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Reaction Profiles - Volume
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Thermodynamics: Pressure Effects on Equilibria

oln K AV Derive this equation given:
— G=H-TS
oP ), RT LU Py
AV = volume of reaction dU = TdS - PdV

AV can be measured two ways — measuring individual partial molar
volumes or by determining how pressure affects the equilibrium constant




Kinetics: Pressure Effects on Rate

Oolnk
oP ).

TS’s with negative AV*

AV
RT

TS’s with positive AV*

«dissociative
*bond cleavage
«dispersion of charge

eassociative
*bond formation
sconcentration of charge

*ionization *neutralization
«diffusion control
Estimated Contribution
Process to AV* (cm®/mol)

Homolytic bond cleavage +10
Homolytic association -10
lonization -20
Neutralization +20 solvent
Charge Concentration -5 [ dependent
Charge Dispersal +5
Steric hindrance (-)

Diffusion control >+20

"High Pressure Chemistry" 2002 p. 45.

If AV* < 0, reaction is accelerated
If AV* > 0, reaction is retarded

Table 7.1 Typical values for the volumes of activation®

Reaction AV? (em* mol™!
Homolysis +5to +20
Radical polymerization {(propagation) ca. —20
Cycloadditions
Diels-Alder —-30to —-50
catalysed —-25to0 —-35
intramolecular ~—25to -30
dipolar —40 to —50
(2+2) —40 to 55
H, transfer —-25
Neutral Sy2 smali
Solvolysis of RX ~15to —25
Quaternization of RX —30 to —50°
Ester hydrolysis
basic -10to —-15
acidic >—10
Epoxide-ring opening -15t0 —20
Hydration of alkenes ca. —-20
Aldol reactions —10 to —30?

Baylis-Hillman reactions <—50
SpAr reactions {ionogenic) —30to —40
Wittig reactions ~20 to —30

“Many reported volumes of activation appear to show a considerable dependence on
the structure, on the solvent, and on other conditions.

“‘High Pressure Techniques...” 1997 p. 308.



How Much Pressure is Enough?
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Fig. 7.1 {(a) The kinetic response to pressure predicted from eqn (7.1.3) of reactions with
the following volumes of activation: curve 7, 10 em® mol™'; curve 2, —10 cm® mol}%
curve 3, —20 cm® mol™"; and curve 4, —50 cm® mol™'. (b) A schematic curve giving:
(- ---) the linear response, and (—) a more realistic {(nonlinear) response, curve 5, for
AV = -35cm® mol™".

5-20 kbar
l—
atomspheric deepest center of center of
pressure ocean depths the moon the earth

Pressure (bar) 1 100 104 108 108

For AV* = -35 cm3/mol (if linear)
Pressure (Relative Rate)

1 bar (1)
10 bar (1.01)
100 bar (1.15)
1 kbar (4.26)
10 kbar (1,980,000)

5-20 kbar normally used
for organic synthesis
tire = 2-3 bar

hydrogenators = 28 bar
Ar tank = 210 bar

center of
center of white dwarf
the sun stars

1070 10" 10™ 107

“High Pressure Techniques...” 1997 pp. 309-310.

K. Matsumoto, A. Sera, T. Uchida Synthesis 1985, 1.



Reactor Design

A: Thermostatted bath
B: High pressure vessel
C: Hand pump

D: Oil reservoir

E: Valve

F: Intensifier

G: Bourdon gauge

Tefion ampoule

Sealing
{O-ring)

Reaction vessels (compressible)

le Noble-type
apparatus

Sealing
{0-ring)

————2 Bellows

)
H

_fl

A: Upper hydraulic press
B: Lower hydraulic press
C: Spacer

D: Upper lid

E: Sample container

= e et ——
u v

Enlarged View of Apparatus

F: Sample

G: Piston

H: Lower lLid

I: Induction heater

Direct piston-cylinder equipment

K. Matsumoto Synthesis 1985, 1.



Safety Considerations

Compression of a fluid like water or hydraulic oil to 3-4 kbar causes
compression of 10% (25% at 10 kbar)

Stored energy is about 0.5 kJ mol-! kbar-
*A gas (He) stores about 2000 kJ mol-' kbar-

Leakage of a small portion of liquid would relieve pressure while
leakage of a huge amount of gas would be required

*Some risk of injury from pin-
hole jets of pressurized oil (can
penetrate human body) or valve
stems blowing out of valves

Overall, high pressure liquids are much less hazardous than high pressure gases

“High-Pressure Techniques...” 1997, p. 325.



Effects of High Pressure on Solvent

*melting points increase ~15-20 °C per 1 kbar
*solubility of gases in liquids is increased, solids ?7?

eviscosity of liquid increases ~ 2X per 1 kbar
(diffusion-controlled steps)

scompressibility of liquids is 4-18% at 1 kbar (rapidly
approaching an upper limit at higher pressure)

For more details, see:

G. Jenner “Role of the Medium in High
Pressure Organic Reactions. A
Review” Mini-Reviews in Organic
Chemistry, 2004, 1, 9-26.

Table 7.2 The freezing pressures’ of some organic

solvents at 25°C

Solvent

Cyclohexane
p-Xylene

Acetic acid
Benzene
Nitrobenzene
N,N-dimethylaniline
Carbon tetrachioride
Dioxan

o-Xylene

Decane

Mesitylene
Chlorobenzene
Octane

Chioroform
Heptane

Diethy! ether
Dichloromethane
1-Butanol
Methylcyclohexane
Ethanol

Methano!

ps (kbar)

0.355
0.36
0.39
0.72
0.84
0.93
1.462
1.2
2.28
3.0
3.5
455
5.3
5.5
1.1
ca. 11
>20
1.7
13.8
30
50

“High Pressure Techniques...” 1997 p. 315.



Pressure for Mild Reaction Conditions 1

O
H3C 2_002Me
-
A, pressure, 20 °C
H:C co,Me 85%
+ isomer
| X NC—— CN>
7 1.1 GPa, 53 °C

H;C

CN

NC

‘f
7

=

CH,
:_(302Me
heat, -COz H-.C
70% ’ CO>Me
/ 2
_ o -
7’| #
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125 °C T CN

High pressure can allow for isolation of intermediates that would not be
stable under conditions necessary for reaction at ambient pressure

“High Pressure Chemistry” 2002, p. 243.



Pressure for Mild Reaction Conditions 2

Tandem [4+2]/[3+2] Cycloadditions of Nitroalkenes

7 L0 ez ROSONOT e RO\QO)NV
H |

Lewis acid, high temp, or excess of reagents/long rxn time needed.
If Lewis acid, decomplexation needed before [3+2].

EtO N N N COzMe [4+2] N»O
| ||/ - CO,Me
= [3+2]
Ph Ph
1 bar, 30 equiv. EVE, 37 equiv. MA, 20 days, 43% [4+2] — complete endo selectivity,
15 kbar, 4 equiv. EVE and MA, 1 h, 62% [3+2] — 2.6:1 ratio of diastereomers.

See “High Pressure Chemistry” 2002 pp. 284-304 (Chapter 9) for additional examples.

High pressure significantly extends the synthetic utility of the uncatalyzed reaction.

R. M. Uittenbogaard, J.-P. G. Seerden, H. W. Sheeren Tetrahedron 1997, 53, 11929.



Riddle Me This...

S N CH,Cl,
+ Ovo 15 kbar, rt
— >
NO, 16 h, 83%
| ( j N

1:1:1:1

Predict the outcome of this reaction.




Domino [4+2]/[4+2]/[3+2] Under High Pressure

NO
\+ Ph 15 kbar rt
16 h, 83%
1 10

14a/14b : 0.685/0.35 -Four-componerlmt. reaction
Complete selectivity for one
electronic outcome

0
Ha ) MER T Meo N9 cnyel
+ [ Npn+ | S
A Ph 15 kbar, rt
{ 42h, 84%
110 2 13aM3b:0.7/0.3

Pentacyclic product formed
in one step from readily
available starting materials

13a (+/-) 13b (+/-)
L. W. A. van Berkom, G. J. T. Kuster, F. Kalmoua, R. de Gelder, H. W. Scheeren Tetrahedron Lett. 2003, 44, 5091.



Volume of Activation in More Detail

AV* is a reflection of all volume changes that occur during progression from
ground state to transition state and within the transition state.

There are two main volume effects: molecular reorganization (AVg*) and
interactions of the reactants and activated complex with the medium (AV_*)

AV* = AV* + AV._*

AV¢* - change in intrinsic volume of reacting molecules (van der Waals spheres
and voids around them)

AV _* - electrostriction — In a heterolytic bond dissociation, attractive interactions
between the generated ion and solvent molecules lead to a contraction of volume
that is much bigger than the expansion of volume resulting from the dissociation.

For a ionogenic reaction, how does solvent polarity affect AV*?

“High Pressure Chemistry” 2002, p. 44.
G. Jenner J. Phys. Org. Chem. 1999, 12, 619.



Relationship Between AV and Ring Size

*AV decreases as ring size
increases from 3 to 10

*van der Waals volume of
reaction stays about the
same

.change is from different
packing of cyclic/open chain
forms

*doesn’t track with other
-988 -188 —428 thermodynamic parameters

Probably due to restriction of rotational
degrees of freedom — the larger the
ring, the more degrees of freedom are
restricted upon cyclization — synthetic
uses?

“High Pressure Chemistry” 2002, p. 82.
M. K. Diedrich, F.-G. Klarner, J. Am. Chem. Soc. 1998, 120, 6212.

AVg® AVR  AHP  4S¢ AGP
A~ — A 17 55 786 70 995
A~ — —25 66 643 -103 950
AN — O —38 -147 -—1346 -131 956
AN~ O 44 —165 -1947 =210 -1321
NN O —47 -212 -1341 =196 757
NN —_— o —4.9 =256
AN \//\:> —47 309
AN ::O —46 -323
P T S —— & —4.7 -328
ANANNANANAN |<::> —47  -323




High Pressure as a Tool for Delineating Mechanism

Volume H:C 7 H5C
+ | — | Lco,Me
X CO,Me

ground state
——— T AT i

§ AV = -36.9 cm? mol-
: AV* AVR AV* = -31.5 cm3 mol!
; 3 Values are close so TS structure
: - resembles that of the product.
1 transition statp I | .

final St%lte 6=AV*/ AV, =0.85

X

However, only AV * can be used for transition state location! AV _*
(electrostriction) and other effects (steric, solvophobic) must not be present.

G. Jenner J. Phys. Org. Chem. 2002, 15, 1.



Mechanism: Solvent Effects and 6

Diene® Dienophile Solvent effect 6°
Isoprene Methyl acrylate Weak 0.85

Isoprene Acrylonitrile Weak 0.96

Isoprene Methyl vinyl ketone Moderate 1.02

DMB n-Butyl acrylate Weak 0.89

MOB Maleic anhydride Fairly strong 0.99 (in MeCN)
MOB Maleic anhydride Fairly strong 1.66 (in CH,Cl,)

* DMB = 2,3-dimethyl-1,3-butadiene; MOB = 1-methoxy-1,3-butadiene.
® g Values (§ = AV*/AV) are standardized to 20-25°C.

If solvent effect is weak, AV _* ~ 0, AV* ~ AV_.* and 6 can locate TS.
If 8is ~ 1 in these cases, reactions are concerted processes.

If solvent effect is strong, AV * < 0 (electrostriction), AV* = AV.* + AV_*and 6
can be >1 (AV, won't contribute to AV since product is not charged).
The presence of a solvent effect indicates a polar TS — less concertedness.

( + < S U\ . Dimerization of 1,3-Butadiene
x
1

e (no solvent effect)

2 What can be concluded from the 6

Table 8. Activation volumes in butadiene dimerization values observed for compounds 18& 2?

Formation of AV,s* (cm® mol™ ) O, Propose mechanisms and an additional
1 _26.5 0.79 experiment to support your argument.
2 —14.4 0.59

G. Jenner J. Phys. Org. Chem. 2002, 15, 1.



1,3-Butadiene Dimerization: Answer

F.-G. Klarner, B. Krawczyk, V. Ruster, U.K. Deiters J. Am. Chem. Soc. 1994, 116, 7646.



Mechanism: The Sign of AV*

@) -OH @)
Base-catalyzed hydrolysis of esters: R—< —_— R—/< + OR
DNP = 2,4-dinitropheny OR H,0 OH

o HO
o o
O NO, ODNP ODNP

ODNP

AV* = -20 cm3/mol AV* = -19 cm3/mol AV* = +16 cm®/mol AV* = -15 cm3/mol

Explain these results with a mechanistic proposal.

N. S. Isaacs, T. Najem J. Chem. Soc., Chem. Commun., 1984, 1361.
G. Jenner J. Phys. Org. Chem. 2002, 15, 1.



Influence of High Pressure on Selectivity

*Thermodynamic control
*Favorable difference of the reaction volume of the products
*Kinetic control (nearly all the examples to date)

*Formation of isomers via different mechanisms: e.g. concerted vs. radical or ionic
cyclization (pressure effect)

*Favorable difference of activation volumes of the reactions leading to the isomers by
the same mechanism (pressure effect) (AAV*)

*Favorable difference of enthalpy of the reactions leading to the isomers. Improvement
of selectivity by performing the reaction at lower temperature (temperature effect,
enabled by pressure)

10 kbar
p(MPa) 1kbar 5 kbar 1 GPa
0.1 100 500 1000
44V*
Synthetically useful fem?® mol™") c1/¢2 ¢1/¢62 ¢1/¢2 ¢1/c2
AAV* ~ 3 cm3 mol-
1 1.00 1.04 1.22 1.50
5 1.00 1.22 2.74 7.52
10 1.00 1.50 7.52 56.6

“High Pressure Chemistry” 2002, pp. 244-245.



Selectivity: Mukaiyama Type Aldol

? O OH O OH
. P ~
©/OS|Me3 N /©) ressure _ SAr ij('\Ar
H H
O,N
anti sSyn
Pressure (MPa) % syn
300 20 *Ar = p-NO,Ph
500 31 Low conversion at low P
800 67 Low yield for all
1000 76 Long reaction times (days)
1200 80

Proposed change in selectivity is due to switch from chair
(low P) to boat (high P) TS — boat must be more compact.

Y. Yamamoto, K. Maruyama J. Am. Chem. Soc. 1983, 105, 6963.



Selectivity: Mukaiyama Type Aldol w/ Dienolate

O
OTMS TMSO
ArCHO, CHCl,
Y /\GAOTMS high pressure Ar AN ' /fkoms
Ar- OTMS
4 vadduct 8 o adduct 9
Entry Ar Conditions YAdduct 8 : a Adduct 9 Yield %
1 Ph 17 kbar, 65° C, 3 days 25 75 68
2 Ph 12 kbar, 65° C, 3 days 35 65 51
3 Ph 5 kbar, 65° C, 6 days 83 17 57
4 Ph 2 kbar, 65° C, 3 days 88 12 4]

TS leading to y-adduct 8 is less compact than TS leading to a-adduct 9

M. Bellassoued, E. Reboul, F. Dumas Tetrahedron Lett. 1997, 38, 5631.



Selectivity, Mechanism: Cyclohepatriene Reactions

Table I. Pressure Effect on Product Distribution?

O

E = COQMG

p, MPa time, h % 4 % 5
0.1 8-48 68 32
100 6-20 73 27
200 15 78 22
400 1 82 18
400 5 90 10
400 16 a0 10
600 5.5 95 5
800 3 97 3
800 15 99 1
300 1 100 0

¢ At 80 °C, in CH,Cl, solution.

AV,* = -33.8 mL/mol
AVg* = -28.8 mL/mol

Predicts 74:26 4:5 at 800 MPa

E
' E + E
/
/
4 E
5

Draw a mechanism for formation of both
compounds. Explain the pressure/time
effect on product distribution.

M. J. Goldstein, A. H. Gevertz Tetrahedron Lett. 1965, 4413.
G. Jenner, M. Papadopoulos J. Org. Chem. 1986, 51, 585.
“High Pressure Chemsitry” 2002, pp. 246-247.



Selectivity: Alpine-Borane Reduction of Ketones

E@ Pressure accelerates
é B B reaction

AND improves ee%
Table I. Reductions of Prochiral Ketones with Neat B-3-Pinanyl-9-borabicyclo[ 3.3.1 Jnonane

I
O H
©)\CH3 + Explain with a
mechanistic proposal.
at 6000 atm (92% ee (+ ya-Pinene)

reaction time, days %ee®
6000 6000 isolated abs
ketone atm®? 1 atm? atm (corrected?) 1 atm yvield config®
acetophenone 1 748 92 (100) 7848 80 S
acetophenone 1 98.47 83 S
3-acetylpyridine 1.5% 2 92 (100) 90 67 S
2,2-dimethyl-5- 2.5h NR' 92 (100) i (R)/
(trimethylsilyl)-4-pentyn-3-one

3-methyl-2-butanone 1 14428 83 (90) 5748 47 S
«-tetralone 3 29 82 (89) 52 43 S
cyclopropyl methyl ketone 5.5 NR!? 69 (75) i 65 (S)y
trans-4-phenyl-3-buten-2-one <1 3 65 (71) 58 S
2-octanone <1 748 58 (63) 4442 63 S

@ Reaction carried to >97% completion. 2 Reaction typically carried to 60 75% completion except as noted in ref 4a.
¢ %ee determined by proton chiral shift study at 200 MHz with Eu(hfe),. ¢ Corrected for 92% ee (+ )« -pinene. ¢ Deter-
mined by sign of rotation. 7 98.5% ee (+)«-pinene was used. ¢ 1.0 mL of THF added per 10.0 mmol of borane. " Reac-
tion was 83% complete. ! Reaction at 1 atm too slow to be useful. ’ Configuration based on proposed mechanism.

M. Midland, J. |. McLoughlin J. Org. Chem. 1984, 49, p. 1316.



Selectivity: Alpine Borane Reduction- Explanation

M. Midland, J. |. McLoughlin J. Org. Chem. 1984, 49, p. 1316.



Selectivity: [4+2] Cycloaddition of Sulfinimines

p-Tol

endo-attack 7
anti to p-Tol oo~

4 OtBu
i 1 Ph
endo-attack 5 '\
syn to p-Tol p-To! N _ CN
/
S._©
® \o
Ph
p-Tol &—CN
exo-attack < Ngi
anti to p-Tol O
g ® o
'L
iBuO—'/
BuO—~~';
i i Ph
exo-attack P
syn to p-Tol p-Tol N _J>—CN
7/
S._©
@ \0

Ph
A3 CN
L1

Bud”e N7 2
@l

S.
p-Tol¥ Og
endol

Ph

41 3 _CN
5
| 2
tBuQ” e N1
@ i
fs“o
p-Tol ©
endoll

Ph

41 3 _CN
5
@
BuO" 6 N §
®s
p-Tol” "Og
exo |
42 3 _CN
T
Bu0"s N 2
@'S‘
p-Tol” Og
exoll

p (GPa) Yield (%) Ratio of diastereomers
endo l:endo li:exo 1:exo lI
1.1 99 2.77:1.00:0.54:0.31
0.9 87 2.45:1.00:0.50:0.30
0.7 81 2.13:1.00:0.52:0.35
0.5 44 2.21:1.00:0.55:0.37
0.4 24 2.01:1.00:0.52:0.52
0.3 11 2.01:1.00:0.55:0.35
0.2 262 1.75:1.00:0.50:0.36
1.10~* 4 1.46:1.00:0.50:0.43

2 days except 24 days

AAV* (endo | — exo 1) = -2.0 cm3 mol-
AAV* (endo | — endo 1) = -1.8 cm3 mol-

Pressure has a significant effect on
yield. Also, a measureable AAV is
observed, but actual influence on

selectivity is low.

L. F. Tietze, A Schuffenhauer Eur. J. Org. Chem. 1998, 1629.
“High Pressure Chemistry” 2002, pp. 270-271.



Selectivity: Michael Addition
Ba’ Reagents Reaction conditions Yields (%)~
Ester 3 Amine Solvent t/d 4 5
I Me BnNH, MeOH reflux, P atm 11 345
Br COOMe Me BnNH, MeOH RT, P atm 60 85°
S Me Me BnNH. MeOH RT. 11 kbar 4 834
® The yield of amide 6 is 18%. © Diastereomeric ratio 4a:4b=1.7:1.
s 4 Diastereomeric ratio 4a:4b=10:1.
McOH
KT e " : :
o 11 days Addition to a B,B-disubstituted (also tetra-

or HF)
Buf

MeOOC, H A
—X—
\—1’" BoNH” “~COOMe
5 Me

+
B'll'
_COOMe
H
db
BnNH CONHBn
6

substituted double bond) a,3-unsaturated
ester is facile under high pressure.

Selectivity increase?

Either a AAV* effect — one TS more
compact, or perhaps the amine addition
becomes irreversible under pressure,
placing the reaction under kinetic control
under these conditions.

A. Y. Rulev, J. Maddaluno, G. Pl¢g, J.-C. Plaquevent, L. Duhamel
J. Chem. Soc., Perkin Trans. 1 1998, 1397.



Selectivity: Bayliss-Hillman Reaction

@
. . DABCO OH O
+ - )
|HJ\O\ ‘ Ph o'

1 bar, 17 °C, 48 days, 93%, 22 %de
7.5 kbar, 30 °C, 21 h, 42%, 100 %de

(1 OBn
0
OBn
0 15 mol% OH O
o =
WU\CH3 THF, 30 °C Ph/\’H‘\CHs

1 bar, 21 days, 66%, 12 %ee
5 kbar, 12 h, 45%, 47 %ee

Bayliss-Hillman Reaction shows a very large pressure effect on reaction time and selectivity.

A. Gilbert, T. W. Heitage, N. S. Isaacs Tetrahedron: Asymmetry 1991, 2, 969.
T. Oishi, H. Oguri, M. Hirama Tetrahedron: Asymmeltry 1995, 6, 1241.



Pressure and Steric Interactions
0
O
Y
OH DCC, DMAP (:)J\/\COZAIIyI
Me - CHzngz: ;45hGPa Ve : -
TBDPSO Me 83% TBDPSO Me

T. Shimizu, T. Masuda, K. Hiramoto, T. Nakata Org. Lett. 2000, 2, 2153.

Aryl Halide Acrylate AV*

Pd(OAC)z, PPh3 Yi H, X i | R i Me -5

X NEt,, MeCN x_CO,R Y=H X=1| R = Et -7

/©/ + /\COZR > /©/\/ Y=H,X=I R = {Bu -12
Y vy Y =NO,, X =1 R =Me -9
Y =NO,, X=0Tf R=Me -37

M. Buback, T. Perkovic, S. Redlich, A. de Meijere Eur. J. Org. Chem. 2003, 2375.

Increased steric crowding leads to a decrease in AV* (more negative value)
AV* = AV + AV _* + AV *



Mechanistic Complexity: The Heck Reaction

l ®
PP D

AcO” \J"PPhy
4

HNE,*

Pd'(OAC); + 2 PPhy

+ PPhal- 0=PPh;®

Mechanistic Steps:

A. ligand association

B. intramolecular reduction
C. oxidative addition

D. dissociation of X

E. coordination

F. syn addition

G. internal rotation

H. syn elimination

|. decomplexation

J. reductive elimination

RIX
NEts Pd’(PPhy);(OAC)" 1 Predict how each step is
@ 8 © affected by high pressure.
H1 HPd“(OAC)(PPhs)g R! Pd"X(OAc)(PPh 3)2_
W ® @e MX' (+, -, or 0)
H OAc H‘Pd"(OAc)(PPha)z Step | AV* Reason
7
1 Pd“(PPha)z /\R‘! A
h el " [
10 R! OAc 5
® Pd"(PPha)a E
N F
d"(OAc)(PPhs)z / _\:iz 5
R R Pd"(OAC)(PPhs), L
9 \_< j

M. Buback, T. Perkovic, S. Redlich, A. de Meijere Eur. J. Org. Chem. 2003, 2375.



Relationship Between AV and Reactions in H,0O

OSiMe3

O OH
7~ Ph
+ PhCHO ——> ij/l—lk *
syn

RT, 1 bar, CH,CI, or CH,;CN, no TiCl, — No Reaction after 15 days!

O OH

anti

entry 1:2 solvent? temp, °C time conditions yields,® % syn:anti® ref

1 1:1 CH,C), 20 2h TiCl, 82 25:76 1
2 1:1 CH,Cl, 60 9 days* 10 kbars 90 76:26 2
3 1:2 A 20 5 days STe 45 (43) 74:26
4 1:2 H0 20 5 days ST 23 85:18
5 1:2 A 65 2 days Uss 68 79:27
6 1:6 A 86 2 days Us 61 72:28
7 1:12 A 20 5 days ST 40 67:33
8 21 A 20 6 days ST 37 78:22
9 2:1 A 60 2 days ST 47 73:27

10 21 A 66 2 days us 72 74:26

¢ All reactions in this work were carried out under atmospheric pressure at a concentration of 0.4 M of the limiting component. ®As
determined by NMR spectroscopy (CDCl,, 90 MHz) using the following signals of methylene protons: 8 4.83 (d, J = 9 Hz, 1 H, anti), 5.40
(d,J = 2.6 Hz, 1 H, syn). Compounds 3 and 4 have been found identical in every respect with those prepared under the TiCl,-catalyzed
aldol reaction.! °It may be significant that the time of reaction in water under an estimated 22 kbars (cohesive energy density of water) is
smaller, at least of the same order as that of the reaction conducted under 10 kbars. YA refers to a mixture of oxolane-water (1:1).
'Vigk:lr:us me;:i.c tl:.m' or violent shaking. /Isolated yield after silica gel chromatography (1:1 ether~hexane). #In a Bransonic 220,
50- cleaning

Reactions that have AV*<0 also seem to be accelerated in water.

A. Lubineau J. Org. Chem. 1986, 51, 2144,



Multicomponent Reactions in Water

FBu
OH \g/ ’l\“’ “+Bu . . .
NE_ t-Bu (Ugi reaction also examined)

Table 1. Passerini Reaction (eq 1) under Various Reaction

Conditions
time femp conversion yield rale

solvent )] ) (%) %) M2~ 18 fold increase in going
CH:Ch 18 25 50 45 0.01 from CH,Cl, to H,O
H20 335 25 100 95 0.18
2.5M aq LiCl 0.3 25 100 95 ND _ . _
1.0 M aq LiCl 0.8 25 100 95 2.86 High LiCl concentrations:
1.0 M aq glucose 08 25 100 95 ND reaction too fast to measure!
0.5Maq _glucose 2 25 100 9 1.29

Also MeOH (no reaction) and formamide (15% conversion, 24 h)

What is responsible for the acceleration?
Direct involvement of water in mechanism?
sprobably not, no reaction in MeOH, which should behave similarly
Dielectric constant?
*no, formamide has a higher dielectric constant than water (but lower cohesive energy density)
*Hydrophobic effect? (entropy-driven aggregation of two nonpolar molecules in water)
*maybe, scales with solvent-accessible surface area in the TS
*Cohesive energy density of water? (high energy needed to create a cavity in water)
*maybe, scales with the volume of the TS, so it’s difficult to distinguish w/ hydrophobic effects
Probably a combination of hydrophobic effects and cohesive energy density effects.

M. C. Pirrung, K. D. Sarma J. Am. Chem. Soc. 2004, 126, 444-445.



Sonochemistry for High Pressure Organic Reactions?

— =

*Ultrasound — acoustic waves w/
frequencies from 20 — 100 MHz

*Produces acoustic cavitation

«Cavitational collapse can produce
local “hot spots” with high temperatures
and pressures up to 1 kbar

*Some reactions with negative activation
volumes have been favorably affected by
ultrasound

«cycloadditions

*aldol reaction

*More information:

“Sonochemistry — The Use of Ultrasonic Waves in Synthetic
Organic Chemistry” C. Einhorn, J. Einhorn, J.-L. Luche
Synthesis 1989, 787-813.

“Comparitive Activation Modes in Organic Synthesis. The
Specific Role of High Pressure” G. Jenner
Tetrahedron 2002, 58, 5185-5202.

http://www.scs.uiuc.edu/suslick/ (Suslick group web pages)




Conclusions

*Reactions with AV* < 0 are accelerated under high pressure conditions

*Bond forming reactions, associative processes, and reactions with TS’s with
charge buildup generally show a AvV* <0

*Not much information has been reported on the effect of high pressure on
systems at equilibrium

*5-20 kbar is generally needed for a synthetically useful pressure effect

*High pressure can provide milder reaction conditions to allow for isolation of
sensitive intermediates

*High pressure studies can help to delineate mechanism
*High pressure can lead to changes in mechanism

*High pressure can have a beneficial influence on selectivity (but usually low
without a mechanism change)

*High pressure can accelerate sterically congested reactions

*Reactions with AV* < 0 are often accelerated in water at atmospheric pressure
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