Coordingtion Chemistry Reviews, 134 (Part 1) (1994) 1-50 i

1. Molybdenum 1991%

Dorn M. Nixon

CONTENTS
INTRODUCTION 2
1.1 MOLYBDENUM(VT) 2
1.1.1 Complexes with mitrogen donor ligands 2
1.1.1.1  Monodentate ligands 2
1112  Didentate ligands 5
1.1.1.3  Didentate ligands with nitrogen and oxygen doyors ....coverreivere 7
1.1.14  Tridentate ligands with nitrogen and oxygen/sulfur doness ........ 8
1.1.1.5  Tetradentate ligands with nitrogen and oxygen/sulfur donors ... 9
112 Complexes with oxygea donor ligands 9
113 Complexes with sulfur donor ligands 14
1,14 Complexes with halide donor ligands 15
1.2 MOCLYBDENUM(V) 15
121 Comnpicxes with nitrogen donor ligands 15
1211 Mononuclear complexes 15
12,12  Dinuclear lexes 17
122 Complexes with phosphorus donor ligands 19
123 Complexes with oxygen donor ligands 19
1231  Simple oxygen donor ligands 1%
1232  Didentate iigands with oxygen and sulfur donors ... 21
124 Complexes with sulfur donor ligands 22
1.2.5 lexes with hatide donor ligands 24
1.3 MOLYBDENUM 25
131 Complexes with group 14 donor ligands 25
1.3.2 Complexes with nitrogen donor ligands 26
1.33 Complexes with phosphorus donor ligands 28
1.34 Complexes with oxygen donor ligands 29
1.3.5 Complexes with sutfur donor ligands 30
1.3.6 lexes with scicnium donor ligands 13
1.3.7 Complexes with halide and hydride ligands 34
1.4 MOLYBDENUM(I) 35
1.4.1 Complexes with nitrogen donor ligands 35
142 Complexes with phosphorus donor ligands 37
1.43 Complexes with oxygen doror ligands ..... 39
144 Complexes with sulfur donor ligands 40
1.4.5 Complexes with halide ligands . 40
1.5 MOLYBDENUM(I) 41
1.5.1 Complexes with boron denor ligands 4
1.5.2 Complexes with group 14 donor ligands 41
1.53 Complexes with nitrogen dosor ligands 42
1.54 Complexes with phoslga?lnoms donor ligands a7

¥ Repeints &e not available.

0010-8545/94/326.00 ©1994 — Elsevier Science 85.A. All rights reserved

5551 0010-8545 (94) 04000-N



1.54.1 Monodentate ligands 47
1.5.42  Mulddentate ligands wneere 48
1.5.5 Complexes with bismuth donor ligands .......coceeciicnrcnnsnnnesenene. 50
156 Complexes with oxygen donor ligands s 50
1.5.7 Complexes with sulfur donor ligands 51
158 Complexes with halide donor ligands 53
1.6 MOLYBDENUM(I 54
1.7 MOLYBDENUMI(0) 55
171 Complexes with n:t:t)gendonorligands . 35
1.7.2 Complexes with phosphorus donor ligands 58
1.7.3 Complexes with smmh donor ligands 63
174 Complexes with oxygen donor ligands 63
1.7.5 Complexes with sulfur donor ligands ... 64
1.7.6 Complexes with halide and hydride donor hgands ....................... 64
1.8 MIXED VALENCE MOLYBDENUM COMPLEXES 65
1.9 HETERODIMETALLIC MOLYBDENUM COMPLEXES ........occocnecnernrnees. 67
19.1 GIOUP T -ttt s s st et ra s esamtrm e csa s e cresene 67
192 Transition metals 67
193 GIOUP 13 ceoereiemsseniresoeess ottt tems o bmeesossonstasssesbeeeseremeseesene s e 72
1.9.4 Group i4 v 12
1.10 SELECTED CLUSTERS 73
1101 Polyoxomolybdates 73
1.10.2 Comaplets and mctmplete cubane clusters 76
1.10.2.1 Homometallic clusters ..
1.i0.2.2  Heterometallic clusters
1.10.2 Other clusters
1.10.3.1 Homometallic clusters .....
1.10.3.2  Heterometallic clusters
REFERENCES
INTRODUCTION

The coordination chemistry of molybdenum, reported during 1991, has been reviewed. The
complexes are grouped primarily by oxidation state of the molybdenum atom(s) (sections 1.1 to
1.7) and then further divided according to the ligand donor atom. Where a complex contains mixed
donor atoms, priority is given to the donor atom necarest 10 the top left of the periodic table. Sections
1.8 and 1.9 comtain reports of mixed valence molybdenom complexes and dimetallic compounds
respectively. The final section, {1.10), deals with cluster species. In general, references to purely
organometallic compounds have been omitted from this review although a range of phopshine
complexes has been described; only discrete cluster compounds are included.

L MOLYBDENUM(VE)
1.1.1  Complexes with nitragen donor ligands

1.L1.1 Monodensate ligands

The monomeric nitrido complex MoN(NPhy}; has been prepared by the reaction of
MoNCi3 and LiNPh3 in thf {1]. Structural analysis showed the molybdenum atom to be in a
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tetrahedral environment with a Mo-N(nitride) bond of 1.634 A and an average Mo-N(amido)
distance of 1.992 A. Two bis(amido)bis{imido) molybdentm complexes have been synthesised,
also containing an Ny-tetrahedral geometry about a2 molybdenum(VI) centre [2]. The reaction of
MoO;Ct, with ArNCO (Ar = 2,6-diisopropylphenyl) in thf at 70 *C yields the dichloro product
(Ar'N);MoCiz.thf. The reactivity of this product was explored, resulting in dezivatives of the form
(ArN}xMoLs (L = NEt;, NHAT, mesityl, neopeniyl); of these (ArN)aMo(NHAr'); was structurally
characterised (Mo-N(amido) = 1.987, 1.975 A, Mo-N(imido) = 1.764, 1.753 A, average N-Mo-N ~
109.5%). A similar strategy was used to synthesise (Cp)Mo(N'Bu)2Cl in high yield, ie viz a
dichlorobis(imido) complex as shown in equ. (1). The cyclopentadienyl complex was characterised
by NMR spectroscopy, mass spectrometry, and elemental analysis [3].

ocL (MeSi%0 ‘BuNCO
- MOy MoOC ——» u),Cl,

Li(Cp)

(Cp)Mo{N'Bu),Cl equ. (1)

Several complexes containing hydrazido(2-} ligands have been reported. Considering the
relevance of hydmzido complexes (M=N-NHp) in the role of nitrogen complexation, and the related
diazenido complexes ((M=N-NH) as an intermediate formeed from the protonation of the initial Np
complex, a study on related alkyl, NNR2 and NNR molybdenum complexes has been reported [4).
The direct action of MeaNNH7 and PhNNH (with excess [SoCNEt}- for the latter reagent) on
MoD2{S2CNEt7); gave MoO(NNMep){S;CNELy)2 and Mo{NNPh)(S;CNEt2)3, respectively.
Using 1,1-methylphenylhydrazine as the spurce of hydrazido{2-) ligand, MoO{NNMePh){2-
SCsH3N-3-5iMe3) was prepared from Mo 04(2-SCsH3N-3-SiMea)s [5]. An alternative route
involves the replacement of the two chloride Hgands of MoCl(NNMePh)(2-5CgHIN-3-SiMes)s by
an oxe ligand using atmospheric dioxygen. The complex MoO(NNMcPh}(2-SCsH3sN-3-8iMes)z
(1) has been structurally characterised and the complex exhibits a cis oxo-hydmzido geometry with
the hydrazido(2-) ligand in a lintar 1j!-coordination mode. The oxo-hydrazide complex
MoO{NNMePh)(acac)s has also been characterised; this is 2 precusor to a novel dinuclear
hydrazido{2-) compiex that contains bridging alkoxy ligands [6]. On reacting MoOn{acac)z with
1,1-diphenylhydrazine in methanol, cither the above mononuclear complex or the dinuclear complex
{ MoO(WNNMePh)(acac)(p-OMe} 2 is formed, depending on the reaction termperature. The complex
MoQ{NNMcePh){acac): can be directly converted into a series of the dinuclear complexes, with
varying alkoxy ligands, by simply refiuxing in the appropriate alcoho! ROH {(g.g. R = Me¢, Et, or
TPr). Structural characterisation of the ethyl derivative {2} indicates extensive delocalisation through
the Mo-N-N anit, with the following structural parameters: Mo-N = 1.784¢1) A, N-N = 1.298(2) A,
Mo-N-N = 169.5{1).
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A potential use for hydrazido complexes was brought to light on studying the reactivity of
Mo(NNMcPh){82CNMe2)2Cls towands silver nitrate [7]. Adding 3.3 equivalents of AgNQO; in
alcoholic solvents results in cleavage of the hydrazido ligand from the metal and formation of
atkoxyaniline derivatives ag shown in equ. (2). A reaction pathway for this transformation is
proposed, involving initial Ioss of one (or bath} (SoCNMeo¥ ligand(s) and coordination of a nitrate
ligand to the molybdenum centre.

MeNH MeNNO
N
AENO, 0, NO,
Mo(NNMePhYS,CNMep),Cl, ———— +
(R=Me,Et, ipr) OR OR

equ. (2)

The potentisl application as a polymerisation catalyst is the main theme explored on loaking
at the reactivity of the imido complex Mo(NAr{CHCMesR)(OMBu) (Ar = 2,6-CgHa-1Pry; R = Me,
CgHs) [8]. A range of 2,3-difunctionalised 7-oxanorbomenes and 7-oxanorbornadienes were
reacted with this complex, with two outcomes. Whilst 7-oxanorbormnadiene, 2,3-enado-cis-diacetoxy-
T-oxanorbornene and 2,3-zado-cis-isopropylidenedioxy-7-oxanorbornene yield polymers with
narrow molecular weight distributions, the reactions with 2,3-bis(trifluoromethyl)-7-
oxanorbornadiene, 2,3-bis(dicarboxy)-7-oxanorbomadiene and 2,3-trans-dicyano-7-oxanorhomene
Iead to the stable metallacycloaddition products, namely Mo{NADN(CHCMe;R){O'Bu);. The
structure of the rifiuoromethyl derivative shows the molybdenum 1o be in 2 square pyramidal
environment, with the imido ligand in the apical position as illustrated in structure (3). Other five
coordinate imido complexes have prepered by the addition of either PMes or the amine
N(CH2CH2)3CH to Mo(CHBu)(NAr)(OR)2 (Ar = 2,6-CgHs-1Pra; R = CMe(CF3)2, CMe(CF3))
[9]. Trimethylphosphine attacks a CNO face of the pseudo-tetrahedral complex to yield the
structuraily characterised, chiral, trigonal bipyramidai species (4), whilst N(CHCH2)3CH adds w
either a COO or NOO face to give achiral isomers, or o the CNO face 1o give chiral isomers
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analogous to that of the phosphine adduct. Variable temperature NMR spectroscopic studies have
been carried out to determine the barriers of rotion for interconversion of the various isomers.

C C
'y
CF, CF;
3
Me
Me
Mo,

N
Me o Mo/

)

A brief account [10] has appeared concerning the non-linear optical and excited state
properties of conjugated one-dimensional [NM(OR)3jp polymers M = Mo, W; R = CMes,
CMezEr, CMe2(CF3)]

1.1.1.2 Didemate ligands

The dinuclear molybdenym(VI) oxo complex [enH,}{O3Mo{u-O)Mo(en)O3] has been
synthesised and structuraily characterised {113, The two molybdenum atoms within this complex
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have different coordination peometries: tetrahedral {MoQ4] and octahedral IMoO4¢N4) as shown in
stucture {5). The diamine also plays two roles, coordinating as & didentate ligand and protonawed as
the cationic counterion.

Mo

8

Using Mo{bpy)02X; (X = CI, Br) complexes as starting material, there have been two
reports on the synthesis of bipyridyl-alkyl molybdenum complexes, with Grignard reagents being
the source of the alkyl ligand. The reaction of 2 equivalents of rimethylsilyl magnesium bromide
with the bromo-molybdenum complex yielded (2,2"-bipyridyljdioxobis(trisilyl)molybdenum(VI)
{12]. An unusual feature about this product was revealed upon structural analysis. The
molybdenum atom is in a distorted octahedral environment, due, in part, to an intramolecular
interaction between the silicon atoms and one of the oxo ligands as illustrated in (6). The G-Si
distance for this interaction (3.32(1) A) is constderably less than the sum of the (O and Si van der
Waals radii (3.6 A), and cannot be explained purely on the grounds of crystal packing.
2-Methylbenzylmagnesium bromide has been wtilised in an analogous reaction, giving
Mo(bpyy02{CH2CsgH Me)2 [131. Whilst this cornplex is stable in the solid form, in soluton it
decomposes yielding the oxygenated organic compounds Z-methylbenzaldehyde and 2-
methylbenzylatcohol as the main products. Their formation is rationalised in termas of a pseudo
"keto-enol” tantomeric equilibrium between one oxo and methylbenzyl ligand.

2
7 W\ I o) Si-O(1) = A
P i-O(1) = 3.32(1)
—( M $1-0(2) = 3.95(1) A
N/ l \?(1) 1-0(2) = 3.95(1)

\ N

2. 4

T=SiMe,

(6)



1.1.13 Didentate ligands with nitrogen and cxygen donors

The reaction of MoCly with [HaNPPhaoNPPhaNHzICl results in the formation of two
molybdenum{VI) complexes [14]. The first of these, Mo{z-NPPhaoNPPhaN)Cl3, was previously
known whilst the second product, Mo(js-NPPhyNPPhoO)Cl; (7} is reported to be the first example
of # bicyclic phosphorane iminato compiex. The 1:1 adduct of this new compound with MeCN
crystallizes and shows a cis arrangement of the two Mo-N bonds. This is rationalised in terms of
cfficiency of X-bonding; the short Mo-N bond lengths (average 1.778 A) typify double bond
character and are close to values obtained for other molybdenum(VI) imido complexes.

The reactivity of the isocyanate PRNCO with dioxo and diimido molybdenum complexes
has been explored [15]. In the case of the dioxo complex MofO)a(mes)2 (mes = 2,4,6- CgHzMe)
the expected cutcome of forming Mo(NPh)a(mes)2, with the concurrent release of CO9, was not
observed. Instead, the isocyanate inserts into the molybdenum-mesityl bond to give a four
membered MoNCO-ring as shown in structure (8). This product was identified by 13C NMR
spectroscopy but decomposed to an amide complex on ehromatographic work-up,

@



1.1.14 Tridentate ligands with nitrogen and oxygen/sulfur donors

The tidentate Schiff's base ligands salicylidene-2-aminothiophenol (9) and N-
(hydroxyethy!)salicylidencimine (10) form chelating O,N,S- end O.N,0-molybdenum oxo
complexes, respectively [16,17]. In cach case, addition of imidazole (11), or an imidazole derivative
L, to these complexes results in the formation of a 6-coordinate, diamagnetic MoO2{O-N-X)L
complexes {X = O, 8) which are non-electrolytes. Infrared spectroscopy indicaies the presence of &
cis {Mo0Dr}2+ core and 'H NMR spectroscopy is used to establish the mode of coordination of the
ligands to the molybdenum centre. In the case of the thiophenol-complex, the lability of the
imidazole ligand is also explored with the use of conductiometric measarements [17].

OH  HS ol ?H
CH;
/0}12
(=¥ C=—N
5 ol

3] {10
[\
N)
(11)
R
0
0
o R N=EN R
NN | I A
\ / AP - *
N OO
HMPA N

O

R= H, ()G‘l3. CH3, F‘ G, BT, COCH 3 N02
HMPA = hexamethylphosphoramide

12)
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Activation of aromatic amides has been achicved using the complex oxoperoxo{pyridine-2,6-
dicarboxylato)(hexamethylphosphoramide)molybdenum(VT) [18]). A proposed reaction scheme
involves initial attack by the nitrogen of the amine at the electrophilic peroxy oxygen atom of the
molybdeaum complex. Subscquent rearrangement and loss of water gives a complex containing a
hydroxyamido ligand (12); this product has been isolated in yields greater than 80%. On heating,
this new compound decomposes to give azoxy (< 2%) and azo benzenes {16%).

1.1.15 Tetradentate ligands with nitrogen and axygen/sulfur donors

There have been two reports containing infonmation about molybdenum peroxo-complexcs
containing tetradentate Schiff's bases[19, 20]. Factors that influence the mode of coordination of the
(0O7) ligand have been examined. These include the effect of changing the g-donor nature of
ONN'O’-donor ligands, viz. changing from [{CeH4)[NC(H)(C4H40)}2)2- 10
[{NCH)(C4Hs0))212- {191, and the inflocnce on varying the transition metul for complexcs of the
formula MO(O2)(CagH24N1Ss) (including M = Mo), where the ligand [C30H24N4S4]2 provides
an SNIV'S’-donor sct [20].

112 Complexes with oxygen donor ligands

Oxygen-transfer from peroxometaliates is shown to be 2 new and general route for the
synthesis of oxopolymetallates [21]. Amid the higher nuclearity polymolybdates obtained, a rational
synthesis for the dinuclear anion [Moz07]12- is presented. Treatment of MoQj with hydrogen
peroxide gives the peroxomolybdate [Moa02(u-0)02)4(H20)2]12-, then use of PPhy as an
oxygen abstracting agent yields the dinuclear oxo complex as shown in equ. (3). Structural analysis
reveals that the two MoO3 fragments are bridged by a single oxygen atom, (£LMo-O-Mo =
180.0¢9)"), and the tcrminal oxygen atoms of cach fragment are staggered with respect each other.

[Mo202(1t-0)(02)4(Hz0)2]2- + 4PPhy — [MozOq]%- + 40PPh3 + 2H20 equ. (3)

Structural analysis has been carried out on a similarly bridged dimer, namely {Cp*MoO2)20 [221.
The intremolecular packing forces of four crystallographicaily independent molecules have been
examined, with reference to the various intermolecular bond parameters. The ranges of values are
£Mo-0-Mo =172.7 10 180.0°, Mo=0 = 1.667(8) 10 1.721(5) A, and Mo-(1-0) = 1.855(6) 10
1.894(4) A, The same molybdenum fragment, Cp*MoOa(1-0), is present in a series of hetero-
dimetallic p-oxo compounds [23]. Complexes of the formula M(CpCl{n-O)MoCp*(2 (13) (M
="Ti, Z1, V) have been synthesised as part of a study on the reactivity of the oxyanion [Cp*MoUz|
with [(CpoMClJ* fragments (from the comesponding neutral dihalide). A similar type of approach
has been used to prepare another Ti-Mo oxo compound, Reaction of [MoO4]2- with 2 related
titanium source, (*-MeCsHg)2TiCly, gives the complex {(n5-MeCsHy)Ti(uz-MoOy)}z (14)
which contains an eight-membered titanium-molybdenum-oxo ring [24]. Structural analysis shows
that the four metal stoms are coplanar, with the oxygen atoms displaced up and down alternately
around the ring.
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Anr eight-membered ring is also present in the diorganotin molybdate @BusN)[(PhaSn)alu-
OH)2(-MoOy¢)3].4CH3Cl; (15) 125]. This is prepared from the reaction of ("BugN)z2iMo207]
with PhaSnCl;y and ("BugN)YOH in acetonitrile, and the product has been structuraily characterised.
Two cis diphenyltin units are linked both via (O0-Mo-Q) bridges {creating the eight-membered ring)
-and via two hydroxy bridges (giving tse to a four-membered Sn-0-Sn-O ring). 170 and }i98n
NMR spectral data indicate that the solid state structure is retained in solution,

0 Q
Lo\
=
) (9]
0, / Y v
\
_ZMo ng 4 N
0 0

(15)

Siarting with the molybdenpm(0) complex [TpMo{CO)3]- [Tp = hydrotris(l-
pyrazoylborate], oxidative decarbonylation with dioxirane gives [TpMo(Q3])— quantitatively as is
shown in equ. (4) [26]. Although this monomer is formed very readily, two molybdenum(V)
intermediates have been isolated from the reaction mixture, namely the known dimer (TpMoO2}2



and a new tetramer {TpMo0»)4. Both the terramer and the monomer have been structurally
characterised. Lradiation of Cp*Mo(CQC)3Cl in the presence of O also results in oxidative
decarbonylation, forming Cp*MoO2Cl (16) [27]. This new complex acts as a catalyst in the
conversion of alkylhydroperoxides and alkencs to the corresponding epoxides and alcohols. In the
absence of alkene, Cp*MoC2Cl reacts directly with alkylhydroperoxides to give the peroxo
compliex Cp*MoO(02)Cl1 (17), though this molybdenum complex is shown to be inert to further
reaction with alkenes, i.e. itis nor an intermediate in the catalytic reaction.

R A

0
(TpMo(COX) + 6 :c\| — = [TpMoG + 3CO, + 6R'COR equ. (4)
R’ Y0

The structure of the peroxo complex Ka[MoO(02)Fs).H20 (38) has been redetermined
[28]. Together with molybdenum-doped Ka[Nb{(02)Fs].H20, the results of single crystal EPR
spectroscopic investigations have been analysed and extended Hiickel calculations on the system
have been carried out.

-

R4COOH
——————iip 0--...__ M O

Mo Cl
AN “
/ cl
Q

(16} {17

o Bond lengths (A)

Mo-F 2037(10)
Mo-F  1.976(8)
P, | \02 Mo—§ 1.974(9)
Mo-F  1.972(10)

e M Mo-O 170911
B Mo-CF  1.948(11)
Mo-O 1.951(11)

L 00 1.419(15)

(18)

There have been two teports on the chemistry of MoOz(mes)y. The anjon [MoQs{mes)]— is
the product from the reaction of MoOz2{mes); with ethylidenctriethylphosphorane in thf at 0°C [29).
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A reaction scheme is proposed that involves coordination of the ethylidene to one molecule of
MoOa2(mes)? with subsequent oxygen transfer from this adduct to another molecule of
MoOn{mes): via an oxo bridged dimeric intcrmediate. The structure of the resultant anion has been
determined as the [PhyP]* salt. Dimesityl ketone (5% yicld} and 1,1-bis(mesitoyl)-1,1'.4,4'-
tetrghydro-4,4'-bipyridine (25% yicld) can be prepared from this ssme starting material,
MoQ2(mes)2, on reacting with CO (3 amm) in pyridine at mom temperature [30]. The high
oxidation state of the molybdenum inhibits the coordination of the CO ligand to the metal centre,
and a mechanism is proposed in which CO insertion into the molybdenum-mesityl bond is the initial
step. The analogous reactions are repeated with Mo{NtBu)a{mes)s, producing the diketone in &
omuch higher yield (60%).

Several complexes between molybdenum and organic acids have been isolated, and these
contain various ratios of molybdenum : acid [31-34]. The results with salicylhydroxamic acid (19),
citric acid {20}, D-glucaric acid (21) and compound (22) are summarised in Table 1.

OH OH OH O
H
HO
N< OH
S OH 0 OH OH
(19 (21)

OH
OH
HO 00
O HO
(20) H (it (22)
Table 1 Molybdemum complexes with acids (19)-{22).
Acid Mo:ligand ratio Comments ref
(19 1:1,1:2 631
(20) 31 [MoOs3{citOH)2}4+ [32}
22 [(MoO220(cit)2}5, [(MoO2)2O(Heit) 1+
(21) 2:1f pH 1-2, high concentration 33
1:1,2:2 pH 1-2, low concentration
2:11 pH 4.5-6
21f pH 6-8.5
(22) i:L, 12 {34

t Complexes are distinct from onc anather.
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A dimneric oxo complex NasfMoxOgL),. 14H20 is obtained from the reaction of NasiMoO4]
with HsL (HsL = 1-hydroxycthylidenediphosphonic acid) {35). Stuctural analysis shows that esch
molybdenum atom is in a distoried octahedral array of six oxygen atoms. One molybdenum atom is
coordinated by one bridging and three terminal oxygen atoms plus an oxygen atom from cach
phosphonate group; the other is coordinated by one bridging and two terminal oxygen atoms, two
phosphonate oxygen atomns and a deprotonated alkyl oxygen atom.

Potentially of biological significance, vitamin Bg (FHIPN) (23) forms a 2:1 complex with
molybdenum(VY) [36). The complex MoO(PN)};.3H;0, formed from the reaction between
NaziMo04) and HPNHCI in agueous solution, hes been structurally characterised. The [PN]-
ligand is didentate, coordinating through the 4-hydroxymethyl and phenolic oxygen atoms.

CH,0H
HO CH;0H

. 23)
Me N

The reactivity of coordinated oxygen ligands in cis-MoQ2{acda)z has been invesdgated
where Hacda = 2-aminocyclopent-1-cne- 1-carbodithioic acid [37). Using catechols as reagents,
oxygen abstraction results in complexes of the general formula Mo(O(L)acda)y (24), where HaL is
a catechol. These complexes have been isolated and spectroscopically characterised. On a similar
theme, oxygen abstraction reactions of dioxo-molybdenum(VT) complexes with PPhs have been
investigated [38). The subsequent dimerisation between the starting complex MoQO2(S2CNRg): (R
= M, Et, iPr, iBu, Ph, or PhCH?) and the reduced product MoO(S2CNR2)2 to the oxo-bridged
molybdenum(V) complex MozOs(S20NR2)4 is very sensitive to the electron donating ability of the
substituents on the dithiocarbarnate ligand. This study focuses on the effect on the dimerisation
equilibrium constant of varying the substituent R.

NH, o H,

\ S\“ S

(24)



1.1.3  Complexes with sulfur donor ligands

The reaction between MoO({S2CNR2)2 (R = Me, Et, Pr, Bu) and propylene sulfide {C3HgS)
is a new efficient route to the 7-coordinate, blue complexes MoO{S2)(S2CNRa)2 [39]. Although
this class of complex has been syathesised previously, this one pot reaction resuits in a much higher
yield. At temperatures greater than 166G°C partial decomposition occurs, and the diteric complex
Mo202(p-8)2(S2CNRz) is obtained.

Addition of copper(l) chloride to salts of {Mo84]2- in CH;zCly or MeCN resuits in the
formation of new dimetallic complexes that display various geometries whilst retaining the same
Mo:5:Cu composition of 1:4:4 (40). Crystal structures of the anion [MoS4CusCla]2- with three
different sets of counterions have been solved. The presence of the cation [BugNJ* resuolts in a
structure with discrete anions (25) separated by the [BugN]* cations. With the mixed cationic
combination {[PhaP1[Pr4N]}2+, there is a dimeric aggregation (26) in the solid state, whilst with
[PraNJ* as the counterion, a polymerised linear anionic chain is present in the lattice. The variation
in the solid state structures is discussed in tenmns of the cation sizes.

Cl

(26)
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1.14  Complexes with halide donor ligands

Hydrogen chioride complexes of & serics of Suoride compounds, incliding MoFg, in a solid
argon matrix at 12K have been studied by IR spectroscopy [41]. Two distinct 1:1 complexes are
obtained for molybdenum, with HC1 bonding through cither the H or the Cl atom, i.e. MoFg-HCI
and MoFs-ClH.

Chiorinated solvents provide the source of halide in the preparation of complexes of the
formula {{Cp)(CH(PMe33aMoCR]CI [42]). Photolysis of the molybdenum(IV) carbene complex
{Cp)LaMoCR [L = €0, P(OMe)3] in the presence of PMej in chlorinated solvents results in
oxidation, as well as ligand substitution, The chlorine plays a dual role, as both a ligand and a
CoRntenion.

12 MOLYBDENUM(V}
12.1  Complexes with nitrogen donor ligands
12.1.1 Mononuclear complexes

Conversion of an amino ligand to an amido, imidoe and then nitrido ligand has been achieved
statting from the molybdenum(V) complex [Cp*Mo(Me)3{NH3)x[OTf] (x = 1,2; HOTf = wiflic
acid). Deprotonation yields the unstable amido complex Cp*Mo(Me)a(NHz) (for both x = 1 and
2}, which is oxidised by [CpFe]* to give the molybdenum(VI) imido cornplex Cp*Mo(Me)NEL A
further deprotonation, using LiN(SiMes),, produces the bridged nitrido complex Cp*MeMe3z(NLi).
The initial preparation of [Cp*Mo(Me)3(NH3),0* involves the reaction of Cp*Mo{Me)3;0Tf with
ammonia; if this starting material is reacted directly with LiN2Hj3, the final nitride complex is
obtained directly. Work on this system also covers hydrazine as a ligand [44), with potengal
relevance to the reduction of dinitrogen to ammonia. The cationic complex [Cp*Mo{Me)3(NaHa)j+
has been synthesised. The hydrazine ligand adopts an n2-honding mode as shown in structure
{27). Reduction of this complex by sodium amalgam resuits in cleavage of the N-N bond of the
hydrazine ligand, and formation of NH3 and the imido complex Cp*Mo(Me)z;NH.
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Continuing the work on sterically hindered thiolate ligands, mentioned earlier [5], a
7-coordinate molybdensm(V) diazenido complex has been synthesised and structuraily
characterised [45]. Mo(NNCgHs)(2-SCsH3N-3-5iMe3)s has & pentagonal bipyramidal geometry,
with the phenyldiazenido ligand occupying an axial position (28). The uncommon, near linearity of
this ligand {(£Mo-N-N = 171.7(3)") together with the bond lengths (Mo-N = 1814(3), N-N =
1216(5) A) indicate considerable delocalisation.

Ph
|
N
|
N
Mejs So;,,‘" | » R ] SIM%
o=
N N
\__/ g |
N
Me, 8i /
(28)

CH, CH,

B---- O distances 2,111 A and 2,102 A
9%

The ligand meseo-octemethyl-porphyrin  (H4L) has been used to bind the
oxomolybdenem(V) ion [46]). X-ray anatysis of [Li(thf)4)IMo{O)L.] reveals hydrogen-bonding
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between the oxo group and two of the meso- methyl groups in the anion (29). The compound
N, N'-dimethyl-N N'-bis(2-mercaptophenyl)- 1,2-diaminoethane (HaL') (30) also acts as 2
tetradentate ligand. Complexes of the formula [MoOXL'T- and [MoOXH)L'] (X = O, §5) heve
boen synthesised to act as models for molybdenum(V) sites in xanthine oxidasc [47]. Using EPR
Spectroscopy as a tool, information as to the coordination of the molybdenum(V) centres in the
various enzyme Sites kas been obtained

"N N

AL

(a0

1212 Dinuclear complexes

A series of reports has appeared on dimeric (MeCsHg)Mo{imido) complexes containing
oxo or sulfido ligands [48-51]; the main topics covered are:

(i} oxidation of [(McCsHs)Mo(CO)3l2 by nitrobenzene to give the oxoimido complexes
{McCsHa)aMoaO2(-0}p-NPh), [(MeCsHa)MoO(u-NPh)]2 and (MeCsHaloMoaO(NPh)(u-
C)ie-Ph) [48];

(ii) the reactivity of (MeCsHapMoyOa{u-OXu-NPh), including the reaction with HaS o
give (MeCsHa)aMoo(S)(1-O)(1-NPh) with subsequent studies on the reactivity of this product
[491;

(iii) clectrochemistry of complexes of the formuia (MeCsHg)pMopX(NPh){-NPh); (X =
NPh, S, O) and the oxo-dimer {{MeCsHIMoO(-0)}2, the results being interpreted in terms of
the x-doncx abilities of the ligands NPR2-, 82— and O2- [50);

(iv) synthesis and clectrochemistry of the crown ether imido complexes
{McCsHaoMo2O2 (-0 {u-N{benzo-15-crown-5)) (31) and {(MeCsH)MoOfp-N(benzo-15-
crown-5)1}2, and their reactivity with phenylisocyanate [51].

In the above examples, the source of imido ligands is either 2 nitrobenzene-derived reagent
or phenylisocyanate. On studying the photochemical reactions of CpyMo{CO)¢ with azobenzene,
CpaMoa(u-NPhja(u-n'-NzHy) is obtained as the major product; the subsequent oxidation of this
product gives the oxo-imido complex CpaMoz02(31-NPh); in almost 50% yield (based on the
carbonyl starting dimer) [$2].

Flash photolysis of the complexes [Mo04(Ha0)6 x{NCS)x]Z-%* (x = 1, 2) in aqueous
acid has been studied as a continuation of studies on the parent complex cation [MoyOs(H0)gl 2+
{53]. Three p-oxo-bis{(oxo-molybdenum(V)} species are identified as intermediates, namely
[Mo203(H20)8]4*, [Mop03(NCS)(H20)71%* and [Moz03(NCS)2(H20)512+, which decay
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following first order kinetics 0 molybdenum(VI) products and dihydrogen. Another class of
molybdemum(V} oxo-dimer containing benzimidazole ligands hay been studied [54].
[Mo204(CH{LYL1)(H20)2].0H20 and [Mo204(Cl3)(L2)7].2H0 (L. = benzimidazole; L1 =
EtOH,H20; a = 0-2; L2 = 2.gcetylbenzimidazole, 2-benzylbenzimidazole or 2-(o-
aminophenyl)benzimidazole) have been isolated and characterised spectroscopically. The data
indicate the presence of a {Moz04)2* core, Also reported in this work were stveral mononuciear,
octahedral molybdenum(V) complexes containing the derivatised ligands 2-
¢(hydroxymethyl)benzimidazole and 2-(a-hydroxyethyl)benzimidazole,

0
\\M /0\ 7/

N\,

(31)

<L =d
0/ I Cr"""
N

(32)
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An oxo-dimer containing the didentate nitrogen donor ligand 4,4'-dimethyl-2,2"-dipyridyl
(dmbpy) can be synthesised by one of two routes. The complex MozO2{u-O)2(Cl)2{dmbpy)a,
(32), can be obtained from the reaction of MopCly(MeCN)4 with Oz and dmbpy, or aiternatively by
the direct oxidation of MosCly(dmbpy)2 with oxygen [55]. Stuctural analysis indicates that the
terminal oxygen atoms are in a ryn-configuration, and the Mo-Mo distance of 2.562(2)A is typical
of a molybdenum{V}-molybdenum(V) single bond.

Circular dichroism spectrophotometry has been used to study the cffects of various cationic
surfactants on the complex dianion [Mo(u-O)(O)(R-cysteinato);]2- (33) in agueons micellar
solutions [56]. Depending upon the concentration of the sufactant, e.g. [CHa(CH2)15N(CHz3)31Br,
the didentate [R cysteinaio]?- ligand either partially dissociates a -COy~ arm or is totally liberated.

33

122  Complexes with phosphorus denor ligands

The reaction of MoCly(PPh3)z with 2,4,6-Pr3CeH2SH in CH2Cly, followed by the
introduction of excess Og, results in 2 dinuclear molybdenum(V) oxo complex containiag both
thiolate and phosphine ligands [57]. The structure of the preduct, Mop04(2,4,6-
ipraCgH48)2(PPha)s, shows the common {Moz02)2* core with 2 typical Mo-Mo distance of
2.595(4) A. Each molybdenum atom is in an irregular, squarc-based pyramidal geometry, with the
terminal oxygea donor ligand in the apical site.

123 Complexes with oxygen donor ligands
12.3.1 Simple oxygen donor ligands

An EPR spectroscopic study on the coordination sphere of molybdenum(V) centres in UV-
trradiated silica-supported Mo catalysts has been carried ocut to determine the number of
coordination vacancies at the transition metal centre, with relevance to the absorption/catalytic
properies [58]. Absorption of 13C0 and Hy results in a Mo(Q)3(OH)13CO eavironment (34), as
indicated by the hyperfine structure {attributed to the 13CO tigand) in the EPR spectrum,
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The complex anions [Moy04(C204)2(H20)12- and [M0204(0OCHO)4(1-0,CH)J3- (35)
have been structurally characterised. They both contain two molybdenum centres octahedrally
coordinated by six oxygen atoms [59, 60). The latter complex contains a strong non-complexing
acid, and is quentitatively hydmted to [MoxQy(H20)s12*; this provides a viable altemative rounte 1o
this hydrated coraplex [60).

0
oc l| I
0_,\.-—-' O~ Mo OcHO
OCHO \
‘ o~ | OCHO
\ 0
H

(35

A range of carboxylate complexes Mo202(0-O)(u-S)RCOz)2 (R = n-peatyl, n-hexyl, n-
heptyl, iso-octyl, cyclohexyl and phenyl) have been synthesised to investigate the effect of presence
of a sulfur bridging atom compared to the related dioxo bridged complexes [61]. The bis(sulfido)
bridged molybdenurm compiex [MoyO2Bra{(p-5)3)2 has been synthesised and structuraliy
characterised [62]. Whilst there are no exceptional features about this anion, an intriguing
transformetion involving thf and "BusP o the cation [2Bu3sP(CHa)4P"Bu3]2+ takes place during the
‘synthesis of the anion [MozO3zBra{t-$)2]2-. The molybdenum(V) dimer is prepared from
Mo3SqBrs, "BuaP and ¢hf, and although no intermediates were isolated, B viable route to the
products is shown in Schemel.
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Scheme 1

Finally, a range of chalcogen complexes of the gencral formula CpaMozO2(p-X)(|-Y)
.Y =0, S, Sc) have been prepared by a variety of routes [63). The selenium complexes, cis- and
trany-CpaMoa(O)a(ui-Se)2 and frans-CpaMoz02(p-Sc){u-0) have been structumlly characterised.
Recrystallisation of the latter comaplex in hexane-CHCly gave the complex eis-CpaMo202{(n1-
Se)os(r-Cl)y 2. There are several other oxo-molybdenum complexes containing more exotic sulfur
ligands, and these are discussed in section 1.2.4.

1232 Didentate ligands with oxygen and sulfur donors

Spectroscopic and electrochemical studies have been carried out on a series of monemeric
oxymolybdenum(V) complexes containing 5-membered chelate rings with oxygen and/or sulfur
donor atoms (36) [64]. The mono alkoxo and aikanethiolato compiexes, LMoO(CU{XR) (37) have
also been included in the study, and the effoct of the number of methylene units on the reduction
potentials of the complexes has been discussed.

Reduction of [Mo302(02CC(S)Ph2)2]2- provided = route to the first structurally
characterised molybdenum(V) complex containing both coordinated thiolate and carboxylate groups
{65), i.e. the first example of a MoVO(8202) donor set (38). The bulky phenyl groups of the
PhaC(S)CO2~ ligands prevent the square pyramidal mononuctear complex from dimerising to the
usual H-oxo dimolybdenum{V) complexes, An siternative route 10 [MoO{020C(S)Phay] involves
the reaction of the same molybdenum{VY) starting complex with aliphatic thiols under acidic
conditions [66]. In this report, the electrochemical properties of the molybdenum(V) complex are
investigated.
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A dimeric complex MojL.s(H20)2 (HoL = HSCH2COOCH) is obtained by the direct action
of HaL on MoO3.H,0 under an argon atmosphere [67]. Using a range of techniques (EPR, IR,
NMR and electronic spectroscopies, magnetic susceptibility measurements, cyclic voltammetry and
XPS measurements) both molybdenum atoms are found to be octahedrally coordinated through the
©- and S~donor atoms of Hgand L and the water molecules; the two molybdenum centres are in
slightly different environments due to the presence of three asyrmmetrically bridging ligands.

124  Complexes with sulfur donor ligands

The complex [NEy][MoO(a,2-toluenedithiolate)z] {(39) contains a distorted tetragonal-
pyramidal MoOS4 core [68]. The two classes of Mo-8 bond, i.e. molybdenum-arenethiolate and
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molybdeaum-alkancthiolate, are distinctly different in leagth, and this is rationalised in terms of
x-bonding berween the sulfur atoms and the molybdenum centre.

— -

[/Y s\" / Mo-Sav) =231 A
Mo-Sav)=2.42(1) A
/ ¥S,
(3%

An increasing number of complexes with a [{ MoO{-5))2]2* core are now known, and a
range of didentate sulfur tigands [55, 69-71]. The molybdenum atom resides in an S¢O-square-
based pyramidal environment with the oxo ligand in an apical site, The crystal structures of the
complexes [MozO2(1-8)2(1,2-dicyanoethylene-2,2-dithiolate)2]2- (40) and [Mo202(u-
$32(82)(S2)12- (41) [69] have been determined. The structure of the extended tetranuctear
molybdenum complex anion {{(S4)MoO(3-8)2Mo0(S)}214- (42) has also been solved (70].
Infrared and Raman spectroscopies are also very useful in determining the presence of u-S, Sz and
S4 ligands for this class of compound. The effect of isotope substitution by 348 on various infrared
and Raman absarptions has been investigated for the complex [{MoQO(-8)7(S2))212 as well as the
bromo complex [{Mo(uS2)Brs}212- (43) [71).
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(43)
The complexes Morx{NCgH4CH1)2{S2P{OCaH 5)212(S){02CCH1}(SSR} and

{Mo2(NCgH4CH3)2-[S2P(0OC3H5)2]282(02CCH3) } 2 (44) have been used to generate
dimolybdenem thiyl radicals [72] by photolysis using UV or visible radiation. Complexes



24

containing Moz(-S+) radicals sre formed in each case, and these have been trapped and observed by
EPR spectroscopy. The radical species abstract hydrogen atoms from thf, and can also be used to
polymerise styrene and effect the cis-trans isomerisation of 2-butene.
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125  Complexes with halide donor ligands

Refinement of electron diffraction data for gascous MoCls (45) gives rise to two
descriptions for the structure of this molecule. One is based on a distorted square-based pyramid
and the other on a disworted wigonal prism with one apex removed [73]. The structural peramaeters
for the two refinements are given in Table 2.

Table 2 Geometrical parameters for the two refinemsnts of MoCls

1 I

Boad angles fdeg

CB-Mo-C1! 87.8(4) 87.9(3)

C13-Mo-C1¥ 90.4(1) 87.93)

C12-Mo-C17 90.4(1) 84.2(8)

C12-Mo-CB 85.6(4) 90.7(1)

Cll-Mo-Cl2 113.1{5) 111.6(5)

Ci2-Mo-CP' 158.4(9) 160.5(T)
Bond lengths /A

Mo-C13 2.269¢1) 2.234(2)

Mo-Cit 2.207(5) 2.234(2)

Mo-C12 2.269(1) 2.2913)
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Two molybdenom-magnaesium complexes are obtained on reacting MgCla(thf); with the
complex MoCl3O(thf);. If the reagents are in a 1:1 ratio, then the trichioro-bridged complex
MoOClx(-ClysMg(thf)3 (46) is produced, whereas if the molybdenum starting material is in 2-fold
excess, # Hnear Mo-O-Mg-O-Mo complex, {(thf)ClaMoO}2Mg(thf)y (47), is produced. Both
complexes have been structurally characterised.

oO=M g BTttt Mo—0Q——Mg——0~——Mo——tht
Cl/ \c/ \th / \ :hr/l 01/<\31
(46) (47}

13 MOLYBDENUM(IV)
13.1  Complexes with group 14 donor ligands

The reaction of the 12-disilene complex CpaMo(n2-Me3SiSiMes) with a variety of
inorganic and organic substrates has led to new compounds as a resuit of either Mo-Si or Si-Si
bond cleavage [75]. For example, with Sg in benzene at 25°C, the only product is the
molybderum(IV) complex CpsMof(SiMe2)28] (48), the sulfur atom having inserted into the Si-Si
bord. With PhyP$ as the source of sulfur, (48) is stil) produced (25% yield), but the main product
(75% yield) is the isomeric compound where the sulfur atom has inserted into the Mo-Si bond (49).
Both isomers have been structurally characterised.

Oxidation of the stannane complex Mo(SnPh3)(CORL (L = Cp, Cp* or n5-CoHy - indenyl)
to give the carbene complex Mo{SnPhs}(CO), {=C(OE:)R }L. can be achieved by reaction with LiR
(R = Me, Ph) followed by [OEt31[BF4] [76]). The reactivity of both stannane and carbenc
complexes (for L = Cp, Cp*) with iodine is examined, the former undergoing oxidative addition of
iodine and substitation of the stannane figand to give MoIy(CO)xL.
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13.2  Complexes with nitrogen donor ligands

The reactivity of the imide complexes Mo(NAr{CH2CHSiMe3){OR); (Ar = 2,6-di-
isopropylphenyl; R = CMe(CF3); or tBu) has been studied {77]. One of the more intriguing results
is the outcome of the reaction with excess ethene. For R = CMe{CF3); the vinylrimethylsilane is
displaced by a dimerised CaHg ligand; for R = Ba the complex Mo(CH2CH2CHz )(NAD(OBu);
is produced, although this decornposes to the imido bridged dimer { Mo(OBu)z{pu-NAD}2.

The coordination of molybdenocene fragments to DNA is modelled in the complexes
[CpaMoL]* where HL = 9-methyladenine or l-methylcytosine {78]. The structure of the
methyladenyl complex shows N,N'-chelation with the molybdenum atom in a tetrahedral
environment as ilustrated in structure (50). Two tsomers exist in solution; one has the solid state
structure and the other is chelated through the atoms N(6) and N(7). Amid the other complexes
reporied is a dimeric complex [CpaMol."); where L' contains a phosphate group as a model for the
phosphodiester backbone of DNA (§1). The various sites available for coordination to the
molybdenum centres are discussed.

1
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The bulky nature of the tridentate nitrogen donor ligand tris(3,5-dimethylpyrazolyl)borate
(Tp) has been utilised to prevent nucleophilic attack at the molybdenum centre of the carbene
complex Tp(CO»MeCCl [79]. Reaction with aryloxide anions results in a clean conversion to
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aryloxylcarbyne complexes. Structural analysis of the related complex Tp(CORMoCFe(CO)Cp
(52) indicaies that the CFe{Cp)(CO)z fragment can be reated 32 a carbene ligand: a typical Mo-C
bond length of 1.819(6) A and an Mo-C-Fe angle of 172.2(5)° arc observed [80]. A similar
nitrogen donor set is gemerated by the ligand HC(py)s as observed in the complex
[HC{py3sMo(NO)2(CO)][ShFelz (§3) [81]. Due to the high effective charge on the metal centre,
the CO ligand is readily lost to generate the Lewis acid [HC(py)sMo{NO);){SbFe]2; the adduct
formation of this unsaturated compound with » wide range of aldehydes, ketones and esters is

investigated.

(52) 53

Addition of Mo0»Cl2 to the pterin 68-5,6,7.8-terahydro-L-Diopieria (54) in methanol
resulis in almost quantitative reduction of the molybdenum atom to the octahedral molybdenum(TV)
complex containing the cationic ligand 1,5-quingid-7,8-dihydro-6H-L-biopterin (55) [82].
Structural analysis shows that the molybdenum atom is coordinated by N¢5} and O(4) of the pterin
ligand, with an unusually short Mo-N distance of 2.024; the chloride ligands are in a meridonial
arrangement.
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Eight cootdinate MoNgXy (X = O, §, Sc) complexes have been prepared using the didentate
N X-donor ligand 5-tbutyl-2-hydroxypyrimidinato [bhpm)- and its mercapto and hyroseieno
derivatives, [brepmi- and [bspm]-, respectively [83). Whilst Mo(bhpm)4 was teo air sensitive to be
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isolated, Mo(bmpm}4 and Mo(bspm)4 have been fully characterised. The effect on stability of
changing the donor atomn from oxygen through to selenium is discussed. Two substituted pyridine-
2-thiol ligands have proved 10 be very versatile on reaction with chioro and bromo molybdenum
complexes {841, A whole range of products has been structurally characterised with the pyridine-2-
thiot ligands adopting an N, S-chelating mode of bonding, as well as acting as the terminal or
bridging ligand (in dimeric complexes) bonding through the thiolato sulfur atom (sec section 1.3.5).

A meridial N,0,0'-donor set is provided by the tridentate ligand [2(e-
oxidobenzylidenchydrazonomethylphenolate]~ [85]. The structural parameters of the complex
MoD2(CraH1gN202)(H20) {56) indicate considerable delocalisation within the tridentate ligand.
The N-N bond length is 1.403{4) A. This value is intermediate between a single and deuble bond.
A typical Mo-N bond length of 2.261(3) A is observed,

Ph
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133  Complexes with phosphorus donor Egands

Two reporis have broached the subject of the so called "bond stretch isomers” of the
complex cis-mer MoOClz2{PR1)3 (PR3 = PEt2Ph, PMezPh) (86, 87]. Whilst only one Mo=0
stretch is observed in the infrared spectrum, two distinetly different Mo-O bond lengths were found
on structural characterisation (1.698(8) and 1.866(7) A). A reinvestigation of the siructure [86]
revealed that the different bond lengths appeared to be due to an MoCl3(PR3)3 impurity present in
the sample rather than due o different isomers.

Phosphine ligands have been used to stabilise the unsaturated chloro complex CpMoCl3
[88]. The cighteen electron adducts CpMoCl3(RoPCH2CH2PR2) (R = Me or Ph) and
CpMoCl3(P(GCHZ)5CEt)2 have been obtained by simple addition of the free phosphine ligand,
although use of PMes results in decompesition. The bhydrido phosphine complexes
[MoH(SCgH2R3-2.4,6)3(PMeaPh);) (57) (R = Me or iPr) have been prepared and structurally
characterised [89]. The geometry about the molybdenum centre is based upon a distorted trigonal
bipyramid with the three thiolate ligands in the equatorial plane and the phosphine ligands
essentially frans. The hydride ligand was not located dircctly; its presence was established by 1H
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NMR 2and IR spectroscopies. Reactions with the neutral ligands L (L = R'CsH4N, P(OR")3,
MeCN; R’ = H, 2-,3-4-M¢; R" = Me, Et} resuit in phosphine substitution giving a series of
complexes MoH(SCgHR3-2,4,6)3(PMexPh)L; in contrast reaction with CO results in the
displacement of the hydride and one thiclate ligand [90). The stracture of [Mo(SCsH2iPr3-
2,4,6)2(PMc2Ph)2(CO); (58} reveals a triponal prismatic coordination sphere about the

molybdenum atom.
R

(57) R=Me, Pr

134  Complexes with oxygen donor ligands

It has already been seen with molybdenum(VI) complexes that CO ligands can act as a
source of oxo ligand (see section 1.1.2); cleavage of the C-O bond in 2 molybdenum carbonate
complex also yields an oxo ligand, with liberation of CO2 [91). In this case there is no formal
change in oxidation state of the metal centre; the source of energy for the transformation (equ. (5))
is from an argon ion laser.

ho

CpaMo-CGy

The stuctures of the complex MoCly(dme) (dme = 1,2-dimethoxyethanc) and its adduct
with 15-crown-5 have both been solved [92]. Each complex contains a distorted octahedral
MoClgO2 centre. The UV-VIS and magnetic properties of MoCly(dme)(15-crown-5) are
discussed.

CpMo=0 + CQ equ (5)
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ipr
ipy =

Mo-P(1) 2.45%(2) A

) Mo-P(2) 2.463(2) A

Pr Mo-${3) 24641} A

Mo-8(8) 2.395%(D A

Mo.C(5) 19545 A

'Pr \ Mo-C(6) 1.981¢5) A

(58)

1335  Complexes with sulfur donor ligands

The pyridine-2-thiol ligands 3-(trimethylsilylDpyridine-2-thiol and 3,6-bis-
(huryldimethyl)pyridine-2-thiol have already been mentioned as versatile, dideniate nitrogen/sulfur
ligands {section 1.3.2.2). They can also act as neutral, monodentate sulfur ligands (1. and L',
respectively in structure (59)) [84], A variety of mononuclear and dinuclear molybdenum(IV) and
molybdenum{Ilf} complexes have been synthesised and structurally characterised, including
MoX41l'2 (X = Br, Ch), MoCliL'3, MoBriLs and MozClgl .

R
59
L:R=H,R =SiMe,
L': R=R'=8i ‘BuMe,

On using CpaMo{n2-S4) as a starting material, addition of the alkyne MeC(OYCCR results
in formation of the perthiolate-thiolate complex CpaMo{MeC{O)C(S2)=C(S)R} (60); the alkyne
inserts into the S42- ligand with loss of one sulfur atom [93]. Further reaction with PPha results in
suifur abstraction, giving the corresponding dithiolate complex CpaMo(MeC{O)CT(S)=C(S)R (61).
Both classes of complex have been structurally characterised and can be considered as model
compounds for molybdopterin-containing enzymes. The same strategy was applied using the
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rejated alkyne PRCCR (R as before, but only the phthalazine substituent (i) as defined in structure
(60)) and [Mo(S)(S4)2]1%~ {94]. In this case an octahedral tris(dithiolate) complex (62) is obtained.
The redox chemistry of this product is explored both electrochemically and using I as an oxidant.
Taking this technique a stage further, MeC(OQ)CCC(O)Me has been reacted with a range of
molybdenum sulfido complexes: [Mo(Ss3212-, [MoS(S4)212-, [Mo2025712-, [Mo2025¢12-,
[Mo2810)2- and [Moz812]2~. This generated a varicty of complexes containing the ligand
1,2-dicarbomethoxy-1,2-ethylenedithiclate [95). A proposed mechanism involves electrophitic
attack of the alkyne on cither Mo=8 or Mo-82 with subsequent insertion to give unstable vinyl
sufides or viny! disulfides, which decompose to the final thiolate ligand.

O
§S—m O
Cptiums,,,, M / + PPhy Comaun,,, Mo/ I
cp/ ~ SPPh, Cp/ N\
5 S R
R
(69) {61)

An alternative approach has been used to synthesise tris(dithiolate) molybdenum(IV)
‘complexes analogous to (62), in which 1,3,4,6-tetrathiapentalene-2,5-dione is used as the source of
dithiolate Hgand [96]. Reaction of {MoS4]2- with this reagent results in a formal two electron
reduction of the molybdenum(VI) centre, and the dianionic complex [Mo{S2C282C0Q)3]2- is
isolated. The oxidation of this dianion back 1o a molybdenum(VI) complex can be achieved
electrochemically, and the reactivity of this newiral complex is compared with [Mo{S82C:8200}}2
Electrochemistry is also the topic of & report on a tris(guinoxaline-2,3-dithiolate) molybdenum(TV}
complex [97). There arc two distinct redox active sites; one ligand based and the other oa the
molybdenum cenire.

Another class of didentate sulfur ligands is based upon the carbodithioate group. The anion
[Cp*Mo(84)(52C0)]-, which containg a chelating dithiocarbonate ligand, has been isplated and
structurally characterised {98). Obtzined from the reaction of a polysulfide solution with
Cp*Mo(CO)3(CHs), the metal centre has undergone oxidation with elimination of the carbonyl and
alkyl ligands. Two different carbodithioate ligands are present in the complexes
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Mo{82CNR2)n{acda)s-y (R = Et, Pr; n = 2, 3; Hacda = 2-aminocyclopeat-1-ene-1-carbodithioate)
[991. The differing properties of these complexes are rationalised in terms of the ¢-~donor and
R-acceptor propertics of the sulfur ligands. The complex Mo{O){S7CNE2)3(520) (63) has been
structurally characterised {300]. The 8§20 ligand is bound to the molybdenum centre in a side on
manner through both § atoms, and forms part of the equatorial plane of a distorted pentagonal
bipyramidal geometry.
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The dianionic ligand 2,3,8,9-dibenzo-1,4,7,10-tetrathiodecane(2-), ('S4), coordinates to
molybdenum vig two thiolato and two thioether sulfur atoms in the complex {Mo(NOX('S4))}2(1-0)
(64) [101], The p-oxo ligand in this dimeric complex acts as both a 6- and x-donor ligand, the
short Mo-O bond distances (1.866(6) and 1.891(6) A, respectively) being indicative of doubte bond
character. The related ligand (PSy), haviag tertiasy buty! groups on the 3 and 5 positions of the
two benzyl rings, forms the molybdenum{IT) carbony! complex Mo{CO)3(®9847), which undergoes
intriguing redox chemistry [162]. Fragmentation of the tetradentate ligand giving two didentate
dithiolate ligands occurs with the loss of cthylene; a CO ligand is also lost to form the
molybderum{IV} complex Mo{PUSy2(COYs. The structure of the related phosphine substituted
complex Mo(buS2')2(CO)PPhy) (68) shows that the molybdenum atom is in a §4CP pseudo-
trigonal prismatic environment. The sarne transformation for the parent ('S4") ligand has been
achieved for the complex Mo(NOXCI)('S4), giving either [Mo('S272(0)12- or [Mo('S ) (NOY*-
depending on the reaction conditions [103].

Pph3 Core:
Por U M ¢ |

% \Sm—/ s
su)
CMe;

Mo-C(1) 2.042(6) A

Mo-P{l) 2517(2) A

CMe Mo-S(1) 2.349(2) A
3 Mo-S(2) 2.358(2) A
Mo-SE3) 23642 A
©5) Mo-S(8) 2.350(2) A

The reactivity of the crown thiocther complex frans-Mo{N2)a{syr-Megf16janeSy) towands
sources of $2- ligands has been explored [104). Replacement of both N ligands by terminal
sulfido ligands is possible using cither Sg or two cquivalents of tBuSH, the latter reagent
undergoing C-S bond cleavage. The structure of the product trans-Mo(S8)2(syn-Meg[16]lancSs)
shows the molybdenum atom to be slightly displaced (0.031(5) A) from the plane of the crown cther
ung.

13.6  Complexes with selenium donor ligands

A complex of molybdenum containing the metal atom in a coondination sphere of six
selemivin atoms is synthesised in the reaction of ("BuyN»iMoSey] with excess AsqeSey [105]. On
solving the structure of the product ("BusN)2{MoAsaSeyg] (66) by means of X-ray diffraction,
ambiguity arose as io the formal oxidation statc of the molybdenum atorn. Whilst cach AsScs
ligand can be considered as wianionic, formally indicating a molybdenum{IV) centre, one Se--Se
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contact is shorter than would be expected from a simple van der Waals interaction. However, this
distance of 2.702 A is also longer than that expected for a single Se-Se bond (approximately
2.35 A); if the interaction docs constitute a 2-centre 2-electron bond, then the molybdenum atom
would have a formal oxidation state of +2. Hence the actual formal oxidation state of molybdenum
in this complex depends on how the Se--Se interaction is interpreted.

2702 A

137  Complexes with halide and hydride ligands

Chloro and mixed chlorofiucro nitrosyl molybdenum complexes are obtained from the
addition of NaF in MeCN to MoCl(NQ)2 at room temperature, in the presence of 15-crown-5
[106]. Structures of the two products isolated [Na{l5-crown-5)l2{MeCN)[MoCla(NO)3] and
[Na{i5-crown-5)]2IMoF4CI{NO)] are presented. The crystal structure of the laier compound
Teveals an interaction between the three ions of the molecular formula, each sodium centre being
linked to the five oxygen atoms of the crown ether as well as the two fluoride Hgands of the anionic
molybdenum complex. This generates an unusus! geometry about the fluoride atom frans to the
niwosyl ligand as shown in saucture (67).

Another class of didentate sutfur ligands is based upon the carbodithioate group. The anion
[Cp*Mo(84)(82CO)]-, which contains a chelating dithiocarbonate ligand, has been isolated and
structurally characterised [98]. Obtained from the regction of a polysaifide solution with
Cp*Mo(CON{CH3), the metal centre has undergone oxidation with elimination of the carbonyl and
alkyl ligands. Two different carbogithioate ligands are present in the complexes
Mo{S2CNR2)(acda)s.n (R = Et, Pr; n = 2, 3; Hacda = 2-aminocyclopent- 1-ene- 1-carbodithioate)
{99). The differing properties of these compiexes are rationalised in terms of the o—donor and
T-acceptor properties of the sulfor ligands. The complex Mo{O)(S2CNE232(520) (63) has been
structurally characterised 1100]. The 50 ligand is bouad to the molybdenum centre in a side on
manner through both S atomns, and forms part of the equatorial plane of a distorted pentagonal
bipyramidal geometry.
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There have been two reports on the formation of Cp/Cp* molybdenum complexes which
also contgin halide ligands. The unstable compound CpMoCl3 [88], generated either by oxidation
of CpMoCly with PhI.Cl, through reduction of CpMoCly with TiCls or by valence
conproportionation of CpMoCly and CpMoClLy, has been mentioned previously (see section 1.3.3),
Interaction between atomic molybdenzm and CsMesH results in the formation of the hydride
complex Mo{Cp*)sH2; the reactivity of this product has been explored, and one area of
investigation was the conversion o Mo(Cp*)iz [107].

14 MOLYBDENUM(I!)
14.1  Complexes with nitrogen donor ligands

A range of mononuclear molybdenum(IH) complexes containing imidazole ligands has been
synthesised and spectroscopically characterised [108). The effective magnetic moments of the
complexes [MoL3X3) (X = Cl-, Br, NCS—; L = imidazole, benzimidazole and their respective
2-methyl derivatives) are in accord with an octahedral molybdenum(I) centre. Infrared studies
indicate that the imidazole ligands bond to the molybdenum atom via the tertiary nitrogen atom, and
also that each thiocyanate ligand coordinates throngh its nitrogen atom,

Examples of dimeric molybdenum alkoxide, amide and amine complexe$ have been reported,
together with structural analyses [109,110]. Reaction of Moz(O'Bua)g with aniline results in the
formation of Mo2(0'Bu)a(HINPh)2(H;NPh)2 (68} in about 80% vield (109]. The structure shows
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the presence of hydrogen-bonding between the amide/amine ligands and the oxygen atom of the
alkoxy ligand. The molybdenum atoms are in a square planar O;Nz-envirenment with 2 Mo-Mo
bond length of 2.2538(7) A, typical for a MomMo triple bond. Using the bulkicr alkoxy group
OCPh3 (and the silicon analogue OS§iPh3), amine complexes of the formula Mo2(OEPh3)a(NMea)y
(E = C, i) have been prepared {110), Structural analysis foe E = C indicates an ansi arrangement of
the amine and alkoxy ligands (89), though in solution variable temperature tH NMR spectroscopy
indicates the presence of both anti and gauche rotamers.
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(69)

The catalytic activity of Cs3(MozClsH(NO);] towards oxygenation of NO with insufficient
oxygen has been described [111]. The report also includes a synthetic method to prepare this
commplex and solution IR data, indicating the presence of bridging nitrosyl, hydride and chioro
ligands together with two absorptions at 31(w) and 295(m) due to stetching modes of the terminal
chlorine atoms, Finally, a dimeric fluoro complex containing pyridine ligands has been structurally
characterised [112]; this is discussed in section 1.4.5.
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142  Complexes with phosphorus donor ligands

Various attempts have been made to synthesise the seventeen electron mononuclear
molybdenum complex CpMoXa{dmpe) (X = Cl, Br, I) [113]. As a result of this work both the
molybdenum{V) complex fCpMoCla{dmpe)]— and the mixed molybdenum{IT)/molybdenum(ITT)
salt iCpMo{dmpe)s]t{MoBra{dppe)j— have been structurally chamcterised; the desired complex was
formed, but it proved wstable with decomposition products as above.

The complex MoX3(thf)3 (X = Cl, Br, I} has been utilised as a convenient starting material
for reaction with & variety of phosphines; the labile thf ligands readily undergo substitation [114-
118). Amongst the studies undertaken, mononuclear phosphines of the type PPhoR3., R = M¢, E;
x = (-3} and PR'3 {R' = "Pr, Bu) have been considered. Complexes of general formulae MozXsly
and MoaXgl.3 (X = halide; L = phosphine) have been characterised, the former consisting of an
edge-sharing bioctahedral geometry, and the latier a face-sharing geometry. Various mechanisms
are proposed for the formation of the different products, with consideration given to the differing
bulk of the phosphine ligands used [116). Structures are reported for MozClg(PMeaPh)g [115],
Mo2Xg{PMecPh)3 (X = Br (1141, €1 [115]) and MosClg(PEt3)3 [115]. Not surprisingly,
Mo2Xs(dppe)2 also transpires to have an edge-shared bioctahedral configuration [117]. The
mononuclear species MoX3(dppe}(thf) has been isolated, and this dimerises in non-coordinating
solvents following the loss of the thf ligand. A more unexpected result is obtained when the thf
ligands are displaced by the tripodal ligand N(CH2CH2PPh)s (for X = C1) [118). Structural
analysis shows that whilst the amine is indeed acting as a ridentate ligand, coordination is throngh
the amine nitrogen atom and the two phosphorus atoms. The third PPhy group is pendant as
illustrated in swucture (7). The coordination adopted (N and 2P as opposed to 3P) is discussed,
along with the fact that a mer-arrangement of chloride ligands is observed.
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(70)

An altemnative synthetic route is used 1o obtain the dppm analogues of MoXg(dppe)s.
Oxidative addition of halogens Yz (¥ = Cl, Br, I} to the quadruply-bonded MozXa(dppm)2 gives the
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edge-sharing, bioctahedral molecules MoyX4Y2(dppm)2 in high yield {119). Al combinations of X
and Y (X and Y = I, Br, I} are now known and the complexes have been investigated both
electrochemically and by IR and UV spectroscopies. Stuctures of MozClgla{dppm)s,
MozBrg{dppm})z and Moglg{dppm)2 (T1), with bridging chlorine, bromine and iodine atoms
respectively, have been compared. The increasing Mo-Mo distances of 2.827(1), 2.879(2) and
3.061(1) A in the series are primarily due to increasing size of the bridging atom. A related
heterodimetatlic complex MoW(CLy)(-ChY{j-H){|i-dppm}; (72) has been characterised as the first
multiply-bonded heteronuclear edge-sharing bioctahedral complex [120]. Whilst the bridging
hydride was not iocated by the X-ray diffraction, its presence was supported by IR and NMR
Specuoscopic data.
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Labile or coordinatively unsaturated molybdeaum(TIT) dimers are the final topic of this
section. The compound SPMes proves to be a useful reagent with Mo{PMe3)4Clz [1211; sulfur
abstraction results in the formation of a dimeric molybdenum(IlT) complex of the formula
Moa(u-S)(e-ClYCl3(FMes)s (73). Trimethylphosphine is readily lost from this complex to form a
unique dimer with one molybdenum atom 5-coordinated and the other 6-coordinated as shown in
structure (74). This loss of PMe;j is reversible, as is the reaction of the unsaturated complex with
MeCN which yicids the related compound Moz(pt-S){(U-CHCl3PMe3 la(MeCN). The structures of
all three products have been solved crystallographically. One notable feature about this work is the
use of SPMe3 as a source of sulfur, with P-S bond cleavage and sulfur atom transfer to the
inolybdenum centre. Typically, as encountered earlier [93), phosphines are used to abstract sulfur
from metal complexes, due to the favourable strength of the P-8 bond (ca. 385 kJ mol-1),

)— ooc)—\/MoE M{—
(75) /\

(76

14.3  Complexes with oxygen donor ligands

Furthering the understanding of dimeric molybdenum alkoxides of general fornula
Muon{OR)g, the bording present in these complexes has been investigated using Fenske-Hall type
molecular orbital calculstions on the model hydroxy compound Mo2{(OH)g [122]). The short Mo-O
bords are found to be due to significant O{px)-Mo(dr) bonding, with a lesser ionic contribution,
The thermal decomposition of Mo (OR)g (R = CMes, ¢-CgH ;) under helium has also been
studied. These complexes have proved to be single source precursors for molybdenum carbides and
oxides [123). Rewrning to the actual synthesis of this type of complex, mora novel examples with
dideniate and tridentate exygen donor lipands have been prepared [124, 125]. Using the bulky diols
2,5-dimethylhexane-2,5-diol (HzLY) and 2,2"-methylene-bis{6-'butyl-p-cresol) (HsL2), reaction with
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Mo2(NMez)s vields Mop{L1)3(HNMez)s, Mo(L!)3 and Moy{NMe2)3311.2) {124]. In the two
former complexes the diolate ligands span the Mo-Mo triple bond giving rise to eight membered
rings; the latter complex, crystallographically characterised, contains seven membered rings.
Reaction of Mo{O'Bu)g with the tripodal, cage-like ligand trisilanol (c-CgH11)78i709(OH)3 was
hoped to create the complex Moz {{c-Cgl11)}78i700(0)3}2, each 3-siloxy ligand chelating cach
molybdenum centre. This is shown schematically in structure (75) [125]. Whilst a complex of this
formula was obiained, a far less symmetrical arrangement of the siloxy ligands was observed from
the solid state structure determination as represented in (76).

144  Complexes with sulfur donor ligands

Transformations of the Moz{(i1-8}4 core of the two molybdenum{V) dimeric complexes
[Cp2Mo{p-SR)(1-52CH2)]* and Cp*sMoa(p-5)2(4-52CHz) results in two new molybdenum(TiT)
dimeric clusters [126, 127]. For the former complex, addition of various alkenes H>C=CHR'
converts the {U-S){u-SR) ligands into the chelating thiolate-thioether ligand RSCH)=C(R)S. The
product with R = 'Bu, R' = H has been isolated and crystallised, and the structure indicates that the
double bond of this new ligand interacts with one of the molybdenum atoms as indicated in structure
{77). The bis(sulfido) complex has been reacted with chloroform in the presence of 1 t0 2
atrnospheres of Ha at 50°C. Again, a chelating ligand is formed, this time from the two monodentate
{1-3) ligands; the resulting product is Cp*2Moa(p-82,CH2)» (78).

H H j-!- H\C/H
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Examples of molybdenum(ITl} complexes with pyridine-2-thiol tigands, binding exclusively
through the thiol sulfur stom, have already been mentioned in section 1.3.5.

145  Complexes with halide ligands

The bulk of the examples of molybdenum(Ii) complexes containing halides 2s ligands also
contain phosphine ligands; these have been mentioned already in section 1.4.2 [113-121].
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The hexafluoro complex MoFe{p-Fia{py)s (79) provides the first example of an edge-
sharing, bioctahedral complex containing bridging fluoride ligands [112]. Another unexpected
festure reveated during structural analysis is that the four pyridine ligands arc: all in equatorial sites.
This contrasts with the tungsten and tantalum chloro analogues, where two pyridine ligands on one
metal centre are equatorial, and the two bonded to the other metal centre are in axial sites.

Mozem-mmrmmsena M
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Mo-N 2.2724)>-2.94(3) A

Ma-pF 1913 A (av)

Mo-Flaxial} 1841 A (a¥)

Mo-Mo 2.533() A
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15 MOLYBDENUM(II)
15.1  Complexes with boron donor ligands

The nonaborane anions [NMe4][BoH 4] and [NMes][BoH ;2] have been reacted with the
seven coordinate molybdenum(Il) complexes Mola{CO)3Ls (L = PPhy, PPhaMe, PPhMes) [128).
The known metallaborane 6,6,6,6-(CO)z2(PPhs)2-6-MoBgH) 3 was isolated in 2 low yield (12%),
though this was an improvement over previous results using the cation INPBuy}* (4% yield).

152  Complexes with group 14 donor ligands

Although this review is not concerned with organometallic compounds, it is the benzyl ligand
that is the interesting feature of the ‘piano stool’ complexes Cp*Mo{NO)CHoPh)(CH28iMes) and
Cp*Mo(NO)CH;Ph)Cl [129]. Both solution and solid state data indicate that it adopts an n2-
bonding mode, acting as a three electron donor ligand.

The synthesis of MoCl(GeCl3}{COR(NCMe)2 (80) and its reactions with EPhy (E =P, As,
§b) give rise to several new seven coordinate molybdenuin complexes [130). The proposed stucture
for (80) is a face-capped octahedron, and depending on the solvent used (CHyClo/MeCN) either
MoCHGeCl3)(CONCMeXEPh3) or MoCH{GeCli){COY(INCMe)2(EPh3) can be prepared. The
reaction of this latter compound with but-2-yme, for E = P, results in formation of the novel complex
MoCKGeCl3 XCO)(NCMeXPPh3)(1i2-MeCpMe) in a good yield [131), The molybdenum centre is
swrrounded by six different ligands. Applying the same synthetic strategy, the related tin compiex
Mo{CO)3(NCMe)2(SnClsBu)(l has been prepared [132]. Again, the displacement of CO and
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NCMe ligands is examined, but in this report phosphite ligands P(OR) (R = Me, Et) are used. The
structure of Mo(CO)2{P(OMe)3)3(SnClBu)Cl (81) is best described as a cross between a
distorted face-capping octshedral geometry, with Sn or C(1) in the capping position, and a distorted
trigonal prismatic peometry, with the Cl ligand capping a square face.

a,, S$nCl,Bu
R \ /
MeCN ¥ o
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MeCN/ €0 (Me())gP P(OMc)a
GeClg Cl
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135.3  Complexes with nitrogen donor ligands

"Piano stool' molybdenum(Il) complexes show interesting and unexpected coordination
chemistry. Interconversions of termninal isocyanate ligands CNEt and CNBu have been examined
under the effect of thermolysis and of chemical reagents [133-135]. Alkyl migration fromn the metal
centre of complexes of general formula Cp*Mo(CO)2R(CNR') gives complexes containing
RC=NR' ligands, which adopt an 112 bonding mode [133,134]. Further reaction of this iminoacyl
praduct, Cp*Mo{CO)(n2-RC=NR", with more isocyanide results in insertion products containing
a four membered MoCpN ring [135]. A MoCNz-ring is present in the anionic ‘piano stool’ complex
CpMo(CO)[C(OMe)NMeNCHMe] (82) [136]. This product is one of several nitrogen-
comtaining complexes obtained from the reactions of CpMe(CO)3(n1-CH2COR). The reaction of
aminopyridine with the molybdenum carbene complex Mo{CQ)5{=CR(QED] (R = Me, Ph) results
in the Joss of ethanol and carbon monoxide, and formation of a chelating pyridine-carbene complex
(83) [137)]. Furtber reaction of this product with diphenyl acetylene provides a synthesis for some
previously nnknown pyrrolinones.

Deprotonation of the complex rrans-[Mo{NMe)Cl{dppe)2]* results in the imide ligand being
converted to a reactive methylenamide ligand (N=CHp)~, which loses dihydrogen on oxidation 1o
form the cyanide ligand in trans-[Mo(CN)Cl(dppe)z] [138]. '3C NMR spectroscopic labelling
studies indicate that an intramolecular Mo-NC to Mo-CN framework rearrangement occurs. The
methylenamide ligand is also replaced readily by NCX (X = O, §, Se), the structure of the sulfur
analogue showing that the NCX ligand coordinates via the nitrogen atom, as an isocyanate.

The reaction of Moz{02CMe)2Clz(dppe) with pyridine gives rise to the dimeric and
mononuclear pyridine complexes MozCla(O2CMe)zPy2 and MoOClz(dppe)Py. Both of these have
been structurally characterised [139]. Molecules of the dimeric product (84) are linked via Cl---Mo
bridges to form infinite chains.
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The tetracationic complex {Moa{MeCMN)i1ol** has been synthesised as & potential starting
matetial for other dimolybdenum complexes, since the Mog#+ core is surrounded by neutral, weakly
coordinating ligands (Mo-N 2.129(6), 2.600(13) A) [140]. This bright blue compound is unstable
in air, readily turning brown, and is also hygroscopic; preliminary investigations show that it
undergoes substitution with other ligands.

As seen with the higher oxidation states of molybdenum, there is great interest in hydrazido
and related ligands coordinating to molybdenum centres. The hydrazines NHNR2 (R = H, Mc)
bind in a "side-on' fashion to the molybdenum{IF} centre in the complexes Mo(NHNR2HNOX'S4)
(85) [141]. Structural analysis of the dimethyl derivative shows the molybdenum atom to be in a
distorted pentagonsl bipyramidal environment, with one sulfur atom, S(2), and the nitrosyl ligand in
the axial sites. The Mo NMR chernical shift is compatible with the assignment of a formal



44

oxidation state of +2 for the metal centre, Two other complexes with N2 based ligands have been
prepared using quite different routes. Photolysis or thermolysis of Cp*Mo{CO)z;Me in the presence
of aromatic diazenes RCgH4N=NCgH4R (R = H, p-Me) results in formation of the chelated
complex Cp*Mo(R-CgHiN=NCgH4R}(CO)z (86), where cne aromatic ring has undergone
cyclometallation [(142). The silylhydrazenido complex rrans-[Mo{NNSiRoR" Y} dppe)2)[(3-
COYCo{CO)3) (R, R' = Ph, Me) (87) is prepared from the dinitrogen complex Mo{N2)2{dppe)2 and
RoR'SiCo(COY4 [143). One nitrogen atom undergoes silylaton. Structural parameters for the
dipheny! methy) product show delocalised bonding within the hydmazenido ligand with the N-N,
N-Si bond lengths being 1.21(1) and 1.73¢1) A, respectively.
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Examples of didentate amidinato ligands with 2 one carbon linker have been reported for
both a mononuclear complex (creating a four membered MoNCN-ring) [144] and a dinuclear
complex (with a five membered MogNCN-ring) [145]. Both CpMo{CO)2((NPh);CMe] and
Mo2{O2CPh)2[(NSiMez)2CPh] have been crystallographically characterised. The (NR)CR’
ligands bord symmetrically with average Mo-N bond lengths of 2.18 and 2.117 A for the
monohuciear and dinuclear complexes, respectively,

A range of didentate amine complexes has been synthesised from Mo(02CMe)4 [146]).
The solid state structures of the products, derived from amine addition or from substitution of one
[C2CMe)- ligand, are presented. The dimoiybdenum complexes Mo2(02CMell, with L =
Me(H)NCHzCHaNFMe, HaNCH2CH2CHaNH3, form infinite 1-D chain structures, the Moa-
units being linked by the didentate amino ligands; {Mo2(02CMe)3L'2]¥[02CMel- (L' =
HaNCH>CHyNMes, HaNCH2CHoN(H)Me) are present as discrete molecnles in the solid state,
with hydrogen-bonding between the equatorial diamine hydrogen atoms and oxygen atoms of the
displaced acctate group as shown in (88). In related work [147]), MofO2CMe)4 is reacted with the
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parent ethylenediamine in the presence of alkynes 4-RCgHyCCH (R =H, Me, iPr), giving rise to the
first example of alkyne addition to 28 Mo-Mo quadruple bond, The structure of the methyl product
iMoa(u-4-MeCgHACCH)(-02CMe){en)s1{02CMe] 3. 2(en) (89) is presented, as is a discussion
about the isomerism in these systems, Work on the complex Moz(0O2CCF3)4 has shown that the
wriflucromethylacetate lipande are displaced by the didentats ligand binvridine [148) Two isomers
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of the formuta Moy(02CCF3)4(bpy)2 are produced. As in (88) and (89), the acetate ligands adopt
cither monodentate or didentate bonding modes, forming the neutral complex
Mo2(n!-02CCF3)4(bpy) and the ion pair complex [Mo2(p-02CCFs)z(bpy)2{02CCFs). The
bpy ligands chelate to a single molybdenum centre in cach case. Another example of a bpy complex
with & monodentate RCOy~ ligand is obeained on exchanging Ci- for C3F7004 in the complex
[MoCHCO)(n3-CHC(CONRR'YC=CH)L]T- (L = bpy, phen) [149), though the main theme of
this article is the bonding and reactivity of the butadienyl ligand
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e.g. L= HaNCH;CHZNH,

A range of didentate pyrazot-1-yl complexes have becn prepared using the ligands RHCPz'
(R =H, Ph; pz' = pyrazol-1-yi, 3,5-dimethylpyrazol-1-y1) {150). The Mo(RHCpz'XCO)z(r-allyl)Br
complexes could be prepared either by allyl bromination of Mo(RHCpz XCO)4 or by the reaction
of Mo(MeCN)2(CO)(x-allyl)Br with HRCpz'. The structure of the dimethylpyrazol-1-yl derivative
(R = Ph) is reported (90). The related RICCH)CR2CH;z (R}, R2 = H, Me, Ph) allyl bromo and
chioro HzCpz' complexes have been prepared under mild conditions [151], and some of these cis-
complexes are Auxional.
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The ligand Tp has already been encountered as a tridentate nitrogen donor ligand for
molybdenum(iV) and molybdenum(V) complexes (see 1.3.2.1, 1.2.3.2). A mixture of
aminocarbyne, 2-iminoacyl and W2-acyl Tp molybdenum compiexes are prepared by the addition
of Mel to Na{TpMo{CO)(\BuNC)} [152]. The reactivity of these products and that of the starting
material is explored further. A synthesis of the carbyne complex Tp{CO):MoCH is also reporied,
together with a dimerisation reaction which produces {Tp(CO2Mo) 2{u-CCH2) [153]. The
phosphine pyrazolyl tris-(3,5-dimethyl-1-pyrazolyl) phosphine oxide was reacted with
Mo(MeCN)2{COR(X)n3-CH2CHRCH;) (X = CL, Br; R = H, Me, Ph), in the expectation that the
former would act as a didentate nitrogen donor ligand [154}. This was not observed; instead, partial
hydrolysis of the phosphine oxide gave the unexpected product Mo{CO¥(n3-
CHCHRCH)(PO(C3iNaMegH)2) (91), containing an N, V', 0-chelating ligand.
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(93}

Other molybdenum(II) complexes containing multidentate N,O-donor ligands, obtained by
design, include a series of seven coordinate complexes of cyclic amides {155). NMR spectroscopic
data show that the complexes have fluxional pentagonal bipyramidal structures in solution (92).
N.N',0,0'-donor sets have been used to link Moy-units together [156,157], using, for ¢xample, 1.8-
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naphthyridinyl-2,7-dioxide. Depending upon reaction conditions, cither a discrete molecule
containing two Mog-units linked together or an extended polymer of =20 formula units can be
obtained. The crystal structure of the former product (93) has been solved, and can be considered
as & model for the tetranuclear subunis of the polymer.

Finally, the dinuclear molybdenum(Il) complex of the tetradentate ligand dibenzotetra-
aza[ 14Jannulene has been reacted with etracyanoethylene [158]. The consequent interconversions
of the oxidised rononuclear and quadniply bonded dinuclear products are examined chemically and
electrochemically.

154  Complexes with phosphorus donor ligands
154.1 Monodentate ligands

A new route to derivatives of molybdenocene using mild conditions has been reported; the
report includes a structural analysis of the derivative CpaMo{P"Buj) [159]. Reactions of such
phosphine complexes with alkyl halides, halogens and diethyldisulfide have also been investigated.
The structure of a triethylphosphine complex has been solved as part of a kinetic and spectroscopic
study of ransients produced by the flash photolysis of Mo(CO»(PR3}X2 (X = Bz, CI; R = aryl,
‘alkyl or a mix of these) [160]. The unsawmrated complex Mo(CO)z(PEt3)2Br2, characterised
crystallographically, is one of the class of transients produced in the photolysis process.

Earlier, it was seen how Mola(CO)3Lla (L = PPha, PPhoMe, PPhMes) could be used as a
reactant [128] (see section 1.5.1); the syntheses of the triphenylphosphine derivative and related
complexes containing a range of didentate oxygen donor ligands have also been reported {161].
Variable temperature NMR spectroscopic studies have been carried out on the
dimethylphenylphosphine derivative Mol2(CO)3(PMePh)s [162].

Although mainly organometallic in natore, the reactions of P{QMe)3z with
{CpMo(=C(Mc)CHMe)(n2-MeCzMe)Bri{BF4] [163) and PPhi/Me3O+ with {CpMo-
(MeCHO)(CO)z]- {164] produce interesting conversions of the organic ligands as well as forming
phosphine/phosphite derivatives. In the first example, C-C coupling gives tise to the butadienyt
complex [CpMo({=C(Me)-13-{C(Me)C(Me)CH(Me) }{P(OMe)3]}B1]+ (94) while the second
reaction yields, amongst other products, rrans-IMo{ CHMe(PPh3) }{CO)2(PPha}(Cp)]* (95).
Reacting a range of phosphines and phosphites with the bis(hexafluorobut-2-yne) complexes
[Mo{SR)(CF3CCCF31Cp] (R = CgFs, iPr) resulis in several conformational changes of the alkyne
ligands, including cyclisation to a cyclobutadiene based ligand [165].

Application of the NMR active molybdenum nuclei provides a convenient method to assist
the characterisation of complexes. Solid state 31P NMR spectroscopic studies of cyclic and acyclic
phosphine complexes of the type MoPPh2(CHz2), (n = 3, 4) and MoPPhoR (R = Et, Pr, Bu, pentyl)
have aimed at correlating the chemical shift and 9557Mo-3!P coupling constants with structural
features of the compounds [166], whilst iIMo NMR. spectroscopy has been used directly in the
investigation of [CpMo(CO)L.21+ complexes. Here, L includes a range of phosphine and phosphite
ligands, as well as other group 15 donor ‘atoms (As, Sb, Bi) [167]. Decomposition of these
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complexes in polar solvents gives low yields of [CpMo(CO)sL.J*, the ‘piano stool’ structure of
which has been determined for L = PPhj.
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Suitable for duet piano playing is the linked complex MegSi{(n3-CsHa)Mo]2(CO)3(u-
PMez); (96) which has been prepared along with the arsenic analogue [168]. An X-ray structural
analysis has been carried out for the phosphine derivative. Two other dimetailic molybdenum
complexes with phosphorus donor ligands are MoaxCla(PMePhz)y and Moa(OCgFs)4(PMes)s
[169, 170]. Both complexes are square prismatic in structure, and in each case the isorerism of this
type of systern is discussed.
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1542 Multidentate ligands

Extending work seen already [161, 162], Mola(CO)3(NCMe), has been reacted with one
equivalent of a monodentate ligand L (L = PPhs, AsPhs, SbPh3) followed by half an equivalent of a
didentate phosphine L'-L' (L'-L' = dppm, dppe, dppb, dppf) [171]. In this way, high yields of the
seven coordinate dimetallic phosphine bridged complexes Moxls{CO)gLa(l-L'-L"} can be
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synthesised. Infrared and H NMR spectroscopic data and elemental analyses are presented for the
range of complexcs obtained. Using the same molybenum starting matexrial, direct reaction with
diphosphazane ligands RN(P(OPh)); (R = Me, Ph) gives the distortcd pentagonal bipyramidal
complexes Mol2(CO)3{(P{OPh)2)oNR] [172], with the phosphazane ligand binding to two of the
equatorial sites as shown in structare (37).
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‘The ligands dppe and dppm have been used to displace the bis(3,5-dimethylpyrazol-1-yl}-
methane ligand (HoCpz;) from the complexes Mo(HzCpz2)(CO)2Br2 and Mo(H2Cpza)(C0)2(n3-
ally}Br [173]. The structure of the product Mo{dppm)2{(CO)2Brs (98) shows the two different
bonding modes for dppm within one molecule. The complex CpMo(dppe)(COXCaHy) has been
prepared from the dicarbonyl complex CpMol{dppe}(CO}, and the analogous work has been
repeated for the dimethoxyphosphinoethane derivative. Subsequent reactions of the alkene products
with carbaniot nucleophiles have been carried cut [1741.
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Following on from a look at the isomerism in square prismatic complexes McXalg in which
X = halide and L = nentral monodentate ligand [170], a reiated complex
MoCl {PhaB(CH2):P(Ph X CHzpP(Ph)CH;)»PPh2} has been synthesised to see how restraining
the 'Ly’ donor set affects the ligand distributions [175). Of thirteen possible isomers, for ali
monodentate ligands the most cotrmmon geommetry is that of the 1,3,6,8 ismer and this is attributed to
on steric factors. For didentate Ly ligands, the 1,2,7,8- and 1,3,5,7-geometries are most frequently
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observed. Using this tetradentate ligand, another geometric isomer is seen for the first time, viz.
1.2.5.8 as illustrated in structure (99).

Two examples of muiltidentate organophosphorus ligands have been synthesised. The
molybdenum phosphido complex CpMo{CQO)3PPhy reacts with electron deficient alkynes
RCC({CO2Me) (R = H, COMe) 10 give cyclic complexes of the general formula
CpMo{CO)(PhyPCR=C(CO2Me)CO) (100) [176]. The chelating ring is formed by linking of
the phosphido group, the alkyne and one CO ligand. A carbonyl ligand is also transformed into part
of the chelating ligand in the synthesis of CpMo{6,n3-CeHa(PH2HPC(OH)CH(CHaMe-4))-
1,2}(CO) (181) from the carbyne complex CpMeC{CgHyMe-4)(CO)2 and the didentate phosphine
CgHa(PH2)2-1,2 [177]1. The central phosphorus atom of the chelating core can be considered to be
part of a phospha-allyl moiety.
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155  Complexes with bismuth donor ligands

Exchange reactions of MoaCp2(CO)s have been discussed, including reactions with BisPhy
[178]. MoCp(BiPh2)(CO}3 can be formed on stirming the reactants jogether for three days, thongh
no reaction takes place in the absence of daylight. In contrast, the same product can be prepared in
the dark if [MoCp(CO)3]~ and BiPhaCl are psed as reactants.

156  Complexes with oxygen donor Egands

Various complexes with RCO;- ligands have been synthesised and investigated [179-181].
Lability studies have involved looking at scrambling reactions between Mo2{O2CR)4 and
Mo2(02CR) (R = Bu, R’ = CHa'Bu, p-'BuCgHy) and related MeCN solvated systems [1791.
Unsaturated sliphatic carboxylate bridging ligands are targetted for a study of molybdenum
complexes as potential polymerisation catalysts. Complexes of the form Moa(u-02CR) (R =
HC=CHa, MeC=CHj3, HoC-C(H)=CH3) as well as the cationic species [Mog(j-
OxCRy(MeCN)412* have been prepared {180, 181).
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The B-diketones of general formula R(C=0)CH(C=O)R' (R, R' = M¢, CF3) selectively
protonate terminally bonded n3-allyl ligands of Mop(uig-n3-allyl)»(n3-allyl); to produce complexes
of formula Mo(H2-13-allyl)aM2-RIC=O)CH(C=O)R") (102) [182]. Multinucicar NMR
spectroscopy has been used to elucidate the structures of the threc products obtained, and a
geometry with one exo bridging aily! and one endo bridging ally! is proposed.
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157  Complexes with sulfur donor lgands

A range of thiolate complexes MoSR(CpY(CO}PhCCPh) (R = Me, Et, BPr, iPr, 1Bu) has
been prepared by the addition of TISR to the chioro complex MoCI(Cp)(CO)(PhCCPh) [183].
‘Restricted rotation of the SR ligand, owing to S(p)-Mo(dx) bonding, results in two isomeric forms
of the product. Diphenylthiophenol (dptH) complexes of molybdenum show that as well as acting
as a monodentate thiolate ligand, as in Mo{dpt)2(COx(bpy) (103), dpt—can adopt a novel ‘didentate’
bonding mode with one phenyl ring bound in 1 fashion to the metal centre [184). This is observed
for Mo(dpt)2(CO) (104), the geometry of which can be described as a distorted 'three-legged piano
stool’,

Three different synthetic rontes can be used to prepare the sixteen electron complexes
Mo{12-(5,5)(COnG-allyl) [(S,5%) = N, N-dicthyldithiocarbamato, pyrrolidine- 1-carbodithioate)
[185). Addition of didentate phosphines results in the displacement of one CO ligand and the
formation of eighteen electron complexes Mo{n2-(5,57) }(COYn3-allyl){n2-(P.P")} where (PP} =
dppm or dppe. The versatile complex Mol2¢COR(NCMe), (ser sections 1.5.4.1 and 1.5.4.2 above)
has been employed yet again; this time as a basis from which to synthesise the species
{Mo(p-D{CON[S2CN(CH2Ph)2] }2 and Mol(CO)3L(S2CNRp) (L = PPh3, AsPhs, SbPha; R =
Me, Et, CH2Ph) {186]. Some related complexes containing the didentate sulfur ligand 57C(Pcys)
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have also been characterised, viz. [MoKCO)3L{S2C(Pcyy))*i- (L as before plus P(OPh)3) [187],
as well as [Mo(CO)3(S2C(Pey3N] 22011~ and MoIa(CO)(S2CPey3)).

(104)

The oxidation and fragmentation of the molybdenum(Il) carbonyl complex Mo{CO)(™84)
j112) has already been discussed (see section 1.3.5) as a route o molybdenum(IV) dithiol
complexes. The related phosphine derivative Mo(CO{PR3)(S4") (R = Me, Ph) has also been
characterised {188). Solution NMR spectroscopic studies indicate fluxionality in solution with the
complex exhibiting & higher degree of symmetry than expected.

The half-sandwich cyclopentasulfido complex Cp*Mo(NO)Ss has been synthesised from
Cp*Mo(NO)2 and methanolic ammonium polyselfide {189]. Structural analysis of the tungsten
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analogue shows the S5 ligand to be in a chair conformation. The related pentaselenido complex bas
also been characterised from the analogous reaction with HSe solutions.

Finally, electrochemical reduction of the molybdenum(IIl) dinuclear complexes
[Mo2Cp2(COR(1-SMe)3]* and [Mo2Cpa(CO)2(X2)(1-SMe)2] (X = Cl, Br) gives the common
molybdenumn(Tl) product MoaCpa{CO)(u-SMe); (105) [190). The final thermodynamic product
is the trans isomer, although in each case the cis isomer {106) is the kinetic product and is
produced as an intcrmediate. The reactivity of both isomers towards isocyanide is reported.

C
0 es)

158  Complexes with halide ligands

Many of the complexes with phosphine ligands are halophosphine complexes; these have
been considered carlier in sections 1.5.4.1 and 1.5.4.2, The majority of the remaining complexes
with halide ligands are better classed as organomemliic: the reaction of molybdenurn complexes with
organchalo compounds can result in halide transfer 10 the metal centre [191, 192), whilst the
addition of HX (X = Br, I) to Mo(RNC)g complexes gives rise to conpling of two RCN ligands o
form a complexed alkyne ligand [MoX(RNC){n2-RE)N-CC-NH)R}] {193). Photolysis of
organometallic polyurethanes containing (-CsHg)aMo{CO)g units along the polymer backbone
produces results that ave similar to those obtained for CpMo{CO)g [194]. After 11 bours of
radiation in CCly/thf the Mo-Mo bond vndergoes cleavage and the chloro product
§ CKCO)3MoCsH4-CHaCH2OC(O)NH(CH,)3 ) 2 is isolated. Coupling and rearrangements of the
CF3CCCF; ligands obtained from the reaction of MoCpX(CO)3 (X = Br, ) with this alkyne are the
focus of another report {195]. The halide plays no role in the conversions. The iodo complex
{MeCsHa)Mo{CO)3l is an unexpected product from the reaction of (CsHai}Mo(CG)3Me with
(MesSnCsH)(Cp)TiCly in the presence of a paltadium(0) catalyst [196). The linking of two Cp
rings to form a fulvalene heterometallic complex and Me3Snl, the predicted outcome, was not
observed: methyl/iodine exchange was the only reaction ssen.

An improved synthesis of dichloronitrosyl molybdenum complexes is achieved using PCls
as a chlorinating agent [197]). The reaction of Cp'Mo(NOYCQO); (Cp' = Cp, Cp*) with an
ecquimolar quantity of PClg gives {Cp'Mof(NO)Clz}z in 80-95% yield. The structural
characterisation of the Cp* derivative (107) shows two 'piano stool’ monomers linked in a frans
geometry by two bridging chioride ligands.
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16 MOLYBDENUM(I}

The dimer {(CsPhs)Mo(CO)1}2 has been reacted with the chelating phosphine 2,3-bis-
(diphenylphosphinojmaleic anhydride, L2 (188), to oy and obtain information on the equilibriom
between {{CsPhsyMo{CQ)31, and its 17 electron monomer [198). Two products are obtained; the
17 electron complex {CsPhs)Mo(CO)2(Lz-P) and the 19 electron complex (CsPhs)Mo(CO¥(La-
P.P°). The phosphine coordinates in 'dangling’ and didentate modes, respectively. Structural
characterisations of the didentate phosphine molybdenum(f)) and molybdenum(l) complexes
(Mo{CCPh){dppeXn-C7HI™ (1 =0, 1) are used to examine the effect of a one electron oxidation
on the structural parameters [199]. The major alteration with oxidation is the increase in Mo-P bond
lengths, from 2.467(1) and 2.477(1) A in the neukal coraplex to 2.538(2) and 2.538(3) A,
respectively, in the cationic complex. All the results reported are consistent with a metal based redox

process.
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Either solid state thermolysis or soletion photolysis of Bi{ Mo{CO)3{CsHsMe} } 3 produces
the dimetallic complex Moa(COM(CstiyMe)x(i-1n2-Biz) (189) in which the Biz-ligand acts as a
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four electron donor {200]. Extended Hiickel calculations have been used to look at charge
distribution in this new system and the results suggest that the best description of the molybdenum
atoms is d5 molybdenum(T).

EFR spectroscopic smdies have been carried out on paramagnetic complexes formed from
the photolysis of Mo{COjJg and {(MeCsHs)Mo{CO)3)2 with diketones [201, 202]. In the former
case, 9,10-phenanthrene and 1,2-acenaphthene coordinate to Mo(CO)4 fragments in a chelating
fashion with the unpaired electron density residing mainly on the quinone ligands with a small
amount of delocalisation to the metal centre,

17 MOLYBDENUM(G)
17.1  Complexes with nitrogen donor ligands

With possible relevance to the biological reduction of Ny to NHj, the reactivity of the
molybdenum(0) complex Mo(N2)2(dpepp){PPh3) (dpepp = O{CH3CH2PPh2)2) with strong acids
has been explored [203,204). The initial stage of the reaction encompasses protonation at one of the
N2 ligands and intramolecular reorganisation to give a hydrazido(2-) molybdenum(TV) intermediate;
this either disproportionates or reacts with reducing agents, £.2. SnCla, to give various yields of Nz
and NHi. In an effort to elucidate the role of iron in nitrogenase, the reaction between
[FeH{Hz)(dmpe)J* and Mo{N2}2{dppe)s has been carried out in the hope of obtaining an N2
bridging Mo-Fe complex [205]. In practice, the reaction shown in equ. {6} is followed. The driving

2{FeH(Hz)(dmpe)]l* + Mooh(dppe)y —  2[FeH(N2{dmpek]* + MoHa(dppe) equ. (6)

force for the reaction is thonght to be the Mo-H bond encegy, since IR spectroscopic data indicate
that N2 binds more strongly to a molybdenum centre than to iron, The related starting material
trans-Mof{N2)2(dppe){dppx) {x = m, p) has been used to prepare complexes containing dmf as a
ligand [206]. Under reflux in benzene under argon, these complexes react with dmf to give
Mo(CO){dmf){dppe)(dppx), though an attempted recrystallisation under nitrogen of the dppm
product gave crystals of rans -Mo(COY)N2)(dppeXdppm) instead.
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A range of dinitrosyl molybdenum complexes, in the presence of either EtgNSn and AiCl3,
or EtAICly, can act as catalysts for alkene metathesis [207-209], For example, 2 1:2 adduct (110) is
formed between Mo(NO)z{OR)z and AlCly; the aduct then interacts with the EtsSn [207]. This
couid be through an alkoxy ligand or direstly with the molybdenum centre. Absoeptions in the NO
stretching region of the IR spectrum of the complex (Et3Sn-AlCIs)z(u-OR)2Mo{NOz{=CBMe)
indicates the presence of a cis Mo(NO)z core and a d6 configuration for the molybdenurn centre
[2091.

A discrimination of the C=0 and C=N bonds in PhNCO is observed in the macrocyctic
complex frans -Mo(m2-PhNCO)z{syn-Megli6laneS4) (111) [210]. The n2-0,C bonding mode of
PhNCO is stericaliy less demanding than the 712-C N bonding mode, and hence occupies the more
congested site. An cight coordinate complex of molybdenum has been structurally characterised
[211]. Two dimethyl-7-acetyl-7-azabicyclof2.2.1thept-2-cne-2,3-dicarboxylate ligands each bond
vig the nirogen and two carbon atoms to a Mo(CO)» fragment (112). There are two independent
molecules per unit cell, and Mo-N bond distances are 2.336(4), 2.339(5), 2.347(5) and 2.361(5) A.
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3-Diphenylphosphinocamphordimetiylhydrezone acts as a chelating ¥,P-donor ligand on
complexation with metal (M) carbonyls, forming a six-membered MPCCNN-ring (113) [212]. On
heating, isomerisation occurs with the formation of a five-membered ring containing an exo MeaN-
group (114). This latter complex has been structurally characterised for M = Mo. A widentate



57

P N.N'-donor set is provided by bis(3-aminopropyl)phenylphosphine {bap) [213]. This ligand
adopts a facial mode of coordination to 2 Mo{CO}; fragment (115).

PPh, A m\’2
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A scries of complexes Mo{N-NYXCO)4, where (N-N} is a didentate amine ligand, have been
prepared from the direct reaction of Mo(pip){CO)4 (pip = piperidine) and (M-N) in CH2Cl3 at 40°C
[214]). One product, Mo{(PhCHz)}{H)NCHCH;NMe3}(CO)4 has been sucturally characterised,
and the greater donror ability of an o-N(H) nitrogen atom as compared 10 an @-N(R) nitrogen atom
is discussed. Bipyridine is one of the ligands used to displace acetonitrile from
[Mo{COY(NCMe)3(m3-C7Hg))* [215). To compensate for the loss of all three MeCN ligands on
addition of 2 molar equivalent of the didentate bpy ligand, the cyclo-C7Hg moicty converts to an 15-
bonding mode. The product is [Mo{COM(bpy)m3-CoHg)i* and this reacts reversibly with MeCN
giving an 115-%3 interconversion to [Mo(CO)(NCMe)(bpy)(n3-C7Ho)J+. Closely related to bpy is
2,2-bipyrimidine (bpym) and this has been used to synthesise "back to back’ complexes {216-218).
A sct of homo and heterodinuclear complexes of the general formula (LoM)'(U-bpym)}MLy) (116)
has been characterised, incloding LoM=({LM)Y'=Mo(CO);.

A more unusual didentate nitrogen ligand is provided by 8-azidoguinoline (117) [2191. On
coordinating to a sonrce of Mo{CO)3X, where X = CO, PPhs, or labile solvent molecule (S), Nz is
lost and a bent nitrene comptlex is obtained which is stabilised by the chelating nature of the ligand.
For X = PPhy this product turns out to be an intermediate {0 2 phosphinimine compliex
Mo{COY3{SYN(PPR3)(CoHgN}). On substitution of CO for S, structural characterisation of the



58

complex was achieved. The Mo{CO}4 unit is also observed conedinated by azo-2,2-pyridine (apy)
{220]). A moncnuclear species is formed, with 2 ‘dangling’ pyridyl group (118), as well as dinuclear
cobalt and copper species. Structural characterisation of Mo(CO)a(apy) shows that the free pyridyl
group has been rotated into a cis configuration (compared to frans in the free ligand) and this is
cxplained in tenms of the steric interaction between a pyridyl hydrogen atom and a carbonyl ligand,
as well as a possible weak Mo--N interaction.
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C-——— 0
Mo-N(1) = 2.097(2) A
Mo-N{3) = 2.190(2) A

N(U C\ Mo-Nd) >3 A

(118)

1.72  Complexes with phasphorus donor ligands

As part of a study on restricted rotations in metal-arene complexes, the complex dicarbonyl-
{16-1,3,5-triethyl-2 4,6-tris(trimethylsilylmethyl)benzene } (biphenylphosphine) molybdeaum{6) was
synthesised [221]. The structure is reported and shows steric interactions between the phosphine
tigand and the ethy] substituents of the complexed arene ligand. NMR spectroscopic data are also
discussed. Binding energies are the target of kinetic studies on ligand substitution for the
complexes M{CO)(Pcya oL} (M = Cr, Mo, W; L = py, P{OMe)3] [222]). An intermediate species
Mo{CO)3(Pcys3)2 is proposed, with stabilisation of the unsaturated metal centre by an agostic
Mo--H-C interaction. The ligand cyclenophosphorane (L) coordinates to molybdeaum via the
phosphomus atom in LMofCO)s (119) [223]. The structure of the complex shows that the axial
NH group interacts with the coordinating phosphorus atom (PN is 2.356(23)A); the reactivity of
this pitrogen atom towards clectrophiles is examined.
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§ 0 {119}

A considerabic amount of work has been carried out on molybdenun(0) complexes
containing didentate phosphorus ligands. The structures of cis-{dppm){dppe)Mo{CO)y and
cis-{dppe)}PhoPCH=CHPPho)Mo(CO)z have been solved [224]. The structural parameters of the
two complexes are compared. Molecular orbital analyses are nsed to investigate the bonding and
reactivity of trans-Mo{CNMc)2{dppe)2 and aminocarbyne derivatives [225]). Here, comparisons
between the neutral and protonated, {i.e. {CN(H)Me] unit) complexes are made. Exchange
reactions of trans-Mo(CO2)2(PMe3)s with the chelating phosphines P-# (P-P = dmpm, dmpe, depe,
dppe) and isocyanides CNR (R = 'Bua, Cy) provide efficient routes to the new (COz2)2 adducts
{226]. The various possible isomers for products of general fonmula rans-Mo(CO2)(P-F)(PMes)s,
trans-Mo(CO02)(P-P and irans-Mo(CO2){depe}{PMe3}(CNR) are discussed together with a
_presentation of variable temnperature NMR spectrosopic studies. Increasing the alkyi chain length,
PhaP(CH2)sPPhz (dpph) has been reacted with Me{CQ)s [227}. Depending upon the reaction
conditions two different outcomes are observed. On reflux in decahydronaphthalene,
dehydrogenation of dpph to dpphn (dpphn = (PhyP(CH2)2CH=CH(CH2);PPha) occurs, along with
the formation of Mo{CO)3(dpphn). Using toluene as the refluxing solvent, the dpph ligand remains
intact and the dimer trans-Mos(CO)g(u-dpph)2 is formed. The same length of chain (Cg) is
provided by 2,2'-bis(diphenylphosphinomethyl)-1,1'-biphenyl (bdppmbp) [228]. Using
Mo(CO)4({nbxd} as the source of molybdenum, Mo{CO)s(bdppmbp) (128) was synthesised, with
the diphosphine ligand adopting a cis coordination with a P-Mo-F bite angle of 103.54(2)".

\

Ph,P, PPh,

Mo

(120}



There have been two reports on the coordination chemistry of CHa=C(CH2PPha)2 to
Mo(CO}4 and the related 1,3-bis{diphenylphosphino}-2-methylally]l complex obtained on
deprotonation [229,230]. This latter complex, Mo{CO)4(MeC{CHPPh; )2}, reacts readily with
electrophiles generating the tridentate phosphine ligand 1,2,3-tris(diphenylphosphino)-2-
methylpropen- 1-ene on reaction with PhoPX (X = halogen) [230].

(121 L:

RS § ;RS n =1, R = Me: mtppm

n=2, R = Me: mippe

PCH)P,
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P{CH,)P, dbrpe
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A novel didentate phosphine ligand (Lg) is provided by bis(di-tert -butylphosphino)sulfur
diimide, BusP(NSNIP'Bu3, as well as the asymmetric analogues BusP(NSN)P(IBu){Ph) and
BusP{NSN)PPh; [231]. Using Mo{CO¥(thf) as the molybdenum source leads to formation of a
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dinuclear linked complex {Mo{CO)s5}2(1z) as well as the chelate complex Mo{CO)a{Ly). If
Mo{CO)4(nbd) is used as an alternative starting material the latter chelate complex is obtained
exclusively. Whilst acting as & didentste ligand is a standard bonding mode adopted by bis{bis(2-
methylthiophenyl)phosphinojrecthane (mippm) and related ligands (121), other more exotic
bonding modes, in which coordination takes place vig phosphorus and sulfur donor atoms are
observed. Examples are {Mo2(CO)Br2ja(mippm) (122) and {Mo(CO)3}2(-L) (L = mtppm,
mtppe and itppe, defined in (121)) [232]. The coordination chemistry of dppme is also explored.

A potential P>0-donor set is provided by the ligand cis-1.5-bis{(diphosphenyl)methyl}-3-
oxabicyclo[3.3.0loctane, L {233, 234]. The reaction of this ligand with (cycloheptariene)Mo(COx
does yield the fac complex (L-P,P’,()Mo{CO)3 (123), aithough the reaction of this complex with
CO [233] or use of the alternative molybdenum sowrce (piperidine}Mo{CO)y [234] results in the
formation of (L-P.PYMo(CD)4 (124) with the oxygen appendage dangling freely.

\ / {123)
o/ e,
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=23

O Prn.,.... . MO""“"““CO
€
L
(124}

Increasing the number of phosphorus donor atorns, there is & study on the stability of
Jacimer isomers of [Mo{CQ)3(n3-P2P)I™ [n = 0,1; P2P* = bis(2-diphenylphosphinoethyl)-
phenylphosphine] [235]. Although potentielly a tetradentate, tris(2-diphenylphosphinoethyl)-
phosphine also adopts a 13-bonding mode [236), The complex Mo{ P(CH2CH2PPh2)3}2 (125)
has been structuraily characterised and shows an unexpected MoPg' coondination sphere about the
molybdenum centre.

Whilst {cyclo-PsXCp) complexes are already known, the first examples of carbonyl (n5-Ps}
complexes have been prepared from the reaction of Ps— with [M(CO)(RCN)3] (R = Me, Et) or
M(CO)g (M = Cr, Mo, W) [237]. The resulting product {{(n5-Ps)Mo(CQ)3}- is identified
spectroscopically; the 31P NMR spectrum shows a single peak at 5 141.6.
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P ——— "
thp/\/ Mo, Mo-P = 2393(3)-2.525(3) A

S~ \ /pph2 £P-Mo-P = T7.8(1)-107.3(1)°
thp -Mo-P = 77.8(1)-107.3(1)

Another group of molybdenum phosphine complexes can be classified as dimetallic, but
with no direct Mo-M bond (for dimetallic complexes containing Mo-M bonds see section 1.9). The
classic example of this type of complex comtains dppf as a ligand. There have been two reports
concerning Mo{CO)s(n!-dppf). One report differentiates the two chemically distinct phosphorus
environments by X-ray photoelectron spectroscopy [238] (a potential tool for diagnosing pendant
and coordinating phosphines). The other piece of work studies thermal decarbonylation of the
chelating complex Mo(CO)4(dppf) using a variety of solvents {239]. Similar o dppf, didentate
phosphinotitanocene and zirconocene lgands have been ased 1o coordinate to molybdenum
carbonyl fragments [240, 241]. Amongst the products characterised are [(R5-CsHsPR2)2
MCI2}Mo{CO)3 (R = Ph, 4-CgHaMe; M = Ti, Zr) [240] and {(n5-CsMe4PPh)TiClz} Mo{CO)4
[241]. The former contains an Mo-M bridging chloride Yigand, whilst in the latter, both chloride
ligands are bonded solely to the titanium centre. An unusual bridging phosphine ligand is provided
by [n5-(dimethylphosphino)cyclopentadienyl)} {n?-(dimethylphosphinojcycloheptadienyl } titanium
[242]. This ligand reacts with Mo{CO)g in xylene under reflux to give the chelated heterodimetallic
complex (126) ir high yield.

o

Ti Mo(CO), (126)

>

The molybdenum/thodivm complex (CO)sMo{j-dppm);Rh{CO)CI has been used as a
starting material to form (CO)3Mo(p-dppm)a(it-SO2)RhC] by passing SO through a solution of
the former complex [243]. Structural analysis shows that one of the molybdenum carbonyl ligands
is semi-bridging between the two metal atoms. Finally, an unusual type of dimetallic complex is
obtained from eis -Mo(CO)4{PhpP(CH2CH20)CH2CH2PPh;} (B = 3-3), a type of metaflacrown
ether [244]. Titration with LiBF, or NaBF; yields 1:1 adducts for both alkali metals whenn=>5
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and 1:1 and 2:1 adducts with Li* and Nat, respectively, when n = 4. The reaction may be foliowed
by 3IP NMR spectroscopy.

1.73  Complexes with bismuth donor ligands

The salt [PPN}BiCly{ Mo{COQ}3(Cp)i2] (#27) has been synthesised and structurzlly
characterised [245]. The bismuth atom is teirahedrally coordinated with direct bonds to each
molybdenum centre (Mo-Bi bond Iengths 2.944(1) and 3.032(2)A). The complex can be considered
as two [Mo(CO)3(Cp]- fragments interacting with a [BiCla]* fragment; thesc interactions are
studied by theoretical calculation using various geometries for the complex.

{127)

174  Complexes with oxygen donor ligands

The chiral enone R-(+)-pulegone (128) forms the ©t4-1-oxa-1,3-diene complex
(pulegone)2Mo{CO)2 on reaction with Mo(CO)s(thf)3 [246). A comparison of solution
spectroscopic data with those of the structurally characterised tungsten analogue indicates a2
coordination geometry about the molybdenum atom that is best described as a distorted trigonal
prism (129).

{128) {129)



The coordination chemisiry of CO2 to molybdenum in trans-Moz(CO2)y(PMea)s has been
examined by vibrational spectroscopy [247). Complets assignment of all vibrational modes of both
the FTIR and Raman spectra are roade, and the conclusion is that COp is bound in a side-on
manner. Exchange reactions of trans-Moa(CO22(PMes)q with a range of didentate phosphines and
isocyanides [226] have been discussed in section 1.7.2,

The anionic tricarbony] complexes IMo(X, YXCO)3{(PR3}- have been synthesised by the in
situ reaction of Mo{CO)L3 (L3 = CoHg, IMeCN, 3py) with (X, Y)Y and PR3 (L, ¥}~ = 2-picolinate
(0,07, 2-quinaldinate (0,07, xanthetes (5,57, pyridine-2-thiolate (S,¥); R = Ph, CHyCH3CN)
{248). Surprisingly, these products could not be isolated either by reaction of
Mo(CO)4(PPh3)2/Mo(CO}3(PPh3)s with (X,Y) donors, or by treatment of [Mo{CO(X, )i~ with
phosphine.

An unusual Ojz-donor set is provided by [(Cp)Cof{P(O)R2}3)(Lr) [249). The
molybdenum(0) anionic complexes [LxMo(CONT (R = OMe, OEt, OiPr) are reacted with various
iodides RT to give the oxidised o-allyl complex. Partisl or complete isomerisation follows,
depending upon the steric restraints of R’ and Ly) to a n2-acyl compound (130).

I
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175 Complexes with sulfur donor atoms

Synthetic routes to molybdenuny(0) carbonyl complexes containing the xanthates {S2COEf-
and [S2C0CgH 11~ have been mentioned briefly in the preceding section, along with formation of a
complex containing pyridine-2-thiolate, which acts as an §,N-donor ligand [248]. The tridentate
crown thigether 1,4,7-rrithiacyclononane, L., also forms a molybdenum(0) carbonyl compiex, namely
Mo{CO3(L} [2501. The synthesis of this product along with the chromium and rungsten analogues
is reported.

176  Complexes with hafide and hydride ligands

The mechanism for the protonation of the molybdenum(0) cthene complex
Mo{CaHa)2(dppe)z with HX (X = Cl, Br) in thf at 25°C has been studied by stopped flow
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spectrophotometry [251, 252). There appear 10 be two pathways operating: & slow, direct
protonation on the metal centre or a rapid protonation of the CoHy ligand followed by a relatvely
slow S-hydrogen migration from the new ethyl ligand to the molybdenum atom. Either routs leads
1o the formally oxidised molybdenum{IT) complex [Mo(H){CoHaY2(dppe)]*. This product slowly
loses ethene with subsequent binding of Cl- to yicld, ultimately, MoCla{dppe)s and ethane. i a
more concentrated solution of HCI is used initially, the molybdenum({IV) complex cation
[MoH2(C2Ha)z(dppe)2]2+ is obtained prior to its decomposition to MoH2Clx{dppe).

1.8 MIXED VAILENCE MOLYBDENUM COMPLEXES

On oxidation of the bridged molybdenum(V) dimer [Mo204(H20)5)%* to the
corresponding molybdenum(VT) dimer, with a source of chromium(V), a pink intcrmediate
chrominm({TV) complex is obtained [253, 254). No indication of any formation of dinuclear Mo-Cr
products was found, so it is proposed that oxidation of the molybdenum(V) dimer proceeds in one
electron steps through a reactive transient, namely the mixed valence complex
[Mo¥MoVi04(H20)5)3*. The complex TpMoVOCI(-O)MoVIO,Tp (131) {Tp = tris(3,5-
dimethyipyrazolyl)borate) provides the first example of a structurally characterised MoVMoV]
dinuclear complex [255]. It is obtained as an uncxpected product on reaction of TpMoD2Cl with
Grignard reagents in an attempt to synthesise TpMoO2R. A possible reaction pathway is shown in
cqu. (7) and R3 has been isolated from the reaction mixture as supportive cvidence of the pathway.
A similar MoTIMo V! complex has alse been structurally characterised [256). [L'(acac)Molll(:-
OYMoVEQ,L')(BPhy)z (132) (L’ = 1,4,7-trimethyl-1,4,7-wriazacyclononane) is synthesised from
Mo/IBrsk and excess Nafacac). As in the previous example, the two units are linked by a p-oxo
bridge: MoTLi(0) = 2.034(4) A, MoVLp(O) = 1.804(4) A.

8]
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() TpMoV10,C1 + RMgX ——= TpMo¥0, + LR, + MgXCl

() TpMo'0, + TpMo“'0,C1 —= TpMo‘“ozm-O)Mo"ocmjp equ. (7)
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Trinuclear MYIMoIlVYMY! complexes (M = Mo, W) have been prepared by reacting
{PPh4)MS4 with MoOx{acac); in boiling acetonitrile [257]. For the homonuclear case, crystals of
composition MozO1.98g.1 were obtained, whick structeral analysis showed to contain 2
Mo Vi(n-83aMoel¥(0)u-8)2Mo V! core with an Mo-Mo-Mo angle of 151.3". An unusual
tetrametaliic mixed valence Mol!MoVY complex is obtained on reacting cither
{Mo(u2-n1,n2-CO3)(CO)PMe3)3 )2 or Mo(CO3)(CO)PMe3)y with water [258]. The structure of
Moa{l4-COMTON2(12-0)2(p2-OH)a{PMe1)s {133) shows a novel type of bonding for a
carbonate ligand. The two molybdenum(V) centres are six coordinate, whilst the two
molybdenum{TE) centres are seven coordinate.

m,p?’\ T /PM/%PM%
N~

HO\\ /

M°§ 7 (133)

Although, as far as the structural parameters indicate, both molybdenum centres of
[(Cp*Mo)a(j-Ti41*13- are equivalent (all Mo-1 = 2.78340.014, all Mo-I-Mo = 58.4+0.2"), in terms
of formal oxidation states this quadruply iodo-bridged complex contains & molybdenum(IIl) and a
molybdenum(IV) centre [259). The Mo-Mo distance of 2.718(3) A implies that there is a direct
metal-metal bond, and this is in accord with theoretical calculations which predict that the five metal
d electrons reside in a strongly o-bonding molecular orbital and three degenerate non-bonding
orbitals of & symmetry, Whilst the average oxidation state of the molybdenum atoms of the
dianionic complex Mox{(CC)3(S,0-CgHy-1,2)3 (134) is +2, X-ray photoelectron spectra and

co
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electrochemical results show, in fact, that the two molybdenum atoms are in different oxidation states
[260]; the absence of & molybdenum(0) certre is established. Structural analysis reveals that the
anion has a pseudo C3 axis through the molybdenum atoms which possess distorted trigonal
prismatic and octahedral coordination geometries.

(134)

Althongh not mixed valence, in the sense of a discrete molecular compound containing iwe
molybdenum atoms in different oxidation states, the ionic complex
[Mo{S2CNEr)412{MoCls], HNE! has been synthesised and structurally characterised [261]. The
structure shows the molybdenum(Il) centre of [MoCls]2 to be tetrahedrally coordinared by chloside
ligands (Mo-Cl = 2.275-2.295 A; CI-Mo-Cl = 165.8-114"), and the molybdenum(III) centres of the
[Mo(S,CNEt)4]* cations to be eight coordinate by sulfir atoms.

19 HETERODIMETALLIC MOLYBDENUM COMPLEXES
19 Groupl

Amidst a report of complexes containing transition metal-hydrogen-atkali bonds,
predominantly of tungsien complexes, the structure of [K(18-crown-6)1{Mo(Cp)2H] (135} is
presented [262]. This product is preparsd in high yield from the reaction of Mo{Cp)sHz and KH in
the presence of 18-crown-6. The Mo-K disiance of 3.6141\. together with the fact that the
potassium ion is displaced by 0.87A out of the plane of the oxygen atoms of the crown ether ligand
and towards the molybdenum atom, is very sugpestive of the existence of & covalent Mo-H-K
‘bridge. This is alse supported by a peak in the residual electron density map of the structural
analysis, with R = (.041 at a distance 1.71A from molybdenum atom and 2.80A from potassium
cenire.

192 Transition metals

Common starting materials for heteronuclear compiexes of molybdénum are the dimers
Cp:Moz(CO)g and CppMo2(CO)4, For example, the complexes CpaMMelCp)(CO); (M = Nb,
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Ta) can be prepared by heating the molybdenum dimers with CppMH3 and CpaM(CO}H,
respectively [263). Three different modes of bonding for the three CO ligands are seen in this
dimetaliic compiex: terminal, serni-bridging and bridging (136). Using Rex(CO)1o and HPPh) as
reagents with CppMo(CO)g in xylene under reflux gives Rea(COMGL-H)(-PPi)MoCp(CO)2 as
one of the major products (27% yield) [264]. The structure of this hydrido complex is presented,
along with the reactions of proton exchange for isolobal {M(PPhz}+ fragments (M = Au, Ag, Cu).

A
N,
o Nb\C/ °\

(136)

There have been two reports on dimetallic carbaborane complexes [265, 266]. The
compounds MoW(u-CCgHaMe-4)(COY(PMe3)(n6-CyB10H10Me2)(Cp) (137) and MoColu-
CCHMe-4)COM(n4-CyMegXnt-CrBigH 0Mey) (138) have been structurally characterised. In
the latter complex, the molybdenim atom is bound to the open face of the carborany] tigand, and in
the former the magsten atom is in this gite. Compounds related to these two products are also
discussed and smitinuciear NMR. spectroscopic results arc preseated.

The alky! complex CoMoCHzOCR (R = Me, Ph) rescts with cither Fep(CO) or M3(COnz
(M = Fe, Ru) to give the beteronuclear p-ailenyl complexes (CO}3Fe(p-n2,n3-
RC=C=CH3)MoCp(CO)2 and (COM2(t3-11,n2,n3-RC=C=CH2)MoCp(CO)z, respectively
[267]. Further reactivity of these products is explored, including CO substitution, protonation, Iz
oxidation and metal framework expansion. Moving across the periodic table to cobalt, CpzMo(n2-
CO2) forms the hydride bridged complex CpaMo{u-H){(|-CO)Co(CO)3 on reaction with
HCo(CO)4 [268]. The structure and bonding of this product are described in detail [Mo-H =
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1.64(3), Co-H = 1.88(3), Mo-Co = 2.8449(4) A; Mo-H-Co = 108.(1)"). Results of cxtended
Hiickel calculations indicate & 4-centred 4-electron Mo-H-Co-(CO) bond, and only a weak direct
Mo-Co interaction.

(137)

S A
70%1) A '\\y_/\:{:ﬂ%
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¢ 0/ © Me MoCr = 2.541) A
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(139) - sofid state (140) - in solution
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The complex Mo(CO)3{p-Ch(js-COXu-dppm)Rh(nbxd) {139) is prepared by ring opening
of Mo{CO){dppm) with {RhCl{nbd)}> [269]. The solid state structure of (39) revexls a Mo-Rb
distance of 2.945A, indicative of 2 M-M single bond; the metal atoms are asymmetrically bridged by
dppm, CO and C1 ligands. There is no evidence of a bridging CO ligand in solution, so an
alternative structure {140) is proposed with cleavage of the OO and Q1 bridges.

Elimination of methane occurs between HMoCp(CO)z and trans-MeIr(CO){ P{p-tolyl}s }2
giving rise to the formation of Cp{CO}Mo{ n-P(p-tolyl)s ix{p-tolyl) { P(p-tolyl)3 ) {CO)2 (141)
[270]. Whilst this product is unreactive towards CO, Mel and PhCCPh, it reacts readily with Ha to
eliminate toluene and form the corresponding mono-hydride complex {142) as well as a trihydride
complex Cp(CO)(HMofp-P{p-tolyl)2  Ir(H)2(CO) [P(p-tolyl)3}. The structures of both {141)
and {142} are presented, the former containing a trans-arrangement of carbonyl ligands on the
iridium centre, and the latter a cis-arrangerment.

T

Mo 2976(2) A

\\ / P 2376(2)A
Mo MoyP 24143 A
_C ‘ Mo-P-Ir 76.9(1)
° i
Me 0
Me

0 0
I

Loy
\I/H \ 14
/ "\ / \@ Ir-Mo( :;57(1)1&

IrpP 2334 A
MotP 2391(3) A
Mo-P-Ir 77.5(1)

The reactivity of the dimer Cp{CONiMo(CO)3(CsHsMe) towards dienes has been
examined {271]. Depending upon the diene used, the Ni-Mo bond of the starting material is either
broken or retained. In the latter category is CpNifu-n1n3-C(CMe2)CH2 }Mo{CO)2(CsHaMe),
which isomerises on silica gel to CpNi{p-11n3-C(Me)C(Me)CH2}{(U-CO)Mo(CONCsHaMe).
The synthesis and consequential reactivity of the dimeric Mo-Pd and Mo-Pt complexes
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[Pé(p-COXp-dppm)aMoCp(COR* (143) and PH(CI){(PPha){p-dppm)MoCp(CO); have alse been
described §272]. The former product is made by heterolytic metal-metal bond cleavage of the
wrinuclear cluster PAMozCp2(CO)s{p-dppm} with a molar equivalent of dpym; the (PFgi- sait of
{143) has been structurally characterised, This reveals a square pyramidal CpMoP(1}P{3)(CO)
fragment geometry, with the Cp ligand in an apical position.

NBys

PhQP"‘“V \ " PPh,
Co
oC

PPh, PPh,

Mo-Pd = 2791} A
(143)

The remaining transition metal/molybdenum complexes are Hg-Mo based [273-276]. Both
MoCp(CO)3(SnPh3) and Mo(CO)3(n2-N,N)(n1-dppm) (V.N' = bpy, phen, 2,9-dimethylphen
(dmp)) have been reacted with HgX. For the first complex [273), (X = Cl, OCOCF3) different
compounds are isolated, their formation depending upon ¢he reaction conditions. For example,
-using acetone as the solvent, addition of five equivalents of Hg{OCOCF3) results in the formation
of the asymmetric complex MoCp(CO)3(HgOCOCF3) whereas with chloroform as the solvent
Mo{(n3-Cs(CCOCE:)sHCO)3(HgOCOCFs) is produced. Thres types of complex are obtained
from Mo(CO)3(n2-N.N)(n'-dppm) and HgX> (X = C1, Br, I, CN, SCN) [274], namely: (Mo{CO)3
('nz-N JNMX)21Hg (N.N' = bpy, phen; X = Cl, Br, CN, SCN or NN’ = dmp; X = CN),
[Mo(COY3(n2-N,N)(n-dppm)EighiHgis) (V,N" = bpy, phen) ard Mo(CO)3(n2-dmp)(HgX)(X)
X =Cl, Br, [, SCN). A rationalisation of the factors determining which class of complex is formed
is presented as well as elemental analysis, conductivity measurements and IR spectra for all the
products obtaired.

A structural analysis of (dtc)HgMoCp(COXP(OMe)s (144) has been carried out and the
results comapared with those for the tricarbonyl desivative [275). The solid state structure of (144)
contains discrete molecules with a shortest Hg-S intermolecular distance of 6.12 A, This contrasts
with {dic)MoCp{CO}; where such an inicraction is present; this difference is attributed to a kmock-
on effect of the bulkier phosphite ligand as well as an clectronic contribution. Whilst offcially a
cluster compound, (13-12-C2Bu)O0s3(COVs(p3-Hg)MoCp(CO); (145) can be considered as a
‘rimetallic LyHgMoCp(C0)3 complex [276]. s preparation emphasises this, with the iodide ligand
of LyHgl being replaced by a source of [MeCp(CORj~.
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(144) |
Mo-Hg = 2.680(1) A Mo—¢
o-Hg = 2.68K1) Cp/ \ 0
CO
(145) ¢

Mo-Hg =2.718() A

193 Grouwp 13

Although not stricdy dimetatlic, { MoH(AIHs)(dmpe)2}2 (146) can be better described as
two linked Mo(H2)Al dimers rather than a cluster compound [277]. Each molybdenum atom is
seven coondinate and, although the terminal molybdenum hydride ligands were not located directly
in the structural determination, there is an apparently vacant site rans o the J1-hydrogen aloms.

l/\m i ]

______ Nl NN
A< <K

k/ w U

Photolysis of {CpMo((CO)3}; and InR3 (R = Et, 'Bu, ncopentyl) forms CpMo{CO)3InR7
efficiently [278). 'The reaction is thought w0 follow a radical pathway which implies substantial
Mo-In bond strength. As 2 consequence of this, direct photolysis of the molybdenum dimer and
indivm metal was carried out.  This resulted in the reversible fortvation of {CpMo{CO)3 }3In.
Related work with ZnEr; is also presented.

194 Group 14

Carbsborane molybdenum, cobalt and rungsten complexes have been mentioned already in
section 1.9.2. A similar type of complex, with a molybdenum atom capping the nido face of
{C2BoH1 ]2, is synthesised from equimolar quantities of TIC2BgH 1, Mo{COX3(MeCN)3 and
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Ph3SnCl along with PPNCI in MeCN [279]. With a direct Mo-Sn bond, the product [PPN][15-
CoBoHy )Mo{CO}3(SaPh3)] can be considered formally to contain molybdenuny(Q) and tia(IV)
centres. The same oxidation assignment is ruade for the molybdenom and tin atoms in the complex
Mn{CO)s(Mc)2Sa(MoCp(COY3) [280]. The reactions of this and related conyilexes with iodine are
used to compare the tin-transition metal bond reactivites.

Two synthetic routes have been used to prepare the stannyl cowmplex
{CO)3(dppe)Mo(H)SnPhj (147), cither the thermolysis of Mo{CO)3(dppe)(S} (5 = thf, acetonc)
with HSnPhs or the photolysis of Mo(CO)s{dppe) with the same stannanc [281). Spectroscopic
NMR coupling constants indicate that the stannane ligand adopts a n2coordination to the
molybdenum centre, and this has been confirmed structarally for a related chromium complex.

/)

o " PPh
~c \ yZ 2
N (147)

S~ Ph
o C/ Y/

O,
~
v

Lie SELECTED CLUSTERS

This section details molybdenum complexes containing three or more metel atoms. Two
classes of molybdenum compounds that fall into this category are cubanes, based on MogS;4 or
Mo4Ses cubes, and polyoxomolybdates of general formuia MoyOy. As both of these areas of
molybdenum chemistry widely studied, reference is only made w0 discrete molecular compounds that
exhibit novel and interesting features of coondination chemistry.

1.10.1  Polyoxomolybdates

Reaction of [MBugN14[MogOas] with 2-hydroxymethyl-2-methyl-1,3-propaa-diol
{Hahmmp) in MeCN yiclds [0BusN]>[Mo3O7(homnp)sl which readily undergoes protonation or
alkylation to give the related oxo cluster [BagNj[Mo3Og{OR)(haunp)2] (R = H, alkyl) [282]. ¥
the initial reaction is carried out using chloroethanol as the solvent, an alkylated product with R =
CHCH2(1 is obtained directly. Structural analysis of this product (148) shows each molybdenum
atom to be coondinated by six oxygen atoms in a distorted octahedral geometry,

There have been two structural characterisations of Mog-oxo clusters containing
[MoVi4Og]8+ cores. The first of these, MogOq(13-O)e(OSiMes)q(NHMen)s (149) was produced
as a minor product in the condensation of MoQy with Me3SiNMeg {(283]. For the second
compound, the [MogOg]8* core is the building framework of a larger heterometallic cluster
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{Mo404Cr{Ci5HapN4) }4 (150) where —-O-Cr-O- groups bridge four pairs of molybdenum atoms
diagonally [284]. Another dimetailic cluster that has been isolated and structurally characterised is
{NaMoOy(OC2HsOMe)3 }2 (151) [285). This product, along with {NaMoyOs(OR)s5(ROH) )2 (R
= Py, E1) is prepared by means of a conductiometric ttration of molybdenum and sodium alkoxide
precursors so &s to obtain a 1;1 composition of the two metals.

A novel five coordinate molybdenum atom is the distinguishing feature of the tellurium
polymolybdate (MBusNulTeMogOx(CHz)), (PBusNj4(152) [286]. Structural analysis shows one
molybdenum atom to be in a distorted square pyramidal Mo(Qs-environment. The four basal
oxygen atoms are coplanar to within 0.05A, and the molybdenum atom is displaced by 0.45A out of
the plane.



75

N mzm(mmﬂcwzj")

(150)

(151)
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square pyramidal modybdenum
{* denotes spical oxygen site)

1.10.2  Complete and incomplete cubane clusters
1.10.2.1 Homometallic clusters

Two new compounds containing Mo3{jt3-S)(u-8)3 cores have been prepared from
Mo357X4 (X = Cl, Br) by the reaction with PEty [287]. The mole of the phosphine is to desulfurise
a W-S22- ligand to the comesponding 52— ligand with formation of E3PS. The products,
Mo3(13-5)(u-5)3CLe(PEt3)3(H20)2.OPEt and Mos(u3-S){i-3)3Bra(PE13)3(OPEt2H)(H70). 2thf
have been structuraily characterised and an explanation for the formation of HEt2PO in the latter
cluster is presented. The related triangular compound [Mo3$7Xs]% (X = Cl, Br, NCS) is used in
reactions with KSCN and KSeCN [288]. With the second reagent, stereoselective substitution of
one sulfur atom of j2-S2 ligands occurs, and the structure of the product [Moa{ps-S)(pna-
$S¢)3Cl612~ (153) has been determined showing that the selenium atoms essentially lic in the Mos
plane.

2-

(153)

A whole range of incomplete cubane ciusters based on [Mo3(i3-SHu-82)3]4+ and
containing didentate ligands has becn synthesised and characterised by varions technigues including
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mass spectrometry, where very distinet fragmentation pathways are observed [289-291]. Ligands
that provide O/N/ § atoms for binding are used in the system, and typical examples are ligands
derived from 8-hydroxyguinoline, N, N-diethylthiocarbamate (dtc)y-, 2-mercaptobenzoic acid
(Hzmba) and catechol, As part of the study, structural analysis of [Mos{ua-S¥u-S2X(dee))i [290]
and fHNEt3]{Moz(p3-S)(-Sz)a3(mba)z]} [291] have been undertaken. Selenium based clusters
containing dic- ligands have also been synthesised [292] using a new routs from polymeric forms
of Mo3Se7X4 (X = Cl, Br). Consideration of the structure of MosSe7{dic)s jmplies that the
complex is better treated as an ionic compound: [MosSe(dic)sl*dic— (154) and, as shown carlier
for suifyr, reaction of (154) with phosphine gives a Mo3Se4 compound, Mo3Ses(dic)y(PPha).

(155) ¥ | ~>s
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Analysis of structural features and gualitative MO calculations are the topics of work on
complete cubane clusters with dtp ligands [dtp— = —S2P(OE)2] [293). Clusters with both MoySs
and Mog¢530-cores are considered, and cight structurcs arc presented, for example
MoyS4(u-dip)(n2-dip)s (158), along with synthetic routes o these new cubanes. The synthesis and
properties of cationic Mo454- and MosSes-based cobanes conmmining teacyano-ligands and having
e.g. (Feq{NO)4(1i3-8)4] as the counterion have also been explored [294]. Along with several
structural analyses, electrical conductivities and roagnetic properties arc described.

11022 Heteromerllic clusters

Incomplete cubanes based on MoaMS4 (M = Cu, Ag) (156) have been synthesised. The
copper product (EyyNM(MoCuSs)}edt)2(PPh3)] is prepared from the molybdenum dimer
{EtgN)[MoS4(edt)2]) and Cu(PPha)a(dip) [295] and the structural parameters of the original dimer
are compared with those of the product. In the analogous silver complex [296], a shuctural
comparison with the homometallic IMo3Sa}4+ cluster core is made.

PPhs

Cu Az

5
S — \ - Sj Mo-Mo 2.852(2) 2831(9) A

MoM 2.802(2) 3.010() A
2760(2) 32274 A

(156) M=Cu, Ag

Another type of mixed metal incomplete cubane cluster is obtained by the replacement of
tungsten with molybdenum [297]. The cationic agua-clusters [MosWS$4(H20)g]4+ and
[MoW28a(H20)o]%* complete the series of M384(Hz0)0]4* clusters (M3 = W3, WaMo, Moy W,
Mogz). All four clusters are isomorphous and in the heterometallic examples the molybdenum and
tungsten atoms are statistically disordered.

Starting with the incomplete molybdenum aqua cubane [Mo3Sa(HaOkl4+, direct reaction
with a variety of metals (M) yieids clusters containing complete MosMSs-cubane cores {298,299].
Depending upon the metal, either a discrete cubane, singly or doubly bridged cubane clusters arc
obtained. A structurally characterised example of each type of product is available for M = Ni, Hg
and Co as the clusters [MogNiS4(H20)10}4* (157), [{(H20)9Mo3S4}2Hg}8+ (158) and
[ (HaO)gMo354Co )28+ (159), respectively. Starting with either the nickel product or the related
nmolybdenum/iron cubane, reaction with copper(ll) ions resuits in exchange of the heterometal and
formation of a [MozCuS4(aq)]4*+ cubane {300).
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The complex Cp2Mo2C02(C0%S3 (160) can be converted into a MosCo)84 based cubane
(161) using either thiophene or thiophenol as a seurce of sulfur [301). The reverse reaction is also
possible under an atmosphere of carbon monoxide, the sulfur now being lost as COS. The potential
of this system as homogeneous hydrodensulfurisation catalysts is discussed. Complex (160) also
rezcts with phenyl phosphine to give & cubane like cluster that contains a (u3-PPh) group {162);
further reaction results in substitution of PPhHz for carbonyl on the cobalt atems with cluster core
rearrangement [302].

Addition of Pi(cod)y to MoaX4Cla(PEtz)3(MeOH)z (X = 8, Se) produces an uncxpected
result {303). ‘The incomplete cubane core remains as such, and two Pi(PEt3) fragments cap MozS
faces externally to give the mixed metal product MosPuXsCly(PEts)s (163). The structure of the
sulfur derivative shows that the MosPt; framework is essentially planar.

(163}
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The synthesis and structure of the large Mo-Cu-8 clusier compound
{#BugN)4[CuioMogSyz] bas been preseated [304). The anion contains a comxdensed cubane-like
CujsMog dimetallic cage. There are two classes of molybdenum atom in the cluster: those with
terminal and J£3-S atoms, and those with po-S and |44-S atoms. In cach case the molybdesurn atoms
are tetrahedrally coordinated and Mo-S bord lengths lie in the range 2.065(29)-2.301(17) A.

There are examples of dimetallic cubane based clusters where molybdenum metal is 2
minority component. The copper/molybdenym double cubane [MoS4(CuCl)sClal4 (164) is one
such gxample [305], as are two linked selenium cubanes that contain MoFe3Seq cores [306]:
[MoFegSeg(SEt)o]>~ and [MozFerSeg(SEn)i2)*- (168).

1103 Other clusters
1.10.3.1 Homometallic clusters

Trinuclear molybdenum clusters containing chloro and acetate ligands have been prepared.
The cluster [Mo3OCls(OAc)3]- is synthesised from MoCl3.3H20 and either an acetic
anhydride/acetic acid {HOAc) mixtute or a one molar solution of acetic acid directty [307]. Each
molybdenum atom is in a distorted octahedral environment with an average oxidation state of 3.33;
the 8 molybdenum d clectrons are delocalised over the Moy cluster (average Mo-Mo = 2.576DA).
The related dianionic cluster and its phosphine desivatives [Mo3OCl3,n{OAC)I(PMe3)3qli0 (n=
1, 2) (166} have also been prepared [308]. Structares are presenved for both valucs of n as well s
for the unsubstituted cluster with a = 3. A comparison of Mo-Mo bond lengths is shown in Table
3. The molybdenurn atoms have a formal oxidation state of +3.

O/
{166)

(XN

e e MY

G/Mo\gay = [ ™

Cl

Structural analysis has alse been carried out on the iodo clusters MosHIZLa (L = PEn,
PPh3) [309]. Whilst the hydride ligand is not located directly in the structure determination, 'H
NMR spectral data indicate that it adopts a p3-bonding mode with respect to the Mos triangle.
Comparisons are made between the structural feanres of the two clusters as well as with previously
characterised species (L = thf, MeCN, PhCN).
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Table 3 Structural parameters for the clusters [Mo3OC!y of Ac!ﬂPMcg},;.,J’"'

n Mo-Mo bond length (&)

it 2.5878(5) 2.6117(5) 2.5764(5)
2.597(1)  2.608(1) 2.5673(9)

2 2637(1)  2.573(1)  2.567(1)

3 2.617(1) 2.598(1)  2.598(1)

1 Two structural analyses with and without thf in the unit cell.

Higher nuclearity halide molybdenum clusters have also been characterised. Intermolecular
ligand exchange reactions between [{MogClg)Fs12- and [(MogClg)Xg)2~ (X = Cl, Br, I) have been
carried out [310). The mixed cluster ions [(MogClg)FpX6.012- (n from 1 to 6) have been
characterised by their distinctive 19F NMR chemical shifts. The structure of the chioro cluster
NaMoClya, prepared from NaCl and MoClz (1:6) at 850°C, consists of a 1-D chain of
Mog(pe3-CligCla(u-Clyzps moieties (167) [311]. The structure and physical propertics of this
cluster are discussed. Retmining the MogClg]** core, a cluster with {E}-cinnamylalcoholate ligands
ts been prepared [312]. Six of these O-donor ligands (168) bond terminally to the molybdenum
atoms i.e. in place of the terminal and bridging chloride ligands in (167).

CI
(1>-C1 over each Mos-face not shown)

I s -

Mo—Ci

o< | /
T"
a -0/_\—<:> (168)

11632 Heteromeallic clusters

The complex [Mo(CO)4I3)~ reacts with two or three equivalents of [FezS2(CQ)s12- to
produce either [MoFesS3(C0)1a12- or [MoFegSg(COM16)2- {3131 Both clusters have been
characterised structurally, though for the former this was done via the tricthyy] phosphine derivative,
The molybdenum atom was shown to be in & S3Fe)-square pyramidal environment for the first
product, and a distorted Sg-trigonal prismatic enviroament for the second. If [Mo{CO)sl]~ is used
instead as the source of molybdenum, the reaction produces {MogFez52(C0)12]2- which contains
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an octahedral MogFesS8p-core. Mechanistic schernes for the formation of all three products are
presented.

The core isomerism from a planar to a tetrahedral geometry of PioMoy clusters is examined
both experimentally and theoretically [314). Clusters of the formula PtoMoz{CsHaMen(CO)g(PR1)
(169) have been synthesised for a wide range of phosphines, and 31P NMR spectral data show how
the ratio of isomers depends on solvent and temperature as well as the steric and electronic effects of
the phosphine ligands.

i
Mo,
: /
R;P Py Pr—— PR,

i
s

-—2
&

{169)

2

Tti- and tetra-nuclear compounds have been prepared which contain the metals mercary and
molybdenum. Two results have been reported where the products can be better regarded as a chain
of metal atoms as opposed to a condensed cluster [315, 316]. Interaction of Cp(COMHeX (M =
Cr, Mo, W: X = (], Br, I, N3, SCN) with M(CO)3(bpy} (M' = Mo, W) fragments results in the
formation of dimetallic compounds Cp(COBM{u-Hg)M'(X){CO)3(bpy) which contain
M-Hg-M'-X linkages [315]. The formation of these products can be rationalised by the
M'(CO)3(bpy) fragment inserting into the Hg-X bond. The same Mo-Hg dimer (X = Cl) is used to
form a MosHg compound by reaction with [Moz(CO)g(u-H)(u-L))~ (L = dppm, dppe, dppp) {316].
Unlike the corresponding tungsten system, from which a spiked triangle cluster is obtained, doe to
ligand redistribution the tetrametallic chain type complex (CO}M(H)Mo{u-
L)YMo{CO)s{HgMo(CO)3Cp ] (170) is formed.

a8

P P
{CO) Mo —————Mo({CO), 7o)
Hg H

MoCp{CO);
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Trigonal planar complexes are formed between [Mo(CO)Cpl fragments and the late group

13 elements indium and thallivm {278, 317]. These heteroatoms are dirdctly bonded to the
molybdenum atoms by unsupported bonds. Both compeunds E{M(CO)3Cpls (E = K, Th) (171)
have been structurally characterised and comparisons are made between thefn [317]. Extended
Hiicketl calculations investigate the nature of the Mo-In bonding. The related InXL{Mo{CO)3Cp)2
X =CLL1; L =X, thf, py) compounds have also been synthesised [318] and an exploration of their

solution propertics is reported.
OQ\-
OCemmel M
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