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Preface 

 
The d iscovery  and development  of  new ant i- infect ives  is  a  permanent  
chal lenge due to  the  increasingly  fr ightening bui ld up of  resis tant  
pathogens agains t  es tabl ished drugs.  The emergence of  drug-resis tant  
pathogenic bacter ia  cont inues  to  be a  ser ious threat  to  human heal th1 .  
In  developed countr ies  ant ib iot ic  res is tance appears  to  be a new kind of  
epidemic due to  over  use of  broad range ant ib iot ics  and possibly  
overuse of  ant imicrobials  in  food animals2 .  15% of  a l l  antib iot ics  
manufactured in  Europe are  used on animals3  and al though the res t  are  
banned,  re la ted ant ibiot ics  are  of ten used as  growth promoters  and have 
been associa ted with the  development  of  res is tant  s tra ins .  An European 
Prevalence of  Infect ion (EPIC) s tudy  revealed that  as  many as  45% of  
a l l  ICU pat ients  had one or  more nosocomial  infect ion on the cont inent  
on the day of  the s tudy .  21% were ICU acquired while  10% and 14% 
were hospita l  and community  acquired  respect ively 4 .  The rapid spread 
of  methic i l l in  res is tant  s taphylococcus aureus  (MRSA) and vancomycin  
res is tant  enterococci  (VRE)  and their  mult i -drug res is tant  (MDR) 
s t rains  not  only  as  nosocomial  but  as  community  acquired infect ions as  
well  causes  the most  concern in  our  t ime.  MRSA infect ions are  now no 
longer  confined to  the hospi ta l  se t t ing,  but  a lso appear  in  heal thy  
community-dwell ing individuals 5 .  
On a dif ferent  but  equal ly  grave f ront ,  any l i t t le  progress  made agains t  
Malar ia  –a d isease whose mortal i ty  exceeds  1 mil l ion per  year ,  most  of  
them children in  poor  countr ies6  -  is  threatened by growing resis tance 
agains t  known ant i-malar ials .  
There  is  therefore  an urgent  need to  replenish our  arsenal  of  ant i-
microbials  and the new ant i- infect ives  should not  only  be based on one 
of  the convent ional  fundamental ly  different  chemical  s t ructures ,  but  
a lso based on new modes of  act ion,  in  order  to  confront  the danger  of  
rapid formation of  res is tance.  This  thes is  is  a  s tep in  that  direct ion.  
Analogues of  natural  antibiot ic  SF-2312 have been synthesized and 
s tudied.  The mode of  act ion of  SF-2312 is  not  yet  ful ly  understood.  
However ,  i t  i s  known to  hinder  microbial  growth in  a  mode different  
f rom the common bacter ial  ce l l  wal l  synthes is  inhibi t ion.  
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1 Introduction 

1.1 Antibiotic resistance 

1.1.1  Defining Antibiotic resistance 

Antibio tic  res is tance is  the abi l i ty  of  a  microorganism to prevai l  
agains t  the effects  of  an  ant imicrobia l  agent .  Micro-evolutionary  
natural  se lect ion and mutat ion have led to  microorganisms developing 
different  mechanisms  to  render  the ant ib iot ic inact ive through ei ther  
physical  removal  f rom the cel l  v ia  eff lux pumps (Chloramphenicol)  or  
through modif icat ion of  i ts  target  s i te  to  reduce uptake into  the cel l  
(Tetracycl ine)  or  chemical  modif icat ion of  the ant ibiot ic .  (Fig 1.1)  
Chemical  modif icat ion is  most ly  effected by enzymes that  e i ther  
breakdown the ant ibiot ic for  example hydrolysis  of  β - lactams or  
sequester ing of  the ant ibiot ic  by  protein  binding.  
 

 
 
Fig.  1 .1:  Mechanisms of  Antibiot ic  Resis tance7
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1.1.2  State of the art in Combating Antibiotic Resistance 

From Fleming’s  discovery  of  Penici l l in  in  1928 and German Gerhard 
Domagk’s  discovery  of  synthet ic sulfonamide ant imicrobia ls  in  1932,  
ant ibiot ics  have been essential  in  the  f ight  agains t  many diseases  and 
infect ions7 .  Penici l l in  was  mass produced from 1943 and by 1946 was  
avai lable  for  oral  use  to  the publ ic  without prescr ip t ion.  Although 
Fleming,  as  ear ly  as  1945,  warned that  misuse of  penici l l in  could lead  
to  res is tant  bacter ia8 ,  penic i l l in  res is tant  Staphylococcus  aureus  s t rains  
had already  been observed in  19449 .  30 yrs  later  this  bug beat  medicine 
again when Methici l l in  res is tant  s t ra ins  were observed.  
The prevai l ing group-think that  infect ion and resis tance problems had 
been conquered,  the antib iot ic  saturated market  and poor  re turn of  
inves tments1 0  led pharmaceut ical  companies  to  abandon ant ibacter ia l  
development  in  the la te  1980s.   
Then,  came the rapid spread of  Methici l l in  res is tant  Staphylococcus 
aureus  (MRSA) and Vancomycin resis tant  enterococci  (VRE) s tra ins  in  
hospita ls  affect ing pat ients  in in tensive care  uni ts  and organ transplant  
s ta t ions .  This  resul ted in  renewed effor ts  and investments  for  
ident i fy ing compounds act ive against  Gram-posit ive pathogens 
y ielding,  in  the past  5  years1 1 ,  four  newly  l icensed ant imicrobials  -  
Linezol id ,  Daptomycin,  Quinupris t in-dalfopris t in  and Tigecycline*.    
The Gram-negat ive  bacter ia were ignored in  the renewed interes t  on 
ant ibiot ics .  Enterobacter iaceae such as  Pseudomonas  sp.  and Klebsiel la  
pneumoniae  and o ther  gram-negat ive baci l l i  have become res is tant  to  
most  f ront l ine ant ibiot ics  including third generat ion cephalospor ins ,  
monobactams,  aminoglycosides  and quinolones4 .  
Recent  s tructural ly  novel  c lasses  of  ant imicrobials  such as  
oxazol idinones and pept ide deformylase (PDF) inhibi tors  are  poor  
inhibitors  of  Gram-negat ive bacter ia  due to  poor  permeabi l i ty1 2 .  
There is  urgent  need to  pay  at tention to  MDR Gram negat ive bacter ia .  
Commensals ,  bacter ia  that  colonize individuals  without  causing 
disease,  l ike Escherichia col i  now exis t  in  MDR strains  that  could 
cause ur inary  t ract  infect ions  (UTI)  and sept icemias1 3 .  

                                                 
* Of  t he  four  on ly  L inezo l id  i s  ava i l ab l e  fo r  o ra l  u se  and  on ly  T igecyc l ine  i s  a l so  
ac t ive  aga ins t  Gram-nega t ive  bac t e r i a  t hough  i t s  spec t rum does  no t  i nc lude  
Pseudomonas  aerug inosa  wh ich  i s  emerg ing  as  mu l t i - r e s i s t an t  Gram-nega t ive  
bac t e r i a .  
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In what  has  become a vicious cycle,  Community-acquired  MRSA (CA-
MRSA) are now reported in  Hospitals  as  wel l1 4 .   
Ant ibiotic  res is tance is  far  f rom combated,  i t  s t i l l  leads  to  chronic  
i l lnesses ,  more doctor  v is i ts  or  extended hospi ta l  s tays .  Rice reported  
of  a  US s tudy 1 1  est imat ing that  nosocomial  Staphylococcus aureus  
infect ions a lone resul ted in  2 .7  mi l l ion  extra  days in  the hospi ta l ,  9 .5  
bi l l ion dol lars  in  extra  hospi ta l  charges  and almost  12,000 impat ient  
deaths  per  year .  
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1.2 Natural antibiotic SF-2312 

SF-2312 (I )  is  a  s t ructural ly  novel  broad spectrum ant ibio t ic  which was 
isolated in  1986 from Micromonospora sp.  by  Watabe et  a l .  The 
ant ibiot ic ,  extracted in  smal l  quant i t ies  (0 .5µg/mL of  microorganism 
cul ture) ,  was obtained via a  complex method that  involved success ive 
appl icat ion of  culture broth  fermentat ion * ,  extract ion and both ion-
exchange and s i l ica  gel  chromatography.  I  is  character ized by  a  cycl ic  
N-hydroxyimide and a phosphonic  acid  funct ional i ty .  
 

NO
OH

P
ONaO

OH

OH

SF-2312  
 
Fig.  1 .2:  SF-2312  
 
Ant ibacter ia l  act ivi ty  tes ts  agains t  e ight  genera of  both Gram-posi t ive 
and Gram-negat ive organisms revealed that  SF-2312 was more act ive  
under  anaerobic condi t ions than in  aerobic  condi t ions.  To l is t  a  few; 
Staphylococcus epidermis ,  Staphylococcus aureus,  Escherichia col i  and 
Klebsiel la  pneumoniae were included.  
 
Ini t ia l  s tudies  on  SF-2312 indicate that  i t  does not  exhibi t  i t s  ant i-
microbial  ac t ivi ty  through bacter ia l  cel l  wal l  inhibi t ion  l ike 
Fosfomycin1 5 - 1 6 .  I ts  avai labi l i ty  in  no more than micro- l i ter  quant i t ies  
represents  an impor tant  task of  synthesis  and is  a  s tep toward renewing 
humanity’s  ant ibio t ic arsenal .  
 
 

                                                 
*  SF-2312  was  ex t r ac t ed  f rom a  mixed  cu l tu re  o f  Micromonospora  sp .  and  
Coryne form  b ac t e r ium ( s t r a in  B N-258)  where  t he  bac t e r ium does  no t  p roduce  the  
an t ib io t i c  bu t  enhances  i t s  p roduct ion  by  t he  ac t inomyce te  Mi cromonospora  sp .  
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1.3 Phosphono-carbohydroxamic acids as bioactive 

compounds 

1.3.1  Phosphono-functionalised compounds  

Phosphonic acid contain ing antimicrobials  have at t racted considerable  
interes t  in  medicinal  chemis try .  Examples  are  Fosfomycin  and 
Fosfonochlor in ,  which are  reported to  have low toxici ty ,  are  effect ive 
and more important ly  are  compatible  wi th  other  ant imicrobia ls1 7 .  
Fosfomycin1 8  is  a  cel l  wal l  synthesis  inhibi t ing bacter ic idal  ant ib io t ic.  
I t  inact ivates  the  enzyme enolpyruvyl t ransferase,  thereby i r reversibly  
blocking the condensat ion of  ur idine diphosphate-N-acetylglucosamine 
with p -enolpyruvate,  one of  the f i rs t  s teps  in  bacter ia l  cel l  wal l  
synthesis .   
Fosfomycin is  prescr ibed as  a t romethamine monosal t  for  oral  use and 
is  indicated for  the t reatment  of  uncomplicated ur inary t ract  infect ions  
due to  suscept ible  s tra ins  of  Escherichia col i  and Enterococcus 
faecal is .  I t  is  a lso prescr ibed as  a f ree acid for  parenteral  use.  
Fosfonochlor in  was isolated from Fusarium sp.  and is  moderately  
act ive against  some species  of  Gram-negat ive bacter ia1 9 .  
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Fig.  1 .3:  Phosphonic acid containing ant imicrobials  
 
 



 

1  Introduct ion 

 

 

 6

1.3.2   Hydroxamic acid functionalised compounds  

The f i rs t  hydroxamic acids  was synthesised in  1869 by Lossen W. 
Although discrepancies  arose,  i t  has  been shown that  hydroxamic acids  
are  s table  in  both sol id  and solut ion  s tate  in  their  carbonyl-form II .  
Research cont inues  inorder  to  determine whether  the hydrogen atom of  
the  amino group NH in II  d issociates  predominate ly to  form the 
mesomeric monoanion B  making II  an N-acid  or  whether  i t  i s  the 
hydrogen atom of  the OH group in  II  that  dissocia tes  predominately  to 
form A ,  hence an O-acid.  Some authors  suggest  N-acid  behavior  for  
hydroxamic acids  in  gas  phase and in  DMSO solut ion but  O-acid  
character  in  aqueous solution while others  argue that  hydroxamic acids  
are  essentia l ly  N-acids  except  when the H of  the amino group is  
subst i tu ted with an alky l  group2 0 - 2 4 .  
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Fig.  1 .4  Diprot ic  nature o f  hydroxamic acids2 5  
 
Though now well  s tudied for  137 yrs ,  hydroxamic acids  continue to  be 
intr iguing and important  pharmacophores  in  medicinal  chemistry .  While  
considered der ivat ives  of  carboxylic  acids  and hydroxylamines ,  they 
have s ignif icant ly  st ronger  metal  chelat ing  abi l i t ies  than corresponding 
carboxylic acids2 6 .  The detection and isolat ion  of  hydroxamates  
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especial ly  of  natural ly  occurr ing hydroxamic acids  is  faci l i ta ted  by  a  
deep red  colour  produced upon addit ion of  ferr ic chlor ide to  the culture  
supernatant  f luid .  
Due to  their  metal  chelat ing propert ies ,  hydroxamic acids  for  example 
Desferr ioxamine2 7  are  used to  deal  with t ransfusional  i ron overload in  
thalassaemic and s ickle  cel l  pat ients  and also i ron in toxicat ion  in  
chi ldren2 8 .  However ,  the  acid’s  biomedical  applicat ions  are not  only  
associated  with uptake or  removal  of  i ron from the body .  Their  role as  
potent  and select ive inhibitors  of  a  range of  enzymes has increasing 
interes t .  These include zinc,  nickel  and iron metal loproteases  such as  
MMPs,  angiotensin conver t ing enzyme (ACE),  ureases ,  cyclooygenases  
and peptide deformylases  (PDF) which have been implicated  in  a  
number  of  diseases  such as  ar thr i t is ,  a l lergies ,  ur inary  t rack infect ions  
(UTI) ,  antib iot ic  and ant i- tumour drug agents2 9 .  Alahopcin,  Act inonin  
are  wel l  known antibiot ic  agents  funct ional ized by hydroxamic acids .  
 

N
OH
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ActinoninAlahopcin
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Fig.  1 .5:  Hydroxamic acid containing Ant ib io tics  
 
Alahopcin 
 
Alahopcin  and the natural  ant ibio t ic SF-2312 are  both funct ional ized by 
the 1,5-dihydroxypyrrol idin-2-one system. 
Alahopcin  (Fig.  1 .5)  was f irs t  isolated from a cul ture  of  Streptomyces 
albulus  by Higashide et  al .  I t  was shown3 0  to  be act ive agains t  both 
Gram-posi t ive and Gram-negat ive bacter ia  with  especial ly  s t rong 
act ivi ty  against  a  previously  ant ib iot ic  res is tant  type of  Staphylococcus 
aureus .  I t  i s  reported to  be ident ical  to  the natural  ant ib iot ic  
Nourseimycin3 1  that  had ear l ier  been iso lated from Streptomyces  
noursei3 2  through physical  and spectroscopic  data .  
In  1991,  Baldwin et  a l .  reported the f irs t  s tereospecif ic  synthesis  of  
Alahopcin ,  s tar t ing from (L)-aspar t ic  acid3 3 .  
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Actinonin 
 
Like SF-2312,  Act inonin3 4  (Fig.  1 .5)  is  a  natural ly  occurr ing 
ant ibacter ia l  agent  that  was iso lated from Actinomyces  sp.  and 
Streptomyces  sp.  in  1962.  I t  i s  act ive against  both gram posit ive and 
gram negat ive bacter ia  potent ia l ly  as  a  PDF inhibi tor3 5 .  Al though a  
supposed human mitochondria l  PDF has  been ident if ied3 6  and 
demonstrated to  have a  low level  of  cataly t ic  act ivi ty ,  known inhibi tors  
of  the bacter ia l  enzymes do not  demonstrate toxici ty  toward human cel l  
growth except  a t  extremely  high concentrat ions3 7 .  In  addi t ion to  this  
new approach to  ant imicrobial  chemotherapy,  PDF has also been 
ident i f ied  as  a  novel  potent ia l  ant icancer  drug target3 6 .   
Like the 1-hydroxypyrrolidin-2,5-dione analogues of  SF-2312 s tudied 
in th is  work,  Act inonin is  a lso a succinyl  der ivative whose C4  chain is  
optimal  for  i ts  antibiot ic  act ivi ty  in  compar ison to  malonyl  or  glutary l  
der ivat ives3 8 .  Act inonin,  other  MMP inhibi tors  such as  Barimastat ,  
Marimas tat  and Kelatorphan -  a  potent  LTA4 hydrolase (Leukotr iene 
A4)  inhibi tor  -  are  a l l  funct ional ized by  a  succinyl  moiety  which might  
imply  i ts  importance in  drug synthesis .   
 
Others  
 
Other  hydroxamic acid contain ing ant ibiot ics  include the natural  
products  Hadacidin (Penici l l ium purpurrescens) 3 9 ,  Mycel ianamide 
(Penici l l ium griseofulvum ) 4 0  and Aspergi l l ic  acid4 1  (Aspergi l lus  
f lavus ) .  (Fig.  1 .6)  
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Fig.  1 .6:  Natural  antib iot ics  containing a hydroxamic acid group  
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Marmion et  a l .  have suggested that  hydroxamic acids  may act  as  ni tr ic  
oxide donors4 2 .  This  heightens the importance of  the hydroxamic acid  
pharmacophore as  ni tr ic  oxide is  a key inter-  and intracel lu lar  molecule 
involved in  the maintenance of  host  response to  infect ion,  vascular  tone 
and neuronal  s ignal ing *.   
 

1.3.3  Phosphono-carbohydroxamic acid functionalized    

compounds 

Compounds containing both  the hydroxamic acid and phosphonic  acid  
funct ions have been receiv ing growing interest  in  current  medicina l  
chemistry  because of  their  broad antimicrobial  spectra4 4 .  One 
acclaimed example is  Fosmidomycin  (Fig.  1 .7) ,  an ant ib iot ic  act ive 
agains t  many Gram-negat ive and some Gram-posi t ive bacter ia4 5 .  SF-
2312 bears  not  only  s imi lar i ty  in  iso lat ion  and act ivi ty  spectra  but  a lso  
an obvious s t ructural  re la t ionship with  open chained ant imicrobial  
Fosmidomycin and might be regarded as  a  r igid  analogue.  
 
Fosmidomycin not  only  revealed a  new structure but  was of  grea t  
interes t  in  medicinal  chemis try  because of  i ts  novel  mode of  act ion of  
inhibit ing  the non-mevalonate  synthesis  of  isoprenoids .   
This  non-mevalonate  pathway to  isoprenoids  has  been found in mos t  
eubacter ia  including pathogens for  humans,  in  green algae and in  
chloroplasts  of  phototrophic  organisms such as  a lgae,  l iverworts ,  
h igher  plants  and unicellu lar  eukaryotes  such as  Plasmodium sp.   
DOXP (1-deoxyxylulose-5-phosphate)  and MEP (2-C-methyl-D-
ery thr i tol -4-phosphate)  are  the f irs t  in termediates ,  formed by DOXP 
synthase (DXS) and DOXP reductoisomerase (DXR).   
Of  these,  DXR is  the most  promising target  for  the development of  
drugs and even herbic ides4 6 .  
 

 
 

                                                 
*  N i t r i c  ox ide  o r  n i t r i c  ox ide  dono rs  a re  u sed  as  t he rapeu t i c  agen t s  t o  
coun te rba l ance  t he  n i t r i c  ox ide  de f i c i t .  These  donors  a r e  rap id ly  and  o f t en ,  non-
se l ec t ive ly  t rans fo rmed  to  n i t r i c  ox ide  i n  mammal s  an d  have  a  sho r t  ha l f - l i f e  in  
v ivo 4 3 ,  t he r e  i s  need  f o r  more  s t ab l e  n i t r i c  ox ide  donors  t ha t  would  be  se l ec t i ve ly  
ox id i sed  to  n i t r i c  ox ide  i n  s i t u  wi th  fo rmat ion  o f  n i t r i c  ox ide  in  a  g iven  t i s sue .  
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Fig.  1 .7:  Antimicrobial  agents  funct ional ized by both phosphonic and 
hydroxamic acids  
 
Fosmidomycin specif ical ly  inhibi ts  DXR and was reported to  inhibi t  
this  enzyme in  Escherichia col i .  Fosmidomycin and i ts  acety l  analogue 
FR-900098 * (Fig.  1 .7)  had been known as  the most  eff icient  inhibi tors  
of  DXR4 8 unt i l  the  report  of  their  more act ive α-phenyl analogues  as  
pivaloyloxymethyl  es ter  pro-drugs by Kurz e t  a l . 4 9 .    
Interest ingly ,  some s t rains  of  bacter ia  are repor ted to  have shown cross 
res is tance to  Fosmidomycin  and Fosfomycin while  the  N-methylated  
der ivat ive  IV  (Fig.  1 .7)  inhibits  a  Fosmidomycin/  Fosfomycin-resis tant  
s t rain  of  E. coli5 0 - 5 6 .  
No synthesis  of  SF-2312 has  been reported to  date.  

                                                 
* Bo th  Fosmidomycin  and  FR-900098  a re  a l so  e f fec t ive  aga ins t  Mala r i a  whe re  t hey  
i nh ib i t  t he  DXR o f  Plasmodium fa l c iparum .  Fosmidomyc in  has  been  used  to  t rea t  
Mal a r i a  i n  humans  bu t  due  to  h igh  r ec rudescence  r a t es  i s  p roposed  fo r  u se  in  
combina t ion  wi th  Cl indamycin 4 7 .   
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1.4 Aim of Thesis 

The aim of  this  thesis  is  to  synthesize and s tudy  stable analogues of  the  
natural ly  occurr ing ant ib iot ic SF-2312.  This  is  an important  s tudy for  
medicinal  chemistry  due to  the  reported act iv i ty  of  SF-2312 against  
both Gram-negat ive and Gram-posi t ive bacter ia ,  i ts  s imilar i ty  to  known 
ant ibiot ics  l ike  Alahopcin,  Act inonin,  and Fosfomycin and also to  ant i-
malar ials  l ike Fosmidomycin.   
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Fig.  1 .8:  N,O-Acetal  and chiral  centers  of  SF-2312 
 
The corner  s tone of  the s t rategy  towards the synthesis  of  SF-2312 was 
the preparat ion of  1-hydroxypyrrolidin-2,5-dione (V)  (Fig.  1 .8) .   
This  is  due to  N,O-Acetal  ins tabi l i ty  and a lso to  the two chiral  centers  
of  SF-2312 whose isomers  would present  purif icat ion problems during 
mult i-s tep  synthesis .  I t  was therefore  planned to  synthesise compounds 
V  wi th  only  one chiral  center ,  as  the ini t ia l  target  compounds.  
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1.5 Synthesis Plan 

Retrosynthet ic analysis  shows that  natural  compound SF-2312 (I)  
consis ts  of  three ident if iable  funct ional  groups;  phosphonyl,  succinyl  
and hydroxylamine moieties .  (Scheme 1.1)  
 
The pyrrolid in-dione nucleus would be elaborated v ia  coupl ing of  
maleic anhydride with  a protected hydroxylamine,  subsequent  
cycl isa t ion and react ing with  t r ia lky l  phosphite in  a Michael is-Arbusov 
reaction would then produce the target  compounds V  (Fig.  1.8) .  
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Scheme 1.1:  Retro-synthetic analysis  o f  V  
 
The p lan  was to  approach the synthesis  f rom the known and easi ly  
synthesised 1-benzyloxy-3-bromopyrrol idin-2,5-dione (3) .  Okawara e t  
al . 5 7  successful ly  brominated N-benzyloxyisomaleimide to  y ie ld  the  
rearranged compound 3 .  (F ig.1 .9)  
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Okawara et al. Bull. Chem. Soc. Jpn., 1971. 44: 437
 

 
Fig.  1 .9:  Synthesis  of  1-benzyloxy-3-bromopyrrolid in-2,5-dione (3 )  
 
Synthesis  of  open chained analogues  of  SF-2312  VI  and VII  (F ig.  1.10)  
was envis ioned via  react ions  of  γ-butyrolacton with hydrazine 
hydrate or  coupl ing 2-(diethy lphosphono)-butanoic acid with 
benzyloxyamine and 1,1 ′ -carbonyldi imidazole (CDI) .  
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Fig.  1 .10:  Open chained analogues of  SF-2312  
 
The synthesised analogues of  SF-2312 would then be modif ied by  
reacting them with var ious e lectrophi les  and via  a  Mannich react ion  to  
y ield  3  (or  α) -subst i tu ted der ivat ives .  
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2 Synthesis of 3-dialkoxyphosphoryl-1-

benzyloxysuccinimides 

2.1 Literature review 

Krawczyk et  a l .  have reported the synthesis  of  3-diethoxyphosphory l-1-
hydroxysuccinimide and also a  monoethyl  phosphonate  N-
cyclohexanamine sa l t  der ivat ive of  the same via self-cataly t ic Michael  
reaction using ni troalkanes5 8 .  
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Krawczyk H., J. Chem. Soc., Perkin Trans. 1, 2002, 2794
 

 
Fig.  2 .1:  Synthesis  of  3-diethoxyphosphoryl-1-hydroxysuccinimide 
 
Diels  Alder  react ions5 9  are a lso reported to  faci l i ta te  the synthesis  of  
N-alkyloxymaleimides.  
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Fig.  2 .2:  Diels  Alder  Synthesis  of  N-Benzyloxymaleimide
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2.2 Educt Synthesis 

2.2.1  Synthesis of N-Benzyloxyisomaleimide 

N-Benzyloxyisomaleimide (1)  was  prepared in  two s teps f rom maleic  
anhydride.  F irs t  the anhydride was  reacted wi th benzyloxyamine in  an 
exothermic r ing opening react ion according to  Ames e t  a l .  to  afford N-
benzyloxymaleimic acid6 0 .   This  crystal l ine compound was obtained in  
60% yield and i ts  s tructure  was confirmed by IR spectra  and NMR 
spectra.  The IR spectrum showed s trong carbonyl  bands at  1709 cm- 1  
(C=O),  and at  1639 cm- 1  (CONH).  
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Scheme 2.1:  Synthesis  of  N-benzyloxymaleimic acid  
 
Next,  N-benzyloxymaleimic acid was reacted with thionyl chlor ide  to  
c lose the r ing yield ing 74% N-benzyloxyisomaleimide.  Sharp 1793 cm- 1  
(C=O) and 1639 cm- 1  (C=N) bands were observed in  IR spectra .  
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Scheme 2.2:  Synthesis  of  N-benzyloxyisomaleimide  
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2.2.2  Synthesis of 3-bromopyrrolidin-2,5-dione 

N-Benzyloxyisomaleimide was ref luxed in  tr ie thyl  phosphite in  an  
at tempted phosphonat ion but  did not  y ield  the desired  product  4a  
(Scheme 2.3) .   
In  a  different  approach,  the brominated product  was f irs t  obtained for  
successive Michael is-Arbusov react ions.  I t  was isolated  in 93% yield 
when N-benzyloxyisomaleimide was s t i r red at  room temperature  for  5  h 
in a  solut ion of  32% hydrogen bromide in glacial  acet ic  acid.   
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Scheme 2.3:  Synthesis  of  3-diethoxyphosphoryl-1-benzyloxysuccinimide 
 
Internal  rearrangement  of  the N-benzyloxy group from isoimide to  
imide was observed as  reported5 7 .  The IR spectra  conf irmed the 
carbonyl groups at  1797 cm- 1  and 1732 cm- 1  respect ively  (Scheme 2.4) .  
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Scheme 2.4:  Synthesis  of  3-diethoxyphosphoryl-1-benzyloxysuccinimide 
via brominat ion 
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2.3 Michaelis-Arbusov reactions 

3-Bromo-1-benzyloxysuccinimide was ref luxed in  the appropria te  
t r ialky l  phosphi te  in  Michael is -Arbusov react ions to  y ield  the 
phosphonic  es ters  4a-c  in  good y ields  of  63-77% (Scheme 2.5)6 1 - 6 3 .  
 

N

O

O

O
P

O

RO
OR

N

O

O

O
Br

R Br

4a-c3

i +

 
 
i :  ∆ ,  t r ie thy l  phosphi te  or  tr imethyl  phosphi te  or  t r i isopropyl  phosphi te   
 
Scheme 2.5:  Michael is-Arbusov react ions 
 
Table 2.1:  Products  4a-c  
 

4 R Yield  % 
a Ethyl  77 
b Methyl  63 
c  Isopropyl 64 

 
Treatment  of  3-bromo-1-benzyloxysuccinimide with t r i f luoromethyl 
phosphite  under  s imi lar  condit ions (Scheme 2.5)  to  get  4e  lef t  the educt  
3  unreacted.  
Although mass spectra  and thin layer  chromatography confirmed that  
dibuty l  [1-benzyloxy-2,5-dioxopyrrolidin-3-y l]phosphonate (4d )  was 
the major  product  in  the react ion using t r ibutyl  phosphi te,  i ts  
real izat ion in  analy t ical ly  pure quant i t ies  proved to  be a  chal lenge.  
Fract ional  dis t i l la t ion and column chromatography methods did not  
ful ly  remove impurit ies .   
Even use of  other  solvents  such as  toluene and xylol  and use of  ZnCl2  

as  a catalyst  as  reported in  l i tera ture  for  s imi lar  react ions was to  no 
avai l  for  these two compounds (Scheme 2.6)6 4 .   
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Scheme 2.6:  Michael is-Arbusov react ions using n-butyl-  and 
tr i f luoromethyl  phosphi tes  
 
The IR spectra  of  4a-c  show two carbonyl  bands at  1787 – 1799 cm- 1  
and 1724 – 1739 cm- 1  while the (P=O) bands appear  in  the range 1251 – 
1261 cm- 1  (Fig.  2 .3)  
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Fig.  2 .3:  IR-spectrum of  3-diethoxyphosphoryl-1-benzyloxysuccinimide              

4a  
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2.4  Synthesis of 3-(aryl, alkyl)-3-dialkoxyphosphoryl-

1-benzyloxysuccinimides 

The acidi ty  of  the alpha C-H in posi t ion 3 due to  the phosphonate  group 
in the 3-alkoxyphosphoryl-1-benzyloxysuccinimides provides access  to  
fuct ional izat ion of  the 2,5-pyrrol idindiones 4a-c  us ing electrophi les .  
Alkylat ion of  3-alkoxyphosphory l-1-benzyloxysuccinimide compounds 
with a lky l  (benzyl)  hal ides  in  the presence of  sodium hydride (Scheme 
2.8)  afforded 3-subst i tuted 1-benzyloxypyrrolidin-2,5-diones 5a-t  in  
good to  high  y ields  (see Table 2.2) .   
 

2.4.1  Educt synthesis – electrophiles 

Some electrophi les  such as  p-methoxy-benzylbromide and 3-
furylmethylbromide are not  commercial ly  avai lable  due to ins tabi l i ty  
and were thus prepared by  react ing the commercial ly  available a lcohols  
for  15 -  20 minutes  in  62% hydrobromic acid (Scheme 2.7) .  These 
electrophi les  were used immediately  af ter  iso lat ion in  the alky lat ion 
reactions  for  products  5e ,f ,m,p  (Table  2.2) .  
 

O

OH

O

Bri

  
i :  62% HBr  

 
Scheme 2.7:  Synthesis  of  4-substi tuted  benzyl  bromide.  
 

2.4.2  Alkylation of 1-Benzyloxysuccinimides 

The 1-benzyloxysuccinimides 4a-c  were d issolved in  dry  THF under  
ni t rogen atmosphere and reacted with 60% sodium hydride.  This  
mixture  was lef t  to s t i r  for  10 min.  The appropriate e lectrophi le  was 
then added ei ther  as  a  solut ion in  dry  THF, as  a  l iquid or  as  a  solut ion 
of  toluene as  in the case of  methyl  iodide.  (Scheme 2.8)  
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N
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O

O
P

O
RO

RO

N

O

O

O
P

O

R'
RO

RO

i

5a-t4a-c  
 
i :  NaH, R’Br or  R’I,  THF 
 
Scheme 2.8:  Synthesis  of  arylalkyl ,  a lkyl-subst i tuted compounds 5a-t  
 
Table 2.2:  Alkylat ion products  5 
 

5  R R’ Yield% 
a ethyl  al ly l  71 
b ethy l  4-methylbenzyl  78 
c ethy l  benzyl  80 
d ethy l  4-f luorobenzyl 64 
e e thy l  4-methoxybenzyl  51 
f  e thy l  3-phenoxybenzyl 93 
g ethy l  methyl  60 
h ethy l  2-ethoxy-2-oxoethyl  47 
i  e thy l  4-( t r i f luoromethyl)benzyl 81 
j  e thy l  3-chlorobenzyl 80 
k methyl  benzyl  91 
L ethyl  2-chlorobenzyl 90 
M ethyl  3 ,5-dimethylbenzyl  89 
N ethyl  3 ,5-dichlorobenzyl 84 
O methyl 4-( t r i f luoromethyl)benzyl 89 
P ethyl  3-furylmethyl 69 
Q ethyl  3 ,5-dif luorobenzyl  67 
R methyl  3 ,4-dif luorobenzyl  53 
S Isopropyl benzyl  70 
T Isopropyl 4-f luorobenzyl 65 
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Fig.  2 .4:   
1H-NMR spectrum of  3-diethoxyphosphoryl-1-benzyloxysuccinimide 4a  
 
Whereas  3-diethoxyphosphory l-1-benzyloxysuccinimide 4a  has the 1H-
NMR spectrum (Fig.  2 .4)  showing the two methylene and one methine 
protons as  three dis t inct  mult iplets  (2 .69,  2 .99 and 3.66 ppm),  i t  was 
remarkably  different  for  the alky lated products  such as  the p -
f luorobenzyl der ivat ive 5d (Fig.2.5)  
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Fig.2.5:  1H-NMR spectrum of  the 3-(p- f luorobenzyl )  derivat ive 5d 
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Here i t  was  observed that  each of  the two protons  of  each methylene 
carbon spli t  and were found fur ther  apar t  as  quar te ts  and t r iplets .  This  
phenomenon was confirmed by CH-Coesy spectra  and was observed in  
other  benzyl  alky lated der ivat ives  as  wel l .  
 
 

 
 

Fig.2.6:  CH-Coesy spectrum of  the 3-(p-f luorobenzyl)  der ivat ive 5d 

showing seperated methylene protons  
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2.4.3  Mannich reaction 

Functional isat ion of  the pyrrolid in-2,5-dione nucleus was also achieved 
through Mannich reaction of  4a  wi th formalin  and piper idine in  acet ic  
acid6 5 .  The Mannich base was isolated  as  crysta l l ine hydrogen chlor ide 
sal t  6  in  20% yield  af ter  passing dry  hydrogen chlor ide gas  through an 
ethyl  acetate solut ion of  the base.  (Scheme 2.9)  
The s tructure of  compound  6  has  also been character ized by  X-ray  
crystal lography.  (Fig.  2 .7)  
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i :  CH3COOH, HCHO, Piper idine i i :  HCl(g) ,  EtOAc 
 
Scheme 2.9:  Mannich react ion 
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Fig.2.7:  X-ray crystal lograph of  compound 6 (Diamond-Visual  Crysta l  

Structure)  
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3 Synthesis of Phosphonic acids, protecting 

esters and salts 

3.1 Literature review 

The phosphonic acid group is  present  in  var ious pharmaceut icals  and 
pest icides  and represents  an important  pharmacophore/  toxophore.  The 
phosphonic acid funct ional i ty  offers  access  to  water  soluble  
der ivat ives6 6  and also serves as  a chelat ing agent  for  var ious  meta l  
cat ions6 7 .  

3.2 Synthesis of Phosphonic acids 

Cleavage of  the phosphonic esters  4a  and 5a-e  with  t r imethyls i ly l  
bromide cleanly  led to  the phosphonic acids  7a-f .   

 

N

O

O

O
P

O

EtO
EtO R

N

O

O

OP
O

OH
OH R

1. TMSBr 

2. H2O

7a-f4a, 5a-e
 

Scheme 3.1:  Cleavage of  e thyl  es ters  4a  and 5a-e 
 
Conclusive evidence that  the tr iplets  of  methyl  (1 .5  -  2 .0 ppm) and the 
mult ip lets  of  methylene (4.0 -  4 .4  ppm) protons were complete ly  
removed was provided by  1H-NMR spectra  (Fig.  3 .1) .   
 
Table 3 .1:  Cleavage of  e thyl  es ters  4a  and 5a-e  
 

7  R 
a  H 
b  Alkyl 
c   Aryl  
d   subst i tu ted ary l  
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However  these were highly  hygroscopic compounds and did not  furnish  
sat isfactory  elemental  analysis  data .  I t  was therefore envisioned tha t  
protected phosphonic acids  would not  be as  hygroscopic  and thus more 
s table.  
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Fig.3.1:  1H-NMR spectrum of  7a showing cleanly cleaved tr ip le t  methy l  
(~1.5 ppm) and mult iplet  methylene (~4.0 ppm) protons.  
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3.3 Benzyl protected phosphonates 

The benzyl group has found considerable  use in  organic  chemistry as  a  
protect ing group as  i t  can be removed under  neutral  condi t ions  by 
hydrogenolysis .  In this  case,  i t  would be possible  not  only  to  easi ly  
purify  the product  by  column chromatography but  more important ly  to  
remove the three benzyl  groups protect ing both the hydroxamic acid  
and the phosphonic acid at  the same t ime via  cataly t ic  hydrogenat ion.  
According to  a  procedure by Reichenberg et  a l . 5 4 ,  the phosphonic acid  
was chlor inated using phosphorous pentachlor ide in dry  chloroform.  
The reagents  and solvents  were careful ly  removed and the benzylat ion 
conducted in dry  te t rahydrofuran using pyridine as  the base and benzyl 
a lcohol  to  y ield d ibenzyl  [1-(benzyloxy)-2,5-dioxopyrrol idin-3-
y l]phosphonate (9 ) .   
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i :  PCl5  or  oxaly l  chlor ide i i :  pyr idine,  BnOH 
 
Scheme 3.2:  Synthesis  of  Dibenzyl  [1-(benzyloxy)-2,5-dioxopyrrolidin-
3-yl]phosphonate 9  
 
This  react ion proved to  be very  moisture  sensi t ive y ielding only  10% of  
the product  as  pink needle- l ike crystals  due to  the ins tabi l i ty  of  the 
chlor ide 8  that  in  the s l ightes t  presence of  atmospheric mois ture 
reverted to  the acid  just  before  the second benzylat ion s tep.  
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Despite  carry ing out  the react ion under  ni trogen i t  was inevi table  that  
the mixture  be s l ight ly  exposed while  evaporat ing out  the excess  PCl5 .  
A different  approach of  chlor ination via oxaly lchlor ide resul ted  in  
s imi lar  non-remarkable y ields  (Scheme 3.2) .  
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Fig.  3 .2:  1H-NMR spectrum of  tr ibenzyl  der ivat ive 9 in  CDCl3  
 
IR-Spectra  of  9 showcased both carbonyls  a t  1784 cm- 1  and 1724 cm- 1  

while  the 1H-NMR spectra is  c lean with 15 aromatic  protons at  7.36 
ppm. (Fig.  3 .2)  
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3.4 Prodrug synthesis 

3.4.1  Phosphono prodrugs 

Because phosphonate groups impar t  an ionic charge at  near ly  a l l  
physiological  pH values making them very  polar ,  there ar ise many 
def iciencies  in  the eff icacy  of  drug del ivery .  Highly  ionized species  do 
not  readi ly  undergo passive diffusion across  biological  membranes.  
Due to this ,  these agents  of ten exhibi t  low volume of  dis tr ibut ion and 
therefore  tend to  be subject  to  eff ic ient  c learance from the body.  
 
Prodrugs are thus used to  overcome these drug del ivery  obstacles .  To 
combat these shortcomings,  the ionizable  phosphonate  groups have 
been neutral ized via  chemical  der ivatizat ion which general ly  involves  
der ivat ion of  the phosphorus-coupled oxygen to  form neutral  es ters6 8 .  
These are  supposed to  be non-polar  and membrane permeable der ivates  
that  could be hydrolysed by intracel lular  enzymes to  re lease the nat ive 
ionic phosphate .  Acyloxymethyl esters  such as  the p ivaloyloxymethyl 
es ters  used here,  have been prepared and shown to be readi ly  
hydrolysed in the presence of  esterases 6 9 .  

3.4.2  Synthesis of pivaloyloxymethyl pro-drug products  
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Scheme 3.3:  Synthesis  of  10  
 
The phosphonic acid 7a  was dissolved in  DMF and reacted with  
chloromethyl  pivalate  in  the presence of  t r ie thy lamine y ielding only  
t races  of  the product  af ter  work up and purif icat ion by column 
chromatography (Scheme 3.3) .  However ,  fur ther  at tempts  to  improve 
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yield using different  combinat ions  of  solvents  (DMF, THF, toluene,  
DMA),  bases  and even catalysts  ( t r ie thy lamine,  Hunig’s base,  s i lver  
carbonate ,  sodium iodide)  as  reported,  proved fut i le6 9 - 7 4 .   
 
The product’s  (10)  IR spectrum shows carbonyl bands at  1786,  1755 
and 1726 cm- 1  (Fig.  3 .3)  
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Fig.  3 .3:  IR-spectrum of  pivaloyloxymethyl  es ter  derivat ive 10  
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3.5 Synthesis of Ethanolamine monosalts 

In  a  d ifferent  but  successful  approach,  the phosphonic  acids  were 
converted  into s table  non-hygroscopic  sal ts .  A compound’s  sol id  s ta te  
propert ies  and also  i ts  propert ies  in solut ion can be modif ied by sal t  
formation.  Near ly  half  of  a l l  drug molecules  in  medicinal  therapy  are 
adminis tered as  sal ts .  While most  organic acids  and bases  are only  
poorly  soluble  in  water ,  sal if ica t ion has  been used to  improve their  
solubi l i ty  proper t ies .  This  has  in  turn eased drug candidate screening,  
faci l i ta t ing in-vit ro  s tudies  as  wel l  as  s tudies  on isolated organs7 5 .  For  
example,  SF-23121 5  was isolated  as  a sodium monosal t  of  i ts  
phosphonic acid moiety .  Sal t  formation has  also been used to  render  
medicinal  compounds in  s table  solid-s ta te  forms as  a t tes ted  to  by the 
synthesis  of  solid  e thanolamine monosal ts  in  th is  sect ion.   
 
The phosphonic acids  were treated  with ethanolamine,  t rometamol,  
N,N-diethylpropyldiamine in  a  molar  ra t io  of  1:2 in  dry  methanol  to  
synthesize disal ts  but  did not  y ield the desired products  11  (Scheme 
3.4) .       
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Scheme 3.4:  Synthesis  of  disal ts  11   
 
React ion of  the phosphonic acids  7a- f  and ethanolamine in a  molar  
rat io  of  1:0 .9  respect ively and subsequent  cool ing at  −18°C for  two 
days7 6  afforded the monosal ts  12a-f  as  analy tical ly  pure compounds in  
y ields  of  53 – 68% (Scheme 3.5,  Table  3.2) .  The IR spectra show 
carbonyl bands between 1782 -  1786 cm- 1  and 1706 -  1724 cm- 1 .  
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i :  e thanolamine 
 
Scheme 3.5:  Sali f ication of  7a-f  
 
Table 3.2:  Sali f icat ion products  12  
 

12 R Solvent (mL) Yield% 
a H 5mL  THF 53 
b al ly l  5mL  THF 64 
c 4-methylbenzyl  5mL  THF 65 
d benzyl  3mL THF:  

1.5mL MeOH 
57 

e  4-f luorobenzyl  7mL  THF 68 
f  4-methoxybenzyl  5mL  THF 66 
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4 Synthesis of 1-Hydroxysuccinimides 

4.1 O-Benzyl deprotection of 1-benzyloxy-

succinimides 12a-f 

Deprotect ion of  the cycl ic  hydroxamate moiety  by cleavage of  the 
benzyl group of  the monosalts  12a-f  v ia  cataly t ic  hydrogenation on 
Pd/C in methanol  provided the monosal ts  13a-f  in  excel lent  y ields of  
90-96%. (Scheme 4.1,  Table 4 .1)  
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i :  Pd/C,  H2 ( g ) ,  MeOH, 90min 
 
Scheme 4.1:  Hydrogenat ion of  the benzyl  protected monosal ts  12a-f  
 
Table 4.1:  Debenzylated monosals t  13a-f  
 

13 R Yield% 
a H 95 
b * propyl  92 
c 4-methylbenzyl  90 
d benzyl 96 
e 4-f luorobenzyl  90 
f  4-methoxybenzyl 96 

 
                                                 
*  Hydrogena t ion  o f  12b  l ed  t o  s imu l t aneous  debenzy la t i on  and  hyd rogenat ion  o f  
t he  a l ly l  doub le  bond  y i e ld ing  3 -p ropy l  subs t i tu t ed  13b  
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The IR spectra of  compounds  12a-f  show two carbonyl  bands at  1706 –  
1724 and 1782 – 1786 cm- 1  whereas the 1-hydroxypyrrol idin-2,5-diones 
13a-f  exhibi t  the carbonyl bands bathochromical ly  shif ted to 1697 –  
1718 and 1774 – 1782 cm−1  (Fig 4.1) .  
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Fig.  4 .1:  Characteris t ic IR-spectrum of  the ethanolamine salt  13a 
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4.2 Synthesis of Diethyl phosphonate 1-Hydroxy- 

succinimides 

Cataly tic  hydrogenat ion of  4a  and 5c-t  (Table  2.2)  on Pd/C in  methanol  
provided the novel  cyclic hydroxamic acids 14a-t  in  good y ields  of  50 -  
85% (Table 4.2,  Scheme 4.3) .  Chemoselect ive hydrogenation of  
halogen-subst i tuted compounds 5j, l ,n   proved to be a  chal lenging task 
as  i t  resul ted in the reduct ive removal  of  their  chlorine atoms.  

N

O

O

O
P

O

RO
RO

R'

N

O

O

OH
P

O

RO
RO

R'

i

4a, 5c-t 14a-t  
 
i :   MeOH, Pd/C,  H2 ( g ) ,  90 min.  
 
Scheme 4.3:  hydrogenat ion of  5  in  e thyl  acetate or  methanol on Pd/C 
for  90 min under 2bar of  pressure 
 
Deprotect ion of  5j, l ,n  conducted in  methanol on Pd/C for  90 min as  
appl ied for  compounds 5c-i ,k,m,o-t  afforded only 14b .  Using ethyl  
acetate  as  a less  polar  solvent ,  lower pressure and the same t ime of  90 
min did y ield the desired products  14j, l ,n   but  only  in  t race amounts   as 
exhibi ted by  mass spectra  (Scheme 4.4,  Table 4.2)7 7 .   

N

O

O

P
O

EtO
EtO

OBn N

O

O

OH
P

O
EtO

EtO

X

i

5j,l,n 14b  
 
i :  MeOH, Pd/C,  H 2 ( g ) ,  90 min 
Scheme 4.4:  hydrogenat ion of  5j, l ,n  in  e thyl  acetate  or  methanol  on 
Pd/C for  40-90 min  
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Tabel  4.2:  Hydrogenat ion products  14a-t  
 

14 R R’ Yield% 
a ethyl  H 76 
b ethyl  Benzyl  69 
c ethyl  4-f luorobenzyl 85 
d ethyl  4-methoxybenzyl  49 
e ethyl  3 ,5-dimethylbenzyl  79 
f  ethyl  3-phenoxybenzyl 52 
g ethyl  Methyl 72 
h ethyl  2-ethoxy-2-oxoethyl  68 
i  ethyl  4-( t r i f luoromethyl)benzyl 66 
j  ethyl  3-chlorobenzyl t races  
k methyl  Benzyl  82 
l  ethyl  2-chlorobenzyl t races  
m ethyl 3-furylmethyl 62 
n ethyl  3 ,5-dichlorobenzyl t races  
o methyl  4-( t r i f luoromethyl)benzyl 66 
p ethyl  3 ,5-dif luorobenzyl  82 
q n-buty l  benzyl  9* 
r  ethyl  3 ,4-dif luorobenzyl  77 
s  Isopropyl benzyl  85 
t  Isopropyl 4-f luorobenzyl 85 

 
The 3-chlorobenzyl  derivative 14j  and 2-chlorobenzylated 14l  could be 
obtained in modest  quant i t ies  of  25% and 28% respect ively  af ter  
purif ication via mult iple recrystal l izat ion to separate  14j, l  f rom 14b .  
In  these cases,  e thyl  acetate was used as  the solvent  while less  pressure 
of  1 bar  and shorter  t ime of  40 min condit ions were appl ied.  The 
shorter  react ion t ime also lef t  some un-reacted educts  5j, l  that  were 
s imilar ly  removed by  crystal l izat ion.   
 
Diethyl (3,5-chlorobenzyl-1-hydroxy-2,5-dioxopyrrol idin-3-y l)  
phosphonate 14n was however  real ized in a  good y ield of  84% when 
hydrogenated under  a  lower pressure of  1  bar  in  ethyl  acetate  for  35 
minutes  (Table 4.3) .  
                                                 
*  14q  was  rea l i zed  i n  y i e ld  o f  9% a f t e r  benzy la t ion  o f  c rude  educt  4d  and  
subsequen t  ca t a ly t i c  hyd rogena t ion  o f  t he  r esu l t i ng  c rude  benzy la t ed  p roduc t .   
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Table 4.3:  Deprotect ion of  halogenated products  5j , l ,n  under varied 
condi t ions  
 

14 R’ Solvent Time Catalyst Pressure Yield%
j  3-chlorobenzyl  MeOH 90’ Pd/C 2bar  --  
  EtOAc 90’  Pd/C 1bar  t races  

  EtOAc 40’  Pd/C 1bar  25 
  EtOAc 9h 

20’  
Pd/C 

ZnBr2  
1bar  56 

l  2-chlorobenzyl  MeOH 90’ Pd/C 2bar  --  
  EtOAc 70’  Pd/C 1bar  t races  

  EtOAc 40’  Pd/C 1bar  28 
n 3,5-

dichlorobenzyl 
MeOH 90’ Pd/C 2bar  --  

  MeOH 30’ Pd/C 1bar  - -  

  EtOAc 35’  Pd/C 1bar  84 

 

4.3 Discussion 

A li terature search revealed that  different  groups of  researchers  have 
used varied methods to  prevent s imilar  undesired 
hydrodehalogenations.  Saj iki  e t  a l .  used protein-supported meta l  
catalysts  for  chemoselect ive hydrogenat ions.  They reported using a s i lk  
f ibr ion-supported Pd(0)  catalyst *  to  hydrogenate aromat ic  halide 
containing compounds in methanol  with H2  gas  to  get  desired products  
in high y ield7 8 .   
Similar  chemoselect ive hydrogenat ion of  diverse funct ional  groups in  
compounds containing aromat ic  halides  has  been real ised using 
autoclaves where cata lys ts  include Pt /C with formamidine acetate  and 
Raney Ni in  ethanol .  Other  select ive hydrogenat ion react ions ut i l ize  
Pt /C in presence of  CO2 gas,  tungsten carbide (WC) in methanol  and 
Pd/C with  conc.  HCl 7 9 - 8 2 .  
                                                 
*   The  ca t a lys t  was  p repared  by  impregnat ing  s i lk  f ib r ion  wi th  Pd (OAc) 2  i n  
me thano l .  S i l k  f ib r ion  i s  one  o f  t he  t wo  componen t s  o f  s i lk  f iber  f rom  the  s i l k  
worm bombyx  mor i .  
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Some of  these methods use expensive catalysts  such as  plat inum or  
toxic nickel-based ones,  have addi t ives with  low select ivi ty ,  low 
reaction rates  or  y ield undesi red by-products .   
Wu et  al .  reported of  using ZnBr2-modulated Pd/C as  a catalyst  in  
select ive hydrogenat ion react ions of  chloro-subst i tu ted compounds.  
There is  indicat ion that  a l l  the de-chlorinat ion act ive s i tes  on the 
pal ladium surface are completely  deact ivated by  ZnBr2  while  the 
hydrogenat ion reactiv ity  toward the targeted groups is  retained8 3 .   
 
The yield of  14j  was increased by  more than two fold from 25% to 56% 
when ZnBr2  was added to the cata ly t ic  hydrogenat ion react ion (Table  
4.3) .  
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5 Reactivity of Succinimides 

5.1  Carbonyl reduction  

Synthesis  of  s tereochemical ly  pure compounds 15  proved to be a 
chal lenge.  The reduct ion of  the sp2  carbonyl  group to an sp3  secondary  
alcohol  created a new chiral  center .  This  led to  four  possible isomer ic 
products  due to the addi t ional  chiral  center .   
In  addi t ion,  there are two carbonyls  in  4 ,5  that  are  both possible targets  
of  reduct ion or  even complete removal .  The carbonyl at  C5  is  more 
l ikely  to  be regioselectively  reduced as  i t  is  less  hindered by  bulky 
groups unl ike the one at  C2 .   
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O

O
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O

R

EtO
EtO

N

OH

O

O
P

O

R

EtO
EtO

*

*

*i

154, 5

1
23

4
5

 
 

i :  NaBH4 or  LiAlH4   
 

Scheme 5.1:  Reduct ion of  the carbonyl  moiety  to  hydroxyl  
 
Even then,  Wijnberg et  a l .  observed the opposi te  phenomena where the 
C2  carbonyls  were reduced in higher  rat ios  compared to the evident ly  
less  h indered C5  carbonyl groups .  
 
They indicate that  in  these react ions,  the hydride ion possibly  
approaches via the less  h indered C5  carbonyl and adds to  the C2  atom 
vir tual ly  along a s t raight  l ine through the C=O bond (Fig.  5 .1)8 4 .   
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N OO

R

R'

R''

B H

H
+

Wijnberg et.al., Tetrahedron, 1978, 179
 

 
Fig.  5 .1:  Reduct ion via  less  hindered carbonyl  group of  succinimides  
 
Ring cleavage has been observed when succinimides were reduced in 
acidic  condit ions and also subsequent  alkoxy formation when they were 
worked-up under  these condit ions in  the presence of  a lcohols  
(Fig.5.2)8 5 .  Thus reduct ion of  4a and  5c  was performed in basic  media.  
The react ions were conducted in ethanol,  methanol  or  a  combinat ion of  
ei ther  of  them with te trahydrofuran or  water  using various reducing 
agents  such as  natr ium borohydride or  l i th ium aluminium borohydride 
or  l i th ium tr iethylborohydride8 6 - 8 7 .   
The react ion temperatures  were varied from 0ºC to -78ºC depending on 
which reductant  was used.  15  could not  be obtained in analy tical ly  pure 
form even though during the reaction the IR spectrum showed the 
replacement of  imide C=O bond bands 1786 cm- 1  and 1732 cm- 1  by 
1693 cm- 1  which could represent an amide carbonyl.  
 

N OO

R

H

NH OHO

R

NaBH4

H
+

H

N OO

R

NaBH4

ROH
Succinimide

A B C
 

Fig.  5 .2:  Ring cleavage of  ini t ial ly  formed oxy-anion A to the amide 
aldehyde B and further  reduct ion to  amide alcohol  C as  observed by 
Hubert  e t  al .8 5   
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5.2 Reaction of 1-Hydroxysuccinimide 14b with 

 isocyanates 

Diethyl (3-benzyl-1-hydroxy-2,5-dioxopyrrolidin-3-y l)phosphonate 
(14b)  was reacted with p-subst i tu ted-phenylisocyanates  real iz ing 
compounds 16a-b  as  analy tical ly  pure sol ids  (Scheme 5.2,  Table 5.3) .  
The IR spectrum of  14b * depicts  the carbonyl bands as  one very  short  
band at  1786 cm- 1  and one s t rong band at  1724 cm- 1  whereas IR spectra  
of  16a-b  show two strong carbonyl bands in  the ranges 1779 -  1785 cm-

1  and 1733 -1739 cm- 1 .   

N

O

O

O O

NH

R

PO
O

ON

O

O

OH

PO
O

O i

14b 16a-b  
 
i :  TEA, 4-methoxy-phenylisocyanate or  4- tr i f luoromethyl-phenyl  
isocyanate 
 
Scheme 5.2:  Synthesis  of  16a-b  
 
Table 5.3:  Synthesis  of  16a-b    
 

16 R 

a t r if luoromethyl  

b  methoxy  

 
 
 
                                                 
* The  IR  spec t rum o f  4a  wh ich  i s  ve ry  s imi l a r  t o  t ha t  o f  14b  c an  be  s een  a t  F ig .  
2 .3  i n  Chap te r  2 ,  Sec t i on  2 .3 .2 .   
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6 Opened chained analogues of SF-2312 

6.1  Synthesis of N-(benzyloxy)-butanamides 

The synthesis  of  N -(hydroxy)-butanamides  17a-c  as  open chained and 
3-substi tuted analogues of  SF-2312 was envisioned (Fig.  6.1) .   
 

P
O

OH
OH

R

NO
OH

NO

OH

P
ONaO

OH

OH

SF-2312 17a  R = H
17b  R = alkyl
17c  R = aryl  

 
Fig.  6 .1:  Open chained analogues of  SF-2312  

 

The s trategy  of  synthesis  of  open chained analogues of  SF-2312  (17a-c)  
was to  s tar t  with the commercial ly  avai lable tr iethyl  2-
phosphonobutyrate  (18)  and t ransform the carboxylic  ester  into a  
hydroxamic acid.  
The faster  route  of  us ing hydroxylamine in direct  transformation of  the 
carboxylate es ter  18 to  hydroxamic acid 19 was deemed unat tract ive 
due to reported intramolecular  monodealkylat ion8 8 .   
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66%
Chen et.al., Heteroatom, 2003, 67

 
 
Fig.6.2:  Intramolecular monodealkylat ion by the formed hydroxamic 
acid.
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Chen et  a l .  suggest  that  an in tramolecular  nucleophi l ic cata lysis  
mechanism, in  which an anion of  the hydroxamic OH group at tacks the 
phosphorous intramoleculary  leads to  monodealkylated phosphonates  
(Fig.  6 .2) .   
Such a  react ion would then afford 20  among other  byproducts  and not  
the des ired 19 (Fig.  6 .3) .  
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i :  NH2OH.HCl,  KOH 
 
Fig.  6 .3:  Synthesis  of  open chained hydroxamic acids   
 
Compounds 17a-c  (Fig.  6 .1)  would thus be elaborated via  hydrolysis  of  
es ters  to  form carboxylic  acids  and subsequent  hydroxamic acid  
formation to  avoid phosphonate  ester  dealkylat ion (Scheme 6.1) .  
 

6.1.1   Ethyl esters as phosphonate protecting groups 

In a two step procedure,  t r ie thyl  2-phosphonobutyrate  18  was  reacted 
with potassium hydroxide base in  a 7 :3 solut ion of  e thanol  and water .  
After  work up and acidif icat ion the pure acid 21 was obtained as  o i l  in  
good y ield of  80%. This  oi l  was dr ied  in  vacuo for  1  h and then reacted 
with 1,1 ′ -carbonyldi imidazole (CDI)  and benzyloxyamine in  dry  
dichloromethane to  afford 46% of  the targeted benzyl 2-
(die thoxyphosphoryl)butanoate (22) .  (Scheme 6.1)  
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OBni ii

18 21 22  
 
i :  KOH, EtOH/ H 2O, 24h i i :  CDI,  NH2OBn,  CH2Cl2  

 

Scheme 6.1:  Synthesis  of  benzyl-protected hydroxamic acid 22 
 
The react ion was  monitored by IR spectroscopy unti l  complete 
replacement of  the carboxylic acid’s  carbonyl band 1732 cm- 1  with a  
carbonyl band of  the benzyl  protected hydroxamic acid 22  a t  1685 cm- 1 .  
 
Trimethylsi ly l  bromide was  used to cleave the phosphonate ethyl  
groups to  afford the phosphonic acid 23  in good y ield of  82% (Scheme 
6.2) .  Unlike the very  hygroscopic  phosphonic acids  7  (Chapter  3) ,  this  
phosphonic acid  was obtained as  a  s table  white powder.  The IR 
spectrum of  23  exhibi ts  a  shif t  f rom 22’s  carbonyl  band at  1685 cm- 1  to  
1628 cm- 1  (CONH).   
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i :  1 .  TMSBr 2.  H2O; i i :  Pd/  C,  H2 ( g )  
 
Scheme 6.2:  Deprotection of  phosphonic and hydroxamic acid  
funct ionali t ies   
 
Cataly tic  hydrogenat ion of  23  y ie lded a rather  hygroscopic hydroxamic 
acid 17a whose s tructure was confirmed by  1H-NMR spectra .  I t ’s  IR 
spectrum shows the carbonyl band at  1654 cm- 1  (Scheme 6.2) .  
 
The next  s tep was to  vary  the open chained compound 17a  by  
subst i tu t ion at  C-α .  Here tr iethyl  2-buty lphosphonate  17  was f i rs t  
a lkylated in  dry THF using NaH to afford 24a-d  in  good y ields  of  70% 
-  85% (Scheme 6.3,  Table  6.1) .   
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i :  NaH, RBr  
Scheme 6.3:  Synthesis  of  3-substi tuted compounds 24a-d   
 
Table 6.1:  3-Subst i tuted open chained compounds 24a-d  
 

24 R Yield% 

a benzyl  85 
b 4-f luorobenzyl  70 
c  methyl 85 
d al ly l  85 

 
The y ields  of  the methyl  and al ly l  substi tuted der ivat ives  24c  and 24d  
were calculated from the 1H-NMR spectra  where the amount  of  
remaining methine protons from the educt  indicated that  85% had 
already  reacted and been subst i tuted wi th an alkyl  group.   

4.0 3.5 3.0 2.5 2.0 1.5 1.0
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Fig.  6 .4:  1H-NMR spectrum of  24c  in  CDCl3  showing 0.15 protons*  at  
2 .86 ppm le f t  from the methine proton of  the educt  tr ie thyl  2-
butylphosphonate (18 )   

                                                 
* 0 .15  p ro ton  a t  2 .86  ppm was  i n te rg ra t ed  in  r e l a t i on  t o  1  p ro ton  o f  t he  met hy lene  
p ro ton  o f  one  o f  the  me thy l ene  p ro tons  a t  2 .16  ppm.  
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Subsequent  c leavage of  the carbonate  ethyl  ester  for  eventual  
hydroxamic acid formation via  1 ,1 ′ -carbonyldiimidazole (CDI)  l ike in  
the synthesis  of  17a  (Scheme 6.2)  was envisioned.  
 
Compounds 24a ,b  were dissolved in a  mixture of  ethanol  and water  or  
just  methanol and t reated with equimolar  amounts  of  potassium 
hydroxide or  bar ium hydroxide.  Thin layer  chromatography for  these 
hydrolysis  react ions  showed a lot  of  non-reacted educt  despi te use of  
higher  temperatures  and longer  t ime (Scheme 6.3)  unl ike compound 18 
(Scheme 6.2)  which was hydrolyzed in  exact ly  24 hours  at  room 
temperature.  
 

O

O

P
O

EtO
EtO

R

OH

O

P
O

EtO
EtO

R

24a-b

i

25a-b  
 
i :  KOH or Ba(OH)2  or  NaOH, EtOH /H 2O  
 
Scheme 6.4:  Futi le  hydrolysis  of  24a-b   
 
Roberston J . (Fig.  6 .5)  suggests  that  OH group at tack of  the carbonyl 
carbon is  hindered by  increased s ter ic bulk in  i ts  proximity ,  in  this  case 
by  the bulky  benzyl groups.  
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Robertson J., Protecting Group Chemistry, 
Oxford University Press-USA. 2000, Ch. 3
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Fig.  6 .5:  Nucleophi l ic  attack of  carbonyl  carbon in 24a  
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To resolve th is ,  the hydroxamic acid would be introduced at  an ear l ier  
s tage* in  the synthesis  sequence in  a  d ifferent  approach where i t  would  
be masked in a  dioxazole r ing according to a  procedure by Geffken et  
al . 9 0 .   
The dioxazole der ivat ive (28a)  would subsequent ly  be substi tu ted via  
a lkylat ion then phosphonate  es ter  deprotect ion before ion exchange 
deprotect ion to  free the hydroxamic acid.  (Fig.  6 .6)  
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Fig.  6 .6:  Proposed synthesis  of  open chained analogues 17a-c  
 
O-(1-methoxy-1-methylethyl)  hydroxylamine (26)  was prepared in a  
s l ight ly  modif ied procedure of  Froböse9 1   in  56% yield.  21  was reacted 
with CDI and hydroxylamine 26  in  dry  dichloromethane affording 27  in  
high y ield of  95% colour less  oil .  The IR spectrum of  27  shows the 
carbonyl band at  1673 cm- 1  (Scheme 6.5) .   
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i :  CDI,  NH2OR (26)  i i :  cyclohexane,  ref lux i i i :  NaH, benzylbromide 
 
Scheme 6.5:  Synthesis  of  dioxazole  derivat ives  28a-b  
 

                                                 
* The  hyd roxamate  i s  gene ra l l y  added  in  i t s  p ro t ec t ed  fo rm a t  t he  end  o f  syn thes i s  
sequences  because  o f  i t s  l ab i l e  and  d ip ro t i c  na tu re 8 9 (F ig .  1 .4 ,  Ch .  1 ) .   
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Table 6.2:  Synthesis  of  dioxazole  derivat ives  28a-b 
 

28 R  

a H 
b benzyl  

 
The 5,5-dimethyl-1,4,2-dioxazole derivat ive  28a was realized by  ref lux 
of  27  in  cyclohexane in  48% yield.  28a  was alkylated using 
benzylbromide to  y ield  benzylated 28b .  Only  15% was however  
achieved in analyt ical ly  pure quant i ty  as  column chromatography 
resulted in  an addi t ional  compound with ester  l ike band at  1736 cm- 1  

(Scheme 6.5) .  
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6.1.2   Benzyl esters as phosphonate protecting groups 

The same react ions and procedures  used for  ethyl  phosphonate  
protected compounds as  repor ted in  section 6.1.1  were tes ted on benzyl 
phosphonate der ivatives .  This  was in a t tempt to  improve y ields  in  the 
reactions  that  d id not  work or  that  led  to  non remarkable resul ts  while  
using ethyl  es ters  as  protect ing groups 
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i :  n-BuLi,  MeI;  i i :  n-BuLi,  d imethyl  carbonate;  i i i :  n-BuLi,  e thyl  
choroformiate;  iv:  n-BuLi,  dry  ice 
 
Scheme 6.6:  Synthesis  of  [bis(benzyloxy)phosphoryl]  acet ic  acid 31  
 
Dibenzyl methylphosphonate (30)  was prepared via methylat ion of  
dibenzyl  phosphi te  (29)  with methyl  iodide.  React ion of  30  with  
dimethylcarbonate  or  ethylchloroformiate to form methyl  and ethyl  
carboxylic esters  y ielded many undesired by-products .   
 
Therefore,  2-[bis(benzyloxy)phosphoryl]  acet ic  acid (31)  was f i rs t  
prepared for  subsequent  es ter i f icat ion by carboxylat ion of  30  with dry  
ice (CO 2)  in  good y ield of  65% (Scheme 6.6) .  
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i :  EtOH, H2SO4,  4days i i :  NaH, BnBr i i i :  KOH 
 
Scheme 6.7:  Esteri f icat ion and alkylat ion react ions  
 
Compound 32  was readi ly  synthesised as  yel low oi l  in  87% yield by  
s t ir r ing 31  in  e thanol  with 3-5 drops of  concentrated sulphuric acid .  
This  product  was then alky lated to y ield  benzyl  der ivat ive 33 in  54% 
yield  (Scheme 6.7)   
Unlike the di-subst i tu ted ethy l  phosphonates  24a-b  (Scheme 6.4) ,  33  
could successfully  be hydrolyzed to  y ield the carboxyl ic acid  34 .  
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Scheme 6.8:  Dioxazole r ing masked hydroxamic acids   
 
(Dibenzylphosphono)  acet ic acid 31  was a lso reacted with  CDI and O -
(1-methoxy-1-methylethyl)  hydroxylamine (26 )  to  y ield the benzyl  
phosphonate analogue of  27  (Scheme 6.5)  as  s table  and sol id  compound 
35  in  69% yield (Scheme 6.8) .   
Cycl izat ion of  35  to  get  d ibenzyl  [1-(5,5-dimethyl-1,4,2-dioxazol-3-
y l)propyl]phosphonate (36 )  was real ized under  microwave-assis ted 
synthesis .   
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Microwave i r radiat ion enables  rapid  and uniform heat ing  of  a  react ion  
mixture.  This  occurs  when molecules  present  in  the react ion meduim 
absorb microwave energy and conver t  i t  to  heat .  This  direct  and 
eff ic ient  internal  ( incore)  heat ing leads to  react ions with  less  
byproducts ,  dramatical ly  reduced react ion t imes and higher  y ields9 2 .  
 
Having observed the formation of  an unknown and insoluble  s t icky 
brownish oil  in  the cycl izat ion of  ethy l  phosphonate  27* in  toluene and 
cyclohexane using convent ional  synthesis  (Scheme 6.5) ,  the aim for  
using microwave i r radiat ion in  th is  case was then not  confined to jus t  
reducing reaction t imes but  a lso aimed at  avoiding of  this  s t icky and 
oily  byproduct .  
Thus af ter  es tabl ishing a  method (12psi ,  290W, 100°C)* *  in  the 
microwave-ass is ted  synthesis  where most  of  the intermediate  35  was 
cycl ized into i ts  dioxazole  der ivat ive 36  in  an impressive 5 -  20 min,  
the  solvents  were var ied in  a t tempt to avoid the o i ly  byproduct .  
 
In  a microwave enhanced organic  react ion,  boi l ing points  of  solvents  
are  less  of  an important  factor  as  they are  in convent ional  chemistry .  
This  is  because microwave processing wil l  reach and bypass  the boi l ing  
point  of  most  so lvents  in  a  mat ter  of  seconds ,  especial ly  in  sealed-
vessel  systems9 3 .   
In  this  cycl izat ion  react ion,  the temperature needed as  reported 9 0  is  
80°C and the solvent  used was cyclohexane (B.p = 81°C).  This  rules  
out  the use of  solvents  such as  e thyl  acetate (B.p.  = 77°C) or  
dichloromethane (B.p.  = 40°C) in  convent ional  chemistry  even though 
they  might and did indeed give h igher  y ields  and purer  products  in  the 
cycl izat ion of  benzyl phosphonate  der ivat ive 35  when microwaves were 
appl ied.   
 
As shown in table 6 .3;  THF,  dichloromethane and ethyl  acetate  gave 
clear  and near  complete  react ions  according to  IR spectra where the 
1684 cm- 1  (C=O) was replaced with  1630 cm- 1 .  

                                                 
* See  conven t iona l  synthes i s  o f  28a  i n  the  exper imen ta l  pa r t  a t  Sec t i on  8 .6 .1  where  
t he  so lu t ion  had  to  be  decant ed  t o  s epara t e  t he  b rowni sh  o i ly  s ed imen t  f rom the  
decan t an t  ( so lu t i on  go t  f rom dec an t a t i on )  t ha t  con t a ined  t he  cyc l i zed  p roduc t  
be fo re  fu r the r  pu r i f i ca t ion  by  co lumn  chroma tog raphy .  
* *  Inpu t  va lues   
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Table 6.3:  Variation of  irradiat ion t imes and solvents  during 
cycl izat ion of  35  
 

Solvent  
Time 
(min)  

Solution 

THF 15 clear  
Cyclohexane 10  oi ly  sediment 
EtOAc 10 clear  
None 5    -  
CH2Cl2  20 clear  

 
However ,  af ter  THF and dichloromethane were removed by evaporat ion  
and oil  dissolved in  less  polar  diethyl  e ther  for  cystal l isat ion purposes ,  
the oi ly  by-product  was formed at  the bottom of  the f lask.  This  was not  
observed in  the ethy l  acetate  react ion.  
Though the s tandard t ime was set  a t  10 min with IR spectra checked 
every  5 min,  the THF and dichloromethane reactions  needed extra  t ime 
to be completed while  in  the case where no solvent  was used,  the  
reaction was complete  in  5 min.  Isolat ion of  analy t ical ly  pure  product  
35  f rom these  react ions v ia cystal l isat ion in  dichloromethane/  hexane 
or  e thy l  acetate /hexane was  fut i le .  More i r radia t ion t ime in these 
reactions  led to  decomposi t ion   
 
The react ion in  ethy l  acetate  was  most  successful  where  36  was  
prepared  in  good yield  of  83% as  analy tical ly  pure  sol id  which would  
al low for  fur ther  development  of  th is  synthesis  sequence to  achieve 
open-chained analogues of  SF-2312 (17a-c) .  
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6.1.3  Conclusion 

Unlike compounds 24a-b  that  are  di-subst i tuted  at  the α-posit ion,  both  
e thy l  and benzyl es ter  protected phosphonates  18  and 33 with only  one 
alky l  or  ary l  subst i tu t ion  at  α-posi t ion were readi ly  hydrolyzed into  
their  respect ive carboxylic acids  21  and 34  us ing potassium hydroxide 
in e thanol  (Scheme 6.9) .  
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18      R,R' = Et; R'' = H

33      R = Bn; R',R'' = H
 24a-b R,R' = Et; R'' = Aryl

21 R,R' = Et; R'' = H
34 R = Bn; R',R'' = H

 
 
Scheme 6.9 
 
2-(Diethoxyphosphoryl)  butanoic  acid  (19 )  was successful ly  
t ransformed into d ioxazole  funct ional ized  28a  in  48% yield and also  
subsequent ly  alkylated into  28b  albei t  in  low y ield of  15%.  
(Dibenzylphosphono)  acet ic  acid (31 )  was  also successful ly  made into 
dioxazole  funct ionalized 36  in  good y ield  of  83% (Scheme 6.10) .   
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28a R,R' = Et; R'' = H
36   R = Bn; R',R'' = H

28b R,R' = Et; R'' = Bn

 
Scheme 6.10 
 
Although they  have different  subs t i tu t ion at  C-α ,  the benzyl  ester  
protected  phosphonate  compounds general ly  gave higher  y ields  than 
ethyl  ester  protected ones .  
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P
O

OH
OH

R

NO
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17a  R =H
17b  R=alkyl
17c  R=aryl  

 
Fig.  6 .7  
 
The targeted open chained analogues of  SF-2312 (17a-c)  may be 
prepared in  the fol lowing s teps :  a lky lat ion of  the ethy l carbonate  
der ivat ive  32 (Scheme 6.7)  →  hydrolysis  to  carboxylic  acids  →  benzyl 
protected  hydroxamic acid  format ion →  deprotect ion of  al l  benzyl 
protect ing groups by cata ly t ic  hydrogenat ion.  Alternat ively ,  a lky lat ion 
of  dioxazole  masked derivat ive 36  (Scheme 6.10)  and subsequent  
deprotect ion of  the  hydroxamic acid and phosphonic  acid moiet ies  
could be used.   
 
With regard to  hygroscopic der ivat ive 17a ,  i t  i s  per t inent  to  note that  
deprotect ion of  both phosphonic  and hydroxamic acid moiet ies  could  
lead to  s imilar  hygroscopic  products  and thus phosphonate pro-drug 
synthesis  or  sal t  formation is  recommended.   
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6.2  Synthesis of acylhydrazone analogues of SF-2312 

Hydrazides and hydrazones are  wel l  used pharmacophores  in  medicinal  
chemistry  of  ant imicrobial  drugs.  Isonicot inic  acid hydrazide 
(Isoniazid)  has been an important  agent  in  tuberculosis  therapy s ince 
1952,  when i ts  act ion against  Mycobacterium tuberculosis  was  f irs t  
d iscovered .  Hydrazone derivat ives  of  isoniazid demonstrate  comparable  
ant imicrobia l  act ivi ty9 4 .  
With th is  knowledge,  open chained analogues of  SF-2312 where the 
hydroxamic acid is  replaced by  ei ther  hydrazide (39 )  or  acylhydrazone 
(40a-c)  moieties  were synthesised (Fig.6 .8) .  Due to  reported  and 
hither to  experienced hygroscopici ty  of  phosphonic acid der ivat ives  
(Chapter  3)  compounds 39  and 40a-c were obtained as  e thyl  
phosphonates .  
 

NO

OH

P
ONaO

OH

OH NHO

N

P
O

OH

EtO
EtO

R

SF-2312 39, 40a-c  
 
Fig.  6 .8:  Acylhydrazide (39 )  and acylhydrazone (40a -c)  open chained 
analogues of  SF-2312   
 
The commercial ly  avai lable  α-bromo-γ -butyrolacton (37 )  was  reacted  in  
a  Michael is-Arbusov reaction using t r ie thy l  phosphite to  form diethyl  
(2-oxotetrahydrofuran-3-yl)phosphonate (38 )  in  good y ield of  89%.  
The IR spectrum shows the carbonyl  band at  1770 cm- 1  (Scheme 6.9) .   
 
The γ -butyrolacton r ing of  38  was opened using hydrazine hydrate * in  
methanol  affording diethyl  [1-(hydrazinocarbonyl)-3-hydroxypropyl]  

                                                 
* The  ve ry  t ox i c  and  ca rc inogen ic  hyd raz ine  has  f o r  l ong  been  t hough t  t o  be  a  ma n -
made  compound  un t i l  r ecen t  d i scovery  o f  unusual  bac t e r i a  such  a s  Brocad ia  
anammoxidans  tha t  consume  ammonia ,  p roduc ing  hyd raz ine  t ha t  they  sa f e ly  s to re  
i n  spec i a l i zed  o rgane l l e s 9 5  
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phosphonate (39 )  in  high y ield  of  90%. This  react ion was monitored by 
IR spectroscopy showing a shif t  of  the carbonyl  band from 1770 cm- 1  of  

38  to  1670 cm- 1  (39 ) .  
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i :  TEP,  130°C i i  N2H4.H2O 
 
Scheme 6.9 :  Synthesis  of  acylhydrazide  39  
 
Acylhydrazones  40a-c  were obtained when 39  was condensed with  
respect ive ketones and aldehydes (Scheme 6.10,  Table  6.4) .  The sol id  
compounds were afforded in  y ields  of  32 – 97%.  
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i :  2 ,6-dichlorobenzaldehyde or  1-(4-phenoxyphenyl)propan-1-one or  1-
(4-chlorophenyl)  ethanone,  MeOH 
 
Scheme 6.10:  Synthesis  o f  acylhydrazones  40a-c  
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Table 6.4:  Acylhydrazone derivat ives  40a-c  
 

40 R R ′  Yield% 
a 4-chlorophenyl methyl  42 
b 4-phenoxyphenyl ethyl  32 
c  2 ,6-dichloro H 97 

 
The carbonyl  bands on the IR spectra were observed at  1664 cm- 1  –  
1670 cm- 1  (CONH) and a s trong NH band that  had not  been observed in  
IR spectra  of  39  was present  a t  3297 – 3393 cm- 1  (Fig.  6 .9) .  
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Fig.  6 .9:  IR-spectrum (E/Z)-40c showing a sharp NH band at  3392cm - 1  
 
1H-NMR spectra  of  compounds 40a-c  revealed  spli t  s ignals  for  the NH 
proton for  the mixture of  Z  and E  i somers  (Fig.  6 .11) .  
The isomeric  mixture’s  s ignals  were also observed in  1 3C-NMR spectra  
as  shown in the 1 3C-NMR spectrum for  40c  (Fig.  6 .10) .  
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Fig.  6 .10:  1 3C-NMR spectrum of  (E/Z)-40c  showing the JC , P  coupling 
constants .   
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Fig.  6 .11:  1H-NMR spectrum of  (E/Z)-40c  
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7  Biological studies 

7.1 Biological studies on ethanolamine monosalts

12 and 13 

12b-e  and 13b-e  d id  not  inhibi t  the growth of  Escherichia col i ,  
Staphylococcus aureus ,  Enterococcus faecal is  and Pseudomonas 
aeruginosa  when screened under  in vi tro  condi t ions.  I t  i s  however  
per t inent  to  note  that  there  exis ts  an ‘ in  vi t ro  in  v ivo paradox’  in  
ant ibiot ic  therapy  whereby  successful  t reatment  with  ant ib iot ics  has  
been achieved against  bacter ia  that  have shown resis tance to the  same 
ant ib iot ics  in  vi tro .  Scort t i  e t  a l .  have reported that  the Sodium sal t  of  
Fosfomycin is  indeed effect ive agains t  Listeria monocytogenes  a  
bacter ia  that  causes  sept icemia,  abort ion and meningoencephal i t is  
a l though i t  shows resis tance to  this  drug under  in  vi t ro  condi t ions 9 6 .  
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NH3OH 12b-e, 13b-e

+

14a-g, i-p, r-t  
Fig.  7 .1:  Compounds tes ted for  biological  activ i ty* 

7.2 Biological studies on dialkyl [3-(aryl)-1-hydroxy-

2,5-dioxopyrrolidin-3-yl] phosphonates (14) 

In  vi tro  fungicidal  act ivi ty  by 1-hydroxy der ivatives  14a-g, i-p,r-t  was 
observed in  tes ts  run by  E.I  Dupont  de Nemours ,  Nework-Wilmington 
/USA. These resul ts  were unfortunately  not  confirmed in  the 
greenhouse.  These and other  selected compounds are s t i l l  under  
invest igat ion for  other  antimicrobial  act iv i ty  in  conjunct ion with Bayer  
AG and the Univers i ty  of  Antwerp/  Belgium. 
                                                 
* See  Tab le  3 .2 ,  Ch .  3  fo r  R  de f in i t ion  i n  compounds  12b-e ,  Tab le  4 .1 ,  Ch .4  fo r  R  
de f in i t i on  in  compounds  13b-e  an d  Tab le  4 .2  ,  Ch .  4  fo r  R  de f in i t ion  i n  compounds  
14a-g , i -p , r - t  
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8 Experimental  

8.1 General information 

Melt ing points  
 
Mett ler  FP62 
 
IR spectra 
 
Shimadzu FT-IR 8300 
Measured as  KBr -pressl ing or  as  f i lm on NaCl p late 
 
1H-NMR -  spectra  
 
Bruker  AMX 400 (400 MHz) 
Chemical  shif t  δ  measured in  ppm 
Internal  s tandard:  Trimethyls i lane (TMS) 
Number  of  protons determined by  integrat ion 
Abbreviat ion of  s ignal  mult ip l ic i ty ;  
s  = s inglet ,  d  = duplet ,  t  =  t r iplet ,  q  = quartet ,  m = mult ip let  
Coupling constant  J  measured in  Hz 
 
1 3C-NMR -  spectra 
 
Bruker  AMX 400 (100,6 MHz) 
Chemical  shif t  δ  measured in  ppm 
Internal  s tandard:  Trimethyls i lane (TMS) 
 
3 1P-NMR - spectra 
 
Bruker  DXR 500 (202,5 MHz) 
Chemical  shif t  δ  measured in  ppm 
 
Mass Spectra 
 
HRFAB-Mass spectra:  Mass  spectrometer  VG 70-250S 
ESI-  Mass spectra:  Varian MS 1200L 
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Elemental analysis  
 
Heraeus CHN-O-Rapid 
 
Thin layer chromatography 
 
DC-Mikrokarten Polygram SIL G/UV2 5 4 ,  f rom the Macherey-Nagel  
Firm,  Duren 
Thickness :  0 .25 mm 
 
Column chromatography 
 
Kieselgel  ICN Sil ica 100-200,  akt iv  60A 
Kieselgel  60 (par t ic le s ize 0 .015-0.040mm), Merck 
 
Drying agent for organic phases  
 
Dry Magnesiumsulfat  
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8.2  General procedures 

General  Michael is-Arbusov procedure GP-1  
 
5  mmol of  1-benzyloxy-3-bromopyrrol id in-2,5-dione (3)  was ref luxed 
in a solut ion of  the appropriate tr ia lky l  phosphite  (30 mmol)  for  2  h .  
Excess  tr ialkyl  phosphi te  was removed in  vacuo and the oi ly  residue 
was purif ied by  column chromatography (4:1 ethyl  acetate:  n-hexane,  
100 mL).  The resul t ing pale  yel low oi ls  were dr ied under  vacuum to  
y ield sol id  compounds 4a-c .  
 
General  a lky lat ion procedure using sodium hydride GP-2  
 
To a s t i r red solut ion of  the e lectrophi les  (2  mmol)  in  dry  THF (5 mL),  
under  ni trogen atmosphere was added sodium hydride (2 mmol)  port ion  
wise over  a per iod of  10 min.  After  s t ir r ing for  10 min,  a  solut ion of  
the appropria te  a lky l  (ary l)  hal ide (2 mmol)  in  dry  THF (2 mL) was 
added drop wise.  The react ion mixture  was s t i r red for  90 min,  poured 
into  ice  cold 1M HCl solut ion and extracted wi th ethy l  acetate  (3 x  10 
mL).  The combined organic layers  were washed with br ine (1 x 10 mL),  
dr ied over  MgSO4 and evaporated.  The oi ly  residues were purif ied  by 
column chromatography (3:2,  ethy l  acetate/  n-hexane e lu t ion)  to  g ive 
oily  or  sol id compounds crystal l ised from EtOAc/ n-hexane.  
 
General  e thanolamine monosal t  synthesis  procedure GP-3  
 
To a  solution of  compounds 4a,  5a-e (3 mmol)  in  dry dichloromethane 
(5 mL) was added t r imethylsi ly l  bromide (6 mmol)  and the react ion 
mixture was  s t i r red at  room temperature for  24 h.  The solvent  was 
evaporated and the remaining oi l  was dissolved in MeOH (3 mL),  
t reated with water  (0 .1 mL),  and s t i rred for  10 min.  The solvents  were 
removed under  reduced pressure  and the res idue dr ied in  vacuo for  12 
h.  The resul t ing phosphonic acids  7 were dissolved in  dry  THF (5 mL),  
and ethanolamine (2.7 mmol)  dissolved in  2  mL dry  THF was added 
drop wise.  The solut ion was s t i r red for  1 h  at  RT and then kept  a t  
−18°C for  2  days.  The solids  formed were f i l tered and recrystal l ized 
f rom methanol /  d ie thy l  ether  to give 12a–f  as white  sol ids .  
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General  cataly tic hydrogenat ion procedure GP-4   
 
Compounds 12a–f ,  5a-t  and  22 (5  mmol)  were dissolved in  MeOH (100 
mL),  Pd/C 10% (300 mg) was added and the resul t ing  mixture  was 
hydrogenated for  90 min at  2  bar .  The suspension was then f i l tered  
through an SPE tube RP-18.  The solvent  was evaporated and the 
respect ive sol id  products  crystal l ized from ethyl  acetate /  n -hexane  
Compounds 5j, l ,n  (5  mmol)  were hydrogenated using this  procedure but  
in e thy l  acetate  (100 mL) under  1  bar  of  pressure.  0 .2  equivalent  ZnBr2  
was added as  catalyst  dur ing the a  second y ield  improving react ion for  
5j .  
 
General  synthesis  procedure for  16a  and 16b :  GP-5  
 
To a  solut ion of  diethy l  (3-benzyl-1-hydroxy-2,5-dioxopyrrolidin-3-y l) -  
phosphonate (14b )  in  dry  dichloromethane (3  mL) was added 1 molar  
equivalent  4- t r if luoromethyl-phenyl isocyanate for  (16a)  or  for  16b  4-
methoxy-phenyl isocyanate .  After  s t i r r ing for  48 h,  the  solvent  was 
evaporated and the  crude product  crystal l ized from diethyl  e ther/  n-
hexane to  y ield solid  compounds 16a  and 16b .  
 
Hydrolysis  of  ethy l  es ters  to  synthesize carboxylic  acids  GP-6  
 
2  mmol of  the appropriate  ethyl  es ter  was dissolved in a  7 :3 solution (2 
mL)  of  e thanol and water .  Potassium hydroxide (2 mmol,  0 .112 g)  
dissolved in  s imilar  e thanol /  water  solut ion (3 mL) was added and the 
mixture  s t i r red for  24 h at  room temperature .  Solvents  were evaporated  
at  reduced pressure;  the oily  residue was washed with diethy l  e ther  (3  x 
10 mL) and water  (5  mL) added to  the res idue fol lowed by  acidif icat ion 
to pH 1 using 6M HCl.  NaCl was added to  saturat ion to  this  aqueous 
phase which was the extracted with dichloromethane (3 x  10 mL).  The 
organic layer  was dr ied (MgSO4)  and evaporated to  y ield the desired 
carboxylic acids   
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8.3  Procedures and Analytical Data for Chapter 2 

8.3.1  Educt synthesis (Section 2.2.1) 

Synthesis  procedure  for  1 
 
According to  Li t . 6 0 ,  benzyloxyamine (50 mmol)  was added drop wise to  
a  s t ir red  suspension of  maleic  anhydride (4.90g,  50 mmol)  in  
dichloromethane (50 mL).  The exothermic reaction was complete af ter  
20 min.  The solvent  was removed in  vacuo and the compound 
crystal l ized from 2-butanone.  
1 was used immediate ly  af ter  s t ructure confirmation by melt ing point  
and IR spectra  for  the synthesis  of  intermediate 2 .  
 
N-Benzyloxymaleimic acid  1  
 

O

O
N
H

OH
O

 
 
Yield:            98%, colour less  rods 
 
M.p. :             122 °C (Lit . 6 0 )  
 
IR (KBr):       1705 cm- 1 ,  1633 cm- 1 ,  1567 cm- 1 ,  1537 cm- 1  
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Synthesis  procedure  for  2 
 
Fol lowing a s l ight ly  modif ied l i terature  method9 7 ,  50 mmol (11.1 g)  of  
N-benzyloxymaleimic acid (1)  was ref luxed for  2 .5 h  with thionyl 
chlor ide (22 mL).  The solut ion was cooled to  5°C and pyridine (22 mL) 
was added drop wise.  After  30 min s t ir r ing,  the mixture  was s lowly 
poured onto 200 mL ice water  while s t ir r ing .  The separated aqueous 
layer  was extracted with dichloromethane (2  x 15 mL)  and the 
combined organic  layers  washed with  0.1M HCl (2 x 10 mL),  then 
NaHCO3 (2 x 10 mL),  dr ied over  MgSO4 and f i l tered .  The solvent  was  
reduced under  pressure and the compound crystal l ized f rom 
dichloromethane and n-hexane.   
As  2  is  ful ly  character ized in  Lit . ,  i t  was used immediately  for  fur ther  
synthesis  of  intermediate  compound 3  af ter  s t ructure  confirmation by  
IR spectra  and mel t ing point .  
 
N-benzyloxyisomaleimide 2   
 

O

O

N
O

 
 
Yield:            88%, colour less  needles  
 
M.p. :             79 °C (Lit . 9 7)  
 
IR (KBr):       1793 cm- 1  (C=O),  1693 cm- 1  (CONH) 
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Synthesis  procedure  for  3 
 
According to  Lit . 5 7  procedure,  a solut ion of  N -benzyloxyisomaleimide 
(2)  (20 mmol,  4 .06g)  and 33% HBr in  acet ic acid was s t i r red at  room 
temperature for  5h.  The mixture  was poured in to 100 mL water  s t i r red 
and then f i l tered.  The sol id  was washed with water  (2 x  10 mL)  and 
then recrysta l l ized from ethanol .   
3  was used immediately  for fur ther  synthesis  of  ful ly  character ized 
compounds 4a-c  af ter  s t ructure confirmation by IR spectra  and melt ing  
point .  
 
1-benzyloxy-3-bromopyrrol idin-2,5-dione 3   
 

N

O

O

O
Br

 
 
Yield:           93%, colour less  needle- l ike crystals  
 
M.p. :             98 °C (Lit . 5 7)  
 
IR (KBr):       1797 cm- 1 ,  1733 cm- 1  (CO) 
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8.3.2  Michaelis-Arbusov synthesis of phosphonates  4a-c 

(Section 2.3) 

Diethyl  [1-benzyloxy-2,5-dioxopyrrolidin-3-y l]phosphonate (4a)  
 

N

O

O

O
P

O

O
O

 
 
From 14.2 g 1-benzyloxy-3-bromopyrrol idin-2,5-dione (3)  according to  
GP-1  
 
Yield :          77%, l ight  green powder  
 
M.p. :           88 °C 
 
IR (KBr):    1787 cm- 1 ,  1728 cm- 1 ,  (C=O),  1255 cm- 1  (P=O),  1020 cm- 1  

(POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  =  δ  (ppm) 7.49 -  7 .40 (m,  5H,  ArH),  

5 .00 (s ,  2H,  CH 2Ph),  4 .13 -  4 .05 (m,  4H,  CH2) ,  3 .74 -  3.65 
(m,  1H,  PCH),  3.08 – 2.99 (m,  1H,  CH2) ,  2 .69 -  2 .66 (m,  
1H,  CH 2) ,  1 .23 -  1 .27 (m,  6H,  CH3)   

 
1 3C-NMR:     (101 MHz,  CDCl3)  = δ  (ppm)  169.1,  166.6 (C=O),  133.2  

(ArCq u a r t . ) ,  128.6,  129.5,  129.9 (ArCt e r t . ) ,  78.9 (CH2Ph) ,  
63.4 (d,  2JC , P  =  6 .61 Hz,  POC),  63.9 (d,  2JC , P  =  7.12 Hz ,  
POC),  36.9 (d,  1JC , P  =  142.9 Hz,  PCH),  27.9 (CH2) ,  16.4 
( t ,  3JC , P  =  5 .10 Hz,  CH3)  

 
C1 5H2 0NO6P 
Requires  [%]:   C 52.79,  H 5.91,  N 4.10 
Found     [%]:   C 52.97,  H 5.99,  N 4.09 
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Dimethyl  [1-benzyloxy-2,5-dioxopyrrol id in-3-y l]phosphonate  (4b )   
 

N

O

O

O
P

O

O
O

 
 
From 14.2 g 1-benzyloxy-3-bromopyrrol idin-2,5-dione (3)  according to  
GP-1  
 
Yield :           64%, amorphous powder   
 
M.p. :             85 °C 
 
IR (KBr):     1787 cm- 1 ,  1728 cm- 1(C=O),  1257 cm- 1  (P=O),  1031 cm- 1  
(POC)  
 
1H-NMR:     (400 MHz,  DMSO-d6)  = δ  (ppm) 7.49 -  7 .40 (m,  5H,  ArH),  

5 .01 (s ,  2H,  CH2Ph),  3 .70 -  3 .62 (m,  4H,  POCH2),  3 .08 -  
2 .98 (m,  1H,  PCH),  2 .76 -  2.74 (m,  1H,  CH2) ,  3 .81 -  3 .76 
(m,  1H,  CH2)  

 
1 3C-NMR:    (101 MHz,  DMSO-d6)  = δ  (ppm) 169.9,  167.3 (C=O),  

134.1 (ArCq u a r t . ) ,  129.9,  129.5,  128.8 (ArCt e r t . ) ,  78.5 
(CH 2Ph) ,  54.0 (d ,  

2JC , P  =  6 .61 Hz,  POC),  53.7 (d,  2JC , P  =  
6.62 Hz,  POC),  27.9 (CH2) ,  δ  35.9 (d,  1JC , P  =140.39 Hz,  
PC) 

 
C1 3H1 6NO6P 
Requires  [%]:    C 49.85,  H 5.15,  N 4.47  
Found     [%]:   C 49.51,  H 5.20,  N 4.48  
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Diisopropyl [1-benzyloxy-2,5-dioxopyrrol idin-3-y l]phosphonate  (4c)  
 

N

O

O

O
P

O

O
O

 
 
From 14.2 g 1-benzyloxy-3-bromopyrrol idin-2,5-dione (3)  according to  
GP-1  
 
Yield:           63%, yellow oil   
 
IR (Fi lm):    1799 cm- 1 ,  1739 cm- 1  (C=O),  1261 cm- 1  (P=O),  999 cm- 1  
(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 7.52 -  7 .37 (m,  5H,  ArH),  

5 .08 (s ,  2H,  CH2Ph),  4 .82 -  4 .74 (m,  2H,  POCH),  3 .21 -  
3 .12 (m,  1H,  CH),  2 .99 -  2 .81 (m,  2H,  CH2) ,  1 .38 -  1.33 
(m,  12H, CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 169.7,  167.2 (C=O),  133.6 

(ArCq u a r t . ) ,  130.7,  130.3,  129.8,  128.9 (ArCt e r t . ) ,  79.3  
(CH 2Ph) ,  73.2 (d,  2JC , P  =  6.61 Hz,  POC),  72.8 (d,  2JC , P  =  
6 .61 Hz,  POC),  37.7 (d ,  1JC , P  = 142.42 Hz,  PC),  28.3  
(CH 2) ,  24.5 (d,  3JC , P  = 3.07 Hz,  CH 3) ,  24.4 (d ,  3JC , P  = 4.07 
Hz,  CH3) ,  24.2 ( t ,  3JC , P  = 5.83 Hz,  CH 3) 

 
C1 7H2 4NO6P 
Requires  [%]:   C 55.28,  H 6.55,  N 3.79 
Found     [%]:   C 55.26,  H 6.57,  N 3.50 
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8.3.3  Alkylation of phosphonates 4a-c (Section 2.4.2) 

Diethyl  [3-al ly l-1-benzyloxy-2,5-dioxopyrrol idin-3-y l]phosphonate  5a  
 

N

O

O

O
P

O

O
O

 
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield:            71%, colour less  oi l   
 
IR (Fi lm):     1789 cm- 1 ,  1728 cm- 1  (C=O),  1249 cm- 1  (P=O),  1018 cm- 1  
(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 7.51 -  7 .37 (m,  5H,  ArH),  

5 .38 -  5 .28 (m,  1H,  CH2CH),  5 .19 -  5.15 (m,  2H,  CH2CH),  
5 .10 (ABs,  J = 12.86 Hz,  2H,  CH 2Ph) ,  4 .22 -  4 .16 (m,  4H,  
POCH2),  3 .04 – 2.87(m,  2H,  CH2) ,  2.65 -  2.58 (m,  1H,  
CH2) ,  2.46 -  2 .39 (m,  1H,  CH 2) ,  1 .38 -  1 .31 (m,  6H,  
(CH 3)2)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 169.9,  169.2 (C=O),  133.3 

(ArCq u a r t . ) ,  129.7,  129.4,  128.5 (ArCt e r t . ) ,  122.1 (CH 2) ,  
78.7 (OCH 2Ph),  63.7 (d,  2JC , P  =  6.61 Hz,  POC),  64.0 (d ,  
2JC , P  =  7 .12 Hz,  POC),  45.6 (d,  1JC , P  =  139.96 Hz,  PC),  
35.4 (CH2) ,  31.9 (CH 2) ,  16.4 (d,  3JC , P  =  5.08 Hz CH 3) ,  
16.5 (d ,  3JC , P  =  6.11 Hz,  CH3)  

 
C1 8H2 4NO6P 
Requires  [%]:   C 56.69,  H 6.50,  N 3.67 
Found    [%]:  C 56.76,  H 6.54,  N 3.72
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Diethyl  [1-benzyloxy-3-(4-methylbenzyl)-2,5-dioxopyrrol idin-3-
y l]phosphonate  (5b )  

N

O

O

O
P

O

O
O

 
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate (4a)  according to  GP-2  
 
Yield :            78%, amorphous powder   
 
M.p. :             54 °C 
 
IR (KBr):      1782 cm- 1 ,  1720 cm- 1  (C=O),  1257 cm- 1  (P=O),  1020 cm- 1  
(POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  =  δ  (ppm) 7.40 -  7 .01 (m,  9H,  ArH),  

4 .87 (ABs,  J = 27.15 Hz,  2H,  CH 2Ph) ,  4 .28 -  4 .17 (m,  4H,  
POCH2),  3 .69 -  2 .64 (m,  1H,  CH2) ,  3 .03 -  2 .88 (m,  2H, 
CH2) ,  2.67 -  2 .60 (m,  1H,  CH2) ,  2.29 (s ,  3H,  CH 3) ,  1 .42 -  
1  .34 (m,  6H,  (CH3)2)   

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.2,  168.9 (C=O),  137.7,  

133.4 (ArCq u a r t . ) ,  130.1,  129.7,  129.3,  128.5 (ArCt e r t . ) ,  
78.9 (CH2Ph) ,  64.1 (d,  2JC , P  =  6 .61 Hz,  POC),  63.9 (d,  
2JC , P  =  7.12 Hz,  POC),  47.6 (d,  1JC , P  =  139.37 Hz PC),  
35.7 (CH 2) ,  31.4 (CH2) ,  21.0 (CH3) ,  16.4 ( t ,  3 JC , P  =  5.85  
Hz,  CH3)   

 
C2 3H2 8NO6P 
Requires  [%]:   C 62.02,  H 6.34,  N 3.14  
Found     [%]:   C 61.85,  H 6.35,  N 3.20  
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Diethyl[3-benzyl-1-benzyloxy-2,5-dioxopyrrolidin-3-y l]   
phosphonate 5c  
 

N

O

O

OP

O

O
O

 
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield:            80%, yellow oil  
 
IR (Fi lm):    1787cm- 1 ,  1726cm- 1  (C=O),  1249cm- 1  (P=O),  1018cm- 1  

(POC) 
 
1H-NMR:    (400 MHz,  CDCl 3)  = δ  (ppm) 7.38 -  7.23 (m,  10H, ArH),  

4 .64 (ABs,  J = 46.36 Hz,  2H,  CH 2Ph) ,  4 .20 -  4 .12 (m,  4H,  
POCH2),  3 .49 -  3 .44 (m,  1H,  CH2) ,  3 .01 – 2.77 (m,  3H,  
CH2) ,  1 .28 (dt ,  J = 1.78 Hz,  J =7.09 Hz,  6H (CH3)2)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.0,  168.8 (C=O),  134.2,  

133.8 (ArCq u a r t . ) ,  130.7,  129.9,  129.5,  129.1,  128.8,  128.0  
(ArCt e r t . ) ,  78.6 (CH2Ph),  64.0 (d ,  2JC , P  =  7 .12 Hz,  POC),  
63.8 (d ,  2JC , P  =  6 .61 Hz,  POC),  47.6 (d ,  1JC , P  =  139.88 Hz 
PC),  36.1 (CH 2) ,  31.7 (CH2) ,16.6 (d,  3JC , P  =  5.08 Hz,  CH 3) 

 
C2 2H2 6NO6P  
Requires  [%]:  C 61.25,  H 6.07,  N 3.25 
Found     [%]:  C 61.06,  H 6.22,  N 3.08 
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Diethyl  [1-benzyloxy-3-(4-f luorobenzyl)-2,5-dioxopyrrol idin-3-
y l]phosphonate  (5d )  
 

N

O

O

O
P

O

O
O

F  
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield:             64%, amorphous powder   
 
M.p. :              66 °C.   
 
IR (KBr):       1786 cm- 1 ,  1726 cm- 1  (C=O),  1251 cm- 1  (P=O),  1018 cm- 1  

(POC).   
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 7.40 -  6 .97 (m,  9H,  ArH),  

4 .92 -  4 .85 (m,  2H,  CH2Ph),  4 .26 -  4 .24 (m,  4H,  POCH 2) ,  
3 .68 -  3 .63 (m,  1H,  CH2) ,  3 .06 -  2.93 (m,  2H,  CH 2) ,  2 .62 -  
2 .54 (m,  1H,CH2) ,  1.36 ( t ,  J = 6.94 Hz,  6H,  (CH3)2)  

 
1 3C-NMR:     (101 MHz,  CDCl3)  = δ  (ppm) 170.0,  168.6 (C=O),  162.2  

(d,  JC , F  =  247.60 Hz,  CF),  133.2,  129.5 (ArCq u a r t . ) ,  131.9,  
129.7,  128.5,  116.1 (ArCt e r t . ) ,  78.93 (CH2Ph),  64.3 (d,  
2JC , P  =  6 .61 Hz,  POC),  64.0 (d ,  2JC , P  =  7 .63 Hz,  POC),  
47.8 (d ,  1JC , P  =  141.47 Hz,  PC),  35.2 (CH2) ,  31.4 (CH 2),  
16.5 ( t ,  3JC , P  =  5.85 Hz,  CH 3)  

 
C2 2H2 5FNO6P 
Requires  [%]:   C 58.80,  H 5.61,  N 3.12 
Found     [%]:   C 58.90,  H 5.61,  N 3.19 
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Diethyl  [1-benzyloxy-3-(4-methoxybenzyl)-2,5-dioxopyrrol idin-3-
y l]phosphonate  (5e)  
 

N

O

O

O
P

O

O
O

O  
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield:            51%, yellow oil  
 
IR (Fi lm):     1791 cm- 1 ,  1726 cm- 1 ,  (C=O),  1251 cm- 1  (P=O),  1018 cm- 1  
(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 7.41 -  6 .79 (m,  9H,  ArH),  

4 .85 (ABs,  J = 23.46 Hz,  2H,  CH 2Ph) ,  4.28-  4 .17 (m,  4H,  
POCH2) ,  3 .75 (s ,  3H,  OCH 3),  3.67 -  3.62 (m,  1H, CH2)  ,  
3 .03-  2 .86 (  m,  2H,  CH 2) ,  2 .67 -  2.60 (m,  1H,  CH 2) ,  1 .45 -  
1  .34 (m,  6H,  (CH3)2) .   

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.4,  168.9 (C=O),  159.3,  

133.4,  125.5 (ArCq u a r t . ) ,  131.3,  129.8,  129.3,  128.5,  114.4  
(ArCt e r t . ) ,  78.9 (CH2Ph) ,  63.9 (d ,  2JC , P  =  7 .12 Hz,  POC),  
64.1 (d ,  2JC , P  =  6.61 Hz,  POC),  55.3 (OCH3) ,  35.7 (CH 2),  
31.4 (CH2) ,  16.5 ( t ,  3JC , P  =  5.85 Hz,  CH3)  

 
C2 3H2 8NO6P  
Requires  [%]:   C 59.87,  H 6.12,  N 3.04 
Found     [%]:   C 59.52,  H 6.34,  N 2.95 
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Diethyl  [1-benzyloxy-3-(3-phenoxybenzyl)-2,5-dioxopyrrol id in-3-
y l]phosphonate  (5f )  
 

N

O

O

OP

O

O
O

O  
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield:          68%, colourless  oi l  
 
IR (Film):    1789 cm- 1 ,  1724 cm- 1  (C=O),  1252 cm- 1  (P=O),  1018 (POC) 
 
1H-NMR:    (400 MHz,  DMSO-d6)  = δ  (ppm) 7.37 -  6 .93 (m,  14H, ArH),  

4 .75 (ABs,  J = 4.83 Hz,  CH2Ph),  4 .17 -  4 .10 (m,  4H,  
POCH2),  3 .45 -  3 .39 (m,  1H,  CH2) ,  3 .03 -  2 .80 (m,  3H, 
CH2) ,  1 .25 ( t ,  J = 7.42 Hz,  6H,  CH3)  

 
1 3C-NMR:   (101 MHz,  DMSO-d6)  = δ  (ppm) 170.0,  168.9 (C=O),  

156.9,  136.4,  133.8 (ArCq u a r t . ) ,  130.7,  130.4,  129.9,  128.8,  
125.9,  123.3,  120.9,  118.9 (ArCt e r t . ) ,  78.7  (CH2Ph) ,  63.8 
(d,  2JC , P  =  7.12 Hz,  POC),  63.5 (d,  2JC , P  =  7 .12 Hz,  POC),  
47.5 (d ,  1JC , P  =  139.90 Hz PC),  35.9 (CH2) ,  31.9 
(CH 2CH2) ,  16.6 (d,  3JC , P  = 5.30 Hz,  CH3)  

 
C2 8H3 0NO7P 
Requires  [%]:   C 64.24,  H 5.78 N 2.68 
Found     [%]:   C 64.35,  H 6.13 N 2.44 
 
 



 

8  Experimental  

 

 

 76

Diethyl  [1-benzyloxy-3-methyl-2,5-dioxopyrrol idin-3-
y l]phosphonate(5g)  
 

N

O

O

O
P

O

O
O CH3

 
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield :            60%, amorphous powder  
 
M.p. :             54 °C.   
 
IR (KBr):       1784 cm- 1 ,  1732 cm- 1  (C=O),  1247 cm- 1  (P=O),  1020 cm- 1  

(POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  =  δ  (ppm) 7.42 -  7 .38 (m,  5H,  ArH),  

5 .01 (ABs,  J = 6.36 Hz,  2H,  CH2Ph) ,  4.04 (m,  4H,  CH2) ,  
2 .76 -  2 .71 (m,  2H,  CH2) ,  1 .44 (d,  J = 16.53 Hz,  3H,  
CH3) ,  1 .25 -  1  .23 (m,  6H,  (CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.6,  168.9 (C=O),  133.7 

(ArCq u a r t . ) ,  129.4,  129.0,  128.4 (ArCt e r t . ) ,  78.0 (OCH2Ph) ,  
63.5 (d ,  2JC , P  =  6 .61 Hz,  POC),  63.3 (d ,  2JC , P  =  7 .12 Hz,  
POC),  41.7 (d,  1JC , P  =  139.90 Hz PC),  35.5 (CH2) ,  17.6 (d,  
2JC , P  =  4.07 Hz,  CH3) ,  16.3 (d,  3JC , P  =5.09 Hz,  CH 3) 

 
C1 6H2 2NO6P 
Requires  [%]:   C 54.08,  H 6.24,  N 3.94 
Found     [%]:   C 53.76,  H 6.30,  N 3.90 
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Ethyl [1-benzyloxy-3-(diethoxyphosphory l)-2,5-dioxopyrrol id in-3-
y l]aceta te  (5h)   
 

N

O

O

OP
O

O
O

O
O  

 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield:            47%, yellow oil  
 
IR (Fi lm):     1791 cm- 1 ,  1729 cm- 1  (C=O),  1254 cm- 1  (P=O),  1019 cm- 1  

(POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  = δ  (ppm) 7.56 – 7.37 (m,  5H,  ArH),  

5 .11 (s ,  2H,  CH 2Ph),  4 .23 – 4.11 (m,  6H,  OCH2) ,  3 .36 – 
2.72 (m,  4H,  CH2) ,  1 .36 – 1.33 (m,  6H,  CH3) ,  1 .24 ( t ,  J = 
7.33 Hz,  3H,  CH 3) 

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 169.7,  169.5,  169.0 (C=O),  

133.7 (ArCq u a r t . ) ,  129.8,  129.1,  128.5 (ArCt e r t . ) ,  78.9 
(CH 2Ph) ,  64.6 (d,  2JC , P  =  6.61 Hz,  POC),  63.9 (d,  2JC , P  =  
7.12 Hz,  POC),  61.7 (OCH 2),  44.4 (PC),  35.4 (CH2) ,  33.9 
(CH 2) ,  16.4 (d,  3JC , P  =  5.60 Hz,  CH 3) ,  14.0 (CH2) 

 
C1 9H2 6NO8P 
Requires  [%]:   C 53.40,  H 6.13,  N 3.28 
Found     [%]:   C 53.79,  H 6.30,  N 3.01 
 
 



 

8  Experimental  

 

 

 78

Diethyl  {3-[4-( t r if luoromethyl)benzyl]-1-benzyloxy-2,5-
dioxopyrrolid in-3-yl}phosphonate (5i)   
 

N

O

O

O
P

O

O
O

F
F

F

 
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield :            81%, amorphous powder  
 
M.p. :             88 °C 
 
IR (KBr):       1786 cm- 1 ,  1724 cm- 1  (C=O),  1247 cm- 1  (P=O),  1017 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  =  δ  (ppm) 7.55 -7.24 (m,  9H,  ArH),  

4 .90 (ABs,  J = 10.04 Hz,  2H, CH2Ph),  4 .28 – 4.22 (m,  4H,  
CH2) ,  3.75 -3.70 (m,  1H,  CH 2) ,  3 .07 -  2 .98 (m,  2H,  CH2),  
2 .57 – 2.49 (m,  1H,  CH 2) ,  1 .43 -1.34 (m,  6H,  CH 3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 168.9,  168.8 (C=O),  133.6 

ArCq u a r t . ) ,  131.1,  130.1,  129.8,  128.9,  126.4 (ArCt e r t . ) ,  
79.3 (CH2Ph) ,  64.8  (d ,  2JC , P  =  7.12 Hz,  CH2) ,  64.5 (d,  
2JC , P  =  7 .63 Hz,  CH2) ,  48.0 (d ,  1JC , P  =  138.86 Hz,  PC),  
35.9 (CH2) ,  31.8 (CH2) ,  16.9 ( t ,  3JC , P  =  4 .83 Hz,  CH3)  

 
C2 3H2 5F3NO6P 
Requires  [%]:   C 55.31 H 5.05,  N 2.80 
Found     [%]:   C 55.35 H 5.07,  N 2.64 



 

8  Experimental  

 

 

 79

Diethyl  [3-(3-chlorobenzyl)-1-benzyloxy-2,5-dioxopyrrolidin-3-
y l]phosphonate  (5j )  
 

N

O

O

O
P

O

O
O

Cl  
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield:              80%, yel low oi l  
 
IR (Film):     1789 cm- 1 ,  1724 cm- 1  (C=O),  1252 cm- 1  (P=O),  1018 

(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 7.42 -  7 .03 (m,  9H,  ArH),  

4 .90 (ABs,  J = 18.56 Hz,  CH2Ph) ,  4 .28 -  4 .20 (m,  4H,  
CH2) ,  3 .69 – 3.64 (m,  1H,  CH2) ,  3.06 – 2.91 (m,  2H,  CH2) ,  
2 .62 – 2.54 (m,  1H,  CH 2) ,  1 .42 – 1.34 (m,  6H,  CH 3)  

 

1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 169.0 (C=O),  136.1,  135.3,  
133.6 ArCq u a r t . ) ,  130.7,  130.2,  129.8,  128.9,  128.8,  128.7 
(ArCt e r t . ) ,  79.5 (CH2Ph) ,  64.8 (d ,  2JC , P  =  6.61 Hz,  CH2) ,  
64.5 (d ,  2JC , P  =  7.12 Hz,  CH2) ,  48.0 (d,  1JC , P  =  139.87 Hz,  
PC),  36.1 (CH2) ,  31.8 (CH2) ,  16.9 ( t ,  3JC , P  =  5 .10 Hz,  
CH3)  

 
C2 2H2 5ClNO6P 
Requires  [%]:   C 56.72,  H 5.41,  N 3.01 
Found     [%]:   C 57.20,  H 5.54,  N 2.98 
 
 



 

8  Experimental  

 

 

 80

Dimethyl  [3-benzyl-1-benzyloxy-2,5-dioxopyrrol id in-3-y l]  
phosphonate (5k)  
 

N

O

O

O
P

O

O
O

 
 
From 0.63 g dimethyl  [1-benzyloxy-2,5-dioxopyrrolidin-3-
y l]phosphonate  (4b )  according to  GP-2  
 
Yield :           91%, amorphous powder  
 
M.p. :            79 °C.  
 
IR (KBr):     1789 cm- 1 ,  1724 cm- 1  (C=O),  1258 cm- 1  (P=O),  1014 cm- 1  

(POC) 
 
1H-NMR:    (400 MHz,  CDCl 3)  = δ  (ppm) 7.41 -  7.13 (m,  10H, ArH),  

4 .83 (ABs,  J = 14.00 Hz,  CH2Ph)  3.89 ( t ,  J = 10.93 Hz,  
6H,  CH3) ,  3.69 -  3 .66 (m,  1H,  CH2) ,  3 .05-  2 .93 (m,  2H,  
CH2) ,  2 .65 -  2 .63 (m,  1H,  CH2)  

 

1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.4,  168.9 (C=O),  133.9,  
133.7 (ArCq u a r t . ) ,  130.7,  130.2,  129.7,  129.5,  128.9,  128.5  
(ArCt e r t . ) ,  79.4 (CH2Ph),  55.6 (d ,  2JC , P  =  7 .12 Hz,  POC),  
55.7 (d ,  2JC , P  =  7 .12 Hz,  POC),  48.1 (d ,  1JC , P  =  140.89 Hz 
PC),  36.6 (CH 2) ,  31.8 (CH2) .  

 
C2 0H2 2NO6P 
Requires  [%]:   C 59.55,  H 5.50,  N 3.47 
Found     [%]:   C 59.53,  H 5.52,  N 3.30 
 
 



 

8  Experimental  

 

 

 81

Diethyl  [3-(2-chlorobenzyl)-1-benzyloxy-2,5-dioxopyrrolidin-3-
y l]phosphonate  (5l)  
 

N

O

O

O
P

O

O
O

Cl

 
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield:            90%, yellow oil  
 
IR (f i lm):   1789 cm- 1 ,  1724 cm- 1  (C=O),  1252 cm- 1  (P=O),  1018    

(POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  = δ  (ppm) 7.44 – 7.16 (m,  9H,  ArH),  

4 .91 (ABs,  J =9.42 Hz,  2H,  CH 2Ph),  4 .30 -  4 .23 (m,  4H,  
CH2)  3.61 -3.53  (m,  2H,  CH2) ,  3.02 ( t ,  J = 17.77  Hz,  1H,  
CH2) ,  2 .58 (q ,  J = 9.96 Hz,  1H,  CH2) ,  1 .42 -1.33 (m,  6H,  
CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 169.1 (C=O),  136.1,  135.3,  

133.6 ArCq u a r t . ) ,  130.7,  130.2,  129.8,  128.9,  128.8,  128.7 
(ArCt e r t . ) ,  79.5 (CH2Ph) ,  64.8 (d ,  2JC , P  =  6.61 Hz,  CH2) ,  
64.5 (d ,  2JC , P  =  7.12 Hz,  CH2) ,  48.0 (d,  1JC , P  =  139.87 Hz,  
PC),  36.1 (CH2) ,  31.8 (CH2) ,  16.9 ( t ,  3JC , P  =  5 .10 Hz,  
CH3)  

 
C2 2H2 5ClNO6P 
Requires  [%]:   C 56.72,  H 5.41,  N 3.01 
Found     [%]:   C 56.49,  H 5.69,  N 2.94 
 
 



 

8  Experimental  

 

 

 82

Diethyl  [3-(3,5-dimethylbenzyl)-1-benzyloxy-2,5-dioxopyrrol idin-3-
y l]phosphonate  (5m )  
 

N

O

O

O
P

O

O
O

 
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield:              89%, yel low oi l  
 
IR (Film):     1789 cm- 1 ,  1729 cm- 1  (C=O),  1250 cm- 1  (P=O),  1018 

(POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  = δ  (ppm) 7.40 – 7.35 (m,  5H,  ArH),  

6 .89 (s ,  1H,  ArH),  6 .77 (s ,  2H,  ArH),  4 .80 (ABs,  J = 19.48 
Hz,  2H,  CH2Ph),  4 .30 – 4.18 (m,  4H,  CH2) ,  3 .66 – 3.61 
(m,  1H, CH2) ,  3 .03 -  2 .85 (m,  2H,  CH 2) ,  2.72 -  2 .62 (m,  
1H,  CH2) ,  2 .25 (s ,  3H,  CH 3) ,  1 .41 ( t ,  J = 7.29 Hz,  ,3H,  
CH3) ,  1 .36 ( t ,  J = 7.67 Hz,  ,3H,  CH3)   

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 169.4,  169.3 (C=O),  139.0,  

133.7 (ArCq u a r t . ) ,  130.1,  129.9,  129.7,  128.9,  128.5  
(ArCt e r t . ) ,  79.4 (CH2Ph) ,  64.5 (d ,  2JC , P  =  7.12 Hz,  CH2) ,  
64.2 (d ,  2JC , P  =  7.12 Hz,  CH2) ,  47.9 (d,  1JC , P  =  139.88 Hz,  
PC),  36.4 (CH 2) ,  31.9 (CH2) ,  21.7 (CH 2) ,  16.9 (CH 3) 

 
C2 3H3NO6P 
Requires  [%]:   C 62.75,  H 6.58,  N 3.05 
Found     [%]:   C 62.80,  H 6.86,  N 2.78 



 

8  Experimental  

 

 

 83

Diethyl  [3-(3,5-dichlorobenzyl)-1-benzyloxy-2,5-dioxopyrrol idin-3-
y l]phosphonate  (5n )   
 

N

O

O

O
P

O

O
O

Cl
Cl

 
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield :            84%, amorphous powder  
 
M.p. :             77 °C 
 
IR (KBr):       1785 cm- 1 ,  1724 cm- 1  (C=O),  1255 cm- 1  (P=O),  1014 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  =  δ  (ppm) 7.42 -7.09 (m,  8H,  ArH),  

4 .90 (ABs,  J = 19.28 Hz,  2H, CH2Ph),  4 .26 – 4.20 (m,  4H,  
CH2) ,  3 .63 (q ,  J = 7.12 Hz,  1H,  CH 2) ,  3 .08 – 2.90 (m,  2H,  
CH2) ,  2 .53 (q ,  J = 9.13 Hz,  1H,  CH 2) ,  1 .41 – 1.34 (m,  6H,  
CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.2,  168.7 (C=O),  136.0,  

133.5 (ArCq u a r t . ) ,  130.1,  129.8,  129.1,  128.9,  128.8 (ArC),  
79.6 (CH2Ph) ,  64.9  (d ,  2JC , P  =  7.12 Hz,  CH2) ,  64.4 (d,  
2JC , P  =  7.63 Hz,  CH2) ,  35.9 (CH2) ,  31.8 (CH2) ,  16.8 (CH3)  

 
C2 2H2 4Cl2NO6P·H 2O 
Requires  [%]:   C 50.98,  H 5.06,  N 2.70 
Found     [%]:   C 50.95,  H 5.19,  N 2.65 



 

8  Experimental  

 

 

 84

Dimethyl  {3-[4-( t r i f luoromethyl)benzyl]-1-benzyloxy-2,5-
dioxopyrrolid in-3-yl}phosphonate (5o)  
 

N

O

O

O
P

O

O
O

F
F

F

 
 
From 0.63 g dimethyl  [1-benzyloxy-2,5-dioxopyrrolidin-3-
y l]phosphonate (4b )  according to  GP-2  
 
Yield :            89%, amorphous powder  
 
M.p. :             103 °C   
 
IR (KBr):       1793 cm- 1 ,  1725 cm- 1  (C=O),  1258 cm- 1  (P=O),  1017 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  =  δ  (ppm) 7.56 – 7.24 (m,  9H,  ArH),  

4 .94 -  4 .87 (m,  2H,  CH2Ph) ,  3 .89 ( t ,  J = 10.94 Hz,  6H,  
CH3) ,  3 .74 – 3.69 (m,  1H,  CH2) ,  3 .07 -  2 .98 (m,  2H,  CH2),  
2 .58 -  2 .50 (m,  1H,  CH2)   

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.1,  168.7 (C=O),  138.1,  

137.9,  135.6 ArCq u a r t . ) ,  131.1,  130.1,  128.9,  126.8,  126.4 
(ArCt e r t . ) ,  79.3 (CH2Ph),  55.2 (d ,  2JC , P  =  6 .87 Hz,  POC),  
54.7 (d ,  2JC , P  =  6.86 Hz,  CH2) ,  48.0 (d,  1JC , P  =  140.39 Hz,  
PC),  36.1 (CH 2) ,  31.1 (CH2)  

 
C2 1H2 1F3NO6P 
Requires  [%]:   C 53.51 H 4.49,  N 2.97 
Found     [%]:   C 53.44 H 4.76,  N 2.93 



 

8  Experimental  

 

 

 85

Diethyl  [3-(3-fury lmethyl)-1-benzyloxy-2,5-dioxopyrrolidin-3-
y l]phosphonate  (5p )  
 

N

O

O

O
P

O

O
O

O  
 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield:            69%, yellow oil  
 
IR (Fi lm):   1790 cm- 1 ,  1726 cm- 1  (C=O),  1248 cm- 1  (P=O),  1020   

(POC) 
 
1H-NMR:     (400 MHz,  DMSO-d6)  =  δ  (ppm) 7.61 -  7 .60 (m,  2H,  

OCH),  7.39 (s ,  5H, ArH),  6.29 (s ,  1H, CH),  4 .83 (ABs,  J = 
14.05 Hz,  CH2Ph) ,  4 .15 -  4 .11 (m,  4H,  OCH2),  3.25 – 3.19 
(m,  1H,  CH 2) ,  2 .97 – 2.78 (m,  3H,  CH 2) ,  1 .27 (dt ,  J = 6.91 
Hz,  6H,  CH3)   

 
1 3C-NMR:     (101 MHz,  DMSO-d6)  = δ  (ppm) 173.  1 ,  169.1 (C=O),  

144.3,  142.5 (OCH),  133.8 (ArCq u a r t . ) ,  129.9,  129.6,  128.8  
(ArCt e r t . ) ,  111.9 (CCH),  78.6 (CH2Ph),  64.0 (d,  2JC , P  =  
6.61 Hz,  CH2) ,  63.7 (d,  2JC , P  =  7 .13 Hz,  CH2) ,  46.9 (d,  
1JC , P  =  139.88 Hz,  PC),  32.2 (CH 2) ,  26.3 (CH2) ,  16.6 ( t ,  
3JC , P  =  5.60 Hz,  CH3)  

 
C2 0H2 4NO7P 
Requires  [%]:   C 57.01,  H 5.74,  N 3.32 
Found     [%]:   C 57.95,  H 6.17,  N 3.05 
 
 



 

8  Experimental  

 

 

 86

Diethyl  [3-(3,5-dif luorobenzyl)-1-benzyloxy-2,5-dioxopyrrol idin-3-
y l]phosphonate  (5q )  
 

N

O

O

O
P

O

O
O

F
F

 
 
From 0.68g diethyl  [1-benzyloxy-2,5-dioxopyrrol id in-3-y l]phosphonate  
(4a)  according to GP-2  
 
Yield:          67%, pinkish powder  
 
M.p. :           71 °C 
 
IR (KBr):     1791 cm- 1 ,  1724 cm- 1  (C=O),  1250 cm- 1  (P=O),  1009 (POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 7.44 -  7 .35 (m,  5H,  ArH),  

6 .74 -  6 .70 (m,  3H,  ArH),  4 .93 (ABs,  J = 11.23 Hz,  2H,  
CH2Ph),  4 .27 – 4.19 (m,  4H,  CH2) ,  3.67 – 3.62 (m,  1H,  
CH2) ,  3 .07 -  2 .91 (m,  2H,  CH2) ,  2 .59 – 2.51 (m,  1H,  CH2) ,  
1 .42 -  1 .34 (m,  6H,  CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 169.8,  168.4 (C=O),  133.2,  

103.7 (ArCq u a r t . ) ,  129.8,  129.4,  128.4,  113.4,  113.2  
(ArCt e r t . ) ,  79.1  (CH2Ph) ,  64.5 (CH2) ,  64.1 (CH 2) ,  47.5 (d,  
1JC , P  =  138.35 Hz,  PC),  35.6 (CH2) ,  31.4 (CH2) ,  16.4  
(CH 3)  

 
C2 2H2 4F2NO6P 
Requires  [%]:   C 56.53,  H 5.18,  N 3.00 
Found     [%]:   C 56.53,  H 5.16,  N 3.01 



 

8  Experimental  

 

 

 87

Diethyl  [3-(3,4-dichlorobenzyl)-1-benzyloxy-2,5-dioxopyrrol idin-3-
y l]phosphonate  (5r)   
 

N

O

O

O
P

O

O
O

F
F  

 
From 0.68 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-2  
 
Yield:            53%, yellow rod- l ike crystals  
 
M.p. :              91 °C 
 
IR (KBr):     1786 cm- 1 ,  1724 cm- 1  (C=O),  1243 cm- 1  (P=O),  1020 cm- 1  

(POC) 
 
1H-NMR:      (400 MHz,  DMSO-d6)  = δ  (ppm) 7.41 -  7 .09 (m,  8H,  

ArH),  4 .81 (ABs,  J = 11.79 Hz,  2H,  CH2Ph) ,  4 .16 -  4.11 
(m,  4H, CH2) ,  3 .43 -  3 .37 (m,  1H,  CH 2) ,  3.07 -  2 .98 (m,  
3H,  CH 2) ,  1 .25 ( t ,  J = 7.54 Hz,  3H,  CH3)  

 
1 3C-NMR:   (101 MHz,  DMSO-d6)  = δ  (ppm) 172.1 ,  168.9 (C=O),  

150.6,  148.0,  133.8 (ArCq u a r t . ) ,  129.9,  128.8,  127.7,  119.9,  
118.1 (ArCt e r t . ) ,  78.6 (CH 2Ph),  64.1 (d,  2JC , P  =  7 .12 Hz,  
CH2) ,  63.4 (d,  2JC , P  =  7.63 Hz,  CH2) ,  47.1 (d ,  1JC , P  =  
139.37 Hz,  PC),  35.0 (CH2) ,  31.9 (CH2) ,  16.5 ( t ,  3JC , P  =  
5.60 Hz,  CH3)  

 
C2 2H2 4F2NO6P 
Requires  [%]:   C 56.53,  H 5.18,  N 3.00 
Found     [%]:   C 56.49,  H 5.44,  N 2.95 



 

8  Experimental  

 

 

 88

Diisopropyl [3-benzyl-1-benzyloxy-2,5-dioxopyrrol idin-3-
y l]phosphonate  (5s)  
 

N

O

O

O
P

O

O
O

 
 
From 0.74 g diisopropyl  [1-benzyloxy-2,5-dioxopyrrol idin-3-
y l]phosphonate  (4c)  according to  GP-2  
 
Yield:           70%, colour less  oi l  
 
IR (Fi lm):    1789 cm- 1 ,  1728 cm- 1  (C=O),  1261 cm- 1  (P=O),  989 cm- 1  
(POC) 
 
1H-NMR:    (400 MHz,  CDCl 3)  = δ  (ppm) 7.40 -  7.13 (m,  10H, ArH),  

4 .87 -  4 .77 (m,  2H,  POCH),  3 .70 -  3 .69 (m,  1H,  CH2),  
3 .02 -  2 .89 (m,  2H,  CH2) ,  2 .62 -  2.60 (m,  1H,  CH 2) ,  1 .42 -  
1 .35 (m,  12H, CH3) 

 

1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.6,  169.5 (C=O),  134.3,  
133.8 (ArCq u a r t . ) ,  130.7,  130.1,  129.7,  129.5,  128.9,  128.8  
(ArCt e r t . ) ,  79.4 (CH2Ph),  73.5 (d ,  2JC , P  =  7 .12 Hz,  POC),  
73.1 (d ,  2JC , P  =  7 .63 Hz,  POC),  48.2 (d,  1JC , P= 139.88 Hz 
PC),  36.5 (CH2) ,  31.9 (CH2) ,  24.6 (d,  3JC , P  = 3.05 Hz,  
CH3) ,  24.5 (d,  3JC , P  = 4.07 Hz,  CH3) ,  24.2 (d,  3JC , P  = 5.59 
Hz,  CH3) ,  24.1 (d ,  3JC , P  = 6.11 Hz,  CH3)  

 
C2 4H3 0NO6P  
Requires  [%]:   C 62.74,  H 6.58,  N 3.05 
Found     [%]:   C 62.63,  H 6.78,  N 2.97 
 
 



 

8  Experimental  

 

 

 89

Diisopropyl [3-(4-f luorobenzyl)-1 -benzyloxy-2,5-dioxopyrrol idin-3-
y l]phosphonate  (5t )  
 

N

O

O

O
P

O

O
O

F  
 
From 0.74 g diisopropyl  [1-benzyloxy-2,5-dioxopyrrol idin-3-
y l]phosphonate  (4c)  according to  GP-2  
 
Yield:          78%, rod-l ike crystals   
 
M.p. :            84 °C 
 
IR (KBr):    1787 cm- 1 ,  1731 cm- 1  (C=O),  1249 cm- 1  (P=O),  975 cm- 1  

(POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  =  δ  (ppm) 7.42 -  6 .95 (m,  9H,  ArH),  

4 .92 -  4 .86 (m,  2H,  CH2Ph),  4 .85 -  4 .77 (m,  2H,  POCH),  
3 .65 -  3 .63 (m,  1H,  CH2) ,  3 .03 -  2.87 (m,  2H,  CH 2) ,  2 .56 -  
2 .64 (m,  1H, CH2) ,  1 .41 -  1  .35 (m,  12H, CH 3)   

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.4,  169.3 (C=O),  162.7 

(d,  JC , F  =  247.19 Hz,  CF),  133.6 (ArCq u a r t . ) ,  132.3,  130.1,  
129.70,  128.9,  116.5 (ArCt e r t . ) ,  79.3 (CH2Ph),  73.6 (d,  
2JC , P  =  7 .12 Hz,  POC),  73.2 (d ,  2JC , P  =  7 .63 Hz,  POC),  
48.2 (d ,  1JC , P= 139.87 Hz PC),  35.6 (CH2) ,  31.9 (CH 2) ,  
24.6 (d ,  3JC , P  = 3 .05 Hz,  CH 3) ,  24.5 (d,  3JC , P  = 4 .07 Hz,  
CH3) ,  24.3 (d ,  3JC , P  = 5.09 Hz,  CH3) ,  24.1 (d ,  3JC , P  = 6.10 
Hz,  CH3)  
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C2 4H2 9NO6P  
Found     [%]:   C 60.33,  H 6.26,  N 2.91 
Requires  [%]:   C 60.37,  H 6.12,  N 2.93 
 
 

8.3.4   Mannich reaction of 4a with piperidine and 

formaldehyde (Section 2.4.3) 

Synthesis  procedure  for  6 
 
To a  s t ir red solut ion of  4a (2 mmol,  0 .68 g)  in  glacial  acet ic acid  (4.6 
mL) was added piper idine (12 mmol)  drop wise.  The mixture  was 
cooled to  30°C and 35% formaldehyde (0.5g,  16 mmol)  was added.  The 
solut ion was s t ir red s lowly  for  1hr  and then poured onto 12 g crushed 
ice .  After  the  ice had mel ted ,  the  resul t ing mixture was made alkaline 
by  s low addit ion of  30% NaOH (5 mL) and then extracted with Et2O (3 
× 10 mL) .  The organic  solvent  was evaporated  and result ing residue 
acidif ied to  pH 2 using 1M HCl (3 mL).  This  mixture  was washed with  
e thy l  acetate  (2  × 5  mL).  30% NaOH (2 mL) was added to  the  aqueous 
solut ion to  reach pH 9.  The crude base was  extracted with ethy l  acetate  
(3  × 5 mL) and the organic  solution dr ied (MgSO4) .  Dry HCl gas  was 
passed through this  e thy l  acetate  solut ion which was then cooled for  24 
h at  4°C,  affording crystal l ine 6  
 
1-{[1-Benzyloxy-3-(diethoxyphosphoryl)-2,5-dioxopyrrol idin-  
3-y l]methyl} piper idinum chlor ide 6  
 

N

O

O

O

P

N
O

O
O

ClH

 
 
Yield:            21%, rod-l ike crystals  
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M.p. :             177 °C 
 
IR (KBr):     1793 cm- 1 ,  1720 cm- 1  (C= O),  1245 cm- 1  (P=O),  1010 cm- 1  

(POC) 
 
1H-NMR:    (400 MHz,  DMSO-d6)  = δ  (ppm) 10.49 (s ,  1H,  NH),  7 .50 – 

7.41 (m,  5H,  ArH),  5 .08 (s ,  2H,  CH 2Ph),  4 .16 – 4.12 (m,  
4H,  POCH2),  3 .60 – 1.63 (m,  14H, CH2) ,  1 .29 – 1.23 (m,  
6H,  CH 3) 

 
1 3C-NMR:    (101 MHz,  DMSO-d6)  = δ  (ppm) 170.0 ,  168.6 (C=O),  

134.9 (ArCq u a r t .) ,  129.9,  129.5,  128.8 (ArCt e r t .) ,  78.7 
(CH 2Ph) ,  55.9 (d ,  2JC , P  =  4 .07 Hz,  POC),  48.1 (CH 2) ,  35.2 
(CH 2) ,  28.1 (CH 2) ,  22.4 (CH2) ,  21.9 (CH2) ,  16.5 (q ,  3JC , P  =  
5.59 Hz,  CH3)  

 
C2 1H3 1N2O6P·HCl 
Requires  [%]:   C 53.11,  H 6.79,  N 5.90 
Found     [%]:   C 53.00,  H 6.84,  N 5.92  
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8.4  Procedures and Analytical Data for Chapter 3 

8.4.1  Synthesis of dibenzyl [1-benzyloxy-2,5- 

dioxopyrrolidin-3-yl]phosphonate (Section 3.3) 

Synthesis  procedure  for  9 
 
Tr imethyls i ly l  bromide (3.8  mL) was added to  a  solut ion of  diethyl  [1-
benzyloxy-2,5-dioxopyrrol idin-3-y l]phosphonate  (4a)  (4 mmol ,  6 .82g)  
in dry  dichloromethane (5 mL) and the react ion mixture was s t ir red at  
room temperature for  24 h.  The solvent  was evaporated and the 
remaining oil  was dissolved in  MeOH (5 mL),  t reated with water  (0 .1  
mL),  and s t i r red for  10 min.  The solvents  were removed under  reduced 
pressure and the res idue dr ied  in vacuo for  12 h.   
The resul t ing phosphonic acid was d issolved in  dry  dichloromethane 
(10 mL) under  ni t rogen atmosphere,  PCl5  (8 mmol,  1 .63g)  was added 
port ion wise over  5 min then the mixture was s t i r red for  another  30 min 
before being ref luxed for  2 h .  The contents  were evaporated under  
pressure  a t  60°C and the resul t ing brown oi l  dissolved in  dry  
dichloromethane (10 mL) under  ni t rogen atmosphere.   
After  cooling to  0°C,  a  mixture  of  absolute  pyridine (7.2  mmol,  0 .57g)  
and benzyl  a lcohol  (7 .2 mmol,  0 .78g)  was added drop wise over  10 min.  
The mixture was s t ir red for  15 min at  0°C and then for  14 h at  room 
temperature.  The solut ion was  then washed wi th ice cold  1N NaOH (5 
mL),  ice cold 1N HCl (5 mL) ,  saturated NaHCO3 solut ion (5  mL),  water  
(5  mL),  saturated NaCl solution (5 mL) and then dr ied with MgSO4.  
Evaporat ion in  vacuo resul ted in  yellow oi l  that  was purif ied  via  
column chromatography (diethyl  ether)  to  y ield colour less  o i l  that  
became pink needle- l ike crysta ls .  
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Dibenzyl [1-benzyloxy-2,5-dioxopyrrolid in-3-y l]phosphonate (9)  
(Sect ion 3 .3)  
 

N

O

O

O
P

O

O
O

 
 
Yield:            10%, pink needle- l ike crystals  
 
M.p. :              74 °C 
 
IR (KBr):     1784 cm- 1 ,  1724 cm- 1  (C=O),  1247 cm- 1  (P=O),  995 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 7.44 -  7.36 (m,  15H, Ar-H),  

5 .15 -  4 .96 (m,  4H,  POCH2),  4.93 (ABs,  2H,  CH2Ph),  3.19 
-  3 .09 (m,  1H,  PCH),  2 .98 -  2.68 (m,  2H,  CH2)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 168.9 (C=O),  133.1  

(ArCq u a r t . )  128.3,  128.4,  128.5,  128.8,  128.9,  129.4  
(ArCt e r t . ) ,  78.9 (CH2Ph),  69.3 (d,  2JC , P  =  6 .61 Hz ,  POC),  
68.8 (d ,  2JC , P  =  6.61 Hz ,  POC),  36.9 (d,  1JC , P  =  142.9 Hz,  
PCH),  27.7 (CH2)   

 

3 1P-NMR:        (203 MHz,  CDCl3)  = δ  (ppm) 21.25 (POBn) 
 
C2 5H2 4NO6P 
Requires  [%]:   C 64.51,  H 5.20,  N 3.01 
Found     [%]:   C 64.46,  H 5.30,  N 2.87 
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8.4.2  Preparation of Ethanolamine Monosalts 12a-f (Section 

3.4) 

2-Hydroxyethanaminium hydrogen (1-benzyloxy-2,5-dioxopyrrol idin-3-
y l)phosphonate  12a 
 

OH

NH3
N

O

O

O
P

O

OH

O
+

 
 
From 1.02 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate (4a)  according to  GP-3 
 
Yield :            53%, amorphous powder  
 
M.p. :             178 °C 
 
IR (KBr):       1724cm- 1 ,  1782cm- 1  (C=O) 
 
1H-NMR:      (400 MHz,  D2O) = δ  (ppm) 7.44 -  7 .35 (m,  5H,  Ar-H),  

5 .13 (ABs,  J  =  16.87 Hz,  2H,  CH2Ph) ,  3 .70 ( t ,  J  =  6.33 
Hz,  2H,  CH2NH 3) ,  3 .19 -  3 .10 (m,  1H,  PCH),  3 .02 ( t ,  J = 
5.97 Hz,  2H,  CH2OH),  2 .94 -  2 .84 (m,  1H,  CH2) ,  2 .76 -  
2 .66 (m,  1H, CH2)  

 
1 3C-NMR    (101 MHz,  D 2O) = δ  (ppm) 174.3,  172.6 (C=O),  133.5  

(ArCq u a r t .) ,  130.8,  130.2,  129.2(ArCt e r t ) ,  79.6 (CH2Ph) ,  
57.9 (CH2OH),  41.6 (CH 2NH3),  38.9 (d,  1JC , P  =  125.12 Hz,  
PCH),  28.9 (CH2CO) 

 
C1 3H1 9N2O7P 
Requires  [%]:   C 45.09,  H 5.53,  N 8.09 
Found     [%]:   C 44.95,  H 5.62,  N 7.94 
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2-Hydroxyethanaminium hydrogen (3-al ly l-1-benzyloxy-2,5-  
dioxopyrrolid in-3-yl)phosphonate  12b 
 

OH

NH3
N

O

O

O
P

O

OH

O
+

 
 
From 1.14 g diethy l  [3-al ly l-1-benzyloxy-2,5-dioxopyrrolidin-3-
y l]phosphonate  (5a)  according to  GP-3  
 
Yield :          64%, amorphous powder  
 
M.p. :           169 °C   
 
IR (KBr):      1786 cm- 1 ,  1706 cm- 1   (C=O) 
 
1H-NMR:     (400 MHz,  D 2O) = δ  (ppm) 7.47 – 7.45 (m,  5H,  ArH),   

5 .38–5.28 (m,  1H,  CHCH2),  5 .17 – 5.13 (m,  2H,  CHCH2) ,  
5 .10 (s ,  2H,  CH2Ph) ,  3 .78 ( t ,  J = 5.12,  2H,  CH 2NH3) ,  3 .10 
( t ,  J =  5.12,  2H,  CH2OH),  2.92–2.67 (m,  3H, CH 2) ,  2 .40 –  
2.33 (m, 1H, CH2)   

 
1 3C-NMR:   (101 MHz,  D2O) = δ  (ppm)   174.1,  174.0 (C=O),  133.4 

(ArCq u a r t .) ,  131.4,  130.3,  129.2 (ArCt e r t .) ,  121.4 (CH 2) ,  
79.5 (CH 2Ph),  57.9 (CH2OH),  47.7 (d,  1JC , P  =  125.12,  PC),  
41.6 (CH2NH3) ,  35.7 (CH 2CH),  32.7 (CH 2)  

 
C1 6H2 3N2O7P 
Requires  [%]:   C 49.74,  H 6.00,  N 7.25 
Found     [%]:   C 49.73,  H 6.13,  N 7.15 
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2-Hydroxyethanaminium hydrogen [1-benzyloxy-3-(4-methylbenzyl)-  
2 ,5-dioxopyrrol idin-3-y l]phosphonate  12c 
 

OH

NH3
N

O

O

O
P

O

OH

O
+

 
 
From 1.34 g diethy l  [1-benzyloxy-3-(4-methylbenzyl)-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5b )  according to  GP-3 
 
Yield :           65%, amorphous powder  
 
M.p. :            187 °C 
 
IR (KBr):      1786cm- 1 ,  1712cm- 1  (C=O) 
 
1H-NMR:     (400 MHz,  D2O) = δ  (ppm) 7.91 – 6.93 (m,  9H,  ArH),  4 .81 

– 4.58 (m,  2H,  CH 2Ph),  3 .72 ( t ,  J  =  6 .09 Hz,  2H,  
CH2NH3) ,  3 .54 – 3.50 (m,  1H,  CH 2) ,  3 .04 ( t ,  J = 6.47 Hz,  
2H,  CH2OH),  2 .87 – 2.79 (m,  2H,  CH2) ,  2 .65 – 2.58 (m,  
1H,  CH 2) ,  2 .21 (s ,  3H,  CH 3)  

 
1 3C-NMR:   (101 MHz,  D 2O) = δ  (ppm) 173.7,  173.6 (C=O),  138.3,  

130.7 (ArCq u a r t .) ,  130.6,  130.1,  130.0,  129.1 (ArCt e r t ) ,  
79.7 (CH 2Ph),  57.9 (CH2OH),  49.6 (d,  1JC , P  =  123.60 Hz,  
PC),  41.6 (CH 2NH3) ,  36.4 (CH2) ,  32.3 (CH2) ,  20.5 (CH3)  

 
C2 1H2 2N2O7P 
Requires  [%]:   C 56.00,  H 6.04,  N 6.22 
Found     [%]:   C 55.68,  H 6.05,  N 6.19 
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2-Hydroxyethanaminium hydrogen (3-benzyl-1-benzyloxy-  
2 ,5-dioxopyrrol idin-3-y l)phosphonate  12d 
 

OH

NH3
N

O

O

O
P

O

OH

O
+

 
 
From 1.29 g diethy l  [3-benzyl-1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (5c)  according to  GP-3  
 
Yield :           57%, amorphous powder  
 
M.p. :            175 °C 
 
IR (KBr):      1784 cm- 1 ,  1710 cm- 1  (C=O) 
 
1H-NMR:      (400 MHz,  D2O) = δ  (ppm) 7.27–6.95 (m,  10H, ArH),  4.74 

– 4 .55 (m,  2H,  CH2Ph) ,  3.66 ( t ,  J =  6.49,  2H,  CH2NH3) ,  
3 .53 (CH2) ,  2.98 ( t ,  J 6.48,  2H,  CH2OH),  2 .86 – 2.76 (m,  
2H,  CH 2) ,  2 .60 (q,  1H,  CH2) 

 
1 3C-NMR:   (101 MHz,  D 2O) = δ  (ppm) 175.2,  173.6 (C=O),  135.7,  

133.4 (ArCq u a r t .) ,  130.7,  129.4,  129.1,  128.1 (ArCt e r t ) ,  
79.7 (CH2Ph),  57.9 (CH2OH),  41.6 (CH2NH3) ,  48.2 (d,  
1JC , P  =  142.92,  PC),  36.9 (CH2) ,  32.4 (CH2)  

 
C2 0H2 5N2O7P 
Requires  [%]:   C 55.05,  H 5.77,  N 6.42 
Found     [%]:   C 54.51,  H 6.30,  N 5.79 
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2-Hydroxyethanaminium hydrogen [1-benzyloxy-3-(4-f luorobenzyl)-  
2 ,5-dioxopyrrol idin-3-y l]phosphonate  12e 
 

OH

NH3
N

O

O

O
P

O

OH

O

F

+

 
 
From 1.35 g diethy l  [1-benzyloxy-3-(4-f luorobenzyl)-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5d )according to  GP-3  
 
Yield :           68%, amorphous powder  
 
M.p. :            172 °C 
 
IR (KBr):      1786 cm- 1 ,  1712 cm- 1  (C=O) 
 
1H-NMR:     (400 MHz,  D2O) = δ  (ppm) 7.39 – 7.18 (m,  9H,  ArH),  4 .94 

– 4.70 (m,  2H,  CH 2Ph),  3 .83 ( t ,  J =  6.35 Hz,  2H,  
CH2NH3),  3 .75 – 3.60 (m,  1H,  CH2) ,  3 .17 ( t ,  J  =  6 .38,  2H,  
CH2OH),  3 .05 – 2.90 (m,  2H,  CH2) ,  2 .70 – 2.60 (m,  1H,  
CH2)   

 
1 3C-NMR:    (101 MHz,  D2O) = δ  (ppm) 175.1,  173.5 (C=O),  162.5 (d,  

JC , F  =  243.13 Hz,  CF),  133.4 (ArCq u a r t .) ,  132.4,  130.6,  
129.1,  116.2,  115.9 (ArCt e r t ) ,  79.7 (CH2Ph) ,  57.9  
(CH 2OH),  49.6 (d,  1JC , P  =  122.58 Hz,  PC),  41.6 (CH2NH3),  
35.9 (CH2) ,  32.3 (CH2)  

 
C2 0H2 4FN2O7P 
Requires  [%]:   C 52.87,  H 5.32,  N 6.17 
Found     [%]:   C 52.52,  H 6.01,  N 5.29 
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2-Hydroxyethanaminium hydrogen [1-benzyloxy-3-(4-methoxybenzyl)-
2,5-dioxopyrrol idin-3-y l]phosphonate  12f  
 

OH

NH3

O

N

O

O

O
P

O

OH

O
+

 
 
From 1.38 g diethy l  [1-benzyloxy-3-(4-methoxybenzyl)-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5e)  according to  GP-3  
 
Yield :          66%, amorphous powder  
 
M.p. :            205 °C 
 
IR (KBr):      1784cm- 1 ,  1712cm- 1  (C=O) 
 
1H-NMR:     (400 MHz,  D2O) = δ  (ppm) 7.52 – 7.11 (m,  9H,  ArH),  5 .01 

– 4 .79 (m,  2H,  CH2Ph),  3 .91 (s ,  3H,  OCH 3) ,  3.93 – 3.90 
(m,  2H,  CH 2NH3) ,  3.72 – 3.68 (m,  1H,  CH2) ,  3 .23 ( t ,  J = 
5.30 Hz,  2H,  CH2OH),  3 .07 – 2.98 (m,  2H,  CH2) ,  2 .84 – 
2.76 (m, 1H, CH2)  

 
1 3C-NMR:   (101 MHz,  D 2O) = δ  (ppm) 174.5,  173.7 (C=O),  158.7,  

133.5 (ArCq u a r t . ) ,  132.1,  130.6,  130.1,  129.0,  114.8  
(ArCt e r t . ) ,  79.7 (CH2Ph),  57.9 (CH2OH),  55.8 (OCH3),  41.6 
(CH 2NH3) ,  36.0 (CH2) ,  32.3 (CH2)  

 
C2 1H2 7N2O8P·½H2O 
Found     [%]:   C 53.27,  H 5.91,  N 5.77 
Requires  [%]:   C 53.04,  H 5.93,  N 5.89 
 
 



 

8  Experimental  

 

 

 100

8.5 Procedures and Analytical Data for Chapter 4 

8.5.1  Catalytic hydrogenation of 12a-f monosalts (Section 

4.1) 

2-Hydroxyethanaminium hydrogen (1-hydroxy-2,5-dioxopyrrolidin-3-
y l)phosphonate  13a 
 

OH

NH3
N

O

O

OH
P

O

OH

O
+

 
 
From 1.73 g 2-hydroxyethanaminium hydrogen (1-benzyloxy-2,5-
dioxopyrrolid in-3-yl)phosphonate  (12a)  according to  GP-4  
 
Yield :            95%, amorphous powder  
 
M.p. :             190 °C 
 
IR (KBr):       1774 cm- 1 ,  1718 cm- 1   (C=O) 
 
1H-NMR:   (400 MHz,  D2O) = δ  (ppm) 3.82 ( t ,  J = 4.83 Hz,  2H,  

CH2NH3) ,  3 .36 -  3 .26 (m,  1H,  PCH),  3.15 ( t ,  J = 7.78 Hz,  
2H,  CH2OH),  3 .12 -  3 .03 (m,  1H,  CH 2) ,  2 .93 -  2 .83 (m,  
1H,  CH 2) 

 
1 3C-NMR:   (101 MHz,  D2O) = δ  (ppm) 175.2,  173.4 (C=O),  57.9  

(CH 2OH),  41.6  (CH 2NH3) ,  38.7 (d,  1JC , P  =  126.21 Hz,  PC),  
28.8 (CH2)  

 
C6H1 3N2O7P 
Requires  [%]:   C 28.13,  H 5.12,  N 10.94 
Found     [%]:   C 28.11,  H 5.28,  N 10.78 
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2-Hydroxyethanaminium hydrogen (1-hydroxy-3-propyl-2,5-
dioxopyrrolid in-3-yl)phosphonate  13b 
 

OH

NH3
N

O

O

OH
P

O

OH

O
+

 
 
From 1.93 g 2-hydroxyethanaminium hydrogen (3-al ly l-1-benzyloxy-
2,5-dioxopyrrol idin-3-y l)phosphonate  (12b)  according to  GP-4  
 
Yield :           92%, amorphous powder  
 
M.p. :            168 °C 
 
IR (KBr):      1780 cm- 1 ,  1701 cm- 1   (C=O) 
 
1H-NMR:   (400 MHz,  D2O) = δ  (ppm) 3.82 ( t ,  J  =  5.06 Hz,  2H,  

CH2NH3) ,  3 .14 ( t ,  J = 5.29 Hz,  2H,  CH2OH),  3 .07 – 2.81 
(m,  2H,  CH 2) ,  2 .15 – 2.05 (m,  1H,  CH2) ,  1.83 – 1.74 (m,  
1H,  CH 2) ,  1 .41 – 1.33 (m,  1H,  CH2) ,  1 .19 – 1.06 (m,  1H,  
CH2) ,  0 .92 ( t ,  J = 7.40 Hz,  3H,  CH3)  

 
 1 3C-NMR:  (101 MHz,  D2O) = δ  (ppm) 176.9,  175.8 (C=O),  57.9  

(CH 2OH),  48.0 (d,  1JC , P  =  127.16,  PC),  41.6 (CH2NH3),  
33.8 (d ,  2JC , P  =  2 .55,  CCH2) ,  33.3 (CH2) ,  17.4 (d ,  3JC , P  =  

10.69 Hz,  CH 2CH3) ,  13.8 (CH3) 
 
C9H1 9N2O7P  
Requires  [%]:   C 36.25,  H 9.39,  N 6.42 
Found     [%]:   C 35.94,  H 9.28,  N 6.45 
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2-Hydroxyethanaminium hydrogen [1-hydroxy-3-(4-methylbenzyl)-2,5-
dioxopyrrolid in-3-yl]phosphonate  13c  
 

OH

NH3
N

O

O

P

O

OH

O OH
+

 
 
From 2.25 g 2-hydroxyethanaminium hydrogen [1-benzyloxy-3-(4-
methylbenzyl)-2,5-dioxopyrrol id in-3-yl]phosphonate  (12c)  according to  
GP-4  
 
Yield :            90%, amorphous powder  
 
M.p. :             214 °C 
 
IR (KBr):      1780cm- 1 ,  1701cm- 1  (C=O) 
 
1H-NMR:     (400 MHz,  D2O) = δ  (ppm) 6.95 – 6.83 (m,  4H,  ArH),  3 .56 

(m,  J = 6.52 Hz,  2H,  CH2NH3) ,  3 .36 – 3.32 (m,  1H,  CH 2) ,  
2 .88 ( t ,  J = 8.14 Hz,  2H,  CH2OH),  2 .78 – 2.67 (m,  2H,  
CH2) ,  2 .48 – 2.41 (m,  1H,  CH2) ,  2 .03 (s ,  3H,  CH3)  

 
1 3C-NMR:   (101 MHz,  D 2O) = δ  (ppm) 174.5,  174.3 (C=O),  138.1,  

132.3 (ArCq u a r t .) ,  130.2,  129.8 (ArCt e r t . ) ,  57.9 (CH2OH),  
48.0 (d ,  1JC , P  =  127.05 Hz,  PC),  41.6 (CH 2NH3) ,  36.8  
(CH 2) ,  32.3 (CH2) ,  20.4 (CH 3)  

 
 
C1 4H2 1N2O7P·½H2O 
Found     [%]:   C 45.83,  H 5.87,  N 7.60 
Requires  [%]:   C 45.51,  H 6.01,  N 7.59  
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2-Hydroxyethanaminium hydrogen (3-benzyl-1-hydroxy-2,5-
dioxopyrrolid in-3-yl)phosphonate  13d  
 

OH

NH3
N

O

O

OH
P

O

OH

O
+

 
 
From 2.18 g 2-hydroxyethanaminium hydrogen (3-benzyl-1-benzyloxy-  
2 ,5-dioxopyrrol idin-3-y l)phosphonate  (12d)  according to  GP-4  
 
Yield :          96%, amorphous powder  
 
M.p. :            232 °C 
 
IR (KBr):      1780 cm- 1 ,  1697 cm- 1   (C=O) 
 
1H-NMR:     (400 MHz,  D2O) = δ  (ppm) 7.38 – 7.21 (m,  5H,  ArH),  3 .82 

( t ,  J  = 5.92 Hz,  2H,  CH2NH 3),  3 .67 – 3.62 (m,  1H,  CH2) ,  
3 .14 ( t ,  J = 6.30 Hz,  2H,  CH2OH),  3 .05 – 2.97 (m,  2H,  
CH2) ,  2 .96 – 2.75 (m,  1H,  CH2)   

 
1 3C-NMR:   (101 MHz,  D2O) = δ  (ppm) 176.1,  174.3 (C=O),  135.5 

(ArCq u a r t . ) ,  130.0,  129.2,  127.9 (ArCt e r t . ) ,  57.9 (CH2OH),  
49.0 (d ,  1JC , P  =  126.65 Hz,  PC),  41.6 (CH 2NH3) ,  37.2  
(CH 2) ,  32.3 (CH2)  

 
C1 3H1 9N2O7P 
Requires  [%]:   C 45.09,  H 5.53,  N 8.09 
Found     [%]:   C 44.83,  H 5.36,  N 7.92 
 



 

8  Experimental  

 

 

 104

2-Hydroxyethanaminium hydrogen [3-(4-f luorobenzyl)-1-hydroxy-2,5-
dioxopyrrolid in-3-yl]phosphonate  13e  
 

OH

NH3
N

O

O

OH
P

O

OH

O

F

+

 
 
From 2.27 g 2-hydroxyethanaminium hydrogen [1-benzyloxy-3-(4-
f luorobenzyl)-2,5-dioxopyrrol id in-3-y l]phosphonate  (12e )  according to  
GP-4  
 
Yield :            90%, amorphous powder  
 
M.p. :             160 °C 
 
IR (KBr):      1782cm- 1 ,  1697cm- 1   (C=O) 
 
1H-NMR:     (400 MHz,  D2O) = δ  (ppm) 7.09 – 7.06 (m,  4H,  ArH),  3 .82 

( t ,  J =  7.75 Hz,  2H,  CH2NH3) ,  3 .64 – 3.59 (m,  1H,  CH 2) ,  
3 .14 ( t ,  J = 7.74 Hz,  2H,  CH2OH),  3 .06 – 2.90 (m,  2H,  
CH2) ,  2 .74 – 2.67 (m,  1H,  CH2)   

 
1 3C-NMR:    (101 MHz,  D2O) = δ  (ppm) 176.0,  174.2 (C=O),  162.4 (d,  

JC , F  =  243.13 Hz,  CF),  131.8,  115.7 (ArCt e r t . ) ,  57.9 
(CH 2OH),  48.9 (d,  1JC , P  =  126.65 Hz,  PC),  41.6 (CH2NH3),  
36.4 (CH2) ,  32.2 (CH2)  

.  
C1 3H1 8FN2O7P·½H2O 
Requires  [%]:   C 41.81,  H 5.13,  N 7.51 
Found     [%]:   C 41.91,  H 5.04,  N 7.39 
 



 

8  Experimental  
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2-Hydroxyethanaminium hydrogen [1-hydroxy-3-(4-methoxybenzyl)-
2,5-dioxopyrrol idin-3-y l]phosphonate  13f  
 

OH

NH3

O

N

O

O

P

O

OH

O OH
+

 
 
From 2.33 g  2-hydroxyethanaminium hydrogen [1-benzyloxy-3-(4-
methoxybenzyl)-2,5-dioxopyrrol idin-3-y l]phosphonate  (12f )  according 
to GP-4  
 
Yield :            96%, amorphous powder  
 
M.p. :             214 °C 
 
IR (KBr):      1780cm- 1 ,  1716cm- 1  (C=O) 
 
1H-NMR:     (400 MHz,  D2O) = δ  (ppm) 7.17 – 6.95 (m,  4H,  ArH),  3 .84 

– 3.82 (m,  2H,  CH2NH3),  3 .81 (s ,  3H,  OCH3) ,  3 .61 – 3.56 
(m,  1H,  CH2) ,  3 .15 ( t ,  J = 5.16 Hz,  2H,  CH2OH),  3 .05 –  
2.92 (m, 2H, CH2) ,  2 .74 – 2.68 (m,  1H,  CH 2) 

 
1 3C-NMR:   (101 MHz,  D 2O) = δ  (ppm) 176.2,  174.4 (C=O),  158.5,  

127.9 (ArCq u a r t .) ,  132.5,  114.6 (ArCt e r t . ) ,  49.1 (d ,  1JC , P  =  

124.62 Hz,  PC),  57.9 (CH2OH),  55.7 (OCH 3) ,  41.6 
(CH 2NH3) ,  36.5 (CH2) ,  32.3 (CH2)   

 
C1 4H2 1N2O8P 
Requires  [%]:   C 44.69,  H 5.62,  N 7.44 
Found     [%]:   C 44.49,  H 5.67,  N 7.37 
 



 

8  Experimental  
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8.5.2  Catalytic hydrogenation of diethyl phosphonate 

1-benzyloxysuccinimides (5) (Section 4.2) 

 
Diethyl  (1-hydroxy-2,5-dioxopyrrolidin-3-y l)phosphonate  (14a)  
 

N

O

O

OH
P

O
O

O

 
 
From 0.34 g diethy l  [1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (4a)  according to  GP-4  
 
Yield :            76%, amorphous powder  
 
M.p. :             95 °C  
 
IR (KBr):       1791 cm- 1 ,  1724 cm- 1  (C=O),  1230 cm- 1  (P=O),  1026 cm- 1  

(POC) cm- 1  

 

1H-NMR:     (400 MHz,  CDCl3)  =  δ  (ppm) 4.19 (m,  4H,  CH2) ,  3 .32 (m,  
1H,  PCH),  2.92 (m,  2H,  CH2) ,  1 .35 (m,  6H,  (CH3)   

 
1 3C-NMR:   (101 MHz,  CDCl3)  = δ  (ppm) 170.2,  167.4 (C=O),  64.8,  

(CH 2),  63.8 (CH2) ,  27.6 (CH2) ,  36.6 (d,  1JC . P  =  147.00 Hz,  
PCH),  16.3 (CH3)   

 
C8H1 4NO6P 
Requires  [%]:   C 38.26,  H 5.62,  N 5.58 
Found     [%]:   C 38.25,  H 5.51,  N 5.60 



 

8  Experimental  
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Diethyl  (3-benzyl-1-hydroxy-2,5-dioxopyrrolidin-3-y l)phosphonate  14b  
 

N

O

O

OHP
O

O
O

 
 
From 0.43 g diethy l  [3-benzyl-1-benzyloxy-2,5-dioxopyrrol id in-3-
y l]phosphonate  (5c)  according to  GP-4  
 
Yield :            69%, amorphous powder  
 
M.p. :             162 °C 
 
IR (KBr):      1786cm- 1 ,  1724cm- 1  (C=O),  1242 (P=O),  1026 (POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  = δ  (ppm) 7.11 – 7.04 (m,  5H,  ArH),  

4 .22 – 4.19 (m,  4H,  CH2) ,  3 .64 – 3.61 (m,  2H,  CH 2) ,  2 .96 
– 2.86 (m,  2H,  CH 2) ,  2 .58 – 2.56 (m,  2H,  CH2) ,  1.38 (m,  
6H,  (CH3) 

 
1 3C-NMR:   (101 MHz,  CDCl3)  =  δ  (ppm) 170.9,  169.8 (C=O),  133.9  

(ArCq u a r t .) ,  130.5,  129.4,  128.3 (ArCt e r t . ) ,  66.1 (d,  2JC , P  = 
7.12 Hz,  POC),  64.1 (d,  2JC , P  = 7.63 Hz,  POC),  47.8 (d,  
1JC . P  =  143.4 Hz,  PC),  37.1 (CH2) ,  31.3 (CH2) ,  16.8 (q,  
3JC , P  = 6.60 Hz,  CH3)  

 
C1 5H2 0NO6P 
Requires  [%]:   C 52.79,  H 5.91,  N 4.10 
Found     [%]:   C 52.37,  H 5.97,  N 3.91 
 
 



 

8  Experimental  
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Diethyl  [3-(4-f luorobenzyl)-1-hydroxy-2,5-dioxopyrrol idin-3-
yl]phosphonate 14c  
 

N

O

O

OHP
O

O
O

F  
 
From 0.45 g diethy l  [1-benzyloxy-3-(4-f luorobenzyl)-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5d )  according to  GP-4  
 
Yield :           85%, amorphous powder  
 
M.p. :            155 °C 
 
IR (KBr):   1782cm- 1 ,  1720cm- 1  (C=O),  1245cm- 1  (P=O),  1010cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  =  δ  (ppm) 7.06-  7 .04 (m,  4H,  ArH),  

4 .32 -  4 .30 (m,  4H,  CH2) ,  3.60 -  2 .85 (m,  2H,  CH2Ph) ,  
2 .98 -  2 .54 (m,  2H,  CH2) ,  1 .37 -1.35 (m,  6H,  CH 3)   

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.8,  169.7 (C=O),  162.8 

(d,  JC . F  =  247.7 Hz,  CF),  132.2,  116.5 (ArCt e r t . ) ,  129.6 
(ArCq u a r t . ) ,  66.2 (CH 2) ,  64.2 (CH 2),  47.8 (d,  1JC . P  = 143.43 
Hz,  PC),  36.3 (CH 2) ,  31.3 (CH2) ,  16.7 (CH3)   

 
C1 5H1 9FNO6P 
Requires  [%]:   C 50.14,  H 5.33,  N 3.90 
Found     [%]:   C 50.05,  H 5.44,  N 3.75 
 



 

8  Experimental  
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Diethyl  (1-hydroxy-3-(4-methoxybenzyl)-2,5-dioxopyrrolidin-3-
y l)phosphonate  14d 

N

O

O

OH
P

O

O
O

O
 

 
From 0.46 g diethy l  [1-benzyloxy-3-(4-methoxybenzyl)-2,5-
dioxopyrrolidin-3-yl]phosphonate  (5e)  according to  GP-4  
 
Yield :            49%, amorphous powder  
 
M.p. :             156 °C 
 
IR (KBr):    1783cm- 1 ,  1721 cm- 1  (C=O),  1245 cm- 1  (P=O),  1018 cm- 1  

(POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  = δ  (ppm) 7.02 – 6.78 (m,  4H,  ArH),  

4 .37 -  4 .20 (m,  4H,  CH 2) ,  3 .76 (s ,  3H,  CH 3) ,  3 .62 – 3.57 
(m,  1H,  CH2) ,  3 .01 -  2 .78 (m,  2H,  CH2) ,  2 .61 – 2.54 (m,  
1H,  CH 2) ,  1 .43 -  1 .36 (m,  6H,  CH3)  

 
1 3C-NMR:   (101 MHz,  CDCl3)  =  δ  (ppm) 167.1 (C=O),  131.6,  114.8  

(ArCt e r t . ) ,  63.9 (d ,  2JC , P  =  7.12 Hz,  POC),  64.1 (d,  2JC , P  =  
6.61 Hz,  POC),  55.6 (OCH3) ,  36.1 (CH2) ,  31.4 (CH2) ,  16.5  
(CH 3) 

 
C1 6H2 2NO7P·½H2O 
Requires  [%]:   C 50.53,  H 6.10,  N 3.68 
Found     [%]:   C 50.18,  H 6.00,  N 3.86 
 



 

8  Experimental  
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Diethyl  [3-(3,5-dimethylbenzyl)-1-hydroxy-2,5-dioxopyrrolid in-3-
y l]phosphonate  14e  
 

N

O

O

OH
P

O

O
O

 
 
From 0.46 g die thy l  [3-(3,5-dimethylbenzyl)-1-benzyloxy-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5m )  according to  GP-4  
 
Yield :           79%, amorphous powder       
 
M.p. :            149 °C      
 
IR (KBr):     1785 cm- 1 ,  1723 cm- 1  (C=O),  1237 cm- 1  (P=O),  1020 cm- 1  

(POC) 
 
1H-NMR:    (400 MHz,  CDCl 3)  = δ  (ppm) 9.61 (s ,  1H,  OH),  6 .96 (s ,  1H,  

ArH),  6 .86 (s ,  2H,  ArH),  4 .36 – 4.22 (m,  4H,  CH 2) ,  3 .57 
( t ,  J = 6.63 Hz,  1H,  CH2) ,  2 .93 ( t ,  J = 17.99 Hz,  1H,  CH 2) ,  
2 .77 ( t ,  J = 6.94 Hz,  1H CH2) ,  2 .59 ( t ,  J = 9.15 Hz,  1H,  
CH2) ,    2 .24 (s ,  6H,  CH3) ,  1 .42 -  1 .38 (m,  6H,  CH 3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.9,  169.9 (C=O),  138.9,  

133.6 (ArCq u a r t . ) ,  129.9,  128.2 (ArCt e r t . ) ,  66.0 (d ,  2JC , P  =  
6.11 Hz,  CH2) ,  64.0 (d,  2JC , P  =  7.12 Hz,  CH2) ,  36.4 (CH2),  
36.7 (CH2) ,  31.2 (CH2) ,  21.6(CH 3)  16.8 (CH3)  

 
C1 7H2 4NO6P 
Requires  [%]:   C 55.28,  H 6.55,  N 3.79 
Found     [%]:   C 54.47,  H 6.60,  N 3.98 
 



 

8  Experimental  
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Diethyl  [1-hydroxy-3-(3-phenoxybenzyl)-2,5-dioxopyrrol idin-  
3-y l]phosphonate 14f  
 

N

O

O

OHP

O

O
O

O  
 
From 0.52 g diethy l  [1-benzyloxy-3-(3-phenoxybenzyl)-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5f )according to GP-4  
 
Yield :           52%, amorphous powder  
 
M.p. :            174 °C 
 
IR (KBr):    1787 cm- 1 ,  1723 cm- 1  (C=O),  1254 cm- 1  (P=O),  971 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl 3)  = δ  (ppm) 9.37 (s ,  1H,  OH),  7 .35 – 6.76 

(m,  9H,  ArH),  4 .36 – 4 .19 (m,  4H,  CH2) ,  3 .63 – 3.60 (m,  
1H,  CH 2) ,  2 .99 – 2.93 (m,  1H,  CH2) ,  2 .82 – 2.79 (m,  1H,  
CH2) ,  2 .58 – 2.55 (m,  1H,  CH2) ,  1 .39 – 1.36 (m,  6H,  
(CH 3)2)  

  
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 171.6,  169.6 (C=O),  158.1,  

152.3 (ArCq u a r t .) ,  125.1,  123.9,  120.8,  119.4,  118.6  
(ArCt e r t .) ,  65.9 (d ,  2JC , P  = 6.61 Hz,  POC),  64.0 (d ,  2JC , P  = 
7.63 Hz,  POC),  47.8 (d ,  1JC . P  =  142.42 Hz,  PC),  36.8  
(CH 2) ,  31.3 (CH2) ,  16.7 (q,  3JC , P  = 5.76 Hz,  CH3)  

 
C2 1H2 4NO7P  
Requires  [%]:   C 58.20,  H 5.58,  N 3.23 
Found     [%]:   C 57.85,  H 5.76,  N 3.17 
 



 

8  Experimental  
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Diethyl  (1-hydroxy-3-methyl-2,5-dioxopyrrolidin-  
3-y l)phosphonate 14g  
 

N

O

O

OH
P

O

O
O

 
 
From 0.36 g diethy l  [1-benzyloxy-3-methyl-2,5-dioxopyrrolidin-3-
y l]phosphonate (5g)  according to  GP-4  
 
Yield :           76%, amorphous powder  
 
M.p. :            118 °C 
 
IR (KBr):     1782 cm- 1 ,  1720 cm- 1  (C=O),  1230 cm- 1  (P=O),  1014 cm- 1  

(POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  = δ  (ppm) 4.31 – 4.17 (m,  4H,  CH 2) ,  

3 .20 ( t ,  J = 17.14 Hz,  1H,  CH 2) ,  2 .45 (q,  J = 9.40 Hz,  1H,  
CH2) ,  1.55 (d,  J  = 16.85 Hz,  3H,  CH3) ,  1.40 – 1.34 (m,  
6H,  CH 3) 

 
1 3C-NMR:     (101 MHz,  CDCl3)  = δ  (ppm) 171.4,  169.7 (C=O),  65.4 (d,  

2JC , P  = 6 .61 Hz,  POC),  63.6 (d ,  2JC , P  = 7.63 Hz,  POC),  
41.9 (d ,  1JC . P  =  147.50 Hz,  PC),  35.9 (CH2) ,  31.9 (CH 2),  
19.7 (d ,  3JC , P  = 4 .98 Hz,  CH 3) ,  16.3 (d,  3JC , P  = 5 .93 Hz,  
CH3)  

 
C9H1 6NO6P 
Requires  [%]:   C 40.76,  H 6.08,  N 5.28 
Found     [%]:   C 40.76,  H 6.08,  N 5.25 
 
 



 

8  Experimental  
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Ethyl [3-(diethoxyphosphory l)-1-hydroxy-2,5-dioxopyrrolidin-3-
y l]aceta te  14h  
 

N

O

O

OHP
O

O
O

O
O  

 
From 0.43 g ethyl  [1-benzyloxy-3-(diethoxyphosphoryl)-2,5-
dioxopyrrolid in-3-yl]acetate  (5h )  according to GP-4  
 
Yield :           68%, amorphous powder  
 
M.p. :            109 °C 
 
IR (KBr):     1792 cm- 1 ,  1720 cm- 1  (C=O),  1225 cm- 1  (P=O),  1020 cm- 1  

(POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  = δ  (ppm) 4.28 – 4.11 (m,  4H,  CH 2) ,  

3 .36 -3.30 (m,  1H,  CH2) ,  3 .13 (q,  J = 18.18 Hz,  1H,  CH2),  
2 .83 – 2.67 (m,  2H,  CH2) ,  1 .39 – 1.35 (m,  6H,  CH3)  1.55 
(d,  J  = 7.31 Hz,  3H,  CH 3) ,  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 169.5,  169.2,  169.0 (C=O),  

65.9 (d,  2JC , P  = 6.10 Hz,  POC),  63.8 (d,  2JC , P  = 7 .12 Hz,  
POC),61.8 (OCH2),  43.5 (d,  1JC . P  =  144.42 Hz,  PC),  35.6 
(CH 2) ,  33.4 (CH2) ,  16.4 (CH 3) ,  13.9 (CH 3)  

 
C1 2H2 0NO8P 
Requires  [%]:   C 42.74,  H 5.98,  N 4.15 
Found     [%]:   C 42.86,  H 5.94,  N 4.03 
 
 



 

8  Experimental  
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Diethyl  {1-hydroxy-3-[4-( t r if luoromethyl)benzyl]-2,5-dioxopyrrol idin-
3-y l}phosphonate  14i  

N

O

O

OH
P

O

O
O

F
F

F

 
 
From 0.50 g diethy l  {3-[4-( tr i f luoromethyl)benzyl]-1-benzyloxy-2,5-  
dioxopyrrolid in-3-yl}phosphonate (5i)  according to  GP-4  
 
Yield :            66%, amorphous powder  
 
M.p. :             149 °C 
 
IR (KBr):      1786 cm- 1 ,  1731 cm- 1  (C=O),  1247 cm- 1  (P=O),  1020 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl 3)  = δ  (ppm) 9.65 (s ,  1H,  OH),  7 .55 – 7.23 

(m,  4H,  ArH),  4 .38 – 4 .20 (m,  4H,  CH2) ,  3 .71 – 3.66 (m,  
1H,  CH 2) ,  3 .06 – 2.91 (m,  2H,  CH2) ,  2 .54 – 2.46 (m,  1H,  
CH2) ,  1 .44 -  1 .37 (m,  6H,  CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.5,  169.3 (C=O),  138.1 

(d,  JC , F  =  15.77 Hz,  CF),  130.9,  126.3 (ArCt e r t . ) ,  66.3  (d,  
2JC , P  =  6 .61 Hz,  POC),  64.3 (d ,  2JC , P  =  7 .63 Hz,  POC),  
47.6 (d ,  1JC , P  =  143.94 Hz,  PC),  36.8 (CH2) ,  31.3 (CH 2),  
16.8 (d ,  3JC , P  =  5.60 Hz,  CH3) ,  16.3 (d,  3JC , P  =  5 .59 Hz,  
CH3)  

 
C1 6H1 9F3NO6P 
Requires  [%]:   C 46.95,  H 4.68,  N 3.42 
Found     [%]:   C 46.75,  H 4.68,  N 3.42 



 

8  Experimental  
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Diethyl  [3-(3-chlorobenzyl)-1-hydroxy-2,5-dioxopyrrol idin-3-
y l]phosphonate 14j  
 

N

O

O

OH
P

O

O
O

Cl  
 
From 0.47 g diethy l  [3-(3-chlorobenzyl)-1-benzyloxy-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5j )  according to  GP-4   
 
Yield :           56%, amorphous powder         
 
M.p. :            139 °C 
 
IR (KBr):     1787 cm- 1 ,  1731 cm- 1  (C=O),  1247 cm- 1  (P=O),  1023 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  DMSO-d6)  = δ  (ppm) 7.34 -  7 .17 (m,  4H,  ArH),  

4 .15 -  4 .11 (m,  4H,  CH2) ,  3 .44 -  3.42 (m,  1H,  CH 2) ,  3 .02 -  
2 .75 (m,  3H, CH2) ,  1 .29 -  1 .25 (m,  6H,  CH 3) 

 
1 3C-NMR:    (101 MHz,  DMSO-d6)  = δ  (ppm) 169.8 (C=O),  137.2 ,  

136.8 ArCq u a r t . ) ,  130.7,  130.5,  129.3,  129.0,  127.9 
(ArCt e r t . ) ,  64.0 (CH2) ,  63.7 (CH 2) ,  47.2 (d ,  1JC , P  =  138.86 
Hz,  PC),  35.6 (CH 2) ,  31.6 (CH2) ,  16.5 (CH3)  

 
C1 5H1 9ClNO6P·½H2O 
 
Requires  [%]:   C 46.83,  H 5.24,  N 3.64 
Found     [%]:   C 46.96,  H 5.11,  N 3.62 
 
 



 

8  Experimental  
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Dimethyl  (3-benzyl-1-hydroxy-2,5-dioxopyrrol idin-  
3-y l)phosphonate 14k  
 

N

O

O

OH
P

O

O
O

 
 
From 0.40 g dimethyl  [3-benzyl-1-benzyloxy-2,5-dioxopyrrolidin-3-
y l]phosphonate (5k )  according to  GP-4  
 
Yield :            82%, amorphous powder  
 
M.p. :             198 °C  
 
IR (KBr):     1783 cm- 1 ,  1724 cm- 1  (C=O),  1227 cm- 1  (P=O),  1039 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl 3)  = δ  (ppm) 9.58 (s ,  1H,  OH),  7 .28 – 7.08 

(m,  5H,  ArH),  3 .99 (d,  J  = 10.93 Hz,  OCH3) ,  3 .85 (d,  J = 
10.93 Hz,  3H,  OCH3) ,  3 .65 – 3.62 (m,  1H,  CH2) ,  2.98 –  
2.96 (m,  1H,  CH2) ,  2 .89 – 2.85 (m,  1H,  CH2) ,  2 .59 – 2.54 
(m,  1H,  CH2)  

 
1 3C-NMR:  (101 MHz,  CDCl3)  = δ  (ppm) 169.5 (C=O),  133.5  

(ArCq u a r t .) ,  130.4,  129.5,  128.4 (ArCt e r t . ) ,  56.3 (d,  2JC , P  = 
6.62 Hz,  POC),  54.1 (d,  2JC , P  = 7.63 Hz,  POC),  48.7 (PC),  
31.3 (CH2) ,  30.1 (CH2)  

 
C1 3H1 6NO6P 
Requires  [%]:   C 49.85,  H 5.15,  N 4.47 
Found     [%]:   C 49.55,  H 5.13,  N 4.46 
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Diethyl  [3-(2-chlorobenzyl)-1-hydroxy-2,5-dioxopyrrol idin-3-
y l]phosphonate 14l  
 

N

O

O

OH
P

O

O
O

Cl

 
 
From 0.47 g diethy l  [3-(2-chlorobenzyl)-1-benzyloxy-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5l)  according to  GP-4  
 
Yield :          28%, amorphous powder  
 
M.p. :            138 °C 
 
IR (KBr):     1787 cm- 1 ,  1732 cm- 1  (C=O),  1247 cm- 1  (P=O),  1023 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  DMSO-d6)  = δ  (ppm) 7.49 -  7 .16 (m,  4H,  ArH),  

4 .18 -  4 .15 (m,  4H,  CH2) ,  3 .45 – 3.40 (m,  1H,  CH2) ,  2 .89 
( t ,  J = 17.55 Hz,  1H,  CH2) ,  2 .64 – 2.33 (m,  2H,  CH2) ,  1 .30 
– 1.26 (m,  6H,  CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.7,  169.6 (C=O),  134.9,  

(ArCq u a r t . ) ,  132.1,  131.9,  129.6,  (ArCt e r t . ) ,  65.7 (d,  2JC , P  =  
7.23 Hz,  POC),   63.9 (d,  2JC , P  =  8 .03 Hz,  POC),   47.0 (d,  
1JC , P  =  141.35 Hz,  PC),  32.3 (CH 2) ,  30.6 (CH2) ,  16.6  
(CH 3) 

 
C1 5H1 9ClNO6P 
Requires  [%]:   C 47.95,  H 5.10,  N 3.73 
Found     [%]:   C 47.77,  H 5.11,  N 3.59 
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Diethyl  [3-(3-fury lmethyl)-1-hydroxy-2,5-dioxopyrrol idin-3-
y l]phosphonate 14m  
 

N

O

O

OH
P

O

O
O

O  
 
From 0.42 g diethy l  [3-(3-fury lmethyl)-1-benzyloxy-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5p )  according to  GP-4  
 
Yield:            62%, pinkish powder  
 
M.p. :             109 °C 
 
IR (KBr):      1793 cm- 1 ,  1732 cm- 1  (C=O),  1242 cm- 1  (P=O),  1020 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  =  δ  (ppm) 9.83 (s ,  1H,  OH),  7 .32 -  7.27 

(m,  2H,  OCH),  6 .17 (s ,  1H,  CCH),  4 .36 -  4 .21 (m,  4H,  
CH2) ,  3 .43 -3.39 (m,  1H,  CH2) ,  3 .00(t ,  J = 17.96 Hz,  1H,  
CH3) ,  2 .79 (m,  1H, CH2) ,  2 .57 – 2.51 (m,  1H,  CH2)  1 .42 -  
1 .37 (m,  6H, CH3)   

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 171.9,  169.9 (C=O),  144.4,  

141.9 (ArCt e r t . ) ,  117.3 (ArCq u a r t . ) ,  111.4 (CCH),  66.1 (d,  
2JC , P  =  6.61 Hz,  POC),  64.2 (d,  2JC , P  =  7 .12 Hz,  CH2),  47.0 
(d,  1JC , P  =  143.94 Hz,  PC),  31.9 (CH2) ,  27.2 (CH2) ,  16.7  
(CH 3) 

 
C1 3H1 8NO7P 
Requires  [%]:   C 47.14,  H 5.48,  N 4.23 
Found     [%]:   C 46.59,  H 5.90,  N 4.15 
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Diethyl  [3-(3,5-dichlorobenzyl)-1-hydroxy-2,5-dioxopyrrol idin-3-
y l]phosphonate 14n  
 

N

O

O

OH
P

O

O
O

Cl
Cl

 
 
From 0.50 g diethy l  [3-(3,5-dichlorobenzyl)-1-benzyloxy-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5n )  according to  GP-4  
 
Yield :            84%, amorphous powder  
 
M.p. :             169 °C 
 
IR (KBr):      1792 cm- 1 ,  1724 cm- 1  (C=O),  1240 cm- 1  (P=O),  1010 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 11.47 (s ,  1H,  OH),  7 .54 -

7.32 (m,  3H,  ArH),  4 .13 – 4.09 (m,  4H,  CH2) ,  3.38 – 3.30 
(m,  1H,  CH 2) ,  3 .09 – 2.82 (m,  2H,  CH2) ,  1 .36 – 1.22 (m,  
6H,  CH 3) 

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.5,  169.5 (C=O),  138.9,  

134.3 (ArCq u a r t . ) ,  129.5,  127.5 (ArCt e r t . ) ,  64.0 (CH2) ,  63.7 
(CH 2) ,  47.0 (d,  1JC , P  =  149.03 Hz,  PC),   39.2 (CH2) ,  31.8 
(CH 2) ,  16.5 (CH3)   

 
C1 5H1 8Cl2NO6P 
Requires  [%]:   C 43.92,  H 4.42,  N 3.41 
Found     [%]:   C 44.36,  H 4.84,  N 3.36 
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Dimethyl  {1-hydroxy-3-[4-( t r i f luoromethyl)benzyl]-2 ,5-
dioxopyrrolid in-3-yl}phosphonate 14o  
 

N

O

O

OH
P

O

O
O

F
F

F

 
 
From 0.47 g dimethyl  {3-[4-( t r if luoromethyl)benzyl]-1-benzyloxy-2,5-
dioxopyrrolid in-3-yl}phosphonate (5o)  according to  GP-4  
 
Yield :            66%, amorphous powder  
 
M.p. :             200 °C 
 
IR (KBr):      1786 cm- 1 ,  1731 cm- 1  (C=O),  1249 cm- 1  (P=O),  1019 cm- 1  

(POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  = δ  (ppm) 7.56 – 7.23 (m,  4H,  ArH),  

3 .99 (d,  J = 10.72 Hz,  3H,  CH3) ,  3 .87 (d,  J = 11.04 Hz,  
3H,  CH3) ,  3 .68 (q,  J = 6.91 Hz,  1H,  CH2) ,  3 .05 -  2 .93 (m,  
2H,  CH 2) ,  2 .53 (q,  J = 9.38 Hz,  1H,  CH 2)  

 
1 3C-NMR:   (101 MHz,  CDCl3)  =  δ  (ppm) 170.1,  169.2 (C=O),  138.9  

ArCq u a r t . ) ,  131.1,  128.2 (ArCt e r t . ) ,  54.3 (d,  2JC , P  =  6 .42 Hz,  
CH2) ,  53.9 (d,  2JC , P  =  7.23 Hz,  CH2) ,  46.7 (d ,  1JC , P  =  
141.35 Hz,  PC),  35.3 (CH2) ,  31.0 (CH 2) 

 
C1 4H1 5F3NO6P 
Requires  [%]:   C 44.11,  H 3.97,  N 3.67 
Found     [%]:   C 44.05,  H 4.04,  N 3.68 
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Diethyl  [3-(3,5-dif luorobenzyl)-1-hydroxy-2,5-dioxopyrrolid in-3-
y l]phosphonate 14p 
 

N

O

O

OH
P

O

O
O

F
F

 
 
From 0.47 g diethy l  [3-(3,5-dif luorobenzyl)-1-benzyloxy-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5q )  according to  GP-4  
 
Yield :            82%, amorphous powder  
 
M.p. :             166 °C 
 
IR (KBr):     1790 cm- 1 ,  1724 cm- 1  (C=O),  1249 cm- 1  (P=O),  990 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl 3)  = δ  (ppm) 9.88 (s ,  1H,  OH),  6 .66 – 6.73 

(m,  3H,  ArH),  4.36 -  4 .20 (m,  4H,  CH 2) ,  3 .60 ( t ,  J =  6 .90 
Hz,  1H,  CH 3) ,   3 .01 ( t ,  J = 17.01 Hz,  1H,  CH2) ,  2 .86 (q,  J 
= 9.66 Hz,  1H,  CH2) ,  2 .52 (q,  J = 14.71 Hz,  1H,  CH2) ,  
1 .42 ( t ,  J = 7.36 Hz,  3H,  CH3) ,  1 .38 ( t ,  J = 7.36 Hz,  3H,  
CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.4,  169.4 (C=O),  137.6,  

(ArCq u a r t . ) ,  113.6,  104.1 (ArCt e r t . ) ,  66.3 (d ,  2JC , P  =  6.61 
Hz,  CH2) ,  64.4 (d,  2JC , P  =  7 .63 Hz,  CH2) ,  47.5 (d ,  1JC , P  =  
143.44 Hz,  PC),  36.5 (CH2) ,  31.3 (CH 2) ,  16.7 (CH 3)   

 
C1 5H1 8F2NO6P 
Requires  [%]:   C 47.75,  H 4.81,  N 3.71 
Found     [%]:   C 47.74,  H 4.81,  N 3.73 
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Dibuty l  [3-benzyl-1-hydroxy-2,5-dioxopyrrol idin-3-y l]phosphonate  14q   
 

N

O

O

OH
P

O

O
O

 
 
From 1.97 g dibuty l  [1-benzyloxy-2,5-dioxopyrrol idin-3-
y l]phosphonate (4d )  according to  GP-2 and GP-4  
 
Yield :            9%, amorphous powder  
 
M.p. :             147 °C 
 
IR (KBr):      1783 cm- 1 ,  1731 cm- 1  (C=O),  1245 cm- 1  (P=O),  1024 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 9.57 (OH),  7.29 -7 .09 (m,  

5H,  ArH),  4 .32 -  4 .13 (m,  4H,  CH2) ,  3 .65 (q,  J = 7.41 Hz,  
1H,  CH2) ,  2 .96 – 2.83 (m,  2H,  CH2) ,  2.55 (q,  J = 9.15 Hz,  
CH2) ,  1 ,75 – 1,65 (m,  4H,  CH2) ,  1,48 – 1,39 (m,  4H,  CH2) ,  
1 .00 -  0 .94 (m,  6H,  CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.9,  169.8 (C=O),  133.8 

(ArCq u a r t .) ,  130.4,  129.4,  128.3 (ArCt e r t . ) ,  69.7 (d,  2JC , P  = 
6.86 Hz,  POC),  67.8 (d,  2JC , P  = 8.40 Hz,  POC),  47.9 (d,  
1JC . P  =  143.44 Hz,  PC),  37.2 (CH 2) ,  32.9 (d ,  3JC , P  = 5.35  
Hz,  CH2) ,  32.7 (d,  3JC , P  = 6.10 Hz,  CH2) ,  31.3 (CH2) ,  19.1 
(CH 2) ,  13.9 (CH3)  

 
C1 9H2 8NO6P 
Requires  [%]:   C 57.19,  H 7.10,  N 3.50 
Found     [%]:   C 57.42,  H 7.31,  N 3.52 
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Diethyl  [3-(3,4-dif luorobenzyl)-1-hydroxy-2,5-dioxopyrrolid in-3-
y l]phosphonate 14r 
 

N

O

O

OH
P

O

O
O

F
F  

 
From 0.47 g diethy l  [3-(3,4-dif luorobenzyl)-1-benzyloxy-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5r)  according to  GP-4  
 
Yield :            77%, amorphous powder  
 
M.p. :             151 °C    
 
IR (KBr):      1790 cm- 1 ,  1724 cm- 1  (C=O),  1247 cm- 1  (P=O),  1004 cm- 1  

(POC) 
 

1H-NMR:    (400 MHz,  CDCl3)  =  δ  (ppm) 7.41 -  7 .09 (m,  8H,  ArH),  
4 .81 (ABs,  J = 11.79 Hz,  2H,  CH 2Ph) ,  4 .16 -  4 .11 (m,  4H,  
CH2) ,  3 .43 -  3 .37 (m,  1H,  CH2) ,  3 .07 -  2 .98 (m,  3H,  CH2) ,  
1 .25 ( t ,  J = 7.54 Hz,  3H,  CH 3) 

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 169.4 (C=O),  126.7,  119.6,  

118.3 (ArCt e r t . ) ,  66.3 (d ,  2JC , P  =  6.61 Hz,  CH 2) ,  64.3 (d,  
2JC , P  =  7.63 Hz,  CH2) ,  36.2 (CH2) ,  31.3 (CH2) ,  16.7 (CH3) 

 
C1 5H1 8F2NO6P 
Requires  [%]:   C 47.75,  H 4.81,  N 3.71 
Found     [%]:   C 47.84,  H 5.10,  N 3.64 
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Diisopropyl (3-benzyl-1-hydroxy-2,5-dioxopyrrol id in-  
3-y l)phosphonate 14s  
 

N

O

O

OH
P

O

O
O

 
 
From 0.46 g diisopropyl  [3-benzyl-1 -benzyloxy-2,5-dioxopyrrol idin-3-
y l]phosphonate (5s)  according to  GP-4  
 
Yield :            85%, amorphous powder  
 
M.p. :             156 °C 
 
IR (KBr):    1785 cm- 1 ,  1724cm- 1  (C=O),  1243cm- 1  (P=O),  1001cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl 3)  = δ  (ppm) 9.69 (s ,  1H,  OH),  7 .28 – 7.08 

(m,  5H,  ArH),  4.91 – 4.76 (m,  2H,  POCH),  3 .85 – 3.82 (m,  
1H,  CH 2) ,  2 .96 – 2.91 (m,  1H,  CH2) ,  2 .82 – 2.79 (m,  1H,  
CH2) ,  2.54 – 2.51 (m,  1H,  CH 2) ,  1 .50 – 1.36 (m,  12H, 
(CH 3)4)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.9,  169.5 (C=O),  134.2 

(ArCq u a r t .) ,  130.5,  129.3,  128.2 (ArCt e r t . ) ,  75.3 (d,  2JC , P  = 
7.12 Hz,  POC),  73.3 (d,  2JC , P  = 7.63 Hz,  POC),  47.9 (d,  
1JC . P  =  144.45 Hz,  PC),  37.3 (CH2) ,  31.4 (CH2) ,  24.9 (d,  
3JC , P  = 1.52 Hz,  CH3) ,  24.3 (d,  3JC , P  = 3.56 Hz,  CH3) ,  24.2 
(d,  3JC , P  = 5.08 Hz,  CH 3) ,  23.8 (d,  3JC , P  = 7.12 Hz,  CH3)  

 
C1 7H2 4NO6P 
Requires  [%]:   C 55.28,  H 6.55,  N 3.79 
Found     [%]:   C 54.90,  H 6.55,  N 3.82 
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Diisopropyl [3-(4-f luorobenzyl)-1-hydroxy-2,5-dioxopyrrolid in-  
3-y l]phosphonate 14t  

N

O

O

OH
P

O

O
O

F  
 

From 0.48 g diisopropyl  [3-(4-f luorobenzyl)-1-benzyloxy-2,5-
dioxopyrrolid in-3-yl]phosphonate  (5t )  according to  GP-4  
 
Yield :           85%, amorphous powder  
 
M.p. :            180 °C 
 
IR (KBr):    1790 cm- 1 ,  1724 cm- 1  (C=O),  1245 cm- 1  (P=O),  990 cm- 1  

(POC) 
 
1H-NMR:     (400 MHz,  CDCl 3)  = δ  (ppm) 9.91 (s ,  1H,  OH),  7 .08 – 6.94 

(m,  4H,  ArH),  4.90 – 4.76 (m,  2H,  POCH),  3 .59 – 3.57 (m,  
1H,  CH2CH 2) ,  2 .98 – 2.95 (m,  1H,  CH2) ,  2 .81 – 2.78 (m,  
1H,  CH 2) ,  3 .50 – 3.47 (m,  1H,  CH2) ,  1 .49 -1.38 (m,  12H, 
(CH 3)4)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.8,  169.7 (C=O),  162.7 

(d,  JC , F  = 247.70 Hz,  CF),  132.1,  116.4,  116.2 (ArCt e r t . ) ,  
75.4 (d,  2JC , P  = 7.12 Hz,  POC),  73.3 (d,  2JC , P  = 7 .63 Hz,  
POC),  47.9 (d,  1JC . P  =  149.9 Hz,  PC),  36.5 (CH2) ,  31.3 (  
CH2) ,  24.9 (d,  3JC , P  = 1.53 Hz,  CH3) ,  24.3 (d,  3JC , P  = 3.56 
Hz,  CH3) ,  24.1 (d ,  3JC , P  = 5 .09 Hz,  CH3) ,  23.7 (d,  3JC , P  =  
6.61 Hz,  CH3)  

 
C1 7H2 3FNO6P·½H2O 
Requires  [%]:   C 51.52,  H 6.10,  N 3.53 
Found     [%]:   C 51.82,  H 5.92,  N 3.58 
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8.6 Procedures and Analytical Data for Chapter 5 

8.6.1  Reaction of 1-hydroxysuccinimide 14b with isocyanates 

(section 5.2)  

Diethyl  [3-benzyl-1-({[(4- t r if luoromethylphenyl)amino]carbonyl}oxy)-
2,5-dioxopyrrol idin-3-y l]phosphonate  16a  
 

N

O

O

O O

NH

F

F
F

PO
O

O

 
 
From 0.05g diethyl  (3-benzyl-1-hydroxy-2,5-dioxopyrrol idin-3-
y l)phosphonate  (14b )  according to  GP-5 
 
Yield :          34%, amorphous powder  
 
M.p. :            151.3 °C 
 
IR (KBr):     1785 cm- 1 ,  1733 cm- 1  (C=O),  1226 cm- 1  (P=O),  1025 cm- 1     

(POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 7.70 – 7.16 (m,  9H,  ArH),  

4 .30 – 4.24 (m,  4H,  OCH 2),  3 .78 -3.73 (m,  1H,  CH 2) ,  3 .18 
– 2.74 (m,  3H,  CH2) ,  1 .44 – 1.37 (m,  3H,  CH 3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  =  δ  (ppm) 169.4,  167.1 (C=O),  130.2,  

129.8,  129.1,  128.0 (ArCt e r t .) ,  64.6 (POC),  64.4 (POC),  
35.6 (CH2) ,  31.4 (CH2) ,  16.3 (CH 3)  

 
C2 3H2 4F3N2O7P·H2O 
Requires  [%]:   C 50.36,  H 4.80,  N 5.13 
Found     [%]:   C 49.86,  H 4.46,  N 5.22 
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Diethyl  [3-benzyl-1-({[(4-methoxyphenyl)amino]carbonyl}oxy)-2,5-
dioxopyrrolid in-3-yl]phosphonate  17b  

 

N

O

O

O O

NHPO
O

O

O

 
From 0.11g diethyl  (3-benzyl-1-hydroxy-2,5-dioxopyrrol idin-3-
y l)phosphonate (14b )  according to  GP-5 
 
Yield:           84%, short  white  needles   
 
M.p. :            154 °C 
 
IR (KBr):     1779 cm- 1 ,  1739 cm- 1  (C=O),  1248 cm- 1  (P=O),  1017 cm- 1   

(POC) 
 
 
1H-NMR:    (400 MHz,  CDCl3)  = δ  (ppm) 7.32 – 7.16 (m,  7H,  ArH),  

7 .00 (s ,  1H,  NH),  6 .87 – 6.85 (m,  2H,  ArH),  4 .31 – 4.25 
(m,  4H,  OCH 2),3.79 (m,  1H, OCH3),  3 .78–3.73 (m,  1H,  
CH2) ,  3 .17 – 3.02 (m,  1H,  CH2) ,  2.79 – 2.72 (m,  1H,  CH2) ,  
1 .41 ( t ,  J = 7.01 Hz,  3H,  CH3) ,  1 .37 ( t ,  J = 3.76 Hz,  3H,  
CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 169.5,  167.9,  148.7 (C=O),  

133.9,  133.8 (ArCq u a r t .) ,  130.6,  129.4,  128.4,  121.6,  114.8  
(ArCt e r t .) ,  64.8 (d ,  2JC , P  =  7 .12 Hz,  POC),  64.6 (d,  2JC , P  

=7.12 Hz,  POC),  55.9 (OCH 3),  48.4 (d,  1JC , P  = 140.40 Hz,  
PC),  36.7 (CH 2) ,  31.9 (CH 2) ,  16.8 (q,  3JC , P  =  5 .43 Hz,  
CH3) .  

 
C2 3H2 7N2O8P 
Requires  [%]:   C 56.33,  H 5.55,  N 5.71 
Found     [%]:   C 56.32,  H 5.47,  N 5.77 
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8.7 Procedures and Analytical Data for Chapter 6 

8.7.1   Synthesis of ethyl protected phosphonates (Section 

6.1.1) 

2-(Diethoxyphosphoryl)butanoic  acid 21 
 

OH

O

P

O

O

O

 
 
From 0.5g tr iethy l  2-phosphonobutyrate  according to  GP-6 
 
Yield:            96%, colour less  oi l  
 
IR (f i lm):       1736 cm- 1  (C=O) 1231 cm- 1  (P=O),  1022 cm- 1  (POC) 
 
1H-NMR:     (400 MHz,  DMSO-d6)  = δ  (ppm) 4.06 -  3.99 (m,  4H,  CH2),  

2 .87 -  2 .77 (m,  1H, CH2)  1 .85 -  1 .67 (m,  2H,  CH2) ,  1 .25 -
1.21 (m, 6H, CH3) ,  0 .91 ( t ,  J = 7.43 Hz,  3H,  CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 170.0 (C=O),  63.6(d,  2JC , P  =  

6 .61 Hz,  POC),  62 7 (d,  2JC , P  =  6 .61 Hz,  POC),  47.4 (d,  
1JC , P  =  130.72 Hz,  PC),  20.7 (d ,  2JC , P  =  5.60 Hz,  CH 2) ,  
16.3 ( t ,  3JC , P  =  6.10 Hz,  6H,  CH 3) ,  12.9 (CH3)  

 
Compound  21  was used with this  determined pur i ty  for  further  s teps .  
 
Synthesis  procedure  for  22  
 
2-(Diethoxyphosphoryl)butanoic  acid (21)  (9 .9 mmol,  2 .2g)  was 
dissolved in  dry  dichloromethane (20 mL) and 1,1 ′ -carbonyldiimidazole  
(11 mmol,  1 .77g)  was added.  The solut ion was s t ir red for  another  40 
min then benzyloxyamine (11 mmol ,  1 .15g)  was added.  After  1  h ,  
reaction completion was determined by complete removal  of  the 1720 
cm- 1  (CO) band on IR spectra .  The solut ion was washed with 1M HCl 
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(2 x 5mL),  then br ine (1 x 5mL) and dr ied with MgSO4.  Solvent  was 
evaporated leaving oi l  f rom which the sol id was  crystal l ised us ing 
dichloromethane and n-hexane.  
 
Diethyl  (1-{[(benzyloxy)amino]carbonyl}propyl)phosphonate 22  
 

N
H

O

P
O

O
O

O

 
 
Yield:            46%, colour less  needle- l ike crystals  
 
M.p. :             58 °C 
 
IR (KBr):      1687 cm- 1  (CONH),  1240 cm- 1  (P=O),  1025 cm- 1  (POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  =  δ  (ppm) 9.10 (s ,  1H,  NH),  7 .43 -7.34 

(m,  5H,  ArH),  4 .93 (s ,  2H, CH2Ph) ,  4 .12 – 4 .08 (m,  4H,  
CH2) ,  2 .57 – 2.51 (m,  2H,  CH 2) ,  1.31 ( t ,  J = 7.12 Hz,  6H,  
CH3) ,   0 .98 ( t ,  J = 7.41 Hz,  3H,  CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 167.5 (C=O),  129.2,  128.7,  

128.6 (ArCt e r t . ) ,  78.3  (CH2Ph) ,  63.1(CH2) ,  62.7 (CH2) ,  
20.4 (CH2) ,  16.4 (CH3) ,  12.8 (CH 3)  

 
C1 5H2 4NO5P 
Requires  [%]:   C 54.71,  H 7.35,  N 4.29 
Found     [%]:   C 54.94,  H 7.36,  N 4.29 
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Synthesis  procedure  for  23 
 
To a  solut ion of  diethy l  (1-{[(benzyloxy)amino]carbonyl}propyl)  
phosphonate (22)  (3 mmol,  0 .99g)  in  dry dichloromethane (5 mL) was 
added t r imethylsi ly l  bromide (2.9 mL) and the react ion mixture  was 
s t ir red at  room temperature  for  24 h.  The solvent  was evaporated  and 
the remaining oi l  was  dissolved in  methanol  (3  mL),  and st i r red for  10 
min.  The solvents  were removed under  reduced pressure ,  the res idue 
dissolved in  dichloromethane and dr ied  (MgSO4) .  Sol id  compound 23  
was crys tal l ised  from the oi l  remaining af ter  solvent  evaporation using 
ethyl  acetate and n-hexane 
 
Diethyl  (1-{[(benzyloxy)amino]carbonyl}propyl)phosphonate 23  
 

N
H

O

P

O

OH

OH

O

 
 
Yield :           82%, amorphous powder  
 
M.p. :            121 °C 
 
IR (KBr):      1628 cm- 1  (CONH) 
 
1H-NMR:     (400 MHz,  DMSO-d6)  = δ  (ppm) 7.43 – 7.34 (m,  5H,  ArH),  

4 .78 (ABs,  J = 7.36 Hz,  2H,  CH2Ph) ,  2.34 – 2 .26 (m,  1H,  
CH2) ,  1 .82 -1.65 (m,  2H, CH 2)  0 .91 ( t ,  J = 7.39 Hz,  3H,  
CH3)  

 
1 3C-NMR:  (101 MHz,  DMSO-d6)  = δ  (ppm) 166.3 (C=O),  136.4  

(ArCq u a r t .) ,  129.2,  128.6 (ArCt e r t . ) ,  77.3  (CH 2Ph),  45.9 (d,  
1JC , P  =  130.72 Hz,  PC),  20.4 (d ,  2JC , P  =  4.07 Hz,  CH 2) ,  
13.0  (d ,  3JC , P  =  16.28 Hz,  CH 3)  

 
C1 1H1 6NO5P·H2O 
Requires  [%]:   C 45.37,  H 6.23,  N 4.81 
Found     [%]:   C 45.10,  H 6.20,  N 4.64 
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Diethyl  {1-[(hydroxyamino)carbonyl]propyl}phosphonate  17a  
 

N
H

O

P

O

OH

OH

OH

 
 
From 0.1g diethyl  (1-{[(benzyloxy)amino]carbonyl}propyl)phosphonate  
(23)  according to GP-4  
 
Yield:            95%, pinkish foam-like sol id  
 
IR (KBr):      1654 cm- 1  (CONH) 
 
1H-NMR:     (400 MHz,  D2O) = δ  (ppm) 2.34 – 2.25 (m,  1H,  CH2) ,  1 .68 

-1.61 (m,  2H,  CH2)  0 .91 ( t ,  J = 7.37 Hz,  3H,  CH3)  
 
1 3C-NMR:    (101 MHz, D 2O) = δ  (ppm) 165.0 (C=O),  20.6  (CH2)  12.3 

(CH 3) 
 
Correct  elemental  analysis  could not  be obtained due to  high 
hygroscopic proper t ies   
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Ethyl 2-benzyl-2-(diethoxyphosphoryl)butanoate 24a 
 

O

O

P

O

O
O

 
 
From 2.52g tr iethy l  2-buty lphosphonate  (18)  according to  GP-2  
 
Yield :            65%, amorphous powder  
 
M.p. :             109 °C 
 
IR (Film):      1731 cm- 1  (C=O),  1249 cm- 1  (P=O),  1026 (POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  =  δ  (ppm) 7.24 -7.17 (m,  5H,  ArH),  

4 .22 -  4 .13 (m,  6H,  CH2) ,  3 .45 – 3.05 (m,  2H,  CH2) ,  1 .94 
– 1.76 (m,  2H,  CH2) ,  1 .31 – 1.25 (m,  9H,  CH3) ,  1 .07 ( t ,  J 
= 7.38 Hz,  3H,  CH 3)  

 
1 3C-NMR:  (101 MHz,  CDCl3)  = δ  (ppm) 170.9 (C=O),  136.4  

(ArCq u a r t .) ,  130.5,  127.9,  126.8 (ArCt e r t . ) ,  62.6 (d ,  2JC , P  =  
7 .12 Hz,  POC),  62.3 (d,  2JC , P  =  7.13 Hz,  POC),  61.2  
(CH 2),  54.1 (d,  1JC , P  =  134.79 Hz,  PC),  39.5 (CH2) ,  25.6 
(CH 2) ,  16.4 (CH3) ,  14.1(CH 3) ,  10.2 (CH3) 

 
C1 7H2 7O5P 
Requires  [%]:   C 59.64,  H 7.95 
Found     [%]:   C 59.21,  H 7.86 
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Ethyl 2-(die thoxyphosphoryl)-2-(4-f luorobenzyl)butanoate  24b  
 

O

O

P

O

O
O

F  
 
From 1.26g tr iethy l  2-buty lphosphonate  (18)  according to  GP-2  
 
Yield :            70%, amorphous powder  
 
M.p. :             108 °C 
 
IR (KBr):      1732 cm- 1  (C=O),  1261 cm- 1  (P=O),  1026 (POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  =  δ  (ppm) 7.16 -7.14 (m,  2H,  ArH),  

6 .95 -6.91 (m,  2H,  ArH),  4 .22 -  4 .11 (m,  6H,  CH2) ,  3 .35 – 
3.06 (m,  2H,  CH2) ,  1 .89 – 1.70 (m,  2H,  CH2) ,  1 .32 – 1.26 
(m,  9H,  CH3) ,  1 .06 ( t ,  J = 7.38 Hz,  3H,  CH3)   

 
1 3C-NMR:  (101 MHz,  CDCl3)  = δ  (ppm) 163.1 (C=O),  132.1  

(ArCq u a r t .) ,  132.0,  114.8,  114.6 (ArCt e r t . ) ,  62.6 (d ,  2JC , P  =  
6 .61 Hz,  POC),  62.4 (d,  2JC , P  =  7.63 Hz,  POC),  61.3  
(CH 2) ,  38.5 (CH2) ,  25.7 (CH2) ,  16.4 (CH3) ,  14.1(CH3) ,  
10.1 (CH3)  

 
C1 7H2 6FO5P 
Requires  [%]:   C 56.66,  H 7.27 
Found     [%]:   C 56.36,  H 7.19 
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Synthesis  procedure  for  26 
 
In  a 2-s tep modif ied Froböse procedure9 1 ,  N-hydroxyphthal imide 
(16.3g,  100 mmol)  was suspended in  dichloromethane (100 mL).  2-
methoxypropene (10.8g,  150 mmol)  was added drop wise and then 3 -  6  
drops of  phosphory lchlor ide.  The mixture was s t ir red at  room 
temperature for  3 h.  Some more drops of  POCl3  were added and the 
mixture  was lef t  to  s t i r  overnight .  1  mL of  t r ie thy lamine was added and 
af ter  15 min the solvent  was reduced by half  in  vacuo.  The remaining 
solut ion was washed with a  saturated  NaHCO3 solut ion (2 x  20)  and 
dr ied (MgSO4) .  Evaporation gave an oily  res idue from which 2-(1-
methoxy-1-methyl-ethoxy)- isoindole-1,3-dione as  a  yel lowish powder 
was crystal l ised using dichloromethane and n-hexane (1793 cm- 1 ,  1736 
cm- 1  (C=O)) .  To 10 g of  2-(1-methoxy-1-methyl-ethoxy)- isoindole-1,3-
dione (4.3  mmol)  was added ethanolamine (17.4 mL) and the mixture  
s t ir red at  50°C for  2  h .  Then i t  was poured in to water  (50 mL) and 
extracted  with dichloromethane,  dr ied (MgSO 4)  and evaporated.  The 
result ing oi l  was purif ied by fract ional  dis t i l la t ion (33 – 35°C,  14 -  16 
x 10- 1  mbar)  to  give 26  as  colourless  oi l .   
 
O- (1-methoxy-1-methylethyl)  hydroxylamine (26)  
 

NH2 O O  
 
Yield:            56%, colour less  oi l  
 
IR (Film):      3321 cm- 1  (NH),  1593 cm- 1   
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 4.94 (s ,  2H,  NH2) ,  3 .25 (s ,  

3H,  CH 3) ,  1 .36 (s ,  6H,  CH 3)  
 
Compound  26  was used with this  determined pur i ty  for  further  s teps .  
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Synthesis  procedure  for  28a  
 
1 ,1 ′ -Carbonyldi imidazole (11 mmol,  1.77g)  was added to  a  solut ion of  
2-(diethoxyphosphory l)butanoic acid (21)  (9 .9  mmol,  2 .2g)  in  dry  
dichloromethane (20 mL).  After  s t ir r ing for  20 min,  O - (1-methoxy-1-
methylethyl)  hydroxylamine (11 mmol,  1 .15g)  was added.  React ion 
complet ion was determined by  disappearance of  the 1720 cm- 1  (CO) 
band on IR spectra  af ter  1 h .  The solut ion was washed with 1M HCl (2 
x 5mL),  then br ine (1 x 5mL) and dr ied with MgSO4.  Solvent  was  
evaporated to  y ield 27  as  colourless  oi l  (1667 cm- 1  (C=O))  which was 
dr ied and used immediately  for  fur ther  synthesis .  This  o i ly  diethyl  (1-
{[(1-methoxy-1-methylethoxy)amino]carbonyl}propyl)phosphonate  (27)  
(3  mmol,  0 .98g)  was ref luxed in  10 mL cyclohexane for  1  h9 0 .  The 
solut ion was decanted leaving a  brownish oi ly  substance at  the bot tom.  
The decantant  (solut ion got  f rom decant ing)  was evaporated and 
result ing oil  pur if ied by  fast  column chromatography.  Elut ion with 
ethy l  acetate/  dichloromethane (4:6)  y ielded an oily  product .  
 
Diethyl  [1-(5,5-dimethyl-1,4,2-dioxazol-3-y l)propyl]phosphonate 28a  
 

P

O

N O

O

O
O

 
 
Yield:           48%, colour less  oi l  
 
IR (Film):     1630cm- 1  (C=N),  1236 cm- 1  (P=O),  1020 cm- 1  (POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 4.21 -  4 .13 (m,  4H,  POCH2) ,  

2 .91 – 2.82 (m,  1H,  CH),  2.00 -  2 .90 (m,  2H,  CH2) ,  1 .60 
(s ,  6H, CH 3) ,  1 .36 – 1.33 (m,  6H,  CH3) ,  1.04 ( t ,  J = 7.38 
Hz,  3H,  CH3)   
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1 3C-NMR:    (101 MHz,)  = δ  (ppm) 156.8 (C=N),  115.3 (C(O)2) ,   62.7  
(POC),  62.6 (POC),  35.5 (d,  1JC , P  =  137.58 Hz,  PC),  24.5 
(CH 3) ,  19.9 (d,  3JC , P  =  4.07 Hz,  CH3)  16.6 (d ,  3JC , P  =  2 .55 
Hz,  CH3) ,  16.5 (d,  3JC , P  =  2.54 Hz,  CH3)  12.3 (d,  3JC , P  =  
14.75 Hz,  CH 3)  

 
C1 1H2 2NO5P·½H2O 
Requires  [%]:   C 47.31,  H 7.94,  N 5.02 
Found     [%]:   C 46.74,  H 8.00,  N 4.99 
 
 
 
Synthesis  procedure  for  (28b) 
 
Under  ni t rogen atmosphere,  diethyl  [1-(5,5-dimethyl-1,4,2-dioxazol-3-
y l)propyl]phosphonate (28a)  (1 .6  mmol,  0 .45g )  was dissolved in  dry  
THF (5 mL) at  -78°C.  n-Butyl l i th ium (1.6M in  n -hexane,  1 .9 mmol,  0 .8  
mL) was added and the solut ion s t i r red at  -78°C for  1  h .  Benzyl 
bromide (1.6  mmol ,  0 .44g )  was added drop wise and solut ion s t i r red 
for  30 min at  -78°C before  being al lowed to  warm up and s t ir  at  room 
temperature overnight .  The mixture was quenched with  10% NH4Cl and 
extracted  with diethy l  e ther .  The diethyl  e ther  solut ion was  dr ied  
(MgSO4)  and evaporated to  y ield the crude product  that  was purif ied by 
column chromatography.  Elut ion with diethyl  e ther /  n-hexane (1:1)  led 
to oi ly  product  28b 
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Diethyl  [1-benzyl-1-(5,5-dimethyl-1,4,2-dioxazol-3-
y l)propyl]phosphonate 28b  
 

P

O

N O

O

O
O

 
 
Yield:           15%, colour less  oi l  
 
IR (Film):     1621 cm- 1  (C=N),  1247 cm- 1  (P=O),  1023 cm- 1  (POC) 
 

1H-NMR:     (400 MHz,  DMSO-d6)  = δ  (ppm) 7.30 – 7.18 (m,  5H,  ArH),  
4 .01 -  4 .10 (m,  4H,  POCH2),  3.24 – 2.98 (m,  2H,  CH 2) ,  
1 .73 – 1.68 (m, 2H, CH2) ,  1.65 (s ,  3H, CH 3) ,  1 .51 (s ,  3H,  
CH3) ,  1 .31 – 1.25 (m,  6H,  CH 3) ,  1.05 ( t ,  J = 7.62 Hz,  3H,  
CH3)  

 
1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 159.6 (C=N),  115.3 (C(O) 2) ,  

135.8 (ArCq u a r t .) ,  62.7 (d ,  2JC , P  =  6 .87 Hz,  POC),  45.0 (d,  
1JC , P  =  138.86 Hz,  PC),  37.8 (CH 2) ,  25.3 (CH3) ,  24.8  
(CH 2) ,  16.9 (CH3) ,  10.0 (CH 3)   

 
C1 8H2 8NO5P·½H2O 
Requires  [%]:   C 57.13,  H 7.72,  N 3.70 
Found     [%]:   C 57.25,  H 7.84,  N 3.72 
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8.7.2  Synthesis of benzyl protected phosphonates (Section 

6.1.2) 

Synthesis  procedure  for  31 
 
To 5 mL cooled (-65°C) tet rahydrofuran was added n-buty l l i thium 
(1.6M in n-hexane,  5 .2 mmol ,  3 .3 mL)9 8 .  Dibenzyl methylphosphonate9 9  
(30)  (5 mmol,  1 .38g)  in  2mL tetrahydrofuran was added and the 
solut ion was s t ir red at  -65°C for  30 min.  then poured with s t i r r ing in to  
a  Dewar contain ing a  saturated dry  ice/  diethy l  ether  solut ion (Et2O,  10 
mL).  After  5  min. ,  the mixture was poured in to a  beaker  and warmed to  
room temperature  with  s t i r r ing for  2  h.  Water  (5  mL) was added and the  
organic layer  washed with 10% Na2CO 3 (2 x 5 mL).  The combined 
aqueous layers  were washed with diethy l  e ther  (2  x 10 mL),  acidif ied to  
pH 1 with 2M H2SO4,  saturated with NaCl and extracted with  
dichloromethane (3 x 15 mL).  The organic layer  was dr ied  with MgSO4 
and solvent  evaporated.  A white  sol id was  crystal l ized from the 
result ing oil  us ing ethyl  acetate /  n-hexane.  
 
(Dibenzylphosphono)acetic  acid (31)  
 

P
O

OH

O
O

O

 
 
Yield :           65%, amorphous powder  
 
M.p. :             58 °C 
 
IR (KBr):       1730 (C=O),  1253 cm- 1  (P=O),  968 cm- 1  (POC) 
 
1H-NMR:      (400 MHz,  CDCl3)  = δ  (ppm) 7.33 (m,  10H, ArH),  6 .59 (s ,  

1H,  OH),  5 .11 – 5.07 (m,  4H,  CH 2) ,  3 .01 (d ,  J = 21.62 Hz,  
2H,  CH 2)  
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1 3C-NMR:  (101 MHz,  CDCl3)  = δ  (ppm) 167.6 (C=O),  135.7  

(ArCq u a r t .) ,  128.6,  128.1 (ArCt e r t . ) ,  68.6 (d ,  2JC , P  =  6.10 
Hz,  POC),  34.5 (d,  1JC , P  =  135.30 Hz,  PC) 

 
C1 6H1 7O5P 
Requires  [%]:   C 60.00,  H 5.35 
Found     [%]:   C 59.91,  H 5.53 
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Synthesis  procedure  for  32 
 
To a  solut ion of  (dibenzylphosphono)acet ic acid (31)  (2 mmol 0 .64g)  in  
e thanol  (4  mL) was added conc.  H 2SO4 (0.03 mL).  The mixture  was 
s t ir red at  room temperature  for  5  days ,  solvent  evaporated under  
reduced pressure and then 3 mL NaHCO3 solut ion was added.  The 
mixture was extracted with  ethy l  acetate which was dr ied  (MgSO 4) and 
evaporated leaving a  crude product .  Purif icat ion by  column 
chromatography with diethyl  ether /  n-hexane (7 :3)  elu t ion led to  oi ly  
product  32 .  
 
 
Ethyl  [bis(benzyloxy)phosphory l]acetate 32  
 

P
O

O

O
O

O

 
 
Yield:            87%, yellow oil  
 
IR (Film):      1732 cm- 1  (C=O),  1267 cm- 1  (P=O),  995 cm- 1  (POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  =  δ  (ppm) 7.39 -7.36 (m,  5H,  ArH),  

5 .07 – 5.04 (m,  4H,  CH 2) ,  4 .07 (q,  J = 7.12 Hz,  2H,  CH 2) ,  
1 .12 ( t ,  J = 7.12 Hz,  3H,  CH 3)  

 
1 3C-NMR:      (101 MHz,  CDCl3)  = δ  (ppm) 128.6,  128.5,  127.9 

(ArCt e r t . ) ,  68.1 (POC),  61.7 (CH2) ,  34.7 (d ,  1JC , P  =  135.80 
Hz,  PC),  14.0 (CH 3)  

 
C1 8H2 1O5P·½H2O 
Requires  [%]:   C 60.50,  H 6.21 
Found     [%]:   C 60.69,  H 6.48 
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Ethyl  2-[bis(benzyloxy)phosphory l]-3-phenylpropanoate 33  
 

P
O

O

O

O
O

 
 
From 0.74 g ethy l  [bis(benzyloxy)phosphory l]acetate  (32)  according to  
GP-2  
 
Yield:             54%, colour less  oi l  
 
IR (Film):       1731 cm- 1  (C=O),  1257 cm- 1  (P=O),  995 (POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 7.34 -7.09 (m,  15H, ArH),  

5 .10 – 4.66 (m,  4H,  CH2) ,  4 .18 – 4.02 (m,  2H,  CH 2) ,  3 .32 
– 3.31 (m,  1H,  CH),  3 .30 -  3 .23 (m,  2H,  CH3) ,  1 .20 – 1.03 
(m,  3H,  CH3)  

 

1 3C-NMR:  (101 MHz,  CDCl3)  = δ  (ppm) 167.9 (C=O),  135.9  
(ArCq u a r t .) ,  130.6,  128.4,  128.2,  127.9,  127.6,  127.2,  126.6  
(ArCt e r t . ) ,  67.3 (POC),  60.7 (CH2) ,  32.3 (CH 2) ,  13.6 (CH 3)  

 
C2 5H2 7O5P 
Requires  [%]:   C 68.48,  H 6.21 
Found     [%]:   C 68.83,  H 6.34 
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2-[  Bis(benzyloxy)phosphory l]-3-phenylpropanoic acid 34   
 

P
O

OH

O
O

O

 
 
From 0.66g ethyl  2-[bis(benzyloxy)phosphoryl]-3-phenylpropanoate  
(33)  according  to  GP-6   
 
Yield :           42%, amorphous powder  
 
M.p. :            94 °C    
 
IR (KBr):      1726 cm- 1  (C=O),  1245 cm- 1  (P=O),  992 cm- 1  (POC) 
 
1H-NMR:     (400 MHz,  CDCl3)  = δ  (ppm) 7.39 – 7.18 (m,  15H, ArH),  

5 .10 – 5.07 (m,  4H,  CH2) ,  3 .47 – 3.37 (m,  1H,  CH),  3 .11 – 
3.01 (m,  2H,  CH2)  

 

1 3C-NMR:    (101 MHz,  CDCl3)  = δ  (ppm) 169.5 (C=O), 139.0,  136.8 
(ArCq u a r t .) ,  128.8,  128.1,  126.9 (ArCt e r t . ) ,  67.8 (q ,  2JC , P  =  
3 .05 Hz,  POC),  46.9 (d ,  1JC , P  =  125.89 Hz,  PC) 32.6 (CH2) 

 
C2 3H2 3O5P 
Requires  [%]:   C 67.31,  H 5.65 
Found     [%]:   C 66.60,  H 5.71 
 
 
 
Synthesis  procedure  for  35 
 
The dry  (dibenzylphosphono)acet ic  acid (31)  (6  mmol,  1 .92g)  was 
dissolved in  dry  dichloromethane (12 mL).  1 ,1 ′ -carbonyldiimidazole  
(6.6 mmol ,  1 .06g)  was added,  the solution s t ir red  for  20 min then O -(1-
methoxy-1-methylethyl)  hydroxylamine (6.6  mmol,  0 .69g)  was added.  
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React ion complet ion was determined by completed replacement  of  the 
1720 cm- 1  (C=O) band,  with 1678 cm- 1  (CONH).  The solut ion was 
washed with 1M HCl (2 x 5 mL),  then br ine (1 x 5 mL) and dr ied with  
MgSO 4.  Solvent  was evaporated and the white powdered product  was 
crystal l ized from the result ing colour less  oi l  using diethyl  ether .  
 
Dibenzyl (1-{[(1-methoxy-1-methylethoxy)amino]carbonyl}propyl)  
phosphonate  (35)  
 

P

O

N
H

O
O

O
O

O

 
 
Yield :          69%, amorphous powder  
 
M.p. :            55 °C 
 
IR (KBr):      1684 cm- 1  (C=O),  1250 cm- 1  (P=O),  1018 cm- 1  (POC) 
 
1H-NMR:    (400 MHz,  DMSO-d6)  = δ  (ppm) 7.38 – 7.35 (m,  10H, 

ArH),  5 .04 – 5.03 (m,  4H,  POCH 2),  3 .21 (s ,  3H,  CH 3) ,  
3 .00 (d,  J = 21.36 Hz,  2H,  CH2) ,  1 .29 (s ,  6H,  CH 3)  

 
1 3C-NMR:    (101 MHz,  DMSO-d6)  = δ  (ppm) 136.7 (ArCq u a r t .) ,  128.7,  

128.5,  128.1 (ArCt e r t . ) ,  105.8 (C(O)2) ,  67.3 (d ,  2JC , P  = 6.10 
Hz,  POC),  49.5 (CH3) ,  32.0 (d ,  1JC , P  =  134.79 Hz,  PC)  
22.9 (CH3)   

 
C2 0H2 6NO6P 
Requires  [%]:   C 58.96,  H 6.43,  N 3.44 
Found     [%]:   C 58.85,  H 6.37,  N 3.32 
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Synthesis  procedure  for  36 
 
Dibenzyl (1-{[(1-methoxy-1-methylethoxy)amino]carbonyl}propyl)  
phosphonate (35)  (0.5 mmol ,  0 .2g)  was dissolved in  e thy l  aceta te (2 
mL) and heated under  microwave condi t ions (12 psi ,  100°C,  290 wat ts)  
for  10 min.  Solvent  was evaporated  under  reduced pressure.  The 
result ing oi l  was d issolved in  n-hexane and drops of  diethyl  ether  and 
kept  in  f r idge (4 °C) where a  white sol id  formed.   
 
Dibenzyl [1-(5,5-dimethyl-1,4,2-dioxazol-3-y l)propyl]phosphonate  36  

P
O

N
O

O
O

O

 
 
Yield :           83%, amorphous powder  
 
M.p. :            37 °C 
 
IR (KBr):      1638 cm- 1  (C=N),  1260 cm- 1  (P=O),  1007 cm- 1  (POC) 
 
1H-NMR:    (400 MHz,  CDCl3)  = δ  (ppm) 7.35 (s ,  10H, ArH),  5 .09 –  

5.04 (m,  4H,  POCH2),  2 .93 (d,  J = 21.44 Hz,  2H,  CH 2) ,  
1 .53 (s ,  6H,  CH3)   

 
1 3C-NMR:  (101 MHz,  CDCl3)  = δ  (ppm) 154.1 (C=O),  136.2  

(ArCq u a r t .) ,  129.1,  128.8 (ArCt e r t . ) ,  116.5 (C(O)2) ,  68.7 (d,  
2JC , P  =  6 .61 Hz,  POC),  49.5 (CH3) ,  25.0 (CH3) ,  23.8 (d,  
1JC , P  =  142.92 Hz,  PC)  

 
C1 9H2 2NO5P 
Requires  [%]:   C 60.80,  H 5.91,  N 3.73 
Found     [%]:   C 60.62,  H 5.97,  N 3.78 
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8.7.3  Synthesis of Acylhydrazones 40a-c (Section 6.2) 

Diethyl  (2-oxotetrahydrofuran-3-yl)phosphonate 38  
 

O

O

P

O

O
O

 
 
From α-bromo-γ -butyrolacton (50 mmol)  according to  GP-1 and 
purif ied by fract ional  d is t i l la t ion (122 -  125 °C,  7  x  10- 1  mbar)  
 
Yield:            89%, colour less  oi l   
 
IR (f i lm):       1772 cm- 1  (C=O),  1249 cm- 1  (P=O),  1026 cm- 1  (POC) 
 
1H-NMR:    (400 MHz, DMSO-d6)  = δ  (ppm) 4.32 -  4 .26 (m,  2H,  

OCH2),  4.10 -  4 .05 (m,  4H,  CH2) ,  3.53 – 3.44 (m,  1H,  
CH),  2 .55 – 2.33 (m,  2H,  CH 2)  1 .27 -  1 .23 (m,  3H,  CH3)  

 
1 3C-NMR:    (101 MHz,  DMSO-d6)  = δ  (ppm) 172.4 (C=O),  67.3 (d,  

3JC , P  = 7.12 Hz,  OCH2) ,62.6 (d ,  2JC , P  =  6 .62 Hz,  POC),  
62.3 (d ,  2JC , P  =  6.61 Hz,  POC),   37.6 (d,  1JC , P  = 142.42 Hz,  
PC),  24.0 (CH 2) ,  16.1 (CH3)  

 
 
 
Synthesis  procedure  for  39 
 
To a  solut ion of  diethyl  (2-oxotetrahydrofuran-3-y l)phosphonate (38)  
(5 .5 mmol)  in  5 mL methanol was added hydrazine hydrate  (5.5 mmol)  
dissolved in 5  mL methanol.  The mixture  was s t i r red at  room 
temperature for  18 h.  The solvent  was evaporated and the crude product  
dissolved in  dichloromethane and dr ied (MgSO4) .  The result ing 
colour less  oi l  became a white  sol id  af ter  2  weeks at  -18 °C which was 
recrystal l i sed from ethyl  acetate  and n-hexane.  



 

8  Experimental  

 

 

 146

Diethyl  [1-(hydrazinocarbonyl)-3-hydroxypropyl]phosphonate  39  
 

N
H

O

P

O

O
O

NH2

OH  
 
Yield :            90%, amorphous powder   
 
M.p. :             47 °C  
 
IR (KBr):       1670 cm- 1  (C=O) 
 
1H-NMR:     (400 MHz, DMSO-d6)  = δ  (ppm) 9 .08 (s ,  1H,  NH),  4 .52 –  

4.50 (m,  1H,  OH),  4 .26 (m,  2H,  NH 2) ,  4.04 – 3.96 (m,  4H,  
CH2) ,  3 .38 – 3.20  (m,  2H,  CH 2) ,  3 .98 – 2.86 (m,  1H,  CH),  
1 .97 – 1.74 (m,  2H,  CH 2)  1 .24 -  1 .19 (m,  6H,  CH3)  

 
1 3C-NMR:    (101 MHz,  DMSO-d6)  = δ  (ppm) 166.6 (C=O),  61.8 (d,  

2JC , P  =  6 .61 Hz,  POC),  61.6 (d,  2JC , P  =  6 .10 Hz,  POC),   
58.5 (d,  3JC , P  =  16.78 Hz,  OCH2) ,  40.5 (PC),  29.7 (CH2) ,  
16.2 (d ,  3JC , P  =  6.10 Hz,  CH3)  

 
C8H1 9N2O5P 
Requires  [%]:   C 37.08,  H 7.53,  N 11.02 
Found     [%]:   C 37.14,  H 7.60,  N 11.10 
 
 
 
Synthesis  procedure  for  40a  
 
Diethyl  [1-(hydrazinocarbonyl)-3-hydroxypropyl]phosphonate  (39)  (2  
mmol ,  0 .51g)  was dissolved in  5 mL methanol  and then 2  mmol of   4-
chloroacetophenone were added.  The mixture was s t i r red overnight  a t  
room temperature.  The solvent  was evaporated and a white  powder 
recrystal l i sed from the resul t ing crude product  using ethyl acetate  and 
methanol .   
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(E/Z) Diethyl  [1-({2-[1-(4-chlorophenyl)ethylidene]hydrazino}carbonyl
)-3-hydroxypropyl]phosphonate  40a  
 

N
H

O

P

O

O
O

N

OH
Cl  

 
Yield :           42%, amorphous powder  
 
M.p. :            132 °C 
 
Rat io(E:Z):    49:51 
 
IR (KBr):      1676 cm- 1  (C=O) 
 
1H-NMR:     (400 MHz,  DMSO-d6)  = δ  (ppm):  
E-Isomer     10.76 (s ,  1H,  NH),  7 .81 – 7.47 (m,  4H,  ArH),  4 .60 ( t ,  J = 

4.96 Hz,  1H,  OH),  4 .44 -  4 .35 and 3.55 -3.52 (m,  1H,  CH),  
4 .06 – 3.95 (m,  4H,  CH2) ,  3 .46 – 3.28 (m,  2H,  CH 2) ,  2 .25 
(d,  J  = 10.42 Hz,  3H, CH3) ,  2 .13 – 1.84 (m,  2H,  CH2),  
1 .25 -  1 .17 (m,  6H,  CH3) ,  1 .08 – 0.88 (m,  3H,  CH 3)  

Z - Isomer      10.49 (s ,  1H,  NH),  7 .81 – 7.47 (m,  4H,  ArH),  4 .55 ( t ,  J = 
4.95 Hz,  1H,  OH),  4 .44 -  4 .35 and 3.55 -3.52 (m,  1H,  CH),  
4 .06 – 3.95 (m,  4H,  CH2) ,  3 .46 – 3.28 (m,  2H,  CH 2) ,  2 .25 
(d,  J  = 10.42 Hz,  3H, CH3) ,  2 .13 – 1.84 (m,  2H,  CH2),  
1 .25 -  1 .17 (m,  6H,  CH3) ,  1 .08 – 0.88 (m,  3H,  CH 3)  

 
1 3C-NMR:     (101 MHz,  DMSO-d6)  = δ  (ppm): 
E- Isomer   169.7  (C=O),  127.6,  127.4 (ArCt e r t . ) ,  61.4 (POC),  61.2 

(POC),  57.9 (OCH2) ,  28.9 (CH2) ,  15.5 (CH3) ,  13.2 (CH3)  
Z - Isomer    169.7 (C=O),  127.6,  127.4 (ArCt e r t . ) ,  61.4  (POC),  61.2  

(POC),  57.9 (OCH2) ,  28.9 (CH2) ,  15.5 (CH3) ,  13.2 (CH3)  
 
C1 6H2 4ClN2O 5P·½H 2O 
Requires  [%]:   C 48.07,  H 6.30,  N 7.01 
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Found     [%]:   C 48.21,  H 6.35,  N 7.14 
Synthesis  procedure  for  40b  
 
Diethyl  [1-(hydrazinocarbonyl)-3-hydroxypropyl]phosphonate  (39)  (4  
mmol ,  1.01g)  and p-phenoxyphenylethyl  ketone (4 mmol)  were 
dissolved in  10 mL methanol  and s t ir red for  2 days at  room 
temperature.  The solvent  was evaporated  and a  whi te powder 
recrystal l ised from the result ing crude product  using petrol  e ther .  
 
(E/Z) Diethyl  [1-({2-[1-(4-phenoxyphenyl)propylidene]hydrazino} 
carbonyl)-3-hydroxypropyl]phosphonate  40b   
 

N
H

O

P

O

O
O

N

OH
O

 
 
Yield :            33%, amorphous powder   
 
M.p. :             122 °C 
 
Rat io  (E:Z):     54:  46 
 
IR (KBr):       1670 cm- 1  (C=O),  3279 cm- 1  (NH) 
 
1H-NMR:      (400 MHz,  DMSO-d6)  = δ  (ppm):  
E- Isomer      10.79 (s ,  1H,  NH),  7 .81 – 7.01 (m,  9H,  ArH),  4 .60 ( t ,  J = 

5.09 Hz,  1H,  OH),  4 .47 -  4 .38 and 3.69 -3.50 (m,  1H,  CH),  
4 .06 – 3.97 (m,  4H,  CH2) ,  3 .45 – 3.26 (m,  2H,  CH 2) ,  2 .81 
– 3.77 (m,  2H,  CH 2) ,  2 .08 – 1.86 (m,  2H,  CH2) ,  1 .24 -  
1 .14 (m,  6H,  CH3) ,  1 .08 – 0.88 (m,  3H,  CH 3)   

Z - Isomer      10.43 (s ,  1H,  NH),  7 .81 – 7.01 (m,  9H,  ArH),  4 .55 ( t ,  J = 
4.95 Hz,  1H,  OH),  4 .47 -  4 .38 and 3.69 -3.50 (m,  1H,  CH),  
4 .06 – 3.97 (m,  4H,  CH2) ,  3 .45 – 3.26 (m,  2H,  CH 2) ,  2 .81 
– 3.77 (m,  2H,  CH 2) ,  2 .08 – 1.86 (m,  2H,  CH2) ,  1 .24 -  
1 .14 (m,  6H,  CH3) ,  1 .08 – 0.88 (m,  3H,  CH 3) 
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1 3C-NMR:     (101 MHz,  DMSO-d6)  = δ  (ppm): 
E- Isomer   165.0 (C=O),  131.7,  130.1,  128.2,  123.8,  119.0,  118.0  

(ArCt e r t . ) ,  61.8 (POC),  61.5 (POC),  58.6 (OCH2) ,  29.8  
(CH 2) ,  19.4 (CH2) ,  16.2 (CH 3) ,  10.7 (CH 3)  

Z - Isomer    165.0  (C=O),  131.7,  130.1,  128.2,  123.8,  119.0,  118.0  
(ArCt e r t . ) ,  61.8 (POC),  61.5 (POC),  58.6 (OCH2) ,  29.8  
(CH 2) ,  19.4 (CH2) ,  16.2 (CH 3) ,  10.7 (CH 3)  

 
C2 3H3 1N2O6P·½H2O 
Requires  [%]:   C 57.49,  H 6.92,  N 5.83 
Found     [%]:   C 57.97,  H 6.81,  N 6.15 
 
 
Synthesis  procedure  for  40c  
 
Diethyl  [1-(hydrazinocarbonyl)-3-hydroxypropyl]phosphonate  (39)  (4  
mmol ,  1 .01g)  was d issolved in  10 mL methanol and 2,6-
dichlorobenzylaldehyde (4 mmol)  was added,  then the mixture  was 
s t i r red for  2  days at  room temperature.  The solvent  was  evaporated and 
a  white  powder  recrystal l ised from the resul t ing crude product  using 
ethyl  acetate and petrol  e ther .  
 
 
(E/Z)  Diethyl  (1-{[2-(2,6-dichlorobenzylidene)hydrazino]carbonyl}-3-
hydroxypropyl)phosphonate 40c  
 

N
H

O

P

O

O
O

N

OH

Cl

Cl
 

 
Yield :           97%, amorphous powder   
 
M.p. :             138 °C 
 
Rat io(E:Z):     33:  67 
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IR (KBr):      1670 cm- 1  (C=O),  3392 cm- 1  (NH) 
 
1H-NMR:      (400 MHz,  DMSO-d6)  = δ  (ppm):  
E-Isomer      10.83 (s ,  1H,  NH),  8 .38 (s ,  1H,  NCH),  7.33 – 7.15 (m,  3H,  

ArH),  4 .49 -  4 .39 and 3.34 -3.27 (m,  1H,  CH),  4 .21 – 4.15 
(m,  4H,  CH 2) ,  3 .79 – 3.69 (m,  2H,  CH2) ,  2 .34 – 2.18 (m,  
2H,  CH 2) ,  1 .35 – 1.26 (m,  6H,  CH3)  

Z -Isomer      10.15 (s ,  1H,  NH),  8 .22 (s ,  1H,  NCH),  7 .33 – 7.15 (m,  3H,  
ArH),  4 .49 -  4 .39 and 3.34 -3.27 (m,  1H,  CH),  4 .21 – 4.15 
(m,  4H,  CH 2) ,  3 .79 – 3.69 (m,  2H,  CH2) ,  2 .34 – 2.18 (m,  
2H,  CH 2) ,  1 .35 – 1.26 (m,  6H,  CH3)           

 
1 3C-NMR:     (101 MHz,  DMSO-d6)  = δ  (ppm): 
E- Isomer     163.9 (C=O),  142 (C=N),  133.7 (ArCq u a r t .) ,  130.2,  129.1,  

128.9 (ArCt e r t . ) ,  62.2,  62.1 (POC),  58.3 ( 3JC , P  = 16.28 Hz,  
OCH2) ,  40.8 (d ,  1JC , P  =  134.24 Hz,  PC),  29.4 (d,  2JC , P  =  
4 .58 Hz,  POC),  16.1  (CH3)  

Z - Isomer      169.9 (C=O),  137.9 (C=N),  133.7 (ArCq u a r t .) ,  130.2,  129.1,  
128.9 (ArCt e r t . ) ,  61.9 (d ,  2JC , P  =  6 .61 Hz,  POC),  61.8 (d,  
2JC , P  =  6.61 Hz,  POC),  58.8 (3JC , P  =  16.79 Hz,  OCH2),  36.6 
(d,  1JC , P  =  134.24 Hz,  PC),  29.7 (d,  2JC , P  =  4.58 Hz,  POC),  
16.1 (CH3)  

 
C1 5H2 1Cl2N2O5P 
Requires  [%]:   C 43.81,  H 5.15,  N 6.81 
Found     [%]:   C 43.75,  H 5.17,  N 6.94 
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10  Summary 

This work deals  with the synthesis ,  analysis  and biological  act iv i ty  
s tudies  on analogues of  natural  ant ibio t ic  SF-2312.  The object ive of  the 
f irs t  par t  was to  synthesise  1-hydroxypyrrolidin-2,5-diones 5a-t ,6  that  
do not  have ei ther  mult ip le  chiral  centers  or  the unstable  N,O-Acetal  
present  in  SF-2312.  1-Benzyloxypyrrolidin-2,5-diones (4a-c)  were 
synthesised via Michael is-Arbusov react ions on 1-benzyloxy-3-
bromopyrrolidin-2,5-dione (3) .  (Scheme 1)  
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Scheme 1 .  
 
The acidi ty  of  the alpha C-H in r ing posi t ion 3 due to  the phosphonate  
in the 3-alkoxyphosphory l-1-benzyloxysuccinimides  4a-c provided
access  to  their  fuct ional izat ion.  Firs t ,  by  alky lat ion using electrophi les  
to  get  5a-t  and second via  a Mannich react ion y ielding  6  as  a  
hydrochlor ide sal t  (Scheme 1) .  
 
Cleavage of  phosphonic  acid  es ters  was real ized with TMSBr and 
water .  Due to  hygroscopici ty  of  the free phosphonic  acids ,  the target  
compounds were synthes ised as  ethanolamine monosal ts .  Sal if icat ion of  
the phosphonic  acids  with 0 .9  equivalent  of  e thanolamine in  methanol  
or  THF afforded the sal ts  12a-f  (Scheme 2) .  
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Cataly tic  hydrogenat ion of  the benzyl-protected cycl ic  hydroxamic 
acids  of  12a-f  f inal ly  led to  the targeted ethanolamine monosal t  1-
hydroxy-3-(alkyl/  ary l)-2,5-dioxopyrrolid ine analogues  of  SF-2312 
(13a-f)  (Scheme 2) .  
Similar  deprotect ion of  4a ,  5c-t  in  methanol  led to  the 1-
hydroxysuccinimides 14a-t  whose phosphonic acid moieties  were 
masked as  var ious alky l  phosphonates  in  order  to  overcome 
hygroscopici ty  of  phosphonic  acids  (Scheme 3) .  
Undesired  dehalogenat ions during the cataly t ic  hydrogenat ion of  
halogenated compounds were overcome by  using less  polar  solvents ,  
lower  pressure  and their  y ield  improved by  adding catalysts  such as  
ZnBr2  (Scheme 3) .  
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Al l  a t tempts  towards reduct ion of  the carbonyl in  r ing posi t ion 5 of  
diethy l  [1-benzyloxy-2,5-dioxopyrrol idin-3-y l]phosphonate  using 
NaBH4 or  LiAlH 4 were fut i le.   
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Diethyl  (3-benzyl-1-hydroxy-2,5-dioxopyrrolidin-3-y l)phosphonate  
could however  be reacted with  4- tr i f luoromethyl-phenyl isocyanate or  
4-methoxy-phenylisocyanate  to  successful ly  afford compounds 16a-b  
(Scheme 4) .  
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Scheme 4 .  
 
Another  compound synthesised within the scope of  this  thesis  as  an  
open-chained analogue of  SF-2312 (17a) .  Hydrolysis  of  tr iethy l  
2-phosphonobutyrate  provided 2-(diethoxyphosphory l)butanoic  acid  
that  was  then t reated wi th 1,1 ′ -carbonyldiimidazole  (CDI)  and 
benzyloxyamine to  afford O-benzyl  protected hydroxamic acid 22 .   
 
Dealkylat ion of  the phosphonic ester  gave the s table  and non-
hygroscopic phosphonic acid  23  whereas  debenzylat ion via cataly t ic  
hydrogen led to  hygroscopic 17a  (Scheme 5) .  
 
Functional izat ion of  the α-posit ion in  tr ie thyl  2-phosphonobutyrate  
successful ly  afforded 3-substi tuted compounds 24a-b  but  hydrolysis  
using KOH and Ba(OH)2  to  give carboxylic  acids  was unsuccessful  
(Scheme 5) .  
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The hydroxamic acid was  masked in  dioxazole r ing when 2-
(die thoxyphosphory l)butanoic  acid was treated with CDI and O-(1-
methoxy-1-methylethy l)  hydroxylamine and the resul t ing  hydroxamic 
acid cyclized in to diethy l  [1-(5,5-dimethyl-1,4 ,2-dioxazol-3-y l)propyl]  
phosphonate.  Alkylat ion using benzyl  bromide gave benzylated  
der ivat ive  28b (Scheme 6) .  
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The ethyl  phosphonates  were replaced by  benzyl  phosphonates  in  
s imi lar  react ions to  improve yields  of  this  synthesis  sequence aiming a t  
open-chained analogues.  Dibenzyl methylphosphonate  was act ivated 
with n-BuLi and then reacted with dry  ice (CO 2)  to  afford 
(dibenzylphosphono)  acet ic acid in  good y ield.  
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Scheme 7 .  
 
Ethyl  [bis(benzyloxy)phosphory l]  aceta te  was  real ised  af ter  the  acid  
was es ter i f ied.  I t  was subsequent ly  benzylated at  the α-posi t ion to  y ie ld  
e thy l  2-[bis(benzyloxy)phosphory l]-3-phenylpropanoate (Scheme 7) .  
 
Hydrolysis  readi ly  resul ted in  good yields  of  s table  2-
[bis(benzyloxy)phosphory l]-3-phenylpropanoic  acid (34 )  that  may be 
t ransformed in hydroxamic acid using CDI and benzyloxyamine then 
subsequent ly  deprotected in  another  scope of  work as  was done here  for  
e thy l  phosphonate  der ivat ives  (Scheme 7) .  I t  would be imperat ive to  
consider  pro-drug or  sal t  format ion while  reckoning the observed 
herein hygroscopici ty  of  17a  that  contains  both free phosphonic and 
hydroxamic acids .  
 
Benzyl phosphonate-dioxazole  der ivatives  were also successful ly  
synthesised when (dibenzylphosphono) acet ic  acid  was  t reated with 
1 ,1 ′ -carbonyldiimidazole  and then O-(1-methoxy-1-methylethy l)  
hydroxylamine and the resul t ing hydroxamic acid subsequent ly  cycl ized 
under  microwave i r radiat ion (Scheme 7) .  This  sect ion revealed  tha t  
benzyl  phosphonates  afforded higher  y ielding and s table  intermediates  
than ethyl  phosphonates  for  the synthesis  sequence towards open-
chained analogues.  
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This  s tudy f inal ly  descr ibes  the synthesis  of  hydrazide and hydrazone 
open-chained analogues of  SF-2312.  38  was treated wi th hydrazine 
hydrate to  afford diethyl  [1-(hydrazinocarbonyl)-3-
hydroxypropyl]phosphonate  in  good yield .  This  hydrazide was then 
reacted with var ious aldehydes and ketones to  y ield their  corresponding 
hydrazones as  E /Z - isomeric  mixtures  (Scheme 8) .  
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Scheme 8 .  
 
Compounds 12  and 13 were tes ted for  ant ibacter ia l  act ivi ty ,  but  did  not  
inhibit  growth of  var ious bacter ia l  s t ra ins .   
Selected compounds of  14  exhibi ted in-vit ro  fungicidal  act iv i ty  when 
tes ted in  col laborat ion with  Dupont  de Nemours ,  Newark-Welmington/  
USA but  these resul ts  were not  conf irmed in  greenhouse tes ts .   
These and other  selected compounds are  s t i l l  under  invest igat ion for  
other  ant imicrobial  ac t iv i ty  in  conjunct ion with Bayer/  Germany and 
the Universi ty  of  Antwerp/  Belgium.  
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11 Zusammenfassung 

Die vorl iegende Arbei t  beschäf t igt  s ich mit  der  Synthese,  der  Analy t ik 
und den biologischen Eigenschaf ten von Strukturanaloga des 
ant ibiot isch wirksamen Naturs toffs  SF-2312.  Im ers ten Tei l  der  Arbei t  
werden 1-Hydroxypyrrolidin-2,5-dione 5a-t ,  6 als  Der ivate d ieses  
Antibiotikums beschr ieben.  
1-Benzyloxypyrrol idin-2,5-dione (4a-c)  wurden mit tels  Michael is -
Arbusov-Reaktion aus  1-Benzyloxy-3-brompyrrol idin-2,5-dion (3 )  
gewonnen (Schema 1) .  
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Schema 1 .  
 
Die C,H-Acidi tä t  der  Verbindungen 4a-c  er laubte ihre  
Funktional is ierung an Ringposi t ion 3 -  einersei ts  durch den Einsatz  von 
Alkylhalogeniden (5a-t )  und anderersei ts  über  eine Mannich-Reakt ion,  
die  das  Hydrochlor id 6  hervorbrachte  (Schema 1) .   
 
Die Spal tung des  Phosphonsäureesters  erfolgte mit  TMSBr und Wasser .  
Da die  resul t ierenden Phosphonsäuren eine s tarke Hygroskopizi tä t  
aufwiesen,  wurden s ie  a ls  Ethanolaminmonosalze dargestel l t .  Um das 
Salz  zu erhal ten,  wurden die  Phosphonsäuren mit  0 ,9 Äquivalenten des  
Ethanolamins in  MeOH oder  THF versetzt  (12a-f )  (Schema 2) .  
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Die   kataly t ische   Hydrierung  der   O-benzyl-geschützten  cyclischen 
N-Hydroxysuccinimide 12a-f  führ te schl ießl ich  zu den gewünschten  
Ethanolaminmonosalzen der  1-Hydroxy-3-(alky l /  ary l)-2 ,5-
dioxopyrrolid in-Analoga von SF-2312 (13a-f)   (Schema 2) .  
 
Bei  den Verbindungen 4a ,  5c-t  wurde besonderes  Augenmerk auf  d ie  
Darste l lung verschiedener  Phosphonsäuredialkylester  gelegt ,  um die  
Hygroskopizi tä t  zu vermindern.  In  Methanol gelöst  wurden s ie  
entsprechend obiger  Methode in  die  debenzyl ier ten  N-
Hydroxysuccinimide überführt  (Schema 
3) .
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Schema 3 .  
 
Durch die  Verwendung schwach polarer  Lösungsmit te l  wie  Ethylacetat  
und unter  ger ingerem Druck konnte  die  unter  Standardbedingungen 
auf t re tende,  unerwünschte  Dehalogenierung des  Benzylres ts  
unterbunden werden.  Gleichzei t ig  wurde die  Ausbeute  durch Zugabe 
von Katalysatoren wie ZnBr2  verbesser t  (Schema 3) .  Die Versuche,  die  
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Carbonylgruppe in  Ringposi t ion 5 des  Diethy l  [1-benzyloxy-2,5-
dioxopyrrolid in-3-yl]phosphonats  mi t  NaBH4 oder  LiAlH4 zu  
reduzieren,  schlugen fehl .  
Diethy l  (3-benzyl-1-hydroxy-2,5-dioxopyrrolid in-3-yl)  phosphonat  
reagier te  mi t  4-Trif luormethyl-phenylisocyanat  und 4-Methoxy-
phenyl isocyanat  dennoch erfolgreich zu den Verbindungen 16a-b .  
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Schema 4 .  
 
Im Rahmen dieser  Arbeit  wurde ein  weiteres  offenket t iges  Analogon 
von SF-2312 (17a )  synthet is ier t .   
 
Die Hydrolyse des  2-Phosphonobutyrats  l iefer te  2-
(Diethoxyphosphory l)  but tersäure ,  die durch die  Behandlung mi t  
1 ,1 ′ -Carbonyldi imidazol  (CDI) und O-Benzyloxyamin die  O-benzyl isch  
geschützte Hydroxamsäure 22  ausbi ldete  (Schema 5) .   
 
Die Desalkylierung des  Phosphonsäureesters  ergab die s tabi le  und nicht  
hygroskopische Phosphonsäure 23 ,  während die Debenzylierung durch 
kataly t ischen Wassers toff  zu  17a  führ te  (Schema 5) .  
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Schema 5.  
 
Die erfolgreiche Funktional is ierung der  α-Posi t ion des  Trie thy l  2-
phosphonobutyrats  brachte  die  Verbindungen 24a-b  hervor .  Der  
Versuch,  diese  Ester  mit  KOH oder  Ba(OH)2  zur  f re ien  Carbonsäure zu  
verseifen,  um im Anschluß daran die  Hydroxamsäure dars te l len  zu 
können,  schei ter te  (Schema 5) .  
 

P
O

OHO

EtO
EtO

P
O

EtO
EtO

NO
O

P
O

EtO
EtO

NO
O

PhCDI,
nBuLi, BnBrNH2 O O

1.

2. cyclohexan, 

28b  
Schema 6 .  
 
Die Hydroxamsäure wurde in  e inem Dioxazolr ing maskier t .  Dieser  Ring 
wurde  durch die  Behandlung der  2-(Diethoxyphosphory l)but tersäure  
mit  CDI und O-(1-Methoxy-1-methylethy l)  hydroxylamin dadurch 
erhal ten,  indem die  zunächst  resul t ierende Hydroxamsäure unter  
Ringschluß zu  Diethyl[1-(5,5-dimethyl-1,4 ,2-dioxazol-3-
y l)propyl]phosphonat  reagier te .  
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Eine Alkylierung unter  Verwendung von Benzylbromid ergab die  
benzylier te Verbindung 28b  (Schema 6) .  
 
Um die Ausbeute  im Hinbl ick auf  die  offenket t igen Produkte  zu  
s te igern,  wurden die  zunächst  verwendeten  Ethylphosphonate  durch 
Benzylphosphonate  ersetz t .  
Dibenzylmethylphosphonat  wurde mit  n-BuLi  akt ivier t  und 
anschl ießend mit  Trockeneis  (CO2)  zur  Reakt ion gebracht ,  um 
Dibenzylphosphonoessigsäure  in  guten Ausbeuten zu erhalten (Schema 
7) .  
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Schema 7 .  
 
Die f reie  Säure wurde anschließend zum Ethyl[b is(benzyloxy)-
phosphory l]acetat  verester t .  Anschl ießend erfolgte e ine Benzylierung 
an der  α-Posi t ion,  um Ethyl-2-[bis(benzyloxy)phosphory l]-3-
phenylpropanoat  darzustel len .  
Die Hydrolyse ergab problemlos die  s tabi le  2-
[Bis(benzyloxy)phosphory l]-3-phenylpropansäure in  guten Ausbeuten.  
In  einem weiteren Arbeitsschri t t  konnte d iese  Verbindung mit  CDI und 
Benzyloxyamin umgesetzt  werden,  um die  O-Benzyl-geschütz te  
Hydroxamsäure zu  erhalten .  Die drei  benzylischen Schutzgruppen 
konnten g leichzei t ig  durch kataly t ische Hydrierung abgespal ten werden 
(Schema 7) .  Für  die so erhal tenen Verbindungen sol l te  e ine Salzbi ldung 
oder  die  Darste l lung von prodrugs in  Erwägung gezogen werden,  um 
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die  beobachtete  Hygroskopizi tä t  von Verbindung 17a,  basierend auf  
den fre ien  Phosphon-  und Hydroxamsäuren,  zu vermindern.   
Benzylphosphonatdioxazol-Derivate wurden ebenfalls  erfolgreich  
synthet is ier t ,  indem (Dibenzylphosphono)  ess igsäure zunächst  mi t  CDI  
und im Anschluß mit  O-(1-Methoxy-1-methylethy l)  hydroxylamin 
umgesetz t  wurde.  Die result ierende Hydroxamsäure cycl is ier te in  e inem 
le tzten Schri t t  unter  Mikrowel lenbestrahlung (Schema 7) .  
Aus diesem Abschni t t  der  Arbeit  ging hervor ,  dass  man durch die  
Verwendung von Benzylphosphonaten  -  im Gegensatz zur  Synthese mi t  
Ethylphosphonaten -   höhere  Ausbeuten und s tabi le  Zwischenprodukte  
im Hinblick auf  die  Darste l lung offenket t iger  Derivate  erzie len kann.  
 
Der  le tzte  Tei l  dieser  Arbeit  beschäft igt  s ich  mi t  der  Synthese von 
offenket t igen Hydrazid-  und Hydrazonanaloga von SF-2312.  Durch die  
Umsetzung von 38  mit  Hydrazinhydrat  konnte  man Diethy l[1-
(hydrazinocarbonyl)-3-hydroxypropyl]phosphonat  in  guten Ausbeuten  
erz ielen.  
Diese Hydrazide wurden dann mit  verschiedenen Aldehyden und 
Ketonen zur  Reakt ion gebracht ,  um die  entsprechenden E/Z-
Isomerengemische der  Acylhydrazone zu erhalten (Schema 8) .  
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Schema 8 .  
 
Verbindungen 12  und 14  wurden auf  ihre  antibakter ie l le  Aktivi tä t  
getes te t .  Es  wurde keine Wachstumshemmung bei  unterschiedl ichen 
Bakter ienstämmen beobachtet .  In  einer  Zusammenarbei t  mit  Dupont  de 
Nemours ,  Newark-Welmington/  USA wiesen Verbindungen von 14   in  
vi t ro  auf  fungizide Eigenschaf ten hin,  a l lerdings  wurde dieses  Ergebnis  
nicht  durch Tests  im Gewächshaus bestä t igt .  Diese  und andere  
ausgesuchte  Verbindungen werden wei terhin bei  Bayer  AG und 
Antwerp Universi taet  getes tet .
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Hazardous substances 

No information about  the  toxicological  character is t ics  of  the  
compounds synthesized with in the scope of  th is  thesis  is  avai lable .  
Hence,  hazardous proper t ies  cannot  be excluded.   
These chemicals  should therefore be regarded as  hazardous substances 
and t reated with  the appropria te  caution.   
Toxicological  propert ies  of  the  solvents  and the chemicals  employed 
within the course of  this  project  are  summarized in  the tables  below.  
 
 

Solvents Category
 of 
danger* 

Safety phrases 

Acetone F ,  Xi S 9-16-26 
Acet ic  acid  C  S 2-23-26 
2-butanone F ,Xi S 9-16 
Chloroform Xn S 36/37 
Dichloromethane Xn S 23.2-24/25-36/37 
Diethy l  e ther  F+,  Xn S 9-16-29-33 
Ethanol  F  S 7-16 
Ethyl  acetate F ,  Xn S 16-26-33 
N ,N-Dimethylformamide  T S 53.1-45 
n-Hexane F ,  Xn,  N S 9-16-29-33-36/37-61-62 
Methanol  F ,  T S 7-16-36/37-45 
Tetrahydrofuran F ,  Xn S 16-29-33 
Toluene  Xn,  F S 16-25-29-33 
 
 
 
 
 

                                                 
*  C  –  Corros ive ,  F  –  High ly  f l ammab le ,  F+  –  Ex t remely  f l ammab le ,  N  –  
Env i ronmen ta l l y  dangerous ,  O  –  Ox ida t ive ,  T  –  t ox i c ,  T+  –  Ve ry  t ox i c ,  X i  –  
I r r i t an t ,  Xn  –  Har mfu l  
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Solvents Category 
of danger

Safety phrases 

Acety l  chlor ide Xn,  F+ S 16-33-36/37 
Ammonium chlor ide   Xn S 22-36/22 
α-bromo-γ-butyrolacton Xn S 22  
Benzylbromide  Xi S 39 
n-Buty ll i thium-solut ion  F,  C,  N S 16-26-36/37/39-43.11-45 
1,1 ′ -Carbonyldi imidazole  Xn S 22-36/37/38 
4-chloroacetophenone Xn S 26-37/39 
Chloromethyl  pivalate  Xn  S 16-26-36 
2,6-dichlorobenzylaldehyde Xi S 26-37/39 
Hydrazine hydrate  T,  N S 53-45-60-61 
Hydrochlor ic  acid C S 26-36/37/39-45 
Hydrogen F+  S 9-16-33 
Hydrogen chlor ide C S 26-36/37/39-45 
Hydrobomic acid C S 7/9-26-45 
Maleic  anhydride C,  Xn S 22-26-36/37/39-45 
4-Methoxy-
phenyl isocyanate  

Xi S 26-37/39 

Phosphorous pentachlor ide C S 7/8-26-36/37/39-45 
Potass ium hydroxide C S 22-26-37/39 
Pyridine F,  Xn S 26-28.1 
Sodium carbonate  Xi S 22-26 
Sodium hydride F,  Xi S 24/25-26-43.11-7/8 
Sodium hydroxide C S 26-37/39-45 
Thionyl chlor ide C  S 26-36/37/39-45 
Triethy lamine  C,  F S 3-16-26-29-36/37-45 
Trie thy l  2-buty lphosphonate Xi S 26-37/39 
Trie thy lphosphi te  Xn  S 16-26-36 
4-Trif luoromethyl-
phenyl isocyanate  

Xn S 26-36/37/39 

Trimethyl  phosphite T S 53-26-36/37/39-43 
Trimethyls i ly l  bromide C S 16-26-36/37/39-45 
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