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Abstract: The synthesis of deceptively simple carbonyl-free, mid-valent half-sandwich Mo and
W compounds containing mainly phosphine, halide, and hydride ligands actually involves a
number of complications requiring several tricks or synthetic detours to be overcome. The

stability of some of the target systems also necessitates particular synthetic conditions.
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1 Introduction

Over a number of years, interest in my laboratory has been attracted by paramagnetic
organometallic complexes, a class of compounds that has developed at a slower pace relative
to the diamagnetic counterparts. Two reasons for this state of affairs are the relevance of the
EAN rule in organometallic chemistry, dictating a greater stability for electronically saturated,
diamagnetic configurations, and the greater difficulty associated with the handling and
characterization of paramagnetic compounds. The reasons, on the other hand, to be interested
in compounds of this type are the potential for discovering interesting ground state properties
and, indeed, the expected greater reactivity, which could lead to interesting new stoichiometric
and catalytic transformations.

Early work on organometallic, mostly low-valent, carbonyl-based, radical species had shown a
higher lability of the metal-ligand bonds relative to saturated counterparts. However, these low-
valent species are most often unstable, limiting their study and utility. We considered that the
EAN rule loses importance as the oxidation states is raised, paralleling a weakening of the
metal-ligand back-bonding interaction to typical organic substrates (without necessarily
reducing their activation). These considerations led to our interest in mid-valcnt, paramagnetic
organometallic compounds, where one could hope to combine an increased stabilization of the
odd-electron configuration with substrate activation and lability with respect to a variety of

fundamental reactions. In addition, we have chosen to work with half-sandwich compounds,

since the cyclopentadienyl ligand forms stable and inert bonds with transition metals, imparting
solubility in most common organic solvents. At the same time, coordination by a single
cyclopentadienyl ligand, rather than two or three, leaves a sufficient number of other
coordination positions available for coordination and activation of potential substrates and
reagents for the investigation of chemical reactivity. Most of our studies have been carried out
with group 6 metals, especially molybdenum, given the involvement of these metals in a variety
of catalytic processes such as polymerization, hydrodesulfurization, and dinitrogen reduction,
and the availability of several oxidation states and electronic configurations for these

metals.

Our studies have indeed allowed us to contribute to a better understanding of fundamental
questions, such as how a spin state change may affect thermodynamic stabilization, reactions
rates, and structural changes in open-shell organometallic chemistry.! We have also discovered

new reaction pathways, such as an electron transfer-catalyzed ligand substitution where, for the



first time in organometallic chemistry, the order of reactivity is reversed (faster for even- than
for odd-electron configurations). These developments are analyzed in other recent review
articles.® In the spirit of this Journal, I shall focus on the synthetic aspects of our research in

the present account.

2 A Metathetical Route to CpMo(lll) Complexes

We have long been (and still are) interested in developing the chemistry of the 17-electron
CpMoX:zL, system. Initial studies were focused on complexes with L = tertiary phosphine, a
few examples of which had been previously described briefly by the Green group.* The first
synthetic approach to these materials consisted in the introduction of the cyclopentadienyl ring
on a coordination compound of Mo(HI) by a metathesis process (eq. 1). The first try
immediately gave the desired result, namely the synthesis of CpMoX2(PMes)2 (X =ClI, Bror I)
from the corresponding MoXs(PMes)s and TICp in THF or toluene.®

MoXsLs + CpM ——> CpMoXzLo + MCI + L

Equation 1

The Mo(lll) precursors are available from the corresponding tetrahydrofuran complexes,
MoX3(THF)s. The trichloro complex has long been known and is available in three easy steps
from MoCls,® the last one involving separation of the insoluble (in THF) product from the
excess tin reagent by extraction into CH2CI2 and filtration. During our work, we realized that
MoC13(THF)s converts relatively rapidly to the dinuclear metal-metal bonded Mo2Clg(THF)3
on standing in CH2Cl,,” a process that had in fact been previously described by Boyd and Wedd
on the basis of an optical study.® Our investigation, which was based on a *tH NMR monitoring,
gave additional insights, including the identification of the Mo2Cls(THF)s intermediate. The
contamination of MoClI3(THF)3z by varying amounts of dinuclear condensation products does
not appear to affect most of the subsequent synthetic applications, but we have developed a
slight modification of the synthetic procedure whereby the MoCl3(THF)s and Sn solids are
separated mechanically by virtue of their different density, thereby avoiding the
dichloromethane extraction.® The corresponding tribromo and triiodo derivatives MoXs(THF)3

(X =Br, 1) cannot be prepared similarly to the trichloro complex because higher valent MoXx



precursors are nonexistent or not easily available, thus we developed alternative procedures
consisting of the halogenation of lower-valent carbonyl precursors, suitable to large scale
syntheses.10-12

A problem with the synthesis of eq. 1 is the sacrifice of one mole of the phosphine ligand.
Another problem is that phosphine ligands bulkier than PMes do not cleanly afford the MoXsLs
precursor,® limiting the applicability of this method. Finally, even the PMes system afforded
less than satisfactory results. The poisonous thallium reagent had to be used to avoid the
reductive competitive processes that are prevalent with the sodium reagent. This, however,
required forcing conditions for the completion of the metathesis process [several hours reflux
in THF (X = Cl, Br) or toluene (X = 1)]. While the desired 17-electron half-sandwich complex
was the major product in each case, small amounts of reduced materials [MoX2(PMe3)s and

Mo2X4(PMes)4] were also obtained, especially for X = ClI.

Although this synthetic procedure was also found acceptable for the CpMoXz(dppe) system,*3
an alternative, more selective methodology which could also be of wider applicability was
clearly needed. As shown in the next section, such a methodology was rapidly found. Several
problems, however, were also encountered during that alternative procedure, as will be
accounted in more detail later, leading us to occasionally reconsider a metathetical entry into
CpMo(lll) chemistry. Subsequent efforts in this area have involved the direct reactions of
MoX3(THF)s with Cp delivering reagents (eg. 1, M = Na, TI, MesSi) in order to access either
CpMoClz (which is a stable compound, vide infra) directly or an adduct containing a labile
solvent molecule such as THF or MeCN. These trials have always ended in big
disappointments. Attempts have also miserably failed to introduce the indenyl ring via either
the sodium or thallium reagent: a few crystals of [(n°-CsH7)Mol]. have been obtained!* and
EPR signals consistent with the expected (1>-CoH7)MoXzL, have been observed for L, = dppe,
but the reactions were dominated by the reductive pathway®® and by other complex ligand

exchange pathways'® and clean products could never be isolated.
3 A Reductive Route to CpMo(I11) Complexes

One often gets inspired from reading the literature, especially when the simplest, more logical
avenues end up in unsatisfactory results or in total failures. The I7-electron complexes
previously reported by Green had been made by ligand addition to [(1>-CsH4Pr'YMo(u-Cl)2]2,*
which was made by HCI addition to an unusual reagent, (n®-CsHs)(n°m?*- CsH4sCMez)Mo, this

in turn being available from a metal vapor synthetic procedure. We were not equipped to carry



out metal vapor reactions, but the existence of the trachloro-bridged species led us to believe
that the corresponding unsubstituted Cp analogue could also be made and that this could easily
form adducts with a variety of ligands. Shortly prior to our impasse, Green and Mountford had
communicated that the reduction of (CsHsR)WCls (R = Me, Pr') affords the dinuclear W(III)
system, [(CsH4R)WClI_],1" leaving hope that an analogous reductive procedure could work also
for Mo. The needed precursor CoMoCls was a known compound,’® available by reaction of
HCI in Et2O with any of a number of oxo or oxochloro derivatives, but described as a highly
hydroscopic species. On the other hand, Schrock had previously reported a high yield synthesis
of Cp*MCls (M = Mo, W) by PCls oxidation of easily available Cp*M(CHs)(CO)a.
Contemporarily with the Green group,?® we were pleased to find out that Schrock’s method
could conveniently be adapted to the synthesis of CpMoCls from CpMo(CH3)(CO)s and PCls
(eq 2, X = PCl3).’* The Green contribution?® also showed the formation of a tetrabromo
analogue, (CsHsMe)MoBrs, by Br, oxidation of the tricarbonyl dimer [(CsHsMe)Mo(CO)s]..
We found that the tetrachloro species are equally available from the tricarbonyl dimers
precursors (eq 3, X = PCI3), the latter providing the notable advantage of being more easily
synthesized than the tricarbonylmethyl reagent of equation 2. The unsubstituted Cp complex is
even available from a number of commercial sources. We subsequently further simplified the
synthetic procedure by using PhICI, as the oxidizing agent (eg. 3, X = Ph1)?! and extended it to
the Cp* system.?? The PhICI, reagent is easily available from Phl and Cl,?® and has the
advantage over PCls of not being sensitive toward moisture, thus it can be handled in air (though

it must be kept in the dark in a refrigerator if long term storage is needed).

CpMo(CH3)(CO)s + 5/2 XCl>

> CpMoCls +5/2 X + CH3CIl + 3 CO

[CpMo(CO)s3]2 + 4 XCl:

> 2CpMoCl; +4 X +6 CO

Equation 2 and 3

Once the CpMoCls was at hand in reproducibly high yields, we considered its reduction to
phosphine adducts of Mo(lll). While communicating our foray into this area at various
conferences, Tom Baker informed us of his synthesis of Cp*MoCl2(PMes). and of the ortho-
metallated Cp*WCIH(CH2PMez)(PMes) complex by sodium reduction of Cp*MCls(PMes),
reactions that were eventually published a few years later.?* Eager to access the desired I7-



electron CpMoCl;L, adducts in a one-pot synthesis from CpMoCls, we preceded to add
phosphine ligands to the Mo(V) precursor, with the intention of carrying out an in situ reduction
of the resulting adducts. However, greed often leads to bitter punishment. We found out that
the CpMoCls-PR3 combination leads to a complex reduction process, yielding MoClsLs, (with
loss of the Cp ring !) and other uncharacterized products (rates in the order PMes > PMe2Ph >
PMePh.). On the other hand, the addition of basic phosphine ligands (even primary ones) to the
more encumbered and less acidic Cp*MoCls or to tungsten analogues leads to stable
adducts.*®?52 The reduction of Lewis acidic metal halide reagents by basic phosphine ligands
is a known nuisance, which we have encountered time and again in other areas, such as the

coordination chemistry of iron?>=° and the organometallic chemistry of niobium.!

Thus, in order to circumvent the phosphine-induced CpMoCls decomposition, we decided to
first reduce the CpMoCls material to CpMoCl», then add the desired phosphine, in two separate
steps. As it turns out, this reduction process has also reserved surprises for us, both good and
bad. While, almost contemporarily with our studies, Green, Hubert and Mountford had no
trouble obtaining [(CsHsR)MoC:]2 by Na-Hg reduction of (CsHsR)MoCls (R = Me, Pr'), % the
corresponding reduction of the unsubstituted Cp derivative led to an ionic compound that turned
out to be the sodium salt of [Cp2Mo02Cls]” (Scheme 1). This anion did not react cleanly with
phosphine ligands, creating yet another obstacle between us and our target 17-electron system.
The good news, however, is that this anion, subsequently prepared also by addition of CI" to
CpMoCl; and structurally characterized as the [PhsPNPPh3]* salt, revealed an unprecedented
and fascinating structure featuring a Mo-Mo triple bond bridged by a single CI ligand.*
Evidently, the sodium cations produced during the reduction process are unable to completely
abstract chloride from the relatively unencumbered and acidic Cp-containing reduced Mo(lIl)
complex. Later, the Green group showed that analogous anionic CI adducts are also formed by
the less acidic and more encumbered [(CsHsR)MoCl2]. compounds and by the W analogues.®?
On the basis of this Lewis acidity argument, we finally arrived at the successful use of Zn as
the reducing agent (Scheme 1), affording the desired CpMoCl; in good yields.®*

Cp Cl -
Naf9 oy Nat \Mo/_C_K M{/OI
CpMoCly a —
cg/ \Gp

+CI

[CpMoClaly

Scheme 1



The Zn?" ion has a greater Lewis acidity than Na* and is able to fully abstract CI-, leaving behind
the neutral CpMoCl,. Furthermore, the product separation is simplified since CpMoCl: is
essentially insoluble in THF while ZnCl> forms the soluble ZnCl>(THF). complex which can
be readily washed away. Even this reduction procedure, however, is not completely fool-proof.
The reaction initially produces the Mo(1V) intermediate CpMoC13,® which is rather thermally
sensitive and is able to exchange chlorides with the oxygen atom of the THF solvent under mild
conditions, affording CpsMosCl;0 and I,4-dichlorobutane (eq. 4).%° The use of coarse Zn grains
leads to slow reactions with extensive decomposition, while the use of a fine Zn powder at room
temperature leads to strong exotherms, also resulting in decomposition. The best results (> 70%

yield) are obtained by the use of a fine Zn powder and low temperatures (-20°C).

Ql' lthqm
3CpMoCly + THF — +  CICHCHLCHZCHLC!

= CI
Cl.m“m\M (7

Equation 4

Incidentally, the CpMoCls material had not been previously reported.®” Since this can be
imagined to be a potentially versatile reagent, we have invested some time in its synthesis,
which turned out to be possible by the four different synthetic routes outlined in Scheme 2.3538
It was particularly amusing to realize that the dicarbonyl precursors CpMoX3(CO). (X = Cl,
Br, 1) had been known since 1966°°%° and had been described as sensitive compounds that
readily lose CO in solution,®® but no studies of the decarbonylation products had ensued. As it
turns out, this is in fact the simplest synthesis of CpMoCls*! and is extendable also to the

tribromide and triiodide analogues.®
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Coming back to Mo(I11) chemistry, the last step of the synthetic procedure, namely the addition
of the phosphine ligand, proceeded as expected and allowed us to obtain a variety of bis-
phosphine adducts (eq. 5).13344243 The corresponding dibromide and diiodide derivatives were
subsequently obtained by relatively facile halide metathesis processes.®*** The use of sodium
salts in THF favored the quantitative conversion of the dichloro to the diiodo species, while
soluble salts in dichloromethane strongly favored the opposite process. The exchange of the
phosphine ligand is an even more facile reaction and proceeds by a dissociative mechanism.
We have proposed that the 15-electron intermediate of this exchange process is energetically
stabilized by a spin change.*>*> More recently, the addition reaction of eq. 5 has been extended
to the high-yield synthesis of the butadiene complex CpMoClz(n*-C4Hs),*® previously available
only in < 50% yields by a disproportionation procedure.*” Other derivatives with diamine and
with bifunctional ligands (phosphine-amine, phosphine-thioether, etc.) are also being prepared

and characterized.*®*°

[CpMOCl2]2 +4 L

> 2 CpMoCl,L;

Equation 5

A few more words on the versatile CpMoCl. reagent are in order. Its structure is inferred as
dinuclear with four bridging chloride ligands by analogy with the crystallographically
characterized [(CsH4Pr')MoCl,] and [(CsMesEt)MoCl]. compounds.**® The bromo and iodo
complexes [Cp*MoXz]. (X = Br, 1) and [(1°-CeH7)Mol2], also display an analogous
structure.**°1%* However, this compound is essentially insoluble in all common solvents,
preventing its spectroscopic characterization in solution and its purification. One is stuck,

unfortunately, with using the material as obtained from the synthetic procedure. In order to



avoid unsatisfactory results in the follow—up reactivity studies (in which we have incurred
time and again), it is thus absolutely essential that the synthesis be carried out with a slight
defect of Zn and from absolutely pure CpMoCls. Furthermore, the CpMoCls precursor is, itself,
a sparingly soluble, difficult to purify, and extremely moisture sensitive compound. It, in turn,
must be synthesized from absolutely pure starting materials. The use of crude [CpMo(CO)3]2,
as obtained from the classical Manning procedure (Fe3* oxidation of [CpMo(CO)s]),> has
repeatedly led to inconsistent results and also to some occasional surprises, such as the
incorporation or iron to yield the complex structure of [Cp*2Mo2(p-1)4][Cp*2Mo2(p-1)2(u-
O)][Fels].®® A reliable procedure involves the purification of [CpMo(CO)s]. by Soxlet
extraction with dichlorornethane. Finally, the thorough washing of the ZnCl>(THF). by-product
from CpMOoCl: is absolutely essential. The direct addition of PMes to the CpMoCl> suspension
in the presence of ZnCl> led to the formation of a product which, on the basis of elemental
analyses and EPR spectroscopy, is formulated as either the zwitterionic
CpMo(PMes)3(CIZnCls) or the isomeric [CpMoCIl(PMes)s]2[Zn2Cls].>” Embarassing
confusions in the identity of crystallographically characterized complexes® can also be

apparently attributed to Zn contamination of the cyclopentadienyl starting material.>®

Given the problems associated with the zinc reduction of CpMoCls, we have devoted additional
attention to the direct, one-pot reductions of CpMoCls by Na-Hg in the presence of the desired
ligand. As state above, this procedure is unsatisfactory with basic phosphines but other ligands
that are not oxidized by CpMoCls should be compatible with the reaction conditions. At the
same time, their coordination at some stage of the reduction procedure should favor the
complete removal of the chloride ions by Na'. The bifunctional ligand Ph,PCH,CH>SMe
satisfies all necessary requirements, the one-pot reduction of CpMoCly in the presence of this
ligand providing a good yield synthesis of CpMoClz(Ph,SCH2CH2SMe).*® The intermediate
CpMoCls(MeSCH2CH2PPhy) derivative may even be isolated as a pure product. Diene ligands
do not allow a direct one-pot synthesis of CpMoClz(n*-diene) using sodium, because of the
parasite anionic diene polymerization under these conditions. The use of zinc eliminates the
competitive polymerization process, but the separation of the soluble zinc dichloride by-product
from the diene-Mo(I11) complex is problematic, thus the diene addition to isolated CpMoCl;
remains more convenient.®® A combined reduction-addition-metathesis process occurs in a
single step to convert CpMoCls to CpMo(n®-CsHs). in good yields (eq. 6).5! This compound

was previously available only from a 5-step procedure from MoCls in unreported yields.®?



CpMoCls + 4 CH;=CHCH,MgBr — > CpMo(n3-CsHs),

Equation 6

Cp* analogues of the above systems are easier to synthesize. As mentioned above,
Cp*MoCl(PMes). was prepared by Baker by one-pot reduction of Cp*MoCls in the presence
of PMe; (eq. 7).2* The same procedure also affords bis-PMe;Ph and dppe analogues.®*4

Cp*MoCls +2 L +2 Na ——> Cp*MoCl.L; + 2 NaCl
(L = PMe3, PMezPh, or Lz = dppe)

Equation 7

The use of Cp* has advantages and disadvantages over the use of Cp. The direct, one-pot
process of eq. 7 does not suffer from the competitive reductive process, and the Cp* products
are less air sensitive, more soluble, and easier to crystallize than the Cp analogues. On the other
hand, the steric bulk of Cp* does not allow the formation of derivatives with bulky L ligands.
PMe2Ph and dppe are the bulkiest ligands to give stable complexes of this family. The use of
bulkier PMePh; and PPhs only leads to the formation of [Cp*MoCl;],.%

As mentioned above, CpMoClz was made in our laboratory for the first time. Its insolubility,
however, prevented its structural characterization, although the magnetic moment suggests the
presence of antiferromagnetic interactions in a dinuclear or oligonuclear structure without
metal-metal bonds. Work on the more soluble Cp* derivative, prepared by the decarbonylation
procedure (eq. 8), has allowed to verify the dinuclear structure by X-ray crystallography.®*%

£
% B
N Vo, S
W Me + 4C0
2 Cp*MoXa(CO)y —— %war
F
(X=Cl, Bl X

Equation 8



The solution behavior of the bromide and iodide derivatives, however, turned out more complex
than expected, revealing equilibria with or irreversible transformations to more complex
structures, for instance eq. 9 for the bromide and eq. 10 for the iodide. All these compounds

exhibit rather complex and interesting redox behaviours.>

2 [Cp*MoBr2(u-Bn)]2 S E—— [Cp*2Mo02Br2(u-Br)a] [Cp*MoBr4] + Cp*MoBra

[Cp*Molz(p-1)]2 > [Cp*2Mo2(-1)a]*(1No.5(13)05

Equation 9 and 10

The chloride compound maintains the neutral dinuclear structure shown in eq. 8 under all
conditions, but a chloride ligand abstraction with rearrangement to a Mo-Mo bonded structure

is enforced by Lewis acids (eq. 11).6

| AR
[Co*MoCla(u-Cll]z + AiCly ——= @ “y@m\(}% AlCI”

X

Equation 11

From a synthetic point of view, the chloride and bromide derivatives have been used to access
a number of I6-electron ligand adducts of formula Cp*MoXsL (eq. 12), including
[Cp*M0X4] .2

[CP*MOXa(u-X)]2 + 2 L

> 2 Cp*MoXsL

Equation 12

4 Further Reduction to Noncarbonyl Mo(ll) Derivatives



In order to open coordination sites and favor chemical reactivity, a high level of electron
richness on the compound is helpful. The complete substitution of carbonyl ligands with
phosphine donors should accomplish this goal, as illustrated for instance by the greater
reactivity of Mo(PMes)s relative to Mo(PMes)x(CO)sx in C-H bond activation processes.®’
Half-sandwich Mo(Il) complexes of the CpMoXLs type frequently contain = acidic ligands
(mostly L = CO, but also L = carbene, L, = diene or XL = allyl),®®" or moderately acidic
ligands such as phosphites.” Fully phosphine-substituted examples were limited to X = H.%’
We wanted to access similar derivatives where X = m-donor ligand, with the idea of
destabilizing a saturated structure by filled-filled repulsion and stabilizing the unsaturated one
by n-donation,’? thereby favoring an open-shell configuration. Carbonyl-containing precursors
of type CpMoXLs are abundant and easily accessible, and one could envisage a simple CO
substitution process. Unfortunately, as is well known, the substitution of CO ligands is a facile
process in CO-rich complexes but becomes progressively more difficult as the number of CO
ligand decreases, the last CO being almost impossible to remove, especially in electron-rich
systems. Work by Lapinte has shown that CO substitution by phosphine or phosphite on
Cp*MoH(CO)s3 or [CpMo(CO)3(PR3)]*/LiAlH. stopped at the monocarbonyl level.”® Thus, the
easily available CpMoX(CO)s compounds are not suitable precursors to fully phosphine-
substituted CpMoXLs. This left us with the use of a reductive route on the CpMo(lll)
compounds that we had just synthesized (see previous section) according to eq. 13.

CpMoCl,L; + [red] + L ——> CpMoCILs + [ox] + CI

Equation 13

The reaction works as expected for L = PMez and PMe;Ph and [red] = Na amalgam,>”* with
one caveat. Once again, one must not be too greedy and take a shortcut with a one-pot reduction

of CpMoCl; in the presence of three equivalents of L. The addition of three equivalents of L to

CpMoClz in THF (the solvent required for the Na reduction) yields a large amount of precipitate
that is no longer able to engage in a clean reduction step. Subsequent investigations* have
shown that this precipitate is [CpMoCI(PMes)s]*Cl". Good results, however, are obtained by
adding two equivalents of L to CpMoCI2, allowing the formation of CpMoCl;L> to go to
completion, then add the third equivalent of L and the reducing agent at the same time.



The study of compounds CpMoCIL3 revealed a steric effect controlling the access to the desired
open-shell systems: upon warming, CpMoCIl(PMe2Ph)s establishes an equilibrium with the 16-
electron and paramagnetic bis-phosphine analogue, CpMoCI(PMezPh),, whereas the less
encumbered PMes system does not engage in a phosphine dissociation process. This open-shell
product eluded isolation. On the other hand, the more encumbered Cp* system allowed the
synthesis and isolation of Cp*MoCIL> (L = PMes, PMe2Ph or L, dppe), the first 16-electron
half-sandwich MO(I1) derivatives with a spin triplet ground state.” No particular complication
was experienced in the synthesis of these compounds directly from Cp*MoCls (eq. 14), besides
the fact that the PMes derivative requires the use of an argon atmosphere and the use of strictly
two equivalents of PMes. Under dinitrogen, the N2 adduct is obtained as previously reported by
Baker,2* whereas the use of three equivalents of the phosphine affords sterically encumbered
Cp*MoCI(PMes)s.>” An equilibrium process between this product and the bis-phosphine
analogue is very slow.” A kinetic, thermodynamic, and computational study of the CO and N2
addition to Cp*MoCI(PMes)2 has allowed us to gain a considerable insight into the effect of a
spin state change on reaction rates for organometallic ligand addition processes.®

Cp*MoCls + 3 [red] + 2L ——> Cp*MoCIL; + 3 [ox] + 3 CI

Equation 14

One of our goals was therefore achieved: the use of electron donating ligands (phosphines) and
am donor ligand (chloride) favors ligand dissociation and stabilizes an open-shell configuration.
No particularly interesting chemical reactivity such as C-H activation, however, is displayed by
these unsaturated Mo(ll) complexes. It is relevant to note here that the reduction of
Cp*WCls/PMesz was reported to afford the C-H oxidative addition product
Cp*W(CH2PMez)(PMes)(H)CI,2* presumably via a Cp*WCI(PMes), intermediate which is
more reactive than our Mo analogue. It is also known that unsaturated (n°-CsHsR)MoHL.
intermediates (generated by photoinduced H> elimination from the stable trihydrides) catalyze
H/D exchange reactions between CsDgs and other substrates.* It was therefore desirable to
generate other CpMoXL> compounds in order to understand the influence of X on the stability
and reactivity of the unsaturated complex. The hydroxide system, obtained by the metathesis

reaction 15, has given us unexpectedly interesting results.””"



CpMoClI(PMes)s + KOH ——> CpMo(OH)(PMes), + PMes

Equation 15

The first peculiar observation is the stability of the open-shell structure, even in the presence of
PMes, contrasting with the preference of the chloride system for the saturated tris-phosphine
system, although OH is less bulky than CI. This stabilization is related to the greater = donating
ability of OH, as confirmed by computational studies. A second point of interest is the ability
of this compound to undergo H/D exchange in CsDs at the PMes positions. Most notably, a
diversion of the OH =n-donating lone pairs into H-bonding with the protic solvent, thereby
rendering the metal less saturated and more reactive.’”® The CpMo(OH)(PMes), compound is
exceedingly soluble in pentane and cannot be crystallized from concentrated solutions at -80°C.
By comparison, the CoMoCI(PMez)s precursor is easily crystallized under the same conditions.
This solubility enhancement is consistent with a negligible Mo-OH bond polarity and absence
of self-association via H-bonding, both resulting from the strong HO-Mo = donation. The next
synthetic challenge is to generate less soluble versions of the hydroxo system as well as other

compounds of this class where a control of the extent of = donation from X is possible.

5 Paramagnetie hydride derivatives of Mo(ll1), Mo(V), and W(V)

Since the hydride ligand is involved in a variety of stoichiometric and catalytic processes, it
was of interest to generate paramagnetic versions of known hydride complexes and to probe
their reactivity. A particular interest consisted in the achievement of the elementary process of
H> reductive elimination from a paramagnetic polyhydride system. This process has the
potential of generating highly unsaturated, 15-electron species, analogous to the 16-electron

species obtained by H> reductive elimination from a saturated dihydride complex.

Although reductive elimination of an alkane from a saturated dialkyl complex is known to be
accelerated by oxidation to a radical system, the reductive elimination of H> from an oxidized
polyhydride system had never been reported. The reason for this is probably the greater
propensity of paramagnetic hydrides to undergo other decomposition processes, namely
deprotonation’ and disproportionation.?’ A large body of work suggests that both of the latter

two pathways may be discouraged by employing a sterically protecting coordination sphere. A



large ligand bulk would in fact lower the kinetic acidity, thereby slowing down proton transfer
to an acceptor base (the rate determining step of the deprotonation mechanism) and at the same
time lower the ability of a donor solvent molecule to coordinate the metal center, which seems
a prerequisite for the rate determining electron transfer step of the disproportionation pathway.
The generation of paramagnetic hydride complexes by oxidation requires the availability of the

saturated diamagnetic precursors. Thus, our work started with the synthesis of stable 18-
electron hydride complexes.

Group 6 metal complexes of stoichiometry (n°>-CsRs)MHL3 and (n°-CsRs)MHsL2 (M = Mo, W)
allow a good control of the steric and electronic properties via the choice of the
cyclopentadienyl and phosphine substituents. CoMoH(PMes)s was first reported by Brookhart
et al.%” as an uncrystallizable wax, impure from cyclopentadiene oligomers, obtained from the
oxidative addition of CpH to Mo(PMes)s. We have generated this compound from
CpMoCI(PMez); and LiBEtsH, eq. 16, therefore in the absence of nonvolatile organic

contaminants, without improving the crystallinity of the compound.

CpMoCI(PMes)s + LiBEtsH ——> CpMoH(PMes)s + LiCl + BEts

Equation 16

Every subsequent reactivity study has therefore required the generation of the hydride
compound in situ from the chloride precursor. This nuisance did not prevent us from developing
interesting oxidation chemistry,282 but it demanded the completion of the metathesis step to
avoid complications during the subsequent transformations. For instance, oxidation of this
product in a wet organic solvent engages water as both a ligand and a proton source (but not as
a base!) to afford the Mo(l11)-hydroxo complex [CpMo(OH)(PMes)s]*, amongst other products.
Occasionally, the use of a hydride source that was contaminated by unconverted chloride
precursor afforded crystals that turned out to contain a solid solution of [CpMo(OH)(PMes)s]*
and [CpMoCI(PMes)s]* tetrafluoroborate.®? The oxidation in dry solvents has allowed the
formation of the relatively stable Mo(lll) hydride complex [CpMoH(PMes)3]*. This eventually
decomposes by both deprotonation and disproportionation pathways. A kinetic study has
allowed (for the first time) a quantitative assessment of both pathways for the same system.!

The steric protection in this system has also allowed, for the first time, the isolation and X-ray



study of the intermediate of the disproportionation pathway, [CpMoH(PMe3)s-
(MeCN)][BFa4]2.8* An even more stable Mo(lI1) hydride compound could be envisaged starting
from Cp*MoH(PMes)s. Unfortunately, the synthesis of this product according to the protocol
of eq. 16 from Cp*MoCI(PMes)s affords a mixture of Cp*MoH(PMes): and
Cp*MoH3(PMes)2,%’ thus the generation of [Cp*MoH(PMes)s]* must await a more selective

synthesis of the neutral precursor.

Compounds of the (n°-CsRs)MHsL family are known for both Mo and W. The Mo complexes
were reported from the reaction of a variety of hydride sources with the corresponding
(Ring)MoClsLz (Ring = Cp; L2 = dppe)® or (Ring)MoCl:L, (Ring = CsH4Pr'; L = PMes,
PMezPh or L, = Pri;PCH2CH2PPr';).# Since we had at our disposal a number of new
(Ring)MoCl,L, complexes with monodentate phosphine ligands (Ring = Cp, Cp*, see sections
2 and 3), we attempted to generate the corresponding (Ring)MoHsL by adapting the published
procedure.* With frustration, however, we discovered by NMR monitoring that the final
reaction mixture contained variable amounts of (Ring)MoHL3, (Ring)MoHsL> and even
(Ring)MoHsL depending on conditions. A variation of reaction time, solvent, temperature and
work-up conditions has not allowed us to obtain a pure crystalline sample of the desired
trihydride species from this procedure. As a matter of fact, the use of a large excess of LiAIH4
in Et,0 at 0°C afforded a pure sample of Cp*MoHs(PMes) in good yield, see eq. 17, a
compound later prepared also by Parkin by a more economical synthesis from
Cp*MoCls(PMe3).>*

Et0/0°C
Cp*MoCL(PMey), + LIAIH, (exc) > Cp*Mok,(PMe;)

Equation 17

Eventually, suitable conditions were found for the preparation of CpMoH3(PMezPh), directly
from CpMoCls, PMezPh and LiAlIH4 in THF, eq. 18.% The crude product contained about 12%
of the pentahydride complex, but a recrystallization afforded crystals of the pure trihydride. The
difficulties associated with the preparation of this system, however, required the development

of other systems.



LIAIH 4/ THF
CpMcCl,y + 2 PMe,Ph =——> CpMoH,(PMe,Ph),

Equation 18

We reasoned that the use of a chelating phosphine should favour the formation of the trihydride
over the pentahydride, while using Cp*MoCls, as the metal precursor in the presence of the
phosphine would offer the convenience of a more straightforward synthesis. For once, we have
been rewarded for being daring, compound Cp*MoHz3(dppe) being produced in a single step in
a 65% yield according to eq. 19.2 Small amounts of the pentahydride by-product, CpMoHs(n*-
dppe), are also present in solution but do not contaminate the isolated product when using a
80:20 toluene-ether solvent mixture. The use of an ether-richer solvent affords increasing
amount of the pentahydride by-product, while using pure toluene requires longer reaction times,
eventually leading to other uncharacterized by-products. Of course, this strategy is limited to

the Cp* system, given the problems associated with the CpMoCls-phosphine interaction (see

section 3).
LiAlH 4/toluene-Et,0
Cp*MCl, + dppe —  Cp*MH;(dppe)
(M = Mo, W)
Equation 19

We were also pleased to find that the same strategy of eq. 19 also yields the tungsten analogue.
The only other (to the best of our knowledge) previously reported tungsten compound of this
family, CpoWH3(PMes)2,%” had been synthesized from either W(PMes)sH2 or W(PMes)4Ha and
cyclopentadiene in poor yields (16%). The use of a toluene-ether mixture is also critical in this
case. In addition, the subsequent methanolysis of the excess hydride reagent (which increases
the yield without affecting the purity in the Mo case) increases the formation of the pentahydride
in the W case. Therefore, the best operating procedure is the immediate isolation of the pure
trihydride in ca. 30% vyield, followed by methanolysis of the residue to recover additional

impure product which can be subsequently recrystallized.



The subsequent chemical and electrochemical oxidation of the Cp*MHz3(dppe) compounds (M
= Mo, W) has yielded the corresponding 17-electron [Cp*MHs(dppe)]* complexes.®® Careful
kinetic and electrochemical studies in a variety of solvents and conditions have revealed that
the Mo complex decomposes by any or a combination of three different mechanisms, each of
which has been quantitatively assessed. These are the known deprotonation and
disproportionation mechanisms (prevalent in MeCN), plus the heretofore unreported H>
reductive elimination. The last mechanism is the only one occurring in CH2Cl», leading to a
stable 19-electron complex containing a bidentate solvent ligand, as unambiguously shown by

ClI hyperfine coupling in the EPR spectrum (eq. 20).%

[Cp*MoHs(dppe)]* + CH2CI, > [Cp*MoH(dppe)(m?-CH2Cl2)]" + H2

Equation 20

Contrary to the Mo complex, the W analogue does not undergo any decomposition under
ambient conditions, allowing the growth of single crystals from MeCN/Et>O. We expect that
the photochemical investigation of this system as well as other similar sterically protected para

magnetic polyhydrides will lead to the discovery of interesting new transformations.
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