
Factors That Control C−C Cleavage versus C−H Bond Hydroxylation
in Copper-Catalyzed Oxidations of Ketones with O2

Althea S.-K. Tsang,§ Ajoy Kapat,§ and Franziska Schoenebeck*

Institute of Organic Chemistry, RWTH Aachen University, Landoltweg 1, 52074 Aachen, Germany

*S Supporting Information

ABSTRACT: The Cu-catalyzed oxidation of ketones with O2
has recently been extensively utilized to cleave the α-C−C
bond. This report examines the selective aerobic hydroxylation
of tertiary α-C−H bonds in ketones without C−C cleavage.
We set out to understand the underlying mechanisms of these
two possible reactivity modes. Using experimental, in situ IR
spectroscopic, and computational studies, we investigated
several mechanisms. Our data suggest that both C−C cleavage
and C−H hydroxylation pathways proceed via a common key intermediate, i.e., an α-peroxo ketone. The fate of this peroxide
dictates the ultimate product selectivity. Specifically, we uncovered the role of hppH [= 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-
a]pyrimidine] to act not only as a base in the transformation but also as a reductant of the peroxide to the corresponding α-
hydroxy ketone. This reduction may also be accomplished through exogenous phosphine additives, therefore allowing the tuning
of reduction efficiency toward higher driving forces, if required (e.g., for more-activated substrates). The likely competitive
pathway is the cleavage of peroxide to the α-oxy radical (likely catalyzed by Cu), which is computationally predicted to
spontaneously trigger C−C bond cleavage. Increasing the susceptibility of this deperoxidation step via (i) the removal of
reductant (use of different base, e.g., DBU) or the modulation of (ii) the substitution pattern toward greater activation (substrate
control) and (iii) the nature of Cu catalyst (counterion and solvent dependence) will favor the C−C cleavage product.

■ INTRODUCTION

Selective oxidations are of critical importance to industrial and
academic research, being a key challenge in large-scale
industrial processes that convert hydrocarbon feedstock into
commodity and fine chemicals,1 in energy-related develop-
ments (e.g., lignin biomass conversion),2 and in synthesis.3

While impressive progress has been made to date, there is an
increasing demand to move away from precious transition
metal catalysts and stoichiometric oxidants toward more
environmentally benign approaches, ideally using molecular
oxygen as a waste-free and abundant oxidant.4 Nature achieves
selective aerobic oxidations with the use of tailored metallo-
enzymes that frequently contain copper in the active site.5

These feature either “oxidase” reactivity, in which substrates are
oxidized under concurrent reduction of O2 to water/H2O2, or
“oxygenase” reactivity that leads to oxygen-atom incorporation
into C−H bonds.
While biomimetic approaches are a popular means to achieve

selective oxidation also with synthetic Cu catalysts,6 there have
recently been numerous reports of homogeneous Cu catalysis
protocols that selectively triggered formal oxidase7,9 or also
oxygenase reactivity,8,9 even in the absence of the beneficial
reactivity elements of the enzyme pocket or its mimic.
In this context, homogeneous aerobic copper catalysis has

been shown to give selective cleavage of the α-C−C bond of
ketones (Figure 1).10 Utilizing this reactivity mode, ketones
were recently converted to aldehydes,11 amides,12 or esters.13

The underlying mechanism of C−C cleavage is unclear but has

been proposed to be a result of (i) overoxidation,11,14 (ii)
Baeyer−Villiger/Criegee-type rearrangements of peroxide
intermediates,15 (iii) base-induced fragmentations,13,16,33 (iv)
free-radical pathways,9a or (v) more-complex sequences
consisting of hydration and hydride-shift-induced C−C
fragmentation11 (see Results and Discussion).
On the other hand, the selective α-hydroxylation of ketones

without C−C cleavage constitutes an equally important
alternative reactivity mode, as the α-hydroxy ketone moiety is
a central motif in a wide range of natural products and
biologically active molecules (e.g., the antitumoral pirarubicin
and the antibiotics daunorubicin and doxycycline) (Figure 1).17

Consequently, the preparation of this building block has
received considerable attention.18 While it can, in principle, be
achieved via the oxidation of enolates or silyl enol ethers with
stoichiometric oxidants [e.g., N-sulfonyl oxaziridines, DMDO
(dimethyldioxirane), m-CPBA],19 the direct catalytic hydrox-
ylation of ketones with O2 is more challenging. Commonly
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Figure 1. C−H hydroxylation versus C−C cleavage.
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encountered complications include a limited substrate scope
and/or low selectivities, with byproducts resulting from C−C
cleavage frequently observed.20,14 However, recently there have
been two significant advances that allowed a general and
selective hydroxylation of ketones with O2, employing either (i)
transition metal (Pd dimer) catalysis21 or (ii) proposed base
catalysis along with multiple equivalents of phosphine
additive.22 In terms of Cu catalysis, intriguingly, selective α-
hydroxylation has also been accomplished, albeit heteroge-
neously, using {[Cu(bpy)(BF4)2(H2O)2](bpy)}n.

23 The origins
of selectivity for formal C−H hydroxylation in these trans-
formations and the precise mechanism that ultimately leads to
the alcohol product are unknown.
We herein report our combined experimental and computa-

tional study to elucidate the factors that control formal C−H
hydroxylation versus C−C cleavage in the Cu-catalyzed
homogeneous oxidation of ketones with O2. The crucial roles
of substrate, catalyst, solvent, and additives are explored and
rationalized. As a stringent test of mechanism, the switchability
between selective α-hydroxylation versus C−C cleavage is
demonstrated.

■ RESULTS AND DISCUSSION

We started our investigations with the cyclic ketone 1 (see
Table 1). We initially explored various conditions, investigating
the effects of base, Cu catalyst, and solvent under aerobic
reaction conditions. This revealed that the use of hppH

(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2‑a]pyrimidine, see
Scheme 1) as base and DMSO as solvent along with copper(I)
oxide as catalyst converted 1 selectively to the C−H
hydroxylated product 2 within 8 h at room temperature
(entry 1). Modification of either base (entries 9−15) or solvent
(entries 16−18) lowered the conversion and/or selectivity,
giving rise also to product 3, resulting from formal C−C
cleavage in a mixture with α-hydroxylated ketone 2. All non-
oxide Cu sources explored (i.e., CuXn with X = Br, Cl, I, OAc,
OTf, entries 2−8), with the exception of CuF2 (entry 6),
resulted in a mixture of products 2 and 3 (see Table 1). Control
experiments in the absence of base (entry 19) or oxygen
(entries 20, 21) revealed that, for conversion to take place,
these components were required.
The ability to selectively hydroxylate the C−H bond in

ketone 1 under Cu2O/DMSO/hppH conditions (entry 1,
Table 1) was intriguing, and we therefore set out to explore the
generality of these conditions. Our investigations revealed that
there is a pronounced substrate dependence as to whether the
C−H hydroxylated or C−C cleaved product is formed. For α-
methyl ketones, only the hydroxylated products were formed
under these conditions, tolerating different ring sizes,
heteroatoms, and substituents at the aromatic ring (see Scheme
1). Also a non-aromatic example (6, Scheme 1) was successfully
converted to the single C−H hydroxylated product.

However, when a slightly more “activating” substituent was
present in the α-position of the ketone, such as a phenyl group,
then the reactions were unselective under the Cu2O/DMSO/
hppH conditions, and we observed the formation of the C−C
cleavage product along with that resulting from C−H
hydroxylation (see Scheme 2). This reactivity was observed
for cyclic (15, 18) and acyclic (21) α-phenyl ketones (Scheme
2).24,25

These results indicate that the product selectivity, C−H
hydroxylation versus C−C cleavage, depends on the substrate,
oxidant, base, and solvent. To gain deeper insights, we next set
out to explore the origins of the two products.

Table 1. Investigation of the Effect of Cu Source, Solvent,
and Base on the Selectivity of the Cu-Catalyzed Reaction of
1 with O2

a,24

yield (%)

entry catalyst base solvent 2 3 1

1 Cu2O hppH DMSO 94 0 0
2 CuBr2 hppH DMSO 16 10 0
3 CuI hppH DMSO 23 26 10
4 CuCl hppH DMSO 22 12 0
5 CuCl2 hppH DMSO 32 27 0
6 CuF2 hppH DMSO 72 0 0
7 Cu(OAc)2 hppH DMSO 21 20 0
8 Cu(OTf)2 hppH DMSO 20 23 0
9 Cu2O DBU DMSO 20 10 70
10 Cu2O K2CO3 DMSO 5 5 90
11 Cu2O Cs2CO3 DMSO 50 30 0
12 Cu2O iPr2EtN DMSO quant.
13 Cu2O Et2NH DMSO quant.
14 Cu2O DMAP DMSO quant.
15 Cu2O C5H5N DMSO quant.
16 Cu2O hppH DMF 55 22 4
17 Cu2O hppH THF 25 4 71
18 Cu2O hppH MeCN 40 25 30
19 Cu2O DMSO 0 0 quant.
20b Cu2O hppH DMSO 0 0 quant.
21c Cu2O hppH DMSO 0 0 quant.

aConditions: 1 (0.3 mmol), catalyst (5 mol%), base (1.1 equiv),
solvent (1 mL), O2, rt, 8 h. bUnder N2.

c1.0 equiv of Cu2O, N2.

Scheme 1. Scope of Cu2O-Catalyzed Hydroxylation of α-
Methyl Ketonesa

aHydroxylated products were formed exclusively.24
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Does the C−C Cleavage Product Form Independently
or from the α-Hydroxy Ketone? Previous reports proposed
that the α-hydroxy ketone may potentially be oxidized further
to the formally C−C activated product.11,14 To test whether
this is indeed the origin of the C−C cleaved products 3 or 17,
we subjected the α-hydroxy ketones 2 and 16 to the general
catalytic reaction conditions, i.e., involving Cu2O/hppH in the
solvents DMSO, DMF, and THF. The results are shown in
Scheme 3. For both substrates only trace conversions (<2%) to

the C−C cleaved products were seen after 24 h at room
temperature (Scheme 3). When using the stronger base
KHMDS, slow conversion to the C−C cleaved products were
observed for both substrates. Thus, very strong base is needed
to enable oxidative C−C cleavage from 2 or 16, suggesting that
this reaction is not the main pathway responsible for the C−C
activated product observed under the oxidation conditions in
Table 1.
To gain additional insight, we performed in situ IR studies

(using ReactIR) and followed the conversion of α-phenyl

ketone 15 under Cu-catalyzed reaction with O2 in the presence
of hppH in DMSO. Figure 2 presents an overlay of spectra of

the study over the course of 2 h. The reaction was rapid and
essentially complete after 1 h. Furthermore, two products
clearly evolved over time. Through comparison of the IR
signals with those of the separately prepared compounds, these
could be unambiguously assigned as α-hydroxy ketone 16 and
C−C cleaved product 17 (see Figure 2). These data suggest
that the two products (16, 17) form in parallel, reinforcing that
the C−C cleaved product 17 does not result from further
oxidation of 16. Instead, it appears more likely that the
hydroxylated and C−C cleaved products form in parallel from a
common precursor (see also discussion below).

Mechanism of C−C Cleavage versus C−H Hydrox-
ylation. Given the need for base in this transformation, a
reasonable mechanistic scenario starts with the deprotonation
of the ketone to give the corresponding enolate (see Scheme
4). This is likely subsequently oxygenated, either aerobically
involving a Cu-induced single electron transfer (SET) pathway
or alternatively through reaction with an electrophilic copper−
dioxygen adduct. Cu(II) superoxo complexes have been
implicated as key oxidants in enzymatic tranformations.26,6c

On the other hand, Cu(I) salts are also readily oxidized to
Cu(II) salts in the presence of oxygen, and Cu(II) in turn is an
effective single-electron oxidant. Given that both Cu(I) and
Cu(II) salts had triggered the conversion of ketone 1 to 2 and 3
(see Table 1, e.g., entries 1 and 2), the primary role of the Cu
salt in the early stages of the mechanism might therefore be to
oxidize the enolate to the corresponding radical, which in turn
reacts with oxygen to a peroxide intermediate 24 or Cu-bound
derivative thereof (Scheme 4).
Such peroxide intermediates have frequently been implicated

in aerobic oxygenations.9,27 For example, Rudler and Denise
isolated a peroxide intermediate upon Cu(II)-catalyzed aerobic
oxidation of indanes,28 and Chiba and co-workers generated
stable peroxides in Cu(II)-catalyzed benzylic C−H oxygenation
with O2.

29 Moreover, the Cu-catalyzed oxidation of cumene to
cumyl hydroperoxide is an important industrial process.30

Scheme 2. Substrate-Controlled Selectivity: α-Phenyl
Ketones Give Mixtures of Hydroxylation (Left) and C−C
Scission (Right) Products

Scheme 3. Examination of the Origin of C−C Cleavage
Products 3 and 17: Oxidation of α-Hydroxy Ketones Is Not
the Origin of C−C Cleaved Product

Figure 2. React IR study of Cu2O/hppH/DMSO reaction of 15 with
O2. Signals of 15 and 16 are close, see expansion.
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Our additional investigations with substrate 1, in the absence
of exogenously added Cu salt (but not fully copper-free,
according to our trace metal analysis) also gave rise to 2, albeit
more slowly, which indicates that the Cu salt may primarily act
as initiator (see also later discussion, “On the Role of Copper”).
To find additional support, we also subjected ketones 1 and 15
to oxidations with O2 in DMSO at room temperature in the
presence of TEMPO (without added Cu). TEMPO has
previously been employed in the oxidation of enolates,
ultimately leading to α-TEMPO-bound carbonyl species upon
trapping of the generated radical.31 This gave rise to the
analogous reaction outcome as we had previously obtained,
furnishing exclusive hydroxylation of ketone 1 to 2 (80%). For
α-phenyl ketone 15 a mixture of C−C cleaved (52%) and C−H
hydroxylated (35%) products was again generated (Scheme 5).
No TEMPO-trapped intermediate was observed. These data
indicate that the key mechanistic intermediate that leads to
either products resulting from C−H or C−C activation may
not necessarily contain copper. The proposed hydroperoxide

intermediate 24 (Scheme 3) would be fully consistent with
these observations.
Hydroperoxide 24 might then homolytically cleave to the

corresponding oxygen-centered radical (Scheme 4, Route A),
which may abstract a hydrogen atom to give the α-hydroxy
ketone. This possibility has frequently been proposed in Cu-
catalyzed oxygenations of aliphatic and aromatic C−H bonds.32

Depending on the relative kinetics of H-atom abstraction, the
oxygen-centered radical 25 might alternatively undergo C−C
cleavage to yield the C−C activated products (such as 3 or 17).
Peroxide 24 might alternatively also be reduced directly to the
corresponding α-hydroxy ketone (Route B) or undergo a
Baeyer−Villiger/Criegee-type rearrangement to result in the
C−C cleaved intermediate(s) (Route C). Finally, C−C
fragmentation could potentially also arise upon deprotonation
of the peroxide, followed by formation of dioxetane 26 and
subsequent fragmentation (Route D).12b,33

Computational Investigations. To gain further insight
into the likely mechanism(s), we subsequently undertook
computational studies34 and calculated the various mechanistic
routes (Routes A−D) for the peroxide intermediate 24 (X =
H) derived from ketones 1 and 15. We employed the M06-2X/
6-311++G(d,p)//B3LYP/6-31G(d) method of theory and
accounted for DMSO solvation with the CPCM solvation
model.35 The homolytic bond cleavage of the peroxide
intermediate RO−OH to RO radical 25 was calculated to be
26.8 kcal/mol for the peroxide derived from ketone 1 (see
Scheme 6). The subsequent C−C cleavage from the
corresponding oxygen-centered radical 25 was calculated to
be very facile, requiring less than 2 kcal/mol activation free
energy. For the peroxide derived from α-phenyl ketone 15 (not
shown, see Supporting Information, Figure S8), the homolytic
peroxide scission was calculated to be slightly more favored
(ΔGrxn = 25.6 kcal/mol). The subsequent radical-induced C−C
fragmentation was similarly facile as for substrate 1 (ΔG⧧ ≈ 1
kcal/mol). Differences in overall product selectivities of
hydroxylation versus C−C fragmentation for substrate 1 versus
15 would in this pathway (Route A) only result, if the rates of
H-atom abstraction by the oxygen-centered radical 25 were
very different for the two substrates. This seems a rather
unlikely scenario. Given the extremely low barriers to C−C

Scheme 4. Potential Mechanisms Leading to Either C−C Cleaved or C−H Hydroxylated Products

Scheme 5. Reactions of 1 and 15 in the Presence of
TEMPOa

aThe selectivity parallels those results obtained under Cu catalysis.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b08347
J. Am. Chem. Soc. 2016, 138, 518−526

521

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08347/suppl_file/ja5b08347_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b08347


cleavage, any oxygen-centered radical produced should
spontaneously fragment to the corresponding C−C cleavage
product.
In competition with homolytic peroxide cleavage, deproto-

nation of peroxide could potentially take place under the basic
conditions employed, leading to the formation of dioxetane 26
(see Scheme 6, Route D), followed by fragmentation to the C−
C cleaved product. This pathway is higher in energy than the
radical pathway for substrate 1 (see Scheme 6), but could be
competitive for the activated substrate 15, for which the barrier
to anionic C−C fragmentation was calculated to be ΔG⧧ = 19.4
kcal/mol (see Supporting Information, Figure S8, for an
illustration or Figure 3). While the homolytic peroxide bond
scission is higher in energy for substrate 15 (ΔGrxn = 25.6 kcal/
mol), Cu salts are known to catalyze this homolytic bond
scission,36,37 so that the radical pathway under Cu-catalyzed
conditions is likely more favorable than calculated. In any case,
the base-induced peroxide cleavage via Route D does not
account for the different C−H versus C−C product selectivities
observed for substrate 1 in the presence of different copper
catalysts or solvents (see Table 1).38

The alternative Baeyer−Villiger pathway (Scheme 4, Route
C, or see Figure 3) was calculated to be significantly higher in
energy and was only marginally different for the peroxides

derived from 1 vs. 15 (ΔG⧧ = 48.8 kcal/mol for 1 and 43.4
kcal/mol for 15). It should therefore not be competitive with
the mechanistic alternatives presented in Scheme 4.
Overall, the comparative computational study of the

peroxides derived from substrates 1 and 15 revealed that
homolytic peroxide cleavage to the oxygen-centered radical
(25) should spontaneously give rise to C−C fragmentation. As
opposed to literature proposals,9a H-atom abstraction by this
radical to the corresponding alcohol (here, α-hydroxy ketone 2
or 15) is unlikely. The origin of the α-hydroxy ketone therefore
remained unclear and was subsequently examined experimen-
tally in greater detail.

Preparation and Study of the Putative Peroxide
Intermediate 24. While the above calculations suggest that
the predominant mechanism to the C−C cleaved product is the
radical pathway (Route A), it is not clear how the α-hydroxy
ketone would form. It has been suggested that the
hydroxylation occurs via H-atom transfer to the oxygen-
centered radical 25 (Scheme 4).9a,39 However, as discussed
above, this seems to be an unlikely mechanistic scenario as any
oxygen-centered radical should undergo rapid C−C cleavage as
soon as it is formed (and there are no obvious sources of better
H-atom donors in the reactions presented in Table 1, e.g., entry
1 versus entry 3). Moreover, it is also not clear why there is a
dependence on Cu salt, solvent, and base in the distribution of
C−C versus C−H activated products. In order to answer these
questions, we set out to prepare the putative peroxide
intermediate 24.
Peroxide 24 was synthesized by autoxidation of the

corresponding ketoacid 28, which in turn was synthesized in
three steps from 1-tetralone.40 Stirring the acid 28 for 3 days
under oxygen in CD3CN gave the peroxide 24 in a mixture
with 1-tetralone. Various reagents were then added to the
peroxide intermediate, and the effect of each addition was
studied. For every set of experiments, the peroxide was
synthesized in situ and its formation verified by 1H NMR
spectroscopic analysis.
We initially added PPh3 to 24, which gave rise to the

quantitative formation of α-hydroxy ketone 2 under concom-
itant formation of Ph3PO in 5 min at room temperature.41

Scheme 6. CPCM (DMSO) M06-2X/6-311++G(d,p)//
B3LYP/6-31G(d) Computational Study of Routes A and D
for Substrate 1a

aFree energies are shown in kcal/mol.

Figure 3. Overview of mechanistic data and favored reaction pathways. (Energies in kcal/mol; ΔG⧧ refers to activation free energy barrier and ΔGrxn
to reaction free energy of the corresponding step.)
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Interestingly, when we added the base hppH to peroxide 24
in another experiment, rapid conversion to the corresponding
alcohol 2 was also seen (see Scheme 7). This reactivity was

remarkable and would be consistent with the exclusive
selectivity for the α-hydroxy ketone 2 in the Cu-catalyzed
aerobic oxidation of 1 in the presence of hppH, as compared to
lower selectivity when the reactions were performed with
alternative bases (e.g., entries 9 and 11 in Table 1).42

In line with this, DBU was not effective as reductant
(Scheme 7). With a longer lifetime of the peroxide intermediate
in this case, it can undergo homolytic cleavage (likely catalyzed
by Cu salt) to eventually also give C−C cleaved product 3 (via
Route A, Scheme 6 or Scheme 4). Moreover, non-oxide Cu
salts appear to be more effective in de-peroxidation, since
CuCl2 gave rise to efficient conversion to 3. Overall, a
competition between reduction of peroxide 24 by hppH versus
homolytic bond scission (de-peroxidation that is catalyzed by
the added Cu salt) takes place.
These results suggest that two competing pathways are

active, resulting in either the C−C cleaved product 3 (via Route
A, see Figure 3) or the C−H hydroxylated product 2 (via
reduction of the peroxide in Route B). The controlling factor to
selectively give α-hydroxy ketone 2 appears to be the rapid
reduction of the peroxide.
Thus, we hypothesized that if a reductant better than hppH

was added, then selective C−H functionalization could
potentially also be achieved for more-activated substrates
(such as α-phenyl ketone 15), since the slightly more-favored
homolytic cleavage of the corresponding peroxide may then be
outcompeted. To our delight, this was indeed seen, with
hydroxylated ketone 16 obtained exclusively when a stoichio-
metric amount of PPh3 was added under otherwise standard
Cu2O/hppH/DMSO catalytic conditions (Scheme 8).

To probe our mechanistic picture in reverse, it can be
implied that if we accelerated the homolytic scission of the
peroxide, this should allow to steer toward the C−C
fragmented product exclusively. Previous electrochemical
studies suggested that the oxidizing ability and stability of Cu
salts strongly depends also on the medium.43 To create a more-
reactive Cu species, we replaced the reaction solvent DMSO by
MeCN (guided also by our observations in Table 1, entries 16,
18). Indeed, selective C−C fragmentation of α-phenyl ketone
15 to 17 as exclusive product was now seen with MeCN
(Scheme 8).
These results support our mechanistic proposals and

showcase the tunability toward exclusive selectivity for C−H
hydroxylated or C−C cleaved products.

Additional Examples of Cu-Catalyzed α-Hydroxyla-
tion. Having identified the key factors necessary to achieve
selective hydroxylation even of activated substrates, we
subsequently applied our insights to the α-hydroxylation of a
wider range of carbonyl compounds. Scheme 9 presents the

results. The method proved to be compatible with alkene (29,
30), alkyne, ester (32), amide (33) functional groups as well as
otherwise readily oxidizable benzylic sites (31, 34).24

On the Role of Copper. The mechanistic studies showed
that the observed reactivity is consistent with a hydroperoxide
as key catalytic intermediate whose fate ultimately dictates the
product selectivity (C−C cleavage versus C−H hydroxylation,
see Figure 3). While the formation of the hydroperoxide is
eased by Cu salts, it is important to note that addition of
exogenous Cu salt may not necessarily be required. Our tests
with ketone 1 in the presence of hppH (1.1 equiv) in DMSO
showed that without the addition of exogeneous Cu2O,
hydroxylation was also seen, albeit more slowly [i.e., 21%
conversion to 2 was seen without and 46% with added Cu2O (5
mol%) after 2 h]. However, even without added Cu salt, truly
Cu-free conditions are challenging to achieve. While we utilized
“trace-metal-free DMSO” [copper content ≤5 μg/kg (for
TraceSELECT, ≥99.99995%)], our trace metal analysis of
hppH indicated significantly greater amounts of copper being
present (917 μg/kg, see Supporting Information). An initiation
process triggered by the trace copper cannot be ruled out.
Alternatively, the reactivity in the absence of added Cu salt may
also be consistent with radical-based autoxidation or enolate-
derived reactivity. However, it is important to note that the

Scheme 7. Preparation and Study of Reactivity of Peroxide
24 as Key Intermediate Leading to C−C Cleaved versus C−
H Hydroxylated Products

Scheme 8. Demonstration of Switchability of C−C Cleavage
versus C−H Hydroxylation on Activated Substrate 16a

aReagents: Cu2O (5 mol%), hppH (1.1 equiv), PPh3 (1.5 equiv).44

Scheme 9. Exploration of the Scope of α-Hydroxylation
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overall product selectivities are dependent on whether Cu salt
was added (as well as the type of Cu salt and conditions, see
Table 1 and Scheme 7),45 consistent with the facilitation of
deperoxidation of the hydroperoxide as another mechanistic
role of the Cu salt.

■ CONCLUSIONS

In summary, we herein examined the factors that control
selectivities in α-C−H bond hydroxylation versus C−C bond
cleavage of ketones under homogeneous Cu catalysis. The roles
of substrate, additive, solvent, and catalyst were investigated.
Specifically, it was found that α-alkyl-substituted ketones
selectively generate α-hydroxy ketones under Cu2O/DMSO/
hppH conditions. More-activated substrates (e.g., α-phenyl)
give rise to C−C bond activation in addition to hydroxylation,
but this inherent selectivity can be overturned through the
addition of an exogeneous reductant to yield the hydroxylated
product exclusively. In situ React IR studies, experiments, and
computational investigations suggest that the reactivity is
consistent with the intermediacy of a hydroperoxide whose
formation is catalyzed by [Cu]/O2. Various alternative
mechanisms that have previously been proposed could be
ruled out. As opposed to literature proposals, computational
studies predict that, upon homolytic scission of the peroxide,
spontaneous C−C cleavage should take place to yield the
formal C−C cleaved product. With appropriate test experi-
ments on the separately prepared hydroperoxide intermediate,
we uncovered that hppH is able to reduce the peroxide to the
α-hydroxy ketone, while other bases (such as DBU) are
ineffective.46 Given the widespread biological existence of this
or similar structural motifs, we anticipate that this finding will
also be of wider relevance to understand enzymatic reactivities
as well as the fate of peroxide species in vivo in the context of
oxidative stress47 or metastatic cancer.29c The data suggest that
the relative rates of peroxide reduction (leading to ROH)
versus deperoxidation (leading to C−C cleavage) control the
overall product selectivity. For more-activated substrates, a
base-mediated anionic peroxide fragmentation may also be
competitive (see Route D, Figure 3). However, more-efficient
reductants (such as phosphines) allow even for more-activated
substrates (e.g., α-phenyl) to selectively generate the α-hydroxy
ketone (16). Removal of all reductants (i.e., use of alternative
base) and appropriate choice of solvent or Cu salt to encourage
deperoxidation allows switching to selective C−C activation
(product 17). We anticipate that these findings will aid the
deeper mechanistic understanding and development of selective
transformations in the context of homogeneous oxidative
catalysis.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.5b08347.

Details on experimental procedures, spectroscopic data,
trace metal analyses, additional ReactIR studies,
computational information, Cartesian coordinates of
calculated species, and complete ref 34 (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*franziska.schoenebeck@rwth-aachen.de

Author Contributions
§A.S.-K.T. and A.K. contributed equally.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank the MIWF NRW and the RWTH Aachen University
for financial support. We thank Dr. J. A. Allen and Dr. M.
Adamczyk from Mettler-Toledo GmbH for access to their
ReactIR instrument as well as their invaluable technical
assistance. We thank S. Thoröe (Uniklinik, RWTH Aachen)
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