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Abstract

The electronic properties of Fischer carbenes [Mo(CO)s-n(Ln){C(Y)Ar}] (n = 1-2, Ar = aryl group)
can be tuned by changing the metal environment and their carbene substituents. The effect of
substituting the carbonyl ligands of the carbenes, in the presence of Y = OEt, NH2 or NHCy as
heteroatom substituent, on the redox potential and electronic properties of a series of experimentally
known Mo carbenes has been examined using density functional theory methods, to get theoretical
ways of predicting the experimental le” reduction (M") and the 2e” oxidation potential. Several
experimental redox potentials - theoretically calculated descriptor relationships were obtained that

can be used to predict the reduction and the oxidation potential of the Mo Fischer carbene complexes.

1 Introduction

Since the report of the first Fischer carbene complex, [W(CO)s{C(OEt)Ph}], in 1964 [1], the field of
carbene chemistry has grown exponentially. Although the range of transition metals incorporated in
Fischer carbene complexes have been expanded [2—4], traditional Fischer carbene complexes
contained Group VI transition metals [5—7]. Of these three metals, Mo constitutes the least abundant
class of Fischer carbene complexes [8]. Fischer and Maasbdl reported the synthesis of the first

molybdenum Fischer carbene in 1967 [9].

Substitution of one or more carbonyl ligands on the carbene complex by ligands such as phosphines
conveyed additional air stability to the complexes [10—12]. Several arene- and heteroarene Mo
Fischer carbene complexes have been structurally characterized, containing phenyl [12-14],
thiophene derivatives [15-17], furan [16,18-20], N-methyl pyrrole [15] or ferrocenyl [21,22] as
carbene substituents. From the structural data, it is clear that variations in the metal environment and
carbene substituent affect the electronic properties of the complexes. This was confirmed in
electrochemical studies of Mo carbene complexes, where oxidation occurs at the metal centre and
reduction at the carbene carbon atom [23]. A higher, less negative carbene carbon reduction potential
and higher, more positive Mo oxidation potential are observed in the series 2-thienyl > 2-furyl > 2-

(N-methyl)pyrrolyl as carbene substituents [24]. Substitution of carbonyl ligands reduced the
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oxidation potential of the complex; the mer-[(CO)3(dppe)Mo] carbene complex was easier to oxidize
(approximately 0.6 V lower) than the pentacarbonyl Mo carbene analogue [25]. Also, ethoxy carbene
complexes are more difficult to oxidize (more than 0.05 V higher) than aminocarbene complexes

[25].

In this study, 23 derivatives of Mo carbene complexes are examined (Figure 1). The 23 derivatives
are grouped into 5 models which are derivatives of 2-thienyl (model 1), 2-(N-methyl)pyrrolyl) (model
2), 2-(2-thienyl)thiophene (model 3), 2-furyl derivatives (model 4) and 2-furyl with a bidentate
diphenyl phosphinoethane (dppe) ligand (model 5). The focus of the study is to find theoretical ways
to predict oxidation and reduction potentials (OP and RP) of the Mo Fischer carbene complexes of
the type [Mo(CO)n(Ln-5){C(Y)Ar}] (n = 3-5, Ar = aryl group) and Y = OEt, NH2 or NHCy, to enable

the use of these results in predicting the RP and OP of related Mo Fischer carbene complexes.

1a: L=CO 2a: L=CO 3a: L=CO
1b: L =PPh; 2b: L =PPh;y 3b: L =PPh;y
1c: L =AsPh;y 2c: L=AsPh; 3c: L=AsPh;
1d: L = SbPh;, 2d: L =SbPh; 3d: L =SbPh;

4a: L=CO, Y = OEt
4b: L = PPhs, Y = OEt
4c: L = AsPhs, Y = OEt
4d: L = SbPh;, Y = OEt
4e: L=CO, Y =NH, ‘Mo
4f: L=CO, Y =NHCy ba: Y = OEt
4g: L =PPhs, Y =NH, thP( | o 5b: Y = NH,
4h: L =PPh;, Y = NHCy K/ PPh, 5¢: Y = NHCy

Figure 1: The schematic representation of 23 Mo carbene complexes that are grouped into five
models. Only the main isomer of each carbene, for which experimental redox data obtained under the
same experimental conditions were available, was used in this study.
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2 Computational Methods

All the simulations were carried out using density functional theory (DFT) and the Gaussian 16
program package [26]. The structures of all of the 23 Mo carbene complexes (Figure 1) that were
considered in this study were optimized in their neutral (M), reduced (M") and oxidized (M* and M*")
states (M = molecule) at the gas-phase level of theory using B3LYP and the double zeta-valence
polarized basis set 6-31+G(d,p) for all the atoms (C, H, N, O, S, As, P) excluding Mo and Sb atoms
that were described with the Def2TZVPP basis set [27] and its pseudopotential to describe the
electronic core. The input coordinates for the compounds were constructed using the program

Chemcraft [28].

Three types of oxidation potential (OP) and ionization potential (IP) were computed, considering the
possibility of 1e” oxidation (M"), two consecutive le” oxidation (M™) and 2e” oxidation (M2"). These
three sets of oxidation potential and one reduction potential results in four redox potential calculations
for each of the 23 complexes. The calculated solvation energy that was used in the redox potential
calculations were carried out in acetonitrile, the experimental solvent, as an implicit solvent and the

redox potential was calculated using the energy cycle of solvation shown in Figure 2.

The details of computing the redox potential from the thermodynamic cycle are described in our

previous studies [29-31]. The equations that were used can be summarised as follows [32]:

. _ —AGryp
E (absolute redox potential) = —F

_Aern _ _(AG‘gas + AAGsol) _

nF ref — nF ref

E .;;(vs reference electrode in V) =

Eref is the absolute redox potential of the reference electrode. The ferrocene (Fe/Fc") redox couple is
taken as reference (Eref) in the equation, Eref = Fc/Fc* (= 4.988 V in acetonitrile) [33] and the solvation
energies of the redox calculation (AAGsol) were determined by:

AAGg,; = AGs(M™) + AGs(e™) — AGy(M) = AGs(M™) — AGy(M) , since AG;(e™) =0

The expression AGgas is the Gibbs free energy of the reaction in the gas phase and it is expressed as:
AGas = GM™) = G(M) = —EAM) + [AGtnerm(M™) — AGenerm(M)]

where AGierm is the thermal correction to the Gibbs free energy of the reaction in the gas phase and

EA is the electron affinity in the case of the reduction potential.



The EA and IP values that were used in the above calculation of reduction potential (Ecenr) and
oxidation potential were computed using the all-electron basis set 6-31+G(2df,2p) for all atoms
besides Mo and Sb atoms that were described with the Def2TZVPP basis set and its pseudopotential.
The interest is to test the efficiency of the functional M06 versus B3LYP in computing the redox
potential for Mo carbene complexes because M06 is known to be efficient for thermodynamic
calculations [34]. The solvation model based on density (SMD) [35]. Default parameters was used
for the polarizable continuum model (PCM) of the solvents. This solvation model applies the integral

equation formalism variant (IEF-PCM) [36].

The highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO)
overlap and their centroid distance were also analysed in the package Multiwtn [37—40]. The centroid
distance between the HOMO and LUMO is calculated from the x, y, z coordinates of the orbitals’

centroid:

Xe= [0 xar; vi= [10.0)0 var; 2= [0, ar

The centroid distance then computed between orbitals i and j is:

Dy = J(Xi -x) '+ (-0 + (Z-2)

The molecular electrostatic potential (MESP) calculation was carried out using the Multiwfn [41,42]
wavefunction analyzer to analyse the wavefunction file obtained from the electrostatic potential
calculation in Gaussian 16 program. The calculated MESP parameters include the MESP for the atom
(Vatom); the minimum (Vmin) potential values that correspond to the (3, +3) critical points (CP) on the
topological analysis of the MESP iso-surface; the maximum (Vmax) potential that corresponds to a (3,
-3) CP; and the saddle points are designated by (3, +1) and (3, -1) CPs [43]. The MESP parameters

are calculated from the standard equation for the potential V(r), at a point r expressed as:

N ! !
RO S L
A

— R4l =7

The p(1') in the expression is the electron density, N is the total number of nuclei and Za in the charge
on nucleus A at position Ra. The only possible existence of Vmax minima are those associated with
the nuclei and does not exist in the three dimensions of the MESP surface [37—40]. The calculated
Vmax in this study is simply the most positive or highest value observed in the MESP surface [44—46].
The rendering of the MESP surface was done using visual molecular dynamics (VMD) [47].
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Figure 2: The free energy cycle of solvation used in this study for the computation of the redox
potential of Fischer Mo carbene complexes M in acetonitrile as solvent. The reduction cycle is shown;

the oxidation cycle is similar.

3 Results and discussion

The 1e” reduction process (M") of the Mo carbene complexes is known to be mainly located on the
carbene C of the carbene ligand, while the oxidation is proposed to be a 2e” (M?*) transfer process
and located on the Mo metal atom [23,25]. The oxidation can also be two discrete or closely
overlapping le” oxidation steps (M") [25,48]. The experimental redox potential values of all of the
derivatives (Figure 1), obtained under the same experimental conditions, are available in literature
[25] (4f-h and 5a-c), [49] (1la-c, 2a-c, 3a-C and 4a-c) and [24] (1d, 2d, 3d, 4d). Although the main
goal of this work was to find theoretical ways to predict oxidation and reduction potentials (OP and
RP), we first present geometrical and electronic features of the density functional theory optimized
geometries of the neutral (M), reduced (M), le” (M) and 2e” (M?") oxidized molecules, that might
influence the OP and RP.

3.1 DFT calculated properties

3.1.1 Geometry and frontier MOs

The DFT optimized geometries of the neutral carbenes, M, in agreement with available structural data
[20,50], show that the complexes have a near octahedral arrangement of ligands surrounding the
metals. The geometries of the M" and M states are very similar to the geometry of the neutral state
M, but the geometry of the doubly oxidized M>" state is severely distorted from octahedral geometry;
see supporting information Figures S1 and S2 for the optimized geometries of selected molecules.
An analysis of the calculated bond distance between Mo and the carbene carbon atom (Mo-Cecarbene
bond, Figure S3) shows a general trend of the neutral to the reduced and oxidized states in the order
of M** < M° < M" (Figure S3 a), while the Mo-Cecarbene bond of the neutral (M®) and 1e” oxidized (M*)
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states are the same within 0.04 A. After reduction, the octahedral metal complex will become a d’
low spin complex, with an electron in a higher energy orbital, increasing the Mo-C bond length by
0.02 — 0.13 A. After 2 e oxidation, the complex is more electron-deficient, leading to a ca. 0.2 A
shortening of the bond to a value of ca. 2.05 A for the Mo-C bond length. However, it is observed
that most of the furyl-containing M?* states (4a — 4d, 4g, 4h and 5a), displayed much longer Mo-C
bond lengths (> 2.15 A). Evaluation of the optimized structures of these furyl-containing M*" states
(Figure S2) shows that severe distortion from the octahedral orientation of the ligands around the Mo
metal occurs. In the other furyl-containing M?" states of 4e, 4f, 5b and 5c, the furyl ring is rotated
90° with respect to the carbene plane in the neutral ligand, with Mo-C bond lengths of ca. 2.05 A,

similar to what was found for the non-furyl containing M*" states.

Neutral Mo and other groups 6 Fischer carbenes are d® complexes and the top three occupied orbitals
are mainly dxz, dyz and dxy character. The d,z and the d,2_,2 orbitals are unoccupied and of much
higher energy. The LUMO is mainly located on the carbene C, but also distributed over the
heteroarene group [51]. An example of the features of the HOMO and LUMO of the neutral, reduced
and M* and M?" oxidized states are shown in Figure 3 for complex 1a (Mo(CO)s-carbene). Both the
HOMO (o) and LUMO (B) of the paramagnetic M* oxidized state are similar and both of mainly dx
character. This is expected, since upon oxidation, 3 electron is removed from the d. HOMO of the
neutral state. The closed-shell HOMO and LUMO of the M oxidized state are of mainly dx
character. The LUMO of M?" originates from the d. HOMO of the neutral state and the HOMO of
M?2* originates from the d. HOMO-1 of the neutral state (if no rearrangement of MOs occurs upon
oxidation). Both the HOMO (o) and LUMO (B) of the paramagnetic M™ reduced state are similar and
both located on the carbene ligand. One electron reduction of a d® Mo carbene thus leads to a
paramagnetic (d°L*) state. The character of the HOMO and LUMOs give insight into the locus of the
reduction and oxidation of the Mo-carbenes of this study. The 1e” reduction of the Mo carbenes of

this study will mainly occur on the carbene C, while both le” and 2e” oxidation will be Mo metal-

based.

Although the HOMO and LUMO of the Mo carbenes have different energies (see discussion in the
next section), they occupy the same space in the molecule. A visualization of the overlap between
the HOMO and LUMO of derivative 1a is shown in Figure 4. Using the centroid of the HOMO and
LUMO, the distance between the HOMO and LUMO is determined using Multiwfn, as described in
the methodology. The plots of the calculated distance and overlap between HOMOs and LUMOs of

the complexes in their neutral, M™ reduced or M" and M?* oxidation states are shown in Figure S3.



The feature of the centroid distance and overlap between the HOMO and LUMO for carbene
derivative 1a in the neutral and reduced states are shown in Figure 4. The HOMO and LUMO of the
neutral state M of derivative 1a are well separated from each other and consequently lead to a longer
distance and less overlap compared to the reduced state M", where a significant level of overlap was
observed (Figure S3) because both the HOMO and LUMO of M" are of the same character and located
on the same carbene ligand (Figure 4). Though the HOMO and LUMO of the neutral complexes are
mainly located on Mo and the carbene ligand respectively (Figure 3, Figure 4), there is no direct
relation between the HOMO-LUMO distance of the neutral complexes and their Mo-Cecarbene bond
length. The M" reduced states with longer Mo-Cearbene bonds are associated with smaller HOMO-
LUMO centroid distances and consequently greater overlapping of the HOMO and LUMO compared

to their neutral and M?" oxidation states.

The centroid distance between the HOMO and LUMO is clearly shown as the reverse of the overlap
between them, in the complexes where the distance is long, the overlap of the orbitals is less. Among
all the derivatives, the unsubstituted CO derivatives (1a, 2a, 4a, 4e, 4f) have longer distances between
the HOMO and LUMO and consequently less overlap of the orbitals of their neutral state (except 3a).
The molecules of model 5 have a similar lower overlap than those of the unsubstituted CO derivatives.
The highest HOMO-LUMO overlap is observed for both M reduced and M" oxidized states (of which
the HOMOs and LUMOs are similar) compared to the neutral and M?* states (with HOMOs and
LUMGOs of a different character) as well as shorter HOMO-LUMO centroid distances.

Figure 3: The feature of the HOMO (red/blue isosurface) and LUMO (purple/green isosurface) of
complex 1a in the neutral (M), reduced (M"), and oxidized (M* and M?") states. Contour used for MO
plots = 0.05 eA~.



la (M9) la (M)
(Overlapping HOMOJ'LUMO) (Overlapping HOMOILUMO}

Figure 4: The overlapping of the HOMO (red/blue isosurface) and LUMO (purple/green isosurface)

of derivative 1a in its neutral state (M°) and reduced state (M"). The distance between HOMO and
LUMO was obtained from the distance between their located centroids (yellow ball) as shown in the

image. Contour used for MO plots = 0.05 eA-.

3.1.2 Energies and polarity

The features of the electronic energy, HOMO energy, LUMO energy and the dipole across the five
models of the 23 derivatives are shown in Figure S4. The change in their electronic energy, HOMO
and LUMO energies from the neutral to the reduced state and also to the oxidized states (1e” and 2¢
oxidations) are shown in Figure 5. The calculated HOMO-LUMO gap energy of the neutral state
relates to the experimental electrochemical HOMO-LUMO gap energy (difference between the first
oxidation and first reduction potential), an indication of the reliability of the calculated frontier orbital
energies, see Figure 6. This relationship can also be used to predict the oxidation potential or

reduction potential if one of them fall out of the experimental solvent window.

3.1.2.1 Effect of reduction

In comparison to the neutral state of the derivatives, reduction lowers the electronic energy (with the
electron affinity value) but raises the HOMO (with ca. 0.09 au) and the LUMO (with ca. 0.03 au)
energies of the complexes. The energy of the SOMO (singly occupied molecular orbital) of the
reduced state, where the electron was added upon reduction, thus rises relative to the energy of the
HOMO of the neutral state, but it is still lower relative to the higher energy LUMO of the neutral state
from where it originates from. The energy of the SUMO (singly unoccupied molecular orbital) of the
reduced state is higher than the energy of the LUMO of the neutral state from where it originates
from. The HOMO of the neutral state now becomes the HOMO-1 of the reduced state (if no

rearrangement of MOs occurs upon reduction). In addition, the HOMO-LUMO gap energy decreases
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in going from the neutral to the reduced state, implying the reduced state is more reactive and less

stable than the neutral state.

3.1.2.2 Effect of oxidation

However, in comparison to the neutral state of the derivatives, oxidation raises the electronic energy
(with the ionization potential value) but lowers both the HOMO (with ca. 0.05 au) and LUMO (with
ca. 0.07 au) energies. There are unique differences in the M and M?" oxidations; the HOMO energy
is ca 0.03 au lower for the closed-shell diamagnetic 2¢” oxidation (M?") than for the 1" paramagnetic
oxidation (M") state, implying that removal of the second electron (from the neutral carbene),
stabilizes the HOMO. The HOMO of the M" state is of the same character as the HOMO of the neutral
state, but only with an o electron in it (the B electron was removed upon oxidation), while the HOMO
of the M?" state is of the same character than that of the lower energy HOMO-1 of the neutral state.
The LUMO energy of the 2¢” oxidation is higher than that of the le” oxidation (except for 3b),
implying that the HOMO-LUMO gap energy increases for M** (lower HOMO and higher LUMO)

compared to M*, making M?" more stable compared to the paramagnetic intermediate M state.

3.1.2.3 Dipole

The general feature of the dipole (Figure S4) shows that the polarity of the molecules increases in
reduced complexes, leading to higher dipole moments than in the neutral and oxidized states.
Exceptions are complexes 1a, 2a, 3a, 4a, 4e and 4f, all of Cs symmetry, where none of the five CO
ligands has been substituted. The higher polarity of the reduced molecules is due to the unpaired
electron density added upon reduction, which is located on the carbene C and also distributed over
the carbene ligand, leading to a difference in electronegativity between the carbene ligand and the
Mo(CO)nLm unit (n = 3 or 4, m = 5 — n). The lower polarity of the oxidized complexes is more
pronounced in the M" oxidized complexes compared to the M** oxidized complexes (Figure S4).
Since oxidation occurs on the metal, the change in electron density on the central metal does not lead

to such a large change in polarity between the different ligands in the molecule, compared to

reduction.
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Figure 5: The change in (a) the electronic energy (M”2* -M?), (b) HOMO and (c) LUMO energies
of the complexes from the neutral state (M°) to the indicated redox state (M”*?"), calculated in
acetonitrile using the B3LYP/ 6-31+G(d,p)/def2tzvpp gas-phase optimized geometry. All energies
have been reported in au (1 au=27.2114 eV).
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Figure 6: Relationship between the experimental electrochemical HOMO — LUMO gap (OP — RP in
V) and the B3LYP/ 6-31+G(d,p)/def2tzvpp gas-phase calculated HOMO — LUMO gap in au (1 au =
27.2114 eV) for the complexes of this study.
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3.1.2.4 Effect of CO substitution

In neutral complexes, higher HOMO energy is associated with a lower IP value (less energy needed
to remove the electron from the HOMO) while a higher LUMO energy is associated with a smaller
absolute EA value (more difficult to add the electron to a higher energy LUMO). From Figure 5 we
observe that reduction of the complexes has a stronger effect on the HOMO energy while oxidation
has a stronger effect on the energy of the LUMO; reduction increases the energy of the HOMO with
ca. 0.09 au, while reduction increases the energy of the LUMO with ca. 0.03 au. The calculated
electron affinity (EA) and calculated ionization potential (IP) values are shown in Figure 5 (a) as the
change in the energy from the neutral state to their reduced (M" - M?) and oxidized (M"?" - M°) states
respectively. The complexes where the five CO ligands have not been substituted as found in the first
four models, i.e. the unsubstituted [Mo(CO)s{C(Y)X}] complexes (1a, 2a, 3a, 4a, 4e and 4f) have
higher ionization potential (IP) values for their M* and M?" oxidation processes compared to the rest
of the derivatives in each of the first four models (Figure 5), implying these complexes are more
stable against oxidation (related to IP). It was indeed experimentally found that the unsubstituted
[Mo(CO)s{C(Y)X}] complexes (1la, 2a, 3a, 4a, 4e and 4f) have a higher experimental oxidation
potential than the rest of the investigated complexes, as predicted by the higher calculated IP values.
The same unsubstituted CO complexes also have higher HOMO energy values of their reduced states,
(HOMO of reduced state, i.e. the SOMO, the MO where the electron was added upon reduction) but
lower LUMO energy values of their oxidized states (LUMO of the oxidized state is the MO where
the electron was removed upon oxidation) compared to the rest of the derivatives in each model
(model 1 — model 5, Figure 1). (SOMO = singly occupied HOMO). For OEt derivatives with
unsubstituted CO ligands (1a, 2a, 3a, 4a, 4e and 4f), the higher HOMO energy in the reduced state
and lower LUMO energy in the M** oxidized state, correspond linearly to higher EA (less negative

or smaller absolute value) and higher IP values respectively.

3.1.2.5 Effect of NHz and NHCy substitution

Substitution of the Y position (the heteroatom group) of the models with NH2 and NHCy substituents
leads to higher HOMO energies of the reduced species and lower LUMO energies of the oxidized
species compared to the OEt complexes. For example, the presence of carbene substituents NH2 and
NHCy on complexes 4e and 4f results in higher HOMO energies of the reduced state and lower
LUMO energy of the oxidized state compared to 4a with OEt. The effect of substituents NH2 and
NHCly in increasing HOMO energy of the reduced species and lower LUMO energy of the oxidized
species compared to the presence of an OEt substituent is also reflected in the data of derivatives 4¢
and 4h compared to 4b, and 5b and 5¢ compared to 5a. This consequently leads to higher EA (less

negative or smaller absolute value) but lower IP of the derivatives with NH2 and NHCy substituents
12



compared to those with an OEt group of the same molecule (models 4 and 5, Figure 1).
Experimentally, indeed, a lower reduction potential (associated with a higher less negative EA or
smaller absolute EA value) and lower oxidation potential (associated with a lower/smaller IP) were
obtained for the derivatives with NH2 and NHCy substituents compared to those with an OEt group
[25]. Generally, the type of model also affects the EA in the order of 3 <1 <2 <4 <5 while the [P

follows the reverse order of 5<4<2<1<3.

3.1.3 MESP potentials

Some of the important applications of the MESP analysis include its application as a descriptor of
reactivity and stabilities of chemical and biological molecules [52,53], its use to determine the total
electronic effect of ligands (eeL) and the MESP potential is also used to predict the reduction potential
of molecules [52,54].

The surface and location of the Vmin and Vmax with their values are shown in Figure 7 for the complex
1a and 5¢ in the neutral, M" reduced, M* and M?* oxidation states. The Vmin and Vmax change in values
and position as the molecules change from neutral to reduced and oxidized states (Figure 7). The
change in the position of Vmin with redox states is an indication of a change in the reaction site of the

complexes around the ligands. For a neutral molecule, Vmin is near one of the Oco atoms.

The trend in the MESP variables Vmin, Vmax, V(Mo) and V(C) of the coordinating carbene carbon
across the 23 complexes is shown in Figure 8 with data in Table S2-S3. The M" reduction resulted in
lower values of the MESP variables Vmin, Vmax and Vmo while M* and M?** oxidation lead to higher
potential values compared to the neutral state. The M?* oxidation has the highest values of the MESP
potential values. Figure 9 highlights the change in the V(Mo) and V(C) values for the complexes of
the neutral state. The presence of dppe ligands in model 5 led to much lower values of the MESP
variables Vmin, V(Mo) and V(C) compared to the unsubstituted CO derivatives. The presences of
PPh3s, AsPh; or SbPhs ligands also led to lower MESP properties than the derivatives with
unsubstituted CO ligands (1a, 2a, 3a, 4a, 4e and 4f), similar to dppe ligands.

13



Figure 7: The MESP surface of the complexes 1a and 5c¢ in their neutral, M™ reduced, M" oxidized,
M?* oxidized states showing the MESP minimum (Vmin), maximum (Vmax) and that of Mo atom

(V(Mo) indicated as Vo). The Vmin and Vmax are reported in kcal/mol while Vmo is in atomic unit.
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the neutral state. The L substituent in Mo(CO)nLs-n is indicated. For n =5, L = CO, n=4, L = PPhs,
AsPhs or SbPhs and for n = 3, L = dppe.

3.2 Theoretical determination of reduction and oxidation potential

3.2.1 Calculation of reduction and oxidation potential

The available experimental reduction and oxidation potential values of the 23 Mo carbene complexes
in this study (Figure 1) are shown in Table 1, in addition to the calculated reduction and oxidation
(le” and 2¢7) potential values using B3LYP and M06 functional methods; also see Figure 10.
Generally, the experimental reduction and oxidation potential values have similar features across the
derivatives; the derivatives with high reduction potential are also observed to show a high oxidation
potential. Among the three sets of oxidation states M*, M™ and M?*, the M" has, as expected, the
lowest oxidation potential compared to the M™ and M?* states. The experimental and calculated
reduction potential values show a similar pattern of changes across derivatives within a close range

(Figure 10).

The unsubstituted CO derivatives, especially those with an EtO substituent, have the highest reduction
and oxidation potential values (Figure 10). This agrees with the experimental report that ethoxy

carbenes are more difficult to oxidize (more than 0.05 V higher) than aminocarbenes [25]. The plots
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of the experimental reduction potential and that of the calculated reduction potential using M06 (R?
=0.97) and B3LYP (R? = 0.98) (Figure 10) shows that B3LYP behave slightly better than M06, also
because of lower mean absolute deviation (MAD 0.124 vs 0.151), as shown in Table 1. Across all the
derivatives, the B3LYP calculated reduction potential show lower MAD (0.124) compared to the
oxidation states M* (0.395), M*" (0.214) and M?" (0.196). A higher value of MAD of M" oxidized
derivatives from that of the experimental is an indication that the experimentally observed oxidation

are not M (1 ¢) oxidation but M™ or M?* (both 2 ¢”) oxidation.

The experimentally measured two-electron oxidation potential is related to the B3LYP calculated
two-electron oxidation potential using the M™* and M?* models (see Figure 12 and the supplementary
information Figure S5 for relationships involving the M06 calculation). A higher correlation between
the experimentally measured two-electron oxidation potential and the calculated two-electron
oxidation potential using the M?** model is obtained, with R? = 0.78 (B3LYP) and 0.77 (MO06),
indicating that many of the experimental oxidation processes probably occur through 2e” a process
rather than M™". Though M" calculated OP values highly deviate from the experimental compared to
those obtained from M*" and M?**, M" gave better experimental correlation with R>=0.90 (B3LYP)
and R>=0.91 (MO06), clearly showing that the experimental oxidation potential strongly depends on

the ease of removing the first electron through a paramagnetic M" state.

The higher correlation of the computed reduction and oxidation potential from B3LYP with the
experimental reduction and oxidation potential compared to those calculated with the M06 functional
(Figure 11, Figure 12, Figure S5), shows that B3LYP performs better than M06, in addition to the
lower MAD of B3LYP (Table 1), in calculating the reduction potential of Mo Fischer carbenes of the
type [Mo(CO)n(Ln-5){C(Y)Ar}] (n = 3-5, Ar = aryl group) and Y = OEt, NH2 or NHCy.
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Table 1: The experimental double electron oxidation (M?>") and single-electron reduction (M") potential of the Mo-carbene complexes and their computed
single reduction, single oxidation (M"), double sequential single-electron oxidation (M*") and double electron oxidation (M?*) potential values using

MO06 and B3LYP functional method.

M (exp) M (exp)| M (M06) M (B3LYP)|M"(M06) M'(B3LYP)|M*"(M06) M*"(B3LYP)|M2*(M06) M*(B3LYP)
la 0686  -1.594 |-1.848  -1.790 0430  0.479 0.552 0.745 0.491 0.612
b 0367 -1.781 |-1.930 -1.898 0.151  -0.116 0.034  0.293 0.059  0.089
1c 0219  -1.771 |-1.961  -1.886 0259  -0.218 0.021 0.280 0.119  0.031
1d 0226  -1.779 |-1.902  -1.890 0.164  -0.087 0366  0.609 0.101 0.261
2a 0592  -2.071 |-2.149 -2.134 0299  0.324 0.153 0.348 0226  0.336
2b 0261  -2.170 |-2.344 2332 0259 -0.242 0.184  0.073 0222 -0.085
2c 0144 - 2337 -2.346 -0.387  -0.358 0.031  0.121 0209  -0.118
2d 0154 - 2296  -2.357 0243 -0.177 0200  0.037 0222 -0.070
3a 0660 -1.458 |-1.764 -1.704 0.557  0.541 1.478 1.485 1.017 1.013
3b 0353  -1.620 |-1.828 -1.780 0.144  -0.138 0.143 0.430 -0.001  0.146
3 0215  -1.609 |-1.850 -1.778 0254  -0.212 0.007 0.145 0.123  -0.033
ad 0222 -1.611 |-1.771  -1.749 -0.166  -0.090 0.162 0.400 0.002  0.155
4a  0.630 -1.696 |-1.964 -1.912 0.387  0.407 0.797 0.984 0592  0.696
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4b 0.322 -1.882 |-2.012 -1.984 -0.089  -0.060 0.419 0.534 0.165 0.237
4c 0.183 -1.870 |-2.023  -1.980 -0.216  -0.144 0.375 0.512 0.080 0.184
4d 0.185 -1.869 |-1.988  -1.987 -0.082  -0.020 0.402 0.504 0.160 0.242
4e 0.537 -2.133 |-2.184  -2.150 0.316 0.352 0.512 0.709 0.414 0.530
Af 0.572 -2.255 |-2.366  -2.349 0.276 0.306 0.362 0.468 0.319 0.387
49 0.212 -2.232 |-2.296  -2.287 -0.120  -0.123 0.395 0.688 0.138 0.283
4h 0.404 -2.360 |-2.472  -2.452 -0.231 -0.223 -0.024 0.147 -0.128 -0.038
S5a -0.063  -2.219 |-2.355  -2.365 -0.598  -0.612 -0.142 0.035 -0.370 -0.289
5b -0.115  -2.421 |-2.552  -2.562 -0.861 -0.881 -0.276 0.002 -0.568 -0.439
5¢ -0.142  -2.598 |-2.591  -2.635 -0.899  -0.953 -0.562 -0.335 -0.731 -0.644
MAD 0.151 0.124 0.421 0.394 0.248 0.214 0.286 0.196

The experimental values from [25] (4f and 49 and 5a-c), are taken from the same literature while those of [49] (1la-c, 2a-c, 3a-C and 4a-c) and [24] (1d,
2d, 3d, 4d).
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Instead of considering the experimental oxidation of all 23 derivatives to relate to the calculated 2¢
(M?") transfer process [23,25] (Figure 12 and S5), it could also be considered that the experimental
oxidation can be two discrete or closely overlapping 1e” oxidation steps (M) [25,48] in some cases.
Thus, some carbenes could go through a M?* oxidation while the rest of the carbenes predominantly
go through a M*" oxidation. The results in Figure 10 also show that in the derivatives where oxidation
potential from M* is found close to that of the experimental value, the M?* process shows higher
deviation and the reverse is also the case where M?" is close to the experimental value. This is an
indication that some of the derivatives undergo direct M?* oxidation while others will preferentially
undergo two consecutive le” oxidation (M) through a paramagnetic M" state. The calculated
oxidation potential of the derivatives is then grouped into two groups; the first are those that will
preferentially undergo M™ oxidations which are la-c, 2a-d, 3b, 3c, 4f, 4h, 5a-c and those that
preferentially show M?* oxidation which is 1d, 3d, 4a-e and 4g. Among the 23 complexes, fourteen
complexes are shown to be M oxidation and are predominantly the model 1, 2, 3 and 5 complexes
while eight complexes are shown to follow M?* oxidation and are predominantly model 4 complexes
and those containing ligand SbPh3, excluding the model 2 SbPhis complex. Only complex 3a is shown
to have a value OP of the M" state closer to the experimental value than the M™ and M*'states.
However, similar correlation values of computed and experimental oxidation potential were obtained
for the two separate groups of the oxidation potential using the selected complexes for M™ oxidation
potential (R? = 0.77 using B3LYP) and others for M>" oxidation potential (R? = 0.83 using B3LYP)
(Figure S6) compared to the correlation of the M?* oxidation with all the derivatives (R? = 0.78 using

B3LYP, Figure S5, Figure 12).

3.2.2 Prediction of the reduction and oxidation potential from LUMO and HOMO energies

Plotting the B3LYP calculated HOMO and LUMO energies (Figure S4 a and b, Table 2) against the
experimental OP and RP, leads to linear relationships (Figure 13) that can be used to predict OP and
RP of Mo Fischer carbene complexes of the type [Mo(CO)n(Ln-5){C(Y)Ar}] (n=3-5, Ar =aryl group)
and Y = OEt, NH2 or NHCy, and related Mo Fischer carbene complexes. The experimental RP value
relates to the LUMO energy of the neutral carbene (the MO where the electron is added upon
reduction), as well as to the HOMO energy of M~ (MO where the added electron resides after
reduction), Figure 13a. The experimental OP value relates to the HOMO energy of the neutral carbene
(the MO where the electron is removed from upon oxidation), the HOMO energy of M™ (related to
the MO with an a electron of which the 3 electron was removed from upon oxidation) and the LUMO
energy of M" (related to the MO from which the o electron was removed from upon oxidation), see

Figure 13b. Using the following linear relationships involving the LUMO (for RP, Figure 13a) and
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HOMO (for OP, Figure 13b) energies of the neutral carbenes, the RP and OP of the carbenes can be
predicted (see Table 2) to a MAD value of 0.058 (RP) and 0.104 (OP) respectively:

RP exp, predict = -24.406 x E(LUMO) - 3.9502 (R?=0.94) Equation 1
OP exp, predict = -14.815 x E(HOMO) -2.671 (R2 = 066) Equation 2

These MAD values for predicting RP and OP from the LUMO and HOMO energy of the neutral
carbenes respectively are both lower than all the MAD values obtained when formally calculating the
RP and OP (Table 1). To calculate the LUMO and HOMO energy of the neutral carbenes, involve
optimizing only the neutral carbene, while the calculation of the RP and OP also need optimization
of the reduced and oxidized carbenes, more than double the amount of calculations additionally.
Because of the cost of CPU hours, predicting RP and OP from the LUMO and HOMO energy of the
neutral carbenes respectively, is a much shorter, easier and cheaper, but also more accurate method

(according to the MAD values).
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Figure 13: The correlation of the (a) experimental RP with calculated LUMO energy of M and
HOMO energy of M™ and (b) experimental OP with calculated HOMO energy of M, HOMO and
LUMO energies of M, using B3LYP in acetonitrile.

Table 2: The experimental RP and OP, B3LYP calculated HOMO and LUMO energies of the neutral

carbene, with the predicted RP and OP calculated from the respective frontier orbital energies.

Experimental RP | Calculated energies | Predicted RP and OP
and OP (V) (au) (V)2
Mol RP(exp) OP(exp) | LUMO  HOMO RP from E OP from E
(LUMO)  (HOMO)
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la
1b
lc
1d
2a
2b
2c
2d
3a
3b
3c
3d
4a
4b
4c
4d
4e
4f
4g
4h
Sa
5b
5c
MAD

-1.594
-1.781
-1.771
-1.779
-2.071
-2.17

-1.458
-1.62

-1.609
-1.611
-1.696
-1.882
-1.87

-1.869
-2.133
-2.255
-2.232
-2.36

-2.219
-2.421
-2.598

0.686
0.367
0.219
0.226
0.592
0.261
0.144
0.154
0.66
0.353
0.215
0.222
0.63
0.322
0.183
0.185
0.537
0.572
0.212
0.404
-0.063
-0.115
-0.142

-0.0968
-0.0894
-0.0882
-0.0904
-0.0781
-0.0727
-0.0711
-0.0734
-0.1039
-0.098

-0.0987
-0.0916
-0.0851
-0.0767
-0.0839
-0.0862
-0.0781
-0.0724
-0.0728
-0.067

-0.0689
-0.0621
-0.0581

-0.2189
-0.2026
-0.1986
-0.2049
-0.2149
-0.1982
-0.1937
-0.2012
-0.2145
-0.1999
-0.2024
-0.2173
-0.2013
-0.195

-0.1988
-0.2042
-0.2147
-0.2133
-0.1962
-0.1938
-0.1795
-0.174

-0.1696

-1.587
-1.768
-1.797
-1.744
-2.043
-2.177
-2.216
-2.158
-1.413
-1.560
-1.542
-1.714
-1.874
-2.078
-1.902
-1.847
-2.044
-2.183
-2.174
-2.316
-2.270
-2.435
-2.531
0.058

0.573
0.331
0.271
0.364
0.513
0.266
0.199
0.310
0.506
0.290
0.327
0.548
0.311
0.218
0.274
0.353
0.510
0.489
0.235
0.200
-0.012
-0.094
-0.159
0.104

2 Equations 1 and 2 used, obtained from graphs in Figure 13.

3.2.3 Prediction of the reduction and oxidation potential from the EA and IP

The EA and IP values in Table 3 were calculated using functional method B3LYP in acetonitrile,

while the gas phase EA and IP values were used for the calculation of the RP and OP. The NH2, NHCy

and dppe substituted complexes lead to higher EA and lower IP values (Figure 5a) than the other

complexes, which consequently leads to lower reduction potential and oxidation potential (Figure 10)

to as previously explained. The calculated EA generally follows the same order that was observed in

the reduction and oxidation potential of the complexes.
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A good correlation was observed between the experimental 1e” RP and B3LYP calculated 1e” EA (R?
=0.99, Figure 14a). Good correlations between the experimental 2e” OP with the three IP values of
M*, M™" and M?* were also observed. The correlation of the 2¢” experimental OP with 1e” IP of M™ is
R? = 0.89 as shown in Figure 14b, while that of the 2¢” IP of M?" is R? = 0.81 (Figure 14c) and for
M*™ R? = 0.59 (Figure 14d). A better correlation is observed for M™ (R? = 0.785) and M*" (R? =
0.829) if selected derivatives that gave the lowest deviation of their calculated OP from experimental
are used (as discussed in the last paragraph of Section 3.2.1, see Figure S7). Oxidation of Mo from
Mo(0) to Mo(II) should go through a paramagnetic M" state in all cases. The linear equations
generated for the prediction of experimental 1e” reduction potential (RP) from B3LYP calculated EA
and for the prediction of 2¢” experimental oxidation potential (OP) from B3LYP calculated IP are

shown below:

RP cxp, predict = -25.96 x EA(M") - 4.513 (R?=10.99) Equation 3
OP exp. precict = 14.69 x IP(M") — 2.361 (R2 = 0.89) Equation 4
OP exp. predict = 7.521 x IP(M2*) —2.519 (R2=0.81) Equation 5
OP exp, predict = 12.67 x IP(M™) — 2.156 (R?=0.59) Equation 6

The experimental 1e” reduction potential and 2¢” oxidation potential were predicted from equations 3
— 6 above and the results of the prediction are shown in Table 3. The prediction reproduced the
experimental 1e” RP from calculated EA and experimental 2e” OP from calculated IP (of M*, M*" and
M), to a significant level of accuracy with MAD values of 0.023, 0.065, 0.076 and 0.124
respectively, even better than the MAD of 0.058 (RP) and 0.104 (OP) obtained when predicting RP
and OP from the HOMO and LUMO energies of the neutral carbene (Table 2).

In terms of reproducing the experimental results, the predicted 2e” OP from calculated le” IP of M*
(Table 3, MAD = 0.065) is better than from the calculated 2e” OP (Table 1, B3LYP) for both M™
(MAD = 0.124) and M?** (MAD = 0.196). Thus predicting the 2¢” experimental OP from the le” IP of
M, gives more accurate OP values; in some molecules a higher OP is observed while in other cases
a lower OP than those predicted from M*" and M**, in a way that more accurately reproduce the

experimental OP results.

The predicted RP from EA (Table 3, MAD = 0.023) is also better than the calculated RP (Table 1,
B3LYP, MAD = 0.124). This is an indication that the EA and IP values that have been computed in
the same solvent medium used for their respective experimental RP and OP processes can predict

their RP and OP to a high level of accuracy. Predicting the experimental 2e- OP using equations 5 and
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6 above (from EA and IP, MAD values of 0.076 and 0.124 respectively), reproduced the experimental
2¢” OP to a lower level of accuracy than using equations 1 and 2 (from HOMO and LUMO energies,

MAD values of 0.058 and 0.104 respectively), but was still better than the calculated 1e RP (MAD

= 0.124), the calculated 1e- OP for M" (MAD = 0.394), calculated 2¢- OP for M™" (MAD = 0.214)
and calculated 2e- OP for M?" (MAD = 0.196) (Table 1, B3LYP) using the redox cycle in Figure 2.
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Figure 14: The correlation of the (a) experimental RP with calculated EA of M™ and experimental 2¢”

OP with calculated (b) 1e" IP of M*, (¢) 2e" IP of M*" and (d) 2™ IP of M?* using B3LYP in acetonitrile.
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Table 3: The experimental RP and OP, calculated EA and IP (le” IP for M* and 2¢” IP for M*" and M?*) with the predicted le” RP and 2¢” OP from the
respective B3LYP calculated EA and IP using B3LYP in acetonitrile solution.

Experimental RP | Calculated EA and IP (eV) Predicted 1le- RP and 2e- OP (V)2

and OP (V)
Mol  RP(exp) OP(exp) | EAIM) IP(M") IP(M') IP(M?") | RP(M) OP(M") OP(M?") OP(M™)
la -1.594  0.686 -0.112  0.202 0.210 0412 |-1.606 0.606  0.580 0.504
1b -1.781  0.367 -0.105 0.180 0.190  0.370 |-1.788 0.283 0.264 0.251
Ic -1.771 0.219 -0.105 0.179  0.188 0.366 -1.788  0.268 0.234 0.226
1d -1.779  0.226 -0.107  0.182  0.201 0.383 -1.736  0.312 0.361 0.390
2a -2.071  0.592 -0.094 0.199 0.193 0.392 | -2.073 0.562 0.429 0.289
2b -2.170  0.261 -0.088 0.176  0.182  0.358 |-2.229 0224  0.173 0.150
2¢ - 0.144 -0.086 0.171  0.185 0.356 -2.281 0.150 0.158 0.188
2d - 0.154 -0.088 0.178  0.181 0.359 -2.229  0.253 0.181 0.137
3a -1.458  0.660 -0.118  0.203 0.234 0437 |-1.450 0.620  0.768 0.808
3b -1.620  0.353 -0.112  0.179 0.194  0.373 | -1.606 0.268 0.286 0.302

3¢ -1.609  0.215 -0.111  0.177  0.186 0.362 -1.632  0.239 0.203 0.200
3d -1.611 0.222 -0.113  0.182  0.191 0.373 -1.580 0.312 0.286 0.264
4a -1.696  0.630 -0.107  0.201  0.215 0.416 -1.736  0.591 0.610 0.568

4b -1.882  0.322 -0.101  0.182  0.199 0.381 -1.892  0.312 0.346 0.365
4c -1.870  0.183 -0.101  0.180  0.197 0377 |-1.892 0.283 0.316 0.340
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4d
4e
4f
4g
4h
Sa
5b
5c
MAD

-1.869
-2.133
-2.255
-2.232
-2.36

-2.219
-2.421
-2.598

0.185
0.537
0.572
0.212
0.404
-0.063
-0.115
-0.142

-0.103
-0.093
-0.087
-0.089
-0.084
-0.087
-0.080
-0.075

0.184
0.199
0.197
0.180
0.175
0.159
0.150
0.147

0.197
0.206
0.197
0.202
0.182
0.179
0.177
0.167

0.380
0.404
0.395
0.381
0.357
0.338
0.327
0.314

-1.840
-2.099
-2.255
-2.203
-2.333
-2.255
-2.437
-2.567
0.023

0.341
0.562
0.532
0.283
0.209
-0.026
-0.158
-0.202
0.065

0.339
0.519
0.452
0.346
0.166
0.023
-0.060
-0.158
0.076

0.340
0.454
0.340
0.403
0.150
0.112
0.086
-0.040
0.124

2 Equations 3 - 6 used, obtained from the relationships in Figure 14.

26



3.2.4 Prediction of the reduction and oxidation potential from MESP potentials

The relationship between the different MESP properties with their experimental RP and OP were
carried out and the results of the best correlations obtained are shown in Figure 15 (a — d), with data
in Table 4. The analysis clearly showed that experimental RP correlates well with potentials of the
reduced state, with Vmin(M") (R? = 0.71) and also V(Mo,M") (R? = 0.68) (Figure 15c and d). The
experimental OP was best correlated with the potentials of the neutral state, potential V(Mo,M) (R?
=0.78) and V(C,M) (R? = 0.70) (Figure 15a and b), in contrast to their oxidized states M (R? = 0.62
and 0.57) and M?* (R? = 0.45 and 0.32) (not shown). The experimental oxidation potential has a poor
correlation with Vmin of the neutral state. In all the states, the Vmax has a poor correlation with both
experimental RP and OP.

The best fit obtained linear regression equations for the correlation of the experiment RP and

experimental OP with MESP potentials, are

OP(exp) = 5.775 x(V(Mo,M)) + 269.84  (R2=0.78) Equation 7
OP(exp) = 5.786 x (V(C,M)) + 84.96 (R2=0.70) Equation 8
RP(exp) = 0.035 x (Vmin(M)) + 1.619 (R?=0.71) Equation 9
RP(exp) = 11.897 x (V(Mo,M")) + 555.46 (R?>=10.68) Equation 10

The above equations can be used to predict the experimental OP and RP, similarly as calculated IP
and EA values were used to predict experimental OP and RP in section 3.2.3, see predicted data in
Table 4. The advantage of using equations 7 and 8 is that OP can be predicted from a calculation on
the neutral molecule only and that it is not necessary to calculate an oxidized state to obtain IP as
well. Calculating the predicted OP and RP using equations 7 - 10 above, reproduce the experimental
values with a MAD of 0.085, 0.108, 0.143 and 0.146 respectively. Using equation 7 or 8 (MAD =
0.085, 0.108) thus reproduces the experimental OP better than the calculated OP (Table 1, B3LYP)
for M" (MAD = 0.394), M*" (MAD = 0.214) and M?*" (MAD = 0.196). Using equations 9 and 10,
reproduces the experimental RP with a MAD of 0.143 and 0.146, while predicting the RP from
equation 3 (Table 3, MAD = 0.023) or the calculated RP (Table 1, B3LYP) with a MAD = 0.124,

which gives a better result.
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Figure 15: The selected best representative correlation plots of the experimental oxidation potential
(OP in V) and reduction potential (RP in V) with MESP properties (a) V(Mo,M), (b) V(C,M), (c)
Vmin(M") and (d) V(Mo,M") for the derivatives in the neutral (M), reduced (M) and oxidised (M",

M?") states. The Vimin is reported in kcal/mol, atomic potential Mo (V(Mo)) and carbene carbon

(V(C)) are in the atomic unit.
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Table 4: Selected MESP potentials, experimental 1e” RP and 2¢” OP with the predicted 1e” RP and 2e¢” OP (in V) from the indicated calculated MESP
potentials using B3LYP in acetonitrile solution. Vmin is reported in kcal/mol, the atomic potential Mo (V(Mo)) and carbene carbon (V(C)) are in the

atomic unit.

Experimental RP Calculated MESP potential Vmin
Predicted RP and OP (V)&
and OP (V) (kcal/mol) and V(atom) (au).

Mol OP(exp) RP(exp) | V(Mo,M) V(CM) Vmin(M) V(Mo,M) | OP(V(Mo,M)) OP((V(CM)) RP(Vmin(M)) RP(V(Mo,M))
la 0.686 -1.594 -46.618 -14.586 -92.84 -46.828 0.640 0.571 -1.621 -1.653
1b 0.367 -1.781 | -46.680 -14.651 -104.47  -46.858 0.282 0.195 -2.027 -2.010
lc 0.219  -1.771 | -46.675 -14.627 -101.08  -46.837 0.311 0.333 -1.909 -1.760
1d 0.226 -1.779 -46.679 -14.619 -93.73 -46.835 0.287 0.380 -1.652 -1.736
2a 0.592 -2.071 -46.640 -14.586 -100.33 -46.835 0.513 0.571 -1.882 -1.736
2b 0.261 -2.170 | -46.698 -14.655 -106.27  -46.876 0.178 0.171 -2.090 -2.224
2¢ 0.144 -46.693  -14.637 -104.54  -46.862 0.207 0.276 -2.029 -2.057
2d 0.154 -46.692  -14.618 -112.67 -46.822 0.212 0.386 -2.313 -1.581
3a 0.660 -1.458 -46.620  -14.588  -90.51 -46.823 0.628 0.559 -1.540 -1.593
3b 0.353 -1.620 | -46.680 -14.654 -101.41  -46.848 0.282 0.177 -1.920 -1.891
3¢ 0.215 -1.609 | -46.667 -14.644  -96.05 -46.825 0.357 0.235 -1.733 -1.617
3d 0.222 -1.611 | -46.682 -14.622 -91.69 -46.833 0.270 0.362 -1.581 -1.712
4a 0.630 -1.696 -46.626  -14.593  -96.92 -46.841 0.594 0.530 -1.763 -1.807
4b 0.322 -1.882 -46.691 -14.661 -103.90 -46.871 0.218 0.137 -2.007 -2.164
4c 0.183 -1.870 | -46.679 -14.651 -102.48  -46.856 0.287 0.195 -1.957 -1.986
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MAD

4d
4e
4f
4g
4h
Sa
5b
5c

0.185
0.537
0.572
0.212
0.404
-0.063
-0.115
-0.142

-1.869
-2.133
-2.255
-2.232
-2.360
-2.219
-2.421
-2.598

-46.690
-46.623
-46.642
-46.702
-46.723
-46.733
-46.724
-46.743

-14.626
-14.586
-14.590
-14.651
-14.656
-14.693
-14.686
-14.688

-97.30
-103.96
-107.72
-108.52
-104.95
-117.33
-118.24
-111.70

-46.847
-46.843
-46.858
-46.858
-46.879
-46.891
-46.883
-46.896

0.224
0.611
0.501
0.155
0.033
-0.024
0.028
-0.082
0.085

0.339
0.571
0.548
0.195
0.166
-0.048
-0.008
-0.019
0.108

-1.777
-2.009
-2.140
-2.168
-2.044
-2.476
-2.507
-2.2779
0.143

-1.879
-1.831
-2.010
-2.010
-2.259
-2.402
-2.307
-2.462
0.146

2 Equations 7 - 10 used, obtained from the relationships in Figure 15.
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3.3 Clustering of the complexes based on the similarity in properties

The multivariance analysis of the computed properties with the experimental RP and OP was carried
out to show the level of their relationship and the grouping of the Mo carbene derivatives based on
the similarity of their properties. The multivariance analysis was done using FactoMineR (Factor
analysis and data Mining with R) [55]. The Mo carbene derivatives were grouped in clusters of those
that have similar properties based on their experimental and computational RP and OP with their
computed EA, IP, Vmin, V(Mo), V(C), HOMO and the LUMO. The analysis was divided into five
groups, showing the relationship between the properties of the molecules in their neutral state,
reduced state, le” oxidation state and 2e” oxidation state (Figure 16). The fifth group relates the
computed OP values determined for M™" states with the properties computed for the molecules in
their M™ electronic state (Figure S8). The clustering obtained for the first four groups is shown in
Figure 16. The results of the variable distribution (experimental and computed properties) along the
principal component analysis (PCA) show that EA has a reverse correlation with the RP (pointing in
opposite direction) while the IP has a direct correlation with OP (pointing in the same direction)
(Figure 16¢ and d). The computed HOMO, V(Mo) and V(C) of the molecules in their neutral state
show better correlation with the experimental OP while the computed LUMO showed a better
correlation with the experimental RP (Figure 16a). The calculated EA, RP and HOMO of the
derivatives in M state show the best correlation with experimental RP (Figure 16b). The experimental
OP shows the best correlation with calculated IP, OP and LUMO in the M" state (Figure 16¢)
compared to that of M™ and M?" states (using the alignment of their arrow with the colour of their

contribution).

The clustering of the derivatives according to the similarities in their experimental and computed
properties is shown in Figure 17 for their neutral, M-, M" and M?" states (see also Figure S8 for M**
state). The type of the carbene ligand did not have stronger effects on the correlation of the computed
properties as the clustering of the complexes are not correlated according to the types of the carbene
ligands. Rather, other ligands like dppe and the presence of unsubstituted CO play a stronger effect
on the complex clustering than the carbene ligand type. Four clusterings of the derivatives are
observed in all of the five states groupings; one cluster is formed mainly for the derivatives containing
the dppe ligand (5a-c). The second cluster that is particular to all three oxidation states (M*, M>" and
M™), covers the derivatives with unsubstituted CO ligands (1a, 2a, 4a, 4e, 4f), excluding 3a. In the
group M" that showed the better correlation with experimental OP than M** and M**, the molecules
with an SbPhs ligand (1d, 2d, 3d, 4d) formed a well-defined cluster separated from the rest of the

other molecules. The clustering of the molecules in their reduced state is different from those of the
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oxidized state except the common cluster of complexes with dppe ligand. The second cluster in a
reduced state is best described in terms of molecules with NH2 and NHCy carbene substituents (4e,

4f, 49, 4h) compared to an oxidized state that is more influenced by the presence of unsubstituted

CO.
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Figure 16: The distribution of the variables MESP minimum (Vmin), Mo atomic potential (V(Mo)),
carbene C atomic potential (V(C)), HOMO and LUMO energies, calculated for the (a) neutral
molecules (In) and related to experimental RP and OP, (b) reduced molecules and related to
experimental RP and calculated electron affinity (EA) and RP also at M state; (¢) M" oxidized
molecules (1p) and related to the experimental OP and calculated OP and ionization potential (IP)

also at M" state, (d) M*" oxidized molecules (2p) and related to the experimental OP and the calculated

OP and IP also at M?" state
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Figure 17: The partitioning clustering of the Mo carbene derivatives based on the values of the
variables MESP minimum (Vmin), Mo atomic potential (V(Mo)), carbene C atomic potential (V(C)),
HOMO and LUMO energies, calculated for the (a) neutral molecules (1n) and related to experimental
RP and OP, (b) reduced molecules and related to experimental RP and calculated electron affinity
(EA) and RP also at M state; (¢c) M" oxidized molecules (1p) and related to the experimental OP and
calculated OP and ionization potential (IP) also at M" state, (d) M*" oxidized molecules (2p) and

related to the experimental OP and the calculated OP and IP also at M?* state.

4 Conclusion

A DFT study of 23 derivatives of Mo Fischer carbene complexes of the type [Mo(CO)n(Ln-

5){C(Y)Ar}] (n = 3-5, Ar = aryl group) and Y = OEt, NH2 or NHCy, grouped into 5 models which
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comprise derivatives of 2-thienyl (model 1), 2-(N-methyl)pyrrolyl) (model 2), 2-(2-thienyl)thiophene
(model 3), 2-furyl derivatives (model 4) and 2-furyl with a diphenyl phosphinoethane (dppe) ligand
(model 5), showed that several DFT calculated descriptors can be used to predict the 1e” reduction

and 2e” oxidation potentials (RP and OP) of the Mo Fischer carbene complexes.

e (Calculating the RP and OP using the energy cycle of solvation shown in Figure 2, reproduced the
RP and OP to MAD values of 0.124-0.151 and 0.196-0.421 respectively, depending on the level
of theory (B3LYP or M06) and type of model (M~ for reduction and M*, M*" or M?* for
oxidation).

e Calculating the RP and OP using the LUMO (for RP) and HOMO (for OP) energies of the neutral
carbenes, using equations 1 and 2, the RP and OP of the carbenes can be predicted to a MAD
value of 0.058 (RP) and 0.104 (OP) respectively.

e Calculating the RP and OP using the calculated EA and IP (of M*, M?>" and M) energies, using
equations 3 - 6, reproduced the experimental values with a MAD value of 0.023 (RP), 0.065,
0.076 and 0.124 (OP) respectively.

e Calculating the predicted OP and RP using MESP potentials using equations 7 - 10, reproduced
the experimental values with a MAD of 0.143 and 0.146 for RP and 0.085 and 0.108 for OP.

e The most accurate prediction of RP and OP of the Mo Fischer carbene complexes, according to
the MAD values, is obtained from B3LYP in acetonitrile calculated EA (for RP with MAD 0.023)
and IP (for OP with MAD 0.065) calculated energies, followed by the prediction of RP and OP
from the LUMO (for RP with MAD 0.058) and HOMO (for OP with MAD 0.104) energies of
the neutral carbenes.

e Calculation of the LUMO and HOMO energies of the neutral carbenes involved optimizing only
the neutral carbene, while the calculation of the RP and OP, or calculation of IP and EA values,
also needed optimization of the reduced and oxidized carbenes, more than double the amount of
calculations additionally. Because of the cost of CPU hours, predicting RP and OP from the
LUMO and HOMO energy of the neutral carbenes respectively, is a much faster, easier and
cheaper, but slightly less accurate method but good enough to give the predictive trend of change

in the redox properties of the complexes.
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