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etric amine nucleophilic approach
for the modular construction of protected a-
quaternary amino acids†

Teng Liu,a Shaofei Nib and Wusheng Guo *a

We report the first amine nucleophilic approach for themodular construction of enantioenriched protected

a-quaternary amino acids. The key to success is the use of an alcohol solvent, which makes a rationally

designed COOMe-bonded Cu-allenylidene electrophilic intermediate stable enough to couple with

amine nucleophiles before its decomposition. The reaction features wide functional group tolerance

with high enantioselectivity, typically >90% ee, and is amenable to the modification of commercially

available bioactive molecules. The resultant protected a-amino acids could be readily converted into

a number of precious enantioenriched amines featuring a-hindered tertiary carbon centers, which are

otherwise synthetically quite challenging, including those of a-amino aldehyde, peptides or a-vinyl

amino ester with >92% ee in excellent yields. This protocol could be utilized for the synthesis of the

protected bioactive a-ethylnorvaline in 3 steps, a significant advancement in comparison to an 11-step

sequence reported previously.
Introduction

Nowadays, the pharmaceutical industry has witnessed a para-
digm shi. The application of protein-, peptide- and mono-
clonal antibody-based biologics is experiencing a breakthrough
in comparison with small molecules in the process of new drug
development. Enantioenriched a-quaternary amino acids (a-
QAAs) feature two modular non-hydrogen functionalities and
are thus ideal candidates for the preparation of novel peptides
with desired properties in addition to being important building
blocks or intermediates in synthetic chemistry.1,2 Specically,
the two extra groups in chiral a-QAAs are projected along well-
dened vectors, which is vital for the design of molecules that
interact with biological acceptors. Though quite promising in
biological applications, the synthesis of chiral a-QAAs is typi-
cally quite challenging and requires a multi-step process
(exemplied in Scheme 1a)2 mainly because the construction of
a hindered carbon stereocenter while keeping the reactive
amino and carboxyl groups intact is not an easy task. As such,
synthetic chemists have never stopped exploring new proce-
dures for the efficient and versatile synthesis of chiral a-QAAs.1,2

Over the past 60 years, a number of methodologies have been
invented to take on the challenge, which can be mainly divided
logy (FIST), Xi'an Jiaotong University,
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into four categories (Scheme 1b). The addition of nucleophiles
into structurally privileged a-ketiminoesters can possibly
produce enantioenriched a-QAAs (Scheme 1b, path a);3 the
umpolung variant of this strategy would enable the coupling of
a Schiff-base-derived nucleophile and an activated carbon
electrophile towards the target molecules (Scheme 1b, path b).4

These protocols typically require privileged amino acid-based
starting materials. Alternative methods include the asym-
metric nucleophilic attack of a suitable electrophilic amino
reagent (Scheme 1b, path c),5 a Strecker-type reaction (Scheme
1b, path d)6 and some other inventive approaches.7 These
elegant approaches have greatly advanced the synthesis of
enantioenriched a-QAAs (Scheme 1b).3–6

Amines are versatile and commercially available. The direct
use of amines as an amino source would offer a concise and
modular approach for the synthesis of invaluable a-QAAs. In
this respect, cyclic a-QAAs could be accessed from amines in
spite of the distinct limitations on substituent patterns.8 The
Gaunt group recently developed a modular approach for the
synthesis of racemic a-amino acids via photochemistry with
amines.9 With this background in mind, we speculate that the
direct asymmetric coupling of amines and ester-bonded tertiary
carbon electrophiles would be the most straightforward and
versatile approach for the synthesis of enantioenriched a-QAAs;
however, this streamlined reaction remains a formidable
unsolved challenge (Scheme 1c). Such a challenge mainly stems
from the fact that an ester-bonded tertiary carbon typically
works as a nucleophile and thus is difficult to couple with an
amine nucleophile via C–N bond formation, in addition to the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The asymmetric syntheses of (protected) a-quaternary amino acids: advances and challenges.

Fig. 1 Cu-catalyzed elusive propargylation of aryl amines: (a) the
reaction outcomes of the propargylation of aniline with S1 in different
solvents on the basis of 19F NMR; (b) the asymmetric propargylation of
amines towards the formation of protected a-quaternary amino acids.
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introduction of high enantioselectivity in building a hindered
carbon center.

The Cu-catalyzed asymmetric propargylic substitution reac-
tion (Cu-APR) has showcased great potential in the synthesis of
a-tertiary propargylic compounds (Scheme 1d, R0 ¼ H).10 With
the introduction of hydrogen-bonding assistance, the asym-
metric construction of an a-alkyl quaternary stereocenter could
be accomplished (Scheme 1d, R0 ¼ alkyl) despite the require-
ment of cyclic precursors.11 However, in the presence of an
extra-strong electron-withdrawing group in the a-position, the
Cu-APR is elusive and quite problematic. The underlying chal-
lenges become quickly evident from the fact that exceedingly
rare examples have been reported on this topic, although the
construction of quaternary stereocenters continues to be
a challenging and attractive area. In 2016, the Nishibayashi
group realized the asymmetric substitution of CF3-functional-
ized propargylic peruorobenzoates with indole as a nucleo-
phile, and this work represents the only related example in Cu-
catalyzed chemistry; the privileged peruorobenzoate leaving
group proved to be crucial, suggesting the distinctiveness of
such reactions.12 Our group recently reported the asymmetric
synthesis of a-amino ketones from the amination of a carefully
designed cyclic carbonate; the reaction was proposed to proceed
by the intermediacy of a Cu-bounded zwitterionic enolate
species (Scheme 1e).11d The planar sp2-C hybridization in the
enolate fragment was proposed to be benecial for the enantio-
discrimination process. Enlightened by this work, we envi-
sioned that the utilization of substrates equipped with ester
groups in the Cu-APR may work similarly to offer a cheaper and
operationally friendly solution towards the modular and
versatile synthesis of chiral a-QAAs and simultaneously solve
the challenge for the rst asymmetric synthesis of a-QAAs via an
amine nucleophilic approach. The dangling alkynyl group is
versatile13 and is ready for bioorthogonal usage,14 adding
a further bonus to the resultant products. Moreover, the ester
group is also versatile, and can be transformed into aldehyde,
alcohol, and carboxylic acid products through simple
© 2022 The Author(s). Published by the Royal Society of Chemistry
experimental operations. Although synthetically promising,
preliminary tests indicate the fast decomposition of the ester-
bonded propargylic starting material at rt under normal Cu-
APR conditions without any of the target amino esters noted
(Scheme 1f, R ¼ Ph). It has been widely accepted10 that the Cu-
APR is mediated by T1 derived from the deprotonation of S,
followed by the nucleophilic attack of T2 or T3 (Scheme 1f). We
theorize that the input of the ester group makes the interme-
diates T1–T3 super reactive and unstable, consequently leading
Chem. Sci., 2022, 13, 6806–6812 | 6807
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View Article Online
to the fast decomposition of the propargylic species due to their
intermolecular coupling reactions before the external amine
nucleophilic attack (Scheme 1f). This is probably why this area
has remained unnaturally silent so far.
Results and discussion

We commenced the study by reacting compound S1 and aniline
in THF at room temperature in the presence of L1 and copper
catalyst (Fig. 1a). 19F NMR indicated the complete decomposi-
tion of S1 with the target product P1 undetectable, and a similar
outcome was observed even at �40 �C. The complete decom-
position of S1 also took place with the use of other solvents,
Fig. 2 The investigation of the reaction scope. Isolated yields were repo
column. The reactions were performed on a 0.1 mmol scale at�30 �C fo
33; other conditions are noted. Inset is the solid state of product 1 (CDCC
for clarity. a�40 �C. bUsing methanol as a solvent and reaction at 0 �C f

6808 | Chem. Sci., 2022, 13, 6806–6812
including toluene, DCM, ACN and DMF (Fig. 1a), despite these
solvents being frequently applied in Cu-catalyzed prop-
argylation reactions.15 No reaction was observed in the absence
of any base. Fortunately, the target product P1 was isolated in
78% yield when we changed the solvent to methanol despite of
the low enantioselectivity (Fig. 1a). We propose that the alcohol
solvent is the key to stabilizing the reactive ester-bonded elec-
trophilic copper intermediates T1–T3 through hydrogen
bonding interactions (Scheme 1d).16,17 We herein communicate
the successful realization of such a Cu-APR enabling the
streamlined synthesis of enantioenriched protected a-QAAs
with high efficiency, and this case also represents the rst
amine nucleophilic approach resulting in such invaluable
rted, and the ee value was evaluated by HPLC equipped with a chiral
r amino esters 3–19 and�40 �C for amino esters 21, 23–26, 28–31 and
-2092791) with only the hydrogen attached to the amino group shown
or 24 h. c�30 �C. d0 �C for 24 h.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The synthesis of the protected amino acid 1 at the gram-
scale, and (b) synthetic applications of product 1: (i) LiOH (3.0 eq.),
MeOH/H2O, rt, 24 h; (ii) DIBAL-H (2.5 eq.), toluene, �78 �C, 2 h; (iii)
LiAlH4 (2.0 eq.), THF, 0 �C, 4 h; (iv) 6-iodoquinoline (1.1 eq.),
Pd(PPh3)2Cl2 (5 mol%), CuI (5 mol%), TEA (3.0 eq.) THF, rt, 24 h; (v) N-
tosyl-2-iodoaniline (1.0 eq.), Pd(PPh3)2Cl2 (5 mol%), CuI (5 mol%), TMG
(3.0 eq.), DMF, 40 �C, 24 h; (vi) Pd/C (10 mol%), H2, EtOH, rt, 4 h; (vii)
Lindlar catalyst (2 mol%), H2, EtOH, rt, 30 min; (viii) from protected
amino acid 2, CAN (3.0 eq.), MeCN/H2O, 0 �C, 2 h. Please see the ESI†
for details.
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products (Fig. 1b).18 The reaction between S3 (Fig. 2, R1 ¼ Ph)
and aniline was used as a model for condition screening.
Extensive experiments19 have indicated that the utilization of
a newly developed chiral MeO-functionalized box-ligand L in
a mixed solvent TFE/ACN (1 : 3) at lower temperatures (�30 to
�40 �C) is vital for producing product 1 with both high chemo-
and enantioselectivity (85% yield, 94% ee; Fig. 2). The presence
of an electron-donating group on the backbone of the ligand
was believed to better stabilize the Cu-allenylidene interme-
diate,17 which is benecial for the subsequent enantioselective
amine attack; such an effect was probably related to the big
electronic difference between the aryl and ester substituents,
which were attached on the planar a-C with an sp2-hybridiza-
tion in the key intermediate.17 A positive nonlinear relationship
between the enantiopurity of the product and that of the cor-
responding ligand L was observed, suggesting that this reaction
probably proceeded through the intermediacy of a dinuclear
Cu-complex;13a,15,17 this is different from the monomeric-Cu-
intermediated process that was proposed in our previous zwit-
terionic enolate study (Scheme 1e).11d,17 With satisfactory reac-
tion conditions established, we then turned to investigate the
generality of the reactions (Fig. 2). To our great joy, the present
catalytic system tolerated quite well a broad range of either
amines (1–20) or propargylic esters (21–37) towards the forma-
tion of the target enantioenriched products in high efficiency
(most >70% yield and >91% ee). A number of substrates
featuring either the electron-withdrawing (5–9, 14, 23–26, 28–
29) or -donating (2–4, 11, 15, 17–19, 21–22, 27, 30–31) func-
tionalities on the para-, ortho- or meta-position of the aryl
substituents are applicable for the reactions. The styrene-
functionalized product (10) could be easily obtained in this
system, which is generally challenging in methods based on
photocatalysis, and the presence of the styrene group may
facilitate the usage of the corresponding product in polymeric
chemistry. The absolute (S)-conguration of these enantioen-
riched a-QAAs can be deduced from the X-ray analysis of
compound 1 (Fig. 2, inset). Notably, the present catalytic system
was feasible for the preparation of a-QAAs with a tertiary amino
group, as exemplied by the successful isolation of product 20,
which was impossible via the approaches summarized in
Scheme 1b.3–6 The synthetically challenging a,a-dialkylated a-
QAAs9 could be synthesized smoothly from the products (34–
36), albeit with relatively lower enantioselectivity, which may be
due to steric reasons. The steric effect was further evidenced by
the fact that the utilization of the substrate equipped with the
bulkier isopropyl group resulted in higher enantioselectivity (35
vs. 36). Additional screening19 with a methyl-substituted
substrate suggested that the reaction performed in methanol
at 0 �C under otherwise identical conditions gave rise to
compound 34 with improved enantioselectivity (39% ee vs. 62%
ee), while similar improvements were not observed for the
reaction at 0 �C in methanol using the propyl-substituted
substrates;20 these results indicate that the solvent and elec-
tronic factors also affect the enantio-discrimination process.
The introduction of the alkynyl functionality in the target
product (37) also proved feasible; this is especially interesting
because the enantio-discrimination between two structurally
© 2022 The Author(s). Published by the Royal Society of Chemistry
similar linear groups through an otherwise activation mode is
quite challenging. The creation of boronated (12) or brominated
(6, 24 and 29) enantioenriched a-QAAs signies the potential of
these products to be used in Suzuki coupling reactions, corre-
spondingly expanding the diversity of the amino acids. Those
amines containing pharmaceutically relevant groups such as
benzodioxole (17) and indole fragment (19) were appropriate
reaction partners, as well as the naphthyl-decorated substrates
(16 and 32). The use of alkyl amines resulted in the decompo-
sition of the propargylic precursor, suggesting some limitations
of the current approach as well as the idiosyncratic nature of the
Cu-APR with the use of the propargyl precursor bearing an extra
strong electron-withdrawing group.21 Further attempts with the
use of HOOC-bonded propargylic substrates or Ph-substituted
internal alkynyl substrates failed to afford the desired products.

These reactions could be performed on a larger scale, as
suggested from the gram-scale synthesis of product 1 (Fig. 3a).
Remarkably, in addition to the well-known excellent application
potential of amino acids in biologics,1,14 these a-QAAs (Fig. 2)
could also be transformed into precious amines via easy
experiments with the retention of high enantioselectivities
Chem. Sci., 2022, 13, 6806–6812 | 6809
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typically >92% ee (Fig. 3b). For instance, the hydrolysis of
product 1 under basic conditions generated the free amino acid
38 in high yield. The selective reduction of the ester group in
product 1 could be controlled, resulting in either b-amino
alcohol 40 or the otherwise quite synthetically challenging a-
amino aldehyde 39. The use of Sonogashira coupling enabled
quick access to amino acid-functionalized internal alkynes, as
demonstrated by the preparation of product 41. The terminal
alkynyl group facilitated the construction of an enantioenriched
product 42 containing an indole skeleton. The use of different
Pd catalysts enabled the controllable reduction of the dangling
alkynyl group towards the formation of protected ethyl or vinyl
amino acids 43 and 44. A further note is that the compound
similar to 44 is remarkably challenging to access with other
methodologies. The access to the primary amine 45 was feasible
through an oxidative C–N cleavage from amino ester 2.22 These
examples (Fig. 3b) showcase the great potential of the access to
Fig. 4 (a and b) The derivatization of commercially available drug
molecules; (c) the syntheses of enantioenriched peptides 49 and 50
from products 45 and 38, respectively; (d) a concise route for the
synthesis of protected bioactive a-ethyl norvaline 52 versus amultiple-
step pathway reported previously. Please see the ESI† for details.

6810 | Chem. Sci., 2022, 13, 6806–6812
a library of enantioenriched amines with high enantioselectiv-
ities from the as-prepared protected a-QAAs 1–37.

The protected a-QAAs could undergo Click cyclization as
indicated by the derivatization of the bioactive pharmaceutical
zidovudine (Fig. 4a). The functionalization of other commer-
cially available drugs such as procaine and aminoglutethimide
with this protocol could be easily realized (Fig. 4b). The use of
amino acids in peptide synthesis also proved feasible (Fig. 4c).
The synthetic application of this Cu-APR methodology was
further evidenced by the formal synthesis of protected a-ethyl
norvaline 52 (Fig. 4d). Under the standard conditions, the
symmetric amination of the propargylic precursor S16 afforded
compound 51, followed by an oxidative C–N cleavage and
reduction sequence to give rise to the target product 52. a-
Ethylnorvaline was proven to be a bioactive compound and
required an 11-step sequence to synthesize in a previous
report.2b,c This practical improvement further veried the
usefulness of our methodology in synthetic chemistry.

Conclusions

In conclusion, we herein report the rst amine nucleophilic
approach for the modular and straightforward synthesis of
invaluable enantioenriched protected a-quaternary amino acids
with high efficiency. This practical protocol features wide
functional group tolerance and high enantioselectivity intro-
duction with typically >90% ee, and is amendable to the
modication of commercially available bioactive molecules.
The resultant protected amino acids could be readily converted
into a number of precious enantioenriched amines, which are
otherwise synthetically quite challenging, including those of a-
amino aldehyde, peptides or protected a-vinyl amino acids with
>92% ee in excellent yields. This protocol could be utilized for
the synthesis of protected bioactive a-ethylnorvaline in 3 steps,
a signicant advancement in comparison to an 11-step
sequence reported previously.

Data availability

The ESI† includes experimental details, HPLC data, NMR data
and HRMS data.
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11 (a) J. E. Gómez, W. Guo, S. Gaspa and A. W. Kleij, Angew.
Chem., Int. Ed., 2017, 56, 15035–15038; (b) L. Tian, L. Gong
and X. Zhang, Adv. Synth. Catal., 2018, 360, 2055–2059; (c)
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