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Abstract: Diastereoselective Ugi reactions of DMAP-based aldehydes with a-amino acids
and fert-butyl isocyanide were examined. The reactions of 4-(dimethylamino)-2-pyridine-
carboxaldehyde with various a-amino acids afforded 2-substituted DMAP derivatives with
low diastereoselectivity. On the contrary, reactions with 4-(dimethylamino)-3-pyridine-
carboxaldehyde delivered 3-substituted DMAP derivatives with moderate to high
diastereoselectivity. The combination of a-amino acid and DMAP-based aldehyde is thus
important to achieve high diastereoselectivity. Kinetic resolution of a secondary alcohol
using a chiral DMAP derivative obtained through these reactions was also examined.
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1. Introduction

Multicomponent reactions are highly efficient in atom economical transformations in synthetic
organic chemistry [1]. They can be used for constructing various libraries of compounds in medicinal
chemistry. Among the multicomponent reactions, Ugi reaction, known as a four-component reaction,
combines a carbonyl compound, an amine, a carboxylic acid, and an isonitrile to afford highly
functionalized molecules [2,3]. In general, no activator is required and one-pot synthesis is possible.
Asymmetric variants of the Ugi reaction [4] have been reported using chiral a-methylbenzylamines [5-8],
ferrocenylamines [9-12], glycosylamines [13,14], a-amino acids [15-22] and B-amino acids [23] to deliver



Molecules 2011, 16 8816

the Ugi adducts with good to high diastereoselectivity. However, the use of a chiral isocyanide [24,25] or
carboxylic acid [26-28] as the chiral inducer usually confers no asymmetric induction in the Ugi reaction.

In the course of our research, we have been interested in utilizing an asymmetric Ugi reaction for
the synthesis of chiral nucleophilic organocatalysts [29]. Among these catalysts, the chiral
molecule 4-(dimethylamino)pyridine (DMAP) [30] is known as a versatile catalyst for various asymmetric
transformations, such as kinetic resolution of racemic alcohols [31], desymmetrization of anhydrides [32],
and inter or intramolecular reactions of oxazolones [33]. However, incorporating a chiral environment
in the DMAP structure is still a challenging issue because of long synthetic steps required to obtain
optically pure -catalysts. We anticipated that by developing an efficient protocol for the
diastereoselective Ugi reactions of DMAP-based aldehydes, one-pot synthesis of diverse chiral DMAP
structures may be easily carried out simply by changing substrate combinations. Furthermore, highly
functionalized and easily tunable chiral DMAP derivatives are attractive as potential highly active,
enantioselective catalysts for asymmetric transformation. In this paper, we describe the synthetic
studies of diastereoselective Ugi reactions using DMAP-based aldehydes and the use of the Ugi
products as chiral nucleophilic catalysts.

2. Results and Discussion
2.1. Diastereoselective Ugi Reaction of 4-(Dimethylamino)-2-pyridinecarboxaldehyde (1)

We carried out the Ugi reaction of 4-(dimethylamino)-2-pyridinecarboxaldehyde (1), L-valine,
and fert-butyl isocyanide in MeOH as the solvent and an external nucleophile (U-5C-4CR). We
speculated that the formation of the new stereogenic center could be controlled by L-valine to afford
the product as a single diastereomer through simple purification; the product could then be utilized
directly as a chiral nucleophilic catalyst (chiral DMAP). Because the Ugi reactions of DMAP-based
aldehydes were not reported, we proceeded with the optimization of the Ugi reaction conditions.

Because the Ugi reaction is a condensation reaction between organic components, the concentration
of substrates may be important for obtaining the desired product in reasonable yield. Thus, we
examined different substrate concentrations for the Ugi reaction (Table 1). The reaction of
DMAP-based aldehyde 1, L-valine, and tert-butyl isocyanide in MeOH was carried out at room
temperature for 15 h. Lower concentrations (0.1 and 0.2 M) of 1 delivered the desired product 2a in
which MeOH was incorporated, even though almost no diastereoselectivity was observed (79% and
84% yields; entries 1 and 2, respectively). At 0.5 M concentration, the reaction was accelerated
sufficiently to afford 2a in 98% isolated yield with a 63:37 diastereomeric ratio (d.r.) (entry 3). Higher
concentration (1.0 M) afforded a yield slightly inferior to that achieved by 0.5 M concentration (91%,
60:40 d.r.). On the basis of these results, 0.5 M substrate concentration was determined to be optimal
for the model reaction.

To improve the diastereoselectivity of the Ugi product, we carried out reactions with various
o-amino acids under the aforementioned conditions. The structure of the a-amino acid side chain
might be important to control the newly formed stereogenic center.
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Table 1. Ugi reaction of 1 using various substrate concentrations.

i-Pr
N CHO
| = L-Valine (1.1 equiv) HN™ "COMe
— t-BuNC (1.1 equiv) N NH¢-Bu
MeOH, 20°C , 15 h
NMe, P e)
1 NMez
(1.0 equiv) 2a

Entry Concentration (M) Yield (%)“ D.r.”

1 0.1 79 55:45
2 0.2 84 62:38
3 0.5 98 63:37
4 1.0 91 60:40

a

Yield of the mixture of diastereomers after column chromatography;
» Diastereomeric ratio was determined by "H-NMR analysis of unpurified products.

As shown in Table 2, we tested various commercially available a-amino acids. Reaction with
L-t-leucine gave the desired product 2b in 70% isolated yield with a 62:38 d.r., thus suggesting that the
sterically congested side chain of the a-amino acid did not improve diastereoselectivity (entry 2 vs. 1).
Other chiral sources, L-isoleucine, L-phenylalanine, and L-phenylglycine also showed similar
diastereoselectivities (54%, 57%, 59% yield; 60:40, 55:45, 55:45 d.r.; entries 3-5, respectively).

Table 2. Ugi reaction of 1 with various ai-amino acids.

1 { )=
/k N COzMe

N._CHO
B a-Amino acid (1.1 equiv) HN™ "CO,Me
— t-BuNC (1.1 equiv) _ N\ NHt-Bu . | N\ NHt-Bu
MeOH (0.50 M), 20°C , 15 h |
NMe2 = (e} = (@]
1 - NMe
(1.0 equiv) NMe; 2a-g 2 2h

Entry o-Amino acid  Product Yield (%) “ D.r.”

1 L-Valine 2a 98 63:37
2 L-t-Leucine 2b 70 62:38
3 L-Isoleucine 2¢ 54 60:40
4 L-Phenylalanine 2d 57 55:45
5 L-Phenylglycine 2e 59 55:45
6 L-Threonine 2f 77 50:50
7 L-Serine 2¢g 85 53:47
8 L-Proline 2h 19 51:49

a

Yield of the mixture of diastereomers after column chromatography;
’ Diastereomeric ratio was determined by "H-NMR analysis of unpurified products.

Furthermore, the reactions with L-threonine and L-serine, both having a hydroxyl group in the side
chain, delivered 1:1 mixtures of diastereomers 2f and 2g in good yields. L-Proline, which can generate
a cyclic iminium intermediate, did not affect diastereotopic selection (19% yield, 51:49 d.r.).
Unfortunately, the structure of a-amino acid had no definite effect on diastereoselectivity of the Ugi
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products derived from 1. Thus, we decided to use 3-formyl DMAP, a related aldehyde component with
the intent of improving diastereoselectivity.

2.2. Diastereoselective Ugi Reaction of 4-(Dimethylamino)-3-pyridinecarboxaldehyde (3)

Next, we used 4-(dimethylamino)-3-pyridinecarboxaldehyde (3) in the diastereoselective Ugi
reaction. As shown in Table 3, the Ugi reaction of 3 with L-valine and fert-butyl isocyanide in MeOH
at 20 °C afforded the Ugi product 4a in 37% isolated yield with an 84:16 d.r. The low yield of 4a is
assumed to be due to the presence of an adjacent bulky dimethyl amino group, which encumbers the
formation of the imine or iminium species derived from 3 and L-valine. However, because of the
reaction of DMAP-based aldehyde 3 and L-valine, large dimethyl amino group might fix imine or
iminium configuration (£ or Z isomer) to avoid steric repulsion against dimethyl amino group.
Accordingly, a high d.r. could be observed when 3 was used instead 1. To enhance the formation of the
imine or iminium species, we next carried out the reactions under various reaction temperatures. The
reaction at 40 °C proceeded to 79% conversion and afforded 4a in 53% yield with a 90:10 d.r. (entry 2).
Higher conversion (>90%) was achieved at 50 and 60 °C delivering 4a in 57% and 48% isolated yields
with 89:11 and 85:15 d.r., respectively. According to these results, the reaction at 50 °C is preferred
considering the yield and diastereoselectivity of the product. Although most of the aldehyde was
consumed (92% conversion; entry 3), the isolated yield of 4a remained moderate. Owing to this, we
considered the determination of appropriate substrate ratio of the reaction components (aldehyde,
oi-amino acid, and fert-butyl isocyanide) to improve the efficiency of the reaction.

Table 3. Ugi reaction of 3 at various reaction temperatures.

i-Pr
NMe L-Valine (1.1 equiv)
- : Meo,N HN™ SCO,M
X CHO £-BUNC (1.1 equiv) ©2 2he
| - NHt-Bu
P MeOH (0.50 M), temp., 15 h | A
N e
3
(1.0 equiv) 4a

Entry Temperature (°C) Conversion (%) “ Yield (%)” D.r."

1 20 50 37 84:16
2 40 79 53 90:10
3 50 92 57 89:11
4 60 97 48 85:15

“ Conversion and diastereomeric ratio were determined by 'H-NMR analysis of
unpurified products; ° Yield of the mixture of diastereomers after column
chromatography.

To address the aforementioned issue, the substrate ratio was screened under the previously
mentioned conditions (Table 4). Although all reactions proceeded in >90% conversion with excess
L-valine (1.3 and 1.5 equiv.; entries 2 and 3, respectively) and excess tert-butyl isocyanide (1.3 and 1.5
equiv.; entries 4 and 5), the isolated yield was almost same as that of the control reaction (entry 1). The
reason for the relatively low isolated yield of the Ugi products with respect to consumption of the
starting aldehyde is unclear.
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Table 4. Substrate ratios for diastereoselective Ugi reaction of 3.

NMe, i-Pr
CHO
| N L-Valine (X equiv) Me,N - HN™ “CO,Me
P t-BuNC (Y equiv) N NH{-Bu
N MeOH (0.50 M), 50°C. 150 | ] [
3 N
(1.0 equiv) 4a

Entry X Y Conversion (%)“ Yield (%)° D.r.

1 1.1 1.1 91 54 91:9
2 1.3 1.1 94 55 89:11
3 1.5 1.1 97 55 - 89:11
4 1.1 13 96 59 89:11
5 1.1 1.5 95 57 85:15

“ Conversion and diastereomeric ratio were determined by 'H-NMR analysis of
unpurified products; ” Yield of the mixture of diastereomers after column
chromatography.

Considering a relatively effective diastereoselective Ugi reaction of DMAP-based aldehyde 3,
various a-amino acids were investigated under the optimized reaction conditions (Table 5). Reactions
with a-amino acids bearing alkyl side chains led to the corresponding products in moderate yield with
good to high diastereoselectivity (45%—63%; 59:41-93:7 d.r; entries 1 and 4-8). Ciufolini reported that
Ugi reactions of aromatic aldehydes, a-amino acids and #~-BuNC in MeOH with TiCly as a catalyst
showed improved isolated yields of Ugi product [22]. TiCls was thus added to the reaction mixture,
however the result was almost identical to that obtained under the uncatalyzed reaction (entry 2 vs. 1).
Furthermore, using MgSQO, as a dehydrating agent resulted in slightly decreasing in isolated yield and
diastereoselectivity (entry 3 vs. 1). Side chains having a heteroatom also showed the same results as
those of their alkyl counterparts (entries 9—16). It is surprising that the d.r. of the Ugi products was not
dramatically changed by modifying the structure of a-amino acid. Furthermore, the reaction
proceeding through the cyclic iminium intermediate derived from L-proline and aldehyde 3 did not
improve both yield and diastereoselectivity (51% yield; 74:26 d.r.; entry 17). The stereochemistry of
major diastereomer 4a was determined by X-ray structure analysis, showing R configuration at newly
formed stereogenic center (Figure 1). The absolute configuration of the major product was different
from related reaction reported by Ciufolini [22].

Table 5. Ugi reaction of 3 with various a.-amino acids.

NMe, )R\
X CHO o . MeN HNCOMe  MeN “N7 TCOMe
| a~-Amino acid (1.1 equiv) NHE-B
N7 t-BuNC (1.1equiv) SN NHt-Bu . N -Bu
MeOH (050 M) 50°C., 15n || 0 J 0
3 N N

(1.0 equiv) 4a-n 40
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Table 5. Cont.

Entry o-Amino acid Product Yield* D.r.”
1 L-Valine 4a 55 92:8
2¢  L-Valine 4a 57 88:12
39 L-Valine 4a 46  85:15
4 L-Leucine 4b 63 86:14
5 L-t-Leucine 4c 52 89:11
6 L-Isoleucine 4d 55 93:7
7 L-Phenylalanine 4e 60 88:12
8 L-Phenylglycine 4f 45 59:41
9 L-Serine 4g 43 77:23
10 L-Methionine 4h 58 83:17
11 O-t-Butyl L-threonine 4i 63 82:18
12 y-Methyl L-glutamate 4j 47 83:17
13 4-Benzyl L-aspartate 4k 52 79:21
14 O-Benzyl L-serine 41 54 75:25
15  L-Histidine 4m 44 77:23
16°  N-Benzyl L-valine 4n 18 92:8
17  L-Proline 40 51 74:26

“ Yield of the mixture of diastereomer after column chromatography; * Diastereomeric ratio was
determined by 'H-NMR analysis of unpurified products; ¢ 20 mol % of TiCl, was added; ¢ The
suspension of the aldehyde, a-amino acid, and MgSQO,4 were stirred for 3 h at room temperature
before the addition of --BuNC; ¢ Reaction time was 48 h.
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o)
c

Me2N HN COzMe MezN HN COzMe MezN HN COzMe MezN HN COzMe
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Figure 1. X-ray structure of major diastereomer of 4a; disordered atoms omitted for clarity.

2.3. Kinetic Resolution of a Racemic Alcohol by Chiral DMAP Derivatives

Next, we explored the possibility of using Ugi products as chiral nucleophilic catalysts. The kinetic
resolution of racemic alcohol was selected as a model study. A major diastereomer of Ugi product 4a,
which can be easily obtained by column chromatography, was utilized as the catalyst in toluene at
—60 °C (Scheme 1). The selectivity factor [34], which was estimated by ee of acetylated product 6 and
unreacted alcohol 5§ [35], was indicated to be 2.33. It was noted that the Ugi product 4a was capable of
catalyzing the acylation reaction, although the selectivity was not satisfied at the moment. Further
study to develop more efficient catalysts is now under way.

Scheme 1. Kinetic resolution of rac-5 using major diastereomer of 4a.

OH  Major diastereomer of 4a (5 mol %) OH OAc
Ac,0 (0.75 equiv) :
Ph)\ : > pPhT Ph)\
Et3N (0.75 equiv), toluene
rac-5 -60 °C, 15 h 5 6
s =2.33 23% ee 28% ee

3. Experimental
3.1. General

All melting points were determined using a Yanaco micro melting point apparatus MP-S3 and are
uncorrected. Solvents were generally distilled and dried by standard literature procedures prior to use.
The IR spectra were recorded on a JASCO FT/IR-4100 spectrometer. NMR spectra were recorded on a
Varian VNMRS-400 spectrometer at SC-NMR Laboratory (Okayama University), operating at
400 MHz for '"H-NMR and 100 MHz for ?C-NMR. Chemical shifts in CDCl; were reported in the &
scale relative to CHCls (7.26 ppm) as an internal reference for "H-NMR. For BC-NMR, chemical
shifts were reported in the O scale relative to CHCI3 (77.0 ppm) as an internal reference. Column
chromatography was performed with silica gel 60 N (spherical, neutral, 40—50 pm) purchased from
Kanto Chemical. Optical rotations were measured on a Horiba Model SEPA-300 High-sensitive
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polarimeter. FAB mass spectra (for HRMS) were measured on a JEOL JMS-700 MStation at the Mass
Spectrometry Facility (Okayama University). The enantiomeric excess (ee) was determined by HPLC
analysis. HPLC was performed on Shimadzu HPLC systems consisting of the following: pump, LC-10AD;
detector, SPD-10A, 254 nm; column, Daicel Chiracel OD-H; mobile phase, hexane/2-propanol.

3.2. General Procedure for the Ugi Reaction of 4-(Dimethylamino)-2-pyridinecarboxaldehyde (1)

To a suspension of L-valine (23.1 mg, 0.20 mmol) and aldehyde 1 (36.6 mg, 0.24 mmol) in dry
methanol (0.4 mL) in a screw-cap test tube, tert-butyl isocyanide (17.2 mg, 0.21 mmol) was added and
the reaction mixture was stirred for 15 h at room temperature. The solvent was evaporated in vacuo
and the resulting residue was purified by silica gel column chromatography (EtOAc/Et;N = 97:3, v/v)
to give (1R) N-(1-(N-tert-butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-2-yl)methyl)-L-valine methyl
ester (2a) as a brown gummy oil (70.5 mg, 98% yield, d.r. 63:37). For mixture of two diastereomers:
IR (neat) v = 3327, 2964, 1738, 1681, 1603 cm'; '"H-NMR (CDCls, major diastereomer) & 1.03 (d,
J=6.0 Hz, 6H), 1.32 (s, 9H), 2.03 (sext, J = 6.8 Hz, 1H), 2.03 (br, 1H), 2.97 (s, 6H), 3.02-3.07 (m,
1H), 3.60 (s, 3H), 3.90 (s, 1H), 6.39 (dd, J = 2.6, 6.0 Hz, 1H), 6.69 (d, J = 2.6 Hz, 1H), 7.60 (br, 1H),
8.14 (d, J = 6.0 Hz, 1H); *C-NMR (CDCl;, major diastereomer) & 18.4, 19.9, 28.6, 31.5, 39.1, 50.5,
51.5, 65.8, 66.8, 105.1, 105.8, 148.6, 154.6, 156.8, 171.0, 174.9; HRMS-FAB (m/z): [M+H]" calcd. for
C19H33N403 365.2553, found 365.2535.

(ISR) N-(I1-(N-tert-Butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-2-yl)methyl)-L-t-leucine methyl ester
(2b): A pale yellow oil (53.6 mg, 70% yield, d.r. 62:38); For mixture of two diastereomers: IR (neat)
v = 3337, 2965, 1732, 1674, 1604 cm™'; "TH-NMR (CDCls, major diastereomer) & 1.04 (s, 9H), 1.32 (s,
9H), 2.57 (br, 1H), 2.95 (br, 1H), 2.97 (s, 6H), 3.58 (s, 3H), 3.81 (s, 1H), 6.38 (dd, J = 2.4, 6.0 Hz,
1H), 6.66 (d, J = 2.4 Hz, 1H), 7.57 (br, 1H), 8.15 (d, J = 6.0 Hz, 1H); “C-NMR (CDCls;, major
diastereomer) & 26.9, 28.6, 34.2, 39.1, 50.5, 51.1, 67.4, 70.1, 105.1, 105.8, 148.6, 154.6, 156.7, 170.8,
174.5; HRMS-FAB (m/z): [MJrH]+ calcd. for CyoH35N403 379.2709, found 379.2739.

(ISR) N-(1-(N-tert-Butylcarbamoyl)- 1-(4-(dimethylamino)pyridyn-2-yl)methyl)-L-isoleucine methyl ester
(2¢): A pale yellow oil (40.5 mg, 54% yield, d.r. 60:40); For mixture of two diastereomers: IR (neat)
v = 2967, 1733, 1673, 1604 cm '; "H-NMR (CDCls, major diastereomer) & 0.91 (t, J = 7.4 Hz, 3H),
0.97 (d, J = 6.8 Hz, 3H), 1.31 (s, 9H), 1.55-1.67 (m, 1H), 1.74-1.84 (m, 1H), 2.35 (br, 1H), 2.97 (s,
6H), 3.02-3.06 (m, 1H), 3.15 (d, /= 6.0 Hz, 1H), 3.59 (s, 3H), 3.90 (s, 1H), 6.38 (dd, J = 2.4, 6.0 Hz,
1H), 6.68 (d, J = 2.4 Hz, 1H), 7.60 (br, 1H), 8.14 (d, J = 6.0 Hz, 1H); *C-NMR (CDCls;, major
diastereomer) & 11.4, 16.2, 25.2, 28.6, 38.2, 39.1, 50.5, 51.5, 65.5, 67.2, 105.1, 105.8, 148.5, 154.6,
156.8, 171.0, 174.8; HRMS-FAB (m/z): [M+H]" calcd. for C50H35N403 379.2709, found 379.2703.

(ISR) N-(1-(N-tert-Butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-2-yl)methyl)-L-phenylalanine methyl
ester (2d): A pale yellow oil (45.6 mg, 57% yield, d.r. 55:45); For mixture of two diastereomers: IR
(neat) v =2964, 1739, 1676, 1604 cmﬁl; 'H-NMR (CDCl3, major diastereomer) & 1.09 (s, 9H), 2.81-2.92
(m, 1H), 2.96 (s, 6H), 3.01-3.08 (m, 2H), 3.48-3.54 (m, 1H), 3.57 (s, 3H), 3.95 (s, 1H), 6.38 (dd,
J=12.4,5.6 Hz, 1H), 6.67 (d, J = 2.4 Hz, 1H), 7.12 (br, 1H), 7.14-7.31 (m, 5SH), 8.14 (d, J = 5.6 Hz,
1H); BC-NMR (CDCl3, major diastereomer) & 28.3, 39.1, 39.8, 50.2, 51.7, 62.6, 66.5, 105.0, 105.7,
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126.6, 128.5, 129.3, 137.9, 148.5, 154.6, 156.7, 170.6, 174.5; HRMS-FAB (m/z): [M+H]" calcd. for
C23H33N403 4132553, found 413.2551.

(ISR) N-(I1-(N-tert-Butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-2-yl)methyl)-L-phenylglycine methyl
ester (2e): A pale yellow oil (47.6 mg, 59% yield, d.r. 55:45); For mixture of two diastereomers: IR
(neat) v = 2916, 1739, 1673, 1604 cm™'; 'H-NMR (CDCls, major diastereomer) & 1.22 (s, 9H), 2.04 (s,
1H), 3.02 (s, 6H), 3.65 (s, 3H), 4.10 (br, 1H), 4.36 (s, 1H), 6.42 (dd, J = 2.8, 6.0 Hz, 1H), 6.74 (d,
J=2.8 Hz, 1H), 7.25-7.38 (m, 5H), 7.46 (br, 1H), 8.15 (d, J = 6.0 Hz, 1H); ?C-NMR (CDCls, major
diastereomer) o 28.5, 39.2, 50.7, 52.3, 64.3, 65.5, 105.1, 105.7, 127.8, 128.2, 128.8, 129.8, 137.9,
155.1, 157.0, 170.0, 172.8; HRMS-FAB (m/z): [M+H]" calcd. for C2,H31N403 399.2396, found 399.2409.

(ISR) N-(I-(N-tert-Butylcarbamoyl)- 1-(4-(dimethylamino)pyridyn-2-yl)methyl)-L-threonine methyl ester
(2f): A pale yellow oil (61.7 mg, 77% yield, d.r. 50:50); For mixture of two diasterecomers: IR (neat)
v = 3329, 2972, 1737, 1673, 1604 cm™'; '"H-NMR (CDCls, major diastereomer) & 1.17 (d, J = 6.4 Hz,
3H), 1.30 (s, 9H), 1.98 (br, 1H), 3.01 (s, 6H), 3.14 (d, J = 6.4 Hz, 1H), 3.65 (s, 3H), 3.95 (quin, J = 6.4 Hz,
1H), 4.19 (s, 1H), 4.54 (br, 1H), 6.41 (dd, J = 2.4, 6.0 Hz, 1H), 6.68 (d, J = 2.4 Hz, 1H), 7.48 (br, 1H),
8.14 (d, J = 6.0 Hz, 1H); >C-NMR (CDCl;, major diastereomer) & 19.7, 22.7, 28.5, 39.2, 50.9, 52.0,
66.3, 68.0, 105.1, 105.8, 147.3, 155.2, 156.2, 169.8, 173.5; HRMS-FAB (m/z): [M+H]" calcd. for
CisH31N404 367.2345, found 367.2319.

(ISR) N-(I-(N-tert-Butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-2-yl)methyl)-L-serine methyl ester
(2g): A pale yellow oil (60.3 mg, 85% yield, d.r. 53:47); For mixture of two diastereomers: IR (neat)
v = 3329, 2969, 1739, 1671, 1604 cm™'; "TH-NMR (CDCls, major diastereomer) & 1.30 (s, 9H), 2.99 (s,
6H), 3.43 (br, 1H), 3.47-3.50 (m, 1H), 3.66 (s, 3H), 3.75-3.78 (m, 1H), 3.82 (d, J= 4.2 Hz, 1H), 4.21
(s, 1H), 4.38 (br, 1H), 6.39 (dd, J = 2.8, 6.0 Hz, 1H), 6.70 (d, J = 2.8 Hz, 1H), 7.52 (br, 1H), 8.10 (d,
J = 6.0 Hz, 1H); "C-NMR (CDCls, major diastereomer) & 28.4, 39.1, 50.8, 52.1, 61.8, 62.3, 65.1,
104.9, 105.6, 147.7, 155.2, 156.8, 170.3, 172.8; HRMS-FAB (m/z): [M+H]" calcd. for C;7H9N40;4
353.2189, found 353.2200.

Procedure for the Synthesis of 2h

To the mixture of L-proline (33.9 mg, 0.29 mmol) and aldehyde 1 (39.8 mg, 0.27 mmol) in dry
methanol (0.4 mL) in a screw-cap test tube, tert-butyl isocyanide (30.4 pL, 0.27 mmol) was added and
the reaction mixture was stirred for 24 h at room temperature. The solvent was evaporated in vacuo. To
a solution of the crude product in MeOH (4 mL) was added NaBH4 (31.6 mg, 0.84 mmol) at 0 °C
owing to reduction of unreacted aldehyde 1. The reaction mixture was stirred at the same temperature
for one hour before being quenched with saturated aq. NH4Cl (4 mL). The resulting solution was
warmed to room temperature and extracted with Et;O (3 x 4 mL). The combined organic phase was
washed with brine (15 mL), dried over MgSOQy, filtered, and concentrated in vacuo to give (1SR) N-(1-
(N-tert-butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-2-yl)methyl)-L-proline methyl ester (2h) as a
pale yellow oil (18.0 mg, 19% yield, d.r. 51:49). For mixture of two diastereomers: IR (neat) v = 2967,
1737, 1671, 1603 cm™'; "H-NMR (CDCls) & 1.31 (s, 9H), 1.37 (s, 9H), 1.78-1.89 (m, 6H), 2.07-2.17
(m, 2H), 2.68-2.81 (m, 2H), 2.98 (s, 6H), 2.99 (s, 6H), 3.09-3.15 (m, 2H), 3.57 (s, 3H), 3.63 (s, 3H),
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3.65-3.69 (m, 2H), 4.22 (s, 2H), 6.38 (dd, J = 2.8, 6.0 Hz, 1H), 6.39 (dd, J = 2.8, 6.0 Hz, 1H), 6.51 (d,
J=2.8 Hz, 1H), 6.54 (d, J = 2.8 Hz, 1H), 7.38 (br, 1H), 7.93 (br, 1H), 8.15 (d, J = 6.0 Hz, 1H), 8.17
(d, J=16.0 Hz, 1H); BC-NMR (CDCls) 8 23.6, 23.7, 28.5, 28.6, 29.9, 30.4, 39.1, 39.1, 50.6, 50.7, 50.9,
514, 51.5, 52.7, 61.6, 62.9, 74.2, 74.8, 105.6, 105.7, 106.6, 107.1, 149.0, 149.1, 154.7, 154.8, 156.5,
157.1, 170.0, 170.2, 175.4, 175.9; HRMS-FAB (m/z): [M+H]" calcd. for C;oH3N4O; 363.2396,
found 363.2391.

3.3. General Procedure for the Ugi Reaction of 4-(Dimethylamino)-3-pyridinecarboxaldehyde (3)

To the suspension of aldehyde 3 (75.1 mg, 0.50 mmol) and L-valine (64.4 mg, 0.55 mmol) in dry
methanol (1.0 mL) in a screw-cap test tube, tert-butyl isocyanide (62.0 uL, 0.55 mmol) was added and
the reaction mixture was stirred for 15 hours at 50 °C. The solvent was evaporated in vacuo and the
resulting residue was purified by silica gel column chromatography on SiO, (EtOAc/toluene = 4:1,
v/v) to give (1R) N-(1-(N-tert-butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-3-yl)methyl)-L-valine
methyl ester (4a) as a colorless solid (99.7 mg, 55% yield, d.r. 92:8, Table 5, entry 1). For the major
diastereomer: m.p. 119 °C; IR (KBr) v = 3200, 2963, 1737, 1673 cm '; '"H-NMR (CDCl5) & 0.85 (d,
J=6.7 Hz, 3H), 0.90 (d, J = 6.7 Hz, 3H), 1.34 (s, 9H), 1.92 (sext, J = 6.7 Hz, 1H), 2.40 (br, 1H), 2.79
(br, 1H), 2.85 (s, 6H), 3.70 (s, 3H), 4.58 (s, 1H), 6.88 (d, J = 5.6 Hz, 1H), 7.26 (br, 1H), 8.36 (d,
J=15.6 Hz, 1H), 8.48 (s, 1H); *C-NMR (CDCls) & 18.4, 19.1, 28.6, 31.3, 44.3, 50.8, 51.5, 58.8, 64.8,
113.6, 127.9, 149.8, 150.3, 159.4, 170.9, 174.6; HRMS-FAB (m/z): [M+H]" calcd. for C;oH33N40;3
365.2553, found 365.2554; [a]p> —137 (¢ 0.715, MeOH).

(IR) N-(1-(N-tert-Butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-3-yl)methyl)-L-leucine methyl ester
(4b): A colorless solid (118.6 mg, 63% yield, d.r. 86:14); For the major diastereomer: m.p. 139-141 °C;
IR (KBr) v = 3372, 3210, 2952, 1734, 1666 cm '; '"H-NMR (CDCl3) & 0.72 (d, J = 6.6 Hz, 3H), 0.85 (d,
J = 6.6 Hz, 3H), 1.35 (s, 9H), 1.42—-1.45 (m, 2H), 1.61 (sext, J = 6.6 Hz, 1H), 2.13 (br, 1H, 2.84 (s,
6H), 3.03-3.07 (m, 1H), 3.68 (s, 3H), 4.58 (s, 1H), 6.87 (d, J = 5.5 Hz, 1H), 7.37 (br, 1H), 8.35 (d,
J=15.5Hz, 1H), 8.42 (s, 1H); "C-NMR (CDCls) & 21.7, 22.9, 24.7, 28.6, 42.3, 44.3, 50.9, 51.8, 57.8,
59.0, 113.6, 128.3, 149.9, 150.1, 159.4, 171.0, 175.3; HRMS-FAB (m/z): [M+H] calcd. for
C20H35N403 379.2709, found 379.2702; [a]p”> ~148 (c 0.205, MeOH).

(IR) N-(1-(N-tert-Butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-3-yl)methyl)-L-t-leucine methyl ester
(4¢): A colorless solid (39.6 mg, 52% yield, d.r. 89:11); For the major diastereomer: m.p. 165-166 °C;
IR (KBr) v = 3353, 3214, 2965, 1737, 1677 cm™'; '"H-NMR (CDCls) & 0.91 (s, 9H), 1.32 (s, 9H),
2.57-2.66 (m, 2H), 2.84 (s, 6H), 3.68 (s, 3H), 4.49 (s, 1H), 6.89 (d, J= 5.5 Hz, 1H), 7.07 (br, 1H), 8.37
(d, J = 5.5 Hz, 1H), 8.50 (s, 1H); C-NMR (CDCls) & 26.7, 28.7, 34.0, 44.3, 50.8, 51.2, 58.8, 67.7,
113.7, 127.5, 149.9, 150.5, 159.6, 170.8, 174.5; HRMS-FAB (m/z): [M+H]" calcd. for CH35N40;3
379.2709, found 379.2733; [a]p> —146 (c 0.270, MeOH).

(IR) N-(I-(N-tert-butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-3-yl)methyl)-L-isoleucine methyl ester
(4d): A colorless solid (104.3 mg, 55% yield, d.r. 93:7); For the major diastereomer: m.p. 97-100 °C;
IR (KBr) v = 3333, 3204, 2967, 1739, 1676 cm™'; "H-NMR (CDCl3) & 0.79 (d, J = 7.7 Hz, 3H), 0.80
(t, J=7.7 Hz, 3H), 1.06-1.17 (m, 1H), 1.32 (s, 9H), 1.43-1.49 (m, 1H), 1.63-1.69 (m, 1H), 2.37 (br,
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1H), 2.83 (s, 6H), 2.86 (d, J = 6.0 Hz, 1H), 3.68 (s, 3H), 4.55 (s, 1H), 6.87 (d, J = 5.6 Hz, 1H), 7.25
(br, 1H), 8.34 (d, J = 5.6 Hz, 1H), 8.45 (s, 1H); "C-NMR (CDCl;)  11.2, 15.5, 25.2, 28.6, 37.9, 44.3,
50.8, 51.5, 58.9, 63.8, 113.7, 128.0, 149.8, 150.3, 159.4, 170.9, 174.6; HRMS-FAB (m/z): [M+H]"
calcd. for CyoH35N403 379.2709, found 379.2713; [OL]D25 —115 (¢ 0.325, MeOH).

(ISR) N-(1-(N-tert-Butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-3-yl)methyl)-L-phenylalanine methyl
ester (4e): A colorless solid (123.3 mg, 60% yield, d.r. 88:12); For mixture of two diastereomers: m.p.
128-129 °C; IR (KBr) v =3319, 3202, 2962, 1739, 1673 cmﬁl; 'H-NMR (CDCl3, major diastereomer)
6 1.31 (s, 9H), 2.27 (br, 1H), 2.74 (s, 6H), 2.83 (dd, J = 7.9, 13.7 Hz, 1H), 2.97 (dd, J = 5.9, 13.7 Hz,
1H), 3.32-3.36 (m, 1H), 3.64 (s, 3H), 4.58 (s, 1H), 6.81 (d, J = 5.6 Hz, 1H), 7.02-7.04 (m, 2H), 7.18-7.26
(m, 3H), 7.41 (br, 1H), 8.20 (s, 1H), 8.31 (d, J = 5.6 Hz, 1H); *C-NMR (CDCl;, major diastereomer) &
28.6, 38.9, 44.3, 50.7, 51.8, 58.8, 60.7, 113.6, 126.8, 127.9, 128.5, 128.9, 136.6, 149.8, 150.0, 159.2,
170.8, 173.9; HRMS-FAB (m/z): [M+H]+ calcd. for Co3H33N405 413.2553, found 413.2532.

(ISR) N-(1-(N-tert-Butylcarbamoyl)- 1-(4-(dimethylamino)pyridyn-3-yl)methyl)-L-phenylglycine methyl
ester (4f): A colorless solid (90.0 mg, 45% yield, d.r. 59:41); For mixture of two diastereomers: m.p.
146-149 °C; IR (KBr) v = 3195, 2995, 1738, 1666 cm '; '"H-NMR (CDCls, major diastereomer) & 1.39
(s, 9H), 1.75 (br, 1H), 2.62 (s, 6H), 3.69 (s, 3H), 4.29 (br, 1H), 4.43 (s, 1H), 6.79 (d, J = 5.6 Hz, 1H),
7.30-7.40 (m, 5H), 7.43 (br, 1H), 8.31 (d, J = 5.6 Hz, 1H), 8.40 (s, 1H); *C-NMR (CDCls;, major
diastereomer) o 28.7, 43.9, 51.0, 52.4, 57.9, 64.0, 113.6, 127.8, 128.5, 128.7, 128.9, 137.2, 149.7,
149.8, 158.9, 170.6, 172.4; HRMS-FAB (m/z): [M+H]" calcd. for C»H31N403 399.2396, found 399.2382.

(ISR) N-(I-(N-tert-Butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-3-yl)methyl)-L-serine methyl ester
(4g): A yellowish solid (76.2 mg, 43% yield, d.r. 77:23); For mixture of two diastereomers: m.p. 121 °C;
IR (KBr) v = 3451, 3202, 2959, 1722, 1666 cm'; 'H-NMR (CDCls, major diastereomer) & 1.35 (s,
9H), 2.86 (br, 1H), 2.86 (s, 6H), 3.29 (dd, J = 4.4, 5.3 Hz, 1H), 3.70-3.72 (m, 1H), 3.74 (s, 3H), 3.79-3.85
(m, 1H), 4.71 (s, 1H), 6.92 (d, J = 5.6 Hz, 1H), 7.28 (br, 1H), 8.36 (d, J = 5.6 Hz, 1H), 8.43 (s, 1H);
BC-NMR (CDCls, major diastereomer) & 28.6, 44.5, 51.1, 52.2, 58.5, 61.0, 62.5, 114.0, 128.5, 149.7,
149.8, 159.3, 170.7, 172.7; HRMS-FAB (m/z): [M+H] calcd. for C;7HxN40, 353.2189, found
353.2175.

(IR) N-(1-(N-tert-Butylcarbamoyl)- 1-(4-(dimethylamino)pyridyn-3-yl)methyl)-L-methionine methyl ester
(4h): A colorless solid (115.0 mg, 58% yield, d.r. 83:17). For the major diastereomer: m.p. 98—100 °C;
IR (KBr) v = 3203, 2971, 1735, 1671 em'; "H-NMR (CDCls) & 1.26 (s, 9H), 1.70-1.79 (m, 1H),
1.83-1.91 (m, 1H), 1.95 (s, 3H), 2.34-2.49 (m, 2H), 2.35 (br, 1H), 2.77 (s, 6H), 3.14 (br, 1H), 3.63 (s,
3H), 4.57 (s, 1H), 6.82 (d, J = 5.5 Hz, 1H), 7.18 (br, 1H), 8.28 (d, J = 5.5 Hz, 1H), 8.39 (s, 1H);
BC-NMR (CDCl3) & 15.2, 28.5, 30.3, 32.2, 44.2, 50.7, 51.8, 58.0, 58.4, 113.6, 128.0, 149.8, 150.0,
159.1, 170.6, 174.2; HRMS-FAB (m/z): [M+H]" calcd. for C;oH33N403S 397.2273, found 397.2245;
[a]p® =156 (c 0.420, MeOH).

(ISR) N-(1-(N-tert-Butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-3-yl)methyl) O-t-butyl L-threonine
methyl ester (4i): A colorless solid (132.6 mg, 63% yield, d.r. 82:18); For mixture of two diastereomers:
m.p. 136 °C; IR (KBr) v = 3387, 3249, 2977, 1732, 1675 cm'; 'H-NMR (CDCl;, major diastereomer)
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5 1.05 (s, 9H), 1.08 (d, J = 6.2 Hz, 3H), 1.35 (s, 9H), 2.20 (br, 1H), 2.54 (br, 1H), 2.84 (s, 6H), 3.68 (s,
3H), 3.86 (td, J = 6.2, 10.7 Hz, 1H), 4.65 (s, 1H), 6.84 (d, J = 5.6 Hz, 1H), 7.55 (br, 1H), 8.31 (d,
J =5.6 Hz, 1H), 8.40 (s, 1H); BC-NMR (CDCls, major diastereomer) 6 20.5, 28.3, 28.6, 44.4, 50.8,
51.7, 59.1, 65.5, 68.2, 74.0, 113.5, 128.2, 149.7, 149.9, 159.5, 171.3, 173.5; HRMS-FAB (m/z):
[MJrH]+ calcd. for CyyH39oN4O4 423.2971, found 423.2973.

(ISR) N-(I1-(N-tert-Butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-3-yl)methyl) L-glutamic acid dimethyl
ester (4j): A colorless solid (94.9 mg, 47% yield, d.r. 83:17); For the major diastereomer: m.p. 89-90 °C;
IR (KBr) v = 3202, 2970, 1740, 1672 cm"; "H-NMR (CDCl3) & 1.34 (s, 9H), 1.82-2.02 (m, 2H), 2.30
(br, 1H), 2.35 (t, J = 7.6 Hz, 2H), 2.84 (s, 6H), 3.04 (dd, J = 5.8, 7.6 Hz, 1H), 3.63 (s, 3H), 3.70
(s, 3H), 4.64 (s, 1H), 6.88 (d, J = 5.6 Hz, 1H), 7.11 (br, 1H), 8.36 (d, J = 5.6 Hz, 1H), 8.43 (s, 1H);
BC-NMR (CDCls) & 27.9, 28.7, 30.2, 44.4, 51.0, 51.7, 52.0, 58.2, 58.3, 113.7, 127.9, 149.9, 150.0,
159.5, 170.7, 173.2, 174.2; HRMS-FAB (m/z): [MJrH]+ caled. for CyoH33N4Os 409.2451, found
409.2426; [o]p> —156 (¢ 0.120, MeOH).

(ISR) y-Benzyl N-(I-(N-tert-butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-3-yl)methyl)-L-aspartic acid
methyl ester (4K): A colorless solid (122.5 mg, 52% vyield, d.r. 79:21); For mixture of two
diastereomers: m.p. 105 °C; IR (KBr) v = 3334, 3202, 2971, 1739, 1668 cm'; "H-NMR (CDCl;,
major diastereomer) 6 1.34 (s, 9H), 1.98 (br, 1H), 2.75 (dd, J = 3.0, 6.1 Hz, 2H), 2.81 (s, 6H), 3.52 (br,
1H), 3.66 (s, 3H), 4.67 (s, 1H), 5.06 (dd, J=12.2, 18.4 Hz, 2H), 6.87 (d, /= 5.5 Hz, 1H), 7.27-7.36 (m,
5H), 7.40 (br, 1H), 8.36 (d, J = 5.5 Hz, 1H), 8.41 (s, 1H); “C-NMR (CDCls, major diastereomer)
d 28.6, 36.9, 44.4, 50.9, 52.2, 56.0, 58.4, 66.6, 113.9, 128.3, 128.3, 128.4, 128.5, 135.4, 150.0,
150.0, 159.2, 170.4, 170.7, 172.8; HRMS-FAB (m/z): [M+H]" calcd. for C,sH3sN4Os 471.2607,
found 471.2593.

(ISR) N-(I-(N-tert-Butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-3-yl)methyl) O-benzyl L-serine methyl
ester (41): A colorless solid (120.2 mg, 54% yield, d.r. 75:25); For mixture of two diastereomers: m.p.
145 °C; IR (KBr) v = 3203, 2969, 1743, 1667 cmﬁl; "TH-NMR (CDCl3, major diastereomer) o 1.36 (s,
9H), 1.74 (br, 1H), 2.80 (s, 6H), 3.33 (br, 1H), 3.52-3.65 (m, 2H), 3.71 (s, 3H), 4.41 (dd, J=12.2, 14.3
Hz, 2H), 4.69 (s, 1H), 6.86 (d, J = 5.6 Hz, 1H), 7.17-7.19 (m, 2H), 7.24-7.37 (m, 3H), 7.57 (br, 1H),
8.35 (d, J= 5.6 Hz, 1H), 8.41 (s, 1H); >C-NMR (CDCls, major diastereomer) & 28.7, 44.4, 50.9, 52.1,
59.0, 59.6, 70.1, 73.1, 113.8, 127.6, 127.8, 128.4, 128.5, 137.5, 149.8, 150.0, 159.4, 171.0, 172.4;
HRMS-FAB (m/z): [MJrH]+ calcd. for Co4H35N404 443.2658, found 443.2681.

(ISR) N-(I-(N-tert-Butylcarbamoyl)- 1-(4-(dimethylamino)pyridyn-3-yl)methyl)-L-histidine methyl ester
(4m): A colorless solid (88.1 mg, 44% yield, d.r. 77:23); For mixture of two diastereomers: m.p.
110-113 °C; IR (KBr) v = 3320, 3206, 2960, 1741, 1676 cm*l; "H-NMR (CDCl3, major diastereomer)
d 1.33 (s, 9H), 2.55 (br, 1H), 2.81 (s, 6H), 2.86-3.06 (m, 2H), 3.42 (dd, J = 5.1, 7.6 Hz, 1H), 3.70 (s,
3H), 4.65 (s, 1H), 6.67 (s, 1H), 6.86 (d, J = 5.6 Hz, 1H), 7.44 (s, 1H), 7.46 (br, 1H), 8.23 (s, 1H), 8.29
(d, J = 5.6 Hz, 1H); "C-NMR (CDCls, major diastereomer) & 28.6, 28.6 30.1, 44.3, 44.4, 50.9, 52.1,
58.7,59.7, 113.7, 128.5, 135.1, 149.5, 149.6, 159.4, 171.0, 174.0; HRMS-FAB (m/z): [M+H]" calcd.
for C,0H31N¢O3 403.2458, found 403.2460.
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(ISR) N-Benzyl-(I1-(N-tert-butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-3-yl)methyl)-L-valine methyl
ester (4n): A colorless syrup (15.9 mg, 18% yield, d.r. 92:8); For mixture of two diastereomers: IR
(KBr) v = 3362, 2966, 1732, 1673 cm ' "TH-NMR (CDCl3, major diastereomer) & 0.65 (d, J = 6.6 Hz,
3H), 0.75 (d, J = 6.6 Hz, 3H), 1.37 (s, 9H), 1.89-2.05 (m, J = 6.6 Hz, 1H), 2.74 (s, 6H), 2.84 (s, 1H),
3.70 (d, J = 14.4 Hz, 1H), 3.79 (s, 3H), 4.30 (d, J = 14.4 Hz, 1H), 5.18 (s, 1H), 6.85 (d, J = 5.6 Hz,
1H), 6.90 (br, 1H), 7.19-7.28 (m, 5H), 8.28 (d, J = 5.6 Hz, 1H), 8.47 (s, 1H); C-NMR (CDCl;, major
diastereomer) 6 19.7, 20.4, 28.7, 44.2, 51.1, 51.3, 53.4, 60.8, 68.7, 113.3, 127.1, 128.2, 128.6, 139.4,
149.1, 149.8, 150.3, 152.1, 159.4, 170.3, 174.8; HRMS-FAB (m/z): [M+H]" calcd. for CasH30N403
455.3022, found 455.3043.

(ISR) N-(I-(N-tert-Butylcarbamoyl)-1-(4-(dimethylamino)pyridyn-3-yl)methyl)-L-proline methyl ester
(40): A yellowish solid (93.5 mg, 51% yield, d.r. 74:26); For mixture of two diastereomers: m.p.
105-109 °C; IR (KBr) v = 3276, 2967, 1734, 1663 cm'; "H-NMR (CDCl;, major diastereomer) & 1.38
(s, 9H), 1.69-1.87 (m, 3H), 1.99-2.09 (m, 1H), 2.27-2.33 (m, 1H), 2.76-2.81 (m, 1H), 2.87 (s, 6H),
3.46 (dd, J = 3.6, 9.5 Hz, 1H), 3.69 (s, 3H), 4.89 (s, 1H), 6.86 (d, J = 5.6 Hz, 1H), 7.50 (br, 1H), 8.32
(d, J=5.6 Hz, 1H), 8.41 (s,1H); BC.NMR (CDCls, major diastereomer) 6 23.7, 28.7, 29.6, 44.6, 50.0,
50.9, 51.7, 63.1, 63.9, 113.6, 125.4, 149.4, 151.3, 160.4, 170.7, 175.1; HRMS-FAB (m/z): [M+H]"
calcd. for C19H31N4O3 363.2396, found 363.2399.

3.4. Kinetic Resolution of a Racemic Alcohol by Chiral DMAP Derivative

To a solution of major diastereomer of 4a (3.6 mg, 0.01 mmol), 1-phenylethanol (5, 25.4 L,
0.21 mmol) and triethylamine (21.0 pL, 0.15 mmol) in toluene (0.4 mL) at —60 °C, was added acetic
anhydride (14.0 uL, 0.15 mmol) and the reaction mixture was stirred at the same temperature for 15 h.
The reaction was quenched with methanol and concentrated in vacuo. The resulting residue was
filtered through a short plug of silica gel (hexane/Et,O = 3:1, v/v), affording a 28% ee of (S) acetate
and a 23% ee of unreacted (R) alcohol at 43% conversion determined by "H-NMR analysis. The ee
values indicate s = 2.33 at 43% conversion. HPLC (DAICEL CHIRALCEL OD-H, 0.46 cm ¢ % 25 cm,
hexane/isopropanol = 19:1; 0.3 mL/min; 30 °C): R; 14.5 min (minor ester), 15.3 min (major ester),
27.9 min (major alcohol), and 31.8 min (minor alcohol).

3.5 X-ray Structure Report for (S,R)-4a

CCDC 833504 contains the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html.

3.5.1. Data Collection

A colorless prism crystal of C;9H3,N403 having approximate dimensions of 0.600 x 0.080 % 0.060 mm
was mounted on a glass fiber. All measurements were made on a Rigaku Saturn724 diffractometer
using multi-layer mirror monochromated Mo-Ka radiation. The data were collected at a temperature of
—179 £ 1 °C to a maximum 2q value of 55.0°. A total of 1440 oscillation images were collected. A
sweep of data was done using w oscillations from —110.0 to 70.0° in 0.5° steps. The exposure rate was
20.0 [s/°]. The detector swing angle was —19.76°. A second sweep was performed using w oscillations
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from —110.0 to 70.0° in 0.5° steps. The exposure rate was 20.0 [s/°]. The detector swing angle was
—19.76°. Another sweep was performed using w oscillations from —110.0 to 70.0° in 0.5° steps. The
exposure rate was 20.0 [s/°]. The detector swing angle was —19.76°. Another sweep was performed
using w oscillations from —110.0 to 70.0° in 0.5° steps. The exposure rate was 20.0 [s/°]. The detector
swing angle was —19.76°. The crystal-to-detector distance was 44.98 mm. Readout was performed in

the 0.141 mm pixel mode (Table 6).

Table 6. Crystal data and structure refinement for ydkr.

Empirical formula
Formula weight
Crystal Color, Habit
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.49°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I > 2sigma(I)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

C19 H32 N4 O3

364.49

colorless, needle

932) K

0.71075 A

orthorhombic

P2,2,2 (#18)

a=17.791(6) A
b=17.955(6) A
c=6.363(2) A

2032.6(11) A3

4

1.191 Mg/m’

0.082 mm '

792

0.60 x 0.08 x 0.06 mm’
3.22 t0 27.49°.
—23<h<23,-23<k<23,-8<I1<8
31451

4665 [R(int) = 0.0603]
99.60%

Full-matrix least-squares on F2
4665 /816 /487

0.966

R1=0.0471, wR2=0.1109
R1=0.0619, wR2 =0.1202
0.1(12)

0.024(3)

0.228 and —0.238 e.A*

a=90°
b=90°
g=90°

3.5.2. Data Reduction

Of the 31,451 reflections that were collected, 4,665 were unique (Rint = 0.0603); equivalent

reflections were merged. Data were collected and processed using CrystalClear (Rigaku) [36].
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3.5.3. Structure Solution and Refinement

The structure was solved by direct methods [37] and expanded using Fourier techniques. The
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding
model. The final cycle of full-matrix least-squares refinement [38] on F [39] was based on 4665
observed reflections and 236 variable parameters and converged (largest parameter shift was 0.00
times its esd) with unweighted and weighted agreement factors of:

R1=S |[Fo| — [Fc|| / S |Fo| = 0.0471
wR2 = [S(w (Fo? — F¢?)?)/ S w(Fo?)*]"* = 0.1109

The standard deviation of an observation of unit weight [40] was 1.50. Unit weights were used. The
maximum and minimum peaks on the final difference Fourier map corresponded to 1.48 and
—0.80 e /A3, respectively. The absolute structure was deduced based on Flack parameter, —2(4), using
1983 Friedel pairs [41].

Neutral atom scattering factors were taken from Cromer and Waber [42]. Anomalous dispersion
effects were included in Fcalc [43]; the values for Df and Df" were those of Creagh and McAuley [44].
The values for the mass attenuation coefficients are those of Creagh and Hubbell [45]. All calculations
were performed using the Yadokari-XG 2009 [46] crystallographic software package except for
refinement, which was performed using SHELXL-97 [47].

4. Conclusions

We have studied the diastereoselective Ugi reactions of DMAP-based aldehydes with o-amino
acids and fert-butyl isocyanide. The reactions of 4-(dimethylamino)-2-pyridinecarboxaldehyde (1)
with various o-amino acids as a chiral source proceeded to afford the desired Ugi products 2a—h in
moderate to high yield (19%—-98%) with low diastereoselectivity ratio (50:50-63:37; d.r.), even though
various o-amino acids structures were investigated. On the other hand, the reactions of
4-(dimethylamino)-3-pyridinecarboxaldehyde (3) with various a-amino acids delivered the desired
Ugi products 4a—o in moderate yield (18%—-63%) with high diastereoselectivity (up to 93:7 d.r.). The
fact that the combination of o-amino acid and 3-formyl DMAP is critical to achieve high
diastereoselectivity is noteworthy. We also demonstrated that the kinetic resolution of racemic alcohol
5 using a major diastereomer of the Ugi product 4a as a catalyst afforded enantioenriched acetylated
product 6 and unreacted alcohol 5 with a selectivity factor of 2.33. The result indicated that the
Ugi products are potential chiral nucleophilic catalysts. Further optimization of the catalyst structure
and the application of these catalysts to other important asymmetric transformations are currently
In progress.

Acknowledgements

Financial support was provided by Grant-in-Aid for Young Scientists (Start-up, No. 21850020)
from Japan Society for the Promotion of Science (JSPS), Okayama Foundation for Science and
Technology, Wesco Scientific Promotion, and Okayama University. We are grateful to the SC-NMR
Laboratory of Okayama University for the measurement of NMR spectra.



Molecules 2011, 16 8830

References and Notes

10.

1.

12.

13.

14.

15.

16.

Zhu, J.; Bienaymé, H. Muticomponent Reactions; Wiley-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2005.

Domling, A. Recent developments in isocyanide based multicomponent reactions in applied
chemistry. Chem. Rev. 2006, 106, 17-89.

El Kaim, L.; Grimaud, L. Beyond the Ugi reaction: Less conventional interactions between
isocyanides and iminium species. Tetrahedron 2009, 65, 2153-2171.

Ramon, D.J.; Yus, M. Asymmetric multicomponent reactions (AMCRs): The new frontier.
Angew. Chem. Int. Ed. 2005, 44, 1602-1634.

Kelly, C.L.; Lawrie, K.W.M.; Morgan, P.; Willis, C.L. Ugi four component condensations using
aldehydes with an asymmetric centre at C-2. Tetrahedron Lett. 2000, 41, 8001-8005.

Ahmadian, H.; Nielsen, B.; Brauner-Osborne, H.; Johansen, T.N.; Stensbel, T.B.; Slek, F.A.;
Sekiyama, N.; Nakanishi, S.; Krogsgaard-Larsen, P.; Madsen, U. (§)-Homo-AMPA, a specific
agonist at the mGlu6 subtype of metabotropic glutamic acid receptors. J. Med. Chem. 1997, 40,
3700-3705.

Madsen, U.; Frydenvang, K.; Ebert, B.; Johansen, T.N.; Brehm, L.; Krogsgaard-Larsen, P.
N-Methyl-D-aspartic acid receptor agonists: Resolution, absolute stereochemistry, and
pharmacology of the enantiomers of 2-amino-2-(3-hydroxy-5-methyl-4-isoxazolyl)acetic acid.
J. Med. Chem. 1996, 39, 183-190.

Hebach, C.; Kazmaier, U. Via Ugi reactions to conformationally fixed cyclic peptides.
Chem. Commun. 2003, 596-597.

Marquarding, D.; Hoffmann, P.; Heitzer, H.; Ugi, 1. Stereoselective syntheses. V. Isonitriles.
XXIV. Stereoselective four-component condensations of a-ferrocenylethylamine and its absolute
configuration. J. Am. Chem. Soc. 1970, 92, 1969-1971.

Urban, R.; Ugi, I. Asymmetrically induced four component condensation with extremely high
stereoselectivity and multiplication of stereoselectivity. Angew. Chem. Int. Ed. Engl. 1975, 14, 61-62.
Herrmann, R.; Hiibener, G.; Siglmiiller, F.; Ugi, 1. Chirale a-ferrocenylalkylamine. Liebigs Ann.
Chem. 1986, 251-268.

Siglmiiller, F.; Herrmann, R.; Ugi, I. Chiral ferrocenylalkylamines from (—)-menthone.
Tetrahedron 1986, 42, 5931-5940.

Kunz, H.; Pfrengle, W. Asymmetric synthesis on carbohydrate templates: Stereoselective
Ugi-synthesis of a-amino acid derivatives. J. Am. Chem. Soc. 1988, 110, 651-652.

Kunz, H.; Pfrengle, W. Carbohydrates as chiral templates: Asymmetric Ugi-synthesis of alpha-
amino acids using galactosylamines as the chiral matrices. Tetrahedron 1988, 44, 5487-5494.
Szardenings, A.K.; Burkoth, T.S.; Lu, H.H.; Tien, D.W.; Campbell, D.A. A simple procedure for
the solid phase synthesis of diketopiperazine and diketomorpholine derivatives. Tetrahedron
1997, 53, 6573-6593.

Yamada, T.; Motoyama, N.; Taniguchi, T.; Kazuta, Y.; Miyazawa, T.; Kuwata, S.; Matsumoto, K_;
Sugiura, M. Synthesis of peptides containing a,a'-iminodicarboxylic acids. Chem. Lett. 1987,
723-726.



Molecules 2011, 16 8831

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Faggi, C.; Marcaccini, S.; Pepino, R.; Cruz Pozo, M. Studies on isocyanides and related
compounds; Synthesis of 1,4-benzodiazepine-2,5-diones via Ugi four-component condensation.
Synthesis 2002, 2756-2760.

Dembharter, A.; Horl, W.; Herdtweck, E.; Ugi, I. Synthesis of chiral 1,1'-iminodicarboxylic acid
derivatives from a-amino acids, aldehydes, isocyanides, and alcohols by the diastereoselective
five-center-four-component reaction. Angew. Chem. Int. Ed. Engl. 1996, 35, 173-175.

Dyker, G. Amino acid derivatives by multicomponent reactions. Angew. Chem. Int. Ed. Engl.
1997, 36, 1700-1702.

Dyker, G.; Breitenstein, K.; Henkel, G. Synthesis of novel chiral ligands from amino acids by the
Ugi reaction. Tetrahedron: Asymmetry 2002, 13, 1929-1936.

Park, S.J.; Keum, G.; Kang, S.B.; Koh, H.Y.; Kim, Y.; Lee, D.H. A facile synthesis of
N-carbamoylmethyl-a-aminobutyrolactones by the Ugi multicomponent condensation reaction.
Tetrahedron Lett. 1998, 39, 7109-7112.

Godet, T.; Bonvin, Y.; Vincent, G.; Merle, D.; Thozet, A.; Ciufolini, M.A. Titanium catalysis in
the Ugi reaction of a-amino acids with aromatic aldehydes. Org. Lett. 2004, 6, 3281-3284.

Basso, A.; Banfi, L.; Riva, R. A marriage of convenience: Combining the power of isocyanide-
based multicomponent reactions with the versatility of (hetero)norbornene chemistry. Eur. J. Org.
Chem. 2010, 1831-1841.

Ziegler, T.; Kaisers, H.-J.; Schlomer, R.; Koch, C. Passerini and Ugi reactions of benzyl and
acetyl protected isocyanoglucoses. Tetrahedron 1999, 55, 8397-8408.

Gulevich, A.V.; Zhdanko, A.G.; Orru, R.V.A.; Nenajdenko, V.G. Isocyanoacetate derivatives:
synthesis, reactivity, and application. Chem. Rev. 2010, 110, 5235-5331.

Floyd, C.D.; Harnett, L.A.; Miller, A.; Patel, S.; Saroglou, L.; Whittaker, M. Rapid synthesis of
matrix metalloproteinase inhibitors via Ugi four-component condensation. Synlett 1998, 637-639.
Golebiowski, A.; Klopfenstein, S.R.; Shao, X.; Chen, J.J.; Colson, A.-O.; Grieb, A.L.;
Russell, A.F. Solid-supported synthesis of a peptide b-turn mimetic. Org. Lett. 2000, 2, 2615-2617.
Nenajdenko, V.G.; Reznichenko, A.L.; Balenkova, E.S. Diastereoselective Ugi reaction without
chiral amines: the synthesis of chiral pyrroloketopiperazines. Tetrahedron 2007, 63, 3031-3041.
France, S.; Guerin, D.J.; Miller, S.J.; Lectka, T. Nucleophilic chiral amines as catalysts in
asymmetric synthesis. Chem. Rev. 2003, 103, 2985-3012.

Wurz, R.P. Chiral dialkylaminopyridine catalysts in asymmetric synthesis. Chem. Rev. 2007, 107,
5570-5595.

Vedejs, E.; Jure, M. Efficiency in nonenzymatic kinetic resolution. Angew. Chem. Int. Ed. 2005,
44, 3974-4001.

Chen, Y.; McDaid, P.; Deng, L. Asymmetric alcoholysis of cyclic anhydrides. Chem. Rev. 2003,
103, 2965-2984.

Alba, A.-N.R.; Rios, R. Oxazolones in organocatalysis, new tricks for an old reagent. Chem. Asian J.
2011, 6, 720-734.

Kagan, H.B.; Fiaud, J.C. Kinetic Resolution. In Topics in Stereochemistry; John Wiley & Sons,
Inc.: Hoboken, NJ, USA, 1988; pp. 249-330.



Molecules 2011, 16 8832

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

Diez, D.; Gil, M.J.; Moro, R.F.; Garrido, N.M.; Marcos, 1.S.; Basabe, P.; Sanz, F.;
Broughton, H.B.; Urones, J.G. Chemistry of sulfones: Synthesis of a new chiral nucleophilic
catalyst. Tetrahedron: Asymmetry 2005, 16, 2980-2985.

Pflugrath, J.W. CrystalClear: Rigaku Corporation, 1999. CrystalClear Software User's Guide,
Molecular Structure Corporation, 2000. Acta Cryst. 1999, D55, 1718-1725.

Burla, M.C.; Caliandro, R.; Camalli, M.; Carrozzini, B.; Cascarano, G.L.; De Caro, L.;
Giacovazzo, C.; Polidori, G.; Spagna, R. SIR2004: An improved tool for crystal structure
determination and refinement. J. Appl. Cryst. 2005, 38, 381-388.

Least Squares function minimized: (SHELXL97) Sw(Fo” — Fc?)* where w = Least Squares weights.
Larson, A.C. Crystallographic Computing, Ahmed, F.R., Ed.; Munksgaard: Copenhagen,
Denmark, 1970; pp. 291-294 (equation 22, with V replaced by the cell volume).

Standard deviation of an observation of unit weight: [Sw(Fo’ — Fc?)%/(No-Nv)]". where:
No = number of observations Nv = number of variables.

Flack, H.D. On enantiomorph-polarity estimation. Acta Cryst. 1983, 439, 876-881.

Cromer, D.T.; Waber, J.T. International Tables for X-ray Crystallography; The Kynoch Press:
Birmingham, UK, 1974; Volume IV, Table 2.2 A.

Ibers, J.A.; Hamilton, W.C. Dispersion corrections and crystal structure refinements. Acta Cryst.
1964, 17, 781-782.

Creagh, D.C.; McAuley, W.J. International Tables for Crystallography; Wilson, A.J.C., Ed.;
Kluwer Academic Publishers: Boston, MA, USA, 1992; Volume C, Table 4.2.6.8, pp. 219-222.
Creagh, D.C.; Hubbell, J.H. International Tables for Crystallography; Wilson, A.J.C., Ed.;
Kluwer Academic Publishers: Boston, MA, USA, 1992; Volume C, Table 4.2.4.3, pp. 200-206.
Kabuto, C.; Akine, S.; Nemoto, T.; Kwon, E. Release of software (Yadokari-XG 2009) for crystal
structure analyses. J. Cryst. Soc. Jpn. 2009, 51, 218-224.

Sheldrick, G.M. A short history of SHELX. Acta Cryst. 2008, 464, 112-122.

Sample Availability: Samples of the compounds are available from the authors.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



