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Figure 2. Results of the direct amination of 1-phenylethanol (5a) in a one-pot one-step fashion with SAS
(−) and g-C3N4 (−) photocatalysts, employing BMωTA (Bacillus megaterium ωTA � /� ) and ATωTA
(Aspergillus terreus ωTA •/•) enzymes. (A) Conversion of 5a. As a comparison, the conversion of 20 mM
5a in MilliQ water containing 0.75 mM SAS is also shown (
); (B) Production of 1-phenylethyl amine 5c.
Reaction conditions: 1 mL reaction mixture containing sodium phosphate (NaPi) buffer (100 mM, pH 9),
[1-phenylethanol] = 15 mM, [SAS] = 0.75 mM, [isopropylamine, IPA] = 1 M, [Pyridoxal-5-phosphate,
PLP] = 1 mM, [crude cell extract overexpressed with ω-TA enzyme] = 10 mg/mL. Reaction mixtures
were incubated at 30 ◦C, irradiated with white light (λ > 400 nm).

Therefore, we turned our attention to a one-pot two-step procedure, wherein we first performed
the photochemical alcohol oxidation followed by supplementation of the reaction mixture containing
the reaction components needed for the reductive amination in a second step. Compared to the one-pot
one-step case, the rate of the oxidation increased meaningfully, and the amount of product 5c doubled
with excellent enantiomeric excess (>99%) (Figure 3).

Figure 3. Results of the direct amination of 1-phenylethanol (5a) in a one-pot two-step fashion. (A)
Conversion of 5a (� ); (B) Production of 5c with BMωTA (� ) and ATωTA (•) enzymes; Reaction
conditions: (A) 1 mL MilliQ water containing [5a] = 10 mM, [SAS] = 0.75 mM. Samples were incubated
at 30 ◦C and irradiated under visible light (λ > 400 nm); (B) 0.5 mL pH 9 reaction mixture containing
[NaPI] = 50 mM, [IPA] = 1 M, [PLP] = 1 mM, [crude cell extract overexpressed with ω-TA enzyme] =
10 mg/mL. Samples were incubated on a shaking plate at 30 ◦C at 600 rpm.

To gain more insight into the performance of the ω-transaminases, we varied the enzyme, amine
donor, and cofactor concentrations. An increase in the enzyme concentration resulted in a higher
initial reaction rate. However, approx. 2.9 mM of product was formed for all cases after 28 h using
1 M of IPA at pH 9 (Figure S23). Using the same concentration of IPA but increasing the pH to 10.2
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led to a progressive increase in the yield above 6 mM (Figure S26). These data are in agreement with
previous publications, which indicate that the deprotonated form of IPA in aqueous solution might
act as the actual amine donor [35,47,48]. Testing different concentrations of IPA at pH 9 (0.5, 1, 2 M)
resulted in both higher initial rate and final product concentration (Figure S24), as also the amount
of free IPA amino donor in solution increased accordingly. We concluded that the final obtained
conversion was determined by the actual concentration of free IPA in solution and the thermodynamic
equilibrium constant of the reaction [42], and not by the stability of the biocatalyst. Therefore, the
productivity of our system can be increased in the future by process engineering aimed at the selective
removal of the acetone co-product. Finally, varying the concentration of the cofactor PLP did not
show any noticeable influence on the product formation (Figure S25), which is also in agreement with
previous findings. Conversely, an excessively high concentration of PLP is not only inconvenient
economically but can also inhibit the ω-TA [49]. Based on the above findings, we chose the following
parameters for our next investigation: [with ω-TA enzyme] = 10 mg/mL, [IPA] = 1 M, and [PLP] =
1 mM. The reactions were performed at 30 ◦C, an optimal temperature for both the photooxidation
and reductive amination steps.

To further explore the scope of the one-pot two-step procedure, we investigated a broader scope
of starting materials including aliphatic, aromatic, chiral, and non-chiral substrates (Scheme 1 and
Table 1).

Table 1. Photocatalytic oxidation of various alcohols.

Substrate Conversion a (%) Yield b (%)

1a c 23 74
2a c 26 51
3a c 29 27
4a c 28 27
5a 99 94
6a >99 74
7a 98 59
8a 88 28
9a 98 88
10a >99 100

For analytical details see Supplementary Materials. a Conversion was determined by GC analysis and calculated as
X = (c0 − c)/c0, where X is the conversion, c0 is the in initial substrate concentration, and c is the final substrate
concentration. b Yield was determined by GC analysis and calculated as Y = (cp − cp,0)/(c0 − c), where Y is the yield,
cp,0 is the initial product concentration, cp is the final product concentration c0 is the initial substrate concentration,
and c is the final substrate concentration. c 1 mL reaction mixture was used in a 2 mL glass vial and irradiated for
24 h. Reaction conditions: 2 mL MilliQ water in a 4 mL vial, containing [SAS] = 0.75 mM and [substrate] = 10 mM.
Samples were incubated at 30 ◦C and irradiated under visible light (λ > 400 nm) for 9 h.

Aromatic substrates were oxidized with good (>80%) to excellent (>95%) conversion. However,
by increasing the length of the aliphatic side chain from 1-phenylethanol (5a) to 1-phenylbutanol
(7a), the yield decreased significantly. This is likely the result of oxidative decomposition, which is
enhanced by the inductive effect of the aliphatic side chain [47]. This is also supported by the results
for benzyl alcohol (9a) and 3-chlorobenzyl alcohol (10a). With the presence of an electron withdrawing
group on the aromatic ring, which slightly reduces the activity of the hydroxyl group, the selectivity
increased. It is also worth mentioning that besides oxidation, 1,2,3,4-tetrahydro-naphtol (8a) reacted
with SAS, which was indicated by the absence of the characteristic yellow color of the photocatalyst
after irradiation. In contrast to the aromatic substrates, aliphatic compounds demonstrated moderate
conversion (>30%). Interestingly, C5 compounds (1a, 2a) showed better yield than C6 compounds
(3a, 4a).

Following the photooxidation, the reductive amination step was carried out. The oxidized samples
were diluted as such that the reaction mixture contained approx. 5 mM aromatic (except α-tetralone
(8b) 1 mM) and 0.3–1.5 mM aliphatic substrate. In the reactions, the substrate scopes of five wild-type
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ω-TAs were examined, one (R)-selective from Aspergillus terreus (ATωTA), and four (S)-selective
ones from Bacillus megaterium (BMωTA), Chromobacterium violaceum (CVωTA), Pseudomonas fluorescens
(PFωTA), and Vibrio fluvialis (VFωTA). For all ω-TAs tested, alkaline reaction conditions were found
to be favorable for the reductive amination reaction (Figures S26–S30).

Amongst the prochiral compounds (Table 2), the entire range of substrates was transformed with
excellent stereoselectivity (>99% ee). Acetophenone (5b) was accepted by all enzymes. In the case
of aromatic compounds (5b–7b), the conversion decreased progressively with the increasing length
of the alkyl chain attached to the aromatic ring. However, VFωTA was an exception, as it similarly
mediated the reductive amination of both propiophenone (6b) and butyrophenone (7b) with 35%
conversion. Reductive amination of 8b was also feasible using BMωTA with excellent stereospecificity,
which has been challenging for other systems [47,50]. Amongst the aliphatic substrates, 2-pentanone
(2b) and 2-hexanal (4b) were converted to detectable levels of product only by ATωTA and VFωTA,
respectively. However, the modest performances of other enzymes are likely to be the result of the
mediocre initial concentration of the substrate, as both compounds have been reported to be efficiently
converted to the corresponding chiral amine [47].

Table 2. Reductive amination of ketones.

2b 3b 5b 6b 7b 8b

ATωTA
camine (mM) a 0.66 (R) n.d. 2.8 (R) n.d. n.d. n.d.

Conversion (%) b 36 n.d. 72 n.d. n.d. n.d.
ee (%) c >99 n.d. >99 n.d. n.d. n.d.

BMωTA
camine (mM) n.d. n.d. 4.93 (S) 10.75 (S) n.c 0.42 (S)

Conversion (%) n.d. n.d. 95 89 n.d. 20
ee (%) n.d. n.d. >99 >99% n.d. >99%

CVωTA
camine (mM) n.d. n.d. 1.29 (S) n.d. n.d. n.d.

Conversion (%) n.d. n.d. 34 n.d. n.d. n.d.
ee (%) n.d. n.d. >99 n.d. n.d. n.d.

PFωTA
camine (mM) n.d. n.d. 1.95 (S) 2.40 n.d. n.d.

Conversion (%) n.d. n.d. 43 35 n.d. n.d.
ee (%) n.d. n.d. >99 >99 n.d. n.d.

VFωTA
camine (mM) n.d. 2.25 (S) 3.73 (S) 2.44 1.20 (S) n.d.

Conversion (%) n.d. 100 72 35 35 n.d.
ee (%) n.d. >99 >99 >99 % >99 n.d.

For analytical details, see Supplementary Materials. a Amine concentration was determined by GC analysis b

Conversion was determined by GC analysis and calculated as indicated in Table 1. c Enantiomeric excess was
determined by GC analysis on a chiral stationary phase (see Supplementary Materials). d n.d.: Not determined due
to low concentration. Reaction conditions: 0.5 mL reaction mixture in a 2 mL glass vial containing [NaPi] 50 mM,
[crude cell extract overexpressed with ω-TA enzyme] = 10 mg/mL, [IPA] = 1 M, [PLP] = 1 mM, and [aromatic
ketone] ≈ 5 mM or [aliphatic ketone] ≈ 0.5 mM.

In the case of aldehydes, excellent conversions were achieved (Table 3). Besides VFωTA, all the
enzymes completely converted hexanal (3b) to hexylamine (3c). However, it is also important to
mention that similar to the other aliphatic compounds, the initial substrate concentration was low. Both
benzaldehyde (9b) and 3-chlorobenzaldehyde (10b) were fully converted to the corresponding amine.

Table 3. Reductive amination of aldehydes.

4b 9b 10b

ATωTA
camine (mM) a 2.21 6.03 8.20

Conversion (%) b 100 100 95

BMωTA
camine (mM) 2.21 6.86 11.97

Conversion (%) 100 100 98
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Table 3. Cont.

4b 9b 10b

CVωTA
camine (mM) 2.21 7.00 12.82

Conversion (%) 100 100 91

PFωTA
camine (mM) 2.21 6.84 11.79

Conversion (%) 100 100.00 91

VFωTA
camine (mM) n.d. c 7.19 11.83

Conversion (%) n.d. 100.00 98

For analytical details, see Supplementary Materials. a Amine concentration was determined by GC analysis b

Conversion was determined by GC analysis and calculated as indicated in Table 1. c n.d.: Not determined due to
low concentration. Reaction conditions: 0.5 mL reaction mixture in a 2 mL glass vial containing [NaPi] = 50 mM,
[crude cell extract overexpressed with ω-TA enzyme] = 10 mg/mL, [IPA] = 1 M, [PLP] = 1 mM, and [aromatic
ketone] ≈ 5 mM or [aliphatic ketone] ≈ 0.5 mM.

3. Materials and Methods

All chemicals were purchased Sigma-Aldrich (Zwijndrecht, The Netherlands), Fluka (Buchs,
Switzerland), Acros (Geel, Belgium) or Alfa-Aesar (Karlsruhe, Germany) with the highest purity
available and used without further treatment. The ω-transaminases were prepared via recombinant
expression in Escherichia coli as described in detail in the Supplementary Materials.

3.1. Reaction Conditions for the One-Pot One-Step Cascade

In a 2 mL glass vial, 1 mL pH 9 reaction mixture was prepared, containing 100 mM sodium
phosphate (NaPi), approx. 11 mM 1-phenylethanol (or one of the other alcohols investigated
here), 1 mM pyridoxal-5-phosphate (PLP), 0.75 mM sodium anthraquinone-2-sulfonate (SAS), 1 M
isopropylamine (IPA), and 10 mg lyophilized crude cell extract overexpressed with (R)- or (S)-selective
ω-transaminase (ω-TA). Samples were irradiated under visible light (Osram Halolux CERAM 205W
light bulb; λ > 400 nm) at 30 ◦C. The reaction mixture was stirred gently with a magnetic stirrer.
At intervals, aliquots were taken, extracted with ethyl acetate, derivatized, and analyzed by gas
chromatography (see Supplementary Materials).

3.2. Reaction Conditions for the One-Pot Two-Step Cascade

If not stated otherwise, in a 4 mL vial, 2 mL MilliQ water containing approx. 10 mM substrate and
0.75 mM SAS were irradiated with visible light (Osram Halolux CERAM 205W light bulb; λ > 400 nm)
at 30 ◦C. The reaction mixture was gently stirred with a magnetic stirrer. At intervals, aliquots were
taken, extracted with ethyl acetate, and analyzed by gas chromatography without derivatization (see
Supplementary Materials). After the irradiation, 250 μL reaction mixture was diluted to 500 μL by
using NaPi (100 mM) as such that the final samples contained NaPI (50 mM), IPA (1M), PLP (1 mM),
and 10 mg/mL lyophilized whole cells overexpressed with (R)- or (S)-selective ω-TA. The pH of the
system was adjusted to pH 9. Samples were incubated on a shaking plate at 30 ◦C with 600 rpm shaking
speed. At intervals, aliquots were taken, extracted with ethyl acetate, derivatized, and analyzed by gas
chromatography (see Supplementary Materials).

3.3. Derivatization of GC Samples

Samples (75 μL) were extracted with ethyl acetate (150 μL) dried (MgSO4, 5 mg) and reacted with
acetic anhydride (10 μL) in the presence of 4-(N,N-dimethylamino)pyridine (5 mg) at 45 ◦C for 45 min.
The reaction was quenched with water (75 μL) and the samples were dried (MgSO4, 5 mg) again.

4. Conclusions

In summary, a reaction sequence of consecutive photooxidation and reductive amination of
various alcohols in one pot is reported. The tandem reaction with sodium anthraquinone-2-sulfonate
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(SAS) as a photocatalyst was also feasible in a one-pot one-step approach; however, the yield was
significantly inferior to the one-pot two-step case. The system was tested on a plethora of aromatic
and aliphatic substrates. Even though all of the compounds were converted, the photooxidation of
aromatic substrates proceeded much faster and with a higher yield. In the second step of the cascade
reaction, recombinant transaminases originating from Aspergillus terreus (ATωTA), Bacillus megaterium
(BMωTA), Chromobacterium violaceum (CVωTA), Pseudomonas fluorescens (PFωTA), and Vibrio fluvialis
(VFωTA) were used for the reductive amination. All of the non-chiral substrates were converted with
high conversion and the prochiral substrates with excellent enantiomeric excess.

One issue en route to the preparative application is the inactivation of the biocatalysts by the
photoexcited photocatalysts. This may be overcome by special separation of the photocatalytic
oxidation step from the reductive amination step. For this, for example, immobilized catalysts in a
flow chemistry setup may be a doable approach.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/4/305/s1.
Figure S1: SDS-Page for the expression of the ωTAs; Figure S2: FT-IR spectrum of SAS; Figure S3: FT-IR
spectrum of g-C3N4; Figure S4: XRD spectrum of g-C3N4; Figure S5: FT-IR spectrum of g-C3N4; Figure S6:
XRD spectrum of g-C3N4-VO; Figure S7: Effect of evaporation on the acetophenone concentration during the
photo-oxidation of 1-phenylethanol; Figure S8: Control reaction of the photooxidation; Figure S9: Effect of the
circumstances of the photooxidation on the efficiency of the reductive amination; Figure S10: Control reaction
of the reductive amination; Figure S11: 1H NMR spectrum of 1-phenylethyl amine; Figure S12: 1H NMR
spectrum of oxidation of 1-phenylethylamine; Figure S13: 1H NMR spectrum of oxidation of isopropylamine;
Figure S14: Effect of light intensity on the photocatalytic activity of SAS; Figure S15: Effect of light composition
on the photocatalytic activity of SAS; Figure S16: Effect of the reaction atmosphere on the photocatalytic activity
of SAS; Figure S17: Effect of the amount of photocatalyst on the photocatalytic activity of SAS; Figure S18:
Effect of pH on the photocatalytic activity of SAS; Figure S19: Effect of light composition on the photocatalytic
activity of g-C3N4; Figure S20: Effect of the reaction atmosphere on the photocatalytic activity of g-C3N4;
Figure S21: Effect of the photocatalyst amount on the photocatalytic activity of g-C3N4; Figure S22: Effect of
the pH on the photocatalytic activity of g-C3N4; Figure S23: Effect of the enzyme concentration on the yield of
the reductive amination; Figure S24: Effect of the amine donor concentration on the conversion of the reductive
amination; Figure S25: Effect of the cofactor concentration on the yield of the reductive amination; Figure S26:
pH dependency of ATω-TA; Figure S27: pH dependency of BMωTA; Figure S28: pH dependency of VFωTA;
Figure S29: pH dependency of PFωTA; Figure S30: pH dependency of CVωTA; Figure S31: Representative GC
chromatogram of SAS catalyzed photooxidation of 1-pentanol; Figure S32: Representative GC chromatogram
of SAS catalyzed photooxidation of 2-pentanol; Figure S33: Representative GC chromatogram of SAS catalyzed
photooxidation of 1-hexanol; Figure S34: Representative GC chromatogram of SAS catalyzed photooxidation of
2-hexanol; Figure S35: Representative GC chromatogram of SAS catalyzed photooxidation of 1-phenylethanol;
Figure S36: Representative GC chromatogram of SAS catalyzed photooxidation of 1-phenylpropanol; Figure S37:
Representative GC chromatogram of SAS catalyzed photooxidation of 1-phenylbutanol; Figure S38: Representative
GC chromatogram of SAS catalyzed photooxidation of 1,2,3,4-tetrahydro-1-naphtol; Figure S39: Representative GC
chromatogram of SAS catalyzed photooxidation of benzyl alcohol; Figure S40: Representative GC chromatogram
of SAS catalyzed photooxidation of 3-chlorobenzyl alcohol; Figure S41: Representative GC chromatogram
of derivatized n-pentylamine; Figure S42: Representative GC chromatogram of derivatized 2-aminopentane;
Figure S43: Representative GC chromatogram of derivatized 1-hexanol, hexanal and 1-hexylamine mixture;
Figure S44: Representative GC chromatogram of derivatized 2-aminohexane; Figure S45: Representative
GC chromatogram of derivatized 1-phenylethanol, acetophenone and 1-phenylethyl amine; Figure S46:
Representative GC chromatogram of derivatized 1-phenylpropanol, propiophenone (R) and (S) 1-phenylpropyl
amine; Figure S47: Representative GC chromatogram of derivatized 1,2,3,4-tetrahydro-1-naphthol, α-tetralone, (R)
and (S) 1,2,3,4-tetrahydro-1-naphthylamine; Figure S48: Representative GC chromatogram of derivatized benzyl
alcohol, benzaldehyde, benzyl amine; Figure S49: Representative GC chromatogram of derivatized 3-chlorobenzyl
alcohol, 3-chlorobenzaldehyde, 3-chlorobenzyl amine, Table S1: Used GC systems; Table S2: Details of GC analysis
of the alcohol oxidation; Table S3: Details of GC analysis of the reductive amination.
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