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Abstract

Catalytic enantioselective α-hydrazination of 1,3-dicarbonyl compounds with azodicarboxylates was
investigated in the presence of our newly developed hydrogen bonding catalyst, squaramide 3j. High
yields and high enantioselectivities were achieved with low catalyst loading under mild conditions.

Hydrogen bond donor catalysis for asymmetric synthesis has attracted intense research efforts
in recent years.1 With the focus on substrate generality, catalyst practicality, and mildness of
reaction conditions, our laboratory has been involved in the investigation of enantioselective
transformations catalyzed by simple chiral hydrogen bond donors.2 Recently we have
developed a new family of catalysts based on the squaramide scaffold and demonstrated their
utility in C-C bond3a and C-P bond3b formation.4 In both cases nitroalkenes were successfully
activated towards 1,4-addition reactions. In order to assess the range of electrophiles that would
be compatible with squaramide-based catalysts, we have begun to examine other classes of
reactants. In particular, we were drawn to electrophilic amination reactions, an important class
of transformations that offers alternative and often attractive routes for the synthesis of
nitrogen-containing compounds.5 Among them, the asymmetric α-hydrazination of carbonyl
compounds with azodicarboxylates is a powerful tool to install protected amino groups and set
chiral centers during a synthetic sequence. When α-monosubstituted-1,3-dicarbonyl
compounds are used as nucleophiles, quaternary α-amino acid derivatives are obtained as
products.6 These derivatives are of special interest for the synthesis of designer peptides with
specific conformational and biological properties7 and as building blocks of potential
therapeutic agents such as metabotropic glutamate receptor ligands.8

Although several examples of catalytic enantioselective α-hydrazination of 1,3-dicarbonyl
compounds have already been reported,9,10,11 there are still challenging issues that need to be
addressed, particularly in the area of organocatalysis. These challenges include
enantioselectivity, substrate generality, efficiency and ease of catalyst preparation, catalyst
loading, and reaction time. Herein we describe our investigation of catalytic enantioselective
α-hydrazination of 1,3-dicarbonyl compounds using a newly developed chiral squaramide
catalyst. We report a wide substrate scope with several examples of reactions that proceed at
ambient temperature and afford products in 93–96% ee.
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To confirm the ability of squaramides to catalyze the α-hydrazination reaction, a series of
catalysts with various substituents on the two vinylogous amide nitrogen atoms was prepared
and tested in the addition of β-ketoester 1a to diethyl azodicarboxylate (2, Table 1). In this
regard, the ease of synthesis and the modular nature of chiral squaramides facilitates the fine-
tuning of their activity. It should be noted that the catalysts shown in Figure 1 are all readily
prepared, in two to three steps from commercially available dimethyl squarate.12 Catalyst 3a,
which was highly effective in the reported conjugate addition to nitroalkenes,3a did not function
well for the present transformation (entry 1). Catalyst 3b bearing an amine derived from the
pseudo-enantiomeric cinchona alkaloid also gave an unsatisfactory result but, interestingly, a
product enriched in the same enantiomer as 3a (entry 2). Other chiral moieties were examined,
and we were delighted to find that catalyst 3e possessing the (R,R)-1,2-diaminocyclohexane
unit successfully promoted the reaction in high yield and high enantioselectivity (entry 5). The
poor reactivity seen with catalyst 3d (entry 4) is consistent with the expectation that a
bifunctional catalyst, possessing a basic amino group, is required to promote the reaction. The
amino group in catalyst 3e serves to generate the active nucleophilic anion, and the resulting
ammonium ion is expected to organize the transition state geometry through additional
hydrogen bonding.13 Further investigation of the effect of the tertiary amino group led to the
discovery of another suitable catalyst, 3j, which contains a piperidinyl group (entries 5–10).
Evaluation of the effect of the left part of the squaramide catalyst showed bis(trifluoromethyl)
phenyl group to be the superior substituent (entries 10–12).

Since 3e and 3j provided products with similar enantioselectivities, they were investigated
further to identify the optimal catalyst. Comparison of the catalytic ability of both catalysts by
conducting the reactions at low temperature indicated that 3j was superior to 3e (entries 13–
16). Enantioselectivity was improved to 95% ee by simply lowering reaction temperature to
−20 °C (entry 17). A brief survey of solvents identified toluene to be somewhat better for this
reaction than methylene chloride or THF (entries 10, 18, 19).

The scope of catalytic enantioselective α-hydrazination of various active methylene compound,
using 3j as the catalyst, was evaluated next (Table 2). These reactions were carried out using
di-tert-butyl azodicarboxylate (5) as the hydrazination reagent, rather than diethyl
azodicarboxylate (2). Preliminary studies had shown that both gave products with similar
enantioselectivities, but the former had the advantage that the Boc group can be easily removed,
if needed. However, in a small number of cases diethyl azodicarboxylate (2) was used because
higher enantioselectivity was observed (1a and 1h, entries 1, 2, 12). A wide variety of cyclic
β-ketoesters, 1,3-diketone, malonates, and α-cyanoketone reacted successfully with
azodicarboxylates under the optimized conditions, affording the corresponding products with
high to excellent enantioselectivities. The range of reactants described is one of the most
extensive among the reported organocatalyzed α-hydrazination of 1,3-dicarbonyl compounds.
In particular, cyclic malonates 1m and 1n represent a new type of substrates for the reaction.

It is noteworthy that for a number of substrates excellent enantioselectivities were obtained
(93–96% ee, entries 3–4, 6–11, 18) at room temperature, without the need to resort to low
temperature. Moreover, the catalyst loading could be reduced to 0.1 mol % without significant
deterioration of enantioselectivity (entry 4). The reaction was not affected significantly by
electronic and steric variations of the ester group (entries 3–10). Likewise, for the indanone
containing substrates, electronic perturbations of the aromatic ring had little effect on
enantioselectivity (entries 13–15). Interestingly, β-ketoesters 1a and 1g, bearing six and seven
membered rings (entries 1, 2, 11), reacted at a satisfactory rate at temperatures between −20 °
C and room temperature under the present catalysis method. By comparison, previous reports
indicated that such substrates required longer reaction times (> 24 h).10a,b,d,e
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The assignment of absolute stereochemistry of the enantiomerically enriched product can
provide important information for mechanistic consideration and further improvement of
catalyst design. A survey of the literature showed that (R) configuration was assigned to the
quaternary center of (−)-6c10e and (+)-6e.9g Our catalyst afforded (+)-6c and (+)-6e, which
would be assigned (S) and (R) stereochemistry, respectively, based on correlation with the
aforementioned data. It appeared highly improbable that steric difference in the ester groups
—ethyl vs tert-butyl—should result in opposite enantioselection. Further, closer inspection
showed the literature reports to be less than definitive with regard to the stereochemistry of
similar hydrazination products.12 Thus, we sought to provide unequivocal assignment of the
absolute stereochemistry of our hydrazination products. Compound 6b was converted to a
derivative that contains a (1S)-camphanic amide,12 and the X-ray crystal-structure analysis
provided clear proof that our product has the (S) configuration. The absolute stereochemistries
of (+)-6c and (+)-6e were then assigned as (S) by correlation.12

In order to get some insight on the nature of electrophile activation by the squaramide catalyst,
and thereby the observed asymmetric induction, we also examined the hydrazination reaction
of unsymmetrical azodicarboxylates. Prior work had established that unsymmetrically
substituted azodicarboxylates react with nucleophiles in a regioselective manner, resulting in
addition to the more electron deficient nitrogen.14 We reasoned that steric differences in the
azodicarboxylates might result in a selective dual hydrogen bond, presumably to the less
hindered carbonyl and the adjacent nitrogen, which in turn would induce electronic
differentiation of the two azo-nitrogens. Interestingly, the reaction of sterically differentiated
asymmetric azodicarboxylate 7 with β-ketoester 1b in the presence of squaramide 3j provided
the same nitrogen regioselectivity as the uncatalyzed reaction, at room temperature and at 0 °
C (Table 3). Moreover, the yield and enantioselectivity with the unsymmterical
azodicarboxylate were similar to that observed with di-tert-butyl azodicarboxylate (5). Thus,
it appears that the steric difference between a methoxy and tert-butoxy group is not sufficient
to induce selectivity in its interaction with the hydrogen bonding catalyst.15

In conclusion, the results above demonstrate squaramide 3j to be a highly effective catalyst for
the enantioselective α-hydrazination of 1,3-dicarbonyl compounds. All reactions can be
conducted under mild conditions, with low catalyst loading, and afford the products in
generally excellent yields and enantioselectivities. These results not only provide further
demonstration of squaramides as highly effective hydrogen bonding catalysts but also
calibration of their usefulness versus other hydrogen bond donor catalysts for the preparation
of optically active nitrogen compounds. Further applications of chiral squaramide catalysts,
particularly for the development of new enantioselective reactions, are under investigation.
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Figure 1.
Structures of Catalysts
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Table 1

Catalyst Screeninga

entry catalystb time (h) yieldc (%) eed (%)

1 3a 15 58 −10

2 3b 15 65 −29

3 3c 60 71 −5

4 3d 48 22 0

5 3e 0.5 98 88

6 3f 1 83 69

7 3g 1 78 69

8 3h 30 81 32

9 3i 24 70 25

10 3j 0.5 90 89

11 3k 3 91 88

12 3l 2 84 66

13 3e 0.5 98 88

14 3j 0.5 90 89

15e 3e 2 96 90

16e 3j 1 97 92

17f 3j 2 97 95

18g 3j 0.5 91 87

19h 3j 2.5 88 83

a
Reactions were performed with 0.75 mmol of 1a, 0.5 mmol of 2, and 2 mol % of catalyst 3 in 0.5 mL of toluene at rt, unless otherwise stated.

b
See Figure 1 for structures of catalysts.

c
Isolated yield.

d
Determined by chiral HPLC.

e
Reaction conducted at 0 °C.

f
Reaction conducted at −20 °C.

g
Reaction conducted in CH2Cl2.

h
Reaction conducted in THF.
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