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ABSTRACT: Hydrogenation of CO; in the presence of amines to formate, formamides, and methanol (MeOH) is a promising
approach to streamline carbon capture and recycling. To achieve this, understanding how catalyst design impacts selectivity
and performance is critical. Herein we describe a thorough thermochemical analysis of the (de)hydrogenation catalyst,
(PNP)Ru-CI (PNP = 2,6-bis-(di-tert-butylphosphinomethyl)pyridine; Ru = Ru(CO)(H)), and correlate our findings to catalyst
performance. While this catalyst is known to hydrogenate CO, to formate with a mild base, we show that MeOH is produced
when using a strong base. Consistent with pK, measurements, the requirement for a strong base suggests that deprotonation
of a 6-coordinate Ru species is integral to the catalytic cycle that produces MeOH. Our studies also indicate that the
concentration of MeOH produced is independent of catalyst concentration, consistent with a deactivation pathway that is
dependent on methanol concentration, not equivalency. Our temperature-dependent equilibrium studies of the dearomatized
congener, (*PNP)Ru, with various H-X species (to give (PNP)Ru-X; X = H, OH, OMe, OCHO, OC(0O)NMe,) reveal that formic
acid equilibrium is ~ temperature independent; relative to H,, it is more favored at elevated temperatures. We also measure
the hydricity of (PNP)Ru-H in THF and show how subsequent coordination of the substrate can impact the apparent hydricity.
The implications of this work are broadly applicable to hydrogenation and dehydrogenation catalysis and in particular, those
that can undergo metal-ligand cooperativity (MLC) at the catalyst. These results serve to benchmark future studies by

allowing comparisons to be made amongst catalysts and will positively impact rational catalyst design.

INTRODUCTION

Rising atmospheric carbon dioxide levels present a
significant incentive to develop new catalysts that are active
for the transformation of CO, into renewable fuels. Catalysts
that engage in metal-ligand cooperativity (MLC)! are
particularly attractive due to their proven ability to
hydrogenate CO, to formate;>3* in the presence of amines,
formamides>® and MeOH are also produced.”® Formic acid
and MeOH are both attractive to probe as hydrogen storage
mediums. However, existing studies often employ high
pressures/temperatures, strong bases, and precious metals
to promote reactivity. A thermochemical understanding of
existing systems will help guide the rational design of next
generation catalysts; factors such as pK, of the ligand, K.,
with substrates, and AGy. can all modulate catalyst
performance.

The strategy of MLC is illustrated in Figure 1, which
considers the hydrogenation of CO, to formate with
Milstein’s PNN-ligated Ru catalyst.?? In this mechanism, H,

is heterolytically cleaved with ligand protonation
concomitant to hydride installation on Ru. While this
mechanism has been proposed by Sanford,? the direct
pathway is suggested by Pidko in the analogous PNP-ligated
Ru system (Figure 1, right pathway).?¢ Their calculations
suggest that deprotonation of the bound H; in a cationic Ru-
H; species occurs with the added base and an outer-sphere
formate. Their analysis moreover suggests that the species
with formate bound to the Ru is an off-cycle species,
contrary to the MLC pathway. These cycles illustrate how
hydricity, pK,, and propensity to react with H, over other H-
X species must be balanced. Related computational studies
suggest that the direct pathway may be more favorable than
those that undergo MLC with both Ru and Ir catalysts,2%1?
but the calculations do no always take into account the
reaction conditions. These discrepancies reinforce the need
to experimentally establish the thermodynamic parameters
of such systems to determine their impact on catalysis.

For the successful hydrogenation of CO, to MeOH,!! only
catalysts that can or are speculated to undergo MLC

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

t
[co2 +Hy+B —— > BH*+ OCHOJ

(PNN)Ru-H
NEtz

Ru -C:0 AG,
Heterolytic H, # €O,

cleavage

H 'Buz co,
insertion

H-H
MLCpathway
O
q fczo
—Ru-Cc:z0
H O
— |;NEt2
!BUZ Base-mediated —N—R0-C:0

m depro tonatlan / '!|
'B u,
BH®

OCHO® (PNN)Ru-OCHO

(PNP)Ru-H

®BH ©0CHO |'—P'Bu2 AGy. co;
“_—N— Ru-C o
B%' ﬂ\
PrK, H 'Bu2 o
OCHO...,4 i‘@/’o
v Direct pathwa v
T
- —ZN—| /Rlu c:o ~__—N—Rd-cz0
H P 1 H p/|!|
H 'Bu; H 'Bu,
H-=-H 6'
|"P Kz
%I\I{Rlu’-c;o H-H
/
H P H o
H Bu;  HcO,

Figure 1. Mechanistic proposals for the hydrogenation of CO, to formate. All Ru species are L4X; and 18 e~. Pertinent thermochemical
parameters are given outside the reaction arrows. (left): MLC mechanism, whereby H, addition occurs to the dearomatized
("PNN)Ru. (right): The direct pathway does not undergo ligand deprotonation.

facilitate this transformation in the presence of amines.”8
This is pertinent to carbon capture and recycling schemes,
as current technologies rely on amines to capture CO,,
giving carbamates and carbonates.!? However, these
systems are limited by the energetic demands required for
CO, release.'® Thus, hydrogenation of CO, in the presence of
amines would streamline carbon-capture and recycling.

Hydrogenation of carbamates (“captured CO;") is thought
to occur via thermal release of CO, which is first
hydrogenated to formate (Scheme 1, (i)).”>'* Condensation
with an amine then provides formamide, which is further
hydrogenated to MeOH (Scheme 1, (ii)). Not all catalysts
that hydrogenate CO, to formate can hydrogenate formic
acid to MeOH (in the presence of amines),’d and generally
harsher conditions are required for the latter.>8
Sometimes, the CO, must first be removed and hence the
overall transformation is necessarily sequential.?” For Ru, it
is speculated that only hydrogenation of formamide to
MeOH occurs via MLC (Scheme 1, step (ii)),'* whilst with Mn
both steps are thought to proceed via MLC.®® Establishing
the mechanism for both hydrogenations as well as the
thermodynamic parameters of catalysts that can and cannot
do this transformation are warranted to advance catalyst
development.

H

,Pth

2 ‘BH;,
MezNHz )]\ 3 MeOH + 2 Me,NH
Me,N ] + H,, base
+ Me;NH o}
+H
CO, —Z 3= [Me;NH;] 3
-2 Me;NH () [OCHO] -Hy0

Me,N

Scheme 1. Hydrogenation of (DMA-H)(DMC) to MeOH is
mediated by aliphatic (""PHNP)Ru-(HBH3) that can undergo
MLC. The hydrogenation is thought to proceed via the species
shown, with the hydrogenation steps labelled (i) and (ii).

Towards advancing catalysts that transfer net H,, several
systems that undergo MLC have been developed.'
Comparisons of catalyst performance often are based on
turnover numbers (TON), turnover frequencies (TOF),
and/or reaction times.!’® With no further mechanistic
studies, these parameters do not reveal the underlying
reason(s) as to why the catalysts perform differently, nor do
they correlate these effects with thermochemical
parameters, limiting rational catalyst design.

Recently, Prakash and co-workers investigated the role of
the ligand and amine additive for hydrogenation of CO, to
MeOH.'* They found a correlation between how electron-
donating the pincer ligand is to the catalyst performance,
and through elegant mechanistic studies, established that
this is due to the relative stability of an off-cycle species.

As the catalyst is implicated in each step of the
mechanism, it is important to know the thermodynamic
parameters associated with the catalyst. Hydricity, basicity,
and ease of cleaving an H-X bond (Figure 1) are likely
sensitive to modification of the catalyst. This approach has
been applied to electrocatalytic H, evolution'®> and CO,
reduction.’® Expanding this knowledge to hydrogenations,!”
particularly those that undergo MLC, will help develop
catalysts whereby each step is energetically ~
thermoneutral, avoiding highly exothermic and subsequent
endothermic steps. It will also shed light on potential
inhibition pathways, which may clarify the correlation of
catalyst loading and TON. The results will be broadly
applicable to systems that transfer H,.

Herein we provide a thorough thermochemical analysis
of the Ru PNP system. This catalyst is chosen for these
studies as it can perform several dehydrogenations'® and
hydrogenations'® including that of CO, to formate,??420 and
in the presence of amines, MeOH (vide infra). The analysis
presented provides the first hydricity measurements in THF
and the first hydricity measurements for complexes that
react via MLC.?! This work also considers how coordination
of a 6™ ligand impacts the apparent hydricity and pK, of the

2

ACS Paragon Plus Environment

Page 2 of 14



Page 3 of 14

oNOYTULT D WN =

N
[e)}

catalyst, and participation in likely thermodynamic
bottlenecks during catalysis. Finally, the thermodynamic
values are correlated to catalytic results. Overall, this study
benchmarks the thermodynamic parameters for
(de)hydrogenation catalysts that operate via MLC. This
allows for future comparisons to be made and
understanding of catalyst limitations.

RESULTS

Overview of system considered. The (PNP)Ru species
pertinent to this study are shown in Figure 2 (PNP = 2,6-bis-
(di-tert-butylphosphinomethyl)pyridine). Central to all the
equilibria is the 5-coordinate dearomatized species,
(*PNP)Ru (Figure 2, middle top).'% This species reacts with
Brgnsted acidic H-X species to give (PNP)Ru-X (K; x); in this
reaction proton transfer to the ligand is coupled to
nucleophilic attack of X to Ru (Figure 2, bottom left).l
These equilibria are pertinent as they are competitive with
addition of H; or other species to (*PNP)Ru in the catalytic
cycle (Figure 1).

The cationic L3;X; 16-electron species, [(PNP)Ru]*?? is
the protonated congener of (*PNP)Ru and is related to
(PNP)Ru-X by loss of the anionic X-type ligand (Figure 2,
bottom). Thus, it is the product of hydride transfer to a
substrate. These three congeners are readily accessible
synthetically, and when X = H, together they are used to
establish the hydricity of (PNP)Ru-H (Figure 2, bottom
left).

Deprotonation of (PNP)Ru-X gives [(*PNP)Ru-X], a
formally LsX, 20-electron species. With few exceptions,?222-
23 species of the type [(*PNP)Ru-X] are not stable and lose
X,tc yielding (*PNP)Ru. For example, treatment of
(PNP)Ru-Cl with 1 equiv of KO‘Bu gives dearomatized
(*PNP)Ru.

Dearomatized (*PNP)Ru also reacts with Lewis acids?
such as CO; to give (PNP)Ru-CO,,%* whereby the basic site
on the ligand attacks the Lewis-acidic carbon of CO, (Figure
2, bottom right). This species is speculated to be
detrimental to hydrogenation of C0,.22?¢ The adduct can
also be deprotonated to give [K][(*PNP)Ru-CO,] (vide

infra).

[(*PNP)RUJ (*PNP)Ru [KII(*PNP)RU-CO,]
LsX;, 20 e LoX, 18 e LsX, 20 e
K
= 8
X ‘BU2_| P Bu, (?
=P +X ~__N—Rd-czo =P Bu
d N-/Rlu»czo —_— T [ _N-Ri-czo
Y—p”}} AGx (K7 By, H p IL
Bu, 2 Bu,
) g
\\“‘ )
& ° 4 pK,
pK. oY K, .
. H+nm;x) PGk wH [ e Q Y +H[ (k)
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\Y
0 0
T;P!Buz X —_P 'B;I |=P'Bu2
T _N—Ri-cz0 - __—=N—Rd-cz0 ~__—=N—Ru-cz0
g' H p/l H P/I—II
W Bu, " AGy (Ks) W By, H H Bu,
(PNP)RU-X [(PNP)RU} (PNP)Ru-CO,
LsX; 18 e LiX, 16 e LX; 18 e

Figure 2. Thermodynamic parameters considered in this
study. Species in gold boxes are proposed to be pertinent to
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catalysis via MLC (Figure 1). Equilibrium constants are shown
above the arrow that corresponds to the direction of K. For
clarity, only balanced equations are shown for the reverse
equilibria. As all the congeners feature a hydride and a CO
ligand that remain unchanged, we do not include these ligands
in the shorthand nomenclature (boxed), and simply give the
identity of the X-type ligand that occupies the 6% coordination-
site. Deprotonation of the PNP ligand at one of the methylene
positions gives the dearomatized species (indicated by *),
whereby the pyridine L-type donor becomes an anionic LX-
type donor. Formal ligand type and electron count are provided
in the boxes for clarity.

Synthesis and characterization of complexes.
Towards measuring the equilibria shown in Figure 2,
several pertinent congeners needed to be prepared.
Addition of H,, Brgnsted acidic H-X or Lewis acidic CO, to
(*PNP)Ru readily gives (PNP)Ru-X (Figure 2), as described
in the literature (X = H, OMe, OCHO, OH).24524 [t should be
noted that in the presence of Lewis or Brgnsted acids,
(*PNP)Ru is in equilibrium with (PNP)Ru-X, where the
equilibrium constant depends on the identity of H-X and in
some instances, the concentration (vide infra). Thus, the
various proton sources that may be produced during
catalysis are in competition with H; to coordinate the metal
(i.e., competing K; x) during catalysis.

Figure 3. Solid-state structures (50% displacement ellipsoids)
of a) (PNP)Ru-DMC and b) [K][(*PNP)Ru-CO;]. All calculated
hydrogen atoms and minor components of disorder are
omitted for clarity. Only one half of the dimeric unit of
[KI[(*PNP)Ru-CO,] is shown. Select bond distances (&) for
(PNP)Ru-DMC: Rul-N1 2.145(1), Rul-01 2.205(1), C1-C2
1.503(2), C6-C7 1.495(2). Select bond distances (&) for
[KILI(*PNP)Ru-CO;]: Rul-N1 2.119(3), Rul-01 2.331(3), C1-
01 1.269(5), C1-02 1.244(5), C1-C2 1.552(6), C2-C3 1.510(6),
C7-C8 1.374(6). Analogous bonds in the other half of the dimer
have similar bond distances.

To probe the initial Ru species formed in catalytic
hydrogenation of amine “captured" CO,,>"4?5 we sought to
prepare a carbamate species. Addition of excess of
dimethylammonium dimethylcarbamate, (DMA-H)(DMC),
to dearomatized (*PNP)Ru cleanly generates (PNP)Ru-
DMC. This carbamate was chosen because (DMA-H)(DMC)
has been shown to be hydrogenated to MeOH using
(P"PHNP)Ru-(HBHj;) as a catalyst (Scheme 1).7> The identity
of (PNP)Ru-DMC as a 6-coordinate aromatized species was
confirmed by NMR spectroscopy and XRD (Figure 3).
Similar to other carboxylate bound species such as
(PNP)Ru-OCHO? and (PNP)Ru-CO,?* the hydride
resonance appears as a triplet centered at 6 = -16.74 ppm
(Jpu = 19 Hz) in the 'H NMR spectrum (dg-THF). Though the
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carbamate species (PNP)Ru-DMC is in equilibrium with
(*PNP)Ru (vide infra), it is stable to vacuum. This is also
true for the other carboxylate species, (PNP)Ru-OCHO and
(PNP)Ru-CO,, but contrasts the instability of (PNP)Ru-H,
(PNP)Ru-OH, and (PNP)Ru-OMe, all of which revert to
dearomatized (*PNP)Ru upon concentration in vacuo at
ambient temperature;?° this instability limits our ability to
readily isolate these species in the absence of H-X in
solution.

To gain insight into the true pK, of 6-coordinate
(PNP)Ru-X, we sought to deprotonate (PNP)Ru-CO,. The
rationale being that the Ru-O bond will be weakened or if
cleaved, will remain formally associated with the Ru (Figure
2).22 This is in contrast to the other (PNP)Ru-X species
which lose X and therefore have a AG«. contribution
(Figure 2, top left to top middle). Indeed, reaction of a dg-
THF solution of (PNP)Ru-CO, with 1 equiv of KHMDS
(KHMDS = potassium hexamethyldisilazide) cleanly gives
[KIL(*PNP)Ru-CO;]. The NMR spectral parameters for this
species are similar to that of [(*PNN)Ru-CO,]- which was
characterized by Sanford and coworkers?? (see Figure 1 for
PNN structure and SI for NMR characterization).

To determine if the CO, oxygen remained bound to the Ru
or not, crystals of [K][(*PNP)Ru-CO;] were grown by vapor
diffusion of diethyl ether into THF, and the solid-state
structure is shown in Figure 3. In the solid-state,
[KI[(*PNP)Ru-CO,] is a dimeric species bridged by a K,0,
diamond core (see SI). The loss of aromaticity is evident
from the C7-C8 bond distance of 1.374(6) A. By contrast, C2-
C31is 1.510(6) A, which is similar to that found in the neutral
analogue (1.507(2) A).2* Upon deprotonation, the N1-Ru1l
bond distance remains unchanged (Figure 3 caption). This
contrasts with deprotonation of the related aliphatic PNP
ligands (Scheme 1), whereby the amide-Ru bond distance is
noticeably shorter (~0.18 A) than the amine-Ru bond
distance.?” Notably, CO; still coordinates to Ru with a Rul-
01 bond distance of 2.331(3) A. This represents a ~ 0.05 A
elongation from neutral (PNP)Ru-CO,%* and a ~ 0.07 - 0.1
A elongation from other structurally characterized
carboxylate and carbonate derivatives.?® The observed
elongation is consistent with the Ru center now being
formally 20-electron.

7.50x10° 5

z .
24 o
Z 5.00x10°
&)
=
8 2.50x10° 4 .
3
3 2
=z
% L oo
o
—
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Figure 4. Stacked UV-vis spectra for the equilibria of (*PNP)Ru
(0.60 mM) and formic acid in THF. Concentrations of formic
acid given in the legend are those at equilibrium. (inset): Plot

[(PNP)Ru — OCHO]
~oneme Vs. [H-OCHO]. The slope gives K1 ocno (eq 1).

of ~ PNP)Ru]

Equilibria with H-X species. Dearomatized (*PNP)Ru
readily reacts with Brgnsted and Lewis acids to give
(PNP)Ru-X (Figure 2, K;x and K, respectively). However,
given the importance of its reaction with H, for
hydrogenation reactions, and the potential inhibitory effect
of this reaction with other species that may be present
during catalysis, we sought to establish the equilibrium
constants with H,, H-X (K;x), and CO; (K). Our interest in
hydrogenation of CO, prompted analysis of the following H-
X species that may be present during catalysis: MeOH, H,0,
HC(O)OH, DMF, diethylamine, and [DMA-H][DMC]. Neither
DMF nor diethylamine reacts with (*PNP)Ru to an
observable extent (see Figures S39, S35, respectively); all
other species react with (*PNP)Ru to give (PNP)Ru-X. The
equilibrium is readily monitored by UV-vis spectroscopy by
observing the absorbance at 595 nm, which corresponds to
dearomatized (*PNP)Ru (Figure 4). Briefly, addition of
various concentrations of H-X to a THF solution of
(*PNP)Ru allows for the equilibrium constant (eq 1) to be
established.

[(PNP)Ru-X]
1) Kix)= [(*PNP)Ru] - [H-X]

Equation 1 represents the binding of H-X to the Ru and the
stoichiometry suggests that there should be a
concentration-dependence to the equilibrium constant.
This is confirmed by diluting equilibrium samples and
noting the shift in the ratio of the two Ru species (see SI).
Apart from (DMA-H)(DMC) (eq 2-3), this concentration-
dependence was observed for all H-X species.

NMe,
— P 'Bu, Ki1,omc o ?—P'Buz
QN/—/_R:-cso +(DMAH)DMC) =———> (__ZN—R{-C:0 + Me,NH
=) Gy
(2) Buz H Bup

X _[(PNP)Ru-DMC] - [DMA]
(3) Kipmc= [(*PNP)Ru] - [(DMA-H)(DMC)]
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The lack of concentration-dependence for the
equilibrium with (DMA-H)(DMC) is rationalized on the
basis that one equivalent of DMA is formed and the (DMA-
H)(DMC) substrate is strongly ion-paired in solution.

Similarly, the equilibrium constant for the binding of H,
and CO, is measured analogously (eqs 4 and 5,
respectively), with the gas pressures given in atm. These
measurements necessitate knowledge of the equilibrium
partial pressure due to the gas, and hence require a large
head-space such that minimal changes occur during
equilibration (see SI for details). At pressures that we can

Journal of the American Chemical Society

accurately measure, no (*PNP)Ru is observed at room
temperature for the equilibria with H, or COy the
equilibrium constants are therefore extrapolated from
higher temperature data (vide infra).

[(PNP)Ru-H]
@) (K1) =1 bpyra-pit
[(PNP)Ru-CO,]

(5) (K2)=

From the equilibrium constants, the free energy changes
can be obtained. To note, the equilibria that are

Table 1. Equilibrium constants and free energy change associated with coordination of H-X and CO, to (*PNP)Ru.

H-X AGx AHYx ASx K1 .x
(kcal-mol-") (kcal-mol-") (cal'mol-"-K-") 293 K 428 K 428 K
(1 atm, 1 M) (1atm, 1 M) (50 bar, 1 mM)
H-H -4.1£0.2" -17.4+0.2 -45+ 0.5 1100 £ 1.4249 0.1324 6.6
(DMA-H)(DMC) -0.03 £ 2fh -12.6 £ 1.5 -42 t 5 1.3+0.2 N.Ae N.A.e
H-OCHO -3.5+0.2" 0.06 £ 0.15 12+0.5 355 + 38° 370bd 0.37bd
H-OMe 20+ 1.9 -35+£1.3 -52+46 25+ 5P 4.6°¢ 4.6 x 10-3bd
H-OH -2.0 £ 0.6" -0.6+04 87+14 5.4 +£0.5° 41b.d 4.1 x 10-2bd
COy¢ -3.8 £ 0.8%h -13.5+0.6¢ -33+2¢ 633 + 42.cd9 0.55acd 27.6 acd

aUnits of atmL. PUnits of M-1. ‘Equilibrium with CO, corresponds to K,. 9Extrapolated from temperature-dependent data. ¢Not
applicable, due to limited stability of DMC-H and (DMA-H)(DMC) at elevated temperatures. See text for details. fEnergies obtained

from a limited temperature-range (20-50 °C). ¢Error from propagation of the error of AG’, ok = exp (UAG/RT). hError from
propagation of the error of AH® and AS°, aac=+/(6an)* + (IT|0as)®. Error on the entropy and enthalpy are from the error in

intercept and slope, respectively.

concentration dependent will also have a concentration-
dependent free energy (eq 6; standard-conditions are 1 M
and 1 atm).

[(PNP)Ru-X]
(6a) AGLX =—RT- ln(Wu][H—X]" [H—X])
= AGY x —RT - In ([H-X])

[(PNP)Ru-H]
(6Db) AGyy=—RT- ln([(*PNP)Ru] oo, P 2)
=AGS ;y — RT - In (pH,)

The free energy for the equilibrium with CO, is analogous
to that for H, given in eq 6b. Thus, under non-standard
states, the equilibrium constant is given by eq 7.

(7) Kix= [H—X]exp(_ﬁcf'x)

From equations 6 and 7, increasing the concentration of
H-X at equilibrium will favor formation of (PNP)Ru-X.
Equilibrium constants and equilibrium energies are given in
Table 1.

The data in Table 1 indicate that under standard
conditions, the reaction of (*PNP)Ru with H, is most
favorable, followed by that with CO; and formic acid; that
with (DMA-H)(DMC) and H,0 are least favored. These
findings are consistent with the notion that if (PNP)Ru-CO,
is an off-cycle species, it can form competitively.?c Upon
dilution, the equilibrium constants decrease accordingly for
all H-X, with the exception of (DMA-H)(DMC). To our
knowledge, only one other report considers equilibria with

a dearomatized Ru species.?® The study considered the
reaction of various Lewis acids in the related PNN system,
all of which bind akin to CO,. While different equilibrium
constants were obtained, concentration-dependence is not
provided.

The free energy associated with addition of H; is similar
to that observed by others whereby H, adds to give a metal
dihydride.?’ It is smaller by ~ 2 kcal/mol than that found for
a series of (P,N;)Ni species,3® whereby H, is heterolytically
cleaved, protonating the ligand with hydride attack at the
Ni.

Given that catalysis ensues at elevated temperatures, the
temperature-dependence of the equilibria was also
determined. An overlay of the van’t Hoff plots is shown in
Figure 5 and the enthalpy and entropy are given in Table 1.
During these studies, we found that (PNP)Ru-OMe and
(PNP)Ru-OH are not stable at elevated temperatures, and
hence a shifted temperature range was employed (see
Figures S30-31).
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Figure 5. Overlay of van't Hoff plots for (*PNP)Ru + H-X or CO,
in THF. Extrapolation shows the relative K; yand K at catalytic
temperatures. K., has units of: M for formic acid, water,
MeOH; atm™ for H,, COy; unitless for (DMA-H)(DMC). For the
equilibrium with (DMA-H)(DMC), the two points that are not
filled are not included in the fit.

We also note that upon heating (PNP)Ru-DMC in the
absence of DMA or (DMA-H)(DMC), some (PNP)Ru-CO,
forms that remains present upon cooling (see Figures S44-
S45). This indicates that the free (DMC-H) is prone to
release of CO,, complicating equilibrium measurements at
elevated temperatures (see SI). Indeed, the van’t Hoff plot
shown in Figure 5 shows a digression from linearity at 60
°C, which coincides with the temperature at which (DMA-
H)(DMC) decomposes to DMA and CO,.3! We thus limit our
analysis of the plot to temperatures less than 60 °C to
extrapolate the enthalpy and entropy.

Figure 5 indicates that the relative equilibrium constants
vary with temperature. At the temperature of catalysis, 155
°C, the equilibria with H, is least favored, followed by that
with CO,. This is notable as these are the most pertinent to
catalysis. We note that through extrapolation, formation of
(PNP)Ru-DMC is also expected to be unfavored at catalytic
temperatures, though this equilibrium may not be pertinent
at elevated temperatures (vide supra). Rather, formation of
(PNP)Ru-OCHO, (PNP)Ru-OH, and (PNP)Ru-OMe are all
favored. These represent equilibria with product species.

To favor binding of H, to give (PNP)Ru-H at elevated
temperatures, higher pressures of H, can be used.
Increasing the pressure to 50 bar (as in catalysis, vide infra)
results in a factor of ~ 50 change in the equilibrium constant
(Table 1). Non-standard conditions, whereby the
concentration of H-X is less than 1 M, give lower equilibrium
constants. This suggests that catalyst inhibition will indeed
increase as product concentrations rise, regardless of the
catalyst loading.

The equilibrium enthalpies appear to fall into two
categories. For (PNP)Ru-CO,, (PNP)Ru-H, and (PNP)Ru-
DMC, the enthalpies are significant (< -12 kcal/mol), whilst

for all others, they are modest (> -4 kcal/mol). In all
instances, proton-transfer to the ligand ensues, so the
difference in enthalpies must be attributed to the formation
of strong Ru-X bonds and breaking of (relatively) weak
bonds (vide infra). The three species that have the least
negative enthalpies, (PNP)Ru-OH, (PNP)Ru-OCHO, and
(PNP)Ru-OMe, are all produced from reaction with
Brgnsted acids. lon-pairing and hydrogen-bonding may
lead to a dissolution enthalpy and hence the larger (less
negative) enthalpies. While (PNP)Ru-DMC should fall in
this category as well, the discrepancy may be attributed to
concomitant formation of DMA.

The large and negative entropy for (PNP)Ru-CO, and
(PNP)Ru-H is consistent with adding rigidity to the linear
gas molecules. The entropy associated with (PNP)Ru-DMC
of -42 cal'mol-K? suggests significant ordering upon its
formation. Because these equilibria take two molecules to
one, we anticipate large and negative entropies. However,
this is not the case for formic acid, MeOH, and H,0. This may
indicate significant solvent ordering in the free H-X, or
homoconjugation.?? Formic acid, MeOH, and H,0 can all
hydrogen-bond, and these interactions may in part increase
the entropic contributions in THF.

pK, Measurements. In reactions that transfer net H; to
or from a substrate, the H, is delivered as a hydride and a
proton. This prompted us to investigate the pK, of
(PNP)Ru*, (Figure 2, K3) which is produced upon hydride
transfer from (PNP)Ru-H to a substrate. Subsequent proton
transfer then closes the catalytic cycle to give (*PNP)Ru.
Moreover, knowledge of this pK, combined with the
equilibrium with H,, allows the hydricity of (PNP)Ru-H to
be determined.?!

Initial attempts to probe the pK, of (PNP)Ru* were
hampered by coordination of the base to the Ru. The
cationic 16-electron species has a vacant coordination site
and allows for this. For instance, addition of TBMP (TBMP =
2,6-di-tert-butyl-4-methylpyridine) instead gave
coordination of the base. This is evident by NMR
spectroscopy, whereby the 'H and 3!P resonances for
(PNP)Ru* shift, and no resonances ascribed to (*PNP)Ru
are observed (see Figure S28). In some instances, treatment
with the base gave (*PNP)Ru as the kinetic product, but
over the course of hours, partially converts to the base-
coordinated thermodynamic product. This is the case with
(Li)(NMe;), which converts to (*PNP)Ru prior to further
reacting to give a species that is consistent with (PNP)Ru-
NMe; (see Figure S30).

To circumvent this, we turned to the non-nucleophilic
phosphazene bases and their conjugate acids. Upon
titration of (BTPPH)(BF,) (pK. = 20.2 in THF;33 BTPP = tert-
butylimino-tri(pyrrolidino)phosphorane) to a THF solution
of (*PNP)Ru, (PNP)Ru* is cleanly generated, as confirmed
by NMR and UV-vis spectroscopies. Monitoring the
titrations by UV-vis spectroscopy allows for the pK, of 20.7
+ 0.2 to be determined (Figure 2, K3). By contrast, the pK, of
the ligand, PNP, was found to be 28.6 + 0.1 (see SI), similar
to that estimated by others.3* Thus, the ability for the
anionic nitrogen to interact strongly with a metal renders
the ligand more acidic by about 8 pK, units.
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We are also interested in establishing the effect that
coordinating a 6% ligand has on the pK,. This would allow
for a suitable base to be used to bias the system and more
favorably release X during catalysis. The ability to isolate
both [K][(*PNP)Ru-CO;] and (PNP)Ru-CO; allows for such
a comparison to be made (Figure 2, K,). Titration of
[KI[(*PNP)Ru-CO,] with (P,EtH)(BF,) gives a pK, of 24.6 +
0.4 (P2Et =
tetramethyl(tris(dimethylamino)phosphoranylidene)phos
phorictriamide-Et-imin; pK, = 25.3 in THF33). Coordination
of a 6t ligand increases the ligand basicity by ~ 4 pK, units.
Together, these pK, measurements indicate that the Ru
center can greatly modulate the acidity of the ligand.

X
— |—P‘_Bu2 Kax — /P Bu, .
«  _—N—RU-CZ0 +B —» ( N—R(-CZ0 +BH" +X
H p ) [\
H P
4 H
(8) H 'Bu; Bu,

Titration of other (PNP)Ru-X (X = Cl, DMC, OCHO) species
with a suitable base cleanly generates (*PNP)Ru (eq 8, Kg,).
This equilibrium is formally a proton transfer followed by
ligand loss and thus cannot give a true pK,. (Scheme 2).
However, knowledge of the pK, for the added base (Kzy.)
and estimation of K7, allows for a lower-limit to the pK, of
(PNP)Ru-X to be obtained.

Scheme 2. Relationship between the equilibrium of eq 8
and the pK, of (PNP)Ru-X.

(PNP)Ru-X= [(*PNP)Ru-X]~ + H* Ksx
[(*PNP)Ru-X] ~ =(*PNP)Ru + X~ K
B+ H't=BH" (Kos) ™!
(PNP)Ru-X + B= ("PNP)Ru+BH™T + X~ Ksx

Ligand loss from [(*PNP)Ru-X]- to (*PNP)Ru (K;,) is
expected to be favorable as the electron count drops from
20 to 18 (Figure 2). To probe this, 1 - 10 equivalents of
("BugN)(X) (X = ClI or OCHO) were added to a 8.4 mM dg-
THF solution of (*PNP)Ru. No immediate change was
observed by NMR spectroscopy (Figure S40), but for the
chloride sample, (PNP)Ru-Cl is produced over the course
of hours. This transformation necessitates a proton and
likely occurs from Hofmann degradation3® of the
tetrabutylammonium cation, facilitating binding of the
chloride. Addition of 10 equiv (Li)(DMC) to (*PNP)Ru gave
no reaction (see Figure S43). As dimethylcarbamate is more
basic than formate or chloride and hence should bind most
favorably to the Ru, we assume that there is no appreciable
reaction of the X species binding to (*PNP)Ru. Given the
limits of what we can observe, we assign a lower limit of 100
to K7. The equilibrium constant is likely to be much larger,
the extent of which will vary with the identity of X- (vide
infra).

This analysis provides lower-limits of 25 and 32 for the
respective pK, of (PNP)Ru-OCHO and (PNP)Ru-DMC.
Shifting from a carboxylate to a chloride, (PNP)Ru-Cl
further increases the basicity of the ligand, with a lower
limit of the pK, now being 34 (Table 2).

Table 2. Summary of pK,s and thermodynamic parameters
pertinent to X release from (PNP)Ru-X.

Journal of the American Chemical Society

Species pK;? Ksx (M)2 AGEx
(kcal-mol-1)
(PNP) 286 +0.1 - -
(PNP)Ru* 20.7+0.2 - -
(PNP)Ru-CO, 24.6+0.4 - -
(PNP)Ru- > 25 2x 103 3.7x0.7
OCHO
(PNP)Ru-DMC > 32 9.6 x 10 13.7+0.7
(PNP)Ru-CI >34 6.3 x 10-12 15.3+0.5
(PNP)Ru-H - 50x 1032 427+0.6

aMeasurements done at 20 °C. We assume that the
equilibrium at 25 °C is ~ that at 20 °C.

Hydricity and binding constants. The hydricity of
(PNP)Ru-H can be determined from the equilibria shown in
Scheme 3.

Scheme 3. Equilibria employed to determine the hydricity
of (PNP)Ru-H.

(PNP)Ru-H = (*PNP)Ru + H, (Kym) 7t
(*PNP)Ru+ H' 2(PNP)Ru* K3
H;=H*'* +H~ Kyz—
(PNP)Ru-H = (PNP)Ru™ + H™ Ken

The hydricity is obtained by combining the pK, of
(PNP)Ru*, the free energy of hydride transfer from H,,3637
and the free energy of H, loss from (PNP)Ru-H. The
thermochemical cycle gives a hydricity of 42.7 * 0.6
kcal/mol (44.6 = 0.6 kcal/mol using the value of Kj;,. given
inref. 37) Itis difficult to draw comparisons to the hydricity
of other metal complexes, as this is the first reported
hydricity in THF. As noted by others, hydricity values for
metal complexes are solvent dependent?® with no
qualitative trends that convert hydricity amongst solvents.
This is also the first hydricity value reported for a metal
complex that undergoes MLC; others have measured
hydricities for P,N,-ligated metal hydrides,3°*3° whereby
protonation also occurs at the ligand, but subsequent
proton transfer does not impact the nature of the metal-
ligand bonds.

The hydricity allows for evaluation of whether hydride
transfer to a substrate, for example, CO,, is favorable. For
that to be the case, the hydricity of (PNP)Ru-H must be less
than that of formate. While it may be tempting to
approximate that the hydricity of formate in THF must be
greater than 42.7 kcal/mol, this is not valid in this system
because the resulting formate binds to the Ru and this
energy needs to be accounted for (Scheme 4). This binding
may give an apparent increase in hydricity for (PNP)Ru-H,
which can differ based on subsequent binding of the
hydride-transferred product (Scheme 4, left).

Scheme 4. Relationship between hydricity and binding of
formate to [(PNP)Ru]* (two vertical equilibria).
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OCHO
|-—P Bu, AGy (Kg) |;P Bu,
/N /R|u C:=0 T /N—RIU-C o]
o /
H : P H H P n
H Bu; H Bu,
AG. Ko = Ko AGocHo-
9 =
(Ks,1) Ky_ocuo) * Keocho (Ks,ocHo)
‘Buz F”Bu2
+ co2
/N-Ruco _—N— RuCO
/\GH (OCHO)
(Kh-cocHoy)
+ HCOO-

The free energy associated with release of formate from
the Ru (Scheme 4, left) can be determined from one of the
two thermochemical cycles, which are described in Scheme
5.

From this analysis, the free energy for formate release is
3.7 + 0.7 kcal/mol (Table 2). This is appreciably less than
the energy associated with DMC or chloride release, 13.7
and 15.3 kcal/mol respectively.

Binding of these species modifies the apparent hydricity.
Formate binding gives an apparent hydricity of 39.0
kcal/mol (40.9 kcal/mol using the value of Kj;,. given in ref.
37). Given that other X species bind more tightly, it is
conceivable that the apparent hydricity can further be
reduced. From this, and a lower-limit of 520 atm™ for K,
(Scheme 4 and Figure S24), we determine that the lower-
limit for the hydricity of formate in THF is 42.7 kcal/mol
(44.7 kcal/mol when using the values of ref. 37). For
comparison, AGy.(ocuo) is estimated to be 44 kcal/mol in
MecCN, and 24.1 kcal/mol in water.2!

The thermochemical cycles of Scheme 5 allow for the
evaluation of the pK,s of H-OCHO and H-DMC in THF. Values
of 20.8 £ 0.6 and 30.6 * 0.6 are obtained, respectively. The
value obtained for formic acid is similar to that of acetic acid
in THF (22.5),% further validating our equilibration studies.

Scheme 5. Thermochemical cycles that can be employed to
determine Ky (highlighted in blue).

P BUz AGBH+ (KBH+) — /P IBUZ
C‘_C/—R: cio ———= ©__N-Ri-cio
P |
'Bu 'Bu,
+BH++x- +B+H++X'
Kgy K
+B Kex = 28x " TBHAY
AGax : K, -B | AG; (Ky)
(Kgx)
-
)I(_P By, ACx (Kex) P'Bu,

—— 2 — P
R e—— e
H P

P R H Bu, H

H ‘Bu;

Kux
AGpx Kox = — k- AG3 (K3)
(K1,x) 1X 23
PtBUZ IBuz
" N— Ru -c:o =——— —Ru -C:0
AGhx (Knx)
rBUZ IBUZ
+ H-X +H*+ X

Catalytic Hydrogenation of CO,. The hydrogenation of
(DMA-H)(DMC) by (PNP)Ru-Cl was probed (Table 3). The
use of dimethylammonium dimethylcarbamate as a CO,
surrogate for hydrogenation to MeOH was first shown by
Sanford by use of a related Ru catalyst”® To draw
comparisons, similar conditions were employed in terms of
substrate and base equivalents, temperature, and solvent.
We first examined the effect of catalyst concentration on
conversion to MeOH, formate, and DMF, while maintaining
a constant loading of 1 mol% (entries 1-5). As the catalyst
concentration is increased from 0.05 mM to 5.3 mM, the
TON of MeOH decreases. When the amount of MeOH
produced is viewed instead as the concentration of MeOH,
we see that except for 0.05 mM catalyst, the final
concentration of MeOH is essentially constant (~2 mM).
This suggests to us that there might be a deactivation
mechanism that is dependent on the concentration of MeOH
and/or H;0. Indeed, during our equilibrium studies of
(*PNP)Ru  and MeOH/H,0, we saw irreversible
decomposition at elevated temperatures to intractable Ru
species (See SI).

We then consider the effect of the base strength (entries
1, 6-9). Going from K3PO, to ‘BuOK gives an increase in
MeOH production. While the pK,s of K3PO, and ‘BuOK are
not known in THF, we note that the former is not capable of
converting (PNP)Ru-Cl to (*PNP)Ru at room temperature,
whilst the latter can, suggesting that ‘BuOK is more basic.
When we use (Li)(DMC) as the base, we see an order of
magnitude increase in TON to 39.4. Now, we reach our
limiting concentration of MeOH produced with 0.05 mM
catalyst loading. However, with (Li)(Me,;N) the TON drops
to 1.6. We attribute this decrease to competitive amine
binding which may occur at elevated temperatures. With
(P"PHNP)Ru-(HBH;), which is known to hydrogenate
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carbamates to MeOH,’»”® we see no effect on varying the
base (‘BuOK vs. K3P04) on MeOH yield (see SI).

Given that the produced H,O may quench one equiv of
base, we also investigated using equimolar substrate and
base. When we use equimolar ‘BuOK and (DMA-H)(DMC),
we see a slight decrease in TON compared to when we use
1:2 base:substrate (Table S4). A decrease is also observed
when we use 1:4 base:substrate. We interpret these results
as suggesting an intricate balance between the requirement
of the base, and the impact of adding base to the equilibrium
of (DMA-H)(DMC) and DMA + CO, (with base favoring
formation of DMC salts).

Journal of the American Chemical Society

To determine if there is a substrate which is limiting TON,
we compared the substrate (entries 1, 10-12). Going from
(DMA-H)(DMC) to (Li)(DMC), we see a doubling of the
MeOH TON. This may be due to lower concentrations of
amine (DMA-H* versus Li*) or discrepancies in how readily
CO, is released from DMC. Formic acid is poorly
hydrogenated, which may be due to the now acidic nature
of the reaction medium, as only 50 equivalents of base was
added. When DMF is employed as a substrate, we see MeOH
produced with a TON of 59.2, again giving a similar limiting
final concentration.

Table 3. Hydrogenation of (DMA-H)(DMC) by (PNP)Ru-Cl. All reactions are run in 10 mL THF.

0.05-5.3 umol (PNP)Ru-CI
50 equiv Base

cl :
[ZPBuy
d /N—/Ru-CEO : betrat
. Substrate
H P |!| ! (100 equiv)

e » MeOH, Formate, DMF
s THF, 155 °C, 18 h
Entry [catalyst] Substrate Base TON MeOH (mM)2 TON Formate (mM)b TON DMF
(mM) (mol%) (mM)2
1 0.05(1%) (DMA-H)(DMC)e BUOK 3.9:03 3.3:02 19.8+5.4
(0.20) (0.17) (4.1)
2 0.5(1%)  (DMA-H)(DMC)e ‘BUOK 40+£02 53+0.2 57.2+15.8
(2.1) (2.6) (140)
3 15(1%)  (DMA-H)DMC)? tBUOK 12+0.2 0.6+0.1 0.5+0.3
(1.7) (0.90) (57)
4 3.3(1%)  (DMA-H)(DMC)e ‘BUOK 0.5+0.1 0.3+0.1 n.d.e
(1.7) (0.98)
5 53(1%)  (DMA-H)(DMC)? {BUOK 0.4+0.1 0.8+0.1 0303
(2.0) (4.5) (0.016)
6°  0.05(1%) (DMA-H)(DMC)e None 20£07 0.7 +0.4 n.d.e
(0.065) (0.046)
7 005(1%) (DMA-H)(DMC)? KsPO, 26+05 1.6£0.7 10977
(0.14) (0.23) 4.1)
8  005(1%) (DMA-H)YDMC)®  (Li)(DMC) 39.4+ 0.4 6357 05+0.4
(2.0) (0.32) (0.00095)
9  005(1%) (DMA-H)DMC)  (Li)(MeN) 1.6+0.3 0.7 £0.4 1.0 1.0
(0.078) (0.035) (0.001)
9
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10 0.05(1%) (Li)(DMC) None
11 0.05(1%) HCOOH ‘BUOK
12 0.05(1%) DMF {BUOK

75+4.9 13+05 n.d.e
(0.38) (0.065)
12+0.6 = n.d.e
(0.062)
50.2 +2.3 0.7+0.3 -
(2.9) (3.6 x 105)

aQuantified by GC. Error from duplicate catalytic runs. PQuantified by IC. Error from duplicate catalytic runs. {(*PNP)Ru used as
the catalyst. 4100 equiv of base employed. ¢n.d. = not detected. fnot quantified. 892 equiv of substrate employed.

DISCUSSION

Ramifications of H-X equilibria on catalysis. Given the
concentration (or pressure) dependence for the equilibria
of (*PNP)Ru and H-X or COy, it is imperative to understand
how different catalyst loadings impact TON. Regardless of
the catalyst concentration, only the H-X concentration will
determine the equilibrium position. This is illustrated when
considering the TON of MeOH produced. While varying the
catalyst loading impacts the TON for MeOH, at the four
highest loadings considered it did not impact the overall
concentration of MeOH produced, ~ 2 mM. This same
concentration can be obtained at lower catalyst loading
when using (Li)(DMC) as the base. Strikingly, when DMF is
instead used as a substrate, the same concentration of
MeOH is produced. This suggests that competitive
equilibria may limit the overall MeOH production. Indeed,
at elevated temperatures, the equilibrium to give (PNP)Ru-
OMe is favored over that of (PNP)Ru-H. In this system,
further complication likely arises from the instability of
(*PNP)Ru to excess MeOH at elevated temperatures; the
ability for the catalyst to turnover suggests that this
deactivating equilibrium is less favorable than that which
gives productive turnover.

A threshold MeOH concentration is not unique to our
system. Both Sanford and Prakash have used (P"P¥NP)Ru-
Cl and (P"PPNP)Ru-(HBH3) to hydrogenate CO, to MeOH in
the presence of a variety of amines. Under their conditions,
Sanford reports a maximum MeOH concentration of about 1
M.’ In three separate reports, Prakash reports maximum
MeOH concentrations of 1.3 M,'* and 2.1 M.7*! That the
same catalyst, run under different conditions, in different
solvents, amines, and base additives, all give a similar
maximum MeOH concentration suggests a concentration-
dependent equilibrium between MeOH and the catalyst
contributes to catalyst performance. Related Ru catalysts
that undergo MLC via dearomatization give ~1 M limiting
MeOH concentrations in other types of hydrogenations.”¢26?
The discrepancy between the catalysts likely has
contributions from differences in equilibrium constants,
and in the latter systems, different H-X species present and
hence different competing equilibria. Regardless, these
similarities suggest that a better parameter for evaluating
catalysis is product concentration, not TON.

Knowing both the concentration and temperature-
dependence of these equilibria (K;x) allows for a better
understanding of how to optimize reaction conditions. In
general, the equilibrium constant towards (PNP)Ru-X
decreases with temperature, and the substrates fall into two

classes that differ by the magnitude of this effect. Our study
shows that the decrease is not uniform across all substrates.
Thus, the equilibrium with formic acid is more or less
temperature independent, whilst that with H, shows a
strong decrease with increasing temperatures. If formation
of (PNP)Ru-OCHO does indeed represent a thermodynamic
bottleneck, or the most favorable equilibrium, then
increasing the temperature would not favor formation of
(PNP)Ru-H; only raising the pressure or lowering the
temperature would do so. Varying the temperature and
concentrations can likewise impact the thermodynamic
bottlenecks; the extent of which would not be known
without studies such as this.

These findings are not unique to hydrogenation of
carbamates to MeOH. For example, using
(P"PHNP)Ru(HBH3;), the optimal temperature for CO,
hydrogenation to DMF (in the presence of DMA) is found to
be 95 °C,”* well below the 155 °C used to hydrogenate the
produced DMF to MeOH. This is consistent with the idea of
the relative equilibria shifting with temperature. Also, a
recent study on dehydrogenative coupling of
ethylenediamine and MeOH to give ethylene urea and H,
showed that increasing the headspace volume, effectively
decreasing the [H;], enhances this Ru catalyzed reaction.*?
These studies on related Ru catalysts that undergo MLC
reinforce the need to understand the thermodynamic
parameters associated with the catalyst; this allows for
optimization of the catalytic conditions.

Knowledge of the temperature and pressure dependence
for the H; equilibrium versus that with CO; is also pertinent
to CO; hydrogenation. With regards to hydrogenation to
formate, Pidko has suggested that (PNP)Ru-CO, is an
inhibitive, off-cycle species?® and Sanford suggests that the
related (PNN)Ru-CO, may be able to do catalysis, albeit at a
slower rate;* this species should therefore be minimized
under catalytic conditions. Our studies indicate that at all
elevated temperatures, the equilibrium with CO, is favored
over that of H, and thus pressure differences must be
employed. While this is usually achieved by changing the
partial pressures of the two gases, it can also be achieved by
using “captured CO;” in the form of carbamates and
carbamic acid. These are in equilibria with free CO; (eq 9).

N N RyNH
J0CO; + RoNH _RoN + (H)(CO0 ™) _RoN — COOH——>[R,
N — COO][RyNH,]
Moreover, it has been shown that by changing the amine
identity or using mixtures of amines, the pressure and
temperature requirements for releasing CO; can be greatly
modified.*?® This relative equilibria is particularly pertinent

10

ACS Paragon Plus Environment

Page 10 of 14



Page 11 of 14

oNOYTULT D WN =

to carbon capture and recycling schemes, as CO; release is
energy-intensive. Coupling release to catalysis will
streamline the process, and by judicious choice of amine,
will allow for tailoring the H,:CO, to optimize catalysis.

Rationalization of the need for a strong base during
catalysis. It is established that using (PNP)Ru-Cl with DBU
as a co-substrate base allows for CO, hydrogenation to
formate.?420 While DBU, having a pK, of 16.1 in THF,* is not
sufficiently basic enough to deprotonate (PNP)Ru-OCHO at
room temperature, precipitation of (DBU-H)(OCHO) is not
accounted for, nor are subsequent equilibria with the
product (*PNP)Ru, both of which could drive the reaction.
It is thus conceivable that under reaction conditions, which
include elevated temperatures, this deprotonation readily
occurs. Indeed, treatment of (PNP)Ru-Cl with K;PO, at
room temperature gives no reaction, but upon warming to
120 °C, formation of (*PNP)Ru ensues, as evident by the
characteristic color change from yellow to green. Cooling
the sample causes it to revert back to (PNP)Ru-Cl. There is
thus a temperature dependence on the pK, but
deconvoluting the contribution of the inorganic base and
the Ru species is not trivial.

Our results suggest that using a stronger base allows for
and increases MeOH production when (PNP)Ru-Cl is used
as a catalyst for the hydrogenation of (DMA-H)(DMC). Given
the amount of base added, we cannot conclude whether it is
a co-reagent or a co-catalyst. Others have noted that in
related hydrogenations, addition of a base enhances
catalysis, though the base is added in sub-stoichiometric
amounts.”>* [t is speculated that the base enhances the
MLC mechanism, and thus the base strength may alter the
mechanism.

As noted by others, K;PO, is sufficient for MeOH
production when (P"PENP)Ru(HBH3) is used as the catalyst
for hydrogenation of (DMA-H)(DMC).”? Changing the base
to KO'Bu does not improve MeOH production. By contrast,
with (PNP)Ru-X a stronger base is required. This suggests
that the base is used to deprotonate the catalyst. The
alternative, deprotonation of an organic intermediate,
would show the same base-dependence, regardless of the
catalyst.

This can be rationalized by considering our pK,
measurements, which indicate that 6-coordinate (PNP)Ru-
X species are at least 5 pK, units more basic than 5-
coordinate (PNP)Ru*. Thus, addition of a strong base can
bias the system to regenerate (*PNP)Ru. It should be noted
that of the 6-coordinate (PNP)Ru-X species whose pK, we
could estimate, (PNP)Ru-OCHO gave the lowest value,
consistent with a relatively weak base (DBU) facilitating
this hydrogenation. Additionally, our equilibrium studies
indicate that (PNP)Ru-OCHO does not readily dissociate
formic acid, even at elevated temperatures. This suggests
that the only way to turn over the catalyst is to use a base.
Our best results for MeOH production used (Li)(DMC) as the
base. From our thermochemical cycles, the pK, of DMC-H,
dimethylcarbamic acid, is 30.6, significantly higher than the
DBU that is needed for formate. It therefore may serve to
deprotonate a (PNP)Ru-X species that is pertinent to DMF
hydrogenation.

Journal of the American Chemical Society

Hydricity is modified by binding of substrate. Miller
and coworkers recently disclosed how hydricity of Ru and
Ir hydrides varies in H,O with added buffers that can
coordinate to the metal.** In their work, they found that
binding of H,0 versus Cl can alter the apparent hydricity by
about 3-5 kcal/mol. While their studies focused on buffers,
here we extend this idea to how coordination of the product
of hydride transfer impacts the apparent hydricity.

Our analysis gives a hydricity of 42.7 kcal/mol for
(PNP)Ru-H in THF. This is the value to consider if the
substrate does not coordinate to the Ru as part of the
catalytic cycle. However, our thermodynamic studies
indicate that substrate binding is favorable, giving
(PNP)Ru-X. This binding is favorable by ~4-15 kcal/mol,
and hence can greatly impact the apparent hydricity. If
hydrogenation does occur via coordination of the product
of hydride transfer, for example, formate, then catalyst
hydricity does not need to be great er than that of formate.
Rather, the catalyst hydricity and binding affinity for the
product must be larger than that of formate. Due to the
inability to isolate (PNP)Ru-OMe, we are unable to
determine the methoxide binding affinity. However, Table 2
suggests that it may differ from that of formate and require
different hydricity parameters from the catalyst.

CONCLUSIONS

We presented a thorough thermochemical analysis of the
Ru PNP hydrogenation catalyst. The temperature-
dependent equilibrium studies suggest what may be
thermodynamic bottlenecks and how they vary with
temperature. At elevated temperatures, (PNP)Ru-OCHO
formation is favored over (PNP)Ru-H by 4 orders of
magnitude in K;x. This explains why formic acid is not
readily released, but rather a base is required to convert
(PNP)Ru-OCHO to (*PNP)Ru. A stronger base is required
in this system to drive hydrogenation of (DMA-H)(DMC) to
MeOH, while this is not a requirement in related systems.
We find that the pK, of (PNP)Ru-X varies greatly with the
identity of the X-ligand, and hence suggest that the stronger
base is required to deprotonate a 6-coordinate Ru species
that is bound by an intermediate en route to MeOH
production. Our hydrogenation studies indicate that there
is a limiting methanol concentration that is reached with
this system. While there are likely many factors to this, the
equilibria studies are consistent with this observation and
likely contributes to performance. We also give a lower
estimate for the hydricity of formate in THF, and indicate
how substrate binding can impact the apparent hydricity of
a catalyst by several kcal/mol. This work mirrors that done
in the electrochemical field, whereby such findings have
allowed for better H; evolution catalysts to be developed
and have helped ascertain catalyst requirements for
electrocatalytic CO, reduction.’>'¢ Although this work
benchmarks several thermochemical properties pertinent
to CO, hydrogenation catalysts, we envision that our
findings will be broadly applicable to a variety of other
catalytic reactions performed by this and related catalysts
that require cooperation between the metal and
bifunctional ligand.
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