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Abstract: The oxygen-atom-transfer
(OAT) reactivity of [L*'MoO,(OPh)]
(1, L™ =hydrotris(3-isopropylpyrazol-
1-yl)borate) with the tertiary phos-
phines PEt; and PPh,Me in acetonitrile
was investigated. The first step,
[L*MoO,(OPh)]+PR;—

[L"MoO(OPh)(OPR;)], follows a
second-order rate law with an associa-
tive transition state (PEt;, AH ™ =48.4
(£1.9)kImol ™, AST=-1492 (£
6.4)Jmol 'K, AG*=92.9kJmol;
PPh,Me, AH*=73.4 (43.7) kImol™,
AS*=-719 (£2.3) Jmol'K™!, AG*=
94.8 kJmol™!). With PMe; as a model
substrate, the geometry and the free
energy of the transition state (TS) for
the formation of the phosphine oxide-
coordinated intermediate were calcu-

nisms

lated. The latter, 95 kImol ', is in good
the experimental
values. An unexpectedly large O-P-C
angle calculated for the TS suggests 18.2
that there is significant O-nucleophilic
attack on the P—C o* in addition to the
expected nucleophilic attack of the P
on the Mo=O n*. The second step of
the reaction, that is, the exchange of
the coordinated phosphine oxide with
acetonitrile, [L""MoO(OPh)(OPR;)] +
MeCN — [L*MoO(OPh)(MeCN)] +
OPR;, follows a first-order rate law in

agreement  with
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MeCN. A dissociative interchange (1)
mechanism, with activation parameters
of AH*=93.5 (+£0.9) kJmol™, AS*=
(£3.3) Jmol 'K, AG* =
88.1kJmol™' and AH*=97.9 (£3.4)
kJmol ™, AS*=473 (£11.8)
Jmol'K™!, AG*=83.8kImol™!, for
[L"MoO(OPh)(OPEt;)] (2a) and
[L*MoO(OPh)(OPPh,Me)] (2b), re-
spectively, is consistent with the experi-
mental data. Although gas-phase calcu-
lations indicate that the Mo—OPMe,
bond is stronger than the Mo—NCMe
bond, solvation provides the driving
force for the release of the phosphine
oxide and formation of [L*MoO-
(OPh)(MeCN)] (3).

Introduction

The transfer of oxygen, nitrogen, or sulfur atoms between
competent centers is a fundamental reaction in chemistry
and biology, and during the past decades these reactions
have been extensively studied."™ The majority of the
oxygen-atom-transfer (OAT) reactions involve high-valent
metal centers, and the transfer of an oxygen atom to the ac-
ceptor is coupled to the transfer of an electron pair to the
donor [Eq. (1)]. Although the exact nature of the reaction
may vary, OAT reactions are thought to be involved in the
mechanisms of several metalloenzymes, such as cytochrome
P450, sulfite oxidase, nitrate reductase, and dimethyl sulfox-
ide (DMSO) reductase. Catalytic transfer of oxygen atoms
is also important in industrial processes, such as the epoxida-
tion of olefins.!*”

MO +X = [M]"?*4+XO (1)

Due to their biological and industrial relevance, OAT re-
actions involving high-valent oxo-molybdenum complexes
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have been extensively investigated.®*"! Oxo-molybdenum
complexes containing dithiocarbamate,'? ene dithiolate, >
and hydrotris(pyrazolyl)borate®!” ligands feature in the
more notable, functional OAT systems. Both Mo“'0,/Mo'v O
and Mo“'O/Mo" couples have been reported to effect sub-
strate oxidation and reduction. For many years, a variety of
biological substrates were used in model systems, however,
tertiary phosphines have become the reagents of choice, due
to their high solubility in organic solvents and the ability to
tune their reactivity through substitution at phosphorus.

A long-standing mechanistic description of OAT from
dioxo-Mo"" centers to tertiary phosphines involves nucleo-
philic attack by the phosphine on an empty Mo=O s* orbi-
tal. In these reactions, the existence of a single transition
state was supported by experimental data. However, a com-
putational investigation indicated that one such reaction
proceeds via the formation of a phosphine oxide-coordinat-
ed intermediate."® The other oxo group acts in a “specta-
tor” capacity, as described by Rappé and Goddard."” Exper-
imental evidence for the proposed intermediate was provid-
ed through the in situ detection of species of the general for-
mula [LMoO(OPPh,)X], in which L=hydrotris(3,5-dime-
thylpyrazol-1-yl)borate; X~ =SPh~, OPh~, Br~, and CI".*"
Confirmation of the existence of OAT intermediates came
through the isolation and structural characterization of
[L™MoO(OPR;)X] (L™ =hydrotris(3-isopropylpyrazol-1-
yl)borate; X=CI", substituted phenolate, or alkyl thio-
late)®22 and [LMoO(OPMe;)CI].*?1 This L system
models for the reduction of DMSO by DMSO reductase
and the oxidation of sulfite by sulfite oxidase, in which a cat-
alytically labile oxygen atom is passed from the enzyme to
the substrate with the concomitant transfer of two elec-
trons. Recent calculations have predicted similar inter-
mediates in other oxo-transfer model systems.”*27

Here, we describe a detailed kinetics investigation
of the formation and subsequent solvation of
[LPMoO(OPh)(OPR;)] (2; Ry=Et; (2a) and Ph,Me (2b))
en route from [L™"MoO,(OPh)] (1)/PR; to [L®'MoO(OPh)-
(NCMe)] (3)/OPR; in acetonitrile, and provide an experi-
mental analysis of the rate-limiting nature in these two
steps. The experimental results are supported by theoretical
calculations of the geometries and energies of the intermedi-
ates involved in these reactions and the transition states
connecting them.

Results

Kinetics of the reaction of
[L*"Mo0O,(OPh)] (1) with PR;:

Table 1. Activation parameters.

[a]

ent on both the complex and the phosphine (Figure 1, step
1). The products exhibit two low-energy d—d transitions that
are absent from the starting materials. The lowest-energy

Step 1
PR3 0 ¥
. ] . 1}
L'P'Mo=0 \ L'P"Mo=O=PR;
OPh OPh
1 (Ts-IC)
(REAC-C)

S IS ;
'S i
11| LPrMo—0=PR, OFRs o :
' \ X |
P OPh (TS-IC)  LPrMo, ;
i2| PRg=PEt3 2a; Dissociative OPh |
' PR3=PPh,Me, 2b (INT-IIC) '
. 3 Iy .
5 (INT-IC) S % MeCN 5
| MeCN . e OPRs (TS-lIC) |
: Associative !
H MeCN ;
i 9 newme  |F OFRs Q NCMe |
i | UPrMo>-0=PR, L'PrMo I
, N .
OPh 3 OPh
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Figure 1. Schematic representation of the oxygen-atom-transfer reaction
path. The two kinetically defined steps are shown in separate boxes.
Compounds 1, 2, and 3 were experimentally characterized. Labels ending
in C refer specifically to the theoretically calculated species for which R

= CH..

transition is observed at around 910 nm (e~110m 'cm™) for
2a, and at 900 nm (e~92m 'cm™!) for 2b. Reactions with
(phosphine:Mo complex) mole ratios higher than ~60 and
90 for PEt; and PPh,Me, respectively, appear to be too
rapid to be quantifiable, and as such, were used as an upper
limit of the concentration ratio. The pseudo-first-order rate
constants as a function of the concentration of phosphines
and at different temperatures are given in the Supporting
Information; the activation parameters are tabulated in
Table 1. The large negative entropies of activation,
(TAS *)pg, = —44.5 kI mol ! and (TAS *)pppme =
—21.4kImol™" at 298.15 K, are consistent with associative
transition states for both phosphine reactions.

Kinetics of loss of OPR; from 2 in acetonitrile: The singular
value decomposition (SVD) analyses indicate that the solva-
tion of 2a by MeCN at 11 °C involves three observable spe-

Solutions of yellow-orange 1

. Reaction AH* AS* InA E, AG*
react with PEt; and P.thMe to [kJmol '] [Jmol 'K ] [KJmol '] [kJmol '], 298 K
produce green solutions con- oRrTo 484 (19)  —1492(64)  125(08)  509(19) 929
taining the isolable oxo(phos- 1 pph,Me—2b 734 (3.7) —719(23)  218(L5)  759(38) 948
phoryl)-Mo" complexes, 2.2%?'1  2a4MeCN -3 +OPEL, 93.5 (0.9) 182 (33) 313 (0.4) 959 (0.9)  88.1
These  reactions follow a 2b+MeCN—3+OPPh,Me  97.9 (3.4) 473 (11.8) 361 (14) 1003 (3.4) 838

second-order rate law, depend-
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[a] The errors in parentheses are estimated standard deviations from linear least-squares fit.
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Mechanism of Oxygen-Atom-Transfer Reaction

cies, with an initial, comparatively rapid increase of a species
followed by a slower decay to another species. The first step
involves solvation by acetonitrile, the second step is postu-
lated to be the formation of a dinuclear compound. The for-
mation of dinuclear species are well known in the literature
and we focus here on the solvated species formation. The
solvation reaction was probed by recording single-wave-
length measurements. The absorbance changes at 301 nm
and 910 nm were assigned to the decay of 2a to 3 and fit
well to a single exponential. The d-d transitions at 910 nm
mirror the changes that occur in the pm to dmt charge-trans-
fer transitions at 301 nm. On the other hand, the absorbance
changes at 680 nm were fitted to a two-exponential function.
The first of the two processes corresponds to the conversion
of 2a to 3 and the second one was assigned to the formation
of a dinuclear species. Because the concentrations used in
the single-wavelength measurements at 301, 680, and
910 nm differ by nearly an order of magnitude, the rate of
the reaction does not appear to be concentration dependent.
Figure 2 shows representative data with fits at each of the
wavelengths. The activation parameters (Table 1) were de-
termined from the reaction-rate data at variable tempera-
ture. For 2a and 2b, the second step of Figure 1 is a disso-
ciative process (see below), determined by the positive en-
tropy of activation: at 298 K, TAS* is 5.4 and 14.1 kImol™!
for 2a and 2b, respectively.

Identification of the species formed: The solvation of 2a
was further probed by performing 'H and *'P NMR spectro-
scopy in benzene and in MeCN. The *'P NMR spectra in
[D¢]benzene show conversion of coordinated phosphine
oxide (0=74 ppm) to the free form (6 =48 ppm). P NMR
spectra of 2a, acquired at —40°C in [D;]MeCN, showed that
over time, the signal of the coordinated OPEt*! was re-
placed with that of uncoordinated OPEt,. The rate of phos-
phine oxide dissociation was calculated from the integrated
intensity of both the free and the coordinated OPEt; reso-
nances. NMR spectra of solutions incubated at 11 °C showed
an increase in free OPEt; that follows a single exponential
process with a half-life of ~50 min in MeCN, which is in
good agreement with the single-wavelength spectrophoto-
metric measurements. Thus, *P NMR spectra provide direct
evidence for the loss of phosphine oxide during the first step
in the solvation of 2a to 3. Interestingly, 'H NMR spectra of
compound 3 recorded at room temperature in [D;]MeCN
containing 10% MeCN exhibit a broad resonance at o
2.99 ppm. We attribute the broadness to the exchange with
the bulk solvent, as observed in a similar system.[z“] Green
2a, which exhibits an absorption at 910nm (e=
120m 'em™) from a d,,—d,./d,. transition, rapidly converts
to blue 3, exhibiting two d,,—d,,/d,, transitions at 680 nm
(e=~90M'cm™) and 910 nm (e=~100m'cm ™).

Effect of solvent: The formation and solvation of complex
2a was investigated in different solvents. The formation re-
action, probed in MeCN and benzene, showed a solvent de-
pendence, the second-order rate constants at 17°C being

Chem. Eur. J. 2006, 12, 7501 -7509
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Figure 2. Observed changes in the absorption for the solvation of

[L*MoO(OPh)(OPEt;)] in MeCN: a)301 nm at 16°C, b)910 nm at

22°C, and c) 680 nm at 27°C. Bottom traces represent the kinetic fit, top

traces represent the residual.

4.72x107% and 2.75x1072M 'sec”!, respectively. Thus, the
rate of the intermediate formation (Figure 1, INT-IC) in
MeCN is approximately two-fold faster than it is in benzene.

The loss of OPEt; from 2a was investigated in MeCN,
benzene, and THF. In THF, the d-d transitions shift
~25cm™ higher in energy relative to those observed in
MeCN, which allows the observation of both solvolysis and
dinucleation reactions in this region. For step 2 of Figure 1,
a comparison of the apparent rates in MeCN and THF

—— 7503
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shows that they are equivalent within statistical error (rate
constant ~6.3x 107> min~' at 22°C), suggesting that this step
is not solvent dependent. By spiking MeCN solutions of 2a
with water, so that the concentration of water in MeCN was
~10 or 100 times the concentration of the Mo complex, the
rate of the process remained unaffected. This observation
suggests that within the concentration limit, any water pres-
ent in the solvent does not affect the rate of the reaction.

Interestingly, if 2a was dissolved in pyridine a red solution
was instantly produced, indicating the formation of a pyri-
dine adduct. Complexes of this type have been structurally
characterized for the hydrotris(3,5-dimethylpyrazol-1-yl)bo-
rate (L) system.”® In agreement with this observation, the
red compound could also be generated by adding pyridine
to the blue MeCN solution, which suggests a higher thermo-
dynamic stability of the pyridine-coordinated complex, as
expected from the high donor ability of pyridine. More im-
portantly, this experiment demonstrates that the coordinated
MeCN is labile towards substitution, consistent with the ex-
change of coordinated MeCN with the bulk solvent. The
mechanism of pyridine coordination may also be different
from the mechanism of acetonitrile coordination, but this
was not explored in this investigation.

Calculated structures: Calculations were performed on
stable species and transition states that are involved in the
OAT reaction and in the replacement of the phosphine
oxide by the MeCN solvent. The optimized geometries of
the species in this reaction are shown in Figure 3.

The comparison of the geometrical data of the calculated
1 reactant (REAC-C, Figure 3) with crystallographic data
for [LMoO,(SPh)]?! and [L®™MoO,(OAr)] (OAr=pheno-
late, naphthalote)?? shows good agreement. Both the opti-
mized Mo=0O bond lengths (1.75 A) and the optimized Mo—
N bond lengths (2.34, 2.21 A) are slightly longer than the ex-
perimental values 1.70 A and 2.32 and 2.19 A, respectively,
whereas the optimized O-Mo-O angle (103.7°) is similar to
the experimental angle (103.4°). In agreement with the ex-
perimental results, the Mo—N bonds trans to the oxo groups
are longer, by 0.13 A, than the Mo—N bond trans to the SPh
and OAr groups.

The optimized geometry of the transition state (TS-IC,
Figure 3) for the attack of PMe, on [L*MoO,(OPh)] shows
bond lengths that are intermediate between those of the re-
actant (REAC-C) and [L*MoO(OPh)(OPMe;)] (INT-IC,
Figure 3). The Mo—O bond under attack (1.83 A) is slightly
longer than that in the reactant (1.75 A), but shorter than
that in the intermediate (2.21 A). The O—P bond is begin-
ning to form in the transition state, but is significantly
longer in the transition state (2.15 A) than it is in the inter-
mediate (1.58 A). In terms of these distances, TS-IC would
be an early transition state. In our optimized structure for
TS-IC, the torsion angle O-Mo-O-P is —79.6°. This value is
in good agreement with previous theoretical work!"®! that
suggested an angle close to £90° was necessary to occupy
the correct Mo d orbital in the 2e” reduction from Mo"" to
Mo" during OAT. The occupation of this particular metal
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i Mo-O-P 1264
) O-Mo-O-P -71.7

Figure 3. Calculated geometries and metric parameters for the reactants,
transition states, intermediates, and product for the OAT reaction of 1
(REAC-C) with PMe;.

orbital is associated with the spectator oxygen effect. TS-IC
has a large O-P-Cy angle (153.0°), the implications of
which will be discussed later. The calculated vibrational fre-
quencies of the completely optimized transition-state geom-
etry show one imaginary frequency (194icm™) with a
motion appropriate for this transition state.

Our calculated [L™MoO(OPh)(OPMe,)] intermediate
structure (INT-IC, Figure 3), has a well-formed O—P bond
and a weaker Mo—OPMe; dative bond (2.21 A). The O—P
bond in this intermediate is 0.04 A longer than the corre-
sponding bond in the free ligand, a difference that parallels
the formation of a strong Mo—OPMe; dative bond (see
below). In this structure, the difference in the strengths of
the three Mo—O bonds can be seen in the frans influence on
the Mo—N bonds. The calculated bond lengths are in good
agreement with the experimental values®”! for 2a, the “spec-
tator” Mo—O bond has the largest error, but its shortening
with respect to REAC is correctly predicted. The O-P-Cy,
angles (109-115°) are now close to that expected for a phos-
phine oxide (~115°). The Mo-O-P angle (126.4°) is similar
to the experimental value of 132.4°. The calculated O-Mo-
O-P torsion angle is —60.5°, also in good agreement with
the observed values of —57.5°.

Chem. Eur. J. 2006, 12, 7501 -7509
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The next step in the oxo-transfer reaction, after the for-
mation of the intermediate (INT-IC), is the substitution of
phosphine oxide with a molecule of solvent (MeCN in this
case) to produce the product (PROD-C). There are two pos-
sible “ideal” mechanisms: a two-step dissociative mechanism
whereby OPMe; leaves before MeCN enters; and an asso-
ciative mechanism whereby MeCN binds to the intermedi-
ate (INT-IC) before OPMe; leaves. For the dissociative
mechanism, one expects a five-coordinate intermediate,
whereas for a truly associative mechanism, one expects a
seven-coordinate intermediate. Of course, exchange path-
ways that are intermediate between these “ideal” situations
are common. In an exchange pathway, the seven-coordinate
species would be expected to be a transition state, with the
degree of attachment of the exchanging ligands being a
measure of the associative or dissociative character. To ex-
amine both possible pathways, we calculated the five-coordi-
nate [L""MoO(OPh)] intermediate (INT-IIC) that one ex-
pects in the dissociative mechanism, and a seven-coordinate
species (TS-AC) corresponding to an associative exchange
mechanism. The square pyramidal, five-coordinated
[L"MoO(OPh)] intermediate (INT-IIC) has a vacant coor-
dination site trans to one of the pyrazole nitrogen donors,
and this Mo—N bond is now even shorter (2.10 A) than it
was in the intermediate (INT-IC).

In the pathway for the associative mechanism, no seven-
coordinate intermediate was found, however, a seven-coor-
dinate transition state (TS-AC) for exchange of OPMe; with
MeCN could be located. In the optimized geometry of TS-
AC, there is one imaginary frequency (64i cm ™) correspond-
ing to the vibration that breaks (makes) the Mo—OP bond
and makes (breaks) the Mo—NC bond. The low imaginary
frequency is indicative of a very “loose” transition state, in
which both OPMe; and NCMe are nearly dissociated. The
Mo—OP bond is longer (2.37 A) and the O—P bond is short-
er (1.56 A) than those in the intermediate (INT-IC). The
Mo—NC bond is longer (2.65 A) than that of the product
(PROD-C), in which MeCN is fully coordinated. In this
seven-coordinate TS-AC, the weakest Mo—N (pyrazole)
bond, trans to the oxo ligand becomes even longer (2.56 A).
A second TS of nearly equal energy exists, in which the en-
tering (MeCN) and leaving (OPMe;) ligands have switched
positions.

In the structure of the MeCN-substituted product
(PROD-C, Figure 3), the Mo—NC bond is completely
formed, with a Mo—NC bond length of 2.16 A. The Mo—N
bond length trans to MeCN is similar to that in the inter-
mediate. This similarity in trans influence of OPMe; and
MeCN suggests similarities in their Mo—ligand bond
strength.

Calculated energies: The reaction energies in Table 2 and
Figure 4 are all relative to the energy of the reactant
(REAC-C) plus the energy of both PMe; and MeCN. Gas-
phase enthalpies and free energies, and solvation-corrected
free-energies for MeCN at standard conditions, are given in
Table 2. Figure 4 shows the free-energy profile for the pre-

Chem. Eur. J. 2006, 12, 7501 -7509
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Table 2. Calculated energies in kJmol™'. Values in parenthesis are esti-
mated, as discussed in the text.

AH° (gas phase)

AG° (gas phase) AG°,,(MeCN)

REAC-C 0.00 0.00 0.00
TS-IC 37.59 85.49 95.00
INT-IC —90.25 —37.98 —41.02
TS-AC —12.86 84.74 101.49
(TS-TIC) (71.95) (68.91)
INT-IIC 19.68 13.42 —11.42
(TS-1IC") (61.54) (35.14)
PROD-C —56.84 —14.99 —41.39
0 t 9 Nowe *
iPr <=
LPllo=0=Pes LPidc-O=paies
n TS-AC
roTS-IC 5
NCM
CMe 95.0 _.._1‘?':‘5

0.0
REAC-C 114
0 INT-IIC \
" \
Sy 41.0 ot 44
+ oINT-IC L T"\Oph PROD-C
PM .
% |_fF"r'~'4o;o=f=rawe3 OPMe; Q NoMe
* OPh + LFT Mo
DM + NCMe + OPh
NCMe OPMeg

Figure 4. Reaction ~ path for  REAC-C+PMe;+MeCN—PROD-
C+OPMe;. Solid and dashed lines represent the dissociative and associa-
tive paths, respectively, for the solvation of INT-IC. All energies are sol-
vent-corrected (MeCN) free energies, given in kJ mol ™. Values in paren-
thesis are estimated, as discussed in the text.

dictions in MeCN, which will be described in detail below.
The PMe; substrate reacts by crossing the transition state,
TS-IC, to form the intermediate, INT-IC. For TS-IC, the
B3 LYP gas-phase enthalpic barrier (AH ) is 37.6 kJmol .

Gas-phase corrections for the loss in entropy on forming
this transition state produce a free-energy barrier (AG*) of
85.5 kJmol™". Solvation corrections increase the free-energy
barrier (AG*,,(MeCN)) to 95.0 kJmol'. Additional cor-
rections for the reduction in entropy due to restricted
motion of the separated species in solution® were not
made. The enthalpy of formation (AH°) of INT-IC is
—90.3kJmol™' and the free energy, AG*,,(MeCN), of
—41.0kJmol ™" favors its formation, however, the entropy
does not. Although the entropy contribution is unfavorable,
overall, the intermediate (INT-IC) is found to be quite
stable.

Energies for the replacement of the OPMe; ligand in
INT-IC by MeCN were determined for both a dissociative
and an associative path. The free-energy barrier for the dis-
sociative path was taken as the dissociation energy of the

— 7505
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OPMe; ligand. The enthalpic differences correspond to an
Mo—OPMe; bond energy of 109.9 kImol". In this dissocia-
tive reaction, the entropy is higher because two species are
produced. However, this increase in entropy occurs only
after most of the enthalpic barrier is achieved. In summary,
in determining the free-energy barriers for the dissociative
mechanism, the free energy of the dissociative intermediate
species (INT-IIC) cannot be used as the barrier. Thus, the
maximum free-energy barrier for the dissociative route cor-
responds to the enthalpic barrier of 109.9 kImol™'. After
formation of INT-IIC, MeCN must overcome an entropic
barrier to coordinate to INT-IIC and form the product
(PROD). In this “forward” reaction, we assume that the full
entropic barrier is encountered before the enthalpic stabili-
zation from the formation of the new Mo—NCMe bond re-
duces the energy to that of the product. For both of these
estimated dissociative transition states, the solvation correc-
tions, like the entropic corrections, correspond to the asso-
ciative precursor, INT-IC and PROD-C, respectively.

On the associative path, TS-AC has an enthalpic barrier
(from the intermediate, INT-IC) of 77.4 kJmol™". Gas-phase
entropic corrections and solvent corrections produce a free-
energy barrier (AG *;,(MeCN)) of 142.5 kJmol !, a barrier
that is ~33 kJmol ' higher than the highest barrier on the
dissociative path. The enthalpic data (uncorrected for sol-
vent) suggest that the Mo—OPMe; bond is ~43 kImol™!
stronger than the Mo—NCMe bond. However, the large
dipole moment of OPMe; leads to a large solvation correc-
tion favoring the replacement of the phosphine oxide by
MeCN, an overall reaction that is now favored by
0.4 kJmol'. The high concentration of MeCN further favors
formation of this substituted product (PROD-C).

Discussion

The results presented demonstrate that the reactions of ter-
tiary phosphines with 1 proceed through multiple transition
states; in this case, two transition states were experimentally
defined. The first involves the formation of a phosphine
oxide-coordinated intermediate, the second one involves the
formation of a solvent-coordinated complex. In the context
of biological OAT reactions, the formation of a dinuclear
species is not pertinent and will not be discussed further,
but the other two transition states are relevant.

Mechanism of formation of 2: The reaction of 1 with PEt;
or PPh,Me follows a second-order process. This reaction
proceeds as the tertiary phosphine approaches the Mo
center, followed by the nucleophilic attack by the tertiary
phosphine and the transfer of two electrons to the Mo
center. The reaction is dependent on the nature of the phos-
phine, as evidenced from rates of the reaction: PPh,Me
reacts 3.6 times slower than PEt; with 1 in MeCN at approx-
imately 12°C. This slower reaction is consistent with the
lower pK, of PPh,Me (6.5), relative to that of PEt; (8.69).
Thus, the rate of the reaction leading to the intermediate is
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strongly influenced by the relative basicity of the attacking
phosphine, suggesting that the oxygen has sufficient acidity
to react faster with stronger bases. Accordingly, the differ-
ence between the enthalpic barriers is large, (AH ¥)pg,=
48.4 kImol ™' verses (AH *)ppy o =73.4 kImol .

For both phosphines, the first step in the formation of 2
proceeds by an associative mechanism, as evidenced by the
large negative entropies of activation. Furthermore, the en-
thalpy of activation suggests that there is a significant
degree of bond breaking/making in the transition state.
Moreover, the relatively low enthalpy of activation, AH* =
48.4 kJmol™' for PEt,, is suggestive of the formation of a
strong P=O bond at the expense of an Mo=O bond. On the
other hand, the PPh,Me reaction has a significantly larger
enthalpy of activation, AH*=73.4 kImol !, suggesting that
the P=O double bond formation is energetically more diffi-
cult. Considering that the Mo=0O bond in the starting mate-
rial is the same, this enthalpic difference is likely to reflect a
difference in basicity of the phosphines coupled with differ-
ences in steric interactions in the transition state.

The calculations predict an associative transition state
with a solvent-corrected free-energy barrier of 95.0 kJmol™
for the reaction of the simpler substrate, PMe;, in reasona-
ble agreement with the experimental results (AG™=92.9-
94.8 kImol™"). The calculated structure for this first transi-
tion state, TS-IC, suggests that there are two components to
its electronic structure. Usually, the attack on the M=O
bond by a substrate is thought of as the attack of a nucleo-
phile (the substrate) on the n* M=O orbital, forcing a 2e~
reduction of the metal center. Ultimately, of course, this is
the final outcome. However, the metal-based oxygen may
also act as a nucleophile and attack an empty orbital on the
substrate. The surprisingly large O-P-Cy;, angleP” (153.0°)
suggests that some of this “role reversal” is taking place in
TS-IC. If the attack of PMe; on the Mo=0O bond involved
only the P lone pair attacking the Mo=O =¥, one would
expect the three-fold axis of PMe; to be aligned with the
axis of attack, P—O. This alignment would produce an ide-
alized O-P-C,,. angle of ~115°. On the other hand, if the
oxo ligand were the nucleophile and it attacked the phos-
phine through the P—C,, o* orbital, phosphorus would
become hypervalent (trigonal bipyramid with five valence-
electron pairs). The lone pair on phosphorus would occupy
an equatorial site in the TBP description. In this alternative
case, the idealized O-P-C,, angle would be 180°. Thus, the
calculated angle of 153.0°, which is nearly halfway between
the two extremes, suggests an intermediate situation with
nearly equal mixtures of the two types of nucleophilic
attack. As the system proceeds to the intermediate, the O-
P-C,,. angle decreases to that expected for OPMe;. The
changes in the C-P-C angles can also give an indication of
the hypervalent character of P in TS-IC. If P has taken on
hypervalent character, one would expect the C-P-C angle in
the equatorial plane to be larger than the other C-P-C
angles. The calculated C-P-C angles for INT-IC are almost
equivalent, 106.3, 107.0, and 107.4°, whereas in TS-IC they
are 101.0, 101.6, and 103.2°. The difference in these angles is
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smaller than one would expect for a true five-coordinate hy-
pervalent P, which suggests somewhat less hypervalent char-
acter of the P than the O-P-C angle alone.

Mechanism of loss of OPR; from 2: At 5°C in MeCN, the
rate of solvation of 2a is approximately five times slower
than that of 2b, which underscores the importance of the
leaving groups in the rate of the reaction. The free energy
of activation is consistent with the rate data, with higher
free energy of activation for 2a. Because the enthalpies of
activation are within the error, entropy is the primary con-
tributing factor in the difference in free energy. Very impor-
tantly, the entropy of activation for both leaving groups is
positive and indicates an overall dissociative mechanism. Of
the two leaving groups, OPPh,Me has a larger gain in con-
formational flexibility during dissociation than OPEt,,
(AS* =473 and 18.2Jmol 'K, respectively). The larger
entropy lowers the free energy of activation for the dissocia-
tion of OPPh,Me by more than that for OPEt;.

The DFT calculations predict that the dissociative route
through the five-coordinate intermediate (INT-IIC) is fa-
vored over the associative route by ~33 kJmol™'. We also
calculated a triplet state for the five-coordinated intermedi-
ate on the dissociative path. The geometry of this state is
trigonal bipyramidal at the molybdenum center. The calcula-
tions predict this structure to be several kJmol™! more
stable than the singlet. However, it is known that the
B3LYP method overestimates the stability of triplet
states.®!! Furthermore, no indication of any contribution by
a triplet state was observed in the experiments. Thus, we be-
lieve that the triplet is less stable than the singlet and,
hence, it is not important in this reaction.

Although it is clear that the solvation of the intermediate
(i.e., step 2 in Figure 1) follows a dissociative mechanism,
the activation parameters alone cannot distinguish between
a dissociative interchange or a purely dissociative mecha-
nism. For a purely dissociative mechanism to be operative,
the Mo center would need to pass through a pentacoordi-
nate (INT-IIC, Figure 3) species prior to solvent coordina-
tion. For a dissociative interchange (I;) mechanism to be op-
erative, the formation of a Mo—solvent bond has to begin
before the Mo—OP bond is completely broken, thereby sta-
bilizing the transition state by never allowing the metal
center to become truly pentacoordinated. The positive en-
tropy of activation suggests that, in the transition state, bond
breaking is more important than bond making. From the
predicted high stability of the five-coordinate intermediate
and the calculated higher-energy associative reaction path,
the calculations support a dissociative mechanism. However,
as with the experimental results, the calculations cannot
really distinguish between a true dissociative mechanism
and a dissociative interchange one, as this choice will be
very solvent and substrate dependent. The calculations find
a purely dissociative free-energy barrier of 109.9 kJmol ™,
which is 21.8 kJmol ' higher in energy than the experimen-
tal value (88.1 kImol™"). The larger calculated free-energy
barrier is an indication that the loss of phosphine oxide in a
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solution of MeCN may be better described by a dissociative
interchange mechanism.

The overall reaction profile: Transformation of 1 to 2 to 3
has two important features associated with the reaction. The
first feature pertains to the effect of the substrate upon the
rate-limiting step of the reaction. Although the two sub-
strates (PEt; and PPh,Me) are similar in their geometry
about the central phosphorus atom, PEt; is expected to have
a higher conformational flexibility and, as such, leads to a
greater entropic penalty (Table 1). On the other hand,
PPh,Me has a lower basicity due to the electron-withdraw-
ing nature of the phenyl rings and is more sterically encum-
bered, which results in a higher enthalpic contribution and
retardation of the reaction. The second feature pertains to
the replacement of phosphine oxide by acetonitrile, which is
mainly dissociative in nature for both substrates. The rate of
loss for the larger phosphine oxide (PPh,Me) is greater, con-
sistent with a steric driving force and a looser transition
state, as indicated by the greater entropy of activation
(Table 1). The calculations support the identification of this
rate-limiting step, however, the calculations also show that
the free-energy difference between the barrier to the forma-
tion of the phosphine oxide-coordinated intermediate and
the barrier of its dissociation is small. Thus, for other sub-
strates and complexes, the rate-limiting step could be differ-
ent and the nature of the loss of phosphine oxide could
change.

Kinetic investigation by Bray and co-workers demonstrat-
ed that the formation of the enzyme-substrate complex for
DMSO reductase is found to be rate-limiting at pHS.5,
whereas at pH 8.0, the oxo-transfer step has been proposed
to be rate limiting.”” Similarly, in the OAT reactions of W-
substituted DMSO, the first electron-transfer step, that is,
the formation of the intermediate, is proposed to be the
rate-limiting step.”” Brody and Hille have investigated the
atom-transfer chemistry of sulfite oxidase (SO), with sulfite
and dimethyl sulfite as substrates.®” Their interpretation
was that the nucleophilic attack, and not product dissocia-
tion, was the rate-limiting step. In general, the kinetic stud-
ies on the enzymes were focused on the catalytic cycle and,
thus, information on the kinetics of the individual steps of
the cycle is not available. However, the rate-limiting step
can be modulated by the nature of the substrate and the cat-
alytic site, underscoring the importance of subtle perturba-
tions to the reaction mechanism. Although the parallel is
compelling, it is not comprehensive, as enzymatic systems
are investigated under catalytic conditions and the current
work did not focus on establishing a saturation behavior.

Conclusions

The mechanistic details of the oxygen-atom-transfer reactiv-
ity from a dioxo-Mo"' center were investigated, and the
overall reaction was described in terms of elementary steps
that were experimentally and theoretically defined. The
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mechanism of the first step involves the combination of a
conventional nucleophilic attack by the phosphine on the
Mo=0O n* orbital and nucleophilic attack by the terminal
oxo group on the P—C o* orbital (evident from the large O-
P-Cy. angle in TS-IC). The associative transition state of the
reaction leads to an intermediate in which the phosphine
oxide remains coordinated to the metal center. Next, a sol-
vent molecule replaces the phosphine oxide, leading to the
formation of a solvent-coordinated complex. Kinetically, this
replacement proceeds through a dissociative transition state
(positive entropy of activation) following a dissociative or
dissociative interchange pathway. The Mo—OPMe; bond is
enthalpically more stable than the Mo—NCMe bond, howev-
er, the high solvent (MeCN) concentration and the large sta-
bilization of the polar product, OPMe;, drives the reaction.

The rate-limiting step was found to be the initial nucleo-
philic-attack step, in agreement with the DFT calculations.
At 298K, the experimental free-energy difference
(AAG*s) between the two substrates is very small
(1.9 kJmol™) for the nucleophilic-attack step, and it is mar-
ginally higher (4.3 kJmol™) for the following step. The un-
equal difference in the two steps suggests it may be possible
to alter the rate-limiting step by suitable choice of substrate.
In light of the kinetic investigation on DMSO reductase, for
which rate-limiting steps were noted to be different at differ-
ent pH, the present work provides a parallel in discrete oxo-
molybdenum complexes.

Experimental Section

Materials and methods: All compounds were prepared as reported.”?!l
All kinetic investigations were conducted by using a temperature-control-
led Cary-14 spectrophotometer operating under an OLIS operating
system, or by using a Bruker 300 MHz NMR spectrometer. All mass
spectra were collected by using a Micromass ZMD quadrupole spectrom-
eter with MeCN as the mobile phase. All solutions with distilled solvents
were prepared under an argon atmosphere by using standard Schlenk
techniques and gas-tight syringes.

Kinetics of the [L™MoO,(OPh)}/PR; reaction: The reactions of
[L*Mo00,(OPh)] (1) with PEt; or PPh,Me in MeCN or benzene were
monitored by performing single-wavelength assays at 910 nm. Fresh stock
solutions of 1 were prepared at a concentration of ~2.5 mgmL™" (4.5 mm)
and stock PR; solutions were prepared at a concentration of ~1-2m. In a
typical assay, 750 uL of the 1 stock solution was added to an anaerobic
cuvette containing the required amount of solvent so that, after the de-
sired volume of phosphine was added, the final volume would be 1 mL
(~3.4 mMm of 1). The ratios of concentrations of PEt; to 1 were 7.8, 15,
29.8, and 59.7 to maintain pseudo-first-order conditions, whereas those of
PPh,Me to 1 were: 10, 20, 40, and 90. The cuvette was equilibrated to the
desired temperature in the sample chamber of the spectrophotometer,
whereas the stock PR; solution was equilibrated separately. Once equili-
brated, the desired volume of PR; solution was added by using a gas-
tight syringe, then shaken for 5-10s and assayed. Each assay was moni-
tored for a time equivalent to 5-8 times the predicted half-life () of for-
mation, with a typical resolution of one data point per 10 s, and a total of
1024 data points were collected. All single-wavelength assays were fitted
to determine the rate constants, and the rate constants were used in cal-
culating the activation parameters from the Eyring and Arrhenius rela-
tions, taking account of the concentration of the molybdenum complex.

Kinetics of [L*"MoO(OPh)(OPEt;)] solvation: The kinetics of solvation
of the reaction intermediate 2a were probed by spectrophotometry. First-
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ly, time-dependent, multiwavelength scans were collected in two major
regions: 1200-500 nm, denoted the low-energy region, and 600-230 nm,
denoted the high-energy region. In addition, a typical high-energy experi-
ment was conducted similarly, but to a final concentration of ~375 pm
and with scanning from 600-230 nm. Each data set was deconvoluted
into three component species by using the singular value decomposition
(SVD) technique® using Matlab 6.0 and Mathcad 20001. The first pro-
cess involves the solvation reaction and a second slower process involves
the formation of a dinuclear species; the different time constants offer a
reasonable kinetic resolution.

Single-wavelength assays were conducted at 301, 680, and 910 nm. A typ-
ical single-wavelength experiment involved the equilibration of solvent,
cuvette, and sample cell, the choice of an appropriate number of data
points (~400 and 1000), and total assay time (~5.5-6 times the predicted
t, of the exponential decay). The rate constants were determined by fit-
ting the data as either a single (910 and 301 nm, for which there was no
difference in the absorption spectra of the solvated and dinuclear spe-
cies) or double exponential (680 nm, for which the dinuclear species ex-
hibit a different absorption profile). Single-wavelength spectrophotomet-
ric measurements at 680 nm were conducted in MeCN, benzene, THF,
and deoxygenated MeCN/water mixtures (10 and 100 fold excess with re-
spect to the molybdenum complex). The activation parameters for the
conversion of 2a to 3 were determined from the Eyring and Arrhenius
relations.

The dissociation in [Dg]benzene and [D;]MeCN of the phosphine oxide
was also probed by 'H and *'P NMR spectroscopy. A typical sample was
prepared by dissolving 10 mg (1.6x 107> mol) of 2a in 700 uL of the dry
solvent (cold and dry in the case of MeCN) in the dry-box followed by
analysis within 2 min. Once the initial spectrum was recorded, the sample
was immediately incubated at 11°C for 5 min before returning to record
the subsequent spectrum. The terminal time point was collected after
24 h. The integrated areas of *'P resonances were used for single expo-
nential fits to determine the rate of phosphine oxide release.

Kinetics of [L™MoO(OPh)(OPPh,Me)] solvation: The kinetics studies
of solvation of 2b were carried out as described for 2a; the only change
observed was the shift of the 910 nm band to ~900 nm; in this case, two
exponents were used to obtain kinetic parameters.

Theoretical details: The theoretical model system used in this work con-
sisted of the full 1 reactant and PMe; as a model substrate, rather than
PEt; or PPh,Me, as used in the experiments. The geometries of all struc-
tures for the theoretical model system were fully optimized by the
B3LYPP! DFTP method, as implemented in Gaussian 98 or Gaussi-
an 03.P¥ Analytical harmonic frequencies were calculated for all station-
ary points to confirm the nature of these points, for the zero-point ener-
gies, and for the thermodynamic properties. Solvation corrections in
MeCN were performed by using the polarizable continuum model
(PCM) method,* as implemented in Gaussian 03. The results reported
in this work were obtained with a standard valence double-{ quality basis
set (D95 V) for B, C, N, O, and H. A small effective core potential
(ECP)"!l was used for Mo (1s2s2p3s3d) with a double-¢ quality basis set
that includes the outer 5p function developed by Couty and Hall.*?) An
ECP (1s2s2p) with a double-¢ quality basis set (LANL2DZ)*! was used
for P, and to properly describe the hypervalent character of P, a polariza-
tion function with an exponent of 0.340 was added.*!
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