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ABSTRACT: Reaction coordinates for oxo transfer from the
substrates Me3NO, Me2SO, and Me3PO to the biologically
relevant Mo(IV) bis-dithiolene complex [Mo(OMe)(mdt)2]

−

where mdt = 1,2-dimethyl-ethene-1,2-dithiolate(2-), and from
Me2SO to the analogous W(IV) complex, have been calculated
using density functional theory. In each case, the reaction first
proceeds through a transition state (TS1) to an intermediate
with substrate weakly bound, followed by a second transition
state (TS2) around which breaking of the substrate X−O bond
begins. By analyzing the energetic contributions to each
barrier, it is shown that the nature of the substrate and metal determines which transition state controls the rate-determining step
of the reaction.

1. INTRODUCTION
Mononuclear molybdenum enzymes are present in all forms of
life, ranging from archaea to mammals, and most catalyze oxo
transfer reactions.1,2 These enzymes are divided into three
groups based upon the protein sequences and structures of the
active sites: the DMSO reductase (DMSOr), sulfite oxidase,
and xanthine oxidase families. Members of each family cycle
between the Mo(IV) and Mo(VI) oxidation states and contain
at least one pyranopterindithiolene cofactor. The Mo(IV) sites
in the DMSO reductase family contain two pyranopterindi-
thiolene ligands and a protein-derived ligand such as serine,
cysteine, or selenocysteine, while the Mo(VI) site has an
additional strong oxo ligand.3,4

The first structural models of the DMSOr active sites were
molybdenum and tungsten bis-dithiolene complexes with a
siloxyl ligand modeling the Mo−O bond to serine: [MIV(OSi)-
(bdt)2]

− and [MVIO(OSi)(bdt)2]
−, where M = Mo or W, OSi

= [OSiPh2
tBu]−, and bdt = benzene-1,2-dithiolate(2-).5 The

M(IV) des-oxo complexes exhibit slow oxo transfer, likely
because of the steric bulk of the siloxyl ligand. A more
functional set of complexes soon followed that incorporated a
less bulky phenoxyl ligand instead of the siloxyl and a slightly
different dithiolene ligand, 1,2-dimethyl-ethene-1,2-dithiolate-
(2-) (mdt).6 Kinetics parameters of oxo transfer to these and
related M(IV) des-oxo complexes from a variety of substrates
including Me3NO and Me2SO have been determined and
showed that the reaction rate is substrate- and metal-
dependent.7−10

In a previous study, we experimentally and computationally
defined the electronic structure of [MoIV(OSi)(bdt)2]

− and
[MoVIO(OSi)(bdt)2]

− using sulfur K-edge X-ray absorption
spectroscopy and density functional theory (DFT).11 Those
results were then used to calculate a reaction coordinate for oxo
transfer from Me2SO to the analogous [MoIV(OMe)(mdt)2]

−

complex12 to gain insight into the factors that control the
energetics of transition states, the nature of oxo transfer, and
the role of the dithiolene ligand. In particular, the oxo transfer
reaction was found to be a concerted process where two
electrons are transferred from the molybdenum complex to the
S−O σ* orbital concurrently with electron transfer from the
oxygen to sulfur, and the dithiolene was found to stabilize a
singlet Mo(IV) complex which allows for more efficient oxo
transfer than a triplet Mo(IV) complex. In this study, these
experimentally supported calculations are extended to evaluate
the trends in reactivity with other substrates (i.e., Me3NO and
Me3PO) and tungsten substitution to further validate the
reaction coordinate presented in ref 11 and determine the
contributions of each transition state to the rate-determining
step.

2. COMPUTATIONAL DETAILS
Density functional theory calculations were peformed using the
Gaussian 03 package13 or, for relativistic calculations, ORCA.14 The
hybrid functional B3LYP,15 which has Becke GGA exchange16
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modified to include Hartree−Fock mixing with Lee, Yang, and Parr
correlation,17,18 was used as it was shown previously to give accurate
electronic structure descriptions of the reactant [Mo(OMe)(mdt)2]

−

and product [MoO(OMe)(mdt)2]
− complexes.11 For Gaussian

calculations, the SDD basis set,19 which is triple-ζ quality with an
effective core potential (ECP), and further augmented with additional
polarization functions,20 was used for the molybdenum and tungsten
atoms. The 6-311G(d) basis set was used for oxygen, nitrogen, sulfur,
and phosphorus atoms, and the 6-31G(d) basis set was used for the
carbon and hydrogen atoms. For ORCA calculaions, the SARC-DKH
basis set21 was used for tungsten while the Ahlrichs-TZV basis sets22

supplemented with auxiliary basis sets from the Tubomole library23,24

were used for the molybdenum, sulfur, oxygen, carbon, and hydrogen
atoms. Relativistic effects were included using a DKH Hamiltonian.25

Geometry optimizations and frequency calculations were performed
without solvent corrections. Only the closed-shell singlet reaction
coordinates are considered in this study because it was previously
found11 that reaction coordinates involving triplet reactants are
unfavorable by ∼10 kcal/mol and attempts to find open-shell singlet
states (including at the oxo-transfer transition state) converged to a
closed-shell wave function. No imaginary modes were found for
stationary states and transition state structures were confirmed to have
a single imaginary mode corresponding to the reaction coordinate.
Single point calculations were performed using the polarizable
continuum model (PCM)26 using the default parameters for
acetonitrile. The differences in nonelectrostatic contributions at each
state for the reaction coordinates are small (<2−2.3 kcal/mol,
Supporting Information). Attempts to find a reaction coordinate
containing an explicit solvent molecule (i.e., seven-membered
transition states) were unsuccessful. Indeed, these are unlikely because
the solvent-bound [Mo(OMe)(mdt)2]

− complex is significantly higher
in energy (ΔH = 14.0 and ΔG = 25.1 kcal/mol) than the isolated
complex, indicating that the population of solvent-bound complex in
solution is negligible. Furthermore, the enthalpy of the solvent-bound
complex is larger than the enthalpies of the DMSO- and TMNO-
bound intermediates (9.5 and 7.2 kcal/mol, respectively), and slightly
smaller than the enthalpy of the TMPO-bound intermediate (15.4

kcal/mol). These results indicate that the substrate-bound inter-
mediates form from free complex.

The three energetic contributions to each state along the reaction
coordinate (i.e., distortion of the metal-dithiolene complex and the
substrate, and the interaction between these two) were determined as
follows. The distortion energies are the relative energies of either the
metal-dithiolene complex or substrate at their distorted structure along
the reaction coordinate (i.e., TS1, I, or TS2) compared with their fully
optimized reactant structures. The interaction energy is the difference
between the energy of the combined metal-dithiolene-substrate
complex and the sum of the isolated metal-dithiolene complex and
substrate energies at their distorted structures.

Condensed Fukui functions27 were calculated using atomic
Mulliken28 charges. Molecular orbital compositions (using Mulliken
population analysis) and Mayer bond orders29,30 were calculated using
QMForge,31 which is built upon the cclib library.32

As suggested by a reviewer, we also explored the possibility of a
reaction involving loss of the alkyl ligand (i.e., MeO−, see Supporting
Information). The most energetically favorable reaction yields
[MoVO(mdt)2]

− and MeOSMe2 (ΔE = 0.3 kcal/mol), which is ∼29
kcal/mol higher in energy than the reaction yielding [MoVIO(OMe)-
(mdt)2]

− and Me2SO, indicating that it is not a relevant reaction
pathway.

3. RESULTS

3.1. Trends of Oxo Transfer Reaction Coordinates. The
DFT-calculated reaction coordinates for oxo transfer from a
variety of X−O substrates to [Mo(OMe)(mdt)2]

− are
presented in Figure 1. As was shown previously,11 oxo transfer
from Me2SO (black) initially proceeds through a transition
state (TS1) with a Mo−O(SMe2) distance of 2.81 Å (Mo−O).
The Me2SO S−O bond has lengthened slightly from 1.51 Å to
1.52 Å. This transition state is followed by an intermediate (I)
characterized by a weakly bound DMSO with a (Me2S)O−Mo
distance of 2.24 Å and another slight elongation (0.03 Å) of the
S−O bond to 1.55 Å indicating that the S−O bond is mostly

Figure 1. Reaction coordinate for oxo transfer from Me2SO (black), Me3NO (red), Me3PO (green) to [Mo(OMe)(mdt)2]
−. Note that enthalpies

are used instead of free energies because calculated entropies are in poor agreement with experiment (see Discussion), likely because the calculated
values do not properly reflect the conformational space available to incoming substrate. The calculated enthalpies, however, are in good agreement
with experimental data.
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intact. The reaction then proceeds through a second transition
state (TS2) which is the largest barrier of the reaction (ΔH⧧ =
16.3 kcal/mol), in agreement with the experimental enthalpy of
activation (14.9 kcal/mol) for oxo transfer to [Mo(OPh)-
(mdt)2]

−.6 The salient features of TS2 are a (Me2S)O−Mo
distance of 1.95 Å and a S−O bond that is significantly
lengthened to 1.83 Å. Finally, the product Mo(VI)O bis-
dithiolene complexes has a MoO bond length of 1.71 Å.
These structural changes along the reaction coordinate are
consistent with S−O bond breaking primarily occurring around
TS2.
The reaction coordinate for oxo transfer from Me3NO (red

in Figure 1) to [Mo(OMe)(mdt)2]
− is similar to that of

Me2SO. The first transition state (TS1) is characterized by a
(Me3N)O−Mo distance of 3.05 Å and the N−O bond that has
been elongated from 1.36 Å found in free Me3NO to 1.37 Å.
This state is the largest barrier of the reaction coordinate, in
contrast to that for the Me2SO reaction, with a calculated ΔH⧧

= 12.3 kcal/mol which is in modest agreement with the
experimental enthalpy of activation (8.1 kcal/mol) for oxo
transfer to [Mo(OPh)(mdt)2]1

−.8 The reaction then continues
through an intermediate (I) with a (Me3N)O−Mo distance of
2.25 Å and a N−O distance of 1.40 Å (a limited 0.03 Å
increase). Note that in a recent study, this stable intermediate
structure was not found.33 The second transition state (TS2)
again is associated with X−O bond breaking, with the N−O
bond being significantly lengthened by 0.19 Å to 1.59 Å and a
decrease of the (Me3N)O−Mo distance to 2.02 Å. Finally, note
that ΔHrxn = −39.3 kcal/mol, which is 15.4 kcal/mol more
exothermic than the products of the reaction with DMSO and
consistent with the differences in experimental X−O bond
enthalpies for Me2SO (−27.1 kcal/mol) and Me3NO (−11
kcal/mol).34 Thus, the reaction coordinate of oxo transfer from
Me3NO to [Mo(OMe)(mdt)2]

− is similar to that of Me2SO,
except with TS1 being the largest barrier.
Oxo transfer from Me3PO to [Mo(OMe)(mdt)2]

− (green in
Figure 1) proceeds along a reaction coordinate similar to that of
Me2SO and Me3NO. The first transition state (TS1) has a

(Me3P)O−Mo distance of 2.77 Å and a P−O bond length of
1.50 Å (similar to free Me3PO). In going to the intermediate
(I), the (Me3P)O−Mo distance decreases to 2.30 Å and the P−
O bond length increases slightly to 1.51 Å. The second
transition state (TS2) is characterized by a significantly longer
P−O bond (1.93 Å) while the (Me3P)O−Mo distance has
decreased to 1.84 Å. This is the largest barrier along the
coordinate, with an enthalpy of activation (ΔH⧧ = 52.3 kcal/
mol) consistent with the lack of oxo transfer from Me3PO to
[Mo(OMe)(mdt)2]

−. Note that reverse oxo transfer has been
observed from several Mo(VI) bis-oxo sites to a variety of
tertiary phosphines (R3P).

35−37 Finally, the products of this
coordinate are 54 kcal/mol higher in energy than for oxo
transfer from Me2SO, in agreement with differences in
experimental gas phase bond enthalpies between Me2SO
(−27.1 kcal/mol) and Me3PO (−79.7 kcal/mol).34

Figure 2 shows the reaction coordinate of oxo transfer from
Me2SO to W(OMe)(mdt)2]

− (blue) relative to the Mo
analogue (black), which is similar to the other reactions
above. Oxo transfer first proceeds through a transition state
(TS1) with a W−O(SMe2) distance of 2.74 Å and a slightly
elongated S−O bond (1.52 Å). At the intermediate (I), the W−
O(SMe2) distance has decreased to 2.19 Å and the S−O bond
length has increased to 1.57 Å. Both of these structural
parameters suggest that the intermediate occurs later on the
reaction coordinate compared with the Mo-Me2SO intermedi-
ate. As with the other reactions, in going to the second
transition state (TS2), the substrate X−O (i.e., S−O) bond
length has increased significantly to 1.75 Å indicating a
substantial weakening of the S−O bond. The W−O(SMe2)
distance has also decreased to 2.00 Å. Of particular note is that
the enthalpy of TS2 is 11.1 kcal/mol, which is 5.2 kcal/mol
lower in energy than for the reaction with Mo, and is not
significantly different than the enthalpy of TS1 (12.0 kcal/mol).
This energetic difference, along with the structural parameters,
suggest that TS2 occurs earlier along the reaction coordinate
compared with the Mo-Me2SO reaction, indicating that the W-
Me2SO reaction is more facile in agreement with experimental

Figure 2. Reaction coordinate for oxo transfer from Me2SO to [Mo(OMe)(mdt)2]
− (black) and [W(OMe)(mdt)2]

− (blue).
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kinetic studies (kW = 3.9 × 10−5 M−1 s−1 vs kMo = 1.3 × 10−5

M−1 s−1). We have previously proposed that such differences in
reactivity are due to larger relativistic effects in tungsten,38

which would facilitate electron transfer from an occupied metal-
based orbital to the S−O σ* orbital.11 Indeed, calculations
using all-electron basis sets without and with relativistic effects
show that inclusion of relativistic effects destabilizes the redox-
active tungsten orbital by ∼0.2 eV in both the free
[W(OMe)(mdt)2]

− and the DMSO-bound intermediate
(Supporting Information), and thus, the energy of TS2 is
expected to be about ∼4.5 kcal/mol lower in energy.39 Finally,
the reaction proceeds to the W(VI) oxo product [WO(OMe)-
(mdt)2]

− and Me2S. The calculated energy difference between
the Mo and W products (16.7 kcal/mol) is less than seen for
the experimental M−O bond strengths of complexes such as
MOCl4 (∼26 kcal/mol);40 however, this difference is primarily
due to differences in ligands (i.e., dithiolenes vs chlorides) and
their covalent interactions with the metal center.41

3.2. Energetic Contributions to Oxo Transfer Reaction
Coordinate. Additional insight into the substrate (and metal)
control of reaction barrier heights can be gained by considering
the three energetic contributions to each state along the
reaction coordinate (Figure 3a): (1) the distortion of the metal
complex to accommodate incoming substrate and going from
the five-coordinate reactant to six-coordinate product (red), (2)
the lengthening and breaking of the substrate X−O bond
(green), and (3) the interaction between these two fragments
(blue).

There are some noteworthy trends for each of the reaction
coordinates in Figures 1 and 2. First, the primary energetic
contribution to TS1 is the distortion of the M−OMe bond of
the metal complex (red in Figure 3) away from the axial
position to accommodate the incoming substrate. There is no
signficant contribution from the distortion of the substrate
(green in Figure 3) such as lengthening of the X−O bond, and
the interaction between the substrate and the metal complex is
minor (blue in Figure 3). Next, in going to the intermediate,
the energy of the metal complex increases to further
accommodate the substrate and the interaction between the
metal complex and substrate has increased (i.e., becomes more
negative, indicating a more favorable interaction). Finally, at
TS2, the major energetic contributions are the significant
lengthening of the X−O bond (see Figures 1 and 2) and the
signficant interaction between the metal complex and substrate.
The fundamental differences in the reaction coordinates in

Figure 1 can be understood by considering the energetic
contributions in Figure 3b. At TS1, the enthalpies of each
reaction are similar, and there are no obvious differences in the
three energetic contributions. However, the enthalpy at TS1 for
the reaction with Me3PO is slightly larger (16.0 kcal/mol) than
for the reactions with Me2SO and Me3NO (11.4 and 12.3 kcal/
mol, respectively). This is reasonable since the steric demands
of Me3PO are larger than both Me2SO (three vs two methyl
groups) and Me3NO (smaller cone angle for amines than
phosphines). In going to I, there are more significant
differences between the three reactions. The magnitude of
the interaction energies decrease (i.e., become less favorable) in
the order Me3NO > Me2SO > Me3PO. Some of this reflects the
Mo−O distances (2.25 vs 2.30 Å for Me2SO and Me3PO,
respectively), while the nature of the substrate has some
influence. Specifically, the condensed Fukui functions show that
Me3NO ( f O

− = 0.56) is a better electrophile than either Me2SO
( f O

− = 0.37) or Me3PO ( f O
− = 0.36). Finally, at TS2, the

differences among the substrates are the largest. The energy
required to lengthen the X−O bond to the TS2 geometry
increases in the order Me3NO < Me2SO < Me3PO, reflecting
the increases in X−O distances in going from I to TS2: 0.19 Å,
0.28 Å, and 0.42 Å for Me3NO, Me2SO, and Me3PO,
respectively. A similar trend is observed for the magnitude of
interaction energies (i.e., Me3NO < Me2SO < Me3PO) which
reflects the Mo−O(XMen) distances, with larger distances
(2.02 Å, 1.95 Å, and 1.84 Å for Me3NO, Me2SO, Me3PO,
respectively) leading to less spatial overlap between fragment
molecular orbitals, and thus, smaller interaction energies. Note
that these trends mirror that of the substrate X−O bond
strengths (i.e., Me3NO < Me2SO < Me3PO) indicating that the
nature of the substrate controls the height of the oxo transfer
barrier TS2, and thus, the inherent features of the reaction
coordinate (i.e., whether the rate-limiting step is TS1 or TS2).
A similar analysis provides insight into influence of tungsten

substitution. The enthalpies and structural parameters for oxo
transfer to [M(OMe)(mdt)2]

− (M = Mo, W) complexes in
Figure 2 are very similar for TS1 and I, although the slightly
shorter M−O(SMe2) and longer S−O distances again suggest
that these states occur “later” along the reaction coordinate for
tungsten. This is also reflected in the energy analysis in Figure
3b, that is, the magnitudes of the substrate distortion and
interaction energies are larger for tungsten at I (−17.4 kcal/mol
vs −12.6 kcal/mol for Mo). The major differences between
molybdenum and tungsten appear at TS2. In going to W, the
magnitudes of the substrate distortion and interaction energies

Figure 3. (a) Three energetic contributions to each state of the
reaction coordinate, that is, the distortions of the [M(OMe)-
(mdt)2]

−(M = Mo, W) complex (red), substrate (green), and their
interaction (blue), and (b) these contributions for the oxo transfer
reaction coordinates in Figures 1 and 2.
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decrease (i.e., 19.9 and 34.3 kcal/mol, respectively, versus 27.6
and 36.1 kcal/mol for Mo). This is also reflected by a shorter
S−O bond (1.75 Å for W vs 1.83 Å for Mo) and greater M−
O(SMe2) distances (2.00 Å vs 1.95 Å for W and Mo,
respectively). These results suggest that for tungsten, the
transition state for oxo transfer (TS2) is “earlier” along the
reaction coordinate.

4. DISCUSSION
The substrate- and metal-control of the reaction coordinate
originates from the mechanism of oxo transfer. As we described
previously,11 oxo transfer occurs as two electrons are
transferred from a filled M dz2 orbital (based on the symmetry
of the intermediate) into the substrate X−O σ* orbital (Figure
4). This process is facilitated by the lengthening of the X−O

bond which stabilizes the X−O σ* orbital relative to the metal
orbital while simultatenously leading to an increase in the
oxygen character of this orbital. Both of these changes increase
the mixing coefficients between the X−O σ* and M dz2 orbitals.
Thus, the energy and oxygen character of the X−O σ* orbital
have to reach certain thresholds before there is enough bonding
(i.e., interaction energy) between the metal complex and the
substrate to offset the increase in energy for distorting the X−O
bond, and thus, overcome the barrier associated with oxo
transer. Note that for oxo transfer from Me2SO to the W
complex, the W dz2 orbital is destabilized because of relativistic
effects (Supporting Information), and thus, has better bonding
with the incoming Me2SO compared with the Mo complex for
a given S−O bond length; TS2 will, therefore, occur “earlier”
on the W reaction coordinate.
Figure 5 shows the energies and oxygen character of the X−

O σ* orbitals as a function of X−O bond length increase
around TS2; the fraction of the remaining X−O bonds are also
listed. Note that approximate bond length increases associated
with TS2 for each reaction coordinate are highlighted: ∼0.2 Å
(Me3NO), ∼0.3 Å (Me2SO), and ∼0.4 Å (Me3PO). As the
bonds are lengthened, these orbitals are stabilized, and their
oxygen character increases. Despite the energy of the N−O σ*
orbital (red) being higher than this orbital for the other

substrates at all distances, it has significant oxygen character
(41%) at a modest N−O bond length corresponding to its TS2
(∼0.2 Å); this corresponds to 0.84 of the N−O bond remaining
intact. Interestingly, the oxygen character increases to nearly
this amount for Me2SO (38%) and Me3PO (34%) at the bond
length distortions associated with their transition states (∼0.3 Å
and ∼0.4 Å, respectively). Similarly, the fraction of the
remaining S−O and P−O bonds at their transition states
(0.85 and 0.86 for Me2SO and Me3PO, respectively)
approaches that seen for the N−O bond in Me3NO (0.84).
These results suggest that the amount of oxygen character in
the X−O σ* orbital (as manifested in the X−O bond strength)
is the dominant factor controlling the barrier height of TS2,
while the energy of this orbital has less effect.
There have been discussions as to whether TS1 or TS2 is the

rate-limiting step based on experimental and computation
results. Experimental kinetics data indicate that while increases
in reaction rates follow the same trend as X−O bond strengths,
which suggests TS2 is the rate-limiting step, reaction rates
sometimes correlate better with substrate pKa’s and proton
affinities suggesting that TS1 is the rate-limiting step.
Furthermore, calculations for oxo transfer from S−O substrates
such as Me2SO consistently show that TS2 is the rate-limiting
step.42−44 We previously proposed11 a qualitative model that
reconciles the experimental and computational results based on
an understanding of the factors that control the heights of the
barriers for oxo transfer from Me2SO to [Mo(OMe)(mdt)2]

−

(Figure 3). Now, with the results in Figures 1 and 2, the degree
of rate control for each transition state can be evaluated more
quantitatively.
The calculated degree of rate control (χi) provides a

quantitative measure of how much a transition state contributes
to the rate of a reaction.45 Figure 6 shows the χi’s for TS1 and
TS2 using the calculated enthalpies of activation from Figures 1
and 2 (Supporting Information). Note that these values are
plotted as a function of the difference in entropies of activation
since DFT optimizations do not fully sample the conforma-
tional space surrounding transition states, and thus, calculated
ΔS⧧'s are unreliable. Indeed, this is reflected in the poor
agreement between experimental (ΔS⧧ = −19 to −39 cal/(mol
K), Table 1) and computational values (ΔS⧧ ≈ −45 cal/(mol
K), Supporting Information). For the reaction with Me2SO

Figure 4. Oxo transfer occurs as two electrons are transferred from a
filled metal-based orbital to the substrate X−O σ* orbital. Along the
reaction coordinate, the X−O bond is lengthened which stabilizes the
X−O σ* orbital relative to the metal orbital and increases its O
character.

Figure 5. Energies of the X−O σ* orbitals as a function of increase in
X−O bond length for free substrate. At each structure, the O p and X
p orbital composition is listed along with the fraction of the remaining
X−O bond based on Mayer bond order. Note that the distortions
marked approximately correspond to the TS2 structures: ∼0.2 Å
(Me3NO), ∼0.3 Å (Me2SO), and ∼0.4 Å (Me3PO).
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(top panel), the second transition state is completely rate-
limiting (i.e., χTS2 = 1.0) for ΔSTS2⧧ − ΔSTS1⧧ < ∼8 cal/(mol
K). Since the number of available conformations are likely to be
smaller for TS2 (i.e., less conformational flexibility once Mo−O
bonding is significant), ΔSTS2⧧ < ΔSTS1⧧. Therefore, TS2 is the
rate-limiting step for oxo-transfer from Me2SO to Mo(IV) des-
oxo sites. In constrast, the rate of oxo transfer from Me3NO
(middle panel) is primarily controlled by TS1 for ΔSTS2⧧ −
ΔSTS1⧧ > ∼−10 cal/(mol K). Since TS2 occurs early for this
reaction (based on bond lengths and orbital character), the
entropies of activation for TS1 and TS2 are probably similar,
and thus, the rate of oxo-transfer from Me3NO to Mo(IV) des-
oxo sites is likely to be controlled by TS1. Finally, for oxo
transfer from Me2SO to [W(OMe)(mdt)2]

−, the rate control is
highly dependent on the difference in entropies of activation;
both transition states have significant control (χi > 0.1) for
reasonable values (−10 < ΔSTS2⧧ − ΔSTS1⧧ < 0). Therefore, the

nature of the rate-limiting step is very system-specific for oxo
transfer from S−O substrates to W(IV) des-oxo sites.
Additional evidence for the substrate control of the rate-

limiting step is suggested by the experimental entropies of
activation. These values for various oxo transfer reactions are
listed in Table 1, sorted by increasingly negative ΔS⧧. Here,
some interesting patterns emerge. Reactions with R3NO
substrates have ΔS⧧'s ranging from −19 to −21 cal/(mol K),
while those with S−O substrates (except for one reaction with a
W complex) are more negative (ΔS⧧ = −30 to −39 cal/(mol
K)). The reaction with C5H5NO is unique, likely because it has
an sp2-hydridized N in contrast to the sp3-hybridized N found
in the R3NO substrates. Also, note that the activation entropies
for reactions involving W complexes are smaller than their Mo
analogues (i.e., |ΔS⧧(W)| < |ΔS⧧(Mo)|). These observations,
coupled with the reaction coordinates and the analyses above,
suggest two general rules about oxo transfer reactions to M(IV)
bis-dithiolene complexes (M = Mo, W). First, reactions
involving S−O substrates will have TS2 as the rate-limiting
step with large, negative entropies of activation (ca. −30 cal/
(mol K)) because of the limited conformations at TS2. Second,
for reactions involving N−O substrates, the rate-limiting step
will be TS1, and the entropies of activation will be less negative
(ca. −20 cal/(mol K)) since there is more conformational
flexibility for the incoming substrate at TS1.

5. CONCLUSION

Reaction coordinates have been calculated for oxo transfer from
substrates with varying X−O bond strengths (i.e., Me3NO,
Me2SO, and Me3PO) to the biologically relevant Mo(IV) bis-
dithiolene complex [Mo(OMe)(mdt)2]

−, as well as for oxo
transfer from Me2SO to the analogous W(IV) complex. Each
reaction coordinate proceeds through a transition state (TS1)
with little X−O bond lengthening followed by a substrate-
bound intermediate. Oxo transfer primarily occurs around the
second transition state (TS2), as seen by both geometric
parameters and the energetic contributions to this state. These
results indicate that the amount of oxygen character in the X−
O σ* orbital dramatically affects the amount of lengthening of
the X−O bond required to reach TS2. This distortion is the
primary contribution to the energy of TS2. Additionally,
replacing Mo by W also lowers the energy of TS2 for oxo
transfer from Me2SO to the metal bis-dithiolene complex
because of the larger relativistic effects in W compared to Mo,
which destabilize the redox active molecular orbital.38 Such a
destabilization results in a decreased energetic separation
between the frontier molecular orbitals, and thus, a smaller
lengthening of the S−O bond is required before electron
transfer to the substrate begins. Since TS1 is less sensitive to
the nature of the substrate, variation in TS2 because of
differences in X−O bond strength determines which transition
state controls the overall rate of the reaction. Therefore, the
nature of the rate-limiting step (i.e., whether it involves oxo
transfer or not) is substrate- and metal-dependent.

■ ASSOCIATED CONTENT

*S Supporting Information
Derivation of the degrees of rate control (χi); thermodynamic
values for the reaction coordinates; energetics of alternative
reaction pathways; contributions of relativistic effects; non-
electrostatic energy contributions; complete citation for
reference 13; Cartesian coordinates of the reactants, products,

Figure 6. Calculated degree of rate-control for each transition state
along the oxo-transfer reaction coordinates in Figures 1 and 2, as a
function of the differences in the entropies of activation.

Table 1. Comparison of Experimental Enthalpies and
Entropies of Activation for Oxo Transfer to M(IV) Bis-
dithiolene Complexesa

complex substrate
ΔH⧧

(kcal/mol)
ΔS⧧

(cal/(mol K)) ref.

[W(OiPr)(mdt)2]
− Me3NO 12(5) −19(3) 9

[Mo(OPh)(mdt)2]
− (PhCH2)3NO 9.5(1) −21(1) 8

Me3NO 8.1(6) −21(2)
[W(OC6H4−pNH2)
(mdt)2]

−
(CH2)4SO 15(1) −24(4) 9

[W(OPh)(mdt)2]
− C5H5NO 9.9(9) −27(4) 9

Me2SO 14.4(2) −30(1)
[Mo(OC6F5)
(mdt)2]

−
(CH2)4SO

b 11.8(3) −30(5) 8

[W(OPh)(mdt)2]
− (CH2)4SO 11.6(4) −33(1) 9

[Mo(OPh)(mdt)2]
− Me2SO 14.8(5) −36(1) 6

(CH2)4SO 10.1(4) −39(1)
aCH3CN.

bTHF.
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transition states, and intermediates. This material is available
free of charge via the Internet at http://pubs.acs.org.
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(23) Eichkorn, K.; Treutler, O.; Öhm, H.; Has̈er, M.; Ahlrichs, R.
Chem. Phys. Lett. 1995, 240, 283−289.
(24) Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, R. Theor.
Chem. Acc. 1997, 97, 119−124.
(25) Jansen, G.; Hess, B. A. Phys. Rev. A 2011, 39, 6016−6017.
(26) Tomasi, J.; Mennucci, B.; Cammi, R. Chem. Rev. 2005, 105,
2999−3094.
(27) Yang, W.; Mortier, W. J. J. Am. Chem. Soc. 1986, 108, 5708−
5711.
(28) Mulliken, R. J. Chem. Phys. 1955, 23, 1833−1840.
(29) Mayer, I. Chem. Phys. Lett. 1983, 97, 270−274.
(30) Bridgeman, A. J.; Cavigliasso, G.; Ireland, L. R.; Rothery, J. J.
Chem. Soc., Dalton Trans. 2001, 2095−2108.
(31) Tenderholt, A. L. QMForge, v. 2.1; Stanford University:
Stanford, CA, 2007; http://qmforge.sourceforge.net.
(32) O’Boyle, N. M.; Tenderholt, A. L.; Langner, K. M. J. Comput.
Chem. 2008, 29, 839−845.
(33) Mtei, R. P.; Lyashenko, G.; Stein, B.; Rubie, N.; Hille, R.; Kirk,
M. L. J. Am. Chem. Soc. 2011, 133, 9762−9774.
(34) Lee, S.; Holm, R. H. Inorg. Chim. Acta 2008, 361, 1166−1176.
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