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Abstract

The iron pincer complex (P"PNP)Fe(H)(CO) (1, P'PNP- = N(CH.CH,P'Pr);") is an active
(pre)catalyst for many hydrogenation and dehydrogenation reactions. This is in part because 1 can
reversibly add H, across the iron-amide bond to form (P"PNHP)Fe(H)>(CO) (2, PPNHP =
HN(CH,CHPPr;),). However, rapid decomposition limits the catalytic performance of 1 and
related complexes. We explored the pathways through which catalytic intermediates related to 1
and 2 undergo decomposition. This involved characterizing the unstable and previously
unobserved complexes [(P"PNHP)Fe(H)(CO)L)]" (5-L; L = THF or N;) and
[(P"PNHP)Fe(H)(H2)(CO)]" (8), which are proposed as intermediates when 1 and 2 are used as
catalysts. Compound 8 was synthesized through the reaction of (P"PN"P)Fe(H)(CO)(PFs) (6) with
Ha, and the solid-state structure was established using both X-ray and neutron diffraction. As part
of our studies understanding the reactivity of 5-L, we determined the thermodynamic hydricity of
2, which is valuable for predicting its reactivity as a hydride donor. Further, it is shown that species
such as 5-L decompose to the same inactive species observed in catalysis using 1 and 2, and
theoretical calculations suggest that this likely occurs via a bimolecular pathway. To provide
support for this hypothesis we isolated the dimeric species [ {(P""PNHP)Fe(H)(CO)}2{u-CN}]* (11)
and [{("PN"P)Fe(H)(CO)}2{u-OC(H)O}]" (12), which indicates that catalytic intermediates
ligated by P"PNHP can form dimeric species. Our results provide general strategies for improving
catalysis using 1 and 2, and we used this information to rationally increase the performance of 1
in formic acid dehydrogenation.



Introduction

The development of ligands capable of participating in reactions involving metal-ligand
cooperation (MLC)! has led to highly active and productive pincer supported catalysts for the
hydrogenation and dehydrogenation ((de)hydrogenation) of polar substrates.? In particular,
ruthenium and iridium catalysts supported by pincer ligands that can add or eliminate H via
pathways based on MLC are used for the hydrogenation of a plethora of substrates including
ketones,? aldehydes,? nitriles,* esters,’ unsaturated N-heterocycles,® and CO».” Notably, the Ru-
MACHO catalyst, (""PNPP)Ru(H)(C1)(CO) (*"PNHP = HN(CH>CH,PPh,),), is commercially
utilized for the hydrogenation of bio-derived methyl lactate to 1,2-propanediol.® In many cases,
the same systems are also excellent catalysts for the microscopic reverse dehydrogenation
reactions such as the conversion of alcohols to ester and ketones.’ There is, however, a drive to
replace precious metal catalysts with systems based on first-row transition metals due to their

increased abundance and generally lower cost and toxicity.!%!!

Complexes derived from (P"'PNP)Fe(H)(CO) (1, P'PNP-= N(CH,CH,PPr,),"), which is capable of
reversibly activating H» to form (P"PNP)Fe(H),(CO) (2, P"PNHP = HN(CH,CH,P'Pr,),) (Figure
1), have recently been utilized as catalysts for a variety of (de)hydrogenation reactions.!? For
example, 1 and its derivatives (such as 2) are active catalysts for the hydrogenation of esters,!?

13a

ketones,!3? nitriles,'# amides,!® N-heterocycles, !¢ olefins,!” and the conversion of CO; to formate.!8

They are also utilized for the dehydrogenation of formic acid,!” primary and secondary

13320 polyols such as glycerol,?! N-heterocycles,! and ammonia-borane,”? and can

alcohols,
mediate the dehydrogenative synthesis of lactones,?* lactams,?* amides,?* and ureas.? In general,
the turnover frequencies and turnover numbers (TONs) of 1 and its derivatives are lower than those
observed with related second- and third-row transition metal catalysts, due in part to faster

decomposition of the first-row transition metal based systems.?®

H
E -E
S CO +H, H 3
N==Fe ~ =—== "N—Fe—CO
C4 M (Y
EH
1 2

Figure 1: Activation of Hz via a MLC pathway by iron catalysts for the (de)hydrogenation of polar substrates.
There are currently a paucity of studies investigating the pathways for decomposition of 1 or
related first-row systems in (de)hydrogenation reactions, despite rapid catalyst deactivation being

2



a major limitation in catalyst performance.?*?® The dicarbonyl complexes (P"PNHP)Fe(CO): (3)
and [(P"PNHP)Fe(H)(CO).]" (4, Figure 2) have been identified as decomposition products in
catalysis using 1, but there is no insight into how they are formed.'3!819:20b Additionally, the
formation of 3 and 4 in different catalytic reactions under different conditions suggests that the
second carbonyl ligand is not formed from reaction components such as solvent or substrate. As a
result, the presence of two CO ligands bound to iron in 3 and 4 implies that the decomposition
process consumes two equivalents of the catalyst. Further, catalytic studies demonstrate that lower
TONs occur at higher catalyst loadings and concentrations, which also implies that the
decomposition process may be bimolecular.!’® However, there is only one example of a dimeric
iron complex with the P"PNHP ligand,?’ and this contains a bridging BHs™ ligand, which is not

relevant to the vast majority of catalytic (de)hydrogenation reactions.??
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E = P'Pr,
Figure 2: Previously observed decomposition products, which are proposed to form via a bimolecular pathway,
in the catalytic (de)hydrogenation of polar substrates using 1 and derivatives. An equivalent of free ligand is also
observed upon the formation of 3 or 4.

Herein, we present an experimental study, supported by theoretical calculations, of the properties
and deactivation of catalytic intermediates related to 1 and its derivatives. Specifically, we have
synthesized and characterized several previously unobserved catalytic intermediates, such as the
solvento complex [(P"PN"P)Fe(H)(CO)(solv)]" (solv = THF or Et;O) and the molecular H,
complex [(P"PNHP)Fe(H)(CO)(H2)]", which are highly unstable and decompose readily. This
provides information about the stability and reactivity of different catalytic intermediates derived
from 1 and includes a determination of the thermodynamic hydricity of 2. Further, we have
demonstrated that catalytic intermediates supported by the P'PNHP ligand can form dimeric
species, such as a complex with a bridging formate ligand. This suggests that the dimerization of
two catalyst molecules is a plausible decomposition route in catalysis. We use these results to
develop guidelines on how to increase catalyst lifetime, which should be beneficial for modifying
reaction conditions and designing new catalysts with improved TONs. We have demonstrated this
approach by rationally modifying the reaction conditions to generate an improved system for

formic acid dehydrogenation based on 1.



Results and Discussion

Protonation of 1 to Generate a Coordinatively Unsaturated Complex

Multiple catalytic reactions involving 1 include acidic species, such as carboxylic acids, alcohols
or n?-dihydrogen iron complexes, as reaction components.!>!51921 Ag a result, the solvento
complex [(P"PNHP)Fe(H)(CO)(solv)]* (5-S) or the related 16-electron cationic complex
[(P"PNHP)Fe(H)(CO)]* (5) are proposed as catalytic intermediates which could form through
protonation of 1 (Scheme 1).!%2%° Nevertheless, these species have not previously been observed
or spectroscopically characterized. We hypothesized that protonation of 1 with an acid containing
a non-coordinating anion could result in the formation of 5-S (Scheme 1). Initially, however,
synthesis of 5-S proved challenging. Protonation of 1 with 2,6-lutidinium hexafluorophosphate in
THF (Scheme 2) led to a rapid reaction and the appearance of signals in the 'H NMR and IR
spectra consistent with the formation of a complex with a protonated P"PNHP ligand. To our
surprise, the product was soluble in aromatic solvents such as benzene and toluene, suggesting that
it is not a salt with an outer-sphere PFs anion. Instead, we propose that the product is the neutral
complex (P"'PNHP)Fe(H)(CO)(PFs) (6), where the PF¢ anion forms a contact ion pair with the
cationic metal center, although single crystals of 6 could not be obtained. Several examples of
complexes with a similarly coordinated PF¢ ligand are known in the literature.?® The coordination
of PF¢ to iron in 6 is supported by the °F and 3'P NMR spectra. The '°F spectrum in C¢D¢ contains
one broad peak at -76 ppm at both ambient temperature and -35 °C, consistent with a dynamic
process in which the fluorine atom of the PF¢ anion that is coordinated to iron exchanges with an
uncoordinated fluorine atom, presumably through a rapid rotation of the PFs anion. This behavior
is in agreement with the NMR spectra of other complexes containing a bound PFs anion.?’
Additionally, instead of the characteristic septet for the PFs anion in the 3'P NMR spectrum, only
a broad feature at -136 ppm is observed at ambient temperature. Density functional theory (DFT)

calculations at M06 level of theory indicate that 6 is approximately 3 kcal/mol more favorable in
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Scheme 1: Previously proposed but unobserved catalytic intermediates in catalytic (de)hydrogenation reactions
facilitated by 1 and its derivatives.
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Scheme 2: Synthesis of [("PNHP)Fe(H)(CO)(PFs)] (6) from 1 and 2,6-lutidinium hexafluorophosphate.

a THF solution than [(P"PNHP)Fe(H)(CO)(THF)]" with an outer-sphere PFe. Although 6 is not a
solvento complex, the relatively weak coordination of the PF¢ anion, as determined by DFT

calculations, suggests that its reactivity is likely to be analogous to 5 or 5-S.

To support the hypothesis that the PF¢ ligand of 6 can be readily displaced, we explored the
reactivity of 6 with PMes (Scheme 3). Addition of 1 equiv. of PMejs to a solution of 6 in benzene
results in the formation of a precipitate, indicating that the product may have dissociated the PFg
anion to form a salt. The '"H NMR spectrum of the precipitate in THF-ds contains a new doublet

of triplets at -12.0 ppm. In the 3'P NMR spectrum a new doublet at 91.5 ppm is assigned to the
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Scheme 3: Synthesis of [(PPNP)Fe(H)(CO)(PMes)]* (7).
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1

Figure 3: ORTEP of 7 with ellipsoids at 30% probability. The PF¢ anion, hydrogen atoms not bound to Fe or N, and
solvent of crystallization are excluded for clarity. Bond distances (A) and angles (°): Fe(1)-N(1) 2.1032(18), Fe(1)-
C(1) 1.727(2), Fe(1)-P(1) 2.2212(6), Fe(1)-P(2) 2.2263(6), Fe(1)-P(3) 2.2771(6); P(1)-Fe(1)-P(2) 155.79(3).
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PrpNHP ligand, while a triplet at -1.2 ppm is assigned to a coordinated PMes ligand. This is
consistent with PMe; binding and displacing PF¢ to produce the new complex
[(P"PNHP)Fe(H)(CO)(PMes)]" (7) with an outer-sphere PF¢ anion, which gives a diagnostic sharp
septet at -144 ppm in the 3'P NMR spectrum. The structure of 7 was confirmed using X-ray
crystallography (Figure 3). The geometry about the iron atom is distorted octahedral, with the
PPrpNHP ligand forming a P-Fe-P bond angle of 155.79(3)°. The iron center lies 0.459 A above the
P-N-P plane (above being considered the direction syn with the N—H of the pincer), which is likely
due to steric repulsion between the PMe; and pincer ligand. This contrasts to the dichloride
complex (P"PNHP)Fe(Cl)2(CO), where the iron atom lies within 0.03 A of the P-N-P plane, and
the hydridochloride complex (F"'PNHP)Fe(H)(CI)(CO), where the iron atom lies 0.231 A above the
P-N-P plane.?” 'H and *'P NMR spectroscopy indicate that only one isomer of 7 is present in
solution. On the basis of 'TH NOESY NMR spectroscopy, which indicates through-space coupling
between the PMes protons and the N—H moiety, we propose that the isomer observed in solution
is the syn isomer. Overall, the facile substitution of PF¢ by PMes in 6 indicates that the PF¢ ligand

1s labile.

Even though 6 can act as a synthetic analogue to 5-S, we wanted to assess if 5-S was synthetically
accessible. We hypothesized that 1 needed to be protonated with an acid containing an even weaker
coordinating anion than PF¢. Protonation of 1 with either an excess of 2,6-lutidinium BArf4 (BAr"4
= tetrakis(3,5-bis-trifluoromethyl(phenyl))borate) or 1 equiv. of Brookhart’s acid,*
[H(Et,0)2][BA1t4], in diethyl ether at -78 °C under N> results in the generation of the same yellow
solution (Scheme 4a). At ambient temperature, broad 'H and *'P NMR spectra are observed. Upon
cooling to -60 °C, one major resonance is observed in the >'P NMR spectrum with a corresponding
resonance at -15.1 ppm in the 'H NMR spectrum, suggesting that the major product contains an
iron-hydride. Several other minor peaks are present in the >'P NMR spectrum, indicating that the
solution is a mixture of products (see SI). When the reaction mixture is subjected to three freeze-
pump-thaw cycles and sealed under vacuum, the solution immediately changes color from bright
yellow to green and there is a substantial decrease in the signal to noise in the 'H and 3'P NMR
spectra, along with the growth of several new resonances. Replacing the N> atmosphere leads to
an immediate color change back to bright yellow and recovery of the original NMR spectra, which
suggests that the primary species in solution has coordinated N». In agreement with this hypothesis,

a solution state IR spectrum taken of the mixture in CsDs contains two strong absorption bands at
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Scheme 4: Synthesis of a) 5-Nz from 1 and [H(OEt2)2][BArf4], and b) [(P'PNYP)Fe(H)(CO)(L)]”'* (L = CO (4),
THF (5-THF)*, PFs(6), or PMes (7) from 1, [H(OEt2)2][BAr"4], and L. *5-N2 and some unidentified products are

also formed in this reaction.

1960 and 1815 cm™!, which computed frequencies indicate are probably combinations of the N=N
and C=0 vibrations.’! The complex speciation observed could arise in part because complexes
with both N> and solvent coordinated are present, with multiple isomers of each possible.’? In
agreement with this hypothesis, protonation of 1 with excess 2,6-lutidinium BArt4 provided single
crystals of the N2-bound complex [(P"PNHP)Fe(H)(CO)(N2)]* (5-N2) suitable for X-ray diffraction
after slow diffusion of pentane into a diethyl ether solution at -30 °C (Figure 4).>* In 5-N3, the
bound N ligand is approximately linear (there are two molecules in the asymmetric unit and the

Fe-N-N bond angles are 175.6(7)° and 178.6(9)°) and essentially unactivated, as the N—-N distance

N(3)

N(2)

N(1) (1)

W% P(2)

%

&

Figure 4: ORTEP of 5-N: with ellipsoids at 30% probability. The BAr"s anion, hydrogen atoms not bound to Fe
or N, disoreded atoms, and solvent excluded for clarity. Two molecules are present in the asymmetric unit; only
one is shown. Bond distances (A) and angles (°) in the first molecule: Fe(1)-N(1) 2.074(7), Fe(1)-C(1) 1.744(10),
Fe(1)-P(1) 2.230(2), Fe(1)-P(2) 2.201(6), Fe(1)-N(2) 1.904(8), N(2)-N(3) 1.101(8); P(1)-Fe(1)-P(2) 161.97(19),
Fe(1)-N(2)-N(3) 175.6(7). In the second molecule: Fe(1)-N(1) 2.071(6), Fe(1)-C(1) 1.736(8), Fe(1)-P(1) 2.217(2),
Fe(1)-P(2) 2.216(2), Fe(1)-N(2) 1.849(11), N(2)-N(3) 1.127(11); P(1)-Fe(1)-P(2) 162.97(10), Fe(1)-N(2)-N(3)

178.6(9).
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(1.101(8) and 1.127(11) A) is only slightly elongated compared to that of free N> (1.098 A).3* This
is consistent with the observed N> bond lengths in other cationic iron(Il) complexes with
coordinated N».>* Overall, the geometry about the iron center is best described as distorted
octahedral, and the bond distances and angles around the iron are similar to the bis(carbonyl)
analogue 4.27 In the crystal structure the N—H of the pincer ligand is syn to the N» ligand and
hydrogen bonded to a diethyl ether solvent molecule, but likely in solution an isomer of 5-N; in

which the N—H of the pincer ligand is anti to the N ligand is also present (vide infra).

Protonation of 1 with Brookhart’s acid in diethyl ether in the presence of more strongly
coordinating ligands results in the clean formation of one product (Scheme 4b), supporting the
hypothesis that 5-N is formed in a mixture of products which all contain labile ligands in the sixth
coordination site. For example, the addition of 1 equiv. of "BusNPFs to a solution generated by
protonating 1 with Brookhart’s acid results in immediate effervescence and 'H and 3'P NMR
spectra that match those of 6. Similarly, addition of 1 atm of CO or 1 equivalent of PMes to the
reaction mixture results in the quantitative formation of the previously observed complexes
[(P"PNHP)Fe(H)(CO).]" (4)?7 and [(P"PN"P)Fe(H)(CO)(PMes)]* (7), respectively. Interestingly,
the addition of the relatively weakly binding THF to the reaction mixture from 1 and Brookhart’s
acid in diethyl ether, or removal of the diethyl ether in vacuo and dissolution of the crude solid in
THF, results in the formation of an orange solution and immediate gas production. However, 'H
and *'P NMR spectra of the sample in THF are broad at ambient temperature and indicate
complicated speciation. Upon cooling to 0 °C, four peaks are observed in the 3'P NMR spectrum,
with one corresponding to the decomposition product 4. The predominant peak at 85.8 ppm is not
present when the complex is dissolved in diethyl ether, suggesting that it is associated with a THF

adduct. Further, there is a corresponding peak in the 'H NMR spectrum at -29.1 ppm, consistent

THFE. H * o N2 T H +
“E -E : -} E
H(—F:CO H(—F\CO | H\N(—F; co H(—Fsco
e— + e— ! —Fe— + e—
] ] 1R L
THF !
5-THF-syn 5-THF-anti : 5-Nj-syn 5-N2-antl
0 kcal/mol* + 5.2 kcal/mol* .+ 0.9 keal/mol* + 4.4 kcal/mol*

Figure 5: Relative energies of the isomers of 5-THF and 5- N2 as determined at M06 level of theory at 298 K.
*The energy of S-THF-syn is set to 0 kcal/mol and the energies of S-THF include a molecule of free N2 (at 1
atm), while the energies of 5-N: include a molecule of free THF. This allows comparison of the relative
favorability of the isomers of S-THF versus 5-Na.



with a weak trans-influence ligand such as THF binding opposite the hydride.>> The other two
resonances present in the 3P NMR spectrum correspond with peaks observed when the mixture is
dissolved in diethyl ether, and we propose that they are isomers of 5-N». Overall, on the basis of
observed changes to the reaction mixture upon the introduction of THF (including color, gas
production, and NMR spectra) and the coordinating ability of THF,*® we propose that one isomer
of [(P"PNH"P)Fe(H)(CO)(THF)]" (5-THF) is the predominant species in solution, with two isomers
of [(P"PNHP)Fe(H)(CO)(N2)]" (5-N2) also present. The calculations suggest that the isomer of 5-
THF with the THF ligand syn to the N—H of the pincer ligand is the most thermodynamically
favored at 298 K. Additionally, both isomers of 5-N; (N ligand oriented syn or anti to N-H) are
also thermally accessible if the errors associated with the calculations involving transition metal-
based complexes with approximate density functionals and continuum solvation models are
considered (Figure 5).3” The syn isomer of 5-N; is more stable than the anti isomer, consistent with

our previous observations (vide supra).

Solutions of 5-THF or 6 in THF (as well as benzene and toluene) are unstable and decompose
completely within 8-12 hours (for a ca. 10 mM solution) upon standing at ambient temperature
under either an N> or argon atmosphere. The decomposition products are 4 and the free ligand
iPrpNHP in approximately a 1:1 ratio, as well as an unidentified precipitate which likely contains
particulate iron(0) (Scheme 5). These products are identical to the decomposition products
observed in the catalytic dehydrogenation of formic acid,!*® which suggests that 5-THF and

related complexes undergo the same reactions involved in catalyst death.

L 0/1+ (of0) *
£ -E .
Hol s rt, 8-12 h Hol s + PIPNP
N—;|e—CO E=PPr, a_}:'e_co + black precipitate
En En
L = THF (5-THF) 4
or PFg (6)

Scheme 5: Decomposition of 5-THF and 6.
Although complexes of the type 5-S may be potential intermediates in catalytic (de)hydrogenation
reactions using derivatives of 1, we propose that 5-N; is unlikely to be relevant in catalysis. This
is because catalysis is generally conducted either a) at elevated temperatures, where the binding of
Nz is even less favorable than at room temperature due to entropic effects, or b) in the presence of

H> (for hydrogenation reactions), which is a better ligand than N; (vide infra). As a result, we



focused our efforts on understanding the reactivity of solutions containing more catalytically

relevant 5-THF and 6, which is a source of 5-THF in THF.

Binding of H> to 5-S and 6

The lability of the solvent or PFs ligand in 5-S and 6, respectively, suggested that they could act
as precursors to generate the molecular hydrogen complex [(P"PNUP)Fe(H)(H2)(CO)]* (8).
Complex 8 has been proposed as a catalytic intermediate in numerous (de)hydrogenation reactions
but has not previously been observed.!>!?2% Addition of 1 atm of H> to a solution of 5-THF in
THF-dg at ambient temperature results in a rapid change in the color of the solution from orange
to pale yellow (Scheme 6). Two new overlapping hydride resonances at -11.82 and -11.97 ppm in
a 1:2 ratio are observed in the '"H NMR spectrum. Similarly, two new signals corresponding to a
bound P'PNHP ligand are present at 104.0 and 105.3 ppm in the 3'P NMR spectrum in a 2:1 ratio.
Additionally, a new slightly-broadened resonance at -5.55 ppm in the 'H NMR spectrum is
observed. This resonance integrates to approximately double the combined intensity of the
resonances at -11.82 and -11.97 ppm. We assign this resonance at -5.55 pm to a bound H> ligand,
and propose that the two species present are isomers of [(P"PNHP)Fe(H)(H2)(CO)]" (8). The
chemical shift of the bound H> in both of the isomers is the same. Consistent with this hypothesis,
when 5-THF is treated with HD to generate [(P"PN"P)Fe(H)(HD)(CO)]", the broad resonance at
-5.55 ppm changes into a complicated multiplet (see SI). Given the similarity in the hydride
chemical shifts in 8 (-11.82 & -11.97 ppm), both isomers likely have the H» ligand #rans to the
hydride and either syn or anti to the N—H of the pincer ligand. Two dimensional "H NOESY NMR
spectroscopy indicates that the major species present in solution is 8-syn (see SI). The peak
assigned to the bound dihydrogen ligand in the '"H NMR spectrum (-5.55 ppm) has a Ti(min) of
7.5 ms (-50 °C, 500 MHz), which using Morris’ equations suggests an H-H bond distance in the
range of 72-91 pm.*® When [(P"PNHP)Fe(H)(H2)(CO)]* (8) is placed under 1 atm of a 50:50

mixture of H> and D>, no HD is observed after 72 hours. This indicates that there is no facile

L 0+ * *

Ha
-E 1 atm Ho, rt E
H (— s _ H (— s
SN—Fe—CO THF-dg SN—F

- E = PiPr, (_E/| (_E/|

EH H Ha
L = THF (5-THF) 8-syn 8-anti
or PFg (6) 2:1 ratio of 8-syn to 8-anti

Scheme 6: Synthesis of [("PN"P)Fe(H)(CO)(H2)]" (8).
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chemical exchange between the bound H: ligand and the N—H of the pincer ligand or the Fe—H
site. At room temperature and 1 atm of Hz, 8 is in equilibrium with 5-THF, with the complexes
being present in an approximately 2:1 ratio. Subjecting a THF solution of 8 to three freeze-pump-
thaw cycles results in the complete regeneration of 5-THF. Nevertheless, the equilibrium mixture
is quite stable under an atmosphere of H», with a solution of the complexes showing only 20%
decomposition to 4 over 10 days at room temperature. This suggests that decomposition via the
formation of complexes with a very weakly bound ligand, such as S-S, is more likely to be a
problem in dehydrogenation reactions rather than hydrogenation reactions performed with
overpressures of H;. Complex 8 is the first example of a spectroscopically characterized
dihydrogen complex for a catalyst that is proposed to operate via a Noyori-type mechanism for
hydrogenation, but two related iron dihydrogen complexes with pincer ligands that do not operate

in MLC were recently reported.*°

In agreement with our observations from the reaction between 5-THF and H,, 'H and *'P NMR
spectroscopy indicates that the addition of 1 atm of H» to a solution of 6 in CsDs results in spectra
consistent with the formation of 8, but with an outer-sphere PFg anion replacing the BArf4 anion.
In this case, at room temperature and 1 atm of H», only 8 is observed by '"H NMR spectroscopy,
with no evidence of an equilibrium between 8 and 6. Over several days, single crystals of

[(P"PNHP)Fe(H)(H2)(CO)'][PFs] suitable for X-ray diffraction precipitated from solution (Figure

a) b)

N(1) \
@QM &

Figure 6: a) ORTEP of 8 as determined by X-ray diffraction. The PFs anion, hydrogen atoms not bound to N,
and solvent of crystallization excluded for clarity. The molecule contains a mirror plane: Bond distances (A) and
angles (°): Fe(1)-N(1) 2.063(5), Fe(1)-C(1) 1.716(6), Fe(1)-P(1) 2.2135(9)); P(1)-Fe(1)-P(1”) 164.90(7). b) Solid-
state structure of 8 as determined by Laue neutron diffraction. The PFe anion, selected hydrogen atoms, and
solvent of crystallization are omitted for clarity. The molecule contains a mirror plane: Bond distances (A) and
angles (°): Fe(1)-H(1) 1.653(13), Fe(1)-H(2) 1.491(15), H(1)-H(1”) 0.838(19); H(2)-Fe(1)-H(1) 165.3(3), H(1)-
Fe(1)-H(1”) 29.4(7). Both figures have ellipsoids at 30% probability.
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6a).*! Although the hydride and molecular hydrogen ligands were not located in the Fourier map,
the geometrical parameters associated with the pincer and CO ligands are similar to those observed
in related P"PNHP supported iron complexes and suggest an octahedral geometry around iron.?’ In
order to gain more information about the solid-state structure of 8, single crystals suitable for
neutron diffraction were obtained. The single-crystal neutron diffraction derived model of 8 is
shown in Figure 6b, and provides unambiguous confirmation that 8 contains both molecular
hydrogen and hydride ligands. The geometric parameters associated with the non-hydrogen
ligands are the same within error as those observed by X-ray diffraction, as expected. The neutron
structure confirms that the H» ligand is trans to the hydride ligand. However, unlike in solution,
the H ligand is exclusively anti to the N-H of the pincer ligand, likely due to the presence of a
hydrogen bonding interaction in the solid-state between the PFs anion and the N-H moiety (the
shortest contact between the N—H and the PF¢ anion is 2.355(17) A). The Fe—H bond distance
associated with the classical hydride is 1.491(15) A, while the bond lengths between the Fe and
each of the hydrogen atoms associated with the H, ligand are 1.653(13) A (the distances are the
same due to symmetry). The H-H bond distance in the coordinated H» ligand is 0.838(19) A,
which matches with the distance determined using 'H NMR spectroscopy (vide supra) and
suggests only weak activation of H. These distances are consistent with those observed in the only
two other iron complexes with molecular hydrogen ligands that have been characterized by neutron
diffraction,*” which exclusively contain mono- and bi-dentate phosphine ligands. Further, this
confirms that the estimation of the H-H bond distance from measurements of 77(min) were not

affected by the presence of an adjacent secondary amine ligand.

Decomposition Mechanisms via Transfer of a CO Ligand to 5-S

Our results regarding the synthesis and stability of 5S-THF and 6 suggest that dissociation of a THF
or PFs ligand, respectively, to generate a 16e” complex with a vacant coordination site is facile.
Further, stoichiometric experiments demonstrate that the decomposition of 5-THF and 6 generate
the same deactivation species that are observed in catalysis, suggesting that species of this type are
entry points for catalyst death. During catalysis, the decomposition of 5 to form 4 and an equivalent
of free ligand likely occurs via the transfer of a CO ligand to 5 from an iron-containing
intermediate, which could be another equivalent of 5 itself or a different species. However, our

experimental results provide almost no information about the pathway for this process. Therefore,
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Figure 7: Potential mechanisms of CO transfer between iron centers for catalyst decomposition.

we used DFT calculations to assess several possibilities for CO transfer to 5 from other proposed
catalytic intermediates such as 1, 2, 5-S, and 6. Two additional species are commonly formed in
catalysis with 1 and derivatives. The first is the 1,2-addition product of an alcohol, such as MeOH,
to 1 to form (P"PNHP)Fe(H)(CO)(OCHs) (9) (Figure 7).'3%20 This is relevant to alcohol
dehydrogenation and ester/ketone/aldehyde hydrogenation. The second is the formate complex
(P"PNHP)Fe(H)(CO){OC(O)H} (10), relevant to formic acid!® and methanol*®® dehydrogenation
as well as CO, hydrogenation.!® Pathways for CO transfer that were modelled include: a)
Dissociative Fe—C bond cleavage from an iron-containing intermediate to form free CO, followed
by binding of the free CO to 5. b) The formation of a dimeric complex between 5 and another iron-
containing species with a k!-bridging CO ligand,* followed by rearrangement. ¢) The formation

of a dimeric complex between 5 and another iron-containing species with an asymmetric end-on

bridging CO ligand followed by rearrangement.**

The cleavage of an Fe—CO bond, shown in Figure 7a, is not straightforward to calculate using DFT

calculations because the products are likely to exist in either triplet or quintet states, and the
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energies are highly dependent on the approximate DFT functional that is used (see SI). However,
calculations at DLPNO-CCSD(T:) level of theory on CO dissociation from 5-THF and
experimental studies on the rate of exchange of 3CO into [(P"PNHP)Fe(CO),H]" (4), a stable
compound that is more likely to undergo CO loss than any catalytic intermediate, suggest that CO
dissociation does not occur on the time scale of catalyst decomposition (see SI). Thus, it is unlikely
to be a plausible pathway for the decomposition of catalytic intermediates. Additionally, despite
repeated attempts, all structures involving a x!-binding mode of the CO ligand between
coordinatively unsaturated 5 and 1, 2, 5, 9, or 10 failed to converge. Steric repulsion between the

isopropyl substituents of the P'PNHP ligands appear to prevent single-atom bridging carbon atom
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between the iron centers, suggesting that the pathway depicted in Figure 7b is also not operative.
However, the result of electrophilic attack by 5 on the CO ligand of 2 (the pathway depicted in
Figure 7¢) to form a dimer with an asymmetric end-on bridging CO ligand was observed to be
only ca. 17 kcal/mol higher in energy than the monomeric units (Figure 8a). Further, electrophilic
attack by 5 on the CO ligand of other catalytic intermediates, such as the 1,2- addition complex 9
(Figure 8b) or the formate complex 10 (Figure 8c), resulted in dimers that were also accessible at
ambient temperature. In fact, dimerization of 5 and 9 is only uphill by 4.5 kcal/mol.* These results
suggest that dimerization is a thermodynamically viable pathway for the decomposition of

catalytic intermediates related to 1 and the most likely of the proposed mechanisms. Additionally,
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Figure 8: Calculated free energies of dimerization pathways that could lead to CO transfer between iron centers.
All energies are in kcal/mol at 298K.
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given that these reactions presumably proceed via dissociative ligand substitution followed by a
relatively simple association between two iron centers, they are likely also kinetically feasible.
Overall, based on our computational studies, we propose that the cationic, 16 ¢ complex 5 is
partially responsible for the formation of 4 during catalysis. There are three potential pathways for
the formation of the cationic complex 5 in catalysis: a) Protonation of the dihydride complex 2 to
form the dihydrogen complex 8, which may be on-cycle in catalysis, followed by dissociation of
the resultant dihydrogen ligand. b) Dissociation of an X-type ligand during catalysis, such as
formate in formic acid dehydrogenation, or an alkoxide ligand in alcohol dehydrogenation. 3)
Protonation of the amido complex 1 by an acid with a non-coordinating conjugate base, such as

DBU-H* (DBU = 1,8-Diazabicyclo5.4.0undec-7-ene) in CO» hydrogenation. 346
Dimeric Iron Complexes Supported by RPN"P Ligands

“*PFg

e
E o DHLIPRG @ equiv) (E’l ~co

N

N===Fe~ ~~ 2) "BusNCN (0.5 equiv.) i

{4 TH THF, rt N ¢
. N@E
E = PiPr, A
dl

Scheme 7: Synthesis of 11 from 1.

There is currently only one example of a dimeric species supported by a "PNHP ligand,?’ and it is
not related to the dimeric intermediates proposed in the deactivation of 1 and related species.
Further, species with an asymmetric end-on bridging CO ligand are also uncommon.* To provide
indirect evidence that complexes of this type are plausible as intermediates in decomposition, we
utilized a bridging ligand that is isoelectronic to CO, CN". Addition of 0.5 equiv. of "BusNCN to
in situ generated 6 in THF at room temperature (Scheme 7) resulted in complete conversion to a
single, asymmetric product with two inequivalent *'P NMR signals at 97.8 and 92.2 ppm and two
inequivalent hydride resonances in the '"H NMR spectrum at -13.7 and -20.8 ppm. We assigned
this as the CN- bridging complex [{(*"PNHP)Fe(H)(CO)} {u-CN}]* (11), which was crystallized
when the PFs anion was replaced with the BAr!4 anion (Figure 9). Single crystal X-ray diffraction
shows that the two planes defined by P-N-P-Fe units are roughly parallel (at an angle of 8.5°), but
that the N-Fe-Fe-N dihedral angle is 80°, so the pincer ligands are not aligned if the molecule is
viewed down an axis comprising two iron centers. The N—H moieties on the two P'PN"P ligands
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are pointed towards each other and the iron centers. Both iron centers exhibit the standard distorted
octahedral geometry observed with the P"PNHP ligand, with P-Fe-P bond angles of 159.08(8) and
164.55(8)°, respectively. Additionally, the iron centers are pushed out of the P-N-P plane, toward
the bridging CN- ligand. One is 0.385 A and the other 0.257 A away from the P-N-P plane,
indicating that the P"PNHP ligands are bending downward and away from each other, which may
be required due to steric reasons to accommodate dimerization. Overall, 11 is only the second
example of a dimeric complex with a P"PNHP ligand and confirms that it is possible to form a
stable structure with a two-atom ligand bridging the iron centers.

To assess the synthetic feasibility of a complex with an asymmetric end-on bridging CO ligand,
we next performed stoichiometric reactions between 6 and the proposed catalytic intermediates 1
and 10. These complexes were selected as they are some of the only proposed catalytic
intermediates related to 1 that are stable enough to readily isolate. No intermediates were detected
in the reaction of 1 and 6 at room temperature and a small amount (~5%) of 4 and free P"PNHP
(along with a precipitate) were formed immediately. The amount of 4 and free P"PNHP increased
slowly over time, decomposing completely over the course of 4 days. In contrast, a reaction

between 6 (or 5-THF) and the formate complex 10 resulted in the rapid formation of two products

Figure 9: ORTEP of 11 with ellipsoids at 30% probability. Hydrogens not bound to Fe or N, solvent of
crystallization, and BAr4 anion omitted for clarity. Orientation of bridging CN ligand could not be unambiguously
established and as a result the bridging ligand was modelled as a freely-refining 180° disordered CN bridge. Bond
distances (A) and angles (°): Fe(1)-N(1) 2.091(6), Fe(2)-N(4) 2.089(8), Fe(1)-C(1) 1.720(8), Fe(2)-C(4) 1.718(9),
Fe(1)-P(1) 2.194(2), Fe(1)-P(2) 2.2001(19), Fe(2)-P(3) 2.196(2), Fe(2)-P(4) 2.197(2); P(1)-Fe(1)-P(2) 164.55(8),
P(3)-Fe(2)-P(4) 159.08(8).
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in a 10:1 ratio as determined by '"H NMR spectroscopy (Scheme 8). The minor product is 4.*” The
major product contains a resonance in the 'H NMR spectrum at 8.23 ppm that integrates to 1 proton
and a resonance at -25.66 ppm that integrates to two protons. We assign this complex as the
symmetrical dimer [ {(P"PNFP)Fe(H)(CO)}2{u-OC(H)O}]* (12, Scheme 8). Only one peak for 12
is observed in the 3'P NMR spectrum, consistent with this assignment. A solution state IR spectrum
taken of 12 in C¢Ds contains a strong band at 1900 cm™!, corresponding to the carbonyl ligand
stretch. An additional intense band is observed at 1588 ¢m™!, which matches with carboxylate C—O
stretching frequencies measured in previously studied x!,k!-bridging formate complexes.*®
Compound 12 quickly decomposes upon exposure to vacuum, precluding isolation, but slow
diffusion of pentane into the reaction mixture resulted in single crystals, which allowed us to
confirm its structure (Figure 10). The geometry around both iron centers is distorted octahedral,
with geometrical parameters similar to related monomeric spieces.?’” The iron centers in this dimer
only lie 0.184 A and 0.123 A out of the P-N-P plane toward the bridging formate, suggesting that
the pincer ligand does not need to bend as much to accommodate a 3-atom bridge as it does to

accommodate a 2-atom bridge in 11.
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Selective labelling of the precursor 10 with 13C in the formate ligand reveals the production of
3CO; in situ during the reaction between 6 and 10 to form 12. A reaction of 6 and 10 in thawing
CsDg under 1 atm of CO> leads to very little formation of 4 even after 96 hours (<1% in the first
hour). This supports the possibility that decarboxylation of the dimeric formate 12 is linked to
decomposition. No inclusion of the labelled carbon center as a CO ligand is observed in any of the
products by '3C or 3'P NMR spectroscopy. Formation of 12 from 6 (or 5-THF) and 10 occurs in
minutes at ambient temperature and is much faster than the rate of decomposition of 6 (either by
itself or with any other potential catalytic intermediate present), which occurs in hours. This,
combined with the fact that both of the precursors (10 and 5, or here the synthetic analogue 6) are
present in catalysis,! suggest that decomposition in formic acid dehydrogenation may be mediated
by the dimerization of 10 and S via a bridging formate ligand, bringing two metal centers into close

proximity prior to rapid, bimolecular decomposition.

Figure 10: ORTEP of 12 with ellipsoids at 30% probability. Hydrogens not bound to Fe or N, solvent of
crystallization, and PFs anion omitted for clarity. Bond distances (A) and angles (°): Fe(1)-N(1) 2.0721(13), Fe(2)-
N(2) 2.0723(15), Fe(1)-C(1) 1.7225(15), Fe(2)-C(3) 1.7231(15), Fe(1)-P(1) 2.2151(4), Fe(1)-P(2) 2.2148(4), Fe(2)-
P(3) 2.2173(4), Fe(2)-P(4) 2.2261(4), Fe(1)-O(1) 2.0854(10), Fe(2)-O(2) 2.0746(10), O(1)-C(2) 1.2553(17), C(2)-
0(2) 1.2546(17); P(1)-Fe(1)-P(2) 166.750(17), P(3)-Fe(2)-P(4) 168.318(17), Fe(1)-O(1)-C(2) 130.29(9), Fe(2)-
0(2)-C(2) 129.64(9), O(1)-C(2)-O(2) 124.53(13).

Determination of the Thermodynamic Hydricity of 2 and its Implications for Catalysis
A consequence of our studies on deactivation of 1 and related species is that they provide a basis

for us to determine the thermodynamic hydricity of the iron dihydride, (""PNHP)Fe(H).(CO) (2).
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Understanding the thermodynamic hydricity of transition metal catalysts is important for designing
new catalysts, as it provides information about the ability of a transition metal hydride to donate
H- to a substrate.*® Here, this is valuable because compound 2 is a key species in hydrogenation

d’l3-l4,150,15d,16-18 as well

reactions, where it is proposed to deliver H» to the substrate being reduce
in dehydrogenation reactions, where it is responsible for the liberation of Ha.!3%16:19-22 Specifically,
the studies described above enable us to generate a thermodynamic cycle to measure hydricity
based on the heterolysis of H».*’ In order to construct the cycle, knowledge is required about the
following three free energies: a) The free energy of protonating the hydride with an acid to form
Hz (Eq. 1). b) The free energy of protonating the conjugate base of the acid used in Eq. 1 with a
dissociated proton, determined by the pK, of that acid (Eq. 2). ¢) The free energy of H heterolysis
in a given solvent, which is a thermodynamic constant (Eq. 3).*° These can be combined using
Hess’ Law to determine the thermodynamic hydricity of a hydride (Eq. 4). Given that 1 contains
an internal base and readily binds H> to form 2, a modified version of this cycle can be used to
determine the thermodynamic hydricity of 2 (Figure 11). One requirement for determining the
thermodynamic hydricity of 2 is the pKa of the N-H proton in S-THF. This was estimated to be
8.2 by titrating a solution of 1 with 2,6-lutidinium BAr!4 in THF,*® which corresponds to a free
energy of protonation of -11.2 kcal/mol. The thermodynamic cycle derived in Figure 11 and
Equations 5-8, shows that with this pKa the hydricity of 2 can be established if the binding constant
of Hz to 1 to form 2 is known. A van’t Hoff plot obtained using variable-temperature '"H NMR
spectroscopy (288-333K, see SI for further details) of the equilibrium of 1 and H; and 2 indicates
that AG° = -4.9 kcal/mol for this reaction. Combining these two values with the free energy of

heterolysis of H,** reveals that the hydricity of 2 is 62.4 + 1.4 kcal/mol.>!

M-H + Base-H* ——— > M" + H, + Base AG°® (H, Formation) (Eq. 1)

H* + Base —> Base-H" AG° (pK,) (Eq. 2)
Hy — > H"+H" AG® (H, Heterolysis) (Eq. 3)
M-H ———— M* + H- AG® (Hydricity) (Eq. 4)
2 —> 1+H, AG® = + 4.9 kcal/mol (Eq. 5)
H*+1 ——— > 5-THF AG° =-11.2 kcal/mol (Eq. 6)

H, —  » H*+H AG° = + 68.7 kcal/mol (Eq. 7)

2 ————> 5.THF + H- AG° = + 62.4 kcal/mol (Eq. 8)
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Figure 11: Thermodynamic cycle for experimentally determining the hydricity of 2.

This is one of the first thermodynamic hydricities measured in THF, and only the second for a
system that can activate H» via a pathway involving MLC. Complex 2 is a weaker hydride donor
than the only other iron complex with a measured hydricity in THF, the cationic complex
[Fe(SiP3)(H2)(H)]" (SiP3 = Si(ortho-P'Pr,CsHa)s), which has a hydricity of 54.0 kcal/mol.>? It is
also a weaker hydride donor than the related ruthenium pincer complex (B“PNpyP)Ru(H)>(CO)
(‘B'PNpyP = (CH2P'Buz),CsH3N), which has a hydricity in THF of 44.6 kcal/mol.>* This is
consistent with previous results, which show that heavier transition metals are more hydridic than

49¢ although this interpretation is complicated by the fact that 2 is

their first row congeners,
supported by a different pincer ligand than (‘®*PN,yP)Ru(H)2(CO). In fact, the field would benefit
from rigorous studies in THF (or a related organic solvent) exploring how thermodynamic
hydricities vary as both ligand structure and the metal are systematically varied. Finally, the

calculated thermodynamic hydricity of 2 suggests that it may be a weaker hydride donor than

a) H, + CO, + Base =——= Base-H" + OC(O)H
b
A "OC(O)H Hy + H
O~ Q¢ 2 “E E
H N H r— s Base _ M~ (— s
“N—Fe—CO N—Fe—co| —B3se_.">\_geco
/ > 20 atm H, (_ /| -Base—-H (_ /|
—_ I
E H E=P PFZ E H E H
1 8 2

0
CO,
Scheme 9: a) Overall reaction for reversible CO2 hydrogenation in the presence of stoichiometric base and b)

mechanism of catalysis showing the importance of base selection.
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formate, which was reported to have a hydricity >42.7 kcal/mol in THF.>® This means that 2 may
only be able to insert CO; to form the formate complex 10 due to the free energy associated with
binding the formate ligand to the iron, coupled with the thermodynamic stabilization gained by the

formation of an N—H---O(formate) hydrogen bond (Scheme 9).!%?!

The hydricity of 2 also serves as a starting point for understanding its reactivity in catalysis.
Relative to other complexes in THF, 2 appears to be a weak hydride donor and therefore 5 must
be a very potent hydride acceptor. For dehydrogenative catalysis, this characteristic is valuable,
and may help explain the high activity of 2 in reactions such as formic acid dehydrogenation,
where 5 is directly invoked as the species responsible for abstracting a hydride from a formate
anion (Figure 12).! In a reaction such as CO; hydrogenation to formate, the hydricity of the active
catalyst plays an important role in the choice of reaction conditions, particularly if reaction
reversibility is desired (Scheme 9a).!24% Specifically, the choice of base is dependent upon the
catalyst hydricity. This is because the base plays an important role in catalyst turnover (Scheme
9b). After CO; insertion into 2, it is proposed that formate is displaced by H> to form the molecular
hydrogen complex 8. Regeneration of 2 takes place through the deprotonation of 8 by an equivalent
of base. The strength of the base necessary to deprotonate H» in 8 to generate the metal hydride 2
is given by reorganizing the thermodynamic cycle established by Equations 1-4. This gives a pKa
of 8.2 for 8 (identical to the pK. determined for the N—H of 5-THF). The product of the overall
reaction is [base—H"]["OC(O)H] (Scheme 9a). If the desire is to achieve a reversible system for
hydrogenation of CO2, H», and base to formate and the protonated base, then the best base is one
which is strong enough to deprotonate 8, but as weak as possible to ensure Hz generation is possible
in the reverse reaction (Scheme 9a, reverse reaction). In fact, a reversible system of the type could
assist in the creation of a “hydrogen battery” based on formic acid and using H» instead of

electrons.>* The hydricity of 2 suggests that 2,6-lutidine, or a base whose conjugate acid has with

Figure 12: Transition state for hydride abstraction from a formate anion by 5.
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a similar pK. (approximately 7 in water), should be strong enough to deprotonate 8 but allow the

reaction to remain very close to thermoneutral, which allows for facile reaction reversibility.

The importance of thermodynamic hydricity, however, extends to catalysis that does not require
stoichiometric base for turnover. The weak hydricity of 2 makes it necessary to utilize a strong
acid to generate 8. Current mechanistic proposals suggest that there are two cases where the
molecular H> complex 8 is an intermediate in dehydrogenation reactions that involve 2 (Figure
13): a) When a dehydrogenative substrate is very acidic (e.g. formic acid), calculations predict it
can directly protonate a hydride ligand of 2;'° and b) When a protic substrate or reaction additive
that is not a strong acid (e.g. a primary alcohol) is hydrogen-bonded to the N—H of the ligand, it is
proposed to be acidic enough to directly protonate a hydride of 2.132%° The second instance has
been invoked both as a “proton-shuttling” pathway, where more electron-poor, or more acidic,
proton shuttles demonstrate higher activity, as well as in a directed ionic dehydrogenation
mechanism.>® For precatalyst design, these findings have several implications: a) Given that 2 is
so poorly hydridic, very strong acids will continue to be necessary for direct protonation of the
hydride; this is likely only possible for substrates such as formic acid. b) Protonation of 2 from an
alcohol is only possible when the pendant amine ligand is a good hydrogen bond donor. If the N-H
moiety is removed, and the substrate is not a strong acid such as formic acid, it must be replaced
with another hydrogen bond donor either appended to the catalyst or in solution. Additionally,
making the N—H of 2 more acidic may enhance activation of substrates which can act as a hydrogen

bond acceptor.

a) oo H  ]rOCOMH
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/| /|
Ep Ep
2 8
) E = PiPr,
R R
H.
\Q/ N \_ O H

e e P
N ‘NS N
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2
Figure 13: Proposed formation of dihydrogen complexes in dehydrogenation reactions using 2 for either a) highly

acidic substrates such as formic acid or b) less acidic substrates such as alcohols.
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Strategies for Improving Catalysis by Preventing Decomposition Due to §

Given that 5 is likely responsible for catalyst decomposition, limiting either its formation or its
ability to interact with other catalyst molecules could result in improvements in catalysis.
Additionally, because 5 is on the catalytic cycle for some reactions, any strategy to prevent
decomposition must allow 5 to remain thermodynamically and kinetically accessible in order for
the catalyst to re-enter the productive cycle. In principle, this could be achieved through successful
attachment of 2 or its derivatives to a supporting surface. We propose, however, to sequester 5 in
catalysis through the addition of a simple L- or X-type ligand that can dissociate to access the cycle
but will inhibit decomposition through dimerization. Stoichiometric reactions suggest that a
variety of phosphine ligands, provided they are not too sterically bulky, can bind to 6 (Table 1)
and form complexes of the type [(""PN"P)Fe(H)(CO)(PR3)]". Interestingly, no decomposition is
observed when products of the reaction between 6 and small phosphines are allowed to stand in a
solution of CsDs at room temperature for four hours. This suggests that addition of small, simple
L-type ligands that can reversibly bind could improve catalyst lifetime, as significant

decomposition of 6 alone in solution is observed over this timeframe.

/PF5 o
F,E L,E PFe
HO K‘ L, 1 equiv Ho K‘
N—Fe—CO ———>| N—Fe—CO
G e T
En En
6.
E = PiPr,

Ligand Cone Angle (°) Binds to 6
PMes 118 Yes
PEts 132 Yes
P'Prs 160 Yes*
PCys 179 No
P'Bus 182 No

Table 1: Binding of small, monodentate phosphine ligands to 6. *The spectrum of this reaction remains broadened,
but noticeably shifted. We interpret this as transient binding of P'Prs3 to the iron center.

Guided by our stoichiometric results on phosphine binding to 6, we endeavored to improve formic
acid dehydrogenation using 1, which is proposed to generate 8 in sifu.'>*® This reaction is
important because formic acid can be used as a source of Hz in hydrogen storage, but at this stage
the majority of base-metal catalysts capable of formic acid dehydrogenation only give significant
activity in the presence of additives such as excess ligand, exogenous base, or a Lewis acid.’® As
shown in Table 2, 1 gives 1,300 TONs (13% conversion at 0.01 mol% catalyst loading) for

additive-free formic acid dehydrogenation over 3 hours in a 1:2 toluene:'BuOH solvent mixture
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0 [Fe] (0.01 mol%)
Additive (0.05 mol%)

> +
H™ "OH 1:2 toluene:'BUOH, 90 °C Hz + CO;
Entry [Fe] Additive TON (1 h)? TON (time)® Yield (%)
1 1 None 1,100 1,300 (3 h) 13
2 1 PMes 1,800 2,300 (8 h) 23
3 1 PIPrs 1,700 1,800 (4 h) 18
4 1 P'Bus 1,300 1,400 (3 h) 14
5 7 None 1,500 1,900 (8 h) 19
6 11° None 1,800 1,900 (3 h) 19

Table 2. Effect of simple monodentate phosphine additives on additive-free formic acid dehydrogenation using 1
and related precatalysts. Reaction conditions: Formic acid (110 puL, 2.91 mmol), Fe (0.01 mol%, 291 pL ofa I mM
stock solution in toluene), phosphine (0.05 mol%, if using, added as a 1% stock solution in toluene), 5.00 mL total
reaction volume, 90 °C. Turnover numbers (TON) were measured using a gas buret. *This value is the TON after
the first hour. °This value is the maximum TON that was recorded. The time indicates how long it took for catalysis
to stop and for the maximum TON to be obtained. Reported results are the average of two trials, errors + 10%.
°0.005 mol% of 11 was used because there are two iron centers present in the complex.

(Entry 1).” However, addition of five equivalents of PMejs increases catalyst productivity by 75%
and leads to a TON of 2,300 after 8 hours (Entry 2). Importantly, no CO, which could in principle
poison the catalyst, was detected (see SI). This result suggests that PMe; stabilizes the catalyst, as
predicted by the phosphine binding studies (Table 2). We next examined the effect of adding other
monodentate phosphine ligands, including PPr; (Table 2, Entry 3) and P'Bus (Entry 4). The
beneficial catalytic effects of the additive decrease with increasing phosphine cone angle, with the
following order of improvement in TON observed: PMes > P'Pr, > P'Bus. In fact, P'Bus, which
does not bind to the iron center in 6 (Table 2), does not lead to any improvement in TON within
error. Complex 7, [(P"PNHP)Fe(H)(CO)(PMes)]", which already has one equivalent of PMes bound
to the iron center, achieves a TON of 1,900 after 8 hours (Entry 5) without the addition of any
excess PMes. This indicates that even one equivalent of PMe;s gives improved catalyst lifetime and
productivity compared to 1. Finally, we utilized the CN-bridged dimer 11 as a precatalyst, to
investigate the effect of the additional steric bulk provided by the second iron center on the
proposed catalyst decomposition. Compound 11 gives a TON of 1,900 after 3 hours (assuming
that both iron centers are catalytically active, Entry 6), a 45% improvement compared to 1.
However, it is clear that rapid catalyst death remains an issue, as 11 has a TON after 1 hour of
1,700, indicating that 94% of the total TONs are achieved in the first hour of catalysis, compared
with 78% for 1 and 5 equivalents of PMes.

We next investigated the effect of varying the number of equivalents of the best additive, PMe;
(Table 3). Halving the equivalents added to 2.5 relative to 1 gives 2,000 turnovers in 4 hours (Entry
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o 1 (0.01 mol%)
PMes (X equiv.)

> +
H™ “OH 1:2 toluene:BuoH, g0 °C 2+ 2
Entry Equiv. PMes TON (1 h)? TON (time)® Yield (%)
1 0 1,100 1,300 (3 h) 13
2 25 1,800 2,000 (4 h) 20
3 5 1,800 2,300 (8 h) 23
4 10 1,700 2,000 (8 h) 20

Table 3. Formic acid dehydrogenation using 1 and varying equivalents of PMes. Reaction conditions: Formic acid
(110 pL, 2.91 mmol), 1 (0.01 mol%, 291 puL of a 1 mM stock solution in toluene), PMes (added as a 1 vol% stock
solution in toluene, equivalents given relative to 1), 5.00 mL total reaction volume, 90 °C. Turnover numbers
(TON) were measured using a gas buret. *This value is the TON after the first hour. *This value is the maximum
TON that was recorded. The time indicates how long it took for catalysis to stop and for the maximum TON to be
obtained. Reported results are the average of two trials, errors + 10%.
2), whereas doubling the equivalents to 10 results in 2,000 turnovers over 8 hours (Entry 4). From
these results, we conclude that 5 equivalents of PMejs relative to 1 is the optimal combination to
extend catalyst lifetime and achieve the highest possible TON. To further understand the effect of
PMes, we performed kinetic analyses on the catalytic activity of 1 alone, as well as with 5
equivalents of PMes (Figure 14). The difference is striking, with the trial with PMe; added rapidly
outpacing the trial with 1 alone from the first timepoint taken after 10 minutes. Given that we
propose that PMes assists in catalysis by stabilizing the catalyst, rather than generating a more
active catalytic species, these data suggest that catalyst decomposition begins immediately upon
initiating catalysis. Unfortunately, for technical reasons it is not possible obtain earlier data points,
which may indicate that 1 is initially more active, but rapidly deactivates compared to 1 with PMe;
present. We were, however, able to study catalyst decomposition in the presence and absence of
PMe; in a J. Young NMR tube under conditions directly comparable to catalysis (see SI). These
studies indicate that as has been observed previously,?® the major catalyst decomposition product
is [(P"PN"P)Fe(H)(CO).]" (4) (along with free ligand). Consistent with our hypotheses, in the
reaction with 5 equivalents of PMe; a significantly smaller amount of 4 is formed after one hour,
suggesting that excess PMes inhibits catalyst decomposition. In reactions with PMes, 7 can be
detected by NMR spectroscopy. Given that the coordinatively unsaturated intermediate that is
likely stabilized by the presence of PMes is proposed to be present in many other catalytic reactions
involving 1, we hypothesize that our simple strategy for improving catalyst productivity will be
relevant to many other reactions apart from formic acid dehydrogenation. Further, it was recently

reported that the presence of phosphine additives can stabilize Ru-MACHO for ester
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Figure 14. Kinetic traces for formic acid dehydrogenation using 1 (blue circles) and 1 with 5 equiv PMe; (red
diamonds). No time points were collected once catalytic turnover had stopped. Error bars +10%.

hydrogenation.’® The exact reasons for the increased productivity observed in the presence of
phosphine ligands was not elucidated, but our results may also explain the improvements in the

analogous ruthenium system.

Conclusions

The decomposition of catalysts related to (P"PNP)Fe(H)(CO) (1) and (*"PN"P)Fe(H)2(CO) (2) has
prevented their widespread use as replacements for precious metal catalysts in hydrogenation and
dehydrogenation reactions. It has also limited their effectiveness in new catalytic reactions. This
work provides valuable insight into the decomposition pathways of 1 and 2 in catalysis by studying
the reactivity of several key catalytic intermediates which had not previously been observed. In
particular, we have characterized the unstable complexes [(P"PNHP)Fe(H)(CO)(L)]* (5-L; solv =
THF or N») and [(P"PN"P)Fe(H)(H2)(CO)]"(8). Complex 8, which can be prepared by the addition
of Hz to (P"PNHP)Fe(H)(CO)(PF) (6), is a rare example of an iron-containing species with a H,
ligand that has been characterized by neutron diffraction. Our results indicate that 5 and related
complexes decompose via a bimolecular pathway, and we have isolated rare examples of dimeric
iron complexes ligated by P'PNHP ligands. Finally, we have used our results to develop an
improved system for formic acid dehydrogenation using 1 and intend to continue to use the
fundamental insight from this work, including the measurement of the thermodynamic hydricity

of (P"PNHP)Fe(H)2(CO) (2), to develop improved RPNHP ligated catalysts in the future.
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