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Large changes in hydricity as a function of charge
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Pincer-ligated catalysts that can undergo metal-ligand cooperativity (MLC), whereby H, is heterolytically
cleaved (with proton transfer to the ligand and hydride transfer to the metal), have emerged as potent
catalysts for the hydrogenation of CO, and organic carbonyls. Despite the plethora of systems developed
that differ in metal/ligand identity, no studies establish how variation of the metal impacts the pertinent
thermochemical properties of the catalyst, namely the equilibrium with H,, the hydricity of the resulting
hydride, and the acidity of the ligand. These parameters can impact the kinetics, scope, and mechanism of
catalysis and hence should be established. Herein, we describe how changing the metal (Co, Fe, Mn, Ru)
and charge (neutral vs. anionic) impacts these parameters in a series of PNP-ligated catalysts (PNP =
2,6-bis[(di-tert-butylphosphino)methyllpyridine). A linear correlation between hydricity and ligand pK, (when
bound to the metal) is found, indicating that the two parameters are not independent of one another. This
trend holds across four metals, two charges, and two different types of ligand (amine/amide and
aromatization/de-aromatization). Moreover, the effect of ligand deprotonation on the hydricity of (PNP)
(CO)(H)Fe-H and (PNP)(CO)(H)Ru-H is assessed. It is determined that deprotonation to give anionic hydride
species enhances the hydricity by ~16.5 kcal mol™ across three metals. Taken together, this work suggests
that the metal identity has little effect on the thermodynamic parameters for PNP-ligated systems that
undergo MLC via (de)aromatization, whilst the effect of charge is significant; moreover, ion-pairing allows
for further tuning of the hydricity values. The ramifications of these findings for catalysis are discussed.
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catalyst (Scheme 1, top): 1) the equilibrium of the catalyst
with H, that generates a dihydride (or H, adduct; purple

Introduction

Metal hydrides (M-H) are implicated in many reactions that are
pertinent to future energy schemes," which include: photo- and
electro-catalytic H, production,” combined carbon capture &
recycling of CO,,>” bio-oil stabilization,® and use of liquid
organic hydrogen carriers.”® Many of these processes are
challenging because they necessitate the reduction of weakly
electrophilic carbonyl species. Moreover, certain applications
require that both the hydrogenation and dehydrogenation
reactions occur under similar conditions. Given the role of M-H
in these and other (de)hydrogenation reactions, it is important
to understand how catalyst modification impacts their reactivity.

For catalysts that transfer net H,, three thermodynamic
parameters are critical to understanding the reactivity of the
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arrow), 2) the pK, of the dihydride that gives a monohydride
upon deprotonation (red arrow), and 3) the hydricity of the
resulting monohydride (blue arrow). As shown in the middle
of Scheme 1, the same three parameters are pertinent for
catalysts that undergo metal-ligand cooperativity (MLC).
Now, the equilibrium with H, generates a monohydride with
concomitant ligand protonation (purple arrow), and the
protonated ligand pK, is pertinent (red arrows) as is the
hydride hydricity (blue arrows). Scheme 1 also shows how
distinct mechanisms can deliver H, to a substrate via
concerted H'/H™ transfer (middle) or stepwise proton and
hydride transfers (left, right) in MLC catalysts. Given the
breadth of metal and ligand combinations in MLC
catalysts,”® as well as the importance of these systems in
advancing (de)hydrogenation reactions, establishing how the
ligand and metal impact the thermodynamic parameters
(Scheme 1, bottom) is timely. Thermodynamic understanding
can provide insight to catalyst kinetics, mechanism, and
scope, paving a route for rational catalyst design.

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Mechanism of H; transfer to a substrate at catalysts that do
not undergo metal-ligand cooperativity (MLC) (top) and those that are
capable of undergoing MLC (middle). Catalysis that undergoes MLC can
occur via sequential proton-hydride transfer (left), sequential hydride-
proton transfer (right), or concerted transfer (middle, dashed). For
simplicity, no substrate binding to the catalyst is shown, nor are
mechanisms that involve solvent. The proton transfer step may occur
with an external base, for example, in the hydrogenation of CO, to
formate. (bottom): The overall free energy is comprised of catalyst and
substrate contributions. The thermodynamics of each step should be
matched to minimize energetic losses. AG¢y is equal to the energy to
heterolytically cleave H, and hence is a constant that is solvent-
dependent; the individual components in the equation (AGy,, AGy, and
AGy) are unique to each catalyst. For clarity, the contributions to the
overall reaction free energy are shown for the non-MLC mechanism.
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Both experimenta and theoretica studies suggest
that kinetics can correlate with thermodynamics in
hydrogenation reactions. The relationship is illustrated in the
catalytic reduction of CO, to formate at phosphine-ligated Co
and Rh hydrides."® In this system, the Co-H are weakly hydridic
(e.g., large values of AGy), allowing for a linear relationship
between the hydricity and log(TOF) to be observed (i.e., hydride
transfer is rate-limiting; TOF = turnover frequency). Conversely,
the analogous Rh-H species that are very hydridic (e.g., small
values of AGy) show a linear relationship between the
equilibrium with H, and log(TOF), as this step is now rate-
limiting. In other instances, the correlation also suggests novel
mechanisms.”*?° Hence, to increase overall kinetics, it is
important to minimize free energy changes in the rate-
determining step (Scheme 1).

Mechanistic insight can also be gleaned from an
understanding of the catalyst and substrate thermodynamics
(Scheme 1). For example, recent studies suggest that initial
deprotonation of the ligand yields a more hydridic anionic
metal hydride that is responsible for hydride transfer

This journal is © The Royal Society of Chemistry 2023
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(Scheme 1, left).*'* This represents a new mechanistic
hypothesis; yet anionic hydrides (that result from ligand
deprotonation) remain under explored in the literature.
Related, an understanding of the thermodynamic parameters
may indicate how the reaction conditions can alter the
mechanism.>*"*” This knowledge could expand the types of
reactions feasible with a single catalyst.*®

Regarding scope, as shown in Scheme 1, the
thermodynamics of the catalyst must match that of the
substrate to avoid energetically prohibitive steps, which can
also impact the overall kinetics (vide supra). This is illustrated
in work by DuBois and coworkers; knowledge of how
changing the catalyst impacts the thermodynamic parameters
allowed for the development of electrocatalysts that either
favor proton reduction or H, evolution.>® Yang and coworkers
recently extended this to catalysts that can both oxidize
formate and reduce CO, near the thermodynamic potential.*

Despite the importance of investigating the thermodynamic
parameters of catalysts, very few systems explore the
parameters of hydrogenation catalysts that undergo
MLC.>**®*! Throughout this manuscript, MLC represents
catalysts in which the reaction with net H, results in electronic
structure changes at the metal (i.e., a ligand formally alternates
between being an L-type and LX-type donor),** not those in
which ligand protonation is decoupled from hydride
formation.”® This motif has allowed for the development of
catalysts that hydrogenate weakly electrophilic carbonyl
substrates,*** and the replacement of Ru with 1st-row
transition metals (Mn, Fe, Co).'**” To establish how the
metal identity impacts reactivity, it is important to consider the
thermodynamic parameters described.*”

Herein we describe the thermodynamic parameters of PNP-
ligated neutral (Fe, Co) and anionic (Fe, Ru) hydrides and
compare them to previously reported Mn>** and Ru*® analogues.
In these systems, deprotonation occurs at a methylene proton,
resulting in loss of aromatization in the central pyridine ring.
This is the first study that establishes how changing the metal
at MLC catalysts impacts the thermodynamic parameters. The
ramifications of these findings for catalysis are discussed.

Results and discussion
Catalysts investigated and characterization of complexes

The thermochemistry of four PNP-ligated M-H systems is
considered (PNP = 2,6-bis[(di-ter&-butylphosphino)methyl]
pyridine; *PNP = deprotonated PNP; see Scheme 2 for
structures). These hydrides are all invoked as intermediates
for (de)hydrogenation reactions. Dihydrides (PNP)(CO)(H)Fe-
H*** and (PNP)(CO)(H)Ru-H’ are isoelectronic d® and 18-
electron species. These are related to the manganese hydride,
(PNP)(CO),Mn-H,"*** in which a hydride is replaced by a
carbonyl to maintain charge and electron-count balance.
Finally, the formally 16-electron and d® hydride, (PNP)Co-
H"™ is also investigated.

Net transfer of H, from (PNP)(CO)(R)M-H to a substrate
yields the de-aromatized species, (*PNP)(CO)(R)M (R = CO, M =

Catal. Sci. Technol,, 2023, 13,1358-1368 | 1359
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Scheme 2 a) Thermochemical parameters measured for Mn, Fe, and Ru. Only 5-coordinate Fe complexes bind a 6th neutral ligand, see text for
details. L = - indicates that L corresponds to a vacant coordination site. b) Thermochemical parameters measured for Co. The anionic hydride
could not be generated, so its structure and associated thermodynamic parameters are greyed out. For clarity in naming, only the ligand that

changes in the equilibria is placed after the metal.

Mn; R = H, M = Fe, Ru; see Scheme 2b for Co analogue) and
hydrogenated substrate. Mechanistically, this could occur
through the three routes shown in Scheme 1. The pertinent
metal thermodynamic parameters and how they relate to one
another for these mechanisms are shown in Scheme 2.

Prior to measuring the thermodynamic values shown in
Scheme 2, all species must be characterized and shown to be
stable on the time scale of measurements. With the exception
of the anionic hydrides, [Li][(*PNP)(CO)(H)M-H] (M = Fe, Ru)
and (*PNP)(CO)(H)Fe, the species shown in Scheme 2 are all
reported in the literature.?*?%3%*5%¥ we have further
characterized [(PNP)(CO)(H)Fe]" in THF, which coordinates
N, at reduced temperatures to give [(PNP)(CO)(H)Fe-N,]" (see
ESLj section 2D). Room temperature data suggests that
[(PNP)(CO)(H)Fe]" is in equilibrium with [(PNP)(CO)(H)Fe-
L]", where L is a terminal N, or THF.

The synthesis of (*PNP)(CO)(H)Fe is accomplished
following the procedure shown in Scheme 3. Briefly, (PNP)
(CO)(H)Fe-H is first exposed to excess CO, to give the
formate complex, (PNP)(CO)(H)Fe-OCHO. This species is
then treated with one equivalent of KO‘Bu to give (*PNP)(CO)
(H)Fe (along with loss of KOCHO and ‘BuOH). This approach
is required because the steric bulk of the ‘Bu phosphine
substituents precludes the synthesis of (PNP)(CO)(H)Fe-Cl,
which can be directly deprotonated with the 'Pr analogue.*’

NMR characterization of (*PNP)(CO)(H)Fe is consistent
with the proposed structures, whereby (*PNP)(CO)(H)Fe is in
equilibrium at room temperature with (*PNP)(CO)(H)Fe-L (L
= N, or THF, see ESI; section 2B). VT NMR and UV-vis data
suggests that at reduced temperatures, {(*PNP)(CO)(H)Fe},(p-
N,) (Scheme 3 and ESIf) also forms. This equilibrium
mixture of species is more stable than its 'PNP
counterpart,” though THF solutions still decompose to give
free ligand, (PNP)Fe(H),(CO), (PNP)Fe(CO),, and unidentified
paramagnetic species over the course of 24 hours (see ESIf).
Owing to this degradation, equilibrium measurements were

1360 | Catal Sci. Technol., 2023,13, 1358-1368

recorded upon mixing, and monitored over time to ensure
that equilibrium was obtained in the absence of degradation
(see ESIT for details).

Anionic hydrides [(*PNP)(CO)(H)M-H] (M = Fe, Ru) are
readily prepared by addition of 1 equiv. of "BuLi to (PNP)(CO)
(H)M-H, akin to how [Li][(*PNP)(CO),Mn-H] is prepared.**
The lithium cation can be exchanged to a potassium by
addition of 1 equiv. of KO‘Bu in the synthesis (Fig. 1).
Addition of a weak acid cleanly regenerates the neutral
species (see Fig. S19 and S247), confirming that the observed
reaction corresponds to a deprotonation. The anionic
hydrides have been characterized by NMR spectroscopy.
Notably, both of the *'P NMR resonances shift upon
encapsulation of the alkali metal cation in a crown-ether,
suggesting that ion-pairing occurs in THF (see ESI).

o

0.85 atm CO, —_—|-P'Bu;
—N-Fe=0 — 3 UG _=N-Fe-—=0
pentanes, RT H p’ I-II

t
H BUZ
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1 eq KOBu, THF
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THF, cold “—N-Fe—=0 q‘e’—:
0 P/ | 7/
H™ gy, H tBu
(*PNP)(CO)(H)Fe-L | (*PNP)(CO)(H)Fe |

Scheme 3 Synthesis and equilibrium of (*PNP)(CO)(H)Fe. See ESIi for
details of the equilibrium speciation.

This journal is © The Royal Society of Chemistry 2023
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To further establish the ion-pairing, a crystal structure of [K]
[(*PNP)(CO)(H)Ru-H] was obtained (Fig. 1). The potassium
cation sits directly above the nitrogen and is equidistant from
both C6B and C10B. Disorder of the methyne/methylene
position precludes accurate assessment of the bond distances;
use of distance restraints were needed to give the best
refinement. Both the *'P and 'H NMR data clearly suggest
deprotonation of a single methylene position. Combined, this
suggests the resonance structure shown in Fig. 1, whereby
deprotonation places an extra lone-pair on the nitrogen.

This is a rare example of what may be referred to as a
formally 20-electron complex that arises from MLC.*®
However, the similar Ru-N bond distances in both the
aromatized and de-aromatized 6-coordinate species*®**>!
suggest that the additional lone-pair on the nitrogen may not
engage in bonding with the Ru. By contrast, the Ru-N
distance in N(CH,CH,P™",),Ru(CO)(H) is ~0.2 A shorter than
that in HN(CH,CH,P™",),Ru(CO)(H),,** suggesting that upon
deprotonation of the amine to give an amide, the extra lone-
pair does engage in bonding to the metal. Thus, [K][(*PNP)

H H g -1
——17PPY2  ,ng,iKOBY, H, atm ——|;P BU2
~_—N-Ru—=0 » \L__N-Ru-=0
H P’ - "BuH, LiO'Bu —p’ |
t H J H™ ¢ H
H 'Buy Bu,

[(*PNP)(CO)(R)Ru-HJ"

(PNP)(CO)(H)Ru-H

Fig. 1 (Top): Synthetic scheme to prepare [KI[(*PNP)(CO)(H)Ru-H].
(Bottom): Thermal ellipsoid plot of [KI[(*PNP)(CO)(H)Ru-H]. For clarity,
all H-atoms that were not located in the difference map are omitted.
The structure is disordered over which methylene is deprotonated
(adjacent to P2 or P3), and only the major contribution is shown (56%).
The disorder precludes accurate assessment of the C5B-C6B and
C10B-C11B bond distances. Select bond distances (A): N4B-K1: 2.85(2);
C6B-K1: 3.22(2); C10B-K1: 3.22(2); Rul-K1: 3.594(8). The minor
component of the disorder has similar bond distances.

This journal is © The Royal Society of Chemistry 2023
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(CO)(H)Ru-H] is best referred to as an 18-clectron species
with a localized lone-pair on the nitrogen.

Ligand pK, as a function of metal and charge

To determine the pK,s of the various metal complexes
(Scheme 2, pK;\ and pK, ), titrations of the protonated
ligand congeners and suitable bases were conducted in THF
and monitored by *'P NMR spectroscopy (eqn (1), see section
3 of the ESI{ for details). These deprotonation events occur
at the methylene position of the ligand, and do not
correspond to deprotonation of the metal hydride. The values
obtained are summarized in Table 1. Attempts to deprotonate
(PNP)Co-H did not give clean conversion to a new species,
and hence it is not included in the analysis below.

pK;, versus pK,. The values derived from the observed
equilibria (eqn (1)) of the titrations correspond to the pK;, (ip
= jon-paired) of cationic species.”*** These interactions are
also sometimes called homoassociations.

[(HPNP)M][A] + B KD [(HPNP)M]* + [A]” + B K= ‘PNP)M +

(1)

(Al + [BH]* 5°)™" (PNP)M + [BH][A]

Unless explicitly noted, this is generally true for all pK,s
reported in THF. This encompasses the true pkK, (termed pK,,)
with two ion-pairing terms. The discrepancy between the two
can be minimized by using similarly sized ions in the
titrations such that the ion-pairing terms cancel. Alternatively,
use of the Fuoss equation®® allows for estimation of the ion-
pairing term and determination of pK, (more details can be
found in the ESI{). The similarly-sized ions used in the
titrations give rise to small discrepancies (0.1-0.2) in the pKj,
and the pK, values for the cationic acids of Table 1.

Deprotonation of the neutral metal hydrides with neutral
bases involve a single ion-pair (eqn (2)). Hence, larger
differences (1.3-1.5) in the pKj, and the pK, values are
observed because ion-pairing effects do not negate one
another.

Ka[

[(HPNPYM] + B K [pNpyMI~ + [BH]* KD ()1 Pp)M)

(2)

Unless noted, reference to pK, in the text that follows
refers to the pKjp,. As the pKj,s were directly measured and
the pK,s estimated, throughout this manuscript,
thermochemical parameters that are derived from the pK, are
reported using the pKj,, with that derived from the pK,
immediately following in parentheses. Values derived with
pK, should be regarded as approximations, given that K in
eqn (1) and (2) are approximations.

pK, values and trends. The observed deprotonations all
occur at the ligand methylene position, though the lone-pair
is delocalized onto the nitrogen through resonance (Fig. 2).
The cationic species span ~1.9 pK, units (18.8-20.7), and are
all lower than that of the free ligand (28.6).>® The pK,

Catal Sci. Technol.,, 2023, 13,1358-1368 | 1361
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Table 1 Measured pK, (pKip) and extrapolated pK,, values

Species” pK;,? PK,° ApKip (PKam — PK1m)
[(PNP)(CO)(H)Fe]"  19.8/ 19.7 13.0
(PNP)(CO)(H)Fe-H  32.8° 35.0

[(PNP)(CO)H)Ru]"  20.7%" 205 10.7
(PNP)(CO)(H)Ru-H  31.4% 33.6

[(PNP)(CO),Mn]" 18.8%M  18.9/(18.6)" 12.4
(PNP)(CO),Mn-H  31.2%° 325

[(PNP)Co-N,]" 20.47 20.3 -

“ Deprotonation occurs on the ligand. ? Error is +0.2 and calculated
by propagation of uncertainty.  Error is +0.9 and calculated by
propagation of uncertainty and multiplying by three. This is to
emphasize that the errors in K are not known. ¢ From ref. 28.
¢ From ref. 24.  Counter-anion is [BAr",]". ¢ Counter-cation is
[Ph(Me)C(H)-P(2,4,6-(Me0O);-C¢H,);]". " Counter-anion is [BF,].

' Counter-cation is [(Me,)C(H)-PPh;]".

’%uz 'Bpuz H‘Euz
=t. / === == i e 4
P’ R J P O\sp O\ p |I?
Bu, ‘Bu, ‘Bu,

N: LX (or X) donor,

N: L donor, 18 &” species

18 (or 16) e species
R = CO (Mn), H (Fe, Ru)

L =CO (Mn, Ru, Fe), N (Co)
R = CO (Mn), H (Fe, Ru), - (Co)

Fig. 2 Resonance structures of the deprotonated (neutral) species.

increases upon moving across the periodic table (Mn < Fe <
Co < Ru), though caution should be taken in over-
interpreting this trend given the errors reported in Table 1.
These values are all lower than that of the free ligand
(28.6).® The decrease in pK, of the ligand upon complexation
with metal can be attributed to electrostatic effects: the
cationic metal fragments are better at stabilizing the negative
charge generated upon deprotonation (overall giving a
neutral species). That the Mn species is the most acidic is
consistent with it having two n-accepting carbonyl ligands (as
opposed to one), allowing the negative charge to be further
delocalized.

The pK,s of the neutral M-H species span 1.6 pK, units
(31.2-32.8) and appears to increase as Mn < Ru < Fe. Going
from cationic to neutral increases the pK, by 10.7-13.0 pK,
units. Morris has derived an empirical formula to predict the
pK, of metal hydrides and dihydrogen adducts in THF (see
ESIT).>* In the equation, going from a neutral to anionic
conjugate base is predicted to increase the basicity by 30 pK,
units. While the equation does not hold for predicting the
pK, of the ligands in our system (see ESIf), the increased
basicity measured for the neutral M-H species (as opposed to
cationic M fragments) is consistent with pK, trends for metal
hydride/dihydrogen adducts.

Taken together, the pK,s measured indicate that for the
PNP ligand investigated, which may be representative of
ligands that undergo aromatization/de-aromatization, the
metal fragment (comprised of the central metal and all non-
PNP ligands) has little effect on the pK,. For the Ru, Fe, and

1362 | Catal Sci. Technol., 2023, 13, 1358-1368
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Mn species which are all isolobal, what impacts the pK, the
most is the addition of a negative charge, which also
increases the formal electron count of the metal center from
18 to 20 in the deprotonated state.

Equilibrium of de-aromatized complexes with H, to yield
M-H complexes

The equilibrium of (*PNP)(CO)(H)Fe with partial pressures of
H, to give (PNP)(CO)(H)Fe-H (Scheme 2, K; ;) was monitored
by UV-vis spectroscopy. From this, a value for AGy,p. was
found to be 3.8 + 0.3 kcal mol™. This value is similar to that
obtained for the analogous Mn?** and Ru*® complexes
(Table 2).

Addition of 0.85 atm of H, to (*PNP)Co-N, gives a mixture
of the desired (PNP)Co'-H along with free ligand, (*PNP)
Co™-H, and other unidentifiable products (Scheme 4). Chirik
and coworkers have also observed this reactivity, albeit at
elevated temperatures.®® It is conceivable that (PNP)Co'-H is
unstable to H-atom loss (with the proton coming from the
methylene spacer and electron from the Co), generating
(*PNP)Co"-H and 0.5 equiv. H,. Indeed, the bond
dissociation energy (BDE) of (PNP)Co'-H was calculated to be
42.7 keal mol™,** and hence is consistent with the release of
0.5 equiv. of H, from (PNP)Co'-H.

Direct measurement of K;c, (Scheme 2b) is thus
precluded by the lack of a clean equilibrium mixture.
However, the equilibrium constant K; ¢, and associated free
energy can be determined from the pK, and hydricity (vide
infra); AGy, ¢, is found to be —2.3 + 0.7 keal mol ™.

Hydricity as a function of metal, charge, and formate binding

Hydricity values were obtained by one of two methods." The
first makes use of the thermochemical cycle that combines the
ligand acidity, the equilibrium with H,, and the heterolysis of
H, (Scheme 2). This approach allowed for determination of the
hydricity values of (PNP)(CO)(H)Fe-H (eqn (3)-(6)) and the two
anionic hydrides, [(*PNP)(CO)(HM-H] (M = Ru, Fe; see Ks of

eqn (3)~(6)).

(PNP)(CO)(H)Fe-H = ~AGum Kz ) (3)

(*PNP)(CO)(H)Fe + H,

H, = H' + H (ref. 56) AGy, het = K, het (4)
68.7 kecal mol™

(*PNP)(CO)(H)Fe + H' =  ~AGy Kior ) (5)

[(PNP)(CO)(H)Fe]

(PNP)(CO)(H)Fe-H = AGy-m Kitor 5)m (6)

[(PNP)(CO)(H)Fe]' + H™

The second approach considers the hydride transfer
equilibrium with a hydride donor of known hydricity.
Because the equilibrium that corresponds to eqn (3) could
not be experimentally determined for the Co system, the
equilibrium of Fig. 3 was probed in both directions. To
ensure no loss of H, from (PNP)(CO)(H)Ru-H, the
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Table 2 Hydricity values for (PNP)(L)M-H and [(*PNP)(L)M-H]" in THF
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M AGH;,Fea’b AGH’(neutral]b AGH’(anion]b AAG'H’ Effective AGH’(OCI_Io)neutralb
Ru 4.1 +0.2° 44.6 + 0.6° 30.0 + 0.3 -14.7 40.9 + 0.9°
(~44.8) (~27.0) (-16.9)
Fe -3.8+0.3 45.5 + 0.4 27.7 +0.4 -17.8 —
(~45.6) (~24.8) (-19.9)
Mn -3.3 £ 0.2¢ 46.4 + 0.49 29.5 + 0.3¢ -16.9¢ ~39.5¢
(~46.4) (~27.7) (-18.7)
Co -2.7 + 0.6° 43.6 + 0.5 — — 36.7 + 1.0
(~43.8)

“ Under standard state conditions of 1 atm.

b Units of kcal mol™. Errors obtained by propagation of error. Values in parentheses are

obtained by using pK,. No error is given as these are approximate values, given the uncertainty in Kp. © Ref. 28. 4 Ref. 24. ¢ Extrapolated

from eqn (3)-(6).

+ free ligand
+ unidentified products
PBY . 0g5amH, p'Bu, p'Bu;
q;N N —> /N Co H o+ N- Co”—H
7/

P P
H™ tgy, ‘Buz ‘Buz

(*PNP)Co-N, (PNP)Co-H (*PNP)Co’-H

0.5 Hy (H*)?

BDE = 42.7 kcal-mol”!

Scheme 4 Reactivity of (PNP)Co-H. BDE from ref. 45. BDE refers to
the H-atom that is lost, which is the sum of methylene proton (red)
loss and oxidation Cof() to Co(n).

equilibrium was probed under an atmosphere of H, (none of
the species in the equilibrium react with H,). Though the Co
species were too broad to accurately integrate, the absence of
unidentifiable resonances, along with the same hydricity
value being obtained in when both directions of the
equilibrium were probed ensures that the mass balance
assumptions hold.

Effect of metal. The hydricity values are summarized in

Table 2. Values derived from pKjp,, which correspond to an

'

a
p'Bu; p'Buz Ny PB«z M. pBu;
NCo —H + gn: 20 e C /N-Co-N—N gﬁu =0
e e
N

p p p
Bz Bu; Aoy (K B Bt
(PNPYCoH I(PNP)(COXN)M] THF, H2 _ NP) LT

*
[PNPHCONFIRGT l
) [ ()

151 088 1

0

0
115 110 105 100 95 9 85 80 75 70 65 60 o s -0 s 20
31P (ppm)

Fig. 3 S'P{*H} NMR spectrum of the hydride transfer equilibrium
between 1 equiv. of [(PNP)(CO)(H)Rul[BAr,"1 and 1 equiv. of (PNP)Co-
H in THF. Kx was determined from the integrations of the Ru species
relative to the internal standard (*), triphenyl phosphate. From the
integration, 63% of the Ru is (PNP)(CO)(H)Ru-H whilst only 37%
remains as [(PNP)(CO)(H)Rul[BAr,F].

This journal is © The Royal Society of Chemistry 2023

ion-paired hydricity (i.e., [cation][M-H] — M + H™ + cation),
are reported with error. These are followed by approximations
for the non-ion-paired hydricities (derived from pK,), which
are given in parentheses (i.e., [M-H|] - M + H').

The neutral Fe-H is less hydridic than the corresponding
Ru-H by ~1 kecal mol'. For the anionic hydrides, anionic
Fe-H is more hydridic than the anionic Ru-H by ~2 kcal
mol™'. Caution must be taken in over-interpreting these
values given the errors reported in Table 2. Moreover, the
neutral and anionic Fe-H hydricities may best be described
as effective hydricities (vide infra), whereby an L-type ligand
coordinates after hydride transfer, which does not occur in
the Ru analogues. This L-type coordination enhances the
hydricity, so the iron hydricity values should be taken as
lower limits (ie., the true hydricity value is larger). We note
that periodic trends in hydricity®° would suggest that the
Ru should be significantly more hydridic than Fe. For
example, phosphine-ligated metal hydrides of the Ni triad
show that Pt and Pd counterparts are ~12 kcal mol™' more
hydridic than the corresponding Ni hydrides.”” Therefore, the
similar hydricities observed for the Ru and Fe hydrides may
be consistent with the trend if true hydricity was accessible;
the subsequent binding of an L-type ligand to the Fe system
precludes any quantitative comparisons.

The neutral Mn-H appears to be less hydridic than the
Fe-H by ~1 kcal mol™'. These complexes are both neutral
18-electron d°® species (a hydride ligand on Fe is converted
to a carbonyl on Mn). For pairs of iso-electronic metal
hydrides that are next to one another on the periodic table,
enhanced hydricity is observed by moving to the left. For
example, comparing cationic Ni®* to neutral Co®® (and
cationic Pd*” to neutral Rh®' indicates that the species on
the left is ~14 kcal mol™ more hydridic. Both the
magnitude and relative hydricity differs from the what we
measured between Mn and Fe. However, this is not a direct
comparison, as the iso-electronic pairs described above
differ in charge, whilst the comparisons in the PNP system
feature two neutral complexes. As in the neutral
counterparts, anionic Mn-H is less hydridic than anionic
Fe-H (by ~2 kcal mol™), though caution must be taken to
not over-interpret the results given the errors in Table 2.
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Taken together, this suggests that the metal identity may be
less important than electrostatic effects when comparing
iso-electronic hydrides that are next to one another on the
periodic table (vide infra).!

The Co species appears to be the most hydridic of the
neutral PNP-ligated metal hydrides. However, a direct
comparison is misleading because (PNP)Co-H is a d®, square
planar species, and (PNP)(CO)(R)M-H are d° octahedral
species (R = CO, Mn; R = H, Fe or Ru). Moreover, whereas the
hydricity values for (PNP)(CO)(R)M-H correspond to true
hydricities (M = Mn, Ru), the measured hydricities of (PNP)
Co-H and (PNP)(CO)(H)Fe-H correspond to effective
hydricity, as N, (or another L-type donor) coordination
follows hydride transfer (Scheme 5). The effective hydricity,
which encompasses the hydricity with ligand coordination,
has been shown to be smaller (more hydridic) than true
hydricities because ligand binding is favourable (vide
infra).>®%

Effect of formate binding. To more directly compare the
hydricity of the Co hydride with that of the other metals, the
effective hydricity with formate binding was considered
(Scheme 5). Given our interest in hydrogenating CO, to
formate or MeOH, we sought to use formate as a pertinent
ligand to compare effective hydricities. Combining the
hydricity and formate binding energy gives an effective
hydricity of formate binding to Co of 36.7 keal mol™". This is
more hydridic than the effective hydricity at Ru (40.9) and
Mn (~39.5) upon formate binding. From the difference of
the hydricity and effective hydricity values given in Table 2,
we note that formate binding is almost twice as large for the
Mn and Co complexes when compared to the Ru. The
elimination of CO, from (PNP)(CO)(H)Fe-OCHO in THF"
precludes the measurement of the effective hydricity at iron
(see section 4B of the ESIf).

Effect of charge. Deprotonation of (PNP)(CO)(R)M-H (R =
CO, Mn; R = H, Fe or Ru) results in anionic hydrides that are
~16.5 (18.5) kcal mol™ more hydridic than their neutral
counterparts (Table 2). This enhancement is observed with
three metals, and hence may be general to the ligand and
not the metal. Note, the difference in hydricity upon

hydricity + OCHO" - -p'Bu,
A H P
' N\ 3 AGocho- W 'Bu; o
B Gy K P
- —=N-Co-H - —=N-Co
H p’ ~ H P’
W 'Buy +H W 'Bu; £
'Bu
— PNP)Col +N, — P
Ailifi) 2 CN-Co—N,
H P’
AGpz W 'Bu;
N J
Y

effective hydricity

Scheme 5 Difference between hydricity and effective hydricity.
Effective hydricity takes into account ligand binding such as N, or
formate. See section 4G of the ESI} for details regarding formate
binding energy.
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deprotonation is equal to the difference in free energy upon
deprotonation (Hess' law; see Scheme 2 squares).

The enhanced hydricity may be rationalized by changes in
the electron count about the metal. If deprotonation results
in a resonance structure whereby the electrons are localized
on the nitrogen (Fig. 2), as is observed in the solid-state
structure of [(*PNP)(CO)(H)Ru-H] (Fig. 1), then hydride
transfer gives the 5-coordinate 18-electron species (*PNP)(CO)
(H)Ru (Scheme 2a). This should be more favorable than
hydride transfer from (PNP)(CO)(H)Ru-H which gives the
5-coordinate 16-electron species [(PNP)(CO)(H)Ru]".

Conversely, the enhanced hydricity may be due to
electrostatic interactions. If the deprotonation gives a localized
pair of electrons on the ligand, then the neutral and anionic
species are iso-electronic and simply differ by charge. The same
is true if the electrons are localized on the nitrogen but not
donating to the metal. The magnitude of the hydride
enhancement upon gaining a negative charge is similar to that
observed in comparing cationic and neutral iso-electronic
metal species (lateral move on the periodic table, vide
supra),”’ %% suggesting that the enhanced hydricity
observed in both series is primarily due to electrostatic effects.

The change in hydricity upon deprotonation is significant.
For example, measured ground-state hydricities of stable
transition metal hydrides in MeCN span ~51 kecal mol™." Thus,
ligand deprotonation has the effect of spanning ~ a third the
range, suggesting a new design element to tune hydricity
without changing the metal. Also, when ion-pairing is taken
into account (using pK,, in eqn (5)), the hydricity values of the
anionic hydrides decrease by ~2 kcal mol™. This suggests
another mechanism to tune hydricity values in THF: by
changing the size of the counterion, the ion-pairing
contribution to acidity (and hence hydricity) can be modulated.

Interplay of hydricity and acidity

Towards the advancement of rational catalyst design, there is
interest in establishing trends that allow for straightforward
prediction of thermodynamic parameters such as
hydricity,””®* pK,,**** and bond dissociation free energies®
of metal hydrides.

A plot of hydricity versus pK;, for all metal complexes for
which these two parameters are known in THF is shown in
Fig. 4. A linear trend is observed, suggesting that the
hydricity and pK, are correlated. The slope of -1.322 is close
to the predicted slope of -1.364 (from plotting eqn (6) versus
the pK;y), and the intercept is the sum of 68.7 (free energy
associated with H, heterolysis; eqn (4))°° and AGy,. This
indicates that all complexes have similar AGy, in THF. Hence,
the pKj, and hydricity values counter-balance one another
and cannot be independently tuned. The plot of hydricity
versus pK, gives a similar slope and intercept (see Fig. S56).

This analysis shows that as the metal identity and charge
of PNP-ligated metal hydrides is varied, a correlation between
the hydricity and ligand pK, is observed. The
thermodynamic parameters of both (al-*"PNP)(CO)(H)Fe-H *'

This journal is © The Royal Society of Chemistry 2023
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Best Fit Line Fixed Slope
Intercept 70.98556 + 0.6425 72.02469  0.1899
Slope -1.32171 £0.02512 -1.364
Adj. R-Square 0.99497 0.99431
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@
1=}
1

AGy, (formate) < 44.7 kcal / mol
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A (PNP)CO)H)Ru-H

A [(PNP)(CO)(H)Mn-H]"
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W (al-*PNP)(CO)(H)Fo-H
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H
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N=Fe —
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2
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(al->YPNP)(CO)(H)Ru-H

Fig. 4 (top): Plot of hydricity versus pK, for all known complexes in
THF. Hydricity values in ref. 17 reported relative to H, and hence were
converted by adding 68.7 kcal mol™.5® Black line corresponds to the
fixed slope equation. (bottom): Structures of other metal hydrides for
which the thermochemical parameters are known in THF; the hydride
for which the hydricity corresponds to is shown in blue. The site of
deprotonation is shown in red for other systems that undergo MLC.
For [M-Co-(H)I", the pKi, refers to deprotonation of the hydride of M-

Co-H(H.).” For [M-Ni-HI, the pKi, refers to deprotonation the

coordinated dihydrogen of M-Ni-(H,).®”

and (al-PNP)(CO)(H)Ru-H,°® catalysts that can undergo
MLC (Fig. 4, bottom), also fits the line. This is significant
because now deprotonation occurs at a metal-bound amine
to give an amide. While there appears to be a trend, caution
should be taken in using pK, to directly estimate hydricity in
complexes that can undergo MLC until this approach can be
validated with more complexes. We simply note that the
hydricity and ligand pK, are not independent of one another.

The plot of Fig. 4 also includes two M-Co and four M-Ni
complexes for which pertinent thermodynamic data is
available."”®” These do not undergo MLC, and their fit to the
line may be coincidental, or suggest that in THF, hydricity is
generally correlated with acidity. We emphasize that more
data is required before conclusions can be made regarding
broad trends across types of complexes or temperature.

The results shown in Fig. 4 contrasts the thermodynamic
tuning achieved at P,N,-ligated Ni complexes (see ESIt).®*”?
In this system, hydride transfer occurs at the metal while
proton transfer occurs at the pendant amine ligand (a second
pendent amine can deprotonate the M-H, resulting in an
oxidation-state change). However, unlike the systems studied
in this work, ligand protonation occurs with no change in

This journal is © The Royal Society of Chemistry 2023
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the metal electronic structure (i.e., one ligand formally going
from L to LX). Variation of the phosphine substituents (while
keeping the amine substituents constant) allows for tuning
of the hydricity whilst keeping the pK, constant (and hence
shifting the equilibrium with H,). Conversely, variation of the
amine substituents (while keeping the phosphine
substituents constant) changes the pK, whilst maintaining a
constant hydricity (and again shifting the equilibrium with
H,). Plots are shown in section 41 of the ESL} Hence, the
hydricity and pK, are completely decoupled at P,N,-ligated
Ni, which can represent a different type of MLC.

Ramifications for catalysis

Understanding the thermodynamic parameters associated
with net transfer of H, is pertinent to understanding
mechanisms and advancing catalyst design principles. The
parameters reported in this work allow for several
conclusions to be drawn.

First, deprotonation of the ligand results in enhancement
of the hydricity by ~16.5 (18.5) kcal mol™ (Table 2). The
enhancement appears primarily to be an electrostatic effect,
and hence suggests a new ligand design strategy for grossly
changing the hydricity: changing the overall charge of the
ligand or using a ligand that can be deprotonated under basic
conditions.”* Our work is the first to show how charge
(without changing any other parameters) impacts hydricity.
When charge is modulated by changing the metal oxidation-
state at a Ru complex, a similar-sized change in hydricity is
observed; modulating the ligand oxidation-state in that
system results in a smaller change in hydricity.”> By contrast,
recent work from the Yang group suggests that charge has
minimal impact on metal hydride bond dissociation free
energies.”®

With regards to catalysis, we have shown that (PNP)
(CO),Mn-H serves as a precatalyst for the hydrogenation of
CO, to formate, and that formate production ensues from an
anionic hydride.>* Given that CO, hydrogenation to formate
requires stoichiometric base, it is conceivable that more
broadly, anionic hydrides are mechanistically pertinent at
catalysts that can undergo MLC. Catalysis that overall
transfer a net H, equivalent and hence does not necessitate
stoichiometric base may also proceed through anionic
hydrides. For example, Bergens showed that deprotonation of
Noyori-type Ru catalysts is required for hydrogenation of
amides and imides at low temperature.>® Szymczak showed
that ligand deprotonation and coordination of an alkali
metal cation impacts the electronics of a Ru-H complexes
and enhances the rate of transfer hydrogenations;’” in this
system hydride transfer was shown to be rate-limiting, and
the alkali-metal is proposed to help orient the ketone
substrate. More recently, Kempe and co-workers showed that
ketimines and aldimines can be hydrogenated by a di-
deprotonated Mn complex with sub-stoichiometric base
(relative to substrate).”’ Kinetic evidence supports the
requirement for double deprotonation by KO‘Bu, with the
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proton transfer occurring from the resulting ‘BuOH. Given
the generality of deprotonation described here (Mn, Ru, Fe),
the magnitude in the hydricity change, and the plethora of
hydrogenations that necessitate catalytic amounts of
base,"**>*® anionic hydrides should be considered.

A direct comparison of hydricity values in THF and MeCN
is not possible due to solvent effects that impact hydricity to
differing extents.”® As points of reference, the hydricity of H,
is 76.0 kecal mol™ in MeCN and 68.7 kcal mol™ in THF,*® yet
the estimated hydricity of formate is similar in the two
solvents (MeCN:** 44.0 kcal mol™*; THF:*® 44.7 kcal mol ™).
The hydricity of an anionic Re hydride was recently reported
to be 3 kcal mol™" more hydridic in THF than MeCN,"* and
very recently, Lu and co-workers reported that [B-Ni-H] has
a hydricity of 21.4 kecal mol™ in THFE.®” With this caveat in
mind, the anionic hydrides described here may be amongst
the most hydridic ground-state metal hydrides that are
sufficiently stable for characterization. In MeCN, the most
hydridic 1st row metal hydride has a hydricity of 31.8 kcal
mol ™ (the most hydridic ground-state metal hydride has a
hydricity of 26.6 kcal mol™).!

In particular, the anionic hydride [(PNP)(CO)(H)Fe-H]
has a hydricity value of 24.8 kcal mol™" when no ion-pairing
is assumed to occur. This is 2 kcal mol™ more hydridic than
when ion-pairing is present, and suggests that the hydride
may be rendered more anionic if a crown-ether can
encapsulate the alkali cation, akin to how TMEDA renders
alkyl lithium reagents more nucleophilic. Moreover, the ion-
pair interaction should be tuneable by using different sized
cations, which is the subject of ongoing studies in our group.

Second, changing the metal does not significantly
impact the thermodynamic parameters at PNP-ligated metal
centres whereby deprotonation results in de-aromatization.
Consequently, in the absence of gross differences in
mechanism, it is predicted that similar bases and H,
pressures should yield similar results amongst these four
catalysts under otherwise similar conditions. This contrasts
with the larger changes in thermodynamic parameters
observed upon changing the metal in systems that undergo
MLC via amine deprotonation®"®® and systems that cannot
undergo MLC"” (vide supra). Moreover, in the P,N, system,
changing the metal from Ni to Rh greatly alters the
thermodynamic parameters; the Rh’® congeners are ca. 30
kcal mol™ more hydridic than the Ni®®”° analogues.

Taken together, this suggests that for catalysts capable of
undergoing MLC via aromatization/de-aromatization, both
1st and 2nd row transition metals should have similar
thermodynamic limitations (and hence potentially scope).
Indeed, Mn has emerged in recent years as being capable of
doing much of the same chemistry as Ru.'****® we
emphasize that this is strictly a thermodynamic argument,
and does not take into account possible changes in kinetics
or possible reaction pathways. For example, Co has been
shown to undergo 1-electron chemistry,”> which may alter
the overall reactions feasible as well as introduce more
mechanistic proposals.
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Third, the plot of hydricity versus pK, suggests that the
two thermodynamic parameters may be correlated in
systems that undergo MLC. This result warrants further
studies to determine if this can be generalized more
broadly for catalysts capable of undergoing MLC, for
catalysts in THF, and to determine if the trend holds as a
function of temperature. By contrast, independent tuning
of the hydricity and pK, can be achieved in the P,N,
system.

Finally, this work establishes the hydricities of metal
hydrides at systems that can wundergo MLC via
aromatization/de-aromatization. Fig. 4 indicates that the
neutral metal hydrides are near the hydricity of formate in
THF and that the anionic congeners are significantly more
hydridic. The hydricities of Co-M and Ni-M bimetallic
hydrides (with exception of the Ni-B system),"”®” and that
of an anionic Re species (37.6 kcal mol ™)™ lie between the
two regions of the MLC catalysts. This re-enforces the effect
that charge has on hydricity. This trend, with anionic
hydrides being more reducing (smaller hydricity values) is
qualitatively similar to the observation made by Kubiak and
co-workers, whereby plots of hydricity versus the second
reduction potential are linear.®

Many studies on catalysts that undergo MLC suggest either
concerted transfer (Scheme 1, middle center) or sequential
hydride-proton transfer (Scheme 1, middle right).”'®%" If
concerted transfer occurs with related catalysts, then similar
substrate scopes for (de)hydrogenations are predicted
(assuming no gross changes in mechanism or stability
concerns). This is a consequence of our work that shows
similar thermodynamics associated with H, addition across
catalysts (Scheme 1, purple and Fig. 4). While the acidity and
equilibrium with H, may only be pertinent to mechanisms that
invoke MLC, the hydricity value is broadly pertinent to
hydrogenation catalysts, regardless of the mechanism. This
work is thus relevant to the ongoing debate® ~®* in the role that
MLC plays in catalytic mechanisms.

Conclusions

The pK, equilibrium with H,, and hydricity were
evaluated and compared for a series of PNP-ligated metal
hydrides that differ in metal identity and charge. This is
the first study that compares the thermochemical
parameters of (de)hydrogenation catalysts that can undergo
MLC. It was found that for all complexes, the equilibrium
with H, remains ~ constant because the hydricity and
pK, counterbalance one another. While changing the
metal identity impacts the hydricity and pK,, these
changes are small (for systems whereby deprotonation
results in loss of aromaticity) compared to the effect that
deprotonation has on these thermodynamic parameters.
Given that many catalytic transformations are run under
stoichiometric or catalytic quantities of base, deprotonated
and anionic metal hydrides should be considered as
plausible in proposed mechanistic schemes.

This journal is © The Royal Society of Chemistry 2023
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