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Figure 1.-Mass spectrum of la ;  (t.) indicates the fragmentation route shown in Scheme I, ( e + )  indicates the fragmentation route 
shown in Scheme 111. 

drugs which decresse the plasma clearance rate of the 
anticoagulant increase anticoagulant response. Con- 
versely several drugs which increase the plasma clear- 
ance rate of the anticoagulant decrease the anticoagu- 
lant response.3 However, several drugs exhibit para- 
doxical behavior in this regard. Phenylbutazone in- 
creases the plasma clearance rate of warfarin but at  the 
same time increases the hypoprothrombinemic effect. 
On the other hand, ~hlorobetaine~ significantly increases 
the plasma clearance rate but has no effect on prothrom- 
bin response. It would seem possible that the metab- 
olism of warfarin or changes in its metabolism could 
account for a t  least some of these effects. Unfor- 
tunately, nothing is knomn about the metabolism of 
warfarin in normal man. 

In  1962 O’Reillyj proposed the 7-hydroxy derivative 
of warfarin l b  as a metabolite. His suggestion was 
corroborated later by Hermodson and Link6 mho were 
able to isolate and identify lb  and 6-hydroxywarfarin 
(IC) from the urine of an unusual patient’ with heredi- 
tar\- resistance to warfarin. The metabolic fate of 
warfarin in the ratfijs has been well studied and 6-, 7-, 
the glucuronide of 7-, ti-, and 4’-hydrox3.~~-t~rfariri, IC, b, 
d ,  e, arid f ,  respectively, as well as 2,3-dih\-dro-2-methyl- 

(3) .\I. G. LIacDonald, D. S .  Rohinson, D. Syln.ester, and  J. J. ,Jasse, 

(4) P. hl .  Aggeler, R .  A .  O’Reilly. L. S. Leong, and  P. E.  Kawitz. S. 
E n g l .  J .  .Wed., 176, 496 (1967).  

( 5 )  R .  .‘i. O’Reilly, P. >I. Aggeler, R I .  9. Hoag, and  L. S. Long, Thromb. 
Iliath. Haemorrh., 8, 82 (1962). 

Hermodson, “Biochemical Studies on Warfarin.” P1i.D. Thesis, 
University of Wisconsin, RIadison, Wis., 1968. 

(7)  R. h. O’Reilly, P. M .  Aggeler, hl. S .  Hoag, L. 9. Leong, and  A I .  L. 
Kropatkin, N. Enol. J .  M e d . ,  171, 809 (1964). 

( 8 )  (a) \V, &I. Barker. “The  Rletabolism of 4-1C-Warfarin Sodium in 
the Rat .”  Pt1.D. Thesis, University of Wisconsin. Lladison, JVis., 1965; 
(b) K. P. Link, D. Berg, a n d  IV. It. Barker, Seience, 160, 378 (196b): ( c )  
\V. hl .  13arker, 31. .A. Hermodson, and K. P. Link, J .  Phnrrnncol. E z p .  
?‘her.. 171. 307 (1970) .  

Clin. Phurmacol. Ther. ,  10, EO (1969). 

4-phenyl-3-oxo-ypyrano [3,2-c] [ 1 Ibenzopyran (2) have 
been identified. Cross species extrapolation of such 
data however is hazardous. An investigation of the 
metabolic fate of warfarin in normal man was thus 
initiated. 
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l a  H H COCH, 
b 7-OH H COCHB 
c 6-OH H COCH? 
d 7 - 0 - d l ~  H COCH; 
e 8-OE H cocr; 
f H  4’OH COCH, 

5-OH H CHOHCH3 COCHI 
h g H  H 

Mass Spectroscopy.-To establish a capability for 
elucidating the structures of unknon-n metabolites it 
was essential that a detailed study of the behavior of 
warfarin upon electron impact be carried out. The 
mass spectrum of la  is presented in Figure 1. The 
major fragmentation routes are supported by exact mass 
measurement?, metastable scanning, and specific deu- 
terium labeling (Schemes I, 111, and IV). Specific 
structures and mechanisms have been invoked for the 
formation of the fragment ions primarily to produce a 
self-consistent rationale for the interpretation of the 
spectrum and are to be regarded as reasonable possi- 
bilities only. The base peak of the spectrum (M+ - 
43) (Figure 1) arises from initial ionization of the side 
chain C=O followed by heterolytic cleavage and loss of 
an acyl radical to form the dihydrofuranooxonium ion 
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:it m ' ~  'LOT, (Scheme I). This ion loses benzene vin 
homolytic cleavage with H abstraction to yield thcl 
resonance stabilized furanooxoriium ion at  TrtIe 187. 
The direct formation of the ion at nz. e 121 from the ion 
at m e 187 by the loss of C4H,0 can be rationalized 
mechniiisticnlly :iq shown in Scheme I. The first part 
of the mechanism, z.e., heterolytic cleavage of thc 1-2 
bond followed by :in elertroii ihift :md abstrnctioii of 

the proton from the furano oxygen has been i n v o l d  
previous13 for .ornewhat similar compounds and is 
supported b! the occurrence of the corresponding ion 
:it nz e 122 for the deuterated warfarin anaIog 3. T h e  
vcond part of the postulated mechanism >.e., rearrarigc- 
ment to form the ion zit 171 e 121 arid :I iieutrnl cyclo- 
propenyl ketone is malogous t o  the abundant fornxt- 
t ion of cyclopropenyl ions in  the fragmentation of :I 

iiumber of substituted f u r m ~ . ' "  lloreover, thc dc- 
composition of an  even electron ion into :I rieutral mole- 
cule arid another even electron ion is lrno\vii t o  be :III 

c1nergetically favorable proceqs. I Alternutely thi. ioii 
citii arise dlrectlj, from the ion :it V I  'c 265. preiurnabl3. 
b> :i similar mechanism beirig operative prior to the 1( 
of ('6HO. The last established fragmentation i n  thi+ 
wiuence i+ simply loss of CO to generate the  cyclo- 
h ( ~ i d i e n o n r ~  cation :it I I I  e %3. 

3 

In order t o  gaiii c~it lence for the postulated niech:iii- 
isms and to aid the elucidittion of the major fragmenta- 
tion routes of la ,  3 was prepared and its mass spectrum 
studied (Figure 2 ) .  Exuiniriation of the region of thc 
molecular ion and :~ccounting for l:T isotopic abundancv 
show that 34% is present as thc hexadeuterio. 537;; itx 
:t pentadeuterio. m t i  13yo as a tetradeuterio compound. 

(9) I t .  .A. LV. .Johnstonr. 1%. . I .  1Iillarri, F. 11. I l ~ a n .  and \ ,  \V. l f i l i .  
. I .  C h ~ m .  Soe. C ,  I T 1 2  (19tit i i . 

(10) FI. Rudzikiervirz,  (', Iljerassi, and I ) .  11. \Viiliain~, "1Iars s:iertruru~ 
d r y  of Organic ( ' r ~ r n ~ ~ u i ~ ~ ~ ~ l ~ , ' '  l Io lden- I )a~~,  Inc.. dan T'mnriwo, C d i f . ,  
IMi,  11 815. 

: I l !  T:. \l'. ;\IrI,atTrr.t> , I t to/ ,  ( ' ~ P V I . ,  31, 82 I l Y X l i .  



However, for the sake of clarity, only the fragmentation 
of the hexadeuterio compound will be discussed. The 
base peak ion of warfarin m/e 265 is now shifted to m/e 
268, and the furanooxonium ion m/e 1S7 appears a t  
m/e 189. In  addition, the ions a t  m/e 121 and m/e 93 
are now shifted to m/e 122 and m/e 94, respectively. 
These data are consistent with the proposed fragmen- 
tation pathway. -4 reasonable alternative pathway, 
involving resonance-stabilized carbonium ions, is shown 
in Scheme 11. However, i f  this pathway were mech- 

H CHCOCH, H ‘C-CH, 

mle 131 in/e 145 

HC=CH 

kl 
m/e 77 m/e 103 

ni/e 187 5 

-0-0 
m/e 265 

anistically important then 3 should give rise to a signifi- 
cant amount of an ion at  m/e 190 due to abstraction of 
the rearranged H by Ph  in a 268 --c 190 transformation. 
When I3C isotopic abundance is taken into account, the 
ion a t  m/e 190 has an intensity of less than 4y0 of the 
ion at  m/e 268. Thus this pathway would appear to 
be of minor importance. 

A second major pathway is initiated by heterolytic 
cleavage of the Crbenzyl C-C bond (Scheme 111). 
The benzyl carbonium ion, m/e 147, loses H to yield the 
resonance-stabilized vinyl carbonium ion a t  m/e 145. 
This ion in turn loses CH2 presumably through the 
five-membered transition state shown with transfer of 
H-  to the benzyl C to give rise to an oxonium ion at  
m/e 131. This ion fragments further, first by loss of 
CO to give a styrene cation at  m/e 103 followed by loss 
of acetylene to give the Ph  cation a t  m/e 77. Alter- 
nately the oxonium ion at  m/e 131 can fragment di- 
rectly to the Ph  cation a t  m/e 77 .  In  addition to the 
detection of metastable ions for each of these transfor- 
mations, support for the proposed mechanisms can be 
found in the spectrum of 3. The benzyl carbonium ion 
m / e  147 is now shifted to 152, the vinyl carbonium ion 
14*5 is shifted to mle 149, the oxonium ion m/e 131 to  
m/e 133, and the ion a t  m/e 103 to m/e 10.5. 

A third minor pathway centers around the formation 
of an ion a t  m/e 231, C I O H ~ ~ O ~ ,  which arises from anum- 

ber of ions and which in turn decomposes directly into a 
number of different ions (Scheme IV). The ion at  mle 
290 presumably arises from thermal dehydration of a 
small amount of the hemiketal. Indeed it has been 
claimed that warfarin exists almost exclusively as the 
tautomeric hemiketal. l 2  Our data, however, suggest 
that under the conditions of the determination of the 
mass spectrum it is of only minor importance. As in- 
dicated in Scheme 111, metastable scanning shows that 
the ion a t  m/e 251 arises directly from the molecular 
ion, 308, the ion at  m/e 290, and the base peak ion at 
265. It then decomposes directly to yield ions a t  m/e 
249, 131, or 121. As expected, the ions a t  m/e 251 and 
290 are shifted to m/e 252 and 294, respectively, in the 
spectrum of 3. 

Since ionization of the acetonyl side chain of warfarin 
dominates its mass spectrum and since the fragmenta- 
tion routes shown in Schemes I and I11 reflect the break- 
down of the coumarin and Ph  side chain portions of the 
molecule, respectively, it would seem reasonable to 
anticipate that metabolic changes in any or all of these 
portions of the molecule would be reflected in changes in 
the corresponding fragmentation route. 

To examine this hypothesis, the mass spectra of 
5- ,  6-, 7- ,  8-, and 4’-hydroxywarfarin, lg,  c, b, e, and f, 
were determined and are shown in Figures 3-7, re- 
spectively. Exact mass measurement indicates that 
the fragmentation routes for warfarin (Schemes I ,  111, 
and IV) also occur in the spectra of the secompounds. 
In  the case of lg,  C, b, and e, Figures 3-6, the ions shown 
in Scheme I11 are “normal” whereas those shown in 
Schemes I and IV occur 16 mass units higher. These 
observations identify hydroxylation of the coumarin 
nucleus. As might be expected the mass spectrum of 
If, Figure 7, shows just the opposite phenomenon, i.e., 

(12) E.  Renk and W. G .  Stoll, Fortschr. Arzneimzltelforsch., 11, 226 (1966). 
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thoye ions after loss of Ph  shown in Schemes I and IT 
:we "normal" whereas tho3e shown in Scheme 111 occur 
16 mai. unity higher, indicating that I'h must be the 
portion of  the molecule that is hydroxylated. 

Among a l l  the compounds diwibsed so far, only the 
maw spectrum of lg  qh0w.i an extremely intense ion. 
\,j$L br-iw peal\, at 112 e 1%. C9H601. >letastable 
\canning bhow that the ion ariyes directly from the 
1)arent ion. If one ~5sumeb some sniall amount of the 
Iwto form, its formation caii be rationalized mechanis- 
ticall\ :iccordirig to  Scheme J7. Support for thi< mech- 

m,e 324 m!e 1% 

:inism i i  suggested by the fact that the corresponding 
ioii 7 7 1  P 16% iii the rna,i. spectrum of warfarin shifts to 
1)i P l(i3 i n  t1w m : i s h  hpectrum of 3, Figure 2 .  The> 
stability of this ion i r i  the mas? qpectrum of lg  could tw 

:tccouiited for b j  it sharing of :i nonbonded electroil 
between the 4- and 5-OH groups. Having now gairicci 
:I knowledge of how warfarill and similar compouiid- 
behave upon electron impact the probleiii of the i.ol:r- 
tion and identihcation of potential metabolites w i -  

iiridert aken. 
Isolation and Identification of Metabolites- 1 2 -  

Dichloroethane-BuOH extractq of acidified urine ob- 
tained from individuals both before and after recriviiig 
narfariri I\ ere examiiied by tlc 011 silica gel. Coumariii 
:md coumarin derivatives are l i~iown to fluorexel upoi i  

irradiation with qhort-wave uv light and it  \nis up011 
this basis that .us;pected metabolites were detevtcd : i t id  

followed through the isolatioii arid purification ~ ~ ( J c v -  
dures employed. k'luorescent loci, not prewit  i i i  con- 
trol samples, were enumerated according to  their chro- 
matographic behavior 011 silica gel after an initial de- 
velopment in i~ 1,2-dichloroethane-I\IerCO system. 
0 : l .  With this system blue fluorescent spots neit. 
noted at Rf'b of 0.75, 0.50, 0.23, 0.10, and 0 and wew 
designated compounds h through E, respectively. 
compound with yellow fluoresence migrated with :in 

Rf of 0.19 and waq designated Cy. Determination of 
the ma$$ sprctr:t of compouiids C and Cj. :ind c-xc*t 

(1 '3)  Y Ichimiira 1 i h r i u i k i r  %iiiihi,79, 1079 (19.59). 
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Figure 3.--.\laas spectrum of lg; (,++) iiidicates t'he fragrneiit'ation route aiialogous to that showi in Scheme I, (6-t) indicates the 
fragmentation route shown in Scheme 111. 
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Figure 4.-hIass spectrum of IC. 

mass measurement of structurally significant ions (see compounds C and lb  was found to be identical in 
preceding section) indicated that these compounds were several different tlc systems. 
coumarin ring hydroxylated warfarin metabolites. The uv spectrum (A,,, 302 mM, 0.25 N XaOH) for 
The uv spectrum of compound C (A,,, 329 mp, 0.25 N Cy was found to be identical with that obtained from 
SaOH) was found to be identical with that obtained both IC arid le. Together with the above data com- 
from a synthetic sample of lb  and different from those parative tlc in cyclohexane-ethyl formate-formic acid, 
obtained for lg ,  c, and e. In addition, the behavior of 100:200: 1 established this compound as IC. 
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The  mass spectrum of the compound designated D 
gave :in ion :it m e 310 which upon exact mass mea- 
suremerit was fourid to have the empirical formula 
CIUHI&I, suggesting a compound similar to  warfxriti 
but having additional €1. The  lack of ariy 4gnificaiit 
:mount of :UI ion a t  H L  e 'ti7 :ird the ;hppe:ir:mce ot :iii 

intense ion at 292 (A\I+ - H20) strongly implied reduc- 
tion of the side chain CO of warfarin to  3-[a-(2-hydro 
~~rop~l)bei iz~l]-- i -h~droxycoumarin,  lh, as :I metabolic 
transformation. I n  addition iorih at ni/e  2ti5, 1h7, 121. 
arid (33 i v e r ~  I'ourid t o  be present iind were found t o  Ilavc, 
: L I I  empirical Formu1:i coiihiqteiit with the  ions dioivii i r i  



X i s s  S r L c i i t  i OF W.LEFM~IX ~ILP.LBOL~PES Journal of Medicma1 Chemistry, 1970) Vol. 14, S o .  8 1203 

121 

187 

281 

324 

. . . . . . . 

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 

m / e  
Figure 7.-Mass spectrum of If; (++) indicates the fragmentation route analogous to that shown in Scheme I, (e+) indicates the fragnien- 

tation route analogous to that shown in Scheme 111. 

Scheme I. Reduction of warfarin with SaBHl  gave an 
essentially quantitative yield of the two possible dia- 
s te reo isomer~~~ of lh.  The mass spectrum of this mix- 
ture is shown in Figure 8. Xot unexpectedly the frag- 
mentation pattern is considerably different from that 
given by la-g ; however, a fragmentation route corre- 
sponding to that shown in Scheme I is present. The 
origin of this route is presumably due to initial ioniza- 
tion of the side-chain OH followed by heterolytic cleav- 
age and loss of the radical CH3CHOH to form the di- 
hydrofuranooxonium ion a t  m/e 265 in a fashion analo- 
gous to that shown (Scheme I). Compound D and 
synthetic mixture lh gave identical uv spectra (Ama, 
309 mp, 0.25 N KaOH) and ran identically in the 1,2- 
dichloroethane-lIe&O (9: 1) tlc system. These data 
would seem to establish clearly the identity of D as one 
or a mixture of all four possible’* isomers of lh. Sub- 
sequently it was found that the mixture of diastereo- 
isomers of lh could be separated in a tlc system of cyclo- 
hexane-ethyl formate-formic acid, 100: 200: 1. When 
D was cochromatographed with lh in this system it 
separated into two spots D1 and Dz, each of which cor- 
responded to one of the synthetic diastereoisomers. 
Elution of D1 arid Dz arid comparison of the uv arid mass 
spectra to those given by the correspunding diastereo- 
isomers of lh established the identity of D1 arid I), as 
the two diastereoisomers of lh. 

Discussion 
The finding of 6- and 7-hydroxywarfarin now estab- 

lishes these oxidative biotransformat,ions in “normal 
(14) I t  is recognized tha t  this s ta tement  is only t rue provided lh exists 

exclusively in the  enolic 4-OH form. If t he  tautomeric 4-keto form is of 
importance wtiirli it well may lie, then 8 isomers are possihle. Hoirever. 
if the  tautoinerisrn is facile, separation and cliaracterihation of [lie isomeric 
pairs about C3 would Le extreinely difficult if not impusaiblc. 

man,” a patient with hereditary warfarin resistance, 
and the rat. In  addition it should be noted that these 
compounds have been shown to be without significant 
anticoagulant activity a t  least in the rat.8a,c 

On the other hand there would seem to be reason to 
suspect that the two diastereoisomers of l h  may have 
significant anticoagulant activity on the following 
grounds. On a molar basis phenprocoumon (4) is 
known to be a more potent anticoagulant than warfarin 
while cyclocumorol although not as potent as 
warfarin, still has significant activity. Thus it would 
appear that molecular modification of the side chain 
does not abolish or greatly decrease the response. This 
possibility is currently being investigated arid prelim- 
inary data from the Rhesus monkey suggest that l h  is 
indeed active. 

OH y-”.’ CHiYoCH,’ 

4 5 

The yuestiori of the optical purity of D1 arid D2 re- 
mairis to be resolved. These compounds could of 
course be racemic mixtures but the fact that alcohol 
dehydrogenases are known16 to be stereospecific reduc- 
ing enzymes leads one to  speculate that perhaps the 
enzyme(s) responsible for reduction of the warfarin side 
chain is also stereospecific. It would appear that at 

( 1 5 )  L. B. Jaques, “Anticoagulant Therapy,”  Charles C Thomas, Inc., 
Springfield, Ill., 196.5, p 92. 

(16) (a) F. . i .  I>oewus, F. E l .  \Vestlieirner. and 13 .  Vcnnesland, J .  Arne?. 
C h e m .  SOC., 76, 8018 (lt35:Jj; (1)) G. J. liarabatsos. J .  8 .  Fleming. 3. IIsi, 
and  I<. H. .\l)eles. i b i d . ,  85, 2676 (I u6l j .  



121 

loo I 

dll I 
: - T  7 -  1- 

I l l~ l l  , ! I  1 , 1 1 1  I ,  , 1 -  
T- 

I 
i 

i 

1 
I 

! 

I 

! 
340 

lea-t t l i c k  oxidative c i i z ~  me. are stereozpecihc" mice the 
T-hydroxyn.arfariii isolated from the patient with w:tr- 
f:triii resistance was 5hon-n to  be optically active. 111 

addition it is Icnowii that in  the rat the (S) enantionici 
of both phenprocournoi~'~ arid \varfariri'* i- about 5 
timch a t  active ah the corresponding (R) enantiomer 
buggestirig that each of the 4 isomers of lh may havch 
significantly different anticoagulant activities. Thi- 
possibility arid the establishment of both the relntivc 
arid absolute corihguratiun. of thebe 4 i~rnc1-5 is cur- 
rently under irivehtigatiori 

Experimental Section 
All of the winpounds studied were introduced i l l t o  ail .U:I 

Model 318-902 mass spectrometer via the direct insertion probe 
and were vaporized at temp5 between 200 and 250". Exact mass 
measurements were made by the electrical peak-matching tech- 
nique using perfluorotributylamine as standard. The metastable 
so:titrtiIig was done employing the techniques de 
iiiiigs, et ~ 1 . 1 9  ITv sprctra were rerorded oii a Zeis- PRIO I1 o r  

.~ . 

!I71 11. 11. \\-est, .I. S .  lSl,le, \V, 11. I Iarker .  a n ~ l  I<. 1'. l i n k .  .I. Ifrlproci,r/ 

(18) . I .  S .  El~le,  13. I ) .  \Vest. a n d  I < .  1'. Link.  H i o r h u m .  I ' h ~ ~ r m i c d . ,  15, 

( I ! ) )  (a) 11. I3arlxr anii 11, A I .  1:ll iutt .  I l r l ~  . \nni ia l  Conference on AIas- 
idTA1. Aluntreal, 1964 ~ 

C ' h ? r r i . , ! 2 ,  93 (196.5). 
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