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ABSTRACT: Olefin metathesis has been established as an efficient tool to build carbon-carbon bonds, and its widespread
applications in organic synthesis have been made possible by the development of efficient homogeneous catalysts — Grubbs
and Schrock-type - that operate through the same intermediates and Chauvin mechanism. With d° Schrock-type catalysts, the
first elementary step, olefin-coordination, is often rate determining, but it been rarely explored due to the lack of accessible
relevant molecular analogs. Here, we develop a surrogate of this key olefin-coordination intermediate, namely a cationic d°
tungsten oxo-methylidene complex bearing two N-heterocyclic carbene ligands, [WO(CH2)CI(IMes)z](OTf) (1) (IMes = 1,3-
dimesitylimidazole-2-ylidene; OTf - triflate counter-anion) resulting in a trigonal bipyramidal (TBP) geometry, along with its
neutral octahedral analog [WO(CH2)Clz(IMes)z] (2), and an isostructural oxo-methylidyne derivative [WO(CH)CI(IMes):] (3).
These compounds were fully characterized by state-of-the-art methods, including single-crystal X-ray diffraction (scXRD) and
multinuclear (*H, 13C, 183W) solution NMR spectroscopy. The analysis of their solid-state 13C and 83W MAS NMR signatures,
along with computed 170 NMR parameters, helps to correlate their electronic structures with NMR patterns and evidences
the importance of the competition between the three equatorial ligands in the TBP complexes. Further analysis validates the
suitability of complex 1 as a surrogate molecule to interrogate the electronic structure of the key olefin coordination
intermediate of the Chauvin cycle. Anchored on experimentally obtained NMR parameters for 1, computational analysis of a
series of olefin coordination intermediates highlights the interplay between o- and n-donating ligands in modulating the
stability of TBP olefin-coordination intermediates, paralleling their reactivity. In this work, NMR spectroscopy descriptors
reveal the origin for the advantage of the dissymmetry in o-donating abilities of ancillary ligands in Schrock-type catalysts:
weak o-donors avoid the orbital-competition with the oxo ligand upon formation of a TBP olefin-coordination intermediate,
while stronger o-donors compromise M=O0 triple bonding and thus render olefin coordination step energy expensive.

INTRODUCTION

Olefin metathesis has become a key technology of the chemical industry, spanning a broad range of applications.!> While
metathesis has been used for petrochemicals since its original discovery in the 1960s,5-11 it has only been relatively recently
implemented in industry for fine chemicals.’? This implementation has paralleled the development of efficient molecular
catalysts based on both early and late transition metal alkylidenes, the so-called Schrock (Mo, W, Re) and Grubbs-type (Ru)
catalysts.13-16 These catalysts operate through the Chauvin mechanism, which involves a [2+2]-cycloaddition between the
olefin and an alkylidene (and its associated reverse step), generating a metallacyclobutane with a trigonal bipyramidal (TBP)
geometry as a key intermediate (Figure 1a).17-22 Notably, despite the apparent difference in electronic configuration between
d® Schrock- and d* Grubbs-type metathesis catalysts, both form TBP metallacyclobutane intermediates with similar and
unusual 13C NMR signatures. Combined with theoretical calculations, these unexpectedly common NMR signatures were
connected to similar and specific electronic structures for these intermediates (Figure 1b), hence highlighting the power of
NMR chemical shifts as descriptors of reactivity. Recently, such analyses of NMR chemical shifts were applied, beyond
conventional ligand-centered approaches, i.e. to metal-centered NMR techniques.?3-38

Another key step in metathesis, more rarely discussed (and often not written out in reaction mechanisms), is the coordination
of the olefin to the metal site. For Schrock-type catalysts [M(E)(=CHR)(X)(Y)], with M = Mo or W, X and Y = monoanionic
ligands, and E = imido or oxo (X can be substituted by an N-heterocyclic carbene (NHC) in cationic complexes), olefin
coordination requires significant structural reorganization considering that the starting catalysts are tetrahedral d°
complexes with no empty coordination site. Computational studies have highlighted that a key requirement for coordination
and subsequent [2+2]-cycloaddition is to place the stronger o-donating X or NHC ligand trans to the incoming olefin while
having the alkylidene, Y and E ligands on the equatorial plane of this overall TBP intermediate.'8-1° Earlier studies pointed out
that this olefin-coordination step, with concomitant structural re-organization from tetrahedral to TBP geometry, is a highly
energy-demanding process that is often a rate-determining step.!8-1° While the origin of such a high barrier can be
computationally traced back to placing three ligands (E, Y, and the alkylidene) in the basal plane of the TBP geometry, there
is currently hardly any experimental data regarding this intermediate. This is due to the lack of available molecular analogs:
while detected by solution NMR as transient species, isolation of an olefin complex for a d° transition metal, and Schrock
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Figure 1. (a) proposed structural transformations upon olefin coordination and cycloaddition; (b) 13C NMR signatures of metathesis
active and off-cycle metallacyclobutane intermediates; (c) surrogate structures to address the olefin coordination elementary step.

alkylidenes in particular, has been challenging.3%-#2 Thus, to analyze the first elementary step of the olefin metathesis cycle,
i.e. olefin coordination, we herein developed a suitable and stable surrogate compound, and established its electronic
structure using ligand- and metal-centered NMR approaches.

Employing an NHC as a 6-donor and w-acceptor ligand, formally being isolobal to an olefin at a d° metal, we have been able to
construct the desired surrogate complex derived from cationic Schrock alkylidenes, specifically of the class of Buchmeiser
olefin metathesis catalysts, having a second NHC stabilizing ligand in trans position.#?->! This cationic trigonal bipyramidal
tungsten oxo-methylidene complex (1), along with neutral octahedral oxo-methylidene (2) and isostructural oxo-
methylidyne (3) analogs provide basis to assess the details of the first step of olefin metathesis catalysis, based on the analysis
of 13C and 18W solid-state NMR spectra, augmented by computations. This study provides detailed picture for the olefin
(de-)coordination step addressing its electronic structure and the role of ligand sets that are compensating the coordination
sphere: alkylidene, E-type ligand, and a pair of strong and weak o-donor ligands

RESULTS
Synthesis and characterization.

Herein, we developed a novel route toward the desired cationic oxo-methylidene complex 1, namely
[WO(CH2)CI(IMes)z](OTf), along with neutral oxo-methylidene 2 - [WO(CHz)Clz(IMes)z], and oxo-methylidyne complex
3 - [WO(CH)CI(IMes)z], (IMes = 1,3-dimesitylimidazole-2-ylidene; OTf - triflate counter-anion). This series of complexes was
accessed starting from a novel d2 W(IV)-oxo complex 4 stabilized with two NHC ligands, namely [WOCIz(IMes):], as illustrated
in Scheme 1. The diamagnetic complex 4 forms in moderate yields either upon reduction of WOCls with KCs in the presence
of two equivalents of free carbene, or upon substitution of phosphine ligands in [WOCIz(PPhz2Me)s] with two equivalents of
free carbene.5253 Complex 4 is among the rare low-valent tungsten NHC complexes>* and is the only NHC-stabilized W(IV)-
oxo complex reported to date. The reaction of 4 with two equivalents of methylenetriphenylphosphorane (PhsPCHz) results
in a magenta-colored oxo-methylidyne complex 3, namely [WO(CH)Cl(IMes)z], in moderate yields. Notably, though complexes
with a terminal methylidyne ligand are known for mid-transition metals,5>7! complex 3 features an unusual combination of
the two simplest (potential) six-electron donor oxo and methylidyne ligands bound to a single metal. Protonation of 3 with
lutidinium chloride results in a slightly yellow compound 2 - [WO(CHz)Clz(IMes)z] in high yields, while reaction with
lutidinium triflate yields the target oxo-methylidene compound 1 - [WO(CH2)Cl(IMes)2](OTf) quantitatively as a colorless
crystalline product.
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Scheme 1. Synthesis of W(IV)-oxo precursor 4, and its conversion to W(VI) oxo-methylidyne 3 and oxo-methylidene
complexes 2 and 1.

Figure 2. (a) The molecular structures of complex cation 1* in crystals of [WO(CH2)Cl(IMes)z](OTf)x(THF), (b) 2 in crystals of
[WO(CH2)Clz(IMes)2]x(benzene); (c) one of the better resolved molecules of 3 in crystals of 2x[WO(CH)Cl(IMes)z]x(pentane); and
(d) 4 in crystals of [WOCI2(IMes)z]. All structures are illustrated in two perspective views. Solvent molecules, counterions, and all
hydrogen atoms except those at methylidene or methylidyne ligands are omitted for clarity. The color code: W - navy, O - red, Cl -
green, N - blue, C - grey, H - light grey.
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Single crystals of all four new compounds were analyzed with X-ray diffractometry (Figure 2). Analysis of colorless crystals
of compound 1 reveals a cationic trigonal bipyramidal complex with non-ligated triflate counterion. Oxo, chloride, and the
methylidene ligand, with its two hydrogen atoms located in the Fourier difference map and freely refined, form the equatorial
plane around central tungsten of the TBP complex. In contrast, complex 2 features a pseudo-octahedral geometry with cis-
positioned oxo and methylidene ligands and two axial and nearly orthogonal NHC ligands. Magenta-colored crystals of 3
revealed two crystallographically independent oxo-methylidyne complexes in an asymmetric unit. The tungsten center in the
first molecule is disordered over two positions with occupancies of 97.3 and 2.7 %, while in the second molecule a more
complex disorder is observed (for detailed analysis and discussion on the origin of the disorder see the SI file, chapter 2). A
dichroic green-purple crystal of 4 revealed a trigonal bipyramidal complex with two axial NHC ligands and a crystallo-
graphically imposed rotation axis along the W-0 connection. Overall, for all four complexes presented herein, spatial
orientations of the NHC ligands are defined by the interactions between their n-systems and chloride ligands.”? The close
inspection of W-0 and W—Ccn/cuz bond lengths across the series of oxo-methylidene /dyne complexes reveals complementary
trends. The oxo-methylidene complexes show long W-Ccnz bond lengths (1.915(3) A in 1; 2.007(6) A and 1.997(7) A for two
disordered orientations in 2) and short W-0 distances (1.689(2) A in 1; 1.683(4) A and 1.638(5) A for two disordered
orientations in 2). The oxo-methylidyne complex 3 reveals W-Ccn and W-0 distances which fall within the range between W-
Ccnz and W-O0 distances of oxo-methylidene complexes. These structural parameters along with the analysis of computational
Mayer bond orders highlight the capacity of the oxo-ligand to partially rehybridize from sp to sp? and facilitate the bonding of
tungsten with other ligands (SI file, chapter 2).73-75

All the species were also characterized with multi-nuclear solution NMR techniques (Figure S23). Remarkably, the coor-
dinating carbon atom of NHC ligands are more shielded in W(VI) species (195, 192, and 197 ppm in 1, 2, and 3 respectively)
than in the W(IV) precursor 4 (210 ppm), while all species have similar J(13Cnuc-183W) coupling constants of ~140 Hz. In
comparison to the methylidyne’s carbon in 3 (302 ppm), the methylidene’s carbon nuclei in 1 (283 ppm) and 2 (277 ppm)
resonate up-field. Moreover, 1 (166 Hz) and 2 (148 Hz) show reduced YJ(183W-13Ccnz/cn) than 3 (221 Hz), in accord with the
decreased W-C bond order and reduced s-character of the sp?-hybridyzed methylidene carbon. In addition to the standard
set of data, taking advantage of 4] couplings between proton/s at the methylidyne/dene ligands and 83W, we collected 2D 'H-
183\W HMBC spectra and extracted isotropic chemical shifts for 183W in high-valent W(VI) species.”®78 Similar measurements
for the W(IV) complex 1 were unfruitful due to the absence of J-couplings of adequate strength. The 183W in the oxo-
methylidyne 3 resonates at 405 ppm, which is in the range measured for highly Lewis-acidic tripodal W-carbyne complexes
within three siloxide or fluorinated alkoxide ligands.”’® The 183W resonance is shifted to 1332 ppm in the cationic oxo-
methylidene 1, and to 965 ppm in the neutral oxo-methylidene 2. The different trends in 183W and '3C isotropic chemical shifts
hint at more complex relations to electronic structure and motivates further in-depth analysis of chemical shift tensors based
on solid-state NMR techniques.

Extracting NMR parameters from solid-state NMR.

Preamble. We turned to solid-state NMR spectroscopy in order to develop a detailed understanding of the relations between
chemical shifts and electronic structures and further describe the olefin-coordination step in the olefin metathesis reaction.
Solid-state NMR measurements enable extraction of the three principal components of the chemical shift tensor (CST) - 811,
822 and 633 (811 > 622 > 833in ppm), the average of which corresponds to the isotropic chemical shift (8iso) observed in solution
NMR measurements (eq. 1). The span ( = 811 - 833) and skew (i« = 3(822-8is0)/Q; -1 < x < 1) values obtained from the CSTs
conveniently describe solid-state NMR line-shapes and already provide information about the hybridization of the observed
nuclei.”? Computational orbital analysis of the three principal components, which are strongly tied to the three-dimensional
electronic structure around the nuclei, can help to construct a detailed picture of frontier molecular orbitals (eq. 2 — 4). While
the chemical shift () can be experimentally observed and is defined with respect to a reference compound, chemical shielding
(o) is an intrinsic signature of the nuclei in a given environment and can be calculated. Therefore, the experimentally available
CST values are used to validate the corresponding computed shielding tensor (o011 < 622 < 033) and access the electronic
structure.8? Chemical shielding values can be decomposed into (i) the diamagnetic contribution (caia) that originates from the
shielding of the nuclei by a “spherical” distribution of (mostly core) electrons, and typically remains constant across a range
of related structures; (ii) the paramagnetic contribution that originates from external magnetic field-induced currents that
are generated via the symmetry allowed couplings of occupied and empty frontier molecular orbitals (opara); as well as (iii) a
contribution from the spin-orbit coupling (oso) (eq. 3). The paramagnetic contribution to the (de-)shielding can be evaluated
according to the Ramsey equation, that shows that frontier molecular orbitals of suitable symmetry that are close in energy
are the major contributors to the chemical shift (eq. 4).81 In other words, highly deshielded chemical shift principal component
i (or the corresponding shielding component i) along a specific axis implies the presence of pair of occupied and vacant
frontier orbitals close in energy and orthogonal to each other as well as the specific axis of the applied magnetic field.8° Natural
Chemical Shielding (NCS) analysis helps to reveal Natural Localized Molecular Orbitals (NLMOs) that contribute to each
component of the shielding tensor (see the ESI for the detailed analysis).80 82-83
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Determination of experimental 13C NMR parameters: solid-state 13C NMR spectra of 13C-enriched 1-13C, 2-13C, and 3-13C
were collected at various spinning rates to unambiguously extract their NMR parameters (Figure 3 and S36-S38). The
isotropic chemical shifts for 13C nuclei of methylidene and methylidyne ligands determined from the solid-state NMR
measurements agree well with the values determined from solution measurements (283, 274 and 298 ppm for 1, 2, and 3 in
solutions, vs. 281, 277, and 302 for 1-13C, 2-13C, and 3-13C in solid-state). Complex 1 exhibits a signature typical for alkylidene
species, i.e. alarge span (1 = 504 ppm) and a negative skew value (x = —0.88).25 The neutral oxo-methylidene complex 2 also
exhibits similar 13C solid-state NMR signature, however with an appreciably higher skew value (k = -0.46) that is unusual for
group 6 alkylidenes.?6

The solid-state 13C NMR spectrum of the oxo-methylidyne complex 3 contains two main and additional minor components
with similar NMR parameters. This reflects the highly disordered nature of crystalline 3 having multiple structures with
slightly different parameters (see the discussion on structural analysis in ESI; a single species is in fact detected in solution-
state NMR experiments). The obtained line shape of 3 exhibits an unusual signature for an alkylidyne complex: while having
a highly deshielded 811 as commonly observed for alkylidynes, 522 is significantly shielded yielding low skew values of -0.14
and -0.22 for the two main components. Such negative skew values are indeed closer to that for an sp?-carbon (x << 0) rather
than for an expected sp-carbon (k = 1) commonly determined for alkynes and transition metal alkylidyne complexes.27. 84
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Figure 3. Solid-state!3C CP-MAS (5 kHz) NMR spectra collected at room temperature (in black) and simulated traces (in red), with
the main components (in green and purple) originating from 13C-labeled methylidene/dyne ligands in cationic oxo-methylidene 1-
13C, neutral oxo-methylidene 2-13C, and oxo-methylidyne 3-13C. The isotropic signal is marked with a line, spinning sidebands are
marked with asterisks. Fitting parameters are validated by measurements at 16 or 20 kHz MAS (Figures S36-S38).

Determination of experimental 183W NMR parameters: Solid-state 183W NMR analyses have previously been extremely
limited, mostly to W oxide materials. Recently, low temperature 183W CP-MAS techniques were shown to enhance spectral
sensitivity and provide access to 183W NMR parameters,8° which serve as a highly resolved probe of local structure of W atoms
and were extended here to organometallic complexes 1 - 3. Measurements at two spinning rates validate the extracted 183W
NMR parameters (Figure 4 and S39-S41). Two species with close parameters were identified in the spectra of both 1 and 2,
which are attributed to possible polymorphism in the powdered samples. For the following discussion, averaged parameters
are analyzed. Cationic methylidene complex 1 shows the most deshielded signal (8iso(*®3W) = 1327 ppm) with a broad span
(€2 = 2843 ppm) and a slightly negative skew value (« = -0.07). The neutral methylidene 2, on the other hand, exhibits a more
shielded spectrum (8iso(*83W) = 840 ppm) with appreciably reduced span (2 = 1757 ppm) and skew value (k = -0.38). Among
the series, the methylidyne complex 3 exhibits the most shielded signals (8iso('83W) =254 ppm) with broad span
(2 =2512 ppm) and slightly positive skew-value (x = 0.09). The solid-state NMR diso values match with solution &iso(183W)
values for methylidene species 1 and 2, while for the methylidyne complex 3 it significantly departs from diso(183W) = 425 ppm
detected in solution, indicating the substantial impact of dynamics. Overall, the cationic oxo-methylidene 1 and the oxo-
methylidyne 3, both with TBP geometry, reveal anisotropically broadened 83W solid-state NMR spectra, while the neutral
oxo-methylidene 2 with pseudo-octahedral geometry shows a more narrow spectrum with a distinctly negative skew-value.
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Figure 4. 183W solid-state CP-MAS NMR spectra for 1 — 3 recorded at 94 K and 5 kHz MAS (black) and lineshape simulations (red).
Spinning sidebands are marked with asterisks. Fitting parameters are validated by measurements at 8 kHz MAS (Figures S39-S41).
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Figure 5. Extracted experimental solid-state (a) 13C and (b) 183W NMR parameters for 1 - 3 along with the calculated parameters
for1’ -3

Natural chemical shift analysis of NMR parameters.

Benchmarking calculations: In order to identify the specific orbital couplings that describe the observed NMR signatures,
we carried out NCS analyses on each nucleus. Due to the very large systems studied here, we calculated NMR parameters for
smaller models, derived from the scXRD structures, in which the mesityl moieties of NHC ligands were replaced by methyl
groups. The truncated models are denoted 1’, 2’,and 3’. Notably, the calculated '3C CST parameters, and therefore Jiso, for
1’ - 3’ are in excellent agreement with the experimentally obtained values (Figure 5a).8¢ The computed #3W NMR parameters
also correlate well with measured values (R? = 0.93, Figures 5b and S42),87-88 with a few deviating from the correlation line,
in particular for the oxo-methylidyne pair 3/3’ (x =0.09 vs. -0.40 for 3 and 3’, respectively). Close examination of the
shielding components reveals that the varied contributions from spin-orbit term oso (see eq. 3) causes the deviation of some
components with respect to the experimental values (the influence of oso on the principal components are summarized in
Table S13). The oso term, which is determined as a difference between the spin-orbit and scalar-relativistic level of
calculations, contributes almost equally to all three principal components in complex 1’ yielding an excellent match with
experimentally obtained parameters (av.(oso) = 2322 ppm, A(oso) = 19 ppm).

https://doi.org/10.26434/chemrxiv-2024-ft4sj ORCID: https://orcid.org/0000-0001-5882-2320 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-ft4sj
https://orcid.org/0000-0001-5882-2320
https://creativecommons.org/licenses/by-nc-nd/4.0/

a ('3C CST: colored lines and numbers indicate
orientations and values for 3,,/ 85,/ 333).

C (magnetic field induced MO-couplings).

(o] (o]
L7 Q1 Lo 3

3‘ G1"we

W=CH2 WECH GZ*WC —

L]

S we E@—.c

b__.q T Wwe
8T

1I.xz:= ,n1.1.¢¥¥.C l’x
é‘épz P d 2o
L, ~[=* o | 530
b (NCS decompositionof 1*C CST components). -|=

c11/ S
300 . Sn . 555] . Odia . Opara (W-C)| | o(C-H) [ =(W-C) G111 344 ~ E@
z

150 T \_g( G2 622
; a . = B (n,WZL WCiL o111 0N m'WCiL %
¥o, T vy e

-300 y — Pz

-450 S*p,

y

-600

o o4 for 1' o4 for2' o4, and o,, for 3'

Figure 6. (a) Visualized 13C CST orientations for 1’ - 3’. Colored lines indicate orientations of principal components (811, 822, 833),
with chemical shift values given in ppm; (b) contribution of individual orbitals to methylidene/dyne ligands’ 13C 611 in 1’ - 3’ and o022
in 3’; (c) the main orbital couplings (denoted as a, b, and c) contributing to 011 in methylidene complexes and o11/22 in methylidyne

On the other hand, in 3’ the contribution of oso term varies significantly between the three principal components. The oso
term contributes 2265 ppm and 2513 ppm to 11 and 822 respectively, driving the shielding in the direction of latter, and hence
resulting in a more negative skew value than that for 3 determined experimentally. The same is also true for the deviation of
411 in 2’, for which higher oso contribution drives shielding away from the values determined for 2. Overall, despite these
discrepancies, considering the broad chemical shift window for 183W NMR, a good correspondence between the computed
and experimental NMR parameters are obtained. These results, combined with the systematic structural variations in the
series of complexes 1, 2, and 3 (and models 1’, 2’, and 3’) provide ideal opportunity to assess the impact of geometry and
ligand nature on NMR parameters.

Analysis of 13C NMR parameters: We initiated our analysis with 3C NMR signatures. To begin with, the visualized chemical
shielding tensors (CSTs) are summarized in Figure 6a. The two alkylidene species 1’ and 2’ share a common orientation of
their CSTs. The most deshielded component (811) is perpendicular to the W-Ccnz axis, and lies on the molecular equatorial
plane, while the second-most deshielded component (822) is oriented along the W—Ccuz axis. The most shielded component
(833), by definition, is directed perpendicular to other two and points parallel to the Cnuc—W-Cnuc axis. Such orientation of
CSTs agrees with reported alkylidene species.25-27.89 On the other hand, methylidyne 3’ has its 611 and 822 perpendicular to the
W-Ccu bond; 411 points parallel to the equatorial plane and 22 is orthogonal to it, while 833 points along the W-Ccn bond axis.
Although such orientations are in agreement with reported alkylidyne complexes,27.90-92 the overall shape of the tensor with
unusually low skew value (k =-0.06), defined by unusually shielded 8.2 component, implies developed sp?-hybridized
character (k << 0) of the carbon atom rather than expected sp-hybridization (k = 1).

To reveal the origin of the observed NMR signature and trends, we conducted NCS analysis. Among the series (1’ - 3’), the
paramagnetic term (opara) drives chemical shifts, while the diamagnetic term (o) remains invariant. Therefore, orbital
contributions to the opara of each principal component are analyzed (Figures 6b and S51-5S53). In methylidene complexes 1’
and 2’, the most deshielded component (811) is primarily driven by the coupling of filled o(W=Ccnz) orbital with low-lying,
vacant t*(W=Ccn2) orbital as expected for alkylidene ligands (Figure 6c, left, coupling a).25-2” The major difference in spectral
signatures between 1/1’ and 2 /2’ pairs stems from the more deshielded 622 component for the latter; this originates from the
enhanced contribution from o(C-H), that is coupled with the ©*(W=Ccn2) orbital, in 2’ than in 1’ (Figures S51 and S52). This
is likely related to the longer W-Ccnz bond distance in 2 /2’ than in 1/1’ (see above), due to the trans influence of the chloride
ligand in an octahedral complex. Consequently, the complex 2 may feature a less destabilized ©*(W=Ccnz) orbital that is better
coupled with the o(C-H) orbital yielding a more deshielded 522 and resulting in an overall distinct line shape from 1. The oxo-
methylidyne complex and model 3 /3’ feature unusually distinct 811 and 322 values, which hints at the considerable sp?-nature
of the alkylidyne fragment. NCS analysis suggests that the dominant contribution in 811 and 622 originate from the coupling of

https://doi.org/10.26434/chemrxiv-2024-ft4sj ORCID: https://orcid.org/0000-0001-5882-2320 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-ft4sj
https://orcid.org/0000-0001-5882-2320
https://creativecommons.org/licenses/by-nc-nd/4.0/

filled o(W=Ccn) orbital with two orthogonal n*(W=Ccu) orbitals, with higher contribution in 811 than in 322 (Figure 6c, right,
couplings a and b).?% As these two couplings share the same filled orbital at their origin, the different degree of destabilization
of two empty n*(W=Ccn) orbitals must cause drastically distinct contributions to 811 and 622 . Combined with the orientation
of the CST, the larger deshielding of 811 than 822 suggests that the out-of-plane n1*(W=Ccn) orbital, along the Cnuc—W-Cnnc axis,
is lower in energy than the in-plane n2*(W=Ccn) orbital yielding better coupling with the former (Figure 6c, right). This
difference in the two n-orbitals originates from the presence of the additional n-donating oxo-ligand, which can be referred
to as a “n-loading effect”.3-%> While one of the p-orbitals of the methylidyne carbon forms a fully developed n-bonding along
the Cnuc—W-Cnuc axis (out-of-plane), the second in-plane carbon p-orbital shares the same tungsten d-orbital with the oxo
ligand (orbital mzwc in Figure 6¢).%6-97 This orbital-competition results in the less developed in-plane n(W-Ccn) orbital,
rendering the methylidyne ligand with partial alkylidenic character, i.e. sp?- hybridization.

Overall, the analysis of 13C solid-state NMR data reveals the detailed picture of W-C multiple bonding, addressing the influence
of additional o- and m-donor ligands. The obtained description agrees well with scXRD molecular structures that show
complementing variations in W-Ccnz/cn and W-0 bond distances.

Analysis of calculated 170 NMR parameters: To further substantiate the interplay between basal ligands, we calculated and
analyzed 170 NMR parameters of the oxo ligands in 1’ - 3’ (Figure 7a).28-29.98 The calculated 70 NMR parameters and the
resulting line shapes vary significantly in the series. Notably, 1’ features a highly shielded 822 and therefore low skew value
(x = 0.19) which is unexpected for a group 6 oxo species.?82° For instance, 2’ has a calculated skew value of 0.79 indicating
the axially symmetric, sp-hybridized, oxo ligand in line with previous studies on tetrahedral Schrock-type alkylidenes.28 The
model 3’ features an even further lowered skew value of -0.25, pointing to its primarily sp?-hybridized oxo ligand.

Visualized 170 CSTs of each complex show 811 oriented perpendicular to the W-0 bond axis and laying on the equatorial plane.
Models 1’ and 2’ reveal their 822 oriented parallel to the Cnuc—W-Cnnc axis, while 833 pointing along the W-0 bond axis
analogously to the sp-hybridized carbon atoms. In comparison to 1’ and 2’, in the model 3’, 822 and 833 switch positions and
orient similarly as 13C principal components in sp?-hybridized alkylidenes (cf. Figure 7b for 170 and Figure 6a for 13C). Overall,
these orientations suggest an sp-hybridized oxo ligand for 1’ and 2’, and sp?-oxo for 3’, complementing the above discussion
on 13C NMR signatures.

The unusually low 170 skew value in 1’is caused by the compromised n(W-0) bond originating from the orbital-competition,
analogous to the above discussion on the methylidyne ligand of 3’, though in this case with the chloride ligand. In a TBP
geometry, the o(W-Cl) bonding competes for the metal d-orbital that is involved in the in-plane n(W-0) bonding (Figure 7c),
thus reducing the n-bonding around oxo ligand, hence its sp? character. This contrasts with pseudo-octahedral 2’ lacking such
an orbital competition, and thus featuring an oxo ligand with fully developed W-0 triple bonding as suggested by its skew
values close to 1. In 3’, the in-plane t(W-0) bonding is further lost in favor for the in-plane t(W-Ccu) bonding with the
methylidyne ligand in addition to the o(W-Cl) bonding; this results in the dominant sp?-nature of its oxo moiety. Altogether,
in analogy with the discussion on 3C skew values (vide supra), the calculated 70 NMR parameters indicate a sp-hybridized
and triply bonded oxo-ligand in 2’, and a primarily sp?-hybridized and doubly bonded oxo ligand in 3’. Accordingly, the nature
of the oxo-ligand in 1’ - sp-hybridized, however with considerable sp?-character - is in between those in 2’ and 3’ (Figure 7d).
These overall assignments are, in fact, complementary to the hybridization around methylidene/dyne fragments.
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Figure 7. (a) Calculated 170 CSA pattern for 1’ - 3’; and (b) their 170 CST orientations; (c) the key interaction between three basal
ligands of the TBP oxo-alkylidene complex; (d) illustration of the dual-valency of the oxo ligand in the series of complexes.
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Analysis of 183 W NMR parameters: Finally, 183W NMR parameters were analyzed to gain an overview of the interplay between
the o - and n-donor ligands at the metal site. The 183W CSTs of 1’ - 3’ are oriented similarly (Figure 8a) with 811 directed along
the Cnuc—W-Cnnc axis, 822 bisecting the O-W-Ccn/cuz bond angle, while 833 is orthogonal to other two axes crossing between
the chloride(s) and other two basal ligands. Based on these orientations, the following discussion focuses on the 611 compo-
nents not only because it is the most driven by structural variations, but also because it is orthogonal to the molecular basal
plane. The rotation around this specific axis “operates” on the orbitals relevant to alkylidene/dyne, oxo, and chloride ligands.
With this in mind, we conducted NCS analysis on the paramagnetic term in the three complexes, revealing the NLMO
contributions (Figure 8b for 011 and Figures S54-S56 for 022 and o33). Pertinent to this discussion, relevant orbital couplings
for 1’ and 3’ are illustrated in Figure 8c. The model 1’ features generally high contributions from o-type orbitals, which arises
from the cationic nature of 1’ with low-lying vacant orbitals, facilitating better couplings. Comparison between 1’ and 2’ points
out the impact of geometry: o11 acquires higher contributions from o-type orbitals in 1’, while contributions from n-type
orbitals are higher in 2’. These could be rationalized taking into account the following differences between TBP (1) and quasi-
octahedral (2’) geometries: (i) dxzy2-derived o-type bonding orbital contributes more in TBP geometry (ie. 1'>2’) to
deshielding, as it is further stabilized in octahedral environment resulting in a larger energy gap in the latter; (ii) dx. and dy.-
derived m-type orbitals contribute more in octahedral structures (i.e. 2’ > 1") due to improved spatial overlap with n*-orbitals
upon 90 ° rotation with the effect of rotation operator.

The additional n(WC) bond in TBP methylidyne complex 3’ further modulates the relevant orbitals and NMR signature,
featuring reduced contributions from o-type orbitals and increased contribution from 7(WC) orbitals when compared to TBP
1’ (Figure 8c, right). The reduced contribution from o-type orbitals in 3’, originates from the increased energy gap between
two coupling partners (denoted as coupling a): the o(OWC) orbital is stabilized due to the more electronegative sp-hybridized
methylidyne ligand, and in-plane n*(OWC) orbital is destabilized due to the antibonding interaction with both oxo and
methylidyne ligands. More than twice higher contribution from two n(WC) in 3’ vs. 1’ reflects the change in nature of the dxy-
derived in-plane n-bonding orbital from low-lying n(WO) character in 1’ to high energy n(WC) character in 3’. Overall, NCS
analysis of the o011 principal component of 183W CSTs evidences the effect of geometry (1’ vs. 2’) and ligand nature (1’ vs. 3°)
on NMR parameters. This analysis further highlights the competition between oxo and methylidene/dyne ligands as
illustrated in their varied degree of contribution of 6(OWC), n(WC), and t(WO) NLMOs to the deshielding of 011 (Figure 8c).
Notably, the outcome of NCS analysis on 183W CST agrees with and extends the description obtained from the analysis of
ligand-based 3C and 70 NMR parameters, highlighting the strength of 183W NMR in enabling direct access to the metal-
centered electronic structure.

To summarize, the analysis based on experimentally obtained structural data as well as solid-state NMR data on multiple
nuclei points out the unique bonding situation in TBP 1/1’ featuring an oxo ligand with significant sp?-nature, which was
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further corroborated in comparison with the closely related 2/2’ and 3/3’. The interplay among basal ligands, competing for
the same metal d-orbital, compromises multiple bonding with the oxo and methylidyne ligands. Importantly, in TBP
complexes, chloride (i.e. anionic o-donor) ligand-induced loss of multiple metal-oxo bonding can also have a place in olefin-
coordination intermediates of Chauvin cycle (vide infra).

DISCUSSION

Relating the electronic structures of surrogate and metathesis-active olefin intermediate.

With the discussion above in hand, we explore whether this analysis, especially on 1’, can be transferred to the closely related
TBP olefin-coordination intermediate of the metathesis cycle. Following the study of the surrogate complexes 1/1’, we
modeled the olefin-coordination intermediate Inta featuring a coordinated ethylene ligand in place of one of the NHC ligands
(see ESI for details) and examined its NMR signatures and associated electronic structures (Figure 9). The calculated 13C NMR
parameters of Inta agree well with those of 1’ (Figure 9a). The obtained 3C CST for Inta features skew value of -0.82, close
to that of 1’ (k = -0.89), which is typical for sp?-hybridized carbenes in Schrock-type alkylidenes. The 13C nucleus of the
methylidene ligand in Inta has a 8iso of 335 ppm, which is slightly deshielded compared to that found for 1’ (8iso = 294). This
difference is mainly driven by the more deshielded 611 in Inta (611 = 772 ppm) compared to 1’ (811 = 678 ppm). The larger
deshielding in Inta implies the presence of high-energy occupied n(W=C), as well as low energy vacant n*(W=C) orbitals.
Indeed, the corresponding FMOs relevant to deshielding show stabilized bonding combination of n*(W=C) with low-lying
7*(C=C) orbital of ethylene in Inta (Figure 9b). Likewise, the occupied n(W=C) orbital in Inta is also destabilized by symmetry
matching n(C=C) orbital of ethylene, which again drives deshielding of §11 compared to NHC-coordinated 1’ (Table S14). Over-
all, the calculated '3C NMR parameters for Inta match well those for surrogates 1/1’ with deviations that originate from the
different orientations of n-orbitals of ethylene and NHC ligands.

The calculated isotropic 83W chemical shift for Inta (8iso = 1282 ppm) closely matches that for 1’ (1265 ppm) with only 17
ppm difference in the vast (> 10,000 ppm) chemical shift window of 183W NMR (Figure 9c). Moreover, their 183W CSTs are
oriented similarly, permitting direct comparison of each principal component between two models (Figure 9d). Respective
CST components of Inta indeed corresponds to those for 1’ reasonably well, indicating that the 1/1’ pair are valid electronic
surrogates of the olefin-coordination intermediate Intc. Among the CST components of 1’ and Intc, the largest deviation of
483 ppm is found in 822, resulting in a significantly lower skew value for the latter (k =-0.17 and -0.62 for 1’ and Intc,
respectively). This difference is independent of the spin-orbit coupling (oso term contribution in &2z is 2330 ppm for 1’ and
2370 ppm for Inta) and originates from the reduced contributions to 522 from the (W-CzH4) NLMO in Inta compared to the
original o(W-Cnuc) orbital in 1’ (Table S18). On the other hand, the 311 parameter along the NHC-W-L is least affected by the
substitution of NHC to ethylene, which implies that the discussion around 811, based on 1/1’ (vide supra), can be directly
transferred to Intca. The 170 NMR parameters of the oxo ligand in Inta also match with those for 1’ with a skew value of 0.09
(cf- x(¥70) = 0.16 for 1"), showing that the TBP olefin-coordination intermediate complex must also feature an oxo-ligand with
increased sp?-character (Table S10). This scenario stands in sharp contrast to what has been previously shown for tetrahedral
oxo-alkylidenes and TBP metallacyclobutane intermediates, for which the NMR analysis suggests fully developed M-O triple
bonding.?8 Overall, the comparison of the calculated 13C, 170 and '83W NMR parameters on 1/1’ with the olefin intermediate
Inta yielded congruence in each nucleus, validating our approach with surrogate complexes to access the electronic structure
of the elusive olefin-coordination intermediate. Observed deviations in 13C and '83W NMR parameters were found to arise
from inherent differences between NHC and ethylene ligands, which have their n-systems in orthogonal directions. While the
olefin-coordinated TBP intermediate features typical alkylidene character, its oxo fragment exhibits significant sp?-character
with in-plane n-bonding compromised with the o-donation from the chloride ligand, motivating further analysis of the role of
the Y-ligand.
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Figure 9. (a) The comparison of 13C CSA patterns for 1’ and Inta. (b) the relevant orbital couplings contributing to 13C 11 of the
methylidene ligand in 1’ and Intc, along with the key LUMO+1 orbitals for both complexes. (¢) The comparison of 183W CSA patterns
for 1’ and Intci; and (d) their visualized 183W CST orientation.

Effect of Y-ligand on olefin metathesis catalysis and origin of “weak o-donor” preference.

The discussion above has highlighted the unique electronic structure of TBP olefin intermediate Intc (or its surrogates 1 and
1’), pointing out that the olefin coordination induces a major change of hybridization of the oxo ligand, from sp towards sp?,
as aresult of the competition between the o-donating Y-ligand and the in-plane p-orbital of the oxo ligand for a single d-orbital
of the central metal. This parallels the proposition by Rappé and Goddard on the dual valency of the oxo ligand in olefin
metathesis, and the established activity patterns of metathesis catalysts.?>-11 [t has been shown that the coordination of olefin
onto alkylidenes, and concomitant structural reorganization to TBP geometry, is often rate determining in Schrock-type
catalysts [M(=CHR)(E)(X)(Y)] where the energy barrier greatly depends on the o-donating capacity of the Y-ligand: the
weaker o-donor, the lower the barrier.18-22 Such reactivity pattern implies that the re-hybridization around the oxo ligand,
enhanced by a o-donating Y-ligand, is likely a key factor that determines the olefin-coordination barrier. Therefore, we
modeled a series of complexes Inty with Y ligands of distinct o-donating character (Y = Me, Cl, 0‘Bu and O‘Bu-Fy, in increasing
o-donating capacity), while keeping the rest of the structure intact, and analyzed their 13C, 170 and 83W NMR parameters
(Tables S9-S10). Calculated 70 skew values for oxo ligands showed systematic increase in the order of Intme (k = -0.25) <
Inta (k = 0.09) < Intou (k = 0.23) < Intou-ro (k = 0.36) (Table S10). The negative skew value (k = -0.25 comparable to that
in 3’) for the oxo ligand in Intme suggests its primarily sp?-nature, while more positive skew values in Intomu and Int otu-ro
point to an sp-hybridization. This trend in NMR response suggests more sp-hybridized oxo ligand in the presence of weaker
o-donor Y ligand, and vice versa, which perfectly follows the established Schrock-type catalyst design principles that favor
weakly donating Y-ligand such as alkoxides or fluorinated alkoxides, rather than alkyls.14-15.102

The influence of Y-ligand substitution is even more evident in the calculated 83W NMR signatures of Inty series (Figure 10,
Table S12). While 822 and 833 show minor deviations within the series, 611 shifts over 2800 ppm (Intme > Intc > Intorsu > Intoesu-
r9) in the order complementary to those for 170 NMR parameters. According to the NCS analysis on 811, the contribution from
the o(W-Y) orbital drives this change (Table S17). Furthermore, the inspection of the 6(W-Y) NLMOs revealed increased W-
based orbital contribution with more electron donating ligands (i.e. covalent bond) (Figure S50). Hence, as illustrated in
Figure 11, in contrast to a weak o-donor ligand such as (F9)-tert-butoxy, a stronger o-donating ligand will lead to high-energy
and more covalent o(W-Y) interaction having higher localization on W; both of these factors drive deshielding due to the
resulting smaller energy gap and larger spatial overlap with the coupled vacant orbital.
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Figure 11. Qualitative MO diagram for Inty models. The degree of 183W &1 deshielding is rationalized based on energy gap between
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Overall, 170 and 83W NMR parameters suggest that strongly donating Y-ligands (such as alkyl) bond more covalently with the
central metal impairing the in-plane n-bonding with the oxo ligand, and thus favoring its sp?-hybridization. The need for a
weakly donating Y ligand herein becomes evident, as it does not induce considerable E-ligand (oxo herein) re-hybridization
during the olefin coordination step. Accordingly, some types of E ligands will tolerate strongly donating Y-ligands due to
additional mechanisms favoring rehybridization. Not surprisingly, highly efficient Schrock-type catalysts usually feature aryl-
imido (E = N-Ar) instead of alkyl-imido (E = N-Alkyl) ligands due to the lower donating capacity of former rendering the loss
of triple bonding upon olefin coordination energetically less expensive.16.103-105 On the other hand, for alkylidyne ligands (E =
C-R) on Re-based catalysts, re-hybridization is barely available and having a weakly donating Y-ligand is paramount for
catalysis.’® Hence, rhenium alkylidyne based catalyst performs well only when grafted to silica - a “ligand” with small o-
donation.106

https://doi.org/10.26434/chemrxiv-2024-ft4sj ORCID: https://orcid.org/0000-0001-5882-2320 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-ft4sj
https://orcid.org/0000-0001-5882-2320
https://creativecommons.org/licenses/by-nc-nd/4.0/

CONCLUSION

Aiming at developing a molecular surrogate for elusive olefin-coordinated alkylidene intermediate in olefin metathesis
reaction, we have developed NHC-stabilized cationic W oxo-methylidene complex 1, along with the neutral oxo-methylidene
complex 2 and the oxo-methylidyne analog 3. Analysis of the experimental 13C and 183W solid-state NMR signatures as well as
computational 170 NMR parameters for the oxo ligand on these compounds helps to reconstruct and understand their
electronic structures. Notably, analysis of the NMR parameters highlights the competition between the various ligands bound
to W, modulating the hybridizations of the oxo (E) ligand. Analysis of the corresponding olefin-coordination complex model
Inta shows that NHC and olefin have similar effects on the NMR signatures, supporting high sp?-character of the oxo ligand in
this intermediate. The degree of the re-hybridization of the oxo ligand to sp? (from sp in the starting alkylidene and further in
metallacyclobutane) correlates with the o-donating capacity of the Y ligand as the oxo and Y ligands compete for the same
tungsten d-orbital in a TBP olefin-coordination intermediate. This change of hybridization parallels the known catalytic
activity trends for Schrock-type alkylidenes and supports the hypothesis on “dual-valency” of the oxo ligand raised by Rappé
and Goddard. Calculated metal and ligand NMR parameters of hypothesized intermediates could thus be a facile way to
rapidly screen candidate of metathesis catalysts in silico. This work further demonstrates that along with conventionally used
ligand-based NMR techniques, the analysis of the NMR response of the central metal, herein 183W, helps to analyze the overall
effect of ligand sphere, and describe electronic structure anchored on experimental data. We are currently further exploring
metal-based NMR to understand the electronic structure of catalysts with the ultimate goal to identify robust reactivity
descriptors.107
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