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Oxo transfer reactions from [MoO,(mnt),]*” [mnt*~ = 2,3-disulfanylmaleonitrile dianion (1,2-dicyanoethylene-
dithiolate)] to the abiological oxygen acceptors PPh,_ Et, (x = 0-3) have been studied spectrophotometrically in
acetonitrile. The pseudo-first-order rate constants depend linearly on the concentration of the oxo acceptors. The
sequence of reactivity is PEt; > PEt,Ph > PEtPh, > PPh;, reflecting the basicities of the phosphines, while the
steric influence of the substituents on the phosphorus atom appears to be of minor importance. The activation
entropies for the reaction with PEt; and PPh, are negative. These observations are in agreement with the proposal
that in the intermediate the entering phosphine binds to the molybdenum complex through the oxygen ligand.
Oxidation of HSO;~ by [MoO,(mnt),]*” has also been studied in acetonitrile and in acetonitrile—water mixtures.
The reaction exhibits Michaelis—Menten behaviour. In CH;CN-H,O0, the rate of the reaction increases as the
water concentration decreases; the reacting species appears to be a product from the reaction of the molybdenum

starting complex with water.

Molybdenum-containing oxotransferase enzymes, such as
dmso reductase (dmso = dimethyl sulfoxide),' nitrate reduct-
ase,” xanthine oxidase® and sulfite oxidase,* catalyse oxygen
atom transfer to/from biological substrates.’ The active sites of
these enzymes contain a dissociable cofactor known as Moco.
Evidence shows that in the oxidized form this cofactor consists
of a cis-molybdenum(vr) dioxo (or, in the case of xanthine oxi-
dase, molybdenum oxo/sulfido) moiety that is bound to one’
or two® pterins [pterin = 2-amino-4(1H)-pteridinone]. The
pterin(s) is (are) ligated to the metal through a dithiolene
moiety. Model studies® and 'O labeling experiments ° indicate
that the oxygen-atom transfer is mediated by the transition-
metal-containing cofactor in accordance with equation (1)

Mov'0,L, + X == Mo'YOL, + XO (1)

where X = arbitrary substrate and L = ligand(s). Hyperthermo-
philic bacteria contain related tungsten enzymes with similar
metal-oxo/pterin cofactors.!! Recent crystallographic work has
established the structures of three oxotransferase enzymes, the
molybdenum-containing aldehyde oxidoreductase from Desul-
fovibrio gigas” and dmso reductase' from Rhodobacter sphaer-
oides as well as the tungsten-containing aldehyde ferredoxin
oxidoreductase (AOR) from Pyrococcus furiosus.'* These pro-
tein structures show that the pterin ligands are in the closed
rather than the postulated open form in all three enzymes, i.e.
the pterin dithiolene moiety is a part of a dihydropyran ring®
(Fig. 1). Furthermore, in two of the enzymes, dmso reductase
and the P, furiosus AOR, the metal is ligated by two pterins; it
was previously thought that the metals were ligated by only one
pterin in Mo/W oxotransferase enzymes. The crystal structure
of another molybdenum-—pterin cofactor-containing enzyme,
formate dehydrogenase H, also shows co-ordination of two
pterins to one molybdenum atom."?

The complexes [MO,(bdt),]’” ! and [MO,(mnt),]*” ¢!

+ Based on the presentation given at Dalton Discussion No. 2, 2nd-5th
September 1997, University of East Anglia, UK.

Supplementary data available (No. SUP 57276, 4 pp.): primary data for
the kinetics studies including lists of observed rate constants for the
reaction between phosphines and [MoO,(mnt),]*” 1 in acetonitrile at
298.2 K, the temperature dependence of the observed rate constants for
the reaction of phosphines with 1 in acetonitrile and related Eyring
plots. See Instructions for Authors, J. Chem. Soc., Dalton Trans., 1997.
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Fig.1 Possible structural formula of the tungsten cofactor of aldehyde
ferrodoxin oxidoreductase (AOR) from Pyrococcus furiosus (cf. refs. 6
and 12)

[M=Mo or W; bdt>” =benzenedithiolate, mnt*~=2,3-disulf-
anylmaleonitrile dianion (1,2-dicyanoethylenedithiolate)] con-
stitute reasonable structural models for the active site of dmso
reductase and P. furiosus AOR, and also serve as functional
models for oxotransferase enzymes. It has been found that
[MoO,(mnt),]*” 1 is capable of oxidizing hydrogensulfite to
HSO,", a reaction directly relevant to the function of sulfite
oxidase; !¢ this reaction has been shown to exhibit a kinetic
behaviour similar to the Michaelis-Menten scheme.'” We were
interested in exploring whether such kinetic behaviour can be
observed when 1 is treated with other oxygen acceptors. Here,
we wish to report an investigation of the kinetics of the reac-
tions between 1 and the abiological oxygen acceptors PPh;_ Et,
(x = 0-3) at variable temperature, and a correlation of observed
reaction rates with the basicities of the phosphines. Further-
more, a thorough investigation of the above-mentioned oxid-
ation of hydrogen sulfite by [MoO,(mnt),]*~ 1 in acetonitrile
and in acetonitrile-water mixtures is presented.

Experimental
Compounds and solvents

The disodium salt of the 1,2-dicyanoethylenedithiolate ligand,
Na,mnt, and the tetrabutylammonium salts of the molyb-
denum(vi) and tungsten(vi) complexes [NBu",],[MoO,(mnt),] 1
and [NBu",[WO,(mnt),] 2, were prepared by published
methods.’®” The complexes were identified by UV/VIS
spectrophotometry and IR spectroscopy and their purity was
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established by *C NMR and fast atom bombardment (FAB)
mass spectrometry; the spectroscopic data were in agreement
with published values.'®!” In the course of the recrystallization
of 1, we observed the formation of an orange decomposition
product of formula [NBu®,],[(NC)C(S)C(CN)-S-S-C(CN)C-
(S)(CN)] which was identified by FAB mass spectrometry and
X-ray crystallography. Triphenylphosphine (Acros), triethyl-
phosphine (Aldrich), diethylphenylphosphine (Strem), and
ethyldiphenylphosphine (Strem) were used as received; HPLC-
grade acetonitrile (Lab-Scan) was distilled over CaH, under
nitrogen, and stored under dinitrogen over molecular sieves
(4 A) in an MBraun 150 G-I dry atmosphere box. Water was
doubly distilled from quartz. All experiments were performed
with freshly degassed solvents.

Synthesis of [NBu",JJHSO;]

The salt [NBu",][HSO,] was prepared using a column (30 x 10
cm) filled with ion-exchange resin (Dowex 50 Wx 8, 20-50
mesh, H* form). The column was saturated with NBu"," using
an aqueous solution of the bromide salt. It was carefully
washed with distilled water, whereafter a solution of NaHSO,
(2 g) in water was added. The resulting aqueous solution was
collected and evaporated to dryness and extracted with hot
methanol. The methanol solution was evaporated to dryness
giving a colourless oil, which was dried under vacuum at 110 °C
for 24 h; the oil solidifies at lower temperature. The total yield
of [NBu",JJ[HSO;] was 5.5 g (90%). The purity of the product
was checked by titration with I, and elemental analysis. In the
titration, [NBu",J[HSO;] was treated with an excess of I,, and
the unreacted I, was titrated with Na,S,0;. The purity was
found to be better than 95%. IR (KBr, liquid film, cm™): 1469,
1381, 1262, 1229, 1056, 1010, 955, 885, 801, 734, 620, 563,
529 and 426. FAB™ and positive-ion electron impact mass
spectra (EI): m/z 242 (Bu",N¥); FAB™ and EI” mass spectra: m/z
80 and 81 (SO,* and HSO;") (Found: C, 59.50; H, 11.42; N,
4.28; S, 9.82. Calc. for C,4H3;NO;S: C, 59.40; H, 11.53; N, 4.33;
S, 9.91%)).

Kinetics measurements

Oxidation of phosphines and hydrogensulfite by complex 1 in
acetonitrile. Reactions were initiated by mixing equal volumes
(1 cm®) of the pre-thermostatted Mo complex and ligand solu-
tions in a tandem cuvette. All solutions were prepared and the
cuvette was filled under strictly anaerobic conditions in an
MBraun dry atmosphere box and all measurements were made
under dinitrogen. The cuvette was located in the thermostatted
compartment of the spectrophotometer for 10 min before mix-
ing to reach temperature equilibrium. The UV/VIS spectra and
kinetics were recorded by use of a Milton Roy 3000 diode array
spectrophotometer. Spectra are given in Figs. 2 and 7. Reac-
tions were monitored at 365, 425 and 520 nm. The oxo transfer
reaction from 1 to the phosphines PPh;_ Et, (x = 0-3) or to hy-
drogensulfite in acetonitrile were investigated at 25.0 °C under
pseudo-first-order conditions with excess phosphine/sulfite. For
the phosphines PPh; and PEt;, the temperature-dependence of
the oxo transfer reaction rates was also examined. The initial
concentrations after mixing were: [1],=10"" and [PR;], = 100
to 2.5 mmol dm 3 for the kinetics studies involving phosphines,
and [1],= 5 % 1072 and [HSO; ], = 50 to 0.5 mmol dm* for the
studies in which hydrogensulfite was used as an oxo acceptor.

Oxidation of hydrogensulfite by complex 1 in acetonitrile—
water mixtures. The kinetics of oxidation of HSO;™ to HSO,™
in acetonitrile-water mixtures and the time-resolved spectral
changes were followed by an Applied Photophysics Bio-
Sequential SX-17 MX stopped-flow ASVD spectrofluorimeter.
The reactions with sodium hydrogensulfite were initiated by
mixing equal volumes of the molybdenum complex and
NaHSO; solutions directly in the stopped-flow instrument. The
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Scheme 1 Proposed mechanism for the oxidation of phosphmes by
complex 1 (cf. ref. 22)

molybdenum complex was dissolved in freshly distilled
acetonitrile, while the sulfite was dissolved in water only or in a
mixture of acetonitrile-water in different ratios (1:1, 3:1 or
16:9, v:v) with resultant measured pH values varying from 4.26
to 5.80. The spectral variation shows well defined isosbestic
points at 355 and 375 nm. The kinetics were followed at 365,
425 and 540 nm.

Reaction between water and complex 1 in acetonitrile. The
measurements of the kinetics for these reactions were per-
formed in acetonitrile solutions using [1],= 10"! and [H,0], =
8.33 to 27.8 mol dm 3. All the experiments were performed as
the kinetic runs for the oxo transfer reactions with phosphines
and sulfite in pure acetonitrile.

Calculations

For an excess of the oxo acceptor, the kinetics could be
described by a single exponential according to equation (2),

(A= A)/(Ay — A,)=e " (2)

where A4 denotes absorbance. Pseudo-first-order constants were
evaluated by a least-squares fit of equation (2) to the experi-
mental data using the PRO FIT 5.0, KALEIDAGRAPH or
Applied Photophysics software packages.”® Rate constants are
reported as an average of observed rate constants at three dif-
ferent wavelengths. Activation parameters were derived from
experiments between 291.2 and 329.3 K by use of the Eyring
equation.

Results and Discussion

Previous studies®?' of oxo transfer from molybdenum dioxo

complexes to substrates are consistent with mechanisms involv-
ing attack of the relevant substrate on the molybdenum com-
plex followed by electron/oxygen-atom transfer, i.e. a reductive
elimination reaction. It has been proposed** that the initial
step of such oxo transfers to phosphines involves a direct attack
of the phosphine at one of the oxo ligands with concerted two-
electron transfer to the molybdenum centre to form a transient
intermediate, as depicted in Scheme 1. Both the rate of form-
ation of the transient intermediate as well as the final products
should be dependent on the oxophilicity of the substrate (and
the oxygen donor); the oxophilicity is related to the polariz-
ability and relative basicity of the oxo acceptor. In order to
investigate a possible dependence on the relative basicity of the
substrate, we have studied the kinetics of oxidation of a range
of phosphines with varying basicities.

Oxidation of phosphines by [MoO,(mnt),]*~ 1

A representative plot of the variation of the UV/VIS spectrum
during the reaction of 1 with PPh; is shown in Fig. 2. The
averaged values of the observed rate constants are linearly
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Table 1 Rate constants and activation parameters for the k, pathway, and phosphine electronic and steric parameters for reactions of

[NBu",],[M00O,(mnt),] 1 with phosphines in acetonitrile at 298.2 K

10%,/s7! ky/dm® mol ' s7! AH*kJ mol™ ASHI K ' mol™! x*lem™! 0*/°
PEt, 4842 0.109 + 0.005 62+ 6 —56 =20 6.30 132
PPhEt, 1.23+0.3 0.0784 £ 0.0005 9.30 136
PPh,Et 742+ 1 0.0614 £ 0.003 11.30 140
PPh, 4.20 £ 0.6 0.0559 £ 0.001 4514 —119+ 10 13.25 145
* Ref. 23.
1.2 T . T @

Absorbance
=}
0

N
=~

Wavelength / nm

Fig. 2 The UV/VIS absorption spectra of 1 (——-) and spectral vari-
ation for the oxo transfer reaction from complex 1 to PPh; ( ) in
acetonitrile. Conditions: [1]=10"% [PPh,]=10"! mol dm™3, 25°C.
Time between scans 60 s, first scan obtained ca. 10 s after mixing
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Fig. 3 Pseudo-first-order rate constants, k., as a function of phos-

phine concentration [X] for the reaction of complex 1 with PPh; Et,
(x =0-3) in acetonitrile

dependent on the relevant phosphine concentrations according
to equation (3) with an intercept k, of ca. 4.4 x 107*s™! (Fig. 3).

kobs = kl + k2[PR3] (3)

Saturation kinetics could not be observed at high phosphine
concentrations. The observed pseudo-first-order rate constants
are independent of the concentration of complex 1. Table 1
contains the derived rate constants, k, and k,, as well as acti-
vation parameters for the reactions of 1 with PPh,_ Et, (x=
0-3). The variation of k, is relatively small but does nevertheless
show a trend towards higher rates of oxo transfer with increas-
ing basicity of phosphines. Rate constants for the reaction

logk,
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Fig. 4 (a) Correlation between log k, for the reaction of phosphines
with complex 1 and the electronic parameter y (cf- ref. 23); (b) steric
profile for the same reaction, 0 denoting the phosphine cone angle

with various phosphorus-donor nucleophiles may be resolved
in stereoelectronic factors by use of equation (4) where y is a

loghk,=a + By + v0 4)

measure of the relative ¢ donor capability, 0 is the relevant
phosphine cone angle, o is the intrinsic reactivity of the com-
plex, and the terms Py and y0 are the electronic and steric con-
tributions to the reactivity, respectively.?** A plot of log k, vs. y
is shown in Fig. 4 together with a plot of log k, — Py vs. 6.
These data give o.=—0.699 + 0.04, f=—0.043 = 0.004 while
v is 0 (within experimental errors).i Solubility problems have
prevented us from using more sterically hindered phosphines
as oxo acceptors. Although the range of cone angles used in
these experiments is admittedly relatively narrow (132-145°),
the low values for y indicate that steric factors (the phosphine
cone angles) play a small role in these reactions. This is an
expected result if the reactions proceed via phosphine attack on
an oxo ligand; while there may be steric interactions between

1 Comparable results are obtained (f=—0.050%0.007 and y=
—0.0002 + 0.003) if the pK,, which is directly related to the Bronsted
basicity, is used as a measure of the ligand basicity.
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Table 2 Observed and derived rate constants for the reaction between hydrogensulfite and [NBu",],[M0oO,(mnt),] 1 in acetonitrile-water mixtures

at 298.2 K
[HSO, J/mu 10% ¥/ 7! kyfs™! 10°Ky/m
CH,CN-H,O (1:1, v/v) 2.50 691 +0.1 1.02 £ 0.07 3.89£0.5
3.75 9.19%0.5
5.00 11.1£0.9
7.50 20.6 £ 0.5
10.0 224108
15.0 29.9+0.9
20.0 325%1
25.0 36.1+0.4
40.0 535+%2
50.0 54.5%0.5
75.0 69.4+ 1
CH,;CN-H,0 (16:9, v/v) 2.5 2992 1.05 £ 0.05 0.649 £ 0.9
3.75 39.8£0.9
5.00 5091
12.5 65.1+2
15.0 69.9+2
18.8 73.5%+2
37.5 90.3+1
40.0 959%3
CH,CN-H,0 (3:1, v/v) 2.5 39.3+3 1.19 £ 0.03 0.476 £ 0.9
3.75 542+5
5.00 6235
7.5 704 %3
10.0 79.8 0.7
20.0 96.5+ 0.8
25.0 99.6 5
* Standard deviations (o) are given.
ke trations is shown in Fig. 5. A rate equation in accordance with
[MoV'Oa(mnt)o]>~ + HSO3~ [MoO2(HSOg)(mnt)]*~ Scheme 2 has been fitted to the experimental data. The values
- . for k, (1.02£0.07) s' and K,; (0.039 £0.005) M for a 1:1
2

[MoVO(mnt),]2~ + HSO4~

Scheme 2 Proposed mechanism for the oxidation of hydrogensulfite
by complex 1 (cf. ref. 16)

the phosphine and the ligands co-ordinated to the molybdenum
atom, these should be relatively minor when compared to those
which would arise from co-ordination of the phosphine to the
metal. The trend in reactivity is entirely in keeping with, and
lends further support to, the postulated mechanism of oxo
transfer®* that is depicted in Scheme 1. Similarly, the negative
AS*is compatible with this mechanism.

Oxidation of sulfite by [MoO,(mnt),]*~ 1 in the presence of water

As mentioned above, 1 is capable of oxidizing hydrogensul-
fite.’® Das and co-workers !¢ have studied this oxidation reaction
in acetonitrile-water mixtures and have rationalized the
observed kinetics in terms of a mechanistic scheme involving a
pre-equilibrium reaction in which an intermediate seven-co-
ordinate complex, {MoO,(HSO,)(mnt),]* ", is formed. This pre-
equilibrium step is assumed to be followed by the actual oxo
transfer to form the products, [MoO(mnt),]*” and HSO,”
(Scheme 2). Using stopped-flow spectrophotometry, we have
investigated the above-mentioned reaction system in different
acetonitrile-water mixtures (from 1:1 to 3:1, v/v) in which the
water concentration varies from 27.8 to 13.9 m (Table 2). Our
measurements are in qualitative agreement with those of Das
and co-workers,'® both in terms of kinetic behaviour and
observed rate constants. The dependence of the observed rate
constants on [HSO;] is curvilinear at low concentrations and
becomes linear as [HSO,; ] increases, i.e. saturation kinetics is
observed. The rate constants decrease as the water concen-
tration increases, following the difference in solvation proper-
ties of the solvents towards the charged reactants. A double
reciprocal plot of kg, vs. [HSO,"] for various water concen-
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acetonitrile-water solution at 25 °C are in good agreement with
those obtained by Das and co-workers'® (k,=0.87 s %,
Ky =0.036 m at 20 °C).

In order to further probe the initial reactions of 1 with water,
these reactions were studied by conventional spectro-
photometry in the absence of hydrogensulfite. Kinetic runs
were followed in acetonitrile containing different concen-
trations of water. Fig. 6 shows the spectral variation for this
reaction in a 1:1 (v/v) acetonitrile-water mixture. We have been
unable to accurately determine rate constants for the different
steps because of decomposition of 1; however, experiments in
the presence of Na,mnt indicate that the reaction rates are
independent of the free ligand concentration. At present, we
cannot explain the three observed reactions but a reaction that
is consistent with the observed independence of rates on free
ligand concentration is one in which a water molecule forms a
hydrogen bond to 1. Two possible ‘co-ordination’ sites for such
a hydrogen-bonded water molecule are shown in Scheme 3.
Hydrogen-bonding of one or several water molecules to the
dithiolene sulfurs of 1 is analogous to the designed N-H---S
hydrogen bonding to the corresponding sulfur atoms in the
complexes [MoO{S,C,(CONH,),},]*~ and [MoO{S,C,(CO,-
Me),},]*~ 3. Oku et al® have found that such N-H:--S
hydrogen bonding stabilizes the MoY'0,?* core; the hydrogen
bond is proposed to strengthen the metal-oxo bond trans to the
hydrogen-bonded dithiolene sulfur. Thus, the rate of oxygen
transfer to the molybdenum(1v) monooxo complex 3 (reduction
of Me;NO) is enhanced when N-H - - - S hydrogen bonding to
the dithiolene ligands of this complex is present.”® This rate
enhancement is attributed to an acceleration of the co-
ordination of Me;NO to form the proposed intermediate
[MoO(Me;NO){S,C,(CO,Me),},]*", in which the trimethyl-
amine N-oxide molecule is co-ordinated trans to the oxo lig-
and.” An analogous rate enhancement could not be observed
for the reaction of [MoO{S,C,(CN),},]*~ with Me;NO.* The
hydrogen bonding of a water molecule to a dithiolene sulfur in
1 may thus stabilize one Mo—-O bond and render the complex


http://dx.doi.org/10.1039/a704332e

kobs /sl

I 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08
HSO51/M

kobs‘ l/s

T T T T
-200 0 200 400
[HSO5 T 1/m-1
Fig. 5 (a) Dependence of observed rate constants for the reaction
between complex 1 and hydrogensulfite in acetonitrile-water mixtures

at 25 °C on the concentration of HSO;; (b) the corresponding double
reciprocal plot. A, [H,0] =27.8; B, [H,0] = 20.0; C, [H,O0] = 13.9m

Absorbance

1 1 1 1 1 1
350 450 550 650
Wavelength / nm
Fig. 6 The UV/VIS absorption spectra of complex 1 (——-) and spec-
tral variation for reaction between 1 and water in acetonitrile ( ).
Conditions: [1]=3x 107 [H,0]=27.8 mol dm™3 25°C. Time
between scans 100 s, first scan obtained ca. 10 s after mixing

less susceptible to oxygen transfer. On the other hand, hydrogen
bonding to one of the oxo ligands should weaken the Mo—O
bond and may thus enhance the reactivity of the complex.
Another reaction that is consistent with the observed
independence of rates on free mnt is the formation of a seven-
co-ordinate complex, [MoO,(H,0)(mnt),]*", analogous to the
intermediate in the reaction of 1 with hydrogensulfite that has
been proposed by Das and co-workers '® (Scheme 2). Seven-co-
ordinate molybdenum?**” and tungsten® oxo complexes are
known, but are not common. To our knowledge, there are no
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Scheme 3  Possible intermediates formed in the reactions of complex 1
with H,0O and/or HSO;~

reports of a seven-co-ordinate molybdenum complex contain-
ing two oxo ligands, although the molybdenum(vr) dioxo form
of the active site of dmso reductase may contain a seven-co-
ordinate molybdenum atom.?® While charge repulsion does not
favour the formation of the proposed [MoO,(HSO;)(mnt),]*~
complex, the kinetics indicates that such an intermediate may
be formed. However, an alternative form of this intermediate
is a six-co-ordinate complex in which the hydrogensulfite co-
ordinates to one of the molybdenum oxo ligands via the central
sulfur atom (Scheme 3). Such an intermediate is analogous to
the proposed intermediates in the phosphine oxidation reac-
tions (¢f Scheme 1) and in the deoxygenation of [MoO,(sap)-
(EtOH)] [sap = 2-(salicylideneamino)phenolate(2—)] by thionyl
chloride.” It is apparent that the observed products, [MoO-
(mnt),]* and HSO,, may be formed from this proposed
intermediate by concomitant electron transfer and metal-oxo
bond cleavage. Further investigations are needed in order to
clarify the reactions of 1 with water; at present, we believe that
hydrogen bonding is more likely to be a part of the overall
mechanism than the formation of a seven-co-ordinate molyb-
denum complex.

Oxidation of sulfite by [MoO,(mnt),]*~ 1 in the absence of water
Reaction of 1 with excess hydrogensulfite in dry acetonitrile
was studied by use of the acetonitrile-soluble salt [NBu",]-
[HSO;] (Table 3). The spectral variation for the reaction of 1
with [NBu",J[HSO;] in acetonitrile exhibits four well defined
isosbestic points at 247, 280, 355 and 375 nm (Fig. 7). The
observed pseudo-first-order rate constants are independent of
the concentration of complex 1. As in the case of the reaction
of 1 with NaHSO; in water, saturation kinetics is observed at
high concentrations of hydrogensulfite. A plot of kg, vs
[HSO,] is shown in Fig. 8; the Michaelis—Menten equation
may be fitted to these data, but a better fit is achieved when
equation (5) is used. The latter rate law is consistent with a

kx + kK, [HSO; ]
°" 1+ K,[HSO;7]

_ kK, + ky[HSO, ] )
/K, + [HSO, ]

mechanism in which the starting material, [MoO,(mnt),]*” 1
is involved in two competitive equilibria (Scheme 4); one
equilibrium leads to the formation of an intermediate, possibly
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Table 3 Observed and derived rate constants for the reaction between hydrogensulfite and [MoO,(mnt),]* in acetonitrile at 298.2 K

[HSO; )/mmol dm* 10%k /s~ kyls™! K,/m kybls7!
0.50 0.748 £ 0.09 0.0317 £ 0.001 62+9 0.00674 * 0.0004
1.25 0.879 = 0.08
2.5 0.992 *+0.06
5.0 1.21 £0.09
10.0 1.70 £ 0.1
25.0 2.16£0.2
40.0 243102
50.0 2.591£0.2
“ Standard deviations (o) are given. ® X is the unknown species.
2.0 ki
[MoV'O,(mnt),]2~ + HSO3™ [MoO(OSO3H)(mnt),]3~
1
kx ko
X [Mo'VO(mnt),]>~ + HSO4~

Absorbance
—
=

0.0 L
300 500

Wavelength/ nm

Fig. 7 The UV/VIS absorption spectra of complex 1 (——-) and
spectral variation for the oxo transfer reaction from 1 to hydrogen-
sulfite in acetonitrile ( ). Conditions: [1]=5x 1075, [HSO; ]=
5% 1072 mol dm™3, 25 °C. Time between scans 20 s, first scan obtained
ca. 10 s after mixing

25

—
W

103k gpg/s!

0 20 40 60

[HSO37] / mM

Fig. 8 Rate constants for the reaction between complex 1 and
hydrogensulfite vs. [HSO; 7] in dry acetonitrile at 25 °C

the six-co-ordinate [MoO(OSO;H)(mnt),]*”, and subsequent
oxo transfer, while the second equilibrium is a ‘dead-end’ equi-
librium in which an unknown species (X) is formed. Alter-
natively, the second equilibrium may be replaced by an irrevers-
ible decomposition reaction. Fitting of equation (5) to the data
gives K, =62+9M L k,=(3.220.1) x 10 2s 'and kx = (6.7 £
0.4) x 1073s71,

As a control experiment, the reaction of 1 with [NBu",]-
[HSO,] in the presence of water was studied. This reaction is
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Scheme 4 Proposed mechanism for the oxidation of hydrogensulfite
by complex 1 in pure acetonitrile

considerably faster; in acetonitrile-water solution (3: 1, v/v), the
observed rate constant is 18 times larger than that for the corre-
sponding reaction in pure acetonitrile. The presence of water
affects the pH and the solvation properties of the reaction
medium and it may be that the pH change affects the rate of
the oxo transfer reaction. The trend of the experiments in
acetonitrile is unexpected, because the rate of the overall reac-
tions in the presence of water is faster than that in the absence
of water. It is possible that the presence of water leads to the
formation of a new, more reactive, intermediate complex con-
taining a co-ordinated water molecule. One possibility is that
the proposed complex {MoO,(mnt),]* -H,O’ where the water is
co-ordinated to one oxo ligand (see above and Scheme 3) is such
a reactive intermediate. This proposed intermediate may be
more susceptible towards co-ordination of HSO;~ than [MoO,-
(mnt),]*” itself. Another, perhaps more likely, explanation is
that a small, but significant, amount of SO,> is present in the
acetonitrile-water mixtures. It has been shown that SO,* is
considerably more reactive than HSO;~ towards electron
transfer/oxidation to SY%; for example, second-order rate con-
stants for the oxidation of SO,;*~ by certain Pt or Au™ com-
plexes are up to five magnitudes larger than the corresponding
rates for oxidation of HSO;.** Thus, the presence of SO;*~
may speed up the reaction considerably, even though charge
repulsion does not favour the formation of a complex between
1 and the sulfite dianion.

Oxidation of hydrogensulfite by [WO,(mnt),]*~ 2

In contrast to 1, its tungsten analogue, [WO,(mnt),]*~ 2, does
not react with sodium hydrogensulfite in CH;CN-H,0O. How-
ever, we do observe a reaction between [NBu,],[WO,(mnt),] and
[NBu,J[HSO;] in acetonitrile at 36 °C. The UV/VIS spectrum
shifts within 5 s after mixing of the reactants, revealing the
formation of a new species with absorption maxima at A = 275,
315 and 420 nm. This reaction is followed by a clean reaction
for which isosbestic points at 350 and 395 nm are observed. We
postulate that the latter reaction is an oxo transfer reaction that
leads to the formation of [WO(mnt),]*” and HSO,"; this would
mean that the tungsten dioxo moiety of this reaction system is
able to mimic sulfite oxidase. Further investigations of this
reaction are currently in progress.§

§ Note added at proof. In a recent publication Kisker et al.*! proposed
that oxidation of sulfite by the enzyme sulfite oxidase occurs via attack
of the substrate on one of the oxygens of the MoO, moiety.
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Conclusion

The kinetics of oxidation of phosphines by [MoO,(mnt),]* 1
is consistent with the mechanism depicted in Scheme 1. No
saturation behaviour has been observed in our studies of these
reactions. The rate of phosphine oxidation may be correlated
to the relative basicity of the phosphine; the more basic the
phosphine, the larger is the rate of oxygen transfer.

The Michaelis—Menten type of kinetics that is observed for
the oxidation of hydrogen sulfite by 1, regardless of the pres-
ence of water, shows that the oxygen transfer is the rate-
determining step in this case. The nature of the intermediate in
the oxidation of hydrogensulfite is unclear, possible structures
are depicted in Scheme 3. We propose that the intermediate is
‘IMoO(OSO;H)(mnt),]* > with a structure analogous to that of
‘IMoO(OPR,)(mnt),]* " (Scheme 3). If this is true, then the
mechanisms for oxidation of phosphines and hydrogensulfite
by 1 are essentially identical.

The rate of oxidation of hydrogensulfite is higher in
acetonitrile-water mixtures than in pure acetonitrile. We have
found that complex 1 reacts with water in three relatively slow
reactions of unknown nature. The increased oxidation rate may
be due to the formation of a new, more reactive molybdenum-—
oxo species in the presence of water, or the presence of the
highly reactive sulfite dianion. Further investigations of the
reactivity of 1 and related compounds towards biological sub-
strates may clarify whether the observed reactivity is relevant to
that of Moco.

Acknowledgements

We wish to thank the Swedish Natural Science Research
Council (NFR) for financial support (to L. I. E. and E. N.), the
Swedish Department of Education for a postdoctoral fellow-
ship (to C. L.) within the auspices of the Lund-Harvard
Research Collaboration, and the EU Commission for a post-
doctoral fellowship (to M. R. P) through the Human Capital
and Mobility (HCM) Programme. We thank Professor Richard
H. Holm and Dr. Carlaxel Andersson for valuable discussions.

References

1 H. Schindelin, C. Kisker, J. Hilton, K. V. Rajagopalan and
D. C. Rees, Science, 1996, 272, 1615.

2 L. P. Solomon, G. H. Lorimer, R. L. Hall, R. Borcher, J. Leggett
Bailey and H. Schindelin, J. Biol. Chem., 1975, 250, 4120.

3 R. Hille, Biochim. Biophys. Acta, 1994, 1184, 143.

4 H. J. Cohen and I. Fridovich, J Biol. Chem., 1971, 246, 359;
H. J. Cohen, 1. Fridovich and K. V. Rajagopalan, J. Biol. Chem.,
1971, 246, 374.

5 R. Hille, Chem. Rev., 1996, 96, 2757; R. Hille, JBIC, 1996, 1, 397.

6 D. Collison, C. D. Garner and J. A. Joule, Chem. Soc. Rev., 1996,
25, 25.

7 M. J. Romao, M. Archer, I. Moura, J. J. G. Moura, J. LeGall,
R. Engh, M. Schneider and R. Huber, Science, 1995, 270, 1170.

8 J. C. Hilton and K. V. Rajagopalan, Arch. Biochem. Biophys., 1996,
325, 139.

9 B. E. Schultz, S. F. Gheller, M. C. Muetterties, M. J. Scott and
R. H. Holm, J Am. Chem. Soc., 1993, 115, 2714.

0 R. Hille and H. Sprecher, J. Biol. Chem., 1987, 262, 10 914.

1 M. K. Johnson, D. C. Rees and M. W. W. Adams, Chem. Rev.,
1996, 96, 2817.

12 M. K. Chan, S. Mukund, A. Kletzin, M. W. W. Adams and
D. C. Rees, Science, 1995, 267, 1463.

13 J. C. Boyington, V. N. Gladyshev, S. V. Kangulov, T. C. Stadtman
and P. D. Sun, Science, 1997, 275, 1305.

14 N. Ueyama, H. Oku, M. Kondo, T. Okamura, N. Yoshinaya and
A. Nakamura, Inorg. Chem., 1996, 35, 643.

15 N. Ueyama, H. Oku and A. Nakamura, J. Am. Chem. Soc., 1992,
114, 7310.

16 S. K. Das, P. K. Chaudhury, D. Biswas and S. Sarkar, J. Am. Chem.
Soc., 1994, 116, 9061; P. K. Chaudhury, S. K. Das and S. Sarkar,
Biochem. J., 1996, 319, 953.

17 S. K. Das, D. Biswas, R. Maiti and S. Sarkar, J Am. Chem. Soc.,
1996, 118, 1387.

18 Applied Photophysics Bio Sequential SX-17 MV, Stopped-Flow
ASVD Spectrofluorimeter, software manual, Applied Photophysics
Ltd., Leatherhead, 1993.

19 J. P. Caradonna, P. Rabindra Reddy and R. H. Holm, J. Am. Chem.
Soc., 1988, 110, 2139.

20 B. E. Schultz and R. H. Holm, Inorg. Chem., 1993, 32, 4244.

21 H. H. Huang, W. Huang, H. X. Yang, P. L. Gao and D. G. Han,
Polyhedron, 1997, 16, 2163.

22 M. S. Reynolds, J. M. Berg and R. H. Holm, Inorg. Chem., 1984, 23,
3057.

23 L. Chen and A. J. Poé, Coord. Chem. Rev., 1995, 143, 265.

24 M. R. Wilson, D. C. Woska, A. Prock and W. P. Giering,
Organometallics, 1993, 12, 1742.

25 H. Oku, N. Ueyama and A. Nakamura, Inorg. Chem., 1997, 36,
1504.

26 S. A. Roberts, C. G. Young, W. E. Cleland, jun., R. B. Ortega and
J. H. Enemark, Inorg. Chem., 1988, 27, 3044.

27 W. R. Thiel and J. Eppinger, Chem. Eur. J., 1997, 3, 696 and refs.
therein.

28 P. E. Baugh, C. D. Garner, J. M. Charnock, D. Collison,
E. S. Davies, A. S. McAlpine, S. Bailey, I. Lane, G. R. Hanson and
A. G. McEwan, unpublished work.

29 W.-S. Jung, H.-Y. Moon and Y.-Y. Park, Polyhedron, 1997, 16,
2169.

30 J. Berglund, R. Voigt, S. Froneaus and L. 1. Elding, Inorg. Chem.,
1994, 33, 3346, J. Berglund and L. 1. Elding, Inorg. Chem., 1995, 34,
513.

31 C. Kisker, H. Schindelin and D. C. Rees, Annu. Rev. Biochem., 1997,
66, 233.

1
1

Received 19th June 1997; Paper 7/04332E

J. Chem. Soc., Dalton Trans., 1997, Pages 3997—4003 4003


http://dx.doi.org/10.1039/a704332e

