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Transaminase enzymes (TAms) have been widely used for the
amination of aldehydes and ketones, often resulting in optically
pure products. In this work, transaminases were directly reacted
with hydrazones in a novel approach to form amine products.
Several substrates were investigated, including those with furan
and phenyl moieties. It was determined that the amine yields
increased when an additional electrophile was added to the
reaction mixture, suggesting that they can sequester the
hydrazine released in the reaction. Pyridoxal 5’-phosphate (PLP),
a cofactor for transaminases, and polyethylene glycol (PEG)-
aldehydes were both found to increase the yield of amine
formed. Notably, the amination of (S)-(� )-1-amino-2-(meth-
oxymethyl)pyrrolidine (SAMP) hydrazones gave promising re-
sults as a method to form chiral β-substituted amines in good
yield.

Transaminases (TAms), also known as aminotransferases, are
typically used to reversibly transform a ketone or aldehyde
group into an amine moiety using an amine donor and
pyridoxal 5’-phosphate (PLP) as the cofactor. When using
prochiral ketones, the products can be single enantiomers and
it is possible to access either enantiomer by switching between
(S)- or (R)-selective TAms.[1,2] Chiral amines are very commonly
found in pharmaceuticals and agrochemicals; therefore, the
selective installation of a chiral amine is a desirable reaction.
Indeed, transaminases have been used for numerous industrial
applications, allowing for the stereoselective functionalisation
of complex molecules.[1–7]

With the desire to improve the sustainability of synthetic
transformations, there has been interest in extending the use of
enzymes into new applications. Enzymes have many advan-
tages when applied in synthetic processes compared to tradi-
tional organic synthetic methods, such as the use of milder
reaction conditions and providing a more sustainable
approach.[5–7] For example, there has recently been interest in
reducing oximes using ene-reductases to form chiral amines.[8]

Herein, we report the direct conversion of hydrazones to
amines using transaminases, a transformation that has not
previously been reported (Scheme 1).

Hydrazones are useful functional groups for a range of
synthetic applications. The acidity of hydrogens at the α-carbon
of the hydrazone group, with a pKa of approximately 30, is far
lower than in the parent carbonyl with a pKa of approximately
20, so conjugate bases are more reactive towards a number of
electrophiles.[9] The acidity at this α-position is low enough to
prevent the racemisation of chiral hydrazones, unlike the case
with analogous carbonyls, so hydrazones are commonly used in
asymmetric synthesis.[10] Hydrazones also confer ‘Umpolung’
reactivity on the carbonyl unit which has been harnessed to
control the reactivity of nearby functional groups including the
cyclisation of furans to yield functionalised aromatics,[11] and the
regioselective cyclisation of aldoses into functionalised chiral
tetrahydrofurans without the use of protecting groups.[12,13]

Given the wide utility of hydrazones in synthetic chemistry, we
considered that the direct conversion of a hydrazone into an
amine under mild conditions using a transaminase would be a
useful reaction.
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Scheme 1. The amination of aldehydes and ketones using transaminases.[1,2]

This work investigates the reaction of transaminases with hydrazones to
form amines.
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To probe whether this transformation might be achieved,
an established colorimetric assay for screening TAms was
performed. This colorimetric assay is based on the consumption
of the amine donor 2-(4-nitrophenyl)ethan-1-amine 1: if con-
verted into the corresponding aldehyde 2, a red precipitate 3 is
generated (Scheme 2A).[14] Hydrazones 4–9 were selected,
synthesised and screened against multiple transaminases,
together with benzaldehyde 10 as a positive control. Additional
negative control reactions in the absence of enzyme were also
performed. Seven TAms were chosen from our UCL TAm library
based on their broad acceptance of substrates and tolerance
towards organic solvents; Chromobacterium violaceum (Cv-
TAm),[15] Rhodobacter sphaeroides (Rh-TAm),[16] Mycobacterium
vanbaalenii (Mv-TAm),[17] Arthrobacter sp. variant ArRMut11 (As-
TAm)[5] and three enzymes obtained from a functional meta-
genomics study on a domestic drain sample, and expressed
from pQR2189, pQR2191 and pQR2208.[18] Interestingly, the
assay revealed that some hydrazones appeared to be trans-
formed by the transaminases, with the aldehyde-derived
hydrazones 4–8 more readily accepted than the ketone-derived
hydrazone 9 (Scheme 2). In addition, the colorimetric assay with
the corresponding aldehydes and ketone showed much higher

activity towards the transaminases than with the hydrazones
(see SI).[3,15–18]

This novel transformation was then studied in more detail
using substrate 4, which was readily accepted by several TAms.
Using the amine donors α-methylbenzylamine (α-MBA) and
isopropylamine (IPA), the formation of the corresponding amine
furfurylamine 11 was confirmed by HPLC against standards.[19] It
was also noted that higher yields were obtained at 45 °C
compared to 37 °C. Cv-TAm[15] and IPA gave the best yields
(~20%).

It was considered that the reaction may occur via hydrolysis
of the hydrazone 4 in situ, potentially non-enzymatically,
forming the corresponding aldehyde, which is then directly
aminated by the TAm to give amine 11 (Scheme 3A). Data to
support this hypothesis was seen in negative control reactions;
when no enzyme was present, under the same reaction
conditions as for the TAm reaction, some aldehyde formation
was observed by HPLC (see SI). It is often very difficult to
completely hydrolyse a hydrazone, requiring harsh conditions,
and so it was considered that this would be a useful trans-
formation to explore further. It was also postulated that the
hydrazine released during the reaction could inhibit the trans-
aminase, so addition of an electrophile (E+) may help to drive
the equilibrium towards the product by trapping hydrazine,
improving the utility of the reaction. Care would have to be
taken when considering suitable electrophiles, as other alde-
hydes may react with TAms to produce side products.

A commercially available polystyrene resin with a pendant
benzaldehyde group was initially identified as a suitable
electrophile as it would not fit into the active site of the TAm.
However, no improvements were observed for the conversion
of hydrazone 4 to amine 11 when the resin was added to the
reaction. This was attributed to the poor swelling properties of
polystyrene resins in aqueous conditions.[20] Polyethylene glycol

Scheme 2. (A) Colorimetric assay using 2-(4-nitrophenyl)ethan-1-amine 1 as
the amine donor which is converted into 3.[14] Hydrazone substrates used in
the colorimetric assay. (B) Colorimetric assay of six hydrazones with seven
enzymes: Chromobacterium violaceum (Cv-TAm),[15] Rhodobacter sphaeroides
(Rh-TAm),[16] Mycobacterium vanbaalenii (Mv-TAm),[17] Arthrobacter sp. variant
ArRMut11 (As-TAm)[5] and three metagenomic enzymes from a domestic
drain: 94-TAm pQR2189, 553-TAm pQR2191 and 3588-TAm pQR2208.[18]

Reaction conditions: total volume 200 μL containing amine 1 (25 mM), amine
acceptor (10 mM), PLP (0.2 mM) and potassium phosphate buffer (100 mM,
pH 8.0). A positive control was performed with benzaldehyde 10 as the
amine acceptor. A negative control (� ) was performed without any enzyme.

Scheme 3. (A) Proposed route for the amination of hydrazones with trans-
aminases. Reaction of the hydrazine released with an electrophile (E+) could
be used to drive the reaction to amine product. (B) Preparation of PEG-
aldehydes 12–14 with average molecular weights of 8000, 2000 and 1000.
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(PEG)-supported aldehydes were then explored as PEG is well
known to swell in water.[21] A coupling reaction between 4-
formylbenzoic acid and different PEGs with average molecular
weights of 8000, 2000 and 1000 was carried out and the
products (12, 13 and 14) used (Scheme 3B). Another suitable
electrophile was thought to be the cofactor PLP, which could
react with the hydrazine, and it is known not to negatively
affect the activity of TAms.[1,2]

Increases in yield of the amine 11 were observed with the
PEG-1000 14 and PEG-2000 13 aldehydes, whereas no yield
improvement was noted with the PEG-8000 aldehyde 12. This
was thought to be because the higher molecular weight PEG-
aldehyde has poor solubility in water. Although the PEG-
aldehydes could react (reversibly) with the amine products (see
SI), they nevertheless led to increased reaction yields and were
therefore used in subsequent experiments. Yields of amine 11
were also increased when the concentration of PLP was

increased, up to 70% with 10 mM PLP and 10 mM or 15 mM of
PEG-1000 aldehyde 14 (Figure 1).

With these significant improvements in reaction yields with
hydrazone 4, alternative hydrazones were investigated. The
dimethylhydrazone derivatives of several aldehydes linked to
an aromatic ring (5, 15 and 16) were explored. The yield was
again found to increase as the concentration of PLP and PEG-
aldehyde were increased, up to 45% for 17, 67% for 18 and
73% for 19. Notably the PEG-aldehyde 13 was used routinely
for wider applications, rather than 14 as, being a solid, it was
easier to remove from the reactions. Higher yields were
observed as the carbon chain increased in length, consistent
with the increasing electrophilicity of the hydrazones
(Scheme 4). Two of these reactions were performed on an
enzyme preparative scale (25–30 mL, 10 mM) with yields of
38% for 18 and 59% for 19 by analytical HPLC. As an example,
amine 19 was isolated, giving a 52% yield.

To demonstrate the potential utility of the reaction, a
hydrazone that is used extensively as a chiral auxiliary was
explored. (S)-(� )-1-Amino-2-(methoxymethyl)pyrrolidine (SAMP,
20) and the opposite enantiomer, (R)-1-amino-2-(methoxymeth-
yl)pyrrolidine (RAMP) have been used for a number of
applications in asymmetric synthesis including the asymmetric
α-alkylation of aldehydes and ketones.[22,23] Hydrazone 21 was
prepared via the asymmetric alkylation of hydrazone 22 derived
from hydrocinnamaldehyde (Scheme 5). Direct hydrolysis to
remove the hydrazone auxiliary from compounds such as 21 is
typically unsuccessful, and destructive methods are often
required which cleave the N� N bond via reduction with
catecholborane then hydrogenation with Raney nickel to form
the corresponding amine 23[24] (Scheme 5). To investigate this
reaction under much milder conditions using TAms, com-
pounds 21 and 22 were screened against Cv-TAm in the
presence of PLP and the PEG-2000 aldehyde 13. Pleasingly, the
SAMP group was removed in a good yield from both 21 and 22
and they were converted into the corresponding amines 23 and
19 in one step with yields of over 70% (Scheme 5). The
enantiomeric excess (ee) of the amine product 23 was
determined by chiral HPLC as 90%. It was also notable here
that addition of the PEG-aldehyde 13 significantly enhanced
yields by removing any hydrazine that could detrimentally
affect the enzyme. As well as being a higher yielding procedure
than reported in the literature to convert these compounds into
amines (~50%), this novel method avoids the use of toxic/
hazardous reagents. Additionally, it would be possible to
recover the SAMP 20 from the reaction. This reaction was
performed on an enzyme preparative scale (25 mL, 10 mM) with
a yield of 64% by analytical HPLC and amine 23 was isolated in
a 48% yield.

In summary, here we report the novel reaction of trans-
aminases with hydrazones to directly generate amines. It was
found that ‘trapping’ the hydrazine released in the trans-
formation using PLP and PEG-supported aldehydes considerably
increased yields in many cases. Mechanistically, the reaction is
believed to proceed via hydrolysis of the hydrazone, forming
the aldehyde in situ, which then reacts with the TAm to form
the corresponding amine. This provides an effective hydrolysis

Figure 1. Yields of amine 11 when furfuryl hydrazone 4 (10 mM) was reacted
with varying concentrations of PLP (2–10 mM) and PEG-1000 aldehyde 14
(0–15 mM), IPA (500 mM), potassium phosphate buffer (pH 8.0, 100 mM) and
Cv-TAm crude cell lysate (50 μL) at 45 °C and 400 rpm for 24 h. Reactions
were performed in triplicate and yields were determined by HPLC against
product standards.

Scheme 4. Reactions of phenyl hydrazones 5, 15, 16 (10 mM) to give amines
17, 18, 19 that were reacted with varying concentrations of PLP (5–10 mM)
and PEG-2000 aldehyde 13 (0–10 mM), IPA (500 mM), potassium phosphate
buffer (pH 8.0, 100 mM) and Cv-TAm crude cell lysate (50 μL) at 45 °C and
400 rpm for 24 h. Reactions were performed in triplicate and yields were
determined by HPLC against product standards.
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of the hydrazone under mild conditions, as the enzyme
continually removes the free aldehyde from solution by
converting it into the corresponding amine. The applicability of
the reaction was demonstrated using SAMP hydrazones,
providing a high yielding and sustainable method to form β-
substituted chiral amines. This is a useful reaction to add to the
growing repertoire of enzymatic transformations.

Acknowledgements

The authors would like to thank the Engineering and Physical
Sciences Research Council (EPSRC) for funding E.M.C. (EP/
N509577/1), and (EP/K014897/1) and the Biotechnology and
Biological Sciences Research Council (BBSRC) (BB/R021643/1) for
funding F.S. as part of the ERA CoBio Tech Grant. Furthermore, we
gratefully thank the UCL Mass Spectrometry and NMR Facilities in
the Department of Chemistry UCL and 700 MHz NMR equipment
support by EPSRC (EP/P020410/1).

Conflict of Interest

The authors declare no conflict of interest.

Keywords: amines · biocatalysis · enzymes · hydrazones ·
transaminases

[1] F. Guo, P. Berglund, Green Chem. 2017, 19, 333–360.
[2] S. A. Kelly, S. Pohle, S. Wharry, S. Mix, C. C. R. Allen, T. S. Moody, B. F.

Gilmore, Chem. Rev. 2018, 118, 349–367.
[3] W. Kroutil, E. M. Fischereder, C. S. Fuchs, H. Lechner, F. G. Mutti, D.

Pressnitz, A. Rajagopalan, J. H. Sattler, R. C. Simon, E. Siirola, Org. Process
Res. Dev. 2013, 17, 751–759.

[4] I. Slabu, J. L. Galman, R. C. Lloyd, N. J. Turner, ACS Catal. 2017, 7, 8263–
8284.

[5] C. K. Savile, J. M. Janey, E. C. Mundorff, J. C. Moore, S. Tam, W. R. Jarvis,
J. C. Colbeck, A. Krebber, F. J. Fleitz, J. Brands, P. N. Devine, G. W.
Huisman, G. J. Hughes, Science 2010, 329, 305–310.

[6] C. S. Fuchs, R. C. Simon, W. Riethorst, F. Zepeck, W. Kroutil, Bioorg. Med.
Chem. 2014, 22, 5558–5562.

[7] T. Sehl, H. C. Hailes, J. M. Ward, U. Menyes, M. Pohl, D. Rother, Green
Chem. 2014, 16, 3341–3348.

[8] S. Velikogne, W. B. Breukelaar, F. Hamm, R. A. Glabonjat, W. Kroutil, ACS
Catal. 2020, 10, 13377–13382.

[9] R. Lazny, A. Nodzewska, Chem. Rev. 2010, 110, 1386–1434.
[10] K. C. Nicolaou, F. Sarabia, S. Ninkovic, M. R. V. Finlay, C. N. C. Boddy,

Angew. Chem. Int. Ed. 1998, 37, 81–84; Angew. Chem. 1998, 110, 85–89.
[11] S. Higson, F. Subrizi, T. D. Sheppard, H. C. Hailes, Green Chem. 2016, 18,

1855–1858.
[12] R. W. Foster, C. J. Tame, D. K. Bučar, H. C. Hailes, T. D. Sheppard, Chem. A

Eur. J. 2015, 21, 15947–15950.
[13] L. Benhamou, R. W. Foster, D. P. Ward, K. Wheelhouse, L. Sloan, C. J.

Tame, D. K. Bučar, G. J. Lye, H. C. Hailes, T. D. Sheppard, Green Chem.
2019, 21, 2035–2042.

[14] D. Baud, N. Ladkau, T. S. Moody, J. M. Ward, H. C. Hailes, Chem. Commun.
2015, 51, 17225–17228.

[15] U. Kaulmann, K. Smithies, M. E. B. Smith, H. C. Hailes, J. M. Ward, Enzyme
Microb. Technol. 2007, 41, 628–637.

[16] M. F. Villegas-Torres, R. J. Martinez-Torres, A. Cázares-Körner, H. Hailes, F.
Baganz, J. Ward, Enzyme Microb. Technol. 2015, 81, 23–30.

[17] M. Höhne, S. Schätzle, H. Jochens, K. Robins, U. T. Bornscheuer, Nat.
Chem. Biol. 2010, 6, 807–813.

[18] L. Leipold, D. Dobrijevic, J. W. E. Jeffries, M. Bawn, T. S. Moody, J. M.
Ward, H. C. Hailes, Green Chem. 2019, 21, 75–86.

[19] A. Dunbabin, F. Subrizi, J. M. Ward, T. D. Sheppard, H. C. Hailes, Green
Chem. 2017, 19, 397–404.

[20] A. R. Vaino, K. D. Janda, J. Comb. Chem. 2000, 2, 579–596.
[21] Y. García-Ramos, M. Paradís-Bas, J. Tulla-Puche, F. Albericio, J. Pept. Sci.

2010, 16, 675–678.
[22] D. Enders, H. Eichenauer, U. Baus, H. Schubert, A. M. Kremer, Tetrahedron

1984, 40, 1345–1359.
[23] D. Enders, A. Zamponi, T. Schafer, C. Nubling, H. Eichenauer, A. S. Demir,

G. Raabe, Chem. Ber. 1994, 127, 1707–1721.
[24] D. Enders, H. Schubert, Angew. Chem. Int. Ed. 1984, 23, 365–366; Angew.

Chem. 1984, 96, 368–369.

Manuscript received: July 6, 2021
Revised manuscript received: August 31, 2021
Accepted manuscript online: September 1, 2021
Version of record online: September 17, 2021

Scheme 5. The synthesis of 22 and 21. The SAMP hydrazone 21 is tradition-
ally converted to the chiral amine 23 using catecholborane then Raney
nickel.[22] Here, a transaminase was used to remove the SAMP chiral auxiliary,
forming amines 19 and 23 in one step: SAMP hydrazones 22 and 21 (10 mM)
were reacted with varying concentrations of PLP (5-10 mM) and PEG-2000
aldehyde 13 (0–10 mM), IPA (500 mM), potassium phosphate buffer (pH 8.0,
100 mM) and Cv-TAm crude cell lysate (50 μL) at 45 °C and 400 rpm for 24 h.
Reactions were performed in duplicate and yields were determined by HPLC
against product standards.
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