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Abstract. A Hoveyda-Grubbs (HG)-type olefin metathesis complex with a selenoether moiety at
the terminal of phenoxy moiety was synthesized. The complex showed a Se-coordination to the
ruthenium center, resulting in its higher thermostability than the parent HG catalyst. The Se-
coordinative property enhanced product yields in the ring-closing metathesis of N-
tosyldiallylamine in the presence of methanol. The large activation enthalpy observed in the
reaction with butyl vinyl ether indicated an increased contribution of “dissociative mechanism”
during the initiation of the catalytic cycle. Introducing coordinative atoms or functional groups at
the terminal of the phenoxy moiety is a useful strategy to regulate the thermostability of HG-type

olefin metathesis catalysts.
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Olefin metathesis (OM) catalyzed by transition metal complexes is a useful method for
constructing new olefin moieties through the rearrangement of C=C double bonds in both
laboratory and industrial scale syntheses, because OM reactions are highly selective in olefins
among various functional groups.* Hoveyda-Grubbs 2nd generation complex (HG-II (1)°; Chart
1) is the most widely used OM catalyst due to its higher thermostability than other OM transition
metal catalysts and ease of functionalization through structural modifications of the N-heterocyclic
carbenoid (NHC) and benzylidene ligand moieties. These characteristics have led some
researchers to investigate the applicability of 1 and its derivatives to reactions involving
biomolecules in aqueous media.®’ Furthermore, several studies have shown that the reactivity of
HG-II can be modulated by introducing functional groups at the terminal of phenoxy moiety in the
complex (“R” part in the structure of 1)*1° Coordinative functional groups, such as imide,!"!?
carbonyl,'*!* sulfonamide!'® can directly influence the reactivity of the metal center. Additionally,
complex 2 regulates the reactivities of the metal center through second coordination sphere (SCS)
effect (i.e., amide NH eee CI interaction).'® Replacing the amide group with an ether moiety
(complex 3) led to higher initial velocities in OM reactions compared to HG-II (1). This is due to
electrostatic repulsion between the oxygen and chlorido ligand, which accelerated the benzylidene
ligand dissociation."” However, the complex durability is low. On the other hand, the sulfur atom
in complex 4 directly coordinates to the metal center with an apparent 18-electron coordination
fashion.'” Despite this, the complex achieves similar final yields in OM reactions to those observed
in complexes 1 and 3. Moreover, complex 4 showed higher durability in the presence of protic
solvents than complex 1. These observations highlighted different modes of reactivity regulation
by chalcogen atoms (O and S) at the terminus of the phenoxy moiety. Expecting that heavier

chalcogen atoms might reveal new modes of reactivity regulation for HG-II-type complex, we
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investigated the effects of selenium (Se) atoms on the reactivities of HG-II-type complexes using
a ruthenium complex containing a selenium atom at the terminus of the phenoxy moiety (complex
5).

Chart 1. Structures of ruthenium complexes (1-5) and selenoether ligand (6)
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Complex S was synthesized through ligand exchange between Grubbs 2nd generation complex
(G-1I) and selenoether benzylidene ligand 6 in the presence of CuCl as a phosphine scavenger®#
(Scheme 1) and characterized using nuclear magnetic resonance (NMR) spectroscopy (Figures
S1-S3) and mass analysis. The 'H-NMR spectrum of complex 5 (Figure S1) showed the
benzylidene proton signal at 16.3 ppm and the Se-methyl proton signal at 1.63 ppm. The Se-methyl
proton signal was shifted upfield by 0.45 ppm compared to the Se-methyl protons in ligand 6.
These spectral features are similar to those observed in S-containing complex 4,7 suggesting that
complex S has a trans-configuration with Se-coordination to the metal center, akin to complex 4.
The Se-coordination was also suggested by the 77Se-NMR spectrum with a signal at 114.2 ppm
(Figure S3), which was shifted downfield from the signal observed in ligand 6 (79.5 ppm). The X-
ray crystallographic structure of complex S (Figure 1 and Table S1) confirmed the Se-coordination
with a Ru(1)-Se(1) bond distance of 2.8784(4) A. The bond length is larger than the typical Ru—
Se distances (~ 2.45 A) recorded in the Cambridge Crystallographic Data Center (CCDC) database,

indicating a relatively weak Se-coordination in complex S.
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Figure 1. X-ray crystallographic structure of selenoether complex 5. Thermal ellipsoids are drawn
at a 50% possibility level. Selected bond lengths: Ru(1)-Se(1) 2.7874(4) A; Ru(1)-C(1) 1.866(3)
A; Ru(1)-0(1) 2.236(1) A.

Next, we investigated the effect of Se-coordination on the thermostability of complex S using
the stoichiometric ligand exchange reactions between HG-II(1) and ligand 6 (Scheme 1).'%!7 Yields
of over 50% for complex S are equivalent to higher stability of the complex than the parent HG-
II(1). Monitoring the reaction using 'H-NMR over 48 h (Figures S4 and S5; Table S2) showed the
formation of complex S in 95% yield, indicating that the Se-coordination occurs in solution and

enhances the thermostability of complex 5.

Scheme 1. Ligand exchange between HG-II(1) and ligand 6.
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Our previous report showed that sulfur-coordinated complex 4 exhibits the catalytic reactivity
of olefin metathesis despite a saturated coordination structure around the metal center.!”
Furthermore, its catalytic activity in the presence of protic solvents is higher than that of HG-II(1).
Accordingly, we investigated the OM catalytic activity of complex 5 using the ring-closing

metathesis (RCM) of N-tosyldialliylamine (TDA, 8), a commonly used benchmark reaction for
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evaluating the reactivities of OM catalysts (Tables 1 and S3). The RCM reaction in 1,2-
dichloroethane (1,2-DCE) was monitored by "H-NMR spectroscopy (Figures S6 and S7). To
examine the tolerance of complex 5 to protic media, the reactions were also conducted in the
presence of methanol (Figures S8 and S9).

In the absence of methanol, the complex 5-mediated RCM reaction proceeded with a slower rate
compared to other complexes (as seen by the yields at 0.3 h), although the RCM product 9
ultimately reached a yield of ca. 90% at 48 h without forming cycloisomerized by-product 10. All
investigated catalysts displayed a final RCM product yield of over 90%. Additionally, in the
presence of methanol, the S-catalyzed RCM reaction was slower than those mediated by other
complexes. However, the final RCM product yield was higher than that in 1- or 3-catalyzed
reactions (47% for §; 38% for 1; 19% for 3). The higher tolerance of complex S to methanol
compared to complexes 1 and 3 was attributed to the Se-coordination. The coordinative selenoether
ligand can protect the reactive intermediate from catalyst deactivation during the catalytic cycle as
a release—return ligand (i.e., so-called “boomerang effect”).!” On the other hand, Se-coordinated
complex 5 showed a lower RCM product yield compared to S-coordinated complex 4. The by-
product yield increased slightly (7.3% for 4 and 9.6% for 5). The reactivities of chalcogen atom-
containing catalysts (i.e., complexes 3 (O-containing), 4 (S-containing), and S (Se-containing)) do
not simply follow the order of the periodic table. However, the high tolerance of complexes 4 and
5 to methanol demonstrates the utility of coordinative atoms at the terminus of phenoxy moiety

for increasing the final yields of RCM products in the presence of protic solvents.
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Table 1. Reactions of TDA (8) mediated by ruthenium catalysts®

Ru catalyst

P (0.1 mol%)
N 2-

0 or 10% MeOH

TDA (8) 9 10
catalyst MeOH yield(%)
(%(vIv)) 9 10

1 0 93 (0.3h)’,>99 (6 h)>c N.D.J

3 0 89 (0.3 h)?,>99 (6h)>c N.D.4

4 0 53(0.3h)?, 86 (6h)»c  N.D.9

5 0 12 (0.3 h),95 (48 h)¢ N.D.4

S I 38(12h)  trace (12h)

3 10 19 (12 h)®< trace (12 h)
4 10 59 (48 h) b« 7.3 (48 h)
5 10 47 (48 h)© 9.6 (48 h)

sreaction conditions: [8] =42 mM in 1,2-DCE; 0.1 mol% catalyst load;
at 40 °C. ref. 17. yields when reactions reached have plateaued. “Not
detected.

The chalcogen atom coordination to the metal center in complexes 4 and 5 may influence the
initial phase of the OM catalytic cycle, as the dissociation of the chalcogen atom is involved in the
activation of the pre-catalyst form. To evaluate the effects of chalcogen atom coordination on the
initiation of OM catalytic cycles, we performed kinetic analyses of the reaction of OM catalysts
with butyl vinyl ether (BuVE)?-22 (Table 2; Figures S11 and S12)), where the reaction produces a
Fischer-type complex 11, a catalytically inactive form, and enables us to analyze the initial step of
the catalytic cycle. The pseudo-first-order rate constants (ki) at 25 °C for the reaction of Ru

complexes with BuVE indicated smaller values for complexes 4 and S compared to complexes 1
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and 3. This is because the unligation of the sulfur or selenium atom in the ligand is necessary for
BuVE to access the metal center. The activation parameters of the reaction of Ru complexes with
BuVE were determined using Eyring plots shown in Figure S12. Complexes 1 and 3 exhibited
more negative activation entropy (AS*) values compared to complexes 4 and 5. HG-II(1) is known
to mainly initiate OM catalytic cycles via “interchange mechanism” (i.e., substrate-binding along
with the dissociation of the benzylidene ligand in the transition state).?!* Since complex 3 which
contains an oxygen in the ligand moiety but no O-metal coordination), showed similar activation
parameters to HG-II(1), the “inter-change mechanism” is the predominant pathway in the initial
phase of 3-catalyzed OM reactions. In contrast, complexes 4 and 5 displayed larger AH* and AS*
values, reflecting the increased contribution of ligand dissociation in the initial step of OM
catalytic cycles. This fact indicates that the introduction of a sulfur or selenium atom at the
terminusof the phenoxy moiety shifts the favorable mechanism in this step from the “interchange”

pathway to a “dissociative” pathway.
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Table 2. Rate constants (ki) at 25 °C and activation parameters for the reaction of butyl vinyl

ether (BuVE) with ruthenium complexes.“

al zIMes \/O\nBu c ?IMes
a” i \ CI/RU_ O"Bu
R/O = 1
/o:\< >
R
complex kinitial” (M's7") AH# (kJmol™) AS* (Jmol™)

1 (1.6 £0.1) x 102 64 + 4¢ (59 £ 59) —90 £ 10¢ (=78 £ 20%
3 (4.6£0.3) x 102 59 + 6¢ —96 £ 15¢
4 (3.2+£0.2) x 10 79 + 3¢ —51£9¢
5 (1.8£0.1) x 107 80 + 8¢ =50+ 9¢

areaction conditions: [Ru complex] = 100 uM; in 1,2-dichloroethane (DCE).
brate constants obtained by pseudo-first-order kinetic analysis under excess
BuVE ([BuVE] > 500 x [Ru complex]) at 25 °C. caverage of three repeating
expriments. ‘values in CH,Cl, (quoted from ref. 21; converted into joule unit).

In conclusion, the HG-II-type complex with a selenoether moiety in the benzylidene ligand
exhibits the Se-coordination in its pre-catalyst form. The structural features result in the enhanced
complex thermostability and grater durability in the presence of protic solvents compared to HG-
II(1). A series of experimental results indicate that introducing coordinative atoms at the phenoxy
moiety allows for the optimization of OM reactivity, particularly in protic media, and effectively
regulates the reaction pathway in catalytic cycles. Since the solubilities of HG-type complexes in
protic solvents can be increased by introducing ionic groups into the NHC ligand ® ® 2+ 25 the
findings of this study indicate the potential of HG-type complexes with a coordinative group in
the phenoxy moiety as experimental tools for chemical modification of biomolecules in protic

media.
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SYNOPSIS

A Hoveyda-Grubbs-type complex with a selenoether moiety in the phenoxy group exhibited direct
selenium-to-ruthenium coordination, which enhanced the complex thermostability and tolerance
to protic solvents. Thermodynamic parameters in the initial step of the catalytic cycle for the
selenium-containing complex highlight the contribution of “dissociative mechanism” in the

initiation of catalysis.
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