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Pressurized Formic Acid Dehydrogenation: An Entropic Spring
Replaces Hydrogen Compression Cost

Van K. Do?, Nicolas Alfonso Vargas?, Anthony J. Chavez?, Long Zhang?, Valeriy Cherepakhin?, Zhiyao
Lu?, Robert P. Currier?, Pavel A. Dub®, John C. Gordon¢, and Travis J. Williams*?

Formic acid is unique among liquid organic hydrogen carriers (LOHCs), because its dehydrogenation is highly entropically
driven. This enables the evolution of high-pressure hydrogen at mild temperatures that is difficult to achieve with other
LOHCs, conceptually by releasing the “spring” of energy stored entropically in the liquid carrier. Applications calling for
hydrogen-on-demand, such as vebhicle filling, require pressurized H,. Hydrogen compression dominates the cost for such
applications, yet there are very few reports of selective, catalytic dehydrogenation of formic acid at elevated pressure.
Herein, we show that homogenous catalysts with various ligand frameworks, including Noyori-type tridentate (PNP, SNS,
SNP, SNPO), bidentate chelates (pyridyl)NHC, (pyridyl)phosphine, (pyridyl)sulfonamide, and their metallic precursors, are
suitable catalysts for the dehydrogenation of neat formic acid under self-pressurizing conditions. Quite surprisingly, we
discovered that their structural differences can be related to performance differences in their respective structural families,
with some tolerant or intolerant of pressure and others that are significantly advantaged by pressurized conditions. We
further find important roles for H, and CO in catalyst activation and speciation. In fact, for certain systems, CO behaves as a
healing reagent when trapped in a pressurizing reactor system, enabling extended life from systems that would be otherwise

deactivated.

Introduction

The production of hydrogen gas on demand is an enabling
technology for the widespread deployment of hydrogen fuel
cell vehicles. One approach to providing H, on demand is to
release it catalytically from a liquid organic hydrogen carrier
(LOHC), provided that the economics of such a system can
overcome the costs of pressurizing and delivering the gas. Gas
compression contributes 49% to 83% of the total refueling cost
for light-duty and heavy-duty vehicles, respectively, in US retail
cases.! Thus, the ability to produce pressurized H, on demand
reduces the cost of H, in vehicle refueling. Yet, to our view, most
catalyst development work on LOHC dehydrogenation has been
under ambient pressure conditions.

Formic acid (FA, available from biomass fermentation or CO;
electrolysis), is a low cost, sustainable hydrogen carrier with
desirable volumetric density (1.22 g/mL) and H; content (4.4 wt
%).2 3 Its dehydrogenation is significantly entropically driven,
with AH° = +7.4 kcal/mol and A,S° = +51 cal/mol-K, so entropic
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energy released upon dehydrogenation serves as a type of
spring, capable of delivering compressed hydrogen without the
cost of compression. Self-pressurization of FA or alcohol
dehydrogenation creates a unique environment for catalysis,
where H,, CO,, and/or CO can govern catalyst initiation (e.g. in-
situ catalyst synthesis), speciation, and decomposition. While
carbonylation is a known poisoning pathway in many cases,* >
we find that it can be essential to catalyst activation in others:
for example, CO can play a healing role, extending the life of
systems that would be deactivated without it. Despite these key
advantages, we know of no broad studies of how closed-reactor
conditions impact dehydrogenation catalysis;® the healing role
of CO has been missed; and there are not generalizations for
when this behavior might be expected or what the role of
pressurization might have in directing it.

Hydrogen release from FA has been studied extensively in
homogeneous and heterogeneous systems based on precious
(Ir,® 7.8 Ru, &9 10 pd,11, 12 3nd Au?3-14) and non-precious (Fel 16
and Mn17.18) metal catalysts, but we see only a few systems that
are known to produce pressurized products while maintaining
catalytic reactivity and selectivity.19-2 Pioneering work by Fellay
et al. described one of the first examples of high-pressure
dehydrogenation of aqueous formic acid using a ruthenium
catalyst.23 24 Since then, several groups have reported similar
findings,1%22  however, industrially relevant turnover
frequencies (TOF) and turnover numbers (TON) have not been
achieved using neat formic acid. Most recently, Milstein
recently reported a ruthenium PNP pincer catalyst for the



dehydrogenation of neat FA, demonstrating the catalyst’s
tolerance of headspace H,/CO; pressure (10-100 bar).25

We provide here the first general study of how FA
dehydrogenation catalysts respond to self-pressurizing
conditions. We demonstrate a broad survey of activity and
stability of catalysts in both ambient and pressurized reaction
conditions and find striking reactivity improvements for some
catalysts when pressurized. We ultimately show how such
improvements are realized, sometimes by transforming a
monomeric catalyst into a two-metal pseudo-pincer type
species upon carbonylation.

EXPERIMENTAL

Materials and Methods. All dehydrogenation experiments were
set up and performed under inert atmosphere (N, gas) using
standard Schlenk technique or a N»-filled glovebox. Formic acid
(BTC Beantown Chemicals, 97%), sodium formate (Sigma
Aldrich, 97%), IrCI(COD) dimer (Chem-Impex Int’l Inc., >98%),
Ru(p-Cymene)Cl, dimer (Strem Chemicals, 98%), Rh(CO),Cl
dimer (Strem Chemicals, 97%), Rh(Cl)(COD) dimer (TCl
Chemicals, 98%), Cp*IrCl, dimer (Combi Blocks Inc., 98%),
Crabtree’s catalyst (Alfa Aesar, 99%), Shvo’s catalyst (Strem
Chemicals, 98%), Gusev’s catalyst (Sigma Aldrich, 97%), Ru-
MACHO (Strem chemicals, 98%), Ru-MACHO-BH (Strem
chemicals, 98%), carbonylchlorohydrido[bis(2-di-i-
propylphosphinoethyl)amine]ruthenium(ll) (Strem chemicals,
97%) were used as received without further purification.
[RuCl(n®-cymene)((2-pyridyl)CH,PBu,)]OTf, [Ir(k2-C,N-
Mes)(CO),]OTf, [Ir(cod)(k2-C,N-Me)]OTf, Ru(PNSMe)(H,) 5,
Ir(NNTos) 19, Ir(NNTos) 20, Ru(PNSMe)(Cl,) were synthesized
following reported literature procedures.® 2630 All air and
moisture sensitive procedures were carried out either in a
Vacuum Atmosphere glovebox under nitrogen (2-10 ppm O; for
all manipulations) or using standard Schlenk techniques under
nitrogen. Ambient gas products are collected in a eudiometer
by water displacement and pressurized gas products are
quantified in a 125 mL non-stirred Parr reactor via a pressure
gauge (0-200 bar).

General procedure.

1. Ambient pressure conditions: All catalysts in this study were
stored in the glovebox under nitrogen, and glassware used
(round bottom flasks, stir bars, water condensers, etc.) was
oven dried prior to use. In the glovebox, catalyst (7.95 mmol)
and sodium formate (1.20 g) were weighed out and added to a
round bottom flask equipped with a magnetic stir bar. Formic
acid (3.00 mL, 79.5 mmol) was measured out and added to the
same flask via a syringe. The flask was connected to a water
condenser with a Tygon tubing. The other end of the tubing was
submerged in an inverted graduated cylinder (eudiometer). Oil
bath temperature was set to 110 °C. Evolved gas volume was
recorded by water eudiometry.
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2. Self-pressurized conditions: In the glovebox under nitrogen,
catalyst (7.95 mmol) and sodium formate (1.20 g) were
weighted out and added to an 8-dram vial equipped with a
magnetic stir bar. Formic acid (3.00 mL, 79.5 mmol) was
measured out and added to the same vial via a syringe. The
solution was transferred and sealed in a 125 mL Parr apparatus.
The internal temperature of the reactor was set at 110 °C (+ 5
°C) and monitored closely via a thermocouple to minimize
temperature difference between the oil bath and the reaction
temperature. Evolved gas pressure was monitored via the
reactor’s pressure gauge.

3. H,/CO Gas Pre-Treatment: Similar procedure to 3.2.2., except
the reaction was charged with either H, or CO to the desired
pressure at room temperature and let stir at 110 °C. Evolved gas
pressure was monitored via the reactor’s pressure gauge.

RESULTS AND DISCUSSION

Catalysts for FA Dehydrogenation at Ambient and Self-pressurizing
Conditions.

Table 1. Dehydrogenation of neat FA at ambient pressure versus under
pressurized operation.

Entry® Catalyst Conversion at ~ Conversion in pressurized
precursor ambient vessel (Evolved pressure

pressure¢ in bar)?

la 1 6% 42 % (16)
1hP 1 6% 82 % (31)
2a 2 8% 29 % (11)
2bb 2 9% 58 % (22)
3 3 9% 71% (27)
4a 4 2% 40 % (15)
4b® 4 3% 79 % (30)
5 5 3% 79 % (30)
6a 6 9% 84 % (32)
6b° 6 3% 84 % (32)
7 7 63 % 74 % (28)
8 8 10 % 32 % (12)
9a 9 12 % 86 % (33)
9b 9-CO 35% 92 % (35)
10 10 6 % 55 % (21)
11 11 >99 % 100 % (38)
12 12 >99 % 100 % (38)
13 13 0% 32 % (12)
14 14 1% 74 % (28)

15 15 2% 16 % (6)

16 16 3% 16 % (6)
17 17 23 % 42 % (16)
18 18 3% 32%(12)
19¢ 19 >99 % 100 % (38)
20 20 33% 100 % (38)
21 21 5% 84 % (32)

9Conditions: catalyst (0.00795 mmol, 100 ppm), FA (3.0 mL, 79.5 mmol), and
NaO,CH (1.2 g, 17.6 mmol) at 110 °C. ®Pre-activation with 2.0 eq. of KO'Bu in
toluene (0.5 mL) at 25 °C. °FA conversion in opened system. 9FA conversion in
closed system (3.0 ml) calculated based on full conversion (38 bar) of entry 11.
¢Reported best yield of 3 replications.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Late-transition metal complexes tested for formic acid dehydrogenation in this study.

We surveyed a wide range of complexes that generally fit into
four classes: (1) Noyori-type tridentate complexes 1-8, (2)
bidentate chelates complexes 9-12 and their analog 13, (3)
cyclopentadienyl piano stools complexes 14-17, and (4) metal
precursors for the ligated complexes 18-21 (Figure 1). Each was
examined in FA dehydrogenation both under ambient pressure
and self-pressurizing conditions to determine catalyst activity
and efficiency (Table 1). While every complex is different under
these conditions, some generalizations of each class can be
identified.

Table 1 shows the results of FA dehydrogenation conducted
under both ambient and self-pressurizing conditions. All
twenty-one complexes react with FA at a higher rate when
pressurized than they do at ambient pressure, each without
detectable reversibility (see Figure S4-S30 for time course data).
The overall improvement in conversion efficiency varied
between a minimum of +13% (entries 15 and 16) and a
maximum of +72% (entry 14) as conditions changed from open
to closed vessels. For example, mildly active complex 20 at
ambient pressure promoted complete conversion when in a
closed system (entry 20). Perhaps most startling, complexes 1-
6, 8, 10, 13, and 21 exhibit little reactivity at ambient pressure
but are dramatically more reactive under self-pressurizing
conditions. An exception was observed in complex 726 27, 28
which has competitive reaction conversion at both ambient and
pressurized conditions (Figure S15).

Complexes 1-8 in the well-studied Noyori-type tridentate
family, generally featuring M(PNL) (L = PPh;, P(Pr),, S(CHs)2)
structures, tend to have lower reactivity than other catalysts at
ambient pressure, giving conversions between 2% and 10%; but

they are the highly impacted by pressurization relative to the
other classes, reaching conversions from 58% to 84% under self-
pressurizing conditions. Complex 7 is a notable exception to
both of these generalizations, possibly owing to the semi-lability
of its phosphine oxide and the lower hydricity of its active form;
whereas in an ester hydrogenation reaction, complex 7 is one
order of magnitude less efficient than complex 4.26 Often,
complexes in this class require pre-activation via
hydrodechlorination with KOH or KO'Bu to generate their active
hydride forms.? 26,31, 32,33 Nevertheless, under self-pressurizing
conditions, there was an increase in conversion from 21% (entry
2a) to 75% (entry 6a) without such pre-activation. For example,
self-pressurization enables complex 4 (entry 4b) to achieve 79%
conversion, comparable to its activated dihydride derivative
(entry 5, 79%). Complex 6 can be initiated under pressurizing
conditions without any base to convert 84% FA, while at
ambient pressure only 3.4% FA is converted, even if the catalyst
is activated with KO'Bu. This dramatic enhancement of
reactivity upon pressurization suggests that one of the reaction
products, like H, or CO, is necessary to enable or maintain
catalytic activity. Hydrogenation is known to activate amine-
containing Noyori-type complexes such as 1-6 in the presence
of base,? 3132 33 which is a possible explanation. Further, we
observe that thermal decarbonylation of FA is possible at our
operating temperature (vide infra). We expect that the trace CO
generated through this pathway is oxidized rapidly by the
catalyst, but that its continued supply installs or maintains a CO
ligand on the catalyst.

Bidentate chelate complexes 9-CO, 11,6, 29.34,35,36 gnd 12 are
the most reactive precursors that we encountered at ambient

Please do not adjust margins
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pressure.3’” Complex 11 exhibits the highest rate of the entire
library, where in 79.5 mmol of FA were fully converted within
1.2 hours. We found these complexes to be pressure-tolerant,
but with little enhancement in reactivity because of their high
baseline efficiency at ambient pressure. We believe the unique
reactivity of these complexes to be a function of a novel self-
assembly pathway: these convert to two-metal pseudo-pincer
structures in the presence of a CO (isolated and characterized
from reaction mixtures), exemplified by cases of our
(pyridyl)phosphine ligand bound to ruthenium and iridium
(Figure 2).5:37 These pathways are available at ambient pressure
either from FA or an alcohol. & 29,34, 35,36 The resulting bimetallic
complexes have high activity and stability at ambient or
elevated pressure. The active complexes have structural
homology with some prolific Noyori-type and Milstein-type
pincer complexes, where one arm of the tridentate ligand is
replaced by the second metal.38 32

Carbene-ligated compound 10 in this class lacks the
reactivity of 9-CO, 11, or 12. While the reactivity of carbene-
ligated systems 9-CO and 10 should be different than their
phosphine-ligated congeners 11 and 12, it is surprising that 10
does not react analogously to 9-CO under pressurized
conditions, especially whereas 9-CO is prepared from its
cyclooctadiene-ligated precursor 9 at ambient pressure (vide
infra). Crabtree’s catalyst 13 also exhibits low reactivity
compared to its bidentate analog 11. We infer that tethering the
pyridine and phosphine groups is important for proper catalyst
self-assembly.

Piano stool Cp*Ir complexes 15-17 are not very efficient in
this study, although they are moderately aided by pressure.
Complexes 16 and 17 have been known to have excellent
reactivity in alcohol dehydrogenation,3% 3° but their activity
towards FA is moderate, respectively 16% and 42% conversion
under pressurizing conditions. Notably, Shvo’s
cyclopentadienone-ligated catalyst 14 is much more reactive

than Cp*Ir systems under pressurizing condition. The Shvo
system is known to rest in its dimeric form 14 in the presence of
H,,20. 41,42 50 we reason that the availability of CO to trap the
system’s oxidized monomer and prevent formation of 14 could
account for its rate advantage upon pressurization, because it is
known that H, pressure will drive the system back to dimer
14.41, 42,43

While several of the ligated species in Table 1 are efficient
catalysts—they were designed as such—we were surprised to
find that their synthetic precursors 18-216 36. 37 have reactivity
that rivals their ligated congeners. We find, however, that unlike
the ligated congeners, the unligated precursors seem to
deactivate easily. Overall, one piece of traditional wisdom that
seems to be preserved is that ligated complexes tend to have
good stability, sometimes at the cost of reaction rate. For
example, we had difficulty replicating entries 18-21 whilst other
entries were very reliable. Apparently, these more naked
species tend to react quickly, yet the reactivity is short-lived and
difficult to replicate.
Impact of Applied H,and CO

Whereas many of the complexes we screened are more
productive under self-pressurizing conditions, we conclude that
initially formed products, probably CO and H,, are involved in
activating the precatalysts® 37 and healing the active catalyst by
preempting deactivation processes. We propose that these
processes could be emulated by adding CO or H; at the outset
of the reaction. To test this, reactions involving four catalyst
precursors, 5, 10, 14, and 15, were examined representing the
3 respective classes of ligated precatalysts that benefitted
significantly from self-pressurizing conditions. These were
alternatively pretreated with H, or CO in FA and their catalytic
activity was evaluated (Figure 3).

Neither H; (green triangles) nor CO (orange circles)
uniformly improved catalytic activity over baseline (black
squares) of every catalyst tested. While complexes 15 and 10
benefit respectively from H, and CO pretreatment, other
combinations of catalyst and treatment did not significantly
improve reactivity: there is not a generalization that explains
why these four complexes are accelerated by pressure. By
contrast, both 10 and 5 are deactivated by H; pretreatment. In
the case of the Shvo system 14, H, pressure slows the reaction
but did not affect maximum total pressure (27-28 bar),
consistent with the above proposal of dimer formation.

Notably, after 10 was pretreated with CO, the activity was
significantly improved, reaching 89% conversion in five hours,
surpassing its carbonylated homolog 9-CO. This is an interesting
contrast to the relatively low reactivity of 9 under self-
pressurizing conditions (vide supra): apparently insufficient CO
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Fig. 3 Pressurized dehydrogenations of FA: control (black squares), pretreated with 8
bar of H; (green triangles), (orange circles) pretreated with 1 bar of CO following by N,
purging. Top left. complex 5; Top right. complex 15; Bottom left. complex 10; Bottom
right. complex 14.

is generated by formic acid dehydrogenation to realize the full
benefit of carbonylation. Also very interesting about this
catalyst system is that at ambient pressure, reactivity slows
after about 3 minutes, which is not observed under pressurizing
conditions. We view this as evidence that CO heals the catalyst
and maintains fast kinetics when it does not have the
opportunity to escape the reactor. Despite numerous cases of
catalyst poisoning by metal carbonylation,* 5> complexes 9-CO
and 10 exhibit the opposite effect: in the absence of CO, 10 has
low activity for FA decomposition, but when CO is introduced,
either by self-generation or pretreatment, complex 10
performed ca. three times (added CO, Figure 3) to four times
(self-generated CO, Table 1, entry 9b) better.

Whereas CO is essential to the activation of these catalyst
systems, it must be available in the reactor, although it is not
detected in the product stream of FA dehydrogenation as
reported in many studies from our lab and others.> Although

This journal is © The Royal Society of Chemistry 20xx

Scheme 1. Synthesis and molecular structures of 9-CO and 11-CO.?
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9CCDC 2142637 contains supplementary crystallographic data for 11-CO.

there has not been a full explanation of this, we believe that
formation of CO occurs thermally,** 4> possibly catalyzed by
traces of metals in the reactor vessel, and that CO is oxidized
rapidly by the catalyst in our conditions. We tested these ideas
with two experiments: (1) when the reaction was run with
precursor 11 under pressurizing conditions and utilizing rapid
heating, the reactor reaching over 129 °C at times, we detected
CO concentration up to 0.63%, concurrent with fast H
generation (107 L/h). No CO (< 10 ppm) is observed under
analogous conditions below 100 °C. This suggests that thermal
decarbonylation of FA can produce significant CO concentration
if not controlled;* 4> (2) In an aqueous methanol
photodehydrogenation experiment (Table S9), 6% of CO was
generated in the absence of catalyst 10, whereas none can be
detected when 10 is present. Complex 10 was chosen for this
experiment for its relatively
dehydrogenation, thus to allow longer life and easier
observation of C1 intermediates. We infer from this observation
that, when CO is produced by a non-catalytic reaction, the

slow reactivity in FA

presence of an appropriate metal complex will reform the CO
efficiently: CO is available, but not detectable. We suspect that
this is a general feature of homogeneous catalysts for formic
acid dehydrogenation that has not previously been described.
Whereas CO is vital to the initiation and speciation of some
catalysts, we attempted to prepare species by independent
synthesis that could be responsible for the observations. Upon
treating 10 with 1 atm CO, we found that 10-CO was not stable
to isolation. Treatment of 11 with CO results in a broad diversity
of structures, which we have previously reported.2® While these
systems failed, the clean carbonylated species 9 readily yielded
9-CO upon carbonylation.?® We measured the kinetics of
dehydrogenation with 9 and 9-CO at ambient pressure to test
the hypothesis that CO plays a role in precatalyst activation. At
ambient pressure, complex 9-CO dehydrogenates FA faster

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 Kinetic profile of formic acid dehydrogenation by 9 (black circles) and 9-CO
(orange triangles). Conditions: Ir complex 80.00795 mmol, 100 ppm), FA (3.0 mL,
79.5 mmol), and NaO,CH (1.2g, 17.6 mmol) at 110 °C.

than precursor 9 (Figure 4): both show saturation catalysis
through a 4-hour experiment, with 9-CO at 24.6% conversion
(16.5(1)x102 TOF) relative to 9 at 11.7% conversion (8.3(1)x102
TOF). These data indicate an important role for CO in the
reactivity of catalyst 9.

Further investigation of CO pressure revealed the expected
inhibitory role at higher loading (Figure 5 and S31). At low
concentration of CO either from FA decomposition or treatment
with 2 bar of CO, 9 initiates at a faster rate than in the absence
of CO. By contrast, under 8 bar of CO, we observe slower
conversion of the catalytic reaction following rapid initiation as
shown in Figure 5. As expected, 9-CO performed substantially
similar to 9 when 9 is treated with 2 bar CO, but like 9, 9-CO
exhibits inhibited rate when 8 bar CO is applied.

While seeking to understand the activation pathway of our
most active precursor 11, a stable species 11-CO was isolated
from a FA dehydrogenation reaction at ambient pressure
(Scheme 1). Complex 11-CO was characterized by 1H, 13C, 19F,
and 3P NMR spectroscopy and its molecular structure was
established by single-crystal X-ray diffraction. Formation of
carbonyl complex 11-CO under these conditions is a remarkable
development, since FA dehydrogenation catalyzed by 11 is
known to produce no free CO gas (< 10 ppm) and returns non-
carbonylated catalytic species when operated at 90 °C.6 This
teaches us that at sufficient temperature and pressure, the
previously characterized resting species from the 11-catalyzed
dehydrogenation of FA can be further converted into a
carbonylated system 11-CO. Again, we see that while FA
decarbonylation happens during catalysis, CO is reformed
rapidly to products and remains undetectable in the product
stream.

Fig. 5 Gas evolution of FA dehydrogenation by complex 9 (orange) and 9-CO (blue)
oyelr time upon treatment of 0 bar CO — diamond; 2 bar CO — triangles; 8 bar CO —
circles.

Regeneration, Activity, and Selectivity of 11 in High Pressure Gas
Stream Production.

To the best of our knowledge, precursor 11 continues to
demonstrate comparable or superior activity to all known
homogeneous systems for dehydrogenation of neat FA (Figure
S4). It also provides excellent stability, longevity (TON > 2
million) and selectivity® (H,:CO, 1:1, CO < 10 ppm). We thus
scaled this system to generate a pressurized product stream (>
103 bar) while demonstrating longevity and exceptional
kinetics. To acquire high resolution data, we used a 600 mL
stirred pressure vessel equipped with an internal temperature
probe and a pressure transducer (see Supporting Information).
We report volumetric flow rate (standardized to 1 atm at 0 °C)
in units of liters per hour (L/hr corrected to ambient conditions)
for all H; evolution rates.

A 20-cycle pressure experiment was accomplished using
99.6 mg (145 pmol) of complex 11 and 20 g (294 mmol) of
sodium formate co-catalyst in 55 mL of FA (Figure 6). During
each cycle, ca. 50 mL of FA was added (1 L, 17.9 mol over 20
cycles), the reactor was sealed and heated to 120 °C, then the
pressure was allowed to build to 117 bar (approximately 25 L of
H;). Once the desired pressure was achieved, the reaction was
quenched by rapid cooling in a dry-ice bath and then
depressurized to repeat the cycle. The reaction rate in the form
of evolved H; per hour is plotted in Figure 6. This experiment
illustrates that once pre-catalyst 11 is initiated, there is no
detectable deactivation of the catalyst through 200,000
turnovers as evidenced by the consistently high peak reaction
rates, varying only due to concentration differences between
individual experiments. Cycle 4 demonstrated that when
allowed to run near dryness, the peak reaction rate exceeded
160 L/hr, corresponding to a TOF of nearly 50,000 hr-1,
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Fig. 6 Catalyst recycling study in FA dehydrogenation by complex 11.

Conclusions

Among a library of late-transition metal complexes, we found
that in every case studied the dehydrogenation of neat FA is
more productive under self-pressurizing reaction conditions.
This is a stunning outcome, whereas the cost of hydrogen
provided for retail vehicle filling is dominated by the cost of
compressing the gas yet we have few detailed and broad-based
studies that show how pressure evolution impacts the efficacy
of homogeneous FA dehydrogenation catalysts. We grouped
catalysts for neat FA dehydrogenation into four general classes,
pincers, bidentate chelates, piano stool complexes, and metal
precursors. Each structural class uniquely responds to
pressurized condition. The bidentate chelates excel beyond
others, which we attribute to a transformation from monomers
to two-metal pseudo-pincer complexes in which the second
metal seems to impart special reactivity. We find an enabling
role for CO and/or H; in a number of cases, typically impacting
catalyst initiation (in-situ catalyst synthesis) and defining the
course of catalyst speciation. This hypothesis is supported by
previous studies> 37, namely, the observation and isolation of
the carbonylation derivative of 11, and the 3-fold increase in a
healing process of 10 by CO. In addition, complex 11, which
exhibits exceptional catalytic activity, stability, and selectivity,
supersedes existing systems in the production of a high-
pressure product stream from neat FA dehydrogenation. This
catalyst was used to convert over 1 L of formic acid into
pressurized H,/CO, product over the course of 30 hours,
proving that the catalytic activity could be maintained at a high
level for 200,000 turnovers at 117 bar without any loss of
reactivity. Due to the favorable economics of producing H; at

This journal is © The Royal Society of Chemistry 20xx

pressure, fully automated H, generation using a continuous
feed, stirred tank reactor will be developed to evaluate the
ultimate longevity of the catalyst. This technology and the
discovery of a detailed mechanism and speciation of 11 will be
reported in future work.
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1. Theoretical Yield & Reaction Rate Calculations

Based on the Ideal gas law equation and assuming 100% FA conversion from 3.00 mL (79.5 mmol) of

FA, we would yield:

a. Ambient Pressure: b. Self-Pressurized Conditions:

Nevolved gases = 159 mmol Nevolved gases = 0.159 mol

P=1atm R = 0.08206 L atm K-'mol !

R =0.08206 L atm K! mol ! T=110°C +273.15=383.15K
T=25°C+273=298K V=0.125L

V=(Mme<+R+T)/P=23.89 Liter P=(m<*R+T)/V=39.99 atm = 40.5 bar

FA conversion % = (Vevolved gas/ 3.89)*100

High-pressure H,/CO, mixtures cannot be precisely predicted by either the Ideal Gas Law or the Van der
Waals’ equation of state, therefore, we utilized the best catalytic run (table 1, entry 11) to be our standard
100% FA conversion yield. "H NMR at the end of entry 11 suggested there was no trace of unreacted FA

left. Therefore, under self-pressurized condition conversion was calculated by:

FA conversion % = (Pevolved gas /38 bar)*100

All volumetric rate data is always expressed in normal liters per hour, (L/hr) standardized to 0 °C and 1

atm. An example calculation of a volumetric rate from pressure is shown below:
P1 =990 psi; T =118°C

P, =1005 psi; T» =120 °C

V =600 mL

At=8s

An =[P,/ (273.15K+ T,)-P:/(273.15K + Ty)] / 147+ V /1000 / R

Rate (L/hr) =An* R 273.15K /1 atm / (At/3600) = 126.8 L/hr
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2. Synthesis and characterizations of Complex 11-CO and 5

Complex 11-CO: A solution of complex 11 (200 mg, 2.91 x 10 mol) and sodium formate

(99 mg, 1.46 mmol, 5 eq.) in formic acid (20 mL) was stirred at room temperature under
nitrogen for one hour. When the solution became yellow, it was heated in an oil bath for 4
hours at 90 °C. Then, the temperature was raised to 115 °C and the remaining formic acid
was distilled off affording a red solid. The solid was extracted with CH2Cla, filtered, and the
resulting black-red solution was diluted with diethyl ether. The next day the product
crystallized as dark-red crystals. They were filtered, washed with diethyl ether, and dried in
vacuum (118 mg, 71%).

'H NMR (500 MHz, CD>Clb): § 9.74 (d, J = 5.3 Hz, 2H, ArH), 7.96 (t, J = 7.6 Hz, 2H, ArH),
7.77 (d, J= 7.7 Hz, 2H, ArH), 7.28 (t, J = 6.4 Hz, 2H, ArH), 5.33 (s, 2H, CHxCl,), 3.75 (d, J
=8.2 Hz, 4H, 2CHa), 1.41 (d, J= 13.7 Hz, 36H, 12CH3), —0.09 (t, 2Jps = 56.4 Hz, 1H, IrH).

13C{'H} NMR (126 MHz, CD,CL): & 179.13, 166.74, 160.82, 140.51, 124.31, 124.02 (t, J =
4.8 Hz), 37.24 — 36.64 (m), 36.21 — 35.76 (m), 29.22.

19F NMR (564 MHz, CD,CL): 5 —78.89.
31P{IH} NMR (243 MHz, CD,CL): & 78.06 ().

IR (KBr, cm™): 2965, 2905, 2874, 2043, 1960 (vco), 1612, 1479, 1274, 1151, 1034, 829, 770,
640.

MALDI-MS: m/z caled for [C30Haolr2N202P2]" 915.25, found 915.21.
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180 170 160 150 140 130 120 110 100

190

S4



—-78.89

0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -2(
f1 (ppm)

—78.06

10 0 -10 -20 -30 -40

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
f1 (ppm)

Figure S2. "F (top) and *'P{'H} (bottom) NMR spectra of 11-CO in CD,Cl..
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Complex 5: In a N»-filled glovebox, a suspension of 4 (200 mg, 0.27 mmol) in toluene (5 ml)
was added a solution of NaHBEt; (1.0 M in toluene; 0.54 mL; 0.54 mmol) dropwise at room
temperature. The white suspension slowly turned into a transparent orange-red solution within 1
hour. The reaction was stirring at room temperature for 18 hours giving a dark orange solution.
The reaction mixture volume was partially reduced under vacuum and filtered. The resulting
filtrate was concentrated under vacuum, layered with pentane in the glovebox to obtain turmeric
yellow crystalline solid in 2 days. They were filtered, washed with pentane, and dried in vacuum.
'H NMR (600 MHz, C¢Ds): & -11.6 (s, 1H, RuH), -7.5 (dd, 2Jun = 18 Hz, 1H, RuH), § 1.72 (s,
3H), 6 1.86-2.35 (m, 7H), 6 2.97 (d, 2H), 6 6.93-7.12 (m, 12H), 6 7.17-7.32 (m, 4H), 6 7.67 (t,J
=7.67 Hz, 8H).

3Ip{'H} NMR (243 MHz, CsDs): 5 78.75 (s),  50.94 (s).

MALDI-MS: m/z calcd for 669.13, found 669.25.
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Figure S3. 'H and *'P {'H} NMR spectra of 5 in C¢De.
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3. Ambient Pressure Kinetics of All Screened Catalysts
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Figure S4a. Gas evolution of formic acid dehydrogenation by complexes 1-21 at ambient pressure over
time (0 - 25 hours): complex 1 — lavender crosses; complex 1 w/ '‘BuOK — purple squares; complex 2 —
orange asterisks; complex 2 w/'BuOK — grey circles; complex 3 — yellow plusses; complex 4 — blue squares;
complex 4 w/ 'BuOK — peach squares; complex 5 — green triangles; complex 6 — cream crosses; complex 7
— red asterisks; complex 8 — red circles; complex 9-CO — blue plusses; complex 10 — orange hyphens;
complex 11 — black triangles;—; complex 12 — navy diamonds; complex 13 — grey hyphens; complex 14 —
yellow crosses; complex 15 — blue asterisks; complex 16 — lavender diamonds; complex 17 — pink squares;

complex 18 — green hyphens; complex 19 — grey triangles; complex 20 —green circles; complex 21 — yellow

diamonds
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Figure S4b. Gas evolution of formic acid dehydrogenation by complexes 1-20 at ambient pressure over
time (0 - 5 hours): complex 1 —lavender crosses; complex 1 w/ 'BuOK — purple squares; complex 2 — orange
asterisks; complex 2 w/'BuOK — grey circles; complex 3 — yellow plusses; complex 4 — blue squares;
complex 4 w/ 'BuOK — peach squares; complex 5 — green triangles; complex 6 — cream crosses; complex 7
— red asterisks; complex 8 — red circles; complex 9-CO — blue plusses; complex 10 — orange hyphens;
complex 11 — black triangles;—; complex 12 — navy diamonds; complex 13 — grey hyphens; complex 14 —
yellow crosses; complex 15 — blue asterisks; complex 16 — lavender diamonds; complex 17 — pink squares;

complex 18 — green hyphens; complex 19 — grey triangles; complex 20 —green circles; complex 21 — yellow

diamonds
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Ambient versus Self-Pressurized Kinetics

All 20 screened catalysts kinetic profile under ambient pressure versus self-pressurized by evolved

gases.

FA Conversion (%)

0 - e
0 5 10 15 20

Time (hours)

[\
(9]

Figure S5. Gas evolution of formic acid dehydrogenation by complex 1 with pre-activation over time at
ambient pressure condition (opened system) — grey triangles; at self-pressurized condition (closed system)

— blue diamonds.
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Figure S6. Gas evolution of formic acid dehydrogenation by complex 1 without pre-activation over time
at ambient pressure condition (opened system) — grey triangles; at self-pressurized condition (closed

system) — blue diamonds.
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Figure S7. Gas evolution of formic acid dehydrogenation by complex 2 with pre-activation over time at

ambient pressure condition (opened system) — grey triangles; at self-pressurized condition (closed system)

— blue diamonds.

S12



FA Conversion (%)

Time (hours)

Figure S8. Gas evolution of formic acid dehydrogenation by complex 2 without pre-activation over time

at ambient pressure condition (opened system) — grey triangles; at self-pressurized condition (closed

system) — blue diamonds.
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Figure S9. Gas evolution of formic acid dehydrogenation by complex 3 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S10. Gas evolution of formic acid dehydrogenation by complex 4 with pre-activation over time at
ambient pressure condition (opened system) — grey triangles; at self-pressurized condition (closed system)

— blue diamonds.
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Figure S11. Gas evolution of formic acid dehydrogenation by complex 4 without pre-activation over time
at ambient pressure condition (opened system) — grey triangles; at self-pressurized condition (closed

system) — blue diamonds.
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Figure S12. Gas evolution of formic acid dehydrogenation by complex 5 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S13. Gas evolution of formic acid dehydrogenation by complex 6 with pre-activation over time at
ambient pressure condition (opened system) — grey triangles; at self-pressurized condition (closed system)

— blue diamonds. No activity at ambient pressure over 3 hours.
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Figure S14. Gas evolution of formic acid dehydrogenation by complex 6 without pre-activation over time
at ambient pressure condition (opened system) — grey triangles; at self-pressurized condition (closed

system) — blue diamonds.

S19



100
90
80
70
60
50
40
30
20
10

R e e

0 5 10 15 20 25
Time (hours)

FA Conversion (%)

Figure S15. Gas evolution of formic acid dehydrogenation by complex 7 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.

S20



100 :----I----I----I----I----I----_
80 £

30 + '
20 £

FA Conversion (%)

10 £

Time (hours)

Figure S16. Gas evolution of formic acid dehydrogenation by complex 8 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S17. Gas evolution of formic acid dehydrogenation by complex 9 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S18. Gas evolution of formic acid dehydrogenation by complex 9-CO over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S19. Gas evolution of formic acid dehydrogenation by complex 10 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S20. Gas evolution of formic acid dehydrogenation by complex 11 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S21. Gas evolution of formic acid dehydrogenation by complex 12 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S22. Gas evolution of formic acid dehydrogenation by complex 13 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S23. Gas evolution of formic acid dehydrogenation by complex 14 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S24. Gas evolution of formic acid dehydrogenation by complex 15 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S25. Gas evolution of formic acid dehydrogenation by complex 16 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S26. Gas evolution of formic acid dehydrogenation by complex 17 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S27. Gas evolution of formic acid dehydrogenation by complex 18 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S28. Gas evolution of formic acid dehydrogenation by complex 19 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.
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Figure S29. Gas evolution of formic acid dehydrogenation by complex 20 over time at ambient pressure

condition (opened system) — grey triangles; at self-pressurized condition (closed system) — blue diamonds.

S34



100 ——————————— |
90
80

40
30
20

FA Conversion (%)
()]
S

0 S
0 5 10 15 20 25

Time (hours)

Figure S30. Gas evolution of formic acid dehydrogenation by complex 21 with pre-activation over time at
ambient pressure condition (opened system) — grey triangles; at self-pressurized condition (closed system)

— blue diamonds.
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4. Effect of Various CO Pressures on Reaction Kinetics of 9, 9-CO, and 10
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Figure S31. A. Gas evolution of formic acid dehydrogenation by complex 9, 9-CO, and 10 over time
pretreated with 0 bar CO — orange circles; pretreated with 2 bar CO — grey triangles; pretreated with 8
bar CO — blue diamonds. B. Cross-comparison CO initiation between 9 and 9-CO showed that after 9
was synthesized in-situ (initiation via catalyst carbonylation), excess CO gas becomes inhibitory to

reaction kinetics.
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X-ray Crystallography Data

Crystal structure of 11-CO

Figure S32. Molecular structure of 11-CO shown with 50% probability ellipsoids. Hydrogen atoms are

omitted for clarity.

A specimen of C3:HsiCl2F31r2N2OsP,S, approximate dimensions 0.030 mm x 0.060 mm x 0.140 mm,
was used for the X-ray crystallographic analysis. The X-ray intensity data were measured on a Bruker
APEX DUO system equipped with a fine-focus tube (MoKa , A =0.71073 A) and a TRIUMPH curved-

crystal monochromator.

The total exposure time was 3.50 hours. The frames were integrated with the Bruker SAINT software
package using a SAINT V8.40A (Bruker AXS, 2013) algorithm. The integration of the data using a
monoclinic unit cell yielded a total of 100068 reflections to a maximum 0 angle of 30.56° (0.70 A
resolution), of which 12322 were independent (average redundancy 8.121, completeness = 99.4%, Rin =
7.06%, Rsie = 4.33%) and 9871 (80.11%) were greater than 2c(F?). The final cell constants of a =
14.7885(16) A, b=17.1958(19) A, ¢ = 15.9928(18) A, B = 96.222(2)°, volume = 4043.0(8) A3, are based
upon the refinement of the XYZ-centroids of 9022 reflections above 20 o(I) with 5.121° <26 < 60.94°.
Data were corrected for absorption effects using the multi-scan method (SADABS). The ratio of
minimum to maximum apparent transmission was 0.762. The calculated minimum and maximum

transmission coefficients (based on crystal size) are 0.4450 and 0.8200.
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The structure was solved and refined using the Bruker SHELXTL Software Package, using the space
group P 1 21/c 1, with Z = 4 for the formula unit, C3,Hs:Cl,F31r.N,OsP,S. The final anisotropic full-
matrix least-squares refinement on F? with 458 variables converged at R1 = 2.84%, for the observed data
and wR2 = 5.38% for all data. The goodness-of-fit was 1.027. The largest peak in the final difference
electron density synthesis was 1.414 e-/A’ and the largest hole was -0.995 e-/A3 with an RMS deviation
of 0.169 e-/A3. On the basis of the final model, the calculated density was 1.889 g/cm? and F(000), 2232

c-.

Table S1. Sample and crystal data for 11-CO.

Identification code Ir2H

Chemical formula CsHs1CloF3IrN2OsP,S

Formula weight 1150.05 g/mol

Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.030 x 0.060 x 0.140 mm

Crystal system monoclinic

Space group P12l/cl

Unit cell dimensions a=14.7885(16) A o =90°
b=17.1958(19) A B=96.222(2)°
c=15.9928(18) A vy =90°

Volume 4043.0(8) A*

z 4

Density (calculated) 1.889 g/cm?®

Absorption coefficient 6.892 mm’!

F(000) 2232

Table S2. Data collection and structure refinement for 11-CO.

Diffractometer Bruker APEX DUO

Radiation source fine-focus tube (MoKa , A =
0.71073 A)

Theta range for data collection 1.74 t0 30.56°

Index ranges -20<=h<=21, -24<=k<=24, -
22<=]<=22
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Reflections collected

Independent reflections

Coverage of independent reflections
Absorption correction

Max. and min. transmission
Structure solution technique

Structure solution program

Refinement method

Refinement program

Function minimized

Data / restraints / parameters
Goodness-of-fit on F?
A/Gmax

Final R indices

Weighting scheme

Largest diff. peak and hole

R.M.S. deviation from mean

100068

12322 [R(int) = 0.0706]
99.4%

multi-scan

0.8200 and 0.4450

direct methods

SHELXTL XT 2014/5 (Bruker
AXS, 2014)

Full-matrix least-squares on F?

SHELXTL XL 2018/3 (Bruker

AXS, 2018)

T w(Fo* - F?)?
12322 /0/458
1.027

0.003

9871 data; [>20(1I)
all data

w=1/[c?(F,>)+(0.0143P)2+7.3865P]
where P=(F,*+2F2)/3

1.414 and -0.995 eA

0.169 eA”

Table S3. Atomic coordinates and equivalent isotropic atomic displacement parameters (A?) for 11-CO.

x/a y/b
Cl 0.7874(2) 0.1316(2)
C2 0.6307(2) 0.1518(2)
C3 0.8351(2) 0.88721(19)
C4 0.8114(2) 0.91184(19)
C5 0.8064(2) 0.8582(2)
C6 0.7846(3) 0.8816(2)
C7 0.7681(3) 0.9594(2)
C8 0.7742(3) 0.0111(2)
C9 0.6704(2) 0.9262(2)
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C10
Cl1
Cl12
C13
Cl4
C15
Cl6
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
Irl
Ir2
N1
N2
(0]
02
P1
P2
C31
F1
F2
F3
03

0.6232(2)
0.6202(2)
0.6614(3)
0.8669(2)
0.9581(3)
0.8275(3)
0.8858(3)
0.7390(2)
0.8318(2)
0.9044(2)
0.9888(3)
0.9995(3)
0.9249(3)
0.5570(2)
0.4682(2)
0.5388(3)
0.5886(3)
0.6164(2)
0.5592(2)
0.5636(2)
0.7046(2)
0.79327(2)
0.72903(2)
0.7951(2)
0.84175(19)
0.7820(2)
0.56874(19)
0.79013(6)
0.64995(6)
0.6847(3)
0.6333(2)
0.6356(2)
0.7501(2)
0.65813(19)

0.9109(2)
0.9941(2)
0.8530(2)
0.9461(2)
0.9852(2)
0.9870(2)
0.8600(2)
0.39768(18)
0.36783(19)
0.4185(2)
0.3897(2)
0.3102(2)
0.2629(2)
0.34886(19)
0.3076(2)
0.4364(2)
0.3166(2)
0.34935(19)
0.2817(2)
0.4257(2)
0.3552(2)
0.06799(2)
0.21430(2)
0.98881(16)
0.29001(17)
0.16911(15)
0.11211(15)
0.95754(5)
0.32717(5)
0.6551(2)
0.59727(16)
0.71982(14)
0.66503(17)
0.62435(18)
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04
05
S1
C32
Cll1
CI2

0.7893(2)
0.78679(18)
0.73585(6)
0.9013(3)
0.93252(9)
0.97569(9)

0.56646(16)
0.70527(15)
0.63550(5)
0.2899(3)
0.36751(10)
0.21009(9)

Table S4. Bond lengths (A) for 11-CO.

C1-01
C2-02
C3-C4
C3-H3A
C4-N1
C5-Cé6
Co6-C7
C7-C8
C8-N1
C9-C12
C9-C10
C10-H10A
C10-H10C
C11-H11B
C12-HI12A
Cl12-H12C
C13-C14
C13-P1
C14-H14B
C15-HI5A
C15-H15C
Cl6-H16B
C17-C18
C17-H17A
C18-N2

1.160(4)
1.154(4)
1.496(5)
0.99
1.365(4)
1.383(5)
1.378(5)
1.377(5)
1.361(4)
1.531(5)
1.541(5)
0.98
0.98
0.98
0.98
0.98
1.539(5)
1.871(3)
0.98
0.98
0.98
0.98
1.506(5)
0.99
1.355(4)

Cl-Irl
C2-1r2
C3-P1
C3-H3AB
C4-C5
C5-H5
C6-H6
C7-H7
C8-H8
C9-Cl11
C9-P1
C10-H10B
C11-HI11A
C11-H11C
C12-HI12B
C13-C15
C13-C16
C14-H14A
C14-H14C
C15-H15B
Cl6-H16A
Cle6-H16C
C17-P2
C17-H17B
C18-C19

1.817(4)
1.823(4)
1.847(3)
0.99
1.384(5)
0.95
0.95
0.95
0.95
1.538(5)
1.880(3)
0.98
0.98
0.98
0.98
1.537(5)
1.541(5)
0.98
0.98
0.98
0.98
0.98
1.832(3)
0.99
1.388(5)
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C19-C20 13755  CI9-HI9  0.95
C20-C21  1387(5)  C20-H20  0.95
C21-C22  1377(5)  C21-H21 095

C22-N2 1.354(4)  C22-H22  0.95
C23-C26  1.531(5)  (C23-C24  1.537(5)
C23-C25  1.537(5)  (C23-P2 1.875(3)
C24-H24A  0.98 C24-H24B  0.98
C24-H24C  0.98 C25-H25A  0.98
C25-H25B  0.98 C25-H25C  0.98
C26-H26A  0.98 C26-H26B  0.98
C26-H26C  0.98 C27-C29  1.533(5)
C27-C28  1.537(5)  C27-C30  1.540(5)
C27-P2 1.873(3)  C28-H28A  0.98
C28-H28B  0.98 C28-H28C  0.98
C29-H29A  0.98 C29-H29B  0.98
C29-H29C  0.98 C30-H30A  0.98
C30-H30B  0.98 C30-H30C  0.98
Ir1-N1 2.124(3)  Irl-P1 2.2571(9)
Irl-Ir2 2.8579(3)  Irl-HI 1.79(4)
Ir2-N2 2.122(3)  Ir2-P2 2.2667(9)
r2-Hl1 1.80(4) C31-F1 1.319(5)
C31-F2 1327(5)  C31-F3 1.354(5)
C31-S1 1.820(4)  03-S1 1.434(3)
04-S1 1.440(3)  05-S1 1.438(3)
C32-Cl1 1.750(5)  C32-CI2 1.761(5)
C32-H32A  0.99 C32-H32B  0.99

Table S5. Bond angles (°) for 11-CO.

01-Cl-Irl 176.6(3) 02-C2-Ir2 179.0(4)
C4-C3-P1 110.5(2) C4-C3-H3A 109.6
P1-C3-H3A 109.6 C4-C3-H3AB 109.6
P1-C3-H3AB 109.6 H3A-C3-H3AB  108.1
N1-C4-C5 120.8(3) N1-C4-C3 118.1(3)
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C5-C4-C3
C6-C5-H5
C7-C6-C5
C5-C6-H6
C8-C7-H7
NI1-C8-C7
C7-C8-H8
C12-C9-C10
C12-C9-P1
C10-C9-P1
C9-C10-H10B
C9-C10-H10C
H10B-C10-H10C
C9-C11-H11B
C9-Cl11-H11C
HI11B-C11-H11C
C9-C12-H12B
C9-C12-H12C
H12B-C12-H12C
C15-C13-Cl16
C15-C13-P1
C16-C13-P1
C13-C14-H14B
C13-C14-H14C
H14B-C14-H14C
C13-C15-H15B
C13-C15-H15C
H15B-C15-H15C
C13-Cl16-H16B
C13-Cl16-H16C
H16B-C16-H16C
C18-C17-H17A
C18-C17-H17B
H17A-C17-H17B

121.0(3)
119.7
118.6(3)
120.7
120.4
122.8(3)
118.6
108.3(3)
115.5(2)
107.0(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.7(3)
111.1(2)
112.2(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.3
109.3
108.0

C6-C5-C4
C4-C5-H5
C7-C6-H6
C8-C7-C6
C6-C7-H7
N1-C8-H8
C12-C9-Cl11
C11-C9-C10
C11-C9-P1
C9-C10-H10A
HI0A-C10-H10B
HI0A-C10-H10C
C9-C11-H11A
HI11A-C11-H11B
HI1A-C11-H11C
C9-C12-H12A
HI12A-C12-H12B
HI12A-C12-H12C
C15-C13-C14
C14-C13-Cl16
C14-C13-P1
C13-C14-H14A
H14A-C14-H14B
HI14A-C14-H14C
C13-C15-HI5A
HI5A-C15-H15B
HI5A-C15-H15C
C13-C16-HI16A
H16A-C16-H16B
HI16A-C16-H16C
C18-C17-P2
P2-C17-H17A
P2-C17-H17B
N2-C18-C19

120.6(3)
119.7
120.7
119.2(4)
120.4
118.6
109.6(3)
107.4(3)
108.7(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
107.9(3)
108.1(3)
107.7(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
111.4(2)
109.3
109.3
121.6(3)
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N2-C18-C17
C20-C19-C18
C18-C19-H19
C19-C20-H20
C22-C21-C20
C20-C21-H21
N2-C22-H22
C26-C23-C24
C24-C23-C25
C24-C23-P2
C23-C24-H24A
H24A-C24-H24B
H24A-C24-H24C
C23-C25-H25A
H25A-C25-H25B
H25A-C25-H25C
C23-C26-H26A
H26A-C26-H26B
H26A-C26-H26C
C29-C27-C28
C28-C27-C30
C28-C27-P2
C27-C28-H28A
H28A-C28-H28B
H28A-C28-H28C
C27-C29-H29A
H29A-C29-H29B
H29A-C29-H29C
C27-C30-H30A
H30A-C30-H30B
H30A-C30-H30C
Cl1-Ir1-N1
N1-Ir1-P1
N1-Ir1-Ir2

117.5(3)
119.7(3)
120.1
120.4
118.4(4)
120.8
118.4
108.5(3)
109.4(3)
111.0(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5(3)
108.6(3)
109.2(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
176.55(13)
82.84(8)
107.89(8)

C19-C18-C17
C20-C19-H19
C19-C20-C21
C21-C20-H20
C22-C21-H21
N2-C22-C21
C21-C22-H22
C26-C23-C25
C26-C23-P2
C25-C23-P2
C23-C24-H24B
C23-C24-H24C
H24B-C24-H24C
C23-C25-H25B
C23-C25-H25C
H25B-C25-H25C
C23-C26-H26B
C23-C26-H26C
H26B-C26-H26C
C29-C27-C30
C29-C27-P2
C30-C27-P2
C27-C28-H28B
C27-C28-H28C
H28B-C28-H28C
C27-C29-H29B
C27-C29-H29C
H29B-C29-H29C
C27-C30-H30B
C27-C30-H30C
H30B-C30-H30C
Cl1-Ir1-P1
Cl-Ir1-Ir2
P1-Ir1-Ir2

120.9(3)
120.1
119.2(3)
120.4
120.8
123.2(3)
118.4
108.3(3)
106.5(2)
113.0(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
108.4(3)
114.02)
107.2(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
94.30(11)
74.08(11)
156.60(2)
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Cl-Ir1-H1 97.3(13) N1-Ir1-H1 85.9(13)
P1-Ir1-HI 165.3(13) Ir2-Ir1-H1 37.5(13)
C2-Ir2-N2 177.44(14)  C2-Ir2-P2 96.16(11)
N2-1r2-P2 82.42(8) C2-Ir2-Ir1 78.16(11)
N2-Ir2-Irl 104.03(8) P2-Ir2-Ir1 154.48(2)
C2-Ir2-H1 97.6(13) N2-Ir2-H1 83.5(13)
P2-Ir2-H1 164.7(13) Irl-Ir2-H1 37.3(13)
C8-N1-C4 118.0(3) C8-N1-Irl 122.1(2)
C4-N1-Irl 119.7(2) C22-N2-C18 117.8(3)
C22-N2-1r2 121.6(2) C18-N2-Ir2 120.6(2)
C3-P1-C13 103.90(15) C3-P1-C9 106.41(16)
C13-P1-C9 112.01(16)  C3-Pl-Irl 100.64(11)
C13-P1-Irl 120.21(11)  C9-P1-Irl 111.70(11)
C17-P2-C27 105.58(15) C17-P2-C23 103.85(15)
C27-P2-C23 112.67(15)  C17-P2-Ir2 100.73(11)
C27-P2-1r2 111.55(11)  C23-P2-Ir2 120.25(11)
F1-C31-F2 108.8(4) F1-C31-F3 106.3(3)
F2-C31-F3 106.7(3) F1-C31-S1 112.5(3)
F2-C31-S1 111.8(3) F3-C31-S1 110.4(3)
03-S1-05 114.76(18)  03-S1-04 114.40(18)
05-S1-04 115.55(17)  03-S1-C31 102.79(19)
05-S1-C31 102.88(18)  04-S1-C31 104.11(19)
CI1-C32-C12 112.6(3) CI1-C32-H32A 109.1
CI2-C32-H32A 109.1 CI1-C32-H32B 109.1
CI2-C32-H32B 109.1 H32A-C32-H32B  107.8
Table S6. Torsion angles (°) for 11-CO.
P1-C3-C4-N1 24.4(4) P1-C3-C4-C5 -155.7(3)
N1-C4-C5-C6 0.0(5) C3-C4-C5-C6 -179.8(3)
C4-C5-C6-C7 0.0(6) C5-C6-C7-C8 0.3(6)
C6-C7-C8-N1 -0.7(6) P2-C17-C18-N2 20.9(4)
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P2-C17-C18-C19
C17-C18-C19-C20
C19-C20-C21-C22
C7-C8-N1-C4
C5-C4-N1-C8
C5-C4-N1-Irl
C21-C22-N2-C18
C19-C18-N2-C22
C19-C18-N2-Ir2
C4-C3-P1-C13
C4-C3-P1-Irl
C14-C13-P1-C3
C15-C13-P1-C9
C16-C13-P1-C9
C14-C13-P1-Ir1
C12-C9-P1-C3
C10-C9-P1-C3
C11-C9-P1-C13
C12-C9-P1-Irl
C10-C9-P1-Irl
C18-C17-P2-C23
C29-C27-P2-C17
C30-C27-P2-C17
C28-C27-P2-C23
C29-C27-P2-1r2
C30-C27-P2-1r2
C24-C23-P2-C17
C26-C23-P2-C27
C25-C23-P2-C27
C24-C23-P2-1r2
F1-C31-S1-03
F3-C31-S1-03
F2-C31-S1-05
F1-C31-S1-O4

-159.5(3)
-179.1(3)
0.7(6)
0.7(5)
-0.4(5)
175.2(3)
-1.5(6)
0.9(5)
179.3(3)
-154.6(2)
-29.6(3)
74.5(3)
-53.0(3)
70.1(3)
-36.9(3)
72.93)
-47.8(3)
83.6(3)
-178.2(2)
61.1(2)
-152.8(2)
70.8(3)
-49.1(3)
80.8(3)
179.3(2)
59.4(2)
-167.42)
-171.6(2)
69.6(3)
81.1(2)
-59.8(4)
-178.3(3)
-56.4(3)
59.8(4)

N2-C18-C19-C20
C18-C19-C20-C21
C20-C21-C22-N2
C7-C8-N1-Irl
C3-C4-N1-C8
C3-C4-N1-Irl
C21-C22-N2-Ir2
C17-C18-N2-C22
C17-C18-N2-Ir2
C4-C3-P1-C9
C15-C13-P1-C3
C16-C13-P1-C3
C14-C13-P1-C9
C15-C13-P1-Ir1
C16-C13-P1-Ir1
C11-C9-P1-C3
C12-C9-P1-C13
C10-C9-P1-C13
C11-C9-P1-Irl
C18-C17-P2-C27
C18-C17-P2-1r2
C28-C27-P2-C17
C29-C27-P2-C23
C30-C27-P2-C23
C28-C27-P2-1r2
C26-C23-P2-C17
C25-C23-P2-C17
C24-C23-P2-C27
C26-C23-P2-1r2
C25-C23-P2-1r2
F2-C31-S1-03
F1-C31-S1-05
F3-C31-S1-05
F2-C31-S1-O4

0.4(5)
-1.2(6)
0.7(6)
-174.8(3)
179.5(3)
-4.9(4)
-179.8(3)
-179.6(3)
-1.2(4)
87.0(3)
-167.5(2)
-44.3(3)
171.12)
81.1(3)
-155.7(2)
-163.5(2)
-40.0(3)
-160.7(2)
-54.6(3)
88.4(3)
27.8(2)
-166.5(2)
-41.9(3)
-161.8(2)
-58.0(2)
74.7(3)
-44.2(3)
-53.7(3)
-36.8(3)
-155.6(2)
63.1(3)
-179.3(3)
62.2(3)
-177.3(3)
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F3-C31-S1-04

-58.7(3)

Table S7. Anisotropic atomic displacement parameters (A?) for 11-CO.

The anisotropic atomic displacement factor exponent takes the form: -2n’[h? a”> U;; + ...+ 2 hk a" b" Uj»]

Cl
2
C3
c4
Cs
C6
C7
C8
C9
C10
Cl1
Cl2
C13
Cl4
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
27

Un
0.0198(18)
0.0168(18)
0.0166(17)
0.0143(16)
0.0241(19)
0.041(2)
0.050(3)
0.025(2)
0.0129(16)
0.0176(18)
0.0151(17)
0.0224(19)
0.0151(17)
0.0182(19)
0.0215(19)
0.027(2)
0.0132(16)
0.0129(16)
0.0183(18)
0.0138(18)
0.0117(17)
0.0181(18)
0.0137(16)
0.0159(17)
0.0221(18)
0.028(2)
0.0162(16)

Uz
0.0116(16)
0.0119(16)
0.0101(15)
0.0145(16)
0.0094(15)
0.0198(19)
0.0210(19)
0.0189(18)
0.0142(16)
0.0217(18)
0.0199(18)
0.0192(18)
0.0194(17)
0.029(2)
0.0252(19)
0.0236(19)
0.0080(14)
0.0134(16)
0.0139(16)
0.0234(19)
0.023(2)
0.0166(17)
0.0130(15)
0.0200(18)
0.0167(17)
0.0191(18)
0.0118(15)

Uss
0.0219(18)
0.027(2)
0.0164(17)
0.0150(16)
0.0231(19)
0.0181(19)
0.0139(18)
0.0189(18)
0.0204(17)
0.0217(19)
0.0246(19)
0.0242(19)
0.0126(16)
0.0222(19)
0.0146(17)
0.0187(18)
0.0212(18)
0.0185(17)
0.0252(19)
0.034(2)
0.043(3)
0.032(2)
0.0133(16)
0.0209(18)
0.0177(17)
0.0122(16)
0.0098(15)

Uz
0.0029(14)
0.0003(14)
0.0004(12)
0.0000(13)
20.0010(14)
20.0049(15)
0.0002(15)
0.0049(14)
20.0008(14)
20.0013(15)
20.0039(15)
0.0017(15)
0.0009(13)
0.0005(16)
20.0008(15)
0.0028(15)
0.0011(13)
20.0015(13)
20.0042(14)
20.0094(17)
20.0077(18)
-0.0020(15)
20.0007(13)
20.0005(14)
0.0018(14)
20.0015(14)
20.0014(12)

Uz
0.0013(15)
0.0019(15)
0.0047(13)
0.0047(13)
0.0042(15)
0.0054(17)
0.0010(18)
0.0027(15)
0.0054(13)
0.0013(15)
0.0048(15)
0.0090(16)
0.0003(13)
20.0024(15)
0.0020(15)
0.0008(16)
0.0014(14)
0.0044(14)
0.0046(15)
0.0030(16)
0.0005(17)
0.0028(16)
20.0021(13)
20.0039(14)
20.0033(14)
20.0010(15)
20.0009(13)

Ui
20.0001(14)
0.0066(14)
0.0063(13)
20.0001(13)
0.0010(14)
0.0003(17)
0.0024(19)
0.0027(15)
0.0016(13)
20.0067(15)
0.0021(14)
20.0009(15)
0.0016(14)
0.0003(16)
0.0023(16)
0.0065(16)
20.0008(12)
0.0009(13)
20.0021(14)
20.0060(15)
0.0034(15)
0.0067(14)
0.0014(13)
20.0002(14)
0.0031(15)
0.0031(15)
0.0013(13)
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C28
C29
C30
Irl
Ir2
N1
N2
0]
02
P1
P2
C31
F1
F2
F3
03
04
05
S1
C32
Cl1
CI2

0.0225(18)
0.0193(18)
0.0200(18)
0.01283(6)
0.01194(6)
0.0197(15)
0.0136(14)
0.0412(18)
0.0212(15)
0.0119(4)
0.0106(4)
0.044(3)
0.093(3)
0.0638(19)
0.107(3)
0.0239(15)
0.0305(16)
0.0198(14)
0.0162(4)
0.023(2)
0.0410(7)
0.0420(7)

0.0173(17)
0.0181(17)
0.0230(18)
0.00803(6)
0.00784(6)
0.0122(13)
0.0136(14)
0.0160(13)
0.0177(14)
0.0093(4)
0.0088(4)
0.024(2)
0.0321(15)
0.0237(13)
0.0476(18)
0.0428(18)
0.0165(14)
0.0190(14)
0.0129(4)
0.038(3)
0.0929(11)
0.0600(9)

0.0133(16)
0.0175(17)
0.0145(16)
0.01419(6)
0.01507(6)
0.0132(14)
0.0239(16)
0.0230(14)
0.0514(19)
0.0123(4)
0.0122(4)
0.0174(19)
0.0386(16)
0.0358(15)
0.0370(17)
0.0320(16)
0.055(2)
0.0418(17)
0.0232(5)
0.052(3)
0.0357(7)
0.0840(11)

0.0039(14)
-0.0001(14)
-0.0045(15)
-0.00036(5)
-0.00050(5)
0.0020(11)
-0.0030(12)
-0.0061(11)
-0.0046(13)
-0.0007(3)
-0.0002(3)
-0.0020(16)
-0.0003(12)
0.0068(11)
-0.0072(14)
0.0076(14)
-0.0066(13)
-0.0076(12)
-0.0016(3)
0.0122)
0.0189(7)
-0.0333(8)

0.0044(14)
0.0032(14)
-0.0046(14)
0.00234(5)
0.00226(5)
0.0045(12)
0.0033(12)
0.0055(13)
-0.0009(13)
0.0023(3)
0.0015(3)
-0.0009(18)
-0.0337(16)
-0.0136(13)
0.0396(18)
0.0064(13)
-0.0002(15)
-0.0037(12)
-0.0006(4)
0.005(2)
-0.0006(6)
-0.0186(7)

-0.0023(15)
0.0054(14)
0.0078(15)
0.00127(5)
0.00100(5)
0.0020(12)
0.0017(12)
0.0022(12)
-0.0040(11)
0.0021(3)
0.0000(3)
-0.0041(19)
-0.0232(16)
0.0081(13)
-0.0135(18)
-0.0045(13)
0.0078(12)
-0.0034(11)
-0.0001(3)
0.0004(19)
0.0025(7)
0.0204(7)

Table S8. Hydrogen atomic coordinates and isotropic atomic displacement parameters (A?) for 11-CO.

x/a y/b z/c U(eq)
H3A 0.9021 -0.1163 0.4655 0.017
H3AB  0.8092 -0.1649 0.4617 0.017
H5 0.8180 -0.1952 0.3110 0.023
H6 0.7811 -0.1551 0.1717 0.031
H7 0.7528 -0.0230 0.1442 0.034
H8 0.7634 0.0647 0.2545 0.025
HI10A  0.6274 -0.0425 0.4134 0.031
H10B  0.5590 -0.1018 0.4512 0.031
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H10C
HI11A
HI11B
HI11C
HI2A
HI12B
H12C
HI4A
H14B
H14C
HI5A
HI5B
HI15C
HI6A
H16B
H16C
HI7A
H17B
H19

H20

H21

H22

H24A
H24B
H24C
H25A
H25B
H25C
H26A
H26B
H26C
H28A
H28B
H28C

0.6530
0.6193
0.6517
0.5576
0.5970
0.6867
0.6947
0.9843
1.0002
0.9481
0.8135
0.8721
0.7717
0.9133
0.8285
0.9275
0.7373
0.7271
0.8957
1.0391
1.0570
0.9322
0.4234
0.4445
0.4802
0.5954
0.5162
0.4933
0.5431
0.5959
0.6469
0.5028
0.5444
0.5939

-0.1327
0.0390
0.0082
-0.0216
-0.1611
-0.1370
-0.1899
-0.0395
-0.0206
0.0405
0.0412
-0.0145
-0.0396
-0.1654
-0.1661
-0.1433
0.4085
0.4470
0.4729
0.4238
0.2890
0.2085
0.3138
0.3306
0.2522
0.4628
0.4577
0.4445
0.3287
0.2601
0.3403
0.2772
0.2917
0.2332

0.4227
0.5366
0.6295
0.5811
0.5889
0.6484
0.5672
0.5661
0.6646
0.6011
0.6837
0.7489
0.7109
0.6020
0.6562
0.6997
0.3049
0.3945
0.4091
0.4567
0.4777
0.4479
0.2633
0.3619
0.3228
0.2751
0.3355
0.2364
0.1682
0.2205
0.2062
0.4808
0.5761
0.5178

0.031
0.03

0.03

0.03

0.032
0.032
0.032
0.035
0.035
0.035
0.031
0.031
0.031
0.035
0.035
0.035
0.017
0.017
0.023
0.028
0.032
0.027
0.029
0.029
0.029
0.029
0.029
0.029
0.03

0.03

0.03

0.026
0.026
0.026
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H29A  0.5983 04683 04731  0.027
H29B  0.5541 04363 05534  0.027
H29C 05045 04212 04608  0.027
H30A  0.7398 03072  0.5474  0.029
H30B  0.6895 03626  0.6080  0.029
H30C  0.7407 03994  0.5342  0.029
H32A 08389 02730  0.6963  0.045
H32B 09004 03079 07760  0.045
HI 0.816(3) 0.142(2) 0.375(2) 0.029(11)

Table S9. CO Reformation of 10

N
| N 6M NaOH
MeOH + H,O + [I](10) + C__~ —>» CO, +CO + H,
hv
R
40 ppm 5 mol%, R =CN - 33%
40 ppm 5 mol%, R = OMe - trace
0 ppm 5 mol%, R=CN - 13%

Conditions: 1 mL MeOH, 3 mL H,0, 300 nm hv, room temp. CO collected as NaCOs. No reaction observed without
hv, NaOH, and quinoline all present.
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