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Green Chemistry 2

Definition (EPA): Green (sustainable) chemistry is the design of chemical products
and processes that reduce or eliminate the use or generation of hazardous
substances. Green chemistry applies across the life cycle, including the design,
manufacture, and use of a chemical product. (Follow 12 principles).

12 Principles of Green Chemistry

. Prevention

. Atom Economy

Less Hazardous Chemical Syntheses
Designing Safer Chemicals

Safer Solvents and Auxiliaries

Design for Energy Efficiency

Use of Renewable Feedstocks

Reduce Derivatives

. Catalysis

Design for Degradation

Real-time analysis for Pollution Prevention
12. Inherently Safer Chemistry for Accident Prevention

=
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=

o GREEN
Journal: http://www.rsc.org/Publishing/Journals/gc/ CHENIEY

*Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and Practice, Oxford Univ. Press: New York, 1998, p.30.



Atom Economy

Atom Economy:

Atom Economy =  ( MW of Product )
o > (MW of Reactants)
+ Br,
= 2 - Br
3 Br
1
AE — MW 3 _ 292.01 . 100%

MW 1+ MW 2 132.20+159.81

Examples: “click” chemistry, pericyclic reactions, “on water reactions,”
catalytic antibodies

http://www.rsc.org/education/teachers/learnnet/green/whatis/home.htm



What is Organocatalysis? 4

» Organocatalysis is the acceleration of a chemical step by a non metal-containing
molecule

Examples: Proline, Cinchona alkaloids, DMAP, thiazolium salts, etc.

O N H-C=N ~. .

HO /




Organocatalysis and Metal catalysis Comparison

Metal Catalysis: metallocarbencid mediated cyclopropanation
O

Q
talytic Rh,(OA H
DJ\*}NE catalytic Rhe(OAc)k: CE;J;@_R (eqn 1)
N M/E chiral ligand ol

H

New Organocatalytic Concept: ammonium ylide mediated cyclopropanation
0 O

cl chiral teriary amine catalyst H
- EWG (egn 2)
(Y EWG base a

H 9

Methods for Catalytic Intramolecular Cyclopropanation



The Hajos-Parrish Ketone: Aminocatalytic Asymmetric Aldol

O O  (S)-Proline O o)
)J\/j:/§ (3 mol%) m p-TosOH L;'Eé
o DMF, rt O OH Ph-H O
20 h
100%
ch- — — ¢

Hajos-Parrish (1974) List-Houk (2000)

Eder, U.; Sauer, G.; Wiechert, R. Angew. Chem., Int. Ed. Engl. 1971, 10, 496.

Hajos, Z. G.;Parrish, D. R. J. Org. Chem. 1974, 39, 1615.



Some major contributions to organocatalysis -1990’s

Shi Epoxidation 05(

Y. Shi et. al. J. Am Chem. Soc., 1997, 119(46), 11224-11235.

Kinetic Resolution of Alcohols (Miller)

OH OAc ())\H r‘S:Me
]

HO,  NHAc Me AcO  NHAc Me N

_HN
O 0.05 equiv Catalyst <:§ O BOCHNSo---""NMe
, - + ~
1 equiv Ac,O N
XY, o e W, e &)
CHClg, 0 °C N
1 equw (+)-3 2-Ac 3-Ac =0
1 equiv Me

S. Miller et. al. J. Am. Chem. Soc. 1998, 120, 1629-1630.



Revival — Barbas, List, Lerner, MacMillan

O—CO‘QH

O + O OH

! o /U\ . H 30 mol%
VY s r DMSO
, | 20 vol% NO; (R)-1 NO,
kS _4 68% (76% ee)

List, B.; Lerner, R. A.; Barbas, C. F., Ill J. Am. Chem. Soc. 2000, 122, 2395

0 ,Me
e
N
PR " .Hgl'e
/\\//\_ @ 10 mol% Cat b + h
Ph MeOH—H,0O, - Ph - CHO
53 °oC - CHO Ph

MacMillan et. al. J. Am. Chem. Soc., 2000, 122 (17), pp 4243-4244



Publications on organocatalysis 1968-2007
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Publications on organocatalysis

100 A

0

1968 1972 1976 1980 1984 1988 1992 1996 2000 2004
Year
1998-2008: at least 1,500 manuscripts using organocat. in >130 discrete
reaction types!
Q.) Why was this field “overlooked”?
- Individual reactions not placed within a larger fied
- Given a name- organocatalysis that people can grasp (ex. Diversity Oriented Synthesis)



General Modes of Activation in Organocatalysis

Substrate Catalyst Activation mode Mumber Examples of new References
of nezw reaction variants
reactions
Enamine catalysis
HOMO activation 25 = Aldehyde-aldehypde First application: 1571, ref. 3
o Yy crossalcol coupling First use as a generic mode of
B Y r ™, = Intramodecul ar P
) actwation: 2000, ref 13
7 HA':U?—I" q.w_-?:_.;,r-l S a-alloplation
* X EHbl = Mannich reaction
K=Y o = Michael reaction
= a-Amination
R = any erganic chainos . ﬂ.-c'!.jg‘géﬂat-?}f'l
ring system " a-Ha D:gEﬂat{l'"l
K=CMOS = a-Sulpherylation
¥ = generic organic 21om
£ =alkyl.H
Hydrogen-bonding catalysis
LUMO activation 30 » Strecker reaction Firsi application: 1996-195%5,
i by B i_ Py oy MR i Q :EEST;;ﬁ'{Ztm refs 9-11
M . M A DRI L eIy ' First use as 3 generic mode of
R" R 4 .
TAYNWY YN “Biginellireaction  ctvation 2002, ref 17
=0, MR o M O H._.H N » Pictet-Spengler reaction
» ol & AR » Reduct inats
R, R= = alkyl, aryl I Reduwctive aminakion
A : =4
Mt —"
Iminium catalysis
LUMO activation 50 » Comjugate Friedel- First application and firstuseas
a o . B 0 Craftsreaction a generic mode of activakion:
BN oW » Ketone Diels-Alder 2000, ref 14
[ H PR Ph. A 45 reaction
Ft«J H s d sk *» eno-Sedactive Diels-
- Alder reaction
R = dleyl, anpl U » Mukaiyama-Michae
R™ s reaction

= Cormjugate ydride
reduction

» Conjugate amination

= Corjpugate axygenation

= Conjugate sulphenylation

= Cyclhopropanation

» Epoxcidation, aziridination




General Modes of Activation in Organocatalysis

SOMO catal ysis
SOMO0 activation 4 » oAl lylatian Forst application and Frstuse as
o o B o ] » a-Enmalation a gener c mode of activation
P e T » a-Vinylaticn 2007, ref. 25
H =: ) % —-
| ) = a-Heteroamylaton
3 H—wﬂhr-ﬁl.l H—wr.il-&r-ﬂu
H :
:'_Elifl' =’ u{u:_u-/J
4
Cownterion catalysis
LUMO activation 2 » Acyl-Pictet-Spengler First application and Frstuseas
o | tBu g e | FBu g ] neaction _ -2 ge_'lw' -:I:-:-:Je of activation
::;',)L " '\U/ . » Deocarbenivmaddton 2007, el 28
3 4 M7 N : reacti
N %-EAH Hol iy . sk
i Pl o H'C:I_'H .—"H"'H.
—_ .=:' _? " ::!I -_~::.::.-r
=0 MR . 5°H - it S 1
AR E=z yl, ary “lu :"\-__‘_ :*If; 5

In ORI ac tivation, the enengy of the highe<s-oonspied molecular orbizal (HOMO ) is ncreased. InUURACG activation, the energy of the kowest-unoonspied molecular orbita (LUAWOT i decr ezeed [n SO0 activation,

zn glectronis locatedin a singhy oooupied molecular orbital (SOMO) io generale ahighly re active species that can participaie in many reacion types. N nudeophie Fh, phenyl

List classification: Lewis Acid, Lewis Base, Bronsted Acid, Bronsted Base



Intramolecular Enamine catalysis — Enol-Endo and Enol-Exo

Proposed Mechanistic Models for the H-P-E-S-W Reaction:

{\bQ% %O‘«

0 . .
"! + >
O’ Ly ot M A i Bifunctional
H
WCO,
CDZ D Crystal Suface
A B c
Haios Model Agami Model Swaminathan Model  Houk Mode!
(S)-Proline OH
o~ " :
CH,Cl, 1t List et. al. Angew. Chem., Int. Ed. 2003, 42, 2785
95%
99% ee
d.r. = 10:1
(S)-Proline CHO CO,Me
CHOH CHO  (20mol%) Boch\/LRoH MeN%Q/OBZ
PhMe, 25 °C —
24h 91%, 1:1 ax/eq (+)-cocaine

86% ee
Mans, D. M.; Pearson, W. H. Org. Lett. 2004, 6, 3305.

Q) Why proline? vs Homo-Proline? (Stork)



Intermolecular Aldol reactions - Mechanism

RCHO

Initiallv nronnsed TS



Intermolecular Aldol reactions - Mechanism

) o (S)-Proline 0O OH
30 mol %
P J R .
H R DMSO
(R = i-Pr) (R =i-Pr)
(R = Fh) (R =Ph)
O e
0 "H;II:"" © 0 'Hh!éo © \ -H O | -H© °
- I o o)
R H™ R JH JR
i T L R
O OH o OH O OH o OH
ﬂ:;/LR Ii‘i;/\R ib/LR é]/\R
R=i-Pr 98.5% (>99%) <1% (<1%) <1% (<1%) 1.5% (<1%)
R=Ph  46.5% (54.5%) 44% (44.5%) 6% (0.1%) 3.5% (0.8%)

Experiment (DFT Calculation)

Bahmanyar, S.; Houk, K. N.; Martin, H. J.; List, B. J. Am. Chem.Soc. 2003, 125, 2475.



Intermolecular Aldol reactions: Ketone-Aldehyde Coupling

(S)-Proline
o 0 (20-30 mol%) O OH
)J\ i J\ DMSO. rt )J\/LR List et. al. J. Am. Chem. Soc. 2000, 122, 2395.
H R ’ List, B et. al.. J. Am. Chem. Soc. 2002, 5656

54-97% yield  List, B. Synlett 2001, 1675
60-96% ee

» competes with self-aldolization of aldehyde, unless substituted or non-enolizable

aldehydes are used Q) How may this be avoided?

- Use excess of ketone or slow addition of aldehyde acceptor

L . ©
Optimization of “Proline” catalyst CF5CO;

S
(S)-Proline <N on N Q

O H
30 mol % O
H 60%, 88% ee
DMSO rt 60%, 86% ee
NO,

68%, 76% ee O
0 Ph W
[ )\\\ph
N ‘
N M on

66%, 93% ee 99%, 95% ee

O

N

IZO

\Water has a beneficial effect



Intermolecular Aldol reactions —Some Applications

“Asymmetric Dihydroxylation” of (Z) olefins

(S)-Proline
o o (20-30 mol%) j\/?\H
+
)H H)LR DMSO, rt 7 R
OH

38-95% yield
67->99% ee

S _ Notz, W.; List, B. J. Am. Chem. Soc. 2000, 122, 7386.
Dynamic Kinetic Resolution

N~N
— (AN _
0 O N N O OH
| 0, ,O H o, ,O0
Dm0
+ > H
S s wet DMSO, rt s~ S
75%, >98% ee
[\
. OH o, 0
serricornin

D. E. Ward , V. Jheengut, G. E. Beye, J. Org. Chem. 2006, 71 , 8989 -8992



Intermolecular Aldol reactions: Aldehyde-Aldehyde Coupling

0O (S)-Proline 0 OH
Q (10 mol %)
HJ\ N -~ HJ\;)\R2
R H R DMF, 4 °C R
(11 - 26 h)
O OH w O OH O OH
HJ\;/!\/ HY HT HO
Me Me Me Me
80% 88 % 87 % 81%

4:1dr, 99% ee 3:1dr, 97% ee 14:1 dr, 99% ee 3:1 dr, 99% ee

0O OQOH OH QH
Me Bu Bn

82% 80% 75%
24:1 dr, >99% ee 24:1dr, 98% ee 19:1dr, 91% ee

Northrup, A. B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2002, 124,6798.



Intermolecular Aldol reactions: Ketone-Imine Coupling (Mannich)

Direct and Indirect Mannich Reactions

1
o) (0] direct MeQ O)H:
+ + 3 I .

A L-C
: : O NHR? ~ J\E,
] I I H
b y R1J\/'\R2 H T
X . NR3 indirect L R J
R'l& HJJ\RZ
p;e':gglgd prgfo_rmed
equivalent imine
NH2 (S)-Proline
0 (30 mol %) un PP
Je L - 3
H™ 'R DMSO R
OMe
.PMP
0 HN’PMP 0 HN,PMP 0 Hl;l o HN"PMP
OCH, OCH; N
0.1 MPa, 23 °C, 0.1 MPa, 23 °C, 0.1 MPa, 23 °C, 0.1 MPa, 23 °C,
96 h, 0% 96 h, 0% 24 h, 0% 40 h, 23%, 4% ee
200 MPa, -20 °C, 200 MPa, -20 °C, 200 MPa, -20 °C, 200 MPa, -20 °C,
96 h, 99%, 94% ee 96 h, 85%, 95% ee 24 h, 82%, 92% ee 40 h, 90%, 84% ee



Intermolecular Mannich Reactions: Ketone-Imine Coupling

Ho
Catalyst 177 or 1
j\ (5 mol %) MPMP
DMSO, -20 °C ~R

TBSO,
Q*CDEH Q‘C{:@H
H
177 1
,PMP
N~ PMP N~ PMP
OMe

With 177: 24 h, 62%, 93% ee 20 h, 55%, 90% ee 20 h, 48%, 98% ee
With 1: 24 h, <5%,n.dee 20h,<5%,ndee 20h, <5%, n.d ee

With electron-rich aldehydes, proline is generally inefficient for the direct cat.
asymmetric Mannich reaction
- trans-4-siloxyproline is superior



Intermolecular Mannich reactions: syn-1,2-Amino Alcohols

“Asymmetric Aminohydroxylation”

(5)- F’mllne
Shmasy _ § e
- R

DMSO, rt, 3-24 h 5H
10vol% 1 equiv 1.1 equiv
QO NHPMP O  NHPMP
OH .
NDQ DH
92%, 83%

201 dr, >99% ee 9:1 dr, 93% ee

Q  NHPMP wp
m {_]H

OMe

889% 57%
3:1dr,61% ee 17:1 dr, 65% ee

- Aliphatic branched aldehydes give lower yields and selectivities



Other Enamine Reactions — Asymmetric Oxidations

Oxygenation
o) (S)-Proline
5 mol % O
- //N\ - O
R o Ph g R " "NHPh
R, CHCI3 R
4°C 2
60-95%
) ) >97% ee
Amination
0 o
(S)-Proline O COR
R N R CO R 9 IMOI 7o N
oL T ROCTINTT? - R " "NHCO,R
2 ACN, R,
rt
o 67-92%
Chlorination 79-99% ee
o 7/
b
o) Bn N)T o)
O Cl H cl
Cl (5 mol %) Ry O\
R; + Cl !
R 2
2 Cl Cl Acetone
Cl -30°C 71-94%
80-95% ee
HOZCYNHZ § o)
Rl .Rl Rl



Summary 22

» Organocatalysis represents a powerful and diverse field

* However, remains an open field (“tip of the iceberg)”

» Complementary to metal-catalysis

* Huge potential from economical/environmental perspective

Drawbacks/ Future Work

* Need effifient, general an asymmetric synthesis of syn-aldol adducts
* Yields are variable (cross aldol)
 Catalysts are not entirely general
 Catalysts have become more complex than simple (S)-Pro
* Reactions sometimes need additional tayloring after
the organocatalytic process
» Turnover numbers may be improved



