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Abstract: A novel enantioselective Mannich reaction jefmalonate-substituted,
S-unsaturated esters willprotected arylaldimines was realized by using asgtnic
phase-transfer catalysis (APTC). With amino acidwéel bifunctional
thiourea-phosphonium salts as a catalyst, a seriesnantio-enriched Mannich
products could be synthesized under very mild amgple reaction conditions with

high yields and enantioselectivities.
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1. Introduction

Chiral g-amino carbonyl compounds are very useful buildbigcks in the
synthesis of numerous biologically and pharmacallfiactive substancé8. Being
one of the most convenient way to these useful camgs, the enantioselective
Mannich reaction has received much research aiteatid impressive advances have
been achieved by using both metal catal{fiand organocatalyst. In this regard,
over the past decade, asymmetric organocatalytioinMh reaction of various
malonates to imines or imine surrogates has magtefisant advanced? Various
chiral organocatalysts including cinchona alkald@tived phase-transfer catalySts

®  and

and thioureas, bifunctional tertiary amine-thioure@atalysts, [
guanidine-bisthiourea catalystshave all been successfully applied in this reactio
Particularly, Enders and co-workers have recentilzed y-malonate-substituted,

B-unsaturated esters to react witkprotected arylaldimines, which involes a novel

domino Mannich/aza-Michael proce&%.Such a process provided a highly useful



new way to enantio-enriched polysubstituted pydiaks. However, with bifunctional
tertiary amine-thiourea catalysts, the practicalify this process was somewhat
impaired by the long reaction time (3-11 days)atieely high catalyst loading and

not-so-satisfactory enantioselectivities.

On the other hand, our group has developed chimin@ acid-derived
phase-transfer catalyst. In the field of asymmetric PTC, quaternary ammaoniu
salt-based catalysts have been utilized in the ¢arype reaction of malonaté¥
while the compatibility of quaternary phosphoniumt$ased catalysts with this
reaction remains unknown. Our group has very régeaported novel bifunctional
thiourea-phosphonium salts as highly efficient lgata in asymmetric aza-Henry
reactions and Mannich reactidh¥. We report herein that these bifunctional
thiourea-phosphonium salts are also highly effector the catalytic enantioselective
Mannich reaction of aldimines witjtmalonated-substituted,f-unsaturated esters,

which is highly complementary to current methods.

2. Results and discussion

Using the reaction betweeN-Boc imine 2a and y-malonate-substituted:,
S-unsaturated est@a as the model reaction, we first tested the catadfticiency of
different bifunctional phosphonium salts (Table ehtries 1-8). In general, these
catalysts showed high efficiency in this Manniclaatn, which could proceed to
completion to give almost quantitative yields witli2 h at room temperature with a
catalyst loading of 5 mol%. Both the thiourea myiahd the amino acid skeletons
have significant influence on the reaction. The algst 1c derived from
L-phenylalanine with the thiourea structure gaveedbe¢nantioselectivity than the
acetyl amine and the urea structure (entries IFBgen catalystle derived from
L-isoleucine with the 3, 5-bis(trifluoromethyl)phénlgiourea moiety was found to be
better to give 61% ee (entry 5). Further structuratification in the thiourea moiety
or the substitution types of the phosphonium censgerfailed to improve the
enantioselectivity (entries 6-11). Next, solverfeef was explored with catalydg,

but the enantioselectivity was also not improvetr{es 12-15).



Table 1 Screening of catalysts and solvehts.

ji Bn o X  Bn
1
Ar' H/é Br A“NJ\H/é Br Arl. )J\
PPh,Bn H PPh,Bn N

®PthBn
1a
1bX=0

Ar' = 3 5-bis(trifluoromethyl)phenyl 16 X=8

R “
‘\\\\ = / S o
S S

S | A 1 C)

ArLN)J\N Br N N)J\N r\”J\” . Br
H ® PPh,Bn H HO PPh,Bn PPh,R

1e 1fR=H 1i R = naphthalen-2-ylmethyl
1g R = p-OMe 1j R = 4-fluorobenzyl
1h R = p-F 1k R = 4-methylbenzyl
1(5mol%)  Boc.
N BoC COOE K,COj (2 equiv) NH

| +
ph) Et00C solvent, 1t, 12 h PhWCOOCHs
EtOOC COOEt

2a 3a 4a
Entry Catalyst Solvent Yield [%5] ee [%]
1 la Toluene 97 2
2 1b Toluene 98 35
3 1c Toluene 95 50
4 1d Toluene 99 59
5 le Toluene 99 61
6 1f Toluene 99 55
7 19 Toluene 99 55
8 1h Toluene 99 59
ol 1i Toluene 96 33
104 1] Toluene 94 43
111 1k Toluene 99 59
12 le CH.Cl, 95 19
13 le THF 99 9
14 le TBME 99 27
15 le PhCR 99 56

4 Reaction conditionga (0.15 mmol),3a (0.1 mmol) and base (0.2 mmol) in the presence(6f
mol%) in solvents (1.0 mL).

® |solated yields.

Determlned by chiral stationary phase HPLC.

4 Reaction time was 8 h and 0.5 mmoeldO; was used.

To further improve the enantioselectivity, we thscreened different bases

(Table 2). Pleasingly, when a milder base KF wasdus significantly improved

enantioselectivity of 81% ee at°C (entry 8). Moreover, the catalyst loading amount
3



could be decreased to 3 mol% while maintain thees@ingh chemical yield and
enantioselectivity (entry 10), while a reductiorntle amount of KF to inferior results
(entry 11). Thus, the optimum reaction conditioreyevidentified as follows: 3 mol%

of 1e and 5 equiv. of KF in toluene afG.

Table 2 Screening of bases.

Boc
COOEt ~
N-BoC 1e (5 mol%) NH
J *+ Et00C XxCOOCH; ——MM > : _
toluene, base, T PhWCOOCH3

Ph
EtOOC COOEt
2a 3a 4a
Entry Base Time[h] T°C] Yield [%]™ ee [%]°
1 KOH 8 rt complicated nd
2 NaCO; 15 rt 99 68
3 K,COs 15 rt 99 60
4 KoHPO, 15 rt 99 75
5 KF 15 rt 99 74
6 CsF 15 rt 98 70
7 KoHPO, 24 0 96 76
8 KF 24 0 97 81
9 KF 32 -10 92 80
109 KF 24 0 97 82
11t KF 50 0 90 57

% Reaction conditions2a (0.15 mmol),3a (0.1 mmol) and base (0.5 mmol) in the presenckeof
(5 mol%) in toluene (1.0 mL).

® |solated yields.

¢ Determined by chiral stationary phase HPLC.

43 mol% of catalysle was used.

€0.05 mmol KF was used.

Next, a series oN-Boc-protected aryl aldimineza-2p and different substituted
y-malonate-substituted:,f-unsaturated ester8a-3f were investigated under the
optimized conditions (Table 3). In general, exadlleyields and high
enantioselectivities were obtained within a rekayvshort reaction time (12-30 h).
For different3, increasing the steric hindrance of the ester timsieseemed slightly
favored in terms of enantioselectivity (entries)1/s to different aldimineg, when
Ar was a substituted benzene ring, good to exdellemsbdds and high ee values were
generally obtained, irrespective of the electromature of the substituents on the

benzene ring. Notably, an apparengta effect was observed: the more sterically

4



demandingm-substituted aryl imines gave higher ee valuesi@n6-17). Moreover,
heteroaryl imine2n and 2o also took part in the reaction to give excellei@ds,

albeit with relatively lower ees (65% and 70%) (m® 18 and 19).

Table 3 Substrate scope study.

Boc.

N-BoC CO,R! ) 1KT: ((?é ':OTL"I/;; NH
ArJ + R102C)\/\/COOR —>to|uene, 0°C Armcosz
R'0,C 2
2 3 4
Entry 2 (Ar) 3(RYRY) Time(h) 4 Yield (%) ee (%Y

1 2a (Ph) 3b (Me/Me) 24 4b 99 77
2 2a (Ph) 3c (Bn/Me) 24 4c 99 83
3 2a (Ph) 3d (Ph/ Me) 24 4d 96 78
4 2a (Ph) 3e (Me/Et) 24 de 99 81
5 2a (Ph) 3f (Et/ Et) 24 4f 99 81
6 2b (0-CICgHy) 3a (Et/ Me) 20 4qg 99 85
7 2¢c (M-CICgH,) 3a (Et/ Me) 20 4h 85 87
8 2d (p-CICgH,) 3a (Et/ Me) 20 4i 98 81
9 2e (p-FCgH,) 3a (Et/ Me) 20 4 97 79
10 2f (p-BrCgHy) 3a (Et/ Me) 20 4k 84 81
11 29 (p-MeCgH,) 3a (Et/ Me) 24 4 95 81
12 2h (p-MeOGHs) 3a (Et/ Me) 20 4m 98 80
13 2i (-NO,CgH4)  3a (Et/ Me) 24 4n 83 83
14 2j (mFCgH,) 3a (Et/ Me) 24 40 93 81
15 2k (m-MeGCgH,)  3a (Et/ Me) 20 4p 99 85
16 21 (mMeOGH,)  3a (Et/ Me) 20 4q 99 86
17 2m (m-BrCgH,)  3a (Et/ Me) 20 4r 80 86
18 2n (2-Thienyl) 3a (Et/ Me) 24 4s 95 70
19 20 (a-Naphthyl)  3a (Et/ Me) 30 4t 60 87
20 2¢c (m-CICgHy) 3c (Bn/Me) 12 4u 99 88
21 2k (m-MeCgH4)  3c (Bn/Me) 12 4v 99 90

#Reaction condition2a (0.15 mmol),3a (0.1 mmol) and base (0.5 mmol) in the presende 3
mol%) in toluene (1.0 mL).
® |solated yields.
¢ Determined by chiral stationary phase HPLC.

In order to get more insight into the role of thwoperative action between the
thiourea moiety and the phosphonium center in thebdunctional
thiourea-phosphonium salts in this reaction, cdrgxperiments were performed with

two variants of the catalydic under the optimized reaction conditions as in &bl



(Figure 1a). The use of catalysh with a blocked hydrogen bonding site or catalyst
1n without the quaternary phosphonium center alltéechuch inferior results in terms
of yield, enantioselectivity and reaction time cargd to their parent cataly&t.
This result indicates the importance of cooperatalysis of the two functionalities
in the catalytic process. Moreover, allyl-subsatliand methyl-substituted malonates
were investigated under the optimized conditiongfe 1b),furnishing the desired
products with good enantioselectivities. The ahigotonfiguration ofly was assigned to be
S by comparison of the optical rotation values vifth literature dat&® and those of others
were determined by analogy. The produelp was treatment with TBAB
(tetrabutylammonium bromide) and L£€; gave the pyrrolidine produé& with 96% vyield
and 61% ee (Figure 1£§.

CF, CF3
a O
@ FaC N '?‘/H Br FsC N ﬂ
H " Me ®PPh,Bn PPh2 ®PPh Bn
1m (single H-bond) 1n (no phosphonium salt) ¢ (bifunctional thiourea-phosphonium salt)

4a, 23% ee, 30% yield, 4 d 4a, 70% ee, 42% yield, 4 d 4a, 81% ee, 98% yield, 18 h

Boc.
1e (3 mol%) NH

b NP COR KF (5 equiv) _COR
J + /\)\ o Ph CO,R
Ph = CO,R toluene, 0°C, 20 h 2
4w R = Me, 99% yield, 63% ee
4x R = Et, 99% yield, 75% ee
_Boc 1e (3mol%) Boc.
N COR KF (5 equiv) NH
o+ CO,R
Ph CO2R toluene, 0 °C, 20 h Ph/Y
RO,C Me
4y R = Me, 99% yield, 68% ee
4z R = Et, 99% yield, 74% ee
Boc. B COOCHj3
VH co,Et n-BuNBr (20 mol%) °“N
P Cs,CO03 (2.0 equiv)
(©) CO,Et OO F L e " coskt
2 s CO,Et
Me Me
4p, 86% ee 5, 96% yield, 61% ee

Figure 1. Control experiments and product transformatiom.

3. Conclusion

In conclusion, we have successfully applied amicm-derived bifunctional



thiourea-phosphonium salts to catalyze asymmetrianiNth reaction between
y-malonate-substituted, p-unsaturated esters and N-Boc aryl aldimines. These
phase-transfer catalysts demonstrated high eftigien the reaction, providing the
desired products in excellent yields and high dpaalectivities within much
shortened reaction time compared to previously useghnocatalysts. Further
applications of this kind of phase-transfer cat@ly® other reactions as well as
synthetically useful conversions of the chffadmino carbonyl products are underway
in our laboratory.

4. Experimental
4.1 General information

The'H NMR spectra were recorded on a Bruker (400 MH®Bcgometer. All
chemical shiftsq) were given in ppm. Data were reported as follostemical shift,
integration, multiplicity (s = single, d = doublet triplet, g = quartet, br = broad, m
= multiple) and coupling constants (HZYC NMR spectra were recorded on a
DPX-400 (400 MHz). Flash column chromatography wagormed using H silica
gel. For thin-layer chromatography (TLC), silical géates (HSGF 254) were used
and compounds were visualized by irradiation witv Wlight. Analytical high
performance liquid chromatography (HPLC) was cdrrieut on SHIMADZU
equipment using chiral columns. Melting points weetermined on a SGW X-4
melting point apparatus and were uncorrected. @lptatations were measured on a
JASCO P-1010 Polarimeter &t = 589 nm. IR spectra were recorded on a
Perkin-Elmer 983G instrument. Mass spectra analysis performed on APl 200
LC/MS system (Applied Biosystems Co. Ltd.).

All starting imines were synthesized according éparted methodsi** 39 Al
bifunctional phosphonium salt catalysts were sysitesl according to procedures
reported previously:’?3a-3c, 3e-3f *? were prepared by literature procedure.

4.2 Preparation of catalysts 3

2
NaH COOR

THF
R1= CHg, Et R2= CHg, Et, Bn, Ph

Bre_ X COOR'+ R200C.__COOR? R'0OC._~

COOR?

In a flame dried, one-necked round-bottom flask N&B% in oil, 1.0 equiv.) was
suspended in anhydrous THF (0.15 M) and the reaeti@s cooled to 0 °C. Malonic
ester (1.0 equiv.) was added in small portions @eeriod of 30 minutes and the
reaction was stirred for 1 h at 0 °C. After theitidd of alkyl 4-bromocrotonate (1.3
eg.) the reaction was stirred for further 60 miswe0 °C. The mixture was quenched
by the addition of aqueous HCI (1.0 N) and extrdctdiree times with
dichloromethane. The combined organic layers weieddover sodium sulfate,
filtered and concentrateidh vacuo. Column chromatography (petroleum ether: ethyl

7



acetate = 10:1 to 5:1) afforded the pure produsitso#orless oils.

4.2.1 (E)-4-methyl 1, 1-diphenyl but-3-ene-1, 1, 4-tricarboxylate (3d)

3d was synthesized according to the general procagsing NaH (360 mg, 9 mmol),
THF (70 mL), diphenylmalonate (2.3 g, 9 mmol) ai-hethyl-4-bromocrotonate
(2.97 g, 1.3 mL, 11 mmol).

1.6 g yield (50%, white solid), m.p. = 52%3 :H-NMR (400 MHz, CDC#): §
3.03-3.06 (m, 2H), 3.75 (s, 3H), 4.00 Jt= 8.0 Hz, 1H), 6.06 (d] = 16.0 Hz, 1H),
7.02-7.08 (m, 1H), 7.10-7.13 (m, 4H), 7.24-7.28 @nl), 7.37-7.41 (m, 4H) ppm.
sC-NMR (100 MHz, CDC¥): 6 31.1, 50.7, 51.7, 121.2, 124.2, 126.4, 129.6,2,43.
150.3, 166.3, 166.6 pprhR (Neat) 2951, 1753, 1724, 1591, 1492, 1273, 1190, 1162,
1134, 747, 689HRM S(MALDI): calcd. for [M+Na] (CxoH1806) requires 377.1001,
found 377.0993.

4.3 Preparation of catalysts 1j and 1k

To a solution of the corresponding amino acid-dstiwifunctional phosphine (1.0

equiv.) in anhydrous toluene was added the correlipg benzylic halide (1.2 equiv.),

and the resulting mixture was stirred at ®.@or 8h. Then the mixture was allowed
to cool to ambient temperature and concentrate@ruretiuced pressure. The crude
mixture was purified by flash column chromatogragbyafford the desired phase
transfer catalyst (C¥Cl,/MeOH = 20:1).

4.3.1

((2539)-2-(3-(3,5-bis(trifluoromethyl ) phenyl ) thiour ei do)- 3-methyl pentyl ) (4-fluor oben
zyl)diphenyl phosphonium bromide (1))

Yield: 72%; White solid. m.p. = 108-130; [0]p® = -50.1 € = 1.2, CHC}); *H-NMR
(400 MHz, CDC%): 6 9.81 (bs, 2H), 8.13 (s, 2H), 7.82 (m, 1H), 7.6827(m, 6H),
7.55-7.59 (m, 3H), 6.86-6.90 (m, 5H), 5.15 (m, 1#§6-4.83 (m, 2H), 3.68-3.72 (m,
1H), 3.51 (dJ = 16.0 Hz, 1H), 1.81 (m, 1H), 1.26-1.28 (m, 1H}181.20 (m, 1H),
1.01 (d,J = 8.0 Hz, 3H), 0.80 (t) = 8.0 Hz, 3H);*C-NMR (100 MHz, CDC%): 6
180.9, 164.4 (dJc.p = 4 Hz), 161.9 (dJcp = 4 Hz), 141.2, 135.7 (dc.p = 2.9 Hz),
135.3 (dJc-p = 3 Hz), 133.8 (dJc.p = 1.4 Hz), 133.7 (dJcp = 1.4 Hz), 132.6 (dJc-p

= 5.6 Hz), 132.5 (dJc.p = 5.6 Hz), 131.6 (q)c.r = 24 Hz), 130.8 (dJc.p = 12.2 HZ),
130.6 (d,Jc.p = 12.4), 123.7 (gJc-r = 271.4 Hz), 123.0, 122.9-123.0 (m), 117.8,
117.7,117.0 (dJc.p = 3.1 Hz), 116.9, 116.7 (dc.p= 3.1 Hz), 52.1 (dJcp = 4.4 Hz),
41.3 (d,Jcp = 12.0 Hz), 28.9 (dJc.p = 45.3 Hz), 26.0, 24.9 (dcp = 51.2 Hz), 15.2,
11.9;*P-NMR (163 MHz, CDC%): & 25.2;*F-NMR (282 MHz, CDC%): & -62.9,
-111.7;IR (Neat) 3048, 2963, 2962, 2878, 1549, 1510, 1473, 1438412177, 1134,
846, 739, 681;HRMS(MALDI): calcd. for [M-Br (CasH3sNoF/PS) requires
665.1985, found 665.1980.

4.3.2
((2539)-2-(3-(3,5-bis(trifluoromethyl )phenyl ) thi our eido)-3-methyl pentyl ) -di phenyl (4-
methyl benzyl ) phosphonium bromide (1k)



Yield: 70%; White solid. m.p. = 204-208; [o]p>° = -70.7 € = 1.6, CHC}); 'H-NMR
(400 MHz, CDC}): § 9.77-9.80 (m, 2H), 8.10 (s, 2H), 7.75-7.78 (m, 3H53-7.61
(m, 8H), 7.01 (dy) = 7.6 Hz, 2H), 6.80 (d] = 7.2 Hz, 2H), 5.21 (m, 1H), 4.73-4.80 (t,
J=16.0 Hz, 1H), 4.48-4.55 (§,= 16.0 Hz, 1H), 3.49-3.58 (m, 1H), 2.51-2.58J(t
14.4 Hz, 1H), 2.28 (s, 3H), 1.82 (m, 1H), 1.02Jd; 6.8 Hz, 3H), 0.84 (1] = 7.2 Hz,
3H); *C-NMR (100 MHz, CDC#): 5 180.8, 141.2, 139.5 (dc.p = 4 Hz), 135.5 (d,
Je.p = 3 Hz), 135.1 (dJc.p = 3 Hz), 133.8 (dJc.p = 9.3 Hz), 133.6 (dlc.p = 9.1 Hz),
131.5 (q,Jcr = 34 Hz), 130.7, 130.6, 130.5, 130.5, 130.4, 128,8c.» = 272 Hz),
123.5 (dJc.p = 9 Hz), 122.9, 119.7, 119.4, 118.6, 117.9, 11715,1, 52.1 (dJc.p =

5 Hz), 41.5 (dJcp = 12 Hz), 29.3 (dJc.p = 45 Hz), 25.9, 24.8 (dc.p = 52 Hz), 21.5,
15.4, 12.0;P-NMR (163 MHz, CDC4): & 23.5; “F-NMR (282 MHz, CDCH): &
-62.8; IR (Neat) 3047, 2965, 2877, 1549, 1457, 1386, 1277, 11734,1138, 681;
HRMS(MALDI): calcd. for [M-Br] (CssHseN2FsPS) requires 661.2236, found
661.2240.

4.4 General procedurefor the enantioselective M annich reaction

To a suspension of the correspondyagalonate substituted, B-unsaturated est&
(0.1 mmol) in toluene (1.0 ml) was added catalyst(3 mol%) and aryl aldimine
(0.15 mmol) sequentially, and the resulting mixtwaes stirred atC for 5 min. Then
KF (28 mg, 0.5 mmol) was added. The resulting susipa was vigorously stirred at
0 °C for 12-30 h, and then purified by column chrongaaphy (petroleum ether/ethyl
acetate = 10/1 — 4/1) on silica get to afford thedpct.

441

4,4-diethyl-1-methyl-(S E)-5-((tert-butoxycar bonyl)amino)-5-phenyl pent-1-ene-1,4,4-t

ricarboxylate (4a)

Yield: 97%;colorless oil. Enantiomeric excess: 82¥of°> = -20.2 € = 2.70, CHGJ),
determined by HPLC (Chiralpak AD-H column hexas#&OH 9:1, flow rate 1.0
ml/min, tninor = 11.4 Min, hajor = 14.4 min,A = 254 nm);*H-NMR (400 MHz,
CDCls): 6 7.27-7.29 (m, 5H), 6.84-6.92 (m, 1H), 6.57J¢; 13.2 Hz, 1H), 5.81 (d
= 15.6 Hz, 1H), 5.20 (d] = 9.6 Hz, 1H), 4,16-4.25 (m, 4H), 3.70 (s, 3HHR2.62
(m, 2H), 1.37 (s, 9H), 1.27 (§,= 7.2 Hz, 3H), 1.20 () = 7.2 Hz, 3H); *C-NMR
(100 MHz, CDC¥): 6 169.5, 169.1, 166.2, 154.6, 143.2, 137.7, 1288,2, 128.0,
124.3, 79.6, 62.0, 58.9, 51.5, 37.3, 29.6, 28.20,143.8;IR (Neat) 3431, 2980,
1724, 1658, 1494, 1367, 1275, 116dRMS(MALDI): calcd. for [M+Na]®
(C24H33NOgNa) requires 486.2098, found 486.2095.

4.4.2 trimethyl-(S,

E)-5-((tert-butoxycar bonyl)amino)-5-phenyl pent-1-ene-1,4,4-tricar boxyl ate (4b)

Yield: 99%;colorless oil. Enantiomeric excess: 77¥#of°> = -25.2 € = 2.85, CHGJ),
determined by HPLC (Chiralpak AS-H column hexafOH 95:5, flow rate 1.0
mI/min, tyinor = 9.4 MiN, fajor = 12.8 minA = 254 nm)H-NMR (400 MHz, CDC%):
6 7.22-7.31 (m, 5H), 6.81-6.88 (m, 1H), 6.44 Jd; 8.8 Hz, 1H), 5.81 (d] = 15.6
Hz, 1H), 5.21 (d,) = 9.2 Hz, 1H), 3.75 (s, 3H), 3.73 (s, 3H), 3.713H), 2.60-2.64

9



(m, 2H), 1.38 (s, 9H)*C-NMR (100 MHz, CDC%): 6 169.7, 169.5, 166.2, 154.6,
142.9, 137.5, 128.5, 128.3, 127.8, 124.4, 79.7.,,688.8, 52.8, 51.5, 37.3, 29.6, 28.2;
IR (Neat) 3434, 2977, 2954, 1723, 1658, 1495, 1436, 1366/6,121169;
HRMS(MALDI): calcd. for [M+Na] (C,:H2oNOgNa) requires 458.1785, found
458.1793.

443

4,4-dibenzyl-1-methyl-(S E)-5-((tert-butoxycar bonyl yamino)-5-phenyl pent- 1-ene-1,4,4

-tricarboxylate (4c)

Yield: 99%;colorless oil. Enantiomeric excess: 83¥of° = -19.1 € = 2.45, CHCGJ),
determined by HPLC (Chiralpak AD-H column hexas#&OH 9:1, flow rate 1.0
ml/min, tninor = 27.6 MiN, hajor = 17.1 min,A = 254 nm);*H-NMR (400 MHz,
CDCls): 6 7.29-7.32 (m, 15H), 6.77-6.85 (m, 1H), 6.50J¢; 8.0 Hz, 1H), 5.67 (d
= 15.6 Hz, 1H), 5.18-5.25 (m, 2H), 5.11 (s, 2HK(s, 3H), 2.55-2.68 (M, 2H),
1.36 (s, 9H);*C-NMR (100 MHz, CDC}): & 169.7, 169.5, 166.6, 155.1, 143.1,
138.0, 135.3, 134.9, 129.15, 129.13, 129.11, 129.99.0, 128.7, 128.5, 125.2, 80.2,
68.4, 68.3, 63.4, 59.4, 52.0, 37.9, 30.2, 28r3;(Neat) 3446, 2977, 1723, 1655,
1496, 1275, 1246, 1168, 753, 69HRMS(MALDI): calcd. for [M+Na]
(C34H37NOg) requires 610.2417, found 610.2428.

4.4.4

1-methyl-4,4-diphenyl- (S E)-5-((tert-butoxycar bonyl)Jamino)-5-phenyl pent-1-ene-1,4,4
-tricarboxylate (4d)

Yield: 96%;colorless oil. Enantiomeric excess: 78%of* = +5.1 € = 2.60, CHCJ),
determined by HPLC (Chiralpak AD-H column hexa#OH 9:1, flow rate 1.0
ml/min, tminor = 48.3 MIN, hajor = 24.0 min,A = 254 nm);*H-NMR (400 MHz,
CDCl): 6 7.25-7.44 (m, 15H), 6.97-6.99 (m, 1H), 6.56 (M), 164102 (dJ = 15.6 Hz,
1H), 5.52 (d,J = 8.8 Hz, 1H), 3.71 (s, 3H), 2.98-2.99 (m, 2H)39.(s, 9H);
sC-NMR (100 MHz, CDC%): 6 167.8, 166.1, 154.7, 150.1, 149.9, 142.2, 137.3,
129.8, 129.7, 129.6, 128.7, 128.6, 128.4, 128.8,612126.5, 125.3, 121.3, 121.1,
121.0, 115. 4, 80.1, 63.3, 59.3, 51.6, 37.8, 28832;IR (Neat) 3447, 2977, 1756,
1724, 1655, 1492, 1367, 1163, 748, 6BBRMS(MALDI): calcd. for [M+Na]
(C34H32NOg) requires 582.2104, found 582.2103.

445

1-ethyl-4,4-dimethyl- (S E)-5-((tert-butoxycar bonyl Jamino)-5-phenyl pent-1-ene-1,4,4-t
ricarboxylate (4e)

Yield: 99%;colorless oil. Enantiomeric excess: 81¥#of° = -23.0 ¢ = 2.80, CHCGJ),
determined by HPLC (Chiralpak AD-H column hexas#&OH 95:5, flow rate 1.0
ml/min, tninor = 32.1 MiN, hajor = 27.8 min,A = 254 nm);*H-NMR (400 MHz,
CDCls): 6 7.23-7.31 (m, 5H), 6.78-6.84 (m, 1H), 6.46 {d; 9.2 Hz, 1H), 5.80 (d]
=15.6 Hz, 1H), 5.22 (d] = 9.2 Hz, 1H), 4.16 (gl = 7.2 Hz, 2H), 3.75 (s, 3H), 3.73
(s, 3H), 2.60-2.64 (m, 2H), 1.38 (s, 9H), 1.27J)(t 7.2 Hz, 3H); “*C-NMR (100
MHz, CDCb): 6 169.8, 169.5, 166.8, 154.6, 142.5, 137.5, 1288,3] 127.9, 124.9,
79.7, 63.1, 58.7, 52.8, 37.3, 28.2, 18.3, 14R;(Neat) 3448, 2979, 1719, 1654,
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1492, 1367, 1247, 1169, 1044RMS(MAL DI): calcd. for [M+Na] (Co3H3:NOgNa)
requires 472.1942, found 472.1940.

446

triethyl-(S E)-5-((tert-butoxycar bonyl yamino)-5-phenyl pent- 1-ene-1,4,4-tricar boxyl at

e (4f)

Yield: 99%;colorless oil. Enantiomeric excess: 81¥of> = -20.2 € = 2.70, CHGJ),
determined by HPLC (Chiralpak AD-H column hexas&OH 9:1, flow rate 1.0
ml/min, tninor = 11.3 MiN, hajor = 13.9 min,A = 254 nm);*H-NMR (400 MHz,
CDCl): 6 7.27-7.29 (m, 5H), 6.82-6.86 (m, 1H), 6.57 {d; 9.2 Hz, 1H), 5.80 (d]
=15.6 Hz, 1H), 5.20 (d] = 9.6 Hz, 1H), 4.13-4.25 (m, 6H), 2.59-2.62 (m,)2H37
(s, 9H), 1.18-1.29 (m, 9H):C-NMR (100 MHz, CDC#): 5 168.7, 168.3, 165.9,
143.7, 143.5, 123.9, 123.8, 110.0, 61.7, 60.4,,507%, 50.3, 31.1, 14.2, 14.[R
(Neat) 3446, 2980, 1719, 1540, 1490, 1367, 1244, 1178, 7T83;HRM S(MALDI):
calcd. for [M+Na] (CosH3sNOg) requires 500.2260, found 500.2248.

4.4.7

4,4-diethyl-1-methyl-(S E)-5-((tert-butoxycar bonyl)amino)-5-(2-chl or o-phenyl ) pent-1-

ene-1,4,4-tricarboxylate (49)

Yield: 99%;colorless oil. Enantiomeric excess: 85%of° = -36.6 € = 2.80, CHCJ),
determined by HPLC (Chiralpak AD-H column hexasf&®OH 95:5, flow rate 1.0
ml/min, thinor = 16.3 MiN, hajor = 37.0 min,A = 254 nm);*H-NMR (400 MHz,
CDCl): 8 7.28-7.30 (m, 2H), 7.13-7.20 (m, 2H), 6.71-6.75 (), 6.59 (d,J = 8.8
Hz, 1H), 5.87 (dJ = 9.2 Hz, 1H), 5.73 (d] = 15.6 Hz, 1H), 4.15-4.20 (m, 4H), 3.61
(s, 3H), 2.80-2.86 (m, 1H), 2.48-2.53 (m, 1H), 1(809H), 1.21 (tJ = 7.2 Hz, 3H),
1.15 (t,J = 7.2 Hz, 3H)*C-NMR (100 MHz, CDC%): 6 169.4, 169.0, 166.2, 154.4,
143.3, 136.3, 129.8, 129.2, 128.7, 127.1, 124.06,783.3, 62.2, 62.1, 54.2, 51.4,
35.8, 30.9, 28.2, 14.0, 13.IR (Neat) 3428, 2979, 2926, 1724, 1491, 1391, 1260,
1170, 1097, 801, 758HRMS(MALDI): calcd. for [M+Na] (CpsHzNOgCI)
requires 520.1714, found 520.1715.

448

4,4-diethyl-1-methyl-(S E)-5-((tert-butoxycar bonyl)amino)-5-(3-chl or o-phenyl ) pent-1-

ene-1,4,4-tricarboxylate (4h)

Yield: 85%;colorless oil. Enantiomeric excess: 87#of°> = -34.5 € = 2.25, CHGJ),
determined by HPLC (Chiralpak AD-H column hexas&OH 9:1, flow rate 1.0
ml/min, tyinor = 10.2 Min, hajor = 13.3 min,A = 254 nm);*H-NMR (400 MHz,
CDCls): 6 7.17-7.27 (m, 5H), 6.83-6.90 (m, 1H), 6.52 {d; 8.8 Hz, 1H), 5.82 (d]
= 15.6 Hz, 1H), 5.16 (d] = 9,2 Hz, 1H), 4.18-4.25 (m, 4H), 3.71 (s, 3H}R2.65
(m, 2H), 1.38 (s, 9H), 1.20-1.29 (m, 9HC-NMR (100 MHz, CDC#): 6 169.3,
168.9, 166.1, 154.5, 142.8, 139.8, 134.3, 129.8,4,2128.1, 126.5, 124.5, 79.9,
63.3, 62.5, 62.2, 62.1, 58.4, 58.3, 51.5, 37.2,283.4, 14.0, 13.8R (Neat) 3433,
2980, 1724, 1493, 1367, 1244, 1167, 1097, 870, 83,HRM S(MALDI): calcd.
for [M+Na]" (C24H3,NOsCI) requires 520.1714, found 520.1709.

449
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4,4-diethyl-1-methyl-(SE)-5-((tert-butoxycar bonyl)amino)-5-(4-chl or o-phenyl ) pent-1-

ene-1,4,4-tricarboxylate (4i)

Yield: 98%;colorless oil. Enantiomeric excess: 81%of* = -19.0 ¢ = 3.20, CHCJ),
determined by HPLC (Chiralpak AD-H column hexa#OH 9:1, flow rate 1.0
ml/min, thinor = 17.1 Min, hajor = 22.1 min,A = 254 nm);*H-NMR (400 MHz,
CDCl): 8 7.27-7.29 (m, 2H), 7.21-7.23 (m, 2H), 6.82-6.9Q {H), 6.53 (d,J = 9.2
Hz, 1H), 5.80 (dJ = 15.6 Hz, 1H), 5.16 (dl = 9.2 Hz, 1H), 4.17-4.25 (m, 4H), 3.71
(s, 3H), 2.58-2.62 (m, 2H), 1.37 (s, 9H), 1.27)@ 7.2 Hz, 3H), 1.21 () = 7.2 Hz,
3H); *C-NMR (100 MHz, CDC%): 6 169.4, 168.9, 166.1, 154.5, 142.8, 136.4, 134.1,
129.5, 128.5, 124.4, 79.8, 62.4, 62.2, 58.3, 53752, 28.2, 14.0, 13.8R (Neat)
3433, 2980, 1724, 1493, 1368, 1273, 1245, 1169,3,109015, 848, 756;
HRMS(MALDI): calcd. for [M+Na] (Co4H32NOgCl) requires 520.1714, found
520.1710.

4.4.10

4,4-diethyl-1-methyl-(S E)-5-((tert-butoxycar bonyl)amino)-5-(4-fluor o-phenyl ) pent- 1-

ene-1,4,4-tricarboxylate (4j)

Yield: 97%;colorless oil. Enantiomeric excess: 79%of° = -17.9 € = 2.50, CHGJ),
determined by HPLC (Chiralpak AD-H column hexas#&OH 9:1, flow rate 1.0
ml/min, tyinor = 14.0 Min, hajor = 18.5 min,A = 254 nm);*H-NMR (400 MHz,
CDCl): 6 7.26-7.27 (m, 2H), 6.97-7.01 (m, 2H), 6.82-6.9Q (H), 6.53 (d,J = 8.0
Hz, 1H), 5.81 (dJ = 15.2 Hz, 1H), 5.17 (dl = 8.8 Hz, 1H), 4.16-4.26 (m, 4H), 3.70
(s, 3H), 2.59-2.62 (m, 2H), 1.37 (s, 9H), 1.27( 7.2 Hz, 3H), 1.21 () = 7.2 Hz,
3H); “*C-NMR (100 MHz, CDC3): 6 169.4, 169.0, 166.2, 163.7, 161.2, 154.5, 142.9,
133.7,127.5, 124.4, 115.4, 115.2, 79.7, 62.6,,68B13, 51.5, 37.3, 28.3, 28.2, 28.1,
18.4, 14.0, 13.8IR (Neat) 2980, 1733, 1508, 1489, 1226, 1165, 1097, 838; 802
HRMS(MALDI): calcd. for [M+Na] (CxH3NOgF) requires 504.2010, found
504.2005.

4411

4,4-diethyl-1-methyl-(S E)-5-(4-bromophenyl )-5- ((tert-butoxy-car bonyl)-amino) pent-1

-ene-1,4,4-tricarboxylate (4k)

Yield: 84%;colorless oil. Enantiomeric excess: 81%)of> = -21.7 € = 2.0, CHC)),
determined by HPLC (Chiralpak AD-H column hexa#OH 9:1, flow rate 1.0
ml/min, tminor = 16.3 MiN, hajor = 20.0 min,A = 254 nm);*H-NMR (400 MHz,
CDCl): 6 7.43 (d,J = 8 Hz, 2H), 7.16 (dJ = 7.6 Hz, 2H), 6.81-6.87 (m, 1H), 6.53
(d,J = 8.4 Hz, 1H), 5.80 (d] = 15.6 Hz, 1H), 5.14 (d| = 9,2 Hz, 1H), 4.18-4.25 (m,
4H), 3.71 (s, 3H), 2.58-2.62 (m, 2H), 1.37 (s, 9HP7 (t,J = 7.2 Hz, 3H), 1.22 (1)
= 7.2 Hz, 3H);*C-NMR (100 MHz, CDC%): 6 169.3, 168.9, 166.1, 154.5, 142.8,
136.9, 132.4,131.5, 130.9, 129.8, 127.7, 127.6,4.202.3, 79.8, 62.4, 62.2, 58.4,
51.5, 37.2, 28.2, 28.1, 18.4, 15.1, 14.0, 13BR3;(Neat) 3431, 2980, 1723, 1489,
1367, 1245, 1168, 1011, 847, 80#HRMS(MALDI): calcd. for [M+Na]
(C24H32NOgBI) requires 564.1209, found 564.1212.

4412
4,4-diethyl-1-methyl-(S E)-5-((tert-butoxycar bonyl)amino)-5-(p-tolyl ) pent-1-ene-1,4,4
12



-tricarboxylate (4l)

Yield: 95%;colorless oil. Enantiomeric excess: 81¥#of> = -20.6 € = 2.40, CHCGJ),
determined by HPLC (Chiralpak AD-H column hexas#&OH 9:1, flow rate 1.0
ml/min, tninor = 11.1 Min, hajor = 14.4 min,A = 254 nm);*H-NMR (400 MHz,
CDCls): 6 7.01-7.15 (m, 4H), 6.84-6.88 (m, 1H), 6.54 {d; 9.2 Hz, 1H), 5.80 (d]
= 15.6 Hz, 1H), 5.16 (d] = 9,2 Hz, 1H), 4.18-4.24 (m, 4H), 3.70 (s, 3HRR2.65
(m, 2H), 2.31 (s, 3H), 1.37 (s, 9H), 1.27Jt 7.2 Hz, 3H), 1.22 () = 7.2 Hz, 3H);
sC-NMR (100 MHz, CDC#): 6 169.5, 169.2, 166.2, 154.5, 143.3, 137.9, 134.7,
129.1,127.9, 124.3, 79.5, 62.7, 62.0, 58.7, 53753, 30.9, 28.3, 21.1, 14.0, 13I8
(Neat) 3433, 2980, 1724, 1492, 1366, 1244, 1168, 10984, aRM S(MALDI):
calcd. for [M+Na] (CosH3sNOg) requires 500.2260, found 500.2261.

4.4.13

4,4-diethyl-1-methyl-(S E)-5-((tert-butoxycar bonyl)amino)-5-(4-methoxy-phenyl ) pent-
1-ene-1,4,4-tricarboxylate (4m)

Yield: 98%;colorless oil. Enantiomeric excess: 80%of° = -36.3 € = 1.50, CHCJ),
determined by HPLC (Chiralpak AD-H column hexa#OH 9:1, flow rate 1.0
ml/min, thinor = 19.3 MiN, hajor = 25.3 min,A = 254 nm);*H-NMR (400 MHz,
CDCl): 6 7.18 (d,J = 8.0 Hz, 2H), 6.85-6.91 (m, 1H), 6.82 (&= 8.0 Hz, 2H), 6.52
(d,J = 8.8 Hz, 1H), 5.80 (d] = 15.6 Hz, 1H), 5.14 (d} = 8.8 Hz, 1H), 4.18-4.24 (m,
4H), 3.78 (s, 3H), 3,70 (s, 3H), 2.53-2.65 (m, 2HRB7 (s, 9H), 1.21-1.29 (m, 6H);
sC-NMR (100 MHz, CDC#): & 169.6, 169.2, 166.2, 159.5, 154.5, 143.3, 132.0,
129.8, 129.2, 124.2, 114.3, 113.7, 79.5, 62.8,,68B0, 55.6, 55.2, 51.5, 37.3, 28.3,
28.2, 14.0, 13.8tR (Neat) 3436, 2980, 1724, 1515, 1495, 1368, 1250, 1169310
1034, 838, 766;HRMS(MALDI): calcd. for [M+Na] (CsHzsNOg) requires
516.2210, found 516.2215.

4414

4,4-diethyl-1-methyl-(S E)-5-((tert-butoxycar bonyl)amino)-5-(4-nitro-phenyl)-pent- 1-

ene-1,4,4-tricarboxylate (4n)

Yield: 83%; pale yellow oil. Enantiomeric excess: 83%(]f> = -30.8 ¢ = 1.90,
CHCI3), determined by HPLC (Chiralpak AD-H column hex@iOH 7:3, flow
rate 1.0 ml/min,dinor = 15.2 Min, hajor= 11.1 minA = 254 nm)H-NMR (400 MHz,
CDCl3): 6 8.17 (d,J = 8.4 Hz, 2H), 7.50 (d] = 8.4 Hz, 2H), 6.81-6.87 (m, 1H), 6.56
(d,J=9.2 Hz, 1H), 5.83 (d] = 15.6 Hz, 1H), 5.29 (d]l = 11.6 Hz, 1H), 4.16-4.27
(m, 4H), 3.71 (s, 3H), 3,70 (s, 3H), 2.66 Jd; 7.2 Hz, 2H), 1.38 (s, 9H), 1.27 {t=
7.2 Hz, 3H), 1.20 (t) = 7.2 Hz, 3H);*C-NMR (100 MHz, CDC%): 6 169.1, 168.7,
166.0, 154.5, 147.7, 145.3, 142.1, 129.3, 124.3,51280.3, 62.4, 62.1, 58.4, 51.6,
37.2, 30.9, 28.2, 14.0, 13.BR (Neat) 3429, 2981, 1724, 1525, 1491, 1316, 1247,
1169, 1108, 1014, 859, 752, 7THHRM S(MALDI): calcd. for [M+Na] (CasH35NOo)
requires 531.1955, found 531.1966.

4.4.15

4,4-diethyl-1-methyl-(S E)-5-((tert-butoxycar bonyl)amino)-5-(3-fluor o-phenyl) pent- 1-

ene-1,4,4-tricarboxylate (40)

Yield: 93%;colorless oil. Enantiomeric excess: 81¥of> = -26.8 € = 2.10, CHGJ),
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determined by HPLC (Chiralpak AD-H column hexasf&®OH 95:5, flow rate 1.0
ml/min, tminor = 17.7 Min, hajor = 23.7 min,A = 254 nm);*H-NMR (400 MHz,
CDCl): 8 7.25-7.30 (m, 1H), 6.99-7.07 (m, 3H), 6.83-6.91 (H), 6.54 (d,J = 8.8

Hz, 1H), 5.82 (dJ = 15.6 Hz, 1H), 5.19 (d] = 9.2 Hz, 1H), 4.18-4.28 (m, 4H), 3.71
(s, 3H), 2.56-2.68 (m, 2H), 1.38 (s, 9H), 1.27( 7.2 Hz, 3H), 1.21 (f) = 7.2 Hz,
3H); *C-NMR (100 MHz, CDC%): 6 169.3, 168.9, 166.1, 163.9, 161.4, 154.5, 142.8,
140.3, 129.9, 129.8, 124.5, 124.0, 115.3, 115.4,8,179.8, 62.4, 62.2, 62.1, 58.5,
51.5, 37.2, 28.2, 14.0, 13.BR (Neat) 3431, 2981, 1727, 1489, 1367, 1252, 1169,
868, 785, 700;HRMS(MALDI): calcd. for [M+Na] (CHzNOgF) requires
504.2010, found 504.2005.

4.4.16

4,4-diethyl-1-methyl-(S E)-5-((tert-butoxycar bonyl)amino)-5-(m-tolyl )pent-1-ene-1,4,

4-tricarboxylate (4p)

Yield: 99%;colorless oil. Enantiomeric excess: 85¥of> = -32.1 € = 2.70, CHCGJ),
determined by HPLC (Chiralpak AD-H column hexaRed 9:1, flow rate 1.0
ml/min, Mpor = 8.2 Min, mjor = 10.3 minA = 254 nm):H-NMR (400 MHz, CDC%):

8 7.16-7.20 (m, 1H), 7.05-7.09 (m, 3H), 6.84-6.92 (i), 6.56 (d,J = 9.6 Hz, 1H),
5.80 (d,J = 15.6 Hz, 1H), 5.16 (dl = 9.2 Hz, 1H), 4.20-4.24 (m, 4H), 3.70 (s, 3H),
2.56-2.61 (m, 2H), 2.32 (s, 3H), 1.38 (s, 9H), (23 = 7.2 Hz, 3H), 1.22 ({]=7.2
Hz, 3H); *C-NMR (100 MHz, CDC%): 6 169.5, 169.1, 166.2, 154.6, 143.3, 137.9,
137.6, 129.0, 128.8, 128.3, 125.0, 124.3, 79.5],62.0, 61.9, 58.9, 51.5, 37.3, 29.7,
28.3, 28.2, 21.4, 14.0, 13.BR (Neat) 3434, 2980, 1725, 1492, 1367, 1242, 1167,
1098, 1045, 874, 781, 7T0HRMS(MALDI): clad. for [M+Na] (CasHasNOg)
requires 500.2260, found 500.2255.

4.4.17

4,4-diethyl-1-methyl-(SE)-5-((tert-butoxycar bonyl)amino)-5-(3-methoxy-phenyl ) pent-
1-ene-1,4,4-tricarboxylate (4q)

Yield: 99%;colorless oil. Enantiomeric excess: 86%of° = -28.8 ¢ = 2.50, CHCJ),
determined by HPLC (Chiralpak AD-H column hexa#OH 9:1, flow rate 1.0
ml/min, thinor = 11.7 min, hajor = 17.9 min,A = 254 nm);*H-NMR (400 MHz,
CDCl): 8 7.19-7.24 (m, 1H), 6.86-6.92 (m, 1H), 6.81-6.85 8H), 6.55 (d,J = 9.2
Hz, 1H), 5.81 (dJ = 15.2 Hz, 1H), 5.17 (d] = 9.2 Hz, 1H), 4.19-4.24 (m, 4H), 3.78
(s, 3H), 3.70 (s, 3H), 2.54-2.67 (m, 2H), 1.3894), 1.27 (tJ = 7.2 Hz, 3H), 1.23 (t,
J=7.2 Hz, 3H)*C-NMR (100 MHz, CDC%): 6 169.5, 169.1, 166.2, 159.5, 154.6,
143.2, 139.2, 129.4, 124.3, 120.3, 114.0, 113.46,782.6, 62.0, 58.8, 55.2, 51.5,
37.3, 28.3, 28.2, 14.0, 13.BR (Neat) 3430, 2980, 1724, 1491, 1368, 1263, 1168,
1098, 1044, 866, 783, 70HRMS(MALDI): calcd. for [M+Na] (CsHzsNOo)
requires 516.2210, found 516.2203.

4.4.18

4,4-diethyl-1-methyl-(S E)-5-(3-bromophenyl )-5- ((tert-butoxycar bonyl )-ami no) pent-1-
ene-1,4,4-tricarboxylate (4r)

Yield: 99%;colorless oil. Enantiomeric excess: 86%of> = -16.8 € = 0.20, CHGJ),
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determined by HPLC (Chiralpak AD-H column hexa#OH 9:1, flow rate 1.0
ml/min, tminor = 9.7 MiN, fajor = 11.9 MinA = 254 nm)H-NMR (400 MHz, CDC¥):

6 7.34-7.35 (m, 2H), 7.09-7.16 (m, 1H), 6.75-6.83 {H), 6.45 (d,J = 9.6 Hz, 1H),
5.75 (d,J = 15.6 Hz, 1H), 5.08 (d] = 9.6Hz, 1H), 4.11-4.18 (m, 4H), 3.63 (s, 3H),
2.48-2.60 (m, 2H), 1.31 (s, 9H), 1.20 Jtz 7.2 Hz, 3H), 1.15 () = 7.2 Hz, 3H);;
sC-NMR (100 MHz, CDC#): & 169.3, 168.8, 166.1, 154.5, 142.7, 140.1, 131.3,
130.9, 129.9, 127.0, 124.5, 122.5, 79.9, 62.5,,622, 58.4, 51.5, 37.2, 28.2, 14.0,
13.8;IR (Neat) 3433, 2959, 2924, 2853, 1725, 1493, 1367, 12667,11097, 1018,
869, 800, 699;HRMS(MALDI): calcd. for [M+Na] (CsH3NOgBr) requires
564.1209, found 564.1208.

4.4.19

4,4-diethyl-1-methyl-- (S E)-5-((tert-butoxycar bonyl Jamino)-5-(thiophen-2-yl ) pent-1-e
ne-1,4,4-tricarboxylate (4s)

Yield: 95%;colorless oil. Enantiomeric excess: 70¥of> = +1.5 € = 2.80, CHCJ),
determined by HPLC (Chiralpak AD-H column hexas#OH 9:1, flow rate 1.0
ml/min, tninor = 12.5 min, hajor = 14.1 min,A = 254 nm);*H-NMR (400 MHz,
CDCls): 6 7.22 (d,J = 5.2 Hz, 1H), 6.95-7.00 (m, 1H), 6.87-6.93 (m,)26135 (d,J
= 9.6 Hz, 1H), 5.80 (dJ = 15.2 Hz, 1H), 5.51 (d] = 10.0 Hz, 1H), 4.19-4.29 (m,
4H), 3.70 (s, 3H), 2.72-2.78 (m, 1H), 2.58-2.62 {H), 1.39 (s, 9H), 1.26-1.30 (m,
6H); “*C-NMR (100 MHz, CDC#): 6 169.6, 169.0, 166.2, 154.4, 143.0, 140.7, 127.4,
126.5, 125.6, 124.3, 79.8, 62.8, 62.3, 62.2, 55105, 37.2, 28.3, 14.0, 13.8R
(Neat) 3448, 2981, 1724, 1490, 1368, 1247, 1168, 109431(B55, 706;
HRMS(MALDI): calcd. for [M+Na] (CysH3sNSQs) requires 492.1668, found
492.1658.

4.4.20

4,4-diethyl-1-methyl-(S E)-5-((tert-butoxycar bonyl)amino)-5-(naphthal en-1-yl )pent-1-

ene-1,4,4-tricarboxylate (4t)

Yield: 60%;colorless oil. Enantiomeric excess: 70%of° = +1.5 € = 2.80, CHCJ),
determined by HPLC (Chiralpak AD column hexaf®OH 95:5, flow rate 0.5
ml/min, tminor = 28.3 MIN, hajor = 37.8 min,A = 254 nm);*H-NMR (400 MHz,
CDCl): § 8.38 (d,J = 8.4 Hz, 1H), 7.84 (d] = 8.0 Hz, 1H), 7.78 (d] = 8.0 Hz, 1H),
7.40-7.60 (m, 4H), 6.72-6.78 (m, 2H), 6.28 J&; 9.2 Hz, 1H), 5.61 (d] = 15.6 Hz,
1H), 4.12-4.30 (m, 4H), 3.65 (s, 3H), 2.64-2.70 (iH), 2.34-2.43 (m, 1H), 1.36 (s,
9H), 1.11-1.34 (m, 6H)*C-NMR (100 MHz, CDC%): 6 169.7, 169.4, 166.2, 154.7,
143.2, 135.0, 133.6, 132.0, 128.8, 128.7, 126.%,7.2125.1, 124.9, 123.9, 123.2,
79.6, 62.1, 62.0, 52.6, 51.4, 37.1, 28.3, 14.17;1R (Neat) 3428, 2980, 1724, 1490,
1367, 1243, 1167, 1097, 1045, 884, 860, HFRM S(MALDI): calcd. for [M+Na]
(CogH35NOg) requires 536.2260, found 536.2245.

4421

4,4-dibenzyl-1-methyl - (S E)-5-((tert-butoxycar bonyl )amino)-5- (3-chl oro-phenyl ) pent-
1-ene-1,4,4-tricarboxylate (4u)

Yield: 99%;colorless oil. Enantiomeric excess: 90¥of* = -24.3 ¢ = 3.10, CHCGJ),
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determined by HPLC (Chiralpak AD-H column hexa#OH 9:1, flow rate 1.0
ml/min, tminor = 18.5 Min, hajor = 14.5 min,A = 254 nm);*H-NMR (400 MHz,
CDCl): 8 7.30-7.32 (m, 8H), 7.05-7.24 (m, 6H), 6.76-6.84 {H), 6.46 (d,J = 8.8

Hz, 1H), 5.69 (dJ = 15.6 Hz, 1H), 5.17-5.20 (m, 2H), 5.11 (s, 2H)25.08 (m,
1H), 3.66 (s, 3H), 2.56-2.69 (m, 2H), 1.36 (s, 9*Q:NMR (100 MHz, CDC%): 6
169.0, 168.7, 166.0, 154.5, 142.2, 139.7, 134.8,4,3.34.2, 129.7, 128.7, 128.63,
128.60, 128.52, 128.5, 128.45, 128.41, 128.1, 12&3.8, 80.0, 68.03, 67.95, 62.6,
58.5, 51.5, 37.3, 28.2R (Neat) 3446, 2977, 1724, 1496, 1272, 1168, 1102, 1044,
783, 750, 698;HRMS(MALDI): calcd. for [M+Na] (CzH3sNClOg) requires
644.2027, found 644.2019.

4.4.22

4,4-dibenzyl-1-methyl - (S E)-5-((tert-butoxycar bonyl Jamino)-5-(m-tolyl ) pent-1-ene-1,4
,A-tricarboxylate (4v)

Yield: 99%;colorless oil. Enantiomeric excess: 88¥of* = -21.1 € = 3.90, CHGJ),
determined by HPLC (Chiralpak AD-H column hexas#OH 9:1, flow rate 1.0
ml/min, tninor = 17.2 Min, hajor = 12.9 min,A = 254 nm);*H-NMR (400 MHz,
CDCl): 8 7.31-7.32 (m, 8H), 7.17-7.22 (m, 2H), 6.94-7.12 @Hl), 6.77-6.85 (m,
1H), 6.50 (dJ = 8.8 Hz, 1H), 5.66 (d] = 15.6 Hz, 1H), 5.16-5.22 (m, 2H), 5.12 (s,
2H), 5.07-5.10 (m, 1H), 3.65 (s, 3H), 3,70 (s, 3BIp8-2.67 (m, 2H), 1.36 (s, 9H);
sC-NMR (100 MHz, CDC#): & 169.2, 169.0, 166.0, 142.7, 138.0, 137.4, 134.8,
134.4, 128.9, 128.8, 128.6, 128.56, 128.51, 128128,42, 128.37, 128.31, 124.8,
124.6, 79.6, 67.8, 62.9, 58.9, 51.4, 37.3, 28.34;2R (Neat) 3446, 2976, 1724,
1490, 1274, 1167, 1044, 750, 68HRMS(MALDI): calcd. for [M+Na]
(CssH39gNOg) requires 624.2573, found 624.2566.

4.4.23 dimethyl (S)-2-allyl-2-(((tert-butoxycarbonyl)amino)(phenyl)methyl)mal onate

(4w)

Yield: 99%;colorless oil. Enantiomeric excess: 68¥of° = -8.83 ¢ = 2.63, CHGJ),
determined by HPLC (Chiral Pak AD-H column hexaped 9:1, flow rate 1.0
ml/min, Muor = 6.6 MiN, Mjor = 5.9 min,A = 220 nm);H-NMR (400 MHz, CDC%):

0 7.22-7.31 (m, 5H), 6.46 (d,= 9.6 Hz, 1H), 5.75-5.85 (m, 1H), 5.24 (d5 9.6 Hz,
1H), 5.05-5.10 (m, 2H), 3.73 (s, 3H), 3,72 (s, 3Bp3-2.58 (M, 1H), 2.41-2.46 (m,
1H), 1.39 (s, 9H)=*C-NMR (100 MHz, CDC#): 5 165.5, 165.2, 149.9, 133.1, 128.1,
123.6, 123.3, 123.0, 114.3, 74.8, 59.0, 53.6, 47, 34.3, 23.5,R (Neat) 3431,
2978, 1720, 1494, 1366, 1225, 1168RMS(ESI): clad. for [M+H]" (CyoH2sNOg)
requires 378.1911, found 378.1915.

4424 diethyl (9)-2-allyl-2-(((tert-butoxycarbonyl)amino)(phenyl)methyl)mal onate

(4x)

Yield: 99%;colorless oil. Enantiomeric excess: 74%of> = -11.3 € = 1.88, CHCJ),
determined by HPLC (Chiralpak AD-H column hexa#&OH 95:5, flow rate 0.7
ml/min, tyinor = 11.4 Min, hajor = 10.3 min,A = 254 nm);*H-NMR (400 MHz,
CDCls): 6 7.27-7.28 (m, 5H), 6.59 (d,= 9.6 Hz, 1H), 5.77-5.87 (m, 1H), 5.22 ™,
= 9.6 Hz, 1H), 5.04-5.10 (m, 2H), 4.15-4.24 (m, 4Rp2-2.58 (m, 1H), 2.39-2.45
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(m, 1H), 1.37 (s, 9H), 1.27 (§,= 7.6 Hz, 3H), 1.21 () = 7.6 Hz, 3H);*C-NMR

(100 MHz, CDCd): 6 165.3, 164.8, 149.8, 133.3, 128.3, 124.9, 12£3,5] 123.3,
123.2,123.1, 114.1, 74.5, 58.4, 56.9, 56.8, 53183, 23.5, 9.3, 9.1R (Neat) 3431,
2980, 1720, 1494, 1367, 1275, 11HRMS(ESI): calcd. for [M+H] (Co3H32NOg)

requires 406.2224, found 406.2225.

4.4.25 dimethyl
(9)-2-(((tert-butoxycar bonyl)amino) (phenyl )methyl)-2-methyl-mal onate (4y)
Yield: 99%;white solid. Enantiomeric excess: 63% (91% afterystallization), {]o>*
= +3.37 € = 0.60, CHC), determined by HPLC (Chiralpak AD-H column
hexanefPrOH 9:1, flow rate 1.0 ml/minmhor = 8.3 MiN, kajor = 7.5 min,A = 220
nm); ‘*H-NMR (400 MHz, CDC): 6 7.29-7.33 (m, 5H), 6.52 (d,= 10.0 Hz, 1H),
5.18 (d,J = 10.0 Hz, 1H), 3.80 (s, 3H), 3.74 (s, 3H), 1.42%2H);*C-NMR (100
MHz, CDCh): 6 171.9, 171.3, 154.9, 137.9, 128.4, 128.3, 128%,759.1, 53.0,
52.7, 28.4]R (Neat) 3438, 2956, 1724, 1495, 1456, 1369, 1321, 1BIRM S(ESI):
calcd. for [M+Na] (CigH2sNOgNa) requires 374.1583, found 374.1574.

4.4.26 diethyl (S)-2-(((tert-butoxycarbonyl)amino)(phenyl)methyl)-2-methylmal onate

(42)

Yield: 99%;white solid. Enantiomeric excess: 75%]f> = +2.86 ¢ = 1.37, CHGJ),
determined by HPLC (Chiralpak OD-H column hexa&iOH 99:1, flow rate 1.0
ml/min, tminor = 7.0 MIN, kajor = 7.9 min,A = 220 nm)H-NMR (400 MHz, CDC%):

8 7.27-7.30 (m, 5H), 6.58 (d,= 10.0 Hz, 1H), 5.14 (d = 10.0 Hz, 1H), 4.14-4.26
(m, 4H), 1.37 (s, 9H), 1.29 (§,= 7.6 Hz, 3H), 1.20 () = 7.6 Hz, 3H);*C-NMR
(100 MHz, CDC#): 6 171.3, 170.8, 154.8, 138.1, 134.4, 129.7, 1298,41, 128.1,
127.8, 79.3, 61.8, 61.6, 59.1, 58.9, 28.3, 20.30,143.8;IR (Neat) 3437, 2979,
1721, 1494, 1366, 1249, 1170, 116RM S(ES!): calcd. for [M+H] (CaoH30NOg)
requires 380.2068, found 380.2068.

4.4.27 1-(tert-butyl) 3,3-diethyl
(2S,5R)-5-(2-methoxy-2-oxoethyl )-2-(m-tolyl)-pyrrolidine-1,3,3-tricarboxyl ate (5)

Yield: 99%;colorless oil. Enantiomeric excess: 61%of° = -7.66 € = 1.37, CHCJ),
determined by HPLC (Chiralpak IC column hexa®aOH 95:5, flow rate 1.0
ml/min, tminor = 21.5 min, hajor = 46.0 min,A = 220 nm);*H-NMR (400 MHz,
CDCh): & 7.07-7.11 (m, 1H), 6.90-6.98 (m, 3H), 5.52 (s, 1#%2-4.27 (m, 1H),
4.10-4.18 (m, 1H), 4.00-4.08 (m, 1H), 3.74-3.78 1), 3.64 (s, 3H), 3.58-3.67 (M,
2H), 253-2.63 (m, 3H), 2.24 (s, 3H), 1.19-1.26 @tAH), 0.89 (t,J = 7.2 Hz, 3H);
sC-NMR (100 MHz, CDC#): & 171.7, 170.1, 167.2, 154.7, 137.4, 128.4, 128.3,
127.9, 124.4, 110.0, 80.0, 66.5, 65.5, 65.4, 62115, 53.4, 51.7, 28.2, 27.9, 21.4,
14.0, 13.5]R (Neat) 2979, 1736, 1699, 1439, 1367, 1263, 1174, 1HFBV S(ESI):
calcd. for [M+H] (CosH3sNOg) requires 478.2435, found 478.2434.
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