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I. Basic Principles pd
IB. Kinetics & Thermodynamics of Organic Reactions
Boger Notes: p. 17 - 22 (Chapter Il)
Problem of the Day:
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Curtin-Hammett Principle oo
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If the rates of reaction are much slower than the
rate of interconversion, the Curtin-Hammett
principle states that the product distribution is
controlled by the difference in standard Gibbs
energies of the respective transition states.

More specifically:

Tajor
/ Rxn. Coord. miner

« If both conformers react at the same rate, the product distribution will be the same as the
ratio of conformers at the equilibrium state.

« If the major conformer B is the faster reacting conformer, the product Pg will form
predominantly, and the ratio will not reflect the equilibrium distribution.

« If the minor conformer A is the faster reacting conformer, the product ratio will depend on
all three variables k;, k,, and Keq, and the observed product distribution will not reflect the
equilibrium distribution.

+ Accordingly, the product formed can potentially derive from a conformer that you cannot
even observe in the equilibrium distribution of the precursor(s).
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Conformational Control of Reactivity p-
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What factors determine the product distribution?
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Basic Principles of Asymmetric Transformations | go°
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Federsel, H.-J. "Asymmetry on large scale: The roadmap to stereoselective
processes." Nature Rev. Drug Discovery 2005, 4, 685-697.

a (*Sterogenic center)

H, re-face
H H .
R, Me Racemic process Ra + Me
* - s &
R Me Hydrogen attacks R( T “Me
ith equal propensity
For example, rac- wi ) )
2,3-dimethylpentane {Lom ltj)gt?ras{des of siface H,
is generated as incoming € substrate
reactant does not show Prochiral olefin Ry#R;
facial discrimination For example, Ry=Et; Ry=Me

Asymmetric process;
Hydrogen attack

occurs preferentially from
one face of the planar
C-C double bond

H H
Rg“,"%* M" eMe

For example, (3S)-2,3-di-
methylpentane resulting
from top or re-face
approach of reactant
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Basic Principles of Asymmetric Transformations | go°
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Catalysis

e Catalysts increase reaction rate without themselves
being changed

e Can accelerate a reaction in both directions
e Do not affect the state of equilibrium of reaction
e simply allow equilibrium to be reached faster
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Free energy, G

Activation energy

e Molecules must be activated before they can undergo a
reaction

e Reactants must absorb enough energy from surroundings to
destabilize chemical bonds (energy of activation)

e Transition state
Intermediate stage in reaction where the reactant molecule
is strained or distorted but the reaction has not yet occurred

Transition state

AG?

e
Initial state

(reactants)

Final state

A——8 (products)

Free energy, G

Activation energy

e A catalyst lowers the energy of activation by:

Forcing molecules into conformations that favor the reaction

e |.e. the catalyst may re-orientate molecules

e Change in free energy is identical to uncatalyzed reaction: the
catalyst does not change the thermodynamic equilibrium!

/ Uncatalyzed reaction

|
AGHA—~B)

L |
AG*A—B)

Catalyzed
reaction
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Activation energy .
e Sometimes catalysts cause one large energy barrier to be
replaced by two smaller ones
e Reaction passes through intermediate stage
°
8 AGHA=A)
g |G —— AR N\
[
§ _____ AG}(A"~B)
Gg
Intermediate state
(A%)
(X X J
3
Energy and Time .

How do you correlate rate constants o activation barriers?

transition state

Arrhenius Equation P /
forward
k (rate constant) = A e(-E/RT) reactant
AGH
where A = "frequency factor”, and
e(E/RT) = activation energy
4
AG released

Eyring Absolute Rate Theory

product

k (rate constant) = [k, T/h]e(-A6"/RT) = [k, T/h]e(AS*/RT) g(-aH*/RT)
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Alkene Hydrogenation with Wilkinson’s Catalyst | se
Hz
> +
cat. RhCI(PPhs);
— COsMe CO,Me
COZMe H2 _ 964
cat. PtO, 49:26
000
. [ X X J
Mechanism oo
PPhg
Hiv o)
oxidative ~Ah~H
a ci” |
addition _ PPhg
-PPhg
[RhCI(PPhj3),] RhCI(PPhz)3
+PPhg
reductive
elimination '?Ph3 migratory
R CI"'Rh—H insertion
|
R'ir PPhg
H H
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Enantiomerically Enriched Phosphines | 3¢
PPh,
o H Ph\P*H —
> Kpphz \EPPhZ [ N~ PPhy
& _PPh . N
o SR N S ><o’J§o
DIOP DIPAMP
CHIRAPHOS BPPM
O Op g0
PPh, E ;
PPh, R PR
O - ol
BINAP DuPHOS BPE
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Asymmetric Hydrogenation ee
R2  CO.H Ru(OCOR)5 (binap) Rf :CozH
RS R o - RS R!
96-99% ee
'S
OO CO,H
MeO R' R2? R3 ee
97% ee (Naproxen) Me Me H 91
H Me 87
RsSIO | 1y I >N\J
=N o H Me Ph 85
NH 2 Ph H H 92
S H HOCH, Me 93
H CHg COOCH,CMe 95
74% de (Thienamycin)
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Asymmetric Hydrogenation

— + H >
R’ NHAc 2 Me-DuPHOS Rh R NHAc
90 psi, PhH
96-99% ee

Monsanto L-DOPA Process




Mechanism: Halpern, J. Science 1982, 217, 401-407.

Li, M.; Tang, D.; Luo, X.; Shen, W., "Mechanism of asymmetric hydrogenation of enamides with
[Rh(bisp*)]+ catalyst: Model DFT study." Int. J. Quant. Chem. 2005, 102, 53-63.

+ Ph
l( P\Rh’s ] " equilibrium

P~ s

minor %1
(o7

M N must be
eOZC H fast for high ee

ajor

diastereoisomers

Ph
%Y ‘l
O o)
oo >95°/0 !
MeO,C N/\ <5% /\ N~ "CO,Me
H H
rate limitng — M Hy very
fast | , step k, Slow
e00
T
o0
°
minor major
L, Ph 1 + diastereoisomers L.Ph oL 1+
n Rh 'Rh
1% >95% S \l
MeO,C~ N N <5% /\N CO,Me
H H
rate limitng —— Hy very
step k', Sslow

k2 > klz =>1 03 Lll,

O NS NH COZMe
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Free energy

Reaction coordinate

O NH >CO,Me

T
-
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Hydrogen Bonding (HB)
MeOH; THF; DME; TFE;
MeCO,H

(X X J
[ X X J
([ X ]
[ J
— /\ 1+ +
s m
H L/,'. |h"\L L S L
Ph—% =1
& \'H ~Rh &N
MeO,C O
¥ HN— 0l _N{ COzMe
Ky ee lower at high H, pressure - k's increased K'y
lower at
low temp - equilibration
decreased. Major
Pth o diast. accumulates o Ph
o f Lo
MeOC” N )LH CoMe
(R) >98% (S) <2%
[
[ J

Aprotic Highly Dipolar & Highly
Polarizable (AHDP)
HMPA; (CH,),SO,

Aprotic Highly Dipolar (AHD)
DMSO; H5CgNO,; DMF; NMP

Aprotic Dipolar (AD)
MeNO,; MeCN; Acetone; CH,Cl,

Hydrogen Bonding Strongly
Associated (HBSA)
H,0; HOCH,CH,OH; HCONH,

t

f

Protic | (HBD)

Dipolar Aprotic

(non-HBD) \Solvents

Miscellaneous (MISC)
CS,; CHCl3; HsCgNH,

Organic \ Apolar Aprotic
(non-HBD)

Electron Pair Donor (EPD)
NEts; Et,0; c-CgHy2

Aromatic Relatively Polar (ARP)
H5CgCl; HsC¢OMe; CCl,

Aromatic Apolar (ARA)
HeCe; HsCgMe; Cl,C=CHCI

Chastrette et al. JACS 1985, 107, 1

14



P. Wipf - Chem 2320 12 1/23/2006

. eoo0
Properties of HUPA @) oo
\\P _NM €5 : 4
- ~N
o® o MeoN~ "NMe,
Ky N
N
O,N o 80°C  on o®
Solvent |H,O [ MeOH | EtOH | CH,CI, | Et,0 MeCN DMSO HMPA
K (rel) 1 34 135 6,400 12,000 | 390,000 | 1,400,000 | 95,000,000
0°C Br ",
o Me,CuLi
BrNM
i o}
Et,O/HMPA
X
25°C P
Reichardt, C. “Solvents and Solvent Effects in Organic Chemistry; 3rd Ed., Wiley 2003.
. eoo0
Effect of Solvent on Enone Additions oo
°
+ Solvent and additives strongly effect the addition of lithio-1,3-dithiane to 2-
cyclohexen-1-one.
(0]
1. LDA, THF
S/\S 2. additive
3. cyclohexenone
-78°C,2h S
Li Li(HMPA)n
O ~—rLi *o
‘R ~_ . R
A. Contact lon Pair B. Separated lon Pair C. Separate lon Pair
Lithium assisted Li* catalysis No Li* catalysis
Et,0 experiments and/or THF experiments :
poorly-stabilized anions with stabilized anions HMPA experiments
Sikorski, W. H.; Reich, H. J. J. Am. Chem. Soc. 2001, 123, 6527.
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Alternatives to HVIPA 0 °os
N\ NM62 o0
+ Seebach, D. Chimia 1985, 39, 147: DMPU, DMEU. Me,N” \NMez °
i i
N
L /
+ DMPU and DMEU have similar effects as additives:
0 LDA, THF OLi OLi TBS-CI OTBS OTBS
P G G - ~Pom ¢
OEt -78 °C OEt ~ "OEt HMPA OEt ~ "OEt
"Z"-enolate "E"-enolate Z-silyl ketene E-silyl ketene
acetal acetal
6 :94
1. LDA, THF
23% HMPA

\)J\ -78 °C OTBS OTBS THF/15% DMPU: 37 : 63

P e—— _ + THF/30% DMPU: 67 : 31

OEt 2.TBS-CI OFEt %\OE‘ THF/45% DMPU: 93 : 7

85 : 15
Ireland, R. E.; Wipf, P.; Armstrong, J. D. J. Org. Chem. 1991, 56, 650.
[ X X ]
Alternatives to HMPA b
[ J

* Flowers et al. used a polymer-supported phosphoramide as a Lewis
base catalyst in aldol reaction: Flowers, R. A, II; Xu, X.; Timmons, C.; Li,
G. Eur. J. Org. Chem. 2004, 2988.

0
osicl n-R-NMe; OH O
8 H NMe,
(10 mol%) A
+ ArCHO r
CH,Cl,, -23 °C

64-85 %
syn:anti=1:1 ~10:1
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