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ABSTRACT: Cummins et al. have observed that 3 equiv of Mo(N[R]Ar)3 (R =
C(CD3)2CH3, Ar = 3,5-C6H3Me2) are required for dual SO bond cleavage within a SO2
molecule. Using density functional theory calculations, this theoretical study investigates a
mechanism for this SO2 cleavage reaction that is mediated by MoL3, where L = NH2 or
N[tBu]Ph. Our results indicate that an electron transfers into the SO2 ligand, which leads to
Mo oxidation and initiates SO2 coordination along the quartet surface. The antiferromagnetic
(AF) nature of the (NH2)3Mo−SO2 adduct accelerates intersystem crossing onto the doublet
surface. The first SO bond cleavage occurs from the resulting doublet adduct and leads to
formation of L3MoO and SO. Afterward, the released SO molecule is cleaved by the two
remaining MoL3, resulting in formation of L3MoS and an additional L3MoO. This
mononuclear mechanism is calculated to be strongly exothermic and proceeds via a small
activation barrier, which is in accordance with experimental results. An additional investigation
into a binuclear process for this SO2 cleavage reaction was also evaluated. Our results show that
the binuclear mechanism is less favorable than that of the mononuclear mechanism.

■ INTRODUCTION

Atmospheric pollution from SO2 is a global concern due to its
adverse effects on public health and on the environment alike.
This hazardous pollutant is released into the atmosphere by
sulfur-containing impurities in fossil fuels during combustion
reaction processes. Strict desulfurization regulations by the
Clean Air Act1 to improve air quality have significantly reduced
these SO2 emissions. However, further emission reductions are
still required to eliminate the severe threats from atmospheric
SO2. There are still practical limitations in adapting processes
commercially for the complete removal of all sulfur impurities
in fossil fuels that have encouraged new developments into
more efficient technologies. To date, overcoming these
limitations still remains fundamentally an important goal in
environmental chemistry.2,3 In the meantime, direct sulfur
recovery processes (DSRPs), where SO2 is reduced into
elemental sulfur, have gained considerable attention as a means
of transforming SO2 into a prospective chemical feedstock.
Earlier studies on SO2 reactivity with various transition metal
complexes predict that degradation of SO2, such as occurs in
DSRPs, can be a suitable route toward reducing SO2

emissions.4−6 In order to achieve this endeavor, a better
understanding of SO2 activation and SO bond cleavage by
transition metals is vital to assess the viability of this method.
Cummins et al. have reported the ability of Mo(N[R]Ar)3 (R

= C(CD3)2CH3, Ar = 3,5-C6H3Me2) to cleave bonds within
various small molecules,7−16 including both tri- and tetra-

atomic species.17,18 These experimental results on Mo(N[R]-
Ar)3 have also been complemented by several theoretical
studies in the literature.19−26 Of significant importance is the
reactivity of Mo(N[R]Ar)3 toward a SO2 molecule (eq 1).

Initially, 1 equiv of Mo(N[R]Ar)3 was reacted with SO2, which
produced the Mo-oxo complex, (N[R]Ar)3Mo(O) (confirmed
by 2H-NMR spectroscopy). However, the reaction of 3 equiv of
Mo(N[R]Ar)3 with SO2 leads to the clean formation of 2
(N[R]Ar)3Mo(O) and the Mo-sulfido complex (N[R]Ar)3Mo-
(S). These outcomes demonstrate that Mo(N[R]Ar)3 is not
only effective at breaking the initial SO bond but is also
effective at the subsequent breaking of the second SO bond.
Herein, a theoretical investigation into the mechanism by

which 3 equiv of Mo(N[R]Ar)3 interact with (activation) and
fully dissociate (dual bond cleavage) a SO2 molecule is
discussed. We also provide the rationalization for how SO2 is
more reactive toward bond breaking reactions than other small
molecules.
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■ COMPUTATIONAL DETAILS
Density functional theory (DFT) calculations were performed using
the Gaussian 0927 program package. Optimized geometries were
located with the B3LYP28−30 functional in the gas-phase and without
symmetry constraints (298 K and 1 atm). The Stuttgart/Dresden
double-ζ (SDD)31 valence basis set with effective core potential (ECP)
was used for Mo and the 6-31G(d)32 basis set for all other atoms,
referred to as BS1. At B3LYP/BS1, both minima with no imaginary
frequency and transition structures with one imaginary frequency were
confirmed with harmonic frequency calculations and vibrational mode
analyses using the GaussView33 program. Intrinsic reaction coordinate
(IRC)34,35 calculations were used to confirm the connectivity between
minima and transition structures. Minimum energy crossing points
(MECPs) between spin-states were located using the code of Harvey
et al.36 and are reported uncorrected due to the absence of stationary
points. For better energy refinements, single-point energies (SPEs)
were calculated using the B3LYP-D3BJ37 and/or M0638−40 functionals
with the Ahlrichs and co-workers’ quadruple-ζ (def2-QZVP)41,42 basis
set with ECP for Mo and 6-311+G(2d,p)43 basis set for all other
atoms, referred to as BS2. Solvation effects were evaluated with SPEs
using a self-consistent reaction field (SCRF) by treating the Et2O
solvent with the integral equation formalism variant of the polarizable
continuum model (IEFPCM).44 Natural bond orbital (NBO)45

analysis was employed to evaluate the electron population on each
element within required structures. In this paper, thermal-corrected
Gibbs (ΔG) energies are reported at the M06/BS2//B3LYP/BS1 level
of theory, unless otherwise noted. In addition, see Tables S1 and S2 in
Supporting Information (SI) for validation of the DFT functional
method.
The nomenclature used in this paper is as follows: (i) N (numbers)

represent minima and TS represent intraconversion transition
structures; (ii) spin-states are denoted by S (singlet), D (doublet),
T (triplet), Q (quartet), and QT (quintet); (iii) breaking transition
structures by TSB; (iv) the N[tBu]Ph ligand is represented by the Ar
script; and (v) the N[tBu]Ph ligands are oriented in an almost C3V,
propeller-like arrangement, which has been reported as the most likely
low-energy conformation.20

■ RESULTS AND DISCUSSION
Our investigation into the dual SO bond activation and
cleavage of a SO2 molecule was performed by undertaking DFT

calculations with MoL3 (1), where L = NH2 or N[
tBu]Ph. The

N[tBu]Ph ligand is more relevant to the experimental ligand
(eq 1). The quartet Mo(NH2)3 (1_Q) is lower in energy than
its doublet (1_D) by 58.2 kJ/mol, which is in accordance with
earlier studies.20,23,25,46−48 Consequently, the reaction pathway
will begin along the quartet surface, as the ground state for SO2
is a singlet. The earlier studies have revealed that there are two
different conceivable approaches for bond cleavage within small
molecules: mononuclear and binuclear mechanisms. We will
examine both mechanisms in this study.
Coordination between SO2 and Mo(NH2)3. The initial

step is surmised to be SO2 coordination onto 1_Q, and there
are five possibilities as shown in Scheme 1. Of these L3Mo-SO2
adducts, only three isomers were found to be stable along the
quartet surface: η1-S (2_Q), η1-O (4_Q), and η2-O,O (5_Q).
As shown in Figure 1, 5_Q is the most stable isomer (likely due

to its η2-binding mode) with a relative energy of −61.9 kJ/mol,
while 2_Q and 4_Q have energies of −10.9 and −49.0 kJ/mol,
respectively. Isomerization processes were also calculated
between these three adducts, and results indicate that these
intraconversions occur via small energy barriers (Figure 1).
The optimized geometries for the (NH2)3Mo−SO2 minima

along the quartet surface and free SO2 are depicted in Figure 2.
Interestingly, the SO2 ligand in 2_Q adopts a pyramidal
geometry with respect to the Mo−SO2 subunit, suggesting that
SO2 acts only as an electron acceptor in its interaction with the
Mo metal center (for illustration see Figure S1 in Supporting
Information).5 For both 4_Q and 5_Q, the initial activation of
the SO2 is apparent as judged from S−O bond lengthening in
their geometries as compared to that in free SO2 (Figure 2).
Since the analogous Mo(NH2)3 complexes, such as η1-C-
CO2,

23 η2-N,O-N2O,
49 and η2-C,S-CS2,

25 are reported to be
more stable as doublets rather than quartets, we have also
examined the stabilities of (NH2)3Mo−SO2 adducts along the
doublet surface.
Intersystem crossing of 2_Q, 4_Q, and 5_Q into their

corresponding doublets can occur at minimum energy crossing
points (MECPs), which were identified using the method of
Harvey et al.36 All of these spin-crossovers (quartet → doublet)
are calculated to be energetically very small (Figure 1).
Interestingly, for 4, both spin-states are almost identical in
relative energies, while 2 and 5 have doublets that are
substantially more stable than their relevant quartets.
Along the doublet surface, two additional isomers were also

found to be stable: η2-S,O (3_D) and η3-SO2 (6_D) (Figure
1). Of all the (NH2)3Mo-SO2 adducts, 3_D is the most stable
with a relative energy at −110.0 kJ/mol followed by 5_D and
6_D at −108.4 and −94.1 kJ/mol, respectively. The intra-
conversions from less stable isomers into 3_D or 5_D (resting-
states) are calculated to have quite small barriers (Figure 1).
The optimized geometries for the (NH2)3Mo-SO2 minima

along the doublet surface and free SO (triplet-state) are
depicted in Figure 3. Unlike 2_Q, the 2_D isomer adopts a
planar SO2 geometry, indicating that in addition to π-
backbonding, the lone pair on the sulfur atom interacts with
the empty orbital on the Mo center (Figure S1 in Supporting
Information).5 For 3_D, the SO2 ligand binds in a η2-fashion,
where its LUMO is oriented so that both sulfur and oxygen
atoms accept electrons from the Mo metal center (Figure S1 in
Supporting Information).5

The S−O bond lengths in 3_D and 5_D (1.726 and 1.668 Å,
respectively) are even more elongated than those in 4_Q and
5_Q. This result indicates that the SO2 activation on the
doublet surface is more pronounced than that on the quartet
surface. This is also supported by NBO population analysis;
e.g., total SO2 population for 5_D (−0.661e) is calculated to be
larger than that for 5_Q (−0.416e).

Comparison with Analogous Mo(NH2)3 Studies. The
(NH2)3Mo−SO2 adducts are reasonably stable along the
quartet surface, while previously reported adducts, such as
(NH2)3Mo−CO2

23 and (NH2)3Mo−N2,
47,50 are not ad-

equately stable on this surface. Intriguingly, in the SO2 case,
one electron is formally transferred from the Mo 4d-orbital into
the SO2 LUMO leading to metal oxidation (MoIII →MoIV) and
weakening of the SO2 π-bond. As shown in Table 1, this is
supported by the fact that the calculated spin-density on the
Mo metal center decreases from 3.14e in 1_Q to 2.03e and
1.87e in 4_Q and 5_Q, respectively. Simultaneously, the SO2
spin-density increases from 0.00e in free SO2 to 1.03e and 1.00e

Scheme 1
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in 4_Q and 5_Q, respectively. This electron transfer opens a
vacant coordination site on Mo that allows optimal interaction
between 1_Q and SO2, thus leading to stable L3Mo-SO2
adducts along the quartet surface. Interestingly, this electron

transfer process was not observed for any of the other small
molecules that we have previously studied,23,25,47,49,50 and it
appears to be a characteristic of this SO2 system alone.
A qualitative evaluation of molecular orbitals allows us to

understand the differences in stabilities of Mo(NH2)3 adducts.
The molecular orbital interactions between 1_Q and either SO2
or CO2 are schematically illustrated in Figure 4. For SO2, the

Figure 1. Energy profile for the SO2 coordination onto Mo(NH2)3 (1_Q) along the quartet (blue/solid line) and doublet (black/dashed line)
surfaces. MECPs are denoted by red dots. The thermal-corrected Gibbs (ΔG) energies are obtained at the M06/BS2//B3LYP/BS1 level in Et2O. All
energies are relative to 1_Q and free SO2 and given in kJ/mol.

Figure 2. Optimized geometries of the (NH2)3Mo-SO2 minima along the quartet surface (Q) and free SO2 at the B3LYP/BS1 level. Selected bond
lengths are in angstroms (Å), and bond angles are in degrees (o).

Figure 3. Optimized geometries of the (NH2)3Mo-SO2 minima along
the doublet surface (D) and free SO (triplet-state) at the B3LYP/BS1
level. Selected bond lengths are in angstroms (Å) and bond angles are
in degrees (o).

Table 1. Total Spin-Densities for the (NH2)3Mo−SO2
Complexesa

Mo(NH2)3 SO2

1_Q 3.00
2_Q 2.31 0.69
4_Q 1.97 1.03
5_Q 2.00 1.00
4AF 1.92 −0.92
5AF 1.86 −0.86
1_D 1.00
2_D 1.05 −0.05
3_D 0.99 0.01
4_D 0.07 0.93
5_D 1.14 −0.14
6_D 0.82 0.18

aObtained at the M06/BS2//B3LYP/BS1 level.
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higher-lying HOMO leads to a strong interaction with 1_Q and
causes the Mo−SO2 σ*-orbital to lie above the lower-lying SO2
π*-orbital. In this case, the single electron occupies the π*-
antibonding orbital that assists in further stabilization of the
(NH2)3Mo−SO2 adduct. In contrast, the lower-lying HOMO
of CO2 leads to a weak interaction with 1_Q and causes the
Mo−CO2 σ*-orbital to lie below the higher-lying CO2 π*-
orbital. In this case, the single electron occupies the σ*-
antibonding orbital leading to destabilization of the
(NH2)3Mo−CO2 adduct.23 From this analysis, it can be
concluded that triatomic molecules with lower-lying LUMOs
and higher-lying HOMOs have a greater affinity for binding
with MoL3 along the quartet surface (for further details of small
molecule orbitals; see Figure S2 in Supporting Information).
Both 4_Q and 5_Q have two unpaired electrons on the Mo

metal center and one unpaired electron on the SO2 ligand, as
previously mentioned. Remarkably, this characteristic allows for
ferromagnetic coupling between Mo(NH2)3 and SO2 frag-
ments, as shown in Figure 5. When an electron undergoes a
spin-flip, namely, on the SO2 ligand, pseudo doublet-state
structures are achieved with different electronic configurations
to that of 4_Q and 5_Q (Table 1), yet with identical geometric
parameters. These resulting doublet-like structures will have
antiferromagnetic (AF) coupling properties. With this AF
nature, the relative energies of 4_Q and 5_Q are further

Figure 4. Simplified molecular orbital diagram for the interactions of
Mo(NH2)3 (1_Q) with both SO2 and CO2

23 molecules.

Figure 5. Illustration of antiferromagnetic (AF) coupling within
(NH2)3Mo(η2-O,O-SO2) (5_Q).

Figure 6. Energy profile for the dual SO bond breaking with 1 equiv of Mo(NH2)3 (1_Q) along the quartet (blue/solid line) and doublet (black/
dashed line) surfaces. The thermal-corrected Gibbs (ΔG) energies are obtained at the M06/BS2//B3LYP/BS1 level in Et2O. All energies are relative
to 1_Q and free SO2 in Figure 1 and are given in kJ/mol.
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stabilized by 2.7 and 17.8 kJ/mol, respectively. However, this
AF coupling between the Mo and SO2 is completely quenched
along the doublet surface. As a result, AF is more likely
responsible for driving intersystem crossings.

Mononuclear Pathway for Initial SO Breaking. By
reacting SO2 with 1 equiv of Mo(N[R]Ar)3 (R = C(CD3)2CH3,
Ar = 3,5-C6H3Me2), the product formation of (N[R]Ar)3Mo-
(O) was confirmed by 2H NMR spectroscopy (δ = 7.41).17

Thus, it is surmised that after SO2 coordination onto the Mo
metal center the next step is direct SO bond cleavage, as
shown in Figure 6. Even though 4_Q and 5_Q are capable of
undergoing the SO cleavage reaction, their breaking
transition structures (TSB4_Q and TSB5_Q) lie above all
the doublet breaking transition structures. This result suggests
that the SO cleavage is impossible to initiate from a quartet
structure and must instead happen along the doublet surface.
Efforts to locate a breaking transition structure from 6_D only
led to formation of TSB5_D. Furthermore, the relative energies
of TSB4_D and TSB5_D lie above that of TSB3_D and
indicate that initial SO breaking should more likely occur
from 3_D.
The SO2 ligand is more activated in 3_D, and this is evident

from a longer S−O bond distance as compared to that in other
isomers (Figures 2 and 3). Indeed, simultaneous interaction of
sulfur and an oxygen atom with Mo provides an optimal
condition for SO2 activation in 3_D. In the other (NH2)3Mo−
SO2 adducts, this optimal interaction is not provided (see
Figure S1 in Supporting Information), and therefore, the
cleavage reaction requires a higher activation barrier. This result
indicates that the SO bond breaking is likely to occur from
an isomer in which the SO2 ligand is more activated. In
addition, this cleavage reaction is calculated to be thermoneu-
tral as the corresponding products, (NH2)3Mo(O) (7_D) and
SO, have a relative energy nearly identical to that of 3_D
(Figure 6).

Mononuclear Pathway with Bulkier System. The
N[tBu]Ph (Ar) ligand was also investigated to determine how
the addition of steric effects can influence SO2 activation.
Similar to that of the model system (L = NH2), 3Ar_D is
calculated to be the resting state and is the only thermodynami-
cally stable isomer in this bulkier system, as shown in Figure 7.
All the other N[tBu]Ph isomers energetically lie above that of
Mo(N[tBu]Ph)3 (1Ar_Q) and free SO2. Attempts to locate
5Ar_Q led to the formation of 4Ar_Q.
The optimized geometries for the (N[tBu]Ph)3Mo−SO2

minima are depicted in Figure 8. The lower stabilities of
these N[tBu]Ph isomers are attributed to weak interactions
between SO2 and the Mo metal center. This is apparent as
judged from the Mo−O bond lengthening within the bulkier
system as compared to those in the model system (Figures 2
and 3). For example, the Mo−O bond distance in 3_D is 1.937
Å, while that in 3Ar_D is lengthened to 2.043 Å. This result
indicates that there are substantial steric factors within 1Ar_Q
that lead to weakening of the Mo−SO2 bond strength. In such a
case, intraconversion processes between N[tBu]Ph isomers are
expected to be facile and occur via SO2 dissociation/association
methods.
In contrast to the model system, the SO cleavage reaction

in the bulkier system is calculated to occur from the less
sterically demanding 4Ar_D isomer. In other words, 4Ar_D
with a η1-binding mode is the best candidate for SO bond
breaking as TSB4Ar_Q lies below all the other breaking
transition structures (Figure 7). In addition, the cleavage

Figure 7. Energy profile for SO bond breaking with 1 equiv of
Mo(N[tBu]Ph)3 (1Ar_Q) along the quartet (blue/solid line) and
doublet (black/dashed line) surfaces. All thermal-corrected Gibbs
(ΔG) and enthalpy (ΔH) energies are obtained at the M06/BS2//
B3LYP/BS1 level in Et2O. The ΔH energies are shown in parentheses:
experimental17 (green) and calculated (black) values. Energies for ΔG
at the B3LYP-D3BJ/BS2//B3LYP/BS1 level are shown in brackets
(for complete B3LYP-D3BJ energy profile see Figure S3 in Supporting
Information). All energies are relative to 1Ar_Q and free SO2 and are
given in kJ/mol.

Figure 8. Optimized geometries of (N[tBu]Ph)3Mo−SO2 minima at
the B3LYP/BS1 level. Selected bond lengths are in angstroms (Å), and
bond angles are in degrees (o). All hydrogen atoms omitted for clarity.
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reaction for the N[tBu]Ph ligand is calculated to be slightly
exergonic, unlike the NH2 ligand.
At this point, it is worth noting that the calculated enthalpy

(ΔH = −44.0 kJ/mol, Figure 7) for the SO cleavage reaction
in the bulkier system is in disagreement with the experimental
value (ΔH = −100.4 kJ/mol).17 This is attributed to the
limitations in incorporating long-range correlation for dis-
persion forces by density functional methods, such as the M06
functional.52 Using Grimme’s −D3 dispersion correction with
Becke/Johnson-damping (B3LYP-D3BJ) functional,51 single-
point energies (SPEs) were calculated for all structures in
Figure 7 to evaluate dispersion effects for the N[tBu]Ph ligands
(for energy profile see Figure S2 in the Supporting
Information). The difference between functionals leads to a
significant increase in stabilities of all stationary points at the
B3LYP-D3BJ level. All other trends are consistent with M06
results (Figure 7), except that 4Ar_D → TSB4Ar_D is
barrierless. The close agreement of the calculated enthalpy (ΔH
= −118.5 kJ/mol) with the experimental value provides
justification for the B3LYP-D3BJ energies.
The key outcome from this section is that unlike the model

system (L = NH2) in which electronic factors control the
reactivity, steric factors appear to contribute an important role
in controlling the reactivity of the bulkier system (L =
N[tBu]Ph).
Breaking of the SO Molecule. The second SO bond

cleavage reaction proceeds through coordination of the two
remaining 1_Q species onto the resulting triplet SO molecule,
which results from the oxygen abstraction by the first MoL3. As
shown in eq 2, it is surmised that the formation of the binuclear

intermediate, (NH2)3Mo−S−O−Mo(NH2)3 (INT−SO), is a
prerequisite for breaking of the SO molecule. After INT−
SO_QT formation, the lowest-energy pathway is commenced
by intersystem crossing (quintet → triplet) to form INT−
SO_T followed by direct S−O bond breaking via TSBINT−
SO_T (Figure 9). This leads to product formation of
(NH2)3Mo(S) (8_D) and another 7_D complex, which is
consistent with the experimental findings.17 The entire reaction,
3 Mo(NH2)3 + SO2 → 2 (NH2)3Mo(O) + (NH2)3Mo(S), is
calculated to be strongly exergonic by −630.9 kJ/mol.
The breaking of the second SO bond is calculated to be

much faster (i.e., smaller activation barrier) than that of the first
SO bond. Therefore, the rate-determining step in the
mononuclear mechanism for dual SO bond cleavage should
be the initial SO breaking process.

Binuclear Pathway for Breaking of SO2. Though the
mononuclear mechanism is previously discussed, a binuclear
mechanism is still feasible considering that 3 equiv of
Mo(N[R]Ar) complexes are required for dual SO bond
cleavage (eq 1). The binuclear mechanism begins by
coordination of 1_Q/1Ar_Q onto the resting-state 3_D/
3Ar_D. For the bulkier system, the only geometry calculated to
be stable along the quintet surface is the η1-O//η1-O isomer
(9Ar_QT), depicted in Figure 10.
Herein, it is noteworthy to mention that 9Ar_QT is the first

example of a stable binuclear species located along the quintet
surface. Other small molecules, such as N2, CO2, N2O, and CS2,
are unstable on this surface and have not been previously
reported.23,25,47,49,50 The stability of 9Ar_QT can be attributed
to the low-lying π*-orbital of SO2. In this case, the second Mo
coordination would formally transfer an electron via the SO2

ligand into the first Mo metal and forces two electrons to reside
on SO2, resulting in an overall oxidation state of MoIV//MoIV.
This is evident from spin-density analysis on the Mo metal

Figure 9. Energy profile for the second SO bond cleavage with 2 equiv of Mo(NH2)3 (1_Q) and the resulting SO molecule. The thermal-
corrected Gibbs (ΔG) energies are obtained at the M06/BS2//B3LYP/BS1 level in Et2O. MECPs are denoted by red dots. All energies are relative
to (NH2)3Mo−S−O−Mo(NH2)3 (INT−SO_QT) and given in kJ/mol.
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Figure 10. Optimized geometries of the binuclear minima at the B3LYP/BS1 level. Selected bond lengths are in angstroms (Å), and bond angles are
in degrees (o). The N[tBu]Ph ligands are depicted without hydrogen atoms for clarity.

Figure 11. Energy profile of the binuclear mechanism for the SO bond cleavage from (NH2)3Mo(η2-S,O-SO2) (3_D) and Mo(NH2)3 (1_Q)
along the quintet (black/solid line), triplet (blue/dashed line) and singlet (black/dashed line) surfaces. The thermal-corrected Gibbs (ΔG) energies
are obtained at the M06/BS2//B3LYP/BS1 level in Et2O. MECPs are denoted by red dots. All energies are relative to 1_Q and free SO2, as shown
in Figure 1 and are given in kJ/mol.
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centers that are 1.86e//1.86e in 9Ar_QT, while it is 3.14e in
1Ar_Q and 1.01e in 3Ar_D.
It is surmised that the next step is SO bond cleavage, as

shown in Figure 11. Initially, a simulated geometry of 9Ar_QT
using the NH2 ligands, 9_QT, was utilized to examine this
process (Figure 10). In addition, the corresponding geometries
of 9_T and 9_S were also simulated from 9Ar_T and 9Ar_S,
respectively. From 9_QT, the most favorable pathway for SO
bond breaking is calculated to initiate along the singlet surface
(Figure 11). In this process, 9_QT undergoes two consecutive
intersystem crossings (quintet→ triplet→ singlet) to form 9_S
followed by the direct S−O bond cleavage via the breaking
transition structure, TSB9_S. This binuclear process leads to
product formation of 7_D and (NH2)3Mo(η2-SO) (13_D),
depicted in Figure 12. Subsequently, the second SO bond
breaking occurs from 13_D and the remaining 1_Q via the
process explained in Figure 9.
These results for the model system indicate that a binuclear

mechanism is more favorable for dual SO bond cleavage of

SO2. This also implies that the mononuclear mechanism is only
preferred in the absence of excess Mo(NH2)3.

Binuclear Pathway with Bulkier System. The N[tBu]Ph
ligand was also investigated to determine how the addition of
steric effects can influence the binuclear mechanism. In contrast
to that of the model system, all N[tBu]Ph isomers lie
significantly higher in energy than that of 3Ar_D + 1Ar_Q,
as shown in Figure 13. This instability is due to substantial
increases in the steric interactions introduced by the second Mo
metal center. The vital breaking transition structure for the
SO bond is via TSB9Ar_S, depicted in Figure 12. A
comparison of Figures 7 and 13 reveals that TSB4Ar_D lies
lower than that of TSB9Ar_S, indicating that for the bulkier
system the mononuclear mechanism is the more favorable
reaction pathway. This result is further supported by
calculations at the B3LYP-D3BJ/BS2 level, shown in Figures
7 and 13.

■ CONCLUSION

Our theoretical investigation shows that 3 equiv of Mo(N[R]-
Ar)3 (R = C(CD3)2CH3, Ar = 3,5-C6H3Me2) is capable of
undergoing dual SO bond cleavage with a SO2 molecule in
the following sequence: (i) SO2 coordination onto a MoL3; (ii)
oxygen abstraction by this MoL3 (first bond cleavage) resulting
in the formation of L3MoO and a SO molecule; and (iii)
binding of two remaining MoL3 onto the SO molecule leading
to the second bond cleavage. This calculated mononuclear
mechanism is in good agreement with the experimental findings
reported by Cummins and co-workers.
Our results indicate that SO2 coordination onto Mo(NH2)3

along the quartet surface is stronger than other di- or triatomic
molecules, such as N2, CS2, CO2, and N2O. This is attributed to
the lower-lying π*-orbital of the SO2 molecule which allows an
electron to transfer from the Mo metal center onto the SO2
ligand. This electron transfer leads to opening of an empty site

Figure 12. Optimized geometries of (NH2)3Mo(η2-SO) (13_D) and
the singlet bond breaking transition structure (TSB9Ar_S) at the
B3LYP/BS1 level. Selected bond lengths are in angstroms (Å) and
bond angles are in degrees (o). The N[tBu]Ph ligands are depicted
without hydrogen atoms for clarity.

Figure 13. Energy profile of the binuclear mechanism for SO bond cleavage from (N[tBu]Ph)3Mo(η2-S,O-SO2) (3Ar_D) and Mo(N[tBu]Ph)3
(1Ar_Q) along the quintet (black/solid line), triplet (blue/dashed line) and singlet (black/dashed line) surfaces. The thermal-corrected Gibbs (ΔG)
energies are obtained at the M06/BS2//B3LYP/BS1 level in Et2O. MECPs are denoted by red dots. Energies for ΔG values at the B3LYP-D3BJ/
BS2//B3LYP/BS1 level are given in brackets. All energies are relative to 1Ar_Q and free SO2, as shown in Figure 7 and given in kJ/mol.
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on Mo(NH2)3, resulting in an optimum interaction between
Mo and SO2. Also due to this electron transfer, the
(NH2)3Mo−SO2 adducts were found to have antiferromagnetic
(AF) coupling properties, which promotes intersystem crossing
onto the doublet surface. The first SO bond breaking
reaction proceeds along the doublet surface after quenching the
AF nature of these adducts.
In summary, the reactivity of the L3Mo−SO2 adducts toward

SO2 activation is generally influenced by the amide ligands (L =
NH2 or N[

tBu]Ph). Within the model system, the reactivity is
solely governed by electronic factors, whereas, for the bulkier
system, steric factors contribute an important role in controlling
the reactivity.
We have also investigated a prospective binuclear mechanism

by which the dual SO bond cleavage can occur. In contrast to
that of other analogous species reported, a binuclear MoL3
complex with SO2 is reasonably stable along the quintet surface.
This stability is attributed to the fact that SO2 is capable of
accepting two electrons from the Mo metal centers through its
low-lying π*-orbital. The binuclear mechanism proceeds in a
related sequence to that of the mononuclear mechanism: (i)
coordination of two MoL3 onto SO2; (ii) oxygen abstraction by
a MoL3 (first bond cleavage) resulting in L3MoO and
L3Mo(SO); and (iii) binding of the remaining MoL3 onto
L3Mo(SO) for the second bond cleavage. Although for the
model system the binuclear mechanism is more favorable, the
higher instabilities of binuclear N[tBu]Ph isomers imply that
the dual SO2 cleavage with Mo(N[R]Ar) is most likely to occur
via the mononuclear mechanism.
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