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SYNME!5IS OF DEUTERATED EICOSANOIDS 

C l a u s  O.Meese 

Dr.Margarete  Fischer-Bosch-Inst i tut  f u r  Klinische 

Pharmakologie ,  A u e r b a c h s t r a n e  11 2,  D-7000 S t u t t g a r t  50 (FRC)  

SUMMARY 

D e u t e r a t e d  l ipoxygenase and cyc looxygenase  der iva t ives  of e i c o s a t e t r a e n o i c  ac id  

(arachidonic  acid)  and  t h e i r  m e t a b o l i t e s  a r e  indispensable  tools  for  organic  t r a c e  

analysis ,  biomedical  s tudies ,  and mechanis t ic  inves t iga t ions  on  t h e  cor responding  

endogenous (unlabelled) e icosanoids .  Methods for t h e  prepara t ion  of d e u t e r a t e d  e ico-  
sanoids  a r e  reviewed.  

Key words: Eicosa te t raenoic  ac id  metabol i tes ,  prostaglandins ,  
th romboxanes ,  deutera t ion ,  m a s  s p e c t r o m e t r y  

INTRODUCTION 

A basic  requi rement  for  t h e  t r a c e  analysis  of e icosanoids  (1,2) in biological m a t e r i a l  

using the mass  s p e c t r o m e t r i c  s tab le  i so tope  di lut ion method (3-6) is  t h e  ava i lab i l i ty  of 

isotopical ly  label led in te rna l  ana ly t ica l  s t a n d a r d s  (6,7). As a v a r i e t y  of d e u t e r a t e d  

precursors  or  r e a g e n t s  a r e  readi ly  ava i lab le  commerc ia l ly ,  mos t  work d o n e  in t h e  p a s t  

w a s  based on  t h e  prepara t ion  of d e u t e r a t e d  analogues. For  the i r  synthes is  and  use  s o m e  

g e n e r a l  cons idera t ions  have  to b e  t a k e n  i n t o  account :  

1. 

2. 

3. 

4. 

5 .  

The label led compounds  should preferab ly  c o n t a i n  at leas t  3-4 d e u t e r i u m  a toms.  

The  label  should b e  placed in chemica l ly  s t a b l e  posi t ions to avoid H/D e x c h a n g e  

during s torage ,  s a m p l e  work-up or  chromatography*.  

The  label  should b e  re ta ined  in t h e  main  m a s  f r a g m e n t s  a f t e r  ionizat ion of a n  

appropr ia te  der iva t ive  in t h e  ion s o u r c e  of t h e  mass  s p e c t r o m e t e r .  

T h e  a m o u n t  of unlabelled m a t e r i a l  ( Ho) in t h e  in te rna l  s tandard  should b e  as low 

as possible to obta in  a sensi t ive,  low-blank assay. 

For a n  economic  synthesis  t h e  d e u t e r i u m  should b e  in t roduced  in to  t h e  molecule  

at a l a t e  s t a g e  of t h e  s y n t h e t i c  route .  
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6. If t h e  d e u t e r a t e d  compound is to b e  used in biological s tud ies  (biosynthesis, 

metabol ism,  bioavai labi l i ty ,  etc.), t h e  e n z y m a t i c  s tab i l i ty  has  to b e  cons idered  

(8,9). 

D e u t e r a t e d  eicosanoids  may a l so  b e  useful  in mechanis t ic  and spec t roscopic  invest i -  

ga t ions  (elucidat ion of reac t ion  mechanisms (101, f r a g m e n t a t i o n  mechanisms in mass  

s p e c t r o m e t r y  (1 1,12), and s ignal  ass ignment  in 'H, 13C-NMR spec t roscopy (13)). 

This cont r ibu t ion  descr ibes  t h e  g e n e r a l  r o u t e s  to biologically re levant  e icosanoids  which 

a r e  d e u t e r a t e d  at s t a b l e  posi t ions of t h e  c a r b o n  ske le ton  and  which a r e  su i tab le  for use  

as ana ly t ica l  p r imary  s tandards.  D e s p i t e  s o m e  ana ly t ica l  l imitat ions,  t h e  prepara t ion  of 

secondary  s t a n d a r d s  ( d e u t e r a t e d  d e r i v a t i v e s  of t h e  unlabel led p a r e n t  compounds)  will 

a l s o  b e  out l ined briefly. 

LABELLED PRECURSORS AND INTERMEDIATES 

The major i ty  of t h e  physiologically a c t i v e  l ipoxygenase o r  cyc looxygenase  d e r i v a t i v e s  is  

der ived f r o m  t h e  c o m m o n  precursor  a rachidonic  ac id  (AA, eicosa-5,8,1I,l4-tetraenoic 

acid). Although t h e  synthesis  of a se lec t ive ly  monodeutera ted  AA h a s  a l so  been  

*Abbreviat ions used in  th i s  a r t ic le :  2H=D, a rachidonic  ac id  = AA, prostaglandin = PC, 

leukot r iene  LT, hydroxyeicosa te t raenoic  a c i d  = HETE, thromboxane  = TX 

Nomencla ture  and  numbering: prostaglandins  (141, pros tacyc l ins  (15) th romboxanes  (161, 

l eukot r ienes  (17) 

descr ibed  (18), most  prepara t ions  of d e u t e r a t e d  AA s t a r t  f r o m  eicosa-5,8,11,14- 

t e t r a y n o i c  ac id  (ETYA) (19,201 or i t s  methyl  e s t e r  &. (Scheme I). 

& :  R-He 

Scheme 1 

Quinoline poisoned Lindlar's c a t a l y s t  (21-23) is widely used for t h e  semi-sa tura t ion  of 

t h e  t r ip le  bonds of I (19,20,24,25) a l though i t  h a s  been  shown by c a r e f u l  c h r o m a t o -  



Deuterated Eicosanoids 297 

graphy (26,271 that the  chemica l  yield and isotopic purity of 2 have  of ten  been largely 

overes t imated  (28). P-2 nickel (29,301 is also e f f ec t ive  for  t h e  cis-deuteration of 2 

(31,32) while l i t t l e  or no deuterium uptake  was observed with o ther  ca ta lys t s  

((Ph3P),RhCI/CF3CH20H (33), (Rh(NBD)Me,PPh)+ PF6- (34), Co2B (35)) (28). As 

determined by capillary gas  chromatography-mass spec t romet ry ,  Lindlar semi-deutera- 

tion provides 5,6,8,9,11, 12,14,154 H&arachidonic acid in 45-75 % yield with an  

isotopic distribution in t h e  range of 3% 2H6/2H,,,10-20 % H7/ H9, 59-86% Hs 

(do< 0.5%) (25,28,36). 

2 

2 2  2 

The to t a l  synthetic approach to labelled eicosanoids requires the  introduction of 

labelled side chains. In an early report  (37,381 an e f f ic ien t  synthesis of t h e  phosphonium 

sa l t  f! f rom commerc ia l  deutera ted  cyclopentanone 2 was described (Scheme 2). 

Compound 5 may also be  conveniently prepared in five s teps  s ta r t ing  f rom 5-acetoxy-l- 

Scheme 2 

The highly labelled phosphonium sa l t  7 has  recently been pepared(40) from 6(4l) via the  

Hunsdiecker reaction. 

The Wittig precursor f! has  been widely used for t h e  introduction of t he  upper side chain 

(see below) to yield prostanoids labelled at t h e  positions 3,3,4,4 of t h e  C-20 carbon 

skeleton (see below). 

However, as a number of prostanoic acid metabolites possess a shortened upper side 

chain deuterium introduction in to  t h e  lower side chain of t h e  carbon skeleton via t h e  

Wittig-Horner reaction of appropriate phosphonates seemed t o  be  more favourable in 

these  cases. Thus, t h e  requisite phosphonates 9 (42), fi (431, and 13 (40,441 (Scheme 3) 
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h a v e  been obta ined  in s a t i s f a c t o r y  yields  f r o m  readi ly  ava i lab le  s t a r t i n g  m a t e r i a l s  (11 
(44) and 14 (40,45) may b e  convenient ly  prepared  f r o m  sorb ic  acid). A k e y  s t e p  in t h e  

synthesis  of 11, 13, and is t h e  s a t u r a t i o n  of double  or  t r ip le  bonds by m e a n s  of 

homogeneous  c a t a l y t i c  deutera t ion .  Without  except ion ,  W ilkinson's c a t a l y s t  ((Ph3P)3RhCI) 

(46) h a s  been  used for  t h i s  s tep.  The  o c t a d e u t e r a t e d  phosphonate  h a s  been  used 

in t h e  t o t a l  synthesis  of label led w-carboxy-metabol i tes  of prostaglandins  (40 )  a n d  

thromboxanes  (41). 

B R  
CD,I - - - 4 (MeOl~PCH2-C-(CH2)'C~ 

B P 

P P  
HCZC-CH2OH - - - - lMeO)2P-CH~-C-(CH2)~lC02)2CH3 

1p L! 

. -_ . CH3(CHO~COzEt . 
a t  12 -\  

(MeOl*P-CH~-C-(CHOhCH? 
-* \ 

/ 
/ 

4 

(MeOjZ O O  :,,~b / * / #  

1L 

!A 

e !5 Scheme 3 

BIOCHEMICAL TOTAL SYNTHESIS 

In t h e  past  t w e n t y  years ,  a v a r i e t y  of e n z y m e s  which a r e  responsible  for  e a c h  of t h e  

individual s t e p s  of t h e  a r a c h i d o n a t e  c a s c a d e  h a v e  been  local ized in t h e  an imal  and p lan t  

kingdom(47,48). 

However ,  because  of t h e  d i f f icu l t ies  encountered  with t h e  pur i f ica t ion  o r  isolat ion of 

enzymes ,  biosynthet ical ly  less  spec i f ic  c e l l  h o m o g e n a t e s  or subcel lular  f r a c t i o n s  w e r e  

employed  for  t h e  genera t ion  of d e u t e r a t e d  ecosanoids .  Thus, t h e  widely used precursor  

- 2a  has  b e e n  c o n v e r t e d  to a number  of physiologically re levant  label led e icosanoids  

(Table  1). 
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Table 1: Biosynthesis of eicosanoids from & 

source of enzymes produc t(s) References 

sheep seminal vesicles 'H ,-PG E~ 49 - 51 

homogenates of rat  spleen, 2H6-PGD2, 2 H8-12-HETE, 52,53 

sheep vesicular gland 

ram seminal vesicles 

LHg-I 5-HETE 

2H6-6-oxo-PG F I a 54 

rat  stomach homogenates 'H7-6-oxo-PGF, a 55,56 

platelets LH8- I 2-HETE,d8-TXB2 52,57,58 

homogenates of bovine lung ' H ~ - T X B ~  53 

rat  peritoneal mast cells H 6 - ~ c  D~ 59 

polymorphonuclear leukocytes 'H8-5-HETE, 2 H8-LTB4 

soybean lipoxygenase 2H8-15-HETE 53 

53 

The major advantage of this total biosynthetic approach is the extremely short (mainly 

one step) access to a variety of labelled eicosanoids. A t  the same time, some severe 

disadvantages have to be taken into account. Yields are generally moderate to poor, 

extensive chromatography i s  essential to remove excess endogenous impurities, only 

small batches (in the pg range) may be handled, and loss of deuterium i s  often observed. 

When unlabelled arachidonic acid i s  liberated from the endogenous lipid pool, the 

products isolated after incubation of & are often severely "contaminated" with the 

corresponding unlabelled metabolite. These preparations are therefore of limited value 

as internal standards in  a mass spectrometric trace assay. However, recent advances in  

high performance high pressure liquid chromatography have demonstrated that argenta- 

tion of a suitable stationary phase permits the separation of some unlabelled and 

deuterated eicosanoids when the label i s  linked to an olefinic bond (53). 

CHEMICAL TOTAL SYNTHESIS 

The rapidly expanding synthetic prostaglandin methodology (60) has largely facilitated 

and accelerated the progress in  the chemical synthesis of deuterated prostanoids. The 



300 C .  0. Meese 

extremely versatile Corey’s aldehyde 16 (61) serves as common starting material for the 

preparation of the intermediates 11 (61,621,E (631, and 19 (37,38,62-64) (Scheme 4). 

OJ{ 

Rd ‘CHO 

I6 P a 
\ 

R: oroyl , THP \ 
\ 
\ 
\ 
\ 

/ 
! 0 D2 
O-Si,t 

23 c - 
Scheme 4 

I 

l2pl 

I 
l9,g: R = THP 

I _b,c : R = 51,‘ 

0-R \ 

‘,la1 

R- L 0 

- 21b.c 

Deuterium incorporation was achieved via homogeneous catalytic deuteration of 18 
(using Wilkinson’s catalyst) (63) or coupling of (64) or 11 (62) with the labelled 

intermediates fi or g, to give & and m, respectively. 

Utilization of the intermediate lactones 19 allowed the two step syntheses of labelled 

2,3-dinor-6-oxo-PCF 21b (62) and 21c (64) using the spiro-lactonization reagent 22 
(62) or via deprotection and decarboxylation of the acyl-lactone 2 (64,651. 

l a  - 

As illustrated i n  Scheme 5, construction of the whole prostaglandin framework was 
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accomplished by conventional Wittig reaction of 19 (generated from i) either with an 

unlabelled OT a deuterated ylide to give the F-prostaglandins 24. Alternatively, the 

labelled wside-chain blocks of fi and 13 c w l d  be coupled to  2 to give the deuterated 

prostaglandin F2a isotopomers (43) and 24d (441, respectively. Following prosta- 

glandin interconversion strategies, several C-20 primary prostaglandins are accessible 

from 2. Thus, the syntheses of labelled PCEZ (=) (37,381, prostacyclin l2 (31, and 6- 

oxo-PCFIa (g) have been achieved (13,44,62,66). 

i 
/ 

/ 

/I 

Scheme 5 

\ 
\ 
\ 
\ 
\ 

27b-d - 2Bb-d 

The chemical syntheses employed in the thromboxane series are depicted in Scheme 6 .  

The synthetically versatile building block 2 (67-71) has served as starting material for 

the init ial  d-substitution (30,s) (39,41,69,71,72) or w-substitutuion (2) (67,73,74). 

Completion of the frameworks of thromboxane Bz (33) (39,70,73,74), the 2,3-dinor 

metabolite ,’c (71-741, and the w-carboxy metabolite 2 (41) were effected by use of 

the appropriate deuterated phosphonates or phosphonium salts (see Schemes 2,3). 

It should be noted that ring-enlargement of partially protected 24b (75) according to 

previws methods elaborated for the synthesis of unlabelled thromboxane B2 (76) yields 

33b. - 
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O H  

, I 
- I  ' 29 ' 

OH 

a& 
Scheme 6 

- a : 3,3,4,4-hd;  a : l9,19,20,20-?Hd 

I : 18,18,l9,19-( 2 HJ; : 20,20 ,20-h3~ 

R' = H 5 3  ,SiPh2t-Bu 
R 2 = AC BZ 

Although chemical syntheses of leukotrienes and o ther  lipoxygenase products have  been 

extensively e labora ted  (77,78), l i t t l e  is known about t h e  deutera ted  analogues. A tedious 

2 multi-step to ta l  synthesis led to (c)-5,6,8,9- H4-12-HETE (79). 

A one-pot preparation of d i f fe ren t  oc tadeutera ted ,  racemic  HETEs by a "biomimetic" 

copper catalyzed autoxidation of H8-AA has  been published (80). Although the  yields 

of the individual products a r e  low and extensive purification is essential ,  th i s  procedure 

represents t h e  most rapid access to labelled HETEs. 

2 

The availability of dehydro-leukotriene A4 analogues (81-84) however, should enable  t h e  

preparation of a var ie ty  of at leas t  dideuterated leukotrienes. This approach has  been 

utilized in the  synthesis of 14,15- H2-LTE4 via partial  tr i t iat ion (Lindlar) of 14,15- 

dehydro-LTA4 methyl e s t e r  (84). 

3 

SEMISY NMESlS 

The semisynthetic approach is based e i ther  on chemical or biochemical modification of 
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deuterated (and occasionally partially protected) eicosanoids or on deuterium intro- 

duction (by H/D exchange or other chemical methods) into unlabelled eicosanoid. A 

combination of double-bond deuteration and base catalyzed H/D exchange using the 

prostaglandin intermediate 6 (85) furnished after protective group removal pure 

crystalline ((+-)-PCE-M, the major urinary metabolite of PCE, and PCE2). Although 

extensive scrambling had occurred, ,7 exhibits an isotopic maximum of LH7 (86) 

(Scheme 7). 

3 

Scheme 7 

- 37 

A related, relatively short half-life metabolite of PGE2 in the circulation (13,14- 

dihydro-1 5-oxo-PCE2) could be isolated as a low-blank ( 2 H0:*H4=O.2-0.35%) deuterated 

2 analogue (3,3,4,4- H4) in 8-16% yield after incubation of 3 with a subcellular fraction 

of either swine kidney or guinea pig liver (87). In a similar manner, the corresponding F- 

metabolite was prepared from & (38). 

Another semisynthetic route to various deuterated prostanoids utilizes the known base- 

-catalyzed enolization of the 9-0x0 group of E-prostaglandins (Scheme 8). 

HO e OH 

Scheme 8 

1 2  Subsequent borohydride ( H, H) reduction of 26e provides +,f in preparative scale 

after chromatographic removal of the 9R epimers (13,88-91). The ring labelled F- 

prostaglandins e , L  have been converted into the corresponding labelled prostacyclin 

- 27 and 6-oxo-PCFla 28, as outlined in Scheme 4 (13,89,90). The methyl ester of Zlf was 
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chosen for a careful determination of the isotopic distribution and site of labelling. 

Using various methods (71, preferably soft-ionization techniques like field desorption 

m a s  spectrometry (FD-MS) (921, an isotopic composition of 2% 2 HI, 9 % 2 H2, 41 % 2 H3, 

46 % 2H4, 2 % 2 H5 (40.2% 2 Ho referred to 2 H4) was established (13). The position 

responsible for the incomplete deuteration was localized by proton-decoupled 13C-NMR 

spectroscopy. The rather incomplete (30-50%) labelling at C-8 of 24f, identified by this 

technique, i s  indicative of a dominating enolization between C-9 and C-10 of 26 (13). 

Other carbonyl or double bond reduction reactions have also been shown to be useful for 

deuterium introduction to prostanoids, e.g. reduction of 15-0x0-prostanoids with sodium 

borodeuteride ( I  1,931, which, however, yields a mixture of epimeric alcohols, or 

chemospecific homogeneous catalytic deuteration of the 5,6-double bond of A,B,E,F- 

prostaglandins in which the 13,14-double bond has been shielded by silylation of the 

allylic 15-hydroxy group (94,95). 

The known interconversion reactions of prostanoids also allow the preparation of 

labelled PCE2 (Scheme 5 )  and PGA2 (96) from deuterated PGFZa and PCE2, respec- 

tively. 

Because R-oxidation is a dominating pathway in endogenous eicosanoid metabolism, 

isotopically labelled 2,3-dinor metabolites were required as diagnostic index standards. 

Before completion of the chemical total synthesis (Scheme 4,6), the desired labelled 

major human metabolites of PG12 and TXA2, and 2, were prepared by microbial 

(Mycobacterium Rhodochrous) (97, 98) Rsxidation of the deuterated C-20 precursors 

- 28 and 2 (73,74,89,90) (Scheme 9). 

As the label i s  placed in the lower side chain (m, 3&g) or in the cyclopentane ring 

(%,:I, complete deuterium retention i s  achieved. 

MISCELLANEOUS 

Although beyond the scope of this article, some other analytically useful preparations 

of labelled eicosanoids should be briefly mentioned. Oxygen-I8 introduction into the 

carboxylic group of various eicosanoids has been achieved by hydrolytic (Li  OH) or 

enzymatic (porcine liver esterase, H2"0) cleavage of their methyl esters (Scheme 10). 

Re-esterification and repetition of the "0 incorporation during several cycles led to 

1802-carboxylic acids of satisfactory isotopic purity (99-103). 

18 
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HO OH -= HO OH 

The isotopic stabil i ty of these isotopomers in aqueous media, however, is limited (99). 

The hydroxy-, carboxy-, or 0x0 groups of appropriate eicosanoids may be derivatized 

with deuterated reagents to provide labelled "secondary standards" which a r e  added to 

the  analytical sample a f t e r  derivatization of t h e  analyte with the  corresponding 

unlabelled reagent. F-prostaglandins have been converted into their  t r is  (trideu- 

terornethyl) silyl e the r s  (104,105) while 0-(trideuteromethyl) hydroxylamine t r ea tmen t  

converts E-prostaglandins (105,106,107), D-prostaglandins (40), or 15-ox0 metabolites 

(108) into t h e  deuterated oximes (Scheme 11). 

Scheme 10 

R-OH - R-0-SiICO,), 

R-C%H - R C O z C H z C D j  Scheme 11 

Similarly, t r ea tmen t  of eicosanoids (with the  exception of sulfidopeptide leukotrienes 

(109)) with deuterated diazomethane (1 10,111) provides dideutero methyl e s t e r s  (1  13). 
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To avoid scrambling, D/H-back exchange, and a high blank, a synthesis of t h e  new 2,2,2- 

trideutero-diazoethane has been developed ( 1  14) which permi ts  t h e  quant i ta t ive  genera- 

tion of low-blank trideuteroethyl e s t e r s  of e.g. TXB2,12-HETE,PGD2, and two  PCF,E 

metabolites (Scheme 1 1 ,R: eicosanoid). These easily prepared secondary s tandards  

proved useful in the  mass spec t romet r ic  quantification in biological samples ( 1  15). 

CONCLUSION 

The enzymatically directed biochemical to ta l  synthesis of deutera ted  eicosanoids 

undoubtably belongs to t h e  most rapid synthetic methods. However, t h e  amounts  

available (usually in the  pg range) a r e  generally limited. Many in vitro or in vivo 

conversions of deutera ted  s ta r t ing  mater ia l s  exhibit severe  dilution with unlabelled 

endogenously produced metabolites (54). Finally, t h e  presence of closely re la ted  

impurities as well as interconversion products (administered E- or D-prostanoids give 

of ten  rise t o  the formation of F-prostanoids (87)) necess i ta tes  very carefu l  purification. 

In cont ras t ,  chemical to ta l  synthesis of deutera ted  eicosanoids include many laborious 

steps. Despite this obstacle,  t h e  availability of several  key in te rmedia tes  and, speci- 

fically, deutera ted  side chain blocks c r e a t e s  g rea t  flexibility in t h e  planned synthesis of 

the  desired final products. The economic and highly e f f ic ien t  (yield >,90%, 2Ha>, 92%) 

homogeneous deuteration using Wilkinson's ca ta lys t  ((Ph3PI3RhCI) of t h e  tr iple bond of 

acetylenic precursors provides low-blank eicosanoids of high isotopic purity. I t  is 

expected t h a t  t h e  methodology presented above for t h e  synthesis of deutera ted  

eicosanoids will b e  extended to t h e  rapidly growing list  of recently de t ec t ed  eicosa- 

noids, other closely related f a t t y  acids (1161, or biologically ac t ive  analogues of 

pharmaceutical  interest  ( 1  17,118). Irrespective of t he  mass spec t romet r ic  method 

applied, deutera ted  eicosanoids will maintain their  versati le value in chemical o r  

biological investigations. 
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