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Abstract: A convergent, organocatalytic asymmetric amino-
methylation of a,fB-unsaturated aldehydes by N-heterocyclic
carbene (NHC) and (in situ generated) Brgnsted acid coop-
erative catalysis is disclosed. The catalytically generated
conjugated acid from the base plays dual roles in promoting
the formation of azolium enolate intermediate, formaldehyde-
derived iminium ion (as an electrophilic reactant), and
methanol (as a nucleophilic reactant). This redox-neutral
strategy is suitable for the scalable synthesis of enantiomeri-
cally enriched (*-amino acids bearing various substituents.

'Amino acids are important building blocks for bioactive
molecules'!! and designed peptidic foldamers? exhibiting
well-defined secondary structures with increased stability
towards protease degradation. Considerable efforts have
been made toward the development of novel strategies for
the effective synthesis of enantiopure B-amino acids.”! f*-
Amino acids (those with substituents at the [-position) are
now commercially available with most natural substituents."!
In contrast, the analogous P?-amino acids (those with
substituents at the a-position), although equally useful and
wildly existed in natural products and pharmaceuticals,”' are
far less accessible (Figure 1a).’! Most of the reported
methods for p*amino acids employ chiral auxiliaries to
control the stereochemistry.”” The catalytic asymmetric
approaches to construct f?-amino acids and their derivatives
are limited.”™ In the arena of organocatalysis, Gellman and co-
workers developed a chiral secondary-amine-catalyzed Man-
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Figure 1. 3*-Amino acids and our synthetic strategy.

nich reaction to prepare f*-amino aldehydes as a key step for
B?-amino acid synthesis.®*¢! List and co-workers described
a catalytic asymmetric thiourea-mediated transfer hydroge-
nation reaction to form B*nitroesters which can be further
converted into B*-amino acids.*! Despite the progress, the
development of a convergent, enantioselective, and practical
route for the scalable preparation of Pf*-amino acids with
various substitution patterns is still in urgent need.

Herein we disclose a concise and scalable asymmetric
organocatalytic approach for practical access to [*-amino
acids and their derivatives (Figure 1b). Our reaction involves
the simultaneous dual activation of two substrates (an o,f3-
unsaturated aldehyde/enal®” and an N,O-acetal) by two
organic catalysts [an N-heterocyclic carbene (NHC)!'! and
an in situ generated Brgnsted acid]. The key catalytic step
results in an a-carbon aminomethylation of the enal by an
internal redox process to produce f*amino esters, which can
be readily converted into properly protected f%-amino esters
in a one-pot operation (Figure 1b). This study should
encourage further exploration on using the in situ generated
conjugated acid from NHC chemistry for catalysis design and
reaction development. On the practical side, the simplicity of
our method should benefit the chemistry, chemical biology,
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and material communities where enantiomerically enriched
B*-amino acids are used. Notably, the synthesis of f*-amino
acids from o-aryloxyacetaldehydes and aryl-aldehyde-
derived imines by NHC catalysis has been previously
reported by Scheidt and co-workers.'!]

Our reaction design is further illustrated in Figure 1c. The
deprotonation of the NHC pre-catalyst (NHC-HX) by base
can lead to two new catalysts, a free NHC (I) and a Brgnsted
acid (base-HX; catalyst IT). Under the co-activation of I and
II, the enal substrate 1 turns into an azolium enolate
intermediate (III), as previously reported by Bode and co-
workers'**®! and our group.'"™ Concurrently, promoted by
acid catalyst II, the N,O-acetal substrate 20! splits into the
formaldehyde-derived iminium ion IV and methanol. The
iminium ion IV behaves as an electrophilic substrate to
undergo a Mannich reaction with III, followed by trapping of
the resulting acyl azolium with the methanol molecule, which
was generated in the previous step, to release the NHC
catalyst and form the B?-amino ester in high optical purity.'*
A more complete pathway is detailed in the Supporting
Information.

Notably, the combined use of NHC and either Lewis or
Brgnsted acid catalysts have recently been described by the
groups of Scheidt,™ Rovis,"® You,"” Xu,"¥ Snyder," Yao,"!
as well as our own group.”!l In the previous studies, the acid
cocatalysts were used to improve the reaction yields or
selectivities. In particular, Rovis and co-workers reported an
enal homoenolate addition to o,f-unsaturated imines pro-
moted by an insitu generated acid cocatalyst.”® In our
present study, the in situ generated Brgnsted-acid co-catalyst
plays two critical roles: one is to switch the regioselectivity of
the enal substrate by forming III (Figure 1c¢) through proto-
nation of the (3-carbon atom of the homoenolate intermediate
(see the Supporting Information).? The other is to catalyze
the formation of the formaldehyde-derived iminium ion (as
an electrophilic reactant) and methanol (as a nucleophilic
reactant) from the N,O-acetal substrate. Imines are important
nitrogen sources in organic synthesis.”?! However, imines (or
iminiums) derived from formaldehyde are challenging sub-
strates in asymmetric catalytic reactions because of the high
reactivities and thus difficult to control both the chemo- and
stereoselectivities.””! Our approach offers mild, weakly acidic
conditions which allow controlled insitu generation of
a formaldehyde-derived iminium from its N,O-acetal precur-
sor for highly chemo- and enantioselecitve reactions.

Key results of our initial reaction optimization are
summarized in Table 1. The enal 1a and N,O-acetal 2 were
chosen as the model substrates to test the feasibility of this
proposed cooperative catalysis strategy. To our delight, when
the aminoindanol-derived triazolium salt A"?* was used as an
NHC precatalyst and NaOAc was used as a base, the desired
B*-amino ester 3a was isolated in 61% yield and 95:5 e.r.
(Table 1, entry 1). Replacing A with the triazolium salt B!
resulted in a decrease in yield and e.r. value (entry 2). The
phenylalanine-derived precatalyst C?*! could also mediate
the reaction but with less satisfactory results (entry 3). We
then chose A, first developed by Bode and co-workers, for
further optimization of the reaction conditions. The use of
a strong organic base (DBU) led to nearly no product
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Table 1: Condition optimization.?!
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R EeRRE e e R
Ph HO* OMe — CHyCh, RT SyBn e P owe
én (side product)

1a (0.2 mmol) 2 (0.1 mmol) 3a 3a'

: O N BF4

}N+ NthMes N_N}\f

: - \=N, = ~z ' ~“Mes

3 BF, Mes Ph BFy4

' Ph

; A B c
Entry NHC Base TPPC] 3a e.r 3a’

Yield [%]®) Yield [%]®

1 A NaOAc RT 61 95:5 n.d.
2 B NaOAc RT 46 91:9 n.d.
3 C NaOAc RT 45 86:14 n.d.
4 A DBU RT trace n.d. n.d.
5 A DIPEA RT 76 95:5 n.d.
6 A Et;N RT 77 95:5 18
7 A DMAP RT 67 95:5 n.d.
3 A K,CO,  RT 50 95:5  nd.
9 A Et;N 40°C 76 95:5 10
10 A - 40°C  trace n.d. n.d.
1 A Et;N 40°C 68 95:5 n.d.
120 A Et;N 40°C 63 95:5 n.d.

[a] Reaction conditions unless otherwise specified: Ta (0.2 mmol), 2
(0.1 mmol), NHC (0.02 mmol), base (0.02 mmol), CH,Cl, (1 mL), RT,
24 h. [b] Yield of isolated product based on 2. [c] Enantiomeric ratio of
3a, determined by chiral-phase HPLC analysis. The absolute config-
uration of the major enantiomer was assigned by comparison with the
literature (see the Supporting Information). [d] 0.15 mmol of 1a was
used. [€] 0.1 mmol of 1a was used. DBU =1,8-diazabicycloundec-7-ene,
DIPEA = N,N-diisopropylethylamine, DMAP = 4-timethylaminopyridine,
Mes =2,4,6-trimethylphenyl, n.d. =not determined.

formation, likely because DBU was not a suitable base to
promote the azolium enolate intermediate formation
(entry 4).”2%1 Weaker organic bases such as DIPEA, Et;N,
and DMAP could effectively mediate this reaction, with Et;N
giving the best result in 77 % yield and 95:5 e.r. (entries 5-7).
An inorganic base such as K,CO; was also compatible with
this reaction, albeit furnishing the product in a lower yield
(entry 8). We next found that slightly raising the reaction
temperature to 40°C could afford a cleaner reaction mixture
(with less side product 3a’ formed; entries 9 versus 6) which
was easier to handle technically, during product purification,
without sacrificing the product yield and e.r.value. The
reaction did not proceed without the addition of an external
base (entry 10). It appeared that the N,O-acetal substrate
itself is not a sufficient base. Decreasing the amount of the
enal substrate led to slightly lower yields (entries 11 and 12).
A major side reaction was self-redox conversion of 1ainto the
hydrocinnamic acid methyl ester 3a’.[%"!

With the optimal reaction conditions in hand (Table 1,
entry 9), we first established the generality of this reaction. As
shown in Table 2, a board range of enals exhibiting diverse
electronic and steric properties were explored.” The use of
cinnamaldehyde (1a) afforded the desired product 3ain 76 %
yield and 95:5 e.r. Enals with electron-donating (4-Me and 4-
OMe) or electron-withdrawing groups (4-F, 4-Cl, and 4-Br)
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Table 2: Scope of the reaction.!

A (20 mol%)
EtzN (20 mol%)
—_—

OMe CHaCly, 40 °C

0] Bn.,  .Bn

R/\)I\H + NK

-Z

R/\i_)OLOMe 1

.Bn _\/
: BF4

N
Bn
3

R=F, 3d: 66% yleld, 96.4 er.
Cl, 3e: 63% yield, 96:4 e.r.

1 (0.2 mmol)

OMe OMe
\ \

3a: 76% yield, 95.5 er. R=Me,3b: 72% yleld, 95.5 er.
OMe, 3c: 69% yield, 95:5 e.r.

OMe OMe
\

R = 4-Br, 3f: 75% yield, 95:5 e.r. R =NO,, 3i: 55% y|e|d, 955er.
3-Br, 3g: 72% yield, 97:3 e.r. COOMe, 3j: 73% yield, 96:4 e.r.
2-Br, 3h: 81% yield, 97:3 e.r. CHO, 3k: 66% yield, 96:4 e.r.

2 (0.1 mmol)

0]

Me OMe OMe
N Bn

Bn

X =0, 3n: 69% yield, 94:6 er.
S, 30: 64% yield, 96:4 e.r.

3l: 76% yield, 95:5 e.r. 3m: 60% vyield, 95:5 e.r.

o o o
NNy OMe EtOOC/\E)J\OMe /\/\E)J\OMe
2 Sy SyB Sy

Bn Bn Bn

3p: 67% yield, 93:7 e.r. 3q: 53% yield, 919 e.r. 3r: 37% yield, 95:5 e.r.[P!

[a] Reaction conditions unless otherwise specified: 1 (0.2 mmol), 2
(0.1 mmol), NHC A (0.02 mmol), Et;N (0.02 mmol), CH,Cl, (1 mL),
40°C, 24 h. [b] 0.5 mmol of enal was used.

on their B-phenyl ring led to the corresponding p?-amino
esters 3b—f in good yields and high enantioselectivities.
Switching the bromo substituent from the para- to either
meta- or ortho-position had little impact on the reaction yields
or enantioselectivities (3 f-h). Enals containing easily trans-
formable functional groups such as 4-NO,, 4-COOMe, and 4-
CHO were well tolerated, thus providing the corresponding
products 3i-k in moderate to good yields and high enantio-
selectivities. When an aldehyde moiety (4-CHO) was placed
on the B-phenyl ring (3k), the reaction exclusively proceeded
through the enolate pathway, that is, no benzoin or aza-
benzoin products were observed. Our present synthesis
provides a complementary approach to earlier methods
developed by the groups of Gellman®*! and List.®l Notably,
our method can tolerate functional groups such as NO, (3i)
and CHO (3k) which are not compatible with the Gellman
and List reaction conditions. Enals with sterically demanding
substituents such as 1-naphthyl and 2-naphthyl reacted
effectively as well (31 and 3m). Heteoaryl-substituted enals
can be readily accommodated, thus achieving the correspond-
ing 2-furyl, 2-thienyl, and 3-pyridinyl-substituted products
3n-p in good yields and high enantioselectivities. The use of
enals with an ester or alkyl substituent on the f3-carbon atom
also led to desired products (3q and 3r), albeit with lower
yields. The fB-ester-substituted p?-amino ester 3q could be
further converted into synthetically useful p-proline.””’ The
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drop in yield of the aliphatic product 3r was attributed to the
fast decomposition of the iminium ion into dibenzylamine,
which consumed 2 and caused additional reactions™! of the f-
alkyl enal substrate. For example, when [-alkyl enal (for 3r)
was used, around 52 % of 2 was decomposed into dibenzyl-
amine at the end of the reaction, as indicated by '"H NMR
analysis of the crude reaction mixture. In the case of the $-aryl
enal reaction (e.g., for 3a), only around 13% of 2 was
observed to be decomposed to dibenzylamine.

A major limitation of most synthetic routes to f>-amino
acids is the difficulty in introducing acid- or base-sensitive
functional groups. Our method does not require strong acid or
base conditions, thus making it well-suited for the synthesis of
B*-amino acids bearing side-chain functionality. To validate
this utility, we next set out to synthesize f*-amino esters with
natural substituents by employing ent-A as an NHC preca-
talyst, as illustrated in Table 3. The use of (-aryl/heteroaryl-
substituted enals afforded p*~homophenylalanine, homotyr-

Table 3: Synthesis of f%-amino esters bearing aromatic and aliphatic
natural substituents.?

o Bn Bn ent-A (20 mol%)
N° EtsN (20 mol%) R OMe
X + —_— +
R/\)J\H KOME CH,Cl, 40 °C Bn oy os

1 (0.2 mmol)

o} (e}
OMe OMe OMe
Bn N ’ Bn
MOMO N ] Nig
Bn Boc Bn

4c: 65% yield, 90:10 e.r.

2 (0.1 mmol) : ent-A

4a: 74% y|e|d, 9545 er. 4b:64% yield, 95:5 e.r.

0
4d S 4e
O’V'e 45% yield OMe 419 yield
95:5 e.rbl N,Bn 92:8 erl®!
Bn
0
af HaN 49
Y\ﬁLOMe 51% yield OMe 5% yield
928er. 0 N'B” 80:20 e.r.
Bn

[a] Reaction conditions unless otherwise specified: 1 (0.2 mmol), 2

(0.1 mmol), NHC ent-A (0.02 mmol), Et;N (0.02 mmol), CH,Cl, (1 mL),
40°C, 24 h. [b] 0.5 mmol of enal was used. Boc =tert-butoxycarbonyl,
MOM = methoxycarbonyl.

osine, and homotryptophan esters (4a—c) in good yields and
high enantioselectivities. When f-alkyl-substituted enals were
used, the corresponding P*homoleucine, homomethionine
esters 4d and 4e were successfully obtained, albeit in
moderate yields. Functionalities such as esters and amides
on the pB-carbon atom of the enal were well tolerated, thus
furnishing p?-homoaspartic acid, and the homoasparagine
esters 4f and 4g in moderate yields and moderate to good
enantioselectivities.

The catalytic reaction products could be readily converted
into properly protected f*-amino acids or esters. For example,
the f*-amino ester 3a was transformed into the N-protected
ent-B*-homophenylalanine 6 by simple and scalable opera-
tions (Scheme 1). It is worth noting that the aminomethyla-
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5 6

1a (15 mmol) 2 (10 mmol) 59% overall yield PG = Boc, 6a, 94% yield from 5

95:5er,174g Fmoc, 6b, 90% yield from 5

Scheme 1. Concise synthesis of N-protected %-homophenylalanine.

tion, debenzylation, and Boc protection steps could be
combined in a one-pot operation, thus affording the p*-
amino ester 5 in 59 % overall yield and 95:5 e.r. Such an
operation is very appealing to large-scale synthesis since only
one separation step is required. The f*-amino ester 5 could be
readily converted into either the Boc- or Fmoc-protected ent-
B*-homophenylalanine (6a or 6b) through simple transfor-
mations.

In summary, we have developed an NHC and Brgnsted
acid cocatalyzed aminomethylation of a,f-unsaturated alde-
hydes to afford p*amino esters in good yields and high
enantioselectivities. The catalytically generated conjugated
acid cocatalyst plays dual roles in promoting generation of the
azolium enolate intermediate and formation of the formal-
dehyde-derived iminium ion. The reaction conditions are mild
and various functional groups can be tolerated: seven [’
amino esters with natural substituents were successfully
synthesized using this protocol. These p*amino esters can
be easily converted into the corresponding N-protected p*
amino acids by simple operations.

Keywords: amino acids - asymmetric synthesis - Brgnsted acid -
N-heterocyclic carbenes - organocatalysis
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