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Abstract: Recently discovered cis-dichloro benzylidene phosphite complexes are latent catalysts at
room temperature and exhibit exceptional thermal and photochemical activation behavior in olefin
metathesis reactions. Most importantly, the study of these catalysts has allowed their introduction
in efficient 3-D printing applications of ring-opening metathesis derived polymers and the con-
trol of chromatically orthogonal chemical processes. Moreover, their combination with plasmonic
Au-nanoparticles has given rise to novel smart materials that are responsive to light. Given the
importance of the ligand shell in the initiation and reactivity behavior of this family of complexes, we
set out to investigate the effect of anionic ligand exchange. Thus, we report herein two new ruthenium
benzylidene benzylphosphite complexes where the chloride anionic ligands have been replaced by
bromide and iodide anions (cis-Ru-Phos-Br, & cis-Ru-Phos-I5). The thermal and photochemical
activations of these dormant catalysts in a variety of ring-closing and ring-opening metathesis poly-
merization (RCM and ROMP) reactions were thoroughly studied and compared with the previously
known chloride precatalyst. Photochemical RCM studies provided similar results, especially in
non-hindered reactions, with the UV-A wavelength being the best in all cases. On the other hand,
the thermal activation profile exposed that the anionic ligand significantly affects reactivity. Notably,
cis-Ru-Phos-I, disclosed particularly impressive initiation efficiency compared to the other members
of the family.

Keywords: olefin metathesis; Ru-phosphite complexes; anionic ligands; reaction kinetics

1. Introduction

The development of ruthenium-based olefin metathesis catalysts has undoubtedly
revolutionized the field of organic synthesis over the past few decades [1-3]. Ruthenium
catalysts offer exceptional activity, stability, and versatility, enabling the efficient formation
and rearrangement of carbon—carbon double bonds in various olefin substrates [1-5]. Their
evolution from early generation catalysts to highly efficient and selective species has played
a pivotal role in advancing the synthesis of complex molecules, including pharmaceuticals,
dyes, materials, and natural products [4-9]. This progress has not only greatly expanded
the synthetic chemist’s toolbox but has also significantly impacted industries, fostering
innovation and sustainability in chemical processes. Although ruthenium olefin metathesis
catalysts have been intensively studied and are known for their excellent reactivity, this
research field is quite popular, mainly because it offers a reliable, adaptable synthetic tool
for both commercial and academic applications and because there are still challenges to be
met, both in the selectivity and longevity of the catalysts. Accordingly, the efficiency and
selectivity of ruthenium catalysts for olefin metathesis processes have been significantly
improved by fine-tuning the ruthenium framework (ligand sphere) [10-12]. Among these,
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ruthenium phosphite complexes have received much interest due to their high activity
and stability [13-18]. Phosphite ligands in ruthenium phosphite complexes can modify
the reactivity and selectivity of the catalyst, making them particularly interesting for olefin
metathesis. These complexes have been explored for their ability to promote various types
of olefin metathesis reactions, including ring-closing metathesis (RCM), cross-metathesis
(CM), ring-opening metathesis polymerization (ROMP), acyclic diene metathesis poly-
merization (ADMET), and enyne metathesis, among others. The choice of the specific
phosphite ligand and its steric and electronic properties can influence the efficiency and
scope of these metathesis reactions. The Cazin group pioneered the indenylidene-type
phosphite-containing ruthenium complexes (cis-Caz-1; Umicore M22), which demonstrated
an unusual cis-dichloro structural arrangement, room temperature latency with thermal
activation, and greatly improved activity at low catalyst loadings (Figure 1) [14]. Later, it
was found that UV-A light irradiation of cis-Caz-1 catalyzes olefin metathesis reactions
(RCM, CM, and ROMP) at ambient temperatures [15]. Moreover, adding a chelating phos-
phite ligand afforded the highly latent precatalyst cis-PhosRu-1 (Figure 1). Surprisingly,
the non-chelated benzylidene phosphite complexes were found in the active (non-latent)
trans-dichloro geometries (trans-Ru-P(OEt); & trans-Ru—P(O'Pr)3) and catalyzed olefin
metathesis reactions at ambient temperatures (Figure 1) [15]. Notably, introducing benzyl
phosphite ligands allowed for the design of the cis-dichloro complexes cis-Ru-1 and cis-Ru-2
(Figure 1), which were naturally latent under ambient conditions because of the change in
the complexes’ geometries [17]. These complexes could promote several olefin metathesis
reactions when activated by visible light (420 nm or blue LEDs). In a recent approach,
plasmonic nanoparticles considerably improved the initiation of phosphite-containing
ruthenium olefin metathesis latent precatalysts by irradiation with low-energy deep red or
infrared light [18].
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Figure 1. Selected ruthenium olefin metathesis catalysts containing phosphite- and sulfur-chelating
benzylidene ligands.

The precise control of catalyst activity is a fundamental pursuit in the field of catalysis,
with far-reaching implications for the development of efficient chemical processes and
the synthesis of complex molecules. Anionic ligands serve as indispensable components
in ruthenium olefin metathesis precatalysts, assuming multifaceted roles that profoundly
influence catalytic behavior [19-27]. These ligands contribute to the stability of the ruthe-
nium complex by coordinating to the metal center thereby mitigating decomposition and
prolonging the catalyst’s lifetime, especially in demanding or prolonged reactions. Further-
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more, certain anionic ligands actively participate in the activation process of the precatalyst,
facilitating the exchange of labile ligands with olefins or other substrates, a pivotal step in
initiating metathesis reactions. Beyond this, they exert control over the reactivity of the cat-
alyst, affecting reaction rates and even influencing regio- and stereoselectivity [21,22,28-30],
permitting chemists to fine-tune catalytic performance for specific transformations. Addi-
tionally, anionic ligands can modulate the latency of the catalyst, enabling precise control
over the timing of activation. Although exchanging chlorides with other anions many times
resulted in decreased reactivity [19], in many other cases, significant novel applications,
including improved stereo- and enantioselectivity [21,22,28-30], immobilization [23,24],
water solubility [25], etc. could be achieved. Both bromides and iodides as anionic ligands
are quite established in ruthenium complexes for metathesis reactions [27-36]. These halide
ligands play crucial roles in fine-tuning the reactivity and properties of the ruthenium
catalysts. Thus, by incorporating bromo or iodo ligands into the coordination sphere of
the ruthenium center, the catalyst’s behavior can be modified and even tuned. The choice
of halide ligand can influence the catalyst’s reactivity, stability, and ability to engage in
metathesis reactions with specific substrates [28-30]. Additionally, halide ligands can
easily undergo ligand exchange reactions, enabling the customization and optimization of
the ruthenium complex’s coordination environment for improved catalytic performance.
This versatility makes bromo and iodo ligands valuable tools in the design and devel-
opment of ruthenium-based catalysts. However, as Slugovc has previously shown, the
full interchange of the chloride ligands in the Hoveyda—Grubbs 2nd generation catalyst
(HG-II-C1) is challenging [26]. On the other hand, cis-dichloro ruthenium precatalysts with
sulfur-chelation facilitate the substitution of the anionic ligands by an enhanced trans-effect,
offering a privileged pathway for halide exchange [27,33-37]. Overall, anionic ligands
provide a versatile toolkit for the design and customization of ruthenium olefin metathesis
precatalysts, enabling their application across a diverse spectrum of metathesis reactions in
synthetic chemistry.

As previously mentioned, altering the anionic ligands in ruthenium alkylidenes can
significantly alter the reactivity of these catalysts. Moreover, the selectivity of the catalysts
towards different types of olefin metathesis reactions can also be altered. For example,
making the anionic ligands larger prevents olefin metathesis of more sterically hindered
double bonds, but can make reactions with terminal olefins more efficient (vide infra).
Indeed, selectivity is a critical factor in controlling the stereochemistry of the newly formed
double bonds. This is particularly valuable in the synthesis of complex organic molecules,
such as natural products and pharmaceuticals, where the desired biological or chemical
activity is often highly dependent on the stereochemical arrangement of the functional
groups [4-8]. Regioselectivity is another facet of selectivity that guides olefin metathesis
reactions to produce specific regioisomers when multiple products are possible, and these
regioisomers may have different reactivities or biological activities. High selectivity is often
associated with catalyst stability and longevity, which reduces the frequency of catalyst
regeneration or replacement. Additionally, controlling the selectivity of the reactions aligns
with the principles of green chemistry, as it reduces waste generation, minimizes the use of
hazardous reagents, and conserves resources, making chemical processes more sustainable
and environmentally friendly. The predictability afforded by selectivity in olefin metathesis
reactions allows chemists to anticipate and control the outcomes of reactions, facilitating
the design and optimization of synthetic routes. Selectivity is a cornerstone of efficient and
sustainable chemical synthesis, offering benefits that span economic, environmental, and
scientific domains.

Understanding the impact of anionic ligands is essential for the rational design and
optimization of metathesis catalysts for various synthetic applications. In this context,
the current work explores a pivotal aspect of catalyst modulation by investigating the
tuning of latency through anionic ligand exchange in ruthenium benzylidene phosphite
complexes. Given the above, it may be of interest to study the influence of (bromo and
iodo) anionic ligands on latent benzylidene phosphite complexes. Herein, we show the



Catalysts 2023, 13, 1411

40f13

synthesis, characterization, and study of two new latent benzylidene phosphite ruthenium
complexes with bromo and iodo anionic ligands and their activity in various metathesis
reactions by thermal and photochemical activation.

2. Results and Discussion

Simple chlorides are remarkably common anionic ligands in the field of ruthenium
alkylidenes. Chlorides serve as crucial ancillary ligands, stabilizing the ruthenium center
and influencing its reactivity. They can modulate the electronic properties of the metal lead-
ing to variations in catalytic activity and selectivity. Nonetheless, other anions have been
successfully implemented in several applications [27-36]. For example, iodide-containing
ruthenium alkylidenes have shown outstanding efficiency in asymmetric olefin metathe-
sis [28-30], unique reactivities, and unprecedented product selectivity [33]. Thus, we
became interested in studying the bromo and iodo derivatives of latent benzylidene phos-
phite precatalysts (Scheme 1). These substitutions may provide more control by allowing for
the fine-tuning of reactivity by altering reaction kinetics. Additionally, bromo and iodo halo-
gen ligands can change the selectivity of metathesis processes, affecting stereoselectivity
and regioselectivity.
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cis-Ru-Phos-l,, X =1, 56%

cis-Ru-Phos-Br, cis-Ru-Phos-I,

Scheme 1. Synthesis by anionic ligand exchange (top) and single crystal X-ray structures of cis-Ru-
Phos-Br; and cis-Ru-Phos-1; complexes (bottom). Reaction conditions: cis-Ru-Phos-Cl; (50 mg), 10
eq. salt (LiBr or Nal), 1.5 mL acetone at RT. Ellipsoids are shown at a 50% probability level. Hydrogen
atoms and solvent molecules were omitted for clarity. CCDC number for cis-Ru-Phos-Br,: 2297786
and cis-Ru-Phos-I,: 2297788.

Catalyst synthesis and characterization: Complexes cis-Ru-Phos-Br, and cis-Ru-
Phos-I, were readily obtained by mixing LiBr/Nal salts with cis-Ru-Phos-Cl; in acetone at
room temperature (Scheme 1, top), affording purple- and brown-colored solids, respectively.
Interestingly, both reactions were completed in short time periods (10 min), and the chloride
ligands were fully replaced by bromide or iodide ligands, as observed by NMR spectroscopy.
As expected, the NMR spectra of Ru-Phos-Br; revealed its cis-dibromo configuration,
showing the benzylidene signal at 15.22 ppm and >'P NMR signal at 130.18 ppm for the
phosphite ligand (Figures S1-S3). The 'H-NMR spectrum for the cis-Ru-Phos-I, complex
(Figure S4) showed the dynamic broadening of the signals. A sharp spectrum could be
obtained by cooling to —8 °C, and readily disclosed the cis-diiodo configuration with the
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benzylidene signal at 15.12 ppm and the P NMR signal at 129.93 ppm (Figures $4-S7). For
both complexes, slow pentane diffusion into a DCM solution at —20 °C produced suitable
crystals for X-ray diffraction (Scheme 1, bottom).

Table 1 compares the differences in key bond lengths between the different cis-Ru-
Phos-X; complexes. Notably, the Ru-P bond has similar bond lengths in all three complexes,
while the Ru-NHC bond is peculiarly slightly shorter for the diiodo complex. On the other
hand, the Ru-Cpenzylidene bond length increased with increasing halogen ligand size, from
1.818 A for the dichloro complex to 1.861 A for the diiodo complex. Overall, all complexes
had comparable structural arrangements; however, the nature of the anionic ligands has
a certain influence on some bond lengths, which may have a noteworthy effect on the
initiation rate, reaction propagation, and stability.

Table 1. Selected bond lengths of cis-Ru-Phos-X; complexes.

Bond Lengths A) cis-Ru-Phos-Cl, cis-Ru-Phos-Br, cis-Ru-Phos-I,
Ru-P 2.256 (3) 2.226 (10) 2.250 (8)
Ru-NHC 2.067 (8) 2.067 (3) 2.043 (3)
Ru—Cbenthdene 1.818 (6) 1.844 (3) 1.861 (3)
Ru—X{ (trans to NHC) 2.404 (2) 2.535 (4) 2.720 (3)
Ru—X2 (trans to P) 2401 (3) 2565 (5) 2.741 (3)

Photochemical and thermal activation of cis-Ru-Phos-X; complexes: The relative
activity of the halide complexes was then compared. As expected, cis-Ru-Phos-Br; is com-
pletely latent at room temperature for ring-closing metathesis (RCM) reactions. However,
the cis-Ru-Phos-I, complex showed some RCM activity at room temperature, i.e., a reac-
tion of diethyl diallylmalonate (DEDAM) with a 1 mol% catalyst in toluene-dg produced
41% conversion over the course of a 24 h reaction period. The enhanced activity of cis-Ru-
Phos-I, at room temperature might be due to the longer bond lengths observed for the
Ru—Cpenzylidene bond. After assessing the latency for the new complexes, the photoactivation
behavior was studied by irradiating toluene-dg solutions of the complexes with different
wavelengths of light at ambient temperatures in the presence of DEDAM (Figure 2).

EtO,C CO,Et
’ ’ 1mol% [Ru] _ Et02& COzE
0.1M toluene-dg, hv
4
100
Il cis-Ru-Phos-Cly
Il cis-Ru-Phos-Bry
. Il cis-Ru-Phos-l,
S 60+
®
o
2
O 40
(&)
S
20

254 nm 313nm 350 nm 420 nm blue LED 510 nm
Wavelength

Figure 2. Photochemical activation of cis-Ru-Phos-X; complexes for the RCM reaction of DEDAM at
different wavelengths. Reaction conditions: 1 mol% catalyst, 0.1 M toluene-dg, 2 h. Conversions were
monitored and determined by 'H NMR.
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Surprisingly, the anionic ligands do not have a significant effect on the observed
photoinduced activity (Figure 2). In general, 350 nm (UV-A) and 420 nm produced the most
efficient results. Given the results observed in the photoinduced RCM of DEDAM, a larger
scope of RCM substrates was probed, affording good to excellent conversions when the
catalysts were activated by UVA irradiation (Table 2). Under photochemical activation with
cis-Ru-Phos-Cl, and cis-Ru-Phos-Br;, the reactions with hindered substrates that form
trisubstituted olefins worked reasonably well (Table 2, entries 5 and 6); on the contrary,
poor results were obtained with cis-Ru-Phos-I5.

Table 2. Thermal and photochemical activation of complexes.

Entry Substrates Catalyst (1 mol%) Thirmal (891 © Photocl:em1cal(b350 nm)
% conv. % conv.
EtOG FORE cis-Ru-Phos-Cl, 4 62
1 cis-Ru-Phos-Br, 16 71
Z A cis-Ru-Phos-I, 99 66
Ts
lll cis-Ru-Phos-Cl, 5 57
2 /f j\ cis-Ru-Phos-Br, 33 93
A cis-Ru-Phos-I, 99 93
Ts
N cis-Ru-Phos-Cl, 15 92
3 )/ cis-Ru-Phos-Br; 20 99
| cis-Ru-Phos-I, 99 99
'I's
N cis-Ru-Phos-Cl, 17 70
4 J
& cis-Ru-Phos-Br, 30 80
A cis-Ru-Phos-I, 97 81
EtO,G FO-E cis-Ru-Phos-Cl, 29 80
5 cis-Ru-Phos-Br, 42 78
X cis-Ru-Phos-I, 88 23
Ts .
rlj cis-Ru-Phos-Cl, 17 41
6 \k cis-Ru-Phos-Br; 42 64
A cis-Ru-Phos-I, 99 29

? Reaction conditions: 1 mol% catalyst, 0.1 M toluene-dg, 80 °C, 10 min. b Reaction conditions: 1 mol% catalyst,
0.1 M toluene-dg, 350 nm, 2 h. Conversions were monitored and determined by 'H NMR (see Supporting
Information).

In addition to the photochemical activation behavior, thermal activation was also
studied. To highlight the differences between the different complexes, short reaction
heating times (10 min) and relatively low temperatures (80 °C) were used. In contrast to the
photoinduced reactions, thermal activation produced a clear trend with the different anionic
ligands. Thus, cis-Ru-Phos-I, was much more efficient for all thermally activated reactions.
Even RCM affording trisubstituted olefins showed quantitative conversion within less
than 10 min. The thermally activated cis-Ru-Phos-Br, complex gave RCM results between
the iodo and chloro homologues. Thus, while the results shown in Table 2 support the
notion that thermally induced phosphite ligand dissociation is accelerated by the size of
the anionic ligand (in this halide series), the photochemical dissociation is nearly oblivious
to this trend.

Kinetic profile study: A kinetic profile study in olefin metathesis reactions involves
the systematic investigation of the reaction’s progress over time to understand its reaction
mechanism, reaction rates, and factors that influence the reaction’s kinetics. The kinetic



Catalysts 2023, 13, 1411

7 of 13

profiles for thermally induced RCM of di-, tri-, and tetra-substituted olefins were carefully
followed to obtain further insights into the factors affecting the reactivity of these catalysts.
With the exception of tetra-substituted olefins, the cis-Ru-Phos-I; was shown to be a much
more effective catalyst than the others, supporting the results already shown in Table 2. The
stark difference in activity can be observed in the RCM reaction of benchmark substrate
diethyl diallylmalonate (DEDAM). While complete RCM is observed by using cis-Ru-Phos-
I, in less than five minutes, cis-Ru-Phos-Br; and cis-Ru-Phos-Cl, provided less than 40%
and 10% conversions, respectively (Figure 3). A similar trend was observed with diethyl
2-allyl-2-(2-methylallyl)-malonate as the RCM substrate (which provides a trisubstituted
ring-closed product) (Figure 4). In sharp contrast, when 4-methyl-N,N-bis(2-methylallyl)
benzene sulfonamide was used (and the catalyst loading increased), the diiodo catalyst
could not promote any RCM, poor results were obtained with the dichloro catalyst, and
better (but still sluggish) results were seen with the dibromo catalyst which notably proved
to be the best for this kind of substrates (Figure 5). In any case, it seems that the higher steric
hindrance exerted by the iodide ligands prevents ring-closing to tetra-substituted olefins.
The reluctance of cis-Ru-Phos-I, to ring-close hindered olefins, coupled with the superb
results seen with the less hindered substrates, may give rise to unique selectivities for
specialized methodologies when using this latent catalyst. Additionally, cis-Ru-Phos-Br;
remains fully latent at room temperature and has outstanding photochemical and thermal
reactivity for a wide gamut of RCM substrates.

EtO,C CO,Et
2 2 1 mol% [Ru] _ EtO,C CO,Et
0.1M toluene-ds, 100 °C
7
100 o609 o0 0000000000
804

—— cis-Ru-Phos-CI2

c
2 60+ —e— cis-Ru-Phos-Bry
1o
2 —0— cis-Ru-Phos-l,
O .
8 4
NS

20 -

0 T T T T T T T T T T v T g
0 5 10 15 20 25 30 35

Time (min)

Figure 3. Kinetic profile of RCM reaction with DEDAM,; toluene-dg, 0.1 M, 100 °C, 1 mol% catalyst.
Conversions were monitored and determined by 'H NMR (see Supporting Information).
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Figure 4. Kinetic profile of RCM reaction with diethyl 2-allyl-2-(2-methylallyl)-malonate; toluene-dg,
0.1 M, 100 °C, 1 mol% catalyst. Conversions were monitored and determined by IH NMR (see
Supporting Information).
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>
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Figure 5. Kinetic profile of RCM reaction with 4-methyl-N,N-bis(2-methylallyl) benzene sulfonamide;
toluene-dg, 0.1 M, 100 °C, 4 mol% catalyst. Conversions were monitored and determined by TH NMR
(see Supporting Information).
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Ring-opening metathesis polymerization (ROMP): Latent catalysts provide better
control over the timing and extent of the polymerization reaction. This control allows for
the synthesis of polymers with precise properties, such as molecular weight and dispersity.
Since they are inactive until triggered, the risk of unintended polymerization or premature
initiation is reduced. This is particularly important in industrial-scale polymerization
processes where safety measures are paramount. The developments in ruthenium-based
latent catalysts have played a significant role in the development and application of ROMP
for the synthesis of advanced polymers and materials. Their ability to provide control over
polymerization processes and their compatibility with a variety of monomers make them
valuable tools in the field of polymer chemistry [38—40]. Here, we set out to investigate
the potential for achieving carbon—carbon double bond selectivity in ROMP polymers by
using our newly developed phosphite-containing catalysts. Curiously, thermal-activated
ROMP was slow and afforded less than 50% conversion with 0.2 mol% catalyst loading in
C,D,Cly at 80 °C after 24 h. However, (and perhaps because of the low conversion) the
polymers obtained by heating had an unusually high Z ratio of double bonds (Figure 4).
When the same reactions were conducted under irradiation with 350 nm light with cis-Ru-
Phos-Cl; and cis-Ru-Phos-Br;, the reactions readily proceeded to full conversions with a
greater trans double bond content in the polymer (Figure 6). Photoinduced ROMP with
cis-Ru-Phos-I, was not very efficient and also gave high Z-content, as observed for the
thermally induced polymerizations.

0.2 mol% [Ru]

~ o,
0.5 M, TCE-d, n

100
80+
3
.‘T, 60‘
R
Q
>
g 40
S -
=S
20
0_

cis-Ru-Phos-CIZ cis-Ru-Phos-Br2 cis-Ru-Phos-Iz

Figure 6. ROMP of COD, all conversions were determined by ' H NMR using mesitylene as an internal
standard. Conversions were monitored and determined by 'H NMR (see Supporting Information).

3. Experimental Section
3.1. General

All commercially available solvents and reagents were of reagent grade and used with-
out further purification unless otherwise stated. Purification by column chromatography
was performed on Fluka silica gel 60 (40-60um). TLC analyses were performed using Merck
pre-coated silica gel (0.2 mm) aluminum sheets. All nuclear magnetic resonance (NMR)
spectra were acquired on Bruker DPX 400 or DPX 500 instruments (Bruker, Billerica, MA,
USA); chemical shifts, given in ppm, are relative to Me4Si as the internal standard or the
residual solvent peak. HRMS analyses were done on a Q Exactive™ Focus by ThermoFisher
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(Waltham, MA, USA) with an ESI probe. Irradiation experiments were carried out using
a Luzchem Research LZC-ORG photoreactor (Luzchem Research, Ottawa, ON, Canada)
and were carried out in 5 mm NMR tubes at room temperature. X-ray experimental data:
Single crystals of cis-Ru-Phos-Br, and cis-Ru-Phos-I, were obtained by slow diffusion of
pentane into dichloromethane solution of the complexes, respectively, at 5 °C.

3.2. Synthetic Procedure and Data for the Complexes

Synthesis of cis-Ru-Phos-Cl,: It was done as previously reported [15].

Synthesis of cis-Ru-Phos-Br;: A solution of lithium bromide (47.2 mg, 0.54 mmol,
5.0 equiv) in dry acetone (1 mL) was added to cis-Ru-Phos-Cl, (50.0 mg, 0.054 mmol,
1.0 equiv) in acetone (1.5 mL). The reaction mixture was stirred for 10 min and the color
turned bright purple. The solvent was removed under vacuum; the crude was filtered
over celite with DCM as an eluent. Solvents were removed under vacuum. A minimal
amount of acetone was added, followed by the addition of hexane to obtain a purple solid.
Filtration over Biichner and washing with hexane produced a dark purple solid (37.3 mg,
0.37 pmol, 68%). Crystals suitable for X-ray diffraction were obtained by slow diffusion of
pentane to a DCM solution at —20 °C. 'H NMR (DCM-d,, 400 MHz): 6 15.22 (d, ] = 24.0 Hz,
1H), 7.86 (d, 2H), 7.56 (t, 1H), 7.28-7.22 (m, 11H), 7.10-7.08 (m, 6H), 6.96 (s, 1H), 6.80 (s, 1H),
6.73 (s, 1H), 6.23 (s, 1H), 4.59-4.52 (m, 4H), 4.29-4.25 (m, 4H), 3.98-3.69 (m, 6H), 2.67 (s, 3H),
2.63 (s, 3H), 2.15 (s, 6H), 2.13 (s, 3H), 2.07 (s, 3H) ppm. 3C NMR (DCM-d,, 125 MHz): 6
303.7, 208.0, 149.2, 138.8, 138.4, 138.2, 138.1, 137.4, 137.1, 135.5, 134.9, 131.9, 130.8, 130.1,
129.9,129.7, 128.6, 128.2,127.9,127.3, 67.7, 51.8, 51.5, 21.8, 20.7, 20.6, 20.2, 19.1, 18.1 ppm.
3P NMR (DCM-d,, 202 MHz): 6 130.18 ppm. HRMS m/z: calcd for [C49H35BrN,O3PRu]*,
929.2015; found, 931.2014.

Synthesis of cis-Ru-Phos-I;: A solution of sodium iodide (81.4 mg, 0.54 mmol,
5.0 equiv) in dry acetone (1 mL) was added to cis-Ru-Phos-Cl, (50.0 mg, 0.054 mmol,
1.0 equiv) in acetone (1.5 mL). The reaction mixture was stirred for 10 min and the color
turned dark brown. The solvent was removed under vacuum; the crude was filtered over
celite with DCM as an eluent. Solvents were removed under vacuum. A minimal amount of
acetone was added, followed by the addition of hexane to obtain a brown solid. Filtration
over Biichner and washing with hexane produced a dark brown solid (33.5 mg, 0.30 umol,
56%). Crystals suitable for X-ray diffraction were obtained by slow diffusion of pentane to
a DCM solution at —20 °C. 'H NMR (DCM-d,, 500 MHz): 6 15.09 (d, ] = 24.0 Hz, 1H), 7.91
(d, 2H), 7.61 (t, 1H), 7.28 (m, 9H), 7.21-7.07 (m, 8H), 6.93 (s, 1H), 6.77 (s, 2H), 6.33 (s, 1H),
6.23 (s, 1H), 4.54-4.49 (m, 4H), 4.28-4.25 (m, 4H), 3.95-3.81 (m, 6H), 2.69 (s, 3H), 2.62 (s, 3H),
2.22 (s, 3H), 2.18-2.14 (m, 9H) ppm. 3C NMR (DCM-d,, 125 MHz): ¢ 302.0, 208.9, 149.6,
140.9, 138.8, 138.5, 138.1, 137.6, 136.8, 135.2, 134.6, 132.2, 130.4, 130.2, 129.7, 128.8, 128.4,
128.0,127.9,127.2, 67.3,52.1,51.9,24.1, 22.6, 21.0, 20.8, 20.7, 19.5 ppm. 31p NMR (DCM-d5,
202 MHz): 6 129.76 ppm. HRMS m/z: caled for [C49H35IN,O3PRu]*, 977.1877; found,
977.1890.

3.3. General Procedures for Ring-Closing Metathesis (RCM)

An NMR tube was charged with a solution of substrates (diene) and a 1 mol% catalyst
in toluene-dg (0.5 mL, 0.1 M). The reaction mixture was degassed with argon and then
placed in an oil bath set at 80 °C for the specified period of time (thermal activation) and
likewise placed inside the Luzchem LZC-ORG photoreactor for irradiation with 350 nm
lamps for the specified period of time (photochemical activation). All conversions were
determined by 'H NMR.

3.4. General Procedures for Ring-Opening Metathesis Polymerization (ROMP)

An NMR tube was charged with a solution of 1,5-cyclooctadiene (COD) and a 0.2 mol%
catalyst in 1,1,2,2-tetrachloroethane-d,(TCE-d;) (0.5 mL, 0.5 M). The reaction mixture was
degassed with argon and then placed in an oil bath set at 80 °C for the specified period
of time (thermal activation) and placed inside the Luzchem LZC-ORG photoreactor for
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irradiation with 350 nm lamps for the specified period of time (photochemical activation).
All conversions and E/Z ratios in polymers were determined by 'H NMR using mesitylene
as an internal standard.

4. Conclusions

In summary, the work presented in this paper sheds light on the intricate relationship
between anionic ligand exchange and latency control in ruthenium benzylidene phosphite
complexes. To better understand the effects of halogen anionic ligand exchange on the
family of latent ruthenium benzylidene phosphite complexes, cis-Ru-Phos-Br; and cis-Ru-
Phos-I, were synthesized and studied. Both benzylidene complexes adopted the cis-dihalo
configuration; cis-Ru-Phos-Br, was found to be fully latent, while cis-Ru-Phos-I, showed
very low activity at ambient temperatures. The thermal and photochemical activation of
these precatalysts for several olefin metathesis reactions was studied and compared with
their chloride homologue. As expected, these new complexes were readily activated by
light or heat, promoting a number of reactions (including RCM and ROMP), successfully
expanding the toolkit for latent and photoinduced olefin metathesis. Significantly, cis-Ru-
Phos-I, displayed privileged initiation for RCM reactions of unhindered olefins. Overall,
this study broadens the practical applicability for latent olefin metathesis reactions and
improves the scientific knowledge of the concepts guiding thermal and photochemical
activation as well as the rate of initiations for various halo anionic ligands in the latent
ruthenium benzylidene family.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/catal13111411/s1. The Supplementary Data contains the copies
of NMR and HRMS spectra for complexes—Figures S1-57; X-ray crystallographic data and structure
refinement details—Table S1; copies of NMR data for the RCM reactions under thermal and photo-
chemical conditions using different substrates—Figures S8-S61; NMR data for kinetic profile study
with different substrates—Figures S62-S70; NMR data for ROMP study with COD under thermal
and photochemical conditions—Figures S71-576.
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