plot of [HIrRu3(CO), (n3-n>-C;Et,)] 15; thermal
ellipsoids are drawn at 50% of propability

The four metal atoms form a tetrahedron in which the
Ru—Ir distances vary from 2.7228(11) to 2.7833(8) Ag and
the Ru—Ru distances from 2.7981(10) to 2.8514(9) A, in
accordance with metal—metal single bonds.!®! The cluster
IS presents, as expected for a tetrahedral arrangement, an
clectron count of 60e. The short distance Ru(2)—Ir
[2.7228(11) A] is due to the bridging carbonyl ligand over
this edge. The base of the tetrahedron is composed of three
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ruthenium atoms. The longer Ru(l)-Ru(3) distance
[2.8514(9) A] suggests the presence of the hydrido bridge
across this edge. Two of the three ruthenium atoms are
bonded to three terminal CO groups, whereas Ru(2) and Ir
are bonded to two terminal CO groups and share the bridg-
ing CO ligand. The alkyne is coordinated in a ps-n*-bond-
ing mode over the Ru; face of the tetrahedron. Due to the
coordination of the alkyne group to the metal core, the car-
bon—carbon bond is lengthened [C(12)—C(13) 1.395(11)
A}, but is in the range observed in 14, 17,18 and other clus-
ters such as HCpWOs;[p3-12-C4(Tol),). 2411251

Table 8. Selected bond lengths [A], bond angles [°], and torsion
angles [°] for 15; estimated standard deviations in parentheses

Ir(1)-Ru(l)  2.7727(9) Ru(2)-C(12) 2.183(7)
Ir(1)-Ru(2)  2.7228(11) Ru(2)-C(13) 2.168(7)
Ir(1)-Ru(3)  2.7833(8) Ru(3)—C(12) 2.149(8)
Ru(1)-Ru(2) 2.7981(10) Ru(3)—H(IRu) 1.75(6)
Ru(1)-Ru(3) 2.8514(9) C(12)-C(13) 1.395(11)
Ru(1)-C(13) 2.154(7)" C(13)—C(12)-C(14) 121.7(7)
Ru(1)-H(IRu) 1.81(6)  C(12)—C(13)-C(16) 122.79(7)

Ru(2)-Ru(3) 2.8110(9) C(14)—C(12)—C(13)—C(16) 0.4(11)

Conclusions

The Ru;lr framework shows a great fexibility with re-
spect to the coordination of alkyne ligands: The tetrahedral
metal skeleton in [Ru;Ir(CO),3]~ (1) opens up upon coordi-
nation of an alkyne ligand to give a butterfly framework in
[Ru;Ir(CO),;(RCCR)]™ (2—5). Protonation of the butterfly
clusters 2 and 3 leads, with closure of the Ru—Ru bond,
back to a tetrahedral metal skeleton in the neutral clusters
[HRu3Ir(CO), (RCCR’)] (14—15). The second important
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feature is the fragmentation of the tetranuclear anions in
[Ru3lr(CO), (RCCR)]™ (2-5) under CO pressure to give
the trinuclear anions [Ru,Ir(CO)(RCCR)]™ (6-9). In a
comparison of the 3-hexyne complexes. 1t is interesting to
note that in the case of 3 and 11, the two protons of the two
different CH, groups of the 3-hexyne ligand are equivalent,
whereas in 7 and 15 they are nonequivalent (dia-
stereotopic). In the case of the tetranuclear cluster [Ruslr-
(CO),(EtCCED)]™ (3) the averaging of the methylene pro-
tons may be explained by a carbony! fluxionality involving
the bridging and semi-bridging carbonyl ligands which
could brigde equatly well to both wingtip ruthenium atoms.
In the case of the trinuclear cluster [HRu,Ir(CO)o(EtCCEt)]
(11), the pj-alkyne ligand itself might be fluxional on the
trinuclear metal core, as observed in [H>Ru;(CO)s-
(EtCCEW),1222 [Co,Ru(CO)o(EtCCE), 19 [FeCo,(CO)s-
(EtCCE)], 12" [CpNiCoM(CO)s(EICCED] (M = Fe, Ru,
0s),1232] [H,053(CO)o(CoHg)). 123]

Experimental Section

General: All reactions were carried out under pure nitrogen with
standard Schlenk techniques. Solvents were destilled with appropri-
ate drying agents, deoxygenated, and nitrogen-saturated prior to
use.?) — Preparative thin-layer chromatography was performed
using 20 cm X 20 cm plates coated with Fluka silica gel G. The
starting complexes [Ru;lr(CO);3)~ and [HRu;Ir(CO),;] were pre-
pared according to a published method.[®) — Diphenylacetylene
was purchased from Fluka; 3-hexyne, 1-phenyl-1-propyne, and 2-
butyne were purchased from Aldrich and used as recieved. - NMR
spectra were recorded with a Varian Gemini 200 BB or a Bruker
AMX 400 spectrometer, using the resonance of the residual protons
of the deuterated solvents as reference. — Infrared spectra were
recorded with a Perkin—Elmer 1720X FT IR spectrometer. —
Micro-analyses were carried out by the Mikroelementaranaly-
tisches Laboratorium of the ETH Ziirich, Switzerland.

Preparations

IN(PPh;),}[RusIr(CO) ((RCCR’)] (Anions 2-—5): A solution of
[N(PPh;),){Ru;Ir{CO),3} (anion 1) (100 mg. 7.15¢10~2 mmol) in
CH,Cl; (30 mL) was stirred with an excess of RC=CR’ (2: 38 mg,
21.46¢1072 mmol; 3: 24 uL, 21.4610~2 mmol; 4: 27 pL, 21.46¢1072
mmol; 5: 17 uL, 21.46¢1072 mmol) at 90 °C in a pressure Schlenk
tube. During the reaction the pressure was released once. The reac-
tion was followed by infrared spectroscopy: after 2.5 h, the IR spec-
trum in the veg region indicated the complete desappearance of the
starting complex 1. Then the solvent was evaporated and the red-
orange oil was washed three times with 10 mL of hexane to remove
the excess of the unreacted alkyne. The residue was dissolved in
20 mL of Et,O, and the solution was filtered. Dark-red air-stable
crystals of the [N(PPhs),]* salts of 2, 4, 5 were obtained by slow
evaporation (room temperature) of a diethyl ether/hexane solution.
The crystals were dried in vacuo. — 2: Yield 92 mg (85%). —
Ce1HaolrNO | P:Ru; (1520.36): caled. C 48.19. H 2.65, N 0.92; found
C 48.32, H 2.58, N 0.93. — 4: Yield 83 mg (80%). — Cs¢H330/(N-
P,Ru;lr (1458.28): caled. C 46.12, H 2.63, N 0.96, found C 45.94,
H 2.37, N 1.00. — §: Yield 75 mg (75%). — Cs;H3s0; NPsRu;Ir
(1396.22): caled. C 43.87, H 2.60. N 1.00; found C 43.77, H 2.45, N
1.01. — For 3. a different method of crystallisation was used. The
filtered diethyl ether solution containing 3 was concentrated to dry-
ness, the residue was dissolved in 10 mL of ethanol, followed by the
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dropwise addition of pentane until the solution became cloudy. Then
the solution was cooled to —18°C for a few days giving the
[N(PPh;),]* salt of 3 as dark-violet needles. The crystals were dricd
in vacuo. — 3: Yield 76 mg (75%). — Cs:HyplrNO, ,P,Ru; * H,O
(1424.28): caled. C 44.13. H 2.93, N 0.97: found C 43.96, H 2.76,
N 1.02.

[N(PPh;),|[Ruzlr(CO)o(PhCCPh)} (Anion 6): A solution containing
[N(PPhs),] [Ru3It(CO),,(PhCCPh)] (anion 2), prepared from 0.0715
mmol of 1 as described above, in Et;O (20 mL) was placed in a
pressure Schlenk tube and stirred at room temperature for 20 h un-
der a pressure of 2 bar of CO.-The colour changed from red-orange
to wine-red, then to orange with precipitation of the [N(PPhs),]*
salt of 6 as a yellow powder. The precipitate was filtered off, washed
with Et,0 (3 X 10 mL) and crystallised at room temperature by slow
diffusion of Et;O into a CH,Cl, solution. The yellow crystals were
dried in vacuo. 6: Yield (with respect to 1): 73 mg (75%). —
CsoHyolrNOyP;RU; (1363.27): caled. C 51.98, H 2.99, N 1.03; found
C 51.68, H 2.99, N 1.04.

IN(PPh;),)|Ru,Ir(CO)o(RCCR')} (Anions 7, 8, 9): A solution con-
taining [N(PPh;),](Ru;1t(CO); |(RCCR")](3: R = R’ = Et;4: R =
Ph; R’ = Me; 5: R = R’ = Me), prepared from 0.0715 mmol of 1
as described above, in CH.Cl, (25ml) was placed in a pressure
Schlenk tube and stirred at 90 °C for 45 min under a pressure of 2
bar of CO. The colour changed, from red-orange to wine-red, then
to orange. After removal of the solvent, the orange residue was
washed with hexane (3 X 10 ml) to remove Ru(CO),, formed dur-
ing the reaction. The remaining orange oil was dried and dissolved
in 5—10 mL of ethanol, followed by the addition of pentane until

the solution became cloudy. In the case of 8 no pentane was added.

Then the solution was cooled to —18 °C for a few days which gave
the [N(PPhsy),]* salt of 7 as yellow-orange crystals and the
[N(PPh;),]* salts of 8 and 9 precipitated as a yellow-brown powder.
The solids were dried in vacuo. — 7: Yield (with respect to 1): 5]
mg (56%). — Cs HgolrNOgP,Ru,* 2.5 H,O (1267.19): caled. C
46.65, H 3.42, N 1.06; found C 46.42, H 3.02, N 1.11. - 8: Yield
(with respect to 1): 56 mg (60%). — CssH;33IrNOgP,Ru; (1301.20):
caled. C 49.85, H 2.94, N 1.08; found C 49.66, H 3.16, N 1.16. —
9: Yield (with respect to 1): 49 mg (55%). — CyoH3IrNOyP;Ru,
(1239.13): caled. C 47.50, H 2.93, N 1.13; found C 47.24, H 3.13,
N L.19.

[HRu,1r(CO)o(RCCR")} (10-13): To a solution of [N(PPh;),]-
[RusIt(CO)(RCCR )] (anions 6: R = R’ = Ph; 7. R = R’ = Et;
8: R = Ph; R’ = Me; 9: R = R’ = Me) (0.0370 mmol) in CH,Cl,
(30 mL) a slight excess of HBF, « OEt, (54%, 60 uL) was added
under stirring. After 30 min, the solvent was evaporated, and the
residue was dissolved in the minimum quantity of CH,Cl,. The
solution was separated by thin-layer chromatography with a mix-
ture of CH,Cl; and hexane (1:6) as eluent. The yellow band con-
taining the product was extracted with CH,Cl,, followed by con-
centration to dryness. The resulting yellow o1l was dissolved in hex-
ane and cooled to —18 °C to give yellow crystals of 10—13. The
crystals were dried in vacuo. — 10: Yield 21 mg (68%). — CaHy;-
IrOgRu, (825.69): caled. C 33.46, H 1.34; found C 33.48, H 1.32.
— 11: Yield 18 mg (66%). — CisH)1rOgRu, (729.61): caled. C
24.69, H 1.52; found C 24.51, H 1.54. — 12: Yield 17 mg (60%). —
C,sHolrOgRu, (763.62): caled. C 28.31, H 1.19; found C 28.40, H
1.24. — 13: Yield 16 mg (62%). — C,3;H;IrOgRu, (701.55): caled.
C 22.26, H 1.01; found C 22.12, H 1.04.

[HRu;3lr(CO), (RCCR’)] (14—15): To a solution of [N(PPh,),]-
{RusIr(CO); (RCCR")} (2: R = R’ = Ph: 3: R = R’ = Et), pre-
pared from 0.0715 mmol of [N(PPh:),]1 as described above, in
20 mL of Et;O was added a slight excess of HBF, « OEt, (54%,
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Table 9. Crystallographic data and refinement details for compounds 2, 4, 5, and 6
2 4 5 6
Formula g(’ZIHC-‘Og”NP:eru; Cs(,HggO”Npgll'RU] C5|H3(,O”NP211'RU; B ngH;mOgNP:lFRU}
.25 C¢Hya
M 1520.42 1458.22 1396.16 1363.20
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P—1 P-1 P-1 P-1
alA) 10.1350(8) 9.2769(10) 10.678(2) 10.5124(11)
b[A] 15.5218(13) 16.7823(16) 15.741(4) 15.545(3)
c[A] 19.8838(17) 17.2250(17) 15.705(3) 17.830(3)
ol 98.652(10) 88.034(12) 102.672(19) 100.04(2)
B[] 99.163(10) 84.463(12) 91.363(12) 101.543(14)
v(°] 94.583(10) 80.982(12) 103.730(13) 101.551(19)
g[A’] 3035.6(4) 2635.7(5) 2493.7(9) 2726.3(8)
2 2 2 2
Crystal size [mm) 0.38 X 0.15 X 0.11 0.50 X 0.50 x 0.30 0.65 % 0.58 x 0.53 0.57 X 0.27 X 0.27
Colour Dark-red Black Black Yellow
D, [gem™?) 1.687 1.837 1.859 1.661
p[mm) 3.028 3.482 3.675 3.097
Transmission factors: min/max - 0.479/0.832 0.3979/0.6612 0.3427/0.3917
F000) 1505 1416 1352 1336
0 limits [?] 2.13-25.88 2.38-25.88 2.10—25.48 2.01-25.49
hk! ranges -12to 11, —-19 -11to 11, =20 -12t012,-19 ~12t0 12, - 18
to 18, —24 to 24 to 20, —20 to 21 to 18,0t0 19 to 18,010 21
Reflections measured 23865 20460 9251 10126
Independent reflections 10950 9406 9251 10126
Observed reflections 7930 8994 8542 8153
R1[I>20(D)/R]1 (all data)® 0.0316/0.0483 0.0226/0.0240 0.0371/0.0433 0.0551/0.0778
wR2 [I> 20(1)]/1"R2FSa11 data)® 0.0739/0.0783 0.0567/0.0576 0.1004/0.1107 0.1184/0.1334
Goodness of fit on Fo¢l 0.882 1.065 1.379 1.169
Maximum &/c . 0.002 0.002 0.061 0.019
Largest diff. peak and hole [¢ A?) 1.070/-1.829 1.342/-1.125 1.580/-1.373 1.749/-1.457

@ R] = SUF,| — IFIEIE,). — 1 wR2 = [Ew(F? — FRREw(F)N2 — € 5 = [Zn(F,?

number of parameters).

Table 10. Crystallographic data and refinement details for compounds 10, 12, and 15

— FD((n — p))** (n: number of reflections; p:

10 12 15
Formula Cz;HuOgIl‘RUz C,ngOgeru2 C|7H1|O“IFRU3
M 825.66 763.59 886.67
Crystal system Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1
a [A} 10.927(2) 9.1281(5) 8.0650(14)
b[A] 14.480(3) 9.9456(6) 9.4766(13)
¢ (A) 16.793(2) 12.6212(14) 16.423(4)
o [9) 70.080(13) 96.966(9) 96.392(19)
B (°) 85.071(17) 108.833(9) 101.47(2)
v [°] 86.106(19) 96.349(7) 109.063(14)
VA% 2486.8(8) 1062.70(15) 3141 .4(4)

4 2 2
Crysial size [mm) 0.57 X 0.57 X 0.42 0.68 X 0.34 x 0.34 0.95 X 0.65 X 0.36
Colour Yellow Yellow Red-orange
D (gem™?) 2.205 2.386 2.580
p [mm~ 6.586 7.695 7.811
Transmission factors: min/max 0.0474/0.0845 0.0671/0.1236 0.0137/0.0460
F(000) 1544 708 820
8 limits [°) 2.20-25.47 2.09-25.48 2.32-25.46
hk! ranges -131013, -16t0 17,0 to 20 -1110 10, —12to 11,0 to 15 -91t09, -11to11,0t0 19
Reflections measured 9223 3941 4324
Independent reflections 9223 3941 4234
Observed reflections 8141 3774 4134
RY [I > 26(D)/R] (all data)f] 0.0360/0.0441 0.0290/0.0309 0.0365/0.0387
wR2 1> 20(D]/wR2 (all data)®! 0.0870/0.0920 0.0833/0.0849 0.1071/0.1127
Goodness of fit on £ 1.258 1.292 1.280
Maximum 8/c . 0.004 0.001 0.001
Largest diff. peak and hole [e A*] 0.916/—0.876 1.237/-0.987 1.831/-1.445

B R) = ZUF) — IFJEIF) — Bl wRY = [Ew(F,2 — FAYLWE)Y]2 — 1§ = [Ew(F,? - F)¥(n— p))'* (n: number of reflections; p:
number of parameters).

CH,C!; (2 mL) and submitted to thin-layer chromatography (silica
gel, CH.Cla/hexane, 1:3). The product was extracted from the or-
ange main band with CH,Cl, and crystallised from hexane at

60 uL). After 30 min at room temperature, the white precipitate
was filtered off. washed twice with 10 mL of Et,O and then dis-
carded. The solution was concentrated, the residue dissolved in
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—18 °C. The orange air-stable crystals were dried in vacuo. — 14: -

Yield (starting from 1) 36 mg (51%). — 15: Yield (starting from 1)
29 mg (45") — Cy7H ;11O Ru; (886.69): caled. C 23.02, H 1.25;
found C 23.21, H 1.30.

[HRu;Ir(CO),;(PHCCMe)] (16): A solution of [HRu;Ir(CO),] (83
mg, 0.096 mmol) and PhC=CMe (18 puL, 0. 145 mmol) in hexane (30

mL) was stirred at 80—85°C in a pressure Schlenk tube. During .

the reaction, the pressure was released once. After 1 h, the solution
changed colour from red to orange. After removal of the solvent,
the dark orange residue was dissolved in 5 ml of CH,Cl» and submit-
ted to thin-layer chromatography (silica gel. CH,Cly/hexane, 1:3).

From the orange main band, 16 was extracted with CH,Cl, and

crystallised from hexane at —18 °C. The orange air-stable crystals
were dried in vacuo. — 16: Yield 27 mg (31%) — CyoHslrO;Ru;
(920.71): caled. C 26.09, H 0.99; found, C 26.02, H 0.99.

X-ray Structure Analyses: Single crystals of 2. 4, S, 6, 10. 12, and 15
were obtained as described under Preparations. Selected crystallo-
graphic data for the complexes are summarised in Tables 9 and 10,
and selected bond lengths and bond angles are listed in Tables 2—8.
Single-crystal X-ray diffraction data of the [N(PPhj),]* salts of 2
and 4 were collected at room temperature and —50 °C, respectively
with a Stoe Imaging Plate Diffractometer System (Stoe & Cie, 1995)
equipped with a one-circle goniometer and a graphite monochroma-
tor. 200 exposures (3 min per exposure) were obtained at an image-
plate distance of 70 mm with 0° < ¢ < 200° and with the crystal
oscillating through 1° in ¢. The [N(PPh;).]* salts of 5 and 6 and
complexes 10, 12, and 15 were measured at room temperature with
a Stoe-Siemens AED?2 four-circle diffractometer using Mo-Kq
graphite-monochromated radiation (A = 0.71073 A ©-20
scans). The structures of the [N(PPhs),]* salts of 2, 4, 5, 6, and that
of complex 15 were solved by direct methods, whereas those of 10
and 12 were solved by Patterson methods using the program
SHELXS-97.2M All the structures were refined by full-matrix least
squares on F2 with SHELXL-97.128] The salt [N(PPh;),J2 crystallises
with a quarter of a disordered molecule of hexane. The five carbon
atoms C62A, C62B, C63A, C63B, and C64 were refined isotropically
using the SHELXL-97 default parameters. In compounds
[N(PPh;),]S and [N(PPh;),]6 one of the carbonyl ligands is found to
be disordered and has been split into C6A-O6A and C6B-O6B
(anion 5), C21A-O21A and C2[B-0O21B (anion 6), respectively, with
an occupancy of a half for each atom. The position of the hydride
ligands in 10, 12, and 15 were located from Fourier difference maps
and refined isotropically, while the remaining hydrogen atoms of the
methyl, ethyl or phenyl substituents were included in calculated posi-
tions and treated as riding atoms with SHELXL-97 default param-
eters. For [N(PPh;),)4, an empirical absorption correction was ap-
plied using DIFABS% and for [N(PPh;),}5. [N(PPhs),)6, 10 12, 15
it was based on y scans.P The Figures were drawn with ORTEPB!
(thermal ellipsoids, 50% probability level). Complete tables of bond
lengths and angles and lists of thermal parameters have been de-
posited with the Cambridge Crystallographic Data Centre. 12 Union
Road, Cambridge CB2 |EZ, UK. Copies of the data can be ob-
tained free of charge on application to CCDC, 12 Union Road.
Cambridge CB2 1EZ, UK (Fax: int. code + 44-1223/336-033; E-
mail: deposit@ccdc.cam.ac.uk), on quoting the deposition numbers
CCDC-111752-111758.
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