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a b s t r a c t

A series of allenic ketones react with a glyoxylate-derived imine in the presence of MgBr2 through an
aza-Morita–Baylis–Hillman (MBH) reaction. The isolation of a variety of unnatural amino acids with
unique allene-containing functional groups provides a conceptually new application of the aza-MBH.
The reaction scope and preliminary mechanistic investigations are discussed.
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The aza-Morita–Baylis–Hillman (MBH) reaction is a carbon–
carbon bond-forming reaction that provides access to highly func-
tionalized molecules from inexpensive starting materials.1–4 Of
specific interest is the application of the aza-MBH reaction in the
synthesis of unnatural amino acids, which are valuable substrates
for natural product synthesis5 and biochemical investigations.6

Currently, the synthesis of unnatural amino acids through a
Baylis–Hillman reaction is limited to those that produce b-amino
esters,1,7 b-homoserine, and aspartic acid derivitives.8 The aza-
MBH has not been shown to be a general method to synthesize
a-amino acids. We had envisioned developing a method by which
an allenic ketone and a glyoxylate-derived imine would react
through an aza-MBH reaction to yield masked unnatural amino
acids (Scheme 1).

To date there are only a few reports9 of an aza-MBH reaction be-
tween allenoates and imines and these reactions lead primarily to
cycloaddition products. Specifically, the aza-MBH reaction be-
tween an N-tosylated imine and 2,3-butadienoates have produced
pyrrolidine, azetidine, and dihydropyridine derivatives when cata-
lyzed by phosphine, 1,4-diazabicyclo[2.2.2]octane (DABCO) or N,N-
4-dimethylaminopyridine (DMAP), respectively.10,11 Recently, a
Letter by Guan et al. showed that a DABCO-catalyzed aza-MBH
reaction between an allenoate and N-Boc imines produced ‘normal’
aza-MBH products.12 In addition to nitrogen- and phosphorus-
based catalysts, halide-containing catalysts (TMSI,13 MgBr2,14 and
ll rights reserved.

ount Berry, GA 30149, United
AlI3
15) have been used in Morita–Baylis–Hillman-like reactions be-

tween aldehydes and propargyl esters.16

Despite their utility, there are no reports of aza-MBH reactions
between glyoxylate-derived imines and allenic ketones. In addi-
tion, aza-MBH reaction between allenoates and imines has been
limited to those only using Lewis bases as catalysts. Herein, we
present a halide-initiated aza-MBH reaction that results in an
atom-economical synthesis of a variety of unnatural amino acids
with unique allene-containing functional groups. During an initial
screening with acetylallene (1) and sulfonylimino acetate (2) in the
presence of MgBr2, alkylation at either the c- or the a-position of
the allene was observed to yield both the halogenated a,b-unsatu-
rated ketone 4 and the 1,1-disubstituted allene 5, respectively
(Table 1). Formally product 5 is the result of an aza-Baylis–Hillman
reaction and product 4, while not formally an aza-Baylis–Hillman
product, may arise from an intermediate generated in the first step
of the Baylis–Hillman pathway. Both products contain a masked
amino acid moiety and can undergo additional manipulations to
generate highly useful substrates. Notably, the product 4 contains
a vinyl bromide that can be easily manipulated by using cross-cou-
pling reactions to yield advanced compounds for synthesis.17–20
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Table 1
Optimization of concentration and substrate ratioa
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Entry Ratio (1a:2:3) 1a (M) 4ab,d (%) 5ab (%) Mol ratioc (4a:5a)

1 1:1:1 0.5 7 31 1:4.6
2 1:1:0.5 0.5 14 44 1:3.2
3 1:1:0.25 0.5 10 21 1:2
4 1:1:0.5 1 8 49 1:6.2
5 1:1:0.5 0.25 7 23 1:3.1
6 1:2:0.5 0.5 18 73 1:4.2
7 2:1:0.5 1 9 30 1:3.1
8 1:2:0.5 1 10 49 1:4.8

a All reactions were run at 0 �C for 30 min in a CH2Cl2/THF (1:1) solvent mixture.
b Yield of isolated product. Yield based on allene 1.
c Ratios determined by 1H NMR analysis of the crude reaction mixture.
d Based on 1H NMR analysis of compound 4a, it was determined there was an

overall yield of 2% of an a-alkylated product containing a terminal vinyl bromide
which was later identified as 6a (see below). Ts = p-toluenesulfonyl.
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Optimization of the yield of each product, through the variation of
several reaction parameters, is shown in Table 1.

The reaction proceeds best when MgBr2�OEt2 is used in substoi-
chiometric amounts (compare entries 2 and 3 to entry 1 in Table
1): half of an equivalent of MgBr2�OEt2 leads to a moderate yield
of products. Running the reaction at a higher concentration
(1.0 M) generates the product 5 in moderate yield; notably, the
4:5 ratio is 1:6.2 (Table 1, entry 4). When the concentration was
decreased to 0.25 M, lower product yields were obtained and the
ratio of 4:5 approached 1:1 (Table 1, entry 5). Lastly, the number
of equivalents of allene and imine were varied, and a significant in-
crease in yield, especially for 5, was observed when the number of
equivalents of the imine were doubled (Table 1, entry 6). In con-
trast, an excess of allene did not enhance the yield of the reaction
(Table 1, entry 7). Increasing the concentration and simultaneously
doubling the number of imine equivalents did not give the antici-
pated increase in yield (Table 1, entry 8).
Table 2
Scope of the reaction
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MgBr2  OEt2
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1

CH2Cl2:THF
(11:1)

Entry 1 (R) Ratio (allene:2:3) T (�C)

1b,c 1a (Me) 1:1:0.5 0
2d 1b (Ph) 1:2:1 0
3 1c (p-MeOC6H4) 1:1:0.5 0
4 1d (p-BrC6H4) 1:2:1 0
5 1e (cyclohexyl) 1:2:1 0
6 1f (OEt) 1:1:0.5 25

a Yield of isolated product.
b 17% of allene 5a isolated.
c Reaction run on a 250 mg scale.
d H2O work-up was used.
e Compound 6 was isolated as a mixture of stereoisomers. As denoted 6 is the (R/R, S
f The diastereomers were resubmitted to reaction conditions at room temperature ov
By using the optimized reaction conditions identified above
(2 equiv imine, 0.5 equiv MgBr2�OEt2, 0.5 M, and 0 �C for 30 min),
reaction parameters, such as reaction time and temperature were
varied to additionally optimize the reaction conditions. The reac-
tion proceeded at lower temperatures (�78 �C); however the yields
(�40% for 5) were still low relative to the reaction at 0 �C, even
after extending the reaction time to 4 h. Warming the reaction
mixture to �45 �C did not seem to greatly affect the product yields
of the reaction, even with stirring the reaction mixture for an addi-
tional 30 min. Furthermore, allowing the reaction to proceed for a
longer time at 0 �C did not increase the product yields significantly
and heating the reaction to room temperature resulted in a de-
crease in both the yield and product ratio, presumably because of
product degradation (see Supplementary data).

Next, the scope of the reaction was evaluated with respect to
the allene substrates. Ketoallenes bearing different groups (R) were
subjected to the optimized reaction conditions (Table 2). Interest-
ingly, the c-substituted product 4 was isolated along with a
by-product that was identified as the a-substituted product 6a0.
Compound 6a0 was presumed to be a precursor to the anticipated
a-substituted product 5, thereby suggesting that either steric or
electronic effects were precluding the elimination of Br in 6a0 to
form 5. This observation was consistent for all the allenic ketone
substrates tested (Table 2).

We found that the phenyl ketoallene (1b) underwent the reac-
tion to yield 4b and a diastereomeric mixture of 6b and 6b0. This
reaction required a longer reaction time to give similar results to
those found with the methyl ketoallene (1a; Table 2, entries 1
and 2). The original optimization reactions with 1a did not produce
6a0 (see Table 1), however, for the larger-scale reaction here, prod-
uct 6a0 was isolated. When an electron-donating group (OCH3) was
R

O HN
Ts

OEt

OBr

R

O

TsHN CO2Et
4 6

Br

t (h) Yield 4a (%) Yield 6a (%) dr of 6 e

1 14 (4a) 44 (6a, 6a0) 1:3.2
4 7 (4b) 63 (6b, 6b0) 1:2.5f

4 5 (4c) 45 (6c, 6c0) 1:2.75
2 5 (4d) 53 (6d, 6d0) 1:2.12
4 15 (4e) 19 (6e, 6e0) 1:2.17
2.5 — —

/S) mixture and 60 is the (R/S, S/R) mixture. See Supplementary data.
ernight and no change in the ratio was observed.
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present on the aryl ring (1c), the reaction proceeded with moderate
yield to generate the terminal vinyl compounds 6c and 6c0 and the
anticipated product 5c was not observed (Table 2, entry 3). The
same observation was noted when the weakly electron-withdraw-
ing group Br (1d) was used (Table 2, entry 4). A nitro group (NO2), a
more strongly electron-withdrawing group, was also employed as
a substituent (1g), and products 6g and 6g0 were found in trace
amounts and the corresponding product 5g was not observed (re-
sults not shown). Taken together these results suggest that elec-
tronic factors do not greatly influence the product distribution.
The ketoallene bearing a cyclohexyl group (1e) was used to inves-
tigate the steric effects upon the generation of the corresponding
product 5e, and it was found that only the products 4e, 6e, and
6e0 were generated (Table 2, entry 5). In an additional variant on
the allene substrate, commercially available ethylester ketoallene
(1f) was also tested and we found that it did not undergo a reaction
at all (Table 2, entry 6).

On the basis of the results above and the isolation of products 6,
it was confirmed that 6 was indeed a precursor to the anticipated
products 5. We explored the possibility that an external base may
be able to facilitate the elimination of 6 to give 5. Our initial at-
tempt to use triethylamine to convert 6b0 into the anticipated 5b
was unsuccessful. However when potassium t-butoxide was used,
products 5b and 5c were isolated from 6b0 and 6c0, respectively, in
good yields (Scheme 2; see Supplementary data).21 The results
confirmed the potential to obtain the masked unnatural amino
acids 5 in high yield, as well as allowed the proposal of a mecha-
nism for our aza-MBH reaction.

On the basis of previous literature11 and our results, the mech-
anism shown in Scheme 3 is proposed. It appears plausible that
both the cationic and anionic components of the Lewis acid
MgBr2�OEt2 are participating in the mechanism. As depicted, the
mechanism proceeds through the nucleophilic attack of the bro-
mide ion onto the central carbon atom of the allene resulting in
enolate 7, a common intermediate that can lead either to product
4 or 5 (Scheme 3). Subsequent addition of 7 to the imine occurs
at either the a- or c-position of the allene. Alkylation at the a-po-
sition gives rise to 6 which undergoes elimination to provide the
isolated allene 5. Alkylation at the c-position leads to product 4.
Notably, the isolation of products 6 (Table 2) substantiates this
proposed mechanism.22

The base that facilitates elimination is potentially the nitrogen
anion that is generated by the addition of the enolate 7 to the
imine 2; however it is unlikely to occur through an intramolecular
deprotonation because that would lead to an energetically unfa-
vorable four-membered ring transition state. Additionally, the
chelation of the magnesium on the pre-eliminated product (6)
interferes with the access to the a-proton. Since an elimination oc-
curs under Lewis acid reaction conditions with the methyl keto-
allene, we suspect for the phenyl-substituted ketoallenes, a rigid
chelation arrangement precludes the elimination from occurring.
In a control experiment, potassium t-butoxide was added directly
to the reaction containing the Lewis acid after using TLC methods
to confirm the presence of the vinyl bromide product 6c0 (Scheme
4). However, the expected allene 5c was not observed.

In summary, we have presented the first halide-initiated
aza-MBH reaction between allenic ketones and glyoxylate-derived
imines to generate unnatural amino acids. The method reported
herein provides a unique way to generate unnatural amino acids
and introduces a conceptually new application of the aza-MBH
reaction. The products can serve as synthons for synthetic pur-
poses and the vinyl bromine analog has the advantage of being
additionally transformed through cross-coupling methods. Efforts
are in progress to fully understand the mechanism of the reaction
and to expand the scope of the reaction to include other Lewis acid
catalysts and a variety of imine substrates.
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