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Chapter

GENERAL INTRODUCTION



Chapter 1

1.1 Background

In 1929 Alexander Fleming serendipitously discovered penicillin G1 (1, Scheme 1.1). When 
he returned to his laboratory at St. Mary's Hospital in London after a short vacation, he 
noticed that one of the Petri-dishes which had originally been overgrown with colonies of 
Staphylococcus bacteria was contaminated with a mold that had inhibited the growth of the 
bacteria.2 He named the contaminating substance penicillin after the mold Pénicillium  

notatum . This turned out to be one of the most valuable discoveries for medical treatment 
of bacterial infections.

FERMENTATION
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Scheme 1.1
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This ß-lactam antibiotic, obtained by fermentation, displayed excellent therapeutic 
features. However, penicillin G appeared to have its limitations due to the emergence of 
resistant strains of bacteria, which urged scientists to search for alternative compounds.3 

Much progress was made in this area when the nucleus of the penicillin molecule, 6- 
aminopenicillanic acid (6-APA, 2, Scheme 1.1), was discovered.4 By the attachment of 
various sidechains to the 6-APA nucleus a new class of compounds came in reach, namely 
the semi-synthetic penicillins (SSP's). Ampicillin 3, developed by Bristol Myers (now BMS) 
in 1961, and the superior amoxicillin 4, introduced by Beecham (now GSK) in 1972, are the
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General introduction

most important SSP's. The conversion of penicillin G into 6-APA requires hydrolysis of an 
amide bond in order to remove the phenyl acetic acid sidechain. Although enzymatic 
hydrolysis of the sidechain has been known for almost five decades,5 chemical cleavage 
has been employed until about ten years ago.6 The most important reason why the 
enzymatic hydrolysis was not used in actual practice was the lack of an efficient 
production, purification and recovery of the enzyme. These problems were solved when 
the immobilization technique7 became available. This involves attachment of an enzyme to 
an insoluble carrier, which allows enzymatic hydrolysis in water and subsequent recycling 
of the enzyme via filtration. With respect to price and waste reduction this turned out to 
be a major improvement over the chemical method, which required the use of hazardous 
chemicals and halogenated organic solvents. Also, the stoichiometric chemical processes to 
attach the new sidechains to the 6-APA nucleus are increasingly replaced by biocatalytic 
routes.8

The discovery of Cephalosporin C 5 by Brotzu9 was another milestone in the history of P- 
lactam antibiotics. Cephalosporin C was produced by a fungus of the genus 
Cephalosporium, which was found in Sardinian sewer waste.

Cephalosporin C could eventually be obtained by large scale fermentation. It became 
apparent that the 7-aminocephalosporanic acid nucleus (7-ACA, 6, Figure 1.1), like the 6- 
APA nucleus, could be used for the development of a new series of semi-synthetic 
antibiotics, by replacement of the amino acid sidechain and modification of the nucleus.3 

The accessibility of the cephalosporin nucleus from cephalosporin C, however, was 
hampered by the laborious procedures needed for the isolation of this zwitterionic 
molecule. As a consequence the cephalosporins were much more expensive than the 
penicillins. This problem was solved when Morin e t al. discovered an acid catalyzed 
chemical ring expansion of the penicillin to the cephalosporin nucleus (Scheme 1.2).10 This 
chemical conversion led to the formation of the nucleus 7-aminodeacetoxycephalosporanic 
acid (7-ADCA, 7), which lacks the acetoxy moiety at the C(3')-position present in 7-ACA.

cephalosporin C, 5 7-ACA, 6

Figure 1.1
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The chemical route to the 7-ADCA nucleus starting from the readily available penicillin G 
was the beginning of the development of the semi-synthetic cephalosporins (SSC's) of 
which Cephalexin 8, Cefadroxil 9 and Cephradine 10 are the most important ones (Scheme
1.3).

Scheme 1.3

One of the latest developments aimed at a more efficient production of cephalosporin 
antibiotics is the enzyme mediated ring expansion of penicillin to the six membered 
cephalosporin ring.11 By introducing a gene, which encodes for the enzyme "expandase"

4



General introduction

found in cephalosporin producing microorganisms, into the penicillin producing 
organisms, the 7-ADCA nucleus is now produced directly in the fermentation process. 
Many years after their introduction, P-lactam antibiotics are still the most widely 
prescribed antibiotics used in medicine, which is quite surprising, considering the 
restricted lifetime of most medicines. This position is envisioned to last for at least another 
decade. The long life span of these therapeutics enables scientists to develop new types of 
P-lactam antibiotics and to improve current production processes.

1.2 The HPG amino acid sidechain: ortho/para problem

Semi-synthetic P-lactam antibiotics can contain a variety of amino acid and carboxylic acid 
derived sidechains with D(-)-phenylglycine (D(-)-PG) and D(-)-p -hydroxy-phenylglycine 
(D(-)-HPG) being the two most important ones. With regard to the study described in this 
thesis, the attention is focused on the HPG sidechain. Several synthetic approaches to HPG 
have been reported in the literature.12-2024 Due to the industrial relevance of this 
compound most of these procedures have been published in patents. Among these, the 
most widely described approaches are based on phenol as the source for the p -hydroxy- 
phenyl group and applying electrophilic addition reactions.14-20 The major problem 
encountered here is the formation of a mixture of ortho and para regioisomers, which is the 
result of the activation of both the ortho and para positions by the electron-donating 
hydroxy group (Scheme 1.4).

Scheme 1.4

Over the years, alternative syntheses have been developed based on different starting 
materials in which this ortho/para problem is circumvented.1213 However, the industrial 
applicability of these alternative processes is hampered, mainly by the high price of the 
required starting materials. These approaches therefore cannot compete with syntheses 
based on phenol, despite the formation of the aforementioned undesired ortho 

regioisomer.
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Chapter 1

1.2.1 Syntheses of HPG based on phenol
The industrially most feasible syntheses of HPG are based on phenol as the starting 
material.14-20 The majority of these approaches proceeds through the intermediacy of 
racemic 5-(p-hydroxyphenyl)hydantoin 14a,14-18 which forms the basis for the production 
of D(-)-HPG. The synthesis of 14a involves the condensation of a mixture of phenol, urea 
and glyoxilic acid (R=H)14 or glyoxilic acid methyl ester methyl hemiacetal (R = Me),15 in 
the presence of an acid to give a mixture of para and ortho-hydantoin 14a and 14b, 
respectively. In this reaction the para isomer is produced predominantly (Scheme 1.5a, 
route a). The ortho/para ratio is generally about 1/4, although fine-tuning of the reaction 
conditions has already proven to produce improved ratios. Several modifications of the 
synthesis of the hydantoin have been reported, which differ mainly in the addition 
sequence and reaction conditions. Examples are the condensation of urea with glyoxilic 
acid (R=H) or its hemiacetal (R = Me) to give allantoin 12 (route b)16 or the allantoin acid 
alkyl ester 13 (route c)17 prior to treatment with phenol (Scheme 1.5a).

Apart from the sequences shown in Scheme 1.5a, the condensation of phenol and glyoxilic 
acid to para and ortho-hydroxy mandelic acids 15a and 15b, followed by treatment of the 
separated 15a with urea (route d) to afford hydantoin 14a, has also been reported18 (Scheme 
1.5b). In this approach, however, the ortho/para regiochemistry appears to be even less 
favorable and separation of the isomeric mixture of hydroxy mandelic acids is rather 
troublesome, leading to relatively low yields. Direct conversion of p-hydroxy-mandelic 
acid into DL-HPG 16a, by treatment with an ammonium salt containing a small amount of 
free ammonia (route e), has also been reported,19 as well as a one pot reaction of glyoxilic 
acid, phenol and an ammonium salt to give DL-HPG (route f).20

6
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Racemic 5-(p-hydroxyphenyl)hydantoin 14a can be converted almost quantitatively into 
enantiomerically pure N-carbamoyl-D-HPG 17 by applying hydantoinase using cell 
cultures of free enzyme in an aqueous medium .21 N-carbamoyl-D-HPG can then be 
converted into D-HPG 18 by chemical or enzymatic transformation (Scheme 1.6). Because 
of the efficiency of this process it is no surprise that the current industrial process for the 
synthesis of D(-)-HPG proceeds via the intermediacy of hydantoin 14a.

R O R O R
M  racemization D-Hydantoinase )  COOH R 

HN NH^  -  HN. .NH -------------------- ► HN ---------► f  COOH T  ]Y Y ^ nh2 h/  R: ^
O O O

L-hydantoin, 14a D-hydantoin, 14a N-Carbamoyl-D-HPG, 17 D-HPG, 18
Scheme 1.6

An alternative procedure for the production of D(-)-HPG is optical resolution of racemic 
HPG via its diastereomeric salt. The diastereomers can be separated by fractional 
crystallization and then converted into enantiopure D(-)-HPG.1322

1.2.2 Syntheses of HPG based on p-hydroxy-benzaldehyde
An alternative synthesis of HPG is based on p-hydroxy-benzaldehyde 19 as the source for 
the p -hydroxy-phenyl group.12,24 The obvious advantage of starting from p -hydroxy- 
benzaldehyde is the avoidance of the ortho/para problem. p -Hydroxy-benzaldehyde 19 is 
converted either into racemic 5-(p-hydroxyphenyl)hydantoin 14a by reaction with 
potassium cyanide and ammonium carbonate in an aqueous alcoholic solution, which is
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referred to as the Bucherer-Berg's method,12 or directly into DL-HPG 16a via a classical 
Strecker synthesis (Scheme 1.7).24

c o 2r
KCN

16a NH2

(NH4)2CO3
19 o  r o h /h2o

NH

O

Scheme 1.7

The first approach has the advantage that the hydantoin can readily be converted into 
optically pure D(-)-HPG, as depicted in Scheme 1.6. However, apart from the formation of 
considerable amounts of by-products and the use of highly toxic cyanides, the real 
drawbacks for a commercial process are the limited availability and relatively high cost of 
the starting material p -hydroxy-benzaldehyde.

1.2.3 Synthesis of HPG based on p-hydroxy-acetophenone
The synthesis of HPG based on p-hydroxy-acetophenone13 20 requires oxidative removal 
of the methyl group adjacent to the carbonyl. This is accomplished with nitrite in 2- 
propanol to produce isopropyl ketoacetal 2 1  as the intermediate, which on treatment with 
urea gives the hydantoin 14 (Scheme 1.8).

2-propanol, HCl 
isopropyl nitrite

20 O

Scheme 1.8

In this route the ortho/para problem is also circumvented. However, the required oxidative 
transformation, as depicted in Scheme 1.8, is not attractive for application on an industrial 
scale. Moreover, p-hydroxy-acetophenone is more costly than phenol or glyoxylic acid.

1.3 Aim and outline of this thesis

In 1994, DSM Research and Gist-brocades started the joint-venture Chemferm, which in 
1996 initiated the so-called Cluster Project "Fine Chemistry", a cooperation between four 
universities, Chemferm and its parent companies.8 One of the main objectives of this 
project was to develop modern and competitive routes to the world largest antibiotics as
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mentioned in Scheme 1.1 and Scheme 1.3. Part of the project was devoted to new 
approaches in solving the ortho/para problem which is inherent to the current industrial 
production of p-hydroxy-phenylglycine based on phenol.

The research described in this thesis deals with these new approaches to the synthesis of p- 
hydroxy-phenylglycine. In Chapter 2 the formation of ortho and para regioisomers in the 
electrophilic addition reaction of the intermediate acylium ion derived from appropriately 
substituted amides to phenol is studied in detail. The bulkiness of the acyl protecting 
group that is attached to the electrophile, should provide more insight into the steric and 
electronic features which determine the ortho/para ratio (Scheme 1.9).

LG CO2MeY
H N ^ O

R

CO2Me
n+

h'nY °
R

CO2Me

acylium ion

R = Alkyl/aryl, LG = Leaving Group 

Scheme 1.9

H N ^ O

R
para

+
CO2Me

OH H N ^ -O  

R
ortho

A novel approach to the synthesis of HPG 16a on the basis of the relatively cheap p - 
benzoquinone 22 as the starting material is described in Chapter 3 (Scheme 1.10).

O O

p-benzoquinone, 22

Scheme 1.10

In this approach, one of the carbonyl functions constitutes the eventual para-hydroxy- 
group in HPG. This synthesis of HPG on the basis of p-benzoquinone involves a p -quinone 
methide as the intermediate species (23, Scheme 1.10). In Chapter 4, the synthesis, isolation 
and characteristics of this highly reactive compound 23 are reported, using the Diels-Alder 
methodology in combination with flash vacuum thermolysis (FVT) (Scheme 1.11).
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O
c o 2r

23

Scheme 1.11

In addition, an appropriate functionalization of the tricyclic FVT precursor 25, leading to 
the formation of a variety of novel tricyclic systems, is described. Chapter 5 deals with a 
diastereoselective Diels-Alder reaction based on y-disubstituted cyclohexadienones 26 
(Scheme 1.12). In these cycloaddition reactions an unprecedented rearrangement was 
observed which leads to the formation of heterocyclic compound 28 that is less readily 
available otherwise.

OMe

In the final Chapter 6 the technique of molecular imprinting is considered as a potential 
solution for the ortho/para problem. The construction of a catalytic site in a polymeric 
matrix should ultimately lead to exclusive formation of para substituted product in the 
electrophilic addition with phenol.
This thesis is concluded with summaries in English and Dutch.
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Chapter

SYNTHESIS OF N-ACYL-p-HYDROXY- 
PHENYLGLYCINE BY A MODIFIED MANNICH 

REACTION OF PHENOL

Abstract The industrially most attractive syntheses of p-hydroxy-phenylglycine, which is an important 
intermediate in the synthesis of semi-synthetic p-lactam antibiotics, are based on phenol. These syntheses 
involve an electrophilic addition reaction to phenol, which can be referred to as a modified Mannich 
reaction. This reaction, however, leads to the formation of ortho and para regioisomers with the para 
regioisomer being the only compound of industrial interest. In this chapter, the influence of steric hindrance 
exerted by the electrophilic reagents on the ortho/para ratio of the Mannich reaction leading to N-acyl-p- 
hydroxy-phenylglycine is investigated. It appears that increasing the bulkiness of functional groups in these 
reagents does not necessarily lead to better ortho/para ratios. On the contrary, the sterically most demanding 
reagents gave the highest proportion of ortho product.



Chapter 2

2.1 Introduction

T he sem i-syn the tic  P-lactam  an tib io tics  am oxicillin  (4) a n d  cefad rox il (5) co n ta in  th e  P- 

lac tam  nuc le i 6-A PA  (1) a n d  7-A D C A  (2), respec tiv e ly  a n d  D (-)-p -hydroxy-pheny lg lycine  

(D (-)H PG ) (3) as th e  am in o  acid  s idechain .

0
c o 2h

1 6-APA 

NH.

H2̂ HO

c o 2h

nh2

2 7-ADCA 3 D-(-)HPG

NH

c o 2h

4 Amoxicillin 5 Cefadroxil

Figure 2.1

6-A PA , a n d  recen tly  7-A D C A  as w ell, are  o b ta in ed  v ia  fe rm e n ta tio n  p rocesses.1 T he am ino  

acid  s id ech a in  H PG , o n  th e  o th e r h a n d , is p re p a re d  v ia  a syn th e tic  p a th w ay . So far, th e  

in d u s tr ia lly  m o s t a ttrac tiv e  syn theses  of H PG  are  b a sed  o n  p h e n o l as th e  sou rce  fo r th e  p - 

h y d ro  x y -p h en y l g ro u p ,23 because  of th e  av ailab ility  a n d  lo w  p rice  of th is  chem ical. The 

h y d a n to in  ro u te ,3 w h ich  is d ep ic ted  in  Schem e 2.1, is in d u s tr ia lly  m o s t a ttrac tive , as 

racem ic p ara -h y d an to in  9a can  be read ily  co n v erted  in to  D (-)-H G P th ro u g h  en zym atic  

h y d ro ly s is .4

HO H<X XO„H O
+ -~Y 2 + A

OH H2N

Scheme 2.1

c o 2h

c o 2h

8

T he m o s t crucia l s tep  in  th is  en tire  p rocess is th e  e lectroph ilic  a d d itio n  reac tio n  w ith  

p h eno l. T his reac tio n  lead s  to  th e  fo rm a tio n  of a m ix tu re  of para  a n d  ortho  reg io iso m ers  9a 

a n d  9b, respective ly , w h ich  is in h e re n t to  e lectroph ilic  a d d itio n  reac tions to  p h en o l, as 

b o th  th e  ortho  a n d  th e  para  p o sitio n s  a re  ac tiv a ted  b y  th e  e lec tro n -d o n a tin g  h y d ro x y  g ro u p . 

T he ortho/para  ra tio  in  th e  h y d a n to in  ro u te  is g en era lly  1 /4 ,  a l th o u g h  f in e -tu n in g  of th e  

reac tio n  co n d itio n s  has  re su lte d  in  so m e w h a t b e tte r  ra tios. S ince o n ly  th e  p a ra -h y d an to in  

9a is of in d u s tr ia l in te res t, sep a ra tio n  o f th e  ortho/para  m ix tu re  is essen tia l in  o rd e r  to

14
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rem o v e  th e  u n d e s ire d  ortho  co m p o u n d . F rom  econom ical p o in t o f v iew , an y  im p ro v e m e n t 

o f th e  ortho/para  ra tio , o r ev en  better, exclusive fo rm a tio n  o f th e  para  co m p o u n d , w o u ld  be 

v e ry  beneficial fo r th e  H PG  p ro d u c in g  in d u s try .

T he h y d a n to in  p rocess req u ire s  v ig o ro u s  reac tio n  co n d itio n s , i.e. s tro n g  acid  a n d  e lev a ted  

te m p e ra tu re  in  o rd e r  to  accom plish  th e  electroph ilic  a d d itio n  reac tion .3 Since th e  basic 

s ta r tin g  m a te ria ls  in  th is  p rocess c an n o t read ily  be  ch an g ed , im p ro v e m e n t o f th e  ortho/para  

ra tio  by  f in e -tu n in g  of th e  reac tio n  co n d itio n s  has  h ig h  p rio rity . In  th is  ch ap te r, th e  

syn th esis  of N -acyl-p -h y d ro x y -p h en y lg ly c in e  11a, s ta r tin g  from  N -acy lam ino  h y d ro x y  

ace ta tes of ty p e  10, is in v estig a ted . M o d ifica tion  of th e  R -g roup  as w ell as of th e  h y d ro x y  

g ro u p  in  10 can  be  en v isag ed , th u s  a llo w in g  th e  s tu d y  of th e  in fluence  of steric a n d  

e lectron ic  p ro p e rtie s  o f th ese  g ro u p s  o n  th e  ortho/para  reg io se lec tiv ity  o f th e  reac tio n  w ith  

p h eno l. In  ad d itio n , m ild e r  reac tio n  co n d itio n s  can  also  be  co n s id e re d  w h ich  m a y  affect 

th e  ortho/para  ra tio  as w ell.

HO C 02Me HO

HV °  + U
R

10 6

Scheme 2.2

2.2 The modified Mannich reaction of phenol

T he M an n ich  reac tio n 5 invo lves co n d en sa tio n  of a su b s tra te  p o sse ss in g  active h y d ro g e n  

a to m s w ith  fo rm a ld e h y d e  a n d  an  am ine, w h ich  is e ith e r am m o n ia , a p r im a ry  am ine, a 

seco n d ary  am in e  o r a n  am ide . M any  active h y d ro g e n  c o m p o u n d s  can  be em p lo y ed  as th e  

n ucleoph ilic  species. T ypical exam ples a re  sh o w n  in  Schem e 2.3, in  w h ic h  th e  active 

h y d ro g e n  a to m s are  exp licitly  in d ica ted . T he g en era lly  accep ted  m ech an ism  o f th e  

M an n ich  reac tio n 5 is d ep ic ted  in  S chem e 2.3. T he reac tio n  invo lves a com plex  series of 

equ ilib ria , re la te d  to  th e  n a tu re  o f th e  reac tan ts  a n d  th e  a p p lie d  reac tio n  cond itions. The 

firs t s tep  com prises  th e  co n d en sa tio n  o f an  am in e  I I  w ith  fo rm a ld eh y d e  I  g iv in g  a n  acid  

lab ile  in te rm e d ia te  III, w h ich  can  be re fe rred  to  as th e  M an n ich  base. W ith  acid  th is 

species III fo rm s an  im in iu m  io n  IV  as th e  active in te rm ed ia te , w h ic h  su b se q u en tly  reacts 

w ith  th e  active  h y d ro g e n  c o m p o u n d s  V  to  g ive th e  d es ired  p ro d u c t VI.

C °2Me

11a

H N ^ O  

R

+
C °2Me

°H  H N ^ O  

11b R
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CH2O + H-N
/

J
\

X

I II

'N '
I

H

III

(X=OH, N )

+ /  
H2C -N ^'2'

+ /  
H 2 ^ N s2

RH
V R N'

I
VI

Active hydrogen 
compounds RH:

I
— C-CORI

H

IV
iminium ion

I
— C-CN R -C E C -HI —

H

OH

HCN ROH RSH

Scheme 2.3

T he syn the tic  ro u te s  to  N -acyl-H PG  o n  basis of p h en o l, as d ep ic ted  in  Schem e 2.2, also 

p ro ceed  v ia  an  e lectroph ilic  im in iu m  ion. T his reac tio n  can  th e re fo re  be  re fe rred  to  as a 

m o d ifica tio n  o f th e  M an n ich  reac tion , in  w h ic h  glyoxilic acid  o r a d e riv a tiv e  th e re o f is 

u se d  in s te ad  of fo rm ald eh y d e . C o n d en sa tio n  w ith  an  am id e  lead s  to  N -acy lam ino  

h y d ro x y  ace ta tes of ty p e  10, w h ic h  o n  tre a tm e n t w ith  acid  fo rm s th e  e lectroph ilic  im in iu m  

ion.

O
H O ^ ^ M e  h 2n A r  

OMe 

12

HO__ CO2Me
2 acid 

. H I< ^ O  --------

R
10

Ĥ 1 h

H N ^ O

R

OH

CO2Me

b H N ^ O  

R
Iminium 

ion

CO2Me

( o+h h n ^ o

R

CO2Me

H N ^ O

R
11a para

CO2Me

OH H ^ O  

R
11b ortho

Scheme 2.4

— c - c o 2r — c - n o 2

16



Synthesis of N-acyl-p-hydroxy-phenylglycine by a modified Mannich reaction of phenol

R eaction  of th is  im in iu m -io n  w ith  p h e n o l as th e  active h y d ro g e n  co m p o u n d  p ro d u c e s  th e  

N -acy l-h y d ro x y -p h en y lg ly c in e  co m p o u n d s  11a a n d  11b as a m ix tu re  of para  a n d  ortho  

reg io isom ers. A t f irs t s igh t, th e  ortho  p o s itio n  m a y  be  s ta tis tica lly  as w ell as e lectron ically  

p re fe rred . T he e lectron ic  effect is d u e  to  th e  h ig h e r ch arg e  d en s ity  a t th e  ortho  p o sitio n s  

co m p a re d  to  th e  m o re  rem o te  para  p o sition . N ev erthe less, para  su b s titu tio n  is genera lly  

p re d o m in a n t, w h ic h  m a y  be ra tio n a lized  b y  a ce rta in  d eg ree  of steric h in d ra n c e  im p o se d  

b y  th e  h y d ro x y  g ro u p  in  th e  ortho  position . C on seq u en tly , a n  in crease  of th e  steric v o lu m e  

o f th e  N -acy lam ino  h y d ro x y  ace ta te  10 m a y  ex ert a co n sid erab le  effect o n  th e  ortho/para  

ra tio , w ith  a p re fe ren ce  fo r th e  para  p ro d u c t.

2.3 The influence of steric hindrance on the regiochemistry of the 
modified Mannich reaction of phenol

Synthesis o f the N-acylamino hydroxy acetates
A  cheap  a n d  read ily  availab le  s ta r tin g  m a te ria l fo r th e  syn th esis  o f H PG  is th e  hem iace ta l 

o f g lyoxylic ac id  m e th y l e s te r 12. It re ad ily  reac ts w ith  a v a rie ty  of am ides , v iz . 13 - 19, by  

s im p ly  reflu x in g  b o th  reac tan ts  in  ace tone  a ffo rd in g  N -acy lam ino  h y d ro x y  acetates 20 - 26 

in  accep tab le  to  g o o d  y ie ld s  (Table 2.1). T he v a rie ty  of N -acyl g ro u p s  in  th ese  h y d ro x y  

ace ta tes a llo w  a d e ta ile d  s tu d y  of th e  in fluence  o f size a n d  e lectron ic  p ro p e rtie s  of th ese  N - 

acyl g ro u p s  o n  th e  reg io ch em istry  of th e  M an n ich  reac tio n  w ith  pheno l.

Table 2.1

HO CO2Me
1 + 
OMe

acetone, A 
H2N R 50-82%

H O ^ C O 2Me

H N ^ O

R
12 13 - 19 20 - 26

R Amide Product
Me 13 20
Et 14 21
iPr 15 22

cyclohex 16 23
tBu 17 24

CH2F 18 25
Ph 19 26

In  case o f th e  N -acy lam ino  h y d ro x y  ace ta te  20, w h ic h  con ta in s  th e  sm alles t su b s titu e n t in  

th is  s tu d y , no  s ign ifican t effect o n  th e  reg io ch em istry  o f th e  M an n ich  co n d en sa tio n  w ith
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p h e n o l is expected . By in c reasin g  th e  size of R in  th e  acyl g ro u p  th e  steric  im p ac t o n  th e  

reg io ch em istry  is ex p ec ted  to  increase.

The M a n n ic h  condensa tions

N itro m e th a n e  p ro v e d  to  be a v e ry  su itab le  so lv en t fo r th e  reac tions o f c o m p o u n d s  20 -  26 

w ith  phen o l. W hereas  th e  syn th esis  o f h y d a n to in  9a req u ire s  s tro n g  acidic co n d itio n s  a t 

e lev a ted  te m p e ra tu re ,3 th e  N -acy lam ino  h y d ro x y  acetates 20 - 26 read ily  reac t w ith  p h en o l 

in  th e  p resen ce  o f a cataly tic  a m o u n t o f su lfu ric  acid  in  n itro m e th a n e  a t am b ien t 

te m p e ra tu re . The resu lts  co llected  in  T able 2.2.

Table 2.2

H O ^ C O 2Me 

HN ^O

HO

phenol, H2SO4 l̂ / J\ . C O 2Me

H N ^ O

R
27a - 33a

CO2Me 

OH H ^ O  

R
27b - 33b

R

20 - 26

nitromethane
80-90%

R Reactant Product ortho/ para

Me 20 27a, 27b 1/3
Et 21 28a, 28b 1/4
iPr 22 29a, 29b 1/3

cyclohex 23 30a, 30b 1/3
tBu 24 31a, 31b 1/1

CH2F 25 32a, 32b 1/3
Ph 26 33a, 33b 5/6

From  th e  Table i t  can  be  co n c lu d ed  th a t  th e  size o f th e  su b s titu e n t R has  a lim ited  

in flu en ce  o n  th e  ortho/para  ra tio . N -acy lam ino  h y d ro x y  ace ta te  20, b ea rin g  th e  sm all m e th y l 

g ro u p , gave  a b o u t th e  sam e ortho/para  ra tio  as 23, co n ta in in g  th e  m o re  b u lk y  cyclohexyl 

g ro u p . Q u ite  u n ex p ec ted  re su lts  w e re  o b ta in ed  w ith  th e  N -acy lam ino  h y d ro x y  ace ta tes 24 

a n d  26 co n ta in in g  th e  b u lk y  te rt-bu ty l a n d  th e  p h e n y l g ro u p , respectively . D esp ite  th e  

steric  size of th ese  g ro u p s  th e  ortho/para  ra tio  ch an g e d  in  fav o r of th e  ortho  su b s titu te d  

p ro d u c ts . T hese re su lts  in d ica te  th a t  o th e r in te rac tio n s  th a n  steric ones p la y  a m o re  

dec isive  ro le  in  th is  process. A  possib le  rea so n  fo r th e  re la tiv e  effic ien t fo rm atio n  o f th e  

ortho  p ro d u c t m a y  be th e  occurrence of in te rm o lecu la r in te rac tio n s  o f th e  h y d ro x y  g ro u p  

o f p h e n o l w ith  th e  im in iu m -io n  in  th e  tran s itio n -s ta te  o f th e  reac tio n  (Schem e 2.5). In  a 

s im ilar w ay , H o efn ag e l e t al.6 ra tio n a lized  th e  v a rio u s  ortho/para  ra tio s  o b se rv ed  d u r in g  th e  

syn th esis  of p -h y d ro x y -m an d e lic  acid  from  th e  m eta l-io n  ca ta ly zed  c o n d en sa tio n  of
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Synthesis of N-acyl-p-hydroxy-phenylglycine by a modified Mannich reaction of phenol

p h e n o l w ith  glyoxylic acid. By selec tion  of specific reac tio n  co n d itio n s  th e y  w ere  ev en  able 

to  en fo rce  p re d o m in a n t ortho  ad d itio n .

ortho

Scheme 2.5

H o w ev er, th is  h y d ro g e n  b o n d in g  as sh o w n  in  Schem e 2.5 c a n n o t ex p la in  th e  o b se rv a tio n  

th a t  th e  b u lk y  ferf-butyl g ro u p  in  24 a n d  th e  p h e n y l g ro u p  in  26 g ive  rise  to  a sign ifican tly  

h ig h e r a m o u n t of orfho  p ro d u c t th a n  o b ta in ed  fo r th e  o th e r M an n ich  bases. A  satisfac to ry  

e x p lan a tio n  fo r th e  steric effect o n  th e  orfho/para  ra tio  is th e re fo re  n o t availab le . F rom  th e  

T able it can  be  co n c lu d ed  th a t th e  o p tim a l orfho/para  ra tio  o b ta in ed  w ith  th e  M ann ich  

reag en ts  20 - 26 is 1 /4  fo r 21 a n d  th a t no  sign ifican t im p ro v e m e n t is a tta in e d  by  inc reasing  

th e  b u lk in ess  of R.

M o d ifica tio n  o f  fhe h y d ro x y  g ro u p

T he fo rm a tio n  of th e  in te rm e d ia te  im in iu m -io n  from  th e  N -acy lam ino  h y d ro x y  acetates 20 

- 26 b y  e lim in a tio n  of th e  h y d ro x y  g ro u p  is a n  essen tia l s tep  in  th is  M an n ich  conden sa tio n . 

By co n v ers io n  o f th e  h y d ro x y  g ro u p  in to  a b e tte r  leav in g  g ro u p  th e re  m ay  be an  effect o n  

th e  orfho/para  ra tio  in  th is  M an n ich  c o n d en sa tio n  o f p h en o l. This h y p o th e sis  w as  s tu d ie d  

fo r rea c ta n t 26. A cy la tio n  o f 26 b y  tre a tm e n t w ith  acetic a n h y d r id e  in  d ic h lo ro m e th an e  in  

th e  p resen ce  of p y rid in e  gave  ace ta te  34 (S chem e 2.6) w h ich  a p p e a re d  to  be  ra th e r  u n s tab le  

u n d e r  acidic as w ell as basic cond itions. Its in s tab ility  m a y  be  d u e  to  th e  g o o d  leav in g  

ab ility  o f th e  ace ta te  m oiety .

HO .C O M e

26

M e ^ ,O ^ C O 2Me

"  T ba o  H N ^ O  b

34

33a + 33b
ortho/para ratio: 5/6

a. Ac2O, pyridine, CH2Cl2, 80% b. Phenol, H2SO4, nitromethane, 81%
Scheme 2.6
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D isap p o in tin g ly , tre a tm e n t o f co m p o u n d  34 w ith  p h e n o l in  th e  p resen ce  of su lfu ric  acid  

led  to  exactly  th e  sam e ortho/para  ra tio  as th e  M an n ich  co n d en sa tio n  of re a c ta n t 26 (Table 

2.2). This o b se rv a tio n  clearly  sug g ests  th a t th e  M an n ich  reac tions of b o th  26 a n d  34 u n d e r  

acidic co n d itio n s  p ro ceed  v ia  im in iu m  io n  35 as th e  ac tu a l in te rm ed ia te . This su g g es tio n  

w as  su b s ta n tia te d  b y  th e  M an n ich  reac tio n  w ith  re a c ta n t 36 in  w h ic h  a b u lk y  b en zo triazo l 

m o ie ty  acts as th e  leav in g  g ro u p  (Schem e 2.7). T he ortho/para  ra tio  w as  p rac tica lly  th e  sam e 

as fo u n d  fo r re a c ta n t 20 (T able 2.2). T he leav in g  ab ility  of th e  g ro u p  le ad in g  to  th e  

im in iu m -io n  h as  no  effect o n  th e  ortho/para  ratio .

HO CO2MeY
OMe

12

27a + 27b
ortho/para ratio: 3/7

a. Benzotriazol, acetamide, toluene, 28%. b. Phenol, H2SO4, nitromethane, 71%
Scheme 2.7

By u s in g  th e  ace ta te  co n ta in in g  re a c ta n t 34 in  th e  M an n ich  c o n d en sa tio n  w ith  p h en o l, th e  

e lim in a tio n  to  g ive th e  im in e  can, a t le a st in  p rin c ip le , be  co n d u c te d  u n d e r  basic 

cond itions. O n  th e  o th e r h a n d , d e p ro to n a tio n  of p h e n o l lead s  to  p h en o x y  an ions w h ich  

h av e  a co n sid e rab ly  d iffe ren t n u c leo p h ilic ity  th a n  p h e n o l itself. This d iffe ren t m echan istic  

co u rse  in  th e  M an n ich  co n d en sa tio n  m a y  le ad  to  d iffe ren t ortho/para  ra tio s. T he reac tio n  

w as  s tu d ie d  by  tre a tin g  p h e n o l w ith  rea c ta n t 34 in  th e  p resen ce  of tr ie th y lam in e  as th e  

base. A  v e ry  fas t reac tio n  w as  o b se rv ed  w h ich  g ave  a sing le  co m p o u n d . The sp ectra l 

p ro p e rtie s  of th is  c o m p o u n d  d id  n o t m a tch  th o se  of th e  para  o r ortho  p ro d u c ts  33a a n d  33b. 

S tru c tu re  37 w as  a ss ig n ed  to  th e  n e w  p ro d u c t (Schem e 2.8). E v iden tly , O -alky  la tio n  h a d  

ta k e n  p lace  in  s tead  of C -alkylation . T hus, th e  p h en o x id e  io n  fo rm ed  u n d e r  basic 

co n d itio n s  has  su b s titu te d  th e  ace ta te  in  re a c ta n t 34, w h ic h  lead s  to  th e  fo rm a tio n  of 37. In  

acidic m e d ia  th e  p h en o x id e  io n  m ay  serve  as a g o o d  leav in g  g ro u p . In d eed , tre a tm e n t of 

c o m p o u n d  37 w ith  su lfu ric  ac id  re su lte d  in  th e  fo rm a tio n  of th e  reg io iso m ers  33a a n d  33b.

M e ^ ^ O . . C O 2Me
Y  I
O H N ^ O  __ a

34

33a + 33b

ortho/para ratio: 6/5

a. Phenol, EtaN, CH2Q 2, 57% . b. H2SO4, nitromethane, 81% 
Scheme 2.8
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This reac tio n  can  be  ex p la in ed  b y  in itia l e lim in a tio n  of p h en o x id e  fo llo w ed  b y  a M an n ich  

co n d en sa tio n  w ith  th e  th u s  fo rm ed  im in iu m -io n  in  th e  m a n n e r  as d esc rib ed  in  Schem e 2.4. 

T he o b se rv ed  ortho/para  ra tio  of 5 /6 ,  w h ich  is th e  sam e as fo r re a c ta n t 26, is fu lly  in  line 

w ith  th is  ex p lanation .

2.4 Discussion and conclusion

T he M an n ich  reac tio n  of N -acy lam ino  h y d ro x y  acetates 20 -  26 w ith  p h e n o l d id  n o t affect 

th e  ortho/para  ra tio  s ign ifican tly . T he g en era l m ech an ism  for th e  M an n ich  c o n d en sa tio n  

u n d e r  acidic cond itions , w h ich  invo lves th e  in te rm ed iacy  of im in iu m -io n s , is a d o p te d  for 

th e  reac tions w ith  th e  N -acy lam ino  h y d ro x y  ace ta tes 20 -  26. S teric effects ex erted  b y  th e  

b u lk y  N -acyl g ro u p s  a p p a re n tly  p lay  no  dec isive  ro le  in  d e te rm in in g  th e  ortho/para  ra tio . It 

seem s conceivab le  th a t steric effects of th e  N -acyl g ro u p  in  th e  im in iu m -io n  can  be  av o id ed  

in  an  effective m a n n e r  by  ad ju stin g  th e  co n fo rm a tio n  of th is reac tive  in te rm ed ia te . The 

in c reased  p re fe ren ce  fo r th e  ortho  reg io iso m er in  th e  case of te r t-b u ty l su b s titu te d  a m id e  24 

a n d  p h e n y l d e riv a tiv e  26 w as q u ite  u n ex p ec ted . This o b se rv a tio n  c a n n o t be  ex p la in ed  in  a 

sa tisfac to ry  m an n er.

C o n v ers io n  o f th e  h y d ro x y  g ro u p  in  th e  N -acy lam ino  h y d ro x y  ace ta te  in to  th e  

c o rre sp o n d in g  acetate , w h ic h  w ill p ro m o te  th e  fo rm a tio n  of th e  im in iu m -io n , has  no  effect 

o n  th e  ortho/para  ra tio . This o b se rv a tio n  clearly  confirm s th a t th e  im in iu m -io n  is in d e e d  th e  

ac tu a l in te rm e d ia te  in  th is ac id -ca ta ly zed  M an n ich  conden sa tio n .

T he b ase  ca ta ly zed  M an n ich  c o n d en sa tio n  u s in g  th e  ace ta te  am id e  34 as th e  re a c ta n t lead s  

to  th e  fo rm a tio n  of th e  O -a lk y la ted  p ro d u c t 37 in s te ad  of th e  C -a lk y la tio n  to  c o m p o u n d s  

33. T hus, th e  d e s ired  M an n ich  co n d en sa tio n  can  o n ly  be  ach iev ed  u n d e r  acidic cond itions. 

T he ortho/para  ra tio  in  th e  sy n th esis  of N -acyl-p -h y d ro x y -p h en y lg ly c in e  is p rac tica lly  th e  

sam e as th a t o b ta in ed  in  th e  h y d a n to in e  rou te . T herefore , th is  ap p ro a c h  to  th e  H PG  

syn th esis  w ith  a n  im p ro v e d  p re fe ren ce  fo r th e  para  reg io iso m er has  no  a d v an tag es  a p a r t 

from  th e  fact th a t th is  ro u te  a lw ays w o u ld  re q u ire  an  ex tra  s tep  to  rem o v e  th e  N -acyl 

g ro u p . A  p o sitiv e  ou tco m e o f th ese  ex p erim en ts  is th a t  th e  M an n ich  c o n d en sa tio n  can  be 

p e rfo rm e d  u n d e r  v e ry  m ild  cond itions.
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2.5 Experimental Section

General remarks
Melting points were measured with a Reichert Thermopan microscope and are uncorrected. IR spectra were 
taken on a Perkin Elmer 298 infrared spectrophotometer. FT-IR spectra were determined on a Biorad WIN-IR 
FTS-25 spectrophotometer. aH and 13C-NMR spectra were recorded on a Bruker AC-100, a Bruker AC-300 
and Bruker AM-400 at T=298 K unless stated otherwise. Chemical shifts are reported relative to Me4Si. For 
mass spectra a double fucussing VG 7070E mass spectrometer was used. GC-MS spectra were run on a 
Varian Saturn 2 benchtop GC-MS ion-trap system, and separations were carried out on a fused-silica 
capillary column (DB-5, 30m x 0.25mm). Helium was used as the carrier gas, and electron impact (EI) was 
used as ionization mode. Flash chromatography was carried out at a pressure of ca. 1.5 bar using Merck 
Kieselgel 60H. Column chromatography at atmospheric pressure was performed using Merck Kieselgel 60. 
Thin layer chromatography (TLC) was carried out on Merck precoated silicagel 60 F254 plates (0.25 mm) 
using the eluents indicated. Spots were visualized with UV, iodine or a molybdate spray. Solvents were 
dried using the following methods: dichloromethane, hexane, heptane and ethyl acetate were distilled from 
CaH2, diethyl ether was distilled from NaH, THF was distilled from LiAlH4 just before use. All other 
solvents were of analytical grade.

The atomic numbering, which is used in describing the NMR spectra, is as follows:

General procedure for the synthesis of the N-acylamino hydroxy acetates 20 - 26
To a suspension of the amide in acetone were added 1.2 equiv of methyl 2-hydroxy-2-methoxyethanoate. 
The resulting mixture was heated under reflux over the indicated period of time. Then acetone was removed 
under reduced pressure and the product was triturated with ether until the precipitation of the product.

Methyl 2-(acetylamino)-2-hydroxy ethanoate (20)
The mixture was heated under reflux for 48 h to afford 20 as a white solid in 6 8 % yield. Spectral data were in 
accordance with those reported in the literature.7

Methyl 2-hydroxy-2-(propionylamino)ethanoate (21)
The mixture was heated under reflux for 18 h to afford 21 as a white solid in 80% yield.
1 H-NMR (100 MHz, DMSO-d6) : 8 1.16 (t, J=7.5 Hz, 3H, C(O)CH2CHs), 2.30 (q, J=7.5 Hz, 2H, C(O)CH2CHs), 
3.63 (s, 3H, CO2CH3), 4.57 (br s, 1H, OH), 5.67 (d, J=7.8 Hz, 1H, CHCO2CH3), 7.18 (d, J=7.8 Hz, 1H, NH). EI- 
MS m/z 144 (M+ - OH), 102 (M+ - CO2CH3), 57 (C(O)CH2CHs), 28 (CO). Analysis calculated for C6H 1 1 NO4: %C 
44.72, %H 6.88; %N 8.69; found: %C 44.80, %H 6.89, %N 8.64.

Methyl 2-hydroxy-2-(isobutyrylamino)ethanoate (22)
The mixture was heated under reflux for 48 h to afford 22 as a white solid in 65% yield.
M.p.: 114 °C. !H-NMR (100 MHz, CDQ 3) : 8 1.17 (d, J=6.9 Hz, 6H, CH(CHb)2), 2.46 (s, J=6.9 Hz, 1H, 
CH(CH3)2), 3.83 (s, 3H, CO2CH3), 5.65 (d, J=7.7 Hz, 1H, CHCO2CH3), 7.09 (d, J=7.7 Hz, 1H, NH). EI-MS m/z
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176 (M + 1)+, 158 ((M + 1)+ - H2O), 116 ((M + 1)+ - CO2CH3 -  H), 8 8  ((M + 1)+ - H2NC(O)CH(CHa)2 -  H), 88  

(H3NC(O)CH(CH3)2), 71 (C(O)CH(CH3)2), 43 (CH(CH3)3), 28 (CO). Analysis calculated for C7H 13NO4: %C 
47.99, %H 7.48; %N 7.99; found: %C 48.55, %H 7.59, %N 7.96.

Methyl 2-(cyclohexylcarbonylamino)-2-hydroxy ethanoate (23)
The mixture was heated under reflux for 48 h to afford 23 as a white solid in 50% yield.
M.p.: 135-136 °C. !H-NMR (100 MHz, CDCls) : 8 1.04 - 2.28 (m, 11H, c-hex), 3.78 (s, 3H, CO2CH3), 5.63 (d, 
J=7.7 Hz, 1H, CHCO2CH3), 7.44 (d, J=7.7 Hz, 1H, NH). EI-MS m/z 215 (M+), 198 (M+ - OH), 156 (M+ - 
CO2CH3), 127 (M+ - HOCHCO2CH3 + H), 111 (C(O)C6H1 1 ), 83 (C6H 1 1). Analysis calculated for C10H 17NO4: %C 
55.80, %H 7.96; %N 6.50; found: %C 56.03, %H 7.96, %N 6.45.

Methyl 2-(2,2-dimethylpropanoylamino)-2-hydroxy ethanoate (24)
The mixture was heated under reflux for 60 h. Then acetone was removed in vacuo and the crude residue 
was filtered over silica (hexane/ethyl acetate: 1/1) to afford 24 as a sticky oil in 52% yield. 
iH-NMR (100 MHz, CDG3) : 8  1.22 (s, 9H, C(CHs)s), 3.83 (s, 3H, CO2CH3), 5.62 (d, J=7.3 Hz, 1H, CHCO2CH3),
7.14 (d, J=7.3 Hz, 1H, NH). EI-MS m/z 189 (M+), 172 (M+ - OH), 130 (M+ - CO2CH3), 101 (M+ - HOCHCO2CH3 

+ H), 85 (C(O)C(CH3)s), 57 (C(CHs)s). Analysis calculated for C8H 15NO4: %C 50.78, %H 7.99; %N 7.40; found: 
%C 50.64, %H 7.88, %N 7.49.

Methyl 2-(2-fluoroacetylamino)-2-hydroxy ethanoate (25)
The mixture was heated under reflux for 48 h to afford 25 as a white solid in 50% yield.
M.p.: 119 °C. !H-NMR (300 MHz, DMSO-d6) : 8 3.67 (s, 3H, CO2CH3), 4.83 (d, J(H-F) = 46.9 Hz, 2H, CH2F), 
5.52 (d, J=8.2 Hz, 1H, CHCO2CH3), 8.97 (d, J=8.2 Hz, 1H, NH).
13C-NMR (75 MHz, DMSO-d6) : 8  52.28 (CO2CH3), 70.75 (CHCO2CH3), 79.76 (d, J(C-F) = 176.9 Hz, CH2F), 
167.31 (d, J(C-F) = 19.0 Hz, CH2F), 170.16 (CO2CH3). CI-MS m/z 166 (M + 1)+, 148 ((M + 1)+ - H2O), 106 ((M + 
1)+ - CO2CH3 -  H), 8 8  ((M + 1)+ - CO2CH3 -  F), 78 (HNC(O)CH2F + 2H), 61 (C(O)CH2F). Analysis calculated 
for C5H8NO4F: %C 36.37, %H 4.88; %N 8.48; found: %C 36.25, %H 4.80, %N 8.48.

Methyl 2-(benzoylamino)-2-hydroxy ethanoate (26)
The mixture was heated under reflux for 24 h to afford 26 as a white solid in 82% yield. Spectral data were in 
accordance with those reported in the literature.8

General procedure for the synthesis of compounds 27a, 27b -  33a, 33b
To a suspension of the N-acylamino hydroxy acetates 20 - 26 in nitromethane (~0.5M) were added 1.5 equiv 
of phenol and sulfuric acid (the ratio N -acylamino hydroxy acetate/sulfuric acid is 50 mmol/1 mL) and the 
mixture was stirred at ambient temperature for 6  h. Ethyl acetate was added and the organic layer was 
washed sequentially with water and brine, and then dried (MgSO4). The solvent was removed in vacuo and 
the excess phenol was removed by column chromatography to afford a mixture of ortho and para substituted 
product in 80-90% yield. The ratio of the ortho/para products was determined by 1H-NMR. Separation of the 
ortho/para mixture was performed by column chromatography.

Methyl 2-(acetylamino)-2-(4-hydroxyphenyl)ethanoate (27a) and 
methyl 2-(acetylamino)-2-(2-hydroxyphenyl)ethanoate (27b)
Ortho/para ratio: 1/3. The mixture was separated by column chromatography (SiO2, hexane/ethyl acetate: 
1 / 2 ).
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27b: m.p.: 17Ü OC. 1 H-NMR (3ÜÜ MHz, DMSO-d6) : S 1.87 (s, 3H, C(O)CH0, 3.59 (s, 3H, CO2CH3), 5.68 (d, 
J=7.5 Hz, 1H, CHCO2CH3), 6.74 -  6 .8 8  + 7.1Ü -  7.19 (m, 4H, H3, H4, H5, H ), 8.41 (d, J=7.5 Hz, 1H, NH). 13C- 
NMR (75 MHz, DMSO-d6) : S 22.37 (C(O)CH3), 5Ü.57 (CHCO2CH3), 52.13 (CO2CH3), 115.58, 119.21 (C3, C5),
123.14 (C1), 128.83, 129.43 (C, C ), 155.12 (C2), 169.47 (C(O)CH3), 171.84 (CO2CH3).
27a: m.p.: 16Ü OQ 1H-NMR (3ÜÜ MHz, DMSO-d6) : S 1.87 (s, 3H, C(O)CHß), 3.59 (s, 3H, CO2CH3), 5.23 (d, J=6.8 
Hz, 1H, CHCO2CH3), 6.75 B of AB (d, J=8.5 Hz, 2H, H2), 7.17 A of AB (d, J=8.5 Hz, 2H, H3), 8.56 (d, J=6.8 Hz, 
1H, NH), 9.54 (s, 1H, OH). 13C-NMR (75 MHz, DMSO-d6) : S 22.31 (C(O)CH3), 52.18 (CO2CH3), 56.Ü5 
(CHCO2CH3), 115.55 (C3), 126.49 (C1 ), 129.23 (C2), 157.62 (C4), 169.47 (C(O)CH3), 171.77 (CO2CH3). GC-MS 
(EI) m/z 224 (M + 1)+, 223 (M+), 191 (M+ - OCH3 -  H), 18Ü (M+ - C(O)CH3), 165 (M+ - NHC(O)CH3), 164 (M+ - 
CO2CH3), 122 (M+ - CO2CH3 - C(O)CH3 + H), 77 (Ar), 43 (C(O)CH3). Analysis calculated for C1 1H 13NO4: %C 
59.19, %H 5.87; %N 6.27; found: %C 59.25, %H 5.96, %N 6.21.

Methyl 2-(4-hydroxyphenyl)-2-(propionylamino)ethanoate (28a) and 
methyl 2-(2-hydroxyphenyl)-2-(propionylamino)ethanoate (28b)
Ortho/para ratio: 1/4. The mixture was separated by column chromatography (SiO2, hexane/ethyl acetate: 
2/3).
28b: m.p.: 188-19Ü OC 1H-NMR (3ÜÜ MHz, DMSO-d6) : S Ü.98 (t, J=7.5 Hz, 3H, C(O)CH2CHß), 2.17 (q, J=7.5 
Hz, 2H, C(O)CH2CH3), 3.59 (s, 3H, CO2CH3), 5.69 (d, J=7.5 Hz, 1H, CHCO2CH3), 6.75 -  6.89 + 7.1Ü -  7.19 (m, 
4H, H3, H4, H5, H6), 8.31 (d, J=7.5 Hz, 1H, NH), 9.81 (br s, 1H, OH). 13C-NMR (75 MHz, DMSO-d6) : S 9.94 
(CH2CH3), 28.Ü7 (CH2CH3), 5Ü.49 (CHCO2CH3), 52.12 (CO2CH3), 115.59, 119.21 (C, C ), 123.21 (C1 ), 128.81, 
129.4Ü (C, C ), 155.14 (C2), 171.89 (CO2CH3), 173.19 (C(O)CH2CH3).
28a: m.p.: 138 OQ 1H-NMR (3ÜÜ MHz, DMSO-d6) : S ü.98 (t, J=7.5 Hz, 3H, C(O)CH2CH3), 2.17 (q, J=7.5 Hz, 2H, 
C(O)CH2CH3), 3.59 (s, 3H, CO2CH3), 5.24 (d, J=6.8 Hz, 1H, CHCO2CH3), 6.75 B of AB (d, J=8.5 Hz, 2H, H3), 
7.17 A of AB (d, J=8.5 Hz, 2H, H2), 8.47 (d, J=6.8 Hz, 1H, NH), 9.53 (s, 1H, OH). 13C-NMR (75 MHz, DMSO- 
d6) : S 9.89 (CH2CH3), 28.ÜÜ (CH2CH3), 52.15 (CO2CH3), 55.86 (CHCO2CH3), 115.53 (C3), 126.55 (C1 ), 129.22 
(C2), 157.59 (C), 171.81 (CO2CH3), 173.18 (C(O)CH2CH3). GC-MS (EI) m /z  238 (M + 1)+, 237 M+, 2Ü5 (M+ - 
OCH3 -  H), 18Ü (M+ - C(O)CH2CH3), 178 (M+ - CO2CH3), 165 (M+ - NHC(O)CH2CH3), 122 (M+ - CO2CH3 - 
C(O)CH2CH3 + H), 77 (Ar), 57 (C(O)CH2CH3). Analysis calculated for C12H 15NO4: %C 6Ü.75, %H 6.37, %N 
5.9Ü; found: %C 61.18, %H 6.46, %N 5.9Ü.

Methyl 2-(4-hydroxyphenyl)-2-(isobutyrylamino)ethanoate (29a) and 
methyl 2-(2-hydroxyphenyl)-2-(isobutyrylamino)ethanoate (29b)
Ortho/para ratio: 1/3. The mixture was separated by column chromatography (SiO2, hexane/ethyl acetate: 
1/1).
29b: m.p.: 132 OQ 1H-NMR (3ÜÜ MHz, DMSO-d6) : S Ü.96 (d, J=6.8 Hz, 3H, H_3C(H)CH3), 1.Ü2 (d, J=6.8 Hz, 3H, 
H3C(H)CH3), 2.54 (s, J=6.8 Hz, 1H, H3C(H)CH3), 3.59 (s, 3H, CO2CH3), 5.68 (d, J=7.6 Hz, 1H, CHCO2CH3),
6.75 -  6.89 + 7.1Ü -  7.19 (m, 4H, H3, H4, H  H ), 8.26 (d, J=7.6 Hz, 1H, NH), 9.78 (s, 1H, OH). 13C-NMR (75 
MHz, DMSO-d6) : S 19.56, 19.72 (CH(CH3)2), 33.38 (CH(CH3)2), 5Ü.4Ü (CHCO2CH3), 52.Ü9 (CO2CH3), 115.55, 
119.19 (C , C ), 123.19 (C1 ), 128.75, 129.35 (C, C ), 155.14 (C), 171.85 (CO2CH3), 176.4Ü (C(O)CH(CH3)2).
29a: m.p.: 142-143 OC. 1H-NMR (3ÜÜ MHz, DMSO-d6) : S Ü.92 (d, J=6.8 Hz, 3H, H 3C(H)CH3), Ü.96 (d, J=6.8 Hz, 
3H, H3C(H)CH3), 2.5Ü (s, J=6.8 Hz, 1H, H3C(H)CH3), 3.55 (s, 3H, CO2CH3), 5.19 (d, J=6.9 Hz, 1H, 
CHCO2CH3), 6.71 B of AB (d, J=8.5 Hz, 2H, H3), 7.13 A of AB (d, J=8.5 Hz, 2H, H2), 8.39 (d, J=6.9 Hz, 1H, 
NH), 9.48 (s, 1H, OH). 13C-NMR (75 MHz, DMSO-d6) : S 19.54, 19.65 (CH(CH3)2), 33.29 (CH(CH3)2), 52.14 
(CO2CH3), 55.84 (CHCO2CH3), 115.52 (C), 126.56 (C1), 129.21 (C), 157.57 (C4), 171.79 (CO2CH3), 176.42 
(C(O)CH(CH3)2). CI-MS m/z 252 (M + 1)+, 251 (M+), 219 (M+ - OCH3 -  H), 192 (M+ - CO2CH3), 18Ü (M+ -
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C(O)CH(CH3)2), 165 (M+ - NHC(O)CH(CH3)2), 1 2 2  (M+ - CO2CH3 - C(O)CH(CH3)2 + H), 8 8  (M+ - HOAr - 
C(O)CH(CH3)2 + H), 71 (C(O)CH(CH3)2). Analysis calculated for C13H 17NO4: %C 62.14, %H 6.82, %N 5.57; 
found: %C 62.10, %H 6.73, %N 5.61.

Methyl 2-(cyclohexylcarbonylamino)-2-(4-hydroxyphenyl)ethanoate (30a) and 
methyl 2-(cyclohexylcarbonylamino)-2-(2-hydroxyphenyl)ethanoate (30b)
Ortho/para ratio: 1/3. The mixture was separated by column chromatography (SÍO2, hexane/ethyl acetate: 

1/1).
30b: !H-NMR (100 MHz, DMSO-d6) : S 1.00 -  2.40 (m, 11H, c-hex), 3.78 (s, 3H, CO2CH3), 5.71 (d, J=7.1 Hz, 1H, 
CHCO2CH3), 6.72 -  7.35 (m, 5H, H3, H4  H5, H , NH), 9.24 (br s, 1H, OH). EI-MS m/z 215 (M+), 198 (M+ - OH), 
156 (M+ - CO2CH3), 127 (M+ - HOCHCO2CH3 + H), 111 (C(O)C6Hn), 83 (C6H 1 1 ).
30a: m.p.: 160-161 °C. !H-NMR (300 MHz, DMSO-d6) : S 1.04 -  1.41 + 1.50 -  1.80 (m, 10H, c-hex), 2.28 (m, 1H, 
C(O)CH), 3.58 (s, 3H, CO2CH3), 5.22 (d, J=7.0 Hz, 1H, CHCO2CH3), 6.74 B of AB (d, J=8.4 Hz, 2H, H3), 7.16 A 
of AB (d, J=8.4 Hz, 2H, H3), 8.38 (d, J=7.0 Hz, 1H, NH), 9.51 (s, 1H, OH). 13C-NMR (75 MHz, DMSO-d6) : S 
25.42 (C(O)CHCH2CH2), 25.64 (C(O)CHCH CH2CH2), 29.26, 29.32 (C(O)CHCH2), 43.29 (C(O)CH), 52.14 
(CO2CH3), 55.74 (CHCO2CH3), 115.47 (C3), 126.65 (C1), 129.18 (C2), 157.52 (C4), 171.81 (CO2CH3), 175.48 
(C(O)cHex). GC-MS (EI) m/z 292 (M + 1)+, 291 (M+), 259 (M+ - OCH3 -  H), 180 (M+ - C(O)C6Hn), 165 (M+ - 
NHC(O)C6Hn), 122 (M+ - CO2CH3 - C(O)C6Hn + H), 83 (C6H 1 1 ). Analysis calculated for C16H21NO4: %C 
65.96, %H 7.27, %N 4.81; found: %C 66.03, %H 7.36, %N 4.82.

Methyl 2-(2,2-dimethylpropanoylamino)-2-(4-hydroxyphenyl)ethanoate (31a) and methyl 2-(2,2- 
dimethylpropanoylamino)-2-(2-hydroxyphenyl)ethanoate (31b)
Ortho/para ratio: 1/1. The mixture was separated by column chromatography (SiO2, hexane/ethyl acetate: 
2/3).
31b: m.p.: 118-120 °C. iH-NMR (300 MHz, CDG3) : S 1.21 (s, 9H, C(CH3)3), 3.79 (s, 3H, CO2CH3), 5.69 (d, J=6.9 
Hz, 1H, CHCO2CH3), 6.80 -  7.00 + 7.17 -  7.30 (m, 4H, H3, H4, H5, HO, 7.17 (d, J=6.9 Hz, 1H, NH). 13C-NMR 
(75 MHz, CDQ3) : S 27.23 (G(CHa)ö), 38.60 (CCHak), 52.11 (CHCO2CH3), 53.07 (CO2CH3), 118.76, 120.62 (C3, 
C5), 123.68 (C1), 127.43, 130.29 (C , C ), 155.40 (C2), 171.83 (CO2CH3), 179.87 (C P ^ C H s^ ).
31a: m.p.: 144 °C. !H-NMR (300 MHz, CDO3) : S 1.23 (s, 9H, CCHOö), 3.71 (s, 3H, CO2CH3), 5.39 (d, J=6.6 Hz, 
1H, CHCO2CH3), 6.67 B of AB (d, J=8.5 Hz, 2H, H3), 6.81 (d, J=6.6 Hz, 1H, NH), 7.11 A of AB (d, J=8.5 Hz, 2H, 
H2). 13C-NMR (75 MHz, CDCla) : S 27.31 (QCHs^), 38.67 (CCHa)}), 52.82 (CO2CH3), 56.11 (CHCQCHa), 
115.97 (C3), 127.37 (Ct), 128.24 (C2), 156.83 (C4), 171.89 (CO2CH3), 178.49 (C(O)C(CH3)3). GC-MS (EI) m/z 265 
(M+), 233 (M+ - OCH3 -  H), 206 (M+ - CO2CH3), 180 (M+ - C(O)C(CH3)3), 165 (M+ - NHC(O)C(CH3)3), 120 (M+ - 
CO2CH3 - C(O)C(CH3)3 - H), 77 (Ar), 57 (C(OH3)ö). HRMS (EI): m/z calculated for C14H19NO4: 265.1314; found: 
265.1314.

Methyl 2-(2-fluoroacetylamino)-2-(4-hydroxyphenyl)ethanoate (32a) and 
methyl 2-(2-fluoroacetylamino)-2-(2-hydroxyphenyl)ethanoate (32b)
Ortho/para ratio: 1/2. The mixture was separated by column chromatography (SiO2, hexane/ethyl acetate: 
1/1).
32b: !H-NMR (300 MHz, CDO3 / DMSO-d6) : S 3.71 (s, 3H, CO2CH3), 4.82 (dd, J=3.5 Hz, 47.2 Hz, 2H, CH2F),
5.76 (d, J=8.5 Hz, 1H, CHCO2CH3), 6.75 -  7.00 + 7.05 -  7.30 (m, 4H, H3, H4, H5, He), 7.79 (d, J=8.0 Hz, 1H, 
NH). 13C-NMR (75 MHz, CDQ3/  DMSO-d6) : S 52.50 (CO2CH3), 54.97 ( C H ^ C ^ ) ,  79.71 (d, J(C-F)=184.4 
Hz, CH2F), 115.83, 119.43 (C3, C ), 122.37 (Ca), 129.48, 129.81 (C, C ), 154.73 (C2), 166.77 (d, J=17.8 Hz, 
0iO)CH2F), 170.51 (CO2CH3).
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32a: m.p.: 191-192 °C. !H-NMR (300 MHz, CDCl3 /DMSO-d6) : 8 3.73 (s, 3H, CO2CH3), 4.82 (dd, J=3.1 Hz, 47.2 
Hz, 2H, CH2F), 5.51 (d, J=7.2 Hz, 1H, CHCO2CH3), 6.83 B of AB (d, J=8 .6  Hz, 2H, H3), 7.19 A of AB (d, J=8 .6  

Hz, 2H, H3), 7.41 (d, J=7.2 Hz, 1H, NH), 9.08 (br s, 1H, OH). 13C-NMR (75 MHz, CDQ3) : 8  52.25 (CO2CH3), 
54.90 (CHCO2CH3), 79.57 (d, J(C-F) = 184.0 Hz, C ^F), 115.57 £ 3), 125.80 (Ca), 128.14 £ 2), 157.41 (0 4 ), 166.50 
(d, J(C-F) = 18.1 Hz, C(O)CH2F), 170.61 (CO2CH3). CI-MS m/z 242 (M + 1)+, 222 ((M + 1)+ - F -  H), 209 ((M + 
1)+ - CH2F), 182 ((M + 1)+ - CO2CH3 -  H), 166 ((M + 1)+ - HNC(O)CH2F), 148 ((M + 1)+ - PhOH -  H), 106 ((M + 
1)+ - CO2CH3 - HNC(O)CH2F - H). Analysis calculated for C1 1H 12FNO4: %C 54.77, %H 5.01; %N 5.81; found: 
%C 54.49, %H 4.91, %N 5.68.

Methyl 2-(benzoylamino)-2-(4-hydroxyphenyl)ethanoate (33a) and 
methyl 2-(benzoylamino)-2-(2-hydroxyphenyl)ethanoate 33b
Ortho/para ratio: 5 /6 . The mixture was separated by column chromatography (SiO2, hexane/ethyl acetate: 
3/2). Spectral data were in accordance with those reported in the literature.9

Methyl 2-(acetoxy)-2-(benzoylamino)ethanoate (34)
To a suspension of 27 (2.090 g, 10.00 mmol) in CH2Cl2 (10 mL) were added acetic anhydride (1.00 mL, 10.6 
mmol) and pyridine (0.85 mL, 10.5 mmol). The reaction mixture was stirred for 30 min, then extra acetic 
anhydride (0.19 mL, 2.0 mmol) and pyridine (0.16 mL, 2.0 mmol) were added and the mixture was stirred 
for another 30 min. Dichloromethane was added and the organic layer washed with 5% aqueous NaHCO3 

solution, brine, sat. CuSO4 solution, dried (MgSO4) and concentrated in vacuo. Ether was added to the oily 
residue, which resulted in solidification of the product. Filtration and washing with ether afforded 34 (2.008 
g, 80%) as a pale yellow solid.
M.p.: 101-102 °C. iH-NMR (300 MHz, CDQ3) : 8 2.13 (C(O)CH3), 3.84 (CO2CH3), 6.61 (d, J=8 .8  Hz, 1H, 
CHCO2CH3), 7.40 -  7.59 (m, 3H, Ph, para-H, Ph, meta-H), 7.80 - 7.88 (m, 2H, Ar-H), 7.65 (d, J=8 .8  Hz, 1H, 
NH). 13C-NMR (75 MHz, CDCk) : 8 20.60 (C(O)CH3), 53.34 (CO2CH3), 72.60 (CHCO2CH3), 127.38, 128.67 (Ph, 
ortho-C Ph, meta-Q, 132.00 (Ph, tertiary-C), 132.49 (Ph, para-Q, 166.75, 167.29, 170.47 (CO2CH3, C(O)Ph, 
C(O)CH3). CI-MS m/z 252 (M + 1)+, 193 ((M + 1)+ - CO2CH3), 192 ((M + 1)+ - CH3COOH), 150 ((M + 1)+ - 
CO2CH3 -  C(O)CH3), 105 (C(O)Ph), 77 (Ph), 43 (C(O)CH3). Analysis calculated for C12H 13NO5: %C 57.37, %H 
5.22; %N 5.58; found: %C 57.14, %H 5.18, %N 5.66.

Methyl 2-(benzoylamino)-2-(4-hydroxyphenyl)ethanoate (33a) and 
methyl 2-(benzoylamino)-2-(2-hydroxyphenyl)ethanoate (33b) from 34
To a suspension of 34 (2.51 g, 10.0 mmole) in nitromethane (10 mL) were added phenol (1.410 g, 15.0 mmole) 
and sulfuric acid (20 drops). The mixture was stirred for 3 h at ambient temperature. Ethyl acetate was 
added and the organic layer was washed sequentially with water and brine, and then dried (MgSO4). The 
solvent was removed in vacuo and the excess phenol was removed by column chromatography (SiO2, 
hexane/ethyl acetate: 3/2) to afford 2.31 g (81%) of 33a and 33b as a mixture of para and ortho regioisomers 
(ratio: 6/5). Spectral data were in accordance with those reported in the literature.9

Methyl 2-(acetylamino)-2-(1H-1,2,3-benzotriazol-1-yl)ethanoate (36)
A mixture of methyl 2-hydroxy-2-methoxyethanoate (12.00 g, 0.10 mole), benzotriazol (11.90 g, 0.10 mole) 
and acetamide (5.90 g, 0.10 mole) in toluene (50 mL) was heated under reflux for 5 h. The solvent was partly 
removed in vacuo and after the addition of ether, 6.50 g of 36 was obtained as a white solid (28%).
M.p.: 137-138 °C. aH-NMR (300 MHz, DMSO-d6) : 8 1.94 (s, 3H, C(O)CH3), 3.73 (s, 3H, CO2CH3), 7.40 -  7.64 
(m, 2H, Ar-H), 7.49 (d, J=8.2 Hz, 1H, CHCO2CH3), 7.95 (d, J=8.4 Hz, 1H, Ar-H), 8.08 (d, J=8.4 Hz, 1H, Ar-H), 
9.87 (d, J=8.2 Hz, 1H, NH). 13C-NMR (75 MHz, DMSO-d6) : 8 22.23, 22.27 (C(O)CH3), 53.63 (CO2CH3), 62.81,

26



Synthesis of N-acyl-p-hydroxy-phenylglycine by a modified Mannich reaction of phenol

62.89 (CHCO2CH3), 111.30 (C), 119.45 (C), 124.57 (C4), 128.09 (C), 132.26 (Ca), 145.22 (C), 166.53 (CO2CH3), 
170.18 (C(O)CH3). CI-MS m/z 248 (M+), 205 (M+ - C(O)CHa), 189 (M+ - CO2CH3), 177 (M+ - C(O)CH3 -  N2), 
119, (C6H5N3), 77 (Ph), 43 (C(O)CH3). Analysis calculated for C1 1 H 12N4O3: %C 53.22, %H 4.87, %N 22.57; 
found: %C 53.23, %H 4.85, %N 22.45.

Methyl 2-(acetylamino)-2-(4-hydroxyphenyl)ethanoate (27a) and 
methyl 2-(acetylamino)-2-(2-hydroxyphenyl)ethanoate (27b) from 36
To a solution of 36 (0.248 g, 1.00 mmole) and phenol (0.200 g, 2.13 mmole) was added sulfuric acid (0.140 g, 
1.47 mmole) and the mixture was stirred overnight. The reaction mixture was concentrated under reduced 
pressure. The residue was purified by column chromatography (SiO2, hexane/ethyl acetate: 1/2) to afford 
27b and 27a (0.158 g, 71%) as a mixture of ortho and para regioisomers in a ratio of 1/3. For analytical data, 
see preceding procedure.

Methyl 2-(benzoylamino)-2-phenoxy ethanoate (37)
Triethylamine (0.64 mL, 4.60 mmole) was gradually added to a mixture of 34 (0.385 g, 1.53 mmole) and 
phenol (0.222 g, 2.36 mmole) in dichloromethane (3 mL). A very fast reaction was observed. After stirring for 
30 min the reaction mixture was concentrated under reduced pressure and the residue was recrystallized 
from 2-propanol to afford 0.249 g (57%) of 37 as white needles.
M.p.: 120-121 °C. iH-NMR (300 MHz, CDQ3) : 8 3.86 (CO2CH3), 6.55 (d, J=9.5 Hz, 1H, CHCO2CH3), 7.03 (t, 
J=7.3 Hz, 1H, phenoxy, para-H), 7.15 B of AB (d, J=7.8 Hz, 2H, phenoxy, ortho-H), 7.24 -  7.38 (m, 3H, 
phenoxy, meta-H, NH), 7.38 -  7.57 (m, 3H, Ph, para-H, Ph, meta-H) + 7.78 -  7.85 (m, 2H, Ph, ortho-H). 13C- 
NMR (75 MHz, CDC3) : 8 53.11 (^ C H s ) ,  76.91 (CHCO2CH3), 116.93 (phenoxy, ortho-C), 122.97 (phenoxy, 
para-C), 127.33, 128.72, 129.68 (phenoxy, meta-C  Ph, ortho-C Ph, meta-Q, 132.38 (Ph, para-C), 133.03 (Ph, 
tertiary-C), 156.26 (phenoxy, tertiary-C), 166.85, 168.10 (CO2CH3, C(O)Ph). CI-MS m/z 286 (M + 1)+, 285 (M+), 
226 (M+ - CO2CH3), 208 (M+ - Ph), 192 (M+ - OPh), 105 (C(O)Ph), 94 (PhOH), 77 (Ph). Analysis calculated for 
C16H15NO4: %C 67.36, %H 5.30, %N 4.91; found: %C 67.29, %H 5.22, %N 4.97.
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Chapter

A NOVEL SYNTHESIS OF p-HYDROXY- 
PHENYLGLYCINE AND SOME ANALOGS FROM 

p-BENZOQUINONE*

Abstract Several syntheses of p-hydroxy-phenylglycine (HPG) are known in the literature. Syntheses on the 
basis of phenol include the inevitable ortho/para problem which refers to the formation of mixtures of ortho 
and para substituted products. Most other syntheses make use of relatively expensive starting materials. In 
this chapter a new synthesis of HPG based on p-benzoquinone as the staring material is described. Via an 
elimination-addition reaction a para-quinone methide is generated as the highly reactive intermediate which 
reacts with ammonia to give HPG. Using p-benzoquinone as the starting material the ortho/para problem is 
obviously circumvented. Apart from the synthesis of HPG, several N-substituted analogs were synthesized 
via the same elimination-addition reaction. Furthermore, a diastereoselectivity up to 60% was achieved 
using a variety of chiral acetate esters.

* The essence of this chapter has been published:
Titulaer, G.T.M.; Zhu, J.; Klunder, A.J.H.; Zwanenburg, B. Org. Lett., 2000, 2, 473-475.



Chapter 3

3.1 Introduction

Eledtrophilid substitution reactions of phenol result in the formation of a mixture of 
regioisomers, the ortho and the para products. Both the ortho and para positions are 
activated by the electron-donating hydroxy group. The ortho position is statistically 
favored with a factor 2 in comparison with the para position. On the other hand, the 
formation of the ortho product may experience steric hindrance by the hydroxy group. The 
kinetically determined ortho/para ratio is the result of a subtle balance of the various effects 
mentioned above.
In industry the production of p-hydroxy-phenylglycine (HPG) makes use of the M annich  

reaction using phenol as the source for the p-hydroxy-phenyl group.1 The low price of 
phenol is a major factor for the choice of this starting material. This M annich  reaction 
constitutes an electrophilic substitution of phenol and therefore an ortho/para mixture of 
products will be formed. A synthesis of HPG avoiding the formation of ortho product is of 
great importance for the industry, because it would save the separation step needed to 
remove the ortho product apart from the fact that also a higher yield would be possible. In 
any event, solving the ortho/para problem in the HPG synthesis is of economic importance 
and environmentally relevant.

route based on phenol

'2

use of p-hydroxy-benzaldehyde: 
Strecker synthesis

use of p-hydroxy-acetophenone

4

route based on p-benzoquinone

Scheme 3.1
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In order to tackle this ortho/para problem, chemists have been searching for alternative 
syntheses of HPG, using different starting materials. Some examples of such approaches 
are depicted in Scheme 3.1. In the Strecker2 route p-hydroxy-benzaldehyde is used as the 
source for the p-hydroxy-phenyl group, while in another approach p-hydroxy- 
acetophenone serves as the starting material3 (Scheme 3.1). In the two last-mentioned 
approaches the p -hydroxy-phenyl group is already present in the starting material, 
consequently the ortho/para problem is no issue. However, p-hydroxy-benzaldehyde is an 
expensive starting material, whereas the conversion of p -hydroxy-acetophenone into HPG 
requires chemical transformations which are unattractive for application on industrial 
scale.

Synthetic stra tegy

In this chapter a novel approach to the synthesis of HPG is described using p - 
benzoquinone as the starting material. Conceptually p-benzoquinone is an attractive 
starting material, as it circumvents the ortho/para problem which is inherent on the use of 
phenol as the starting substance. The essence of the strategy involves the condensation of 
an appropriate carbon nucleophile with one of the carbonyl groups of p -benzoquinone and 
a subsequent step in which the remaining carbonyl group is transformed into the para- 

hydroxy-group present in HPG. This strategy is outlined in Scheme 3.2.

keto group in para position

O O
Condensation of an appropriate 
carbon nucleophile to one of the 
carbonyl functions

CO2Me

NH

Introduction of the 
amino group

Aromatization

Scheme 3.2

p-Benzoquinone is a relatively inexpensive material which has been extensively used in a 
variety of synthetic sequences both on a lab and an industrial scale. Thus, the choice of p - 
benzoquinone as starting material for HPG may also be feasible from industrial point of
view.

4

5
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3.2 Selective transformation of one carbonyl group in p-benzoquinone

The synthesis of HPG requires a 1,2-nucleophilic addition of an appropriate carbon 
nucleophile to p-benzoquinone as the initial step. Sofar, most reported 1,2-nucleophilic 
addition reactions were performed with benzoquinone derivatives4 in which one carbonyl 
function is protected as a cyanohydrin or a ketene acetal in order to reduce the 
unfavorable redox potential of benzoquinone. The rapid conversion of p-benzoquinone 
into hydroquinone is a common problem in this chemistry. Fischer and Henderson56 

reported a very efficient procedure for 1 ,2-nucleophilic additions of several alkyllithium 
reagents to unprotected p-benzoquinone which gave the corresponding monoaddition 
products in good to excellent yields (Scheme 3.3).

,/= \  OH
O \ —/  R 11 (R=Me), 12 (R=Bu), 13 (R=tBu)

LiR

Scheme 3.3

For the synthesis of HPG the 1,2-addition of methyl lithioacetate to p-benzoquinone6 is of 
particular interest. This is illustrated in more detail in Scheme 3.4. In this reaction 
cyclohexadienenyl hydroxy acetate 6 is formed in 86% yield, together with small amounts 
of diaddition product 14 and hydroquinone 15.

OH

ai. LDA, MeCÜ2Me, THF, -78 °C. a2. 5% HCl. 
Scheme 3.4

32



A novel synthesis of p-hydroxy-phenylglycine and some analogs from p-benzoquinone

Cylcohexadienyl hydroxy acetate 6 is the natural product jacaranone, which is isolated 
from extracts of Jacaranda caucana Pittier and has significant antitumor activity against 
P388 lymphocytic leukemia in vivo.4f 7 Hydroxy acetate 6 is an attractive intermediate in 
the synthesis of HPG as it already contains the required carbon skeleton including the 
carboxylic acid moiety. Since the nucleophilic addition to p-benzoquinone leads to the 
monoaddition product in high yield, this route via 6 is very attractive for further 
elaboration to the synthesis of HPG. For this purpose the addition of a variety of 
appropriate carbon nucleophiles to p -benzoquinone was attempted following the same 
procedure as described by Fischer and Henderson (Scheme 3.5).6

/=v OH b
O= ( V ^ C O 2Me •« X  O

NO
17 2 4

O O

Pg: ( X Ô

Benzoyl Benzyloxycarbonyl Phthaloyl

a. PgN(H)CH2CO2Me, LDA, THF, -78 °C. b. O2NCH2CC>2Me, LDA, THF, -78 °C.
Scheme 3.5

a

The most appropriate target molecules for the synthesis of HPG from p -benzoquinone 
would be amino acid 16 and nitro derivative 17. Reductive removal of the hydroxy group8 

would yield the desired HPG structure. Product 16 would require an additional 
deprotection step, whereas 17 would require a reduction of the nitro group. However, 
serious problems were encountered in the preparation of both target molecules 16 and 17. 
In stead of addition of the appropriate carbon nucleophiles, generated with LDA, 
decomposition of p -benzoquinone was observed and no significant amounts of the desired 
products were formed. Nucleophilic addition of these carbon nucleophiles to 
monoprotected p -benzoquinone has not been studied, because the protection-deprotection 
sequence would significantly reduce the attractiveness of this approach.
The failure of the preparation of target compounds 16 and 17 indicates that 1,2-addition 
reactions to unprotected p -benzoquinone are restricted to highly energetic nucleophilic 
species such as the organolithio compounds shown in Scheme 3.3. Therefore, the synthesis 
of HPG was further investigated using product 6 obtained by the addition of methyl 
lithioacetate to p -benzoquinone.
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3.3 Functionalization of the hydroxy group in cyclohexadienyl hydroxy 
acetate 6 and subsequent elimination-addition reactions

Strategy

The high selectivity combined with a superb yield reported6 for the addition of methyl 
litioacetate to p-benzoquinone leading to cyclohexadienyl hydroxy acetate 6 is a valuable 
lead for an alternative synthesis of HPG. Starting from hydroxy acetate 6 an essential step 
will be the introduction of an amino group at the a-position to the ester group. A 
retrosynthetic analysis shows that such a conceivable introduction of an amino group 
involves an initial elimination of the P-hydroxy group to give the p-quinone methide 18 
and a subsequent regioselective Michael-type addition of ammonia at the a-position to the 
ester group (Scheme 3.6).

HO

CO2Me

NH

= \  COMe
O O

18

CO2Me

Scheme 3.6

From a mechanistic point of view such a nucleophilic addition to 18 is expected to be 
favorable as this leads to aromatization of the cyclohexadienyl unit to give the desired p- 

hydroxy-phenyl substituent. If successful this approach would produce HPG in a two step 
process which probably can be conducted in a one pot procedure.

Synthesis

The leaving ability of an alcohol group is generally poor especially under basic conditions. 
Therefore, acylation of 6 was carried out in order to promote the P-elimination by 
increasing the leaving ability of the P-substituent. The desired acetate 19 was obtained in 
excellent yield by treating 6 with acetic anhydride in pyridine in the presence of a catalytic 
amount of DMAP (Scheme 3.7). However, despite the good yield some decomposition 
took place during the reaction. Therefore, the acetylation of 6 was studied under even 
milder conditions using acetic anhydride in the presence of ytterbium triflate as a 
moderately active Lewis acid catalyst. A very exothermic reaction took place which did 
not produce acetate 19, but instead aromatic diester 20 was obtained in almost quantitative 
yield.9 This diester 20 was also formed when acetate 19 was treated with acetic anhydride 
in the presence of ytterbium triflate. This observation indicates that the acetate 19 may
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initially have been formed in the Lewis acid catalyzed acetylation of 6, but that under 
these conditions a rapid conversion into the aromatic diester 20 takes place.

Me Me

ai. LDA, MeCO2Me, THF, -78 °C. a2. 5% HCl. as. MesCCOCl, -78 °C ^ rt, 85%. a4. ClCC>2Me, -78 °C ^ rt, 94%. 
b. (CH3CO)2O, pyridine, DMAP, CH2CI2, 95%. c. (CFsSO3)3Yb, (CHsCÔ O, CH2CI2, 97%.

Scheme 3.7

The formation of 20 from 19 is readily explained by an initial intramolecular Michael 
addition of the P-acetate carbonyl oxygen to the enone moiety, which is activated by the 
Lewis acid as indicated in Scheme 3.8. In a subsequent step aromatization takes place by P- 
elimination of the acetate function followed by acetylation of the phenolic hydroxy group.

Esterification of 6 to the corresponding trimethylacetate and methyl carbonate derivatives
2 1 and 22, using trimethylacetic anhydride and dimethyl carbonate, respectively, failed. 
This failure can be attributed to the lower reactivity of trimethylacetic anhydride, which is 
sterically more hindered than acetic anhydride and dimethyl carbonate, which is less 
electrophilic than acetic anhydride. Even reactions with the corresponding acid chlorides 
pivaloyl chloride and methyl chloroformate, which are considerably more reactive than 
anhydrides, did not result in the formation of the compounds 2 1  and 22, respectively. 
Therefore, a different strategy was followed, namely that the initial product formed by the 
nucleophilic attack of methyl lithioacetate to p-benzoquinone was immediately quenched
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with the appropriate acid chloride (Scheme 3.7). Using this procedure compounds 21 and
22 could be isolated in high to excellent yield.

Me

= \  OH
O CO2Me

Me Me

20

Scheme 3.8

The next step in this approach to HPG is P-elimination of the ester function, which should 
result in the formation of p-quinone methide 18 (Scheme 3.6). Several bases were tested in 
order to accomplish this elimination reaction. Triethylamine and comparable aliphatic 
amines were unable to enforce the elimination, indicating that a stronger base is required. 
Treatment with DBU resulted in a slow elimination but no methide 18 was isolated. 
Polymerization of 18, initiated by a nucleophilic species, occurred, indicating that 19 is a 
very reactive species. In the literature some compounds, which have a similar quinone 
methide structure as 18, have been isolated.4310 Their structures are depicted in Scheme 
3.9.

MeO / =  

MeO
O

LiCHCONMe2 MeO = \  CONMe„

MeO

25 26
Scheme 3.9

6
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Polymerization of 2410, however, is im peded by the presence of the bulky tert-butyl 

groups. Acetal 264a, on the other hand, is not a true quinone methide, because the 

carbonyl group is protected as an acetal, thereby blocking the aromatization of the six- 

membered ring.

Since it appeared im possible to isolate 18, attempts were m ade to prove its formation in 

the P-elimination process by trapping it w ith an appropriate nucleophile. This requires a 

one-pot elimination-addition reaction in w hich the assum ed intermediate 18 imm ediately  

reacts w ith an appropriate nucleophile. As nucleophilic addition to 18 leads to 

aromatization this reaction is expected to be very fast and efficient. The use of ammonia as 

the nucleophile w ould  result in the formation of HPG, as depicted in Scheme 3.10. 

However, w hen com pounds 19, 21 and 22 were added to liquid ammonia at -35 °C, only  

degradation of these com pounds w as observed and no HPG or other identifiable 

com pounds could be isolated. Although disappointing, these results suggest that the base 

strength of ammonia is sufficient for the required elimination of the leaving group, 

however, liquid ammonia is apparently not a suitable solvent to allow an efficient addition  

reaction.

The use of THF as co-solvent turned out to be very successful and now  HPG 5 was 

obtained in high yields ranging from 80 to 90% (Scheme 3.10).

Me Me

21
a

Me
HO

a O
CO2Me

CO2Me

19 18 5 NH2

a

OMe

O

22

a. NH3, THF, -35 °C, 80-90%. 
Scheme 3.10
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The use of THF is essential for this elimination-addition process to 18, because w hen this 

solvent w as absent no HPG w as formed at all. As expected, addition of ammonia 

exclusively takes place at the exocyclic double bond, w hich is generated by the elimination  

reaction, thereby resulting in the concurrent aromatization of the cyclohexadienyl moiety 

(Scheme 3.6).

Com pounds 19, 21 and 22 show ed no significant differences w ith respect to the rate and 

the yield of the reaction. However, the major difference w as observed during work-up of 

the reaction. In the reaction of 22 w ith  ammonia, no by-product w as isolated, whereas in 

the reactions w ith 19 and 21 one equivalent of ammonium acetate and ammonium  

trimethylacetate, respectively, w as isolated. This can be explained by the instability of the 

expected ammonium methyl carbonate, w hich rapidly decom poses into methanol, carbon 

dioxide and ammonia. This formation of volatile "waste" products starting from carbonate 

ester 22 is undoubtedly an attractive feature for a possible industrial implementation of 

this process.

3.4 The synthesis of HPG analogs

The scope of the elimination-addition reaction of cyclohexadienyl esters 19, 21 and 22 w ith  

ammonia was expanded by using a series of other amines in this novel tandem reaction 

(Table 3.1). W hen com pounds 19, 21 and 22 w ere treated w ith benzylamine the starting 

materials w ere com pletely recovered. Apparently, the base strength of benzylamine is 

insufficient to accomplish elimination of the carbonate ester groups. In contrast to the 

successful synthesis of HPG, where ammonia is both the base and the nucleophile, an 

additional amount of a stronger base was now  required to effect this elimination. Careful 

addition of DBU to a solution of the esters in THF containing a tenfold excess of 

benzylamine led to a slow  consum ption of the starting materials indicating that the 

desired elimination to the quinone methide 18 indeed took place. After about 4 h the 

reaction w as complete giving an almost quantitative yield of the desired benzylamino 

ester 27. Interestingly, whereas stoichiometric amounts of DBU are needed for the esters 19 

and 21 to achieve com plete conversion, a catalytic amount is sufficient for ester 22. The 

rate of addition of the DBU for the conversion of 19 and 21 turned out to be very critical. A  

very slow  drop-wise addition appeared to be crucial, because a faster addition leads to a 

substantial decrease in the yield of the a-am ino ester 27. Apparently, a highly diluted  

concentration of p -quinone methide 18 is essential for a successful addition reaction. The 

reaction of 22 w ith benzylamine turned out to be the least critical and required only a 

catalytic amount of DBU (5 - 10%) for the reaction to go to completion. This small amount 

of base allows a slow  and very w ell controlled formation of the intermediate 18, leading to
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the formation of the corresponding addition product 27 in excellent yield. Therefore, 

further reactions were performed w ith this com pound in stead of esters 19 and 21.

Table 3.1

R
° = <

f = \  O
O CO2Me

19 R = Me 
21 R = tBu

CO2Me

27-31
Nu

equivalent amount 
of strong base

NuH:

NH,

b

catalytic amount 
of strong base

O

NH

o

OMe
° K

O
CO2Me

22

m iv

Reaction
condition

NuH DBU (%) Product Yield (%)

a (R=Me) i 110 27 90
a (R=tBu) i 110 27 92

b i 5-10 27 95
b ii 5-10 28 99
b iii 5-10 29 99
b iv 5-10 30 92
b v 5-10 31 87

a. NuH (10 eq.), DBU (1.1 eq.), THF, 0 °C. b. NuH (10 eq.), DBU (0.05 - 0.1 eq.), THF, 0 °C.

In addition to benzylamine, a variety of other amines w as applied as nucleophiles in the 

elimination-addition reaction. The results of these reactions are summarized in Table 3.1. 

The sterically dem anding primary amines ( ii i  and i v ) and a secondary amine (v ) gave very 

high to quantitative yields of the corresponding addition products 28 - 31. The steric size 

of the nucleophile did not have any effect on the rate and the efficiency of the reaction, 

proving that the elimination reaction is the rate determining step in this tandem process. 

This observation is fully in accordance w ith the assum ption that the very reactive methide 

is im m ediately trapped by the amine.

a

h2n h 2n

v
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Attempts to apply alcohols as the nucleophiles failed, probably due to the poor 

nucleophilicity of these reagents. Under the same reaction conditions as used for the 

amine addition decom position of the starting material occurred and no identifiable 

products could be isolated. The use of amides as the nucleophiles failed as well. 

Apparently, 18 is a rather labile com pound which, if not im m ediately trapped by a 

nucleophile, rapidly deteriorates.

In all addition reactions show n in Table 3.1 a tenfold excess of the amines was used. Using 

lesser amounts w ould  be preferable, especially w hen precious amines are used. W hen the 

elimination-addition reaction w as performed w ith 5 equivalents of amine, a minor drop in 

the yield of the corresponding addition product w as observed. However, using less than 

three equivalents resulted in a substantial decrease in the yield, indicating that the 

trapping of quinone methide 18 is not efficient and that therefore competing 

decom position takes place as well.

3.5 Chiral induction in the elimination-addition reaction

In order to obtain optically pure HPG two conceivable solutions can be envisaged, viz. (i) 

by resolution of the racemic a-am ino esters11 or (ii) by designing an asymmetric synthesis 

of D-HPG making use of an appropriate chiral auxiliary either in the starting 

cyclohexadienyl hydroxy acetate derivatives or in the amine that acts as the nucleophile. 

The resolution of racemic HPG is w ell studied and can be accomplished in a very efficient 

way. Coupling of this process w ith an effective racemization of undesired L-HPG, which is 

necessary for an overall economical process, has resulted in high yielding industrial 

production of D-HPG.

Although the asymmetric approach to D-HPG starting from chiral derivatized  

cyclohexadienyl hydroxy acetates w ould require both excellent chemical and optical yields 

in order to compete w ith the classical resolution of HPG, the fundamental question arises 

whether such an asymmetric transformation involving the highly reactive quinone 

methides 19 w ould be possible. The concept of such an asymmetric synthesis of HPG is 

depicted in Scheme 3.11. Here the chiral auxiliary is present in the acetate moiety, 

im plying that p -benzoquinone is coupled w ith lithioacetates derived from chiral alcohols. 

The initially formed hydroxy acetates are converted into the carbonate derivatives (cf. 

com pound 22). Starting from p-benzoquinone three different chiral cyclohexadienyl 
hydroxy acetate derivatives w ere prepared, viz. bornyl, menthyl and 8-phenylmenthyl 

esters 32, 33 and 34 using the procedure show n in Scheme 3.7.
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OMe OMe

O
a v b

O O
ay b

O

32 1

a2,b

OMe
° K

O

ai. Bomyl lithioacetate, THF, -78 °C. ai. Menthyl lithioacetate, THF, -78 °C. as. 8-Phenylmenthyl lithioacetate,
THF, -78 °C. b. ClCO2Me, -78 °C ^ rt, 80-90%

Scheme 3.11

The crucial step in this asymmetric synthesis is the addition of an amine to the 

intermediate chiral p-benzoquinone m ethide III (Scheme 3.12) produced by elimination of 

the carbonate ester group. It is important to note that the nucleophile w ill add at the 

electrophilic a-position w ith respect to the ester function. The chiral ester function is 

positioned im m ediately adjacent to this reaction center and therefore is expected to have a 

substantial effect on the diastereoselectivity of this addition process. The chiral ester 

function in III is part of an a,P-unsaturated n-system. Most asymmetric Michael additions 

follow  the course of m ode I depicted in Scheme 3.12. Here the chiral auxiliary is obviously  

further rem oved from the reaction center than in the alternative "anomalous" Michael 

additions proceeding according to m ode II (Scheme 3.12).

Two nucleophiles have been studied in the asymmetric elimination-addition reaction of 

the chiral substrates 32 - 34, viz. ammonia and benzylamine. The reactions w ere performed

N

R1 R1

"regular" Michael addition "anomalous" Michael addition Michael addition to the 
ß to the chiral auxiliary a  to the chiral auxiliary p-quinone methide intermedaite

a  to the chiral auxiliary
R*: Chiral Auxiliary 

Scheme 3.12
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under the same conditions as described in Scheme 3.10 and Table 3.1, respectively. The 

reactions of the three substrates 32 - 34 w ith  ammonia required considerable longer 

reaction times than needed for the achiral starting material 22. Completion w as observed 

only after 10 hours. The yields of products 35 - 37 w ere acceptable. The results are 

summarized in Table 3.2.

Table 3.2

HO

COR*

NH„
35-37

R*:*■ O

OMe

a. NH3, THF, -30 °C. b. Benzylamine, DBU, THF, 0 °C.
Reactant R* Reaction Product Yield (%) de (%)*

32 i a 35 55 0
33 ii a 36 40 15-20
34 iii a 37 57 60
32 i b 38 90 0
33 ii b 39 90 15-20
34 iii b 40 90 60

Determined by 1H-NMR

The reaction w ith benzylamine w as carried out w ith DBU as the extra base to induce the 

elimination reaction (ca 0.1 equiv was sufficient cf. Table 3.1). Benzylamine appeared to be 

a very effective nucleophile. The yields were very high in all three cases. The lower yields 

w ith ammonia are probably attributable to its lower nucleophilicity in comparison w ith  

benzylamine.

The bornyl group in 32 did not give any diastereoselectivity, which is in line w ith the 

rather poor inducting capability of this group. The menthyl group in 33 gave a 

diastereoselectivity in the range of 15 - 20%. The best results w ere obtained w hen the 8- 

phenylm enthyl group iii w as used as the chiral auxiliary. The shielding effect of the 

additional phenyl group is apparently quite effective, leading to a diastereoselectivity of
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60% in both the addition of ammonia and benzylamine to the quinone methide. N o other 

chiral auxiliaries have been studied, however, fine-tuning of the chiral auxiliary m ay result 

in even higher diastereoselectivities.

3.6 Concluding remarks

A novel and efficient two-step synthesis of HPG from p-benzoquinone has been described. 
The reaction proceeds via a 1,2-addition of methyl lithioacetate to p -benzoquinone and a 

subsequent elimination-addition reaction of the suitably derivatized cyclohexadienyl 

hydroxy acetate. A p -quinone methide is thereby formed as the highly reactive 

intermediate species, w hich cannot be isolated under the conditions of the reaction but is 

trapped w ith ammonia to give HPG in good to high yields. Whereas the syntheses of HPG 

starting from phenol suffer from the inherent ortho/para  problem, the use of p- 
benzoquinone as the starting material avoids this formation of regioisomeric products in 

an elegant manner.

From industrial point of v iew  the synthesis of HPG from p -benzoquinone is conceptually 

of interest as the above m entioned ortho/para  problem does not exist in this approach. A  

serious drawback of the p-benzoquinone route is that the condensation step involving the 

use of methyl lithioacetate is difficult to perform in an econom ically acceptable manner, 

because a stoichiometric amount of expensive LDA is needed to generate the ester enolate. 

Unfortunately, attempts to use the industrially more acceptable bases, such as sodium  

amide and sodium  hydride, did not m et w ith success because of decom position of p - 

benzoquinone under these conditions. The market price of p-benzoquinone, although not 

very high, is still prohibitive in replacing the phenol route w ith all its complications, by the 

p -benzoquinone pathway, due to the very low  price of phenol. However, w hen the first 

1,2-addition reaction could be carried out in a sim ple inexpensive manner, the p - 

benzoquinone approach could be more competitive and have better economical prospects.

3.7 Experimental Section

General remarks
Melting points were measured with a Reichert Thermopan microscope and are uncorrected. IR spectra were 
taken on a Perkin Elmer 298 infrared spectrophotometer. FT-IR spectra were determined on a Biorad WIN-IR 
FTS-25 spectrophotometer. 1H and 13C-NMR spectra were recorded on a Bruker AC-100, a Bruker AC-300 
and Bruker AM-400 at T=298 K unless stated otherwise. Chemical shifts are reported relative to Me4Si. For 
mass spectra a double fucussing VG 7070E mass spectrometer was used. GC-MS spectra were run on a 
Varian Saturn 2 benchtop GC-MS ion-trap system, and separations were carried out on a fused-silica
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capillary column (DB-5, 30m x 0.25mm). Helium was used as the carrier gas, and electron impact (EI) was 
used as ionization mode. Flash chromatography was carried out at a pressure of ca. 1.5 bar using Merck 
Kieselgel 60H. Column chromatography at atmospheric pressure was performed using Merck Kieselgel 60. 
Thin layer chromatography (TLC) was carried out on Merck precoated silicagel 60 F254 plates (0.25 mm) 
using the eluents indicated. Spots were visualized with UV, iodine or a molybdate spray. Solvents were 
dried using the following methods: dichloromethane, hexane, heptane and ethyl acetate were distilled from 
CaH2, diethyl ether was distilled from NaH, THF was distilled from LiAlH4 just before use. All other 
solvents were of analytical grade.

Methyl 2-(1-hydroxy-4-oxo-2,5-cyclohexadienyl)ethanoate (6)
Diisopropylamine (2.10 mL, 16.00 mmol) was dissolved in dry THF (15 mL) and cooled to -78 °C. 
Butyllithium (1.6M, 10.0 mL, 16.0 mmol) was added and the mixture was stirred for 30 min. Next, a solution 
of methyl acetate (1.30 mL, 16.00 mmol) in dry THF (2 mL) was added. After stirring for another 30 min the 
mixture was added to a solution of benzoquinone (1.440 g, 13.33 mmol) in dry THF (40 mL) during a period 
of 5 min, using a canula in order to keep the temperature at -78 °C during the addition. The mixture was 
stirred for 45 min, 5% HCl was added to destroy the excess of base, the cooling bath was removed and 
stirring was continued for 30 min at ambient temperature. The THF was removed under reduced pressure 
and the residue was taken up in ethyl acetate. The thus obtained solution was washed sequentially with 
2.5% HCl, saturated aqueous NaHCO3 and brine, and then dried (MgSO4). Finally, the organic layer was 
concentrated under reduced pressure and the residue was purified by flash column chromatography (SiO2, 
hexane/ethyl acetate: 1/1) to afford 6 (2.080 g, 86%) as a pale yellow solid. Spectral data were in accordance 
with those reported in the literature.12

Methyl 2-(1-(acetoxy)-4-oxo-2,5-cyclohexadienyl)ethanoate (19)
6 (1.092 g, 6.00 mmol) was dissolved in dichloromethane (40 mL). Acetic anhydride (2.4 mL, 25 mmol) and 
pyridine (10 mL, 124 mmol) and DMAP (10 mg) were added and the reaction mixture was stirred overnight. 
The dichloromethane was removed under reduced pressure and the residue was taken up in ethyl acetate. 
The thus obtained solution was washed sequentially with 2.5% HCl (twice), saturated aqueous NaHCO3 and 
brine, and then dried (MgSO4). Finally, the organic layer was concentrated under reduced pressure and the 
residue was purified by flash column chromatography (SiO2, hexane/ethyl acetate: 2/1) to afford 19 (1.276 g, 
95%) as a pale yellow solid. Spectral data were in accordance with those reported in the literature.13

Methyl 2-(2,4-di(acetoxy)phenyl)ethanoate (20)
6 (0.364 g, 2.00 mmol) was dissolved in dichloromethane (3 mL) and the solution was cooled to 0 °C. Acetic 
anhydride (0.95 mL, 10.0 mmol) and ytterbium triflate (0.124 g, 0.20 mmol) were added and the reaction 
mixture was stirred at 0 °C for 30 min. The dichloromethane was removed under reduced pressure and the 
residue was taken up in ethyl acetate. The thus obtained was washed sequentially water with and brine, and 
then dried (MgSO4). Finally, the organic layer was concentrated under reduced pressure and the residue was 
purified by flash column chromatography (SiO  ̂ hexane/ethyl acetate: 2/1) to afford 20 (0.515 g, 97%). 
Spectral data were in accordance with those reported in the literature.9

Methyl 2-(i-pivaloyloxy-4-oxo-2,5-cyclohexadienyl)ethanoate (21)
Diisopropylamine (2.10 mL, 16.00 mmol) was dissolved in dry THF (15 mL) and cooled to -78 °C. 
Butyllithium (1.6M, 10.0 mL, 16.0 mmol) was added and the mixture was stirred for 30 min. Next, a solution 
of methyl acetate (1.30 mL, 16.00 mmol) in dry THF (2 mL) was added. After stirring for another 30 min the 
mixture was added to a solution of benzoquinone (1.440 g, 13.33 mmol) in dry THF (40 mL) during a period
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of 5 min with a canula in order to keep the temperature at -78 °C during the addition. The mixture was 
stirred for 45 min, pivaloyl chloride (6.0 mL, 48.0 mmol) was added and the mixture was stirred for another 
60 min. The cooling bath was removed and stirring was continued for 2h at ambient temperature. The THF 
was removed under reduced pressure and the residue was taken up in ethyl acetate. The thus obtained 
solution was washed sequentially with 2.5% HCl, saturated aqueous NaHCO3 and brine, and then dried 
(MgSO4). Finally, the organic layer was concentrated under reduced pressure and the residue was purified 
by flash column chromatography (SiO2, hexane/ethyl acetate: 3/1) to afford 21 (2.945 g, 83%) as a white 
solid.
M.p.: 79 °C. !H-NMR (300 MHz, CDCls) : 8  1.20 (s, 9H, C(CHs)3), 2.81 (s, 2H, CH2CO2CH3), 3.73 (s, 3H, 
CO2CH3 ), 6.31 B of AB (d, J=10.2 Hz, 2H, O=C(CH=CH)2), 7.04 A of AB (d, J=10.2 Hz, 2H, O=C(CH=CH)2). 
13C-NMR (75 MHz, DMSO-d6) : 8  26.89 (C(CHs)3), 39.14 (C(CHs)3), 43.94 (CH2CO2CH3), 52.13 (CH2CO2CH3), 
73.14 (O=C(CH=CH)2C), 129.00 (O=C(CH=CH)2), 147.07 (O=C(CH=CH)2), 168.14 (CO2CH3), 176.71 
(OC(O)C(CH3 )3), 184.69 (O=C(CH=CH)2). IR (CH2Q 2, cm-1) : 2870 + 2905 (C-H), 1738 (C=O, ester), 1670 
(C=O). CI-MS m/z 267 (M + 1)+, 207 ((M + 1)+ - CO2CH3  -H), 182 ((M + 1)+ - C(O)C(CHa)3), 165 ((M + 1)+ - 
OC(O)C(CH3)3 -H), 107 ((M + 1 )+ - CO2CH3 - OC(O)C(CH3)3), 85 (C(O)C(CH3)3), 57 (C(CH3)3). Analysis 
calculated for C14H18O5 : %C 63.15, %H 6.81; found: %C 63.30, %H 6 .8 6 .

Methyl 2-(i-methoxycarbonyloxy-4-oxo-2,5-cyclohexadienyl)ethanoate (22)
Diisopropylamine (2.10 mL, 16.00 mmol) was dissolved in dry THF (15 mL) and cooled to -78 °C. 
Butyllithium (1.6M, 10.0 mL, 16.0 mmol) was added and the mixture was stirred for 30 min. Next, a solution 
of methyl acetate (1.30 mL, 16.00 mmol) in dry THF (2 mL) was added. After stirring for another 30 min the 
mixture was added to a solution of benzoquinone (1.440 g, 13.33 mmol) in dry THF (40 mL) during a period 
of 5 min with a canula in order to keep the temperature at -78 °C during addition. The mixture was stirred 
for 45 min, methyl chloroformate (3.7 mL, 48.0 mmol) was added and the mixture was stirred for another 60 
min. The cooling bath was removed and stirring was continued for 2h at ambient temperature. The THF was 
removed under reduced pressure and the residue was taken up in ethyl acetate. The thus obtained solution 
was washed sequentially with 2.5% HCl, saturated NaHCO3 and brine, and then dried (MgSO4). Finally, the 
organic layer was evaporated under reduced pressure and the residue was purified by flash column 
chromatography (SiO2, hexane/ethyl acetate: 3/2) to afford 22 (3.016 g, 94%) as a white solid, which was 
recrystallized from 2 -propanol.
M.p.: 75 °C. !H-NMR (300 MHz, CDG3) : 8  2.88 (s, 2H, CH2CO2CH3 ), 3.70 (s, 3H, CO2CH3), 3.76 (s, 3H, 
OCO2CH3), 6.32 B of AB (d, J=10.3 Hz, 2H, O=C(CH=CH)2), 7.09 A of AB (d, J=10.3 Hz, 2H, O=C(CH=CH)2). 
13C-NMR (75 MHz, CDCls) : 8  43.69 (CH2CO2CH3), 52.13 (CH2CO2CH3), 54.95 (OCO2CH3), 74,94 
(O=C(CH=CH)2C), 129.76 (O=C(CH=CH)2), 145.53 (O=C(CH=CH)2), 153.13 (OCO2CH3), 167.73 
(CH2CO2CH3), 184.31 (O=C(CH=CH)2). IR (KBr, cm-1) : 3000 + 2940 (C-H), 1765 + 1730 (C=O, ester, 
carbonate), 1680 (C=O). CI-MS m/z 240 (M+), 209 (M+ - OCH3), 181 (M+ - CO2CH3), 165 (M+ - OCO2CH3), 106 
(M+ - CO2CH3 -  OCO2CH3 ). Analysis calculated for C11H12O6: %C 55.00, %H 5.04; found: %C 55.32, %H 4.95.

p-Hydroxy-phenylglycine methyl ester (5)
Liquid ammonia (10 mL) was collected in a three-necked flask at -30 °C using a condenser and THF (10 mL) 
was added. Ester 19 (0.224 g, 1.00 mmol) [or 21 (0.266 g, 1.00 mmol) or 22 (0.240 g, 1.00 mmol)] was dissolved 
in THF (10 mL) and added to the ammonia/THF mixture at -30 °C. The mixture was stirred at -30 °C for 3 h. 
The ammonia was allowed to evaporate and the reaction mixture was concentrated under reduced pressure. 
This afforded a solid, which was purified using flash column chromatography (SiO2, ethyl acetate). Product
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5 was obtained as a white solid in 80-90% yield. Spectral data were in accordance with those reported in the 
literature.14

Methyl 2-(benzylamino)-2-(4-hydroxyphenyl)ethanoate (27) from 19 and 21
Ester 19 (0.224 g, 1.00 mmol) [or 21 (0.266 g, 1.00 mmol)] and benzylamine (1.1 mL, 10.0 mmol) were 
dissolved in THF (10 mL) and the solution was cooled to 0 °C. DBU (0.165 mL, 1.10 mmol) was added very 
slowly (1 drop/30 min). After complete addition of DBU the reaction was allowed to stir for another hour at 
0 °C, then the solvent was removed under reduced pressure and the residue was taken up in ethyl acetate. 
The thus obtained solution was washed sequentially with water and brine. The organic layer was dried 
(MgSO4) and concentrated. The residue was purified using flash column chromatography (SiO2, 
hexane/ethyl acetate: 3/2) to give 27 as a white solid (0.244 g, 90%) [from 21: 0.250 g, 92%].
M.p.: 109 °C. 1H-NMR (300 MHz, DMSO-d6) : 8  3.33 (s, 1H, NH),3.57 (s, 3H, CO2CH3), 3.59 (s, 2H, 
NHCH2Ph), 4.20 (s, 1H, CHCO2CH3), 6.73 B of AB (d, J=8.5 Hz, 2H, HOArH), 7.16 A of AB (d, J=8.5 Hz, 2H, 
HOArH), 7.20 - 7.33 (m, 5H, ArH). 13C-NMR (75 MHz, DMSO-d6) : 8  50.50 (CO2CH3 or CH2Ph), 51.87 (CH2Ph 
or CO2CH3), 63.45 (CHCO2CH3 ), 115.34 (HOAr, meta-C), 126.88 (Ph, para-C), 128.16, 128.33, 128.78 (Ar-C), 
128.71 (HOAr, tertiary-C), 140.26 (Ph, tertiary-C), 157.16 (HOAr, para-C), 173.43 (CO2CH3 ). IR (KBr, cm-1) : 
3260 (NH), 3050 - 2940 (Ar-H), 1724 (C=O, ester), 1610 + 1590 (ArC-C). CI-MS m/z 272 (M + 1)+, 212 ((M + 1)+
- CO2CH3 - H), 165 ((M + 1)+ - NHCH2Ph - H), 108 (H3NCH2Ph), 106 ((M + 1)+ - CO2CH3  - HNCH2Ph -H), 91 
(CH2Ph). Analysis calculated for C16H17NO3: %C 70.83, %H 6.32, %N 5.16; found: %C 70.87, %H 6.29, %N 
5.25.

Methyl 2-(benzylamino)-2-(4-hydroxyphenyl)ethanoate (27) from 22
Bisester 22 (0.240 g, 1.00 mmol) was dissolved in THF (10 mL) and the solution was cooled to 0 °C. 
Benzylamine (1.10 mL, 10.0 mmol) and a catalytic amount of DBU (5-10%) were added. During the reaction a 
white solid was formed. After 4 h the solid was filtered off and the filtrate was concentrated. The residue 
was taken up in ethyl acetate and the thus obtained solution was washed sequentially with water and brine. 
The organic layer was dried (MgSO4) and concentrated. The residue was purified using flash column 
chromatography (SiO2, hexane/ethyl acetate: 3/2) to give 27 (0.258 g, 95%) as a white solid. For spectral 
data, see preceding procedure.

Methyl 2-(n-butylamino)-2-(4-hydroxyphenyl)ethanoate (28)
Bisester 22 (0.240 g, 1.00 mmol) was dissolved in THF (10 mL) and the solution was cooled to 0 °C. 
Butylamine (0.99 mL, 10.0 mmol) and a small amount of DBU (1 drop, ~ 5-10%) were added. After 4 h the 
mixture was concentrated under reduced pressure and the residue was taken up in ethyl acetate. The thus 
obtained solution was washed sequentially with water and brine, and then dried (MgSO4). The ethyl acetate 
was evaporated to give 28 (0.235 g, 100%) as a white solid.
M.p.: 133 °C. 1H-NMR (300 MHz, DMSO-d6) : 8  0.88 (t, J=6.4 Hz, 3H, NH(CH2)3CH3 ), 1.41 (m, 4H, 
NHCH2(CH2)2CH3), 2.56 (t, J=7.0 Hz, 2H, NHCH2(CH2)2CH3), 3.69 (s, 3H, CO2CH3), 4.27 (s, 1H, CHCO2CH3),
4.61 (br s, 2H, OH+NH), 6.60 B of AB (d, J=8.5 Hz, 2H, HOArH), 7.11 A of AB (d, J=8.5 Hz, 2H, HOArH). 13C- 
NMR (75 MHz, DMSO-d6) : 8  14.03 (CH3), 20.08 (CH2CH3), 31.72 (CH2CH2CH3), 46.76 (CH2CH2CH2CH3 ), 
51.78 (CO2CH3), 64.47 (CHCO2CH3), 115.25 (HOAr, meta-C), 128.66 (HOAr, ortho-C), 129.08 (HOAr, tertiary- 
C), 157.08 (HOAr, para-C), 173.69 (CO2CH3). IR (KBr, cm-1) : 3440 (broad, OH), 3260 (NH), 2940 - 2820 (C-H), 
1730 (C=O, ester), 1610 + 1590 (ArC-C). CI-MS m/z 238 (M + 1)+, 178 ((M + 1)+ - CO2CH3 - H), 165 ((M + 1)+ - 
HN(CH2)3CH3) - H), 144 ((M + 1)+ - HOPh - H), 122 ((M + 1)+ - CO2CH3 - (CH2)3CH3 -  H), 107 ((M + 1)+ - 
CO2CH3 - HN(CH2)3CH3), 74 (H3N(CH2)3CH3), 57 ((CH2)3CH3). HRMS (EI): m/z calculated for C11H16NO:
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178.1231; found: 178.1232. HRMS (EI): m/z calculated for C9H9O3: 165.0548; found 165.0552. Analysis 
calculated for C13H19NO3: %C 65.80, %H 8.07, %N 5.90; found: %C 65.56, %H 8.02, %N 5.95.

Methyl 2-(cyclohexylamino)-2-(4-hydroxyphenyl)ethanoate (29)
The reaction was performed in the same manner as described for 27, using cyclohexylamine (1.15 mL, 10.0 
mmol) instead of benzylamine. This gave product 29 (0.260 g, 99%) as a white solid.
M.p.: 182-184 oQ ^-NMR (300 MHz, DMSO-d6) : S 0.93-1.22 (m, 5H, cHex), 1.49-1.78 (m, 5H, -cHex), 2.23 (m, 
1H, CH2(CHNH)CH2), 3.56 (s, 3H, CO2CH3), 4.38 (s, 1H, CHCO2CH3), 6.69B of AB (d, J= 8.5 Hz, HOArH), 
7.15 A of AB (d, J= 8.5 Hz, HOArH). 13C-NMR (75 MHz, DMSO-d6) : S 24.47 (NHCHCH2CH2CH2), 25.92 
(NHCHCH2CH2), 32.77 + 33.11 (NHCHCH2), 51.87 (CO2CH3), 53.62 (NHCH), 61.21 (CHCO2CH3), 115.27 
(HOAr, meta-C), 128.62 (HOAr, ortho-C), 129.36 (HOAr, tertiary-C), 157.03 (HOAr, para-C), 174.01 (CO2CH3 ). 
IR (KBr, cm-1) : 3440 (broad, OH), 3260 (NH), 2940 - 2820 (C-H), 1730 (C=O, ester), 1610 + 1590 (ArC-C). EI- 
MS m/z 263 (M+), 204 (M+ - CO2CH3), 165 (M+ - NHcHex), 120 (M+ - CO2CH3 -  cHex - H), 98 (NHcHex). 
HRMS (EI): m/z calculated for C15H21NO3: 263.1497; found: 263.1497.

Methyl 2-(tert-butylamino)-2-(4-hydroxyphenyl)ethanoate (30)
The reaction was performed in the same manner as described for 27, using tert-butylamine (1.05 mL, 10.0 
mmol) instead of benzylamine. The residue was purified using flash column chromatography (SiO2, 
hexane/ethyl acetate: 3/2) to give 30 (0.218 g, 92%) as a white solid.
M.p.: 160-161 oc. !H-NMR (300 MHz, DMSO-d6) : S 0.99 (s, 9H, CCH^), 3.58 (s, 3H, CO2CH3), 4.37 (s, 1H, 
CHCO2CH3), 6.68 B of AB (d, AB, J=8.5 Hz, 2H, HOArH), 7.17 A of AB (d, J=8.5 Hz, 2H, HOArH), 9.03 (s,
1H, OH). 13C-NMR (75 MHz, DMSO-d6) : S 29.44 (OCHak), 50.79 (C(CHa)3), 52.04 (CO2CH3), 58.61 
(ÇHCO2CH3 ), 115.15 (HOAr, meta-C), 128.42 (HOAr, ortho-C), 131.29 (HOAr, tertiary-C), 156.79 (HOAr, para- 
C), 175.44 (CO2CH3). IR (KBr, cm-1) : 3440 (broad, OH), 3260 (NH), 2940 - 2820 (C-H), 1730 (C=O, ester), 1610 
+ 1590 (ArC-C). EI-MS m/z 238 (M + H)+, 179 (M+ - CO2CH3 ), 165 (M+ - NHC(CH3)3), 122 (M+ - CO2CH3 - 
C(CH3 )3 + H), 57 (C(CH3)3). HRMS (EI): m/z calculated for C13H19NO3: 237.1365; found: 237.1364.

Methyl 2-(piperidino)-2-(4-hydroxyphenyl)ethanoate (31)
The reaction was performed in the same manner as described for 27, using piperidine (1.0 mL, 10.0 mmol) 
instead of benzylamine. The residue was purified using flash column chromatography (SiO2, hexane/ethyl 
acetate: 3/2) to give 31 (0.216 mg, 86%) as a yellow/orange solid.
M.p.: 158-160 oC. 1H-NMR (300 MHz, DMSO-d6) : S 1.34-1.56 (m, 6H, -CH2CH2CH2-), 2.21-2.33 (m, 4H, 
CH2NCH2), 3.56 (s, 3H, CO2CH3 ), 3.88 (s, 1H, CHCO2CH3), 5.51 (br s, 1H, OH), 6.71 B of AB (d, J=8.5 Hz, 2H, 
HOArH), 7.14 A of AB (d, AB, J=8.5 Hz, 2H, HOArH). 13C-NMR (75 MHz, DMSO-d6) : S 24.26 
(N(CH2CH2)2CH2), 25.71 (N(CH2CH2)2), 51.55 (N(CH2)2), 51.63 (CO2ÇH3 ), 73.13 (ÇHCO2CH3 ), 115.29 (HOAr, 
meta-C), 126.49 (HOAr, tertiary-C), 129.86 (HOAr, ortho-C), 157.39 (HOAr, para-C), 172.18 (O=C(CH=CH)2). 
IR (KBr, cm-1) : 3440 (broad, OH), 3260 (NH), 2940 - 2820 (C-H), 1730 (C=O, ester), 1610 + 1590 (ArC-C). EI- 
MS m/z 249 (M+), 190 (M+ - CO2CH3), 166 (M+ - C5H10N + H), 134 (M+ - OCH3 - C5H10N), 107 (M+ - CO2CH3 - 
C5H10N + H). HRMS (EI): m/z calculated for C12H16NO (M+ - CO2CH3 ): 190.1232; found: 190.1230. HRMS (EI): 
m/z calculated for C9H10O3 (M+ - C5H10N + H): 166.0630; found: 166.0628.

Bornyl 2-(1-methoxycarbonyloxy-4-oxo-2,5-cyclohexadienyl)ethanoate (32)
Diisopropylamine (2.10 mL, 16.00 mmol) was dissolved in dry THF (15 mL) and cooled to -78 oC. 
Butyllithium (1.6M, 10.0 mL, 16.0 mmol) was added and the mixture was stirred for 30 min. Next, a solution
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of (-)-bornyl acetate (3.20 mL, 16.00 mmol) in dry THF (2 mL) was added. After stirring for another 30 min 
the mixture was added to a solution of benzoquinone (1.440 g, 13.33 mmol) in dry THF (40 mL) during a 
period of 5 min with a canula in order to keep the temperature at -78 °C during the addition. The mixture 
was stirred for 45 min, methyl chloroformate (3.7 mL, 48.0 mmol) was added and the mixture was stirred for 
another 60 min. The cooling bath was removed and stirring was continued for 2h at ambient temperature. 
The reaction mixture was concentrated under reduced pressure and the residue was taken up in ethyl 
acetate. The thus obtained solution was washed with sequentially water, 2.5% HCl, saturated NaHCO3 and 
brine, and then dried (MgSO4). Finally, the ethyl acetate was removed under reduced pressure and the 
residue was purified by washing with diisopropylether to give 32 (3.852 g, 80%) as a solid. The product was 
recrystallized from 2 -propanol to give a white crystalline solid.
M.p.: 117 °C. !H-NMR (300 MHz, CDCIb) : 8 0.83 (s, 3H, CH3), 0.88 (s, 3H, CH3), 0.90 (s, 3H, CH3), 1.17-1.40 
(m, 2H, bornyl), 1.69-1.92 (m, 4H, bornyl), 2.36 (m, 1H, bornyl), 2.90 (s, 2H, CH2CO2R), 3.76 (s, 3H, 
OCO2CH3), 4.91 (ddd, J=2.2 Hz, 3.3 Hz, 9.9 Hz, CH2CO2CHR), 6.34 B of AB (d, J=10.5, 2H, O=C(CH=CH)2), 
7.12 A of AB (d, J=10.5, 2H, O=C(CH=CH)2). 13C-NMR (75 MHz, CDCIb) : 8 13.41 (bornyl, CH3), 18.74 
(bornyl, CH3), 19.62 (bornyl, CH3), 27.08 (bornyl, CH2), 27.90 (bornyl, CH2,), 36.62 (bornyl, CH2), 44.18 
(CH2CO2R), 44.74 (bornyl, CH), 47.81 (bornyl, tertiary-C), 48.72 (bornyl, tertiary-C), 54.97 (OCO2CH3), 75.01 
(O=C(CH=CH)2C), 81.43 (CO2CHR), 129.69 (O=C(CH=CH)2), 145.74 (O=C(CH=CH)2), 145.79 
(O=C(CH=CH)2), 153.18 (OCO2CH3), 167.68 (CH2CO2R), 184.45 (O=C(CH=CH)2). IR (CH2Q 2, cm-1) : 2880 - 
2940 (C-H), 1755 + 1730 (C=O, ester, carbonate), 1671 (C=O). CI-MS m/z 363 (M + 1)+, 287 ((M + 1)+ - 
OCO2CH3 - H)+, 209 ((M + 1)+ - C10H17O - H), 181 ((M + 1)+ - C11H17O2 - H), 153 (C10H17O), 137 (C10H17). 
Analysis calculated for C20H26O6: %C 66.28, %H 7.23; found: %C 66.32, %H 7.20.

Menthyl 2-(1-methoxycarbonyloxy-4-oxo-2,5-cyclohexadienyl)ethanoate (33)
The reaction was performed in the same manner as described for 32, using (1R)-(-)-menthyl acetate (3.45 mL,
16.00 mmol) instead of bornyl acetate. Instead of washing the residue with diisopropylether it was purified 
by flash column chromatography (SiO2, hexane/ethyl acetate: 4/1) to give product 33 (4.430 g, 91%) as a 
yellow oil.
!H-NMR (300 MHz, CDQ3) : 8 0.74 (d, J=6.9 Hz, 3H, CH3), 0.89 (d, J=6.9 Hz, 3H, CH3), 0.91 (d, J=6.4 Hz, 3H, 
CH3), 0.79 - 1.12 (m, 3H, menthyl), 1.30 - 1.57 (m, 2H, menthyl), 1.60 - 1.76 (m, 2H, menthyl), 1.78 - 2.02 (m, 
2H, menthyl), 2.85 (s, 2H, CH2CO2R), 3.76 (s, 3H, OCO2CH3), 4.73 (ddd, J=4.2 Hz, J=10.5 Hz, J=10.5 Hz, 1H, 
CH2CO2CHR), 6.33 B of AB (d, J=10.4 Hz, 2H, O=C(CH=CH)2), 7.11 A of AB (d, J=10.4 Hz, 2H, 
O=C(CH=CH)2). 13C-NMR (75 MHz, CDCl3) : 8 16.04, 20.70, 21.90, 26.04, 31.34 (CH and CH3, menthyl), 23.15, 
34.04, 40.71 (CH2, menthyl), 44.19 (CH2CO2R), 46.82 (CHCH(CH3)3), 54.93 (OCO2CH3 ), 74.99 
(O=C(CH=CH)20), 75.57 (CO2CHR), 129.64, 129.67 (O=C(CH=CH)2), 145.72, 145.78 (O=C(CH=CH)2), 153.16 
(OCO2CH3), 166.93 (CH2CO2R), 184.44 (O=C(CH=CH)2). IR (CH2Q 2, cm-1) : 2920 + 2870 (C-H), 1760 + 1730 
(C=O, ester, carbonate), 1673 (C=O). CI-MS m/z 365 (M + 1)+, 289 ((M + 1)+ - OCO2CH3 -  H), 209 ((M + 1)+ - 
C10H19O - H), 181 ((M + 1)+ - C11H19O2 - H), 151 ((M + 1)+ -  OCO2CH3 - C10H19 - H), 107 ((M + 1)+ - OCO2CH3 - 
C11H19O2). HRMS (CI): m/z calculated for C20H28O6: 364.1886; found: 364.1879.

8-Phenylmenthyl 2-(1-methoxycarbonyloxy-4-oxo-2,5-cyclohexadienyl)ethanoate (34)
The reaction was performed in the same manner as described for 32, using 8 -phenylmenthyl acetate (4.384 g,
16.00 mmol) instead of menthyl acetate. The residue was purified by flash column chromatography (SiO2, 
hexane/ethyl acetate: 3/1) to give 34 (5.216 g, 89%) as a sticky oil.
!H-NMR (300 MHz, CDCl3) : 8 0.80 - 1.00 (m, 3H, 8-phenylmenthyl ), 0.87 (d, J=6.5 Hz, 3H, CH3, 8- 
phenylmenthyl), 1.17 (s, 3H, CH3, 8-phenylmenthyl), 1.28 (s, 3H, CH3), 1.35 - 1.53 (m, 1H, 8-phenylmenthyl),
1.63 - 2.10 (m, 6H, 8-phenylmenthyl, CH2CO2R), 3.72 (s, 3H, OCO2CH3), 4.80 (ddd, J=4.3 Hz, J=10.8 Hz,
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J=10.8 Hz, 1H, CH2CO2CHR), 6.25 (m, 2H, O=C(CH=CH)2), 6.90 (m, 2H, O=C(CH=CH)2), 7.05 - 7.13 (m, 1H, 
Ph), 7.18 - 7.30 (m, 4H, Ph). 13C-NMR (75 MHz, CDCI3) : S 21.59, 22.68, 26.05, 29.49, 31.10, 34.28, 41.40 (CH, 
CH2, CH3, 8 -Phmenthyl), 39.22 (C(CHs)2Ph), 43.21 (CH2CO2R), 49.95 (CHC(CHa)2Ph), 54.76 (OCO2CH3), 74.71 
((O=C(CH=CH)2C), 74.96 (CO2CHR), 124.82, 125.16, 127.82, 129.27, 129.30 (Ph, para-CH, Ph, meta-CH, Ph, 
ortho-CH, O=C(CH=CH)2), 145.75 (O=C(CH=CH)2), 145.92 (O=C(CH=CH)2), 151.71 (Ph, tertiary-C), 152.98 
(OCO2CH3), 166.42 (CH2CO2R), 184.42 (O=C(CH=CH)2). IR (CH2CI2, cm-1) : 2960 - 2840 (C-H), 1755 + 1725 
(C=O, ester, carbonate), 1670 (C=O). CI-MS m/z 441 (M + 1)+, 365 ((M + 1)+ - OCO2CH3 - H), 215 (C16H23), 209 
(M+ - C16H23O), 181 (M+ - C17H23O2), 119 (PhC(CH3)2), 105 ((M + 1)+ - C17H23O2 - OCO2CH3 -  2H). HRMS 
(CI): m/z calculated for C26H32O6: 440.2199; found: 440.2198

p-Hydroxy-phenylglycine bornyl ester (35)
Bornyl ester 32 (0.362 g, 1.00 mmol) was dissolved in dry THF (20 mL) and added to a solution of liquid 
ammonia (10 mL) in THF (10 mL) at -30 °C. The reaction was stirred for 6 h, then excess of ammonia was 
allowed to evaporate. The reaction mixture was concentrated under reduced pressure and the residue was 
purified by flash column chromatography (SiO2, ethyl acetate) to give 35 (0.166 g, 55%) as a sticky material. 
No diastereoselectivity could be deduced from the 1H-NMR spectrum. The diastereomers could not be 
separated.
!H-NMR (100 MHz, CDQ3 ) (The NMR is a complex mixture of 2 diastereomers) : S 0.57 (s, 2x3H, CH3), 0.82 
(s, 2x3H, CH3), 0.86 (s, 3H, 2xCH0, 0.69-1.33 (m, 2x3H, bornyl), 1.45-1.90 (m, 2x3H, bornyl), 2.27 (m, 2x1H, 
bornyl), 4.03 (br s, 2x3H, OH + NH2), 4.54 (s, 2x1H, ArCHNH2), 4.88 (m, 2x1H, CHCO2CHbornyl), 6.66 B of 
AB (d, J=8.5 Hz, 2x2H, HOArH), 7.14 A of AB (d, J=8.5 Hz, 2H, HOArH). IR (CH2Q 2, cm-1) : 3580 (OH), 3380 
(broad, NH2), 2940 + 2880 (C-H), 1728 (C=O, ester), 1610 + 1595 (ArC-C), 1510 (NH2). CI-MS m/z 304 (M + 1)+, 
287 ((M + 1)+ - NH2 -  H), 153 (C10H17O), 137 (C10H17), 122 ((M + 1)+ - C11H17O2 - H), 107 ((M + 1)+ -  C11H17O2 - 
NH2). HRMS (CI): m/z calculated for C18H25NO3 : 303.1834; found: 303.1835.

p-Hydroxy-phenylglycine menthyl ester (36)
The reaction was performed in the same manner as described for 35, using menthyl ester 33 (0.364 g, 1.00 
mmol) instead of 33. The residue was purified by flash column chromatography (SiO2, hexane/ethyl acetate: 
1/2) to give 36 (0.122 g, 40%) as a white solid. A diastereoselectivity of 15-20% was deduced from the aH- 
NMR spectrum. The diastereomers could not be separated. The product was recrystallized from toluene. 
M.p.: 151-153 °C. !H-NMR (100 MHz, CDQ3) (The NMR is a complex mixture of 2 diastereomers, diast.1 + 
diast.2) : S 0.35-2.05 (m, 2x18H, menthyl), 3.94 (br. s, 2x3H, OH + NH2), 4.47 (s, 1H, ArCHNH diast.1), 4.49 
(s, 1H, ArCHNH diast.2), 4.63 (ddd, J=4.2 Hz, J=10.3 Hz, J=10.3 Hz, 1H, CO2CHR, diast 1.), 4.74 (ddd, J=4.2 
Hz, J=10.5 Hz, J=10.5 Hz, 1H, CO2CHR, diast 2.), 6.64 B of AB (d, J=8.5 Hz, 2x2H, HOArH), 7.11 A of AB (d, 
J=8.5 Hz, 2x2H, HOArH). IR (CH2Q 2, cm-1) : 3580 (OH), 3450-3300 (broad, NH2), 2930 + 2870 (C-H), 1726 
(C=O, ester), 1610 + 1595 (ArC-C), 1510 (NH2). CI-MS m/z 306 (M + 1)+, 289 (M + 1)+ -  NH2 -  H), 168 ((M + 1)+
- C10H19 - H), 151 ((M + 1)+ - C10H19O), 122 ((M + 1)+ - C11H19O2 - H). Analysis calculated for C18H27NO3 : %C 
70.79, %H 8.91, %N 4.59; found: %C 70.94, %H 8.96, %N 4.67.

p-Hydroxy-phenylglycine 8-phenylmenthyl ester (37)
The reaction was performed in the same manner as described for 36, using 8-phenylmenthyl ester 34 (0.440 
g, 1.00 mmol) instead of 32. The residue was purified by flash column chromatography (SiO2, hexane/ethyl 
acetate: 1:2) to give 37 (0.220 g, 58%) as a white solid. A diastereoselectivity of 60% was deduced from the 
!H-NMR spectrum. The diastereomers could not be separated.
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!H-NMR (400 MHz, CDQ3) (The NMR is a complex mixture of 2 diastereomers, diast.1 and diast.2) : S 0.68
2.05 (m, 2x17H, 8 -Phmenthyl), 3.50 (br. s, 2x3H, OH + NH2), 4.11 (s, 2x1H, ArCHNH2), 4.82 (ddd, J=4.4 Hz, 
J=10.6 Hz, J=10.6 Hz, 1H, CO2CHR), 6.49 B of AB (d, J=8.5 Hz, 2H, HOArH diast.1), 6.52 B of AB (d, AB, J=8.5 
Hz, 2H, HOArH diast.2), 6.78 A of AB (d, J=8.5 Hz, 2H, HOArH diast.1), 6.99 A of AB (d, J=8.5 Hz, 2H, 
HOArH diast.2), 7.11-7.31 (m, 2x5H, Ph). 13C-NMR (100 MHz, CDO3) : S 21.69 (CH3, diast.1 or diast.2), 21.72 
(CH3, diast.2 or diast.1), 22.59 (CH3, diast.1), 25.35 (CH3, diast.2), 26.10 (CH2, diast.1), 26.70 (CH2, diast.2), 
27.45 (CH3, diast.2), 29.82 (CH3, diast.1), 31.11 (CH3CH, diast.1), 31.27 (CH3CH, diast.2), 34.37 (CH2, diast.2), 
34.40 (CH2, diast.1), 39.37 (C(CH3)2Ph, diast.1), 39.65 (C(CH3)2Ph, diast.2), 40.70 (CH2, diast.1), 41.50 (CH  
diast.2), 50.05 (CHC(CH3)2Ph, diast.1 or diast.2), 50.10 (CHC(CH3)2Ph, diast.2 or diast.1), 56.84 (CHNH2, 
diast.1), 58.65 (CHNH^ diast.2), 74.81 (CO2CH, diast.1), 76.13 (CO2CH, diast.2), 115.73 (HOAr, meta-C 
diast.1), 115.86 (HOAr, meta-C diast.2), 125.19, 125.31, 125.38, 125.49, 127.81, 127.97, 128.27 (Ph, ortho-C, Ph, 
meta-C, Ph, para-C, HOAr, ortho-C, diast.1 + diast.2), 130.03 (HOAr, tertiary-C, diast.2), 130.20 (HOAr, tertiary- 
C, diast.1), 151.48 (Ph, tertiary-C, diast.2), 152.09 (Ph, tertiary-C, diast.1), 156.10 (HOAr, para-C, diast.1), 156.45 
(HOAr, para-C, diast.2), 172.47 (CO2R, diast.2), 173.46 (CO2R, diast.1). IR (CH2Q 2, cm-1) : 3580 (OH), 3450
3350 (broad, NH2), 2980-2860 (C-H), 2722 (C=O, ester), 1610 + 1595 (ArC-C). CI-MS m/z 382 (M + 1)+, 365 ((M 
+ 1)+ - NH2 - H), 215 (C16H23), 168 ((M + 1)+ -  C16H23 + H), 151 ((M + 1)+ - C16H23O), 122 ((M + 1)+ - C17H23O2 - 
H), 105 ((M + 1)+ - C17H23O2 -  NH2 - 2H). HRMS (CI): m/z calculated for C24H31NO3: 381.2304; found: 
381.2305.

Bornyl 2-(benzylamino)-2-(4-hydroxyphenyl)ethanoate (38)
Bornyl ester 32 (0.362 g, 1.00 mmol) was dissolved in THF (10 mL) and the solution was cooled to 0 oQ 
Benzylamine (1.1 mL, 10.0 mmol) and a catalytic amount of DBU (5-10%) were added. The reaction was 
stirred at 0 oC for 6 h and stirring was continued overnight at ambient temperature. The solvent was 
evaporated and the residue was taken up in ethyl acetate. The solution thus obtained was washed 
sequentially with water, brine, and then dried (MgSO4) and finally concentrated under reduced pressure. 
The residue was purified by flash column chromatography (SiO2, hexane/ethyl acetate: 5/2) to afford 38 
(0.353 g, 90%). No diastereoselectivity could be deduced from the !H-NMR spectrum. The diastereomers 
could not be separated.
!H-NMR (300 MHz, CDQ3) (The NMR is a complex mixture of 2 diastereomers) : S 0.51 - 1.83 + 2.18 - 2.39 
(m, 2x16H, bornyl), 3.75 (s, 4H, 2xCH2Ph), 4.32 + 4.33 (2s, 2x1H, ArCHNHCH2Ph), 4.91 (m, 2x1H, CO2CHR), 
6.65 B of AB (d, J=8.5 Hz, 2x2H, HOArH), 7.14 A of AB (d, J=1.5 Hz, J=8.5 Hz, 2x2H, HOArH), 7.20 - 7.35 (m, 
2x5H, Ar-H). 13C-NMR (75 MHz, CDQ3 ) : S 13.20, 13.47 (CH3, bornyl), 18.73, 19.54, 19.57, 44.63, 44.78 (bornyl- 
CH or CH3), 29.78, 26.97, 27.75, 27.87, 36.35, 36.40 (bornyl-CH2), 47.79, 48.66, 48.95 (bornyl-tertiary-C), 51.28, 
51.37 (CH2Ph), 63.82, 63.90 (CHCO2R), 80.66, 80.99 (CO2CHR), 115.82 (HOAr, meta-C), 127.25 (HOAr, tertiary- 
C), 128.44, 128.49, 128.53, 128.60, 128.83, 129.10 (Ar-C), 138.79 (Ph, tertiary-Q, 156.15 (HOAr, para-C), 173.49,
173.57 (CO2R). IR (CH2Q 2, cm-1) : 3580 (OH), 3450 - 3250 (broad, NH), 2940 + 2880 (C-H), 1720 (C=O, ester), 
1610 + 1595 (ArC-C). CI-MS m/z 394 (M + 1)+, 287 ((M + 1)+ - NHCH2Ph - H), 212 ((M + 1)+ - C11H17O2 -  H)+, 
153 (C10H17O), 137 (C10H17), 107 ((M + 1)+ - C11H17O2 - NHCH2Ph), 91 (PhCH2), 77 (CôHs). HRMS (CI): m/z 
calculated for C25H31NO3: 393.2304; found: 393.2305.

Menthyl 2-(benzylamino)-2-(4-hydroxyphenyl)ethanoate (39)
The reaction was performed in the same manner as described for 38, using menthyl ester 33 (0.364 g, 1.00 
mmol) instead of 32. The residue was purified by flash column chromatography (SiO2, hexane/ethyl acetate: 
3/1) to give 39 (0.355 g, 90%). A diastereoselectivity of 15-20% was deduced from the !H-NMR spectrum. 
The diastereomers could not be separated.
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!H-NMR (300 MHz, CDQ3) (The NMR is a complex mixture of 2 diastereomers, diast.1 + diast.2) : S 0.43 -
2.10 (m, 2x18H, menthyl), 3.73 (s, 2x2H, CĤ Ph), 4.27 (s, 1H, ArCHNHCH2Ph, diast.1), 4.28 (s, 1H, 
ArCHNHCH2Ph, diast.2), 4.64 (ddd, J=4.4 Hz, J=10.8 Hz, J=10.8 Hz, 1H, CO2CHR, diast.1), 4.74 (ddd, J=4.4 
Hz, J=10.8 Hz, J=10.8 Hz, 1H, CO2CHR, diast.2), 6.64 B of AB (d, J=8.5 Hz, 2x2H, HOArH), 7.17 A of AB (d, 
J=8.5 Hz, 2H, HOArH, diast.1), 7.18 A of AB (d, J=8.5 Hz, 2H, HOArH, diast.2). 7.20 - 7.35 (m, 2x5H, Ar-H). 
13C-NMR (75 MHz, CDO3) : S 15.82 (CH3, diast.1), 16.32 (CH3, diast.2), 20.52 (CH or CH3, diast.1), 20.69 (CH 
or CH3, diast.2), 21.91 (CH or CH3, diast.2), 21.96 (CH or CH3, diast.1), 23.23 (CH2, diast.1), 23.47 (CH2, 
diast.2), 25.65 (CH or CH3, diast.1), 26.32 (CH or CH3, diast.2), 31.36 (CH or CH3, diast.2), 31.43 (CH or CH3, 
diast.1), 34.25 (CH or CH3, diast.1), 40.36 (CH2, diast.2), 40.98 (CH2, diast.1), 46.94 (CHCH(CH3)2), diast.2), 
47.17 (CHCH(CH3 )2), diast.1 ), 51.38 (CH2Ph, diast.1 ), 51.59 (CH2Ph, diast.2 ), 64.03 (CHCO2R, diast.2 ), 64.15 
(CHCO2R, diast.1), 75.21 (CO2CHR, diast.2), 75.35 (CO2CHR, diast.1), 115.53 (HOAr, meta-C, diast.1), 115.64 
(HOAr, meta-C, diast.2), 127.13, 128.43, 128.65, 128.87, 130.23 (Ph, ortho-C, Ph, meta-C, Ph, para-C, HOAr, 
ortho-C, HOAr, tertiary-C, diast.1), 127.16, 128.39, 128.65, 128.87, 130.03 (Ph, ortho-C, Ph, meta-C, Ph, para-C, 
HOAr, ortho-C, HOAr, tertiary-C, diast.1) (Ar-C, diast.2), 139.41, (Ph, tertiary-C, diast. 2), 139.45 (Ph, tertiary- 
C, diast. 1), 155.69 (HOAr, para-C, diast.2), 155.77 (HOAr, para-C, diast.1), 172.88 (CO2R, diast.1), 172.94 
(CO2R, diast.2). IR (CH2Q 2, cm-1) : 3580 (OH), 3450-3250 (broad, NH), 1720 (C=O, ester), 2930 + 2870 (C-H), 
1610 + 1595 (ArC-C). CI-MS m/z 396 (M + 1)+, 258 ((M + 1)+ - C10H19 + H), 212 ((M + 1)+ - C11H19O2 - H), 121 
((M + 1)+ - C11H19O2 - PhCH2 - H), 107 ((M + 1)+ - C11H19O2 - PhCH2NH), 91 (PhCH2), 77 (CôHs). HRMS (CI): 
m/z calculated for C25H33NO3 : 395.2460; found: 395.2455.

S-Phenylmenthyl 2-(benzylamino)-2-(4-hydroxyphenyl)ethanoate (40)
The reaction was performed in the same manner as described for 38, using 8-phenylmenthyl ester 34 (0.220 
g, 0.50 mmol) instead of 32. The residue was purified by flash column chromatography (SiO2, hexane/ethyl 
acetate: 5/2) to give product 40 (0.424 g, 90%). A diastereoselectivity of ~60% was deduced from the aH- 
NMR spectrum. The diastereomers could not be separated.
1H-NMR (400 MHz, CDQ3) (The NMR is a complex mixture of 2 diastereomers, diast.l+diast.2) : S 0.76 (d, 
J=6.1 Hz, 3H, CH3CH(CH2)2, diast 1.), S 0.83 (d, J=6.4 Hz, 3H, CH3CH(CH2)2, diast 2.), 0.72 - 1.97 (m, 2x16H,
8-Phmenthyl), 3.88 (br. s, 2x2H, OH + NH), 4.76 (ddd, J=4.1 Hz, J=10.6 Hz, J=10.6 Hz, 2x1H, CO2CHR), 6.56 B 
of AB (d, J=8.2 Hz, 2H, HOArH, diast.1), 6.63 B of AB (d, J=8.2 Hz, 2H, HOArH, diast.2), 6.84 A of AB (d, 
J=8.2 Hz, 2H, HOArH, diast.1), 7.10 A of AB (d, J=8.2 Hz, 2H, HOArH, diast.2), 7.06 - 7.32 (m, 2x5H, ArH). 
13C-NMR (100 MHz, CDQ3 ) : S 21.67, 24.02, 28.63, 31.10 (CH or CH3, diast.1), 21.72, 24.66, 28.51, 31.27 (CH or 
CH3, diast.2), 26.32, 34.39, 40.45 (CH2, diast.1), 27.09, 34.43, 41.74 (CH2, diast.2), 39.44 (C(CH3)2Ph, diast.1), 
39.94 (C(CH3)2Ph, diast.2), 50.00 (CHC(CH3)2Ph, diast. 1), 50.35 (CHC(CH3)2Ph, diast. 2), 51.11 (NHCH2Ph, 
diast.2), 51.34 (NHCH2Ph, diast.1), 63.19 (CHNH, diast.1), 64.35 (CHNH, diast.2), 75.32 (CO2CH, diast.1), 
76.56 (CO2CH, diast.2), 115.56 (HOAr, meta-C, diast.1), 115.70 (HOAr, meta-C, diast.2), 124.99, 125.22, 125.33, 
125.62, 127.16, 127.21, 127.86, 127.91, 128.40, 128.43, 128.45, 128.48, 128.58, 128.65, 129.29, 129.36 (Ph, ortho-C, 
Ph, meta-C, Ph, para-C, HOAr, ortho-C, HOAr, tertiary-C, diast.1 + diast.2), 139.06 (Ph, tertiary-C, diast. 2), 
139.20 (Ph, tertiary-C, diast. 1), 150.38 (Ph, tertiary-C, diast. 2), 151.89 (Ph, tertiary-C, diast. 1), 155.65 (HOAr, 
para-C, diast.1), 156.13 (HOAr, para-C, diast.2), 172.18 (CO2R, diast.2), 172.31 (CO2R, diast.1). IR (CH2Q 2, cm
!) : 3570 (OH), 3450-3250 (broad, NH), 2980-2860 (C-H), 1720 (C=O, ester), 1610 + 1595 (ArC-C). CI-MS m/z 
472 (M + 1)+, 366 ((M + 1)+ - PhCH2NH), 212 ((M + 1)+ - C17H23O2 - H), 119 (PhC(CH3)2), 107 ((M + 1)+ - 
C17H23O2 - PhCH2NH), 91 (PhCH2), 77 (CeHa). HRMS (CI): m/z calculated for C31H37NO3 : 471.2773; found: 
471.2774.
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Chapter

SYNTHESIS AND EXPLORATION OF A HIGHLY 
REACTIVE p-QUINONE METHIDE CARBOXYLIC 

ESTER

Abstract The new synthetic route to HPG starting from p-benzoquinone, as described in the preceding 
chapter, proceeds via an elimination-addition reaction in which a p-quinone methide ester is proposed as an 
intermediate. This p-quinone methide ester could not be isolated under the conditions of the reaction, 
because of its high reactivity. In this chapter, a new procedure using the Flash Vacuum Thermolysis technique 
is described which allows the isolation of this p-quinone methide ester. Its chemical stability and its behavior 
towards various nucleophiles has been studied. The tricyclic system, which is the FVT-precursor of the p- 
quinone methide ester, has been further synthetically elaborated.



Chapter 4

4.1 Introduction

Quinone methides are highly reactive species that have been proposed as intermediates in 

several chemical and biological processes . 1 2 Two different categories of quinone methides 

can be recognized, viz. the ortho  and para-methides . 3  Both structure types are depicted in 

Scheme 4.1.
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From the aromatic resonance structures , 4  which are also show n in the Scheme, it can 

readily be deduced that quinone methides are strong electrophilic species, whereby the 

nucleophile w ill react at the exocyclic m ethide carbon atom . 3 5 This highly electrophilic 

character is responsible for the inherent toxicity of quinone methides. Thus, nucleophilic 

groups w hich are abundantly available in cellular macromolecules such as proteins and 

D N A 3 6 react irreversibly w ith  these powerful Michael acceptors, thereby blocking 

essential biological processes. Conversely, this high reactivity towards nucleophiles is the 

basis of the use of quinone methides as antitumor reagents . 7  Selective drug delivery is 

prerequisite for effective antitumor activity, preferably the active quinone methide species 

should be generated in situ at the tumor site from a suitable precursor.

From chemical point of v iew  orth o -q u in o n e  methides are of particular interest in "reverse 

electron demand" Diels-Alder [4+2] cycloadditions w ith electron-rich alkenes . 3 5 a 5 b 8 

In nature, quinone methides are generated from phenols in an oxidative manner in various 

metabolic pathways . 1 2  The chemical synthesis of ortho-quinone methides also can be 

accomplished by oxidation of phenols, e.g. w ith A g 2 O . 9 Alternatively, syntheses by 

dehydration of o-hydroxy-benzyl alcohols , 1 0  by fluoride induced desilylation of silyl 
ethers , 6 11 by extrusion3 1 2  and by photodehydroxylation3  have been reported.
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In this chapter the focus is primarily on para-quinone methides. Therefore, som e details of 

their synthesis w ill be described. Oxidation of suitably substituted phenols is frequently 

used , 4 1 3 1 4  as w ell as 1 ,6 -elimination of a p-hydroxy-benzylic leaving group . 1 5 16  

Photodehydroxylation reactions have also been reported . 3  These eliminative syntheses are 

depicted in a general manner in Scheme 4.2.

OH
R U  / L  ^R2

- HX

R X

O OH
R U  / L  ^R2

+ NuH

R Nu

Scheme 4.2

The parent p -quinone methide is quite unstable and matrix isolation techniques were used  

to observe this species spectroscopically . 1 7  Substitution on the quinone methide nucleus, 

especially at the 2- and 6 -position, enhances the stability considerably . 5 3  In synthesis the 

application of p -quinone methides m ostly involves the trapping of in situ generated 

species, e.g. by an intramolecular cyclization reaction3  5a 5 b , 8, 1 9  or by a Michael type reaction 

w ith a nucleophile .4 5 a 5 b 6 W hen appropriately substituted, p-quinone methides are stable 

in solution or as such for a short period of tim e . 4 1 3 , 1 4 2 0 2 1 2 2  Typical examples are show n in 

Scheme 4.3.

Me

HO^  //  

Me
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2: R1 = H, R2 = CH3 
3: R1 = CH3, R2 = CH3 
4: R1 = CH3, R2 = CH2CH3 
5: R1 = H, R2 = CO,CH,Ph

Scheme 4.3

Here the p -quinone methides are prepared by oxidation of the corresponding 2 ,6 - 

disubstituted phenols. Dyall and W instein1 4  prepared p-quinone methide 1 by oxidation  

w ith A g 2 O. The half-life of crystalline 1 w as about 1 h at 20 °C. Similarly, the 2,6-di-tert-

1
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butyl substituted quinone methides 2, 3 and 4 w ere obtained and are reasonably stable 

com pounds.22 H ew gill and Webb21 prepared a 2,6-disubstituted tert-butyl quinone 

methide 5 by oxidation of the corresponding phenol w ith  K3 Fe(CN ) 6  as the oxidating 

agent. The sterically dem anding tert-butyl groups ensured sufficient stability of com pound  

5. It has been suggested13 that these sterically bulky substituents prevent decom position  

by reaction w ith nucleophiles and by polym erization/ self-condensation reactions. 

Moreover, these electron-donating substituents decrease the electron deficiency of the 

methide carbon atom and accordingly the reactivity towards nucleophiles. It is worth  

m entioning that p -quinone methides have been proposed as intermediates in 

biosynthesis23, enzym e inhibition,23c,23d insect cuticle chemistry24, w ood  lignin chemistry25, 

and release mechanisms in photographic processes.26

In Chapter 3 the synthesis of p-hydroxy-phenylglycine HPG starting from p-benzoquinone 

has been described. In essence, this route to HPG is based on trapping of an intermediate 

p-quinone methide carboxylic ester 6 w ith an appropriate nucleophile, i.e. ammonia or an 

amine (Scheme 4.4).

OMe

6

p-quinone methide 

Scheme 4.4

The generation of the p-quinone m ethide is unique as no phenol derivative is used as the 

starting material. Here the exocyclic m ethylene unit is introduced by a P-elimination of an 

appropriate leaving group. The carboxylic ester functionality may have a stabilizing effect 

on this quinone methide, but the reactivity of this intermediate still w ill be very high. 

Therefore, the question arises whether this com pound can be synthesized and isolated. For 

such a synthesis to be successful the best option w ill be to choose conditions avoiding the 

presence of any nucleophile that could react w ith the p-quinone methide. If this 

intermediate species indeed can be isolated then the Scheme leading to HPG (Scheme 4.4) 

w ould  be convincingly substantiated.
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4.2 Strategy

An attractive strategy for the synthesis of the target m olecule 6  (Scheme 4.4) w ould be to 

start w ith p-benzoquinone 9, protect one of the olefinic bonds in a Diels-Alder adduct, 

derived from for instance cyclopentadiene (8 ), then elaborate one of the carbonyl functions 

in the adduct to the methylenecarboxylic ester unit (7) and finally rem ove the protecting 

group in a retro Diels-Alder reaction. This strategy is outlined in a retrosynthetic manner 

in Scheme 4.5.

O

O
9

Scheme 4.5

The final deprotection step deserves special attention, as nucleophilic species should be 

absolute absent. It should be noted that attempts to isolate the p-quinone methide 

carboxylic ester using conventional chemical approaches are bound to fail due to the high  

reactivity of this com pound towards any nucleophile. A superb method to produce and 

isolate kinetically unstable com pounds makes use of gas phase thermolysis of suitable 

precursors. In this respect Flash Vacuum Thermolysis (FVT) is a particularly powerful 

m ethodology as under the applied low  pressure conditions thermolysis only allows 

unimolecular transformations . 2 7  The reactant is exposed to a high temperature at low  

pressure for a very short period of time. Due to the low  pressure the probability for 

intermolecular reactions is low  and the product w ill have reached the cold trap before any 

undesired reaction can take place.

The thermal [4+2]-cycloreversion reactions are especially suitable to be carried out under 

FVT conditions. In the present case cyclopentadiene is split off under the concomitant 

liberation of the dienophile w hich is the target compound. The FVT m ethodology has been 

extensively studied in the Nijm egen laboratory as a strategic tool for the stereo- and 

enantioselective synthesis of cyclopentenoid natural products . 2 7  In v iew  of the success of 

FVT for the synthesis of highly reactive com pounds, it w as selected as the method of 

choice for the preparation of p-quinone m ethide carboxylic ester 6 . The individual steps for 

the synthesis of 6  as show n in the retrosynthetic scheme w ill be discussed separately in the 

next sections.
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4.3 Synthesis of the FVT precursor

The synthesis of the FVT precursor 7 involves the modification of one of the carbonyl 

groups in the readily available Diels-Alder adduct28 8 from p-benzoquinone 9 and 

cyclopentadiene (Scheme 4.6). Adduct 8 w as then treated29 w ith methyl lithioacetate under 

conditions similar to those used in the HPG synthesis (Chapter 3, Scheme 3.7).

O

O
9

a

a. Cyclopentadiene, MeOH, 0 °C, 80%. bi. LDA, MeCC>2Me, THF, -78 °C. b2. ClCC>2Me, -78 °C ^ rt, 84%.
Scheme 4.6

The initially formed 1,2-addition product was im m ediately converted into the 

corresponding carbonate 10 by treatment w ith methyl chloroformate. This reaction 

produced a single com pound, nam ely 10a, as w as unam biguously established by an X-ray 

diffraction analysis (Figure 4.1).

Figure 4.1 Pluton visualization of the X-ray structure of carbonate compound 10a.
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This product 10a is formed by an exclusive highly stereoselective 1,2-addition of the 

carbanion derived from methyl acetate from the least hindered exo-face of substrate 8 . This 

high stereoselectivity m ust be attributed to steric hindrance exerted by the norbornene 

ethylene bridge w hich blocks the endo-attack of the carbanion. As a result of this 

stereocontrolled 1 ,2 -nucleophilic addition m ode the carbonate unit obtained after reaction 

w ith m ethyl chloroformate w ill occupy the endo-face of the molecule, w hich is a rather 

crowded position.

The next step is the introduction of the exocyclic double bond by a 1,2 elimination of the 

carbonate group in 10a. This elimination is a facile process that can be carried out by 

treatment w ith 1.3 equiv of DBU as the base in dichloromethane as the solvent at a 

temperature of 0 °C (Scheme 4.7).

only product 
a. CH2Cl2, DBU, 0 °C, 90%. 

Scheme 4.7

not observed

a

During the elimination a bright color developed w hich is an indication of the high degree 

of n-conjugation in the product 7. Interestingly, only one of the two conceivable 

geometrical isomers was obtained, viz. the E-isomer 7a in which the ester unit is pointing  

away from the norbornene m ethylene bridge. The Z-isomer w as not detected at all. The 

stereochemistry of the elimination product 7a w as initially deduced from its 2D NOESY 

NMR spectrum, in w hich two NOE contacts w ere observed between the exocyclic double 

bond proton and two protons of the bridgehead structure, as indicated in Figure 4.2. These 

NOE contacts w ould  be absent in diastereomer 7b, because of the too long distance 

between these two protons in 7b. Using X-ray diffraction analysis, the exact 

stereochemistry of the elimination product w as unam biguously confirmed (Figure 4.2).
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NOE contacts

Figure 4.2 Pluton visualization of the X-ray structure of compound 7a

The exclusive formation of 7a can be rationalized by considering the two conformations of 

the substrate 10a (Scheme 4.8). The two rotamers arising from rotation about the C-CH2 

bond experience a considerable difference in steric interaction w ith the norbornene unit.

10a
Conformation I (preferred)

Elimination

Isolated product

O
CO2Me

OCO2Me

H
10a

Conformation II

Elimination

Scheme 4.8

Conformation I is clearly preferred from steric point of view . This preferred conformation 

is also present in the crystalline state as is apparent from the X -ray structure show n in 

Figure 4.1. Elimination of the carbonate group from this conformation I in a E2  fashion  

leads to the isolated product 7a. The alternative product 7b has the ester m oiety in a 

sterically hindered position w hich w ill contribute to disfavor its formation.
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4.4 Synthesis of p-quinone methide carboxylic ester by FVT

The thermal cycloreversion reaction of the FVT precursor 7a w as undertaken next. 

Experimentally a FVT set-up w as used as depicted in Figure 4.3.

The FVT experiment is started by adjusting the thermolysis oven to the desired 

temperature. The substrate is transferred into the sample flask which is connected to the 

quartz oven tube. After evacuation of the complete set-up, the receiving cooler is filled 

w ith CO2 /  acetone or liquid nitrogen, depending on the volatility of the product. The 

sublimation oven is heated in such a manner that a slow  evaporation or sublimation of the 

substrate takes place. The optimum conditions for the reaction are established by varying 

the temperature of both the thermolysis oven in which the actual reaction takes place, and 

the sublimation oven, as w ell as varying the pressure in the system. A too low  temperature 

of the thermolysis oven leads to (partial) recovery of the starting material, whereas a too 

high temperature could lead to subsequent conversions of the product.

Figure 4.3 The FVT set-up

As soon as the reaction is complete the vacuum -pum p is disconnected from the 

thermolysis unit and the reaction unit is allowed to attain atmospheric pressure by 

purging with nitrogen. Then the receiving cooler is disconnected from the set-up and 

im m ediately closed w ith rubber stoppers in order to avoid contact with air. The receiving 

cooler is allowed to warm up to room temperature, after which the product is collected 

from the cooler by rinsing with a small am ount of inert solvent.

In the present case the precursor 7a was subjected to a range of FVT conditions, which are 

summarized in Table 4.1.
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Table 4.1

O = (

7a

' FVT

} = \  0.04 mbar 
CO2Me

» O=c
6

> = \
CO2Me

T (sublimation oven, ° C) T (thermolysis oven, ° C) 7a* 6* Yield (%)
80^140 250 30 70 > 90
80^140 300 15 85 > 90
80^140 350 5 95 > 90
80^140 365 < 2 > 98 > 90
80^140 400 0 100 **

* Ratios were estimated by !H-NMR 
** Partly decomposition of the product

In all the experiments the sublimation oven was adjusted to 80 °C. However, in order to 

effect com plete sublimation of the starting material its temperature was slow ly raised 

during the experiment. The data in the Table clearly reveal that the optimal temperature 

for this FVT reaction is 365 °C. Then, only a trace amount of starting material 7a is present 

in the product. The overall yield is very high (> 90%). W hen a higher temperature is used  

(400 °C) some decom position of the product is observed.

The obtained p-quinone methide carboxylate ester is a yellow  solid which is reasonably 

stable in chloroform solution at room temperature in the absence of any nucleophile, thus 

allowing its identification by NMR and MS. At temperatures slightly higher than ambient 

temperature the highly reactive product polym erizes rapidly.

It is highly rewarding that the p-quinone m ethide 6  is now  available for further 

experimentation.

4.5 Nucleophilic addition reaction to methyl 4-oxo-cyclohexa-2,5- 
dienyliden acetate 6

The p -quinone methide carboxylic ester was subjected to nucleophilic addition reactions 

w ith various amines. The results are collected in Table 4.2. The reaction w ith ammonia 

was performed by adding a solution of 6  in THF to liquid ammonia at -35 °C.
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Table 4.2

11 - 14

Reaction NuH Product Yield (%)
a NH3 11 82
b PhCH2NH2 12 90
b (CH3)3CNH2 13 90
c NaOMe 14 8 8

a. Ammonia, THF, -35 °C. b. NuH (10 eq.), THF, -35 °C. c. NaOMe (5 eq.), MeOH, -78 °C.

A very rapid reaction w as observed leading to the formation of HPG 11 in 82% yield  

(isolated product). The observation substantiates the proposed mechanism for the 

synthesis of HPG as depicted in Scheme 4.4. The elimination-addition process leading to 

HPG is correct indeed.

The addition w ith other amines (see Table) also gave the expected products in high yields. 

In these cases a solution of 6 in THF w as added to a solution of a tenfold excess of amine 

in THF at -35 °C.

Unexpectedly, p-quinone methide 6 is rather stable in alcoholic solvents. Therefore, the 

addition of methanol needed to be performed w ith a fivefold excess of sodium  methoxide 

in methanol. The expected addition product was isolated in a high yield. In all cases a 

rapid reaction took place, w hich could be nicely followed by the disappearance of the 

characteristic yellow  color of the p -quinone methide carboxylic ester 6. Mechanistically 

these addition reactions can be classified as m odified Michael addition reactions w ith the 

formation of the aromatic phenol group as the driving force. In this process the 

nucleophile reacts exclusively w ith the exocyclic alkylidine m oiety at the a-position w ith  

respect to the ester group. Reaction at the P-position w ith respect to the ester is 

energetically unfavorable as no aromatic system is obtained. This mechanistic explanation 

is fully in line w ith the discussion concerning the HPG synthesis described in Chapter 3.

4.6 Synthetic exploration of the FVT precursor

The essence of the strategy followed for the synthesis of p -quinone m ethide carboxylic 

ester 6 is that in the FVT precursor all required functional groups are introduced properly.
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In the FVT deprotection step the extra carbon-carbon double bond in the six membered 

ring is generated. Following this strategy it is conceivable to prepare differently 

substituted FVT precursors, which, for instance, after thermal deprotection w ould  lead to 

a quinone bis-methide A  or a quinone m ethide epoxide B.

CO2Me H CO2Me

O

H CO2Me 

A

O

B

An additional attractive feature of the FVT precursors that are derived from the 

cycloadduct of p-benzoquinone and cyclopentadiene is that reactions of the cyclohexenone 

m oiety take place in a fully stereocontrolled manner. The tricyclic structure has an endo- 

and ex o -fa ce  which show  an entirely different stereochemical behavior, nam ely that 

reactions at the endo-face are sterically unfavorable (Scheme 4.6). The exo-face selectivity is 

attributable to steric blocking of the endo-face by the norbornene ethylene bridge. In this 

section the FVT precursor 7a is subjected to series of further reactions w ith  the aim to 

prepare new  precursors that w ould, after thermal deprotection, lead to interesting highly 

functionalized cyclohexene derivatives.

The first reaction of the tricycloundecadienone 7a involves treatment w ith methyllithium  

at low  temperature. Rewardingly, an almost quantitative formation of alcohol 15 was 

observed (Scheme 4.9).

15
ai. MeLi, THF, -78 °C. a2. 5% HCl, -78 °C ^ rt, 90%. 

Scheme 4.9

This reaction is regio as w ell as stereoselective, nam ely an exclusive 1,2-addition at the 

carbonyl group w as observed and an exclusive attack of the reagent from the exo-face. This 

stereocontrol is as expected in v iew  of the considerations given above concerning the steric 

effect of the norbornene double bond on reaction at the endo-face.
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The second reaction of 7a involves treatment w ith methyl lithioacetate w ith the aim to 

prepare the bis-alkylidene com pound 17 (Scheme 4.10). The initially formed endo-alcohol 

w as im m ediately converted into the endo-carbonate 16 by reaction w ith methyl 

chloroformate. Com pound 16 w as obtained in a good yield of 69% after chromatographic 

purification. It should be noted that the formation of the carbonate m oiety in 16 takes place 

sm oothly in spite of the fact that this group is in the sterically encumbered endo-position. 

Since carbonate 16 appeared to be an oily substance X-ray diffraction could not be used to 

establish its exact configuration. However, based on the steric considerations given above 

it can be assum ed that also in this case nucleophilic attack takes place at the less crowded  

exo-face.

In a similar w ay as described for the synthesis of 7a from carbonate ester 10a (Scheme 4.7), 

the elimination of the carbonate group in 16 was accomplished w ith DBU as the base at 0 

°C. The bis-m ethylene ester 17a w as formed in 78% yield. In structure 17a both ester 

functions have the same spatial position, nam ely trans w ith  respect to the norbornene unit.

ai. LDA, MeCO2Me, THF, -78 °C. a2. ClCC>2Me, -78 °C ^ rt, 69%. b. DBU, CH2Cl2, 0 °C , 3 h, 78%. c. ZnCl2,
toluene, 70 °C, 4h, 56%.

Scheme 4.10
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The structure of 17a w as deduced from both the !H-NMR and 1 3C-NMR spectra, which  

show ed a limited number of signals caused by the symmetry present in this stereoisomer. 

Interestingly, the elimination of the carbonate group could also be accomplished by 

treatment w ith the moderately strong Lewis acid ZnCl2 at a temperature of 70 °C. In this 

manner a 4:1 mixture of the bis-methide carboxylic esters 17a and 17b w as obtained. The 

isomeric 17b could be separated from the mixture by chromatography. This Lewis acid 

m ediated elimination is not com pletely stereoselective probably due to the higher 

temperature at which the reaction takes place. As expected, the 1 H-NMR and 1 3C-NMR 

spectra of 17b w ere significantly more complicated than of stereoisomer 17a, caused by the 

absence of symmetry in 17b.

The third reaction of 7a that w as considered is the selective epoxidation of the enone 

function. Alkaline epoxidation of 7a using hydrogen peroxide in the presence of a large 

excess sodium  carbonate in a w ater/acetone m edium  gave the epoxide 18 in a high yield  

(Scheme 4.11).

a. H2O2 (excess), Na2CÜ3 (excess), acetone, water, 92%.
Scheme 4.11

Nucleophilic epoxidation w ill take place preferentially at the electron deficient enone 

group and not at the norbornene double bond. The process of the epoxidation could nicely 

be monitored by the disappearance of the characteristic yellow  color of the 

tricycloundecadienone ester 7a. A fully stereocontrolled epoxidation w as observed, as 

could be deduced from NMR-spectrum analysis. In view  of the steric considerations given  

above, the epoxide is expected to be positioned at the less crowded ex o-face . Attempts to 

epoxidize the a,P-unsaturated ester unit in 18 by using a large excess of alkaline hydrogen  

peroxide did not m eet w ith success. Probably, saponification of the ester took place under 

these conditions and epoxidation w ill not occur anymore.

A reaction of the keto group in 18, however, w ith  methyl lithioacetate can readily be 

accom plished w hen the appropriate work-up procedure is followed (Scheme 4.12). It 

turned out to be crucial for the success of this experiment to conduct the acidification of 

the initially formed lithio alcoholate at low  temperature (-78 °C). The usual quenching 

w ith acid at ambient temperature gave a low  yield of the exclusive product 19. It is
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assum ed that by raising the temperature the alcoholate could revert to starting material, 

which is isolated indeed.

It is assum ed that the carbanion approaches from the least hindered exo-face of the 

epoxide 18. The structure of the product 19 w as deduced by NMR analysis, which  

displayed a single com pound in w hich the new ly introduced CH 2 CO2Me m oiety is 

present.

ai. LDA, MeCO2Me, THF, -78 °C. a2. 5% HCl, 93%. bi. MeLi, THF, -78 ^ 0 °C. b2. 5% HCl, 51%.
Scheme 4.12

Surprisingly, a similar reaction of epoxide 18 w ith methyllithium in THF at -78 °C and 

subsequent addition of diluted hydrochloric acid at ambient temperature did not produce 

the expected alcohol derived from 20. A new  product w ith  an unknown structure was 

obtained in 51% yield (Scheme 4.12). After analysis of the MS and 1 H-NMR spectra 

structure 21 w as assigned to the new  product. The structure w as confirmed by an X-ray 

analysis (Figure 4.4).
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Figure 4.4 Pluton visualization of the X-ray structure of compound 21

The formation of this unexpected product 21 can be rationalized by assuming an initial 

regioselective 1 ,2 -addition of methyllithium to the ketone function in 18 to give alcoholate 

2 0  which is followed by a Payne3 0  rearrangement as indicated in step  2 in Scheme 4.13.

step 3

step 5

iv

Scheme 4.13 Mechanistic representation for the formation of 21

The endo-alcoholate in species i is sterically favorably oriented to the e x o -e p o x id e  to allow  

this Payne rearrangement to take place .3 0 3 1  The thus formed alcoholate ii undergoes an
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intramolecular lactonization as show n is step  3. In the successive steps 4 and 5 the epoxide 

is opened to give product 21. The observed stereochemistry of 21 is fully in accordance 

w ith the mechanistic sequence. It is remarkable that the adduct of 18 and methyl 

lithioacetate does not give this Payne rearrangement. Apparently the retro reaction to 

starting material prevails.

4.7 Thermal cycloreversion of the new FVT precursors

The new ly prepared FVT precursors 15, 17a, 17b, 18 and 21 w ere subjected to flash 

vacuum  thermolysis. In the case of 15 the expected com pound 22 w as obtained in almost 

quantitative yield at 450 °C. Similarly, epoxide 18 gave the deprotected product 23 in 

nearly quantitative yield at 550 °C. In both cases the FVT precursors were sufficiently 

volatile at ca 120 °C to allow an efficient transfer into the hot tube. A lm ost no 

decom position was observed in the preheating zone.

HO

Me' \ =  

22

Decom position

CO2Me
Decom position O

23 24

a. FVT, 450 °C, 0.04 mbar, 97%. b. FVT, 550 °C, 0.04 mbar, quant. c. 450 °C, 0.04 mbar, ~30%.
Scheme 4.14

The deviant FVT precursor 21 is thermally rather unstable and therefore evaporation in 

the preheating zone w as accompanied by a considerable decomposition. Nevertheless, the 

deprotected product 24 could be obtained in 30% yield using a FVT temperature of 450 °C. 

The remaining two FVT precursors 17a and 17b were thermally too unstable at the 

required preheating temperature of ca 120 °C to achieve evaporation of substrate into the 

hot tube. Only decom position of 17a and 17b was observed.
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The structures of the new  products 22, 23 and 24 were established by both mass and NMR 

spectrometry, w hich clearly show  the correct mass and the presence of the new ly formed 

double bond respectively.

4.8 Conclusions

The synthesis of the kinetically highly unstable p-quinone methide carboxylic ester 6  could  

readily be accomplished by using the Diels-Alder and retro Diels-Alder m ethodology. 

Flash vacuum  thermolysis is the method of choice for the cycloreversion reaction. The p - 

quinone methide 6  reacted w ith  ammonia to furnish HPG. This quinone m ethide ester 6  

was a proposed intermediate in the HPG synthesis described in Chapter 3 (Scheme 3.6). 

The strategy involving the synthetic modification of the cycloadduct of p -benzoquinone 

and cylopentadiene by successive selective reactions at the carbonyl and enone functions 

allowed the preparation of five other FVT precursors, the cycloreversion of w hich could  

successfully be accomplished in three of the five cases (Scheme 4.14).

An unexpected product w as obtained from the reaction of methyllithium w ith epoxide 18. 

Mechanistically, its formation could be explained by involving a Payne rearrangement 

(Scheme 4.13).

4.9 Experimental section

General remarks
Melting points were measured with a Reichert Thermopan microscope and are uncorrected. IR spectra were 
taken on a Perkin Elmer 298 infrared spectrophotometer. FT-IR spectra were determined on a Biorad WIN-IR 
FTS-25 spectrophotometer. 1H and 13C-NMR spectra were recorded on a Bruker AC-100, a Bruker AC-300 
and Bruker AM-400 at T=298 K unless stated otherwise. Chemical shifts are reported relative to Me4Si. For 
mass spectra a double fucussing VG 7070E mass spectrometer was used. GC-MS spectra were run on a 
Varian Saturn 2 benchtop GC-MS ion-trap system, and separations were carried out on a fused-silica 
capillary column (DB-5, 30m x 0.25mm). Helium was used as the carrier gas, and electron impact (EI) was 
used as ionization mode. Flash chromatography was carried out at a pressure of ca. 1.5 bar using Merck 
Kieselgel 60H. Column chromatography at atmospheric pressure was performed using Merck Kieselgel 60. 
Thin layer chromatography (TLC) was carried out on Merck precoated silicagel 60 F254 plates (0.25 mm) 
using the eluents indicated. Spots were visualized with UV, iodine or a molybdate spray. Solvents were 
dried using the following methods: dichloromethane, hexane, heptane and ethyl acetate were distilled from 
CaH2, diethyl ether was distilled from NaH, THF was distilled from LiAlH4 just before use. All other 
solvents were of analytical grade.
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The atomic numbering, which is used in describing the NMR spectra, is as follows:

exo- 6-Carbomethoxymethyl-endo-6-methoxycarbonyloxy-tricyclo[6.2.1.02'7]undeca-4,9-dien-3-one (10a) 
Diisopropylamine (2.1 mL, 16.0 mmol) was dissolved in dry THF (25 mL) and cooled to -78 °C. Butyllithium 
(1.6M, 10.0 mL, 16.0 mmol) was added and the mixture was stirred for 30 min. Next, a solution of methyl 
acetate (1.30 mL, 16.0 mmol) in dry THF (2 mL) was added. After stirring for another 30 min the mixture was 
added to a solution of 8 29 (2.320 g, 13.33 mmol) in dry THF (40 mL) over a period of 5 min with a canula in 
order to keep the temperature at -78 °C. The mixture was stirred for 45 min, methyl chlorocarbonate (3.70 
mL, 48.0 mmol) was added and the mixture was stirred for another 60 min. The cooling bath was removed 
and stirring was continued for 2 h at ambient temperature. The THF was removed under reduced pressure 
and the residue was taken up in ethyl acetate and washed sequentially with water, 2.5% aqueous HCl, 
saturated aqueous NaHCO3, brine and then dried (MgSO4). The organic layer was concentrated under 
reduced pressure and the residue was purified by flash column chromatography (SiO2, hexane/ethyl acetate: 
2/1) to afford 10a (3.44 g, 84%) as a white solid, which was crystallized from diisopropyl ether.
M.p.: 68-69 °C. aH-NMR (300 MHz, CDCls) : 8 1.41 (m, 2H, Hua+Hub), 3.04 - 3.10 + 3.29 - 3.36 (m, 2x2H, H1, 
H2, H7, Hb), 3.12 (d, AB, 2J=14.6 Hz, 1H, CHaHb^CHs), 3.33 (d, AB, 2J=14.6 Hz, 1H, CHaHbCO2CHs), 3.63 (s, 
3H, CO2CH3), 3.84 (s, 3H, OCO2CH3), 5.83 (dd, dAB, J=2.8 Hz, J=5.5 Hz, 1H, H9 or H10), 5.85 (d, AB, J=10.5 
Hz, 1H, H4), 6.04 (dd, dAB, J=2.8 Hz, J=5.5 Hz, 1H, H10 or H9), 6 . 6 6  (dd, dAB, J=1.3 Hz, J=10.5 Hz, 1H, H5). 
13C-NMR (75 MHz, CDCIb) : 8 45.14, 46.23, 47.03, 48.43, 48.70, 50.66 (C1, C2, C7, C, C11, CH2CO2CH3), 51.87 
(CO2CH3), 54.89 (OCO2CH3 ), 80.32(0), 130.90 (C4), 134.97 (C9 or C10), 135.05 (C10 or C9), 146.04 (C5), 154.04 
(OCO2CH3), 168.78 (CO2CH3), 199.26 (C3). IR (KBr, cm-1) : 2975 + 2950 + 2880 + 2840 (C-H), 1745 + 1720 (C=O 
ester, 2x), 1665 (C=O). CI-MS m/z 307 (M + 1)+, 241 ((M + 1)+ - C5H6), 230 (M+ - OCO2CH3), 181 (M+ - C5H6 - 
CO2CH3), 165 (M+ - C5H6 - OCO2CH3), 66 (CsH6)+. Analysis calculated for C16H18O6: %C 62.74, %H 5.92; 
found: %C 62.48, %H 5.91.

6-(E)-Carbomethoxymethylene-tricyclo[6.2.1.02'7]undeca-4,9-dien-3-one (7a)
A solution of 10a (3.060 g, 10.00 mmol) in dichloromethane (25 mL) was cooled to 0 °C in an ice bath. To this 
was added DBU (1.0 mL, 13.3 mmol) and the mixture was stirred for 3 h. Dichloromethane (25 mL) was 
added and the organic layer was washed sequentially with water (50 mL) containing NH4Q (1.605 g, 30 
mmol), and brine, and then dried (MgSO4). The organic solvent was removed under reduced pressure to 
afford 7a (2.07 g, 90%) as a yellow solid, which was crystallized from 2-propanol to afford yellow needles. 
M.p.: 106 °C. !H-NMR (300 MHz, CDO3) : 8 1.45 (m, 2H, HUa + Hub), 2.99 B of AB (dd, J=4.1 Hz, J=8.9 Hz, 
1H, H2), 3.27 (m, 1H, Hb), 3.34 A of AB (ddd, J=1.8 Hz, J=4.0 Hz, J=8.9 Hz, 1H, H7), 3.45 (m, 1H, H1), 3.75 (s, 
3H, CO2CH3), 5.97 - 6.03 (m, 3H, H4, H9, H10), 6.07 (br. s, 1H, C(H)CO2CH3), 8.35 (d, J=10.4 Hz, 1H, H5). 13C- 
NMR (75 MHz, CDQ3) : 8 42.81, 47.66 (C1, Cb), 48.23 (C11), 48.61, 51.70 (C2, C7), 51.38 (CO2CH3), 120.67 
(CHCO2CH3), 132.17, 134.65, 135.89 (C4, C9, C10), 140.19 (C5), 150.32 (C6), 165.76 (CO2CH3), 199.53 (C3). CI-MS 
m/z 231 (M + 1)+, 171 ((M + 1)+ - CO2CH3 -  H), 165 ((M + 1)+ - C5H6), 107 ((M + 1)+ - C5H6 - CO2CH3 + H), 66 
(CsH6)+. Analysis calculated for C14H14O3 : %C 73.03, %H 6.13; found: %C 73.11, %H 6.17.
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Methyl 4-oxo-cyclohexa-2,5-dienyliden acetate (6)
In a sublimation oven 7a (35 mg, 0.15 mmol) was heated to 80 °C under high vacuum (0.04 mmHg). Under 
these conditions, 7a started to sublime and passed through a hot tube, which was set at the desired 
temperature. During reaction the temperature of the sublimation oven was slowly raised to 140 °C until all 
starting material had disappeared. The product was trapped on a cold finger, which was cooled with dry 
ice/acetone. Experiments were performed at different temperatures:

- 250 °C: 70% (17 mg) of 6 and 30% starting material were isolated
- 300 °C: 85% (21 mg) of 6 and 15% starting material were isolated
- 350 °C: 95% (24 mg) of 6 and 5% starting material were isolated
- 365 °C: ~100% (25 mg) of 6 was isolated as a yellow solid
- 400 °C: ~25 mg of 6 was isolated, with some contamination of decomposition products.

M.p.: 60 °C (dec.). aH-NMR (300 MHz, CDCk) : 8 3.84 (s, 3H, CO2CH3), 6.34 (s, 1H, H7), 6.49 (d, J=10.3 Hz, 
1H, H2 or H6), 6.45 - 6.52 (m, 1H, H  or H2), 7.11 (dd, J=2.5 Hz, J=10.3 Hz, 1H, H3  or H5), 8.47 (dd, dAB, J=2.5 
Hz, J=10.3 Hz, 1H, H5 or H3). 13C-NMR (75 MHz, CDQ3) : 8 52.23 (CO2CH3), 128.63 (C7), 131.45, 131.58 (C2, 
C), 134.21, 140.87 (C3, C), 140.74 (C4), 165.29 (CO2CH3), 186.88 (Ct). CI-MS m/z 165 (M + 1)+, 164 M+, 149 (M+
- OCH3), 105 (M+ - CO2CH3). HRMS (CI): m/z calculated for C9H8O3 : 164.0473; found: 164.0472.

p-Hydroxy-phenylglycine methylester (11)
A solution of 6 (82 mg, 0.50 mmol) in dry THF (1 mL) was added to a mixture of liquid ammonia (5 mL) and 
dry THF (10 mL) at -78 °C. The mixture was stirred for 30 min. The ammonia was allowed to evaporate and 
the remaining solution was concentrated. The residue was purified by flash column chromatography (SiO2, 
ethyl acetate) to afford 11 (74 mg, 82%). Spectral data were in accordance with those reported in the 
literature.32

Methyl 2-(benzylamino)-2-(4-hydroxyphenyl)acetate (12)
A solution of 6 (82 mg, 0.50 mmol) in dry THF (1 mL) was added to a mixture of benzylamine (0.55 mL, 5.0 
mmol) in dry THF (3 mL) at -35 °C. After 15 min the reaction mixture was concentrated. The residue was 
purified by flash column chromatography (SiO2, hexane/ethyl acetate: 3/2) to afford 12 (122 mg, 90%) as a 
white solid. Spectral data were in accordance with those reported in Chapter 3 (compound 28).

Methyl 2-(tert-butylamino)-2-(4-hydroxyphenyl)acetate (13)
A solution of 6 (82 mg, 0.50 mmol) in dry THF (1 mL) was added to a mixture of tert-butylamine (0.53 mL, 5 
mmol) in dry THF (3 mL) at -35 °C. After 15 min the reaction mixture was concentrated. The residue was 
purified by flash column chromatography (SiO2, hexane/ethyl acetate: 3/2) to afford 13 (107 mg, 90%) as a 
white solid. Spectral data were in accordance with those reported in Chapter 3 (compound 30).

Methyl 2-methoxy-2-(4-hydroxyphenyl)acetate (14)
A solution of 82 mg (0.50 mmol) 6 in dry methanol (2 mL) was added to a mixture of sodium methoxide (135 
mg, 2.5 mmol) in dry methanol (3 mL) at -78 °C. After 30 min the reaction mixture was allowed to warm to 
room temperature and the mixture was stirred for another 30 min. The reaction mixture was neutralized 
with 5% HCl and concentrated. The residue was taken up in ethyl acetate and washed sequentially with 
water and brine, then dried (MgSO4) and concentrated. The residue was purified by flash column 
chromatography (SiO2, hexane/ethyl acetate: 2/1) to afford 14 (87 mg, 88%) as a white solid. Spectral data 
were in accordance with those reported in the literature.33
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endo-3-Hydroxy-exo-3-methyl-6-(E)-carbomethoxymethylene-tricyclo[6.2.1.02'7]undeca-4,9-diene (15)
A solution of 7a (0.335 g, 1.46 mmol) in dry THF (10 mL) was cooled to -78 °C. To this was added gradually 
methyllithium (1.6M in hexane, 1.0 mL, 1.6 mmol) and the mixture was stirred at -78 °C for 15 min. The 
reaction mixture was acidified with 5% aqueous HCl and concentrated under reduced pressure. The residue 
was taken up in ethyl acetate and washed sequentially with water and brine, and then dried (MgSO4). The 
organic layer was evaporated under reduced pressure and the residue was purified by flash column 
chromatography (SiO2, hexane/ethyl acetate: 5/2) to afford 15 (0.32 g, 90%) as a colorless oil.
!H-NMR (300 MHz, CDCls) : 8  1.28 (CHs), 1.33 - 1.43 (m, 2H, Hua, Hub), 2.58 (dd, J=2.8 Hz, J=9.0 Hz, 1H, H2), 
3.01 - 3.17 (m, 3H, H1, H7, Hb), 3.69 (s, 3H, CO2CH3), 5.65 (br. s, 1H, C(H)CO2CH3), 5.81 B of AB (d, J=11.1 Hz, 
1H, H5), 5.82 B of AB (dd, J=2.8 Hz, J=5.6 Hz, 1H, H9 or H10), 6.01 A of AB (dd, J=2.8 Hz, J=5.6 Hz, 1H, H10 or 
H9), 7.14 (d, J=11.1 Hz, 1H, H4). 13C-NMR (75 MHz, CDCl3) : 8  33.98 (CHs), 43.94, 46.49, 48.33, 52.79 (C1, C2, 
C7, Cb), 48.99 (Cn), 50.88 (^C H s), 70.25 (Cs), 113.85 (C(H)CO2CH3 ), 125.48 (Cs), 134.72, 135.11 (C, Cm),
142.93 (C4), 153.42 (C), 166.84 (CO2CH3). GC-MS (EI) m/z 246 (M+), 229 (M+ - OH), 180 (M+ - C5H6), 165 (M+
- CHs - C5H6), 163 (M+ - OH - C5H6), 148 (M+ - OH - CHs - C5H5), 121 (M+ - CO2CH3 - C5H6), 105 (M+ - CHs - 
CO2CH3 - C5H6 - H), 104 (M+ - OH - CO2CH3 - C5H6), 6 6  (CH). HRMS (EI): m/z calculated for C15H18O3 : 
246.1256; found: 246.1255.

exo-3-Carbomethoxymethyl-endo-3-methoxycarbonyloxy--6-(E)-carbomethoxymethylene-tricyclo[6.2.1.02'7]undeca-4,9- 
diene (16)
Diisopropylamine (0.21 mL, 1.6 mmol) was dissolved in dry THF (5 mL) and cooled to -78 °C. Butyllithium 
(1.6M in hexane, 1.0 mL, 1.6 mmol) was added and the mixture was stirred for 30 min. Next, a solution of 
methyl acetate (0.13 mL, 1.60 mmol) in dry THF (1 mL) was added. After stirring for another 30 min the 
mixture was added gradually to a solution of 7a (0.335 g, 1.33 mmol) in dry THF (5 mL) with a canula in 
order to keep the reaction temperature at -78 °C. The mixture was stirred for 45 min, methyl chlorocarbonate 
(0.37 mL, 4.8 mmol) was added and the mixture was stirred for another 60 min. The cooling bath was 
removed and stirring was continued for 2 h at ambient temperature. The THF was removed under reduced 
pressure and the residue was taken up in ethyl acetate and washed sequentially with water, 2.5% aqueous 
HCl, saturated aqueous NaHCOs and brine, and then dried (MgSO4). The organic layer was concentrated 
under reduced pressure and the residue was purified by flash column chromatography (SiO2, hexane/ethyl 
acetate: 5/2) to afford 16 (0.333 g, 69%) as a colorless oil.
!H-NMR (300 MHz, CDCI3 ) : 8  1.33 - 1.46 (m, 2H, Hna, Hub), 2.88 B of AB (d, 2J=14.3 Hz, 1H, 
CHaHbCO2CHs), 2.93 - 3.00, 3.00 - 3.06, 3.10 - 3.23 (m, 4H, H1, H2, H7, Hb), 3.26 A of AB (d, 2J=14.3 Hz, 1H, 
CHaHbCO2CHs), 3.61, 3.70, 3.81 (3s, 9H, OCO2CH3, CO2CH3 2x), 5.70 (br. s, 1H, C(H)CO2CHs), 5.79 B of AB 
(dd, J=2.8 Hz, J=5.5 Hz, 1H, H9 or H10), 5.94 A of AB (dd, J=2.8 Hz, J=5.5 Hz, 1H, H10 or H9), 6.01 (d, J=10.5 
Hz, 1H, H5), 7.25 (d, J=10.5 Hz, 1H, H4). 13C-NMR (75 MHz, CDCls) : 8  43.57, 44.82, 46.94, 53.04 (Ca, C , Cz, 
Cb), 45.37 (CH2CO2CH3), 48.65 (Cn), 51.04, 51.68, 54.64 (OCO2CHs, CO2CHs 2x), 81.41 (C), 115.13 
(0iH)CO2CH3), 127.24, 134.68, 135.37, 135.50 (C4, Ca, C9, C10), 151.82 (C), 154.19 (OQO2QH3), 166.41 
(C(H)QO2CH3), 169.08 (CH2CO2CH3). CI-MS m/z 362 (M+), 347 (M+ - CHs), 303 (M+ - CO2CH3), 287 (M+ - 
OCO2CH3), 228 (M+ - CO2CH3 - OCO2CH3), 236 (M+ - CO2CH3 - C5H6 -  H), 221 (M+ - OCO2CH3 -  C5H6), 205 
(M+ - CO2CH3 - C5H6 - OCHs - H), 177 (M+ - 2 CO2CH3 - C5H6 - H), 169 (M+ - 2 CO2CH3 - OCO2CH3), 161 
(M+ - CO2CH3 - OCO2CH3 - C5H6 -H), 66 (C5H6), 59 (CO2CH3). HRMS (CI): m/z calculated for C19H22O7: 
362.1366; found: 362.1367.
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3.6-Bis((E)-carbomethoxymethylene)-tricyclo[6.2.1.02'7]undeca-4,9-diene (17a)
A solution of 16 (0.181 g, 0.50 mmol) in dichloromethane (3 mL) was cooled to -78 °C. To this was added 
DBU (0.05 mL, 0.67 mmol) and the reaction was stirred for 3 h. The reaction mixture was diluted with 
dichloromethane (15 mL) and washed sequentially with aqueous NH4Q  and brine, and then dried (MgSO4). 
The organic layer was concentrated under reduced pressure and the residue was purified by column 
chromatography (SiO2, hexane/ethyl acetate: 5/1) to afford 17a (0.113 g, 79%) as a colorless oil. For spectral 
data, see next procedure.

3.6-Bis((E)-carbomethoxymethylene)-tricyclo[6.2.1.02'7]undeca-4,9-diene (17a) and 3-(Z)-carbomethoxymethylene-6- 
(E)-carbomethoxymethylene-tricyclo[6.2.1.02'7]undeca-4,9-diene (17b)
To a solution of 16 (0.181 g, 0.50 mmol) in toluene (5 mL) zinc chloride (0.069 g, 0.50 mmol) was added and 
the mixture was heated to 70 °C for 4h. The reaction mixture was concentrated under reduced pressure and 
the residue was purified by column chromatography (SiO2, hexane/ethyl acetate: 9/1) to afford 17a (60 mg, 
42%) and 17b (15 mg, 11%).
17a: !H-NMR (300 MHz, CDCI3 ) : 8 1.40 - 1.51 (m, 2H, Hna, Hub), 3.07 - 3.11, 3.15 - 3.20 (m, 4H, H1, H2, H7, 
Hb), 5.83 (s, 2H, C(H)CO2CH3), 5.94 (dd, J=1.7 Hz, J=1.7 Hz, 2H, H9, H10), 7.72 (s, 2H, H4, H5). 13C-NMR (75 
MHz, CDCls) : 8 41.60 C), 48.21 (Cn), 51.15 (^ C H s 2x), 51.64 £ 2, C/), 116.59 (C(H)CO2CH3 2x), 130.40 
(C9, Cm), 135.22 (C, C), 151.82 (Cs, C), 166.41 (CO2CH3 2x).
17b: !H-NMR (300 MHz, CDCls) : 8 1.39 B of AB (d, 2J=8.4 Hz, 1H, HUa or Hub), 1.54 A of AB (d, 2J=8.4 Hz,
1H, Hub or Hna), 3.09 B of AB (ddd, J=1.4 Hz, J=4.0 Hz, J=9.0 Hz, H  or H7), 3.13 - 3.19, 3.47 - 3.52 (m, 2H, H1, 
Hb), 3.72, 3.74 (2s, 6H, CO2CH3 2x), 4.02 (ddd, J=1.8 Hz, J=3.7 Hz, J=9.0 Hz, 1H, H7 or H2), 5.74 (br. s, 1H, 
C(Ha)CO2CHs), 5.83 (br. s, 1H, C(Hb)CO2CHs), 5.89 B of AB (dd, J=2.8 Hz, J=5.6 Hz, 1H, H9 or H10), 5.94 A of 
AB (dd, J=2.8 Hz, J=5.6 Hz, 1H, H10 or H9), 6.21 (d, J=10.1 Hz, 1H, H4), 7.68 (d, J=10.1 Hz, 1H, H5). 13C-NMR 
(75 MHz, CDCls) : 8 38.73, 41.91, 50.04, 52.74 (C1, C ^ ,  Cb,), 48.53 (Cn), 51.12 (CO2CH3 2x), 115.79, 118.08 
(0iH)CO2CH3), 130.42, 136.27 (C, C5), 135.21, 135.24 (C, C10), 152.91, 154.33 (Cs, C), 166.57, 166.77 (CO2CH3 
2x). IR (CCl4, cm-1) : 2970, 2940 (C-H), 1710 (C=O ester). CI-MS m/z 287 (M + 1)+, 286 (M+), 221 ((M + 1)+ - 
C5H6), 220 (M+ - C5H6), 161 (M+ - CO2CH3 - C5H6), 102 (M+ - 2 CO2CH3 - C5H6), 66 (C5H6). HRMS (CI): m/z 
calculated for C17H18O4 : 286.1205; found: 286.1205.

exo-4,5-Epoxy-6-(Z)-carbomethoxymethylene-tricyclo[6.2.1.02'7]undeca-9-en-3-one (18)
A solution of 7a (0.460 g, 2.00 mmol) in acetone (10 mL) was cooled to 0 °C. To this solution were added 35% 
hydrogen peroxide (5 mL) and 20% aqueous sodium carbonate solution (5 mL). The cooling bath was 
removed and the suspension was stirred for 3 h at ambient temperature. Ethyl acetate was added and the 
organic layer was washed sequentially with water and brine, and then dried (MgSO4). The organic layer was 
concentrated under reduced pressure and the residue was purified by column chromatography (SiO2, 
hexane/ethyl acetate: 6/1) to afford 18 (0.452 g, 92%) as a white solid, which was crystallized from 2- 
propanol to give white needles.
M.p.: 63-64 °C. !H-NMR (300 MHz, CDCls) : 8 1.38 B of AB (d, 2J=8.6 Hz, 1H, HUa or Hub), 1.55 A of AB (ddd, 
J=1.6 Hz, J=1.6 Hz, 2J=8.6 Hz, 1H, Hub or HUa), 3.19 - 3.26, 3.49 - 3.58 (m, 4H, H1, H2, H7, Hb), 3.47 (d, J=4.6 
Hz, 1H, H5), 3.75 (s, 3H, CO2CH3), 5.30 (d, J=4.6 Hz, 1H, H4), 5.94 B of AB (dd, J=2.7 Hz, J=5.7 Hz, 1H, H9 or 
H10), 6.02 (d, J=2.5 Hz, 1H, C(H)CO2CHs), 6.14 A of AB (dd, J=2.7 Hz, J=5.7 Hz, 1H, H10 or H9). 13C-NMR (75 
MHz, CDCls) : 8 42.53, 44.33, 46.80, 49.72, 54.92, 57.24 (C1, C2, C4, C5, C7, Cb), 51.60 (CO2CH3), 121.43 
(QÍH)CO2CH3), 134.87, 137.70 (C9, C10), 154.55 (C), 166.07 (CO2CH3), 205.36 (Cs). IR (CH2Q 2, cm-1) : 2940, 
2890, 2870 (C-H), 1715 (C=O ester). 1640 (C=O). CI-MS m/z 247 (M + 1)+, 246 (M+), 215 (M+ - OCH3), 187 (M+
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- CO2CH3), 181 ((M + 1)+ - C5H6), 149 (M+ - OCHs - C5H6), 121 (M+ - CO2CH3 - C5H6), 6 6  (C5H6). Analysis 
calculated for C14H14O4 : %C 68.28, %H 5.73; found: %C 68.64, %H 5.77.

exo-3-Carbomethoxymethyl-endo-3-hydroxy-exo-4,5-epoxy-6-(Z)-carbomethoxymethylene-tricyclo[6.2.1.02'7]undeca-9- 
ene (19)
Diisopropylamine (0.26 mL, 2.0 mmol) in dry THF (5 mL) was cooled to -78 °C. Butyllithium (1.6M, 1.25 
mL, 2.0 mmol) was added and the mixture was stirred for 30 min. Next, a solution of methyl acetate (0.16 
mL, 2.0 mmol) in dry THF (1 mL) was added. After stirring for another 30 min the mixture was gradulally 
added to a solution of 18 (0.396 g, 1.61 mmol) in dry THF (7.5 mL) with a canula in order to keep the 
temperature at -78 °C. The mixture was stirred for 45 min, 5% HCl (2 mL) was added and the mixture was 
allowed to warm up to ambient temperature. The THF was removed under reduced pressure and the 
residue was taken up in ethyl acetate and washed sequentially with water and brine, and then dried 
(MgSO4). The organic layer was concentrated under reduced pressure to afford 19 (0.479 g, 93%) as a white 
solid, which was crystallized from diisopropyl ether.
M.p.: 126 °C. °H-NMR (300 MHz, CDCI3) : 8 1.36 B of AB (d, 2J=8.3 Hz, 1H, HUa or Hub), 1.52 A of AB (2J=8.3 
Hz, 1H, Hub or Hna), 2.46 (dd, J=3.2 Hz, J=10.6 Hz, 1H, H>), 2.73 B of AB (d, 2J=14.8 Hz, 1H, CHaHbCO2CHs),
2.83 A of AB (d, 2J=14.8 Hz, 1H, CHaHb^CHs), 2.92 - 2.98, 3.06 - 3.11 (m, 2H, H1, Hb), 3.09 - 3.17 (m, 1H, 
H7), 3.55 (d, J=4.5 Hz, 1H, H5), 3.71, 3.75 (2s, 6 H, CO2CH3 2x), 4.99 (d, J=4.5 Hz, 1H, H4), 5.83 (d, J=2.5 Hz, 1H, 
CiH)CO2CHs), 6.09 B of AB (dd, J=2.8 Hz, J=5.7 Hz, 1H, H9 or H10), 6.24 A of AB (dd, J=2.8 Hz, J=5.7 Hz, 1H, 
H10 or H9). 13C-NMR (75 MHz, CDCls) : 8 44.11, 44.15, 44.19, 44.68, 46.37, 49.80, 51.58, 59.48 (Co, Ci, C , C5, C , 
Cb, C11, QH2CO2CH3), 51.27, 51.92 (CO2CH3 2x), 72.57 (Cs), 118.02 (C ^ ^ C H s), 132.65, 136.96 (C, C10), 
157.33 (C6), 166.32, 171.58 (QO2CH3 2x). EI-MS m/z 320 (M+), 302 (M+ - H2O), 288 (M+ - CH3OH), 260 (M+ - 
CO2CH3 - H), 243 (M+ - CO2CH3 - H2O), 237 (M+ - C5H6 - OH), 220 ((M + 1)+ - CH3OH), 205 (M+ - CH3O - 
C5H6 - H2O), 195 (M+ - CO2CH3 - C5H6), 177 (M+ - CO2CH3 - H2O), 150 ((M + 1)+ - CO2CH3 - C(O)CHb), 121 
(M+ - CO2CH3 - CH2CO2CH3 - C5H6 -H). HRMS (EI): m/z calculated for C17H20O6: 320.1259; found: 320.1254.

exo-3-Methyl-endo-3-hydroxy-6-oxa-tetracyclo[9,2,1,02'10,05'9]tetradeca-4,8,12-en-7-one (21)
A solution of 18 (0.656 g, 2.66 mmol) in dry THF (15 mL) was cooled to -78 °C (dry ice/2-propanol). To this 
was gradually added methyllithium (1.6M, 2.00 mL, 3.2 mmol) and the mixture was stirred at -78 °C for 30 
min. The dry ice/2-propanol cooling bath was replaced with an ice bath and the reaction mixture was stirred 
at 0 °C for 1 h. Next, 5% HCl (5 mL) was added and the mixture was allowed to heat up to ambient 
temperature. The solvents were evaporated and the residue was purified by flash column chromatography 
(SiO2, hexane/ethyl acetate: 2/1) to afford 21 (0.310 mg, 51%) as a white solid, which was crystallized from 
diisopropyl ether.
°H-NMR (300 MHz, CDCI3) : 8 1.43 B of AB (d, 2J=8.6 Hz, 1H, HUa or Hub), 1.46 (s, 3H, CH3), 1.51 A of AB (d, 
2J=8.6 Hz, 1H, Hub or Hna), 2.67 B of AB (dd, J=3.4 Hz, J=9.0 Hz, 1H, H>), 3.23, 3.28 (2br. s, H1, Hb), 3.52 A of 
AB (ddd, J=1.8 Hz, J=4.3 Hz, J=9.0 Hz, 1H, H7), 5.55 (d, J=1.8 Hz, 1H, C(H)CO2R), 5.80 (dd, J=1.8 Hz, J=1.8 
Hz, 1H, H4), 5.83 B of AB (dd, J=2.9 Hz, J=5.6 Hz, 1H, H9 or H10), 6.17 A of AB (dd, J=2.9 Hz, J=5.6 Hz, 1H, 
H10 or H9). CI-MS m/z 231 (M + 1)+, 230 (M+), 213 (M+ - OH), 202 (M+ - CO), 185 (M+ - CO2 - H), 165 (M+ - 
C5H6), 149 (M+ - CH3 - C5H6), 147 (M+ - OH - C5H6), 137 (M+ - CO - C5H6), 121 (M+ - CO2 - C5H6), 66 (C5H6). 
HRMS (CI): m/z calculated for C14H14O3 : 230.0943; found: 230.0943.

Methyl 2-(4-hydroxy-4-methyl-2,5-cyclohexadienyliden)acetate (22)
In the sublimation oven 15 (35 mg, 0.14 mmol) was heated to 120 °C under high vacuum (0.04 mbar). Under 
these conditions 25 slowly evaporated and passed through the reaction oven, which was set to 450 °C.
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During reaction the temperature of the sublimation oven was slowly raised to 160 °C until all the starting 
material had disappeared. The product was trapped on a cold finger, which was cooled with dry ice/acetone 
to afford 22 (25 mg, 97%) as a colorless oil.
iH-NMR (300 MHz, CDCls) : 8 1.38 (s, 3H, CHs), 3.74 (s, 3H, CO2CH3), 5.64 (s, 1H, H7), 6.17 (m, 2H, H5, He),
6.24 (d, J=10.0 Hz, 1H, H2), 7.59 (d, J=10.0 Hz, 1H, Hs). 13C-NMR (75 MHz, CDCI3) : 8 27.63 (CHs), 51.34 
(CO2CH3), 67.21 (C1), 116.90 £ 7), 121.30, 126.92, 140.26, 141.09 (C2, Cs, C5, C), 141.57 (C4), 166.89 (CO2CHs). 
GC-MS (EI) m/z 180 (M+), 165 (M+ - CHs), 163 (M+ - OH), 148 (M+ - CHs - OH), 137 (M+ - C2HsO), 121 (M+ - 
CO2CHS). HRMS (EI): m/z calculated for C10H12O3: 180.0786; found: 180.0784.

Methyl 2-(5-oxo-1a,2,5,5a-tetrahydro-1-benzoxiren-2-yliden)acetate (23)
In the sublimation oven 18 (35 mg, 0.14 mmol) was heated to 120 °C under high vacuum (0.04 mbar). Under 
these conditions, 27 slowly evaporated and passed through the reaction oven, which was set to 550 °C. 
During the reaction the temperature of the sublimation oven was slowly raised to 150 °C until all the starting 
material had disappeared. The product was trapped on a cold finger, which was cooled with dry ice/acetone 
to afford 23 (24 mg, 95%) as a colorless oil.
°H-NMR (300 MHz, CDCls) : 8 3.70 (dd, J=2.1 Hz, J=3.8 Hz, 1H, Hs), 3.84 (s, 3H, CO2CH3), 5.37 (dd, J=2.3 Hz, 
J=3.8 Hz, 1H, H2), 6.10 (dd, J=2.0 Hz, J=10.3 Hz, 1H, HO, 6.37 (s, 1H, H7), 6.81 (dd, J=2.3 Hz, J=10.3 Hz, 1H, 
H5). 1sC-NMR (75 MHz, CDCls) : 8 50.00 (Cs), 52.16 (^C H s), 54.70 £ 2), 128.66 £ 7), 129.16 (C6), 141.42 £ 5),
143.58 (C), 165.27 (CO2CHs), 192.86 £ 1). GC-MS (EI) m/z 180 (M+), 165 (M+ - CHs), 151 (M+ - CO - H), 149 
(M+ - OCH3), 121 (M+ - CO2CH3), 109 (M+ - CO - C2H2O - H), 93 (M+ - CO2CH3 - CO). HRMS (EI): m/z 
calculated for C9H8O4: 180.0423; found: 180.0422.

6-Hydroxy-6-methyl-2,6-dihydrobenzo[b]furan-2-one (24)
In the sublimation oven 21 (35 mg, 0.15 mmol) was heated to 120 °C under high vacuum (0.04 mbar). Under 
these conditions, 21 slowly evaporated and passed through the reaction oven, which was set to 450 °C. 
During reaction the temperature of the sublimation oven was slowly raised to 180 °C until evaporation 
ceased. The product was trapped on a cold finger, which was cooled with dry ice/acetone. This afforded 24 
(7 mg, ~30%) as a colorless oil.
CI-MS m/z 165 (M + 1)+, 164 (M+), 149 (M+ - CHs), 147 (M+ - OH), 137 ((M + 1)+ - CO), 136 (M+ - CO), 121 ((M 
+ 1)+ - CO2 or M+ - CHs - CO). HRMS (CI): m/z calculated for C9H8O3: 164.0473; found: 164.0473.

4.10 Crystal Structure Data

Methyl 2-(6-oxotricyclo[6.2.1.02'7]undeca-4,9-dien-3-yliden)acetate (10a)
Crystals of 10a suitable for X-ray diffraction were obtained by crystallization from 2-propanol. A single 
crystal was mounted in air on glass fibres. Intensity data were collected at room temperature. An Enraf- 
Nonius CAD4 single-crystal diffractometer was used, Cu-Ka radiation, theta-2theta scan mode. Unit cell 
dimensions were determined from the angular setting of 25 reflections. Intensity data were corrected for 
Lorentz and polarization effects and semi-empirical absorption correction (psi-scans34) was applied. The 
structure was solved by the program CRUNCH35 and was refined with standard methods (refinement 
against F2 of all reflections with SHELXL9736 with anisotropic parameters for the nonhydrogen atoms. The 
hydrogen atoms of the methyl groups were refined as rigid rotors to match maximum electron density in a 
difference Fourier map. The other hydrogens were placed at calculated positions and were refined riding on 
the parent atoms. A structure determination summary, a list of atom coordinates, a list of bond lengths and

76



Synthesis and exploration o f a highly reactive p-quinone methide carboxylic ester

angles, a list of anisotropic displacement parameters and a list of hydrogen coordinates are given in Table 
4.3.

Table 4.3 Crystal data and structure refinement for compound 10a
Crystal colour /  shape: transparent colourless /  rather irregular fragment
Crystal size: 0.62 x 0.15 x 0.13 mm
Empirical formula: C56H56O12
Formula weight: 921.01
Temperature: 293(2) K
Radiation /  Wavelength: Cu-Ka (graphite mon.) /  1.54184 A
Crystal system, space group: Monoclinic, P21
Unit cell dimensions: a, a = 10.7320(6) A, 90°

( 25 reflections b, p = 18.5431(14) A, 92.374(5)°
40.360 < 0 < 46.326 ) c, y = 11.6417(5) A, 90°

Volume: 2314.8(2) As
Z, Calculated density: 2, 1.321 Mg/m3
Absorption coefficient : 0.753 mm-1
Diffractometer /  scan: Enraf-Nonius CAD4 /  theta-2theta
F(000): 976
0 range for data collection: 3.80 to 70.08°
Index ranges: -13<=h<=13, 0<=k<=22, -14<=l<=0
Reflections collected /  unique: 4761 /  4533 [R(int) = 0.0388]
Reflections observed: 3079 ([I0>2a(I0)])
Absorption correction: Semi-empirical from psi-scans
Range of relat. transm. factors: 1.059 and 0.921
Refinement method: Full-matrix least-squares on F2
Computing: SHELXL-97 (Sheldrick, 1997)
Data /  restraints /  parameters 4533 /  1 /  617
Goodness-of-fit on F2 1.052
SHELXL-97 weight parameters: 0.076900 0.154000
Final R indices [I>2ct(I)]: R1 = 0.0565, wR2 = 0.1329
R indices (all data): R1 = 0.0884, wR2 = 0.1543
Largest diff. peak and hole: 0.160 and -0.235 e.A-s

Methyl 2-(3-((methoxycarbonyl)oxy)-6-oxotricyclo[6.2.1.02,7]undeca-4,9-dien-3-yl)acetate (7a)
Crystals of 7a suitable for X-ray diffraction were obtained by recrystallization from diisopropyl ether. A 
single crystal was mounted in air on glass fibres. Intensity data were collected at -65 °C. An Enraf-Nonius 
CAD4 single-crystal diffractometer was used, Cu-Ka radiation, omega scan mode. Unit cell dimensions were 
determined from the angular setting of 17 reflections. Intensity data were corrected for Lorentz and 
polarization effects and semi-empirical absorption correction (psi-scans34) was applied. The structure was 
solved by the program CRUNCH35 and was refined with standard methods (refinement against F2 of all 
reflections with SHELXL9736 with anisotropic parameters for the nonhydrogen atoms. The hydrogen atoms 
of the methyl groups were refined as rigid rotors to match maximum electron density in a difference Fourier 
map. The other hydrogens were placed at calculated positions and were refined riding on the parent atoms. 
A structure determination summary, a list of atom coordinates, a list of bond lengths and angles, a list of 
anisotropic displacement parameters and a list of hydrogen coordinates are given in Table 4.4.
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Table 4.4 Crystal data and structure refinement for compound 7a
Crystal colour /  shape: transparent colourless /  regular thick platelet
Crystal size: 0.26 x 0.26 x 0.12 mm
Empirical formula: C16H18O6
Formula weight: 306.30
Temperature: 208(2) K
Radiation /  Wavelength: Cu-Ka (graphite mon.) /  1.54184 A
Crystal system, space group: Triclinic, P-1
Unit cell dimensions: a, a = 6.279(3) A, 84.46(5)°

( 25 reflections b, p = 8.717(5) A, 88.61(7)°
40.360 < 0 < 46.326 ) c, y = 27.688(11) A, 86.14(6)°

Volume: 1504.7(13) A3
Z, Calculated density: 4, 1.352 Mg/ms
Absorption coefficient : 0.870 mm-1
Diffractometer /  scan: Enraf-Nonius CAD4 /  omega
F(000): 648
0 range for data collection: 4.81 to 69.91°
Index ranges: -7<=h<=0, -10<=k<=10, -33<=l<=33
Reflections collected /  unique: 6256 /  5697 [R(int) = 0.0259]
Reflections observed: 4241 ([I0>2ct(I0)])
Absorption correction: Semi-empirical from psi-scans
Range of relat. transm. factors: 1.086 and 0.921
Refinement method: Full-matrix least-squares on F2
Computing: SHELXL-97 (Sheldrick, 1997)
Data /  restraints /  parameters 5697 /  0 /  402
Goodness-of-fit on F2 2.683
SHELXL-97 weight parameters: 0.200000 0.00000
Final R indices [I>2ct(I)]: R1 = 0.2029, wR2 = 0.5596
R indices (all data): R1 = 0.2369, wR2 = 0.5866
Extinction coefficient : 0.014(6)
Largest diff. peak and hole: 1.329 and -1.041 e.A-s

9-Hydroxy-9-methyl-6-oxatetracyclo[9.2.1.02,10.03,7]tetradeca-3,7,12-trien-5-one (21)
Crystals of 21 suitable for X-ray diffraction were obtained by recrystallization from diisopropylether. A 
single crystal was mounted in air on glass fibres. Intensity data were collected at room temperature. An 
Enraf-Nonius CAD4 single-crystal diffractometer was used, Cu-Ka radiation, theta-2theta scan mode. Unit 
cell dimensions were determined from the angular setting of 25 reflections. Intensity data were corrected for 
Lorentz and polarization effects and semi-empirical absorption correction (psi-scans34) was applied. The 
structure was solved by the program CRUNCH35 and was refined with standard methods (refinement 
against F2 of all reflections with SHELXL9736 with anisotropic parameters for the nonhydrogen atoms. The 
hydrogen atoms of the methyl groups were initially refined as rigid rotors to match maximum electron 
density in a difference Fourier map. The hydrogens attached to O1A and O1B were taken from a difference 
Fourier map. The other hydrogens were initially placed at calculated positions. All hydrogens were freely 
refined subsequently. A structure determination summary, a list of atom coordinates, a list of bond lengths 
and angles, a list of anisotropic displacement parameters and a list of hydrogen coordinates are given in 
Table 4.5.
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Table 4.5 Crystal data and structure refinement for compound 21
Crystal colour /  shape: transparent colourless /  rather regular fragment
Crystal size: 0.29 x 0.20 x 0.18 mm
Empirical formula: C14H14O3
Formula weight: 230.25
Temperature: 293(2) K
Radiation /  Wavelength: Cu-Ka (graphite mon.) /  1.54184 A
Crystal system, space group: Monoclinic, P 21/n
Unit cell dimensions: a, a = 8.64988(16) A, 90°

( 25 reflections b, p = 10.4254(4) A, 97.419(2)°
40.360 < 0 < 46.326 ) c, y = 25.6671(6) A, 90°

Volume: 2295.23(11) A3
Z, Calculated density: 8, 1.333 Mg/m3
Absorption coefficient : 0.760 mm-1
Diffractometer /  scan: Enraf-Nonius CAD4 /  theta-2theta
F(000): 976
0 range for data collection: 3.47 to 69.90°
Index ranges: -10<=h<=0, -12<=k<=0, -31<=l<=31
Reflections collected /  unique: 4662 /  4359 [R(int) = 0.0150]
Reflections observed: 3586 ([I0>2a(I0)])
Absorption correction: Semi-empirical from psi-scans
Range of relat. transm. factors: 1.021 and 0.986
Refinement method: Full-matrix least-squares on F2
Computing: SHELXL-97 (Sheldrick, 1997)
Data /  restraints /  parameters 4359 /  0 /  420
Goodness-of-fit on F2 1.043
SHELXL-97 weight parameters: 0.050300 0.699300
Final R indices [I>2ct(I)]: R1 = 0.0429, wR2 = 0.1074
R indices (all data): R1 = 0.0530, wR2 = 0.1148
Extinction coefficient : 0.00162(19)
Largest diff. peak and hole: 0.294 and -0.192 e.A-s
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Chapter

A DIASTEREOSELECTIVE DIELS-ALDER 
REACTION OF y-DI-SUBSTITUTED 

CYCLOHEXADIENONES

AN UNPRECEDENTED REARRANGEMENT

Abstract In this chapter the Diels-Alder reaction between several functionalized cyclohexadienones and 
cyclopentadiene is described. In these cycloaddition reactions complete diastereoselectivity was observed. 
This diastereoselectivity is fully controlled by stereo-electronic factors. Despite the size of the substituents on 
the cyclohexadienone moiety, the substituent bearing the functionalized oxygen atom is positioned 
exclusively on the sterically most demanding position. Furthermore, an unprecedented rearrangement 
reaction of a Diels-Alder cycloadduct was observed, leading to the formation of a heterocyclic compound.



Chapter 5

5.1 Introduction

In chapter 3 the synthesis of p-hydroxy-phenylglycine from functionalized  

cyclohexadienones 3 has been described. These cyclohexadienones can readily be prepared 

via a 1,2-nucleophilic addition of an appropriate lithium anion to p-benzoquinone 1 and 

subsequent quenching of the oxygen anion in 2 w ith an appropriate acid chloride (Scheme 

5.1).
R

R' "Cl
O

Li- ,CO2Me
O

= \  O
O CO2Me

O
A.

O CO2Me

Scheme 5.1
3

Cyclohexadienones 3 contain an electronpoor enone system, which makes them  

interesting dienophiles in Diels-Alder reactions. In this chapter the [4+2]-cycloaddition 

reactions of these cyclohexadienones w ith cyclopentadiene are described, w ith emphasis 

on the diastereoselectivity of this process. In principle two diastereoisomers 4a and 4b can 

be formed w hich are epimeric at C6 (Scheme 5.2).

O

4a
Scheme 5.2

4b3

It has been reported1 that the diastereoselectivity of [4+2]-cycloadditions involving  

dienophiles containing y-substituents, depend highly on the electronic and steric 

properties of these substituents. In this respect, cyclohexadienones 3 are particularly 

interesting dienophiles as they contain substituents of comparable size but w ith a quite 

different electronic effect on the participating enone system and they are connected to the 

C4 -(y)-position in 3 by a C-C or a C-O bond. In this chapter the [4+2]-cycloaddition of three 

substrates, viz. cyclohexadienones 5, 6 and 7, w ith cyclopentadiene w ill be considered 

(Scheme 5.3). The substrates 5 and 7 contain substituents at C4  w hich are sterically similar, 

but cyclohexadienone 6 contains a considerably bulkier pivaloyl ester function, that may 

affect the stereochemical outcome of the reaction in a substantial manner.
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6
Scheme 5.3

5.2 Diastereoselective Diels-Alder reactions

The Diels-Alder cycloaddition reaction of y-substituted cyclopentenones such as 9 has 

been extensively studied in the Nijmegen laboratory in order to achieve an efficient and 

highly enantioselective synthesis of tricyclodecanones 10. These structures are key 

com pounds in the route to enantiomerically pure cyclopentanoids2 which are of significant 

biological interest.

O
ZnCl2, C6H6

OR

H + RO

O
10a

Sterically: - 
Electronically: +

O
10b

Sterically: + 
Electronically: -

Scheme 5.4

Although in m ost cases mixtures of diastereoisomers are formed, the ratio of epimers is 

directly depended on both the steric size and electronic properties of group R. A m ost 

dramatic example of the electronic impact of R on this type of cycloadditions is the 

cycloaddition applying 9 containing a bulky trimethylsilylether group (R = SiMe3 ). In 

contrast to the expectations the major product turned out to be diastereoisomer 10a having 

the OR substituent in the endo-position. It is clear that the steric hindrance, w hich is 

undoubtedly associated w ith the bulkiness of the trimethylsilyl group, is overruled by 

electronic factors. A similar result is obtained for a y-O-tBu substituted cyclopentenone 9 

(R=tBu). These results reveal that the y-C-O bond for some reason prefers the endo- 

configuration in the [4+2] transition state leading to the products 10.

Recently, semi-empirical calculations have been performed by Houk et al.3 to explain the 

high degree of diastereofacial selectivity involving this type of dienophiles. These 

calculations w ere carried out for the [4+2]-cycloaddition of several cyclohexadienones (12 - 

15) w ith trimethyl cyclopentadiene 11 (Figure 5.1). The outcome of these calculations
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show ed considerable differences between the activation energy of the "inside" and the 

"outside" positions of electronegative substituents in the transition states. In the favorable 

"inside" transition state the electronegative substituent is preferably positioned at the 

more crowded endo-face of the molecule.

O O O

0 0 0
MeO Me HO H MeO H

11 12 13 14 15
Figure 5.1

A similar observation w as m ade earlier by Carreno et  al.4 Based on calculations, the 

diastereofacial selectivity was contributed to steric effects rather than to electronic effects. 

Houk et al.3 suggested that the electronegative oxygen atom has a smaller volum e than a 

m ethyl group, which explaines the "inside" preference for a m ethoxy group over a methyl 

group in the cycloaddition of 13. This w as supported by the calculations involving  

cycloaddition of 15, in which a weak "outside" preference for the larger m ethoxy group 

was found. An alternative explanation w as given by W ipf and Kim.5 They suggested that 

the close proximity of the y-oxygen atom in the cyclohexadienone to the n-system  of the 

diene and possible stacking interactions account for a preferential syn  orientation of the 

oxygen substituent. This hypothesis, however, w as doubted by Houk et al.3, because their 

calculations indicated electrostatic repulsions instead of attractions.

A w idely applied and so far generally accepted explanation for the diastereofacial 

selectivity of cycloaddition reactions is given by the Cieplak-theory678 (Figure 5.2). 

According to this theory, the stabilizing interaction of the emerging a* orbital of the 

incipient bond at Cp w ith the a-bonds of the y-carbon atom accounts for the high degree of 

selectivity. Carbon-carbon bond formation according to transition state 1 places the 

emerging a* orbital syn  to the aCo-bond at the y-carbon atom, whereas in transition state 2 

the emerging a *  orbital is syn  to the a CC-bond. Since a a CC-bond is more electron rich than 

a aCo-bond, it is more capable of donating electron density into the emerging a *  orbital of 

the incipient bond at Cp, thereby favoring transition state 2, which leads to the "inside" 

orientation of the oxygen substituent.
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Transition state 1:
Electronically RCH2̂ -----
least favorable

Transition state 2:
Electronically 
most favorable

RO ___ //

RCH2 CY C

rOCy C

TRANSITION STATE TRANSITION STATE 
(bonding) (anti-bonding)

O

O O \
R

7b

PRODUCT

7a
Figure 5.2

Despite the fact that the explanations given by Houk et al.3 (steric interactions) and 

Cieplak6 (electronic interactions) for the diastereoselectivity in the above examples are 

com pletely different, the outcom e of these theories are in complete agreement w ith  the 

experimental observations.

O

5.3 Diels-Alder reactions of the functionalized cyclohexadienones 5 - 7

The cyclohexadienones 5 -  7 were subjected to Diels-Alder reactions w ith  cyclopentadiene 

(Scheme 5.5). The reactivity of these dienophiles appeared to be quite poor, which may be 

attributed to unfavorable steric interactions by the substituents at C4 . Lewis acid catalysis 

was therefore required. Several Lewis acid catalysts were studied. Strong Lewis acids, like 

aluminum chloride and tin tetrachloride, com pletely destroyed the dienophiles, even at 

low  temperature. The very mild Lewis acid zinc chloride, on the other hand, appeared to 

be very effective.

The first reaction w as performed w ith cyclohexadienone 5. The corresponding 

cycloadduct 16a w as formed in nearly quantitative yield w ith complete 

diastereoselectivity. Epimer 16b w as not formed at all. Cycloaddition of dienophile 7 

resulted in the formation of cycloadduct 18a, again w ith complete diastereoselectivity. 

Here, som e decom position of cycloadduct 18a w as observed under the conditions of the 

reaction. Surprisingly, cycloaddition of dienophile 6 appeared to be completely
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diastereoselective as well. The formed epimer 17a has the same configuration at C6 as 

observed for the cycloadducts derived from 5 and 7. Apparently, steric repulsion due to 

the large ferf-butyl group does not play a decisive role in the diastereoselectivity of this 

reaction.

5, 6, 7 16a, 17a, 18a

single product

16b, 17b,18b

not observed
Dienophile R Product Yield (%) de (%)

5 Me 16a 95 100
6 tBu 17a 95 100
7 OMe 18a ~ 80* 100

* Decomposition of the product had occurred 
a. cyclopentadiene (1.8 eq.), ZnCl2 (1.1 eq.), toluene, 18 h. 

Scheme 5.5

The absolute configurations of 17a and 18a were unequivocally established by X-ray 

diffraction analyses (Figure 5.3).

17a 18a

Figure 5.3 Pluton visualization of the X-ray structures of cycloadducts 17a and 18a

The diastereoselective formation of adducts 16a - 18a is in com plete agreement w ith both 

the Cieplak theory6 (Figure 5.2) and expectations based on the calculations of Houk e f  al.3, 

which both predict the preferred "inside" orientation of the oxygen substituent. Most 

interesting, however, is the fact that only a single diastereoisomer is formed, w hile the 

other is not observed at all. This clearly demonstrates that electronic properties com pletely
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determine the stereochemical outcome of the reaction and that steric bulk is not playing an 

important role.

5.4 Unprecedented rearrangement of 16a under Lewis acid catalysis

The cycloaddition reaction of 7 w ith cyclopentadiene initially resulted in the formation of 

cycloadduct 18a, which, however, under the conditions of the reaction appeared to be 

unstable (Scheme 5.5). By heating the reaction mixture com plete disappearance of 
cycloadduct 18a w as observed and three new  products w ere formed, w ith one being 

predominant. The NMR spectra of these com pounds revealed that in all three com pounds 

the carbonate group had disappeared. Two products, 19a and 19b, w ere readily identified. 

They were formed as an inseparable mixture of E /Z  isomers in about 15% yield. Their 

formation can be readily explained by a simple P-elimination of the carbonate group 

(Scheme 5.6).

Here, both isomers 19a and 19b w ere formed in a ratio of approximately 1:1, whereas 

treatment of 18a w ith DBU at 0 °C leads to the formation of a single diastereoisomer, as 

has been show n previously (chapter 4, Scheme 4.7). Interestingly, together w ith 19a and 

19b the unexpected product 20 had been formed in a rather high yield of 68%. Its 

formation can be explained by invoking a fascinating rearrangement reaction of the 

initially formed cycloadduct 18a.

The mechanism for the formation of tricyclic ether 20 from 18a is show n in Scheme 5.7. 

Zinc chloride appeared essential for this rearrangement suggesting its initial complexation  

w ith the carbonyl functions in 18a.

20
a. ZnCl2, toluene, 70 °C. 

Scheme 5.6

68%
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10 9

8 Zn
2+

2+ Ĥ ,A"HOCO2Me
Zn-.O ^ cV' 2

K J
4 5 CO2Me 
18a 2

Zn-O
CO2Me

Complexation at the C=O carbonyl function at C3  facilitates the enolization, whereas such 

a complexation w ith the carbonate function promotes the elimination of this group. A  

combination of both processes initiates the C7  - Cs bond cleavage of the norbornene moiety  

as now  a phenyl group can be formed. The aromatization energy resulting from this 

cleavage amply compensates the formation of the cyclopentenyl carbocation, w hich is 

trapped by the phenol oxygen to form 20 in a manner show n in Scheme 5.7.

The structure of 20 was tentatively established from its analytical data, including !H-NMR, 

13C-NMR, 2D-NOESY NMR and mass spectroscopy. Since this com pound appeared as an 

oil, X-ray diffraction could not be applied to confirm the proposed structure. This problem  

w as solved by saponification of the methyl ester w ith sodium  hydroxide in methanol and 

crystallization of the resulting acid 21 from 2-propanol. A crystalline acid, suitable for X- 

ray analysis, w as obtained. The X-ray structure of 21, which is depicted in Figure 5.4, 
unam biguously confirmed the structure of the rearrangement compound.

Figure 5.4 Pluton visualization of the X-ray structure of 21

88



A diastereoselective Diels-Alder reaction o f y-di-substituted cyclohexadienones

C leavage reactions in bicyclic norbornene system s (relevant literature)

Rearrangement reactions in w hich tricyclic structures are cleaved are quite common. Such 

a rearrangement w as reported first by Birch, Butler and Siddall in 1964.10 They found that

undergoes an acid-catalyzed ring fission adjacent to the bridgehead m ethoxy group, 

leading to a series of hydro-derivatives of dibenzofuran (26 and 27, Scheme 5.8). They also 

found that the bridgehead m ethoxy group is essential, because a substrate lacking this 

group show ed no rearrangement.

Rearrangements of cyclopentadiene adducts have been described by Brimble et al.11 They 

reported the Diels-Alder reactions of substituted 1,4-benzoquinones 28 and 1,4- 

naphthoquinones 31 w ith  cyclopentadiene and subsequent rearrangement of the 

corresponding cycloadducts 29 and 32 to the dihydrobenzofurans 30 and 

dihydronaphthofurans 33, respectively (Scheme 5.9). In these reactions, an electron- 

w ithdrawing group (EWG) on the dienophile and Lewis acid catalysis are required to 

effect cleavage of the tricyclic system, since in its absence no rearrangement takes place.

the cycloadduct 25, produced from benzoquinone and 1-methoxycyclohexa-1,3-dienes 24,

O

R

a MeO OH

24 O 25
- RH

27 for R = OMe

a. Ethanol, 10N HCl 
Scheme 5.8
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O

(VW+ o 
28

O

Oÿ-îo

Lewis_
acid

O EWG

O H 29

EWG

O 31

OII EWG
Lewis 7 1acid

.O
32

30

EWG
HO

33
EWG = COMe, COH, CO2Me, CN, NO2

Scheme 5.9

Apart from the cycloadducts of cyclopentadiene and functionalized cyclohexadienes, as 

described above, cycloadducts derived from acyclic dienes as w ell as furans can also 

undergo a rearrangement, as has been reported by Brimble et al. (Scheme 5.10).12

O

O

EWG
EWG ~ ,O

O HO
+ ^ ^  ~O S i M e 3 Lewis acid

EWG = CHO, COMe, CO2Me, SOPh, SO2Ph 

Scheme 5.10

63-72%

The rearrangements reported in the literature differ significantly from the rearrangement 

of 18a depicted in Scheme 5.7. The adduct 18a is derived from a 4,4-disubstituted 

cyclohexadienone, w hile those described in the literature are derived from substituted 

quinones and naphthoquinones. In the case of 18a, rearrangement is triggered by 

elimination of a leaving group, resulting in the formation of functionalized phenyl acetic 

acids, whereas rearrangements of quinone and naphthoquinone derived cycloadducts are 

triggered either by the electron-donating group at the bridgehead position (Scheme 5.8) or 

by the electron-withdrawing effect of the electron withdrawing group present in the 

cycloadduct, thereby leading to the formation of phenols and naphtols (Scheme 5.9 and 

Scheme 5.10).
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5.5 The rearrangement reaction of the cycloadduct derived from 
cyclohexa-1,3-diene

In order to further explore the scope of the Lewis acid induced rearrangement of 

cycloadducts derived from dienone 7, the corresponding cyclohexadiene adduct 35 was 

prepared and its behaviour towards zinc chloride w as studied (Scheme 5.11). The 

synthesis of 35 w as not as straight forward as that of 18a as cyclohexadiene turned out to 

be a poor diene in its reaction w ith dienophile 7. No cycloaddition took place at all. Access 

to 35 was eventually realized by starting from the cycloadduct of benzoquinone and 

cyclohexadiene, followed by appropriate functionalization of one of the carbonyl 

functions, as described earlier (Chapter 4, Scheme 4.6). Reetz et al.13 reported a very 

efficient procedure for the cycloaddition of p-benzoquinone and cyclohexadiene using  

lithium perchlorate as the catalyst, w hich yielded the corresponding cycloadduct 36 in 

excellent yield.

O

O
34

a1r a

36 O

c1, c?

OMe

b

ai. LDA, MeCÜ2Me, THF, -78 °C. a2. ClCC>2Me, -78 °C ^ rt, 94%. b. Cyclohexadiene, LiClC>4 (7 mol%), CH2Cl2, 
3 h, 98%. c i.. LDA, MeCÜ2Me, THF, -78 °C. c2 . ClCÜ2Me, -78 °C ^ rt, 80%.

Scheme 5.11

This cycloadduct was subjected to a 1,2-nucleophilic addition w ith methyl lithioacetate14 

and subsequently quenched w ith m ethyl chloroformate to give carbonate 35 in 80% yield  

(Scheme 5.11). This com pound w as then treated w ith zinc chloride at 70 °C, applying 

similar conditions as used for 18a (Scheme 5.6). Com pound 35 w as slow ly converted into a 

similar mixture of com pounds (Scheme 5.12). Disappointingly, the yield of the 

rearrangement product 38 appeared to be rather low  (25%), w hile the yield of the 

elimination products 37a and 37b had increased significantly (55%).
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OMe

OXT
38

CO2Me

25%

a. ZnCl2 (1 eq.), toluene, 70 °C, 2 h. 
Scheme 5.12

A plausible reason for the more preferred P-elimination may be the fact that cycloadduct 

35 is less strained than 18a and therefore, cleavage of the tricyclic system is less 

pronounced here.

a

5.6 Conclusion

Functionalized cyclohexadienones 5 - 7  undergo high yielding and complete 

diastereoselective cycloadditions w ith cyclopentadiene using zinc chloride as the catalyst. 

The diastereoselective product formation is in com plete agreement w ith  both the Cieplak 

theory and Houk's calculations based on stereoelectronic considerations.

Cycloaddition of 7 w ith cyclopentadiene and subsequent heating of the initially formed 

cycloadduct 18a resulted in an unprecedented rearrangement, yielding the heterocycle 20 

as the major product. This rearrangement reaction is of great interest, as it improves the 

accessibility of tricyclic aromatic ether 20. The zinc chloride m ediated rearrangement of 

cyclohexadiene Diels-Alder adduct 35 leads to a similar mixture of products, however, in 

this case the rearrangement w as much less pronounced, w hich can be attributed to lesser 

strain in 35 than in 18a.
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5.7 Experimental Section

General remarks
Melting points were measured with a Reichert Thermopan microscope and are uncorrected. IR spectra were 
taken on a Perkin Elmer 298 infrared spectrophotometer. FT-IR spectra were determined on a Biorad WIN-IR 
FTS-25 spectrophotometer. aH and 13C-NMR spectra were recorded on a Bruker AC-100, a Bruker AC-300 
and Bruker AM-400 at T=298 K unless stated otherwise. Chemical shifts are reported relative to Me4Si. For 
mass spectra a double fucussing VG 7070E mass spectrometer was used. GC-MS spectra were run on a 
Varian Saturn 2 benchtop GC-MS ion-trap system, and separations were carried out on a fused-silica 
capillary column (DB-5, 30m x 0.25mm). Helium was used as the carrier gas, and electron impact (EI) was 
used as ionization mode. Flash chromatography was carried out at a pressure of ca. 1.5 bar using Merck 
Kieselgel 60H. Column chromatography at atmospheric pressure was performed using Merck Kieselgel 60. 
Thin layer chromatography (TLC) was carried out on Merck precoated silicagel 60 F254 plates (0.25 mm) 
using the eluents indicated. Spots were visualized with UV, iodine or a molybdate spray. Solvents were 
dried using the following methods: dichloromethane, hexane, heptane and ethyl acetate were distilled from 
CaH2, diethyl ether was distilled from NaH, THF was distilled from LiAlH4 just before use. All other 
solvents were of analytical grade.

The atomic numbering, which is used in describing the NMR spectra, is as follows:

11 12

10

8
9^ " \ 7  6 5 

10 11
O 1

2
3

6 5

2 3

1

The syntheses of the cyclohexadienones 5 - 7 are described in chapter 3. 

endo-6-Acetyloxy-exo-6-carbomethoxymethyl-tricyclo[6.2.1.02'7]undeca-4,9-dien-3-one (16a)
To a solution of 5 (0.448 g, 2.00 mmol) in toluene (15 mL) were added cyclopentadiene (0.24 g, 3.6 mmol) and 
ZnCl2 (0.302 g, 2.20 mmol). The mixture was allowed to react overnight. Toluene and excess diene were 
removed under reduced pressure and the residue was taken up in ethyl acetate, washed sequentially water 
and brine, and then dried (MgSO4). Finally, the organic layer was concentrated under reduced pressure and 
the residue was purified by flash column chromatography (SiO2, hexane/ethyl acetate: 5/2) to afford 16a 
(0.518 g, 90%) as a white solid. The product was crystallized from diisopropyl ether, which afforded colorless 
cubic crystals.
M.p.: 64 °C. !H-NMR (300 MHz, CDCls) : S 1.35 - 1.45 (m, 2 H, HUa+HUb), 2.14 (s, 3H, OCOCH3 ), 2.98 - 3.10 + 
3.28 - 3.39 (m, 2x2H, H1, H , H7, Hb), 3.07 B of AB (d, 2J=14.7 Hz, 1H, CHaHb^CHs), 3.37 A of AB (d, 2J=14.7 
Hz, 1H, CHaHbCO2CH3 ), 3.62 (s, 3H, CO2CH3), 5.84 (d, J=10.4 Hz, 1H, H4), 5.83 B of AB (dd, J=2.8 Hz, J=5.5 
Hz, 1H, H9 or H10), 6.01 A of AB (dd, J=2.8 Hz, J=5.5 Hz, 1H, H10 or H9), 6.66 (dd, J=1.3 Hz, J=10.4 Hz, 1H, 
H5). 13C-NMR (75 MHz, CDO3) : S 21.97 (COCH3), 45.25, 47.46, 48.32, 50.71 (C1, C2, C7, Cb), 46.28 (C11), 48.66 
(CH2CO2CH3), 51.74 (CO2CH3 ), 79.32 (Cs), 130.54 (C4), 134.81, 135.13 (C9, C10), 147.01 (C5), 169.01, 170.52 
(OCOCH3, CH2CO2CH3), 199.41 (C3). IR (KBr, cm-1) : 2975 + 2950 + 2880 + 2840 (C-H), 1745 + 1720 (C=O 
ester, 2x), 1665 (C=O). EI-MS m/z 290 M+, 248 (M+ - COCH3  + H), 230 (M+ - CO2CH3 - H), 91 (M+ -
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CH2CO2CH3 - OCOCH3 - C5H6 - H), 6 6  (CsH6)+. Analysis calculated for C16H18O5: %C 66.20, %H 6.25; found: 
%C 66.15, %H 6.18.

exo-6-Carbomethoxymethyl-endo-6-pivaloyloxy-tricyclo[6.2.1.02,7]undeca-4,9-dien-3-one (17a)
To a solution of 6  (0.532 g, 2.00 mmol) in toluene (15 mL) were added cyclopentadiene (0.24 g, 3.6 mmol) and 
ZnCl2 (0.302 g, 2.20 mmol). The mixture was allowed to react overnight. Toluene and excess diene were 
removed under reduced pressure and the residue was taken up in ethyl acetate, washed sequentially with 
water and brine, and then dried (MgSO4). Finally, the organic layer was concentrated under reduced 
pressure to afford 17a (0.646 g, 97%) as a white solid. The product was crystallized from diisopropyl ether, 
which afforded white needles.
M.p.: 99-100 °C. iH-NMR (300 MHz, CDCIb) : S 1.27 (s, 9H, QCHOb), 1.35 - 1.45 (m, 2H, Hna + Hub), 2.95 -
3.10 + 3.30 - 3.40 (m, 2x2H, H1, H2, H7, Hb), 3.02 B of AB (d, 2J=14.8 Hz, 1H, CHaHbCO2CH3), 3.40 A of AB (d, 
2J=14.8 Hz, 1H, CHaHbCO2CH3), 3.61 (s, 3H, CO2CH3 ), 5.83 B of AB (dd, J=2.8 Hz, J=5.5 Hz, 1H, H9 or H10),
5.84 (d, J=10.4 Hz, 1H, H4), 5.99 A of AB (dd, J=2.8 Hz, J=5.5 Hz, 1H, H10 or H9), 6.70 (dd, J=1.3 Hz, J=10.4 Hz, 
1H, H5). 13C-NMR (75 MHz, CDG3 ) : S 27.11 (C(CHa)3), 39.47 (C(CHb)3), 45.21, 47.25, 48.20, 50.89 (C1, C2, C7, 
Cb), 46.48 (C11), 48.71 (CH2CO2CH3), 51.68 (CO2CH3), 130.47 (C4), 134.71, 135.26 (C9, C10), 147.31 (C5), 168.95 
(CO2CH3), 177.75 (COC(CH3)3), 199.48 (C3). IR (CH2Q 2, cm-1) : 3000-2900 (C-H), 1730 + 1720 (C=O, ester), 
1665 (C=O). CI-MS m/z 333 (M + 1)+, 267 ((M + 1)+ - C5H6), 231 ((M + 1)+ - OCOC(CH3)3 - H), 171 ((M + 1)+ - 
OCOC(CH3)3 - CO2CH3 - 2H), 107 ((M + 1)+ - OCOC(CH3)3 - CO2CH3 - C5H6), 66 (C5H6)+, 57 (C(CH3)3)+. 
Analysis calculated for C19H24O5: %C 68.66, %H 7.28; found: %C 68.96, %H 7.18.

exo-6-Carbomethoxymethyl-endo-6-methoxycarbonyloxy-tricyclo[6.2.1.02'7]undeca-4,9-dien-3-one (18a)
To a solution of 0.532 g (2.00 mmol) 7 in toluene (15 mL) were added cyclopentadiene (0.24, 3.6 mmol) and 
ZnCl2 (0.302 g, 2.20 mmol). The mixture was allowed to react overnight. The reaction mixture was washed 
sequentially with water and brine and dried (MgSO4). Finally, the organic layer was concentrated under 
reduced pressure to afford 0.490 g (80%) 18a as a white solid.
Spectral data were in accordance with those reported in chapter 4 (compound 10a).

6-(E)-Carbomethoxymethylene-tricyclo[6.2.1.02'7]undeca-4,9-dien-3-one (19a), 
6-(Z)-carbomethoxymethylene-tricyclo[6.2.1.02'7]undeca-4,9-dien-3-one (19b) and 
methyl 2-(3a, 8b-dihydro-1H-benzo[b]cyclopenta[d]furan-7-yl)acetate (20)
After cycloaddition of 7 with cyclopentadiene, as described for the preparation of 18a, the reaction mixture 
was heated at 70 °C for 2 h. Toluene and excess diene were removed under reduced pressure, the residue 
was taken up in ethyl acetate and washed sequentially water and brine, and then dried (MgSO4). Finally, the 
organic layer was concentrated under reduced pressure and the residue was purified by flash column 
chromatography (SiO2, hexane/ethyl acetate: 3/1) to afford 19a and 19b (0.069 g, 15%) as an inseparable 
mixture and 20 (0.312 g, 68%) as a colorless oil.
(19a + 19b): !H-NMR (100 MHz, CDCl3) (the NMR is complex due to the mixture of 2 isomers): S 1.45 (m, 4H, 
Hna + Hub, 19a + 19b), 2.99 B of AB (dd, J=4.1 Hz, J=8.9 Hz, 2H, H2, 19a + 19b), 3.20 - 3.70 + 4.10 - 4.30 (m, 
6H, H1, H7, Hb, 19a + 19b), 3.76, 3.77 (2s, 6H, CO2CH3, 19a + 19b), 5.80 - 6.20 (m, 6H, H4, H9, H10, 19a + 19b),
6.80 (d, J=9.5 Hz, 1H, H5, 19b), 8.35 (d, J=10.4 Hz, 1H, H5, 19a). CI-MS m/z 231 (M + 1)+, 171 ((M + 1)+ - 
CO2CH3  -  H), 165 ((M + 1)+ - C5H6), 107 ((M + 1)+ - C5H6 -  CO2CH3 + H), 66 (CsH6)+. Analysis calculated for 
C14H14O3: %C 73.03, %H 6.13; found: %C 73.11, %H 6.17.
(20): !H-NMR (400 MHz, CDG3 ) : S 2.57 B of AB (ddd, J=2.0 Hz, J=2.0 Hz, 2J=17.1 Hz, 1H, Hb), 2.91 A of AB 
(dd, J=8.1 Hz, 2J=17.1 Hz, 1H, Hb), 3.53 (s, 2H, CH2CO2CH3), 3.67 (s, 3H, CO2CH3), 4.04 (dd, J=8.0 Hz, J=8.0 
Hz, 1H, H7), 5.80 -  5.85 (m, 2H, H10, H11), 5.98 - 6.01 (m, 1H, H9), 6.69 (d, J=8.2 Hz, 1H, H2), 7.00 (d, J=8.2 Hz,
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1H, H3), 7.07 (s, 1H, H5). 13C-NMR (100 MHz, CDCl3 ) : S 40.31, 40.45 (Cb, CH2CO2CH3 ), 43.17 (C7), 51.85 
(CO2CH3), 92.76 (C11), 109.70 (C2), 125.56 (C5), 125.80 (C4), 129.21, 129.34 (C9, C10), 131.78 (Q), 135.30 (C3), 
157.50 (C1), 172.39 (CO2CH3). IR (CH2Q 2, cm-1) : 2910 + 2850 (C-H), 1730 (C=O, ester). GC-MS m/z 230 M+, 171 
(M+ - CO2CH3), 89 (M+ - CO2CH3 - C5H6O), 77 (Ar)+. HRMS (EI): calculated for C14H14O3 : 230.0943; found: 
230.0943.

2-(3a,8b-Dihydro-1H-benzo[b]cyclopenta[d]furan-7-yl)acetic acid (21)
To a solution of 20 (0.575 g, 2.50 mmol) in methanol (5 mL) was added sodium hydroxide (0.200 g, 5.00 
mmol). The mixture was stirred for 18 h, after which methanol was removed under reduced pressure. To the 
residue was taken up in water and washed with ethyl acetate. After acidification of the water layer, the 
product was extracted twice with ethyl acetate. The combined organic layers were dried (MgSO4) and 
concentrated under reduced pressure to afford 21 (0.486 g, 90%) as a white solid, which was crystallized 
from 2-propanol.
M.p.: 139-140 °C. !H-NMR (300 MHz, CDG3) : S 2.56 B of AB (ddd, 2J=17.1 Hz, 1H, Hb), 2.91 A of AB (m, 
2J=17.1 Hz, 1H_Hb), 3.54 (s, 2H, CH2CO2H), 5.79 - 5.86 (m, H, H11), 5.84 B of AB (dd, J=2.2 Hz, J=4.2 Hz, 1H, 
H10), 6.00 A of AB (ddd, J=2.2 Hz, J=2.2 Hz, J=4.9 Hz, 1H, H9), 6.69 B of AB (d, J=8.2 Hz, 1H, H2), 7.00 A of AB 
(dd, J=1.8 Hz, J=8.2 Hz, 1H, H3), 7.06 (s, 1H, H5). 13C-NMR (75 MHz, CDG3 ) : S 40.33, 40.43 (Cb, CH2CO2H), 
43.30 (C7), 92.90 (C11), 109.89 (C2), 125.22 (C4), 125.74 (C5), 129.43, 129.49 (C9, C10), 131.98 (C6), 135.35 (C3), 
157.82 (C1), 177.94 (CO2H). IR (CH2Q 2, cm-1) : 3500 (br, OH), 2910 + 2850 (C-H), 1705 (C=O). CI-MS m/z 216 
M+, 199 (M+ - OH), 171 (M+ - CO2H), 157 (M+ - CH2CO2H). Analysis calculated for C13H12O3: %C 72.21, %H 
5.59; found: %C 72.21, %H 5.48.

Cylcoadduct 36 was synthesized according to the procedure described by Reetz et al.13 Analytical data were 
in complete agreement.

exo-6-carbomethoxymethyl-endo-6-methoxycarbonyloxy-tricyclo[6.2.2.02'7]dodeca-4,9-dien-3-one (35) 
Diisopropylamine (2.1 mL, 16.0 mmol) was dissolved in dry THF (15 mL) and cooled to -78 °C. Butyllithium 
(10.0 mL, 1.6M, 16.0 mmol) was added and the mixture was stirred for 30 min. Next, a solution of methyl 
acetate (1.3 mL, 16.0 mmol) in dry THF (2 mL) was added. After stirring for another 30 min the mixture was 
added to a solution of 36 (2.507 g, 13.33 mmol) in dry THF (40 mL) during a period of 5 min with a canula in 
order to keep the temperature at -78 °C during the addition. The mixture was stirred for 45 min, methyl 
chlorocarbonate (3.7 mL, 48.0 mmol) was added and the mixture was stirred for another 60 min. The cooling 
bath was removed and stirring was continued for 2 h at ambient temperature. THF was removed under 
reduced pressure and the residue was taken up in ethyl acetate and washed sequentially with water, 2.5% 
HCl, saturated sodium bicarbonate, brine, and then dried (MgSO4). Finally, the organic layer was 
concentrated under reduced pressure and the residue was purified by flash column chromatography (SiO2, 
hexane/ethyl acetate: 2/1) to afford 47 (3.408 g, 80%) as a white solid, which was crystallized from 
diisopropyl ether.
M.p.: 112 °C. 1H-NMR (300 MHz, CDG3 ) : S 1.12 - 1.41 (m, 2H, H11 or H12), 1.57 - 1.71 (m, 2H, H12 or H11),
2.63 - 2.69 (m, 1H, H1 or Hb), 2.79 B of AB (dd, J=3.7 Hz, J=8.8 Hz, 1H, H2), 2.84 B of AB (d, 2J=14.9 Hz, 1H, 
CHaHbCO2CH3), 2.96 A of AB (d, J=8.8 Hz, 1H, H7), 3.08 - 3.15 (m, 1H, Hb or H1), 3.35 A of AB (d, J=14.9 Hz,
1H, CHaHbCO2CH3), 3.63 (s, 3H, CO2CH3), 3.84 (s, 3H, OCO2CH3), 5.91 B of AB (d, J=10.5 Hz, 1H, H4), 5.97 
(ddd, J=1.1 Hz, J=6.4 Hz, J=7.9 Hz, 1H, H9 or H10), 6.26 (dd, J=6.4 Hz, J=6.4 Hz, 1H, H10 or H9), 6.87 A of AB 
(dd, J=1.7 Hz, J=10.5 Hz, 1H, H5). 13C-NMR (75 MHz, CDQ3) : S 22.51, 27.89 (C11, C12), 30.17, 36.07, 43.61,
49.61 (C1, C2, C7, Cb), 45.48 (CH2CO2CH3), 51.91 (CO2CH3), 54.82 (OCO2CH3), 79.95 (C6), 130.87, 131.02 (C,
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C10), 135.06 (C4), 146.43 (C5), 153.73 (OCO2CH3 ), 168.83 (CO2CH3 ), 198.78 (C3). CI-MS m/z 320 M+, 245 (M+ - 
OCO2CH3), 185 (M+ - CO2CH3 - OCO2CH3 - H), 157 (M+ - CO2CH3 - OCO2CH3 -  C2H4 - H), 107 (M+ - 
CO2CH3 - OCO2CH3 - C6H8 + H), 80 (C6H8)+. Analysis calculated for C17H20O6: %C 63.74, %H 6.29; found: 
%C 64.03, %H 6.22.

6-(E)-Carbomethoxymethylene-tricyclo[6,2,2,02'7]dodeca-4,9-dien-3-one (37a),
6-(Z)-carbomethoxymethylene-tricyclo[6,2,2,02’7]dodeca-4,9-dien-3-one (37b) and 
methyl 2-(5a, 8,9,9a-tetrahydrodibenzo[b,d]furan-2-yl)acetate (38)
To a solution of 35 (0.320 g, 1.00 mmol) in toluene (10 mL) was added ZnCl2 (0.137 g, 1.00 mmol) and the 
mixture was heated to 70 °C for 2 h. The toluene was removed under reduced pressure and the residue was 
taken up in ethyl acetate and washed sequentially water and brine, and then dried (MgSO4). Finally, the 
organic layer was concentrated under reduced pressure and the residue was purified by flash column 
chromatography (SiO2, hexane/ethyl acetate: 3/1) to afford 37a and 37b (0.135 g, 55%) as an inseparable 
mixture and 38 (0.062 g, 25%) as a colorless oil.
The !H-NMR of 37a + 37b is complex due to the mixture of 2 isomers.
(37a): 13C-NMR (75 MHz, CDG3 ) : S 24.06, 26.08 (C11, C12), 35.52, 38.68, 43.46, 48.89 (C1, C2, C7, Cb), 51.41 
(CO2CH3), 120.96 (C=CHCO2CH3), 131.99, 133.12, 133.38 (C4, C9, C10), 140.32 (C5), 152.02 (Q), 165.90 
(CO2CH3 ), 199.67 (C3).
(37b): 13C-NMR (75 MHz, CDO3) : S 23.23, 26.71 (C11, C12), 36.00, 39.47, 40.85, 48.72 (C1, C2, C7, C8), 51.41 
(CO2CH3), 121.53 (C=CHCO2CH3), 132.65, 132.91, 133.75 (C4, C9, C10), 146.71 (C5), 154.53 (Q), 166.04 
(CO2CH3 ), 200.18 (C3).
IR (CH2Q 2, cm-1) : 2940, 2910, 2870 (C-H), 1710, 1660 (C=O, ester), 1615, 1590 (C=O). GC-MS m/z 244 M+, 229 
(M - CH3)+, 213 (M - OCH3)+, 185 (M - CO2CH3)+, 166 (M - C6H8 + 2H)+, 151 (M - C6H8 - CH3 + 2H)+, 107 (M
- C6H8 - CO2CH3 + 2H)+, 79 (C6H8 - H)+. HRMS (EI): calculated for C15H16O3: 244.1099; found: 244.1099.
(38): !H-NMR (300 MHz, CDCls) : S 1.45 - 1.67 + 1.88 - 2.17 (m, 4H, Hb, H9), 3.37 (ddd, J=4.7 Hz, J=4.7 Hz, 
J=9.4 Hz, 1H, H7), 4.99 (m, 1H, H12), 5.95 B of AB (dddd, J=1.8 Hz, J=1.8 Hz, J=1.8 Hz, J=10.1 Hz, 1H, H10),
6.11 A of AB (ddd, J=3.7 Hz, J=3.7 Hz, J=10.1 Hz, 1H, Hn), 6.73 B of AB (d, J=8.1 Hz, 1H, H2), 7.01 A of AB 
(dd, J=1.8 Hz, J=8.1 Hz, 1H, H3), 7.10 (s, 1H, H5). 13C-NMR (75 MHz, CDCk) : S 22.69 (Q0, 25.12 (C9), 39.95 
(C7), 40.57 (CH2CO2CH3), 51.93 (CO2CH3), 78.90 (C12), 109.72 (C2), 124.32, 124.86 (C11, C5), 125.81 (C4), 128.97 
(C10), 131.89 (C6), 133.36 (C3), 158.21 (C1), 172.48 (CO2CH3). IR (CH2Q 2, cm-1) : 2920, 2880, 2830 (C-H), 1730 
(C=O, ester). GC-MS m/z 244 M+, 185 (M+ - CO2CH3), 171 (M+ - CH2CO2CH3 ), 164 (M+ - C6H8), 151 (M+ - 
C6H8 - CH3 + 2H), 89 (M+ - C6H8O - CO2CH3), 77 (Ar)+, HRMS (EI): calculated for C15H16O3 : 244.1099; found: 
244.1098.

5.8 Crystal Structure Data

exo-6-Carbomethoxymethyl-endo-6-pivaloyloxy-tricyclo[6.2.1.02'7]undeca-4,9-dien-3-one (17a)
Crystals of 17a suitable for X-ray diffraction were obtained by crystallization from diisopropyl ether. A 
single crystal was mounted in air on glass fibres. Intensity data were collected at -65 °C. An Enraf-Nonius 
CAD4 single-crystal diffractometer was used, Cu-Ka radiation, omega scan mode. Unit cell dimensions were 
determined from the angular setting of 11 reflections. Intensity data were corrected for Lorentz and 
polarization effects and semi-empirical absorption correction (psi-scans15) was applied. The structure was 
solved by the program CRUNCH16 and was refined with standard methods (refinement against F2 of all 
reflections with SHELXL9717 with anisotropic parameters for the nonhydrogen atoms. The hydrogen atoms
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of the methyl groups were refined as rigid rotors to match maximum electron density in a difference Fourier 
map. The other hydrogens were placed at calculated positions and were refined riding on the parent atoms. 
A structure determination summary, a list of atom coordinates, a list of bond lengths and angles, a list of 
anisotropic displacement parameters and a list of hydrogen coordinates are given in Table 5.1.

Table 5.1 Crystal data and structure refinement for compound 17a
Crystal colour /  shape:
Crystal size:
Empirical formula /  Formula weight: 
Temperature:
Radiation /  Wavelength:
Crystal system, space group:
Unit cell dimensions:

( 11 reflections 
22.076 < 0 < 22.975 )

Volume:
Z, Calculated density:
Absorption coefficient :
Diffractometer /  scan:
F(000):
0 range for data collection:
Index ranges:
Reflections collected /  unique: 
Reflections observed:
Absorption correction:
Range of relat. transm. factors: 
Refinement method:
Computing:
Data /  restraints /  parameters 
Goodness-of-fit on F2 
SHELXL-97 weight parameters:
Final R indices [I>2ct(I)]:
R indices (all data):
Extinction coefficient :
Largest diff. peak and hole:________

transparent colourless to milky white /  regular rod 
0.50 x 0.18 x 0.16 mm 
C19H24O5 /  332.38 
208(2) K
Cu-Ka (graphite mon.) /  1.54184 A 
Monoclinic, P21/a
a, a = 20.857(6) A, 90°
b, p = 6.0947(6) A, 110.26(7) °
c, y = 29.35(7) A, 90°
3500(8) A3
8, 1.262 Mg/m3 
0.741 mm-1
Enraf-Nonius CAD4 /  omega 
1424
4.24 to 70.46 °
-23<=h<=25, -7<=k<=0, -35<=l<=0 
6788 /  6653 [R(int) = 0.0434]
2930 ([I0>2ct(I0)])
Semi-empirical from psi-scans 
1.008 and 0.994
Full-matrix least-squares on F2 
SHELXL-97 (Sheldrick, 1997)
6653 /  0 /  442
1.093
0.110700 28.123201 
R1 = 0.1288, wR2 = 0.3548 
R1 = 0.2328, wR2 = 0.4101 
0.0017(3)
0.450 and -0.394 e.A-3

exo-6-Carbomethoxymethyl-endo-6-methoxycarbonyloxy-tricyclo[6.2.1.02'7]undeca-4,9-dien-3-one (18a)
Crystals of 18a suitable for X-ray diffraction were obtained by crystallization from diisopropyl ether. A 
single crystal was mounted in air on glass fibres. Intensity data were collected at -65 °C. An Enraf-Nonius 
CAD4 single-crystal diffractometer was used, Cu-Ka radiation, omega scan mode. Unit cell dimensions were 
determined from the angular setting of 17 reflections. Intensity data were corrected for Lorentz and 
polarization effects and semi-empirical absorption correction (psi-scans15) was applied. The structure was 
solved by the program CRUNCH16 and was refined with standard methods (refinement against F2 of all 
reflections with SHELXL9717 with anisotropic parameters for the nonhydrogen atoms. The hydrogen atoms 
of the methyl groups were refined as rigid rotors to match maximum electron density in a difference Fourier 
map. The other hydrogens were placed at calculated positions and were refined riding on the parent atoms. 
A structure determination summary, a list of atom coordinates, a list of bond lengths and angles, a list of 
anisotropic displacement parameters and a list of hydrogen coordinates are given in Table 5.2.
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Table 5.2 Crystal data and structure refinement for compound 18a
Crystal colour /  shape:
Crystal size:
Empirical formula /  Formula weight: 
Temperature:
Radiation /  Wavelength:
Crystal system, space group:
Unit cell dimensions:

( 25 reflections 
40.360 < 0 < 46.326 )

Volume:
Z, Calculated density:
Absorption coefficient :
Diffractometer /  scan:
F(0 0 0):
0 range for data collection:
Index ranges:
Reflections collected /  unique: 
Reflections observed:
Absorption correction:
Range of relat. transm. factors: 
Refinement method:
Computing:
Data /  restraints /  parameters 
Goodness-of-fit on F2 

SHELXL-97 weight parameters:
Final R indices [I>2ct(I)]:
R indices (all data):
Extinction coefficient :
Largest diff. peak and hole:________

transparent colourless /  regular thick platelet 
0.26 x 0.26 x 0 . 1 2  mm 
C16H18O6 /  306.30 
208(2) K
Cu-Ka (graphite mon.) /  1.54184 A 
Triclinic, P-1
a, a = 6.279(3) A, 84.46(5)°
b, p = 8.717(5) A, 88.61(7)°
c, y = 27.688(11) A, 86.14(6)°
1504.7(13) A3

4, 1.352 Mg/m3

0.870 mm-1

Enraf-Nonius CAD4 /  omega 
648
4.81 to 69.91°
-7<=h<=0, -10<=k<=10, -33<=l<=33 
6256 /  5697 [R(int) = 0.0259]
4241 ([I0>2ct(I0)])
Semi-empirical from psi-scans 
1.086 and 0.921
Full-matrix least-squares on F2 

SHELXL-97 (Sheldrick, 1997)
5697 /  0 /  402
2.683
0 .2 0 0 0 0 0  0 .0 0 0 0 0

R1 = 0.2029, wR2 = 0.5596
R1 = 0.2369, wR2 = 0.5866
0.014(6)
1.329 and -1.041 e.A-3

2-(3a,8b-Dihydro-1H-benzo[b]cyclopenta[d]furan-7-yl)acetic acid (21)
Crystals of 21 suitable for X-ray diffraction were obtained by crystallization from 2-propanol. A single crystal 
was mounted in air on glass fibres. Intensity data were collected at room temperature. An Enraf-Nonius 
CAD4 single-crystal diffractometer was used, Cu-Ka radiation, theta-2theta scan mode. Unit cell dimensions 
were determined from the angular setting of 25 reflections. Intensity data were corrected for Lorentz and 
polarization effects and semi-empirical absorption correction (psi-scans15) was applied. The structure was 
solved by the program CRUNCH16 and was refined with standard methods (refinement against F2 of all 
reflections with SHELXL9717 with anisotropic parameters for the nonhydrogen atoms. The hydrogen atoms 
of the methyl groups and the hydrogen attached to O3 were initially refined as rigid rotors to match 
maximum electron density in a difference Fourier map. The other hydrogens were initially placed at 
calculated positions. All hydrogens were freely refined subsequently. A structure determination summary, a 
list of atom coordinates, a list of bond lengths and angles, a list of anisotropic displacement parameters and a 
list of hydrogen coordinates are given in Table 5.3.
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Table 5.3 Crystal data and structure refinement for compound 21
Crystal colour /  shape: transparent colourless /  rather regular fragment
Crystal size: 0.28 x 0.15 x 0.13 mm
Empirical formula /  Formula weight: C13H12O3 /  216.23
Temperature: 293(2) K
Radiation /  Wavelength: Cu-Ka (graphite mon.) /  1.54184 A
Crystal system, space group: Monoclinic, P21/c
Unit cell dimensions: a, a = 4.4730(2) A, 90°

( 25 reflections b, p = 11.1936(3) A, 94.451(6)°
40.360 < 0 < 46.326 ) c, y = 22.0030(7) A, 90°

Volume: 1098.35(7) A3

Z, Calculated density: 4, 1.308 Mg/m3

Absorption coefficient : 0.761 mm-1

Diffractometer /  scan: Enraf-Nonius CAD4 /  theta-2theta
F(0 0 0): 456
0 range for data collection: 4.03 to 69.99°
Index ranges: 0<=h<=5, 0<=k<=13, -26<=l<=26
Reflections collected /  unique: 2375 /  2095 [R(int) = 0.0824]
Reflections observed: 1655 ([I0>2ct(I0)])
Absorption correction: Semi-empirical from psi-scans
Range of relat. transm. factors: 1.055 and 0.965
Refinement method: Full-matrix least-squares on F2

Computing: SHELXL-97 (Sheldrick, 1997)
Data /  restraints /  parameters 2095 /  0 /  194
Goodness-of-fit on F2 1.036
SHELXL-97 weight parameters: 0.062200 0.383400
Final R indices [I>2ct(I)]: R1 = 0.0511, wR2 = 0.1264
R indices (all data): R1 = 0.0639, wR2 = 0.1367
Extinction coefficient : 0 .0 1 2 2 (1 1 )
Largest diff. peak and hole: 0.237 and -0.320 e.A-3
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Chapter

MOLECULAR IMPRINTING AS A POTENTIAL 
SOLUTION FOR THE ORTHO/PARA PROBLEM 

IN THE MANNICH TYPE SYNTHESIS OF 
p-HYDROXY-PHENYLGLYCINE

Abstract The synthesis of p-hydroxy-phenylglycine (HPG) on the basis of phenol inevitably results in the 
formation of a mixture of ortho and para substituted product. No satisfactory solution for this problem has 
been found yet. In this chapter a new approach is described using molecular imprinting. In this approach a 
highly cross-linked polymer is constructed in which an imprint of the para functionality, as well as an 
appropriate catalytic site are present. The synthesis of a HPG derivative starting from phenol and methyl 2- 
(benzoylamino)-2-hydroxyethanoate catalyzed by this molecular imprinted polymer (MIP) led to an 
ortho/para product ratio of ca 1:1. Possible improvements of the MIP are described.



Chapter 6

6.1 Introduction

General remarks
In biological systems molecular recognition plays an important role. Antibodies, receptors 
and enzymes are typical molecular recognition elements in these systems. The highly 
specific molecular recognition an d /o r catalytic activities of these macromolecules are 
generated by well designed three dimensional structures, creating the binding/catalytic 
sites for the target molecules in which multiple interactions, including hydrogen bonding, 
hydrophobic, electrostatic and other intermolecular interactions can occur. A challenging 
theme for the organic chemist is the construction of synthetic equivalents of these 
biological systems. Molecular imprinting is a relatively new technique, which has been 
successfully applied to mimic antibodies, and more recently also enzymes, as is apparent 
from the considerable number of publications and patents in this field. In this technique, a 
"tailor-made" binding site for a specific template molecule is constructed in a highly cross
linked polymer. This binding site contains the exact size and shape of a template molecule, 
whereby functional groups mimic the sites of recognition.

The principle of molecular imprinting1
The principle of molecular imprinting is depicted in Scheme 6.1.

+ T

- T

Scheme 6.1

In the first step, polymerizable monomers (functional monomers) bearing functional 
groups, are allowed to form a complex with the template molecule T in solution, either via 
covalent or non covalent bonding. In the second step, cross-linkers are added, if necessary 
together with other polymerizable molecules in order to fine-tune the properties of the 
molecular imprinted polymer (MIP), and then polymerization is initiated. This results in
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the formation of a highly cross-linked polymeric network in which the template molecule 
is incorporated. After completion of polymerization the template molecule is removed 
from the polymer, leaving a molecular imprinted polymer (MIP) with recognition sites 
complementary to the template in both shape and functionality. The MIP has a 
macroporous structure, allowing diffusion of substrate molecules into and out of the 
polymer matrix. Exposure of the MIP to a mixture of compounds containing the template 
molecule should result in selective binding of the template molecule. Molecular imprinting 
can be divided in two categories, viz. covalent and non-covalent systems, depending on 
the nature of the interaction between the template molecule and the functional monomer.

Covalent interactions1,2,3,4,5
In the systems based on covalent interactions the template molecule is bound to the 
functional monomer via reversible covalent bonding, such as an ester, a ketal or a Schiff
base. The advantage of the covalent approach is that the functional groups are fixed 
explicitly in the cavity after polymerization. An example of the covalent approach has 
been developed by Wulff et al.13 and is depicted in Figure 6.1.

The esterification of the template molecule phenyl-a-mannopyranoside 2 and two 
molecules 4-vinylphenylboronic acid as the functional monomer results in the formation 
of 1, which is polymerized in the presence of ethyleneglycol dimethylacrylate (EGDMA) as 
the cross-linker in an inert solvent (porogen), which ensures the macroporous structure. 
Removal of the template molecule yields a MIP in which the boronic acid moieties are 
covalently bound to the polymer and positioned in the cavity, thereby providing the 
binding sites for selective complexation of the template molecule (Figure 6.2).

Figure 6.1
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Figure 6.2

Since compound 2 was used as an enantiopure template, the MIP could be used as the 
stationary fase in HPLC for the separation of the mixture of enantiomers, whereby the 
enantiomer which was used as the template molecule, showed the highest affinity for the 
MIP. A disadvantage of the covalent approach is that it may be difficult to find suitable 
covalent systems for every molecule given.

Non-covalent interactions6,7,8,9
In the systems based on non-covalent interactions, a cocktail of functional monomers is 
allowed to prearrange around the imprint molecule by non-covalent interactions, i.e. ionic, 
hydrophobic, hydrogen bonding, metal coordination, etc. The advantage of this approach 
is that the procedure is simpler and easier than that using covalent systems. The 
complexation step can be achieved by just mixing a template and functional monomers 
(especially methacrylic acid111213 or acrylamide,8910 but other functional monomers have 
been applied successfully as well14). The template can easily be removed from the MIP 
after polymerization. The interaction between the functional monomer and the template 
molecule is relatively weak, due to the non-covalent character of the binding. The 
functional monomers which are coordinated to the template molecule are in fast 
equilibrium with the monomers in solution. As a result, an excess of functional monomer 
is required in order to fully occupy the binding sites with the template molecule and to 
ensure that the complex remains intact during polymerization. Inevitably, this also leads 
to a random distribution of functional monomers in the polymer, which are not ideally 
bound to the template molecule during polymerization. Moreover, when more than one 
binding site is present in the template molecule, several different template/functional 
monomer complexes can be formed, resulting in a heterogeneous property of the binding 
sites. Nonetheless, the non-covalent approach, which has been mainly developed by 
Mosbach et al.6 789, has proven to be very successful and has been widely applied, even
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more frequent than the covalent approach because of its simplicity. A successful example, 
reported by Mosbach et al.7, is depicted in Scheme 6.2.

Polymerization

Separation of Chromatography
enantiomers D,L-Phenylalanine

anilide r n
Extraction

Scheme 6.2

Enantiopure L-phenylalanine anilide was used as the template molecule. This compound 
was allowed to complex with methacrylic acid as the functional monomer. Polymerization 
in the presence of ethyleneglycol dimethylacrylate (EGDMA) as the cross-linker resulted 
in the formation of a MIP, which was capable of separating the mixture of enantiomers of 
phenylalanine anilide, whereby the MIP was used as the stationary phase in HPLC. Many 
other examples have been reported, showing that a wide range of compounds can be used 
as template molecule.

Properties of the MIP
Several properties of the polymeric network determine whether binding of a substrate by 
the MIP will be successful.1 A high rigidity of the polymeric network, which is determined 
by the amount of cross-linker present during polymerization, is desirable in order to 
preserve the shape of the cavity after removal of the template molecule. On the other 
hand, a high flexibility is advantageous in order to effect a fast equilibrium of the substrate 
with the binding sites in the cavity. Therefore, an optimal compromise between rigidity 
and flexibility must be found. Furthermore, the cavities should be sufficiently accessible, 
meaning that the polymeric structure should be sufficiently porous, to allow diffusion of 
the template molecule in and out of the polymer matrix. Additionally, the application of 
the MIP as the stationary phase in HPLC requires a high mechanical stability, since the
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high pressure used in the HPLC apparatus should not result in collapsing of the polymer 
matrix. Finally, the thermal stability is very important for application at elevated 
temperature.

Substrate selective catalytically active MIPs15,16
The abovementioned examples deal with the construction of MIPs as synthetic equivalents 
of antibodies that show selective binding of a substrate. A recent and very challenging 
development in the field of molecular imprinting is the construction of substrate selective 
catalytically active MIPs.1 These MIPs can be referred to as synthetic enzymes, since their 
mode of action resembles that of natural enzymes. The strategy for the formation of these 
MIPs slightly differs from the abovementioned ones. For the construction of such a 
synthetic enzyme, a transition-state analogue (TSA) of the reaction to be catalyzed by the 
MIP should be used as the template molecule. Furthermore, the catalyst should be 
incorporated into the template as well, in order to construct the catalytic site of the MIP. 
Most of the catalytically active MIPs developed thus far are based on hydrolytic and 
dehydratation processes.15 Identifying an appropriate and effective TSA is one of the 
major problems. The first example of carbon-carbon bond formation, catalyzed by a 
catalytically active MIP, has been reported in 1996 by Mosbach et al.16 Their MIP was able 
to catalyze the aldol condensation between acetophenone 7 and benzaldehyde 8, to give 
chalcone 9 (Scheme 6.4). Their model is based on a vinylpyridine-styrene-divinylbenzene 
copolymer, imprinted with dibenzoylmethane (DBM) 6 as the TSA (Scheme 6.3).

a. Polymerization with styrene/divinylbenzene. b. Removal of the template
Scheme 6.3

DBM 6 is a bidentate ligand, which provides binding sites for the tetrahedrally bound Co2+ 
cation. The remaining two coordination sites are occupied by two vinyl pyridine units. 
Polymerization (a) of the complex results in covalent attachment of the pyridine units to 
the polymeric backbone. Subsequent removal of the TSA 6 (b) yields a MIP, in which the 
two pyridine units provide the required binding sites for the Co2+ cation, which serves as
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the catalyst of the aldol condensation. The MIP is activated by incubation with cobalt 
acetate.

e

c. Binding of the substrate. d. Catalysis of the reaction. e. Formation of product.
Scheme 6.4

The cavity, the size and shape of which equals the TSA molecule 6, is able to accommodate 
both reagents 7 and 8 (c). The binding affinity is attributed to n-n stacking of both reactants 
with the styrene-divinylbenzene backbone of the polymer and complexation with the Co2+ 
cation. The MIP showed substrate selectivity, turnover, and rate enhancement when used 
in the aldol condensation of acetophenone 7 and benzaldehyde 8 to produce chalcone 9 (d, 
e, Scheme 6.4).

6.2 Molecular imprinting: a potential solution for the ortho/para problem 
in the Mannich synthesis of p-hydroxy-phenylglycine

6.2.1 Synthetic strategy
The synthesis of p-hydroxy-phenylglycine (HPG) by the Mannich type condensation of 
phenol inevitably results in the formation of a mixture of ortho and para substituted 
product. The question arises whether it would be possible to avoid the undesired 
regiochemistry by the formation of a polymer around the phenol molecule with 
concomitant blocking the ortho positions and leaving only the para positions available for 
reaction (Scheme 6.5). Hydrogen bonding of the functional monomer with the hydroxy 
group should ensure the required "inside"-orientation of the phenol substrate, as depicted 
in Scheme 6.5.
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R eaction in solu tion:

R eaction, controlled  
by the M IP :

Scheme 6.5

This strategy requires the construction of a MIP, which is capable of catalyzing the 
electrophilic addition to phenol in a regioselective manner. It was decided to focus first on 
the reaction between the benzoyl protected amino alcohol 11 and phenol (Scheme 6.6), 
because this reaction can be performed under relatively mild reaction conditions.

E +

E

In solution this condensation leads to an ortho/para mixture in a ratio of 5/6. An imprint of 
compound 12 in a highly cross-linked polymeric network should lead to the formation of a 
cavity having the same para geometry as present in 12. Binding of 13 in this cavity should 
be unfavorable, since its ortho geometry is incompatible with the "para shape" of the cavity 
(Figure 6.3). Consequently, employing such a para shaped MIP in the condensation of 10 
and 11 should lead to the preferred formation of the para product. Both the para shape of 
the cavity and the presence of a functional group, which gives the required hydrogen 
bonding to the hydroxy group of phenol (see Figure 6.3), are expected to favor the 
formation of para substituted product.
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Hydrogen bonding No hydrogen bonding

Favorable binding of the para-compound 12 
in the "para-shaped" cavity

Unfavorable binding of the ortho-compound 13 
in the "para-shaped" cavity

Figure 6.3

In order to construct a catalytically active MIP for the Mannich condensation reaction, 
shown in Scheme 6.6, a template molecule should be designed as an appropriate TSA for 
this particular reaction. A detailed knowledge of the course of the reaction is thereby a 
prerequisite. Sulfuric acid facilitates the dehydratation of the amino-alcohol 11 to give an 
iminium-ion as the reactive intermediate. This iminium ion undergoes nucleophilic attack 
by phenol producing the benzoyl protected p-hydroxy-phenylglycine derivative 12 
(Scheme 6.7). The catalysis of this reaction by a catalytically active MIP requires the 
incorporation of a sulfuric acid analogue in the polymer matrix at the right position in the 
para shaped cavity in order to accomplish fast dehydratation of the amino alcohol 11. Para
vinyl benzenesulfonic acid is such a sulfuric acid analogue containing a polymerizable 
vinyl-group by which covalent attachment to the polymer backbone can be achieved.

Scheme 6.7

This analysis leads to the conclusion that compounds 14 and 15 would be attractive 
candidates as the template molecules as they contain an appropriate TSA resembling 
product 12 as well as the precursor for the catalytic site (Figure 6.4). The p-vinyl sulfonic 
acid moieties in 14 and 15 are covalently attached to the TSA either via a two-carbon (n=2,
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14) or a three carbon spacer (n=3, 15), which places this group in close proximity of the a- 
carbon atom of the TSA. This is important for the intended reaction, catalyzed by the MIP 
as shown in Figure 6.4. Furthermore, the covalent attachment of the catalyst precursor to 
the TSA guarantees its exclusive incorporation in the cavity, thus preventing the random 
incorporation of catalytic sites, as would result from a non-covalent interaction.

Template molecules Mannich reaction, catalyzed by the MIP

Figure 6.4

6.2.2 Synthesis of the template molecule
The synthesis of the template molecule, having a free phenolic OH group, appeared to be 
problematic. The deprotonation-alkylation step in the designed reaction sequence (see 
Scheme 6.8) is not possible with a free OH group. Therefore, the methoxide analogues 16 
and 17 were synthesized in stead. The synthesis of the template molecule 17 with the three 
carbon atom spacer, is shown in Scheme 6.8.
The synthesis starts with the condensation reaction of glyoxylic acid monohydrate and 
benzoylamide to give N-acylamino hydroxy acetate 19 in an acceptable yield.17 The next 
step is the introduction of anisole by the Mannich condensation to give 20.18 The reaction 
was performed in a mixture of acetic acid and sulfuric acid following the literature 
procedure.18 In this reaction practically no ortho product was formed, which suggests that 
steric hindrance by the methoxy group is effective in preventing the formation of this ortho 
product. The introduction of the three carbon spacer via deprotonation and alkylation of 
20 may be problematic due to the presence of the relatively acidic amide proton and the 
poor acidity of the a-proton. Therefore, the azalactone 21 was synthesized in which the 
amide is protected and the acidity of the a-proton is greatly increased. The azalactone 21 
was prepared in acetic anhydride using a slightly modified literature procedure,19 i.e. in 
stead of heating the reaction mixture, the reaction was performed at room temperature. 
The introduction of the three carbon spacer was accomplished via deprotonation of the a - 
carbon atom and alkylation with THP protected 3-bromo-1-propanol to give 22.20
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MeO

H O ^C O 2H

OH

18

MeO

HO. XOJH
MeO

CO2H

H N ^ O

19 2 0

24 23

O

O_S^  / /
O

CO2Me

O

2 1

2 2

17
a. Benzoylamide, acetone, 72%. b. Anisole, CH3CO2H, H2SO4, 72%. c. Ac2O. d. Br(CH2)3OTHP, DIPEA, 

CH3CN, reflux, 3h. e. NaOMe, MeOH, overnight, 49% (3 steps from 20). f. PTS, MeOH, 4h., 65%. g. p-vinyl
benzenesulfonyl chloride, Et3N, THF, 0 °C, 6h., 6 6 %.

Scheme 6 .8

g

The alkylation was accompanied with the formation of a considerable amount of 
byproducts. Because of the complexity of the reaction mixture and the unsuccessful 
purification of this compound, it was decided to use the crude mixture for the subsequent 
reaction step. The methyl ester was introduced by treatment of 22 with sodium methoxide 
in methanol to give 23 in 49% yield over three reaction steps, based on 20. In order to 
introduce the p-vinyl sulfonic acid moiety, the THP protective group had to be removed 
first. This was accomplished by treatment of 23 with p-toluenesulfonic acid (PTS) in 
methanol to give the free alcohol 24. In the final step, the hydroxy group was coupled 
successfully to p-vinyl sulfonyl chloride to give 17.
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The synthesis of template molecule 16 having the two carbon spacer, following the same 
sequence shown in Scheme 6.8, turned out to be problematic. Compound 16 readily 
decomposed, which hampered its isolation and purification. Intramolecular displacement 
of the p-toluenesulfonate group by the amide group to give an azetidine, can account for 
the instability of 16. However, the exact structure of the decomposition product has not yet 
been established.

6.2.3 Synthesis of the MIP
For the construction of the MIP based on the template molecule 17, successful literature 
procedures were considered. Several variables may have a large influence on the 
properties of the polymeric material, viz.:

- the concentration of the TSA in the mixture of polymerizable monomers
- the nature and amount of solvent
- the nature and amount of cross-linker
- the nature and amount of functional monomer
- polymerization conditions

The molecular imprinted polymer was synthesized using a cocktail of the following 
reagents:

- compound 17 as the template molecule.
- acrylamide as the functional monomer. Acrylamide has proven to be very 

efficient in hydrogen bonding.8910 Strong hydrogen bonding is essential, in 
order to fix both reactants phenol and the amino alcohol 11 at the right position 
in the cavity. Hydrogen bonding with the hydroxy group of phenol assists in the 
desired positioning of this reactant in the polymer cavity, thus ensuring the 
predominant formation of para substituted product. The amount of functional 
monomer used is dependent on the number of binding sites present in the 
template molecule. Usually, at least four equivalents of functional monomer are 
required for a maximum binding efficiency.

- ethyleneglycol dimethylacrylate (EGDMA) as the cross-linker. EGDMA is used 
in the majority of the literature examples and is therefore most promising.

- acetonitrile as the solvent. Acetonitrile has been applied successfully in several 
literature procedures. An important factor is that all reagents m ust be soluble in 
the solvent used. A homogeneous solution is a prerequisite for a successful 
construction of the MIP.

- AIBN as the radical initiator.
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The polymerization experiment was performed as follows. In a sealed tube the template 
molecule 17 was dissolved in acetonitrile followed by the addition of the required amount 
of acrylamide. Two different polymers were synthesized, one on the basis of four (MIP1), 
and one on the basis of six (MIP2) equivalents of acrylamide, which allows the study of the 
influence of the amount of acrylamide on the properties of the MIP. The mixture was 
briefly sonicated in order to ensure maximum complexation of the functional monomer 
with the template molecule. Next, EGDMA and AIBN were added and the solution was 
flushed with nitrogen in order to remove all species that could interfere with the 
polymerization process. The tube was firmly closed and the mixture was polymerized at 
55 °C for 48 hours. After completion of polymerization, the polymer was removed from 
the tube, the bulk polymer was ground in a mortar and sieved through a 125 j m  filter. 
Grounding of the bulk polymer is important in order to increase the surface of the 
polymer and to improve the accessibility of the cavities. Finally, the polymer was washed 
thoroughly with acetonitrile, in order to remove all impurities. This resulted in the 
recovery of a very small amount of template molecule 17 which apparently had not 
participated in the polymerization process. However, the majority of the template 
appeared to be covalently bound to the polymer matrix.

Removal of the template molecule
In order to clear the cavity and to form the catalytic site of the MIP, the template unit 
needs to be removed from the polymer. This requires cleavage of the sulfonate ester 
group, which would result in liberation of the catalyst and removal of the TSA. Cleavage 
of a sulfonate ester can readily be achieved by displacement of the sulfonate group with 
iodide.21 Thus, the polymeric material was suspended in acetone and treated with an 
excess of sodium iodide. After stirring for two days, the suspension was filtered and the 
polymer was washed thoroughly with acetone in order to remove all the liberated TSA 
molecules. After work-up of the filtrate, the iodide 25 was isolated in 71% (Scheme 6.9). 
The isolation of compound 25 suggests that the incorporation of the sulfonic acid unit in 
the polymeric matrix indeed had been successful. In order to study the catalytic activity of 
the thus formed MIP in the catalysis of the Mannich reaction the catalytic sites must be 
activated first. After treatment with sodium iodide, the sulfonic acid unit is present as its 
sodium salt. Consequently, activation of the MIP requires treatment with hydrochloric 
acid to liberate the sulfonic acid. After treatment with acid, the MIP was washed with 
large quantities of water in order to remove the excess of hydrochloric acid. Finally, the 
MIP was washed with methanol and acetonitrile and then dried under vacuum to yield 
the MIP as a dry substance.
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a. Acrylamide, AGDMA, CH3CN, AIBN, A, 48h. b. NaI, acetone, 48 h., 71%.
Scheme 6.9

The formation of the MIP by polymerization, removal of the TSA and activation of the 
MIP is depicted schematically in Scheme 6.10.

b. Removal of the TSA

c. Activation

a. AIBN, acetonitrile, 55°C, 48h. b. NaI, acetone, 48h, 71%. c. 2N HCl.
Scheme 6.10

In summary, the preparation of the MIP was performed as follows. Prior to 
polymerization, the functional monomer acrylamide is allowed to form a complex with the 
template molecule 17. Hydrogen bonding of the acrylamide with the para-methoxy group
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would promote the correct positioning for the preformation of the cavity required for para 
selectivity of the MIP. In the subsequent polymerization step (a) the template molecule is 
covalently attached to the polymer matrix via the p-vinyl sulfonate group, thereby creating 
a cavity with recognition sites complementary to the imprint species in both shape and 
functionality. Removal of the TSA (b) via displacement of the sulfonate group with iodide 
leaves a cavity in which the sulfonate group is present as the sodium salt. Treatment with 
acid (c) results in activation of the MIP, which is then ready for use as a catalyst in the 
Mannich condensation.

6.2.4 The M annich condensation reaction catalyzed by the MIP
The final step and also the most crucial one is the catalysis of the Mannich condensation of 
phenol and the amino alcohol 11. The designed and expected sequence of events is 
schematically shown in Scheme 6.11.

Scheme 6.11

In the first step of the sequence, both reactants 11 and phenol are expected to bind in the 
"tailor made" cavity. The close proximity of the hydroxy group of 11 to the sulfonic acid
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unit should result in fast dehydratation and subsequent attack of the thus formed iminium 
ion by phenol. In the final step, the catalytic site is regenerated by release of the product 
12. The para shaped pocket in the polymeric matrix should preferentially promote the 
formation of para product.
Since polymerization was performed in acetonitrile, exposure of the MIP to a different 
solvent could have a great influence on the properties of the MIP. Therefore, the Mannich 
reaction was studied in two different solvents, viz. acetonitrile and nitromethane. The 
reaction was studied by dissolving an excess of both phenol and amino alcohol 11 in either 
acetonitrile or nitromethane. The MIP was added and the suspension was refluxed while 
stirring for 48 hours. During reaction, the product composition was constantly monitored. 
Very slow formation of a mixture of products was observed, in which three major 
compounds could be identified, as shown in Scheme 6.12. Apart from the desired para 
product 12, both the ortho product 13 and the dimer 26 (which is formed by condensation 
of two molecules 11) were observed in an overall yield of ~30% based on 11. The ratio of 
12, 13 and 26 was ~2:2:1. Disappointingly, no significant improvement of the ortho/para 
ratio had been accomplished. Both MIP1 (four equivalents of acrylamide) and MIP2 (six 
equivalents of acrylamide) showed the same results and therefore, the amount of 
acrylamide does not have any effect on the binding efficiency, and thus on the ortho/para 
ratio. When nitromethane was used as the solvent the reaction rate slightly increased 
compared with acetonitrile, however, no selectivity was observed in this case either.

Scheme 6.12

6.3 Discussion and conclusions

The condensation reaction, catalyzed by the MIP appeared to be very slow, since exposure 
to an elevated temperature and a long reaction time were required. Obviously, the 
dehydratation of the amino-alcohol, to form the iminium-ion, is the bottleneck in this 
system. The acidity of sulfuric acid which is used for the reaction in solution, is sufficiently 
high to effect fast dehydratation. The acidity of the heterogeneous sulfonic acid unit, as 
present in the MIP, is considerably lower and may therefore be less efficient in the 
dehydratation step.
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The absence of para selectivity may be attributed to a poor binding efficiency of both 
reactants phenol and the N-acylamino hydroxy acetate 11 in the cavity due to an 
ineffective complexation of the functional monomer acrylamide with the template 
molecule prior to polymerization. Since this complexation makes use of non-covalent 
interactions, the functional monomer acrylamide is probably randomly incorporated in the 
polymer matrix, leading to the formation of less well-defined pockets. Consequently, the 
binding of the reactants in the catalytic site is not defined either. The requirement of an 
elevated temperature is unfavorable for the selectivity as well, because the subtle 
differences in binding energy of the phenol molecule for orientations wherein the hydroxy 
group is pointing inside the cavity or not, is expected to be cancelled out at too high 
temperatures.
Furthermore, the yield is disappointing as well. It seems that the reaction stops at a certain 
conversion. Inactivation of the sulfonic acid unit, as well as inhibition of the catalytic site 
are plausible reasons for this observation. The slowness of the Mannich reaction may also 
be attributed to an inefficient diffusion of reactants into the polymer. If the polymer is not 
sufficiently permeable for the reactants, the reaction will be slow.
Several modifications and improvements of the MIP can be taken into consideration. The 
covalent approach in which the functional monomer is covalently attached to the template 
molecule has better prospects especially when a functional monomer can be bound to the 
para position of the phenol unit of the template molecule. After cleavage of this covalent 
bond, a binding site would be obtained with a specific para pocket in the polymer. 
However, the development of a suitable covalent system is rather complicated, especially 
in view of cleavage of several covalent bonds after polymerization.
Another improvement may be the incorporation of an acid unit with a higher acidity than 
the sulfonic acid. Another option would be functionalization of the hydroxy group of the 
amino alcohol 11 in such a manner that its leaving ability is improved.
It should also be emphasized that the technique of preparing efficient and effective MIPs 
needs considerable attention. Subtle changes in the conditions of polymerization or work
up of the MIP may determine its catalytic properties. In the research described in this 
chapter, the focus is on the N-benzoyl reactant 11. However, for the synthesis of p-HPG 
itself another N-protecting function is needed, which can be readily introduced and 
removed.
In spite of the fact that the preliminary experiments reported in this chapter do not meet 
the expectations, the concept of substrate selective catalytically active MIPs is highly 
innovative and has rich prospects, also for the synthesis of p-HPG from phenol by a 
Mannich type condensation.
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6.4 Experimental section

General remarks

Melting points were measured with a Reichert Thermopan microscope and are uncorrected. IR spectra were 
taken on a Perkin Elmer 298 infrared spectrophotometer. FT-IR spectra were determined on a Biorad WIN-IR 
FTS-25 spectrophotometer. 1H and 13C-NMR spectra were recorded on a Bruker AC-100, a Bruker AC-300 
and Bruker AM-400 at T=298 K unless stated otherwise. Chemical shifts are reported relative to Me4Si. For 
mass spectra a double fucussing VG 7070E mass spectrometer was used. GC-MS spectra were run on a 
Varian Saturn 2 benchtop GC-MS ion-trap system, and separations were carried out on a fused-silica 
capillary column (DB-5, 30m x 0.25mm). Helium was used as the carrier gas, and electron impact (EI) was 
used as ionization mode. Flash chromatography was carried out at a pressure of ca. 1.5 bar using Merck 
Kieselgel 60H. Column chromatography at atmospheric pressure was performed using Merck Kieselgel 60. 
Thin layer chromatography (TLC) was carried out on Merck precoated silicagel 60 F254 plates (0.25 mm) 
using the eluents indicated. Spots were visualized with UV, iodine or a molybdate spray. Solvents were 
dried using the following methods: dichloromethane, hexane, heptane and ethyl acetate were distilled from 
CaH2, diethyl ether was distilled from NaH, THF was distilled from LiAlH4 just before use. All other 
solvents were of analytical grade. 2-(3-Bromopropoxy)tetrahydro-2H-pyran22 and p-vinyl benzenesulfonyl 
chloride23 were synthesized according to the literature procedures.

2-(Benzoylamino)-2-hydroxyacetic acid (19)
To a solution of glyoxilic acid monohydrate (20.2 g, 0.22 mol) in acetone (150 mL) was added benzoylamide 
(24.3 g, 0.20 mol). The mixture was heated at reflux for 18 h. The reaction mixture was allowed to cool to 
room temperature, after which the precipitate was isolated by filtration. The product was washed with 
acetone and then dried to yield 19 (28.1 g, 72%) as a white solid. Analytical data were in complete agreement 
with those reported in the literature.17

2-(Benzoylamino)-2-(4-methoxyphenyl)acetic acid (20)
To an ice-cooled suspension of 19 (7.800 g, 0.040 mol) in a mixture of sulfuric acid (4 mL) and acetic acid (36 
mL) was added anisole (7.6 mL, 0.070 mol). After stirring for 48 h the mixture was poored onto ice and 
extracted with ethyl acetate. The product was purified by alkali extraction and re-acidification. The organic 
layer was dried (MgSO4) and removed under reduced pressure to afford 20 (8.182 g, 72 %) as a white solid. 
Analytical data were in complete agreement with those reported in the literature.18

4-(4-Methoxyphenyl)-2-phenyl-4,5-dihydro-1,3-oxazol-5-one (21)
A suspension of 20 (2.850 g, 10.00 mmol) in acetic anhydride (12 mL) was stirred for 4 h, after which all the 
solid had dissolved to give a bright yellow solution. The acetic anhydride was removed under reduced 
pressure and toluene was added. The toluene was removed under reduced pressure, together with 
remaining acetic anhydride. This process was repeated once again in order to remove all traces of acetic 
anhydride. Finally, dichloromethane was added and the organic solvent was removed under reduced 
pressure. This yielded a yellow solid, which was immediately used for the next reaction step without further 
purification.

4-(4-Methoxyphenyl)-2-phenyl-4-(3-(tetrahydro-2H-2-pyranyloxy)propyl)-4,5-dihydro-1,3-oxazol-5-one (22)
Crude 21 (as obtained above) was dissolved in acetonitrile (12 mL). To this were added 2-(3- 
bromopropoxy)tetrahydro-2H-pyran (4.237 g, 19.00 mmol) and N,N-diisopropylethylamine (3.22 mL, 18.5
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mmol) and the mixture was heated at reflux for 2 h. The organic solvent was removed under reduced 
pressure. Purification appeared to be troublesome and therefore, the crude product was immediately used 
for the next reaction step without further purification.

Methyl 2-(benzoylamino)-2-(4-methoxyphenyl)-5-(tetrahydro-2H-2-pyranyloxy)pentanoate (23)
Crude 22 (as obtained above) was dissolved in methanol (40 mL). To this was added sodium methoxide (1.62 
g, 30.0 mmol). The mixture was stirred for 5 h at ambient temperature and stored overnight at -18 °C. The 
methanol was removed under reduced pressure and the residue was purified by 
flash column chromatography (SiO2, heptane/ethyl acetate: 2/1, containing a 
trace of triethylamine, followed by heptane/ethyl acetate: 1/1, containing a 
trace of triethylamine) to afford 23 (2.104 g, 49%, based on 20) as a pale yellow
oil.
!H-NMR (300 MHz, CDO3) (The NMR is a complex mixture of 2 diastereomers):
8 1.35 - 1.62 + 1.62 - 1.90 (m, 8H, H12, H15, H16, H17), 2.63 (ddd, J=4.4 Hz, J=8.8 
Hz, 2J=13.2, 1H, Hna), 2.95 - 3.10 (m (2 overlapping ddd), 1H, Hub), 3.37 - 3.54 
(m, 2H, H13), 3.73, 3.78 (2s, 6H, CO2CH3 + CH^OAr), 3.74 -  3.90 (m, 2H, H18), 4.55 
(dd, J=3.8 Hz, J=7.3 Hz, 1H, H14), 6.87 B of AB (d, J=8.9 Hz, 2H, H2), 7.42 A of AB 
(d, J=8.9 Hz, 2H, H3), 7.38 - 7.54 + 7.77 - 7.86 (m, 5H, H& H9, H10). 13C-NMR (75 
MHz, CDQ3) : 8 19.61 + 19.67, 24.94, 25.40, 29.37 + 29.52, 30.65 + 30.69 (C11, C12, C15, C16, C17), 53.35 (CO2CH3),
55.16 (CH3OAr), 62.39 + 62.49 (Cu), 65.30 (C5), 67.01 + 67.08 (C13), 98.79 + 98.90 (C14), 113.88 (C2), 126.95,
127.10, 128.55 (C3, C8, C9), 130.72 (C4), 131.60 (C10), 134.44 (C7), 158.99 (C1), 165.34 (C6), 173.86 (CO2CH3). EI- 
MS m /z 441 (M+) , 382 (M+ - CO2CH3), 356 (M+ - THP), 340 (M+ - OTHP), 298 (M+ - (CH2)3OTHP), 280 (M+ - 
CO2CH3 - OTHP - H), 194 (M+ - (CH2)3OTHP - C(O)Ph), 177 (M+ - (CH2)3OTHP - NHC(O)Ph), 159 (M+ - 
CO2CH3 - OTHP - NHC(O)Ph - H), 135 (M+ - CO2CH3 -  (CH2)3OTHP - C(O)Ph + H), 105 (C(O)Ph), 77 (Ph). 
HRMS (EI): m/z calculated for C25H31NO6: 441.2148; found: 441.2148.

10

atomic numbering for 
the NMR spectra

OH

Methyl 2-(benzoylamino)-5-hydroxy-2-(4-methoxyphenyl)pentanoate (24)
To a solution of 23 (1.818 g, 4.12 mmol) in methanol (5 mL) was added a trace amount (~5 mg) of p- 
toluenesulfonic acid. The reaction was stirred for 4 h, after which ethyl acetate and water, containing 
NaHCO3 to neutralize the p-toluenesulfonic acid, were added. The organic layer was 
separated, washed with brine and dried (MgSO4). The organic layer was removed 
under reduced pressure and the residue was purified by flash column 
chromatography (SiO2, heptane/ethyl acetate: 1 / 1 , containing a trace of 
triethylamine) to afford 24 (0.961 g, 65%) as a colorless oil.
!H-NMR (300 MHz, CDO3) : 8  1.39 (m, 1H, H^), 1.63 (m, 1H, H1 2 O, 2.62 (ddd, J=4.7 
Hz, J=8 .8  Hz, 2J=11.5 Hz, 1H, Hna), 3.02 (ddd, J=4.7 Hz, J=8 .8  Hz, 2J=11.5 Hz, 1H,
Hub), 3.65 (dt, J=2.8 Hz, J=6.3 Hz, 2H, H13), 3.72, 3.77 (2s, 6 H, CO2CH3, CHsOAr),
6 .6 8  B of AB (d, J=8.9 Hz, 2H, H2), 7.40 A of AB (d, J=8.9 Hz, 2H, H3), 7.38 - 7.54 +
7.77 - 7.86 (m, 5H, H& H9, H10). 13C-NMR (75 MHz, CDQ3) : 8 27.62 (C12), 29.41 (C11),
53.39 (CO2CH3), 55.14 (C^OAr), 62.30 £ 13), 65.28 (Cs), 113.85 (C2), 126.92, 127.06, 128.56 (C3, Cg, C), 131.51 
(C4), 131.67 (C10), 134.28 (C7), 158.97 (Ct), 165.57 (C6), 173.82 (CO2CH3). EI-MS m/z 357 (M+), 298 (M+ - 
CO2CH3), 253 (M+ - C(O)Ph + H), 236 (M+ - NHC(O)Ph), 325 (M+ - OCH3 - H), 281 (M+ - CO2CH3 - OH), 177 
(M+ - CO2CH3 - NHC(O)Ph), 160 (M+ - CO2CH3 - NHC(O)Ph - OH), 134 (M+ - CO2CH3 - (CH2)3OH - C(O)Ph), 
121 (NHC(O)Ph), 105 (C(O)Ph), 77 (Ph). HRMS (EI): m/z calculated for C20H23NO5: 357.1576; found: 357.1576.

atomic numbering for 
the NMR spectra
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Methyl 2-(benzoylamino)-2-(4-methoxyphenyl)-5-((4-vinylphenyl)sulfonyl)oxypentanoate (17)
To an ice-cooled solution of 24 (0.800 g, 2.24 mmol) in THF (5 mL) were 
added p-vinyl-benzenesulfonyl chloride (0.910 g, 4.48 mmol) and 
triethylamine (1.0 mL). The mixture was stirred at 0°C for 6h and kept at 
-18 °C overnight. Ethyl acetate was added and the organic layer was 
washed sequentially with 1% HCl (twice), brine, dried (MgSO4) and 
evaporated under reduced pressure. The residue was purified by flash 
column chromatography (SiO2, heptane/ethyl acetate: 1/1) to afford 17 
(0.774 g, 6 6 %) as a white solid.
M.p.: 82-85 °C. aH-NMR (300 MHz, CDCk) : 8  1.45 - 1.62 (m, 1H, H12a),
1.66 - 1.82 (m, 1H, Hm), 2.60 (ddd, J=4.7 Hz, J=9.0 Hz, 2J=11.7 Hz, 1H,
Hua), 2.97 (ddd, J=4.7 Hz, J=8 .6  Hz, 2J=11.7 Hz, 1H, HUa), 3.73, 3.77 (2s,
6 H, CO2CH3, CH3OAr), 4.00 - 4.17 (m, 2H, H13), 5.45 (d, J=11.0 Hz, 1H, H19), 5.88 (d, J=17.6 Hz, 1H, H19), 6.74 
(dd, J=11.0 Hz, J=17.6 Hz, 1H, H^), 6.85 B of AB (d, J=9.0 Hz, 2H, H?), 7.32 A of AB (d, 9.0 Hz, 2H, H3), 7.38 -
7.55 + 7.76 - 7.82 (m, 5H, H8, H9, H10), 7.52 B of AB (d, J=8.3 Hz, 2H, H16), 7.83 A of AB (d, J=8.3 Hz, 2H, H15). 
13C-NMR (75 MHz, CDQ3) : 8 24.41 ( £ 2), 28.95 (Cn), 53.57 (CO2CH3), 55.17 (C^OAr), 64.99 (Ca), 70.28 ( £ 3), 
114.00 (C2), 118.06 (C19), 126.81, 126.88, 128.19, 128.45, 128.62 £ 3, C , C , d *  Cm), 131.08 (C), 131.79 (Cm),
134.10, 134.56 (C7, C17), 135.10 (C )̂, 142.90 (Cm), 159.13 (Ca), 165.46 (C), 173.43 (CO2CH3). EI-MS m/z 523 
(M+), 464 (M+ - CO2CH3), 339 (M+ - CH2CHA-SO3H), 280 (M+ - CO2CH3 - CH2CHArSO3H), 177 (M+ - 
CH2CHArSO3(CH2)3 - NHC(O)Ph), 159 (M+ - CO2CH3 - CH2CHArSO3H - NHC(O)Ph), 134 (M+ - CO2CH3 - 
CH2CHArSO3(CH2)3 - C(O)Ph), 105 (C(O)Ph), 77 (Ph). HRMS (EI): m/z calculated for C28H29NO7S: 523.1665; 
found: 523.1664. Analysis calculated for C28H29NO7S: %C 64.23, %H 5.58, %N 2.68; found: %C 63.96, %H 5.57, 
%N 2.74.

Polymerization experiment for the construction of the MIP

In a sealed tube, template molecule 17 (0.523 g, 1.00 mmol) was dissolved in acetonitrile (10 mL). To this was 
added the desired amount of acryl amide (0.284 g, 4.00 mmol or 0.426 g, 6.00 mmol) and the mixture was 
briefly sonicated. Next, EGDMA (3.775 mL, 20.00 mmol) and AIBN (50 mg) were added and the solution was 
flushed with nitrogen for 5 min. The tube was firmly closed and the mixture was polymerized at 55 °C for 48 
hours. After completion of polymerization, the polymer was removed from the tube, the bulk polymer was 
ground in a mortar and sieved through a 125 /urn filter. Finally, the polymer was washed thoroughly with 
acetonitrile and then dried under vacuum.

Removal of the TSA methyl 2-(benzoylamino)-5-iodo-2-(4-methoxyphenyl)pentanoate (25) 
from the MIP

25% of the dry polymer obtained above was suspended in acetone (7.5 mL) and to 
this was added sodium iodide (150 mg, 1.00 mmol). The mixture was stirred for 24h 
with exclusion of light, after which another batch of sodium iodide (75 mg, 0.50 
mmol) was added. The reaction mixture was stirred for another 24 h in the dark. 
After filtration the polymer was washed thoroughly with acetone. The filtrate was 
concentrated under reduced pressure and taken up in ethyl acetate. The organic 
layer was washed sequentially with sodium thiosulphate solution and brine, and 
then dried (MgSO4). Finally, the organic layer was concentrated under reduced 
pressure to afford 82 mg (71%, assuming that in the polymerization step all the 
template was attached to the MIP) 25 as a pale brown solid.

MeO

C 02Me

atomic numbering for 
the NMR spectra
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M.p.: 130 °C. !H-NMR (300 MHz, CDCI3) : S 1.50 - 1.65 (m, 1H, H^), 1.80 -  2.00 (m, 1H, Hi2b), 2.73 (J=4.7 Hz, 
J=9.0 Hz, 2J=11.7 Hz, 1H, Hua), 3.09 (J=4.7 Hz, J=8 .6  Hz, 2J=11.7 Hz, 1H, Hub), 3.05 - 3.22 (m, 2H, H13), 3.75,
3.78 (2s, 6 H, CO2CH3, CHsOAr), 6 .8 8  B of AB (d, J=9.0 Hz, 2H, H2), 7.33 A of AB (d, 9.0 Hz, 2H, H3), 7.38 -
7.55 + 7.76 - 7.82 (m, 5H, H& H9, H10). 13C-NMR (75 MHz, CDCI3) : S 5.45 (C13), 29.04 (C12), 33.86 (C11), 53.50 
(CO2CH3), 55.18 (CH3OAr), 64.89 (C5), 113.99 (C2), 129.93, 128.62 (C3, C8  C9), 131.22 (C4), 131.75 (C10), 134.10 
(C7), 159.12 (C1), 165.53 (Q), 173.58 (CO2CH3). EI-MS m /z 469, 468, 467 (M+), 408 (M+ - CO2CH3), 346 (M+ - 
NHC(O)Ph), 280 (M+ - CO2CH3 - I - H), 219 (M+ - NHC(O)Ph - I), 177 (M+ - (CH2)3I - NHC(O)Ph), 176 (M+ - 
CO2CH3 - I - C(O)Ph), 159 (M+ - CO2CH3 - I - NHC(O)Ph - H), 134 (M+ - CO2CH3 - (CH2)3I - C(O)Ph), 105 
(C(O)Ph), 77 (Ph). HRMS (EI): m/z calculated for C20H22NO4I: 467.0594; found: 467.0594.

Activation of the MIP

The polymer obtained above was washed thoroughly with 2N HCl. Subsequently, the polymer was washed 
with large amounts of water until the pH was neutral, followed by washing with methanol and acetonitrile. 
Finally, the polymer was dried under reduced pressure.

Mannich condensation, catalyzed by the MIP

To a solution of 11 (0.209 g, 1.00 mmol) and phenol (0.113 g, 1.20 mmol) in either acetonitrile (5 mL) or 
nitromethane (5 mL) was added the activated MIP. The mixture was heated at reflux for 48 h. The MIP was 
removed by filtration and washed with dichloromethane and methanol. The filtrate was concentrated under 
reduced pressure and the residue was purified by flash column chromatography (SiO2, heptane/ethyl 
acetate: 1/1) to afford a mixture of compounds 12, 13 and 26 in a ratio of approximately 2:2:1. The overall 
conversion, based on 11, turned out to be approximately 30%. Analytical data of 12 and 13 were in 
agreement with the data in chapter 2. Analytical data of 26 were in complete agreement with the literature.25
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SUMMARY

In 1928 Alexander Fleming serendipitously discovered penicillin G (1, Figure 1), a P- 
lactam antibiotic which appeared to be a very potent drug for the treatment of bacterial 
infections. Because of increasing antibiotic resistance among certain bacteria it was 
necessary to develop new derivatives. This led to the development of semi-synthetic 
penicillins, the SSP's, that are based on the P-lactam nucleus of penicillin G.

H
N

O CH3

^"OH
1, Penicilline G

O

H3N+

O '  O
o

O OH
2, Cefalosporin C

Figure 1

The discovery of cefalosporin C (2, Figure 1) initiated the development of the semi
synthetic cefalosporins, the SSC's, a new family of P-lactam antibiotics with a broad- 
spectrum activity.
P-Lactam antibiotics essentially consist of two main fragments, the P-lactam nucleus and 
the sidechain. Two important semi-synthetic antibiotics, amoxicillin 3 and cefadroxil 4, 
have a 6-APA (6-aminopenicillanic acid, 5) and 7-ADCA (7- 
aminodeacetoxycephalosporanic acid, 6) nucleus, respectively, and both a D(-)-HPG (D(-)- 
para-hydroxy-phenylglycine, 7) sidechain (Figure 2).
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On an industrial scale HPG is synthesized starting from phenol via hydantoin 9a as an 
important intermediate (Scheme 1). The drawback of this approach is the inevitable 
formation of ortho/para isomers during the electrophilic substitution of phenol. Despite 
years of research still no satisfactory solution for this ortho/para problem has been found.

HO HO. ^CO2H O
+ Y  2 + AOH H2N

Scheme 1

8

This thesis deals with now approaches to synthetic HPG based on phenol, particularly 
focusing on improvement of the ortho/para ratio. Furthermore, a novel synthesis of HPG 
starting from benzoquinone is studied with the aim to circumvent the ortho/para problem.

Chapter 1 gives a short overview of the history of the P-lactam antibiotics and of the 
syntheses of para-hydroxy-phenylglycine (HPG) which have been reported in the 
literature.

The synthesis of N-acyl-p-hydroxy-phenylglycine derivatives on the basis of phenol via a 
modified Mannich reaction are described in Chapter 2 (Scheme 2).

1 0  1 1 a R 1 1 b R
para product ortho product

Scheme 2

The influence of substituent R in N-acylamino hydroxy acetate 10 on the ortho/para ratio in 
the Mannich reaction with phenol has been studied. A sterically demanding group is 
expected to give a better ortho/para ratio resulting from steric interaction between this 
group R and the hydroxy group of fenol. Experimentally, however, steric hindrance 
appeared to have no positive influence on the ortho/para ratio, since for some unknown 
reason the largest substituent (R = tBu) gave the worst results.
The conversion of the hydroxy group in 10 into a better leaving group did not have any 
influence on the ortho/para ratio either.
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A novel synthesis of HPG 15 starting from the relatively inexpensive benzoquinone 12 is 
presented in Chapter 3. The strategy comprises the selective functionalization of one of the 
carbonyl groups in benzoquinone, followed by an elimination-addition reaction (Scheme 
3).
Compound 13 was synthesized via a 1,2-nucleophilic addition of methyl lithioacetate to 
benzoquinone and subsequent trapping of the anion with methyl chloroformate. In the 
next step the carbonate group in 13 needs to be eliminated under basic conditions to give 
quinone methide 14.

CO2Me

15 NH2 HPG

OMe

O

ammonia

° ^  ; = °  

1 2

O

13

addition

CO2Me
elimination

Scheme 3

Several attempts to isolate quinone methide 14 failed. This led to the conclusion that this 
compound is highly unstable. However, by conducting the elimination with a large excess 
of ammonia as the base immediate nucleophilic attack of ammonia took place, which gave 
the desired HPG 15 from 13 in one step. In this manner the ortho/para problem is 
circumvented in an elegant manner.
Apart from the addition of ammonia several other primary and secondary amines were 
introduced in high yields via the same elimination-addition reaction. Furthermore, by 
replacement of the methyl ester by a chiral ester function a diastereomeric excess of at best 
60% was obtained in the nucleophilic addition of ammonia and benzylamine.

An obvious explanation for the high instability of quinone methide 14 is its rapid 
aromatization into a phenol in the presence of nucleophiles. Isolation of this compound, 
however, is of great importance in order to confirm unequivocally the proposed
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elimination-addition mechanism shown in Scheme 3. In Chapter 4 the isolation of this 
quinone methide 14 from cycloadduct 17, using the Flash Vacuum Thermolysis (FVT) 
technique, is presented.

Under typical FVT conditions the starting material 17 is exposed to high temperatures 
under vacuum (10-2 torr) for a very short period of time. Due to the low pressure and the 
high dilution intermolecular reactions, which can cause decomposition of the product, are 
now impossible.
Treatment of quinone methide 14 with ammonia gave HPG 15 in good yield (Scheme 4), 
confirming the elimination-addition mechanism as proposed in Scheme 3.
Compound 17 was also subjected to several chemical transformations. Flash Vacuum 
Thermolysis of the obtained products produced a variety of derivatives of 14.

The Diels-Alder reactions of cyclohexadienones 13, 18 en 19 with cyclopentadiene are 
presented in Chapter 5. Surprisingly, in all cases only one diastereomer was formed, i.e. 
the one with the OC(O)R group at the endo-positie (Scheme 5). This observation cannot be 
explained on the basis of steric considerations, since even the sterically demanding tert- 
butyl group (19) is exclusively positioned at the more crowded endo-position. Apparently, 
electronic properties of the substituents play a crucial role in the stereoselectivity of this 
Diels-Alder reaction. The results are in full accordance with the Cieplak theory.
A fascinating rearrangement reaction producing heterocycle 23 was observed during the 
cycloaddition of 13 (R = OMe) with cyclopentadiene. This rearrangement could be 
accelerated significantly by heating up the reaction mixture. Apparently, cycloadduct 20a 
is unstable under these conditions. Cleavage of the norbornene structure is observed, 
followed by ring closure to heterocycle 23.
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O

13 (R = OMe)
18 (r = Me)
19 (r = tBu)

single product 21a (R = Me) not observed 21b (R = Me) 
22b (r = iBu)

Scheme 5

This rearrangement reaction was also studied for cyclohexadiene cycloadduct 25, which is 
based on cyclohexadiene in stead of cyclopentadiene (Scheme 6). Here too, rearrangement 
into heterocycle 26 was observed, however, in a significantly lower yield.

OMe

24 O

CO2Me

26

In Chapter 6 "molecular imprinting" is considered as a potential solution for the ortho/para 

problem in the electrophilic substitution to phenol. With this technique a polymer is 
constructed around a matrix molecule. Removal of the matrix gives a "molecular 
imprinted polymer" (MIP) with cavities, the size and shape of which are complementary 
to the matrix molecule. In principle, by choosing an appropriate matrix molecule a 
catalytically active cavity can in principle be generated with the desired para shape. By 
performing the electrophilic substitution to phenol inside this "para shaped" cavity para 
substituted product should be formed exclusively (Figure 3).
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Unfortunately, in this preliminary study the catalytic activity of the MIP appeared to be 
poor, since only a low conversion was observed even after long reaction times. So far, the 
MIP was unable to improve the ortho/para ratio in the electrophilic substitution to phenol. 
Nevertheless, this methodology deserves further investigation.

Summaries in English and Dutch conclude this thesis.
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SAMENVATTING

In 1928 ontdekte Alexander Fleming bij toeval penicilline G (1, Figuur 1), een P-lactam 
antibioticum dat een uiterst effectief middel bleek te zijn voor het behandelen van 
bacteriële infecties. Vanwege toenemende resistentie van bepaalde bacteriën was het 
noodzakelijk om nieuwe derivaten te ontwikkelen. Dit leidde tot de ontwikkeling van de 
semi-synthetische penicillines, de SSP's, die zijn gebaseerd op de P-lactam kern van 
penicilline G.

De ontdekking van cefalosporine C (2, Figuur 1) bleek het begin van de ontwikkeling van 
de semi-synthetische cefalosporines, de SSC's, een nieuwe familie van ß-lactam anitbiotica 
met een breed spectrum activiteit.
ß-Lactam antibiotica bestaan uit twee hoofdfragmenten, de ß-lactam kern en de zijketen. 
Twee belangrijke semi-synthetische antibiotica, amoxicilline 3 en cefadroxil 4, hebben 
respectievelijk een 6-APA (6-aminopenicillanic acid, 5) en 7-ADCA (7- 
aminodeacetoxycephalosporanic acid, 6) kern en beide een D(-)-HPG (D(-)-para-hydroxy- 
phenylglycine, 7) zijketen (Figuur 2).

1, Penicilline G 2, Cefalosporine C

Figuur 1

O
5, 6-APA 7, D(-)-HPG 6, 7-ADCA

Figuur 2



Op industriële schaal w ordt HPG gesynthetiseerd uit fenol als uitgangsstof met 
hydantoine 9a als belangrijk intermediair (Schema 1). Het nadeel van deze benadering op 
basis van fenol is de onvermijdelijke vorming van ortho/para isomeren tijdens de 
electrofiele substitutie aan fenol. Ondanks jarenlang onderzoek is nog steeds geen 
bevredigende oplossing voor dit ortho/para probleem gevonden.

HO HO. .CO2H O
+ Y  2 + AOH H2N ^

Schema 1

8

Dit proefschrift handelt over de synthese van HPG, waarbij primair aandacht is besteed 
aan de verbetering van deze ortho/para verhouding. Verder is een nieuwe synthese van 
HPG op basis van benzochinon ontwikkeld met als doel het ortho/para probleem te 
omzeilen.

Hoofdstuk 1 geeft een kort overzicht van de ontstaansgeschiedenis van de P-lactam 
antibiotica. Verder wordt een overzicht gegeven van de diverse syntheses van para- 
hydroxy-phenylglycine (HPG), die vermeld zijn in de literatuur.

De synthese van N-acyl-p-hydroxy-fenylglycine derivaten op basis van fenol via een 
gemodificeerde Mannich reactie w ordt beschreven in Hoofdstuk 2 (Schema 2).

H O ^CO 2Me

h n ^ o

R
10

H+

CO2Me

h n ^ o

11a R
para product

Schema 2

CO2Me

OH H ^ O  

11b R
ortho product

+

De invloed van substituent R in N-acylamino-hydroxy-acetate 10 op de ortho/para 
verhouding in de Mannich met fenol is bestudeerd. Een sterisch grote groep zou een 
betere ortho/para verhouding moeten opleveren als gevolg van een sterische interactie 
tussen deze groep R en de hydroxy groep van fenol. Experimenteel bleek sterische 
interactie geen belangrijke factor the zijn, aangezien de grootste substituent (R = tBu) om 
onverklaarbare reden de slechtste resultaten gaf.
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Sam envatting

Het omzetten van de hydroxy groep in 10 in een beter vertrekkende groep bleek eveneens 
geen enkele invloed te hebben op de ortho/para verhouding.

Een nieuwe synthese van HPG 15 op basis van het relatief goedkope benzochinon 12 
wordt behandeld in Hoofdstuk 3. De strategie bestaat uit het selectief functionaliseren van 
één van beide carbonyl groepen in benzochinon, gevolgd door een eliminatie-additie 
reactie (Schema 3).
Verbinding 13 werd gesynthetiseerd via een 1,2-nucleofiele additie van methyl 
lithiumacetaat aan benzochinon, gevolgd door reactie van het hierbij gevormde anion met 
methyl chloorformiaat. In de volgende stap dient de carbonaat groep in 13 onder invloed 
van base geëlimineerd te worden, waarbij chinon methide 14 w ordt gevormd.

CO2Me

15 NH2 HPG

OMe ammoma

O O 
12

O

13

additie

CO2Me
eliminatie

Schema 3

Diverse pogingen om chinon methide 14 te isoleren mislukten, waaruit opgemaakt kan 
worden dat deze verbinding zeer instabiel is. Echter, door de eliminatie uit te voeren met 
een grote overmaat ammonia als base, vond onmiddellijk additie plaats van ammonia, 
waardoor in één stap vanuit 13 het gewenste HPG 15 werd gevormd. Op deze manier 
wordt het ortho/para probleem op elegante wijze omzeild.
Naast de additie van ammonia werden diverse primaire en secundaire amines ingevoerd 
in zeer hoge opbrengsten via dezelfde eliminatie-additie reactie. Verder werd door het 
vervangen van de methyl ester door een chirale ester functie een diastereomere overmaat 
van maximaal 60% verkregen bij de nucleofiele additie van ammonia en benzylamine.
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Een verklaring voor de hoge instabiliteit van chinon methide 14 is de snelle aromatisering 
tot een fenol in de aanwezigheid van nucleofielen. Het isoleren of karakteriseren van deze 
verbinding 14 is echter van groot belang om het eerder voorgestelde eliminatie-additie 
mechanisme te bevestigen. In Hoofdstuk 4 wordt de synthese en isolatie van dit chinon 
methide 14 uit cycloadduct 17 beschreven. Hierbij wordt de Flits Vacuum Thermolyse 
(FVT) techniek toegepast (Schema 4).

Bij deze techniek w ordt de uitgangsstof 17 na verdampen of sublimeren kortstondig 
blootgesteld aan hoge temperatuur onder vacuüm (10-2 torr). Door de lage druk en de 
hoge verdunning zijn intermoleculaire reacties, die kunnen leiden tot ontleding van het 
product, uiterst onwaarschijnlijk.
Het behandelen van chinon methide 14 met ammonia gaf HPG 15 in goede opbrengst 
(Schema 4), waarmee de juistheid van het eerder beschreven eliminatie-additie 
mechanisme in de synthese van HPG uit benzochinon wordt bevestigd.
Tevens werd verbinding 17 blootgesteld aan diverse chemische transformaties. De 
producten die hieruit werden gevormd, werden eveneens onderworpen aan FVT om de 
cycloreversie reactie te bewerkstelligen hetgeen leidde tot interessante derivaten van 14.

De Diels-Alder reacties van cyclohexadienonen 13, 18 en 19 met cyclopentadieen worden 
beschreven in Hoofdstuk 5. Verrassenderwijs werd slechts één stereoisomeer gevormd, 
namelijk met de OC(O)R groep op de endo-positie (Schema 5). Dit kan niet verklaard 
worden op basis van sterische interacties, aangezien zelfs de sterisch grote tert-butyl groep 
(19) uitsluitend op de meest gehinderde endo-positie w ordt aangetroffen. Blijkbaar spelen 
electronische eigenschappen van de substituenten een cruciale rol in de stereoselectiviteit 
van deze Diels-Alder reactie. De resultaten zijn geheel in overeenstemming met de 
Cieplak theorie.
Een fascinerende omleggingsreactie werd waargenomen tijdens de cycloadditie van 13 (R 
= OMe) met cyclopentadieen. Hierbij werd 23 gevormd. Deze omlegging kon aanzienlijk 
worden versneld door verwarmen van het reactiemengsel. Blijkbaar is het cycloadduct 20a 
instabiel onder deze condities w at leidt tot fragmentatie van de norborneen structuur, 
gevolgd door ringsluiting tot de aromaat 23.

17 °

Schema 4
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Sam envatting

O

13 (R = OMe)
18 (r = Me)
19 (r = iBu)

enig product 21a (R -  Me) niet waargenomen 21b (R -  Me) 
22a (R -  tBu) 22b (R -  tBu)

R = OMe

CO2Me

23

Schema 5

Deze omleggingsreactie werd eveneens waargenomen voor het cyclohexadieen adduct 25 
(Schema 6). Ook in dit geval werd de omlegging tot heterocycle 26 waargenomen, zij het 
in aanzienlijk lagere opbrengst.

OMe

24 O

CO2Me

26

In Hoofdstuk 6 wordt "molecular imprinting" bestudeerd als potentiële oplossing voor 
het ortho/para probleem in de electrofiele substitutie aan fenol. Met behulp van deze 
techniek wordt een polymeer geconstrueerd rondom een matrix verbinding. Verwijderen 
van de matrix verbinding geeft een "molecular imprinted polymer" (MIP) met holtes 
waarvan de vorm en grootte complementair zijn aan de matrix. Door een geschikte matrix 
verbinding te kiezen, kan in principe een katalytisch actieve holte gegenereerd worden 
met de gewenste para vorm. Door de electrofiele substitutie aan fenol in de "para 
gevormde" holte uit te voeren zou uitsluitend para gesubstitueerd product gevormd 
moeten worden (Figuur 3).
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Conventionele reactie 
in oplossing:

Reactie, gekatalyseerd 
door een MIP:

HOo — HOxx HO

HOa ,

Figuur 3

E

+
E

E

Helaas bleek uit deze eerste voorlopige experimenten de katalytische activiteit van het 
MIP laag te zijn, aangezien slechts een lage conversie werd waargenomen zelfs na lange 
reactietijd. Verder bleek het MIP vooralsnog niet in staat om de ortho/para verhouding in 
de electrofiele substitutie aan fenol te verbeteren. Niettemin is het de moeite waard deze 
benadering nader te onderzoeken.

Samenvattingen in het Engels en Nederlands besluiten dit proefschrift.
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