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The phosphinidene complex [Mo,Cp(u-tixct,75-PCsHa)(CO)(°-
R*H)] (2; Cp = #°-CsHs; R* = 2,4,6-C¢H,Bus) has substantially
different Mo—P bonds and displays a high reactivity located at the
short Mo—P hond. Sideways cycloaddition or addition processes
are observed toward RC=CR, HCI, and [Fe,(CO)q, to give
respectively metallacyclobutene and arylphosphide-bridged and
heterometallic phosphinidene-bridged derivatives, a behavior
reminiscent of the nucleophilic mononuclear phosphinidene com-
plexes (carbene-like behavior), which is in good agreement with
the ground-state electronic structure of 2 derived from density
functional theory calculations. However, the reaction of 2 with [Co,-
(CO)g] implies the addition of two cobalt fragments to its short
Mo—P bond and thus reveals a carbyne-like behavior of compound
2. In most of the new products, the P atom displays an
unprecedented trigonal-pyramidal-like environment, instead of the
expected tetrahedral distribution of bonds.
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chemistry of phosphinidene-bridged binuclear complexes has
been comparatively little explored even when the presence
of multiple M—P bonding makes these molecules potentially
reactive®* While studying the reactivity of the binuclear
complex [MaCp,(«-PR*)(CO)], we discovered its selective
transformation into the asymmetric species Pap(u-«*:
k1178-PR*)(CO)] (1) and [MoCp(u-k*ikt,55-PGsH4)(CO),-
(7%-R*H)] (2) (Cp = 1>-CsHs; R* = 2,4,6-GH,'Bus), which
exhibit unprecedented coordination modes of a phosphin-
idene ligand®® Both products have a PR group connecting
17- and 15-electron metal fragments, a circumstance rarely
found previoushf. In such a situation, several resonance
forms can be used to describe the ¥® bonds (three of
them shown in Chart 1; Mostands for the 15-electron

Coordinatively unsaturated phosphorus species exhibit faS-fragment)I? which suggests the attractive idea that the
cinating structural and electronic features and also provide for yaactivity of these multiple MeP bonds might be related
novel applications as synthetic reagents. As a result, they argqg that of the double MC bonds (carbene complexes) or
currently under intense research at the frontier between inor-eyen to that of the triple C bonds (carbyne complexes).
ganic and organic chemisttyn this context, the chemistry of Although the data available fdrsuggest considerable mul-
phosphinidenes (PR, with R alkyl, aryl, etc.) and their tipjicity in the P-Mo’ bond, the reactivity of this bond is lim-
metal complexes occupies a relevant positiomich stimu-  jied by the considerable steric crowding in its vicinity. We

lated by its analogy with carbene chemistty! The latter then turned to study comple with a more exposed-PMo’
derives from the similarity between the-NC and M—P bonds

in terminal carbene and bent-phosphinidene complexes, and (3) Amor, I.; Garcia, M. E.; Ruiz, M. A,; Saez, D.; Hamidov, H.; Jeffery,
this is Why mononuclear PR complexes are remarkably @ J. C.Organometallic2006 25, 4857 and references cited therein.
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bond. As it will be discussed next, both the ground-state struc-

ture of2 and part of its reactivity are more consistent with a

description in terms of a-PMo’ double bond, but other as-

pects of its reactivity are reminiscent of that expected for a

triple bond. Thus, relationships with both the carbene and Figure 2. LUMO (up), HOMO-1 (left), and HOMG-4 (right) orbitals
carbyne complexes can be established. In addition, most ofof compound? viewed from the M@P plane, according to DFT calculations.

the reaction products have been found to display an unusual_ |\ pair resembles the characteristic frontier orbitals of

geometry around the P atom, derived from a trigonal- 4, pie honds. All of this suggests that at least the foBms
pyramidal (TP) rather than tetrahedral distribution of bonds andC in Chart 1 are needed to describe the bonding, in
around (Scheme 1). while A possibly has only a minor contribution to the ground-

In the crystal, compound has a PEH, ligand that is7>  state structure. In any case, the chemistry observed so far
bound to Mo(2) while the P atom binds to both Mo centers for 2 is derived from the multiplicity of the PMo’ bond

(Figure 1)! Thus, the PR ligand i2 acts as a 9-electron  (Scheme 1).

donor, which itself is unprecedented. The carbon atom C(8)  The treatment of with C,R, in toluene at 95C leads to
is pyramidal (sum of the angles 327.6"), but it is still [MoCpf{ u-kL 7%, 7%-P(CsH) RC=CR} (COY(°-R*H)] (3;
strongly bound to the both P [1.807(6) A] and Mo [2.208(5) R = CO,Me)? This rare [2+ 2] cycloaddition of the alkyne
A] atoms, and the MeP distances suggest intermediate along the multiple PMo' bond is reminiscent of the

orders for these bonds. Thus, the P{Mo(1) length of ¢y joaddition reactivity observed for nucleophilic zirconfim
2.252(2) A is somewhat longer than the reference values of 4nd titanium phosphinidene complex&3he almost planar

2.13-2.20 A expected for triple M&P bonds and similar phosphametallacycle B (Figure 1} displays a C(3}C(6)
to those found for 3-electron donor P&nd related terminal length of 1.352(4) A, consistent with a double=C bond

ligands? On the other hand, the PttMo(2) distance of 543 Mo(1)-P bond length of 2.4810(8) A, comparable to
2.403(1) A is substantially shorter than the values observediha values of dative single P~ Mo bonds (cf. PR

f(_)r comparable M—F_’ single bonds [i:e., 2.55_0(3) A for the complexes), while the Mo(2)P length of 2.5136(9) A is
single W-P length in the asymmetrically bridged p@p,- now closer to the reference values for single-Mbbonds.
(u-PR)(CON(PHR)] (R" = 2,4,6-GH:Mes)].% The environment of the P atom is most unusual, with a TP-
A density functional theory (DFT) calculation dhre- like rather than tetrahedral distribution of bonds around
vealed that ther-bonding interaction between Mo and P atoms  pecause the Mo, P, and C(6) atoms are almost in the same

is mainly described by highest occupied molecular orbital pjane, while the carbon atom C(14) binds the P atom from
(HOMO)—1, localized on the short MeP bond, and below that plane.
HOMO—4, delocalized over the MeP—Mo skeleton (Fig- The multiple P-Mo' bond in2 experiences the instanta-

ure 2)8 The lowest unoccupied molecular orbital (LUMO) has neous addition of ethereal HCI to give the chloro complex
m-antibonding Me-P character, and then the HOMQ/

(9) Selected data fo8. IR [v(CO), CHCl,]: 1944 (vs), 1864 (s), 1743

@) X—r? data for2: dark-red crystals, monoclinid@i/n), a = 9.9404- (w), 1696 (m) cml 31P{1H} NMR (tolueneds): 6 —24.0 (s,
(3) A, b =20.2853(7) A,c = 14.4831(5) A8 = 96.217(2}, V = u-PGsHa). 13C{H} NMR: 6 199.2 [d,Jpc = 25 Hz, G=C], 176.2 [d,
2903.25(17) A T =120 K, Z = 4, R= 0.0194, GOF= 1.083. Jpc = 27 Hz, C=C].

(8) DFT calculations were performed with tl@AUSSIANO3program (10) Zhao, G.; Basuli, F.; Kilgore, U. J.; Fan, H.; Aneetha, H.; Huffman,

package using the hybrid method B3LYP, together with the standard J. C.; Wu, G.; Mindiola, D. JJ. Am. Chem. So@006 128 13575.
6-31G* basis set on all atoms except Mo, for which a valence dapible- (11) X-ray data foi3: dark-green crystals, monoclinieZ/c), a= 12.4010-
quality basis set and LANL2DZ effective core potentials were used. (2) A, b=14.8569(3) Ac = 20.2993(5) Ap = 116.633(2), V =
See the Supporting Information for further details. 3441.0(14) R, T =100 K, Z = 4, R= 0.0305, GOF= 1.057.
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Up to two M(CO) units can be added to the multiple
P—Mo’ bond in2, as found in the reaction with [GECO)g],
to give the unsaturated cluster [Jo,Cp(u-rtictictict,n®-
PGsH4)(CO),(5%-R*H)] (6).17 The PR ligand in6 exhibits
also a quite shielded' NMR resonance at 256.5 ppm.
Indeed, its crystal structure discloses again an unprecedented
geometry around the P atom (Figure'3)As found for5,
the P atom is trigonally bound to three metal atoms in a
plane [Mo(1), Mo(2), and Co(2)], while the apical position
of the TP is now occupied by incipiently bonded Co(1) and
[Mo2Cpf{ -, 175-P(H)GHa} (C)(COX(76-R*H)] (4),12 which C(8) atoms, with the latter at an intermediate point of
is obtained as an inseparable mixture of two diastereoisomersmigration from P(1) to the Co(1) atom. Accordingly, the
This reaction can be fully reversed by the addition of a strong distances C(8)P [1.962(6) A] and C(8)Co(1) [2.112(6)
base such as 1,8-diazabicyclo[5.4.0Jundec-7-ene. The ob-A] are some 0.15 A longer than the corresponding single-
served regioselectivity, with only the proton binding the P bond values. The MeP lengths [2.464(2) and 2.399(2) A]
atom ©Op ca.—14 ppm,Jey = 290 Hz), is again reminiscent ~ are shorter than those fnor 3, perhaps indicating that some
of the chemistry of nucleophilic PR complex®s. multiplicity is retained in these bonds (see below). All other

The multiple P-Mo' bond in2 is basic enough to add interatomic distances are normal except for the short Co-
unsaturated metal fragments of the type M(GQhus  (1)—Mo(2) distance [2.660(1) A], obviously related to the
providing a rational route to heterometallic species bridged electronic unsaturation in the Mogwiangle (46 electrons).
by PR ligands. In the reaction with [RE€O)], one Fe(CO) The formation of6 is reminiscent of the reactions of the
fragment adds to the Mo’ bond sideways to give the carbyne complexes [ML(CR)(C@)(M = Cr, Mo, W; L =
trimetal complex [FeMgCp(u-rtikt:xcL,y5-PCsHa) (CO(- Cp or related ligand) with [C4CO)g] to give the metal-
R*H)] (5),%® a process comparable to a cyclopropanation latetrahedrane clusters [Mgps-CR)L(CO)]*® and thus
reaction if we consider the pertinent isolobal relationships. reveals a carbyne-like behavior of compounhd
There is just one precedent of a similar reaction, this In summary, we have shown that the phosphinidene
involving the asymmetric phosphinidene complex [FeMn- complex 2 contains an unsaturated M&—Mo skeleton
(u-PR)(GMes)(COY)], although the corresponding product highly reactive on its short PMo" bond. The latter is
was not characterized at the tiffeln the crystal (Figure  possibly best described as a double bond, thus explaining
3)4 the P atom displays again an unusual TP geometry, the analogies with the nucleophilic mononuclear phosphin-
being trigonally bound to the metal atoms (sum of the idene complexes (carbene-like behavior), but similarities to
M—P—M angles= 359.6) and to the carbon atom C(12) the behavior of metal carbyne complexes can be also
below that plane. To our knowledge, this geometry is €stablished. The TP-like environment of the P atom in
unprecedented for a PR ligand, and perhaps it is behind thecompounds3, 5, and6 appears to have no precedent in the
anomalousP NMR chemical shift ob (205.5 ppm), more  chemistry of PRligands & = 1-3). It is conceivable that
than 200 ppm lower than that expected forePR ligand®1® some residualr interaction in the Me-P—Mo framework
The interatomic distances in theFB—Mo(1) ring of 5are IS responsible for this unusual geometry, a matter under
similar to those in the PGybridged complex [FeMoCp¢ current study.

PCy)(CO),*® and the P-Mo(2) distance [2.5953(7) A] is Acknowledgment. We thank the MEC of Spain for a

now much longer than the-fMo(1) distance in that ring  4rant (to D.G.-V.) and financial support (Grant CTQ2006-
[2.4390(7) A], thus supporting the description of these bonds 01207/BQU).

as essentially single MeP and dative Mo— P bonds,
respectively. Supporting Information Available: Preparative and spectro-

scopic data for new complexes and details of DFT calculations
(12) Selected data fof. IR [#(CO), petroleum ether]: 1969 (vs), 1885 (PDF) and crystallographic data f@ 3, 5, and 6 (CIF). This

&

Figure 3. Molecular structures of compounég(left) and6 (right), with
H atoms andBu groups omitted for clarity.

(d), 1874 (m) cm™. 3P NMR (CD.Clp): 6 —14.5 (d,Jpn = 290 Hz, material is available free of charge via the Internet at http:/
/A-PHQ,H4, major isomer),—13.8 (d,JpH =290 HZ,ILl-PHQ,H4, minor pubs_acs_org.
isomer).

(13) Selected data fds. IR [v(CO), petroleum ether]: 2056 (vs), 2002  |C701055Y
(m), 1985 (s), 1976 (vs), 1927 (vs), 1860 (m) cm3P{H} NMR:

0 205.5 (s,u-PGHy). (17) Selected data fos. IR [v(CO), CHCIy]: 2039 (vs), 1997 (vs, br),
(14) X-ray data foi5: brown crystals, monoclinidR2,/c), a = 12.4010(2) 1976 (m, sh), 1942 (w), 1918 (w, sh), 1765 (w, br) dmP{1H}

A, b = 14.8569(3) A,c = 20.2993(5) A8 = 116.633(2), V = NMR (CD,Cly, 243 K): 6 256.5 (br,u-PGH,).

3343.13(12) A T =150 K, Z = 4, R = 0.0331, GOF= 1.062. (18) X-ray data for6: brown crystals, monoclinicR2i/c), a = 9.7590(1)
(15) Carty, A. J.; MacLaughlin, S. A.; Nucciarone, D. Bhosphorus-31 A, b=17.3399(2) Ac = 22.6713(2) Ap = 97.326(13, V = 3805.12-

NMR Spectroscopy in Stereochemical Analygerkade, J. G., Quin, (7) A3, T=100 K, Z = 4, R= 0.0524, GOF= 1.089.

L. D., Eds.; VCH: New York, 1987; Chapter 16. (19) Bermudez, M. D.; Delgado, E.; Elliot, G. P.; Tran-Huy, N. H.; Mayor-
(16) Alvarez, C. M.; Alvarez, M. A.; Gafei, M. E.; Ramos, A.; Ruiz, M. Real, F.; Stone, F. G. A.; Winter, M. J. Chem. Soc., Dalton Trans.

A.; Graiff, C.; Tiripicchio, A. Organometallics2007, 26, 321. 1987, 1235 and references cited therein.
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