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1. Introduction
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1. Introduction

Serine protease: Biological process of amide hydrolysis with hydrogen bonding
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2. Urea (thiourea) as H-bond donor
2.1. monofunctional thiourea

CF;
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Table z: Reaction of donor Ta with isopropanol (2a) as acceptor in the
presence of TMSOTT as catalyst and 4 as cocatalyst at different

4] .
temperatures. Thiourea worked as a relay for proton transfer.

Entry Addition Reaction Reaction Sam,fd
of 4 temperature [°C] time [min] b/ ratio
1 - 0 5 11
2 - —40 10 51 Temperature-dependent ion-pair formation
3 - ~78 30 121
4 + 0 5 1.3:1
3 + —40 10 1 SN2-type reaction at low temperature
6 + ~78 30 = 201"

Using TMSOTT as acid can also obtain -selective SN1-type at high temperature.
product under -78 C.

Richard R. Schmidt, Angew. Chem. Int. Ed. 2013, 52,10089.



2. Urea (thiourea) as H-bond donor

2.1. monofunctional thiourea
CFy CFy
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H
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o (10-20 moi%) F'“—E;ﬁ
F‘G—@ + R-OH - L

Chiral Phosphornic Acid )
{10 mol%) a-salactive

entry acid time (h) yield (%)° afr
1 - 24 0 N/A
2 4a” 20 55 9:1
3 4a 3 82 7:1
4 4b* 20 70 >30:1
5 4b 3 89 >30:1

The stereochemistry of CPA have a big effect on selectivity.
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M. Carmen Galan, J. Org. Chem. 2017, 82, 407.414



2. Urea (thiourea) as H-bond donor
2.1. monofunctional thiourea

0
1
NR " fnmg.'f'é,?i"fn “C. 20 h Fa'CfJLNR - ﬁ I o ‘ ir
AL+ HeN i R/LCN 7 ' ﬁ ﬁ :
R 2. TFAA , , o
stencally HO. .
3a:R'=Ph, X=S,R?=0CH;, it T
3b: R' = polystyrene, X =S, R2= OCO(Bu) y " ] ,Bu»-'l"‘*-‘-- “NR2
3¢ R'=Ph, X =0, RZ= OCO(tBu) e

3b as catalyst, the product was isolated in nearly quantitative yield.
no loss of catalyst reactivity after 10 catlayst recycles.

Ku = 0.214 M. ku/Ky = 3.8 % 10-3M-1S -1 Reversible formation of an imine—catalyst complex

through a hydrogen bond
[ ] = 13% ee _ .
"~ \n/\N 2705 e alkylation of the urea led to loss of activity and
enantioselectivity
C.R'=H, R=Me two urea hydrogens were essential for catalyst activity.

D. R'=Me, R%=H
OPiv

Eric N. Jacobsen, Angew. Chem. Int. Ed. 2000, 39,1279.
Eric N. Jacobsen, J. Am. Chem. Soc., 2002, 124, 10012.



2. Urea (thiourea) as H-bond donor
2.1. monofunctional thiourea

D T —
o 1. 2 mol% 3¢, M gt (8a) x
N toluene, —70 °C, 20 h F:C™ N . N A
J_ .+ HeN - PN i
R H 2. TFAA R 2 CN (& i
sterically HO. L
demandin NN
3a-R'=Ph, X =S, R2= OCH, e ey M |
3b- R' = polystyrene, X = S, R2 = OCO(fBu) BT TR

3¢ R'=Ph, X = 0, R?= OCO(tBu)

When R group became bigger, the ee value increased.

1. 2 mol% 3¢, toluene
= —70°C. 20 h
: = 2. TEAA
CN D

1v

88% meldi 91% ee

It was unlikely that lower ee values obtained with unhindered imines are due to the
increased amount of Z isomer present in these substrates.

Eric N. Jacobsen, Angew. Chem. Int. Ed. 2000, 39,1279.
Eric N. Jacobsen, J. Am. Chem. Soc., 2002, 124, 10012.



2. Urea (thiourea) as H-bond donor

2.1. monofunctional thiourea

The large group on the imine carbon
Is directed away from the catalyst

The small group is aimed directly into
the catalyst

The N-substituent is also directed
away from the catalyst

1 involve binding of the imine
substrate as the Z-isomer.

=

HCN takes place over the
diaminocyclohexane portion of the
catalyst

Eric N. Jacobsen, J. Am. Chem. Soc., 2002, 124, 10012.



2. Urea (thiourea) as H-bond donor

2.2. bifunctional thiourea-amino thiourea
Gly-193, Ser-195,

H .l'-'
H H / \
i*‘f hiral H activation of
0 chira " electrophile
R ! Lcaﬂ‘ﬂld | I j P
“NT R
H Y ,/n*
His-57 o
Asp-102 o . >—,>_\ H j :J activation of
;‘f " H-N N nucleophile
o - R Ser-195
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‘\.N.f’
H =
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1a(0.1equiv) no, Nhucleophile are activated.
EtO,C~ “CO,Et rt,24 h
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entry solvent 3a (equiv) % yield” % ee~?
1 MeOH 1 i3 29
2 MeCN 1 47 75
3 THF 1 29 a8
4 CH,Cl, 1 53 90
5 toluene 1 60 92
6 toluene 2 86 03

Y. Takemoto, J. Am. Chem. Soc., 2003, 125, 12672. 1IN honpolar solvents



2. Urea (thiourea) as H-bond donor
2.2. bifunctional thiourea-amino thiourea
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toluene, rt
— ) -4a
5 (F)
S .
1 e A S
r“'N ] |
o H OH Ne vy
H AMNL o 2a Os, O .7\ I '
3a N* - H H
uH\ (- - - M
T 9 Oo—H T -
"N-l-"‘_‘,
Et0” 7 “OEt EtO 2 O’
A OEt Meo={ | ©
S
‘ﬂlrﬁ. fu\ 31
NN B S
|
H H N 1| = R}\

\ E0,c O NS ; 2) bearing two CF; groups, showed the highest
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acidity of thiourea N-H groups;

OFt 3) cooperative effect of two N-H groups in the

catalyst.
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Y. Takemoto, J. Am. Chem. Soc., 2005, 127, 119.



2. Urea (thiourea) as H-bond donor
2.2. bifunctional thiourea---phosphino thiourea

A) Established mode of cooperative activation by phosphinothiourea:
nucleophilic catalysis by phosphine/electrophile activation by thiourea
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B) Proposed mode of cooperative activation by phosphinothiourea:
nucleophile generation by thiourea/electrophile generation by phosphine
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Eric N. Jacobsen, J. Am. Chem. Soc., 2014, 136, 17966.



2. Urea (thiourea) as H-bond donor
2.2. bifunctional thiourea---phosphinothiourea

| O£t RT 1By
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T . -
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0

PhMa, -30 °C M Fh
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| 6b 48 45 03 (R) Enimjei L.
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j 6b 5 ! 43 70 ndf 0 PPh;
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6 b 5 20 24 88* 03 (R) Te.R =R"=H
7 Ta 5 20 48 100 98 (85) CFa
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10 8 3 20 48 3 42(8) .G NN
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]

The amino amide plays a role relative to enantioinduction;
Et;N led to improved substrate conversion;

an important beneficial role for water.

Eric N. Jacobsen, J. Am. Chem. Soc., 2008, 130, 5660.



2. Urea (thiourea) as H-bond donor

2.2. bifunctional thiourea-phosphino thiourea R t-Bu i O
SN~
| o A (T
==|\,Hl = P0G catalyst - O |El|:l|'|
coEt * P N 2
&, -30 °C N~ Ph -
PG Ts 3a OFF 4a . s Ba R'=R=345{Me0);C:H;CH
PG b R'= R* = 4-PhC4H.CH;
CO,E Ry R B
__ 2 E-n‘_‘q : ﬁ‘\ A
+ HJO e B N N
N 'Ph PRy CO,E o " H ppp,
bPp 7a 2 7a R1=Me, RZ=H
EtaM Th R'=H RZ=Ma
) TeR'=R"=H
o “or o EL0.C
R4R CO.Et  RaR C05EL CF4
. e R 5
L U8 ye
BPP 11 pep F.C NTUNTY
PPh,
8

2 H,0 effects protonation of the basic ylide intermediate 10

2 Et;N is likely to promote elimination and liberation of the

_ phosphine catalyst
Eric N. Jacobsen, J. Am. Chem. Soc., 2008, 130, 5660.



2. Urea (thiourea) as H-bond donor
2.2. bifunctional thiourea-phosphino thiourea

cat
Me, H 210 mars) T Oy P a R'=TBS, PG = Chz

*RIOTTPG T A e = b.R"=Me, PG=Chz
COE Eto, 0 %G r.nef’k\,-;"ﬁco?El c R'=Me PG = Al
1(1.5 equiv) 2a-c 4a-c - -

Je (2 molw)

O
MeO. .CO;R .
W Ph Et;0, 0 "C, 30 min
H i MEG"MJ‘[\DR /==/ = 2 - %\CD‘EEt

_ H
4 N” N Me no isomerization with Me
H H 2 1 - . 6
V 0 F'Php\ PPh; or CyPPh,
e

Ph < O Ph N
wesn I K L e LA e

M M .
H H 1) i I z H
O Ph : )
. H H
RO™ "NT "Me RD’-JLNH a} PPh;
OMe OMe 3e: A= MNMe;

CO.Et

- o Me » high nucleophilicity and low Brgnsted basicity
Mez,uml ﬁw,O mzm“l iNQ in cooperative reaction pathways.

] :@ | = - - -
o HEHFhZP\E\GD?Et o Hﬁﬂ,thzp@ﬁ,\m > Nucleophile activation by hydrogen bond
RO r;lex.f Me RG"'[L‘I;\:H © COsEt
E@Me ove 2» Amino acid-derived component of 3 plays an

important role

Eric N. Jacobsen, J. Am. Chem. Soc., 2014, 136, 17966.



2. Urea (thiourea) as H-bond donor
2.3. anion-binding pathway

R 1b (10 mol%) R4 R
" P TMSCI, TBME o Gl
Ry \ , . 2" R W N RO TNTN
N HO ; -55°C or-78 °C N - 0 HE ]
3a—o 1b: Ry = CHa, Rz = n-CsHyy

2a-0
The first example of anion-bonding pathway using thiourea

dehydration and formation of the corresponding chlorolactamis rapid and irreversible.

forming a chiral N-acyliminium chloride—-thiourea complex

Eric N. Jacobsen, J. Am. Chem. Soc., 2007, 129, 13404.



2. Urea (t_hlqurea) as H-bond donor N
2.3. anion-binding pathway
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Eric N. Jacobsen, J. Am. Chem. Soc., 2008, 130, 7198. \_ Dﬂi“‘} PHEEREE )
Eric N. Jacobsen, J. Am. Chem. Soc., 2011, 133, 13872.
Eric N. Jacobsen, J. Am. Chem. Soc., 2016, 138, 14848.




2. Urea (thiourea) as H-bond donor

2.3. anion-binding pathway

Photaredox catalysis
of amine axidation

Anion-binding asymmetric
catalysis of imine addition

Counterion effects
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Corey R. J. Stephenson, Chem. Sci., 2014, 5, 112.

BrCCl; 657 79
CCly;  80-95° 61-977
CCl; 69-72° 95-977

OTBS

OMe




2. Urea (thiourea) as H-bond donor
2.3. anion-bonding pathway

MeO OMe catalyst (5 mol%) MaO OMe

MeO -0 , BnOH 1BQ (1.1 equiv) MeO -0
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FaC
Eric N. Jacobsen, Science 2017, 355, 162.




2. Urea (thiourea) as H-bond donor
2.3. anion-bonding pathway

B
OBn MeOH (2 equiv) DE” OB" (+)-menthol (2 equiv) B Me M€
BnO O, (R,R)-6 (10 mol%) EtnD EnO (R,R)-6 (5 mol%) Bnof&if’
BnO IBO (1.1 equiv) Eno Me BnO IBO (1.1 equiv) BnO Ou...
BnO ol e EnO =
; toluene (0.1 M) . toluene (0.1 M) 10 ,
o t, 48 h p . _40°C, 48 h c:fp :
o:p o:p : 892 Me
>50:1 <1:50 : 74%
83%
OBn MeOH (2 equiv) OBn OBn (~)-menthol (2 equiv) OBn Me_-Me
BnO o (R,R)-6 (10 mol%) BnO ! Bno (R,R)-6 (5 mol%) Bno’&f’ H
BnO cl IBO (1.1 equiv) BnO : BnO IBO (1.1 equiv) BnO o]
BnO
toluene (0.1 M) toluene (0.1 M) 11
7B i, 48 h _40 °C, 48 h P
a:p u.ﬂ ! Me
1:4 3:1 | 12: EB
87% ; 72%

The stereochemical outcome depends on the configuration of the electrophilic partner.

Eric N. Jacobsen, Science 2017, 355, 162.



3. Squaramide as H-bond donor

S

*-...,J'L..-'_

1" A A

213 A

Qo o
o o 5
MO T
M TR ent, )ﬁmuz
it Ph
6 7 3
entry mol % of 5 solvent time yield ee
1 2.0 Et;O 24 h 88% 06%
2 2.0 PhMe 24 h 4% 08%
3 2.0 CH.Cl; Th 08 % =000,
4 0.5 CH.Cl, 8h 04% =00%
3 0.1 CH.Cl, 20 h 07% 06%

=

The ee value was higher than that using thiourea;
2. The loading of catalyst was lower.

Viresh H. Rawal, J. Am. Chem. Soc., 2008, 130, 14416.



3. Squaramide as H-bond donor

ROLC H N
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(R = Et, t-Bu}

The amino group of 3j can generate active nucleophilic anion

Ry

W
N~
|

\‘H /©/
S\'\ R
3 .
0 . m 2.5 mol% ta g N N
= H .-.. NMBE
M THF, &0 *C R
R1_ - H T 1a: H1=CF3. H2=H| HH=CF3

up to 96% vyield
95% ee

O,
G o 5 (10 mol%) “P(OPh), FsC s AP
N + HP(OPh -
PR S ( 2 solvent, temp ph/'\/ NO, \@\ N
N N'
H H

up to 99% conversion

98% ee
Alkyl-substituted nitroalkenes can work, with slower rate. U

Viresh H. Rawal, Chem. Commun., 2010, 46, 3004.
Viresh H. Rawal, Angew. Chem. Int. Ed. 2010, 49, 153.



3. Squaramide as H-bond donor

Activation of Silyl Triflates via Anion Absiraction

o "
R “N N-—AI’ ﬁ.’.
1 | - .
H H 5@ 50 [-H-N
RySI-OTf —————»  R.Si---0" > a charge-separated complex
T\ 'H-N
chiral complex A
with enhanced " i
Lewis aciditly
O O
- Yo OTMS

CBn

(1.5 equiv.})

| -..‘ B ——— Ph

TBSOTT (50 mol%) @ g™ ~ A fJ\ph OBn O
@/LDBH catalyst (10 mol%) o
- & ;
Br MTBE, -7T8°C,4 h Ar 020

1a

CF4 g
Qfﬂ“iﬁj Q“ﬁ“”ﬁi
N n N H e
N" N CF, i CFg
Ar :l—l/\H H AF 0 H

no catalyst: <5% y

3 (X =0, Ar = S-phenanthryl); <5% vy
4 (X =5, Ar = 8-phenanthryl): <5% y

Eric N. Jacobsen, Science, 2017, 358, 761.

g Br

i
=
E

S5a (Ar=H): 10% y, 10% e.e. 6e (Ar = 1-pyrenyl): 43% y, 2% e.e.

WILAL =T 20 ¥ 2ea T, the H-bond donor properties are
5c (Ar = 1-naphthyl): 31% vy, 72% e.e.

5d (Ar = O-phenanthryl): 100% v, 85% e.e. €SSENtial for effective

(_5e (Ar = 1-pyrenyl): 100% v. 88% ee.)  stereochemical control.

5f (Ar = 1-phenanthryl): 100% v, 87% e.e.



3. Squaramide as H-bond donor

R*« j\;f LAr
N N
OTMS 5e (10 mol%) H‘\ H 9
ka/]\(,()lﬁ . (\0_/2 TESOTf (1.0 equw.L Ci‘e’é R0, M .R
OR? ~a MTBE,-78°C,3h 0" “CF, ) 8 )
OTMS 3
7 8 R'__A_.OR? 9 R
| ® T N (4+3) cycloadduct
oxyallyl cation
_____________________________________________________________________________ intermediate_______ il
C o o § . o §Fs
Me Bu j:( ,@l\ Me +-Bu j;f
MF—*YN\H/'\H H CFs YOTi lh-1|:..,],rm“/'\ﬂ h cF,
Ph O o CD5Cla Ph O - d I - -
5g:R=H YoT ual interaction mode may account for the
6g: R = Me - . .
- enhanced affinity of the squaramide for
Entry R YOTF Keg (M) : . .
R NEBIY TIO- 2.0 10° the silyl triflate relative to tetra-
2 H TESOTY 8.0 x 10° alkylammonium triflate
3 Me TESOTf 2.3 x 10° E
6g which lacks H-bond donor capabilities, ,L 5*: .

- I'-MEa
forms a complex with TESOTf .\]'_ a o ® cF,
simultaneous binding of both the triflate and ) B :.E%Nj;fNQFF
the trialkyl silyl component may be occurring [ ) Y (’_ T LW ON 'A_,g_,{ﬁ “
. - 1.67 168 4 s
in the complex ' e \% 5g-TMSOTY

Eric N. Jacobsen, Science, 2017, 358, 761.
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3. Squaramide as H-bond donor

A Enhanced
Lewis acid  SiRj
0 oE
R'”w: .
H o H
] . Y 8
Meo, I .R D“"\:?;?’D
=
R\*?H/UME
H | OMe
Enantiodetermining o o Rate-determining
eycloaddition j;f fonization
o ., UAr o+ RaSIOTE
i IE : NN ’ R4SiOMe
. H H
R = 0 O -

AE = 0 (defined) 5 AE = 1.28 kcal/imol
Eric N. Jacobsen, Science, 2017, 358, 761.



4. Conclusion
1. Using thiourea and Squaramide can achieve high reactivity and enantioselectivity.
2. Common fundamental design feature: a single or dual H-bond donor site flanked by
sites for secondary interaction with substrates, such as aromatic, weakly basic or acidic,

or strongly basic functionality.

3. Reacting under mild condition demonstrates greater functional group tolerance.
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