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ABSTRACT: A syn-selective synthesis of β-branched α-amino acids
has been developed based on the alkylation of glycine imine esters with
secondary sulfonates. The potassium counterion for the enolate, the
solvent, and the leaving group on the electrophile were key levers to
maximize the diasteroselectivity of the alkylation. The optimized
conditions enabled a straightforward preparation of a number of β-branched α-amino acids that can be challenging to obtain.

The incorporation of nonproteinogenic β-branched α-amino
acids into peptide-like structures results in conformational

restrictions and increased rigidity which can lead to resistance
toward proteolysis and enhanced biological activities.1 Accord-
ingly, β-branched α-amino acids are found in numerous natural
products and pharmaceuticals including halipeptin A and D,2

hormaomycin,3 daptomycin4 and Telaprevir.5 Several of these
compounds exhibit potent anti-inflammatory, antitumor, anti-
biotic, or antiviral activities. Common methods for the
asymmetric synthesis of β-branched α-amino acids6 include
asymmetric hydrogenation of β-substituted dehydro alanines,7

allylic alkylation with glycine-derived nucleophiles,8 enantiose-
lective Strecker reaction,9 diastereoselective Michael addition
followed by electrophilic amination,10 asymmetric Mannich
reaction of glyoxylate imines11 and Ireland-Claisen rearrange-
ment of glycine allylic esters.12,13 To support the preparation of a
pharmaceutical candidate, we required access to β-branched α-
amino acid derivative 1. Evaluation of the above-mentioned
approaches either yielded suboptimal results for the preparation
of 1 or resulted in undesired functional group manipulation steps
downstream (Scheme 1). We thus decided to examine an
alternative approach that could potentially offer a more direct
synthesis of our target. Herein we report a syn-selective synthesis
of β-branched α-amino acids via alkylation of unactivated
secondary sulfonates with glycine-derived imines.14

Initially, we investigated the alkylation of benzophenone imine
3a with mesylate 2a. Upon screening both inorganic and organic
bases, the potassium enolate generated after deprotonation of 3a
with KHMDS was found to be more reactive. Using THF as the
solvent resulted in the formation of product 4a as a 1:1mixture of
diastereomers as previously reported (entry 1, Table 1).14

Interestingly, replacement of THF by toluene provided an initial
lead, yielding a promising 3:1 syn/anti ratio (entry 2).
Furthermore, monitoring the diastereomeric ratio of 4a over
the course of the reaction revealed that the selectivity was higher
at earlier stages (5:1 dr at 2 h) and it decreased as the reaction
progressed (3:1 dr at 4 h). We hypothesized that erosion of
selectivity caused by unselective reaction pathways would occur

more readily at the high reaction temperatures (70 °C) used in
the alkylation of mesylate 2a. To circumvent this issue, the use of
electrophiles that were more reactive than 2a, and could enable
performance of the reaction at lower temperatures, were
explored (entries 3−5).
These experiments led to the identification of 4- bromobenze-

nesulfonate (brosylate, Bs) as a superior leaving group.
Gratifyingly, alkylation of 4a with brosylate 2c could be
conducted at lower temperatures (40 °C vs 70 °C) to generate
4a in 8:1 dr (entry 4). Continuing to reduce the reaction
temperature showed that the desired alkylation occurred at room
temperature to provide superior selectivities at the expense of
slower rates (24 h vs 8 h, 10:1 dr, entry 6). We chose 40 °C as the
optimal reaction temperature for further investigations of the
alkylation as it provided a good balance of reactivity and
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Scheme 1. SelectedMethods for Preparation of β-Branched α-
Amino Acids
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selectivity. The effect of modifying the glycine imine derivative
was studied first. Alkylations of glycine methyl ester 3b in the
presence of 1c afforded adduct 4b with good conversion and 6:1
dr (entry 7). The tert-butyl ester 3c, however, proved to be
unreactive (entry 8). We then explored the effect of the
electronic nature of the substituents on the benzophenone
moiety (entries 9 and 10) as well as the introduction of methyl
groups at the ortho position (entry 11). These changes did not
improve the syn/anti selectivity when compared to the
unsubstituted imine 3a. It is noteworthy that the use of lithium
or sodium enolates of glycine imine 3a afforded very low yields
and diminished dr in the alkylation with brosylate 2c (7−14%
yield, 2:1 to 3:1 dr).15 Since the optimal conditions required a
nonpolar solvent such as toluene, we hypothesized that
aggregation and solvation effects associated with the potassium
glycine imine enolate could play a significant role in the
stereochemical outcome of the alkylation. Phosphoryl ligands
and crown ethers are known to modify structure−reactivity
relationships of organometallic species and hence alter
mechanisms, relative rates, and selectivities.16 Consequently,
we tested dicylohexano-18-crown-6 (5) and 1,3-dimethyl-
3,4,5,6-tetrahydro-2-pyrimidinone (DMPU, 6) and observed a
significant reduction on the alkylation diastereoselectivities
(entries 12−13).
The preparation of 4a was successfully demonstrated on

kilogram scale. Subsequent deprotection of the imine afforded
crude α-amino ester 7, which was crystallized as a single

diastereomer using L-DTTA. Protection of the free amino group
and ester hydrolysis provided amino acid 8 in >99:1 dr and >99%
ee (Scheme 2).17 The absolute stereochemistry of α-amino acid 8
was confirmed by single crystal X-ray (see Supporting
Information).

We were intrigued by the high syn/anti selectivity observed in
the formation of 4a and decided to investigate the generality of
this reaction to determine if this procedure could be extended to
the synthesis of β-branched α-amino-acids with different
substitution patterns (Scheme 3). Alkylation of imine 3a with
4-methylpentan-2-ol sulfonate generated the corresponding α-
amino ester 10 in excellent yield and 6:1 dr, which was further

Table 1. Optimization of the Reaction Conditions for
Alkylations of Unactivated Secondary Sulfonates with Glycine
Iminesa

entry sulfonate imine t (°C) conv.b (%) drb

1 2a 3a 70 91 1:1 (in THF)
2 2a 3a 70 86 3.2:1
3 2b 3a 50 88 4.1:1
4 2c 3a 50 89 4.0:1
5c 2c 3a 40 79 8:1
6 2c 3a 25 72 10:1
7 2c 3b 40 83 6:1
8 2c 3c 40 <5 NA
9 2c 3d 40 79 5:1
10 2c 3e 40 81 2:1
11 2c 3f 40 80 4:1
12d 2c 3a 40 80 1:1.5 (with 5)
13e 2c 3a 40 76 3:1 (with 6)

aSulfonate (1.0 mmol), glycine imine (1.70 mmol), and KHMDS in
toluene (0.5 M, 1.4 equiv). bConversion was measured by 1H NMR
after alkylation, and dr was measured by 1H NMR after hydrolysis of
the benzophenone imine with HCl (1 N). cThe analogous reaction
using LiHMDS or NaHMDS afforded a 7% and 14% yield,
respectively, after 8 h. d2.0 equiv of 5 were used. e2.0 equiv of 6
were used.

Scheme 2. Stereoselective Synthesis of 8

Scheme 3. Alkylation of Secondary Sulfonates with Glycine
Imine Derivatives 2aa,b,c

aSulfonate (1.0 mmol), 3a (1.70 mmol) and KHMDS in toluene (0.5
M, 1.4 equiv). bIsolated yield. cdr measured by 1H NMR spectroscopy
after derivatization to the Cbz protected diastereomeric mixture 11.
ddr of the crude amine was 6:1 prior to crystallization of 10 as an
oxalic acid salt. eBoc2O was used for in situ protection of the α-amino
ester to produce 11j.
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upgraded via crystallization as its oxalate salt (>20:1 dr). To
facilitate compound isolation, analysis, and storage, the addi-
tional α-amino esters listed in Scheme 3 were protected in situ as
their corresponding Cbz carbamates. Increasing the steric
hindrance at the C4 position of the sulfonate resulted in
substantial improvement of the diasteroselectivity (15:1 dr, 11a).
Conversely, the presence of a longer side chain (11b) or γ-
substitution on the electrophile (11c) had a negative impact, and
methyl substitution at the C3 position resulted in a complete loss
of selectivity (11d). Homobenzylic and homoallylic secondary
sulfonates underwent successful alkylation and enabled the
introduction of aryl halide and alkene functionalities that provide
an entry for further product elaboration (11e−h). The reaction
also tolerated the presence of heteroaromatic rings such as the 2-
furyl substituent (11i).
The preparation of enantiopure (2S,3R)-3-methyl glutamic

acid (11j) is particularly relevant. This unnatural amino acid is
present in nonribosomal lipopeptide antibiotics such as
daptomycin, which has been used in the treatment of systemic,
life-threatening infections caused by Gram-positive bacteria.18 A
ten-step asymmetric synthesis of (2S,3R)-3-methyl glutamic acid
has recently been published using L-pyroglutamic acid as the
starting material.19 We decided to evaluate the application of our
methodology to complete a simple synthesis of this important
building block. To our delight, the alkylation of glycine imine 3a
with the readily available (S)-methyl 3-hydroxybutanoate
sulfonate gave the desired product in excellent yield and 13:1
dr with inversion of configuration at the electrophilic center. The
amino acid derivative was immediately converted into its Boc
derivative to prevent lactam formation and undesired oligome-
rization pathways. This rapid and efficient synthesis of (2S,3R)-3-
methyl glutamic acid in high diastereoselectivity represents a
significant advancement compared to previous approaches.19

We pursued DFT calculations to develop a stereochemical
model that could explain the experimentally observed diaster-
eoselectivities. The alkylation of glycine imine 3a with 4,4-
dimethyl-2-pentanol sulfonate ester was modeled with the
monomeric form of the corresponding potassium enolate ligated
to toluene.20 At the onset, examination of the enolate
configurations revealed a large preference for the (Z)-enolate
relative to its E counterpart (∼13.0 kcal/mol, Figure 1). Both Z
and E enolates exhibit a nonplanar arrangement of the phenyl
rings, which adopt a skew angle of ≈35°, and present η6-
complexes of potassium with the toluene used as implicit
solvent.21 The (Z)-enolate displays a cationic center stabilized by
N,O-chelation as well as intramolecular π interactions with the

adjacent phenyl ring. In contrast, the (E)-enolate is incompatible
with chelation and π coordination, and forms an internal
potassium η3-complex with the enolate carbon and oxygen
atoms.
Subsequently, a range of geometries were tested to identify

plausible transition structures. We considered all reasonable
combinations of enolate stereoisomers (E vs Z) and relative
configurations (syn vs anti) at the reacting centers. The dominant
stability of the (Z)-enolates reappeared, and attempts to optimize
transition structures containing (E)-enolates converged sponta-
neously to their Z isomers.23 The resulting (Z)-enolate-based
geometries displayed a series of common features, namely: (a)
the occurrence of SO−K contacts between the sulfonyl leaving
group and the potassium ion,24 (b) SN2 trajectory C−C−O
angles that deviate from the ideal 180°,25 (c) a rigid enolate
scaffold that biases the steric accessibility of the electrophile, and
(d) an increased skew of the Ph2CN− phenyl rings (>50°)
that aggravates the steric congestion about the substitution
center. Most importantly, inspection of the relative config-
urations and individual conformations at the electrophilic carbon
revealed that viable transition structures must place the H atom
of the secondary sulfonate ester adjacent to the congested flank
of the N,O-chelate. This premise defines two diastereomeric
geometries characterized by the orientation of the small (RS) and
large (RL) alkyl substituents. A gauche relationship between
Ph2CN− and RS generates syn adducts whereas the analogous
arrangement of Ph2CN− and RL leads to anti products. In
agreement with experiment, calculations predict that syn
alkylation is preferred over anti alkylation: the sulfonate ester
approach that places the Ph2CN− substituent proximate to RS

is sterically more manageable than the analogous approach to the
RL group (ΔG = −1.4 kcal/mol).
In summary, we have identified and further developed a

diastereoselective alkylation of nonactivated secondary sulfo-
nates with glycine-derived imines to access synthetically useful β-
branched α-amino acid derivatives. The use of a potassium
enolate and toluene as solvent were two key factors identified to
maximize the syn selectivity in the reaction. These conditions
have been successfully applied to a range of secondary
electrophiles, allowing rapid entry to a class of molecules that
can be challenging to obtain with other synthetic methods, such
as (2S,3R)-3-methyl glutamic ester derivatives. We believe these
results will be of interest to others considering the preparation of
these important synthetic building blocks. On a general note,
whereas the results shown herein contend with the perennial
difficulty of achieving stereocontrol in alkylations with secondary
electrophiles, they also draw attention to the merits of routinely
screening nonpolar solvents to optimize reactions classically run
in polar media.
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