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Abstract: In order to apply the C-H activation strategy to the development of chiral organic catalysts, two
novel C3-trimethylsilyl substituted chiral proline catalysts are designed and synthesized using L-proline as
the starting material and C(sp’)-H silylation as the key step, which are applied to the asymmetric aldol
reaction of p-nitrobenzaldehyde with acetone and the asymmetric Mannich reaction of imine with g -
methylbutyraldehyde, respectively. Both target products can be synthesized with a good enantioselectivity.
This strategy effectively enriches the means of structural modification of proline and provids a new method
for the development of new silicon-containing organic catalysts.
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Fig. 1 Structural modification of L-proline and some

examples of its analogues
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Fig. 2 Design and structural simulation of catalysts

B 4 AR 46 7R A B B AR L TR AR — e R
JE bR T AR A A B A B

58 LATRT B L SR Ol R R R kLA T
C3-SiMe; B i 22 W2 A7 4= 9 v (el 44 100, 2L A& 1
BB L& 3 FroR. Hor ChzCl 2 R A B3 54 s rt
1% i DMAP 2 4-— H 40 5L i ; EDCI Sy 1-(3-
THEERE)-3-LFER W R ; DCM Sy —
A B PACOAC), R B R A ; BQ A X 4K i s DMA
h H s Ar RS s vield Sl gL 14 F R A
B (Chz) P-4 Ll 202 v ) 2 A5 2 o ] 7= ) 1,
BT X550 B R 8- 5 s ik s By A B (S)-2- (s k-
8- JE FH k) M i - 1-FF R % R X0, 4R J5 R A STk
[ 23T 1 405 A4 b T Jiie 3 1) 1) B 3 g 2 C(sp®)-H
B RELEAL N L 5 7S B3k TRk e B R RP AT A E 56
HER AR (2R, 3R) -2~ (W k-8~ 32k FH k) -3-( = 1 3
i 5L AHE I - 1-F R R LIL Bifi e . P AR T AE
Pd/C fEAAE T BEBR Chz £ 4 55 14115 51 Bt i v [a]
T XV, 7 J5 22 0 Bl B 6 84 ik wis w5 Bk 2o 2 v &
B FERRYE SR T E AT L BR mT LA AR C2 A F 1 rp
AUy PR AL) R AR 4 L I 252 38 3 445 b 4t R AT 0 A 2R
7 Cat A, WA 4Ca) 7. X4 A6 108 1 Jie bif . C2 3 F+
PR 2 K AN TR R BB 0 B T C3 A ) AL AR
o SR R L 7 NaOH (9 20 BV W B8 1 %l
BB 0] DUAE C2 57 A9 T2 0 52 4 Bl 5% . 3545 Cat
B. {0 & 4(b) fif 7R,

SIM€3 SiMe;

_PACH,

Fﬁ\W _
Cbz i@ yield=79% H 3%) NaOH SiMes
| EtOH
L_EOH g (b)
N

N T %% Cat A Cat B A AL fiE . A S22k
H Cat A B T X il 3 4 B 5 79 ) A9 S X6 R al-
dol FZ "' .36 h JG I LA 57 % (L3R F1 90. 05 = 9.5
AT AR EE 3R Cer) SEBL H AR 7= 0 B B B 48] 5 ()
Br7n , Hodr . toluene S 28 ; SN EE /R4 80, ¥ Cat B
N F 5 3-H BT B9 A X FR Mannich 2
R, 36 h AT LA 60 % R A 99.5 ¢ 0.5 1)
XiF B EL S S B H AR 7= A s anEl 5 (b TR
Forp . DMSO iy — H LA 5 dr 38 7 3F X e 08 45 k.
PLEZE R4 R T C3-SiMe, BUME Y -1 I 42 1

HEAL ) R4 i i A Ve g A DG AR Y i — 2
FHWF ST S S50 FF K IEAE AT .
NH,
N
l N
DMAP EDCI
Q‘COOH Chrcl O‘COOH
H 2 mol/LNaOH, it DCM rt
yield =95% Cbz yield =90%
1
SiMes
H Me;Si-SiMes H
N N Pd(OAc),, BQ,NaF N
| >
Cbz O DMA, 110 C, Ar Cbz O N
| yield = 86% |
= %
1 1

F 3 wra AR L & s

Fig. 3 Synthetic route of intermediate III

SiMe;
HCI
——
100°C, Ar
yield=83% H

(a)
COOH

""COOH
CatB

100C, Ar
yield = 75%

4 Cat A FIl Cat B )& % % 2k

Fig. 4

Synthetic routes of Cat A and Cat B



559 3] %

&)

Fh, 5 AT C3-4- a2 UK T M I RBR 1R A A 89 B sk A S 1061

() OH O SiMe,
OHC\©\ + )OK x(CatA)=10% /@/\)\ : (—X\
toulene, rt i
NO, ON i N TCOOH
VI VII VIII . Cat A
yield = 57%, er=90.5:9.5,
(b) H _O i
HYCOOEt \]i : SiMe,
N . );L x(Cat B)=10% ﬁ ~COOEt /\_/<
DMSO, rt HN i N7 COOH
@OME 07 H @\ oh
X X XI OMe; .
yield = 60%, er = 99.5:0.5
dr>20:1
€ 5 Cat A Il Cat B {13
Fig. 5 Applications of Cat A and Cat B

2 SLIGERSy

2.1 LEWINHE

1E 50 mL Jif B AL K L-Jd & B2 (20 mmol.,
2.30 @) F NaOH ## (12 mL, 2 mol/L) H1,0 °C
T AR &R 22 18 & W R R B (22 mmol,
3.75 g, 3. 14 mL). TLCGH )22 M (%) 1 %E I
SEWG ARSI 10 mL 2 218, 4y 8 A
BUAH /K AH T 2188 2186 (3 X 5 mL) . 4 3 A HLAH
FE A0 A0 /K Pk % JE K B TR A T AR L A 08 LU
WA B R0 G R R R AT €3 43 B Atk
ENAT A4k A4 1 (4. 73 g, 723 95%).
2.2 LEYW I WH&E

ZE 100 mL fn R, ¥4 &5 4 I (10 mmol,
2.49 @ WF THH & F e (30 mL) Bl S5 1] {4
Z PRI 8-Z Mk (10 mmol, 1. 44 g) . 4-—
2 LI % (3 mmol, 366 mg) MR RBHE 0 Clg
eI 1-(3-Z W S B 56 )-3- & B ik — W i
fig £ (15 mmol, 2.88 g), & it F & piid . TLC #i
JE SN 58 J8E 5 1] 1A FR i A L A B R A B T TR
(35 mL), 43 & A HLAH, KAHH 2 R TR (3 X
20 mL) R, A A AU TC K 55 82 60 T 45 5 L BE BR
25 A S V30 e 200 B3 25 0 R0 i B KL= i ) P e M A
Ty alife, BT Ak A9 1N (3. 38 g, 723 9020).
2.3 EW I P&

£ 25 mL FR B B Bk &% 1 (4 mmol,
1.50 @ F 8 mL T N-F JLn & e i v, B f=
Mk & AR R i A Pd (OAc), (0.4 mmol, 83.2
mg) . X K fif (16 mmol, 1.73 g). 75 B 3 — ik b
(40 mmol, 5.84 g, 7.95 mL),NaF (4.8 mmol,
201.6 mg) , Ar {3 T 110 'C F & 24 h. TLC #
FE N TE R R B S A S mL K, 43

B LA KA 20K (3 X5 mL) 28 B, A I A HLAE I
VR TR M 5 Y08 W% G 7K B TR A A4 O Ak
Bk WA R & 28 0 A €03 40 8 4l b B ]
B3EEY I (1. 54 g, 724 86%).
2.4 EWIVHEE

100 mL fi AU P 4k &% 1 (3.3 mmol,
1.48 @ ¥ T 30 mL W EEH, m K &t fm A Pd/C
OB A3 w (P =5%, 150 mg) . &R 51k H, 4%
Rl B 3t . TLC i I I 58 e ik ol 0 3k 1
I e 448 o 2 0 7R o KL 7 o 28 e MRS A €045 3 2 B T
54bE&Y IV (816. 4 mg, P2FR 79%).
2.5 Cat A {y%l&

15 mL T8 #E 7 0 ) b Pt &8 IV
(0. 2 mmol, 62.6 mg)¥E T 2 mL i@ 1 .100 °C |
Ar LA SN 48 he TLC 8 5 S 58 5 % #
4 B S AR R i A K I 1 mol/L NaOH
WO R PH 2k, KA H R £ TR (3 X
5 mL) FEHL, G I A HUAE AR A 1R A R K Ui
KL TR B 1 1 U 0 4 5% 25 0 R L o FH e T A
ik e aifh . W E S G RIS Cat A (31,1
mg, F7& 83%).

Cat A (2R, 3R)-3-(trimethylsilyl) pyrroli-
dine-2-carboxylic acid

€8 & {&. 'H NMR (400 MHz, D,0) ¢ 4.3
(d, J=8.8 Hz, 1H), 3.7-3.6 (m, 1H), 3.3-3. 1
(m, 1H), 2.3-2.1 (m, 1H), 1.9-1.8 (m., 1H),
1.81.6 (m, 1H), 0.3-0.1 (m, 2H), 0.1 (s,
7H);¥C NMR (100 MHz, D,0) & 176.3, 66.5,
48.9, 33.4, 28.8, —0.6. HRMS. calculated for
CsHy;, NO,Si [M + H' ]; 188.1107;
188.110 5.

Hrp.s HREKE; d HAEKE; m W EE; ]

found:



1062 B xR @ X F F R 555 %
NEGEFRSHEER N AENEES H 50 bz Angewandte Chemie, 2017, 129(15) . 4354-4358.
%, [4] KAMERPC]J, VOGT D, THYBAUT J. Contem-
2.6 CatB &% porary catalysis; Science, technology, and applica-
15 mL 48 45 B F B9 5 45 ol Ak & 8 TV tions| M]. Cambridge, UK: Royal Society of Chem-
(0 2 mmol. 62.6 me) - NaOH (4 mmol. 160 me) [5] ;;rlyVIfIOle\ V. CARDOSO M., FOREZI L. O
e " 0 . IVE , ) <Z1 L. Organo-
W2 ml B LBET 100 7O Ar SRR R catalysis: A brief overview on its evolution and appli-
24 h. TLC 85 B0 5¢ UG s v 45 . B8 5 ) 1A & . _
cations[ J]. Catalysts, 2018, 8(12): 605.
FIRHR R AU LE (35 mID ARG B IAHL 6 VOGEL P, LAM Y H. SIMON A, eral. Organoca-
R KA PG B S T B IR I PH 2=k Bl talysis; Fundamentals and comparisons to metal and
Eﬂ(*aﬁﬁ LR @E (3X5 mL) %EXL s %j‘ll:ﬁ HLAH T enzyme catalysis[J]. Catalysts, 2016, 6(9);: 128.
PN A T s A 20 B 25 AR Rl FHEERREE [ 70 SEEBACH D. Organic synthesis—Where now? [J7.
3%y B ik AP AT 45 Cat B (28. 1 mg, P2 75%). Angewandte Chemie International Edition, 1990, 29
Cat B: (2S, 3R)-3-(trimethylsilyl) pyrroli- (11): 1320-1367.
dine-2-carboxylic acid [ 8] HAJOS Z G, PARRISH D R. Asymmetric synthesis
FL [ . H NMR (400 MHz, D,0) § 3.7 of bicyclic intermediates of natural product chemistry
(d, J=11.1 Hz, 1H), 3.4-3.3 (m, 1H), 3.3- [J]. The Journal of Organic Chemistry, 1974, 39
3.2 (m, 1H), 2.3-2.2 (m, 1H), 1.9-1.7 (m, (12): 1oloiozl.
). 1514 (m. 1HD. 0.1 (s. 9FD ;" C NMR [9] LIST B, LERNER R A, BARBAS C F. Proline-cata-
lyzed direct asymmetric aldol reactions[J]. Journal of
(100 MHz, D,0) & 174.8, 64.8, 46.1, 30.6, the American Chemical Society, 2000, 122(10): 2395-
27.9, —3.9. HRMS:. calculated for CgH,; NO,Si 2396,
[M+ H' 1:188.110 7; found: 188.110 8. [10] LIU]J, WANG L. Recent advances in asymmetric re-
3 _Q_Eiﬁ actions catalyzed by proline and its derivatives [ ] ].
Synthesis, 2017, 49(5) . 960-972.
AL LA 4G B, Al JE Pd fig k5 [11] CHAUHAN P. MAHAJAN S, ENDERS D. Achic-
Eo% C(sp®)-H Rk Rl T AR T ving molecular complexity via stereoselective multiple
R 37 750 [ C3-SiMes B (0 I 220 8 1 46 30 . 9F 7 domino reactions promoted by a secondary amine or-
Wl AR B3 5 A ok L T 4 b 5 4T ganocatalyst [ ] |. Accounts of Chemical Research,
e o o ) ) 2017, 50(11); 2809-2821.
fettie é}%ﬂﬁﬁﬁﬁﬁ%ﬂ:ﬂﬂ@%ﬂfﬁ@ﬂ E(J%¥IEH [12] TANSP, LIF, PARK S, et al. Carbocyclization of
aldol Jz i .\ B 5 p-H 3 T 1 (19 43 ¥[8 Mannich . 4 o
heterosubstituted alkynes via the memory of chirality:
RLAHE T A2y e i o R C-H BT AL 7 Access to Co-substituted proline derivatives[ J]. The
AL = RESA S LA GE SEIUEE 5 1 I =R 45 Journal of Organic Chemistry, 2019, 84(22). 14436~
B AT A T B R I A I 4 B R A Rk AT BIL /N o3 14450,
THEAL TR AL TR Bk 4. [13] MORTENSEN M, HUSMANN R. VERI E, et al.
P — Synthesis and applications of silicon-containing alpha-
amino acids[ J]. Chemical Society Reviews, 2009, 38
[1] LINQF, LILJ, LUO S Z. Asymmetric electro- (4): 1002-1010.
chemical catalysis[J]. Chemistry—A European Jour- [14] REMOND E, MARTIN C., MARTINEZ J. et al.
nal, 2019, 25(43). 10033-10044. Silicon-containing amino acids: Synthetic aspects,
[2] AGUILERA D A, TANCHOUX N, FOCHI M, et conformational studies, and applications to bioactive
al. Blue chemistry. marine polysaccharide biopoly- peptides [J]. Chemical Reviews, 2016, 116 (19):
mers in asymmetric catalysis: Challenges and oppor- 11654-11684.
tunities[ J ]. European Journal of Organic Chemistry, [15] CARUANA L, KNIEP F, JOHANSEN T K, ez al.
2020, 2020(25) . 3779-3795. A new organocatalytic concept for asymmetric a-alky-
[ 3] ROSSIS, PORTA R, BRENNA D, et al. Stercose- lation of aldehydes [ J]. Journal of the American
lective catalytic synthesis of active pharmaceutical in- Chemical Society, 2014, 136(45) . 15929-15932.
gredients in homemade 3D-printed mesoreactors[ ] ]. [16] MUKAIYAMA T, ISHIKAWA H, KOSHINO H,



5910 WE R AR C3-4a R BUR 5 b il 2B R AR AL 7] 49 2 2 5L 1063
et al. One-pot synthesis of (—)-oseltamivir and molecular o-alkylation of aldehydes[J]. Journal of the

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

mechanistic insights into the organocatalyzed Michael
reaction[J]. Chemistry-A European Journal, 2013, 19
(52): 17789-17800.

HUSMANN R, JORRES M, RAABE G, etal. Sily-
lated pyrrolidines as catalysts for asymmetric Michael
additions of aldehydes to nitroolefins[J]. Chemistry-A
European Journal, 2010, 16(42) . 12549-12552.
ZHAN B B, FAN J, JIN L, et al. Divergent synthe-
sis of silicon-containing peptides via Pd-catalyzed
post-assembly y-C(sp3)-H silylation[J]. ACS Cataly-
sis, 2019, 9(4). 3298-3303.

XUE W C, OESTREICH M. Copper-catalyzed de-
carboxylative radical silylation of redox-active aliphat-
ic carboxylic acid derivatives[J]. Angewandte Chemie
International Edition, 2017, 56(38): 11649-11652.
KAN S B, LEWIS R D, CHEN K, et al. Directed e-
volution of cytochrome ¢ for carbon-silicon bond for-
mation: Bringing silicon to life[J]. Science, 2016,
354(6315); 1048-1051.

YU J Q, SHI Z J. Topics in current chemistry 292
C-H activation[ M]. Heidelberg, Germany: Springer-
Verlag, 2010.

SAINI G, KAPUR M. Palladium-catalyzed function-
alizations of acidic and non-acidic C(sp3)-H bonds-re-
cent advances[ ]J]. Chemical Communications, 2021,
57(14); 1693-1714.

PANJL, LI QZ, ZHANG T Y, et al. Palladium-
catalyzed direct intermolecular silylation of remote
unactivated C(sp3)-H bonds[J]. Chemical Communi-
cations, 2016, 52(89) . 13151-13154.
BATH Y, MA Z G, YI M. et al. Palladium-cata-
lyzed direct intermolecular amination of unactivated
methylene C(sp®)-H bonds with azodiformates via bi-
dentate-chelation assistance[J]. ACS Catalysis, 2017,
7(3): 2042-2046.

PAN J L, CHEN C. MA Z G. er al. Stereoselective
synthesis of Z-vinylsilanes via palladium-catalyzed di-
rect intermolecular silylation of C(sp2)-H bonds[]J].
Organic Letters, 2017, 19(19): 5216-5219.

Zis 6. T, KA. ETFHEM Clsp®)-H itk
SCREBETH G BUB BN Be- SR A ML AL ()], g%
WAZEEIR. 2020, 54(12); 1335-1339.

LIAN Pengfei, WANG Xunhui, ZHANG Shuyu.
Design and synthesis of a novel primary amine-thiou-
rea organocatalyst based on unactivated C (sp®)-H
amination reaction[J]. Journal of Shanghai Jiao Tong
University, 2020, 54(12). 1335-1339.

VIGNOLA N, LIST B. Catalytic asymmetric intra-

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

American Chemical Society, 2004, 126(2) . 450-451.
KLEIN C, HUTTEL W. A simple procedure for se-
lective hydroxylation of L-proline and L-pipecolic acid
with recombinantly expressed proline hydroxylases
[J]. Advanced Synthesis & Catalysis, 2011, 353(8):
1375-1383.
HAYASHI Y, YAMAGUCHI J, HIBINO K, eral.
A highly active 4-siloxyproline catalyst for asymmet-
ric synthesis [J]. Advanced Synthesis & Catalysis,
2004, 346(12) . 1435-1439.
KUNZ R K, MACMILLAN D W C. Enantioselective
organocatalytic cyclopropanations. The identification
of a new class of iminium catalyst based upon directed
electrostatic activation[ ] ]. Journal of the American
Chemical Society, 2005, 127(10) . 3240-3241.
VIVET B, CAVELIER F, MARTINEZ J. Synthesis
of silaproline, a new proline surrogate[ J]. European
Journal of Organic Chemistry, 2000, 2000(5). 807-811.
HALLAND N, HAZELL R G, JORGENSEN K A.
Organocatalytic asymmetric conjugate addition of ni-
troalkanes to a, B-unsaturated enones using novel imi-
dazoline catalysts[J]. The Journal of Organic Chemis-
try, 2002, 67(24). 8331-8338.
LIUP, CHENDY, ZHANG S Y, etal. Organocat-
alytic diastereoselective multicomponent domino Kno-
evenagel/Diels-Alder reaction: Synthesis of densely
functionalized spiro[ 5. 5] undecane[ J]. Current Or-
ganic Synthesis, 2015, 12(1). 88-94.
CHOWDHURY R, DUBEY A K, GHOSH SK. Ag
(I)-Fesulphos-catalyzed enantioselective synthesis of
3-silylproline derivatives[ J]. The Journal of Organic
Chemistry, 2019, 84(5) . 2404-2414.
KANO T, TAKAI J, TOKUDA O, et al. Design of
an axially chiral amino acid with a binaphthyl back-
bone as an organocatalyst for a direct asymmetric al-
dol reaction[J]. Angewandte Chemie International E-
dition, 2005, 44(20): 3055-3057.
NOTZ W, TANAKA F, WATANABE S 1, et al.
The direct organocatalytic asymmetric mannich reac-
tion: Unmodified aldehydes as nucleophiles[ J]. The
Journal of Organic Chemistry, 2003, 68(25): 9624-
9634.
CHOWDARI N S, RAMACHARY D B, BARBAS C
F. Organocatalysis in ionic liquids: Highly efficient
L-proline-catalyzed direct asymmetric mannich reac-
tions involving ketone and aldehyde nucleophiles[ ] ].
Synlett, 2003(12) . 1906-1909.

(ALHp#: 5 430





