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Stable 16-electron, Paramagnetic Cyclopentadienylmolybenum(it) Complexes
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Complexes [CsMesMoCIL,] (L = tertiary phosphine) are rare examples of stable cyclopentadienylmolybdenum(n)
16-electron complexes and the first such complexes with a spin triplet ground state.

Mol! complexes having one cyclopentadienyl ligand or a
substituted analogue are a very well represented class of
compounds.! Typically, they are electronically saturated
(18-valence electron) and contain one or more carbonyl
ligand, e.g. [C5H5MOX(CO)3], [CsHsMOX(CO)zL],
[CsHsMoX(CO)L,], although CO-free analogues are also
known, e.g. [(ring)MoX(PMes);] (ring = CsHs, CsHy4R,
CsMes; X = H, alkyl, halogen).2 Electronically unsaturated
complexes with a 16-electron configuration that derive from
ligand dissociation from these systems are reactive interme-
diates and usually rapidly add a two-electron donor or engage
in oxidative addition processes, including those involving C-H
bonds.20-2¢3 Compounds [CsHsMo(CO),X] (X = AsBut,,

POCMe,CMe,0)* and [CsMesMoX(PMes)L] (X = PCy,, L
= PMej; X = PPh,, L = PMe;, PHPh,)5 are rare examples of
unsaturated systems that can be isolated under normal
laboratory conditions. These diamagnetic compounds prob-
ably owe their stability to additional n-donation from the
terminal X ligand into the metal empty orbital (see Scheme 1,
part a) and/or to the steric protection by the bulky substitu-
ents. The analogous compound [CsHsMoCl(CO),], on the
other hand, has only been obtained in methane or argon
matrices. Here, we report the synthesis, properties and
preliminary reactivity studies of a new class of stable 16-
electron Mol! complexes, the paramagnetic [CsMesMoCIL,]
complexes (L = tertiary phosphine).

Complexes [CsMesMoCIL,] (1a, L = PMes; 1b, PMe,Ph)
can be obtained in solution as shown in Scheme 2, e.g. by
sodium reduction of higher-valent precursors in THF in the
presence of a stoichiometric amount of the phosphine ligand
and under an atmosphere of argon.t It has been reported that
a similar reduction of [CsMesMoCl,/3PMe;] under argon
yields instead the saturated derivative, [CsMesMoCl(PMe3)s]
2,2» while reduction under N, results in [CsMesMoCI(P-
Me;),>(N,)] 3.5 Compounds 1 are highly soluble and could not
be crystallized from concentrated heptane solutions at —80 °C.
Solutions of these compounds are indefinitely stable at room
temperature under argon. Their stoichiometry is confirmed by
the derivatization reactions discussed below. The TH NMR
spectrat underline the paramagnetism of compounds 1 and
the magnetic moment determined for 1a at room temperature
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by the NMR method is consistent with the presence of two
unpaired electrons. Linear & vs. 1/T plots in the range of —40
< T < 20 °C for all resonances indicate Curie behaviour. The
same 'H NMR properties are observed in [2Hg]benzene and
[?H¢Jacetone, therefore no 18-electron acetone adduct is
formed.

Preliminary reactivity studies of compounds 1 are illustrated
in Scheme 2. By addition of N, or CO or by oxidative addition
of Hj, complexes 3, [CsMesMoCl(CO)L,] (4a, L = PMe;; 4b,
L = PMe,Ph)t and [CsMesMoCIH,L,] (5a, L = PMe3; 5b, L
= PMe,Ph),§ are quantitatively obtained. Complexes 5 are
analogous to the previously described [(n-CsH,-Pri)MoCIH,-
(PMe;),].3 The addition of N, (545 Torr) to 1a is relatively
slow at 37 °C [kops = (3.75 + 0.03)-10—4 s—!] but the
corresponding additions of H, and CO are substantially faster
[Hj: 673 Torr, T = 12°C, k = (1.53 £ 0.07)-10-25~1; CO: 673
Torr, T = 12°C, k = (1.45 £ 0.07)-10-2 s~ 1]. 3loses N, upon
gentle heating under vacuum to afford mostly 1a. The addition
of PMe; to 1a at 50 °C slowly produces a small equilibrium
amount of 2 (no interaction occurs at room temp. Over two
weeks), and a similar mixture of 1a (major), 2 (minor) and free
PMe; is also obtained under the same conditions by approach-
ing the equilibrium from the other direction. A slow competi-
tive thermal decomposition of the 16-electron complex (see
below) prevents accurate thermodynamic parameters being
determined for this equilibrium. However, it is clear that the
equilibrium lies in favour of the 16-electron complex.

It is interesting to observe that compounds 2 and 3 were
obtained??5 by room temp. sodium reduction of CsMesMoCly
in the presence of PMe; or PMe;/N,.{ The lack of reaction
between 1a and PMe; to form 2 under these conditions (see
above) suggests that the synthesis of 2 from the CsMesMoCly/
3Na/3PMe; system must involve coordination of the three
PMe; molecules to a higher oxidation state precursor followed
by reduction. It is also interesting to compare the stability of 1
with the reported formation of compound [CsMes WCIH(P-
Me;)(CH,PMe,)], 6, by the sodium reduction of CsMesWCl,
with 3 equiv. of Na in the presence of PMe;.5 It is reasonable
to postulate that this W product arises from the intramolecular
C-H oxidative addition of PMe; to an unobserved
[CsMesWCI(PMes),] intermediate (the W analogue of 1a).
Warming compound 1a in C¢Ds results in slow decomposition
with formation of [CsMesMoCL(PMe;),] and CsMesMoD-
(PMe;); as the only identified species but no diamagnetic Mo
analogue of 6.

The stability and magnetic properties of complexes 1 could
be rationalized in two alternative and complimentary ways.
Thinking as an organometallic chemist (covalent bonding,
18-electron rule), 1 can gain stability by n-donation through
the Cl lone pairs (see Scheme 1, part b). Since Cl is a
double-sided =t donor, it will be capable of interacting with and
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raising the energy of two of the frontier metal orbitals,
whereas a single-sided & donor like a phosphido or arsenido
group would raise the energy of only one orbital (Scheme 1,
part a), resulting in a different spin state preference for the
two systems. The stabilization by n donation from Cl is in
principle equally effective irrespective of the spin state. In the
pictorial representation of 1 as in Scheme 1, part b, each
half-arrow stands for a two-orbital three-electron interaction.
Thinking as a coordination chemist (ligand field theory), on
the other hand, one recognizes a pseudo-octahedral coordina-
tion and the isolobal analogy [CsMes <@ Cl(PMes), | with the
known [trans-MoCl,(PMes)4] complex, which is also paramag-
netic and this can be easily understood on the basis of the
known octahedral electronic structure.”? A small splitting of
the octahedral t,, set for 1 because of the low symmetry (Cs) is
expected and the diamagnetism of, say, [CsMes;Mo-
(PCy,)(PMes),] can be rationalized, in ligand field terms, as
the resuit of a reduced pairing energy owing to the fower
clectronegativity of the phosphido ligand with respect to Cl.
The achievement of a seven-coordinate geometry seems under
steric control, as indicated by the quantitative reaction of 1a
with CO, N, and H,, but not with PMe;. However, PMe; is the
strongest o donor and thus the formation of the electron-rich
tris-(PMe3) complex could also be disfavoured for electronic
reasons. By analogy, [trans-MoCly(PMes),] adds CO but not
PMC3.7

There are other known classes of piano-stool 16-electron
complexes, such as the four-legged CsHsMo!VL, (all § = 1),8
CsHsNbIL, (either § = 0 or § = 1)? and (triene)Zr!1L, (all S
= 0)10 and two-legged CsMesRullL, (all § = 0).!! Compounds
1 are the first paramagnetic representatives of the three-
legged piano stool CsHsMollL; class. To the best of our
knowledge, they are also the lowest oxidation state organome-
tallic 16-electron S = 1 complexes that are stable under normal
laboratory conditions. |
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Footnotes

+ By carrying out all operations under argon, {CsMesMoCly] (0.511
g mg, 1.37 mmol) was added to a Schlenk tube which contained THF
(40 ml), amalgamated Na (98 mg. 4.26 mmol in 9 g Hg) and PMe; (284
ul, 2.74 mmol). Complete conversion to 1la (H NMR monitoring)
requires 24 h stirring at room temp. The mixture was evaporated to
dryness and the residue extracted with heptane until the washings
were colourless (25 ml). Aliquots of the solution were used for further
reactivity studies and for the magnetic moment measurements, the
concentration of 1a being determined by reacting an aliquot of the
solution with H, to afford compound 5a and gas-volumetrically
measuring the amount of gas absorbed. Based on the result of this
procedure, the yield of 1a was 41%. lH NMR (C¢Dg, T291K, 8): 44.8
(brs, wy» = 105 Hz, 15H, CsMes), 17.8 (brs, wy, 55 Hz, 18H, PMes).
Bert = 2.94 up by the NMR method in [2He]benzene. An identical
procedure was used to isolate solutions of compound 1b. 'H NMR
([?H¢]benzene T295K, 8): 71 (brs, w, = 230 Hz. 15H, CsMes), 16.3
and 15.3 (1:1 br overlapping s, wy; = 115 Hz, 12H, PMe,Ph), 8.9 (s,
wye 22 Hz, 2H, p-Ph), 7.8 (s, wyp 26 Hz, 4H, m-Ph), 6.1 (s, wy,; 150
Hz, 4H, o-Ph).

t 4a: MS (CI, negative ions): 448 ([M]~, 100%), 372 ([M]~-PMe;,
93%: IR (pentane, cm~!): 1792. 'H NMR (C¢Ds, 8): 1.66 (s, 15H,
CsMes), 1.30 (virt. t, Jpy 4 Hz, 18H. PMe3). 31P{!H} NMR (C¢Dy, 8):
18.5. 4b: MS (CI, negative ions): 572 ([M]~, 10%). 434 ([M]--
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PMe,Ph, 15.5%). IR (pentane, cm~1): 1793. 1H NMR (C¢Dg, 8): 7.79
(m, 4H, PMe, Ph), 7.08 (m, 6H, PMe,Ph), 1.52 (s, 15H, CsMes), 1.44
(overlap of two virt. t, 12H, PMe,Ph). 31P{1H} NMR (C4D, 8): 22.0.
A single crystal of 4b, grown by cooling a soluton in Et,O to —20 °C,
was characterized crystallographically: monoclinic P2)/c, a =
9.572(2). b = 13.461(2), ¢ = 21.542(3) A, B = 97.84(2), V = 2738(2)
A3,Z2=4,D;=1.38g-cm~3 p(Mo-Ka) = 7.02cm~1, R = 0.0459; R,,
= 0.0551. Atomic coordinates, bond lengths and angles, and thermal
parameters have been deposited at the Cambridge Crystallographic
Data Centre. See Information for Authors, Issue No. 1.

§ 5a: 'H NMR (CgDs, 8): 1.76 (s, 15H, CsMes), 1.32 (d, 18H, Jpy 9
Hz. PMe3), —2.83 (t, 2H. Jpy 50 Hz, MoH,). 3'P{selective-!H} NMR
(CeDyg. 6): 11.0 (t, Jpy 38 Hz). 5b: 'H NMR (CyDy, 6): 1.71 (s, 15H,
CsMes), 1.46 (d, 12H, Jpy 10 Hz, PMe,Ph), —2.23 (t, 2H, Jpy 50 Hz,
MoH,). 3'P{selective-'H} NMR (C¢Dg. 8): 21.8 (t, Jpy 34 Hz).

1 Repeating these reduction procedures with 'H NMR monitoring
shows that compound 1a is also obtained in significant quantities in
both cases, although its higher solubility leads to pure isolated 2 and 3,
respectively.

[l A temperature-dependent spin singlet-triplet equilibrium has been
rcported for the two-legged piano stool Nill complexes
[CsHsNi{P(S)R;},Ni(CsHs)] 122 and [CsHsNi(u-SBut),-
Mo(CsHs),]*+.126 The Fe(CO), transient also has a spin triplet ground
state.13
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