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ABSTRACT

This thesis contains three chapters dealing with the
organic chemistry of sulfonyl and carbonyl compounds. The
first chapter describes the synthesis and rate studies of a
series of f-methoxy sulfones and their unsubstituted parent
compounds designed to test some basic ideas of the nature of
the electronic effects of substituents in saturated systems.
The substrates were designed to illustrate the effect of the
change of the H,-C,-Cy-0 dihedral angle on the rate of base-
promoted H-D exchange reaction. The presence of a (3-methoxy
group affected the H-D exchange rates by factors varying
from a few hundred to greater than ten thousands. This
study lezds to the conclusion that the effect of a -alkoxy
substitirent cannot be accounted for by the conventional
polar effect (i.e. inductive and field effects), but must
involve a kinetic anomeric effect.

The second chapter describes synthesis, hydrolysis, and
pk, determination of sulfonamides and suifonimides. Ethane-
1,2-disulfonimide has been synthesized for the first time.
More than twenty other sulfonamides and sulfonimides were
synthesized to examine the effect of ring strain and a
sterecelectronic effect in acidities and hydrolysis rates.
It has been found that the acidities of five-membered cyclic
sulfonimides are one to two orders of magnitude greater than
six-membered cyclic sulfonimides or acyclic sulfonimides.

It has also been found that ethane-1,2-disulfonimide
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hydrolyses 430 times faster than its six-membered analogue,
propane-1,3~-disulfonimide, and 320 times faster than its
open chain analogue, dimethanesulfonimide.

In the third chapter pH optimization in acyl transfer
has been described. The reaction of amines with Ac,0 in
water gave variable yields of the N-substituted acetamide.
From the pK,’s of the amines and k, and kyy for Ac,0, both
kpy and kgg may be readily evaluated by fitting the pH-yield
data to pH-yield or pH-product ratio profiles. The extent
of general base catalysis is evidently dependent on the
amount of steric hindrance and the pK, of the amine. The
reactions of PhCOCl with PhCH,NH, and piperidine in aqueous
solution show no sign of the general base assisted
hydrolysis. A general equation for obtaining the maximum

yield in competition with hydrolysis is presented and

verified with the benzoylation and acetylation reactions.




ACKNOWLEDGEMENT

I would like to thank my supervisor Professor J.F. King
for his guidance, constant encouragement, valuable advice,
and his endless patience with deep gratitude and respect
during the course of these studies.

I would also like to thank Professor N.C. Payne for his
doing the x-ray crystal structures.

My thanks are also extended to everyone in the
Chemistry Department for their co-operation and help
throughout the years of my studies.

I would like to thank the fellow graduate students in
Professor King'’s group, especially Dr. J. Lam, Dr. D.
Klassen, Mr. J. H. Li and Mr. M. Gill for their friendship
and assistance during my studies.

The members of my family, especially my wife, Yuzhu
Wang, my daughter, Kun Guo are deserve a special mention for

their understanding, support and encouragement.




TABLE OF CONTENTS

CERTIFTCATE OF EXAMINATION
ABSTRACT
ACKNOWLEDGEMENTS
TABLE OF CONTENTS
LIST OF TABLES
LIST OF FIGURES

CHAPTER 1 VARIATION OF THE RATE OF HYDROGEN-DEUTERIUM
EXCHANGE IN a-SULFONYL CARBANIONS WITH THE

ORIENTATION OF A §-ALKOXYL SUBSTITUENT.
ANOMERIC EFFECT AS A COMPONENT OF THE POLAR
EFFECT

-
N -

(.

B W

1.5

THE

INTRODUCTION ® @ 9 & % 0 0 % S 8B S S S G OO NSO S e LS 80 O e
RESULTS AND DISCUSSION ® 6 & &5 060 50 » s e 8006 0000

102’1

1.2.2

PREPARATION OF SULFONES AND NMR
SPECTRAL ANALYSIS ...c.cccccecceecs
THE X-RAY CRYSTAL STRUCTURE
DETERMINATION ......cccccecsc0accee
KINETICS OF H-D EXCHANGE REACTION
FREE ENERGY RELATIONSHIP AMONG THE
BICYCLIC SULFONES ..cccccoocncaccsse
THE EFFECTS OF THE B-ALKOXYL GROUP

- o

ON THE RATE OF H-D EXCHANGE REACTION

OF CYCLIC AND BICYCLIC SULFONES ..
EFFECT OF THE B-METHOXY SUBSTITUENT

ON THE RATE OF STEREOMUTATION OF THE

SULFONES *® @ & &0 00 4 8 00 8 00 0O s e s e

CONCLUSION ® ® ® & O ® 0 OSSP E NSNS L LS s 0000 e e s e
ExPERI"E"TAL ® & & © 00 P S PO E S O 0 6P O O PO OSOSSs s e e

1.4.1 PREPARATION OF BICYCLIC SULFONES .
1.4.2 KINETIC MEASUREMENT OF H-D EXCHANGE
REFERENCES * ¢ & & & S 5 50 0 88 4 & 0 0 0 0 05 8 9 0 s e N e e s

o o &

CHAPTER 2 SYNTHESIS, PK, DETERMINATION AND HYDROLYSIS
OF SULFONAMIDES AND SULFONIMIDES

NN
N =

INTRODUCTION e & O O 060 O O 58PS B0 G O 0SS 0SSO S s e
RESULTS AND DISCUSSION ......ccccccceovcces

2.2.1

PREPARATION OF CYCLIC AND ACYCLIC
SULFONI"IDES ® & & o 0 &8 O 6 8 0 66 006 000 e o
PREPARATION OF SULFONAMIDES ......

* 0 e

pK, DETERMINATION OF SULFONAMIDES AND

SULFONIMIDES ® O ¢ v 0 ¢ 0 & 00009000 00 s e
pPK, DETERMINATION OF SULFONAMIDES
PK, DETERMINATION OF SULFONIMIDES

vi

L

PAGE
iii
vi

viii
xi

12
12

23
28

40
46

54
57
58
58
83
105

110
122

122
128

131
131
132




NN
* .
o W

2.5

2.2.3.3 KINETICS OF HYDROLYSIS OF SULFONIMIDES
IN CONCENTRATED HYDROChHLORIC ACID ...
2.2'4 DISCUSSION * & 8 & B 6 0 0 0 8 S O S E S S O s S s S
2.2.4.1 THE pK, VALUES FOR THE SULFONAMIDES .
2.2.4.2 THE pK, VALUES FOR THE SULFONIMIDES ..
2.2.4.3 KINETICS OF HYDROLYSIS OF SULFONIMIDES
IN CONCENTRATED HYDROCHLORIC ACID ...
CON LUSION % * & 9 ¢ S P 9 S SO S O S " S S S S E S S DSOS S eSS
EXPERIMENTAL ..ccccccecccscscscscscasscccsocasss
2.4.1 PREPARATIONS OF SULFONAMIDES AND
SULFONIMIDES ...ccccccccccccasesccncscs
Z2.4.2 DETERMINATION OF pK,’S OF SULFONAMIDES
AND SULFONIMIDES ..cccccccescccasccss
2.4.2.1 DETERMINATION OF pK,’S OF SULFONAMIDES
BY POTENTIOMETRIC TITRATION ........
2.4.2.2 DETERMINATION OF pK,’S OF SULFONIHIDES
BY NMR ....ccicctcecccsscrsccccnsosconcs
2.4.2.3 DETERMINATION OF pK,’S OF SULFONIMIDES
BY ULTRAVIOLET SPECTROPHOTOMETRY ....
2.4.3 KINETICS OF HYDROLYSIS OF SULFONIMIDES
IN CONCENTRATED HYDROCHLORIC ACID ...
2.4.4 THE REACTION OF ANHYDRIDES WITH
TRIETHYLAMINE AND METHANOL-d ........
REFERENCE L K Y B B N I BN N DN I K N N A B L R B B L B B L B L

CHAPTER 3 pH OPTIMIZATION IN ACYL TRANSFER

3.1 INTRODUCTION .c.cccecveccccvccsccstscevosacscanse
3.1.1 OPTIMIZATION CF YIELDS .......ccc00.0
3.1.2 SELECTIVITY OPTIMIZATION .........c..

3.2 RESULTS AND DISCUSSION ....c.c.ccocecacsoocccscs
3.2.1 pH OPTIMIZATION OF REACTIONS OF BENZOYL

CHLORIDE WITH AMINES ...cccececvccces
3.2.1.1 THE REACTION OF BENZOYL CHLORIDE

WITH BENZYLAMINE ........ccccccceenee
3.2.1.2 THE REACTION OF BENZOYL CHLORIDE WITH

PIPERIDINE ...c.cc0esssssssssasccnsas
3.2.1.3 THE VARIATION OF YIELD IN PREPARATIVE

REACTIONS ...ccvecconcacens ceeseesses
3.2.2 pH OPTIMIZATION OF REACTIONS OF ACETIC

ANHYDRIDE WITH AMINES ...............
3.2.2.1 YIELDS OF THE REACTION OF ACETIC

ANHYDRIDE WITH AMINES UNDER

PSEUDO~-FIRST-ORDER CONDITIONS .......
3.2.2.2 THE KINETICS OF THE REACTIONS OF ACETIC

ANHYDRIDE WITH AMINES .....c..ccc0c0.0

3.3 PRESENTATION OF YIELD DATA BY pH-PRODUCT

RATIO PROFILES ... ccccevccvccccoconcas

3.4 CONCLUSIONS .ccccccecccaccccncsvssercscncrccns

3.5 EXPERIMENTAL ....c.ccccs00000c0ssc0ae cesecsesas

3.6 REFERENCES .....ccccccceccccccescscscccsccnncccse

APPENDIX A ....ccceovecccoccccscasaasacsssscssasscscsse

VITA ..t ceeecccccccsscscsecstscsssssosscssonssoscsscsscscscsos

vii

139
146
146
151
159
162
164
165
193
193
194
198
202

204
206

216
216
223
226
226
226
230
231

232

234
242

249
253
255
290
294
297



Table

LIST OF TABLES

Description

The NMR spectral data for the bicyclic

sulfones

& 8 & & & 0 0 0 0 S 5O 0SB I LB S S DB 8BNS s e

The NMR spectral data for the bicyclic
sulfides ® & » & 5 & & " 0 0 s ® * O & & & 0 S O O O SO s e e -

The equilibrium parameters for the trans
to cis interconversion at 77 °c

The second-order rate constants of H-D
exchange reactions and the H,-C,~Cg-0
dihedral angles .....cccceoevcee

The second-order rate constants of H-D
exchange reactions calculated using
computer simulation for the cis-isomers .

The

angles and the (cos q)/r

data of the H,~C,~Cy-0 dihedral

The p* values for different substituents

The
the

The
the

The
the
The
17

The
The

The
and

The
and

The

pseudo-first-order rate constants for

H-D exchange in mixed solvent at 21 °cC

pseudo-first-order rate constants for

H-D exchange in mixed solvent at 21 °cC

pseudo-first-order rate constants for
H-D exchange and inversion of cis
compounds in mixed solvent at 21 °C .....

torsion angles of compounds 14, 16 and

® 6 0 6 0 0 000 @ 00 S S H O S B S SO 0 s 0 s

® & o 0 0 006 s o0

torsion angles of compounds 12 and 1S

torsion angles of compounds 13 .......

bond lengths of compounds 12,

17 ® ® & % 0 6 8 5 85 8 8 0 208 808 000 e 80

14, 16

® o 2 08 00 0 00

bond angles of compounds 12, 14, 16

17 @ & & 0 05 50 00 0 050 0 500 4S8 e e

bond angles of compounds 13

viii

® & & ® s 90 00

Page

21

22

35

36

39

49

55

84

86

87

98
29

100

101

103

104




The pK, values of sulfonamides determined
by titration .......cccictiteerteccnnccnses

The pK, values of sulfonimides ..........

Rate constants of hydrolysis of sulfonimides

in concentrated hydrochloric acid .......

The chemical shift values of sulfonimides in

sulfuric acid solutions determined by NMR

The chemical shift values of propane-1,3-
disulfonimide in sulfuric acid solutions
determined by NMR ........cccccecocccoscns

The pK, determination of benzene-1,2-
disulfonimide by UV in sulfuric acid at

21 oc ® ® 0 © % 0 & 2 8 B 8 8 5 S D G S S G T G S SO S ST S s v

The pK, determination of N-methylsulfonyl
benzenesulfonimide by UV in sulfuric acid
at 21 Oc .- 8 & & & & 8 6 © ¢ G & O C SO P eSS OSSPy

The pK, determination of saccharin by UV in

sulfuric acid at 21 °C .cecceccessaccscsse

Rate constants for the reactions of benzoyl

chloride with amines in water at 25°C ....

The variation in yield of the amide with
change in pH for the reaction of benzoyl
chloride with benzylamine in water at 25°C

Rate constants for the reaction of acetic
anhydride with amines in water ...........

The variation in yield of the amide with
change in pH for the reactions of acetic
anhydride with amines under pseudo-first-
order condition .....cccccccc00ecctccnann

The variation in yield of the amide with
change in pH for the reactions of acetic
anhydride with amines under pseudo-first-
order condition ......ccicccciciciiiiaeen.

The variation in yield of the amide with
change in pH for the reaction of benzoyl
chloride with piperidine in water at 25°
The control experiment of acetamides in
water ® 8 8 ® @ & ¢ 0 & & ¢ & S ¢ O & O W OB 4SS SEee S ¢ 969l

ix

131

135

143

196

198

200

201

202

227

228

241

262

264

271

275



3.8 The variation of preparative yield of
reaction of benzoyl chloride with
benzylamine at different pPH ...ccccccceee 278

3.9 The variation of preparative yield of

reaction of benzoyl chloride with piperidine

at different reaction times ............. 279
3.10 Variation of yield with pH and

concentrations under preparative conditions
of the reactinn of acetic anhydride with
cyclohexylamine * & o 08 08 0 6 0 0 0 e N8BS E e e BB 279

3.11 Pseudo-first-order rate const:rts for the
reactions acetic anhydride with amines .. 282

3.12 Pseudo-first-order rate constants for the
hydrolysis of acetic anhydride in water
and in sodium acetate at 25 °C ....cccc.. 285




LIST OF FIGURES

Figure Description Page

1.1 The x-ray structures of endo-3-phenyl-
sulfonyl-exo-2-methoxynorbornane (12)
and endo-3-phenylsulfonyl-exo-2-
methoxynorbornane (13) ....cccccctiacces . 24

1.2 The x-ray structures of exo-i3-phenylsulfonyl-
endo-2-methoxynorbornane (14) and exo-3-
phenylsulfonyl-exo-2-methoxynorbornane (18) 25

1.3 The x-ray structures of trans-3-phenyl
sulfonyl-2-methoxynorbornane (16) and cis-3-
phenylsulfonyl-2-methoxynorbornane (17) .. 26

1.4 The plot of concentration vs. time for the
H-D exchange reaction of trans-3-phenyl-
sulfonyl-2-methoxybicyclo{2.2.2]octane (16) 29

1.5 The plot of -1n C, vs. time for the H-D
exchange reaction of endo-3-phenylsulfonyl-
exo-2-methoxynorbonane (12) in 0.125 M

sodium deuteroxide ............ ceerscnnas 29
1.6 The plot of koh, vs. {OD”] for the H-D

exchange reaction of endo-3-phenylsulfonyl-

exo-2-methoxynorbonane (12) at 21 °c ..... 30
1.7 The plot of concentration vs. time for

the H-D exchange reaction of exo-3-phenyl
sulfonyl-exo-2-methoxybicyclo(2.2.2]octane

(15) coveeocnccssnnsnsaassevesnsannaaneas 34

1.8 The free energy vs. reaction coordinate
diagram for the H-D exchange and inversion
reaction of 18 and 19 in sodium deuteroxide 41

1.9 The free energy vs. reaction coordinate
diagram for the H-D exchange and inversion
reaction of 12 and 15 in sodium deuteroxide 43

1.10 The free energy vs. reaction coordinate
diagram for the H~D exchange and inversion
reaction of 13 and 14 in sodium deuteroxide 44

1.11 The free energy vs. reaction coordinate
diagram for the H-D exchange and inversion
reaction of 16 and 17 in sodium deuteroxide 45

xi



1.12 The plot of the log ky vs. (cos q)/r for
the B-methoxy phenylsulfones Cecsssessssae 50

1.13 The plot of log ky vs. the H,-C,—-Cg-O
dihedral angle for the base catalysed H-D
exchange reaction of f-alkoxyl sulfones .. 53

2.1 Population distribution of the C-S-0-C
dihedral angle (#) in sulfonic esters ... 116

2.2 Population distribution of the
C-5-C{ a0~Cortho dihedral angle (4) in
arylslfones ® 5 8 & ¢ ¥ O & 8 & 6 D s e 0 OO0 S S E S O 0P 116

2.3 Population distribution of the C-S-N-C
dihedral angle (#) in N,N-dialkyl-
sulfonamides ......ccceeceeosvccccccassna 117

2.4 The plot of chemical shifts vs H, for
propane-1,3-disulfonimide in sulfuric
acid solution ..cccccssccstcccccsrcacnnns 136

2.5 The plot of chemical shifts vs H, for
ethane-1,2-disulfonimide in sulfurlc
acid solutlon R R R et essosceseces 136

2.6 The plot of chemical shifts vs H_ for
N-methylsulfonyl benzenesulfonamide in
sulfuric acid solution ........cccc0eeeee 137

2.7 The plot of chemical shifts vs H, for
dimethanesulfonimide in sulfurlc aciad
solutlon ® @ & S & % 0 & O O & 9 6 0 OO PEeCOe eSS0 137

2.8 Determination of the pK, of dimethane-
sulfonimide by excess acidity method .... 138

2.9 The plot of A vs H, for N-methylsulfonyl
benzenesulfonamide in sulfuric acid
solution bywmethod * 0 0 0 0 O 2 S O " OO PEe O N O 140

2.10 The plot of A vs H, for benzene-1,2-
disulfonimide in sulfuric acid solution
by UV method ......ccccevevvvecccsccocccccs 140

2.11 The plot of A vs H, for dibenzene-
sulfonimide in sulfuric acid solution
byuvmethod ® ® & & & & 0 & 0 5 O O PP e Se s 0e S0 e 00 141

2.12 The plot of A vs H, for saccharin in
sulfuric acid solution by UV method ..... 141

xii



3.9

The plot of 1ln C, vs time for hydrolysis
of ethane-1,2-disulfonimide in concentrated
hydrochloric acid ...cicieeeccctsccccnnnss

The plot of 1n C, vs time for hydrolysis of
propane-l,3-disuifonimide in concentrated
hydrochloric acid ......... cesesesesssans

The plot of 1ln C, vs time for hydrolysis of
dimethanesulfonimide in concentrated
hydrochloric acid ......ccccieveencccccens

The H NMR spectrum of hydrolysis of
ethane-1,2-disulfonimide in concentrated
hydrochloric acid ............... ceeesans

Plot of pK, vs o for CH3SO,NHC¢H,-R in water
at 20 oc ® ® 5 ® S S ¢ O & DS S 0SS S SO S S SO S S S 0000

pH-rate profiles for reaction of a
nucleophile with an electrophile in water
competing with hydrolysis ......... cecone

pH-yield profiles for the reactions of
benzenesulfonyl chloride under pseudo-
first-order conditions .........ccc000.. .

pH-rate profiles for the reactions of two
nucleophiles with an electrophile in the
face of competing hydrolysis ............

pH-yield profiles for the pseudo-first-
order reactions of benzoyl chloride with
amines at 25 oc *® & & & & & & & & 6 0 5 & & 9 " O 20000 * o »

pH-yield profiles for the reaction of
acetic anhydride with aniline in water ..

pH-yield profiles for the reaction of
acetic anhydride with aniline in water ...

pH-yield profiles for the pseudo-first-
order reactions of acetic anhydride
with primary amines at 25 °¢ ............

pH-yield profiles for the pseudo-first-
order reactions of acetic anhydride with
secondary amines at 25 °C ........ccc0000

pH-rate profiles for the pseudo-first-

order reactions of acetic anhydride with
primary amines at 25 °C ....cccc000cc00nnn

xiii

143

144

144

145

148

218

220

224

229

235

237

239

240

244



pH-rate profiles for the pseudo-first-
order reactions of acetic anhydride with
secondary amines at 25 °C .......c00000.. 245

pH-product ratio profiles for the reaction
of acetic anhydride with aniline with and
without general base catalysis .......... 251

Recovery of N-t-butylacetamide by extraction
with dichloromethane from agueous solution
of N-t-butylacetamide at 25 °C .......... 274

The -1n(V, - V.) vs time profiles for the

kinetics of acetic anhydride with
t-butylamine in water at 25 °c .......... 287

xiv




The author of this thesis has granted The University of Western Ontario a non-exclusive
license to reproduce and distribute copies of this thesis to users of Western Libraries.
Copyright remains with the author.

Electronic theses and dissertations available in The University of Western Ontario’s
institutional repository (Scholarship@Western) are solely for the purpose of private study
and research. They may not be copied or reproduced, except as permitted by copyright
laws, without written authority of the copyright owner. Any commercial use or
publication is strictly prohibited.

The original copyright license attesting to these terms and signed by the author of this
thesis may be found in the original print version of the thesis, held by Western Libraries.

The thesis approval page signed by the examining committee may also be found in the
original print version of the thesis held in Western Libraries.

Please contact Western Libraries for further information:
E-mail: libadmin@uwo.ca

Telephone: (519) 661-2111 Ext. 84796

Web site: http://www.lib.uwo.ca/




Chapter 1.

Variation of the Rate of Hydrogen-Deuterium Exchange in

a=-S8ulfonyl Carbanions with the Orientation of a f-Alkoxyl

Substituent. The Anomeric Effect as a Component of the

Polar Substituent Effect




1.1 INTRODUCTION

Much effort! has been put into the endeavour to
explain and predict the effect of substituents on the
reactivities of organic molecules. Such effects can be
broadly subdivided into electronic and steric components.
When a substituent is attached to a o-bonded system, its
electronic effect is usually referred to as a polar
effect?. It is generally put forward? that there are two
basic effects by which a polar or charged substituent can
affect some measurable property of a molecule or a reaction
in a saturated system. One component is the field effect,
which is assumed to be transmitted directly or through
space, and the other is the inductive effect (or
electronegativity effect) which involves successive
polarization of the intervening o bonds. Reynolds? has
summarized the investigations of the relative importance of
field and inductive effects upon the dissociation constants

of aliphatic acids for the following systems,

X—CH,COOH *

and concluded that the major polar effect on aliphatic acid
acidities is the field effect, with no evidence for

substantial inductive effect contributions.
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Topsom et al.® found that the carbon-13 substituent
C '"=al shift for a wide variety of unsaturated probe
groups attached to position 1 of the bicyclo[2.2.2]octane
molecule followed the field effect of 4-substituents with no
evidence for any significant inductive effect.

In 1977 sStirling and Thomas® reported that the
detritiation of B-substituted acyclic phenyl sulfones,
PhSO,CHTCH,Z, in ethanolic sodium ethoxide showed a very
high dependence of rate on the nature of the substituent, 2
(p* = 4.89). The size of this effect raised the question of
whether the conventional polar effect terms, i.e. field and
inductive effects, were sufficient to account for these
observations. This in turn raises the possibility that a
third effect, namely the anomeric effect, might be

7 has shown

contributing as well. Experimental evidence
that this kind of electronic interaction takes place only
when the electron pairs are properly oriented in space.

To test such an idea it would therefore be necessary to
determine if the effect of the substituent depended on the
orientation of the substituent with respect to the hydrogen
being removed in the hydrogen exchange process. Accordingly
a study designed to determine the effect of the geometry of
a B-alkoxyl group on the rate of a-sulfonyl carbanion
formation was initiated by Dr. Rathore in this laboratory;
this work was continued in the present study and the results

described in this chapter. Before these results can be

presented in detail, however, it is necessary to present

b



some background information on a-sulfonyl carbanions.
It has long been accepted that the delocalization of
electron pairs shown below is important in sulfonyl

compounds of the general structure -SO,-X-, where X is an

C—SO;X—C <= » C—SO~X—C

atom with non-bonded or m-bonded electrons®. since the
chirality of a-chiral sulfones is preserved in hydrogen-
deuterium exchange and other reactions believed to involve
the a-sulfonyl carbanions, the geometry of the a-sulfonyl
carbanion has received intensive experimental and
theoretical attention®. The first observation of this
phenomenon was made by Taylor and Verhoek!? in 1959. They

carried out a decarboxylation reaction using an optically

e 2 i
Me Me
1 2
active compound (1) which gave an optically active product

(2) (stereochemistry unknown). They assumed that the

carbanion was an intermediate.



One commonly used procedure provided by Cram!! ana
co-workers for studying the steric stability of the
carbanion is comparison of the rate of base catalyzed H-D
exchange reaction (k,,) with the rate of racemization
(K ac) - Racemization of pyramidal form is due to rotation
around the C,-S bond followed by pyramidal inversion, while
that of the planar form is caused by rotation around the C_-
S bond. The values of k., /K., were employed as criteria of
the stereochemical pathway for reaction. When kg, /k, . > 1,
the reaction should proceed through an intrinsically
asymmetric carbanion and lead to retention of configuration.
When kg, /kyac = 1, the reaction proceeds through a symmetric
carbanion and racemization is the net result.

Corey et al.1? guggested that a-sulfonyl carbanions
are asymmetric because of restricted rotation about the C,-S
bond and that the hybridization at C, in the carbanion is

either sp? or close to it (see 3).

Planar (sp2)

Wolfe et al.l3 made a simple ab initio MO calculation
of an a-sulfonyl carbanion and proposed that the

participation of 3d orbitals on the § atom would not



contribute to its stabilization. They suggested that the
pyramidal structure is the most stable configuration. Later
Wolfe et al.l4 carried out a calculation at the 3-21G"
level and found that the participation of 3d orbitals on the
S atom does contribute to the stability of the a-sulfonyl
carbanion. They concluded that the a-sulfonyl carbanion is
planar. Bors and Streitwieser! also made the calculation
at the 3-21G" level and confirmed the results of Wolfe et
al. Bors and Streitwieser found the conformation in which
the electron lone pair in a-sulfonyl carbanion is located
between the two oxygens is a thermodynamic minimum on the
potential surface that has a rotational barrier of over 14
kcal mol™l. This result indicates that a~sulfonyl carbanion
(3) requires rather high energy for rotation and this leads
to retention of configuration.

Boche et al.l® and Gais et al.l” have recently
examined the solid state structure of lithium-coordinated a-
sulfonyl carbanions using single crystal x-ray structure
determination and found that the lone pair of electrons at
the anionic a-C atom adopts a gauche conformation to the two
oxygen atoms on sulfur and periplanar to the S-C bond
because this conformation is the most thermodynamically
stable. It seems that a-carbon atoms having phenyl
substituents are largely planar because of the partial
stabilization of the negative charge by p,-p, interactions

with the phenyl ringl®, Alkyl substituted sulfones, on

the other hand, have a pyramidalized a-C atom. Bochel8




concluded that the energy difference between planar and
pyramidalized a-C atoms is small.

Bors and Streitwieser concluded that the a-sulfonyl
carbanions show a strong stereoelectronic preference for the
conformation depicted as 3. The ease of formation of an a-
sulfonyl carbanion, >C-S0,-, as discussed above, depends on
the orientation of the bond being cleaved to yield the

carbanion. The readiest deprotonations, for example,

H

H
O F o gp
or .\\\c%/:;7' 1o
_?’ R |
X « 8 ol
4

are observed when the C,-H bond is shown in 4, i.e., aligned
with the internal bisector of the 0-S-0 angle, or, in other
words, antiperiplanar to the sS-C,. bond.

Wolfe et al.ll suggested that this conformational

preference (4) in a-sulfonyl carbanion may be ascribed to

the donation of the lone pair electrons from the anionic a-C

-~}




atom to the antibonding orbital (o") of S-C, bond (8), i.e.
a version of the anomeric effect.

As mentioned earlier Stirling and Thomas found that the
deuteration of f-substituted acyclic phenyl sulfones.
PhSO,CHTCH,2, showed an rate increase of about 5 x 104 on
changing Z from CH; to OPh. A Taft plot indicated a very
strong dependence of the rates on the electronic properties
of this substituent (Z). In the light of (a) the clear
geometric requirements of a-sulfonyl carbanions (b) the
large substituent dependence, it seemed that the dependence
of the rate of a-sulfonyl carbanion formation on the
geometry of a particular S8-substituent would be an ideal
system in which to examine the general question of the
nature of electronic effects in chemistry.

In the first stage of this project King and Rathorel?
found that a-equatorial hydrogens exchange faster than a-
axial, the rate differences in six-membered cyclic sulfones

7, 8, and 9 being, respectively, 200, >25, and 90. This

result was precisely what was expected on the basis of (a)

the antiperiplanar orientation of the a-equatorial hydrogens
o H
o
O
7, [ [T
7 H S
o ; ,?H
H o o
™
® 9)

kex (M1 81) 32 x 102 45x104 1.2x10¢




with respect to the S-C, bond and (b) the comparative
difficulty for the a-axial hydrogens to achieve this
arrangement.

By comparing the rates of H-D exchange of 8 and 9 (4.5
x 1004 M1 7! and 1.2 x 167 M"! 87! respectively) it was
shown that the presence of a B-synclinal oxygen accelerates
the reaction by a factor of 370. An antiperiplanar oxygen,
however, as in 7 increases the rate more than 104 times
relative to 9. Alternatively, comparing 7 with 8, changing
the oxygen from the synclinal to the antiperiplanar
orientation increases the rate by 71-fold. They concluded
that the important factor in the rapid exchange of the a-
equatorial hydrogen in 7 relative to 8 is the orientation of
the hydrogen with respect to the oxygen - specifically, the
antiperiplanar geometry in 7. They suggested that the
incipient carbanion in the transition state is stabilized by
donation of its electrons into the carbon-oxygen ¢” orbital,
ji.e., that it is a "kinetic anomeric effect".20

Extending this study to be carried out in this
laboratory was carried out by Rathore who showed in the
preliminary experiments on the H-D exchange for f-methoxy
cyclohexyl system sulfones 10 and 11 which have the
approximate dihedral angles 0(3)-C(2)-C(1)-H(i) of 180° in
10 and 60° in 11, that sulfone 10 exchanges faster than 11
under the same conditions. This preliminary experiment
_ indicated that these H-D exchange reactions are indeed

affected by the geometry of the phenylsulfonyl group and the



methoxy group.

In order to provide a more complete picture of the
geometry-dependence of the substituent effect in a-sulfonyl
carbanion formation it is necessary to synthesize the -
alkoxyl sulfones which have other 0(3)-C(2)-C(1)-H(1)
dihedral angles such as 0°, 120°, and to compare their rates
of reaction to "parent compounds" which do not have the 8-
substituent groups.

In the present study we have synthesized six
bicyclo[2.2.1)heptane and bicyclo[2.2.2]octane system
sulfones which have a methoxy group beta to the sulfonyl
group to examine the effect of various orientation of the
oxygen substituent on the rates of the base catalyzed H-D
exchange reactions (see Scheme 1.1). To confirm the
structures of these compounds and to obtain precise
information on the dihedral angles in these starting
materials the x-ray crystal structures of these compounds
have been determined by Professor N. C. Payne in this
department. A systematic study of rates of
H-D exchange on various S-methoxy sulfones is described in

the present chapter.
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1.2 Results and Discussion

1.2.1 Preparation of Sulfones and NMR Spectral Analysis

In this study 12 cyclic and bicyclic sulfones were
synthesized. The preparations of the intermediates to four
bicyclo[2.2.1] sulfones followed the similar routes of
Kleinfelter et al.?! The structures of compounds 12, 13,
14, 15, 16, and 17 were elucidated by IR, H NMR, 13c NMR,
exact mass, and confirmed by x-ray crystal structure
determination. Compounds 18, 19, 20 were determined by IR,
14 NMR, 13Cc NMR, and exact mass.

The synthesis of endo-3-phenylsulfonyl-exo-2-methoxy-
norbornane (12) and endo-~3-phenylsulfonyl-endo-2-methoxy-
norbornane (13) began with the treating norbornene with
peracetic acid to form exo-norbornene oxide (23) in 71%
yield. exo-Norbornene oxide (23) reacted with thiophenol in
the presence of sodium hydroxide to give the trans product,
endo-3-phenylthio-exo-2-norbornanol (24) in 90% yield using
the procedure of Kleinfelter et al.?? It is important to
choose a suitable oxidation method in converting 24 to endo-
3-phenylthio-2-norbornanone (25). Chromic acid, for
example, was unsuccessful because the sulfide was oxidized
to the sulfone more readily than the alcohol to the ketone.
Kleinfelter et al. used DMSO and N,N-dicyclohexyl-carbodi-
imide as the oxidation reagent and found that the dicyclo-

hexylurea (by-product), was a contaminant which could not be

completely removed. We found that the conversion of 24 to




(13)

Scheme 1.2




endo-3-phenylthio-2-norbornanone (25) could be conveniently
carried out in 99% yield without any difficulty in
purification, by treating 24 with oxalyl chloride and
dimethyl sulfoxide using the procedure of Omura and

swern?? for oxidation of alcohols. Compound 25 was

reduced using\lithium aluminum hydride to give endo-3-
phenylthio-endo~-2-norbornanol (26) in 94% yield; this was
reacted with iodomethane and potassium hydroxide in DMSO to
form endo-3-phenylthio-endo-2-methoxynorbornane (27) in 99%
yield using the procedure of Johnstone and Rose?? for
alkylation of alcohols. Treatment of 27 with hydrogen
peroxide in acetic acid gave endo-3-phenylsulfonyl-endo-2-
methoxynorbornane (13) in 95% yield (see Scheme 1.2).

To synthesiz~ endo-3-phenylsulfonyl-exo-2-methoxy-
norbornane (12) endo-3-phenylthio-exo-2-norbornanol (24) was
treated with hydrogen peroxide in acetic acid to give (91%
yield) endo-3-phenylsulfonyl-exo-2-norbornanol (28) which
was methylated as above to give 12 (89% yield) (see Scheme
1.2). Rathore in this laboratory also made compound 12 by
using the similar procedure of Cristol et al.2? who
synthesized endo-3-phenylsulfonyl-exo-2-ethoxynorbornane.
Addition of benzenesulfenyl chloride to norbornene formed
endo-3-phenylthio-exo-2-chloro-norbornane which was
oxidized using hydrogen peroxide to give endo-3-phenyl-
sulfonyl-exo-2-chloro-norbornane; this was treated with

sodium methoxide in methanol to give 12.

Scheme 1.3 outlines the preparation of exo-3-phenyl-




sulfonyl-endo-2-methoxynorbornane (14) and exo-3-phenyl-
sulfonyl-exo-2-methoxynorbornane (18). The first step in
synthesis of 14 was the treatment of endo-3-phenylthio-2-
norbornanone (25) with potassium hydroxide in aqueous
ethanol to form a mixture of 25 (40%) and exo-3-phenylthio-
2-norbornanone (29) (60%). These two isomers can be
identified by the different chemical shifts of the H next to
the phenylthio group. The exo-H in 25 showed a signal at §
3.71 (J = 4.5 Hz), and that of the endo~-H in 29 at 6§ 3.30 (J
= 3.3 Hz). Separation of 25 and 29 by column chromatography
using diethyl ether and petroleum ether as the eluate gave
pure 29. Compound 29 was reduced using lithium aluminum
hydride to give a mixture of exo-3-phenylthio-endo-2-
norbornanol (30) (76%), exo-3-phenylthio-exo-2-norbornanol
(31) (19%), and endo-3-phenylthio-endo-2-norbornanol (26)
(5%). Pure 30 was obtained by recrystallization of the
mixture of 30 and 31. Compound 30 was methylated with
iodomethane and potassium hydroxide to give exo-3-
phenylthio-endo~-2-methoxynorbornane (32) in 95% yield.
Treatment of 32 with hydrogen peroxide in acetic acid gave
exo-3-phenylsulfonyl-endo-2-methoxynorbornane (14) in 95%
yiela.

The synthesis of exo-3-phenylsulfonyl-exo-2-methoxy-
norbornane (15) encountered difficulties in separation and
purification. Separation of the mixture of 30, 31 and 26
using column chromatography was incomplete giving a mixture

of 30 (20%) and 31 (80%). The mixture of 30 and 31 was

Wl
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methylated as above to give a mixture of 32 and 33. This
mixture was oxidized using hydrogen peroxide to give a
mixture of 14 and 15 in 95% yield. Pure 15 was obtained
from this by column chromatography using ethyl acetate (20%)
and petroleum ether (80%) as the eluate.

The synthesis of trans-3-phenylsulfonyl-2-methoxy-
bicyclo[2.2.2]octane (16) was carried out as outlined in
Scheme 1.4. Bicyclo[2.2.2)oct-2-ene was reacted with 3-
chloroperoxybenzoic acid to give 2,3-epoxybicyclo(2.2.2])-
octane (36). Treatment of 36 with sodium thiophenoxide gave
trans-3-phenylthio-2-bicyclo[2.2.2]octanol (37) in 90%
yield. cCompound 37 was reacted with iodomethane and
potassium hydroxide to form trans-3-phenylthio-2-methoxy-
bicyclo[2.2.2]octane (41) in 91% yield, which was oxidized
using hydrogen peroxide in acetic acid to give trans-3-
phenylsulfonyl-2-methoxybicyclo[2.2.2]Joctane (16) in 85%
yield. Rathore in this laboratory also synthesized compound
16 by treating bicyclo[2.2.2]oct-2-ene with benzenesulfenyl
chloride to give trans-3-phenylthio-2-chloro-bicyclo(2.2.2])-
octane which was oxidized to trans-3-phenylsulfonyl-2-
chloro-bicyclo-{2.2.2]octane; this was refluxed with sodium
methoxide in methanol to form 16.

The synthesis of cis-3-phenylsulfonyl-2-methoxybicyclo-
(2.2.2)octane (17) also used trans-3-phenylthio-2-bicyclo-
[2.2.2)octanol (37) converting it in 99% yield with dimethyl
sulfoxide and oxalyl chloride into 3-phenylthio-2-bicyclo-

(2.2.2)octanone (38). Compound 38 was reduced using sodium
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borohydride in isopropanol to give a mixture of 37 (22%) and
cis-3-phenylthio-2-bicyclo{2.2.2])octanol (39) (78%).
Lithium aluminum hydride reduction of 38 was also
investigated and afforded a mixture of 37 (37%) and 39
(63%). Compounds 37 and 39 were separated by column
chromatography over silica gel eluting with a mixture of
diethyl ether and petroleum ether. Compound 39 was
methylated to give cis-3-phenylthio-2-methoxybicyclo-
(2.2.2]octane (40) in 96% yield followed by oxidation using
hydrogen peroxide to give cis-3-phenylsulfonyl-2-methoxy-
bicyclo{2.2.2])octane (17) in 96% yield (see Scheme 1.4).
exo-2-Phenylsulfonylnorbornane (18) was prepared by

following the procedure of Cristol and Brindell?® who

prepared exo-2-p-tolyl-sulfonyl-norbornane. Thiophenol was
added exo to norbornylene via a free-radical intermediate to
form exclusively exo-2-phenylthionorbornane (34) in 84%
yieldzs. Treatment of compound 34 with hydrogen peroxide
gave 18 in 99% yield. endo-2-Phenylsulfonylnorbornane (19)
was prepared by [2+4] cycloaddition using phenyl vinyl
sulfone and cyclopentadiene which followed the Alder??

rule of predominant endo addition to form the endo-2-
phenylsulfonyl-5-norbornene (35) as a major product which
was reduced to endo-2-phenylsulfonylnorbornane (19) by Pd-C
and formic acid. 2-Phenylsulfonylbicyclo(2.2.2]octane (20)

was prepared by the same procedure as compound 18.

trans-2-Phenylsulfonyl-i-methoxycyclohexane (11), cis-

2-phenylsulfonyl-l-methoxycyclohexane (10), and cyclohexyl




phenyl sulfone (21) were prepared by Rathore in this
laboratory; the mp, 14 NMR, 1'c NMR, IR, and exact mass
spectra were carried out in this study. Treatment of
cyclohexene with sulfuryl chloride and phenyl thioacetate in
carbon tetrachloride at 0 °C gave trans-2-phenylthio-i-
chlorocyclohexane which was reacted with methanol in basic
solution to form trans-2-phenylthio~l-methoxycyclohexane.
This was oxidized by treating with hydrogen peroxide in
acetic acid to give 11. trans-2-Methoxy-1-bromocyclohexane
was reacted with thiophenol and potassium hydroxide in 2-
butanol to give cis-2-phenylthio-l-methoxycyclohexane. This
was oxidized by treating with hydrogen peroxide in acetic
acid to give 10. Treatment of cyclohexene with thiophenol
at 50 °C for 4 L gave cyclohexyl phenyl sulfide which was
oxidized to form 21.

The chemical shifts (§) and coupling constants (J) of
the bicyclic sulfides and sulfones are listed in Tables 1.1
and 1.2. In analyzing the data from these tables several
general trends may be noted. The exo-2 protons of the
substituted norbornanols and methoxy sulfones appear at
lower fields than the corresponding endo-2 protons.
Analysis of the data from Table 1.2 reveals that sulfide
groups, whether exo or endo, shield their corresponding
eclipsed hydrogens, with the shielding effect being
significantly greater for the endo orientation (e.g. exo-2

protons, 4.18 - 4,06 = 0.12; endo-2 protons, 3.90 - 3.56 =

0.34). 1In contrast to the effect of eclipsed sulfide,




Table 1.1 The NMR Spectral Data for the Bcyclic Sulfones®

Chemacal shit, ppm (/, Hz)

2-endo

3-exo

|~

a. The solvent used in the NMR is CD,CL t = triplet; m = multiplet; dp = doublet of doublets.

4.05 (v
(3.6)

3.81 (dd)
9.7,4.2)

3.65(1)
24

3.22 (dd)
(9.6,6.8)

377 (m)
(~3.9)

3.53 (dd)
(9.8,49)

3.14(m)
(~3.0)

341 (dd)
(98,3.7)

3.05(m)
(~1.6)-

2.73 (dd)

4.1,24) a
|

1

‘

|

|

|

|

(99.6.9)

3.38 (dd)
(83,1.2)

9




Tablel.2 The NMR Spectral Data for the Bicychic Sulfides?

Chemacal shift, ppm (J/, Hz) ,
Compound
2-ex0 2-endo 3-exo 3-endo |

3.56 (1)
(2.2)

2.85(1)
3.0

3.62 (dd)
(94,4.2)

3.36 (dd)
6.3,19)

3.47 (dt) 2.90 ()

3.79 (dd)
96,4.1)

3.47 () 341 (d)

3.73 (m) 324 (v
(~3.1)

401 (1) 362()

a The solvent used in the NMR 8 CD;Ct t = triplet; d = doublet; m = multiplet; dd = doublet
of doublets.




sulfone groups deshield both eclipsed exo and endo hydrogens
(e. g. exo-2 protons, 3.81 - 4.05 = ~0.24; endo=-2 protons,
3.22 - 3.65 = -0.43). In the Tables 1.1 and 1.2 it is
apparent that all of the cis-isomers have relative larger
coupling constants than the trans-isomers and the results
are consistent with the results of Leyden and Cox2?® for

norbornane.

1.2.2 The X-ray Crystal Structure Determination

The x-~ray crystal structures of compound 12, 13, 14,
1%, 16, and 17 have been determined (see Figures 1.1 to
1.3). The dihedral angles of these five compounds are
listed in Tables 1.11 to 1.13 and bond lengths and angles
are listed in Tables 1.14 to 1.16 (see experimental part).
It is interesting to note that the crystal unit cell of
compound 18 contains two conformations; and that of 13 has
four conformations. The bond angles of 0(1)-S-0(2) in all
of these sulfones are in the normal range29. The bond
angle of O0(1)~S-C(3) (105.2°) in 17 is five degrees smaller
than that of its trans-isomer, 16 (110.3°). The bond angle
of 0(2)-S-C(3) (112.6°) in 17, however, is five degrees
larger than that of its trans-isomer, 16 (107.6°). The bond
angle of 0(3)-C(2)-C(7) (107.5°) in 12 is 6.6 degrees
smaller that of its analogue 14 (114.1°). It is interesting
to look at the torsion angles in these sulfones. The most
important dihedral angle for the purposes of this study is
the H(3)~-C(3)-C(2)-0(3) angle. Those dihedral angles of the



Figure 1.1 The x-ray crystal structures of endo-3-
phenylsulfonyl-exo-2-methoxynorbornane (12) and

exo-3-phenylsulfonyl-endo-2~methoxynorbornane (14)
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Figure 1.2 The x-ray crystal structures of endo-3-phenyl-
sulfonyl-endo-2-methoxynorbornane (13) and exo-3-

phenylsulfonyl-exo-2-methoxynorbornane (15)



rigure 1.3 The x-ray crystal structures of trans-3-
phenylsulfonyl-2-methoxybicyclo([2.2.2])octane (16) and
cis-3-phenylsulfonyl-2-methoxybicyclo[2.2.2]octane (17)



H(3)-C(3)-C(2)-0(3) in the trans-isomers 12, 14 and 16 would

be expected to be 0° if these molecules were not twisted.
These sulfones are indeed twisted to varying degrees,
presumably because of the interaction of the two bulky
methoxy and phenylsulfonyl groups in the neighbourhood. It
was found that the dihedral angles of H(3)-~C(3)-C(2)-0(3) in
endo-3-phenylsulfonyl-exo-2-methoxynorbornane (12) is 9.5°
which is 3.1 degrees larger than that of its analogue 14
(6.4°) . The same tendency was also found in the trans-
bicyclo(2.2.2] sulfone, 16 which has the H(3)-C(3)-C(2)-0(3)
dihedral angle 6.2°. The dihedral angle of H(3)-C(3)-C(2)-
0(3) in the cis-isomers, 13, 15 and 17 would be expected to
be 120° if these molecules were not twisted. it was surpr-
ising to find that the cis-bicyclo[2.2.2] sulfone, 17 has a
dihedral angle of H(3)-C(3)~C(2)-0(3) -147.6°, indicating
that the cis-bicyclo(2.2.2) sulfone, 17 is twisted by 27.6°
from the 120° angle. This may be understandable because the
two bulky groups, the methoxy and phenylsulfonyl are
eclipsed. 1In the conformation A of cis-bicyclo[2.2.1]
sulfone, exo-3-phenylsulfonyl-exo-~2-methoxy-norbornane (18),
the dihedral angle of H(3)-C(3)-C(2)-0(3) is -132.8°. 1In
the conformation B this angle, however, is -123.9°9; i.e.
there is a difference of 9 degrees between these two
conformations. It is notable that conformation B is quite
close to the untwisted conformation, in which the dihedral

angle H(3)-C(3)-C(2)-0(3) would be 120°. For endo-3-

phenylsulfonyl-endo-2-methoxynorbornane (13), the difference




of the dihedral angles H(3)-C(3)-C(2)-0(3) among the four
conformations is 8.8°. The largest H(3)-C(3)-C(2)-0(3)
dihedral angle of 135.3° is found in conformation B which
twisted 15.3 from 120°. Comparing the endo cis-isomer, 13
with the exo cis-isomer, 15, one may see that the endo cis-
isomer is 2.5 degrees more twisted than the exo cis-isomer.
Comparing these dihedral angles H(3)-C(3)-C(2)-0(3) in the
cis-bicyclic sulfones, it may be concluded that the cis-
bicyclo[2.2.1] sulfones 13 and 15 are much less twisted than
the cis-bicyclo[2.2.2) sulfone 17 (at least 12°), presumably
because the ring of the bicyclo[2.2.1]heptane is more rigid

than that of bicyclo[2.2.2)octane skeleton.

1.2.3 Xinetics of the H-D Exchange Reaction

The H-D exchange rates of the sulfones in this study
were measured under pseudo-first-order conditions by 1§ NMR
spectroscopy in sodium deuteroxide using a mixed solvent,
either acetonitrile-d; and deuterium oxide (1:1 v/v) at 21
°c , or dioxane-d; and deuterium oxide (1:1 v/v) at 21 °C or
77 °C. Figure 1.4 shows the plot of concentration vs. time
for the base catalyzed H-D exchange reaction of trans-3-
phenylsulfonyl-2-methoxybicyclo-{2.2.2)octane (16). The
lines are calculated from the first-order rate equation and
the points are experimental. One may see that the
experimental and theoretical calculation agree. This
indicates that the H-D exchange reaction of 16 is first

order under the pseudo-first-order conditions. The pseudo

Y
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Figure 1.4 The plot of concentration vs. time for the H-D
exchange reaction of trans-3-phenylsulfonyl-2-methoxy-
bicyclo[2.2.2)octane (16) in 0.15 M sodium deuteroxide
using CD,CN:D,0 (1:1) as solvent at 21 °C. The solid
line is calculated from the first-order rate equation
(Kopg = 7-5 x 103 s71) for the starting material and the
dashed line is for the H-D exchange product; the points
are experimental.
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Pigure 1.5 The plot of -1ln C, vs. time (s) for the H-D
exchange reaction of endo-3-phenylsulfonyl-exo-2-
methoxynorbornane (12) in 0.125 M sodium deuteroxide
using CD;CN:D,0 (1:1) as solvent at 21 °c.
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Figure 1.6 The plot of k . vs. [OD”] for the H-D exchange
reaction of endo-3-phenylsulfonyl-2-exo-methoxy-

norbornane (12) in CD;CN:D,0 (1:1) at 21 °C.

first-order rate constant was obtained by the plot of the
logarithm of the concentration of unreacted starting
material vs. time (for a typical plot, see Figure 1.5). The
results are listed in Tables 1.8 to 1.10 (see experimental
part). For each compound a plot of the observed rate
constant, k_,,, vs. [OD”] gave a straight line (for a typical
plot, see Figure 1.6). The second-order rate constant, kg,
(the H-D exchange rate constant obtained by observing the
disappearance of the starting material), was obtained from
the slope of the straight line and the results are listed in

Table 1.4.



In this study it was found that the exchange reaction

in all of the three cis compounds 13, 15, 17 and also endo-

2-phenylsulfonylnorbornane (19) was accompanied by

epimerization of the phenylsulfonyl group.

A likely mechanism for the reaction of endo-3-phenyl-
sulfonyl-endo-2-methoxynorbornane (13) is shown in Scheme
1.5; the other two cis-isomers, 15, and 17 and endo-2-
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phenylsulfonylnorbornane (19) are expected to follow the

same pattern. From this mechanism of H-D exchange and

inversion one may see that the hydrogen on the a-C is




removed by the OD™ in the starting material 13 to generate a
carbanion A. This carbanion may either (a) take up a
deuterium from the solvent to form the H-D exchange product
13-d with retention of configuration, or (b) form another
carbanion B by rotation of S-C, bond, followed by
deuteration of the carbanion B to form the inversion product
14-d.

Computer simulation was used to calculate the rate
constants in Scheme 1.5. As is detailed in the Appendix A
the rate constants were obtained from two successive
approximations. In the first approximation kg/k¢ was set
equal to zero and rough values of k; and k,/k, obtained. 1In
the second approximation a value of kg/kg was inserted into
the simulation. This value was obtained from a simple
thermochemical calculation using knowledge of k; (= k),
ko/ks, AGojy = AGirans (from the equilibrium constant for the
trans ~ cis equilibrium) and k,, for 14. (This calculation
is perhaps more easily seen with the aid of the energy
diagram in section 1.2.4, where the point is specifically
taken up again; for further details of the program and
calculations see Appendix A). The rate constants so
obtained are listed in Tables 1.5 and 1.10 (see experimental
section). The simulation directly provides values of k,/k,.
It has been argued3? that the protonation of simple
a-sulfonyl carbanions in such protic media as water or
ethanol is at or close to the diffusion (or solvent

reorientation) controlled limit; a rate constant of 2.0 x



1010 M~1 s-1 was suggested by Williams3!. For simplicity

we have assigned a value of 2.0 x 1019 M™! s~ to the rate
constants (k, and kg) for the fastest of the deuteration
reactions in Scheme 1.5, and calculated the others
accordingly. It is of interest to point out that the values
of kg /k3 in Tables 1.4 and 1.5 give the kinetic isotope
effects for reactions of these cis-isomers and 19. The
isotope effects for the cis-isomers, 13, 15, and 17 are in
the range of 4.0-5.2 at 21 °C. Compound 19 has an isotope
effect of 2.1 at 77 °c.

An example of the correspondence between simulation and
experiment is shown in Figure 1.7 which shows that the
calculated values (the lines) and the experimental data (the
points) for the concentrations of unreacted starting
material, the H-D exchange product, and the inversion
product, are in good agreement for the reaction of 15 in
sodium deuteroxide.

The values of k;,, which are listed in Table 1.5 were

calculated from equation 1 (see Appendix A):

k.k
14
Kiny = (1)
k2 + k4

No inversion was observed in the H-D exchange reactions
of the three trans-isomers at 21 °C. A small amount of
trans to cis inversions was observed by HPLC, however, when

the H-D exchange reactions were carried out at 77 °C for 15
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Pigure 1.7 The plot of concentrations vs. time (s) for the
kinetics of H-D exchange of exo-3-phenylsulfonyl-exo-2-
methoxynorbornane (18) in acetonitrile-d, and deuterium
oxide (1:1) at 21 °C. The lines were cafculated using
computer simulation using the rate constants in Table
1.10; the points wvere experimental. The solid line is
the concentration of starting material, 15; long dashed
line, the H-D exchange product, endo-3-d-exo-3-
phenylsulfonyl-exo~-2-methoxynorbornane; the short dashed
line, inversion product, exo-3-d-endo-3-phenylsulfonyl-
exo-2-methoxynorbornane.

days. The equilibrium concentrations and equilibrium
constants of the trans to cis inversions are listed in Table

1‘3.



Table 1.3 The equilibrium parameters for the trans to cis

interconversion at 77 °cC.

Reaction Eguilibrium Parameters

Cis isomer trans isomer K AG°
(%) (%) (kcal/mol)

97.6 0.025

99.7 0.003

97.1 0.030

exo isomer
~85 0.18

Where K = Ccis / ctrans

K is the equilibrium constant; C and C,,.,,s are the

cis
equilibrium concentrations of cis isomer and trans isomer,

respectively. AG°® is the free energy difference between the
cis isomer and trans isomer and obtained from the following

equation:

AG® = ~-RT 1n K

where R is equal to 1.987 cal mol~! K™1; T (350 K) is the
absolute temperature. The large error for the AG® of 14 and
13 is due to the equilibrium concentration of 13 being too

low to measure accurately.




Table 1.4 The second-order rate constants of H-D exchange reaction and dihedral angles®
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d.

Solvent: CD,CN:D,0 (1:1), 21 °C, except where otherwise
noted.

Sclvent: Dioxane-dg:D,0 (1:1), 21 °c.

Solvent: Dioxane-dg:D,0 (1:1), 77 °C.

Roughly estimated values for 21 °C obtained by
multiplying the rate constant, k., for 18 at 21 °C by
the rate constant ratio of 19 to 18 at 77 °cC.

ky = Koyl (Kgx) or Where (k,,), refers to k,, for compound
of analogous ring structure lacking the OCH3 or O in
ring; i.e. for the bicyclo[2.2.2] series (k,.), is the

k for 20.

ex

The dihedral angles were obtained from the x-ray crystal
determinations.
Tne dihedral angles were estimated by calculation using
PCMODEL (PCM4).

T..ese data are taken from reference 33 , solvent: D,0.




Table 1.§ The second-order rate constants of H-D exchange and mversion reactions

for cis somers n mixed solvent?

k, kg
M- s) M1 sh)
(x 1010) (x 1010)

a. Solvent: CD,CN:D,O (1:1); temperature: 21 OC; &, = k, =2.0 x 10" (M- s-!) except
where otherwise noted.
b. Solvent: dioxane-d,.D,0O (1:1); temperature 77 OC.



1.2.4 TYree Energy Relationships Among the Bicyclic Sulfones
The kinetic and equilibrium experiments described in

the previous section may be used to construct free energy

diagrams as shown in Figures 1.8 to 1.11. Each free energy

of activation for formation of the carbanion from the

sulfone is calculated from the Eyring equation3? (2) and

the k,, values in Table 1.4; the free energy differences

between the sulfones are taken from Table 1.3.
AG* = -RT 1n (k,,/(XT/h)) (2)

In equation 2 k (1.38 x 10723 J K™!) is Boltzmann’s

constant; h (6.626 x 10734 J k™1, 1 cal = 4.184 J) is
Planck’s constant; and T (294 K) is the absolute temperature
of the reaction. The "first" energy difference between the
activated complexes (AAG‘24) is calculated from the k,/k,

values obtained from Table 1.5 using equation 3.

AAG},, = -RT 1n (k,/k,) (3)
The energy difference (AAG*ss) between the activated
complexes of the kg and k¢ processes had been assigned
earlier (see section 1.2.3); specifically, in Figure 1.8

asct, . = (aact,, + Act g + AG) - aGt g (4)

The free energy difference between the carbanions is taken

¥
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Figure 1.8 Free energy vs. reaction coordmate diagram for the H-D exchange and inversion
reactions of 18 and 19 in sodium deuteroxide.



as the difference between the two AAGY values. This
explicitly assumes that k, = k¢ (assigned the values of 2 x
101° M~15"1, as discussed earlier); this assumption is
believed to be a reasonable rough approximation, but to make
it clear which values are affected by this, the appropriate
lines in Figures 1.8 to 1.11 are shown with breaks and the
affected energy differences indicated as approximate. This
assumption is made merely for convenience of presentation in
Figures 1.8 to 1.11 and has no influence on any of the
conclusions drawn in this thesis.

The energy diagrams raise the question of the origin of
the energy differences between the epimeric sulfones. From
Figure 1.8 we note that the endo sulfone (19) has 1.2 kcal
mol™! more free energy than the exoc isomer (18), and in
Figures 1.9 to 1.11 the cis methoxy sulfones (13, 15, and
17) all have higher energy than their trans isomers.

These energy differences are almost certainly due to
steric effects. For the endo vs. exo sulfone (19 and 18),
this probably arise primarily from the non-bonding
interaction between the PhSO, group and the endo C-5
hydrogen.

With the cis methoxy sulfones the picture is slightly
more complex. From the fact that all of the cis isomers are
of higher energy than the trans there must be a strong
non-bonding interaction between the syn-periplanar

phenylsulfonyl and methoxy groups. If we compare 15 with

12, it is evident that 15 has such a syn-periplanar
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Figure 1.9 Free energy vs. reaction coordinate diagram for the H-D exchange and inversion
reactions of 12 and 18 in sodium deuteroxide.
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Figure 1.10 Free energy vs. reaction coordinate diagram for the H-D exchange and inversion
reactions of 13 and 14 in sodiun deuteroxide.
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Figure 1.11 Free energy vs. reaction coordinate diagram for the H-D exchange and inversion
reactions of 16 and 17 m sodium deuteroxide.



interaction, whereas 12 has a measure of steric strain from
the endo conformation of the phenylsulfonyl group. More
quantitatively AG for 18 vs. 12 may be given by

sp
where G.p is the strain energy resulting from the syn-planar
arrangement of the two substituents, and Gy is the strain
energy of the endo (vs. exo) substituent. Since AG for 1S
vs. 12 is 2.5 kcal mol~! and Gy = 1.2 kcal mol~l (from
Figure 1.8), we find G,, = 3.7 t 0.5 kcal mol™l. similarly

for 13 vs. 14,

and since 4G = 4 % 1 kcal mol~™!, we obtained G,, = 4 - 1.2 =
2.8 (¢ 1) kcal mol~l. 1In the bicyclo[2.2.2)octane isomers,
17 and 16, G,, is simply AG, i.e. 2.4 kcal mol™l. It is of
interest to note that, as expected, the G,p values vary
inversely with the S°°°0 internuclear distances, r: 185, Gep
= 3.7 kcal mol”!, r = 2.830 4; 13, Ggp % 2.8 kcal mol™?!, r =

2.888 &; 17, G,, = 2.4 kcal mol”}, r = 2.930 A.

1.2.5 The Effect of the f-Alkoxyl Group on the Rates of H-D
Bxchange of Sulfones

As stated above three different ring systems, i.e.

cyclohexyl, bicyclo[2.2.1], and bicyclo[2.2.2]) rings were




involved in this study. 1In order to compare the results of
the H-D exchange reaction it is necessary to normalize the
ko data. We define ky, the normalized constant for the
exchange, by ky = Kkg,/(Kqy)o Where (kg,), refers to the kg,
for the compound of analogous ring structure lacking the -
OCH, (or -0 in the ring); values of ky are listed in Table
1.4. Table 1.4 also includes data of Rathore?? for the
base catalyzed H-D exchange reaction of a number of other -
alkoxy sulfones. The H,-C,-Cp-O dihedral angles shown in
Table 1.4 for bicyclo[2.2.1] and bicyclo[2.2.2]) methoxy
sulfones were obtained from the x-ray crystal structure
determination; those for the cyclohexylic and heterocyclic
sulfones were estimated from PCMODEL (PCM4) calculations.
The values in Table 1.4 show that the presence of a
B-alkoxy substituent may alter the H-D exchange rate by
factors varying from 4.0 x 10% (for 43), 2.5 x 10% (for 12)
and 3.2 x 10% (for 17) on the one hand, and 3.8 x 102 (for
8) and 1.5 x 102 (for 11) on the other. One may immediately
conclude that the alkoxy substituent is not acting
exclusively via the inductive effect since (a) the observed
effect appears much too large to be accommodated by any
reasonable inductive effect (as discussed in section 1.1),
and (»h) this effect would be expected to depend only on the
number of bonds between the substituent and the reaction
site and hence should be the same for all of the ff-alkoxy
compounds. The field effect, on the other hand, is a

function of the internuclear distance between the polar

a e
*




centres and it is appropriate to see if the results in Table
1.4 may be accounted for on this basis.

The field effect on acidity of a dipolar substituent
may be calculated using the Kirkwood-Westheimer34

equation:
log (Ky/Ky) = ep cos q/(2.3 RT r? Dge4) (5)

where X, and X, are the acid dissociation constants of
substituted and unsubstituted derivatives and u is the
substituent dipole moment; D,¢¢ is the “"effective dielectric

constant.® The q and r variables are defined as follows:

Equation 5 indicates that the field effect for the same
substituent and solvent should vary with (cos q)/rz. We
have calculated the values of (cos q)/r2 based on the x-ray
crystal structure determination data and PCMODEL
calculations. The results are listed in Table 1.6 and
log ky vs. (cos q)/r? shown in Figure 1.12.

It is clear from Figure 1.12 that there is no evident
dependence of log ky on (cos q)/rz. If we ignore the point
at (cos q)/r? = 0.07, the remaining points correspond to a

horizontal straight line; i.e. it would appear that the



Table 1.6 The estamated parameters of q, r, and (cos q)/r?

E

8

:
B

-5_;;5
3 =

a The k,, vakes were taken from Table 1.4.
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Figure 1.12 The plot of log k; vs. (cos q)/r? for the
B-methoxy phenylsulfone based on the data in Table 1.6.
The points are experimental.

log ky is independent of (cos q)/rz. Alternatively if the
stray point is included there then is no linear correlation
between log ky and (cos q)/rz. In either case it would
appear that these calculations indicate that the field
effect is not the chief influence leading to the observed
variation of ky with structure reported in Table 1.4.

In the light of these conclusions we return to the
topic that prompted these experiments, i.e. the anomeric
effect. As currently defined, the anomeric effect is

believed to arise from n - ¢* overlap, as shown in 5 (see

o



section 1.1). Such overlap is expected to be maximal when
the overlapping orbitals are periplanar and miminal when
they are clinal, in other words, this may be expected to
correlate with cos 26; where 6 is the dihedral angle. This
point can be examined by comparing the experimental points
with the line defined in equation 6, which has the cos 20
dependency together with parameters adjusted to fit as many
of the points as possible. The agreement with the clusters
of points around ~0, ~50, and ~180° is encouraging but the
deviation of the three points around 120-150° due to the
three cis isomers (13, 1S, and 17) clearly requires

explanation.

log ky = 1.6 (1.7 + cos (20)) (6)

where 0 is the H,-C,-Cy-O dihedral angie of f-alkoxy
sulfones.

The deviation of these points is positive, i.e. the
rates of these H-D exchange reactions are faster than what
would be predicted by equation 3. Insight into the possible
origins of these deviations may be obtained by inspecting
the energy diagrams for these compounds (Figures 1.9 to
1.11), where we see that the three cis compounds which
deviate from the cos 20 line are the isomers with the higher
free energy in each pair. It will be recalled that this was

ascribed in the earlier discussion (section 1.2.4) to non-



bending repulsions between the two syn-periplanar bulky
groups. In this light it is eminently reasonable to assign
the apparent ‘extra’ speed of H-D exchange in the cis
isomers to a release of non-bonding repulsions on going from
the starting material to the transition state for the
carbanion formation. For the two cis isomers of the
bicyclo[2.2.1]heptane system (13 and 15) eclipsing effects
of 2.8 kcal mol~! and 3.7 kcal mol~! have been estimated;

for the cis bicyclo[2.2.2]octane compound (17) the eclipsing
en2rgy was simply AG_;, -~ AGy ,ns+ i-€. 2.4 kcal mol~l. The
eclipsing energy is almost certainly not completely lost on
proceeding to the transition state for the carbanion. As a
rough estimate of this energy loss we note that the three-
fold faster rate of H-D exchange observed with endo-phenyl-
sulfonylnorbornane (19) corresponds to A.Glgt - A.Gmt = 0.8
kcal mol™), or in other words, if we assign the faster rate
of 19 primarily to release of the non-bonding energy
presumed to be responsible for (most of) the 1.2 kcal mol~}
energy difference between 19 and 18, then 0.8 kcal mol~! or
2/3 of this is lost in proceeding to the transition state
for carbanion formation. If we then assume that much the
same energy loss may be expected on going from a cis isoner
to the transition state for the carbanion formation, we may
then ’correct’ the ky values for the cis compounds ry adding
2/3 x 3.7 = 2.4 kcal mol~! to the AG! value for 15, 2/3 x

2.8 = 1.9 kcal mol~! to the AG* for 13, and 2/3 x 2.4 = 1.6

kcal mol~! to that for 17. The estimated log ky values for




the three cis isomers thus ‘corrected’ for the eclipsing
energy acceleration are shown as the open circles in Figure
1.13. Gratifyingly the ‘corrected’ points are within

experimental error of the line obtained from eq 6.
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Pigure 1.13 The plot of log ky vs. the H,-C,-Cg-O dihedral
angle for the base catalyzed H-D exchange reactions of
B-alkoxy sulfones. The filled circles are from the
bicyclo(2.2.1) and bicyclo{2.2.2] systems in CD,;CN:D,0
(1:1); the filled triangles are from cyclohexyl systems
in CD;CN:D,0 (1:1); the filled squares are from
cyclohexylic or bicyclohexylic systems in D,0; the open
circles are corrected cis bicyclo[2.2.1]) and bicyclo-
(2.2.2]) sulfones. The curve was calculated from eq 6.
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We note that (a) neither the inductive effect nor the
field effect account even qualitatively for the variation of
ky with f-alkoxy substituent, (b) when steric effects are
taken account of (by an independently derived estimate) the
thirteen values of ky listed in Table 1.4 are accounted for
(at a rough quantitative level, at least) by the anomeric

effect.

1.2.6 The Effect of the S-Methoxy Substitution on the Rate
of Stereomutation of the BSulfones

From Table 1.5 and Figures 1.8 to 1.11, it is clear
that the f-metloxy group dramatically facilitates the
conversion of one epimer into the other. This section
considers the origin of this effect.

To convert one a-sulfonyl _Larbanion into the other it
is necessary to rotate around the -C™-S0,- bond. At the
energy maximum (presumably when the bond is rotated from its
stable conformation by 90°) the stabilization of the
carbanion by the stereoelectronic effect of the sulfonyl
group is minimized, i.e. the charge density on the carbon is
distinctly greater than when the carbanion has the stable
conformation. When the only substituents in the system are
hydrogen and carbon atoms, the stabilization of this extra
charge density is minimal and the -C™-S0,- bond rotation
requires considerable energy, as is indeed noted in the
conversion of 19 into 18.

In the presence of a f-alkoxy substituent the energy of

I
]




the carbanion is lowered considerably relative to the
unsubstituted analogue. On rotating the -C™-SO,- bond by
90° from the minimum energy conformation, the increased
negative charge on the carbon atom can be stabilized by the
f-alkoxy substituent, and because the charge density on the
carbon is increased by rotation of the -C™-SO,- bond, the
anomeric and field effects of the alkoxy substituent are
also increased. One way of describing the phenomenon is to
state that the p" for substituents with the half-rotated
(90°) conformation of the carbanion is larger than p* for
B-substituents for the stable conformation of the sulfonyl
carbanion.

A related variation in p* with B-substituents has, in
fact, been observed by Stirling and Thomas® for hydrogen
exchange in a series of compounds of the general structure

EWG-CH,-{d,~Z (see Table 1.7).

Table 1.7 The p" Values for Different Substituents




These results are consistent with a variation in p*
with variation in charge density in the carbon. As Stirling
and Thomas put it the "effect of the polar substituent" is
at a maximum "when the negative charge of the carbanion is
located primarily on the single atom nearest the polar
substituents". With the nitroalkanes p* is small because
much of the negative charge of the (incipient) nitronate
anion is located on the oxygen atoms, rather than the
carbon, whereas with the sulfones most of the charge (even

with the favourable orientation of the sulfonyl group)

resides on the a-carbon.




1.3 CONCLUSION

The initial premise upon which this study was based
appears to have been demonstrated. The large dependence on
B-substituents found by Stirling and Thomas to be shown by
exchange of hydrogen alpha to a sulfonyl group has been
demonstrated to be inconsistent with simple inductive or
field effects and at least semiquantitatively consistent
with a sizeable anomeric effect.

It has also been found that the presence of a f-alkoxy
substituent accelerates the stereomutation of a-sulfonyl
carbanions. The observation is consistent with a picture in
which there is increased charge on *the a-carbon, and hence

increased influence by the fB-substituent, in the transition

state for the interconversion of the carbanions.




1.4 EXPERIMENTAL

Melting points were determined on a Kofler Hot Stage
and uncorrected. Infrared spectra were obtained with a
Bruker IFS 32 FTIR Spectrometer. 1H NMR spectra were
obtained by using Varian XL-200 , Gemini 200 and Gemini 300
spectrometers. 13¢ NMR spectra were determined on the
Varian XL-300 or Gemini 300 instruments. Me,Si (TMS) was
used as a reference for solvents CDCl, and acetone-dg, and
sodium trimethylsilylpropanesulfonate (DSS) for D,0. Mass
Spectra were run on a Finnigan MAT-311A Spectrometer.

High performance liquid chromatography (HPLC) (Waters,
Model 510, and Waters 490 Programmable Multiwavelength
Detector) was used to determine the trace products in H-D
exchange (Column: C18, wavelength: A = 260 nm, and solvent:
CH;O0H:H,0=1:1).

Reagent grade chemicals and solvents were used without
additional purification unless otherwise noted. Triethyl-
amine was distilled from calcium hydride. Solvents such as
acetonitrile, absolute ethanol, tetrahydrofuran (THF), and
dimethylsulfoxide were dried over calcium hydride and
distilled; dichloromethane was dried over phosphorus
pentoxide and diethyl ether dried by refluxing with LiAlH,,

prior tn distillation.

Preparation of endo-3-Phenylsulfonyl-endo-2-methoxy-

norbornane (13)



a) exo-Norbornene oxide (23)

Peracetic acid (32%, 30 mL) which was saturated with
sodium acetate was added dropwise to a mixture of norbornene
(11.2 g, 118.9 mmol) and sodium carbonate (12.6 g, 118.9
mmol) in dichloromethane (150 mL) at 0 °C. The mixture was
stirred for 1 h and then neutralized with 25% sodium
hydroxide solution. The mixture was filtered and the
organic layer was separated. The agueous layer was
extracted with dichloromethane (3 x 50 mL). The combined
organic phase was dried over anhydrous magnesium sulfate.
The solvent was removed and the residue was distilleu to
give exo-norbornene oxide (23) (9.50 g, 84.7 mmol, 71.2%
yield) as a cciourless liquid which solidified on standing,

mp 124-126 °C {1it.® mp 125-127 °C]; IR (KBr) » 2963 (s),

max :
2874 (m), 1740 (s), 1454 (s), 1329 (m), 1242 (s), B49 (s)
cm™}; H NMR (CDCl,) &: 1.18-1.34 (m, 4H), 1.45-1.52 (m,

2H), 2.44 (s, 2H), 3.06 (s, 2H); 13c NMR (cDCl;) §: 25.9,

27.1, 37.5, 52.3.

b) endo-3-Phenylthio-exo-2-norbornanol (24)

The mixture of thiophenol (13.00 g, 0.118 mol) and exo-
norbornene oxide (23) (8.50 g, 0.077 mol) was added to a
solution of sodium hydroxide (6.00 g, 0.15 mol) in 50% EtOH
aqueous solution (v/v, 75 mL). The mixture was refluxed for
100 h, and then cooled to room temperature. The mixture was

extracted with dichloromethane (4 x 50 mL). The organic

phases were combined and washed with agueous sodium

a




hydroxide (5%, 2 x 30 mL), aqueous hydrochloric acid (5%, 30
mL), saturated sodium bicarbonate (30 mL) and water (30 mlL),
and dried over anhydrous magnesium sulfate. The solvent was
removed to give a brown oil (24) which solidified on
standing. Compound 24 was recrystallized from toluene and
petroleum ether to give white crystals (15.21 g, 0.069 mol,
89.7% yield), mp 64-65 °C; IR (KBr) Ymax: 3291 (s), 3055

(s), 2940 (s), 2961 (s), 1582 (m), 1482 (m), 1437 (s), 1318
(m), 1117 (m), 1053 (s), 1005 (s), 814 (m), 737 (s), 688
(s); 'H NMR (CDC1l,) &§: 1.22 (m, 1H), 1.39 (m, 2H), 1.58 (m,
1H), 1.78 (m, 3H), 2.20 (4, 1H), 2.42 (d, 1H), 3.29 (m, 1H),
3.56 (t, 1H), 7.21-7.28 (m, 3H), 7.42-7.46 (m, 2h); 13c NMR
(cbCcl;) 6: 22.3, 24.7, 35.6, 40.6, 44.9, 59.1, 81l.9, 126.1,
128.9, 130.0, 136.6; exact mass calculated for C,;H,,0S:

220.0922; found: 220.0924.

¢) endo-3-Phenylthio-2-norbornanone (25)

Dimethyl sulfoxide (3.438 g, 44 mmol) was added
dropwise during ca. 5 min to a solution of oxalyl chloride
(2.539 g, 20 mmol) in dichloromethane (30 mL) at -78 °cC.

The reaction mixture was stirred for 15 min at -78 °cC.
endo-3-Phenylthio-exo-2-norborneol (24) (3.50 g, 15.9 mmol)
in dichloromethane (10 mL) was added dropwise in about 5 min
to this mixture. The reaction mixture was stirred for 30
min at ~78 °C. Triethylamine (7.26 g, 71.7 mmol) was added
dropwise in 5 min. Stirring was continued at -78 °C for 30

min. The cooling bath was removed and water (30 mL) was




added at room temperature. The mixture was stirred for ca.
10 min and the organic layer was separated. The aqueous
phase was extracted with dichloromethane (20 mL). The
combined organic phases were washed with water (30 mL),
aqueous hydrochloric acid (3 M, 30 mL), saturated sodium
bicarbonate (30 mL), and water (2 x 30 mL), and dried over
anhydrous magnesium sulfate. The solvent was evaporated to
give the endo-3-phenylthio-2-norbornanone (2%) (3.47 g, 15.9
mmol, 99% yield) which was distilled at 245 °C (oil-bath, 8
Torr) to give a slightly yellowish oil. IR (neat) v ,.:
3478 (w), 3058 (m), 2967 (s), 2876 (m), 1746 (s), 1583 (m),
1480 (s), 1439 (m), 1316 (m), 1293 (m),1157 (s), 1073 (s),
1026 (m), 941 (m), 742 (s), 693 (s) cm‘l; 1H NMR (CDC1,) 6:
1.62-2.06 (m, 6H), 2.73 (m, 2H), 3.71 (dd, 1H), 7.24 (m,
3H), 7.43 (m, 2H); !3c NMR (cDCl;) §: 21.8 25.2, 36.2, 40.7,
49.8, 59.7, 126.9, 128.9, 131.0, 134.9, 213.4; exact mass

calculated for C,;i,,0S: 218.0765; found: 218.0769.

d) endo-3-Phenylthio-endo-2-norbornanol (26)

endo-3-Phenylthio-2-norbornanone (25) (1.50 g, 6.87
mmol) in anhydrous diethyl ether (10 mL) was added dropwise
in 6 min to a slurry of lithium aluminum hydride (0.508 g,
6.87 mmol) in anhydrous diethyl ether (20 mL) at 0 °C. The
mixture was stirred tfor 0.5 h at 0 °C. Ethylene glycol
(1.706 g, 27.48 mmol) was then added slowly at 0 °c.

Stirring was continued for 5 min at 0 °C, and the mixture

filtered. The solid was washed with dichloromethane (3 x 30

H 1!




mL). The combined filtrate was washed with water (3 x 30
mL), and the organic layer was dried over anhydrous
magnesium sulfate. The solvent was evaporated to give the
product (26) (1.426 g, 6.41 mmol, 94.2% yield) as a
colourless liquid. IR (neat)v ..t 3443 (s), 3058 (W), 2957
(s), 2876 (s8), 1586 (s), 1480 (s), 1452 (m), 1383 (m), 1320
(m), 1296 (m), 1125 (m), 1090 (s8), 1063 (s), 1026 (s), 738
(s), 691 (s) cm™!; !H NMR (CDCl;) §: 1.47 (m, 4H), 1.65 (m,
1H), 1.87 (m, 1H), 2.55 (d, 2H), 2.96(d, 1H), 3.62 (dq, 1H),
4.18 (m, 1H), 7.27 (m, SH); '3c NMR (CcDCl,) &: 19.49, 23.53,
36.09, 42.63, 42.68, 55.64, 69.68, 126.36, 129.02, 129.46,
136.35; exact mass calculated for C,3H,,0S: 220.0922; found:

220.0920.

e) endo-3-Phenylthio-endo-2-methoxynorbornane (27)
endo-3-Phenylthio-endo-2-norbornanol (268) (1.200 g,
5.45 mmol) in dimethyl sulfoxide (3 mL) was added to a
solution of potassium hydroxide (1.220 g, 21.8 mmol) in
dimethyl sulfoxide (7 mL) at room temperature. The mixture
was stirred at room temperature for 1-2 min. Iodomethane
(3.094 g, 21.8 mmol) was added, and stirring was continued
for 15 min. Water (30 mL) and dichloromethane (40 mL) were
added. The two layers were separated and the aqueous layer
was extracted with dichloromethane (2 x 20 mL). The
combined organic extracts were washed with water (3 x 30 mL)
and dried over anhydrous magnesium sulfate. The solvent was

evaporated to give the product (27) (1.263, 5.39 mmol, 99%

-
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yield) as a slightly yellowish liquid. IR (neat) »,,,: 3058
(W), 2955 (s), 2872 (s), 2824 (m), 1585 (m), 1480 (s), 1439
(8), 1360 (m), 1294 (w), 1190 (m), 1129 (s), 1109 (s), 957
(m), 909 (w) cm™!; lH NMR (CDCl;) &: 1.34 (m, 4H), 1.78 (m,
1H), 2.05 (m, 1H), 2.30 (s, 1H), 2.53 (s, 1H), 3.33 (s, 3H),
3.69 (dd, 1H), 3.81 (dad, 1H), 7.24 (m, 3H), 7.35 (m, 2H);
13¢ NMr (CDC1,) &: 19.9, 22.8, 35.8, 40.0, 41.1, 52.6, 57.9,
80.4, 125.8, 128.7, 130.2, 137.1; exact mass calculated for

C14H;180S: 234.1078; found: 234.1077.

f) endo-3-Pheaylsulfonyl-endo-2-methoxynorbornane (13)
Hydrogen peroxide (30%, 8.5 mL) was added dropwise to a
solution of endo-3-phenylthio-endo-2-methoxynorbornane (27)
(1.03 g, 4.4 mmol) in acetic acid (3 mL) at room
temperature. The mixture was heated on a steam bath for 30
min. Water (30 mL) and dichloromethane (40 mL) were added.
The two layers were separated and the agqueous layer was
extracted with dichloromethane (40 mL). The combined
organic layer was washed with saturated sodium bicarbonate
(30 mL) and water (30 mL). After the organic phase was
dried over anhydrous magnesium sulfate, the solvent was
evaporated to give the product 13 (1.12 g, 4.2 mmol, 95%
yield) as white crystals which recrystallized from 85%
methanol, mp 96-98 °C; IR (KBr) wv,,,: 3058 (w), 2946 (s),
2874 (s), 2830 (m), 1447 (s), 1327 (s), 1310 (8), 1279 (s),
1248 (m), 1144 (s), 1113 (s), 1084 (s), 1073 (s), 720 (s),

693 (s) cm™!; lH NMR (CDCl;) &: 1.43 (m, 4H), 2.06 (m, 1H),




2.46 (m, 1H), 2.60 (m, 2H), 3.29 (s, 3H), 3.45 (dad, 1iH),
3.84 (ddd, 1H), 7.56 (m, 3H), 7.91 (m, 2H); 13c NMR (cDcCl,)
§: 19.4, 22.6, 36.8, 40.1, 40.5, 58.1, 67.0, 80.0, 128.4,
128.8, 133.0, 141.4; exact mass (MH*) calculated for

C,4H1903S: 267.1055; found: 267.1060.

Preparation of endo-3-Phenylsulfonyl-exo-2-methoxy-
norbornane (12)
a) endo-3~-Phenylsulfonyl-exo-2-norbornanol (28)

Hydrogen peroxide (30%, 34 mL) was added dropwise to a
solution of endo-3-phenylthio-exo-2-norbornanol (24) (3.93
g, 17.8 mmol) in acetic acid (13 mL at room temp. ature.
The mixture was heated on a steam bath for 30 min and worked
up as above. The solvent was removed to give ...e compound
28 (4.08 g, 16.2 mmol, 91.0% yield) as a white solid which
was recrystallized from 60% ethanol, mp 114-115 °C; IR (KBr)
Vmax: 3453 (S), 3067 (w), 2940 (s), 2872 (m), 1304 (m), 1284
(s), 1269 (s), 1134 (s), 1086 (s), 1067 (s), 720 (s), 604
(s); 1H NMR (CDC1,) é: 1.39 (m, 2H), 1.70 (m, 2H), 2.13 (m,
2H), 2.33 (d, 1H), 2.51 (d, 1H), 3.19 (dt, 1H), 4.29 (m,
1H), 7.61 (m, 3H), 7.91 (m, 2H); 13c NMR (cDCl;) &: 22.2,
24.3, 37.0, 39.3, 45.2, 74.7, 76.2, 127.9, 129.3, 133.6,

140.2; exact mass calculated for C,;H,,03S: 252.0820; found:

252.0822.

b) endo-3-Phenylsulfonyl-exo-2-methoxynorbornane (12)

endo-3-Phenylsulfonyl-exo-2-norborneol (28) (0.25 g,



1.0 mmol) was added to a solution of potassium hydroxide
(0.224 g, 4.0 mmol) in dimethyl sulfoxide (2 mL) at room
temperature. The mixture was stirred at room temperature
for 2 min. Iodomethane (0.57 g, 4.0 mmol) was added, and
stirring was continued for 15 min. This mixture was worked
up as stated in the preparation of 27. The solvent was
removed to give the product (12) (0.238 g, 0.89 mmol, 89%
vYield) as a white solid which was recrystallized from 60%

methanol, mp 125-126 °C; IR (KBr) v 3069 (w), 2976 (m),

max *
2940 (m), 2880 (m), 1447 (s), 1363 (m), 1298 (s), 1269 (s),
1150 (s), 1130 (s), 1084 (s), 756 (s), 720 (s), 689 (s), 606
(s) cm™; 1H NMR (CDCl,) 6: 1.27-1.41 (m, 3H), 1.58-1.67 (m,
2H), 2.20 (m, 1H), 2.50 (m, 2H), 3.16 (s, 3H), 3.18 (m, 1H),
3.67 (m, 1H), 7.29 (m, 3H), 7.63 (m, 2H); !3c NMR (CDCl,) §:
22.9, 23.7, 37.0, 38.8, 41.3, 56.9, 74.0, 83.5, 127.8,
129.0, 133.3, 140.2; exact mass (MH') calculated for

Cy4H1903S: 267.1055; found: 267.1059.

Preparation of exo-3-Phenylsulfonyl-endo-2-methoxy-
norbornane (14)
a) exo-3-Phenylthio-2-norbornanone (29)
endo-3-Phenylthio-2-norbonanone (25%) (3.80 g, 17.4
mmol) was added to a solution of potassium hydroxide (1.95
g, 34.8 mmol) in methanol {70 mL) and water (10 mL). The
mixture was refluxed for 2 h and water (20 mL) was added.
After most of methanol was removed on a rotary evaporator,

the residue was extracted with dichloromethane (3 x 50 mL).
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The organic layer was washed with agqueous hydrochloric acid
(1 M, 30 mL), saturated sodium bicarbonate (30 mL), water
(30 mL), and dried over anhydrous magnesium sulfate. The
solvent was evaporated to give the products (29) and (25)
(3.59 g, 16.5 mmol, 94.5% yield) as a yellowish liguid.

The lH NMR spectrum showed that the products contained
endo-3-phenylthio-2-norbornone (25) (40s) and exo-3-phenyl-
thio-2-norbornone (29) (60%). These two isomers were
separated !>y coiumn chromatography on silica gel using
diethyi ether:petroieum ether = 20:80 as solvents. The exo-
iscmer (23) eluted first. Compound 29 was distilled by a
cold-finger apparatus at 235-237 °C (oil-bath, 8 Torr) to
give a colourless o0il; IR (neat) w, ., : 3476 (w), 3058 (w).
2963 (s), 2876 (s), 1748 (s), 1581 (m), 1480 (s), 1439 (s),
1304 (s), 1172 (s), 1073 (s), 1026 (m), 937 (m), 911 (m),
747 (s), 691 (s) cm™!; H NMR (CDCl;) 6: 1.55 (m, 3H), 1.86
(m, 2H), 2.17 (d, 1H), 7.45 (m, 2H), 2.61 (s, 1H), 2.69 (s,
1H), 3.31 (d, 1H), 7.30 (m, 3H); '3c NMR (cDC1,;) &: 24.3,
27.2, 35.1, 42.0, 49.3, 56.5, 127.2, 129.0, 131.3, 134.4,
213.3; exact mass calculated for C,3H,,0S: 218.0765; found:

218.0765.

b) exo-3-Phenylthio-endo-2-norbornznol (30)
exo~3~Phenylthio-2-norbornanone (29) (1.330 g, 6.09
wmol) in tetrahydrofuran (10 mL) was added dropwise to a

slurry of lithium ali. inum hydride (0.300 g, 4.06 mmol) in

tetrahydrofuran (15 mL) at 0 °C, and after the mixture was




stirred at 0 °C for 1.5 h, it was worked up as described for
25. The solvent was removed to give a mixture of exo-3-
phenylthio-endo-2-norbornanol (30) and exo-3-phenylthio-exo-
2-norbornanol (31) (1.070 g, 4.86 mmol, 79.7% yield) as a
colourless 0il which gave white crystals on standing.

The 1H NMR spectrum showed that the mixture contained
cis isomer (31): 24% and trans isomer (30): 76%. The solid
(30) was recrystallized from petroleum ether (60-80 °C) to
give pure exo-3-phenylthio-endo-2-norbornanol (30) as white

crystals, mp 69-70 °C; IR (KBr) v 3237 (s), 2957 (s),

max*
2943 (s), 2869 (s), 1584 (m), 1480 (s), 1437 (m), 1337 (m),
1318 (w), 1157 (m), 1067 (s), 1053 (s), 740 (s), 700 (m),

689 (s) cm™l; lH NMR (CDCl,) &: 1.31-1.46 (m, 3H), 1.61-1.80
(m, 4H), 2.23 (m, 1H), 2.36 (m, 1H), 2.85 (m, 1H), 4.05 (m,
1H), 7.18-7.34 (m, SH); 3c NMR (cDCl,) &: 19.5, 29.4, 35.3,
43.0, 43.7, 57.4, 80.2, 126.1, 129.0, 129.6, 136.6; exact

mass calculated for C,;H,,0S: 220.0922, found: 220.0924.

¢) exo-3-Phenylt_.io-endo-2-methoxynorbornane (32)

A mixture of dimethyl sulfoxide (6.5 mL) and powdered
potassium hydroxide (0.759 g, 13.5 mmol) was stirred for 5
min at room t mperature. exo-3-Phenylthio-endo-2-
norbornanol (30) (0.745 g, 3.38 mmol) was added followed
immediately by iodomethane (2.399 g, 16.9 mmeol), and after
stirring for 15 min worked up as described for 27. The
solvent was evaporated to give the product 32 (0.750 g, 3.2

mmol, 94.7% yield) as a slightly yellowish liquid. !H NMR




(cDC1l,) &: 1.37 (m, 3H), 1.79 (m, 3H), 2.22 (m, 1H), 2.51
(m, 1H), 2.89 (%, 1H), 3.30 (s, 3H), 3.55 (m, 1H), 7.30 (m,
sH); 13c NMR (CcDCl,) §: 20.7, 30.1, 35.8, 40.9, 44.0, 55.6,

58.2, 89.3, 126.7, 129.7, 130.2, 138.0.

d) exo-3-Phenylsulfonyl-endo-2-methoxynorbornane (14)
Hydrogen peroxide (30%, 8.0 mL) was added dropwise to a
solution of exo-3-phenylthio-endo-2-methoxynorbornane (0.75
g, 3.20 mmol) in acetic acid (3 mL) at room temperature.
The mixture was heated on a steam-bath for 30 min and worked
up as described for 13. The solvent was removed to give
exo-3-phenylsulfonyl-endo~-2-methoxynorbornane (14) (0.814 g,
3.06 mmol, 95.5% yield) as white crystals. Compound 14 was
recrystallized from 50% MeOH, mp 87-88 °C; IR (KBr) v,.,:
2979 (m), 2959 (s), 2876 (s), 2836 (m), 1451 (m), 1304 (s),
1291 (s), 1215 (m), 1148 (s), 1111 (s), 1084 (s), 903 (m),
760 (m), 725 (s), 692 (s), 606 (s), 550 (s) cm~!; lH NMR
(cDC1l,) 6: 1.30 (m, 3H), 1.63 (m, 2H), 1.94 (4, 1H), 2.59
(4, 2H), 2.73 (dd, 1H), 3.17 (s, 3H), 4.05 (t, 1H), 7.57 (m,
3H), 7.91 (d, 2H); 3c NMR (cDCl,) §: 19.5, 29.8, 34.9,
39.0, 39.1, 57.4, 72.9, 81.9, 128.4, 129.1, 133.5, 138.8;

exact mass (MH') calculated for C;,H;4035: 267.1055; found:

267.1057.

Preparation of exo-3-Phenylsulfonyl-exo-2-methoxy-norbornane
(15)

8) exo-3-Phenylthio-exo~-2-norbornanol (31)




Compound 31 was partially separated from the mixture of
30 and 31 by column chromatography on silca gel. 1H NMR
(cDcl;) &: 1.15-1.77 (m, 4H), 2.35 (m, 2H), 2.85 (m, 2H),
3.35 (dd, 1H), 3.92 (4d, 1H), 7.21-7.38 (m, SH); 13c NMR
(cpcly) &: 25.2, 30.0, 34.5, 44.4, 45.3, 59.8, 76.0, 127.2,

130.1, 130.4, 137.7.

b) exo-3-Phenylthio-exo-2-methoxynorbornane (33)

Powdered potassium hydroxide (0.20 g, 3.6 mmol) was
added to a solution of a mixture of exo-3-phenylthio-exo-2-
norbornanol (31) (80%) and exo-3-phenylthio-endo-2-
norbornanol {30) (20%) (0.115 g, 0.52 mmol) in DMSO (2 mL).
This mixture was stirred for 2 min and iodomethane (0.74 g,
5.2 mmol) was added. The mixture was continued stirring for
15 min and worked up as stated in 32. The solvent was
removed to give a mixture of 33 (80%) and 32 (20%) as a
yellowish oil (0.114 g, 0.49 mmol, 94% yield). The NMR
spectra of 33 are as follows: H NMR (CDCl;) §: 1.30-1.70
(m, 4H), 1.92 (m, 2H), 2.22 (m, 1H), 2.57 {(m, 1H), 3.39 (s,
3H), 3.41 (m, 1H), 3.45 (m, 1H), 7.29 (m, 3H), 7.51 (m, 2H);
13c NMR (CDCl;) é: 24.8, 34.0, 39.8, 41.5, 43.5, 56.6, 59.9,

86.7, 126.4, 129.8, 130.2, 138.9.

€) exo=-3-Phenylsulfonyl-exo-2-methoxynorbornane (15)
Hydrogen peroxide (30%, 2 mL) was added dropwise to a
solution of a mixture of exo-3-phenylthio-exo-2-methoxy-

norbornane (33) (80%) and 32 (20%) (0.114 g, 0.49 mmol) in



acetic acid (1 mL) at room temperature. The mixture was
heated on a steam-bath for 0.5 h and worked up as stated in
13. The solvent was removed to give a mixture of exo-3-
phenylsulfonyl-exo-2-methoxynorbornane (15) and exo-3-
phenylsulfonyl-endo-2-methoxynorbornane (14) (0.125 g, 0.47
mmol, 95.9% yield) as a colourless oil which solidified
slowly on standing. Compound 15 was separated from the
mixture by column chromatography using ethyl acetate (20%)
and petroleum ether (80%) as the eluate and recrystallized
from ethyl acetate and petroleum ether, mp 98-99 °C; IR

(KBr) » 2980 (s), 2877 (s), 1450 (m), 1303 (s), 1124

max *
(s), 1103 (s), 719 (m), 691 (m) cm™!; H NMR (CDCl;) &: 0.97
(m, 1H), 1.14-1.1.20 (m, 2H), 1.58 (m, 2H), 1.95 (m, 1H),
2.38 (s, 1H), 2.78 (s, 1H), 3.23 (s, 3H), 3.29 (m, 1H), 3.47
(m, 1H), 7.52 (m, 3H), 7.93 (m, 2H); 13c NMR (cDCl,) §:

23.4, 29.6, 34.2, 38.5, 40.1, 58.4, 72.0, 85.2, 128.6,
128.7, 132.9, 141.4; exact mass (MH') calculated for

Cy4H1903S: 267.1055; found: 267.1057.

Preparation of exo-2-Phenylsulfonylnorbornane (18)
a) exo-2-Phenylthionorbornane (34)

Thiophenol (3.51 g, 31.9 mmol) was added in small
portions to norbornylene (3.0 g, 31.9 mmol) at room
temperature. The temperature rose to 60 °C about 5 min
after the first portion. The remainder of thiophenol was
added at such a rate that the temperature remained between

60~-70 °C. After all of thiophenol was added, the mixture



was heated at 75-80 °C for 30 min with stirring. The
mixture was then subjected to vacuum distillation. The
product was collected at 128-130 °C (5 Torr) to give a
colourless oil (34) (5.50 g, 26.9 mmol, 84.4% yield). IR
(neat) w,,,: 3059 (w), 2955 (s), 2869 (s), 1586(s), 1480
(s), 1451 (s), 1439 (s), 1313 (s), 1239 (m), 1269 (m), 1138
(m), 1068 (m), 1091 (s), 1026 (s), 953 (m), 736 (s), 690 (s)
cm!; 14 NMR (CDC1l,) 6: 1.18-1.84 (m, 8H), 2.27 (m, 2H),
3.17 (m, 1H), 7.11-7.32 (m, SH); !3c NMR (cDcl;) é: 31.3,
31.5, 38.2, 39.1, 41.2, 44.9, 50.7, 128.1, 131.4, 131.5,

140.4.

b) exo-2-Phenylsulfonylnorbornans (18)

Hydrogen peroxide (30%, 20 mL) was added dropwise to a
solution of exo-2-norbornyl phenyl thioether (34) (3.0 g,
14.7 mmol) in acetic acid (10 mL). This mixture was heated
for 0.5 h on a steam bath, and worked up as stated in 13.
The solvent was evaporated to give white crystals (18)
(3.456 g, 14.6 mmol, 99.5% yield) which was recrystallized
from methanol, mp 80-81 °C; IR (KBr) w,,,: 3063 (w), 2965
(s), 2872 (m), 1445 (m), 1325 (m), 1298 (s), 1271 (s), 1242
(m), 1146 (s), 1086 (s), 721 (s), 696 (s), 612 (s) cm~!; !H
NMR (CDCl;) 6: 1.18 (m, 3H), 1.80 (m, 1H), 2.01 (m, 1H),
2.40 (dd, 1H), 2.68 (dd, 1H), 3.00 (ddd, 1H), 7.60 (m, 3H),
7.82 (m, 2H); 13c NMR (cDcl,;) 6: 28.1, 29.8, 32.6, 36.1,

38.8, 66.7, 128.4, 129.1, 133.4, 139.1.

-1



Preparation of endo-2~-Phenylsulfonylnorbornane (19)
a) endo-2-Phenylsulfonyl-S-norbornene (35)

A mixture of cyclopentadiene (freshly distilled from
dicyclopentadiene) (3.20g, 48.4 mmol) and phenyl vinyl
sulfone (2.0 g, 11.9 mmol) in benzene (5 mL) was stirred for
5 days at room temperature. The solvent and excess
cyclopentadiene were removed to give a colourless liquid
(2.65 g, 11.3 mmol, 95% yield) which was shown by 1H NMR to
contain endo-2-phenylsulfonyl-5-norbornene (3%) (83%) and
exo-2-phenylsulfonyl-5-norbornene (17%). The two isomers
were separated by column chromatography using benzene as
solvent. The pure 35 was recrystallized from benzene and
petroleum ether, mp 63-65 “C [lit. mp3® 64-65 °C]. I1H NMR
(cbCly) 6 1.27 (m, 1H), 1.45 (m, 1H), 1.59 (m, 1H), 1.99
(m, 1H), 2.97 (m, 1H), 3.08 (m, 1H), 3.65 (m, 1H), 6.13 (dd,
1H), 6.26 (dd, 1H), 7.55 (m, 3H), 7.85 (m, 2H); 13c NMR
(cDC1,) &: 28.8, 42.7, 45.0, 49.8, 64.7, 127.9, 129.2,

131.3, 133.4, 137.4, 140.3.

b) endo-2-Phenylsulfonylnorbornane (19)

A mixture of formic acid (3.05 g, 66.3 mmol), 10%
palladium on charcoal catalyst (Pri-C) (0.35 g), and endo-2-
phenylsulfonyl-S-norbornene (35) (0.49 g, 2.1 mmol) in
absolute ethanol (80 mL) was refluxed for 2 h. The PA-C was
filtered off. The solvent was removed to give a colourless
liquid (19) (0.40 g, 1.7 mmol, 81% yield) which solidified

on standing. Compound 19 was recrystallized from 50%




aqueous methanol, mp 61-62 °C; IR (KBr) wg,,: 2975 (m), 2883
(w), 1445 (m), 1276 (s), 1152 (s), 1086 (s), 722 (s), 703
(s), 603 (s); H NMR (CDCl;) 6: 1.37 (m, 5H), 1.77 (m, 2H),
2.38 (m, 2H), 2.52 (m, 1H), *.32 (m, 1H), 7.52 (m, 3H), 7.86
(m, 2H); 3c NMR (cDCl,) 6: 23.6, 28.9, 31.2, 37.3, 39.8,
40.4, 65.8, 127.9, 129.2, 133.3, 140.6; exact mass

calculated for C,3H160,8: 236.0871; found: 236.0874.

Preparation of cis-3-Phenylsulfonyl-2-methoxybicyclo-
[2.2.2]cctane (17)
a) 2,3-Bpoxybicyclo(2.2.2)octane (36)

A mixture of bicyclo(2.2.2}oct-2-ene (2.40 g, 22.2
mmol), 3~-chloroperoxybenzoic acid (9.00 g, 52.2 mmol) and
sodium bicarbonate (4.5 g, 53.6 mmol) in dichloromethane
(200 ml) was stirred for 72 h at room temperature. The
precipitate was filtered off and washed with dichloromethane
(50 mL). The filtrate was washed with aqueous socdium
thiosulfate (20%, 60 mL), saturated sodium bicarbonate (50
mL), and water (3 x 50 mL). The organic layer was dried
over anhydrous magnesium sulfate. The solvent was removed
to give the product (36) (2.70 g, 21.7 mmol, 97.9% yield) as
white crystals which was recrystallized from 50% MeOH
aqueous solution, mp 190-191 °C (lit. mp3® 190-190.3 °c];

IR (KBr) wg,,: 1790 (s), 1765 (s), 1574 (w), 1470 (w), 1219
(s), 1034 (w), 1011 (s), 812 (w),725 (s) cm™!; H NMR
(CDCl1,) 6: 1.22 (m, 2H), 1.55 (m, 4H), 1.67 (m, 2H), 2.06

(m, 2H), 3.22 (m, 2H); ¥3c NMR (cDCl,) §: 22.8, 23.6, 27.6,




~i

53.2.

b) trans-3-Phenylthio-2-bicyclo[2.2.2)octanol (37)
Thiophenol (3.42 g, 31.0 mmol) and 2,3-epoxybicyclo-
[2.2.2)octane (36) (2.80 g, 25.5 mmol) was added to a
solution of potassium hydroxide (2.5 g, 44.6 mmol) in 50%
agueous ethanol (25 mL). This solution was refluxed for 120
hours with stirring. The mixture was extracted repeatedly
with dichloromethane (5 x 25 mL). The extracts were washed
with aqueous sodium hydroxide (5%, 2 x 20 mL), hydrochloric
acid (5%, 20 mL), saturated sodium bicarbonate (20 mL), and
water (30 mL). The organic phase was dried over anhydrous
magnesium sulfate. The solvent was removed to give the
product (37) (4.736 g, 20.2 mmol, 89.6% yield) as a slightly
yellowish oil. Compound 37 was distilled from a cold-finger
apparatus at 235-240 °C (oil-bath, 8 Torr) to give a
colourless oil. IR (neat) Vmax: 3393 (s), 3057 (w), 2940
(s), 2864 (s), 1583 (m), 1479 (s), 1454 (m), 1061 (m), 1026
(s), 738(s), 691(s) cm™l; H NMR (CDCl;) 6: 1.38 (m, 2H),
1.69 (m, 6H), 1.84 (un, 2H), 2.28 (S, 1H), 3.24 (m, 1H), 3.73
(m, 1H), 7.27 (m, 3H), 7.40 (m, 2H); 13c NMR (CDCl,) &:
18.1, 19.7, 23.4, 26.1, 29.9, 32.6, 56.3, 76.0, 126.5,
128.9, 130.9, 135.7; exact mass calculated for C,,H,40S:

234.1078; found: 234.1077.

¢) 3-Phenylthio-2-bicyclo[2.2.2]octanone (38)

Dimethyl sulfoxide (4.008 g, 51.3 mmol) in



dichloromethane (10 mL) was added dropwise to oxalyl
chloride (4.341 g, 34.2 mmol) in dichloromethane (75 mL)
with stirring at -78 °C. The stirring was continued at -78
°c for 15 min followed by addition of trans-3-phenylthio-2-
bicyclo[2.2.2)octanol (4.00 g, 17.1 mmol) in dichloromethane
(15 mL) in 10 min. Stirring was continued for 15 min and
triethylamine (15.2 g, 150 mmol) was added dropwise during
10 min. The mixture was stirred for 10 min at -78 °cC.

Water (60 mL) was added at room temperature and stirring was
continued for 10 min. The mixture was worked up as stated
in the preparation of 25. The solvent was evaporated to
give the product (38) (3.950 g, 17.0 mmol, 99.5% yield) as a
yellowish 0il. Compound 38 was distilled using a cold-
finger apparatus at 225-230 °C (oil-bath, 8 Torr) to give a
slightly yellowish oil. IR (neat) y,,,: 3060 (w), 2946 (s),
2870 (s), 1724 (s), 1581 (m), 1480 (s), 1455 (s), 1325 (w),
1111 (m), 1062 (s), 1026 (m), 741 (s), 691 (s), 666 (s) cm
1; 1H WMR (CDCl,) &: 1.58 (m, 3H), 1.84 (m, 4H), 2.15 (m,
2H), 2.38 (m, 1H), 3.74 (t, 1H), 7.27 (m, 3H), 7.47 (m, 2H);
13c NMR (CDC1l,) &: 20.0, 22.7, 23.5, 25.3, 33.1, 42.5, 57.6,
127.2, 129.0, 131.8, 134.4, 213.5; exact mass calculated for

C,4H;0S: 232.0922; found: 232.0923.

d) cis-3-Phenylthio-2~bicyclo[2.2.2]octanol (39)
Method A:
3-Phenylthio-bicyclo[2.2.2]}octan-2-one (38) (3.0 g,

12.2 mmol) in anhydrous diethyl ether (15 mL) was added

-]

~



dropwise in 10 min to a slurry of lithium aluminum hydride
(0.855 g, 11.6 mmol) in anhydrous diethyl ether (30 mL) at -
78 °C. The mixture was stirred for 2.5 h at -78 °cC.
Ethylene glycol (2.88 g, 46.4 mmol) was added to destroy the
excess lithium aluminum hydride at room temperature. The
pracipitate was filtered off and washed repeatedly with
dichloromethane (3 < 30 mL). The filtrate was washed with
aqueous hydrochloric acid (1 M, 50 mlL), saturated sodium
bicarbonate (50 mL), and water (2 x 50 mL). The organic
layer was dried over anhydrous magnesium sulfate. The
solvent was evaporated to give the product (39) (2.75 g,
11.7 mmol, 90.7% yield) as a slightly yellowish oil. The !H
NMR spectrum showed the product to be a mixture of the cis

isomer (39) (63%), and the trans isomer (37) (37%).

Method B:

3-Phenylthio-bicyclo[2.2.2)]octan-2-one (38) (4.50 g,
19.4 mmol) in 2-propanol (15 mL) was added dropwise to a
solution of sodium borohydride (0.733 g, 19.4 mmol) in 2-
propanol (95 mL). The mixture was stirred overnight at room
temperature. Concentrated hydrochloric acid (6 mL) was
added to destroy the excess sodium borohydride and the
esters. The 2-propancl was removed on a rotary evaporator.
The residue was extracted with dichloromethane (3 x 50 mL).
The organic phase was washed with saturated sodium
bicarbonate (50 mL), and water (50 mL), and dried over

anhydrous magnesium sulfate. The solvent was removed to



give the mixture of (37) and (39) (4.31 g 18.4 mmol, 94.8%
yield) as an oil. The l1H NMR spectrum showed the mixture to
contain the cis-isomer (39) (78%) and the trans-isomer (37)
(22%). The two isomers were separated by column chromato-
graphy on silica gel using a mixture of diethyl ether (20%)
and petroleum ether (80%) as the solvent. The cis-isomer
(39) came out first from the column. Compound 39 was
distilled in a cold-finger apparatus, bp 225-228 °C (oil-
bath, 8 Torr). IR (neat) v,,,.: 3440 (s), 3058 (w), 2936
(s), 2865 (s), 1584 (m), 1480 (s), 1456 (m), 1439 (s), 1067
(s), 1044 (s), 1026 (m), 738 (s), 691 (s) cm™l; 1H NMR
(cpcl,) 6: 1.36 (m ,2H), 1.60 (m, 4H), 1.88 (m, 4H), 3.07
(s, 1H), 3.62 (dt, 1H), 4.01 (dt, 1H), 7.27 (m, 3H), 7.37
(m, 2H); 13c NMR (CDCl,) &: 18.1, 20.7, 23.0, 25.9, 31.3,
31.4, 55.0, 68.2, 126.4, 129.0, 129.9, 136.3; exact mass
calculated for C,4H,40S: 234.1078, found: 234.1074.

@) cis-3-Phenylthio-2-methoxybicyclo[2.2.2)octane (40)

A mixture of dimethyl sulfoxide (35 mL) and powdered
potassium hydroxide (3.93 g, 70 mmol) was stirred for 5 min
at room temperature. cis-3-Phenylthio-2-bicyclo[2.2.2])~-
octanol (39) (4.10 g, 17.5 mmeol) was added to the mixture
followed immediately by iodomethane (9.94 g, 70.0 mmol).
Sstirring was continued for 25 min and the mixture worked .p
as stated in the preparation of 32. The solvent was
evaporated to give a yellow oil (4.169 g, 16.8 mmol, 95.9%

yield). The H NMR spectrum showed that the product



contained the cis-isomer (40) (86%) and the trans-isomer
(37) (14%). The two isomers were separated by column
chromatography on silica gel to give pure 40. IR (neat) v
max: 3057 (w), 2938 (s), 2865 (s), 1584 (m), 1482 (m), 1439
(m), 1102 (s), 739 (s), 691 (s); H NMR (CDCl,) &: 1.27-1.42
(m, 4H), 1.51-1.68 (m, 4H), 1.85-1.94 (m, 2H), 3.37 (s, 3H),
3.65 (s, 2H), 7.20-7.28 (m, 3H), 7.33-7.40 (m, 2H); 13¢ NMR
(CDCl,) 6: 18.7, 20.3, 22.6, 25.6, 27.8, 29.0, 51.5, 58.1,

79.2, 125.9, 128.8, 130.6, 136.5.

f) cis-3-Phenylsulfonyl-2-methoxybicyclo[2.2.2)octane (17)
Hydrogen peroxide (30%, 20 mL) was added dropwise to a
solution of cis-3-phenylthio~2-methoxybicyclo[2.2.2]octane
(40) (2.0 g, 8.0 mmol) in acetic acid (8.5 mL). The mixture
was heated on a steam bath for 30 min and worked up as
stated in 13. The solvent was removed to give the product
17 (2.1%5 g, 7.7 mmol, 96.3% yield) as a colourless o0il which
solidified on standing. Compound 6 was recrystallized from
ethyl acetate (10%) and petroleum ether (90%) to give white
crystals, mp 127-128 °C; IR (KBr) » ,,,: 3065 (w), 2984 (s),
2818 (s), 2924 (s), 2864 (s), 1448 (s), 1316 (s), 1302 (s),
1269 (s), 1284 (s), 1234 (m), 1144 (s), 1103 (s,, 1086 (s),
995 (w), 762 (s), 721 (s), 692 (s) cm™!; H NMR (CDCl;) §:
3.19 (s, 3H), 3.39 (dt, 1H), 3.53 (dd, 1H), 7.57 (m, 3H),
7.93 (m, 2H); !3c NMR (cDCcl;) é: 18.4, 20.9, 21.6, 25.4,
26.6, 27.0, 57.4, 66.4, 76.9, 128.6, 128.8, 133.0, 141.0;

exact mass (MH') calculated for C,5H,0038: 281.1211; found:



281.1207.

Preparation of trans-3-Phenylsulfonyl-2-methoxybicyclo-
[2.2.2]octane (15)

a) trans-3-Thenylthio-2-methoxybicyclof2.2.2)octane
(41)

The mixture of dimethyl sulfoxide (15 mL) and powdered
potassium hydroxide (1.50 g, 26.7 mmol) was stirred for 5
min at room temperature. trans-3-Phenylthio-2-bicyclo-
(2.2.2)octanol (37) (1.50 g, 6.4 mmol) was added followed
immediate.y by iodomethane (4.54 g, 32 mmol). The mixture
vas stirred for 25 min and worked up as stated in the
preparation of 27. The solvent was removed to give the
product 41 (1.45 g, 5.8 mmol, 90.6% yield) as a colourless
oil. IH NMR (CDCl3) §: 1.03-1.40 (m, 4H), 1.50-1.70 (m,
4H), 1.80-1.85 (m, 2H), 2.97 (m, 2H), 3.06 (s, 3H), 7.15-
7.26 (m, 3H), 7.35-7.45 (m, 2H); }3C NMR (CDCl;) &: 19.3,
21.0, 24.1, 27.2, 29.4, 30.5, 54.6, 57.7, 85.9, 127.4,

129.9, 131.8, 137.0.

») trans-3-Phenylsulfonyl-2-methoxybicyclof{2.2.2)octane
(16)

Hydrogen peroxide (30%, 12 nmL) was added dropwise to a
solution of trans-3-phenylthio-2-methoxybicyclo[2.2.2]octane
(41) (1.20 g, 4.8 mmol) in acetic acid (5.0 mL,. The
mixture was heated on a steam bath for 30 min and worked up

as stated in the preparation of 13. The solvent was removed



to give the product 16 (1.15 g, 4.1 mmol, 85.4% yield) as a
white solid. Compound 1% was recrystallized from 60%
methanol to give white crystals, mp 84-86 °C; IR (KBr) wp,,:
3061 (w), 2948 (s), 2863 (s), 2824 (m), 1447 (s), 1337 (m),
1306 (s), 1289 (s), 1246 (w), 1148 (s), 1107 (m), 1086 (s),
758 (m), 723 (s) cm™!; H NMR (CDCl;) 6: 1.37-1.69 (m, 7H),
1.97 (m, 1H), 2.23 (m, 2H), 3.03 (s, 3H), 3.05 (m, 1H), 3.77
(m, 1H), 7.60 (m, 3H), 7.91 (m, 2H); 3c NMR (cDC1l;) §:

17.9, 20.6, 22.6, 25.6,.26.9, 27.3, 56.3, 70.7, 77.8, 128.4,

129.0, 133.4, 139.2; exact mass (MH') calculated for

Cy5H50045S: 281.1211; found: 218.1212.

Preparation of 2-Phenylsulfonyl-bicyclo[2.2.2]octane (20)
a) 2-Phenylthio-bicyclo[2.2.2]Joctane (42)

Thiophenol (1.22 g, 11.1 mmol) was added in small
portions to bicyclo[2.2.2)oct-2-ene (1.20 g, 11.1 mmol).
The temperature rose to about 50 °C. The remainder of
thiophenol was added at such a rate that the temperature was
not over 70 °C. After the addition of thiophenol was
complete, the mixture was heated at 70 °C for 8 h with
stirring. The mixture was then subjected to vacuum
distillation at 185-190 °C (oil-bath, 8 Torr) to give the
product (42) (2.07 g, 9.5 mmol, 85.6% yield) as a colourless
oil. IR (neat) g, : 3073 (w), 2934 (s), 2863 (s), 1586
(m), 1479 (s), 1439 (s), 1267 (w), 1092 (m), 1026 (m), 739
(s), 691 (s) cm™!; H NMR (cDCl,) 6: 1.62 (m, 10H), 2.10 (m,

2H), 3.50 (m, 1H), 7.26 (m, sH); 13Cc NMR (cDCl;) &: 20.5,




24.7, 24.9, 25.5, 26.4, 28.3, 34.4, 45.3, 126.0, 128.8,
130.3, 136.7; exact mass calculated for C;,H,4S: 218.1129,

found: 218.1125.

b) 2-Phenylsulfonylbicyclo[2.2.2]octane (20)

Hydrogen peroxide (30%, 16 mL) was added dropwisc with
stirring to a solution of 2-phenylthiobicyclo[2.2.2]octane
(42) (2.00 g, 9.17 mmol) in glacial acetic acid (6 mL) at
room temperature. The mixture was heated for 30 min on a
steam-bath and worked up as stated in the preparation of 13.
The solvent was evaporated to give the product (20) (2.15 g,
8.59 mmol, 93.7% yield) as a colourless o0il which solidified
on standing. Compound 20 was recrystallized from 60%
methanol, mp 61-63 °C (1it.3?” mp 58-59 °C for 2-phenyl-
sulfonyl-(5,6-d,)bicyclo(2.2.2]octane); IR (KBr) wg,,.: 3073
(W), 2942 (s), 2867 (s), 1451 (m), 1306 (s), 1275 (s), 1148
(s), 1086 (m), 767 (m), 723 (s), 702 (m) cm™}; lH NMR
(cpc13) 6: 1.39-1.78 (m, 9H), 2.10 (m, 2H), 2.27 (m, 1H),
3.16 (m, 1H), 7.59 (m, 3H), 7.88 (m, 2H); }3c NMR (cDCl;) §:
20.9, 24.1, 24.3, 24.6, 24.9, 26.8, 27.0, 62.5, 128.4,

129.1, 133.3, 139.1.

Prepvaration of trans-2-Phenylsulfonyl-i-methoxycyclohexane
(11)

A sample prepared by Dr. R. Rathore in this laboratory
was recrystallized from 85% methanol, mp 69-70 °C; IR (KBr)

v ¢ 2927 (s), 1447 (s), 1303 (s), 1141 (s), 1100 (s), 745



(s), 690 (s), 605 (s) cm~}; *H NMR (cDc13) §: 1.16 (m, 4H),
1.78 (m, 4H), 2.20 (m, 1H), 3.05 (s, 3H), 3.42 (m, 1H), 7.48
(m, 3H), 7.82 (m, 2H); 13c NMR (cDCl,) é: 23.1, 23.9, 24.4,
29.7, 55.4, 67.1, 78.2, 127.8, 128.4, 132.8, 141.2; exact

mass calculated for C,4H,4035: 254.0977; found: 254.0973.

Preparation of cis-2-Phenylsulfonyl-l-methoxycyclohexane
(10)

A sample prepared by Dr. R. Rathore in this laboratory
was recrystallized from 85% methanol, mp 97-98 °C ; IR (KBr)
Vmax® 2935 (s), 1447 (m), 1288 (s), 1131 (s), 1087 (s), 758
(m), 691 (m) cm™}; H NMR (cDC13) 6: 1.15-1.23 (m, 2H),
1.36-1.42 (m, 2H), 1.66-1.71 (m, 1H), 1.75 (m, 1H), 1.90-
1.94 (m, 1H), 2.06-2.11 (m, 1H), 2.°6 (m, 1H), 3.22 (s, 3H),
4.00 (m, 1H), 7.50 (m, 3H), 7.83 (m, 2H); !3C NMR (CcDCl,) &:
i8.7, 21.7, 25.0, 27.4, 55.8, 68.1, 73.2, 128.4, 129.3,
133.2, 139.0; exact mass calculated for C,;H,g0;3S: 254.0977;

found: 254.0976.

Preparation of Cyclohexyl Phenyl sulfone (21)

A sample prepared by Dr. R. Rathore was recrystallized
from 85% methanol, mp 72-73 °C ; IR (KBr) vg,,: 2953 (m),
2928 (s), 2853 (m), 1443 (m), 1300 (s), 1289 (s), 1146 (s),
1082 (s), 756 (s) cm™l; lH NMR (CDCl;) &: 1.14-1.44 (m, SH),
1.69 (m, 1H), 1.89 (m, 2H), 2.09 (m, 2H), 2.85-2.97 (m, 1H),

7.52 (m, 3H), 7.85 (m, 2H); 3c NMR (cDCl;) §: 24.8, 25.2,

63.1, 128.7, 128.8, 133.4, 136.9.




1.4.2 Kinetic Measurements of H-D Exchange
a) General procedure:

All kinetic measurements were carried out by 1H NMR
spectrometry using the Gemini 300 N.IR spectrometer. The
concentration of unreacted starting material, as determined
from the integral of one of its peaks relative to that of an
inert peak, was monitored with respect to time.

The sclutions of sodium deuteroxide (0.10 M to 0.50 M)
in deuterium oxide were prepared by dissolving sodium metal
in deuterium oxide under nitrogen. These solutions were
titrated using 0.01 M hydrochloride acid.

A typical kinetic measurement was carried out as
follows: A sample (9 mg) was dissolved in acetonitrile-d,
(0.35 mL) in a NMR tube. Sodium deuteroxide solution (0.35
mL) was added into the NMR tube by a 0.5 mL syringe and the
NMR tube was sealed right away using a flame. The mixture
was shaken vigorously. The rate of the reaction was then
followed by 1H NMR. For slow hydrogen-deuterium exchange
reactions the sealed NMR tube was kept in a 21 t+ 2 °C water
bath or a 77 °C oil bath. For the fast reactions the NMR
tube was placed into the Gemini 300 NMR instrument which the
temperature had been set at 21 + 2 °C. The amount of
unexchanged starting material was determined by comparing
the integral of the disappearing signal a to the sulfonyl
group divided by the integral of the signal a to the
methoxyl group. The time for each measurement was taken as

an average of the start of data collection and the stop of



Table 1.8 The Pseudo-first-order Rate Constants for

Hydrogen-Deuterium Exchange in Mixed Solvent?® at 21.0 °cC.

a. The solvents are CD,CN:D,0 (1:1).

b. The solvents are dioxane-dg:D,0 (1:1).




Table 1.8 Continued

The Pseudo-first-order Rate Constant for Hydrogen-

Deuterium Exchange in Mixed Solventl! at 21.0 °c.

10 0.100 4.57
0.150 6.67
0.200 8.81
0.238 10.60

1. The solvents are CD3;CN:D,0 (1:1).




Table 1.9 The Pseudo-first-order Rate Constants for

Hydrogen-Deuterium Exchange in Mixed Solvent*

Compound

NaOD

0.125
0.150
0.175
0.200
0.300°

0.300°

0.125
0.150
0.175
0.200

0.125
0.150
0.175
0.200

e v ——

10°
10°
10"
10°
10°

V)
o))
Y

X X X X X

10°

[ %
~
[+))
x

10"
10"
10°
10*

5.41
6.50
7.33
8.48

X X X X

7.14 x 10"
8.49 x 10"
9.69 x 10"*

11.40 x 10"

a. The solvents are CD,CN:D,0 (1:1), temperature 21 °C.

b. The solvents are dioxane-d,:D,0 (1:1), temperature 77 °C.




Table 1.10 The Pseudo-first-order Rate Constants for the

H-D Exchange and Inversion of cis Compounds in Sodium

Deuteroxide?
Compound [ [OD™]  Kjopg  K3ong  Kaows, Xsons,  K7ong
(M) 5x 10 Sx 10 ® 10 x 10 X 10

13 0.125 5.20 1.00 1670 17.7 0.09
0.150 6.25 1.20 1670 17.7 0.11
0.175 7.27 1.40 1670 17.7 0.13
0.200 8.29 1.60 1670 17.7 0.15
15 0.175 3.50 0.85 2050 5.0 0.35
0.200 4.00 1.00 2050 5.0 0.40
0.300 4.97 1.50 2050 5.0 0.60
17 0.075 9.0 2.20 1370 63.0 0.12
0.125 l16.1 3.60 1370 63.0 0.20

0.150

0.200

19P 0.300

a. The solvents are CD;3CN:D,0 (1:1), temperature 21 °c.
k, = kg = 2.0 x 101% (s71).
b. The solvents are dioxane-dB:DZO (1:1), temperature 77

°c.



data collection. The value of k,,, was obtained from the
slope of 2 plot of 1ln C, (C, is the concentration % of
starting material in time t) vs. time (s). The second-order
rate constant (k,,) was obtained from the slope of a plot of

k vs. [OD7]); ([OD”] is the concentration of sodium

obs
deuteroxide in the mixed solvent (acetonitrile-d, and

deuterium oxide).

b) Kinetics of H~D Exchange of endo-3-Phenylsulfonyl-exo-2-
methexynorbornane (12)

(i) The H-D exchange of 12 (9 mg) was carried out as
described in the general procedure with four different
concentrations of sodium deuteroxide (0.10, 0.125, 0.15, and
0.20 M) in a mixed solvent of acetonitrile-d; and deuterium
oxide (1:1) at 21 °C. A plot of 1ln C,. vs. time (s) gave a
straight line (see Figure 1.5). The pseudo-first-order rate
constant was obtained from the slope of the line. The
results are listed in Table 1.8. The plot of k,,; vs. [OD7]
gave a straight line. The second-order rate constant k.,
was obtained from the slope of the line and the result is
included in Table 1.4.

(ii) A sample (9 mg) in sodium deuteroxide (0.30 M) in
methanol-d,:D,0 (1:1) was heated for 15 days at 77 °C in a
sealed NMR tube. The solution was neutralized with

concentrated hydrochloride acid. This mixture was used

directly in HPLC analysis. It was found that the mixture

contained exo-3-d-endo-3-phenylsulfonyl-exo-2-methoxy-




norbornane (12) (97.6%) and endo-3-d-exo-3-phenylsulfonyl-

exo-2-methoxynorbornane (15) (2.4% % 1).

¢) Kinetics of H-D Exchange of endo-3-Phenylsulfonyl-endo-
2-methoxynorbornane (13)

The H-D exchange of 13 (9 mg) was carried out as
described in the general procedure with four different
concentrations of sodium deuteroxide (0.125, 0.15, 0.17S5,
and 0.20 M) in a mixed solvent of acetonitrile-d; and
deuterium oxide (1:1) at 21 °c. The lH NMR spectra showed

that compound 13 in sodium deuteroxide underwent H-D

exchange to form exo-3-d-endo-3-phenylsulfonyl-endo-2-
methoxynorbornane, and inversion to form endo-3-d-exo-3-
phenylsulfonyl-endo-2-methoxynorbornane. A plot of 1n C,
(C, is the percentage concentration of unreacted 13) vs.
time (s) gave a straight line. The pseudo-first-order rate
constant for 13 to generate a-sulfonyl carbanion was
obtained from the slope of the line. The pseudo-first-order
rate constant for inversion was obtained by computer
simulation (see Appendix A). The results are listed in
Table 1.10. The plot of k., Vs. [OD”) gave a straight
line. The second-order rate constant k., was obtained from
the slope of the line and the result is included in Tables

1.4 and 1.5.

d) Kinetics of H-D Exchange of exo-3-Phenylsulfonyl-endo-2-

methoxynorbornane (14)




(i) The H-D exchange of 14 (9 mg) was carried out as
described in the general procedure with four different
concentrations of sodium deuteroxide (0.125, 0.15, 0.175 and
0.20 M) in a mixed solvent of acetonitrile-d; and deuterium
oxide (1:1) at 21 °Cc. A plot of 1n C, vs. time (s) gave a
straight line. The pseudo-first-order rate constant was
obtained from the slope of the line. The results are listed
in Table 1.8. The second-order rate constant k., is
obtained from the slope of the plot of k., vs. [OD"] and
the result is included in Table 1.4.

(ii) A sample (9 mg) of 14 in sodium deuteroxide (0.30
M) in methanol-d,:D,0 (1:1) was heated for 15 days at 77 °C
in a sealed NMR tube. The solution was neutralized with
concentrated hydrochloride acid. This mixture was used
directly in HPLC analysis. It was found that the mixture
contained endo-3-d-exo-3-phenylsulfonyl-endo-2-methoxy-
norbornane (14) (99.7%) and exo-3-d-endo-3-phenylsulfonyl-

endo-2-methoxynorbornane (13) (0.3% * 0.3).

e) Kinetics of H-D Exchange of exo-3-Phenylsulfonyl-exo=-2-
methoxynorbornane (15)

The H-D exchange of 15 (9 mg) was carried out as
described in the general procedure with three different
concentrations of sodium deuteroxide (0.175, 0.20 and 0.30
M) in a mixed solvent of acetonitrile-d; and deuterium oxide
(1:1) at 21 °C. The H NMR spectra showed that compound 15

in sodium deuteroxide underwent H-D exchange to form endo-3-



d-exo-3-phenylsulfonyl-exo-2-methoxynorbornane, and
inversion to form exo-3-d-endo-3-phenylsulfonyl-exo-2-
methoxynorbornane. The plot of percentages of unreacted
starting material, H-D exchange and inversion products vs.
time (s) is shown in Figure 1.7. A plot of 1ln C, (C. is the
percentage concentration of unreacted 15) vs. time (s) gave
a straight line. The pseudo-first-order rate constant for
18 to generate a-sulfonyl carbanion was obtained from the
plot of 1ln C, (C, is the percentage concentration of
unreacted 15) vs. time (s). The pseudo-first-order rate
constant for inversion was obtained by computer simulation.
The results are listed in Table 1.10. The second-order rate
constant k,, was obtained from the plot of k,,  vs. [OD7];

the result is included in Tables 1.4 and 1.5.

£) Kinetics of H-D Exchange of trans-3-Phenylsulfonyl-2-
methoxybicyclo[2.2.2)octane (16)

(i) The H-D exchange of 16 (9 mg) was carried out as
described in the general procedure at four different
concentrations of sodium deuteroxide (0.075, 0.10, 0.125,
and 0.15 M) in a mixed solvent of acetonitrile-d; and
deuterium oxide (1:1) at 21 °C. The pseudo-first-order rate
constant was obtained from the plot of 1ln C, vs. time (s)
and the results are listed in Table 1.8. The second-order
rate constant k,, was obtained from the plot of k. ,, vs.

[{OD”) and the result is included in Table 1.4.



(ii) The H-D excharge of 16 (9 mg) was carried out as
described in the general procedure at four different
concentrations of sodium deuteroxide (0.125, 0.15, 0.175 and
0.20 M) in a mixed solvent of 1,4-dioxane-dg and deuterium
oxide (1:1) at 21 °C. The pseudo-first-order rate constant
was obtained from the plot of ln C, vs. time (s) (for a
typical plot, see Figure 1.14). The results are listed in
Table 1.8. The second-order rate constant k., was obtained
from the plot of k,,, vs. [{OD”] and the result is included

in Table 1.4.
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Pigure 1.14 The plot of In C, vs. Time (s) for the H-D
exchange of trans-3-phenylsulfonyl-2-methoxybicyrlo-
{2.2.2])octane (16) in sodium deuteroxide (0.15 M) in a
mixture solvent of 1,4-dioxane-d; and deuterium oxide
(1:1) at 21 °c.




(iii) A sample (9 mg) of 16 in sodium deuteroxide (0.30
M) in methanol-d,:D,0 (1:1) was heated for 15 days at 77 °c
in a sealed NMR tube. The solution was neutralized with
concentrated hydrochloride acid. This mixture was used in
the HPLC analysis. It was found that the mixture contained
trans-3-d-3-phenylsulfonyl-2-uethoxynorbornane (16) (97.1%)
and cis-3-d-3-phenylsulfonyl-2-methoxynorborrarzs (17) (2.9%

+1).

g) Kinetics of H-D BExchange of cis-3-Phenylsulfonyl-2-
methoxybicyclo[2.2.2)octane (17)

The H-D exchange of 17 (9 mg) was carried out as
described in the general procedure at four different
concentrations of sodium deuteroxide (0.075, 0.10, 0.125,
and 0.15 M) in a mixed solvent of acetonitrile-d; and
deuterium oxide (1:1) at 21 °C. The !H NMR spectra showed
"that compound 17 in sodium deuteroxide underwent H-D
exchange to form endo-3-d-exo-3-phenylsulf-nyl-exo-2-
methoxybicyclo[2.2.2]octane, and inversion to form exo-3-d-
endo-3-phenylsulfonyl-exo-2-methoxybicyclo(2.2.2]octane.
The pseudo-first-order rate constant for 17 to generate a-
sulfonyl carbanion was obtained from the plot of 1ln C. (C,
is the percentage concentration of 17) vs. time (s). The
pseudo-first-order rate constant for inversion was obtained
by computer simulation. The results are listed in Table
1.10. The second-order rate constants k,, were obtained

from the plots of k,,, vs. [OD"] and the result are included



in Tables 1.4 and 1.5.

h) Kinetics of H-D Exchange of trans-2-Phenylsulfonyl-i-
methoxycyclohexane (11)

The H-D exchange of 11 (9 mg) was carried out as
described in the general procedure at four different
concentrations of sodium deuteroxide (0.10, 0.15, 0.20, and
0.238 M) in a mixed solvent of acetonitrile-d; and deuterium
oxide (1:1) at 21 °C. The pseudo-first-order rate constant
was obtained from the plot of 1ln C, vs. time. The results
are listed in Table 1.8. The second-order rate constant kg,

was obtained from the plot of k,,, vs. [OD"] and the result

is listed in Table 1.4.

i) Kinetics of H-D BExchange of cis-2-Phenylsulfonyl-li-
methoxycyclohexane (10)

The H-D exchange of 10 (10 mg) was carried out as
described in the general procedure at four different
concentrations of sodium deuteroxide (0.15, 0.175, and 0.20
M) in a mixed solvent of acetonitrile-d,; and deuterium oxide
(1:1) at 21 °C. The pseudo-first-order rate constant was
obtained from the plot of 1n C, vs. time. The results are
listed in Table 1.8. The second-order rate constant k,, was
obtained from the plot of k,,, vs. [OD”] and the result is

included in Table 1.4.

J) Kinetics of H-D Exchange of exo-2-Phenylsulfonyl-

“r




norbornane (18)

i) The H-D exchange of 18 (10 mg) was carried out as
described in the general procedure at four different
concentrations of sodium deuteroxide (0.125, 0.15, 0.175,
and 0.20 M) in a mixed solvent of acetonitrile-d; and
deuterium oxide (1:1) at 21 °C. Because the reaction of H-D
exchange was very slow, the NMR tubes were kept in a 21 °C
water bath. The pseudo-first-order rate constant was
obtained from the plot of 1ln C, vs. time. The results are
listed in Table 1.9. The second-order rate constant k., was
obtained from the plot of k, . vs. [OD”] and the result is
included in Table 1.4.

ii) The kinetic reaction of H-D exchange of 18 (10 mg)
was carried out as described in the general procedure at the
concentration of sodium deuteroxide 0.30 M in a mixed
solvent of dioxane-dg and deuterium oxide (1:1) at 77 °C by
keeping the NMR tube in a 77 °C o0il bath. The pseudo-first-
order rate constant was obtained from the plot of 1ln C, vs.
time. The results are listed in Table 1.9. The second-
order rate constant k,, was obtained by dividing the k.,
with the concentration of [OD”] and the result is included
in Table 1.4. It was found that H-D exchange reaction
finished in one day, but an inversion of 6.8% was found

after 70 days at 77 °cC.

k) Kinetics of H-D Exchange of endo-2-Phenylsulfonyl-

norbornane (19)




The H-D exchange of 19 (10 mg} was carried out as
described in the general procedure at the concentration of
sodium deuteroxide 0.30 M in a mixed solvent of dioxane-dg
and deuterium oxide (1:1) at 77 °C. Because the inversion
was very slow, the NMR tube was kept in a 77 °C oil bath.
The pseudo-first-order rate constant was obtained from the
plot of 1n C; vs. time. The results are listed in Table
1.9. The second-order rate constant k., was obtained by
dividing the k., with the concentration of [0OD”] and the
result is listed in Tables 1.4 and 1.5. It was found that
H-D exchange reaction finished in a few hours, but an
inversion of 42.8% was found after 70 days at 77 °C. From
the data of inversion of 18 and 19 we estimate the
equilibrium concentratiors of 18 and 19 are 15% * 5 and 85%

+ 5, respectively.

1) Kinetics of H-D Exchange of 2-Phenylsulfonyl-bicyclo-~
[2.2.2)octane (20)

The H-D exchange of 20 (10 mg) was carried out as
described in the general procedure at four different
concentrations of sodium deuteroxide (0.125, 0.15, 0.175,
and 0.20 M) in a mixed solvent of acetonitrile-d; and
deuterium oxide (1:1) at 21 °C. Because the reaction of H-D
exchange was very slow, the NMR tubes were kept in a 21 °c
water bath. The pseudo-first-order rate constant was
obtained from the plot of 1ln C, vs. time. The results are

listed in Table 1.9. The second-order rate constant kogx wWas

¥




obtained from the plot of k,,, vs. [OD"] and the result is

included in Table 1.4.

m) Kinetics of H-D Exchange of Cyclohexyl Phenyl Sulfone
(21)

The H-D exchange of 21 (9.5 mg) was carried out as
described in the general procedure at four different
concentrations of sodium deuteroxide (0.125, 0.15, 0.175,
and 0.20 M) in a mixed solvent of acetonitrile~d; and
deuterium oxide (1:1) at 21 °C. Because the reaction of H-D
exchange was very slow, the NMR tubes were kept in a 21 °C
water bath. The pseudo-first-order rate constant was
obtained from the plot of 1n C, vs. time. The results are
listed in Table 1.9. The second-order rate constant k., was

obtained from the plot of k., vs. [OD”) and the result is

included in Table 1.4.




Table 1.11

Torsion Angle
N b0 B
i H(3)-C(3)-C(2)-0(3)
i H(3)~-C(3)-C(2)-H(2)
H(3)-C(3)-C(2)-C(1)

H(3)-C(3)-C(4)-C(5)
H(3)-C(3)-C(4)-C(7)
H(2)-C(2)-C(1)-C(6)
0(1)-S-C(3)-H(3)

| o(1)-s-c(2)-c(2)

| 0(1)-s-c(3)-C(4)
0(2)-S-C(3)-H(3)
0(2)-S-C(3) -C(2)
0(2)-S-C(3)-C(4)
C(10) -S-C(3)-H(3)
C(10) -S-C(3)-C(2)
C(10)-S-C(3)-C(4)
§-C(3)-C(2)-0(3)
S-C(3)-C(2)~H(2)
S-C(3)-C(2)-C(1)
S-C(3)~-C(4)-C(5)
§-C(3)=C(4)-C(7)
0(3)-C(2)-C(1)-C(6)
0(3)-c(2)-c(1)-C(7)
0(3)-C(2)-C(3)-C(4)
c(3)-C(2)-C(1)-C(7)
c(3)-C(2)-C(1)-C(6)
C(2)-C(3)-C(4)~-C(7)

120.3

60.3
58.5

7”f$8‘3

98.

The Torsion Angles of Compounds 14, 16, and 17
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Table 1.12 The Torsion Angles of Compounds 12 and 15

Tors%g? Angle Conf. A conf. B
H(3)-C(3)-C(2)-0(3)
S-C(3)-C(2)-0(3)
H(3)-C(3)-C(2)-H(2)
H(3)-C(3)-C(2)-C(1)
H(3)-C(3)-C(4)-C(5)
H(3)-C(3)-C(4)-C(7)
H(2)~-C(2)-C(1)-C(6)
H(2)-c(2)-C(1)-C(7)
0(1)~-S-C(3)-H(3)
0(1)=-S-C(3)-C(2)
0(1)-S-C(3)-C(4)
0(2)-S-C(3)-H(3)
0(2)-8-C(3)-C(2)
0(2)-S-C(3)-C(4)
C(10)-S-C(3)-H(3)
C(10)-5-C(3)-C(2)
C(10)=-S-C(3)-C(4)
S-C(3)-C(2)-H(2)
§-C(3)-C(2)-C(1)
S-C(3)-C(4)-C(5)
S-C(3)-C(4)-C(7)
0(3)-C(2)-C(1)-H(1)
0(3)-C(2)-C(1)-C(6)
0(3)-C(2)-C(1)-C(7)
C(3)-C(2)-C(1)-C(7)
C(3)-C(2)-C(1)-C(6)
C(2)-C(3)-C(4)-H(4)
C(2)~-C(3)-C(4)-C(5)
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Table 1.13 The Torsion Angles of Compounds 13

Torsign Angle Conf.A Conf.B Conf.C
)

H(3)~C(3)-C(2)=-0(3) -126.5

§-C(3)-C(2)-0(3) -6.2 -10.9
H(3)-C(3)~-C(2)-H(2) ~4.4 -7.7
H(3)-C(3)-C(2)-C(1) 111.9 109.6
H(3)-C(3)-C(4)-C(5) 177.4 179.4
H(3)-C(3)-C(4)-C(7) -75.4 -73.5
H(2)-C(2)-C(1)-C(6) -172.5 -173.1
H(2)-C(2)-C(1)-C(7) 79.4 81.4
0(1)-S-C(3)-H(3) 162.6 -176.8
0(1)-S-C(3)-C(2) 41.9 65.9
0(1)-S=-C(3)-C(4) -80.6 -60.9
0(2;-5-C(3)-H(3) -67.4 51.8
0(2)=-S-C(3)-C(2) 171.9 -65.6
0(2)-S-C(3)-C(4) 49.4 167.6
C(10)-S-C(3)-H(3) 45.6 -62.0
C(10)~S-C(3)-C(2) -75.0 =179.4
C(10)-S-C(3)-C(4) 162.4 53.8
S-C(3)-C(2)-H(2) 115.9 109.6
S-C(3)-C(2)-C(1) -127.7 -133.1
S-C(3)-C(4)-C(5) 60.9 64.0
§-C(3)-C(4)-C(7) 168.1 171.1
0(3)-C(2)-C(1)-H(1) 81.1 82.9
0(3)-C(2)-C(1)~-C(6) -49.3 -46.5
0(3)=-C(2)=C(1)~-C(7) -157.5 =152.0
c(3)=-c(2)=-C(1)-C(7) -37.2 -36.5
C(3)-C(2)~-C(1)=-C(6) 71.0 69.0
C(2)~-C(3)=-C(4)-H(4) 159.3 156.3
C(2)-C(3)-C(4)-c(5) | 7 ~70.5 -71.0




Table 1.14 The Bond Lengths of Compounds 12, 14, 16, and 17

Bond Length
(A)_
§5-C(3)
S-C(10)
$-0(1)
S-0(2)
0(3)~C(2)
Cc(3)-Cc(9)
C(10)-C(11)
C(10)-C(15)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(3)~C(2)
C(3)-C(4)
Cc(2)-Cc(1)
C(1)-C(6)
C(4)-C(8)
c(1)-c(7)
C(6)-C(5)
C(5)-C(4)
C(7)-C(8)
C(4)-C(7)




Table 1.14 Continuted

The Bond Lengths of Compound 13

S-C(3)
S-c(10)
S-0(1)
$-0(2)
0(3)-C(2)
0(3)-c(9)
C(1)-c(2)
C(1)-C(6)
C(1)-C(7)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(4)-C(7)
C(5)-C(6)
C(1)-H(1)
C(2)-H(2)
C(3)-H(3)

Config A

Config B

Config C

Config D




Bond Angle
°)

0(1)-S-0(2)
0(1)=-S=-C(10)
0(2)-S-C(10)
0(1)-5-C(3)
0(2)-8-C(3)
C(1)=-8-C(3)
S-C(10)-C(11)
S-C(10)-C(15)
S-C(3)-C(2)
S-C(3)-C(4)
C(2)-0(3)-C(9)
C(5)-C(4)-C(7)
0(3)-C(2)~C(3)
0(3)-Cc(2)-C(1)
C(3)-Cc(2)-Cc(1)
C(2)-C(1)-C(6)
C(2)~-C(1)-C(7)
C(1)-Cc(7)-C(8)
C(6)-C(1)~-C(7)
C(6)-C(1)-C(8)
C(3)~-C(4)-C(5)
C(3)-C(4)-C(7)
C(1)-C(7)-C(4)
C(1)-c(6)-C(5)
C(6)-C(5)-C(4)
C(5)-C(4)-C(8)
C(3)-C(4)-C(8)
C(4)-C(8)-C(7)
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Table 1.16 The Bond Angles of Compound 13

Bon?o¢ngle Config A Config B Config C Config D
0(1)-5-0(2)
0(1)-S-C(10)
0(2)-S-C(10)
0(1)~S-C(3)
0(2)-S-C(3)
C(3)~-S-C(10)
S-C(3)-C(4)
S-C(3)-C(2)
S=-C(3)-H(3)
0(3)-C(2)-C(1)
0(3)~-C(2)-C(3)
0(3)~-C(2)-H(2)
C(2)=-0(3)-C(9)
C(1)~-Cc(2)-C(3)
C(1)~C(6)-C(5)
C(1)~C(7)-C(4)
C(1)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)~-C(1)-C(7)
C(3)~C(2)-H(2)
C(3)~-C(4)-C(5)
C(3)~-C(4)-C(7)
C(3)-C(4)-H(4)
C(4)-C(3)-H(3)
C(4)-C(5)-C(6)
C(5)-C(4)-C(7)
C(5)~C(4)-H(4)
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Chapter 2

Synthesis, pKX, Determination and Hydrolysis of Sulfonamides

and Sulfonimides




2.1 INTRODUCTION

Extraordinary differences have been reported between
the rates of alkaline hydrolysis of five-membered cyclic
esters of oxy-acids of phosphorus and sulfur on the one
hand, and their six-membered ring and open-chain analogues
on the other. Westheimer et al.'! investigated the
hydrolysis in acid or base of five-membered -<yclic
phosphates’ and phosphonates® and found that five-membered
cyclic phosphates and phosphonates hydrolyse 10°-10* times
faster than either their open-chain unalogues or their six-
and seven-membered ring counterparts. More recently, Kluger
and Thatcher! reported that the rate constant for P-N bond
cleavage by the alkaline hydrolysis of the five-membered
cyclic compound 1 is about 5 x 10° times as large as that

for its acyclic analogue 2.

0 0
C——N/kN—H H—N/l\n—i':o
M ™

|
OPh

( (2)

The cause of kinetic acceleration in those cyclic

esters has been assigned to ring strain®. It was shown by

thermochemical measurements® that ethylene phosphate was




indeed strained relative to an open-chain phosphate by 21-25
kJ mol~! which correspond to a rate difference of 2.1 x 104
times if fully expressed in a rate acceleration at room
temperature. Further evidence for strain was provided by x-
ray crystallographic structure determinations on five-
membered cyclic phosphates’ which indicated considerable
angle strain in the ring arising from small O-P-O bond
angles. In o-phenylene cyclic phosphate, for example, the
endocyclic O0-P-0 bond angle was 98.4° (the RO-P-OR angle for
dibenzyl phosphate8 was found to be 104°). The N-P-C bond
angle in compound 1 is only 93.1°. Kluger and Thatcher?
concluded that the tendency for strained cyclic phosphate
ester derivatives to undergo rapid hydrolysis has been
established as due to a reduction of strain in the
transition state of the rate-determining step.

A similar effect? has been found with compounds
containing a sulfonyl group. The five-membered aromatic
sulfate, o-phenylene sulfatel® (6) hydrolyses 2 x 107
times faster than diphenyl sulfate, and o-hydroxytoluene-a-
sulfonic acid sultone (3) shows a rate enhancement of 7 x
10% over its open-chain analogue, phenyl phenylmethane-
sulfonatel! in alkaline solution. Laleh et al.l? have
studied the alkaline hydrolysis of cyclic and open-chain
sulfonate esters and found that the five-membered cyclic
sultone 3 reacts 2.1 x 10% times faster than its six-
membered analogue 4, 2.2 x 10° times faster than its seven-

membered analogue S, and 1.1 x 10° times faster than its
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open-chain analogue, phenyl benzenesulfonate. These results
are quite similar to those of Izbicka and Bolen!3 who also
confirmed the large differences in hydrolysis enthalpy
changes exhibited by the five- and six-membered ring
sulfonate esters, 3 and 4, respectively.

The presence of considerable ring strain in five-
membered cyclic sulfates and sulfonates has been confirmed
by x-ray structure analysis. The six-membered sultone (4)

is much less strained than the five-membered ring (3). X-

4™



ray crystal analyses!? have shown that the six-membered
sultone has a larger internal C-S-0 bond angle of 101.4°
compared to its five-membered analogue 3 , 96.1°, and a
larger C-0-S bond angle of 116.5° compared to its five-~
membered analogue, 108.9°. Similarly, in o-phenylene
sulfate (6) it has been shown that all the angles are
strainedl®, and the five-membered ring is distorted into a
non-planar envelope conformation. The 0-S-0 bond angle of
97.1° is also smaller than the C-S-0 angle of 101.4° in 4;
the two 0-C-C angles are distorted to values of 112.5 and
110.7°, respectively, which are much smaller than the normal
120° angle for sp?-hybridised carbon. Boer and Flynn!S
suggested that a 1,3-nonbonding interaction in the five-
membered ring between the lone-pair electrons of the ring
oxygen and the sulfonyl oxygens could be another source of
ring strain and that such interactions would be minimised in
the five-membered ring by bending into the non-planar
conformation. Ethylene sulfate (7)1® was also found to
show considerable ring strain, with an internal 0-S-0 bond
angle of 98.4°, and the very reactive vinylene sulfate

(8) has an 0-S~0 bond angle of 93.6°.

Geometric effects are also known to enhance the
acidity of hydrogens in a positions to functional groups
capable of stabilizing a negative charge. Block et al.l’
reported that the four-membered disulfone 13 is 2.5-3.0 pK,
units more acidic in DMSO than its open and six-membered

analogues, 12 and 14, respectively.




( CHyS0,),CH, [;_TO’ <:805
rd

SO,
(pKy 15.0) (PKa 12.5) (PKg 15.5)
(12) (13) (14)

Laird and Spence!® investigated the solvolyses of
cyclic and acyclic sulfonic anhydrides in methanol at room
temperature and found that the five-membered cyclic
anhydride 10 reacted 3 times faster than the aromatic five-
membered cyclic anhydride 9, about 85C times faster than
six-membered cyclic anhydride 11, and 500 times faster than
the acyclic analogue, methanesulfonic anhydride. They
pointed out that the ring strain can not be the only factor
facilitating the reactions of five-membered rings of
benzene-1,2-disulfonic anhydride (9) and ethylene-1,2-
disulfonic anhydride (10) over the six-membered ring of
propane-1,3-disulfonic anhydride (11) and the acyclic
analogues, as the less-strained 10 is more reactive than 9.

Recently, King et a1.1? suggested that a stereo-
electronic effect may contribute to the reactivity of cyclic
sultones. One may recall that delocalization of an electron
pair from an attached atom into a sulfonyl group has been

postulated:2°

\
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X=N,0O,F, C=C, etc

There is a considerable body of evidence indicating
that this delocalization is greatest when the free electron

pair (or m-bond) is arranged as shown in 15. The most

(18)

extensive work in this topic has been done with a-sulfonyl
carbanions, which are discussed in detail in Chapter 1. The
same line of reasoning was extended by Jordan et al.?l to
sulfonamides, with further evidence in support of such a
picture provided by Jennings and Spratt?2. More recently
King et al.?3 have searched the Cambridge Crystallographic
Data Centre files about the geometry of sulfonic esters as
well as sulfonamides and provided relevant information about
the geometry of sulfonyl compounds. These C-S-X-C dihedral
angles (where X = O, N, or Ar) in sulfonic esters, aryl
sulfones and sulfonamides were distributed as shown in

Figures 2.1, 2.2, and 2.3 respectively.
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Figure 2.2 Population distribution of the C-5-C;,,,~Cor¢po

dihedral angle (@) in aryl sulfones.



Population

o] 10 20 30 40 S0 60 70 680 90 100 110 120 130 140 150 160 170 180
Dihedral Angle (3)

Figure 2.3 Population distribution of the C-S-N-C dihedral

angle (6) in N,N-dialkylsulfonamides.

From Figure 2.1 one may find that most of the dihedral
angles (80 out 121) in sulfonic esters are in the range 60-
90° with no sulfonic esters having @ less than 50° except
for three five-membered ring sultones.

The dihedral angles C=5-C; 580=Cortho in aryl sulfones
also display the same geometric preference, e.g. 94% of the
dihedral angles are in the 60-120° range and none are less
than 50° (see Figure 2.2). In N,N-dialkylsulfonamides 88%
of the C-S-N-C dihedral angles are in much the same range as
in aryl sulfones (see Figure 2.3).

King et al.l? found that for the hydrolysis of cyclic

sultones with hydroxide the four-membered cyclic sultone 16
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reacted only by S-O0 bond cleavage, the five-membered cyclic
sultone 17 55% by S-0 cleavage, 45% by C-0 cleavage, but the
six-membered cyclic sultone 18 only by C-0O cleavage.

It was suggested that the OH™ attacked sulfur rather
than carbon in four and five-membered cyclic sultones
because the oxygen lone pair of electron does not bisect the
sulfonyl oxygens effectively; this in turn causes lessened
0-+S electron donation which leads to a lower S-0 bond order,
a decreased 6% on the oxygen-bearing carbon, and an
increased §* on sulfur. King et al.l? suggested that
alteration of @ to values less than 50° would lead to (a) an
increase in energy and hence perhaps to higher reactivity,
and (b) to diminished electron delocalization onto the
sulfur atom and hence to altered reactivity patterns.

This chapter is concerned with cyclic and acyclic
sulfonamides RSO,NR’R" and sulfonimides RSO,-NR’-SO,;R",
specifically, those with five-membered rings. Sulfonamides
and sulfonimides with at least one hydrogen atom on the
nitrogen are Brensted acids in aqueous media. Methane-

sulfonamide and benzenesulfonamide have pK, values?? of



10.8 and 10.1, respectively, indicating sulfonamides to be
weak acids. Sulfonimides are much stronger acids than
sulfonamides, with a pK, value of 1.45 having been reported
for PhSO,-NH-SO,Ph?%.

The hydrolysis of sulfonamides has been carried out in
acidic solution?®. The cleavage of sulfonamides has been
utilized frequently since the discovery of the Hinsberg
reaction in 189027, In the hydrolysis of sulfonamides
cleavage of sulfur-nitrogen, carbon-nitrogen, and carbon-
sulfur bonds has been observed??. Although sulfonamides are
very stable and very difficult to hydrolyse, certain
sultams, notably four-membered ring sultams (S-sultams)
undergo ring opening in water, alkaline, or acidic
solution?8. Erman and Kretschmar??® reported that N-alkyl
five-membered sultams were cleaved by hydrochloric acid,
hydrogen bromide, and acetic acid, with cieavage by
methanoic hydrogen bromide or chloride takingy piace readily
at 20 °C. Feichtinger and Puschof£30 reported that 1,3-
propane and N-methyl 1,3-propanesultam were cleaved by HCl
in benzene at 25 °C. The sulfonimides, however, are more
stable than the sulfonamides, and t{he hydrolysis of
sulfonimides has been but little studied.

A mechanism of acid-catalysed hydrolysis of
sulfonamides was proposed by Klamann and Hofbauer3!. They
suggested that protonation was required as an initial step
in the rate-determining process followed by dissociation

into an intermediate amino alkanesulfonylonium ion. Erman



and Kretschmar29

presented evidence that the first step
involves protonation of the nitrogen because the ease of
cleavage was governed by the strength of the acid employed.

Li32 in this laboratory found that the major products
of hydrolysis of N-alkyl sultams in concentrated
hydrochloric acid were the open chain sulfonyl chloride
ammonium salts, and the k_,, for hydrolysis of N-methyl
sultams depended linearly on [Cl17]. Li3? and Rathore?? in
this laboratory also found that hydrolysis of N-methyl
propane-1,3-sulfonamide in concentrated hydrochloric acid at
21 °C was 3100 times faster than that of N-methyl butane-
1,4-sulfonamide; 8650 times faster than N,N-dimethyl
methane-sulfonamide. They suggested that the distinct
difference of hydrolysis rate between the five-membered ring
sultam and its six-membered ring, or open chain analogues
may be ascribed to a combination of the ring strain effect
and the stereoelectronic effect. Further confirmation of
this proposal has been obtained by Klassen.3%

In this study, we investigated the ring effects on the
pK, of sulfonimides and sulfonamides and on the hydrolysis
of sulfonimides in concentrated hydrochloric acid,
specifically, for the five-membered ring sulfonimides and
sulfonamides to see if any unusual effects are presented in
the five-membered ring compounds. 1In order to carry out our
goal a procedure for synthesis of the simplest five-membered

sulfonimide, ethane-1,2-disulfonimide (19), which has not

been reported in literature, was developed. A number of



cyclic sulfonamides and sulfonimides, such as, cyclic
sulfonimides 19, 20, and 21, and sulfonamides 22, 23, 24,

and 2%, as well as acyclic analogues, were also prepared.
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2.2 RESULTS AND DISCUSSION

2.2.1 Preparation of Cyclic and Acyclic Sulfonimides

The synthesis of a simple aromatic sulfonimide,
dibenzenesulfonimide, was first achieved in 1854 by
Gerhardt, by the reaction of benzenesulfonyl chloride on the
silver salt of benzenesulfonamide3®. Symmetrical aryl
sulfonimides are also obtained by the reaction of 2 moles of
arenesulfonyl chloride with 1 mole of ammonia in aqueous
solution3®. Dykhanov3? synthesized a number of
symmetrical unsubstituted and para-substituted dibenzene-
sulfonimides by the reaction of a sulfonamide with a
sulfonyl chloride in an aqueous sodium hydroxide solution.

This procedure is outlined in Scheme 2.1.

Reflux
SO,Cl +  NH, > SO NH,
H,0

(48)
CgHsSO,CI
NaOH, H,0
H* -
! N

(26)

SBcheme 2.1



The acyclic alkylsulfonimides were usually made from
one mole of ammonium chloride and two moles of
alkanesulfonyl chloride in basic aqueous solution3g,

Only a few free cyclic sulfonimides have been
synthesized. Propane-1,3-disulfonimide (20) was prepared by
the procedure of Helferich and Hoffmann3? as outlined in
Schem= 2.2. Allyl chloride was treated with thiolacetic
acid to form 3-crloropropyl thiolacetate (50) which on
chlorination in water gave 3-chloroprupanesulfonyl chloride
(51). On reaction with benzylamine in benzene 51 gave N-
benzyl 3-chloropropanesulfonamide (52) in 90% yield. This
in turn when treated with ammonium sulfite hydrate in
ethanol, formed ammonium 3-(benzylaminosulfonyl) -
propanesulfonate (53) in 80% yield. Ion exchange of 53 with
H* resin gave 3-(benzylaminosulfonyl)propanesulfcnic acid
(54) in 98% yield, which was stirred with phosphorus
oxychloride at room temperature for four days to give
propane-1,3-disulfonimide (20) in 65% yield.

Benzene-1,2-disulfonimide (21) was synthesized by the
procedure of Hendrickson et al.%’ as outlined in Scheme
2.3. Benzene-1,2-disulfonyl chloride in benzene was reacted
with ammonia in ethanol to form the ammonium benzene-1,2-
disulfonimide which gave the free sulfonimide 21 by H* ion
exchange.

Ethane-1,2-disulfonimide (19) has not been reported in

the literature. A route of preparation of 19 was designed

in this laboratory.
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It was not possible to prepare ethane-1,2-disulfonimide
(19) following the same route as that for 21, since it is
known that ethane-1,2-disulfonyl chloride gives a
vinylsulfonamide?! when it was treated with an amine; the

reaction with aniline is outlined in Scheme 2.4. An

SOCl o
[ + C.HNH, — CH,= CH—SO,NHCgH; + SO, + CgHsNH; Cl
SOCI

Scheme 2.4

explanation for this transformation was provided by King et
al.%? who found that ethane-1,2-disulfonyl chloride
reacted with pyridine by a route involving initial formation

of ethenesulfonyl chloride followed by vinylogous reaction



to form the sulfene.

It seemed possible, however, that the cyclic five-
membered sulfonic anhydride (10) might be used as the
starting material for the preparation of ethane-1,2-
disulfonimide (19) if the amine acts as a general base
rather than attacks the a-hydrogen to give a sulfene. To
test for this possibility we carried out the reactions of
triethylamine with the six-membered cyclic anhydride 11 and
the five-membered cyclic anhydride 10 in methanol-d to find
out how the amine promoted reaction takes place with these
two cyclic sulfonic anhydrides. It was found that for the
reaction of triethylamine with 11 in methanol-d, the
triethylammonium 3-(methoxy-sulfonyl)propanesulfonate-d, was
obtained. The reaction of triethylamine with 10 under the
same conditions, however, gave only the undeuterated
product, triethylammonium 2-(methoxysulfonyl)ethane-
sulfonate. It is obvious from the products that the
reactions of these two anhydrides with triethylamine and
methanol take place by different mechanisms. With triethyl-
amine and propane-1,3-disulfonic anhydride (11) the
mechanism is very likely that shown in Scheme 2.5. From the
mechanism in Scheme 2.5 one may see that the amine attacks a
a-hydrogen to form the sulfene first, and the sulfene then
reacts with the solvent (methanol-d) to give the deuterated
product. For the reaction of triethylamine with
ethane-1,2-disulfonic anhydride (10), the amine does not

yield the sulfene but rather acts as a general base to help
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Scheme 2.5

the methanol to attack the sulfur to give the undeuterated
product. Lack of sulfene formation in the reaction of five-
membered disulfonic anhydride 10 with triethylamine and
methanol may be ascribed to the fact that the reaction would
have to be a 5-endo-trig process which has been shown by
Baldwin%? to be disfavoured. This result is also

consistent with the result of Farrar and Williams%*® who
found that the reaction of the five-membered aromatic cyclic
sultone 3 with an amine does not involve elimination-
addition pathway because of the high energy of the sulfene-

like transition state.

These considerations led to the route of preparation of




ethane-1,2-disulfonimide (19) outlined in Scheme 2.6. 1,2-
Dibromoethane was treated with sodium sulfite in aqueous
medium to give sodium ethane-1,2-disulfonate (49) which on
ion exchange on a H' resin gave 1,2-ethanedisulfonic acid
(50). On being refluxed with excess thionyl chloride, 50
formed ethane-1,2-disulfonyl anhydride (10). This was
treated with benzylamine to give benzylammonium 2-
(benzylaminosulfonyl)ethanesulfonate (52), which was
followed by H' ion exchange to give 2-(benzylaminosulfonyl)-
ethanesulfonic acid (53), which was in turn refluxed with
thionyl chloride to form N-benzyl ethane-1,2-disulfonimide
(54). Finally, the N-benzyl sulfonimide was hydrogenolysed
with formic acid and 10% palladium on activated carbon in
ethanol to give the ethane-1,2-disulfonimide (19). Ethane-
1,2-disulfonimide was characterized with the help of lH NMR,
13¢ NMR, ir and mass spectroscopy.

N-Benzoyl benzenesulfonamide® (31) was prepared in
72% yield by the pyridine-assisted acylation >f benzene-
sulfonamide (46) with benzoyl chloride. N-Ac2tyl methane-
sulfonamide?® (32) was synthesized from methanesulfonamide

(61) and acetyl chloride in 94% yield.

2.2.2 Preparation of BSulfonamides

Cyclic sulfonamides (sultams) and acyclic sulfonamides
were prepared in a number of ways. One of the most general
synthetic route to acyclic sulfonamides is the reaction of

ammoniat?, or primary amines?® with a sulfonyl chloride
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in the presence of a base. All of the acyclic sulfonamides
(34) to (42) were synthesized by this procedure.
1,4-Butanesultam (23) was prepared as outlined in

Scheme 2.7. 4-Chloro-l1-butanesulfonyl chloride (57) was

Reflux

HOZ N~ SO:Na + SOCI, - 1 NN\ 50L
(57)
NH; (9)
S0, KOM
Ci

NH - NN s0 M,

Scheme 2.7

obtained in 83.8% yield by treating commercial 4-hydroxy-1-
butanesulfonate with thionyl chloride. Sulfonyl chloride 57
with dry ammonia in diethyl ether gave 4-chloro-l-butane-
sulfonamide (58) (94% yield) which was refluxed with
potassium hydroxide in ethanol to yield 1,4-butanesultam
(23) in 87% yield.

1,3-Propanesultam (22) was synthesized by a procedure
of Bliss et al.%? 3,4-Dihydro-1-H-2,3-benzothiazine-2,2-

dioxide (24) was prepared in 72.4% yield by the reaction of




phenylmethanesulfonamide (59) with 1,3,5-trioxane and
methanesulfonic acid in dichloromethane according to the
method of Orazi et al.%% 2,3-Dihydro-1,2-benzisothiazole

1,1-dioxide (25) was synthesized by the procedure of

Teeninga and Engbert5!.

2.2.3 The Results of pKX, Determination and Hydrolysis of
Sulfonamides and Sulfonimides

The pK,’s of the sulfonamides were determined by
titration, and those of the sulfonimides were determined by
NMR, UV, or titration methods. The hydrolysis of
sulfonimides was carried out in concentrated hydrochloric

acid.

2.2.3.1 pK, Determination of Sulfonamides

The most convenient method for the determination of
ionization constants of acidic compounds in water is
potentiometric titration. The lower limit is imposed by the
uncertainty of applying activity coefficients in the pH
range 1-2. Albert and Serjeant’? pointed out that the
lower limit for accuracy should be pK, 2.5, but reasonable
estimates of pK, in the range 1.2-2.5 could be obtained
provided activity corrections are applied. The upper 1limit
is imposed by the unreliable performance of the glass
electrode at high pH. Hall and Sprinkle®3, and Thamsen5%
have determined a pK, value as high as 13.65. 1In additirsn

to the limitation of the pH range over which the glass




electrode is thought to be accurate, there is also a
limitation upon the concentration range over which it is
applicable for the accurate determination of pK, values. 1In
the concentration range 0.005-0.050 M, the results
obtainable by use of precision pH apparatus can closely
approach the true thermodynamic value®2.

The potentiometric titration method for pkK,
determination is very useful and quite simple. Kaiser et
al1.55 found that PK, of pentafluorobenzenesulfonamide was
3.1 in 0.042 M sodium sulfate aqueous solution using this
method. 1In this study the pK,’s of all of sulfonamides are
determined by the potentiometric titration, and results are

listed in Table 2.1.

2.2.3.2 pK, Determination of Sulfonimides
Sulfonimides are generally distinctly more acidic than

the sulfonamides. Foropoulos and DesMarteau®®

reported
that the pK, value of (CF;S0,),NH as determined by titration
is 1.7 in water. Ruff>’ found that (FsS0,),NH has a pk,
value of 1.3 using the same method. Potentiometric
titration, however, is not satisfactory with all of the
sulfonimides because some sulfonimides are very acidic and
the titration method can not measure their pK,’s accurately.
In this study the NMR and UV methods were used for the

determination of the pK, (or H, value at 50% protonation) of

some sulfonimides.

Laughlin®® determined the equilibrium constants for




Table 2.1 The pK, Values of Sulfonamides Determined by

Titration

Sulfonamides

CH,SO,NHCH; (34)
CH,SO,NHPh  (35)

CH3SO,NHCgH,-p-CH; (36)
CH;SO,NHCgH,-p-NO, (37)
CH3SO,NHC¢H,-m-NO, (38)
CH3SO,NHCgH,-p-C1  (39)
CH3SO,NHCgH,-m-C1  (40)
CH;SO,NHCgH,~p-OMe  (41)
CH3SO,NHC¢H,-0-OMe  (42)
C3HgSO,NHPh  (43)
CH;SO,NHCgH,, (44)
CH,CH,SO,NHCH, (45)
CgHgSO,NH, (46)

1,3-Propanesultam (22)
1,4-Butanesultam (23)

2,3-Dihydro-1,2-
benzisothiazole 1,1-Dioxide
(24)

3,4-Dihydro-1-H-2,3-
benzothiazine-2,2-dioxide
(25)

a. reference 24.

b. titrations were carried out in 50% EtOH/H,0 solution




the protonation (i.e. pK,’s of the conjugate acids) of N-
methyl, N-ethyl, and N,N-dimethyl-methanesulfonanides by IH
NMR in aqueous sulfuric acid and found a clear-:cut
inflection occurred at the H, of half protonation. The NMR
method involved the determination of H NMR chemical shifts
as a function of acidity in aqueous sulfuric acid using the
H, scale of Jorgenson and Hartter5?. The success of this
method requires that there be a significant difference in
chemical shift between protonated and unprotonated torms,
and that the influence of medium on chemical shifts be
small.

In this study, the pK,’s of four sulfonimides were
determined by the !H NMR method. Figures 2.4 to 2.7 show
the plots of chemical shifts of CH,SO, or CH;S0, signals vs.
H, for ethane-1,2-disulfonimide (19), propane-1,3-
disulfonimide (20), dimethanesulfonimide (28), and N-
methylsulfonyl benzenedisulfonimide (30). The lines in
Figures 2.4 to 2.7 are calculated using equation 6, and m
and n are the respective slopes of the dependence of §g and
égy+ ©n H,. If no acid dependence on the chemical shifts of
either the neutral (B) or the protonated sulfonimides (BHY)
is found then m and n are both set equal to zero (see
experimental section). When the data of
dimethanesulfonimide (28) was treated by excess acidity
method®?, a pK, value of -1.67 was obtained (see Figure
2.8). The values of pK, (or H, values at half protonation)

of these four sulfonimides are listed in Table 2.2.



Table 2.2

(CH,S0,) ,NH (28)
(C,HgSO,) ,NH (29)

CH,SO,NHSO,Ph (30)

| (CeHsS0,),NH (26)

|  (P-CH;C¢H,S0,) ,NH

' (27)
Benzene-1,2-

| disulfonimide (21)

(CH,) 3(S0,) ,NH (20)

|  Pnso,NHCOPh (31)
CH,SO,NHCOCH, (32)

Saccharin (33)

solution.

PK,

1.36
2.10
-1.30
~1.67

1.76
-1.60
-1.70

1.79
-1.78

The pK, Values of Sulfonimides

Temp.

(°c) Method
25.0 Titration
20.0

20.0 NMR

20.0 Excess acidity
25.0 Titration
20.0 Titration
20.0 NMR

21.0 uv

20.0 Titration
21.0 uv

20.0 Titration
21.0 uv

20.0 NMR

20.0 NMR

20.0 Titration
20.0 Titration
20.0

25.0 Titration
21.0 uv

These titrations were carried out in 50% ethanol

1
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Figure 2.4 The plot of chemical shift vs. H, for propane-
1,3-disulfonimide (20) in sulfuric acid solution at 20
°C. The points are experimental; the curve was
calculated from equation (6), with m = 1.0, n = 3.0,
pPK, = -1.7.

620
e10 |

8(CH,) [ -
600 |-

590

580

1Ty ey

570 |

560. A, — i P A A i Il

Piqure 2.5 The plot of chemical shift vs. H, for ethane-
1,2-disulfonimide (19) in sulfuric acid solution at 20
©°C. The points are experimental; the curve was
calculated from equation (6), withm = 1.5, n = 3.5,
PK, = -3.1.
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Figure 2.6 The plot of chemical shift vs. H, for N-
methylsulfonyl benzenedisulfonimide (30) 1in sulfuric
acid solution at 20 °C. The points are experimental;
the curve was calculated from equation (6), with m =
2.8, n = 3.5, pk, = ~1.6.
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Figure 2.7 The plot of chemical shift vs. H_ for
dimethanesulfonimide (28) in sulfuric acid solution at
20 °C. The points are experimental; the curve was
calculated from equation (6), with m = 1.9, n = 2.0,
pPK, = -1.3.
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logl-log C

Figure 2.8 Determination of the pK, of dimethane-

sulfonimide (28) by the excess acidity method in

sulfuric acid solution.

Ultraviolet spectrophotometry is an ideal method when a
substance is too insoluble for potentiometric titration or
when its pK, value is particularly low or high (e.g. less
than 2). This method depends upon the direct determination
of the ratio of molecular species (neutral molecule) to
ionized species in a series of non-absorbing solutions
(whose H, values are either known or measured). A
wavelength is chosen at which the greatest difference
between the absorbances of the two species is observed.
Telder and Cerfontain®! determined pk, values of a number
of monosubstituted derivatives of benzenesulfonic acid in

N\
concentrated aqueous sulfuric acid by the UV method®?.




They found that the result of UV method was similar to the
result of NMR, but this method was restricted to aromatic
organic compounds and further required an isolated B band.
Cerfontain and Schnitger53 found that there was a medium
effect on A; and not on A, (A; is the absorbency of the
ionized species and A, is the absorbency of the unionized
acid) for arenesulfonic acid. Lemaire and Lucas®® had
previously measured the pK, of p-toluenesulfonamide in
glacial acetic acid solution by the UV method and found the
pK, value to be -3.20.

In present study, the pK, values of four sulfonimides
were determined by the UV procedure. It was found that
there is a small medium effect on both A; and Ay. Figures
2.9 to 2.12 show the dependence of absoruwance on H, for
N-methylsulfonyl benzenesulfonimide (30), benzene-1,2-
disulfonimide (21), dibenzenesulfonimide (26), and saccharin

(33). The pK, values are listed in Table 2.2.

2.2.3.3 Kinetics of Hydrolysis of sSulfonimides in
Concentrated Hydrochloric Acia

In this study, we have examined the hydrolysis of four
sulfonimides, ethane-1,2-disulfonimide (19), propane-1,3-
disulfonimide (20), dimethanesulfonimide (28), N-
methylsulfonyl benzenesulfonimide (30), as well as
methanesulfonamide (61) in concentrated hydrochloric acid at
80 °C. The rate constaunts of the hydrolysis of these

compounds were measured by 1y NMR spectra by following the
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Figure 2.9 The plot of A at 267 nm vs. H, for N-
methylsulfonyl benzenesulfonimide (30) in sulfuric aciaq
solution at 21 °C. The points are experimental; the
curve was calculated from equation 7, where m = 0,

n=20, pKk, = -1.7.
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Figure 2.10 The plot of A at 275 nm vs. H, for benzene-1,2-
disulfonimide (21) in sulfuric acid solution at 21 °C.
The points are experimental; the curve was calculated
from equation 7, where m = -0.08, n = -0.05, pK, =
~-4.12.
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Figure 2.11 The plot of A at 267 nm vs. H, for dibenzene-
sulfonimide (26) in sulfuric acid solution at 21 °cC.
The points are experimental; the curve was calculated

from equation 7, wherem = 0.5, n = 1.5, pK, = -1.78.
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Figure 2.12 The plot of A at 221 nm vs. H_, for saccharin
(33) in sulfuric acid solution at 21 8C. The points
are experimental; the curve was calculated from
equation 7, where m = 0.008, n = 0.01, pkK, = 0.90.



disappearance of the starting material peaks. The plots of
ln C, (C, is the concentration of unreacted starting
material) vs. time give good straight lines (see Figures
2.13 to 2.15). This indicates that the hydrolysis of
sulfonimides in concentrated hydrochloric acid are pseudo-
first-order reactions under these conditions. The results
are listed in Table 2.3.

In the lH NMR spectrum of hydrolysis of ethane-1,2-
disulfonimide (19) in concentrated hydrochloric acid, five
peaks were found (see Figure 2.16). Peak 2 is that of the
unreacted starting material 19, peaks 4 and 5 are those of
2-(aminosulfonyl)ethanesulfonic acid (45), and peaks 1 and 3
are those of 2-(aminosulfonyl)ethanesulfonyl chloride. It
was found that 45 was further hydrolysed to give ethane-1,2-
disulfonic acid (50) which was confirmed by comparing the
NMR spectrum with that of an authentic sample. 2-(Amino-
sulfonyl)ethanesulfonyl chloride was proved by these facts:
(a) it underwent further hydrolysis to give 45; (b) the
chemical shift of peak 1 (-CH,S0,Cl) is down field with
respect to the starting material 19. It should be noted
that the reaction of N-methyl-1,3-propanesultam in
concentrated hydrochloric acid was shown by Li3? to yield
the sulfonyl chloride, MeNH,* CH,CH,CH,S0,Cl, as the major
primary product; the -CH,S0,Cl signals were down field from
those of N-methyl-1,3-propanesultam. The same phenomenon of
-CH,S0,C1 signals ir down field was observed by Klassen34

who carried out hydrolysis of a set of cyclic and acyclic N-
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Table 2.3 Rate Constants of Hydrolysis of Sulfonimides in

Concentrated Hydrochloric Acid at 80 °C.

Sulfonimides

(CH,S0,),NH (19)

(CH,),(50,),NH (20)
C,H;SO,NHSO,CH, (30)
(CH,S0,),NH (28)

CH,SO,NH, (61)

a. Reference®
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rigure 2.13 The plot of 1n C, vs. time for hydrolysis of
ethane-1,2-disulfonimide (19) in concentrated
hydrochloric acid at 80 °C.
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Figure 2.14 The plot of 1In C, vs. time for hydrolysis of
propane~1,3-disulfonimide (20) in concentrated
hydrochloric acid at 80 °c.
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Figure 2.15 The plot of 1In C, vs. time for hydrolysis of
dimethanesulfonimide (28) in concentrated hydrochloric
acid at 80 °c.
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rigure 2.16 The lH NMR spectrum of hydrolysis of ethane-

1,2-disulfonimide in concentrated hydrochloric acid.




methyl sulfonamides in concentrated hydrochloric acid.

For the hydrolysis of propane~1,3-disulfonimide (20),
3-(aminosulfonyl)propanesulfonic acid and propane-1,3-
disulfonic acid were found and were confirmed by comparing
the NMR spectra with authentic samples. We failed to see
the 3-(aminosulfonyl)propanesulfonyl chloride in the NMR
spectra because the hydrolysis of the 3-(aminosulfonyl)-
propanesulfonyl chloride to give the 3-(aminosulfonyl)-
propanesulfonic acid (65) was much faster than the
hydrolysis of 20. 3-(Aminosulfonyl)propanesulfonic acid
(65) hydrolysed to give the propane-1,3-disulfonic acid
(63). The hydrolysis of dimethanesulfonimide (28) was
similar to that of propane-1,3-disulfonimide.

In this study we have found that the hydrolysis of
ethane-1,2-disulfonimide (19) in concentrated hydrochloric
acid at 80 °C is about 430 times faster than that of its
six-membered ring analogue, propane-1,3-disulfonimide (20),
and 320 times faster than its acyclic analogue,
dimethanesulfonimide (28). The hydrolysis of N-nethyl-
sulfonyl benzenesulfonimide (30) is 13 times faster than
that of dimethanesulfonimide (28). The methanesulfonamide
is 3 times more reactive than dimethanesulfonimide in the

hydrolysis.

2.2.4 Discussion

2.2.4.1 The pKX, values for the Sulfonamides

Dauphin and Kergomard®®:®7 have made an extensive

-t




tabulation of pK, values for derivatives of benzene-
sulfonamide. They have given the following expression for
the sulfonamides of general structure ArSO,NH, in water at
20 °c:

pK, = 10.05 - 0.93%0
where o is the substituent constant.

In addition, Dauphin, Kergomard, and Verschambre®! have
determined pK, values for a large number of sulfonamides
with aromatic rings. Because of the low solubility of many
of these compounds in water most of the pK, determinations

were made on ethanol-water (50% by weight) solutions. The

results can be expressed as follows:

Arso,NH,: pPK, = 11.34 - 1.45Z0

PhSO,NHAr: PK, 9.94 - 2.61l0

PhCH,SO,NHAr: pK, = 10.18 - 2.360

Arso,NHPh: PK,

9.98 - 1.66Zc

Trepka and coworkers®® found that the trifluoromethyl
group attached to tahe sulfonyl group made the sulfonamide
more acidic than its methyl-substituted counterpart by about
4 pK, units. The pK, values of a series of sulfonamides of
general structure CF;SO,NHAr when plotted vs. o showed a

good correlation with the expression:



CF3SO,NHAT : pPK, = 4.42 - 2.15¢0

In present study (see Table 2.1), we have found that
the pK,’s of sulfonamides of general structure CH;SO,NHAr
are correlated by the following expression (see Figure

2.17):

CH3SO,NHAr: pK, = 8.96 - 2.130

In Figure 2.17 one may find the all of experimental

points are correlated well except the point of CH;SO,NHC(H,-

10.5

100 |

PK
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Figure 2.17 The plot of pK, vs o for CH;SO,NHAr in water at
20 °c. The middle point for p-NO, 1s the average of o
and 0.




p-NO, (37). A best fit is obtained when the average of oy

and o~ is used for 37. This is probably due to the direct

conjugation of the para-nitro group. This causes 37 to be a

stronger acid than would be expected from the %y value of
para-NO,, but the delocalization into the para-NO, is not as
great as in p-nitroaniline®® or p-nitro-phenoxide, which
define o~.

N-Alkylation, as in the conversion of CH3;SO,NH, (pK,
10.80) into CH3SO,NHCH; (34) (pK, 11.79) raises the pk, by 1
unit, perhaps as a result of poorer solvation of CH;SO,N"-
CH, as compared to CH,;SO,N"-H’?, N-Phenylation, as in
CH,SO,NH, - CH;SO,NHPh (35) (pK, 8.98) leads to a ApK, of -
1.8 units, as would be expected from the increased
delocalization in the aromatic ring available in CH;SO,N"-
Ph. The effect is not nearly as large as that which occurs
on N-phenylation of ammonia, which may be estimated to be
about 7 units (from the pK, values of 27.7 and about 35 for
aniline and ammonia as acids’!). The smaller Apk, found
with sulfonamides is not unreasonable in light of the
evidence of N - S electron delocalization in both
sulfonamides and their conjugated bases (as discussed in
section 2.1). Since to the extent that electrons are
delocalized onto the sulfur the charge on the nitrogen is
made more positive, and any tendency for the nitrogen to
donate electreons into the phenyl ring accordingly

lessened’? (see Scheme 2.8).

Substitution of the benzene ring, particularly in the

RS




para position, is expected to cause further changes in
el. :tron charge distribution within the aromatic ring. The
effect of various structural variations may be gauged from

the pK, values listed in Table 2.1. The large difference of

(i-\ §<:ﬁ - - /N a’/H o}
L SO,CH, Ns <
S
Scheme 2.8

pK, values (ApK, 2.4) between CH3SO,NHC H,~-p-OCH,; (41) (pK,
9.2) and CH;SO,NHC.H,-p-NO, (37) (pK, 6.76) can be ascribed
that the electron-releasing group, p-OCH, in 41 donates
electron density into the aromatic ring, thereby reducing
the delocalization into the aromatic ring; the strong
electron withdrawing para-nitro group in 37 can stabilize
the negative charge in the nitrogen by delocalization
through the aromatic ring.

The sultams show some distinct differences from acyclic
sulfonamides. The five-membered sultam (22) (pK, 11.39 at
25.0°C} is somewnat more acidic than both its acyclic
isomer, CH,CH,SO,NHCH, (45) (pK, 11.84, at 25.0°C, ApF,
0.45), and its six-membered ring analogue, 1,4-butanesultan
(23) (pE, 12.34, at 20.0 °C, ApK, 0.80). Almost the same

d:fference (ApK, 0.87) of pK, value was also observed

I



between the five-membered ring, 2,3-dihydro-1,2-
benzisothiazole 1,1-dioxide (24) (pX, 11.43, measured in 50%
ethanol aqueous solution) and the six-membered ring, 3,4-
dihydro-1-H-2,3-benzothiazine-2,2-dioxide (25) (pK, 12.30,
also measured in 50% ethanol aqueous solution). Rathore?33
in this laboratory measured the pK, of protonated N-
methylsultams and a similar difference (ApK, 0.62) of pkK,
value is also observed between the conjugated acids of six-
membered ring, (N-methyl 1,4-butanesultam, pK, -4.62) and
five-membered ring (N-methyl 1,3-propanesultam, pK, -4.00)
compounds. A difference (ApK, 1.51) of pK,’s between five-
membered, N-methyl _,3-propanesultam and its open chain
analogue, N,N-dimethyl methanesulfonamide was observed.

A conclusion may be made that the small five-membered
ring effects, perhaps mainly a stereouelectronic effect are
involved in those five-membered sultams. This conclusion is
supported by Rathore33 who concluded by examination of
molecular models and a rough crystal structure of N-methyl
1,3-propanesultam, that the lone pair of electrons on
nitrogen can not get to the bisector of the sulfonyl oxygens
without introducing considerable ring strain in the
molecule. More detailed discussion will be presented in

next section.

2.2.4.2 The pK, Values for the Sulfonimides

In this study the pK, values of 11 N-acyl suifonamides

and sulfonimices have also been determined (see Table 2.2).




It appears from comparing H, values at half-neutralization
with pK, values determined by titration in water that there
is a difference of about 3 pK, units between the
spectrometric and titration methods, except for saccharin
which has a smaller difference, 0.64 pK, units. With
CH;SO,NHSO,CH; for example, titration gave 2.10, NMR gave
-1.3 as the H, at half-protonation, and -1.7 by excess
acidity calculations; titration of CH3;SO,NHSO,Ph gave 1.76,
NMR gave -1.60, and UV gave -1.7. The discrepancy between
titration and spectrometric results may be due to the
difference between dissociation constants (measured by
titration) and ionization constants (determined by
spect:rometers).-'3

N-benzoyl benzenesulfonamide (31) which has a pK, 4.99
(measured in % ethanol aqueous solution) is a somewhat
stronger acid than its alkyl analogue, N-acetyl
methanesulfonamide (32) (pK, +.02 in 50% ethanol aqueous
solution, 5.13 in water). Compound 32 has an identical pK,
with CH,SO,NHCONH, (pK, 5.10)2%. saccharin (33) which is a
five-membered cyclic aromatic N-acyl sulfonamide and perhaps
the best known member of this class of compounds has the pK_
value 1.84 by the potentiometric titration method and a pK,
1.2 by the UV method, by either measure 33 is much more
acidic than its open-chain analogue, N-benzoyl
benzenesulfonamide (31) (pK, 4.99).

As one might expect from the greater acidity of

sulfonamides vs carboxylic amides (pK, about 1%), the



introduction of the second sulfonyl group increases the
acidity more than that of an acyl group. This may be seen
by comparing benzene-1,2-disulfonimide (21) with saccharin
(33), or the acyclic sulfonimides, CH3;SO,NHSO,CH; (28) (pK,
1.36) and CH;CH,SO,NHSO,CH,CH; (29) (pK, 2.04), with
CH;SO,NHCOCH; (32) (pK, 5.12). The difference between
(RSO,),NH cnd RSO,NHCOR is about 3-4 pK, units.

Benzene-1, 2-disulfonimide (21) has been described as
'fully ionized in (and not extractable from) water and said
to possess acidity comparable to that of hydrochloric acid’.
It was indeed found that the H, value at half-neutralization
of 21 (see Table 2.2) is -4.1, indicating that 21 is one of
the strongest neutral nitrogen acids.

An interesting result is the acid-strengthing effect
accompanying incorporation of these functions in a five-
membered ring. Both the benz-fused and saturated five-
membered ring disulfonimides (21) and (19) with H, values at
half-protonation of -4.1 and -3.1, are more acidic than
either of their acyclic counterparts (PhSO,),NH (26) (H,
values at half-protonation -1.7) and CH3;SO,NHSO,CH; (28)
(-1.3), respectively, or the six-membered cyclic analogue,
20 (~1.7). As has been noted already, saccharin, which is
an aromatic five-membered N-acyl sulfonamide, is also more
acidic than its open chain analogue PhSO,NHCOPh.

One possible explanation for the difference in acidity

between five-membered ring sulfonimides and their six-

membered analogue is the ring strain effect. Attig and




Mootz’4 determined the structure of dimethanesulfonimide
and found that the S-N bond length is 1.645 & and S-N-S bond
angle is 125.0°. A very similar result’® was found in
(CH,CH,S0,) ,NH, the S-N bond length, 1.646 A, S-N-S bond
angle, 125.3°, and C-S-N bond angle, 105.6°. They concluded
that the confiquration of the N atom is planar with sp?-
hybridization. This was supported by the result of Cotton
and Stoke1y76 who determined the crystal structures of
dibenzenesulfonimide and its sodium salt. They found that
the S-N-S bond angles in dibenzenesulfonimide and its sodium
salt are almost identical, 127.7° and 127.5°, respectively;
and the C-S~N bond angles are 108.3° and 106.6°
respectively. It is notable that the S-N bond lengths in
sodium dibenzenesulfonimide (1.598 & and 1.571 &
respectively) are significant shorter than those in
dibenzenesulfonimide (1.657 & and 1.643 A respectively); the
0-S-0 bond angles in sodium dibenzenesulfonimide (115.8° and
115.7° respectively) is much smaller than that in
dibenzenesulfonimide (121.0° and 120.3° respectively). The
results of Cotton and Stokely support the conclusion of a
strong 7 bond character of the S-N bond and the sp?-
hybridization of the nitrogen atom in sulfonimides. Similar
sp?-hybridization was also observed in methanesulfona-
nilide’’ in which the S-N-C angle is 120°.

Bart’® and Okaya79 determined independently the
crystal structure of saccharin (33) and found that C-N bond

length is 1.375 & which appears to possess considerable




double-bond character, the C=0 bond (1.220 &) is slightly
longer than a ’‘pure’ double bond (1.205 A for amides), the
S-N bond (1.66 &) is appreciably shorter than the 1.735 &
for a single bond (based on the conventional radii and the
electronegativity correction)®?, and a substantial amount
of conjugation of the p-orbital on the nitrogen atom with
the d-orbital of S is expected. Bart’® concluded that a
considerable positive charge will be expected to reside on
the nitrogen atom, making the attached hydrogen atom acidic.
Bart and Okaya also found that the angle distortions in the
C-C bond at five-membered ring indicates considerable
strain. The angles around the S are very different from
those of regular tetrahedron, especially the 0-S-0 angle
(117.4°) which is larger than a normal tetrahedral angle,
but smaller than 121° in dibenzenesulfonimide; and the small
internal angle C-S-N (92.7°) which is much smaller than the
same angle in open sulfonimides, for example, 105.6° in
diethylsulfonimide or 106.6° in dibenzenesulfonimide (see
above). The C-N-S angle was found to be 115.0°, which is
aliso much smaller than the same angle in open sulfonimides,
e.g. the bond angle S-N-S, 127.7° in dibenzenesulfonimide,
125.3° in diethylsulfonimide. These data again show that
considerable ring strain exists in the five-membered ring of
saccharin.

Camerman, et al.®! determined the crystal structure

of N-[4’-sulfamylphenyl]-1,4-butanesultam (73). Their

results indicate that the ring strain in six-membered ring
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sultam is much smaller than in five-membered ring sultam.

Linke, et al.®? examined the crystal structure of N-amino
propane~1,3~disulfonimide (72) and confirmed that no ring
strain is expected in this six-membered ring compound.

Using PCMODEL (PCM4) the S~N-S bond angle is estimated to be
115.6° in propane-1,3-disulfonimide (20), which is close to

the same angle in 72. The estimated bond angle of S-N-S

7
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(108.3°) in ethane-1,2-~disulfonimide (19), however, is 7
degrees less than that in 20. The bond angles of N-S-C are
104.0°, 94.5° and 92.7° in 20, 19 and benzene-1,2~
disulfonimide (21) respectively. This indicates that the
angle of N-S~C in 20 is 9.5 degrees larger than that in 19
and 11.3 degrees larger than that in 21. The bond angle of
S~C-C in 20 (111.9°) is 4.1 degrees larges than that in 19
(107.8°). These bond angles in five-membered ring
disulfonimides are significantly smaller than those in their
six-membered ring analogues. These data show that the ring

strain in six-membered sulfonimiuaes may be expected to be

much smaller than that in five-membered sulfonimides. As




pointed out earlier that sodium dibenzenesulfonimide’® has
shorter S-N bonds and longer S-0 bonds compared with
dibenzene-sulfonimide, it is reasonable to assume that part
of the ring strain in the five-membered ring sulfonimides or
sulfonamides is released when they are in the ionic forms
because the S-N-S bond angle is expected to be larger as the
S-N bond is shorter and S-0 bonds are longer. The ring
strain release in the ionic form of five-membered ring
sulfonimides would cause the five-membered sulfonimides to
be more acidic than their six-membered ring and open
analogues.

In addition to the ring strain effect as discussed
above, another effect which may affect the acidities of
five-membered sulfonamides and sulfonimides is the
stereoelectronic effect. One may recall that Laughlin58
suggested that the difference in acidity between RSO,NHR’
and R3NH+ (about 16 pK, units) was too large to be accounted
foé on the basis of an inductive =2ffect, and arqued that N-S
delocalization of electrons (i.e. 76 « 77) is important in
sulfonamides. King, et al?3. found that for most
sulfonamides the C-S-N-C dihedral angle 6 (and #’ defined in
75) is in the range 60-120°. This suggested that if the
most favourable arrangement for N-S delocalization occurs
when # ~80°, then a sulfonamide in which 0 was required to
be ~0° would have less N -+ S delocalization and that this
might be expected to show itself in increased base strength

in the sulfonamide. The protonated bicyclic sultam 74 (H, -

I
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3.6) in which 0 = 0° (and 6’~170°) was indeed found to be
distinctly more basic than its acyclic counterpart, N, N-
dimethylmethanesulfonamide (H, -5.5). The large pK,
difference (ApK, 1.9) between these two N-methyl
sulfonamides is not surprising because in 74 the lone pair
of electrons on the nitrogen is not at the bisector of the
sulfonyl oxygens (i.e. # is not 80°) in contrast to N,N-
dimethylmethanesulfonamide in which 6 = 80°; it then is more
readily available for protonation in 74 (less N -+ S
delocalization) than in N,N-dimethylmethanesulfonamide.

It is evident as discussed above that change from the

normal C-S-N-C dihedral angle (~80°), or in other words,

when the lone pair of electrons on nitrogen can not bisect




the sulfonyl oxygens, the N - S delocalization decreased,
and the base strength of N-methyl sulfo.namides increased.
This may explain why five-membered ring sultams 22 and
25, five-membered sulfonimides 21, 19 and saccharin are more
acidic than their six-membered ring or acyclic analogues

because of the ring effect and the stereoelectronic effect.

2.2.4.3 The Kinetics of the Hydrolysis of Sulfonimides in
Concentrated Hydrochloric Acid

Because sulfonimides are much stronger acids than
sulfonamides (there is 14.6 pK, units difference between
ethane-1,2-disulfonimide and 1,3-propanesultam, see Tables
2.1 and 2.2) it is much more difficult to protonate the
nitrogen of the sulfonimides than that of the sulfonamides.
It has been found that N-methylsulfonyl benzenesulfonimide
hydrolyses 13 times faster than dimethanesulfonimide. This
indicates that the aromatic sulfonimide is more reactive
than alkylsulfonimide in the acidic hydrolysis. A proposed
mechanism of hydrolysis of cyclic five-membered sulfonimide
in concentrated hydrochloric acid solution is shown in
Scheme 2.10.

in this mechanism the chloride ion attacks the sulfur,
perhaps with assistance by general acid catalysis at the
nitrogen, leading to ring opening to form 2~(aminosulfonyl)-
ethanesulfonyl chloride; this subsequently hydrolyses to

give 2-(aminosulfonyl)ethanesulfonic acid (45). This

proposed mechanism is similar to the mechanism of hydrolysis
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Scheme 2.10

of cyclic sulfonamides proposed by Rathore33 and Li3? in
this laboratory, except that the sulfonamide was protonated
in the first step. We can not exclude the possibility of
specific acid catalysed hydrolysis of sulfonimides at this
stage, though it is to be expected that they are extremely
weak bases with only a very small portion of the sample
protonated under these conditions.

Helferich and Kleh®3 reported that the six-membered
sultam, N-4-acetamidophenylbutanesultam, was not cleaved in
boiling 18% sulfuric acid solution, whereas the
corresponding five-membered sultam was cleaved under these
conditions. They suggested that tuie difference in behaviour

of the five-membered sultam and other sulfonamides was due




to the strain which was relieved as the sulfur-nitrogen bond
was partially broken in the five-membered sultam. Klassen3?
investigated the hydrolysis of N-methyl 1,3-propanesultam in
concentrated hydrochloric acid and estimated that the ring
strain effect (by a factor of 3000 out of 86000) is the
major component and the stereoelectronic effect (by a factor
of 29) is the minor component under the particular
conditions used.

The difference (e.g. 430 times between five- and six-
membered ring sulfonimides and 320 times between five-
membered ring and open chain sulfonimides) of hydrolysis
between the five-membered cyclic sulfonimide on the one hand
and, six-membered cyclic and open chain analogues on the
other are also ascribed to the ring strain and *™e stereo-
electronic effects as discussed in the pX, determination
section. The stereoelectronic effect in five-membered ring
sulfonimides may arise because the electron lone pair on the
nitrogen is not at the bisector of the sulfonyl oxygens.

The major contribution of these effects (ring strain and
stereoelectronic) is expected, however, to be the ring
strain effect as observed in the five-membered ring sultam
by Klassen34 although we can not separate quantitatively the

effects in the five-membered ring sulfonimides at this

stage.

-y




2.3 CONCLUSION

In this chapter a set of pK, values of sulfonamiGaes and
sulfonimides were determined by the potentiometric
titration, !H NMR, and UV methods. Ethane-1,2-disulfonimide
(19) which has not been reported in literature has been
synthesized. It is found that the cyclic five-membered ring
sulfonimides, benzene-1,2-disulfonimide, (21) and ethane-
1l,2-disulfoninide (19), are distinctly more acidic (by about
1.5-2.5 pK, units) than the cyclic six-membered ring
sulfonimide, propane-1,3-disulfonimide (20), and the open
chain sulfonimides, dimethanesulfonimide (28) and dibenzene-
sulfonimide (26). These phenomena are ascribed to either
or both the effect of ring strain and a stereoelectronic
effect. The sulfonamides show qualitatively the same
tendency as the sulfonimides, but the difference (about
0.4-0.9 pK, units) between five-nembered cyclic sulfonamides
and six-membered cyclic or open chain sulfonamides is
smaller than that in the sulfonimides.

The pK,’s of a series of sulfonamides of general
structure CH;SO,NHAr were determined and found that these
sulfonamides except for CH;SO,NH-p-NO,-C.H, are correlated

weil by the equation:

pK, = 8.96 - 2.130

The hydrolysis of sulfonimides was carried out in

()




concentrated hydrochloric acid solution at 80 °C. The
results indicated the fise-membered ring sulfonimide,
ethane-1,2-disulfonimide (19), is much more reactive than
its six-membered analogue, propane-1,3-disulfonimide (20),
ard its open-chain analogue, dimethanesulfonimide (28). It
is likely that the same effects as in the pEK,
determinations, e.g. ring strain effect and stereoelectronic

effect are involved, but the relative importance of each is

not known.



2.4 EXPERIMENTAL

The general procedure and instrumentation are as
described in the experimental part of chapter 1, except for
the following points.

The UV spectra were obtained by using Shimadzu UV-160
spectrometer. The apparatus used for the pK, determinations
of sulfonamides by titration consisted of a Radiometer Model
25 pH meter equipped with a Radiometer Titrator 11 automatic
titrator, a Radiometer GK2401C glass electrode and an Aminco
automatic burette with a 3 mL syringe reservoir. The
temperature was maintained constant (+ 0.1 °C) by means of a
Haake FJ constant temperature circulating apparatus.

Reagent grade chemical and solvents were used without
additional purification except where otherwise noted.
Methanesulfonyl chloride, ethanesulfonyl chloride,
benzenesulfonyl chloride, benzoyl chloride, acetyl chloride,
aniline, m-chloroaniline, p-toluidine, thiolacetic acid and
formic acid were distilled before use. p-Nitroaniline, m-
nitroaniline, p-chloroaniline, and p-toluenesulfonyl
chloride were recrystallized before use. Benzylamine,
methylamine, and s~ lvents such as acetonitrile, absolute
ethanol, tetrahydrofuran (THF), and benzene were dried over
calcium hydride; dichloromethane was dried over phosphorus
pentoxide.

Solvent evaporation was carried out using a Blichi Kkotary

Evaporator connected to a water aspirator.



2.4.1 Preparation of the Sulfonamides and Sulfonimides
Preparation of Cyclopropanesulfonanilide (43)

This sulfonanilide (43) was made by Dr. Joe Lam®? in
this laboratory. IR (KBr) vg,,: 3256, 3058, 1327, 1148 cm”
1, 14 NMR (CDCl;) &: 0.92 (m, 2H), 1.14 (m, 2H), 2.50 (m,
1H), 7.12 (s, NE), 7.30 (m, SH); 13c NMR (cDCl;) 6: 5.6,

29.8, 121.7, 125.5, 129.4, 136.9.

Preparation of Dimethanesulfonimide (28)

Methanesulfonyl chloride (4.60 g, 40.2 mmol) was added
dropwise to a solution of ammonium chloride (1.07 g, 20.0
rmol) in water (2.5 mL) at 0 °C. The medium was maintained
weakly aikaline with aqueous sodium hydroxide (5 M) and was
stirred for 0.5 h after the addition of the methanesulfonyl
chloride. The mixture was acidified to pH 2 with
concentrated hydrochloric acid at room temperature. The
water was removed by distillation on a steam-bath under
reduced pressure leaving white crystals which were dried in
a desiccator over po:cassium hydroxide overnight. The
crystals were then extracted with acetone (3 x 3060 mL). The
extract was washed with saturated sodium bicarbonate (30 mL)
and water (30 mL), and dried with anhydrous magnesium
sulfate. The solvent was evaporated to give white crystals
(28) which were recrystallized from acetic acid to give the
pure product (2.469 g, 14.3 mmol, 71.3% yield); mp 153-155
°c [1it. mp®® 155 °C); IR (KBr) w,,,: 3598 (s), 3033 (s),

2944 (s), 1620 (m), 1352 (s), 1154 (s), 968 (s), 897 (s),



770 (s) cm™}; H NMR (acetone-dg) §: 3.32 (s, 6H); 13C NMR

(acetone-dg) 6: 43.4.

Preparation of Diethanesulfonimide (29)

Ethanesulfonyl chloride (12.90 g, 100 mmol) was added
dropwise to a solution of ammonium chloride (2.70 g, 50.5
mmol) in water (5 mL) at 0 °C. The solution was kept weakly
basic (tested by pH paper) with aqueous sodium hydroxide (5
M). After all of the ethanesulfonyl chloride was added, the
mixture was stirred for 2 h at room temperature. The
mixture was acidifi«d with concentrated hydrochloric acid
until all of the diethanesulfonimide precipitated out. The
precipitate was removed by filtration giving the
diethanesulfonimide (8.111 g, 40.3 mmol) as white crystals
in 79.9% yield, which on recrystallization from acetic acid,
melted at 76-78 °C [lit. mp3® 78.5-79 °C]; IR (KBr) »vp,,:
3146 (s), 2988 (m), 1456 (m), 1345 (s), 1237 (m), 1150 (s),
1051 (m), 878 (s), 725 (s) cm™!; H NMR (CDCl;) 6: 1.47 (t,

6H), 3.46 (g, 4H); 3c NMR (cDCl;) 6: 8.0, 50.1.

Preparation of Di-p~toluenesulfonimide (27)
p-Toluenesulfonyl chloride (3.513 g, 18.4 mmol) was
added slowly over a period of about 1 h to a solution of p-
toluenesulfonamide (2.869 g, 16.8 mmol) in aqueous sodium
hydroxide (5%, 15 mL) at 75 °C where the pH of the solution
was maintained a 7.5-8.5 (as determined by pH paper) with

agqueous sodium hydroxide (5%). Stirring was continued for



20 min and aqueous sodium hydroxide (40%, 1.8 mL) was then
added. The mixture was cooled to room temperature and a
white precipitate appeared. The precipitate was filtered
off to give white crystals which were dissolved in water (20
mL) ; concentrated hydrochloric acid was added until all of
product precipitated. The precipitate was filtered off to
give a white solid (27) (3.976 g, 12.2 mmol, 72.8% yield),
which on recrystallization from acetic acid melted at 163-
170 °C [lit. mp®® 168-169 °C]; IR (KBr) w,,: 3158 (s),

2926 (w), 1595 (s), 1448 (m), 1358 (s), 1294 (s), 1167 (s),
1084 (s), 1040 (m), 855 (s), 808 (s), 665 (s), 604 (s) cm"l;
14 NMR (acetone-dy) §: 2.45 (s, 6H), 7.36 (dd, 4H), 7.73
(dd, 4H); '3c NMR (acetone-dg) §: 21.5, 128.3, 130.3, 138.4,

145.3.

Preparation of N-Methylsulfonyl Benzenesulfonamide (30)
Methanesulfonyl chloride (2.89 g, 25.2 mmol) was added
dropwise to a solution of benzenesulfonamide (1.32 g, 8.4
mmol) in aqueous sodium hydroxide (1 M, 20 mL) at 70-75 °c
in 1.5 h. The mixture was stirred for 3 h at 70-75 °C and
was then cooled to room temperature. Concentrated
hydrochloric acid was added carefully until the solution
became acidic (about pH 2, as determined from pH paper) and
a vhite precipitate appeared. The precipitate was filtered
off to give the N-methylsulfonyl benzenesulfonimide (30)
(1.915 g, 8.1 mmol, 96.8% yield) as white crystals which

were recrystallized €rom benzene; mp 141-142 °C [1lit. mp®’




141-142 °C]; IR (KBr) vp,,: 3216 (s), 3049 (s), 3029 (m),
2946 (m), 1584 (m), 1480 (m), 1453 (s), 1348 (s), 1152 (s),
1088 (s), 992 (s), 849 (s), 759 (s), 658 (s) cm !; H NMR
(cDC1l,) 6: 3.38 (s, 3H), 7.46-8.02 (m, 5H); 13c NMR (cDCl,)

§: 44.0, 128.0, 129.2, 134.3, 139.1.

Preparation of Dibenzenesulfonimide (26)

Benzenesulfonyl chloride (3.79 g, 20.99 mmol) was added
a little at a time over a period of 40 min to
benzenesulfonamide (3.00 g, 19.1 mmol) in aqueous sodium
hydroxide (5.0%, 20 mL) at 50-55 °C. The medium was
maintained weakly basic (tested by pH paper) with aqueous
sodium hydroxide (5.0%). After all of the benzenesulfonyl
chloride was added, the mixture was stirred for 20 min at S0
-55 °C. Aqueous sodium hydroxide (40%, 2.0 mL) was then
added. After the mixture was cooled to room temperature,
water was acded to dissolve all of the precipitate. The
mixture was acidified until all of the dibenzenesulfonimide
precipitated out with concentrated hydrochloric acid. The
precipitate was filtered off to give white crystals (26)
(4.99 g, 16.0 mmol, 83.9% yield) which were recrystallized
from water, mp 156-157 °C [lit. mp37 157-158 °CJ); IR (KBr)
Yrax® 3218 (s), 3040 (s), 1476 (s), 1451 (s), 1354 (s), 1311
(s), 1086 (s), 1024 (s), 756 (s), 685 (s) cm™1; 1H NMR
(acetone-dg) 6: 7.59-7.93 (m, 10H); !3C NMR (acetone-dg) §:

128.2, 130.0, 134.5, 141.2.



Preparation of Ethane-1,2-disulfonimide (19)
a) B8odium Ethane-1,2-disulfonate (49)

1,2-Dibromocethane (30.0 g, 160.0 mmol) was added
dropwise over a period of 40 min to a refluxing solution of
sodium sulfite (20.20 g, 317.4 mmol) in water (130 mL). The
mixture was refluxed for 1 h after the organic layer had
disappeared. On cooling the resulting aqueous solution to 5
°c, crystals of sodium ethane-1,2-disulfonate separated anad
were filtered off. The filtrate was evaporated to incipient
crystallization. The mixture was cooled to 0 °C, and a
second crop of crystals separated. The two crops of
crystals were combined and recrystallized from water by
dissolving in t'2 minimum quantity of boiling water to give
the sodium etha..e~-1,2-disulfonate (49) (22.96 g, 98.1 mmol,
62.0% yield); IR (KBr) wg,,: 3400 (m), 3020 (m), 2960 (w),
2940 (w), 1210 (s), 1040 (s), 770 (s) cm™}; lH NMR (D,0) &:

3.27 (s, 4H); !3c NMR (D,0) &: 49.1.

b) Ethane-1,2-disulfonic Acid (50)

A solution of sodium ethane-1,2-disulfonate (49) (10.0
g, 42.7 mmol) in water (60 mL) was passed through a column
which contained Rexyn 101 (H*) (110 g). The product was
eluted with water and the water removed on a rotary
evaporator to give the ethane-1,2-disulfonic acid dihydrate
(50) (2.50 g, 42.0 mmol, 98.3% yield); mp 110-112 °C [1lit.

mp88 111-112 °C); neutralization equivalent: 112

(calcul~ted 113); IR (Nujol) v,,,: 3328 (s), 3004 (s), 2924




(s), 2855 (s), 1462 (s), 1377 (m), 1282 (s), 1265 (m), 1102
(s), 766 (s), 538 (s) cm™!; H NMR (D,0) §: 3.27 (s, 4H); 3c

NMR (D,0) &: 49.1.

c) Ethane-1,2-disulfonic Anhydride (10)

A mixture of ethane-1,2-disulfonic acid dihydrate (50)
(0.748 g, 3.2 mmol) and thionyl chloride (15.0 mL) was
heated at reflux for 16 h. The excess thionyl chloride was
removed by distillation and further dried under vicuum to
give ethane-1,2-disulfonic anhydride (10) (0.539 g, 3.1
mmol, 98.1% yield); mp 145-147 °C (in a sealed mp tube)
(lit. mp®® 145-146 °C]; IR (Nujol) w,,,: 3034 (m), 3017 (m),
2923 (s), 2855 (s), 1458 (s), 1246 (m), 1383 (s), 1275 (s),
1225 (s), 1196 (s), 1169 (s), 817 (m), 729 (m), 673 (s)
eml; lH NMR (CD;NO, ) &: 4.45 (s, 4H); 13C NMR (CD;NO,) &:

53.0.

d) Benzylammonium 2-(Benzylamincsulfonyl)ethanesulfonate
(52)

Benzylamine (0.893 g, 8.3 mmol) in dry dichloromethane
(20 mL) was added slowly to a flask containing ethane-1,2-
disulfonic anhydride (10) (0.683 g, 4.0 mmol) at room
temperature. After all of benzylamine was added, the
mixture was stirred for 30 min and the precipitate filtered
off to give benzylammonium 2-(benzylaminosulfonyl)-
ethanesulfonate (52) (1.413 g, 3.66 mmol, 92.1% yield) as a

white solid which was recrystallized from water, mp 181-



182 °C; IR (KBr) »g,,: 3298 (s), 3034 (s), 1626(m), 1541
(m), 1456 (s), 1387 (m), 1320 (s), 1281 (m), 1181 (s), 1055
(s), 1038 (s), 750 (s), 696 (s) cm™!; H NMR (D,0) &: 3.20

(m, 2H), 3.37 (m, 2H), 4.18 (s, 2H), 4.30 (s, 2H), 7.42 (m,
SH), 7.47 (m, SH); !3c NMR (D,0) §: i5.8, 47.6, 49.0, 50.4,

130.6, 130.8, 131.5, 131.7, 131.9, 135.3, 139.9.

e) 2-(Benzylaminosulfonyl)ethanesulfonic Acid (53)
Benzylammonium 2-(benzylaminosulfonyl)ethanesulfonate
(52) (2.817 g, 7.29 mmol) in water (20 mL) was passed
through a column of Rexyn 101 (H*) resin (25 g). After all
of products were washed out with water, the water was
removed on a rotary evaporator and the solid so obtained
dried to give 2-(benzylaminosulfonyl)ethanesulfonic acid
(53) (1.95 g, 6.98 mmol, 95.8% yield) which was
recrystallized from acetic acid:toluene (1:1) to give white
crystals, mp 125-126 °C; IR (KBr) v, : 3264, 2988, 1649,
1445, 1424, 1296, 1231, 1134, 1034 cm™!; H NMR (D,0) §:
3.21 (m, 2H), 3.37 (m, 2H), 4.31 (s, 2H), 7.42 (m, 5H); *3C

NMR (D,0) é: 66.9, 68.3, 69.7, 149.9, 150.1, 151.3, 159.3.

f) N-Benzyl Ethane~-1,2-disulfonimide (54)

The mixture of 2-(benzylaminosulfonyl)ethanesulfonic
acid (0.984 g, 3.52 mmol) and thionyl chloride (25 mL) was
refluxed for 17 h. After the excess thionyl chloride was
removed by distillation, brown crystals were obtained. The

residue was extracted with chlorc orm (3 x 100 mL). The



extract was washed with saturated sodium bicarbonate (30 mL)
and water (30 mL), and dried over anhydrous magnesium
sulfate. The solvent was evaporated to give N-benzylethane-
1,2-disulfonimide (54) (0.826 g, 3.16 mmol, 89.7% yield) as
white crystals which were recrystallized from 70% ethanol,
mp 148-149 °C; IR (KBr) »_,,: 3026 (s), 1458 (m),1318 (m),
1215 (s), 1179 (s), 1028 (s), 752 (m), 696 (m), 534 (m)
cm™1; 'H NMR (CDCl,;) 6: 3.92 (s, 4H), 4.69 (s, 2H), 7.42 (m,
sH); 13c NMR (cDCl,) 6: 44.97, 48.92, 128.61, 128.65,
128.84, 134.4; exact mass calculated for CgH,,NO,S,:

261.0130, found: 261.0131.

g) Ethane-1,2-disulfonimide (19)

Formic acid (2.070 g, 45.0 mmol) was added to a mixture
of N-benzylethane-1,2-disulfonimide (54) (0.215 g, 0.82
mmol), 10% palladium on carbon (Pd/C) (0.2125 g) and,
absolute ethanol (40 mL). The mixture was refluxed for 24
h. After the mixture was cooled to room temperature, the
catalyst was filtered off. The excess formic acid and
ethanol from the filtrate were evaporated to give ethane-
1,2-disulfonimide (19) (0.141 g, 0.82 mmol, 99.6% yield) as
grey crystals which were recrystallized from trifluoroacetic
acid, and melted at 235-237 °C (with decomposition); IR
(KBr) »g,,: 3171 (s), 3029 (m), 1969 (m), 1354 (s), 1281
(s), 1152 (s), 1138 (s), 994 (m), 855 (s), 743 (s), 695 (s)
cm'l; 1y NMR (acetone-dg) §: 4.24 (s, 4H); 13¢ NMR (acetone-

dg) 8: 53.9; exact mass calculated for C,HcNO,5;: 170.9660;



found 170.9661.

Preparation of Propane-1,3-disulfonimide (20)
a) 3-Chloropropyl Thiolacetate (50)

Freshly distilled thiolacetic acid (2.50 g, 32.8 mmol)
was added slowly to allyl chloride (2.50 g, 32.7 mmol). The
mixture was stirred for 6 n at 60 °C and then distilled
under reduced pressure to give 50 as a colourless liquid (bp
85 °C, 10 Torr, [1it.%% bp 74-76 °C}], 2.92 g, 19.1 mmol,
58.4% yield); IR (neat) »,,,: 3369 (m), 2961 (s), 2869 (m),
1694 (s), 1433 (s), 1354 (s), 1312 (s), 1271 (s), 1136 (s),
949 (s), 858 (m), 777 (m) cm™!; H NMR (cDCl,) §: 2.05 (q,
2H), 2.35 (s, 3H), 3.02 (t, 2H), 3.59 (t, 2H); 13c NMR

(cbCl,) 6: 26.3, 30.6, 43.3, 32.3, 195.4.

b) 3-Chloropropanesulfonyl Chloride (51)

i) Gaseous chlorine was passed through a solution of
3-chloropropyl thiolacetate (50) (2.90 g, 19.0 mmol) in
water (5 mL) and crushed ice (3.0 g) at 0 °C. The
temperature was maintained at 5-10 °C with addition of
crushed ice. After a persistent colour of chlorine
appeared in the solution, the flow of Cl, was stopped. The
mixture was extracted with dichloromethane (3 x 25 mL). The
organic layer was separated and washed with water (2 x 25
mL) and dried over anhydrous magnesium sulfate. The solvent

was evaporated to give a slightly yellow liquid (3.20 g,

18.1 mmol, 94.6% yield) which was distilled at reduced




pressure to give 51 as a clear, colourless liquid, bp 109-
110 °C (6 Torr) (lit. bp®® 82-85 °C (1 Torr)]; IR (neat)

v 3065 (m), 2974 (m), 2876 (W), 1443 (m), 1375 (s), 1314

max *
(s), 1269 (s), 1225 (m), 1167 (s), 1026 (w), 963 (m), 864
(m), 844 (m), 746 (m) cm™!; H NMR (CDCl;) &: 2.51 (m, 2H),
3.74 (t, 2H), 3.88 (t, 2H); !3c NMR (CDCl,) &: 27.4, 41.5,
62.4.

ii) A mixture of thionyl chloride (25 mL), 1,3-
propanesultone (£.240 g, 42.90 mmol) and a few drops of N, N-
dimethylformamide was refluxed for 30 h. The excess thionyl
chloride was evaporated to give a slightly yellow oil which
was distilled under reduced pressure to give the 3-
chloropropanesulfonyl chloride (51) (6.550 g, 37.00 mmol,
86.2% yield) as a clear colourless liquid with the same IR,

14 NMR, 13Cc NMR spectra and bp as the material prepared

above.

¢) N-Benzyl 3-Chloropropanesulfonamide (52)

Benzylamine (2.40 g, 22.6 mmol) in benzene (4 mL) was
added dropwise to a solution of 3~chloropropanesulfonyl
chloride (51) (2.0 g, 11.3 mmol) in benzene (6 mL) at 0-5 °C
with stirring. A white precipitate appeared immediately.
Stirring was continued for 0.5 h after the benzylamine was
added. Water was then added until all of precipitate was
dissolved. The mixture was acidified to pH 3 with agueous
hydrochloric acid (4 M). The organic layer was separated

and washed with saturated sodium hicarbonate (5 mL) and




water (2 x 5 mL), and dried over anhydrous magnesium
sulfate. The solvent was evaporated to give the N-benzyl 3-
chloropropanesulfonamide (52) (2.53 g, 10.2 mmol, 90.3%
yield) as slightly yellowish crystals which were
recrystallized from ethanol to give white crystals, mp 61-63
°c [lit. mp®! 61-62 °C]; IR (KBr) wv,,,: 3235 (s), 2967 (m),
1454 (s), 1437 (s), 1316 (s), 1300 (s), 1277 (m), 1161 (s),
1136 (s), 1055 (m), 883 (s), 767 (s), 735 (s), 696 (s) cm‘l;
14 NMR 2.20 (m, 2H), 3.07 (t, 2H), 3.58 (t, 2H), 4.30 (s,

2H), 4.80 (s, 1H), 7.35 (m, SH).

d) Ammonium 3-(Benzylaminosulfonyl)propanesulfonate (53)

A mixture of N-benzyl 3-chloropropanesulfonamide (52)
(4.07 g, 16.4 mmol) and freshly prepared ammonium sulfite
hydrate (4.07 g, 30.3 mmol) {obtained by introducing NH, and
S0, (mole ratio 2:1)] in ethanvl (14 =mL) and water (14 mL)
was refluxed for 18 h. This solution was concentrated by
distillation until a precipitate appeared. Water (120 mL)
was then added with stirring. The precipitate was filtered
off. The filtrate was evaporated to dryness. The residue
was extracted with boiling acetic acid (3 x 5 mL). The
acetic acid solution was allowed to stand for 3 h at room
temperature, and was then filtered to give the ammonium 3~
(N-benzylaminosulfonyl)propanesulfonate (53) (4.084 g, 13.2
mmol, 80.1% yield) as white crystals. these were
recrystallized from ethanol, mp 209-212 °C [lit. mp®! 208-

212 °C); IR (KBr) » 3222 (s), 1667 (m), 1404 (s), 1333

L d
max *




(s), 1194 (s), 1146 (s), 1046 (s), 900 (m), 758 (s) cm'l;
1H NMR (D,0) 6: 2.10 (m, 2H), 2.89 (t, 2H), 3.18 (t, 2H),
4.30 (s, 2H), 7.40 (m, SH); 13c NMR (D,0) §: 41.1, 68.4,

71.1, 72.6, 150.2, 151.2, 154.9, 159.6.

e) 3-(N-Benzylaminosulfonyl)propanesulfonic Acid (54)

Ammonium 3-(N-benzylaminosulfonyl)propanesulfonate (53)
(0.565 g, 1.80 mmol) in water (10 mL) was passed through a
column of Rexyn 101 (H') (6.0 g). The column was washed
with water until the eluate was neutral. The water was
evaporated to give 3-(N-benzylaminosulfonyl)propanesulfonic
acid (54) (0.518 g, 1.70 mmol, 98.1% yield) as a white
solid; mp 71-73 °C [lit. mp®! 71.5-74 °C); H NMR (D,0) 6:
2.10 (m, 2H), 2.89 (t, 2H), 3.18 (t, 2H), 4.30 (s, 2H), 7.43
(m, SH); 3c NMR (D,0) §: 41.1, 68.4, 71.1, 72.6, 15v.2,

151.2, 154.9, 159.6.

£f) Propane-1,3-disulfonimide (20)
3-(N-Benzylaminosulfonyl)propanesulfoni.. acid (54)
(2.155 g, 7.5> mmol) was suspended in phosphorus oxychloride

(12 mL). This mixture was kept for 4 days at room
temperature with occasional shaking. It was cooled to 0 “C
in an ice-bath until a precipitate appeared. The mixture
was filtered to give propane-1,3-disulfonimide (20) (0.879
g, 4.75 mmol, 64.6% yield) as a white solid which was
recrystalliz2d from acetic acid, mp 275-276 °C (with

decomposition); IR (KBr) »g,,.: 3222 (s), 2988 (m), 2940 (m),




1366 (s), 1296 (s), 1231 (m), 1175 (s), 1148 (s), 1117 (m),
932 (s), 831 (s) cm'l; 14 NMR (acetore-dg) 6: 2.62 (m, 2H),

3.53 (t, 4H); 13c NMR (acetone-dg) §: 19.7, 50.0.

Preparation of o-Benzenedisulfonimide (21)
a) o-Benzenedisulfony) Chloride (55)

The mixture of potassium o-benzenedisulfonate (0.623 g,
2.0 mmol) and phosphcorus pentachloaride (1.217 g, 5.8 mmol)
was heated at 182 °C (oil-bath) under reflux for 3.5 h.
Water (3 mL) was added after the mixture was cooled to room
temperature. The mixture was filtered and the solid washed
with water (2 mL) to give o-benzenedisulfonyl chloride (55)
(0.394 g, 72.4% yield) as a grey solid. IR (KBr) v, .. : 3108
(m), 1570 (s), 1455 (s), 1429 (s), 1377 (s), 1186 (m), 1107
(s), 1040 (s), 749 (s), 666 (s) cm™l; 1H NMR (cDCl,) 6: 8.05
(m, 2H), 8.44 (m, 2H); 3Cc NMR (cDCl;) 6: 132.3, 136.1,

141.3.

b) Benzene-1,2-disulfonimide (21)

Aqueous ammonia solution (4.5 M, 4 mL) was added
dropwise to a solution of o-benzenedisulfonyl chloride (55)
(0.980 g, 3.56 mmol) at room temperature. The mixture was
stirred for 1 h and filtered to give ammonium o-benzene-
disulfonimide. This was recrystallized from water to give
white crystals (0.822 g, 97.6% yield). A solution of
ammonium o-benzenedisulfonimide (0.730 g 3.09 mmol) in water

(10 mL) was passed through a Rexyn 101 (H') (15.0 g) column.



The solvent was removed to give a white solid (21) (0.61 g,
90.1% yield) which was recrystallized from benzene to give
white needles; mp 156-188 °Cc [lit. mp°? 187-189 °C]; IR
(KBr) vp,,.: 3598 (s), 3512 (m), 3144 (s), 1634 (m), 1446
(s), 1402 (s), 1281 (s), 1184 (s), 1049 (s), 999 (s), 854
(s), 760 (s) cm™!; IH NMR (CDCl,) &: 7.92 (m, 4H); 13c NMR

Preparation of N-Benzoyl Benzenesulfonamide (31)
Benzenesulfonamide (42) (0.40 g, 2.54 mmol) was mixed
with benzoyl chloride (0.79 g, 5.60 mmol) and pyridine (2.9
mL) at 0 °C. The mixture was stirred for 3 h at 0 °c.
Aqueous hydrochloric acid (6 M) was added to acidify the
mixture until precipitation was complete. The precipitate
was filtered off and dried under reduced pressure to give
the N-benzoyl benzenesulfonamide (31) (0.48 g, 1.82 mmol,
71.7% yield) as a white solid which was recrystallized from
benzene, mp 147-149 °C [lit. mp®3 146 °C); IR (KBr) w,_,:
3281 (s), 3094 (m), 3063 (s), 1698 (s), 1452 (s), 1415 (s),
1335 (s), 1250 (s), 1179 (s), 1063 (s), 1028 (s), 897 (s),
721 (s), 686 (s) cm™}; H NMR (CDCl,) 6: 7.43-8.19 (m, 10H),
8.91 (s, 1H); 13c NMR (cDCl;) 6: 127.7, 128.7, 129.0, 131.1,

133.6, 134.1, 138.4.

Preparation of N-Acetylmethanesulfonamide (32)
Methanesulfonamide (61) (0.80 g, 8.41 mmol) was mixed

with acetyl chloride (0.88 g, 11.2 mmol) at room temperature



and the mixture was stirred for 1.5 h. Plate crystals were
formed. The excess acetyl chloride was evaporated under
reduced pressure to give a crystalline product (1.09 g, 7.96
mmol, 94.7% yield). This was recrystallized from benzene to
give white needles, 32, mp 98-100 °C [lit. mp%® 99 °c); IR
(KBr) »vpa,: 3133 (s), 2909 (s), 1690 (s), 1337 (s), 1242

(s), 1156 (s), 1044 (m), 1009 (s), 978 (s), 868 (m), 754
(s), 691 (s) cm™}; H NMR (CDCl;) 6: 2.16 (s, 3H), 3.32 (s,

3H), 8.60 (s, 1H); !3c NMR (cDCl,) §: 23.7, 41.6.

Preparation of N-(p-Methylphenyl)methanesulfonamide (36)
Methanesulfonyl chloride (5.879 g, 51.3 mmol) was added
to a solution of p-toluidine (5.0 g, 46.7 mmol) and
triethylamine (5.19 g, 51.3 mmol) in toluene (50 mL) at
0 °c. The mixture was stirred for 30 min at 0 °C. It was
worked up as above to give a wnite solid (36) (7.36 g, 85.1%
yield) which was recrystallized from 85% ethanol to give
white crystals, mp 104-105 °C [lit. mp®% 102.0-102.7 °c);
IR (KBr) wg,,: 3291 (s), 3022 (m), 2928 (m), 2867 (m), 1615
(m), 1511 (s), 1476 (s), 1395 (s), 1329 (s), 1300 (s), 1230
(s), 1151 (s), 978 (s), 926 (s), 812 (s), 772 (s), 741 (s)
cm!; H NMR (CDC1l;) 6: 2.34 (s, 3H), 2.99 (s, 3H), 6.88 (s,
1H), 7.16 (m, 4H); !3c NMR (cDcl,) §: 20.9, 39.0, 121.6,

130.3, 131.1, 135.6.

Preparation of N-(p-Nitrophenyl)methanesulfonamide (37)

Methanesulfonyl chloride (5.00 g, 43.6 mmol) was added




to a solution of p-nitroaniline (5.00 g, 36.2 mmol) and
triethylamine (5.00 g, 49.4 mmol) in toluene at 80 °C. The
mixture was stirred for 25 min at 80 °C. The solvent was
removed and the residue was ex.racted three times with
sodium carbonate. The combined extracts were acidified with
concentrated hydrochloric acid to precipitate the N-(p-
nitrophenyl)methanesulfonamide. The mixture was filtered to
give a yellowish solid (37) (6.50 g, 30.1 mmol, 83% yield).
This was recrystallized from 85% ethanol to give slightly
yellowish crystals, mp 184-186 °C [lit. mp®® 186 °C)]; IR
(KBr) »g.,: 3283 (s), 3011 (w), 2930 (w), 1597 (s), 1522

(s), 1477 (s), 1329 (s), 1294 (s), 1142 (s), 970 (s), 918
(s), 851 (s), 749 (s) cm™!; lH NMR (acetone-dy) §: 3.18 (s,
3H), 7.53 (m, 2H), 8.22 (m, 2H); 13C NMR (acetone-dy) §:

40.4, 118.8, 126.1, 135.0, 139.5.

Preparation of N-(m-Nitrophenyl)methanesulfonamide (38)
Methanesulfonyl chloride (2.50 g, 21.8 mmol) was added
to a solution of m-nitroaniline (2.50 g, 18.1 mmol) and
triethylamine (2.50 g, 24.7 mmol) in toluene at 80 °C, and
worked up as above to give a white solid (38) (3.10 g, 14.3
mmol, 79% yield) which was recrystallized from 85% ethanol
to give a white crystal, mp 164-165 °C [1lit. mp®5 164 °C);
IR (KBr) wvpax: 3298 (s), 3036 (m), 1526 (s), 1485 (s), 1399
(s), 1345 (s), 1331 (s), 1267 (s), 1156 (s), 968 (s), 737

(s) cm™!; 'H NMR (acetone-dg) 6: 3.12 (s, 3H), 7.60-7.76 (m,

2H), 7.95-8.01 (m, 1H), 8.20 (m, 1H); !3c NMR (acetone-dy)




§: 40.0, 114.6, 119.3, 126.2, 131.5, 140.8.

Preparation of N-(p-Chlorophenyl)methanesulfonamide (39)
Methanesulfony: chloride (4.94 g, 43.1 mmol) was added
to a solution of p-chloroaniline (5.0 g, 39.2 mmol) and
triethylamine (4.36 g, 43.1 mmol) in toluene (50 mL) at room
tomperature. The mixture was stirred for 30 min, and the
precipitate was filtered off. The filtrate was evaporated
to dryness to give a grey solid. The solid was dissolved in
15% agueous sodium hydroxide (40 mL), and concentrated
hydrochloric acid added to precipitate the N-(p-
chlorophenyl)methanesulfonamide. The mixture was filtered
to give a white solid (39) (6.45 g, 80.0% yield) which was
recrystallized from 85% ethanol to give white crystals, mp
150-151 °c {lit. mp®® 148 °C]; IR (KBr) »_,,: 3285 (s),
3007 (w), 2928 (w), 1491 (s), 1453 (s), 1387 (s), 1325 (s),
1294 (s), 1148 (s), 1090 (s), 1017 (m), 982 (s), 818 (s),
766 (s) cm™}; 1H NMR (cDCl,) &: 3.02 (s, 3H), 6.71 (s, 1H),
7.13-7.35 (m, 4H); 13c NMR /cDCl;) &: 39.5, 122.2, 129.9,

135.2.

Preparation of N-(m-Chlorophenyl)methanesulfonamide (40)
Methanesulfonyl chloride (2.50 g, 21.8 mmol) was added

to a solution of m-chloroaniline (2.50 g, 19.6 mmol) and

triethylamine (2.21 g, 21.8 mmol) in toluene (30 mL) at room

temperature, and worked up as above to give a grey solid

(40) (4.05 g, 19.7 mmol, 90.4% yield) which was




recrystallized from 85% ethanol to give white crystals, mp
95-96 °C {1lit. mp?® 90.5 °C); IR (KBr) v,,,: 3252 (s), 3019
(m), 1593 (s), 1480 (s), 1391 (s), 1318 (s), 1250 (s),
1152(s), 1090 (s), 970 (s), 928 (s), 785 (s) cm™1; lH NMR
(cDCl,) é: 3.06 (s, 3H), 7.18-7.40 (m, 4H); 13c NMR (cDC1;)

6: 39.7, 118.4, 120.3, 125.5, 130.8, 135.6, 138.0.

Preparation of N-(p-Methoxyphenyl)methanesulfonamide (41)
Methanesulfonyl chloride (2.558 g, 22.3 mmol) was added
to a solution of p-methoxyaniline (2.50 g, 20.3 mmol) and
triethylamine (2.48 g, 24.5 mmol) in diethyl ether (50 mL)
at 0 °C. The mixture was stirred for 30 min, and worked up
as above to give a slightly pink solid (41) (3.26 g, 79.8%
yield) which was recrystallized from 85% ethanol to give
white crystals, mp 118-119 °C [lit. mp®% 116 °C); IR (KBr)
Vmax: 3260 (s), 3019 (m), 2936 (w), 2840 (w), 1512 (s), 1462
(m), 1395 (s), 1321 (s), 1246 (s), 1217 (s), 1154 (s), 1109
(s), 1026 (s), 972 (s), 826 (s), 768 (s) cm™l; l1H NMR
(cpcl,) &: 2.96 (s, 3H), 3.81 (s, 3H), 6.71 (s, 1H), 6.90
(m, 2H), 7.19 (m, 2H); '3c NMR (cDCl;) 6: 38.9, 55.6, 114.9,

124.8, 129.1, 158.1.

Preparation of 1,3-Propanesultam (22)
a) 3-Chloropropanesulfonamide (56)
Anhydrous ammonia was bubbled through a stirred

solution of 3-chloropropanesulfonyl chloride (51) (5.50 g,

31.1 mmol) in dichloromethane (200 mL) at 0 °C until no




further formation of precipitate was observed. The mixture
was stirred for additional 0.5 h at 0 °C and then warmed to
room temperature. The solvent was evaporated and the residue
was extracted with acetone (3 x 50 mL). The extract was
dried over anhydrous magnesium sulfate. The solvent was
evaporated to give a white solid (56) (4.55 g, 28.8 mmol,
92.6% yield). This was recrystallized from 90% ethanol to
give white needle crystals, mp 63-65 °C [lit. mp®’ 63 ©°C];

1H NMR (CDCl;) &: 2.34 (m, 2H), 3.33 (t, 2H), 3.71 (t, 2H),

4.77 (s, 2H); 13c NMR (cDCl,) &: 27.4, 42.8, 52.6.

b) 1.3-Propanesultam (22)

3-Chloropropanesulfonamide (56} (4.00 g, 25.3 mmol) in
absolute ethanol (freshly distilled from calcium hydride)
(30 mL) was added dropwise to a solution of potassium
hydroxide (1.571 g, 28.0 mmol) in absolute ethanol (20 mL).
The mixture was refluxed for 2.5 h; a solution of potassium
hydroxide (5%) in absolute ethanol was added to keep the
solution basic. The mixture was cooled to room temperature,
and the precipitate was removed by filtration. The solid
was washed with absolute ethanol (20 mL) and filtered again.
The combined filtrate was neutralized with aqueous
hydrochloric acid (1 M) and the precipitated NaCl filtered
off. The solvent was evaporated to give a slightly yellow
liquid (22) (2.20 g, 18.1 mmol, 71.6% yield). This was
distilled to give a colourless liquid, bp 156-158 °c (2

Torr) [lit. bp%® 180 °c (5 Torr)l; IR (neat) v_,,: 3565 (w),




3267 (w), 2900 (w), 1388 (m), 1299 (s), 1137 (s), 1044 (m),
998 (m) cm!; 'H NMR (CDCl;) 6: 2.46 (m, 2H), 3.10 (t, 2H),

3.42 (t, 2H), 4.80 (s, 1H); '3c NMR (cDCl;) &: 23.9, 42.2,

46.6.

Preparation of 1,4-Butanesultam (23)
a) 4-Chloro-i-butanesulfonyl Chloride (57)

The mixture of sodium 4-hydroxy-l1-butanesulfonate (5.00
g, 28.4 mmol) and thionyl chloride (20 mL) with a catalytic
amount of DMF (0.5 mL) was refluxed for overnight. After
the excess thionyl chloride was removed by distillation, the
residue was poured into ice water (100 mL), and extracted
with dichloromethane (3 x 30 mL). The organic phases were
combin~d and dried over magnesium sulf.te. The solvent was
evaporated to aoive a clear colourless oil (4.55 g, 83.8%
yield). Fractional distillation gave the pure 4-chloro-1-
butanesulfonyl chloride (57), bp 115-118 °C at 1.5 Torr
(lit. bp®® 96-100 °C, 0.3 Torr); IR (neat) r,, : 2960 ().
2873 (m), 1560 (m), 1374 (s), 1165 (s), 911 (m), 732 (s)
cm™}; 1H NMR (CDCl,;) &: 1.95-2.08 (m, 2H), 2.15-2.32 (m,
2H), 3.65 (t, 2H), 3.75 (t, 2H); 13c NMR (cDCl,;) §: 21.9,

3J0.1, 43.8, 64.4.

b) 4-Chlorobutanesulfonamide (58)

Ammonia gas was pass through a solution of 4-chloro-

butanesulfonyl chloride (57) (8.889 g, 46.5 mmol) in diethyl

ether (30 mL) at 0 °C until no more precipitate was formed.




The solvent was evaporated and the residue was extracted
with dichloromethane (3 x 100 mL). The extract was washed
with aqueous hydrochloric acid (1 M, 30 mL), saturated
sodium bicarbonate (30 mL) and water (30 mL). The solvent
was removed to give a brown liquid (58) (7.503 g, 43.7 mmol,
94% yield). IR (neat) v,,.: 3355 (s), 1399 (s,, 1281 (s),
1213 (s), 1183 (s), 1082 (m), 718 (s), 685 (s) cm }; lH NMR
(CDC1;) 6: 1.98 (m, 4H), 3.19 (t, 2H), 3.60 (t, 2H), 5.24

(br s, 2H); !3c NMR (cDCl;) 6: 21.5, 30.7, 44.2, 54.3.

¢) 1,4-Butanesultam (23)

4-Chlorobutanesulfonamide (58) (6.80 g, 39.6 mmol) in
absolute ethanol (35 mL) was added dropwise to a solution of
potassium hydroxide (2.556 g, 45.6 mmol) in absolute ethanol
(35 mL). The mixture was refluxed for 1.5 h and neutralized
with concentrated hydrochloric acid to pH 7. The
precipitate was removed by filtration and the filtrate was
evaporated under vacuum to dryness. The residue was
extracted with dichloromethane (3 x 50 mL). The extract was
washed with water (30 mL) and dried over anhydrous magnesium
sulfate. The solvent was evaporated to give a brown solid
(23) (4.658 g, 34.5 mmol, 87% yield) which was
recrystallized from chloroform-petroleum ether (30-60 °C),
mp 114-115 °c [lit. mp®® 115 °C); IR (KBr) wg,,: 3233 (s),
2965 (m), 1424 (s), 1315 (s), 1291 (m), 1255 (s), 1177 (m),
1130 (s), 1067 (s), 1032 (s), 955 (s) cm™!; H NMR (cbcl,)

§: 1.63 (m, 2H), 2.23 (m, 2H), 3.10 (t, 2H), 3.42 (q, 2H),




4.24 (br s, 1H); }3c NMR (cDCl;) &: 23.7, 24.5, 45.4, 50.2.

Preparati: 'n of N-(p-Methylphenyl)cyclohexylmethane-
sulfonamide (47)

Cyclohexylmethanesulfonyl chloride (5.0 g, 25.4 mmol)
was added to a solution of p-toluidine (2.71 g, 25.3 mmol)
and triethylamine (2.57 g, 25.4 mmol) in diethyl ether (60
mL) at 0 °C. The mixture was stirred for 30 min, and worked
up as above to give a slightly yellowish solid (47) (5.08 g,
19.0 mmol, 75.1% yield) which was recrystallized from 85%
ethanol solution, mp 114-115 °C; IR (KBr) Vmax® 3227 (s),
3038 (w), 2932 (s), 2851 (s), 1506 (s), 1447 (s), 1395 (s),
1320 (s), 1296 (s), 1198 (s), 1165 (s), 1140 (s), 922 (s),
773 (s), 559 ‘' cm™!; H NMR (CDCl,) 6: 1.05-1.31 (m, SH),
1.67-2.05 (m, 6H), 2.33 (s, 3H), 2.96 (d, 2H), 6.55 (s, 1H),
7.10-7.27 (m, 4H); }3c NMR (cDC1l;) §: 20.9, 22.2, 25.8,

32.9, 33.7, 58.0, 121.2, 130.2, 134.2, 135.4.

Preparation of N-(p-Methylphenyl)ethanesulfonamide (48)
Ethanesulfonyl chloride (3.50 g, 27.2 mmol) was added
to a solution of p-toluidine (2.92 g, 27.2 mmol) and
triethylamine (2.75 g, 27.2 mmol) in toluene (50 mL) at O
°C. The mixture was stirred for 30 min at 0 °C and worked
up as above to give a white solid (48) (4.38 g, 22.0 mmol,
81% yield) which was recrystallized from 85% ethanol to give
white crystals, mp 80-81 °C [lit. mp®% 80-80.5 °C}; IR (KBr)

Vmax: 3252 (s), 2993 (w), 1512 (s), 1455 (m), 1389 (s), 1329




(s), 1302 (s), 1275 (s), 1148 (s), 912 (s), 814 (s), 729 (s)
cm~1; l1H NMR (CDCl;) &: 1.37 (t, 3H), 2.33 (s, 3H), 3.12 (q,
2H), 6.86 (s, 1H), 7.15 (m, 4H); !3c NMR (cDCl,) &: 20.9,

45.6, 121.2, 130.2, 134.2, 135.2.

Preparation of 3,4-Dihydro-i1-H-2,3-benzothiazine-2,2-dioxide
(24)
(a) Phenylmethanesulfonamide (59)

Gaseous ammonia was passed through a solution of
phenylmethanesulfonyl chloride (3.70 g, 33.7 mmol) in
diethyl ether (200 mL) at 0 °C until no more precipitate was
formed. The solvent was removed and the residue was
extracted with acetone (3 x 50 mL). The acetone was
evaporated to give a white solid (59) (3.04 g, 91.7% yield)
which was recrystallized from water to give white crystals,
mp 104-105 °C; IR (KBr) v.,.: 3381 (s), 3316 (s), 3245 (s),
2995 (w), 1497 (m), 1323 (s), 1172 \s), 1147 (s), 1127 (s),
914 (m), 808 (m), 779 (s), 700 (s) cm™l; 13c NMR (CDC1l,) §6:

61.0, 128.9, 129.5, 130.7, 131.5.

(b) 3,4-Dihydro-1-H-2,3-bengzothiazine-2,2~-dioxide (24)
Methanesulfonic acid (3.00 g, 31.2 mmol) was added
slowly to a mixture of phenylmethanesulfonamide (59) (0.856

g, 5.0 mmol) and 1,3,5-trioxane (0.153 g, 1.7 mmol) in
dichloromethane (18 mL) at 35 °C. Acetic anhydride (0.650
g, 6.4 mmol) was added after an interval of 20 min. The

mixture was stirred for 6 h at 35 °C, and then cooled to 0

A



°Cc. Dichloromethane (30 mL) was added and the mixture was

washed with water (25 mL), agueous sodium bicarbonate (5%, 2
x 25 mL), and water (25 nmL). The organic layer was
separated and dried over anhydrous magnesium sulfate. The
solvent was evaporated to give a white solid (24) (0.663 g,
3.6 mmol, 72.4% yield) which was recrystallized from ethyl
acetate, mp 143~144 °C [lit. mpl®® 142-143 °Cc); IR (KBr)

Vmax: 3287 (s), 3021 (w), 2920 (w), 1439 (s), 1401 (s), 1325
(s), 1171 (s), 1132 (s), 1073 (s), 884 (m), 766 (s), 756
(s), 540 (s) cm™!; !H NMR (CDCl;) 6: 4.35 (s, 2H), 4.62 (s,
2H), 7.10 (m, 2H), 7.30 (m, 2H); !3c NMR (cDCl;) 6: 47.9,

51.3, 126.4, 127.6, 128.3, 130.3.

Preparation of 2,3-Dihydro-~1,2-benzisothiazole 1,1-Dioxide
(25)
a) Pseudosaccharin Chloride (60)

A mixture of saccharin (3.534 g, 19.3 mmol) and
phosphorus pentachloride (4.418 g, 21.2 mmol) was heated at
175 °C for 1.5 h. A crystalline product formed which was
filtered off to give a white scolid. This was recrystallized
from benzene to give white crystals (60) (3.014 g, 15.0
mmol, 77.5% yield), mp 139-142 °C [lit. mpi®! 141-144 °C);
IR (KBr) wg,,: 3098 (m), 3017 (m), 1723 (w), 1605 (m), 1551
(s), 1534 (s), 1347 (s), 1237 (s), 1181 (s), 1125 (m), 1017
(m), 776 (s), 623 (m), 580 (s) cm™}; lH NMR (cDCl;) &: 7.81-

7.94 (m, 4H); 13c NMR (cDCl;) 6: 122.5, 125.1, 129.9, 134.4,

135.0, 135.1, 136.1.




b) 2,3-Dihydro-i,2-bengisothiazole 1,1-Dioxide (25)

Sodium borohydride (0.772 g, 20.4 mmol) was added in
small portions to a solution of pseudosaccharin chloride
(60) (1.028 g, 5.1 mmol) in freshly distilled THF (30 mL) at
0 °c. After the mixture was stirred for 24 h at room
temperature, water (5 mL) was added at 0 °C. The solvent
was evaporated in vacuo at 20 °C, aqueous hydrochloric acid
(4 M) was added to the mixture until pH 4. The aqueous
layer was extracted with chloroform (3 x 20 mL). The
organic layer was separated and dried over anhydrous
magnesium sulfate. The soclvent was evaporated to give a
white solid (25) (0.695 g, 4.1 mmol, 80.5% yield) which was
recrystallized from 90% ethanol, mp 110-112 ©C [lit. mpl0?
111-113 °C); IR (KBr) v,,,: 3224 (s), 2941 (w), 2874 (w),
1452 (m), 1395 (s), 1284 (s), 1204 (s), 1167 (s), 1125 (s),
1028 (m), 752 (s), 735 (s), 704 (s), 567 (s) cm™1; 1H NMR
(acetone-dg) 6: 4.55 (d, 2H), 4.88 (br s, 1H); 7.27- 7.82
(m, 4H); 3c NMR (acetone-dg) é: 45.9, 121.4, 126.1, 129.7,

133.4.

Preparation of N-Cyclohexyl Methanesulfonamide (44)
Methanesulfonyl chloride (2.50 g, 21.8 mmol) was added
dropwise to a solution of cyclohexylamine (2.60 g, 26.2
mmol) and triethylamine (2.21 g, 21.8 mmol) in toluene at
room temperature. The mixture was stirred for 30 min, and
worked up as above to give a white solid (44) (3.28 g, 18.5

mmol, 85% yield) which was recrystallized from benzene, mp




106-107 °c [1lit. mpl®3 103 °c]; IH NMR (CDCl;) &: 1.28
(m, 4H), 1.60 (m, 2H', 1.71 (m, 2H), 2.01 {m, 2H), 2.98 (s,
3H), 3.33 (m, 1H), 4.38 (s, 1H); 3c NMR (cDCl;) &: 24.8,

25.1, 34.4, 42.1, 52.8.

Preparation of Ammonium 2~(aminosulfonyl)ethanesulfonate
(45)

Gaseous ammonia (dried by passing through a gas bottle
filled with pellets of potassium hydroxide) was bubbled into
a solution of ethane-1,2-disulfonyl anhydride (10) (0.646 g,
3.7 mmol) in nitromethane (20 mL) for 5 min at room
temperature. The mixture was stirred for 10 min, and the
precipitate was filtered off to give a white solid which was
recrystallized from 75% ethanol to give white crystals (4S)
(0.334 g, 1.6 mmol, 43.2% yield). 2H NMR (D,0) &: 3.38 (m,

2H), 3.57 (m, 2H), 13c NMR (D,0) &: 45.9, 49.2.

Preparation of Benzenesulfonamide (46,

Benzenesulfonyl chloride (7.466 g, 42.3 mmol) was added
slowly to a concentrated ammonia solution (75 mL) at room
temperature. The mixture was refluxed for 40 min. After
the mixture was cooled to room temperature, a white
precipitate appeared. The excess ammonia solution was
evaporated and the residue was dried under vacuum. The
residue was then extracted with acetone (3 x 150 mL). The

extract was dried over anhydrous magnesium sulf-te, and the

solvent was evaporated to give benzenesulfonamide (46) (5.71




g, 36.3 mmol, 85.9% yield) as white crystals which were

recrystallized from 85% ethanol, mp 154-155 °C [lit. mplQ¢
156-157 °C}; IR (KBr) »v.,,. 3351 (s), 3260 (s), 1557 (m),
1449 (m), 1333 (s), 1163 (s), 1092 (m), 905 (m), 756 (s),
689 (s) cm™l; H NMR (acetone-dg) 6: 7.60-8.00 (m, S5H); 1!3c

NMR (acetone-dg) §: 126.8, 129.7, 132.7, 145.1.

Preparation of Methanesulfonamide (61)

Ammonia gas (dried by passing through a gas bottle
filled with pellets of potassium hydroxide) was bubbled into
a solution of methanesulfonyl chloride (10.00 g, 87.3 mmol)
in anhydrous diethyl ether (250 mL) at 0 °C for 0.5 h. The
mixture was stirred for 0.5 h at room temperature. The
solvent was evaporated to give a white solid. The solid was
extracted with acetone (2 x 300 mL). The organic phase was
dried over anhydrous magnesium sulfate and the solvent was
evaporated to give methanesulfonamide (61) (7.545 g, 79.3
mmol, 90.9% yield) as white crystals which were
recrystallized from benzene, mp 90-92 °C [1lit. mpl©® 91-92
°C}; IR (KBr) vy,,. 3274 (s), 3021 (s), 2938 (m), 1580 (s),
1320 (s), 1160 (s), 992 (s), 884 (s) cm‘l; 1y NMR (D,0) §&:

3.16 (s, 3H); !3c NMR (D,0) §: 45.0.

Preparation of Propane-1,3-disulfonic Acid (63)
a) 8Sodium Propane-1,3~-disulfonate (62)

Trimethylene bromide (10.0 g, 49.5 mmol) was added

dropwise to a boiling solution of sodium sulfite (12.6 g,




100.0 mmol) in water (50 mL). Refluxing was continued for a
further hour after the organic layer had disappeared. After
the mixture was cooled to 0 °C, the precipitate was removed
by filtration to give the product (62) (5.2 g, 21.0 mmol,
42.3% yield) as white crystals which were recrystallized

from water. !H NMR (D,0) §: 2.12-2.21 (m, 2H), 3.05 (t,

aH); 3c NMR (D,0) §: 22.7, 52.2.

b) Propane-1,3-disulfonic Acid (63)

Sodium propane~1,3-disulfonate (62) (2.0 g 8.1 mmol) in
water was passed through a Rexyn 101 (H') resin column. The
water was removed to give a clear liquid which was heated at
80 °C at 2 Torr for 8 h to remove any traces of water giving
63 as a solid (1.60 g, 7.8 mmol, 96.3% yield) with a
neutralization equivalent of 104.0 (calculated: 102.1). IH
NMR (D,0) §: 2.17 (m, 2H), 3.05 (t, 4H); 3c NMR (D,0) &:

22.4, 52.0.

Preparation of Ammonium 3-(aminosulfonyl)propanesulfonate
(65)
a) Propane-1,3-disulfonic Anhydride (64)

A mixture of propane-1,3-disulfonic acid (63) (0.332 g,
1.6 mmol) and thionyl chloride (20 mL) was refluxed for 18
h. The excess thionyl chloride was removed by distillation
and the residue dried at room temperature (1 mm) for 2 h to
give a grey powder (64) (0.294 g, 97.0% yield), mp 196-197
°c [1lit. wp8® 194-196 °C); IR (KBr) »,,,: 3006 (s), 2953 (s),




1379 (s), 1309 (s), 1294 (s), 1179 (s), 1038 (s), 1021 (s),
925 (m), 870 (s), 843 (s), 723 (s) cm™!; H NMR (CD;NO,) §:

2.73 (m, 2H), 3.72 (t, 4H).

b) Ammonium 3-(Aminosulfonyl)propanesulfonate (65)

Gaseous ammonia was passed through a solution of
propane-1,3-~disulfonic anhydride (0.524 g, 2.8 mmol) in
acetonitrile (25 mL) at 0 °C for 15 min. The mixture was
stirred for 15 min, and the precipitate was removed by
filtration to give a white solid (65) (0.564 g, 2.6 mmol,
91.0% yield). IR (KBr) wp,,: 3200 (s), 3081 (s), 2947 (w),
1429 (S), 1323 (s), 1296 (s), 1204 (s), 1146 (s), 1036 (s),
525 (s) cm~}; H NMR (D,0) &: 2.25 (m, 2H), 3.07 (t, 2H),

3.40 (t, 2H).

2.4.2 Determination of pK, ‘s of the Sulfonamides and
8ulfonimides
2.4.2.1 Determination of pX, of Sulfonamides and
Sulfonimides by Potentiometric Titration

In this study, the pK, values of 27 sulfonamides and
sulfonimides were measured by this method. The general
procedure for potentiometric titration is as follows: 1.0-
2.0 x 10”2 mole of sulfonamide was dissolved in water (50
mL) at 20.0 °C or 25.0 °C. This solution was titrated with
0.10 N standard sodium hydroxide solution. The pH values of

the solution and the volumes (mL) of the consumed sodium

hydroxide solution were recorded. The pK, values are




calculated by Equation 197, and listed in Table 2.2 and

Table 2.3.

a*v. b*W + [OH") - [H"']
pK, = pH + log (V+w)(b‘w)(V+W) ........ (1)
———= - [OH7] + [H"]
(V+W)

Where
V = volume of solvent (mL)
W = volume of consumed sodium hydroxide solution (mL)
a = molar concentration of sulfonamide or sulfonimide

b = molar concentration of added sodium hydroxide

solution (M)

2.4.2.2 Determination of pK, of Sulfonimides by 'H NMR

Aqueous sulfuric acid solutions were standardized by a
titrating a measured volume with standard 1 N sodium
hydroxide. H, values were determined from a plot of
Jorgenson and Hartter’s data®?. NMR spectra were determined
on solutions prepared within 5-10 min of measurement, using
an acetone-dg or a mixture of acetone-dy and TMS capillary
reference. The NMR data were obtained on 1.0% solution (by
weight) for the sulfonimides. All lH NMR spectra were
measured with a Varian XL-200 NMR spectrometer at 20 °C and
the results are listed in Table 2.4 and Table 2.5.

The shapes of the curves, for the determination of H ’s



at 50% protonation of sulfonimides, can be calculated!®®
from the equation 2 shown below if there is not a
significant difference in chemical shifts of unprotonated
and protonated forms (B and BH' respectively) from a medium
effect, and also assuming that is linearly related to

(BH*]/(B]58.

pK, = H, + log _;-__6% (2}
BH

The above equation 2 can be rearranged to give:

2.303(pX, - H,)
6g + 8, © e Yo
2.303 (pK, - H,)

6 = (3)

1l1+e

In practice, in most cases there is a substantial medium
effect on the chemical shifts of B and BH*. For the
calculation of (BH*)/[B] ratio the assumption was made that
the medium effect on éy and 8y remains linear with H 107;

the equation 3 may be modified to equation 4.




_m(H,-(H,) )+ (8,) o+ [(n(H, - (H),) ~ (850 ] 02393 (DK, - H,)
) 2.303 (pK, - H,)

) (4)

1 +e

In eq 4 (6g), is the value of §z at a particular value of H,
(i.e. (H,),) and (égy)p is the value of &§gy; at another
particular value of H, (i.e. (H,)p), and where m and n are
the respective slopes of the dependence of éz and égy on Hg;

when m and n = 0, this equation reduces to equation 3.

Table 2.4 The Chemical Shift Values of Sulfonimides in

Sulfuric acid Solutions Determined by NMR at 20 ©°cC.

H,S0, Chemical Chemical
Sulfonimde (Hy) Shift Shift
(Hz) (ppm)

CH,SO,NHSO,CH, 2.14 422.6 2.112

(28)

+0.83 422.5 2.112

-0.07 424.9 2.114

-0.85 432.1 2.160

-1.45 450.9 2.254

-1.85 458.8 2.293

-2.25 463.7 2.318

-2.85 464.32 2.321

___====:3.25 465.8 _ 2.325




Table 2.4 continued.....
s Chemical Shift Values of Sulfonimides in

Sulfuric Acid Solutions Determined by NMR at 20 °C.

Chemical Chemical
Shift Shift
CH;SO,NHSO,CH, (30) 408.7

406.1

409.2

417.1

427.1

434.2

438.1

438.1

Ethane-1,2-disulfonimide
(19) 571.55

571.55
575.97
588.64
596.46
607.11
614.24
612.51

-
-




Table 2.5 The Chemical Shift Values of Propane-1,3-
disulfonimide in Sulfuric Acid Solutions Determined by

NMR at 20 °c.

! H,S0, Chemical Chemical

: (H,) Shift shift § = 6, - &,

? (Hz) (Hz) (Hz)

| , _— (cHy) . (CH)p

ﬁ +0.82 428.98 290.34 138.64
-0.06 429.39 289.52 139.87
-0.85 430.56 284.81 145.75

| -1.45 441.22 284.96 156.26

|

: -1.85 454.46 288.03 166.43

| -2.25 472.66 293.56 179.10

| -3.30 479.07 291.57 187.50

i  -4.50 478.02 292.79 185.23

2.4.2.3 Determination of the pX,’s of Bulfonimides by

Ultraviolet Bpectrophotometry

_J_*_ﬁ_J

t
520 |

The aqueous sulfuric acid solutions were standardized,

and the H, values were determined as above. The

concentration of sulfonimide in the sulfuric acid solution

was about 1.0 x 10”3 M. All of UV spectra were measured




with a Shimadzu UV-160 spectrometer and the results were
listed in Tables 2.6 to 2.8.

The pK,’s of N-methanesulfonyl benzenesulfonamide (30),
benzene-1,2-disulfonimide (21), dibenzenesulfonimide (26),
and saccharin (33) were determined by the UV method. The
shapes of the curves, for the determination of H,’s at 50%
protonation of sulfonimides, can be calculated from the

equation 5% shown below:

A, - A
K, =pH + log 1 —— 5
bK, = P g A - A, (5a)
or
-AI
pK, = pH + log (5a)
v~ A
and

A, + A, g2-303(PK, - H,)

A= 1+ o230k, - H) ()

Where A is the observed absorbency at the analytical

wavelength; A; is the absorbency of the ionized species, and

1 ay



Ay is the absorbency of the unionized species.
If we also consider the substantial medium effect on
the absorptions of B and BH', the equation of 6 can be

modified to equation 7.

- m(H,_-(H,),) +(A,) .+ [n(H,-(H,),) +(A;),] e2:303(pK, - H,)

A
2.303(pX, - H,)

(6)

1l +e

Table 2.6 The pK, Determination of Benzene-1,2-

disulfonimide (21) by UV in Sulfuric Acid Solution

at 21 °c




Table 2.7 The pK, Determination of N-Methylsulfonyl
Benzenesulfonamide (30) by UV in Sulfuric Acid Solution

at 21 °c

(x 1072)
(A=267nm)

0.577
0.573
0.585
0.603
0.694
0.828
1.006
1.160
1.245
1.262
1.293
1.312
1.302
1.312




&

Table 2.8 The pK, Determination of Saccharin (33) by UV in

Sulfuric Acid Solutions at 21 °c

(x 1072)
(A=221nm)

2.4.3 Kinetics of Hydrolysis of Bulfonimides in
Concentrated Hydrochloric Acid Solution
General procedure:

A 10 mg sample of the sulfonimide was dissolved in
concentrated hydrochloric acid in an nmr tube and the nmr
tube was sealed. The progress of the reaction was followed
using a Varian XL-200 NMR spectrometer at a probe
temperature of 80 °C by measuring the integration of -

CH,;80,~ or CH3;S0,~ peaks of starting sulfonimides and the -




CH,S0,~ or CH3SO,~- peaks of the products produced by the
hydrolysis reactions. Propane-1,3-disulfonimide (20) and
dimethanesulfonimide (28) were kept in a oil-bath at 80 °C
bath. The percentage of the remaining starting material at
a time t during the reaction was then calculated by taking
the ratio of the integration of -CH,SO,- (for ethane-1,2-
disulfonimide (19) and propane-1,3-disulfonimide (20)) or
CH;3S0,- (for dimethanesulfonimide (28), N-methylsulfonyl
benzenesulfonamide (30), and methanesulfonamide (61)) peaks
of the starting sulfonimides to the sum of the -CH,S0,- or
CH,SO,- of the starting material and the products. The
natural logarithm of the percentage of starting sulfonimide
vs. time was plotted to give a straight line as shown in
Figure 2.13 for the hydrolysis of ethane-1,2-disulfonimide
(19), Figure 2.14 for propane-1,3-disulfonimide (20) and
Figure 2.15 for dimethanesulfonimide (28) in concentrated
hydrochloric acid. The value of the pseudo-first-order rate
constant was obtained from the slope of the straight line.
The observed rate constants of hydrolysis of three
sulfonimides are listed in Table 2.3.

The products of the hydrochlorinolysis of sulfonimides
were characterized by comparing the !H NMR and 13c NMR
spectra with those of the authentic samples and found to be
identical. The NMR spectra (acetone-d, + TMS as extra
reference) of authentic samplzs in concentrated hydrochloric

acid are recorded below:




Propane-1,3-disulfonic acia

lH NMR (HCl): 0.98 (m, 2H), 2.03 (t, 4H).

Ammonium 3-(aminosulfonyl)propanesulfonate

1H NMR (HC1): 1.09 (m, 2H), 2.05 (t, 2H), 2.30 (t, 2H).

2.4.4 The Reaction of Anhydrides with Triethylamine
a) Propane-1,3-disulfonic Anhydride

Propane-1,3~disulfonic anhydride (0.10 g, 0.54 mmol) in
acetonitrile (2 mL) was added dropwise to a mixture of
methanol-d (0.355 g, 10.7 mmol) and triethylamine (0.071 g,
0.7 mmol) in benzene (3 mL) at room temperature. The
mixture was stirred for 10 min. Water (10 mL) and
dichloromethane (25 mL) were added. The two layers were
sepa~ated. The organic layer was dried over anhydrous
magnesium sulfate. The solvent was removed to give no
product. For the agueous layer sodium hydroxide (1 M, 10
mL) was added, and was then extracted with dichloromethane
(2 x 20 mL) to remove the excess triethylamine. For the
agqueous phase water was removed to give the product,
Et;NH* ~0,SCH,CH,CHDSO,0CH;, (0.167 g, 96.8% yield) as a
white solid. This solid was ion-exchanged by passing a H'
resin column and refluxed with 2 M NaOH to form the product,

Na' ~0,SCH,CH,CHDS0,0~ *Na. !H NMR (D,0) &6: 2.07 (m, 2H),

2.90 (m, 3H); 13c NMR (D,0) §: 22.5, 51.8 (t), 52.1.




b) Ethane-1,2-disulfonic Anhvdride

Ethane-1,2-disulfonic anhydride (0.10 g, 0.58 mmol) in
acetonitrile (3 mL) was added dropwise to a mixture of
methanol-d (0.384 g, 11.6 mmol) and triethylamine (0.076 g,
0.75 mmol) in benzene (3 mL) at room temperature. The
mixture was stirred for 10 min. Water (5 mL) and
dichloromethane (20 mL) were added, and the mixture worked
up as above to give the product, Et;NH' ~0;SCH,CH,SO,0CHj,
(0.166 g, 93.4% yield) as a white solid. This solid was
ion-exchanged by passing a H' resin column and rerfluxed with
2 M NaOH to give a salt of Na* ~0,SCH,CH,S0,0~ *Na. !H NMR

(D,0) &: 3.27 (s, 4H), 2.90 (m, 3H); 13c NMR (D,0) §: 49.1.
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Chapter 23

PH Optimigzation in Acyl Transfer




3.1 INTRODUCTION

In the light of the variety and efficiency of reactions
in agueous media in nature, it is remarkable that water is
80 little used as the reaction solvent in organic synthesis.
This arises in part because of the relatively low solubility
of many organic compounds in water, but also because the
desired process often competes with hydrolysis. 1In this
chapter it is shown how one may estimate the pH for
obtaining the maximum yield in competition with hydrolysis
and, in addition, how to use pH control of an agqueous
solution to obtain selective reaction at either of two
nucleophilic sites in the acylation and sulfonylation of
amines and C-alkylation of acidic ketones. Three other
members in this laboratory, Dr. R. Rathore, Dr. J. Lam, .nd
Dr. D. Klassen, joined in this researchl. This chapter is
devoted chiefly to one specific aspect of this study, pH
optimization in reactions of amines with benzoyl chloride

and acetic anhydride.

3.1.1 Optimisation of Yields

Equation 1 gives the pseudo-first-order rate constant
(k'o) for the hydrolysis of an electrophile (E) taking place
by both uncatalyzed and hydroxide-promoted pathways, while
equations 2 and 3 give, respectively, k.nr the pseudo-first-
order rate constant for reaction of a nucleophile (Nu) with

E to yield the product (P), and k.T, that for the total
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consumption of E.

kgo = k,, + kou[OHT] = k, + kouK,/ [H') (1)

ken = ky(Nu) = kyNupK,/ ([H*] + K,) (2)
We may conveniently show the variation in pseudo-first

order rate constant with change in [H+] by plots of log k'

vs pH as in Figure 3.1, from which one may see that P is the

major product for the pH range in which kgu > Kgo- In other

words, the roughly parallelogram-shaped region enclosed by
k'T = k.o + kgu

= k, + kogK,/[H*] + kgNugK,./ ([{H'] + K,) (3)

Symbols: (i) Rate constants: k_, hydrolysis of E by water;
kbur hydrolysis of E by hydroxide ion; k,, reaction of E
with Nu. (ii) k,, the acid dlssociation constant of NuH*;
K, = [H¥][OH™); l\lu.r [(Nu] + [NuH*}; PH;, the point of
1ntersection of the sloped and flat limbs of the k, 6 cu-ve;
PH;y, the analogous point of intersection with res ect to
the kg y curve; at pH;, K, = kOH[OH 1y; at pHi“, kyNu, =
kyNupK,/[H*);, i.e., K, = [H']); or pH; = pK,; PHu,,, the pH
value for maximum ylefd of P. (iii) In eq 8- 11. k,, the
rate constant for the reaction of E to form P,; Nu,. = [Nu,)
+ [Nu, H*]); PHy paxr the pH value for maximum yxeld of P,;
PH;,, the point of intersection of the tangents to the
sloped and flat limbs of the log k,, curve; pH, and pH,, the
points of intersection of the log curve thh the sloped
limb of the log k,,6 curve and the ff%t limb of the log k
curve, respectiveﬁl the y-subscripted terms are deflned'
analogously.

-




the log ko, and log kgy curves may be regarded as the
"window" for the formation of P. Defini.yg fp, the
theoretical yield of P under pseudo-first-order conditions

(expressed as a fraction), we write equation 4.

kyNuK,/ ([H'] + K,)

£, = Kon/Kkar =
P A o k, + koyK,,/(H'] + kyNu K_/({H*) + K,)

(4)

rigure 3.1 pH-rate profiles for reaction of a nucleophile
with an electrophile in water competing with hydrolysis.
The broken lines are calculated for the reactions of
benzenesulfonyl chloride, PhsO,Cl, (1) with water (log
keo) and with aniline, PhNH,, (2) (log kgy) in 0.05 M
N!Cl at 25 °C3 using eqs 1 and 2 and Roéhe's parameters
k, 3.06 x 1077 871, ko, 40.4 M1 571, k6 M1 871, solia
line: log (k'o + k'N).



Lam’ in this laboratory has investigated the reaction
of benzenesulfonyl chloride (1) with aniline (2). The
variation of fp with pH may be calculated from eguation 4
and rate constants reported by Rogne3 and is shown by the
solid line in Figure 3.2. The experimental yields of
benzenesulfonanilide (3) found by Lam? under pseudo-first-
order conditions are given by the circles; theory and
experiment clearly agree.

Figure 3.2 (broken line and triangles) also shows the
corresponding pH-yield profile for the reaction of 1 with
benzylamine (4) to give N-benzylbenzenesulfonamide (5). It
is evident from the two curves in Figure 3.2 that both pHg,,
and the widths of the regions of relatively high yields,
vary with the reaction. To obtain pH_ ,, as a function of
pH, one may set the first derivative of the right side of eq
4 with respect to [H'] equal to zero, and transform the
resultant expression into its equivalent form with respect
to pH, as in eq 5. The same relation may be derivea more
simply by inspection of Figure 3.1, from which it is
apparent that pH,,, is simply halfway between pH; and pH,y,
i.e. pHy,, = %(PH; + pPH;y); since one may easily show? that
PH;y = PK, and pH; = log(k,/koy) + PK,, eq 5 immediately
follows."”

PHpayx = %[log(k,/koy) + PK, + PK,] (5)

# The equation for pH; given here corresponds to the
expression deduced by Kurz® for PK,(1), the pK, of a
protonated transition state.
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Figure 3.2 pH-yield profiles for the reactions, under
pseudo-first-order condltlons, of benzenesulfonyl
chloride (1) (C, 7.8 x 1074 M) with (a) aniline (2) (Co
0.01 M) to form PhSO,NHPh (3) (solid line and filled
circles) and (b) benzylamlne (4) (0.01 M) to form
PhSOZCHZPh (5) (broken line and filled triangles). The
solid line is calculated from eq 4 and the parameters in
the captlon to Figure 3.1, plus pK, 60 for 2; the dotted
line is also from eq 4, but uses kN 19 M1 g1 (best fit
to curve) and pK, 9.34 for 3.




As a simple, concentration-independent measure of the width

of the window we suggest

width = |pH; - PpHyy]|

and that both components defining the region of best yield
for a reaction be given by the descriptor pH,,, * % width,

as in eq 6.

PHpax * % width = %(pH; + pH;y) * %(pH; - PH;y)

= %[log(k,/koy) + PK, + PK,] * %(log(k,/koy) + PK, ~ DPK,] (6)

where pH; is the point of intersection of the tangents to
the sloped and flat limbs of the k.o curve; pH;y is the
analogous point of intersection with respect to the k'N
curve.

Two important conclusions ray be drawn from eqg 6: (a)
PHy.x is independent of ky and Nu,, and can be obtained
simply from k_ /koy (or pH;) for E and the pX, of NuH*, and
(b) the window is narrowest (width equals zero) when pK, =
PH;, becoming wider with increasing separation of pK, and
pH;. For the reaction of 1 (pH; = 9.88) with 2 (pK, 4.60°)
PH ., * % width is 7.2 % 2.6, a relatively wide window,
whereas that (9.6 £ 0.3) for the corresponding reaction of

benzylamine (4) (pK, 9.34) to give PhSO,NHCH,Ph (S), is

s

.
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narrow (cf. Figure 3.2).

Equation 6 has been applied to the sulfonylation of
amines (pH-controlled Schotten-Baumann conditions).
Benzenesulfonyl chloride (1) and benzylamine (4) (C, 0.105
and 0.10 M, respectively) at pH 9.6 for 1 h gave, after
simple workup, clean 5 in >99% yield. 1In a set of
experiments starting with 0.10 M benzenesulfonyl chloride
(1) and 0.105 M benzylamine (4) the following yields were
found: pH 7.5, 69%; pH 9.6, 96%; pH 12.0, 87%.

Rathore! in this laboratory illustrated carbon-carbon
bond formation in pH-controlled agueous medium by choosing
as his examples of the allylation of acidic ketones. The
k,/koy ratio for allyl bromide was unavailable from litera-

ture sources. In order to obtaired the k,_ /koy, we can

simply transform egq 5 to eq 7:

log(k,/koy)} = 2PHpayx — PK, - PK, (7)

By using eq 7, values of k,/koy = 2 x 1072 M and pH; =
12.6 were obtained from the pH,,, (12.2) observed for the
reaction of allyl bromide with N-methylmethanesulfonamide
(PK, 11.79) to form N-allyl-N-methylmethanesulfonamide.

In these examples the yields around the calculated
PHpax are clearly satisfactory for many needs. The

procedure is very simple and the cost of materials and




apparatus minimal; all that one has to know in order to find
PHyax is the pK, of the conjugate acid of the nucleophile
and the k,/koy ratio for hydrolysis of the electrophile.
Tables of pX,’s are available® and, where these are

lacking, sufficiently accurate pK, values can be estimated
by analogy or with the aid of linear free energy relation-
ships, as described by Perrin, et al’. When pPH;’s are not
available the simple procedure of finding pH,,, for a con-
venient reaction and applying eq 7, works well for synthetic

purposes and mechanistic studies.

3.1.2 BSelectivity optimization.

By extension we can depict the reaction of E with two
different nucleophiles, Nu, and Nuy, as in Figure 3.3. The
respective windows for the formation of the products, P, and
Py,
parallelogram" zones, with the fractions of the products

appear as the lowver left and upper right "rounded

given by eq 8 and 9.

fx = kxlnux]/(kw + kOH[OH-] + kx[Nux] + ky[Nuy]) (8)

£, = k,[Nu, )/ (K, + kog[OH™] + K, [Nu,] + ky[Nu,]) (9)

Reasoning similar to that in the previous section leads

to approximate equations 10 and 11. From these we estimate

9
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Figure 3.3 pH-rate profiles for the reactions of two
nucleophiles with an electrophile in the face of
competing hydrolysis. The lines are calculated from
egs 1 and 2 and the parameters given in the captions to
Figure 3.1 and 3.2.

for the reaction of 1 with the mixture of 2 and 4,

respectively pH,.,.. 6.1 * 1.5 and pH 10.2 £ 0.9, in good

ymax
agreement with the experimental points?l.

PHypax * % width =

%[log(k,/k,Nu,p) + pK, + PK,] % %[log(k,/kyNu,qp) + pK, - pK,]

(10)

.
™
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PHypmax ¥ X width =

X[{log(k,Nu,r/koy) + PK, + PK,] % % (log(k, Nu,,/koy) +PK,, - pK, )
(11)

Closely related to the system described by Figure 3.3
and eqgs 8-11 is the general problem of obtaining selective
reaction at either of two nucleophilic sites in the same

molecule; Klassen®

in this laboratory chose monoacetylation
of 4-aminobenzylamine (14) as a specific example. Using the
k, and ko; value? , plus rough k,’s and k,’s estimated from
related rate constants in the literaturel®, he obtained
plots of f, and f, vs pH. From these, with minimal further
exploration for reaction conditions, the selective
acetylation of either amino group was obtained; e.g. at pH
4.15, a yield of B84% of 4-acetamidobenzylamine was obtained,
at pH 11.25, the N-(4-aminobenzyl)acetamide was obtained in
85% yield; the yields refer to the isolated, crystalline
hydrochloride salts.

In the study described in this chapter we have examined
the reactions of benzoyl chloride with amines and acetic
anhydride with amines to estimate the pH for obtaining the
maximum yield in competition with hydrolysis in aqueous
solution. The experiments with acetic anhydride led to the
discovery of an additional mode of reaction of the amines in
agueous media, which prompted further examination of the
reactions of acetic anhydride, and of the use of pH-yield

data to discover new reaction pathways.



3.2 Results and Discussion

3.2.1 pRH optimigation of Reactions of Benzoyl Chloride with

Amines

The reaction of benzoyl chloride w_th an amine is one
of the classic reactions of a nucleophile with an
electrophile in water. In 1884, Schotten!l carried out a
reaction of benzoyl chloride with piperidine in agqueous
medium using sodium hydroxide solution to neutralize the HCl
formed. Baumannl? reported in 1886 the reaction of
benzoyl chloride with glucose to form an ester using 10%
sodium hydroxide solution to neutralize the HCl formed.
Schotten-Baumann reactions are still extensively used in
organic chemistryl3. It seemed appropriate to see if eq 6
accurately predicted pH,,, for these transformations, and we
have tested eq 6 in the acylation of amines, i.e. pH-
controlled Schotten-Baumann conditions. In this study two
amines, benzylamine and piperidine, were used in acyl
transfer reactions with benzoyl chloride (6) in water under

pseudo-first-order conditions at 25 °cC.

3.2.1.1 The Reaction of Benzoyl Chloride with Benzylamine
To predict the optimized pH for the Schotten-Baumann
reaction of benzoyl chloride (6) with amines, we required
the ratio k,/koy for 6. A value for k, (1.8 s~!) had been
reported14, but a search of the literature turned up no

reliable reports of k,y for the reaction in water at 25 °c.




Table 3.1 Rate constants for the reactions of benzoyl

chloride (6) with amines in water at 25 °C

(CH,) gNR®

CgHgCH,NH,

a. Piperidine
b. ky was obtained from pH-yield profile, K, = 6.03 x 10732
(piperidine), K, = 5.7 x 1071? (benzylamine), k, = 1.8

s-1, and koy = 510 M ! 571,

In order to obtain the kg, for hydrolysis of benzoyl
chloride, we determined pH,,, by carrying out a series of
reactions determining the yield as a function of pH. The
reaction of benzoyl chloride (6) with benzylamine (4) was
carried out using the pH-stat technique, with the total
concentration of benzylamine C, 0.01 M, and the initial
concentration of benzoyl chloride (6) 0.001 M. These
reactions were carried out with variation in pH, and the
yields are listed in Table 3.2 and shown in Figure 3.4

(triangles). Table 3.2 lists two sets of data, one obtained



Table 3.2 The variation in yield of the amide with change

in pH for the reaction of benzoyl chloride with

benzylamine in water at 25 °C

CSHSCONCHzph
Weight (mg)

Reactions were carried out by direct injecting benzoyl
chloride (C, = 0.001 M) to a solution of benzylamine
([CgH5CH,NH; ) = 0.01 M) in water (500 mL) at 25°cC.
Reactions were carried out by injecting the benzoyl
chloride (C, = 0.001 M in 2.5 mL DME) to a solution of

benzylamine ([CgHgCH,NH,)p = 0.01 M in H,0 (500 aL).

[
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Figure 3.4 pH-yield profile for the pseudo-first-order

reactions at 25 °C of benzoyl chloride (C, 0.001 M) with
amine (C, 0.01 M) (a) piperidine, to form N-benzoyl
piperidine (7) , open squares (in water) and filled
circles (in 0.5% DME), and (b) benzylamine (4), to form N-
benzylbenzamide, filled triangles (in water), open
triangles (in 0.5% DME). The line were calculated from

eq 6 using ky, 1.8 871, koy 510 M~ 57! and for (a) the
dashed line (piperidine), ky 1.8 x 104 M™? 81, (b) the

solid line (benzylamine), ky 1.6 x 104 M~1 g-1,




by directly injecting the pure benzoyl chloride to the
benzylamine solutions which were previously adjusted to the
desired pH, and the other by injecting the solution of
benzoyl chloride in 1,2-dimethoxyethane (DME, 2.5 mL). The
two methods of addition gave similar results. A value of
PH,,,. ©f 10.44 was obtained in the reaction of benzylamine
(4) with benzoyl chloride (6). When inserted into eq 7 (a
simple transformation of eq 5), this gave k, /kgoy = 3.5 x 107

3 M (and hence kg = 5.1 x 102 M~1 571),

£, - ky {PhCH,NH,] (12)
k, + koy[OH") + ky [PhCH,NH,)

To obtain the rate constant (ky) for the nucleophilic
substitution reaction of benzoyl chloride 6 with 4, we used
eq 12 to correlate our experimental data; by plotting the
variation of f, with pH, we found ky = 1.8 x 10 M1 571 from
the best fit to the experimental data (see Figure 3.4 and

Table 3.1).

3.2.1.2 The Reaction of Benzoyl Chloride with Piperidine
The reaction of benzoyl chloride (6) with piperidine
(7) was carried out under pseudo-first-order condition
similar to those with benzylamine (4). The variation of
yield with pH is given in Table 3.6 (see experimental part)

and shown by the circles and squares in Figure 3.4. The



CH,) .NH
£, = k"[_( 2) M) (13)
k, + kog[OH 1 + ky[(CH,) JNH]

rate constant ky = 1.6 x 10*M™! s™! for reaction of 6 and 7
is obtained from eq 13 and the pH-yield profile (best fit of
the curve to the experimental data). The fit of calculated
with experimental points is good and it is concluded that
the results are fully consistent with the value of k, /kgoy =
3.5 x 1073 M obtained from the reaction of 6 with
benzylamine.

The above results indicate that the reactions of
benzoyl chloride (6) with piperidine (7) and benzylamine (4)
are direct nucleophilic substitution reactions by amines
competing only with hydrolysis by water and by hydroxide
ion. This result is consistent with those of Bentley and

Freemanl!®

who investigated the aminolysis reactions cf
benzoyl chloride with substituted anilines in water-acetone,
or in methanol by using HPLC. Their results demonstrated
that the reactions of 6 with anilines involve these amines
as nucleophiles, not as general base catalysts. This
mechanism is different from that of the reaction of acetic

anhydride with amines, in which general base catalysis was

found to be involved (see section 3.2.2).

3.2.1.3 The Variation of Yield in Preparative Reactions
The reactions of benzoyl chloride with benzylamine and

piperidine desc.ribed above were carried out under pseudo-




first-order conditions, i.e. with a ten-fold excess of the
amine. We have also carried out runs using comparable
concentration of the reagents, to see if the results
obtained under pseudo-first-order conditions were directly
applicable to concentrations more appropriate to preparative
conditions. It was found that at pH 10.4 (the pHg,,).
benzoyl chloride (6) and benzylamine (4) (C, 0.011] and 0.010
M, 30 min reaction time) gave N-benzylbenzamide (8) showing
no sign of impurity, in 97% isolated yield; with 6 and
piperidine the same conditions, except for pH 11.4, gave N-
benzoylpiperidine (9) in 98% yield. A series of experiments
with variation of the pH with the initial concentration of
benzylamine (4) set at 0.010 M and initial concentrations of
benzoyl chloride (6) of 0.010 and 0.012 M gave the following
yields of N-benzylbenzamide (8): pH 7.5, 53% and 55%; pH
10.45, 86% and 99%; pH 13.0, 39% and 48% (see Tables 3.8 and

3.9 in experimental part).

3.2.2 pH-Optimization of Reactions of Acetic Anhydride with
Amines
The hydrolysis of acetic anhydride (19) has been

extensively studied for over half a century, most notably by
Kilpatrickl® and Gold!’. The effects of solventl®, sait
concentration!®, and isotope effects?®, acid?! and

pyridine catalysis?? for hydrolysis of acetic anhydride

have been investigated, but the reactions with nucleopniles

in agueous mediu.: have not been externsively studied.



Batts and Go:d?? studied the hydrolysis of acetic
anhydride and found that the solvent isotope effect is 2.9
and the catalytic coefficient of acetate ions is ca. 1.7.
They concluded that two molecules of water were involved in
the hydrolysis of acetic anhydride. The solvent isotope
effect (kM/kP = 3) was further confirmed by Bunton et al.?4
for the hydrolysis of carboxylic anhydrides. Butler and

Bruice?5

pointed out that the acetate ion resulting from

the hydrolysis of acetic anhydride could act as a general
base to catalyze the hydrolysis of acetic anhydride. Davis
and Hogg?® investigated the hydrolysis of cyclic and

acyclic carboxylic acid anhydrides under a variety of
conditions over a wide range of temperature. They concluded
that two protons were involved in the transition state of

hydrolysis of acyclic anhydrides, and they suggested a water

catalyzed transition state such as the following.

O-—-0

For the above transition state, the carbonyl carbon in

the acetic anhydride is attacked by the first molecule of




water, and the second molecule of water acts as a general
base to remove the proton from the first molecule of water.
In this study we have investigated the acyl transfer
reactions of acetic anhydride (19) with eight different
primary or secondary amines to further test eq 6; the

results are described in the following sections.

3.2.2.1 VYields of the Reaction of Acetic Anhydride with
Amines under Pseudo-first-order Conditions

The yields of N-benzylacetamide (10), acetanilide (11),
N-cyclohexylacetamide (12), N-t-butylacetamide (13), N-(3-
methylbutyl)acetamide (15), N,N-diethylacetamide (16), N, N-
diisopropylacetamide (17), N-acetylpiperidine (18) with
variation of pH are listed in Table 3.4 and Table 3.5. 1In
control experiments, it was found that some of the reaction
products, N-t-butylacetamide (13), N,N-diethylacetamide
(16), and N-acetylpiperidine (18) underwent significant loss
during workup (see Table 3.7), and it was necessary to
correct the yields of these acetamides as described in the
Experimental part. The uncorrected and corrected results
are listed in Table 3.5 (see experimental part).

For the reaction of acetic anhydride (19) with aniline
([CcHgNH, ) = 0.01 M), we first tried to use eq 14 to
calculate the theoretical yields and plot the variations of
pH by using k, = 2.8 x 1073 (s™?!) and Koy = 9.70 x 102 (M1
s'l) reported by Kirsch and Jencks?7. It may be seen in

Figure 3.5, the agreement between experimental points and
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Figure 3.5 pH-yield profile for the reaction of acetic
anhydride with aniline in water; where [CgHgNH,l1, = 0.01
M, K, = 2.51 x 1075, The points are experimental; the
long-dashed line is calculated from eq 14 with ky = 15.5
M~ 1s~1; the short-dashed line is calculated from eq 14
with ky = 2.2 M1s71; k, = 2.8 x 1073 s7}; ko = 9.70 x 102

M1 g1,

ky [C¢H NH, )

£, = 14
® k, + kylOH"] + ky[CH,NH,] (1)

calculated curve was poor.

Any basic nucleophile in water may in principle lead to




either (a) direct nucleophilic substitution or (b) general
base catalysis of the hydrolysis of the electrophile, i.e.,
in addition to nucleophilic substitution to form the
acetamide, the amine may also act as a general base catalyst
to assist water in the hydrolysis of acetic anhydride (19).
In this light it is natural to suggest that general
base catalysis of the hydrolysis is also involved in the
reactions of acetic anhydride (19) with aniline. Eq 14 is
then rewritten as a general equation for the reactions of
acetic anhydride with amines (see eq 15), where kg, is the
rate constant of direct nucleophilic substitution, kgg is
the rate constant of general base catalyzed hydrolysis, and

(amine] is the concentration of the amine.

£ kp [amine)

» " k, + kg [OH"] + ky,[amine] + kg, [amine) (1%)

Figure 3.6 shows that the solid line calculated from eq
15 and the parameters of kpy = 15.5 M"! s™! and kg = 1.9 M7?
s”l fits the experimental data within experimental
uncertainty.

To test the generality of this picture pH-yield
profiles for four other representative primary amines and
three secondary amines have been obtained similarly and are

shown in Figures 3.7 and 3.8. It has been found that the




1.0
09 |
08 |
07}
o8}
os}
04|
03}
02}

0.1F

0.0

Figure 3.6 pH-yield proflle for the reaction of acetic

anhydride with an111ne in water; where [CgH NH;], = 0.01
M, K, = 2.51 x 1075 The points are experimental; the
solld line 1s calculated from eq 15 with kpy = 15 5 M™1s 1,

kG§=19M -1, k, = 2.8 x 1073 s, and kgy = 9.70 x 102
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reactions of acetic anhydride with other amines also involve
the general base catalysis of hydrolysis.

It may be concluded that the reaction of acetic
anhydride with amines in water has four distinct pathways:
(1) hydrolysis of acetic anhydride by water, (2) hydrolysis
by hydroxide anion, (3) general base assisted hydrolysis of
acetic anhydride by amines, and (4) nucleophilic
substitution reaction of acetic anhydride with amine to form

the acetamide. The yield of acetamide should follow eq 15.



When we plot the variations of the yields of acetamides
with pH for the reactions of acetic anhydride with amines
according to eq 15, the experimental data are consistent
with the theoretical data within experimental uncertainty
(see Figures 3.7 and 3.8). The values of kpy and kgg for
the reactions of acetic anhydride (19) with amines were
obtained from the lines of best fit for the plots of yields
(fp) vs pH. The results are listed in Table 3.3. With 3-
methyl-butylamine and piperidine, however, the curves
calculated without the general base term gave a passable
fit, though this was improved if a relatively small kg term
was included; it is clear that with these bases the
intervention of general base promotion of hydrolysis is not
certain and the values of kgy given in Table 3.3 for those
bases are highly approximate.

Diisopropylamine, on the other hand, gave no sign of
formation of any N,N-diisopropylacetamide; an authentic
sample was found to be stable to the conditions of reaction
and workup. We conclude that the direct nucleophilic attack
of diisopropylamine on acetic anhydride in water under these
conditions is simply too slow to compete detectably with the
hydrolytic reactions. We can not conclude at this stage,
however, whether a general base assisted hydrolysis is
involved or not.

To test the results obtained from the pH-yield
profiles, the rates of reactions of acetic anhydride with

amines in water were measured (see next part).
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Figure 3.7 pH~yield profiles for the pseudo-first-order

reactions at 25 °C of acetic anhydride (C, 0.001 M) with
primary amines (C, 0.01 M) (a) 3-methy1buty1am1ne, to
form N-3 -methylbutylacetamlde, filled squares, (b) t-
butylamine, to form N-t-butylacetamide, filled triangles,
(c) benzylamine, to form N-benzylacetamide, filled
circles, (d) cyclohexylamine, to form N-cyclohexyl-
acetamide, open triangles, and (e) aniline, to form
acetanlllde, open 01rc1es. The llnes were calculated from
eq 15 using k, 2.8 x 1073 s71, 970 M1 571 and the kp,
and kg;p parameters listed in Tabfe 3.3 for the follow1nq
amines: (a) top solid line, 3-methylbutylamine, (b)
bottom solid line, t-butylamine, (c) long dashed line,
benzylamine, (d) short dashed line cyclohexylamine, and
(e) middle solid line, aniline.
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rigure 3.8 pH-yield profiles for the pseudo-first-order
reaction at 25 °C of acetic anhydride (C, 0.001 M) with
secondary amines (C, 0.01 M) (a) piperidine, to form N-
acetylpiperidine, filled circles (in water) and open
circles (in 0.5% DME), (b) diethylamine, to form N, N-
diethylacetamlde, filled triangles, and (c) diisopropyl-
amine, to form N,N-dllsopropylacetamxde, open trlangles.
The lines were calculated from eq 15 using ky 2.8 x 107
8”1, koy 970 M1 571 and the kpy and kgp parameters listed
in Table 3.3 for the following amines: (a) the solid
line, N-acetylpiperidine, (b) the middle dashed line,
N,N-diethylacetamide, and (c) the short dashed line N, N-
diisopropylacetamide.




Table 3.3 Rate Constants for the Reaction of Acetic

Anhydride with Amines in Water

(CH;) ,CHCH,CH,NH,
(10.6)

C¢H5CH,NH,
(9.34)

CgH,NH,°
(10.64)

(CH,) ;CNH,
(10.55)

CgHgNH, 0.0155 0.0019 { 0.0174 | 0.0179
(6)

(CH,) gNH
(11.22)

(C,Hg) ,NH
(10.98)

[ (CH3) ,CH],NH (0.031)P

_(11.05) | 4 — N

a. kpn and kg were obtained from a best fit of the pH-
yield profile; ky (product) from ky = kpy + Kkgg

b. From rate measurements.

c. Cyclohexylamine.

d. Piperidine.

.y

1!




3.2.2.2 The kinetics of the reactions of acetic anhydride
with amines

To verify the results obtained from the pH-yield
profiles, the rate constants (k.,,,) for the reactions of
acetic anhydride (19) with amines were measured with the pH-
stat apparatus at 25.0 °C in water under pseudo-first-order

conditions (see Table 3.11 in the experimental part).

_ kg — ko, — kgploH]
K [amine] (16)

The values of ky were calculated from these k., 6 values
using eq 16; the results are listed in Table 3.3.

Figure 3.9 shows the pH-rate profiles for the reactions
of acetic anhydride with primary amines, and also for the
hydrolysis in pure water and in presence of sodium acetate
at 25.0 °C, while Figure 3.10 shows the pH-rate profiles for
the reactions of acetic anhydride with secondary amines. 1In
those figures, the lines are calculated by using eq 16 and
all of these lines are fully consistent with the
experimental points (circles, triangles, and squares).
Butler and Gold?® investigated the hydrolysis of acetic
anhydride (0.088 M) in presence of sodium acetate (0 to 0.18
M) in buffer solutions. They found that sodium acetate
showed a weak acceleration of the hydrolysis of acetic

anhydride (acting as a general base). In the present study



when 0.02 M sodium acetate was added, the rate constant of

hydrolysis of acetic anhydride did not increase
significantly (see Table 3.12 and Figure 3.9). The results
we obtained are consistent ..th previous results, and the
low concentration of acetate anion which is produced in the
reaction evidently has no detectable influence on the rate.

The values of ky, obtained from the kinetic measure-
ments, as indicated by eq 16, are simply the sums of kg, and
kgg: these ky values are listed in Table 3.3 along with the
kpy and kgg values obtained from pH-yield profiles.

From Table 3.3 one may find that the second-order rate
constant, ky, for the reaction of acetic anhydride (19) with
aniline (20) in water at 25.0 °C, for example, is 17.9 M1
s~!, which is very close the value, 17.4 M~! s~1, obtained
from the pH-yield profile. Similarly, the second-order rate
constant, ky = 2.48 x 103 M"! 57!, for the reaction of acetic
anhydride (19) with benzylamine (4) also accords well with
the value of ky = 2..0 x 10% (M"! s7!) obtained from the pH-
yield profile. The rate constants obtained by rate
measurement and from the pH-yield profiles for the reaction
of acetic anhydride with the other primary and the secondary
amines are also fully consistent with this picture.

It is interesting to look the maximum yield of each
acetamide in Table 3.4 and Table 3.5. It is obvious that
the maximum yields of acetamides of primary amine vary with
the basicity and structure of the amine. For example, with

N-3-(methylbutyl)acetamide (15) the maximum yield is 99.5%,
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Figure 3.9 pH-rate profiles for the pseudo-flrst-order
reactions of acetic anhydride (C, 0.001 M) with primary
amines (C, 0.01 M): (a) aniline, f111ed squares, (b)

benzylamlne, open circles,

(c) 3-methylbutylamine,

filled triangles (up),
triangles (up),

(d) cyclohexylamine, open

(e) t-butylamine, filled circles, and
(f) water, filled triangles (down),

(g) sodium acetate

(C, 0.02 M), open triangles (down). The lines are

cal

aniline ky = 17 9 Mls

culated from eq 16. (a) the long dashed line (left),
-1, Ab)_the middle dashed line,

benzylamir.~ = 2.48 x 10° M1 g1, (c),the short dashed
line, -methylgutylamine, ky = 10.4 x 103 M~1 g71, (q)

the long dashed line (right), cyclohexylamine, ky = 2.25
x 103 M1 571, (e) the dotted line, t-butylamine, ky =_68
M~ g~1, and (f) the solld line, water, k,6 = 2.8 x 1073

871; koy = 9.70 x 102 M1 571,
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Figure 3.10 pH-rate profiles for the pseudo-first-order
reactions at 25 °C of acetic anhydride (C, 0.001 M) with
secondary amines (C, 0.01 M): (a) piperidine, filled
circles, (b) dlethylamlne, €illed triangles, and (c)
diisopropylamine, open circles. The lines were
calculated from eqg 16, (a) the short dashed line,
piperidine, ky = 51. 73 x 103 M1 s™1, (b) the jpiddle
dashed line, diethylamine, ky = 1.36 x 103 M~1 s~
(c) the solid line, dllsopropylamlne, kgg = 31 M~ -1 1,
and (d) the long dashed 112?' water, k, = 2.8 x 10~ 3

s1; koy = 9.70 x 102 M™1 5”1,




N-benzylacetamide (10), 92.6%, N-cyclohexylacetamide (12),
91.0% and acetanilide (11), 87.4%, with, N-t-butylacetamide
(13), however, the yield in only 48.5%. The secondary
amines also show the same tendency as the primary amines.
The maximum yields are, with N-acetyl piperidine (18), 99.7%
and N,N-diethylacetamide (16), 88.4%, but with N,N-
diisopropylacetamide (17), the yield is 0%. The effect of
structure of an amine for the yield of acetamide is so
varied that we can change the maximum yields of acetamides
for the reactions of acetic anhydride with amines from
almost 100% tc 0% by changing the structures of amines.

One may compare the results obtained from the pH-yield
profile and kinetic measurements for the reacticn of acetic
anhydride with diisopropylamine (25). From the pH-yield
prof le, we could not obtain the ky term because no N, N-
diisopropylacetamide (17) was obtained in the reaction of
acetic anhydride with diisopropylamine even with the amine
0.1 M in water. We therefore assume that the term of direct
nucleophilic substitution for this reaction is zero within
experimental uncertainty (i.e. kpy = 0). In the kinetic
measurement ky = 31 M} s™! was found. Taken with the
result obtained from the pH-yield profile (kpy = 0), we can
conclude kgy = ky = 31 M1 s7! for the reaction of acetic
arhydride with diisopropylamine. This result indicates that
the reaction of acetic anhydride (19) with diisopropylamine

in water proceeds only by hydrolysis, i.e. general base

catalyzed hydrolysis as weli as hydrolysis by water and




hydroxide ion. This result would suggest that for the
reaction of acetic anhydride with very hindered amines the
mechanism is different with that of unhindered amines, which
mainly undergo direct nucleophilic substitution and general
base catalyzed hydrolysis.

From Table 3.3, one may find that in the reactions of
acetic anhydride with primary amines *he rate constant of
direct nucleophilic substitution of 3-methylbutylamine (23)
(pK, 10.6), kpy = 1.0 x 10% (M"! s71), is 178 times larger
than that of t-butylamine (22) (pK, 10.55), kpy = 56 (M7!
s~!) although ooth amines have almost identical pK, values.
The rate constant, kpy, = 2.1 x 103 (M'1 s'l), for
cyclohexylamine (21) which has a similar pK, value (10.64),
is about 5 *imes less than that of 3-methylbutylamine (23),
but is 37.5 times larger than that of t-butylamine (22).
Benzylamine (4) (pK, 9.34) has a slightly larger rate
constant, kpy = 2.2 x 103 (M"! s7!), than that of
cyclohexylamine (21) although the la.ter is more basic (apK,
1.3) than benzylamine (4). It is understandable that
aniline (2) has the smallest kpy (15.5 M"! s71) because 2 is
the least basic amine. These results indicate that kj, of
the reaction of acetic anhydride with an amine is increased
with the increase of the pK, of the amire and Jecreased with
the increase of size of the alkyl group in the amine.

It is also interesting to look at the rate constants of

reactions of acetic anhydride with secondary amines.

Piperidine (7) which is the most basic amine (pK, 11.22) in




this series has the largest rate constant, kpy = 5.16 x 104
(M1 g~1). However, diisopropylamine, which is almost as
basic (pK, 11.05) and the most hindered amine in this study,
apparently does not go by direct nucleophilic substitution
at all under the same conditions, kpy = 0. Diethylamine
(24) (pK, 10.98), which is close in basicity to
diisopropylamine, is 41 times less reactive than piperidine
(kpy = 1.25 x 103 M1 s71),

It was also found that the amount of kg,g/kpy varies
with the structure and basicity of the amine. For the
reaction of acetic anhydride (19) with 3-methylbutylamine
(23) which is one of the most basic, and the lear . hindered
amine, we found the ratio of kgg/kpy 0.04, which means that
only 4% of 23 acts as a general base to catalyze the
hydrolysis of acetic anhydride. For cyclohexylamine (21)
which is similar in basicity, but is more hindered than 23,
the amount of general base catalysed amine is increased to
7.5%, but for t-butylamine (22) which is the most hindered
of these amines, this term reaches 20%.

The amount of general base catalyzed hydrolysis for the
reaction of acetic anhydride with a secondary amine is
changed dramatically with the structure of the amine. With
piperidine (7), which is the least hindered amine, at most
only 0.5% of the reaction is the general base promoted
process. With diethylamine, which is more hindered than
piperidine but less hindered than diisopropylamine, 3.8% of

the reaction is the general base reaction. For diisopropyl-




amine (25) which is the most hindered amine, all of the
reaction is the general base catalyzed hydrolysis.

In this part of the study we have also applied eq 6 to
the acylation reaction of acetic anhydride (19) with
cyclohexylamine (21) under preparative conditions. It is
found that at pH,,, 9.5, with cyclohexylamine, C, 1.0 M, and
acetic anhydride, C, 1.2 M, the yield of N-cyclohexyl-
acetamide (12) is as high as 99.9%; but in the same
ccnditions except at pH 6.5, the yield of 12 dropped to
76.9%, while at pH 12.5, the yield is only 78.2% (see Table
3.10 in experimental part). This result confirms that it is
important to control the pH to reach the maximum yield for
the reaction of acetic anhydride with amines in water
because of competition with hydrolysis. Because of the
presenc . of general base catalyzed hydrolysis in the
reactions of acetic anhydride with amines, it is probably
necessary, of course, to add an excess acetic anhydride
{(which is less expensive than most amines) to obtain full

conversion of the amine to the amide.

3.3 Presentation of Yield Data by pH-Product Ratio Profiles
It is also useful to express the yields in terms of the

product ratio, r, defined by eq 17.

_ [nucleophilic attack product] _ f, .
r = - = (17)
[hydrolysis product] (1 - £)




Under pseudo-first-order conditions and in the absence of

the general base assisted hydrolysis, r is given by eq 18.

k, Nu K,/ ([H*] + k) (18)
k, + koyK,/[H*)

rs=

A plot of log r vs. pH takes the form shown in Figure 3.11
by the dashed line, which may be regarded as assembled from
three lines of slopes 1, 0, and -1, respectively, with
rounded intersections (see Figure 3.11). It may be readily
shown that the pH value of the two points of intersection of
these (tangential) straight lines are at the pkx, (of NuH*)
and tie pH; (of E). 1In the example shown in Figure 3.3, pK,
< pH; and hence it is the intersection at lower pH which
corresponds to the pK, and the intersection at higher pH
which corresponds to pH;. For those reactions in which PK,
> pH; this picture is reversed, and for the special case in
which pK, = pH; log r takes the shape of a (rounded)
inverted V with the point of intersection at pH = pK, = pH;.
When general base catalysis of hydrolysis by Nu is also

present r is given by eq 19.

kpNUu K,/ ([H'] + K) (19)

£ T K+ ko] [H7] + kg K/ ([H] + K)
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Figure 3.11 pH-product ratio profiles for the reaction of
acetic anhydride with aniline with and without general
base catalysis; heavy dashed line, (hypothetical)
reaction without general base catalysis (from eq 19, kpy
15.0 M1 s~1); dotted line, (actual) reaction with
general base catalysis (from eq 20, kpy 15.0 M~} 571, k.,

2.1 ¥~1 g71); light solid lines: slope = 1, from r =

kpyNuqK,/k,[H"]; upper horizontal line from r = kpyNug/k,,;

slope = -1 line from r = kpyNuqo(H*)/KouK,; lower
horizontal line from r = kpyNu;/(k, + kggNug); points,

experimental (from r = £,/ (1-fp) ; ACOHy = [ACOH]+[AcO”].



The horizontal line is lowered while the two sloped lines
are unchanged; the result is the dotted line in Figure 3.11.
The basic shape is the same as the dashed line but the
intersections are no longer at pK, and pH;. Instead the pH
at the low pH intersection is lowered (by |ApH| and that at
the high pH intersection raised (also by |ApH|); in the plot
of log r vs pH for the reaction of aniline with acetic
anhydride shown in Figure 3.11, the intersections are pH
3.62 and 9.42 rather than at the pK, and pH; values of 4.60
and 8.44, respectively.

A practical result of this mode of presentation is that
a simple plot of log r vs pH will disclose the presence or
absence of general base catalysis of the hydrolysis by Nu
provided one knows either the pK, or the pH; for E (and the

reaction has the rate law given by eq 20).

Kyr = ky, + kog[OH"] + Ky [Nu] + kg [Nu) (20)

No rate measurements are required.




3.4 Conclusions

The work described in this chapter has its origins in
the application of reaction mechanisms to organic synthesis.
The results are relevant to both topics.

In the field of mechanisms we show how pH-yield
information, either in the form of pH-yield profiles or pH-
product ratio profiles may be used to ascertain the presence
or absence of general base assistance of hydrolysis by the
nucleophile (Nu), provided one knows (minimally) either the
pK, (of NuH') or pH; (for E). Where k, and kyy for the
hydrolysis of E and the pK, are known, the pH-yield data
readily give k. and kgg without any rate measurements
involving the nucleophile being needed, though where these
are readily obtained they would be useful in verifying the
pH-yield results.

General base assisted hydrolysis in the reaction of
acetic anhydride with amines has been found. The amount of
general base assisted hydrolysis of acetic anhydride varies
wit}). the pX, and structure of the amine, e.g. changing from
about 0.5% with an unhindered amine (e.g. piperidine) to
100% with a very hindered amine (e.g. diisopropylamine).
The rate constant for the reaction of acetic anhydride with
an amine depends on the basicity and steric factors
associated with the amine. The more basic and less hindered

amine tends to have a large ky and small ratio of kgg/kpy-

Less basic or more hindered amines show opposite behaviour.




The reactions of benzoyl chloride with benzylamine or
piperidine, on the other hand, show no sign of the general
base promoted hydrolysis. Although a general base catalyzed
hydrolysis was involved in the reactions of acetic anhydride
with amines, it should be noted that pH,,, values are
accurately calculated from eq 5.

Looked at from the viewpoint of organic synthesis, the
present results point to a factor that may seriously affect
yields of nucleophile-electrophile reactions in water. When
one seeks to maximize the yield of the product from the Nu-E
process, any general base assisted hydrolysis simply wastes
the electrophile. A method for predicting when the general
base assisted hydrolysis will or will not manifest itself
would be a valuable asset for predicting the outcome of
synthetic reactions in aqueous media.

We have also deduced the equations which indicate the
PHp,, and fp for the reactions of acyl transfer. By using
these equations, one may eac<ily carry out electrophile-
nucleophile reactions in water with high yield. 1In this
study we have used those equations to find the pH ,, for the
reactions of benzoyl chloride with piperidine and
benzylamine in water. The maximum yields of 99.3% at pH
11.4 for piperidine, and 98.5% at pH 10.45 for benzylamine
have been found. For the reactions of acetic anhydride with
amines, in the preparative condition at pH 9.5, a yield of
99.9% has been obtained for the reaction of an appropriate

excess of acetic anhydride with cyclohexylamine.




3.5 Experimental

The general procedure and the instrumentation are as
described in chapter 1, except for the following points.

Diethylamine (24), diisopropylamine (25), benzylamine
(4), aniline (20), cyclohexylamine (21), t-butylamine (22),
3-methylbutylamine (23), piperidine (7) (used for pH-yield
experiments), and 1,2-dimethoxyethane (DME) were commercial
materials dried by distillation from calcium hydride.
Acetic anhydride (19) was refluxed over magnesium turnings
for 24 h and fractionally distilled?®; the fraction
collected at 140-141 °C was used. Benzoyl chloride (6) was
distilled before use. Water used for kinetics was purified
by preliminary distillation and then, ion exchanged over
Barnstead cartridges D8921 and D8922. Dichloromethane was

reagent grade used without further purification.

Preparation of Acetamides
a) N-Benzylacetamide (10)

Acetic anhydride (19) (2.042 g, 20.0 mmol) was added
slowly with stirring at room temperature to a solution of
benzylamine (4) (2.572 g, 20 mmol) in water (200 mL)
previously set at pH 9.0. The pH of the solution was kept
between 8.0 and 10.0 with aqueous sodium hydroxide (2 M).
After all of the acetic anhydride was added, stirring was
continued for 0.5 h. The mixture was acidified to pH 2 with

hydrochloric acid (2 M) and extracted with dichloromethane




(4 x 50 mL). The extract was washed with saturated sodium
bicarbonate (30 mL) and water (30 mL) and dried over
magnesium sulfate. The solvent was avaporated to give a
white solid (10) (2.856 g, 19.1 mmol, 96% yield); mp 61-62
°c (1it.3° mp 61 °C ); IR (KBr) wvg,,: 3295 (s), 3036 (m),
3033 (m), 1646 (s), 1549 (s), 1455 (m), 1375 (m), 1358 (m),
1283 (m), 1076 (s), 752 (m), 741 (s), 696 (s) cm~!; H NMR
(cbcl;) §: 1.92 (s, 3H), 4.34 (4, 2H), 6€.72 (s, 1H), 7.26
(m, SH); 13c NMR (cDC1l;) 6: 23.2, 43.7, 127.5, 127.8, 128.7,

138.2, 169.9.

b) Acetanilide (11)

Acetic anhydride (19) (2.042 g, 20.0 mmol) was added
slowly with stirring at room temperature to a solution of
aniline (20) (2.235 g, 20 mmol) in water (200 mL) previously
set at pH 6.0. The pH of the solution was kept between 5.5
and 6.5 with aqueous sodium hydroxide (2 M), and worked up
as above to give a white solid (11) (2.649 g, 19.6 mmol, 98%
yield) which recrystallized from 85% ethanol; mp 112-113 °C
(1it.3! mp 113-114 °C); IR (KBr) »,,,: 3294 (s), 3194 (m),
3136 (m), 1665 (s), 1599 (s), 1558 (s), 1489 (s), 1435 (s),
1323 (s), 1264 (m), 754 (m), 695 (s) cm™!; IH NMR (CDCl,) §:
2.16 (s, 3H), 7.09 (gq, 1H), 7.26 (q, 2H), 7.48 (q, 2H), 7.70

(s, 1H); 13c NMR (cDCl,) 6: 24.5, 120.0, 124.2, 128.9,

137.9, 168.6.




c) N-Cyclohexylacetamide (12)

Acetic anhydride (19) (0.613 g, 6.0 mmol) was added
slowly with stirring at room temperature to a solution of
cyclohexylamine (21) (0.496 g, 5.0 mmol) in water (50 mL)
previously set at pH 9.5. The pH of the solution was kept
between 9.0 and 10.0 with aqueous socdium hydroxide (1 M),
and worked up as above to give a white solid (12) (0.705 g,
99 mmol, 99.8% yield) which was recrystallized from ethyl
acetate, mp 106-107 °C (1it.5 mp 103-104 °C); IR (KBr) »,,,:
3291 (s), 3088 (m), 2934 (s), 2853 (s), 1640 (s), 1561 (s),
1443 (s), 1373 (m), 1314 (m), 1288 (m), 1117 (s), 981 (s),
737 (s), 608 (s) cm™}; 'H NMR (CDCl;) &: 1.06~1.91 (m, 10H),
1.93 (s, 3H), 3.74 (m, 1H), 5.62 (s, 1H); '3Cc NMR (CDCl,) &:

24.4, 25.8, 26.4, 31, 49.1, 170.0.

d) N,N-Diethylacetamide (16)

Acetic anhydride (19} (7.657 g, 75.0 mmol) was added
slowly with stirring at room temperature to a solution of
diethylamine (24) (1.829 g, 25.0 mmol) in water (250 mL)
previously set at pH 9.5. The pH of the solution was kept
between 9.0 and 10.5 with agueous sodium hydroxide (1 M),
and worked up as above to give a colourless liquid (2.706 g,
23.5 mmol, 94% yield) which was distilled under reduced
pressure, bp 88-90 °C (30 Torr) (1it.3° bp 88.5-91 °C (31
Torr)); IR (neat) v,,,: 3532 (s), 2974 (s), 2878 (m), 1646

(s), 1485 (s), 1428 (s), 1379 (s), 1364 (s), 1311 (m), 1279

(s), 1223 (s), 1169 (m), 1097 (m), 1038 (s), 791 (s), 612




(s) cm™}; H NMR (CDCl;) §: 1.12 (t, 3H), 1.19 (t, 3H), 2.08
(s, 3H), 3.36 (dt, 4H); }3c NMR (cDCl,) §: 12.8, 13.9, 21.0,

39.8, 42.7, 169.4.

e) N-t-butylacetamide (13)

Acetic anhydride (19) (3.063 g, 30.0 mmol) was added
slowly with stirring at room temperature to a solution of t-
butylamine (22) (1.829 g, 25.0 mmol) in water (250 mL)
previously set at pH 9.5. The pH of the solution was kept
between 9.0 and 10.0 with agueous sodium hydroxide (1 M),
and worked up as above to give the product (2.299 g, 20.0¢
mmol, 80.0% yield) as white crystals (13) which w.s
recrystallized from ethyl acetate, mp 100-101 °C [1lit.3?
mp 98 °C]; IR (KBr) w,,,: 3293 (s), 3086 (m), .377 (s), 2930
(m), 1644 (s), 1561 (s), 1455 (m), 1393 (m), 1364 (s), 1304
(m), 1225 (s), 1036 (s), 965 (s), 725 (s), 610 (s) cm'l; 1y
NMR (CDCl;) §: 1.29 (s, 9H), 1.86 (s, 3H), 5.70 (s, 1H); 13c

NMR (CDCl,) é6: 25.3, 29.6, 51.9, 170.4.

£) N-Acetylpiperidine (18)

Acetic anhydride (19) (3.063 g, 30.0 mmol) was added
slowly with stirring at room temperature to a solution of
piperidine (7) (2.130 g, 25.0 mmol) in water (250 mL)
previously set at pH 9.8 . The pH of the solution was kept
between 9.0 and 10.5 with aqueous sodium hydroxide (1 M).
After all of the acetic anhydride was added, stirring was

continued for 15 min, and worked up as above to give a




colourless liquid (3.150 g, 28 mmol, 99% yield) which was
distilled, bp 227-229 °C [1lit.33 bp 60 °C (0.4 Torr)]; ny2>®
1.4779 [1it.3% ny?® 1.4776); IR (neat) v,,,: 3536 (w), 3004
(m), 2934 (s), 2857 (s), 1642 (s), 1441 (s), 1362 (s), 1267
(s), 1055 (m), 1028 (s), 987 (s), 853 (m) cm™!; lH NMR
(cDCl;) &: 1.46 (m, 6H), 1.93 (s, 3H), 3.25 (t, 2H), 3.39
(t, 2H); 13¢c NMR (CDCl,;) &: 22.3, 25.3, 26.3, 27.2, 43.2,

48.2, 169.5.

g) N,N-Diisopropylacetamide (17}

Acetyl chloride (2.79 g, 35.6 mmol) in ether (50 mL)
was added dropwise to a solution of diisopropylamine (25)
(3.0 g, 29.7 mmol) and triethylamine (3.6 g. 35.6 mmol) in
ether (150 mL) at room temperature, and the mixture was
stirred for 15 min. Water was added until all of the
precipitate was dissolved. The organic layer was separated,
washed with water, and dried over anhydrous magnesium
sulfate. The solvent was removed to give a slightly yellow
liquid, which distilled to give a colourless liquid (17)
(4.15 g, 29.0 mmol, 98% yield); bp 72-74 °C (6 Torr)
(1it.?5 bp 87-88 °C (17 Torr)); IR (neat) w»,,, 3002 (s),
2968 (s), 2934 (s), 1642 (s), 1441 (s), 1371 (s), 1325 (s),
1219 (s), 1161 (m), 1136 (s), 939 (m), 884 (w) cm™!; lH NMR
(CDCl1,) &6: 3.75 (m, 1H), 3.38 (m, 1H), 1.91 (s, 3H), 1.23

(@, 6H), 1.07 (d, 6H); 3c NMR (cDCl-.) &: 169.4, 49.3, 45.4,

24.0, 21.0, 20.6.




h) N-3-Methylbutylacetanidell (15)

Acetyl chloride (1.033 g, 13.2 mmol) was added slowly
to a solution of 3-methylbutylamine (23) (1.499 g, 17.2
mmol) and triethylamine (1.740 g, 17.2 mmol) in
dichloromethane (50 mL) at 0 °C. The mixture was stirred
for 15 min at 0 °C, and worked up as above. The organic
solvent was removed to give a slightly yellow liguid (15)
(1.671 g, 12.9 mmol, 98%). It was distilled under reduced
presriie to give 3 colourless liquid, bp 108-109 °C (0.7
Torr) [1it.36 bp 234 °C); ny?5 1.4399 [1it.% ny?% 1.4393);
IR (neat) v,,,: 3289 (s), 3088 (m), 2959 (s), 2874 (s), 1653
(s), 1561 (s), 1469 (s), 1437 (s), 1368 (s), 1296 (s), 1229
(s). 1157 (w), 1017 (w) cm™}; 1H NMk (CDCl,) &: 0.92 (d,
6H), 1.36 (m, 2H), 1.60 (m, 1H), 1.96 (s, 3H), 3.22 (m, 2H),
5.56 (br s, 1H); 3c NMR (cDCl;) §: 22.4, 23.0, 25.8, 37.8,

38.3, 170.5.

Preparation of N-Benzoyl Piperidine (9)

Benzoyl chloride (6) (5.60 g, 39.8 mmrol) was added
aropwise to a mixture of piperidine (7) (3.40 g, 39.9 mmol)
and sodium hydroxide (2.10 g, 52.5 mmol) in water (20 mL).
The mixture was stirred for 0.5 h at 35-40 °C, and acidified
to pH 3 with dilute hydrochloric acid solution. After the
mixture was cocled to rcom temperature, it was extracted
with dichlorometha > (3 x 100 mL). The organic layer was

separated and washed with saturated sodium bicarbonate (30

mL) and water (30 mL), and dried over anhydrous magnesium




sulfate. The solvent was evaporated to give an oil (9)
(7.43 g, 39.3 mmol, 98.6%) which was distilled under reduced
pressure, bp 173-175 °C (12 Torr) [lit.37 bp 130-184 °c (20
Torr)]); IR (neat) vp,,: 3584 (w), 3058 (w), 2938 (s), 2855
(s), 1632 (s), 1433 (s), 1277 (S), 1111 (m), 1003 (m), 708
(s), 632 (m) cm™}; H NMR (CDCl,) §: 1.42-1.58(d, 6H), 3.25
(s, 2H), 3.62 (s, 2H), 7.30 (s, SH); 3c NMR (cDc13) &:

25.0, 26.1, 27.0, 43.5, 49.2, 127.2, 128.8, 129.8, 136.9,

170.7.

Preparation of N-benzoylbenzamide (8)

Benzoyl chloride (6) (0.703 g, 5.0 mmol) in DME (2.5
mL) was added to benzylamine (4) (0.536 g, 5.0 mmol) in
water (500 mL) which had previously been adjusted to pH 10.5
at 25 °C. The mixture was stirred for 30 min, and acidified
to pH 2 with aqueous hydrochloric acid (4.0 M), and
extracted with dichloromethane (3 x 50 mL), and worked up as
above to give a white solid (8) (0.9138 g, 4.33 mmol,
86.5%); mp 104-105 °C [1it.3% mp 105 ©C); IR (KBr) v,,,:
3294 (s), 3060 (w), 3031 (w), 1640 (s), 1547 (s), 1418 (m),
1315 (s), 1259 (m), 1057 (m), 1028 (m), 989 (m), 727 (s),
695 (s) cm™! IH NMR (CDCl;) é: 4.64 (d, 2H), 6.78 (s, 1H),

7.34-7.83 (m, 10H); !3c NMR (cDCl,) &6: 44.0, 127.0, 127.5,

127.8, 128.5, 128.7, 131.5, 133, 138.2, 167.5.




Table 3.4 The variation in yield of the amide with change
in pH for the reactions of acetic anhydride with amines?®

under pseudo-first-order condition.

j Anmides pH Weight f
I —_— 1 (mg) |

| CH3CONHCH, C¢H; 3.0 4.0 0.012
% 4.0 9.8 0.066
{ 5.0 51.7 0.347
% 6.0 105.2 0.705
i 7.0 129.5 0.868
| 8.0 136.2 0.913
| 9.0 138.2 0.926
E 10.0 135.7 0.910
f 11.0 129.2 0.866
i 12.0 97.8 0.656

12.6 54.5 0.403 "

13.0 29.4 0.197 ll

13.6 12.7 0.085
CH,CONHCgH, 1.9 14.5 0.107




Table 3.4 Continued

The variation in yield of the amide with change in

PH for the reactions of acetic anhydride with amines?®

under pseudo-first-order condition.

Amides pH Weight fp
P _ (mg)
CH,CONHCgH, 4 6.0 22.5 0.159
6.6 57.2 0.405
7.0 94.0 0.666
8.0 123.7 0.876
9.0 128.5 0.910
10.0 127.6 0.904
11.3 115.9 0.821 {
12.2 74.0 0.524 |
12.6 51.0 0.361
| 13.2 17.2 0.122
CH,CONHCH,CH,CH (CH3) , 6.2° 33.6 0.650
7.0P 50.0 0.967
9.5 128.5 0.995
11.6° 50.3 0.973
12.7° 34.8 0.674

a. Reactions were carried out by injecting acetic anhydride

([Ac,0]p = 0.001 M) to an amine solution ([aminel, =

0.01 M) in water (1000 mL) at 25 °c.

b. Reactions were carried out by injecting acetic anhydride

({Ac,0)p = 0.001 M) to an amine solution ({amine]); =

0.01 M) in water (400 mL) at 25 °cC.



Table 3.5 The variation in yield of the amide with change
in pH for the reactions of acetic anhydride with amines?®

under pseudo-first-order condition

Weight Weight

(mg) (mg)
Uncorrect | Corrected

e — e —
CH;CONHC (CH3) 5 5.9
14.2
32.2
48.0
55.4
55.9
48.0
33.4
16.0
7.6
CH4CONH (C,Hg) , 8.6
37.7

63.6
84.6
95.4
101.8
101.3
94.9
86.9
61.4
31.1




Table 3.5 Continued
The variation in yield of the amide with change in
pH for the reactions of acetic anhydride with amines?

under pseudo-first-order condition

Weight Weight
Amides pH (ng) (mg) fp
Uncorrect | Corrected
CH;CONH (CH,) g

5.0 8.5 9.1
5.5 38.1 40.9
6.0 70.4 75.6
6.5 94.5 101.6
7.5 113.2 121.7
8.0 118.0 126.9
9.0 118.0 126.9
9.5P 118.0 126.9
10.0 118.0 126.9
11.5 116.7 125.5
12.3P 112.6 121.1
13.0° 96.3 103.6
13.5° 68.7 73.9

a. Reactions were carried out by injecting acetic anhydride
([Ac,0]p = 0.001 M) to an amine solution ([amine],; =
0.01 M) in water (1000 mL) at 25 °c.

b. Reactions were carried out by injecting the acetic

anhydride solution ((Ac,0)p = 0.001 M ) in DME (5 mL) to

an amine solution ([amine]}g 0.01 M) in water (1000 mL)

at 25 °c.



pH-Product Ratio Measurements: Acetic Anhydride with Amines
(a) General Procedure for pH-Product Ratio Measurement
Acetic anhydride (19) was injected from a 1-mL syringe
into a solution of amine in water (1000 mL) at 25 °C which
had previously been set at the specified pH value with
aqueous hydrochloric acid or sodium hydroxide, 6 M unless
otherwise specified. The reaction was allowed to run to
completion with monitoring of the pH with a Sargent-Welch pH
6000 digital display meter equipped with a Fisher all-range
(PH 1 to 14) combination electrode and manual addition of
aqueous sodium hydroxide (1.0 M). The solution was stirred
rapidly for further 0.5 h with the pH of the solution kept
constant The mixture was acidified to pH 2 with agqueous
hydrochluric acid (6.0 M) and extracted with dichloromethane
(5 x 70 mL). The organic layer was separated and washed
with saturated sodium bicarbonate (50 mL) and water (50 mL),
and dried over anhydrous magnesium sulfate. The solvent wa

evaporated and the product dried to constant weight under

vacuum.

b) Benzylamine (4)

Acetic anhydride (19) (0.10. g, 1.0 mmol) was injected
into a solution of benzylamine (4) (1.072 g, 10.0 mmol).
The reaction was performed as above. Evaporation of solvent
gave white crystals (10) which was dried to constant weight
under vacuum. The results are listed in Table 3.4. T

Froduct, N-benzylacetamide, was identical by lH NMR, 13c



NMR, and mp with the authentic sample.

c) Cyclohexylamine (21)

Acetic anhydride (19) (0.102 g, 1.0 mmol) was injected
into a solution of cyclohexylamine (0.992 g, 10.0 mmol), and
after 20 min worked up as above. The solvent was evaporated
to give white crystals (12) which was dried to constant
weight under vacuum. The results are listed in Table 3.4.
The vroduct, N-cyclohexylacetamide (12), was identical by 1H

NMR, 13Cc NMR, and mp with the authentic sample.

d) t-Butylamine (22)

Acetic anhydride (19) (0.102 g, 1.0 mmol) was injected
to a solution of t-butylamine (22) (0.731 g, 10.0 mmol), and
after 20 min worked up as above excent that the mixture was
extracted with dichloromethane (8 x 100 mL). The solvent
was evaporated to give white crystals (13) which was dried
to constant weight under vacuum. The results are listed in
Table 3.5. The product, N-t-butylacetamide (13), was
identical by !H NMR, 13c NMR, and mp with the authentic

sample.

e) Aniline (20)

Acetic anhydride (19) (0.102 g, 1.0 mmol) was injected
into a solution of aniline (20) (0.931 g, 10.0 mmol), and
after 20 min worked up as described in the general

procedure. The solvent was evaporated to give white




crystals (11) which was dried to constant weight under
vacuum. The results are listed in Table 3.4. The product,
acetanilide (11), was identical by !H NMR, !3c NMR, and mp

with the authentic sample.

£) Piperidine (7)
1) Acetic anhydride (19) (0.102 g, 1.0 mmol) was

injected into a solution of piperidine (7) (0.852 g, 10.0
mmol), and after 15 min worked up as described in the
general procedure. The solvent was evaporated to give a
colourless liquid which dried under vacuum. The results are
listed in Table 3.5. The product, N-acetyl piperidine (18),
was identical by !H NMR, !3c NMR, and IR with the authentic
sample.

2) Acetic anhydride (19) (0.102 g, 1.0 mmol) in DME (5
mL) was injected into a solution of piperidine (7) (0.852 g,
10.0 mmol), after 15 min worked up as above. The results
are listed in Table 3.5. The product, N-acetylpiperidine
(18), was identical by H NMR, 13c NMR, and IR witi: the

authentic sample.

g) Diethylamine (24)

Acetic anhydride (19) (0.102 g, 1.0 mmol) was injected
into a solution of diethylamine (24) (0.731 g, 10.0 mmol),
and after 20 min worked up as described in the general
procedure. The solvent was evaporated to give a colourless

liquid (16) which was drie ® under vacuum. The results are



listed in Table 3.4. The product, N,N-diethylacetamide
(16) , was identical by H NMR, 13c NMR, and IR with the

authentic sample.

h) 3-Methylbutylamine (23)

Acetic anhydride (19) (0.041 g, 0.4 mmol) was injected
to a solution of 3-methylbutylamine (23) (0.349 g, 0 mmol)
in water (400 ml), and after 20 min worked up as described
in the general procedure. The solvent was evaporated to
give a colourless liquid (15) which was dried under vacuum.
The results are listed in Table 3.4. The product, N-3-
methylbutylacetamide (15), was identical by lH NMR, !3C NMR,

and IR with the authentic sample.

i) Diisopropylamine (25)

1) Acetic anhydride (19) (0.102 g, 1.0 mmol) was
injected into a solution of diisopropylamine (0.731 g, 10.0
mmol), and after 30 min worked up as described in the
general procedure. The solvent was evaporated to give no
product.

2) Acetic anhydride (19) (3.063 g, 30.0 mmol) was
injected into a solution of diisopropylamine (2.530 g, 25.0
mmol) in water (250 mL) which had previously been adjusted
to pH 9.8 at 25 °C. The solution was stirred rapidly for
further 2.0 h with the pH of the solution kept constant with
adding sodium hydroxide solution (2 M). The mixture was

acidified to pH 2 with agqueous hydrochloric acid (6.0 M) and



extracted with dichloromethane (4 x SO0 mL). The organic
layer was separated and washed with saturated sodium
bicarbonate (50 mL} and water (50 mL), and dried over
anhydrous magnesium sulfate. No sign of any N,N-

diisopropylacetamide (17) was seen after the solvent was

removed.

pH-Production Ratio Measurement: Benzoyl Chloride with
Amines
a) Piperidine (7)

(i) Benzoyl chloride (6) (0.562 g, 2.0 mmol) was
injected into a solution of piperidine (7) (3.406 g, 20.0
mmol) in water (2000 mL) which had been previously adjusted
to the desired pH value with aqueous sulfuric acid (6 M) or
sodium hydroxide (6 M) at 25 °C. The solution was stirred
rapidly for further 15 min with the pH of solution kept
constant with dilute sodium hydroxide solution. The mixture
was acidified to pH 2 with aqueous sulfuric acid (6 M) and
extracted with dichloromethane (5 x 80 mL). The organic
layer was separated and washed with saturatced sodium
bicarbonate (50 mL) and water (50 mL), and dried over
anhydrous magnesium sulfate. The solvent was evaporated to
give a colourless liquid which was dried to constant weight
under vacuum. The results are listed in Table 3.6. The
product, N-benzoylpiperidine (9) was identical by lH NMR,

13c NMR, and bp with the authentic sample.



Table 3.6 The variation in yield of the amide with change

in pH for the reaction of benzoyl chloride with piperidine

CgH5CON (CHy) ¢
—nelght (mg)

Reactions were carried out by direct injecting benzoyl
chloride (C, = 0.001 M) to a solution of piperidine
({CgH;oNH]p = 0.01 M) in water (2000 mL) at 25°C.
Reactions were carried out by injecting the benzoyl

chloride (C, = 0.001 M in 10 mL DME) to a solution of

piperidine ([CgH;oNH]; = 0.01 M) in H,0 (2000 mL).



(ii) Benzoyl chloride (6) (0.562 g, 2.0 mmol) in 10 nL
DME was injected into a solution of piperidine (7) (3.406 g,
20.0 mmol) in water (2000 mL), and after 15 min worked up as
above. The results are listed in Table 3.6. The product,
N-benzoylpiperidine (9) was identical by lH NMR, 13C NMR,

and bp with the authentic sample.

b) Bensylawine (4)

(i) Benzoyl chloride (6) (0.141 g, 0.5 mmol) was
injected into a solution of benzylamine (4) (0.536 g, 5.0
mmol) in water (500 mL), and after 15 min worked up as
above. The results are listed in Table 3.2. The product,
N-benzylbenzamide (8) was identical by !H NMR, 13c NMR, and
mp with the authentic sample.

(ii) Benzoyl chloride (6) (0.141 g, 0.5 mmol) in 10 mL
DME was injected into a solution of benzylamine (4) (0.536
g, 5.0 mmol) in water (500 mL), and after 15 min worked up
as above. The results are listed in Table 3.2. The
product, N-benzylbenzamide (8) was identical by H NMR, 13c

NMR, and mp with the authentic sample.

Recovery of Acetamides on Extraction from Wates

a) General Procedure

A weighed amount of the acetamide was added to water
(1000 mL) at pH 9 at room temperature. The mixture was
stirred for 0.5 h and acidified to pH 2 with aqueous

hydrochloric acid (6 M), and extracted with dichloromethane



(5 x 70 mL). The extract was washed with saturated sodium
bicarbonate (50 nlL) and water (50 mL), and dried over
anhydrous magnesium sulfate. The solvent was evaporated to
recover the acetamide which was dried to constant weight
under vacuum. The product was identical bv 14 NMR, 13¢ NMR,

mp, or bp and IR with the authentic sample.

b) N,N-Diisopropylacetamide (17)

N,N-Diisopropylacetamide (17) (0.:43 g, 1.0 mmol) was
added to water (1000 mL), and worked up as described in the
general procedure. The solvent was evaporated to give a
colourless liquid (0.142 g, 0.99 mmol, 99% yield). The
product, N,N-diisopropylacetamide (17), was identical by lH

NMR, 13c NMR, and IR with the authentic sample.

c) N,N-Diethylacetamide (16)

A weighed amount of N,N-diethylacetamide (16) in the
range 49.2 mg to 117.4 mg was added to water (1000 mL), and
worked up as described in the general procedure. The
results are listed in Table 3.7. Th- product, N,N-
diethylacetamide (16), was identical by !H NMR and !3c NMR
with the authentic sample. A plot of the weight of
recover~rd N,N-diethylacetamide (16) (y) vs. initially added

the amide (x) gave a straight line corresponding to:

y = 0.940x - 0.0027



d) N-t-Butylacetamide (13)

A weighed amount of N-t-butylacetamide (13) in the range
21.3 mg to 86 mg was added to water (1000 mL), and worked up
as described in the general procedure. The results are
listed in Table 3.7. The product, N-t-butylacetamide (13)
was identical by 1H NMR, 13c NMR, and mp with the authentic
sample. A plot of the weight of recovered N-t-butyl-
acetamide (13) (y) vs. initially added the amide (x) gave a

straight line (see Figure 3.12) corresponding to:

y = 0.886x + 0.0004
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Figure 3.12 Recovery of N-t-butylacetamide by extraction
with dichlorcmethane from agueous solution of N-t-

butylacetamide (13) at 25 °cC.



Table 3.7 The control experiment of acetamides in water?®

‘ Acetamide Initial added Recovered
(mg) (mg)
| CH;CONHC (CH3) 5 86.0 76 .2
62.0 55.9
42.0 37.7
21.3 19.9
CH;CON (C,H;) 5 117.4 107.4
89.6 81.8
73.8 67.2
49.2 43.2
CH3CON (CH,) g 124.0 113.5
84.0 76.0
47.5 43.0
13.0 10.0

a. The acetamides were added to water (1000 mL) and

extracted with dichloromethane (100 mL x 5) at 25 °cC.

@) N-Acetylpiperidine (18)

A certain amount of N-acetylpiperidine (18) in the
range 13 mg to 124 mg was added to water (1000 mL), and
worked up as described in the general procedure. The
results are listed in Table 3.7. The product, N-
acetylpiperidine (18) was identical by lH NMR, 13c NMR, and

IR with the authentic sample.



A plot of the weight of recovered N-acetylpiperidine
(y) vs. initially added the amide (x) gave a straight line

ccrresponding to:

y = 0.93x - 0.0018

£f) N-Cyclohexylacetamide (12)

The N-cyclohexylacetamide (12) (0.141 g, 1.0 mmol) was
added into vvater (1000 mL), and worked up as described in
the general procedure. The solvent was removed to give a
white solid (0.140 g, 99% yield). The product, N-
cyclohexylacetamide (12) was identical by 2H NMR, 13C NMR,

and mp with the authentic sample.

g) Acetanilide (11)

The acetanilide (11) (0.135 g, 1.0 mmol) was added into
water (1000 mL), and worked up as described in the general
procedure. The solvent was removed to give a white solid
(0.134 g, 99% yield). The product, acetanilide (11) was
identical by H NMR, 13Cc NMR, and mp with the authentic

sample.

h) N-Benzylacetamide (10)
The N-benzylacetamide (11) (0.149 g, 1.0 mmol) was
added into water (1000 mL), and worked up as described in

the general procedure. The solvent was removed to give a



white solid (0.148 g, 99.4% yield). The product, N-benzyl

acetamide (10) was identical by !H NMR, 13Cc NMR, and wmp with

the authentic sample.

Variation of Yield with pH under Preparative Conditions
1) N-Bensoylpiperidine (9)

Benzoyl chloride (6) (0.703 g, 5.0 mmol or 0.773 g, 5.5
mmol) was added to piperidine (7) (0.426 g, S5S.00 mmol) in
water (500 mL) which had been previously adjusted to pH 11.4
with sodium hydroxide at room temperature. The mixture was
stirred for 15 or 30 min with the pH of the solution kept
constant with agqueous sodium hydroxide (1 M). The mixture
was acidified to pH 2 with aqueous hydrochloric acid (6 M)
and extracted with dichloromethane (3 x 150 mL). The
organic layer was separated and washed with saturated sodium
bicarbonate (30 mL) and water (30 mL), and dried with
anhydrous magnesium sulfate. The solvent was evaporated,
and further dried under vacuum to give a colourless oily
liquid (9). The results are listed in Table 3.9. The
product, N-benzoylpiperidine (9), was identical by !H NMR,

13c NMR, and IR with the authentic sample.

2) N-Benzylbenzamide (8)
Benzoyl chloride (6) (0.010 M to 0.012 M) in DME (2.5
mL) was added dropwise to a solution of benzylamine (4)

(0.536 g, 0.01 M) in water (500 mL) which had been

previously adjusted to pH 7.5, 10.45 or 13.0 with aqueous




hydrochloric acid or sodium hydroxide (6 M). The mixture
was stirred for 30 min at room temperature with the pH of
solution kept constant with agqueous sodium hydroxide, and
worked up as above to give a white solid product (8). The
results are listed in Table 3.8. The product, N-benzyl
beizamide (8), was identical by with lH NMR, 13c NMR, ir,

and mp with the authentic sample.

Table 3.8 The variation of preparative yield of reaction of

benzoyl chloride with benzylamine? at different pH

CgHgCONHCH,CgHg | CgH5CONHCH,CgHg
CeHgCOC1 Weight Yield
(9) (%)

0.9138

1.0240
? 0403
C. %115
0.5090

0.5565

a. These reactions are carried out in [C¢HgCH,NH,], C_ =

0.010 M, in water (500 mL) at 25 °C for 30 min.



Table 3.9 The variation of preparative yield of reaction of

benzoyl chloride with piperidine? with different

reaction times

. CgHgCONCgH, o CgHgCONCgH;
Time CgHgCOC1 Weight Yield
(min) (M) (9) (%)

15 0.010 0.9235 97.6

30 0.010 0.9260 97.9

30 0.011 0.9395 99.3

a. These reactions are carried out in [(CH,;)gNH]), C, =

0.010 M, at pH 11.4 in water (500 mL) at 25 ©°c.

Table 3.10 Variation of yield with pH and concentrations
under preparative conditions of the reaction of acetic

anhydride with cyclohexylamine?

CH;CONHC¢H, ; CH;CONHC¢H,,
Weight yield
(%)

a. Reactions were carried out in [CgH;;NH,}, C, = 1.0 M, in

water (50 mL) at 25 °cC.




3) N-Cyclohexylacetamide (12)

Acetic anhydride (19) (0.613 g, 6.0 mmol or 0.510 g, 5.0
mmol) was added slowly to a solution of cyclohexylamine (21)
(0.496 g, 5.0 mmol) in water (50 mL) which had been
previously adjusted to pH 6.5, 9.5, or 12.5 with aqueous
hydrochloric acid or sodium hydroxide at room temperature.
The mixture was stirred for 30 min at room temperature with
the pH of solution kept constant with agueous sodium
hydroxide, and worked up as above to give a white solid
product (12). The results are listed in Table 3.10. The
product, N-cyclohexylacetamide (12), was identical by with

1y NMR, 13¢ NMR, ir, and mp with the authentic sample.

Kinetic Determinations of Acetic Anhydride with Amines
a) General Procedure

The kinetics of nucleophilic substitution reactions of
acetic anhydride (19) with amines were determined using the
pH-stat technique. The general procedure was as follows.

Acetic anhydride (19) (0.001 M) was injected (using a
10 uL syringe) into a solution of amine (0.01 M) in 50 mL of
0.1 M agqueous potassium chloride which had been previously
adjusted to the desired pH value with aqueous hydrochloric
acid (1 M) or sodium hydroxide (1 M) at 25 °C. The solution
was stirred rapidly and the pH of solution kept constant
with aqueous sodium hydroxide (0.1 M). The rate of the
nucleophilic reaction was then monitored by recording the

volume {mL) of titrant (sodium hydroxide) delivered with



time (s).

Plots ot -1n(V, - V.) versus time were constructed from
the volume of sodium hydroxide titrant delivered. Examples
are shown in Figure 3.13; the straight lines were drawn from
parameters obtained by method of least squares. The pseudo-
first-order rate constants were then attained from the

slopes of these lines, and the results are listed in Table

3.11.

b) Benzylamine (4)

Acetic anhydride (19) (0.010 g, 9.5 ulL) was injected
into a solution of benzylamine (4) (0.054 g, 0.5 mmol) in 50
mL of aqueous potassium chloride (0.1 M), and performed as
described in the general procedure. From the plot of
-1n(V, - V.) vs. time (s) the pseudo-first-order rate

constant was obtained (see Table 3.11).

c) t-Butylamine (22)

Acetic anhydride (19) (0.005 g, 8 ul) was injected into
a solution of t-butylamine (22) (0.037 g, 0.5 mmol) in 50 mL
of aqueous potassium chloride (0.1 M), and performed as
described in the general procedure. From the plot of

-ln(V, -~ V,) vs. time (s) (see Figure 3.13) the pseudo-

first-order rate constant was obtained (see Table 3.11).




Table 3.11

Pseudo-first-order rate constants for the

reactions of acetic anhydride with amines?

CgHg5CH,NH,

pH

kobs (S-l)
(x 1073)

2.51P

r7

kN
(M~ s™1)

2.83P

3.35P

4.35°

10.14P

24.72P

2.75¢€

2.87°€

3.25°¢

3.95€

7.55¢

17.01°€

2.48 x 103

3.86

2.7

4.94

3.0

7.19

3.2

10.11

14.12

19.32

26.31

17.9

(CH3) ,CHCH,CH,NH,

3.35

4.09

5.27

_6.78

10.4 x 103




Table 3.11 Continued
tseudo-first-order rate constants for the reaction of

acetic anhydride with amines in water at 25 °cC

Amines pH Kops (871) Ky
(x 1073) (M1 s71)

CgH, | NH, 9 5.0 2.95
3.37
. 4.09

5.40 2.25 x 103
. 8.13
- 11.67
. 15.21
(CH,) ;CNH, 6.3 2.85
. 3.18
. 3.72

7.9 5.02 68.1

8. 8.07
. 16.90
. 32.28
(C,Hg) ,NH 6.0 3.11
. 3.57

4.42 1.36 x 103
5.94
10.52

. | 17.30 - 7




Table 3.11 Continued
Pseudo-first—-order rate constants for tne reaction of

acetic anhydride with amines in water at 25 °cC

|
| Amines pPH Kops (5_'31) R, ;
; (x 1073) | (M1 571 |
L. em— — e ee———— i -

(CH,) gNH® 5.0 3.24 |
g .5 3.98 ?
| 6.0 5.89 51.73 x 10% |
| 6.2 7.76 |
i 6.5 12.88 |
| 7.0 33.88 |
| [ (CH,),CH],NH 6.0 2.87 |
; 7.0 2.94 |
| 7.5 3.20 31.0 |
| 8.0 4.15 i
: 8.5 6.59 |
I 90 | a3 | |

a. Kinetic runs were carried out in [Ac,0], = 0.001 M,
[KC1l]) = 0.1 M, and [amine),; = 0.01 M in water (50 mL) at
25 °Cc, where [amine]; = [amine) + [aminomium ion]

b. Kinetic runs reactions were carried out in [Ac,0]), = 5.0
x 1074 M, [C¢HLCH,NH,]y = 4.0 x 10™3 M in water at 25 °c.

c. Kinetic runs were carried out in (Ac,0]) = 2.0 x 1073 M,
[CgHgCHoNH, ), = 1.0 x 1072 M in water at 25 °c.

d. Cyclohexylamine.

e. Piperidine.




Table 3.12 Pseudo-first-order rate constants for the

hydrolysis of acetic anhydride in water and in sodium

acetate at 25 °cC

a. Kinetic rurs were carried out in (Ac,0]), = 0.002 M,

water at 25.0 °c

b. Kinetic runs were carried out in (Ac,0); = 0.002 M and

[AcONa]y = 0.002 M in water at 25 °cC.

d) Piperidine (7)

Preliminary measurements of the rate of reaction of

acetic anhydride with piperidine (7) which was purified by

distillation from calcium hydride gave inconsistent results.

The UV sp2ctrum of the piperidine showed absorption at 257

nm suggesting contamination with small ammount of pyridine.

The piperidine was purified through ethoxycarbonylpiperidine

as follows.




The mixture of piperidine (17.22 g, 0.202 mol) and
ethyl chloroformate (26.34 g, 0.243 mol) in dichloromethane
(200 mL) was stirred for 30 min at room temperature. Water
(50 mL) was added and the two layers were separated. The
organic layer was washed with hydrochloric acid (0.5 M, 30
mL) , saturated sodium bicarbonate (30 mL), and water (30
mL) . The organic layer was dried and the solvent was
removed to give a colourless liquid (27.75 g, 0.177 mol,
87.6% yield). The pure ethoxycarbonylpiperidine was
obtained by distillation under reduced pressure, bp 57 °C (1
Torr), [1it.3%® bp 56 °C (1 Torr)]; IR (neat) »,,, : 2982
(m), 2936 .3), 2857 (s), 1701 (s), 1431 (s), 1264 (s), 1235
(s), 1171 (s), 1149 (s), 1096 (s), 1032 (s), 855 (m) cm™!;
1H NMR (CDC1,;) &: 1.13 (t, 3H), 1.44 (m, 6H), 3.32 (t, 4H),
4.02 (q, 2H); 3c NMR (cDCl,) §: 15.5, 25.2, 26.5, 45.5,
61.8, 156.3.

The ethoxycarbonylpiperidine was converted back to
piperidine (7) by refluxing with agueous potassium
hydroxide. The mixture of ethoxycarbonylpiperidine (15.0 g,
95.4 mmol) and potassium hydroxide (15.0 g, 267 mmol) in a
mixed solvent of water:DME (150 mL, 1:1, V/V) was refluxed
for 2 h. The mixture was extracted with dichloromethane (4
x 50 mL). The organic layer was dried, and the solvent was
removed by “istillation to give a colourless liquid (7)
(6.86 g, 80.6 mmol, 85% yield) which gave no sign of
pyridine (checked by UV). This preparation of piperidine

was used in the kinetic measurements described below.




Acetic anhydride (19) (0.005 g, 8 uL) was injected to a
solution of piperidine (7) (0.043 g, 0.5 mmol) in 50 mL of
agueous potassium chloride (0.1 M) which had been previously
adjusted to desired pH at 25.0°C, and performed as described
in the general procedure. From the plot of -1ln(V, - V.) vs.
time (s) the pseudo-first-urder rate constant was obtained

(see Table 3.11).
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rigure 3.13 The -1n(V, - V.) vs. time profile for kinetics
of acetic anhydride (C, 0 001 M) with t-butylamine (C,
0.01 M) in water (50 mL) in different pH values at 25 °c.
(a) filled squares, pH 8.7, (b) open squares, pH 8.3, (c)
open triangles, pH 7.9, (d) filled triangles, pH 7.5, (e)
open circles, pH 7.0, and (f) filled circles, pH 6.3.



e) Aniline (20)

Acetic anhydride (19) (0.005 g, 8 uL) was injected into
a solution of aniline (20) (0.047 g, 0.5 mmol) in 50 mL of
agueous potassium chloride (0.1 M), and performed as
described in the general procedure. From the plot of -1ln(V,
- V.) vs. time (s) the pseudo-first-order .ate constant was

obtained (see Tablz2 3.11).

f) Cyclohexylamine (21)

Acetic anhydride (19) (0.005 g, 8 uL) was injected into
a solution of cyclohexylamine (21) (0.050 g, 0.5 mmol) in 50
mL of aqueous potassium chloride (0.1 M), and performed as
described in the general procedure. From the plot of -1n(V,
- V,) vs. time (s) the pseudo-first-order rate constant was

obtained (see Table 3.11).

g) 3-Methylbutylamine (23)

Acetic anhydride (19) (0.005 g, 8 uL) was injected into
a solution of 3-methylbutylamine (23) (0.044 g, 0.5 mmol) in
50 mL of aqueous potassium chloride (0.1 M), and performed
as described in the general procedure. From the plot of
-ln(Vy, = V,) vs. time (s) the pseudo-first-order rate

constant was cbtained (see Table 3.11).

h) Diethylamine (24)
Acetic anhydride (19) (0.005 g, 8 uL) was injected into

a solution of diethylamine (24) (0.037 g, 0.5 mmol) in 50 mL



of agueous potassium chloride (0.1 M), and performed as
described in the general procedure. From the plot of
=-ln(V, = Vi) vs. time (s) the pseudo-first-order rate

constant was obtained (see Table 3.11).

i) Diisopropylamine (25)
Acetic anhydride (19) (0.005 g, 8 uL) wazs injected into

a solution of diisopropylamine (25) (0.051 g, 0.5 mmol) in
50 mL of aqueous potassium chloride (0.1 M), and performed
as described in the general procedure. From the plot of -
In(V, - V,) vs. time (s) the pseudo-first-order rate

constant was obtained (see Table 3.11).

j) 8Sodium acetate

Acetic anhydride (19) (0.010 g, 9.5 puL) was injected
into a solution of sodium acetate (0.008 g, 0.1 mmol) in 50
mL water, and performed as described in the general
procedure. From the plot of -1ln(V, - V) vs. time (s) the
pseudo-first-order rate constant was obtained (see Table

3.12).

k) water

Acet iz anhydride (19) (0.010 g, 9.6 uL) was injected
into water (50 mL), and performed as described in the
general procedure. From the plot of -In(V, - V,) vs. time
(s) the pseudo-first-order rate constant was obtained (see

Table 3.12).
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d(B}/dat

d[cy/at

d{D]/dt

d{E}/dt

s d[B]/dt

Appendix A

k, H ke H
t o D.O CD,CN
2 : [ ) e k5 ® ’Ph
s~

VAN )d

- ..
e 5%5@"

OCH
SQPh ]
c E
'k|[A]
k,[A] + Kk;[C]) + ks[D] - (k, + k,)([B)
k,[B] - k;[C]
k{B] + k;(E] - (ks + k/)[D]

ks[D] - k,[E]

=0

k,[A] + ks[C] + ks[D]

. [B] =

.~ d[D}/dt

k, + k,

=0

k,(B) + k;[E]

. [D)

ks + kg

k,(E) + K((k;[A] + K[C])/(k, + ki)

(D]

k; + kg = ks/ (kK + k)

-1



ks (k,[E]+k (K [A]+K,(C]) / (Kytk,))

k,[A] + ki[C] +
ki + kg = ksf (k, + k)

(B]) =

For the inversion:

Vv = k4(B} - ks[D]

k,{B] > ks[D]

Vv = k4[B]

nv

ky(k,[A] + Kk3[C])

k, + k,
k,[C] > k,[A]
k., [A)]
Vlnv =
k, + k,
k\k,
kl“v =
k, + k,

The program for the simulation

10 Print "Simulation of a reaction"

20 Input "Values of k,, k, are"; k,, k,
30 Input "Values of k;, k, are"; k,, k,
40 Input "Values of ks, k, are"; k;, k,
50 Input "Value of k, is"; k,

60 Input "vValue of A, is"; A,

70 Input "Step size for DT is'"; T1

80 Input "Total simulation time is"; T,



90
100

110
120
130

140

150
160
170
180
190
200
210
220
230
240

250
260

270
280
290
300
310
320
330
340
350

360
370
380

L = INT(T,,/T1)

Input "Results to be printed after how many time
steps"; TSTEP

Print

Print

Print TAB(10); "Time"; TAB(35); "Relative
Concentrations"

Print TAB(15); "[A]"; TAB(25); "([(B]"; TAB(35); "“[C}";
TAB(45); "{D]"; TAB(55); "(E]"

A = A

B =20

CcC =20

D=20

E=0

T=20

Print

FOR K = 0 TO L

Al = -k, * A

Bl = (k, * A+ k; * C+ (ky * k, * E + k, * k, * k, * A
[ (K, + kg) + kg * ky * ks * C [/ (k, + Kky)) [/ (ki + kg))
/ (ky + k)

Cl =k, * Bl - k; * C

D1 = (k, * E + k, * k, * A/ (ky + ky) + kg * ky * C /

(ky + ki)Y [/ (ks + kg))

El =k, * D1 — k, * E

A=A+ Al * T1

B =B + Bl * Tl

C=C+Cl *T1

D=D+ D1 * Tl

E=E + E1 ¥ Tl

IF INT(K / TSTEP) = K / TSTEP THEN 280

GOTO 360

PRINT T; TAB(15); A; TAB(25); B; TAB(35); C; TAB(45);
D; TAB(55); E

T=T+ Tl

NEXT K

END

oy
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