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Cytochrome P450 Catalyzed Oxidative Hydroxylation of Achiral
Organic Compounds with Simultaneous Creation of Two Chirality
Centers in a Single C—H Activation Step**
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Abstract: Regio- and stereoselective oxidative hydroxylation
of achiral or chiral organic compounds mediated by synthetic
reagents, catalysts, or enzymes generally leads to the formation
of one new chiral center that appears in the respective
enantiomeric or diastereomeric alcohols. By contrast, when
subjecting appropriate achiral compounds to this type of C—H
activation, the simultaneous creation of two chiral centers with
a defined relative and absolute configuration may result,
provided that control of the regio-, diastereo-, and enantiose-
lectivity is ensured. The present study demonstrates that such
control is possible by using wild type or mutant forms of the
monooxygenase cytochrome P450 BM3 as catalysts in the
oxidative hydroxylation of methylcyclohexane and seven other
monosubstituted cyclohexane derivatives.

Oxidative C—H activation of structurally simple and com-
plex organic compounds that leads to the regio- and
stereoselective introduction of hydroxy groups at predeter-
mined non-activated sites constitutes a difficult yet rewarding
goal in synthetic organic chemistry.!!. Numerous synthetic
reagents and catalysts have been developed for achieving this
kind of selective functionalization but there are still problems
regarding control of regio-, diastereo- and enantioselectiv-
ity.'! The use of cytochrome P450 enzymes constitutes an
alternative approach.’. The mechanism of these heme
dependent monooxygenases involves radical abstraction at
a C—H site with formation of the respective alkyl radical
followed by rapid C—O bond formation. When selectivity is
poor, protein engineering based on directed evolution®*
provides a means to generate improved cytochrome P450
mutants.”! In the case of most achiral substrates, oxidative
hydroxylation leads to enantiomers according to the process
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R!'CH,R*—~R'CH(OH)R?, whereas chiral compounds pro-
vide a pair of diastereomers in the otherwise similar process
R*CH,R—R*CH(OH)R. The first examples of the use of
directed evolution to produce cytochrome P450 variants that
induce high regioselectivity while also controlling stereose-
lectivity were recently reported with functionalized substrates
such as steroids,/*”! 1-cyclohexene carboxylic acid ester,®! or
N-benzyl pyrrolidine,***! compounds that may undergo bind-
ing interactions at the respective hetero-atoms. Such regio-
and enantioselectivity has not been achieved in reactions of
alkanes that lack functional groups.

Oxidative hydroxylation produces a different stereochem-
ical outcome when appropriate achiral substrates are used, in
which case a single C—H-activating process induces the
concomitant creation of more than one center of chirality.
Consider, for example, the reaction of achiral compounds of
the type I, in which oxidation at the four stereotopic H atoms
of the two methylene units flanking the X-bearing C atom
leads to four different stereoisomers: IL, III, IV, and V, each of
which has two new chirality centers (Scheme 1). Depending
upon the nature of the R groups, other regioisomeric alcohols
can also be formed, a fact that contributes to the overall
challenge.

enantiomers enantiomers
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Scheme 1. The stereochemical consequences of the oxidative hydroxyl-
ation of prochiral compounds of type I.

We chose methylcyclohexane (1a), which is devoid of any
functional groups, as the model substrate and cytochrome
P450 BM3 (CYP102A1) from Bacillus megaterium as the
enzyme.>!""l P450 BM3 is a self-sufficient fusion protein
composed of a cytochrome P450 monooxygenase and an
NADPH diflavin reductase for cofactor regeneration. Hy-
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droxylation at the two methylene units flanking the CH,-
bearing C atom provides four possible products, cis-(15,2R)-
2a, cis-(1R2S5)-2a, trans-(1R2R)-2a and trans-(15,25)-2a,
with regioisomers 2b-e resulting from oxidative attack at
other C atoms also being possible (Scheme 2).
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Scheme 2. Possible products of the P450 BM3 catalyzed oxidative
hydroxylation of methylcyclohexane (1a).

Wild type (wt) P450 BM3 was found to be notably regio-
(78 %), diastereo- (> 97 %), and enantioselective (e.r.=91:9)
in favor of cis-(1S5,2R)-2a (Table 1, entry 1). This is a remark-
able result not possible when utilizing synthetic catalysts or
oxidants."! In the hope of boosting enantioselectivity in the
regioselective formation of cis-(15,2R)-2a, directed evolution
by using the combinatorial active-site saturation fest (CAST)
was applied.) Accordingly, four CAST sites were chosen for
saturation mutagenesis (Figure 1): A (V78/T88), B (V78/
L181) and C (T268/A328), which were randomized by using
a highly reduced amino acid alphabet composed of six
building blocks (Phe, Tyr, Trp, Lys, Arg, His) and the
corresponding wt amino acids, and site D (F87) for which
NNK codon degeneracy was chosen to enode all 20 canonical
amino acids. Upon screening a total of 760 transformants,
variant F87A (identified from library D), which is the
“standard” mutant generated in previous protein engineering
studies involving other substrates,*!” led to an undesired shift
in regioselectivity (71 %) in favor of the tertiary alcohol 2b
(Table 1, entry 2). This reaction involves the weakest C—H
bond in the molecule and is more easily achieved by synthetic
reagents such as dioxiranes."* Several improved variants
were detected (see the Supporting Information), the best of
which was A328F!%! from library C. It affords cis-(15,2R)-2a

V78

T268

Figure 1. Selected CAST sites A (V78/T88; dark blue/green), B (V78/
L187; dark blue/yellow), C (T268/A328; brown/red), and D (F87; light
blue) in P450 BM3, chosen with the help of the crystal structure (PDB:
1Jpz).M

with enhanced enantioselectivity (e.r.=96:4) at the expense
of a slight decrease in regioselectivity (71 %, Table 1, entry 3).

We then subjected substrates 1b-h to oxidative hydrox-
ylation using wt P450 BM3 and some of the mutants
previously screened for 1a (Table 2). The results point to
remarkable effects, the most prominent of which is consis-
tently high diastereoselectivity in favor of the cis configu-
ration. This diastereoselectivity is often accompanied by high
enantioselectivity, although at the expense of regioselectivity,
as in the case of cis-2-halocycloalkanols (1S,2R)-3a and
(18,2R)-4a. Synthetic strategies that lead to the enantiose-
lective production of cis halo alcohols in a single step from
halocycloalkanes have not been considered to date; such
compounds are generally synthesized by the reduction of a-
halo ketones."™) When comparing the stereochemical results
with the absolute configuration of compound 2a, it can be
seen that the sense of the enantioselectivity does not change.
Mutants F87A and A328F do not result in appreciable
improvements in regio- or enantioselectivity. Cyanocyclohex-
ane (1d) is also hydroxylated with cis diastereoselectivity at
the same enantiotopic H atom with preferential formation of
(18,25)-5a, with the stereochemical nomenclature changing in

Table 1: Oxidative hydroxylation of methylcyclohexane (1a) catalyzed by wt P450 BM3 or mutants thereof.”!

CHa
HO

CHy

H3C_ OH CHa @ HO
O Hoﬁ) 8)

Entry P450 Variant

OH
1 wt 2a/78, d.r.=97:3 (cis), (15,2R), (e.r.=91:9) 2b/17 2c/4, d.r.=95:5 (trans) 2d/1, d.r.=69:31 (cis) -
2 F87A 2a/13, d.r.=97:3 (cis), (15,2R), (e.r.=68:32) 2b/7 2¢/8, d.r.>99:1 (trans) 2d/8, d.r.=68:32 (cis) -
3 A328F 2a/71, d.r.=97:3 (cis), (15,2R), (e.r.=96:4) 2b/20  2c/9, d.r.=56:44 (cis) - -

[a] Values were obtained by averaging at least three independent experiments performed as described in the Supporting Information. The numbers
following the slash after the product designation represent % regioselectivity. Owing to the tendency of methylcyclohexane to evaporate under the
reaction conditions, it is difficult to measure the exact % conversion, which may vary considerably when the reaction is performed in plastic or glass

plates (see the Supporting Information).
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Table 2: Oxidative hydroxylation of compounds 1b-h by using wt P450 BM3 and mutants evolved for the reaction of 1a.F!

R
P450 Ho ) Al i @ O Other oxid. 5

Entry 1 R variant \G @ HOQ I © prod. [%] Conv. [%]

1 1b ¢l wt 3a/49, d.r.=96:4 (cis), —-(®  3¢/21,dr= 3d/18, d.r.= - 5 58
(1S,2R), (e.r.=96:4) 99:1 (trans) 99:1(cis)

2 1c Br wt 4a/67, d.r.=94 :6 (cis), -(13)9  4¢/11,dr= 4d/7, d.r.= - 2 86
(1S,2R), (e.r.=98:2) 99:1 (trans) 99:1 (cis)

3 1d CN wt 5a/47, d.r.=95:5 (cis), —(23)@ 5¢/16 5d/10 - 4 62
(15,25), (e.r.=96:4)

4 1d CN F87A 5a/4 —(86) 5¢/3 5d/2 - 5 10

5 le iPr wt 6a/77, d.r.=97:3 (cis), 6b/8 6c/7 6d/2 6e/3M 3 12
(15,25), (e.r.=63:37)

6 le iPr A328F  6a/48, d.r.=98:2 (cis), 6b/3 6c/18 6d/9 6e/13M1 4 30
(15,25), (e.r.=96:4)

7 1f tBu wt 7a/59, d.r.=98:2 (cis), 7b/8 7¢/25 7d/7, d.r.= - 1 19
(TR.2R), (e.r.=95:5) 54:46 (cis)

8 1g COCH; wt 8a/58, d.r.=95:5 (cis), 8b/34 n.ald n.a.ld - 8 88
(1R,2S), (e.r.=77:23)

9 1g COCH; A328F  8a/78, d.r.=98:2 (cis), 8b/7 n.all n.al - 158l 85 (97)M
(1R,2S), (e.r.=98:2)

10 1g COCH, F87A  8a/2 8b/84 n.all n.a. - 1488 14

11 1h CH,COCH; wt 9a/67, d.r.=97:3 (cis), 9b/14 n.all 9d/13, d.r.= - 6 86 (98)M
(1R.2R), (e.r.=78:22) 62:38 (cis)

[a] Values were obtained by averaging at least three independent experiments performed with resting cells as described in the Supporting Information.
The numbers following the slash after the product designation represent % regioselectivity. [b] The crude reaction products contain 7%
cyclohexanone, which is formed by dehydrohalogenation of cis-3a and/or 3 b. [c] The crude reaction products contain 13 % cyclohexanone, which is
formed by dehydrohalogenation of cis-4a and/or 4b. [d] The crude reaction products contain 23% (entry 3)/86% (entry 4) cyclohexanone, which is
derived from the tertiary cyanohydrin. [e] n.a. =not assigned (concentration too low/control not available). [f] 6e=2-cyclohexyl-2-propanol. [g] The
other oxidation products consist mainly of cis/trans 3- and 4-hydroxy substituted methylcyclohexyl ketone but the exact structure was not identified.
[h] Conversion obtained in a scaled up experiment, thus showing that the screening process leads to lower conversion values.

this case according to the CIP convention. It is also interesting
to note that 86 % regioselectivity in favor of hydroxylation at
the cyano-bearing C atom can be achieved by using mutant
F87A, in which case the intermediate cyanohydrin liberates
cyclohexanone (Table 2, entry 4). This is a convenient bio-
catalytic method for transforming an alkylnitrile into the
respective ketone. Reasonable activity was typically
observed, as in the case of substrate 1¢, which gave a turnover
frequency (TOF) of 8.5min' and a total turnover number
(TTN) of 1616 (see the Supporting Information).

In the case of isopropylcyclohexane (1e), wt P450 BM3 is
77 % regioselective and 97 % diastereoselective favoring cis-
(6a) but the enantioselectivity is poor (e.r.=63:37). When
using mutant A328F, a pronounced increase in enantioselec-
tivity resulted (e.r.=96:4), albeit at the expense of some
regioselectivity (Table 2, entries 5 and 6). ter-Butylcyclohex-
ane (1f) is also hydroxylated with cis selectivity, but in this
case the other stereotopic H atom is hydroxylated with
formation of the opposite absolute configuration (1R.2R,
er.=95:5; Table?2, entry7). Upon changing from wt
P450 BM3 to mutant A328F in the reaction of cyclohexyl
methyl ketone (1g), regioselectivity in favor of alcohol 8a is
boosted from 58 % to 78 %, with diastereoselectivity in favor
of the cis isomer amounting to 98 % with high enantioselec-
tivity (e.r.=98:2) in favor of (1R,2S5)-8a. Catalytic activity is
acceptable (TOF=11.9 and 12.1 min~' for wt and mutant,
respectively; TTN=1535 and 1707 for wt and mutant,
respectively). This result means that the sense of the

Angew. Chem. Int. Ed. 2014, 53, 1-6

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

enantioselectivity is the same as in the reaction of 2a. The
reaction was scaled up to 1.85 mmol of substrate 1g (97 %
conversion; 65 % yield of isolated 8a following chromatog-
raphy). By contrast, mutant F87A delivers primarily the
tertiary alcohol 8b in a fairly slow reaction. Wt P450 BM3
catalyzes the hydroxylation of ketone 1h with 67 % regiose-
lectivity, 97 % cis diastereoselectivity, and reversed enantio-
selectivity in favor of (1R2R)-9a (e.r.=78:22; Table 2,
entry 11) with good activity (TOF =27 min~'; TTN = 1616).
Similarly, a scaled up reaction of 1h (1.85 mmol) led to 98 %
conversion and provided 9a with a yield of 60 % after column
chromatography. On scaling up the reactions of substrates
1la-e, the conversion values generally proved to be higher
than those observed under screening conditions. However,
this does not apply to compounds 1a, 1e, and 1f, in which
cases such characteristics as volatility and solubility influence
the yields of the hydroxylated products following column
chromatography. Nevertheless, sufficient amounts of the
respective cis alcohols could be prepared, thus confirming,
even in these cases, the synthetic utility of the catalytic
system. Further directed evolution and appropriate process
engineering constitute ways to optimize the reaction of each
substrate.

In summary, we have shown that the desymmetrization of
prochiral monosubstituted cyclohexane derivatives by means
of oxidative hydroxylation catalyzed by wt P450 BM3 or
mutants thereof can be highly regio-, diastereo- and enantio-
selective, thus leading to the creation of two centers of
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chirality in a single C—H-activation event. The regioselective
formation of the vicinal cis diastereomers appears to be the
rule, with enantioselectivity also being high in many cases.
This constitutes the first strategy for accessing highly enantio-
enriched vicinal disubstituted cis-cyclohexanols in one step,
amethod that fulfills the requirements of a “green” process.!'
Some of the products arising from the hydroxylation of
substrates 1a—h, which have previously been prepared by
multistep routes, are of potential interest as building blocks in
the synthesis of certain biologically active compounds as
therapeutic drugs."” Although the C—H bond strength in all
of the methylene units can be expected to be similar, those
flanking the R-bearing C atom seem to be the preferred sites
for oxidative hydroxylation despite the fact that the reaction
might be expected to be disfavored at these sites owing to
steric effects.

The present work also suggests that in the quest to
transform simple achiral compounds into value-added chiral
products of higher structural complexity, it may be useful to
screen further P450 BM3 mutant libraries as well as other
cytochrome P450 enzymes. By using appropriate substrates, it
should also be possible to use the same type of cytochrome
P450 catalyzed oxidative hydroxylation to bring about the
simultaneous creation of three or more new chirality centers
in a single C—H-activation step.
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X =Me, CI, Br, X = tBu, CH,COCH;3
CN, iPr, COCHj4

Two birds with one stone: Two new
centers of chirality are created by the
cytochrome P450 catalyzed regio-, dia-
stereo-, and enantioselective oxidative
hydroxylation of appropriate achiral
compounds. When using either wild type
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cytochrome P450 BM3 or mutants gen-
erated by directed evolution, a high pref-
erence for one of the four stereotopic H
atoms is observed depending on the
nature of the X moiety in the substrate.
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