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Abstract: The use of literature data to identify catalysts for a novel transformation is a commonly used
approach. Herein, we have evaluated if this is a viable strategy in enzyme catalysis, using asymmetric
reduction of 1-aryl-2-alkanoates as a model system. The study, which includes data from 24 ketone substrates
and 108 enzymes, clearly identifies pitfalls with this approach, but anyhow shows that literature data is highly
useful for identification of enantioselective catalysts. By combining data for selectivity and rate useful
catalyst for converting different substrates to their corresponding (R)- and (S)-enantiomers are highlighted.

1. Introduction

In the search for an efficient enzyme catalyst for a specific transformation, screening of commercially or in-
house libraries is one option [1, 2]. Alternatively, new enzymes can be evolved by genome mining or guided
by bioinformatics, which might increase enantioselectivity and activity [3, 4]. Modelling of asymmetric
catalytic processes can also be useful [5], however given the low energy differences between the transition
states of such processes, this is inherently difficult. Therefore, molecular docking have mostly been used as
guidelines in mutagenesis experiments [6, 7] and for explaining the observed experimental results [8-10]. For
a chemist without advanced bioengineering capabilities, however, commercial or easily available catalysts is
the only viable option.

Enzyme catalysed asymmetric reduction of ketones is among the preferred strategies for production of
enantiomerically enriched secondary alcohols [11-13]. These enzymes belong to the group of
oxidoreductases, and are named as alcohol dehydrogenases (ADH), but also referred to as carbonyl reductases
(CR) or ketoreductases (KRED) and are dependent on nicotinamides (NADH or NADPH) as cofactors [14].
Although some reductase enzymes are highly specific, others display activity and enantioselectivity towards
a range of different substrates [15-17]. Herein, we have evaluated the usefulness of literature data in search
for catalyst enzyme catalysis using asymmetric transformation of 1-aryl-2-alkanoates as a model.

2. Materials and methods

2.1  Data for enzymatic reductions

All data are shown in the Supplementary Material File. The enzymes used were carbonyl reductase from
Candida magnolia [17]; carbonyl reductases from Codexis (KRED) [18, 19]; alcohol dehydrogenase from
Pyrococcus furiosus (PFADH) [20]; wild type and mutants carbonyl reductases from Sporobolomyces
salmonicolor [16, 21, 22]; carbonyl reductase from Kluyveromyces termotolerans [23]; alcohol
dehydrogenase from Saccharomyces cerevisiae (YMRC226¢) [15]; phenylacetaldehyde oxidoreductase from
Corynebacterium strain, ST-10 [24]; alcohol dehydrogenase from Leifsonia sp. [25]; carbonyl reductase from
Streptomyces coelicolor [26]; carbonyl reductase from Pichia guilliermondii NRRL Y-324 (PgCR) [27];
carbonyl reductases from Candida glabrata [28, 29]; wild type and mutant carbonyl reductases from Candida
parapsilosis [30]; additional carbonyl reductases from Candida parapsilosis (CPAR1-CPARS) [31]; (S)-1-
phenylethanol dehydrogenase from Aromatoleum aromaticum [32]; medium chain alcohol dehydrogenase
from Kuraishia capsulate (CBS1993) [33]; carbonyl reductase from Pichia pastoris, GS115 [34]; short chain
alcohol dehydrogenases from Burholderia gladioli [35]; ketoreductase from Scheffersomyces stipitis CBS



6045 [36]; short chain alcohol dehydrogenases from Chryseobacterium sp CA49 (ChKRED20) [37]; alcohol
dehydrogenase from Lactobacillus brevis [38, 39]; carbonyl reductase from Bacillus sp ECU0013 [40];
alcohol dehydrogenases from Thermoanaerobacter brockii (WT and mutants) [3]; (R)-specific alcohol
dehydrogenase from Lactobacillus kefir [41], alcohol dehydrogenases from ADH Pseudomonas sp. [42];
alcohol dehydrogenases from Thermus thermophiles, isolate ADH1 [43]; alcohol dehydrogenases from
Candida maris [44]; diketoreductase from Acinetobacter baylyi ATC 3305 alcohol dehydrogenases from
Thermus thermophiles, isolate ADH1 [45]; carbonyl reductase from Lactobacillus brevis [46]; recombinant
alcohol dehydrogenase, ADH evo-1.1.200, from evocatal GmbH [47]; [J-ketoacetyl-APC reductase from
Bacillus sp ECU0013 (FabG) [48]; carbonyl reductase from Yarrowia lipolytica ACA-DC 50109, B-
Ketoacetyl-APC reductase from Bacillus sp ECU0013 (FabG) [49]; carbonyl reductase from Yarrowia
lipolytica ACA-DC 50109 [49]; B-ketoacetyl-APC reductase from Bacillus sp ECU0013 (FabG) [50]; Xylose
reductase from Candida tennis (CtXR AKR2B5) [51]; mutant 186A of alcohol dehydrogenase from
Thermoanaerobacter ethanolicus [52] and (R)-specific alcohol dehydrogenase from Rhodococcus
erytropolis [53, 54].

2.2 Data treatment
Pearson correlation and regression analysis were performed using Minitab 17 from Minitab Inc. at a
confidence level of 95%. Plotting was done using Minitab 17 from Minitab Inc. and Microsoft Excel 2016.

2.3  Supplementary material.
This file contains all raw data on enantiomeric excess and rate/relative rate alongside additional statistical
results and plots from this study.

3. Result and Discussion

Asymmetric reduction of 1-aryl-2-alkanoates was selected as model system for our investigation due to the
simplicity of the substrate structures, having few rotatable bonds, the abundance of available literature and
the importance of this compound class as building block in synthesis. Data for 108 different carbonyl
reductase enzymes were identified using SciFinder [1, 3, 15-38, 40, 41]. The primary selection criterion was
that enantiomeric excess (ee) or conversion data should be provided for several of the pre-selected substrates
shown in Scheme 1.
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Scheme 1. Main compounds included in the study



The data contains information both on wild-type (WT) and mutated purified or semi-purified enzymes, while
whole cell reduction protocols were excluded. Reactions are in water, but in a number of cases 2-propanol
has been used as a co-substrate.

In the early days of biocatalysis, most catalysts identified displayed what is called Prelog selectivity [55]. In
the experimental data included herein acetophenone had Prelog selectivity in 58 (64 %) of the cases, anti-
Prelog selectivity was noted for 26 enzyme-substrate pair (29 %), while low reactivity or a racemic mixture
was seen for 13 enzymes (14 %). The distribution of data (Figure 1), shows that finding suitable catalysts
with opposite enantiopreference is no major concern.
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Figure 1. Distribution of enantiomeric excess (ee) in reduction of acetophenone (1a) using 97 enzymes. Anti-
Prelog selectivity (R-stereochemistry) is shown as negative values.

Figure 2 shows how the enantiomeric excess (ee) of reduction processes varies within this series of closely

related analogues using different enzyme. Obviously, any analogue cannot be used to identify useful enzymes
for enantioselective reduction.
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Figure 2. Ee (%) of 1-phenylethanol (5a) plotted as a function of the ee of the other products. Anti-Prelog
selectivity is shown as negative values.

In an attempt to identify if certain analogues are more useful for predicting enantioselectivity than others,
Pearson correlation analysis was performed using ee data for pairs of “model” and “target” compounds.
Relative rate of reaction was also compared in cases where this data was provided.



3.1  para-Substituted derivatives

The collected data includes information on reduction of eight para-substituted acetophenones, 1la-h, with
different enzymes. To identify model compounds for predicting enantioselectivity, Pearson coefficients for
various “model-target” pair were calculated, see Table 1.

Table 1. Pearson correlation coefficient for ee data of compounds bearing 8 different substituents. The
number of enzymes included in the correlation varies from 46-21, see Supplementary Material.

(o) Carbonyl reducing OH
enzyme R, = H (5a), F (5b), CI (5¢), Br (5d),
/©)LCH3 Cotactor /@CH3 Mo (56, OMe (30, CF3((5;), Ba (4h)

R; R;

1a-h S5a-h

5a 5b 5¢c 5d 5e 5f 5¢

Comp. (H) (F) (Ch (Br) (Me) (OMe) (CRs)
5b (F) 0.973
5¢ (ClI) 0.979 0.978
5d (Br) 0.937 0.965 0.992
5e (Me) 0.964 0.931 0.953 0.978
5f (OMe) 0.953 0.952 0.966 0.975 0.980
5¢ (CFs) 0.946 0.909 0.951 0.935 0.955 0.946
5h (t-Bu) 0.909 0.926 0.929 0.897 0.829 0.831 0.875

The Pearson coefficients, which should have a value > 0.95 to be useful in this setting, indicate that the
chloro-substituted 5c is most efficient in predicting the selectivity for the series 5a-h. This suggests
compound 5c¢ as a model for identifying new catalysts with a broad substrate scope. A Scatterplot showing
the correlation between the ee of 5¢ and the ee of the para-bromo derivative 5d is given in Figure 3.
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Figure 3. Scatterplot for ee data for compounds 5c¢ (p-Cl) and 5d (p-Br) based on 40 examples. Regression
line: Ee 5¢c = 4.88+ 0.96xee-5d, R?=98.5, n = 40.

The methyl and methoxy-substituted compounds 5e and 5f displayed very similar selectivity profile, which
also could be well predicted by the data for the bromo analogue 5d. Overall, the ee data for compounds 5a-f
are all suited to identify enantioselective enzymes for other derivatives in this series. On the other hand,
despite the fact that the trifluoromethyl and the tert-butyl group are rather bulky [56, 57], 5g and 5h fails to
predict the ee-value of the other. Obviously, electronic effects comes into play.



Of equal importance to the selectivity is the rate of reaction. Substituents could affect rate in carbonyl
reductions by a) providing additional binding forces or repulsive interaction with respect to the preferred
orientations of the substrate and its transition state in conversion to the product; b) affecting the
electrophilicity of the carbonyl carbon; or ¢) modifying the ability for coordination of the carbonyl oxygen
to the oxyanion hole, which either contains zinc and serine [58, 59], or tyrosine and serine [60, 61]. Inhibition
phenomenon might also be encountered [62, 63]. Given the high level of complexity of protein structures
and the catalytic process, it is obvious that universal guidelines concerning substituent effects on rate is not
likely to be found. Plapp et al. [64] studied reduction of substituted benzaldehydes using an ADH from S.
carlsbergensis and observed an increased rate when substituents were electron withdrawing. This was also
observed for reduction using 3a-hydroxysteroid dehydrogenase [65]. Hua et al. [18] investigating 24 KRED
enzymes showed that the rate of some enzymes were positively affected by electron withdrawing substituents,
while the rate of others were largely unaffected by the nature of the para-substituent. Further, the rate of
reduction of 27 acetophenones using Candida tenuis xylose reductase was found to correlate with the o-
Hammett coefficients and the position of the substituent [51].

To evaluate substituent effects on rate we analysed data where the activity of a specific enzymes was reported
for at least six of the derivatives 5a-h (32 enzymes). The rates were normalised as relative to that of reduction
to 5a. On average, the relative rates followed the trend CFz > CI, Br > F, H, Me > OMe, t-Bu, see selected
examples in Figure 4. This indicate that increasing electrophilicity of the carbonyl carbon by electron
withdrawing substituents is very important for rate. Moreover, it provides further evidence that the tert-butyl
group is a poor model for the trifluoromethyl group and vice versa. It also indicates that development of
efficient processes for electron rich ketones is more challenging than for electron deficient analogues. Besides
one outlier in the p-chloro series, the relative activity in reduction of 1c, 1d and 1g could be reasonably well
predicted by rate data of each other, see Supplementary Material.
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Figure 4. Relative activity of enzymes in reduction to 5¢ (p-Cl), 5f (p-OMe) and 5g (p-CF3) plotted in log
scale. Activity for reduction to compound 5a is used as reference (relative rate = 1). The raw data can be
found in the Supplementary material. In case of 5g (p-CF3) there are no data for six of the enzymes.

In conclusion, for the para substituted derivatives, high predictability is noted for enantioselectiviy, except
when using data for the tert-butyl containing analogue. The tert-butyl group in this setting is a poor
bioisostere for the trifluoromethyl group and vice versa. In rate of reduction both the steric bulk and electronic
properties of the substituents is of importance. Generally, electron withdrawing groups increase rate of
reaction. Thus, when identifying a literature model reaction, mechanistical aspects also must be taken into
consideration.



3.1  ortho-Substituted derivatives
In case of ortho-substituted derivatives, less experimental data exist, thus the analysis was focused on 5i-5k,

see Scheme 2. These structures might prefer a cis or trans-conformation [66, 67].

R, O

CH;,
R, OH

“ Oxidoreductase CHj3;

R, = H (5a), Cl (5i), Me (5j), MeO (5k)

Scheme 2. Structure of compounds 5i-5k.

Pearson correlation analysis of the ee data for the ortho derivatives showed a decent fit between 5a and the
ortho-methyl derivative 5j using a quadratic model, Figure 5.
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Figure 5. Scatterplot for ee data for compounds 5j (0-Me) and 5a based on 12 examples. Regression line,
quadratic model: Ee 5j = -43.24+1.03xee-5a+ (0.005%(ee-5a)%), R? = 98.3, n = 12.

Compound 5i (o-Cl) mostly displays selectivity similar to that of 5a, but with a few outliers. When removing
the two most extreme cases (reported for two ketoreductases from Candida glabrata [28]) a Pearson
coefficient of 0.957 (n = 32) was obtained (Supplementary Material). Interestingly, the presence of an ortho-
methoxy substituent was found to favour anti-Prelog selectivity in a number of cases. It has been deduced
that 2-methoxyacetophenone (1k) prefers a trans-orientation [66], whereas the cis-conformation is more
favoured in 2-chloroacetophenone (1i) [67], which might explain this effect. This clearly show that if
literature data should be useful, the conformation of the system has to be evaluated.

Brecker et al. [51] using C. tenuis xylose reductase observed higher rate in reduction of ortho than in meta
and para substituted acetophenones, which were explained by mesomeric and inductive effects causing a
polarisation of the carbonyl group. In contrast, in study of three CR from C. papapsilosis the effect of ortho-
substituents on rates varied from enzyme to enzyme. Additionally, for KRED enzymes elevated rates were
seen for some ortho-methoxy derivatives, which were postulated to be due to hydrogen-bonding ability [18].



The rate of reduction to 5a and the ortho-substituted 5j-k was compared using data for 41, 30 and 32,
enzymes, respectively. The reactivity followed the order 5i (0-Cl) > 5k (0-OMe) > 5a > 5j (0-Me). Figure 6
compares the reactivity using the KRED enzymes.
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Figure 6. Relative rate of 22 KRED enzymes in reduction to 5i (0-Cl), 5j (0-Me) and 5k (0-OMe). Activity
for reduction to compound 5a is used as reference (relative rate = 1). The raw data can be found in the
Supplementary material.

3.3  Other aromatic substitution patterns

In case of other substitution patterns, only derivatives with a meta-chloro, meta-methyl, and 3,5-
ditrifluoromethyl substitution have been studied in a sufficient number of reaction with several enzymes, see
Figure 7.

OH OH
R FsC
2©)\°”3 : CH;
5n
R, = H (5a), C1 (51), Me (Sm), CF,

Figure 7. Structure of the meta substituted derivatives 5l and 5m, and the 3,5-trifluorometyl substituted 5n.

The selectivity obtained in reduction to the meta-chloro derivative 51 was reasonable predicted by the ee of
5a, 5¢ (p-Cl) and 5e (p-Me) (Pearson coefficients 0.953-0.975, see Supplementary Material). Surprisingly,
the ee for the corresponding meta-methyl derivative 5m could not be predicted accurately with data for any
compounds (Supplementary Material). Figure 8 shows how the ee of 5j differs from that of the reference
compound 5a. A possible reason for these differences could be that the substrate ketones prefers different
orientations in analogy with that discussed for the ortho-derivatives [68].
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Figure 8. Comparison of ee data of 5a and 5m after reduction with 28 enzymes.

The 3,5-bistrifluoromethyl derivative 5n (Figure 9) is a highly valuable building block for Aprepitant. Thus,
its production by various methods have been thoroughly investigated [12, 69, 70]. We identified data in which
the enzymes selectivity had been experimentally determined in reduction to 5a, 5g (p-CF3) and 5n (25
examples, excluding those inactive towards these three derivatives). Notably, in eight of the cases the
reactivity was too low to measure ee of 5n. The corresponding numbers of “inactive” enzymes for 5a and 5g
were 3 and 4, respectively. Most of the reported reductions to 5n proceeds in excellent ee and it appears that
the steric bulk induced by the substituents, either increase selectivity or prevents reaction. The enantiomeric
excess could not be predicted by the data for other derivatives.

The rates of reduction to 5I-n was compared to the rate seen for compound 5a. The key findings are
highlighted in Table 2. On average, the meta-chloro derivative 51 was formed 11 times faster than 5a (42
pairs compared). Only in five of the examples the rate was lower than for 5a. Reduction to compounds 5m
also often proceed with a high rate, but with a larger fraction of processes proceeding with a lower rate than
5a. However, the relative rates could well be predicted by the relative activity of 51 (see Supplementary
material). Reduction to the 3,5-ditrifluoromethyl substituted compound 5n in most cases proceeds with a rate
comparable to that of 5a, but in a few instances clearly with elevated rates.

Table 2. Statistic of conversion rates of 5I-n relative to that of 5a.

Parameter 5 5m 5n

(m-ClI) (m-Me) (3,5-diCF3)
Examples compared 42 35 29
Average rel. rates as compared to 5a 11.0 4.7 1.8
Numbers with lower rate than 5a 5 12 12
% with lower rate than 5a 12 34 41

3.4  Effect of the alkyl chain
Next, we evaluated processes in which oxidoreductases had been used in reduction of various 1-phenyl-
alkanoates, see Figure 9.

OH R;:
CHj, (5a)
R, CH,CI (6a)
CH,CHj; (7a)
CF; (8a)

Figure 9. Structure of the compounds evaluated



The enantioselectivity of processes towards 2-chloro-1-phenylethanol (6a), and 1-phenylpropan-1-ol (7a)
had Pearson coefficient < 0.90 with the selectivity seen for compound 5a (R1 = CHa). Figure 10 illustrates
the variance in selectivity observed for 5a, 6a and 7a. The correlation between data for 2-chloro-1-
phenylethanol (6a) and 1-phenyl-2-propanol (7a) had Pearson coefficient of 0.98. However, more examples
are needed to verify this effect as the number of enzymes compare is low and most of these display excellent
ee.
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Figure 10. Scatterplot for ee data for compounds 1-phenylethanol (5a) vs. 6a (R1 = CH2Cl) and 7a (R1 = Et).

Many of the studies cited provide activity or conversion data for the asymmetric reductions. These
measurements were normalised to relative rate/conversion using the data for 5a as a baseline with a value of
1. a-Chloroacetophenone (2a) reacted on average 9.7 times faster than the reference (16 examples compared),
while propiophenone (3a) was reduced with almost the same rate (2.1 times faster on average, 34 examples).
a,a,0- Trifluoroacetophenone (4a) however was on average reduced >100 times faster than acetophenone in
the nine comparable examples. Obviously, electron withdrawing group increase rate of reaction in most of
these examples. There is also a risk that equilibration have affected some of the rate measurements [38, 71],
as the equilibrium position depend on the electronic properties of the ketone Anyhow, these numbers are
highly indicative of the ease of performing such reductions. This shows that even though reductions are slow
with acetophenones, the enzymes might be highly valuable for reduction of more activated substrates as o.-
chloroacetophenone (2a) and a,a,a-trifluoroacetophenone (4a). Figure 11 compares the relative rates of 5a-
8a where data exist for at least 3 of these four products.
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Figure 11. Relative rate in reduction to 6a (R1 = CH2Cl), 7a (R1 = CH2CH?3) and 8a (R1 = CF3) with different
enzymes. Activity for reduction to compound 5a (R: = CHs) is used as reference (relative rate = 1). The raw
data can be found in the Supplementary Material.

The effect of mutation on enantioselectivity in reduction to the derivatives 5a (R1 = CHs) and 7a (R:1 =
CH>CHz) was studied by Reetz et al. [3]. Wild-type ADH from T. brockii displayed ee values of 18 and 45%
for 5a and 7a, respectively. With the correct single mutation, high Prelog or anti-Prelog selectivity was
achieved. In most cases 5a and 7a had similar ee values, but using four mutants large differences were seen.
The Pearson coefficient for the ee values of 5a and 7a was as low as 0.69 (n = 19). Thus, this series of data
had a higher variance than that seen for the whole collection of ee values for 7a (n = 30). Further, it clearly
shows that a small methyl group can have profund effect on the chiral recognition processes. Interestingly,
those mutations, which led to higher selectivity, also increased rate of reaction. The ee and conversion for 5a
are shown as a bar plot in Figure 12. Conversion data for compound 7a had a similar profile.
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Figure 12. Effect of mutation on ee and conversion in reduction of 5a using WT and mutants of alcohol
dehydrogenase T. brockii. Data is taken from Reetz et al. [3].

Thus, also for variation of the alkyl part of the ketone the selectivity could not be precisely predicted based
data for closely related analogues. However, again due to mechanistically aspects an increase in rate of
reaction was seen for substrates having electron withdrawing substituents.



3.5 Estimation of ee based on models

To evaluate the usefulness of literature information and models in predicting enantioselectivity, we used ee
for 5a-f, 51 and 5l as input to compute enantioselectivity for the other derivatives reported in the same studies
using linear or quadratic models (46 examples). These data was not part of the initial study. The Pearson
correlation coefficient for the computed and experimental ee values was 0.99. However, the same high
correlation was seen when only using the ee value of the model compound as input. (See supplementary
information for the equations used and residual plots following regression analysis.) It was also analysed if
the ee of compounds 50-5t (Table 3), could be predicted by models of adapted from analogues. Table 3 shows
the input data, the model used and the calculated and experimentally determined ee values. The ee of the
ortho-bromo derivative 50 was estimated using a linear model for 5i (0-Cl). The calculated ee values were in
good correspondence with the experimentally determined data (entries 1-2). The meta substituted derivatives
5p-5s (entries 3-14) were modelled using the equation for the meta-chloro derivative 51. The largest deviation
between the computed and experimental ee was seen for the meta-bromo derivative 5q (entry 5). The ee of
the 2,4-difluoro substituted derivative 5t was modelled using data for the para-fluoro derivative 5b. The
equation slightly underestimated the ee value (entry 15). Lastly, the ee of the 2,4-dichloro derivative 5u was
computed with a model for 5i (0-Cl) (entries 16-19), showing larger deviation for the (R)-enantiomer than
the (S)-enantiomer.

Table 3. Estimation of ee-values of processes towards 50-t using data for 5a as input.

OH OH OH OH OH OH OH
Cﬁ\cm F\(j)\w3 Br\©)\CH3 M90\©)\CH3 Fsc©)\c|-|3 /@(\cm /@cm

Br F F cl cl

S0 Sp 5q Sr 5s 5t u

Entry Target Model Model: Equation for ee Calcd.ee Exp. Enzyme/reference
comp. ee (%) (%) ee (%)
1 (S)-50 5a 99 15.01+0.84xee-5a% 98 99 C. tenuis xylose reductase/[51]
2 (S)-50 5a 96 15.01+0.84xee-5a% 95 99 PAR Coryneb. strain (ST-10)/ [24]
3 (S)-5p 5a 99 3.91+ 0.99xee-5a? 102 99 CR C. glabrata (CgKR1)/ [28]
4 (S)-5p 5a 99 3.91+ 0.99xee-5a® 102 98 CR C. glabrata (CgKR2)/ [28]
5 (S)-59 ba 96 3.91+ 0.99xee-5a9 99 87 PAR Coryneb. strain (ST-10)/ [24]
6 (S)-5q 5a 99 3.91+ 0.99xee-5a® 102 97 CR C. glabrata (CgKR1)/ [28]
7 (S)-5q 5a 99 3.91+ 0.99xee-5a® 102 94 CR C. glabrata (CgKR2)/ [28]
8 (R)-5q 5a -99 3.91+ 0.99xee-5a¥  -94 -99 ADH Leifsonia sp./ [72]
9 (S)-5r b5a 99 3.91+ 0.99xee-5a? 102 99 CR C. glabrata (CgKR1)/ [28]
10 (S)-5r 5a 99 3.91+ 0.99xee-5a? 102 99 CR C. glabrata (CgKR2)/ [28]
11 (S)-5r 5a 96 3.91+ 0.99xee-5a9 99 99 PAR Coryneb. strain (ST-10)/[73]
12 (R)-5r 5a -99 3.91+ 0.99xee-5a?  -94 -99 ADH Leifsonia sp./ [72]
13 (R)-5s 5a -98 3.91+ 0.99xee-5a"  -93 -99 ADH L. brevis/[39]
14 (S)-5s 5a 99 3.91+ 0.99xee-5a? 102 99 CR Chryseob. sp. CA49/[37]
15 (R)-5t 5a -98 4.36+1.02xee-5a  -95 -99 ADH T. ethanolicus/ [52]
16 (R)-5u b5a -99 15.01+0.84xee-5a% -68 -79 ADH Leifsonia sp./ [72]
17 (S)-5u  5a 99 15.01+0.84xee-5a9 98 99 CR C. glabrata (CgKR1)/ [28]
18 (S)-5u  5a 99 15.01+0.84xee-5a9 98 93 CR C. glabrata (CgKR2)/ [28]
19 (S)-5u  5a 96 15.01+0.84xee-5a” 95 99 PAR Coryneb. strain (ST-10)/[73]

dCalculated ee based on the described model.

B)Experimentally determined ee-value

“YModel for computing ee of 5i (0-Cl) based on ee of 5a, R?=91.6.
“Model for computing ee of 51 (m-Cl) based on ee of 5a, R?=92.8.
®Model for computing ee of 5b (p-F) based on ee of 5a, R?=94.6.



Also in the case for 50-u, the ee could well be predicted by the models (Pearson coefficient: 0.999). However
the ee could equally well be predicted by the ee of the starting material (Pearson coefficient: 0.999). Thus,
generalised models to predict ee precisely seems to be of little value. On the other hand, this section shows
that reference data on ee is highly useful when searching for enantioselectivity catalysts. If the reference
model compound is transformed with a high ee, there is a high likelihood that also the target molecule will
be converted with excellent selectivity.

To further verify this, the performance of 52 catalysts, showing >96% ee in reduction of acetophenone (1a),
was compared with the ee for other derivatives reduced with the same enzyme (251 examples). Overall, 92%
of the reactions had ee > 96%. All but one of the reductions to the para substituted compounds 5b-h (115
examples) had ee > 97% (Figure 13). The corresponding figures for the ortho substituted, 5i-5k, 51-5n and
the a-substituted 6a-8a were 84% (38 examples), 86% (44 examples) and 85% (54 examples), respectively
(Figure 14).

(S)-Selective Prelog selectivity
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Figure 13. Scatterplot of ee of 52 processes with 5a Figure 14. Scatterplot of ee of 52 processes with 5a
as substrate correlated with the ee of processes as substrate correlated with the ee of processes
towards 5b-5h (115 examples). One reaction towards 5i-5n and 6a-8a (136 examples). Twenty

proceeded with <96 % ee. reactions proceeded with < 96% ee.

3.6  Most useful catalysts

By combining data for activity and enantioselectivity, useful candidate enzymes for further optimisation can
be identified as shown for 5a in Figure 15. Here the reported specific activity is plotted versus ee (%). ADH
T. ethanolicus-186A, (S)-ADH R. erytropolis and CR LbCR (from L. brevis) are indicated as useful enzymes
for preparation of (S)-5a, while ADH-R from L. kefir, ADH C. maris and two ADH’s from B. gladioli were
found efficient for preparation of (R)-5a. ADH C. maris also displayed high ee in preparation of (S)-8a and
heterocyclic 1-arylethanols [44]. Similar data was gathered for the other products. The study of KRED
enzymes by Hua et al. [18] only reported relative activity. However, since this is the largest single study of
substituted acetophenones in terms of number of enzymes and substrates, the best KRED enzymes were also
identified. Figure 16 highlights those enzymes having both > 99 % ee and good rates.
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Figure 15. Activity (umol/minxmg protein) plotted as a function of ee (%) for 5a. The most promising
enzymes are highlighted.

(S)-ADH R. erytropolis has Prelog selectivity. Although good rates and excellent selectivity was seen in most
cases, the enzyme seems especially useful for preparation of (S)-51 (m-Cl) and (S)-5d (p-Br) [53]. CR C.
parapsilosis (CPAR4) [31] have only been evaluated towards five acetophenones and showed good activity
and excellent selectivity in every case. It will be interesting to see if more bulky substituents as R; and Rz
can be accepted. ADH K. capsulate [33] displayed excellent selectivity towards a range of substrates, but had
a low rate for preparation of (S)-5a, (S)-5f, (S)-5i, (S)-5j and (R)-6a. However, reaction engineering might
improve processes to a range of products. PAR Corynebacterium st. (ST-10) [24] displayed highest activity
towards para and meta halogenated derivatives. Lower rate was seen in production of 5a (R1 = CH3), 6a (R1
= CHCI) and 7a (R1 = CH2CHg). The other Prelog selective enzymes shown in Figure 15 have a narrower
activity/selectivity profile. Generally, few efficient enzymes exist for ortho-substituted derivatives.
Promising catalysts appear to be KRED105 [18] and C. tenuis xylose reductase [51, 74]. None of the
enantioselective enzymes have notable rate of reaction in production of the ortho methyl derivative (S)-5j
and (S)-1-phenyl-2-propanol (7a). In the case of the latter, ADH T. brockii-W110L might be an enzyme
worth further studies.

ADH B. gladioli (BgADH2) and the isoenzyme BgADH1 display high anti-Prelog selectivity with a broad
range of substrates accepted. A slight lowering of ee (95%) was see for the ortho-methoxy derivative 5Kk.
ADH Chryseobacterium sp. CA49[37] appeared efficient for making (R)-5a, but also for compounds having
more bulky groups in the aromatic and the aliphatic part. A lower rate of reaction was however seen for the
process towards (R)-7a (R:= Et). KRED107 also demonstrated high anti-Prelog selectivity and good rates
towards para-substituted acetophenones. R-specific ADH from L. kefir [41] proved efficient for making (R)-
5a and (R)-7a. No other ee data was reported in this paper.

ADH from Leifsonias sp. [72] displayed the highest activity towards para and meta halogenated derivatives.
However, (R)-8a was also formed with a decent rate. KRED101 [18] showed low selectivity for para-
substituted derivatives, however it displayed excellent enantioselectivity and rate for production of the ortho-
methoxy analogue (R)-5k. CR K. thermotolerans [23] was tested towards 14 acetophenone analogues
showing excellent ee in all cases, but besides those compounds shown in Figure 15, a low rate was seen. The
enzyme was especially efficient for making the (R)-2,2,2-trifluoro-1-phenylethanol (8a). The Supplementary
file of this article [23] also summarises activity/enantioselectivity data for many enzymes in reduction of



acetophenone (1a). CR P. guilliermondii NRRL Y-324 [27] displays high selectivity and activity towards
similar substrates, although not all analogues were included in both studies.

Prelog selectivity
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Figure 16. Suitable enzymes for preparation of different acetophenones.

There are no efficient enzymes for preparation of the tert-butyl substituted (R)-5h, ortho-chloro derivative
(R)-5i and ortho-methyl derivative (R)-5j. Evidently, more efficient enzymes needs to be developed for these
substrates. Other classes of acetophenones in which there is a lack of protocols includes compounds having
two or more electron donating substituents and derivatives with the 2,6-substitution pattern.

Conclusion

Based on a data set of 108 enzymes used in reduction of 24 different aromatic ketones we have evaluated to
what degree selectivity and reactivity can be deduced from data of closely related analogues. It can be
assumed that the available data is somewhat biased by the fact that acetophenone (1a) is a commonly used
model compound, and the challenge and reluctance to publish information on mediocre selectivity. The
enantiomeric excess in reduction of para-substituted acetophenones could be well predicted by the ee for the
structurally related ketones. The most pronounced difference was seen in catalysis of substrates containing a
tert-butyl or a CFs group. These derivatives are poor model compound for each other both in terms of
selectivity and rate. Of the eight para-substituted derivatives investigated, 1-(4-trifluoromethyphenyl)ethanol
(5g) on average displayed the highest rate, while the 4-tert-butyl derivative displayed the lowest rate. The
enantiomeric excess in reduction of ortho and meta substituted acetophenones were more difficult to predict.
This is likely due to different preference for cis- and trans- conformations between the substituents and the
carbonyl oxygen. The selectivity seen for the ortho-chloro, ortho-methyl and meta-chloro- acetophenones
could be predicted by data for other derivatives, while this was not the case for the meta-methyl and ortho-
methoxy acetophenones. It was observed that 1-(2-methoxyophenyl)ethanone more often induced anti-Prelog



selectivity in reduction than the other analogues evaluated. Variation of the alkyl chain also induce changes
in enantioselectivity, and the ee could not be precisely predicted based on reference data. Clearly, subtle
changes in conformation, size and electronic properties can have pronounced effects on the catalytic process.
Anyhow, despite the fact that precise modelling of ee is not possible, literature data is highly useful for
identification of enantioselective catalysts. Using enantioselective enzymes for reduction of acetophenone as
models, a high ee was seen for 99% of para-substituted derivatives prepared by the same enzymes. In the
case of ortho-, meta- and a-substitution, the predictability of a high ee was in the range of 84-86%. The
selection of enzyme catalysts should also be based on rates. Generally, the rate of conversion was highest
when having electron withdrawing groups as aromatic substituents or in the a-position. Thus, enzymes
unsuited to reduce electron rich acetophenones might be well suited to reduce more activated derivatives.
Finally, by combining data for selectivity and rate, suitable enzymes for conversion of different substrates
have been identified.
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