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The phosphinidene-bridged complex [Mp(u-PR*)(CO)] (R = 2,4,6- GH,'Bus) experiences an
intramolecular G-H bond cleavage from #8u group to give the phosphide-hydride derivative fMo
Cpo(u-H)Y{ u-P(CH.CMe,)CsH2'Buz} (CO) in refluxing diglyme (ca. 438 K) or under exposure to near-
UV —visible light. In contrast, its exposure to UV light yields two different dicarbonyl derivatives depending
on the reaction conditions, either the triply bonded paps(u-PR*)(u-CO),] (Mo—Mo = 2.5322(3) A)
or its isomer [MeCpx(u-«tikt,n®-PR*)(CO)], in which the phosphinidene ligand bridges asymmetrically
the metal centers while binding its aryl group to one of the molybdenum atoms;$fashion. The
latter complex experiences a proton-catalyzed tautomerization to yield the cyclopentadienylidene
phosphinidene derivative [MEp(u-«t:«t,n>-PGHa)(78-R*H)(CO),]. Carbonylation of the;®-phosphin-
idene complex proceeds stepwise through ifuricarbonyl complex [MeCp(u-«tixct,n*PR*)(CO)]
and then to the starting tetracarbonyl compound, whereas its reaction wiBu@ields only then*-
complex [MaCp(u-«L:kt,n*-PR*)(CNBuU)(COY)], which was characterized through an X-ray study. The
n*-tricarbonyl species reacts with @\ in tetrahydrofuran to give the metainetal bonded derivative
[Mo2Cp(u-PR*)(CNBuU)(CO)]. In petroleum ether, however, this reaction yields the bis(isocyanide)
derivative [MaCp,(u-PR*)(CNBuU),(CO)], which has an asymmetric trigonal phosphinidene bridge and
no metat-metal bond. All the above results can be explained by assuming the operation of two primary
processes in the photolysis of [Mop(u-PR*)(CO)], one of them involving a valence tautomerization
of the phosphinidene ligand, from the trigonal (four-electron donor) to the pyramidal (two-electron donor)
coordination mode. The carbonylation reaction of fhe&omplex is accelerated by the presence of CuCl,
due to the formation of the trimetal species [CuW{)Cpy(u-«tixtict,n®-PR*)(CO)] and [CuMag(Cl)-
Cpo(u-rtctict,p*-PR*)(COY]. The latter complexes were also characterized by single-crystal X-ray studies.

Introduction Chart 1

The phosphinidene ligand (PR, withRalkyl, aryl, etc.) is ) lFI;
an extremely versatile four-electron donor that can bind ef- M:P/' M==P—R M{\_}M
ficiently up to four metal atoms in many different ways (Chart o _
1). The nature of the MP bond changes dramatically among A B c
these coordination modes, and this gives rise in turn to quite R
different chemical behaviors. For example, the-Mbonds in FI, &P,R B
theus or us bridging modesK, G) are essentially single bonds, W \\M M4_>M M:/,-\-!\n
and little reactivity is expected for them. Indeed, phosphinidene Y
groups behave usually as good supporting ligands in clusters, D E F
although some reactions involving their NP bonds can R
occurl? As opposed to this, the MP bonds in the terminal M7-§M
complexes have a considerable multiple character and should M____“;'I
be reactive centers, especially in the case of bent complexes G

(A) where a lone pair at the phosphorus atom is also present.

In fact, the reactivity of mononuclear phosphinidene complexes
*To whom correspondence should be addressed. E-mail: mara@ js the subject of intense current reseatéiThe carbene-like
uniovi.es.
T Universidad de Oviedo.
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(2) For some recent reactions, see: (a) Wang, W.; Corrigan, J. F.; Enright, Mathey, F.; Tran Huy, N. H.; Marinetti, AHelo. Chim. Acta2001, 84,
G. D.; Taylor, N. J.; Carty, A. Organometallicsl998 17, 427. (b) Scoles, 2938. (d) Stephan, D. WAngew. Chem., Int. E@00Q 39, 314. (e) Schrock,
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A. J. Inorg. Chem.2001, 40, 6731. Ed. Engl.1997, 30, 445.

10.1021/0m0605229 CCC: $33.50 © 2006 American Chemical Society
Publication on Web 08/24/2006



4858 Organometallics, Vol. 25, No. 20, 2006

behavior of the bent phosphinidene complexes, a type of
molecules that can also be classified as either electrophilic or
nucleophilic ones, has turned these compounds into useful
intermediates in the synthesis of new organophosphorus mol-
ecules®®

In contrast, the chemistry of phosphinidene-bridged binuclear
complexes has been comparatively little explored (especially
those having M-M bonds) even when the presence of multiple
M—P bonding (typesC andD) or a lone pair at phosphorus
(type E) should make these molecules quite reactive. The
chemical behavior of the pyramidaphosphinidene-bridged
complexes E) is likely to be dominated by the high nucleo-
philicity at the phosphorus sifewhile the behavior of the
trigonal phosphinidene bridges is less straightforward, especially
in the presence of MM bonds. Actually little research in this
last area has been carried out after the pioneering work by
Huttner’8 Following our high-yield synthesis of Cowley’s
complex [MaCp(u-PR*)(CO)] (1) (Cp = #5-CsHs; R* =
2,4,6-GH2'Bus), we initiated a systematic study on the reactivity
of this trigonal phosphinidene-bridged spedieghe photo-
chemical decarbonylation reactions of complewere particu-
larly puzzling and interesting since they gave mixtures of
products arising from several unusual processes such-&t C
bond activation ang-coordination of the aryl group®In this
paper we report our full studies on the decarbonylation reactions
of compoundL and the structural characterization of the products
derived thereof. This has enabled us to find selective preparativ
routes for each of the possible products and to disclose a
completely unprecedented isomerization involving the cleavage
and formation of several+_C, Mo—C, and C-H bonds in these
phosphinidene-bridged species.

Results and Discussion.

Decarbonylation Reactions of Compound 1Loss of carbon
monoxide from the title compound cannot be induced thermally.
Actually, this complex can be refluxed in toluene for several

(4) For recent papers of the groups working in the field, see: (a) Wolf,
R.; Hey-Hawkins, EEur. J. Inorg. Chem2006 1348. (b) Compain, C.;
Donnadieu, B.; Mathey, FOrganometallic2006 25, 540. (c) Graham, T.
W.; Udachin, K. A.; Carty, A. JChem. Commur2005 5890. (d) Borst,

M. L. G.; Bulo, R. E.; Gibney, D. J.; Alem, Y.; de Kanter, F. J. J.; Ehlers,
A. W.; Schakel, M.; Lutz, M.; Spek, A. L.; Lammerstma, K.Am. Chem.
Soc.2005 127, 16985. (e) lonescu, E.; von Frantzius, G.; Jones, P. G.;
Streubel, ROrganometallic2005 24, 2237. (f) Bailey, B. C.; Huffman,

J. C.; Mindiola, D. J.; Weng, W.; Ozerov, O. \0rganometallics2005

24, 1390. (g) Waterman, R.; Hillhouse, G. I. Am. Chem. So2003

125, 13350.
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Chem. Re. 200Q 210, 181.
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M. A.; Hamidov, H.; Jeffery, J. COrganometallics2005 24, 5503, and
references therein.
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1990; p 48.
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D. W. Dalton Trans2006 1141. (b) Graham, T. W.; Udachin, K. A.; Carty,
A. J. Chem. Commun2005 4441. (c) Shaver, M. P.; Fryzuk, M. D.
Organometallic005 24, 1419. (d) Termaten, A. T.; Nijbacker, T.; Ehlers,
A. W.; Schakel, M.; Lutz, M.; Spek, A. L.; Mckee, M. L.; Lammertsma,
K. Chem. Eur. J2004 10, 4063. (e) Sanchez-Nieves, J.; Sterenberg, B.
T.; Udachin, K. A.; Carty, A. JInorg. Chim. Acta2003 350, 486. (f)
Blaurock, S.; Hey-Hawkins, Ezur. J. Inorg. Chem2002 2975.

(9) (a) Garta, M. E.; Riera, V.; Ruiz, M. A.; Sez, D.; Vaissermann, J.;
Jeffery, J. C.J. Am. Chem. SoQ002 124, 14304. (b) Alvarez, C. M.;
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Falvello, L. R.; Soler, T.; Herson, Malton Trans.2004 4168.
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Scheme 1. Photochemical Derivatives of Compound 1
(R* = 2,4,6-GH2'Bus)
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hours without noticeable change. Upon refluxing in diglyme
solution (ca. 438 K), a slow isomerization takes place to give
the phosphide-hydride derivative [Mop,(«-H){ u-P(CHCMe,)-
CeH2'Buz} (CO)] (2) in medium yield. The formation of
requires formally the addition of a-€H bond from a@Bu group
across the multiple MP bond in the phosphinidene bridge, and
it can be accomplished more efficiently using photochemical
methods.

The photolysis of compound, however, turned out to be
far more complex than suspected, and it can yield one or several
of the following products: the above tetracarbonyl hydrje
the triply bonded dicarbonyl [M&p:(u-PR*)(u-CO),] (3), its
tautomer [MaCp(u-kL:k1,n8-PR*)(CO)] (4) with no metal-
metal bond, and the tricarbonyl complex [B@px(u-rctit, -
PR*)(CO)] (6a). The relative amounts of the above products
were strongly dependent on the experimental conditions such
as wavelength of light, solvent, temperature, and reaction time,
and almost selective conditions could be found to prepare each
of them (Scheme 1). The tricarbonyl compowBaiwvas always
obtained in low yield, this decreasing with reaction time due to
its facile conversion to the corresponding dicarbofyinder
photolytic conditions, as shown by independent experiments.

Compound? could be selectively formed (87% after purifica-
tion) through visible-UV irradiation in toluene at 288 K using
ordinary Pyrex glassware (this filters off most of the high-energy
UV radiation). In contrast, removal of CO, as required to form
compound3 or 4, was accomplished in THF or THF/MeCN
solutions using quartz glassware. In addition, the formation of
3 was favored over that &f (or 6) at low temperatures, whereas
the presence of MeCN had dramatic effects: (a) it suppressed
the formation of2 at all concentrations, (b) it favored all
decarbonylation processes in general, and (c) at high concentra-
tions it favored the formation of (or 6) over that of3. Thus,
compound3 could be formed almost selectively (84% after
purification) by carrying out the photolytic experiment at 263
K'in a THF/MeCN (50:1) mixture. In contrast, the photolysis
of 1 at 318 K in THF/MeCN (1:2) gave mainly a mixture of
the aryl-bonded complexdsand6 (3:1), from which compound
4 could be obtained in good overall yield (68%).

The decarbonylation reactions leading to dicarbordyénd
4 can be reversed under a CO atmosphere to yield the starting
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Table 1. IR and 3P{'H} NMR Data for New Compounds

compound vs(COR/ecm 1 Oplppi?
[Mo2Cpa(u-PR¥)(COY] (1)¢ 1958(w), 1921(vs), 1880 (s), 1856 (s) 685.6
[Mo2Cpy(u-H){ 1-P(CH.CMey)CeH2Buz} (CO)] (2) 1958(w, sh), 1936(vs), 1862(s) 166.8
[Mo,Cpa(u-PR*) (u-CO)] (3) 1741(m), 1709(vs) 532.1
[Mo2Cpa(u-k Lt 78-PR¥)(COY] (4) 1890(vs), 1815(s) 509.7
[M02Cp (-t ;-PCsHa) (78-R*H)(CO)] (5) 1908(vs), 1827(s) 519.0
[IMo2Cpau-«®: iL7*-PR*)(CO)] (62) 1961(s), 1899(vs), 1823(s) 476.1
[Mo2Cpa(u-kL:xL5%-PR*)(CNIBU)(CO)] (6b) 2129(m)d 1881(s), 1804(s) 524.5
[CuMox(Cl)Cpa(u-rLixctiicL y8-PR*)(COY] (7) 1918(s), 1844(s) 439.1
[CuMOoy(Cl)Cpa(u-rcticiict,p*-PR*)(COY] (8) 1980(m), 1926(vs), 1858(s) 4284
[Mo2Cpa(u-PR*)(CNIBU)(CO)] (9) 2109(m)d 2068(w)d 1913(vs), 1859(vs), 1828(vs) 675.3
[Mo2Cpa(-PR*)(CNBU)(COY] (10) 2100 (w)d 2068(w)91931(s), 1873(s), 1852(Vs) 445.9

aRecorded in dichloromethane solution, unless otherwise staRecorded in CBCl, solution at 290 K and 121.50 MHz unless otherwise staed;
relative to external 85% aqueousR{y. ¢ Data taken from ref 9t v(C—N). € CDCl; solution.f Recorded in petroleum ether soluti¢rTolueneds solution.

materiall. The reaction of the triply bondegiwith CO occurs

in a few minutes at 263 K, thus resembling the behavior of the
diphosphine-bridged, triply bonded complexes@(CO)(u-
R:PCHPRy)] (R = Ph, Me; M= Mo, W).1! In contrast, the
carbonylation o4 was slower and more complex and will be
discussed later on.

Structural Characterization of Compounds 2—4. The
structure of compound@was confirmed through a single-crystal
X-ray diffraction study?® The molecule displays two MoCp-
(CO), moieties placed in a transoid relative arrangement and
bridged by hydride and phosphide ligands, a common geometry
for compounds of the type [ME&px(u-H)(u-PRR)(CO),].90:12
The intermetallic separation & 3.250(1) A, falls in the usual
range for these compounds. However, the cyclic phosphide
ligand P(CHCMe;)CgH,'Bu, displays Mo-P lengths of 2.475-

(2) A, ca. 0.05 A longer than the values usually found for
comparable noncyclic PRRridges, this being perhaps indica- clarity. Selected bond lengths (A): Mo@Mo(2) = 2.5322(3),
tive of the presence of some strain in the,RiDg. A similar Mo(1)—P(3)= 2.2970(6), Mo(2)}-P(3)= 2.3028(5), Mo(1}-C(31)
effect has been previously recognized in the dirhodium complex = 2.099(2), Mo(2)-C(31) = 2.141(2), Mo(1}-C(32) = 2.128(2),
[Rha(u-H){u-P(CHCMe,)CeH'Buz} (dippe}] (dippe = 'Pr-  Mo(2)~C(32) = 2.123(2), P(3yC(1) = 1.831(2). Bond angles
PCH,CH.PPr,).13 Spectroscopic data in solution far(Table (deg): Mo(1)-P(3)-Mo(2) = 66.8(1), Mo(1)-P(3)-C(1)= 138.8-
1 and Experimental Section) are consistent with its solid-state (1), Mo(2)-P(3)-C(1) = 154.2(1).

structure and are similar to those for related -H)(u-
PRR)(CO)4] specief12thus deserving no furt[zr?e%(élom)n("l/:ents (u-PCy)(u-CO)] (2.478(1) A)i°* [MozCpo(u-PPB);(u-CO)]
' , T (2.515(2) A)1sband [Mo,Cpa(u-PhPGH4PPh)(u-CO)] (2.532-

The structure 08 has now been determined through a single- (1) A).15¢ The Mo—P lengths in3 (ca. 2.30 A) are essentially
crystal X-ray diffraction study and is shown in Figure 1, along jgentical to those measuredirand ca. 0.1 A shorter than single
with some relevant structural data. The molecule displays two Mo—P bond lengths in the above phosphide complexes. This
cyclopentadienyl molybdenum moieties symmetrically bridged is indicative of substantial multiple-bonding character in the
by two carbonyls and a trigonal phosphinidene ligand (the sum phosphinidene binding to the dimolybdenum center, not affected
of Mo—P—Mo and Mo—P—C angles being 359°8 According by the formal bond order of the intermetallic interaction. We
to the EAN formalism, a triple MeMo bond must be should note that compourglis the first example of a complex
formulated for this 30-electron complex, which is in agreement having a phosphinidene ligand bridging a triple metaletal
with the very short intermetallic length, 2.5322(3) A, ca. 0.7 A bond. The simultaneous presence in the same molecule of both
shorter than the corresponding distance in the electron-preciseM—P and M-M multiple bonding could lead to enhanced
complex1 (3.220(3) A}* and similar to the values found for ~ reactivity, and studies in that direction are now in progress in
related triply bonded cyclopentadienyl complexes bridged by our laboratory.
dialkyl- or diarylphosphide ligands such as [MBp,(u-COE)- Spectroscopic data in solution f8rare fully consistent with
its solid-state structure (see Table 1 and Experimental Section).
The presence of two equivalent bridging carbonyls is denoted
by the appearance of a highly deshielded doublet resonagce (

Figure 1. ORTEP diagram of the molecular structure of compound
1, with hydrogen atoms and one of tf8u groups omitted for

(11) (a) Alvarez, C.; Gafe, M. E.; Riera, V.; Ruiz, M. AOrganome-
tallics 1997, 16, 1378. (b) Gara, G.; Garaa, M. E.; Melm, S.; Riera, V.;

Ruiz, M. A;; Villafafe, F.Organometallicsl997, 16, 624. (c) Alvarez, M.
A.; Garca, M. E.; Riera, V.; Ruiz, M. A,; Falvello, L. R.; Bois, C.
Organometallics1997, 16, 354.

(12) Gar¢a, M. E.; Riera, V.; Ruiz, M. A.; Rueda, M. T.;’8a. D.
Organometallic2002 21, 5515, and references therein.

(13) Stradiotto, M.; Fujdala, K. L.; Tilley, T. DHely. Chim. Acta2001
84, 2958.

(14) Arif, A. M.; Cowley, A. H.; Norman, N. C.; Orpen, A. G.; Pakulski,
M. Organometallics1988 7, 309.

= 294.0 ppmJcp = 13 Hz) in the!3C{H} NMR spectrum of
3 and two low-frequency €O stretching bands in its IR

(15) (a) Garta, M. E.; Melon, S.; Ramos, A.; Riera, V.; Ruiz, M. A;;
Belletti, D.; Graiff, C.; Tiripicchio, A.Organometallics2003 22, 1983.
(b) Adatia, T.; McPartlin, M.; Mays, M. J.; Morris, M. J.; Raithby, P. R.
Chem. Soc., Dalton Tran£989 1555. (c) Kyba, E. P.; Mather, J. D.; Hasset,
K. L.; McKennis, J. S.; Davis, R. El. Am. Chem. S0d.984 106, 5371.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for shielding of the carbon nuclei measured in tH€ NMR

Compounds 4, 6b, 7, and 8 spectrum, this being characteristic of arene complé&&bus,
parameter 4p 6b° 7 8 the ortho, metg or para resonances of the aryl ring appear ca.
Mo—P 2.3630(6) 2.355(2) 2.361(1) 2.370(1) 40-50 ppm shielded with respect to those of the nonbonded

Mo'—P 2.2480(6) 2.256(1) 2.294(1) 2.303(1) ring in 3. This effect is even stronger for thgso-carbon atom

1-P 1.833(2) 1.783(5)  1.839(3) 1.789(4) (ca. 65 ppm shielded), which can be attributed to the fact that
1-Mo 2.202(2) 2.261(5)  2.190(3) 2.273(3)  this atom is placed ca. 0.1 A closer to molybdenum than are
g:mg ggé‘;g; gg’gg g:gggg; gééig; the other ring carbon atoms. This nucleus is also s.trongly
4-Mo 2.328(2) 2.446(5) 2.335(3) 2.517(4) coupled to phosphorusl{p = 74 Hz, to be compared with a
5-Mo 2.301(2) 3.194(5) 2.321(3) 3.227(4) value of 30 Hz in3), and this seems to be related to the
6-Mo 2.317(2) 3.188(5)  2.350(3) 3.179(4) significant pyramidalization imposed on carbon by the simul-
%:g i:ﬁ?g; i:gig; i:igig‘z‘; i:i%g; taneous coordination of the phosphorus atom and the aryl ring
34 1.420(2) 1.430(7) 1.411(4) 1.418(5) to the same metal genter. As it will be seen bglow, this
4-5 1.419(2) 1.490(7) 1.421(4) 1.487(5) spectroscopic feature is found in all other complexes incorporat-
5-6 1.409(2) 1.337(7) 1.410(4) 1.335(5) ing an aryl-bonded phosphinidene ligand described in this work.
6-1 1.459(2) 1.510(7)  1.458(4) 1.487(5)

The Unexpected Rearrangement of Compound 4: From

iiﬁimg ééll_lé(sl()l : 223;(12()2 ) éf_i'(al()l) éﬁsﬁ()l) a 10- to a Nine-_EIectron-Donor _Cy_cl_opentadienylidene
Mo—P—Mo' 156.54(2) 152.3(1) 157.04(4) 152.9(1) Phosphinidene Ligand. While optimizing the synthesis of
7—Mo 2.076(6) 2.003(4) complex 4 through photolysis ofl in warm solutions, we
gﬂ:;d zzggg((ll)) 2223?2((11)) detected the formation of small amounts of a new compound
Cu—Cl 2:162(1) 2:135(1) characterized by &P NMR resonance at ca. 519.0 ppm. Further

. _ . experiments allowed us to prove that this new species was in
* Bond lengths and angles in A and deg, respectively, according to the fact an air-sensitive isomer @ the cyclopentadienylidene
labeling shown in the figure. phosphinidene complex [MEp(u-«tikt,n>-PCsHa)(175-R*H)-

2
4 ; \ (CO)] (5). Actually the transformatiod/5 does not require
5\6_P—Mo’ participation of the UV-visible light, but takes place on a
7C,M0 preparative scale by just stirring solutionsdoét 313 K (CH-
b Data taken from ref 1G: Data corresponding to one of the two independent  Cl2 solution) or 353 K (THF solutions), provided that trace
molecules in the unit cell; those for the second molecule are similar. amounts of water are available. Independent experiments proved

that no isomerization o# occurs under rigorously anhydrous

conditions even at 353 K. However, addition of a small amount
spectrum, the latter with relative intensities (medium and strong, of 3 weak acid such as benzoic acid to a dichloromethane
in order of decreasing frequency) consistent with the angle so|ution of4 caused its steady transformation iriceven at
defined by the €O oscillators (ca. 122in the crystal):® The room temperature. We should note that no intermediate species
phosphinidené'P nucleus in compoundis quite deshielded  ¢ould be detected in any of the above transformations.
(6? - 5357'1 ppm), as usually fgund for trlgonal phosphinidene Our proposal for the above acid-catalyzed rearrangement is
brldge§,' .but.not.as much as in the.startlng compogndhe depicted in Scheme 2 and is further supported by additional
relative shielding ir8 (ca. 150 ppm with respect t) might be experiments. Protonation of compouddvith water or other

related to the presence of the triple Mivlo b(_)nd or the acute weak acid (HX in Scheme 2) would generate a small amount
Mo—P—Mo angle derived from it. Interestingly, the doubly ¢"4e“shosphido-bridged salt [MGp(;S-R*H)(u-P)Mo-

bonded [MeCp,lo(u-PR*)(CO)] (Mo—Mo = 2.960(2) A) (CO%C ! :

o 1 oo 2 ) ; p]X (B). We have shown previously that this unusual
e|ﬁ>|<h|b|tsfajt-3 P ngeldmg ¢p = 596.4 ppmifintermediate between o tion can be driven to full term by using strong acids such
those ofl and3. . o as HBR+OEt or HBAr';-20Eb [Ar' = 3,5-GH3(CFs);] and

The structure oﬂ, 'ghe flrst.complex dlsplaylng.a 10-electron that the proton first attacks the MoCp(GOnoiety (A in
donor arylphosphinidene ligand, was determined through a g eme 2), then migrates to the carbon atom of the aryl group,

single-crystal X-ray o!iffraction _styd%}’. The_molec_ule displays thus completing thePC cleavage in the phosphinidene ligdfid.
a strongly asymmetric phosphinidene bridge, tightly bound to In a second stage, the cati@would be deprotonated by its

a Mon(QO) moiety (MO_P. = 2.2480(6) A) and bound 53? a  own counterion (OH in the case of the water-catalyzed process)
MaCp moiety _both_throggh Its P atom (Md> = 2.3630(6) A) specifically at the cyclopentadienyl ring. This generates a
_and the aryl ring, in aq_-fash|on (Table 2). The phosphorus, carbanionic cyclopentadienylidene group that would attack the
!psocarbon of the aryl r!ng,.an.d molybdenum atoms are placed electrophilic phosphorus atom, to finally give compoubd

in the same plane, which 1S in turn a symmetry plan.e of the Indeed, we have found in a separate experiment that addition
molecule. The spectroscopic data in solutionda@re consistent of a drop of an aqueous KOH solution to a stirred THF solution
with this structure (Table 1 and Experimental Section): for ot 1o saple salt [MgCp@°-R*H)(u-P)Mo(COYCPI(BAI's)
example, the carbo_nyl Ilgands_ give rise to a singfle NMR leads slowly to compoun8as the only organometallic product.
(ioublet resonancein t'he terminal regldr@(: 242.2 ppm.’JC.P The implied acidity of the cyclopentadienyl protons at the
- ! HZ) and 1o a pair of eO_stretchlng_ b_ands of similar cationic complexB is quite remarkable since deprotonation of
intensity, as expected for CO ligands defining an angle close metal-bonded Cp ligands, a reaction useful to synthesize
to 9C° (87.2(1) A in the crystal}® Evidence for the coordination substituted cyclopentadier;yl complexessHiGR).1® usually

of the aryl ring to the molybdenum atom comes from the strong requires the use of very strong bases such as ,BuLi.

(16) Braterman, P. 9/etal Carbonyl SpectraAcademic Press: London,

U.K., 1975. (18) Mann, B. E.; Taylor, B. FI3C NMR Data for Organometallic
(17) Carty, A. J.; MacLaughlin, S. A.; Nucciarone, D. Rhosphorus- CompoundsAcademic Press: London, U.K., 1981.
31 NMR Spectroscopy in Stereochemical Anajyéerkade, J. G., Quin, (19) Couville, N. J.; du Plooy, K. E.; Pickl, WCoord. Chem. Re 1992

L. D., Eds.; VCH: New York, 1987; Chapter 16. 116 3.
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Scheme 2. Reaction Mechanism for the Proton-Catalyzed
Isomerization of Compound 4
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To our knowledge, compourtglis the first complex reported
to have a cyclopentadienylidenphosphinidene ligand. More-
over, this molecule seems to be quite reactive, and further
experiments are now in progress to examine in detail its
chemical behaviot® Of interest to the present discussion is the
observation that compoun® reacts instantaneously with
HBAr'4-20Eb in dichloromethane solution at room temperature
to give cleanly the stable phosphido complex P@p(@;6-R*H)-
(«-P)Mo(CO}YCp](BAr'4), thus proving the reversible character
of the deprotonation step proposed to explain the formation of
5. Reactions of phosphinidene ligands with coordinated cyclo-
pentadienyl rings are rare processes that have been previousl
reported to occur only on some transient mononuclear com-
plexes such us [M(PR)(C@)(M = Cr, Mo, W)2! [W(CsH;-
Me)z(PR*)],22 or [ZrCp(PR)] 22 The formation of compouné
then represents the first example of cyclopentadienmyHC
cleavage involving a bridging phosphinidene ligand.

The structure o in solution is related to that of after
formally exchanging PC and C-H bonds between the aryl
and cyclopentadienyl groups. The chemical environments around
the phosphorus atom and the MoCp(G@oiety are thus
similar in 4 and 5, in agreement with their simila#'P and
13C(CO) NMR shifts or G-O stretching bands (Table 1 and
Experimental Section). The presence oftféonded GHzBus
ring is clearly denoted by the appearance of just &ieand
two 13C NMR aryl resonances, all of them strongly shielded.
The cyclopentadienylidene group gives rise to pair§6fand
IH NMR resonances for the CH units, thus revealing the

(20) Alvarez, M. A.; Amor, |.; Gar@, M. E.; Ruiz, M. A. Unpublished
results.

(21) Mathey, F.; Svara, Drganometallics1986 5, 1159.

(22) Arif, A. M.; Cowley, A. H.; Nunn, C. M.; Pakulski, MJ. Chem.
Soc., Chem. Commut987, 994.

(23) (a) Ho, J.; Hou, Z.; Drake, R. J.; Stephan, D. @fganometallics
1993 12, 3145 (b) Breen, T. L.; Stephan, D. V@rganometallics1996
15, 4509.
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Scheme 3. Ring-Slippage Reactions of Compound 4

o CuCl P=—Mo
Mo i\ MO/ \Cul “\C
s £ g e
<= <
4 7
] hv co

e RS )
A de T MO Cd g
s, 00 ok, & o
6a (CO) 8

6b (CN'Bu)

presence in the molecule of a symmetry plane bisecting this
group and containing the Mo and P atoms. Unfortunately, the
resonance for the carbon atom directly bonded to phosphorus
could not be located in the spectrum. The binding of thelC
moiety to the P atom, however, has been crystallographically
confirmed on several derivatives &f2° Finally, a standard
NOESY experiment carried out on &[@s solution of5 at 298

K revealed the presence of some positive nuclear Overhausser
enhancement (NOE) from tHBu proton resonances to those
from the GH4 and GHs groups, but not between the latter ones.
This is consistent with a conformation derived from thatipf
that is, with the cyclopentadienyl rings placed away from each
other.

Ring Slippage of thex5-Bound Arylphosphinidene: #*-
Derivatives. To better understand the elemental steps leading
from 1 to the unique coordination mode of the arylphosphinidene
ligand present in comple4, we analyzed the reverse reaction,
that is, the carbonylation reactions 4f We also studied the
reactions of4 with 'BuNC, the latter being a ligand of
characteristics similar to those of carbon monoxide.

Complex4 reacts quite slowly with CO (ca. 4 atm) at room
temperature in dichloromethane solution. Afigrdays, the
reaction mixture contains trace amounts of the starting complex

% and only small amounts of the product of full carbonylation,

the tetracarbonyl compourid The major species in the solution
at this stage, however, is the tricarbonyl complex P, (u-
k1Kt p*-PR*)(COY] (6a) (Scheme 3).

The incorporation of a CO molecule to the molybdenum atom
bonded by the aryl ring id causes a change in the hapticity of
the latter, fromz®- to *-coordination, this causing the phos-
phinidene ligand to become an eight-electron donoBanas
supported by spectroscopic and crystallographic data discussed
later on. Full conversion of tricarbon@h into the tetracarbonyl
1 requires ca. 3 more days under the same conditipgis=< 4
atm, 293 K). No other intermediate species could be detected
in these carbonylation reactions by IR®P NMR monitoring
of the corresponding reaction mixtures. We recall here that
complex 6a can be detected as a minor product in the
photochemical reactions converting compleinto the dicar-
bonyl speciedl. Thus, we conclude that the tricarbor8d is a
genuine intermediate connecting the phosphinidene complexes
1 and4.

Complex4 reacts analogously witlBBUNC. The reaction is
now faster and can be completed in ca. 5 h at 333 K using
THF as solvent. However, only one molecule of the isocyanide
ligand is incorporated to the dimetal substrate even after
prolonged reaction times, to yield the dicarbonyl isocyanide
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derivative [MaCpy(u-«tixct,p*-PR*)(CNBuU)(COY)] (6b), struc- significant multiple character in this bond, a question to be
turally related to the tricarbonyda. addressed later on. In addition, the molybdenum, phosphorus,
The carbonylation reaction oft cannot be speeded up andipso-carbon atoms remain almost in the same plane, as they
efficiently by carrying out the experiments at higher tempera- are in4. Although there are no structural studies in the literature
tures, since this leads to substantial decomposition. However,concerning related PMCu frameworks, the internuclear distances
we found that the addition of CuCl to dichloromethane solutions around Cu suggest a moderately strong binding of the CuCl
of 4 greatly increased the rate of carbonylation, an effect that molecule. Thus the CuP length of 2.240(1) A is close to the
is due to the formation of well-defined and isolable CuCl adducts usual values found for Cu(l) phosphine compleXeshile the
(Scheme 3). In fact, CuCl reacts rapidly with to give Mo—Cu length of 2.682(1) A is similar or shorter than the
quantitatively the trinuclear complex [CuME!)Cpa(u-«tixct: corresponding lengths in the tungsten carbyoepper clusters
k1178-PR*)(COY] (7), which incorporates a CuCl moiety bridg- [{ WCpu-CR)(CO}}.Cw(u-Cl);] (R = NMeEt, W—Cu =
ing the multiple Mo-P bond present id, as shown by an X-ray ~ 2.610(1) A¥®and (NE&)[W,Cu(u-CC=C'Bu)(CO(17°>-C,BgHgo-
diffraction study (see later). Compound is quite robust Mey),] (W—Cu= 2.764(1), 2.602(1) A§? The Cu-Cl distance,
thermally (it can be heated in refluxing toluene without 2.162(1) A, is quite short when compared to normal single-
significant decomposition), but it is much more reactive toward bond lengths, for example 2.322(2) A in [gu-Cl)2(PCys),]28
CO than4. Carbonylation of7 can now be completed in just 3  or 2.307(4) and 2.324(4) A in the above ditungsteopper
h at 323 K (toluenepco = 4 atm) to give the tricarbonyl ~ compound. This suggests the presence of significantdar
complex [CUMo(Cl)Cpy(u-rL:kt:kcty*-PR*)(COY] (8) in high bonding from CI to Cu to mitigate the unsaturation around the
yield. The incorporation of the CO molecule Tocauses the  trigonal copper atom. There is also a weak semibridging
same effect observed in the formation of compouBidbat is, interaction from a carbonyl ligand to copper (ME@= 1.958(4)
a shift from#6 to #* in the coordination of the aryl ring, also A, Cu---C= 2.352(3) A, Mo-C—0O = 170.5(3)) that can be
substantiated crystallographically. Finally, CuCl can be detachedunderstood along the same lines.
from 8 in a number of ways to yield almost quantitatively the Compound6b results from the sideways addition of @\
tricarbonyl 6a, for example by just passing dichloromethane to the molybdenum atom bearing th&-bonded aryl ligand in
solutions of8 through an alumina column. This process is 4. This causes almost no effect upon the M® bonds, but
reversible, and compoun@l can be quantitatively formed by  forces the detachment from the metal of thea@id C carbon
reacting CuCl with6a in dichloromethane solutions. atoms, which are now better described as joined by an
Apart from its preparative utility, the formation of compound uncoordinated, normal double bondP¢aCt = 1.337(7) A). As
7 has some points of interest. In the first place, since the CuCl a result, there is a strong deviation from planarity in the aryl
molecule can be considered as a soft Lewis acid, then its bindingring, the folding angle being ca. 139The C to C* carbon
to the Mo—P multiple bond in4 thus reveals that this is a atoms remain almost in the same plane and are even closer
nucleophilic site of the molecule under conditions of orbital (except for the € atom) to the molybdenum atom than they
control. Second, this complex could serve as a model for someare in4. This justifies the description of the aryl ring coordina-
of the intermediate species involved in the proton-induce@€P tion as of they*type, as it would have been anticipated on the
cleavage of comple# (A to B in Scheme 2). Finally, compound  basis of the usual electron-counting schemes.
7 might be related to intermediate species involved in the CuCl-  The structure of compouricombines the geometrical effects
catalyzed decomposition of 7-phosphanorbornadiene M{CO) derived from the presence of CuCl bonded to the-Mamultiple
complexes (M= Cr, Mo, W). Indeed, the latter is a well-  pond (as ir7) and from the incorporation of a new ligand (here
established route for the *“in situ” generation or transient, very CO) to the arene-bonded molybdenum atom (ahij As a
reactive electrophilic phosphinidene complexes of type [M(PR)- result, the aryl ring displays am*-coordination mode to
(CO)].%¢ The role of CuCl in those reactions has been addressedaccommodate the new CO ligand 8(@nd ¢ aryl atoms
recently through DFT calculations on the reaction profile, and uncoordinated) and the CuCl molecule adds to the multiple
it seems to involve the binding of CuCl to the-NP bond at Mo—P bond sideways (the angle between Mand MoPCu
some transient stagés. planes is ca. 119. The coordination environment around the
Structural Characterization of Compounds 6-8. The copper atom is essentially trigonal with a short-&ti bond,
structures of complexe8b, 7, and 8 have been determined as observed in7, and there is also a weak semibridging
through single-crystal X-ray studies and are shown in Figures interaction from one of the carbonyls to copper {€G =
2 to 4. The most significant features in these structures concern2.481(4) A]. We note finally that compour@l displays both
the coordination of the phosphorus atom and the aryl ring of the CuCl group and the CO ligand placed at the same side of
the phosphinidene ligand, and the relevant structural data arethe Mo,P plane. This is possibly the less crowded side, because
assembled in Table 2 for comparative purposes. of the detachment of theSGitom and its associatéBu group.
Compound7 results from CuCl addition to the multiple  The other possible isomer, with the CuCl group placed on the
Mo—P bond in4, sideways with respect to the y® plane (the other side of the MgP plane, seems to be never formed even
angle between the MB and MoCuP planes is ca. L)2This in solution.
causes almost no Change in W?ecoordination of the aryl ring, A Comment on the Mo—P Bonding in Comp]exes 4 to 8.
which remains almost perfectly flat with MeC lengths very  Throughout this paper, the asymmetric coordination of the
similar to those Of4, ca. 2.31 A for all carbons except the phosphinidene ||gand in Compoundsto 8 is depicted as
pyramidalyzedpso-carbon, strongly bound to molybdenum at
2.190(3) A. No change occurs in theng Mo_.P bond, an (25) Hathaway, B. J. I€omprehense Coordination ChemistryVilkin-
2.361(1) A, but theshort Mo—P bond (P-Mo' in Table 2) is son, G., Gillard, R. D., McCleverly, J. A., Eds.; Pergamon Press: Oxford,
elongated by ca. 0.05 A as a result of CuCl coordination, as UK, 1987; Vol. 5, Chapter 53.

: (26) Albano, V. G.; Busetto, L.; Cassani, M. C.; Sabatino, P.; Schmitz,
expected. Yet, the value of 2.294(1) A denotes the retention of A.: Zanotti. V. J. Chem. Soc., Dalton Trant995 2087.

(27) Cabioch, J. L.; Dosset, S. J.; Hart, I. J.; Pilotti, M. U.; Stone, F. G.
(24) Lammertsma, K.; Ehlers, A. W.; McKee, M. . Am. Chem. Soc A. J. Chem. Soc., Dalton Tran$991, 519.
2003 125, 14750. (28) Churchill, M. R.; Rotella, F. llnorg. Chem.1979 18, 166.
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Figure 2. ORTEP diagram of the molecular structure of compound
6b, with hydrogen atoms omitted for clarity.

Figure 4. ORTEP diagram of the molecular structure of compound
8, with hydrogen atoms omitted for clarity.

implying Mo—P bonds of orders one and three. It should be
kept in mind that this is just one of the canonical forms that
can be written to describe the M@ bonds in these complexes
(D1 in Figure 5). Other forms arB2 and D3, implying bond
orders of one and two, and4, this implying bond orders of
two and two. It is not possible to deduce the relative contribu-
tions of all these forms from structural data since-Mlengths
span quite wide ranges for a given formal bond order. In
addition, a “normal” bond (M-P) implies somewhat longer
internuclear separations than a dative bone{R). Finally, we
note that the differences in the pail/D2 and D4/D3 are
similar to those distinguishing the extreme types of bent-

Organometallics, Vol. 25, No. 20, 200863
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Figure 5. Canonical forms describing the metaghosphinidene
bonding in binuclear compounds-8 (D1 to D4) and in nucleo-
philic (A1) and electrophilic 42) terminal complexes.

sented byAl (double M—P bond), whereas those species with
good sr-acceptor ligands around M (electrophilic complexes)
are best represented B2, then displaying essentially single
M—P bonds (Figure 5¥-¢

Unfortunately, the number of structurally characterized
complexes having asymmetric PR bridges is extremely limited.
Actually there is only one case involving group 6 metals, this
being the ditungsten compound P& (u«-PMes)(CO)PH;-
Mes)] (Mes= 2,4,6-GH,Mej3), which displays phosphinidene
W—P lengths of 2.555(3) and 2.281(7)?AThe first value can
be taken as a reference figure for a single-Rbond (M=
Mo, W). In contrast, the phosphine YP length in the above
compound is 2.440(3) A, a figure that can be considered as
normal for a single dative-PM bond. In fact, the corresponding
lengths in the electrophilic bent-phosphinidene complexes
[MCp*(CO)3(PNPR)][AICI 4] are similar, 2.4506(4) and
2.4503(6) A for the Mo and W derivates, respectiv@lElearly,
the long Mo—P bond in compoundd to 8 is at least 0.1 A
shorter than the reference figures for single-Mdbonds, and
hence some double-bond character must be attributed to that
bond (represented by the canonical frbin This is in agreement
with our preliminary DFT calculation or, revealing the
presence of a-bonding interaction delocalized along the Mo
P—Mo chain?®

The analysis of theshort Mo—P' interaction in compounds
410 8is not so straightforward. Triple MeP bonds are expected
to be just below 2.20 A in length, as exemplified by the linear
phosphinidene complex [WgPR*)(CO)(PMePh),] (2.169(1)
A)3Lor the phosphido-bridged compounds\W=P—W(CO)]
(Ls = tridentate N- or O-donor ligand; WP = 2.13-2.20 A2
and [Ma.Cp(u-P)(COX18-PR*)(BAr'4), (2.1685(9) AY° Double
Mo—P bonds, however, seem to span a much wider range of
lengths. For example, the nucleophilic phosphinidene complexes
[MCp2(PR*)] display relatively long M-P separations of
2.370(2) and 2.349(5) A for the Mo and W complexes,
respectively?3 In contrast, three-electron donor dialkylphosphide
or related ligands display substantially shorter-Rl lengths,
e.g., 2.284(4) A for [WCp(Buo)(CO)]3* or even 2.204(1) A

(29) Malisch, W.; Hirth, U. A.; Bright, T. A.; Ka, H.; Ertel, T. J.;
Huckmann, S.; Bertagnolli, HAngew. Chem., Int. Ed. Endl992 31, 1525.

(30) Sterenberg, B. T.; Udachin, K. A.; Carty, A. Organometallics
2001 20, 2657.

(31) Cowley, A. H.; Pellerin, B.; Atwood, J. L.; Bott, S. G. Am. Chem.
Soc.199Q 112 6734.

(32) Johnson, B. P.; Balazs, G.; Scheer,dp. Curr. Chem2004 232,
1.

(33) (a) Hitchcock, P. B.; Lappert, M. F.; Leung, W. R.Chem. Soc.,

phosphinidene complexes. For the latter, it has been found thatShem- Commuri987 1282. (b) Bohra, R.; Hitchcock, P. B.; Lappert, M.

those compounds having strongdonors around the metal
(nucleophilic complexes) have an-MP interaction best repre-

F.; Leung, W. PPolyhedron1989 8, 1884.
(34) Jag, K.; Malisch, W.; Reich, W.; Meyer, A.; Schubert, Bngew.
Chem., Int Ed. Engl.1986 25, 92.
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for the fluorophosphide complex [MoCp(PFR*)(GDF° There- Scheme 4. Aryl-Detachment Reactions of Compound 6a
fore, the value of ca. 2.25 A for trehortMo—P interaction in
compoundst and6b is probably consistent with MeP bond

orders between 2 and 3, this being reduced by their coordination
to the Lewis acid CuCl (compoundsand8) as expected. In )
/PEMO

summary, the Me-P bonding in compound$ 5, and6 cannot co /P ,C%o
be described satisfactorily using just one of the canonical forms ~Mo ie — Mg
D1 to D4, and further theoretical calculations will have to be Occ<£> o © OC// @
carried out in order to gain deeper insight into the bonding within oC
these asymmetric phosphinidene complexes. While fdd@as 6a 1
to D4 might relate the implied multiple MP bonding to those

: . . 2CNR CNR
present in mononuclear dialkyl-phosphide complexes or sym-
metrically bridged phosphinidene species, the f@iestab-
lishes a relationship with carbyne complexes. It is interesting
to note here that the triple #C bonds of transition metal
carbyne compounds react with CuCl much in the same way as RN 0
the multiple Mo-P bond in compoundd and 6b.26:27:36 |t Rne. G Ps< % @//E’\\ /ECO
remains to be seen whether this phosphinidene/carbyne analogy C>")'°/ Mo NC” I'V'O_MO
can become a useful tool when rationalizing the chemical d \C RT- ¢ &
behavior of asymmetric phosphinidene complexes such as the < &% Y
dicarbonyls4 and5 or related species. 10 9

Solution Structure of Compounds 6-8. The spectroscopic
data available for compounds-8 (Table 1 and Experimental  inequivalent due to the presence of the CuCl moiety positioned
Section) are fully consistent with the solid-state structures sideways with respect to the I¥® plane.
determined for6b and the copper derivatives and 8. The Finally, the spectroscopic data f8rshow trends similar to
presence of the added ligand terminally bound in compoénds  those just discussed for compourtdffects ofy*-coordination
is clearly denoted by the appearance of extraGCand C-N of the aryl ring) and7 (effects of CuCl binding to the MoP
stretching bands dC NMR resonances in the terminal region  multiple bond) and need then no further comments. We only
of the corresponding spectra, while the CO band$*crand note that these data establish the presence of a single isomer in
IH NMR resonances corresponding to the MoCp(£ag- solution.
ments are similar to those 4f except that these carbonyl ligands Ring Slippage of the 7*-Complex 6a: Recovering the

are now inequivalent. This is also the case of tHe NMR Metal—Metal Bond. As stated above, the tricarbonyl compound
resonance of compounds; appearing at chemical shifts (ca. g4 reacts slowly with CO to yield the starting compouhdNo

500 ppm) similar to that fo4. Thes*-coordination of the aryl  jyiermediates could be detected in this necessarily complex
ring of the phosphinidene ligand is denoted by the appearancey,nstormation, which requires complete detachment of the aryl

of six different aryl resonances ir.' the correspondi#g NMR ring and regeneration of the Mavio bond. To obtain further
spectra, four of them strongly shielded (ca—&D ppm for C, information concerning these last steps, we examined (as a

C8, and G; ca. 70 ppm for &) and two of them with chemical : : :
' ' model for carbonylation) the reactions & with CN'Bu. The
shifts (ca. 128 and 157 ppm) similar to those for SUbStitUtedoL ylation) ' 1ons Bawl "

loh hich h ianed h bond atter proceeded smoothly at room temperature, but, to our
cyclohexenes, which are thus assigned to the two nonbonde urprise, turned out to be strongly dependent on the solvent used
aryl carbon atoms. Full assignment of th€ andH NMR

i . Scheme 4). In tetrahydrofuran, just one isocyanide molecule
resonances was made on the basis of standard direct and lon ( ) Y J y

Ys incorporated to the dimetal substrate, to give the metaital
range'H—13C correlations. This proved that the uncoordinated P 09

. - . bonded tricarbonyl [MgCp,(u-PR*)(CO)X(CNBuU)] (9) as the
carbon atoms were those in positions 5 and 6, as found in theunique product. In petroleum ether, however, two isocyanide

crystal.for6b. o molecules are incorporated, thus giving the tricarbonyl bis-
As discussed above, the structuréZafas found to be similar (isocyanide) derivative [MgCp:(u-PR*)(COX(CNBU),] (10)

to that of4 except for the presence of a CuCl fragment bound \hich has no metaimetal bond. Separate experiments showed
to the Mo—P multiple bond and causing a lengthening of the 5+ compound did not react with further Ciu to give 10.

latter. In agreement with this, the phosphinidene P nucleus The structure of compound is derived from that ofl by

becomes considerably more shielded (by ca. 100 ppm), as. . . . "
expected fopz-phosphinidene ligandg,and the C-O stretching just replacing a CO ligand by a CBL group (this substitution,

bands in the IR spectrum increase by ca. 30-Emthus however, cannot be accomplished directly). Thus, it is not
indicating a considerable flux of electron density from the surprising that theif'P chemical shifts are so similar (Table

P—Mo bond to the copper atom. This might be a major cause 1). The presence of just a single isocyanide liganddirs

. s 1
for the higher reactivity of toward CO (when compared #), deduced from th? analysis of the pertinédtand *C NMR
since the arene-bonded molybdenum atom 7inbecomes resonances. Besides, we note that only one of the carbédyl

doubtlessly less electron-rich. Th-coordination of the aryl mzlﬁggsggg:ﬁfj5;|tisgi£°u§|)iﬂglitﬁgzt}zsggr?]g‘lz;(zg :)efialleing
ring of the phosphinidene ligand ihis denoted by the strong PC AV
shielding of all six carbon atoms (ca. 350 ppm for the type [MCpX(COL(PRy)] (M = Mo, W; X = halogen, alkyl,

. b
C2—C5 atoms and 76.8 ppm for thel@tom), which are now  vdride, etey” and [MCpa(u-H)(u-PRp)(CON]**? usually
follow the orderdgs > Jirans, We can deduce that two carbonyls

(35) Alonso, M.; Gar@a, M. E.; Ruiz, M. A.; Hamidov, H.; Jeffery, J.
C.J. Am. Chem. So004 126, 13610. (37) (a) Todd, L. J.; Wilkinson, J. R.; Hickley, J. P.; Beach, B. L.; Barnett,
(36) Clark, G. R.; Cochrane, C. M.; Marsden, K.; Roper, W. R.; Wright, K. W. J. Organomet. Chenl978 154, 151. (b) Wrackmeyer, H. G.; Al,

L. J.J. Organomet. Cheni986 315 211. H. G.; Maisel, H. EJ. Organomet. Cheml99Q 399 155.
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are placedransto the PR* bridge and one is place to it. Scheme 5. Proposed Pathways for the Decarbonylation
As a result, we conclude that compoudis formed specifically Reactions of Compound 1 [M= Mo(#°-CsHs)]
as the isomer having the @BU ligand placed in &is-position R’ R R
with respect to the phosphinidene ligand. We finally note that b b B
the IR spectrum o shows, in addition to the main -€N A v-Co N v-CO A
stretching band at 2109 crh a weak G-N band at 2068 cr. | I\, co Cl\c/ \C co N7
This is not unusual for terminal isocyanide ligands, which can °°§ §o 0 0 O 5%
adopt slightly bent conformations in solutiéh. 1 A 3
The structure of compount0 is formally derived from the hviA

addition of a second CBu molecule to comple® (actually, a
process not observed). The molecule then displays no metal )
metal bond, but an asymmetric trigonal phosphinidene bridge R\./" pLH
related to those present in compoudds 6 or in the ditungsten / '\ C-S-H | P-S-H A
compounds [WL(u-PMes)(CO)(PHMes)] (L = #5-Cp or A= _’C/,M?/M\ _’C/}V'\_/'Y'\
CsMes).29 In fact, the3P chemical shift ofLO (445.8 ppm) is o® E S % s &% org g %
intermediate between the values exhibited by our dimolybdenum B c 2
complexes (526475 ppm) and the above ditungsten compounds
(313.9 and 397.4 ppm). It seems thus that asymmetric trigonal s
phosphinidene bridgeD(in Chart 1) would be characterized
by 3P chemical shifts substantially lower than those of R
symmetrical trigonal phosphinidene bridgeS {n Chart 1). F', \ n \)@é\P
Among the latter, moreover, there seems to be a shielding effect i \\M S, i \\M T N }v'/ \\,I
upon increasing the metal to metal bond order (BO), as it can oc/é \S (I:\C s <% C/\C co ! c’\c
be appreciated in the series Ji¥-PR*)(COY] (dp = 961 ppm; 0 30 © 0 0 O o 00
BO = 0)%** > 1 (dp = 685.6 ppm; BO= 1)%® > [MoCpalo(u- D E 6b
PR*)(CO)] (ép = 596.4 ppm; BO= 2)% > 4 (dp = 532.1

hv,
ppm; BO= 3). j-s coH co

The IR spectrum 010 exhibits three strong €0 stretching v

bands and two weak and well-separatedNC stretches of R
similar intensity, the latter suggesting the presence of two A *é\ .
terminal isocyanide ligands arranged irtig-relative position ,"l"—"l"\ \ /P=’IV‘\
on the same metal atom. This yields an asymmetric molecule, ¢ ¢ G M cq
in agreement with the inequivalence of @l groups that can ° ) ° . °

be deduced from théH NMR spectrum of this complex.
Overall, the transformation$— 6a— 10 imply the complete
replacement of they5-bonded aryl ring of the phosphinidene
ligand in4 by one carbonyl and two isocyanide ligands.
Reaction Pathways.The structures and synthetic relation-
ships connecting the complex2$o 10 just discussed allow us
to grasp the main reaction pathways governing the photolytic
reactions of compound. and the unusual rearrangements
involved (Scheme 5).

C—H (‘Bu) bond on the phosphorus atom, to give the unsaturated
phosphine intermediaté. This sort of cleavage of tHBu group

in the PR* ligand to yield free or bonded phosphine PH{CH
CMey)CgH4'Bu, has been previously reported to occur on
transient mononuclear phosphinidene complexes 6t &ed
Zr*2 or even on the transient free ligaftdMore recently,
Lammerstma et al. have reported a similar-i€ cleavage

- . . leading to the bridgingu-P(CH.CMe,)CeH4Buy) ligand, pre-

In the first place, there seems to be two main primary gmaply induced by trziﬁsient ROr I, dimers having trigonal
processes. The first one is dissociative in nature and would bepg« bridges®d44 In our case, the phosphine ligand present in
favored by using UV light and low temperatures. This process yhe nsaturated intermedia@ewould experience rapidly a new
V.VOUId lead to an unstable tricarbonyl intermediAtand then oxidative addition, now of its PH bond on the dimetal center,
finally to the triply bongled dicarbony much in th? sameway yield finally the electron-precise hydride comp@2xX\Ve note
as proposed to occur in the photolysis of the d'mﬁrfgm' that this last step is similar to those invoked to explain the
(COL2] (M = Mo, W; L, = (CO), or u-RaPCHPRy). - The formation of [MyCpa(u-H)(u-PR)(CO)] complexes using pri-
second primary process would be nondissociative in nature, andmary and secondary phosphirédhe proposed rearrangement
it would be favored at higher temperatures (even by just heating) 1/B is also consistent with the results of the reactiori efith

and by. the absorption. of near_—vis.ible rather thgn UV light, HC=C(p-tol) under photolytic conditions, which leads to the
according to our experimental findings already discussed. For metallaphosphaallyl complex [MEp{ u-n72,k-C(p-tol)-

this process we propose a valence tautomerization of theC L :
e . . . HPR* (CO)y], with its phosphorus atom bearing a nonbonded
phosphinidene bridge, from trigonal to the pyramidal (two- electron pair2 We note finally that related valence tautomer-

electron donor) coordination mode. This would yield an . _.: . . :
) . . ization processes have been occasionally invoked to explain the
unsaturated intermediaBe(not detected) that would be reactive P y P

enough so as to induce an irreversible oxidative addition of a

(41) Arif, A. M.; Cowley, A. H.; Pakulski, M.; Pearsall, M. A.; Clegg,
W.; Norman, N. C.; Orpen, A. Gl. Chem. Soc., Dalton Trant988 2713.

(38) Singleton, E.; Oosthuizen, H. Edv. Organomet. Chen1.983 22, (42) Hey-Hawkins, E.; Kurz, SJ. Organomet. Chenl994 479 125.
209. (43) (a) Shah, S.; Simpson, M. C.; Smith, R. C.; Protasiewick, J.D.

(39) Lang, H.; Orama, O.; Huttner, G. Organomet. Chenl985 291, Am. Chem. So@001 123 6925. (b) Smith, R. C.; Shah, S.; Protasiewick,
293. J. D.J. Organomet. Chen2002 646, 255.

(40) Alvarez, M. A.; Gar@, M. E.; Riera, V.; Ruiz, M. A,; Bois, C,; (44) Termaten, A. T.; Nijbacker, T.; Schakel, M.; Lutz, M.; Spek, A.

Jeannin, Y.J. Am. Chem. So0d.995 117, 1324, and references therein. L.; Lammertsma, KChem. Eur. J2003 9, 2200.
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reactivity of several binuclear complexes having-igidene” expected n*-complex, which was never found as a local

bridges (E= P, As, Sby. minimum#? Our results, then, provide some experimental
The presence of MeCN in the reaction medium during the evidence for the classicaj®— 7*— »? ring-slippage process

photolysis ofl has the dramatic effect of suppressing thetC concerning the mentioned arene substitution reactions.

cleavage step leading & thus enabling the selective formation

of 3. This might be due to the formation of unstable phosphin- Conclusions

idene-MeCN adducts, in a similar way to those formed by B ) o ) )

mononuclear bent-phosphinidene compleX@at high MeCN Visible—UV irradiation of compound. induces two primary

concentrations and warm temperatures, however, a new pathwayP0CeSses. The first process is decarbonylation and leads to the
appears that leads finally to the dicarbodyhstead of its isomer ~ tiPly bonded [MoCpu(u-PR*)(u-CO] in a reversible way. The

3 (separate experiments showed tBand4 do not interconvert ~ S€cond process is proposed to be a valence tautomerization to
in refluxing toluene or under the photolytic conditions used). Yi€ld an unstable intermediate having a pyramidal phosphinidene
For this last path we propose that a molecule of MeCN actually Pridge, which in turn evolves in two different ways: either
coordinates to the unsaturated intermediBteto give the  through an irreversible €H bond cleavage of 8u group, to
asymmetrically bridged intermediale(S = MeCN), of which give the hydride [MeCp(u-H){u-P(CHCMe,)CeHBuz}-
compoundLOis a model. This implies a new rearrangement of (COMl, or through a reversible rearrangement involving a new
the phosphinidene bridge, now from the pyramidal to the valence tautomerization of the phosphinidene ligand, to adopt
asymmetric trigonal mode. Under UV irradiatiaR,would in an asymmetric trigonal c_oordlna_\tlon mode while its aryl group
turn dissociate the MeCN and then a CO ligand, this being 9€ts progressively coordinated in th&, 5*-, andz°®-modes as
compensated by the progressive coordination of the aryl ring the decarbonylation proceeds, to give finally thg dicarbonyl
of the phosphinidene group, adopting th#e (intermediateE, [Mo2Cpy(u-rct:ct,>-PR*)(CO)]. The latter experiences an
not detected) angi*-modes (comple®a), respectively. Further unprecedented tautomerization, giving t_he arene complex{Mo
decarbonylation then leads froffia to 4, as shown by  CP{-"uly*-PCHe)(COR(7>R*H)], which contains the new
independent experiments, this being accompanied by a finalNine-electron-donor cyclopentadienylidenghosphinidene ligand.
change in the coordination of the aryl ring, froyft to the®- This reaction is catalyzed by weak acids and is proposed to

mode, so as to keep the electronic balance of the moleculelnVolve the phosphide-bridged cation [Mep,(u-P)(COX("
constant. R*H]* as intermediate species. The reactions of tfe

complexes with CO and CBu prove the reversibility of the
above aryl ring slippages and the facile valence tautomerization
between symmetric and asymmetric trigonal phosphinidene
bridges, which also involve the formation or cleavage of metal
metal bonds. The new asymmetric trigonal phosphinidene
complexes display short MeP bonds, which can be described
as having a character intermediate between pure double and
triple bonds. As a result, they might exhibit reactivity in some
ways related to that of transition metal carbyne complexes.

The elemental steps proposed to explain the formation of the
n®-complex 4 from the tetracarbonyll are also of help to
understand not only the reverse reaction, i.e., the carbonylation
of 4 to regeneratéd, but also the reactions of the tricarboid
with CN'Bu (Scheme 4). Thus, while the addition of two CO
molecules to4 would lead stepwise t6a and then to thej?
bondedE, addition of'BUNC on6a would give first a similar
n?-bonded complex [MgCp(u-xtikt,n?-PR*)(CO)(NCBU)]

(E"). In tetrahydrofuran, a solvent molecule would displace the
n?-bound aryl ring to yield first solvates of typP (S =

tetrahydrofuran), which afterward would rearrange by ejecting Experimental Section

the solvent molecule and regenerating the metetal bond, General Procedures and Starting Materials All manipulations

then forming the symmestrically bridged compoundr 9. This and reactions were carried out under a nitrogen (99.995%)
last step has its precedent in the ditungsten comple;Cj\t- atmosphere using standard Schlenk techniques. Solvents were

(u-PMes)(CO)(PH:Mes)], which above 233 K ejects a Pfles purified according to literature procedufgand distilled prior to
molecule and rearranges into the metaletal bonded derivative  yse. Compound was prepared as described previo$lll other
[W2Cp*(u-PMes)(CO)].#° Finally, when the reaction oéa reagents were obtained from the usual commercial suppliers and
with CN'Bu is carried out in petroleum ether, intermedi&te used as received. Photochemical experiments were performed using
cannot incorporate a solvent molecule; then it reacts with a jacketed quartz or Pyrex Schlenk tubes, cooled by tap water (ca.
second CIBu ligand to give compoundO. It is possible that 288 K) or by a closed 2-propanol circuit, kept at the desired

a similar pentacarbonyl complex [MOp.(«-PR*)(CO)] might temperature with a cryostat; for temperatures above 288 K, a closed
be formed in the carbonylation reactions4obr 6a, but in that water circuit was used instead. A 400 W mercury lamp (Applied
case it would rapidly dissociate CO to gite Photophysics) placed ca. 1 cm away from the Schlenk tube was

used for all these experiments. Chromatographic separations were
carried out using jacketed columns cooled as described above.
dCommercial aluminum oxide (activity I, 150 mesh) was degassed
under vacuum prior to use. The latter was mixed under nitrogen
with the appropriate amount of water to reach the activity desired.
; 6 . néarbonylation experiments were carried out using Schlenk tubes
in [Cr(y>-arene)(COL] complexes, a much studied process equipped with Young's valves. Filtrations were performed using

.because. of its synthetic applications, but the or diatomaceous earth. Nuclear magnetic resonance (NMR) spectra
intermediates have been never deteététtually, a recent DFT were routinely recorded at 300.134), 121.50 1P{H}), or 75.47

study on the carbonylation products of [§HCeHe)(CO)] MHz (13C{H}) in CD,Cl, solutions at 290 K unless otherwise
predicted the formation of {(-CeHe)Cr(CO)] rather than the  stated. Chemical shifts)] are given in ppm, relative to internal

Although the stepwise de-coordination of the arene ring in
to give 1 as the incorporation of CO molecules proceeds can
be viewed as a logic or expected process, the detection an
stability of then*-intermediate is remarkable. Indeed, similar
steps have been long proposed for the arene exchange reactio

(45) Streubel, RCoord. Chem. Re 2002 227, 175. (47) Cohen, R.; Weitz, E.; Martin, J. M. L.; Ratner, M. Argano-
(46) See, for example: (a) Semmelhack, M. F.; Chlenov, A.; Ho, D. M. metallics2004 23, 2315.
J. Am. Chem. So®005 127, 7759, and references therein. (b) Traylor, T. (48) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory

G.; Stewart, K. J.; Goldberg, M. J. Am. Chem. Sod 984 106, 4445. Chemicals Pergamon Press: Oxford, U.K., 1988.
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tetramethylsilane (TMS) or external 85% aqueoyB®, solutions
(3'P). Coupling constantsl) are given in hertz. Assignments of
the I3C NMR resonances for the aryl groups follow the labeling
shown in the figure of Table 2 and are reported 8gH,) (n =

1 to 6); the resonances for tHgu groups are analogously reported
as C'('‘Bu) (m= 1, 2).

Preparation of [Mo,Cpy(u-H){u-P(CH2CMe;)CeH,!Buy}-
(CO)4] (2). A toluene solution (25 mL) of compount! (0.100 g,
0.141 mmol) was irradiated with visibtdJV light in a Pyrex-
jacketed Schlenk tube refrigerated by tap water ¥ch 30 min, NMR: ¢ 242.2 (d,Jcp = 7, CO), 112.1 [s, &CeHy)], 99.3 [s,
while keeping a gentle Npurge. Solvent was removed under C*CeH2)], 92.5, 88.0 (2x s, 2x Cp), 84.2 [dJcp = 74, C{CeH2)],
vacuum from the deep orange resulting solution, and the residue80-2 [s, G(CeH2)], 35.7 [s, 2x CY('Bu)], 35.1 [s, 2x CX('Bu)],
was dissolved in a minimum of toluene and chromatographed on 34.5 [s, C(‘Bu)], 31.3 [s, C('Bu)].
alumina (activity 1V, 30 x 2.5 cm) at 288 K. Elution with Preparation of [Mo ,Cp(u-«:k1,175-PCsH ) (175-R*H)(CO) 7] (5).
dichloromethane/petroleum ether (1:5) gave an orange fraction, Wet dichloromethane (0.5 mL of a solution prepared by mixing
which yielded, after removal of solvents, compoulinas an orange 10 uL of H,0O with 30 mL of dry dichloromethane) was added to
microcrystalline solid (0.087 g, 87%). Anal. Calcd fogBsg a dichloromethane solution (2 mL) of compou#@.020 g, 0.031
Mo,O4P: C, 54.09; H, 5.53. Found: C, 54.19; H, 5.68.NMR: mmol), and the mixture was heated at 313 K2 togive a deep
0 7.41 (d,dpp = 3, 1H, GH,), 7.28 (d,Jup = 2, 1H, GH,), 5.49, red solution shown (by IR and NMR) to contain essentially pure
5.33 (2x s, 2x 5H, Cp), 3.07 (tJun = Jup = 13, 1H, CH), 1.50 compoundb. The solvent was then removed under vacuum to give
(s, 6H, CMe), 1.40 (s, 9H!Bu), 1.36 (m, 1H, CH), 1.18 [s, 9H, compoundb as a red, very air-sensitive microcrystalline solid, which
Bu], —12.54 (d,Jup = 37, 1H,u-H). BC{*H} NMR: ¢ 244.1 (d, is assumed to be formed almost quantitatively, and it is thus ready
Jep = 23, CO), 243.3 (dJcp = 30, CO), 237.1,234.6 (2 s, 2% for further use. No further purification or elemental analysis was
CO), 158.5, 153.2 [2x d, Jep = 15, CHCeH,)], 153.1 [s, attempted for this sensitive produéd NMR (CsDg): 0 5.35 (s,
CHCeH2)], 137.0 [d, Jep = 14, C(CeH.)], 122.6 [d, Jcp = 6, 5H, Cp), 5.03 (dJup = 4, 3H, GHz), 4.76 (false tJuy + Juw =
CBY(CgHy)], 118.8 [d,Jcp = 8, C>HCeH2)], 92.5, 91.0 (2x s, 2% 4, 2H, GHy), 4.47 (M, dpn + Juwr = 4, Jup = 3, 2H, GH,) 1.15
Cp), 56.1 (dJcp = 26, CH), 43.9 (s,CMey), 38.1, 35.2 [2x s, (s, 27 H,'Bu). 13C{H} NMR: ¢ 241.6 (d,Jcp = 13, CO), 111.1
CY('Bu)], 32.8, 31.2 [2x s, C(Bu)], 32.5, 30.2 [2x S, 2 x Me]. [s, C*qCeH3)], 91.2 (s, Cp), 89.2 [d)cp = 3, CH(CsHa)], 78.9 [d,

Preparation of [Mo,Cpa(u-PR*)(1u-CO),] (3). A tetrahydro- Jep = 3, C¥(CsHy)], 78.8 [s, C3JCeHy)], 34.6 [s, C('Bu)], 31.9
furan/acetonitrile solution (51 mL of a 50:1 mixture) of compound [S, C:(Bu)]. The resonance for the’(CsH,) carbon atom could
1 (0.400 g, 0.563 mmol) was irradiated with visibl&V light for not be located in the spectrum.

2 hin a quartz-jacketed Schlenk tube at 263 K, while bubbliag N Preparation of [Mo,Cpa(u-«t:xtn*PR*)(CO)3] (6a). Method
through the solution gently. Solvents were then removed from the A: A toluene solution (5 mL) of compourdi(0.075 g, 0.115 mmol)
brown-orange solution, and the residue was dissolved in dichloro- was placed in a bulb equipped with Young’s valve. The bulb was
methane/petroleum ether (4 mL of a 1:1 mixture) and chromato- cooled at 77 K, evacuated, and then refilled with CO. The valve
graphed on alumina (activity 1V, 2& 2 cm) at 253 K. Elution was then closed, and the solution was allowed to reach room
with dichloromethane/petroleum ether (1:2) gave trace amounts of temperature and further stirred for 72 h. Solvent was then removed
compound4. Elution with a 2:1 solvent mixture gave a brown under vacuum, and the residue was dissolved in a minimum of
fraction, which yielded, after removal of solvents, compoGras dichloromethane and chromatographed on alumina (activity IV, 30
a brown microcrystalline solid (0.310 g, 84%). Anal. Calcd for x 3 cm) at 288 K. Elution with dichloromethane/petroleum ether
C3oH39M0,0,P: C, 55.05; H, 6.01. Found: C, 54.69; H, 5.74. (1:6) gave a black band containing a small amount of compdund
NMR: 6 7.42 (d,Jp = 4, 2H, GH,), 5.79 (s, 10H, Cp), 1.38 (d, (0.012 g, 15%). Elution with a 1:3 solvent mixture gave a yellow
Jup = 1, 18H,Bu), 1.35 (s, 9HBU). 13C{H} NMR: ¢ 294.0 (d, fraction, which yielded, after removal of solvents, compoiad
Jep = 13,u-C0O), 152.6 [dJcp = 3, CH(CsHy)], 152.0 [d,Jcp = 3, as a microcrystalline orange solid (0.035 g, 45%fethod B:
CHCeH2)], 149.3 [d, Jep = 30, C(CeH.)], 122.9 [d, Jcp = 9, Compound4 (0.050 g, 0.076 mmol) and CuCl (0.020 g, 0.202
C3(CsHy)], 98.8 (s, Cp), 38.4 [s, Z CY(Bu)], 35.6 [s, C('Bu)], mmol) were stirred in dichloromethane (5 mL) for 1 min, and the
33.1 [s, 2x CBu)], 31.1 [s, C('Bu)]. The crystals used in the  solution was then filtered. Solvent was removed under vacuum from
X-ray study were grown by slow diffusion of a layer of petroleum the filtrate, the residue was dissolved in toluene (5 mL), and this
ether into a concentrated solution of the complex in diethyl ether solution was transferred into a bulb equipped with a Young’s valve
at 253 K. and reacted o3 h with CO as described in method A, but at 323

Preparation of [Mo,Cpa(u-kL: kL 76-PR*)(CO)4] (4). A tetrahy- K. The solution was concentrated under vacuum and chromato-
drofuran/acetonitrile solution (24 mL of a 1:2 mixture) of compound graphed on alumina (activity IV, Z 15 cm) at 288 K. Elution
1 (0.500 g, 0.704 mmol) was irradiated with visiblelV light for with dichloromethane/petroleum ether (1:9) gave a fraction contain-
1 h 30 min in a quartz-jacketed Schlenk tube at 318 K, while ing trace amounts of [M&p,(CO). Elution with a 1:3 solvent
bubbling N through the solution gently. Solvents were then Mixture yielded complex6a as a microcrystalline orange solid
removed from the deep orange solution, and the residue was washed0.043 g, 83%). Anal. Calcd for£HzgMo,0sP: C, 54.56; H, 5.76.
with petroleum ether (4 20 mL). The residue was then dissolved Found: C, 54.48; H, 5.9%H NMR: 6.19, 5.74 (2x s, 2x 1H,
in dichloromethane (20 mL) and filtered. Removal of solvent from CeH2), 5.51, 5.45 (2x s, 2x 5H, Cp), 1.43,1.13,1.03 (& s, 3
the filtrate gave compound as an orange microcrystalline solid ~ x 9H, 'Bu). *C{*H} NMR: ¢ 243.9 (d,Jcr = 16, CO), 238.9 (d,
(0.240 g, 52%). The petroleum ether washings were collected andJcr = 17, CO), 234.5 (dJep = 13, CO), 158.5 [s, &CqHy)], 126.3
the solvent was removed under vacuum. This new residue was therlS, C(CeHz)], 109.8 [s, C(CeH2)], 108.9 [s, C(CeHy)], 91.7, 91.4

(0.015 g, 3%). The compourth obtained above could be almost
quantitatively converted intad by visible—=UV irradiation in
tetrahydrofuran (15 mL) at 288 K for 30 min (quartz Schlenk tube).
Filtering of the resulting solution and removal of solvent from the
filtrate gave additional compoun#l(0.075 g, 96% fronba). The
overall yield of4 was thus increased up to 68% (0.315 g). Anal.
Calcd for GgHzgM0o,0,P: C, 55.05; H, 6.01. Found: C, 54.85; H,
6.10.'H NMR: 6 5.59 (s, 2H, GHy), 5.37 (s, 5H, Cp), 5.29 (d,
Jup= 2, 5H, Cp), 1.31 (s, 18H, & 'Bu), 1.18 (s, 9HBU). 13C{ H}

chromatographed on alumina (activity 1V, 302.5 cm) at 253 K.

(2 X S, 2% Cp), 87.2 [S, G(CGHz)], 78.8 [d,\](;p= 65, GL(CGHZ)],

Elution with dichloromethane/petroleum ether gave trace amounts 39.9, 35.3, 35.2 [ s, C{('Bu)], 33.7, 31.7, 30.3 [ s, C('Bu)].

of [Mo,Cp,(CQO)]. Elution with a 1:2 solvent mixture gave a yellow
fraction yielding, after removal of solvents, compouda as an
orange solid (0.081 g, 17%). Elution with a 2:1 solvent mixture
gave a brown fraction containing a small amount of compa8ind

Preparation of [Mo ;Cpa(u-«t:k1,n*-PR*)(CN'Bu)(CO),] (6b).
A tetrahydrofuran solution (5 mL) of compoudd0.075 g, 0.115
mmol) was treated with CBu (5 mL of a 0.05 M solution in
petroleum ether, 0.250 mmol), and the mixture was heated at 333
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Table 3. Crystal Data for Compounds 3, 6b, 7, and 8

Amor et al.

3 6b 7-1/2CHg 8
mol formula QnggMOzOzP C35H43M02N O.P C33_5H43C|CUM0202P 031H39C|CUM0203P
mol wt 654.46 737.59 799.02 781.46
cryst syst triclinic monoclinic monoclinic monoclinic
space group P1 P2,/c P2:/n P2i/n
radiation ¢), A 0.71073 0.71073 0.71073 0.71073
a, 8.0711(9) 31.069(6) 10.559(2) 13.958(3)
b, A 10.0012(11) 11.668(2) 22.180(4 15.885(3)
c, A 19.182(2) 18.673(4) 14.337(3) 14.011(3)
a, deg 86.711(2) 90 90 90
B, deg 85.086(2) 92.56(3) 96.19(3) 90.10(3)
y, deg 68.912(2) 90 90 90
v, A3 1438.8(3) 6763(2) 3338.1(12) 3106.6(11)
z 2 8 4 4
calcd density, g cmt 1.511 1.449 1.590 1.671
absorp coeff, mmt 0.951 0.819 1.527 1.641
temperature, K 173 100 100 100
6 range, deg 2.13t027.49 1.31to0 27.49 1.70to 27.48 1.94 to 27.50
index rangest k, I) —10,10;—-12,12; —40,0;—-15,5; —13,13;—24,28; —17,13;—14,20;
—24,24 —23,4 —18,14 —4,18
no. of reflns collected 15 396 45271 23745 7560
no. of indep reflnsRin) 6548 (0.0241) 45271 7648 (0.0478) 5721 (0.0235)
no. of reflns withl > 2g(l) 5422 38015 5548 4770
Rindexe$ [data with R1=0.0230 R1=0.0888 R1=0.0361 R1=0.0358
1> 20(1)]
wWR2=0.0520 wR2=0.227F wR2=0.0612 wR2=0.084F
Rindexes$ (all data) R1= 0.0330, R1=0.0967 R1= 0.0558 R1= 0.0464
WR2= 0.055% wR2 = 0.2326 WR2 = 0.0653 wR2 = 0.0896
GOF 0.996 1.043 0.857 1.020
no. of restraints/params 0/472 7771733 0/380 0/361
Ap(max,min), e A3 0.419,—-0.374 2.771-2.342 0.787-0.679 0.835:-0.804

aw 1= g4Fd + (aP)?2 + (bP), whereP = [max(F?, 0) + 2F2/3. P a = 0.0305,b = 0.000.¢a = 0.1540,b = 0.000.9a = 0.0199,b = 0.000.¢ a =

0.0429,b = 3.4885.

K for 5 h to give an orange solution. Solvent was then removed

Preparation of [CuMo »(Cl)Cpa(u-k*:kt: k1,n*-PR*)(CO)3] (8).

under vacuum, and the residue was dissolved in a minimum of Solid CuCl (0.020 g, 0.202 mmol) was added to a solution of
toluene (ca. 1.5 mL) and chromatographed on alumina (activity compoundéa (0.040 g, 0.059 mmol) in dichloromethane (4 mL),
IV, 30 x 2.5 cm) at 288 K. Elution with dichloromethane/petroleum and the mixture was stirred for 1 min to give a deep orange solution,
ether (1:2) gave an orange fraction, which yielded, after removal which was filtered. Removal of solvent from the filtrate under
of solvents, compoun@b as an orange microcrystalline solid (0.068 vacuum gave compourgias a red microcrystalline solid (0.042 g,
g, 80%). The crystals used in the X-ray study were grown by slow 92%). The crystals used in the X-ray study were grown by slow

diffusion of a petroleum ether solution of @i (0.05 M) into a
concentrated dichloromethane solution of the complex at 253 K.
Anal. Calcd for GsHagM0OoNO-P: C, 56.99; H, 6.56; N, 1.90.
Found: C, 56.78; H, 6.41; N, 1.784 NMR: 6 6.06, 5.65 (2x s,
2 x 1H, GsH»), 5.39 (s, 5H, Cp), 5.22 (dlyp = 1, 5H, Cp), 1.46,
1.32, 1.13 (3x s, 3 x 9H, 1Bu), 1.03 (s, 9H, CMBu). 13C{H}
NMR: 6 245.3, 240.6 (% s, 2 x CO), 165.1 (s, CN), 154.7 [s,
C¥CeHp)], 127.7 [s, C(CeHy)], 102.7 [s, C(CeH2)], 98.2 [s,
C4(CgH-)], 91.2, 90.2 (2x s, 2% Cp), 86.8 [s, C(CeH2)], 78.3 [d,
Jep = 61, C(CeH,)], 57.6 [s, NG('Bu)], 39.9, 35.0, 34.5[X s, 3
x CYBu)], 33.5, 31.3, 30.3, 30.2 [& s, 4 x C4(Bu)].

Preparation of [CuMo »(Cl)Cpa(u-«t:kt:k1,78-PR*)(CO),] (7).
Solid CuClI (0.020 g, 0.202 mmol) was added to a solution of
compound4 (0.050 g, 0.076 mmol) in dichloromethane (5 mL),

diffusion of a layer of petroleum ether into a concentrated solution
of the complex in toluene. Anal. Calcd forsfE3¢CICuMo,0O5P:

C, 47.64; H, 5.03. Found: C, 47.98; H, 5. NMR (200.13
MHz, CDCL): ¢ 6.06, 5.85 (2x s, 2 x 1H, GH>), 5.28, 5.22 (2

x S, 2x 5H, Cp), 1.44, 1.14, 1.04 (3 s, 3x 9H, 1Bu). 13C{H}
NMR (100.63 MHz, CDCJ, 233 K): 6 239.3 (d,Jcp = 16, CO),
237.2, 236.3 (2x S, 2 x CO), 157.4 [s, &CsH)], 127.4 [s,
C3(CeHy)], 111.1 [s, C(CeHp)], 107.4 [s, C(CeH2)], 92.8, 91.8 (2

x s, 2 x Cp), 85.9 [s, GCsHy)], 40.4, 35.5, 35.3 [3x S, 3 x
CY'Bu)], 33.7, 30.9, 30.4 [3< s, 3 x C('Bu)]. The resonance for

the G(CgH,) carbon atom could not be located in the spectrum.

Preparation of [Mo ,Cp,(u-PR*)(CN'Bu)(CO)s] (9). A 0.05 M
solution of CNBu in petroleum ether (2.5 mL, 0.125 mmol) was
added to a solution of compour@h (0.025 g, 0.036 mmol) in

and the mixture was stirred for 1 min to give a deep red solution. tetrahydrofuran (5 mL), and the mixture was stirred at room
Petroleum ether (5 mL) was then added to that solution, and the temperature for 8 h. The solvent was then removed under vacuum,
mixture was filtered. Removal of solvents from the filtrate under and the residue was dissolved in 0.5 mL of dichloromethane/

vacuum gave compoundlas a purple microcrystalline solid (0.047

petroleum ether (1:1) and chromatographed on alumina (activity

g, 82%). The crystals used in the X-ray study were grown by slow 1V, 20 x 2.5 cm) at 258 K. Elution with a 1:4 solvent mixture
diffusion of a layer of petroleum ether into a concentrated toluene gave a dark green fraction. Removal of solvent from the latter

solution of the complex at 253 K. Anal. Calcd forsgGHas
CICUMo,O,P (7:1/2GHg): C, 50.32; H 5.42. Found: C, 49.98; H
5.30.1H NMR: ¢ 5.74 (s, 2H, @GH>), 5.45 (s, 5H, Cp), 5.33 (d,
Jup = 2, 5H, Cp), 1.39 (s, 18HBuU), 1.23 (s, 9H!Bu). 13C{H}
NMR: 6 238.6 (s, CO), 237.6 (dcp = 14, CO), 118.1, 113.2 [2
x 8, G8CeHy)], 103.1 [s, G(CeHy)], 93.0, 90.4 (2x s, 2 x Cp),
82.1 [d,Jsz 14, 2 x C3’5(C6H2)], 72.5 [d,Jcp = 70, G‘(CeHz)],
38.1[s, 2x CY(Bu)], 34.8 [s, G('Bu)], 35.5,34.2,31.0[3 s, 3

x C(BU).

yielded complex® as a dark green solid (0.014 g, 51%). Anal. Calcd
for C36H48M02NO3P: C,56.48; H,6.32; N, 1.83. Found: C,56.72;
H, 6.43; N, 1.641H NMR (200.13 MHz): ¢ 7.51, 7.46 (2x m, 2

x 1H, GeHy), 5.40, 5.28 (2x s, 2 x 5H, Cp), 1.49, 1.46, 1.33 (3
x s, 3x 9H, Bu), 1.14 (s, 9H, CMBu).2C{H} NMR: 6 237.9,
237.6 (2x s, 2x CO), 237.4 (dJcp = 7, CO), 151.0 [dJcp =

35, C(CgH2)], 150.4, 149.8, 149.1 [& s, C4§CeH2)], 122.5, 121.9

[2 x d,Jcp= 13, CGXCH>)], 89.1 (s, 2x Cp), 57.2 [s, N&(Bu)],

38.2, 38.0, 34.2 [ s, 3x CY(Bu)], 32.5, 32.2, 30.1, 29.8 [4
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s, 4 x C?('Bu)]. The resonance for theN'Bu carbon atom could methods and refined by least squares on weid¥ecalues for all
not be located in the spectrum. reflections®! All non-hydrogen atoms were assigned anisotropic

Preparation of [Mo,Cp(u-PR*)(CN'BU)»(CO)s] (10). A 0.05 displacement parameters and refined without positional cqnstraints
M solution of CNBu in petroleum ether (2.5 mL, 0.125 mmol) gxcept_for a number of (_:arbon at"f‘.‘?ab' W.h'ph were refl_ned
was added to a solution of compou6a (0.020 g, 0.029 mmol) in isotropically as they acquired nonpositive definites after refl_nement
petroleum ether (3 mL), and the mixture was stirred at room cycles. For cqmpqune, all hydrogen atoms were I.ocaFed i the
temperature for 4 h. After workup similar to that described9pr electron density dlff(_arence_map, ass_lgned |sotrop|(_: displacement
a pale green fraction was eluted using a 1:8 solvent mixture. parameters, and refined without positional constral_nts. For_ com-
Removal of solvents from the latter under vacuum gave compound poundsB_b, 7 and8_ all hyglrogen z_atoms were constrained to ideal
10as a pale green microcrystalline solid. Anal. Calcd fafHGr geo_metrles and refined V\_nth fixed isotropic dlsplacement param_eters.
Mo,N,OsP: C. 58.02: H, 6.77: N, 3.30. Found: C,57.79: H, 6.60: Reflnement proceeded in all cases smoothly to give the residuals
N. 3.19 1H NMR (206.1’3 MH,z tlolueneig): 5 7_52’ [d JHP‘:’7 " shown in Table 3. Complex neutral-at_om scattering factors were
2|’_| CiHal, 5.28, 5.22 (2x 2><’ 5H, Cp), 1.58, 1.55 (2< S 2><’ used?Z_For compouncﬁb there are two independent molecules in
9H’ Bu) ,128 (’S 18HBU :;md CNB’u) 0’81 (s: oH CNBu’) the unlt.cell,.bot.h displaying similar st.rl.JcturaI. parameters; one of

' i ' ' T T ’ the Cp rings is disordered over two positions with occupancy factors

X-ray Structure Determination for Compounds 3, 6b, 7, and of 0.55 and 0.45. For compourig there is a toluene molecule
8. Full crystallographic data for the title compounds are given in located at an inversion center in the unit cell (thus giving an overall
CIF format, while Table 3 collects the most relevant crystal data composition7-1/2GHg), so that the methyl group is disordered in
for these structural studies. In each case a single crystal was coate@wo positions with half-occupancy.
in paraffin oil and mounted on a glass fiber. X-ray measurements
were made using a Bruker SMART CCD area-detector diffracto-
meter with Mo Ko radiation § = 0.71073 A)* Intensities were
integrated (SAINT¥® from several series of exposures, each
exposure covering 0°3n w, and the total data being a sphe8 (
or a semisphere6p, 7, 8). Absorption corrections were applied,
based on multiple and symmetry equivalent measureniéessept Supporting Information Available: Crystallographic data for
for 6b, for which no corrections were applied, as the crystal was  the structural analysis of compoun@isb, 7, and8 in CIF format.
non-merohedrally twinned; in that case GEM{Nivas used to  This material is available free of charge via the Internet at
prepare data in HKLF 5 format. The structures were solved by direct http://pubs.acs.org.
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