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In this paper, we report a theoretical investigation of the reduction reaction mechanism of Me;NO by molybdenum

containing systems that are functional and structural analogues of trimethylamine N-oxide reductase mononuclear
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molybdenum enzyme. The reactivity of monooxomolybdenum(IV) benzenedithiolato complex and its derivatives with

carbamoyl (t-BuNHCO) and acylamino (t-BuCONH) substituents on the benzene rings in both cis and frans arrangements

was explored. Calculated energy profiles describing the steps of two mechanisms of attack considered viable (named cis-

and trans-attack) by the Me;NO substrate at cis and trans positions with respect to the oxo ligand show that the attack in cis

is energetically more favourable tha the attack in #rans. Along the pathway for the cis-attack the first step of the reaction,

that is rate-determining for all the studied compounds, is the approach of the substrate to the Mo centre in cis to the oxo

ligand that causes a distortion of the initial square-pyramidal geometry of the complex. The reaction steps involved in the

trans position attack were also explored. Calculations confirm that, as previously suggested, the introduction of ligands able

to form intramolecular NH---S hydrogen bonds accelerates the reduction of the Me;NO substrate and contributes to the

tuning of the reactivity of molybdoenzyme models.

1. Introduction

Enzymes are essential for the life since they possess phenomenal
capability to catalyse efficiently a huge number of reactions with
high specificity and are able to work under mild and physiological
conditions. Understanding how enzymes achieve these remarkable
results is of fundamental significance in biochemistry. In fact, it can
also contribute to develop more efficient inhibitors, to predict the
drugs metabolism and to design new catalysts for specific
reactions.'”

The high efficiency of natural enzymes inspired the development of
so called biomimetic catalysts that mimic the active sites of natural
enzymes in order to promote catalysis in homogeneous phase.®
Furthermore, discovering how the natural enzymes work allows to
design artificial enzymes with superior catalytic power.*'’

In metal-containing enzymes the active site is characterized by the
presence of a metal cation coordinated to specific amino acid
residues and represents the core of the catalytic event.'" This
“catalytic core” is the reference for designing new biomimetic
organometallic complexes with high catalytic efficiency. Nakamura
an co-workers'? and Okamura et al."*""> showed as a series of bio-
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inspired monooxomolybdenum(IV) complexes are able to catalyse
the reduction of trimethylamine-N-oxide (Me;NO) to trimethylamine
(Me;N) mimicking the activity of the trimethylamine-N-oxide
reductase (TMAOR) enzyme. This enzyme belongs to the
molybdenum containing family whose catalytic centre contains one
or two pyranopterin dithiolene ligands, called molybdopterin
cofactors, coordinated by the dithiolene sulphur atoms to the metal
ion (Scheme 1). TMAOR is implicated in the catalysis of oxygen

atom transfer reactions according to the following equation:'®'8

MoV OL, + XO — Mo""' O,L, + X (1)
The originally synthesized biomimetic TMAOR enzymes were
characterized by the presence of the 1,2-benzenedithiolato (bdt)
ligands in state of the natural pyranopterin dithiolene moieties (see
Scheme 1a)."

Successively, Okamura’s group investigated the role played by
NH:--S hydrogen bonds for sulphur atoms bonded to the
molybdenum13 and demonstrated that the introduction of four
NH---S bonds into a
monooxomolybdenum(IV) (NEt,),[Mo(IV)O(bdt),]
accelerates the reduction of Me;NO to Me;N along with the
production of the corresponding dioxomolybdenum(VI) complex.
More recently, in Okamura’s laboratory'*'” new series of
monooxomolybdenum(IV) complexes containing only two NH:---S

intramolecular hydrogen

complex

hydrogen bonds were synthetized. In the first series, a carbamoyl
group (RNHCO) was used (Scheme 1b) to introduce an amide
moiety that led to the formation of a flexible NH:--S hydrogen bond
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and resulted in a small contribution to the reduction of Me;NO in
polar solvent."

For the next series, instead, new ligands with acylamino groups
(RCONH), as shown in Scheme 1lc, were designed and
synthesized."> In this case, the formed five-membered hydrogen
bond, reminiscent of the intraligand interaction in the molybdopterin
cofactor, allowed a better investigation of the relationship between
the strength of the hydrogen bond and the reactivity of the
molybdoenzyme models.

0P0,”
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|
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H

Scheme 1. Molybdopterin ligand a) present in the natural enzyme, compared
with carbamoyl b) and acylamino ¢) groups containing model ligands.
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For the Me;NO reduction by such monooxomolybdenum(IV)
complexes two reaction mechanisms are viable.">'* In the traditional
mechanism," the attack by MesNO to Mo takes place at the position
trans to the oxo ligand to yields an intermediate Me;NO adduct.
After that, the trimethylamine N-oxide ligand moves to the cis
position through a frans-cis rearrangement and by the N-O bond
dissociation a cis-dioxomolybdenum(VI) complex is formed. The
trans-cis rearrangement becomes the rate-determining step at high
MesNO concentrations when the substituent is bulky or the
intermediate is stabilized. The alternative mechanism'* involves
direct Me;NO cis attack to Mo when very bulky groups hamper the
trans-cis rearrangement. For the sake of clarity, from now on, the
former mechanism will be indicated as trans-attack and the latter as
cis-attack.

We present here the outcomes of a detailed theoretical Density
functional investigation of the proposed reaction mechanisms for the
oxo transfer from MesNO to the monooxomolybdenum(IV)
benzenedithiolato complex, [Mo(IV)O-(bdt),]* labelled E, and its
[Mo(IV)O-(1,2-S2-3-t-BuNHCOC¢H;),]%, Eavy and [Mo(IV)O-
(1,2—SZ—3—t—BuCONHC6H3)Z]2', E(acylam), derivatives. A comparative
analysis was performed with the aim to elucidate the influence on
the course of the reaction of both the presence of substituents on the
benzene ring and formation of NH:--S hydrogen bonds. Such kind of
studies is useful to shed light on the behavior of the real enzymes, in
spite of the sophisticated structure of the active site, which would
require the inclusion of additional species and interactions in the
surrounding media. In the present case the comparison between the
behavior of the complex with unsubstituted 1,2-benzenedithiolato
ligands with those of complexes having substituents able to form
NH---S hydrogen bond allows to deduce useful information on the
role such hydrogen bond interactions play in influencing the
reactivity of real enzymes.

Trans- and cis-mechanisms were explored for all the complexes,
whereas  for monooxomolybdenum(IV)

E(carb) and E(acylam)

2| J. Name., 2012, 00, 1-3

complexes the reactivity of both cis and frans isomers was
examined.
Moreover, the structure and stability of the formed
dioxomolybdenum(VI) complexes were carefully checked for
confirming whether products exist as a single isomer, where both
oxo ligands are trans to each of the two hydrogen-bonded thiolate

ligands.

Trans attack
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Scheme 2. Schematic representation of the reaction steps for the #rans- and
cis-attack mechanisms.
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All calculations were carried out with the support of the information
coming from experiments and previous theoretical investigations of
the reactivity of molybdenum enzymes.'”* A summary of all the
alternatives examined here is shown in Scheme 3.

trans-attack

Ve

cis-isomer cis-attack

cis-attack

/
" trans-isomer Dioxo cis/cis

"
Scheme 3. Schematic representation of the mechanistic alternatives for the
MesNO attack to cis and trams isomers of monooxomolybdenum(IV)
complexes .

2. Computational methods

Molecular geometry optimizations were carried out without
symmetry constraints at the density functional level of theory, by
using the Gaussian 09 code** employing the M06-L* functional, that
is recommended for the calculation of transition metal containing
systems thermochemistry.?® Additional B3LYP?"* and OPBE®

This journal is © The Royal Society of Chemistry 20xx
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preliminary calculations were performed to check the singlet ground
state multiplicity of the examined complexes. The standard 6-
31+G(d,p) basis set was used for the C, N, O, S, and H atoms,
whereas the SDD pseudo-potential, properly designed to replace
core electrons, reduce the computational effort and advantageously
include relativistic and other effects, in connection with the relative
orbital basis set’® was employed for the molybdenum atom.
Although also higher quality basis sets were used, we concluded that
the chosen 6-31+G(d,p) basis sets represent a proper compromise,
due to the size and the number of the investigated complexes,
between the computational cost and the accuracy of the results. For
transition states, in particular, is crucial the choice of suitable basis
sets that allow to carry out a great number of calculations for their
location. In addition, we have checked the influence of the use of a
full-electron basis set for the metal centre on both the geometrical
structures and energetics and verified that changes are not
significant. All of the reported structures represent genuine minima
or transition states on the respective potential energy surfaces, as
confirmed by analysis of the corresponding Hessian matrices. For
transition states, the vibrational mode associated with the imaginary
frequency was verified to be related to the correct movement of
involved atoms. Furthermore, the IRC>!*? method was used to asses
that the localized TSs correctly connect to the corresponding minima
along the imaginary mode of vibration. The influence of
dimethylformamide (DMF) solvent effects on the energetics of the
process was estimated in the framework of the SMD?** model.
Single-point calculations on all stationary points structures obtained
from gas-phase calculations by using the same MO06-L and basis sets
computational approach were performed. Calculated reaction Gibbs
free energies in solution, AGy,, for each process were obtained as the
sum of two contributions: a gas-phase reaction free energy, AGgy,
and a solvation reaction free energy term calculated with the SMD
approach, AGgy. NBO*** analysis of the charge density was
performed for some key species intercepted along the reaction paths.

3. Results

3.1. Me3NO reduction by the [Mo(IV)O(bdt)z]z' complex

The potential energy surface (PES) calculated to describe the oxo
transfer from the Me;NO substrate to the Mo(IV) bis-dithiolene
[Mo(IV)O(bdt),]* complex is depicted in Figure 1 together with the
stationary points optimized structures. The values of the most
relevant geometrical parameters of minima and transition states can
be found in Figure S1 of the Electronic Supporting Information
(ESI) together with atomic Cartesian coordinates (Table SI).
Preliminary computations were performed considering different spin
multiplicities  for the reaction of Me;NO with the
monooxomolybdenum(IV) benzenedithiolato-Mo complex. Results
show that the singlet is the ground state and the triplet the first
excited state along the entire PES and no crossing between the two
electronic spin states occurs (see Figure S2, in the ESI). In particular,
the calculated energy difference between the ground singlet and the
excited triplet states is 15.2 kcal mol™' for the ES complex.

This journal is © The Royal Society of Chemistry 20xx

Experimental investigations suggest that a second order kinetics

is followed*® and many examples are reported of cis-attack.'>?' In
spite of such evidence both cis- and frans-attack mechanisms were
explored even if all the attempts to locate the stationary points along
a pathway describing a trans-attack failed. This result agrees with
molybdenum chemistry®™** that does not allow the formation, albeit
transient, of a linear dioxo species as a consequence of a trans
attack. The main cause of this behavior lies in the strengths of the
M=0 bonds that, for a d° configuration, require a bent structure to
maximize orbital interactions. As a consequence, only the PES for
the singlet ground state describing the cis-attack is reported.
Me;NO approaches the E complex causing a distortion of the initial
square pyramidal geometry of the complex. A transition state lying
18.1 kcal mol! in DMF solvent above the reference energy of
separated reactants (E+S) was intercepted corresponding to the
movement of one of the sulfur atoms from its position to allow the
oxygen atom of Me;NO to enter the coordination sphere of the Mo
centre. The distance between the substrate oxygen and the Mo(IV)
centre is 2.345 A. The ES first adduct, stabilized by only 1.8 kcal
mol ™" with respect to the transition state leading to it, is formed.
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Figure 1. Calculated MO6-L cis-attack free energy profile for the
monooxomolybdenum(IV) benzenedithiolato complex (E). Energies are in
kcal mol ™ and relative to reactants” asymptote.

As a consequence of the distortion of the initial geometry, the bond
distance between Mo and the S atom in trans position with respect to
the M=0 bond increases from 2.440 A to 2.740 A (Figure S1) and
the O-Mo-S valence angle changes from 108.3° to 156.0°. The
reaction proceeds toward the product formation by overcoming a
very low energy barrier, only 0.6 kcal mol™' for a transition state that
corresponds to the formation of a new Mo-O (2.058 A) bond and the
definitive cleavage of the N-O (1.547 A) substrate bond.

The vibrational N-O stretching mode associated to the imaginary
frequency (570i cm™) well accounts for this event. From the
computed PES it is clear that the most energy demanding step is the
formation of the ES complex, whereas once the ES adduct is formed
the reduction of Me;NO and the oxidation of Mo easily occurs.

Me;NO reduction by the
BuNHCOCH;),1%, Ecarty, complex

[Mo(IV)O-(1,2-S2-3-t-

J. Name., 2013, 00, 1-3 | 3
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In their detailed experimental investigations Okamura and
collaborators demonstrated as the introduction of intramolecular
NH---S hydrogen bonds'* can stabilize the intermediate in the
reduction path of MesNO resulting in more favourable reaction
kinetics. In this section what is the effect of the unsymmetrical
introduction of t-BuNHCO groups on both benzene rings of 1,2-
benzenedithiolato ligands is examined and the reactivity of both cis
and frans isomers is investigated. M06-L fully optimized structure of
the trans-Eqam) complex is shown in Figure 2, where the
experimental and theoretical values of the most significant
geometrical parameters are compared. Calculated geometrical
parameters agree with those extracted from the crystallographic
characterization'* of the complex indicating a good modeling of the
investigated systems. The main deviation concerns, as expected, the
NH: S hydrogen bond distances that seem to be underestimated at
theoretical level. This apparent discrepancy can be explained
considering that calculations allow a more secure location of the
hydrogen atoms involved in the NH---S hydrogen bonding
interaction with respect to the values extracted from the
crystallographic characterization of the complex where a fixed N-H
distance of 0.881 A is assumed. In fact, if we compare the N---S
distances, the agreement between theory and experiment (see
Figure 2) becomes quite good. Supporting Information gives
atomic coordinates for the complex (Table S2). More detailed
geometrical information for all the intercepted stationary points are
reported in Figure S3 of the SI.

N1-52= 3.011 [3.007)
N2-54= 2.989 [3.016)
0-Mo-52= 107.6 [108.8]
$2-Mo-$3= 81.4 [82.4]
$1-Mo-54= 81.6 [82.5]

Figure 2. MO6-L optimized structure of Eqamy in its frans arrangement.
Selected bond lengths (in A) and angles (degrees) are compared with
available experimental values in square brackets.

In contrast to what occurred in the unsubstituted E complex,
intramolecular NH---S hydrogen bond formation makes the Mo-S
bonds distinguishable as (see Figure 2) the Mo-S bond with S2 and
S4 sulphur atoms involved in the hydrogen bonds are longer than the
Mo-S bond distances with S1 and S3 atoms. Reaction pathways for
both cis, cis-Ecarny and trans, trans-Eyp isomers were investigated
together with the identity of the products, according to 'H NMR
analysis and DFT calculations,' that proposed a single isomer to be
formed in which both oxo ligands are frans to each of the two
hydrogen-bonded thiolate ligands. Moreover, for each isomer both
cis- and trans-attack mechanisms were explored. The calculated cis-
attack free energy profiles for the Me;NO reduction assisted by cis-

4| J. Name., 2012, 00, 1-3

E(carp), and trans-E e,y isomers are depicted in Path a and Path b,
respectively of Figure 3. The PES describing the trans-attack
reaction steps for the cis-E ) complex is shown in Figure 4,
whereas the PES for the trans-attack on the frans-E ey complex
can be found in the ESI (Figure S4) together with detailed
geometrical information (Table S3 and Figure S5). The two cis and
trans isomers result to be isoenergetic in agreement with a previous
gas-phase theoretical investigation on these two conformers
employing the B3LYP exchange-correlation functional."* The
reaction evolves following the same steps described for the E
unsubstituted Mo(IV) complex for both cis and trans isomers. It is
worth underlining that for the cis-Em) complex the attack takes
place from the unhindered side of the complex with sulphur atoms
not involved in hydrogen bonds. Due to the symmetric disposition of
the t-BuNHCO groups with respect to the Mo centre in the trans-
E carp) complex, instead, for the coordination of the substrate the side
of attack is unimportant, whereas different results are obtained
whether the hydrogen-bonded sulphur is involved (i.e. S2 or S4 in
Figure 2) or not (i.e. S1 or S3 in Figure 2).

(Dioxo+P)

(carbcis/trans

(Dioxo_P) _  cis- sy (B8 e,
NOXO, (ot e €+s), (E+9) ,,  (ES)

cart) (carb)

Figure 3. Calculated M06-L free energy profiles for the Me;NO cis-attack to
the monooxomolybdenum(IV) Ecarmy complex in its cis (Path a) and trans
(Path b) arrangements. Energies are in kcal mol” and relative to reactants’
asymptote.

From the exploration of both possibilities resulted that the attack
from the side of the hydrogen-bonded sulphur is the preferred one
and, hence, in the next paragraphs the corresponding lowest energy
pathway will be described. The cis-attack of the Me;NO substrate to
the metallic centre causes a distortion of the initial square pyramidal
geometry and, as a consequence, to form the first weakly bound
adducts between the cis-Earyy and trans-Eam,, complexes and
Me;NO the overcoming of a transition state barrier is required. The
height of the barrier is 14.4 kcal mol™ along the Path a for the cis
isomer and 15.3 kcal mol™ along the Path b for the trans isomer.
The formed intermediates are more stable by only a few kcal mol”!
than the preceding transition states and even smaller is the difference
in energy with respect to the next transition states. By surmounting
the second transition state barrier the N-O bond is definitively
broken and a new Mo-O bond is formed. The analysis of the

This journal is © The Royal Society of Chemistry 20xx
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imaginary frequencies in the cis (501; cm™) and frans (456i cm™)
species shows that the main vector lies along the N-O bond. The
whole reaction leading to the formation of the final weakly bound
adducts (Dioxo_P) between dioxomolybdenum complexes and
trimethylamine is exothermic by 35.9 and 39.5 kcal mol™ for the cis
and frans isomers, respectively. Release of trimethylamine from the
adducts (Dioxo+P) is accompanied by an energy gain of 3.1 kcal
mol ™' along Path a and 2.9 kcal mol along Path b.

The proposed mechanism'® for the frans-attack involves that
MesNO first approaches the Mo centre at the position trans to the
oxo ligand to give an intermediate adduct. Then, the ligand moves to
the cis position through a trans-cis rearrangement and the O-N bond
is broken to afford a dioxomolybdenum(VI) complex. In spite of
such indications, the effect of the #rans attack explored in the present
investigation does not reproduce (see Figure S4 of SI) what
previously hypothesized." Our calculations lead to a completely

AG (keal mol™)

(Dioxo+P)

cis-

(INT1)

(corbit.0.

cis-

(E'S)(ud:)l a.

{Dioxo_P)

cis- carbeis/ranst.a.

(Es),

carb)t.a.

Figure 4. Calculated M06-L free energy profile for the Me;NO trans-attack
to the monooxomolybdenum(IV) Eamy complex in its cis arrangement.
Energies are in kcal mol” and relative to reactants’ asymptote.

different description of the reaction steps. That is, formation of a
first adduct as a consequence of the trans to Mo=0 approach of the
substrate to the metal centre. The reaction proceeds by the transfer of
the oxygen atom from the Me;NO substrate to one sulphur atom and
not, as suggested, to the Mo centre. The elongation of the S-O bond
together with the shortening of the Mo-O bond and a reorganization
of the ligands leads to the formation of the final dioxo products. The
outcomes of our calculations confirm that, in accordance with what
underscored above, molybdenum chemistry*’*® does not permit the
formation, though transient, of a linear dioxo species as a
consequence of the trans attack. A final product where the dioxo
moiety adopts a bent geometry around the metal centre is formed as
the result of a series of steps that bypass the direct transfer of the
oxygen atom to the Mo centre.

Concerning the identity of the dioxomolybdenum complex
products formed along the examined pathways for both cis- and
trans-attacks on cis and trans Mo(IV) complexes, the structures are

reported in Figure 5.

Dioxo (carb)trans/trans

(carb)eis/transt.a.

Figure 5. M06-L optimized structure of dioxomolybdenum(VI) complexes
labelled as DioX0(car)cisitrans ad Di0OXO(carb)eransitrans: MoOst relevant geometrical
parameters are reported. Bond lenghts are in A and angles in degrees.

The cis-E e isomer leads to the formation of a complex, labelled

DioX0carbycisitranss i1 Which one of the hydrogen-bonded thiolato

ligand is trans to one of the Mo=0 bonds and one is cis to the other

oxo ligand. In the dioxo complex, indicated as DioXO(carp)trans/trans>
formed along the calculated pathways describing the reactions of the
trans-Earp) isomer, instead, both hydrogen-bonded thiolato ligands
are trans to each of the oxo ligands. It is important to underline, for
the sake of completeness, that when the attack to the #rans isomer
and consequent geometrical distortion occur from the side of the
sulphur atom non involved in the hydrogen bond with the NH unit

the DioX0carnycisicis SPecies is formed, that is less stable by about 4

kcal mol™! than the most stable Di0X0(carb)transitrans ONE.

Okamura and co-workers', on the basis of the 'H NMR results, and
Raman analysis and DFT calculations concluded that the most
stable dioxo isomer, in which both Mo=0 bonds are trans to
the hydrogen-bonded thiolato ligands, is the sole product.
Furthermore, the strong donation of the oxo ligand at the trans
position via trans influence should cause the elongation of the
Mo-S bond and, conversely, the NH:--S hydrogen bond should
stabilize the longer Mo-S bond and strengthen the Mo=0 bond
at trans position. Such conclusions are only partially supported
by the outcomes of our computational analysis. Indeed, the
Di0XO0(carb)transitrans iSOmer is calculated to be more stable than
the DioX0(carpycisitrans ONE by 2.5 kcal mol ™. The Mo-S bond in
trans to the M=0 bond is elongated and, concurrently, the
NH---S hydrogen bond is calculated to be stronger and shorter.
However, in comparison with the structure of the dioxo product
of the unsubstituted complex E the length of the Mo-O bond is
not significantly influenced by the nature of the ligand in trans.
Moreover, the DioXOarbytransirans COMplex is not the sole
product. All the efforts, carried out in order to rationalize the

experimental evidence, to intercept a low energy transition state for

the interconversion of the DioXO(carh)cisirans iSOmer into the

DioX0carnytransitrans ON€ Were unsuccessful. We were able to locate a

transition state, whose structure is shown in Figure S6 of SI for the

interconversion between the two cis and frans isomers of the initial
monooxo E ) complex. The height of the calculated energy barrier

for such rearrangement is 27.4 kcal mol™ in condensed phase. As a

consequence, if a rearrangement able the

transformation of the DioX0(carp)cigtrans iNt0 the Di0XO(carb)iransitrans
exists it should be very high energy demanding and should require
the heating of the solution. As consequence, for both cis and trans
monooxomolybdenum(IV) complexes, the Me;NO attack to Mo at
the position cis to the oxo ligand is more favorable than the attack at
the trans one. The slowest step of this process is, such as for the

unsubstituted complex, the formation of the first adduct. However, a

comparison of the barrier calculated for the E complex (18.1 kcal

mol") and those for the cis-Earpy and  trans-E g,y isomers
calculated to be 14.4 and 15.3 kcal mol™, respectively confirms that
the introduction of benzene substituents able to form intramolecular

cven to cause

NH:--S hydrogen bonds accelerates the Me;NO reduction process.

3.2. Me;NO  reduction by  the
BuCONHCH;)21%, E aeyiam)> complex

[Mo(IV)O-(1,2-S2-3-t-

J. Name., 2013, 00, 1-3 | 5
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More recently, Okamura and co-workers'® introduced at the 3-
position of the 1,2-benzenedithiolato ligands a new series of
acylamino groups (RCONH) designed and synthesized with the aim
to provide a rigid and stable intraligand NH:--S hydrogen bond and
form a five-membered hydrogen bond that better reproduces the
intraligand interaction in the natural enzyme molybdopterin cofactor
(see Scheme 1). Also in this case the reaction pathways for both cis
and trans isomers, indicated as cis-Eqeytam), and trans-Ecylam),
respectively were explored and for each isomer both cis- and trans-
attack mechanisms were examined. MO06-L free energy profiles
illustrating the cis-attack leading to Me;NO reduction by cis-Eeytam)
(Path A) and trans-Egcylamy (Path B) complexes are depicted in
Figure 6. Cartesian coordinates and the most relevant geometrical
parameters of stationary points can be found in Table S4 and Figure
S7, respectively of SI. Also for cis-Egcytamy, and trans-Eacyiam)
species, trans-attack reaction steps are reported in the SI (Figure
S8), where more detailed geometrical information and atomic
Cartesian coordinates can be found (Figure S9 and Table S5,
respectively).

At a first glance it clearly appears that the mechanistic steps for
the Me;NO cis-attack to both cis-Eucylamy and  trans-Eeyiam)
complexes are very similar to those for the corresponding cis and

A6

S xfkeal mol™y
e

) O.0, WA T4

LA

-

P CLE TP

oy VS
5 ?\,}7 4%

Path B

Dmxa’"(uylm)cis/mm o«

trans- frans-

+
(ocyiom)E s(oCYlﬁ'n)

D‘oxo_P(n:ylam)ﬁ‘wls/tmm

cis-
E+S

i cis-
Dmxo—P(uylm)c‘smms Es

Es,
(acylam) (acylam)

Figure 6. Calculated M06-L free energy profiles for the Me;NO cis-attack to
the monooxomolybdenum(IV) Ecyiam complex in its cis (Path A) and trans
(Path B) arrangements. Energies are in kcal mol" and relative to reactants’
asymptote.

trans carbamoyl complexes and also the energetics do not differ
significantly. In analogy with the results reported above, the attack to
the cis isomer takes place from the less hindered side and,
preferably, from the side of the hydrogen-bonded sulphur in the case
of the trans isomer. The fully optimized structures of the two cis-
E(acytam) and trans-Eeylamy minima are calculated to be isoenergetic.
The substrate enters the Mo coordination sphere overcoming an
energy barrier of 14.4 and 12.3 kcal mol™" along the Path A for the
cis isomer and Path B for the trans one, respectively. The formed
adducts are slightly more stable, by 1.2 and 0.8 kcal mol™ along
Path A and Path B, respectively than the previous transition states.
The formed adducts lead to the formation of the corresponding

6 | J. Name., 2012, 00, 1-3

dioxomolybdenum(VI) products by the definitive oxygen atom
transfer through two transition states with energy barriers of 1.6 kcal
mol" along Path A and 2.0 kcal mol' along Path B.
Dioxomolybdenum(VI) complexes formation is exothermic by 31.6
keal mol™! for the cis isomer and 33.4 kcal mol™ for the trans one.
Finally, the two dioxo complexes release the trimethylammine
product with an energy gain of about 3.8 kcal mol™ in the former
case and 7.3 kcal mol ™! in the latter.

The examination of the mechanism of the Me;NO attack to Mo
at the trans to the oxo ligand position, gives results superimposable
to those previously described for the cis-Earyy and trans-Ecar)
carbamoyl complexes. An initial oxygen atom transfer to a sulphur
atom is involved that avoids the direct transfer to the Mo centre.

In analogy to what happens in the case of complexes with
carbamoyl substituents, along both cis- and trans-attack pathways
two dioxo isomers are obtained. The difference in energy between
them is 5.3 kcal mol™ and is due to the different disposition of the t-
BuCONH groups on thiolate ligands. Indeed, the complex formed
along the pathways for the Me;NO attack to the cis-Ecylam) complex
is the isomer in which one of the hydrogen-bonded thiolato ligand is
trans to one of the Mo=0 bonds and the other is cis to the second
oxo ligand. In analogy with the labeling adopted in the previous

section, such isomer will be indicated as Di0oX0cytam)cisitrans-

Both Mo=0O bonds are trans to the hydrogen-bonded thiolato

ligands, instead, in the complex, labeled DioX0(cylamytransitranss

formed by oxidation of the #rans-Egpeyamy complex. Fully
optimized structures and most relevant geometrical parameters

for these two complexes are shown in Figure 7.

Diom(n.ylam)!rans/luns

Dioxo(nvlnm)ds/tnns

Figure 7. M06-L optimized structure of dioxomolybdenum(VI) complexes
labelled as DioXOgcylamycisitrans and  Di0XOgcylamytransiirans:  Most  relevant
geometrical parameters are reported. Bond lengths are in A and angles in
degrees.

Results confirm that, in comparison with the Mo-O and Mo-S
bond lengths calculated for the unsubstituted E and carbamoyl E cayp)
complexes, NH---S hydrogen bonds in trans position strengthen the
Mo-O and weaken the S-O bonds. The cis-attack is more favorable
than the trans one. The introduction of benzene substituents able to
form intramolecular NH:--S hydrogen bonds influences the course of
the reaction as it appears from the calculated values of the energy
barriers for the rate determining step, 14.4 and 12.3 kcal mol for
the cis and trans isomers, respectively with respect to 18.1 kcal mol™
for the E complex.

This journal is © The Royal Society of Chemistry 20xx
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Once again, we underscore that when the attack to the trans
isomer from the side of the sulphur atom non involved in the
hydrogen bond with the NH unit is explored, the dioxo product
Di0X0(acylam)cisreis 15 formed that is less stable by about 4 kcal mol™
than the most stable DioOX0(,cytamytransitrans ONE.

4, Discussion

The results of our computational analysis illustrated in the
that all  the examined
monooxomolybdenum(IV) benzenedithiolato complexes the oxo
transfer reaction from Me;NO the corresponding
dioxomolybdenum(VI) products occurs by the attack to the Mo
centre at the position cis to the oxo ligand. However, relevant

previous  section  show for

to form

differences in behaviour exist due to the introduction of benzene
substituents able to form NH---S hydrogen bonds. NBO charge
analysis®** is helpful in rationalizing this behavior. In Table 1 are
collected the charges on each of the sulphur atoms for the
investigated complexes. The oxygen atom of MesNO substrate
carries a negative charge (-0.727 |e[), as well as negative is the
charge on the Mo centre as a consequence of ligands donation. When
MesNO approaches the complex in cis position to the oxo ligand is
the sulphur atom in frans position to it that allows to delocalize the
negative charge. In addition, the weakening and elongation of the
bond between the Mo centre and the next hydrogen bonded S atom
facilitates the distortion of the ligand.

Table 1. NBO analysis of charge density distribution for the investigated
complexes.

0 o T
S S. o
s s N[ s
1\H 2 Mo S*\H 2
/Mo\ R / \S /Mo\
Si S3 T4 '\: 5‘4 S3
Eunsubstituted cis-Eg) R trans-Ecg,
NBO
E Cis-Eicart) Trans-Ecary) Cis-Eiaeyiam) Trans-Ecyiam)
Mo -0.145 -0.149 -0.146 -0.172 -0.171
S, -0.016 0.015 0.004 -0.031 -0.037
S, -0.016 0.014 -0.007 -0.031 -0.061
S; -0.016 -0.016 0.004 -0.067 -0.037
Sy -0.016 -0.020 -0.014 -0.067 -0.061

This is the reason why the barrier of the rate-determining step of
the cis-attack mechanism lowers in going from E (AE*=18.1 kcal
mol™) to trans-Ecarp) (AE*=15.3 kcal mol?) and trans-Ecylam)
(AE"™=12.3 kcal mol™). The rate-determining step barrier of the cis-
attack mechanism, instead, becomes 14.4 kcal mol" for both cis-
E(carpy and cis-Egeyiamy as the attack occurs from the side of the
sulphur atoms non involved in the hydrogen bond due to the steric
hindrance of the benzene substituents in conjunction with the
positive charge on such sulphur atoms. It is noteworthy that such
results confirm the experimental suggestion that t-BuCONH
acylamino groups are more effective in enhancing the reactivity
owing to the greater rigidity and stability of the formed intraligand
NH---S hydrogen bonds. A further support to this assumption comes
from the calculated energy differences in exothermicity, reported
above, of the formation of dioxo products, DioX0(m and
Di0X0(acylam), in their cis/trans and trans/trans arrangements. Indeed,
the Di0XO0 carb)trans/trans iSOMer is calculated to be more stable than the
DioX0(car)cis/trans bY 2.5 keal mol ™!, whereas the DioX0,cyiamytransitrans

This journal is © The Royal Society of Chemistry 20xx

isomer is stabilized by 5.3 kcal mol'with the

Dioxo(acylam)cis/trans-

Another important difference is that for both substituted Ecarp)
and Ecyam) complexes the trans-attack, even if less viable with
respect to the cis-attack, can occur whereas for the E complex such

respect

attack is precluded. As already underlined above, the trans-attack
cannot lead to the formation of a linear O-Mo-O arrangement.
Therefore, for both substituted Ecrpy and Eeyamy complexes the
attack is redirected towards the sulphur atoms. The explanation of
this difference in behaviour can be ascribed to the ability of sulphur
atoms in substituted thiolates to delocalize the excess of negative
charge.

5. Conclusions

In this paper, we performed a theoretical comparative analysis
of the mechanistic aspects of the reduction reaction of
trimethylamine N-oxide by bioinspired catalysts namely
monooxomolybdenum(IV) benzenedithiolato complex and its
derivatives carrying on benzene rings carbamoyl (t-BuNHCO)
and acylamino (t-BuCONH) substituents in both cis and trans
arrangements. The two most accredited mechanisms of attack
were explored, that is attack of the Me;NO substrate at cis and
trans positions, respectively with respect the oxo ligand.

The theoretical exploration of the reaction pathways revealed
that the cis-attack is the preferred mechanism for all the
compounds under investigation, whereas the way of attack at
the trans position is energetically unfavourable and in the case
of unsubstituted monooxomolybdoenzyme does not take place.
The reaction along the pathway for the cis-attack evolves
through the approach of the substrate to the Mo centre in cis to
the oxo ligand. Therefore, a distortion of the initial square-
pyramidal geometry of the complex is observed. As a
consequence, an energy barrier has to be
corresponding to the movement of one of the sulphur atoms
from its position to allow the oxygen atom of Me;NO to enter
the coordination sphere of the Mo centre. This step represents
the rate-determining step for all the investigated compounds.
The reaction proceeds by definitive breaking of the N-O bond
and formation of a new Mo-O bond in the formed adduct. Very
low barriers are required for this step leading to the exothermic
formation of an adduct between the dioxo(VI) complex and
trimethylammine. Final release of trimethylammine and
formation of separated products causes further stabilization.
Concerning the details of the frans-attack, from our calculations

overcome

emerges that the oxygen atom is transferred before to a sulphur
atom and in the next step to the metal centre with a concomitant
reorganization in the coordination sphere of the ligands. This
result confirms that, according to the molybdenum chemistry,
formation of a linear dioxo species is not allowed and the
assistance of a sulphur atom is required.

The investigation of the influence on the course of the reaction
of the presence of substituents on the benzene ring able to form
intramolecular NH---S hydrogen bonds confirms, according to
experimental findings, that such interactions contribute to the
reactivity tuning of the molybdoenzyme models and cause an
acceleration of the substrate reduction.

J. Name., 2013, 00, 1-3 | 7
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