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Polymer-Supported Dioxido-MoY! Complexes as Truly Functional
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A truly functional model system for molybdenum oxotrans-
ferases provides evidence for all biologically realistic inter-
mediates, namely mononuclear MoV!, MoV and Mo!V species.
Dinucleation to EPR-silent [MoV,05] species prevailing in
homogeneous solution is suppressed by immobilising the

active species to a polymeric support by two-point attach-
ment.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Currently there is a great interest in structural and func-
tional biomimetic models for active sites of metalloenzymes
which mimic the primary coordination sphere (number and
nature of ligating atoms) as well as the secondary coordina-
tion sphere (protein environment, site isolation, substrate
selectivity, entatic state, secondary interactions with sub-
strates, etc.).['!l Mononuclear molybdenum enzymes catalyse
the net transfer of an oxygen atom between substrate and
water [Equation (1)] shuttling between MoV, MoV and
MoV states.[>3]

X + H,0 & XO + 2H* + 2¢ (1)
X0+Y—->X+YO 2)
L ,MoY'0, + L,Mo'VO — L,,Mo0Y,04 3)
2 L,MoY(OH)O — L,,MoY,0; + H,O )

The primary oxo atom transfer (OAT) from/to molybde-
num model compounds to/from substrates [Equation (2)]
has been extensively investigated by Holm, Wedd, Young,
Enemark, Basu and many others and is well under-
stood.[*71 The most successful model systems are based on
enedithiolate ligands mimicking the natural sulfur lig-
ation,® 12l multidentate N/S ligands!'* 71 and substituted
hydrotris(pyrazolyl)borate ligands (Tp*, Tp™").[!3-211 Espe-
cially the latter family, although bearing no structural re-
semblance to natural enzymes, has been exceptionally useful
for identifying mononuclear MoV species which are essen-
tial to the enzymatic catalytic cycle involving OAT and
CEPT reactions (CEPT = coupled electron proton trans-
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fer). In these model systems the inherent tendency of mo-
lybdenum oxido complexes to form dinuclear species with
a [Mo0,0s3] core via comproportionation [Equation (3)] or
condensation [Equation (4)] is reduced due to steric hin-
drance. In molybdenum enzymes, the active site is located
in the interior of the protein matrix and the substrate ap-
proaches the catalytic centre through a “funnel”.>¢ Of
course dinucleation does not occur in natural systems.

Results and Discussion

The present report describes a different solution to the
dinucleation problem, namely immobilisation of an active
complex on a polymer support. In order to improve site-
isolation and minimise leaching, the Mo complexes are im-
mobilised onto the support via two-point fixation with two
chelating 2-imino-pyrrolato ligands. The twofold attach-
ment to the support parallels the incorporation of molybde-
num in oxotransferases by pterin dithiolene and cysteinato
ligands (e.g. sulfite oxidase or DMSO reductase).>"1 Dif-
ferent EPR-active states have been observed in natural sys-
tems depending on preparation and environment.[>3 The
artificial system described below also shows several EPR-
active MoV states during full biomimetic catalytic turnover
[OAT and CEPT; Equation (1)]. First we introduce a steri-
cally unencumbered model system, investigate the chemistry
in homogeneous solution, and finally we describe our re-
sults for the immobilised system.

The soluble 2-imino-pyrrole ligand cleanly forms the
bis(chelate) dioxido MoVY! complex 1a with MoCl,O,(dme)
(Scheme 1). 1a was fully characterised by NMR, IR and
UV/Vis spectroscopic methods as well as mass spectromet-
ric and elemental analysis (see Exp. Sect.). Reduction of
1a with tertiary phosphanes results in OAT from the MoV!
complex to the substrate giving the corresponding phos-
phane oxide (Scheme 2). Stoichiometric reaction with one
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equivalent PPh; only produces 0.5 equiv. OPPh; even after
prolonged reaction times as shown by time-dependent
3SIP{IH} NMR spectroscopy (Figure 1). Similar observa-
tions are made with PMejs as substrate albeit OAT proceeds
faster in this case.”?! Thus comproportionation of MoV!
and initially formed Mo'Y species to the diamagnetic p-oxo
species 2a (Scheme 2) significantly slows down full conver-
sion to Mo"™. Complex 2a has been analysed by mass spec-
trometry as well as NMR, IR and UV/Vis spectroscopy (see
Exp. Sect.). The FAB and HR-FAB mass spectra confirm
the dinuclear nature of the complex. A strong absorption
band can be observed around 548 nm in the UV/Vis spec-
trum which is assigned the characteristic n-t* transition of
the Mo—-O-Mo unit. The antisymmetric Mo=0 stretching
vibration of the [O=Mo-O-Mo=0] core appears at
960 cm™!.

/—@
. 74
2 Me;Sio N N + MoCl,0,(dme)
H
NEt, l

N
Me3SiO N, |0
&3l / Mo//\
N” | ~O
N
Me;SiO O 1a

Scheme 1.

o
PPh3 1a I
1a —— [ (NN)zMoO | > (NN}Mo-O-Mo(N'N);
-OPPh; 2a )

1a

2 PMes l -OPMes

Scheme 2.

Full reduction of 1a is achieved by using excess PMes in
THF at elevated temperature giving a green solution of the
highly air-sensitive PMes; complex 3a (Scheme 2). Coordi-
nation of PMes to Mo!V is shown by multinuclear two-di-
mensional NMR spectroscopy [(3'P) = 2.4; 2Jpy = 8.5 Hz
to methyl protons and *Jpy = 2.8, <2 Hz to protons H”’
and H7 of the chelate ligands; Figure 2] and LIFDI mass
spectrometry (m/z = 704, molecular ion peak!l). In the
NOESY spectrum NOE cross peaks are observed between
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Figure 1. 3'P{'H} NMR spectra of 1a and 1 equiv. PPh; at 25 °C.

methyl protons of the PMe; ligand and protons of both
chelate ligands (H>® and H!!") compatible with PMe; coor-
dination zrans to an imine nitrogen donor atom of one che-
late ligand and cis to the imine nitrogen of the other
(Scheme 2). Thus a second substrate can coordinate to mo-
lybdenum in the +1V state during OAT. Precedence for such
a behaviour was only recently reported using a bis(n>-
pyrazolate)MoQ, complex.l>4l
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Figure 2. 3'P NMR spectrum and simulation (top) and PH-COSY
spectrum of 3a (bottom).

Re-oxidation of 3a with DMSO as oxygen donor at
50 °C under single-turnover conditions yields dinuclear 2a
after 20 min and la after 24 h. Thus a full OAT cycle
[Equation (2)] from DMSO to PMe; has been accomplished
with complex 1a, however, with intermediate formation of
dinuclear 2a via comproportionation.

The reaction of 1a with excess PMe; in THF (Scheme 2)
was monitored UV-spectrophotometrically at 548 nm where
2a possesses an absorption maximum (n-t* transition). Nu-
merical simulation?>2%! of the data (Figure 3, top) yielded
rate constants k for the rate-determining step (attack of
PMe; at one oxido ligand of 1a) and equilibrium constants
K for the comproportionation [Equation (3)]. An Eyring
1021

www.eurjic.org



FULL PAPER

K. Heinze, A. Fischer

analysis yielded AH™ = 53kJmol! and AS™ =
~82 Jmol'K~! (Figure 3, bottom). The negative activation
entropy agrees with the associative transition state in the
bimolecular reaction between 1a and PMe;.*7!

A (548 nm)

0 25 50 75 100 125
t / min

R In(kh/ kgT) / J mol ™"
~230
~240
~240 4
~260 4

-270 4

280 . . r r ' 1
0.0029 0.0031 0.0033 0.0035
Tk

Figure 3. A vs. ¢ plot of the reaction of 1a and 100 eq PMes at
60 °C (top) and Eyring plot (bottom).

So far it has been shown that oxo transfer chemistry
(OAT) is possible with the system 1a/3a. However, all
attempts to observe mononuclear MoV species in homogen-
eous solution by EPR spectroscopy failed due to the high
stability of EPR-silent 2a towards disproportionation (K
= 5:107°) and hydrolysis. To suppress (or at least diminish)
formation of dinuclear species the doubly anchored ver-
sions of 1a/3a are investigated (Scheme 3).

The immobilised bis(chelate) complex 1b is prepared
analogously to 1a employing polymer-supported chelate li-
gands (Scheme 1 and Scheme 3; ligand loading 0.6—
0.8 mmolg! polymer; polymer = polystyrene/2% divinyl-
benzene).?” 321 The amount of molybdenum incorporated
by 1b is compatible with the required 2:1 ligand/metal stoi-
chiometry as shown by molybdenum uptake measure-
ments.[*3] Thus the molybdenum complexes are anchored to
the polymeric backbone by two attachment points which
should guarantee the desired site isolation effect (at least
1022
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Scheme 3.

for some sites within the polymer). Cleaving the Si—O bonds
of 1b with fluoride ions releases the hydroxy analogue of 1a
into solution confirming the correct formation of 1b.2732

PMe; is oxidised by 1b to OPMej as shown by 3'P{!H}
NMR spectroscopic analysis of the solution. The reduction
product of 1b is the immobilised PMe; complex 3b
(Scheme 3) characterised by its CP MAS 3'P{'H} NMR
signal at 6 = 2.4 which fits to that observed for the soluble
complex 3a (Figure 2 and Figure 4).

200 150 100 50 0 -50 -100 -150

&/ ppm

Figure 4. CP MAS 3'P{'H} NMR spectrum (4 kHz) of 3b (* de-
note rotational side bands).

The anchored MoY! and MoV complexes 1b and 3b were
subjected to one-electron reduction and oxidation, respec-
tively (CEPT chemistry). Reaction of 1b with cobaltocene
Co(CsHs),131 gave polymer 4b which is EPR-active. Aniso-
tropic EPR spectra (g; = 1.9544, g, = 1.9388, g3 = 1.9111;
1b and 3b are EPR-silent) both in the solid and the THF
gel-phase of the polymer are observed at room temperature
(Figure 5). We have previously shown that singly polymer
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attached Cu'" complexes give isotropic EPR spectra under
gel-phase conditions suggesting that a single-point attach-
ment allows for sufficient mobility.**! However, two-point
fixation seems to decrease the mobility of the anchored
complexes 4b resulting in anisotropic EPR spectra even in
the gel-phase at room temperature.[*3 In addition this find-
ing proves that the molybdenum species are still bound to
the support as otherwise isotropic signals for soluble species
would have been observed.

\ 4b (solid)

4b (simulation)
4b(THF)
5b (solid)

w
N 7b (solid)

210 205 200 195 180 185 1.80
g

Figure 5. EPR spectra of 4b-7b (295 K, 9.4 GHz).

All g-values observed for 4b are well below 2.0 typical
for MoV species with non-thiolate donor atoms. Further
confirmation of mononuclear MoV present is provided by
using **Mo-enriched precursors (98 %; I = °/,). The isotopi-
cally enriched polymer 4b displays characteristic anisotropic
hyperfine coupling to the >>Mo nucleus in the EPR spec-
trum (Figure 5). Upon one-electron reduction of 1b an an-
ionic dioxido-MoV species should be formed initially. For
[MoO,(NCS)Tp*] an anisotropic spectrum (g-values of
1.9939, 1.9277, 1.8350) is observed at 77 K, while the corre-
sponding protonated complex MoO(OH)(NCS)Tp* dis-
plays signals at g = 1.966, 1.944 and 1.922 much more sim-
ilar to the values observed for 4b.2!l Addition of a proton
source (HBF,) to the reduced polymer 4b had no influence
on the EPR spectrum, suggesting that 4b has already cap-
tured a proton. However, if protonation to the hydroxo
complex occurred during reduction split signals due to
coupling to the hydroxo proton are expected which is not
observed for 4b.2! The protonation state of 4b remains am-
biguous at the moment.

One-electron oxidation of the anchored MoV complex
3b with [Fe(CsHs),][PF¢]3! yields polymer 5b. Again >> Mo
labelling proves the presence of MoV species.?’) The EPR
pattern of 5b differs from that of 4b as additional coupling
to an I = !/, nucleus is observed (g; = 1.9812, g, = 1.9528,
g3 = 1.9415; A, = 23 G, 4, = 27 G, 45 = 23 G; Figure 5).
Thus it is suggested that PMes (*'P: I = !/,) is still bound
to molybdenum in the +V state. PMe; coordinated to MoV
should only be weakly bound so that ligand displacement
reactions should be possible.
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© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Indeed, reaction of 4b with water displaces the phos-
phane and generates the MoV-containing polymer 6b. The
EPR spectrum of 6b could only be reasonably simulated
with two equivalent I = '/, nuclei present (g; = 1.9868, g>
=1.9624, g5 = 1.9440; A, =30 G, 4, =7 G, 45 = 28 G;
Figure 5).>31 We tentatively assign these nuclei to two pro-
tons of a coordinated water molecule (or less likely to two
hydroxo ligands). Substitution of PMe; is also possible with
chloride ions ([nBuyN]Cl) giving polymer 7b. The EPR
spectrum of 7b can be simulated with coupling to one Cl
nucleus (3>37Cl: I = 3/,; g; = 1.9680, g, = 1.9522, g5 =
1.9362; 4, =7 G, 4> = 10 G, A5 = 8 G; Figure 5).5 Thus
different ligands (substrate, water, chloride) can occupy the
free coordination site at MoV as suggested by the different
EPR spectra — similar to the situation assumed in molybde-
num enzymes.”! Remarkably, no evidence for leaching was
observed during all these operations (reduction, oxidation,
ligand exchange).

A full catalytic cycle (OAT and CEPT) involving PMes
as oxygen acceptor, [Fe(AcCsHy),][BF,4] as one-electron oxi-
dant,[33 water as oxygen donor and phosphazene base P;-
tBul®¥las proton acceptoris finally attempted. [Fe(AcCsH,),]-
[BF,4] is employed instead of [Fe(CsHs),|[BF,4] because of
its higher oxidation potential.*3! A suggested mechanism is
depicted in Scheme 4. In fact, under these conditions 1b
catalysed the production of 25 equiv. OPMe; from PMes,
water and oxidant within 48 h as shown by 3'P{'H} NMR
spectroscopy (Figure 6). With '80-enriched water the label
is incorporated into OPMe; as shown by mass spectromet-
ric analysis. This proves that water is the source of the oxy-
gen atom in the phosphane oxide product as required
[Equation (1)].23

MoO (NN 5 by

1b
OPMeg

MoO(PMe3)(N'N),
3b

[Fe(AcCsHa).]

(C]
[Fe(AcCsHa)2]

MoO,(NN),1”

® ®
2 [P-tBu-H] '/CFe(ACCSH4)2]
2P-Bu [Fe(AcCsHa)sl
MoOHOINNLI® (Moo PMes) (NN}, ®

sbv i

PMe; H,0

Scheme 4.

Although the present system definitely does not repre-
sent a structural model (Mo enzymes prefer sulfur coordi-
nation!®) it is a truly functional model providing evidence
for all biologically realistic mononuclear intermediates,
namely MoV!, MoV and Mo!V species. Dinucleation to
EPR-silent [MoY,05] species prevailing in homogeneous
solution and inhibiting CEPT chemistry is largely sup-
pressed when the active species are doubly bound to a poly-
meric support. Double anchoring of active pre-catalysts to
polymeric matrices with the aim to detect reactive interme-
1023
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Figure 6. Selected 3'P{'"H} NMR spectra during catalysis.

diates of catalytic cycles will be further developed in our
laboratories.

Experimental Section

Unless noted otherwise, all manipulations were carried out under
anaerobic conditions by means of standard Schlenk techniques. For
the solid-phase reactions a flask with a nitrogen inlet and a fritted
glass filter with large pores that allows addition and removal of
reagents and solvents without exposure of the resin to the atmo-
sphere was used. All solvents were dried by standard methods and
distilled under anaerobic conditions prior to use.

NMR: Bruker Avance DPX 200 at 200.15 MHz and Varian Unity
Plus 400 at 399.89 MHz ('H); chemical shifts (5) in ppm with re-
spect to residual solvent peaks as internal standard: [D]sTHF ('H:
6 =1.73,3.58; 13C: 6 = 25.5, 67.7) or with respect to external 85%
H;PO, (*'P: 6 = 0 ppm). CP MAS NMR: Bruker Avance 400 NMR
with a 4 mm MAS probe head. IR: BioRad Excalibur FTS 3000
spectrometer using Csl disks. EI-MS, FAB-MS: Finnigan MAT
8400 spectrometer. — LIFDI-MS: JEOL JMS-700 double-focusing
magnetic sector mass spectrometer.’” UV/Vis: Perkin—Elmer
Lambda 19, 0.2-cm cells (Hellma, suprasil). — Melting points: Gal-
lenkamp capillary melting point apparatus MFB 595 010. — Ele-
mental analyses: Microanalytical Laboratory of the Organic Chem-
istry Department, University of Heidelberg. — EPR: Bruker
ELEXSYS E500 spectrometer (X-band). Xsophe, version 1.0.23
was used for simulation of the spectra using the following para-
meters: isotope **Mo (I = 0; 100%), 3'P, 'H, 3>37Cl natural isotope
distribution; g- and A-strain Gaussian line shape model; matrix
diagonalisation; 25 theta orientations; 5 field segments; orthorhom-
bic symmetry. No attempts have been made for simulation of **Mo
spectra or *>Mo satellites.

Synthesis of 1a: The ligand (1.67 g, 6.5 mmol) dissolved in THF
(10 mL) was added to a suspension of MoCl,O,(dme) (0.94 g,
3.24 mmol) in THF (40 mL) and triethylamine (0.9 mL, 6.5 mmol)
was added. The red mixture was stirred at 25 °C for 1 h and heated
under reflux for 2 h. After cooling to room temperature the mixture
was filtered and the solvent was removed in vacuo. Toluene (40 mL)
was added, covered with hexanes and the solution was cooled to
4 °C. The red precipitate was collected by filtration and dried. Yield
55% (2.31 g, 3.6 mmol); m.p. 168 °C; calcd. for CosH34MoN,40O,4Si,
(642.7) C 52.33, H 5.33, N 8.72; found C 52.55, H 5.40, N 8.74.
MS (EI): m/z (%) = 644 (98) [M]*, 387 (11) [M — C4H;N,OSi]*,
257 (100) [C14H,7N,0Si]. HR-MS (EI): caled. for Mo 644.1177,

1024
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found 644.1217; caled. for *°Mo 642.1176, found 642.1129; caled.
for Mo 641.1181, found 641.1144. IR (Csl): ¥ = 2961 cm™! (w),
1605 (m), 1585 (s), 1526 (m), 1499 (m), 1251 (s, C-O), 930 (m,
Mo=0), 902cm™' (m, Mo=0). UV (THF): An.« = 303nm
(43260 M'em™!), 440 nm (6130 M'cm ). 'H NMR ([Dg]THF): &
=794 (s, 1 H, H"), 725 (s, 1 H, br. s, H'!), 6.97 (d, 2 H, 3J =
8.5 Hz, H>9), 6.60 (d, 2 H, 3J = 8.5 Hz, H3), 6.39 (dvd, 1 H, 3J =
3.4 Hz, 1.0 Hz, H®), 6.11 (dvd, 1 H, 3J = 3.4 Hz, 2.4 Hz, H'?), 0.23
(s, 9 H, CH,); 3C{'H} NMR ([DgJTHF): 6 = 158.1 (s, C7), 153.8
(s, C%), 148.6 (s, C), 142.9 (s, C'1), 139.4 (s, C8), 123.1 (s, C25),
120.3 (s, C35), 119.6 (s, C°), 114.8 (s, C'9), —0.35 (s, CHs); assign-
ments are based on 2D NMR spectra.

o 10
3 2 7 8 / |
4 1 /7 11
Me;Sio N N
5 6

Synthesis of 2a: Complex 1a (0.643 g, 1 mmol) was dissolved in
THF (20 mL) and PMe; (1M in THE, 0.6 mL, 0.6 mmol) was
added. The reaction mixture was maintained at 50 °C for 12 h. The
solvent was removed in vacuo and the residue was washed with
diethyl ether giving a brown product. Yield 95% (0.60 g,
0.48 mmol). MS (FAB): m/z (%) = 1268 (3) [M]*, 1011 (2) [M —
C H;N,OSi]*, 628 (72) [M — CyH3sMoN40O,4Si,]". HR-MS
(FAB): calcd. for *Mo/**Mo 1272.2396, found 1272.2418; calcd.
for *°Mo/**Mo 1270.2389, found 1270.2380; calcd. for *°Mo/*°Mo
1268.2414, found 1268.2393. IR (Csl): ¥ = 2960 cm ™! (w), 1604 (s),
1581 (s), 1509 (s), 1493 (s), 1253 (s, C-0), 960 cm™! (m, Mo=0).
UV (THF): Amax = 300 (81850 M 'em™'), 468 (20990 m'cm 1)
548 nm (11150 m'em™). '"H NMR ([Dg]THF): 6 = 7.86 (s, 1 H,
H7), 7.73 (s, 1 H, H”), 7.63 (br. s, 1 H, H'"), 7.12 (d, 2 H, 3J =
8.5 Hz, H*%), 6.98 (d, 2 H, 3J = 8.5 Hz, H>®), 6.59 (d, 2 H, 3J =
8.5 Hz, H33), 6.54 (d, 2 H, 3J = 8.5 Hz, H¥*), 6.43 (d, 1 H, 3J =
3.1 Hz, H%), 6.37 (d, 1 H, 3J = 3.1 Hz, H°), 6.32 (dvd, 1 H, H!?),
6.08 (br. s, 1 H, H'"), 5.80 (dvd, 1 H, H'?), 0.21 (s, 9 H, CHj3), 0.20
(s, 9 H, CH3); assignments are based on 2D NMR spectra; low
solubility prevented acquisition of '3C NMR spectroscopic data.

Synthesis of 3a: Complex 1a (0.643 g, 1 mmol) was dissolved in
THF (20 mL) and PMe; (1 m in THF, 2 mL, 2 mmol) was added.
The reaction mixture was maintained at 50 °C for 12 h. The solvent
was removed in vacuo and the residue was washed with diethyl
ether giving a green product. Yield 80% (0.562 g, 0.80 mmol);
LIFDI-MS: m/z (%) = 704 (100) [M]*, 627 (30) [M — PMe;]*. IR
(CsI): ¥ = 2961 cm™! (w), 2906 (w), 1604 (m), 1572 (s), 1506 (vs),
1266 (vs, C-0), 1253 (vs, C-0), 954 cm™! (m, Mo=0). UV (THF):
Jmax = 294 (26090 M 'cm™!), 345 (27970 M 'em'), 410 nm (sh,
9060 M em™), 478 (sh, 3170 M 'em™), 629 (1050 m'em ™). 'H
NMR ([Dg]THF): 6 = 7.98 (d, 1 H, *Jpy = 2.8 Hz, HY), 7.61 (br.
s, 1 H, H'Y), 7.50 (br. s, 1 H, H”), 7.22 (d, 2 H, 3J = 8.8 Hz, H*?),
7.00 (d, 1 H, 3J = 3.4 Hz, H°), 6.73 (d, 2 H, 3J = 8.8 Hz, H>),
6.57 (s, 4 H, H>-*>¥>"), 6.49 (dvd, 1 H, H!), 6.30 (d, 1 H, 3J =
3.4 Hz, H”), 5.80 (br. s, 1 H, H'"), 5.78 (dvd, 1 H, H'?"), 1.29 (d,
9 H, 2Jpy = 8.5 Hz, PMej3), 0.29 (s, 9 H, CHj3), 0.24 (s, 9 H, CHj);
3C{'H} NMR ([Dg]THF): 6 = 158.0 (s, C7), 150.6 (s, C”), 147.3
(s, C'), 137.8 (s, C'""), 158.0 (s, C7), 125.0 (s, C>), 124.1 (s, C*""),
120.3 (s, C+%), 119.9 (s, C%9), 118.9 (s, C°), 115.2 (s, C*), 114.5 (s,
C19), 113.1 (s, C'?"), 16.2 (d, 'Jpc = 23.3 Hz, PCH3), 0.40 (s, CH3),
0.39 (s, CH;); assignments are based on 2D NMR spectra; low
solubility prevented observation of C', C* C8; 3'P{'H} NMR
([Dg]THF): 6 = 2.41 (s). *'P NMR ([Dg]THF): 6 = 2.41 (m, 2Jpy
= 8.5 Hz, *Jpy = 2.8 Hz).
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Determination of Activation Parameters for OAT between la and
PMe;: In a typical experiment a UV cell containing a known
amount of 1a in THF was thermostatted at the desired temperature
and 100 eq PMes (1 M in THF) were added. The time dependence
of the absorbance was measured at 548 nm.

Synthesis of 1b: The immobilised ligand (1.0 g, 0.8 mmol) was sus-
pended in THF (30 mL) and MoCl,O,(dme) (116 mg, 0.4 mmol)
was added as a solid. After 10 min triethylamine (0.28 mL, 2 mol)
was added. The suspension was stirred at 25 °C for 1 h and heated
under reflux for 2 h. After cooling to room temperature the mixture
was filtered and washed successively with THF and diethyl ether
giving a bright red resin. The isotopically enriched samples were
prepared starting from *>MoO; (98% **Mo) via Na,”’MoO,4 and
9SMoCl,0,(dme).

Determination of Mo Uptake: 1.0 g (0.80 mmol) of immobilised li-
gand was treated as above with MoCl,0,(dme) (103.8 mg,
0.36 mmol). All washing solutions were collected, evaporated to
dryness and dissolved in ethanol (50 mL). 4 mL of this solution
were treated with a 3.3-10 M solution of 5,7-dibromo-8-hydroxy-
quinoline (1 mL), 0.5M H>SO,4 (1 mL) and ethanol (4 mL). The
solution was diluted with H,O to 10 mL. Absorbance was mea-
sured at 400 nm and molybdenum content was determined using a
calibration graph.?*! 4(400 nm) = 1.432122 corresponds to 32.1 mg
(0.11 mmol) MoCl,O,(dme), i.e. 0.25 mmol molybdenum was im-
mobilised onto the polymer.[**]

Cleavage with [nBuyN|F: To resin 1b (500 mg, 0.13 mmol Mo) sus-
pended in THF (10 mL) was added [nBuyN]F-3H,O (107 mg,
0.34 mol) dissolved in THF (10 mL). The solution immediately be-
came coloured. The solution was collected by filtration and the
solvents evaporated to dryness. The residue was washed with di-
ethyl ether (to remove ammonium salts and free ligand) giving a
red product. '"H NMR ([Dg]THF): § = 11.0 (br. s, 1 H, OH), 8.05
(s, 1 H, H7), 7.13 (s, 1 H, br. s, H'!), 7.10 (d, 2 H, 3J = 8.5 Hz,
H29), 6.66 (d, 2 H, 3J = 8.5 Hz, H3%), 6.45 (d, 1 H, 3J = 2.5 Hz,
H°), 6.15 (pt, 1 H, H'?).

Synthesis of 3b: To resin 1b (300 mg, 0.08 mmol Mo) suspended in
THF (10 mL) was added PMe; (1 M in THF, 0.2 mL, 0.2 mmol)
and the mixture was held at 40 °C for 4 h. The OPMe; formed was
detected by *'P NMR spectroscopy. The resulting resin was washed
with THF and diethyl ether giving a dark coloured resin. 3'P{'H}
CP-MAS NMR: § = 2.4.

Reduction of 1b with Co(CsHs),: To resin 1b (300 mg, 0.08 mmol
Mo) suspended in THF (10 mL) was added Co(CsHs), (19 mg,
0.1 mmol) and the mixture was held at 40 °C for 5 h. The resulting
resin was washed with THF and diethyl ether giving a dark col-
oured resin 4b. EPR (solid, 295 K): g, = 1.9544, g, = 1.9388, g3 =
1.9111.

Oxidation of 3b with [Fe(CsHs),|[BF4: To resin 3b (300 mg,
0.08 mmol Mo) suspended in THF (10 mL) was added [Fe(CsHs),]-
[PFq] (33 mg, 0.1 mmol) and the mixture was held at 40 °C for
5h. The resulting resin was washed with THF and diethyl ether
giving a dark coloured resin 5b. EPR (solid, 295 K): g, = 1.9812,
2> = 1.9528, g3 = 1.9415; 4,(*'P) = 23 G, A,(3'P) = 27 G, 45(’'P)
=23G

Reaction of 5b with H,O: To resin 5b (300 mg, 0.08 mmol Mo) sus-
pended in THF (10 mL) was added H,O (0.1 mL, 5.6 mmol) and
the mixture was held at 25°C for 18 h. The resulting resin was
washed with THF and diethyl ether giving a dark coloured resin
6b. EPR (solid, 295 K): g, = 1.9868, g, = 1.9624, g; = 1.9440;
A1(2XH) =30 G, 4,2%'H) =7 G, 432 % 'H) =28 G.
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Reaction of 5b with [#BusN]Cl: To resin 5b (80 mg, 0.02 mmol Mo)
suspended in THF (5 mL) was added [#BuyN]CI (28 mg, 0.1 mmol)
and the mixture was held at 25 °C for 18 h. The resulting resin was
washed with THF and diethyl ether giving a dark coloured resin
7b. EPR (solid, 295K): g, = 1.9680, g, = 1.9522, g; = 1.9362;
A,(33Cl) =7 G, A,(3337Cl) = 10 G, 45(3>37Cl) = 8 G.I*)

Catalytic Experiments with 1b: To resin 1b (50 mg, 0.013 mmol Mo)
suspended in THF/CH;CN (5 mL, 1 mL) was added PMe; (1 M in
THE, 1 mL, 1 mmol), P;-#Bu (0.5 mL, 2 mmol), H,O (0.030 mL,
1.6 mmol) and [Fe(AcCsH,),][BF,] (714 mg, 2 mmol) and the mix-
ture was held at 35 °C. 3'P{'"H} NMR spectra of the solution indi-
cated selective formation of OPMe;. The '"H NMR spectrum of the
solution after 126 h displays signals for OPMe; (0 = 1.35 ppm, d,
2Jpu = 13.1 Hz), residual PMe; (6 = 0.90 ppm, d, 2Jpy = 2.2 Hz),
P-tBu (0 = 2.63, 2.59, 1.17 ppm), H,O (6 = 2.80 ppm) and
Fe(AcCsHy), (6 = 4.71, 4.46, 2.22 ppm).

The EI mass spectra of the dried residue show signals for
Fe(AcCsHy), (m/z = 270, 255, 227, 199, 163), P\-1Bu (m/z = 234,
219) and OPMe; (m/z = 92, 77). Using '30-labeled water (95%
180) the EI mass spectra display peaks for 'SOPMes (m/z = 94, 79).
Additionally the mass spectra indicate incorporation of the 80
label into Fe(AcCsHy), (m/z = 272 [single '80; 36.10%)], 274
[double '#0, 6.1%]), probably by hydrating the ketone groups and
dehydrating the geminal diol. This reduces the fraction of H,'%0O
present during catalysis from 95% to 40 = 12% as calculated from
the amount of '°0 released from Fe(AcCsH,),, the amount of 1°O
present in the catalyst and in the water employed. The fraction
of '80OPMej; was calculated as 33.1% from the mass spectroscopic
analysis agreeing within error with the expected value.

Supporting Information (see also the footnote on the first page of
this article): The Supporting Information contains the LIFDI-MS
spectrum of 3a and molecular ion peak, the UV/Vis absorption
spectra of 1a and 100 eq PMe; at 60 °C, the calibration graph for
Mo uptake, the EPR spectrum of 5b at 295 K and simulation, the
EPR spectrum of 6b at 295 K and simulation, the EPR spectrum
of 7b at 295 K and simulation, the conversion vs. time plot, the 'H
NMR spectrum after 126 h and the partial EI mass spectra of the
reaction products.
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