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INTROOUCTION

The review on molybdenum and tungsten chemistry this year deals mainly with
the inorganic and coordination chemistry of the elements which was cited in
Chemical Abstracts, Yolumes 98 and 99. Thus most of the work published in 1983
and gome published towards the end of 1982 will be reviewed, Organcmetallic

chemistry is not formally included in the review, but reference is made to oome
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papers of general imterest.

A change of author inevitably leads to a change of style and different
emphasis on various aspects of the chemistry of the elements. However, if this
and future reviews serve the needs of readers as well as did those of my
predecessor, Frof. C.D. Garuer, then they will serve their purpese.

The material is organized mainiy by oxldation state of the elements and
within each cxidaticon state by the type of donor atoms. Obvicusly overlap will
occur with mixed ligand complexea and in those cases the compounds are
described in terms of the dominant ligand. The symbol M will be used where
identlical comments apply to both Mo and W.

5.1 MOLYBDENUM{VI} AND TUNGSTEN(VI}
§.1.1 Halides and halo complexes

Ultrasonic attenuation has been measured for MoF, and HF6 and in both cases

6
& single relaxation process was observed with isothermal relaxation times of
2.8 x 107° and 2.3 x 1678 s atm respectively [1]. When this deta is converted

to the number of collisions required for relaxation there is good correletion
with the energiea of the lowest vibrational mode for HF6 {and also 5eF6 and
ReFG). The crystal structures of HoF6 apd HF6 have been determined at 77 K by
powder neutron diffraction to complete the atudy of the structures of these
molecules as a function of temperature [2]. At this low temperature there are
no significant chenges in bond length (Mo-F = 1.824{7}, W-F = 1.834(5)%} but
the octahedra do pack more efficiently.

As parf of an elegant study of the electrochemical behaviour of hexafluorae
complexes of the second and third row tramsition elements, the reversible
HT6[HF6', HFe-fHFez- and H0F62_fH0F63_.coup1es have been abserved in
acetonitrile solution [3]. A systematic pattern of electrode potentials has
emerged for these systema which exhibit stepwise chamges in E® with core charge
and d electron configuration.

Reaction of AaPhn[CISHOENCC13] with AgF in CH,CN gave cis-ASPhn[H0F201a]
while the analogous reaction with AsPh4[015UENGGI3] gave the perflucrinated
complex AsPha[?5W=NCF3]. Addition of a small amount of water to either reaction
mixture gave asPh“[HOFS]. The crystal structure of ﬁaPhﬁ[HOFS] has been
determined, but the structure solutlon was compliceted by disorder between
oxygen and the fluorine frang to i1t. Bond distances are W-(D,F} = 1.82Z{13) and
W-Flequitorial) = 1.852(7)R [&].

Prolonged heating Ln an autoclave (40-45h, 190-210%C) of nicotinic,

80 -nicotinic or Z2,6-pyridinedicarboxylic acids with exceas H0F6 gave the
corresponding trifluoromethyl derivative of pyridine in 60-80% yield [5]
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RCODH + ZMoF, ——= RCF + 2MoOF

6 3 4 *

HFQS and HFQ

crystal structure determination on HFhS revealed a chain structure linked by

Se were prepared by the interactiom of UF6 and 5 or Se. A

eia fluarine bridges (1%

AN
e Uv-n.‘
F I =8
s F /\
F F
(1)
Bond distances are
W=8 = 2.07

W-pF{trgng 8) = 2.34(3)
W-pFleis 5) = 1.92(3)
W-F = 1.85(3)

I

]

The angles at the bridging fluorines range from 146.8° to 160.5° [6].

The IR and electronic spectra of monomeric HYXA {¥ = 5,8; X = F,Cl,B?)
isclated in nitrogen matrices have been reported [7]. The W-5 stretching mcdes
(=5?0cm-l) in the IR were unambigucusly identified by means of the 3“5
satellites, but the amaignment of the W-Se stretches (s3?0cm-l) ia teantative.
The principle features of the electronhic spectra were assigned on the basis of
vibrational fime structure.

Some reactions of HOFQ have beer followed using 19F NMR apectroscopy [8]

UOFafHeCN + op. act. tartaric acid (HZL) — WOF, .MeCH

4
[%,0,F;]
(WOF 3} L- (WOF )
WOF 3. HL

WOF, + meso-tartaric acid (H,L) — {(MOF3)~yL-{NOF,)

&
H0F3.HL
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Some new oxide fluorides of tungaten have been produced by heating the

constituent mixtures {9]

BeHOsF& monoclinic, a new structural type
th’aF2 tetragonsal, SrAIF5 type
Pb3H206F6 tetrvagonal, SrBFezF12 type

Crystals of Csz[HD3F2] were cbteinmed from a melt of the constituents (2CsF +
H03). The structure was found to be polymeric with cis-HOQFZ wnits linked by
unsymmetrical Zrars oxygen bridges [10] as shown in (2)

/,

04

(2)
Bond distances are
W-F = 1,99(4)% -0, = 1.78(3)
u-ol = 1,88(4) H-03 = 1.90(3)
W-0f = 2.02(4)

In the same paper [10] the cryetal structure of 083[H204F?] is also reported.
The unit cell contains two independent dimeric anioms in which the tungsten
atoms are almost linearly bridged by a single fluorine atom with oxygen frang
to the bridge (3). The positions of the remaining oxygen aad fluorine atome are
digordered, but the IR spectrum shows that they always form a ci{a-WO,F, unit.

2" 2
Bond distances are

WopF = 1.95(7) - 2.32¢(1%
W=0 = 1.74{6} -~ 1.B6{(8)
W-(0,F) = 1.77(6} - 2.05¢9)
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(O,F} (O,F) (O,F) (OF)
\ / \
=ZW «— F — W=0
/ \ / \

(0,Fy (O,F) (O/F) (0P

(3}

Raman measurements show that H'Cl6 retains its octahedral structure in
thlB-NaCl melts of various compositions [111. HCl6 undergoes three reversible
one-electron reductions in dichloromethane solution corresponding to

WCl, = WCl,T == WCl 2T o= weltT
6 " 6 6 - 6

Both h‘Cl6 and Hocl5 on reduction in dichloromethane golution with an al
electrode produce specles which are active catalysts for olefin metathesis.
_Evidence suggests that the catalysts are carbene complexes with the metal in a
high oxidation state [12]. The sequence Hcla, wocla, u02c12 and H03 provides a
series in which the metal oxidation state is constant and in which {using long
range interactions} the metal coordiration remsins essentlally six coordinate.
A theoretlcal study of the vibraticnal aspectra was used to assess the Influence
of succeasive replacement of 2 Clts by 0 [13].

Reaction of WOCl, with RKCO (R = Et, Ph} gives tungsten{V¥I) imido complexee

wocl, + RNCO —= u(m)ma + CO,

4 2

It is thought the compounds are dimeric with chioro bridges; with thf they give
the adducts W(NR)C1,(thf) [14].

[HoNCl3(0?%u2)] may be obtained directly frem H0N613 and di-n-butyl ether
or by decompoeition of (06H5H2)[H0N014] in the belling ether [151. A crystal
structure determination showed the complex to be tetrameric with an approximate
square of molybdenum atoms each pair of which is almost linearly bridged by a
nitrogen atom. The Mo-N distances alternate between long and short,
correspending to single and triple bonds. The ether ie coordinated framg to the
short Mo-N bond and chlorines camplete the octahedral arrangement about the

metal atoma as shown in (4). Bond distances are

Mo=N = 1.65% {av) Mo-0 = 2.396(6)
Mo-N = 2,16 {av) Mo-Cl = 2.281{3) - 2,311{3)
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Cl — Mo
nBl.le , /I
cl Ci

{4)

Reaction of ‘I-Fcl6 with iodine azide in dichloromethane yields dark red

0.5HN, which has & aimilar tetrameric core as shown in (5}).

WHCL 3

3-

cl
Ci o I
|/ | /
Ci w T AR e,

N ‘éyl NE=W ’:
o N cl /I N
N '/ a
N—W=§ W —l

8)

In this case two opposite tungsten atoms complete thelr octahedral coordination
with three terminal chlorines and the «-N of a HN3 ligand; the other two
tungstens complete their coordination by two terminal chiorines and two (eig)

chlorines which bridge to the corresponding tungsten in anh adjacent
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tetranuclear unit [16). Bond distances are

=N = 1.69(3)% W=N = 1.68(3)
W - = 2.11(3) Wy=N = 2.08(3)

W, - (BN;) = 2.44(3) Wy~ C1 = 2.38(1), 2.80{2)
WGl = 2.28 {av) W,-C1 = 2.28 (av}

5.1.2 Ozides, molybdates and tungstates

The matrix condensed vapours of HoO3 and HOB are considerably more reactive
than the gclid oxides. (m co-condensation, they react readily with organic
substrates such as acacH, acetone, HCOOH and with inorganic compounds such as
BCl,, HCl ete. [171,

It has been found that irradiation of platinized H03 particies in the
presence of water and an organic substrate such as HCOOH leads to marked colowr
changes without application of a bias voltage, indicating photoelectric
chroism. During the reaction, CO2 is evolved and hydrogen is incorporated into

-the lattice [18].

A monoclinic Mo{Vi} hemihydrate MoO .0.5H20 has been isolated by
precipitation of molybdenum containing solutions with nitric acid. It was
characterized by thermal analysie and X-ray powder diffraction [19]. A single
crystal study of Ih(Mooq)z has shown it to be a true molybdate {20]. Molybdenum
is surrounded by an almost regular tetrahedron of oxygems {(Mo-0 = 1.743{4} -
1.778(4)8) and each oxygen 1s shared between molybdenum and thoriom which has
almost regular square antiprismatic stereochemistry {(Th-0 = 2.403 {av)). NiMoO,
and CoHoOa ceystallize in the defect rock salt phase and may be traasformed to
the wolframite atructure under conditions of high temperature and pressure. The
magne tlc properties of both phases were measured and the differeat & values are
consistent with an analysis of the magnetic interactica pathways in the two
polymorphs [21]. X-ray photoelectron, IR and Raman spectra have been measured
for CEZ(HOOQ)3 and several cerium molybdenum oxides. Cez(HoOa)3 contains
tetrahedral molybdenum, but the other oxides contain highly irregular or mixed
polyhedral arrangements of Mo-0 bond lengths [221. .

The vy Raman modes of [HOOA]Z_ and [HOQ]Z_ in aqueous solution have been
studied with great precision [23]1 and the effect of concentration and the
identicy of the counter-ion have been investigated for a number of alkall metal
salta. As the concentration increases, vy increases in the presence of Lit and
Nat but decreases in the presence of K+, Rb" and ce™. Extrapclation te infinite

dilution ylelds v, = 986.1%0.1cm™L {molybdate) and 931%0.1cm™t {tungetate).
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5.1.3 Monomeric oxo complexes

The first 170 NMR eignals for any peroxo complex have been observed for

[HoO(GZ)(CN}QJZ-, and 1t was shown that exchange between oxo and peroxo groups
does not occur. It is believed that the failure of previous attempts to observe
peroxo signels was due to reversible release of paramagnetic dioxygen [24].

It is known that the diperoxo complex HoO(OZ)zL(HEO) (L = hmpa) acts as a
selective stolichiometric reagent for olefin epoxidaticn under mild conditions.
As a result of an investigation of the reactions between this reagent and
propylene, two new complexes were isolated [251. Reaction with propylene oxide
{P0} leads to insertion in the Mo=0 bond resulting in the formation of a

{propane-1,2-diolato}diperoxo complex which is more active tham the original

complex
H2(i —_— ('i‘— CH3
4] q\ Q
o || _o o / o
| e ® i N + HO
0’, \\\0 0'// I \\‘O
L OHZ L

Propane 1,2-dsocl (PD) alsc reacts with the original complex by displacing the

water molecule

Q Q
NN %
-
AN AN
L GH2 L HO.CHZ.?HGH
CH3

Reaction of Hoozcl(pic)(hmpa) (pic = pyridine-2-carboxyiic acid) with
Fh,COOH *and H,0, gave Hoo(oz)cl(pic)(hmpa). 180 tabelling experiments showed
that both atoms of the peroxo group originate from the alkylhydroperoxide [26].
The crystal structure (6) shows a distorted pentagonal bipyramid, the axial

positions being occupled by the oxo group and the oxygen of hmpa. Boad
distances are

Mo-Cl = 2.383(1)% Mo-0(0,) = 1.916(3),1.927(3)
Mo-N = 2,207{3) Mo-O¢hmpa) = 2.130{3}
Ko-0{pic) = 2.051{3} 0-0 = 1.414(5}
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(8

The electrochemical properties of (OZ)ZHO(THTP) (THIP = tetra-m-tolyl-
porphyrin) have been investigated. In dichloromethane sclution the complex
shows one reversible eoxidation and two reversible reductions {all one-electron
processes) on the cyclic voltametric time acale. The oxidation and the first
reduction steps are also reversible on the electrolytic time scale so the
products could be investigated [27]. The oxidation product has an EFR spectrum
typical of en organic radical, but the reduction product shows molybdenum
satellites in its EPR mpectrum suggesting a metal based reduction. The second
reduction product could not be identifisd as {t rapidly decomposed to Mo{IV)

and free porphyrin. The proposed mechanism is shown in ¢T).

+ 4] - Z2-
0—0 c—o0 O 0—0
te \ +e N/ +e v/
—}-lo,& — i HQ/E—I_ forem— — Hgl— —— -.-.-..Hoﬁ—.
I\ -¢ '\ -e /\ -e N
[V ] Q=10 G w0 () =)
€7}

It has been confirmed that the complexes formed between molybdate and
elizarin red 5 (ars), which zre used for the analysis of malybdenum, are of 1:1
stoichiometry and that they are stable over the pH range 2-6 [28]. At 25°C and
ionic strength 0.1

2- 3-

11004 + ars”” 4+ 2wt — [HOOB{ars)]B“ + H20

1og<allm1'31.3} = 20.18%p.01
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Mo0 2- + azas- + 3t — [HOOB(arsH)]Z- + H20

1og(e,1fmo1'31.3) = 24,.93%0.01

Alkaline hydrolysis of CH2=CHH0028r(blpy} gave vinyl molybdate
{CH2=CHH003]_ as a colourless ion which slowly hydrolyaes with evolution of
ethylene [29]). The Mo-C bond hydrolysis is pH dependent. Vinyl molybdate has
also been detected as an intermediate in the molybdothiol catalyzed reduction
of acetylere to ethylene.

Two 1:1 complexes between molybdate and malonic acid have been identified
at pH <1.75 and between pH 3.65-5.75; between these ranges the complexes are in
equilibrium [30). The interaction between [Hoé]z- and 1{+)-sorbitol over a
range of pH has been studied by polarimetry. At higher pH (9.5-11.5) the
predominant species is monomeric [HO(OH)(66 12 6)2] . At pH 7-9.5 it is in
equilibrium with [W,0 3(0H)4(CGH1006)] and [W,04(0R){(CeH 10c3,]" 16 belfeved
to be present in selution in the pH range 1.25—4.0 [31].

Reaction of M002012 with dme gives MoozClz(dme) with dme coordinated
through both oxygens [32]. A crystal structure determination showed the oxo
groups to be ¢i2 and the chlorines f{ragns. Bond lengths are Mo-Cl = 2.344(4),
Mo=0 = 1.670(10) and Ma-0 = 2.285(7)}.

The crystal structure of Caz[Hooz{Hmal)z] har been determined and is
typical of H002L2 complexes [33]. The structure of the anion (8} reveals that
the ligand is coordinated through the deprotonated hydroxo group and the
vicinal carboxylate. The second carboxylate 1s not coordinated but it does

H-bond to the next anion unit.

\/

— o -_—
0,C ~c ;T T
) \\\ ()::/ [» —_ (:()2‘-
¢ \c/
| [
0 o]

(8)
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Bond distances are

Mo=D = 1.708¢(9)R
Mo-0~ = 1.939{8}
Mo-0(C0) = 2.243(9)

Mo0, reacts with 2,2'-dxydiethanol (digol) to give H°°2(c&H803)° X-tay
diffracrion revealed an unusual siructure with five oxygen atoms linked to
melybdenum and the sixth position eccupled by a long range interaction from a
terminal oxo group on the next molybdenum atom, thus giving a linear

unsymmetrical bridge as shown in €93 [341].

2 04
[ ]
' \\\\
' 0’
! 3
'y
04
Mo
(9)
Bond distances are
Mox0, = 1.73¢2)% Ho....0) ¢ = 2.38(2)
Mo=0, = 1.63(4)
H0-03 = 1.82(2) H.O-Ua = 2.23(3)

On irradiation, the complex Hooz(dhzm)z loses a dbzm ligand radical in the
primary photoprocess and thie extracts a proton from the solvent. An EPR active
Mo{V} species persists in solution and this is assigned a four coordinate
atructure {35]. Reaction of Hoﬂz(acac)z with pyridine-2,6-dimethanethiol,
L-H(SH)Z, and recrystallization £rom tmso gave Hooz(L—st)(tmso) [36] which a
crystal atructure showed t¢ have a diatorted octahedral stereochemiatry with a
cig-HoQ, unit (0-Mo-0 = 106.0{2)%) with tmso rather weakly bonded through
wxygen as shown in {10).
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{10}

Bond distances are

Mo=0{ trams N) = 1.723(3)R Mo-§ = 2.43B(1), 2.402(1)
Mo=G(trang 0) = 1,694(3) Mo-0 = 2.357{3)

The complexes eis—MoOz{ONR)z {where ONR is a substituted hydroxylamido
ligand) react with HZS to give oig~oxothio and cig-dithio complexes while HZSe
gave only the cig-oxceelenc compound [37). The crystal structures of the dioxo
and dithioc compounds with R = CSH10 have been determined. Although the
compounds are not isomorphous, the molecular structures are similer with very

distorted coordination about molybdenum as shown in 11).

,0\ /0\
N N
Mo
X X
X=0ors
€11y
Bond distances are
X=20 X =285
Mo=X 1.701(53, 1.879¢5)% 2.165(2) x2
Ho-0 1.971(7), 1.949(6) 1.956(4) x2?

Mo-N 2.146¢7), 2.137(7) 2.151(4) x2
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A series of HoOZ(RK) complexes (RX = substituted hydroxamate,¢i2) , R = H,He,
Ph; X = OMe,Me,H,Cl,NOZ) have been prepared. They are believed to exist as

o

74
C
!
N

R/ \OH

(12}
only one isomer with a cis-HoOz unlt sad the central carbonyl oxygen cf the
ligand frans to Mo=0. All show irreversible electrochemical reduction to Mo(V3
although the reduction potential varies considerably with R and X [38]1.
The 95Ho NMR spectra have been observed for a series of complexes
HoOZL(dmso) where L is a bidentate Schiff base lipgend based on ¢13) or (14)with

X = NO,,Br,Cl,H,OHe)

H H
[ ? ?
¢ 0O °© o
X tl:=-n X C==N
i
H H
(13) (14)

The 95Ho chemical shifts vary significantly, reflecting small changes in the

ligand structures [19]. Reaction of HoOZ{NSH} (NSH = tridentate snion derived
from (15), X = C1,Br,H,0Me) with PthEt reaulted in oxygen transfer to the

L
X C =N SH

X = Cl, Br, H, CH,0

{15}
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phosphine yielding MoO{NSH) and OFFh,Et [40]. There was no evidence for
formation of a dimeric Mo(V) specles (from Mo{IV) and Mo{VI)) a&s occurs in the
analogous reaction between HOOZ(SZCNRZ}Z and PPh,.
Electrochemical oxidaticn, controlled potential electrolysis and
spectroscoplc measurements show that oxidation of HOOZ(TPP) (that ia,
extraction of an electron from the TPP x-~pystem) is followed by 2 very rapid
ioss of'an oxygen atom to give (CIOnJHoﬂ(TPP) which was recognized by its
characteristiec electrochemical behaviour and UV¥-viaible spectrum [41]. This
mechanism is similar to that propoaed for the iron compound cytochrome PhSO'
Dibenzyl{bipy }dioxomolybdenum{¥i) has been synthesized by the reaction of
the benzyl Grignard reagent and HOOZBrZ(bipy) [42]. & crystal structure
determination shows a planar HoOz(bipy) unit and an approximately octahedral

arrangement is completed by the benzyl groups as shown in (16).

\_/
7\

—

G/,

(18}

Bond distances are

&
&

1.76(1)3 {av)
2.28(1) (av)
HMo-C = Z2.25(2)

i
v

An interesting feature of the structure is the prientation of the benzyl phenyl
rings indicating a *-interaction with the bipy rings. A aimilar reaction
between Hoozsrz(bipy) and the N8C-pentyl Grignard reageat yields
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HoOz(CHZ.CHe3)2(bipy) which is remarkably stable due to the lack of hydrogen in
the B-position of the alkyl ligand [43). The structure is similar to (16) with
an almost planar HoOz(bipy) unit with neo-pentyl groups completing a very
distorted octahedral arrangement. Ar alternative view of the structure couid be
to regard the HoDz(alkyl)2 group as tetrahedral with a weak interaction with
the bipy ligand. Bond distances are Mo=0 = 1.708(3), Mo~C = 2.236(5},

Mo-N = 2.317{4), 2.348(4)%.

The known caticns [H00(32CNR2)3]+ are readlly prepared from HoOz(SZCNRZ)z
and acid (HBPhﬁ, HZPFG’ uc104) in acetone solution [44]. lH and 1 C NMR spectra
show the molecules are rigid im solution and retain the pentagoral bipyramidal
structure known in the solid state. The cations readily transfer oxygen te PPh3
and give Mo(NPh){S,GNR,), with PhNCO.
Mo0,(S,CNEBt, ), reacts with p-X-CcH,NO (X = Me,H,C1) tg give
MoU(SZCNEtz)2(0N66Hﬁ-p-xl in which the ligand is bonded n~ through ¥ and &.

These complexes undergo an ilrreversible one-electron reduction [45].

9.1.4 Dimeric and polymeric oxo complexes

The complex formed between molybdate and nitrilotriacetic acid N(CH2002H)3
(Hynta) at pH 2 has an IR spectrum which suggests that 1t contains a bridging
oxygen atom. This has now been confirmed by a crystal structure determination
[46] which showed the compotnd to be Naz[HOZOS(Hnta)z]BHZO. The bridge is
linear with two terminal cis-oxo graups ois to the bridge. Completing the
octahedron about the molybdenum atoms is nitrogen and two carboxylate oxygens,
the protonated cerboxylate being non-bonding. Bond distances are Mo-mQ =
1.880{1}, Mo=0 = 1,695(6) (av), Hor0 = 2.069(5), 2.134(5}, Mo-N = 2.410(6)R.

The reaction

MeOH ,ref lux

(pyﬂ)ﬁtnozoh{ncs>6].nu20 + dmso [{Hooziﬂcs)(dmso)z}zol

gave pale yellow crystals which have the structure shown in (17}

Sl\':a OISMez o .
Va4

SCN— Mo —— O ~— Mo — NCS

o/ll, o c|>
PN
33‘32 s‘lﬁz

arn
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The Mo~0-Mo bridge is linear and bond distances ere

Mo=0 = 1.688(5)% Mo-p0 = 1.B66{1)
Mo-N = 2.094{5) Mo-0 = 2.216{5)

The compound iz light sensitive and in sunlight its solutions rapidly change
from pale yellow to orange; this process is reversible in the dark

(t*2510 days ). The photoreaction is thought to be dve to an intramolecular
electren tramsfer from one thiccyanate to Mo{VI) to give a mixed Mo{VI)/Mo(V}
complex [47].

A series of Mo{ViI) complexes of the type Mo,0; L, {where L is a tridentate
anion giving AMS coordination) has been prepared by interaction of HoOz(acac)2
and LH in acetome soletion. IR and 170 NMR spectra are consistent with a mono
oxo bridged dinuclear unit and this was confirmed by the cryatel determination
for [HoZOS(HEZNCHZCHzNHCHZC{S}Hez)]. Each molybdenum is approximately

octaehedrally coordinated with the oxygens in fae stereschemistry and the

tridentate ligand has sulpbur {raeng to the bridgiug oxygem as shown in (18},

L/
S/NZ-\N 0// \o\ s

(18}
The angle at the bridging oxygen is 143.8(3)° and bond distances are

1.71% (av) Mo-u0 = 1.92 {av)}
2,42 (av)} HMo-N = 2.310{6) - 2.516(7}

Mo=0
Mo-5§

There is weak H-boading between & proton on the terminal nitrogen of each
ligand and the oxo group of the other molybdenum stom [481.

Bridged dimeric Mo{VI)} complexes H‘[HQZOS(OH)(HZO)(citH)] (M' = K,NH, } have
been isclated and on the basis of 13C NMR and IR studies are thought te have
the structure (19). The complexes undergo {rreversible photochemical reduction

in the solid state with release of €O, to give a paramagnetic Mo{V} species
i49].
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(19}

Hydrolysis of H(CCHe3)(CHZCH23)3 glves HZOS(CHZCHeB)b which preliminary
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X-ray data shows to have a limear O=W-0-W=0 unit with a trigonal arrangement of

nepwpentyl ligands about each tungsten [50]. The compound is remarkably stable

in air and to hydrelysis. Reaction with HCl la dichloromethane {in presence af

Me3SiC1 to remove water) gives HDCL(CHZCHe3)3. The anicn [H03(CHZCHe3)]_ can be

prepared by hydrolysis of W(CCHe3)(OCHe3)3 by aq. NEf,OH in thf solution.
Dissolving H003.2H20 in dmso has led to the fsclation of a number of
adducts and the crystal structure of cone of them, Hoaog(dmso}a, has been

determined [51]. The structure consists of infinite chains in which the

repeating unit has three molybdenum stoms, one tetrahedral ard two octshedral,

linked by oxygen atoms to give a molybdeaum atom sequence of tet, oct, oct,

tet, oct, ockt, tet etc., as showmn in (20).

Slﬂez
° OSM o O
—_ 62 © -
Mo ~=5 O\JO/ 2"£ \ﬂ /o Mo(oct)
Le]
o/I\o/ ‘O\G/I\
0 o OSMey
s.‘°2

{20}

The oxygen bridges between octahedral molybdenums are close to linear, but

those between octahedral and tetrahedral molybdenums have angles which vary
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between 137° and 169°. Average bond distances are

Mo{tet)=0 = 1.703% Mo{oct)=0 = 1.702
Mo(tet}-p0 = 1.806 Mo-0{dmsa) = 2,245
Mofoct)-n0{to Ho{ret}} = 1,994
Mo(oct}=nu0(to Moloct}) = 1.879

Reaction of HoOz(acac)z with pyridine-2,6-dimethansl {L—N(Oﬂ)z} and
recrystallization from tmso gave [HOOZ(L—NDBJn {36] which has a chain structure

with asymmetric tpgng oxygen bridges as shown in £21).

i/
S C\
\ N q (s]
Y )
| AN,
-..c)-r—-—-hiq§§ -3 7ha_____c)__.
/?\o o =N \0

(21)

The angle at the bridge is 151.7(2)° and bond distances are

Mox=0 = 1,710¢33% Mo-p0 = 1.719¢3), 2,518(3)
Mo-0 = 1,920(3) Mo-N = 2.190{3)

The contrast between this structure and that found for the complex with the
similar 1igand L-Ks, {srructure ¢10) } is noteworthy.

Finally in this section fwo mixed oxidation state oxo complexes will be
described. The mixed valence complex [H408618(H20)4]2_' which contains W(VL}
and W(V}, has been used to prepare other derivarives such as [H408816{dmf)6]’
["aoa‘““)lz]&- and [Haoacncs)ﬁ(czoﬁ)ﬁjﬁ'. The mixed salt
Cs5(HH4}[HﬁOS(NCS)lzl.ﬁﬂzo has beenh shown by X-ray diffraction to have the
structure (22%. The Wl}(}(‘I unit is planar and angles at the bridging cxXygens
range from 167(2) to 176(2)°.
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Bond distances are

W=0 = 1.53¢4} - 1.83(5)R

W-p0 = 1.82(3) - 1.93{3}
W-N{trana=0) = 2.20(7} - 2.41(7)
W-N{trgng-n0) = 2.01(4) - 2.11(6)

The disposition of the terminal oxo grovps is differeat from that of the parent
[H408018(H203412' in which the oxo groups alternate above and below the Hhoﬁ
plane. All the complexes have very high optical absorption which 1s comsistent
with intervalence trangitions [52].

Reaction of H0815 with 2-(2'-thienyl)benzimidazole gave & complex
containing the 2-{2'athienyl)-l-(2'-thienylmethyl)benzimidazolium cation and
the [H°501403<°Et)4]2- anion [53], The course of the reacticn is obviously very
complicated and the mechanism for formation of the arion ig unkmown. A cryetal
structure defermination showed the anion to contain two Me{VI) and two Mo{V}

atoms linked by two 4 oxygens, Lwo p, oxygens and two u, OEt groups.
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5.1.5 Complexes with oxygen donor ligands

In a series of papers the identity of monomerlc Mo{VI} specles present at
very low concentrations of molybdenum in acid solutions have been studied
i54-561. In H2504 the species present are thought tc be MO(QH)G, [Mo(OH}5H20]+
and [Ho(DH)ﬁ(Soa)zlz_ while in HCQ solution the first two specles exist at low
acid concenkration, but increasing chloride concentrztion leade to the
formation of HO(OH)ACIZ and HO(OH)3013.
The reaction

MoF, + 651(0“2)4 = Ho(OHe)6 + ésiF(OHe)3

is an equilibrium at -196°C, but it proceeds to completion if the SiF(OHe)3 is

removed under wvecuum. HF6 reacts only partially

WF. + 55i{QHe), —= NWF(OMe); + 5SiF(0Me),

but reaction of the product with NaOMe/MeOH gilves H(OHe)ﬁ. 1H NME suggests that
the volatile tiquid H(OME)6 compounds have all methoxy groups equivalent [57].

Reaction of HCIQNPh with methanol in the presence of tBuNHZ gave the yellow
complex PhNU(GHe}q which was shown to have the structure (23).

MeO Mo ye M N
\l/o\v!%’
N% |\ae/ l\OMe

OMe

OMe

23y

Bond distances are
weN = 1.65(2)%

W-OMe = 1.92(1) - 2.,02(1}
W-pOMe = 2.04(1) - 2.14(1)
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Replacement of MeOH by T'Pz(}H or neo-pentyl alcohol gave complexes identified as
traﬂs-H(OR}a(N?h}(tﬁuﬂﬂz) on the basls of 1H and 130 NMR measurementa L58].
Reaction of HclaNPh and tBuO‘H gave H(OtBu}3Cl(NPh)(tBuNH2) which has the

structure (24}.

MeaCO

Ci N
N
2T\

l QCMe
Me3C 3
{24
Bond distances are
WeN = 1.70¢1)8% W-N = 2.40(1)
W-0ltrang Cl} = 1.82(1) W.0 = 1,87(1}

W-Cl = 2.500(4)

It is thought that steric interactions betuéeﬁ He3CO groups cause the chlorine
to be retained.

Hz(otau)é {s known to react with MeCN to give {tBuO)BH!N polymer. A crystal
structure determination [591 reveals a linear polymer based on alternate long
and short W-N bonde with the alkoxide groups completing a'trigonal bipyramidal
geometTry about tungsten (25)

RO OR OR
\ 7/ )
EN—— WEN——WEN—
I /\
OR RO OR

(25}
Bond distances ure

WeN = 1.740(15)%
W-K = 2,661(15}
W-0 = 1.872(7)
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In contraat the isoelectrenic ( BuQ} H!CHe, formed by the Lateraction of
W, { BuO) with MeC®CMe, consists of weakly linked dimer units, also based on
trigonal bipyramldal coordination about tungsten, as shown in (26) [59].

Me

]

] ',()R

RO -
w— OR
RO”

L o]
Re

(26)
Algo, the compound (tBu0)3H=CHHe2 {60] hag a very similar structure to {(26).
Bond distances are

{tBu0}3HICHe (tauo)aw-cnnez
W=t = 1.759(63% 1.76 (av)
W-O(tranawC) = 2.484(4) 2.42(1)
W-0f{eq) = 1.89 {av) 1.89{1}
WepOleq) = 1.934(4) 1.95¢1)

Exposure of H ( Pro)ﬁpyz te approximately 2 moles of CO led to the
isolation of H ( PrO) (CO) f61il. a crystal structure determination shows two
octahedra joined by unsymmetrical o'Pr bridges in which the short bonds are to
Hl {27y .

o) co

o’ NN

f) Cco
olpr 'Pr co

@n
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"2 shows all the spectroscopic properties of a typical H(CO}4L2 compound, S0
the compound ise beat formulated as a W{VI)/W(0) complex, an unprecedented
oxidation state difference in any compound. The large W-W distance of 3.&10(1)2
suggests repulsion between the metal centres. Bond distances are

W -0 = 1.826(15) - 1.876(12)%

W -u0 = 1.96 (av)

Hz—uo = 2.23 {av}

Reaction of Hooz(acac)z or Ho02012 with ligands LH3 (28) gave MoL, with the
OH HX

CH, N

X=0o0or$S

{28}

nitrogen atom deprotonated in the complexes [62). These complexes show
reversible reduction to HoLz- and HoLzz- and a crystal structure determination
of the Mo(V) compound NEtﬁ[HoLz] {X = S) revealed a distorted octahedral
arrangement with equivalent donor atoms of each ligand all f{ramns. Bond
distances are Mo-0 = 2.023(8) {av}, Mo-N = 2.050(8} (av) and Mo-§ = 2,362 (K.
In contrast, similar iigands with two HHZ groups in the ligand backbone (L‘Hh)
react with Hooz(acac)z o give HoOZ(L'HZ) tn which both nitrogens remain
protonated. These complexes undergo irreversible reduction to Mo(V}, a process

which may involve nitrogen deprotonation {621.

5.1.8 Sulphidaa, thiomolybdates and thiotungsiates

A molybdenum edge EXAFS analyasis has been made of the thermal decomposition
of amorphous H083 to H082 [63]). Improved syntheses have been reported for the
preparations of (NH‘.)Z[HS‘.], (N'H‘.)Z[H}SBJ and (NHA)E[HOZSZJ together with a
facile preparation of the HEth salts. The purity of the various complexes may
be monitored by & cambination of IR and UV-visible spectroscopy [64]. The
crystal structure of (N'th)z[l'{osq] reveals tetrahedral anions with
Mo=5 = 2.175(5)% [65]. The low temperature UV-visible and rescnance Raman
spectra of [HS]z" have been observed. It is deduced that on excitation from the
ground {lﬁl} state to the resonant excited state (1T2), the W-5 bond length
increases by 0.0588 [66].
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There have been a large number of studlee uwsing HS&Z_ as ligands towards
other transition metsls with some emphasis on irom in attempts to produce model
compounds for the Me/Fef$S centre in nitrogenase. Reaction of (NEtﬁ)z[HSﬁ] with
Fe(SZCNRZ)Z in dichloromethane gave (NEt4)3[Fe(H54)2] in which the bidentate
usﬁ units reptace dithiocarbamate [67]. Electrochemical studies show that for
molybdenum only the couple [Fe{HoSﬁ}2]3-K[F2(H054)2]ﬁ- is reversible, but for

tungsten the couples
[Fe(us,),)” == [Fe(¥s,),1¥" == fFe(us,),)>” = (Fetus,),1""
4727 T 472 - 472 - 4”2

4)2]3_ are consistent with a

are all reversible. The EPR spectra of [Fe{MS
= 3/2 spin state (similar to nitrogenaae}.
Reaction of [Fe(SPh) 1% with [HS ] gave excellent yields of
[(PhS)zFeS ] and the Correspogding [{s )FESZHSZ] complexes were readily
isotated by reacting [{PhS)zFeHS&] with (c? 7)2 3 In dmf [68]. Several
crystal structures were done and all che complexes contain an essentially

planar FeSZH unlt with structures as shown in {29 and {30).

e -2_ - -'2_
\ LS / \ S / s S._
// Ns— \ //“‘ AN S

SPh -—.S‘/’
i L i
(29) (30

Bond distances are

[(Phs)zrenosalz' [(Phs)zFeusalz' [(SS)FeHosa]Z' [{SS}FeHSAJZ_

M-Fe 2.74041) 2.775(1) 2.737(3) 2.752(3)
¥=5 {av) 2.15 2.1% 2.15 2.16
M-S {av) 2.26 2.25 2.26 2.26
Fe-p8 (av) 2.26 2.29 2.25 z2.27
Fe-5 (av) 2.30 2.1 2.32 2.34

57

Fe Moessbauver and magnetic measurements were alsé made [68]. The complex
(NEtan[(PhS)zFeﬁosaj has also been studled ueing IR, reschance Raman and
U¥-visible spectroscopy [69]. The Fe-5, M-S and M-p5 fundamentals were assigned
and BRaman band excitation profiles indicate that the Fe{II) valence electrons
are extensively delocelized. Reaction of Fe(OAc)z with <HEta)2[“SaJ in MeCN
gave [(QAC)ZFEHSQJZ- which were characterized by IR and UV-visible spectra. In
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2=
contrast, Fe{OAc), reacts with [HDZSZ] to gilve complexes not completely

2
cheracterized but which do not contain acetate {70].
Molybdenum EXAFS studies have been carried out omn [HoS ] [LzFeSZHGSZJZ-
{L = Ph5,C1,0Ph}, [LZFeSZHoS ] (L = S-p=CH QHE) and the di-iron complex

[SzFeSZHoSZFe52]3_. The data was analysed to give Mo-5 and Mo-Fe distances to
better than 1% and 2% respectively. A new technique for fine adjustment based
on models (FABM) was developed [71]. Similar Mo, W and Fe EXAFS studies on
[CleeSZHSZFecl ] have been reported which give M-5, M-Fe and Fef{5,Ci)
distances which agree well with crystallographic determinations. However, It
was found that the Fourler transform of the Mo EXAFS of these model compounds
did not compare well for peak intensities with those of the MoFe protein of
nitrogenase 172), Reaction of [MOOS ]2- with FeCl2 and Sg in dmf ied to the
isolation of (PPh [Cl FeSZHQO{S }] dmf. A crystal structure determination
showed that the thiomolybdate had undergone substitution of S2 by (S ) , the

first substitution of a thiomolybdate, as shown in structure (31} [?3].

\/ z\Ml

{31}
Bond distances are

Mo...Fe = 2.752{2)  Me-8 = 2.30 (av)
Mo=0 = 1.660(8) Fe-5 = 2.24 (av)
Ho-S(Sz) = 2.40 (av) Fe-Cl = 2.26 (av]}

[HDS ] also acts as a bidentate ligand towards Cu(l) and in & series of
papers complexes of [HOS ] with 1 4 coordinated copper groups have beea
reported. The anions [(PhSCu)HOS ] and [(PhSCu}Zﬁosq]z- were prepared by the
actlion of KSPh in MeCN on the corresponding coordinated copper cyanide
complexes [74]. Crystal structure determinations showed them to have the

structures shown in ¢(32) and ¢33).

\s/\ :
s4’\/

(32)
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S S
7 N 7 N\
PhS - Gu Mo Cu —~5Ph
N7 Ns”

{33
In each case the molybdenum Ls tetrahedral and the copper trigonal planar. The
different symmetries of the H‘Dst. unit are clearly reflected in the IR and Raman
specktra; some 95!-10 NMR specira are also reported. The interaction between
(ePh, ),tMoS, 1 and CuGl {1:3) in MeCN gave [(cuc1)3uos_,+]2' which has the

structure shown in (34) [75].

/°

Cl-—-Cl.l CU—C‘

/\/

7N
\
/
|

c 34)

The reaction between [Hos ] and excesa CuX {X = C1,Br)} in acetone gave
[ {(cux) ;o8 ] and the structure of the anion for the [PPha]-+ salt of
[(CuBr} HoS ] ig shown in (35). It 15 a one dimensional pelymeric anfon in

BII'
s/ \
Cu/ / \M/ Cl-l \ -

N NN N
\ /
l

(353



m

which four edges of the Hosa tetrahedron are bridged by copper atoms. Two
g copper atoms complete their trigonal stereochemistry with terminal
bromines while the other two coppers are tetrahedral with twe bromines invelved
in inter-aggregate bridging tc a copper of the rext Hosn based unit [76]. Bond

distances in all these derivatives are

(32) (33) (343 (35)
Cu-Mo 2.636{1)  2.632(6)  2.618  2.618(3) - 2.685(3)
Mo=5 {av} 2.16
Momi,§  (av) 2.22 2.21 2.20
Cu-u,§ {av) 2,21 2.21 2.23
Mo-p,8 {av} 2.26 2.23
Cu-yS  (av) 2.24 2.25

Campounds of the type [{Cu3HSJCI}(PPh3)3Y] {Y = 0,5) have been prepared
from [usﬁ]z' or [ms3]2', CuCl, and PPh, in dichloromethane [77]. The
structures of all four are similar and that of [ Cu

diagram (38},

3us3c1 (Pph3)353 is shewn in

PPhgy

(36)

The Cu3HS3CI core is & highly distorted cube. Bond distances in all the
complexes M and Y only specified) are

W,$ W,0 Mo,$§ Mo ,0
M-Cu (av) 2.72 2.74 2.70 2.72
Cu-Cu (av) 3.18 3.18 3.18 3,20
M=Y 2.131  1.754  2.118 1.769

H-5 {av) 2.25 2.24 2.25 2.26
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Reaction of (PPha)z[HOOS3] with three equivalents of CuCl in organic solvents
in the presence of sulphur gave (PPhQ)Z[(CuCl)3H0053] in which the three copper
atoms bridge 5-5 edges to penerate a H00530u3 core which has the geometry of a
distorted cube with cne position vacant as shown in (a7y [78].

- -

2 —
Cl
S Cu -~
Cx ~
Mo S
Cu
0
S Cu
\
cl \
Cl
- —
an
Bond distances are
Mo-uS = 2.26%(av) Cu-5 = 2.222(4) - 2.251(4)
Mo=0 = 1.693{10) Cu-C1 = 2.15 {av)

The same anion was found {and characterized by X-ray diffraction) in one of the
products of the reaction of CuCl and [Hosa]z-, with the oxygen presumably being
derived from the atmosphere [79]. Following extraction of compound (37 with a
dichlioromethane solution of CuCN end PPh3, the complex
[(CuPPh3){Cu(PPha)z}HQOSBJ was fsolated {78]. It was shown to have the
structure (38} which is basically a cube with two vacancies. Bond distances

are

MompgS = 2,277(3)% Cuy=kyS = 2.230(4)
Mo-1,S = 2.207¢3), 2.230(3) Cugy-iy8 = 2.343(3)
Mo=0D = 1.700(8) . Cu—uzs = 2.218{4)
Cu -P = 2.22004) Cuy-,8 = 2.321(3)

Cuz-P = 2.31 {av)
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O
S lﬂo"’
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/ /
P‘“‘a Cu
PhaP \ PPhs
(38)

The interaction of [HSQ]Z— with AgNO, and PPh3 in dichleoromethane gives
[(PPh3)2A32HSa] £77] and the structure of the Mo complex is shown in ¢393. The

sliver atoms are not equivalent, one being tetrahedral and the other trigomnal.

~g~~ g
S 7 Npeng
{39}
Bond distances are
Mo-5 = 2.21% (av)
Agltet)-8 = 2.572(5) Agltrig)-§ = 2.458(5)

Heating (NHQ)Z[HSQ] in dmf gives [H339]2_, although the complexes were
obtained pure only by heating in the presence of benzene thiol [B0]., The
crystal structure of the molybdenum compound reveals a centrsl square pyramidal
Mo({IV) atom sad two tetrahedral Ho(VI} units as shown in {40} . The Mo..Ho..Mo
angle is 155.0(1)° and bond distances are

Mo(IV)}=5 = 2.086(4)% MolIV)-uS = 2.369(3) - 2.429(3)
Mo{VI)=8 = 2.134(4) - 2.148(3} Mo{V¥I}-u5 = 2.231(3) - 2.251{(3)
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{40}

(NBua)z[HSq} reacts with [HCl(NNHez)z(PPhB)zlcl to give
[SZHSZH(HHHEZ)ZPPh3] {81) which contains two non-equivalent tungsten atoms and
provides a rare example of an HSa unit spanning axial and equatorial positioms

of a trigonel bipyramid as shown in (41}.

NM.2
N
S
N -8 /
4 w< T w/
PPh
s 5 A\ 3
N
\
N'..z
{41)
Bond distances are
W...W = 3.026(1)R W,=S = 2.15 (av)
Hz—usl = 2.281(6) Hl-usl = 2.405(6)
W,-uS, = 2.233(8) W -uS, = 2.528(8)
W -P = 2.4B2(6) W -N = 1.78 {av)

The angles at the a=N of the

dimethylhydrazido(2-}

ligands average 1706°.
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Reaction of cis-[HoOz(pipNO)z] (pipNO = plperidine-N-oxide} with B,S,
yields the ¢i5-Mo0S and subsequently cis—HoSz complexes. IR, Raman and NMR
(QSHO, 13C) confirm the identities of the componnds [82]. The structure of
cis—[HoOS(pipNO)z] has been determined and iz analogous to the corresponding
HoD2 and MoSz compounds. The coordinaticn about the molybdenum may be described
az a roughly tetrahedral HoOBS core with the angle between the oxygens of the
two N-oxide ligands closed down to about 84° to accommodate the extra Mo-N
bonds. These are co-linear and in the same plane as the metal atom and the
N-oxide oxygens. Bond distances are Mo=0 = 1.711{4), Mo=8 = 2.101{2),
Mo-0 = 1.97 (av), Mo-N = 2.14% (av}. CuCl reacts with cig-[MoS,(piph0),1 to
give green crystals of [(pipND)ZHoSZ(GuCL)] which has the structure shown in
(42). Interestingly, the copper in this complex is tetrahedral, but in most of
the copper complexes of [Mﬁalz- it 1s trigonal [83].

N N
- s ci S o
0
\l!o/ \Cu/ \Cu/ \M'o/
0 S | S 0O
“\u" ".ﬂ"
{42)
Bond distances are
Mo=S = 2,188 (av) Cu-$ = 2.266(1)
Mo-0 = 1,96 (av} Cu-Cl = 2.35 (av}
Mo=H = 2,16 {av) 0-H = 1.43 (av)

EPRY spectra have been recorded for a series of [HoXY(ONHR}Z] and

[HoXY(ONRz)zl specles (X = 0,8; Y = 0,5,58; R = Me,Et, Bu) which contain
chelated substituted hydroxylamine anions. The dioxo complexes show a 95Ho
resgonance at approx. 8 -200, substitution by one sulphur shifts the rescnance
to apptox. & 540 and two sulphurs shift the resonarce to & 1200. The effect of
one selenium is similar to, but greater, than the effect of one aulphur. The

thiolation of MoO, complexes to HoOS and HoS, was followed by Pro MR (84].
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5.1.7 Homonuclear polyanions

A detailed theoretical analysis of the bonding in systema with chains of
condensed molybdenum octahedra has been presented. A one dimensional model
proved to be applicable over the range of molybdates yet synthesized [85]. The
structure of the complex of composition (NSZHOOQ)3{HOO3}?’ i.e. N36H010033, has
been shown to have a structure comtaining two types of chains of molybdenum-
oxygen polyhedra linked toc each other aspproximately at right angles. One chein
contains distorted edge and corner shared H006 octahedra, while the other
consists of corner shared pairs of octahedra edge shared to pairs of edge
shared Hoos square pyramids [86]. The crystal structure of melaminium
B-octamolybdate has been determined and the structure of the 8-[M08026]&- anion
1s similar to that in the Nl'l4 and 3-EtPyH salts although there are some
significant differences in bond lengths and bond angles due to a very extensive
network of H-bonding [87]. Reaction of MoQ,.ZH,0 with excess MeQH gave 2
precipitate of H0205(0He)2, but afrer filtering, crystals of
Naﬁ[HOSOZS(OHe)QJ.BHEOH glowly formed. A structure determinatioan showed the
snion to be very similar to those of a number of other substituted
octamolybdates {BB].

Polymolybdates{Vi) are photochemically reduced to Mo(¥) in solutions
contalning HOAc giving rise to blue mixed valence compounds. The main pathway
is the photoredox reactior of polymolybdate(VI) with water to give OH ™ and
Mof{¥}, but in asdditien, COZ’ CHﬁ and guccinic acid are formed [89], On
irradiation at 254nm, sclutions of (NZPrA)SEWSOZO(GH)] evolved H, without the
presence of a platinum catalyst. The reactior is thought to proceed according

to the scheme

Wilo H,0 Ry won &+ om
wWooh — Wl . w®

2

The OH® radical and two different W{¥} species were detected by EFR [90].
5.1.8 Heteronuclear polyanions

A poteatiometric study has been made of the equilibrium between methyl
arsenate, [HeAsOS]Z-, [H00&]2“ and HY in 1M NaCl at 25°C; a number of hetero-
polymolybdates were detected [91]. NES[H3PtH6024]°2H20 has been fourd to have a
structure of the Amderson type. The central platinum and all the tungstens are

coplanar. Each Cungsten is octahedrally coordirated by oxygen with a mean
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distance of 2.01% [92]. Crystals of a compound shown by X-ray diffraction to be
NalZ[PQUBOGD]'ZOHZO were isolated during an sttempied preparation of the
previously reported NaB[PU3013]. The anion consists of a shell of LiA octahedra
and PO& tetrahedra made up to form [PH2013] units linked by cormrer sharing,
thus close1§ resembling the shell of the Keggin antons {93].

The complex Kz(NBu&3Q[HnH09032], which contains a Dy symmetry H.nO6
octahedron, is scluble in MeCH and shows a Pfeiffer effect in the presence of
I-brucine sulphate. This is reported to be oaly the third example of a
= o za-. [027
ai acElviLy L7&].

Reaction of TiCl, or cpFe(C0},SnCl, with aquecus NWa,[W0,] and Hal,[PO,] at
4 7. 2 3 25_ 4 A
pH 8-8.6 gave (Ti,W, PO, 1"~ and [{cpFe(CO},8n} W, PO, 1" respectively. The

31? NMR spectra of both compounds showed only a single line suggesting only one

isomer of each compound was present. 183” NMR shows in both cases five limes of
equal i{ntensity which unambiguously demonstrates the formation of the 02 isomer
(1,4 substitutiom of the Keggin structure} [95]. Similarly, the interaction of
TiCl_{I and SnCla with (NBuq)a[H3W11PO39] gave i§§“4>4[61”'”119039] (M* = Ti,Sn)
whilst AlCl3 gave (NBuh)aH[CIAIH11P039]. The W RME spectra of all rhese
complexes gave five resonances of intensity fwo and one resomance of intensity

one coafirming Gs substitution of the Keggin structure. An unambiguous
183" 183u

coupling in the satellite spectrum {96]. A different approach to 183” resonance

assignment of the individual rescnances was made on the basis of

assignment was made for several other similar CB substituted Keggin compounds

using two dimensional 183“ NMR techniques {COSY and 2D INADEQUATE) on the

satellite spectra, which glves a completely unambiguous assignment without ary
assumptions on the magnitude of edge versus corner sharing coupling constants
[97]. The 183 110-

W HMR spectrsa have been observed for diamagnetic [Cer(HllPG
and paramagnetic [CeI

II(H11P039]ll-. The NMR results suggest different

39

structures for the anions, which 18 also known to be the case in the solid

state. The 183H chemical shifts for the Ce(III} complex suggest electron

delocalization te four adjacent tungsten atoms [98].
New mixed heteropolyanions [XPbW),0501" (X = 5i,Ge,B,Ga), [YPow, ;0,0
and [Y2P6H1?06l]8_ (Y = P,As) have been prepared and studied by conductimetric,

7"

polarographic, spectroscopic and crystallographic methede [99]. The structures
are distorted due to the large size of Pb{II}. Kegzin and Dawson type
heteropolyanions can be regarded as pentadentate ligands for many transition
and Group Ili metals whose octahedral coordination i{s completed by a2 water
molecule. Exchange of the sixth ligand has been studfed for a number of Fe{3Ii)
heteropolyanion complexea, and Ln general the rates of exchange =re similar to
rates of subatitution of a single lipand in [Fe(H20)6]3+ f1007.

The anions [Znﬂlzoaoje- and [Alleoﬁnls_ have been isolated as NBu, malts.

&
iR and U¥-visible apectra indicate that the Zr resides in a site of tetrahedral
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symmetry, but the symmetry of the ﬁlO4 group is highly distorted [101].

The kinetics of the formation and decomposition of 1Z-molybdophosphates in
acild solutfion have been investigated using stopped flow techniques [10Z].
Although the maximum rate of formation of the complex is first order with
respect to phosphate, it varies with concentration of Mo(VI) and B in a
complex mannet. The kinetics of the decomposition of [PHIZU&OJB- to give
[woalz' and [Pon]a_ have also been studied, in this case in the pH range 7-9.
The reactlon proceeds through two intermediates which were identified by cheir

UV-visible spectra and polarographic behaviour [103]

3- CH_ 7- OH” 9- [« 3- 2-
LPW) 50401 v fast LP"171%30) Fast LP¥g03,) alow LFO,17 + [0, ]

The first step is extremely fast and occurs at rates approximating to diffusion
controlled while the second step 1s complete 1n a few seconds. The final
hydrolysis is complicated and probably involves protconated forms of [PH903¢]9_.
The mclybdophosphates have been investigated by Raman spectroscopy. Twe forms
of the vellew molybdephosphate have been {dentified in weakly acid solatfon,
which are rhe 12-molybdophosphate and the 1l-melybdophesphate. it pH 1-4 with
excess phosphate the colourless [P2H05023]6_ is formed [104]1.

A systematic study has been made of the effect of cation size ocm the
vibrational spectre of a- aad B'[Xlecho]n_ anions {X = Bl,51,Ce,F,Ag). The
Ho—Od stretching frequency decreases ag the cation size Llncreases which is
attributed to 2 weakening of the anion-snion interactions [1051.

An IR study has beea made of the reduction of 1Z-molybdophosphates by Hz at
350-400°C and with SnCl2 in acid solution. With H2 reducticn the IR bands due
to P=0 and Ho-Ob-Ho decrease uniformly until the limit of four electrone has
been introduced (i.e. Two bridges removed from the Keggin structure) and
thercafter terminal Mo=0 bands decrease [106]. It is known that both
12-molybdosilicates and 1Z2-molybdophosphates undergo three two-electron
reductions ir 50% dioxan/water mixtures. However, coatrolled potential
electrolysis followed by cyclic voltammetry showed that the six electron
reduction product of the molybdosilicate iz stable on the longer time scale of
electrolysis, but that of the molybdophosphate is =mot, indicating that the
heteroatom has some influence on redox properties [107}.

Paramagnetic polytungetates and heterspolytungstates were prepared by
electrochemical reduction of the corresponding W{Vi) HgOpgs XM 50,0 A8oH, 00,
and As}!zﬁlat}éo structural types and studied by EPR and optical spectroscopy. At
very low temperatures the unpaired electron is confined to one Tungsten atom,
but a the temperature lncreasea it hops between different sites, although the
ease of electron transfer depends upon the nature of the junctior between

ad jacent H06 octahedra. Substitution by & foreign fon leads to a stronger
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delocalization of the electron [108].

The structure of hexaguanidinium cctadecamolybdatedi{arsenate,
6N3)6[A32H018069].9H20, has been determined {109}. The polyanicn consists of
18 HoO6 octahedra, composed of two Ho3013 and six H°2010 units, and two AsO,

{CH

tetrahedra. The Mo=-0 bond distances range from 1.69-2.342. Heteropolytungstates
a-[PZ{H,V}laoﬁzlz—, containing one, two or three V atoms in one of the W30, 5
caps of the ab[Pzﬂlsoez] structure, have been synthesized and characterized by
31P and Slv NMR studies. EPR and U¥-visible spectra of reduced species show
electron delocalization between adjacent vanadium sites [110].

The compound 20-tungsto-Z-arsenate has been prepared and used as a rigid
tetradentate oxygen donor ligand to give five coordinate {(8q. pyramidal}
complexes of a number of divalent first row transition metal ions including
Ma{I1),Co(iL),Ni(i1),Cu{il),Zn{IL) and VOZ* [1111. A rational synthesis of
[PAHBOHIA(H20)20112]16- (pravio;;ly repg;;ed ag [P2H16H'2(H2}2060]10_) {where
M' = Co,Cu,Zn) is reported and " P and W NMR spectra reveal only one isomer
of C2|1 symmetry is present iz solution. There are four possible ilsomers of this
gymmetry, but detailed examination of the spectral data allowed identification
of the aBBa isomer [11Z].

5.1.8 Termary orides

It has been found that three compounds exist in the SrO,"HD3 gystem; they
are SrWo, {scheelite structure}, St 3H0, {Perovskite} and Sr, W0, {orthorhombic}.
in chis paper [113] investigations were made of the kinetics and mecharisme of

formation of these species. The resulte can be represented by

H03 873-923K SrUDh 1073-1123K 5r2H05 1223K Sr3H06
50 Sro 50

The general reactlon

3LnOCl  + I-I(}3 —_— Ln3H06013

{Ln = Le,Ce,Pr,Nd,Sm,Eu,Gd)

has been investigated and X-ray powder diffraction data for the Lz salt
suggested trigonal prismatic WO, coordination for tungsten and 10 coordination
for La {114]. This interesting result was subsequently confirmed by neutreon

powder diffraction [115]). Studies of the luminescence of La3H06013 have also

been reported (H042" and octahedral Hoﬁ are known to be efficlent luminescent

centres). LE3H06613 shows a weak blue emmlssion under UV lrradiatiom at room
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remperature which is much stronger at low temperatures [116].

A single crystal X-ray diffraction study has been reported for UH0208
[117]. It consists of layers of oxide bridged U and Mo atoms connected by
infinite interlayer U-0-U and Mo-C-Mo chains. The molybdenum atoms have highly
distorted octahedral coordination with Mo-0 distances in the range 1.6B4(7)-
2.432¢ 4. W,Nby,0,,, made by the interaction of W0, and Nb,0., has been
examined by time-of-flight powder diffraction in a pulsed neutron source. The
distribution of cations is different from that assigned from X-ray diffraction
studies, but is consistent with site potentials calculated using an
electrostatic model [118].

A number of reduced oxidaticon state mixed oxides have been prepared by
fused selt electrolysis of the corresponding Mo{VI) compounds. The products,
which were all highly crystalline, include new compounds and others, such as

M' Mo 0p (M' = Mg,Co,Ni,Zn), LacMo, 0., which had previoualy only been obtained
as powders [11%].

1.10 Complexes with nitrogen domor lLigamds

The Raman and resonance Raman spectra of H(NHe2)6 have been messured in
solution at room temperature and in a KBr disc at 80 K. All bands moved to
lower frequencies on devteration showing that the vibrationsl modes associated
with the H(HCE}G framework are extensively coupled with the C-H vibrational
modes - hence only & limited vibrational analysls was possible [1201.

Reaction of [H(NPh)Cl ] with Bu(SiHe JNH gave the dimeric
[H(NtBu)(NPh)Cl ( BuNH2]2 which X-ray diffraction showed contains bridging
phenylimido and terminal butylimido groups as shown in (43) [121].

H\
. tg

(43)
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Bond distances are

=N = 1.729(4)% W-pN = 1.895(3), 2.324(3)
W-N = 2.223(3) W-Cl = 2.398(1}, 2.462(1)

The bridges are highly asymmetrical with a long bond trans to the almost linear
NtBu groups, which suggests the bridging group x-bonds to only one metal akom.
Cne proton of the tBuNH2 ligand is strongly H-bonded to the chlorine (this
effect is also observable in solution by 1H NHR ).

as part of a wider survey of organoimido complexes {122], molybdeaum
complexes of fert-alkylimidc ligands have been prepared by the reaction

HoOzclz + ORNH({8iMe,) —~ (HeBSiO)ZMo(NR)Z + 2[RHH2(SLHe3]Cl

3

(R = tBu, l-notbornyl}

The reaction did not proceed with WO,Cl,, but WCl, reacted smoothly with

tBuNH2 in hexane

Wl s IDtBuNHZ —_ (tEuN)ZH(NHtBu)Z + G[tBuNi{3]Cl
!ROH
[(tB N} WMe,] 0 ftB N} W{OR}
Ui syWHe, ZnMe - PuRdg 2

z

5.2 MOLYBDENUM{V} AND TUNGSTEN{V}

5.2.1 Halidee and halo complexes

The doping of polyacetylene {CH}n films with several pentaflucrides,

including MoF. and WF_, has been investigated [123]. It seems that the

,
resulting conguctivitzea vary iaversely with the fluoride affinity of the
pentafluoride. Reaction of I, with HoF, in MeCHN glves [I(HECN)Z][HOFB] [124].

The magnretic moment of [HoOFS]z_ varfes with HF concentration from 1.§5BM
in 40% acid to zero in 2% acid (similar to the corresponding chloro system). 4
series of salts of apparently binuclear oxofluoromolybdates have been isclated
from this system which show both Mo=0 and Mo-0-Mo vibrations in their IR
spectra [125].

Reaction of HoCl5 with S(CN)2 and Se{CN')2 in C3, solution gave the

complexes HoClS.X(CN)2 in which the liganda are coordinated by 5 or Se. The
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ompounds were characterized by their IR and EPR spectra {125]. The reactions
o OP{NCS) {=L)} with halc compounds of Mo and W have been investigated. Some
£ the products obtained were H00013.2L {(from HoCl5 or HoOCl in CCl Y,
HoO(NCS) ] (from MaClg in MeCN} whilst W1, gave [HCISL]Z at room
.emperature and WOC1,.2L at 60% [127].

K, [HoDBr 1 has been isolated for the first time and the X-ray pouder
liffraction patterns for a number of alkall metal salts af [MOX ] {X = C1,Br}
we reported together with a single crystal structure for CSZEHOOBrs].
jtatistical disorder in the lattice prevented accurate determination of band
.engths, but they are approximately Mo=Q = 1.64 and Mo-Br = 2.492(6)% [128].
fhe crystal structure of (PPha}[HOOBrQ] has been determined; the anlon has the
:xpected square pyramidal stereochemistry with Mo=0 = 1.73(1)} and Mo-Br =
2.47(1)% [129).

5.2.2 Momomeric oxo complexes

It has been found that Mo(V¥) EPR spectra fall into two types accordinmg to
the g-anisctropy which apparently depends upon whether the complex is square
pyramidal or octahedral. A survey of compounds with known sterecchemletry
confirme this relationship. Molybdenum enzymes are square pyramidal based on
this criterion [130]. Compliexes HoOClL2 {I. = B-diketonate) were prepared by the
interaction of HoClS and the diketone [131]. The complexes were invesrigated by
EPR spectrescopy and unsymmetrical ligands were found to give a mixrure of
igomers. The interaction between acacH and Mo(V) salts has been investigated
{i3z].

{pyH)szooxsl + acacH — (pyH}[HoOXa(acac)] —ESEE;-[HcOXz(acac}py]

(X = Cl,Br}

The electrochemistry of MoOL{NCS} in dmec nas been investigated (where L =
p-X-TPP; X = OMe,Me ,H,F,C1,Br). In all cases three cne-electron reversible
reductions were observed, the first of which was assigned to be metal-based and

the others due to reduction of TPE [133].
[oMoYL(NCS)] 3= [oMolTL(NCS))™ == [oMo V(L™ )(NeST?™ == [oMotV (147 )(nes) 13"

MoG(TPP)Br is reduced by the superoxide ion at 25°¢ to give MoO{TFP). Two

intermediates were observed; one is stable at low temperatures and is thought
v -y

to be [Ma® O(TPP){O2 317 on the basis of its diamagnetism and the stoichiometry

of the reaction. Between -72°C and 0°C this complex undergoes a reversible
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change to the psramagnetic Mo{V) species [HoD(TPP)(Ozz_)]-. Above 0°C the final
product is [MoO(TPP)}] [134].

5.8.3 uw-oxo and uw-sulphido complezes

The complex HOZOBClh(de)Z was prepared by refluxing PbClS with dme in
BCOOH or CH3C00H [32]. It has a single oxo bridge with a terminal oxo group on .
each metalcig to the bridge and an oxygen of dme irang toc the bridge. Polymer
supported [H0203(520N2t2)4] has been used as a catalyst in thi conversion of
HeZSO to HeZSO2 and of cyclohexene to cyclohexene axide with BquH {135].
Reduction of W(VI} by dithionite at pH 5 in the presence of dialkyidithio-
carbamates {(dtc) gave [H203(dtc)ﬁ] which are thought te have a single oxo
bridge, analogous to the molybdenum compounds. However, at pH 2 the product is
Hzok(dtC)Z which contains square pyramidal W(V) with an apical termimal oxo0
group and two oxo bridges [136], Treatment of this complex with st gives the
p-oxa-p-gulphido and di-p-sulphido analogues. IR spectroscopy is useful to
distinguish between the complexes using the bridge vibraticns.

Absorption of the cation [H0302(020H33)6(H20)3]2+ on a cation exchanger,
followed by elution with KCNS solution and subsequent evaparation in air, led
to the formation of KQ[H0203(NCS)6].QH20 in which the anion has the structure
showvn in (44}).

CS 5

— OY

0 o

i

SCN — M0 — O —= Mo — NCS
N/|| N/|

s(; 0 s N

i ]

(44)

C

The Mo-0-Mo bridge i1s linear and bond dietances are

Ho=0 = 1.661¢{5)% Mo-N{trang=0) = 2.262(6)
Mo-u0 = 1.84690(6) Mo=N(cigm0) = 2.10 (av)

The #panp influence of the terminal oxe group is clearly evideat from the bond
length data [1371.
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The gsﬁo NMR spectra have been measured for a number of oxo bridged

spin-paired Mo{V} complexes. The rescnances fall within the narrow range of

& 434-982ppm [138]. X-ray shsorption edge and EXAFS spectra have been obtailned
for aquecus Mo{¥) solutions and the predominant species was shown to have the
0=Ho(u-0)2Ho=0 core with the oxo groups eig to the bridges. Bond distances are
estimated to be Mo-Mo = 2.56, Mo=0 = 1.67 and Mo-uo = 1,928 [139].

The binuclear compound [Hozoq(gly)z(ﬁzo)z] has been prepared and
characterized [140]. It has a di-p-oxo bridge system and chelated gly ligands.
Below pH 5.5 it undergces a proton rasisted oxidation to a dimeric Me{VI}/Mo(V}
gpecies which could not be isolated.

When an acetone/toluene solution of cis-[Ho(Nz)z(PHe3)a] reacts with (0, at
room temperature, the first preduct is a Mo(II} dimer described later in
Section 5, but after 2-3 weeks red orange crystals of another complex separate
out and these have been shown tc have the most unusuel tetrameric structure
¢a5y [141]. It contains two central Mo(V) atems and two outer Mo(II) atoms
with a carbonato group bridging all four. The Mo{II) atoms are seven coordinate

while the Mo{V} dimer has the chsracteristic Mo,0, unit.

24
F“ea 0o Pnﬂea
(]
Plﬂea  od Me..P l
3 co
ocC
0 — O o /MO\
N P
Me 4P OH Mes
3 Al I /0 ~ " /OH
______ o
N No il
(45}
Bonid distances are
Mol VI-Mo(¥) = 2,5522¢9)% Mo(I1)-C0, = 2.221(3)
Mo=0 = 1.672(4} Ho{V)-C0, = 2.419(4)

The magnetlc properties and EFR spectra of [Hozozsz{edta)]z" and
[Hozon(edta)]z- ¢46) have been investigated. Each has a low magnetic moment of
approx. 0.5BM indicating some interaction between the molybdenum atoms [1421.
The first known binuciear Mo{V} compound with a trans—ﬁozoﬁ unit has been
isolated, although it does undergo acid catalysed isomerism to the cig form as

shown in (47) . Although in the #mmpg form the HOZOZ unit is planar, but
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O O
o ||/x\|/°
Mo Mo Xm0 or$S
o | ™71 o
\\‘-ll N/
\\h__fJ
(26)
o N‘\\\ 2+ o o 2+
Y "/0\ | N "/0\"/“
I Mo Mo I — I Mo Mo
Al o
" N 0 | \\\N N’,’
(47 ]

N-N-N = 1,4,7-triszacyclononane

puckered in the eis form, the environment of the molybdenum atoms is almost
tdentical in the two isomers, both of which are diamagnetic [143]. Bond

distances are

Mo-Me = 2.555¢13% Mo=0 = 1.695(3)}
Mo-u0 = 1.94 (av) Mo-N = 2.219(5} - 2.341(3)

Treatment of WOSCL, with [AaPha]Cl in dichloromethane gives
(asPh,),[C1,w(0)s,H(0)CL, ) which has the structure shown in (48).

o S, o
\ s\
N w w ~
pd AN
cl | o

{48}



186

Bond distances are

W-W = 2.864(1)% W-p8 = 2.276(5} - 2.324(5)
1.73 {av) W-Cl = 2.400(7} - 2.409(7)

W=0

it is interesting that this anion 1s sulphur bridged as IR studles indicate
that UOSClz nas terminal sulphur and bridging oxyge;_[lhﬁ].

The previously unknown dithiocsulphate ion, 3302 , has been stabilized as a
tidentate ligand by the oxidation of sz_ ligands in a metal complex [145].
Thus, the action of sulphur on (PPhq}z[Hoos3] in MeCH, or the action of oxygen
on (PPhA)[Hosal in dmf both gave brown crystalline (PPha)z[(SZ)OHQSZHOOESSOZ)J

and the geometry of the anlon ig as shown in (48).
- 1l 2~
\\\\\ 0
Iﬂo\~‘h~
yd S

0 /s\(i\'o/s
7 \s /

\\S
/ s
(4]

S
L —
{49
Bond distances are
Mo=0 = 1.69% (av) Mo-u§ = 2.362(5) - 2.421(9}
Mo-S(SZJ = 2.377(3%), 2.403(5) Ho—S(S302) = 2.421{5} - 2.413{(5}
S—S(Sz} = 2.063(7} 8-5(5302) = 2.021(7}, 2.073(7}

5-0 = 1.373(15), 1.429(15}

Reaction of two eguivalents of dimethylacetylenedicarboxylate (dmac) with a
MeCN solution of (Nsta)2{n0202<u—332(52)2] at room temperature led to the
isolation of (NEté)ZEHOZDZ(“-S}2(82)2(dmac)2]‘ but spectroséoplc evidence
suggested asymmetrlc coordination of the acetylene fragment [146]. A crystal
structure determination showed that insertion into a Ho-(Sz) bond had occurred

to give the complex shown in {50).
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2 —
0O O
s s 1 s
I ™~ Mo ™~ Mo -~ I
’//’ \\\ S /’/ \\\\
C=C C= '\\
COMe  COpMe COpMe  COyMe
L i
{50}%
Band distances are
Mo-Mo = 2.882(1)% Mo-u§ = 2.33 {av)
Mo=0 = 1.676(62 Mo-5 = 2.382(3)
Mo-C = 2,215(8}
Treatment of HDOZ{SZCNRZ)Z with A123e3 in refluxing xylene gave red

complexes HOZSEQ(SZCNRZ)Z which are ¢

hought to contain two terminal and two

bridging Se atoms. IR spectra gave bands assigned to Mo=Se {35Dcm-1) and

Mo-Se-Mo (245em™1) [1471.
The crystal siructure of the comp
determined [148]. The tetrameric anio

by a tetradentate ox group as showm 1

lex KS[{H0203S(OX)2}2(0x)].10H20 has been
n corsists of two H0203S(ox) units bridged

n (51)- Bond distances are

Mo-Mo = 2.667¢1)4 Mo=0 = 1.685(5)
Mo-p0 = 1.93 {av} Mo-pS = 2.325(2)
Ho—O(uaox) = 2.30 {av) Mo-0{ox)} = 2.093{4} - 2.120(4)

The structure of the 1:1 adduct betwe
bridging ligands) and pyramidine has

structure of the parent compound with

en [{(CBH}.O)ZPSZ}ZHoZOBS] {containing 0,5
been determined. The adduct retains the
only slight distortions and the

pyramidine ias weakly coordinated to one metal atom [14%]. Similatly, reaction

Ps, ), Me 0

of pyridazine with [{(otpr)2 UL

showm in (523.

3S] gave a 1:1 adduct whose structure is
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Bond distances are

Mo-Mo = 2.671(2)R Mo-N = 2.59 {av)
Mo=0 = 1.66 (av} Mo-u0 = 2.16 (av)
Mo-pS = 2.32 (av) Mo-5 = 2.058(6) - 2,524(7)

The structure of the 1:1 adduct with py containing a single py loocsely shared
between both molybdenum atoms is alao described in this paper [150], but
details were reported last year in a preliminary communication.

Reaction of NaCNS on [H°20252(H20)5]2+ ar [H0203S{H2}6]2+ in HC1l, followed
by additicn of py gave (pyH)hEH°20252(NCS)6] and (pyH)h[H0203S(NCS)6]
respectively [151]. The complexes are isostructural and the auious are of the

form shown in ¢563).

I 14—
S
Ne S
~ 0o s (o} /,C
N\" / \ "/N
Mo MO
N'//’L \\\\\\ /’//,l \\\\ N
/ x N
C | N
s” ¢ é c\“s
! 1
i ° S
X=0Qors
(53}
Bond distances are
[HOZOZSZ(HCS)6]a_ [uozo3s(ncs)6]“'
Mo-Mo 2.827¢{2)% 2.688(2)
Mo=0 1.683(6) 1.669(6)
Mo~-N{cig=0} 2.180(6) 2.17¢2)
Mo-N{trang=0} 2.269(6) 2,27¢2)

Reaction of [cpHo(C0)2]2 with p-nitrotoluene rapidly gives
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{cpHnO}ZO(NAr)] {ar = p-C6H“He) and the reaction {s general for other nitro
ompounds [152]. The crystal structure determination shows a molecule with =2

wo-fold axis of symmetry with bridging oxo and NAr groups (54).

0 0 0
AN
Mo Mo
. N7 e
wp N it
Ar
(54)

[he Mo-Mo separation is comnsistent with a single bond. Bond distances are

Mo-Mo = 2.6497(5)% Mo-N = 1.958(2)
Mo=0 = 1.708{2)} Mowp0 = 1.933(2)

It was later shown [153] that the same reaction occcurs with nitroscarenes to
give the same products.

& new molybdenum(V) phosphate Ka["°8P12°521 has been isolated and its
structure determined. The anion framework consists of corner sharing P()l,‘l
tetrahedra, P,0, groups and MoO octahedra, but in these the Mo{V) atom is
displaced from the centre szo much it can best be regarded as pyramidal. Mo-0
tond distances are 1.660(2), four {n the range 1.983(1) - 2.048(1) and the
sixth at 2.275(1)R [154].

Reduction of 'I--T(OPh)6 by Li, MNa, K in thf leads to salts of [N(OPh)é]-. The
anion in the NEtQ salt has almost perfect octahedral symmetry with & HW-O
distance of 1.943(5)%, with the angle at oxygen being 139.0° (av). In contrast,
the LL salt which crystallizes as Li[H(OPh}B].Zthf has two cig phenoxide groups
coordinated to lithium to give a distorted octahedral array about tungsten as
shown in (53) [135]. Bond distances are

w-0 = 1.918(6)% W-pO = 2,012(6)

Reection of HoOCls(thf)Z with aromatic thiols HSAr (Ar = Ph, p—CGHAHe) and
NaOMe /MeOH yields the anions [Hozoz(Shr)é(Oﬂe)]- which were isolated as the
NEtt. salts [156]. The crystal structure of the P-C6H4HE salt wasg determined;
there are three independent anions in the unit cell, alchough they have very
similar bond leagths and bord angles, and their structure is showr in (56). The

arrangement is approximately octahedral with the terminal oxo groups tpgues to
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OPh
o oPh
M. /N
Li
tht o/ | OPh
Ph
OPh

(55)

the OMe bridge. The compound is diamagnetic and its 95Ho NMR chemical shift Ls

significantly to higher freguency compared with Ho(Vi} oxothiolates [156].

- -
Ar
NSNS
ArS -—\Mo —3'—- Mo —SAr
Ars/ \0/ \SAr
Mo
e —

Ar« 4-MeCgHy

(56}

Bond distances are

Mo-Mo = 2.916(4)% M=0 = 1.673(20)
Mo-ud = 2.11 {av) Ho-5 = 2.630{7) - 2.501(8)

Mo-pS = 2.446(8) - 2.480(7)

The stoichiometric reaction between HCl and (NBua)[Hoo(SPh)a] gives
(NBuﬁ)[MOZOZCLS(SPh)ZJ in which the molybdenum atoms are approximetely
octahedrally coordinated as shown In ¢57) with the oxo groups tras to the

u-c1 [157].
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SPh
a_ / Gl
N Za, S
Mo Mo
o = N S “\“*"‘-o
///, SPh
Gl o]
{57}
Bond distances are
Mo-Mo = 2.915¢1)% M=0 = 1.66 fav)
Mo-pCl = 2.65 {av) MoyuS = Z2.45 (av}
Mo-Cl = 2.36%{30 ~ 2.389(3)

The previously known complex [HOZOE{SPh)Z(SZCNHEZ}ZJ {prepared by the
reduction of !ﬂlor.)z(szcm-hsz)2 with PhSH in MeOH) has the structure {58) with both
oxo groups trams to one p-SPh group [1571.

SPh
- ,///' \\\\\ S
Nﬁ92|‘ (:.\\ ::::. ()____ (o] Iﬂ()"” l/'(:-—IQllsz
S ¢¢7 “\\\ /f” \::-.s
o séh
{58)
Bond distances are
Mo-Mo = 2.649(1)R Mo-pS{trang 0) = 2.637(3}, 2.691(3)
Mo=0 = 1.683(3}, 1.955(9) Mo-uS{trans 5) = 2.493{3}, 2.475(3)

Mo-S = 2.447(4} - 2.475(3)

I

5.2.4 Complexes with multiple metal-nitrogen bonds

(PPh3He)2[H0NC1a] was prepared by reduction of (PPh3He)[H0NC1Q] or by
reaction of MoNCl, with [PPhBHe]I in dichlorcmethane solution [158], The IR

spectrum indicates C4u symmetry and the Mo-H stretching frequency of 1050cm-1
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suggested a2 Mo-N triple bond. This was confirmed by a crystal structure
determination which showed a monomerlec square pyramidal stereochemistry with
Mo=N = 1.634(6) and Mo-Cl bond distances in the range 2.358(1) - 2.471(1)f.
Reduction of W{NRJCl, with phosphine in boiling benzene gives paramagnetic
H(NR)CIBLZ (L = PPha,
complexes of W(¥) [14]. A crystal structure detrmination of the PPh, compound

4
PHeZPh, L2 = dppe) which are the first alkylimido

showed it to have octahedral stereochemistry with mer chlorines as in (59),

PPhy
C /Nph
7 N
cl N cl
PPh3
{59}
Bond distances are
U=t T 1,762¢8)% W-Cl{trans N} = 2.443{3)
W-P = 2.590(3) W-Cl{oig N} = 2.38 (av)

indicating & slight trgns effect for the NPh group.

The acld assisted hydrolysis of [HO(NR){H3—S)(52P{OR’}2)]h {which contalns
a cubane lilke Hoasﬁ care} proceeds through an intermediate
{Mo,0(NR)(1-5),(S,P{OR*},},] (n =1 or 2) and finally to
cho(u-S)(SzP[OR'}z}z]. The kinetics of the reaction have been followed using
P NMR and the structure of the binuclear and tetranuclear intermediates have
beean determined {alrhough for different R and R* groups) [159]. The binuclear
complex [Hozo{Nﬁn-tol)(N-S}Z(SZP{OHe}Z}ZJ has the structure shown in €60}, It
is beat described as two square pyramids joined at one edge. Boand distances

are

Mo-Mo = 2.812{1)% Mo-p8 = 2.309(3) - 2.327(3)
Mo=0 = 1.675(7) Mo-5 = 2.490(3) - 2.527(3)
Mo=N = 1.724(9)

The tetranuciear complex [Hoz(NPh)(u3—8)2(52P{0Et}2)2]2 has the structure shown
in {61}).
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/ \\\/ \“ﬂ/ \

\/\/ \/

{60}
</
"“'n-s Ph
S \ N
",” \\ m ”//,
S /Mo—s
s-‘lp\ 5P
s—H—MoT-s”\
a”” -7 ,f”’ :;
S — Mo = S
\ '4 u
P_s” N
{
Ph
(61)
Bond distances are
Mo-Mo = 2.863(1) Mo-p$S = 7.351(23) - 2.898(3)
Mo=0 = 1.671(&), 1.697(7} Mo-5 = 2.523{(3}) - 2.545(3)
Mo=N = 1.695(7), 1.727¢8)

In the dinuclear form, the Mo-pS bonds are shorter than the Mo-S{dtp)} bornds,
but in the tetranuclear complex this is reversed [159]. additlon of CFBCOOH Lo
solutions of [Mo(H-p-tol)(k-8){S,P{OEL},)), in dichloromethane leads to the

formation of a complex with the structure shown in (62).
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Npiol  N-ptol
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0\ /’ \"/ \“/ N 7
P Mo oMo P
0d s I \§ l Ns” ot
H
O O
\c-/
i
GF3
{62)
Bond distances are
Mo-Mo = 2.839(2) Mo-u$ = 2.342(5), 2.354(5)
Mo-0 = 2.26(1) Mo-pSH = 2.44{5)

Mo®H = 1.74(1)
In golution twe conformers were detscted by 1H NMR at low remperature which are
thought to be due to different orientaticas of the 5-H bond. Other carboxylic
acids alsc induce protonation of the bridging sulphur to varying degrees in the
order CF3COOH = CC13COOH > CHCIZCOOH > CH2C1COOH > CHBCOOH, for which no
reaction could be detected. This order is the same as the aqueocus acidities of
the acids [160). Reaction of [Ho(N-p-tol)(u-S)(SzP{OEt}z)]& with (SZCNiBuZ)_
produced elther yellow or red crystals (of the same constitution) depending
upon the crystallization conditions [1611. Solutions of the differeant crystals
gave i{dentical lH NMR spectra suggesting that a facile equilibrium occurs in
solution. The crystal structures of both forms were determined; the yellow

complex contained square pyramidal Mo(¥} as shown in (63}.

Ph Ph
N N
] W
M
/\\"“70 NN
c_a—’ Si‘--(:\\‘
802"/’ l“BUz

(63}
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Bond distances are

2.807(2)% Mo-uS§
1.720(8) Mo-$

2.321(3) - 2.345(3)
2.471(3) - 2.499(3)

Mo-Mao

Ho=N

The red crystals have 2 structure very similar to (61} except that each
molybdenum carries a {N-p-tolyl} group. Bond distances are Mo-Ho = 2.881(3),
Mo-§ = 2.52 {av), Mo-pS{trans NAr) = 2.69 (av} and Mo-pS = 2.38(2)R. It would
appear that the diimer 3= tetramer equilibrium in solution occurs through the

making end breaking of the long bond {rgwms te the N-p-tolyl groups.
5.2.6 Complexas with metal-carbon bonds

(NBu&)3[H{CN)B} has been found to underge phase changes at 273-283 K and
333-343 K. Evldence for the changes comes from IR and X-ray powder diffraction
measurementa [162]. The catalytic oxidation of Fez+ by [HO(CN)Bls_ and the
catalytic reduction of Fe3+ by [Ho(CN)a]a_ were Lnvestigated at a pyrolytic
graphite rotating diac electrode [163]. The rate constants for the redox cross

reacticon

Fe(II} + Mol{V¥) =~ Fel{lIl} + Mo(IV)

& 1-1

were determined to be (7.030.5) x 106 {forward) and (6.620.5) x 10 cm3mol_ 8 .
Some preliminary results on the alkylation of [H1014]2 {L = ns-CSHehtBu)
and subsequent hydrogenation have been reported [164] and are summarized in the

acheme

[wict, 1, ?ﬁg— WLHe,Cl, —Tryo—> WiMe, H—z- [141.11{']2 + [1»11.113]3

Field desorption mass spectromelry confirms the formulation of the complexes,
but the structures of the hydrides are still unknown. At room temperature all
protons in each compound are equivalent and the low temperature limiting
spectra have not yet been obtained.

Mo(¥) chlorc specles appear to react with LiMe in thf at -70°C to give

carbene complexes [165].

CH
2
[ - _— ”~ b
Hccls 2LiMe CI3H0 CH2 = ClBHo\CH, Hocl3
2
HoOCl3(thf)2 Tie CI(O)Ho-CH2



197

(oEt)3n0012 (OEt)3H0-CH

—i
LiMe i

These compounds are all carbonyl olefination reagents

C13HO=CH2 + O=CRR' __El'_lf_-o C13H0—CH2
-10 to -207C ' I

O—CRR'

:

ERR‘ + Hooc13(thf)2

CH2

5.3 MOLYBDENUM(IV) AND TUNGSTEN{IV}

5.3.1 FHalides and halc complexes

Reaction of MoH,i, (L =PMePh,) with WBF, in thi gives [(H2L3H032F3]BF4. A
crystal structure determination revealed the vwnusual arrangement of three
bridging fluoro atoms (derived from BFA-)' Only one hydride per metal was
revenled directly by the cryetallographic analysis, but the presence of the
gecond hydride was confirmed by IR and NMR studifes. The ligands adopt a
dodecahedral arrangement about the metal centres [1656].

The reaction

—=  WC1 + WOGCL

¥l 4 4

+ HOD

& 2

proceeds in a sealed tube at 250-300°C. The thermal decomposition of Hcla
involves dissoclation and redox reactions to give WCl,, WCl, and WClg {167].

HoClS
liquids 31c13;N.n-butylpyridinium chioride or alCljfl-methy1—3-ethy11mldazolium

or (NEt&)[MoCIG] dissolved in either of the room temperature ionic

chloride gave EHoClﬁlz- in solution as & stable entlty, which was identified by
its UV-visible spectrum. A reversible one-electron reduction was cbserved and
controlled potemtial electrolysis gave a solution containing [Hoclﬁlj_ f1e8].
Reduction of WC1, by Ha/Hg in thf in the presence of (Ph3PNPPh3)Cl gave
(Ph3PNPPh3}2[H2019] in which the metals have an average oxidation state of 3.5.
A crystal structure determination showed a biconfacial coctahedral anloa similar
in structure to the well known [Hzclg]s_, but in this case the W-W bond length
of 2.540¢13% is 0.122¢9)R longer. Thies is attributed to a poorer o-baond because
of contracted 4 orbitals due to the increased charge. Bond distarces are
W-Cl = 2.36 (av) and W-pCl = 2.458 {av) [169]. Reaction of HClﬁ(SHez)z with
SiMe (5Ph) gives [(Me,5)C1,W(u-CL}(u-SPh),HC1,(SMe,)] which when reacted with
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{AsPh, )C1 led to the isolatlon of (AsPhﬁ)z[Cl w(u-cl)(u-sph) WCl ] the anion
has a similar structure to [H ] described above. The tungaten atoms are
in equivalent positions impoaed by a crystellographic two-fold axis. The W-W
distance of 2.519({2)% ts interpreted as indicating a bond order of 2.5. Other
bond distances are W-Cl = 2.3%9, WpuCl = 2.44 and Wapl = 2.43% (av) [170].
Excess PPh; reacts with WG, Y {Y = 0,5,5) o give wc1, {PPh )2 which has =2
centrosymmetric structure with w el = 2.320(5), 2.364(6) and W-P = 2.629(6)8.
The rasther long W-P bond distance is attributed to steric interactions [171].

Similarly, reduction of HCI, with PMe, in toluene at 120°C in a sealed tube

gives HCIQ(PHe3)2 or HCIQ(PEEB)3 whic: are easily interconverted by addition of
PHe3 or by heating & solution to drive off excess PH:B. Both complexes react
with water {wet acetone) to give HOClZ(PMe3)3 and this is a general reaction.
The halide may be replaced by X = HCO, HCS to give HOXZ(PHe3}3 and the
structuree of these complexes in solution were determined by IR and NMR studies
[172]. In s separste paper the crystal structure of HOCIZ(PHe3}3 has been
reported [173] and it has the mer-cig configuration with W-P = 2.473(3) -
2.517(4); W-Cl = 2.479(6) and W=0 = 1.67(1)%. 5Cl, (PMe ), reacts with Na/Hg in
the presence of PMe, in thf under H, to give HHzclz(PMe3)3, whilst the reaction
of wch(PMe3)ﬁ with MeOH in thf gave a mixture of HH2012(PM£334 and
WOC1,(PMe,), [1731.

The electronic and vibrational spectra of the complex
[{Cl(PHezPh)&ReN2}2H001£] have been recorded. The complex, which has previoualy
been shown te contain a linear Cl-Re-H-N-Mo-N-N-Re-Cl backbone, ghows resonence
enhancement of bands at 1818 (vI (a]g)“ }; 689 {vg(alg)vH-H) and 290cm"1

NN

(VS(aig)“ J. An MD scheme i{s propased which is cansistent with the spectra

Re-C1
and the observed bond lengths [174].

The alcohol/alkoxide exchange between [HZCIﬁ(u-OEt)z(OEt)z(EtOH)Z] and R'OR
has been studied. When R' is a primary alkyl group complete exchange occurs to
glve [H201ﬁ(u—0R')Z(OR')Z{R’OH}ZJ as evidenced by both 14 NMR in solution and
crystallographic studies ia the sclid state. However, when R' s a secondary
alkyl group incomplete exchange oceurs with retention of the p-O0Et groups,
although [H (u o Pr) (o Pr) ¢ PrDH) 1 can be prepared by the alternative
reaction of WCl, and PrOH [175] Three complexes were studied by

crystallographlic methods and they all have the general structure (64).
5.3.2 (omplerea with orygen dmor ligands

The cation [Hnsoé(OZCHe)6(H20)3]2+ tias beer made by the reaction between
Mo,(0,CMe), and Na,Mo0,.7H,0 (1:2) and isolated as the (CF3503)' salt [1761].
The cation has previously been structurally characterized and the salt isplated

here is igostructural with the tungsten analogue. These well known triangular
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(64}

Bond distances are (only bridging groups and alcohol/alkoxide specified}

(u-OEt)(DiPr) (u-OiPr}(OiPr) (u-oat>{ocsull)
W-W 2.488(1)% 2.514¢1) 2.489(1)
W-c1 2.395(3) 2.3%8(13) 2.384(3)
Wu -0 2.023(8) 2.022(7) 2.027(6)
H-OR 1.987{6) 1.967(7), 1.999¢7} 1.983(4), 2.010{(4)

bi-oxo-capped molybdenum acetate clusters have alsc been prepared by reducing
NaZHoon in acetic anhydride with Zn dust or H(CO)G. The initial product is
Na[HoSOz(OZCHe)QJ which is presumed to have three monodentate acetake groups in
the equatorial positions. This compound is catalytically hydrolyzed in acid
solution to give the aquo compound. However, hydrolysis in neutral water Lle

glow and the intermediate [H030 {0 CHe)ﬁ(HZO)(OH)Z].ISH ¢ was isolated and

characterized by X-ray diffraction. It has the usual tyie structure with the

metal triangle slightiy distorted because of the differing ligands [177]. Bond

diatances are Mo-Mo = 2,773{1}, 2.796(1); Ho-u30 =1.989(5) - 2.113{5};

Mo-#0 = 2.104(6) - 2.125(5); Mo-OH = 1.979(7); Mo-OH,H,0 = 2.049(5)%.
Moiybdenum EXAFS spectra show that aqueocus Mo{IV)} ig predomirantly

trinuclear with the core (65) [139]. Bond distances are

2,498

HO-UZO 1.88 Ho-u30 = 2.04

Mo~ Mo

1

The gsHo NMBR spectta of a meries of Mo{IV) species all containing the same

HDBOQ core have beer reported [138]. The resonances fall in the narrow range
& 990 - 1162ppm, including the Mo(IV) aquo ion which is formulated as in {(65).
The crystal structure of [Ho30a{(OZCCH2}2NHe}3]2_ was determined and is as
shown 1in (663 -
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{686}

Bond distances arte

Mo-Mo = 2.4B4(1), 2.520(1)%
Mo-i30 = 2.024(4) - 2.073(4)

Mo-u,0 = 1.900(4) - 1.924(4)
Mo-0 = 2.081(4) - 2.114(4&)
Mo-N = 2.227(4) - 2.238(5)

The electrochemical reductions of [uo304(H20)9]a+ and H°304{°x)3(H20)3]2-
have been examined [178]. The oxalate derivative gives Lwo reversible waves of
two electrons and one electron, but the aquo complex gives a single three-
electron reduction. The reductiona are thought Lo be accompanied by protenation
of the bridging and capping oxo groups. The new trinuciear Mo{III) species

produced by controlled potential electroiysis are stable and glve
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characteristic EPR spectra, but the intermediate HOIHZHOIv species are

diamagnetic [178].

The compounds MoL_Cl {(where L = anion of picolinic acid or 8=-gquinolinol

derivative) have been3prepared by prolonged reaction batween H002012 and HL.
Thelr magnetic moments are slightly below the spin-only value for two umpaired
electrons [179]. _

Reaction between MoClZ(TTP) and N-phenylhydroxylamine in toluene/pyridine
gave [HoCl(TTP)]ZO. The angle at the bridging oxygen is 177.5(3)° and the
molybdenum atoms ate displaced 0.0BR from the N, plane towards oxygen. Bond
distances are Mo-p0 = 1.851(6}; Mo-N = 2.080(6); Mo-Cl = 2.407(3)E. The
compound cbeys the Curle Law between 4.2 and 293 K (g = 2.82BM per Mo} with no

magnetic interaction between the metal centres [1B0I.
£,3.3 Chaicogenides and complexes with sulphur donor ligands

4 review has appeared which surveys the preparation, properties, structures

and uses of molybdenum dichalcogenides [181]. The heat of formation of WSe

3 2

from the elements has been determined calorimetrically as ~154.2%2KImo1”
[182]. The Helium-I UV-photoelectron spectrum of-!*’!c(stiiu)_,'I has been reported.
It exhibits a low lonization potential band (IP = 6.43ev) which corresponds to
fonization of mainly Mo 44 2 electrons [1831.

IR, UV-visgible and 13CzNHR data all suggest that substantial back x-bonding
occurs in B-coordinate Ho{S-S)Q type complexes when 5-5 is a dithiobenzoic
acld, but dithiocarbametes do not show evidence of this effect [184), MO
calculations at the CNDO/INDG level have been performed for a serles of
[HO(S—S)4]+fHD(S-S)a complexea {where $-5 is a bidentate uni-negative sulphoer
ligand) of idealized dodecahedral geometry [185]. It emerges that the HOMO in
Mof{IV¥} in this symmetry is metal baged with over 90% qz character. Good
correlations with electrochemical, EPR and X-ray photoelectron binding energies
are obteined. The reacticn between H0C15 and pyrroledithiocarbamate {dtc) led,
rgther surprisingly, to Fb(dtc)“ rether than a complex containing the Mo,0;
core which occurs for dialkyldithiccarbamates. A crystal structure
determination revealed a dodecahedral arrangement with average Mo-5 distances
of 2.51 and 2.54% [186].

The ligand 2-amino-l-cyclopentenedithiocarboxylate (L) (a7) could
potentially coordinate through S5 or #5. The product HoLa, obtained by the
reaction of HoClapyz and L, has a UW-visible spectrum similar to those of other
complexes with the MoS; chromophore {187].

Reaction of dmac with sclutions of the [(SQ)ZHOS]Z- anion leads to the
isolation of (PPha)z[Ho{5202(COOHEJ2}3].dmf.C6H6. The atructure of the anion
revesls that the dmac adds acroes the 5-5 bond {rather then insertion into the
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(87
Mo-5 bond as occurs for Me{V}, structure (50). The stereochemistry about the

molybdenum {e almost perfect trigonal prismatic (68) with Mo~5 distances in the
range 2.385(6}) - 2.399¢5)%.

MeO
[~ or\ae ?-0 J2-
cw _#°
o// \c‘i \ O

0
OMe
‘t:._.‘- ‘;’!;”’}/ ‘\\\\‘Q;lhh‘. A?
weo”” c\ /° oM
c c -~
! s!
hﬂe()"’ q‘ﬁo

(68}

The complex undergoes Lwo reversible one-electron oxidations at low potentials

which suggests that the oxidation products may be readily isolated [1881.
Reaction of Hooxz(SZCNRZ)z (X=Cl,Br; R = Me,Et} with two equivalents of

PMe,Ph in refluxing thf gives [Hoxz(SZCNRZ)z(PHezPh)]. However, the reactions

2 i
of phosphines P (P = PMe Ph,PHeth,i dppe) with HOOXZ(SZCNRZJZ in MeCH gave

[HOX(SZCNRZ}ZPQ]X. The dzrivatives of the monodentate phosphines were orange

and that of dppe was olive greer. Crystal structure determinations showed that
both catiors have pentagonal bipyramidal atereochemistry, but the distributién
of ligands is different with the monodentate phosphines axial ard dppe spanning

axial and equatorial positions as shown in (68) and (70} [1891.
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Bond distences are
[HoCl(SZCNEtZ)z(PHeth)2]+ [HOCI(SZCNEtZ)depe]+
Mo-P{axial) 2.584(3), 2.608(9)% 2.564(2)
Mo-P{equatorial} 2.604(2)
Mo-Gl 2.431(9) 2.406(23
Ho-S 2.477(9) - 2.496(B) 2.482(9) - 2.492(2)

Chemlcal and electrochemical reduction of [HoCl(SZCNEtz)depe]+ under CO gives
[HO(CO)Z(SZCNEtZ)zdppe], but under N,/Ar dimeric [HO(SZCNEtZ)depe]Z is
formed [189].

Reaction of HC14(SH22)2 and SiHe3(SEt) in CH,Cl, gives
[{Me,5)C1,K(n-5)(u~5EL),WC1,(5Me )] which has been shown to have a biconfacial
octahedral structure with the terminal thiclates frgns to & thiclate bridge.
Reaction with 2 moles of (PPhh)Cl gave [813W(p-5)(u-SEt)2W613]2- which has a

very similar structure [190]. Bond distances are

[(SMe,) 4 CL, (=8 (um8Eed, ] [,01, (u-8) (u-5Et), 1"

R 2.526¢2)% 2.522(1)
w-cl 2.355¢8) 2.427(6)
W-us 2.31146) 2.308(5})
W-p SEL 2.403{7) - 2.477 (") 2.417(7)
W-SHe, 2.59 {av)

The crystal structure of Ks[H°3SQ(CN)9]‘?H 0 has been determined [1911 and is

shown in (71}).

2
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(71}
Bond distances are
Mo-Mo = 2.765(7)%
Ho-uzs = 2.312(5) Mo-C{trans uZS) = 2.194{17)
Ho-u38 = 2.363(4) Mo-C{trang u3s) = 2.159(13)

The Mo-Mo bond distance is significantly longer than that in the aralogouas
¥o,0, core (2.50%). on the.cyclic voltammetric time acale a pseudo reversible
one-electron oxidation is cbserved, but on the longer coulometric time scale
the products of oxidation are moromeric Mo{V) species [1%91].

Reactlon of [cpMo(CO)3]2 and Zn(83CPh)2 leads to the formation of monomeric
[cpHo(CO)z(SZCPh)] and a new type of diamagnetic Mo{IV) dimer,
[cpHo(S)(SZCPh)]Z, wvhich has the structure shown in {72) [192]. The phenyl

rings are slmost parallel and the H0282 urit 1s mom=-plarar.
Ph Ph
C C
/\ \
s \/
s
Mo~ ™ Mo
4” ‘\Nws -"' \\~
cp cp

m\

(72}
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Bond distances are

Mo...Mo = 3.073(1)%
Mo-uS = 2.319(2), 2.331(2)
Mo-5 = 2.489(2), 2.330(2)

The rteaction between eia-[H(Nz)z(PHezPh)&] and FBusH gives the dismagnetic
binuclear camplex [{H(tBuS)z(PHezPh}}z(u-S)zl in which each tungsten has
trigonal bipyramidal stereochemistry as shown in (73) [81].

stBu

Mezphp\ / s\w - stey

___...-—-"'W—-—-__

'Bus \ /

S Pmezph
stgy
{73
Bond distances are
W o= 2,736(2)8 W-S{trans P) = 2.345(7)
WP = 2,570(7) Heu S = 2.254(6)
W-8 = 2,32 (av)

Ho(tBuS)IEI reacts with Fez(CO)9 in toluene to give HoFez{tEuS)ﬁ(COJS a8 the
main product [193]. A crystal structure determination showed that two carbonyls
had been transferred to the molybdeaum which has an irregular stereochemistry
best described as distorted trigonal prismatic ¢74) . The angle Fe-Mo-Fe is
160.43(3)° and bond distances are

Mo-Fe = 2.756{11) (av) Mo-5 = 2.441(1) - 2.537¢1)%

The lH NMR spectrum shows two tBuS algnals at room temperature which coalesce

at higher temperatures.
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5.8.4 Complexes with multiple metal-nitrogen bonds

[HD(N)(N3}(dppe)2] is octahedral with the nitride and a highly unusual
linear azide {which suggests strong x-bonding with this tigand) Zrans to each
other. Bond distances are Mo=N = 1.79(2) {rather long}, Ho-t, = 2.20(2) and
Mo-P = 2.50% (av). [Hﬂ(HH)Br(dppe)zl {s alsoc octahedral with the momodentate
ligands trans; Mo=N = 1.73(2), Mo-Br = 2.612(4), Mo-P = 2.53% (av) [194).

By reduction of Hcoz(schRz)z with alkyldithiocarbazates, NHZ.NHC(S)SR',
the mixed ligand complex [Ho(NZC{S}SR')(HHZNC{S}SR‘)(SZCNRz)zl wag isolated and
X-ray diffraction revealed a pmntagonal bipyramid with a chelated (¥,3)
hydrazido{l-} and one dithiocarbamate in the equatorial plane and the other
spanning axial and equatorial positions as shown fn (753[195]. The hydrazido

(2=} ligand is almost linear. Bond distances are

Mo-N, = 1.77(1)8  Mo-S{eq) = 2.464(4) - 2.526(4)
Mo-NH, = 2.250¢8)  Mo-S{ax) = 2.562(4)
Ny-N, = 1.2141)

The kinetlics of the reactions

MeCH

trans . {W{NH )} X(dppe 21" or LiQHe

NEL, trans-[U(NH}(OHe)(dppe)2]+

have been investigated. Both reactions are thought to proceed via initial
deprotonation to yield trans-[wN(X}{dppe)z] followed by loss of halogen. Rate
iimiting attack by OMe gives [HN(UHe){dppe)z] which rapidly extracts a proton
from the solvent to yield the observed product [196].

Reduction of H(NR)Clﬁ with Na/Hg in the presence of L (L = PMe,Ph,PMe

2z 3*
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P (!
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Le \N""‘M°
/
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{73)
CHBu; R = Et,Ph) gives diamagnetic H(NR)CIZL3. A crystal structure
determination for [H(NPh}ClZ(PHe?Ph)al showed an octahedral stereochemistry
with the phosphines mer as shown in (76) [14].

NPh
NP
w
1\
<

I“iz"hﬁ’

MeasPhP P
2 Mezph
(76)
Bond dlstances are
W=N = 1.755(3)% W-P(trans CL) = 2.453{1)
W-CLl{trans N) = 2.500{1) W-P{treme P) = 2.483(1), 2.497(1}

W-Cl{irung P}

2.491(1)

5.3.5 Complexes with metal-earbon bonds
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It has been phown that photolysis of an aqueous solution of KQ[HO(CN)B] in
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the presence of oxygen gives the known mixed oxidation state complex
v VI

K¢ [Ho 214: (CN) 50 1. 2H,

[Hc(CN)B] ~ and V02+ have been studied spectrophotometrically by stopped flow

0 [197]. The kinetics of the rapid reaction between

techniques in acldic perchlorate medium. The overall reaction is

— [Ho(cn)8]3‘ s+ VO 4 H,0

+

[Ho(CN)B]a_ v Vot e 2t
which proceeds by two reaction pathways [1981.

Reduction of Na,[MoO,] with CN” solution gave [HoO(CN)533_ which was
isolated as blue or green salts. The structure of (Pph4>3[H°0(CH)S] was shown
to be octahedral with bond distances Mo=0 = 1.705(4), Mo-C{trans 0) = 2.373(6},
Mo-C(e18 0} = 2,161(8) - 2.190¢5)R. Also isolated were salts of
trans-[HoO(HZG}(CN)h]z' which are blue or green depending on the cation. Two
crystal structures were determined and although the anioan had haslcally the
same structure in each salt, there were marked differences in bond lengths and

the salts are considered to be distortional iscmers. Boad distances are

yellow green blue
(PPh,, }, [MoD(H,0)(CN} 1 (AsPha)z[HoO(HZO)(CN)a]
Mo=0 1.72¢2)% 1.60(2)
Mo-H,0 2.96(6) _ 2.48(3}
Mo-C 2.08(3) - 2.19¢5) 2.14(3) - 2.23(3)
" 920cm'1 380cm ™t

Mo=0

The complex KG[{HO(CN)s}ZS].QHZO has been prepatred and a crystal structure
determination revealed pentagonal stereochemistry about each melybdenum with
the bridging sulphur in the axial position. The molecular geometry is D5d
{staggered) whereas Dep, {eclipsed) has been observed previocusly for a differeat
salt of this anion. The entire axial WZC-Mo-S5-Mo-C2N unit is linear with very
short Mo=5 distances (2.1716{2)%}. Other bond distances are Mo-C(axial) =
2.200(3), Mo-C{equatorial) = 2,163 % (av) [200). The electrochemical properties
of this complex have been investigated [201]. In dmsc it shows a
quasi-reversible two-electron reduction, but in water it undergees an
irreversible two-electron reduction, apparently producing monomeric Mo(iII}
species. A quasi-reversible two-electron oxidation 1s cbserved in both scolvents
(wwo distinguishable ateps in water) but the oxidation products are not stable
on the coulometric time scale.

The compounds cp,MX, {X = halogen} all show quasi-reversible oxidations im
MeCH sclution together with another peak due to the solvolysis product of the
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17-electron cation

cp My == lopptix,)T = [op MiMech)X] + 4X,

[CpZM(HeCN}xT = [cpZH(HeCN}X]2+

This assignment was confirmed by an authentic preparation of [CpZM(MeCN)X]+ by
the slow (c.f. reaction of the 17 electron cation) reaction of cpzuxz with
MeCH [202].

The interaction between cp,MoH, and SnClﬁ.SHZO or SnCla(Etzo)2 in ether
gives [cpZHoH(SnC13)] which is thought to contasin a hydride bridge as well as a
direct Mo-Sn bond. Reaction between cpZHOH2 and Sncla in benzene is more
complex, and the product [cpzﬁoH(SnCls)]ZSnCln is thought to contain hydride
bridges between the central Sncla urit and the two molybdenum fragments. The
structure was determined using IR, "H NMR and 1195n Moessbauer apeciroscopy
[203). Reaction between ¢p,WH, and the cation trans-[Pt(Ph(acetone}(PEt3)2]+

2
gave two products as shown in the scheme

op PEt3
+ ~ Ho . ”
cp,WH + trans-[Puv(Ph}(acetone }{PEr,), 1" _ et W Pt
2, 372 | ~
H II,E Ph
1 i1 Ly
111
11
PEL,
+
c u PEL
N~ N
/w Pt + [Pt{Ph)(PEt3)3]
cp N S
w

The crystal structures of the catioams III and IV were determined although the
hydrides were not observed. However, the 1H NMR gpectrum of IV unambiguously
supported the structure as it showed two non-equivalent hydrides coupled to
31P, 183H and lgSPt. Compound IIi 1s fluctional (exchange of hydrides)} to the
lowest attaineble temperatures L2047,

A crystal structure determination for the previously reported
[H{CHCHea)(CO}(PHeB)chz] shows a highly distorted octahedral geometry,
although an alrernative description ls a2 sevea coordinate capped cctahedron

with H in the capplng position as shown in (77)[205].
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(773

The neo-pentylidene ligand is highly distorted with W-C-C =168.7°. Bond

distances are

1.859¢4)% W-Cl = 2.45B{1}, 2.478{1)
W-C{00) = 1.968(4) W-P = 2.506{1}, 2.522(1)
W-H = 1.835(36)

W=C

One of the products of the attempted addition of trans—[“Br(CO)h(CPh)]
across the triple bond of Hoziotpr}ﬁ in the presence of py was found to be
[HBr{CO)zpyz(CPh}] [206]. A crystal structure determination showed an
octahedral array with ¢<g carbonyls and bromine trgns to the carbyne. Bond
distances are W=C = 1.84(2}, W-CO = 2.00 (av}, W-N = 2.27(av)} and
W-Br = 2.696(2)%,

5.4 MOLYBDERUM(TIII) AND TUNGSTEN{II}}

HC13 has been prepared by the reaction of HCl2 or WOZ with WClﬁ, HCl5 or

WClo. It is stable below 470°C and melts with disproportionation to WCL, and
Hcls [207]. The atolchicmetric reaction hetween Sncl2 in HC1 solution and
[HOOCISJZ_ in the presence of M'Cl (M' = Na,K} gives good ylelds of H's[Hacl6]
[208]. Single crystal X-ray studies on (NHQ32[H3015(H20}] and
(NH4)2[H°Br5{H20)] have been carried out [20%]. The bond distances in these

octahedral complexes are

2- 2-
[Hocls(HZO)] [HoBrS(HZD)]
Mo-X{ trans 0) 2.415¢1)% 2.560{1}
Mo-X 2.428(1) - 2.437(1) 2.573¢1) - 2.597{(1)

Ho-0it, 2.155(3) 2.185(3)
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Mo EXAFS studies show that the predominant species in aqueous Mo{III) i=
he
OH
2SN
M
~Non

Mo La]

with Mo-Mo = 2.54 and Mo-uOH = 2.06% [139]. The kinetics of the oxidation of
agueous Mo{III} (formulated as [Ho(H20)6]3+) by three substrates, [IrC16]3_,
[Co(C204)3]3- and VOZ+ have been investigated. In all cases the f£inal product
is the Mo{V)} dimer [Hozo_,'._]s+ but interesting variations in the reaction
pathways were identified [210].

[Mo(SzP{OMe}Z)B] was prepared by the action of MeOH solutions of
(NHQB{SZP(UMe)ZJ on HoClB(thf)B, which was itself prepared by an improved
method vsing t£in reduction of Hocla(thf)z. The dithiophosphate complex has
octahedral sterecchemistry with Mo-§ = 2.518 (av) £211].

The reaction between H053 and aqueous cyanide solution generated the
cluster complex KB[HOQSQ(CN)IZI‘QHZO‘ A crystal structure determination
revealed a cubane type Hoésﬁ core with three cyano groups completing the
octahedral arrangement about each metal atom. The complex is diamagnetic and
single Mo-Mo bonds are proposed [212]. Bond distances are Mo-Mo = 2.854(1),
Mo-C = 2.190(10) and Mo-S = 2.382(2)&.

Reaction of [cpHo(C0)3]2 with 3,4-dimercaptotoluene yields s purple dimer
contalning carbonyls and the anion of the ligaad, but ir was not structurally
characterized. On irradiation it decomposes to a green compound
[CpHD{5206H3HE)]2 which has the structure (78y in which the core is similar te
that of the previously reported [cpHo(SCzﬂzs)]2 whose struckture 1s also
reported Ln this paper [192]. Bond distances are

[cpM0{5266H3He)]2 [CPHO(SZCZHZ}]Z
Mo-Mo 2.580(2)% 2.576(1)
Mo-8 2.649(4) - 2.460(2) 2.460(4)

The lnteractlon between [(CSH‘:EPI.‘)HOCI_Z]2 and LiSH yields [(CsﬂﬁiPr)HDS]h
which can readily be oxidized both chemically and electrochemically
{reversibly) to the corresponding +1 and +2 cations, The structures of all
three complexes have been determined and all are based on a HOQS“ cubane Cype
structure. The bond distances show that the removal of one or two electrona has

litcle effect on the structure of the clusters [213].
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{78)
[1PGCHoS]ﬁ [EPrcpHOS]ﬁ+ [zPrcpHoS]42+
Mo-Mo 2.90&(3)2 2.894(8) 2.858(18)
Mo-8 2.344(2} 2.343(3> 2.343(2)

Deprotonation of [cpHo(S)SH]2 with 2 equivalente of NaOMe in the presence
of CHzﬁr2 gave (cpHoS)ZSZCH2 which spectroscopic evidence suggests has the
structure (79}).

CH2
/\
$.. .5
ey
cp — Mo//\“mo-cp

See”

(79
Alkenes, alkynea and other unsaturated systems add {often reversibly} across
the two bridging sulphido groups The ethylene adduct hae the structure (80}
with Mo-Mo = 2.601¢(1}%, but disorder in the positions of the dithiolate bridges
prevented accurate determination of other bond lengths. Reaction of {79) with
MeI and then LiMe gives {cpHo)z(SZCHZ)(SHe)z with the structure (81) [214].
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/CH2 /CH2
5.5 S.. S
cp Mo//\\Mo cp cp— Mo//\\Mo —Cp
Ne57 N
I\ | N
H2C-—-CH2 Me
(80> (81
Bond distances are
Mo-Me = 2.596(1)R
Mo-S(SMe) = 2.453(1) Mo-5{5,C H, )} = 2.448(1)

2727

Reaction of [Ho(R‘C~CR") (S CHNR )2] with tertiary phosphines PR, yields
2
derivatives [Hoz(u -5 (- R'C"CR")(SZCNR2)3(SCNR2)] contalning a # ~CS bonded
thiocarboxamide iigand as in (82) which shows the structure of
[Hoziu-S)(u-EtC=CEI’.)(SZCNHe2)3{SCNH823].

l‘l‘ez

c': N
;S

Mol =" Mo
/I\ /I\

\.._.s ,_/

{82)
Bord distances are

Mo-Mo = 2.647(1)3% Mo-GECEC) = 2.111(8) - 2.255(5}
Mo S = 2,27 (av} Mo-C{C8} = 2.056(6)
Mo-8{C8) = 2.573(2} Mo-S{dte) = 2.431(2) - 2.590{1}

I
I

The diamagnetism and the Mo-Mo distance suggest the presence of a single Mo-Mo
bond. The short Ho—C(nz—CS) distance suggeats some carbene character for this

ligand. The lH NMR spectrum suggpeste the presence of several isomers ¢f the
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complexes in sclution [215].

Reaction of the tridentate ligand tri-(2-pyridyllamine (TPam} with Ho(CO)é
gives (Tan)Ho(CO)3 and further reaction with 80Cl, or Br, in CH,Cl, gives
Ho(TPAm)XB (X = c1,Br) [216].

Some dienes react with [cpHoX(CF3CECCF3)2] (X = €1,Br,iI,8Ar) to give, via
arn oxi{dative disproportionation reaction, moncmeric paramagnetic
[cpﬂoxz(diene)]. Unexpectedly, further reaction with TI(CGFSS) glves
diamagnetic [cpHoTl(SCGFS)ﬁ] which 1°F NMR shows to have four non-equivalent
SG6F5 groups at low temperature, although scrambling of the SCGFS groups occurs
at higher temperatures [217].

The reaction of [H(CCHe3)(dme)Cl3] and excess Z-butyne yields a complex of
empiricel formula [H(CCHe3)(2-butyne)3C12], but which X-ray diffraction showed
Lo be [H(n5-CSHe4tBu)(n2~HeCECHe)Clz] with the highly substituted cp ligand
being gererated in the reaction. The 2-butyne is strongly n2 coordinated and

the metal atom may be regarded as pseudo-tetrahedral as showm in (83}.

AN

Ci

ci

C=c

/ \

c c
{83)

Bond distances are

w-cl = 2.364¢2), 2.382(2)%
W-c{C=C} = 2.007{7}, 2.021(6)
C=C = 1.312{10)

This compound has the shortest tungsten-acetylene bond diestance known [218].
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5.5 MOLYBDENUM(IT) AND TUNGSTEN{II}

Reactlon of [Hoclﬁ(thf)zl and the sodium salt of 2,4,6-tri-igopropylbenzene
thiol {its bulk prevents bridge formation) under CO gives
[Ho(CO)z(ScﬁﬂziPra)Bl'. The complex shows only one carbonyl stretch and a
crystal structure determination revealed a trigonal bipyramidal structure with
the carbonyls axial. Bond distances are Mo-S = 2.317(5) - 2.3442(5) and
Ho-C = 1.91% (av). This formally 14-electron system reacts reversibly with GO
to glve the corresponding tricarbonyl, but the equilibrium favours the five
coordinate complex [219].

Treatment of [cpH(CO)3SH] with RSNpht, RSSHpht and RS{O}Kpht {(Npht =
R-phthalimide, R = Bz,p-tol) gives novel catenated sulphur ligand complexes
[ch(CO}3SxR] {x = 2,3} and [cpH(GO)3SS(O)R] respectively. The structure of
{cpw(co}3ss-p—t01] was determined to be as shown in {84y [2201.

cp

i
W
P S .
oc l{ \\ \ J"p tol
co co 3

(84}

Bond distances are
w-5 = 2.506¢(2)% 5-5 = 2.053¢4)

Beaction of [HoCl(nz-COCH251He3)(CO)(PHe3)2] with (S,CNMe,)” in aqueous
acetone gilvea [Ho(CHBCO}(CO)(SZCNHez)(PHe3)2]. However, inatead of the metal
attaining an eighteen electron configuration via n° coordination of the acetyl
group, this ligand is bonded through carbor and there is interaction with the
Me group. The Mo-BC distance is 2.60{1) and Mo-H = 2.06(9)R [2211.

Reduction of HoClﬁ(thf)2 by Mg under H2 in the presence of PHe3 gives
Hon(PHe3}5 which a structure determination shows o be a distorted pentageonal
bipyramidal stereochemistry ae shown in (85) with both hydrides in the
equatorial plane, but angular distortiors make two of the phosphines trane to
the hydridee. Bond distances are

Mo-H = 1.67% {av) Mo-P{trans H) = 2.47 (av)
Mo-P(ax) = 2.43 {av} Mo-P{eq} = 2.403{3)
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Both lH and 31? NMR spectroscopy show the molecule to be fluxicnsl even at low
temperature [272].
The kinetics and equilibrium position of the reaction

[HHG(CD)Z(dppe)z]BFa + base = cis-[Ho(CO)z(dppe)z] + baseH+BFa-
have been determined for a number of different bases and it wae found that the
rates did not correlate with the thermodynamic base strengths. Further
experiments implied an anion assisted transfer of the proton {223]. In
addition, the structure of [HHD(CO)Z(dppe)Z]AlCIQ was determined and described
es pentagonal bipyramidal, although the hydride was not detected and 1lts
position was inferred from the angular displacement of the phosphine ligands.
Bond lengthe are Mo-Co = 1.900(8} - 2,021(8), Mo-P = 2.466{1} - 2.583(2)%
[2z3].

Beaction of HCI“(PHE3)2 with HgCl(CHZSiHe3) gives paramagnetic five
coordinate [ClH(CHZSiHe3)3(PHe3)] which reacts with CO to give a nz-acyl
dimeric complex [ciu(cocﬂzsme3)(co)2(me3)]2 which is isostructural with the
known molybdenum compiex [224].

Treatment of cis—[Ho(Nz)Z(PHe3)h] with ©0, {50-60 psi) at room temperature
in petroleum ether gives [Ho(COz)ZCPHe3)a], which may contain a head-to-tail
dimer of CO,, and aleo orange [HO(CO3}(CD)(PH23)3]2 and small amounts of blue
[Ho(C03)(C0)(PHe3)a]. An equilibrium exists between these latter two complexes

thf
Z[HG(COB)(CO)(PME3)“] T [Mo(cos)(co)(Pue3)3]2

The dimer has an interesting structure (86), but bond distances were not
reported [141].
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(86)

Reductlon of HCl3(PHe3}3 in thf by Na/Hg under N, yields a complex of
composition [HCl{Nz)(PHeB)QJ. but spectroscopic evidence suggests it should be
formelated as a mixture of trans-[H(Hz)z(PHe3)ﬁ] and trans-[H012(PHe334], even
though pure [H(NZJZ(PHeS)&] can only be lasolated as the oig isomer. Crysial
structure determinations of '%Pans-[Hcl{Nz)(PMea)a]" showed them to be
isostructural with trana-[Hoclz(PHe3)a] although chlorine and dinltrogen are

disordered in the mixed complex [225]. Bond distances are

¢ -[MoCL(N, }(PMe,), ] t-[WCI(Nz}(PHg3)Q] % -[MoC1,(PMe,), ]
M-Cl " 2.415(8)% 2,46(1) 2.420(6)
H-P 2.461(1) 2.458(2) 2.496(3)
M-N 2.08(1) _ 2.04(2)

Reaction of cis—[N(Nz}z(PHezPh)n] with two moles of AlCl, and two moles of
py ln benzene gave [H(Nz)(py)(PHezPh)(AICIZ)]Z which a crystal structure
determination shows to contaln cctahedral tungsten with a plarar H(Hz)Alz(Nz)H
unlt contalning an unusual u3-din1trogen ligand as shown in {(87), but unnusual
thermal parameters made the actual positions of the nitrogen atoms amblguous
[226].

Reaction of [cpHo(CO)z(Nzia-tol)] and [che(CO)z(fhf)] gave
[cp(CO}ZHO(B—NH-p-tol)Re(GO)ch] which X-ray diffrection shows ko contain a
H-aryldiazamido-NN' bridge which is regarded as a three electron donor to
molybdenum snd a two electron denor to rhenium [227]. The Mo-N-N unit is linear

as shown in (88). Bond distances are

Mo-N = 1.822¢&)% . Re-N = 2.152(4)
N=H = 1.256(6}
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MeoPhP a o« PMe,Ph
l o\ / 2PMe2Ph
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s Mz I /
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Py ’;ll\\ Py
PMePh /Y, PMeoPh
(87)
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cla\\~ ,/, co
Re \\
~
/ N === N ==== Mo — Cp
oc / /
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co
(88)

In aquecus aercbic solution [Hooﬁ]z_ can be reduced with NHZOH.HCI and
SCHN™, the products depending critically omn the pH. In the pH range 4-4.5 mono
nitrosyle are produced exclusively and complexes such as [HO{NO)(NHZO)(NCS)G]Z_
and [Mo(NOY{NH 0)(3 ,CNR, } ] have been isolated. At pH 5.2-3.4 the dinitrosyl
entlity is produced as evidenced by the imolation of [HMo(NG) (NHO}(NCS) 1 and
[HD(NO} (NHO){NCS ) (bipy)] At pH 5.7-6 an initinlly formed [Ho(NO)]z* species
undergoes disproportionation o give [Ho(ho} (NCS) ] and an oxo molybdenum{V¥)
complex [Ho (NCS) ] [2281. Cig-[Mo{NO)} (CN)h] was prepared in a ¢ne pot
synthesis from chO ] and excess HHZOH in alkali sciution [229]. A different
research group has also found that reduction of Mo{VI) with hydroxylamine gives
yellow solutions from which may be isolated a solid (probably polymeric}
nitrosyl complex with one coordinated hydroxylamido(l-) ligand. Reaction with
other monodentate ligands gives complexes such as [Ho{NO)(NH O)Cl ]
[Ho(ND)(CN) ] and [Ho(EOJ(HHzo)(N3)4] . A cryatal structure determination of
the latter complex showed the formally Mo{II) centre to have pentagonal
bipyramidal stereochemlstry with a nz-bonded HH20 ligand and three azide
iigands in the eguatorial plane [230]). Bond distances are Mo-NC = 1.761(8),
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Mo-N = 2.125(5), Mo-0 = 2.048(5}, Ho-N3(trans HO) = 2.24(10} and
Ho-NB{equaterial) = 2.17¢5)%. The crystal structure of (PPha}Z[Ho(ND)ZBr3(H20)]
has been determined {129) and is shown in (B9}.

— N -
Br
Br\ /0H2
Mo
()Il"’,’/,/’ \\\\\\\‘Il()
B Br -
(89)

Bond distances are

Mo-C = 2.186(6)% Mo-Br = 2.586(11) - 2.626(1)
Mo-¥ = 1.793(9) - 1.B21(7)

The crystal structure of [Hﬂ(NO)z(hipy}Clz] has been determined and shows
the metal Lo be coordinated to ¢is linear nitrosyl groups and trgng chlorine
ligands [231). Bond distances are Mo-NO = 1.826(6}, 1.875(4); Mo-Cl = 2.408(3),
2.428(2); Mo-N = 2.195(9)%. Reaction of [Mo(NO),L,Cl,) (L = MeCN,py,PPh; etc)
with silver salts in dme leads to the formation of [Ho(NO}szcl(dme}]+ and
[Ho(NO)sz(dme)2]2+. Some of the dicationic species catalyze the polymerizatiaem
of norbornadiene [232].

4 number of papers have been published on Mo{II) nitrosyl complexes
containing the HB{Hezpz)3 ligand (L) where He,pz is 3,5-dimethylpyrazele.

Thus, reaction of [HoL(NO)Iz] with amines and phenols gave [MoL{NO)I{(RHR)] and
[MoL{NOYI{OR}3I. Crystal structure determinations for two arylamide complexes
(R = p-tolyl, p_66H4HE) showed the molybdenum atom to be coordimated in a
faeigl geometry with short Mo-NHR bond lengths [233]. Bond distances are

R = CGHQHe R = Cﬁﬁnoﬂe
Mo-HO 1788 1.754¢11)
Mo-N(L) 2.140(2) - 2.255(22) 2.169(9) - 2.263{10)
Vo-NHR 1.99¢2) 1.945(10)

Mo-1 2.790(3) 2.785(2)
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Reaction of [HoL(NO)Iz] with varicus hydrazine ligands leads to the formaticn
of [MoL{NO}I{NHRR'}] (R and R' are H,Me,Ph). Crystal structures have been
determined for the complexes with R = Me,R' = Ph and R = R' = He and both
contain monodentate hydrazide(l-) ligends. The Ho-N distances seem to be

intermediate between single and double bond lemgths [234]. Bond distances are

[MaL{N¥O)T{HNNIMe} Ph)] [HoL(NO)(HNNHez)]
Mo-NO 1.70¢3)% 1.80(2)
Mo-N{HNRR ') 1.88(3) 1,980{17)
Mo-N{L) 2.17¢3) - 2.30(2) 2.178(18) ~ 2.261(18)

Similarly reaction of [HOL(NO)IZ] with RSH gives [MoL{NO)I{SR)] end with silver
acetate and RSH the complex [HoL(ND)(SR)Z] ig obtained. A crystal structure
determination on [HoL(NO)I(SCeﬂll)] ehowed fac-octahedral coordination about
molybdenum with Mo-5 = 2.31% [235). Reaction of [MoL(NO)I,] with HX
{HX = o-Csﬁﬁ(NHz)z, o-CGHA(NHZJ(OH) and o-Csﬁﬁ(Nﬂz}SH) afforded the complexes
[MoL{NC}IX]. However, reaction with O'CGH&(OH)Z gave
[Ho(ND)(C3HH22N2H)3{0206H4)113 in which the dimethylpyrazole iigand has been
removed from boron. A crystal structure determination showed the cation to have
the mar conflguration with all the Me-N distances similar (2.140(4)-2.169(11)3.
However, the catechol ligand has different Mo-0 bond lengths {1.933(8),
2.093(8)R) due to the tpang effect of NO; Mo-No = 1.771(13)% [236]. Examples of
compounds of the type [MoL({NO)XY] (X = Y = F,C1,Br and X = OEt, NHMe, SR etc}
have been prepared [237]. Finally, a series of homo and heterobimetallic
complexes of molybdenum and tungsten have been prepared in which the metals are
bridged by a variety of parg-disvbstituted bifunctional aromatic groups and the
coordination of the metal is completed by NO and L [238]. Their electrochemical
reductlons were astudied and, depending on the nature of the bridging groups,
they revealed strong, intermediate and weak interactions between the two metal
certres.

Reaction of [cpH(CO)Z{NZHB}] with Cr(CO)S(thf) gave a dinuclear complex
with a new mode of bridging for arganodiazo ligands as shown in (90) [239]1. The
W-N-N unit $s almost linear {176.4{3)°}) and bond distances are

W-N = 1.830(3)R% N-N = 1.247{(4)
The triple bond in [cpMo(OO)zlz reacts with diethyldiazomalonate Lo give a

complex in which the Mo-Mo bond is completely disrupied to give r syatem

similar to the previous example as shown in (01) [240].
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co c=c\
OEt
c,=ll(i\
OEt
91y
Bond diztances are
Mo, -N, = 1.851% Mo,-N, = 2.218
N -N, = 1.255

Aryl azides react with [cpHo(CO)z]2 to give 1:1 adducts which then rapidly give
1:2 adducts which have the structure shown in (92) [240]. Bond distances are

Mo-Mo = 2.904(3)% _
Mo, -#N = 1.99{1) Mo,-bN = 2.06(2)
Mo,,-C = 2.19(1}
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(82)

HD(tBuS)ﬁ or Cis-[HO(tBuS)2<tBuNC}&] react with CuBr(tBuNC)3 in acetone to
glve [(tBuNC)AHo(u-tBuS)ZCuBr]. Two isomers have beer isclated in the solid
state which differ only in the orientation of the tBu groups at the bridging
li{gands. The antZ-upright fsomer (93) is produced when the complex ig
co—crystallized with diphenylacetylene; the gypm-upright cenfiguration is

produced on crystalllzation slone from acetone [2411.

N'Bu
c Bu
' i
BuNC / S \
Mo Cu —Br
t \ /
BuNC S
c |
N'Bu ‘Bu
€93)
Bond distances are
Mo-u§ = 2.41% Cu-uS = 2.24 (av)

Ma-C = Z,07(1) - 2.12(1)} Cu-Br = 2.317{2}

The two lsomers gave identical 1H NMR spectra consistent with the presence of

both isomers in solution and at higher temperatures anti-syn exchange occurs.

The crystat structure of [Ho(dppm)(CHCsﬂll)5](PF6}2 has been determined.
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The cation adopta a distorted pentagonal bipyramidal aterecchemistry with dppm
in the equatorial plane. Bond distances are Mo-F = 2.54 {av), Mo-C = 2.109(2) -
2.132(11)% [242).

Twe monoclinic forms of [H(CO)ZIz(tBuNC)B] have been isolated and both have
been shown to have the 4:3 planc stocl gecmeiry about the metal atom, with two
jodine atoms and one isocyanide constituting the triangular cap. Previously
another 4:3 iscomer of this complex had been reported with two lodines and a
carbonyl in the triangular cap. The different forms of the complex are
consistent with the fiuctional nature of the complex in selution and the
dominant effect of crystal packing forces on crystallization from different
solvents. In contrast, H(CO)Iz(t BuNC)q adopts a capped octahedral structure
with CO capping a triangular face of three tBuHC groups [243].

[HO(CN_C_CGHll)?](PFG)Z reacts with bidentate nitrogen donor ligands (N-N =
bipy,phen,Hezbipy) to give monorner!.c_[l‘h(CN-c—Csﬂll)s(N—N)]2+. However, under
the same conditions [Ho(CNtBu)7]2* reacts to glve a de-alkylated cyano bridged
specles [{Ho{CHtBu)A(N—N)}z(u—CN)](PF6)3. in the bipy compound each molybdenum
has a capped trigonal prismatic sterecchemistry with the bridging CN occupylng
the capping position, thus giving non-equivalent metel atoms, which is also
detected electrochemically. This interestimg dimer rteacts with f;Bu(:l. to give
[Ho(CNtBu}h(bipy)Cl]+ which on further reaction with tBuNC gives
[Ho(CNtBu}S(pry}]2+ [244].

The kinetlcs of the reection

Ho(CO)(RCECR')(SZCNHez)z + RCER' = [m(msck’}z(szcnne2>2 + CD

have been studlied anmd the rate law indicates a dissoclation pathway to a
formally la-electron intermediate before addition of the second alkyne, rather
than an associatiﬁe mechanism through an 18-electron intermediate. In comtrast,
replacement of acetylene by ligands L = CO,PR3,P(OR)3 does appear to praceed
through an 18-electron intermediate [245]1. A series of complexes
[Ho(RC=CR)2(SZCNCQH4)} containing the pyrroledithiocarbamate ligand have been
prepared by the reaction of alkvyne with [Ho(C0)3(SZCNCQH4)2]. The molecules are
fluctional in solution and the crystal structure of [Ho{HeC=CHe)2(SZCHCAHQ)Z]
shows an octahedral arrangement about the metal atom as shown in ¢94) [246].

Bond distances are

Mo-S{trans 8) = 2.513_{av)
Mo=-S{trgna C) = 2.61 ({av)
Mo-C 2.02(1) - 2.09¢1}
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{94)
The complex [H(HCECOAl)CU(PMe3)3C1] has previously been reported to be
formed by an AlCl, promoted coupling of [H(CH)(PHe3)h01] and CO. X-ray
diffraction revealed the astructure {95) [247].

AICi
5
H
Ne=c~

()(:\\\\\\\ F’hﬂe:;

w
Me P PMeg

Ci

{953}

Bond distances atre

Ale0 = 1.751¢3)% W-Pltpane COY = 2.571(1}
W-CO = 1.984(4) W-P{trang P) = 2.521(L}
W-C = 2.009(5), 2.034{4}



Reaction of [Mo(co}z(PEt3)23r2] with RC=CR' (R = H; R*= H,Ph} given
[Mo(CO)(RCECR')(PEt3)23r2] which have the structure {gg)y in the solid state,

which may be regarded as either a distorted cctahedrom or a pentagonal

bipyramid with the phosphines axial [24B1].

-
C
L” \\\u _,,f’ Br

L Mo\
W e
0”  PEtg
(96)

Bond distances are

Ho-CO = 1.939(10)% Mo-P = 2.543{3)

Ho-C = 1.985{(14} Mo-Br = 2.673(1), 2.700(1}

Cis-[Ho(tBuS)z(tBuCN)h] reacta readily with acetylenes to give
[Ho(tBuS)z(tBuCN)z(RCSCR')]. The crystal structures of two such complexes
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(R =R' = Hor Ph) have been determined [249]. In both cases the metal shows

trigonal bipyramidal geometry {counting the acetyleme to occupy one position}

with the acetylene axis parallel to the axial {socyenides as shown in (97).

tgy
N
R T .
\ S'Bu
C
"
F{c \StBu
C
‘Egu

(97}
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Bond distances are

R=R'=H R=R'=Ph
Mo-§ 2.338 (av) 2.337¢3)
Mo-C(C=2C) 2.04(2) 2.05(1}
Mo-C 2.19 {av) 2.13 {av)

an extended Huckel MC calculation shows that the theoretically most stable
configuration Is In fact the observed structure.

Near UV irradiation of [{ns-CsRS)H(CO)S(CHZSiHEZH)] (R = H,Me} at 77 and
196K give loss of CO and cleavage of the $S1-H bond resulting in the formation
of [(n5—csns)u(co)2{CH251ne2)] in which the silyl ligand is thought to be
bonded to tungsten through ' and g7 {250].

The crystal structure of the previously reported
[cpHo(CO){NH{He)CN(CS }OCC By ] has been determined [251]. The structure
is best described as a capped trigonal pyramid, with cp as the capping ligand,
with the basal ligands being CO and two n2 ligands - benzaldehyde and a

§)

madified Schiff base, as showm in (98).

L
=7\ ™~

&
Y 250N

(28)

Bend distances are

Mo-Gy = 2.223(12)R  Mo-N = 2.178(8)
Mo-C, = 2.261(17) Mo-0 = 2.070(8)
Mo-CO = 1.932(13}

The crystal structure of [cpHo(CO)Z{CPhZH(He)C(Ph)NHe}] 1z based on a
distorted square pyramidal coordination about molybdenum with cp apical and
the complex ligand bonded through ¢ and § . Bond distances are
Mo-CO = 1.941(11}, Mo-C = 2.353(8) and Mo-N = 2.160(7)% [2521.
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5.6 MWOLYBDENUM{0) AND TUNGSTEHN{O}

It has beea found that Group VI hexacarbonyls may be adsorbed into a
porous Vycor glass without change of electronic and IR spectra. On irradiation
at 312nm the pentacarbonyl species H(CO)S(ads) are formed which have
electronic spectra almost identical to those of H(CO)5 in & methane matrix.
However, the lifetimes of the pentacarbonyls adsorbed in glase are much
longer, although there appears to be iittle reduction in their reactivities.
M(CO}s{ads) show no indication of unpaired electromns, so they are thought to
have singlet C,,, Symmetry [253].

The enion [u{co)ssn]' is raactive to organic electrophiles [2541. For

exsmple, it reacts with RNCO to give a moncdentate thiocarbamate complex
(W(co) SHI™ + RNCO  —= [(CO)4WSC(O)NHR]

with ketene, Ph,C=C=0, it givea a monodentate {5-bonded} thioacetate and with

2
ketenimines Lt reacts as follows

[H(co;ssu]' + Ph,C=C=NPh —= {(CO}SHSC(NPh)(CPhZH)]

"//// (not observed)
Bh

[(co)au/ \ccphzuj‘
s s/

z

Compounds of trhe type [cp(CO)3H—ﬁ&He2] usually lose CO and dimerize o
give complexes with dimethylarsine bridges. However, with the sterically
hindered (tBu)zﬁS group, loms of CO occurs without dimerization to give »

metal-graenic double bond

cp
co A t ~CO cp t
=~ Mo=hs{ Bu}2 "~ Ma=hs( Bu)2
i +C0 /[
co ¢ ¢o

t
Two Bu signals are seen in the lH NMR spectrum at —SGOC, although exchange
occurs at higher temperatures. The reaction is reversible and also ligands
such ag L = PHza,tBuHC give [cp(CO)ZHl(hs(tBu)z]. The tuagsten complex reacts

with other ligands such as CS 3, CHZ {derived from CHZNZ} which bridge

2'
between tungaten and arsenic with retention of a single W-is boend [255].

It has been shown that in a series of complexes of the type
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eie ytrans~[Ma(CO),{PPh,)},(50,)L] (L = MeCN,py,CN'Bu) the coordination of s0,
may vary between S—bonded {planar n ) and n2—S O-bonded geometries. Similarly,
fhc—[Ho(OO)s(dppe)(n -502)] can be isomerlized to mer-[Ho(CO)B(dppe)(SOZ)]
containing S-bonded ?02. The crystal structure determination for
WQP,f?aﬁs-[HO(CO)3(PIPr3)2(502)] confirmed the first example of plenar nl-302
with the longest Mo-S bond distance yet reported (2.239¢3)%) [256]. The
complex [Ho(CO)Z(py)(PPh3)(u -502312 shows a novel 50, bridging mode in which

all the etoms of the ligand are coordinated (©9).

Py
ocC \\\\\\ \g CcO
lﬂo"”’, c)\\\\\ PPhg
l’hiﬂP o "”’, CD\\\\\\
co \s
co
\ Py
o]
(99)
Bond distances are

Mo-§ = 2.419(2)% Ho-O(nz-SDZ} = 2.188(4)
Mo-P = 2.531(2) Mo-0 = 2.243(3)
Mo-N = 2.283(4) Mo-C = 1.889(6), 1.991(3)

Reaction of Ho(GO)6 with bis(N,N-di-{so-propylamino }phosphine oxide caused
de-amination to give a molybdenum complex of the tetradentate ligand

2,4,6,8-tetrakls(N,N-di-{so-propylaminc)cyclotetraphosphoxane

z i R
Mo(CO), + & Pr W),P{OH  — PrNPO){.Hoz(co}8 + 4C0 + 4Pz M
The structure is similar to that of adamantane containing a central core
similar to that im PQO6 with two oxygens replaced by p-Mo{(CO)

& units as shown
in (1003 [257]. Bond distances are

Mo-P = 2.50(1)R
Mo-Cleie B) = 2.039(6) Mo-C(trans P) = 1.986(&)
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The electrochemistry of [HD{CO)Z(CNR}Z(PR'3)2] and cis-[Ho(CO)z{CNR}aj has
been lnvestigated at room temperature [258]. In all cases a one-electren
oxidation 1s followed by rapid igsomerization to the all trang cation, and
reduction back to Mo(0) leads to reformation of the atarting materials. Thus a

square reaction scheme summarizes the behaviour of these systems

e,e, t-IMo(C0), (CNR),,(PR' 31,1 = o,0,2-[M0(C0), (CHR),(PR',),17
Ky k1
1 — L +
t,t,t—[Ho(C}z(CNR)Z(PR 3}2] = t,t,t—[Ho(CO)z(CNR)Z(PR 3)2]

The QSHG MME spectra of a number of complexes of the types Ho(CO)sL,

cia-[Ho(CO)ﬁLz] and fhe—[Mo(CO)3L3 {L = phosphine or phosphite} have been
cbserved and chemical shifts ramge from & -1090 to -1870ppm. The first
example of Mo-H coupling (J = 15Hz) has been observed for the complex
[HOZ(CO)lofu-H}]- [259]. For the complexes [Ho(co)ﬁ(PPhZR)z] and
[Ho(CO}&(thP.Y.Pth)] a good correlation {s found between the 95Ho chemical
shifts and the wavelength of the lowest energy optical absorbtion band, but no
correlation with 13C chemical shifts [2601. The first examples of Py L4y
coupling have been observed for [cpHo(CO)z(ND)] (J = 46Hz) and
[{CSHeS)Ho(CO)z(NO)] (J = 44Hz); obeervations were made in both the %Mo and
N NMR spectre [261].
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[Mo(Nz)z(PHe3)4] was prepared by the reduction of [HoCl3(PHe3)3] with
digpersed sodium uader Nz. A crystal structure determinstion confirmed the
efg-octahedral arrangement with Mo-N = 1.97(1)% {rather short) end Mo-P =
2.45% (av)}. The complex reacts with alkyl halides {RX},CO and PHe, to give
respectively trans-[Hoxz(PHe3)ﬁ], cis—[Ho(CO}z(PHe3)&] and [Ho(Nz)(PHeB)SJ.
Also reaction of Gfs-[Ho(Nz)z(PHe3)&] with C,H, gives trans-[Ho(CZHa)z(PHe3)a]
for which a crystal structure determination showed the CZHG molecules

symmetrically bonded to molybdenum, but in a staggered configuration as shown
in ¢101) [262].

Me,P ™ PMe.
N 2%
/ \\ PMeg

C—C

MegP

{101)
Bond dilstances are

Mo-C = 2.27% (av) Mo-F = 2.49 {av) {(rather long}
C=C = 1.40

Two papers [263, 264] have appesred on the reaction

HBr
2 trans-[Ho(Nz)zL(PPhB)] ——;EE—*~2{HoBr3(L)] + 2PPh3 + 3N2 + ZHHQBr

(where L = triphos}

which proceeds slowly (3 60h) with no production of NZHQ' However, if the
reaction is stopped early and water added to the reaction mixture then large
amounts of HZHQ are produced. One mole of nitrogen i{s evolved early in the
reaction and evaporation of the solvent gilves a mixture of two isomeric

hydrazido(2-} complexes {102) and (103).
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RN S RN
P z P P 272 P P |2 z P
\ ![o/ _H.Br_.. \Ho / + \Ho /
/I /I /I\

P PPh3 P E'E'h3 P Br
N2 Br PPh3

{102} {103
The production of NZHG corresponds to decomposition of (102) but no further
intermediates were detected; this behaviour mimice nitrogenase. The PPh3 in
(102) exchanges with PMe,Ph and dissociation of 1‘.’Ph3 Erom ¢3102) preceeds
ammonia evolutfon [264]. .
The complexes tmns,mer-[l{o(Nz)Z(PHezPh)3L] {L = py,4-Mepy) are formed in
solution by the reaction

trang -[HMo{N (PHezPh)ﬁ] + L == tr'fms,mer-[Ho(NZ)z(Pl'(ezPh)3)L]

272
on heating they iose N, to give fHo{ne-py)(PHezPh33], the first stable ne—py
compounds [265].

The crystal structure of the unusual carbene complex
[(CO)QH{He(Ph}P-CNEtz}] has been determined and shown to be as in (104)[266].
The geecmetry about phosphorus is unusual, the three P-C bonds retain close to
tetrahedral sterecchemistry, but the Me, a-Ph groups and the W atem are -

coplanar.

co

oc Co

£

Ph

;’*\\~\ co

O

Me
N — Et

Et

(104}
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Bond distances are

2.465{3)%
2.108 (av) P-C = 1.807(10)

W-F
W-C

Reduction of [HCla(PHe3)3] by Wa/Hg in the presence of PhCECH gives
[H(PHeB)(PhCECH}3]. The hydrogens of the acetylenes were not observed directly
in the crystal structure determinatior, but the phenyl groups bend back as
expected and 21l the phenyl rings are parailel to the W-P axls as shown in
105y [1733,

(li{\

c
N ~—Ph
MeaP /

(H)
w_ ¢
S c_
\ Ph
Ph
{105}
Bond distances are
u-c = 2.078 (av) W-P = 2.455(4)

5.7 METAL-METAL BONOED SPECIES
5.7.1 Triple bonded species of molybdenum(III) and tungsten(III)

Hartree-Fock-Slater calculations have been reported for HOL3 fragments
(L = H,He,Cl,NHz,OH) all of which are trigonal. Extension to binuclear M02L6
species show that the staggered geometry is preferred in all cases. Cptimized
metal-metal bond lengths are in the range 2.22-2.25% and the Mo=Mo bond
strength is calculated to be in the range ﬁlh-ﬁGBKJmol-l [267]. Generalized
molecular orbital (GMO) and configuration interaction (CI) calculations are
reported for Mo,H, in 2 large Gaussian set and for Mo,H, and Hoz(NHZJ6 on a
smaller basis eet. For HDZHG’ t?e larger basis set increases the calculated

and the calculated bond length of 2.194%

agrees well with the experimental values for similar compaurds. On changing to

dissociation energy by 40KJmol~
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HOZ{NHZ}6 the dissociation energy increases due to the x-donating ability of
this ligand which expands the Mo orbitals, and this behaviour may be
responsible for much of the variation in Mo-Mo triple bond lengths [268].

A review has appeared on metal-metal bonded atkoxide derivatives of
molybdenum and tungster, including discussions of exchange reactions,
oxidative additions and reactions with orgsnic subastrates [2691.

Addition of excess 2,6-dimethylphenol {ArOH) to a solutlion of Hoz(OiPr)6
at 25°C leads to the tnitial format;on of 1,2—[H02(0%Pr)2(0hz)4] and melting
this isolated solid with ArCH gave an(oﬁr)s. The crystal structure of
[Hoz(olPr)z(OAr)“] containg two similar but crystallographically independent
molecules in which each molybdenum is coordinated to three oxygens in a
staggered ethane-like configuration with the Mo-O bonds perpendicular te the
Mo-Mo axis ses shown in (106} . This structure allows a2 direect comparison of
alkoxide and aryl oxide groups; band distances suggest the alkoxlide is the
better p-donor, and this is supported by the fact that the angle at oxygen is
larger for the CAr groups [270].

OAr OAr TPI’
Mo =———= Mo

AN

OiPr

{106)

Bond distances are

Mo=bo = 2.249(1)%
Mo-YOPr = 1.BB3(4)  Mo-OAr = 1.900(4)

As noted eerlier, H2(0£Bu36 reacts with Me NCSN to give {(tBuO)BHEN]x {25}
and [(tﬁuq)3H=CNHe2] {similar to (26}), but under similar conditions H°2(0R>6
(R = tBu,LP'r,CHztBu} gives 1:1 adducts [Hoz(OR}s(NCNHez)]. The crystal ’
structure of the neo-pentyl complex contains molecules with the
dimethylcysanamide bridging through ¥ and acting as a "2 ligand to the other
metal as shown in (107) [601. The HOZNCNHez unit is planar and bond distances

are
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Me
Me""""\
NN OR
(v} l N /
™~ Mo‘-: Mo ,— OR
R = CH,tBu
no / \
{107)
Mo=Mo = 2.469(1)R Mo=CR = 1.52 (av)
Mol-uOR = 2,146(2) Ho,-uOR = 1.999(2)
Mo, =N = 1.908{3) Mo,-N = 2.134(2)
Mo,~C = 2.014¢4)

The reaction between trana—[H(CD)QBr(CPh)] and Hoz(DtPr)6 in the presence
of py is thought to follow the reaction scheme

[W(CO)QBz(CPh)] + DY —» [w(co)zsr(py)zicph)] + 200

Hoz(ozPr)6 — [an(ozPr)prz]

Z
5 [Ha, (0 Pr)eprzool

—
co
The structure of [H(Co)znr{py)z(CPh)] has elready been deseribed (Section
5.3.5) and that of [Hoz(ozpr)epyz(co)] is a biconfacial octahedral structure
as ghown in (i08).

ipro 0 olpr
ipro \\MO/ \” o// olpr
N
Pr IPI'

{108}
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Boend distances arte

7,487¢(1)8  Mo-D = 1.91 {av)
Mo=pC0 = 2.045(5) Mo-p0 = 2.10 {av)
Ho-N = 2.341(4)

Mo=Mo

It wae a surprise therefore, that one of the products of the reaction between
[Hz(o Pr)spzr2
ta be a tetranuclear complex with a unique bridging mode for CO linking twe

1 and €O is [H (0" Pr)ﬁpy(co}]z, which X-ray crystallography shows

dimeric units [272]. Each pair of tungsten atoms is bridged by both CO and
OLPr, but the oxygen of CO links te the second tungsten dimer unit to glve
discrete tetranuclear molecules. There are two types of tungsten atom, one
five coordinate and the other octehedral as shown in (109) which emphasizes

the 1inkage between the dimer units.

W — W
”~
i 0 C/
l'r()\\\ ] [
C O
”
lorg — W w
Pro /w /W._.. Py
iPro o L o'pe
Pr ip;
(109)
Bond distances are
W-W = 2,654{1)%

"1-HC = 2.00¢3) W,-hC = 1.91(3)
”1‘0 Pr = 2.075(14) uz-uofp: = 2.012(14)
W -0°Pr = 1.915(14) w,-0"Pr = 1.910¢5)

C-0 = 1.33(3) W,-0(C0) = 2.012(14)

Acetylene reacts with [Hz(OiPr)spyzl to give [Hz(OiPr)spyz(Csz)] which
has the structure shown in (110) [273]. In scolution at room temperature the lH
NMR spactrum shows that there is rapid bridge-terminal DiPr exchange, but the
low temperatute limiting spectruo ia consistent with the sqlid state

structure.
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\/\

RO OR R=lpr

/\\//\

{110)
Bond distances are
= 2.567{1)% W-0 = 1.94 {av)
W-N = 2,31 {(av} W- 0=12.12 (av}
W-C = 2.10 {av}

It is known that W (of Bu) reacts with HeC'GHe to give [( BuO) WECMel, but
in contrast [W (OCH BuJﬁpyz] gives blue [H (OCH Bu}ﬁpyz(czﬂez)] Hhich
contairs one octahedral and one trigonal bipyzamidal tungsten atom bridged

asymmetrically by the acetylene as showm in (111} {273].

ORl

N \l

/ W, \ R= CH,'Bu
N

OR (111)

The W-W separation is 2,602{1)R and other bond distances are

Wl W

2
W-0 1.958 {av) 1.95 (av)
W-p0 2.12(1) 2.025(7)
W-C 2.18 (av} 2.07 (av)

W-N 2.32¢17 2.24(1)
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Reaction of [Uz(OiPr)epyz(u-CZRZ)] with two moles of C,R, (R = H,Me) gives
[Hz(olPrBG(u-CARﬁ)(CZRZ)]. A crystal structure determinatlion showa two
completely non-equivalent tungsten atoms (W-W = 2.852¢1)2), one formally W(II)
and the other W{¥I}, and a dimerized acetylene unit acting as a bidentate
through carbon to one metal atom and as an olefin to the other as shown in

{112y [2731.

Me
Me |
\c/c
N\ _Me
RO || c
C
RO / OR
N Me e
w /w\ R= Py
_I \0 I OR
,SC=C R OR
Me Me
{112}
Bond distances are
¥ ¥,
W-n08 2.13(1)R 1.99(1)
W-0OR 1.93 {av) 1.93 (av)
W-C(C, Me ) 2.40(2) - 2.5142) 2.15{2)
u—c(cznazl 2.08{2)

An even more extraordinary example of mebtal oxidation and ligand synthesis is

glvean by the reactlon sequence
t - t
(W, (0CH,"Bu) py,] + MeC=CMe ..—...[wz(ocu2 Bu}6p:r2(u-C2H52)]
excess MeCN
t
[wz*(orm2 Bu}ﬁ(py)(u-ﬂchﬂahlﬂ)]

X-tay diffraction revealed the structure (113); if the ligand 1s considered to
be the €4-) anion of 1,4-diamino-1,Z,3,4-tetramethylbuta-i,3-diene, then each
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tungsten is formally W(¥).

the metal centres [274].

i
OR

Bond distances are

Ul-N
-uN

W-0

¥

The W-N distances ara very short, similar to those

imide ligands.

Reaction between wz(ot

The W-W separation suggests a slngle bond between

OR
N L
/w2 R = CHy'Bu
N
OR \\\\()R
OR
{il1l3)
= 1.78¢(1)8 u,-N(py} = 2,20(1)
= 2.09(1) Wy-uN = 1.90(1)
= 1.93 {av) W-pO = 2,10 {av)

for bridging and terminal

Bu}, and EtCZCEt at 75-80°C gives & remarkable

hexameric product [H3(u—O}(u-CEt}(OtBu)SO]Z. The molecule consists of two

trimecic units joined by two highly asymmetic oxo bridges (which are regarded

as W=D-—+W bridges) and within each trimer unit the metal atoms are

non-equivalent. An approximately Lsosceles triangle has two long edges

symmetzrically bridged by oxygen and CEt groups with the short edge unbridged.

The geometry about each tungsten 1s irregular and oxidation states are not

easily assipned, although
trimer and the bridges ko
distances are

Hl-Hz
Hl-NB
Hy-Hy
H-n0(intercluster}

the average 1s four. The detailed structure of cne

the gsecond trimer are shown in (114} [275]. Bond

= 2.620¢)% W0 = 1.B96(1)
= 2.895(1) WCEt = 1.95 (av)
= 2.89%(1) W-0'Bu = 1.838(8) - 1.932(8)
= 2.119(8) WeQ = 1.755(8)

The interaction between Uz(otBu)6 and PhCECPh at 70°C in a non-polar
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{114}

solvent gives two products, ome of which is [HZ(OtBu)A(u-CPh)Z] the astructure
of which consists of two tetrahedra joined centrosymmetrically om a common edge
by the two p—-CPh groups. Bond distances are W-W = 2.665(1), W-0 = 1.831(6) -
1.855(7) and W-C = 1.94% (av). The second product is [Hz(OtBu)ﬁ(PhczPh)z] in
which the acetylene remains intact as shown in ¢115). The bridging alkynes
define a plane which is not perpendicular to the 02HH02 plane, so that each

carbon forms one long and one short bond to tungsten [276].

{115)

Bond distances are

wey = 2.677{13% W-C = 1.99(3), 2.34{10)
W-0 = 1.86 {av)
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Reaction of [Hozclz(Nﬂez}a] with LLSR gives [HOZ(SR}Z(NH22>A] and a crystal
structure determination for [Hoz(StBu)z(NHez)a] ccnf;rmed the unbridged giti-
rotomeric form for the HOZSZN& akeleton. Bond distancesn are MozMo = 2.217(1),
Mo-N = 1.95 {av) and Mo-5 = 2.36% (av) [277]. Attempts to prepare HOZ(SR)ﬁ
compiexes failed with simple thiols due to the formation of 3R bridges, C=8
bond cleavage etc., but reactions with the bulky sromatic thiol
2,4 ,6-trimethylbenzenes thiol were succesful. Reaction cf the thiol with
HOZ(NMEZ)G or HOZ(OR)B gave replacement of only four of the origimal ligands,
but reaction with [Hoz(stBu)z(NHez)a:i did give [Mo,(SC.H Me dc]. A
crystallographic analyeis confirmed it to be a& typical member of the L3Ho!HoL3
class of complexes with Mo=Mo = 2.228(1) and Mo-5 = 2.325(2)% [278].

WZ(NMEZ)G reacts with ELOH or MeOH to give complete replacement of NMe, by
OR™ to give {Uﬁ(OR)lél' However, it reacts with EtOH in the presence of
He(H)N.CHz.CHZN(H)He (= L} in hexane to give [HZ(GEt)aL], that is, no oxidative
addition occurs. A crystel structure determination showed the complex ligaund to
span the W-W boud. Bond distances are W2W = 2,296{2), W-N = 2.28 (av),

w-0 = 1.88(2) - 1.97(2)R [279].

A series of complexes 1,2-[H2R2(NHe2)4] (R = bz,p-tol, o-tol,meo-pentyl)
have been prepsred from [MClz(Nhez)ﬁ] and RMgCi or LiR. These new complexes are
diamagneti{c, air sensitive and simi{lar to the HZCNH22)6 species. The crystal
structures of three examples have been determined; they ail show the stapgered
configuration but two have the gauche configuration while the third has the
antt conflguration. In all these compounds the MONC, units are planar and the
NC2 blades are aligned along the Mo-Mo axis as a result of NHez s-bonding to
molybdenum [281]. Bond distances are

[Hoz(bz)z(ﬂﬂez)&] [Hoz(p-tol)z{NHez)&] [Hozﬁa—tol)z{ﬂﬂez)ﬁl

canfig. gauche anti

gauche
Mo= 2.200¢(1)& 2.196{1) 2.226(1)
Mo-N 1.95(1) 1.95¢1) 1.944¢4)
Ho-C 2,19¢1) 2.156(1) 2.169(4)

These compounds react with alcohols according to the ascheme

' slow
HOZRZ(HHez)_{. + RO —= Hosz(on )4 — HOZR(OR')s -—...1‘102(011'}6

with the rates depending oam the steric bulk of R and R'. [Hoz(He)z(OtBu)ﬁ]
reacts with py and the structure of the resulting adduct is shown in (118).
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{116

Bond distances are

HoaMo = 2.256(1)% Mo-C = 2.167(7)
Mo-0 = 1.92 (av) Mo-N = 2,349(6)

The product of the reaction

[uzclz(nr{ez)['] + 2Li[5n(SnHe3)3] _— [H2{Sn(Sn}!e3}3}2(NHez}4] + 2LiCl

has been shown to have the usual anii configuration as shown {n {(117).

(SnMe4)43Sn Nﬂ\Oz NMe,
Mo Mo
NMe, NMe, Sn(SnMea)a
(117

Bond distances are

MozMo = 2.201(2)% Mo-5n = 2.78 {av)
Mo-H = 1.95 {av) Sn-5n = 2.78 {av)

Spectroscopic measurements indicate formation of the analogous silicon
derivatives [282].
Addition of 4-Mephenol (HOAr) to Hoz(NHe2)6 surprisingly gave
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(NH,Me }[Ho {0Ar} {NHHEZ)Z] which was shown to have a biconfacial octahedral

structure with the neutral Nﬁﬂez groups terminsl and arranged Lo give overall
2 aymmetry. The Mo-Mo bond distance is similar to that in [H02019] and, like
that snion, this complex fo slightly paramagnetic at room femperature. Bond

distances are Mo=Mo = 2.601¢2), Mo-0 = 2.04 {av}, Mo-u0 = 2.11 (av} and

Mo-N = 2.258 (av) 1283).

5.7.2 Guadrupls bonded species of molybdenum(II) and tungstem{II)

G-
The kinetics of Yhe reaction between [Mo 81 and protons to produce Lhe
triply bridged speciles {C1 HoCl
concentration of HCl. The reaction is first order with respect to [Hozcls]

2HH0€1 ] were studied as a funcition of

This reaction represents addition of a proton acroas the Mo-Mo gquadruple bond,
the breaking of mecal-metal bonding and the formation of chlorine bridges. The

hydride bridged complex then hydrolyzes through a series of cbservable asteps
f284].

Ho ci ci | 3-

\ SN/ .

[m2c18H]3' + Hy0 — Cl=Mo —Cl=HMo=Cl + H + ci”

SNV
B

cl OH c1] 3-
N\ S
Gl~Mo = Cl=HMo -Gl
/ AN
c1 \H/

|

[Ho2<ou)2c1x

-

{(x-4)-
1 + M,

+

](x-ﬂ)-

overall:- [H02018H]3_ + 2H,0 —---[Hoz(DH)201x + By o+ (B-x)C1 + W

2
The interaction of Kﬁ[nozcla] and P(OHe)3 gives the tetranuclear complex
[H°4315{P(0“°)3}4}' The four molybdenums form a rectangle whose larger sides
are each bridged by two chlorines as shown in (118}. The bond distances suggest
triple bonds between the pairs of molybdenum atoms in the non-bridged sides of

the rectangle aad single bonds between the other pairs [285]. Bond distances

are

Mo=Mo = 2.26(1)% Mo-Ho = 2.878(1)
Mo-C! = 2.392{2} Ma-P = 2,506{1)
Mo=MCY{tpana Cl) = 2.372{2)
Mo-BCl{trgng P} = 2.441(2)
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Na/Hg reduction of wc1a in thf in the presence of morcdentate phosphines
glves [H Cl (PR3>Q] which contain a quadruple metal-metal bond, and these react
further with L-1. = dppe and dmpe to give [HZCIQ(L_L)Z]' Alae, the reduction of
of [H2016<chf}2] with Na/Hg gives deep blue, rather umatable, NaA[Hzcla(thf)x]
[2861.

The reaction of [H°2614(PEt3)4] with dmpe in toluene gave the red-brown
form of [HOZCIA{dmpe)ZJ. A structural! smalysis shows two bridging dmpe groups
with the usual type of coordination ahout each molybdenum, but the most
significant feature of the structure is a twist of about 40% about the Mo-Mo
quadruple bond to give an almost staggered configuration. The Mo-Mo distance of
2.183(3)% 1s the longest known for a molybdenum compound inm the [Hozx&(PRj)a]
or [HOZXG(P_P)ZJ series, and together with data (Mo-Mo bond lengths and twist
angle x) for [H°261&<dppm>2] and [HozBra(arphoaJZ] gives a linear plot between
Mo-Mo distance and cos 2% (s measure of the O overlap}. A short extrapolation
to x = 45° (noc & bond} gives an estimate of the length of a true triple bond.
It appears that a full § bond decreases the Mo-Mo distance by 0.055(2)8 [287]1.

A series of arsine derivatives of Mo-Mo quadruple bonded species have been
prepared, such as [Hozxa<AsEt3}¢.] (X = ¢1,8r,NCS) and [Ho (o CCFa)ﬁ(AsPG)z]

(R = Et,Ph}. 75As NQR studies wvere carried out [2B8]. [Hoz a{AsEt3}4] and
[HozBraiﬁsEt3)4] show reversible one-electron oxidations and comrtrolled
potential electreclyses at 0°C led to the formation of the corresponding
catlons. The thiocyanate complex [HOZ(HCS)Q(AsEts)“] gave two one-electron
oxidations, to give first the monocatlion ard then the diamagnetic

[Mo, (NCS}, (AsEty), 1%* dtcation [288].

[Ho (0 CCF 4 ] reacta with { Bu N)X (X = Br,I) which leads to the isolation
of (Mo, (0 CCF ) x 12" and [HDZ(OZCCF

37472
halides coordinated to the usual Dy [HDZ(OZCCF

37,8, ] . The dihalo anions have two axial
3)a] unit. The Mo-Mo bond
distances (2.134(2) (Br) and 2.140¢2)X (I)) are aignificantly longer than in
[HOZ(OZCCF3)4] ftself (2.090(4)R. The tetrabromo sdduct contains two trams
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OZCCF3 groups and two trans brome groups aboul each malybdenum to form a cubic
arrangement abaut the o, core (Mo-Mo = 2.098(1)R (289].

The kinetics of the reactions of [HOZ(HZO)B]a+, which contains & quadruple
bond, with HMCS~ and ox have been made to give comparisons with mononuclear aquo
1ona [290].

The gas phase core electron lonization energies of a series of CrzL4 and
HOZLA complexes are reported snd there is a correlation between metal electron
ionization energies and the large varfation irn metal-metal bond lengths. This
conclusion is substantiated by ab-initio calculations [2911. An approach to
multiple bonds, which regards them as siagle bonds intensified by screening of
internuclear repulsions, has been applied successfully to multiply bonded Cr,
Mo and W compiexes [292].

The electronic spectra of [HOZ(OZCCFB)h] and [HOZ{OZCH)ﬁ] have been
measured at 10K In an inert matrix. Also, the Raman aspectra of these compounds
and [HDZOZCHe}ﬁ] have been examined and, unlike the case for [anclalﬁ-, no
resonance Raman enhancement was chserved for the metal-metal vibration band. a
theoretical treatment of the aptical spectrum was alsc attempted [293]. Using
the Ramarn spectrum of [H°2(0266F3)4]’ the fine deteils of the optical apectrum
were calculated using a new time-dependent thecry of electronic transitions.
The agreement between theory and experiment is impressive. The excited state
distortion of the Mo-Mo quadruple bond ta much less then previously thought,
beilng about 0.045% [294].

[HZ(OZCCFB)ﬁ] has been obtained by the reaction of ["2014<thf)2] with
NaOZCCF3 in thf. It was not possible to obtain crystals suitable for a
structural analyeis, but the Raman spectrum (W-W stretch 310cm'1) and the 183H
NMR chemical shift (& 6760ppm} support the characterization. However, two
adducts were examined by X-ray crystallography and both have the expected D

4h
structure with axial coordinstion of the additional ligards. Bond distances are

[H2(02C0F3)ﬁ.i‘diglme] [uz(ozccr3}“<PPh3)2]
W 2.2090(2)% 2.242(2)
W-0 2.087(4) ' 2.091(2)

The 95Ho NMR spectra of [H02(02C8F3)4] {6 4026ppm) and [HOZ(OZCnPr)“]

{6 3730ppm) have been observed. They are the higheat frequency molybdenum
signals so far observed and very different to those of monomeric Mo{II)
complexes [138].

Aqueous H02a+ solutions react with D-mandelic acid Lo glive yellow
[HOZ(C8H703}4] which X-ray diffraction shows to have the usual eclipsed

stereochemistry. The absolute configuration was determined and 1s in agreement
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with 2 previous conformation analysis by chemical methods. Mo-Mo = 2.103(2},
and Mo-0 = 2.119(4)R [296].

[Haz(OZCHe}ﬁ] reacts with concentrated solutlonrs of arsenic acid in air and
addition of pyH salts led to the isolation of (PyH),[Mo,(Has0, ) 1.2H,0. A
crystal structure determination showed the usual eclipsed configuration with
the arpenate acting as a normal bridging ligand in the equatorial pomitions,
but in additlon, arother oxygen of the arsenare acts as an axial ligand for a
different dimer unit. Bond distances are Mo-Mo = 2.265{1}, Mo-0{(eq)} = 2.00 {(av)
and Mo-O{axial) = 2.526(6)R [2971.

The structures of two adducts of binuclear molybdenum complexes containing
QOH)Q.Zdiglyme] has a
conventional structure with axlal diglyme ligands. Bond distances are
Mo-Mo = 2.101(1)}, Mo-0f{eq) = 2.112{4} and Mo-O{axlal) = 2.588(2}X. However, the
dichlorobenzene adduct [HOZ(OZCC6HQOH)Q'O_CGH4C12] shows a unique linkage

salicylate ligands have been determined [298]. [H02(028C6H

between dimers through the OH group of the salicylate which acts as the axial

group for the next dimer as shown in €319).

{119)

Bond distances are

MoEMo = 2.093(1)R
Mo-0leq) = 2.109(5) Mo-0{ax) = 2.601{3}, 2.645(3)



Aromatic dirhiocarbamates, such as pyrrole dic, react with [HOZ(OZCHE)QJ to
give [Hoz(dtc}a.Zthf] which are thought to retain the essentlal features of the
[HOZ(OZCHE)Q] astructure [299]. Diorganophosphinodithiclates, [SZPRZ]- (R =
Et,FPh),form complexes of Mo{II} prepared by the reaction

xﬁ[hozclsl + 4S,PR,T —= [Hoz(szpkz)a] + 4HKC1 + 4C1

The structure of the camplex {R = Et} has been determined and contains twe

bridging and two chelating ligands as shown in {120).

{120}
Eond distances

I

MomMo = 2.137(1)%
Mo-S{u-L) = 2.50 {av} Mo-8{chel} = 2,54 (av}

Recrystallizatlon of the complex from thf gives {Hoz(SZPEtz)h.Zthf] which has
the usual quadruple bridged 1'.}4}1 structure with a single axial thf ligand. This
is an uvnusual lsomerization and there appears to be an equilibrium dependent
upon solvent [300].

Beaction of [Hoz(OZCHe)Q] in thf with Li{fhp} {fhp = anlon of 6-fluoro-
¢-hydzoxy pyridine) or Na{thf) with WCl, in thf leads te the isolation of
[Hz(fhp)ﬁ(thf)]- The two compounds are isostructural aad the structure ia
unprecedented in that all the asymmetric bridges are oriented the same way so
that one metal is cooardinated by four nitrogens and the other by four oxygens
and an axial thf as shown in (121) [301].
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(121)

Bond lengths are

Mo W
HEM 2.092(1) 2.185(2)
M-C{fhp} 2.077(2) 2.06(1)
Mo-0(thf} 2.528B(5} 2.49(23
M-N 2.164(3} 2.15(13

The reaction
[HOZ(OZCH}_,‘] + 4TFMS — {Mo, (H,0)  (TFMS), 1(TFHS),

(ATFMS =~ trifluoromethane l& MeCHN
sulphonic acid)
[Hoz(HeCN)B](TFHS)n

leads to the first example of a quadruple bonded dimer f{a which all the ligands
are non-charged [302].

Reaction of faur equivalents af Li(tBuzP) with [HOZ(OZCHe)Qi in ether at
-78%C gives [ch(tEuZP)a] as red crystals. A cryatal structure analysis
revealed the structure ¢122) in which two phosphides bridge ¥o give a butterfly
arrangement and two terminal phosphides complete a planar arrangement about
each molybdenum atom. There is also a planar arrangement about the terminal

phoephides, suggesting some involvement of A-bonding [303]. Bond distances are

MoRMo = 2.209(1)
Mo-P{p-L} = 2.434(1) Mo-P{terminal) = 2.3B2{1)
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Mo s Mo —" CU2
"\
tau gy
(122)
5.7.3 FRexamerie clusters
The cluster iocus [Mo,Cl ]2_ [¥o, Br ]2' and [W.C1 ]2_ are luminescent
6714 ' 6 14 67714

and life times and quantum yfelds have been measured. All these clusters
undergo reversible ore-electron oxidations and controlled potential
electrolysie in CH,Cl, gave the anions [Héxlh]- which are paramagnetic [304].

1,,1°" (derived
4711

from the [(Hoexg)xﬁ] structure) have been investigated by MO methods. There is

The elctronic structures of the clusters [M050113]2_ and (Mo

a single bond between each pair of molybdenum atoms in [H050113]2- {8 Mo-Mo
bonds in total), but no bonding accurs between the wing tip molybdenums in the
butterfly shaped HO& core in [H°4111]2_ {305].

A heterogeneous reaction between [(Hoecls)cla(Hzo)z] {containing H,0
molecules in the troma positions) and (haPhﬁ)Er in HBr solution yields
(hsPhﬁ)z[(HOGCla)ClﬁBrz]. A crystallographic analysis confirmed trang bromine
ligands, Mo-Mo = 2.600(1) - 2.614(1)3 [306).

A new type of Mo{II} complex [HOGBrBSZJ and {HQGIBYZ] (Y = 5,5¢) has been
characterized by an X-ray structural determipation of [Hoﬁlssez]. The structure
contalns chains of [HOG(ISSE)SEZKZ] unite linked by Se bridges in trgng
positions across the clusters. The (ISSe) atoms are disordered [307]. The
structure of [H065r683] has been determined. It contailns octahedral clusters of
molybdenum atoms of the form [HoéﬂrQSZSZIZJBrﬁlZ and can be regarded as & layer
lattice. Bord distsnces are Mo-Mo = 2.66 {(av), Mo-5 = 2.396(8} - 2.496(8},
Mo-Br = 2.61% [308]. The compaunds H'[Hoexs] {X = S,5&) cantain (Hoéxs)
clusters and the position of the ternary atom depends upon its size. The
systems Yb[Hoﬁxs] - La[Hoaxa] have been investigated to determine the effecits
on the crystal etructure parameters and superconducting properties by replacing
Yh by La [30%). Similarly, the effect on crystallographic parameters by
replacing S by Se have been examined in the series H'[HOG(S(lqp}Se;)B]
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{M* = La,Sm,Ea,Yb,Pb,Ag; O <z <1). The hexagonal ratio c¢/a shows & minimum when
plotted against x due to a strong preference by Se for the germeral position
chalcogen site, rather than the special site on the three fold axis preferred
by 8 {310]. A molecular orbital and crystal wrbital study of Ho6x8, Hogxll and
HoyoXq, (X = 5,5¢,Te} {the Chevrel phases)} has been carried out and all the
modes of packing of the clusters into crystals is rationalized in terms of

cluster frontier orbitals [311].
5.7.4 Molybdenum-iron complezes

A teview has appeared on EPR, XAS and EXAFS studies on the molybdenum
hydroxylases and model compounds for these systems [312]. Reactlon of
[RHo(CO)2]2 (R = cp,Mecp) and [FeS(CO)3]2 generates two isomeric
molybdenum-iron sulphur clusters with different Ho,Fe, S, skeletons. One product
{80%) is the previcusly characterized [RzﬂozFeZ(u3-S)2(;:3-00)2{00)6] with the
butterfly arrangement expected for a 62 electron cluster. The other product
(20%} i{s a centrosymmetric ;luater with 2 plansr HozFe2 ekeleton shown in (123)

which apparently violates electron counting rules [313].

%) .
W Mecp

OC\ /C)hllo
0C— Fe \ co
. \3 s""FG{—CO
Ve —/\
| \c | co

Mecp oy
0

A\

ocC

{123}
Bond distances are

Mo-Mo = 2.282(1)% Mo~Fe = 2.776(11}, 2.805(1)
Mo-32CO = 2.025(6) Mo-5 = 2.344{(1}, 2.381(2}

it was noted that it is unusual to have two isameric clusters with different
metal skeletons and appareatly different oxidation states. However, 1t wag
quickly pointed out [314] that if both isomers were considered as hexameric
MozFeZS2 clusters as shown in (i24) then bath isomers are electron precise

clusters.



N

\I
S Fe

7\

\/
\I’

S

(124)

Reaction of [(Mecp)Mo(u-S)(u-SH}]z with Fe(CO)5 in the presence of Me,NO
gives [(Hecp)HoSzFe(CO)al which X-ray diffraction showed to have the structure
{125). The structure is similar to (i23)}, the main difference being the
replacement of FZ-CO by HS-S [315].

Melcp
ocC Mo
oc —;\ Fo’{ﬁ‘ \ /co
Swmre'_ co
ocC \\\\\\.‘0 -;;s;:;;;;;' \\
Ml!cp “

The interaction of [cp',Mo,5,] (cp' = CMeg) with (Ph,PNPPhy ) Fe(N0){CO} ]
1
yields [ep 2H02Fe284(ﬂo)2] which is thought to contain a cubane type Mo,Fe,S,
core, Although mo crystallographic data was obtaimed, IR, mass spectral and
analytical data all support this formulatlomn. It is thought this may be a
general way of preparing Mo to Fe, Co or Rh bonds [316].
4- ]

The doubly bridged cubanes [MozFe658(SR)G(R'E‘G-cat)Z] (R 3’6-cat =
3,6-disubstituted catechol) react with coordinating solvents to give solvated
simple cubanes [HoFeBSq(SR)3(R3 6—cat}ao1v]2- which themselves may underge
thiolate exchange or replacement with helide and solvent displacement with
ligands L such as p-CleﬁaS-, Pho™, CN, PEt3 etc. The crystal structures of
two such clusters, (NEta}Z[HoFe3Sa(S-p—C6H4C1)a{(C3H5)2-cat}] {126y and

(NEtQ)Z[HoFe3Sacl3{(Csﬂs}z-cat}(thf)] (127) have been determined {317, 3181.
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S —— Mo — 0
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\ /c.
Fe —8S
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{127

Bond distsnces are

(126) (127}
Mo-Fe 2.76% (av) 2.78 (av)
Ho-y,S 2,38 (av) 2.36 {av}
Fe-y,S 2.27 (av} 2.28 (av)
Ho-0{cat) 2.08 2.045
Ma-SR 2.600(3)
Mo-0(thf ) 2.352{6)

The solvated clusters are fluctional due Lo voordinated solvent exchange; they

alsc undergo reveraible one-electron reductions and the reduced clusters are
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readlily isolated [317].
The electronic properties of [HoFe3SA{SR)3(R‘3 6—cat)(solv)]
[HoFe3SQ(SR}A(R‘3'6—cat)]3- and the double cubane [HozFeGSB(SR)6{R’3)6—cet)]4_

2-,3-
1

have been investigated by Moessbauer, EPR and magnetic studies £319]. The
oxidized single cubanes are electronically delocalized anti-parallel
spin-coupled clusters (5 = 3/2) and the reduced simple cubanes are similar with
an § = 2 ground state. Moessbauer studies indicate that 1t is mainly the i{ron
atom which is effected by the electronic changes. The double cubane exhibits
gub-cluster spin pairing to give a singlet ground state {319].

The Mo and Fe EXAFS spectra of (HBuABS[HOZFEGSB(SEt)9]'

(NEt, ),[Mo,Fe Sq(SEL)g] and (Et3NCH2PPh2)[HozFeGSS(SEt)3(OPh)6] have been
exemined. The important result is that fm their Fe EXAF3 spectra they show no
back scattering due te neighbouring Mo and Fe atoms, which is explained in
terms of cancellation of the Fe-Fe and Fe-Mo waves due to phase differences.
However, this shows the complexes are not gacd models for the EXAFS of the
Fe-Mo cofactor of nitrogenase [320].

In the presence of the clusters [HozFe638L9]3- {L = SPh,SCHZCHZOH) Ny, can
be catalytically reduced to NH3 by controlled potentiasl electreolysis at ~1.30V¥
ve SCE [321] and azide {on is reduced under similar conditione to NH3, N2 and
H2 with the farmation of both N H, and N,H,  as tntermediates [322]. The reduced
cluskers [HozFessa{SPh)gla‘ and [HozFessa(SPh)g]s- evolve H, from benzene thiol

in NN'dma at room temperature [323].

5.7.5 Miscellaneous metal-metal bonded species

& facile synthesis of {cpzﬁoz(u—s)z(p—SH)z] and its reactions with metal
carbonyls to glve heterobimetallic compounds has been reported. Reactlon with
Fe(CO)S gives [CPZHOZSZFEZ(CO)G] whose structure {123) has already been
described. COZ(CO)S glves [cp2H0233602(CO}4] which has the butterfly etructure
{128} conteining a rsre uﬁ-S atom in the fold of the butterfiy with the u3—5

atoms capping the HOZCO faces [324]., Bond distancee are

Mo-Mo = 2.646% Mo-Co = 2.64 {av)
HO—HQS = 2.390 CO—HQS = 2.239
Ho-nas = 2,362 Co—uas = 2.199

With Ni(CO}, [cpzuezsz(smzl reacts to give [cpzﬁoz(uj-S)&Niz(CU)z] whase
structure (129) may be regarded aa a cubane type with five metal-metal bonda,

or alternatively as a butterfly with Ni at the wing tipa [324].
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{128}

cp

{129)
Bond distances are
Mo-Mo = 2.829(1)% Mo-Ni = 2.722

Ni-5 = 2.158 Mo-5 = 2,28 (av)}
Hi...Ni 2.962{(2}

A mew class of M-Pd bonded clusters of the type
. [cpZH szfp3~00) (HZCO) fPR }] have been synthesized by the action of the
phosphine on [cpH(C0)3]2Pd(PhCN)2. Crystal structure determinations on the PEL,
complexes showed them ta be Isostrucktural as shown in (130) - The metals form a
triangulated parallelogram with two carbonyls on each Group VI metal
semi-bridging to one palladium while the third is semi-bridging to both
palladium atoms [325].
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cp
M
4”’ \\\\h
jf / co
CO
l co |
OC co
N M —
cp
{130)
Bond distences are
M= Mo M=W
Pd-Pd 2.582¢1)% 2.573(3)
Pd-M 2.827(1) 2.829(1)
M2, GO 1.98¢1) 1.97(1)
M-13C0 2.04(2) 2.05(2)

The reaction belween [Pdcl{dppm}]2 and [cpH(CO}3]' ylelded a complex which
appears to have the structure shown in {131) that is, insertiomn of =a [cpH{CO)3]
fragment into a Pd-P bond has occurred [326].

oc \ \
CO
Cl— Pd

I

Ph.,p PPh,

(131)
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In contrast, reaction of dppe with trans—[PtfcpHo(C0)3}Z(PhCN}z] gives a
complex with the remarkable structure (132} ia which Hol has all its carbonyls
semi-bridging while Hoz has one terminal carbonyl while the platinum atoms are

alzo completely non-equivalent. The Pt-Mo distances are the shortest known

[326].
cp thp
\ I
Mo — Co
- \

€132)

Bond distances are

Pt Mo, 2.721{2)%
Pr,-Mo; = 2.773(3)

Pt,-Ho, = 2.651{4}

The etructures of the compounds prepared by the reaction
ICu(PPh3c1]4 + Na[cpH(CO)3] — [cpHCu{CO)3{PPh3}2]

have been determined by X-ray diffraction. There are two forms of the tungsten
complex which differ in the strengths of the {nteractions between the carbonyls
and capper, but the baslc structure is as shown in (133)[327].

0

Y 4
L PPh3

cp\ / ,\\ /
oc/ .

w JCII
N N\

PPhy
\0

(133)
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In hoth forms the W-Cu band lengths are rather ilong {2.721¢1} and 2.7731(1)X).
The crystal structure of [cpHo(CO)Z(AshezPh)(HgCN)] showed the molybdenum atoms
to have square pyramidal stereochemistry (cp apical} and the carbonyls

trang to each other. The Mo-Hg-C-N unit {s linear with Mo-Hg = 2.654(11}3,
which is the shortest Mo-Hg bond length ohserved so far [328].
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