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oxygenation of exocyclic
methylene groups by a manganese porphyrin
catalyst with a chiral recognition site†

Finn Burg, Stefan Breitenlechner, Christian Jandl and Thorsten Bach *

The natural enzyme cytochrome P450 is widely recognised for its unique ability to catalyse highly selective

oxygen insertion reactions into unactivated C–H bonds under mild conditions. Its exceptional potential for

organic synthesis served as an inspiration for the presented biomimetic hydroxylation approach. Via

a remote hydrogen bonding motif a high enantioselectivity in the manganese-catalysed oxygenation of

quinolone analogues (27 examples, 18–64% yield, 80–99% ee) was achieved. The site-selectivity was

completely altered in favour of a less reactive but more accessible position.
Introduction

The direct functionalisation of carbon hydrogen (C–H) bonds
unambiguously belongs to the most coveted transformations in
modern organic synthesis.1 The C–H bond activation of sp3

carbon centres presents a signicant challenge due to the inert
nature of hydrocarbons and due to the desired distinction
between the various aliphatic C–H bonds embodied in organic
molecules.2 In this context, the hydroxylation of prochiral
methylene compounds poses an additional conundrum, as the
corresponding secondary alcohol should ideally be formed as
a single enantiomer without subjecting the newly generated
stereogenic centre to an additional oxidation step.3,4 Inspired by
the remarkable efficiency of enzymatic oxygenations catalysed
by cytochrome P450,5 there are numerous examples of transi-
tion metal complexes, containing salen,6,7 porphyrin,8,9 and
aminopyridine ligands10,11 which have been employed in the
oxygenation of C–H bonds. Since in many cases the chirality is
transferred by a bulky ligand, it is perhaps not surprising that
such a sterically demanding environment can be repulsive thus
resulting in an insufficient conversion. Unlike its natural
occurring congeners, these systems lack a favourable substrate–
catalyst orientation which in turn facilitates an enantioselective
approach to the substrate while maintaining a high turnover.

In recent years, it has been realised that the quest for
enantio- and site-selective oxygenation reactions at remote
positions (remote functionalisation) can be successfully tackled
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by catalysts with a non-covalent recognition element.12 Aer
seminal work by Breslow and co-workers on selective oxidation
and oxygenation reactions,13 notable contributions have been
made among others by the groups of Groves,14 Crabtree,15 and
Costas.16 An early example that demonstrated how recognition
elements can control selectivity in epoxidation reactions was
reported by the group of Breslow (Fig. 1a).13b They used
a manganese salen complex, that was functionalised by
a chelating dipyridine moiety inviting coordination of other
metals. In a competing experiment of a nicotinyl- and a benzoyl-
substituted olen, a very high selectivity (>20 : 1) was achieved
Fig. 1 Controlling selectivity in oxidation and oxygenation reactions
via supramolecular recognition. (a) Substrate selective epoxidation of
nicotinic acid derivatives controlled by complexation of copper ions.
(b) Site-selective oxygenation of ibuprofen mediated by two-point
hydrogen bonding between two carboxylic acids. (c) Site-selective
oxygenation of ndecylamine directed by a 18-crown-6 functional
group.
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for the epoxidation of the former derivative in the presence of
Cu2+ ions indicating that pre-coordination via complexation of
the pyridine residues enhanced the reaction.

A contribution by Crabtree15a and co-workers (Fig. 1b) made
intentional use of hydrogen bonds as an operative tool to
control selectivity in oxygenation reactions. In this specic case,
a di-m-oxo dimanganese centre is anked by two terpyridine
ligands, which in turn are connected to a molecular recognition
unit derived from Kemp's triacid.17,18 The presented site-
selective oxygenation of ibuprofen can thus be rationalised by
a two-point hydrogen bonding between the two carboxylic acids.
In a more recent example, the group of Costas employed
a manganese aminopyridine ligand that was functionalised
with two 18-crown-6 ether units (Fig. 1c).16b The remote crown
ether effectively anchors the ndecylamine at the terminal
ammonium ion whereupon a selective oxygenation at carbon
atoms C-8 and C-9 is induced.

Although it was beyond the intended scope of the above-
mentioned catalysts to differentiate between enantiotopic
hydrogen atoms, there have been several reports in which
hydrogen bonding was invoked as the key element to induce
enantioselectivity in catalysis.19,20 However, examples remain
scarce in which both the site- and the enantioselectivity of
oxygenation reactions were successfully addressed.21 In recent
years, our group has designed and synthesised bifunctional
ligands with which a catalytically active metal centre is tailored
to a chiral lactam22 recognition unit. Originally conceived for
applications in photochemistry the concept of two-point
hydrogen bonding23 has successfully been applied to enantio-
selective olen addition24 and C–H functionalisation25 reac-
tions. As a recent supplement to this type of catalysts we
prepared the chiral manganese porphyrin complex 125c for an
application to enantioselective oxygenation reactions (Fig. 2,
le).

In the present study we report a general bioinspired
approach towards the site- and enantioselective oxygenation of
a vast array of 3-benzyl and 3-alkyl substituted quinolones dis-
playing an exocyclic methylene group (Fig. 2, right). Despite the
free rotation around the quinolone–methylene bond C–H
oxygenations occurred with high enantioselectivities (up to 99%
ee). Some of the quinolone substrates were also probed in
a racemic oxygenation reaction using manganese(III)-5,10,15,20-
tetrakis(pentauorophenyl)porphyrin chloride (Mn[TPFPP]Cl),
Fig. 2 Structure of the manganese porphyrin complex 1 exhibiting
a chiral lactam recognition unit (left). Proposed transition state for the
oxygenation of exocyclic methylene groups in quinolone analogues
where hydrogen bonding effectively induces enantioface differentia-
tion (right).

2122 | Chem. Sci., 2020, 11, 2121–2129
whereupon the conversion decreased drastically, suggesting
that the non-covalent hydrogen bonding interactions have also
a rate accelerating effect. Most importantly, in the case of
a second reactive benzylic position, the site-selectivity of the
racemic reaction was reverted compared to the hydrogen bond-
mediated system. This observation indicates that hydrogen
bonds direct the oxygenation event to a previously inaccessible
carbon centre, while the intrinsically more reactive position
remains intact.
Results and discussion

Our work commenced with an investigation into the enantio-
selective oxygenation of the literature-known 3-(40-methyl-
benzyl)quinolone (2a)25a under our previously optimised
reaction conditions (Scheme 1, t¼ 16 h).25cWewere delighted to
observe that the enantiomeric excess in the exocyclic oxygena-
tion was exceptionally high (95% ee) when employing 2.0 mol%
of porphyrin 1 and iodosobenzene as a stoichiometric oxidant.
The reaction delivered the desired alcohol 3a, which was
accompanied by ketone 4a, the product of over-oxidation. It was
quickly realised, though, that the catalytic activity decreased
signicantly before even less than half of the starting material
2a was consumed. The alcohol to ketone ratio (3a/4a ¼ 70/30)
aer 4 h was relatively low compared to the ratio we had
observed in related studies and accordingly we sought for ways
to improve the mass balance while concomitantly increasing
the catalytic turnover.

One promising approach that caught our attention was to
use an excess of the lactam 2a relative to the oxidant. In this
instance, an even lower catalyst loading of 1.0 mol% was suffi-
cient to generate a signicantly higher alcohol concentration
(Fig. 3), and simultaneously the alcohol to ketone ratio
improved notably (3a/4a ¼ 80/20).

We continued with our optimisation using the oxidant
iodosobenzene as the limiting reagent in a dichloromethane
solution and varied the amount of quinolone 2a applied (Table
1, entries 1 and 2). With 2.0 equivalents, the alcohol to ketone
ratio deteriorated (3a/4a ¼ 76/24) and it seemed warranted to
keep the concentration of the substrate – which was readily
available on gram scale – high. An increase or decrease of the
substrate concentration c led to a lower enantioselectivity
(entries 3 and 4), while a higher catalyst loading turned out to be
Scheme 1 Enantioselective oxygenation of 3-(40-methylbenzyl)qui-
nolone (2a) to alcohol 3a and ketone 4a catalysed by the chiral
manganese porphyrin 1 under previously reported conditions (initial
experiment, see also Fig. 3 and the narrative).25c

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Rate profile for the oxygenation of 3-(40-methylbenzyl)quino-
lone (2a) to alcohol 3a (yellow) and ketone 4a (blue) catalysed by
1.0 mol% of the chiral manganese porphyrin complex 1 [0 �C, CH2Cl2,
solid line ¼ 3.0 equiv. of 2a, 1.0 equiv. PhIO (c¼ 10 mM); dashed line¼
1.0 equiv. of 2a (c ¼ 10 mM), 2.0 equiv. PhIO].

Table 1 Optimisation of the enantioselective oxygenation of 3-(40-
methylbenzyl)-quinolone (2a) catalysed by the chiral manganese
porphyrin complex 1 (DCE ¼ 1,2-dichloroethane)

Entrya cb [mM] 1 [mol%] Solvent 3ac [%] % eed 4ac [%]

1 30 1.0 CH2Cl2 48 91 11
2e 20 1.0 CH2Cl2 42 93 13
3 20 1.0 CH2Cl2 39 86 11
4 60 1.0 CH2Cl2 50 87 12
5 30 2.0 CH2Cl2 48 91 10
6f 30 1.0 PhH 30 85 3
7 30 1.0 DCE 42 88 12
8g 30 1.0 CH2Cl2 45 85 12
9h 30 1.0 CH2Cl2 52 93 17
10h 30 0.5 CH2Cl2 37 —i 10
11h 30 1.5 CH2Cl2 56 95 18

a All reactions were run with 3.0 equiv. of 2a (180 mmol) under the
indicated conditions (0 �C, t ¼ 4 h) and were initiated by addition of
the oxidant PhIO (1.0 equiv.) to a pre-cooled solution of 2a and 1 in
the given solvent. b Concentration of quinolone 2a in the solution.
c All yields were determined by GLC-FID analysis using ndodecane as
a stoichiometric internal standard. d Enantiomeric excess (% ee) as
determined by HPLC analysis on a chiral stationary phase. e 2.0 equiv.
of 2a were employed. f The reaction was performed at 23 �C. g The
reaction time was 16 h. h PhIO was added in three portions. i Not
determined.

Table 2 Scope of the enantioselective oxygenation of 3-benzylqui-
nolone derivatives 2 catalysed by the chiral manganese porphyrin
catalyst 1

Entrya 2 X R 3b [%] % eec

1 2a H 40-Me 60 (80) 96
2 2b H 30-Me 58 (82) 99
3 2c H 20-Me 64 (92) 97
4 2d H 30,40-Me2 59 (68) 92
5 2e H H 61 (84) 95
6 2f H 40-OMe 53 (74) 93
7 2g H 40-F 53 (60) 91
8 2h H 40-Cl 18 (62) 98
9 2i H 30-CF3 26 (54) 92
10 2j 6-Me 40-Me 60 (71) 98
11 2k 7-Me 40-Me 53 (65) 96

a All reactions were conducted at a iodosobenzene concentration of
10 mM in dichloromethane employing 1.0 equiv. of PhIO (60 mmol),
3.0 equiv. of 2 (180 mmol) and 1.5 mol% of 1 (0.9 mmol). b All yields
refer to isolated material. Yields in brackets are based on reisolated
starting material 2. c Enantiomeric excess (% ee) as determined by
HPLC analysis on a chiral stationary phase.
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almost inconsequential for the outcome of the reaction (entry
5). Neither a solvent variation (entries 6 and 7) nor prolonged
reaction times (entry 8) were found to be benecial to conver-
sion and enantioselectivity. A slightly higher yield of alcohol 3a
was achieved by a portion-wise addition of the oxidant (entry 9).
Under these conditions a nal variation of the catalyst loading
(entries 10 and 11) was performed from which eventually
a catalyst loading of 1.5 mol% turned out to be ideal (entry 11).

Under optimised conditions the enantiomerically enriched
alcohol 3a was isolated in 60% yield and with an enantiomeric
excess of 96% ee (Table 2). Since a clean separation from both
the starting material 2a and the ketone 4a was feasible the yield
based on recovered starting material 2a could be readily
This journal is © The Royal Society of Chemistry 2020
determined (80%). We were interested in studying the elec-
tronic and steric effects of the benzyl substituent and accord-
ingly prepared a series of various 3-benzylquinolones 2 which
were consequentially subjected to the enantioselective oxygen-
ation protocol. The yields in Table 2 refer to isolated material
but are based on the oxidant as the limiting reagent. The yields
based on substrate conversion were determined by clean
reisolation of the starting material 2 and are given in brackets.

Altering the position of the methyl group to a meta- or ortho-
substitution gave similar results in terms of yield (58% 3b, 64%
3c) and the enantiomeric excess for the corresponding alcohols
3b and 3c remained exceptionally high (99% ee and 97% ee).
The 30,40-dimethylbenzyl substituted quinolone 2d reacted
almost analogously (59%), but the enantiomeric excess
decreased slightly to 92% ee. The transformation of unsub-
stituted 3-benzylquinolone (2e) delivered the oxygenated
product 3e in a yield of 61% with 95% ee. An electron donating
substituent (MeO) in the para position of the aromatic ring (3f,
53% yield, 93% ee) was tolerated as was an inductively electron
withdrawing substituent (3g, 53% yield, 91% ee). Indeed, the
outcome of the oxygenation seemed consistent upon variation
of functional groups on the benzyl ring. A deviation was
observed when 3-(40-chlorobenzyl)quinolone (2h) was taken into
the reaction and resulted in a low yield of only 18% (62% based
on recovered starting material). While the enantioselectivity
remained outstanding (98% ee), the lower conversion was
attributed to the poor solubility of substrate 2h in dichloro-
methane. Substrate 2iwith the strongly electron withdrawingm-
Chem. Sci., 2020, 11, 2121–2129 | 2123
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Scheme 3 Enantioselective and racemic oxygenation of quinolones 2l
and 2m bearing an additional reactive methylene site. The racemic
reaction was promoted by Mn(TPFPP)Cl (left) and the enantioselective
reaction by the chiral manganese porphyrin complex 1 (right). Yields in
square brackets are based on recovered startingmaterial 2 (ar.r.¼ 93/7,
br.r. ¼ 82/18, cr.r. ¼ 94/6, dr.r. ¼ 97/3).

Table 3 Scope of the enantioselective oxygenation of 3-alkylquino-
lones 6 to alcohol 7 and ketone 8 catalysed by the chiral manganese
porphyrin catalyst 1

Entrya 6 X R0 7b [%] % eec

1 6a H Me 56 (90) 95
2 6b H Et 53 (84) 88
3 6c H nPr 50 (68) 86
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(triuoromethyl)aryl substituent gave rise to the corresponding
alcohol 3i in a yield of 26% (54% based on recovered starting
material) and an enantiomeric excess of 92% ee. Finally,
substituents on the quinolone core were introduced into the
substrates and the 6- and 7-methyl-substituted quinolones 2j
and 2k were probed in the oxygenation event. Both substrates
gave a clean conversion to the corresponding alcohols 3j and 3k
in satisfactory yields (60% and 53%) and with remarkable
enantioselectivity (98% ee and 96% ee).

In order to establish the absolute conguration of the
oxygenated products, the enantiomerically enriched alcohol 3h
was subjected to a chemoselective N-methylation using potas-
sium carbonate and methyl iodide in N,N-dimethylformamide
(DMF) whereupon compound 5 was obtained in almost quan-
titative yield (Scheme 2). Colorless crystals were obtained by
slow evaporation from dichloromethane which were suited for
X-ray crystallographic analysis and the absolute conguration
as determined by anomalous diffraction was in agreement with
the proposed transition state (Fig. 2, right).

Apart from the high enantioselectivity, a most notable
feature of the oxygenation reaction was its exquisite site-
selectivity. When promoted by achiral Mn(TPFPP)Cl as the
catalyst (2.0 mol%), substrates exhibiting a methylene group in
40-position of the benzyl substituent [R ¼ 40-ethyl (2l); 40-iso-
propyl (2m)] underwent a sluggish but site-selective (r.r. ¼
regioisomeric ratio) oxygenation (Scheme 3) to the remote
alcohols rac-2n (27%) and 2o (20%). In stark contrast, catalyst 1
(1.5 mol%) guided the oxygenation reaction almost exclusively
to the benzylic carbon atom adjacent to the quinolone core
whereupon the oxygenated products 3l (57%) and 3m (50%)
were obtained with excellent enantioselectivity (93% ee and
91% ee). The reversal of site-selectivity supports a pre-
coordination of quinolone substrates 2 to the catalyst which
in turn leads to a dened exposure of a single C–H towards the
active oxomanganese26 complex. Accordingly, non-covalent
hydrogen bonding completely alters the site of the oxygena-
tion reaction to a position that seems inaccessible by conven-
tional oxygenation methods.

The scope of the reaction was substantially expanded by
varying the size and nature of the quinolone substituent in
position C-3. A brief screening of reaction conditions based on
the previously developed protocol indicated that even simple 3-
alkylsubstituted quinolones underwent the desired trans-
formation (Table 3) and that an aryl group was not necessary to
Scheme 2 Synthesis of the N-methylated alcohol 5 derived from 3-
(40-chlorobenzyl)-quinolone (3h) by chemoselective methylation and
its crystal structure. The absolute configuration was determined by
anomalous X-ray diffraction.

2124 | Chem. Sci., 2020, 11, 2121–2129
activate the prostereogenic methylene group. A slightly higher
catalyst loading of 2.0 mol% was required to transform 3-eth-
ylquinolone (6a) into its oxygenated analogue 7a in 56% yield
and with an outstanding enantiomeric excess of 95% ee. The
specic rotation of product 7a was compared with literature
data,24a allowing an assignment of its absolute conguration. It
was interesting to see, that the formation of the corresponding
ketone 8a was less prominent (7a/8a ¼ 88/12) than for the
benzylic substrate 2a, resulting in a high yield of 90% based on
recovered startingmaterial. Encouraged by these results, a more
extensive set of 3-alkylsubstituted quinolones was prepared and
4 6d H iBu 48 (96) 88
5 6e H iPr 48 (89) 80
6 6f 6-Me Me 51 (93) 94
7 6g 7-Me Me 58 (94) 96
8 6h 6,7-Me2 Me 51 (94) 95
9 6i 6-OMe Me 21 (38) 96
10 6j 7-OMe Me 62 (73) 95
11 6k 7-Cl Me 34 (95) 95
12 6l 7-F Me 42 (84) 96

a All reactions were conducted at a iodosobenzene concentration of
10 mM in dichloromethane employing 1.0 equiv. of PhIO (60 mmol),
3.0 equiv. of 6 (180 mmol) and 2.0 mol% of 1 (1.2 mmol). b All yields
refer to isolated material. Yields in brackets are based on reisolated
starting material 6. c Enantiomeric excess (% ee) as determined by
HPLC analysis on a chiral stationary phase.

This journal is © The Royal Society of Chemistry 2020
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the effect of quinolone substitution (variation of X) was exam-
ined. Upon elongation of the alkyl chain the yield remained
constant [R0 ¼ Et (53%), nPr (50%), iBu (48%)], but a minor
decrease in enantioselectivity was observed [7b (88% ee), 7c
(86% ee) 7d (88% ee)]. This effect became even more evident
when a tertiary carbon atom was installed adjacent to the
oxygenation site (entry 5). The oxygenated product 7e, derived
from 3-isobutylquinolone (6e), was obtained in 48% yield, but
only with 80% ee.

When simple methyl substituents were implemented into
the aromatic quinolone core the yield of isolated product
remained constant for both the C-6 and the C-7 position [X ¼ 6-
Me (51%), 7-Me (58%), 6,7-Me2 (51%)] and the enantiomeric
excess was continuously high [7f (94% ee), 7g (96% ee) 7h (95%
ee)]. An electron donating methoxy substituent at the C-6
carbon atom led to a diminished yield (21%), but high enan-
tioselectivity (96% ee) possibly due to oxidative degradation of
the electron rich aryl core. The same functional group was less
disruptive at the deconjugated 7-position and alcohol 7j was
obtained in 62% yield and with an enantiomeric excess of 95%
ee. Electron decient quinolones seem to be slightly less reac-
tive [X ¼ 7-Cl (34%), 7-F (42%)]. Nevertheless, both substrates
gave rise to the desired alcohols 7k and 7l in again exceptional
enantiomeric excess (95% ee and 96% ee).

Given the high conformational exibility of a simple 3-eth-
ylquinolone (6a), it might be surprising that hydrogen bonding
can provide sufficient enantioface differentiation between the
two pro-stereogenic hydrogen atoms. Rotation around the
indicated single bond (Scheme 4) leads to a change of topicity
even if an approach of the oxygenation reagent was guided by
hydrogen bonding to occur from the back face of the quinolone.
It appears as if the active manganese species behaves like
a catalytically active cle similar to the active site of a natural
enzyme. It reserves only a very limited reactive domain around
the oxomanganese porphyrin in which an oxygenation can
occur by a rebound mechanism.27 As previously established for
the epoxidation of 3-alkenylquinolone by a chiral ruthenium
complex,24b the trajectory of the active site to the substrate
requires a perfect adjustment of the rotatable single bond. In
our specic case, only the pro-(S) hydrogen atom is properly
positioned to engage in oxygenation while potential transition
states for the pro-(R) hydrogen atom are too high in energy to be
signicantly populated. Based on the proposed model (Fig. 2,
right), 3-ethylquinolone in its s-trans conformation is aligned in
Scheme 4 Rotation around the C–C bond between the exocyclic
methylene group and the quinolone carbon skeleton. Based on the
proposed model, the s-trans isomer is favoured in the coordinated
transition state whereupon the (S)-configured alcohol 7a is delivered in
high enantiomeric excess.

This journal is © The Royal Society of Chemistry 2020
a way that the oxygenation event proceeds with high selectivity
at the pro-(S) hydrogen atom.

Although their outstanding stereoselectivity belongs to the
most admired features of enzymatic reactions, the site-
selectivity is oen considered as its most useful catalytic prop-
erty. As previously alluded to, molecular recognition devices
cannot only help to induce enantioselectivity, but also provide
a powerful tool to differentiate between two potentially reactive
sites in a remote functionalization approach. This aspect was
further exemplied when 3,7-diethylquinolone (6m) and (30-
phenylpropyl)quinolone (6o) were subjected to the oxygenation
protocol (Scheme 5). The racemic oxygenation proceeded
exclusively adjacent to the phenyl ring whereupon rac-6n (20%)
and rac-6p (21%) were obtained as single regioisomers. The
oxygenation site was however relocated, when the manganese
porphyrin complex 1 was employed. The oxygenated product
7m was isolated in 60% yield with almost perfect enantiose-
lectivity (98% ee). The presented site-selective oxygenation even
withstands a proximal more reactive benzylic position. (30-
Phenylpropyl)quinolone (6o) was converted into the corre-
sponding alcohol 7o with reverted site-selectivity but with
a slightly reduced enantioselectivity (84% ee).

To support the hypothesis that hydrogen bonding is
responsible for both the chirality transfer and for the enhanced
reactivity a control experiment was performed. One hydrogen
bonding site of substrate 6a was blocked by N-methylation to
provide quinolone 9. When compound 9 was probed in the
catalytic reaction (Scheme 6) under otherwise identical condi-
tions its oxygenated product 10 was obtained in racemic form
and a notably lower yield of 22%.

Further mechanistic work was devoted to study the over-
oxidation of the enantiomerically enriched alcohol to its cor-
responding ketone and to elucidate the fate of the catalyst in the
course of the reaction. Although a relatively high alcohol to
ketone ratio clearly indicated that the enantioselectivity arises
from a C–H activation step, we envisioned that detailed kinetic
Scheme 5 Enantioselective and racemic oxygenation of 3,7-dieth-
ylquinolone (6m) and 3-(30-phenylpropyl)quinolone (6o) using the
chiral manganese porphyrin complex 1 and Mn(TPFPP)Cl, respectively.
Yields in square brackets are based on recovered starting material 6
(asingle regioisomer, br.r. ¼ 88/12, cr.r. ¼ 72/28).

Chem. Sci., 2020, 11, 2121–2129 | 2125

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc06089h


Scheme 6 Oxygenation of 6a and the N-methylated congener 9 to
alcohol 7a and 10 catalysed by manganese porphyrin 1.

Fig. 4 Rate profile of the two enantiomers 3a (yellow) and ent-3a
(pink) in the kinetic resolution of rac-3a to ketone 4a and enantiomeric
excess (grey, dashed line) of the remaining enantiomer 3a.
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studies will provide a more comprehensive mechanistic picture
of the over-oxidation step. The racemic alcohol rac-3a was
subjected to the oxygenation reaction (1.0 mol% 1, 1.0 equiv.
PhIO) and the formation of the ketone 4a as well as the enan-
tiomeric excess of the remaining starting material 3a were
closely monitored over time (Scheme 7). The rate prole derived
from the experimental data indicated that aer a conversion of
59% the remaining starting material 3a was enantiomerically
enriched by 71% ee (Fig. 4).

The s-factor28 kR/kS ¼ 6.1 calculated from these data
conrmed that a kinetic resolution via an over-oxidation step
does not contribute signicantly to the enantiomeric excess.29

Under optimised standard conditions (Table 1, entry 11) only
18% of ketone 4awere formed but 56% of alcohol 3a (95% ee). It
is interesting to note, though, that the residual alcohol has the
same absolute conguration as the alcohol derived from the
C–H oxygenation step. Indeed, upon coordination of ent-3a to
catalyst 1, the remaining hydrogen atom at the former methy-
lene group is directly exposed towards the catalytically active
metal centre thus favouring an additional oxidation step via
hydrogen abstraction.

Although all experimental data were coherent, it remained
uncertain what exactly caused the rapid decrease of the catalytic
activity if the quinolone substrate was used as a limiting reagent
(Fig. 3). Based on detailed rate proles, we assumed that the
catalytic activity might be affected by one of the oxygenation
products. To verify this hypothesis, a kinetic inhibition experi-
ment was performed, which at the same time was supposed to
shine light on the robustness of the catalyst. Quinolone 2a was
subjected towards the enantioselective oxygenation employing
1.0 mol% of the chiral catalyst 1 with 2.0 equivalents of the
oxidant PhIO and the documented rate prole was used as
a reference for further experiments. Aer 30 min 22% of the
starting material 2a had been converted into 16% of the alcohol
Scheme 7 Kinetic resolution of rac-3a catalysed by the chiral
manganese porphyrin 1.

2126 | Chem. Sci., 2020, 11, 2121–2129
3a and 5% of the ketone 4a (Fig. 5, solid lines). Within the next
90 min the concentration of all reactants remained almost
constant (<5% conversion) clearly indicating that the catalytic
activity had decreased drastically. A second oxygenation exper-
iment was set up, in which the concentration of all reactants
strictly followed the “same excess” approach.30 Specically,
a reaction mixture containing the exact stoichiometry of all
reactants 2a, 3a and 4a aer 60 min of the previous experiment
was treated with 1.0 mol% of catalyst 1 and eventually the
oxidant PhIO was added to the pre-cooled reaction mixture. The
oxygenation reaction was expected to remain idle and no further
conversion of the starting material 2a should occur if the cata-
lytic system was inhibited either by alcohol 3a or by ketone 4a.
Upon addition of the oxidant to the premixed reaction solution,
however, the oxygenation was initiated and 15% of 2a were
converted into 10% of alcohol 3a and 7% of ketone 4awithin the
next hour (Fig. 5, dashed lines).

In fact, the experiment demonstrated, that there is no inhi-
bition by neither of the products 3a or 4a suggesting that aer
30 min the catalyst is eventually modied resulting in a signi-
cantly diminished activity. This observation was further
Fig. 5 Rate profile for the enantioselective oxygenation of 2a (green)
to alcohol 3a (yellow) and ketone 4a (blue) catalysed by the chiral
manganese porphyrin complex 1 (solid lines). Overlay of the rate
profile for the kinetic inhibition experiment following the “same
excess” protocol30 with a time adjustment of 60 min (dashed lines).

This journal is © The Royal Society of Chemistry 2020
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corroborated by a third experiment, which was set up as usual
with 1.0 equivalent of the quinolone substrate and 1.0 mol% of
the catalyst 1. The reaction was initiated by addition of the
oxidant (2.0 equiv.) and – as expected – ceased aer 30 min at
a conversion of 24%. Upon addition of a second portion of the
catalyst 1 (1.0 mol% aer 60 min) the reaction was resumed and
another 19% of 2a were converted into 11% of the alcohol 3a
and 8% of the ketone 4a conclusively matching the rate prole
of the “same excess” experiment. It should be noted that the
reaction was only relaunched by addition of catalyst, while
addition of another portion iodosobenzene turned out to be
inconsequential.

With respect to all rate proles (see the ESI† for a complete
set of data), it is conspicuous that the rapid decrease in catalytic
activity correlated to the iodosobenzene concentration. At high
concentration, with the quinolone as the limiting reagent, the
manganese catalyst quickly lost its activity resulting in retarded
conversion of the substrate to the alcohol 2a / 3a and of the
alcohol to the ketone 3a / 4a (Fig. 3). In other words, the
reaction slowed down but continued to show the typical rate
prole of a consecutive reaction in which the alcohol is an
intermediate en route to the ketone. The alcohol to ketone ratio
3a/4a decreased over time, irrespective of catalyst and oxidant
concentration. For example, aer prolonged reaction times the
ratio 3a/4a aer 1 h under the conditions of Scheme 1 (2.0 mol%
1, 1.0 equiv. of 2a, 2.0 equiv. PhIO) was 76/24 while it decreased
to 38/62 aer 24 h. In stark contrast, at a low iodosobenzene
concentration with an excess of quinolone, the activity of the
catalyst remained high until almost the entire iodosobenzene
was consumed. The reaction is terminated due to the lack of
oxidant before larger amounts of ketone can be formed. Along
these lines, it is inevitable to keep the concentration of the
quinolone substrate 2a high, if elevated turnover numbers
(TONs) and reasonable yields for alcohol 3a are prioritized over
the amount of 2a applied. Reducing the concentration of the
oxidant to a minimum by portion-wise addition prevents cata-
lyst degradation and can increase the lifetime of the catalyst.
Under optimized reaction conditions, high TONs and excellent
yields based on recovered starting material (up to 96%) were
observed, while the enantioselectivity was maintained (up to
99% ee).

Conclusion

In summary, we have established that a manganese porphyrin
complex linked to a chiral recognition site effectively catalyses
a highly selective oxygen insertion into a variety of aliphatic and
benzylic exocyclic methylene groups. A lactam recognitionmotif
was employed which limits the scope of substrates to
compounds with a matching hydrogen bonding site. In the
present study, a comprehensive set of 3-substituted quinolones
(27 examples, up to 64% yield) was successfully oxygenated
adjacent to the 3-position of the heterocyclic carbon skeleton
with outstanding site- and enantioselectivity (up to 99% ee).
Catalyst 1 operates under the inuence of two-point hydrogen
bonding, whereupon the substrate is precisely oriented in a way
that allows for no other than the pro-(S) hydrogen atom to be
This journal is © The Royal Society of Chemistry 2020
attacked. Kinetic experiments revealed that employing the
oxidant as the limiting reagent can signicantly increase the
number of catalytic turnovers and improve the alcohol to ketone
ratio thus providing excellent yields based on recovered starting
material.
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