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Synthesis, Electrochemistry, and Oxygen-Atom Transfer Reactions of
Dioxotungsten(V1) and -molybdenum(VI1) Complexes with N,O,
and N,S, Tetradentate Ligands
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A series of N,O, tetradentate ligands with a range of
substituents attached to the nitrogen atoms have been
prepared (H,L") (n = 1-9). Treatment of these ligands and the
NS, tetradentate ligand H,L° with [WO,CI,(DME)] (DME =
1,2-dimethoxyethane) in the presence of triethylamine leads
to the formation of cis-dioxotungsten(VI) complexes
[WO,(LM)] (n = 1-10). Reaction of the N,O, tetradentate
ligands H,L" (n = 1, 3-7) with ammonium molybdate
tetrahydrate and dilute hydrochloric acid gives the
corresponding molybdenum(VI) analogs [MoO,(L™)] (n = 1,
3-7). These compounds have been spectroscopically
characterized and the molecular structures of [WO,(L")] (n =

1, 2, 9) and [M0O,(L®%)] have been established by X-ray
diffraction analysis. These high-valent compounds
participate in oxygen-atom transfer reactions and can
catalyze the oxidation of benzoin with dimethyl sulfoxide.
The complex [WO,(L9)], which contains an S-donor ligand,
has lower reduction potential and higher reactivity toward
oxo-transfer reactions than analogous tungsten complexes
having N,O, ligands. The Kinetics of these catalytic
processes along with the structure and electrochemistry of
these dioxotungsten and -molybdenum complexes are
described and compared.

Introduction

Atom-transfer chemistry of tungsten has recently at-
tracted considerable attention because of its relevance to
some important oxidation processes promoted by high-val-
ent tungsten species™ and biological reactions mediated by
tungsten oxotransferase enzymes, which catalyze the oxo-
transfer reactions for a range of substrates such as alde-
hydes and carbon dioxide.?! In contrast to the related mo-
lybdenum chemistry that has been well documented, !
tungsten-mediated atom-transfer reactions have been little
studied and, to our knowledge, not more than a dozen ex-
amples have been reported so far.[ Of much current inter-
est are those containing bidentate dithiolene-type ligands
which mimic the pterin cofactors found in the tungstoen-
zymes. [ Although the oxomolybdenum complexes with
tetradentate N-, O- and S-donor ligands have been studied
extensively and some of them participate in various atom-
transfer reactions,® very little has been accomplished with
regard to the analogous tungsten chemistry.[] We describe
herein the synthesis and characterization of a new series of
dioxotungsten(VI) complexes with N,O, and N,S, tetra-
dentate ligands. These compounds undergo an irreversible
reduction at highly negative potentials, but are still active
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toward oxygen-atom transfer reactions. The structural, elec-
trochemical and oxo-transfer properties of these tungsten
complexes are discussed and compared with those of their
molybdenum counterparts, some of which have also been
synthesized for the first time.

Results and Discussion
Synthesis and Characterization

Deprotonation of the readily available tetradentate ligand
H,L*® with nBuL.i followed by N-methylation with methyl
iodide or N-benzylation with various benzyl bromides led
to the formation of a series of N,O, tetradentate ligands
H,L" (n = 2—7) in good yield (Scheme 1). These substitu-
ents, having different steric and electronic properties, were
introduced to the nitrogen atoms with the goal of examin-
ing their effects on complex formation and properties of the
resulting complexes. The ligand H,L? was prepared pre-
viously by reductive amination from formaldehyde and gly-
oxalbis(2-hydroxyanil).[®! The new ligands H,L" (n = 3—7)
were found to be rather unstable and the yellow oily liquids
darkened gradually upon exposure to air over 1—2 days.
The ligands should therefore be freshly prepared for com-
plex formation. The ligands H,L" (n = 8—10) were synthe-
sized according to literature methods. 1014

Treatment of these ligands with [WO,CI,(DME)] in the
presence of triethylamine gave the corresponding dioxo
complexes [WO,(L™] (n = 1—-10, Scheme 2). In contrast to
the commonly used starting material [WO,CI,],[*? this
DME adduct, which can be prepared readily from [WOCI,],
(MesSi),0 and DME, '3 possesses good solubility in or-
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Scheme 1. Structures of tetradentate ligands

ganic solvents and undergoes facile ligand-substitution re-
actions.*4 It therefore appears to be a more versatile pre-
cursor to other high-valent tungsten complexes. The molyb-
denum counterparts [MoO,(L")] (n = 1, 3—7) were also
prepared in moderate yield by treating ammonium molyb-
date tetrahydrate with the ligands H,L" (n = 1, 3—7) in the
presence of HCI and EtOH (Scheme 2).1*51 The complex
[MoO,(LY)] was prepared previously from [MoO,(acac),]
(acac = acetylacetonate) and H,L* by Spence et al.[*6] All
these air-stable dioxotungsten and -molybdenum complexes
could be purified by column chromatography and/or recrys-
tallization, and were characterized with elemental analyses
or accurate mass measurements, along with a range of spec-
troscopic methods.

o
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Scheme 2. Preparation of dioxotungsten(VI) and -molybde-
num(V1) complexes

All the tungsten compounds showed two characteristic
cis-dioxo [WO,] vibrational bands at 895-921 and
936—958 cm % in their IR spectra, "l except [WO,(L®)] the
IR spectrum of which exhibited only the higher frequency
band at 941 cm~! while the lower frequency band was em-
bedded in a broad signal at 885 cm~*. The IR spectra of
the molybdenum analogs showed similar asymmetric and
symmetric Mo=0 stretches at 905—-919 and 928-938
cm™1, respectively; the latter band occurred at a 15—25
cm~* lower frequency than that for the tungsten congeners.
The *H- and 3C-NMR spectra of these dioxo compounds
were in accord with an octahedral structure having a C,
rotation axis. Take compounds [WO,(L™] (n = 8, 9) as ex-
amples; the two methylene protons next to the aromatic
ring are no longer equivalent. Two doublets with a geminal
coupling constant of ca. 14 Hz appeared at 6 = 3.9 and 4.7
in their 'H-NIMR spectra recorded in [Dg]DMSO. The two
methylene protons in the benzyl groups in [MO,(L")] (M =
Mo, W; n = 3—6) are also diastereotopic and an AB quad-
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ruplet was observed for these protons in all the spectra. All
these dioxo compounds were also characterized by fast
atom bombardment (FAB) or liquid secondary ion (LSI)
mass spectrometry. The M™ or [M+H]" species were iden-
tified in all cases with predicted isotopic distribution pat-
tern.

Molecular Structures

Single-crystal X-ray diffraction studies of [WO,(L?)] and
[M0oO,(L>)] revealed that the asymmetric unit consists of
two crystallographically independent molecules. The former
also contains solvated dichloromethane. Figures 1 and 2
display the molecular structure of one of the independent
molecules for [WO,(L2)] and [MoO,(L5)], respectively. For
[WO,(L®)] (Figure 3), the tungsten atom lies on a crystallo-
graphic 2-fold axis so that one-half of the molecule is pre-
sent in the asymmetric unit. A perspective view of
[WO,(L1)] is also presented in Figure 4. Each of these struc-
tures possesses C, {for [WO,(L®)]} or approximate C, sym-
metry and adopts distorted octahedral geometry, with
the N atoms trans to the terminal oxo groups. The bond
lengths and angles of these complexes are unexcep-
tional and resemble those found in other six-coordinate
diOXO _WVI[12d,14a,l7b,18] and _ MOVI Complexes.[g’lo*lgl
Selected bond lengths and angles for these compounds,
along with a brief description is available as Supporting In-
formation on the WWW or from the author.

Electrochemistry

The electrochemical behavior of [MoO,(L1)] in N,N-di-
methylformamide (DMF) was studied previously by cyclic
voltammetry. 6] The voltammogram displayed an irrever-
sible one-electron reduction peak at —1.41 V vs. SCE cou-
pled to an oxidation peak at —0.02 V, together with a re-
versible one-electron reduction peak at —1.70 V assignable
to the MoV!'/MoY and MoVY/Mo'Y couples, respectively. An
oxo—MoV species with deprotonated amino ligand was
postulated as the intermediate. The electrochemistry of
[MoO,(LM] (n = 4, 5, 7), which do not have ionizable pro-
tons, is somewhat different. Their voltammograms recorded
in DMF showed only one redox couple attributable to a
metal-based reduction. A weak cathodic peak at around —1
V was also observed for [MoO,(L")] (n = 5, 7) but its origin
is unclear at this stage. The electrochemical data are sum-
marized in Table 1. Ferrocene was added in all measure-
ments as an internal reference and its half-wave potential
(E1» = 0.08 V vs. Ag/Ag™ in MeCN) remained virtually
unchanged. By comparing the values of AE, of the re-
duction couples of [MoO,(L"M] (n = 4, 5, 7) (102—160 mV)
with that of ferrocene which ranges from 66 to 71 mV, and
on considering the ip./iy. values which are less than unity,
these couples can be described as quasi-reversible processes.
It is worth noting that the substituents attached to the ni-
trogen atoms of the ligands only have marginal effects on
the redox potentials. The E;, values follow the order
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Figure 1. Molecular structure and atom-labeling scheme for [WO,(L?)]; the hydrogen atoms are shown with small arbitrary radii
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Figure 2. Molecular structure and atom-labeling scheme for
[MoO,(L5)]; the hydrogen atoms are shown with small arbitrary ra-
dii

[M0O,(L5)] > [M0oO,(L4)] > [MoO,(L")] as a result of the
different electron-withdrawing abilities (Cl > Me > tBu).
The voltammograms of the tungsten analogs [WO,(L")]
(n = 1, 4, 5, 8) revealed a major irreversible process at
highly negative potentials (E,. ranged from —2.07 to —2.32
V vs. SCE) assignable to the reduction of the WV'! metal
center. Some weak and unidentified signals were also seen
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for some of these complexes (Table 1). In accordance with
previous studies,®®17°201 the metal-based reduction poten-
tials for the tungsten complexes were more negative than
those of the corresponding molybdenum counterparts and
the redox processes were less reversible.

The electrochemical behavior of [WO,(L°)] was remark-
ably different from that of other tungsten analogs. Its volt-
ammogram recorded at a scan rate of 100 mV s~! showed
a reduction couple centered at —1.90 V and an oxidation
peak at —0.06 V, both vs. SCE (Figure 5a). The anodic peak
for the reduction couple was not observed at slower scan
rates but this peak emerged and the peak current ratio (ipa/
ipc) for this couple approached unity as the scan rate was
increased. The peak-to-peak separation (AEp) fell in the re-
gion 100 to 105 mV at scan rates between 100 and 700 mV
s~L. The value increased gradually to 197 mV with increas-
ing scan rate to 10,000 mV s~ 1. These results suggested that
the reduction changed from an irreversible to a quasi-re-
versible process as the scan rate was increased. The peak
current function ratio {peak current function: i,v-2C~%,
where i, = peak current [A], v = scan rate [V s71], C =
concentration [m]} for the reduction of [WO,(L°)] with re-
spect to the one-electron oxidation of ferrocene under
identical conditions was 1.25 at 20 mV s~ 1, which decreased
to 0.76 at 800 mV s . These data together with the plot
showing the variation of ip.v ™2 with v (Figure 6) indicated
that the process approaches an overall two-electron re-
duction at slow scan rates. This plot implied that the one-
electron reduction product is somewhat unstable and a
further removal of one electron occurs readily to the W'Y
state. This will happen if the WYV potential is more nega-
tive than the WYV potential, as was observed for related
molybdenum complexes.*%21 |t is also worth noting that
the intensity of the oxidation peak at —0.06 V decreases
with increasing scan rate and eventually vanishes at 800 mV
s~1 (Figure 5b). This peak may thus be attributed to an
electrochemically generated W' species and a purely one-
electron quasi-reversible reduction seems to occur at scan
rates over 800 mV s~ 1. This behavior is very similar to that
of the molybdenum counterpart [MoO,(L%)] with the ex-
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Figure 3. Perspective view and atom-labeling scheme for [WO,(L%)]

Table 1. Electrochemical data for selected dioxomolybdenum and -tungsten complexest@

Compound Epc Epa E.po AE, P! lipalipe! Other processes

[MoO,(L%)] —1.42 -1.32 -1.37 102 0.84 nil

[M0O(L5)] ~1.43 ~1.27 ~1.35 160 0.48 Epe = —0.99

[MoO,(L7] ~1.48 -1.33 ~1.41 156 0.85 Epe = —1.11

[WO,(L* ~2.30 - - - - Ep. = —1.57, —2.00; Epy = —0.59
WOL(LY] —2.32 - - - - Epa = 0.94

[WOL(L5)] —2.27 - - - ~ Epa = 0.91

[\NOZ(LE‘%] —2.07 - - - — nil

[WOL(L10)] ~1.96 ~1.84 ~1.90 118 0.51 Epa = —0.06

[ Recorded with [BujN][CIO4] as electrolyte in DMF (0.1 m) at ambient temp. Scan rate = 100 mV s™*. Potentials are expressed in V

vs. SCE. — P AE, = |E,. — Epal in mV.

ception that the reduction of the latter occurs at a much
more positive potential (—1.34 V vs. SCE).? It is interest-
ing to note that incorporation of sulfur-containing ligand
such as L lowers the reduction potential of the complex
and increases its reversibility relative to the analogous oxy-
gen-containing ligands. The reduction potential of
[WO,(L¥)] (Epe = —1.96 V vs. SCE or —2.27 V vs. Ag/
Ag* in MeCN), however, is still more negative than those
of the synthetic models for tungstoenzymes such as
[Et,N],[WO,(bdt),] (bdt = 1,2-benzenedithiolate) (Ep. =
—1.34 V vs. SCE)Pa and [Et,N],[WO,(mnt),] (mnt = 1,2-
dicyanoethylenedithiolate) (E,. = —1.50 V vs. Ag/Ag™ in
MeCN).5¢ It appears that these unsaturated dithiolene-
type ligands are crucial for the complexes to reach physio-
logically accessible potentials.

Oxo-Transfer Reactions

As tungsten-mediated oxo-transfer reactions had been
little studied, we were interested to examine the oxo-trans-
fer properties of some of these dioxotungsten(VI) com-
pounds, namely [WO,(L"] (n = 1, 8, 10) using benzoin as
the common reductant. Typically, 7 X 10~2 mmol of the
complexes and 20 equiv. of benzoin were dissolved in de-
oxygenated [Dg]DMSO (0.5 ml). The mixtures were sealed
in NMR tubes and heated at 100°C. The kinetics of the
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Figure 4. Molecular structure of [WO,(L')] showing the atom-labe-
ling scheme

systems were analyzed by *H-NMR spectroscopy which al-
lowed the quantification of benzoin and its oxidized prod-
uct, benzil, as well as the complexes. The concentration ra-
tios of {[benzoin] + [benzil]} to {{WO,(LM]} (n = 1, 8, 10)
remained constant during the course of the reactions. In the
absence of the complexes, no reaction between benzoin and
[Dg]DMSO was detected. The percentage conversion of
benzoin to benzil was about 90% after 36 h when com-
pound [WO,(L9)] was used. Reactions involving complexes
[WO,(LM] (n = 1, 8) proceeded slowly and only ca. 50% of
benzoin was consumed after 1 week. These results indicated
that these dioxotungsten(VI) complexes can catalyze the

Eur. J. Inorg. Chem. 1999, 313—321
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oxidation of benzoin with [Dg]DMSO. The use of DMSO
as oxo donor in this study has biological relevance to the
molybdenum-containing DMSO reductases, which are able
to utilize a variety of dialkyl- and alkylarylsulfoxides as oxi-
dizing substrate.[?!

A plausible mechanism for this oxidation is suggested in
Scheme 3 by analogy to that proposed for related catalytic
systems.[?4l Presumably, the WY' complexes are reduced by
benzoin to yield monomeric oxotungsten(1V) species, benzil
and water. The W'Y complexes are then oxidized back to
their parent dioxo compounds with [Dg]DMSO. Assuming

Eur. J. Inorg. Chem. 1999, 313—321

that the regeneration of the WV! species is fast (k, > ky),
their concentration should be essentially constant through-
out the reactions. The rate of consumption of benzoin can
thus be regarded as a pseudo-first-order reaction
(—d[benzoin]/dt Kops [benzoin], where Kyps Ky
{IWO(LM]}). Figure 7 shows the variation of In{[benzoin],/
[benzoin]} with time for [WO,(L°)], where [benzoin], is the
initial concentration of benzoin. From the slope of the best-
fit straight line (1.86 X 1075 s1), the value of k; can be
determined (1.31 X 1072 m~* s71). For the other two N,O,
complexes [WO,(L™] (n = 1, 8), a gradual decrease in the
catalytic activities was observed after prolonged heating.
The respective k; values were calculated to be 1.28 X 104
and 9.43 X 1075 M1 s71 based on the data collected in the
first 85 h. The S-ligated complex [WO,(L19)] is therefore a
better oxo donor than the O-ligated complexes [WO,(L™)]
(n = 1, 8) which is fully consistent with the electrochemical
data (Table 1). A comparison of these dioxo complexes
shows that the anionic complexes [WO,(bdt),]> 52251 and
{WO,[0,CC(S)Ph,],}>~[?#al are very efficient in promoting
the oxidation of benzoin, while the complexes [WO,LX]
[L = hydrotris(3,5-dimethyl-1-pyrazolyl)borate; X = OPh,
S,PPh,-S] are inert toward oxygen-atom transfer reac-
tions. [17°]

(I:I) (IjH 0
Ph-C-CH-Ph Ph-C-C-Ph +H0
kq
WO, (LM] [WO(LD)]
k2
Me,S Me,SO

Scheme 3. Proposed mechanism for the oxidation of benzoin with
DMSO using [WO,(L")] as a catalyst

In order to reveal whether the W' species [WO(L'%)] or
the WV dimer [W,05(L1%),] were actually formed, a mixture
of [WO,(L'9)] and one equiv. of benzoin in deoxygenated
[D;]DMF was sealed in an NMR tube and heated at 100°C.
The reaction was monitored by *H-NMR spectroscopy.
Surprisingly, the spectra were essentially unchanged and no
significant amount of benzil was detected even after 1 week.

The oxo-transfer properties of the molybdenum analogs
[MoO,(LM] (n = 5, 6) were also investigated under identical
conditions for comparison. These molybdenum-mediated
reactions proceeded considerably faster and ca. 75% of
benzoin was consumed after 25 h at 100°C. However, the
{[benzoin] + [benzil]}-to-{[MoO,(L"]} (n = 5, 6) ratios in-
creased gradually during the course of the reactions indicat-
ing that part of the catalysts was deactivated and consumed.
Some unidentified signals were also observed in the NMR
spectra which precluded a detailed kinetic analysis. Lower-
ing the temperature to 50°C greatly retarded the oxo-trans-
fer reactions; the benzoin conversion was only 5—7% after
95 h. The higher oxo-transfer reactivity of molybdenum
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complexes relative to their tungsten counterparts may be
attributed to their lower reduction potentials and weaker
M=O0 bond (bond dissociation energy = ca. 410 kJ mol~*
for Mo=0 and > 580 kJ mol~* for W=0).[*17b]

In summary, we have synthesized a new series of dioxo-
tungsten complexes with N,O, and N,S, tetradentate li-
gands which represent rare examples of tungsten com-
pounds showing oxo-transfer activity. The S-donor atoms
in the ligand seem to play an important role in lowering the
reduction potential of the complex and thereby increasing
its oxo-transfer reactivity toward the oxidation of benzoin
with DMSO. The analogous molybdenum complexes are
more active in this oxygen-atom transfer reaction which is
in accord with the electrochemical data.
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Figure 7. Plot of In{[benzoin]./[benzoin]} vs. time for a system con-
taining initially 0.28 m benzoin and 0.014 M [WO,(L!9)] in
[Dg]DMSO at 100°C

Experimental Section

All reactions were carried out with standard Schlenk-line tech-
niques under nitrogen; workups were performed in air. Dichloro-
methane was dried with 4-A molecular sieves and distilled from
calcium hydride. Tetrahydrofuran (THF) was distilled from sodium
benzophenone ketyl. DMF for voltammetric studies was dried with
barium oxide and distilled under reduced pressure. The electrolyte
[BusN][CIO,4] was recrystallized from dry acetone three times prior
to use. All other reagents and solvents were of reagent grade and
used as received. The ligands H,L" (n = 1, 8, 9,119 10[11)) and the
tungsten complex [WO,Cl,(DME)]™*3! were prepared by previously
described methods. — NMR: Bruker WM 250 (*H, 250; °C, 62.9
MHz), Bruker DPX 300 (*H, 300; 3C, 75.4 MHz) and Bruker
ARX 500 (*H, 500; 3C, 125.8 MHz), CDCl; as solvent and TMS
as internal standard unless otherwise stated, for [Dg]DMSO as sol-
vent 8y = 2.50, 6¢ = 39.7, coupling constant J in Hz. — IR: Perkin
Elmer 1600 FT-IR and Nicolet 550 FT-IR as KBr pellets. — MS:
Hewlett Packard 5989B (FAB) and Bruker APEX 47e FT-ICR
(LSI) with 3-nitrobenzyl alcohol as matrix. — Elemental analyses:
Shanghai Institute of Organic Chemistry, Chinese Academy of Sci-
ences. — Electrochemical measurements were carried out with a
BAS CV-50W voltammetric analyzer. The cell comprised inlets for
a platinum-sphere working electrode, a silver-wire counter electrode
and an Ag/AgNO; (0.1 m in MeCN) reference electrode which was
connected to the solution by a Luggin capillary whose tip was
placed close to the working electrode.?® Typically, a 0.1 m solution
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of [BuyN][CIO,4] in DMF containing 1.0 mm of sample was purged
with nitrogen for 20 min, then the voltammograms were recorded
at scan rates ranging from 20 to 3000 mV s~! at ambient temp.
unless otherwise stated. All potentials were referred internally to
the ferrocene/ferrocenium couple at +0.39 V vs. SCE.[?]

General Procedure for the Preparation of H,L" (n = 2—7): To a
colorless solution of H,L! (0.24 g, 1.0 mmol) in THF (10 ml) was
added nBuLi (1.6 M solution in n-hexane, 2.6 ml, 4.1 mmol) drop-
wise at 0°C. The mixture was stirred at this temp. for 1 h, then
allowed to warm to room temp. lodomethane (0.13 ml, 2.0 mmol)
or differently substituted benzyl bromides (2.0 mmol) were added
slowly and stirring was continued for 18 h (only 6 h was required
for the reaction with iodomethane). The volatiles were removed
under reduced pressure and water (20 ml) was added. The mixture
was extracted with CH,CI, (3 X 50 ml) and the combined extracts
were dried with sodium sulfate and the solvent was removed using
a rotary evaporater. The ligand H,L2 was collected as a white solid
by washing the residual light brown solid with CH,Cl,/hexane
(1:3), while the other ligands were purified by column chromatogra-
phy using hexane followed by CH,CI, as eluent. These ligands were
obtained as a pale yellow oil.

N,N’-Bis(2-hydroxyphenyl)-N,N’-dimethyl-1,2-diaminoethane
(H2L?): 0.20 g (73%); m.p. 110—112°C (ref.[¥ 112°C). — *H NMR
(250 MHz): § = 2.87 (s, 6 H, CHj3), 3.02 (s, 4 H, CH,), 6.86 (dt,
J=15,76,2H, ArH), 6.94 (dd, J = 15, 8.0, 2 H, ArH), 7.06
(dt,J = 1.5,7.6,2 H, ArH), 7.17 (dd, J = 1.5, 8.0, 2 H, ArH).

N,N’-Dibenzyl-N,N’-bis(2-hydroxyphenyl)-1,2-diaminoethane
(H,L3): 0.30 g (71%). — *H NMR (300 MHz): § = 2.90 (s, 4 H,
CH,CH,), 3.84 (s, 4 H, PhCH,), 6.73—6.79 (m, 2 H, ArH), 6.88
(dd, J =15,8.1,2H, ArH), 6.96—7.04 (m, 8 H, ArH), 7.13-7.20
(m, 6 H, ArH). — 3C{*H} NMR (75.4 MHz): § = 52.1, 60.9,
1145, 119.9, 123.3, 126.8, 127.3, 128.2, 129.1, 136.0, 136.8, 152.9.
— HRMS (LSI): m/z = 425.2216 {calcd. for [M + H]* 425.2229}.

N,N’-Bis(2-hydroxyphenyl)-N,N’-bis(4-methylbenzyl)-1,2-di-
aminoethane (H,L%): 0.35 g (77%). — *H NMR (300 MHz): § =
2.38 (s, 6 H, CH3), 3.02 (s, 4 H, CH,CH,), 3.93 (s, 4 H, ArCHy,),
6.86—6.91 (M, 2 H, ArH), 6.99—7.19 (m, 14 H, ArH). — 3C{*H}
NMR (75.4 MHz): § = 21.0, 52.1, 60.5, 114.4, 119.8, 123.3, 126.7,
128.8, 129.0, 133.8, 136.2, 136.8, 152.9. — HRMS (LSI): m/z =
453.2553 {calcd. for [M + H]" 453.2542}.

N,N’-Bis(4-chlorobenzyl)-N,N’-bis(2-hydroxyphenyl)-1,2-diamino-
ethane (H,L5): 0.39 g (79%). — *H NMR (300 MHz): § = 2.88 (s,
4 H, CH,CH,), 3.83 (s, 4 H, ArCH,), 6.78 (dt, J = 1.5, 7.6, 2 H,
ArH), 6.89 (dd, J = 1.5, 8.1, 2 H, ArH), 6.93—6.96 (m, 4 H, ArH),
6.99 (dd, J = 1.5, 8.0, 2 H, ArH), 7.02-7.07 (m, 2 H, ArH),
7.11-7.16 (M, 4 H, ArH). — *C{*H} NMR (75.4 MHz): § = 52.3,
60.3, 114.8, 120.1, 123.2, 127.1, 128.4, 130.4, 133.2, 135.1, 135.4,
152.9. — HRMS (LSI): m/z = 493.1458 {calcd. for [M + H]* based
on 3°Cl 493.1449}.

N,N’-Bis(4-tert-butylbenzyl)-N,N’-bis(2-hydroxyphenyl)-1,2-di-
aminoethane (H,L®): 0.40 g (75%). — *H NMR (300 MHz): & =
1.27 (s, 18 H, tBu), 2.87 (s, 4 H, CH,CH,), 3.80 (s, 4 H, ArCH,),
6.76 (dt, J = 1.5, 7.6, 2 H, ArH), 6.90—7.06 (m, 10 H, ArH),
7.20—7.23 (m, 4 H, ArH). — ¥C{*H} NMR (75.4 MHz): § =
31.3,34.4,51.3,60.5, 114.5, 119.8, 123.2, 125.2, 126.7, 128.7, 133.8,
136.4, 150.2, 152.8. — HRMS (LSI): m/z = 537.3480 {calcd. for
[M + H]* 537.3481}.

N,N’-Bis(3,5-di-tert-butylbenzyl)-N,N’-bis(2-hydroxyphenyl)-1,2-
diaminoethane (H,L"): 0.45 g (69%). — *H NMR (300 MHz): § =
1.22 (s, 36 H, tBu), 2.95 (s, 4 H, CH,CH,), 3.89 (s, 4 H, ArCH,),
6.75 (dt, J = 1.2, 7.7, 2 H, ArH), 6.85—6.87 (m, 6 H, ArH), 6.92
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(dd, 3 = 1.2, 7.7, 2 H, ArH), 7.00 (dt, J = 1.2, 7.7, 2 H, ArH),
7.23—7.24 (m, 2 H, ArH). — BC{*H} NMR (75.4 MHz): § = 31.3,
34.6, 52.3, 61.4, 114.4, 119.7, 121.1, 123.7, 124.2, 126.7, 128.9,
135.5, 150.4, 153.1. — HRMS (LSI): m/z = 649.4773 {calcd. for
[M + H]" 649.4733}.

General Procedure for the Preparation of [WO,(L")] (n = 1-10): To
a mixture of [WO,CI,(DME)] (0.38 g, 1.0 mmol) and H,L" (n =
1-10, 1.0 mmol) in CH,Cl, (30 ml) was added triethylamine (0.28
ml, 2.0 mmol). The mixture was allowed to reflux overnight then
the volatiles were removed in vacuo. The complex [WO,(L?)] was
purified by chromatography with CH,Cl,/ethyl acetate (1:1) as elu-
ent followed by recrystallization from acetone/hexane. The com-
plexes [WO,(L™)] (n = 3—7) were purified by chromatography with
CHCI; as eluent. The remaining complexes were obtained by wash-
ing the residue with ethanol and hexane followed by recrystalliza-
tion from MeCN {for [WO,(L®)]} or CH,Cl, {for [WO,(L1%)]}, or
diffusion of water into a DMF solution of the crude product {for

[WO(L")] (n = 1, 8)}.

[WO,(LY)]: 0.22 g (50%), light pink solid. — *H NMR ([D¢]DMSO,
250 MHz): § = 2.85—3.01 (m, 4 H, CH,CH,), 6.83 (d, J = 7.5, 2
H, ArH), 6.91 (t, J = 7.5, 2 H, ArH), 7.20 (d, J = 7.5, 2 H, ArH),
7.21(t,J =7.5,2H, ArH), 8.04 (brs, 2 H, NH). — 3C{*H} NMR
([Dg]DMSO, 125.8 MHz): 5 = 50.4, 117.0, 121.4, 125.6, 129.0,
134.1, 161.6. — IR: v(WO,) = 911 s, 951 s cm™%. — MS (LSI):
Cluster peak at m/z = 459 (27%) [M + H]*. — C14H14N,O,W
(458.13): calcd. C 36.70, H 3.08, N 6.11; found C 36.68, H 3.00,
N 5.88.

[WO,(L?)]: 0.34 g (70%), white crystals. — *H NMR ([D¢g]DMSO,
300 MHz): § = 2.62 (d, J = 10.0, 2 H, CH,), 3.06 (d, J = 10.0, 2
H, CH,), 3.26 (s, 6 H, CHs), 6.94 (dd, J = 1.5, 8.1, 2 H, ArH),
7.02 (dt, J = 1.5, 7.7, 2 H, ArH), 7.30 (dt, J = 1.5, 7.7, 2 H, ArH),
7.60 (dd, J = 1.5, 8.1, 2 H, ArH). — 3C{!H} NMR ([Dg]DMSO,
75.4 MHz): & = 48.3, 59.5, 117.8, 122.3, 122.7, 129.7, 138.6, 159.6.
— IR: v(WO,) = 914 s, 950 s cm~%. — MS (FAB): Cluster peak at
m/z = 487 (24%) [M + H]*. — CysH15N,O,W (486.18): calcd. C
39.53, H 3.73, N 5.76; found C 40.09, H 4.05, N 5.13.

[WO,(L3)]: 0.46 g (72%), white crystals. — *H NMR (300 MHz):
8 =290 (d, 3 = 9.0, 2 H, CH,CH,), 3.06 (d, J = 9.0, 2 H,
CH,CH,), 4.91-5.04 (AB q, 4 H, ArCH,), 6.66 (d, J = 8.1, 2 H,
ArH), 6.75 (t, J = 7.7, 2 H, ArH), 6.83 (d, J = 8.1, 2 H, ArH),
7.21(t,J =7.7,2 H, ArH), 7.34—7.41 (m, 10 H, ArH). — 3C{*H}
NMR (75.4 MHz): 5 = 56.2. 64.9, 118.7, 121.3, 124.4, 128.4, 128.9,
129.6, 132.4, 133.8, 137.1, 160.5. — IR: v(WO,) = 916 s, 953 s
cm~1. — MS (FAB): Cluster peak at m/z = 639 (100%) [M + H]™.
— CygHysN,O4W (638.38): calcd. C 52.68, H 4.11, N 4.39; found
C 52.95, H 4.05, N 4.12.

[WO,(LH]: 0.47 g (71%), white crystals. — *H NMR (300 MHz):
8 =237 (s, 6 H, CHz), 291 (d, J = 9.0, 2 H, CH,CH,), 3.04 (d,
J =19.0,2H, CH,CH,), 4.87—-4.98 (AB g, 4 H, ArCH,), 6.69 (dd,
J =15, 81,2 H, ArH), 6.74 (dt, J = 1.5, 7.7, 2 H, ArH), 6.82
(dd,J=15,8.1,2H,ArH),7.13(d,J =7.7,4 H, ArH), 7.17-7.22
(m, 6 H, ArH). — 13C{*H} NMR (75.4 MHZz): § = 21.1, 56.1, 64.5,
118.4, 121.2, 124.6, 129.0, 129.4, 130.6, 132.2, 137.1, 138.6, 160.4.
— IR: v(WO,) = 918 s, 956 s cm~*. — MS (FAB): Cluster peak at
m/z = 667 (63%) [M + H]". — C3oH3N,O4,W (666.43): calcd. C
54.07, H 4.54, N 4.20; found C 53.98, H 4.59, N 4.21.

[WO,(L®)]: 0.46 g (65%), silvery grey crystals. — *H NMR (300
MHz): § = 2.84 (d, J = 9.0, 2 H, CH,CH,), 3.04 (d, J = 9.0, 2 H,
CH,CH,), 4.81—4.95 (AB q, 4 H, ArCH,), 6.71-6.82 (m, 6 H,
ArH), 7.20-7.25 (m, 2 H, ArH), 7.32 (s, 8 H, ArH). — 3C{*H}
NMR (75.4 MHz): 6 = 55.8, 64.0, 118.7, 121.5, 123.7, 128.6, 129.8,
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131.9, 133.8, 135.1, 136.8, 160.3. — IR: v(WO,) = 908 s, 949 m
cm~1. — HRMS (LSI): m/z = 707.0688 {calcd. for [M + H]" based
on 3Cl and 84w 707.0680}.

[WO,(L8)]: 0.50 g (67%), white crystals. — 'H NMR (300 MHz):
5 = 1.33 (s, 18 H, tBu), 2.85 (d, J = 9.3, 2 H, CH,CH,), 3.05 (d,
J=9.3,2H, CH,CH,), 4.83—5.00 (AB q, 4 H, ArCH,), 6.74—6.77
(m, 6 H, ArH), 7.15-7.19 (m, 2 H, ArH), 7.27—7.36 (m, 8 H,
ArH). — BC{'H} NMR (75.4 MHz): § = 31.3, 34.6, 55.9, 64.4,
118.6, 121.2, 124.2, 125.2, 129.4, 130.5, 132.3, 137.4, 151.8, 160.4.
— IR: v(WO,) = 919 s, 958 s cm™1. — HRMS (LSI): m/z =
751.2749 {calcd. for [M + H]* based on #W 751.2712}.

[WO2(L")]: 0.54 g (63%), white crystals. — *H NMR (300 MHz):
8 = 1.27 (s, 36 H, tBu), 2.86 (d, J = 9.3, 2 H, CH,CH,), 3.06 (d,
J = 9.3, 2 H, CH,CH,), 4.93 (s, 4 H, ArCH,), 6.54 (dd, J = 1.2,
8.1, 2 H, ArH), 6.69 (dt, J = 1.2, 7.7, 2 H, ArH), 6.80 (dd, J =
1.2, 8.1, 2 H, ArH), 7.14 (s, 2 H, ArH), 7.15 (s, 2 H, ArH), 7.19
(dt,J = 1.2,7.7,2 H, ArH), 7.42 (s, 2 H, ArH). — BC{*H} NMR
(75.4 MHz): 3 = 31.4, 34.7, 56.1, 65.7, 118.5, 120.8, 122.3, 124.7,
126.9, 129.5, 132.7, 137.1, 150.7, 160.7. — IR: v(WO,) = 921 s, 956
s cm~1. — MS (FAB): Cluster peak at m/z = 862 (11%) [M*]. —
C44HssN,O4W (862.81): caled. C 61.25, H 6.78, N 3.25; found C
61.36, H 6.98, N 3.05.

[WO?(L®)]: 0.36 g (74%), white crystalline solid. — 'H NMR
([Dg]DMSO, 250 MHz): & = 2.32 (br s, 2 H, NH), 2.87 (brs, 2 H,
CH,), 3.87 (d, J = 14.3, 2 H, CH,), 4.74 (d, J = 14.3, 2 H, CHy,),
5.46 (brs, 2 H, CH,), 6.76 (d, J = 8.0, 2 H, ArH), 6.83 (t, J = 7.5,
2 H, ArH), 711 (d, J = 75, 2 H, ArH), 7.18 (t, J = 7.5, 2 H,
ArH). — BC{*H} NMR ([Dg]DMSO, 62.9 MHz): § = 46.1, 52.6,
119.2, 120.3, 122.4, 128.0, 129.5, 158.2. — IR: v(WO,) = 941 s
cm~t. — MS (LSI): Cluster peak at m/z = 487 (17%) [M + H]*.
— Cy6H18N,0O4W (486.18): calcd. C 39.53, H 3.73, N 5.76; found
C 39.63, H 3.42, N 5.74.

[WO?(L)]: 0.42 g (59%), colorless crystals. — *H NMR (250 MHz):
8 = 1.28 (s, 9 H, tBu), 1.45 (s, 9 H, tBu), 2.79 (br s, 2 H, NH),
3.00 (brs, 4 H, CH,CHy,), 3.95 (d, J = 13.6, 2 H, ArCH,), 5.22 (d,
J = 13.6, 2 H, ArCH,), 6.86 (s, 2 H, ArH), 7.32 (s, 2 H, ArH). —
BC{*H} NMR (62.9 MHz): § = 30.0, 31.6, 34.3, 35.2, 46.7, 54.3,
120.7, 123.6, 124.1, 138.9, 142.9, 154.9. — IR: v(WO,) = 897 s, 939
scm™1. — MS (LSI): Cluster peak at m/z = 711 (21%) [M + H]™.
— C3oH50N,0O,W (710.62): calcd. C 54.09, H 7.09, N 3.94; found
C 53.49, H 7.14, N 3.74.

[WO?(L19)]: 0.14 g (33%), yellow crystals. — *H NMR (250 MHz):
8 = 3.26 (s, 6 H, CHj3), 3.04—3.39 (m, 10 H, CH,), 3.54—3.64 (m,
2 H, CH,). — *C{*H} NMR ([Dg]DMSO0, 125.8 MHz): § = 27.6,
52.0, 56.2, 67.0. — IR: v(WO,) = 895 s, 936 s cm 1. — MS (LSI):
Cluster peak at m/z = 423 (15%) [M + H]*. — CgHgN,0,S,W
(422.21): caled. C 22.76, H 4.30, N 6.63, S 15.19; found C 23.00,
H 4.21, N 6.56, S 15.74.

General Procedure for the Preparation of [MoO,(L")] (n = 1, 3=7):
A mixture of ammonium molybdate tetrahydrate [NH4]s[M070,,]
X 4 H,0 (0.18 g, 0.14 mmol), H,L" (n = 3—7, 1.0 mmol) and
dilute hydrochloric acid (0.1 m, 5 ml, 0.5 mmol) in ethanol (30 ml)
was stirred at room temp. overnight. [MoO,(L')] was collected by
filtration as a yellow solid which was washed with ethanol and
hexane, and dried in vacuo. For the other molybdenum complexes,
the solid was collected by filtration and the filtrate was extracted
with CH,CI, (3 X 20 ml). The solid and the extracts were com-
bined, dried with sodium sulfate and the solvent removed using a
rotary evaporator. The residue was chromatographed with CHCI;
as eluent to develop a bright yellow band which was collected and
evaporated to give a yellow solid.
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[MoO,(LY)]:1*610.26 g (70%). — *H NMR ([Dg]DMSO, 300 MHz):
d = 2.78—-2.91 (m, 4 H, CH,CH,), 6.79 (dd, J = 1.2, 8.0, 2 H,
ArH), 6.89 (dt, J = 1.2, 7.6, 2 H, ArH), 7.16—7.22 (m, 4 H, ArH),
7.78 (s, 2 H, NH). — 3C{*H} NMR ([Dg]DMSO, 75.4 MHz): § =
50.0, 115.7, 121.0, 125.4, 128.6, 134.2, 162.7. — IR: v(Mo0O,) =
910's, 932 m cm~% — MS (LSI): Cluster peak at m/z = 373 (13%)
[M + H]*.

[MoO,(L3)]: 0.30 g (55%). — 'H NMR (300 MHz): § = 2.77 (d,
J=19.0,2H, CH,CH,), 3.05 (d, J = 9.0, 2 H, CH,CH,), 4.87—5.02
(AB q, 4 H, ArCH,), 6.66—6.82 (m, 6 H, ArH), 7.17 (t, J = 7.5, 2
H, ArH), 7.33—-7.38 (m, 10 H, ArH). — BC{*H} NMR (75.4
MHz): § = 55.9, 64.6, 117.4, 120.8, 124.5, 128.3, 128.7, 129.2,
132.3, 134.1, 137.1, 161.5. — IR: v(M0O,) = 905 s, 928 m cm~.
— MS (FAB): Cluster peak at m/z = 553 (54%) [M + H]". —
C,gH26MO0N,0, (550.47): calcd. C 61.10, H 4.76, N 5.09; found C
61.03, H 4.80, N 4.88.

[MoO,(L*)]: 0.39 g (67%). — *H NMR (300 MHz): § = 2.37 (s, 6
H, CH3), 2.74 (d, J = 9.9, 2 H, CH,CH,), 3.02 (d, J = 9.9, 2 H,
CH,CH,), 4.86—5.00 (AB g, 4 H, ArCH,), 6.68 (dd, J = 1.2, 8.4,
2 H, ArH), 6.74 (dt, J = 1.2, 7.6, 2 H, ArH), 6.84 (dd, J = 1.2,
8.4,2 H, ArH), 7.11-7.22 (m, 10 H, ArH). — 3C{*H} NMR (75.4
MHz): § = 21.2, 56.0, 64.4, 117.4, 120.7, 124.7, 129.0, 129.2, 131.2,
132.2, 137.2, 138.5, 161.7. — IR: v(M0O,) = 919 s, 938 s cm™ 1.
— MS (FAB): Cluster peak at m/z = 581 (45%) [M + H]". —
C3oH3MoN,0, (578.52): calcd. C 62.29, H 5.23, N 4.84; found C
61.98, H 5.27, N 4.72.

[M0O,(L5)]: 0.44 g (71%). — *H NMR (300 MHz): § = 2.71 (d,
J =9.0,2H, CH,CH,), 3.02 (d, J = 9.0, 2 H, CH,CHy,), 4.77—4.94
(AB g, 4 H, ArCH,), 6.71-6.81 (m, 6 H, ArH), 7.19 (dt, J = 1.5,
7.6, 2 H, ArH), 7.30 (s, 8 H, ArH). — B3C{*H} NMR (75.4 MHz):
6 = 55.6,63.7,117.5, 121.0, 123.8, 128.5, 129.4, 132.2, 133.7, 134.9,
136.8, 161.4. — IR: v(M0O,) = 911 s, 934 m cm~L. — MS (FAB):
Cluster peak at m/z = 620 (63%) [M*]. — CygH2,Cl,M0ON,0,
(619.36): calcd. C 54.30, H 3.91, N 4.52; found C 53.95, H 3.79,
N 4.28.

[MoO,(L®)]: 0.43 g (65%). — *H NMR (300 MHz): § = 1.33 (s, 18
H, tBu), 2.70 (d, J = 9.6, 2 H, CH,CH,), 3.04 (d, J = 9.6, 2 H,
CH,CH,), 4.79-4.99 (AB q, 4 H, ArCH,), 6.72—6.79 (m, 6 H,
ArH), 7.12-7.17 (m, 2 H, ArH), 7.29-7.35 (m, 8 H, ArH). —
1BC{*H} NMR (75.4 MHz): § = 31.3, 34.6, 55.7, 64.2, 117.4, 120.8,
124.2, 125.1, 129.1, 131.0, 132.2, 137.5, 151.7, 161.6. — IR:
v(MoO,) = 916 s, 937 m cm~1. — MS (FAB): Cluster peak at
m/z = 664 (18%) [M*]. — CzsH42M0N,0, (662.69): calcd. C 65.25,
H 6.39, N 4.23; found C 65.73, H 6.71, N 3.94.

[MoO,(L")]: 0.46 g (59%). — *H NMR (300 MHz): § = 1.26 (s, 36
H, tBu), 2.71 (d, J = 10.5, 2 H, CH,CH,), 3.04 (d, J = 10.5, 2 H,
CH,CHy), 4.92 (s, 4 H, ArCH,), 6.56 (d, J = 8.1, 2 H, ArH), 6.68
(t, 3 =7.7,2H, ArH), 6.79 (d, J = 8.1, 2 H, ArH), 7.12 (s, 2 H,
ArH), 7.13 (s, 2 H, ArH), 7.15 (t, J = 7.8, 2 H, ArH), 7.40 (s, 2
H, ArH). — 3C{*H} NMR (75.4 MHz): § = 31.4, 34.7, 55.8, 65.5,
117.3, 120.4, 122.2, 124.7, 126.8, 129.1, 133.1, 137.1, 150.6, 161.8.
— IR: v(MoO,) = 913 s, 935 s cm~ 1. — MS (FAB): Cluster peak
at m/iz = 777 (3%) [M + H]*. — C4HsgMoN,O, (774.90): caled.
C 68.20, H 7.54, N 3.62; found C 68.31, H 7.74, N 3.53.

X-ray Crystallographic Analysis of [WO,(LY)] and [WOy(L%)] -
MeCN - EtOH: Crystal data and data-processing parameters are
given in the Supporting Information on the WWW or may be ob-
tained from the author. Data collection was performed in the vari-
able w-scan mode with a Rigaku AFC7R diffractometer using Mo-
K, radiation (. = 0.71073 A) at 294 K. Unit-cell parameters were
calculated from least-squares fitting of the 26 angles for 25 selected
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strong reflections. Three standard reflections were monitored
periodically after every 150 reflections and showed no significant
decay during the data collection. The tungsten atom {of site sym-
metry 2 for [WO,(L®)] - MeCN - EtOH} was located by the Pat-
terson method and the remaining non-hydrogen atoms were de-
rived from subsequent Fourier difference syntheses. For [WO,(L?)] -
MeCN - EtOH, both tert-butyl groups exhibit twofold orientational
disorder, and the ethanol molecule is likewise twofold disordered
with a common methylene group. The acetonitrile molecule lies on
a crystallographic twofold axis. All non-hydrogen atoms were re-
fined with anisotropic thermal parameters by full-matrix least-
squares procedures. The hydrogen atoms were placed in idealized
positions (C—H 0.96 A, N—H 0.90 A) with fixed isotropic thermal
parameters and allowed to ride on their respective parent carbon
and nitrogen atoms. All calculations were performed with a PC-
486 computer using the SHEL XL-PLUS program package. 2 Ana-
Iytical expressions of neutral-atom scattering factors were em-
ployed, and anomalous dispersion corrections were incorpor-
ated. 29

X-ray Crystallographic Analysis of [WO,(L?) - 1/4CH,CI,] and
[MoO,(L3)]: All pertinent crystallographic data and other exper-
imental details are also summarized in the Supporting Information.
Intensity data were collected at 298 K with an Enraf-Nonius dif-
fractometer using graphite monochromated Mo-K, radiation and
the ®-26 scan technique. Three checked reflections were monitored
periodically throughout data collection and showed no significant
variations. All intensity data were corrected for Lorentz and polar-
ization effects. An absorption correction by the y-scan method!
was applied for [WO,(L?) - 1/4CH,CI,]. Both structures were solved
by direct methods (SIR 92)[3% and expanded using Fourier tech-
niques.®@ Some non-hydrogen atoms were refined anisotropically,
while the rest was refined isotropically by full-matrix least-squares
analysis. Hydrogen atoms were generated in their idealized posi-
tions but not refined. All calculations were performed with a Sili-
con-Graphics computer using the program package TEXSAN. 3!

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the
Cambridge Crystallographic Data Center as supplementary
publication nos. CCDC-102337 {for [WO,(L?)][}, 101953
{for [WO,(L?) - 1/4CH,Cl,]}, 102338 {for [WO,(L®)] - MeCN -
EtOH} and 101952 {for [M0O,(L®)]}. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [Fax: int.code + 44(1223)336-033;
E-mail: deposit@ccdc.cam.ac.uk].
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