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ABSTRACT: The PPP-ligated iron complexes, cis-(""PPRP)-

FeH,(CO) [P"PPRP = (0-Pr,PCH,),PR (R = H or Me)], catalyze
the dehydrogenation of formic acid to carbon dioxide but lose their
catalytic activity over time. This study focuses on the analysis of the

species formed from the degradation of cis-(*"PPM*P)FeH,(CO)
over its course of catalyzing the dehydrogenation reaction. These
degradation products include species both soluble and insoluble in
the reaction medium. The soluble component of the decomposed

catalyst is a mixture of cis-[(*"PPMP)FeH(CO),][(HCO,)-

(HCO,H),], protonated PrppMep and oxidation products resulting
from adventitious O,. The precipitate is solvated Fe(OCHO),.

P(Pr), HCO,H-__<H5
R | o @ solvated Fe(OCHO), }
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Further mechanistic investigation suggests that cis-[ (P'PPM*P)FeH(CO),][(HCO,)(HCO,H),] displays diminished but measurable
catalytic activity, likely through the displacement of a CO ligand by the formate ion. The formation of Fe(OCHO), along with the

dissociation of PPPMP is responsible for the eventual loss of catalytic activity.

B INTRODUCTION

Transition-metal-catalyzed reactions that proceed in an acidic
medium or produce Brensted acids pose significant challenges
for catalyst design. The supporting ligands, especially nitrogen-
and phosphorus-based ligands, could be protonated to trigger
catalyst degradation. This problem is expected to be more
pronounced with 3d metal systems in which the metal—ligand
bonds are more polarized or ionic." Nevertheless, acid-tolerant
homogeneous catalysts are known in the literature; notable
examples include [{Cp*Ru(CO),},(u-H)]OTf for catalytic
deoxygenation of diols assisted by triflic acid” and triphos-
ligated cobalt complexes [triphos = (Ph,PCH,);CCHj;] for
catalytic hydrogenation of carboxylic acids.’

One of the reactions involving acids is the catalytic
dehydrogenation of formic acid to H, and CO,, which has
been studied extensively in recent years.” The growing interest
in this research area stems from the promise of using formic acid
as an H, energy carrier.’” Among the metals that can be used to
promote this specific transformation, iron is particularly
attractive due to its high terrestrial abundance. Early studies of
iron catalysts for formic acid dehydrogenation relied on simple
salts such as FeCl, and FeCl,° or a mixture of Fey(CO),,,
terpyridine, and a monophosphine ligand.” More recent catalyst
design has been focused on well-defined iron complexes
supported by a phosphorus-based, tridentate/pincer,” or

tetradentate’ ligand. Of particular note is (XPrPNHP)FeH(CO)—
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(OCHO) [™PN"P = (‘Pr,PCH,CH,),NH (see Chart 1 for the
structure)] developed by Bernskoetter, Hazari, and Schneider,
which catalyzes the release of H, from formic acid with turnover

Chart 1. Selected Iron Pincer Complexes for Catalytic
Dehydrogenation of Formic Acid
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numbers (TONSs) as high as 983 642.%" Despite the progress
made, most of these catalytic systems require a base additive”“*
or a ligand:metal ratio hlgher than what is suggested by the
proposed catalyst structure.” Ideally, the catalytic dehydrogen-
ation reaction should be performed in neat formic acid without
any additive to maximize the volumetric and gravimetric
capacity of hydrogen (up to 53 g/L and 4.4 wt %, respectively),
which currently is more realistic with iridium- or ruthenium-
based catalysts.'”""

The precise function of the base additive, excess ligand, and
dilution with a solvent in formic acid dehydrogenation is not
fully understood and may vary with the different catalytic
systems. The shared consequence is the attenuated acidity that
may help extend the life span of the catalysts. To develop more
efficient and robust systems, it is critical to understand how iron
complexes degrade during the catalytic process. To this end,
Hazari and co-workers have examined the stability of several

catalytically relevant species, including [(*"PN"P)FeH(CO)-
(THF)]* and (P"PN"P)FeH(CO)(PFy), which, in the absence

of formic acid, decompose to [ (*"PN"P)FeH(CO),]*, "PN'P,
and Fe(0) particles.'” Bernskoetter and Hazari have also shown

that (""PNMP)FeH,(CO) ["PNMP = (‘Pr,PCH,CH,),NMe
(Chart 1)] is converted to an ~1:1 mixture of [(”PNM¢P)-

FeH(CO),][HCO,] and PrpNMep (along with an unknown
precipitate) following catalytic dehydrogenation of formic acid
and degassing the catalytic mixture.”

We have recently reported the dehydrogenation of formic acid

catalyzed by cis-(""PP"P)FeH,(CO)* and cis-(*"PPMP)-

FeH,(CO)®* [PPPYP = (0-Pr,PC¢H,),PH and "'PPMP =
(0-Pr,PC¢H,),PMe, respectively (Chart 1)]. Without an acid,
these PPP-ligated iron dihydride complexes can survive
increased temperatures of 100—120 °C for days. However, in
catalyzing formic acid dehydrogenation at 80 °C or even lower
temperatures (e.g., 40 °C), they gradually lose catalytic activity.
In this study, we have investigated the fate of the decomposed
catalysts, including the identification of iron-containing species
that were previously unaccounted for or thought to be
catalytically inactive. These results can be informative for
designing more effective iron-based, acid-tolerant catalysts in the
future.

B RESULTS AND DISCUSSION
Characterization of the Decomposed Catalysts. In the
published work,*"® we have shown that both cis-("PP"P)-

FeH,(CO) and cis-("PPM*P)FeH,(CO) undergo protonation
with formic acid to release H,. The resulting hydrido iron
formate complexes can exist as multiple geometric isomers, all
participating in hydrogen-bonding interactions with unreacted
formic acid. The catalytic cycle (Scheme 1) is completed by a
decarboxylation step to regenerate the iron dihydride species.
According to our nuclear magnetic resonance (NMR) studies,
the formate complexes are the resting state of the catalysts unless
the concentration of formic acid is low or the catalytic reaction
approaches completion. Regardless of the relative rates for the
protonation and decarboxylation steps, the reaction solution
should have a yellow to orange color, as expected for the formate
and dihydride complexes. Consistent with this analysis, steady
gas evolution was always accompanied by the observation of a
colored reaction mixture in our catalytic studies.

Scheme 1. Proposed Catalytic Cycle for the PPP-Ligated
Systems

HCO,H H,
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When the initial substrate:catalyst ratio was set at >1000 or
successive addition of formic acid was implemented to maintain
a low substrate:catalyst ratio (<175), the reaction mixture (in
1,4-dioxane at 80 °C) eventually became cloudy and almost
colorless. At that point, gas production slowed significantly.
Both PPP-ligated systems exhibit this phenomenon. For this
study, we decided to focus on the products degraded from cis-

(P"PPMP)FeH,(CO) and analyze the soluble component and
the precipitate separately.

Soluble Component. The *P{'H} NMR (in CDs)
spectrum is very complex (Figure S27), showing several
resonances in the high-field region (5 to —35 ppm) associated
with the unbound ligand and many resonances in the mid-field
region (65 to 35 ppm) indicative of oxidized phosphorus

centers. The main iron species with a fully bound PrppMep
ligand features a doublet at 108.1 ppm and a triplet at 95.7 ppm
(J = 31.6 Hz) that integrate to ~2:1. The most characteristic
resonance in the "H NMR spectrum is a triplet of doublets at
—11.50 ppm (J = 49.6 and 44.4 Hz), which supports an iron

hydride coupled by the phosphorus nuclei of the "PPMP
ligand. Considering that (‘P'PNMeP)FeHZ(CO) can decompose

to form cis-[(P"PNMP)FeH(CO),][HCO,],* we suspected
that this hydride signal could be due to a similar compound

bearing cis-[ (""PPM*P)FeH(CO),]*. The presence of this cation
was corroborated by the ESI-MS spectrum, in which the most
intense ion has the expected mass-to-charge ratio (m/z) of
545.16 with fragment ions (MS?) resulting from the loss of
propene,”” CO, and HCHO (or H, + CO). The hydrido iron
dlcarbonjl complex could be generated v1a 2 biomolecular
process  involving a dinuclear intermediate.'* It is, however,
worth noting that dinuclear species or larger aggregates are
absent from our decomposed catalyst, as confirmed by ESI-MS
and diffusion-ordered NMR spectroscopy (DOSY).

To gain a better understanding of the roles that cis-

[(‘PrPPMeP)FeH(CO)Z]J' may play throughout the life of the
catalyst, an independent synthesis of the cationic iron hydride

was pursued (Scheme 2). The needed precursor, (KP'PPMEP)Fe—
(CO), (1), was readily prepared from PrppMep and Fe(CO);

followm% a synthetic procedure developed for (""PN'P)Fe-
(CO),."> While the spectroscopic data are unsurprising, the
crystal structure of 1 (Figure 1) reveals a unique coordination
geometry around the iron center. On the basis of the geometry
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Scheme 2. Synthesis of the Cationic Iron Hydride with Different Counterions
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Figure 1. ORTEP of (PPPM*P)Fe(CO), (1) at the 50% probability
level (hydrogen atoms have been omitted for clarity). Selected bond
lengths (angstroms) and angles (degrees): Fe—C2S, 1.7564(13); Fe—
C26, 1.7561(13); Fe—P1, 2.1896(3); Fe—P2, 2.2051(3); Fe—P3,
2.1727(3); C25-025, 1.1623(16); C26—026, 1.1578(16); P1—Fe—
P2, 133.081(13); P1—Fe—C26, 110.25(4); P2—Fe—C26, 116.14(4);
P1-Fe—P3, 85.082(12); P2—Fe—P3, 85.042(12); P3—Fe—C25,
169.84(4); P3—Fe—C26, 94.13(4); C25—Fe—C26, 95.86(6); Fe—
C25—025, 177.59(12); Fe—C26—026, 176.73(12).

index'® (75 = 0.61), iron is situated in a distorted trigonal
bipyramidal (TBP) coordination sphere with the two axial
positions occupied by the central phosphorus and a CO ligand
[P—Fe—CO angle of 169.84(4)°]. In contrast, (""PN"P)Fe-
(CO), adopts a distorted square pyramidal (SQP) structure
with one of the CO ligands occupying the apical site."> The
closely related (XP'PNMCP)F(&(CO)Z17 and the pyridine-based
P)Fe(CO), [ PrPNPer = 2,6-
('Pr,PCH,),(C{H;N)]'® and ("*PNN,,,NP)Fe(CO),
["PN, NP = 2,6-(Pr,PNR),(CsH;N) (R = H or Me)],"”
also have a TBP molecular geometry; however, the axial sites are
defined by the two phosphorus donors. The unusual geometry
observed with 1 likely reflects a more folded ligand structure
caused by the central phosphorus. In fact, the P1—Fe—P2 angle

complexes, ( xPrPNPyr

18716

of 133.081(13)° in 1 is the smallest among all of the iron
dicarbonyl complexes mentioned above.

The conversion of 1 into cis-[ ("PPMP)FeH(CO),]* was first
studied by treating the iron dicarbonyl complex with excess
formic acid (Scheme 2), which resulted in a rapid color change
from orange to almost colorless. Attempts to isolate cationic iron
hydride in the solid form were fruitless. Removing the solvent
under vacuum restored 1 along with some decomposition
products, indicating that protonation of the iron center is a
reversible process. A mixture of 1 and formic acid (large excess)
kept in toluene and pentane led to the formation of crystals,
which were analyzed by X-ray diffraction as the previously
known Fe(OCHO),-!/;HCO,H.” Despite the challenges, cis-

[(P"PPMP)FeH(CO),]" can be readily generated in solution by
mixing 1 with formic acid in C4D4 and characterized by NMR
spectroscopy (or generated in methanol and analyzed by ESI-
MS). The hydride and phosphorus resonances match those
described earlier for the main iron species present in the
decomposed catalyst. Interestingly, H, (4.47 ppm) was also
detected from the reaction mixture, which may be explained by a
second protonation step involving the newly formed hydride
ligand in cis-[ (P"PPMP)FeH(CO),]". Alternatively, H, could be
produced from the dehydrogenation of formic acid, presumably

catalyzed by cis-[ (""PPMP)FeH(CO),]". We ruled out the first
scenario on the basis of the observation that chloroacetic acid
(pK, = 2.87), which is more acidic than formic acid (pK, = 3.75)
but unlikely to undergo dehydrogenation, reacted with 1 to give

cis-[(""PPMP)FeH(CO),]* without forming H,.

The cationic iron hydride generated from 1 and chloroacetic
acid in toluene was layered with pentane and then kept at —30
°C, which produced crystals suitable for X-ray crystallographic
study. This allowed us not only to further confirm the anti Me—
P—Fe—H configuration as suggested by nuclear Overhauser
effect spectroscopy (NOESY) but also to understand the nature
of the counterion. As shown in Figure 2, the chloroacetate anion
is hydrogen-bonded to two chloroacetic acid molecules. This
type of hydrogen-bonding interactions was previously observed

with (P"PPMP)FeH(CO)(OCHO),* although in that case the
formate ion is coordinated to iron. Given these results, we
propose that the protonation of 1 with formic acid gives rise to
cis-[ (""PPMP)FeH(CO),][(HCO,)(HCO,H),] (2), where
the formate ion also forms hydrogen bonds with the unreacted
formic acid. The hydrogen-bonding network, [(HCO,)-
(HCO,H),]™, may have additional interactions with the cation,

https://doi.org/10.1021/acs.inorgchem.3c03125
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Figure 2. ORTEP of cis-[ (""PPMP)FeH(CO),][(CICH,CO,)(CICH,CO,H),] (3) at the 50% probability level (for clarity, all hydrogen atoms have
been omitted, except the hydride and those involved in the hydrogen-bonding interactions). Selected bond lengths (angstroms) and angles (degrees):
Fe—H, 1.419(38); Fe—C2S, 1.782(3); Fe—C26, 1.793(3); Fe—P1, 2.2255(7); Fe—P2, 2.2225(6); Fe—P3, 2.2076(6); C25—025, 1.142(3); C26—
026, 1.135(3); P1—Fe—P2, 147.96(3); P1—Fe—P3, 86.00(2); P2—Fe—P3, 86.03(2); P3—Fe—C25, 179.58(10); P3—Fe—C26, 90.25(9); C25—Fe—

C26,90.17(13); Fe—C25—028, 175.1(3); Fe—C26—026, 179.6(3).

which can be used to rationalize the difficulty in obtaining a
good-quality *C{'"H} NMR spectrum for 2 (Figure S7). The
dehydrogenation of formic acid occurring in the background
changes the HCO,:HCO,H ratio continuously and fast
enough to shift the carbon resonances between the scans.

To avoid the complication of [(HCO,)(HCO,H), ], in situ-
generated complex 2 was subjected to an anion exchange

reaction with NaBPh, (Scheme 2) to afford cis-[(xp PPMep)-
FeH(CO),]BPh, (4). The product can now be isolated in solid
form and characterized by "C{'H} NMR spectroscopy, in
addition to other spectroscopic methods and elemental analysis
(see Experimental Section for details). As expected, the structure

of cis—[(lPrPPI‘/[eP)FeH(CO)2]+ in 4 (Figure 3) is very similar to
that in 3. Minor differences may arise from weak interactions
between the phenyl groups in BPh, and the methyl groups in
‘PrPPMeP, which increase the P3—Fe—C26, C25—Fe—C26, and

P1—Fe—P2 angles by 2.6°, 2.1°, and 4.0°, respectively.
The decomposition of 2 to Fe(OCHO),-'/;HCO,H should

release "'PPM°P, which in the presence of formic acid or during
the catalytic reaction is unlikely to exist in the free ligand form.
The pK, values for the conjugate acids of the model phosphines,
MePPh, (pK, = 4.59) and Me,PPh (pK, = 6.49),”" suggest that
all three phosphorus centers, especially the peripheral ones (i.e.,
in P'Pr,), can potentially be protonated by formic acid (pK, =
3.75). As illustrated in Figure 4, the *'P{'"H} NMR spectrum of
PPPMep i C¢D¢ features an AB, spin system with minor

second-order effects. The addition of formic acid (~8 equiv)
shifts the resonance of the periphery phosphorus slightly (P'Pr,,
—2.2 ppm — —1.1 ppm; PMe, —=35.9 = —36.2 ppm; Av/], 39 —
41) but enough to change the splitting pattern to one more
typical of an AX, spin system. This result is also consistent with
the ESI-MS data acquired for the decomposed catalyst, showing
an ion with an m/z value of 479.24 that can be attributed to

protonated ligand [""PPMP + HCO,H + H]*.
The ESI-MS spectrum of the decomposed catalyst also
displays ions for the monooxidized ligand (m/z 449.23) and

Figure 3. ORTEP of cis-[ (PPPMP)FeH(CO),]BPh, (4) at the 50%
probability level (all hydrogen atoms except that bound to iron have
been omitted for clarity; only the major component is shown for the
disordered C23 atom). Selected bond lengths (angstroms) and angles
(degrees): Fe—H, 1.468(20); Fe—C2S, 1.7742(17); Fe—C26,
1.7902(17); Fe—P1, 2.2287(4); Fe—P2, 2.2309(4); Fe—P3,
2.2186(4); C25—025, 1.146(2); C26—026, 1.145(2); P1—Fe—P2,
151.996(19); P1—Fe—P3, 85.791(15); P2—Fe—P3, 85.540(15); P3—
Fe—C25, 174.83(6); P3—Fe—C26, 92.86(5); C25—Fe—C26,
92.30(8); Fe—C25—025, 177.19(19); Fe—C26—026, 178.05(15).
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Figure 4. *'P{'"H} NMR spectra of PPPMep in C¢Dy (spectrum at the bottom, the free ligand; spectrum at the top, after formic acid was added).

monooxidized cis—[(1PrPPMeP)FeH(CO)Z]+ (m/z 561.15). Con-

trol experiments confirm that PPPMep g inert to CO, and H, (1
bar, at 80 °C), the two gaseous molecules produced during the
formic acid hydrogenation reaction. To our surprise, at room

temperature, the C¢Dg solution of PPPMep tolerated air (for
>18 h) that was intentionally introduced into the NMR tube.
However, heating the solution to 80 °C for 18 h led to low-
intensity phosphorus resonances appearing at 29.8 ppm (triplet,
J =11 Hz) and —1.5 ppm (doublet, J = 11 Hz), implying that
oxidation takes place at the central phosphorus site (~10%
oxidation) but at a rate significantly slower than the rate of
catalyst degradation. Oxidation of the catalyst during ESI-MS
sampling and analysis is unlikely to happen because 2 generated
in situ and analyzed under the same conditions gave no oxidized
ions (Figure S10). Taken together, we propose the following.
(1) The iron catalyst can be degraded by the adventitious O,
present in the reaction vessel, and (2) the oxidation process
occurs under the catalytic conditions and when the ligand
remains (fully or partially) bound to iron. The combination of
oxidation, dissociation, and protonation events at the
phosphorus centers must contribute to the complexity of the
phosphorus resonances observed in the high-field and mid-field
regions.

Precipitate. Given that 2 (in toluene and pentane, with excess
formic acid) decomposes to yield Fe(OCHO),-'/;HCO,H, we
suspected that the precipitate obtained from the decomposed
catalyst could be some form of iron formate. Following a
literature procedure,”” Fe(OCHO),-2H,0 was prepared under

an inert atmosphere from iron powder and formic acid
(aqueous). However, it shows infrared (IR) bands that are
inconsistent with those of the precipitate. Because the catalytic
reaction is typically performed in 1,4-dioxane with a low
moisture level, it is possible that the iron formate is solvated by
1,4-dioxane (C,HgO,). Heating Fe(OCHO),2H,0 in 1,4-
dioxane at 80 °C in the presence of formic acid (needed to
prevent decomposition) allowed the isolation of Fe-
(OCHO),-'/,C,H;0,, which indeed gives IR bands identical
to those for the precipitate (Figure S33). The remaining IR
bands displayed by the precipitate can be identified as
vibrational modes for the residual formic acid. It should be
noted that Fe(OCHO),-'/;HCO,H and Fe(OCHO),2H,0
adopt completely different structures (Chart 2). The former
involves four unique iron centers with each formate ligand
bridging three Fe atoms and the formic acid filling the void
space.20 In contrast, Fe(OCHO),-2H,0 bears two unique iron
centers. One Fe atom is coordinated by six formate ligands that
bridge to the second Fe center. In addition to the two bridging
formate ligands, this second Fe is coordinated by four water
molecules.”” Although we have yet to obtain the crystal structure
of Fe(OCHO), '/,C,H;0,, the IR spectrum suggests that its
structure resembles that of Fe(OCHO),'/;HCO,H with 1,4-
dioxane simply being trapped in the lattice. This explains why
Fe(OCHO),-2H,0 and Fe(OCHO),-!/,C,H;0, feature differ-
ent IR bands associated with the formate ligands (e.g., Voco, Scu

and oo bands).
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Chart 2. Structures of Fe(OCHO),"'/;HCO,H (left) and
Fe(OCHO),2H,0 (right) lllustrating Different
Coordination Modes Adopted by the Formate
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Neary and Parkin have shown that, under heating, Ni-
(OCHO),-2H,0 can react with PMe; to give Ni(PMe,),, which
in turn catalyzes the dehydrogenation of formic acid.”* Our
attempts to use the same strategy to synthesize PPP-ligated iron

complexes from Fe(OCHO),-2H,0, PrppPMep and CO (1 bar)
were unsuccessful. We attribute the failure to the poor solubility
of Fe(OCHO),-2H,0 in 1,4-dioxane (<1 mg/100 mL) or THF.
The mechanistic implication is that, once Fe-
(OCHO),-'/,C,H;0, precipitates from the catalytic mixture,
it is unlikely converted back to PPP-ligated iron complexes to
participate in the catalytic reaction again.

Catalytic Activity. Having identified that cis-("PPMP)-
FeH,(CO) decomposes with formic acid to form 2 and
Fe(OCHO),-'/,C,H,0,, we shifted our attention to their
catalytic activity. Iron dicarbonyl complex 1 and Fe(OCHO),-
2H,0 were used as surrogates because, under the catalytic
conditions, they would be rapidly converted into 2 and
Fe(OCHO), !/,C,H;0,, respectively. As summarized in
Table 1, 1 remains active for catalytic dehydrogenation of
formic acid, givinga TON of 8 in 1 h and a TON of 24 in 18 h
(entry 3). Granted, it is far more inefficient as a catalyst than cis-

(P"PPMP)FeH,(CO) (entry 1). Cationic iron hydride 4 is as
active as 1 (entry 4), whereas the iron formate is completely
inactive (entry S). In our previous studies, we have shown that

cis-(P"PPMP)FeH,(CO) outperforms cis-(*"PPM*P)FeH,(CO)
(entry 2 vs entry 1) due to slightly higher stability in formic

acid.*® The same trend holds when comparing ("PP"P)Fe-

(CO), [, prepared from PPPHP and Fe(CO);] with 1 (entry 6
vs entry 3). The PPP-type ligands are needed for iron to
promote the dehydrogenation reaction; a control experiment
with Fe(CO); confirms that the simple iron carbonyl is unable
to catalyze the release of H, from formic acid (entry 7). Without
iron, the ligand itself cannot be a catalyst (entry 8).
Mechanistic Consideration. The catalytic activity ob-
served with 1, 4, and §, albeit limited, is very intriguing, because
on the basis of previous mechanistic understanding®*'>"*"”
catalysts would be pronounced dead once reaching the iron
dicarbonyl or hydrido iron dicarbonyl stage. As mentioned
above, the room-temperature reaction of 1 with excess formic

Table 1. Dehydrogenation of Formic Acid Catalyzed by
Different Iron Species”

0.1 mol% [Fe]
1,4-dioxane, 80 °C

TOF,;, TON,,.x (tim;,
(conversion)®®  conversion)®

439 (44%) 768 (8 h, 77%)
473 (47%) 859 (8 b, 86%)

HCO,H H, + CO,

entry [Fe]
1°  cis-(""PPMP)Fe(CO)H,
2¢ cis-("PP"P)Fe(CO)H,

3 ("PPMP)Fe(CO), (1) 8 (1%) 24 (18 h, 2%)
4 cis-[ (*"PPM*P)FeH(CO),]BPh, 8 (1%) 24 (18 h, 2%)
(4)

Fe(OCHO),2H,0 0 (0%) N/A

6  (™PPYP)Fe(CO), (5) 15 (2%) 108 (18 b,
11%)

7 Fe(CO) 0 (0%) N/A

§  PppMep 0 (0%) N/A

“Standard conditions: HCO,H (100 uL, 98—100% purity, 2.65
mmol) and an iron catalyst (0.1 mol %) mixed in 1,4-dioxane (0.5
mL). bReported in ref 8g. “Reported in ref 8f. 9TOF,, is the
calculated turnover frequency after 1 h. “Average of two runs.
JTON, ., is the turnover number obtained when gas production
ceases.

acid produces H, while forming 2. To further confirm that CO,
is the other product from the formic acid dehydrogenation and

the dehydrogenation reaction is catalyzed by cis-[ (*"PPMP)-
FeH(CO),]*, 4 was treated with 15 equiv of H*CO,H. For
solubility reasons, a mixed solvent of C4Dg and CD,Cl, (1:4.5)
was employed. Even at room temperature, both *CO, (6
124.97) and H, (5y; 4.48) were observed in the NMR spectra.

Two distinct mechanistic pathways that can explain the

catalytic role of cis—[(xPrPPMeP)FeH(CO)Z]J' are outlined in
Scheme 3 (for clarity, hydrogen-bonding interactions are not

shown). In cycle A, the hydride ligand in cis-[ (*"PPM*P)FeH-
(CO),]* participates in a protonation reaction with formic acid

to give H, and [(P"PPM*P)Fe(CO),(OCHO)]*, which
subsequently undergoes decarboxylation to regenerate the

catalyst. Alternatively, dissociation of CO from cis-[ (**PPM°P)-
FeH(CO),]* creates a vacant coordination site that can be
occupied by the formate ion, allowing the iron complex to re-

enter the catalytic cycle proposed for cis-(xP "PPMeP)FeH,(CO)
(cycle B). The lack of reactivity of 2 and 4 toward CICH,CO,H
(room temperature or 80 °C) suggests that protonating the

hydride ligand in cis-[(""PPMP)FeH(CO),]* is difficult, and
cycle A is unlikely to operate here.
Next, the possibility for dissociation of CO from cis-

[(PPPMP)FeH(CO),]" was probed by exposing 2 (in C¢Dg)
and 4 (in CD,Cl,) to '*CO (1 bar) at 80 °C. Interestingly, *CO
incorporation was observed with only 2. Under the same
conditions, five-coordinate complex 1 failed to undergo ligand
exchange with *CO, suggesting that deprotonation of 2 by the
counterion to form 1 is not the reason for '*CO being
incorporated into 2. At this point, we do not fully understand the
effect of the counterion on the rate of 2CO/"*CO scrambling.
Nevertheless, the ability of 2 to exchange "*CO with *CO
supports the viability of re-entering cycle B by the cationic iron
hydride species. Under the catalytic conditions where formic
acid is used in large excess, 4 can readily exchange its anion for
[(HCO,)(HCO,H),]™ to initiate CO dissociation. The
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Scheme 3. Two Plausible Catalytic Cycles for the Dehydrogenation Reaction
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Scheme 4. Formation of 2 from Protonation of 1 or Anion Exchange with 4

_ HCO;5 BPhg
P(Pr), P(PPr), (HCOzH), P('Pr)2
Me.., AR €O HCO,H (xs) [Me.,, b e CC%
- re— —_— —re
co % HC02 “p— Fe oo
P(Pr), P(Pr), d P(Pr),
1 2

convergence of 1 and 4 to 2 (Scheme 4) is also consistent with
the fact that 1 and 4 show very similar catalytic activity.
During the catalytic reaction, how does a species such as 2
form in the first place? A close inspection of the reaction
between cis-(""PPM*P)FeH,(CO) and formic acid (5.5 equiv) in
1,4-dioxane (with several drops of C¢D4 added to lock the NMR
signal) confirms that protonated PrppMep emerges from the
reaction mixture before 2 can be detected. Without the

supporting ligand, PrppMep, iron-containing intermediates are
presumably converted into iron formate while releasing CO, as
demonstrated by a model compound, Fe(CO);. The released

CO can potentially react with cis-("PPMP)FeH,(CO) and
(PPPMP)FeH(CO)(OCHO) to produce ("PPMP)Fe(CO),
and [(P"PPMP)FeH(CO),][HCO,], respectively, which be-
come 2 when formic acid is present. Indeed, exposing cis-
(P*PPMP)FeH,(CO) in C4Dg to CO (1 bar) at 80 °C leads to
the formation of (YPrPPMeP)Fe(CO)Z (15% conversion in 16 h).

A similar experiment with the in situ-generated (""PPMP)FeH-
(CO)(OCHO) (contains formic acid) produces both

(PPPM*P)Fe(CO), and 2.

B CONCLUSIONS

In summary, we have conducted an in-depth study of how PPP-
ligated iron catalysts degrade during the dehydrogenation of
formic acid. Although we have focused specifically on the
PrppMep ligand platform, the identification of Fe(OCHO), at
the final stage of the catalysts is broadly implicated in other iron-
based catalytic systems. What we have found to be surprising is

that cis—[(‘PrPPMeP)FeH(CO)Z] ¥, a species formed during the
degradation process, remains catalytically active. The formation

of Fe(OCHO), and cis—[(xPrPPMeP)FeH(CO)Z]J' is triggered by
the dissociation of the PPP-type supporting ligand and

18720

exacerbated by the release of CO. Our future efforts will be
devoted to building iron-based catalysts with stronger binding
by the supporting ligands.

B EXPERIMENTAL SECTION

General Methods. Unless otherwise noted, all organometallic
compounds were prepared and handled under an argon atmosphere by
using standard glovebox and Schlenk techniques. Dry and oxygen-free
pentane and toluene were collected from an Innovative Technology
solvent purification system and used throughout the experiments.
Acetone, ethanol, and 1,4-dioxane were dried over 4 A molecular sieves
and deoxygenated by bubbling argon through them for 1 h prior to use.
Formic acid (98—100%) was purchased from Sigma-Aldrich and
deoxygenated via freeze—pump—thaw cycles. Benzene-ds (99.5% D)
was dried over sodium benzophenone and distilled under an argon
atmosphere. Dichloromethane-d, (99.8% D) was purchased from
Cambridge Isotope Laboratories, Inc. Carbon monoxide-"*C (>99%
13C) and formic acid-"*C (95% purity, 99% '3C) were purchased from
Sigma-Aldrich. These isotopically labeled reagents were used as

received without further purification. ‘PrPPMeP,ZS PrppHp 26 and
Fe(OCHO),-2H,0”* were prepared as described in the literature.
NMR spectra were recorded on a Bruker AV400 or Bruker NEO400
NMR spectrometer. The chemical shift values for the 'H and *C{'H}
NMR spectra were referenced internally to the residual solvent
resonances. >'P{'H} NMR spectra were referenced externally to 85%
H;PO, (0 ppm). IR spectra were recorded on a PerkinElmer Spectrum
Two Fourier transform infrared spectrometer equipped with a Smart
Orbit diamond attenuated-total-reflectance (ATR) accessory. Electro-
spray ionization mass spectra (ESI-MS) were recorded on a Thermo
Scientific LTQ-FT hybrid mass spectrometer that combines a linear ion
trap and Fourier transform ion cyclotron resonance technologies.
Decomposition of the Catalyst. In a glovebox, to an oven-dried

10 mL Schlenk tube were added cis-('P‘PPMeP)FeHz(CO) (10 mg) and
1,4-dioxane (2 mL). The tube was removed from the glovebox and
attached to a gas buret filled with mineral oil. Formic acid (400 L) was
added via a microliter syringe, after which the tube was immersed in an
oil bath preheated to 80 °C. When formic acid was fully consumed,
another portion of the acid (400 yL) was added. This process was
repeated until gas production slowed significantly, and the reaction
mixture became cloudy and light in color. The soluble component and
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precipitate were separated and analyzed by NMR and IR spectrscopy,
respectively. In a separate experiment, the cloudy mixture was
evaporated to dryness under vacuum, and the resulting off-white,
sticky substance was analyzed by ESI-MS.

Synthesis of (iP'PPMeP)Fe(CO)z (1).Ina glovebox, to an oven-dried

50 mL Schlenk flask were added "PPMp (50 mg, 0.12 mmol),
Fe(CO); (16 uL, 0.12 mmol), and acetone (S mL). The flask was
removed from the glovebox, connected to a Schlenk line, and subjected
to ultraviolet (UV) radiation by using an array of four 368 nm UV LEDs
(caution: UV light safety glasses should be worn). After UV irradiation
for 1 h, the volatiles were removed under vacuum. Washing the residue
with cold pentane (0 °C, 3 X S mL) followed by drying under vacaum
yielded the desired product as a bright orange powder (51 mg, 81%
yield). X-ray-quality crystals were grown from a toluene/pentane
solution kept at —30 °C. "H NMR (400 MHz, C¢Dy): § 7.69 (t, ] = 6.4
Hz, ArH, 2H), 7.32=7.27 (m, ArH, 2H), 7.13—7.00 (m, ArH, 4H),
2.54—2.44 [m, CH(CH,),, 2H], 2.41-2.30 [m, CH(CH,),, 2H], 1.78
(d, *Jy_p = 8.0 Hz, PCH;, 3H), 1.52—1.45 [m, CH(CHs;),, 6H], 1.22—
1.15 [m, CH(CHj,),, 6H], 0.85—0.78 [m, CH(CHj,),, 12H]. BC{'H}
NMR (101 MHz, C(Dy): 6 233.1 (td, Jo_p = 28.1 and 26.4 Hz, CO),
222.8 (dt,*Jc_p=22.9 and 10.6 Hz, CO), 148.7 (ddd, ] = 40.4, 25.1,and
24.2 Hz, ArCbonded to P), 147.8 (ddd, J =47.7,16.2, and 13.8 Hz, ArC
bonded to P), 129.6 (d, J = 4.6 Hz, ArC), 129.2—129.1 (m, ArC),
128.7—127.8 (m, ArC), 33.1 [t, J = 13.2 Hz, CH(CH,),], 31.6 [t, ] = 8.4
Hz, CH(CHS,),], 22.6 (d, YJe_p = 30.1 Hz, PCH,), 20.2 [t, ] = 2.8 Hz,
CH(CH,;),], 19.9 [s, CH(CH};),], 19.6 [t, ] = 3.2 Hz, CH(CH,), ], 18.7
[s, CH(CH;),]. *'P{"H} NMR (162 MHz, C¢Dy): 6 117.0 (AB, spin,
Jap = 63.2 Hz, P'Pr,, 2P), 110.5 (AB, spin, J,5 = 63.2 Hz, PMe, 1P).
Selected ATR-IR data (solid, cm™): 1889 (vc—o), 1836 (vc—p). Anal.
Calcd for C,;H30,P5Fe: C, 59.57; H, 7.22. Found: C, 59.28; H, 7.24.

cis-[(P"PPMeP)FeH(CO),][(HCO,)(HCO,H),] (2) Generated In
Situ. In a glovebox, to a screw-cap NMR tube were added 1 (5.4 mg,
0.010 mmol) and ~0.5 mL of C¢Dy, which formed an orange solution.
The NMR tube was sealed with a PTFE septum and removed from the
glovebox. Formic acid (10 uL, 0.27 mmol) was injected through the
septum via a microliter syringe, resulting in a rapid color change from
orange to almost colorless. Efforts to isolate the product in a solid form
were thwarted by the reversible nature of the reaction as well as
decomposition. As a result, the protonation product was characterized
only in solution by NMR and ESI-MS. '"H NMR (400 MHz, C;Dy): 6
11.02 (s, excess HCO,H), 8.44 (t, ] = 8.0 Hz, ArH, 2H), 7.71 (t, ] = 7.6
Hz, ArH, 2H), 7.44 (s, excess HCO,H), 7.39 (t, ] = 8.0 Hz, ArH, 2H),
7.25—7.21 (m, ArH, 2H), 2.36—2.25 [m, CH(CH,),, 2H], 2.18—2.05
[m, CH(CH,),, 2H], 1.69 (d, YJ;;_p = 8.8 Hz, PCH,, 3H), 1.02—0.94
[m, CH(CHj;),, 6H], 0.92—0.84 [m, CH(CH};),, 6H], 0.73—0.65 [m,
CH(CH,;),, 6H], 0.57—0.48 [m, CH(CHj,),, 6H], —11.50 (td, *Jyy_p =
49.2 and 44.4 Hz, FeH, 1H); H, (5 4.47) was also detected from the
sample. *C{'H} NMR (101 MHz, C¢Dy): § 213.5—211.5 (m, CO),
166.3—164.0 (m, OCHO), 143.5-139.9 (m, ArC bonded to P),
133.6—129.7 (m, ArC), 31.5—30.0 [m, CH(CH,),], 21.8 (d, YJc_p =
32.3 Hz, PCH,), 19.1 [s, CH(CH,),], 18.4 [s, CH(CH,),], 18.3 [s,
CH(CH,),], 18.1 [s, CH(CH,),]. *'P{"H} NMR (162 MHz, C(Ds): &
107.9 (d, *Jo_p = 31.8 Hz, P'Pr,, 2P), 95.6 (t, *Jp_p = 31.8 Hz, PMe, 1P).

ESI-MS of 2 generated in MeOH (m/z): [(*"PPMP)FeH(CO),]*
caled for C,,H,,O,P;Fe, 545.15851; found, 545.1584S.
cis-[(P"PPMeP)FeH(C0),][(CICH,CO,)(CICH,CO,H),] (3) Gener-
ated In Situ. In a glovebox, to a J. Young NMR tube were added 1 (5.0
mg, 0.0092 mmol), chloroacetic acid (3.0 mg, 0.032 mmol), and ~0.5
mL of C¢Dg. The resulting solution was studied by NMR spectroscopy.
The protonation experiment was repeated in a scintillation vial using a
minimum amount of toluene, which was, in turn, layered with pentane
and kept in a —30 °C freezer. The resulting colorless blade-shaped
crystals (obtained within a week) were analyzed by X-ray crystallog-
raphy and IR spectroscopy. '"H NMR (400 MHz, C,Dy): § 8.75 (t, ] =
8.0 Hz, ArH, 2H), 7.91 (t,] = 7.6 Hz, ArH, 2H), 7.50 (t, ] = 7.6 Hz, ArH,
2H), 7.43-7.32 (m, ArH, 2H), 4.04 (s, CICH,, 7H), 2.54—2.35 [m,
CH(CHs;),, 2H], 2.31-2.16 [m, CH(CHj;),, 2H], 1.85 (d, ¥Jy_p = 9.2
Hz, PCH,, 3H), 1.10-1.00 [m, CH(CH,),, 6H], 1.00-0.90 [m,

CH(CH,;),, 6H], 0.81-0.65 [m, CH(CH,),, 6H], 0.62—0.47 [m,
CH(CHj,),, 6H], —11.43 (td, ¥g_p = 49.6 and 44.0 Hz, FeH, 1H).
3P{'H} NMR (162 MHz, C(Dy): 6 108.2 (d, *J,_p = 30.8 Hz, P'Pr,,
2P), 96.0 (t, *Jp_p = 30.8 Hz, PMe, 1P). Selected ATR-IR data (solid,
em™): 2003 (ve=o), 1959 (Vc=0), 1893 (Vpens)-

Synthesis of cis-[('P’PPMeP)FeH(CO)Z]BPh4 (4). In a glovebox, to
an oven-dried 50 mL Schlenk flask were added 1 (50 mg, 0.092 mmol)
and ethanol (S mL). The flask was removed from the glovebox and
connected to a Schlenk line. Formic acid (4.0 xL, 0.11 mmol) was
added with continuous stirring under argon. After 15 min, NaBPh, (36
mg, 0.11 mmol, predissolved in 5 mL of ethanol) was added to the
reaction mixture, forming a white precipitate. The suspension was
stirred for an additional 1 h and then filtered via cannula. The solid was
collected, washed with ethanol (S X 2 mL), and dried under vacuum to
afford the desired product as a white powder (47 mg, 59% yield). X-ray-
quality crystals were grown from an ethanol/toluene solution kept at
—30 °C. 'H NMR (400 MHz, CD,Cl,): §8.22 (t, ] = 7.6 Hz, ArH, 2H),
7.81-7.67 (m, ArH, 6H), 7.38—7.30 (m, ArH of BPh,, 8H), 7.03 (t,] =
7.2 Hz, ArH of BPh,, 8H), 6.88 (t, ] = 7.2 Hz, ArH of BPh,, 4H), 2.90—
2.73 [m, CH(CH,;),, 4H], 1.87 (d, ¥Jy_p = 9.2 Hz, PCH;, 3H), 1.47—
1.37 [m, CH(CH,),, 6H], 1.31—1.15 [m, CH(CH,),, 12H],0.97-0.86
[m, CH(CH,),, 6H], —11.26 (td, J;;_p = 49.2 and 45.2 Hz, FeH, 1H).
BC{'H} NMR (101 MHz, CD,Cl,): § 212.6 (dt, ’Jc_p = 29.7 and 20.2
Hz, CO), 212.2 (dt, ¥Jc_p = 21.8 and 7.6 Hz, CO), 164.5 (q, Jcpi1 =
49.6 Hz; sept, 'Jc_p1o = 17.2 Hz, Gy, of BPh,), 143.3 (dt, ] = 54.0 and
16.7 Hz, ArCbonded to P), 141.4 (ddd, J = 36.7,24.1,and 21.7 Hz, ArC
bonded to P), 136.4 (q, Jc_p = 1.5 Hz, ArC of BPh,), 133.2—133.0 (m,
ArC), 130.8—130.4 (m, ArC), 126.0 (q, Jc_p = 2.7 Hz, ArC of BPh,),
122.1 (s, ArC of BPhy), 31.0 [t, Jc_p = 10.0 Hz, CH(CH};),], 30.9 [td,
Je_p = 16.6 and 2.6 Hz, CH(CHj,),], 22.5 (d, Jc_p = 31.8 Hz, PCH,),
19.5 [s, CH(CH,),], 18.81 [s, CH(CH,),], 18.79 [t, Jo_p = 2.2 Hz,
CH(CH,;),], 18.5 [s, CH(CHj,),]. ¥P{"H} NMR (162 MHz, CD,Cl,):
5108.5 (d, ¥Jp_p = 32.1 Hz, P'Pr,, 2P), 95.7 (t, *Jp_p = 32.1 Hz, PMe,
1P). Selected ATR-IR data (solid, cm™): 2003 (vc—o), 1971 (ve—o),
1906 (Vpe_pr)- Anal. Calcd for CgHg,O,P3BFe: C, 70.85; H, 6.99.
Found: C, 70.27; H, 7.02. ESI-MS of 3 dissolved in MeOH (m/z):

[(P*PPMP)FeH(CO),]" caled for C,,H,,0,P5Fe, 545.15851; found,
545.15852; [BPh,]™ calcd for C,,H,B, 319.16635; found, 319.16633.

Fe(OCHO), Solvated by 1,4-Dioxane. In a glovebox, to an oven-
dried 10 mL Schlenk tube were added Fe(OCHO),-2H,0 (100 mg,
0.55 mmol) and 1,4-dioxane (1 mL), giving a pale green suspension.
The tube was sealed with a rubber septum, removed from the glovebox,
and immersed in an oil bath preheated to 80 °C, after which formic acid
(0.20 mL, 5.3 mmol) was added by using a microliter syringe. The
mixture was stirred at 80 °C for 18 h. The resulting precipitate was
collected by filtration and dried under a vacuum to yield the desired
product as a white powder (87 mg, 94% yield). Selected ATR-IR data
(solid, cm™): 1580 (voco), 1400 (Scn), 1324 (Voco), 779 (Soco)-
Anal. Calcd for C,H,0,Fe-'/,C,H;0,: C, 21.46; H, 2.40. Found: C,
21.71; H, 2.42.

Synthesis of (iPrPPHP)Fe(CO)z (5). In a glovebox, to an oven-dried

50 mL Schlenk flask were added *"'PPFP (50 mg, 0.12 mmol), Fe(CO);
(16 uL, 0.12 mmol), and acetone (S mL). The flask was removed from
the glovebox, connected to a Schlenk line, and subjected to UV
radiation using an array of four 368 nm UV LEDs (caution: UV light
safety glasses should be worn). After UV irradiation for 20 min, the
volatiles were removed under vacuum. The resulting sticky residue was
washed with cold pentane (0 °C, 2 mL), dissolved in toluene/pentane,
and allowed to crystallize at —30 °C. After 1 month, dark red crystals
were obtained. Drying the crystals under a vacuum provided an
analytically pure sample (21 mg, 33% yield). X-ray-quality crystals were
grown from a toluene/pentane solution kept at —30 °C. "H NMR (400
MHz, C(D): 67.72 (t, ] = 6.6 Hz, ArH, 2H), 7.38—7.30 (m, ArH, 2H),
7.10—6.99 (m, ArH, 4H), 6.87 (d, YJy_p = 336.8 Hz, 1H), 2.59—2.47
[m, CH(CHj;),, 2H], 2.46—2.34 [m, CH(CH,),, 2H], 1.48—1.36 [m,
CH(CH,),, 6H], 1.16-1.05 [m, CH(CH,),, 6H], 0.95-0.80 [m,
CH(CHj;),, 12H]. BC{'H} NMR (101 MHz, C¢Dy): 6 232.4 (td, *Jc_p
=29.8and 25.1 Hz, CO), 221.8 (dt, J_p = 18.5 and 9.3 Hz, CO), 147.6
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(ddd, J = 48.7,16.5, and 13.9 Hz, ArC bonded to P), 144.3 (dt, ] = 43.3
and 24.6 Hz, ArCbonded to P), 130.0 (t, ] = 7.4 Hz, ArC), 129.4—129.1
(m, ArC), 128.8 (d, ] = 18.9 Hz, ArC), 32.5 [t, ] = 12.8 Hz, CH(CHj;), ],
30.2 [t, ] = 9.1 Hz, CH(CH,;),], 19.3—19.1 [m, CH(CHj;),], 18.3 [s,
CH(CH;),]. *'P{'"H} NMR (162 MHz, C(Dy): 5 117.5 (d, *Jo_p = 69.0
Hz, P'Pr, 2P), 84.1 (t, *Jp_p = 69.0 Hz, PMe, 1P). Selected ATR-IR data
(solid, em™): 2266 (vp_y;), 1896 (Vo) 1839 (Vo). Anal. Caled for
C,sH1,0,P;Fe: C, 58.88; H, 7.03. Found: C, 58.30; H, 7.19.

Catalytic Dehydrogenation of Formic Acid. In a glovebox, an
oven-dried 10 mL Schlenk tube equipped with a stir bar was loaded with
an iron catalyst (2.65 pmol, 0.1 mol % loading) and 1,4-dioxane (0.5
mL) and then sealed with a rubber septum. The tube was removed from
the glovebox and attached to a Chemglass gas evolution measurement
apparatus (catalog no. CG-1818) filled with mineral oil. Formic acid
(100 pL, 2.65 mmol) was added via a microliter syringe, and the tube
was quickly immersed in a preheated oil bath. The volume of the
produced gas was first measured from a change in the oil level and then
corrected by subtracting out the volume obtained from a blank reaction
(without a catalyst). TOF and TON were calculated on the basis of a
method that was previously described in the literature,**”*?’

X-ray Structure Determinations. Crystal data collection and
refinement parameters are listed in the Supporting Information. The
intensity data were collected at 150 K on a Bruker D8 Venture Photon-
II diffractometer using Mo Ka radiation (4 = 0.71073 A). The data
frames were processed using SAINT. The data were corrected for
decay, Lorentz, and polarization effects, as well as absorption and beam
corrections. The structures were determined by a combination of direct
methods and the difference Fourier technique as implemented in the
SHELX suite of programs and refined by full-matrix least squares on F*
for reflections out to 0.75 A. Non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms bound to iron,
phosphorus, and oxygen were located directly from the difference map,
and their coordinates and isotropic displacement parameters were
refined. All remaining hydrogen atoms were calculated and treated with
ariding model. The isotropic displacement parameters were defined as
a*Ugq (a values of 1.5 for methyl and 1.2 for all others) of the adjacent
atom. Compound 4 crystallizes as a toluene solvate; the toluene is
disordered over an inversion center. One isopropyl group shows
disorder in a methyl group, C23/C23B, which was refined with a two-
component model (major component occupancy of 74%). Compound
§ crystallizes with three independent molecules in the lattice. Crystal
structures of 1, 3, 4-'/,C,Hg, and 5 were deposited at the Cambridge
Crystallographic Data Centre (CCDC) and assigned the deposition
numbers CCDC 2293050—2293053.
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