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A catalytic enantioselective three-component Ugi reaction was developed. SPINOL-derived phosphoric acid with bulky 2,4,6-
tricyclohexylphenyl groups at the 6,6’ positions was found to be the best catalyst to afford a-amino amide derivatives in good to
excellent yields (62% to 99%) and enantiocontrol (81% to >99% enantiomeric excess). This asymmetric reaction was applicable
well to an array of aliphatic aldehydes. The gram-scale synthesis, modification of dapsone, and enantioselective synthesis of (R)-
Lacosamide underline the general utility of this methodology. Influence of dihedral angles and substituents of the chiral
phosphoric acids on the enantioselectivity was also discussed in this article.
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1 Introduction

The amide is one of the most basic functional groups that
constitute organic compounds. Amidation is the major re-
action for peptide and protein synthesis from its fundamental
building blocks a-amino acids (Figure 1(a)) [1-3]. a-Amino
amides, derivatives of o-amino acids from amidation with
amines, represent ubiquitous subunits that occur in biologi-
cally active compounds (Figure 1(b)) [4,5], natural products
(Figure 1(b)) [6], and drugs (Figure 1(c)) [7]. Besides as
building blocks, a-amino amides have been developed as
ligands [8,9], catalysts [10], and co-catalysts [11] (Figure 1
(d)). Technical innovations such as chirality analysis [12],
ion recognition [13], and fluorescent detection [14] based on
a-amino amides have also been reported. The predominant
and conventional synthetic route to a-amino amides is ami-
dation of N-protected amino acids with amines (Figure 1(f),
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right) [15,16]. However, this strategy suffers from several
drawbacks, such as the waste generated from the use of ex-
pensive coupling reagents, the low efficiency caused by
protection and deprotection steps, the epimerization of sen-
sitive a-chiral acids through the formation of oxazolone in-
termediates, and the limitation of commercial a-amino acids
for structural modification [17,18]. Thus, catalytic and
highly enantioselective methods for the diverse synthesis of
a-amino amides are still in great demands.
Multicomponent reactions (MCRs) [19] are developed
toward the goal of “ideal synthesis” [20] with high atom
economy and efficiency, as well as high molecular com-
plexity and product diversity [21]. Ugi reaction is a re-
presentative MCR which has been used widely [22] in
organic synthesis, polymer engineering, and drug discovery.
Generally, Ugi reaction is the one-pot reaction of an amine, a
carbonyl compound, an isocyanide, and an acid component
((Figure 1(e)). The key intermediate of Ugi reaction is
commonly considered to be a nitrilium ion, which is resulted

chem.scichina.com link.springer.com


https://doi.org/10.1007/s11426-019-9606-2
https://doi.org/10.1007/s11426-019-9606-2
http://chem.scichina.com
http://link.springer.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11426-019-9606-2&amp;domain=pdf&amp;date_stamp=2019-10-10

2 Zhang et al.  Sci China Chem

(a)
- : ‘ Cl 0 N/J\
- (& o /©/0 OH o =)LNH20 H
; s H | i H
SOFSRNERES SRS

Lentt

WNHZ
0 o = o = 0
=N Y o N o

OH Abarelix

/T OCF E

Me
cl N N N
— O ' H ‘ OH
Z4
cl O N N_Z  c =
| H «~Me
(0] (0N N

OH COzH

NH; pan-RAS Inhibitor o Cathepsin K Inhibitor Tambromycin

(c)
0
OH o
B. )]\NH H (o]
o] OH NH, N ~
Ny NH /ka?o o N \n/\NK NH, N
o]
[N/ H (o} HN.__Ph §<_7 NH,

Bortezomib Lacosamide Levetiracetam Lidocaine Lisdexamfetamine

(d)

—— i B
C'@N@ Ph/H\NHLN/\Ph ’Pr \n/t\N /@\
HoN OMe z @‘NHZ

Y Yo thN\n)\/Ph C/T\( N-cy O‘O

/I\\ o
(e) T
®—cto @ = —N y g Ugi<4CR
* NH N
B—NH, NuH
+ \\N+

@®—nc nitrilium

()

@—cHo + [—NH, + .——NC%

Ugi-3CR

o Catalytic enantioselective MCR o Simple and mild conditions o Readily available reactants o Structural tunability of products

Figure 1 (a) Cryo-EM structure of the catalytically activated yeast spliceosome (B*-al complex) and marketed peptide drug Abarelix; (b) bioactive
molecules and natural product Tambromycin; (c) top-selling drugs with a-amino amide moiety in recent years; (d) o-amino amides used as ligands and
catalysts in organic synthesis; (e) Ugi-4CR and Ugi-3CR; (f) enantioselective Ugi-3CR versus amidation for the synthesis of a-amino amides (color online).

from a-addition of the isocyanide to the in situ generated nucleophilic components [23], such as carboxylic acids and
imine. The nitrilium ion can be trapped by many kinds of water. Trapped by a carboxylic acid, the nitrilium ion con-
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verts to an imidate which undergoes Mumm rearrangement
to form an a-acylamino amide. Such a transformation is the
prototypical four-component Ugi reaction (Ugi-4CR) [24].
Alternatively, when trapped by water, the nitrilium ion
coverts to an o-amino amide derivative. Such a process is
commonly named as three-component Ugi reaction (Ugi-
3CR) which was firstly developed by List et al. [25].

In light of the importance of a-amino amides and the ad-
vantages of MCRs, the pursuit of a mild, simple, highly
enantioselective Ugi-3CR  with commercially available
starting materials is highly desirable (Figure 1(f), left). The
structures of the o-amino amides formed via Ugi-3CR are
more tunable compared to those made by the conventional
amidation strategy, as the former is based on three achiral
building blocks while the latter relies on the ready-made
chiral a-amino acids. In addition, enantioselective Ugi-3CR
offers facile delivery of distinct stereoisomers by judicious
choice of the catalyst configuration. The diversity of struc-
tures and the controllability of stereochemistry are necessary
for biological activity studies [26], drug development [27]
and catalyst modifications [28].

Despite some advances have been made in en-
antioselective a-addition of isocyanides [29-31], the devel-
opment of catalytic asymmetric Ugi reactions is greatly
lagged due to the complex reaction system, the competing
reactions, and the difficulty in the enantiocontrol of the o-
addition of isocyanides. A catalytic enantioselective Ugi-
type reaction was firstly introduced in 2009 by Zhu and co-
workers [32,33]. After that, only limited examples of en-
antioselective Ugi reactions have been reported. Maruoka
and co-workers [34] developed a chiral dicarboxylic acid-
catalyzed Ugi-type reaction with acyclic azomethine imines.
Wang, Zhu, and co-workers [35] reported a catalytic asym-
metric four-center three-component Ugi reaction by dynamic
kinetic resolution of the primary multicomponent adduct. In
all cases mentioned above, transient nitrilium intermediates
were trapped by internal oxygens. Particularly worth to
mention is that Wulff and co-workers [36] successfully de-
veloped an asymmetric Ugi-3CR enabled by an elegantly
designed BOROX catalyst that was assembled in situ from a
chiral biaryl ligand, an amine, water, BH;-SMe,, and an al-
cohol (or phenol) to afford a-amino amides. Nonetheless,
this enantioselective Ugi-3CR protocol is restricted to aro-
matic aldehydes, and the extension to aliphatic aldehydes
remains challenging. Recently, our group [37] reported a
catalytic asymmetric Ugi-4CR in which direct enantiocontrol
of the a-addition of isocyanides with activated imines as
electrophiles and external carboxylic acids as nucleophiles
was fulfilled. As our continuous research interest in asym-
metric MCRs [37-40], we aimed to develop an asymmetric
Ugi-3CR with complementary substrate scope, as aliphatic
aldehydes derived a-amino amides are more common in
naturally occurring compounds and drugs. Usually, Ugi-3CR
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proceeds with acid catalysis by lowering the lowest un-
occupied molecular orbital (LUMO) energies of the imines
[25,41,42]. Therefore, we envision that a chiral phosphoric
acid (CPA) [43,44] might enable aliphatic aldehydes to
function as feasible substrates for enantioselective Ugi-3CR.
Rapid imine formation, as well as its preferential activation
over the carbonyl group, are viable with a CPA catalyst to
suppress competing reactions such as the Passerini-type re-
action [29]. Suitable interactions between a bulky CPA and
the small substrates may lead to the improvement of en-
antioselectivity for the less sterically hindered aldehydes
[45].

2 Results and discussion

After some initial trials (Table S2, Supporting Information
online), we set out to optimize the model catalytic asym-
metric Ugi-3CR of 2-benzyloxy acetaldehyde (1a), 4-ni-
troaniline (2a), and cyclohexyl isocyanide (3a) in CH,Cl, at
—30 °C (Table 1). The BINOL-derived CPA1 and CPA2
gave moderate yields and low enantioselectivities (Table 1,
entries 1, 2). By tuning the substituents on 3,3’ positions of
the BINOL skeleton, we found that more steric hindrance led
to the improvement of enantioselectivity. CPA3 with 2.4,6-
triisopropylphenyl substituents provided a 40% enantiomeric
excess (ee) (entry 3), and bulkier 2,4,6-tricyclohexylphenyl
substituted CPA4 boosted the enantioselectivity to 81% ee
(entry 4). The CPA with 9-anthryl as substituents (CPAS)
catalyzed the reaction in 24% yield with 7% ee (entry 5).
Then we turned to the SPINOL-derived CPAs. The negli-
gible difference in enantioselectivity was detected for CPA6
and CPA1 despite the different chiral skeletons (entries 1, 6).
A slight increase in enantioselectivity was found when cat-
alyst changes from CPA2 to CPA7 (entries 2, 7). Notably, a
dramatic improvement was observed when CPAS8 (88% ee)
was employed (entry 8). The enantiocontrol was further
enhanced (97% ee) when the reaction was facilitated by
CPA10; meanwhile, the best yield (72%) was achieved
among all the catalysts (entries 1-10). Attempts to further
improve the chemical yield upon evaluation of various sol-
vents (entries 11-14) and temperatures (entries 15, 16) met
with failure. Finally, the yield increased to 91% (entry 17)
when excess aldehyde was added and the reaction time was
prolonged.

Having established the optimum conditions, the scope and
limitation of this reaction were evaluated by exploring dif-
ferent reaction components (Table 2). The reaction was ap-
plicable well to an array of linear aliphatic aldehydes which
gave moderate enantioselectivity in previous Ugi-type re-
action [32]. For acetaldehyde (5), a very small substrate, an
84% yield with 87% ee was obtained. Besides, the length of
the substitutions on the aldehydes was well-tolerated, as
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Table 1 Optimization of reaction conditions *

CPA (5 mol%)

Solvent, 24 h
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<520

o
o}
_PT
0" “OH
‘ g R
CPA1, R = 4-tBuCgHy CPAG, R = 4-1BuCgH,
CPA2, R =3,5-1BusCgHs  CPA7, R = 3,5-1Bu,CsH3
CPA3, R = 2,4,6-PraCgHa  CPAB8, R = 2,4,6-PrCsH,

CPA4, R =2,4,6-CysCgH, CPA9, R = 9-anthryl
CPAS, R = 9-anthryl

CPA Solvent T (°C) Yield (%) ”

CPA1 CH,Cl, -30 40

CPA2 CH,Cl, -30 41

CPA3 CH,Cl, -30 54 40

CPA4 CH,Cl, -30 61 81

CPAS CH,Cl, -30 24 7

CPA6 CH,Cl, -30 47 14

CPA7 CH,Cl, -30 50 -329

CPAS CH,Cl, -30 55 88 %

CPA9 CH,Cl, -30 36 359
10 CPA10 CH,Cl, -30 72 97
11 CPA10 CHCl, -30 43 95
12 CPA10 Et,0 -30 18 86
13 CPA10 EtOAc -30 19 87
14 CPA10 Toluene =30 41 96
15 CPA10 CH,CI, -10 74 96
16 CPA10 CH,Cl, 30 49 90
179 CPA10 CH,CI, -30 91 97

a) Unless otherwise specified, the reaction of 1a (0.05 mmol), 2a (0.05 mmol), 3a (0.05 mmol), and catalyst (5 mol%), was carried out in 1 mL of CH,Cl,;
b) isolated yield; c) determined by HPLC analysis; d) negative ee refers to the inverted configuration of the more abundant product enantiomer; ¢) 1a (0.2
mmol), 2a (0.1 mmol), 3a (0.1 mmol), and catalyst (5 mol%) was carried out in 2 mL of CH,Cl,, 36 h.

ethyl (6), n-propyl (7), n-butyl (8), and n-pentyl (9) groups
all gave excellent enantioselectivities (91% to 94% ee). A
thioether substituent (10) was also compatible with this re-
action to afford the corresponding product in 91% ee. Both 3-
phenylpropanal (11) and 2-phenylacetal (12) furnished the
desired products in excellent yields (90% and 96%, respec-
tively) and good enantioselectivities (93% ee and 83% ee,
respectively). The diminished enantioselectivity for the latter
may result from the absence of oxygen on the chain and the
increase of the steric encumbrance. Similarly, iso-
valeraldehyde (13) and isobutyraldehyde (14) gave rise to
products with decreased enantioselectivities (85% ee and
81% ee, respectively). A symmetrical dialdehyde (15) with a
central N-fert-butyloxycarbonyl group underwent a dual re-
action at both carbonyls with a 13:1 diastereomeric ratio
(d.r.) and >99% ee. Electronic and position variations in the
aryl ring of the anilines were also examined. Reactants with
electron-withdrawing (strong to moderate) substituents on
the para positions (16-20), meta-nitro substituent (21),
multiple substituents (22, 23), and neutral substituent (24) all
reacted in high yields (87% to 99%) and excellent en-

antioselectivities (92% to 98% ee). In addition, a B-naph-
thylamine derivative formed product 25 in almost
quantitative yield with 96% ee. A dual reaction at both amino
groups of dapsone (26) [46], an antileprosy medicine, pro-
vided an effective method for stereoselective (>20:1 d.r.,
>99% ee) modification of pharmaceuticals. Unfortunately,
the use of aromatic aldehydes or aliphatic amines met with
failure under current optimal conditions, giving Ugi products
in very low yields (Table S3). The steric encumbrance of
substituents on isocyanides has only negligible effects on the
reaction, as n-butyl (27), cyclopentyl (28), #-butyl (29), and
1,1,3,3-tetramethyl butyl (30) groups all led to good yields
(86% to 96%) and excellent enantioselectivities (97% to
98% ee). Besides, p-methoxyphenyl isonitrile was also
amenable to this reaction, producing 31 in 86% yield and
96% ee.

To evaluate the general utility of the protocol, we per-
formed a gram-scale reaction. Compound 4 (Figure 2(a)) was
produced in 92% yield (1.46 g) and 97% ee under the stan-
dard conditions. To further illustrate the potential application
of our method, we conducted the enantioselective synthesis
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Table 2 substrate scope *
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93% ee

CO,Me
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g

21 HN 229 HN HN 24°  HN 25°%  HN
9726 yield O 87% yield O 8(';/0 yield \O 92% yield O 99% yield \O
7% ee 96% ee 96% ee 92% ee 96% ee
\\ NO;
NOz 27 R = n-butyl, 91% vield, 97% ee ,©/

NH HN
BnO\/k? H 28 R = cyclopentyl, 96% yield, 97% ee B”O\/kfo
269 HN, . \/'\f 29 R = t-butyl, 86% yield, 98% ee 31 HN
89% vield 4 V - : . 86% yield

0 Yl 30 R = 1,1,3,3-tetramethylbutyl, 93% yield, 97% ee 96% e6 OMe

>20:1d.r., >99% ee

a) Unless otherwise specified, the reaction of 1 (0.2 mmol), 2 (0.1 mmol), 3 (0.1 mmol), and catalyst (5 mol%) was carried out in 2 mL of CH,Cl,, isolated
yields were gave; b) 1 (0.1 mmol), 2 (0.2 mmol), 3 (0.2 mmol); ¢) 1 (0.2 mmol), 2 (0.2 mmol), 3 (0.1 mmol); d) 1 (0.2 mmol), 2 (0.1 mmol), 3 (0.2 mmol).

of the anticonvulsive drug (R)-Lacosamide [47] via asym-
metric Ugi-3CR [48] (Figure 2(b)). The reaction of 2-
methoxy acetaldehyde (1m), 4-nitroaniline (2a), and benzyl
isocyanide (3g) afforded Ugi product 32 in 90% yield and
94% ee. Recrystallization gave rise to a product of higher
enantiopurity (>99% ee), which delivered 33 in 95% yield
after dearylation via sequential reduction and oxidation.
Acylation of the chiral amine 33 formed 34 in 88% yield and
96% ee. The absolute configuration of 34, by which the
configurations of 4-32 can be deduced, is matched with
commercial (R)-Lacosamide by comparing its high perfor-

mance liquid chromatography (HPLC) spectrum. Finally,
(R)-Lacosamide (99.9% ee) was obtained in 44% overall
yield via three steps of reaction and two steps of re-
crystallization.

The proposed mechanism is shown in Scheme 1. Initially,
the condensation of an amine and an aldehyde affords an
imine which will be subsequently activated by CPA via a
hydrogen bond. There may be two bonding models for dif-
ferent imines. Imines with an oxygen atom in the substituent
chain (4, 16-32) may take model 1 while imines without an
oxygen atom in the substituent chain (5-15) may take model
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Figure 2 (a) Gram-scale synthesis of 4; (b) enantioselective synthesis of (R)-Lacosamide via Ugi-3CR. i) 5 mol% CPA10, CH,Cl,/H,O, r.t., 8 h; ii) H,
(1 atm), S mol% Pd/C, EtOAc, r.t., 4 h; iii) PhI(OAc),, MeCN, 0 °C, 30 min, then 1 M H,SO,, r.t., 1 h; iv) Ac,0, pyridine, THF, r.t., 1 h (color online).

Scheme 1 Proposed mechanism for chiral phosphoric acid-catalyzed enantioselective Ugi-3CR. PNP, p-nitrophenyl (color online).

2, as the oxygen can contact with the hydrogen and thus
strengthen the rigidity of the interaction between the catalyst
and substrates to give enhanced enantioselectivities. The
activated imine is then subjected to nucleophilic attack by the
isocyanide, which leads to the formation of a nitrilium in-
termediate accompanying with the chiral phosphate anion.
Trapping by water, the nitrilium converts to the final product
via an unstable intermediate while the phosphate anion is
protonated to regenerate the CPA.

We tried to understand the enantioselectivity from basic
chiral skeletons and substituents of three CPAs. Putting the
crystal structure of CPA3 (Figure 3(a)) [49], CPAS8 (Figure 3
(d)) [50], and CPA10 (Figure 3(g)) into a three-dimensional

system of coordinates, and defining the C2-symmetric axis
as Z-axis while the axis through the two pink carbon atoms as
Y-axis, views from the C2-symmetric axes of the three dif-
ferent CPAs were obtained. The dihedral angle between aryl
ring A and A’ (plane A and plane A’) is 51.5° (Figure 3(b)) in
BINOL-derived CPA3; while it is 59.4° in SPINOL-derived
CPAS8 (Figure 3(e)). This means that CPA8 has a more
stretched structure in the direction of X-axis. The dihedral
angle between aryl ring B and B’ (plane B and plane B’) in
CPAS8 (54.8°, Figure 3(f)) is smaller than that in BINOL-
derived CPA3 (73.5°, Figure 3(c)), reflecting that the former
has a more confined structure in the direction of Y-axis. This
is consistent with the experimentally observed higher en-
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Figure 3 (a) Top view of CPA3 from Z-axis; (b) side view of CPA3 from Y-axis; (c) side view of CPA3 from X-axis; (d) top view of CPA8 from Z-axis; (e)
side view of CPA8 from Y-axis; (f) side view of CPAS8 near X-axis; (g) top view of CPA10 from Z-axis; (h) side view of CPA10 from Y-axis; (i) side view of

CPA10 near X-axis (color online).

antioselectivity using CPAS8 (88% ee) as compared to that
using CPA3 (40% ee). Both dihedral angles between aryl
ring A and A’ (plane A and plane A") of CPAS8 (Figure 3(e))
and of CPA10 (Figure 3(h)) are 59.4°. Replacing of the i-
propyl substituents (Figure 3(f)) with cyclohexyl groups
(Figure 3(i)) leads to a slight decrease (5.4°) in the dihedral
angle between aryl ring B and B’ (plane B and plane B'), and
further increases the enantioselectivity (from 88% ee to 97%
ee). Therefore, the hindrance of substituents may be the main
factor when comparing CPA8 with CPA10 in the en-
antiocontrol of the reaction.

3 Conclusions

In summary, we have successfully developed a SPINOL-
derived phosphoric acid-catalyzed enantioselective three-
component Ugi reaction. The reaction is easy to conduct with
simple conditions. A series of aliphatic aldehydes, aryl
amines, and isocyanides with different steric hindrance are
well-tolerated, leading to the formation of a-amino amides in
good yields (62% to 99%) and high enantioselectivities (81%
to >99% ee). Our protocol was proved applicable in gram-
scale synthesis. In addition, enantioselective synthesis of
antiepileptic agent (R)-Lacosamide was accomplished with
this asymmetric Ugi-3CR as the key step. While distinct
backbone structures of BINOL-derived CPA3 and SPINOL-

derived CPA8 may account for the difference in enantios-
electivity between those two types of catalysts, the hindrance
of substituents which leads to different sizes of the catalytic
pocket may be the main factor of different enantioselec-
tivities for CPA8 and CPA10.
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