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Dehydrogenation of formic acid by Ir—
bisMETAMORPhos complexes: experimental and
computational insight into the role of a cooperative
ligand+

Sander Oldenhof,? Martin Lutz,” Bas de Bruin,® Jarl Ivar van der Vlugt®
and Joost N. H. Reek*?

The synthesis and tautomeric nature of three xanthene-based bisSMETAMORPhos ligands (La—Lc) is
reported. Coordination of these bis(sulfonamidophosphines) to Ir(acac)(cod) initially leads to the
formation of Ir'(L™) species (1a), which convert via formal oxidative addition of the ligand to Ir"(L)
monohydride complexes 2a—c. The rate for this step strongly depends on the ligand employed. Ir'"
complexes 2a—c were applied in the base-free dehydrogenation of formic acid, reaching turnover

. 4 2ond A 014 frequencies of 3090, 877 and 1791 h™?, respectively. The dual role of the ligand in the mechanism of the
eceive nd August . . . 1 31 . .
Accepted 21st October 2014 dehydrogenation reaction was studied by "H and “*P NMR spectroscopy and DFT calculations. Besides

functioning as an internal base, bisMETAMORPhos also assists in the pre-assembly of formic acid within

DOI: 10.1039/c4sc02555€ the Ir-coordination sphere and aids in stabilizing the rate-determining transition state through hydrogen-
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Introduction

Enzyme active sites are a major source of inspiration for
scientists in the field of synthetic chemistry and homogeneous
catalysis, because of the high activities and selectivities ach-
ieved in chemical transformations and the conceptual strate-
gies employed by these systems.' For instance, weak but highly
directional hydrogen bonding stands out as a key element used
by enzymes to selectively pre-assemble and pre-activate
substrates and stabilize transition states. Inspired by this,
functional ligands decorated with H-bond donor and/or
acceptor groups have been used to construct supramolecular
ligand structures, enabling modular ligand families® to be
utilized in transition metal catalysis and also for substrate pre-
organization and pre-activation via specific ligand-substrate
interactions.?

In our quest for novel systems able to undergo hydrogen-
bonding interactions to steer reactivity we have developed sul-
fonamidophosphine (METAMORPhos) ligands. These ligands
are based on a PNSO, scaffold that displays NH-P/N=PH
tautomerism (see Fig. 1). They have been employed for mono-
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and bimetallic Rh-catalyzed hydrogenation, Ru-based hetero-
lytic H, cleavage and [2 + 2 + 2] cycloaddition reactions.*
Formate dehydrogenase metalloenzymes have successfully
been employed for the reduction of CO, and oxidation of
formate. Although there is no complete consensus concerning
the mechanism of either the reduction or the oxidation,
hydrogen-bonding and proton-shuttling are suggested to play a
crucial role in the way in which these enzymes operate.” We
recently described our initial results with an Ir-catalyst bearing
a bisMETAMORPhos ligand in the base-free catalytic dehydro-
genation of formic acid, a reaction that has attracted much
recent interest in the context of hydrogen storage/release sys-
tems. Typically, formic acid (HCOOH) dehydrogenation cata-
lysts require the addition of sub-stoichiometric amounts of base
(e.g- 5:2 ratio of HCOOH : NEt;). However, this significantly
reduces the overall hydrogen weight percentage of the reaction
mixture.® One promising strategy to circumvent the use
of exogenous base is to employ catalyst systems bearing coop-
erative ligands to access metal-ligand bifunctional pathways for
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Fig.1 General composition of METAMORPhos ligands with their two
tautomeric forms INH=P (P") and N=PH (P")] in equilibrium.
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Fig. 2 Different proposed mechanisms for the dehydrogenation of
formic acid, BL: bifunctional ligand.

substrate activation.” Hydrogen-bonding interactions between
ligand and substrate as (additional) tools to enhance reactivity
have previously been proposed both in the hydrogenation of
CO, and in the aluminium catalysed dehydrogenation of
HCOOH.® These interactions were also suggested to play a role
in the formation of half-sandwich ruthenium and rhodium
hydrides from formic acid.” Several studies on the mechanism
of HCOOH dehydrogenation have compared conventional -
hydride elimination with direct hydride-transfer (Fig. 2A and
B)." Given the potential H-bonding abilities of METAMORPhos
ligands and the protic nature of formic acid, we wondered if
biomimetic non-covalent interactions between the ligand
backbone and formic acid could play a role in this catalytic
system. Herein we show that the proton-responsive ligand not
only acts as an internal base (Fig. 2C), but that its hydrogen-
bonding abilities steer substrate pre-assembly and stabilize
catalytic transition states.

We will present the synthesis of three bisMETAMORPhos
ligands as well as their coordination to iridium, compare the
activity of these systems in HCOOH dehydrogenation and
explain the dual role of the ligand framework during catalysis by
means of both experimental and computational results.

Results and discussion
Synthesis of ligands and complexes

METAMORPhos ligands are prepared by a simple condensation
reaction between a sulfonamide of choice and a chlor-
ophosphine. They show high stability to both oxidation (at
phosphorus) and hydrolysis (of the P-N bond). We attribute this
stability to their prototropic character, resulting in an equilib-
rium between the P and PV oxidation states that is influenced
by R; and R,.* In order to gain insight into the effect of ligand
modification on the coordination and degree of tuning in
HCOOH dehydrogenation catalysis, we prepared bisMETA-
MORPhos ligands La-Lc via a three-step synthetic protocol
(Scheme 1) that results in selective formation of only the
respective meso-isomers, see ESLt.

All three ligands La-Le display P"™/PY tautomerism, but in
different ratios for the three possible forms. For ligand La only
the P"™-P™ and P™-PY tautomers were observed in CD,Cl, in a
ratio of 1: 0.4, as determined by *'P NMR spectroscopy. For
both ligands Lb and Lc all three possible tautomers were
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Scheme 1l The synthesis of bisMETAMORPhos ligands La—Lc and their
three tautomeric forms (P"'-P", P"'-pV and PY-PY).

observed, with ratios (P™-P™:P"-P":P"-P") of 1:1.8:0.2
and1:1.9: 0.1 for Lb and Le, respectively. These data show that
the overall P""/PY ratio is not only determined by the acidity of
the N-H bond and basicity of the phosphorus atom but is also
greatly influenced by the steric bulk of the substituent on the
sulfon group. The PY tautomer provides stability towards
oxidation and hydrolysis, even to the extent that La-Lc can be
conveniently purified by column chromatography. Upon coor-
dination to a metal center, the tautomeric behaviour of these
ligands is lost.

The addition of La-Le to Ir'(acac)(cod) generated complexes
[Ir'(L™)] 1a-c via a single proton-transfer from the ligand to
acetylacetonate and displacement of cyclooctadiene. These
species show symmetric "H and *'P NMR spectra, irrespective of
the specific ligand substitution pattern, which likely originates
from highly fluxional behaviour between the protonated and
deprotonated ligand arms. Formal oxidative addition of the
remaining ligand -NH group in la-1c generates the corre-
sponding Ir'""'(H)(L) complexes 2a—c (Scheme 2), see also ESL

The rate for this overall proton-transfer step varies signifi-
cantly for ligands 1a-c. Ir'"™" complex 2a (with La) was obtained
quantitatively after 30 hours at room temperature, but no
formation of complex 2b was observed under the same condi-
tions. This species could only be obtained after heating the
mixture for 40 hours at 70 °C. In contrast, the conversion of 1c
into 2¢ was significantly faster than the conversion of 1a into 2a,
and full conversion was already observed after 16 hours at room

Ir(acac)(cod)

P P_ _H  -cod,-acacH . o _PZ
Ph” NH Ph” N NP Py N o N

Proton transfer

SO, SO;
r-502 g0z

Lac 1a-c 2a-c

iPr,

LaR= —@—nsu) Lb(R= Oca) Le(R= 4@7\%)

iPr

Scheme 2 Synthesis of complexes la—c and 2a—c from Ir'(acac)(cod)
and La-c.
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temperature. We previously reported the molecular structure of
2a to be dimeric in the solid state (2a,), with the ‘vacant’ axial
site coordinated by an oxygen from the sulfonamide of a second
equivalent of 2a (Fig. 3a).¥ The molecular structure determi-
nation for the more bulky analogue 2c¢ revealed a slightly dis-
torted octahedral mononuclear Ir'™ hydride complex, with axial
coordination of a water molecule trans to the hydride to
complete the octahedral coordination environment of Ir'™ (see
Fig. 3b). The steric hindrance of the isopropyl groups in
complex 2¢ seems to effectively prevent the formation of dinu-
clear complexes, as was also found by modelling studies. This
finding also supports the previously proposed mononuclear
configuration in solution, based on diffusion NMR data.? The
N-S bond lengths of 1.554(2) A are in agreement with depro-
tonated sulfonamide fragments.¥ The Ir-Oy,e; bond length was
found to be 2.2427(18) A, which is in accordance with trans-
Ir'"(H)(OH,) complexes described in literature.**

Dehydrogenation studies with complexes 2a-c

The catalytic dehydrogenation of HCOOH was investigated with
complexes 2a-c.} Catalysis was performed in toluene at 85 °C in
the absence of base to generate dehydrogenation curves that are
shown in Fig. 4, see also ESL.1 The turnover frequencies (TOFs)
of 3090 (2a), 877 (2b) and 1791 h™" (2¢) reveal a correlation with
the electronic nature of the sulfonamide organic side-group, i.e.
high activity is obtained with an electron-donating group in the
para-position (2a, n-butyl), whereas an electron-withdrawing
group in the para-position (2b, CF;) results in much lower
activity (see Computational section for explanation). Also with
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Fig. 3 (a) Schematic representation and molecular structure of 2a.*
(b) Schematic representation and molecular structure of 2c.** Solvent
molecules and H-atoms omitted for clarity, except for hydride and
hydrogens of the aqua ligand. Color labels: purple: iridium, orange:
phosphorus, blue: nitrogen, yellow: sulfur, red: oxygen. Selected bond
lengths (A) and angles (°) for 2c: N;-S; 1.554(2), No—S, 1.554(2), $;-0,
1.4974(18), S,—04 1.5093(18), S;—03 1.4541(18), S,—05 1.439(2), Iry—P;
2.2311(6), Ir1—P5 2.2315(6), Ir;—0O, 2.1639(18), Ir;—04 2.1752(17), Ir;—Og
(H20) 2.2427(18), P1—Ir;—P5, 104.54(2).
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Fig. 4 Dehydrogenation curves of 2a—c (TOFs are determined
between 4-30% conversion); total measured volume (mL) consists of
both H, and CO..

sterically encumbered complex 2¢ a lower activity was obtained
than with 2a. Variable temperature (VT) NMR spectroscopy was
performed to obtain mechanistic insight and detect relevant
intermediates.§ The addition of an equimolar amount of
HCOOH to complex 2a at 223 K led to a significant downfield
shift (1.7 ppm) of one of the phosphorus signals (see Fig. 5, top).
This might indicate (partial) protonation of one of the ligand
arms. Upon increasing the temperature to 298 K the original *'P
NMR spectrum for species 2a is instantaneously restored with
no observation of any intermediates.q§ Addition of one equiva-
lent of HCOOH to 2a results in an upfield shift in the '"H NMR
spectrum for the formate proton of 0.13 ppm at 223 K (Fig. 5,
right) compared to free HCOOH, which is an indication of
HCOOH coordination to the axial vacant site (Fig. 5, bottom).
Increasing the temperature leads to decreasing HCOOH signals
together with the formation of H,.

Computational investigation into B-hydride elimination

The C-H bond cleavage in the dehydrogenation of HCOOH,
typically the rate determining step in the catalytic cycle, can
either occur via B-hydride elimination or via (ligand-assisted)
direct hydride-transfer of the formate hydrogen (HCOOH) atom
(see Fig. 2A-C). Both possible mechanisms were computation-
ally investigated using DFT in order to shed light on the
potential role of the proton-responsive bisSMETAMORPhos
ligand. The obtained energy profiles for B-hydride elimination
towards an equatorial and an axial coordination site of the
catalyst are shown in Fig. 6 (only the relevant part of the
computed structures is shown). ||

The first step in the energy profile towards equatorial p-hydride
elimination (red profile) is complete proton-transfer of HCOOH to
the cooperative ligand, resulting in the formation of «'-formate
complex 31, which is endergonic by 11.3 kecal mol . In this
structure the formate C-H bond is pre-organized for p-hydride
elimination via high barrier transition state 3II (AG* = 32.2 kcal
mol ").** This produces cis-dihydride structure 3III, which is an

Chem. Sci,, 2015, 6, 1027-1034 | 1029
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Fig. 5 Proposed coordination of HCOOH to complexes 2 to form a
2a—HCOOH adduct (top). VT 3P NMR spectra of 2a with one equiv-
alent of HCOOH (left). VT *H NMR spectra of 2a with one equivalent of
HCOOH; arrows indicate HCOO—-proton and H, formed (right).

overall exergonic process (—5.7 kcal mol ). Structure 3III can
release H, via protonation of an iridium hydride by the ligand
(N-H or O-H) or reductive elimination of the two hydride units.
Protonation of the hydride by the N-H moiety of the ligand in
transition state 3IV has a rather high barrier (red profile, 21.4 kecal
mol "). No transition state was found for protonation of the
hydride via an O-H group. Transition state 3IV is potentially
stabilized by axial coordination of the ligand via the sulfon group,
which is in proximity to the iridium (2.42 A). This stabilization
cannot occur upon protonation via the O-H moiety, which
potentially explains why no transition state could be found. The
reductive elimination of H, forms Ir' structure 1 (similar to the
initially formed complexes 1a—c that lead to the formation of 2a—c)
via transition state 3IV/, which is 4.6 kcal mol " lower in energy
(blue energy profile, 11.1 kcal mol ') than 3IV. After release of H,
the formed structure 1 is 6.4 kcal mol* higher in energy than the
starting structure 2. This is in agreement with experimental
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Fig. 6 Potential energy diagram (DFT, BP86, def2-TZVP) for the
dehydrogenation of formic acid via B-hydride elimination at the
equatorial (red) and axial (black) positions; AGsgx is in kcal mol™2.

observations, as iridium(r) complexes 1a-c eventually transform to
the thermodynamically more stable iridium(m)-hydride complexes
2a-c. The above described pathway to cis-dihydride species 3III via
transition state 31I (Fig. 6, red line) seems unlikely to occur, as the
activation barrier obtained for C-H cleavage is rather high (32.2
keal mol™"). The B-hydride elimination towards the axial position
was found to be energetically more favorable (Fig. 6, black energy
profile). Deprotonation of HCOOH by the ligand and formation of
k'-formate structure 41 is endergonic by 4.1 kcal mol . The
protonated ligand showed a N-H---O hydrogen bonding interac-
tion between the ligand and the coordinated formate. f-Hydride
elimination from 41 via transition state 4II to yield 4III has an
activation barrier of 26.3 keal mol . The trans-dihydride structure
411 is slightly endergonic by 0.1 keal mol . Protonation of the
Ir-H bond by a ligand N-H group to release H, from 411l via
transition state 41V has a high barrier of 24.0 kcal mol ™. This is
most likely related to the significant structural reorganization
needed to bring the N-H proton in proximity to the hydride. Under
catalytic conditions an excess of HCOOH is present, so we decided
to investigate whether an additional equivalent of HCOOH could
mediate the proton transfer from the ligand to the Ir-H. Indeed, a
transition state was obtained wherein protonation of the Ir-H with
HCOOH occurred simultaneously with reprotonation of HCOOH
by the ligand N-H (Fig. 6, green profile). This transition state (4IV')
turned out to be 13.7 kcal mol ™' lower in energy (10.3 kcal mol %)
compared to transition state 4IV. Similar second-sphere interac-
tions were previously proposed in the heterolysis of H, assisted by
exogenous water.”” In our case, HCOOH provides a perfect
geometrical fit between Ir-H and the N-H moiety of the ligand for
second-sphere assisted proton transfer to occur.

Computational investigation into direct hydride-transfer

An alternative mechanism for the dehydrogenation of formic
acid could involve a direct hydride-transfer of the formate
hydrogen (HCOOH) to the Ir-center, subsequent to, or in concert

This journal is © The Royal Society of Chemistry 2015
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with, proton transfer of the acidic HCOOH proton to the ligand
scaffold. In this mechanism a single metal coordination site is
sufficient for effective turnover. To test the validity of such a
pathway, we computed different HCOOH-2 adducts. Adducts
with either axial or equatorial coordination were all found to
exhibit stabilizing hydrogen-bonding interactions with either
the nitrogen atom or the coordinated oxygen atom in the ligand
scaffold, resulting in structures 5I-8I (see Fig. 7). Axial coordi-
nation of HCOOH (5I; interaction with O) is the only structure
found to be exergonic, by 3.07 kcal mol ", compared to the free
complex plus HCOOH. Formation of structure 6I, with an N-H
interaction, is endergonic by 3.82 kcal mol *. Equatorial coor-
dination of HCOOH, leading to structures 71 or 8l, is associated
with a significant energy penalty of 11.8 (7I) or 13.8 (8I) kcal
mol ™" compared to formation of the axial adducts.

The dehydrogenation of HCOOH via a direct hydride-trans-
fer pathway was first investigated using the axial HCOOH
adducts 5I and 6I. Starting from the energetically most stable
structure 5I (see black energy profile in Fig. 8), an endergonic
rearrangement to 5II was found (+11.8 kcal mol '), which
orients the formate hydrogen in a favorable position for direct
hydride-transfer to the metal. In transition state 5II (AG* = 26.8
keal mol~! and AG* = 29.9 kcal mol ' with respect to 5I)
HCOOH is fully deprotonated by the ligand. This enables facile
expulsion of CO, leading to a 6-membered Ir---H:--C---O---H---O
transition state. After release of CO,, dihydride complex 5IV is
formed in an overall endergonic process (+16.9 kcal mol ™),
whereafter protonation of the iridium-hydride via transition
state 5V (+17.4 kcal mol ') releases H,. The HCOOH dehydro-
genation pathway was also investigated starting from structure
61 (red profile in Fig. 8). The rearrangement from 6I to 6II
(similar to the rotation of 5I to 5II) is endergonic by 12.8 kcal
mol ', However, transition state 6III was found to be signifi-
cantly lower in energy (AG* = 20.2 kcal mol ') compared to 5III
(AG* = 26.8 kecal mol ™), leading to formation of structure 4111
via an unusual 8-membered Ir---H---C---O---H---N---S---O tran-
sition state, see Fig. 6. Structures 6I-III are all stabilized by
hydrogen bonding interactions between HCOOH/CO, and the
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Fig.7 DFT optimized geometries of formic acid adducts 51-8I (BP86,
def2-TZVP, AGSssx in kcal mol™), R = phenyl.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Chemical Science

AG 5 (keal mol)

2+H,+CO,
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Fig. 8 Potential energy diagram (DFT, BP86, def2-TZVP) for dehy-
drogenation of formic acid by 5l (black profile) and 6l (red profile);
AG3ogy is in kcal mol™.

ligand pre-assembling HCOOH and stabilizing the transition
state. The same role of the ligand was found in the energy
profile starting from structure 5I. The Ir-H and N-H bonds in
transition state 6III are elongated compared to those found in
41 (Ir-H: 1.76 A vs. 1.67 A; N-H: 1.04 A vs. 1.02 A), which
indicates a late transition state (Fig. 9). A similar interaction was
proposed by Hazari et al. for CO, insertion of an Ir-H stabilized
by hydrogen bonding between a ligand-based N-H group and
CO,."® Calculations performed on structures lacking these H-
bonding interactions (by pointing the N-H fragment outwards)
yielded unstable structures and no transition states could be
found. After CO, release from 6III, structure 4III is formed,
which releases H, with the assistance of another molecule of
HCOOH (structure 4IV'), regenerating the catalyst as described
above (Fig. 6, green profile). Direct hydride-transfer was also
investigated starting from structures 7I and 8I, but these energy
profiles were found to be significantly higher than for 5I and 6I,
see ESL.{

These calculations suggest that HCOOH dehydrogenation
using bisMETAMORPhos-derived complexes 2a-c follows an
outer-sphere direct hydride-transfer mechanism at the axial
vacant site of these monohydride species. Starting from formic
acid adduct 51, the energetically most favored pathway requires
rearrangement of 5I to 6I. This is likely a facile process due to

0
1.53 >\§o\\2_14
¥ <
176 | L T1.04
N~ (1.67). -~ (1.02)

>S O H 0-87
o’ R

Fig. 9 Transition state 611l with stabilizing hydrogen-bond between
ligand and CO,. Relevant computed bond lengths (in A) are compared
to values found computationally for structure 4lll (in parentheses).
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Scheme 3 Schematic proposed catalytic cycle of the ligand-assisted
dehydrogenation of HCOOH by bisMETAMORPhos complexes 2a—c.

the high proton-mobility within the ligand scaffold (from N-H
to O-H), as was also inferred from the rapid proton-shuttling in
complexes 1a-c. This results in an overall activation barrier of
23.3 kcal mol™', taking 5I as the resting state. This is in
agreement with the variable temperature "H NMR observations,
as the change in chemical shift upon addition of HCOOH to 2a
indicates the formation of a 2a-HCOOH adduct akin to struc-
ture 5I. Protonation of the ligand takes place in transition state
structure 6II1. The hydride ligand already present in complexes
2a-c, trans to the axial coordination site of HCOOH, acts purely
as a spectator ligand. The lower activity of complex 2¢, bearing
electron-withdrawing CF; groups, can therefore potentially be
explained by the decreased basicity of the nitrogen atom in the
ligand. The electronic effect was also investigated theoretically
by comparing p-CF; with p-CH; substituents. Indeed, a higher
activation barrier was found for p-CF; (24 kcal mol ') compared
to p-CH; (22.5 kcal mol™"), see ESIT for energy profiles. We
propose the following overall dual role for the bisMETAMOR-
Phos ligand in the mechanism of formic acid dehydrogenation
(Scheme 3). Species 2 coordinates HCOOH at the vacant axial
site, aided by hydrogen-bonding with the coordinated sulfon-
oxygen atom to give structure 5I. Reorientation of the formate
group gives a pre-activated HCOOH unit that participates in
hydrogen-bonding with the deprotonated nitrogen of the ligand
arm (6II). Release of CO, is achieved via transition state 6III
(rate determining step) wherein the ligand deprotonates
HCOOH and stabilizes the direct hydride transfer by a hydrogen
bonding interaction. This gives trans-dihydride 4III that
releases H, aided by an additional equivalent of HCOOH, which
protonates the Ir-H and in turn is reprotonated by the ligand,
thereby regenerating starting complex 2. The reversibility of this
catalytic system is currently under investigation.

Conclusions

We report several bisMETAMORPhos ligands (La-Lc) based on
the xanthene backbone bearing two sulfonamide-phosphine
units. The prototropic nature of these PN(H)SO,R fragments
results in different ratios for the P™ and PV tautomers,
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depending on the electronic and steric nature of the sulfon-
amide substituents. Formation of Ir' complexes 1a-¢ was ach-
ieved by coordination of La-Lc to Ir(acac)(cod). Subsequent
formal oxidative addition of the remaining N-H group resulted
in the formation of the corresponding Ir'"-monohydride
complexes Ir'"(H)(L) (2a—c). These three complexes are active
catalysts for the base-free dehydrogenation of formic acid, with
TOFs of 3090, 877 and 1791 h™" for 2a-c, respectively. These
data reflect the influence of subtle electronic and steric changes
in the ligand architecture. The role of the ligand during catalysis
was investigated by variable temperature 'H and *'P NMR
spectroscopic measurements and DFT calculations. Variable
temperature NMR data point to the formation of a 2a-HCOOH
adduct. DFT calculations indicate that the hydrogen-bonding
abilities of the ligand play an important role in the mechanism,
resulting in an uncommon direct hydride-transfer mechanism
instead of the more commonly proposed B-hydride elimination
for HCOOH dehydrogenation. This was also found to be the
rate-determining step (23.3 kcal mol '), which confirms
experimental observations using DCOOH and HCOOD.Y A
similar mechanism has been proposed for Al- and Fe-based
systems reported by Berben and Milstein, respectively.®* It was
found that the combined hydrogen-bonding and proton-
responsive properties of the bisSMETAMORPhos ligands are
essential for the reactivity of complexes 2a-c. These interactions
facilitate the pre-assembly of the HCOOH substrate and the
stabilization of catalytically relevant intermediates and transi-
tion states, allowing an otherwise inaccessible reaction
pathway. We thus show that a single coordination site is effec-
tive for the dehydrogenation reaction to occur when using a
functional ligand scaffold. The proton-responsive and
hydrogen-bonding features of ligands (La-Lc¢) are currently
being explored for other reactions. The mechanistic findings
presented herein potentially play a role in other HCOOH
dehydrogenative catalysts bearing hydrogen-bonding function-
alities in their ligand systems.
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Notes and references

i Dehydrogenation studies were performed with diastereomeric mixtures of
complexes 2a-c (upon anionic coordination of the sulfon group these become
chiral and give rise to diastereomeric mixtures of the complexes 2), see ESIt and
ref. 4f for more information.

§ VI-NMR studies were performed with a diastereomerically pure form of 2a; see
ref. 4f for additional information.

€ The *'P NMR chemical shifts of 2a are significantly affected by the temperature,
but these changes are completely reversible, see ESL.{

|| All calculations were performed with R = phenyl on the sulfon group for
computational simplicity using the diastereomeric form that was utilized in VT
NMR studies and obtained as a crystal structure.

** Note that these are gas-phase calculations for which the translational entropy
contributions are much larger than in solution. By calculation of the partition
function of the molecules in the gas phase, the entropy of dissociation or
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coordination for reactions in solution is overestimated. Therefore, for reactions in

solution, the Gibbs free energies for all steps involving a change in the number of

species should be corrected. Several methods have been proposed for the

correction of gas phase to solution phase data. The minimal correction term is a

correction for the condensed phase (CP) reference volume (1 L mol™") compared

to the gas phase (GP) reference volume (24.5 L mol™"). This leads to an entropy
correction term (SCP = SGP + R In{1/24.5}) for all species, lowering the relative free

energies (298 K) of all associative steps by 2.5 kcal mol™'.%** According to some

authors, this correction term is too small, and larger correction terms up to 6.0

keal mol™" have been suggested.’ Which correction term is best remains some-
what debatable.

1

\°)

w

(@) M. Raynal, P. Ballester, A. Vidal-Ferran and
P. W. N. M. van Leeuwen, Chem. Soc. Rev., 2014, 43, 1734-
1787; (b) M. Raynal, P. Ballester, A. Vidal-Ferran and
P. W. N. M. van Leeuwen, Chem. Soc. Rev., 2014, 43, 1660-
1733; (¢) T. S. Koblenz, J. Wassenaar and J. N. H. Reek,
Chem. Soc. Rev., 2008, 37, 247-262.

(@) B. Breit and W. Seiche, J. Am. Chem. Soc., 2003, 125, 6608-
6609; (b) S. Zhu, J. V. Ruppel, H. Lu, L. Wojtas and
X. P. Zhang, J. Am. Chem. Soc., 2008, 130, 5042-5043; (c)
J. Meeuwissen, M. Kuil, A. M. van der Burg, A. J. Sandee
and J. N. H. Reek, Chem.-Eur. J., 2009, 15, 10272-10279; (d)
L. Diab, T. émejkal, J. Geier and B. Breit, Angew. Chem., Int.
Ed., 2009, 48, 8022-8026; for reviews see: J. Meeuwissen
and J. N. H. Reek, Nat. Chem., 2010, 2, 615-621; (f)
A. ]J. Sandee and ]J. N. H. Reek, Dalton Trans., 2006, 3385—
3391; (g) S. Carboni, C. Gennari, L. Pignataro and
U. Piarulli, Dalton Trans., 2011, 40, 4355-4373.

(@) S. Das, C. D. Incarvito, R. H. Crabtree and G. W. Brudvig,
Science, 2006, 312, 1941-1943; (b) L. Du, P. Cao, ]J. Xing,
Y. Lou, L. Jiang, L. Li and J. Liao, Angew. Chem., Int. Ed.,
2013, 52, 4207-4211; (¢) P. Dydio and J. N. H. Reek, Chem.
Sci., 2014, 5, 2135-2145; (d) D. B. Grotjahn, Chem.-Eur. J.,
2005, 11, 7146-7153; (e) T. Smejkal and B. Breit, Angew.
Chem., Int. Ed., 2008, 47, 311-315; (f) P.-A. R. Breuil,
F. W. Patureau and J. N. H. Reek, Angew. Chem., Int. Ed.,
2009, 48, 2162-2165; (g) P. Dydio, W. L. Dzik, M. Lutz, B. de
Bruin and J. N. H. Reek, Angew. Chem., 2011, 123, 416-420;
(k) P. Dydio, C. Rubay, T. Gadzikwa, M. Lutz and
J. N. H. Reek, J. Am. Chem. Soc., 2011, 133, 17176-17179; (i)
P. Dydio and J. N. H. Reek, Angew. Chem., Int. Ed., 2013, 52,
3878-3882; (j) Y. Gumrukcu, B. de Bruin and J. N. H. Reek,
ChemSusChem, 2014, 7, 890-896; (k) W. 1. Dzik, X. Xu,
X. P. Zhang, J. N. H. Reek and B. de Bruin, J. Am. Chem.
Soc., 2010, 132, 10891-10902; (l) V. Lyaskovskyy,
A. 1. O. Suarez, H. Lu, H. Jiang, X. P. Zhang and B. de
Bruin, J. Am. Chem. Soc., 2011, 133, 12264-12273; (m)
A. 1. O. Suarez, H. Jiang, X. P. Zhang and B. de Bruin,
Dalton Trans., 2011, 40, 5697-5705; (1) Y. Chen, K. B. Fields
and X. P. Zhang, J. Am. Chem. Soc., 2004, 126, 14718-14719.
(@) F. W. Patureau, M. Kuil, A. J. Sandee and J. N. H. Reek,
Angew. Chem., Int. Ed., 2008, 47, 3180-3183; (b)
F. W. Patureau, S. de Boer, M. Kuil, J. Meeuwissen,
P.-A. R. Breuil, M. A. Siegler, A. L. Spek, A. J. Sandee, B. de
Bruin and J. N. H. Reek, J. Am. Chem. Soc., 2009, 131, 6683—
6685; (c) T. Ledn, M. Parera, A. Roglans, A. Riera and
X. Verdaguer, Angew. Chem., Int. Ed., 2012, 51, 6951-6955;

This journal is © The Royal Society of Chemistry 2015

View Article Online

Chemical Science

(d) F. W. Patureau, M. A. Siegler, A. L. Spek, A. J. Sandee,
S. Jugé, S. Aziz, A. Berkessel and J. N. H. Reek, Eur. J. Inorg.
Chem., 2012, 496-503; (e) F. G. Terrade, M. Lutz, J. I. van
der Vlugt and J. N. H. Reek, Eur. J. Inorg. Chem., 2014,
1826-1835; (f) S. Oldenhof, B. de Bruin, M. Lutz,
M. A. Siegler, F. W. Patureau, J. I. van der Vlugt and
J. N. H. Reek, Chem.—Eur. J., 2013, 19, 11507-11511.

(@) R. Hille, Chem. Rev., 1996, 96, 2757-2816; (b)
C. M. P. T. Reda, N. J. Abram and ]. Hirst, Proc. Natl. Acad.
Sci. U. S. A., 2008, 105, 10654-10658; (c) M. J. Romao,
Dalton Trans., 2009, 4053-4068; (d) C. Mota, M. Rivas,
C. Brondino, 1. Moura, J. G. Moura, P. Gonzalez and
N. F. S. A. Cerqueira, J. Biol. Inorg. Chem., 2011, 16, 1255-
1268; (e) M. Tiberti, E. Papaleo, N. Russo, L. De Gioia and
G. Zampella, Inorg. Chem., 2012, 51, 8331-8339; (f)
K. Schuchmann and V. Miiller, Science, 2013, 342, 1382-
1385.

(@) A. Boddien, D. Mellmann, F. Gértner, R. Jackstell,
H. Junge, P. ]J. Dyson, G. Laurenczy, R. Ludwig and
M. Beller, Science, 2011, 333, 1733-1736; (b) J. F. Hull,
Y. Himeda, W.-H. Wang, B. Hashiguchi, R. Periana,
D. J. Szalda, J. T. Muckerman and E. Fujita, Nat. Chem.,
2012, 4, 383-388; (c) T. Zell, B. Butschke, Y. Ben-David and
D. Milstein, Chem.-Eur. J., 2013, 19, 8068-8072; (d)
E. A. Bielinski, P. O. Lagaditis, Y. Zhang, B. Q. Mercado,
C. Wirtele, W. H. Bernskoetter, N. Hazari and
S. Schneider, J. Am. Chem. Soc., 2014, 136, 10234-10237; (e)
Y. Manaka, W.-H. Wang, Y. Suna, H. Kambayashi,
J. T. Muckerman, E. Fujita and Y. Himeda, Catal. Sci.
Technol., 2014, 4, 34-37; (f) W.-H. Wang, S. Xu, Y. Manaka,
Y. Suna, H. Kambayashi, J. T. Muckerman, E. Fujita and
Y. Himeda, ChemSusChem, 2014, 7, 1976-1983.

7 (@) S. Kuwata and T. Ikariya, Chem.—Eur. J., 2011, 17, 3542~

3556; (b) S. Schneider, J. Meiners and B. Askevold, Eur. J.
Inorg. Chem., 2012, 412-429; (c) J. L. van der Vlugt, Eur. J.
Inorg. Chem., 2012, 363-375; (d) B. Zhao, Z. Han and
K. Ding, Angew. Chem., Int. Ed., 2013, 52, 4744-4788; (e)
G. A. Filonenko, M. P. Conley, C. Copéret, M. Lutz,
E. J. M. Hensen and E. A. Pidko, ACS Catal., 2013, 3, 2522—
2526; (f) D. V. Gutsulyak, W. E. Piers, J. Borau-Garcia and
M. Parvez, J. Am. Chem. Soc., 2013, 135, 11776-11779; (g)
C. M. Moore and N. K. Szymczak, Chem. Commun., 2013,
49, 400-402; (h) G. Zhang, K. V. Vasudevan, B. L. Scott and
S. K. Hanson, J. Am. Chem. Soc., 2013, 135, 8668-8681.

(@) G. A. Filonenko, E. J. M. Hensen and E. A. Pidko, Catal.
Sci. Technol., 2014, 4(10), 3474-3485; (b) T. J. Schmeier,
G. E. Dobereiner, R. H. Crabtree and N. Hazari, J. Am.
Chem. Soc., 2011, 133, 9274-9277; (¢) T. W. Myers and
L. A. Berben, Chem. Sci., 2014, 5, 2771-2777.

9 (@) T. Koike and T. Ikariya, Adv. Synth. Catal., 2004, 346, 37—

41; (b) P. S. J. Véclavik, B. Vilhanova, J. Pechacek, M. Kuzma
and P. Kacer, Molecules, 2013, 18, 6804-6828; (c) A. Nova,
D. J. Taylor, A. J. Blacker, S. B. Duckett, R. N. Perutz and
O. Eisenstein, Organometallics, 2014, 33, 3433-3442.

10 (@) R. Sanchez-de-Armas, L. Xue and M. S. G. Ahlquist,

Chem.-Eur. J., 2013, 19, 11869-11873; (b) X. Yang, Dalton
Trans., 2013, 42, 11987-11991.

Chem. Sci,, 2015, 6, 1027-1034 | 1033


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4sc02555e

Open Access Article. Published on 22 October 2014. Downloaded on 4/20/2026 1:58:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

11 (a) H. Bauer, U. Nagel and W. Beck, J. Organomet. Chem.,
1985, 290, 219-229; (b) M. Feller, A. Karton, G. Leitus,
J. M. L. Martin and D. Milstein, J. Am. Chem. Soc., 2006,
128, 12400-12401; (¢) J. J. Adams, A. Lau, N. Arulsamy and
D. M. Roddick, Organometallics, 2011, 30, 689-696.

12 (a) C.Yin, Z. Xu, S.-Y. Yang, S. M. Ng, K. Y. Wong, Z. Lin and
C. P. Lau, Organometallics, 2001, 20, 1216-1222; (b)
M. S. G. Ahlquist, J. Mol. Catal. A: Chem., 2010, 324, 3-8; (c)
X. Yang, ACS Catal, 2011, 1, 849-854; (d) R. Tanaka,
M. Yamashita, L. W. Chung, K. Morokuma and K. Nozaki,

1034 | Chem. Sci,, 2015, 6, 1027-1034

View Article Online

Edge Article

Organometallics, 2011, 30, 6742-6750; (e) A. Pavlova and
E. J. Meijer, ChemPhysChem, 2012, 13, 3492-3496.

13 T. J. Schmeier, G. E. Dobereiner, R. H. Crabtree and
N. Hazari, J. Am. Chem. Soc., 2011, 133, 9274-9277.

14 See ESLf

15 A. J. C. Walters, J. N. H. Reek and B. de Bruin, ACS Catal.,
2014, 4, 1376-1389.

16 (@) D. H. Wertz, J. Am. Chem. Soc., 1980, 102, 5316-5322; (b)
N. Schneider, M. Finger, C. Haferkemper, S. Bellemin-
Laponnaz, P. Hofmann and L. Gade, Angew. Chem., Int.
Ed., 2009, 48, 1609-1613.

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4sc02555e

	Dehydrogenation of formic acid by Irtnqh_x2013bisMETAMORPhos complexes: experimental and computational insight into the role of a cooperative...
	Dehydrogenation of formic acid by Irtnqh_x2013bisMETAMORPhos complexes: experimental and computational insight into the role of a cooperative...
	Dehydrogenation of formic acid by Irtnqh_x2013bisMETAMORPhos complexes: experimental and computational insight into the role of a cooperative...
	Dehydrogenation of formic acid by Irtnqh_x2013bisMETAMORPhos complexes: experimental and computational insight into the role of a cooperative...
	Dehydrogenation of formic acid by Irtnqh_x2013bisMETAMORPhos complexes: experimental and computational insight into the role of a cooperative...
	Dehydrogenation of formic acid by Irtnqh_x2013bisMETAMORPhos complexes: experimental and computational insight into the role of a cooperative...
	Dehydrogenation of formic acid by Irtnqh_x2013bisMETAMORPhos complexes: experimental and computational insight into the role of a cooperative...

	Dehydrogenation of formic acid by Irtnqh_x2013bisMETAMORPhos complexes: experimental and computational insight into the role of a cooperative...


