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A tandem Cu-catalyzed oxidation-intramolecular Cannizzaro
reaction leading to bioactive α-hydroxyesters from α-hydrox-
yketones is reported. The process uses oxygen as a sole oxidant
to achieve the formation of glyoxals, which are efficiently
converted in situ to important α-hydroxyesters. The mechanistic

insights are provided by isotopic labeling and supported by
DFT calculations. The transformation proved a robust synthetic
tool to achieve the synthesis of human metabolites and
hydroxyl esters of various biologically active steroid derivatives.

Introduction

The intramolecular Cannizzaro reaction that converts glyoxals
[RC(O)CHO] to the corresponding α-hydroxy carboxylic acid or
esters [RCHOH(CO2R1)] has been known since the end of the
19th century.[1,2] Through the years this transformation has been
intensively explored and the harsh reaction conditions initially
employed (e.g. strong bases, high temperatures) have been
replaced by Lewis acid catalysis that operate under milder
conditions.[3–10] More recently asymmetric versions have been
developed.[11–14] However, most of the reported transformations
require the use of α-ketoaldehydes or their corresponding
hydrates as starting materials. Due to the unstable nature of the
α-ketoaldehydes, in several instances they have been used
in situ for further transformations.[15–17] The reported approaches
are often limited to the use of aryl substrates, which furnish
more stable glyoxal-type intermediates owing to conjugation
with the aromatic ring. The access to this materials usually
requires application of expensive and toxic stoichiometric

oxidants such as SeO2,
[13] Kornblum oxidation with I2,

[15,16] 2-
iodoxybenzoic acid (IBX),[18] or dichloro-pyridine-N-oxide.[19]

Despite the possibility of using Cu-complexes to catalyze such a
transformation, the aerobic oxidation of primary alcohols
usually results in overoxidation to carboxylic acids.[20,21] � The
catalytic approaches remain limited to the use of Fe-
(OAc)2/TEMPO/O2

[17] and Cu(OAc)2/O2,
[22,23] and suffer from the

need of very high catalyst loading. A recent report on the
selective Cu(I)-catalyzed oxidation of primary α-ketoalcohols
using O2 as a sole oxidant overcame these drawbacks.

[24]

The intramolecular Cannizzaro reaction has been achieved
under Cu catalysis,[4] and it proved particularly useful for the
synthesis of asymmetric α-hydroxyesters from α-
ketoaldehydes.[11,13] Despite its obvious utility, the tandem Cu-
catalyzed oxidation-intramolecular Cannizzaro reaction of α-
ketoalcohols has been scarcely explored. Such transformation
could be rather challenging owing to the possible C� C cleavage
of the formed α-hydroxy carboxylic acid.[25] To the best of our
knowledge, the herein showcased tandem Cu-catalyzed oxida-
tion-intramolecular Cannizzaro reaction of α-hydroxyacetones
has been reported only in one instance and regarded as a side
reaction.[24]

Prompted by the above-mentioned challenges, we report a
Cu-catalyzed direct conversion of primary α-ketoalcohols to α-
hydroxyesters that proceeds via oxidation of the alcohol to the
corresponding aldehyde, followed by successive Cannizzaro
reaction. Driven by sustainability and applicability considera-
tions, we focused our efforts on the utilization of biorenewable
substrates and steroids that give rise to biologically active
derivatives (Figure 1).
Recently, we reported a Ru-catalyzed isomerization of

Achmatowicz derivatives that results in the formation of 4-keto-
δ-valerolactones.[26] In particular, the Achmatowicz product
derived from the biorenewable furfuryl alcohol was converted
in high yields to dihydro-2H-pyran-2,5(6H)-dione (KVL). There-
fore, we foresee the hydroxy ketone moiety in its corresponding
methyl ester 1 (Scheme 1) as an excellent starting material to
achieve the synthesis of esters of α-hydroxyglutaric acid, which
is an oncometabolite[27–30] and potential cardioprotective
agent.[31] Noteworthy, its esters have been explored in the
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synthesis of several bioactive scaffolds[32–36] and natural
products.[37] Moreover, α-hydroxyacids or esters have become
important building blocks for the production of polyester
monomers from cellulosic biomass[38] and biobased polymers
with tunable functionality.[39]

Results and Discussion

We began our studies by screening a range of Cu(I) and Cu(II)
complexes (see Table S1, SI) for their ability to catalyze the
oxidation of 1 to hydrate 2 and further promote its intra-
molecular Cannizzaro-type rearrangement to the corresponding
dimethyl α-hydroxyglutarate 3 (Scheme 1).
We observed the formation of both oxidation product 2 and

Cannizzaro derivative 3 in all cases. The preliminary screened
catalysts provided low to moderate yields of 3 (Table 1, entries
1–6). The previously reported copper(I) complex for oxidation of
α-hydroxyketones to glyoxalates,[24] [Cu(MeCN)4]PF6 in 10 mol%,
exhibited the best performance under our conditions, resulting
in 82% yield (Table 1, entry 7). Noteworthy, the reaction also
proceeded with 5 mol% catalyst loading and in the presence of
aerobic oxygen as oxidant. Nevertheless, in both cases,
significantly longer reaction times of above 17 h were required.
In addition, we achieved the synthesis of 2 in 87% isolated yield
(Table 1, entry 8). The selective formation of 2 was observed
upon cooling to 0 °C and on using a shorter reaction time (1 h),

as the appearance of product 3 was promoted by higher
temperatures and longer reaction times. Unsurprisingly, the
absence of pyridine rendered lower yield (Table 1, entry 9), as
pyridine has been previously reported to accelerate the
oxidation step.[24] With the idea to test its influence on the
Cannizzaro rearrangement we performed the reaction starting
from the intermediate hydrate 2. The lower reaction yield and
the presence of 33% starting material after 2 h of reaction time
suggested that the presence of pyridine accelerates both
alcohol oxidation and Cannizzaro rearrangement (Table 1,
entry 10). However, the pyridine as base alone did not catalyze
the Cannizzaro reaction from 2 (Table 1, entry 11). Finally, we
performed an attempt to achieve the synthesis of 3 using the
similar Ag(MeCN)4BF4 catalyst. Nevertheless, this attempt was
unsuccessful (Table 1, entry 12).
We further observed that the use of a protic solvent is of

pivotal importance for the reaction outcome (see Table S2, SI).
We found no reactivity when using MTBE, MeCN and CPME as
solvents, while the use of chlorinated solvent such as DCE
rendered 3 in only 11% yield. The use of water as a sole solvent
was also not tolerated.
Further, we examined the role of complex counter anion

and pyridine equivalents on reaction rate. To this end, [Cu-
(MeCN)4]BF4, [Cu(MeCN)4]OTf and [Cu(py)4]PF6 were tested. In
order to adjust a reasonable time scale for the measurements
the reactions were carried out in the presence of 2.5 mol%
catalysts and followed by NMR spectroscopy employing
trimethoxybenzene as an internal standard (see Table S3, SI).
We observed similar kinetics of the different complexes as
compared to the standard conditions, thus suggesting that the
counter anion is innocent in both alcohol oxidation and
Cannizzaro rearrangement. The use of 4 equivalents of pyridine
was also found to be of no benefit. With these reaction

Figure 1. Tandem oxidation-intramolecular Cannizzaro reaction of biorenew-
ables.

Scheme 1. Tandem oxidation-intramolecular Cannizzaro reaction of methyl
5-hydroxylevulinate.

Table 1. Selected catalytic experiments.[a]

Entry Catalyst Pyridine mol% NMR yield (%)

2 3

1 Cu(OAc)2.H2O 20 33 13

2 CuCl 20 48 24

3 CuSO4 20 57 8

4 CuBr 20 30 33

5 Cu(OTf)2 20 18 51

6 Cu(OTf)(C6H6)0.5 20 5 64

7 [Cu(MeCN)4]PF6 20 9 82 (80[b,c])

8 [Cu(MeCN)4]PF6 10 87%[b,d] –

9 [Cu(MeCN)4]PF6 – 34 16

10 [Cu(MeCN)4]PF6 – 33 33[e]

11 – 20 No reaction[e]

12 Ag(MeCN)4BF4 20 No reaction[f]

[a] 0.25 mmol scale, MeOH (0.1 M), oxygen atmosphere (1 bar), 60 °C, 2 h,
trimethoxybenzene as internal standard. [b] isolated yield. [c] 2 mmol
scale. [d] 4 mmol scale, 5 mol% catalyst, 0 °C, 1 h. [e] 2 used as a starting
material. [f] up to 17 h.
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parameters in hand, we explored the gram-scale direct syn-
thesis of 3 from KVL in a tandem 3-step process. To our delight,
the reaction proceeded with an isolated yield of 78%
(Scheme 2), which is comparable to the reaction involving 1 as
a starting material. This approach provided a sustainable route
to “symmetrical” hydroxyglutarates from the biorenewable KVL.
Compared to the previously reported methods, our work avoids
the troublesome diazotization of glutamic acid[32] or multistep
esterification and reduction synthesis from ketoglutaric
acid.[40,41]

The presence of pyridine, which may act as a base in the
Cannizzaro reaction provoked us to study the molecularity of
the process. To this end, a deuterium labeling study was
undertaken to determine the mechanism. We prepared the
isotopically labeled substrate D-1 and subjected it to a cross-

experiment with ethyl ester 4. The GC/MS analysis of the
reaction mixture revealed an intramolecular deuterium transfer
leading to formation of product D-3, while deuterated product
D-5 was not observed (Scheme 3). This observation was in
accordance with the fact that pyridine alone did not catalyze
the Cannizzaro reaction (Table 1, entry 11), thus suggesting an
entirely intramolecular process.
We further explored the scope of the transformation in the

synthesis of “unsymmetrical” in respect to the carboxylic
functions hydroxyglutarates (Scheme 4), which are more chal-
lenging to obtain via formal desymmetrization of the dicarbox-
ylic glutamic and ketoglutaric acid. Starting from 1 we achieved
the synthesis of the corresponding ethyl 6 and i-propyl 7 esters
in moderate yields of 67% and 54%, respectively. The longer
alkyl chain n-butyl ester 8 was obtained in 69% yield, while the
more challenging t-butyl ester 9 was isolated in 27% yield,
possibly due to sterics. The corresponding “unsymmetrical”
diesters 5 and 10 were obtained from ethyl ester 4 in good
yields of 74% and 73%, respectively. It is also worth mentioning
that except for compound 9, all other hydroxyglutarates were
isolated without the need of chromatographic purification. In
addition, using hydroxyacetone as a starting material, we
successfully achieved the synthesis of methyl lactate 11 in 81%
yield, which is used as a green solvent for various forms of
cellulose[42] and finds application in the cosmetics and food
industries.[43] Furthermore, we extended the reaction scope to
the synthesis of various hydroxy esters derived from steroids
bearing α-hydroxyketone moiety (Scheme 3). Prednisone was
successfully converted to its methyl 12a and i-propyl α-
hydroxyester 12b in high yields of 89% and 93%, respectively.
The products were obtained as an inseparable 3 :2 mixture of
diastereoisomers. The cortisone-derived esters 13a and 13b
were achieved in 69% and 86%, respectively. In this case, the
use of bulkier i-Pr group rendered an improved diastereoselec-
tivity of 2 : 1. The C11-hydroxy steroids prednisolone and
hydrocortisone rendered the corresponding α-hydroxyl esters
14a,b and 15a,b, in moderate yields. Methyl esters 14a and
15a were achieved with the same degree of diastereoselectivity
of 3 :2 as their C11-keto analogues 12a and 13a. Unexpectedly,
we did not observe any diastereoselectivity for the bulkier i-Pr
esters 14b and 15b. However, in this case, the diastereoisomers
were readily separable by column chromatography and were
isolated as individual products.
Compared to previously reported methods, the sequential

establishment of the ester group provided straightforward
access to “unsymmetrical” esters without troublesome “desym-
metrization” reactions. Concerning the synthesis of hydroxyest-
er derivatives of important steroids, our approach overcomes
the previously used large amount of catalysts[22] and substoi-
chiometric amounts of strong bases,[23] thus providing a
sustainable route to achieve the synthesis of new biologically
active compounds.
Considering the intramolecularity of the process, several

pathways were taken into account and studied by means of
density functional theory calculations at the PBE1PBE
(PCM� MeOH)/6-31G**/6-31+G* level of theory. The Cannizzaro
hydride transfer in 1-hydroxy-1-methoxypropanone was used as

Scheme 2. Direct application of KVL for gram-scale synthesis of dimethyl α-
hydroxyglutarate.

Scheme 3. Deuterium labeling studies.

Scheme 4. Scope of the Cu-catalyzed tandem oxidation-intramolecular
Cannizzaro reaction.
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model reaction. Given the low affinity of acetonitrile and
pyridine as neutral ligands for copper species, we first
considered the energetics for the formation of cations [CuPy2]

+

and [Cu(MeCN)2]
+ from [Cu(MeCN)4]

+ (Scheme 5). Both proc-
esses were deemed spontaneous, although the formation of
the copper� pyridine complex was somewhat more favorable
(ΔGf= � 14.5 vs � 6.8 kcal/mol). Nevertheless, the close energies
for the formation of both species and when considering the
reaction conditions (60 °C), the formation of both is likely to
result in competing mechanisms. With that in mind, the
transition states for Cannizzaro reaction of 1-hydroxy-1-methox-
ypropanone (Figure 2a) were computed considering four path-
ways: a) in the presence of [CuPy2]

+ and pyridine as a base
(IM1� TS1� P1); b) in the absence of any copper species, with
pyridine acting as a base to assist the proton migration
between the oxygen atoms (IM2� TS2� P2); c) in the presence
of [Cu(MeCN)2]

+ and pyridine as a base (IM3� TS3� P3), and d)
in the presence of [Cu(MeCN)2]

+ and absence of base
(IM4� TS4� P4) (Figure 2b). In general, the four pathways show
somewhat similar activation barriers to be overcome, lying in
the 27.0–32.6 kcal/mol range. The computed transition states in
which pyridine was considered as a base to assist the hydrogen
migration between the oxygen atoms (TS1� TS3) show a
simultaneous hydride shift between carbons. Among the four

mechanisms presented, the one considering the formation of
[CuPy2]

+ requires a lower energy barrier (TS1) to be overcome,
in line with the more favorable formation of such copper
complex. Whilst the role of [CuPy2]

+ in TS1 not being obvious,
due to the rather long distance between the oxygen atoms and
copper (dO� Cu=3.10 and 3.40 Å), the Wiberg index analysis
shows weak interactions between O***Cu pairs. The interaction
between the metal center and the hemiacetal oxygen decreases
along the process (WIIM1=0.06 vs WIP1=0.02) whilst the change
in the oxygen hybridization keeps the same level of interaction
(WIIM1=WIP1=0.05), being stronger during the transition state
(WITS1=0.07). Moreover, the energy barrier for the similar
transition state TS2 in the absence of any copper increases
considerably by 15.4 kcal/mol. Considering the hypothetical
intervention of [Cu(MeCN)2]

+ (pathways c and d), the activation
energies are comparable although the presence of pyridine
(TS3) demands an activation barrier of 5.5 kcal/mol lower than
for TS4. Notably, whilst [CuPy2]

+ seems to have a weak
interaction with any of the oxygen atoms either from carbonyl
ketone or the hydroxyl group of the hemiketal in TS1, the same
interaction of the deprotonated oxygen atoms with [Cu-
(MeCN)2]

+ is stronger, according to the dO� Cu=2.11 Å in TS3
and TS4.
Taking all this together, and considering the reaction

conditions, the four pathways herein presented might be
competitive with each other and all contribute to the product
formation. Nevertheless, whilst disclosure of the role of pyridine
as a ligand requires further confirmation, its role as base seems
undoubtful when considering the lower energy-demanding
profiles for pathways a) and c) versus pathway d). Moreover,
whilst the Cannizzaro process could be performed in the
absence of pyridine, its presence promotes a faster product
formation (Table 1, entries 7 and 9).
Additionally, we performed mechanistic studies concerning

the incorporation of oxygen during the oxidation step. To this
end, 1 was subjected to a tandem oxidation-intramolecular
Cannizzaro reaction in dry EtOH under 18O atmosphere. The
resulting “unsymmetrical” diester was analyzed by high-reso-
lution mass spectrometry (HRMS). Despite the possible ex-
change of the 18O atom in the equilibriums of the intermediate
aldehyde, the presence of 18O-6 product was evident by HRMS
suggesting the initial oxidation step proceeds with incorpo-
ration of oxygen (Scheme 6). A mechanism proposal for the
oxidation is described below (Scheme 7), with the first step

Scheme 5. Calculated Gibbs free energy for the formation of copper cations.

Figure 2. Energy profiles for different pathways of the Cannizzaro reaction
computed at the PBE1PBE (PCM� MeOH)/6-31G**/6-31+G* level of theory. a)
Reaction scheme for the model reaction; b) Calculated Gibbs free energies
for pathways a)–d) (see text for details); c) transitions states for the hydride
transposition in pathways a)–d) (see text for details). Scheme 6. 18O labeling studies.
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being the formation of a copper� ketol complex (I), as previously
evidenced by Driscoll and Kosman.[44] Reaction of the complex
with molecular oxygen results in oxidation of the metal center
and formation of binuclear Cu(II) μ-peroxo species (II).[45–47] The
homolytic fission of the O� O bond followed by abstraction of
the enolic hydrogen should result in formation of a radical (III)
that ultimately results in copper reduction with concomitant
liberation of the dicarbonyl compound and water.[21] 18O-
incorporation in the final product might result from hydration
of the dicarbonyl product, since the only water present in the
mixture is a result of its dissociation from the copper complex,
and the heavier C=O18 should accumulate over time.[48]

Conclusions

In summary, we have presented a new practical tandem
oxidation-intramolecular Cannizzaro reaction specifically fo-
cused on sustainable applications. We made use of the
biorenewable KVL synthon in the synthesis of biologically
important hydroxyglutarates. By doing so, we aim at larger
visibility of this interesting biorenewable synthon in sustainable
organic synthesis and biorefinery. Furthermore, we utilized our
findings in the synthesis of biologically active steroid deriva-
tives. The mechanisms involved in the Cu-catalyzed tandem
process were studied by both deuterium and 18O labeling, and
rationalized by computational means. Currently, asymmetric
version of this process is investigated in our Laboratory.

Experimental Section
Materials and methods: The NMR spectra were recorded on Bruker
NEO 400 (1H at 400.1 MHz; 13C at 101.2 MHz) spectrophotometer,
experiments were carried out at room temperature. 1H NMR and 13C
NMR chemical shifts were given in ppm and related to residual
solvent peaks. 1H signals were reported as follows: chemical shift (δ)
in ppm on the δ scale, multiplicity (s= singlet, d=doublet, dd=

doublet of doublet, t= triplet, td= triplet of doublets, q=quartet,
hept=heptet, m=multiplet), coupling constant (Hz), integration

and assignment. 13C NMR signals were reported as follows: chemical
shift (δ) in ppm on the δ scale. The numbering of the H and C,
presented in the formulas, is arbitrary. IR spectra were recorded on
a Shimadzu IR Spirit FT-IR spectrometer using QATR-S as a single-
reflection ATR measurement attachment. High Resolution Masss-
pectra were recorded in a Thermo Scientific Q Exactive hybrid
quadrupole-Orbitrap mass spectrometer (Thermo ScientificTM Q
ExactiveTM Plus). The GC analyses were acquired using Shimadzu
Nexis-2030 gas chromatographer with FID and single quadrupole
mass detector. For computational details see SI.

Unless otherwise noted, all chemicals were purchased from
commercial sources and were used without further purification. The
KVL was obtained in 84% according to previously reported
procedure.[26] With the exception of [Cu(py)4]PF6 all the used in this
study Cu-catalysts were obtained from Sigma Aldrich and TCI.

Preparation of [Cu(py)4]PF6: Following a reported procedure,
[49]

pyridine (15 mL) was added to [Cu(MeCN)4]PF6 (500 mg, 1.34 mmol)
under Argon atmosphere. The solution was stirred for 20 min, then
filtered, and the filtrate was concentrated to ca. 5 mL, then kept in
a freezer overnight. The precipitate was filtered off, washed with
Et2O and dried to give [Cu(py)4]PF6 in 88% yield as a greenish
microcrystalline solid.

General procedure for tandem oxidation-intramolecular Canni-
zzaro reaction: A two-neck round-bottom flask was charged with
the corresponding substrate, solvent, 10 mol% [Cu(ACN)4]PF6 and
20 mol% pyridine. The atmosphere was changed to oxygen and
then stirred at 60 °C until full consumtion of the starting material by
TLC. The reaction mixture was passed through a pad of neutral
Al2O3 in order to remove the copper catalyst. The filtrate was
evaporated and the residue was dissolved in DCM, filtered through
a pad of Celite® and where needed further purified by column
chromatography (for full experimental details see SI).

Supporting Information

The authors have cited additional references within the
Supporting Information.[50–86]
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converts α-hydroxyketones into
valuable α-hydroxyesters under mild
conditions is reported. The substrate
scope encompasses biorenewable

synthons and complex structures,
such as steroids. We provided mecha-
nistic insights using isotope labeling
and rationalization by computational
means.
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