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Selectivity Effects in Bimetallic Catalysis: Role of the Metal Sites
in the Decomposition of Formic Acid into H, and CO; by the
Coinage Metal Binuclear Complexes [dppmMM’(H)]"

Athanasios Zavras,™ Marjan Krstié,™ Philippe Dugourd, Vlasta Bonagié-Koutecky*™® and Richard A.

J. O’Hair®

Abstract: Design of new bimetallic catalysts requires an
understanding of how cooperative effects of the metal sites
influences reactivity. Here we show how switching one or both of
the silver atoms in binuclear silver hydride cations, [dppmAg2(H)]*,
with all combinations of copper and/or gold maintains selective
dehydrogenation of formic acid while enhancing reactivity by up to 2
orders of magnitude. This is a key step in the selective, catalyzed
extrusion of carbon dioxide from formic acid, HO,CH, with important
applications in hydrogen storage and in situ generation of H,.
Decarboxylation of [dppmMM'(O,CH)]" via collision induced
dissociation regenerates [dppmMM’(H)]*. DFT calculations provide
insights into these cooperative effects. The copper homobinuclear
catalyst performs best overall.

Introduction

Catalytic cooperatlve effects are ubiquitous in nature and
in synthetic systems.”™ The requirement for two metals,
either of the same element or of two different elements, to
complete a catalgltlc cycle represents an |mportant

synergistic effect” in both heterogeneous[] and
homogenous cataly5|s[45] and has been termed bimetallic
cataIyS|s[ =l While single site homogenous catalysis

represents an attractive way of “bottom-up” design of
catalysts, the design principles for bimetallic catalysis are still
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not well understood. In cases where reactivity is catalytic in
one metal and stoichiometric in the other metal,
transmetallatlon can be the crucial step for a successful
catalytic cycle.” Catalysts that contain two metal sites are
attractive candidates for developing a deeper understanding
of bimetallic catalysis since they allow the role of the ligand
and each of the metal centres to be examlned ! By using
multistage mass spectrometry technlques to study these
systems in the gas- phase it is possible to examine the role
of each metal centre on the elementary steps of a catalytic
cycle involving homo- and heteronuclear clusters.”®

As one of the few organic liquids with potential for
hydrogen storage applications, formlc aC|d has attracted the
attention of the catalysis communlty I In the absence of a
catalyst, high temperatures are required for the gas-phase
decarboxylation of formic acid (Oeq 1), which is in competition
with dehydration (eq. 2). Thus there has been
considerable interest in developing metal catalysts to
selectively decarboxylate formic acid at low temperatures.*")
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Figure 1. Selective decarboxylation of formic acid. (a) Two step catalytic
involving bimetallic catalysis. DFT calculations highlight the role of both metal
centers for: (b) Transition state (TS) for dehydrogenation of formic acid for
[dppmAgH]*.*? (c) TS for decarboxylation for [dppmAg2(0,CH)]".*
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We recently showed that the choice of ligand is crucial to
developing a two-step catalytic cycle for the selective
extrusion of carbon dioxide from formic acid by
[dppmAgz(H)]" in the gas phase (Figure 1).*2 The
bis(diphenylphosphino)-methane (dppm) ligand was found to
reshape the geometry of the binuclear Agx(H)"™ scaffold,
thereby switching on dehydrogenation to produce
[dppmAg2(02CH)]" and H; (Fig 1a, Step 1). Decarboxylation
of [dppmAg2(02CH)]" via collision induced dissociation (CID)
regenerates [dppmAgz(H)]* (Fig 1a, Step 2). Both silver sites
are involved in the crucial transition states for
dehydrogenation and decarboxylation, with one acting as an
“anchor” for the oxygen of formic acid (step 1, Fig 1b) or the
coordinated formate (step 2, Fig 1c) while the other triggers
dehydrogenation or hydride transfer. The stoichiometry of the
metal complex is crucial for this catalytic cycle, with
[L2Ag2(H)]", [L2Aga(H)a]", [L2Aga(O2CH)(H)2]” _and
[L2Aga(O2CH)2(H)]" being unreactive towards HCO,H. 3

Here we use MS experiments and DFT calculations to
examine the chemistry of all of the related homo- and
heterobinuclear complexes [dppmMM'(H)]® of the d*°
coinage metals where M or M' = Cu, Ag and Au." This
allows an evaluation of how cooperative effects between the
metal centers influence both steps of the catalytic cycle.

Results and Discussion

Formation of [dppmMM’(H)]".

Our entry into the catalytic cycle was via the coordinated
formates, [dppmMM’ (O,CH)]*, which were transferred to the
gas-phase via electrospray ionization (ESI) of a 50 puM
acetonitrile solution containing a mixture of
Cu0:Ag20:AuCIPPh; (1:1:2) to which 10 equivalents of
formic acid was added (Supporting information Figure Sla
and related discussion). All homo and hetero binuclear
formates were formed from this solution, as confirmed via
their isotope patterns (Figure S1b) and high-resolution mass
spectrometry (HRMS) experiments (Figure S2). The HRMS
experiments also identified the presence of isobaric
impurities for [dppmAu,(0O.CH)]" (m/z 823, Figure S2b),
[dppmCuAu(O.CH)]" (m/z 689, Figure S2d), and
[dppmAgAU(O.CH)]* (m/z 733, Figure S2e). CID (MSz) of the
mass-selected formate complexes, [dppmMM (O.CH)]*
(Figure S3), generated abundant hydride complexes
[dppmMM’(H)]* via decarboxylation with the exception of
[dppmAu2(H)]" (m/z 779, Figure S3b) and [dppmAgAu(H)]*
(m/z 689, Figure S3e). The elemental composition of each of
the hydride complexes generated via the decarboxylation of
the coordinated formates (Figure la, Step 2) was confirmed
by HRMS (Figure S4). Subsequent mass-selection provided
hydride complexes devoid of any isobaric impurities for ion-
molecule reactions with formic acid in a series of MS®
experiments.

Step 1 of the catalytic cycle: lon-molecule reactions
between [dppmMM’(H)]" and formic acid.

All hetero- and homobimetallic hydride complexes react with
formic acid to regenerate the formate  complex
[dppmMM’(O,CH)]" (Figure 1a, Step 1 and Figure 2). To
evaluate the roles of the metal centers on reactivity, the

WILEY-VCH

temporal decay of the reactant ion, [dppmMM'(H)]", was
monitored over a range of activation times and concentrations of
formic acid (Figure S5) to yield rate constants, which when
compared to the predicted collision rates gave the reaction
efficiencies listed Table 1. The experimentally observed
reactivity order follows: [dppmAux(H)]" = [dppmCuy(H)]" >
[dppmCuAu(H)]* = [dppmCuAg(H)]* >> [dppmAgAu(H)]" =
[dppmAg2(H)]* with a ca. 2 orders of magnitude difference in
reactivity between the most and least reactive complexes.
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Figure 2. ms® LTQ spectra obtained in a 2D linear-ion trap at = 298 K showing
the ion-molecule reaction of formic acid with mass-selected hydrides,
[LMM’H]+ (L=dppm) for: a, M=M'=Cu, Activation time = 60 ms, [HO2CH]ion trap =
2.24 x 10° molecules.cm™, b, M=M’'=Ag, Activation time = 1000 ms, [HO,CH]Jion
wap = 4.75 x 10° molecules.cm®, ¢, M=M'=Au, Activation time 20 ms = ,
[HO2CHJion trap = 2.24 X 10° molecules.cm™, d, M=Cu;M’'=Ag, Activation time =
30 ms, [HO,CH]Jion 1ap = 3.72 x 10° molecules.cm™, e, M=Cu;M’=Ag Activation
time = 50 ms, [HO,CHJion vap = 8.19 x 10° molecules.cm™, and e, M=Ag;M'=Au
Activation time = 1000 ms, [HO;CHJion rap = 8.96 x 10° molecules.cm™. A *
represents the mass-selected precursor ion. The most intense peak in the
cluster is represented by the m/z value.

Table 1. Rates of ion-molecule reactions between [LMM’(H)]" and formic acid
(L = dppm).

ab,c

Reactant ion Kexpt Reaction DFT Ea: (eV)
efficiency (@) d calculated '
[LCup(H)]"  1.20+0.01x10° 113.6%6.1 -0.66 (0.07)
[LAg2(H)]"  1.53+0.03x10™  1.4+0.1 -0.06 (0.18)
[LAux(H)]'™®  1.47+0.09x10°  141.0+9.2 -1.02 (0.06)
UAg .31+0.2x 5+2. -0. .
LCuAg(H)]" 3.31+0.2x10™°  31.5+2.1 0.25 (0.47
UAU .01+0.4x A1+4, -0. .
LCuAu(H)]" 4.51+0.4x10™°  43.1+4.1 0.3(0.74
[LAGAU(H)]* 3.33+0.3x10™  3.2+0.3 -0.08 (0.18)

2 Mean + standard deviation (n=3). ® In units of cm®molecules™.s™. © Rates for
the reaction with formic acid with [LMM’H]* to regenerate [LMM'(O,CH)]" as
the product. Rates were determined by monitoring the decay of the reactant
jon with a known concentration of formic acid over time. ¢ Reaction efficiency
(@) = (Kexpt'kaoo) X 100. The kapo is the theoretical ion-molecule collision rate
constant obtained from the average-dipole orientation (ADO) theory,™ which
was calculated using the Colrate program.™® © data from ref *2. F E,, relative
to separated reactants (or relative to initial complex).
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Figure 3. DFT-calculated energy profile for the preferred site of reactivity of the heterobinuclear complex for the two
reaction steps in the catalytic cycle of Fig. 1a. Step 1: ion-molecule reaction of formic acid with [dppmCuAg(H)]" at the copper
site; step 2: CID decarboxylation of [dppmCuAg(0.CH)]" with hydride transfer to the silver site. Relative energies are in eV. Al
structures were fully optimized using DFT method with the hybrid B3LYP functional and def2-TZVP atomic basis set which
has been used for all atoms. Silver atoms have been treated by Stuttgart relativistic effective core potential (RECP) with

corresponding AO basis set. Silver = Ag, Yellow = Cu.

Step 2 of the catalytic cycle: CID of [dppmMM’(O.CH)]" to
regenerate [dppmMM’(H)]".

We next examined the ease of decarboxylation (Step 2,
Figure 1). Due to the presence of isobaric impurities from
ESI/MS as discussed previously, the formate complexes
formed via ion-molecule reactions between the hydrides and
formic acid (Step 1), were mass-selected and allowed to
undergo CID in a ms* experiment (Figure S6). This
precluded energy resolved CID measurements of thresholds
for decarboxylation. In all cases decarboxylation was the
major fragmentation pathway (Scheme S1), with competing
formation of [dppmM]" and/or [dppmM]" being minor
channels. At a normalized collision energy of 15% and an
activation time of 10 ms, the amount of hydride formed
(relative to all ions present in the CID spectrum) via
decarboxylation follows the order of: [dppmAg2(O.CH)]"
(88.6%) = [dppmCu,(02CH)]* (85%) > [dppmCuAu(O.CH)]"
(76.6%) = [dppmCuAg(0.CH)] (76.5%) >
[dppMAgAU(O.CH)]™ (45%) > [dppmAu2(02CH)]" (28.1%).

DFT calculations on the mechanisms and energetics of
both steps associated with the catalytic cycle.

The DFT calculated energy diagrams are largely
consistent with the experiments and provide insights into
how reactivity is modulated by the nature of the metal
centers (Figure 3 and Supporting Information Figures S8-
S11).

Step 1 of the catalytic cycle must be an exothermic
process with barriers that lie below the separated reactants
in order for it to occur under the near thermal conditions of
the ion-trap."® Indeed this is the case, with the most
exothermic reaction occurring for [dppmCux(H)]* (Table S2).
In all cases an initial complex between the hydride,
[dppmMM’(H)]", and formic acid is formed, which then
proceeds via a single transition state to produce H; and the
thermodynamically favoured O,O-bridged formate complex,
[dppmMM’ (O-CH)]". In all cases this critical TS has a
structure where one metal site acts as an “anchor” for the
oxygen of the formic acid while the other metal site contains
the hydride that reacts via dehydrogenation. We have carried
out a Mulliken charge analysis of the precursor ions and their
complexes with formic acid (Figure S12). With the exception
of [dppmCuzx(H)]" and [dppmCuAg(H)]", all precursor ions
have partial negative charges on the coordinated hydride
and a partial positive charge at the metal center(s). For the
initial complexes between the hydride, [dppmMM’(H)]", and
formic acid, the oxygen atom of the coordinated formic acid
has a negative charge, while the O-H has the expected (-)(+)
dipole. Taken together, this suggest that these can be
regarded as dehydrogenation reactions in which the
coordinated hydride reacts with the acidic O-H proton of the
formic acid. In the case of the homobinuclear complexes, the
well depth associated with the formation of the initial complex
follows the order [dppmAux(H)]" (-1.08 eV) > [dppmCuz(H)]*
(-0.73 eV) > [dppmAgz(H)]+ (-0.24 eV) and thus dictates the
observed reactivity.[” For the heterobinuclear complexes,
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formic acid can approach either of the two different metal
centres. A detailed examination of all possible reactant
complexes and transition states for attack at both copper and
silver was carried out for [dppmCuAg(H)]® (Supporting
Information Table S2). The most favoured site of attack is at
copper (Figure 3), consistent with the relative reactivity order
for the homobinuclear complexes. For [dppmCuAu(H)]* the
preferred site of reactivity is Cu (Figures S10), while for
[dppmAgAu(H)]" it is Au (Figures S11). Overall, there is good
agreement between theory and experiment, with the DFT
predicted activation energies for step 1 being inversely
related to the measured reaction efficiencies (compare
columns 4 and 3 of Table 1).

In contrast, decarboxylation is endothermic as it requires
energization of [dppmMM’(O.CH)]* through multiple
collisions with the helium bath gas during the CID process.
The DFT calculations reveal that both metal centers play a
role in the mechanism for CO, release, which involves two
steps (Figure 3 and Figures S8-10), except for
[dppmAgAuU(O.CH)]*, which only requires a single transition
state (Figures S11). The first step involves breaking one of
the M-O bonds to isomerize the O,0- bridged formate to its
O-bound form, and is the rate determining step except for
[dppmAg2(02CH)]" and [dppmCuAu(O.CH)]*. The next step
involves  decarboxylation, to give the O bound
[dppmMM’ (H)(OCO)]" complex, which then loses CO,. For
the heterobinuclear complexes, hydride transfer from the
coordinated formate can occur to either metal centre. A
detailed examination of all possible transition states and
intermediates associated with hydride transfer to either
copper or silver sites was carried out for [dppmCuAg(H)]"
(Supporting Information Table S2). In step 2, the most
favoured site of attack is at silver (Figure 3), consistent with
both the experimentally determined relative reactivity order
and DFT calculated energetics for the homobinuclear
complexes.

Conclusions

In conclusion, the DFT calculations show that both metal centers
play a role in both steps of the catalytic cycle. One metal site
acts as an “anchor” for the oxygen of formic acid (step 1) or
formate (step 2) while the other site facilitates dehydrogenation
(step 1) or hydride transfer during decarboxylation of the
coordinated formate (step 2). Since each metal center may
influence each step of a catalytic cycle in a different way, the
overall preferred bimetallic catalyst is that which represents a
compromise in reactivity for all steps as well as the cost of the
metal. This is the case here, where the cheaper, earth abundant
copper catalyst [dppmCux(H)]* is the second most reactive
complex and is regenerated from [dppmCu,(O,CH)]" slightly less
efficiently that the hydride from CID of [dppmAg2(O.CH)]".

Experimental Section

Mass spectrometry experiments: Gas-phase experiments
on phosphine ligated bimetallic formate clusters, formed as
discussed in the Supporting Information, were carried out
using a Finnigan hybrid linear quadrupole Fourier transform
ion-cyclotron resonance (LTQ FTICR? mass spectrometer
modified to allow the study of IMR.® The unimolecular
fragmentation/dissociation of mass-selected phosphine
ligated bimetallic clusters occurred via CID using a
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normalized collision energy between 20 — 25% and an
activation time of 30 ms. The CID isolation width was 5 — 8
m/z from the centre of the ion cluster distribution. IMRs were
carried by delivering a measured concentration of formic acid
into the helium bath gas.

DFT calculations: The extensive search for lowest energy
structures and transitions states was performed using the
hybrid B3LYP" " functional with def2-TZVP atomic basis set
for all atoms.”? Silver and/or gold atoms were treated by the
Stuttgart relativistic effective core potential (RECP) with the
corresponding AO basis set.*!

Potential interactions between the aromatic rings of the
dppm ligand, raises the question of whether dispersion
corrections within DFT are required. We have tested the
influence of dispersion correction on the structural properties
of [dppmAg:H]" and [dppmAgz(Och)]+ complexes by
introducing D3 into the DFT.”? Since the energy profile
remained almost unchanged when single point B3LYP-D3
energy calculations were carried out for each reaction step of
the catalytic cycle we have not used it for all profiles. The
use of other functionals with high averaged accuracy such as
TPSSh™®! and M062X™% does not change the overall energy
profiles.
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Bimetallic coinage metal hydrides react with formic acid to liberate hydrogen. By
systematically changing the metal centres reactivity trends have been established. The
reaction efficiency can be increased by up to 2 orders of magnitude.

L H Reactivity order for dehydrogenation:
o. /"N [dppmAu,(H)]* = [dppmCu,(H)]* >
| | [dppmCuAu(H)]* = [dppmCuAg(H)]* >>
Ph—P __P<cPh [dppmAgAu(H)I* = [dppmAg,(H)I*
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