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ABSTRACT: The palladium complex [(L1)Pd(μ-OAc)]2[OTf]2
(L1 = neocuproine) is a selective catalyst for the aerobic oxidation
of vicinal polyols to α-hydroxyketones, but competitive oxidation
of the ligand methyl groups limits the turnover number and
necessitates high Pd loadings. Replacement of the neocuproine
ligand with 2,2′-biquinoline ligands was investigated as a strategy to
improve catalyst performance and explore the relationship between
ligand structure and reactivity. Evaluation of [(L2)Pd(μ-
OAc)]2[OTf]2 (L2 = 2,2′-biquinoline) as a catalyst for aerobic
alcohol oxidation revealed a threefold enhancement in turnover
number relative to the neocuproine congener, but a much slower rate. Mechanistic studies indicated that the slow rates observed
with L2 were a consequence of precipitation of an insoluble trinuclear palladium species�(L2Pd)3(μ-O)22+�formed during catalysis
and characterized by high-resolution electrospray ionization mass spectrometry. Density functional theory was used to predict that a
sterically modified biquinoline ligand, L3 = 7,7′-di-tert-butyl-2,2′-biquinoline, would disfavor the formation of the trinuclear
(LPd)3(μ-O)22+ species. This design strategy was validated as catalytic aerobic oxidation with [(L3)Pd(μ-OAc)]2[OTf]2 is both
robust and rapid, marrying the kinetics of the parent L1-supported system with the high aerobic turnover numbers of the L2-
supported system. Changes in ligand structure were also found to modulate regioselectivity in the oxidation of complex glycoside
substrates, providing new insights into structure-selectivity relationships with this class of catalysts.

■ INTRODUCTION
Chemoselective catalytic oxidation of alcohols1−11 is a
powerful strategy for the sustainable production of fine and
commodity chemicals with minimal time, waste, and cost.12−14

Air is a convenient and attractive terminal oxidant, but partially
reduced oxygen can generate highly active species that
participate in competitive, nonselective reactions.15,16 We
previously reported that the dimeric cationic palladium
complex [(L1)Pd(μ-OAc)]2[OTf]2 (L1 = neocuproine = 2,9-
dimethyl-1,10-phenanthroline) is an effective catalyst precursor
for the oxidation of vicinal polyols under mild conditions to
afford α-hydroxyketones with high regio- and chemoselectiv-
ities.17−24 This catalyst is also selective for the direct oxidation
of carbohydrates to 3-ketoses,23,25−29 a complex trans-
formation that typically demands multiple steps of protec-
tion/deprotection.30,31 However, under aerobic conditions, H
atom abstraction and subsequent oxidation of the benzylic
methyl C−H bonds on the neocuproine ligand generate
inactive palladium carboxylate species (Figure 1A, species
1**).17,21,24 This competitive ligand oxidation limits catalyst
lifetime and necessitates high palladium loadings to achieve
high conversions.
Previous work demonstrated modest improvements in

catalyst lifetime by introducing electron-withdrawing sub-

stituents onto the neocuproine scaffold24 or by deuterating the
2,9-methyl groups to reduce the rate of ligand oxidation
(Figure 1B, L1C and L1D).

19,24,32 More significant improve-
ments were achieved by the addition of sacrificial H atom
donors such as phenols to reaction mixtures,23,24 but these
strategies can complicate product isolation.

While the methyl substituents at the 2- and 9-positions of
the neocuproine ligand are an oxidative liability, substituents at
these positions are necessary for catalysis. The neocuproine-
ligated Pd complex [(L1)Pd(μ-OAc)]2[OTf]2 exhibits fast
initial rates of alcohol oxidation,19,24 but the phenanthroline-
ligated complex [(phenanthroline)Pd(μ-OAc)]2[OTf]2 is
inactive at room temperature as a consequence of the
formation of the stable and inactive species [(phenanthroline)-
Pd(μ-OH)]2[OTf]2

1,19,33 under catalytic conditions (Figure
1B, L1A). However, the 2,9-diethyl-1,10-phenanthroline
complex (Figure 1B, L1B) is also inactive at room temper-
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ature.24 The remarkable sensitivity of catalytic performance to
ligand steric effects has compromised previous efforts to
modify [(L)Pd(μ-OAc)]2[OTf]2 complexes19,24,32 to improve
oxidative stability and maintain high rates at room temper-
ature.
Herein, we describe the mechanism-guided design of

biquinoline-supported34,35 catalysts [(L2)Pd(μ-OAc)]2[OTf]2

(L2 = 2,2′-biquinoline) and [(L3)Pd(μ-OAc)]2[OTf]2 (L3 =
7,7′-di-tert-butyl-2,2′-biquinoline) for selective alcohol oxida-
tion (Figure 1C). These biquinoline-type ligands lack the
benzylic C−H bonds that are susceptible to oxidation in the
parent neocuproine-ligated system; as a consequence, they are
more robust under aerobic conditions. Catalysts derived from
the biquinoline ligands L2 and L3 also exhibit high chemo-

Figure 1. (A) Proposed catalytic cycle for alcohol oxidation with [(L1)Pd(μ-OAc)]2[OTf]2. (B) Previously studied phenanthroline-based ligands
and the performance of corresponding [(L)Pd(μ-OAc)]2[OTf]2 complexes as catalysts for aerobic oxidation of 1,2-propanediol (reaction
conditions: 0.5 mol % Pd, 0.25 M 1,2-propanediol in CH3CN, rt, 24 h).24 (C) Ligands evaluated in this work; L2 = 2,2′-biquinoline and L3 = 7,7′-
di-tert-butyl-2,2′-biquinoline.

Figure 2. Anaerobic oxidation of 1,2-propanediol with [(L)Pd(μ-OAc)]2[OTf]2 (formed in situ) and 1,4-benzoquinone as a terminal oxidant.
Yields were determined by 1H NMR; TON is calculated as % yield hydroxyacetone/mol % Pd.
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selectivity, enabling access to valuable chemical products with
low loadings of palladium and operationally simple conditions.

■ RESULTS AND DISCUSSION
Chemoselective Oxidation of 1,2-Propanediol with

[(L2)Pd(μ-OAc)]2[OTf]2. To evaluate the effectiveness of
different chelating ligands for the oxidation of 1,2-propanediol,
a model vicinal diol substrate, [(L)Pd(μ-OAc)]2[OTf]2
complexes were generated in situ24 and evaluated using 1,4-
benzoquinone as a terminal oxidant under anaerobic
conditions (Figure 2). With the ligand 2,2′-biquinoline (L2),
94% conversion of 1,2-propanediol was observed by NMR
after 25 h. As observed with the neocuproine-ligated
congener,20,24 [(L2)Pd(μ-OAc)]2[OTf]2 exhibits high chemo-
selectivity for oxidation of only the secondary alcohol in the
vicinal diol, giving an 86% yield of hydroxyacetone as
determined by NMR (91% selectivity36). Under the same

conditions, the reaction with the neocuproine ligand L1
provided a comparable yield of hydroxyacetone, whereas
reactions with 2,2′-bipyridine and 1,10-phenanthroline ligands
were ineffective and produced minimal hydroxyacetone.
Similar results with in situ-generated L1- and L2-supported
catalysts were also achieved using only a slight excess (1.2
equiv) of 1,4-benzoquinone (TONs of 19 and 18, respectively;
TON = turnover number).

As we had anticipated that complexes supported by the
biquinoline ligand L2 would be more robust to oxidative
degradation than those supported by L1, we evaluated the
activity of [(L2)Pd(μ-OAc)]2[OTf]2 using air as a terminal
oxidant. Catalysts supported by L1 and L2 were formulated in
situ and tested for the oxidation of 1,2-propanediol in ambient
air (Figure 3 and Table S1). Under these conditions, catalysis
with the biquinoline-ligated [(L2)Pd(μ-OAc)]2[OTf]2 af-

Figure 3. TONs for the aerobic oxidation of 1,2-propanediol in the presence of [(L1)Pd(μ-OAc)]2[OTf]2 and [(L2)Pd(μ-OAc)]2[OTf]2 (both
catalysts prepared in situ as described in Figure 2). (A) 2.5 mol % Pd, 0.1 M 1,2-propanediol in CD3CN, 45 °C, 48 h. (B) 1.0 mol % Pd, 0.1 M 1,2-
propanediol in CD3CN, 45 °C, 192 h. Yields were determined by 1H NMR. TON is calculated as % yield hydroxyacetone/mol % Pd. TON values
are an average of three sets of duplicate experiments (total n = 6); error bars represent ±1 standard deviation.

Figure 4. (A) Mass spectrum of precipitate from a catalytic reaction containing [(L2)Pd(μ-OAc)]2[OTf]2. (B) Mass spectrum of aerobic oxidation
of 1,2-propanediol catalyzed by [(L2)Pd(μ-OAc)]2[OTf]2 (2.5 mol % Pd, 0.1 M 1,2-propanediol in CH3CN, 45 °C, 15 min). (C) Chemical
structures of ions observed in (A) and (B). Peaks containing palladium above 10% relative abundance are labeled and identified.
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forded hydroxyacetone with higher turnover numbers (TONs)
than catalysis with the neocuproine-ligated complex.
At 2.5 mol % Pd loading, reactions catalyzed by [(L2)Pd(μ-

OAc)]2[OTf]2 generated hydroxyacetone in 97% yield (TON
= 39) after 48 h. By comparison, the yield of hydroxyacetone
in the same timeframe with [(L1)Pd(μ-OAc)]2[OTf]2 was
52% (TON = 21), roughly half of that observed with L2
(Figure 3A). At 1.0 mol % Pd loading, the difference in TON
between L1 and L2 was more pronounced: complexes bearing
L2 afforded hydroxyacetone in 77% yield (TON = 77),
whereas the yield of hydroxyacetone from complexes bearing
L1 was only 22% (TON = 22), demonstrating a greater than
threefold increase in aerobic TON with L2 (Figure 3B). These
results imply that the biquinoline ligand is more oxidatively
robust than the neocuproine ligand. However, [(L2)Pd(μ-
OAc)]2[OTf]2 exhibited very slow rates for the aerobic
oxidation of 1,2-propanediol: at 1.0 mol % Pd loadings, high
conversions required 8 days of reaction time. Thus, the
performance advantages of the more oxidatively robust
biquinoline ligand are mitigated by the slow reaction kinetics.
In an attempt to improve reaction rates with biquinoline-

type ligands, we investigated electronically modulated variants
of the biquinoline ligand L2. An electron-rich ligand L = 6,6′-
dimethoxy-2,2′-biquinoline and an electron-poor ligand L =
6,6′-bis(trifluoromethyl)-2,2′-biquinoline were synthesized and
tested for the oxidation of 1,2-propanediol. However, neither

of these variants provided a meaningful improvement in rate
relative to the unfunctionalized biquinoline ligand.

Investigation of Pd Speciation in Reaction Mixtures.
During the course of the investigation of [(L2)Pd(μ-
OAc)]2[OTf]2, we consistently observed orange-yellow
precipitate in reaction mixtures (Figure S16). We suspected
that precipitation of Pd-containing species might be decreasing
the effective Pd concentration in solution, with a deleterious
effect on the reaction rate. To test this hypothesis, the
supernatant of the reaction mixture was drawn off and a
portion of the remaining solid was removed, taken up in
acetonitrile, and analyzed by high-resolution electrospray
ionization mass spectrometry (ESI-MS).22,37,38 Despite the
poor solubility of the solid material, the high sensitivity of ESI-
MS provided an adequate signal to identify (L2Pd)3(μ-O)22+
(m/z = 560.0014) as the major Pd species (Figures 4A,C and
S26). Analogous trinuclear μ-oxo Pd species have been
observed in previous studies of the neocuproine-supported
catalyst (Figure 1).21,22

To further investigate the speciation of Pd in catalytic
aerobic oxidation reaction mixtures, we employed high-
resolution ESI-MS to monitor the aerobic oxidation of 1,2-
propanediol with [(L2)Pd(μ-OAc)]2[OTf]2 (generated in situ,
2.5 mol % Pd, 45 °C, 0.1 M substrate in CH3CN) over the
course of multiple hours. The dicationic tripalladium species
(L2Pd)3(μ-O)22+ (m/z = 560.0014) was observed as early as 5
min (Figure S32). By the 15-min timepoint, other Pd-

Figure 5. Proposed catalytic cycle for alcohol oxidation with [(L2)Pd(μ-OAc)]2[OTf]2, highlighting Pd species hypothesized to be associated with
slow catalysis.
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containing peaks in the spectrum corresponded to (L2)Pd-
(OAc)+ (m/z = 421.0168) and [(L2)Pd(μ-OH)]22+ (m/z =
380.0059) (Figures 4B,C and S33). After 15 min, 1 h, and 5 h
of reaction time, (L2Pd)3(μ-O)22+ remained the major Pd
species detected by ESI-MS in the reaction mixture.
To confirm the identity of this species and allow for further

studies of its reactivity, [(L2Pd)3(μ-O)2][OTf]2 was inde-
pendently synthesized. [(L2Pd)3(μ-O)2][OTf]2 forms rapidly
as an orange-yellow solid upon the addition of excess H2O2 to
an acetonitrile solution of [(L2)Pd(μ-OAc)]2[OTf]2. The
product [(L2Pd)3(μ-O)2][OTf]2 (sparingly soluble in CH3CN
and DMSO) was fully characterized by 1H NMR, 13C NMR,
19F NMR, high-resolution ESI-MS, and elemental analysis.
To determine the catalytic and/or kinetic competence of the

trinuclear complex [(L2Pd)3(μ-O)2][OTf]2 for alcohol oxida-
tion, 0.1 mmol 1,2-propanediol was subjected to oxidation
using 0.005 mmol [(L2Pd)3(μ-O)2][OTf]2 as a catalyst (15
mol % Pd, 0.1 M substrate in CD3CN, 45 °C) and monitored
by NMR. Even at these high Pd loadings, less than 30%
conversion (TON = 2) of the propanediol substrate was
observed after 48 hours. Analysis of a related reaction mixture
(0.1 mmol 1,2-propanediol, 0.00167 mmol [(L2Pd)3(μ-O)2]-
[OTf]2, 5 mol % Pd, 45 °C, 0.1 M substrate in CH3CN) by
ESI-MS revealed (L2Pd)3(μ-O)22+ as the only major Pd-
containing ion (Figure S27). These data are consistent with
the hypothesis that formation and precipitation of the insoluble
[(L2Pd)3(μ-O)2][OTf]2 during the course of a reaction is
responsible for the low rates observed in the presence of the
biquinoline-ligated [(L2)Pd(μ-OAc)]2[OTf]2.
The trinuclear [(L2Pd)3(μ-O)2][OTf]2 is an inefficient

catalyst precursor on its own, but some catalytic activity can
be recovered by the addition of [Pd(CH3CN)4][OTf]2. When
0.0025 mmol [(L2Pd)3(μ-O)2][OTf]2 was combined with
0.0025 mmol [Pd(CH3CN)4][OTf]2 (10 mol % Pd, 45 °C, 0.1
M substrate in CD3CN), the oxidation of 0.1 mmol 1,2-
propanediol proceeded to >98% conversion after 48 h. A
comparable reaction mixture (0.1 mmol 1,2-propanediol,
0.00167 mmol [(L2Pd)3(μ-O)2][OTf]2, 0.00167 mmol [Pd-
(CH3CN)4][OTf]2, 6.7 mol % Pd, 45 °C, 0.1 M substrate in
CH3CN) was monitored by ESI-MS; though the major ion
observed was m/z = 560.0014, corresponding to (L2Pd)3(μ-
O)22+, a number of additional Pd-containing ions �including
[(L2)Pd(Cl)(CH3CN)]+ (m/z = 437.9989) and [(L2)Pd(μ-
OH)]22+ (m/z = 380.0059) �were also observed in the

reaction mixture (Figure S28). These results demonstrate that
[(L2Pd)3(μ-O)2][OTf]2 can react with the additional [Pd-
(CH3CN)4][OTf]2 to regenerate some active catalyst species,
as was observed in similar studies with the neocuproine
congener [(L1Pd)3(μ-O)2][BF4]2.

21

Despite the slow rates observed for aerobic alcohol oxidation
with the biquinoline complex [(L2)Pd(μ-OAc)]2[OTf]2, the
higher TONs observed (Figure 3) suggest that this complex is
more oxidatively robust than the corresponding neocuproine
complex [(L1)Pd(μ-OAc)]2[OTf]2. To further test this
hypothesis, the speciation of Pd complexes during the course
of aerobic oxidation of 1,2-propanediol with in situ-generated
[(L1)Pd(μ-OAc)]2[OTf]2 and [(L2)Pd(μ-OAc)]2[OTf]2 was
monitored to identify oxidized catalyst species. As previously
reported, oxidation of 1,2-propanediol under aerobic con-
ditions with the neocuproine complex [(L1)Pd(μ-OAc)]2-
[OTf]2 is accompanied by rapid ligand oxidation.17,19,21 When
these reactions were monitored by ESI-MS, ions corresponding
to ligand oxidation (e.g., m/z = 386.0121, Figure 1) were
observed as early as 5 min of reaction time (Figure S29). In
contrast, for analogous reactions with the biquinoline complex
[(L2)Pd(μ-OAc)]2[OTf]2, ions associated with ligand oxida-
tion (e.g., m/z = 418.0172, Figure 5 and Figure S34) were only
evident after multiple (>5) hours of reaction time. Though
these data indicate that oxidation of the biquinoline ligand can
occur, the high conversions of propanediol achieved with
[(L2)Pd(μ-OAc)]2[OTf]2 suggest that it is unlikely that ligand
oxidation is a major pathway of catalyst deactivation. The
continued activity of [(L2)Pd(μ-OAc)]2[OTf]2 over the
course of many days under aerobic conditions supports this
conclusion.

These data and observations indicate that during the course
of catalytic reactions with [(L2)Pd(μ-OAc)]2[OTf]2, a
significant fraction of Pd is sequestered as the insoluble
trimeric species (L2Pd)3(μ-O)22+ (Figure 5). ESI-MS of
catalytic mixtures shows that this species is abundant
throughout catalysis, and NMR experiments show that while
this species is catalytically competent, it is slow to re-enter the
catalytic cycle. The sequestration of Pd as this insoluble
multinuclear species limits the concentration of active catalyst
in solution, offering an explanation for the relatively low
observed rates with [(L2)Pd(μ-OAc)]2[OTf]2.

Computationally Guided Selection of a Second-
Generation Biquinoline Ligand, L3. Density functional

Figure 6. Scheme of isodesmic ligand exchange between LX and L1 (top) and ΔG in CH3CN of the forward reaction for each LX (bottom). ΔG
values were calculated from free energy values extracted from DFT frequency calculations on optimized structures (B3LYP/6-31G*/LANL2DZ,
SMD solvent model).
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theory (DFT) calculations were used to identify modified
biquinoline ligands that might retain the oxidative stability of
the biquinoline ligand L2 but disfavor association to multi-
palladium species such as (LPd)3(μ-O)22+. For these studies,
we evaluated the energetics of isodesmic ligand exchange
between a symmetrically disubstituted biquinoline ligand LX
and the trinuclear neocuproine complex (L1Pd)3(μ-O)22+ to
yield L1 and (LXPd)3(μ-O)22+ (Figure 6 and Table S7). We
reasoned that if this forward reaction is thermodynamically
unfavorable for a ligand LX, then (LXPd)3(μ-O)22+ would be
less likely to speciate during catalysis. All computations were
performed using the Gaussian 16 software package39 with the
B3LYP DFT functional40,41 and the 6-31G* basis set42−44 for
light atoms and the LANL2DZ ECP basis45 for Pd atoms.
The isodesmic ligand exchange between the unfunctional-

ized biquinoline ligand L2 (R1 = H, R2 = H) and (L1Pd)3(μ-
O)22+ is effectively thermoneutral: the formation of (L2Pd)3(μ-
O)22+ is calculated to be endergonic by only 1.0 kcal/mol in
CH3CN (SMD solvent model) and 0.2 kcal/mol in the gas
phase (Table S6). However, ligand exchanges to form
(LXPd)3(μ-O)22+ with sterically hindered 7- and 8-disubsti-
tuted biquinoline ligands (L3-L6) were calculated to be
endergonic. For the sterically demanding L3 (R1 = C(CH3)3,
R2 = H), ΔG was calculated to be +42 kcal/mol in CH3CN.
For the less bulky methyl congener L4 (R1 = CH3, R2 = H),
ΔG was calculated to be +10 kcal/mol in CH3CN. Isodesmic
ligand exchanges with biquinoline ligands functionalized at the
8-position (L5 and L6) were calculated to be highly
endergonic; for L5 (R1 = H, R2 = C(CH3)3), geometry

optimization of (L5Pd)3(μ-O)22+ did not converge, suggesting
an unstable trimeric structure with this ligand.

We hypothesized that if the formation of (L2Pd)3(μ-O)22+ is
a major contributing factor to slow reaction rates with the L2-
supported catalyst, then the use of a more sterically demanding
ligand might yield a catalyst with more favorable reaction
kinetics. Based on the results of the DFT calculations, we
chose to synthesize 7,7′-di-tert-butyl-2,2′-biquinoline (L3)
because of the high computed thermodynamic barrier to the
formation of (L3Pd)3(μ-O)22+, the absence of benzylic
C(sp3)−H bonds on the ligand, and the anticipated higher
solubility of complexes ligated by L3.

Evaluation of [(L3)Pd(μ-OAc)]2[OTf]2 for Aerobic
Oxidation of 1,2-Propanediol. L3 was synthesized from 3-
tert-butylaniline via formation of 7-tert-butyl-quinoline, which
was oxidized to form the quinoline-N-oxide, coupled, and
reduced to yield 7,7′-di-tert-butyl-2,2′-biquinoline.46 The
complex [(L3)Pd(μ-OAc)]2[OTf]2 was synthesized via the
comproportionation-type reaction of (L3)Pd(OAc)2 and
[(L3)Pd(CH3CN)4][OTf]2 (Figure 7).

The activity of [(L3)Pd(μ-OAc)]2[OTf]2 was then com-
pared to that of the neocuproine complex [(L1)Pd(μ-
OAc)]2[OTf]2 for the aerobic oxidation of 1,2-propanediol
at low Pd loadings. At 2.5 mol % Pd loadings, oxidation using
the L3-supported catalyst reached 93% conversion within 1 h
and >99% conversion in 3 h (Figure 8A) and retained the high
selectivity for secondary alcohol oxidation in vicinal diols, with
a 90% yield of hydroxyacetone in 3 h by NMR. The reaction
performed in parallel with the L1-supported catalyst reached

Figure 7. Synthesis of [(L3)Pd(μ-OAc)]2[OTf]2.

Figure 8. Reaction monitoring of the oxidation of 1,2-propanediol in the presence of [(L1)Pd(μ-OAc)]2[OTf]2 and [(L3)Pd(μ-OAc)]2[OTf]2. (A)
2.5 mol % Pd, 0.1 M 1,2-propanediol in CD3CN, 45 °C. (B) 1.0 mol % Pd, 0.1 M 1,2-propanediol in CD3CN, 45 °C. Conversions and yields were
determined by 1H NMR.
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58% conversion in the first hour of the reaction but did not
proceed to completion within 18 h.
The improved oxidative stability of [(L3)Pd(μ-OA-

c)]2[OTf]2 became apparent upon reduction of the Pd loading
to 1.0 mol % (Figure 8B). The oxidation of 1,2-propanediol
proceeds to 90% conversion with an 81% yield of
hydroxyacetone by NMR after 18 h. This translates to an
aerobic TON of 81�comparable to the TONs of 75−85
observed with L2 at the same catalyst loading�but achieved
overnight rather than over the course of a week. Comparison
of initial rates revealed that [(L3)Pd(μ-OAc)]2[OTf]2 is
slightly faster than [(L1)Pd(μ-OAc)]2[OTf]2 under these
conditions (Figure S18). These initial results demonstrated
that catalysis with L3 represents a marriage of the best qualities
of the neocuproine ligand L1 and the biquinoline ligand L2�
rapid reactivity and oxidative stability, respectively.
High-resolution ESI-MS was used to gain insight into the

speciation of Pd under typical conditions for catalysis with
[(L3)Pd(μ-OAc)]2[OTf]2. An aerobic oxidation reaction
mixture of 1,2-propanediol with in situ-generated [(L3)Pd(μ-
OAc)]2[OTf]2 (2.5 mol % Pd, 45 °C, 0.1 M in CH3CN) was
sampled at various time points. At early time points, the broad
isotopic envelope centered at m/z = 727.6885 corresponding
to the (L3Pd)3(μ-O)22+ ion was detectable (Figure S35) but at
very low relative abundance (less than 10%). At longer
reaction times (1 and 24 h), this ion was absent (Figure S37).
These data indicate that the formation of multi-Pd species is
still possible with L3 despite its increased steric bulk. Overall,
however, the speciation of [(L3)Pd(μ-OAc)]2[OTf]2 as
observed by mass spectrometry indicates that formation of
(L3Pd)3(μ-O)22+ is disfavored relative to the L2 system.
ESI-MS spectra taken after addition of 1000 equiv of H2O2

to a solution of [(L3)Pd(μ-OAc)]2[OTf]2 in CH3CN did not
show any peaks attributable to (L3Pd)3(μ-O)22+ (Figure S38).
The improved catalytic performance of [(L3)Pd(μ-OAc)]2-
[OTf]2, in combination with the minimal amount of
(L3Pd)3(μ-O)22+ observed over the course of multiple ESI-
MS experiments, suggests that the higher activity observed
with the substituted biquinoline L3 compared to the
unfunctionalized biquinoline L2 is at least partially attributable
to the increased steric demand of the ligand, which disfavors
the formation of multi-palladium species like (L3Pd)3(μ-O)22+.

This is consistent with the conclusions drawn from the
computational isodesmic ligand exchange detailed above
(Figure 6), which indicate that the addition of steric bulk to
functionalized biquinoline ligands LX disfavors the formation of
(LXPd)3(μ-O)22+.

X-ray Crystallography. Single crystals of [(L2)Pd(μ-
OAc)]2[OTf]2 and [(L3)Pd(μ-OAc)]2[OTf]2 suitable for X-
ray diffraction were grown by diffusion of diethyl ether into
solutions of the respective complexes in acetonitrile.

Crystal structures of the L2- and L3-supported catalysts are
shown in Figure 9 alongside a reproduction of the previously
reported crystal structure of [(L1)Pd(μ-OAc)]2[OTf]2.

17 All
three ligands yield similar acetate-bridged dimeric complexes,
but slight variations are observed as a function of the different
ligand structures.

Crystals of [(L2)Pd(μ-OAc)]2[OTf]2 contain two subtly
distinct dimers in the unit cell (Figures S23 and S24). The C−
C−C−C torsion angles (representing the torsion between the
two quinoline halves of the ligand) of the four ligands in the
two dimers in the unit cell are 8.95°, 1.59°|1.49°, 8.34°. For
comparison, the corresponding torsion angles obtained from
the previously reported crystal structure of [(L1)Pd(μ-
OAc)]2[OTf]2 are 0.53 and 1.17°.17 These differences can
be attributed to the higher rotational flexibility of the
biquinoline ligand relative to phenanthroline-based ligands,
which have fused ring backbones.35

Examination of the crystal structure of [(L3)Pd(μ-
OAc)]2[OTf]2 also reveals several structural differences from
the neocuproine-supported [(L1)Pd(μ-OAc)]2[OTf]2 (Figures
9 and S22). The Pd−Pd bond distance in the L3 dimer is 3.019
Å, greater than the Pd−Pd distance of 2.958 Å in the
neocuproine congener. The 7,7′-di-tert-butyl-2,2′-biquinoline
ligand is twisted such that the tert-butyl group on one of the
quinoline moieties is pointed away from the center of the
molecule, presumably to minimize steric crowding between the
two ligands in the dimer. This results in a backbone C−C−C−
C torsion angle of −10.13° between the two 7-tert-butyl-
quinoline halves of the ligand. This backbone torsion is greater
than that observed in the crystal structures of both [(L2)Pd(μ-
OAc)]2[OTf]2 and [(L1)Pd(μ-OAc)]2[OTf]2.

When viewed along the Pd−Pd axis, the neocuproine ligands
in [(L1)Pd(μ-OAc)]2[OTf]2 nearly overlap. However, moving

Figure 9. Crystal structures of [(L)Pd(μ-OAc)]2[OTf]2 for L = L1, L2, and L3. ORTEP images for [(L1)Pd(μ-OAc)]2[OTf]2 were generated from
the structure originally reported by Conley et al.17 (CCDC number: 678565). For all structures, ellipsoids are drawn at the 50% probability level
and hydrogen atoms and triflate anions are omitted for clarity. For L2, only one of the two dimers contained in the asymmetric unit is shown. For
L3, the asymmetric unit is half of the dimer, so it was expanded to show two asymmetric units (i.e., one complete dimer).
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from L1 to L2 to L3, the angular offset between the two ligands
in the dimer increases; the N−Pd−Pd−N dihedral (same side)
has an average absolute value of 9.22° for L1, 17.72° for L2, and
34.24° for L3 (Table S5). These differences, among the others
discussed above, demonstrate the diversity of ligand structures
compatible with alcohol oxidation catalysis within the
[(L)Pd(μ-OAc)]2[OTf]2 framework.

Oxidative Lactonization of α,ω-Diols. The oxidative
lactonization of α,ω-diols (including N-substituted diethanol-
amines) with [(L1)Pd(μ-OAc)]2[OTf]2 has proven a useful
strategy for the synthesis of lactone and morpholinone
monomers for ring-opening polymerization.20,47−49 However,
the biquinoline complex [(L2)Pd(μ-OAc)]2[OTf]2 proved
inefficient as a catalyst precursor for this class of reactions;
the aerobic oxidation of N-Boc diethanolamine produced 36%
yield of the lactol intermediate and just 9% of the lactone by
NMR (5 mol % Pd, 48 h, 60 °C, 0.1 M in CD3CN).
The catalyst derived from the substituted biquinoline L3 was

more effective for the synthesis of lactones, affording
comparable yields to those obtained with the neocuproine-
ligated complex even with 50−75% lower Pd loadings (Figure
10). The aerobic oxidative lactonization of N-Boc diethanol-
amine in the presence of 2.5 mol % [(L3)Pd(μ-OAc)]2[OTf]2
(5 mol % Pd) produces the corresponding N-Boc morpholi-
none in 87% yield after 16 h. Under the same conditions, the
lactonization of diethylene glycol to form p-dioxanone goes to
completion (>99% yield by NMR). The lactonization of N-
phenyl diethanolamine with 5 mol % Pd affords N-phenyl
morpholinone in 67% yield in only 3 h; when the Pd loading is
lowered to just 2.5 mol %, a 71% yield of the morpholinone is
achieved in 24 h. In contrast, catalytic oxidation of diethanol-
amines with the neocuproine complex [(L1)Pd(μ-OA-
c)]2[OTf]2 typically requires approximately 10 mol % Pd

and proceeds overnight or over the course of several days at 60
°C.20,47 Together, these data demonstrate that the use of the
substituted biquinoline ligand L3 substantially improves
catalyst performance, facilitating the synthesis of valuable
lactone products.

Selective Oxidation of Unprotected Glycosides.
Biquinoline-supported Pd complexes are also effective for the
aerobic oxidation of unprotected carbohydrates. Previous
studies have shown that [(L1)Pd(μ-OAc)]2[OTf]2 is selective
for the oxidation of certain classes of unprotected alkyl
glycosides to 3-ketoses; the minor products of these reactions
are the 4-ketoses.23,25,27,50 Wan et al.50 recently reported DFT
calculations that suggest that the endocyclic oxygen of
pyranosides leads to preferential β-hydride elimination at the
C3 position with the [(L1)Pd]2+ complexes, providing an
electronic bias for oxidation at C3.

To probe the relationship between ligand structure and
selectivity with this class of complex substrates, we evaluated
the reactivity of two model alkyl glycosides: methyl-6-deoxy-α-
D-glucopyranoside (G1), a C4−OH equatorial glycoside for
which the neocuproine-supported catalyst [(L1)Pd(μ-OAc)]2-
[OTf]2 exhibits high selectivity for 3C oxidation, and methyl-
α-L-fucopyranoside (G2), a C4−OH axial glycoside for which
oxidation with [(L1)Pd(μ-OAc)]2[OTf]2 is less selective,
yielding approximately equal amounts of the 3- and 4-ketose
products.23

Under the conditions described in Figure 11A, oxidation of
the glycoside G1 with the neocuproine complex [(L1)Pd(μ-
OAc)]2[OTf]2 affords the 3- and 4-ketoses in yields of 55 and
17%, respectively. The biquinoline complex [(L2)Pd(μ-
OAc)]2[OTf]2 exhibits increased selectivity for formation of
the 3-ketose, affording 71% of the 3-ketose product and just
7% of the 4-ketose product as determined by NMR. However,

Figure 10. Oxidative lactonization of α,ω-diols with [(L3)Pd(μ-OAc)]2[OTf]2 (prepared in situ). Yields were determined by 1H NMR.
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the complex with the more sterically demanding biquinoline
ligand L3 is less selective for this glycoside, affording the 3- and
4-ketoses in similar yields (Figure 11A). The related substrate

methyl-α-D-glucopyranoside was also subjected to oxidation
with L1- and L3-supported catalysts; in this case, [(L3)Pd(μ-
OAc)]2[OTf]2 was again less selective than [(L1)Pd(μ-

Figure 11. (A) Oxidation of G1 (methyl-6-deoxy-α-D-glucopyranoside) with L1-, L2-, and L3-supported catalysts. †Standard conditions: 2.5 mol %
[(L)Pd(μ-OAc)]2[OTf]2 (5% Pd, catalyst prepared in situ), 9:1 CD3CN/D2O, 60 °C, air, 48 h. ††18 h. (B) Oxidation of G2 (methyl-α-L-
fucopyranoside) with L1-, L2-, and L3-supported catalysts. ‡Standard conditions: 2.5 mol % [(L)Pd(μ-OAc)]2[OTf]2 (5% Pd), 9:1 CD3CN/D2O,
60 °C, 3 equiv 1,4-benzoquinone, air, 6 h. ‡‡The results presented in entry B1 were reported by Chung et al.23 1.5 mol % [(L)Pd(μ-OAc)]2[OTf]2
(3% Pd), 10:1 CD3CN/D2O, 50 °C, 1.5 equiv 1,4-benzoquinone, air, 2 h. ‡‡‡48 h, catalyst prepared in situ. Yields were determined by 1H NMR.
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OAc)]2[OTf]2 for C3−OH over C4−OH oxidation, and no
other major products (i.e., corresponding to oxidation of the
primary C6−OH) were detected in the reaction mixture
(Figure S20).
The selectivity observed for the fucopyranoside G2 is

complementary to that observed with the glucopyranoside G1.
Complexes bearing L1 and L2 both exhibited poor selectivity
for the fucopyranoside G2 (Figures 11B and S21), but the
complex supported by the substituted biquinoline ligand L3
demonstrated high selectivity for G2, affording the 4-ketose in
53% yield and the 3-ketose in 5% yield, which translates to
10:1 selectivity for the 4-ketose over the 3-ketose. Oxidation of
glycosides to form 4-ketoses with high selectivity has been
reported with an organotin catalyst;51 however, 4-ketoses are
otherwise challenging to access from unprotected carbohy-
drates. We propose that steric interactions between the bulky
L3 ligand and glycoside substrates may overcome intrinsic
electronic factors that favor oxidation at C3.50 The dependence
of chemoselectivity on the ligand structure observed here
therefore offers an opportunity to obtain rare oxidized
glycosides, which can undergo further functionalization to
yield valuable carbohydrate products.29,52−55

Preparative-Scale Oxidations. Preparative-scale oxida-
tions were performed to assess the synthetic utility of
[(L3)Pd(μ-OAc)]2[OTf]2 for chemoselective aerobic oxida-
tions at low Pd loadings (Figure 12). All of the transformations
were performed with air as the terminal oxidant.
The oxidation of 3-phenyl-1,2-propanediol to the α-

hydroxyketone product was performed in an open Erlenmeyer
flask at room temperature with a total Pd loading of 3.5 mol %.
Oxidative lactonizations of N-Boc diethanolamine and N-
phenyl diethanolamine were performed on a gram scale to
furnish the corresponding morpholin-2-one products in good
yields. The conditions for these lactonizations represent
improvements from previously published procedures with
[(L1)Pd(μ-OAc)]2[OTf]2, which require 3−3.5 times higher
Pd loadings or the use of stoichiometric additives.20,24,47

■ CONCLUSIONS
Insights into catalyst deactivation mechanisms were leveraged
to develop a chemoselective aerobic oxidation catalyst with
improved oxidative stability. Previous studies of [(L1)Pd(μ-
OAc)]2[OTf]2 demonstrating the susceptibility of the ligand

benzylic C(sp3)−H bonds to oxidation informed the choice of
the biquinoline ligand L2, which completely lacks such bonds
and exhibits a more than threefold increase in aerobic TON
compared to the neocuproine-ligated catalyst. Subsequent
investigations into the slow reaction rates observed with L2
revealed the formation of insoluble multinuclear Pd complexes,
an insight which inspired the design of an improved catalyst
based on the bulky di-tert-butyl-biquinoline ligand L3.
[(L3)Pd(μ-OAc)]2[OTf]2 exhibits rapid, selective catalysis
while retaining the oxidative stability observed with [(L2)Pd-
(μ-OAc)]2[OTf]2, enabling access to useful chemical products
with low Pd loadings and simple reaction setups.

Beyond immediate practical impact, the efficacy of L1-, L2-,
and L3-supported catalysts demonstrates that structurally
diverse [(L)Pd(μ-OAc)]2[OTf]2-type complexes can be
compatible with selective oxidation catalysis. As exemplified
by the complementary selectivity discovered for the oxidation
of alkyl glycoside substrates with L1-, L2-, and L3-supported
catalysts, exploration of diversified catalyst structures presents
opportunities to investigate relationships between catalyst
structure, reactivity, and chemoselectivity. A deeper under-
standing of these relationships may provide insights that
facilitate future development of selective and efficient trans-
formations.
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Figure 12. Preparative-scale aerobic oxidations with [(L3)Pd(μ-OAc)]2[OTf]2. Yields are of isolated products after purification.
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