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ABSTRACT: Aerobic oxidation of alcohols are catalyzed by
the Pd—acetate compound [LPd(OAc)],(OTf), (L = neo- o,

cuproine = 2,9-dimethyl-1,10-phenanthroline) to form ketones “*’%\ /ﬂm’g‘cp;h
and the release of hydrogen peroxide, but the latter rapidly - e § o
undergoes disproportionation. We employ a series of kinetic LPﬂ(OX::t tpagdspa tpd paL

and isotope labeling studies made largely possible by o " s
electrospray ionization mass spectrometry to determine the W \/Hz% XZLPJ e
role of intermediates in causing this complex chemical o Lpad 2H,0 0z, 1,0 2 8 on

transformation. The data suggested that multiple catalytic Alcohol Oxidation
paths for H,0O, disproportionation occur, which involve

formation and consumption of multinuclear Pd species. We

find that the trinuclear compound [(LPd);(4*-O),]*", which we have identified in a previous study, is a product of dioxygen
activation that is formed during aerobic oxidations of alcohols catalyzed by [LPd(OAc)],(OTf),. It is also a product of hydrogen
peroxide activation during disproportionation reactions catalyzed by [LPd(OAc)],(OTf),. The results suggest that this trinuclear
Pd compound is involved in one of the simultaneous mechanisms for the reduction of oxygen and/or the disproportionation of
hydrogen peroxide during oxidation catalysis. Electrospray ionization mass spectrometry of hydrogen peroxide
disproportionation reactions suggested the presence of other multinuclear Pd—O, species in solution. Theoretical calculations

H,0, Disproportionation

of these compounds yield some insight into their structure and potential chemistry.

B INTRODUCTION

Selective aerobic oxidation reactions constitute a broad class of
important oxidative chemical transformations. Oxygen is an
abundant, inexpensive, and thermodynamically potent oxidant,
but is difficult to tame. It is a kinetically inert four-electron
oxidant if reduced to water, but partially reduced oxygen
generates peroxides and other oxidizing species that are more
thermodynamically potent and often less selective than oxygen
itself. Nature employs a suite of metalloenzymes with a range of
mono- and multinuclear active sites for binding and activating
O,; many natural systems require coreductants, such as NADH,
to absorb oxygen’s excess oxidizing equivalents."

Many transition metal catalysts have been devised for
selective aerobic oxidations,'” but in many cases our
understanding of the different pathways for oxygen activation
and reduction remain incomplete, limiting our ability to
develop sustainable oxidation technologies.” Palladium catalysts
are effective for a broad array of oxygen-coupled oxidation
reactions”® including the Wacker oxidation,” alcohol oxida-
tion,""™"* oxidative functionalization of olefins,"*'* oxidative
C—C and C—X bond-forming reactions,>~*” and oxidative C—
H functionalizations.">"”~"” Pd complexes often function as
“oxidases”® where high valent Pd (typically Pd(II)) oxidize the
substrate and oxygen serves to reoxidize the resulting reduced
palladium intermediates (typically Pd(0), Scheme 1).
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Scheme 1. Palladium Oxidase Catalysis

Substrate |_F>d”X H,0, P4 Ho+120,
ProductXLPd0 2H" 0O,

A variety of experimental and theoretical investigations have
illuminated different pathways for the activation of O, by Pd
complexes (Scheme 2) and the critical role of ligand
environment on the reoxidation of reduced Pd species with
0,.7>%?%%! Significant effort has been devoted to the study of
the coordination of O, to Pd’**~*’ the reactivity of Pd—H

bonds with 0,***°7° and the chemistry and role of 7>

eroxido and hydroperoxy intermediates during cataly-
. 26,34—37
sis.

As oxygen is a four-electron oxidant, aerobic oxidations
mediated by Pd complexes are generally proposed to generate
hydrogen peroxide (H,0,),”** as shown in Schemes 1 and 2.
In some cases, H,O, has been detected during catalytic
oxidations with Pd, and when H,0, is not detected, its ragid
disproportionation to H,O and O, has been proposed.”****”*
While the conversion of LPd° to LPd" and catalytic production
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Scheme 2. Mechanisms for O, Reduction by Reduced Pd
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of H,0, by Pd is well studied (vide supra), mechanistic and
kinetic studies of the disproportionation of H,O, by
homogeneous complexes of Pd are rare,**~*’ particularly for
ligand environments common to the well-studied palladium—
acetate aerobic oxidation catalysts.

We have previously reported that the cationic Pd—acetate
complex [(LPd(OAc)],(X), 1 (L neocuproine =2,9-
dimethyl-1,10-phenanthroline, X = OTf~ or BF,”), is an active
catalyst for the aerobic oxidation of primary and secondary
alcohols, vicinal diols, polyols,****~** and carbohydrates.*’ This
complex exhibits a high chemoselectivity for the oxidation of
vicinal diols to hydroxyketones.*****’ Air, O,, and quinones
can be used as terminal oxidants. When O, is used as the
terminal oxidant, competitive oxidative degradation of the
neocuproine ligand leads to catalyst deactivation.’**® Mecha-
nistic studies revealed the formation of an inactive palladium
carboxylate, 3,°**® which implicated that partially reduced
oxygen species, such as 4 and 5, generated in the course of
reoxidation of LPd® species with O,, were responsible for
competitive oxidative degradation of the neocuproine ligand
(Scheme 3). This hypothesis was supported by experiments
which demonstrated that the cationic acetate 1 reacts rapidly
with hydrogen peroxide to generate 3. Nevertheless, under
catalytic conditions of alcohol oxidation with 1, H,O, was not

detected at detection limits of less than 0.5 mM H,0,.*® This
suggested that either H,0, is not liberated during aerobic
oxidations with 1 or its disproportionation is rapid relative to
catalysis. We provide evidence that the latter behavior is
possible and that the disproportionation process occurs
through multiple simultaneous pathways.

During the course of our investigations of these processes by
electrospray ionization mass spectrometry (ESI-MS), we
identified the novel trinuclear complex [(LPd),(x*-O),]*
species, 2.°° An independent synthesis of 2 was devised
involving the reaction of 2 equiv of the Pd peroxo complex
LPd(0,), 5, with 1 equiv of the dicationic [LPd(MeCN),]-
(BF,), 7, in acetonitrile at —30 °C (Scheme 4). Isotope
labeling of this compound with 'O, revealed that it is a
product of O,-activation during catalysis, and kinetic
investigations implicated that it is both chemically and
kinetically competent as a catalyst precursor for the aerobic
oxidation of 1,2-propanediol (propylene glycol, PG).*’
Mixtures of 2 and the dicationic Pd(II) complex 7 exhibited
similar selectivities and rates for PG oxidation as that of the
cationic acetate 1.

The formation of 2 implicated a previously unrecognized
multinuclear mechanism for O, activation by Pd. Crystallo-
graphic and theoretical analysis of 2 revealed that the oxygen
atoms in 2 are fully reduced; thus the formation of 2 from 1
equiv of LPd" and 2 equiv of LPd(O,) (derived from LPd° and
0,) represents a formal four-electron reduction of O, and the
disproportionation of the oxidizing equivalents of two peroxide
moieties. Thus, the formation of 2 represents one pathway for
the complete reduction of O, during catalytic aerobic Pd
oxidations, without the formation of partially reduced H,0,.
Furthermore, the release of O, during the synthesis of 2
suggested that this process might also provide a mechanistic
basis for H,O, disproportionation during catalysis by Pd—
acetate oxidation catalysts.

Herein, we describe a detailed mechanistic study of H,0,
disproportionation by the cationic Pd—acetate complex 1 and

Scheme 3. Proposed Mechanism for Alcohol Oxidation with 1
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Scheme 4. Synthesis and Proposed Mechanism and Formation of 2
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the role of H,O, disproportionation reactions during the course
of aerobic alcohol oxidations by 1. These studies demonstrate
that 1 and 2 are both active hydrogen peroxide disproportio-
nation catalysts and shed light on the role of multinuclear Pd
intermediates in the activation of O, and the catalytic
disproportionation of H,O,. In contrast to the rich variety of
multinuclear metalloenzymes and coordination compounds in
biology and chemistry which reduce molecular oxygen, to date
there are relatively few reports*”>°~>* of multinuclear activation
of oxygen by palladium(0) species. The kinetics, reactivity,
isotope labeling, ESI-MS, and NMR results highlight a complex
catalytic reaction network for 1 in the reduction of O, to H,O
and the disproportionation of H,0, into O, and water. The
data clearly show that there are multiple catalytic paths for O,
reduction and/or H,0, disproportionation and that the
trinuclear complex 2 as well as other multinuclear Pd species
are both formed and consumed during the course of O,
reduction and H,0, disproportionation. We also provide
evidence for the formation of novel binuclear and trinuclear
Pd—0O, intermediates during H,0O, disproportionation reac-
tions with O,; however, their role in catalysis is currently
unclear. Preliminary theoretical investigations of these species
yield some structural and chemical insight into the activation of

O—-0 bonds by Pd in this system.

B RESULTS AND DISCUSSION

A variety of Pd complexes bearing neocuproine ligands,
bathocuproine ligands (bathocuproine = 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline, or 4,7-diphenylneocuproine),
and deuterated neocuproine ligands were prepared and utilized
for the present investigations (Chart 1).

Chart 1. Complexes Utilized for H,0, Disproportionation/
Diol Oxidation

neocuproine

bathocuproine

d6-neocuproine

Ac 2+ 2+ H —2*

2+
LPd,O\PdL LF’d/O%Pd—L| LPd’O LPd,O\PdL LPd/NCNIe—|
Y NAiaPdL 0 N "NCMe
(@) @) (0]
Ac H
1 2 5 6 7

L = neocuproine, otherwise:

1b: L = bathocuproine
1-LP: L = d6-neocuproine

2b: L = bathocuproine
2-(LP);: L = d6-neocuproine

7b: L = bathocuproine
7-LP: L = d6-neocuproine

Catalytic Disproportionation of Hydrogen Peroxide
by Cationic Pd Complex 1. To assess the role of H,0,
disproportionation in the activation of O,”° by the Pd—acetate
complex 1, we investigated the stoichiometric and catalytic
reactivity of 1 with hydrogen peroxide. In the presence of 10
mol % of 1 (relative to H,0,), O, evolves over the course of
approximately 45 min and then ceases, indicative of the
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simultaneous catalytic disproportionation of H,0, and
oxidative degradation of the Pd complex. ESI-MS analysis of
the reaction mixtures after oxygen evolution ceased revealed
ions corresponding to the previously isolated Pd carboxylate 3,
as well as ions corresponding to the partially oxidized
complexes 9 and 10 which had been observed during ESI-MS
of aerobic alcohol oxidations with 1 (Scheme 5).°° These
assigsriments were corroborated by '"H NMR analysis (Figure
S2).

Scheme 5. H,0, Disproportionation by 1
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For quantitative analysis, hydrogen peroxide disproportiona-
tion experiments were carried out in a custom-designed
apparatus”® designed to manometrically monitor the generation
of O, gas with time. To assess the mass balance for the H,O,
disproportionation reactions, a sealed vessel was charged with
1.0 mL of 100 mM H,0, (100 pmol H,0,), 5 mM 1 ([Pd] =
10 mM, 10 umol, 10%), and 10 mM HOAc in 9:1 MeCN/
H,0, and the increase in pressure arising from O,y production
was monitored. After gas evolution ceased (approximately 45
min), KMnO, titration of the residual H,0, indicated that 74
umols of the H,0, had been consumed, corresponding to 7.4
turnovers (mmol H,0,/mmol Pd) of 1. The pressure increase
in the reaction vessel corresponded to the production of 25
pmol Oy, (ie., SO umol of H,0O, were converted to O,y out
of the 74 pmol consumed). The remainder of the consumed
H,0, (24 pumol) can be accounted for by the oxidizing
equivalents necessary to decompose 1 to a mixture of 3, 9, and
10. An independent reaction was carried out in in 9:1 dy-
MeCN/H,0, and a '"H NMR spectrum of the reaction mixture
was recorded after 45 min. 'H NMR revealed a mixture
predominantly containing the oxidized Pd species 3 (approx-
imately 1.3 pmol), 9 (approximately 6.1 pmol), and 10
(approximately 1 ymol), along with a small concentration of
the trinuclear species 2 (approximately 0.5 pmol). The
oxidation of 1 to this mixture of 3, 9, and 10°® was calculated
to consume approximately 20 gmol of H,0,, accounting for 94
+ 4% of the consumed H,0, (Table S1). This experiment
indicates that, under conditions where oxidative degradation of
1 is insignificant, monitoring O, is a good metric for the
consumption of H,0, by the disproportionation process.

Kinetic studies for the disproportionation of H,0O, were
carried out by measuring the initial rates of O, generation, prior

DOI: 10.1021/jacs.5b08719
J. Am. Chem. Soc. 2015, 137, 1363213646


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08719/suppl_file/ja5b08719_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08719/suppl_file/ja5b08719_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08719/suppl_file/ja5b08719_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b08719

Journal of the American Chemical Society

| Article |

to significant oxidative degradation of 1.°” Initial rates were
determined approximately 1 min after initiation and during the
time the pressure increase was still linear with time (i.e., at low
H,0, conversion and before noticeable degradation of 1). At
high [1] or low [H,0,], decomposition of 1 was too fast for
our system to measure an accurate initial rate. Stock solutions
of 1 were made in 0.1 M HOACc to ensure stability,58 and
reactions were performed in 9:1 MeCN/H,O solvent such that
the production of H,O did not appreciably change the
concentration of H,O. Figure 1 shows the results of these
experiments.
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Figure 1. Initial rates for the disproportionation of H,0, (HP) by 1
with 10 mM HOAc in 1:9 H,0/MeCN. (A) Initial rate dependence
on [Pd] from 0.25—6.0 mM at [H,0,]; = 1.0 M, where [Pd] is the
total [Pd] (ie, double the [1]). Fit corresponds to eq 1. (B) Initial
rate dependence on [H,0,] from 0.2—1.35 M at [Pd] = 2.0 mM (O)
and 4.0 mM (M). Fits correspond to eq 1. All reactions performed at
least in duplicate. Most reactions performed in triplicate or more. 6%
or experimental 16 error bars (whichever was greater) are shown.

The data in Figure 1 reveal that the initial rates of O,
evolution exhibit a complex dependence on both the initial
concentration of Pd and H,O,. Analysis of the initial rates as a
function of the concentrations of Pd, H,O,, HOAc, and H,O
yielded the rate law (eq 1):

d[0,]
dt (1)
where k, = (2.05 £ 0.22) X 10> M~ min™' and k, = (7.03 %
029) x 107" M~ min™' (see Supporting Information for
derivation and comparison with other unsuccessful models used

to fit the data). The mixed-order rate law (eq 1) is suggestive of
several competitive pathways for H,0, disproportionation that

= k,[H,0][HOAC] [Pd]2 + k,[H,0,][Pd]

exhibit a complex dependence on the concentrations of Pd,
H,0,, HOAc, and H,O0.

To assess the possible contribution of a radical chain process
for the H,O, disproportionation reactions catalyzed by 1, the
rate of H,0, disproportionation was investigated in the
presence of radical scavenging 2,6-diisopropylphenol (DiPP)
and butylated hydroxytoluene (BHT). Low concentrations
(<50 mM) of DiPP or BHT suppressed the rate of O,
evolution. This effect saturates between 0.1 and 0.2 M for
DiPP and approaches saturation at 0.1 M for BHT, which is the
solubility limit for BHT in 1:9 H,0/MeCN (Figures S4 and
S5). When the system is saturated in DiPP (0.2 M) or BHT
(0.1 M), the rate of H,0, disproportionation decreases
approximately 2-fold.>”

To determine whether 1 is catalyzing the oxidation of DiPP
by H,0,, 0.2 M H,O, was treated with 7 mM 1 in the presence
of 0.1 M DiPP (14% Pd loading relative to DiPP). Significant
gas evolution was observed, and at the end of the reaction H
NMR showed that 93% of the H,0, and 44% of the DiPP had
been consumed. This corresponded to the consumption of
approximately 3.4 DiPP per Pd, which indicated that the
consumption of DiPP was catalytic in Pd. GC-MS of similar
reaction mixtures suggested that the major product of DiPP
oxidation was the radical coupling product, 4,4'-bis(2,6-
diisopropylphenol).” The inhibition of the rate of O, evolution
with phenols is consistent with either suppression of a radical
chain mechanism or a competitive phenol oxidation that
inhibits the Pd-mediated process for the H,O, disproportiona-
tion reaction.

To further evaluate the possibility of a radical chain
mechanism, the influence of the Pd concentration on the
initial rates of O, evolution was measured in the presence of
high concentrations of DiPP (0.2 M) or BHT (0.1 M, the
solubility limit). The initial rates of O, evolution in the
presence of 0.1 M BHT (the saturation limit) or 0.2 M DiPP in
9:1 MeCN/H,O are slower but conform to a partial rate law
that is very similar to that observed in the absence of the
phenols (Table SS and Figures S4 and SS). These data argue
against a radical chain mechanism for H,0, disproportionation,
as the order of the rate law would be expected to change in the
presence of radical chain breaking agents such as phenols.”'
The observed catalytic consumption of DiPP and the
differences in rates observed in the presence of DiPP or
BHT imply that catalytic phenol oxidation is a competitive
process with H,O, disproportionation.

Electrospray lonization Mass Spectrometry Studies of
Hydrogen Peroxide Disproportionation. To interrogate
reactive intermediates generated during the catalytic dispro-
portionation of H,O, by 1, the reactions were monitored
continuously by ESI-MS utilizing a method described
previously.éz_(’4 A solution containing 1.0 M H,0, and 0.5
mM 1 with 9:1 MeCN/H,O solvent was monitored in both the
presence and absence of 10 mM HOAc. Prominent and
significant Pd containing ions are shown in Scheme 6. To
emphasize the difference between gas-phase compounds and
solution-phase compounds, the detected gas-phase ions are
named as A** (i.e,, 6 is in solution, but 67" is in the gas phase).

To assess the origin of these ions, a series of isotope labeling
experiments were carried out and monitored by both ESI-MS
and 'H NMR (see Table 1 and the Supporting Information).
For the '®O-labeling experiments, an Orbitrap Fusion Tribrid
Mass Spectrometer with a resolving power of at least 400 000
(m/Am)® was required in order to resolve the various Pd—O
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Scheme 6. Proposed Structures and Theoretical m/z of
Representative Ions Detected by ESI-MS during H,O,
Disproportionation by 1
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isotopologues generated. Deuterium isotope labeling experi-
ments with the d¢-neocuproine ligand L° (LP = the d6-analog
of neocuproine, L", where the —CH,; groups have been
replaced with —CD; groups, Chart 1) did not have such strict
requirements and were carried out with an LTQ-Orbitrap
Hybrid Mass Spectrometer, which can operate up to resolving
powers of 100 000 at m/z 400.°°

Analysis of the ESI-MS and 'H NMR data of a H,0,
disproportionation reaction under standard conditions revealed
that the Pd—acetate complex 1 is consumed rapidly, as the
major ion observed in the ESI-MS corresponded to the
bridging hydroxide complex 6, detected as 6°* in the mass
spectra as an envelope of peaks centered about m/z 331.0005
(reported m/z are for '%Pd isotopologues). Ions corresponding
to the Pd—acetate 1 are only present in trace amounts during
H,0, disproportionation in 10 mM HOAc and 1:9 H,0/
MeCN solvent. We had previously established that 6 can be
prepared from the reaction of 1 with H,O in MeCN;*® it would
appear that the generation of 6 from 1 is more efficient in the
presence of H,0,. When a solution of the Pd—acetate 1 was
treated with H,'®0, in 1:9 H,'°O/MeCN, analysis of the
resulting mixture by ESI-MS revealed doubly charged ions
centered at m/z 333.0095 (z = 2), corresponding to the doubly
80-labeled compound 6>* (see Table 1). This indicates that
the oxygen atoms of 6 are derived from H,O, and that 6 is a
direct product of H,0, activation during disproportionation
reactions.

To test whether both oxygens from H,'®0, are incorporated
into 6 in a pairwise manner, a solution of 1 was treated with an
approximately 0.9:1 mixture of H,'®0, and H,'0, in 1:9
H,'0/MeCN.®” When 1 was used to disproportionate the
mixture of H,'®0, and H,'°0, in 1:9 H,'*0/MeCN, only two
distributions of ions corresponding to 6> were observed,
corresponding to the 'O, and '®0, labeled compounds and
not their '®0™0 isotopologues (see Table 1). This result
indicates that both oxygens from H,0, are incorporated
pairwise into the p-hydroxide 6. Moreover, this crossover
experiment implies that, in the presence of H,0,, 6 does not
exchange rapidly with H,'°O on the time scale of the analysis.
This phenomenon was unexpected, but implies that, during the
course of H,0O, disproportionation, 6 is consumed faster than it
equilibrates with the H,'°O solvent.

Ions corresponding to the trinuclear species, 2** (m/z =
487.0003), are also detected during H,O, disproportionation
by 1. ESI-MS monitoring of the mixture of 0.18 M H,'*0, and
50 uM 1 in 1:9 H,'*0/MeCN solvent revealed doubly charged
ions at m/z 489.0042 (z = 2), corresponding to 2** where both
oxygen atoms of 2> are derived from H,'®O,. These data
indicate that 2*" is a product of H,0, activation during catalysis
(see Table 1). Furthermore, the crossover experiment where a
mixture of 0.9:1 H,'*0, and H,'°0, in 1:9 H,'%0:MeCN was
disproportionated by 1 yielded only two distributions of peaks
for 2**, centered about m/z 487.0003 and m/z 489.0043,
respectively (see Table 1). This finding illustrated that both
oxygen atoms in 2*" were derived from the same molecule of

Table 1. Relative Isotopic Abundance for Selected Species During H,O, Disproportionation with 1

compound 2%

H,0, source H,'0,* H,"0," H,'°0,/H,"0,° H,'°0,
150, 100% 0% 74% 100%
16080 0% 0% - 0%
50, 0% 100% 26% 0%

6+ d 82+
B0,  H0/H 0,  H“0," K07 H0/H,"0;
8% 73% 100% 2% 64%
8% 0% 0% 0% 0%
84% 27% 0% 98% 36%

“Some isobaric peaks coalesced. Noncoalesced peaks fit as a linear sum of simulated peaks. “Peaks coalesced at 450 000 resolution, so the total
intensities of the overlapping peaks at 100 000 resolution were fit as a linear sum of the simulated spectra for each m/z. “Peaks were partially
coalesced. There was no visible evidence for an '°0'*0 compound, so it was excluded from the fit. Including an 160180 compound does not improve
the fit. “Determined by fitting all peaks to a linear sum of simulated peaks. “Some peaks overlapping, determined by fitting half-integer peaks which

were generally well resolved.
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H,0,, consistent with its involvement in H,O, disproportio-
nation (see Table 1).

During the ESI-MS monitoring experiments, an additional
set of ions centered about m/z 329.9974 were also detected in
relatively low abundance. These ions correspond to the
molecular formula [(LPd),(O,)]*, detected as the ion 8*.
As illustrated in Scheme 4, complex 8 was previously proposed
as a reactive intermediate in the formation of the trinuclear
complex 2, but had not been previously observed. Isotope
labeling experiments performed with H,'®O, and H,'0,/
H,'%0, in 1:9 H,'°0/MeCN solvent confirm that both oxygen
atoms in the ion 8>* are derived from a single molecule of H,0,
(see Table 1). The ESI-MS data do not give information as to
whether there is an O—O bond in 8>* (i.e., whether 8°* has a y-
peroxo or bis(u-oxo) core). The observation of the ion 8>*
under these conditions is consistent with its involvement in the
formation of 2 during H,0, disproportionation. Ions
corresponding to various anion adducts of 8>, 8* are also
detected for X = HO™, CI~, and HO,™ (Scheme 6); however,
the structure of these adducts is not clear.

An additional set of ions were detected at m/z 494.9965
during the reaction between H,O, and 1. This ion is formulated
as the trinuclear Pd;0; species, 11**, with a molecular formula
corresponding to [(LPd);(0);]*, consisting of three LPd units
and three oxygen atoms (Scheme 7). The reaction with H,0,

Scheme 7. Possible Structures for 11%*

O0-0o Q.. —|2+
Vs S o, % 7/ N\PdL
LPd_ = \PdL Lpa \Pak AL pa
0Pl Ng=PdL off/
112, 11 112,

and 1-LP yielded ions centered about m/z 504.0549, indicating
that this species contains 18 deuterium atoms. The reaction
with H,"%0, in 1:9 H,'°0/MeCN solvent yielded a
complicated set of overlapping peaks centered about nominal
m/z 496. Fitting these peaks to linear sums of simulated spectra
indicated that 82% of the detected 11** was Pd;'*0,*" and 18%
was Pd;'%0,'°0%, similar to the distribution of the *O label in
6" (no Pd;'®0;** or Pd;'*0'°0,*" was detected; see
Supporting Information). In the experiment where a mixture

of H,"*0,/H,"%0, was reacted with 1 in 1:9 H,'*0/MeCN, all
four possible isotopologues were detected. The relative
abundance of each isotopologue indicated that one oxygen
atom is derived from 6, whereas the other two are derived from
H,0,. In other words, 11>* appears to be a combination of 6
and the hydroperoxide 4 (Scheme 6). The structure of the
Pd,0;** core of 11%* is not clear from the current data; some
plausible structures are shown in Scheme 7. At this point, the
data do not indicate whether 11** plays a specific role in
catalysis, but similar Mn;O; species have been proposed as
intermediates of H,0, disproportionation with Mn catalysts.’®

In order to gain insight on the speciation of Pd over the
course of a H,0, disproportionation reaction, a solution of 1.0
M H,0, in 1:9 H,0/MeCN with 10 mM HOAc was injected
with a sample of 1 ([1] = 0.5 mM) and monitored
continuously by ESI-MS.”**** The data for this experiment
are shown in Figure 2A. Production of O, was monitored in an
independent, simultaneous experiment, and the measured rate
of reaction vs time is shown in Figure 2B. While precise
concentrations are very difficult to obtain from ESI-MS of
complicated mixtures, some qualitative insight can be gleaned
from Figure 2. At the end of the reaction, the predominant ions
observed are those corresponding to the oxidized complexes 9*
and 10*, consistent with their role as inactive, oxidized forms of
1. Ions corresponding to the trinuclear complex
[(LPd);(0);]** 11** are only present in the earliest stages of
the reaction, and the relative abundance of these ions correlates
with those corresponding to the u-hydroxide 6*, which is the
most abundant species during the initial phase of the reaction.
The abundance of 6** in the ESI-MS correlates reasonably well
with the initial rate of O, production vs time; however, the
signal for 6> decays faster than the rate of O, production after
approximately 10 min (see Figure S15 for an overlay of these
curves). Ions corresponding to the trinuclear complex 2%
increase in relative abundance over the course of the reaction,
reach a maximum after 10 min, and then slowly decay away as
the reaction progresses. Combined with the isotope labeling
data, this behavior indicates that both 6 and 2 are generated
and consumed in the course of H,0, disproportionation and
thus may represent different Pd-containing reactive intermedi-
ates during catalysis with H,O,.

Disproportionation of H,0, with 2 and 7. The
observation of 2 during ESI-MS and NMR monitoring of
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Figure 2. Online ESI-MS Monitoring of H,0, disproportionation with 1. (A) Relative abundance of significant Pd-containing species. Normalized to
the total intensity. (B) Instantaneous rate of O, production as reaction progresses. Conditions: [H,0,] = 1.0 M, [1] = 0.5 mM, in 10 mM HOAc in

1:9 H,0/MeCN.
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Scheme 8. Observed Reactivity of 2
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mixtures of H,O, and 1 prompted us to study the activity of the
trinuclear complex 2 as well as the dication 7 as precatalysts for
H,0, disproportionation. The Pd(Il) dication 7 is an active
catalyst for the disproportionation of H,O, with nearly identical
rates and activities as that of 1 at 0.5 mM [Pd] and 1.0 M H,0,
(Figure S16, Table S8). The trinuclear complex 2 is also an
active hydrogen peroxide disproportion catalyst, but its activity
is lower than that of both 1 and 7 on a per Pd basis. Addition of
HOACc or 7 to reactions with 2 increased the rate of H,0O,
disproportionation, but even in these cases, the activity of 2 is
lower than that of 1 (see Supporting Information, Figure S16,
Table S8). This behavior is in contrast to the activity of 2 and 7
in the oxidation of alcohols,’® where mixtures of 2 and 7 had
identical reactivity as 1 in the oxidation of 1,2-propanediol.

Reactivity of Pd;0,2* Complex 2. The observation that
the trinuclear complex 2 is generated during the course of
hydrogen peroxide disproportionation and is itself an active
disproportionation catalyst prompted us to investigate its
reactivity in more detail. In particular, we investigated the
ligand exchange dynamics of 2 under a variety of conditions.
The oxygen ligands of 2 do not readily exchange with gaseous
0,: when MeCN solutions of 2 (0.1 mM) in a sealed flask were
exposed to gaseous '*0, (approximately 120 Torr '*0O, in N,),
no incorporation of '*O into 2 was observed over the course of
4 h. Addition of 17 equiv of HOAc or 1 equiv of
[LPd(CH,CN),]** 7 to similar solutions of 2 also did not
result in measurable incorporation of '*0. These experiments
illustrate that, in the absence of a reducing agent, 2 does not
exchange its oxygen ligands with gaseous O,.

To assess if 2 is in reversible equilibrium with its precursors,
5 and 7 (Scheme 4), the isotopically labeled complex, 7-L®, was
prepared from d6-neocuproine (LP), a deuteriated version of
neocuproine (L™). Mixtures of 2 (0.1—1 mM) and 7-L” (0.1-1
mM) in MeCN showed no incorporation of LP into 2 or
incorporation of LY in 7-LP by ESI-MS or 'H NMR over the
time scale of hours. In fact, samples of 2 in the presence of 7-LP
decomposed within 16 h into unknown precipitates without
any observable exchange with 7-LP. Samples of 2 also did not

exchange with the free ligand, bathocuproine. These studies
conclusively showed that 2 does not exchange with or establish
a reversible equilibrium with its constituent reagents, S and 7.
These results are summarized in Scheme 8.

The experiments above indicate that, once formed, the
trinuclear complex 2 does not exchange readily with O,, the
ligand bathocuproine, or [LPd(CH;CN),]** (7). An additional
isotope scrambling experiment was carried out to test for the
reversible formation of reactive intermediates during the
formation of 2. This experiment involved treatment of an
excess of the labeled Pd" cation 7-LP (4.7 equiv) to a limiting
amount of the perprotio Pd peroxo 5 (1 equiv), at room
temperature in MeCN to generate 2 (Scheme 9). '"H NMR and
ESI-MS of the resulting solution indicated that the labeled
ligand LP was statistically distributed between 2 and the
residual dication 7 (see Table S9 and Figure S17). Because 2
did not react or undergo ligand exchange with the dication 7,
this experiment provided evidence for the rapid and reversible
formation of an intermediate that readily scrambles the LPd
unit. No ligand substitution was observed within minutes at
room temperature in a mixture of Sb and neocuproine. The
formation of 2 was fast and occurred in under a minute at room
temperature. Therefore, direct exchange of L for L™ in § is not
a reasonable explanation for the observed scrambling process.”’
A possible candidate for this intermediate is a dinuclear
dicationic Pd bridging peroxo complex 8, which we had
previously proposed™ as an intermediate in the formation of 2
and which others had proposed as an intermediate in hydrogen
peroxide disproportionation.”” While the precise structure of
the cationic dinuclear peroxo complex 8 is not clear, the fact
that the ion 8** is observed by ESI-MS in the course of H,0,
disproportionation experiments is consistent with its role as a
reactive intermediate in H,O, disproportionation and in the
formation of 2. Furthermore, because both oxygen atoms of the
ions 2** and 8" are '®O-labeled in ESI-MS of solutions with
H,"0, and H,'°0,, this exchange process is likely a pairwise
transfer of oxygen atoms, such as the reversible exchange of a
peroxo, 0,*, ligand.

Conversion of Trinuclear Species to Pd—Acetate. The
observation that the trinuclear complex 2 is generated and
consumed in the course of H,O, disproportionation with the
Pd—acetate catalyst precursor 1 prompted us to investigate the
conditions under which complex 1 could be regenerated from
2. Treatment of an equimolar mixture of 2 and the dicationic
[LPd(CH,CN),]** 7 with 4 equiv of HOAc (relative to total
Pd) in MeCN vyielded the palladium acetate 1 quantitatively
after 24 h. To investigate the kinetics of this process, we
prepared the analogous bathocuproine complexes™® 1b, 2b, 5b,
and 7b (bathocuproine 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline or 4,7-diphenylneocuproine), as these com-
plexes are more soluble than the neocuproine analogs. Control
experiments show that the bathocuproine complexes exhibit
similar chemistry to the neocuproine complexes.

Scheme 9. Proposed Mechanism for Isotope Scrambling during Formation of 2
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Figure 3. Measured (A) and simulated (B) isotope incorporation into 2 during H,0, disproportionation. (A) Relative abundance of 2, 2-L®, 2-
(LP),, and 2-(LP); observed by ESI-MS as a function of time. Conditions: [2] = 0.11 mM; [7-LP] + [7] = 0.64 mM, 7-LP:7 = 3.8; [H,0,] = 0.5 M
in 1:9 H,O/MeCN. (B) Stochastic simulation of the relative abundance of 2, 2-LP, 2-(LP),, and 2-(LP); as a function of time.

Scheme 10. Proposed Mechanism for Incorporation of L into 2 during H,0, Disproportionation
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The kinetics for the conversion of the trinuclear complex 2b
to the cationic Pd—acetate 1b was studied by "H NMR under
pseudo-first-order conditions with [2b] = 1 mM, excess 7b (8—
20 mM), and excess HOAc (37—62 mM). The decrease in [2b]
corresponded to the rate law shown in eq 2 (see Supporting
Information for details). This process was found to be first-
order in each reagent with the third-order rate constant, ky, =
17.6 + 2.8 M™? min~". No reaction is observed without added
HOAGC, and without 7b the rate of decay of 2b is much slower
and the reaction does not quantitatively form 1b. We propose
that conversion of 2b to 1b is initiated by protonation of an
oxygen atom of 2b and that the role of 7b in this reaction is to
coordinate to HOAc to increase its acidity. To test if strong
acids react more rapidly with 2b, S0 equiv of HOAc were added
to a 0.8 mM solution of 2b. The reaction was monitored for 24
h, after which 62% of 2b remained (in the presence of 10 mM
7b at the same [HOAc], the t,,, of 2b is approximately 1 h).
Adding one drop of a strong acid, HBF,-Et,O, to this solution
converted the remaining 2b to 7b within S min.

d[2b]
= ku[2b][7b][HOAC] @)

The rate of conversion of 2b to 1b in the presence of 7b and
HOAc is slower than the rate of hydrogen peroxide
disproportionation or alcohol oxidation by the neocuproine
Pd—acetate catalyst precursor 1. For H,O, disproportionation
with 0.2 M H,0, (for [Pd] from 1.25-7.5 mM) the rough
turnover frequency (TOF per Pd) varies from 0.57 to 2.00
min~', whereas the pseudo-first-order rate constant for the
conversion of 2b to 1b with 2.5 mM Pd ([2b] = 0.84 mM) is
3.54 x 107 min~". For alcohol oxidation of PG with 2.5 mM
Pd from 1, the TOF per Pd is between 0.09 and 0.33 min~!, 3
orders of magnitude faster than the rate of the conversion of 2b
to 1b (Table S12). However, under protic conditions (10%
water, 10 mM HOAC) the conversion of 2b to 1b with 4.5 mM
Pd (2b:7b = 1:0.5) increases to 3.51 X 1072 min™" (0.11 min™"
per Pd) and approaches that of alcohol oxidation on a per Pd
basis. Thus, while the trinuclear complex 2 is a chemically
competent precursor for hydrogen peroxide disproportionation
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and alcohol oxidation, its reactivity is highly dependent on
conditions and the rate of conversion of 2b to 1b is sufficiently
slow that pathways involving 2 as a reactive intermediate
cannot be the predominant or sole pathway for hydrogen
peroxide disproportionation (see the following discussion and
Supporting Information for more details and a proposed
mechanism).

Role of 2 during Catalysis with 1: Hydrogen Peroxide
Disproportionation. The formation of 2 during both H,0,
disproportionation and alcohol oxidation suggested that it is an
important intermediate in the speciation of Pd during these
processes. Its relatively slow reactivity and dynamics provided a
unique opportunity to investigate its formation and role during
catalysis. We designed an isotope incorporation experiment to
provide further insight into the role of 2 during hydrogen
peroxide disproportionation and alcohol oxidation.

An isotope scrambling experiment was devised to assess the
rate at which the trinuclear complex 2 is consumed and
reformed relative to the rate at which hydrogen peroxide is
disproportionated. Using H,0O, as the substrate, a cocatalytic
mixture of unlabeled 2 with a combination of 7 and 7-LP (2 =
0.11 mM, [7] + [7-LP] = 0.64 mM, 7-LP:7 = 3.8) was used to
disproportionate 0.5 M H,O, in 1:9 H,0/MeCN. O,
production and online ESI-MS data were gathered from two
simultaneous, parallel reactions. The resulting speciation of the
different isotopologues of 2 as a function of reaction time is
displayed in Figure 3A. As is evident from Figure 3A, the
labeled ligand L is incorporated into 2 during the course of the
hydrogen peroxide disproportionation; these data clearly
indicate that the trinuclear complex 2 is consumed and
reformed during the catalytic reaction.

Shown in Figure 3B is the predicted speciation of
isotopologues of 2 as a function of time under the assumption
that one turnover of 2 would involve the disproportionation of
2 equiv of H,O, into 2 equiv of H,O and 1 equiv of O,
(Scheme 10; see Supporting Information for details on the
simulation). Comparison of Figure 3B and 3A reveals that the
rate of isotope scrambling (as measured by incorporation of LP
into 2) is slower than that predicted if the formation and
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Scheme 11. Proposed Mechanism for Incorporation of L into 2 during PG Oxidation
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breakup of 2 were to be solely responsible for all of the
observed catalysis.”' These data indicate that 2 is a chemically
competent precursor for hydrogen peroxide disproportionation,
but that, under the reaction conditions, the trinuclear complex
2 is not the sole reactive intermediate responsible for hydrogen
peroxide disproportionation.

The trinuclear Pd;0,** compound 11** and its LP
isotopologues 11, 11-LP, 11-(LP),, and 11-(LP); were also
observed during this isotope scrambling experiment. The
isotopic composition of the detected 11** reflected the isotopic
composition of 7 and 7-L” as opposed to the composition of 2.
This fact indicated that 11 is likely formed reversibly in solution
from Pd species such as 4 and 6, as suggested in the isotope
labeling and reaction monitoring studies (vide supra). These
limited data do not provide clear evidence as to whether 11
plays any role in catalysis; however, its presence suggests a rich
diversity of multinuclear Pd—O, intermediates are present
during H,0, disproportionation with 1.

Role of 2 during Catalysis with 1: Diol Oxidation. As
previously reported,” the Pd—acetate 1 is an active catalyst for
the aerobic oxidation of 1,2-propanediol (propylene glycol,
PG), and we had previously shown that 2 is formed in the
course of alcohol oxidation reactions. Moreover, our previous
studies had shown that mixtures of 2 and 7 for the aerobic
oxidation of PG exhibited similar rates and selectivities as those
of the palladium acetate catalyst 1.°° To further assess the role
of the trinuclear complex 2 in the oxidation of diols, we carried
out a similar isotope scrambling experiment where 2 and a
mixture of 7 and 7-LP were used to catalyze the aerobic
oxidation of PG to hydroxyacetone (HA).

Treatment of a mixture of 2 with 7-L® and 7 (2 = 0.5 mM,
[7] + [7-LP] = 4.3 mM, 7-LP:7 = 3.3) was used to oxidize PG
(0.3 M) in MeCN. Conversion to hydroxyacetone was
observed by GC analysis of reaction aliquots. Simultaneous
online ESI-MS monitoring of this reaction showed that
deuterium was incorporated into the population of 2 over 30
min of reaction (Figure 4A; see Scheme 11 for a proposed
mechanism). As observed for hydrogen peroxide, the data of
Figure 4A clearly indicate that 2 is consumed and regenerated
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in the course of catalytic alcohol oxidation. Shown in Figure 4B
is the predicted speciation of isotopologues of 2 under the
assumption that one turnover of 2 would involve the oxidation
of 2 equiv of PG to HA (Scheme 11; see Supporting
Information for details on the simulation).”* This experiment
unambiguously illustrates that the rate of deuterium isotope
scrambling into 2 is much slower than the oxidation of PG.
This finding suggests that the formation and breakup of 2 is not
the sole mechanism by which reduced Pd species are converted
to the active alcohol oxidation catalyst, 1, or its catalytically
active hydroxide analog, 6.

The results of the isotope scrambling experiments show that,
while the formation and conversion of 2 are clearly involved
during hydrogen peroxide and alcohol oxidation catalysis, there
are multiple simultaneous paths for Pd to reduce oxygen and/
or disproportionate H,O, in this system. In the case of O,
reduction, it is not clear whether O, was directly reduced, or if
intermediate H,O, is released into solution and subsequently
disproportionated.

DFT Predicted Structures of Binuclear Pd,0,%".
Although we have been able to gather a significant amount of
information regarding the chemistry of the trinuclear
compound, 2, there is much less data regarding the transient
binuclear complex, 8. A related species has been proposed as a
key intermediate in H,O, disproportionation by tetraaqua Pd"
salts.** Neutral Pd,0, peroxo compounds are known,”>”*~7°
and their chemistry has been investigated. Their activity as
oxygen centered bases has been well characterized,”*”"® and
some formal O atom transfers have been studied where the O,
moiety appears to react well with electrophilic reagents, but
sluggishly with nucleophilic substrates.”” Some structural
dynamics,”® equilibria with mononuclear superoxide PdO,
complexes,53 and their nucleophilic character have been
studied.”® Given the paucity of studies of dicationic Pd,0,**
complexes such as 8**, we conducted a preliminary DFT survey
of possible structures for 8" (Scheme 12), using a level of
theory, basis set, and solvent model which has been shown to
well predict the chemoselectivity of 1 in oxidizing PG (MO061/
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Scheme 12. Calculated Structures for 8** by DFT

(o} 12+ 0. T2+
LPd 5 —PdL LPd<o>PdL
82+P 82+°

AGI/AH (gas) = 9.8/31.9 kcal/mol
AG/AH (MeCN) = 3.1/25.3 kcal/mol

AGI/AH (gas) = 9.4/31.3 kcal/mol
AGI/AH (MeCN) = 5.7/28.8 kcal/mol

S$=0 S=1
MeCN, T2+
Lpd—Oo—PdL
NCMe
82+N

AGIAH (gas) = 0/0 kcal/mol
AGI/AH (MeCN) = 0/0 kcal/mol

§=0

SDDf (Pd)/6-31G(d,p) (HCNO). Solvent model: SMD
(MeCN)).*

The DFT optimized structure for the p*-5*n*-peroxo, 8,
was reported previously™ as a butterfly type structure with an
angle of 108° between the planes defined by each PdO, unit.
The structure also suggests a high degree of strain in each
three-membered PdO, ring, where the O—Pd—O angle is 38.8°,
far from the ideal 90° square planar geometry. The predicted
length of the O—O bond of 8*'p is 1.39 A. For comparison, the
DEFT predicted structure of the neutral peroxo § has an O—O
bond length of 1.39 A and an O—Pd—O bond angle of 41°, and
the reported crystal structure of Sb has an O—O bond length of
1.41 A and an O—Pd—O angle of 42°.*° This suggests that the
bond length of the O—O bond in § is not si§niﬁcantly affected
by coordination to another unit of LPd*".””*" Given the charge
of 8%, it is likely that the peroxo is more electrophilic than
those of neutral Pd,0, complexes or mononuclear PdO,
complexes, such as S, which tend to react as nucleophiles or
bages 26348183

Despite numerous attempts, an optimized structure could
not be found for a closed-shell singlet of the y-oxo compound,
8>*,, where the O—O bond has been cleaved. Manually
increasing the O—O bond length of 8, and minimizing the
structure resulted in errors or reoptimizations to 82*p.
Repeating this process, but as an open shell triplet, resulted
in an optimized structure for 82*(, which has a planar structure.
The distance between the O atoms is 2.48 A, and the O—Pd—0O
angles are 78.5° this bond angle suggests there is a higher
degree of bonding between Pd and the oxygen atoms in 8**( vs
the constrained 8>*p. Spin density maps indicate that the
unpaired electron density lies on each oxygen atom. Thus, the
DFT suggests that the O—O bond of 8*'} can be homolytically
cleaved to form 8%y, generating two oxyl radical ligands. The
calculations suggest that 8", and 82 are essentially
isoenergetic, which is surprising given that two oxyl radicals
are generated by the reaction. This result is very similar to DFT
studies of the conversion of heterobimetallic peroxo complexes
of Ni and Zn to a singlet biradical y-oxo complex, where the
spin density was delocalized across the O—Ni—O bonding
network.** Related investigations of Cu,0, complexes have
provided evidence for reversible O—O cleavage of a metal
bound peroxo ligand.””*> =%

Because these reactions are carried out in acetonitrile as a
solvent, we also calculated an additional structure for a bridging
peroxo complex, the acetonitrile-coordinated y*-peroxo analog
of 8**;, 8%*y. This compound was calculated to be lower in
enthalpy by approximately 31.5 kcal/mol than that of the
uncoordinated analogs 8°'p and 8**,. These calculations
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suggest that the mostly likely structure for the bridging peroxo
complex 8 in coordinating solvents is that corresponding to
82*; however, ions corresponding to these acetonitrile adducts
were not observed in the ESI experiments. It is possible that the
acetonitrile was stripped off in the course of the ionization
process or the calculations may have overestimated the stability
of these adducts.

Comparisons of Hydrogen Peroxide Disproportiona-
tion and Alcohol Oxidation with 1. The rates for H,O,
disproportionation by Pd—acetate 1 are significantly faster than
those for the aerobic oxidation of 1,2-propanediol; H,O,
disproportionation varies from 9 to 22 times faster than 1,2-
propanediol oxidation under similar conditions (see Supporting
Information, Table S12). Thus, assuming the rate law in eq 1
can be extended to low [H,0,], if hydrogen peroxide were to
be generated during the course of aerobic oxidations with 1, as
commonly proposed,”®*” it would be disproportionated more
rapidly than the diols would be oxidized. The current data are
not conclusive as to whether free H,0, is released during
catalysis, or whether Pd—O, intermediates such as 4, 5, and 8
react without releasing H,O,. In either case, these kinetic
results can rationalize why hydrogen peroxide was not observed
in the course of aerobic oxidations with 1.>° Furthermore, when
a H,0, disproportionation is performed in 9:1 MeCN/H,O at
[Pd] = 2.0 mM, [H,0,] = 1.0 M, [HOAc] = 10 mM, and in the
presence of 1.0 M PG, the rate of O, production is slightly
accelerated by a factor of 1.15 relative to the reaction without
PG (Figure S28). This observation is fully consistent with the
hypothesis that H,O, disproportionation occurs concomitantly
with diol oxidation.

Monitoring the catalytic disproportionation of hydrogen
peroxide by the cationic Pd—acetate 1 by ESI-MS reveals some
similarities and differences compared to the case of aerobic diol
oxidation by 1. In the presence of high concentrations of H,O,
(H,0, disproportionation experiments), the Pd acetate 1 is
consumed rapidly, generating the p-hydroxy complex 6, where
both oxygens from 6 are derived from H,O,. In contrast, for
aerobic alcohol oxidations with 1, both 1 (in its monomeric and
dimeric forms) and 6 are observed, and ESI-MS of an aerobic
PG oxidation using 'O, yields peaks centered about m/z
331.0056 for 6 indicating that the oxygen atoms in 6>* are
derived from H,O during PG oxidation.”® These facts suggest
that 6 can equilibrate with 1 during alcohol oxidation when the
concentration of H,0O, is low; however at higher concentrations
of H,0, ([H,0,] =~ 0.1-1.0 M) the p-hydroxy complex 6 is
consumed faster than it can establish an equilibrium with 1,
HOAC, or H,O.

A variety of multinuclear Pd oxygen species are observed in
both hydrogen peroxide disproportionation and alcohol
oxidation. In the ESI-MS studies of the aerobic oxidation of
PG by 1, the formation and disappearance of the trinuclear
complex 2** correlated with the rate of PG oxidation, but did
not correlate with the rate of hydrogen peroxide disproportio-
nation, which is much faster than alcohol oxidation. Ions
corresponding to the binuclear Pd p-oxo 8 were observed
during hydrogen peroxide disproportionation, but not during
alcohol oxidation. The experiments to date reveal that the
formation of 2 from hydrogen peroxide and from alcohols/O,
provides one pathway for the complete reduction of O, to
water, but kinetic analysis and isotope labeling experiments
reveal that a hydrogen peroxide disproportionation mechanism
involving 2 is not the sole or even the primary process; some
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Scheme 13. Proposed Mechanistic Scheme for O, Reduction and H,0, Disproportionation during Aerobic PG Oxidation
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other mechanism must be responsible for the disproportiona-
tion of hydrogen peroxide.

The nature of this other process is not yet clear; one proposal
is shown in Scheme 13. In this proposal, the dicationic y-
peroxo/oxo 8, observed by ESI-MS and implicated in the
formation of 2, plays a key branching role, where 8 either reacts
with the mononuclear palladium peroxo 5 to form the
trinuclear species 2, as proposed in the synthesis of 2, or
reacts directly with H,O, to produce O, and reform the active
catalyst 1 and/or 6. This reactivity would be consistent with the
observation that the oxygen atoms of 6> are derived from
H,0,. A similar process has been proposed for H,O,
disproportionation by tetraaqua Pd" salts** and could represent
a direct transfer of two hydrogen atoms from H,0, to 8>, as
proposed for some synthetic Mn,O,-catalase mimics with
bis(u-ox0) cores.*” That being said, we cannot rule out the
involvement of other Pd—O, compounds proposed to be
intermediates in H,O, disproportionation with other tran-
sitions metals (e.g, hydroperoxide, superoxo, peroxo, etc.
complexes of Pd) in this process or in the formation of 2. This
is especially true given the known formation of paramagnetic
Pd superoxo complexes in mixtures of Pd;(OAc)s with
H,0,.”"™” In the mechanism proposed in Scheme 13, acetic
acid and other protic sources play a key role in converting 2
into the active catalyst 1 or 6, as determined from the kinetic
studies on isolated 2, and the catalysis and isotope exchange
studies utilizing 2 as a precatalyst.

B CONCLUSIONS

The stoichiometry of catalytic aerobic alcohol oxidation
reactions catalyzed by Pd—acetate compounds necessarily
generate partially reduced oxygen species, such as hydrogen
peroxide or palladium peroxide complexes. We have shown that
aerobic alcohol oxidation reactions with the Pd acetate complex
1 involve the concomitant oxidization of alcohols, activation of
0,, and catalytic disproportionation of hydrogen peroxide by a
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complicated network of reactions, some of which involve
multinuclear Pd—O, intermediates. This study is also able to
rationalize why H,O, is not observed in the course of the
aerobic oxidation of alcohols catalyzed by the Pd—acetate
complex 1. The application of in situ electrospray ionization
mass spectrometry (ESI-MS), coupled with isotope-labeling
and kinetic studies, have provided key insights into several of
the reactive intermediates and pathways for alcohol oxidation,
oxygen activation, and hydrogen peroxide disproportionation.
The results clearly show that, during catalytic aerobic oxidations
with the Pd complex 1, Pd speciates across multiple
simultaneous catalytic pathways for oxygen reduction and
H,0, disproportionation, one of which involves the trinuclear
compound 2 we have previously identified. The presence of
such pathways suggests a rich and underexplored chemistry for
cationic, multinuclear Pd—QO, intermediates that are relevant to
the reduction of oxygen during aerobic oxidation catalysis with
Pd. The detection of 8** suggests the possibility of electrophilic
Pd—O, intermediates in solution, which would present an
opportunity to explore unique oxygenation chemistry with
palladium. Finally, this first mechanistic investigation of
hydrogen peroxide disproportionation by the common
palladium acetate oxidation catalyst motif exposes a vast and
hidden complexity previously unrealized in aerobic oxidation
catalysis.

B MATERIALS AND METHODS

General. Reagents were purchased from commercial suppliers and
used as received apart from 2,6-diisopropylphenol, which was vacuum
distilled twice, and H,0,, which was titrated with a 0.2 N KMnO,
volumetric standard (Aldrich) to determine molarity. Dry solvents
were obtained from an activated alumina column solvent tower
(Innovative Technogies PureSolv) and underwent at least two freeze—
pump—thaw cycles to degas. Deuterated solvents (Cambridge Isotope
Laboratories) were dried over 3 A molecular sieves, and CD;CN was
stored under a N, atmosphere. For manometric kinetics, Optima grade
MeCN was used. Deionized water was either Millipore quality or

DOI: 10.1021/jacs.5b08719
J. Am. Chem. Soc. 2015, 137, 1363213646


http://dx.doi.org/10.1021/jacs.5b08719

Journal of the American Chemical Society

obtained directly from the DI water tap; there was no difference
detected in the kinetics based on water quality. Solvents for ESI-MS
were the highest purity available: Optima grade or as described above
from the solvent tower. Air-sensitive compounds were prepared using
a Schlenk technique under argon, or inside of a N, glovebox where
indicated. NMR spectra were recorded on Varian spectrometers at
room temperature and referenced to residual protio solvent signals (&
in ppm). L°>* H,'%0,°>° 1,°° 2,°° 5b,°° and 7°° were synthesized
according to literature procedures.

Synthesis of Compounds. [L°Pd(OAC)(OTf, (1-LP). 1-LP was
prepared analogously to literature procedure.”® (H,LP)(OTf), was
prepared by adding 1 drop of triflic acid to L (20.4 mg, 0.095 mmol)
in 0.5 mL of acetone. After S min a white powder was precipitated
with the addition of 1 mL of diethyl ether, filtered, and washed with
additional diethyl ether to yield (H,LP)(OTf), as a white powder
(40.6 mg, 83.3% yield). L® (10.1 mg, 0.047 mmol) was dissolved in 0.1
mL of MeCN, and (H,LP)(OTf), (24.4 mg, 0.047 mmol) was
dissolved in 0.1 mL of MeCN. 0.1 mL of MeCN was added to
Pd(OAc), (21.4 mg, 0.095 mmol); it did not fully dissolve. The LP
and (H,LP)(OTf), solutions were added to the Pd(OAc),, and their
vials were rinsed with 0.1 mL of MeCN $ times. The reaction mixture
turned red and homogeneous. After 1 h, 1 mL of diethyl ether was
added to precipitate a bright orange powder. It was filtered and washed
with additional diethyl ether to yield 1-LP as an orange powder (33.0
mg, 66% yield). '"H NMR (500 MHz, d6-DMSO) (monomeric form
only with acetic acid added) & 8.75 (2H, broad d), 8.12 (2H, s), 7.82
(2H, broad d), 3.36 (6H). *C{H}-NMR (126 MHz, CD;CN): §
16523, 146.61, 139.76, 12825, 127.70, 126.65, 22.84 (acetate peaks
obscured by acetic acid § 172.10, 21.11). DESI-MS (m/z) in MeCN
spray: monomeric [1-LP]* expected 379.05450, found 379.05313.

[LDPd(MeCN)z](BF4)2 (7-LP). 7-LP was prepared analogously to 750
In a glovebox, L® (20.0 mg, 0.093 mmol) was dissolved in 1 mL of
MeCN and added dropwise with stirring to a 20 mL vial containing a 1
mL MeCN solution of [Pd(MeCN),](BF,),. The syringe was rinsed
two times with 0.9 mL of MeCN each. The pink-yellow reaction
mixture was allowed to stir for 1 h before layering with 3.7 mL of
diethyl ether, after which a pink powder precipitated. This solution was
allowed to sit for 2 days, after which the pink powder had converted
into yellow crystalline needles. Another S mL of diethyl ether were
added, and the solution was allowed to sit for another 4 days. At this
point the solution consisted of a floating white suspension above the
yellow needles. The white suspension was removed manually with a
spatula, and yellow crystals were left in the solution for another 4 days.
To isolate the yellow crystals of 7-L®, the solution was decanted and
the crystals were rinsed 3 times with 3 mL of diethyl ether each and
dried under vacuum (37.4 mg, 69.5%). "H NMR (500 MHz, CD,CN)
5 8.69 (2H, d, ] = 8.4 Hz), 8.04 (2H, s), 7.78 (2H, d, 8.4 Hz), 1.96
(CH4CN, 6H, s). 3C{H}-NMR (126 MHz, CD;CN) § 167.2, 149.2,
142.2, 130.5, 128.5, 128.0.

Spectral data for 2b (not isolated, see preparation below). 'H NMR
(500 MHz, CD,CN) § 7.97 (2H, s), 7.77 (2H, s), 7.37 (10H, m), 3.10
(6H, s). BC{H}-NMR (150 MHz, CD;CN): 5 165.04, 151.80, 148.18,
136.53, 130.80, 130.55, 130.12, 12827, 127.76, 125.57, 24.64. F
NMR (376 MHz, CD;CN): § —153.36. ESI-MS (m/z) expected 2b**
716.09582, found 716.09497.

[(Bathocuproine)Pd(OAc)],(BF,), (1b). Based on an analogous
synthesis of 2(BF,),.>° [(Bathocuproine)H,](BE,), is prepared and
isolated as an intermediate compound. In a 20 mL vial, 2.5 mL of
acetone were added to bathocuproine (135.5 mg, 0.37 mmol). Not all
of bathocuproine dissolved. With vigorous stirring, [HEt,O]BF, (0.16
mL, approx 1.12 mmol, 3 equiv) was added dropwise. The solution
turned red and became homogeneous. By S min, there is significant
precipitation of a white solid. After 30 min, the product was
precipitated by the addition of 6 mL of diethyl ether, filtered, and
washed with further diethyl ether to yield [(bathocuproine)H,](BF,),
as a pale yellow powder (182 mg, 90% yield). 'H NMR 400 MHz
CD;CN: 8.09 (2H, s), 7.99 (2H, s), 7.66 (10H, m), 3.09 (6H, s). To a
50 mL round-bottom flask (RBF), bathocuproine (60.0 mg, 0.17
mmol) and [bathocuproineH,]* (BF,), (89.2 mg, 0.17 mmol) were
added and dissolved in 5.5 mL of MeCN and 16.8 uL of acetic acid.

To this solution Pd(OAc), (76.5 mg, 0.34 mmol) was added as a solid,
and the walls of the flask were washed with 1 mL of MeCN. The
solution was stirred for 6 h, after which the product is precipitated with
addition of 40 mL of diethyl ether. Filtration and washing with diethyl
ether yielded 1b as a brown-orange powder (89.5 mg, 44% yield). The
product was purified by dissolving it in a minimum volume of 9:1
MeCN/acetic acid and stirring for 20 min, followed by precipitation
with ether. Filtration and washing with ether yielded 2b (40.5 mg, 45%
yield). '"H NMR (400 MHz, d6-DMSO) (monomeric form only) &
7.94 (2H, s), 7.90 (2H, s), 7.66 (10H, m), 2.89 (6H, s), 1.96 (3H, s).
BC{H}-NMR (126 MHz, CD;CN): § 178.17, 164.97, 150.69, 147.43,
134.78, 130.06, 129.67, 129.21, 127.55, 126.15, 124.84, 23.97, 22.81.
F NMR (376 MHz, CD;CN): § 148.7. ESI-MS (m/z): monomeric
1b* expected 525.07997, found 525.08221.

[(Bathocuproine)Pd(MeCN),](BF,), (7b). Inside of a glovebox,
[Pd(MeCN),](BF,), (222.2 mg, 0.50 mmol) was added to a S0 mL
Schlenk flask and dissolved with 10 mL of dry MeCN. To a 20 mL vial,
bathocuproine (180.2 mg, 0.50 mmol) and 10 mL of dry MeCN were
added. The bathocuproine solution was transferred as a slurry to the
Schlenk flask, and residual bathocuproine was washed and transferred
with § mL of additional MeCN. The resultant red solution was stirred
for 3 days until it turned orange-yellow. 28 mL of diethyl ether were
added to precipitate the product. This suspension was cannula
transferred to a filter and washed two times with S mL of diethyl ether.
7b was dried under vacuum and isolated as a pale yellow powder
(285.0 mg, 79% yield). 'H NMR (400 MHz, CD,CN) § 7.97 (s, 2H),
7.81 (s, 2H), 7.67 (m, 10H), 3.04 (s, 6H), 1.96 (s, 6H). *C{H}-NMR
(126 MHz, CD,CN): & 166.64, 154.12, 149.66, 13540, 131.45,
130.55, 130.30, 128.76, 128.36, 126.43. ’F-NMR (376 MHz, CD,CN)
5 152.2. ESI-MS (m/z): 7b** expected 274.05963, found 274.05966.
[(Bathocuproine)Pd(MeCN)]** expected 253.54633, found
253.54620.

Preparation of Stock Solutions of 2 and 2b. Due to the
difficulty in isolating pure samples of 2 and 2b, stock solutions of 2(b)
with varying amounts of residual 7(b) were prepared on demand from
the comparatively stable 5(b) and 7(b). The following procedure was
used to prepare stock solutions of 2 or 2b, with modifications made to
the procedure for different volumes of stock solution or different
desired concentrations. Inside of a glovebox, 1 equiv of S(b) was
added to a vial with a septum cap and a small amount of MeCN was
added to make a slurry. 5b was slightly soluble in MeCN and yielded a
cloudy light brown solution while § was very insoluble and yielded a
very pale yellow supernatant above a brown slurry. Depending on the
desired final concentration, 0.5 or more equivalents of 7(b) were
dissolved with MeCN in a separate vial to form a yellow solution. The
required equivalents of 7(b) were drawn up into a syringe which was
then used to puncture the septum cap of the vial containing § or 5b
without injecting the solution. The vial and syringe setup was taken
out of the glovebox, and the 5 or 5b solution was sonicated for 30 s
before injecting in the 7 or 7b solution, while still sonicating. The
resulting solution was sonicated for an additional 3 min or until the
orange solution containing 2(b) with residual 7(b) became clear and
homogeneous. Small amounts of oxidized neocuproine biproducts
(e.g, 9(b), and 10(b)) were observed in these solutions, and their
impact on the chemistry was assumed to be negligible.

Kinetic Studies of Conversion of 1b to 2b. To prepare samples
for NMR kinetics experiments, the following general procedure was
used. A stock solution of 1.5 mM 2b and 1.5 mM 7b was prepared as
mentioned above. A 0.3 M benzene stock solution was added as an
internal standard such that benzene was 3.1 mM in the 7b and 7b
solution. 0.7 mL of the solution was added to an NMR tube, and an
NMR was taken at the “0” time point. 1.75 uL of glacial acetic acid was
added to the NMR tube, and the tube was inverted at least 10 times to
initiate the conversion of 2b to 1b. NMRs were taken every 5 min, 40
min, or several hours, depending on the time scale of the reaction.
When the H,0, H,0,, and pinacol addition experiments were
performed, the glacial acetic acid was not added; instead, a stock
solution of the additive and acetic acid was added.

Manometric Monitoring of H,0, Disproportionation. H,O,
disproportionation kinetics were monitored manometrically with a
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digital pressure transducer connected by USB to a nearby computer
(OMEGA Engineering, Stamford, CT). The assembled reactor
consisted of the transducer connected by Tygon tubing to a 10 mL
Schlenk flask sealed with a rubber septum. The total volume of the
reactor was determined by injecting known volumes of air and noting
the increase in pressure. The reactor headspace volume was
determined by subtracting the volume of the reaction solution. The
bulb of the Schlenk flask was entirely submerged in a 25 °C water bath.
Discrepancies between the temperature of the headspace and the
temperature of the reaction solution are accounted for in the
calibration of the total reactor volume. The system was validated by
monitoring the rate of H,0, disproportionation by Fe(ClO4)2(aq) in 1
M HCIO, ().

To monitor reactions, the following general procedure was used. A
solution of H,0, in 11.1% H,O in MeCN was stirred magnetically for
5—10 min in order to equilibrate the vapor content of the headspace
with the solution. Once the pressure reading was constant for at least 1
min, a solution of 2 in 0.1 M HOAc in MeCN was injected by syringe
directly into the H,O, solution. For most every reaction, the H,0,
solution contributed 90% of the total reaction volume, and the
solution of 2 contributed 10%. After injection, a calibrated amount of
headspace volume was removed such that the vapor pressures were
already at equilibrium with the reaction solution. The amount of
removed headspace volume was calibrated by injecting blank solutions
(0.1 M HOAc in MeCN) into equilibrated H,0, solutions and
removing different amounts of headspace until the resulting pressure
vs time curve was flat. This way, any pressure increase could be
attributed to the production of OZS%)' The solubility of O, in MeCN is
approximately 13 mM/torr O,,”*”” which corresponded to less than
5% of the produced O,(,). Therefore, dissolved oxygen was generally
neglected during data analysis. Control experiments were performed to
ensure that gas diffusion from solution into the headspace was not rate
limiting. Specifically, different total reaction volumes that gave very
different rates of P, increase yielded identical rate constants, and the

stir rate did not affect the measured rate constants.

Mass Spectrometry Details. Depending on resolution require-
ments, mass spectrometry experiments were conducted either on an
LTQ-Orbitrap XL instrument, capable of resolutions up to 100 000 at
m/z 400, or an Orbitrap Fusion mass spectrometer, capable of
resolutions up to 450 000 at m/z 400. Both were manufactured by
Thermo Fisher Scientific (San Jose, CA). For compound identification
and '®O-labeling experiments, the high resolution of the Orbitrap
Fusion instrument was required to resolve 6** from 8> and the
various intercalated isotopologues of each compound. In these
experiments, aqueous solutions of H,0, were added to 0.1 mM
solutions of 1 in MeCN. The resulting reaction solutions were drawn
into gastight syringes and infused directly into the HESI ion source of
the instrument. Data were preliminarily analyzed in the Thermo
Fisher’s Qual Browser tool and then exported as text files for further
processing in MatLab. Assignments made were within S ppm mass
accuracy for >96% of assigned peaks, which is the expected accuracy
and precision for the resolution of the instrument. At a resolution of
450000, there are generally multiple, partially overlapping isotopo-
logues at each nominally isobaric mass for the Pd-containing
compounds. This complexity was such that simple peak heights and
areas were not used to fit the data. Instead, direct sums of simulated
spectra were used to fit spectra for each compound and determine
isotopic distributions at this resolution (see Supporting Information
for details).

Online reaction monitoring and isotope labeling experiments using
deuterium mass labels were performed on a hybrid LTQ-Orbitrap XL
instrument (Thermo Fisher Scientific, San Jose, CA), capable of
resolutions up to 100000 at m/z 400. Online reaction monitoring
experiments were conducted using McIndoe’s pressurized infusion
method,®*"* which consists of running a reaction in a standard
septum sealed Schlenk flask overpressurized with 1—7 psi N,. The end
of a length of PEEK tubing was fed through the septum and placed
below the level of the solution such that the over pressure on the flask
forces solution through the tubing at flow rates between 2 and 20 yL/

min. The flow rate is controlled by adjusting the overpressure of the
flask. The other end of the tubing can be connected directly to the ESI
ion source, or if required, online dilutions of up to 20-fold can be
achieved by connecting this tubing to a mixing-T that leads to the ESI
ion source and supplying a flow of diluent with an external syringe
pump. The custom ESI ion source used in these experiments has been
described previously.*

A reaction between 1 and H,0, was monitored by stirring 5.4 mL
of a 1 M H,0, solution in 11.1% H,O in MeCN in a 10 mL Schlenk
flask pressurized to S psi with Ny,). A piece of 89 um ID PEEK tubing
was used to transfer this solution to a mixing-T, where it was diluted
by a 0.1 mL/min flow of 10% H,O in MeCN before traveling to a
custom ESI source placed in front of the inlet of the instrument.
Careful adjustment of overpressure and diluent flow rate is required
for a steady signal. 0.6 mL of 0.01 M 1 in 0.1 M HOAc in MeCN was
added by syringe to initiate the reaction. It took approximately 1 min
for Pd containing peaks to appear in the mass spectrum, corresponding
to the amount of time the solution travels in the PEEK tubing before
reaching the ion source. The production of O, was monitored in a
simultaneous, parallel experiment.

Isotope Scrambling Experiment. The isotope scrambling
experiments with 2 were conducted similarly to the monitoring
experiments of the reactions between 1 and H,0, (vide supra). For the
isotope scrambling experiment monitoring PG oxidation, 2 mL of a
solution of 0.5 mM 2-(LY),, 1.0 mM 7, and 3.33 mM 7-LP were
stired in a septum-sealed 10 mL Schlenk flask pressurized to
approximately 4 psi with compressed air. A piece of 89 um ID PEEK
tubing was used to transfer this solution to a mixing-T, where it was
diluted by a 0.1 mL/min flow of MeCN before traveling to a custom
ESI source placed in front of the inlet of the instrument. 44 mL (46
mg, 0.60 mmol) of neat PG were added by microsyringe, and the
exchange of 2-(L"); for a statistical mixture of isotopically labeled
compounds was monitored for 30 min. Approximately 50 uL aliquots
of this reaction were taken every 2—3 min and passed immediately
through silica plugs with an additional 3—4 mL of MeCN to quench
the reaction for GC analysis. Production of HA was determined using
the calibrated relative sensitivities of HA and PG assuming that the
[PG] + [HA] was constant. The isotope scrambling experiment with
H,0, was performed by stirring 0.9 mL of a 1.11 M solution of H,0,
in 11.1% H,O in MeCN in a septum-sealed 10 mL Schlenk flask
pressurized to 6 psi and interfaced with the MS instrument as
mentioned above. 0.1 mL of a solution of 1.1 mM 2-(L%),, 1.3 mM 7,
and 5 mM 7-L° was added by syringe such that the final
concentrations were as follows: [H,0,] = 1.0 M, [2-(L¥),] = 0.11
mM, [7] = 0.13 mM, [7-LP] = 0.5 mM. ESI-MS data were gathered
for 15 min; however, exchange was complete within 8 min. An
independent reaction was monitored manometrically (as mentioned
above) using 5.4 mL of the H,0O, stock solution and 0.6 mL of the Pd
stock solution.
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