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Abstract-The biosynthesis of seneciphyllic acid in Se&o douglasii DC. has been investigated. Incorpora- 
tion studii with [WJ-a&ate and BWZ)mevalonate have shown that biosynthesis of the acid does not 
involve either direct condensation of acetate units or participation of the acetate-mevalonate pathway. High, 
speci6c incorporations were observed with [u-14c+~-thteonine and [u-*4cl_r.-isoleucine. The results of 
degn&tive experiments indicate that r&reonine is incorporated after transformation into L-isoleucine. It is 
suggested that r&oleucine furnishes a five-carbon-atom fragment from which seneciphyllic acid is derived by 
coupling with another five-carbon-atom unit of different origin. Incorporation experiments with [Me-WI_ 
tmethionine and p4cl_formate show that Cs in seneciphyllic acid is provided by a one-carbon-atom donor. 
On the basis of the present studies, a general hypothesis is proposed for the biosynthesis of some of the acids . 
encountered among the pyrrolizidine alkaloids. 

THE occurrence among the pyrrolizidine alkaloids of acids of several structural types has been 
demonstrated.’ The carbon skeleton associated with one of the larger groups is exemplified 
by retronecic acid (I), obtained by hydrolysis of the alkaloid retrorsine, the diester of retronecic 
acid with the pyrrolizidine base retronecine* (V).*# 3 

Acids in this group have an apparent isoprenoid skeleton, with, however, an unusual tail- 
to-middle union of the constituent C5 units and unusual oxygenation patterns. Various 
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* The generic names “necine base” and “necic acid” are used to describe the pyrrolizidine bases and the 
esterifying acids, respectively, in this series. 

1 R H. F. MANSKE @I.) 2% AIkuZoids (a) 1,108 (1950); (b) 6,37 (1960). Academic Press, NewYork. 
2 S. M. H. Cmusmr, M. KROPMAN, E. C. LEIseaANo and F. L. WARREN, J. Chem. Sec. 1700 (1949). 
3 S. M. H. Cmusrnr, M. KRO~MAN, L. NOVELLIE and F. L. WARREN, J. Chem. Sm. 1703 (1959). 
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speculations have been made as to the biosynthetic origins of these compounds.4-7 Published 
experimental evidence for their biosynthesis is up to the present time based solely on the 
investigations of Hughes and Warren, who have studied the biosynthesis of retronecic acid in 
Senecio isatideus.8 

On the basis of acetate incorporation studies Hughes and Warren proposed a biogenetic 
route which involved condensation of acetate to acetoacetate. insertion of a one-carbon unit 
at the a-position, and, joining of two of the resulting five-carbon-atom units as indicated in 
VI. 

-- (C’)- from a one-carbon donor 

We have carried out related studies with Senecio douglasii DC., a plant common to the 
South-western United States. S. douglasiiproduces four closely related alkaloids, senecionine, 
retrorsine, seneciphylline and riddelline, which are the diesters with retronecine (V, of senecic 
(IV), retronecic (I), seneciphyllic (III) and riddellic (II) acids respectively.‘-” Present investi- 
gations were based on seneciphyllic acid (111) since the parent alkaloid. seneciphylline. is the 
major component of the mixture, occurring to the extent of 60-65 per cent . 

S. doughsii plants were grown in hydroponic solution with continuous aeration. ‘“C- 
labelled precursors were administered by adding them in aqueous solution to the nutrient. 
After eight to ten days the alkaloids were extracted and the seneciphylline isolated and purified 
by chromatography and recrystallisation. Alkaline hydrolysis of the pure alkaloid gave 
retronecine and seneciphyllic acid. The seneciphyllic acid was degraded in a stepwise manner 
by the methods described below and the activities of the various degradation products 
determined. 

Degradation for Cl 

Seneciphyllic acid was reduced with lithium aluminium hydride and the resulting 1.Ldiol 
(VII) cleaved with sodium periodate to give Cr as formaldehyde. This was isolated and puri- 
lied as the dimedone derivative. 

Degradation for C9 and the Unit CCC7 

Ozonolysis of seneciphyllic acid was reported to give acetaldehyde consistently but for- 
maldehyde only occasionally and in small amounts. I2 This finding has been confirmed in the 

J F. L. WARREN. Fort&r. Chetn. Org. h’atursrogk 12,230 (1955). 
5 F. L. WARREN, Record C&m. Prop. 20.18 t 1959). 
6 R. ADAMS and M. GIANTURCO, Festxhr. A. Sto11.72 (1957). Birkhahwr. Basel. 
7 R. ADAMS and M. GIANTURC-o. .&wew. Cllenz. 69.5 (1957). 
D C. HUGHES and F. L. WARREN, J. &em. Sot. 34 (1962). 
q R. ADAUS and T. R. GOVNXCHARI J. Am. Chem. Sot. 71,1956 (1949). 

1” F. L WARREN. M. KROPM.\N, R. AD ws. T. R. GOVINDA~H,\RI and J. H. LOOKER. J .-lttr. C/tern. Sot. 72, 
1421 (1950). 

11 R. ADAMS and J. H. LCIOI~ER. .I. Am. C/rem. Sot, 73,134 (1951). 
‘2 R. ADAMS. T. R. GOVINDN-HI\KI. J. H. LICKER and J. D. EDWARDS. J. .4m. Chem. Sot. 74, 700 (1951). 
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present work. The equivalent procedure of simultaneous hydroxylation with permanganate 
and periodate cleavage, either at pH 7-g by the procedure of Lemieux and Rudloff using 
catalytic amounts of permanganate,13 or under acidic conditions using stoichiometric amounts 
of permanganate, gave both acetaldehyde and formaldehyde in equivalent amounts. These 
were isolated as the dimedone derivatives. The mixture of derivatives was heated in glacial 
acetic acid, conditions under which the acetaldehyde derivative was converted to the neutral 
arihydro compound leaving the formaldehyde derivative unaffectc~L~~ The latter, being alkali- 
soluble, was readily separated from the anhydro-acetaldehyde derivative. 

Degradation for C, 

Seneciphyllic acid has been oxidised with lead tetraacetate to the keto-acid (VIII).1z This 
reaction is not easy to control and considerable over-oxidation occurs, making it diEcult to 
isolate the product in a pure form. Sodium periodate has been found to oxidise seneciphyllic 
acid smoothly to give the keto-acid (VIII) in a high state of purity and in good yield. Under 
the conditions used (0.1 M initial concentration of periodate, two-times excess), oxidation was 
complete after 19-24 hr at room temperature. The keto-acid was isolated and characterised as 
the thiosemicarbaxone and as the 2,4dinitrophenylhydrazone. In degradation experiments 
the excess periodate was destroyed with sulphur dioxide and the solution of the keto-acid 
treated directly with sodium hydroxideiodine reagent to give Cs as iodoform. 

Degradation for Cl0 

The keto-acid (VIII), obtained as above, was oxonised to give the acid (IX). This was not 
isolated but was reduced with lithium ahrminium hydride and the product cleaved with period- 
ate as in the isolation of Cr, to give Cl0 as formaldehyde. 

l3 R. U. LRMIEUX and E. VON RUDLLWF, Cm. J. Chem. 33,1701,1710 (1955). 
14 D. VotiBR, C. IHLX and H. VOLKHOLZ, 2. And. Chem. 77,321(1929). 
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It was anticipated that this procedure might lead to the isolation of the C2-C8 unit by the 
sequence shown in Scheme 1. However, no acetaldehyde could be detected in the final product. 
It is possible that reduction of the cr-diketo grouping (IX) was prevented by enolisation or that 
it did not survive the ozonolysis step. 

LiAlH, 
R-CO-CO-CH~ __f R-CH(OH)CHtOH)CH3 

1X 
NaIOa 

-- R-CHO + 0HCCH3 

SCHEME 1. (R=-CH_-CO- COOH). 

Degradation for C, and C, 

Kuhn-Roth oxidation of seneciphyllic acid gave consistently 2-O moles of acetic acid. This 
was isolated as crystalline barium acetate (C&, C6-C7) which was degraded by the Schmidt 
reaction to give methylamine (C,+Cs). isolated as 5-methylamino-2.4.-dinitrotoluene. and 
carbon dioxide (C1 + C6), isolated as barium carbonate. The activity of C2 was obtained by 
subtracting from the barium carbonate activity, the activities of the C,-C, unit and Cs. Owing 
to the accumulation of errors this method was not regarded as highly reliable but was used to 
give an approximate activity for C-, in lieu of alternative procedures. 

The activity of C7 was obtained by subtracting the activity of Cs from the activity of the 
methylamine derivative (C, + C’s). 

Because of uncertainties in absorption and metabolic utilization of administered com- 
pounds. absolute incorporation rates are not a reliable guide to the specificity of a given 
precursor for alkaloid biosynthesis.‘” In the presen t studies a more reliable criterion has been 
the comparison of the specific activities of retronecine and seneciphyllic acid after hydrolysis 
of seneciphylline. Precursors entering general metabolic pools before incorporation into the 
alkaloids would be expected to label the acid and base to a comparable extent. Precursors 
specific for seneciphyllic acid biosynthesis should be preferentially incorporated into the acid 
moiety. Since complete non-specificity was revealed by an equal distribution of activity 
between the acid and base components, the specificity of a given precursor was taken as 
JZ-(100-s) where s was the percentage incorporation into seneciphyllic acid relative to 
seneciphylline. 

The overall incorporation rates were based on the activities of the total alkaloid mixture 
(designated for convenience by the obsolete name “douglasiine”r6): this procedure being 
justified by the close structural similarities between the component alkaloids. 

RESULTS 

Labelled acetate was incorporated into “douglasiinc” at low rates, comparable to those 
observed by Hughes and Warren for retronecic acid. Typical values are given in Table 1. 
The acid-base activity balance indicated nearly complete randomisation. a result which is not 
in accord with a direct (i.e. immediate) biosynthetic route from acetate. Stepn ise degradation 
revealed the incorporation pattern shown in scheme 2. which differs radically from that 
recorded for retronecic acid. The only clear point of agreement with the observations of 
Hughes and Warren is the very low incorporation of activity into Cs from both [I-‘“CJ and 
[2-14C]-acetate. Apart from this result. the distribution of activity in both cases reinforces the 

Is E. ~ETE,J. Anz. chenl. sm. 86,25O?J (1964). 
Ih R. H. F. MWIYE (Ed.1 i?e .4Ikaloids 1. 109 (1950). 
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conclusion aheady arrived at from consideration of the acid-base activity balance, that acetate 
must be incorporated by an indirect route and not by direct condensation to immediate pre- 
cursors of the neck acid. 

TABLE 1. INCORPORATION OF [1-K+A~ATE AND [ZWJ- 
ACETAIl INTO %OUGLASlINE” AND DISllUBUTION OF AClWllY 

IN- 

p==mw Percentage activity in 
incorporation , \ 

Acetate - !kmeciphyUic 
label “doshe,, acid Retl-oIleciM 

: 
O-036 46.4 SO.4 
o-014 38.0 58-o 

2 0.025 39-S 605 

This conclusion obtained further support from the results of experiments in which [3-r4CE 
acetoacetate was fed. The precursor was administered both as the free acid and as the ethyl 
ester. In both cases neither the overall incorporation rates not the acid-base activity ratio 
differed significantly from the results of the feeding experiments with correspondingly labelled 
acetate (Table 2). If acetoacetate were a more direct precursor to seneciphyllic acid than 
acetate, a much higher relative incorporation into the necic acid should have been observed. 

TABLB 2. hCORPORATION OF [3-1~j-ACETOAC!ETATT. INTO 
‘bOUOLASUNl3” AND D-UTION OF AtJIlWTY IN SENE- 

CIPHYLLINE 

percentage Percentage activity in 
iImrporation , \ 

into Seneciphyllic 
Premrmr “,ou,lasii” acid Retronccine 

Acid 
Acid 
Ethyl ester 

O-01 47.6 43.0 
0.032 41.0 63.0 
O-032 36.1 67.2 

Peramtage activity in C&I$ unit (seneciphyllic acid = 100) ; 
47.4 and, 42.1 (last two experiments); in C,, 36.7 (last experi- 
ment). 

The results obtained suggest that the acetoacetate was degraded to acetate before incor- 
poration into the alkaloids. On this view, the observed incorporation of 42-47 per cent of the 
activity into the ethylidene group (C&-C+) with the predominant amount (37 per cent) in C,, 
is consistent with the high incorporation of [1-i%]-acetate into C, (Scheme 2). 

The acetate-acetoacetate direct pathway having been discarded on the basis of the fore- 
going evidence, attention was directed to the acetate-mevalonate pathway as an alternative 
route to the neck acids. On the assumption that acetate is incorporated via mevalonate, the 
following pattern of acetate incorporation into seneciphyllic acid would be expected (Scheme 

3). 
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c 
CH>?OOH + ?C -C---C- -c--C-C 1 1 

(Total activity of acid = 100) 

IO 5 
C 

&,C~OH -, 2~!L~-~-c__~-!!$?!c I 7 

;,OOH 6OOH 
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SCHEME 2. DISXUIUTION OF ACTIVITY IN SENECIPHYLLIC ACID FROM ACETATF FEEDING. 

SCHEME 3. EXPE~ED INCORPORATION PA~ERN 0~ ACETATE INTO SENE~JPHYIIIC *CID VIA 

rHE ACETATE-MEVALONATE PATHWAY. 

The results obtained (c.f. Scheme 2) do not agree with these predictions. In particular, 
Cs, which should have been provided by acetate-methyl was inactive in seneciphyllic acid 
derived from both acetate-l-C“’ and acetate-2-C 14. Also. Clo, where exclusive incorporation 
of acetate-methyl would have been expected, was provided equally well by acetate-methyl or 
-carboxyl. 

In order to gain more information, the incorporation of [2-‘4C]-mevalonate was investig- 
ated. Overall incorporation rates for this precursor were no higher than for acetate (Table 3) 
although greater specificity was observed. The direct utilisation of C-Nabelled mevalonate 
would have been expected to provide C1 or Cs very efficiently. However, degradation of the 
[2J4C]-mevalonate derived seneciphyllic acid showed that these positions carried respective1 y 
O-35 and l-7 per cent of the total activity. Further degradation was precluded by the very low 
activity of the acid obtained in this experiment but the results obtained clearly exclude the 
acetate-mevalonate pathway from involvement in necic acid biosynthesis. 

During preliminary experiments in which various “C-labelled amino acids were screened 
as possible precursors it was observed that 0.J-14C]-r-threonine was incorporated into the 
alkaloids at a significantly higher rate than other compounds (Table 4. This~result was con- 

TABLE 3. IKCORPORATIO& ob [2-‘~CJ-UL-~VAI.ON~T~ 
INlYJ ‘* IWUCJ ASJINE” Ah’D DISTRJBUTIOIL’ OF ACTI, IT\ 

IN SFNFCJPWLLJNT 

Percentage Percentage actwty in 
Incorporation -----‘-- -p-, 

Into Seneciphylhc 
“douglnsllne” acid Retroneclne 

--..-.--- -- _.__ ._ 

0.021 85 10 
0.023 70 27 
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TABLE 4. bUCORF'oRATfGN OF ~-~'C]-mmmNm 
INTG%OUGLA.¶INB" ANDDISIRIBUTIONOF AClWll?t 

INsmE- 

-w F%?lantageactivityin 
imxrporatiorl , 

into Seneciphyllic 
” douglasike ” acid Rewolwine 

0.42 - 

0.15 160 0.35 99.1 :9 

firmed in later experiments and the high incorporation rate was found to be associated with 
almost complete (> 99 per cent) specihcity for necic acid biosynthesis. Overall incorporation 
rates into seneciphyllic acid were twenty to thirty times greater than for acetate. 

It was considered at the time that bthreonine might provide a four-carbon-atom unit which 
by insertion of a one-carbon unit at the a-position could be converted to a five-carbon inter- 
mediate. Two such five-carbon units might then be joined in the manner envisaged by Hughes 
and Warren for their similar acetoacetatederived five-carbon unit. 

Degradation of [U-14C]-L-threonine-derived seneciphyllic acid gave the incorporation 
pattern shown in Scheme 4. The results show that threonine was not incorporated in a sym- 
metrical manner and that the simple mode of utilisation envisaged above must therefore be 
incorrect. 

2.8' 

$:5 
3.90 

[u-~4c]-~-Thmmine + 
<i 

-05 

7PH I%PH 

"ozonolysis. 
~Period&e/pemmgamte. 

hiEb5i 4. I)IsTRIBuTIONOFACTMTYIN -CACIDFROM[u-lY=]-MIiREONINB 
_lNG. 

A major pathway of threonine metabolism leads to a-ketobutyric acid 17-21 which is used 
in isoleucine biosynthesis in the mer shown in Scheme 5.21-26 It has been reported that 
isoleucine is metabolised to propionyl CoA and acetyl CoA via tiglyl COA.~~ Both tiglic acid 
and its isomer angelic acid occur in ester form among the pyrrolixidine alkaloids. In 
particular, angelic acid occurs esterified to the C, hydroxyl group of the necine base in 
several alkaloids.l*~ b 

17 H.E. UMBARGER andE.A. ADELBERG.J.BZX Chem. Z&883(1951). 
18 P. H. ABELSON, J. Biol. Chem. 206,335 (1954). 
19 P. H. hBL.WN and Ha J. Voax, J. BioZ. Chem, 213,355 (1955). 
20 E. A. EDBLBERG, J. Biol. Chem. 216,431(1955). 
21 R. L. HERRMAN and J. L. FAIRLEY, 1. Biol. Gem. 22’7, 1109 (1957). 
22 D. M. GREENBERG, Metabolic Pathways, Vol. II, p. 195. Academic Press, N.Y. (1961). 
23 E. A. ADELBSIRG, Amino Acid M..tubolism, p. 421. Johns Hopkins Press, Baltimore, (1955). 
24 R. L. WIXOM and R J. HUDSON, Plunt Physiol. 36,598 (1961). 
25 W. L. KRETOVICH and Z. S. KAGAN, Nature 1%,81 (1962). 
26 R. L. WIXOM and M. KANAMORI, Biochem. J. 83,9P (1962). 
27 W. G. ROBINSON, B. K. BACXIWWAT and M. J. COON, J. Biol. Chem. 218,391(1956). 
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These considerations prompted an investigation of isoleucine incorporation. From an 
examination of the known biosynthetic relationship between threonine and isoleucine it was 
possible to make some predictions about the mode of threonine and isoleucine incorporation 
into seneciphyllic acid, assuming this route to be operative. Thus in the transformation of 
threonine to isoleucine, Cr, C2. C3 and C4 of threonine become Cr, C2. C3 and C4 of isoleucine 
respectively (Scheme 5), the side chain Cs-C6 being derived from pyrurate through “active 
acetaldehyde”.21-26 

SCIIEME 5. BIOWNTHFTIC TKANSFOR~I~TIOV or Y-KETOB~TYKIC ~~11) UNTO ISOLEUCINF. 

Consideration of possible ways in which isoleucine could be used in seneciphyllic acid 
biosynthesis suggested that it might provide either the six-carbon unit C&-Cs-C,-C,-(Cr”) 
of seneciphyllic acid or the corresponding five-carbon unit. omitting CJ (Scheme 6. pathway a). 
Assuming incorporation via isoleucine, threonine should provide C3. C+ C6 and C7 of sene- 
ciphyllic acid in the first case (Scheme 6, /larkway h), but in the second case. where tuo modes 
of incorporationof a five-carbon unit are possible. threonine could provide either C,, Ch and 
C, (Scheme 6,path~u~c), or Cro. C6 and C7 (Scheme 6.purhauy d). Ifputhwyr h or c(Scheme 
6) are applicable. then in seneciphyllic acid derived from uniformly labelled threonine. the 
ratio of the activities of the ethylidene group, C6-C7 and the carboxyl group. Cr,,. should be 
high (> 2). whereas pathway d should lead to labelled seneciphyllic acid in which the activity 
of the ethylidene group C6C7 (two labelled carbon atoms) it just twice that of the cat-boxy1 
carbon Cl0 (one labelled carbon atom). Regardless of whether a five- or a six-carbon-atom 
unit were involved, incorporation of uniformly labelled isoleucine according to purh~ru~ CI 
t Scheme6) would lead to seneciphyllic acid inwhich the activity of the ethylidene group. Cb-C,. 
was just twice that of the carboxyl carbon atom, CIo. 

. 
I’ c 

C a ( 

;: _;-_t-; _‘& __c 
i  

;L&&,_.(..- “..-“ 

I 
;__ ;.__ (‘- _~___‘-_(._-c 

I I I 
AC’OOH CO(ll1 ACOOH COOH *(‘0011 &OH 

A C‘arhon dtom dlcrw2d from pqruiatc 

SCHEME 6. P~SSIRLE MODES OF IVCORPOHATION OF [U-WI]-THREONINE ~KD [U-IV]-ISOLFLWNE IYWI SENFCI- 

PHYLLI(‘ Aclo 
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TABLE 5. INCORFORATKIN OF IIJ-Wl-cIsoLEvQNB AND 
[b1~]-L-150LEuQNB IN’Il3 “DOUGLASlINE” AND DElXBUTION 

OFACI-IWCYINSENBCIPHYLLINB 

pcrccntage Purccll~ ilEorporatim into 
incorporation , \ 

Precursor into Seneciphyllic 
label “douglasiine” acid RetrOllecine 

Uniform o-13 100-o 
1-W 0011 71-o 2E 

In the event, uniformly-labelled isoleucine was found to be incorporated at a high rate and 
with complete specificity, into seneciphyllic acid (Table 5). In addition, the activity of the 
ethylidene group C!& was just twice that of the Crs carbon atom (Scheme 7). 

1, Periodate/permangamte method. 

Scmm 7. DISTRIBUTION OF ACTIVITY IN WC ACID FROM ~-l)c]-WSO~~CINE FEEDING 

Experiments with [I-W]-cisoleucine showed that this precursor was incorporated with 
less than one-tenth the efficiency of [U-W]-L-isoleucine and with signikantly lower speci- 
ficity-42 per cent as opposed to 100 per cent (Table 5). 

This result shows that Cr of isoleucine was not incorporated and that isoleucine probably 
provided the Cs fragment C4-C&-C!,(Cr,-,) of seneciphyllic acid. In addition, tmiformly- 
labelled threonine was incorporated into the C& unit more than four times better than into 
Cl0 (Scheme 4), indicating that Ct, C5, Cs, C4 and C6 of isoleucine become C4, Cs, Cc C, and 
Cl0 respectively of seneciphyllic acid (Scheme 6, pathway c). 

Support for the foregoing interpretation was found in feeding experiments with [4-W]- 
~~raspartate. Aspartate has been shown to be a precursor in the biosynthesis of threonine. 
The pathway is discussed in greater detail below, but at present it will be sticient to state that 
as a result of the various transformations, C4 of aspartate becomes C4 of threonine (Scheme 8). 
Accordingly, operation of any of thepathways a, b, c or d(!kheme 6) should give seneciphyllic 
acid labelled predo minantlyinC,followingincorporationof [4-14C]-DL-aspartate. Theresults 
of the appropriate feeding experiments are given in Tables 6A and 6B. Total incorporation 
of aspartate into “douglasiine” was rather low, but its specificity for seneciphyllic acid bio- 
synthesis was quite high (80 per cent). In addition, in two separate feeding experiments, 71.1 

YH l OH 

F- 
2 (NHZL, 

‘i 
HZ ” 

cOOH 

3 ,Hz 2 

COOH 4COOH 

;:+F$$ 

HzOH 4 3 

Scmm 8. BIB OP THREoNxNE. 
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TABLE 6A. INCORPORATION 0F [4-14C]-Dr-.4spARr.4TE 
INTO “DOUGLASIINE” AND DISTRIBUTION OF ACTIVITY 

IN SENECIPHYLLINE 

Percentage Percentage activity in 
incorporatlon ,_L-.----. 

mto Seneciphyllic 
“douglasiine” acid Retronecine 

__- . .__ ._ - __ _-.- - __._._- ._ 

@030 89.9 11.6 
0.005 92.2 73 

TABLE 6B. DISTRIBUTION OF ACTIVITY IN SENECI- 
PHYLLIC ACID DERIVED FROM [4-“C]-DL-ASP.4RTA7-E 

Percentage Percentage Percentage 

activity activity activit> 

in C-LCx In Cs in C-’ 
-- 

72.4 1.3 71.1 
IS.7 1.7 74.0 

* By subtraction. 

and 74.0 per cent, respectively, of the total activity of the acid was located in C7 (Table 6B). 
in good agreement with expectation. 

In order to obtain more information on the mode of threonine utilization. the incorpor- 
ation of c+aminobutyrate was studied. This can be assimilated into the threonine-isoleucine 
metabolic pathway by transamination to cr-ketobutyrate. Since C1 ofisoleucine was not incor- 
porated into seneciphyllic acid it was not expected that [I-lJC]-Dr-aminobutyrate would be 
incorporated into the left-hand five-carbon-atom unit, but it was hoped that it might give 
information on threonine incorporation into the right-hand side of the molecule. Feeding 
experiments however, ga\e an ambiguous result. The overall incorporation rate nas low but 
specificity for seneciphyllic acid biosynthesis was moderately high (SO per cent. Table 7). 

TABLE 7. INCORFORAIIONOF [1-WI-DL-~~-~MINOBL~TYK~T$, [I-‘~C]-Dr-rc-a~eri~~~- 
BCTYRATE AYD [l-WI-ANGELATE INTO “DOWL~SIINE:” AVD DISIXIBL-IIOU OF 

ACTIVITY IU SENFClPHYLLlNr 

Precursor 

Percentage Percentage activity in 
incorporation ~~~-~~_~_~ _ ..____ _ 

into Seneclphylhc 
“douglasime” ackl Retronecme 

[l-l’C]-~~-a-amioobutyrate 
[I-l%J-~~-~-methylbutyrate 
[l-l~]-~r-a-methylburate 
[l-14C]-~r-a-methylb~tyrate 
[I-*“Cl-angelate 
[lJ4C]-aogelatc 
[l-14C]-angelatc 

0.005 90.1 5.6 
0.0025 _-. _ 
0.0127 97 .F 
0.0’5 80 25 
0.012 85 I? 
0.016 80 211 
0.020 x5 x 
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Some additional information, but not conclusive in nature, was obtained from experiments 
in which [l-14C]-DL-ct-methylbutyric acid and [l-14C~angelic acid were fed (Table 7). These 
results indicate a selective incorporation of these two five-carbon-atom acids into the neck 
acid, but at a low level of total incorporation. Insuflkient material was available for degrad- 
ation studies and it is not known whether these form the left-hand (as in VI) five-carbon-atom 
unit, as the results of isoleucine feeding would suggest they should do. One noteworthy 
feature of the investigation was the low incorporation of nearly all precursors into Cs, as the 
following table (Table 8) shows. 

It appeared possible, therefore, that Cs was derived from a one-carbon-atom donor, and 
an investigation of the incorporation of [M#C]-cmethionine was undertaken. The follow- 
ing results were obtained (Tables 9 and 10). Despite the relatively non-spectic incorporation 
into the neck acid, the high activity of Cs as compared with the activity of this position in 
all of the other cases (compare Tables 8 and 10) suggested strongly that a one+arbon donor 
was the source of Cs. An experiment in which [r4C]-formate was fed supported this view 
(Tables 9 and 10). The low overall incorporation rate and lower specificity for Welling Cs are 
most probably a reflection of the wide range of metabolic pathways open to formate in the 
plant. 

An unexpected observation, illustrated by the figures in the following table (Table ll), 
was made during the alkaloid purification step of the experimental procedure. As a matter of 
routineinisolating the seneciphylline from the total alkaloid mixture, a quantity of unlabelled, 

TABLE 9. bWXPGRATIoN OF [Me-14C&bbWWNINE AND [‘4cl_FGRMATE 
INTG “DGUGLASUNE” AND DBTRlEmON OF ACllVIlY IN SBNEPHYLUNB 

Precmor 

percentage Percentage activity in 
incorporation , 

into !kneciphyllic 
“douglasi&” acid Retronecine 

[Me-WI_L-methionine O-058 72.5 22.8 
[Me’4Cjmnethionine O-01 69.6 28.5 
[Me-WI-bmethionine 0.059 81-O 16.9 
[Me-‘4c!l_~methi&e O-016 81-8 17.0 
[Ma*4C]+methionine O-111 82.5 17.3 
[‘4c]-formate O-0024 89.5 7.5 
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TABLE 10. INCORWRATION OF [Me-WI-L- 
MPTHIONINE AND [%]-FORMATE INT~ C8 0~ 

SENECIPHYLLIC ACID 

Precursor 

Percentage 
incorporation 

into Cx 

[Me-WI]-L-methionine 
[Me-WI-L-methionine 
[MeJ4C]-L-methlonine 
[14CJ-formate 

22.O 
25.5 
234 

8.0 

TABLE 11. RELATIVL ACTIVITIES OF SENECIPNYLLINE AND "DOLGLASIINE 

FROM V4RIOUSNCORPORATION E.XPK-RIMENTS 

Specdic activity of 
seneciphylline x 10 -4 

-A-_---_ 
Calculated Ohserved Ratlo obs.,‘calc. 

-- 

- 
PreClllWr 

[I -WI-acetate 19 71 1 I.13 
[U-*V]-L-threonine 43 4’4 0.99 
[MeJ4C]-r-methionine 46 12-9 0.28 
[2-14CJ-0L-mevalonate 29.7 I.64 O.055 
[3-W]-acetoacetate 88 6.24 071 
[Me-WJ-L-methionine 16.8 I.71 O.iO’ 
[U-14C]-L-thrconine 128 144 I.13 
[Me-WJ-L-methlomne 102 31 0.3 I 
[UJ4C]-L-sooleucrne 106 112 I.05 
[2-W]-acetate 253 283 1 II 
[2-*JC]-or-mevalonate 18-I 2.7 0 I5 
[l%J-formute 124 1.1-l 0.091 
[lJjC]-acetate 120 129 1 0: 
[U-lW]-L-soleucine 2.96 I .Y.c WMi 
[Me-*4C]-L-nxxhlonine 18.2 I5 5 0 5.s 

crude alkaloid was added to the product from the radioactive precursor-fed plants, and the 
whole subjected to chromatographic separation. If it is assumed that for plants grown under 
comparable conditions the proportion of seneciphylline in “douglasiine” is reasonably 
constant. it is possible to calculate the activity of the final seneciphylline. knowing the activity 
of the crude alkaloid and the extent of dilution with “cold” material, with the assumption 
that all of the alkaloids in the mixture have the same specific activity. The values observed and 
calculated are given in Table 1 I. It appears that acrtatc, acetoacetate. threonine and iso- 
leucine give seneciphylline with roughly the same specific activity as the “douglasiine”. 
Methionine, formate and mevalonate. however, give scneciphylline of significantly lower 
specific activity than the crude alkaloid. Since the column separation is a once-through pro- 
cedure that separates the seneciphylline from alkaloids bearing an additional hydroxyl group 
(i.e. in which Cs is -CH20H). this indicates that methionine and formate tend to give re- 
trorsine and riddelline with grestcr activity than seneciphylline. This suggests that the bio- 
synthesis of the Cs group proceeds via -CH?OH and that the formation of the - CH3 group 
at Cs is a differentiation that occurs late in the biosynthetic pathway. 
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The fact that mevalonate feeding experiments also show this same difference between 
crude and purified alkaloid has no such direct explanation. 

DISCUSSION 

Although it is clear from the incorporation studies that isoleucine provides the C&,&,- 
(Cl,) unit of seneciphyllic acid and that Ci of isoleucine is not incorporated, the activity of 
Cd could not be determined and so it is not known with certainty whether this carbon atom is 
included in the biosynthetic intermediate derived from isoleucine. However, the high, specific 
incorporations of both threonine and isoleucine strongly suggest that a five rather than a four- 
carbon-atom unit is involved, leading to the interesting conclusion that isoleucine furnishes a 
five-carbon-atom biosynthetic intermediate with an isoprenoid carbon skeleton. 

The asymmetry in the biosynthesis of the two halves of the seneciphyllic acid molecule is 
emphasised by the finding that C8 is provided by a one-carbon-atom donor, although the 
unequal incorporation of methyl-labelled methionine into seneciphylline on the one hand and 
retrorsine and ridelline on the other indicates that the C1 unit actually donated maybe a formyl 
or hydroxymethyl group rather than methyl, as was suggested above. 

The exact nature of the Ci-C&-Cs unit remains obscure. Threonine can provide C1 and 
C!s efficiently and the low incorporation of [lJ4CEacetate into the carboxyl carbon, Ci, indic- 
ates that this atom is derived from C, or C3 of threonine rather than Ci or C4 if it is assumed 
that acetate is incorporated via the oxaloacetate-aspartate pathway (see below). 

One of the interesting features of the incorporation of labelled acetate into seneciphyllic 
acid is that several carbon atoms, in particular Cs and C,, are derived from both acetate- 
methyl and -carboxyl carbon atom8 (Scheme 2). The high incorporation of acetate-carboxyl 
carbon into the terminal position, C,, is particularly noteworthy and can be readily explained 
ifit is assumed that acetate is incorporated via threonine and isoleucine, as the following con- 
siderations show. 

The biosynthesis of threonine has been thoroughly investigated and has been shown to 
follow a pathway whose major steps are illustrated above2* (Scheme 8). Oxaloacetate is 
converted by transamination to aspartic acid and thence via aspartic-@emialdehyde and 
homoserine to tbreonine. Since the carbon chain remains intact throughout these conversions, 
the pattern of acetate incorporation will be determined by the metabolic route from acetate to 
oxaloacetate which can be assumed to be mainly by way of the citric acid cycle. 

It is predicted, on theoretical grounds, that acetate carboxyl should label Ci and C4 of 
oxaloacetate exclusively and that acetate methyl should be incorporated into all four positions 
but at twice the rate into C2 and Cs as into C1 and C42g (Scheme 9). These predictions have 
been largely borne out in practice. Ehrensvard and co-workers observed the following incor- 
poration of doubly-labelled acetate into threonine30 (Scheme 10). C4 and Cs of isoleucine are 
derived from pyruvate which is labelled only indirectly by acetate. The expected overall 
incorporation pattern of acetate into isoleucine is shown in Scheme 11. 

Incorporation studies by Strassman and Weinhouse have given the following results2g 
(Scheme 12). The incorporation of carboxyl-labelled acetate agrees with expectation, but 
the methyl carbon has evidently undergone considerable randomisation. 

The incorporation of acetate into seneciphyllic acid is in good agreement with these 

28 D. M. GREENBERG, MetubolicPathways, Vol. II, p. 186. Academic Press, New York (1961). 
29 hf. ST RASSMAN and S. WEINHOUSE, Amino Acid Metabolism, p. 455. Johns Hopkins Press, Baltimore (1955). 
30 G. E-v&, L. RBID, E. SALUSTE and R. STJBRNHOLM, J. Biof. Chem, 189,93 (1951). 
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SCHME 9. TIEOIETIC~ DISTRIBUTION OF ACTIVITY FROM CARB~XYL AND METHYL-LABELLED ACETATE IN 
OXALOACETATEASSUMINGINCORPORATlOh'VIATHECITRICACIDCYCLE. 

‘“CH,‘4COOH + CH3-CH(OH)-CH(NH2 )--COOH 
1% 418 32 113 441 
'3C 0.09 0.26 0.14 0.W 

SCHEME IO. INC~RPORA~~N ~FLABEL~DACETATEI~TOTHRE~SINE. 

'(WCH3 

&13;00H -* 
YH2 
A CH-CH3 A 

n ‘H(NHz) 
c 

c(m) COOH 
A : Carbon atom from pyruvate. 

SCHEME 11. EXPECTED INCORPORATION PATTERN IN ISOLEI'CINE DERIVED FROM L4BELLED 4ClITATE. 

3 CH3 

tH,COOH --c CH3-cH2 --&-I--CH(NH+--_COOH 

18 19 1 39 17 

SCHEME 12. I*.ICORPORATI~NO~ LABELLED 4( FTA'IEINTO IWLI-KCIYF. 

observations. Since C1 of isoleucine (Scheme 6) is not incorporated, the methyl carbon atom 
(C, of seneciphyllic acid) is the only carbon atom on the left-hand side of the molecule which 
nould be derived from acetate carboxyl if incorporation takes place predominantly \ia the 
threonine-isoleucine pathway. These observations explain the very high incorporation of 
acetate carboxyl carbon into this position and the lower but significant incorporation of 
acetate methyl. The incorporation of acetate carboxyl into the terminal positions of the iso- 

leucine-derived portion of tenuazonic acid has been accounted for on a similar baA311 31 
The approximately equal labclling of C,,, of seneciphyllic acid by acetate-methyl and 

31 C. E. SncKIXGS and R. J. TOWNSEND, Biochern. J. 74,36P (1960). 
3l C. E. STICGINGSZUldR. J.TOWWEN~. BiochemJ. 78.412 (19611. 
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-carboxy (Scheme 2) parallels the results described above for incorporation of acetate into 
the corresponding atoms (Cs and Cc numbered as in Scheme 5) of isoleucine (Scheme 12). 
This result also supports the conclusion that Cm of seneciphyllic acid corresponds to Cs of 
isoleucine and not Ca (Scheme 5), since in the latter case, no incorporation of acetate-carboxyl 
into Cl0 of seneciphyllic acid would have been expected. Thus the incorporation patterns of 
labelled acetate are compatible with the operation ofpathway c (Scheme 6) rather thanpathway 
d, supporting the conclusion already drawn from the feeding experiments with uniformly- 
labelled threonine. In the light of the considerable randomisation observed in the incorpor- 
ation of acetate into C5 and Cs of isoleucine in the experiments quoted above, no further sig- 
nificance can be attached to the comparable incorporations of acetate-methyl and -carboxyl 
carbon atoms into Cm of seneciphyllic acid. 

The incorporation results quoted above in connection with the biosynthesis of threonine 
and isoleucine, were obtained from experiments in which various microbial species were used. 
However, some of the later transformations in the biosynthetic pathway have been demon- 
strated in plants,25~ 26s 33 from which it appears probable that isoleucine biosynthesis follows 
an identical course in both types of biological system. Extrapolation of the labelling results 
obtained with the microbial systems to explain the results of incorporation experiments in 
S. doughii has therefore, in this instance, some experimental justification. 

In spite of the conclusion drawn from the present work, that seneciphyllic and the related 
Cl, acids are not formed by a coupling of two similar five-carbon units, nevertheless a number 
of facts, when considered together, constitute strong arguments for retaining the view that the 
cyclic dibasic ester alkaloids are indeed formed by an intramolecular carbon-bon bond 
formation and that a left-hand portion, joined to C,-OH of retronecine and a right-hand 
portion, joined to CH20H of retronecine, as esters, combine to produce the tial macrocyclic 
alkaloid. 

An inspection of the structures of the acid portions of the presently known pyrrolixidine 
alkaloids is revealing of certain structural regularities that a theory of biosynthesis should 
accomodate. The following summary includes the dibasic acids, characteristic of (but not 
confined to) the Senecio alkaloids as well as the monocarboxylic acids typical of the boragin- 
aceous alkaloids. Because of a multiplicity of minor variations in these acids in the degree of 
unsaturation, hydroxylation and stereochemistry, only carbon skeletons are presented in 
Table 12. 

Two structural features are at once apparent : in the acids of Croups 1,2,3 and 4the “right- 
hand” portion is constant., and consists of the five carbon atoms referred to by that term in the 
foregoing discussion. The left-hand portion varies, and in at least two of the cases (Croups 
3 and 4) can be discerned the structural elements characteristic of common a-keto acids (from 
alanine in group 3, from valine in group 4). In addition, the acids of Croup 5 all contain the 
structural element of valine attached to a two-carbon fragment. 

All of these observations can be accommodated into a general scheme, in which experi- 
mental details are still lacking for Croups 2,3,4,5 and 6 and are complex and often ambiguous 
for Croup 1, but for which the results obtained in the present study are consistent and, as far 
as they go, persuasive. C 

I 
While the nature of the right-hand unit -C-C-C is not known in detail, it can be 

COOH 

33 T. SA-IYANARAYANA andA.N.Rm HAKRLWNAN, B&hem. Biophys. Acta 56,197 (1962). 
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TABLETS. VARIATIONIN STRUCTUREOFTHE ACIDSFROM THEPWIROLIZIDIKEALYALOIDS. 

Group Carbon skeleton Natural acids 
_ 

C 

1. 

2. 

3. 

4. 

5. 

6. 

COOH COOH 

C-c~-~-c-c 
I I 

COOH COOH 

t 
c-c-c--c- -c 

&OOH LOOH 

C c 
c-c--k- c-c 

c I I 
COOH COOli 

Incaninic, trichodcsmic._wnceic. grantiamc 

C 

C-C-C -c 
/ I 

C COOH 

‘simple acids’ 

Trachelanthic, viridlflorlc. heliotrinic. echmidinic. macrotomic 
lasiocarpic 

C--c-q-c Angelic. tiglic, sarracmic 

C-C-C-C-COOH 

c 

c 
HOOC-C-&---COOH 

C-C-C-COOH 

c! 

Senecic, seneciphyllic, integerrinecic. retronecic, riddellic, 
isatinecic, jacobinic, Jacozimc. jacolmic 

Sceleranecic, sceleratinic 

Monocrotalic 

In strigosine3J 

Dicrotalic (P-hydroxy-&methyl-glutaric) 

Senecioic acid 

suggested that this unit acts as a nucleophilic fragment: and that the left-hand unit, which 
varies from one Group to another in 1.2. 3 and 4. is an electrophilic acceptor of the attack. 
A generalized scheme such as the following (Scheme 13) will accommodate this hypothesis. 
where the arrows show the point of nucleophilic attack of the five-carbon fragment above. 

The coupling hypothesis is further strengthened by the obsen ation. mcntioncd by Hughes 
and Warren.* that alkaloids having the macrocyclic diester structure all contain a necine base 
with the C7 hydroxyl group in the /I-configuration (C,---H,rl. No macrocyclic alkaloids are 

known to have the C,-a-configuration. In the first case. where t\vo separately estcritied five- 
carbon acids would be directed into the fold of the pyrrolizidine nucleus. condensation is 
sterically favoured over the second situation M here there is maximal separation of the two 
five-carbon units. 

34 A. R. bi~r10c~s. J C/wm Sm. 1971 f 1964). 
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X 

XI 

d -+ Group 1 

&Go 

AH + Group 2 

OH 

4 

XII 
C-CO --+ Group 3 

& OOH 

C 
\ 4 

XIII 
C’ 

+ Group4 

Ytzo H 

Scmm13. GEM~RALIZBD !Kx3m5FoRTHBBIosmTHEs Is OF SOIUE MAJOR OROUPS OF NECIC ACIDS. 

The occurrence in pyrrolizidine alkaloids of esters of angelic and sarracinic acids, the 
prototypes of the electrophilic units X and XI (scheme 13), and the occurrence in these alkal- 
oids of senecioic acid, is a reflection of the formation of the building units proposed here. Thus 
the alkaloid sarracine,3s (XIV, platynecine ester&d with angelic and sarracinic acids) in 

which two five-carbon acids are separately ester&d to the necine base, might represent an 
intermediate stage in the biosynthesis of the Cl0 neck acids. It is noteworthy that sarracinic 
acid, which is ester&d to the Cl-CHzOH of the necine, has a -CHzOH group in a compar- 
able position to the -CHzOH group in retronecic (I) and riddellic (II) acids. In addition 
platynecine possesses the spatial requirements (C_rOH and Cr-CHzOH cis) which are an 
apparent prerequisite for the formation of the cyclic dies& structure in alkaloids containing 
Cl,, dibasic acids. 

Counting Procedures 
EXPERIMENTAL 

Radioactive samples were counted in the Nuclear Chicago Corporation Liquid !kintil- 
lation System No. 720. Colourless samples were counted in dioxan containing, per We, 
naphthalene (50 g), PPO (2,5diphenyloxazole, 7 g) and POPOP (2,2’-p-phenylene-bis 
(+phenyloxazole), O-5 g). Coloured samples and BaC03 were burned to COs by the Van 
Slylce method.36p 37 The CO1 was absorbed in a solution of ethyleneglycol monomethyl ether: 

35 T. A. GEISSMAN, J. Org. Chem. 26,3045 (1961). 
36 D. D. VAN S~nuz, J. PLAzpr and J. R. WBISIGBR, J. Viol. Chem. 191,299 (1951). 
37 D. D. VAN SLW, R. S~ELE and J. PLAZIN, J. Biol. Chem. 192,769 (1951). 

L 
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ethanolamine (11: 1 v/v, 6 ml). 38 For counting, a 5 ml aliquot was added to 10 ml of a solution 
of toluene containing 8.25 g PPO/I. 

Crystalline barium acetate samples were counted either by combustion to CO, as des- 
cribed above or by direct solution in the ethanol-amine-methyl cellosolve scintillation solution. 
For this, the barium acetate was first dissolved in methyl cellosol~e:ethanolamine (11: 1 v/v. 
5 ml) in the scintillation \ial and the toluene-PPO solution (10 ml) added. A clear solution 
resulted which remained stable for at least one week. 

Sufficient counts were taken to give a standard error of 3 per cent or less in the net counting 
rate of each sample. 

Total incorporation rates and acid-base activity balances in a few esperiments were meas- 
ured on the Nuclear Chicago Dynacon Apparatus, Model 6000. In all cases except those of 
the [1-14C]-angelate and [ I-‘“C]-DL-methyl butyrate feeds, the results were duplicated in later 
experiments in which scintillation counting was used. 

Feeding Procedures 

S. douglasii plants were grown from seed in a standard potting mixture. When 6 weeks to 
2 months old. plants were removed from their pots and the roots cleaned by washing with dis- 
tilled water. They were then transferred to 300 ml Berzelius beakers containing Hoagland’s 
No. 2 nutrient solution.39 The roots were shielded from direct light and a stream of scrubbed 
air was bubbled through the nutrient solution for the duration of the experiment. 

Feeding of the radioactive precursor was begun after an interval of from 2 to 7 days after 
it was apparent that plants were healthy and root growth was proceeding. The precursor was 
administered in a single batch and the plants were harvested after 8 to 10 days. 

Isolation of the Alkaloids 

Jn a typical procedure, 4 plants were macerated with methanol in a Waring Blender and the 
resulting mixture filtered. The filter cake was washed with methanol and macerated again 
with more methanol. This procedure was repeated until the filtrate from the washings was 
colourless (6 to 7 extractions). The extracts were evaporated on the rotary evaporator at 
30-40” and the residual tar dissolved in hot petrol (Skelly B, 100 ml). The petrol suspension 
was extracted with 3 N sulphuric acid in four portions, one of 40 ml, three of 20 ml. 

The acid extracts were filtered through celite and the filtrate stirred with Zn dust (10 g). 
After 90 min, the solution was filtered and the filtrate extracted with chloroform (300 ml in 
6 portions), made alkaline with ammonia and extracted again with chloroform (400 ml in 8 
portions). The latter chloroform extracts were dried over MgSO., and cvnporated to give the 
crude “douglasiine”. This was dissolved in 2 N HzSOj (10 ml), the solution extracted with 
CHC13. basified with ammonia and re-extracted with CHCI,. The final chloroform extracts 
weredried over MgS04 and concentrated to give thepurecrystalline “douglasiine”. This was 
counted to give the overall incorporation rate. 

The average yield of “douglasiine” based on the dry wt of the plants was O-52 per cent. 
The average uptake of the radioactive precursors by the plants was 98-O per cent: in all cases 
uptake MS greater than 95 per cent. (Figures from 18 separate experiments.) 

3s H. JEFFAY and J. ALV \REZ. .hcrl. Cher~z. 33 (4). 613 (1961). 
3g D. R. HOAGLAYD and D. 1. .~RWN. University of California College of Agnculturc, ci~ c&lr 347. &rk&y, 

Calif. (1938). 
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Isolation of Seneciphylline 

The puritied “douglasiine” was diluted with “cold” material to bring the total weight to 
300-400 mg, and applied in CHQ solution to a column of neutral alumina (15 x 1 cm) and 
the column eluted with CHCls. Senicephylline was eluted first with a trace of senecionine, the 
other alkaloids being retained at the top of the column. The seneciphylline was recrystallised 
from chloroform-methanol to give plates m.p. 212-214” (decomp.). The yield was 5060% 
based on the recrystallised “douglasiine”. 

Hydrolysis of Seneciphylline 

In a typical case, seneciphylline (140 mg) was boiled under reflux with Ba(OH)2*8Hz0 
(300 mg) in water (10 ml) for 15 min. The mixture was then heated on the steam bath for a 
further 75 min. The barium was precipitated with COz and the solution filtered. The filtrate 
was acidified with cont. HCl and extracted continuously with ether for 2 days. The ether 
extract was dried over MgS04 and evaporated. The residue was recrystallised from ethyl 
acetate-petrol (Skelly B) to give seneciphyllic acid as needles, 47 mg, m.p. 112-l 14”. 

The residue from the ether extraction was passed through a column of Dowex 2-X8 resin 
(OH- form) and the eluate collected until no longer alkaline to litmus. The eluate was 
evaporated on the rotary evaporator at 30” and the residue dried over PzOs under vacuum. 
The dried residue was extracted 3 times with boiling, dry acetone. The extracts were tiltered 
and concentrated to give retronecine, 35 mg, m.p. 117-119”. The retronecine was further 
purified either by recrystallization or by sublimation at 100”/3 mm pressure. 

Degradation for C8 

Seneciphyllic acid (74 mg) was dissolved in water (10 ml). NaI04 (200 mg) was added, 
giving a solution initially O-1 M in periodate. The mixture was allowed to stand in the dark 
for 22 hr. The excess periodate was reduced with SO1 and dil. NaOH was added (1 N, 12 ml). 
Iodin~potassium iodide reagent (5 g, Is, 10 g KI in 50 ml water) was added dropwise until the 
yellow colour persisted for more than 1 min. After 16 hr, the CHIs was altered off, washed 
with Hz0 and recrystallized from methanol-water to give 82 mg yellow hexagonal plates, 
m.p. 121”. The CH13 was further purified either by recrystallization or by sublimation at 
90-100”/2-3 mm. 

Degradation for Cl 

Seneciphyllic acid (40.5 mg) was refluxed with LiAlH4 (160 mg) in dry ether (30 ml) for 
17 hours. The excess reagent was destroyed by the addition of Hz0 (10 ml). The resulting 
mixture was warmed briefly on the steam bath to drive off the ether. The remaining slurry 
was filtered through celite and the tIltrate stirred with Dowex SOW-X8 resin (H+ form) until 
the pH had fallen to 4-5. The solution was filtered and the filtrate (volume: 35 ml) treated 
with NaIO., (200 mg). The mixture was allowed to stand in the dark for 20 hr and was then 
treated with sodium arsenite (0.5 g). After forty-five minutes, acetate buffer solution (pH 
4.6,20 ml) was added followed by O-4 % dimedone solution (30 ml). After 24 hr the crystalline 
precipitate was filtered off and recrystallised from water to give the derivative of formaldehyde 
as needles, m.p. 191” (33.7 mg). 

Degradation for the Unit C& andfor Cg 
KMn04 (52 mg in 10 ml water) was added dropwise over thirty minutes to a stirred solution 

ofseneciphyllic acid (52 mg) and HI04 (500 mg) in water (10 ml). The solution was stirred for 
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a further fifteen minutes and then filtered. The filtrate was treated with sodium arsenite (I.0 g) 
and, after one hour, with acetate buffer (40 ml) and dimedone solution (30 ml). After 24 hr 
the precipitate was filtered off, washed and dried over PZOs under vacuum. The yield of mixed 
derivatives was 32 mg. 

Alternatire Procedure 

A solution of seneciphyllic acid (40 mg) in water (20 ml) was brought to pH 7-8 by drop 
wise addition of O-1 N K2COJ solution. NalOJ solution(OG4 M. 25m1, brought to pH 7-g with 
0.1 N K,CO,) was added, together with 0.005 M KMnO_, (2.0 ml). The mixture was left to 
stand at room temperature for 2 hr. Sodium arsenite (1 g) was then added. follo\ved by 0*4’?, 
dimedone solution. After 24 hr the mixed derivatives were filtered off. \inshed and dried as 
above. 

Separation of the Dcri~atires 

The mixed derivatives (32 mg) were dissolved in acetic acid (1 ml) and heated on the steam 
bath under reflux for 6 hr. The solution was then poured into water (30 ml). After 16 hr, the 
precipitate bvas filtered off, washed with water. dilute NaOH (1 N. 5 ml) and water. The 
alkali-insoluble material \+as recrystallized from ethanol-water to give the anhydro derivative 
of acetaldehyde as plates, m.p. 176.5-l 77 (1 I mg). There was no dcprcsGon of the mixed 
melting point hith authentic material (m.p. 176*5- 177 ‘I. 

The NaOH washings were just acidified with acetic acid and acetate buffer (pH 4.6. 10 ml) 
was added. The resulting precipitate was filtered off after 24 hr, I\ ashrd ivith water and re- 
crystalizedfromethanol-uatcrtogiva thederivativeofforma1dehydeasncedles.m.p. 19%191- 
(8.2 mg). 

Degradation for C,. Cl0 and the Unit C,-C, 

Seneciphyllic acid (65 mg.) in \!ater (6 ml.) was oxidized with NslOd (130 mg.) for 27 hrs. 
The excess oxidant was reduced bith SO2 and the resulting solution extracted continuously 
with ether for 24 hr. The ether extract was dried over MgSOJ evaporated do\\ n and the residue 
dried over P?Os iti vacua. The dried residue was dissolved in purified ethyl acetate (6 ml) and 
the solution oronized at 0’ for 90 min. The resulting solution Has reiluaed under a stream of 
Nz for 3 hr. The exit gases were passed into a solution of dimedone 140 ml) and acetate buffer 
solution (pH 4.6.30 ml). After 16 hr the precipitate was filtered off and the derivatives separ- 
ated as above to give the anhydro acetaldehyde derivative (30 mg) and the formaldehyde 
derivative (4 mg). 

The residual ethyl acetate was evaporated to dryness and the residue dried over PZOb h 
vacua. The residue was dissolved in dry ether (20 ml) and refluxed with LiAIHS ( 150 mg) for 
6 hr. The subsequent periodate oxidation was carried out as in the degradation for Cr. above. 
to give the dimedone derivative of formaldehyde as needles. m.p. 190-191 (23 mg). In trial 
experiments. none of the acetaldehyde derivative was detected. 

Seneciphyllic acid (50 mg) was dissolved in a solution of NalOJ ( 150 mg) in water (IO ml). 
After 24 hr the excess periodate was reduced with SO1 and the solution added to Z.Cdinitro- 
phenyl-hydrazine solution (O-,5, ,, 3 “* in 2 N sulphuric acid. 100 ml). The mixture 1~3s heated on 
the steam bath for 10 min and filtered. The derivative wac recrvstallired from chloroform as 
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yellow needles, m.p. 186-188” (lit. m.p. 184”12) (53 mg). (Found: C, 51.35; H, 4.85; N, 15.65. 
Calc. for CisHisN406: C, 51.72; H, 4.63; N, 16.09 %). 

The thiosemicarbazone was obtained by extracting the solution from the oxidation of 100 
mg seneciphylhc acid, after reduction with SOs, continuously with ether for 26 hr. The ether 
extract was dried over MgS04 and evaporated. The residue was treated with a solution of 
thiosemicarbaxide (100 mg) in water (10 ml). After 16 hr. the precipitate was filtered off and 
recrystallized from ethanol-water to give the derivative as plates, m.p. 161-163.5” (lit. m.p. 
163-164” l). (Found: C, 49.81; H, 5.91. Calc. for CisHr502N3S: C, 49.78; H, 6.27 %). 

Kuhn-Roth Oxidation of Seneciphyllic Acid 

Seneciphyllic acid was oxidized by the standard procedure. The acetic acid was estimated 
by titration against standard Ba(OH)s solution. The neutralized solution was boiled down to 
0.5 ml and filtered. The filtrate was concentrated to O-2 ml, cooled and treated dropwise with 
cold ethanol until a permanent turbidity was obtained. On standing the solution deposited 
the barium acetate as long, silky needles. 

Schmidt Degradation of Barium Acetate 

Barium acetate (21.6 mg), was dissolved in 100% H2S04 (0.2 ml) with warming. The 
solution was cooled and NaNs (33 mg) was added. The flask containing the mixture was 
connected to a Nz train, heated to 70” and held at that temperature for 1 hr. The exit gases 
were passed through acidified KMn04 solution and then into 0.04 N Ba(OH)s. The precipit- 
ated barium carbonate was filtered off, washed and dried; yield: 25.9 mg. (77 per cent). 

The residual acid solution was made alkaline with 25 % NaOH and heated under N2 stream 
to 95-100”. The exit gases were passed into a solution of 2,4,5&initrotoluene (50 mg) in 
absolute ethanol (5 ml). After 6 hr the deep green-yellow solution was concentrated to half 
volume and left at 0” overnight. The crystalline precipitate was filtered off and the filtrate 
evaporated to dryness. The residue was dissolved in benzene and applied to a column 
(18 x 1 cm) of neutral alumina, (activity IV). The column was developed with benzene. The 
main yellow band was eluted with benzene, combined with the first crop of crystals and the 
whole rechromatographed as before. The derivative, eluted with benzene, was recrystallized 
from ethanol as small, yellow needles, m.p. 170-171” (8.5 mg). (Found: C, 45.70; H, 4.37; 
N, 19.98. Calc. for CsH9Ns04: C, 4550; H, 4.30; N, 19.59 %.) 
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