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Abstract

Ruthenium carbonyl complexes supported by PNP pincer ligands are prominent catalysts for a
range of hydrogenation and dehydrogenation reactions. Recently, Ru complexes with cheaper,
more air stable SNS pincer ligands have emerged as attractive alternatives for the development
of improved catalysts. However, there is currently a paucity of information on how the
replacement of the phosphine donors in PNP ligands with the sulfur donors in SNS ligands
influences the synthesis, structure and electronic properties of the resulting metal complexes.
Herein, the coordination chemistry of a series of Ru carbonyl complexes with SNS pincer
ligands has been systematically compared with related PNP-ligated species. Three different SNS
pincer ligands were explored including a pyridyl based NCsH3{CH2(S'Bu)}> ligand and two
aliphatic ligands, HN{CH>CH2(S'Bu)}> and NCH3{CH>CH2(S'Bu)}», along with different
combinations of monodentate ancillary ligands. The geometric structures of the SNS and PNP
Ru complexes were studied using NMR spectroscopy and X-ray crystallography. Additionally,
the redox properties and electronic structures of these complexes were probed through a
combination of cyclic voltammetry and DFT calculations. Overall, differences between SNS and
PNP complexes extend well beyond simply modulating inductive donation to the metal and
include changes in synthetic outcomes, as well as variations in geometry that impact redox
behavior. Our study reveals fundamental information about the coordination chemistry of the

SNS ligand, which may aid in interpreting catalytic results.
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Introduction

Ru complexes supported by PNP pincer ligands have facilitated remarkable advances in
the reversible, catalytic hydrogenation of polar substrates.!> For example, several variants of
complexes related to Ru-MACHO [Ru(*PN'P)(CO)(Cl)(H)] (RPN"P= HN{CH>CH(PR2)}>) (1,
Figure 1), which contains a PNP ligand with a flexible aliphatic linker, are excellent catalysts for
dehydrogenative transformations such as methanol oxidation® and acceptorless dehydrogenative
coupling (ADC) of alcohols to esters.* In many cases, variants of 1 are also leading catalysts for
the microscopic reverse hydrogenation reactions. For instance, these species are effective
catalysts for the hydrogenation of CO to methanol® and are utilized industrially in the
hydrogenation of esters to alcohols.® Likewise, Ru catalysts supported by pyridine-based PNP
ligands (Milstein catalysts) (2, Figure 1) excel at the interconversion of CO; and H; with
formate,” as well as the hydrogenation of a plethora of substrates ranging from nitriles to
amides.®

Mechanistic studies probing the outstanding activity of PNP supported Ru catalysts have
attributed their success to several key features of the ligand. These include the improved catalyst
stability engendered by tridentate pincer binding and the ability of the ligand to participate in
metal ligand cooperativity either through aromatization/dearomatization in pyridyl PNP ligands’
or through deprotonation and hydrogen bonding in their aliphatic counterparts.*!° A recent report
by Prakash and coworkers has also highlighted the importance of electron donation from the
pincer ligand in catalyst performance. While studying a series of aliphatic PNP Ru catalysts, it
was observed that those species bearing less electron donating ligands provided greater turnover
for CO2 hydrogenation to methanol. Prakash et al. hypothesized that more electron poor PNP Ru
species engage in weaker n-backbonding, which destabilizes an inactive Ru dicarbonyl species,
[Ru(®PNHP)(CO)2(H)]" (3), (Figure 1) allowing it to re-enter the catalytic cycle.!! A logical
extension of this hypothesis is to change the heteroatom donors in the pincer ligand to generate

improved catalysts that contain metal centers that are less electron rich.
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Figure 1. Selected RPNP Ru complexes relevant to catalytic (de)hydrogenation.

The replacement of PNP pincer ligands with SNS ligands that contain more weakly o-
donating thioether groups in place of the phosphine donors may be a useful approach to lowering

the electron density at the metal. In fact, SNS pincer ligands have already been used to support
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base meta and palladium catalysts due to their relative air stability, facile synthesis and
potential hemilability compared to the PNP ligand platform. For example, palladium catalysts
with either pyridyl or aliphatic SNS ligands can facilitate cross-coupling reactions that are
proposed to involve homogeneousError! Bookmark not defined. or heterogeneousError! Bo
okmark not defined. active species. Further, the aliphatic SNS complex [Cr(®'SNS)(Cl);]
(B'SNHS= HN{CH,CH:S(Et)},) gives the same high activity and selectivity for ethylene
trimerization as PNP supported Cr(IIl) catalysts, but with lower cost, toxicity, and air
sensitivity.!®

Following these catalytic successes, extensive efforts have also been made to use highly
practical SNS ligands as replacements for the quintessential PNP pincer ligands in Ru
hydrogenation catalysts. Initial work employed pyridyl SNS Ru complexes typified by
[Ru(®"SNpyS)(MeCN)(Cl)2]  (4) and  [Ru(®'SNpyS)(PPh3)(Cl)2]  (5-PPh3)  (BUSN,S=
NCsH3 {CH>S(tBu)}2) (Figure 2), which are effective catalysts for the transfer hydrogenation of
acetophenone.!” Subsequently, Gusev and coworkers reported an aliphatic SNS Ru complex,
[Ru(®'SNHS)(PPh3)(Cl)2] (6) (Figure 2), which outperforms popular PNN and PNP congeners,
including 1, in select ester hydrogenation reactions, as well as the ADC of alcohols.'® Although
catalyst 1 ultimately remains superior to 6 for the reduction of CO,,°>!” the aliphatic SNS Ru
species has proven competitive with PNP Ru analogs for several catalytic transformations
including ester metathesis, transfer hydrogenation, and cyclopropanation,?’ Most recently, 6 has

also compared favorably with PNP congeners in the selective hydrogenation of long chain

aliphatic nitriles to amines.?!
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Figure 2. Structures of SNS Ru complexes previously investigated for catalysis including
Gusev’s aliphatic SNS catalyst 6 (right) and pyridyl SNS Ru complexes tested for transfer
hydrogenation (left, 4 and 5-PPhs3).

While the multitude of comparative catalytic results provide intriguing information about
the impact of the SNS pincer ligand on performance, the underlying impact of SNS ligands on
the structural and electronic properties of the resulting complexes have not been widely explored.
For (de)hydrogenative catalysis, understanding the impact of the pincer ligand on metal electron
density may be particularly important as this feature is key to the stability of a common
deactivation complex, the metal dicarbonyl species (vida supra).!' Metal electron richness also
likely controls the ease of elementary steps in catalysis such as hydride insertion,?? oxidative
addition, or reductive elimination.?* This work seeks to uncover electronic and other fundamental
influences of SNS pincer ligands by comparing X-ray crystal structures, electrochemistry, and
calculated structures for a family of dichloro SNS Ru complexes and their direct PNP analogs.
Beyond altering the pincer heteroatoms, the pincer backbone (Figure 3) and ancillary ligands
were also systematically modified to explore their effects. Carbonyl ancillary ligands have drawn
our particular focus due to their prevalence in leading PNP catalyst structures. However, to this
point, few SNS carbonyl complexes have been reported. Previous studies of SNS Ru families use
PPh; or DMSO as the neutral ancillary ligand,?*** and empirical catalytic studies tend to compare
PNP carbonyl complex 1 with SNS precatlayst 6 which bears a PPhs instead of CO ligand.
Herein, we describe the preparation and properties of several new SNS Ru carbonyl complexes.
Direct comparisons of the SNS Ru compounds and their more established PNP analogs reveal
intertwined structural and electronic effects from ligand modifications providing guidance for the

role of ligand influence in catalytic performance.
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Figure 3. SNS ligands used for comparative coordination chemistry studies.

Results and Disucssion
Synthesis of SNS Ru Complexes

The SNS ligands used in this study (Figure 3) are all air stable and feature a t-butyl
substituent on each sulfur donor to provide steric protection at the metal and a characteristic
resonance for 'H NMR spectroscopy. The ligand backbones investigated reflect the pincer

ligands commonly used in Ru (de)hydrogenation ca‘[alysisl’z’IOb

and include a pyridyl version, as
well as aliphatic structures with either a secondary or tertiary amine. The ligands ®*SNHS and
BUSNpyS were both synthesized in one step using the method described by Waser ,which
involves the substitution of an organohalide with t-butyl thiol.”® The BUSNMeS ligand was
prepared from 'SNHS via Eschweiler—Clarke methylation of the amine, as previously described
for a similar derivative by Gusev.!® In our hands, neat oils of ®“SNHS began degrading over a
day at ambient temperatures, but long-term storage was possible at low temperatures in dilute
pentane solutions.

For the more widely studied PNP Ru systems, pincer-ligated carbonyl species can be
readily obtained through displacement of PPh; and dimethylformamide (DMF) from the Ru
source [Ru(CO)(DMF)(PPhs)2(Cl)2], which conveniently has CO preinstalled (Scheme 1).2°
However, attempts to use this route with ®“SNHS resulted in incomplete chelation of the pincer

ligand.?” Though not isolated, the k>SN complex, [Ru(i*-B'SNHS)(CO)(PPh3)(CL)] (9)

(Scheme 1) was identified in the reaction mixture through NMR spectroscopy. Specifically, in-



situ 3'P NMR spectra show synchronous growth of peaks for a new bound phosphine (34.5 ppm)
and free PPhs (-4.7 ppm). Further, the post reaction 'H NMR spectrum exhibits two significantly
shifted but equally intense S-'Bu groups, one at 1.27 ppm consistent with coordinated S-'‘Bu and

one at 0.70 ppm more likely indicating unbound S-'Bu (See SI, Figure S13).
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Scheme 1. Synthesis of Ru carbonyl complexes through PPhs displacement using aliphatic SN'S

(left) and PNP (right) ligands.

To avoid incomplete chelation, the desired x’-SNS Ru carbonyl structure was accessed
through an alternative approach inspired by the ability of CO to displace DMSO ligands.?® SNS
complexes with labile DMSO were prepared as synthetic intermediates by refluxing each SNS
variant with [Ru(DMSO)4(Cl),] (Figure 4).2** Formation of the SNS ligated Ru DMSO
complexes 5-DMSO, 7-DMSO and 10-DMSO was confirmed by the presence of signals
corresponding to bound DMSO between 2.66 and 3.62 ppm in the "H NMR spectra. These shifts
are in agreement with those previously reported for Ru DMSO species.?**?%2 Additionally,
infrared (IR) spectra for the SNS Ru DMSO complexes exhibit S=O stretching bands between
1045-1160 cm’!, consistent with S-bound DMSO ligands.***! DMSO was displaced from the
intermediate complexes by adding 1 atm of CO and either heating in the case of the aliphatic
SNS complexes or applying UV irradiation for the pyridyl derivative to give the desired carbonyl
complexes  [Ru(B'SNHS)(CO)(Cl),] (7-CO), [Ru(B'SNMeS)(CO)(Cl),] (10-CO), and
[Ru("B*SN,yS)(CO)(Cl).] (5-CO) (Figure 4). The coordination of CO to the metal was evident
from the appearance of intense CO stretching vibrations in the IR spectra (Table 1). The SNS Ru
dichloride carbonyl complexes were also characterized using NMR spectroscopy, elemental

analysis, and where possible, X-ray crystallography (vide infra).
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Figure 4. Synthesis of SNS Ru dichloride carbonyl complexes via intermediate Ru DMSO
adducts.

In order to provide comparisons to PNP Ru dicarbonyl complexes, which are key catalyst
deactivation species, dicarbonyl versions of the aliphatic and pyridyl SNS complexes were next
targeted for synthesis.!! The BYSN,yS Ru dicarbonyl complex [Ru(®B"SN,yS)(CO)-CI1][PFs] (5-
2CO), was synthesized cleanly via ligand addition to the coordination polymer [Ru(CO)2(Cl)2]n
(Scheme 2), a method which has been used to obtain similar species containing pyridyl PNP*? or
terpyridine®® ligands. The identity of 5-2CO was verified by single crystal X-ray diffraction (vide
infra) as well as the observation of two relatively high frequency carbonyl stretches at 2082 and
2031cm in the IR spectrum (Table 1). Unfortunately, the same synthetic method proved
unsuccessful for the aliphatic ®"SN"S ligand. Likewise, silver abstraction of chloride from 7-CO
under an atmosphere of CO also failed to produce the cationic dicarbonyl species.’* An alternate
cation [Ru(‘B'SNHS)(MeCN)(CO)(C1)][BF4] (7-ACN) was however formed as a possible
intermediate to the dicarbonyl species by treating 7-CO with tritylium tetrafluoroborate in ACN
(Scheme 3).>° The formation of this cation was indicated by the '"H NMR spectrum containing a
singlet at 2.68 ppm corresponding to bound ACN,*® and the IR spectra displaying the expected
shift of the CO vibration from 1946 cm™ in 7-CO to 1961 cm™ in 7-ACN. The nitrile ligand in



7-ACN was ultimately displaced to give the desired dicarbonyl [Ru(*®"SN¥S)(CO)(C1)][BF4] (7-
2CO) by prolonged heating under CO atmosphere. Addition of the second CO ligand was
confirmed by X-ray crystallography (vide infra) as well as IR spectroscopy, where two intense

carbonyl stretches at 2072 and 2008 cm! were observed.
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Scheme 3. Synthesis of dicarbonyl 7-2CO via intermediate cation 7-ACN.

Structural Characterization of Pincer Ru Complexes

The novel SNS Ru complexes synthesized in this work could exist in multiple
configurations which vary in the coordination mode of the pincer ligand (meridional or facial)
and the arrangement of the monodentate ligands (cis or trans). Additionally, in complexes
containing aliphatic SNS ligands, compounds could differ in the orientation of monodentate
ligands with respect to the substituent on the nitrogen. A ligand could be either syn (on the same
face as the substituent on the nitrogen donor) or anti (on the opposite face as the substituent on
the nitrogen donor). Finally, any analysis of the isomers of SNS-ligated complexes is
complicated by the orientation of the substituent on the sulfur donors (t-butyl, in this case). Due
to the stereochemically active lone pair remaining after sulfur coordination, the substituents can
be oriented either above or below the plane of a meridionally coordinated SNS ligand. To more
fully understand the structures of the SNS ligated complexes prepared in this work, we utilized a

combination of NMR spectroscopy, X-ray crystallography, and DFT calculations.



For the aliphatic SNS DMSO complex 7-DMSO, 'H NMR spectra show only one sharp
resonance for the S-'Bu groups and one signal for bound DMSO, suggesting a single isomer with
non-fluxional S-'Bu orientations. The spectra for 10-DMSO are less sharp which could, among
other possibilites, indicate similar isomers differentiated only by S-'Bu positioning as seen in
previous SNS complexes.!” X-ray diffraction experiments conducted on crystals of 7-DMSO and
10-DMSO reveal that the Ru center is octahedrally coordinated in the solid state with DMSO
bound through sulfur as expected for a soft Ru center (Figure 5).>! However, the structures differ
notably in the coordination geometry of the SNS ligand. The B'SN!S supported complex 7-
DMSO exhibits meridional pincer coordination with a cisoid chloride arrangement while the N-
methyl congener 10-DMSO has facial pincer coordination (Figure 5). Differing sterics at the
pincer nitrogen may contribute to this variation in SNS binding. Additionally, the mer isomer is
stabilized in 7-DMSO by an intramolecular hydrogen bond between the chloride ligand and the
SNS ligand N-H (H1---C11 = 2.248 A ).3” The fac structure of 10-DMSO also shows a weak
interaction between the DMSO oxygen and methyl hydrogens from S-‘Bu (2.475 A). Similar
interactions have been found to influence the structure of other Ru-DMSO complexes.>’*® DFT
calculations using an ICPM model with the dielectric constant for ACN are consistent with the
isomers observed in the solid state. The mer isomer of 7-DMSO is calculated to be slightly
favored (0.5 kcal/mol) over the fac,* while the fac isomer of 10-DMSO is favored by a more
substantial 5.8 kcal/mol (Figure S23-S24). These results suggest that the geometric preferences

observed in the solid state are not solely a result of crystal packing effects and likely persist in
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Figure 5. Solid state structures of 7-DMSO (left), 10-DMSO (center) and 10-CO (right) with
30% ellipsoids. All co-crystallized solvent molecules and hydrogens not attached to heteroatoms
have been omitted for clarity.



The only SNS ligated monocarbonyl species which afforded crystals suitable for X-ray
diffraction experiments was 10-CO (Figure 5). The solid state structure shows that substitution
of bulky DMSO with CO results in meridional rather than facial pincer binding in 10-CO. The
chloride ligands are positioned cis and both S-'Bu groups are positioned on the same face as the
N-Me and CO ligand. DFT calculations again predict the observed solid state structure of 10-CO
to be thermodynamically favored (Figure S25). Calculations also suggest that the trans or fac
isomers could be thermally accessible at ambient temperature (AG <0.5 kcal/mol), but
spectroscopy for 10-CO is consistent with the presence of only one isomer. The 'H NMR
spectrum for 10-CO has sharp singlets for the S-'Bu and N-Me protons while the IR spectrum
features a single, sharp CO stretch.

Compound 8-CO is a PN'P ligated complex that closely compares to 10-CO making its
structure and electronic properties of interest. Synthesis of 8-CO yields a mixture of two isomers
with 3'P NMR signals at 56.4 and 46.6 ppm, suggesting cis and trans isomers of the Ru
dichloride carbonyl complex (Scheme 1).2¢ Separation of the isomers is possible through
crystallization, and X-ray crystallography on the major isomer (8 = 56.4 ppm) shows it to have a
trans configuration (Figure S14).%° This observed preference for placement of halide ligands
trans and the strong, neutral ligand opposite the pincer nitrogen dominates PNP Ru chemistry
and contrasts with the cis halide configuration observed in 10-CO.*' The Ru-P bond lengths in
trans-8-CO (2.328(2)-2.347(2)A) are slightly shorter than the Ru-S bond lengths in 10-CO
(2.3544(7)-2.3580(7)A) which are consistent with the Ru-S bond distances reported in other SNS
complexes.'®® The bond from Ru to the CO carbon, meanwhile, is notably longer in trans-8-CO
(1.85(1)A) compared to 10-CO (1.814(2)A) due to the stronger trans influence of the secondary
nitrogen donor versus the chloride ligand. Despite this, IR still indicates stronger n-backbonding
in trans-8-CO (vco= 1928 cm™) relative to 10-CO (vco= 1944 cm™).#

Crystals suitable for diffraction could not be obtained for 7-CO, so its structure was
analyzed through spectroscopy and computational studies.* The most thermodynamically
preferred isomer calculated for 7-CO features meridional binding of the SNS ligand, with a trans
chloride configuration and S-'Bu groups positioned syn to one another (Figure S27). However, a
an isomer with anti orientation of S-'Bu groups is at near equal energy (AG < 0.1 kcal/mol),
suggesting either orientations of S-'Bu groups maybe accessible at room temperature. This is

supported by the broadness of the S-‘Bu resonances associated with 7-CO in the 'H NMR



spectrum.!” A small energy difference also separates the favored trans chloride isomer from an
isomer with cis chlorides (+0.9 kcal/mol). The presence of distinct cis and trans isomers would
be in agreement with the IR spectrum, which shows a distinct shoulder on the main CO stretch.
Other isomers, however, are unlikely due to their high calculated energies, including those with
fac pincer coordination (+4.6 kcal/mol) or placement of N-H anti to both S-'Bu groups (+7.5
kcal/mol) which strains the chelate backbone. A distinct energy penalty (~1.2 kcal/mol) is also
observed in all structures where the N-H is not on the same face as the chloride, presumably
owing to loss of favorable non-covalent interactions.

A crystal structure was obtained for the dicarbonyl cation 7-2CO and shows the two CO
ligands in a cis arrangement (Figure 6). The pincer N-H and S-'Bu groups are all positioned syn
to one another pointing towards a CO ligand. Solution based DFT calculations predict that the N-
H should point towards the chloride ligand to achieve a stabilizing H-bond interaction (Figure
S26), but in the solid state, the N-H positioning is influenced by hydrogen bonding to the BF4
counterion instead. DFT calculations agree with the observed cis arrangement of the CO ligands
predicting an energy penalty of over 10 kcal/mol for trans CO coordination. Interestingly, cis CO
coordination in 7-2CO contrasts with frans coordination previously observed for the analogous
PNP dicarbonyl complex, [Ru(""PN"P)(C0O),Cl1]* (8-2C0).** The bond distances from Ru to the
CO carbons are noteably elongated in the PNP dicarbonyl complex (1.962(2)-1.931(1)A) relative
to the SNS complex 7-2CO (1.892(3)-1.885(4)A) possibly reflecting the mutual ¢rans influence
of the CO ligands in the PNP congener. The average C-O bond length, meanwhile, is slightly
longer in 8-2CO as compared to 7-2CO, suggesting less backbonding in the SNS dicarbonyl
cation.

Unlike the aliphatic SNS complexes discussed above, the geometry of compounds
containing a pyridyl SNS ligand can be determined based on the "H NMR signals associated with
the pincer methylene arms. The two protons on each methylene point towards opposite faces of
the complex, resulting in two doublets for which the difference in chemical shifts reflects the
disparity of the two faces. As first described by Teixidor and co-workers, asymmetric cis
complexes are marked by higher peak separations (typically near 1 ppm) while a separation less
than ca. 0.25 ppm denotes trans complexes having symmetry broken only by the direction of the
sulfur substituents.?** Accordingly, 5S-DMSO with methylene peak separation of 1.53 ppm can be

assigned as a cis isomer with sterics factors likely relegating the DMSO and S-'Bu groups to



opposite sides. 5-CO, meanwhile, is a mixture of a major cis and minor trans isomer represented
by two sets of doublets with separation of 0.62 ppm and 0.18 ppm, respectively. Dicarbonyl
complex 5-2CO was characterized by X-ray crystallography revealing an asymmetric complex
with a cis orientation of CO ligands and S-'Bu groups syn to the chloride ligand. The crystal
structure shown in Figure 6 is marked by bending of the pincer pyridyl ring pushing one of the
methylene arms outside of the plane of coordination, a common characteristic of pyridyl SNS

metal complexes.!”->#
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Figure 6. Solid state structures of dicarbonyl cations 7-2CO (left) and 5-2CO (right) at 30%
ellipsoids. The counterions, cocrystallized solvent, and most hydrogens have been omitted for
clarity.

Impacts of Ligand Modification on Electrochemistry

Cyclic voltammetry (CV) experiments were conducted in ACN to probe the redox
properties of the SNS Ru carbonyl complexes described above. For comparison purposes,
voltammograms were also collected for the PNP complex 8-CO as well as previously described
5-PPhs '7* and 7-PPhs.2° Electrochemical results are summarized in Table 1 and Figure 7.
Within the explored electrochemical window (+0.76/-2.90 V), the prototypical complex 7-CO
has one major, irreversible reduction at -2.41V with a small, associated re-oxidation at -0.63 V.*’
Current for the reduction shows linear scan rate dependence indicative of diffusion control, while
bulk electrolysis assigns the process as a one electron couple (Figure S15). DFT computations
for the key cis and trans geometries of 7-CO (vide supra)*® suggest that reduction is best
described as a Ru(Il/T) redox couple. The reduction takes place at a LUMO heavily centered on
the metal with significant antibonding character between the metal and p orbitals on chloride, as

well as sulfur (Figure 8). This antibonding character suggests the irreversible redox behavior



likely stems from chloride loss which often accompanies reduction in chloro transition metal
complexes. 748

The major cathodic process and the corresponding LUMO described for 7-CO are largely
mirrored across all investigated Ru complexes with aliphatic SNS and even PNP pincer ligands
(Figure 7, Figure S29). However, the phosphine containing species 7-PPh3 and 8-CO also
display a reversible oxidation. This process can be assigned to the Ru'''/Ru" couple based on the

computed HOMOs (Figure S30-S31). The other complexes with aliphatic pincers show similar

HOMOs, but their metal oxidation is likely just outside the observable solvent window.

Table 1: Electrochemical Properties and Carbonyl Stretches for Ru(II) SNS Complexes

Oxidation? Reduction®

Compound E12/V (AE/mV) Epe/V v(CO) em!
cis-8-CO 0.55 (105) 2.71 1931
trans-8-CO 0.53 (78) 251 1928
5-PPhs 0.67° 2.17,-2.70
5-CO -2.13,-2.86 1964
5-2CO -1.47 2082, 2031
7-PPhs 0.05 (81) -2.63
7-CO -2.41 1946, 1923sh
7-ACN -2.00 1961
7-2CO -1.58 2072, 2008
10-CO 227 1944

? Redox processes were measured under an argon atmosphere in 0.1M TBAPF¢«ACN using a
glassy carbon working electrode scanned at 100mV/s. Potentials are reported in V vs Fc.
®Irreversible process which is not fully observed due to the edge of the solvent window.

Potentials for the irreversible reductions vary widely across the series of aliphatic SNS
and PNP pincer complexes (Table 1). Differences in ligand donor ability are implicit in this, but
the impacts of geometry are also significant. Previous literature has investigated the effect of
isomers on voltammetry*’ and here 8-CO, with its separable isomers,*’ clearly demonstrates the
non-trivial impact of cis and frans configurations. Comparison of pure trans-8-CO to a mixture
dominated by cis-8-CO (Figure S16) reveals that the frans isomer is significantly easier to
reduce. Accordingly, DFT calculations indicate that the character of the LUMO differs in cis and
trans isomers. The d-orbital in the frans isomer LUMO is primarily c-antibonding with axial

chlorides, but in the cis isomer, the corresponding orbital is c-antibonding with the chlorides as



well as the more strongly donating pincer nitrogen, which causes additional destabilization

(Figure S31).
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Figure 7. Cyclic voltammograms of selected pincer Ru complexes showing impacts of the
following modifications: A) Monodentate ligand variation in ®*SN"S complexes: 7-PPhs (blue),
7-CO (black), 7-ACN (orange), 7-2CO (grey). (B) Heteroatom modification and methylation in
aliphatic pincer complexes: cis-8-CO (blue), 7-CO (black), 10-CO (grey). (C) Monodentate
ligand variation in USN,S complexes: 5-PPhs (blue), 5-CO (black), 5-2CO (orange). All
voltammograms were collected under argon in 0.1M TBAPF/ACN at a scan rate of 100mV/s.

The impact of isomers on electrochemical properties complicates interpretation of the CV
of 7-CO where structural assignment is more difficult (vide supra). However, 7-CO is clearly
more easily reduced (-2.41 V) than either isomer of 8-CO (-2.51 and -2.71 V). This suggests that
regardless of the major isomer present, the B"SNYS Ru complex is less electron rich than its
PNP analogue owing to weaker donation from sulfur relative to phosphine. The magnitude of
the impact of the heteroatom substitution is difficult to gauge and ranges from 0.1-0.3 V
depending on the major isomer considered. Comparison of 7-CO to 10-CO (cis geometry)

reveals a relatively anodic reduction for the BUSNMeS analogue (Figure 7B). The calculated



energies of the LUMOs agree with this relationship when using cis but not ¢rans halide geometry
for 7-CO, perhaps indicating that cis is the major isomer (Figure S32). Meanwhile, optimized cis
structures calculated for 7-CO and 10-CO show that even though “SNM¢S may seem more
inductively donating, the enhanced sterics of N-Me versus N-H force a longer Ru-N bond (calcd.
2.21 vs 2.14 A), weakening donation and possibly explaining the less cathodic reduction. Similar
Ru-N bond elongation has previously been observed in PNP Ru carbonyl hydrides,
[Ru(P*"PNRP)(CO)(H)(CI)] (R = H, Me), where the metal-amine bond is 2.247(2)A for
methylated amine versus 2.195(2)A for N-H. 0

cis-7-CO cis-5-CO 5-2CO

Figure 8. Illustration of ground state LUMOs calculated for SNS complexes. DFT computations
were conducted using the B3LYP functional with a split basis set, LanL2DZ on Ru and 6-
31+G** for all non-heavy atoms.

As with changes to the pincer ligand, replacing the monodentate ligands in 7-CO effects
reduction potential (Figure 7A). Exchanging the strong m acceptor CO for the strong c-donor
PPh3 in 7-PPhs shifts reduction cathodically. Again though, the magnitude of the effect is
difficult to judge since differences in the geometries of 7-CO and 7-PPhs may also impact
potential.>® Exchanging a chloride ligand in 7-CO for a neutral ACN ligand leads to an overall
positive charge causing an anodic shift in reduction. Further anodic shifting results from
swapping ACN for the strong n acid CO in 7-2CQO, and overall, monodentate ligand variations
studied here tune the reduction potential of the aliphatic SNS architecture over a range of 1.05V.
DFT calculations nicely predict the observed trends (Figure S33).

Relative to the aliphatic SNS Ru complexes, the reductions of the ™U'SNpyS Ru
complexes 5-CO and 5-PPhs are slightly less cathodic and exhibit dramatically different redox
behavior (Figure 7C). Initial reduction in these complexes remains irreversible but is broadened,

less stable to cycling, and significantly less responsive to changes in the identity of the



monodentate ligands (AE = -0.04V for 5-PPhs3 vs 5-CO, AE = -0.22V for 7-PPhs3 vs 7-CO).
Calculations on 5-CO offer a possible explanation for this difference by showing a LUMO
where reduction no longer occurs mostly on the metal center but instead is dominated by the -
system of the chelate pyridine ring (Figure 8). This ligand centric reduction was experimentally
confirmed by conducting voltammetry with [(BYSN,,S)ZnCl>] which gives nearly the same
reduction as 5-CO and 5-PPhs despite having a redox inactive metal center (Figure S17). In
addition to their ligand based reduction, 5-CO and 5-PPh3 also have a second irreversible
reduction ca -2.8 V. This process more closely resembles the reductions of the aliphatic SNS
family and thus likely shares their metal based nature. Finally, cationic ®"SNpyS complex 5-2CO
exhibits a redox profile distinct from its neutral counterparts 5-CO and 5-PPhs. The cation is
significantly easier to reduce (-1.47V) owing to its overall charge and two m-acidic carbonyl
ligands. Moreover, it undergoes only a single reduction which is sharper and more stable to
cycling than the observed pyridine based processes. Consistent with this, the calculated LUMO
for 5-2CO resides largely on the metal with little pyridine character (Figure 8).

The prior success of SNS Ru complexes as thermal catalysts for CO> reduction and
emerging reports of thiolate Co®' and Mo”? complexes as electrocatalysts for this process have
motivated preliminary screening of the SNS complexes 5-CO, 5-2CO, 7-CO, and 7-ACN for
electrocatalysis (See SI for complete details). During cyclic voltammetry in ACN, all of the
complexes except 5-2CO show significant enhancement of their reductive response under CO2
with further enhancement occuring upon addition of the proton source trifluoroethanol (TFE).
Unfortunately, electrolysis experiments in the presence of CO; and TFE show that reductive
currents generated by the SNS complexes either fall off quickly over time or are maintained but
lead only to minimal production of CO» derived products, such as CO and formate.

Implications for (De)Hydrogenation Catalysis

Insight from the electrochemical characterization adds perspective to discussions on
(de)hydrogenative catalysis with pincer complexes. Based on comparisons of reduction in 8-CO
and 7-CO, swapping SNS for PNP can lower the electron density at the metal center, but
geometric disparities can attenuate this effect. In the frequent comparisons of PNYP carbonyl
complex 1 to 6, competing electronic effects caused by simultaneously changing the pincer (PNP
vs SNS) and monodentate ligand (CO vs PPhs) likely offset, as seen in trans-8-CO vs 7-PPha.

Therefore, other effects such as reduced sterics and increased hemilability in the SNS catalyst



may be significant in explaining the improved activity of SNS catalysts in some transfer’** and

ester hydrogenation!$?°

reactions. Additionally, electronic effects cannot be discounted in the
improvement of ester hydrogenation catalysis observed with 7-PPh3 as compared to less electron
rich 7-CO.'% The higher electron density observed for the former should facilitate ester insertion
into an active metal hydride, a key step in the catalytic mechanism.?* Differences in electronic
structure may also impact performance of methylated pincer complexes. A pronounced decrease
in electron density in 10-CO has been observed relative to 7-CO and appears to be a general
effect also occurring in Fe PNP complexes. Preliminary CV experiments comparing N-Me and
N-H versions of [Fe(""PNRP)(CO).H](OTf) (R = H and Me) and [Fe(""PNRP)(HCOO)(CO)H]
(R = H and Me) indicate the N-Me variants undergo more mild reductions by ca 0.10 to 0.15V
(See SI). Of course, these changes in electron density must be considered in context with the
other critical impacts of pincer methylation such as loss of metal-ligand cooperativity and
preclusion of hydrogen bonding. !>

The SNS dicarbonyl complex 7-2CO prepared here allows for comparison to PNP
dicarbonyl 8-2CO which is closely related to a key deactivated species in PNP Ru catalysis. The
shortened C-O bond lengths in the SNS derivative 7-2CO relative to PNP complex 8-2CO
indicate less backbonding and lower metal electron density in the SNS complex. IR spectra
further corroborate this by showing a significantly higher average CO stretching frequency for 7-
2CO (2040 cm! vs 2000 cm™).** The diminished backbonding in the SNS dicarbonyl may lead
to a more labile CO ligand and reduce accumulation of the deactivated dicarbonyl species with
SNS catalysts.
Conclusion

A series of Ru(II) SNS complexes with carbonyl ligands was prepared and characterized
to probe structural and electrochemical trends associated with changes to the ancillary ligands
especially the pincer ligands. Understanding the properties of these complexes is important
because it may be possible to use SNS supported catalysts as air-stable and less electron rich
versions of the Ru PNYP pincer complexes used extensively in (de)hydrogenation reactions.
However, comparison of Ru carbonyl complexes supported with SNS and PNP ligands, indicates
that there are major differences in the properties of complexes with the two ligands.

Synthetically, SNS ligands are less tolerant of silver reagents and less able to displace PPh3 from

common Ru sources as compared to PNUP. In terms of structure, SNS complexes require



consideration of a wider array of geometric possibilities owing to variability in sulfur substituent
positioning. Moreover, SNS Ru dichloride complexes tend to favor cis halide arrangement in
contrast to the prevalence of frans isomers in PNP chemistry. Electrochemical and IR
comparison shows that the SNS motif generally leads to less electron rich complexes than PNP,
but this effect can be attenuated by variation in other supporting ligands and even geometric
differences between structures. The type of SNS pincer backbone also significantly impacts
redox properties with the methylated B"SN™¢S ligands resulting in more facile reduction than
BUSNHS ligands and pyridyl B"SN,yS ligands resulting in ligand based reduction. Tailoring SNS
complexes to replace PNP catalysts or to target catalysis with specific redox profiles will
ultimately require careful selection of the pincer backbone, surrounding ligands, and even

complex geometry.
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