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Abstract: Disclosed herein is a new catalytic approach for an
efficient access to cyclic f-amino acids widely found in
bioactive small molecules and peptidic foldamers. Our

method involves addition of the remote y-carbon atoms of

o, -unsaturated imines to enals by iminium organic catalysis.
This highly chemo- and stereo-selective reaction affords cyclic
p-amino aldehydes that can be converted to amino acids
bearing quaternary stereocenters with exceptional optical
purities. Our study demonstrates the unique power of organic
catalytic remote carbon reactions in rapid synthesis of func-
tional molecules.

The addition of carbon nucleophiles to electron-deficient
alkenes is a common step in forming new carbon—carbon
bonds. Among the electron-deficient alkenes, o, 3-unsaturated
aldehydes (enals) can be readily activated by organic catalysts
for asymmetric reactions with various nucleophiles. For
example, reactions of enals with primary or secondary
amine catalysts form o,f-unsaturated iminium intermediates
that can undergo addition reactions with carbon or heter-
oatom nucleophiles.-? With N-heterocyclic carbenes (NHCs)
as organic catalysts,>* in the presence of oxidants, enals can
be converted to o,f3-unsaturated azolium ester intermediates
for further reactions.”! The majority of the carbon nucleo-
philes in organic catalytic 1,4-addition to enals (and related
electron-deficient alkenes) are the a-carbon atoms of car-
bonyl compounds or their derivatives and analogues (Fig-
ure 1a).! Vinylogous Michael donors”! have also found
interesting use for construction of C—C bonds at the y-
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Figure 1. Access to cyclic B-amino acids by addition of remote carbon
atoms of unsaturated imines to enals.

carbon centers of carbonyl compounds!® or their derivatives
and analogues.”’ However, most of vinylogous Michael
donors are restricted to cyclic substrates with at least one of
the electron-rich double bonds incorporated in the ring
systems (Figure 1a).*! The use of acyclic linear vinylogous
Michael donors in asymmetric addition to enals (via o,f3-
unsaturated iminium or azolium ester intermediates) remains
less explored (Figure 1a).1%!]

Herein, we disclose that the y-carbon atoms of a,f3-
unsaturated imines (linear substrates) can directly undergo
nucleophilic addition to enals under the catalysis of chiral
secondary amine catalysts (Figure 1b). Key steps include the
reaction of enal (1) with amine catalyst to form unsaturated
iminium intermediate I, and y-CH deprotonation of unsatu-
rated imine substrate (2) to form dienamine intermediate II.
Addition of the y-carbon atom of II to unsaturated iminium
intermediate I affords intermediate III that can undergo
further intramolecular Mannich reaction to form intermedi-

Wiley Online Library

17189


http://dx.doi.org/10.1002/ange.201908896
http://dx.doi.org/10.1002/anie.201908896
http://orcid.org/0000-0003-0573-257X
http://orcid.org/0000-0003-0573-257X
https://doi.org/10.1002/anie.201908896
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.201908896&domain=pdf&date_stamp=2019-10-23

GDCh
~—

17190

ate I'V. Hydrolysis of the iminium component of intermediate
IV leads to cyclic amino aldehyde product (3) with the
regeneration of amine catalyst. In this cascade reaction,
multiple atoms of both the enal and unsaturated imine
substrates are involved with the formation of two new
carbon—carbon bonds. The cyclic amino aldehyde products
(3), obtained as essentially single enantiomers with up to
99% ee, can be readily transformed to cyclic f-amino acids
after oxidations. Notably, cyclic amino acids (such as 6-
memebered cyclic f-amino acid BAY 9379, Tilidin,™! and
oryzoxymycin[') exhibit medicinally significant bioactivities
(Figure 1c¢).'"! These amino acids are also key components in
many pharmaceutical leads such as CEP-28122,1""1 VX-787,"7]
VLA-4 Antagonist,'™ and 11-methoxytabersonine.'”) In the
field of foldamers research, Gellman and co-workers have
pioneered the creation of new peptidic structures by employ-
ing cyclic non-natural amino acids®” that include six-mem-
bered B-amino acids.”! Our new catalytic reaction provides
an efficient approach to this class of cyclic f-amino acids.
We started by using enal 1a and o,-unsaturated imine 2a
as model substrates to develop the y-carbon addition and
cascade reaction (Table 1). Our original attempt in using
NHC catalysts under oxidative condition to realize a similar
transformation was unsuccessful. We then moved to examine
chiral secondary amines as the catalysts. We were delighted to
find that by using the Hayashi-Jgrgensen type prolinol TMS

Table 1: Condition optimizations.?!

30 mol% cat. CgHs CeHs
X 100 mol% base S .CHO ___CHO
1a 100 mol% additive TsNH 7Y
" —_— NHTs ——— | Il
)\/UIS CHOHHO ¢ o ot e
. (99:1 viv, 0.1M) 3a 6 maii side
e product
Gy . Celts 60°C, 12h
FiC

cat. CF.
CeHs O (?Fs

oL/
N
O—coorq CsHs\j
N otms o N
H i H H
c
D

A it 0;MS or,

Entry Catalyst Base Additive  Yield [%] eel?
32943’ 3a/4a

1 A KH,PO, - 64/6 99/93

2 A K,HPO, - trace/— -/-

3 A K,HPO,, KH,PO,® - 23/10 99/94

4 A K;PO,, KH,PO®  — trace/— -/-

5 A K,CO;, KH,POT  — trace/— —/-

6 A KH,PO, NaCl 56/— 99/-

7 A K,HPO,, KH,PO,®  NaCl 72 (69) 4 99/ 93

8 A K,HPO,, KH,PO,® LiBr 55/7 99/86

9 B As entry 7 trace/— -/~

10 C As entry 7 20/- 29/-

1 D As entry 7 0/- —/-

[a] Reaction conditions: Ta (0.2 mmol), 2a (0.1 mmol), amine

(0.03 mmol), base (0.1 mmol), additive (0.1 mmol) in 1 mL CH;OH/
H,O (99:1) at 60°C for 12 h. [b] 100 mol % of each base was used.

[c] NMR yield based on 2a using trimethoxylbenzene as internal
standard. [d] Isolated yields of 3a and 4a based on 2a. [e] Enantiomeric
excess of 3a and 4a was determined by HPLC analysis on chiral
stationary phase.
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ether™ as the amine catalyst, KH,PO, as the base, the
proposed cyclic amino aldehyde product (3a) could be
obtained as essentially a single enantiomer with 64 % yield
and 99 % ee (entry 1). A mixture of CH;OH with water (99:1
v/v) was found as an optimal solvent (see Table S1 in the
Supporting Information for examples of other solvents).
Trace product was observed when KH,PO, was replaced with
K,HPO, (entry 2). Dual basic additives were then examined
for further condition optimization (entries 3-5). Optically
enriched products (3a, 99 % ee) were obtained in trace to
23% yields when using KH,PO, together with K,HPO,,
K;PO,, or K,CO; as the basic additives (entries 3-5, for more
details, see Table S1 in the Supporting Information). Through
the addition of NaCl as a salt additive, the yield of 3a dropped
to 56 % when KH,PO, alone was used as the base (entry 6).
However, the yield of the product 3a could be dramatically
increased by the addition of NaCl with K,HPO,/KH,PO, as
the bases (entries 7 vs. 3). Other inorganic salts (entry 8, see
Table S1 in the Supporting Information for more details) were
also tested as additives for this reaction. As a technical note,
adduct 4a was obtained as the major side product, and its
formation was suppressed by the addition of NaCl (entries 7
vs. 3). Several other amine catalysts (B, C, and D) we tested
were not effective (entries 9-11).

With the optimized conditions in hand (Table 1, entry 7),
we examined the generality of the reactions with regards to
both substrates (Scheme 1). With 2a as a model unsaturated
imine substrate, we first tested derivatives of cinnamaldehyde
as the enal substrates (3b-3 f). Placing various substituents on
the para position of the -phenyl group of cinnamaldehyde
were well tolerated, with the corresponding products
obtained in 66-73 % yields and excellent ee values (3b-3e).
When a methyl unit was placed on the ortho-carbon of the f3-
phenyl ring of cinnamaldehyde, a longer reaction time was
needed with a drop of product yield (3 f, 43 % yield) likely due
to the steric hindrance. Changing the phenyl group to other
heteroaryl (3g) and naphthyl (3h) substituents did not
influence the reaction outcomes. The phenyl group of
cinnamaldehyde could also be replaced by an alkene unit
(3i). Aliphatic enal could give the desired product (3j) in
a low yield (12 %) even after an extended reaction time.

We next examined the imine substrates (2) using cinna-
maldehyde (1a) as a model electrophile. Placing halogen
substituents on the phenyl ring of the unsaturated imine
substrates led to the corresponding products 3k and 31 with
44 % and 65 % yield, respectively. The 3-phenyl substituent of
the unsaturated imine could be replaced by a naphthyl unit
(3m). The pB-aryl substituent of the imine can be changed to
an alkyl (3m) or a carboxylic ester (30) unit, albeit with
decreased yields. The y-phenyl substituted imine could give
the desired product (3p) in a low yield (16%). We also
investigated imines with other N-protecting groups. Both 2-
and 4-nitrobenzenesulfonyl protected imines (3q and 3r)
were tolerated to give the corresponding products in 68 % and
59% yield, respectively. Interestingly, diphenylphosphinyl
imine substrate also reacted to give 3s with 34% yield
(isolated after reduction of the aldehyde to alcohol due to the
instability of the amino aldehyde adduct). No desired product

Angew. Chem. Int. Ed. 2019, 58, 17189-17193
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Scheme 1. Substrate scope.

was observed when aldimine was employed as the substrate
under the current reaction condition.

In all these catalytic reactions (3a-s), the cyclic 3-amino
aldehyde products were obtained as single diastereomers. The
reaction likely gave trans-Mannich adduct that subsequently
underwent an epimerization to the thermodynamically more
stable isomer with excellent diastereoselectivity (see the
Supporting Information for a detailed mechanistic discus-
sion).

The reaction is amenable for scale up without loss in yields
or ee values. Herein we demonstrated a preparation of 3a in
1.5 gram scale with 67 % yield and 99 % ee.

To understand the reaction pathway for the formation of
by-product 4a and the role of NaCl, multiple control experi-
ments were conducted (Scheme 2). Under the optimized
reaction condition, 3a was employed as the reaction starting
material, and the yield of by-product 4a was monitored by
'H NMR. As shown in Scheme 2a, without the addition of
NacCl, 4a could be afforded from 3a in moderate yields under
otherwise identical reaction conditions. However, the forma-
tion of 4a was significantly suppressed by the addition of
NaCl. This might be because the salt additive can facilitate the
precipitation of product 3a from the reaction solution and
thus suppress its transformation to the side-product 4a. Only
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Scheme 2. Control experiments.

trace formation of 4a was observed from the reaction of 1a
and the enone substrate 2a’ (Scheme 2b). Notably, the
formation of 3a’ and 3a” were not observed in our model
reactions while using unsaturated imine 2a as the substrate,
showing that hydrolysis of unsaturated imine is minimal
under our optimal reaction conditions (see the Supporting
Information for additional control experiments). Based on
these results, the side-product 4a is expected to be afforded
through elimination of TsNH, from 3a, rather than from the
reaction between enal 1a and enone 2a’ (generated in situ by
hydrolysis of 2a during the catalytic reaction).

The amino aldehyde adducts from our catalytic reactions
could be converted to the corresponding cyclic f-amino acids.
As a technical note, it was easier to remove the nitro-
benzenesulfonyl (nosyl, Ns) protecting group of the amine
than the toluenesulfonyl (tosy, Ts) group. The aldehyde
moiety of the Ns protected amino aldehyde 3r could be
readily oxidized to the corresponding carboxylic acid (5) in
84% vyield. The Ns group on the amino group could be
removed in the presence of a thiophenol and a base™ to give
the unprotected amino acid (6) in 80% yield. In both
transforming steps (from 3r to 5 and to 6), the optical
purity of the products was not affected (Scheme 3).

50°C, 36 h

CeHs KMnO,, 2 eq Cels CeHs
~_,CHO %Hgo,a, 1 eq COH %Féngk«*:q COH
[ nwons <2 04, 1eq - L NHPNs __eatel —
CeHs CeHs  HBUOHIH,O (3:1) 1S CeHs  CHsCN/DMSO (96:4) CeHs TeHs
r r

5 6
84% yield, 99% ee 80% yield, 99% ee

Scheme 3. Conversion of 3r to unprotected cyclic amino acids.

In summary, we have developed a new reaction between
a,p-unsaturated imines and enals. Key steps in this catalytic
process involves 1,4-addition of the remote y-carbon atoms of
unsaturated imines to enals under the catalysis of chiral
amines. The reaction affords cyclic 3-amino aldehydes with
exceptional chemo- and stereoselectivities. The amino alde-
hydes can be converted to cyclic f-amino acids bearing
quaternary stereocenters that are difficult to prepare using
previous methods. We expect this study to encourage further
exploration of remote carbon atoms in organic catalytic
reactions for rapid assembly of useful molecules.
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