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In the presence of DBU base, ruthenium piano stool complexes
catalyze the hydrogenation of CO, to formate at room temperature
without phosphine ligands. Thermodynamic and kinetic studies
reveal the active catalyst is formed by binding DBU as a ligand.

The catalytic hydrogenation of carbon dioxide is of interest for
production of organic hydrogen carriers using an abundant and
renewable carbon feedstock. Compared to molecular hydrogen,
products such as formic acid, formate salts, and methanol
formed from the hydrogenation of CO, are safer and easier to
transport,' > making them more suitable for temporary storage
of hydrogen generated from intermittent energy sources.
Transition-metal complexes are effective catalysts for hydrogena-
tion of CO, to formate/formic acid,"® though many contain phos-
phine ligands that are prone to oxidation and are often challenging
to synthesize. Some of the most active catalysts for hydrogenation of
CO, to formate are the phosphine-free [Cp*Ir(L)(H,0)]" (L = N,\-
bidentate ligand) family of complexes.'®** Other phosphine-free
catalysts include complexes of Ru,*™® Co,"”"'® Fe,'® and Mn,*
typically possessing either pyridyl or N-heterocyclic carbene ligands.
Watari and Ikariya demonstrated that simple copper salts of
the amidine base DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene) are
catalysts for hydrogenation of CO, to formate (Fig. 1a).*"?
In this example, DBU serves as both the ligand as well as the
more typical role of exogenous base.”*> Subsequent reports
showed that DBU binding to copper phosphine complexes,
Cu(PCP)(DBU)" and Cu(triphos)(DBU)’, also afforded catalysts
for CO, hydrogenation.>*”*® Examples of DBU binding during
catalytic reactions are sparse and typically lead to inhibition or
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decomposition of the catalyst, such as in C-N*"> and C-C****
cross-coupling reactions. Therefore, these copper catalysts are
notable for their ability to operate in the presence of DBU
binding. However, relative to typical phosphine-based catalysts,
the phosphine-free catalyst, Cu(DBU),X, exhibits a very low
activity (TOF ~ 1 h™ " at 80 °C).?* As a result, it remains unclear
whether DBU is an effective supporting ligand for catalysis.

We report the hydrogenation of CO, to formate by
[CpRu(MeCN);]" (1) and [Cp*Ru(MeCN);]" (2), and demonstrate
the essential role of DBU binding in this process. Both 1 and 2 are
commercially available and forego phosphine ligands common for
ruthenium-based CO, hydrogenation catalysts. Kinetic, thermo-
dynamic, and spectroscopic experiments suggest that the preca-
talysts are activated by the reversible binding of up to two DBU
ligands (Fig. 1b), resulting in highly active phosphine-free catalysts
under mild conditions.

Complexes 1 and 2 were screened for activity in the catalytic
hydrogenation of CO, with DBU. Addition of DBU (0.6 M) to a
CD;CN solution of 1 or 2 resulted in an immediate color change
from bright yellow to red-orange. This solution was transferred
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th ‘Buz
Ph,
Cu X P,Cu DBU Cu DBU
Pth F"Bu

Watari, lkariya  Appel, Linehan Trivedi, Kumar, Rath

B) This work: CO, hydrogenation with Ru-DBU

R R R
R R R R R R
??‘R ®  DBU Q DBU R,.R®
NN =— N RUNs
2N T MeoN Tveon  [(NAS
p CQ YO
1 R=H b R=H 1c R=H
2 R=Me 2b R=Me 2¢c R=Me
Fig. 1 (A) Examples of previously reported phosphine-free catalysts for

CO, hydrogenation. (B) This work shows that Ru piano-stool complexes
generate active CO, hydrogenation catalysts upon binding DBU as ligand.
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to a custom PEEK NMR tube,***® pressurized with H,/CO,, and
the reaction was monitored using high-pressure operando
'"H NMR spectroscopy. At 25 °C and 34 atm of 1:1 H,/CO,,
both catalysts exhibited a steady rate of conversion to formate
(Fig. 2a), with 1 exhibiting a higher rate (0.45 M h™') than 2
(0.1 Mh™.

To determine the catalytic rate law for 2, the initial turnover
frequency (TOF) for catalysis was measured under varying con-
ditions (Table S1, ESIT). Doubling [2] from 0.45 mM to 0.9 mM
led to a 2x increase in the initial rate of formate production and
no change in the TOF, consistent with a first-order dependence
in the catalyst concentration. The dependence on base was
determined using four different initial concentrations of DBU
(0.3M, 0.6 M, 0.9 M, 1.2 M) at 25 °C and 34 atm of 1:1 H,/CO,. A
linear correlation was observed between the TOF and the initial
DBU concentration (Fig. 2b), indicating a first-order dependence
on DBU.

The reaction order in H, and CO, was tested by performing
catalysis with 2 at varying pressures and ratios of the two gases
with 0.6 M DBU at 25 °C.*” The resulting TOF values showed
saturation behavior in Py, where the TOF is dependent on H,
at low pressures and independent at higher pressures (Fig. 2c).
No apparent dependence on Pco, was observed, with the 1:3
H,/CO, gas mixture giving the second lowest TOF despite
having the highest Pgo, of 30 atm.

The possibility of DBU binding to Ru was first explored for 1
since the Cp ligand resonances are well-separated from those for
DBU in the "H NMR spectrum. Upon mixing a sample of 1 and
DBU (<50 mM) in CD;CN, the formation of a second cyclopen-
tadienyl species was observed by 'H, *C{'H}, and gHMBC NMR
spectroscopy (Fig. 3 and Fig. S13-518, ESIt).

Additionally, new DBU resonances were observed downfield
of the small resonances for free DBU, integrating to 1 DBU per
new Cp-containing species by 'H and quantitative ">C{"H} NMR
spectroscopy. No NH resonance for DBU(H)" was observed.

(a) 0.5
04 }/D/;/Q
03

s = 600
' 3
o) & 400
(i) 0.2 E
0.1 200 m=510 M~ h-!
R? = 1.00
0.0 04 . . . .
00 02 04 06 08 10 00 04 08 12 18
Time (h) [DBU], (M)
C
(©) 400
o
—~ 300 ® o
3
é 200 o ® 1:1 H,:CO,
© 1:3 H,:CO,
100 @ 0311 H,:.CO,
0 4 . . .
0 10 20 30
Py (atm)

Fig. 2 (a) Conversion of CO; to formate by 1 and 2. Conditions: 0.5 mM 1/
2, 600 mM DBU, 17 atm H,/17 atm CO; at 25 °C in CDsCN. (b) Plot of the
DBU dependence on the TOF for 2 (17 atm Hy/17 atm CO,, 25 °C). (c) Plot
of the H, dependence on the TOF for 2 ([DBU], = 0.61-0.67 M, 25 °C).
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These spectra are consistent with 91% conversion to
[CpRu(DBU)(MeCN),]" (1b) with 25 mM DBU.

Higher concentrations of DBU (100 or 313 mM) resulted in the
disappearance of 1 and the appearance of [CpRu(DBU),(MeCN)]"
(1c) (Fig. 3 and Fig. $19, ESI). In "H NMR spectra at 25 °C, the Cp
resonances for 1b and 1c were noticeably broadened as [DBU]
increased, consistent with ligand exchange that is occurring on
the NMR time scale. At lower temperatures of —35 °C to —10 °C,
sharp well-defined peaks are observed for 1b and 1c (Fig. S42,
ESIY). Quantitative "*C{'"H} NMR spectroscopy with 1.3 M DBU at
—35 °C confirmed the presence of two magnetically equivalent
DBU ligands per Cp ring in 1c (Fig. S20, ESIt). The exchange rate
between 1b and 1c increases with the temperature and concen-
tration of DBU, and the species coalesce into a single peak by
25 °C with 1.3 M DBU. An absolute rate of 29 s~ at 25 °C was
calculated for exchange between 1b and 1c using the peak shapes
(Fig. S21-S30 and Table S2, ESIt). This rate of ligand exchange is
very fast relative to the timescale of catalytic CO, hydrogenation
(0.03-0.2 s~ at 25 °C).

Similar to 1, a solution of 2 (25 mM) and DBU (25 mM) gave
rise to shifted Cp* and DBU resonances. 1-D and 2-D 'H and **C
NMR spectroscopy and quantitative **C{'"H} NMR spectroscopy
experiments are consistent with 83% conversion to [Cp*Ru(D-
BU)(MeCN),]" (2b) at 25 °C (Fig. $31 and S32, ESIt). With
100 mM DBU, 97% conversion to 2b is observed by "H NMR
spectroscopy. Higher [DBU] obscures the Cp* peak in the
'"H NMR spectrum, but *C{'H} NMR spectra with higher
[DBU] show full conversion of 2 to 2b (Fig. S32-S36, ESIT).
Compared to the CpRu speciation at the same [DBU], the
Cp*Ru species requires higher [DBU] to fully form [Cp*Ru(D-
BU)(MeCN),]". No formation of [Cp*Ru(DBU),(MeCN)]" (2¢) is

1 1b 1c
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Fig. 3 'H NMR spectrum (500 MHz, CD3CN, 25 °C) of the Cp resonance
of 1 (25 mM) with varying [DBU]. Spectra with 100 and 313 mM DBU are
magnified x4 and x8, respectively, due to significant broadening of the Cp
signals.
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observed until much higher DBU concentrations are used
(Fig. S37 and $38, ESIt). Quantitative "*CG{"H} NMR spectra of
2 in a mixture of 6.04 M DBU and 2.14 M CD;CN at —35 °C,
necessary to reduce broadening from ligand exchange, show
45% conversion to 2c.

The identity of 2b was further confirmed by X-ray diffraction
studies. Single crystals of 2b were grown by vapor diffusion of
Et,O into a DBU/MeCN solution of the Ru species (Fig. 4). This
is the first reported structure of a Ru-DBU complex.*®

Thermodynamic parameters for binding the DBU ligands were
determined from Van’t Hoff plots (Table S7, Fig. S40-S44, ESIT).
The binding enthalpy of the first DBU (AH,) was found to be
nearly identical for 1 (—6.9 keal mol ") and 2 (—7.2 keal mol ™), while
the entropy of binding (AS)) was lower for 2 (—4.6 cal mol ' K %)
than for 1 (0.2 cal mol ™" K™ %). As a result, K; at 25 °C is larger for 1
(1.2 x 10%) than for 2 (1.8 x 10%). These results indicate the first
DBU binding is enthalpically driven with 2b having a slight
entropic penalty, potentially due to restricted motion of the
DBU ligand caused by steric interactions with Cp*.

The equilibrium for binding the second DBU exhibited a more
pronounced difference between 1b and 2b. The binding enthalpy
for the second DBU (AH,) is exothermic for 1b (—4.1 keal mol ™)
but endothermic for 2b (3.7 keal mol ™ %). In addition, the entropy of
binding (AS;) changes from negative for 1b (—5.5 cal mol ' K™ %)
to positive for 2b (12 cal mol ' K™'). At 25 °C, K, is nearly two
orders of magnitude larger for 1b (66) than for 2b (0.9). These large
differences in AH, and AS, suggest that the CH;CN ligand of 2¢
may be much more labile than in 1c (see ESIt); however, this could
not be confirmed with the available data due to the low equili-
brium population of 2c.

The measured binding constants indicate 2 is a precatalyst that
rapidly binds DBU to generate a mixture of 2b (97%) and 2¢ (3%)
under catalytic conditions. The kinetic data is most consistent
with 2b being the active catalyst form according to the mechanism
in Scheme 1. From the 2b resting state, catalysis proceeds by
pre-equilibrium binding of H, to give a dihydrogen complex,
[Cp*Ru(H,)(DBU)(CH;CN)]" (2b-H2). Rate-limiting deprotonation
by exogenous DBU to form Cp*Ru(H)(DBU)(CH;CN) (2b-H) and a
protonated base then occurs. The cycle is completed by rapid
hydride transfer from 2b-H to CO, to yield 2b and formate.

Fig. 4 Solid state structure of 2b as determined by X-ray crystallography.
Hydrogen atoms and the PFg anion are omitted for clarity. Thermal
ellipsoids are shown at 50% probability.
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Scheme 1 Proposed catalytic cycle for hydrogenation of CO, to formate
by 2.

Catalysis could also occur through an alternative cycle
involving two DBU ligands, but the first-order dependence on
[DBU] indicates such a cycle is not kinetically competitive for 2.
This could be due to its unfavorable equilibrium for binding a
second DBU ligand. Under catalytic conditions, 2c constitutes
only 3-7% of the total Ru species. It is noteworthy that 1
exhibits both a higher initial population of the bis-DBU adduct
(70%) and a higher TOF, potentially consistent with a second-
ary catalytic cycle involving coordination of two DBU ligands.

Phosphine-free molecular catalysts for CO, hydrogenation
are relatively uncommon and typically require high tempera-
tures and pressures.*” The most active phosphine-free cata-
lysts, [Cp*Ir(L)(H,0)]" (L = N,N-bidentate ligand), display initial
TOFs as high as 200 h™" under ambient conditions (25 °C,
1 atm) in aqueous NaHCO; solution.*® Catalyst 2 displays a
comparable TOF of 100 h™" under slightly more forcing condi-
tions (25 °C, 6.8 atm) using DBU as the base in MeCN solution.

Higher TOFs are obtained for phosphine-based ruthenium
catalysts at elevated temperatures and pressures. For example,
a Ru(PNP) pincer complex exhibits a TOF of 36 000 h™" (65 °C,
40 atm, 1.1 M DBU).** A more direct comparison with 2 can be
made by extrapolating the temperature-dependent TOF of the
Ru(PNP) catalyst to a value of 9400 h™" at 25 °C with 40 atm of
3:1 H,:CO, (Fig. 45, ESI{).*" Under similar conditions (1.3 M
DBU, 34 atm 1:1 H,: CO,), 2 affords a TOF of 710 h™". Normal-
izing for the difference in pressure suggests 2 is within an order
of magnitude of the activity of Ru(PNP). This modest difference
is quite remarkable since 2 does not rely on phosphine ligands,
but rather uses the simple DBU base as a ligand.

In conclusion, we observed that the phosphine-free com-
plexes [CpRu(MeCN);]" and [Cp*Ru(MeCN);]" are active preca-
talysts for the hydrogenation of CO, to formate with DBU base.
Mechanistic studies reveal the key role of coordination of DBU
as an ancillary ligand in the active species. Detailed studies of
the catalytic mechanism revealed the rate determining step is
the heterolytic cleavage of a Ru-H, complex to form the
subsequent hydride and a protonated base.

Chem. Commun., 2025, 61, 11247-11250 | 11249
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