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Abstract 
Chiral amines are a common feature of many active pharmaceutical ingredients. The synthesis of 

very small chiral amines is particularly challenging, even via biocatalytic routes, as the level of 

discrimination between similarly sized R-groups must be exceptional. Yet, their synthesis creates 

attractive building blocks that may then be used to prepare diverse compounds in further steps. Herein, 

the synthesis of one of the smallest chiral amines, 2-aminobutane, using transaminases, is being 

investigated. After screening a panel of mainly wild-type transaminases, two candidates were identified: 

an (S)-selective transaminase from Halomonas elongata (HEwT), and a pre-commercial (R)-selective 

transaminase from Johnson Matthey (*RTA-X43). Notably, a single strategic point mutation enhanced the 

enantioselectivity of HEwT from 45% ee to >99.5% ee. By covalently immobilizing these candidates, both 

enantiomers of 2-aminobutane were synthesized on a multi-gram scale, and the feasibility of isolation by 

distillation without the need for any solvents other than water was demonstrated. The atom economy of 

the process was calculated to be 56% and the E-factors (including waste generated during enzyme 

expression and immobilization) were 55 and 48 for the synthesis of (R)-2-aminobutane and (S)-2-

aminobutane, respectively.  
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Introduction 
Transaminases (TAs) have proven to be a valuable tool in the amine synthesis toolbox, with 

significant focus on producing chiral bulky amines in particular.1 However, the use of TAs in the synthesis 

of smaller chiral amines is potentially advantageous as those building blocks may then be incorporated in 

subsequent syntheses generating additional diversity. One of the smallest chiral amines, 2-aminobutane, 

is a feature of the drug candidate XL888 (Figure 1), a HSP90 inhibitor currently in phase I clinical trials for 

use in conjunction with antibodies to treat cancer,2–5 and it also appears in the herbicide Bromacil, which 

is commonly available as the racemate although the different enantiomers have been shown to have 

different effects.6 In addition, 2-aminobutane is a feature of other clinically relevant molecules (for 

example in PET tracers7 and featured in recent structure-activity relationship studies (SARs)8,9). In each 

case it is usually one enantiomer that is of interest. At the time of writing, the price for 1 g of (S)-2-

aminobutane and (R)-2-aminobutane was 137 GBP and 136 GBP, respectively (Sigma Aldrich). In contrast, 

the price for 100 mL of racemic 2-aminobutane was 19.10 GBP (Sigma Aldrich). 
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Figure 1: Structures of XL888 and Bromacil, the 2-aminobutane moiety is highlighted in red. 

The similar size of the R-groups (ethyl vs methyl) poses a challenge in achieving high 

enantioselectivity. Racemic 2-aminobutane may be separated into its enantiomers by classical resolution 

using tartaric acid.10 A recently reported asymmetric synthesis employing a chiral ruthenium catalyst only 

achieved 22% ee, among the lowest enantioselectivities for the substrates tried by the authors.11 Kinetic 

resolution of 2-aminobutane using CAL-B, the dominant process used for making chiral amine building 

blocks (BASF process), requires ethyl decanoate as the acyl donor to achieve high enantioselectivity but is 

low yielding (25% yield, 99.8% ee (S) on a 5 g scale).12 A dynamic kinetic resolution using the more 

conventional methyl 3-methoxypropionate resulted in 84% yield, 74% ee of the (R)-amide, on a 1 mmol 
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scale.13 Kinetic resolutions employing several transaminases have also been investigated.14–17 

Deracemization via sequential addition of two enantiocomplementary transaminases was reported on a 

50 mM scale by Kroutil and co-workers, giving either enantiomer (>99% conversion, >99% ee) depending 

on the order of addition of the transaminases.18 

Syntheses of 2-aminobutane from butanone with transaminases have also been reported,19–21 using 

alanine as the donor with a coupled enzymatic pyruvate removal, achieving moderate to excellent 

conversions (31–98%) and high enantioselectivities (>98% ee). However, intensification beyond 50 mM 

and the use of the simpler isopropylamine (IPA) as the amine donor have not been investigated. In 

addition, isolation of the 2-aminobutane product has not been attempted, presumably due to its high 

solubility in water and high volatility. Herein, we report the synthesis of both enantiomers of 2-

aminobutane with excellent enantioselectivity and good conversions on a 300 mM scale, using 

immobilized transaminases in flow, as well as the isolation of 2-aminobutane by distillation from the 

reaction mixture. In addition, we present how the creation of a rationally designed mutant variant of an 

(S)-selective transaminase, dramatically increased the optical purity of the product. 

Materials and Methods 

Flow biocatalysis was carried out using an R-series modular flow chemistry system from Vapourtec. 

Relizyme resins for protein immobilization were kindly donated by Residion. Reagents and cofactors were 

purchased from Sigma Aldrich, Thermo Fisher, Apollo Scientific, or Alfa Aesar and used without further 

purification. Enzymes were prepared in-house (see electronic supporting information) or provided by 

Johnson Matthey (RTA-40; RTA-57; *RTA-43; RTA-25; STA-1; STA-2 STA-13; STA-14, where the * indicates 

a pre-commercial enzyme and the numbers refer to the product code). NMR spectra were obtained using 

a Bruker 400 MHz NMR spectrometer (Bruker AV3400 or AV3400HD) and referenced relative to the 

residual protonated solvent peak. ESI-MS data were obtained on a Bruker MicroTOF spectrometer. 

Batch Biotransformations—IPA method 
Reactions were set up containing butanone (10-300 mM) and IPA (5 eq.), lyophilized TA cfe (50 

mg/mmol), and PLP (1 mM) in potassium phosphate buffer (50 mM pH 8), in a final volume of 500 µL to 1 

mL. Reactions were incubated at 30 °C, with gentle shaking in duplicate. Samples were removed, diluted 

appropriately (total amine content <25 mM), FMOC-derivatized and analysed by LC-MS or reverse-phase 

HPLC. Enantiopreference was determined by chiral GC-FID or chiral reverse-phase HPLC. 
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Enzyme immobilization 
Based on the technique previously applied to the STA HEwT,22,23 resin (Relizyme EP403/S or epoxy-

agarose24) was incubated in modification buffer (2 mL/gresin; 100 mM sodium borate, saturated (approx. 

2 M) iminodiacetic acid, pH 8.5) at ambient temperature with gentle shaking for 2 h. The resin was 

removed by vacuum filtration, washed with dH2O, and incubated in metal buffer (5 mL/gresin; 1 M sodium 

chloride, 5 mg/mL cobalt(II) chloride hexahydrate) at ambient temperature with gentle shaking for 2h. 

Following filtration and washing, the resin was suspended in storage buffer (potassium phosphate 50 mM, 

pH 8, 0.1 mM PLP) containing the enzyme (varying concentrations and ratios with respect to resin, to 

achieve the desired loading) and gently shaken at ambient temperature. The incubation time was 

determined from test immobilizations and the remaining protein concentration and activity in the 

supernatant, typically 3-5 h. The resin was filtered and washed, suspended in desorption buffer 

(4 mL/gresin; 50 mM EDTA, 500 mM sodium chloride, 20 mM potassium phosphate, pH 7.4), filtered and 

washed again, and suspended in blocking buffer (4 mL/gresin; saturated (approx. 3 M) glycine, 0.1 mM PLP, 

pH 8.5). Following incubation at ambient temperature with gentle shaking for 20 h the resin was filtered 

off, washed, and stored in storage buffer at 4 °C. Samples of each washing step were taken and analysed 

by SDS-PAGE. Resin with immobilized TsRTA was boiled in SDS-loading buffer. The activity of the resin was 

determined by shaking an appropriate amount of resin in standard assay buffer, taking samples 

periodically and measuring the increase in UV absorbance at 245 nm (samples were re-added after 

measurement).  

Scaled-up 2-aminobutane synthesis in flow 
Two Omnifit glass columns (6.6 mm i.d. × 150 mm length) were employed in series, giving a 

combined packed-bed volume of 7.73 mL (using 6 gresin) (see Figure S1 for a photo and scheme of the 

reactor set-up). The reactor was equilibrated with storage buffer (potassium phosphate 50 mM, pH 8, 

0.1 mM PLP) for 5 CV at a flowrate of 0.5 mL/min. For reactor start-up, the reaction mixture (butanone 

(300 mM), IPA (1.5 M) and PLP (1 mM) in potassium phosphate buffer (50 mM, pH 8)) was passed through 

the reactor at a flow-rate of 0.5 mL/min at ambient temperature until it reached the outlet. At this point, 

the output was fed back into the vessel containing the reaction mixture and the reaction was run in 

circulation mode using a residence time of 25 min per pass (0.309 ml/min), at 30 °C. The reaction mixture 

was circulated until 4 h of contact time between the reaction mixture and resin (corresponding to 9.6 

passes) was reached, at which point the inlet was moved to a fresh reaction mixture. After the volume 

remaining in the reactor and tubing was collected, the outlet was also moved to the fresh reaction mixture 
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which was then circulated as before. The swapping of the reaction mixture was carried out every 1-4 days 

(corresponding to 6-24 CV) and the reactor was left running for 165 h in total (1 week). For reactor 

shutdown, the inlet was placed in storage buffer and the remaining reaction mixture was flushed out of 

the tubing at a flowrate of 0.5 mL/min at ambient temperature. All processed reaction mixtures were 

combined, acidified using hydrochloric acid (pH <1) and concentrated (to approximately 60% of the initial 

weight) in-vacuo, removing the ketones. The remaining aqueous solution was alkalized with an excess of 

potassium hydroxide (approx. 33 g) and distilled under atmospheric pressure. Three cuts (b.p. ≤38 °C, 38–

50 °C, and 46–65 °C) were obtained that contained both IPA and 2-aminobutane, with the proportion of 

the latter increasing in the higher b.p. cuts (as determined by 1H-NMR, Table S1). These cuts were then 

redistilled over potassium hydroxide employing a fractional distillation set-up using a four-ball Snyder 

column, obtaining four cuts (b.p. ≤32 °C, 32–34°C, 34–62 °C, and 62 °C). Cuts one and two were virtually 

pure IPA, cut three was a mixture of IPA and 2-aminobutane, and cut four was 2-aminobutane with ≤1% 

IPA as determined by 1H-NMR (Table S1), giving 2.49 g of (S)-2-aminobutane (35% yield, ≥99% purity (1H-

NMR), >99.5% ee) and 1.97 g of (R)-2-aminobutane (28% yield, ≥99% purity (1H-NMR), 98.7% ee), from 

the HEwT_F84W and *RTA-43 flow reactions, respectively. 

(S)-2-aminobutane: 1H-NMR (400 MHz, CDCl3) δ 2.79 (1 H, h, J 6.3, CHN), 1.37–1.26 (2 H, m, CH2), 

1.15 (2 H, br s, NH2), 1.02 (3 H, d, J 6.3, CHNCH3), 0.87 (3 H, t, J 7.4, CH2CH3); 13C-NMR (101 MHz, CDCl3) δ 

48.4 (CHN), 32.9 (CH2), 23.4 (CHNCH3), 10.6 (CH2CH3); in agreement with lit.25 m/z [M+H]+ calculated: 

74.0964, found: 74.0956.  

(R)-2-aminobutane: 1H-NMR (400 MHz, CDCl3) δ 2.77 (1 H, h, J 6.3, CHN), 1.38–1.26 (2 H, m, CH2), 

1.18 (2 H, br s, NH2), 1.03 (3 H, d, J 6.3, CHNCH3), 0.88 (3 H, t, J 7.4, CH2CH3); 13C-NMR (101 MHz, CDCl3) δ 

48.4 (CHN), 32.8 (CH2), 23.4 (CHNCH3), 10.6 (CH2CH3); in agreement with lit.25 m/z [M+H]+ calculated: 

74.0964, found: 74.0958. 

Results and Discussion 

Screening of STAs and RTAs against butanone 
Initial screening was performed with 12 transaminases. In addition to the 8 transaminases from 

Johnson Matthey’s portfolio, the STAs from Halomonas elongata (HEwT)26 and Chromobacterium 

violaceum (CvSTA),27 and the RTAs from Thermomyces stellatus (TsRTA)28 and Aspergillus terreus (AtRTA)29 

were also screened. All enzymes were used as lyophilized cell-free extracts (cfes) and tested at three 
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substrate concentrations (10, 100 and 300 mM), using 5 equivalents of IPA while keeping a constant 

loading of enzyme relative to substrate of 50 mg/mmol (0.5-15 mg/mL) (Scheme 1). By fixing the enzyme 

loading in this way, the turnover number (TON) required to reach a certain conversion does not increase 

with increasing concentration. In addition to TON, different concentrations of active enzyme in the crude 

enzyme mix (see Figure S2) will also affect the conversion. While not correcting for active enzyme content 

may give a less precise indication of the specific performance of the catalyst, this was a deliberate choice 

as the crude lyophilizate is sold commercially by weight.  

O
∗

NH2

TA (50 mg/mmol)
IPA (5 eq.) or 
Ala-AlaDH system

PLP (1 mM)
KPi buffer, pH 8
30 °C

10 – 300 mM

 

Scheme 1: Screening conditions for the transaminase catalysed synthesis of 2-aminobutane, starting from butanone. Ala-AlaDH 
system: L-Ala (1.2 eq.) or DL-Ala (2.4 eq.), AlaDH (25 mg/mmol), GDH (25 mg/mmol), D-glucose (1.2 eq.), NH4Cl (2.4 eq.), and NAD+ 
(1 mM). Ala-AlaDH: KPi (300 mM), IPA: KPi (50 mM) Enzymes were employed as lyophilized cfes. 

Almost all enzymes screened exhibited an increase in conversions at the 5 h mark when going from 

10 mM to 100 mM concentration (Figure 2). This is likely due to the enzymes not having high affinity for 

butanone. For some enzymes, such as STA-1 and -2, the conversions at 5 h decreased when scaling up to 

300 mM, for others, such as *RTA-43, CvSTA, and, most notably, HEwT conversions further increased at 

the highest substrate concentration. While lower 5 h conversions at the highest substrate loading always 

corresponded to lower final conversions, the contrary was not always true for the enzymes performing 

better at the 5 h mark (as is the case for STA-14 and RTA-25).  
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Figure 2: Transaminase screen: biotransformations of butanone, using IPA as the amine donor. Samples were taken after 5 h, 24 
h, and 48 h, and conversions were determined following the production of 2-aminobutane by RP-HPLC, after FMOC derivatization, 
using a calibration curve. All experiments were carried out in duplicate, error bars represent the standard error (SE), and include 
the uncertainty associated with the calibration curve.30,31 

Of the STAs tested, HEwT clearly outperformed the others in terms of conversions, reaching almost 

70% at the 300 mM scale in 5 h, and achieving the highest final conversions (almost 90%). However, in 

terms of enantioselectivity it did poorly, yielding only 45% ee (S) (Table 1). CvSTA, which also showed a 

significant albeit smaller increase in conversion from 100 mM to 300 mM, also had an unsatisfactory 80% 

ee. For the RTAs, only *RTA-43 and -25 showed acceptable levels of conversion, with *RTA-43 giving better 

scalability. For all RTAs, the enantioselectivities were excellent. 
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Table 1: Enantiomeric excess (ee) of the biotransformations employing IPA as the amine donor.  

 10 mM 100 mM 300 mM 

STA-1 96% (S) 96% (S) 99% (S) 

STA-2 traces (S) 99.5% (S) 99.6% (S) 

STA-13 traces (S) 85% (S) 84% (S) 

STA-14 97% (S) 94% (S) 96% (S) 

HEwT 68% (S) 45% (S) 46% (S) 

CvSTA traces (S) 79% (S) 81% (S) 

RTA-40 traces (R) traces (R) traces (R) 

*RTA-43 >99% (R)a 99.4% (R) 99.4% (R) 

RTA-57 traces (R) >99% (R)a traces (R) 

RTA-25 traces (R) 99.3% (R) 99.6% (R) 

TsRTA >99.5% (R)ab >99.5% (R)ab n/db 

AtRTA >99.5% (R)ab >99.5% (R)ab n/db 

All ees represent the average of duplicates. 
a other enantiomer not detected 
b chiral RP-HPLC 
n/d not detected 

To evaluate whether the poorly performing enzymes were due to lack of acceptance of IPA, the 

screening was repeated with alanine as the amine donor, employing an AlaDH from Johnson Matthey and 

a glucose dehydrogenase (GDH) from Bacillus megaterium32 for pyruvate recycling/removal. For the STAs, 

1.2 equivalents of L-Ala were used as the donor, for the RTAs 2.4 equivalents of racemic alanine were used 

(effectively using 1.2 equivalents of D-Ala, Scheme 1). While all three enzymes showed improved 

performance using the new amine donor, in particular STA-13 and RTA-57 (Figure S3), they fell short of 

the best performing enzymes employing IPA. STA-13 gave a poor ee of 85% (Table S2), but an increase in 

conversion from 100 mM to 300 mM as had been observed for CvSTA and HEwT.  

All RTAs were outperformed by *RTA-43 in terms of conversion (all RTAs had excellent ee, Table 1) 

and this catalyst was chosen for the production of (R)-2-aminobutane. As its conversion still was lower 

than that observed for some of the STAs, the use of the Ala-AlaDH system to displace the pyruvate by-

product was investigated, but this did not improve conversions (Figure S3). Among the STAs, STA-2 

showed the highest ee of (S)-2-aminobutane; yet had slightly lower conversions compared to STA-1 and 

STA-14, both of which still had >90% ee. More importantly, all three enzymes showed a significant drop 

in conversion going from 100 mM to 300 mM. Engineering of HEwT to increase its enantioselectivity while 

retaining the excellent performance was therefore attempted. 
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To this end, two phenylalanine residues in the small pocket (Figure 3; F18 and F84) were 

independently changed to the larger tryptophan (chosen to maintain the aromaticity, as the F18 position 

in particular is highly conserved and sensitive to changes33). The residue F84 has been show previously to 

be a hot-spot for enlarging the small pocked in other STAs,34,35 whereas no previous attempt to engineer 

an STA to enhance enantioselectivity for small substrates has been reported. 

 
Figure 3: Docked quinonoid intermediate in the pro-(S) (lime) and pro-(R) (pink) orientation into the active site of HEwT (PDB: 
6GWI).36 Side-chains of residues surrounding the butane-amine moiety are shown as sticks; the two different subunits are 
coloured cyan and green. Distances of the ethyl-group in the pro-(R) orientation to F18 and F84 are shown. Docking was carried 
out using Autodock/vina,37 the figure was generated using open source PyMOL 2.1.0. 

While HEwT_F18W exhibited significantly lower conversions (in particular at 300 mM) and 

unchanged enantioselectivity (50-55% ee (S), see Figure S20), HEwT_F84W exclusively produced (S)-2-

aminobutane (ee >99.5%) at all substrate concentrations. However, reaction rate and final conversion 

were reduced compared to wild-type HEwT, in particular at 10 mM and 100 mM, but remained higher 

than for the other STAs at 300 mM (this is clear when comparing Figure 2 and Figure 4). HEwT_F84W 

shows also a steady increase in conversion from 10 mM all the way through to 300 mM. This suggests that 

the increased steric bulk in the small pocket may reduce the affinity for butanone, which would also 

explain the slightly lower final conversions at 300 mM. However, attempts at measuring the Km or the 

specific activity using the acetophenone assay38 were unsuccessful, as the activity was too low to be 

measured (no activity was detected at up to 1mg/mL of enzyme and using 10-350 mM of butanone). The 



10 
 

specific activities with SMBA and pyruvate were 0.01 U/mg and 0.2 U/mg for the lyophilized crude 

HEwT_F84W and wild-type, respectively. 

 
Figure 4: HEwT mutants: biotransformations of butanone, using IPA as the amine donor. Samples were taken after 24 h and 48 
h, and conversions were determined following the production of 2-aminobutane by RP-HPLC, after FMOC derivatization, using a 
calibration curve. All experiments were carried out in duplicate, error bars represent the standard error (SE), and include the 
uncertainty associated with the calibration curve.30,31 

Determination of immobilization and operating conditions in flow 
As the batch reactions required high enzyme loading (15 mg/mL at the 300 mM concentration), 

enzyme immobilization and use in continuous flow, in a packed-bed reactor, were investigated, to 

facilitate reusability of the enzyme. Additionally, moving to flow has previously been shown to result in 

increased performance.22 Initial immobilizations were carried out on CoII-derivatized Relizyme EP403/S 

beads, using an initial loading of 100 mglyo/gresin. For both *RTA-43 and HEwT_F84W, complete 

immobilization was achieved within 3-4 h, giving recovered activities of 50% and 30%, respectively, where 

the recovered activity is defined as the fraction of activity contained in the resin compared to the total 

activity offered to the resin. Using these resins, operating conditions in flow were explored. Given the long 

reaction times despite the high enzyme loading employed in batch, a reaction in a single pass proved 

unfeasible with the equipment available. Thus, a recirculating strategy was adopted, where the output 

was fed back into the reaction mixture. Increasing the reaction temperature to 37 °C resulted in a loss of 

activity of the immobilized enzyme, whereas both enzymes were able to operate for >24 h without any 

detectable loss in activity at 30 °C. Conversions after recirculating four column volumes of reaction 

mixture for 24 h (6 h contact time; approx. 9×40 min residence time) were 50% and 30% for *RTA-43 and 
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HEwT_F84W, respectively. Addition of DMSO or increasing the concentration of IPA did not improve 

performance. 

Thus, the loading of enzyme on the resin was increased. Loadings of 170 mglyo/gresin and 400 

mglyo/gresin were achieved for *RTA-43 and HEwT_F84W, respectively. At these loadings between 70-100% 

of the enzyme was immobilized (as determined from the residual activity of the supernatant). Further 

increasing the loading did not increase the amount of enzyme immobilized. Recovered activities reached 

up to 38% for *RTA-43 and up to 64% for HEwT_F84W. With these resins, conversions up to 75% were 

achieved in 4 h (approx. 12×20 min residence time), with no further increase with longer contact times.  

Scale-up synthesis of both enantiomers of 2-aminobutane in flow 
Using these operating conditions, larger scale syntheses of both enantiomers of 2-aminobutane 

were carried out. By employing 6 g of resin, 46.4 mL of reaction mixture could be processed every 24h. 

For each of the enzymes, the reactor was left running continuously for one week, replacing the reaction 

mixture every 1-4 days, processing a total volume of 0.319 L, containing 6.90 g (95.7 mmol) of butanone. 

Conversions were determined each time the reaction mixture was changed (Figure 5). For HEwT_F84W, 

conversions were stable over the duration of seven days (66±5%), and no loss in activity was detected in 

the resin afterwards. On the other hand, for *RTA-43 conversions dropped from 69±5% to 54±5% after 

seven days, and the specific activity of the resin decreased by 35%. Compared to the initial batch process, 

both catalyst productivity and Space-time yield have been improved, as envisaged (Table 2). 

 
Figure 5: Cumulative production of 2-aminobutane during a 7-day run of the continuous flow process, employing either 
HEwT_F84W or *RTA-43. At each time point, the solution was replaced with a fresh reaction mixture and the conversion 
determined using RP-HPLC. Error bars represent standard error of the calibration curve. Data gaps between 48 h and 120 h or 
144 h for HEwT_F84 and *RTA-43, respectively, are due to periods of lab-closure, where a proportionally larger volume of liquid 
was circulated.  
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Table 2: Comparison of key process parameters between the batch and flow process. 

  Specific reaction rate 

(µmol mg-1 h-1)a 

Catalyst productivity 

(µmol mg-1)b 

Space-time yield 

(µmol mL-1 h-1)c 

Batch 
HEwT_F84W 0.293 14.1 4.40 

*RTA-43 0.267 12.8 4.00 

Flow 
HEwT_F84W 0.159 26.3 49.4 

*RTA-43 0.332 54.8 43.8 

a Calculated according to 𝒏𝒏𝑩𝑩𝑩𝑩 𝒎𝒎𝒍𝒍𝒍𝒍𝒍𝒍−𝒄𝒄𝒄𝒄𝒄𝒄 × 𝒕𝒕𝒕𝒕𝒍𝒍𝒕𝒕𝒕𝒕𝒍𝒍� , at similar levels of conversions (achieved after 48 h 

in the case of batch reactions (Figure 2)), where 𝒏𝒏𝑩𝑩𝑩𝑩 corresponds to the overall amount of 2-
aminobutane produced (as determined by HPLC), 𝒎𝒎𝒍𝒍𝒍𝒍𝒍𝒍−𝒄𝒄𝒄𝒄𝒄𝒄 corresponds to the mass of lyophilized 
cfe used, and 𝒕𝒕𝒕𝒕𝒍𝒍𝒕𝒕𝒕𝒕𝒍𝒍 corresponds to the total reaction time (48 h batch, 165 h flow). For the flow 
process, this has been calculated with respect to the amount of enzyme offered during the 
immobilization, neglecting any losses in activity.  
b Calculated according to 𝒏𝒏𝑩𝑩𝑩𝑩 𝒎𝒎𝒍𝒍𝒍𝒍𝒍𝒍−𝒄𝒄𝒄𝒄𝒄𝒄� . 

c Calculated as follows: batch: 𝒏𝒏𝑩𝑩𝑩𝑩 𝑽𝑽𝒓𝒓𝒓𝒓𝒏𝒏 × 𝒕𝒕𝒕𝒕𝒍𝒍𝒕𝒕𝒕𝒕𝒍𝒍� , where 𝑽𝑽𝒓𝒓𝒓𝒓𝒏𝒏 corresponds to the reaction volume. 

Flow: 𝒏𝒏𝑩𝑩𝑩𝑩 𝑽𝑽𝒃𝒃𝒄𝒄𝒃𝒃 × 𝒕𝒕𝒕𝒕𝒍𝒍𝒕𝒕𝒕𝒕𝒍𝒍� , where 𝑽𝑽𝒃𝒃𝒄𝒄𝒃𝒃 corresponds to the reactor bed volume. 

 

Given the highly volatile and highly water-soluble nature of 2-aminobutane, as well as the similar 

structure to IPA, purification by distillation appeared to be the best approach, avoiding both the need for 

water removal as well as use of organic solvents. Alternative strategies, such as lyophilization for water 

removal or precipitation were also investigated (data not shown). However, preliminary tests had shown 

that when lyophilizing acidic solutions of 2-aminobutane and IPA in water, up to 25% of the initially added 

mass were lost, presumably due to the same apparent sublimation that is also observed for ammonium 

chloride. Precipitation of 2-aminobutane from the reaction mixture using tartaric acid10 also proved to be 

ineffective (data not shown). 

In a first vacuum distillation, the ketones were removed from an acidified reaction mixture. 

Subsequently, the remaining aqueous solution was alkalized, and the amines were distilled. However, 

separation of the amines during this initial distillation proved very challenging. Thus, a third fractional 

distillation (4-ball Snyder column) had to be employed on the amine mixture obtained from the second 

distillation, giving 2.49 g of (S)-2-aminobutane and 1.97 g of (R)-2-aminobutane, corresponding to a yield 

of 35% and 28%, respectively (ees ≥99%). This represents a mass-loss of approx. 50%. While some of the 

apparently lost amine was contained in an impure cut (5% and 15% for (S)- and (R)-2-aminobutane, 

respectively), there was also loss through leaking joints and potentially during the initial vacuum 

distillation. However, this mass-loss should be reduced at a larger scale with a more effective (industrial) 
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distillation set-up. Additionally, combining the second distillation and fractional distillation might further 

reduce this mass-loss. 

The use of alternative amino donors, cadaverine and alanine, was also explored in flow. Employing 

4 eq. of cadaverine at pH 9 under otherwise identical conditions, HEwT_F84W lost 60% and *RTA-43 lost 

75% of activity over 24 h. Additionally, conversions for *RTA-43 were reduced to 25% (employing 

cadaverine in batch using 2 or 4 eq. at pH 8 or 9 resulted in no conversion with *RTA-43). The conversion 

obtained with HEwT_F84W was unchanged at 68%. The use of alanine in flow was hampered by the lack 

of compatible supports for the covalent immobilization of the transaminases, GDH, and AlaDH (or LDH), 

as attempts to immobilize the GDH on EP403/S resulted in low recovered activities (data now shown). On 

the other hand, the transaminases were not operationally stable when immobilized on epoxy-agarose, 

the preferred support for GDH (data now shown).32 

To assess the sustainability of this process, the atom economy and E-factor were calculated. The 

atom economy, defined as the molecular weight of the desired product divided by the molecular weight 

of all products, was 56%. The E-factor, which is defined as the mass of all waste (neglecting water) divided 

by the mass of product, was calculated with respect to the actual isolated yield obtained in this current 

work. The mass of the culture media and buffer salts used throughout, despite their benign nature (bio-

renewable and bio-degradable in the case of culture media) has been taken into account. Additionally, 

the supported enzyme catalyst used in the flow reaction is considered waste, despite being potentially 

usable for further cycles (in particular in the case of HEwT_F84W). Furthermore, the recovered IPA may 

be re-used and the unreacted butanone could in principle be separated from the waste acetone, but this 

has also been ignored in the calculation. Thus, this E-factor represents a “worst-case” estimate (see 

Supporting information for detailed breakdown); and has been calculated to be 48 for the HEwT_F84W 

process and 55 for the *RTA-43 process.  

Conclusions 
Following the screening of a panel of transaminases, two enantiocomplementary transaminases for 

the synthesis of 2-aminobutane from butanone were identified. Employing a single strategic point 

mutation in the small binding pocket, the enantioselectivity of the STA showing the best conversion was 

enhanced from 45% ee to >99.5%, with only slight reduction in the conversions. By immobilizing the 

enzymes and moving to continuous flow reaction set up with the catalyst housed in a packed bed reactor, 

both enzymes could be used continuously for one week, producing either enantiomer of 2-aminobutane 
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at a multi-gram scale, while improving catalyst productivity and space-time yield relative to the batch 

process using soluble enzyme (Table 2). The isolation of 2-aminobutane from the reaction mixture using 

a simple distillation set-up was also demonstrated; however, further work to reduce losses in this step is 

however required to enhance the efficiency of the reaction. The atom economy of the process has been 

calculated to be 56%, and the E-factor was 48 and 55 for the STA and RTA process, respectively. Recycling 

of un-spend reagents, which are recovered from the mixture during the distillation (Table S1), as well as 

reducing losses during the purification will further improve the sustainability of this process.  
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Synopsis 
 A transaminase catalysed synthesis of both enantiomers of 2-aminobutane is being described, 

generating mainly biodegradable waste, and avoiding the use of organic solvents. 
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