Open Access Article. Published on 15 April 2025. Downloaded on 8/2/2025 5:35:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

‘ W) Check for updates ‘

Cite this: Chem. Commun., 2025,

61, 6957 . ]
Alexander Mondragdn-Diaz,

Received 4th March 2025, Wesley H. Bernskoetter (2 *2

Accepted 9th April 2025
DOI: 10.1039/d5cc01194a

rsc.li/chemcomm

The synthesis of a new air-stable SPS pincer ligand that supports a Ru
catalyst for CO, hydrogenation to formate is described. This rare
S-donor based pincer system gives higher activity compared to related
PNP supported Ru catalysts and is less dependent on Lewis acidic Li
co-catalysts for achieving high turnover numbers. The SPS ligated Ru
catalyst is also active for N-formylation of amines with CO,.

Pincer ligands are commonly used to support homogeneous
transition metal catalysts because of their electronic and structural
versatility." In particular, PNP type pincer ligands can support active
catalysts for a plethora of transformations using metals from across
the transition series.’® For example, our own laboratories and
others have employed group VIII complexes ligated with PNP pincer
ligands as catalysts for CO, hydrogenation and related processes.*®
While the steric and electronic properties of PNP ligands are
frequently modified by varying the phosphine substituents,” this
is often synthetically challenging. Further, PNP ligands can be air-
sensitive and typically their syntheses require expensive precursors.
In principle, replacing the phosphine donors in PNP ligands with
weaker o-donating thioethers provides advantages in terms of
ligand cost and improved air stability.">"" Nevertheless, examples
of pincer ligands with sulfur donors are limited. Recent studies of S-
donor analogues of widely utilized Ru-MACHO PNP and Ru-pyridyl
PNP catalysts report inferior catalytic performance compared to PNP
ligated complexes, likely because the Ru centers are less electron
rich and have significantly higher reduction potentials.'*>"> To
address this issue, in our current study we have a prepared a new
air-stable P- and S-donor hybrid pincer ligand, CH;P(CsH,SBu),
(B"SP™*s), and used it to develop an SPS Ru dihydride catalyst,
(B"SP™°S)Ru(PPh;)H,, for CO, hydrogenation and amine formyla-
tion. This catalyst displays superior CO, hydrogenation activity
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compared to related PNP Ru systems. Preliminary mechanistic
studies identified an SPS Ru formate hydride complex as the likely
resting state in catalytic CO, reduction.

We hypothesized that a SPS pincer ligand would be more
electron rich than a SNS pincer ligand and potentially give compar-
able reactivity to PNP ligated complexes. Therefore, we targeted
BugpMeS which contains a strongly donating central P-donor,
alongside two S-donors, with sterically bulky ‘Bu-substituents to
prevent dimerization. ®"SP™°S was prepared in three high yielding
steps from inexpensive and commercially available starting materi-
als (Scheme 1)."* Initially 2-bromothiophenol was converted into
(2-bromophenyl)(tert-butyl)sulfane, which was treated with "BuLi
and PCl; to form ™“SpP's. Reaction of ®SP“'S with methyl
Grignard generated the ®“SP™°S ligand. Notably, benzene solutions
of ®®“SP™°S are stable to air at ambient temperature for more than
one week.

Starting from commercially available [Ru(PPh;);]Cl,, the Ru
dichloride complex ("®*SP™°S)Ru(PPh;)Cl, (1-Cl,) was prepared
in nearly quantitative yield by ligand substitution over 1 h at
ambient temperature (Scheme 2). The "H NMR spectrum of the
isolated yellow solid displays one doublet at 0.82 ppm for the
P-(CH3) group, and two equal intensity resonances for the
S-'Bu groups at 1.75 and 0.90 ppm, consistent with two
thioethers groups occupying distinct chemical environments.
These are consistent with X-ray diffraction studies of 1-Cl, that
indicate the “®“SPM°S ligand is bound in a fac mode with
thioether groups positioned trans to the Cl and PPh; ligands
(Fig. 1, left). The PPh; ligand in 1-Cl, is oriented cis to the P-
donor of the ®SP™*s, in agreement with the two doublets at J
86.72 and J 28.55 ppm observed in the *'P{'"H} NMR spectrum.
The fac-ligation of the pincer ligand in 1-Cl, contrasts with
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Scheme 2 Synthesis of the [(B“SPM®S)Ru] complexes 1-Cl,, 1-BH4, 1H,,
1-CO,H and 2.

most reported PNP and SNS Ru complexes, which bind in a mer
orientation, 2012

Treatment of 1-Cl, with NaBH, in EtOH initially afforded a
species tentatively identified as (“®*“SP™°S)Ru(PPh;)(H)(BH,)
(1-BH,) which exhibited a "H NMR spectrum containing a Ru-H
resonance at & —13.05 ppm (dd, *Jp_y = 29, 23 Hz) integrating to one
proton, as well as a broad resonance centered at 6 —0.80 ppm,
integrating to four protons (Scheme 2). This signal is similar to those
observed for other rapidly exchanging M-BH, complexes,>®*“®!4¢
Exposure of 1-BH, to low pressures or standing under N, at ambient
temperature for 1 h resulted in partial conversion to the corres-
ponding Ru dihydride complex, (®*"SPM°S)Ru(PPh)H, (1-H,), obviat-
ing isolation of pure samples of 1-BH,. 1-H, was obtained in 90%
yield by treatment of toluene solutions of 1-BH, with triethylamine
over 4 h (Scheme 2). The "H NMR spectrum of 1-H, in C¢Dj displays
two sets of 8-line resonances consistent with Ru-H ligands bound cis
(—12.04 ppm) and trans (—5.05 ppm) to the P-atom in *“Sp™°s,™
The molecular structure of 1-H, was confirmed by X-ray diffraction
(Fig. 1, center). The ®“SP™*S ligand is again bound in a fac geometry
with two Ru-H moieties located in a mutually cis arrangement,
consistent with the solution NMR data. The Ru-H bond lengths

1-Cl2
Fig.1 Solid State structure of 1-Cl, (left), 1-H, (center) and 2 (right). Thermal ellipsoids are shown at 50% probability. Hydrogen atoms, solvent

molecules are omitted for clarity. Selected bond lengths (A) and angles (deg) for 1-Cl,: Ru(1)-P(1) 2.213(2), Ru(1)-P(2) 2.366(2), Ru
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differ significantly, with Ru(1)-H(1) approximately 0.16 A longer than
Ru(1)-H(2) owing to the strongly o-donating properties of the
phosphorus donor compared with the thioether donor. Significantly,
these differences in Ru-H bond length impact the relative nucleo-
philic activity of these hydride ligands and lead to a marked
difference in their tendency to undergo insertion reactions (vide
infra)."”

Pincer ligated Ru hydride complexes are leading catalysts for
carbonyl reduction,*>>*>° which motivated our evaluation of 1-H,
for catalytic CO, hydrogenation. Using conditions previously opti-
mized for (P'PN®P)RUHCI(CO) (*'PNRP = [RN(CH,CH,P'Pr,),]
R = H, Me or Ph),> 0.3 pmol of 1-H, under 500 psi H,/CO, (1:1)
in the presence of excess 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)
resulted in the hydrogenation of CO, to formate (Table 1). After
1 h, 1-H, produced formate with a turnover number (TON) of 5600
(entry 1), demonstrating an activity roughly 10 times higher than
that of (*"PN™°P)Ru(H),(CO) and 6 times greater than (*""PN'"
P)Ru(H),(CO) under comparable conditions.> The TON at this
short interval is determined largely by the initial rate of catalysis
and serves as an approximation of the turnover frequency (TOF)
for 1-H,. Our results indicate that air stable S-donor pincer ligands
can provide superior catalytic performance compared to state-of-
the-art PNP ligands.> Excellent catalytic activity was also observed
for 1-H, in the presence of co-catalytic amounts of lithium triflate
(LiOTf) (1.5 mmol) and a TON of 15700 was observed after 1 h
(entry 2). The beneficial effects of Lewis acids (LAs), such as LiOTf,
in CO, hydrogenation reactions has been observed in many related
pincer-supported systems for CO, hydrogenation.****'® Extending
reaction times to 6 h narrows the gap in catalytic productivity
between trials with and without LA (entries 3 & 4). After 24 h, the
enhancing effects of LiOTf are minor (entries 5 & 6), with experi-
ments using only 1-H, achieving a TON of over 30000. In fact,
there is essentially no increase in TON between 6 h and 24 h in the
presence of LiOTf, suggesting the catalyst is largely deactivated
after 6 h. In the absence of LiOT{, the catalyst is active up to 24 h,
with no increase between 24 h and 48 h (entry 7). These trends
suggest that while LiOTf, a common co-catalyst for these reactions,

1-H2 2

(1)-S(1) 2.430(2), Ru(1)-

S(2) 2.344(2), Ru(1)-Cl(1) 2.505(2), Ru(1)-Cl(2) 2.453(2); P(1)-Ru(1)-P(2) 100.24(6), S(1)-Ru(1)-S(2) 96.46(7), Cl(1)-Ru(1)-Cl(2) 95.25(6). P(1)-Ru(1)-Cl(1)
170.29(7). 1-Ha: Ru(1)-P(1) 2.262(6), Ru(1)-P(2) 2.263(6), Ru(1)-S(1) 2.373(7), Ru(1)-S(2) 2.399(7), Ru(1)-H(1) 1.500(5), Ru(1)-H(2) 1.650(5); P(1)-Ru(l ) P(2)
100.17(3), S(1)-Ru(1)-S(2) 101.95(2), H-Ru(1)-H(A) 87.00(3), P(1)-Ru(1)-H(A) 168.29(2), S(1)-Ru(1)-P(2) 160.40(3), S(2)-Ru(l)-H 172.00(2), P(1)-Ru(1)-
H(A) 168.00(2).for 2: Ru(1)-P(1) 2.366(1), Ru(1)-P(2) 2.302(1), Ru(1)-S(2) 2.391(1), Ru(1)-S(3) 2.458(1), Ru(1)-S(4) 2.395(1), Ru(1)-C(35) 1.858(5); P(1)~Ru(1)-
P(2) 167.98(4), S(3)-Ru(1)-S(4) 90.95(4), S(4)-Ru(1)-S(2) 171.05(4), C(36)-Ru(1)-S(3) 175.20(2).
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Table 1 CO, hydrogenation to formate catalyzed by 1-H,?

1-H; (0.3 pmol)
DBU (50,000 equiv) 0
LioTf
Co, + H, wdliiiol o ®HoBU DBU= N/j
THF, 80 °C, time H™ "0 \N
250 psi 250 psi

Entry LiOTf (mmol) T (°C) Time (h) TON” Yield® (%)

1 0 80 1 5600 (600) 10
2 1.5 80 1 15700 (1000) 32
3 0 80 6 22000 (600) 44
4 1.5 80 6 34500 (200) 69
5 0 80 24 30200 (200) 60
6 1.5 80 24 34000 (1000) 68
7 0 80 48 32800 (1300) 66
g? 0 80 24 160000 (10000) 32
o4 1.5 80 24 105000 (5000) 21

¢ Reaction conditions: 250 psi of CO,/250 psi of H,, 1-H, (0.3 pmol),
DBU (2.34 g, 15.0 mmol), THF (10 mL), 80 °C. ® TONs were quantified
using '"H NMR spectroscopy with DMF as an internal standard; reported
values are the average of three trials with the standard deviation in
parentheses. ¢ The yield is based on DBU. ¢ 1-H, = 0.03 pmol.

enhances the already leading activity of 1-H,, additives are not
required to achieve high productivity and that LAs may accelerate
catalyst deactivation in addition to improving the rate of formate
production. This hypothesis is further supported by experiments
with lower catalyst loadings (0.03 pmol) which achieve a maximum
TON of 160000 without LiOTf (entry 8). This corresponds to an
average TOF of 6600 h™" over the first 24 h of reaction time. In the
presence of LiOTf these values decrease to a TON of 105 000 and
an average TOF of 4400 h™' (entry 9). Comparing TOF values
between catalysts is often complicated by variation in reaction
conditions and the length of time reactions are performed.
Nevertheless, 1-H, delivers activity which is clearly higher than
the most comparable Ru-MACHO PNP frameworks,”* though
initial TOF values in excess of 1 x 10° h™" have been reported
for Ru-pyridyl PNP catalysts in CO, hydrogenation to formate.*
To study the pathway of formate production, a sample of 1-
H, was exposed to '*CO, and the reaction monitored by NMR
spectroscopy. Spectra collected immediately following gas addi-
tion indicated complete conversion to a Ru formate hydride
complex, [(**“SPM°S)RuH(PPh;)(HCO,)] (1-HCO,) (Scheme 2).
The '®CO, derived formate ligand appears as a doublet at
8.92 ppm in the 'H NMR with a corresponding resonance at
169.0 ppm in the “C NMR spectrum. Multinuclear 1D and 2D
NMR studies indicate that the formate group is coordinated trans to
the P atom of the ®'SP™S ligand, consistent with insertion occurring
at the Ru-H opposite the more trans influencing phosphine site.
Analysis after several days under *CO, or at elevated temperatures
up to 80 °C gave no indication of insertion into the remaining Ru-H of
1-HCO,. Unfortunately, isolation of 1-HCO, in pure form was not
possible as exposure to vacuum caused immediate reversion to 1-
H,, similar to reports of related Fe and Ru formate complexes.*
Previously, our laboratories and others have identified the inser-
tion of CO, into Ru-H or Fe-H bonds as a key step in the catalytic
hydrogenation of CO, to formate.****'>'” In situ NMR experi-
ments starting from 1-H, under modified catalytic conditions
(1:3:40 of 1-H, : LiBF, : DBU in THF-dg under 2 atm of CO,/H, at

This journal is © The Royal Society of Chemistry 2025
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23 °C) indicate 1-HCO, is the primary Ru complex present during
formate production (Fig. $26, ESIT), consistent with 1-HCO, acting
as the catalytic resting state. This suggests that loss of the formate
ligand is the turnover limiting step in catalysis.

Many leading pincer supported Ru and Fe catalysts for
carbonyl hydrogenation reactions contain CO ancillary ligands.>
The presence of these m-acids have been variously postulated to
influence the fac/mer coordination mode of the pincer ligand,
improve the stability of the catalysts and attenuate the steric and
electronic properties of the metal.'® Seeking to develop a CO
coordinated analog of 1-H,, we attempted ligand substitution of
PPh;. However, exposure of 1-H, to CO gave no reaction at ambient
temperature and led to unselective reactivity at elevated tempera-
tures. Alternatively, treating [RuH,(PPh,);(CO)] with ®“SPM°S in
toluene at 100 °C resulted in the formation of a single SPS pincer
containing product, [(1>-SP™°S)Ru(x>-®"SP™S)(CO)] (2) (Scheme 2),
in moderate yield based on the 2:1 SPS to Ru stoichiometry.
Complex 2 is the result of two C-S bond activations of the ligand
S-Bu groups and x” coordination of an additional equivalent of
BugpMeg, The identity of the S-'Bu derived organic products has
remained elusive, but 2 was characterized by NMR and XRD analysis
(Fig. 1, right). Catalytic trials using 2 indicate it is largely inactive for
CO, hydrogenation (Table S1, ESIt), suggesting that activation of
S-donor substituents in the presence of Ru-H groups may present a
path toward catalyst deactivation. Analogous ligand activation reac-
tions are rare for PNP complexes and should be carefully considered
in the design of S-donor pincer ligands.

Metal-catalyzed formylation of amines with CO, and H, is
another application of CO, hydrogenation which provides
valuable chemicals.’®?° A preliminary investigation into N-
formylation using pyrrolidine was conducted using 0.2 mol%
of 1-H, under 500 psi of H,/CO, (1:1) at 120 °C for 24 h. A 96%
yield of 1-formylpyrrolidine corresponding to a TON of 480 was
observed (Fig. 2). A preliminary screening of other secondary
and primary amine substrates revealed only modest activity and
scope for this reaction (Table S3, ESIT). Reducing the loading of
1-H, to 0.002 mol% increased TON significantly to 4080, albeit
with a yield decreased to 8%. Still, the activity of 1-H, towards
CO, based N-formylation indicates that SPS or other S-donor
pincer ligands are viable scaffolds for the development of new
catalysts for other carbonyl reduction processes.

In summary, this work identifies a new, air stable SPS pincer
ligand that can support a highly active and productive Ru
catalyst for CO, hydrogenation to formate. The SPS-ligated Ru
catalyst surpasses the activity of related PNP ligated Ru catalysts
for CO, reduction and is less dependent on Lewis acidic LiOTf
co-catalyst for achieving maximum productivity. Preliminary
mechanistic studies suggest that CO, insertion into the strongly

(0]

C/\J)J\H + Ho0

TON up to 4040; Yield up to 96%

1-H,

(0.2 - 0.002 mol% )
+ CO, + Hy —— 70

C

Fig. 2 N-Formylation of pyrrolidine with H, and CO, catalyzed by 1-H,.

THF, 120°C, 24 h

500 psi 500 psi
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trans influenced Ru-H of 1-H, produces a formate complex
1-HCO, that likely serves as the catalyst resting state. Attempts
to incorporate a CO ancillary ligand into the coordination sphere
of a SPS-ligated Ru complex resulted in deleterious C-S activa-
tion and formation of a poorly active Ru thiolate complex. This
work provides rare examples of S-donor congeners of widely used
PNP-ligated Ru hydrogenation catalysts and demonstrates the
potential for enhancing catalytic performance with S-donor
pincer ligands. Our laboratories are currently seeking to eluci-
date the origins for the improved catalyst performance, char-
acterize deactivation pathways, and design superior air stable
S-donor pincer ligand platforms.

Data availability

The experimental details supporting this article have been
included as part of the ESL. CCDC numbers 2427581-2427583
contain supplementary crystallographic data for 1-Cl,, 1-H,, and 2.
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