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ABSTRACT: Given the widespread importance of piperazines as building blocks for the production of pharmaceuticals, 
an efficient and selective synthesis is highly desirable. Here we show the direct synthesis of piperazines from 
1,2-dicarbonyl and 1,2-diamine substrates using the R-selective imine reductase from Myxococcus stipitatus as biocatalyst. 
Various N- and C-substituted piperazines with high activity and excellent enantioselectivity were obtained under mild 
reaction conditions reaching up to 8.1 g per liter. 

KEYWORDS: piperazines • double reductive amination • imine reductase • substrate scope • enantioselectivity • N- and 
C-substituted heterocycles 

 

The piperazine moiety is a common structural motif in 
biological and pharmacological active compounds across 
a number of therapeutic areas.1,2 Examples of piperazine 
containing pharmaceuticals include Imatinib, Palbociclib, 
Dasatinib, Sildenafil or Aripiprazole that reached a multi-
billion revenue in 2016.3 Selective methods for the for-
mation of piperazines have been of long standing interest 
to the synthetic community. Classical methods for the 
selective preparation of substituted piperazines include 
the reduction of pyrazines or (di)ketopiperazines and 
metal-mediated or -catalyzed reductive cyclization reac-
tions.4–12 Here it should be noted that also C-substituted 
piperazines gain increasing importance for the design of 
promising drugs.13–15 Prominent examples like Indinavir, 
used for HIV treatment, and Mirtazapin for treatment for 
depression are shown in Figure 1. Considering these pro-
gresses, efficient and facile methods for the synthesis of 
structurally diverse C-substituted piperazines that pro-
vide high regio-, stereo- and enantioselectivity are still in 
great demand.5   
Despite the abundance of this heterocyclic motif in 
pharmaceutical compounds, natural piperazine contain-
ing alkaloids are relatively rare. Substitutions at 2’ and 5’ 
positions indicates that these alkaloids are formed via 
dimerization of aminoaldehydes as demonstrated for the 
biosynthesis of herquline A in Penicillium herquei.16–19 

However, due to the inflexible arrangement of substitu-
ents, such a route is not beneficial. This also applies to 
other biosynthetic routes where different diketopipera-
zines are formed via dimerization of amino acids.20,21  

With this in mind, we applied imine reductases (IREDs), a 
novel class of NADPH-dependent biocatalysts for the 
asymmetric reduction of various cyclic imines, thus gen-
erating chiral secondary and tertiary amines.22–27 Various 
nitrogen-heterocycles have been prepared applying IRED-

catalyzed biotransformations in single-step and cascade 
reactions. Indeed, substituted pyrrolidines, piperidines 
and tetrahydroisoquinolines were generated.28–32 Moreo-
ver, the panel of chiral amine products was significantly 
expanded using IREDs acting as ‘reductive aminases’ for 
the reductive amination of carbonyls.33–38 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Representative pharmaceuticals containing chiral C-
substituted piperazine building blocks and derivatives there-
of. Piperazine and homopiperazine moieties are highlighted 
in red. 

Intrigued by these results, we sought to further extend 
this catalyst system by generating piperazine derivatives 
directly from 1,2-diamines and 1,2-dicarbonyls in a double 
reductive amination reaction. Two C-N bonds have to be 
formed in this novel IRED-catalyzed approach to generate 
piperazine heterocycles. Most importantly, the use of 
appropriate substrates allows the introduction of substit-
uents at each position of the piperazine moiety, which 
provides access to an invaluable scaffold in a modular 
fashion.  
Taking into consideration that chiral amines were formed 
with high enantioselectivities in previously described 
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reductive aminations,33 we began our studies by investi-
gating enantiocomplementary imine reductases from 
Streptosporangium roseum (R-IRED_Sr) and from Paeni-
bacillus elgii (S-IRED_Pe). In addition, we also tested the 
R-selective IRED from Myxococcus stipitatus 
(R-IRED_Ms), which has been the focus of recent at-
tempts to induce the cofactor preference for NADH using 
enzyme engineering.39 Reactions were monitored by 
measuring the depletion of the NADPH cofactor at 
340 nm and detecting the generated products after per-
forming biotransformations. The formation of piperazine 
(1a), 2-methyl piperazine (2a) and 1-methyl-3-phenyl 
piperazine (3c) was determined using a small representa-
tive library of 1,2-dicarbonyl and 1,2-diamine substrates 
(Table 1). 
 
Table 1. Activity and selectivity in the double reduc-
tive amination using three enantiocomplementary 
IREDs[a].  
 
 
 
 

 
 
 
 
[a] Reaction conditions: 5 mM diamine, 6.25 mM dicarbonyl 
(continuously added), 1 mg mL

-1 
IRED (purified protein), 

2.5 mM NADPH, 40 mM glucose-6-phosphate, 5 U mL
-1
 glu-

cose-6-phosphate dehydrogenase and 2.5 mM MgCl2 in 
50 mM potassium phosphate buffer pH 7.0, 25°C, 6 h. [b] 
Acetylated products were determined by GC. [c] Enantio-
meric excess determined by chiral GC (entry 2) and HPLC 
(entry 3), respectively. 

While moderate to high formation of 2a was observed 
with S-IRED_Pe and R-IRED_Sr respectively, little 
amounts of product 3c were formed with both enzymes. 
R-IRED_Ms showed best overall activity with up to >99% 
product formation (entries 1-3). We were delighted to 
observe that products 2a and 3c were obtained with excel-
lent enantiomeric excess (>99% ee). Control experiments 

revealed that no piperazine formation was observed in the 
absence of IRED catalyst or NADPH.   
In a recent study, it was shown that 1,2-diamines are not 
suitable amine donors for reductive aminations.34 In this 
context, diamines and dicarbonyls were not used simul-
taneously in reductive amination reactions. This may 
reflect the fact that due to the high reactivity of diamine 
and dicarbonyl substrates, condensation products and 
oligomers can emerge spontaneously.40 Moreover, differ-
ent 1,2-dicarbonyls are known for their toxic effect on 
proteins by modifying arginine and other amino acids.41 
Strikingly, R-IRED_Ms is able to overcome these limita-
tions and forms 69% of product 1a in a batch biotrans-
formation (data not shown) and 84% 1a, when the dicar-
bonyl is fed continuously over 5 h.  
 
From a mechanistic point of view, two general pathways 
can be proposed for the IRED-catalyzed synthesis of pi-
perazines. Scheme 1 illustrates potential reaction routes in 
the formation of 1a (for further details see also Supporting 
Information Figure S1).   

 

 

 

 

 

Scheme 1. Proposed reaction pathways A and B for 
the IRED-catalyzed synthesis of piperazine (1a).  

The overall reaction consists of two condensation as well 
as two reduction steps. We propose that in pathway A the 
first condensation step is followed by a reduction and the 
formation of intermediate IIA. A further condensation 
step forms intermediate III, which is finally reduced to 
the piperazine product 1a. In pathway B two consecutive 
condensation reactions take place to give the cyclic 
diimine intermediate (IIB). In subsequent reduction steps 
intermediate III and the corresponding piperazine prod-
uct are formed.   
It is known, that imine intermediates are unstable with 
respect to hydrolysis in aqueous media and thus, are in 
equilibrium with respective aldehydes. As a consequence, 
intermediates IIA and IIB can occur in both pathways. In 
this context, the detection of any intermediate does not 
indicate which pathway is preferred. However, we were 
able to synthesize 5,6-dimethyl-2,3-dihydropyrazine, 
which constitutes a diimine intermediate with enhanced 
hydrolysis stability (Figure S1). This compound also repre-
sents intermediate IIB in pathway B in the formation of 
4a. Interestingly no NADPH depletion and product for-
mation was detected, using 5,6-dimethyl-2,3-
dihydropyrazine as substrate, while product formation of 
4a was detected in biotransformations starting from the 
corresponding dicarbonyl (4) and diamine (a). This result 
demonstrates, that R-IRED_Ms prefers pathway A during 

  Product formation
[b]

 and  
enantiomeric excess

[c]
 / % 

Entry 
Pipera-

zine 
R-

IRED_Ms 
R-

IRED_Sr 
S-

IRED_Pe 

1 

 

84 ± 5 14 ± 1 0 

2 
 95 ± 7 

> 99 (R) 

> 99 

94 (R) 

33 ± 7 

88 (S) 

3 
 

> 99 

> 99 (R) 

7 ± 1 

56 (R) 

4 ± 1 

17 (S) 
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the formation of 4a. We assume that this hypothesis can 
be also transferred to other substrate combinations.  

 

 

Figure 2. Scope of piperazines, homopiperazines, 1,4-diazocanes and derivatives thereof synthesized by R-IRED_Ms from a panel 
of dicarbonyl compounds and diamine reacting partners.   
Five dicarbonyls were screened against nine diamines (1a-5i, Table section A). Double reductive aminations were further ex-
plored using glyoxal (1) as dicarbonyl with diamines j-w (Table section B), as well as ethylenediamine (a) with dicarbonyls 6-14 
(Table section C). Structures of quantified products are highlighted in bold with values given in Table 2. The qualitative color 
coding is based on the photometrical determination of NADPH depletion and detection of product formation (see also Figure 
S3). Reaction conditions: 5 mM diamine, 5 mM dicarbonyl, 1 mg mL

-1
 purified R-IRED_Ms, 2.5 mM NADPH, 40 mM glucose-6-

phosphate, 2.5 mM MgCl2, 5 U mL-1 glucose-6-phosphate dehydrogenase in 50 mM potassium phosphate buffer pH 7.0, 25 °C, 4 
h. Heterocycle formations were determined by GC-MS as acetylated molecules. [a] Enzyme concentration was increased to 2 mg 
mL

-1
 and 6.25 mM of dicarbonyl was fed continuously over 5 h. Reactions were stopped after 6 h. [b] Enzyme concentration was 

increased to 4 mg mL
-1
 and 6.25 mM of dicarbonyl was fed continuously over 5 h. Reactions were stopped after 6 h. [†] One of 

two possible regioisomers was detected. [‡] Both possible regioisomers were detected. 
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Table 2. Product formations, yields and selectivities in the synthesis of selected piperazines. 

[a] Reaction conditions:  5mM 1,2 diamine, 6.25 mM 1,2 dicarbonyl (continuously added), 1 mg mL
-1
 R-IRED_Ms (purified pro-

tein), 2.5 mM NADPH, 40 mM glucose-6-phosphate, 10 U mL
-1 

glucose-6-phosphate dehydrogenase, 2.5 mM MgCl2 in 50 mM 
potassium phosphate buffer pH 7.0, 25°C, 6 h. Products were detected in their acetylated form via GC. [b] Due to low activity, 
the enzyme concentration was increased to 2 mg mL

-1
. [c] Substrate concentrations were 10-fold increased to 50 mM 

(1,2-diamine) and 62.5 mM (1,2-dicarbonyl). Mass concentration was measured after 6 h. [d] Refers exclusively to the regioisomer 

depicted in Figure 2. n.a. not applicable (stereocenter is not generated by IRED). n.d. not determined. 

In efforts to assess the scope of the piperazine forming 
double reductive amination and the substrate specificity 
of R-IRED_Ms, 68 different substrate combinations were 
examined by monitoring NADPH depletion (Figure 2). 
We thus investigated 23 diamines and 14 dicarbonyls to 
obtain a diverse set of piperazines with varying size and 
substitution patterns. For most reactions we observed a 
significant consumption of NADPH in the photometric 
assay. Additional biotransformations were performed in 
order to confirm the activity by detecting the formed 
products, which was successful for 57 different substrate 
combinations (highlighted in green, Figure 2). Product 
standards were commercially available for 13 substrate 
combinations that facilitated a more detailed and quanti-
tative analysis (bold marked structures in Figure 2, values 
are given in Table 2). Remarkably, several alkyl and aryl 
groups were well accepted as N- and C-substituents and 
various bi- or tricyclic products were generated from 
monocyclic substrates. We were delighted to observe also 
the formation of homopiperazines (1i-5i) using 1,3-
diaminopropane (i). No activity was observed when an 
aromatic system was directly linked to the amino group 
(1k, 1l, 1s, highlighted in red, Figure 2). Also no product 
formation was detected, when carboxy- or ester-
functionalized diamines were used (1t-1w), which indicat-
ed that these additional functional groups hamper IRED 
activity. Interestingly, different N-alkyl substituents at the 
diamine substrate increased the activity (1a versus 1c, 1e 

and 1j, Table 2). Notably, C-substitution at the diamine 
substrate decreased the activity, which is also indicated 
by low product formations of 1b, 1q and 1r. It was noticed 
that this trend is inverted for the dicarbonyl substrates. 
Methyl- and phenylglyoxal were even better converted 
than the non-substituted glyoxal, for example 1a versus 2a 
and 3a as well as 1c versus 3c.  
In some cases, when we combined substituted diamines 
with substituted dicarbonyls, two possible regioisomers 
can be formed. However, only one regioisomer could be 
detected in the reaction of N-substituted diamines with 
C-substituted dicarbonyls (Figure S7). This is further 
illustrated by the synthesis of 3c, where the phenyl group 
is only placed at the 3’ position and not at the 2’ position 
next to the N-methyl group. We assumed that for prod-
ucts 2c, 2e, 2f, 3e and 3f also the 3’ position is preferred 
due to steric advantages. In the reaction of C-substituted 
diamines with C-substituted dicarbonyls, no strict regi-
oselectivity was observed and both regioisomers were 
detected (2b, 3b, see Table S1). Furthermore we observed 
two diastereomers in varying ratios when disubstituted 
dicarbonyls (4-9) have been used (Figure S8). In this re-
spect we assume a direct link to the tautomerization of 
intermediate III to the corresponding enamine, causing 
the racemization of one stereocenter (Figures S1 and S2). 
Consequently, high diastereomeric ratios could only be 
achieved when the final reduction step outcompetes the 

Piperazines 
Product 

formation
[a]

 / 
% 

Product formation at 
higher concentration

[c] 
/ 

% (g L
-1
) 

Isolated yield / 
% (mg) 

Enantiomeric 
excess  / 

% 

Diastereomeric 
ratio 

Regioisomeric 
ratio 

1a 84 ± 5 10 ± 1 (0.4) 6 (0.5) - - - 

1b 39 ± 1 n.d. n.d. n.a. - - 

1c 89 ± 5 n.d. n.d. - - - 

1d 85 ± 3 n.d. n.d. - - - 

1e > 99 n.d. n.d. - - - 

1g > 95 n.d. n.d. n.a. - - 

1i [b] 1.5 ± 0.1 n.d. n.d. - - - 

1j > 99 n.d. n.d. - - - 

2a > 95 68 ± 7 (3.4) 65 (6.0) > 99 (R) - - 

2b 40 ± 2 
[d]

 n.d. n.d. > 99 (R) n.d. 2 : 1 

3a > 99 n.d. n.d. 90 ± 1 (R) - - 

3c > 99 
[d]

 92 ± 9 (8.1) 87 (9.5) > 99 (R) - > 99 : 1 

4a 71 ± 2 n.d. n.d. n.d. 97 : 3 (trans) - 
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tautomerization. The highest diastereomeric ratio (97:3) 
was found for product 4a.  

Finally, we tested the synthetic applicability of R-
IRED_Ms in synthesizing piperazines using increased 
substrate concentrations (10-fold). Piperazines 2a and 3c 
comprise highly interesting building blocks in the synthe-
sis of Vicriciroc and Mirtazapine. High production for-
mations and yields of up to 92% and 87%, respectively, 
could be obtained with 10-fold higher substrate concen-
trations and 1 mg mL-1 R-IRED_Ms. Piperazines 2a and 3c 
were successfully formed, achieving 3.4 g L-1 and 8.1 g L-1 
respectively in 6 h (Table 2). In summary, we have shown 
for the first time that IREDs can be used for the direct 
synthesis of piperazine heterocycles from readily available 
diamine and dicarbonyl starting materials. This way, a 
broad range of substituted piperazines becomes accessi-
ble in one step via double reductive amination. The 
demonstrated method also allows the synthesis of chiral 
piperazines tolerating aryl and alkyl substituted sub-
strates and gives access to a novel and diverse set of pi-
perazine building blocks with unique selectivity profiles. 
The advances shown here serve as the foundation for 
future progress in piperazine synthesis involving IREDs. 
The transformations should considerably facilitate the 
synthesis of an assortment of desirable molecules for 
research in chemistry, biology and medicine. 
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