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a b s t r a c t

With the objective of developing novel chiral ligands, we report an efficient strategy to prepare chiral
N,N-dimethyl-1,4-piperazines, six-member heterocyclic molecules that possess metal binding features.
We prepared and characterized 18 piperazines, and evaluated their ability to complex different mono-
and divalent metals, using a rapid picrate extraction technique. Some newly prepared diamine ligands
were used in diethylzinc alkylation of aryl aldehydes. Yields increased significantly in the presence of the
diamine ligands, though enantioselectivity was low. The results demonstrate the validity of the approach
for preparing and identifying useful chiral diamine ligands.

� 2015 Elsevier Ltd. All rights reserved.
Fig. 1. Metal chelating features shown by a) (�)-sparteine17 (1) and b) 1,4-piperazines5

as determined by X-ray crystallography and NMR spectroscopy, respectively (Repro-
duced with the permission of the authors).

Fig. 2. Retrosynthetic approach towards the desired N,N0-dimethyl-1,4-piperazines.
1. Introduction

Developing new bio-inspired ligands continues to be a topic of
great interest in asymmetric synthesis. Numerous applications
using chiral tertiary diamines in asymmetric synthesis have been
reported.1 Among chiral diamines, many naturally occurring com-
pounds are useful as chiral ligands, as exemplified by (�)-sparteine
(1), a well known C2-bidentate natural ligand (Fig. 1a).2e4 Likewise,
a series of reports demonstrated that 1,4-piperazines are efficient
ligands, as exemplified by the Zn2þ complex in Fig.1b.5 Such ligands
used in the addition of diethylzinc to aryl aldehydes, lead to as
much as 98% enantiomeric excess (ee) of the resulting alcohols.5e10

Also, chiral 1,4-piperazines were shown to be useful ligands in Cu2þ

catalyzed Henry reactions.11 Inspired by those reports and with the
objective of developing novel bio-inspired chiral ligands, we ex-
plored a strategy to prepare chiral N,N0-dimethyl-1,4-piperazines,
starting from readily available amino acids (Fig. 2).11e16 In addition
to the synthesis of 18 N,N0-dimethyl-1,4-piperazine ligands, we
report here their ability to bind certain mono- and divalent metals
ions using a convenient biphasic extraction assay, as well as pre-
liminary results on the use of some of those compounds in the
addition of diethylzinc to aryl aldehydes.
x: þ1 418 656 7916; e-mail
2. Results and discussion

2.1. Preparation of N,N0-dimethyl-1,4-piperazines

We have developed a rapid synthesis to produce chiral N,N0-
dimethyl-1,4-piperazines using natural and non-natural amino
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acids. This retrosynthetic approach is depicted in Fig. 2. The dia-
mino ligands can be obtained from the corresponding 1,4-
piperazines, which in turn can be readily prepared from 2,5-
diketopiperazines. The latters can be easily access from a variety
of commercially available a-amino acids.

A noteworthy feature of our approach is the efficient solid-phase
preparation of chiral 2,5-diketopiperazines from N-Boc protected
amino acids. Taking advantage of the availability of natural and
unnatural chiral amino acids as chiral synthons, a small library of
2,5-diketopiperazines were synthesized with a variety of sub-
stituents and stereochemistries (Table 1), which could be used to
study the structural features required in a given process to obtain
efficient conversion and enantioselectivities.
Table 1
2,5-diketopiperazines (DKPs) and N,N0-dimethyl-1,4-piperazines (DMPs)
synthesized

Entry R1 R2 DKPs Yield (%) DMPs Yield (%)

1 (S)-CH2CH(CH3)2 (S)-CH2Ph(p-OBn) 2 >90 20a 32
2 (R)-CH2CH(CH3)2 (R)-CH2Ph(p-OBn) 3 >90 20b 17
3 (R)-CH(CH3)2 (R)-CH2OBna 4 >90 21 44
4 (S)-CH2Ph (S)-CH2OBnb 5 >90 22 50
5 (S)-CH2Ph (S)-CH2Ph 6 >90 23a 87
6 (R)-CH2Ph (R)-CH2Ph 7 >90 23b 84
7 (R)-CH2Ph (S)-CH2Ph 8 54 23c 80
8 (S)-CH2CH(CH3)2 (S)-CH2Ph 9 >90 24 45
9 (R)-(CH2)2 Ph (R)-CH2CH(CH3)2 10 78 25 35
10 (R)-CH2CH(CH3)2 (R)-CH2CH(CH3)2 11 >90 26a 43
11 (S)-CH2CH(CH3)2 (S)-CH2CH(CH3)2 12 >90 26b 64
12 (S)-CH2CH(CH3)2 (R)-CH2CH(CH3)2 13 75 26c 15
13 (S)-CH2Ph (S)-CH2Ph(p-OBn) 14 >90 27 57
14 (R)-CH2Ph(p-OBn) (R)-CH2Ph(p-OBn) 15 >90 28a 11
15 (S)-CH2Ph(p-OBn) (S)-CH2Ph(p-OBn) 16 >90 28b 40
16 (S)-CH2Ph(p-OBn) (R)-CH(CH3)2 17 >90 29 36
17 (R)-CH2Ph (R)-CH3 18 >90 30 16
18 (R)-CH2CH(CH3)2 (R)-CH(CH3)2 19 >90 31 12

a Becomes (S) after reduction.
b Becomes (R) after reduction.
Our synthetic procedure involved the condensation of two N-
Boc amino acids using oxime resin18,19 and standard peptide solid-
phase strategies (Scheme 1).20 The first amino acid was coupled for
three hours using diisopropylcarbodiimide and HOBt as coupling
reagents. The N-Boc protecting group was removed using a mixture
Scheme 1. Synthesis of 2,5-diketopiperazines (2e19) and N,N0-dimethyl-1,4-
piperazines (20e31).
of 1:1 TFA/CH2Cl2. The second amino acid was activated with HOBt
and HBTU and coupled for 3 h. After deprotection, the linear di-
peptide was simultaneously cyclized and cleaved from the resin in
the presence of diisopropylethylamine (2.5 equiv) and acetic acid
(5 equiv) in dichloromethane, leading to 2,5-diketopiperazines
2e19 of high purity. Table 1 reports the isolated yields, which are
all over 90% in cases when the two constituent amino acids have
the same configuration. However, yields decreased when using two
amino acids of different configurations (Table 1, entries 7 and 12).
All 2,5-diketopiperazines synthesized were characterized by 1H
and 13C NMR spectroscopy and mass spectrometry.

1,4-Piperazines are readily produced by the reduction of 2,5-
diketopiperazines. From the amide reduction methods that we
tested, we chose lithium aluminum hydride (1 M in THF) for
24e72 h in dry THF under an inert atmosphere. Once the reaction
was completed, sodium sulfate decahydrate was added to neu-
tralize residual lithium aluminum hydride and other active species,
and the mixture was refluxed for 30 min.21,22 A further simple fil-
tration eliminated residual solids and led to the desired 1,4-
piperazines, which were then N-methylated without purification
using the Eschweiler-Clarke reaction23 in the presence of formic
acid (50 equiv) and formaldehyde (33 equiv), leading to 11e87%
yields of N,N0-dimethyl-1,4-piperazines 20e31 listed in Table 1. All
the N,N0-dimethyl-1,4-piperazines prepared were characterized by
1H and 13C NMR spectroscopy and mass spectrometry.

The reduction/dimethylation reactions proceeded with variable
yields from very good (87%, entry 5) to low (11%, entry 14). These
variable yields are mostly due to solubility problems encountered
during the reduction step. The lowest yields observed are those
with 3, 13, 15, 18 and 19 as substrates. Nevertheless, the synthetic
ease and the rapidity of the procedure render it highly convenient
to produce chiral piperazines. In addition, thorough NMR studies
on 23a and 23b with comparison with their diastereoisomer 23c
showed a maximum of 5% epimerization during the overall syn-
thetic process.

2.2. Metal binding ability evaluation

As we had access to a series of diverse N,N0-dimethyl-1,4-
piperazines that could complex different metals, we explored
their metal binding efficiency using a picrate extraction test.24 This
test consists of dissolving a potential ligand in chloroform, then
adding an aqueous metal picrate solution. After stirring the bi-
phasic system, aliquots of aqueous phase were analyzed by UV-
Visible spectroscopy. If the ligand bound the metal, the metal was
extracted into the organic phase, which turned yellow (Fig. 3).
Extraction results are reported in Table 2.
Fig. 3. Metal picrate extraction procedure to evaluate binding ability of potential li-
gands for different metal ions.
As a preliminary study, we used zinc, copper, manganese, lith-
ium, nickel, and magnesium, which are useful monovalent and
divalent metals in organic synthesis. As a control, we used
(�)-sparteine 1 to optimize the extraction conditions. We exam-
ined different concentrations of picrate salts: 7�10�6 M, 7�10�5 M
and 1.75�10�4 M. The lower concentration of picrate salts solution
leads to lower extraction efficiency. To evaluate the binding ability



Table 2
Metal picrate extraction (%) results for 1 and N,N0-dimethyl-1,4-piperazines 20ae31

Entry Ligand Picrate salts (1.75�10�4 M)

Zn2þ Mn2þ Cu2þ Ni2þ Mg2þ Liþ

1 1 95 95 96 93 97 96
2 20a 89 92 94 84 85 83
3 21 78 72 90 50 47 39
4 22 70 61 90 43 38 32
5 23b 97 96 96 95 95 98
6 23c 65 31 95 18 25 8
7 24 86 82 93 63 57 46
8 25 91 74 97 64 57 40
9 26a 68 61 84 50 42 40
10 26c 17 0 21 0 2 8
11 27 81 56 97 45 33 28
12 28a 84 69 97 67 66 54
13 29 88 71 95 57 52 36
14 30 49 27 79 18 29 17
15 31 4 2 4 0 0 0

Table 3
Diethylzinc addition to aryl aldehydes in the presence of N,N0-dimethyl-1,4-
piperazine ligandsa

Entry Ligands Ar Product Conversion (%)b ee (%)b

1 None Ph 32 20 0
2 23a Ph 32 99 (81c) 7(S)
3 23b Ph 32 97 7(R)
4 23c Ph 32 93 0
5 None 4-ClPh 33 30 0
6 23a 4-ClPh 33 98 6(S)
7 23b 4-ClPh 33 98 6(R)
8 23c 4-ClPh 33 99 0
9 None 4-MeOPh 34 15 0
10 23a 4-MeOPh 34 60d 5(S)
11 23b 4-MeOPh 34 61d 5(R)
12 23c 4-MeOPh 34 80d 0

a Unless otherwise noted, reactions were carried out with 0.1 mmol of aldehyde
and 0.01 mmol of ligand.

b Determined by chiral GC analysis.
c Isolated yield.
d
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of (�)-sparteine 1 and N,N0-dimethyl-1,4-piperazines 20ae31, we
chose to use the highest concentration studied as it provided more
reproducible results (Table 2).

At the optimal 1.75�10�4 M concentration of picrate salts,
(�)-sparteine 1 had a very good affinity for all metal ions studied,
and showed no ion selectivity (Table 2, entry 1). Under the same
conditions, N,N0-dimethyl-1,4-piperazines showed variable extrac-
tion performances, in terms of binding ability and selectivity. This
clearly illustrates the impact of the nature and the relative stereo-
chemistry of the substituents on the coordinating character of the
N,N0-dimethyl-1,4-piperazine scaffold.

First, ligand 20a, which contains an isobutyl and p-benzylox-
ybenzyl groups on side chains, demonstrated good picrate salt
extraction results (Table 2, entry 2). Use of compounds 21 (prepared
from D-Val-D-Ser(OBzl)) and 22 (derived from (L-Phe-L-Ser(OBzl))
showed moderate to good extraction results, with a preference for
Cu2þ (Table 2, entries 3 and 4). Ligand 23b, which possesses syn
benzyl side chains, demonstrated very high extraction efficiencies
(over 95%) for all metal ions studied (Table 2, entry 5). However,
analogous compound 23c, which has anti benzyl side chains,
demonstrated strikingly different extraction efficiencies, from low
to moderate, except for Cu2þ (Table 2, entry 6). Therefore, the rel-
ative configuration of the chiral centers of the piperazine ligands is
of crucial importance for their metal binding abilities. A similar
result is obtained with ligands 26a and 26c, which have, re-
spectively, a syn and an anti relationship for the two isobutyl groups
(entries 9 and 10). In certain cases, it is possible to observe rela-
tively good metal binding ability with ligands that have two dif-
ferent configurations at their chiral centers, as in the case of 29
(entry 13), although the metal affinity varies significantly. As ex-
pected, similar extraction results were obtained with ligands 24
and 25, which both have an isobutyl group and a benzyl or a phe-
nylethyl group in a syn relationship, respectively (Table 2, entries 7
and 8).

In general, ligands having two aromatic side chains demonstrate
higher extraction ability then those with only one aromatic side
chain, which in turn are better extractors than ligands with only
alkyl substituents (entries 5, 14 and 15). The higher extraction level
observed with copper in almost all cases could be due to enhanced
lipophilicity of the Cu2þ picrate salt. It is therefore not possible to
use the extraction results for identifying good Cu2þ ligands. Ligand
31 does not show any affinity for picrate salts (Table 2, entry 15).
This is somewhat surprising, as its analog 26a (entry 9) that has an
isobutyl chain instead of an isopropyl chain show good extraction
ability. These results demonstrate that subtle structural changes
can affect the conformational behavior of N,N0-dimethyl-1,4-
piperazine ligands, significantly impacting their metal binding af-
finities. Among all the ligands synthesized, ligand 23b has the
strongest binding ability, extracting over 95% of all metal ions
studied. Not surprisingly, the enantiomer of 23b (23a) demon-
strated identical extraction results as 23b within �2%.
2.3. Evaluation of N,N0-dimethyl-1,4-piperazines in dieth-
ylzinc addition reaction

We investigated the catalytic enantioselective addition of
diethylzinc to benzaldehyde to examine the potential efficiency of
N,N0-dimethyl-1,4-piperazine ligands in organic transformations.
This alkylation to benzaldehyde using (�) sparteine 1 is known.17

Initial optimization with 1 showed that 10% of the ligand pro-
vided the best performance in terms of both yield of (R)-1-phenyl-
1-propanol (32) and chiral induction, confirming results reported
by Johansson with 1.17 Using less ligand (2.5 mol %) 1 gave 32 with
the same ee, but with a lower yield. Performing the reaction at
a lower temperature led to approximately the same ee value. In all
cases, using 1 as the chiral ligand provided the R enantiomer of 32.

Preliminary results using 10 mol % of piperazines are reported in
Table 3. First, control experiment without ligand led to very low
conversions (15e30%, entries 1, 5 and 9). In all cases, using a N,N0-
dimethyl-1,4-piperazine ligand, we observed more than 93% con-
version of benzaldehyde to alcohol 32 after 48 h of reaction (Table
3, entries 2e4). With ligand 23a, we obtained (S)-1-phenyl-1-
propanol with a low 7% enantiomeric excess (Table 3, entry 2). As
expected, we observed that ligand 23b led also to 7% enantiomeric
excess, but of (R)-1-phenyl-1-propanol (Table 3, entry 3). Compa-
rable results were obtained with p-chlorobenzaldehyde, leading to
high conversion and 6% enantiomeric excess of (S) and (R) alcohol
33 using ligands 23a and 23b (Table 3, entries 6 and 7), respectively.
With p-methoxybenzaldehyde as substrate, lower yields of alcohol
34were obtained due to carbonyl’s lower electrophilicity. Also with
this substrate, low enantiomeric excesses of 5% of (S) and (R) al-
cohol 34were obtained with ligand 23a and 23b (Table 3, entries 10
Reactions stopped after 72 h.
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and 11), respectively. Furthermore, in all cases, the meso ligand 23c
led to racemic alcohols 32e34 (Table 3, entries 4, 8, 12), thus
demonstrating the contribution of the chirality on the N,N0-di-
methyl-1,4-piperazine scaffold in the chiral induction observed for
23a and 23b in the ZnEt2 addition reaction.

Although the enantioselectivities observed are low in all studied
cases, the results are as good as with (�)-sparteine 1.17 Most im-
portantly, they demonstrate that the ligand is essential for en-
hanced conversion and to induce chirality. Indeed, using the
different enantiomers of 23 led to addition products enriched with
the two different enantiomers.

3. Conclusion

We have developed an efficient and rapid synthetic method for
N,N0-dimethyl-1,4-piperazines that takes advantages of solid-phase
peptide synthesis and the availability of a wide variety of natural or
non-natural amino acids. We prepared and characterized 18 novel
chiral N,N0-dimethyl-1,4-piperazines. We also demonstrated that
the metal binding ability of these ligands for several metals of in-
terest in organic synthesis could be rapidly assessed with a picrate
salt extraction technique. In a test model reaction, we showed that
a catalytic amount of N,N0-dimethyl-1,4-piperazines can signifi-
cantly enhance conversion yields and induce chirality. Though the
enantiomeric excesses obtained so far are low, these results vali-
date the potential of the overall approach to prepare and rapidly
identify efficient pairs of chiral diamine ligands for specific metals.
Work is underway to assess the utility of N,N0-dimethyl-1,4-
piperazine prepared in different metal-catalyzed transformations.

4. Experimental section

4.1. General information

All solvents were distilled and properly dried, when necessary,
prior to use. All chemicals were purchased from commercial sour-
ces and used directly, unless indicated otherwise. Nuclear magnetic
resonance (NMR) spectra were recorded using Varian Inova
400 MHz and Agilent DD2 500 MHz spectrometers. Chemical shifts
are reported in parts per million downfield from TMS. Splitting
patterns are designated as s (singlet), d (doublet), dd (doublet of
doublets), t (triplet), q (quartet), br (broad singlet) and m (multi-
plet). Mass spectra were obtained on an Agilent 6210 LC Time of
Flight Mass Spectrometer in direct injection mode. Flash chroma-
tography was performed with SiliaFlash� P60 silica gel. Optical
rotations were measured at ambient temperature on a Jasco DIP-
360 digital polarimeter, using a sodium lamp. UVevis measure-
ments were done on a using an HP 8452-A UVevis spectrometer.
GC data were recorded on a Thermo Scientific Focus instrument.
Melting points were taken using a Stanford Research Systems
OptiMelt MPA 100 instrument. IR spectrums were taken on Thermo
Scientific Nicolet 380 FTIR using ZnSe crystal.

4.2. Preparation of 2,5-diketopiperazines (2e19)

4.2.1. General procedure

4.2.1.1. Coupling of the first Boc protected a-amino acid on oxime
resin. A desired quantity of oxime resin (1.12mmol/g) was added to
a peptide synthesis vessel. The resin was treated three times with
CH2Cl2. Amino acid (3.0 equiv) and HOBt (3.0 equiv) were dissolved
in DMF in a 100 mL flask and the mixture was stirred for few
minutes at 0 �C. DIC (3.0 equiv), DIEA (3.0 equiv) and DMAP
(0.1 equiv) were introduced into the peptide synthesis vessel and
the mixture was stirred mechanically for 3 h. The mixture was fil-
tered under vacuum and the resin was washed [DMF (3�100 mL),
MeOH (3�100mL), DMF (3�100mL), MeOH (3�100mL)] and dried
under reduced pressure.

4.2.1.2. Acetylation of unreacted sites on oxime resin. The resin
was treated three timeswith CH2Cl2 (3�50mL). A solution of 50% v/
v DMF/acetic anhydride (80mL) and DIEA (1 mL) were added to the
peptide synthesis vessel and the mixture was shaken for 1 h. Then,
the mixture was filtered under vacuum and the resin was washed
[DMF (3�100 mL), MeOH (3�100 mL), DMF (3�100 mL), MeOH
(3�100 mL)] and dried under reduced pressure.

4.2.1.3. Removal of the Boc protecting group. The resin was
treated three times with CH2Cl2 (100 mL). A 50% v/v solution of
trifluoroacetic acid (TFA) in CH2Cl2 was added to the peptide syn-
thesis vessel, which was stirred for 30 min. Then, the mixture was
filtered under vacuum and the resin was washed with DMF
(3�100 mL), MeOH (3�100 mL), DMF (3�100 mL), MeOH
(3�100mL) and with a solution of 10% v/v DIEA in CH2Cl2 (100 mL).

4.2.1.4. Coupling of the second Boc protected a-amino acid. The
amino acid (3.0 equiv) was dissolved in DMF in a 100 mL flask. The
solution was cooled to 0 �C, then HBTU (3.0 equiv) and HOBt
(3.0 equiv) were added. The mixture was poured into the peptide
synthesis vessel inwhich the resin has been previously treatedwith
CH2Cl2. DIEA (6.0 equiv) was also added to the vessel and the
mixture was stirred for 3 h. After filtration under vacuum, the resin
was washed [DMF (3�100 mL), MeOH (3�100 mL), DMF
(3�100 mL) and MeOH (3�100 mL)] and dried reduced under
pressure. The Kaiser nihydrin test was performed to monitor the
efficiency of the coupling, and the coupling procedurewas repeated
if needed.

4.2.1.5. Cyclization/cleavage from the resin. First, the Boc group
was removed using procedure described in (4.2.1.3), but without
the 10% v/v DIEA/CH2Cl2 washing step. After drying, CH2Cl2 and
DIEA (2.5 equiv) were added to the peptide synthesis vessel and the
mixture was stirred for 2 min. Acetic acid (5.0 equiv) was then
added and the content was shaken for 24 h. Then the filtrate was
collected and the resin was rinsed several times with CH2Cl2 and
MeOH. All the filtrates were combined and evaporated, and the
resulting solid was dissolved in CH2Cl2. Amberlite IR-120 was in-
troduced to the solution to take off remaining traces of DIEA. The
mixture was stirred for a few minutes and filtered. The filtrate was
evaporated to give compounds 2 to 19. Trituration in a minimum of
cold ether was performed to obtain satisfying purity.

4.2.1.6. (3S,6S)-3-(r-(Benzyloxy)benzyl)-6-isobutylpiperazine-
2,5-dione (2). White powder; 1H NMR (400 MHz, DMSO-d6):
d¼0.08e0.15 (m, 1H), 0.58 (d, J¼6.7 Hz, 3H), 0.60 (d, J¼6.7 Hz, 3H),
0.70e0.77 (m, 1H), 1.32e1.45 (m, 1H), 2.71 (dd, J¼13.6, 4.9 Hz, 1H),
3.03 (dd, J¼13.6, 4.9 Hz, 2H), 3.38e3.42 (m, 1H) 4.04e4.08 (m, 1H),
4.97 (s, 2H), 6.87 (d, J¼8.6 Hz, 2H), 7.00 (d, J¼8.6 Hz, 2H), 7.23e7.38
(m, 5H), 8.04 (d, J¼2.7 Hz, 1H), 8.02 (d, J¼2.2 Hz, 1H); 13C NMR
(100MHz, DMSO-d6): d¼21.8, 23.4, 23.6, 38.3, 53.0, 56.3, 69.9,115.0,
128.3, 128.5, 128.8, 129.1, 132.0, 137.8, 158.2, 166.8, 168.1; HRMS
(ESI-TOF, m/z) calcd for C22H27N2O3 (MþH)þ¼367.2016, found
367.2026.

4.2.1.7. (3R,6R)-3-(r-(Benzyloxy)benzyl)-6-isobutylpiperazine-
2,5-dione (3). White powder; 1H NMR (400 MHz, DMSO-d6):
d¼0.08e0.15 (m, 1H), 0.58 (d, J¼6.7 Hz, 3H), 0.60 (d, J¼6.7 Hz, 3H),
0.70e0.77 (m, 1H), 1.32e1.45 (m, 1H), 2.71 (dd, J¼13.6, 4.9 Hz, 1H),
3.03 (dd, J¼13.6, 4.9 Hz, 2H), 3.38e3.42 (m, 1H) 4.04e4.08 (m, 1H),
4.97 (s, 2H), 6.87 (d, J¼8.6 Hz, 2H), 7.00 (d, J¼8.6 Hz, 2H), 7.23e7.38
(m, 5H), 8.04 (d, J¼2.7 Hz, 1H), 8.02 (d, J¼2.2 Hz, 1H); 13C NMR
(100MHz, DMSO-d6): d¼21.8, 23.4, 23.6, 38.3, 52.9, 56.3, 69.9,115.0,
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128.3, 128.5, 128.8, 129.1, 132.0, 137.8, 158.2, 166.9, 168.1; HRMS
(ESI-TOF, m/z) calcd for C22H27N2O3 (MþH)þ¼367.2016, found
367.2022.

4.2.1.8. (3R,6R)-3-(Benzyloxymethyl)-6-isopropylpiperazine-2,5-
dione (4). White powder; 1H NMR (400MHz, DMSO-d6): d¼0.78 (d,
J¼6.9 Hz, 3H), 0.89 (d, J¼6.9 Hz, 3H), 2.08e2.17 (m, 1H), 3.53 (dd,
J¼9.7, 2.8 Hz, 1H), 3.58e3.60 (m, 1H), 3.76 (dd, J¼9.7, 2.8 Hz, 1H),
3.89e3.92 (m, 1H), 4.45 (dd, J¼5.5, 9.3 Hz, 1H), 7.20e7.32 (m, 5H),
8.06 (s, 1H), 8.07 (s, 1H); 13C NMR (100 MHz, DMSO-d6): d¼17.3,
19.0, 55.6, 60.1, 71.8, 73.1, 128.0, 128.1, 128.9, 138.8; 167.4, 168.3;
HRMS (ESI-TOF, m/z) calcd for C15H21N2O3 (MþH)þ¼277.1547,
found 277.1567.

4.2.1.9. (3S,6S)-3-Benzyl-6-(benzyloxymethyl)piperazine-2,5-
dione (5).25 White powder; 1H NMR (400 MHz, DMSO-d6): d¼2.59
(dd, J¼9.7, 6.4 Hz, 1H), 2.86 (dd, J¼13.9, 5.0 Hz, 1H), 3.0 (dd, J¼13.5,
5.7 Hz, 1H), 3.23 (dd, J¼9.6, 3.0 Hz, 1H), 3.76e3.81 (m, 1H)
4.02e4.08 (m, 1H), 4.26 (s, 2H), 7.03 (d, J¼6.9 Hz, 2H), 7.13e7.32 (m,
8H), 8.07 (s, 2H); 13C NMR (100 MHz, DMSO-d6): d¼40.1, 55.6, 56.1,
72.2, 72.8, 127.2, 128.2, 128.3; 128.8, 128.9, 130.7, 137.1, 138.6, 165.7,
167.1; HRMS (ESI-TOF, m/z) calcd for C19H21N2O3
(MþH)þ¼325.1547, found 325.1555.

4 . 2 .1.10 . ( 3 S , 6S ) -3 , 6 -D iben zy lp i p e ra z in e -2 , 5 -d i one
(6).26e28 White powder; 1H NMR (400MHz, DMSO-d6): d¼2.18 (dd,
J¼14.1, 6.1 Hz, 2H), 2.52 (dd, J¼13.6, 4.9 Hz, 2H), 3.89e3.95 (m, 2H),
6.96e7.01 (m, 4H), 7.13e7.26 (m, 6H) 8.03 (s, 2H); 13C NMR
(100 MHz, DMSO-d6): d¼40.0, 56.1, 127.2, 128.9, 130.5, 137.2, 166.8;
HRMS (ESI-TOF, m/z) calcd for C18H19N2O2 (MþH)þ¼295.1441,
found 295.1445.

4.2.1.11. (3R,6R)-3,6-Dibenzylpiperazine-2,5-dione (7).27 White
powder; 1H NMR (400 MHz, DMSO-d6): d¼2.18 (dd, J¼14.1, 6.1 Hz,
2H), 2.52 (dd, J¼13.6, 4.9 Hz, 2H), 3.89e3.95 (m, 2H), 6.96e7.01 (m,
4H), 7.13e7.26 (m, 6H) 8.03 (s, 2H); 13C NMR (100 MHz, DMSO-d6):
d¼40.0, 56.1, 127.2, 128.9, 130.5, 137.2, 166.8; HRMS (ESI-TOF, m/z)
calcd for C18H19N2O2 (MþH)þ¼295.1441, found 295.1450.

4.2.1.12. (3R,6S)-3,6-Dibenzylpiperazine-2,5-dione (8).28 White
powder; 1H NMR (400 MHz, DMSO-d6): d¼2.67 (dd, J¼14.0, 8.0 Hz,
2H), 2.95 (dd, J¼12.0, 4.0 Hz, 2H), 3.33 (br, 2H), 7.06e7.09 (m, 4H),
7.16e7.22 (m, 6H), 8.01 (s, 2H); 13C NMR (100 MHz, DMSO-d6):
d¼32.2, 55.0, 127.0, 128.4, 130.1, 136.3, 167.3, HRMS (ESI-TOF, m/z)
calcd for C18H19N2O2 (MþH)þ¼295.1441, found 295.1452.

4.2.1.13. (3S,6S)-3-Benzyl-6-isobutylpiperazine-2,5-dione
(9).29 White powder; 1H NMR (400 MHz, DMSO-d6): d¼0.01e0.08
(m,1H), 0.54 (d, J¼6.6 Hz, 3H), 0.58 (d, J¼6.6 Hz, 3H), 0.65e0.83 (m,
3H), 1.28e1.41 (m, 1H), 3.08 (dd, J¼13.6, 3.7 Hz, 1H), 3.38e3.45 (m,
1H) 4.09e4.15 (m, 1H), 7.05e7.25 (m, 5H), 8.04 (s, 1H), 8.02 (s, 1H);
13C NMR (100 MHz, DMSO-d6): d¼22.0, 23.4, 23.5, 39.1, 44.3, 52.9,
56.1, 127.4, 128.7, 131.1, 136.7, 166.8, 168.1; HRMS (ESI-TOF, m/z)
calcd for C15H21N2O2 (MþH)þ¼261.1598, found 261.1607.

4.2.1.14. (3R,6R)-3-Isobutyl-6-phenethylpiperazine-2,5-dione
(10). White powder; 1H NMR (400 MHz, DMSO-d6): d¼0.81e0.85
(m, 6H) 1.40e1.47 (m, 1H) 1.55e1.62 (m, 1H) 1.76e1.97 (m, 3H) 2.60
(t, J¼8.0 Hz, 2H), 3.74e3.76 (m, 2H) 7.13e7.18 (m, 3H), 7.22e7.26 (m,
2H), 8.18 (s, 1H), 8.25 (s, 1H); 13C NMR (100 MHz, DMSO-d6):
d¼22.3, 23.4, 24.0, 35.9, 43.4, 53.0, 54.1, 126.3, 128.8, 141.7, 168.2,
169.0; HRMS (ESI-TOF, m/z) calcd for C18H31N2 (MþH)þ¼275.2482,
found 275.1763.

4.2.1.15. (3R,6R)-3,6-Diisobutylpiperazine-2,5-dione (11). White
powder; 1H NMR (400 MHz, DMSO-d6): d¼0.81 (d, J¼6.5 Hz, 6H),
0.84 (d, J¼6.5 Hz, 6H), 1.35e1.45 (m, 2H) 1.49e1.57 (m, 2H)
1.70e1.81 (m, 2H), 3.64e3.69 (m, 2H) 8.14 (s, 2H); 13C NMR
(100 MHz, DMSO-d6): d¼22.3, 23.7, 24.3, 44.3, 53.3, 169.2; HRMS
(ESI-TOF, m/z) calcd for C12H23N2O2 (MþH)þ¼227.1754, found
227.1764.

4 .2 .1.16 . (3S ,6S)-3 ,6-Di i sobutylp iperaz ine-2 ,5-d ione
(12).30 White powder; 1H NMR (400 MHz, DMSO-d6): d¼0.81 (d,
J¼6.5 Hz, 6H), 0.84 (d, J¼6.5 Hz, 6H), 1.35e1.45 (m, 2H) 1.49e1.57
(m, 2H) 1.70e1.81 (m, 2H), 3.64e3.69 (m, 2H) 8.14 (s, 2H); 13C NMR
(100 MHz, DMSO-d6): d¼22.3, 23.7, 24.3, 44.3, 53.3, 169.2; HRMS
(ESI-TOF, m/z) calcd for C12H23N2O2 (MþH)þ¼227.1754, found
227.1762.

4 .2 .1.17 . (3R ,6S)-3 ,6-Di i sobutylp iperaz ine-2 ,5-d ione
(13).31 White powder; 1H NMR (400 MHz, DMSO-d6): d¼0.81 (d,
J¼6.3 Hz, 6H), 0.83 (d, J¼6.3 Hz, 6H), 1.40e1.59 (m, 4H), 1.69e1.83
(m, 2H), 3.67e3.74 (m, 2H), 8.00 (s, 2H); 13C NMR (100MHz, DMSO-
d6): d¼22.6, 23.5, 24.2, 42.0, 53.1, 169.4; HRMS (ESI-TOF, m/z) calcd
for C12H23N2O2 (MþH)þ¼227.1754, found 227.1762.

4.2.1.18. (3S,6S)-3-Benzyl-6-(r-(benzyloxy)benzyl)piperazine-2,5-
dione (14).32 White powder; 1H NMR (400 MHz, DMSO-d6): d¼2.14
(dd, J¼13.8, 6.1 Hz, 1H), 2.22 (dd, J¼13.8, 6.1 Hz, 1H), 2.48e2.57 (m,
2H), 3.84e3.89 (m, 1H) 3.90e3.95 (m, 1H), 5,00 (s, 2H) 6.84e6.92
(m, 4H), 6.99 (d, J¼6.7 Hz, 2H), 7.12e7.35 (m, 8H), 7.84 (m, 2H); 13C
NMR (100 MHz, DMSO-d6): d¼39.1, 42.4, 56.1, 56.2, 69.8, 115.2,
127.1, 128.1, 128.4, 128.9, 129.0, 129.2, 130.5, 131.5, 137.3, 137.8, 157.8,
166.9, 166.9; HRMS (ESI-TOF, m/z) calcd for C25H25N2O3
(MþH)þ¼401.1860, found 401.1865.

4.2.1.19. (3R,6R)-3,6-Bis(r-(benzyloxy)benzyl)piperazine-2,5-
dione (15). White powder; 1H NMR (400 MHz, DMSO-d6): d¼2.13
(dd, J¼13.9, 6.0 Hz, 2H), 2.47 (dd, J¼9.7, 4.7 Hz, 2H), 3.83e3.89 (m,
2H), 4.99 (s, 4H), 6.87 (d, J¼9.3 Hz, 2H), 6.89 (d, J¼9.3 Hz, 2H),
7.21e7.33 (m, 10H), 7.83 (s, 2H); 13C NMR (100 MHz, DMSO-d6):
d¼39.2, 56.2, 67.7, 115.2, 128.1, 128.4, 129.0, 129.3, 131.5, 137.8, 157.8,
167.0, HRMS (ESI-TOF, m/z) calcd for C32H31N2O4
(MþH)þ¼507.2278, found 507.2286.

4.2.1.20. (3S,6S)-3,6-Bis(r-(benzyloxy)benzyl)piperazine-2,5-
dione (16).33 White powder; 1H NMR (400 MHz, DMSO-d6): d¼2.13
(dd, J¼13.9, 6.0 Hz, 2H), 2.47 (dd, J¼9.7, 4.7 Hz, 2H), 3.83e3.89 (m,
2H), 4.99 (s, 4H), 6.87 (d, J¼9.3 Hz, 2H), 6.89 (d, J¼9.3 Hz, 2H),
7.21e7.33 (m, 10H), 7.83 (s, 2H); 13C NMR (100 MHz, DMSO-d6):
d¼39.2, 56.2, 67.7, 115.2, 128.1, 128.4, 129.0, 129.3, 131.5, 137.8, 157.8,
167.0; HRMS (ESI-TOF, m/z) calcd for C32H31N2O4
(MþH)þ¼507.2278, found 507.2288.

4.2.1.21. (3S,6R)-3-(r-(Benzyloxy)benzyl)-6-isopropylpiperazine-
2,5-dione (17). White powder; 1H NMR (400 MHz, DMSO-d6):
d¼0.22 (d, J¼7.0 Hz, 3H), 0.60 (d, J¼7.0 Hz, 3H), 1.59e1.71 (m, 1H),
2.75 (dd, J¼14.0, 4.8 Hz,1H), 3.03 (dd, J¼14.0, 4.8 Hz,1H), 3.44e3.49
(m, 1H), 4.07e4.13 (m, 1H), 5.00 (s, 2H), 6.83 (d, J¼8.5 Hz, 2H), 7.03
(d, J¼8.5 Hz, 2H), 7.23e7.38 (m, 5H), 7.83 (s, 1H), 8.01 (s, 1H); 13C
NMR (100 MHz, DMSO-d6): d¼16.8, 18.9, 31.7, 37.6, 55.8, 59.8, 69.7,
115.1, 128.1, 128.3, 129.0, 129.1, 131.9, 137.9, 157.9, 167.1, 167.3; HRMS
(ESI-TOF, m/z) calcd for C21H25N2O3 (MþH)þ¼353.1860, found
353.1867.

4.2.1.22. (3R,6R)-3-Benzyl-6-methylpiperazine-2,5-dione
(18). White powder; 1H NMR (400 MHz, DMSO-d6): d¼0.40 (d,
J¼6.9 Hz, 3H), 2.80 (dd, J¼13.7, 4.9 Hz, 1H), 3.08 (dd, J¼13.5, 5.6 Hz,
1H), 3.53e3.60 (m, 1H), 4.10e4.15 (m, 1H), 7.07e7.15 (m, 2H),
7.14e7.26 (m, 3H), 7.97 (s, 1H), 8.07 (s, 1H); 13C NMR (100 MHz,
DMSO-d6): d¼20.4, 39.0, 50.4, 56.0, 127.3, 128.7, 131.0, 136.7, 166.5,
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168.4; HRMS (ESI-TOF, m/z) calcd for C12H15N2O2
(MþH)þ¼219.1128, found 219.1138.

4.2.1.23. (3R,6R)-3-Isobutyl-6-isopropylpiperazine-2,5-dione
(19). White powder; 1H NMR (400 MHz, DMSO-d6): d¼0.79 (d,
J¼3.0 Hz, 3H), 0.80 (d, J¼3.0 Hz, 3H), 0.83 (d, J¼6.8 Hz, 3H), 0.89 (d,
J¼6.8 Hz, 3H), 1.34e1.43 (m, 1H), 1.52e1.62 (m, 1H), 1.79e1.85 (m,
1H), 2.05e2.12 (m, 1H), 3.55e3.59 (m, 1H), 3.68e3.74 (m, 1H), 8.01
(s, 1H), 8.14 (s, 1H); 13C NMR (100 MHz, DMSO-d6): d¼18.0, 19.4,
22.4, 23.8, 24.2, 32.1, 44.6, 53.0, 60.2, 167.5, 169.1; HRMS (ESI-TOF,
m/z) calcd for C11H21N2O2 (MþH)þ¼213.1598, found 213.1601.

4.3. Reduction of 2,5-diketopiperazines

4.3.1. General procedure. The 2,5-diketopiperazine was partially
dissolved in anhydrous THF in an oven-dried three-neck flask under
argon. The solution was cooled to 0 �C and LiAlH4 (1.0 M THF,
12 equiv) was added dropwise. The mixture was allowed towarm at
room temperature and the reaction was refluxed overnight. The
mixture was then cooled to 0 �C and treated with Na2SO4 decahy-
drate. The suspension obtained was refluxed for 30 min and then
filtered. The solventwas evaporated under reduced pressure and the
crude product was dried under vacuum and used as in the next step.

4.4. Preparation of N,N0-dimethyl-1,4-piperazines (20ae31)

4.4.1. General procedure. Without purification, the 1,4-piperazine
from previous step was dissolved in formic acid (50 equiv) in
a regular round bottom flask and stirred for a few minutes. Form-
aldehyde (33 equiv, 37% v/v in water) was added and the mixture
was stirred at 70 �C for 30 min. EtOAc was used to dilute the re-
action mixture and a saturated NaHCO3 solution was added drop-
wise until no further gas formation was observed. The reaction
mixture was extracted three times with EtOAc. The organic layers
were combined, dried with Na2SO4, filtered, and concentrated in
vacuo, giving compounds 20a to 31. When necessary, crude prod-
ucts were purified by flash chromatography using (90:5:5) CH2Cl2/
MeOH/AcOH).

4 .4 .2 . (2S ,5S) -2- (r - (Benzyloxy)benzyl ) -5- i sobu tyl -1,4-
dimethylpiperazine (20a). White powder; 1H NMR (400 MHz,
CDCl3): d¼0.89 (d, J¼6.6 Hz, 3H), 0.94 (d, J¼6.6 Hz, 3H), 1.30e1.46
(m, 2H), 1.53e1.64 (m, 1H), 2.16 (dd, J¼11.7, 3.2 Hz, 1H), 2.21 (s, 3H),
2.27e2.35 (m, 1H), 2.43 (s, 3H), 2.49e2.60 (m, 2H), 2.69 (dd, J¼13.4,
9.9 Hz, 1H), 2.89 (dd, J¼13.1, 3.3 Hz, 1H), 5.04 (s, 2H), 6.90 (d, J¼8.3,
2H), 7.10 (d, J¼8.3, 2H), 7.30e7.46 (m, 5H); 13C NMR (100 MHz,
CDCl3): d¼22.3, 24.2, 26.0, 36.3, 42.7, 43.2, 56.0, 56.6, 59.7, 62.9,
70,3, 114.9, 127.7, 128.2, 128.9, 130.5, 133.2, 137.4, 157.3; HRMS (ESI-
TOF, m/z) calcd for C24H35N2O (MþH)þ¼367.2744, found 367.2752.

4 .4 .3 . (2R ,5R)-2- (r - (Benzyloxy)benzyl ) -5- i sobutyl -1,4-
dimethylpiperazine (20b). White powder; 1H NMR (400 MHz,
CDCl3): d¼0.89 (d, J¼6.6 Hz, 3H), 0.94 (d, J¼6.6 Hz, 3H), 1.30e1.46
(m, 2H), 1.53e1.64 (m, 1H), 2.16 (dd, J¼11.7, 3.2 Hz, 1H), 2.21 (s, 3H),
2.27e2.35 (m, 1H), 2.43 (s, 3H), 2.49e2.60 (m, 2H), 2.69 (dd, J¼13.4,
9.9 Hz, 1H), 2.89 (dd, J¼13.1, 3.3 Hz, 1H), 5.04 (s, 2H), 6.90 (d,
J¼8.3 Hz, 2H), 7.10 (d, J¼8.3, 2H), 7.30e7.46 (m, 5H); 13C NMR
(100 MHz, CDCl3): d¼22.3, 24.2, 26.0, 36.3, 42.7, 43.2, 56.0, 56.6,
59.7, 62.9, 70.3, 114.9, 127.7, 128.2, 128.8, 130.5, 133.2, 137.4, 157.3;
HRMS (ESI-TOF, m/z) calcd for C24H35N2O (MþH)þ¼367.2744,
found 367.2752.

4 . 4 . 4 . ( 2 S , 5R ) - 2 - ( B en zy l o x yme thy l ) - 5 - i s op ropy l - 1, 4 -
dimethylpiperazine (21). White powder; 1H NMR (400 MHz,
CDCl3): d¼0.84 (d, J¼7.1 Hz, 3H), 0.88 (d, J¼7.1 Hz, 3H), 1.88e1.96
(m, 1H), 2.03e2.46 (m, 5H), 2.19 (s, 3H), 2.42 (s, 3H), 2.82e2.90 (m,
2H), 3.68 (dd, J¼9.3, 6.4 Hz, 1H), 3.8 (dd, J¼8.7, 4.7 Hz, 1H), 4.51 (s,
2H), 7.23e7.36 (m, 5H); 13C NMR (100 MHz, CDCl3): d¼15.9, 19.9,
27.0, 42.9, 43.5, 48.2, 57.9, 58.7, 66.5, 66.7, 73.4, 127.7, 127.8, 128.6,
138.8; HRMS (ESI-TOF, m/z) calcd for C17H29N2O
(MþH)þ¼277.2274, found 277.2276.

4.4.5. (2S,5R)-2-Benzyl-5-(benzyloxymethyl)-1,4 dimethylpiperazine
(22). White powder; 1H NMR (400 MHz, CDCl3): d¼2.21 (dd,
J¼11.8, 2.8 Hz,1H), 2.28 (s, 3H), 2.44 (s, 3H), 2.54e2.79 (m, 5H), 2.94
(dd, J¼13.2, 3.6 Hz, 1H), 3.54 (dd, J¼8.8, 5.9 Hz, 1H), 3.73 (dd, J¼9.5,
4.4 Hz, 1H), 4.54 (dd, J¼15.8, 12.0 Hz, 2H) 7.11e7.42 (m, 10H); 13C
NMR (100 MHz, CDCl3): d¼32.5, 43.3, 43.3, 55.0, 56.2, 61.0, 62.6,
69.3, 73.5, 126.1, 127.8, 128.5, 128.6, 138.7, 140.5; HRMS (ESI-TOF,m/
z) calcd for C21H29N2O (MþH)þ¼325.2274, found 325.2286.

4 . 4 . 6 . ( 2 S , 5 S ) - 2 , 5 -D i b e n z y l - 1, 4 - d im e t h y l p i p e r a z i n e
(23a).11,12 Yellow powder. mp¼120 �C. ½a�20D þ117.8 (c 1.0, CHCl3);
1H NMR (400 MHz, CDCl3): d¼2.24 (dd, J¼11.6, 3.1 Hz, 2H), 2.36 (s,
6H), 2.46e2.53 (m, 2H), 2.54e2.62 (m, 2H), 2.76 (dd, J¼13.8,10.1 Hz,
2H), 2.98 (dd, J¼13.0, 6.7 Hz, 2H), 7.19e7.24 (m, 6H), 7.27e7.32 (m,
4H); 13C NMR (100 MHz, CDCl3): d¼33.1, 43.0, 55.8, 63.1, 128.1,
128.6, 129.6, 129.7, 140.5; IR (ATR, ZnSe): 3059, 2950, 2790, 1597,
1453, 1353, 1058, 736, 696 cm�1; HRMS (ESI-TOF, m/z) calcd for
C20H27N2 (MþH)þ¼295.2169, found 295.2173.

4.4.7. (2R,5R)-2,5-Dibenzyl-1,4-dimethylpiperazine (23b).12 Pale
yellow powder. mp¼120 �C. ½a�20D �117.2 (c 1.0, CHCl3); 1H NMR
(400 MHz, CDCl3): d¼2.24 (dd, J¼11.6, 3.1 Hz, 2H), 2.36 (s, 6H),
2.46e2.53 (m, 2H), 2.54e2.62 (m, 2H), 2.76 (dd, J¼13.8,10.1 Hz, 2H),
2.98 (dd, J¼13.0, 6.7 Hz, 2H), 7.19e7.24 (m, 6H), 7.27e7.32 (m, 4H);
13C NMR (100 MHz, CDCl3): d¼33.1, 43.0, 55.8, 63.1, 128.1, 128.6,
129.6, 129.7, 140.5; IR (ATR, ZnSe): 3059, 2951, 2790, 1597, 1453,
1353, 1058, 736, 696 cm�1; HRMS (ESI-TOF,m/z) calcd for C20H27N2
(MþH)þ¼295.2169, found 295.2177.

4.4.8. (2R,5S)-2,5-Dibenzyl-1,4-dimethylpiperazine (23c).12 White
powder. mp¼123.2 �C.½a�20D 0.0 (c 1.0, CHCl3); 1H NMR (400 MHz,
CDCl3): d¼2.26 (dd, J¼11.8, 3.0 Hz, 2H), 2.41 (s, 3H), 2.43 (s, 3H),
2.42e2.51 (m, 2H), 2.54e2.59 (m, 2H), 2.83 (dd, J¼13.2, 9.8 Hz, 2H),
3.01 (dd, J¼13.1, 6.9 Hz, 2H), 7.18e7.24 (m, 6H), 7.23e7.33 (m, 4H);
13C NMR (100 MHz, CDCl3): d¼32.1, 43.2, 56.8, 63.3, 128.1, 128.5,
129.6, 129.7, 140.5; IR (ATR, ZnSe): 3025, 2952, 2788, 1600, 1452,
1078, 751, 699 cm�1; HRMS (ESI-TOF, m/z) calcd for C20H27N2
(MþH)þ¼295.2169, found 295.2181.

4.4.9. (2S,5S)-2-Benzyl-5-isobutyl-1,4-dimethylpiperazine
(24). Transparent oil; 1H NMR (400 MHz, CDCl3): d¼0.89 (d,
J¼6.6 Hz, 3H), 0.94 (d, J¼6.6 Hz, 3H), 1.31e1.46 (m, 2H), 1.53e1.65
(m, 1H), 2.14e2.21 (m, 4H), 2.27e2.36 (m, 1H), 2.42e2.54 (m, 6H),
2.58e2.67 (m, 1H), 2.71e2.80 (m, 1H), 2.90e2.98 (m, 1H), 7.15e7.20
(m, 3H), 7.24e7.30 (m, 2H); 13C NMR (100 MHz, CDCl3): d¼22.3,
24.2, 25.9, 32.3, 37.2, 42.6, 43.1, 56.0, 56.3, 59.7, 62.7, 126.1, 128.5,
129.6, 140.5; HRMS (ESI-TOF, m/z) calcd for C17H29N2
(MþH)þ¼261.2325, found 261.2333.

4.4.10. (2R,5R)-2-Isobutyl-1,4-dimethyl-5-phenethylpiperazine
(25). Transparent oil; 1H NMR (400 MHz, CDCl3): d¼0.89 (d, J¼6.5,
3H), 0.94 (d, J¼6.5 Hz, 3H), 1.33e1.48 (m, 2H), 1.52e1.63 (m, 1H),
1.82e1.91 (m, 2H), 2.30 (s, 3H) 2.34 (s, 3H), 2.40e2.56 (m, 6H),
2.59e2.76 (m, 2H), 7.15e7.23 (m, 3H), 7.25e7.31 (m, 2H); 13C NMR
(100 MHz, CDCl3): d¼22.2, 24.1, 25.9, 32.55, 32.56, 42.6, 42.6, 55.4,
56.5, 59.1, 60.5, 126.1, 128.5, 128.6, 142.4;HRMS (ESI-TOF,m/z) calcd
for C18H31N2 (MþH)þ¼275.2482, found 275.2487.

4 .4 .11. (2R ,5R) -2 , 5 -D i i sobu tyl -1, 4 -d imethylp ipe raz ine
(26a). Transparent oil; 1H NMR (400 MHz, CDCl3): d¼0.87 (d,
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J¼6.6 Hz, 3H), 0.91 (d, J¼6.6 Hz, 3H), 1.31e1.41 (m, 4H), 1.49e1.61
(m, 2H), 2.27 (s, 6H), 2.29e2.50 (m, 6H); 13C NMR (100 MHz,
CDCl3): d¼22.2, 24.2, 26.0, 36.2, 42.8, 56.8, 59.2; HRMS (ESI-TOF,m/
z) calcd for C14H31N2 (MþH)þ¼227.2482, found 227.2486.

4.4.12. (2S,5S)-2,5-Diisobutyl-1,4-dimethylpiperazine (26b). Red oil;
1H NMR (400 MHz, CDCl3): d¼0.87 (d, J¼6.6 Hz, 3H), 0.91 (d,
J¼6.6 Hz, 3H), 1.31e1.41 (m, 4H), 1.49e1.61 (m, 2H), 2.27 (s, 6H),
2.29e2.50 (m, 6H); 13C NMR (100 MHz, CDCl3): d¼22.2, 24.2, 26.0,
36.2, 42.8, 56.8, 59.2; HRMS (ESI-TOF, m/z) calcd for C14H31N2
(MþH)þ¼227.2482, found 227.2490.

4 .4 .13 . (2S , 5R ) -2 ,5 -D i i sobu ty l -1,4 -d imethylp ipe raz ine
(26c). Transparent oil; 1H NMR (400MHz, CDCl3): d¼0.88 (d, J¼6.4,
3H), 0.90 (d, J¼6.4, 3H), 1.13e1.21 (m, 4H), 1.60e1.69 (m, 2H), 2.36
(s, 3H), 2.39 (dd, J¼12.3,10.1 Hz, 2H) 2.43 (s, 3H), 2.61e2.69 (m, 2H),
2.96 (dd, J¼11.6, 2.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): d¼22.8,
23.3, 24.6, 42.5, 43.8, 53.3, 54.0; HRMS (ESI-TOF, m/z) calcd for
C14H31N2 (MþH)þ¼227.2482, found 227.2482.

4 .4 .14 . (2S ,5S ) -2-Benzyl -5 - (r - (benzy loxy )benzy l ) -1,4 -
dimethylpiperazine (27). White powder. mp¼111 �C. 1H NMR
(400 MHz, CDCl3): d¼2.20e2.28 (m, 2H), 2.35 (s, 3H), 2.36 (s, 3H),
2.44e2.63 (m, 4H), 2.65e2.81 (m, 2H), 2.90e3.01 (m, 2H), 5.06 (s,
2H), 6.91 (d, J¼8.0 Hz, 2H), 7.12 (d, J¼8.0 Hz, 2H), 7.19e7.47 (m,
10H); 13C NMR (100 MHz, CDCl3): d¼34.2, 43.0, 43.1, 55.6, 55.9,
63.0, 63.2, 70.3, 114.9, 126.1, 127.8, 128.2, 128.6, 128.8, 129.7, 130.5,
132.6, 137.4, 140.5, 157.4; IR (ATR, ZnSe): 2953, 2489, 1513, 1452,
1252, 1161, 992, 729, 695 cm�1; HRMS (ESI-TOF, m/z) calcd for
C27H33N2O (MþH)þ¼401.2587, found 401.2593.

4.4.15. (2R,5R)-2,5-Bis(r-(benzyloxy)benzyl)-1,4-dimethylpiperazine
(28a). White powder; 1H NMR (400 MHz, CDCl3): d¼2.23 (dd,
J¼11.6, 2.6 Hz, 2H), 2.35 (s, 6H), 2.44e2.58 (m, 4H), 2.65e2.74 (m,
2H), 2.91 (dd, J¼13.1, 3.2 Hz, 2H), 2.89 (dd, J¼13.1, 3.2 Hz, 1H), 5.05
(s, 4H), 6.90 (d, J¼8.3 Hz, 4H), 7.12 (d, J¼8.3 Hz, 4H), 7.30e7.46 (m,
10H); 13C NMR (100 MHz, CDCl3): d¼32.2, 43.0, 55.7, 63.1, 114.9,
127.8, 128.2, 128.8, 130.5, 132.7, 137.4, 157.3; HRMS (ESI-TOF, m/z)
calcd for C34H39N2O2 (MþH)þ¼507.3006, found 507.3015.

4.4.16. (2S,5S)-2,5-Bis(r-(benzyloxy)benzyl)-1,4-dimethylpiperazine
(28b). White powder. mp¼158 �C. 1H NMR (400 MHz, CDCl3):
d¼2.23 (dd, J¼11.6, 2.6 Hz, 2H), 2.35 (s, 6H), 2.44e2.58 (m, 4H),
2.65e2.74 (m, 2H), 2.91 (dd, J¼13.1, 3.2 Hz, 2H), 2.89 (dd, J¼13.1,
3.2 Hz,1H), 5.05 (s, 4H), 6.90 (d, J¼8.3 Hz, 4H), 7.12 (d, J¼8.3 Hz, 4H),
7.30e7.46 (m, 10H); 13C NMR (100 MHz, CDCl3): d¼32.2, 43.0, 55.7,
63.1, 114.9, 127.8, 128.2, 128.8, 130.5, 132.7, 137.4, 157.3; IR (ATR,
ZnSe): 2949, 2788, 1511, 1452, 1247, 1045, 806, 728, 693 cm�1.
HRMS (ESI-TOF, m/z) calcd for C34H39N2O2 (MþH)þ¼507.3006,
found 507.3011.

4.4.17. (2S,5R)-2-(4-(Benzyloxy)benzyl)-5-isopropyl-1,4-
dimethylpiperazine (29). White powder; 1H NMR (400 MHz,
CDCl3): d¼0.93 (d, J¼7.0 Hz, 3H), 0.97 (d, J¼7.0 Hz, 3H), 1.95e2.03
(m, 1H), 2.09e2.23 (m, 5H), 2.42e2.59 (m, 5H), 2.53e2.59 (m, 1H),
2.70e2.81 (m, 2H), 2.92e3.01 (m,1H), 5.05 (s, 2H), 6.91 (d, J¼8.7 Hz,
2H), 7.10 (d, J¼8.7 Hz, 2H), 7.30e7.47 (m, 5H); 13C NMR (100 MHz,
CDCl3): d¼15.6, 19.8, 27.1, 27.9, 42.6, 43.0, 47.6, 57.6, 61.7, 66.7, 70.3,
115.0, 127.7, 128.2, 128.8, 130.6, 133.4, 137.4, 157.3; HRMS (ESI-TOF,
m/z) calcd for C23H33N2O (MþH)þ¼353.2587, found 353.2601.

4.4.18. (2R,5R)-2-Benzyl-1,4,5-trimethylpiperazine (30). White
powder; 1H NMR (400 MHz, CDCl3): d¼1.05 (d, J¼6.3 Hz, 3H), 2.14
(dd, J¼11.5, 3.3 Hz, 2H), 2.17 (s, 3H), 2.27e2.35 (m, 1H), 3.20 (s, 3H),
2.44e2.50 (m, 3H), 2.66e2.75 (m,1H), 2.83e2.91 (m, 2H), 7.13e7.19
(m, 3H), 7.23e7.29 (m, 2H); 13C NMR (100 MHz, CDCl3): d¼15.3,
31.2, 43.7, 42.9, 56.2, 56.9, 57.9, 62.8, 126.0, 128.5, 129.6, 140.9;
HRMS (ESI-TOF, m/z) calcd for C13H23N2 (MþH)þ¼219.1856, found
219.1867.

4.4.19. (2R,5R)-2-Isobutyl-5-isopropyl-1,4-dimethylpiperazine
(31). Transparent oil; 1H NMR (400 MHz, CDCl3): d¼0.86 (d,
J¼3.8 Hz, 3H), 0.87 (d, J¼3.8 Hz, 3H), 0.88 (d, J¼6.9 Hz, 3H), 0.92 (d,
J¼6.9 Hz, 3H), 1.18e1.32 (m, 2H), 1.45e1.67 (m, 2H), 1.91e2.13 (m,
2H), 2.19 (s, 2H), 2.31 (s, 3H), 2.34e2.43 (m, 3H); 13C NMR
(100 MHz, CDCl3): d¼19.9, 21.4, 22.2, 24.9, 27.0, 34.5, 42.5, 43.0,
47.5, 56.1, 57.2, 58.9, 66.6; HRMS (ESI-TOF, m/z) calcd for C13H29N2
(MþH)þ¼213.2325, found 213.2339.
4.5. Typical procedure for picrate salts extraction

The extraction efficiency of the ligands was investigated by
liquid-liquid phase extraction using the following metals: Zn2þ,
Mn2þ, Mg2þ, Liþ, Ni2þ, Cu2þ. The picrate salts were prepared by
dissolving metal nitrates (0.01 M) and picric acid (7�10�5 M) in
distilled water and by stirring the resulting mixtures for 2 h. The
N,N0-dimethyl-1,4-piperazine solutions were prepared in chloro-
form stabilized with amylene. 1 mL of picrate solution and 1 mL of
ligand solution were mixed together using a magnetic stirrer for
two hours at room temperature. 250 mL of the aqueous solutionwas
removed and measured. The absorbance was measured at 350 nm.
For each metal-ligand combination, the tests were repeated three
times and the average extraction values were calculated using Eq. 1.

extractionð%Þ ¼
�
1� A350 extracted

A350 initial

�
� 100 (1)

4.6. Addition of diethylzinc on aryldehydes

4.6.1. General procedure. In an oven-dried 5 mL flask under argon
atmosphere, the ligand (0.1 equiv, 0.1 mmol) was dissolved in
2.5 mL of anhydrous toluene and diethylzinc (1.5 M in toluene,
2 mmol) was added dropwise. The solution was cooled to 0 �C for
15 min and the aldehyde (1 equiv, 1 mmol) was added as a single
portion. The mixture was then warmed to room temperature and
stirred for 48 h before 1 N HCl was added. The resulting alcohol was
extracted with three portions of EtOAc. The organic layers were
then combined, washed with brine, dried with Na2SO4, and con-
centrated in vacuo, giving an oil from which conversion and en-
antiomeric excess were determined by GC. In one case involving
benzaldehyde and ligand 23a (Table 3, entry 1), the crude product
was purified by flash chromatography (5:95 EtOAc/hexanes), giving
81% isolated yield of 32. Commercially available (S)-1-phenyl-1-
propanol was used for enantiomer identification on the GC chro-
matograms. Products 33 and 35, as control experiments, were also
prepared from Grignard addition reactions and analyzed by GC.

4.6.2. GC general conditions. Column: Beta Dex� 120
(30 m�0.25 mm�0.25 mm film thickness); Detector: FID (250 �C);
Inlet temperature: 230 �C; Gas saver: 10mL/min; Split flow100mL/
min; Carrier gas: H2/air; Injection volume: 1 mL.

4.6.3. 1-Phenyl-1-propanol (32).34,35 1H NMR (400 MHz, CDCl3):
d¼1.25 (d, J¼6.2 Hz, 3H), 1.84 (s, 1H), 2.75 (qd, J¼13.4, 6.4, 1H),
3.97e4.06 (m, 1H), 7.20e7.27 (m, 3H), 7.30e7.35 (m, 2H); 13C NMR
(100 MHz, CDCl3): d¼22.8, 45.8, 68.7, 126.5, 128.5, 129.4, 138.6; GC
(Oven temperature: 40 �Ce125 �C (4.3 �C/min) then 125 �Ce220 �C
(10 �C/min); Total run time: 29.27 min): Retention
times¼21.87 min [(R)-32] and 22.60 min [(S)-32].

4.6.4. 1-(4-Chloro)phenyl-1-propanol (33).34 1H NMR (400 MHz,
CDCl3): d¼0.87 (t, J¼7.4 Hz, 3H), 1.60e1.83 (m, 2H), 2.42 (s, 1H), 4.52
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(t, J¼6.6 Hz, 1H), 7.21e7.24 (m, 2H), 7.27e7.30 (m, 2H); 13C NMR
(100 MHz, CDCl3): d¼9.97, 31.9, 75.2, 127.3, 128.5, 133.0, 143.0; GC
(Oven temperature: 40 �Ce125 �C (4.3 �C/min) then 125 �Ce220 �C
(10 �C/min); Total run time: 29.27 min): Retention
times¼25.53 min [(R)-33] and 25.67 min [(S)-33].

4.6.5. 1-(4-Methoxy)phenyl-1-propanol (34).34,35 1H NMR
(400 MHz, CDCl3): d¼0.89 (t, J¼7.4 Hz, 3H), 1.65e1.88 (m, 2H), 2.05
(br s, 1H), 3.79 (s, 3H), 4.53 (t, J¼6.7 Hz, 1H), 6.87 (d, J¼8.8 Hz, 2H),
7.25 (d, J¼8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): d¼10.2, 31.8,
55.2, 75.6, 113.6, 127.2, 130.8, 136.8, 159.0; GC (Oven temperature:
40 �Ce125 �C (4.3 �C/min) then 125 �Ce220 �C (5 �C/min); Total run
time: 38.33 min): Retention times¼28.73 min [(R)-35] and
28.89 min [(S)-35].
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