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ABSTRACT: Molybdenum-based molecular alkylidyne complexes of the type [MesC=Mo{OC(CHs);.
«(CF3)}3] (MoF,, x =0; MoF3;, x = 1; MoFg, x =2; MoFy, x = 3; Mes = 2,4,6-trimethylphenyl) and their

silica-supported analogues are prepared, characterized at the molecular level, in particular by solid-state



NMR, and their alkyne metathesis catalytic activity is evaluated. The ’C NMR chemical shift of the
alkylidyne carbon increases with increasing number of fluorine atoms on the alkoxide ligands for both
molecular and supported catalysts, however, with more shielded values for the supported complexes. The
activity of these catalysts increases in the order MoF, < MoF; < MoF, before sharply decreasing for
Mok, with a similar effect for the supported systems (MoF, ~ MoFy < MoF¢ < MoF3). This is consistent
with the different kinetic behavior (0th order in alkyne for MoF, derivatives instead of 1* order for the
others) and the isolation of stable metallacyclobutadiene intermediates of MoF, for both molecular and
supported species. Detailed solid-state NMR analysis of molecular and silica-supported metal alkylidyne
catalysts coupled with DFT/ZORA calculations rationalize the NMR spectroscopic signatures and
discernable activity trends at the frontier orbital level: 1) increasing the number of fluorine atoms lowers
the energy of the [ *(M=C) orbital, explaining the more deshielded chemical shift values; it also leads to
an increased electrophilicity and higher reactivity for catalysts up to MoF, prior to a sharp decrease in
reactivity for MoFy due to the formation of stable metallacyclobutadiene intermediates and 2) the silica-
supported catalysts are less active than their molecular analogues because they are less electrophilic and

dynamic, as revealed by their ?C NMR chemical shift tensors.
Introduction

While the past 2-3 decades have seen remarkable advances in olefin metathesis," the progress in related
alkyne metathesis has gained momentum more recently.”"> Several efficient Schrock-type alkylidyne

catalysts having the general formula [RC=M(X);] (M = Mo or W) have been developed (Chart 1),14'16

17-22 23-25

featuring a range of ancillary X-type ligands including fluorinated alkoxides, "~ chelating phenoxides,

8, 17, 31-32
f.

siloxides,”*" as well as amido ligands and combinations thereo The development of efficient

catalysts has led to applications of alkyne metathesis in reactions such as polymerization,™>* cross-

metathesis, and ring-closing alkyne metathesis (RCAM), which has been utilized in natural product and

.7, 13,3643
polymer synthesis.” ™



Despite these advances, alkyne metathesis catalysts would still benefit from improved activity and
stability. Several deactivation mechanisms have been identified such as the bimolecular elimination of
alkyne,* the formation of metallatetrahedrane species* ™ or cyclopentadienyl species,” as well as, in the
case of terminal alkynes, deprotonation of the intermediate metallacyclobutadienes, resulting in
polymerization.” '*'® One strategy to increase the stability of molecular catalysts is to use the surface
organometallic chemistry (SOMC) approach. For instance, grafting of catalysts on the isolated surface
=SiOH groups of partially dehydroxylated silica generates well-defined silica-supported metal complexes,
suppressing bimolecular deactivation pathways.”® In these catalysts, the loading of the active species is
mostly controlled by the surface coverage of =SiOH groups, which is in turn controlled by the pre-
treatment temperature of the silica support.* This SOMC approach has allowed the development of highly
efficient alkene metathesis catalysts, having performance exceeding in many instances their homogeneous
analogues.’’” A similar approach has been used to prepare the corresponding alkyne metathesis
catalys'[s.5 8 1 particular, we recently reported that MesC=Mo(OC(CHj;)(CF;),); (MesC=Mo(OrBuFg); or
MoFs) grafts onto silica partially dehydroxylated at 700 °C  (SiO,700) producing
MesC=Mo(OrBuFs),(0Si=) species (MoF¢/Si0; 79, Chart 1) to provide a highly active catalyst.58 Both the
molecular and the grafted catalyst featured a remarkable performance in the self-metathesis of carefully
purified 1-phenyl-1-propyne, with MoFg achieving turnover numbers (TONs) and turnover frequencies
(TOFs) of up to 185,000 and 188 s, respectively. These catalysts could also efficiently promote RCAM
as well as cross metathesis of terminal alkynes under mild conditions.>® Notably, MoF¢/Si0,.79) shows
much lower activity in these reactions than the corresponding molecular precursor MoF¢ even if both

achieved high TON:S.



General structure of selected alkyne metathesis catalysts

OMe R = Et
|’| W Bu ‘h o o NO,
M-, W Ph oMo
x~\v"Y Mo Ph 0 ~ N )
\ \\’l‘;,"o Tripodal 3

ligand

0. Il \OSiPhs || X = OC(CHa)(CF.
PhgSiOr... 1o 3 (CH3)(CF3)2 Ph

Phsio” | TNEN vyl A [Bu |
N A ! , NYN \‘/\‘/
| V) (Bu0);810” "} "OSIOBu);s
P By OSi(OfBu)g

This work
Mes
Mes OH ‘|| R = C(CHg)3x(CF3)x
1 ~OR
\‘\ + O“"“S'\o O/MO\OR x___code
Moog /O | -HOR ‘ 0 MoF,
RO™ \ 1 .Si

OR O\“" ~0 1  MoF;
/00 2 MoFs
| 3 MoFy

MoF, Si05.700 MoF/SiOy.700

Chart 1. State of the art and the studied catalysts of this work.

In parallel to what is known in Schrock-type olefin metathesis catalysts, one can reason that tuning the
electronic and the steric properties of the X-type ligands can tune the activity and the stability of the

catalyst. In fact, similar to findings in olefin metathesis,”" '

tuning the electronic properties of alkoxide
ligands by introducing fluorine as in MesC=Mo{OC(CH3); «(CF;),}3, where x =0, 1, 2, 3, (MoF,, n =0, 3,
6, 9), dramatically influences the efficiency of these alkyne metathesis catalysts, MoF¢ providing the best
catalytic performances (highest TOFs and TONs) and MoF, showing particularly low TOFs.®>

However, it is not clear why MoF¢ shows a peak in activity and how the corresponding silica-supported

systems would perform in catalysis.

Here, we investigate the structure-activity relationship in a series of molecular (MoF,) and silica-
supported (MoF,/SiO,.79) alkyne metathesis catalysts as well as in an isostructural molecular model,
mimicking the surface silanol by (rfBu0O);SiOH in MoFe-TBOS, which entails detailed kinetic studies and
investigation of reaction intermediates for both molecular and supported systems. Combined with solid-
state. NMR spectroscopy and computational DFT studies including Natural Chemical Shift (NCS)
analysis, we investigate the effect of the ligand and the surface on the structure and the dynamics of pre-

catalyst and reaction intermediates in relation with their catalytic performances.

Results and Discussion



Preparation and Characterization of Silica-Supported Molybdenum 2,4,6-Trimethylbenzylidyne

Complexes.

The silica-supported catalysts MoF,/Si0,.790 (n = 0, 3 and 9) are prepared using a Surface Organometallic
Chemistry (SOMC)*" approach by grafting the respective MoF,, on silica partially dehydroxylated at 700
°C under vacuum, as previously reported for MoFg (Chart 1).® Reaction of the molecular species with
silica produces the corresponding grafted Mo species along with the respective free alcohol in solution
that is quantified by NMR spectroscopy (see Supporting Information for details). Reaction of the
molecular complexes on the surface is evidenced by a decrease in intensity of the O—H stretching band
originating from the isolated silanols (Figures S10) and the appearance of new C—H stretching and
bending bands in the IR spectrum of the surface species. In addition, a small broad band appears at 3600
cm’, which indicates that some residual OH groups interact with the grafted organometallic fragments.**
The amount of Mo on the surface according to elemental analysis is 0.24, 0.18, and 0.20 mmol Mo g for
MoF,, MoF; and MoF/SiO, 7y, respectively (Table 1), similarly to what is obtained for MoF¢/SiO;.7pg
(0.16 mmol Mo g"). C, H, and F elemental analysis compared to the amount of Mo on the surface is
typically within error of the expected structure [MesC=Mo{OC(CHj;);(CF;)4},(0Si=)], the exception
being the somewhat low C and F elemental analysis for MoF, and MoF,, respectively. The lower than
expected C and F content can be associated with the formation of MoC during the analysis and the

difficulties of performing analysis of F in silica samples, respectively.

Table 1. Elemental analysis of silica-supported catalysts (errors calculated from the standard error

tolerance of elemental analysis are given in parenthesis).

Species 9% Mo C/Mo H/Mo F/Mo

MoF /S0, 79 2.32 13(2) 20(17) —

MoF3/S10; 79 1.71 17(2) 22(23) 9(3)




MoF¢/Si05.7¢0 1.76 19(2) 19(20) 11(3)

MoF/Si05 700 1.94 17(2) 13(20) 11(3)

We also characterized the MoF,/SiO,;q, surface species by 'H, F, and *C MAS NMR (Figures S11-
S21). The 'H NMR spectra of all these species show resonances corresponding to the mesityl- and
tBuF,O-fragments, except for MoF¢/SiO, 709, which has no proton on the alkoxide ligand. The F NMR of
MOoF/Si0, 790 showed a single peak corresponding to the CF; groups of the rBugy fragment (-75.9 ppm).
However, the ’F NMR of MoF3/SiO, 7y, showed three peaks, two corresponding to two different CF;
groups (-81.5 and -86.5 ppm), and one downfield signal at -145 ppm. This latter signal may be due to
formation of Si-F groups on the surface, which has been observed to have very similar chemical shifts.®*
Similarly, MoF¢SiO, 79 showed two resonances in the F NMR (-83.5 and -84.8 ppm), attributed to the
diastereotopic CF; groups of the ligand.™ While >*C NMR signals could be obtained for all species for the
mesityl and rBuF,O- fragments, neither direct detection nor cross-polarization techniques revealed an
alkylidyne signal. However, the °C NMR alkylidyne signal of MoF¢/SiO,.70, was studied by grafting the
corresponding "°C labeled precursor. This yielded a silica-supported labeled alkylidyne that could be

observed by solid state NMR with an isotropic chemical shift of 301 ppm, significantly more shielded than

the molecular precursor (317 ppm).”®

For further understanding this silica-supported system, we also prepared the molecular analogue,
[MesC=Mo{OC(CHs;) (CF3),},(0Si(OfBu);)] (MoFgTBOS) from [MesC=MoBr;(dme)] by reaction with
two equivalents of the alkoxide KOC(CH;)(CF;), and one equivalent of the silanolate KOSi(OrBu); in
toluene at 40 °C (Scheme 1). Complex MoFs-TBOS could be obtained as a yellow crystalline solid in

70% yield.

Scheme 1. Synthesis of MoFs-TBOS.



‘ KOC(CHg)(CF3)» (2 equiv.)
= KOSi(OBu)s (1 equiv.) Il

—Mol o~ BuFg0" Mo—0
Br [ toluene, 40 °C 7 |
_ BuFO Si.
0~ 7\"'OBu
/ OtBu

The "C NMR spectrum of MoFs-TBOS exhibits a characteristic low field signal at 306.6 ppm for the
alkylidyne carbon atom, which is upfield compared to MoFg (317.6 ppm), but slightly downfield
compared to MoF¢/SiO,.79y (301 ppm). Introduction of the silanolate ligand renders the complex Cg
symmetric, and accordingly, two quartets at -77.1 and -77.6 ppm with *Ji: = 9 Hz are observed in the °F
NMR spectrum for diastereotopic CF; groups. An ORTEP diagram of the X-ray crystal structure is shown
in Figure 1. The complex crystallizes in the monoclinic space group P2,/n. Similar to other 2,4,6-
trimethylbenzylidyne complexes, the Mo atom resides in a distorted tetrahedral environment with a short
Mo-C1 bond of 1.755(3) A bond and three Mo-O bond of ca. 1.91< A. In addition, the TBOS ligand binds
in a chelating fashion through the oxygen atom O4 of one of the Si-OrBu groups, affording a significantly

longer Mo-O4 bond distance of 2.5734(16) A.

Figure 1. ORTEP diagram of MoFsTBOS with thermal displacement parameters drawn at 50%
probability. Selected bond lengths [A] and angles [°]: Mo-C1 1.755(3), Mo-O1 1.9223(16), Mo-O5

1.9079(17), Mo-06 1.9040(17), Mo-04 2.5734(16), Mo-C1-C2 173.5(2)



In order to further investigate the structure of the surface-supported species MoF¢/SiO;7g, the three
representative and most active (vide infra) alkyne metathesis catalysts MoFg MoFg-TBOS and
MoF/SiO, 4oy were also analyzed by K-edge XANES spectroscopy (Tables 2, S2-S4, and Figures S28-
S31). All three species show a nearly identical edge position and very similar pre-edge features, indicating
that they have similar geometries and the same oxidation state. Notably, the XANES spectrum of
MoF/Si0,.7qo is almost identical to molecular MoFg, while molecular MoF¢-TBOS exhibits an additional
feature at ca. 20039.5 eV suggesting a slightly different coordination environment as compared to the
other two species. Analysis of the EXAFS region in R space indicates the expected alkylidyne carbon and
three oxygens in all cases. For MoFs, besides the short Mo=C distance (1.73(1) A; 1.744 A in X-ray
structure) and the three oxygens at 1.923(3) A (1.895 to 1.924 A in X—raly),19 additional interactions
associated with a fluorine atom in the second coordination sphere improve the fit, consistent with the X-
ray structure (2.81(3) A;2738 Ain X-ray). For MoF¢-TBOS, EXAFS fitting analysis are consistent with
a slightly elongated Mo=C distance (1.74(1) A;1.755 Ain X-ray), three oxygens at 1.934(5) A (1.904 to
1.922 A in X-ray) as well as the presence of an additional oxygen at ca. 2.74(3) A (2573 A in X-ray)
consistent with the J*-siloxy ligand (Figure 1 and Table 2). Notably, for both MoFs and MoFg-TBOS,
EXAFS predicts a slightly longer distance for the closest atom in the 2™ coordination sphere (F and O
respectively) than expected from the X-ray structure, which likely result from the different measurement
conditions (room temperature for EXAFS vs. 100 K for X-ray). In fact, according to DFT calculations on
MoF¢-TBOS there is hardly any energetic difference between a long and a short Mo-O contact (see Table
S7). For the grafted species MoF¢/Si0, ;o the first coordination sphere contains a Mo=C at 1.715(8) A,
similarly to what is observed for MoF¢ along with two oxygens at 1.926(5) and one oxygen at 1.915(5) A.

However, no additional oxygen and fluorine interaction is found.

Table 2. Fitted scattering paths from EXAFS measurements. All values are given in A.

1* coord. sphere 2" coord. sphere
Atom Distance Atom Distance

MoF; C () 1.73(1) F (1) 2.81(3)




0(3) 1.923(3) CQ) 3.28 (1)
MoFs-TBOS c () 1.74(1) 0 (1) 2.74(3)

0(3) 1.934(5) Si (1) 3.06(3)
MoF/SiO.70 c () 1.715(8) Si (1) 3.12(2)

0(2) 1.926(5)

0 (1) 1.915(5)

Catalytic Performances and Kinetic Studies.

Next, we evaluated and compared the catalytic performances of these catalysts in the self-metathesis of 1-
phenyl-1-propyne at low loadings (25 ppm for molecular and 0.05-0.1 mol% for supported catalysts) in
the presence of 5 A molecular sieves in toluene at 27 ‘C. The catalyst turn-over frequencies, calculated
from the conversion to diphenylacetylene after five minutes (TOFs,,;,), vary between 0.2 and 230 st
(Table 3) the activity decreasing in the order MoF¢ =~ MoFs-TBOS > MoF; > MoF, > MoF,, showing the
dramatic influence of the ligand. The silica-supported species were significantly less active than the
molecular catalysts, as previously found for MoF.”® For the surface species, unlike the molecular species,
the trend shows that MoF3/Si0,.7o had slightly higher activity than MoF¢/SiO, 0. Both MoFy/SiO;.709
and MoF5/SiO; 7g0, with more electron rich ligands, show deactivation and do not reach equilibrium
conversion. However, MoF3/Si0, ;oo shows slightly higher initial rate than MoF ¢/Si0,.7¢9, but slows down
over the course of the reaction, reaching a slightly lower final conversion than MoF¢/Si0; 7¢0. The catalyst
MoF/SiO, .7y achieved only 10% conversion. The order of reactivity for the supported species based on
initial TOF is MoF3/SiO,.700 > MoF¢/SiO;.700 > MoF/SiO;.790 > MoFe/Si0;.799, with TOFs;, varying
between 0.04 and 0.6 s', and showing a volcano-type dependence of activity with the ligand donor
properties. In the case of both the supported and molecular catalysts, MoFy was slowest followed by
MoF,. Noteworthy is the comparable activity of MoFs-TBOS and MoF (Figure S27), which contrast
drastically with the low activity of MoF¢/Si0, 7o This together with the high anisotropy of the alkylidyne
C chemical shift observed for silica-supported systems at room temperature and the shifted surface-OH

stretching band in the IR spectrum (Figure S10, vide infra) suggests that the metal fragment (the active



center) interacts strongly with the silica surface in MoF/SiO,.4; it implies little dynamics, possibly

explaining the low activity.

Table 3. Catalytic activity of molecular (25 ppm) and supported (0.05-0.1 mol%) catalysts for self-

metathesis of 1-phenyl-1-propyne (ca. 0.6 M in toluene).

Catalyst TOFsin () TON (% conv)
MoF, 10 11400 (29%)
MoF; 50 38000

MoF 230 116000
MoFs-TBOS 190 127000

MoF, 0.20 11500 (29%)
MoF/Si0;.700 0.08 90 (7%)
MoF3/Si0, 799 0.60 1010
MoF¢/Si05.700 0.42 1990
MoF,/Si05 709 0.04 290 (24%)

Reactions monitored at 27 °C in toluene for 6 hours with 5 g of 5 A activated molecular sieves. Given in

parentheses is the conversion when equilibrium was not reached.

The rate laws for MoF,, MoF; and MoF are all 1* order in catalyst and 1* order in substrate, as shown
by the concentration dependence on conversion (Figure S25). In sharp contrast, the concentration of
diphenylacetylene vs. reaction time for MoF, shows an apparent zero-order in substrate (Figure 2) as
varying the initial concentration of the substrate by a factor of five produces no difference in the initial
rate. However, the plots have a slight curvature at high conversions, suggesting that they are not truly
zero-order. This could be caused by rapidly maintained and favorable pre-equilibrium binding of the
alkyne to the catalyst before the rate-determining step, which in this case would be loss of 2-butyne from
the catalyst, as was previously observed for tungsten alkyne metathesis catalysts.*® The situation for MoF,

is most likely such that the binding constant is only marginally larger than 1, causing a slight curvature in



the overall concentration vs time plot. Similar effects were observed in the reactions of MoFy/Si0O, ;o that

shows zero-order behavior, while the other catalysts are 1* order (Figure S26).
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Figure 2. Self-metathesis of 1-phenyl-1-propyne catalyzed by MoF, (5.7x10° M) at various substrate

concentrations: 0.6 M (black), 0.36 M (green), 0.24 M (red), and 0.12 M (blue).
Trapping of Reaction Intermediates on Supported and Molecular Systems

We also attempted to observe the reaction intermediates by solid-state NMR. The surface species catalysts
were reacted with carbon-13 labeled diphenylacetylene, resulting in carbon-13 enrichment of the
alkylidyne carbon. For MoF/Si0;.700, M0F3/SiO,.709, and MoF/Si0,.7¢¢ signals at isotropic chemical
shifts of 284 ppm, 293 ppm, and 301 ppm, respectively, were observed by ?C NMR after reaction with
C dilabeled diphenylacetylene, indicating the formation of "*C labeled surface alkylidyne species. In
contrast, applying the same procedure to MoF¢/SiO, ;o revealed a signal at 313 ppm attributed to the
surface Mo alkylidyne species, as well as two other signals at 253 ppm and 146 ppm. These additional

peaks are consistent with the formation of a metallacyclobutadiene (MCBD) intermediate.® "

Following the observation of the metallacyclobutadiene intermediates in the supported MoFo/SiO,. g
catalyst, these intermediates were also successfully trapped in the reaction of MoF, and 1-phenyl-1-
propyne, which yields the corresponding methyl-substituted metallacyclobutadiene MoF,—MCBD™®

(Scheme 2).

Scheme 2. Synthesis of MoF,—MCBD™* from molecular MoF,.
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The isolation is possible by treating a saturated CH,Cl, solution of MoFy with 10 equiv. of 1-phenyl-1-
propyne. This reaction leads to an immediate color change from red to purple, an observation that is not
made in the cases of MoF,, MoF3;, and MoFg. Crystals of M0F9—MCBDMe suitable for X-ray diffraction
analysis form upon cooling the solution to —40 °C. Unfortunately, the crystal structure exhibits a threefold
modulation along the c-axis that cannot be sufficiently refined (see SI for more information). However,
refinement with a non-modulated structure model is sufficient to determine the connectivity of MoF¢—
MCBD™, which reveals a four-membered MoCj ring with a pentacoordinated molybdenum atom (Figure
3). The environment around the Mo atom can be described as distorted trigonal-bipyramidal with the
atoms O1, C1 and C3 in equatorial and the atoms O2 and O2' in axial positions. Alternatively, a square-
pyramidal geometry can be assigned with C3 in the apical position and with C1, O1, O2 and O2' forming
the basal plane. Similar considerations have been made for structurally characterized
tungstenacyclobutadienes of the type [(C3R;)WX;] (R = alkyl, aryl; X = alkoxide, phenoxide, amide,
halide).*® 77 It should be noted that, to the best of our knowledge, MoF,—MCBD™* represents the first
structurally characterized metallacyclobutadiene of the type [(C3;R3;)MoXs;], despite the isolation and
spectroscopic characterization of such species.®”® Additionally, solution NMR spectra showed the
expected chemical shifts for MoFo~-MCBDY with two low field signals in the °C NMR at 253 and 146
ppm for the a,a (the two [ -carbon atoms cannot be distinguished in this case, vide infra) and 3 carbon

atoms, respectively. The '’F NMR spectrum shows two multiplets at —72.5 (9F) and —72.7 ppm (18F).



Figure 3. ORTEP diagram of MoF,—-MCBDM® with thermal displacement parameters drawn at 50%
probability. The molecule is located on a mirror plane. Hydrogen atoms and disordered OC(CF3); groups

are omitted for clarity.
Linking NMR parameters and electronic properties.

We analyzed the observed isotropic chemical shifts and associated chemical shift tensors (CST) of the
alkylidyne carbons, in view of the empirical correlation between the chemical shift, the o-donation of the
ligands and the reactivity of these catalysts. Since '*C chemical shifts are governed, like reactivity, by
frontier molecular orbitals, analysis of the relevant NMR features can give valuable insights into the
electronic structure of molecules”” and dynamics.” In fact, we have recently exploited this approach to
understand the relationship between the structure and the reactivity of alkylidenes and

metallacyclobutanes, the two key olefin metathesis intermediates.””’

In particular, the CST can be readily measured by *C MAS NMR spectroscopy at low spinning rate and
calculated by DFT methods.”®” An orbital analysis, closely related to the original Natural Chemical Shift
(NCS) analysis,*® of the computed shielding provides detailed insight into the nature of the frontier

orbitals, helping to relate the electronic structure of reaction intermediates with activity.*'*

Applying this approach to alkyne metathesis catalysts, the chemical shift tensor components (5;; > &, >
833) of the alkylidyne carbon signals are first collected by measuring the ?C{'H} CP MAS NMR of the

molecular alkylidynes MoF,, (n = 0, 3, 6, and 9) as well as MoFs-TBOS and Mo(TBOS);, an additional



model compound with three tris(fert-butoxy)siloxy ligands, at low spinning rates (Table 4). All
alkylidynes show highly anisotropic signals that are axially symmetric. The &;; and &, tensor components
are highly deshielded (up to 500 ppm) while the third component is remarkably shielded (around —15
ppm). As the electron withdrawing character of the alkoxide ligand increases, 8;; and &,, become more
deshielded, while 83; remains relatively constant, leading overall to a more deshielded J;,. The same data
are obtained for the surface-supported alkylidynes ("*C labeled on the alkylidyne position), which show
similar highly anisotropic and axially symmetric chemical shift tensors. As compared to their molecular
precursors, the 8,; and &, values of the surface species are consistently 10—30 ppm lower than those of the
molecular complex (vide infra), leading to a significantly lower d;,. We also recorded the CSA of the
metallacyclobutadiene intermediate formed by reaction of MoF/SiO,.7 with diphenylacetylene,
MoF/SiO,.700-MCBD, as well as the molecular analogue obtained in the reaction of MoFy with 1-phenyl-
1-propyne, MoFo—-MCBD™¢. These compounds display remarkably deshielded a/o’-(>250 ppm) and -

carbons (ca. 150 ppm) associated with remarkably large spans (Q = 8;;-833).

Table 4. Measured chemical shift tensor principal components of molecular and surface alkylidyne

species, as well as of a- and B-carbon atoms of MoFy—based metallacyclobutadiene intermediates.

Compound Siso 3 02 333

MoF, 296 453 451 15
MoF; 308 471 468 14
MoF; 317 487 479 15
MoF-TBOS 306 472 471 24
MoF, 331 497 487  +10
Mo(TBOS); 303 457 457 4

MoF/SiO5 10 284 427 427 -1

MoF3/SiO5 0 293 448 446 17
MoFy/SiO5 70" 301 460 460 17
MoFy/SiO5 10 313 488 484 32
MoFy/Si0; 700~ 253 476 186  +98

MCBD o



MOF9/SiOz_700—

MCBD 146 258 190 11
MoF,~MCBD" 0. 274 540 167  +114
MoF,-MCBD™ o> 268 525 169  +109
MoF,—MCBDY¢ g 155 304 132 +29

* similar value obtained by grafting labeled alkylidyne. C(C) and C(1') of MCBD are doubly and singly

bonded to Mo, respectively.
Analysis of the NMR Chemical Shifts.

The shielding tensors of the alkylidynes MoF, (n = 0, 3, 6, and 9), MoF¢-TBOS and Mo(TBOS); are
calculated with two-component ZORA'”"'”” DFT calculations (PBE0'*®*/TZ2P) (see computational details
in SI). The calculated isotropic chemical shifts of the molecular alkylidynes MoF, (Table 5) agree well
with experimental data (Table 4) with a maximum deviation of less than 20 ppm, while the calculated and

experimental principal components differ more, possibly due to the presence, at least in part, of dynamics

(vide infra).

The shielding tensor ¢ (eq. 1) of an NMR active nucleus can be decomposed into diamagnetic and
paramagnetic and spin-orbit (SO) terms (eq. 2). Both interactions are caused by electronic currents
induced by the magnetic field. While the diamagnetic contribution, which originates from magnetic
currents within orbitals in the ground state, is usually close to isotropic, the paramagnetic contribution
completed by the spin-orbit coupling term reflects the anisotropic bonding of the atom. In the present
study, the [ puasso term is found to be dominated by the paramagnetic contribution, in line with previous
reports on alkylidene systems” (Table S8). Thus, while the calculations include the spin-orbit coupling,
the Jpurasso term will be interpreted solely based on the paramagnetic contribution, which is dominated by
the magnetically induced coupling of occupied (occ) and vacant (vac) frontier orbitals of appropriate

symmetry (eq. 3) as already shown for the alkylidenes and metallacyclobutanes.75'77
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Table 5. Calculated °C NMR chemical shifts (shielding in parenthesis) and principal tensor components

of the alkylidynes.

Compound Siso (Tiso) 811 (o11) 82 (02) 033 (033)
MoF, 314 (-123) 477 (-287) 444 (-254) 20 (171)
MoF; 323 (-132) 495 (-304) 457 (-267) 16 (175)
MoF 333 (-143) 502 (-312) 478 (-288) 19 (172)
MoF, 348 (-158) 536 (-346) 492 (-302) 16 (174)
MoF-TBOS 325 (-135) 485 (-295) 479 (-289) 10 (180)
Mo(TBOS); 318 (-127) 478 (-288) 445 (-254) 30 (160)

As found experimentally and computationally, the differences in isotropic chemical shift between the
various alkylidynes are dominated by J;; and 8. The calculations show that these two principal
components are oriented perpendicularly to the M—C—Mes axis and are highly deshielded, while 0853
oriented along this axis is very shielded (Figure 4A), similarly to what is found for alkynes (Figure 4B).*
However, contrary to experimental values of the tensor components, the calculated &;; and &, differ
significantly, which originates from the lack of a C; symmetry both in the solid state (X-ray) and
calculated optimized structures. This is due to the presence of the aryl substituent on the alkylidyne group
and the slight difference in the C—-Mo—O angles for the three OR ligands with a more acute value for one

of them. Presumably, an average C; axis is established on the NMR timescale by fast rotation around the



C*P—aryl bond and an equilibration of the C-Mo-O angles even at 100 K, resulting in equal 3;; and 85. In
the non-averaged optimized structures, the most deshielded component (J;;) is oriented perpendicularly to

the plane of the aromatic moiety, while d,, lies in the same plane (Figures 4A and 4B).

The values of the diamagnetic and paramagnetic contributions calculated for diphenylacetylene and MoF,
(n =0, 3, 6, and 9) as well as MoF¢TBOS showed that the diamagnetic contribution is similar in all
compounds (Figure S33). Notably however, the diamagnetic contribution to 8;3/c3; is generally higher
than for the two other principal components as previously shown for triply bonded carbon due to the
presence of a C,, axis along the M=C bond.* Nevertheless, the main differences in shielding between the
various compounds mainly result from the paramagnetic contribution, which is larger in magnitude for 6,
and 8, (Figure S33). In order to elucidate the origin of the variation of this term, an orbital analysis
(related to the NCS analysis as mentioned previously, referred to as NCS in the following) is carried out to
determine the individual orbital contributions. This analysis gives the contributions of the individual
occupied NLMOs (Natural Localized Molecular Orbitals, i.e. bonds and lone pairs) to shielding, and

hence establishes a direct link to the electronic structure of the chemical species.

For MoF,, the NCS analysis shows that the observed deshielding for &;; mainly results from the
alkylidyne o(M=C) bond, and to a lesser extent from the alkylidyne o(C—Cys) bond (Figure 4C and
Figure 4D for the specific example of MoFg, other MoF,, see Figure S34). These orbitals are coupled to
the vacant M=C alkylidyne .. *(M=C) orbital by action of the angular momentum operator perpendicular
to the C,, axis and normal to the plane of the aromatic substituent. A smaller contribution also arises from
the coupling of the m(M=C) orbital to the o*(M=C) orbital. A similar picture is found for &,, when
considering the corresponding angular momentum operator which is perpendicular to the M=C axis and in

the plane of the aromatic substituent (Figure S35).
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Figure 4. Orientation of the calculated shielding tensors of (A) MoF, and (B) diphenylacetylene. (C)
Relevant orbital couplings giving rise to deshielding of &,; in MoF,. D) NCS analysis of o, of alkylidyne

carbon for MoFg (see Figure S34 for other MoF,,).

Figures S34 and S35 show that the deshielding of &, and 5, increase in the series MoF—MoF;—MoF ¢—
MoF,. Since the paramagnetic term increases with a decreasing energy gap between the coupled c(M=C)
and o(C—Cy.,) occupied and empty J* TM=C) orbitals (eq. 3), this analysis indicates that the energy of

the *(M=C) orbitals are lowered as more fluorine atoms are introduced onto the alkoxy ligands.

Noteworthy, replacing one OrBuFg ligand in MoF¢ by a tris-tert-butoxy-siloxy ligand (TBOS) or
considering Mo(TBOS);, gives NMR features that are similar to MoF;. These data suggest that the
electronic properties of the tert-butoxy-siloxy ligand are similar to OrBuF;. Analogous results were
previously found for W-metallacyclobutanes, albeit placing the tris-fert-butoxy-siloxy ligand in between

O7BuF; and O7BuF.'” !0

For the most shielded component 853, the NCS analysis shows only minor paramagnetic contributions for
all investigated alkylidynes. This is expected due to the pseudo C,-symmetry, which leads to vanishing

paramagnetic contributions along the C,-axis as found in alkynes (Figure S33 and $36).%



The conclusion drawn from the NCS analysis (i.e. that electron withdrawing ligands lower the energy of
the n#*(M=C) orbitals) is in line with the observation that alkylidynes with the most deshielded tensor
components 6;; and 8y, tend to be the most efficient catalysts for alkyne metathesis. A lower ©*(M=C)
orbital should lead to more facile alkyne coordination as the substrate plays the role of donor in its
interaction with the catalyst, the only exception being MoF,, which shows low activity due to the
formation of a stable metallacyclobutadiene intermediate, consistent with the 0" order dependence of the

reaction in the alkyne substrate and its observation under reaction conditions of alkyne metathesis.
NMR shieldings and the associated NCS analysis in metallacyclobutadienes.

Kinetic studies and NMR measurements of the intermediates show the formation of a stable
metallacyclobutadiene with MoF,, which is thus a resting state of the catalyst. Similarly, a
metallacyclobutadiene is also detected for the corresponding silica-supported systems. The chemical shift

tensors of these compounds, measured by solid-state NMR, are shown in Table 4.

In order to complement these observations, DFT calculations of the intermediates are carried out for the
reaction of diphenylacetylene with the molecular catalysts MoF,, MoF;, MoFs and MoF,
(PBEOloglpcheg—Zl”; SDD ECP'"*''* on Mo, GD3 dispelrsion”5 ; solvent (toluene) effect with the SMD
method''®, see Supporting Information for full details). This model reaction was chosen for the
computational analysis because it gives rise to symmetrically phenyl-substituted metallacyclobutadienes,
which have been experimentally observed for MoF¢/SiO,70. The metallacyclobutadiene becomes
increasingly stable relative to separated diphenylacetylene and alkylidyne catalyst as the number of
fluorine atoms increases on the alkoxy ligands. 4G, values for the reaction of alkylidyne and
diphenylacetylene to the metallacyclobutadiene are 11.0, 6.6, 2.6, and -0.9 kcal/mol for MoF, MokFj,
MokFg, and MoF,y, respectively. For MoFy, 4Gy is negative, in agreement with the observation of the
corresponding metallacyclobutadiene. Thus, both the experiments and calculations suggest that the
metallacyclobutadiene of MoF, is a resting state of the catalyst, which is consistent with the decrease in

activity and the change of reaction order upon going from MoFg to MoF,. A similar trend is also found for



the reaction of 2-butyne with the corresponding ethylidyne catalysts, where the calculated AG,og values for
the formation of the methyl substituted metallacyclobutadienes are 9.8, 0.6, -1.5, and -9.1 kcal/mol for the

ethylidyne derivatives of MoF, MoF3, MoFg, and Mok, respectively.

To gain insight in the NMR properties of the metallacyclobutadienes, the shielding tensors are calculated
and analyzed for the metallacyclobutadienes resulting from a reaction of MoF,, MoF;, MoF, and MoFy
with diphenylacetylene as a model reaction for both molecular and supported catalysts. We also calculate
the methyl-substituted analogue MoFy,-MCBDY to further benchmark the NMR calculations by
comparison to an isolated molecular system. For this compound, good agreement is found between the
isotropic calculated and experimental chemical shifts as well as the principal components of the CST

(Table 6 and Table S6).

Table 6. Calculated chemical shifts and principal components of MoF,-MCBD™® (see Table 4 for
measured values). C(a) and C(a') are doubly and singly bonded to Mo, respectively (see Table S6 for

other metallacyclobutadienes).

nucleus 8y (Giso) 311 (o1) 82 (022) 83 (033)
C(a) 276 (-86) 556 (-366) 179 (12) 94 (97)
Clo) 267 (-77) 530 (-339) 146 (45) 126 (64)
C(B) 157 (33) 322 (-132) 233 (-42) -83 (273)

In the metallacyclobutadiene formed upon [2+2] cycloaddition of the alkyne to the alkylidyne, the o-
carbon atom doubly bonded to the metal, C(a), originates from the alkylidyne carbon, while the carbons

connected by a double bond (labeled as C(a’) and- C(j3)) originate from the alkyne. Notably, the C(a) and



C(a') carbon atoms of the metallacyclobutadiene show distinct chemical shift tensors, underlining that the

metallacyclobutadiene can exist as two regioisomers.

For C(a), the most deshielded component of the CST (J;,/cy;) is oriented along the C(a)-C(j3)-bond,
while the most shielded component (833/033) is oriented along the M—C(a) axis (Figure 5 and S38). As
compared to the parent alkylidyne, the &;; component remains rather unaffected by the
metallacyclobutadiene formation, while the J,, component becomes significantly more shielded,
evidencing the smaller contribution of the corresponding alkylidyne n*(M=C) orbital, which is involved

into bonding in the plane of the ring, leading to disappearance of one alkylidyne m-bond.

For C(a), the most deshielded component (8;;/G1;) is oriented along the C(a')-C(B) bond as found for
C(a). The orientation of the other two components depends on the nature of the alkoxide (Figure S39).
While the most shielded component (d33/03;3) is oriented perpendicularly to the ring in MoFy-MCBD,
MoF;-MCBD, and MoFgMCBD, it is oriented along the M—C(a') axis in MoF,-MCBD. In other words,
the tensors on C(a') and C(a) become more similar with increasing fluorination of the alkoxide ligands,
which parallels the more symmetrical structure of the metallacyclobutadiene (similar M—C(o/a') and
C(a/a)—C(.. bond lengths, see Table S5). The more symmetrical cyclic structure for MoFo-MCBD is
also in line with a thermodynamically more favorable metallacyclobutadiene formation, as observed both
experimentally and computationally (a more symmetric metallacyclobutadiene is closer to the transition

state of metallacyclobutadiene interconversion than to the transition state of cycloreversion).
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Figure 5. Calculated shielding tensors of the a-carbon atoms in Mo Fy-MCBD (A) and MoF,-MCBD
(B), and the J-carbon in MoFo-MCBD (C). All ligands and substituents have been removed for clarity.
The carbon originating from the alkylidyne is shown in the front. D) Schematic representation of

orientation of shielding tensors in metallacyclobutadienes derived from MoF,, MoF3;, MoFs and MokF,.

The NCS analysis shows that the deshielding in the plane of the metallacyclobutadiene arises from the
couplings of M—C and C—C o orbitals (the bonds in the plane of the ring) with the antibonding orbitals of
the metallacyclobutadiene m-system. Increasing fluorination leads to larger deshielding, evidencing a
lower lying * system in the metallacyclobutadienes with more electron withdrawing substituents. This
orbital is probably involved in the stabilization of these intermediates and participates in the electron

redistribution during the interconversion between the two metallacyclobutadiene isomers.
Discussions

We have observed that the chemical shift of the alkylidyne carbon atom becomes more deshielded with
increasing electron withdrawing character of the alkoxide ligand (MoF, < MoF; < MoF4 < MokF,). The
alkylidyne chemical shift of the molecular siloxide derivative (MoF¢gTBOS) or Mo(TBOS); also falls
close to that of MoFj3, consistent with the similar electronic characters of OrBuF; and the siloxy group,
0Si(OrBu)s. This is in line with the previous observation of the TBP/SP ratio in d° metallacyclobutane
intermediates, albeit placing OSi(O7Bu); in between OfBuF; and OBuF.'”!"° NCS analysis shows that

the alkylidyne chemical shift directly probes the energy of n*(M=C), the more deshielded, the lower the



n*(M=C) and in principle the higher the reactivity. In fact, this translates into an increase of alkyne
metathesis activity from MoF,, MoF; up to MoF¢ before sharply decreasing for MoF, (volcano plot of
reactivity: MoFg > MoF; > MoF, > MokF,). This decrease in activity is also associated with a different
kinetic behavior. This is due to the formation a significantly more stable metallacyclobutadiene
intermediate, which is isolated and fully characterized by X-ray crystallography (in the case of MoF,-
MCBDMe) and solid-state NMR. According to calculations, the MoF, metallacyclobutadiene is in fact
more stable than the separated reactants and displays a much more symmetric ring with similar Mo—
C(o/a) and C(o/a)-C(B) distances, further illustrating that it lies further away from the isolated
alkylidyne and alkyne reactants. The increased stabilization of the MoFy metallacyclobutadiene leads to a
change of the rate-determining step, from metallacyclobutadiene formation to cycloreversion. This means
that further stabilization of the metallacyclobutadiene intermediate (as caused by increasing the electron
withdrawing nature of the alkoxide ligands) will in fact raise the reaction barrier and thereby decrease the

rate of metathesis.

The corresponding silica-supported analogues are much less active in the self-metathesis of 1-phenyl-1-
propyne and show a similar volcano reactivity plot, albeit with a different order of reactivity (MoF3/SiO,.
7200 > MOoFg/SiO;y790 > MoFy/SiO,.490 > MoFo/SiO;79). In addition, the silica-supported compounds
display a much more shielded alkylidyne carbon by comparison with the respective molecular precursors,
by ca. 10-20 ppm. This increased shielding mainly results from the significantly more shielded 8;; and J,,
components of the chemical shift tensors, indicating a higher n*(M=C), consistent with their overall lower
activity. While for MoF;, MoF¢ and MoF, the observed trend of an increase in shielding upon grafting
can be reproduced by DFT/ZORA calculations, using (Me;Si0);Si—OH as a model for the surface, this is
not the case for MoF,, in line with silanolate being a much weaker donor than ferr-butanolate. The
experimentally observed shielding of MoFy/SiO,7y can only be reproduced by calculations when
introducing a secondary interaction of a surface OH-group with the 2,4,6-trimethylbenzylidyne moiety
using a larger silica model (see Table S9). However, this interaction has little effect on chemical shift for

the other complexes. The presence of such an interaction in supported catalysts is indeed in line with the



presence of red-shifted OH groups in the IR spectra (indicated with small red arrows in Figure S10),

typical of silanol groups interacting with aromatics.**

MoF¢TBOS is also shielded as compared to MoFg, albeit to a lesser extent than the surface supported
analogue. In this compound, the shielding is mainly caused by the close contact to oxygen in the 2™
coordination sphere (as seen by DFT calculations with varying Mo—O distances, see Table S7). Such an
interaction is absent in the supported catalyst according to EXAFS, suggesting that the observed shielding
in the supported catalyst probably originates from the siloxy ligand and the presence of secondary
interactions between the organometallic fragment and the silica surface. It is also consistent with the
absence of dynamics at room temperature according to solid-state NMR, which shows that the metal
fragment strongly interacts with the silica surface.”* Overall, such an interaction is likely responsible for
the observed decrease in activity upon grafting, due to both decreased dynamics of the surface species and

the resulting lower electrophilicity of the metal center (high lying m*).

Conclusion

Molecular and silica-supported Mo alkylidyne complexes display characteristic carbon chemical shifts and
activities as a function of the number of fluorine atoms attached to the pendant alkoxide ligands. First, the
chemical shift value of the alkylidyne carbon systematically increases with the increased number of
fluorine atoms, which is rationalized by a decrease of the energy of the n*(M=C) according to NCS
analysis of the most deshielded chemical shift tensor principal components (3;; and J,,), measured
experimentally and computed by two-component relativistic DFT/ZORA calculations. In addition, this
analysis allows to classify the (rBuO);SiO ligand as having similar electronic properties as a tBuF;O
group. More surprisingly perhaps, the silica-supported species show significantly more shielded values
than the corresponding molecular complexes, suggesting that they are less electrophilic. Regarding
metathesis performance, the activity in terms of turnover frequency goes through a maximum as a
function of the number of fluorine atoms on the terr-butoxide ligand, namely three (rfBuF;O) and six

(tBuFsO) fluorine atoms for the silica-supported and homogeneous catalysts, respectively; the non-



fluorinated and the perfluorinated ligand yielding very low activity and overall catalyst performance
(turnover number). This volcano-type behavior can be explained by the increased electrophilicity of the
Mo sites (as shown by their NMR chemical shift) with increasing number of fluorine atoms, until an
overly stable metallacyclobutadiene intermediate is formed. This is demonstrated by the characterization
of metallacyclobutadiene intermediates for both MoFy molecular and supported catalysts and their
associated kinetic behavior (0™ order in substrate). As also suggested from the chemical shift, silica-
supported alkyne metathesis catalysts are found less active, which is consistent with the decreased
electrophilicity of the active sites as suggested by their NMR chemical shift. In addition, the absence of
dynamics for the silica-supported systems in the solid-state NMR measurements probably also contributes
to the lower activity (rates) of silica-supported catalysts. This study further illustrates the power of NMR
spectroscopy in providing detailed information about electronic structures and dynamics, which are two
important factors driving catalyst performance.''” We are currently further exploring this field of research

with the goal to develop efficient descriptors to predict reactivity of metal sites.
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