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ABSTRACT: High-throughput experimentation and multivariate modelling allow identification of non-covalent interactions 
(NCIs) in monoaryloxy-pyrrolide Mo imido alkylidene metathesis catalysts prepared in situ as a key driver for high activity in a rep-
resentative cross-metathesis reaction (homodimerization of 1-nonene). Statistical univariate and multivariate modelling categorizes 
catalytic data from 35 phenolic ligands into two groups, depending on the substitution in the ortho position of the phenol ligand. 
Catalytic activity descriptor TON1h correlates predominantly with attractive NCIs when ortho aryl phenols are used and, conversely, 
with repulsive NCIs when the phenol has no aryl ortho substituents. Energetic span analysis is deployed to relate the observed NCI 
and the cycloreversion metathesis step such that aryloxide ligands with no ortho aryls mainly impact the energy of metallacyclobu-
tane intermediates (SP/TBP isomers), whereas aryloxides with pendant ortho aryls influence the transition state energy for the cy-
cloreversion step. While the electronic effects from the aryloxide ligands also play a role, our work outlines how NCIs may be ex-
ploited for the design of improved d0 metathesis catalysts. 

INTRODUCTION  
Transition-metal-catalyzed olefin metathesis has over the last 
decades transformed the pharmaceutical, polymer, and fine 
chemicals industries.1 Among the various systems available, 
Schrock-type Mo and W d0 alkylidenes2 have been developed 
into highly active, selective and stable metathesis catalysts, 
with performance metrics that are attractive for industrial ap-
plications.3 Recent compelling developments include metal 
imido alkylidene complexes (X)(Y)M(=NR)(=CHR1) with dif-
ferent X and Y ligand set (M = Mo, W; X ≠ Y, and X is a 
stronger  σ-donor), for instance the monoaryloxy pyrrolide 
(MAP)2,4 and monoaryloxy chloride (MAC)5 family of catalysts, 
that enable the selective synthesis of (Z)-alkenes, including 
chloro and fluoroalkenes. The dissymmetry at the metal center 
of such catalysts was recognized early as an important factor 
associated with enhanced metathesis activity.6 Metallacyclobu-
tanes (MCB), the key intermediates of the Chauvin mechanism 
of olefin metathesis,7 are proposed through computational 
studies to adopt a 5-coordinate trigonal-bipyramidal (TBP) 
geometry with the X – typically more σ-donating – group and 
the metallacycle in the equatorial plane (Scheme 1A).6 Such 
TBP intermediates can however undergo a turnstile isomeriza-
tion process yielding an off-cycle MCB with a square-based 
pyramidal (SP) geometry that slows down catalysis and pro-
motes deactivation and side-reactions.6a-d,8,9,10 The presence of 
σ-donor ligands with varying donation properties in these un-
symmetrical catalysts raises the energy of metallacyclobutane 

intermediates preventing their overstabilization.6b-d Overall, 
this suggests that the effectiveness of an alkene metathesis reac-
tion could be improved by minimizing the concentration of an 
off-cycle SP metallacycle, however, the rational design of 
Schrock-type metathesis catalysts remains challenging and 
often unpredictable.  
Herein, we describe a high-throughput experimental (HTE) 
approach to identify active, in-situ-generated molybdenum 
alkylidene complexes tested for a prototypical cross metathesis 
reaction, the homodimerization of 1-nonene, that is plagued 
with deactivation pathways associated with the formation of 
ethylene, and that requires a better understanding of key pa-
rameters driving this reaction.6a,d,11 The HTE methodology is 
integrated with multivariate statistical modelling strategies that 
guide the search for highly efficient catalysts and provide in-
sights on key parameters for further catalyst design (Scheme 
1B,C). We evaluated in situ formulations prepared from a li-
brary of 35 phenols and two precursor bis-pyrrolido complex-
es,12 targeting both unsymmetrical MAP and symmetrical 
bisaryloxide families of complexes, prepared using 1:1 and 2:1 
ratios of ArOH and (2,5-(Me)2-Pyr)2Mo(=NAr)(=CHCMe2Ph), 
respectively [Ar = 2,6-(iPr)2-Ph (Mo-1) and 2,6-(Me)2-Ph (Mo-
2)]. 
 
 
 

 
 



 

Scheme 1. The mechanism of olefin metathesis with d0 catalysts (A), design of the HTE study (B, C) and catalytic results (D) for in 
situ formulations of Mo-1 with ArOH 1-35 in 1:1 ratio (Pyr = 2,6-dimethylpyrrolido). *Because of the increasing amounts of isom-
erization products after the complete consumption of 1-nonene, TON values are reported after 75 minutes and 135 minutes instead 
of 75 minutes and 501 minutes. 
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The resulting dependence of both the productive (i.e., calcu-
lated from the yield of the C16 products) turnover number 
(TON) and turnover frequency (TOF) was quantitatively relat-
ed to structural features of aryloxy ligands by examining their 
computed electronic and steric characteristics using multivari-
ate regression analysis.13 The resultant statistical models pro-
vide a correlation between a non-covalent interaction (NCI) 
exerted by phenolic ligands and productive TONs and TOFs. 
Ultimately, the results could be interpreted with respect to the 
stability of the TBP and SP intermediates and respective tran-
sition states for the cycloreversion step, furnishing guidelines 
for predictable catalyst design. 

RESULTS AND DISCUSSION  
Testing in situ Prepared Mo Metathesis Catalysts in 
the Homodimerization of 1-Nonene 
Phenol ligands 1-35 were selected for catalytic testing due to 
their broad range of electronic and steric properties, while also 
possessing common characteristics that could facilitate identifi-
cation of uncorrelated structural features essential for catalytic 
performance. For simplicity, ArOH are numbered according 
to their increasing molecular weight. Formulations were pre-
pared in situ from molybdenum bispyrrolide precursors Mo-1 
and Mo-2 and ligands 1-35 (Scheme 1B,C) by stirring 1 or 2 
equiv. of the phenol with a respective Mo-precursor in toluene 
for 3 hours at 27 °C. An aliquot of each mixture was com-
bined with 1-nonene to deliver a 1000/1 substrate-to-catalyst 
ratio (0.1 mol % catalyst loading). These steps were performed 
by an automated liquid handling robotic system operated in-
side an inert atmosphere glovebox (see ESI for details). The 
reaction mixtures were agitated for ca. 8 hours at 27 °C in 
open vials,14 and reaction progress was monitored by GC after 
ca. 6, 16, 39, 72, 135, 258 and 501 minutes, giving conversions 
(X), selectivity for the formation of hexadec-8-ene (SC16 and 
SC16(E/Z)), and respective turnover numbers and turnover 
frequencies. These data are presented in the ESI (Tables S3-6) 
including conversion vs. time and E/Z selectivity vs. time plots 
(Figures S18-159). Robustness tests were routinely performed 
in triplicate with new batches of 1-nonene, exhibiting good 
reproducibility (Tables S7-8). Below, the discussion is focused 
on two selected responses, namely productive TOFin and 
TON1h (data points collected after ca. 6 and 72 min, respec-
tively). The first response reflects the initial activity of the cata-
lyst formulation, wherein the influence of catalyst deactivation 
is minimal. While no formulation reaches complete conversion 
of 1-nonene after 1 h, several formulations feature conversion 
exceeding 90 %, and in general X1h > 50% at this reaction 
time (Scheme 1D). Therefore, TON1h was used as a response 
to evaluate the overall catalyst efficiency comprising both ac-
tivity and stability as it allows us to differentiate each catalyst’s 
efficiency that is not possible with later time points since many 
formulations reach complete conversion making these meas-
urements insensitive for discriminating between catalysts. Ex-
amples of outputs for productive TOFin, TON1h and TON8h 
obtained with 1:1 ratio of Mo-1 and ArOH 1-35 are present-
ed in Scheme 1D (see ESI for such plots using 1:2 ratio and 
results with Mo-2, Figures S3-5). 
Inspection of TOFin and TON1h for 1:1 and 1:2 formulations 
with either Mo-1 or Mo-2 reveals high collinearity (R2 = 0.79 
– 0.97) of these reactivity outputs (Figures S13-14). In contrast, 
comparing TOFin and TON1h values for 1:1 formulation rela-
tive to both arylimido ligands uncovers noteworthy differences. 
In situ formulations derived from Mo-2, a precursor with a 

smaller 2,6-dimethylphenylimido ligand relative to 2,6-
diisopropylphenylimido ligand in Mo-1, exhibit significantly 
reduced TOFin and TON1h values using phenols that lack 
pendant aryl groups in ortho positions, with several phenols 
giving inactive formulations, in sharp contrast to Mo-1 
(Scheme 1D and Figures S15). However, phenols with pendant 
aryls display a high degree of collinearity for both Mo precur-
sors. These observations point at significant influence of ortho 
aryl substituents on generating active catalyst formulations (vide 
infra). Remarkably, almost all active catalysts present high SC16 
selectivity (averages of 95% and 93% at 1h and 8h, respective-
ly).  
Next, we sought to correlate activity and stability of in situ for-
mulations with the structural characteristics of the tested phe-
nol ligands. For brevity, we limit the discussion below primari-
ly to results obtained using 1:1 ratio of Mo-1 and phenols 1-
35. TOFin and TON1h values for these tests are reasonably 
correlated (R2 = 0.67, Figure 1A), suggesting that most of the 
ligands are associated with similar deactivation pathways. 
Considering that 1-nonene concentration decreases over time, 
a drop in the reaction rate and consequently TOF1h < TOFin 
were expected. To identify ligands furnishing higher catalytic 
stability, we defined a deactivation parameter as DEACT = 
[(TOF1h – TOFin)/TOFin] × 100% that revealed a typical 
range for deactivation across most of tested phenols at 65-
90%. However, bulky phenols 2, 17, 23, 27, 28, 30, and 33 
give more stable formulations with Mo-1, deactivating to a 
significantly lower extent (20-55%). Hexadec-8-ene forms fast-
er at 1 h relative to the initial rate only for one example, the 
bulky phenol 11. This result is due to a slow induction period 
observed at the beginning of the reaction with 11. Thus, the 
DEACT parameter identifies the most stable formulations, as 
well as induction periods (observed only for ArOH-11). 
In general, the (E/Z) ratios for the SC16 (E) isomer increase 
with reaction progress for most formulations and catalysts typ-
ically display SC16(E/Z)8h >4 if TON8h exceeds ca. 850, espe-
cially for formulations with Mo-1 (Figure 1B). This is con-
sistent with the competing metathesis isomerization that is 
favored for the more active and stable catalysts as these sys-
tems are likely to display a E/Z ratio approaching the thermo-
dynamic value at higher conversions. Only the bulky ligands 
26, 33, 34, and 35 do not follow this trend and favor the for-
mation of cis-hexadec-8-ene, in line with previous reports 
demonstrating that homocoupling3 and cross-metathesis4 of 
terminal alkenes could proceed in high Z-selectivity with bulky 
MAP catalysts. 
 



 

 
Figure 1. Analysis of experimental descriptors obtained with 
1:1 in situ formulations with ligands 1-35 and Mo-1. 
 
While well-defined metathesis catalysts with large aryloxy lig-
ands typically produce high TONs and reaction rates,4,5,9 in situ 
formulations with bulky ligands 15, 26, 29, 30 and 35 do not 
follow a clear trend, with Mo-1 giving TON1h of 860, 110, 
850, 620 and 190, respectively; the TON1h values are also 
similar with Mo-2 (Figure 2A). Notably, these high TON val-
ues highlight that the exchange of bispyrrolido for aryloxy 
ligands proceeds under these conditions even with rather bulky 
phenols as ArOH 29, 30 and 35. Furthermore, evaluation of 
the homologous series of tri- and penta-halogenated phenols 
(6, 12, 13, 20, 27, and 32) with Mo-1 and Mo-2 reveals that 
the more electronegative ligands display lower TON1h values 
(Figure 2B). The fluorophenols 6 and 12 are less electronega-
tive than chloro- and bromophenols (13, 20, 27, 32) and 
based on the above result might be expected to feature high 

TON1h as well. However, the most electropositive phenol 6 
yields the lowest TON1h in this series, possibly due to the in-
termolecular ligand scrambling forming respective bispyrrol-
ides and bisaryloxides.15 Overall, this points to an entangled 
influence of phenol structural properties on catalyst activity, 
which in turn hampers rational design of metathesis catalysts.  

 
Figure 2. Preliminary analysis of structural features of select-
ed phenol ligands and catalytic activity of formulations derived 
from Mo-1 and Mo-2. The estimates for size and electronega-
tivity were molecular weight (MW) and natural bond orbital 
(NBO) charges of the oxygen (qO of phenolate), respectively. 
 
Parametrization  
Considering the lack of obvious trends between catalytic activi-
ty and structural features of phenols, we chose to apply statisti-
cal correlation tools to classify TOFin and TON1h data using 
approaches evolving from the Sigman group.16 Our general 
workflow to correlate these reaction outputs to molecular de-
scriptors of phenolic ligands included a variety of calculated 
steric and electronic molecular parameters (Figure 3A). First, a 
conformational ensemble of relevant geometries was generated 
using Molecular Mechanics (MM), followed by DFT geometry 
optimization to identify the lowest energy conformer at the 
M06-2X/def2-TZVP level of theory, which provides the plat-
form to assemble structural parameters for further analysis. 
Subsequently, a preliminary identification of univariate trends 
and application of multivariate linear regression analysis pro-
vide statistical models required for interrogation of the origin 
of olefin metathesis efficiency of the in situ formulations. In 
particular, we highlight below the development of statistical 
models based on new tailored steric probes (calculated at B97-
D3/def2-TZVP level of theory). 
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Figure 3. Parameterization of phenol ligands: development workflow of multivariate models (A) and selected calculated molecular 
parameters (B). 

Descriptors of Phenol Ligands  
Electronic Descriptors. The electron density of each free 
phenol ligand or phenolate anion were assessed relative to 
natural bond orbital (NBO) charges of oxygen (qO),17 C O 
bonding σ(C-O) (Eσ(C-O)) and antibonding σ*(C-O) (Eσ*(C-O)) NBO 
energies (Figure 3B). Additional parameters included 
HOMO/LUMO energies, NBO energies of lone pairs of oxy-
gen ELP(O), molecular dipole (μ), and polarizability (Pol). These 
values are presented in the supporting information. 
Steric Descriptors. The steric influence of phenol ligands 
was initially assessed using Verlop’s Sterimol parameters.18 We 
considered individually the two pendant groups in the ortho 
position (L, B1, B5, L’, B’1, B’5), using the sum of both as the 
final parameter (Figure 3B). In a second approach, we subject-
ed the entire phenol to the Sterimol calculation. Additionally, 
we investigated alternative steric parameters including the 
height above a defined plane, labelled as Hout,sum and H’out,sum.19 
These parameters account for the steric effects caused by 2,6-
substituents of the phenol ring; additional parameters are pre-
sented in ESI. Finally, the percent buried volume (%Vbur) was 
determined, which is defined as the fraction of the volume 
occupied by a ligand in an abstract sphere centered on the 
metal atom.20 The set radius sphere of r = 5.0 Å was selected 
to capture the steric influence of the meta substituent of the 
phenol ring; lower r values (3.5 and 4.0 Å) allow selectively 
capturing steric effects of ortho substituents. 
Preliminary Correlation Analysis

At this stage, we considered all tested phenol ligands that had 
improved activity of the precursor complex Mo-1, seeking to 
relate their electronic and steric properties to experimental 
TOFin and TON1h values. An initial univariate correlation 
matrix, represented as a color map in Figure 4A, was generat-
ed, revealing only low R2 values not exceeding 0.22. A more 
detailed analysis of the univariate trend of TOFin with the best 
correlating parameter, Lsum, showed two distinct sets of cata-
lysts that differ by the presence or absence of aryl substituents 
in ortho positions of respective phenol ligands (Figure 4B). 
Therefore, we categorized the data set into two distinct sub-
sets: Group A contains phenols without aryl arms in the ortho 
position (1-14, 16, 19-21, 27, 32) and Group B contains ortho-
arylated phenols (15, 17-18, 22-26, 28-31, 33-35). These 
improved individual univariate correlations using several steric 
descriptors of phenol ligands and TOFin and TON1h values (R2 
in the range of 0.5-0.9; see Figures S16-S17 in ESI). For ex-
ample, a statistically significant correlation was observed for 
1:1 formulations with Mo-1 in Group A using the size of the 
phenolic substituents represented by the %Vbur steric descriptor 
(Figure 4C). Interestingly, a correlation of Group B ligands 
with the same measure reveals an inverted correlation, where-
in the larger phenols are associated with reduced activity. 
Considering that the %Vbur captures the steric effect mainly of 
the ortho positions, these trends hint at the importance of NCIs 
exerted by these substituents with optimal radius spheres of r = 
3.5 and 4.0 Å for Groups A and B, respectively. 
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Figure 4. Initial correlation analysis. Correlation color map for formulations with Mo-1 (A), optimal univariate steric correlation 
parameter (B), and best univariate correlation after splitting the data set into groups with and without ortho aryl substituents in phe-
nols (C). The Group A contains phenols without aryl arms in the ortho position, and Group B contains ortho-arylated phenols. 

Analysis of Outliers and Control Experiments  
Some outliers were excluded from the correlations presented 
in Figure 4C. While 2,6-(i-Pr)2-PhOH (11) yields a formulation 
with a comparable productive TON1h to 2,6-(Me)2-PhOH (2) 
(500 and 540, respectively), the initial calculation of %Vbur is 
likely overestimated for 11, which we attribute to conforma-
tional differences of this aryloxide in the Mo complex and the 
free ligand. The conformer is shown in Figure S7 in the sup-
porting information, and has one of the C Me bonds eclipsed 
by the aromatic ring, driving the second methyl group towards 
the oxygen of the phenolate, thereby overestimating the steric 
effect of the i-Pr group in %Vbur parameter. In contrast, in 11 
or related complexes Mo(NAr)(CH2CH2CH2)(Me2Pyr)L,6c the 
C H bond is eclipsed by the aromatic ring and directed to the 
oxygen of the phenol, increasing the distance between the CH3

group and the metal center. In order to obtain a more reliable 
%Vbur value of 11, we fixed the dihedral CA CAr C H angle to 
0°, which allows this data point to be accurately incorporated 
into the correlation. However, 11 remains an outlier in TOFin 
correlation due to the slow induction period, as identified by 
the DEACT parameter (Figure 1A).  
Others outliers were the pentabromophenol 32, and the [2,6-
(3,5-(CF3)2-Ph)2-PhOH] 33, which combines rather large sub-
stituents with significant electronic perturbation on the aro-
matic system. This strongly suggests the required inclusion of 
electronic terms in the statistical modeling. 
A special group of outliers with lower activity was found to 
directly relate to slow ligand exchange when forming the ac-
tive catalysts. For example, combining Mo-1 and 2,6-(t-Bu)2-

PhOH (14) of Group A leaves Mo-1 unreacted at room tem-
perature according to 1H NMR (see Figure S6 in ESI for more 
details). This is presumably due to the large size of this phenol 
retarding the substitution reaction. For similar reasons, the 
complete ligand exchange of Mo-1 with 2,6-(Mes)2- deriva-
tives 26 (2,6-(Mes)2-PhOH) and 28 (2,6-(Mes)2-4-F-PhOH) of 
Group B requires longer reaction time (Figure S6). Likewise, 
the bulky ligand 34 [2,6-(2,5-Ph-Pyr)2-PhOH] showed the 
lowest catalytic performance in Group B giving <5% of the 
ligand exchange product after ca. 1 day.  
Finally, two particular cases of low-activity catalysts were iden-
tified in both groups and involved 2,6-(OMe)2-PhOH (7) and 
2,6-(2-OMe-Ph)2-PhOH (23) phenols. Both yield a stable 1:1 
complex as determined by in situ NMR experiments, avoiding 
the exchange of a second aryloxy ligand when a second equiv-
alent of 7 or 23 was added (Figure S6). Therefore, their low 
activities are presumably due the coordination between the 
methoxy substituent on the ligand and the metal center 
(MeO–Mo interaction). 
 
Electronic Correlations of Ortho-Isosteric Ligands 
To explore the electronic impact of ligand 32 and related 
phenols in our correlations, we evaluated a series of phenols 
with the same ortho substituents and selected phenols with the 
2,6-(Br)2- and 2,6-(Ph)2- ligands (19, 21, 27, 32 from Group A, 
and 15, 17, 18, 24, 25, 29, 31 from Group B). Figure 5 de-
picts good univariate inter-correlations found for these sub-
classes of phenols. Analysis of 2,6-(Br)2- ligands demonstrates 
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an excellent correlation of TOFin and the NBO charge of the 
phenol oxygen (qO; greater negative values represents a more 
electron rich aromatic ring, see Table S14 of SI) associating a 
reduction in TOFin with an increase in electronegativity (Fig-
ure 5A). The latter could also be interpreted as decrease in σ-
donating properties of the aryloxy ligand, which is expected to 
stabilize the TBP intermediate relative to the off-cycle SP iso-
mer, as was already discussed above. Similarly, a good correla-
tion is observed for the TON1h response with the Pol parame-
ter (R2 = 0.97) (Figure 5B), which may be understood as a 
hybrid descriptor, and potentially directly related to dispersive 
stabilizing forces. It is noteworthy that more electronegative 
substituents in the aromatic system raise the polarization of the 
π-system, which in this case lowers catalytic performance 
(TOFin). 
Likewise, analysis of the 2,6-(Ph)2- series of phenols reveals a 
divergent scenario. These phenols demonstrate that increasing 
the electronegativity (weaker  σ-donor ligands) enhances the 
rates as defined by a strong correlation between TOFin and qO 
(R2 = 0.93, Figure 5C). Similarly, a good correlation (R2 = 
0.83) between TON1h and C‒O bonding σ(C-O) NBO energies 
(Eσ(C-O); directly associated with the electronic density of the 
aromatic ring, with less negative values representing electron 
rich aromatic rings, see Table S14 of ESI) was observed. 
Overall, the data suggest that electronic influences are more 
substantial at the initial phase of the reaction, while the effect 
of ligand size is influential as the reaction progresses, ultimate-
ly impacting catalyst stability as assessed by TON1h. This is 
found for both Groups A and B, confirmed by the higher col-
linearity between TON1h and %VBur (Figure 4C). 
 
Development of Steric Probes for Non-Covalent In-
teractions (NCIs) 
The rational development of catalysts21 has often relied on the 
concept of steric repulsion. More recently, the importance of 
stabilizing non-covalent substrate–catalyst interactions has 
been recognized as central for the geometrical preorganization 
of transition states.22 Although NCIs forces are individually 
relatively weak, they rapidly become important for molecular 
structures of increasing size.23 Multivariate statistical modeling 
using NCIs as parameter has been reported.23 

As suggested by the initial analysis detailed above, the correla-
tions for Mo-1 formulations as well as inferior performance of 
formulation derived from the smaller Mo-2 precursor advo-
cate that NCIs may be influencing the catalytic activity. We 
have therefore focused on developing probes more specific to 
NCI interactions and that can be used for statistical analyses. 
On the basis of reports by Bohm and Exner,24 we exploited 
homodesmotic reactions25 to derive NCI sensitive parameters 
using only one half of the phenol ligand to reduce the confor-
mational complexity (Figure 6A). For non-symmetric ligands, 
we considered the sum of both sides of the phenol. All probes 
were normalized to Ph, that is defined as ΔE[Ph] = 0.
Our first probe, ΔENCI-A defined as presented in Figure 6A, 
aimed to capture the NCI exerted by the pendant groups in 
the ortho position of ArOH (Figure 6A). It should be noted 

though that the close proximity between the ortho-aryl substitu-
ents and the adamantyl group likely compromises reliability of 
this parameter for bulkier substituents like t-Bu, delivering 
values significantly higher than expected (Table S13). Thus, a 
second probe was designed, which avoids these issues. Accord-
ing to previous studies using 1,8-diarylnaphthalenes in this 
context,26 the stabilizing π-stacking and CX---π (X = H, halo-
gen) interactions exerted in the Mo complex by ligands with 
pendant aryl groups may be captured (ΔENCI-B, Figure 6A). 
This probe should provide a good balance between repulsive 
and attractive NCIs. 

 

Figure 5. Univariate correlation of electronic descriptors for 
selected 1:1 formulations using Mo-1.  
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Figure 6. Development of non-covalent interaction probes (A); univariate correlation of TON1h and steric probes for 1:1 formula-
tions with Mo-1 using ΔENCI-A for Group A phenols (B), and ΔENCI-B for Group B phenols (C, D). Ligand exchange reaction and 
clustering of slow exchange ligands by using the non-covalent interaction probes (C). 
 
A good correlation (R2 = 0.80) is found between TON1h (1:1 
formulations with Mo-1) of Group A, and the ΔENCI-A probe 
(Figure 6B). Furthermore, good inter-correlations are observed 
between ΔENCI-A (Group A) and traditional steric parameters 
(B1,sum, %Vbur, Lsum give R2 > 0.9), while the quality of correla-
tion is moderate to poor with electronic parameters (R2 = 
0.52, 0.39 and < 0.07 for Pol, Eσ*(C-O), qO and ELP(O1), respec-
tively). This suggests that this probe is describing mainly repul-
sive NCIs (Pauli repulsion). Note that most ligands belonging 
to Group A gave inactive formulations with the Mo-2 precur-
sor. This is presumably due to the smaller size of the 2,6-
dimethylimido ligand in Mo-2 compared to 2,6-
diisopropylimido ligand in Mo-1, which could favor protona-
tion of the alkylidene ligands during exchange11d or a faster 
deactivation pathway due to easier dimerization27 (see Tables 
S5 and S6). 
We assessed if the new steric probes can be applied to identify 
phenols undergoing slow exchange with Mo-1 and Mo-2 
(Figure 6C). One could anticipate that the ligand exchange 
process proceeds via an associative mechanism similar to that 
of the olefin coordination to the TBP Mo alkylidene species. 
The equilibrium between the phenol and the bis-pyrrolide 
complex (Mo-1 or Mo-2) with the resulting adduct will be 

dependent on ligand size. The 2,6-(t-Bu)2-PhOH (14) of Group 
A does not undergo ligand exchange with Mo-1 and features a 
ΔENCI-A value of 37.0, significantly higher than 2,6-(i-Pr)2-
PhOH (11) (7.0). The ΔENCI-B parameter also has demonstrat-
ed utility in discriminate slow exchanging ligands of Group B 
(Figure 6C), identifying bulky ligands (26, and 34) with ΔENCI-

B > 7.0 (Figure 6D).  
Next, we investigated the applicability of the ΔENCI-B parame-
ter to describe the reactivity of in situ formulations with Group 
B ligands, showing an inverted trend and good correlation 
with TON1h for phenols in Group B (R2 = 0.79, Figure 6D). 
Phenols yielding TON1h > 650 feature negative ΔENCI-B values 
suggesting the importance of stabilizing π-stacking and CX---π 
(X = H, halogen) interactions. However, the subgroup of biar-
yl ligands, phenols 30 and 35 (Figure 6D) are structurally too 
different from monoaryl ligands of Group B (and feature an 
ortho-Br substituent) and therefore these phenols did not corre-
late well with ΔENCI-B, despite a qualitative agreement in their 
observed reactivities. Examining the inter-correlations of the 
ΔENCI-B descriptor with the other parameter reveals that it has 
a hybrid character (R2 = 0.6 for B1,sum and %Vbur; 0.2 for 
LUMO and qH parameters; 0.1 for ELP(O1)-fenolate and qO). 

C. Identification of slow ligand exchange ligands using NCI probes A. Non-covalent interaction probes 

B. Correlation of TON1h of Mo-1 (1:1 formulation, Group A)  
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Previous studies correlated the rotational barrier about the 
aryl-naphthalene bond in 1,6-diarylnaphthalenes to σpara pa-
rameter, and interpreted this in terms of NCI between the two 
aryl units.26 Ultimately, the increase of the substituent size 
causes a strong repulsive interaction, leading to an increase of 
ΔENCI-B and corresponding low TON1h values. Notably, the 
ΔENCI-B parameter does not correlate with phenols in Group 
A. To summarize, the univariate correlations support our ini-
tial hypothesis regarding distinct NCI regimes between phe-
nols of Groups A and B, and the importance of the ortho aryl 
substitution in ArOH ligands. 
Aiming to experimentally illustrate the importance of NCI in 
our catalysts,28 we found that reaction of trifluorophenol 6 and 
Mo-1 in 1:2 ratio yields a dimeric bisaryloxide complex with 
relatively short contacts between the fluorines and the isopro-
pyl hydrogen atoms (2.4-2.5 Å, Figure S166. These F–H inter-
actions are likely the driving force for the dimer stability, con-
firming the relevance of NCI for systems described in this 
work. 
In addition, we compared performances of selected 1:1 in situ 
formulations of Mo-1 to the respective well-defined MAP 
complexes and selected the most active ligand ArOH 31 and 
the slow exchanging ligand phenol 26 (Table S7, Figure 7). 
The catalytic data displays only a minor difference in TOFin 
and TON1h values for catalysts derived from ArOH 31 show-
ing a modest increase for TOFin with the well-defined MAP 
catalyst. The performance of the well-defined catalyst obtained 
from the slowly exchanging ligand ArOH 26 is improved to a 
slightly higher extent (Figure 7). These results validate the use 
of catalytic data derived from in situ formulations to estimate 
activity of the respective well-defined MAP complexes. 
 
Multivariate Regression Analysis 
As the next step, multivariate linear regression analysis was 
performed to investigate how the steric and electronic parame-
ters of phenolic ligands could cooperatively impact the TOFin 
and TON1h responses for Group A and B (Figure 8). We tested 
the consistency of our models using internal-validation tech-
niques (leave-one-out (LOO) and k-fold methods), yielding 
good scores for all cases consistent with a well-validated mod-
el.14 The trained models from normalized descriptors gave 
coefficients that revealed the significance of each of represent-
ed effects. 
 

 
Figure 7. Comparison of 1:1 in situ versus well-defined cata-
lysts formulations of Mo-1 and ligands ArOH 31 and 26 for 
homodimerization cross-metathesis reaction of 1-nonene.  
 
The multivariate regression analysis for the Group A produced 
models that describe essentially the same effect for TOFin and 
TON1h (Figure 8A,B) featuring one steric parameter and one 
hybrid interaction term, despite failing to incorporate phenols 
2 and 11 in the TOFin response. These similarities are con-
sistent with our previous observation that the electronic effect 
of tested phenols has a minor but not negligible influence on 
the measured values of TOFin and TON1h. The steric de-
scriptors ΔENCI-A and %Vbur used, respectively, for modelling 
of TOFin and TON1h describe largely the same effect. The 
inter-correlation between the ΔENCI-A and %Vbur parameters is 
R2 = 0.97. The inclusion of hybrid stereoelectronic descriptors 
in interaction terms for TOFin (LUMO and B5,full) and TON1h 
(Polphenolate and Eσ*(C-O)) describes the properties of the entire 
ligand associated to the their polarizability (Polphenolate, and B5,full 
are directly related to polarization). The LUMO and Eσ*(C-O) 
parameters reflect the perturbation of the electron density by 
pendant substituents with different electronic properties. How-
ever, these terms appear not to be related to the σ-donor abil-
ity of the aryloxy ligand, as revealed in Figure 5. It was ex-
pected that weaker σ-donor ligands favor TBP- over SP-
geometries,11 increasing the activity and stability of the com-
plex by their lower trans-influence.29  
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Figure 8. Multivariate linear regression model to predict TOFin and TON1h for Group A (A, B) and Group B (C, D). 
 
However, the performance of catalysts bearing 2,6-(Br)2- sub-
stituted phenols in Group A do not fall into this category as 
revealed by the correlation between TOFin and qo (Figure 
5A).30 Therefore, these descriptors composing the interaction 
terms define the stabilizing dispersive forces associated with 
lower catalytic activity, as exemplified by of the poor perfor-
mance of pentabromophenol 32. 
Next, ligands of Group B were subjected to the statistical mod-
eling. The correlation found for the TOFin response is notably 
different to that of Group A. Its significant coefficient in the 
interaction term (HOMOphenolate and ΔENCI-B) indicates that it is 
the defining parameter of the model (Figure 8C), and can be 
viewed as the σ-donor ability of the phenolate oxygen, de-
scribed by HOMOphenolate, as a function of the NCI interactions 
of the aryl pendants (ΔENCI-B). This interaction term is con-
sistent with our empirical observations that weaker σ-donors 
produced higher catalytic activity, as illustrated by 2,6-(Ph)2- 
ligands of Group B (Figure 5A). However, this feature can be 
modulated with the increasing size of the ortho substituent, and 
the steric terms H’out,sum and ΔENCI-B introduced in the model 
reflect the reduction of the activity by the increase of ligand 
size.  
In evaluating the TON1h response, a model was obtained, 
composed by the electronic parameter ELP(O2), and the most 
significant repulsive interaction term (%Vbur(5 Å) and Hout,sum) 
(Figure 8D). The electronic term describes the σ-donor ability 

of the phenolate oxygen, while the NCI term describes the 
reduction of activity with the increase of ligand size. Particu-
larly, this model highlights the importance of the substituent 
size in the stability of the formulation of Group B, in which 
ligands of comparable size presented similar TON1h.
 
Analysis 
To better understand the impact of NCI effects within phenols 
in the cross metathesis catalytic cycle, we applied a kinetic 
model similar to that of Kozuch and Shaik, who defined how 
the TOF of a catalytic system can be calculated from the ener-
gy span (δE, in our case ΔΔG) between the most stable inter-
mediate and the highest energy transition state of a catalytic 
cycle, to a small subset of ligands of Group A (4, 6, 13, 20, 
27).31 Thus, energies of TBP and SP metallacycle geometries, 
recognized as the resting state intermediates of olefin cross 
metathesis, were calculated revealing a good correlation be-
tween TOFin and the lowest energy metallacycles (Figure 9A). 
Steric effects destabilize both penta-coordinated metallacycle 
intermediates, reducing the energy span (δE) of the overall 
reaction and therefore increasing the catalytic activity (reaction 
rate). However, very bulky (aryloxide) ligands destabilize the 
TBP isomers less than off-cycle SP isomers because bulkier 
aryloxide ligands are better accommodated in the apical posi-
tion of TBP intermediates for most imido ligands.32 This pref-
erence for the TBP geometry with increasing steric properties 

ArOH Exp 
TOFin 

Pred 
TOFin 

1 6.0 5.4 
3 47.8 45.0 
4 7.5 0.2 
5 1.3 2.8 
6 11.5 15.6 
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9 3.9 5.0 

10 0.2 1.6 
12 15.3 15.9 
13 34.1 34.5 
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A. TOFin of Mo-1 (1:1 formulation, Group A) B. TON1h of Mo-1 (1:1 formulation, Group A) 
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1 84.6 32.1 
2 500 585 
3 456 426 
4 63.7 20.1 
5 10 -15.5 
6 182 320 
8 539 548 
9 20 57.0 

10 10 59.4 
11 554 584 
12 475 442 
13 781 675 
19 799 840 
20 558 558 
21 837 796 
27 714 691 
32 278 282 
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C. TOFin of Mo-1 (1:1 formulation, Group B) D. TON1h of Mo-1 (1:1 formulation, Group B) 
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18 37.0 28.2 
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29 37.9 46.2 
31 86.4 85.1 
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33 694 690 
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of the aryloxide ligands is evident for both Groups A and B of 
calculated complexes (Table S16) and is in line with trends 
revealed by the DEACT parameter, where more stable cata-
lysts are associated with large aryloxide ligands. Alternatively, 
the energy of the rate-determining transition state of the cata-
lytic cycle correlates with the stability of these intermediates. 
Previous calculations revealed that the cycloreversion step has 
the highest Gibbs free energy barrier on the productive path-
way of olefin metathesis.6  
To test both hypotheses, we used previous computational re-
sults involving the productive pathway of olefin metathesis for 
MAP Mo and W d0 alkylidenes catalysts,6c and found a strong 
correlation (R2 = 0.82) between the calculated relative energies 
of TBP-isomers of W and Mo complexes with different alkoxy 
ligands and energy barriers of the cycloreversion step ΔΔG‡. 
That said, no correlation is found using the transition state 
energy ΔG‡ (R2 = 0.05) (Figure 9B). We speculate that the size 
of substituents in aryloxy ligands could influence, via NCI 
effects, the cycloreversion transition state to a much less extent 
than the TBP/SP geometries, due to its late character, ex-
plaining the previous correlations. We conclude that for 
Group A, the changes caused by NCI in the energy span (δE) 
between the cycloreversion step and the resting state interme-
diates have the main contribution from the energies of metal-
lacyclobutanes. 
As for Group B, two selected phenols (15 and 26) did not fol-
low the trend observed for TBP-SP metallacycles of Group A. 
This result is not unexpected considering the inverse linear 
trend between the two groups (Figure 4C). The aryl arms on 
phenols of Group B generate CX---π (X = H, halogen) NCI, 
which are of distinct nature compared to Group A (Pauli re-
pulsion). The most active catalysts of Group B feature higher 
stabilizing NCIs (ΔENCI-B <0, Figure 6C), which possibly re-
duce the energy barrier of the cycloreversion step. In contrast 
to ligands of Group A, the ligands of Group B are large 
enough to significantly influence the energy of the transition 
state of the cycloreversion step through the NCIs. These NCIs 
are increased by pendant -Ph (meta and para) and -Br (para) 
substituents in 2,6-(Ph)2-ArOH. However, the increase of 
sterics by bulkier ortho-pendants leads to a drastic drop in cata-
lytic performance, as also discussed before for some bulkier 
phenols with ΔENCI-B >0, where the ligand exchange step is too 
slow. 

  
Figure 9. (A) Linear correlation between TOFin and TON1h 
with e−|ΔG| where ΔG of the lowest energy conformer was con-
sidered. Pyr = 2,5-dimethylpyrrolide. (B) Univariate correla-
tions between the cycloreversion step energies and the TBP 
metallacycle. For panel B, data taken from ref 6c. 
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CONCLUSIONS 

We have demonstrated that the efficiency of the MAP Mo 
imido alkylidene metathesis catalysts depends on the NCIs 
exerted by the aryloxy substituent ligands. Using statistical 
tools, we categorized the data set of 35 phenols into two 
groups and provided evidence that NCIs define catalysis: 
Group A containing phenols without aryl arms in the ortho 
position (1-14, 16, 19-21, 27, 32), and Group B with ortho-
arylated phenols (15, 17-18, 22-26, 28-31, 33-35). Overall 
catalytic performances of in situ prepared MAP catalysts with 
ligands of both Group A and B (as evaluated by TON1h) is 
dominated, respectively, by repulsive and attractive interac-
tions (NCI), showing opposite trends with the increase of the 
ortho pendant substituent size. Energetic span analysis suggests 
an intrinsic relationship between NCIs and the cycloreversion 
step. Specifically group A ligands influence the energy of 
SP/TPB resting states intermediates, while Group B ligands 
mainly impact the transition state energy for the cycloreversion 
step. The initial rates (TOFin) are also influenced by an elec-
tronic effect of phenol ligands that is more pronounced for 2,6-
(Br)2- derivatives and 2,6-(Ph)2- derivatives, although with dif-
ferent trends: 2,6-(Br)2- phenol derivatives display decreasing 
initial rates with increasing electronegativity (reduced σ dona-
tion ability), but the opposite is observed for 2,6-(Ph)2- deriva-
tives. While research efforts in ligand design for MAP Mo im-
ido alkylidene metathesis catalysts have so far mainly focused 
on the σ-donation ability of ligands, this work uncovers that 
the NCI is the key driver for high catalyst activity in the cross-
metathesis reaction with d0 catalysts. To conclude, although 
this work focused on a homodimerization cross-metathesis 
reaction, we believe that the main conclusions can guide cata-
lyst selection in other cross-metatheses reactions and related 
macrocyclic ring-closing metatheses reactions. 
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