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Catalytic oxygen atom transfer (OAT), which frequently employs molybdenum oxo species, is an impor-
tant reaction for both nature and industry. The mechanistic details of oxygen atom transfer from
TpRMo0,(XPh) to PMes; were investigated for R=3-iPr and 3-Me and X=0 and S by density functional
theory (DFT) calculations of the enthalpies, free energy with solvent corrections, and natural bond orbital
(NBO) analysis. The mechanism for both systems proceeds via rate-determining attack of PMes to form
a stable intermediate with a bound OPMej3 ligand. From this intermediate the reaction proceeds through
a substitution involving loss of OPMes and coordination of a single CH3CN solvent molecule. The solvent
corrected free energy barriers of the rate-determining OAT step for the O and S systems were found to
be energetically more favorable for the S systems by 6.2 and 2.2 kcal/mol (for the R=3-iPr and 3-Me,
respectively). This lower energy barrier is the result of better stabilization by the SPh ligand of the MoV
products and the transition states, which are the unexpectedly later and more product-like. Additional
examination of the NBO analysis emphasizes the role of the local acidity of the Mo and by extension
the character of the ligands. The decreased electronegativity and softer character of the S atom result in
an increased covalent character in the Mo-X bond which leads to the stabilization of a later (and lower
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energy) transition state and the corresponding product of the S system relative to O system.
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1. Introduction

The transfer of O, S and N atoms from one molecule to another is
afundamental reaction in both chemistry and biology. Over the past
30 years much work has been performed to study these reactions
in detail [1]. Specifically, oxygen atom transfer reactions typically
involve the transfer of an O atom from a high-valent metal cen-
ter accompanied by a two-electron reduction of the metal. Fig. 1
depicts the overall OAT reaction for a generic octahedral transi-
tion metal dioxo system. Catalytic OAT reactions are utilized in
industrial processes such as epoxidation [2] and are involved in
the function of many metalloenzymes such as cytochrome P450,
sulfite oxidase, DMSO reductase and nitrate reductase.

OAT reactions involving high-valent oxo-molybdenum com-
plexes have been repeatedly studied due to their relevance to
both industrial and biological systems [3]. Both Mo"!0,/Mo!'VO
and Mo"!0/Mo!"V systems have been reported. Various supporting
ligands have been utilized including complexes containing dithio-
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carbamate [4], ene dithiolate [5] and hydrotris(pyrazolyl)borate
(Tp) [6], while tertiary phosphines seem to be the substrate of
choice in model biological systems due to their favorable solubility
and tune-ability through substitution at the phosphorus [8-12].

Typically, this type of reaction, namely the attack on the M=0
bond by a substrate, is described as nucleophilic attack of the sub-
strate on the 7* molecular orbital of Mo=0 leading to a reduction
of the metal. Initially, it was believed that this process involved
a single transition state but previous computational work on a
simplified model system suggested the existence of a coordinated
phosphine oxide intermediate [7]. This prediction was borne out
first by the in situ detection of a corresponding coordinate inter-
mediate [8] and later confirmed by its isolation and structural
characterization [9]. Subsequently, other computational studies
have predicted similar results [10].

The TpRMoVY'0,(XPh) systems selected for this study are par-
ticularly interesting. In fact, the first reported laboratory catalytic
Mo complex was of this form (R=3,5-Me, X=S) [6a]. In addi-
tion, this ligand framework allows for easy modification of the
steric and electronic properties through changes in R and X. Our
previous mechanistic calculations were on the Tp"MoO,(OPh)
system (using the PMe3 as a simplified model for the experimen-
tal phosphine) in an effort to understand the entire mechanism
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Fig. 2. Atom labeling scheme.

and the corresponding kinetics of the reaction [11]. In that
work it was first proposed that certain geometric features in the
Os---Mo-. - -O¢- - -substrate fragment in the transition state of this sys-
tem could be explained as a consequence of not only nucleophilic
attack of the phosphine on O, but also by simultaneous nucleophilic
attack of an O lone pair on the o* molecular orbital of P leading to
a hypervalent trigonal bipyramidal P. Herein we revisit our pre-
viously calculated mechanism for TpRMoO,(OPh)+PMes (R=iPr,
Me) and compare the results directly with the corresponding
TpRMo0,(SPh) model system. This model thiophenol complex is
based on recent work by Basu and coworkers, in which Tp*MoO5(S-
p-R'CgHy) (R"=0Me, Me, SMe, H, Cl and CF3) was found to be a
competent catalyst for oxygen atom transfer to PMes; with compa-
rable rates [12]. This result is somewhat surprising as one would
hypothesize that the more electron-withdrawing OPh ligand would
lead to a more positive Mo center and consequently more posi-
tive charge on the oxygen atom to be transferred making it more
susceptible to a traditional nucleophilic attack.

2. Computational methodology

All calculations were performed with the hybrid DFT functional
B3LYP as implemented by the Gaussian 03 programming package
[13]. This functional utilizes the Becke 3-parameter exchange func-
tional (B3) [14] combined with the correlation functional of Lee,

Yang and Parr (LYP) [15] and is known to produce good descrip-
tions of reaction profiles for transition metal containing compounds
[16,17]. Mo atoms were described using the LANL2DZ effective core
potential (ECP) and basis set of Hay and Wadt [18] with the 4p
orbitals replaced with the split valence functions from Couty and
Hall [19]. This modified ECP basis set was further augmented with
the addition of f-polarization functions (exponent=1.043) [20]. In
initial calculations P was modeled with the LANL2DZ ECP and basis
set while all other atoms (H, B, C, N, O and S) were modeled using a
Pople-style [21], double-{, 6-31G(d’,p’) basis set with polarization
functions optimized for heavy atoms [22]. Subsequent calculations
were performed with an all-electron basis 6-31G(d’) for P which
resulted in a slight change in the relative energies with no signif-
icant change in the observed structure. Energies reported herein
correspond to this larger basis set.

All geometries were fully optimized and evaluated for the
correct number of imaginary frequencies through calculation of
the vibrational frequencies using the analytical Hessian. Zero
imaginary frequencies corresponding to an intermediate or local
minimum whereas one designates a transition state or saddle point.
From the analytical Hessian zero point energies as well as enthalpy
and entropy corrections for 298.15K were also calculated and
added to the total electronic energy to obtain a total free energy,
AG[298.15].

Implicit solvent effects were incorporated using the polarizable
continuum model [23] with CH3CN as the solvent using the param-
eter ¢ =36.64. The solvent effects were calculated at the gas-phase
geometries. The resulting solvation free energy correction includ-
ing the non-electrostatic terms was added to the total free energy
from above to obtain the total free energy in solvent.

In order to obtain additional insight into the difference in bond-
ing features associated with the S and O system natural bond
orbital (NBO) [24], calculations were performed on the various
structures. The NBO method is a localization scheme which per-
mits the transformation of calculated electron density into an
orbital picture which is as close as possible to a classical Lewis
(electron pair) description of bonding [25]. It also includes the
assignments of hybridization to each atom’s contribution to bond
orbitals and to the lone pairs. Deviations from the Lewis-type
orbitals are identified as second-order perturbations that cause
the localized orbitals to mix, often this involves the transfer of
electrons from occupied donor orbitals (of Lewis-type) into empty
acceptor orbitals (non-Lewis orbitals). These deviations can be
interpreted as a measure of electron delocalization or charge trans-
fer, similar to the donor-acceptor interactions used to describe M-L
dative bonds. Quantitative measure of the additional delocaliza-
tion is expressed in terms of second-order perturbation energies
[26]. By determining the occupation numbers of each localized
orbital, the contribution of each atom to the orbital, and the
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Fig. 3. Mechanistic pathway for oxygen atom transfer.
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Table 1
Energies for intermediates 1-4 and TS12 (AHgas [ AGq], kcal/mol).
1 TS12 2 3 4
IsoOPh 0.00 [0.00] 12.24[32.13] -21.95[-3.41] 1.03 [-1.19] -11.93[-1.71]
[soSPh 0.00 [0.00] 8.99 [25.9] —29.81[-13.85] -4.13[-7.97] -24.13 [-14.10]
MeOPh 0.00 [0.00] 12.87 [29.60] —20.76 [-5.39] 1.68 [-1.49] —12.50 [-3.50]
MeSPh 0.00 [0.00] 10.44 [27.44] —27.81[-12.73] —0.68 [-1.40] -22.38[-11.71]

second-order mixing of orbitals, the NBO method identifies the
most prominent Lewis description and suggests the origin of the
most important deviations: such as the donor-acceptor inter-
actions and other mixing that suggest the importance of other
Lewis resonance structures. Core electrons should have no effect
on NBO calculations that by definition focus on the valence elec-
trons involved in bonding therefore additional NBO calculations
were not performed for the results from the calculations with the

all-electron basis set on P. NBO results from the isopropyl and
methyl are virtually indistinguishable so only the isopropyl are
described.

Fig. 2 illustrates the labeling scheme used throughout this
work. The O atom subscripts differentiate between the spectator
O (labeled Og), the O to be transferred (labeled O¢) and the O from
the OPh ligand (Opy,) while the subscripts of nitrogen atoms indi-
cate the ligand in the respective trans position (N trans to Os, N¢

Fig.4. Geometries for species 1 for (a) IsoOPh; (b) IsoSPh; (c) MeOPh; (d) MeSPh. All H atoms as well as C atoms on the TpR ligand were omitted from the images for simplicity.

View down the Mo-B axis shown in upper right corner of each structure.
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Fig. 5. Transition state geometries for TS;2 for (a) IsoOPh; (b) IsoSPh; (c) MeOPh; (d) MeSPh. All H atoms as well as C atoms on the TpR ligand were omitted from the images

for simplicity. View down the Mo-B axis shown in upper right corner of each structure.

trans to O and N trans to XPh). The methyl and isopropyl versions
of the O and S system will be referred to as MeOPh, IsoOPh, MeSPh
and IsoSPh.

3. Results and discussion
3.1. Reaction profile

The calculated minimum energy pathway for all four systems is
analogous to that of our previous study on IsoOPh system [11] and
is presented in Fig. 3. This mechanism proceeds first from species
1 through the attack of PMe3 to form a stable intermediate with
a bound OPMejs ligand, species 2. From 2 the reaction involves
a substitution involving loss of OPMe3 and the coordination of a
single CH3CN solvent molecule. While our previous mechanistic
examination of the O system found this process to be dissocia-
tive involving the coordinatively unsaturated intermediate 3 [11]
recent experimental results for the S system suggest an associa-
tive process [12]. Energies for these intermediates as well as for
the transition state between species 1 and 2, TSq3, are presented
in Table 1. From species 3 the association of OPMe3; or CH3CN to

form 2 or 4 is exothermic and found to be enthalpically barrierless.
Entropic barriers for these processes do exist but are difficult to
quantify and were discussed previously in detail [11]. Comparison
between the associative and dissociative pathways of the O and
S system have no effect on the overall rates of these reactions and
where thus determined to be beyond the scope of this study and will
not be examined here. In general, our results indicate that AG* for
the S systems are lower in energy than the corresponding O system
(AAGF=6.2 and 2.2 kcal/mol for iPr and Me systems). Experimen-
tal free energy barriers were determined to be ~22 kcal/mol for
TpF*'Mo0,(OPh) with PEt3 [11] and for Tp*MoO,(SPh) with PMes
[12], while the enthalpic barriers were about 1 kcal/mol lower for
the sulfur case.

Geometries for species 1 vary with respect to the XPh ligand
(Fig.4). Due to the larger atomic radius of S, the Mo-X and X-C bond
lengths are significantly longer for the S system (~2.4 and ~1.8 A
for S; ~1.9 and ~1.4A for O). There is also a significant decrease
in the Mo-X-C bond angle down from ~155° in the O system to
~120° for the S. This decrease is most likely caused by a decrease
in the hybridization of S compared to O similar to the difference
between H,0 (~105°) and H;S (~92°). Generally, the decrease in
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Fig. 6. Geometries for species 2 for (a) IsoOPh; (b) IsoSPh; (c) MeOPh; (d) MeSPh. All H atoms as well as C atoms on the TpR ligand were omitted from the images for simplicity.

View down the Mo-B axis shown in upper right corner of each structure.

overlap of the ns atomic orbital on X in the Mo-X and X-C bond-
ing orbitals when switching from O to S drives this decrease in
hybridization. With respect to how these changes affect the other
bonds, the increase in the Mo—Ny bonds by 0.02-0.03 Ain the S sys-
tem suggests that the Mo-S bond has increased its covalent bonding
character compared to the Mo-Opy, bond therefore lengthening the
Mo-Nyx bond due to the increased trans influence. Further exami-
nation of the Mo-X bonding interactions and their consequences
are discussed in Section 3.3.

An additional noteworthy difference in these systems is that
the enthalpies of the O system seem to be fairly independent of
the R group while the S system demonstrates an increase of the
relative enthalpies of intermediates 2-4 and TSz with respect to 1
for R=Me compared to iPr. We believe this difference arises from
the difference in bonding. In the O system the OPh ligand is bound
to the metal through a dative bond and the orientation of the OPh
moiety is determined purely by steric factors, thus OPh lies in the
o-plane. In the S system the covalent Mo-S bond is actually sta-
bilized by distortion from the mirror plane and the longer Mo-S
bond decrease the steric interactions between XPh and R. This is
apparent in the MeSPh structure in Fig. 4. For IsoSPh however, the
increased steric bulk of the iPr groups still dominates forcing SPh

into the mirror plane and resulting in a destabilization of species
1.

Fig. 5 shows details of the structures for TSq3 for all four systems
examined. As mentioned in previous work, this transition-state
geometry suggests a concurrent nucleophilic attack of the lone pair
on PMej upon the 7* molecular orbital of Mo-0; and nucleophilic
attack of a O¢ lone pair on the o* molecular orbital of P. This simul-
taneous process is suggested by the geometry of the P moiety in the
transition state, where the phosphorus is in a hypervalent geome-
try as a pseudo-trigonal bipyramid with the P lone pair residing in
the equatorial plane (seesaw type structure), significantly distorted
from the tetrahedral geometry expected from a simple nucleophilic
attack by the lone pair on PMes. In all four species two of the X-P-C
bonds are small (~95°) while the third is larger (~150°). In addi-
tion the three P-C bond lengths are not equivalent; the P-C bond
trans to O is ~0.03 A longer, consistent with partial formation of a
3-center, 4-electron bond.

While the distorted P geometry exists in all four systems there
are important differences in the geometry of this transition state
between the O and S systems. Firstly, the Mo-O; bonds in the S
systems are longer by 0.008 (iPr) and 0.017 A (Me). Accordingly,
the O¢-P distance for these systems has decreased by 0.002 (iPr)
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and 0.028 A (Me). These differences indicate a later transition state,
while the increased stabilization of the transition state and prod-
ucts for the SPh systems would have suggest an earlier transition
state by the Hammond postulate. This nontraditional behavior is a
result of the specific bonding interactions of the SPh ligand which
act to stabilize the attack of the PMe3; and move the transition state
both later and lower in energy. For instance, the Mo-Opy, (dative
bond) distance increases by ~0.08 A from 1 to TS;2 while the Mo-S
(covalent bond) distance decreases by ~0.03 A. Further examination
of this will be discussed further in Section 3.3.

Following attack of PMes, the reaction proceeds to intermedi-
ate 2, formally an octahedral Mo'V with a bound OPMej3 ligand.
Free energies indicate a significantly higher stabilization of this
species compared to 1 for the S system. Geometries for species
2 are presented in Fig. 6. The distorted P geometry observed in
the transition state is no longer present as the geometry at the P
atom is now pseudo-tetrahedral with all three P-C distances and
all three O¢-P-C angles approximately equal. The new P-C dis-
tances are consistent with free O¢PMes, while the P-O; distance is
slightly elongated from what is calculated for free O;PMe3 (1.50 A).
The Mo-0y distances in the S system are longer by ~0.02 A than
those in the O systems while the O(-P distances for the S system
are only ~0.003 A smaller. The behavior of the Mo-XPh interaction
continues to differ for X=0py}, and S. From TSy, the Mo-Op}, (dative
bond) distance has continued to increase by an additional ~0.08 A.
By contrast the Mo-S (covalent bond) distance has increased from
TS12 by only ~0.026 A, which brings it back to ~2.44 A as in species
1. This versatility in the S system arises from covalent nature of the
Mo-S bond that allows electrons to flow between the two atoms
while the mostly ionic (dative) Mo-Op}, bond is dominated by the
electrostatic forces. In the O system as the Mo is reduced (decreas-
ing the positive charge) the ionic attraction decreases and the bond
length increases. Interestingly, the XPh group is bent away from
the PMe3 moiety in TS12 and species 2 for all systems illustrating
the increased steric interactions. Further examination of this will
be provided in Section 3.3.

From species 2 the reaction proceeds through a ligand exchange
between O;PMe3z and CH3CN. The differences apparent in the ener-
gies and geometries between the O and S systems in species 3 and 4
resemble those of species 2 and will not be discussed further here.
A further examination of the bonding will be discussed in Section
3.3.

3.2. Natural population analysis

In addition to the examination of the potential energy surface
and the structure of the various reaction species discussed above,
an examination of the charge distribution throughout the reaction
profile is especially informative. Atomic charges were calculated
using natural population analysis (NPA). The results for the [soXPh
systems are depicted in Fig. 7, which illustrates the prominent char-
acteristics of the NPA charge variations and differences between
the O and S systems for the Mo, Os, O and X atoms. It is notewor-
thy that despite a difference in charges on individual atoms for the
two systems the variation of these charges throughout each reac-
tion mirrors one another. Thus, not only are the shapes of the plots
similar, but also the differences between the successive steps. This
parallel behavior suggests that the nature of the individual steps in
the mechanism are essentially the same and in accordance with the
previously proposed mechanism. The largest difference in charges
between the atoms in the two systems is, not surprisingly, that of
the X atom itself. The charge on S is significantly less negative in
accordance with its decreased electronegativity. It should also be
pointed out that the calculated charges on the Mo atoms in all reac-
tion species are significantly lower than what would be predicted
by the formal charges. Thus, significant ligand to metal electron
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Fig. 7. NPA charge variations in the O system (a and solid line) and S system (® and
dashed line) for (a) Mo; (b) X; (c) Os; (d) O¢. The 5 points correspond to species 1,
TS12, 2, 3 and 4 respectively (plot d species 3 and 4 correspond to free OPMe; for
both systems, redundant species have been omitted for simplicity).

transfer exists and increases as the reaction proceeds (indicated by
the downward trend of the charge on Mo). In accordance with the
less negative charge on S compared to Opy,, the Mo has a smaller
positive charge in the SPh system. Unexpectedly, the charges on
Os and Oy are also lower in S system indicating that all ligands are
donating more charge to the Mo, but in this case the differences are
small. As would be expected in species 1 the charge on Os and O¢
are similar to each other in both systems with values of ~0.53 and
~0.49 in the O and S system. For the purposes of Fig. 7 the O atom
to be transferred (O¢) in the S system is assumed to be the atom
with the slightly lower (more positive) charge consistent with it
being the site of nucleophilic attack. All of this information taken
together suggests that for both the O and S systems the process
of attack of the incoming ligands, and the subsequent bonding to
oxygen is associated with the transfer of electrons to Mo from O¢
as expected from the formal two electron reduction of Mo.

3.3. Natural bond orbitals

The calculated electron density from the DFT calculations was
transformed into Lewis and non-Lewis-type natural bond orbitals
(NBO). Using the NBO terminology, the Lewis-type orbitals are
designated as bonding (BD) and lone pair (LP) orbitals, while the
non-Lewis orbitals are designated as anti-bonding (BD*) and lone
pair (LP*) orbitals [27]. To obtain quantifiable insight into dative
bonding further examination of the pattern of the interactions
between the Lewis-type and non-Lewis-type orbitals can be uti-
lized. The magnitude of these stabilization energies is expressed
by the values of second-order perturbation energies. While the
occupancies, energies, and hybridization of the NBOs and all of the
mixing (donor-acceptor) interactions relevant for the description
of bonding have been saved for supplementary material, the main
bonding features relevant to the metal center are schematically
presented in Fig. 8 (left: [soOPh; right: IsoSPh) and are described
below. The important non-Lewis orbitals are marked with asterisk
(*). Every covalent bond (depicted by a single line) has associated
with it a corresponding anti-bonding orbital.
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Examination of the NBO description of species 1 reveals one
dramatic difference between the O and S systems which is main-
tained throughout the reaction. For the O system a Mo-Op}, covalent
bond was not detected by NBO method indicating a predominant
dative-type interaction (more electrostatic). In the NBO model this
is illustrated by the presence of three Opy, LP orbitals and a signifi-
cant donor-acceptor interaction between one of these filled Op}, LP
orbitals and a partially filled Mo LP* orbital. In contrast to this, for
the S system a Mo-S covalent bond is present (represented with a
solid line) which indicates more substantial mixing between the Mo
and the S hybrids that leads the significant difference in the Mo-X

bond in these two systems. As expected the Tp ligand is bound to
Mo through three predominantly ionic-type (dative) bonds. These
bonds are expressed in the NBO description as charge transfer from
the filled LP orbitals located on the N to the non-Lewis orbitals pre-
dominantly located on the metal and are consistent throughout
the reaction. For clarification it should be pointed out that the NBO
calculations (and the corresponding diagrams) for species 1 rep-
resent only one of two possible resonance structures with respect
to Mo-0O; and Mo-0Os and that the difference represented by the
single structure is not significant. In fact, one of the largest second-
order perturbation energies for species 1 is a donation from one
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of the partially filled Mo-0O; anti-bonding orbitals to one of the
Mo-0Os anti-bonding orbitals, a mixing that leads toward the other
resonance form and the equilibration of the two bonding interac-
tions. This equalization of the two resonance structures necessarily
appears in the NBO analysis as both resonance structures contribute
equally in the DFT calculations.

Proceeding to TSy2 a second significant difference between the
two systems is apparent; TSy differs with respect to the Mo-0O¢ and
O¢-Pinteractions in the two systems. In the OPh system the number
of covalent bonds between Mo and O¢ has only decreased from two
to one indicating that Oy is still bound to Mo covalently while the
O:-P bond has not formed but there is significant donor-acceptor
interaction between the filled P LP orbital and one of the Mo-0O¢
BD* (7*) orbitals demonstrating that the interaction between the
Mo-0; and the PMej is still predominantly electrostatic. In the SPh
system however, the Mo-0; bond order has decreased to zero such
that there is no longer any covalent bonding character remain-
ing between the Mo and O. In addition, the O¢-P covalent bond
is already formed. This difference is indicative of a later transition
state as was also observed in the geometric structures (vide supra).
It is this change in the electronic structure that resolves the unex-
pected lower reaction barrier (TS) in the S system as discussed above
in Section 3.1.

As discussed in Section 3.2 the pattern of charge variation along
the reaction coordinate on Mo in both O and S system is similar
with Mo in S system being more negative. Closer inspection of the
NBO analysis demonstrates that in all reaction species starting with
species TS12 there is shift of electron density toward occupation of
lone pair orbitals (both LP and LP*) located on Mo for both systems.
This redistribution of the electrons is the primary contribution to
the decrease in charge on the Mo and is related to the formal two-
electron reduction of the Mo. This can be seen as the direct result of
the attack of phosphine ligand upon O¢ and it is in accordance with
the variation of NPA charges which indicates donation of electrons
from ligands to Mo.

Closer inspection of the changes in the NBO description corre-
sponding to the charge transfer and the energies associated with
them in TSq3 suggests that the charge donation to Mo and increase
in the occupancy of Lewis and non-Lewis lone pair orbitals has a
different source for the two systems. In the O system the main con-
tribution of this redistribution in TSy, comes from the loss of one
of the Mo-0; bond and the resulting conversion of the correspond-
ing BD and BD* orbitals to an O¢ LP orbital and a Mo LP* orbital.
While this is also observed in the S system, the most significant
change in this system is the formation of a new filled LP orbital on
Mo. This new Mo LP orbital does not appear in the O system until
the Mo-0O; covalent bond has been completely broken in species
2. Thus, in the S system the Mo center in TSz has already been
fully reduced through the transfer of two electrons from the Mo-O¢
bond, while in the O system the reduction has only begun. This later
transition state is stabilized in the S system through a strong inter-
action associated with donation of electrons from the non-Lewis
lone pair orbitals on Mo to the Mo-S anti-bonding orbital thus
strengthening the Mo-S bond (which was apparent when evalu-
ating the Mo-S bond lengths in Section 3.1). Overall this means
that the covalent character of the Mo-S bond allows it to modulate
the interaction between the Mo and the S strengthening the bond
in order to stabilize the later transition state.

As discussed above this reaction can be seen as simultaneous
nucleophilic attack of PMe3 on O and of O; on the P. Evaluation of
the NBO’s relevant for the formation of TSy, should help differen-
tiate between these two processes. The orbital picture obtained by
NBO method partially describes the formation of O¢-P bond in TSy,
of the O system and the transfer of electrons from a lone pair orbital
on P to the anti-bonding Mo-0O; orbital (standard nucleophilic
attack of the P lone pair on the O; 7* orbital) and simultaneous

transfer of electrons from a lone pair orbital on O to the lone pair
orbital on P accompanied with electron transfer from that P lone
pair orbital to one of the anti-bonding P-C orbitals (nucleophilic
attack of the O, lone pair on the P ¢* orbital). This is expected to
weaken the corresponding P-C bond; thus, to explain the differ-
ence in the calculated P-C bond lengths in the phosphine fragment
of TSq2 discussed in Section 3.1. This process is coupled with the
transfer of electrons to the non-Lewis lone pair on Mo. In TSy of
the S system however, neither of these interactions can be seen in
the NBO analysis as the O¢-P covalent bond has already formed
(in essence these concurrent nucleophilic attacks have already
occurred).

In species 2 the NBO orbitals for the two systems are similar with
no Mo-0O; covalent bonds. Instead a dative bond exists between
the O LP orbital and Mo LP* orbital. In addition the O:-P cova-
lent bond is fully formed for both systems. The Mo-X interactions
are still different with a covalent Mo-S bond and a dative Mo-Opy,
bond and they remain so throughout the reaction as illustrated in
Fig. 6.

4. Conclusion

The mechanistic details of oxygen atom transfer from
TpRMo0,(XPh) to PMe3 were investigated for X=0p;, and S. Inde-
pendent of R group the rate-determining step was the attack of
PMejs to form a stable intermediate with a bound OPMes ligand.
The transition state for this process consists of nucleophilic attack
of the substrate on the 7* molecular orbital of Mo=0; coupled
with simultaneous nucleophilic attack of an O; lone pair on the
o* molecular orbital of P leading to a hypervalent pseudo-trigonal
bipyramidal P in the transition state. Detailed examination of the
structures including a natural bond order analysis performed on
this transition state support this description. From the resulting
intermediate the reaction proceeds through a ligand exchange pro-
cess involving loss of OPMe3 and coordination of a single CH3CN
solvent molecule.

Results of the NBO analysis suggest that local acidity (ease of
reduction) of the Mo, which makes it capable of accepting elec-
trons, is an important factor for driving this reaction. However, the
effect of this electron transfer on the stability of the whole system
depends on the character of the ligands. The decreased electroneg-
ativity of the S atom leads to more covalent bonding character for
the Mo-X bond when compared to O, a difference which has a
direct impact on the rates of the reactions. The barriers for the O
and S systems were found to differ energetically with AAG!=6.2
and 2.2 kcal/mol (for the R=iPr and Me, respectively) in favor of
the S system. This lower energy is the result of stabilization of the
transition state and the Mo!V products by the SPh ligand which
was found to modulate the Mo-S interaction throughout the pro-
cess. In the transition state the Mo-S bond strengthened in order to
accommodate the reduced metal center allowing for a later, more
product-like, transition state thus lowering the energy. In effect the
covalent Mo-S bond was more versatile throughout the reaction
adjusting to stabilize the oxidation state of the metal while in the
O system the Mo-Opy, interaction was dominated by electrostatic
forces resulting in a monotonic increase of the Mo-Op;, bond from
1 through TSq3 to 2.
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