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The oxygen atom transfer reactivity of the dioxo-Mo(VI) complex, TpiPrMoO2(OPh) (Tp
iPr = hydrotris(3-isopropylpyrazol-

1-yl)borate), with a range of tertiary phosphines (PMe3, PMe2Ph, PEt3, PBu
n
3, PEt2Ph, PEtPh2, and PMePh2) has been

investigated. The first step in all the reactions follows a second-order rate law indicative of an associative transition state,
consistent with nucleophilic attack by the phosphine on an oxo ligand, namely, TpiPrMoO2(OPh) þ PR3 f TpiPrMoO-
(OPh)(OPR3). The calculated free energy of activation for the formation of the OPMe3 intermediate (Chem. Eur. J.
2006, 12, 7501) is in excellent agreement with the experimentalΔGq value reported here. The second step of the reaction,
that is, the exchange of the coordinated phosphine oxide by acetonitrile, TpiPrMoO(OPh)(OPR3) þ MeCN f
TpiPrMoO(OPh)(MeCN) þ OPR3, is first-order in starting complex in acetonitrile. The reaction occurs via a dissociative
interchange (Id) or associative interchange (Ia) mechanism, depending on the nature of the phosphine oxide. The
activation parameters for the solvolysis of TpiPrMoO(OPh)(OPMe3) (ΔH

q = 56.3 kJ mol-1;ΔSq = -125.9 J mol-1 K-1;
ΔGq = 93.8 kJmol-1) and TpiPrMoO(OPh)(OPEtPh2) (ΔH

q = 66.5 kJmol-1;ΔSq = -67.6 Jmol-1 K-1;ΔGq = 86.7 kJ
mol-1) by acetonitrile are indicative of Ia mechanisms. In contrast, the corresponding parameters for the solvolysis reaction
of TpiPrMoO(OPh)(OPEt3) (ΔH

q = 95.8 kJ mol-1;ΔSq = 26.0 J mol-1 K-1;ΔGq = 88.1 kJ mol-1) and the remaining
complexes by the same solvent are indicative of an Id mechanism. The equilibrium constant for the solvolysis of the oxo-
Mo(V) phosphoryl complex, [TpiPrMoO(OPh)(OPMe3)]

þ, by acetonitrile was calculated to be 1.9� 10-6. The oxo-Mo(V)
phosphoryl complex is more stable than the acetonitrile analogue, whereas the oxo-Mo(IV) acetonitrile complex is more
stable than the phosphoryl analogue. The higher stability of the Mo(V) phosphoryl complex may explain the phosphate
inhibition of sulfite oxidase.

Introduction

The transfer of anoxygen atombetween competent centers
is a fundamental reaction in chemistry and biology, and in
past decades reactions of this type have been extensively
investigated.1-9 Many pterin-containing molybdenum enzy-
mes catalyze oxygen atom transfer (OAT) reactions, as the

metal center shuttles between þ6 and þ4 oxidation states.
Prominent examples include the oxidation of sulfite to sulfate
by sulfite oxidase and the reduction of dimethyl sulfoxide
(DMSO) to dimethyl sulfide (DMS) by DMSO reductase.
For sulfite oxidase, the resting state of the enzyme has a
dioxo-Mo(VI) center that is transformed into anoxo-Mo(IV)
center upon substrate oxidation, and there are a number of
chemical models for reactions of this type. Studies from
several laboratories have demonstrated that a variety of
discrete dioxo-Mo(VI) complexes can undergo OAT reac-
tions with oxygen atom acceptors producing oxidized species

*To whom correspondence should be addressed. E-mail: basu@duq.edu.
Phone: 412 396 6345.

(1) Holm, R. H. Chem. Rev. 1987, 87, 1401–1449.
(2) Woo, L. K. Chem. Rev. 1993, 93, 1125–1136.
(3) Espenson, J. H. Coord. Chem. Rev. 2005, 249, 329–341.
(4) Taube, H. ACS Symp. Ser. 1982, 198, 151–179.
(5) Sharpless, K. B.; Townsend, J. M.; Williams, D. R. J. Am. Chem. Soc.

1972, 94, 295–296.
(6) Enemark, J. H.; Cooney, J. J. A.;Wang, J.-J.; Holm, R.H.Chem. Rev.

2004, 104, 1175–1200.
(7) Sugimoto, H.; Tsukube, H. Chem. Soc. Rev. 2008, 37, 2609–2619.
(8) Tunney, J. M.; McMaster, J.; Garner, C. D. In Comprehensive

Coordination Chemistry II; McCleverty, J. A., Meyer, T. J., Eds.; Elsevier
Pergamon: Amsterdam, 2004; Vol. 8, Chapter 8.18, pp 459-477.

(9) Young, C. G. In Encyclopedia of Inorganic Chemistry 2; King, R. B.,
Ed.; Wiley: Chichester, U.K., 2005; Vol. V, pp 3321-3340.

(10) Holm, R. H. Coord. Chem. Rev. 1990, 100, 183–221.
(11) Pilato, R. S.; Stiefel, E. I. Bioinorganic Catalysis, 2nd ed.; Marcel

Dekker: New York, 1999; pp 81-152.
(12) McMaster, J.; Tunney, J.M.; Garner, C. D.Prog. Inorg. Chem. 2003,

52, 539–583.
(13) Young, C. G. In Biomimetic Oxidations Catalyzed by Transition

Metal Complexes; Meunier, B., Ed.; Imperial College Press: London, 2000;
Chapter 9, pp 415-459.

(14) Reynolds, M. S.; Berg, J. M.; Holm, R. H. Inorg. Chem. 1984, 23,
3057–3062.



4896 Inorganic Chemistry, Vol. 49, No. 11, 2010 Basu et al.

such as tertiary phosphine and arsine oxides, sulfoxides,
N-oxides, or sulfate.6,10-24 While tertiary phosphines are
not physiological substrates, they are often the preferred
substrates in model studies. The relevance of such reactions
to enzymes is highlighted by the observation that OAT
between DMSO and a water-soluble tertiary phosphine
(PC6H12N) is catalyzed by DMSO reductase.25 Trimethyl-
phosphine has also been used as an acceptor of the oxygen
atom of DMSO in a voltammetric study of DMSO
reductase.26 Our studies have provided important insights
into the reactions of dioxo-Mo(VI) trispyrazolylborate com-
plexes, for example, reactions of tertiary phosphines with
TpiPrMoO2(OPh) (1 ; TpiPr = hydrotris(3-isopropylpyrazol-
1-yl)borate),27-30 and Tp*MoO2X (Tp* = hydrotris(3,5-
dimethylpyrazol-1-yl)borate; X = Cl, SPh);31-36 these in-
sights appear to have broad relevance to metal-mediated
OAT reactions. We have shown that the reactions occur in
two steps, the first step involves the generation of isolable
oxo-Mo(IV) phosphoryl complexes (2), and in the second
step their solvation to yield solvent coordinated oxo-Mo(IV)
complexes (Scheme 1). Kinetics and computational studies
have probed the interplay of steric and electronic factors in

the formation of the phosphoryl intermediates, which have
been isolated and thoroughly characterized.
It is generally believed that the first step inOAT fromdioxo-

Mo(VI) centers to tertiary phosphines involves nucleophilic
attack of the phosphine on an emptyModO π* orbital, while
the other oxo-group acts in a “spectator” capacity.37,38 Thus,
the initial reaction is dependent on the nucleophilicity of the
phosphine;the higher the nucleophilicity, the faster the rate
of reaction.Of course, any increase in the electrophilicity of the
oxo-donor center would also enhance the reaction rate.39 In
addition to the electronic effects, the steric properties of the
phosphine, as defined by the Tolman cone angle,40,41 also
impact on the reaction rate and the stability of the phopshoryl
product. This first step of the OAT reaction (Scheme 1) is
associative in nature and has a negative entropy of activation.
The second step of the reaction, that is, ligand exchange or

solvolysis of the oxo-Mo(IV) phosphoryl complex, is poorly
understood. The solvolysis of TpiPrMoO(OPh)(OPEt3)
and TpiPrMoO(OPh)(OPMePh2) to give TpiPrMoO(OPh)-
(MeCN) (3) occurs via a dissociative interchange (Id) mecha-
nism, associated with a positive entropy of activation.42,43

However, in principle, this reaction can proceed by dissocia-
tive or associative pathways (or an intermediate interchange
pathway) depending on the nature of the phosphine oxide
and solvent. To date, there have been no extensive studies of
the dependence of the rates and mechanisms of these reac-
tions (Scheme 1) on the nature of the tertiary phosphine.
Here, we report detailed kinetics studies of the reactions of

1 with the tertiary phosphines, PMe3, PMe2Ph, PEt3, PBu
n
3,

PEt2Ph, PEtPh2, and PMePh2. These reactions produce 3
and the corresponding phosphine oxide via one of the
following oxo-Mo(IV) phosphoryl complexes:

TpiPrMoOðOPhÞðOPMe3Þð2aÞ

TpiPrMoOðOPhÞðOPMe2PhÞð2bÞ

TpiPrMoOðOPhÞðOPEt3Þð2cÞ

TpiPrMoOðOPhÞðOPEt2PhÞð2dÞ

TpiPrMoOðOPhÞðOPBun3Þð2eÞ

TpiPrMoOðOPhÞðOPMePh2Þð2fÞ

and TpiPrMoOðOPhÞðOPEtPh2Þð2gÞ
We show that the first step in all the reactions proceeds via an
associative transition state, consistent with a mechanism

Scheme 1
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involving nucleophilic attack by the phosphine on an oxo
ligand of the complex. Further, we demonstrate that the rates
of formation of the phosphoryl complexes (2) vary linearly
with the phosphine cone angle. Most significantly, we have
established that step 2 of the OAT reaction can proceed by
dissociative or associative mechanisms and that the rate-
limiting step in the overall reaction can be switched depend-
ing on the phosphine employed. Finally, we have used
electrochemical data and a thermodynamic square scheme
to calculate the stability constants for the exchangeofOPMe3
and NCMe at oxo-Mo(IV) and -Mo(V) centers. Our results
show that thephosphoryl ligand formsamore stable complex
withMo(V) thanMo(IV), which may provide a rationale for
phosphate inhibition of sulfite oxidase detected by EPR
spectroscopy.44,45

Experimental Section

Materials and Methods. All solvents, except the NMR sol-
vents and acetonitrile, were distilled from sodium, deoxygenated
using the freeze-pump-thaw technique, and stored inside a
glovebox until needed. The acetonitrile used in this study was
triple-distilled from KMnO4, CaH2, and then P4O10, and was
stored anaerobically. The NMR solvents that were used in the
characterization of the TpiPrMoO(OPh)(OPR3) complexes were
dried by flushing them through an activated alumina micro-
column inside a glovebox, while those employed to record the
spectra of 1were used as received. In addition, all solutions were
prepared under an argon atmosphere using standard Schlenk
techniques and gas-tight syringes.

Complexes 1, 2b, and 2f were prepared as previously repor-
ted,28-30 while complexes 2a, 2c-2e, and 2g were prepared and
studied in situ, from the reactions of 1 with ∼2- to 5-fold excess
of the desired phosphine in dry acetonitrile. The acetonitrile
complex, 3, was characterized in situ, and was produced by
solvolysis of 2a-2g, through standing in acetonitrile solution.

NMR spectra of 1were recorded on a Bruker 300MHzNMR
spectrometer either in CD3CN or in C6D6. NMR spectra for the
characterization of the intermediates were recorded on a Varian
500 MHz spectrometer, with 31P spectra referenced to PPh3 in
C6D6 solution (NMR data can be found in the Supporting
Information).

Electrochemistry. Electrochemical measurements were car-
ried out using a Bioanalytical Systems (BAS) model CV-50W
voltammetric analyzer. Voltammograms were recorded with a
standard three-electrode system consisting of a Pt-disk working
electrode, an Ag/Agþ reference electrode, a Pt-wire auxiliary
electrode, and tetra-n-butylammonium perchlorate (TBAP) as
the charge carrier. All voltammograms were internally refer-
enced with ferrocene (Fc), and the potentials are reported with
respect to the Fcþ/Fc couple without correcting for junction
potential. All electrochemical work was performed at room
temperature inside a nitrogen-filled glovebox.

Kinetics. The majority of the kinetics investigations were
conducted by recording electronic spectral changes on a Cary 14
spectrophotometer with an OLIS 14 version 2.6.99 operating
system connected to a constant-temperature water-circulation
bath. However, some of the single-wavelength and repeat-scan
measurements were conducted on a Cary 3E diode array spectro-
photometer with a Varian operating system or aHewlett-Packard
8452A diode array spectrophotometer at room temperature. All
UV-visible kinetics measurements were conducted using an an-
aerobic cuvette thatwasoven-driedandcooledunderanargon flow.

Reaction of TpiPrMoO2(OPh) with PR3. The basic procedure
of the kinetics studies has been detailed elsewhere.27,28 Kinetic
runs were conducted under pseudo-first order conditions with
excess tertiary phosphine. The reactions were conducted in
acetonitrile by monitoring the change in the absorption spec-
tra either near 300, 680, or 910 nm over a temperature range of
∼30 �C(dependingon the compound from0 to38 �C, see Support-
ing Information). The second order rate constants were calcu-
lated from the pseudo-first order rates as a function of phos-
phine concentration. These rate constants were normalized for
the concentration of the Mo-complex and the normalized rate
constants were used to calculate the activation parameters from
the Arrhenius and Eyring relations (eqs 1 and 2, respectively).

ln k ¼ lnðAÞ 3 e
-Ea
RTð Þ ð1Þ

ln
k 3 h
kb 3T

 !
¼ -

ΔH‡

RT
þΔS‡

R
ð2Þ

Solvolysis of TpiPrMoO(OPh)(OPR3). The kinetics of the
solvolysis of the phosphoryl complexes were conducted in
acetonitrile using either isolated or in situ generated TpiPrMoO-
(OPh)(OPR3) complexes. The presence of excess solvent ensured
pseudo-first order conditions. The rate of the solvolysis reaction
of a related compound, Tp*MoO(Cl)(OPMe3), in mixed ben-
zene-acetonitrile solvent follows a linear relation with the aceto-
nitrile concentration; the rate of the reaction is slower at a lower
acetonitrile concetration.46 In the current system, formation
of dimeric compounds complicates reaction and the reaction
was not followed further in amixed solvent system. The pseudo-
first order rates were corrected for acetonitrile concentra-
tion (19.2 M) with the assumption that the rate was first order
with respect to acetonitrile concentration. The activation para-
meters were derived from the variable temperature corrected
rates. This correction has a small effect on the activation
parameters.28

Results

Electrochemistry.Room temperature cyclic voltammo-
grams of complexes 1, 2a-2g, and 3 were recorded in
acetonitrile. Complex 1 exhibited a one-electron Mo-
(VI/V) redox couple, while the Mo(IV) complexes exhi-
bited an Mo(V/IV) redox couple. The redox potentials
measured are listed in Table 1. It is interesting to note that
the solvent coordinated species 3 exhibited a redox poten-
tial of -316 mV, which is 348 to 388 mV more positive
than the redox potentials of its phosphoryl precursors.
Thus, the Mo(V) state is easier to achieve when an
acetonitrile ligand, rather than a phosphoryl ligand, is
present in the oxo-Mo(IV) complex.

Table 1. Electrochemical Data in Acetonitrile at 22 �C.

complex E1/2, mV (ΔEp, mV)

TpiPrMoO2(OPh), 1 -1183 (73)
TpiPrMoO(OPh)(OPMe3), 2a -664 (126)
TpiPrMoO(OPh)(OPMe2Ph), 2b -688 (61)
TpiPrMoO(OPh)(OPEt3), 2c -685 (109)
TpiPrMoO(OPh)(OPEt2Ph), 2d -685 (78)
TpiPrMoO(OPh)(OPBun3), 2e -700 (85)
TpiPrMoO(OPh)(OPMePh2), 2f -704 (79)
TpiPrMoO(OPh)(OPEtPh2), 2g -681 (118)
TpiPrMoO(OPh)(NCMe), 3 -316 (112)
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Kinetics of the Reactions of TpiPrMoO2(OPh)with PR3.
Solutions of yellow 1 react with tertiary phosphines produ-
cing green to gold-colored solutions containing oxo-Mo(IV)
phosphoryl complexes, TpiPrMoO(OPh)(OPR3) (2a-2g).
All reactions followasecondorder rate law,beingdependent
on the concentrations of both the complex and phosphine
(Scheme 1). The oxo-Mo(IV) complexes exhibit two low
energy d-d bands, assigned to dxyf dxz/dyz transitions, that
are absent in the dioxo-Mo(VI) precursor; for example, the
lowest energy transition is observed around 910 nm (ε ∼
110M-1 cm-1) for 2c and at 900 nm (ε∼ 92M-1 cm-1) for
2f. These low-energy transitions were monitored for the
kinetics measurements.28

Reactions were conducted under pseudo-first order con-
ditions while optimizing the highest concentration of the
phosphines to allow reactions to be followed with conven-
tional spectrophotometry. Depending on the phosphine
and its concentration, higher temperature reactions lead to
side reactions and limited the accessible (higher) tempera-
ture range. The variable temperature rate constants (see
Supporting Information) provided the activation para-
meters listed in Table 2.

Kinetics of the Solvolysis of Tp
iPrMoO(OPh)(OPR3).

Kinetics investigations of the solvolysis reactions of iso-
lated 2c and 2f have been reported elsewhere;28 in the
present work, they were conducted by in situ generation
of the phosphoryl complexes from 1 and the appropriate
phosphine. Likewise, complexes 2a, 2b, and 2d-2f were
investigated following their in situ generation from 1, and
monitored at the d-d band at∼900 nm.The rate constants
at different temperatures are listed in the Supporting
Information. These rate constants were employed to
calculate the activation parameters listed in Table 3.
From the entropy of activation it is evident that in two
cases (compounds 2a and 2g) the nature of the transition
state is different from the others. The data summarized,
including the differences noted above, have been repro-
duced on a number of occasions.

Discussion

The results presented in the preceding section confirm that
the reduction of 1 by tertiary phosphines proceeds through
two steps in acetonitrile. The first step involves the formation
of an oxo-Mo(IV) phosphoryl intermediate while the second

step involves its solvolysis to produce the acetonitrile com-
plex, 3, with release of oxidized substrate. Below, we discuss
the mechanism of both steps and the relative importance of
the steps with respect to the properties of the phosphines.
For step 1, a negative entropy of activation is observed in

each reaction. The negative entropy of activation is indicative
of an associative transition state as expected for a bimolecular
reaction.28,31Here, the enthalpy of activation is the dominant
contributor to the free energy of activation and this impli-
cates a significant degree of bond breaking and bondmaking
in the transition state.However, the difference in the enthalpy
of activation is relatively large (ΔΔHq≈ 40 kJ mol-1), which
may reflect the differences in basicity of the phosphines
and/or the steric interactions in the transition state.
Conventionally, it is thought that the transition state is

formed by direct nucleophilic attack of the phosphine on an
empty ModO π* orbital of the metal complex. Thus, one
would expect the reaction rate to be dependent on the
nucleophilicity of phosphines, the greater the nucleophilicity
of the phosphine, the faster the reaction rate and vice versa. A
good marker of the nucleophilicity of the phosphines is their
pKa’s. However, no linear correlation between the reaction
rate and the pKa of the phosphine was observed, implying
that the nucleophilicity of the phosphine is not the dominant
factor controlling reaction rate. In contrast, the reaction rate
does depend on the steric bulk of the phosphine, increasing
with decreasing phosphine cone angle as shown in Figure 1.
The linear relation indicates that in sterically crowded TpiPr

complexes, the steric bulk of the phosphines has an important
influence on reaction rate, which is consistent with our

Table 2. Activation Parameters for Formation of the Phosphoryl Complexes, 2a-2g.

complex formed Ea kJ mol-1 ln A R2 ΔHq kJ mol-1 ΔSq J mol-1 K-1 R2 ΔGf
q
298 kJ mol-1

TpiPrMoO(OPh)(OPMe3), 2a 77.1((12.2) 24.1((5.1) 96.4 74.6((12.3) -53.1((42.1) 96.2 90.4
TpiPrMoO(OPh)(OPMe2Ph), 2b 45.1((3.9) 11.4((1.7) 99.2 43.0((4.0) -157.2((14.0) 99.1 89.8
TpiPrMoO(OPh)(OPEt3), 2c 50.9((1.9) 12.5((0.8) 99.6 48.4((1.9) -149.2((6.4) 99.5 92.9
TpiPrMoO(OPh)(OPEt2Ph), 2d 69.2((6.1) 19.7((2.5) 99.2 66.8((5.9) -88.8((20.2) 99.2 93.2
TpiPrMoO(OPh)(OPBun3), 2e 85.6((10.1) 26.1((4.1) 97.9 83.2((10.5) -36.2((35.6) 97.7 94.0
TpiPrMoO(OPh)(OPMePh2), 2f 75.9((3.8) 21.8((1.5) 99.6 73.4((3.7) -71.9((2.3) 99.5 94.8
TpiPrMoO(OPh)(OPEtPh2), 2g 85.0((3.3) 24.4((1.3) 99.9 82.5((3.3) -50.3((0.1) 99.8 97.5

Table 3. Activation Parameters for Solvolysis Reaction in MeCN of 2a-2g.

complex Ea kJ mol-1 ln A R2 ΔHq kJ mol-1 ΔSq Jmol-1 K-1 R2 ΔGs
q
298 kJ mol-1

TpiPrMoO(OPh)(OPMe3), 2a 56.3((10.9) 11.4((4.3) 96.4 56.3((10.9) -125.9((35.5) 96.4 93.8
TpiPrMoO(OPh)(OPMe2Ph), 2b 109.3((4.6) 34.8((1.9) 99.8 109.3((4.6) 69.3((16.1) 99.8 88.6
TpiPrMoO(OPh)(OPEt3), 2c 95.8((1.1) 29.6((0.5) 99.9 95.8((1.1) 26.0((3.9) 99.9 88.1
TpiPrMoO(OPh)(OPEt2Ph), 2d 94.6((10.1) 29.7((4.2) 97.3 94.6((10.1) 26.7((35.0) 97.3 86.7
TpiPrMoO(OPh)(OPMePh2), 2f 96.1((5.9) 31.4((2.5) 99.6 96.1((5.9) 40.4((20.6) 99.6 84.1
TpiPrMoO(OPh)(OPEtPh2), 2g 66.5((15.1) 18.3((6.2) 95.2 66.5((15.1) -67.6((51.7) 95.2 86.7

Figure 1. Correlation (R2=94%) between the rates of formation of the
phosphoryl complexes and the phosphine cone angles.
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“energy controlled pocket” hypothesis.29,34-36 Recently, we
have suggested28 a reciprocity in the nucleophilic attack of
the phosphine to the terminal oxo-functionality, where the
lone pair of the terminal oxo ligand attacks the antibonding
orbitals of the phosphorus; this is also consistent with the
current results.
We have previously investigated the mechanistic details

of the solvolysis reaction (step 2);28 however, the effect of
the phosphine oxide on this reaction has not been assessed.
In acetonitrile solution, the reaction is pseudo-first order, the
rate being dependent only on the concentration of the
complex. The solvolysis reaction follows a second order
reaction. The enthalpic and entropic contributions to the
solvolysis reaction (Table 4) also reflect leaving group de-
pendence, a similar trend to that observed for the formation
reaction. The enthalpic contribution remains the dominant
factor in the overall free energy of activation. The entropy of
activation shows a large variation fromþ69 to-126 J mol-1

K-1. A positive entropy of activation is indicative of a
dissociative mechanism with a less crowded transition state,
whereas a negative entropy of activation is indicative of an
associative mechanism involving a more crowded transition
state. It is important to remember that pure dissociative or
associative reactions are two extreme cases, and many reac-
tions can follow an intermediate type reaction mechanism,
such as Ia (associative interchange) and Id (dissociative
interchange) type mechanisms. In the Ia and Id-type mechan-
isms, true identification of the nature of the transition state
becomes more complex as both mechanisms involve varying
degrees of simultaneous bond making and breaking.42,43 In
this system, the solvolysis reactions appear to follow an
Id-type mechanism for the majority of the complexes, but
follow an Ia-typemechanism in reactions involving 2a and 2g.
Interestingly, despite the entropic variability, the free energy
of activation varies by only ∼9 kJ mol-1.
The reaction rates of steps 1 and 2 of these reactions are

listed in Table 4. The rate of the reaction is dependent on the
nature of the leaving group, that is, the phosphoryl group.
Thus, Table 4 shows that the rates of solvolysis of 2a and 2f
differ by a factor of ∼50. This leaving group dependence is
most clearly reflected in the enthalpies of activation of the
two steps, which favor formal loss of OPMe3 over OPMePh2
by ∼40 kJ mol-1 (Table 3). More explicitly, the enthalpy of
activation for leaving group, OPMe3, is nearly half of that of
the leaving group,OPMePh2,whichmay reflect the bond strength
of the two phosphoryl complexes. The activation barrier to
the solvolysis of (2a-2g), expressed asΔGs

q, shows a narrow
range with an average ΔΔGs

q of ∼9 kJ mol-1 at 298 K. At
298 K, the entropic term (TΔSq) contributes toward the free

energy of activation, accounting for approximately 11% of
the total free energy in 2d and 40% of the total free energy in
2a. A pure dissociative mechanism would require a higher
ΔHq, which is indicative of bond breaking, and in more
associative mechanism the transition state is more stabilized
and hence a lower ΔHq is expected.
The identification of the rate-limiting step in these OAT

reactions is a significant outcome of the present study.
Although the seven substrates employed are similar in their
geometry about the central phosphorus atom, PBun3 and
PEt3 are expected to have a higher degree of conformational
flexibility. On the other hand, PMePh2 and PEtPh2 have a
lower basicity because of the electron withdrawing effects of
the phenyl rings. However, the latter phosphines are more
sterically encumbered, which should result in a higher enthal-
pic contribution and a diminished rate of reaction. These two
competing factors determine the overall reaction profiles.
The ratio of the reaction rates for different substrates, as
shown in Table 4, serves as a good indicator of the rate-
limiting step. Inmost cases, the release of the phosphine oxide
is the faster process, thus nucleophilic attack by the phos-
phine (step 1) becomes rate limiting. However, in the case of
PMe3, the rate of formation of the phosphoryl complex is the
faster process, thus solvolysis becomes rate limiting. There-
fore, by changing the substrate slightly one can indeed alter
the nature of the rate-limiting step in the overall process.
With the electrochemical data for the phosphoryl and

acetonitrile complexes in hand, thermodynamic square
schemes describing the system can be constructed.47 One
such scheme is shown in Scheme 2, where the redox proces-
ses are defined by eqs 3 and 4 (horizonal components of
Scheme 2). The two vertical equilibrium processes describe
the exchange of phosphine oxide (OPMe3) and acetonitrile
(S) ligands. The equilibrium on the left is for (oxidized)
Mo(V) complexes, while that on the right is for (reduced)
Mo(IV) complexes. In the Mo(IV) system, the equilibrium
lies toward the solvent-coordinated species. The free energy

½3�þ þ 2a h 3þ ½2a�þ ð5Þ
difference for the OPMe3 system has been calculated to be
0.40 kJmol-1 in favor of the solvated complex 3 (with release
of OPMe3).

28 This free energy leads to an equilibrium
constant for the solvolysis of the oxo-Mo(IV) phosphoryl
complex (KIV) of 1.2. The corresponding equilibrium con-
stant for the Mo(V) state can be calculated considering the
redox cross reaction as shown in eq 5. The equilibrium
constant for this reaction Kcr = KIV/KV = exp [(F/RT)-
(E0(3) - E0(2a))]=6.4 � 105. From this one calculates the

Table 4. Formation (kf) and Solvolysis (ks) Rate Constants of Complexes
(2a-2g)a

complex

kf � 105 (sec-1)

(Step 1)

ks � 105 (sec-1)

(Step 2)

ks/

kf

TpiPrMoO(OPh)(OPMe3), 2a 87.7 22.3 0.3

TpiPrMoO(OPh)(OPMe2Ph), 2b 112.1 179.6 1.6

TpiPrMoO(OPh)(OPEt3), 2c 32.8 228.5 6.9

TpiPrMoO(OPh)(OPEt2Ph), 2d 28.5 403.5 14.1

TpiPrMoO(OPh)(OPMePh2), 2f 14.8 1144.2 77.1

TpiPrMoO(OPh)(OPEtPh2), 2g 5.1 403.2 78.6

a kf and ks relate to the formation and solvolysis reactions, respec-
tively. All reaction rates were calculated for 298K from the activation
parameters.

Scheme 2

(47) Basu, P.; Choudhury, S. B.; Pal, S.; Chakravorty, A. Inorg. Chem.
1989, 28, 2680–2686.
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equilibrium constant for the solvolysis of the oxo-Mo(V)
phosphoryl complex (KV) as 1.9 � 10-6. This implies that in
the Mo(V) system, the phosphoryl complex is considerably
more stable thermodynamically than the acetonitrile com-
plex. The higher stability of the phosphoryl-Mo(V) complex
could arise from a number of factors. First, occupation of the
potentially π* O-P orbitals in the two-electron reduced
Mo(IV) formwould lead to a weakening of theMo-Obond.
Second, oxidation to Mo(V) would increase the effective
nuclear charge of the metal center, leading to stabilization by
the phosphoryl oxygen. This stabilization would derive from
the ability of the phosphoryl ligand to adopt canonical forms
that lead to a partial negative charge on oxygen. Ongoing
investigations in our laboratory will further investigate these
aspects.
Themodynamic differentiation of ligand binding as a

function of metal oxidation state is fundamental to metal-
loenzyme behavior and function. In the case of sulfite
oxidase, the enzyme is inhibited by phosphate.48 In principle,
phosphate can bind to either the Mo(IV) or Mo(V) states of
sulfite oxidase. However, only an EPR-active Mo(V) form
has been detected.49-51 The results reported here support the
view that phosphate binding toMo(V) is thermodynamically
favored over binding to the Mo(IV) state and that the EPR-
active species is responsible for the inhibition of the enzyme.
Whether the phosphate-boundMo(V) formof the enzyme can
be converted to a catalytically competent enzyme by reduc-
tion to Mo(IV) and subsequent displacement of “inhibitor”
phosphate is yet to be experimentally established butwould be
predicted on the basis of the results reported herein.

Summary

The kinetic and mechanistic details of the OAT reactions
betweenTpiPrMoO2(OPh) andavarietyof tertiaryphosphines
have been investigated. The reactions occur in two steps, the
first step being the formation of an oxo-Mo(IV) phosphoryl
intermediate, and the second step being solvolysis of the
phosphoryl intermediate. As shown previously,28,31 the first
step is bimolecular and involves an associative transition state.
However, the mechanism of the second step is dependent on
the phosphine. In themajority of cases, a dissociativemechan-
ism is favored; however, in two cases, an associative transition
state is indicated by the negative entropy of activation. Under
the two step model, the rate-limiting step is generally the first
nucleophilic attack of the phosphine on the dioxo-Mo(VI)
complex. However, this is not the situation in reactions
involving PMe3. Thus, the choice of substrate can make a
difference to the rate-limiting step as well as dictate the
mechanism of the reaction. The reaction rate follows a linear
correlation with the phosphine cone angle suggesting steric
influences play a significant role in this system. Calculation of
the equilibrium constant for the solvolysis of the Mo(V)
cation, [TpiPrMoO(OPh)(OPMe3)]

þ, using the square dia-
gram in Scheme 2, indicates that the phosphoryl-Mo(V)
complex is more stable than the related acetonitrile complex,
a result in stark contrast to the situation in the analogous
Mo(IV) complexes.
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