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ABSTRACT: Nonproteinogenic amino acids are prepared by
an unprecedented domino aza-Michael addition-1,3-dipolar
cycloaddition, leading to enantiopure highly substituted
pyrrolidinopyrazolines. Nonaflyl azide serves as highly effective
diazo transfer reagent, forming the link between the conjugate
addition and cycloaddition steps. The resulting pyrroli-
dinopyrazolines can be rapidly transformed to either α,β,γ-
triamino acids or 3,4-methano-β-prolines. Peptide coupling
can be regioselectively conducted at each of the amino groups.

Non-natural amino acid derivatives are an important class of
organic compounds. They have good potential as

functional building blocks in materials chemistry, for example
as building blocks for foldamers1 or dendrimers.2 They are even
more important in medicinal chemistry and attractive in solving
biological questions, since they may replace native amino acids in
oligopeptides and related structures, altering their hydrolytic
stability, conformation, and biological activity.1b,3 Especially,
cyclic amino acids are attractive, since they are conformationally
constrained and their properties can thus be easily tuned.4

However, access to such structures is associated with tedious
multistep synthesis, making their use and comprehensive
investigation impractical.
We envisaged to provide a one-step approach to cyclic

polyfunctional amino acid derivatives by unprecedented tandem
organometallic conjugate addition/dipole generation/intramo-
lecular [3 + 2] cycloaddition processes (Scheme 1). Such an
approach is attractive, since initial stereochemical information
can be set in the addition step (A + B → C),5 after which the
organometallic intermediate serves to generate a dipole D, from
which the pericyclic process (D → E) proceeds with high
diastereoselectivity. This represents a challenge, since the

conditions and rates of organometallic and cycloaddition steps
usually differ; therefore, coupling them to domino processes6 is
not trivial.
This analysis indicated that the aza-Michael addition is a

suitable step for the asymmetric introduction of nitrogen
functionality.7 For the subsequent dipole generation from the
organometallic intermediate C the diazo functionality is very
promising, since it gives access to pyrazoline derivatives.8

Whereas Regitz diazo transfer9 using sulfonyl azides is well
established for β-dicarbonyl compounds, it is currently limited in
scope and selectivity for simple enolates, since azidation usually
competes. Although Evans’ results can be used as a guideline that
electron-rich sulfonyl azides, such as triisopropylbenzenesulfonyl
azide (TrisylN3), react by α-azidation, whereas p-nitrobenzene-
sulfonyl azide (PNBSA)10 or diphenylphosphoryl azide
(DPPA)11 afforded predominately diazo compounds, no
generally applicable selective diazo transfer protocol to simple
enolates exist.
We report here a short and efficient approach to cyclic amino

acid scaffolds 3 based on an unprecedented domino aza-Michael
addition/diazo transfer/1,3-dipolar cycloaddition process from
simple starting materials 4, 5, and 6 (Scheme 2). Central bicycles
3 provide the basis for an efficient synthesis of cyclic triamino
acid derivatives 1 and bicyclic β-prolines 2, which are important
structural motifs in medicinal chemistry.12

Initially the critical diazo transfer, which links the polar and
cycloaddition steps, had to be established with high selectivity.
Therefore, β-amino ester 7 served as a model. It was
deprotonated with LDA at −78 °C and treated with several
sulfonyl azides 6a−e (Table 1). After 30 min, acetic acid (3
equiv) was added to the cooled solution and the mixture was
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Scheme 1. Strategic Combination of Organometallic
Conjugate Addition Steps withDipolar [3 + 2] Cycloadditions
to a Domino Process
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warmed to rt overnight. Nonaflyl azide 6a,13 which was not
employed for diazo transfer to enolates so far, turned out to be
the reagent of choice for the selective synthesis of α-diazo ester 8
(entry 1). In contrast, reagents 6b−e provided mixtures, which
reflect the known reactivity trends (entries 2−5).10

These results enabled the exploration of the proposed domino
strategy (Table 2). Lithium amides of 5 were generated by
deprotonation of the parent amine with n-butyllithium at −78
°C. Their conjugate addition to α,β-unsaturated esters or amides
4 followed by addition of nonaflyl azide led to almost
instantaneous diazo transfer at −78 °C, and the cyclized
products 1,8-trans-3a−l and 1,8-cis-3a−l were observed in the
reaction mixture (entries 1−12). Quenching with acetic acid
completed the conversion of the intermediate triazenes to
bicyclic products 3. The domino reaction was less efficient when
using methyl esters and less hindered N-allylbenzylamine,
because 1,2-addition of the lithium amide was competitive
(entry 2 vs 1), whereas application of tert-butyl esters suppressed
the 1,2-addition completely. When the allylic unit was
unsubstituted (R4 = R5 = R6 = H), the uncyclized α-diazo ester
was not observed as an intermediate, suggesting that the 1,3-
dipolar cycloaddition was faster than formation of the diazo
compound (entries 1−5, 10−12). In more substituted allylic
amines (R4 = H, R5, R6 = Me, or R4 = Me, entries 6−9) the
cycloaddition was slower, but the conversion was complete
within hours. Michael acceptors having alkyl or aryl substituents
in the β-position are tolerated equally well in the tandem process.
The domino reactions are not limited to esters as Michael
acceptors, an amide, and even a Weinreb amide reacted similarly
effectively (entries 11, 12). A homoallylic amine was also
applicable in good yield, thus providing an efficient access to
piperidinopyrazolines 3m with high diastereoselectivity (entry
13). Remarkably, all domino reactions proceeded with more than
12:1 1,8-trans/1,8-cis selectivity. No other diastereomer of 3 was
observed. The application of enantiopure α-methylbenzylamines
5 leads to enantiopure products 3d−m (entries 4−13). The
stereochemical information from the double bond geometry in
crotylamines was completely transferred into the configuration at
C4 of products 3g,h (entries 7, 8). The structure and relative
configuration of bicycles 3f and 3m was unequivocally proven by
X-ray crystallography (Figure 1; see Supporting Information).

Scheme 2. Domino Approach to α,β,γ-Triamino and Cyclic β-
Amino Acid Derivatives 1 and 2

Table 1. Enolate Azidation vs Diazo Transfer Using Different
Sulfonyl Azides 6a−e

entry 6 yield (%) 8 (%)a 9 (%) 7 (%)

1 a F9C4SO2N3 82 99 0 0
2 b PNBSA 89 73 27 0
3 c DPPA 53 85 0 15
4 d AcNHC6H4SO2N3 N.d.b 33 11 56
5 e TrisylN3 78 11 83 6

aThe ratio of products was determined by 1H NMR spectroscopy.
Compounds 7, 8, and 9 were inseparable by column chromatography.
bNot determined. The product ratio was determined from the crude
reaction mixture.

Table 2. Scope of Domino Aza-Michael Addition/Diazo Transfer/[3 + 2] Cycloaddition Reactions

4 5

entry R1 R2 R3 R4 R5 R6 n 3 (%) trans/cis-3a

1 Me OtBu H H H H 1 a 77 12:1
2 Me OMe H H H H 1 b 37b 14:1
3 Ph OtBu H H H H 1 c 72 15:1
4 Me OMe Me H H H 1 d 95 15:1
5 Me OtBu Me H H H 1 e 91 14:1
6 Me OtBu Me Me H H 1 f 58 15:1
7 Me OtBu Me H Me H 1 g 85 12:1
8c Me OtBu Me H H Me 1 h 70 50:1
9 Me OtBu Me H Me Me 1 i 62 >20:1
10 Ph OtBu Me H H H 1 j 90 15:1
11 Me NMe2 Me H H H 1 k 76 >20:1
12 Me NMe (OMe) Me H H H 1 l 71 17:1
13 Me OtBu Me H H H 2 m 71 >20:1

aDetermined from the 1H NMR spectra of the crude reaction mixtures. bThe product of double 1,2- and 1,4-addition was also isolated in 37% yield.
cThe opposite enantiomer of 5h than depicted in the equation was used, resulting in the corresponding enantiomer of 3h.
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The isolated β-amino ester 10 underwent the diazo transfer/
intramolecular cycloaddition sequence similarly, giving pyrroli-
dinopyrazolines 1,8-trans- and 1,8-cis-3b in 79% and 2% yield, at
gram scale (Scheme 3). The diastereomeric ratio of the crude
mixture was 11:1, similar to that before. Interestingly, the minor
diastereomer 1,8-cis-3b converted slowly to more stable 1,8-
trans-3b at rt over several weeks.
The stereoselectivity of the reaction sequence can be described

by initial precoordination of the lithium amide generated from
amine 5 to the carbonyl group of 4, followed by transfer of the
amide group to the β-position via transition state 11 with the
least steric interaction (Scheme 4).7a Thus generated (Z)-enolate
12 couples subsequently with NfN3 leading to unstable
triazenide 13. Its protonation to 14 triggers the formation of
diazo intermediate 15. The high diastereoselectivity of the
cycloaddition step is explained by a strongly preferred trans-
diequatorial orientation of R1 and the ester group in the
transition state 16a, which collapses to 1,8-trans-3, whereas the

minor isomers 1,8-cis-3 result via 16b. Alternative transition
states with axial orientation of R1 suffer from unfavorable
interactions with the phenylethyl group (not shown).
Bicyclic pyrazolines 1,8-trans-3b and 1,8-trans-3e served as

examples for diversification of the scaffold. Hydrogenolytic ring
opening of the pyrazoline ring provided a facile access to
orthogonally protected α,β,γ-triamino acid derivatives (Scheme
5). Using 1,8-trans-3b and Raney nickel under 10 bar of
hydrogen yielded diaminopyrrolidinecarboxylate 17b, which
underwent selective peptide coupling with Boc-protected glycine
at the primary amine function furnishing dipeptide 18b. A similar
hydrogenolysis of either 1,8-trans-3b or 1,8-trans-3e with Raney
nickel in the presence of Boc2O afforded a separable mixture of
ring opened 19b or 19e protected at the primary amine function
and small amounts of bicyclic 20b,e. Further hydrogenolysis of
19e using Pd(OH)2 removed the benzylic protecting group. The
resulting pyrrolidine 21e underwent peptide coupling to
dipeptide 22e in high yield. Finally, even the amine function at
the quaternary stereocenter of 19b was subject to peptide
coupling affording dipeptide 23b. The yield must, however, be
further optimized.
Selective diversification of the bicyclic ring system was also

possible (Scheme 6). Reduction of the NN double bond of
1,8-trans-3b by zinc in acetic acid and subsequent Boc protection
provided the corresponding orthogonally protected pyrrolidino-
pyrazolidine 20b in good yield without cleavage of the N−N
bond. Hydrogenolysis of 1,8-trans-3b or 1,8-trans-3e and
treatment with Boc2O gave the diprotected bicyclic derivatives
24b,e in good yields. The 1-pyrazoline ring can be
tautomerized14 to thermodynamically more stable 2-pyrazoline
25b by treatment with DBU (or tetramethylguanidine). Et3N

Figure 1. X-ray crystal structures of 1,8-trans-3f and 1,8-trans-3m.
Thermal ellipsoids are drawn at the 30% probability level.

Scheme 3. Diazo Transfer/[3 + 2] Cycloaddition of 10

Scheme 4. Mechanism and Stereochemical Rationale of the
Domino Process

Scheme 5. α,β,γ-Triamino Acids and Their Selective Peptide
Coupling
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failed to promote this reaction, whereas K2CO3 in MeOH14b led
to selective saponification of the ester group (not shown).
1-Pyrazolines are known to undergo extrusion of molecular

nitrogen under either thermal or photochemical conditions.14,15

Irradiation of a benzene solution of 1,8-trans-3b by a low-
pressure mercury lamp gave the cyclopropane 26 as a single
diastereomer in 51% yield, another attractive structural pattern
occurring in pharmaceuticals12 and alkaloids16 (Scheme 7). In
contrast, 2,4-dimethylpyrrolinecarboxylate 27 was obtained
under microwave irradiation resulting from a 1,2-hydrogen
shift accompanying N2 elimination in good yield together with a
diastereomeric mixture of bicyclic amino acid 26.
In conclusion, α,β,γ-triamino acids and bicyclic β-prolines

were effectively approached by the combination of anionic aza-
Michael additions with dipolar cycloadditions. Nonaflyl azide
was identified as an excellent reagent for converting non-
stabilized ester and amide enolates to the corresponding α-diazo
derivatives, enabling construction of scaffolds 3 in a rapid
modular manner from easily accessible starting materials.
Topologically, the reported method corresponds to a 1,2-
diamination/cycloaddition strategy, in which three C−N bonds
and a C−C bond are formed in one pot. Employment of chiral α-
methylbenzylamines leads to enantiopure products containing
four stereocenters. It was demonstrated that these scaffolds can
be deeply diversified to afford highly substituted mono- and
bicyclic chiral α,β,γ-triamino acids, which are applicable in
peptide synthesis. Multiple applications in medicinal chemistry,
oligo- and polypeptide chemistry, new materials, and toward the
total synthesis of natural products can be foreseen.
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(4) (a) Kiss, L.; Fülöp, F.Chem. Rev. 2014, 114, 1116−1169. (b) Singh,
R.; Vince, R. Chem. Rev. 2012, 112, 4642. (c) Fülöp, F.; Martinek, T. A.;
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