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ABSTRACT: The regio- and chemoselective oxidation of
unprotected vicinal polyols with [(neocuproine)Pd-
(OAc)]2(OTf)2 (1) (neocuproine = 2,9-dimethyl-1,10-phe-
nanthroline) occurs readily under mild reaction conditions to
generate α-hydroxy ketones. The oxidation of vicinal diols is
both faster and more selective than the oxidation of primary
and secondary alcohols; vicinal 1,2-diols are oxidized
selectively to hydroxy ketones, whereas primary alcohols are
oxidized in preference to secondary alcohols. Oxidative
lactonization of 1,5-diols yields cyclic lactones. Catalyst
loadings as low as 0.12 mol % in oxidation reactions on a 10
g scale can be used. The exquisite selectivity of this catalyst system is evident in the chemoselective and stereospecific oxidation
of the polyol (S,S)-1,2,3,4-tetrahydroxybutane [(S,S)-threitol] to (S)-erythrulose. Mechanistic, kinetic, and theoretical studies
revealed that the rate laws for the oxidation of primary and secondary alcohols differ from those of diols. Density functional
theory calculations support the conclusion that β-hydride elimination to give hydroxy ketones is product-determining for the
oxidation of vicinal diols, whereas for primary and secondary alcohols, pre-equilibria favoring primary alkoxides are product-
determining. In situ desorption electrospray ionization mass spectrometry (DESI-MS) revealed several key intermediates in the
proposed catalytic cycle.

■ INTRODUCTION

Selective catalytic oxidation reactions are among the most
useful and challenging synthetic transformations.1−8 The
chemoselective oxidation of polyols9−14 provides a powerful
strategy for the synthesis of α-hydroxy ketones, a recurring
motif in natural products and a versatile class of synthetic
intermediates.15−21 The oxidation of vicinal diols is particularly
challenging because of competitive C−C cleavage reactions,
overoxidation, or poor chemoselectivity.4,22 Recent advances
include methods with stoichiometric dioxiranes,23 tin oxides,10

catalytic RuCl3 in carefully buffered oxone,19,24,25 and electro-
catalysis.26

Palladium complexes are versatile alcohol oxidation cata-
lysts,2,3,27−30 particularly for aerobic oxidations under mild
conditions.3,11,31−38 While homogeneous Pd catalysts typically
exhibit modest selectivities for the oxidation of secondary over
primary alcohols,28,33,36,39 recent studies have revealed that high
chemoselectivities can be achieved in the oxidation of
diols11,12,40 and triols.9 We recently described the selective
catalytic oxidation of glycerol to dihydroxyacetone by the
cationic palladium complex [(neocuproine)Pd(OAc)]2[OTf]2
(1) (neocuproine = 2,9-dimethyl-1,10-phenanthroline).9 The
cationic palladium complex 1 is active at ambient temperature
for the selective oxidation of vicinal 1,2-diols to hydroxy
ketones, whereas the oxidation of primary and secondary
aliphatic alcohols is less selective, favoring oxidation of the

primary alcohol.9,41−43 Dioxygen, air, and benzoquinone (BQ)
can be used as terminal oxidants;9,41−43 aerobic oxidations are
most convenient, but aerobic oxidations with 1 require Pd
loadings of approximately 10 mol % because of competitive
oxidative degradation of the neocuproine ligand.9,41,43

Herein we describe the chemoselective oxidation of a variety
of unprotected polyols to hydroxy ketones and the oxidative
lactonization of 1,5-diols to cyclic lactones. When BQ is used as
the terminal oxidant, the catalyst loading can be as low as 0.12
mol % on a 10 g scale. Kinetic and mechanistic investigations
coupled with density functional theory (DFT) calculations
provided insights into the origin of both the high selectivities
and higher rates of oxidation of vicinal diols relative to primary
and secondary alcohols. In operando desorption electrospray
ionization mass spectrometry (DESI-MS) of reaction mixtures
with Pd catalyst 1 and 1,2-propanediol revealed ions that
correspond to several key intermediates in the proposed
catalytic cycle.

■ SYNTHETIC SCOPE
A variety of diols and polyols were oxidized with 1 to afford the
corresponding hydroxy ketones using BQ, O2, or air as the
oxidant in 9:1 (v/v) CD3CN/D2O (Table 1). High selectivities
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for the formation of hydroxy ketones in the oxidations of diols
2−14 were observed,44 although more highly activated alcohols
such as 2-hydroxy-1-indanol underwent competitive over-
oxidation to give the 1,2-diketone. This selectivity implies
that hydroxy ketones are oxidized much more slowly than the

diols. Oxidations catalyzed by 1 are tolerant of N-tert-

butoxycarbonyl (N-Boc)-protected amines: N-Boc-protected

aminodiol 3 reacted cleanly to form α-hydroxy ketone 3b in

88% yield (entry 2; also see entry 13).

Table 1. Chemoselective Oxidation of Polyols with [(neocuproine)Pd(OAc)]2(OTf)2 (1)

All of the reactions were conducted in a 9:1 (v/v) CH3CN/H2O solvent mixture. aDetermined by 1H NMR integration vs p-xylene as an internal
standard. bIsolated yields. cSelectivities determined by 1H NMR integration of major product/conversion. d3 equiv of BQ relative to ROH. eSee the
Supporting Information for the amount of BQ. fExclusively dimer. gCombined yield of the two regioisomers, which were formed in a 1:1 ratio.
hDetermined by chiral HPLC on the trisacetylated product (see the Supporting Information for details).
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NMR investigations revealed that the catalytic oxidation of
1,2,4-butanetriol (5) was more selective (99% vs 66%) than the
oxidation of 1,3,5-pentanetriol (8) to yield hydroxy ketones 5b
and 8b, respectively. The oxidation of the triols glycerol (4)
and 545 with BQ could be carried out with Pd loadings as low
as 0.12 mol %, providing dihydroxyacetone and 1,4-
dihyroxybutanone in isolated yields of 64% and 62%,
respectively; in the case of glycerol, this was carried out on a
10 g scale. Similar high chemoselectivities have been reported
in stoichiometric or electrocatalytic oxidations of diols with Pt/
C/Bi2O3,

26 Bu2SnO,10 or Me2SnCl2;
10 the utility of these

methods was highlighted in the synthesis of spectinomycin17

and in carbohydrate synthesis.46,47 As the latter methods
require the synthesis of stannylene acetals, the atom economy
and operational simplicity of the Pd-catalyzed aerobic
oxidations constitute a particular advantage over these powerful
methods.
The chemoselective and stereospecific oxidations of the

tetraols erythritol (6) and threitol (7) are noteworthy; these
tetraols were oxidized selectively to the hydroxy ketone
erythrulose in isolated yields of 65−87%. The oxidations of
optically active (S,S)- and (R,R)-threitol were stereospecific,
affording (S)- and (R)-erythrulose with greater than 97%
retention of configuration. These latter results imply that under
these conditions, racemization due to enolization is minimal.9

While the enzymatic or microbial oxidation of erythritol is
known,48 the chemoselective catalytic oxidation of erythritol by
1 represents an attractive strategy for the selective oxidation of
unprotected polyols. Furthermore, the generation of highly
enantiomerically pure erythruloses from the threitol enan-
tiomers (S,S)-7 and (R,R)-7 highlights the advantages of the
slightly acidic conditions used with complex 1 (CH3CN/H2O)
for the generation of base-sensitive optically active hydroxy
ketones.
The catalytic oxidative lactonization of α,ω-diols is a useful

strategy for generating lactones.38,49−54 The oxidative lactoniza-
tion of diethylene glycol (10) with a heterogeneous Cu/Zn
catalyst at 350 °C in a flow reactor generated the cyclic lactone
p-dioxanone (10b), as previously reported in the patent
literature.53,55 More recently, Milstein developed a milder

oxidative lactonization (115 °C, 48 h) of 1,5-pentanediols with
Ru pincer complexes.52 The aerobic oxidation38 of 10 on a 2 g
scale afforded a 65% isolated yield of 10b. Oxidative
lactonization by 1 likely occurs by initial oxidation to give the
hydroxy aldehyde followed by cyclization and subsequent
oxidation of the lactol49 in a manner similar to that proposed
for the oxidation of methanol with 1 to give methyl formate.42

Oxidative lactonization of N-Boc-protected aminodiol 9
afforded a 76% yield of the corresponding lactone 9b.
Internal vicinal diols 11−14 were also oxidized selectively to

the corresponding hydroxy ketones 11b−14b. The aerobic
oxidations of trans-1,2-cyclohexanediol (11-trans) and 6
afforded similar yields when O2 or air was used as the oxidant.
Reactions catalyzed by Pd catalyst 1 exhibited a preference for
oxidation of the axial hydroxyl group in the diastereomerically
defined cyclohexane diols 12 and 13.10 In contrast, the diaxial
diol 14 afforded a 1:1 mixture of the isomeric hydroxy ketones
14b. These results indicate that for substrates containing both
axial and equatorial hydroxyls, the axial hydroxyls are oxidized
preferentially; nevertheless, diequatorial diols are competent
substrates, as 11-trans56 was readily oxidized to yield 2-
hydroxycyclohexanone.
Mechanistic investigations were carried out to illuminate the

origin of the higher rates and selectivities observed for
oxidation of diols and polyols relative to primary or secondary
alcohols. We had previously shown that 1 is capable of
oxidizing 1-heptanol to heptanal and 2-heptanol to 2-
heptanone.43 To assess the origin of the selectivity of oxidations
of primary and secondary alcohols catalyzed by 1, the
oxidations of 1-propanol and 2-propanol were investigated in
dry acetonitrile. Kinetic experiments revealed that 1-propanol is
oxidized to propanal more rapidly than 2-propanol is oxidized
to acetone by a factor of 1.8:1, whereas competitive oxidation of
a 1:1 mixture of the isomeric propanols exhibited a slightly
higher preference for oxidation of the primary alcohol, yielding
a mixture of the aldehyde and the ketone in a ratio of 3.2:1
(Figure 1).57

Despite the preference for primary alcohols in intermolecular
competition experiments, oxidation of the vicinal 1,2-diols in
Table 1 exhibited an enhanced selectivity for the oxidation of

Figure 1. First-order plots for oxidations of mono-ols measured (a) independently ([Pd] = 0.0143 M, [ROH]0 = 0.143 M) and (b) in a competition
experiment (1-propanol/2-propanol =1:1, [ROH]T = 0.143 M, [Pd] = 0.0143 M) using 10 mol % Pd catalyst 1 with 2 equiv of BQ relative to mono-
ol in 9:1 (v/v) CD3CN/D2O.
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the secondary alcohol to generate the α-hydroxy ketone.9 This
reversal in chemoselectivity for vicinal 1,2-diols relative to that
for primary and secondary alcohols suggests that the product-
determining step for oxidation of vicinal diols is different than
that for primary and secondary mono-ols.
The higher chemoselectivity exhibited by 1 for the oxidation

of diols relative to mono-ols is also manifested in their kinetic
behavior. We previously showed that the oxidation of 1,2-
propanediol (2) to hydroxyacetone (2b) in dimethyl sulfoxide
(DMSO) is very fast and conforms to the rate law9

− =
t

k
2

2
d[ ]

d
[Pd][ ][BQ]

DMSO
1

(1)

where k1 = 1.9(3) M−2 s−1. While the solvent has little influence
on the chemoselectivity, it has a dramatic influence on the rate:
the oxidation of 2 to 2b with BQ in dry CD3CN is slower than
in DMSO and is zeroth order in diol and BQ (Figure S3 in the
Supporting Information):
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where k2 = 4.6 × 10−2 s−1. The insensitivity of the rate to the
alcohol concentration in dry CD3CN is also manifested in the
lack of a kinetic isotope effect: comparison of the rate constants
for oxidation of 1,2-propanediol and 1,2-propanediol-2-d in
CD3CN yielded k2

H/k2
D = 1.03.

In contrast, the oxidations of 1-propanol and 2-propanol in
dry CD3CN are both slower than that of 1,2-propanediol and
are first order in alcohol under similar conditions (Figure S5 in
the Supporting Information):
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where k3 = 10.7 × 10−3 M−1 s−1 and k4 = 5.7 × 10−3 M−1 s−1. In
contrast to the case for 1,2-propanediol, a kinetic isotope effect
of kH/kD = 1.5 was determined for 2-propanol from the ratio of
the pseudo-first-order rate constants for 2-propanol and 2-
propanol-2-d.28,29,58,59 Moreover, when the rates of oxidation
were measured in a competition experiment using a 1:1 mixture
of 1-propanol and 2-propanol, the rate constant for 1-propanol
oxidation (k3′ = 9.4 × 10−3 M−1 s−1) was similar to that
observed in the absence of 2-propanol, but the rate constant for
2-propanol oxidation (k4′ = 2.9 × 10−3 M−1 s−1) was lower than
that observed in the absence of 1-propanol (Figure 1). Thus, in
the presence of 1-propanol, the rate of 2-propanol oxidation in
CD3CN decreases by a factor of 1.9, whereas the rate of 1-
propanol oxidation is only moderately influenced by the
presence of 2-propanol. These observations indicate that 1-
propanol acts as a competitive inhibitor of 2-propanol, which
can explain the higher selectivity for the competition experi-
ment (kprim/ksec = 3.2) relative to that measured from the
relative rates in separate experiments (kprim/ksec = 1.9).
Water has a differential effect on the rates of diol versus

mono-ol oxidation. Added water increases the rate of 1,2-
propanediol oxidation but inhibits 2-propanol oxidation in
CD3CN. Addition of D2O to CD3CN (1:9 mixture) increases
the rate and changes the rate law in such a way that 1,2-
propanediol oxidation becomes first order in diol (Figure S4 in
the Supporting Information). The influence of D2O on the rate

Figure 2. Proposed mechanism and observed intermediates for oxidation of (upper path) primary or secondary alcohols and (lower path) vicinal
diols. Species observed by DESI-MS are labeled with their theoretical m/z values. The transformation of H to 1b or 1c can occur using
benzoquinone or O2; proposed intermediates for the case of oxidation with O2 are shown along the dotted line.
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of 1,2-propanediol oxidation in dry CD3CN is mirrored in the
effect with added DMSO (Figure S7 in the Supporting
Information); the rate of 1,2-propanediol oxidation also
increases with increasing [DMSO] up to [DMSO] ≈ 0.4 M,
above which the reaction becomes first order in 1,2-propane-
diol.
Shown in Figure 2 is a proposed mechanism for the catalytic

oxidation of alcohols and vicinal diols. Previous studies9,41 had
indicated that the acetate-bridged dimer 1 dissociates in MeCN,
water, or DMSO to give the monomeric species 1b41 and/or
1c.28 Upon addition of alcohol, ligand exchange would generate
hydroxyalkoxide chelate D derived from a vicinal diol or
alkoxide A derived from a primary or secondary alcohol.
Subsequent β-H elimination from cationic diolate D would
form palladium hydride G. Release of the hydroxy ketone from
G via solvent substitution would form H, which would be
oxidized by BQ or O2 to reform 1b or 1c. In the case of mono-
ol oxidation, alkoxide intermediate A would undergo β-H
elimination to form the ketone- or aldehyde-coordinated
complex C, and subsequently the Pd hydride H.
The kinetic studies of the isomeric propanols imply that in

acetonitrile, equilibration between 1b and Pd alkoxide A is both
rate- and product-determining for the oxidation of primary and
secondary alcohols. This is supported by the inhibition of 2-
propanol oxidation in the presence of 1-propanol, D2O (10%
relative to CD3CN), HOAc (0.5 equiv relative to 1), or
propanal (Figure S6 in the Supporting Information). The
inhibition of 2-propanol oxidation by 1-propanol suggests that
the equilibria to form Pd alkoxides A are biased to form the
primary alkoxide. This hypothesis can also explain the
chemoselectivity favoring oxidation of the primary alcohol: in
this case, the chemoselectivity for oxidation of primary and
secondary alcohols can be ascribed to product-determining pre-

equilibria favoring the primary alkoxide followed by β-H
elimination.
In contrast, the oxidation of 1,2-propanediol is zeroth order

in diol in dry CD3CN, indicating that hydroxyalkoxide chelate
D is a resting state in dry CD3CN. The higher rates of 1,2-
propanediol oxidation relative to the isomeric propanols is
likely a consequence of a more favorable ligand-exchange
equilibrium to generate chelating protonated diolate D from
1a/1b. The origin of the accelerating influence of added water
or DMSO on the rate of diol oxidation is not clear; one
possibility is that reversible coordination of DMSO or water to
chelate D facilitates the isomerization of D to the agostic
alkoxide F, which could then undergo β-H elimination.
For 1,2-propanediols, we propose that β-H elimination is

product-determining. If β-H elimination were faster for
secondary alcohols relative to primary alcohols, then the high
chemoselectivity for the formation of α-hydroxy ketones from
1,2-diols could be attributed to a product-determining intra-
molecular selectivity for β-H elimination from the secondary
alkoxide. As there are few mechanistic or theoretical studies
that address the relative barriers for β-H elimination from
primary and secondary Pd alkoxides, DFT studies were carried
out to assess the relative barriers for β-H elimination from diols
and primary or secondary alcohols.

■ THEORETICAL STUDIES

DFT calculations were carried out using the Gaussian 09
software package60 at the M06L61/SDD(f)/6-311G(d,p) level
of theory [the M06L functional, the triple-ζ polarized 6-
311G(d,p) basis set62 for light atoms, and the SDD63 effective
core potential for Pd with augmented f orbitals64] with default
convergence criteria in the gas phase. The gas-phase harmonic
vibrational frequencies were used for the thermal and entropic

Figure 3. DFT-computed reaction coordinate using Gaussian 09 at the M06L/6-311G(d,p)/SDD(f) level. Values of free energy (enthalpy) in kcal/
mol at 298.15 K are shown. All of the calculations were done in the gas phase. Structures Fsub, Fsub′ , G, and G′ were found to be connected by IRC
analysis and are joined by solid lines. Dashed lines connect structures that were not connected by IRC analysis but exist on the potential energy
surface. All of the structures were confirmed by vibrational analysis. An electronic energy plot (Figure S12) and a solvent-phase plot (CPCM model,
MeCN solvent; Figure S14) are shown in the Supporting Information.
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corrections to the enthalpies and free energies using default
parameters at 298.15 K.
The DFT-computed reaction coordinate involving 1,2-

propanediol oxidation is shown in Figure 3 using the free
energies and enthalpies at 298 K in the gas phase (see
Computational Details in the Supporting Information for
details).65 For these studies, hydroxyalkoxide complex D was
chosen as the reference point; its tautomer D′ is slightly lower
in energy (Figure 3). The O−Pd−O bite angles in D and D′
are similar at 79.6 and 81.7° respectively, signifying only slight
changes in the palladium’s coordination geometry; both
structures exhibit a slightly distorted square-planar geometry.
β-Hydride elimination is initiated by isomerization of D and

D′ to the agostic66 alkoxides Fsub and Fsub′ , respectively, which
are characterized by three-center−two-electron interactions
with the β-hydrogen. These local minima were located on the
intrinsic reaction coordinate (IRC) from the transition states
and exhibit Pd−H bond distances of 1.80 and 1.84 Å and Pd−
H−C bond angles of 100 and 98° for Fsub and Fsub′ ,
respectively; both have elongated C−H distances of ∼1.21 Å.
These structures are 3.38 and 5.21 kcal/mol higher in free
energy relative to the hydroxyalkoxides D and D′, respectively.
Two transition states for β-hydride elimination (F and F′)

were located, and IRC analysis was performed on either side of
the transition states. The Pd−H (1.59 and 1.57 Å), Pd−O
(2.07 and 2.10 Å), and Pd−C (2.38 and 2.34 Å) bond distances
for transition states F and F′, respectively, were similar to one
another and to those calculated previously for related Pd
systems.58,59,67−69 The DFT-computed barrier for β-H
elimination for the secondary alkoxide (ΔG⧧ = +4.55 kcal/
mol) is lower than that of the primary alkoxide (ΔG⧧ = +9.46
kcal/mol) by 4.91 kcal/mol. These calculation suggest that β-H
elimination from protonated diolate D should favor the
hydroxy ketone, as observed experimentally.
The IRC analysis revealed that the free energy of η1-hydroxy

ketone adduct G (Pd−O = 2.14 Å, Pd−H = 1.54 Å) is lower
than that of the hydroxy aldehyde adduct G″ (Pd−O = 2.15 Å,
Pd−H = 1.54 Å) by 7.8 kcal/mol. The IRC calculations
revealed another local minimum, G′,70 very near the transition
state F′ for lactaldehyde formation. To first order, this suggests
that the greater thermodynamic stability of ketones (relative to
aldehydes) is partially manifested in the transition states,
favoring the ketone product. The calculated geometries of the
transition states F and F′ imply that there may be a steric
component as well: the calculated Pd−O−C−H dihedral angle
for transition state F′ (yielding the aldehyde) is 14.8°, whereas
that for transition state F (yielding the ketone) is −6.2°. These
data suggest that the steric demands of the methyl substituents
at the 2 and 9 positions of the neocuproine ligand may also
differentially bias the transition states in favor of the ketone
product. Theofanis and Goddard71 and others72−74 have
proposed that β-hydride elimination is most facile when the
moiety formed by the Pd, α, β, and H atoms (i.e., the Pd−O−
C−H moiety in this case) is planar.
Similar structural parameters were observed for the η1-ketone

adduct G. Notably, the relatively short C−O distances observed
in both the transition states for β-H elimination (1.28 and 1.26
Å for F and F′, respectively) and the cationic Pd−H carbonyl
adducts G, G′, and G″ (1.23, 1.24, and 1.22 Å, respectively)
imply that for these Pd systems, β-H elimination generates η1-
bound aldehyde or ketone adducts with minimal back-bonding
from Pd into the incipient carbonyl adducts.58,67

We also computed the relative barriers for β-H elimination
from the cationic [(neocuproine)PdOR]+ alkoxides derived
from 1-propanol and 2-propanol (see Figure S15 in Supporting
Information for details). These calculations revealed lower
barriers for β-H elimination from the secondary Pd
isopropoxide relative to the primary Pd alkoxide derived from
1-propanol (ΔΔG⧧ = 6.94 kcal from the agostic alkoxide
intermediates). In addition, the η1-acetone adduct of the
cationic Pd−H was 11.25 kcal/mol lower in free energy than
the corresponding η1-propanal adduct.
The DFT calculations imply that for the cationic Pd−

neocuproine system derived from 1, β-H elimination is more
favorable from secondary alkoxides than from primary
alkoxides. These results would suggest that under conditions
where β-H elimination is product-determining, the ketone
should be favored relative to the aldehyde. This behavior is in
contrast to that predicted by DFT calculations on β-H
elimination at electron-rich Ir(I)75 and Ru(II)76 centers. For
Ru(II) phosphine complexes, DFT calculations indicated that
the product carbonyls are strongly η2-bound and that there is
little difference in the calculated barriers for β-H elimination for
primary (methoxide) versus secondary (isopropoxide) alk-
oxides.76 In kinetic studies of d8 Ir(I) complexes, Hartwig and
co-workers72observed little difference in rate for β-H
elimination from primary or secondary Ir(I) alkoxides. These
data suggest that the nature of both the metal and ligand
environments can have a significant influence on the relative
rates of β-H elimination of metal alkoxides.

■ DIRECT OBSERVATION OF INTERMEDIATES BY
DESI-MS

To provide further evidence for the intermediates proposed in
Figure 2, DESI-MS77,78 studies were undertaken to identify
species present during the reaction. Electrospray ionization
mass spectrometry (ESI-MS) has proven useful for identifying
reactive intermediates in other Pd-catalyzed reactions;79 here
we show that DESI-MS is particularly useful for aerobic
oxidation reactions. In this application of DESI-MS, charged
primary microdroplets from an electrospray source containing
CH3CN solvent or 1,2-propanediol in CH3CN were
bombarded on a surface containing Pd complex 1. The
secondary microdroplets emanated from the surface were
directed toward the inlet of a mass spectrometer for detection
of the ionic species formed on the surface or inside the
secondary microdroplets (Figure S8 in the Supporting
Information).80,81 This technique was recently used to perform
millisecond82−84 and submillisecond85 time scale investigations
of organometallic reactions as well as to intercept intermediates
with fleeting lifetimes86 and provides a complementary
approach to conventional ESI-MS techniques82 for the study
of reaction intermediates.

The DESI-MS spectrum of pure 1 was taken using
procedures described previously,82,83 wherein 10 μL of a 0.01
M solution of 1 in CH3CN was deposited on paper affixed to a
glass slide and pure CH3CN was sprayed onto the surface using
a custom DESI source held at 5 kV (Figure S9 in the
Supporting Information). High-resolution MS data were
gathered on an Orbitrap mass spectrometer;87,88 collision-
induced dissociation (CID) studies, a version of tandem mass
spectrometry (MS/MS), were performed on a low-resolution
quadrupole ion trap instrument. Peaks corresponding to Pd
species were easily identified by the characteristic isotope
pattern of Pd, and molecular formulas were assigned by
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comparing both the isotope patterns and exact masses, all of
which agreed within 5 ppm, with most of the peaks agreeing
within 2 ppm (see Table S1 in the Supporting Information for
assignments of Pd-containing species; the observed m/z values
reported here are for the 106Pd species). In the absence of

added 1,2-propanediol, the base peak corresponded to the
cationic acetate complex [(L)Pd(OAc)]+ (L = neocuproine)
([1b − S]+, m/z 373.0163; Figure 4). Masses of other minor
species corresponded to dimeric {[(L)Pd(OAc)]2(OTf)}+

([(1b − S)2(OTf)]
+, m/z 896.9864), {[(L)Pd(OH)]2(OTf)}

+

Figure 4. Representative ions observed by DESI-MS of [(L)Pd(OAc)]2(OTf)2 (1).

Figure 5. Ions observed by DESI-MS when a solution of 2 in CH3CN was sprayed on a sample of 1.

Figure 6. High-resolution DESI-MS spectrum of 1 (10 μL of 10 mM 1 deposited on paper) sprayed with a 0.1 M solution of 2 in CH3CN: (a) Pd-
containing species from m/z 295 to 415; (b) expansion of m/z 388−394 showing the resolved peaks for chelate D and/or ketone adduct G. L =
neocuproine.
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([(1c - S)2(OTf)]+, m/z 812.9648), {[(L)Pd(OH)(O)Pd(L)}+

([J]+, m/z 663.0046), and minor amounts of chloride-
containing species that presumably arise from trace Cl− in
the solvent or from the fused silica capillary tubing used to
transfer the spray solution (Figure 4).
Also observed in low abundance were ions at m/z 345.9930

and 314.0031, assigned as the dioxygen adduct [(L)PdIII(O2)]
+

([I − e−]+; Figures 2 and 4) and the Pd(I) species [(L)PdI]+,
respectively. Low-resolution CID studies of [I − e−]+ yielded
[(L)PdI]+ (m/z 314.1), corresponding to loss of O2 (Figure
S10 in the Supporting Information). These latter two ions were
observed in the absence of a reducing agent (i.e., alcohol); their
origin under these conditions is not clear at present.89

When a 0.1 M solution of 1,2-propanediol (2) in CH3CN
was sprayed onto a surface containing Pd complex 1, ions
corresponding to the cationic Pd hydrides [(L)Pd(H)(S)]+

([H]+; S = CH3CN, m/z 356.0376; S = none, m/z 315.0108;
Figures 2, 5, and 6) were observed. Also observed, albeit in low
abundance, were ions corresponding to [(L)Pd(2)]+ ([D]+)
and/or the isomeric [(L)Pd(H)(hydroxyacetone)]+ ([G]+)
(m/z 389.0477; Figures 2 and 5) and the dioxygen adduct ([I
− e−]+, m/z 345.9928; Figures 2 and 4) (Figure 6 and Table S2
in the Supporting Information). Significantly, neither of the Pd
hydrides were observed in the absence of 2, which provides
indirect support for β-H elimination as a key step in the
oxidation of 1,2-propanediol.
The DESI-MS results provide further support for the

mechanism proposed in Figure 2, as several of the key
intermediates proposed could be identified (See Figures 2, 4,
and 5).7,41 These studies illustrate the utility of DESI-MS as a
method for identifying reactive intermediates that might be
difficult to detect with other methods.

■ CONCLUSION
We have reported the highly chemoselective oxidation of
polyols to α-hydroxy ketones using the cationic Pd neocuproine
catalyst 1. The mild conditions, high chemoselectivities, and
high selectivity for mono-oxidation to the hydroxy ketones are
attractive features of a strategy for the conversion of
unprotected polyols to useful chemical intermediates. We
have shown that the chemoselective alcohol oxidation catalyzed
by 1 can be extended to include various unprotected polyols,
including the tetraols erythritol and threitol. Preparative-scale
oxidations with air/O2 or benzoquinone as the terminal oxidant
showed that polyols containing both primary and secondary
alcohol moieties are oxidized exclusively at the secondary
alcohol to form the corresponding hydroxy ketones. We also
extended the substrate scope to include the lactonization of N-
Boc-protected and ether-functionalized 1,5-diols, illustrating the
versatility and tolerance of complex 1 for mediating chemo-
selective alcohol oxidation reactions.
Vicinal 1,2-diols are oxidized selectively at the secondary

alcohol, despite the preference of this catalyst to oxidize
primary alcohols in presence of secondary alcohols. The results
of experimental and theoretical studies imply that the difference
in chemoselectivity observed in the oxidation of 1,2-diols versus
primary and secondary alcohols is due to differences in the rate-
determining and product-determining steps. For vicinal diols,
the facile formation of chelating protonated diolates (D) leads
to both higher rates and high chemoselectivity for oxidation of
the secondary alcohol to give the hydroxy ketone. Kinetic and
theoretical studies suggest that product-determining β-H
elimination from the secondary Pd alkoxide favors the hydroxy

ketone. In contrast, for mixtures of primary and secondary
alkoxides, the selectivity observed for oxidation of primary
alcohols to form aldehydes is most reasonably attributed to a
product-determining equilibration between the cationic Pd
acetates (1b/1c) and the Pd-alkoxides A, favoring the
formation of the primary Pd alkoxide.
The present study highlights some key fundamental

differences between mono-ol and polyol oxidation for alcohol
oxidations involving β-H elimination from metal alkoxides as a
key step. Application of these insights may facilitate the
development of future selective oxidation reactions.
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