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Synthesis of bis-α,α’-amino acids through
diastereoselective bis-alkylations of chiral
Ni(II)-complexes of glycine

Jiang Wang,a Hong Liu,*a José Luis Aceña,b Daniel Houck,b,c Ryosuke Takeda,d

Hiroki Moriwaki,d Tatsunori Satod and Vadim A. Soloshonok*b,c

The Ni(II) complex derived from glycine Schiff base with (S)-N-(benzylprolyl)-2-aminobenzophenone can

be effectively alkylated with α,ω-dibromide reagents to furnish the corresponding bis-alkylated products.

This method presents a direct approach for the preparation of the corresponding bis-α,α’-amino acids

with high biological importance. Heterogeneous (phase-transfer) as well as homogeneous conditions for

the alkylation reactions have been investigated and the latter proved to be more efficient in terms of

stereochemical outcome. In particular, alkylation of the glycine Schiff base Ni(II) complex with 1,3-dibromo-

propane followed by acid-catalysed hydrolysis of the resulting bis-alkylation product, allowed for the

preparation of naturally occurring (2S,6S)-diaminopimelic acid in high overall yield.

Introduction

Bis-α,α′-amino acids (bis-AAs) are a class of compounds fre-
quently found in nature as subunits of peptidic molecules.
For instance, they play an important role in the structure of
peptidoglycane cell walls of fungi and bacteria, and can act as
cross-linking elements to allow for an efficient control of the
peptide secondary structure. Representative examples of natu-
rally occurring bis-AAs include diaminopimelic acid (1), a bio-
synthetic precursor of L-lysine in Gram-positive bacteria,1 and
dityrosine (2), which cross-links peptidic chains in elastin and
collagen2 (Fig. 1). In addition, bis-AAs are key structural units
present in antibiotics that disrupt microbial cell wall synthesis
(e.g. vancomycin).3

Due to their specific biological properties and bio-structural
functions, the synthesis of bis-AAs has received significant
interest. Generally, synthesis of bis-AA-containing peptides
relies on late-stage couplings of suitably functionalized precur-
sors, by means of metathesis4 or metal-mediated cross-coup-
ling reactions.5 However, this frequently involves lengthy

reaction sequences as well as low yields of the final coupling
steps. The alternative approach is the preparation of the corres-
ponding bis-AA subunits for its subsequent insertion into the
desired peptidic chain. Consequently, many synthetic strat-
egies leading to a variety of bis-AAs have been reported. Most
of the literature methods make use of enantiomerically pure
α-amino acids such as allylglycine or 3-iodotyrosine, followed
by the corresponding coupling reactions.6 In contrast, the
asymmetric synthesis of the bis-AAs via alkylation of glycine
derivatives with dihalogenated reagents has received very little
attention.7

Diastereoselective homologation of nucleophilic chiral
glycine equivalents is the most studied method for asymmetric
synthesis of α-amino acids, particularly with the aim of produ-
cing them in high scale and optical purity.8 Extension of this
methodology to the synthesis of bis-AAs would involve a bis-
alkylation protocol, starting from a proper dihalogenated
reagent and two equivalents of the glycine derivative. Neverthe-
less, this procedure has not yet been fully explored. The most
notable literature examples are represented by Seebach’s chiral

Fig. 1 Structures of diaminopimelic acid (1) and dityrosine (2).
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oxazolidinones9 and the asymmetric alkylations of benzo-
phenone derived achiral glycine Schiff base using a chiral cata-
lyst under phase-transfer conditions developed by Lygo’s
group.10 These methods are generally applicable for the prepa-
ration of a wide range of bis-AAs, including aromatic and ali-
phatic derivatives. The only disadvantage of the literature
methods is the relatively high cost of these glycine equivalents
and hence the final bis-AAs, rendering these approaches of
limited use for large scale preparation of the target bis-AAs.
Therefore exploration of other approaches would be highly
desirable to render various bis-AAs readily available for com-
prehensive biological and medicinal studies.

Among various nucleophilic glycine equivalents,8 Ni(II)
complex of glycine Schiff base with (S)-N-(benzylprolyl)-2-
aminobenzophenone ((S)-BPBP) (S)-3a or acetophenone (S)-
3b11 and structurally similar derivatives 4–512 (Fig. 2) possess
some advantageous features such as their cost structure and
operationally convenient conditions. Homologation of glycine
derivatives 3–5 can be conducted at room temperature in com-
mercial grade solvents using various types of reactions. For
example, alkylation,13 aldol,14 Michael15 and Mannich16 reac-
tions allow for the preparation of various types of amino acids
in enantiomerically pure form. In particular, the alkylation
reactions have been extensively studied using various primary
or secondary, chiral17 and sterically constrained alkyl
halides,18 conducted on a relatively large scale.19 On the other
hand, the application of alkyl dihalides for alkylation of deriva-
tives 3–5 remains virtually unstudied. Among known examples
are the reactions of derivatives 3a,b with α,α′-dibromo-o-xylene
allowing preparation of amino acids 6–820 (Fig. 3). Another
example is an unusual methylene dimerization of 3a by the
tetra-n-butylammonium bromide (TBAI) catalyzed reaction
with dichloromethane leading to bis-AA 9.21

Accordingly, one may agree that the reactions of glycine
derivatives 3–5 with dihaloalkanes have not been sufficiently
studied to disclose the practical potential of these derivatives,
in particular 3a, for the preparation of bis-AAs. Consequently,
we decided to explore this area using various dihalogenated
substrates, both activated (benzyl, allyl) and not activated
(alkyl). Also, we envisioned to explore different types of alkyl-
ation procedures under both homogeneous and heterogeneous
(phase-transfer) conditions.

Results and discussion

Recently, we have established an optimized reaction procedure
for the monoalkylation reactions of chiral complex 3a under
phase-transfer conditions. This method consists of a two-step
protocol, namely, the alkylation reaction under PTC followed
by epimerization with NaOMe, under homogeneous con-
ditions in MeOH solution, to overcome the low diastereomeric
outcome of the first step.22 The next target would be to
develop a similar method for the bis-alkylation process.
Accordingly, Ni(II) complex (S)-3a was reacted with 0.5 equiv. of
dihalogenated reagents such as para- and meta-bis(bromo-
methyl)benzene (10a and 10b, respectively), in a mixture of
1,2-dichloroethane–40% aqueous NaOH, and in the presence
of TBAI as a phase-transfer catalyst. However, all examples
studied afforded mixtures of mono- and bis-alkylation
products, as determined by TLC and NMR analysis (ca. 30 : 70
mono- vs. bis-alkylation), and the conversion could not be
improved even using up to 25 mol % of TBAI.†

Because of the impracticality of the previous protocol, a
different approach was followed (Table 1). First, alkylation of
(S)-3a with an excess (1.5 equiv.) of benzylic dibromide
reagents 10a–c (entries 1–3) as well as trans-1,4-dibromobut-2-
ene (10d) (entry 4) gave monoalkylated products 11 as epimeric
mixtures in good yields and moderate diastereoselectivities.
Although the major (S,S)-diastereomer‡ could be separated by
column chromatography in some cases, the next step was best
carried out with the mixtures of (S,S) and (S,R) isomers. Thus,
a second alkylation of compounds 11 with another molecule
of the starting Ni(II) complex (S)-3a allowed full conversion to
the corresponding bis-alkylated products 12. These com-
pounds were obtained once again as diastereomeric mixtures
which were finally treated with NaOMe to provide for complete

Fig. 3 Structures of mono AAs 6–7 and bis-AAs 8–9.
Fig. 2 Structures of Ni(II) complexes 3–5.

†The diastereoselectivity of the bis-alkylated products could not be properly
determined by NMR due to the complexity of the spectra, but analysis by TLC
gave approximately 75 : 25 ratio (two out of three possible isomers).
‡The (S) absolute configuration of the N-benzylproline moiety induced the
resulting (S) stereochemistry in the newly created stereocenter of the major dia-
sterereomers as demonstrated in previous work (see ref. 13). This assignment
was also supported by the chiroptical data and the distinctive NMR pattern of
the major diastereomers.
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equilibration to the thermodynamically most stable diastereo-
mer (S,S,S′,S′)-12. However, the full process afforded only mod-
erate yields of compounds 12, in contrast to our previously
described reaction conditions for the monoalkylation pro-
cedure. In addition, purification of the reaction mixtures was
required after every synthetic step. As we observed in our pre-
vious monoalkylation studies, these phase-transfer conditions
would be less suitable for non-activated, alkyl dihalides; never-
theless, the access to aliphatic bis-AAs would be possible using
allylic reagents such as 10d followed by hydrogenation of the
double bond.

In order to improve the stereochemical outcome of these
bis-alkylation reactions, the use of homogeneous conditions
was next investigated. Thus, a variety of bases, solvents and
reaction temperatures were tested in the model reaction of
Ni(II) complex (S)-3a with para-bis(bromomethyl)benzene (10a)
(Table 2). Employing CH2Cl2 as a solvent, different bases only
produced low yields of bis-alkylated product 12a (entries 1–4).
On the other hand, the use of DBU as a base in several
organic solvents also led to unsatisfactory chemical
yields (entries 5–8). Finally, NaOH produced the best
results when the solvent was changed to MeCN and the
reaction was conducted at 40 °C (entry 9), and the yield was
further enhanced to 82% by heating the reaction at 60 °C
(entry 10). It is worth mentioning that this bis-alkylation

proceeded with excellent diastereoselectivity, as only the (S,S,
S′,S′)-diastereomer of 12a was observed within the detection
limits of NMR.

After establishing this optimized protocol for the bis-alkyl-
ation of (S)-3a under homogeneous conditions, the substrate
scope was next studied using different types of dibromide
reagents. Thus, benzylic dibromides 10a and 10b provided bis-
alkylated compounds 12a and 12b, respectively (Table 3,
entries 1 and 2), in chemical yields substantially better than
those previously achieved using phase-transfer conditions
(Table 1, entries 1 and 2). Similarly, 2,6-disubstituted pyridine
10e led to the corresponding bis-alkylation product 12e albeit
in somewhat lower yield (Table 3, entry 3). The method also
enabled us to use non-activated alkyl dibromides, and hence
the reaction of (S)-3a with 1,3-dibromopropane (10f ) produced
12f in similar yield to those obtained with benzylic reagents
(Table 3, entry 4). Once again, bis-alkylation compounds 12a–b
and 12e–f were obtained as single diastereomers.

As a final point, an example of free bis-AA was prepared
from compound 12f. Accordingly, the disassembly of the Ni(II)
complex was carried out using standard conditions (6 N HCl,
MeOH) and was followed by isolation of free (2S,6S)-diamino-
pimelic acid (1) using a cation-exchange resin (Scheme 1). The
spectral features and optical rotation of (S,S)-1 matched those
of previously described data.23

Table 1 Bis-alkylations of complex (S)-3a under phase-transfer catalysis

Entry 10 X 11 dr of 11a Yield of 11b (%) 12 dr of 12a Yield of 12b (%)

1 10a 11a 76 : 24 92 12a >97 : 3 60

2 10b 11b 83 : 17 90 12b >97 : 3 58

3 10c 11c 79 : 21 98 12c >97 : 3 58

4 10d 11d 86 : 14 72 12d >97 : 3 70

aMeasured by integration in the 1H NMR spectra. b Isolated yield.
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Conclusions

In summary, two different procedures have been studied for
the diastereoselective bis-alkylation of the chiral nickel(II)
complex (S)-3a. Heterogeneous, phase-transfer conditions
allowed us to obtain the desired bis-alkylation products in a
three-step procedure including two alkylation steps and base-
catalysed equilibration of the resulting mixtures of diastereo-
mers. However, the overall yield was not satisfactory and that
led us to test also homogeneous conditions which proved to be
more suitable using both activated and non-activated dibro-
mides. The target bis-alkylation products were obtained in
high yields and essentially as single diastereomers. The syn-
thesis of final bis-AA, namely (2S,6S)-diaminopimelic acid (1),
has been also carried out by easy disassembly of the corres-
ponding bis-Ni(II) complex precursor.

Experimental
General methods

All reagents and solvents were used as received. The reactions
were monitored with the aid of thin-layer chromatography
(TLC) on precoated silica gel plates, and visualization was

carried out with UV light. Flash column chromatography was
performed with the indicated solvents on silica gel (particle
size 0.040–0.063 mm). 1H and 13C spectra were recorded on a

Table 2 Optimization of the bis-alkylation of complex (S)-3a under homo-
geneous conditionsa

Entry Base Solvent Temp. (°C) Yieldb (%)

1 DBU CH2Cl2 23 26
2 NaH CH2Cl2 23 22
3 t-BuOK CH2Cl2 23 28
4 NaOH CH2Cl2 23 35
5 DBU MeCN 23 40
6 DBU Acetone 23 23
7 DBU THF 23 28
8 DBU DMF 23 30
9 NaOH MeCN 40 60
10 NaOH MeCN 60 82c

a Reactions were performed with 0.20 mmol of (S)-3a, 0.10 mmol of
10a and 0.24 mmol of base in 10 mL of solvent for 2 h. b Conversion
estimated by NMR. c Isolated yield.

Scheme 1

Table 3 Bis-alkylations of complex (S)-3a under homogeneous conditionsa

Entry 10 X 12 Yieldb (%)

1 10a 12a 82

2 10b 12b 79

3 10e 12e 68

4 10f 12f 74

a Reactions were performed with 0.20 mmol of (S)-3a, 0.10 mmol of 10 and
0.24 mmol of NaOH in 10 mL of MeCN for 2 h at 60 °C. b Isolated yield.
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300 MHz or 400 MHz instrument. Chemical shifts are given in
ppm (δ), referenced to the residual proton resonances of the
solvents. Coupling constants (J) are given in hertz (Hz). The
letters m, s, d, t, and br stand for multiplet, singlet, doublet,
triplet, and broad, respectively. High-resolution mass spectra
(HRMS) were recorded with an UPLC/Q-TOF MS system in the
ESI mode.

General procedure for the monoalkylation of Ni(II) complex
(S)-3a under PTC

30% aq. NaOH (8.0 mmol, 0.8 mL) was added to a solution of
(S)-3a (100 mg, 0.20 mmol) and the corresponding dibromide
10 (0.30 mmol) in (CH2Cl)2 (0.8 mL), followed by TBAI (18 mg,
0.05 mmol). After stirring at room temperature for 1 h, the
mixture was diluted with H2O and extracted with CH2Cl2; the
organic phases were then dried over Na2SO4 and concentrated
at reduced pressure. Purification by column chromatography
on silica (CH2Cl2–acetone, 5 : 1) afforded the corresponding
monoalkylated product 11.

Ni(II) complex of the Schiff’s base of (S)-BPBP and (S)-2-
amino-3-(4-(bromomethyl)phenyl)propanoic acid (11a). Yield:
92%. A 76 : 24 mixture of (S,S) and (S,R) diastereomers was
obtained, and a pure fraction of (S,S)-11a was isolated for
characterization purposes. [α]25D = +1175.0 (c = 0.020, CHCl3).
1H NMR (300 MHz, CDCl3): δ 1.80–2.00 (m, 2H), 2.34–2.58 (m,
3H), 2.90 (dd, J = 13.8, 5.6 Hz, 1H), 3.12–3.21 (m, 2H), 3.33 (dd,
J = 9.4, 7.0 Hz, 1H), 3.52 (d, J = 12.7 Hz, 1H), 4.29 (t, J = 5.0 Hz,
1H), 4.33 (d, J = 12.7 Hz, 1H), 4.54 (s, 2H), 6.68–6.71 (m, 2H),
6.81 (d, J = 7.6 Hz, 1H), 7.14–7.21 (m, 4H), 7.29–7.37 (m, 3H),
7.39–7.49 (m, 3H), 7.51–7.61 (m, 2 H), 8.02 (d, J = 7.0 Hz, 2H),
8.28 (d, J = 8.6 Hz, 1H). 13C NMR (75 MHz, CDCl3): δ 23.2, 30.9,
33.0, 39.6, 56.9, 63.1, 70.2, 71.3, 120.6, 123.3, 126.0, 127.1,
127.8, 128.7, 128.9, 129.0, 129.5, 129.7, 130.8, 131.4, 132.4,
133.1, 133.5, 134.0, 136.2, 136.8, 142.8, 171.3, 178.3, 180.3.
HRMS: calcd for C35H33BrN3NiO3 [M + H]+ 680.1059, found
680.1050.

Ni(II) complex of the Schiff’s base of (S)-BPBP and (S)-2-
amino-3-(3-(bromomethyl)phenyl)propanoic acid (11b). Yield:
90%. A 83 : 17 mixture of (S,S) and (S,R) diastereomers was
obtained, and a pure fraction of (S,S)-11b was isolated for
characterization purposes. [α]25D = +1425.9 (c = 0.027, CHCl3).
1H NMR (300 MHz, CDCl3): δ 1.74–1.88 (m, 1H), 1.95–2.05 (m,
1H), 2.30–2.58 (m, 3H), 2.93 (dd, J = 13.7, 6.0 Hz, 1H),
3.08–3.20 (m, 2H), 3.36 (t, J = 8.4 Hz, 1H), 3.49 (d, J = 12.6 Hz,
1H), 4.27 (dd, J = 5.9, 4.5 Hz, 1H), 4.31 (d, J = 12.7 Hz, 1H),
4.43 (d, J = 10.3 Hz, 1H), 4.48 (d, J = 10.3 Hz, 1H), 6.70 (d, J =
3.9 Hz, 2H), 6.89 (d, J = 7.6 Hz, 1H), 7.10–7.22 (m, 4H),
7.29–7.38 (m, 3H), 7.39–7.51 (m, 3H), 7.52–7.62 (m, 2H), 8.04
(d, J = 7.0 Hz, 2H), 8.28 (d, J = 8.6 Hz, 1H). 13C NMR (75 MHz,
CDCl3): δ 23.3, 30.6, 33.1, 39.8, 57.2, 63.2, 70.2, 71.2, 120.5,
123.3, 126.0, 127.1, 127.8, 128.1, 128.7, 128.9, 129.1, 129.8,
130.4, 131.0, 131.4, 132.4, 133.2, 133.5, 134.1, 136.4, 138.3,
142.8, 171.2, 178.3, 180.3. HRMS calcd for C35H33BrN3NiO3

[M + H]+ 680.1059, found 680.1053.
Ni(II) complex of the Schiff’s base of (S)-BPBP and (S)-

2-amino-3-(4-(4′-(bromomethyl)phenyl)phenyl)propanoic acid

(11c). Yield: 98%. A 79 : 21 inseparable mixture of (S,S) and
(S,R) diastereomers was obtained. HRMS calcd for
C41H37BrN3NiO3 [M + H]+ 756.1372, found 756.1369.

Ni(II) complex of the Schiff’s base of (S)-BPBP and (S)-trans-
2-amino-6-bromohex-4-enoic acid (11d). Yield: 72%. An 86 : 14
inseparable mixture of (S,S) and (S,R) diastereomers was
obtained. HRMS calcd for C31H31BrN3NiO3 [M + H]+ 630.0902,
found 630.0896.

General procedure for the bis-alkylation of Ni(II) complex (S)-3
under PTC

30% aq. NaOH (8.0 mmol, 0.8 mL) was added to a solution of
(S)-3a (100 mg, 0.20 mmol) and the corresponding bromide 11
(0.10 mmol) in (CH2Cl)2 (0.8 mL), followed by TBAI (18 mg,
0.05 mmol). After stirring at room temperature for 2 h, the
mixture was diluted with H2O and extracted with CH2Cl2; the
organic phases were then dried over Na2SO4 and concentrated
at reduced pressure. The product was dissolved in MeOH
(1 mL) and NaOMe (8 mg, 0.15 mmol) was added. Sat. aq.
NH4Cl was added after stirring at room temperature for 1.5 h.
The reaction was extracted with CH2Cl2, and the organic
phases were dried over Na2SO4 and concentrated at reduced
pressure. Purification by column chromatography on silica
(CH2Cl2–acetone, 1 : 2) afforded the corresponding bis-alkyl-
ated product 12.

Bis-(Ni(II) complex of the Schiff’s base of (S)-BPBP)
and (2S,2′S)-3,3′-(1,4-phenylene)bis(2-aminopropanoic acid)
(12a). Yield: 60%. Mp: 178–180 °C. [α]25D = +2430 (c 0.028,
CHCl3).

1H NMR (400 MHz, CDCl3): δ 1.94–2.00 (m, 4H),
2.15–2.19 (m, 3H), 2.72–2.77 (m, 3H), 2.91–3.02 (m, 5H),
3.20–3.24 (m, 3H), 3.42 (d, J = 12.4 Hz, 2H), 4.10 (s, 2H), 4.20
(d, J = 12.4 Hz, 2H), 6.04 (d, J = 7.2 Hz, 2H), 6.41 (d, J = 7.6 Hz,
2H), 6.51–6.55 (m, 3H), 6.92 (s, 2H), 7.07–7.15 (m, 6H),
7.28–7.33 (m, 4H), 7.43 (s, 4H), 7.52–7.53 (m, 2H), 7.96 (d, J =
7.6 Hz, 5H), 8.45 (d, J = 8.8 Hz, 2H). 13C NMR (100 MHz,
CDCl3): δ 22.6, 29.4, 30.1, 39.5, 56.8, 63.0, 69.7, 71.0, 120.1,
123.1, 124.7, 126.2, 127.0, 128.4, 128.5, 128.6, 129.3, 129.4,
129.9, 130.0, 131.1, 131.9, 132.9, 133.0, 133.3, 135.9, 142.7,
171.6, 178.0, 180.0. LRMS m/z found 1097 [M + H]+. HRMS
calcd for C62H56N6Ni2O6Na [M + Na]+ 1119.2866, found
1119.2875.

Bis-(Ni(II) complex of the Schiff’s base of (S)-BPBP)
and (2S,2′S)-3,3′-(1,3-phenylene)bis(2-aminopropanoic acid)
(12b). Yield: 58%. Mp: 190–192 °C. [α]25D = +2080 (c = 0.042,
CHCl3).

1H NMR (300 MHz, CDCl3): δ 1.90–1.97 (m, 4H),
2.13–2.18 (m, 2H), 2.71–2.77 (m, 2H), 2.94–3.02 (m, 4H),
3.19–3.24 (m, 2H), 3.39–3.49 (m, 6H), 4.09–4.22 (m, 4H), 6.03
(d, J = 7.5 Hz, 2H), 6.40 (d, J = 7.5 Hz, 2H), 6.50–6.55 (m, 2H),
6.92 (s, 1H), 7.03–7.21 (m, 7H), 7.30–7.56 (m, 12H), 7.96 (d, J =
7.2 Hz, 4H), 8.44 (d, J = 8.7 Hz, 2H). 13C NMR (100 MHz,
CDCl3): δ 22.8, 30.4, 39.7, 57.1, 63.3, 70.0, 71.3, 120.4, 123.4,
125.0, 126.5, 127.2, 128.6, 128.8, 129.7, 130.1, 130.3, 131.4,
132.2, 133.2, 133.6, 136.1, 142.9, 171.8, 178.2, 180.3. LRMS m/z
found 1097 [M + H]+. HRMS calcd for C62H56N6Ni2O6Na
[M + Na]+ 1119.2866, found 1119.2872.
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Bis-(Ni(II) complex of the Schiff’s base of (S)-BPBP) and
(2S,2′S)-3,3′-((1,1′-biphenyl)-4,4′-diyl)bis(2-aminopropanoic acid)
(12c). Yield: 58%. [α]25D = +1729.2 (c = 0.053, CHCl3).

1H NMR
(300 MHz, CDCl3): δ 1.88–2.00 (m, 2H), 2.20–2.50 (m, 8H), 2.95
(dd, J = 13.5, 5.2 Hz, 2H), 3.12–3.24 (m, 4H), 3.31 (t, J = 9.0 Hz,
2H), 3.50 (d, J = 12.6 Hz, 2H), 4.26–4.38 (m, 4H), 6.70 (d, J = 3.8
Hz, 4H), 6.92 (d, J = 6.8 Hz, 2H), 7.18 (t, J = 7.3 Hz, 4H),
7.26–7.37 (m, 10H), 7.47 (t, J = 7.5 Hz, 2H), 7.54–7.62 (m, 4H),
7.67 (d, J = 7.6 Hz, 4H), 8.03 (d, J = 7.3 Hz, 4H), 8.29 (d, J =
8.6 Hz, 2H). 13C NMR (75 MHz, CDCl3): δ 23.0, 30.7, 39.5, 57.0,
63.2, 70.3, 71.4, 120.6, 123.4, 126.1, 127.2, 127.8, 128.8, 128.9,
129.1, 129.8, 131.1, 131.5, 132.4, 133.2, 133.5, 134.2, 135.1,
139.8, 142.9, 171.2, 178.5, 180.3. HRMS calcd for
C68H61N6Ni2O6 [M + H]+ 1173.3360, found 1173.3395.

Bis-(Ni(II) complex of the Schiff’s base of (S)-BPBP) and
(2S,7S)-trans-2,7-diaminooct-4-enedioic acid (12d). Yield:
70%. [α]25D = +1816.2 (c = 0.037, CHCl3).

1H NMR (300 MHz,
CDCl3): δ 2.00–2.20 (m, 6H), 2.46–2.60 (m, 6H), 3.37–3.53 (m,
6H), 3.61 (d, J = 12.7 Hz, 2H), 3.98 (dd, J = 7.3, 3.8 Hz, 2H),
4.42 (d, J = 12.7 Hz, 2H), 5.95 (t, J = 3.9 Hz, 2H), 6.62–6.70 (m,
4H), 6.87 (d, J = 7.1 Hz, 2H), 7.13–7.27 (m, 6H), 7.36 (t, J = 7.6
Hz, 4H), 7.42–7.61 (m, 6H), 8.04 (d, J = 7.1 Hz, 4H), 8.21 (d, J =
8.7 Hz, 2H). 13C NMR (75 MHz, CDCl3): δ 23.6, 29.2, 30.8, 37.8,
56.9, 63.0, 70.1, 120.7, 123.6, 126.2, 126.8, 127.5, 128.2, 128.8,
129.0, 129.8, 131.5, 132.2, 133.0, 133.3, 133.8, 142.4, 171.0,
178.6, 180.2. HRMS calcd for C58H55N6Ni2O6 [M + H]+

1047.2890, found 1047.2911.

General procedure for the bis-alkylation of Ni(II) complex (S)-
3a under homogeneous conditions

NaOH (9.6 mg, 0.24 mmol) was added to a solution of (S)-3a
(100 mg, 0.20 mmol) and the corresponding dibromide 10
(0.10 mmol) in MeCN (10 mL) at room temperature, and then
heated up to 60 °C for 2 h. The reaction was quenched by
pouring the crude mixture over 30 mL of aq. sat. NH4Cl. The
suspension was extracted with EtOAc (3 times). The combined
organic layers were dried with MgSO4 and concentrated. Purifi-
cation by column chromatography on silica (CH2Cl2–acetone,
1 : 2) afforded the corresponding bis-alkylated product 12.

Bis-(Ni(II) complex of the Schiff’s base of (S)-BPBP)
and (2S,2′S)-3,3′-(1,4-phenylene)bis(2-aminopropanoic acid)
(12a). Yield: 82%. Its spectral features were the same as above.

Bis-(Ni(II) complex of the Schiff’s base of (S)-BPBP) and
(2S,2′S)-3,3′-(1,3-phenylene)bis(2-aminopropanoic acid)
(12b). Yield: 79%. Its spectral features were the same as above.

Bis-(Ni(II) complex of the Schiff’s base of (S)-BPBP)
and (2S,2′S)-3,3′-(pyridine-2,6-diyl)bis(2-aminopropanoic acid)
(12e). Yield: 68%. Mp: 183–184 °C. [α]25D = +2280 (c 0.025,
CHCl3).

1H NMR (400 MHz, CDCl3): δ 1.83–1.90 (m, 3H),
2.00–2.20 (m, 7H), 2.85–2.90 (m, 2H), 2.98–3.01 (m, 2H),
3.08–3.12 (m, 2H), 3.19–3.23 (m, 2H), 3.50 (d, J = 12.8 Hz, 2H),
4.12–4.15 (m, 2H), 4.23 (d, J = 12.8 Hz, 2H), 6.35–6.37 (m, 2H),
6.49–6.51 (m, 2H), 6.59–6.93 (m, 2H), 6.91–6.95 (m, 2H), 7.07
(d, J = 7.2 Hz, 2H), 7.14–7.20 (m, 5H), 7.27–7.40 (m, 10H), 7.93
(d, J = 7.2 Hz, 4H), 8.43 (d, J = 8.8 Hz, 2H). 13C NMR (100 MHz,
CDCl3): δ 23.0, 30.6, 41.9, 56.7, 63.2, 70.1, 71.0, 120.1, 123.6,

125.6, 126.6, 127.4, 128.7, 128.8, 128.9, 129.3, 129.5, 131.5,
132.2, 133.1, 133.6, 134.0, 137.7, 142.9, 156.9, 172.0, 178.7,
180.0. LRMS m/z found 1098 [M + H]+. HRMS calcd for
C61H56N7Ni2O6 [M + H]+ 1098.2999, found 1098.3013.

Bis-(Ni(II) complex of the Schiff’s base of (S)-BPBP) and
(2S,6S)-2,6-diaminoheptanedioic acid (12f). Yield: 74%. Mp:
166–167 °C. [α]25D = +2360 (c 0.025, CHCl3).

1H NMR (300 MHz,
CDCl3): δ 1.25 (s, 2H), 1.40–1.45 (m, 2H), 2.07–2.20 (m, 6H),
2.46–2.53 (m, 2H), 2.69–2.73 (m, 2H), 3.41–3.47 (m, 2H),
3.51–3.56 (m, 6H), 3.82–3.86 (m, 2H), 4.41 (d, J = 12.3 Hz, 2H),
6.58–6.68 (m, 4H), 6.82–6.85 (m, 2H), 7.12–7.22 (m, 6H),
7.32–7.34 (m, 8H), 7.51–7.52 (m, 2H), 8.05 (d, J = 7.5 Hz, 4H),
8.15 (d, J = 8.7 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 21.3,
23.6, 30.6, 34.8, 57.1, 62.8, 69.7, 70.0, 120.3, 123.5, 126.0,
126.8, 126.9, 127.8, 128.2, 128.5, 128.9, 129.5, 131.2, 131.8,
132.8, 133.0, 133.4, 142.0, 170.0, 178.6, 180.2. LRMS m/z found
1034 [M + H]+. HRMS calcd for C57H54N6Ni2O6Na [M + Na]+

1057.2709, found 1057.2712.

Synthesis of (2S,6S)-(+)-diaminopimelic acid (1)

A solution of 12f (25 mmol) in MeOH (50 mL) was added to a
stirring solution of 6 N HCl in MeOH (90 mL, ratio 1 : 1, acid–
MeOH) at 70 °C. Upon disappearance of the red color (about
5–10 min), the reaction mixture was evaporated in vacuum.
Water (85 mL) was added and the resultant mixture was
treated with an excess of concentrated NH4OH and extracted
with CH2Cl2. The organic extracts were dried over magnesium
sulfate and evaporated in vacuum to give recovered (S)-BPBP
(97% yield). The aqueous solution was evaporated in vacuum,
dissolved in a minimum amount of water, loaded onto a
Dowex-50 ion-exchange resin, and washed with H2O followed
by elution with a 10% NH4OH solution to afford diamino-
pimelic acid (1) in 89% yield. Mp: 310–312 °C. [α]25D = +43.5
(c 1.2, 1 N HCl) (lit.23a data: [α]25D = +44.5 (c 0.95, 1 N HCl)). 1H
NMR (300 MHz, D2O): δ 1.22–1.44 (m, 2H), 1.51–2.00 (m, 4H),
3.46–3.75 (m, 2H).
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