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ABSTRACT: A method for the generation of transition
metal—phosphorus multiple bonds has been developed
using the reactions of a novel thiophosphinidene-bridged
dimolybdenum complex with different metal carbonyls. The
overall process could be considered as a transmetalation of
the phosphinidene ligand involving the activation of P—S
and P—Mo bonds.

Compounds with multiple bonds between a transition metal
and an element of the groups 14 and 15 constitute an
important class of organometallic reagents and have attracted the
attention of both the experimental and theoretical communities."
Over the past few years, our group has been interested in the
chemistry of complexes with multiple Mo—P bonds, such as the
phosphinidene complexes [MOZCp(ﬂ—Kl:Kl,ﬂS-PCSI‘h_)(CO)Z-
(ﬂé—HMes*)] and [MOZsz(u—Kl:Kl,ﬂé—PMes*)(CO)Z] (1) or
the oxophosphinidene complex [MoCp{x'-P(O)Mes*}-
(CO),]~ (Cp = n>-CsHg; Mes* = 2,4,6-C¢H,'Bus).” These
species are particularly reactive toward different electrophilic
metal complexes, to give heterometallic derivatives often dis-
playing unprecedented structures.> We report here pregaration of
the novel thiophosphinidene complex [Mo,Cp,{u-K Pllelp,né‘
SPMes*}(CO),] (2) and a preliminary analysis of its use as a
reagent in cluster-building reactions. We should note that only a
few P(S)R complexes have been reported so far* and that their
chemistry remains unexplored, if we except the reactions of
[Mn,(CO)o{p-Kps:c'p-SP(Me) }] with alkynes.” Rather unex-
pectedly, we have now found that the P—S bond of the P(S)R
ligand in 2 is easily cleaved in the reactions with different metal
carbonyls, to give new complexes displaying a u,-PR ligand
attached to different metals (Scheme 1), a circumstance rarely
met in the chemistry of PR complexes.® As a result, the thiopho-
sphinidene complex 2 effectively behaves as a synthetic inter-
mediate for new phosphinidene complexes, thus opening the way
to future studies on molecules displaying multiple bonds between
P and a variety of transition-metal atoms. Additional interest
for this chemistry stems from the fact that heterometallic
complexes and clusters bridged by S-donor ligands might be
useful as models for the active sites of several natural enzymes as
hydrogenases and nitrogenases (the so-called biomimetic
approach)” and as models or precursors of the heterogeneous
catalysts used in different industrial reactions, particularly hydro-
desulfurization processes.®

The addition of Sg to compound 1 gives complex 2 in 64%
yield (Scheme 1). This formal [2 + 1] addition can be compared
to that described previously by Malisch and co-workers on
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related phosphide complexes.*® It implies the addition of the S
atom perpendicularly to the Mo,P plane of 1, thus removing the
symmetry plane of the molecule, as revealed by the NMR spectra
[see the Supporting Information (SI)]. The 3P chemical shift
of 2 (6 124.2 ppm) is much lower than that of the phosphi-
nidene 1 as expected, but still higher than the values of ca. 50—
85 ppm measured for the related thiophosphinidene complexes
previously described, even if these involve lighter metal atoms.***9

Compound 2 is quite reactive toward simple metal carbonyls
such as [Co,(CO)g), [W(CO)s(THF)], and [Fe,(CO)s], thus
becoming a versatile reagent for the building of heterometallic
species and clusters. However, P—S bond cleavage occurs easily,
to give phosphinidene complexes having multiple bonds between
phosphorus and the added metal. For instance, 2 reacts rapidly at
room temperature with [ Co,(CO)g] to give the heterobimetallic
derivative [CoMon(ﬂ—KI:Kl,né—PMes*)(CO)3] (3) as the ma-
jor product, along with small amounts of other, yet uncharacter-
ized species. Interestingly, we note that other carbonyl dimers
such as [Mn,(CO) o] or [W,Cp,(CO)g] seem to react with
2 in an analogous way under photolytic conditions, and we
are currently exploring the generality of this synthetic route
to heterobinuclear complexes, as well as the fate of the “SMo-
Cp(CO),” fragment lost on the way. The reaction of 2 with
[W(CO)s(THF)] at room temperature is more selective but still
involves an intermediate species, which is eventually transformed
at 333 K into the final tetranuclear product [Mo,W,Cp,-
(u-1* 1 ;°-PMes*) (u5-S) (CO)o] (4). The formation of com-
pounds 3 and 4 requires at least cleavage of the P—Mo and P—S
bonds and the formation of a new multiple P—M’ bond (M’ =
Co, W), and it must obviously be a multistep process. Fortu-
nately, the reaction of 2 with [Fe,(CO)s] proceeded at a lower
rate, and we were able to isolate a product preceding the P—S
bond cleavage step, with this providing a hint on the nature of
some of the intermediate species involved in these com-
plex events. Thus, when this reaction was carried out at 313 K,
then the trinuclear thiophosphinidene complex [FeMo,Cp,-
(//l:),—K:ZP]SZKlSZKlp,n4—SPMeS*)(Co)é] (5) was obtained. Further
heating of S with excess [Fe,(CO)o] at 373 K gave the
phosphinidene  derivative [FezMoszz(‘u-Kl:Kl,né-PMes*)-
(u3-S)(CO);] (6), which is structurally related to the tungsten
compound 4.

The heterobimetallic compound 3 displays a structure com-
parable to that of the precursor 1,°° with an asymmetric
phosphinidene ligand bridging the Mo and Co atoms and
17°-bound to the Mo center through its aryl ring (Figure 1).
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“ Reagents and conditions: (i) Sg, CH,Cl,, 290 K, 2 h; (i) [Co,(CO)s],
CH,Cl,, 290 K, 1 h; (iii) [W(CO)s(THF)], toluene, 290 K, 30 min,
then 30 min at 333 K; (iv) [Fe,(CO)o], THF, 290 K, 40 min; (v)
[Fe,(CO)y], toluene, 373 K, 1.5 h.

Figure 1. Diamond plot (50% probability) of compound 3, with H
atoms and Me groups omitted for clarity. Selected bond lengths [A] and
angles [deg]: Mol—P1 2.326(1), Col—P1 2.054(2), P1—C9 1.818(5);
Mol—P1—Col 151.1(1), C9—P1—Col 145.1(2), C9—P1—Mol 62.7(2).

The environment around the P atom is trigonal-planar, and the M—P
lengths are shorter than the reference single-bond lengths, thus
indicating a significant delocalization of the 77(M—P) interaction
along the Mo—P—Co chain (not reflected in the drawings of
Scheme 1). This has been previously discussed by us for 1 and
related Mo, complexes.”*** The Mo—P length of 2.326(1) A in 3
is even shorter than the corresponding value in 1 [2.3630(6) Al
while the P—Co length of 2.054(2) A is comparable to that
measured in the homobimetallic complex [ Co,(CO)4(u-PMes*)]
[2.047(6) A, formal Co—P bond order of 1.5]° and only a bit
longer than that in the mononuclear phosphide complex
[Co{P(2,4,6-OC¢H,Bus)(CsMes)} (CO)5] [2.010(2) A, formal
Co—P bond order of 2]."° The spectroscopic data in solution for 3
are consistent with the structure in the crystal (see the SI).

Figure 2. Diamond plot (50% probability) of compound S, with H
atoms and Me groups omitted for clarity. Selected bond lengths [A] and
angles [deg]: Mol—Fel 2.9204(3), Mol—S1 2.4358(5), Fel—S1
2.2923(S), Fel—P1 2.2150(5), P1—S1 2.111(1), C21—C22 1.333(3);
S1—-P1—Mo2 129.79(2), Fel—P1—Mo2 152.24(2), P1—S1—Mol
102.11(2).

Figure 3. Diamond plot (50% probability) of compound 6, with H
atoms and Me groups omitted for clarity. Selected bond lengths [A] and
angles [deg]: Mo2—P1 2.325(1), Fe2—P1 2.087(1), Fel—Fe2
2.615(1), Mol—Fe2 2.782(1), Mol—Fel 2.801(1); Fe2—P1—Mo2
150.8(1), P1—Fe2—Fel 124.7(1), P1—Fe2—Mol 140.9(1).

The structure of 5 (Figure 2) can be viewed as resulting from
the insertion of a Fe(CO); fragment into a Mo—P bond of 2,
while a CO molecule is incorporated into the metallocene center,
then forcing a change in the hapticity of the arene ring, from 7°to
the 7* mode.* The thiophosphinidene ligand in § bridges three
metal atoms in an unprecedented way, with the P—S moiety
nearly at its maximun donor ability (6e). Overall, the P(S)R
ligand in § provides the metal centers with a total of 10 electrons,
with P—S, S—Fe, and Mo—S lengths of 2.1112(7), 2.2923(5), and
2.4358(5) A, respectively, being consistent with the formulation of
single bonds between the corresponding atoms.”***'!" This co-
ordination mode is presumably retained in solution, as indicated
by the pertinent spectroscopic data (see the SI).

When heated at 373 K in the presence of excess [Fe,(CO)o],
compound $ adds a further iron fragment to give the tetranuclear
compound 6. This complex follows from an obviously multistep
reaction that involves cleavage of the P—S bond, an 7* to 7° back-
rearrangement of the arene ring, and the formation of new Fe—X
bonds (X = Fe, Mo, S), as the most significant steps. Presumably,
analogous steps might be involved in the formation of the ditungsten
compound 4. Actually, the intermediate detected in the formation of
the latter displays a *'P NMR resonance (0p 94.5 ppm) not far from
that of 5 (0p 167.4 ppm), if we allow for the different metals
involved, and thus might have a comparable structure.

The structures of 4 and 6 are comparable to each other in
that they both show a tetrahedral MoM,(us-S) core, with a
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MoCp(7°-PMes*) metallocene fragment comparable to those
present in compounds 1 and 3, but now terminally bound to W
or Fe atoms, with a planar environment around the P atom (see
Figure 3 and the SI). The phosphinidene ligand bridges Mo and
W (or Fe) atoms much in the same way as that found for 1 and 3,
with significant delocalization of the 77(M—P) bonding interac-
tion along the Mo—P—M chain (not shown in Scheme 1).
Indeed, the Mo—P length of ca. 2.33 A is comparable to the
corresponding length in 3, and the P—W and P—Fe lengths of
2.284(1) and 2.087(1) A, respectively, are significantly shorter
than the reference single-bond lengths and not far from the
values for the corresponding double bonds.'” In contrast, the
interatomic distances within the tetrahedral MoM,(5-S) core
are comgarable to those previously measured for other S-capped
clusters.”®'* The major differences between the structures of 4
and 6 concern the relative conformation of the ligands surround-
ing the tetrahedral MoMS,$S core (see the SI). Interestingly, the
ditungsten compound 4 exists in solution as an equilibrium
mixture of two isomers, most likely differing just in the orienta-
tion of the MoCp(CO), fragment relative to the central MoW,-
(u3-S) core. We must note that compounds 4 and 6 are the first
clusters having exocyclic PR ligands to be structurally character-
ized. Moreover, the multiple M—P bonding connecting the
tetrahedral MoM,(u3-S) core with the metallocene fragment
provides a novel communication channel between these redox-
active centers, a matter to be studied in the future.

In summary, we have described an efficient synthesis of the
thiophosphinidene complex 2, a molecule displaying an unprec-
edented coordination mode for an arylthiophosphinidene ligand.
More interestingly, the P—S bond in this ligand is easily cleaved
in the reactions of 2 with different metal carbonyls under mild
conditions, this enabling the formation of new multiple P—M
bonds with the added metal. Further work is now in progress to
extend the above methodology as a synthetic route to new
heterometallic complexes having t,-phosphinidene ligands that
are not accessible through more conventional routes.

B ASSOCIATED CONTENT

© Ssupporting Information. Experimental procedures and
spectroscopic data for new compounds and a crystallographic
CIF file for compounds 3—6. This material is available free of
charge via the Internet at http://pubs.acs.org.

Bl AUTHOR INFORMATION

Corresponding Author
*E-mail: garciame@uniovi.es (M.E.G.), mara@uniovi.es (M.A.R.).

B ACKNOWLEDGMENT

We thank the central and regional governments of Spain
(Projects CTQ2009-09444 and IB09-027) and the COST action
CMO0802 “PhoSciNet” for supporting this work and the Uni-
versidad de Oviedo for a grant (to B.A.).

B REFERENCES

(1) (a) Nugent, W. A;; Mayer, J. M. Metal—Ligand Multiple Bonds;
Wiley: New York, 1988. (b) Baldzs, G.; Gregoriades, L.; Scheer, M.
Organometallics 2007, 26, 3058. (c) Cummins, C. C. Angew. Chem., Int.
Ed. 2006, 45, 862. (d) Mindiola, D. J. Acc. Chem. Res. 2006, 39, 813.
(e) Berry, J. F.; Bill, E.; Bothe, E.; Geoge, S. D.; Mienert, B.; Neese, F.;

Wieghardt, K. Science 2006, 312, 1937. (f) Jeremiah, J. S.; Vogel, C. S;
Khusniyarov, M. M.; Heinemann, F. W.; Meyer, K; Smith, J. M. Science
2011, 331, 1049. (g) Aktas, H.; Slootweg, J. C.; Lammertsma, K. Angew.
Chem., Int. Ed. 2010, 49, 2102. (h) Mathey, F. Dalton Trans. 2007, 1861.
(i) Filippou, A. C.; Chernov, O.; Schnakenburg, G. Angew. Chem., Int. Ed.
2010, 49, 1122. (j) See also the special issue dedicated to carbenes:
Arduengo, A. J; Bertrand, G., Guest Eds. Chem. Rev. 2009, 109, 3209.

(2) (a) Alvarez, M. A.; Garcfa, M. E.; Ruiz, M. A.; Sudrez, J. Angew.
Chem., Int. Ed. 2011, 50, 6383. (b) Alvarez, M. A.; Amor, L; Garcia, M. E.;
Garcia-Vivé, D.; Ruiz, M. A. Inorg. Chem. 2007, 46, 6230. (c) Amor, L;
Garcla, M. E; Ruiz, M. A,; Sdez, D.; Hamidov, H,; Jeffery, J. C.
Organometallics 2006, 25, 4857. (d) Alonso, M.; Alvarez, M. A.; Garcia,
M. E; Ruiz, M. A;; Hamidov, H; Jeffery, J. C. J. Am. Chem. Soc. 2005,
127, 15012. (e) Alonso, M.; Garcia, M. E.; Ruiz, M. A.; Hamidov, H,;
Jeffery, J. C. J. Am. Chem. Soc. 2004, 126, 13610.

(3) (a) Alvarez, M. A.; Amor, L; Garcia, M. E.; Garcia-Vivé, D.; Ruiz,
M. A; Suérez, ]. Organometallics 2010, 29, 4384. (b) Alvarez, M. A;
Amor, I; Garcia, M. E.; Garcia-Vivo, D.; Ruiz, M. A. Inorg. Chem. 2008,
47,7963. (c) Alonso, M.; Alvarez, M. A.; Garcia, M. E.; Ruiz, M. A. Inorg.
Cherm. 2008, 47, 6230.

(4) (a) Graham, T.W.; Udachin, K. A.; Carty, A. J. Inorg. Chim. Acta
2007, 360, 1376. (b) Alvarez, C. M.; Alvarez, M. A,; Garcia, M. E;
Gonzélez, R;; Ruiz, M. A.; Hamidov, H,; Jeffery, J. C. Organometallics
2008, 24, 5503. (c) Weng, Z.; Leong, W. K,; Vittal, J. J.; Goh, L. Y.
Organometallics 2003, 22, 1645. (d) Lorenz, L. P.; Miirschel, P.; Pohl, W.;
Polborn, K. Chem. Ber. 1995, 128, 413. (e) Hirth, U. A.; Malisch, W.;
Kab, H. J. Organomet. Chem. 1992, 439, C20. (f) Hussong, R.; Heydt, H.;
Maas, G.; Regitz, M. Chem. Ber. 1987, 120, 1263. (g) Lindner, E.; Auch,
K; Hiller, W.; Fawzi, R. Angew. Chem., Int. Ed. Engl. 1984, 23, 320.
(h) Alper, H; Einstein, F. W. B.; Petrignani, J. F.; Willis, A. C.
Organometallics 1983, 2, 1422.

(5) Lindner, E; Auch, K; Hiller, W.; Fawzi, R. Organometallics 1988,
7, 402.

(6) (a) Sanchez-Nieves, J.; Sterenberg, B. T.; Udachin, K. A.; Carty,
A.J. Inorg. Chim. Acta 2003, 350, 486. (b) Lang, H.; Winter, M.; Leise,
M.; Walter, O.; Zsolnai, L. J. Chem. Soc, Chem. Commun. 1994, 595.
(c) Hirth, U. A,; Malisch, W. J. Organomet. Chem. 1992, 439, C16.

(7) (a) Ogo, S. Chem. Commun. 2009, 3317. (b) Groysman, S.;
Holm, R. H. Biochemistry 2009, 48, 2310. (c) Han, J.; Coucouvanis, D.
Dalton Trans. 2005, 1234. (d) Ogino, H.; Inomata, S.; Tobita, H. Chem.
Rev. 1998, 98, 2093. (e) Coucouvanis, D. Acc. Chem. Res. 1991, 24, 1.

(8) (a) Pawelec, B.; Navarro, R. M.; Campos-Martin, J. M.; Garcia-
Fierro, J. L. Catal. Sci. Technol. 2011, 1,23. (b) Sanchez-Delgado, R. A. In
Comprehensive Organometallic Chemistry III; Crabtree, R. H., Mingos,
D. M. P., Eds.; Elsevier: Oxford, UK., 2006; Vol. 1, Chapter 27.

(9) Arif, A. M,; Cowley, A. H,; Norman, N. C.; Orpen, A. G;
Pakulski, M. Organometallics 1988, 7, 309.

(10) Lang, H.; Eberle, U.; Leise, M.; Zsolnai, L. J. Organomet. Chem.
1996, 519, 137.

(11) (a) Han, J.; Coucouvanis, D. Dalton Trans. 2005, 1234. (b)
Adams, R. D.; Miao, S. Organometallics 2003, 22, 2492.

(12) (a) Sterenberg, B. T.; Udachin, K. A;; Carty, A. J. Organome-
tallics 2003, 22, 3927. (b) Schiffer, M.; Scheer, M. Chem.— Eur. ]. 2001,
7, 185S.

(13) (a) Song, L. C; Guo, D. S; Hu, Q M., Huang, X. Y.
Organometallics 2000, 19, 960. (b) Song, L. C.; Dong, Y. B.; Hu,
Q. M,; Gao, W. Q;; Guo, D. S; Liu, P. C;; Huang, X. Y,; Sun, J.
Organometallics 1999, 18, 2168.

10563 dx.doi.org/10.1021/ic202058h |Inorg. Chem. 2011, 50, 10561-10563



