JUSTUS-LIEBIG-

UNIVERSITAT
GIESSEN

Organocatalytic Additions to C=X
Bonds (X=0, C, and NR)

Zhiguo Zhang

09.05.2008, GieBen




JUSTUS-LIEBIG-

UNIVERSITAT Overview
W GIESSEN

»Introduction
»Design and synthesis of thiourea-based organocatalysts

»Applications of thiourea-based organocatalysts

*Organocatalytic reductions
=Cyanosilylation of ketone
*Hydrophosphonylation

»Asymmetric reduction of ketimines with HSiCl;
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Organocatalysis: the acceleration of chemical reactions with a sub-

stoichiometric amount of organic molecules, which do not contain an
active metal reaction center.

Comparison of three kinds of catalysis:

Type Advantages Disadvantages
Metal catalysis Wide substrate scope Tedious process
High reactivity Potential heavy metal
pollution
Biocatalysis High catalytic activity Limited substrate scope

High selectivity

Organocatalysis Operational simplicity,
inexpensive, readily available,
robust, environmentally friendly
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The tendency of the term “organocatalysis”
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CF3 CF3
Q i Q
WO TN e

T

CH,
)J\ )K/\ cat. (25 mol% _
@ 78% yield
\—y CHCly, rt, 48 h /—o 81:19 de

0
Hk @ cat. (1 mol%), CHCly
+
| Krel(cat.)/Kg(uncat.) = /‘—O

A. Wittkopp, P. R. Schreiner, In The Chemistry of Dienes and Polymers, 2000, 1029.
P. R. Schreiner, A. Wittkopp, Org. Lett. 2002, 4, 217.

A. Wittkopp, P. R. Schreiner, Chem. Eur. J. 2003, 9, 407.

P. R. Schreiner, Chem. Soc. Rev. 2003, 32, 289.
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Q H =
- Ph. N. A
Nl/v cat. (2 mol%) F3CJ\N/V/ ~ jﬁ” H
+ HCN >
phAH (1) 24 h, toluene, —78 °C Ph)\H o Nx
2) TFAA
@ 78% yield cat. HO
91% ee
t-Bu OCH3
o) O OH
)CL cat. (30 mol%) O_ oM
+ H »
DMSO N
cat.
NO, 68% yield  NO2
76% ee
(0] Me
e @ cat. (5 mol%) Lb Lb S,Me
PR "0 * Veor-n.o . I Ltpn T AA/cHo N~ “Me
% s “H Ph pp  H*HCI
23°C ongo CHO ex0
cat.
99% vyield

endo:exo=1.3:1
endo (93% ee), exo (93% ee)

E. N. Jacobsen, et al., J. Am. Chem. Soc. 1998, 120, 4901.
B. List, et al., J. Am. Chem. Soc. 2000, 122, 2395.
D. W. C. MacMillan, et al., J. Am. Chem. Soc. 2000, 122, 4243.
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Strategy 1: CF;

chiral modules R'=H, 3,5-di-CF3,
R? = H, methyl, i-propyl,
2-butyl, t-butyl, benzyl

Synthetic route:

X
|
e ZnClp, Phcl R'r
R= NH, ————
CN 36 h, reflux N CF,
= 0" N
— R LY Q
H,N  OH 2 H H CF,

FsC FsG 2
CSCly, THF, EtsN
NH, NCS
~15°C

F,C F3C
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Strategy 2:
,--S--\ \N/ CF3
X J\ A N S
Ay S )5« Ak
_______ N N’ H2N N N N CF3

H H H H
N OLA e

Synthetic route:
\N/ N/
|N/ CH20I2 aq. KZCO3 NH3 () EtOH reflux N/ NJ\N,R

CF3

FsC NCS
|\ 3 EtOH, reflux |\ S
Z * > “ )J\
H,N” N “NH, HN" "N™ "N™ °N CFs3
H
CF,

H
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Strategy 3:

CF3

Synthetic route for A:
N> HBTU (1.1 equiv) \ \]/

/\N/\ i'PerEt (22 eqU|V) TFA \

HO__~ * N
NHBoc H = >N HBoc . > NH
T o o

(1.1 equiv)

S

)l\CI (1.1 equiv)

) ¢

NaHCO; (aq.), CH,Clp
N
i) O~ ThN I
HoNY

(1.3 equiv), r.t. CH,Cl,
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Synthetic route for B:
\l/ HBTU (1.1 equiv) \ \]/ \ \]/

SN i-ProNEt (2.2 equw) TEA

Hoj(:\NHBOC H CHaCl = >N WANHBOC \/NWANHZ
S ,

(1.1 equiv)

S
i) CI)J\CI (1.1 equiv) :©\
NaHCOj; (aq.), CH,Cl, \ \/NjﬁN

L
y

: I Q NS
1l
b TN Ho
HoN™ . O NH, B
2 (1.1 equiv)
NH t-Bu t-B

2

Synthetic route for C:

FsC NCS
S \ HO
NH  NH,eHCI
Q HCI Q CF, HN t-Bu t-Bu
—_— > > C
H,N  NH, HoN  NHy*HCI /@\
FsC CF
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H o s
CF,
Synthetic route: . o
Fs N
& (Boc),0O CF H H
COOH + NH4HCO3 ——— = » 3 . N_ _N CFs
lI_T%loc 1,2¥(rjlidol>r(]aer’19 %CONHz THF, NaH E\(ﬂ; \[S]/ \©/
CF,
H H
—— %NTN ik Boc deprotection (all failed):
o S 1. 25% TFA (v/v) in DCM.
CF 2. 98% H,SO, in DCM.

3.2 M HCI in AcOEt.

4. CAN in acetone at 0 °C.

5. BiCl; in CH;CN/H,0.

6. 25% TFA in DCM and
scavengers (S(CHs;),)
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Biomimetic concepts:

(o] N O O
OO\P o HoN 4
=pP- 2
EtO
é\P OH OH J=N | || ©OF
AN Y N
N QN \ N/) H
@) Hantzsch ester
OH  OH(P)

Biomimetic Reduction Agent
NADH (NADPH)

Nature’s Reduction Cofactor

A. Hantzsch, Justus Liebigs Ann. Chem., 1882, 215, 1
B. Alberts, et al., Molecular Biology of the Cell, 2002, 3rd ed.
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Aldimines

Reports from Menche group:

H, JH
Et0,C.. 4 _CO,Et
|
N

R2
Q H HN”
)J\ + H,N-R2 (1.5 equiv) .
R” "R S R” "R
up to 96% vyield
HZNJ\NHz P °Y
(0.1 equiv)

MS 5 A, toluene, 50°C

D. Menche, et al.,
D. Menche, et al.,
D. Menche, et al.,
D. Menche, et al.,

Org. Lett. 2006, 8, 741.

Synlett 2006, 841.

Tetrahedron Lett. 2007, 48, 365.
Bioorg. Med. Chem. 2007, 15, 7311.
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H, H
Etozcﬂ:ozEt
N

o (15 Equiv) un-PMP - Entry Conditions Yield
Ph)K * HN-PMP— ~ C 48 g )\ _
toluene, 50 °C, Ph 1 T1 (10 mol%), MS 5 A (activated) trace
2 cat. 1 (10 mol%), MS 5 A (activated) trace
3 MS 5 A (unactivated) 89%
4

cat. 1 * The unreproducible result from Menche group

CF3 CF3
S 1 MS 5 A (unactivated) (<5%)*
PIS H,N™ “NH,
FsC N~ N CF,
H H
T1

Z. Zhang, P. R. Schreiner, Synlett 2007, 1455. Highlight: Synfacts 2007, 988.
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H

EtOZCﬁCOZEt
|
N Entry Conditions Yield

_Ph H Ph
B dlead oW 1 T1 (10 mol%) 91%
Ph” H CH,Cly, rt,, 15 h phAH ° °
2 cat. 1 (10 mol%) trace
3 T1 (0.1 mol%), 60 h 87%
CFy CF,
S
S
DL wdw
FsC H H CF3 cat. 1
T

Z. Zhang, P. R. Schreiner, Synlett 2007, 1455. Highlight: Synfacts 2007, 988.
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H

EtO,C H., CO,Et
|
N

_Ph H
N (1.1 equiv) un- ol

M ~ L

CF4 CF, R K
FsC N” N CF,
H Hoor

(1 mol%)
CH,Cly, 1t, 15 h

Conclusions:

s The results reported by Menche group were challenged.
% Thiourea-catalyzed transfer hydrogenation of aldimines was firstly reported.

Z. Zhang, P. R. Schreiner, Synlett 2007, 1455. Highlight: Synfacts 2007, 988.
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Asn194

2,

is191

N\g

Tyr196

Nitrocyclohexene

A B
A: Key interaction between the Old Yellow B: mode of the thiourea-catalyzed
Enzyme (OYE) and nitrocyclohexene (PDB biomimetric reduction of conjugated
10YE) nitroalkenes

Z. Zhang, P. R. Schreiner, Synthesis 2007, 2559.
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o) o)
Etowoa
N
H
(1.1 equiv) NO
X NO; > RO 72
A CFs CFs up to 93% yield
i] S i]
FsC NJ\N CF,
H Ho 1

(10 mol%)
CH,Cly, reflux, 24 h

Conclusions:

*» Various aliphatic and aromatic nitroalkenes can be reduced to their
corresponding products using this biomimetic method.

Z. Zhang, P. R. Schreiner, Synthesis 2007, 2559.
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O o HEH (2.4 equiv) O
~ ’
N O Cat. (20 mol%) N
CH,Cly, 1. t. H

Entry Quinine Acids Ratio Conversion ee (%)

(%)

1 H,PO4 1:1 0

5 p-toluene_sulfonlc 11 100 19

acid
= .
3 % L-(+)-tartaric acid | 1:1 80 0
N
4 "o L-(+)-tartaric acid 2:1 trace -
MeO. N

5 7 L-(+)-lactic acid 1:1 trace

6 TFA 11 trace

7 (1S)-(+)-CSA 1:1 100 0
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B AHg = +38.3 kcal mol™
| — + ' | | +
N N
H

-5.9 +17.0 +27.4 +22.0 AH; (AM1)
EtO,C CO,Et EtO,C CO,Et
2 X 2 AHg = -5.0 kcal mol™" 2 2
D - 0] ;
—-145.0 +17.0 —-155.0 +22.0 AH; (AM1)

*Chemical calculation of the enthalpy by Prof. Schreiner
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0 0 Oy no
Eto)i(jv\moq @ 2.5 equiv ""C‘dlEto)j\/'ﬁkoa+ ©

NT sy toluene, 50°C N

entry acid yield
1 CH,COOH -
2 HCI -
3 CF,COOH -
4 H,PO4 -
5 P-TSA -
6 CSA -
7 HCIO, -
8 HBF, -
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O TMSO CN

cat. (10 mol%)
+ TMSCN -
CH,Cl,, rt, 24 h

H H 3 \/Nm/'\NJ\N\\‘ O Na
Q"N o " " N yielg:0  HO
\—( , yield: 0 yield: 0 \@/
R t-Bu t-Bu

R'=H, 3,5-di-CF3,
R2 = H, methyl, i-propyl, CF,
2-butyl, t-butyl, benzyl

S

FsC NJ\N\"Q
H H

Z. Zhang, P. R. Schreiner, manuscript in preparation.
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TMSO CN

cat. (10 mol%) cocat.: LiOH, NaOH, CaH, KOH,
|, cocat. (10 mol%) @ LIOPr', LIOHH.0, NaOMe, PhsPO,

vy \\

Na
0] N
cat. 1 \@/ cat. 2 cat. 3 HO
t-B

t-Bu -Bu

@
Dy
/>:c/>
O

Entry Catalyst Cocatalyst Conversion (%) Ee (%)
1 cat. 1 LiOH 100 0

2 cat. 2 LiOH 100 0

3 cat. 3 LiOH 80 36%
4 cat. 3 n-BulLi 100 0

5 - n-BuLi 100 0

Z. Zhang, P. R. Schreiner, manuscript in preparation.
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% Structures bearing a thiourea functionality and phenolate in a chiral
scaffold were firstly demonstrated as catalysts for cyanosilylation of
acetophenone, yielding the product with up to 36% ee.

% Several bases such as n-BuLi alone can promote the cyanosilylation
of acetophenone.

Z. Zhang, P. R. Schreiner, manuscript in preparation.
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NS HN R
Cat. (10 mol%
M+ Hpoyory, SEEUOMORL T
Ph™ H THF,rt.  Ph” “FC
R=Ph B0 OFt
R =Boc

CF3 CF3 CF3 CF3
S S
; Q Sl I Q Q I Q
J\ N~ °N W
FsC H H CF, H N CF; F3C H H
o N N
yield: < 10% \—§_/yield:<10% yield: < 10% Ho

t-Bu t-Bu
.Ph _Ph
A !
+ HP(O)(OEt), > 0
Ph H neat,rt.24h Ph /Pf
Eto OEt
87% yield

Z. Zhang, P. R. Schreiner, manuscript in preparation.
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Synthesis of chiral product: —0 HQ ?
N o)
v W Ak
N . P
©)\H .\ HP(O)(OEY), Quinine, 10 mol% _ ©)\Pio

Xylenes, -20 °C
85% ee W
Investigation of autocatalysis: Q
J d o<
Pfo
NI,Boc (,)Wo/\ HN’BOC
cat. .0
@H + HP(O)OEY, - @ "o
xylenes, -20 °C OE
Entry Catalyst (mol%) Yield (%) ee (%)
1 30 3 60
2 20 6 56
3 10 21 28
4 1 27 11

Z. Zhang, P. R. Schreiner, manuscript in preparation.
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Q neat, rt,6h HN
T OEt
R)]\H + PhNH, + HOP(OEt), - R)\E/_OEt
o)

Entry R Yield (%)

1 Ph 89

2 4-NO2Ph 86

3 4-BrPh 82

4 4-OHPh 78

Z. Zhang, P. R. Schreiner, manuscript in preparation.
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¢ The designed thioureas are generally inefficient for hydrophosphonylation
of imines.

“* No evidence for autocatalysis.
% One-pot reaction of aldehydes, amines, and diethylphosphite

proceeded smoothly to afford the corresponding a-amino phosphonates
under neat conditions without the involvement of any catalyst and solvent.

Z. Zhang, P. R. Schreiner, manuscript in preparation.
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Ph a: up to 66% ee
Nl’ HSiCl; g ! b: up to 92% ee
Ar)\ Catalyst* N )\ c: up to 96% ee

d: up to 97% ee

SO,(p-BuPh)
H H N
Q\g \N\/qu (Nj\”/Nj,Ph [ H
N “Ph
A H/go © \Q/ H/go © 0~ “Ph Ao 0
Ao H 0
b c d

F. lwasaki, et al.,Tetrahedon Lett. 2001, 42, 2525
A. V. Malkov, et al., Org. Lett. 2004, 6, 2253

Z. Wang, et al., Org. Lett. 2006, 8, 999

Z. Wang, et al., Org. Lett. 2006, 8, 3045
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.Ph
N-TM HSICI, (2.0 equiv) HN
| Y
Ph)\ catalyst* (0.1 equiv) Ph)*\
CH,Cl,, 0 °C
H H
O\WN N
N N
A Ao ©
H™ S0 yield: 79% |—| yield: 85% H™ ~O yield: 81%
ee: 42% (R) ee: 67% (R) ee: 68% (R)

ooy P4l Qup

H™ SO yield: 78% yield: 52% H™ "0 Jield: 80%
ee: 60% (R) ee: 65% (R) ee: 0%

Z. Zhang, P. R. Schreiner, manuscript in preparation
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_Ph
N-TD HSICls (2.0 equiv) HN
| Y
Ph)\ catalyst* (0.1 equiv) Ph)*\
CH,Cl,, 0 °C

AL © N
O yield: 87% o O yield: 83%
ee: 65% (R) H™ O ee: 61% (R)

o
yield: 89% H
ee: 54% (S)

ee: 30% (R)

0 0
(% o [k o
N HNw >< N HN ><
HN«%? )~o © =0
N
o z':'zgzz"fR o z's'a;oz"fs)

ee: 15% (S)

Z. Zhang, P. R. Schreiner, manuscript in preparation
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.Ph
leph HSICl; (2.0 equiv)  HN
Ph)\ catalyst* (0.1 equiv) Ph™ «
CH,Cl,, 0 °C

o) o @{f; SPal

(> !
SON T‘ yield: 43% yield: 39%

yield: 82% ee: 0 ee: 0
ee: 30% (S )
H Q OH
~N N S.
Je AN
O
H™ O
yield: 91% yield: 82%
ee: 95% (S) ee: 86% (S)

Z. Zhang, P. R. Schreiner, manuscript in preparation
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0]
H)%O O)\H
trans CIs
L
— ROESY spectrum
. - c
_ de -
F
- - - &

HP + HY cosy

Z. Zhang, P. R. Schreiner, manuscript in preparation
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Determination of reaction intermediate by 'TH-NMR:

frans
H
\ O\WNE
. N O
;S 1o
8.5 8.0 7.5 7.0 6.5 6.0 55 ppm
trans H
\ Q\( ﬂ . HSiCl; = 1:2
A ©
H o
cis\A
L..NJL- - JKL_JW
8.5 8.0 7.5 7.0 6.5 6.0 5.5 ppm

Z. Zhang, P. R. Schreiner, manuscript in preparation




Proposed transition state by chemical computation
(Dr. P. Rooshenas)
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B H
%N/(T:l S AN C'H3C>°/>N/ o
Hsicl, + / T >T' C|_I| I C|,; Jo _2/4 r::H
< cl e “”'N\
“_” e
/ H\N// H H
IC2 | / TS |
HaC
ClySi

-C2
—_—
OSiCl;
P1
;TS
@)y

+2C2+11
00) ™\ ,
IC2 + 11 \
(-1.9 D
P1+P2+C2
(-13.9)

Computed potential hyper surface for the MFA- catalyzed reduction of Il with | (relative AH
values computed at B3PW91/cc-pvdz level of the theory are given in kcal/mol). The optimized

geometries TS at B3PW91/cc-pvdz
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H
HSIC|3 HN’N
©)\ Cat. (10 mol%) <R O
O NC. ,OTMS

R =H, Me TMSCN
H > *H
\ Cat. (10 mol%)
m HSIC|3 * NO2 (N)\K ﬂ
Cat. (10 mol°/ ©/\( @)
( ° H/go Cat. \
0]

FsC OTMS
©)J\H TMSCF3 ©>*<H
Cat. (10 mol%)

T

\

A HSiCl,
o >
N O Cat. (10 mol%)

Iz
o

No catalytic effect was observed in those reactions!!
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L)

*

16 novel chiral N-formamides were designed and prepared.

L)

>

ee up to 68% for reduction of ketimine with our promoters was
so far obtained.

s Two reported protocols were reproduced as control experiments.

*

% Investigation of the mechanism and development of more
efficient catalysts is still in progress.

Z. Zhang, P. R. Schreiner, manuscript in preparation
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