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From oximes to tertiary alcohols in water, at room
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tandem assembly of enzymatic deoximation and
RLi/RMgX reagents†
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The highly efficient biodeoximation of aromatic ketoximes, promoted by the enzymatic oxidative system

laccase/TEMPO/O2, has been successfully assembled with the fast and chemoselective addition of

highly-polar s-block organometallic reagents (RLi/RMgX) en route to highly-substituted tertiary alcohols.

By using this hybrid one-pot tandem protocol, tertiary alcohols have been selectively synthesized in good

yields and under mild and bench-type reaction conditions (room temperature, the absence of a protect-

ing atmosphere and aqueous media, which are non-typical conditions for polar organometallic reagents).

The overall hybrid one-pot tandem transformation amalgamates two distant organic synthetic tools (RLi/

RMgX reagents and enzymes) without the need for any tedious and energy/time-consuming intermediate

isolation/purification steps.

Introduction

In recent years, the design of multistep one-pot synthetic pro-
tocols has attracted great attention in the synthetic organic
community (for the substitution of traditional and tedious
stepwise processes), since the implementation of these
tandem protocols allows us to avoid the employment of purifi-
cation steps, usually needed for the isolation of reaction inter-
mediates (with the concomitant reduction of chemical waste
and energy/time costs), thus making simpler the practical
aspects of the desired synthetic methodology.1 Moreover, these
one-pot tandem protocols are also the synthetic tools of choice
when it is not possible to isolate highly reactive or transitory-
formed species as intermediates.2 Although these protocols
have been successfully exploited to create a wide variety of

natural products and other complex molecular architectures,
there are currently relatively few examples of their hybrid ver-
sions3 in which the combination of enzymatic, organocatalytic,
and transition-metal or main-group-catalysed processes has
been successfully assembled within the different reaction
steps.4 In this field, hybrid chemoenzymatic one-pot tandem
protocols in which enzymes are successfully combined with
transition-metal-based catalysts or organocatalysis are cur-
rently considered a hot topic of research. However, and to the
best of our knowledge, the combination of enzymatic synthetic
protocols (which intrinsically use water as the natural reaction
medium, under aerobic conditions and at room temperature)5

and the chemistry of highly reactive and polar organolithium
(RLi) or Grignard (RMgX) reagents,6,7 which usually requires
the use of dry, often toxic and volatile organic solvents, under
an inert atmosphere (N2 or Ar) and at low temperature
(ranging from 0 to −78 °C), is still in its infancy.8 The design
of these hybrid protocols, which rely on the combination of
enzymes and highly-polar main-group organometallic
reagents, is based on previous related studies reported by
other research groups (for example, C.-J. Li9a or Lipshutz9b) or
some of us,10,11 which demonstrated the possibility of promot-
ing organolithium- or organomagnesium-mediated organic
reactions in protic solvents [water, glycerol or deep eutectic sol-
vents (DESs)], at room temperature and without the need for a
protecting atmosphere (i.e., under air).12–14 To the best of our
knowledge, to date, only two protocols have reported the com-
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bination of enzymes and polar organometallic chemistry: (i) a
lithium carbenoid homologation reaction combined with an
enzymatic reduction8a and (ii) the catalytic oxidation of sec-
ondary alcohols by the laccase/TEMPO system followed by the
addition of organolithium reagents to the in situ formed keto-
nes.8b The latter methodology, in particular, presents several
shortcomings such as (i) the limited scope of the reaction as
the catalytic biooxidation tolerates only a few alcohols; (ii) low
to moderate isolated yields of the resulting tertiary alcohols;
and (iii) the ineffectiveness of Grignard reagents in this hybrid
tandem protocol.

On the other hand, laccase from Trametes versicolor15 is
considered one of the most reliable and versatile enzymatic
partners available in the synthetic biocatalytic toolbox for the
design of chemoenzymatic one-pot tandem protocols.8b,16

Moreover, some of us have reported the first biocatalytic deoxi-
mations, which enabled us to recover ketones from ketoximes
by means of a laccase/TEMPO system.17,18 This is important
also in the perspective of late-stage functionalization as the
oxime function is ubiquitous in nature and can be found in
the structure of innumerable natural and synthetic bioactive
compounds as well as in several metabolic pathways.19

Remarkably, the biodeoximation reaction took place in an
aqueous medium under mild reaction conditions, and the pro-
ducts were isolated in excellent yields without the need for
chromatographic purification. Herein we report a new hybrid
one-pot tandem methodology capable of transforming ketox-
imes into non-symmetric tertiary alcohols by combining the
biodeoximation reaction (by means of a laccase/TEMPO/O2

system) with the subsequent fast, chemoselective and air/
moisture/ambient temperature compatible addition of highly
polar RLi/RMgX organometallic reagents (see Scheme 1).

The following features of our hybrid one-pot tandem proto-
col are noteworthy: (i) an aqueous medium is used as the
solvent for the combination of both biocatalysed and main-
group-promoted organic transformations; (ii) the global one-
pot tandem protocol proceeds at room temperature and under
aerobic conditions; (iii) no isolation of any reaction intermedi-
ate (ketones in this case) is needed, thus reducing the chemi-
cal waste and energy/time costs; and (iv) it is an effective and
chemoselective methodology for the synthesis of highly-substi-
tuted tertiary alcohols (conversions up to 91%), which are
often considered components of active pharmaceutical ingre-
dients (APIs), natural products, agrochemicals and synthetic
materials.20 This new methodology overcomes the aforemen-

tioned drawbacks of our previous chemoenzymatic method-
ology based on the catalytic oxidation of secondary alcohols by
the laccase/TEMPO system followed by the addition of organo-
lithium reagents to the in situ formed ketones,8b as: (i) it toler-
ates a large variety of starting oximes; (ii) better isolated yields
(up to 82%) have been obtained for tertiary alcohols; and (iii)
for the first time, Grignard reagents have been successfully
employed, thereby expanding the scope of main-group
reagents which can be amalgamated with enzymes.

Results and discussion

We started our investigation focusing our attention on the de-
protection of aromatic ketoximes under mild reaction con-
ditions promoted by the laccase/TEMPO/O2 system (see
Table 1). We selected as the model reaction the biodeoxima-
tion of (Z/E)-1-phenylpropan-1-one oxime (1a) in pure water as
the solvent, promoted by the laccase/TEMPO system and using
aerial O2 as a co-oxidant during 24 h. First, we observed an
important effect of the stirring speed on the reaction, that is, a
dramatic increase in the conversion of 1a into the corres-
ponding propiophenone (2a) when moving from 800 rpm to
1800 rpm (47% to 84%; entries 1 and 2, Table 1) was found.
This experimental observation has been previously reported in
biooxidation processes promoted with the laccase/TEMPO/O2

catalytic system and is related to the increase in solubility of
the required O2 in the reaction medium.16–18 Once the stirring
speed was fixed at 1800 rpm, we decided to parametrize the
amount of the co-catalyst (TEMPO in this case), observing an
important increase in activity when moving from 10 to
33 mol% (compare entries 2 and 3 in Table 1). Trying to

Scheme 1 Design of a hybrid one-pot tandem protocol by combining
enzymes (laccase from Trametes versicolor) with highly polar s-block
organometallic reagents (RLi/RMgX) in an aqueous medium, at room
temperature and under air.

Table 1 Deoximation of propiophenone oxime (1a) into ketone 2a pro-
moted by the laccase/TEMPO/O2 system in an aqueous medium at
room temperature after 24 hoursa

Entry Laccaseb,c Co-catalyst Oxidant
Conv.d

(%)

1 T. versicolor TEMPO (33 mol%) Air 47e

2 T. versicolor TEMPO (33 mol%) Air 84
3 T. versicolor TEMPO (10 mol%) Air 40
4 T. versicolor TEMPO (33 mol%) O2 >99
5 Rhus vernicifera TEMPO (33 mol%) O2 1
6 CuCl2·2H2O/TMEDA TEMPO (33 mol%) O2 2
7 T. versicolor AZADO (33 mol%) O2 >99
8 T. versicolor TEMPO (33 mol%) O2 >99 f

9 — TEMPO (33 mol%) O2 0
10 T. versicolor — O2 2

aGeneral conditions: 24 h of reaction at room temperature and at 1800
rpm, using 0.73 mmol of 1a in 1 mL of water. b 280 mg of T. versicolor
(0.5 U mg−1) and 2.8 mg of Rhus vernicifera (50 U mg−1) were employed.
cU mg−1 = units of activity per mg of enzyme. dDetermined by GC; no
significant amount of by-products was detected. e Stirring speed: 800
rpm. f 100 μL of CH3CN were added as the co-solvent.
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achieve quantitative conversion into the desired propiophe-
none (2a), we carried out the biocatalytic oxidation reaction in
an oxygen atmosphere using an external oxygen balloon (1
atm). Working under these conditions, we achieved the com-
plete and chemoselective conversion of ketoxime 1a into the
desired ketone 2a (no by-products were detected, entry 4,
Table 1), at room temperature and after 24 h. The effectiveness
of a different commercially available laccase (Rhus vernicifera)
was also studied (50 U mg−1), but no activity in the deoxima-
tion process was observed (entry 5, Table 1). Interestingly, an
archetypical transition-metal based catalytic oxidation system
(i.e., CuCl2·2H2O/TMEDA; TMEDA = N,N,N′,N′-tetramethyl-
ethylenediamine) is not capable of replicating the activity
observed when using our biocatalytic system (entry 6,
Table 1).21 At this point, we should mention that the biooxida-
tion system under study tolerates the use of other co-catalysts
such as AZADO (2-azaadamantane N-oxyl, entry 7, Table 1) or
water-miscible co-solvents such as acetonitrile (100 μL; entry 8,
Table 1). On the other hand, no biocatalytic reaction was
observed in the absence of catalytic amounts of laccase (entry
9) or a co-catalyst (TEMPO in this case, entry 10, Table 1).
These experimental findings testify that the biocatalytic system
laccase/TEMPO/O2 is responsible for the catalytic activity
observed in the deoximation reaction of 1a.

After setting up the best conditions for the biodeoximation
process of 1a into the desired ketone 2a (water as the solvent,
room temperature and 24 h of reaction, 1800 rpm), we investi-
gated its combination with the chemoselective addition of RLi/
RMgX reagents to the intermediate ketone 2a without any inter-
mediate purification/isolation step, that is in the presence of
the biocatalytic system laccase/TEMPO/O2, and working at room
temperature, under air and in an aqueous medium, a trio of
reaction conditions not usually employed in traditional polar
organometallic chemistry.6,7 This hybrid methodology could be
considered as another proof-of-concept on the scarcely studied
combination of polar organometallic chemistry and biocata-
lysts, thus being a new strategy for the design of RLi/RMgX-
mediated organic transformations in the presence of enzymes
and co-factors in aqueous media. The laccase/TEMPO/O2 deoxi-
mation of 1a into the corresponding ketone 2a was followed by
the direct addition of a variety of RLi/RMgX reagents to the
resulting aqueous-based reaction mixture (see Table 2).

Initially, the reaction mixture formed by ketoxime 1a and
the biooxidation system (laccase/TEMPO) was allowed to react
in bulk water, at room temperature and under O2 to trigger the
desired deoximation reaction. As soon as the complete conver-
sion of 1a into propiophenone (2a) was achieved (24 h, GC
analysis), PhLi was directly added to the reaction mixture in
the absence of any protecting atmosphere and at room temp-
erature (entry 1, Table 2). Under these bench-type reaction con-
ditions, we observed that PhLi added almost immediately (10
s) to the in situ formed propiophenone (2a), leading to the
desired tertiary alcohol 3a with total chemoselectivity, as no
by-products were detected even in the presence of the enzyme
(laccase) and the co-catalyst (TEMPO). It is worth mentioning
that the possible side reaction between the organolithium

reagent and TEMPO was not detected,22 thus disclosing a new
example in which the addition reaction of the RLi reagent to a
carbonyl compound is faster than any other side reactions or
hydrolysis.9–13 With the aim to increase the yield of the final
product 3a, and taking into account the positive effect associ-
ated with the use of biphasic mixtures of water and ethereal
solvents [such as cyclopentyl methyl ether (CPME)]23 in the
addition of RLi reagents to organic electrophiles in protic sol-
vents, we assayed the use of this mixture in our tandem proto-
col. An important increase in the final yield of the tertiary
alcohol 3a was observed in this case (79%, entry 2, Table 2).
On the other hand, when the equivalents of PhLi were
decreased from 3 to 2, a lower yield (60%) of the final aromatic
alcohol 3a was detected (entry 3, Table 2). Along the same
lines and by replacing CPME with other ethereal solvents such
as 2-MeTHF,24 the yield of 3a could not be increased either
(entry 4, Table 2). Finally, we decided to study the scope of the
reaction by investigating: (i) the nature of the starting organo-
lithium reagent (comparing aromatic PhLi with aliphatic
n-BuLi); and (ii) the co-solvent in which these commercially
available solutions of RLi reagents are accessible [that is an
ethereal donor solvent for PhLi (n-Bu2O) and an aliphatic and
non-coordinating solvent for n-BuLi (hexanes)]. Thus, a com-
parison between entries 2–4 (for PhLi, synthesis of alcohol 3a)
and 5–7 (for n-BuLi, synthesis of alcohol 3b) in Table 2 clearly
indicates that higher yields are always observed when an ethe-
real-based solution of RLi is employed. These experimental
observations could be related to the capability of the ethereal
solvent (n-Bu2O) present in the commercial solution of PhLi to
break down less reactive aggregates (oligomers) usually present
in RLi solutions.25

Table 2 Hybrid one-pot tandem transformation of ketoxime 1a into
tertiary alcohols 3a and b promoted by the combination of the laccase/
TEMPO/O2 system with the chemoselective addition of RLi reagents (R =
Ph or n-Bu) in an aqueous medium, at room temperature and in the
presence of aira

Entry R1Li Equiv. Solvent Product Conv.b (%)

1 PhLi 3 H2O 3a 67
2 PhLi 3 H2O/CPME 3a 79
3 PhLi 2 H2O/CPME 3a 60
4 PhLi 3 H2O/2-MeTHF 3a 65
5 n-BuLi 2 H2O/CPME 3b 28
6 n-BuLi 3 H2O/CPME 3b 62
7 n-BuLi 3 H2O/2-MeTHF 3b 37

aGeneral conditions: 24 h of reaction at room temperature and at 1800
rpm; laccase from T. versicolor (0.5 U mg−1, 280 mg) per 0.73 mmol of
1a and 0.33 eq. of TEMPO in 1 mL of water were used. Then 1 mL of
the co-solvent and the RLi reagent [R = Ph (1.9 M in n-Bu2O) or n-Bu
(2.5 M in hexanes)] were added without any isolation/purification.
bDetermined by GC; no significant amount of by-products was
detected.
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Given the best conditions for the formation of tertiary alco-
hols 3a and 3b upon addition of the polar organolithium
reagent at room temperature, under air, in the biphasic H2O/
CPME mixture and under stirring of the reaction media for 10
s, we extended our studies to other highly polar organometallic
reagents (RLi/RMgX, see Table 3). First, we observed almost
quantitative conversion into tertiary alcohol 3c (91%, entry 1,
Table 3) when using MeLi (commercial solution in Et2O) as
the alkylating reagent. As expected, both the gradual increase
of steric hindrance (thus decreasing their nucleophile charac-
ter) from EtLi to s-BuLi and t-BuLi and the use of all these
commercially available solutions of RLi reagents in hydro-
carbon solvents produced a concomitant reduction of the yield
(from 73 to 53%) in the alcohols 3d–f (entries 2–4, Table 3).
However, it is worth highlighting the total chemoselectivity of
our hybrid protocol, as no side products (aside from the
unreacted ketone 2a and the desired alcohols 3d–f ) were
observed. These results are especially remarkable when consid-
ering highly reactive RLi compounds (i.e., s-BuLi and t-BuLi,
which are usually stored and employed at low temperatures),
as these reagents are known to be prone to undergo a fast
β-hydride elimination.6 Moreover, we should mention that not
only aliphatic and primary RLi reagents but also heteroaro-
matic [such as 2-thienyl lithium (thienylLi); 3g; entries 5,
Table 3] organolithium reagents can be employed in our
hybrid one-pot tandem protocol, working at room temperature
and under air. Finally, we also studied the usefulness of
Grignard reagents, such as allylMgBr (entry 6, Table 3) and
benzylMgCl (entry 7, Table 3), under the previously optimized
reaction conditions (room temperature, under air) and in the

presence of the enzyme (laccase) and the co-factor (TEMPO).
Satisfactorily, we found that magnesium-based polar organo-
metallic reagents can promote the Grignard reaction even
under biocatalytic conditions, giving rise to the desired tertiary
alcohols 3h and 3i in moderate to good conversions (46–62%;
entries 6 and 7, Table 3). Again, both reactions proved to be
totally chemoselective giving rise to the expected alcohols after
only 10 seconds of reaction as the sole products of the reac-
tion. These results are particularly remarkable taking into
account other previous studies which reported complete proto-
nation of the Grignard reagents in competition with carbonyl
addition.26

Highlighting the exciting potential of using highly polar
s-block organometallic reagents under biocatalytic conditions
(air, aqueous media, room temperature) and in the presence of
enzymes/co-factors, we decided to run control experiments
aimed at corroborating the observed ability of RLi/RMgX
reagents to survive under the aforementioned biocatalytic con-
ditions. When the addition order of the reagents was reversed
and PhLi or allylMgBr was first introduced into the mixture
containing only water/CPME, TEMPO and laccase, followed by
the addition of 2a, after 3 s stirring under air and at room
temperature, the products 3a and 3h were still isolated in
remarkable yields of 66% and 59%, respectively (Scheme 2).
Conversely, by prolonging the stirring time to 6 s before
adding 2a, the formation of 3a and 3h was totally suppressed.
These results are in agreement with our previous studies on
the addition of RLi reagents to imines10b,g and nitriles10c,g in
protic solvents (e.g., deep eutectic solvents, glycerol, water),
thereby reinforcing the concept of kinetic stability of s-block
organometallic reagents towards an expected fast hydrolysis
when coming into contact with aqueous solutions.

To explore the limitations of our methodology, we decided
to test a series of ketoximes (1a–j, Table 4) by employing either
MeLi or allylmagnesium bromide as the alkylation/allylation
reagent (best conversions were observed when using these
polar organometallic reagents; see entries 1 and 6, Table 3)
working at room temperature, in an aqueous medium and
under air. In all cases studied, the biooxidative system formed
by laccase/TEMPO/O2 was able to convert quantitatively all the
starting ketoximes 1a–j into the corresponding ketones 2a–j
(99% conversions, GC analysis) after 24 h reaction time, inde-
pendently from: (i) the nature [electron-withdrawing (such as
Cl in 1b and 1f–h) or electron-donating (MeO or Me in 1c–d,

Table 3 Hybrid one-pot tandem transformation of ketoxime 1a into
tertiary alcohols 3c–i promoted by the combination of the laccase/
TEMPO/O2 system with the chemoselective addition of RLi/RMgX in an
aqueous medium, at room temperature and in the presence of aira

Entry R–M (eq.) Product Conv.b (%) Yieldc (%)

1 MeLi (3) 3c 91 82
2 EtLi (3) 3d 73 66
3 s-BuLi (3) 3e 69 64
4 t-BuLi (3) 3f 53 40
5 ThienylLi (3) 3g 55 46
6 AllylMgBr 3h 62 50
7 BenzylMgCl 3i 46 33

aGeneral conditions: 24 h of reaction at room temperature and at 1800
rpm; laccase from T. versicolor (0.5 U mg−1, 280 mg) per 0.73 mmol of
1a and 0.33 eq. of TEMPO in 1 mL of water were used. Then 1 mL of
the co-solvent and the RLi [R = Me (1.6 M in Et2O); Et (0.5 M in
benzene/cyclohexane); s-Bu (1.4 M in cyclohexane); t-Bu (1.7 M in
pentane); 2-thienyl (1.0 M in THF/hexanes)] or RMgX [R = allyl (1.0 M
in Et2O); benzyl (2.0 M in THF)] reagents were added without any iso-
lation/purification. bDetermined by GC; no significant amount of by-
products was detected. c Isolated yield.

Scheme 2 Control experiments for assessing the capability of RLi/
RMgX reagents to work under biocatalytic conditions and in the pres-
ence of enzymes/co-factors.
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i–j)] or (ii) the position of the substituent in the aromatic ring
(o-, m- and p-positions are tolerated). In addition, it was poss-
ible to add directly the desired polar organometallic reagent
(MeLi or allylMgBr) to the biocatalytic reaction medium (in the
presence of the enzyme and TEMPO), working under bench-
type conditions and in aqueous media, thus yielding the
desired tertiary alcohols 3c, 3h, and 3j–x in only 10 s reaction
time (see Table 4). The conclusion is that our hybrid one-pot
tandem protocol tolerates a variety of functional groups in the
aromatic ring, being compatible with either electron-withdraw-
ing (Cl, entries 3 and 4, Table 4) or electron-donating groups
(Me or OMe, entries 5–8) at the para-position. Higher yields
were always observed when MeLi was used as the organo-
metallic reagent in place of allylMgBr. At this point, it is also
worth mentioning the high chemoselectivity of our hybrid pro-
tocol, as the following side reactions were not observed: (i) Li-
or Mg-chloride exchange reaction in the ketoxime 1b; (ii)
ortho-metalation in ketoxime 1c; or (iii) metalation of benzylic
positions in substrate 1d. Moreover, we have proved that not
only propiophenone-type ketoximes (1a–d) but also acetophe-
none-based ketoximes 1e–j can be used in our hybrid one-pot
tandem protocol. In this case, we explored the effect (steric
hindrance) of the position of the same substituent (Cl) in the
three different positions of the aromatic ring, finding a higher

yield for the para-derivative 3r (78%, entry 11, Table 4) and a
lower yield in the case of the hindered ortho-derivative 3t (11%,
entry 13, Table 4). As expected, the meta-derivative 3s was
formed in an intermediate yield of 29% (entry 12, Table 4).
These experimental observations support a strong influence of
the steric effects in the addition reaction of RLi/RMgX reagents
in our hybrid one-pot tandem protocol. Finally, it is also note-
worthy that our new hybrid one-pot tandem system is compati-
ble with acetophenone-type ketones 2e–j (Table 4), whereas pre-
viously reported addition reactions of RLi/RMgX towards such
water-soluble substrates were totally ineffective in aqueous
media.13a,27 We correlate this experimental observation with the
presence of an immiscible ethereal solvent (CPME) in the
aqueous mixture which could decrease the solubility of the
acetophenone-type substrates in water.

Conclusions

In this work, we have extended the possibility of combining
enzyme-promoted organic transformation with the chemistry
of highly polar organometallic compounds (RLi/RMgX),
working in aqueous media and under bench-type reaction con-
ditions (room temperature and the absence of any protecting
atmosphere), which are the conditions typically employed in
biocatalytic chemistry but non-ideal for polar organometallic
reagents (RLi/RMgX). Thus, we have presented the chemo-
selective and efficient synthesis of highly substituted tertiary
alcohols by an efficient one-pot tandem protocol which com-
bines a biocatalytic deoximation step (mediated by the laccase/
TEMPO/O2 system) and the chemoselective and fast addition
of RLi/RMgX reagents on transiently formed ketones. This two-
step protocol led to a variety of functionalized tertiary alcohols
in up to 82% yield with a good substrate scope in terms of
both oximes and organometallics (organolithium and
Grignard reagents). In addition, it is worth mentioning that all
reactions were found to proceed under bench-type conditions.

The described results represent another successful example
of a hybrid synthetic methodology that combines, in this case,
a biocatalytic first step with a chemoselective addition of RLi/
RMgX reagents. These results help to expand this emerging
field of chemistry, not only by demonstrating the possibility of
consecutively using two synthetic tools as distant as enzymes
and organometallic reagents, but also by carrying out this
hybrid combination in protic reaction media and in the
absence of a protective atmosphere.
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