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ilic addition to iminomalonate,
leading to the synthesis of quaternary a-amino
diesters and desymmetrization of the products†

Makoto Shimizu, *ab Miki Mushika,b Isao Mizotab and Yusong Zhua

Alkylation of iminomalonate with Grignard reagents followed by oxidation and allylation gave symmetrical

quaternary a-amino diesters in good yields. Subsequent desymmetrization of a diol derivative from these

products was conducted via asymmetric carbamylation catalyzed by Cu-Bnbox to give chiral quaternary

aminodiol mono-carbamates.
1 Introduction

Quaternary a-amino acid or ester moieties are very impor-
tant structural units in many biologically active compounds,
since the incorporation of rigid amino acid surrogates
concerns very useful information on the bioactive confor-
mation and provides intriguing physiological effects.1,2

Quaternary a-amino acid moieties are also found as funda-
mental skeletons in medicines and agrochemicals such as
Ecteinascidin 743, Salinosporamide A, and Neo-
oxazolomycin (Fig. 1).3–5

However, it is not trivial to construct quaternary a-
amino acid frameworks in a stereoselective manner.6 For
the synthesis of a-amino acids and their derivatives a-
imino esters are useful substrates, since a-imino esters
have a unique reactivity: either N- or C-alkylation is
possible. Although an umpolung N-alkylation reaction of
a-imino ester is difficult due to the electronegativity of the
imino group, it can lead to a exible introduction of
substituents into the nitrogen atom of the amino acid
frameworks.7,8

We have already reported that umpolung N-alkylation
reactions of a-iminoesters 1 followed by C-electrophilic
addition or oxidation followed by C-nucleophilic addition
gives intriguing N,C-double addition products in good
yields with high diastereoselectivities.9 In our previous
report, we found that a combined use of diethylaluminum
chloride and ethylaluminium dichloride promoted most
efficiently the N-alkylation of a-aryl a-iminoester 2, and the
subsequent oxidation and allylation were conducted with
anjing Tech University, Nanjing 211816,

Graduate School of Engineering, Mie
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tion (ESI) available. See DOI:

07
benzoyl peroxide and allyltributylstannane, respectively
(eqn (1), Scheme 2).9b During investigations into amination
ability of iminomalonate 1 to organometallics, we found
that not only organoaluminum compounds but also
Grignard reagents were readily aminated to give 2-amino-
malonates in good to high yields (eqn (1), Scheme 1).9a

However, the resulting halomagnesium enolate that was an
N-addition intermediate was not used for further C–C bond
formations. Since the previous study shows that the oxida-
tion of an intermediary a-aminoester enolate readily gives
an iminium species that is attacked by a nucleophile, the
present intermediary halomagnesium enolate is expected to
have a similar reactivity.
Fig. 1 Bioactive compounds possessing a quaternary a-amino acid
structure.

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Previous9a,b and present works.

Table 1 Comparison of the oxidation reagents

Entry Oxidant Time (min) Yield of 3a (%)

1 BPO 15 0
2 NCS 15 8
3 NBS 15 18
4 NBS 30 23

a Isolated yield.

Table 2 Optimization of the reaction time
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We have now found that oxidation of the halomagnesium
enolate derived from N-alkylation of the iminomalonate 1
with an appropriate oxidation reagent followed by C-nucle-
ophilic addition leads to the formation of N,C-double
addition products, quaternary a-amino diesters in good
yields (eqn (3), Scheme 1).
Entry Time (min) Yield of 3a (%)

1 10 56
2 240 64
3 10 56

a Isolated yield.
2 Results and discussion
2.1 N-Methylation/C-cyanation reactions

Our previous study leads to the N-ethylation/oxidation/C-
cyanation reaction, which involves the formation of an
intermediary iminium salt, responsible for the second
nucleophilic addition. In the present examination, we
carried out the double addition reaction as in the case with
the previous one.9b Initially, methylation with methyl-
magnesium bromide, oxidation, and cyanation with TMSCN
were examined regarding the oxidation reagent, and Table 1
summarizes the results.

As can be seen from Table 1, benzoyl peroxide (BPO) that was
effective in the previous cyanation of a-iminoesters did not
work,9b whereas with N-chlorosuccinimide (NCS) or N-bromo-
succinimide (NBS) the desired double addition product 3 was
obtained, albeit in low yields. The low yield is presumably due to
the instability of the intermediary iminium salt, and therefore,
the oxidation in the presence of TMSCN was next examined.
Table 2 summarizes the results.

As expected the reaction proceeded relatively well and the
desired product 3 was formed in 56% yield aer 10 min
(entry 1). Further optimization was carried out with respect
to the reaction time; a prolonged reaction time of 4 h
increased the product yield up to 64% (entry 2). We next
This journal is © The Royal Society of Chemistry 2019
examined the allylation reaction that would involve
a stronger C–C bond formation, and Table 3 summarizes the
results.
2.2 N-Methylation/C-allylation reactions

Although we initially examined the use of allyl-
trimethylsilane, allylmagnesium chloride, and ketene silyl
acetals, these nucleophiles gave the addition products in
only low yields (less than 20%). Among the nucleophiles
examined, teteraallylstannane effected the desired double
addition reaction most efficiently. Treatment of the imino-
malonate 1 with methylmagnesium bromide (1.5 equiv.) at
�78 �C followed by oxidation with NBS (1.5 equiv.) and
allylation with tetrallylstannane (1.0 equiv.) gave the desired
RSC Adv., 2019, 9, 23400–23407 | 23401
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Table 3 Optimization of allylation reaction

Entry NBS (equiv.) T1 (�C) Nu (equiv.) T2 (�C) Time (h) Yielda (%)

1 1.5 �78 1.0 �78 to rt 4 47
2 1.5 �78 1.5 �78 to rt 4 59
3 1.5 rt 1.5 rt 4 74
4 1.0 rt 1.5 rt 4 59
5 1.5 rt 1.5 rt 2 56

a Isolated yield.
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double addition product 4a in 47% yield (entry 1). Further
examination into the reactions led to the optimum condi-
tions. Use of NBS (1.5 equiv.) and tetrallylstannane (1.5
equiv.) at room temperature afforded the desired product 4a
in 74% yield (entry 3). Under the optimized conditions,
various Grignard reagents underwent double addition
reactions to give good to high yields of products 4, and Table
4 summarizes the results.
Table 4 Use of various Grignard reagents

Entry RMgX T (�C) 4: Yielda (%)

1 MeMgBr �78 4a: 74
2 EtMgBr �78 4b: 68
3 nPrMgBr �78 4c: 79
4 nBuMgBr �78 4d: 72
5 iPrMgBr �90 4e: 40
6 tBuMgBr �90 4f: Trace
7 PhMgBr �90 4g: 0

a Isolated yield.

Scheme 2 Reactions in the presence of a radical scavenger or
a quencher.

Scheme 3 Proposed reaction mechanism.

23402 | RSC Adv., 2019, 9, 23400–23407 This journal is © The Royal Society of Chemistry 2019
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Scheme 4 Reduction of the diester 4a.

Table 5 Comparison of the chiral ligands
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2.3 N-Alkylation/C-allylation reactions

As shown in Table 4, methyl, ethyl, npropyl, and nbutyl
Grignard reagents underwent N-addition reaction rapidly
and cleanly, and the subsequent oxidation and allylation
also proceeded well to give N-alkylation C-allylation prod-
ucts 4a–d in good yields (entries 1 to 4), whereas sterically
bulky iso-propyl and tert-butyl counterparts effected the rst
addition reaction sluggishly to give the desired products 4e–
f in moderate to low yields (entries 5 and 6). The present
double addition reaction has a limitation; aromatic
Grignard reagents did not effect the overall tandem addi-
tion, although the rst umpolung addition to the nitrogen
actually gave the single addition product in 59% yield (entry
7).9a To examine the reaction pathways, these control
experiments were carried out (Scheme 2).
Entry Ligand Yielda (%) Eeb (%)

1 Bnbox 60 64
2 Bnboxc 57 66
3 Phbox 82 42
4 iPrbox 92 58
5 Ph-pybox 67 3
6 iPr-pybox 81 1

a Isolated yield. b Determined by chiral HPLC analysis. c Cu(OTf)2 (0.5
equiv.) and Bnbox (0.5 equiv.) were used.
2.4 Control experiments and a proposed reaction mechanism

The reaction was carried out in the presence of a radical
scavenger or a quencher. The yields of the desired product
4a did not noticeably decrease. These results indicate that
no radical pathway would be involved in the present reac-
tion. On the basis of these results and our previous
investigations,9b the following pathways are proposed
(Scheme 3).

First, Grignard reagent attacks at the nitrogen atom to
form the halomagnesium enolate, which is oxidized with
NBS to form the iminium salt 5. This iminium salt 5 is
attacked by tetraallylstannane to give the desired double
addition product 4a.
2.5 Desymmetrization of the products

For further use of products 4, we carried out desymmetri-
zation reactions of the aminodiesters 4. The initial exami-
nation was carried out using biocatalysts such as lipases for
the asymmetric hydrolysis of the ester moiety.10 However,
none of the satisfactory results was obtained. We next
examined chemical transformations via asymmetric acyla-
tion of the diol 6a derived from the diester 4a catalyzed by
Cu-Bnbox system, which nally worked well to give chiral
products 7 with good enantio-purities.11 The reduction of
the diester 4a was carried out using LiAlH4 to give the diol 6a
in 81% yield (Scheme 4). Table 5 summarizes the results of
the subsequent desymmetrization.

The desymmetrization reaction was carried out with aryl
isocyanate in the presence of a catalytic amount of copper(II)
triate and a ligand in THF. Among the ligands examined,
the use of Bnbox recorded the best result of 64% ee (entry 1),
while tridentate ligands, pybox derivatives, did not work
well in the present system (entries 5 and 6). An increase in
the amount of both the ligand and Cu(II) to 50 mol% gave
a slight increase in the enantiopurity of 66% (entry 2).
Further increase in the ees would be possible by changing
ArNCO derivatives, and the results will be reported
elsewhere.
This journal is © The Royal Society of Chemistry 2019
3 Conclusions

A double nucleophilic addition to iminomalonate was devel-
oped using the tandem N-alkylation/oxidation/allylation reac-
tion of diethyl 2-[N-(p-methoxyphenyl)imino]malonate with
Grignard reagent/NBS/tetraallylstannane in good to high yields.
We also found that the desymmetrization of a diol derivative of
the above products with ArNCO/Cu(II)-Bnbox gave a mono-
carbamate in good enantiomeric excess.
4 Experimental
4.1 General aspects
1H NMR and 13C NMR spectra were recorded with a JEOL ECX-
400P, or a JEOL A-500 spectrometer using tetramethylsilane as
an internal standard. Mass spectra were recorded on a JEOLMS-
RSC Adv., 2019, 9, 23400–23407 | 23403
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700D spectrometer. High performance liquid chromatography
was carried out using these apparatuses; HITACHI Pump L-
2130, Column Oven L-2300, and UV Detector L-2400. Propioni-
trile (EtCN) was distilled from phosphorus pentaoxide and then
from calcium hydride, and stored over Molecular Sieves 4A.
Tetrahydrofuran (THF) and diethyl ether (Et2O) were puried
with a Glass Contour Organic Solvent Purication System of
Nikko Hansen & Co., Ltd. Benzene was dried over calcium
chloride, distilled, and stored over Molecular Sieves 4A. Puri-
cation of products was performed by column chromatography
on silica gel (Kanto Silica Gel 60N) and/or preparative TLC on
silica gel (Merck Kiesel Gel GF254 or Wako Gel B-5F).

4.2 Synthesis of diethyl 2-[N-(4-methoxyphenyl)imino]-
malonate (1)

This compound 1 was prepared according to the published
procedure.9a,12–14

4.3 Synthesis of diethyl 2-[N-(4-methoxyphenyl)-N-
methylamino]-2-cyanomalonate (3)

Method A. In a 30 mL two-necked round-bottomed ask
equipped with a magnetic stirring bar, a rubber septum, and an
argon balloon was placed diethyl 2-[N-(p-methoxyphenyl)imino]
malonate (41.9mg, 0.15mmol) in THF (1.0mL) at�78 �C. To it was
added MeMgBr (0.21 mL, 0.23 mmol, 1.12 M THF). Aer the
mixture was stirred for 10 min at room temperature, to it were
added NBS (36.3 mg, 0.15 mmol) and EtCN (1.0 mL), and the
reactionmixture was stirred for 15min at room temperature. Then,
TMSCN (0.037 mL, 0.30 mmol) was added and the mixture was
stirred at room temperature for 30min. The reaction was quenched
with sat aq NaHCO3 (20.0mL), and the wholemixture was extracted
with ethyl acetate (10 mL� 2). The combined extracts were washed
with brine (10mL), dried over anhydrous Na2SO4, and concentrated
in vacuo. The crude product was puried on silica gel TLC (ethyl
acetate/nhexane¼ 1/4) to give the title compound 3 (10.9 mg, 23%)
as a yellow oil. Rf ¼ 0.5 (ethyl acetate/nhexane¼ 1/4); 1H NMR (400
MHz, CDCl3) d: 1.21 (t, J ¼ 7.1 Hz, 6H), 2.94 (s, 3H), 3.78 (s, 3H),
4.19–4.27 (m, 4H), 6.80–6.84 (m, 2H), 7.30–7.34 (m, 2H); 13C NMR
(100 MHz, CDCl3) d: 13.7, 41.5, 55.4, 64.1, 74.9, 113.5, 114.2, 127.1,
140.5, 158.1, 161.9; HRMS (EI) calcd for C16H20N2O5 (M � C3H5O2)

+

320.1372, found 320.1363.
Method B. In a 30 mL two-necked round-bottomed ask

equipped with a magnetic stirring bar, a rubber septum, and an
argon balloon was placed diethyl 2-[N-(p-methoxyphenyl)imino]
malonate (41.9mg, 0.15mmol) in THF (1.0mL) at�78 �C. To it was
added MeMgBr (0.20 mL, 0.23 mmol, 1.12 M THF). Aer the
mixture was stirred for 15 min at �78 �C, TMSCN (28.0 mL, 0.23
mmol) was added at that temperature and the mixture was stirred
for 5 min. Then, NBS (40.0 mg, 0.23 mmol) and EtCN (1.0 mL) were
added, and the reaction mixture was stirred for 4 h at room
temperature. The reaction was quenched with sat aq NaHCO3 (20.0
mL), and the whole mixture was extracted with ethyl acetate (10 mL
� 2). The combined extracts were washed with brine (10 mL), dried
over anhydrous Na2SO4, and concentrated in vacuo. The crude
product was puried on silica gel TLC (ethyl acetate/nhexane¼ 1/4)
to give the title compound 3 (30.6 mg, 64%) as a yellow oil.
23404 | RSC Adv., 2019, 9, 23400–23407
4.4 Synthesis of diethyl 2-[N-(4-methoxyphenyl)-N-
methylamino]-2-allylmalonate (4a)

In a 30 mL two-necked round-bottomed ask equipped with
amagnetic stirring bar, a rubber septum, and an argon balloon was
placed diethyl 2-[N-(p-methoxyphenyl)imino]malonate (41.9 mg,
0.15 mmol) in THF (1.0 mL) at �78 �C. To it was added MeMgBr
(0.20 mL, 0.23 mmol, 0.99 M THF). Aer the mixture was stirred for
15 min at room temperature, to it were added NBS (40.0 mg, 0.23
mmol) and EtCN (1.0 mL), and the reaction mixture was stirred for
1 min at room temperature. Then, tetraallylstannane (0.054 mL,
0.23 mmol) was added and the mixture was stirred at room
temperature for 4 h. The reaction was quenched with sat aq
NaHCO3 (20.0 mL), and the whole mixture was extracted with ethyl
acetate (10 mL� 2). The combined extracts were washed with brine
(10 mL), dried over anhydrous Na2SO4, and concentrated in vacuo.
The crude product was puried on silica gel TLC (ethyl acetate/
nhexane ¼ 1/4) to give the title compound 4a (35.4 mg, 74%) as
a colorless oil. Rf ¼ 0.5 (ethyl acetate/nhexane ¼ 1/4); 1H NMR (400
MHz, CDCl3) d: 1.29 (t, J¼ 7.1 Hz, 6H), 2.60 (d, J¼ 6.9, 2H), 2.95 (s,
3H), 3.77 (s, 3H), 4.26 (q, J ¼ 7.0), 4.93–5.01 (m, 2H), 5.79–5.89 (m,
1H), 6.77–6.81 (m, 2H), 7.08–7.12 (m, 2H); 13C NMR (100 MHz,
CDCl3) d: 14.2, 40.1, 41.9, 55.3, 61.2, 74.6, 113.9, 118.0, 128.2, 133.0,
141.8, 156.9, 169.8; HRMS (EI) calcd for C18H25NO5 (M � C3H5O2)

+

355.1733, found 355.1723.
4.5 Synthesis of diethyl 2-[N-(4-methoxyphenyl)-N-
ethylamino]-2-allylmalonate (4b)

In a 30 mL two-necked round-bottomed ask equipped with
amagnetic stirring bar, a rubber septum, and an argon balloon was
placed diethyl 2-[N-(p-methoxyphenyl)imino]malonate (41.9 mg,
0.15 mmol) in THF (1.0 mL) at �78 �C. To it was added EtMgBr
(0.25 mL, 0.23 mmol, 0.91 M THF). Aer the mixture was stirred for
15 min at room temperature, to it were added NBS (26.7 mg, 0.15
mmol) and EtCN (1.0 mL), and the reaction mixture was stirred for
1 min at room temperature. Then, tetraallylstannane (0.054 mL,
0.23 mmol) was added and the mixture was stirred at room
temperature for 4 h. The reaction was quenched with sat aq
NaHCO3 (20.0 mL), and the whole mixture was extracted with ethyl
acetate (10 mL� 2). The combined extracts were washed with brine
(10 mL), dried over anhydrous Na2SO4, and concentrated in vacuo.
The crude product was puried on silica gel TLC (ethyl acetate/
nhexane ¼ 1/4) to give the title compound 4b (35.6 mg, 68%) as
a colorless oil. Rf ¼ 0.5 (ethyl acetate/nhexane ¼ 1/6, developed
twice); 1HNMR (400MHz, CDCl3) d: 0.90 (t, J¼ 7.1 Hz, 3H), 1.30 (t, J
¼ 7.1 Hz, 6H), 2.44–2.46 (m, 2H), 3.17 (q, J ¼ 6.9 Hz, 2H), 3.78 (s,
3H), 4.25 (q, J ¼ 7.2 Hz, 4H), 4.91–4.99 (m, 2H), 5.78–5.89 (m, 1H),
6.78–6.82 (m, 2H), 7.08–7.12 (m, 2H); 13C NMR (100 MHz, CDCl3) d:
14.2, 14.9, 40.4, 48.4, 55.3, 61.1, 75.6, 113.8, 117.7, 131.2, 133.4,
138.4, 157.8, 170.3; HRMS (EI) calcd for C19H27NO5 (M � C3H5O2)

+

349.1889, found 349.1892.
4.6 Synthesis of diethyl 2-[N-(4-methoxyphenyl)-N-
propylamino]-2-allylmalonate (4c)

In a 30 mL two-necked round-bottomed ask equipped with
amagnetic stirring bar, a rubber septum, and an argon balloon was
This journal is © The Royal Society of Chemistry 2019
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placed diethyl 2-[N-(p-methoxyphenyl)imino]malonate (41.9 mg,
0.15 mmol) in THF (1.0 mL) at �78 �C. To it was added nPrMgBr
(0.24 mL, 0.23 mmol, 0.93 M THF). Aer the mixture was stirred for
15 min at room temperature, to it were added NBS (26.7 mg, 0.15
mmol) and EtCN (1.0 mL), and the reaction mixture was stirred for
1 min at room temperature. Then, tetraallylstannane (0.054 mL,
0.23 mmol) was added and the mixture was stirred at room
temperature for 4 h. The reaction was quenched with sat aq
NaHCO3 (20.0 mL), and the whole mixture was extracted with ethyl
acetate (10 mL� 2). The combined extracts were washed with brine
(10 mL), dried over anhydrous Na2SO4, and concentrated in vacuo.
The crude product was puried on silica gel TLC (ethyl acetate/
nhexane ¼ 1/4) to give the title compound 4c (43.3 mg, 79%) as
a yellow oil. Rf ¼ 0.5 (ethyl acetate/nhexane ¼ 1/4); 1H NMR (400
MHz, CDCl3) d: 0.82 (t, J ¼ 18.3 Hz, 3H), 1.28 (m, 8H), 2.44 (d, J ¼
6.9 Hz, 2H), 3.08 (t, J¼ 7.4 Hz, 2H), 3.78 (s, 2H), 4.25 (q, J¼ 6.9 Hz,
4H), 4.92–4.98 (m, 2H), 5.77–5.88 (m, 1H), 6.78–6.82 (m, 2H), 7.09–
7.13 (m, 2H); 13C NMR (100 MHz, CDCl3) d: 11.2, 14.2, 22.3, 40.5,
55.3, 55.7, 61.0, 75.6, 113.7, 117.7, 130.9, 133.4, 138.7, 157.7, 170.2;
HRMS (EI) calcd for C20H29NO5 (M � C3H5O2)

+ 363.2046, found
363.2038.

4.7 Synthesis of diethyl 2-[N-(4-methoxyphenyl)-N-
butylamino]-2-allylmalonate (4d)

In a 30 mL two-necked round-bottomed ask equipped with
a magnetic stirring bar, a rubber septum, and an argon balloon
was placed diethyl 2-[N-(p-methoxyphenyl)imino]malonate
(41.9 mg, 0.15mmol) in THF (1.0 mL) at�78 �C. To it was added
nBuMgBr (0.20 mL, 0.23 mmol, 1.1 M THF). Aer the mixture
was stirred for 15 min at room temperature, to it were added
NBS (26.7 mg, 0.15 mmol) and EtCN (1.0 mL), and the reaction
mixture was stirred for 1 min at room temperature. Then, tet-
raallylstannane (0.054 mL, 0.23 mmol) was added and the
mixture was stirred at room temperature for 4 h. The reaction
was quenched with sat aq NaHCO3 (20.0 mL), and the whole
mixture was extracted with ethyl acetate (10 mL � 2). The
combined extracts were washed with brine (10 mL), dried over
anhydrous Na2SO4, and concentrated in vacuo. The crude
product was puried on silica gel TLC (ethyl acetate/nhexane ¼
1/4) to give the title compound 4d (40.7 mg, 72%) as a yellow oil.
Rf ¼ 0.5 (ethyl acetate/nhexane ¼ 1/4); 1H NMR (400 MHz,
CDCl3) d: 0.81 (t, J¼ 6.8 Hz, 3H), 1.24–1.32 (m, 10H), 2.44 (d, J¼
6.9 Hz, 2H), 3.10 (t, J ¼ 6.8 Hz, 2H), 3.79 (s, 3H), 4.25 (q, J ¼
7.1 Hz, 4H), 4.92–4.98 (m, 2H), 5.78–5.88 (m, 1H), 6.79–6.82 (m,
2H), 7.08–7.12 (m, 2H): 13C NMR (100 MHz, CDCl3) d: 14.1, 14.2,
20.0, 31.5, 40.5, 53.8, 55.3, 61.0, 75.6, 113.7, 117.8, 130.9, 133.3,
138.7, 157.7, 170.2; HRMS (EI) calcd for C21H31NO5 (M �
C3H5O2)

+ 377.2202, found 377.2201.

4.8 Synthesis of diethyl 2-[N-(4-methoxyphenyl)-N-(2-propyl)
amino]-2-allylmalonate (4e)

In a 30 mL two-necked round-bottomed ask equipped with
a magnetic stirring bar, a rubber septum, and an argon balloon
was placed diethyl 2-[N-(p-methoxyphenyl)imino]malonate
(41.9 mg, 0.15mmol) in THF (1.0 mL) at�90 �C. To it was added
iPrMgBr (0.27 mL, 0.23 mmol, 0.85 M THF). Aer the mixture
This journal is © The Royal Society of Chemistry 2019
was stirred for 15 min at room temperature, to it were added
NBS (26.7 mg, 0.15 mmol) and EtCN (1.0 mL), and the reaction
mixture was stirred for 1 min at room temperature. Then, tet-
raallylstannane (0.054 mL, 0.23 mmol) was added and the
mixture was stirred at room temperature for 4 h. The reaction
was quenched with sat aq NaHCO3 (20.0 mL), and the whole
mixture was extracted with ethyl acetate (10 mL � 2). The
combined extracts were washed with brine (10 mL), dried over
anhydrous Na2SO4, and concentrated in vacuo. The crude
product was puried on silica gel TLC (ethyl acetate/nhexane ¼
1/4) to give the title compound 4e (22.1 mg, 40%) as a yellow oil.
Rf ¼ 0.5 (ethyl acetate/nhexane ¼ 1/4); 1H NMR (400 MHz,
CDCl3) d: 0.97 (d, J¼ 6.6 Hz, 6H), 1.31 (t, J¼ 7.1 Hz, 6H), 2.50 (d,
J ¼ 7.1 Hz, 2H), 3.60–3.67 (m, 1H), 3.79 (s, 3H), 4.19–4.32 (m,
4H), 4.76–4.92 (m, 2H), 5.61–5.71 (m.1H), 6.77–6.81 (m, 2H),
7.06–7.10 (m, 2H); 13C NMR (100 MHz, CDCl3) d: 11.5, 14.1, 22.6,
40.0, 51.5, 55.2, 61.14, 74.65, 113.0, 117.7, 133.1, 133.9, 157.5,
171.57; HRMS (EI) Calculated for C20H29NO5 (M � C3H5O2)

+

363.2046, found 363.2043.

4.9 Synthesis of diethyl 2-[N-(4-methoxyphenyl)-N-
methylamino]-2-allylmalonate (4a) in the presence of
galvioxiyl

In a 30 mL two-necked round-bottomed ask equipped with
a magnetic stirring bar, a rubber septum, and an argon balloon
was placed diethyl 2-[N-(p-methoxyphenyl)imino]malonate
(41.9 mg, 0.15mmol) in THF (1.0 mL) at�78 �C. To it was added
MeMgBr (0.20 mL, 0.23 mmol, 0.99 M THF). Aer the mixture
was stirred for 15 min at room temperature, to it were added
NBS (40.0 mg, 0.23 mmol), galvioxyl (7.2 mg, 0.23 mmol), and
EtCN (1.0 mL), and the reaction mixture was stirred for 1 min at
room temperature. Then, tetraallylstannane (0.054 mL, 0.23
mmol) was added and the mixture was stirred at room
temperature for 4 h. The reaction was quenched with sat aq
NaHCO3 (20.0 mL), and the whole mixture was extracted with
ethyl acetate (10 mL � 2). The combined extracts were washed
with brine (10 mL), dried over anhydrous Na2SO4, and
concentrated in vacuo. The crude product was puried on silica
gel TLC (ethyl acetate/nhexane¼ 1/4) to give the title compound
4a (26.3 mg, 55%) as a colorless oil.

4.10 Synthesis of diethyl 2-[N-(4-methoxyphenyl)-N-
methylamino]-2-allylmalonate (4a) in the presence of 1,4-
cyclohexadiene

In a 30 mL two-necked round-bottomed ask equipped with
a magnetic stirring bar, a rubber septum, and an argon balloon
was placed diethyl 2-[N-(p-methoxyphenyl)imino]malonate
(41.9 mg, 0.15mmol) in THF (1.0 mL) at�78 �C. To it was added
MeMgBr (0.20 mL, 0.23 mmol, 0.99 M THF). Aer the mixture
was stirred for 15 min at room temperature, to it were added
NBS (40.0 mg, 0.23 mmol), 1,4-cyclohexadiene (80.13 mg, 0.075
mmol), and EtCN (1.0 mL), and the reaction mixture was stirred
for 1 min at room temperature. Then, tetraallylstannane (0.054
mL, 0.23 mmol) was added and the mixture was stirred at room
temperature for 4 h. The reaction was quenched with sat aq
NaHCO3 (20.0 mL), and the whole mixture was extracted with
RSC Adv., 2019, 9, 23400–23407 | 23405
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ethyl acetate (10 mL � 2). The combined extracts were washed
with brine (10 mL), dried over anhydrous Na2SO4, and
concentrated in vacuo. The crude product was puried on silica
gel TLC (ethyl acetate/nhexane¼ 1/4) to give the title compound
4a (26.3 mg, 55%) as a colorless oil.
4.11 Synthesis of 2-[N-(4-methoxyphenyl)-N-methylamino]-2-
allylpropan-1,3-diol (6a)

In a 50 mL two-necked round-bottomed ask equipped with
a magnetic stirring bar, an argon balloon, and a rubber septum
was placed LiAlH4 (0.33 g, 8.7 mmol). To it was added a solution
of diethyl 2-[N-(4-methoxyphenyl)-N-methylamino]-2-
allylmalonate (1.0 g, 3.1 mmol) in Et2O (30 mL) at 0 �C, and
the whole mixture was stirred at room temperature for 16 h. The
reaction was quenched with sat aq Na2SO4, and the whole
mixture was ltered through a pad of Celite. The ltrate was
concentrated in vacuo to give a crude oil, which was puried by
silica gel column chromatography (ethyl acetate/nhexane ¼ 1/2)
to give the title compound 6a (0.64 g, 81%) as a colorless oil. Rf
¼ 0.1 (ethyl acetate/nhexane ¼ 1/2); 1H NMR (400 MHz, CDCl3)
d: 2.25 (d, J ¼ 7.3 Hz, 2H), 2.55 (s, 2H), 2.82 (s, 3H), 3.63 (q, J ¼
11.5, 8.4 Hz, 4H), 3.80 (s, 3H), 5.05–5.12 (m, 2H), 5.73–5.83 (m,
1H), 6.82–6.86 (m, 2H), 7.21–7.25 (m, 2H); 13C NMR (100 MHz,
CDCl3) d: 34.7, 37.3, 55.4, 63.8, 64.7, 113.8, 118.3, 129.0, 133.8,
141.9, 157.1; HRMS (EI) calcd for C14H21NO3 (M � C3H5O2)

+

251.1521, found 251.1524.
4.12 Desymmetrization of 2-[N-(4-methoxyphenyl)-N-
methylamino]-2-allylpropan-1,3-diol

In a 30 mL two-necked round-bottomed ask equipped with
a magnetic stirring bar, a rubber septum, and an argon balloon
were placed Cu(OTf)2 (10.9 mg, 0.03 mmol) and Bnbox (10.9 mg,
0.03 mmol). To it were added a solution of 2-[N-(4-methox-
yphenyl)-N-methylamino]-2-allylpropan-1,3-diol (37.7 mg, 0.15
mmol) in THF (1.5 mL) and PhNCO(16.0 mL, 0.15 mmol). Aer
the mixture was stirred for 40 min at room temperature, it was
quenched with H2O (20.0 mL), and the whole mixture was
extracted with ethyl acetate (10 mL � 2). The combined extracts
were washed with brine (10 mL), dried over anhydrous Na2SO4,
and concentrated in vacuo. The crude product was puried on
silica gel TLC (ethyl acetate/nhexane ¼ 1/2) to give 2-[N-(4-
methoxyphenyl)-N-methylamino]-2-allyl-3-
hydroxypropylphenylcarbamate 7a (33.4 mg, 60%, 64% ee) as
a colorless oil. Rf ¼ 0.3 (ethyl acetate/nhexane ¼ 1/2); 1H NMR
(400 MHz, CDCl3) d: 2.25–2.35 (m, 2H), 2.83 (s, 3H), 2.92 (s, 1H),
3.54 (s, 2H), 3.75 (s, 3H), 4.12 (d, J ¼ 11.7, 1H), 4.29 (d, J ¼ 11.7,
1H), 5.10–5.14 (m, 2H), 5.78–5.88 (m, 1H), 6.57 (s, 1H), 6.80 (d, J
¼ 8.8, 2H), 7.06–7.10 (m, 1H), 7.17 (d, J¼ 8.8, 2H), 7.29–7.35 (m,
4H); 13C NMR (100 MHz, CDCl3) d: 35.4, 37.5, 55.3, 62.0, 63.0,
65.2, 113.6, 118.7, 123.7, 129.1, 129.2, 133.4, 137.5, 141.8, 157.1;
HRMS (EI) calcd for C21H26N2O4 (M � C3H5O2)

+ 370.1893,
found 370.1905; HPLC (Daicel Chiralpak AD, ow rate ¼ 1.0
mL min�1, nhexane/iPrOH ¼ 30/1, detection at 254 nm, set
temperature 35 �C).
23406 | RSC Adv., 2019, 9, 23400–23407
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and M. Ordóñez, Tetrahedron: Asymmetry, 2009, 20, 1–63.

2 For synthesis of a,a-disubstituted amino acids, see the
followings. Alkylation of enolate: (a) Y. N. Belokon,
R. G. Davies and M. North, Tetrahedron Lett., 2000, 41,
7245–7248; (b) Y. N. Belokon, D. Bhave, D. D'Addario,
E. Groaz, V. M. North and A. Pertrosyan, Tetrahedron Lett.,
2003, 44, 2045–2048; Alkylation of cyclic compounds: (c)
R. M. Williams and M.-N. Im, J. Am. Chem. Soc., 1991, 113,
9276–9286; (d) D. B. Berkowitz, J. M. McFadden,
E. Chisowa and C. L. Semerad, J. Am. Chem. Soc., 2000,
122, 11031–11032; Asymmetric Strecker reaction: (e)
S. Masumoto, H. Usuda, M. Suzuki, M. Kanai and
M. Shibasaki, J. Am. Chem. Soc., 2003, 125, 5634–5635; (f)
J. Wang, X. Hu, J. Jiang, S. Gou, X. Huang and X. Feng,
Angew. Chem., Int. Ed., 2007, 46, 8468–8470; Addition to
imino ester: (g) M. Mitani, Y. Tanaka, A. Sawada, A. Misu
and Y. Matsumoto, Eur. J. Org. Chem., 2008, 1383–1391;
Radical reaction: (h) H. Miyabe, R. Asada and Y. Takemoto,
Tetrahedron, 2005, 61, 385–393; Memory of chirality: (i)
T. Kawabata, T. Wirth, K. Yahiro, H. Suzuki and K. Fuji, J.
Am. Chem. Soc., 1994, 116, 10809–10810; (j) K. Fuji and
T. Kawabata, Chem.–Eur. J., 1998, 4, 373–376; (k)
T. Kawabata, J. Chen, H. Suzuki, Y. Nagae, T. Kinoshita,
S. Chancharunee and K. Fuji, Org. Lett., 2000, 2, 3883–
3885; (l) T. Kawabata, S. Kawakami and K. Fuji,
Tetrahedron Lett., 2002, 43, 1465–1467; Mitsunobu reaction:
(m) J. E. Green, D. M. Bender, S. Jackson, M. J. O'Donnell
and J. R. McCarthy, Org. Lett., 2009, 11, 807–810;
Sigmatropic rearrangement: (n) J. C. Anderson and
S. Skerrat, J. Chem. Soc., Perkin Trans. 1, 2002, 2871–2876;
Beckmannn rearrangement: (o) R. P. Frutos and
D. M. Spero, Tetrahedron Lett., 1998, 39, 2475–2478;
Asymmetric hydrolysis: (p) V. Iosub, A. R. Haberl, J. Leung,
M. Tang, K. Vembaiyan, M. Parvez and T. G. Back, J. Org.
Chem., 2010, 75, 1612–1619.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04889h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/2
4/

20
26

 1
1:

17
:5

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
3 E. J. Corey, D. Y. Gin and R. S. Kania, J. Am. Chem. Soc., 1996,
118, 9202–9203.

4 A. Endo and S. J. Danishefsky, J. Am. Chem. Soc., 2005, 127,
8298–8299.

5 A. S. Kende, K. Kawamura and R. J. DeVita, J. Am. Chem. Soc.,
1990, 112, 4070–4072.

6 (a) K. Maruoka, E. Tayama and T. Ooi, Proc. Natl. Acad. Sci.
U.S.A., 2004, 101, 5824–5829; (b) C. Toniolo, F. Formaggio,
B. Kaptein and Q. B. Broxterman, Synlett, 2006, 1295–1310;
(c) K. Tomohara, T. Yoshimura, R. Hyakutake, P. Yang and
T. Kawabata, J. Am. Chem. Soc., 2013, 135, 13294–13297; (d)
K. Bera and I. N. N. Namboothiri, Asian J. Org. Chem., 2014,
3, 1234–1260; (e) A. E. Metz and M. C. Kozlowski, J. Org.
Chem., 2015, 80, 1–7.

7 For C-alkylation to a-imino esters, see: (a) J.-C. Fiaud and
H. B. Kagan, Tetrahedron Lett., 1970, 21, 1813–1816; (b)
L. M. Harwood, K. J. Vines and M. G. B. Drew, Synlett,
1996, 1051–1053; (c) D. Ferraris, B. Young, T. Dudding and
T. Lectka, J. Am. Chem. Soc., 1998, 120, 4548–4549; (d)
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