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Reactions of the 30-electron hydride [b@px(«-H)(u-PCys)(CO),] (Cp = °-CsHs) with the 17-electron-
fragment precursors [BCp(CO)] (M = Mo, W, n = 6; M = Ru, n = 4) or [Mny(CQO),q] lead to the
46-electron clusters [MMCps(u-PCy,)(us-CO)(CO)] (M = Mo, W), [Mo,RuCp(u-PCys)(u-CO)(CO}],
and [MnMo,Cpy(u-PCy)(u-CO)(CO)). The structure of the trimolybdenum cluster was confirmed by
an X-ray diffraction study and displays two long (ca. 3.1 A) and one shortMo distance (2.743(1)

A). The title unsaturated hydride also proved to be highly reactive toward the appropriate precursors of
16-electron fragments such as M(G@Y = Cr, Mo, W) and MnCHCO), (Cp = 75-CsH4CHz), then
leading to the 46-electron hydride clusters [MMm(us-H)(u-PCy)(CO),] (M = Cr, Mo, W) and
[MNMo,Cp,Cp (us-H)(u-PCy)(CO)]. The structures of the compounds having Mband MagMn
skeletons were also determined by X-ray diffraction methods, both of them displayind/dalistances

(ca. 2.6 A) somewhat shorter than expected for double=Mo bonds and Me-M distances longer than

the corresponding single-bond lengths. A similar reaction takes place with the 12-electron compound
CuCl, to give the hydride [CuME&ICp,(us-H)(u-PCy,)(CO)]. In contrast, the reaction of the title hydride

with [Fe,(CO)], a precursor of the 16-electron fragment Fe(¢@)jves the heterodinuclear complex
[FeMo(u-PCy)(CO)] (Fe—Mo = 2.931(1) A).

Introduction either CH or CHg")? to obtain trinuclear clustefs.These
hydrides are also reactive toward [Au(RRh 4 (a fragment
isolobal to H)® and other group 11 and 12 compounds, such
as CuX (X= halogeny Zn(Hg)¢ or [M(C=CPh)] (M = Au,

Cu, Ag)/ thus allowing the synthesis of different trinuclear (M
= Au, Ag, Zn), pentanuclear (M= Au), or hexanuclear (M=

Cu, Ag) MmpM clusters. Extensive studies have also been

In our preliminary exploration of the reactivity of the triply
bonded hydride [MgCp,(u-H)(u-PCy)(CO),] (1) we noticed
the ability of this unsaturated species to incorporate the 16-
electron fragment MnCfCQO),, as well as the 17-electron
fragment MoCp(CQ) this suggesting the opportunity to develop
rational synthetic methods to prepare electron-deficient hetero- . . : S .
metallic clusters that might be difficult or impossible to prepare carried out W'_th the |soelect_ron|9 d|rhen|um comp_lgx e
through more conventional preparative proceddr&everal H)2(CO)g], which reacts easily with dlffer(_ant transition-metal
rational methods for the synthesis of heterometallic clusters haveCOMPIexes such as the metal carbonyl anions [MEAM =
been developed during the last three decades, some of then}n: Re, Ir;x = 4, 5f and [ReH(CO)] ~ **or the neutral late
inspired by the isolobal relationships existing between metal transition-metal compounds [Pt(P§4{CzHz)],*° [P{(COD)],**
fragments and organic molecukeslowever, the high reactivity
of unsaturated hydride-bridged compounds has not been fully (3) Carrén, R Riera, V.. Ruiz, M. A Bois, C.: Jeannin, Qrgano-
exploited for this purpose. Among these substrates, only a few yetalics1992 11 4022, T T '
complexes having doubly bonded,{-H), cores (M= Mn, (4) Carré, R.; Riera, V.; Ruiz, M. A.; Bois, C.; Jeannin, @rgano-
Re, Os) have been studied in detail. For example, we havemetallics1992 11, 2923.

analyzed the reactions of the 32-electron dimanganese hydride§_7§5) Evans, D. G.; Mingos, D. M. R. Organomet. Chentl982 232

[Mn(u-H)2(COX(u-L2)] (L2 = (EtOLPOP(OEY), PhPCH- (6) Riera, V.; Ruiz, M. A.; Tiripicchio, A.; Tiripicchio-Camellini, M.
PPh) toward the appropriate precursors of 16-electron fragments Organometallics1993 12, 2962. , o
such as Fe(CQ)and M(CO} (M = Cr, Mo, W) (isolobal to (7) Carrémw, R.; Riera, V.; Ruiz, M. A.; Lanfranchi, M.; Tiripicchio, A.;

Tiripicchio-Camellini, M. Organometallics1994 13, 993.
(8) (a) D’Alfonso, G.Chem=—Eur. J.200Q 6, 209. (b) Beringhelli, T.;
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or [Ir(CO)(17°-CoH7)(17?-CsH14)], 12 to give new tri- or tetranuclear
clusters. Finally, the reactivity of the triosmium dihydride fOs
(u-H)2(CO)] toward organometallic fragments has been also
widely studied, allowing the synthesis of heterometallic clusters
with higher nuclearity and incorporating transition-metal atoms
from groups &3,14 8,15_17 9,18—20 10,19a,21 117l9a,22 and 12@3

During the last decades, organometallic clusters have had an

important role in chemistry, not only because of their singular
bonding and structures but also because of their potential

application in homogeneous catalysis (as catalysts or precursors)
and heterogeneous catalysis (anchored to solid supports) or in

the synthesis of homo- and heterometallic nanopart#¥st,

the synthesis of these species is not a matter completely solved
and the implementation of new rational synthetic procedures
remains a valuable target. In this sense, the high reactivity of
the 30-electron hydridel provided us with an excellent
opportunity to explore synthetic routes for new heterometallic
clusters having molybdenum and other transition or post-
transition metals. In this paper we report our full results on the
use ofl as a precursor of such species. Two main synthetic
routes have been developed. In one of them, the hydride ligand
in 1 is replaced by a 17-electron metal fragment, which is
generated in situ through the homolytic cleavage of a metal
metal bond. In the second one, a 16-electron metal fragment
just adds to the multiple bond presentli{a similar result is
obtained using 12-electron fragments such as CuCl or [Au-
(PPR)1). In all cases, electron-deficient trinuclear clusters are
formed.

Results and Discussion

Incorporation of 17-Electron Metal Fragments. Several
precursors of 17-electron metal fragments were reacted with
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(d) Yeuk-Wah, Hung, S.; Wong, W.-T. Organomet. Chenl998 566,
237.

(20) (a) Hsu, L. Y.; Hsu, W. L.; McCarthy, D. A.; Krause, J. A.; Chung,
J. H.; Shore, S. GJ. Organomet. Chen992 426, 121. (b) Srinivasan,
P.; Leong, W. K.J. Organomet. Chen2006 691, 403.

(21) (a) Farrugia, L. J.; Howard, J. A. K.; Mitrprachachon, P.; Stone, F.
G. A.; Woodward, PJ. Chem. Soc., Dalton Tran$981, 155. (b) Noren,
B.; Sundberg, PJ. Chem. Soc., Dalton Tran&987 3103.

(22) Bruce, M. I.; Horn, E.; Matisons, J. G.; Snow, M. R Organomet.
Chem.1985 286, 271.

(23) Au, Y.-K.; Wong, W.-T.J. Chem. Soc., Dalton Tran996 899.

(24) See for example: (a) Shriver, D. F.; Kaesz, H. D.; Adams, R. D.
The Chemistry of Metal Cluster Complex®CH: Weinheim, Germany,
1990. (b) Adams, R. D.; Cotton, F. Aatalysis by Di- and Polynuclear
Metal ComplexesWiley-VCH: New York, 1998. (c) Braunstein, P.; Oro,
L. A,; Raithby, P. RMetal Clusters in ChemistryViley-VCH: Weinheim,
Germany, 1999; Vols. 1 and 2.

Alvarez et al.
Chart 1
%Yz
O
C. ~Cp
/‘Mo Mo'\
Cp \H/ Co
1
Cy Cy,
Cp, P Cp
\ "/
Mo——M (CO)CpMo Mn(CO);
¢ §87 q l l
o) (¢} C,/_C
! o Mo (%]
“IA Cp(CO)
e
, (o3 &p 0
2a (M = M' = Mo) 3
2b (M = Mo; M' = W)
2¢c (M =W; M' = Mo)
Cy, Cy,
(CO)CpN'Io R,uCp (CO)CpMo\ Nion(CO)
(o] C / C
() \Mo/ (o] R —~0
Cp(CO) Cp(CO)
4a 4b

the unsaturated hydride such as the cyclopentadienyl dimers
[M2Cp(CO)] (M = Mo, W, n=6; M = Fe, Ru,n=4) or the
carbonyl dimers [M(CO),] (M = Mn, Re,n=10; M= Co,n

= 8). Except for the cobalt complex, no reaction occurred in
the absence of light, even in refluxing toluene (ca. 383 K).
However, rapid reactions took place under visible or UV
irradiation. It is well known that the dimers }p,(CO)] (M

= Mo, W) undergo homolytic cleavage of the metaietal bond
under photochemical conditions. This process competes with
decarbonylation and is favored, in relative terms, when irradiat-
ing with visible rather than UV light>2b A similar effect is
observed for the binary carbonyls JCO),].252cTherefore, it
seems that the homolytic cleavage of the meraétal bond in
these substrates is the critical step for the reaction to proceed,
a matter that will be discussed later on.

Compoundl reacts slowly at 288 K with [MgCp,(CO)g]
upon exposure to visible light to give the trimolybdenum cluster
[MosCps(u-PCy)(us-CO)(CO)] (24d) in good yield after 5 h.
Compoundl reacts similarly with [WCp,(CO)] to give a
mixture of the heterometallic clusters of formula [M@Cps-
(u-PCy)(us-CO)(CO)] (2b, 2¢) (Chart 1 and Scheme 1).
Isomers2b and 2c differ in the position of the dicyclohexyl-
phosphide bridge on the M@/ metal skeleton and are obtained
in a equilibrium ratio showing only a modest dependence on
the solvent (see Experimental Section).

Compoundl is also reactive toward metaimetal bonded
binary carbonyls, but most of the products obtained were rather
unstable and could not be properly purified and characterized.
The reaction with [CgCO)] proceeds at room temperature in
the absence of light, but no heterometallic cluster could be
identified in the complex mixture of unstable products formed.
The reaction ofl with [Rey(CO)q required visible-UV
irradiation to proceed, but it was more selective. Unfortunately,
it led to a mixture of several M@&Re clusters that could not be
properly characterized due to decomposition during attempts
of purification (chromatography, crystallization). In contrast, the

(25) (a) Geoffray, G. L.; Wrighton, M. SOrganometallic Photochem-
istry; Academic Press: New York, 1979. (b) Alvarez, M. A.; GarcM.
E.; Riera, V.; Ruiz, M. A.; Bois, C.; Jeannin, ¥. Am. Chem. S0d.995
117, 1324, and references therein. (c) Zhang, H.-T.; Brown, TJ.LAm.
Chem. Soc1993 115 107, and references therein.
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Scheme 1. Reaction Pathway Proposed for the Formation
of Compounds 2
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Oc“' l"’co o | cq Selected bond lenghts (A): Mo@Mo(2) 2.743(1); Mo(1)}-Mo-
Cp Cp (3) 3.085(1); Mo(2)-Mo(3) 3.094(1); Mo(1)-P(1) 2.399(2); Mo-
2¢ 2a (M = Mo) (2)—P(1) 2.398(2); Mo(1}C(3) 2.275(6); Mo(2)-C(3) 2.197(6);
2b(M=W) Mo(3)—C(3) 2.042(6).

reaction with [M(CO),q under the same conditions gave Moz plane, which implies a trans to cis rearrangement in the
almost quantitatively the manganeseolybdenum cluster hydride 1 upon reaction. The Mo(£Mo(3) and Mo(2)-Mo-
[MnMo;Cpy(u-PCys) (u-COX(CO)] (3) after 10 min. This  (3)distances, 3.085(1) and 3.094(1) A, respectively, are in good
allowed the spectroscopic characterization of the product evenagreement with the presence of single-Mdo bonds, whereas
when it could not be isolated in a completely pure form nor the Mo(1)-Mo(2) distance (2.743(1) A) is significantly shorter
characterized through X-ray diffraction methods, due to its gnd close to the values found for double Mdo bonds in
progressive decomposition upon manipulation. related systems (for example, 2.713(1) A for the bis(diphe-
Iron and ruthenium cyclopentadienyl dimers f&p,(CO)] nylphosphide) complex [M&€p(u-PPh)(CO)]).?” So it seems
also react with hydridd under photochemical conditions, but  that the electronic unsaturation of the cluster is rather localized
with very different results. The reaction with the iron dimer on just a pair of metal atoms. Interestingly, a similar localization
gave no detectable heterometallic cluster, but led instead to theeffect occurs in the isolectronic cluster [M&p*a(uz-H)(u3z-O)-
tetracarbonyl complex [M&p,(u-H)(u-PCy,)(CON]?¢ as the (COY),2 which appears to be the only other 46-electronsMo
only carbonyl-containing species. The latter compound is cluster structurally characterized so far, since it displays-Mo
obviously formed by reaction of the photogenerated CO With Mo distances of 2.916(1), 2.917(1), and 2.660(1) A. In the case
(in fact, this electron-precise hydride is always obtained in of 2a, the asymmetrically triply bridging carbonyl plays an
variable amounts as a side product in all photochemical reactionsactive role in defining the intermetallic separations. The
here reported). In contrast, visibi&JV irradiation of a toluene  corresponding Me-C distances are 2.275(6) [Mo&L(3)],
solution of1 and [RuCp(CO)] for 10 min gives a mixture of  2.197(6) [Mo(2)-C(3)], and 2.042(6) A [Mo(3)} C(3)], so this

the heterometallic clusters of formula [MRUCR(u-PCyp)(u- carbonyl can be viewed as involved in a normal (for a bridging
CO)(CO}] (4a 4b). As it was the case of the M/ clusters, group) bond to the Mo(3) atom [the Mo@BIC(3)—0(3) angle
isomers4a and 4b differ in the position of the dicyclohexy-  is 139.9(5}] and in weaker interactions (of semibridging type)

Iphosphide bridge on the MBu metal skeleton (Chart 1). Even  with the other two metal atoms. This implies an additional
though in this case two different brown fractions could be electron transfer from the original MoCp(COhoiety to the
separated upon chromatography in alumina (activity 1V) at 253 ynsaturated MgCp:(u-PCyp) fragment, in agreement with the
K, the IR and NMR spectra of the resulting solutions at room intermetallic separations. In the absence of such a bridging
temperature (see below) proved them to have the samecarbonyl, the MoCp(CQ)fragment would behave much as the
composition, suggesting that fast isomerization occurs on the hydride ligand in1 does, and then shorter Mo@Mo(2) and
laboratory time scale to reach an equilibrium ratio between |onger Mo—Mo(3) lengths would have been expected.
isomers, which is ca. 1:1 for these ruthenium clusters, with no Spectroscopic data in solution for compourids-c (Table
significant dependence on the solvent, as deduced from the; and Experimental Section) are essentially consistent with the

integration of the'H NMR spectra recorded in CD&ICqDs, solid structure of2a, but reveal the presence of dynamic
and (CR),CO solutions. processes in solution. The IR spectra f& and that for the
Solid State and Solution Structure of Compounds 2The mixture of2b and2c are similar and display five CO stretching

structure of compound [MEps(u-PCys)(us-CO)(CO)] (24) bands in CHCI, in each case, as expected. T spectra for
was confirmed through a single-crystal X-ray diffraction study these clusters exhibit in each case singlet resonances with
and previously reported (Figure 1Yhe molec_ule displays two  chemical shifts of 178.32), 170.9 @b), and 143.5 Jpw =
MoCp(CO) groups and one MoCp(COjnoiety, all bound 319 Hz) Q). The relative shielding and the appearance of a
together to form a Metriangle, which is asymmetrically capped large 31P—183W coupling in the latter resonance is a clear

by a carbonyl ligand. The MoCp(CO) fragments are bridged jngjcation that the phosphide bridge 2t is placed over the
by a dicyclohexylphosphide ligand and all three Cp ligands,

and the bridging carbonyls are placed on the same side of the

(27) Adatia, T.; McPartlin, M.; Mays, M. J.; Morris, M. J.; Raithby, P.
R. J. Chem. Soc., Dalton Tran$989 1555.

(26) Garca, M. E.; Riera, V.; Ruiz, M. A,; Rueda, M. T.; 8a, D. (28) Gibson, C. P.; Rae, A. D.; Tomchick, D. R.; Dahl, L. F.
Organometallic2002 21, 5515. Organomet. Cheni988 340, C23.
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Table 1. Selected IR and 31P{!H} NMRP® Data for New Compounds

compound v(CO) op
[Mo3Cps(u-PCy)(us-CO)(CO)] (23a) 1954 (vs), 1915 (m), 1890 (m), 178.3(185.4, 150.4
1866 (m), 1814 (w)
[Mo2WCps(u-PCys)(13-CO)(CO)] (2b,c) 1952 (vs), 1916 (m), 1885 (m), 170.9 (2b) 143.5[319]/ (20)
1864 (m), 1808 (w)
[MnMo2Cpy(u-PCys)(u-CO)(CO)] (3) 2015 (m), 1946 (m, sh), 1926 (vs), 207.0
1842 (w), 1797 (w)
[Mo,RuCps(u-PCys)(u-CO)(CO)| (4a,b) 1956 (s), 1935 (s, sh), 1921 (s), 224.F (4a) 169.F(4b)
1891 (vs), 1812 (s), 1769 (vs)
[CrMo2Cpa(uz-H) (u-PCys)(COY] (5a) 2050 (m), 1931 (v¥) 207.4
[Mo3Cpy(us-H)(u-PCy)(COY] (5b) 2062 (m), 1941 (vs), 1908 (m, $h) 208.4
[Mo2WCpp(us-H)(u-PCy:)(CO)] (50) 2058 (s), 1969 (w, sh), 1934 (vs), 205.0
1908 (m, sh), 1848 (w), 1832 (w, sh)
[MnMoCp,Cp (uz-H)(u-PCy,)(CO)] (6) 1915 (vs), 1875 (m, sh), 1851 (s), 167.8
1833 (m, sh)
[FeMoCp{:-PCys)(COX] (7) 2065 (s), 2009 (m), 1989 (vs), 199.1
1981 (s), 1934 (s), 1867 {s)
[CuMO,CICpy(us-H)(u-PCy,)(COY] (8) 1905 (m), 1850 (vs) 23058

aRecorded in dichloromethane solution, unless otherwise statedsm=2. P"Recorded in CBCl, solutions at 290 K and 121.50 MHz, unless otherwise
stated,d in ppm relative to external 85% aqueousPy. €in CDCl; at 81.04 MHz.9somer mixture at 193 K and 162.01 MHz (see te). CDCls. Jpw
in Hz. 9The rest of the €0 stretching bands could not be assigned unambiguofislyCeDe. \In petroleum ether.

Mo and W atoms. We note that the-® coupling constant is Scheme 2. Isomerization Equilibrium Proposed for
close to those found for the unsaturated compoundsCw/ Compound 2a in Solution
(u-PRx)2(COY],%8 which exhibit similar coordination environ- Cys o Cy,
ments around the W and P atoms. TheNMR spectra fora Oy P SOP CL P P
and 2b are in good agreement with the solid structure found ( \MO\T/MO,/ Mo=5=Mo
for 2a, both exhibiting two signals in a 2:1 ratio for the three & C/ % cp \C/ %
Cp ligands, consistent with the presence of a symmetry plane ,V‘|o N4
making both MoCp(CO) fragments equivalent. In contrast, o ¢, of” 27
exhibits three different cyclopentadienyl resonances, since all cp cp
three metal fragments are now inequivalent. All the above data A \ / B

are themselves consistent with the rigid structures based on the o

crystal structure oPa. However, the'3C{1H} NMR spectrum oc\ /pyz\ /CP ¥

of 2arecorded at room temperature is not consistent with that Mo —=—=Mo

structure, since it displays just one broad carbonyl resonance Cp C|>< / "CO

at 256.3 ppm and four signals for the cyclohexyl carbon atoms, o \MO‘”co

while, according to the solid structure, there should be three CF}Q S

carbonyl and up to eight distinct cyclohexyl resonances present.
All this suggests the operation of dynamic processes in thesealso a generalized carbonyl scrambling results (not shown in
solutions, which proved to be due to the presence of two the scheme). Of course, in the absence of further data, we cannot
interconverting isomers. Thus, on cooling a solutioraf its exclude other possibilities at present.

31P{1H} NMR resonance at ca. 178 ppm first broadens and then  Reaction Pathways in the Formation of Compounds 2.
eventually splits into two different signals (185.4 ppm for isomer As stated above, no reaction betwédesnd the cyclopentadienyl

A and 150.2 ppm for isomeB at 193 K, ratioA/B = 1.7). dimers [M,Cpz(CO)] occurs in the absence of light, even in
From the ill-defined coalescence poiff; (ca. 218 K) we can refluxing toluene. On the other hand, a separate experiment
estimate an average activation barrier o3& kJ mol, which proved that compound does not experience any significant

is a fairly low figure. Unfortunately, théH NMR spectra do change when irradiated with visible light. Thus, in light of the
not exhibit informative changes over that temperature range, known photochemistry of these diméP&pit is reasonable to
apart from a general broadening of all resonances. In order topropose that these reactions are initiated by the homolytic
explain the above spectroscopic observations, we propose thecleavage of their single metaimetal bonds to yield the
operation in these solutions of a fast isomerization equilibrium corresponding 17-electron radicals [MCp(G[®)which then
between two of the possible conformers &a By considering would rapidly add to the hydridel to yield a transient
the large3!P chemical shift difference between these isomers paramagnetic cluster, which spontaneously would lose a hy-
(ca. 35 ppm), we propose that only a cis/trans rearrangement adrogen atom to afford the diamagnetic clusteesb (Scheme

the Moy(u-PCy) center can account for such a large shift 1). An NMR monitoring experiment carried out usingls as
difference (Scheme 2). Indeed, we have shown previously thatsolvent revealed the essentially quantitative formation of [WH-
the unsaturated compleis{MoCpy(u-PPh)(u-PBu2)(CO)] %6 Cp(COy], identified by its characteristic proton resonanags [
displays a®'P shift some 4650 ppm above that of its trans = —7.2 ppm,Juw = 37 Hz; dcp = 4.9 ppm]. This proves that
isomer, thus allowing us to identify the major and more these reactions imply eventually the complete H atom transfer
deshielded isomeA as that one exhibiting a cis arrangement from 1 to the photogenerated [MCp(CgD)radicals. The radical
around the Me(u-PCy,) center, as found in the crystal. The attack onl would be facilitated by the presence of multiple
exchange between isome#sand B would possibly imply a metal-metal bonding in this substrate, which provides it with
transition state whereby thgs-CO ligand becomes edge- empty, low-lying antibonding orbitals not present in related
bridging, then allowing the MoCp(C@Jragments to rotate. In  electron-precise complexes. Finally, in order to explain the
this way, not only are the isomefsandB interconverted, but formation of2c, we propose that, once formed, the dimolyb-



Reactvity of [Moa(175-CsHs)2(u-H)(u-PCy)(CO),] Organometallics, Vol. 26, No. 2, 2007325

denum-tungsten cluste2b rearranges by exchanging CO and Chart 2

PCy; ligands between molybdenum and tungsten atoms to reach o Cy, o Cy,

a thermodynamic equilibrium between isom2bsand2c. Given QP /Cp NP /Cp

the almost identical atom sizes and covalent radii of the Mo MT Ve, M Me

and W atoms, the relative amounts of these isomers are likely Cp \"* / % cp \"* %

to be governed by the relative strengths of the corresponding M Mn

M—C and W-P bonds. (CO)s of 1 ey
Solution Structure of Compounds 3 and 4 Unfortunately, M = Cr (5a), Mo (5b), op

no suitable crystals for X-ray diffraction could be grown for W (5¢) 6

either of these rather unstable compounds, so our structural

proposal for these species must be based on limited spectro- o o SZR

scopic data recorded in solution. The IR spectrum of the ManMo Cp Cy, C 2N /L\ / P

cluster3 displays five CO stretching bands, with the position \Mo‘»‘P"u..lJeJ\CO SN /M°,

and high intensity of the band at highest frequency (2015%Fm ol | \Co Cp \*"/ %

being indicative of the presence of a facial Mn(G©$cillator?® o g g Cu

then discarding the presence afisMn(CO), group, for which (';|

the highest-frequency band appeatrs typically in the range-2060 7 8

2090 cn112930 On the other hand, the presence of low-
frequency bands<(1800 cnT?l) suggests that there is at least
one bridging carbonyl in the molecule. In fact, we propose for
3 a structure with two bridging (or semibridging) CO ligands,
in order to fulfill the EAN formalism in an equilibrated way
(Chart 1). The proposal of the P€§gand in3 as bridging Mo
and Mn atoms is based on the fact that#® NMR resonance
appears at a relatively high chemical shift (207.0 ppm D4}

previously, most of them are electron-precise species (48
electrons). In fact, we are only aware of another family of 46-
electron MgRu species, these being the above-mentioned¢{Mo
RuCp(us-CCH;R)(u-PPh)(CO)] clusters (R= H, Me) .22
Incorporation of 16-Electron Metal Fragments. These
metal fragments can be generated in a number of ways, for
example, through either thermal or photochemical decarbony-

and it is abnormally broad at room temperature. The latter is a lation of suitable carbonyl complexes, by displacement of labile

well-known effect caused by the quadrupdiavin nucleus on

ligands, etc. These well-established strategies have been used

31p nuclei bonded to it, while there is also a general trend for to test the ability of the unsaturated hydritiéo generate new

phosphide ligands to exhibit more deshieldé@ resonances
when bridging over lighter transition-metal atofs.

The mixture of isomerdaand4b exhibits six stretching CO
bands ranging from 1769 to 1956 chthis alone suggesting

heterometallic clusters by addition of 16-electron fragments of

the groups 6, 7, and 8 metals to its multiple metaletal bond,

in a process similar to the organic cyclopropanation reacéfion.
Compoundl reacts rapidly with the group 6 hexacarbonyls

that there is more than one compound in solution, since the [M(CO)g] (M = Cr, Mo, W) in toluene solution under visibte
expected product would have only four CO ligands and therefore UV irradiation to give the corresponding 46-electron clusters
no more than four stretching bands. Moreover, the positions of [MMo 2Cpy(us-H)(u-PCy,)(CO);] [M = Cr (5a), Mo (5b), W

the lowest bands in frequency (1812 and 1769 Ynsuggest
the presence of bridging or semibridging CO ligands in both
isomers. These isomers are characterized by quite sepétated
NMR resonances, which appear at 22444)(and 169.1 4b)
ppm, while the proton NMR spectrum reveals the lack of any

(50)] (Chart 2), along with significant amounts of the tetracar-
bonyl complex [MaCp,(u-H)(u-PCy,)(CO)]%® as a side prod-
uct. Attempts to prepare these clusters by the thermal reaction
of 1 and the solvates [M(C@)THF)] gave no detectable
amounts of the trinuclear clusters, which suggests that the

element of symmetry in both cases, since three distinct Cp hydride 1 has only a moderate electron-donor ability. Com-
resonances are observed in each case, therefore excluding angoundsba and5b were very unstable and decomposed progres-

symmetrical structure similar to that found f@b. Thus, the
large difference in thé'P chemical shifts of isome#a and4b
is taken as an indication that the PQigand might be bridging
a Mo, vector in one isomer4p, by comparison with the shifts
for 2b) and a MoRu one in the other isomdra( this structure
being comparable to that &, after replacing the Mn(CQ)

sively upon manipulation to give mixtures of compouhend
its tetracarbonyl derivative. Fortunately, the ¢ tungsten
cluster was more stable and could be completely characterized
both in solution and in the solid state (see below).

Group 7 metal cyclopentadienyl fragments could be intro-
duced using tetrahydrofuran adducts. Thus, a THF solution of

fragment in the latter by the isoelectronic RuCp one). We can the adduct [MnCHCO)(THF)] (Cp = 7°-CsH4CHg) reacts with

compare the shift idawith those of the MgRu clusters [Me-
RuCpy(us-C=CRH)(u-PPh)2(CO)] and [Mo;RUCR(us-CCH:R)-
(u-PPR)(CO)] (R = H, Me), ranging from 188 to 202 pp#a.
Taking into account that PGghifts tend to be higher than those

compoundl at room temperature to give the trinuclear cluster
[MNMo2CpCp (u3-H) (u-PCy,)(CO)] (6) with good yield, along

with variable amounts of the tetracarbony! [Mep;(u-H)(u-

PCy)(CO)] as a side product. Compourg] which could be

of PPh, the value of 224.1 ppm seems to be a reasonable figurecharacterized through an X-ray diffraction study (see below),

for compound4a. Finally, we should note that while a number
of trinuclear clusters having MRu cores have been reported

(29) Braterman, P. S/etal Carbonyl SpectraAcademic Press: London,
UK, 1975.

(30) See for example: (a) Iggo, J. A.; Mays, M. J.; Raithby, P. R;
Henrick, K. J. Chem. Soc., Dalton Tran4983 205. (b) Horton, A. D;
Kemball, A. C.; Mays, M. JJ. Chem. Soc., Dalton Tran$988 2953.

(31) Carty, A. J.; McLaughin, S. A.; Nucciarone, D. Rhosphorus-31
NMR Spectroscopy in Stereochemical Analydisrkade, J. G., Quin, L.
D., Eds.; VCH: New York, 1987; Chapter 16.

(32) Adams, H.; Bailey, N. A,; Gill, L. J.; Morris, M. J.; Sadler, N. D.
J. Chem. Soc., Dalton Tran$997, 3041.

is a rare example of a MWIn cluster. In fact there appears to
be just another cluster (apart froBp having a triangular Mg
Mn core, this being the electron-precise cluster {Ma,Cp,-
(us-Sex(COY].23 For this reason, we examined also the reaction
of 1 with the rhenium adduct [ReCp(C&)HF)], but this turned
out to give a mixture of unstable compounds, which could be
neither isolated nor characterized properly.

Compoundl is also very reactive toward [E£O)], which
is a classical precursor of the Fe(G@agment. However, this

(33) Adams, R. D.; Kwon, O.-Snorg. Chem.2003 42, 6175.
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Figure 2. ORTEP diagram (30% probability) of compousd,
with H atoms and Cy rings omitted for clarity, except theafoms
and the hydride ligand.

Table 2. Selected Bond Lengths (&) and Angles (deg) for
Compound 5¢

Mo(1)-Mo(2)  2.6351(5)  Mo(1¥Mo(2)-W(1)  68.00(2)
Mo(1)—W(1) 3.3714(5)  Mo(2XW(1)-Mo(2)  46.44(2)
Mo(2)—W(1) 3.3103(6)  W(1}Mo(1)-Mo(2)  65.56(3)
Mo(1)—P(1) 2.380(1) C(HMo(l)-Mo(2)  72.5(1)
Mo(2)—P(1) 2.386(1) C(XMo(2)-Mo(1)  95.6(1)
Mo(1)—C(1) 1.924(4) Mo(13-P(1)-Mo(2) 67.14(3)
Mo(2)—C(2) 1.965(4) O(1FC(1)-Mo(1) 170.7(3)
Mo(2)—C(1) 2.755(4) 0O(2¥C(2)~Mo(2) 176.7(3)
Mo(1)—H(1) 1.80(5) P(13Mo(1)—H(1) 96(2)
Mo(2)—H(1) 1.92(5) P(1}Mo(2)-H(1) 92(1)
W(L)—H(1) 2.02(5)

reaction proceeds readily within toluene at room temperature
to give with good yield the heterodinuclear compound [FeMoCp-
(u-PCy,)(CO)] (7) along with the dimer [MeCp,(CO)], rather

Alvarez et al.

Scheme 3. Fluxional Process Proposed for Compounds 5, 6,
and 8 in Solution

(0 P. Cp C P. Cp
\ ~ / \ ~N /
Mo< /MQ fe— MO/ ‘MQ
cp T / % ce \H / %
M M
(M= W(CO)s, CuCl)
o) Cy, ) Cyz
C P. Cp C P. Cp
\ ~N / N/
Mo< /Mq e Mo ==Mo
o \j/ % o8 N1/ %o
Mo Mo,
criNc C’ IX'C
0) cp © o) cp' (o)

Table 3. Selected Bond Lengths (A) and Angles (deg) for
Compound 6

Mo(1)-Mo(2)  2.6448(8)  Mo(1}Mo(2)-Mn(1)  65.25(2)
Mo(1)-Mn(1)  3.135(1) Mo(2}Mn(1)-Mo(1)  50.01(2)
Mo(2)-Mn(1)  3.122(1) Mn(1}Mo(1)-Mo(2)  64.74(3)
Mo(1)—P(1) 2.386(2) C(H-Mo(1)~Mo(2) 88.8(2)
Mo(2)—P(1) 2.368(2) C(2XMo(2)—Mo(1) 74.8(2)
Mo(1)—H(1) 1.86(6) Mo(1}-P(1)-Mo(2) 67.62(5)
Mo(2)—H(1) 1.85(6) O(1)C(1)~Mo(1) 176.5(6)
Mn(1)—H(1) 1.64(7) 0(2)-C(2)-Mo(2) 172.3(6)
C(2)-Mo(2) 1.929(8) P(13Mo(1)—H(1) 97(2)
C(2)-Mo(1) 2.835(7) P(1)}Mo(2)—H(1) 98(2)
C(1)-Mo(1) 1.952(7) C(3)Mn(1)—C(4) 86.4(6)

would be a better description for the binding in the Mbcore,
whereby the electron donor (the multiple Mo bond) just
shares a bonding electron pair with the acceptor (the tungsten
atom). This description is consistent not only with the Mo
Mo separation found ibc but also with the rather long MewW
distances, 3.3714(5) and 3.3103(6) A, significantly much longer

than the expected trinuclear cluster. No intermediate speciesthan the single-bond MeMo distances in related compounds

could be reproducibly detected by IR ¥ NMR monitoring

of the corresponding reaction mixtures. In contrast, the reaction

of 1 with Rug(CO);» under visible-UV irradiation (this acting
as a precursor of the Ru(Cgjagment) led to complex mixtures
of products that could not be isolated.

Solid State and Solution Structure of Compounds 5The
crystal structure of [M@NCpy(us-H)(u-PCyw)(CO),] (5¢) was
determined through a single-crystal X-ray diffraction study

(e.g., ca. 3.10 A fora).

Spectroscopic data in solution for compoundis—c are
essentially consistent with the structure found in the solid state
for 5¢, although dynamic processes are present once more, and
only limited data are available for compouriisb due to their
low stability. In fact, only for compoundc could the C-O
stretching bands in the IR spectra be unambiguously assigned,
since for the other complexes some of these bands are

(Figure 2 and Table 2). The molecule can indeed be viewed aSgyerlapping with those of compountiand its tetracarbonyl

resulting from the addition of a W(C@Jnoiety to the dimetal
center in the hydridé with little distortion of the dimolybdenum

derivative, these being formed upon manipulation of the new
clusters. Nevertheless, the IR spectra clearly display in all cases

substrate. Thus, the Cp groups remain placed on opposite sideg, strong band in the range 205060 cnt?, characteristic of

of the Mg,P plane, as do the carbonyl ligands. However, the
hydride ligand is significantly perturbed upon binding of the
tungsten fragment, since it is now located as triply bridging the
metal triangle in an asymmetrical way (closer to the molybde-
num atoms). The intermetallic MeMo distance, 2.6351(5) A,

is slightly shorter (ca. 0.03 A) than that measured for the 46-
electron cluster [MgCp*3(uz-H)(us-O)(COY)?® and much shorter
(ca. 0.11 A) than the formally double Mdvio length measured
for 2a. On the other side, this distance is 0.06 to 0.1 A longer
than those measured in the 30-electron compoundsQide
(u-PCy»)(u-SnPh)(CO),] and 1, respectively, for which triple
Mo—Mo bonds can be proposed under the EAN formaltsm.
In summary, the Me-Mo interaction for compoun&c might

the presence of M(C@)ragments (M= Cr, Mo, W)2° As for

the 3P NMR spectra, compoundsa—c exhibit single reso-
nances ranging from 205 to 208 ppm. These chemical shifts
are significantly higher than those for other clusters having the
PCy: ligand over formally double Me&Mo bonds discussed in
this paper (Table 1), but are lower than the chemical shift in
the triply bondedl (232.3 ppm)* This is consistent with a
retention in solution of the same 3c-2e interaction at the\Mo
metal skeleton that is found in the crystal. THd NMR
spectrum reflects the significant modification operating in the
hydride environment upon coordination (from fiae to theus-
mode), since the unusually deshielded resonande(in6.94
ppm) moves into a more shielded region upon coordination of

be viewed both as a short double bond and as a long triple bond.the new metal atomdy; = —16.88 6a), —13.34 6b), —12.46

This suggests that the W(C®OJfragment might be acting
essentially as an acceptor group (isolobal tosCkather than
to CHy).2 In this case, a 3c-2e interaction (rather than 3c-4e)

(34) Garca, M. E.; Melm, S.; Ramos. A.; Riera, V.; Ruiz, M. A.; Belletti,
D.; Graiff, C.; Tiripicchio, A. Organometallic2003 22, 1983.
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Figure 3. ORTEP diagram (30% probability) of one of the two
independent molecules in the unit cell of compo@ndith H atoms
and Cy rings omitted for clarity, except thé &oms and the hydride
ligand.

ppm (0)], as expected. However, these spectra exhibit in each

case a single resonance for both cyclopentadienyl groups, itself

inconsistent with the solid state structure 5@ The same is
concluded from thé3C NMR spectrum obc, which displays

a single resonance for each of the inequivalent pairs of MoCO
and cyclopentadienyl groups (but not for the diastereotopic C
and C cyclohexyl carbon atoms). Therefore, a dynamic process
creating a fals&€, symmetry axis bisecting the M@/ triangle
must be operative in solution for these compounds, which we
propose to involve just a shift of the hydride ligand from one
side to the other of the metal triangle (Scheme 3). Although
we have not studied this process in detail, we note that it should
be of an intramolecular nature, since-R and H-W couplings

are retained under fast exchange conditions. Besides we also

&

note the appearance of just one resonance at 197.6 ppm for th

five carbonyls attached to the tungsten atom, which suggests
the occurrence of a further exchange process inside the

pentacarbonyl fragment, which is also fast on the NMR time
scale at room temperature.

Solid State and Solution Structure of Compound 6.The
crystal structure 06 was also confirmed through a single-crystal
X-ray diffraction study (Table 3 and Figure 3). The structure is
very similar to that found fobc, if the W(CO) fragment is
replaced by the isoelectronic Mn@@O), group, with the
methylcyclopentadienyl ligand and the triply bridging hydride
on the same side of the Mdn plane. The intermetallic
separations are also comparable to those of the/¥Mmingsten
cluster, suggesting that the binding within the metal triangle
might also be described in terms of a 3c-2e interaction-(H
like behavior of the MnCiCO), fragment). However, the Me
Mo distance (2.6448(8) A) is a bit longer than that 5n,
whereas the MeMn distances (3.135(1) and 3.122(1) A) are
now closer to the reference single-bond lengths (cf. 3.11 A in
[MNMoCp(CO){P(OMe)}]3® or 3.09 A in [MnMoCpf-H)-
(u-PPh)(CO))).3¢ This suggests that, compared to the W(€0)
fragment, the MnCgCQO), fragment binds more tightly to the
hydride1, surely due to its higher electron density at the metal

center, derived from the presence of the methylcyclopentadienyl
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Figure 4. ORTEP diagram (30% probability) of one (B) of the
two independent molecules in the unit cell of compoundith H
atoms and Cy rings omitted for clarity, except thedfoms.

Table 4. Selected Bond Lengths (A) and Angles (deg) for
Compound 7 [molecule B]

Mo(1)—Fe(1) 2.929(1) Mo(L) P(1)-Fe(1) 77.16(3)
Mo(1)—P(1) 2.412(1) C(1yFe(1)-C(3) 90.5(1)
Fe(1y-P(1) 2.283(1) C(1yFe(1)-C(4) 176.9(1)
Fe(1)-C(1) 1.803(3) C(1)yFe(1)-C(2) 90.8(1)
Fe(1)-C(2) 1.806(3) C(3)Fe(1)-C(4) 91.7(1)
Fe(1)-C(3) 1.786(3) C(3YFe(1)-C(2) 109.8(1)
Fe(1)-C(4) 1.810(3) C(4YFe(1)-C(2) 90.5(1)
Mo(1)—C(5) 1.946(3) C(5¥Mo(1)—C(6) 78.7(1)
Mo(1)—C(6) 1.938(3) C(5¥Mo(1)—Fe() 84.7(1)
C(6)-Mo(1)—Fe(1) 119.5(1)

Spectroscopic data in solution for compoudi@re in quite

ood agreement with the solid structure but again reveal the
presence of dynamic effects. The IR spectrum displays four CO
stretching bands, itself in accordance with the low symmetry
of this tetracarbonylic cluster, tHéP NMR spectrum exhibits

a resonance at 167.5 ppm, a shift similar to those found for
other Ma(u-PCy,) moieties discussed in this work (Table 1),
and the hydride resonance appears-46.82 ppm, therefore
consistent with a triply bridging position. However, the Cp
ligands exhibit just onéH or 3C NMR resonance at room
temperature, while the Mo-bound carbonyls (but not the Mn-
bound ones) and both cyclohexyl groups appear as equivalent
groups too (but not the diastereotopic pairs éfa@d C atoms

in each ring). Therefore, the dynamic process is generating a
false G axis, as found for compounds Indeed, at 233 K that
process is slowed enough so as to yield sepafateesonances

for the Cp ligands. In order to explain all these spectroscopic
features, we must assume férthe operation of a dynamic
process similar to that proposed for the heptacarbonyl clusters
5, that is, a shift of the hydride ligand between both sides of
the metal triangle. However, in the case6othis needs to be
accompanied by a simultaneous rotation of the manganese
fragment (Scheme 3), since otherwise the process would be an
isomerization (not observed).

Structure of Compound 7. In the crystals of 7 two

ligand. This could make a Mn-based electron pair become morecrystallographically independent molecules (A and B), even if

available for cluster binding (CHike behavior of the metal
fragment).

(35) Ingham, W. L.; Billing, D. G.; Levendis, D. C.; Coville, N. lhorg.
Chim. Actal1991, 187, 17.

(36) Horton, A. D.; Mays, M. J.; Raithby, P. R. Chem. Soc., Chem.
Commun.1985 247.

very similar, are present. The structure of one of them (molecule
B) is shown in Figure 4, while Table 4 collects some relevant
structural parameters of both molecules. The molecule displays
MoCp(CO) and Fe(CQO) moieties bound through a dicylo-
hexylphosphide bridge, and a metahetal bond, strictly
comparable to those found in the diphenylphosphide-bridged
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compounds [FeMoCp{PPh)(CO)L] (L = COZ” P(OMe),).%8 3). We note finally that compoungl exhibits a relatively little

The iron fragment displays a pseudo-octahedral geometry, if shielded resonance) (—6.71 ppm,Jen = 4 Hz), not very

the Mo atom is considered as a coordination position. Under different from that for the starting hydride (6 —6.94 ppm,

the analogous assumption, the molybdenum atom displays thenlpy = 11 Hz). It is tempting to conclude from this that the

the classical piano stool geometry. The #ee distance (2.934-  hydride ligand in8 might be edge-bridging the molybdenum

(1) and 2.929(1) A for molecules A and B, respectively) is atoms, rather than triply bridging the Mou face. However,

consistent with the single MeFe bond formulated for this  we must consider that hydride ligands are themselves relatively

molecule under the EAN formalism and is similar to the bond deshielded when bridging to copper atoms. For example, in the

lengths measured in the mentioned MoFe complexes. Othercluster [CuMn(u-H)3(CO){ u-(EtOLPOP(OED} (PPh)] the

bond lengths and angles are also similar to those found in thechemical shifts for the hydride ligands are26.2 (Mn—Mn)

above diphenylphosphide compounds and thus deserve ncand—9.0 ppm (Mn-Cu)® Therefore, in the absence of further

further comments. structural data, we must assume that the hydride ligar&lisn
Spectroscopic data in solution f@rare fully consistent with likely to be placed bridging (even if asymmetrically) the trimetal

its solid structure. The IR spectrum in petroleum ether, for skeleton of the cluster.

instance, shows six CO stretching bands, with a pattern similar

to that measured in the solid state for [FeMaGPPh)(CO)].3” Concluding Remarks

The 3P NMR spectrum foi7 exhibits a singlet at 199.1 ppm,

a chemical shift ca. 40 ppm higher than that measured for the The 30-electron dinuclear hydridereadily reacts with 17-

above diphenylphosphide complex, as expected for,R@y electron metal fragments of type MCp(G@) M(CO) to give

PPh chemical shifts in comparable structures. 46-electron trinuclear clusters after formal replacement of the
Reaction with CuCl. Since the interaction of hydridewith hydride ligand by the isolobal metal fragment. On the other
16-electron transition-metal fragments of the type M(C@)d hand, compound adds easily to 16-electron metal fragments

MCp(CO) seems to point to an essentially acceptor role of the ©f the type M(CO) or MCp(CO} to give the corresponding
heterometal fragment and a donor role of the unsaturatedUnsaturated trinuclear clusters in which the hydride ligand
dimolybdenum center, we examined the possibility of synthesiz- Pridges the three metal atoms. The structure and bonding
ing Mo,—group 11 clusters by reacting the hydritlevith neat interaction in the hydride-bridged clusters can be essentially
electron acceptors such as the gold cations [AgfPRor the described in terms of a 3c-2e domxccept_or interaction
neutral copper(l) halides. Indeed, both reactions take place Petween the multiply metaimetal bonded hydride (donor) and
readily at room temperature, but only that with CuCl gave a the heterometal fragment (acceptor). In any case, all the above

reasonably stable and pure product, identified as the trinuclearr€@ctions proved to be efficient and rational synthetic routes
cluster [CuM@CICp,(us-H)(u-PCys)(CO)] (8). for electron-deficient trinuclear clusters, although some of them

Although no suitable crystals for a diffractometric study could Were found to be quite unstable species.
be grown for8, the spectroscopic data suggest a structure related
to those of the hydride clustebsand6 just discussed, perhaps Experimental Section
with a more pronounced doneacceptor interaction to sustain

the heterometallic MeCu framework (Chart 2). In the first place, General Procedures and Starting Materials All manipulations

. . and reactions were carried out under a nitrogen (99.995%)
the IR spectrum foB shows two CO stretching bands with a atmosphere using standard Schlenk techniques. Solvents were

pattern (Well-separated medlum and stropg bands, In Qrder Ofpurified according to literature procedures and distilled prior to
decreasing frequency) different fro_m tha_t:ura_nd very similar use?® Compounds [MeCp(u-H)(u-PCy,)(CO)]** (1) and [Ry-

to that found for the molybdenuntin derivative [MeCpy(u- Cpo(CO)]4° were prepared according to literature procedures, and
PCy,)(u-SnPh)(CO)].* This indicates that the carbonyl ligands gl other reagents were obtained from the usual commercial suppliers
are still in a transoid arrangement, but a distorted one in order and used as received, unless otherwise stated. Petroleum ether refers
to better accommodate the bridging group. Interestingly, the to that fraction distilling in the range 33843 K. Photochemical
average €O stretching frequencies fdrand8 in tetrahydro- experiments were performed using jacketed Pyrex Schlenk tubes,
furan solution are 1854 and 1878 cth respectively, which cooled by tap water (ca. 288 K). A 400 W mercury lamp (as source
gives support to our idea that these hydride-bridged heterome-of visible—UV light) or conventional 200 W lamp (as source of
tallic clusters derived fronl are essentially supported by a Vvisible light) both placed ca. 1 cm away from the Schlenk tube
donoracceptor interaction from the hydride substrate to the were used for these experiments. Chromatographic separations were
heterometal fragment. This interaction is possibly the strongestcarried out using jacketed columns cooled by tap water. Commercial
in the case of the Me&Cu cluster8. In fact, the chemical shift aluminum oxide (Aldrich, activity I, 150 mesh) was degassed under
of the phosphorus nucleus B (230.8 ppm) is much higher vacuum_prior to use. The latter was mixed under_ni_trogen_with the
than those for cluster§ or 6 (Table 1) and similar to the  @PPropriate amount of water to reach the activity dgswed. _IR
chemical shifts found for PGyligands bridging triple Me- stretching frequencies of CO ligands were measur.ed in solution
Mo bondsL-2634All this is consistent with a negligible electron ~ 2nd are referred to a3CO) (solvent). Nuclear magnetic resonance

. g
contribution of the CuCl group to the bonding in the cluster. ('}'HMR) S%eSCZ? va'a_'re r%‘tiaely re;ggdsql aéBOé)l.H)Elgl.SO%lP
As observed for the hydride clustdsand6, the'H spectrum ), or 75. ZBCUHy) at in COCI; solutions unless

) : . otherwise stated. Chemical shifé§) @are given in ppm, relative to
of 8 at room temperature displays just one cyclopentadienyl jyioma) tetramethyisilanelif, 1°C) or external 85% aqueoussH

resonance, which is not consistent with the transoid arrangemento(, sojutions #1P). Coupling constantsl( are given in hertz.
of the MoCp(CO) fragments clearly deduced from its IR Preparation of [MoCpa(u-PCys)(4:-CO)(CO)4] (2a). A toluene

spectrum. Presumably, a fluxional process similar to those ggjytion (10 mL) of compound (0.030 g, 0.05 mmol) and [Me
already discussed is also operative for this compound (Scheme

(39) Armarego, W. L. F.; Chai, Qurification of Laboratory Chemicals
(37) Lindner, E.; Stagle, M.; Hiller, W.; Fawzi, R.Chem. Ber1988 5th ed; Butterworth-Heinemann: Oxford, UK, 2003.

121, 1421. (40) Humphries, A. P.; Knox, S. A. Rl. Chem. Soc., Dalton Trans.
(38) Hsiao, S.-M.; Shyu, S.-@rganometallics1998 17, 1151. 1975 1710.
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Cpz(CO)] (0.050 g, 0.1 mmol) was irradiated with visible light
for 5 h at 288 K.Solvent was then removed from the solution under
vacuum, the residue was extracted with dichlorometh@e¢roleum

Organometallics, Vol. 26, No. 2, 2007329

4.96 (d,Jpy =1, 5H, Cp) ppm. Signals due to the cyclohexyl groups
are mixed with those of the other isomer, in the range 25600

ppm.

ether (1:4), and the extracts were chromatographed on an alumina Preparation of [CrMo ,Cpa(us-H)(u-PCy,)(CO);] (5a). A tolu-

column (activity IV) at 253 K. Elution with dichloromethane
petroleum ether (1:1) gave a brown fraction. Removal of solvents
from the latter under vacuum gave compoal(0.025 g, 61%)

ene solution (10 mL) of compount! (0.030 g, 0.052 mmol) and
[Cr(CO) (0.016 g, 0.073 mmol) was irradiated with visible)V
light for 10 min at 288 K to yield an orange solution containing

as a dark brown solid. The crystals used in the X-ray study were similar amounts obaand [Ma,Cpy(u-H)(u-PCy,)(CO)].26 Solvents

grown by slow diffusion of a layer of petroleum ether and diethyl
ether into a toluene solution of the complex at 253 K. Anal. Calcd
for CaHa7Mo30sP: C, 46.85; H, 4.55. Found: C, 47.13, H, 4.82.
S1P{1H} NMR (81.04 MHz, CDCJ): 6 178.3 (s,u-P). 3P{*H}
NMR (162.01 MHz, CBCl,, 193 K): ¢ 185.4 (s, bru-P, isomer
A), 150.2 (s, bru-P, isomeiB), ratioA/B = 1.7.*"H NMR (200.13
MHz, CDCL): 6 5.31 (s, 5H, Cp), 5.07 (s, 10H, Cp), 2:50.00
(m, 22H, Cy) ppmH NMR (400.13 MHz, 193 K):6 5.36 (s, 5H,
Cp), 5.11 (s, 10H, Cp), 2.401.00 (m, 22H, Cy) ppmi3C{iH}
NMR: 6 256.3 (s, br, CO), 93.0 (s, Cp), 90.0 (sx2XCp), 47.3 (d,
Jep = 18, C-Cy), 32.7 (s, G-Cy), 28.0 (d,Jcp = 12, C-Cy), 26.6
(C*-Cy) ppm.

Reaction of 1 with [W,Cp2(CO)g]. The procedure is identical
to that above-described f@a, but using [WCp,(CO)] (0.055 g,
0.08 mmol) instead. Irradiation of the mixturerfd h gave 0.025
g (59%) of the isomers [MAWCps(u-PCy,)(1-CO)(CO)] (2b,c).
The equilibrium ratio, measured bH NMR, was somewhat
dependent on the solvent, beily/2c = 2.0 (CDC}), 1.7 (GDsg),
or 1.3 [(CD;).CO]. 3P{'H} NMR (81.04 MHz, CDC}): ¢ 170.9
(s,u-P,2b), 143.5 (sJdpw = 319,u-P, 2¢) ppm.IH NMR (200.13
MHz, CDCl, 2b): ¢ 5.38 (s, 5H, Cp), 5.05 (dJpy = 0.7, 10H,
Cp) ppm. Signals due to the cyclohexyl groups are mixed with
those of the other isomer, in the range 28000 ppm.*H NMR
(200.13 MHz, CDCJ, 20): 0 5.32 (s, 5H, Cp), 5.19 (dlpn = 1,
5H, Cp), 5.10 (d,Jpy = 1, 5H, Cp) ppm. Signals due to the
cyclohexyl groups are mixed with those of the other isomer, in the
range 2.56-1.00 ppm.

Preparation of [MnMo ,Cp,(u-PCy,)(u-CO),(CO)s] (3). A
toluene solution (10 mL) of compount! (0.040 g, 0.070 mmol)
and [Mrp(CO),q] (0.022 mg, 0.056 mmol) was irradiated at 288 K
with visible—UV light for 10 min to yield a brown-orange solution
containing similar amounts o8 and [Ma,Cpy(u-H)(u-PCy)-
(CO).%¢ Solvents were then removed under vacuum, and the
residue was extracted with G8I,—petroleum ether (1:1 mixture)
and chromatographed on alumina (activity 1V) at 253 K. Elution
with the latter mixture gave a brown fraction, which yielded, after
removal of solvents, compourglas a brown, highly air-sensitive
solid decomposing progressively upon manipulatfém 'H} NMR
(81.03 MHz, GDg): ¢ 207.0 (su-P) ppm.*H NMR (200.13 MHz,
CeDg): 0 4.85, 4.80 (2x s, 2 x 5H, Cp) ppm. Signals due to

were then removed under vacuum, the residue was extracted with
CH.Cl,—petroleum ether (1:9 mixture), and the extracts were
chromatographed on alumina (activity 1V) at 253 K. Elution with
the latter mixture gave an orange fraction, which yielded, after
removal of solvents, compourié contaminated with small amounts
of 1 and [Mo,Cpy(u-H)(u-PCy,)(CO)]. Compound 5a is an
unstable, air-sensitive compound, and further attempts to purify or
isolate it led to its progressive decomposition (to yield the above-
mentioned compounds}P{'H} NMR (CDCly): 6 207.4 (su-P)
ppm.*H NMR (CDCly): 6 5.25 (s, 10H, Cp);-16.88 (d,Jpy = 5,

1H, u-H) ppm. Signals due to the cyclohexyl groups were mixed
with those ofl and [Ma,Cp,(u-H)(u-PCy)(CO)].

Preparation of [Mo3Cpa(us-H)(u-PCy,)(CO)/] (5b). A toluene
solution (10 mL) of compound (0.030 g, 0.052 mmol) and [Mo-
(CO)] (0.015 g, 0.057 mmol) was irradiated with visibl&}V light
for 10 min at 288 K to yield an orange solution containing similar
amounts of5b and [MoCp(u-H)(u-PCy,)(CO)4].26 Workup as
described above foba yielded 5b as an unstable, air-sensitive,
orange solid contaminated with small amountd @nd [Ma,Cp,-
(u-H)(u-PCy)(CO)4). 3P{H} NMR (CDCly): ¢ 208.4 (s,u-P)
ppm.*H NMR (CDCly): 6 5.24 (s, 10H, Cp):-13.34 (d,Jpy = 4,
1H, u-H) ppm. Signals due to the cyclohexyl groups were mixed
with those ofl and [Mo,Cp,(u-H)(1-PCy,)(CO).

Preparation of [Mo ,WCp(us-H)(u-PCy,)(CO)] (5¢). A tolu-
ene solution (10 mL) of compount! (0.040 g, 0.070 mmol) and
[W(CO)g] (0.030 mg, 0.085 mmol) was irradiated with visible
UV light for 8 min at 288 K to yield an orange solution containing
compoundbc as the major product. After removal of solvents under
vacuum, the orange residue was extracted with@}+petroleum
ether (1:10 mixture) and the extracts were chromatographed on
alumina (activity 1V) at 243 K. Elution with the same solvent
mixture gives an orange fraction, yielding, after removal of solvents,
compoundbc as an orange, microcrystalline solid (0.040 g, 63%).
The crystals used in the X-ray study were grown by slow diffusion
of a layer of petroleum ether into a toluene solution of the complex
at 253 K. Anal. Calcd for gH33Mo,0O,.PW: C, 38.69; H, 3.69.
Found: C, 38.43, H, 3.72P{*H} NMR: ¢ 205.0 (su-P) ppm.

IH NMR: 8 5.27 (s, Cp, 10H), 2.561.20 (m, Cy, 22H),-12.46
(d, Ip = 3, Iwn = 36, u-H, 1H) ppm.BC{*H} NMR: 6 245.2 (d,
Jep = 13, MoCO), 197.6 (SJew = 125, WCO), 90.7 (s, Cp), 51.9
(d, Jcp = 17, C-Cy), 33.6 (d,Jcp = 5, C*5-Cy), 32.5 (dJcp = 3,

cyclohexyl groups could not be assigned unambiguously becausece,z_cy) 28.3 (d,Jep = 12, G5-Cy), 28.1 (d,Jcp = 10, C52Cy)

of the presence of cyclohexyl-containing impurities in the NMR
sample.

Reaction of 1 with [Ru,Cp2(CO),]. A toluene solution (10 mL)
of compoundl (0.060 g, 0.104 mmol) and [RGp,(CO),] (0.049
mg, 0.110 mmol) was irradiated with visibté&JV light for 5 min
at 288 K to obtain a brown solution containing the isomers fMo
RuCpy(u-PCy,)(u-CO)(CO}] (4ab) (1:1 ratio). Solvents were then
removed under vacuum, the residue was extracted witfOGH

petroleum ether (1:4 mixture), and the extracts were chromato-

graphed on alumina (activity 1V) at 253 K. Elution with GEl,—

26.5 (s, G-Cy) ppm.

Preparation of [MnMo ,Cp,Cp'(us-H)(u-PCy,)(CO)4] (6). A
THF solution of [MNnCpH(CO)(THF)] (Cp = CsH4CH3) was
prepared from [MnCHgCO)s] (50 uL, 0.3 mmol) according to
literature procedured.Compoundl (0.030 g, 0.05 mmol) was then
added to this solution, and the mixture was stirred for 30 min at
room temperature. Solvent was then removed from the solution
under vacuum to yield a brown residue, which was extracted with
CH,Cl,—petroleum ether (1:4). The extracts were then chromato-
graphed on an alumina column (activity IV) at 253 K. Elution with

petroleum ether (1:1 mixture) gave two separated brown fractions the same solvent mixture gave a green fraction, which yielded, after

both containing, after removal of solvents, a 1:1 mixture of
compoundglaand4b, as a brown, highly air-sensitive solid (overall
yield 0.057 g, 69%)3'P{'H} NMR (CDCly): ¢ 224.1 (su-P,4a),
169.1 (su-P, 4b) ppm.*H NMR (CDCls, 4a): ¢ 5.31, 5.01, 4.99
(3 x s, 3x 5H, Cp) ppm. Signals due to the cyclohexyl groups
are mixed with those of the other isomer, in the range 2500
ppm.H NMR (CDCls, 4b): ¢ 5.22, 5.08 (2x s, 2 x 5H, Cp),

removal of solvents under vacuum, compon@®.023 g, 60%) as

a green solid. The crystals used in the X-ray study were grown by
slow diffusion of a layer of petroleum ether into a toluene solution
of the complex at 253 K. Anal. Calcd fors@,0MnMo,O4P: C,
50.15; H, 5.26. Found: C, 50.38; H, 5.40P{*H} NMR (CgDg):

(41) Herrmann, W. AAngew. Chem1974 86, 345.
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Table 5. Crystal Data for Compounds 5c, 6, and 7
5c 6 7
mol formula GoH33sM0,0/,PW GsoHaoMNM0,04P GoaHo7FeMoGP
mol wt 900.25 766.43 582.21
cryst syst monoclinic monoclinic monoclinic
space group P2i/n P2, P2i/c
radiation ¢, A) 0.71073 0.71073 0.71073
a, 12.047(2) 9.9059(18) 18.725(5)
b, A 15.280(3) 22.193(4) 16.262(5)
c A 16.888(3) 13.832(2) 17.103(5)
o, deg 90 90 90
p, deg 101.172(3) 100.521(3) 107.51(5)
y, deg 90 90 90
v, A3 3049.8(10) 2989.7(9) 4967(2)
z 4 4 8
calcd density, g cmt 1.961 1.703 1.557
absorp coeff, mmt 4.668 1.332 1.188
temperature, K 120(2) 120(2) 293(2)
0 range, deg 1.81t0 28.28 1.50 to 28.33 3.04 to 30.00
index rangesh k, I) —16, 15; 0, 20;0, 22 —13,12;-29, 28; 0, 18 0, 26; 0, 22;:24, 22
no. of reflns collected 74749 37847 14 865
no. of indep refinsRiny) 7797 (0.0492) 14 379 (0.0658) 14 468
no. of refins withl > 20(1) 6083 10 652 8385
Rindexes (data with > 20(1))2 R =0.0235 R; = 0.0444 R; = 0.0356
WR, = 0.0433 WR, = 0.0644 WR, = 0.0780
Rindexes (all dat&) Ri1 = 0.0452 R. = 0.0886 R:=0.0790
WR, = 0.0526 WR, = 0.0776 WR, = 0.0898
GOF 1.199 1.115 0.808
no. of restraints/params 0/449 1/727 126/577
Ap(max., min.), e A3 1.362,—0.843 0.954,-1.140 0.665;-0.859

AR = S||Fo| — IFell/S|Fol. Ry = [SW(Fol2 — [Fdl)ZSWIFo|AY2 w = 1/[o¥Fe?) + (aP)2 + bP] whereP = (Fi2 + 2F2)/3. b a = 0.0078,b = 8.1989.
¢a = 0.0040,b = 3.7660.% = 0.0468,b = 0.0000.

0 167.5 (su-P) ppm.!H NMR (C¢Dg): 6 5.13 (s, 10H, Cp), 4.28 X-ray Structure Determination of Compound 5c. The X-ray

(s, 1H, GHy), 4.19 (s, 2H, GHy), 4.13 (s, 1H, GH,), 3.00-0.80 intensity data were collected on a Smart-CCD-1000 Bruker dif-
(m, 22H, Cy), 1.93 (s, 3H, C§), —15.82 (s, 1Hu-H) ppm.13C- fractometer using graphite-monochromated Mw t&diation at 120
{H} NMR (CgDg): 6 244.4 (d,dcp = 12, 2 x M0oCO), 235.0, K. Cell dimensions and orientation matrixes were initially deter-
233.4 (2x s, 2 x MnCO), 97.5 (s, &Cp), 89.7 (s, 2x Cp), mined from least-squares refinements on reflections measured in 3
83.2,82.1, 81.5, 81.3 (4 s, C5-Cy), 51.4 (s, br, &Cy), 33.9 sets of 30 exposures collected in three differentegions and

(d, Jcp = 3, C*8-Cy), 33.1 (s, G%Cy), 28.5 (d,Jcp = 12, C> eventually refined against all reflections. The software SMART
Cy), 28.2 (dJcp= 10, C3-Cy), 26.6 (s, &-Cy), 14.2 (s, Me) ppm. was used for collecting frames of data, indexing reflections, and
13C{1H} NMR (100.63 MHz, tolds, 233 K, cyclopentadienyl determining lattice parameters. The collected frames were then
region): 6 98.5 (s, G-Cp), 91.1, 89.8 (2x s, 2x Cp), 84.0, 82.9, processed for integration by the software SAIBNd a multiscan
81.9, 81.5 (4x s, @ 5-Cp) ppm. absorption correction was applied with SADABSUsing the

Preparation of [FeMoCp(u-PCy,)(CO)q (7). A toluene solution program suite WinGX¢# the structures were solved by Patterson

of compoundl (0.040 g, 0.070 mmol) was stirred with [FE0)] interpretation and phase expansion and refined with full-matrix
(0.035 g, 0.096 mmol) fol h togive a brown solution containing ~ '€ast-squares oR? with SHELXL97:® All hydrogen atoms were

7 as the major product. Solvents were then removed under vacuum,IocatEd in the Fourier map, except for those of C(24) to C(29) of

the residue was extracted with GEl,—petroleum ether (1:4), and one of the cyclohexyl rings, Whic_h Were_geometrically located. All
the extracts were chromatographed on alumina (activity 11). Elution c_>f them_were given e;n overall isotropic thermgl parameter. The
with the same mixture gave, after removal of solvents, compound final refmemeryt on F. proc_eeded by full-matrix least-squares
7 as an orange solid (0.026 g, 64%). The crystals used in the X_raycalculatlons using anisotropic thermal parameters for all the non-
study were grown by slow diffusion of a layer of petroleum ether hydrogen atoms.

into a toluene solution of the complex at 253 K. Anal. Caled for ~X-fay Structure Determination of Compound 6. Collection
CoiHoFeMoQP: C, 47.45: H, 4.67. Found: C, 47.36; H, 4.51. of data, structure solution, and refinements were done as described

31P{1H} NMR: & 199.1 (s,u-P) ppm.’H NMR: 0 5.26 (s, 5H for 5¢. Two independent molecules are present in the asymmetric
Cp), 2.86-0.80 (M, 22H, Cy) ppm. unit, without significant differences. All non-hydrogen atoms were

) refined anisotropically, except for C(44), which was persistently
Preparation of [CUMO;CICpa{us-H)(u-PCy2)(CO);] (8). CuCl nonpositive definite. Most of the hydrogen atoms were found in
(0.010 g, 0.101 mmol) was added to a toluene solution (10 ML) Of y,o "Equrier maps; however, because of the presence of two

compoundl (0.030 g, 0.052 mmol), and the mixture was stirred

- ' molecules in the asymmetric unit, in order to reduce the number
for 1 htogive a brown solution. Solvent was then removed under ¢ harameters to be refined, all hydrogen atoms were geometrically
vacuum, and the residue was washed with petroleum etherq2

mL). Thep, the brown solild was extracted with toluenex(3L.0 (42)SMART & SAINT Software Reference Manualysion 5.051

mL) and filtered through diatomaceous earth. Removal of solvent (windows NT Version); Bruker Analytical X-ray Instruments: Madison

from the filtrate yielded compoung(0.031 mg, 81%) as a brown, Wi, 1998. N ‘

microcrystalline solid. Anal. Calcd for £H33CICuMo,O.P: C, Co(rfggt%?]emi(\:};rs% m-%ﬁﬁ%‘ﬁz 'ér_d?ﬁgnfggl fgefrfnqqal?:ycig?gsorptlon
. . . 1| . : y y .

42.68; H, 4.93. Found: C, 42.89; H, 5.37(H} NMR (CDCL): (44) Farrugia, L. 3. Appl. Crystallogr.1999 32, 837.

6 230.8 (s,u-P) ppm.™H NMR (CDCL): 6 5.29 (s, 10H, Cp),

(45) Sheldrick, G. MSHELXL97: Program for the Refinement of Crystal
2.60-1.00 (m, 22H, Cy)—6.71 (d,Jpy = 4, 1H, u-H) ppm. Structures University of Gdtingen: Gdtingen, Germany, 1997.
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positioned, except the bridging hydride ligands, which were located were introduced into the geometrically calculated positions and
in the Fourier map and their positions refined. All of them were refinedriding on the corresponding parent atoms. Two independent

given an overall isotropic thermal parameter. but very similar molecules were present in the crystals.
X-ray Structure Determination of Compound 7. Data were
collected on a Philips PW1100 (ModKradiation) single-crystal Acknowledgment. We thank the MEC of Spain for a Ph.D.

diffractometer. Details for the X-ray data collection are reported grant (to A.R.) and the MCYT for financial support (BQU2003-
in Table 5. A correction for absorption was made [maximum and 05471).

minimum value for the transmission coefficient was 1.000 and

0.821]#6 The structure was solved by direct methods with SHELXS- Supporting Information Available: Crystallographic data for
97 and refined againgt® with SHELXL-97,% with anisotropic the structural analysis of compoun8s, 6, and7 in CIF format.
thermal parameters for all non-hydrogen atoms. The hydrogen atomsryis material is available free of charge via the Internet at
http://pubs.acs.org.

(46) (a) Walker N.; Stuart DActa Crystallogr 1983 A39 158. (b)
Ugozzoli F.Comput. Chem1987, 11, 109. OM060826V



