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ABSTRACT 

The alkaloids of Lycopodiunz clauatunz var. ?negastaclzyon have been examined and two 
hitherto unreported all<aloids, lycoclavine and acetyllycoclavine, were isolated and their 
structures determined. The nuclear magnetic resonance spectra of these and related compounds 
are discussed in terins of the confor~nation of ring B in these allraloids. 

The alltaloids of Lycopodizlm clavatum Linn. have been examined extensively (1-4) and 
a total of 16 different allraloids isolated. We have now investigated the alkaloidal content 
of L. clavatc~m var. megastachyon Fern. and Bissel ( 5 ) ,  and two closely related, but hitherto 
unreported, allraloids have been isolated ancl their structures established. I n  addition, 
four other alkaloids of lrnown collstitutioll were isolated, along with a sinall anlouilt of a 
base of undetermined constitution. 

The total crude alltaloid of L. clavatz~m var. megastachyon, obtained by ~nethanol 
extraction, amounted to approximately 0.1270 of the dry weight of the plant. Separation 
of the alltaloids, achieved mainly by chro~natographic techniques (see Experimental), 
yielded the following compounds: (i) lycopodine (30% of the total basic material); (ii) 
clavolonine ( l l%) ;2  (iii) a compound, Cl8H29O3N, 111.p. 212-213' (7.5y0), which appears 
to be new and which we have named lycoclavine; (iv) a compound, C20H310,K, 111.p. 
144-145" ( l lyo) ,  which proved to  be the 0-acetyl derivative of lycoclavi~le; (v) a sub- 
stance, Cd2H52O3N3, 111.p. 213-214O (l.5%), which was sllown to be a 1: l  molecular 
complex of dihydrolycopodine (CI6HziON) and flabelliformine (C16H2502K).3 I n  addition 
to the above-mentioned alltaloids, a slllall amount of an apparently new alkaloid, m.p. 
2G1-263', analyzing best for C16H25-2i02N, was also isolated but has not yet been further 
characterized. 

The structures of lycopocline (6), dihydrolycopodine (6), flabelliformine ('7),4 and clavo- 
lonine (8) are known. Furthermore, a comparisoll of the infrared spectrum of clavolonine 
with that of allraloid L.34, first isolated by h/Ianslte in 1953 from LycoPodi~Lm d e n s ~ l m  
Labill. (9), revealed their identity.5 The composition of the molecular complex ~nentioned 
in (v) above was establishecl in the followil~g manner. Attempts to separate the complex 
by fractional crystallization and by  chromatograph^ were ~~nsuccessful. However, treat- 
ment of the complex with chromium trioxide in pyricline oxidized the dihydrol>-copodine 
to lycopodine and left the flabelliformine unchanged. The two components were then 
easily separable by chromatography. Finally, combination of equimolar quantities of 
dihydrolycopodine and flabelliformine gave a high yield of the Cs2 co,nple.i, identical in 

'Part  111: W .  A. Ayer and G. G. Iuerach. Tetral~edron Letters, No. 3 ,  87 (1062). 
?Identical i n  all respects with a n  autlaentic sa?nple kindly furnislzed by Dr. R. FI. Bzlrnell, L-niversity of tlae 

West Indies, Jamaica. 
3We wisla to thank Dr. D .  4. JIacLean, McMaster U?ciuersily, for the conaparison of our material mitla nutlaetatic 

fEabellifornzine. 
' W e  wislz to tlaank Dr. ~l[acLeatz for a preprint of this paper. 
SWe wisla to tlaank Dr. iManske for a savzple of alkaloid L.34. 
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.4YEK A N D  LAW: LYCOCLXVINE 2089 

all respects with that obtained from the plant. I t  is interesting to note that flabellifor~uille 
also fornls stable 1 : l  molecular complexes with both lycopodille and lycodoline, although 
these latter are readily separable by cl~romatography (10). 

Turning now to the determination of the structure of lycoclavine, C ~ S H ~ ~ O ~ N ,  the 
presence of a hydroxyl group and an acetoxyl group was established by the following 

I 

observations. The infrared spectrum (in dilute CCIS showed a concentration-independent 
peak a t  3600 cm-l, with a shoulder a t  3620 cnl-l, indicative (11) of an intramolecularly 
hydrogen-bonded hydroxyl group. Pealts a t  1736 cm-I and 1240 cm-l in the infrared, 
and a t  7.93 T (3 H) in the n.m.r. suggested the presence of an 0-acetyl group and this 
was confirmed by hydrolysis to acetic acid and a diol, C16H2i02N, henceforth called 
desacetyllycoclavine. The secondary nature of these functional groups was indicated by 
the n.m.r. spectra of lycoclavine, which showed one-proton pealts a t  5.11 T (doublet, 

splitting 6.9 c.p.s., \CHOAC) and 6.40 T (singlet, \CHOH). Acetyllycoclavine, pre- 
/ / 

pared by acetylation of lycoclavine with acetic anhydride - pyridine, showed similar 
pealts a t  4.92 T (doublet, splitting 6.8 c.p.s.) and 5.32 T (singlet), the latter peak being 
attributed to the proton on the carbon bearing the hydroxyl group in the unacetylated 
compound. The n.m.r. spectra also revealed the presence of a secondary C-methyl group 
(doublets a t  9.09 T and 9.08 T ,  splitting ca. 6 c.p.s., in lycoclavine and acetyllycoclavine, 
respectively). Lack of NH absorption in the infrared spectra of lycoclavine and its acetyl 
derivative indicated the tertiary nature of the amino nitrogen. Since lycoclavine could 
not be reduced catalytically and showed no olefinic protons in the n.m.r., it appeared 
to be tetracyclic. 

Oxidation of lycoclavine with chromic acid in acetic acid, followed by chromatography 
over alumina, yielded a basic compound, C18H?7O2N, 1n.p. 174-175i0, which showed peaks 
in the infrared a t  1751 cm-I (0-acetyl) and 1724 cn-I (cyclohexanone), and in the 
ultraviolet at  282 n ~ p  (log E ,  2.56). Hydrolysis of this Itetone, which we shall refer to 
as "lycoclavinone", with dilute sodium hydroxide yielded an anlphoteric compound, 
C16H2302N, wllicll had the properties of a diosphenol. In particular, the ultraviolet 
spectrum showed a maximum a t  282 mp (log E ,  3.99) in neutral solution, shifted to 
327 mp in dilute base, and to 248 mp on acetylation. These values are indicative of the 

0 OH - 
I I /L 

presence of the grouping -C-C=C (12). The formation of the enolic a-dilcetone 
\c 

indicated that lycoclavinone was an a-acetoxy ketone, the a-diltetone arising from aerial 
oxidation of the initially formed a-ketol. The susceptibility of a-ketols to aerial oxidation 
in allialine solution is well authenticated (13) and it was founcl that the rate of formation 
of the diketone (as determined by the rate of increase of the E value a t  327 mp) was 
substantially reduced when the reaction was carried out in a nitrogen atmosphere and 
accelerated when oxygen was bubbled through the hydrolysis solution. Hydrolysis of 
lycoclavinone with aqueous acid yielded the a-lietol, which underwent aerial oxidation 
to the diosphenol in alkaline solution. These results demonstrate the presence of the 
grouping -CHOH-CHOAc-, flanlted on a t  least one side by a methine group, in 
lycoclavine. 

The presence of the above-mentioned grouping, a >CHCH~ group, and a tertiary 

nitrogen, together with the fact that lycoclavine occurs along with lycopodine (I) and 
several other alltaloids having a lycopodine slteleton, and that all Lycopodiz~m alkaloids 
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I 

of ltnown co~lstitution bear an  oxygen or its biogenetic equivalent (i.e. unsaturation or 
nitrogen) a t  C-5, suggested structure I1 (without stereochemical implications) as  a 
possibility for lycoclavine, and hence I11 for the enolic a-di1;etone. Indeed, oxidation 
of lycopodine with 1 moleG of SeOz in refluxing dioxane gave, in addition to unchanged 
lycopodine, the enolic diltetone I11 (%yo yield), identical in all respects with tha t  pre- 

I pared fro111 lycoclavine. Compound I11 has also been prepared by hydrolysis of bromo- 
lycopodine in the presence of air (14). 

16 C H 3  H 

10 

9 
0 N O A c  

Since both the relative (15) and absolute (16) stereochemistry of lycopodine are 
ltno1i711 these results sho\v tllat lycoclavine is represented by  11, the only remaining 
points to be determined being the relative positions of the hydroxyl and acetoxyl groups 
anel the s te reoche~~~is t ry  a t  C-4, C-5, and C-6.7 I11 order to simplify the discussion, the 
hydrogen a t  C-4 will now be placed trans to the C-7, C-13 bridge as  in structures IV-VII. 
Tha t  this is incleed the correct orientation a t  C-4 will be demonstrated later. 

On the basis of the 1l.m.r. da ta  presented earlier, structure IV (R = Ac, R' = I-I) was 
first favored for lycoclavi~~e, since in this structure the axial proton on C-5 is flanlted 
by an axial proton on C-4 which could lead to the observed splitting (ca. 7 c.p.s.), whereas 
the equatorial proton 011 C-6 is flanlted by gauche protons on C-5 and C-7 and might 
be expectecl to  be weakly coupled, resulting in the broadened singlet (half-height \vidth 
about 3.5 c.p.s.) actually observed (17). Several facts, however, were not in agreement 
with this fornlulation. Thus, although lycoclavine showed weak intranlolecular hydrogen 
bonding in the infrared, the correspo~~cling diol, desacetyllycoclavine, obtained by alltaline 
hydrolysis or, better, by LiAlHl reduction of lycoclavine, sho\ved a single OH stretching 
vibration a t  3620 cm-l. The diol was also resistant to oxidation with periodic acid. Both 
these facts speak against the cis relationship of the two groups. Furthermore, hydrolysis 
of acetyllycoclavine with refluxing 10yo aqueous HCl for 13 hours gave lycoclavine in 
better than goy0 yield. If IV ( R  = Ac, R' = Ac) were indeed the correct formulation 
for the cliacetate, the retention of the relatively unhindered equatorial acetosyl a t  C-5 
while the hinderecl axial acetoxyl group a t  C-6 was hydrolyzed would not be expected. 

Structure V would also be expected to lead to a diol which would show intramolecular 
hydrogen bonding and react with periodic acid. Since i t  was felt that  the oxygenated 
ring nlight be considerably distorted fro111 the chair form (see below) structures VI and 
VII remained for consideration. 

GUse of excess SeO? led to the fo~niat ion of co7npozlnd(s) absorbil~g at 306,  340,  and 380 nzp i n  the z~ltraoiolet. 
' T h e  7 ~ 1 ~ n i b e r i n ~  systenz nsed (see strzlctzlre I )  i s  that suggested by K. Wiesner (16(b)). 
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H 

R'O & 

V I I  V I I I  I X 

The position of the acetoxpl group was determined in the following manner. Lyco- 
clavinone, mentioned above, could be assigned structure VIII (R = Ac) on the following 
basis. The optical rotatory dispersion curve showed a positive Cotton effect \vitli extrema 
a t  308 111p and 2'71 mp and an amplitude of 23,000". Lycopodine (VIII,  RO replaced by 
H) under the same conditions also shows a positive Cottoll effect with extrema a t  306 mp 
and 271 mp, amplitude 1'7,000'. The octant rule (18) predicts a positive Cotton effect 
i f  the lx to  group is a t  C-5 (as in VIII) and a negative Cottoll effect if it is a t  C-6 (as 
in IX). The equatorial nature of the acetoxyl group is indicated both by the position 
of the extrema in the optical rotatory dispersion spectrum (19) and by the position 
(282 mp, lycopodine 285 mp) of the lietonic maximum in the ultraviolet (20). The fact 
that tlie a-lietol obtained by acid hydrolysis of the acetosy lietone was reconverted by 
acetic anhydride - pyridine to the same acetoxy lietone is also consistent with structure 
VIII, since under these equilibrating conditions lieto1 VIII (R = H),  in which the serious 
non-bonded interaction between C-15 and C-5 is minimized, should be favored over 
lietol I S  (R = H). The fact that the hydroxyl group in tlie lieto1 is i~~tra~nolecularly 
hydrogen bonded (concentration-independent band a t  3500 cm-l in the infrared) is 
corlsistent with the assigned equatorial position. 

Pyrolysis of VIII (R = -4c) a t  240' for 8 minutes led to a good yield of the a,p-un- 
saturated ketone X, which had previously been prepared from bromolycopodine (14). 
Presumably this facile elimination of acetic acid proceeds via the en01 form of the ketone, 
as formulated below, with the reacting material acting as its own base. 

I t  was now inlportant to deterliline whether lycoclavi~lone (VIII, R = Xc), \vhicli is 
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presumably the tl~ermodynarnically more stable of the four possible C-5, C-6 acetoxy- 
ketones, was actually the first product of the oxidation of lycoclavine. I t  was found that  
if the acetic acid oxidation solution was first diluted with CHC13 and then ice-cold 
ammonium hl~droxide added, evaporation of the CHC13 extract and crystallization fro111 
n-hexane gave, instead of lycoclavinone, the a-acetoxyketone XI, 111.p. 115-118'. I f  the 
oxidation solution was first made basic by addition of ammonium hydroxide, then ex- 
tracted with CHC13 and filtered rapidly through alumina, the ketone IX (R = Ac), m.p. 
143", was obtained. Both I X  (R = Ac) and X I  were isomerized to  VIII (R = Ac) 
when adsorbed on basic alurnina for any extended length of time. Similar isomerizations 
of steroidal a-acetoxyketones have been reported (21). Acid hydrolysis of I X  (R = Ac) 
gave the a-ketol VIII (R = H). The  structural assignments are based mainly on optical 
 rotator^^ dispersion and ultraviolet measurements. Both I X  and X I  showed negative 
Cotton effect curves, as  predicted by  the octant rule (see above). The  extrenla for I X  
(R = Ac) were a t  312 mp and 280 mp (amplitude --2300°), for X I  a t  334 mp and 297 mp 
(amplitude --11,300°), indicative (19) of equatorial and axial a-acetoxy groups, respec- 
tively. The ultraviolet maxima were a t  286 mp for IX and 308 mp for XI .  The fact 
that X I  shows a more negative Cotton effect than does I X  no doubt reflects the distortion 
of the ketone-containing ring from a n  ideal chair (see below). Similar observations have 
been made with a-acetoxy 11- and 12-ketosteroids (23). 

The formation of lycoclavinone I thus proceeds via the sequence 

CrOa-HOAc NH.,OH or AlrOe 
lycoclavine + XI -- IX - VII I  

A1203 

and hence the acetoxyl group in lycoclavine is.located on C-5 cis to  the C-7, C-13 bridge, 
in agreement with structure VI (R = Ac, R' = H) but  not with structure VII. 

Further evidence for the diaxial orientation of the substituents a t  C-5 and C-6 and 
for the configuration a t  C-4 was obtained by a study of the reduction products obtained 
from the various isomeric a-ketols and a-acetoxyll;etones now available to  us. I t  has 
been shown (8) that  lithium aluminum hydride reduction of lycopodine (I) leads to  the 
axial alcohol dihydrolycopodine (XII ,  R = OH,  R' = H), whereas dissolving metal 
reduction gives the equatorial alcohol a-dihydrolycopodine (XII ,  R = H,  R' = OH). We 
have independently arrived a t  this same c o n c l u ~ i o n , ~  and,  furthern~ore, have shown that  

8Since the previozls workers (8) l~aoe ?tot ~epor ted  physical colzstants or experintental details for the preparation 
of a -d i l zyd~o l~~copod ine ,  this i s  included i n  the experimental section. 
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AYER A N D  LAW: LYCOCLAVINE 

2-cF:3 H5 H4 

I 

the methiodide of the xanthate (XII ,  R = H,  R' = 0CS2CH3),  derived froin a-dihydro- 
l~~copocline, yielcls ai~l~ydrodil~ydrolycopodine (XIII)  011 pyrolysis, confirming the cis 
arrangement of the hydroxyl and the C-4 hydrogen. 

Reduction of all~aloicl L.20 (XIV, R = I-I), in which the coilfiguratioil a t  C-4 is ltnown (1-1-), 
with lithiuin aluminum hydride in ether yielded the diol VI (R = R' = H) identical in 
all respects with desacetyll~~coclavii~e. The s t r u c t ~ ~ r e  VI (R = R' = H)  was assigned on 
the assumptioi~ that the approach of the reducing agent would be on the side opposite 
to the C-'7, C-13 bridge, as is the case with lycopodine. This assumption is supported 
by the results obtained on reductioil of ketones VIII and IX. Reduction of the lcetol 
VIII (R = H) with LiAlHl gave a new diol, 111.p. 230-3431', assigned structure V 
(R = R' = H) on the basis of its inode of formation. Litl~ium-ai~~monia-methanol 
reduction of ltetol VIII yielded a third diol, 111.p. 209-210°, assigned the diequatorial 
structure VII (R = R' = H),  again 011 the basis of its inode of forination. Attempts to  
prepare the fourth diol (IV, R = R' = H)  by dissolving metal reduction of alltaloid L.20 
were unsuccessful, leading only to  reductive removal of the C-G hydroxyl (14). However, 
reduction of I X  (R = Ac) with LiAlHl led to a diol, 1n.p. 23-1--23.j0, differing froin the 
other three, and therefore assigned structure IV (R = R' = H). All four diols showed 
different infrared spectra, single spots on paper chromatograpl~y, and depression of nlixed 
melting points, lvllere appropriate. I t  is interesting to note that hydride reduction of I X  
(R = Ac) involves approach of the reducing species froin the same side as the C-7, C-13 
bridge. Presumably in this case approach to the opposite side is hindered by the C-12 
metllylene group. Since each of the latter three diols must have a t  least one equatoriaI 
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hydroxyl group, the 115-dride reduction procluct of alltaloid L.20, ancl hence desacetyl- 
lycoclavine, is the diasial diol VI (R = R' = H), and lycoclavine itself is VI (R  = Ac, 
R' = EI). 

As noted above, lycoclavine sho~irs intramolecular hydrogen bonding but the corre- 
sponcling cliol does not. To  account for this, it must be assumed that the oxygenated ring 
is severely distorted toward the half-chail-, i.e., the dihedral angle between the two 
groups must approach 120". I t  is Itnown, for instance, that trans-1,2-pentanediol does 
not show intramolecular hydrogen bonding, but that the corresponding mo~~oacetyl  
derivative does (23). Measuren~ents on Drieding moclels indicate an internuclear distance 
of ca. 1 between the C-5 oxygen and the C-15 hydrogen in Iycoclavine. The sum of 
the van der LVaals radii is 2.6 A, so that a distortion of ring B (and pres~umably also ring 
D)  is to be expected. 

A more quantitative estimate of this clistortion can be obtained by a consicleration of 
the i1.m.r. spectra (Table I)  ol some of the compounds mentioned earlier. I t  is well 

TABLE I 
Nuclear magnetic resonance data for lycoclavi~>e and related compountls 

Chemical shifts" (sp1itting)t 

Compound C-5 C-6 -OCOCH3 C-16 

VI (R = Ac, R' = H)  5.11 ( 6 )  6.40 (3.3): 7.93 0.09 (6.0) 
VI (R = R' = Ac) - l .92(6 .8 )  5.:32(3.2): 7.!)2,7.93 9 .06(6 .0 )  
VIII (R = .Ac) 4.60 (5.5) 7.83 9.17 (5.5) 
I S  (R = Ac) 4.73 (11.5) 7 .83 8.96 (5.8) 
XI 4.61 (9.0) 7.89 9.03 (6.0) 
S I V  (R = Ac) 5.11 (3.5) 7.94 9.16 (4.5) 
I 9.14 (5.0) 
XI1 (R = R' = 1-1) 9.13 (6.0) 
XI1 (R = OAc, R' = 1-1) 4.901 7.96 9.08 (6.0) 
XI1 (R = 1-1. R ' =  Ac) 4.985 7.95 9.09 (5.7) 

*r-Values. 
tin c.p.s. units. 
W i d t h  a t  half height. 
SApprosi~nate center of multiplet. 

known (17) that  the coupling constant between vicinal hydrogens is related to their 
dihedral angle. In the particular case of a-acetoxycyclol~exi~~ioi~es in fused-ring systems, 
the following relationships have been found (24) to apply: 

In compound XI the coupling constant between the protons on C-4 and C-5 (J45) is 
9 c.p.s. Using the Johnson expression given above this indicates a dihedral angle of about 
IS0, indicating a considerable distortion from the normal GO0 angle. This is illustrated in 
the Newman projection XV. Compound I S  (R = Ac) shows a similar clistortion (J46 = 

11.5 c.p.s., 4 = 142" instead ol 180'). In the C-5 ltetone VIII  (R = Ac), where the C-5, 
C-15 interaction is minin~ized because of the trigonal nature of C-5, the calculated angle 
is 42" (J67 = 5.5 c.p.s.). The acetyl derivative of XIV gave a broadened singlet (width 
a t  half height about 3.5 c.p.s.), indicative of an angle of about GO0. Thus it appears 
that in the C-G ltetone series the non-bonded interaction between C-5 and C-15 is relieved, 
a t  least in part, by a distortion of ring B from an ideal chair towards the half-chair. This 
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strain could also be relievecl i f  ring D assumed the boat conformation, but as has been 
pointed out previously (15), this introcluces a serious bowsprit-flagpole i~zteraction 
between C-12 and C-16. 'The n.m.r. results obtainecl with the C-5 lcetones indicate a 
si~nilar, but smaller, distortion of ring B in this series. Such a flattening of the B ring 
nlould increase the angle bet\veen C-4 and C-G and account lor the unusually low 
(1700 cm-I) (6) carbonyl stretching frequency of lycopocline (27). 

The 1l.m.r. spectra ol lycoclavine and its acetyl derivative (Table I)  are in good agree- 
ment with the proposed structure if we make the reaso~lable assumption that ring B is 
distorted to a t  least the same extent as in the C-6 lcetones. Applying the Icarplus-Conroy 
correlation (17) (the Johnson expression applies only to six-membered rings containing 
a trigonal carbon atom acljacent to the bonds under consicleration (24)) a H4-C--C-Hj 
diheclral angle of 20" would leacl to a coupli~zg constant Jq5 01 7 C.P.S. (observed, (i.8 and 
6.9 c.p.s.). J6G and J G 7  ~voulcl be expected to be small (both angles approach 90-100" in 
the distortecl chair), explaining the fact that C-Hj is not further split and C-HF is 
a somewhat broadened singlet. 

Inspection of Table I suggests a possible relationship between the chemical shift of 
the C-16 met11j.l group and the presence or absence of a carbonyl group a t  C-5. Thus 
those compounds with a C-5 lceto group show the C-methyl resonance a t  8.1-1-0.17 T, 
while, with one exception, those without a carbonyl group in ring B show this peal; a t  
9.08-9.08 T. The exception is compound XI1 (R = R' = H) ,  not previously mentio~led 
but readily available by Wolff-Kish~ler recluctioll of lycopodine, which has the C-methyl 
doublet centered a t  9.13. The differences noted are possibly due to the long-range shielcling 
effect of the carbonyl group (25). Inspection of ~lzodels reveals that in the C-G lcetones 
the C-methyl group no longer lies in the shielding region of the carbonyl and may in 
fact be deshielded by it. In agreement with this view, the two C-G ketones absorb a t  
8.9G T and 9.03 T. 

In  view of the fact that acetyllycoclavine is hydrolyzed by hot dilute mineral acid 
to lycoclavine, the possibilit)~ arose that the lycoclavine isolated was act~lalljr formecl 
during the isolation process. Although this possibility cannot be conlpletely excluded, 
it seems unlikely, since lycoclavine can also be isolated in good yield by percolation 
of the ground plant with colcl dilute acetic acid and immediate extraction of the all<aloids 
into chloroform. 

EXPERIMENTAL 

Ultraviolet spectra were measured in D5Gjo ethanol and, ~ ~ n l e s s  otherwise specihecl, infrared spectra in 
carbon tetrachloride. For hydrogen-bonding studies, spectra were determined on 0.1, 0.05, and 0.025 ill 
solutions in CCla using a Perkin-Elnier h,lodel 221 spectrophotorneter. Xuclear magnetic resonance spectra 
were measured on ca. l0y0 w/v solutions in chloroform using a Varian Associates hlIodel A-GO spectrometer. 
Internal tetra~nethylsilane \\.as used as  a standard. Sorne of the optical rotatory dispersion curves were 
obtained by Dr. IvI. R/I. Marsh, Eli Lilly, Indianapolis, to  whom we extend our best thanks; the others 
were determined by Mr. R. N. SwindIehurst of these laboratories using a Rudolph Automatic Recording 
Spectropolarirneter. Melting points were determined on a hot stage and are uncorrected. Alumina, unless 
otherwise specified, means basic alumina, of activity 111. Sltellysolve B refers to  Slcelly Oil Company light 
petroleum, b.p. 62-70'. hilicroanalyses are by Pascher NIiltroanalytisches Laboratorium, Bonn, West 
Germany, and C. Daesslii, h,Iontreal, Quebec. 

Isolation of the Alkaloids 
Dried, powdered L. Clavatz~nz var. megastaclcyon (15.5 kg) was Soshlet-extracted for 24 hours with 

methanol. Most of the methanol was removed by distillation and the residue treated with ice-cold 1% 
hydrochloric acid (5 I.). The acid solution was filtered (celite) from insoluble material. The insoluble material 
was then vigorously stirred with cold 1% HC1 (5 1.) for several hours, and the mixture again filtered. T h e  
combined acid solutions were basified (NHIOH, ice) and extracted hve tinles with chloroform. The chloro- 
form was removed by distillatioil and the oily residue dissolved in ice-cold lYo HCI (5 1.) and washed three 
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times with ether to  remove neutral material. The  aqueous solution was then basified (ice-cold NH.IOM) 
and extracted four times with chloroform. Evaporation of the chloroform left 18.2 g of basic material as a 
dark bro\\rn gum. 

Pz~rij5catiolt of the Alkaloids  
The  crude alltaloicl was placed on a column of alumina (1 lb) in ether and eluted in four fractions: A, 

9.01 g,  3 1. ether;  B, 1.88g, 6 1. ether;  C, 8.50g, G I .  CHCI,; D, 3.32g, 11. MeOH. 
Fraction B was crystallized froin acetone to  give the clil~ydrolycopodine-flabellifor~~~i~~e complex, 111.p. 

213-214" (0.3 g). Calc. for C3?1-15?03?\i:: C, 75.00; I-I, 10.16; 0 ,  9.37; N ,  5.47%. Found: C, 74.78; I-I, 10.16; 
0 ,  9.82; N, 5.44%. Infrared spectru111: v,,,, (nujol) 3300-2600 (broad OH superimposed on C-H), 1710 cm-I 
(C=O) . 

Fraction C crystallized from acetone to  given clavolonine, m.p. 233-234" (1.53 g ) ,  identical with an  
authentic sample furnished by Dr. R. FI. Burnell. 

Fraction D was chromatographed over alumina and yielded further clavolonine (0.50 g) when eluted 
with CHC13. Elution with CI-ICI3-hlIeOI-I (99:l) and crystallization from methanol-ether yielded 70 111g 
colorless needles, m.p. 261-263". Found: C, 72.36, 72.48; 14, 9.36, 9.58; N, 5.6070. The  infrared spectrum 
( n ~ ~ j o l )  showed strong -OH absorption (3400 cm-I) but no carbonyl absorption. This compound has not 
been further investigated. 

Fraction A ancl the residues from fractions B and C were combined ancl carefully chromatographed over 
alumina (1 Ib). Elution with benzene (5 1.) yielded lycopodine (5.36 g),  identical with an  authentic sample. 
Elution with ether (5 I.) and crystallization from Slcellysolve B gave acetyl lycoclavi~~e,  lll.p. 144-145" 
(2.03g). Calc. for CaoHslO.lN: C ,  68.74; H,  8.94; 0 ,  18.31; N, 4.0176. Found: C, 68.74, 68.54; H ,  8.69, 
9.15; 0 ,  19.03; N, 3.557;. Infrared spectrum: v,,, 1745, 1225 c~n-I (OCOCI-13). 

Elution with chloroform and crystallization of the eluates from acetone yielded lyi:oi.laui?~c (1.32 g).  The 
analytical sample, m.p. 212-213", [ a ] ~  -9" (95% ethanol), was prepared by several recrystallizations 
from acetone. Calc. for C I ~ H Y ~ O ~ N :  C, 70.32; H ,  9.51; X, 4.54; 0 ,  15.57%. Found: C,  70.11, 70.19; H ,  9.43, 
9.48; N, 4.57; 0 ,  15.717,. pic, (5070 i\iIeOH) 9.6. Infrared spectru~il: v,,, 3620 (sh), 3G00, 1736, 1240 cm-I. 
'The methiodide melted a t  314', the perchlorate a t  283-28G0, and the hydrochloride a t  281-285". 

Further sinall quantities of crystalline material could be obtained by chromatography of the mother 
l i q ~ ~ o r s  from the above operations. 

Proof of Corriposition of iMoleczrlar Coi?tplcx 114.9. 213-214" 
Dihydrolycopodine (10.6 ~ n g )  ant1 flabelliformine (11.2 mg) were combined in hot acetone. The solution 

deposited colorless crystals (15.2 I I I ~ ) ,  1n.p. 204-206'. 'The infrared spectrum (nujol) \\.as identical with 
that  of the material isolated from the plant, and the mixed melting point (206-210") sho\ved no depression. 

Oxidation of the complex with GO3-pyridine and alumina chro~natography of the resulting product 
yielded lycopodine (el~cted \\.it11 benzene) and flabelliforniine (eluted with ether). 

Desacetyllycoclavinc ( V I ,  R = R' = $1) 

( a )  B y  Alkall:?~c Hydrolysis of Lyroclaai?ze 
Lycoclavine (0.109 g) was relluxecl for 1 hour with 274 NaOH in 80% methanol. Renioval of most of 

the methanol, dilution with water, and extraction with chloroform gave, after removal of solvents, a colorless 
foam (0.09 g). Crystallization from a small volume of acetone yielded elongated pl.isms (40 nlg), 111.p. 
207-208". The colnpound was difficult to crystallize in good yield and was sublimed for analysis. Calc. for 
CleI-12jOaS: C,  72.41; I-I, 10.25; N, 5.28%. Found: C, 72.28, 72.48; H, 10.30, 10.34; N, 5.4554. 'The infrared 
spectrum showecl a co~~centration-illdependent band a t  3620 cm-I and 110 carbonyl absorption. 

The perchlorate, prepared by neutralization of an  acetone solution of the base with 50% perchloric 
acid and crystallization from either acetone-ether or methanol-ether, exists in two crystalline forms, one 
melting a t  230-238' and the other a t  276-278'. The  two forms have different infrared spectra (n~ljol mulls) 
but  are readily interconverted by seeding. 

( b )  B y  L i A I H l  Redz~ct ion of Acetyllycoclavi?te 
Acetyllycoclavirle (VI, I< = I<' = Ac) (0.20 g) ill ether (50 1111) was refluxed for 2; hours with lithium 

alumii~um hydride (0.25 g),  then worked up using the method of ?vIiCoviC and MihailoviC (26). Subli~natioil 
of the crude product gave the diol (0.148 g), m.p. 203-20G0, identical with that  obtained above. Similar 
reduction of lycoclavine also gave the diol in good yield. 

( c )  B y  Acid Ilydrolysis of Acetyllycoclavine 
Acetyllycoclavine (60 ~ n g )  was refluxed for 16 hours in 30% aqueous 13C1 (30 ml), then the solution 

neutralized with sodium bicarbonate and continuously extracted with ether. Evaporation of the dried 
ether extract gave a colorless solid which on sublimation affords desacetyllycoclavine (32 mg), m.p. 201-206'. 

( d )  B y  LiA11T4 Redz~ct ion of Alkaloid L .20  
Alkaloid L.20 (XIV, R = H) (38 mg) was added to  a slurry of LiAIH4 (0.102 g) in ether (50 inl), and 

the mixture refluxed for 12 hours, then worlced up as in part (b).  Sublimation of the colorless semisolid 
remaining after removal of the solvents gave a colorless solid (32 mg), m.p. 191-19G0, whose infrared 
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spectrum was virtually identical with that  of authentic desacetyllycoclaviile. T h e  perchlorate, prepared 
from the sublimed material, was identical in all respects (melting point, mixed melting point, infrared 
spectrum) with the perchlorate of desacetyllycoclavine. 

Acetylation of Lycoclavine 
Lycoclavine (87 ing) was kept for 18 hours in acetic anhydride (4 ml) - pyridine (2 ml). The  sol~ition 

was then diluted with chlorofornl and shaken with ice-cold dilute ammonium hydroxide. The chloroforn~ 
layer was separated, washed with water, dried, and evaporated. The off-white solid obtained was chroma- 
tographed on alumina (5 g). Elution with ether yielded a colorless solid (8G mg). Crystalli~ation from 
Sl;ellysolve B gave actyllyloclauine, 111.p. 144-145", identical in all respects with the naturally occurring 
compound described above. 

Si~nilar treatment of desacetyllycoclavine also gave acetyllycoclavine in high yield. 

Lycoclavine fro7n Acetyllycoclavi?ze 
Hcetyllycoclavine (0.87 g) was refluxed for 14 hours with 10% aqueous HCI, then the solution was 

neutralized with sodium bicarbonate and continuously extracted with ether. Evaporation of the ether 
and crystallization of the residue from acetone gave lycoclavine (0.71 g),  m.p. 211-213", identical with 
the ilat~iral material. 

"Lycoclavinone" (VI I I ,  R = Ac) 
Lycoclavine (68 mg) was dissolved in 987; acetic acid (20 ~ n l )  containing chromium trioxide (70 mg) 

and the resulting solution kept a t  room temperature for 18 hours, then made basic with cold dilute ammoniu~n 
hydroxide and extracted six times with chloroforn~. Evaporation of the chloroform gave a colorless semisolid 
(GI) mg), which was chromatographed over alumina (5 g). Elution with ether gave "lycoclavinone" (40 mg). 
Elution with chloroform yielded unreacted lycoclavine (15 mg). Lycoclavinone, after recrystallization fro111 
Sl;ellysolve B, melted a t  174-175'. Calc. for C18H?iO3N: C, 70.79; H, 8.92; 0 ,  15.72%. Found: C, 70.39, 
70.64; H, 9.11, 9.06; 0 ,  15.73%. Infrared spectrum: v,,, 1751, 1245 (OCOCHB), 1724 cm-I (C=O). Ultra- 
violet spectrum: A,,, 282 mp (log E 2.56). Rotatory dispersion in ~nethanol (c 0.023): [+],on +290°, [+]aos 
+8,300°, [+]?,I - 1 5,400°, [+]?GO -7,500°. 

Iceto1 V I I I  (R = H) 
Lycoclavinone (VIII, R = Ac) (45 mg) was dissolved in 10% aqueous HCI and the solution refluxed 

for 2 hours, then cooled, basified with sodiu~n bicarbonate, and extracted four times with chloroform. 
Evaporation of the chloroform and sublimation of the residue gave a colorless solid (23 mg), m.p. 127-132". 
Four recrystallizations from Skellysolve-B gave a~lalytically pure material, m.p. 135-136". Occasionally, a 
second crystalline form, 111.p. 122-123", was obtained. The two forms had different infrared spectra in 
nujol mull, but identical sol~ition spectra. Calc. for C16H2jO?N: C, 72.96; H ,  9.57; N, 5.32%. F O L I I I ~ :  C, 
72.88, 73.00; I-I, '3.62, 9.76; N, 5.26y0. Infrared spectrum: v,,, 3510 (bonded OH), 1710 cm-I (C==O). Ultra- 
violet spectrum: A,,, 280 mp (log E 1.95). Rotatory dispersion in methanol (c 0.11): [+1400 0120° ,  [+1301 
+6,400°, [+]?sa -19,100°, [+]?so -19,000°. 

Hcetylation of the lcetol VlII  with pyridine - acetic anhydride a t  roo111 te~nperature gave lycoclavinone 
in high yield. 

Diospltenol 111 

(a) F ~ o i n  Lycoclavtnone 
Lycoclavinone (VIII,  R = Ac) (53 mg) was stirred a t  room temperature for 12 hours with 2% NaOH 

in 20% methanol (30 ml). The solution was then adjusted to pH 7.5 with dilute acetic acid and extracted 
with four 30-1111 portions of chloroform. Evaporation of the chloroform gave a colorless solid which did 
not crystallize readily and was purified by subliniation. The  analytical sample melted a t  185-18Go, iLxID 
-45" (0.5 in ethanol). Calc. for C ~ G H ~ ~ O ~ N :  C, 73.53; 13, 8.87; 0 ,  12.24; N, 5.36%. Found: C, 73.41; H, 
8.95; 0, 12.12; N, 5.33%. Infrared spectrum: v,,,, 3440 (bonded OH),  1672 (C=O), 1648c1n-~ (C=C). 
Ultraviolet spectrum: A,,, 252 mp (log e 3.99) shifted to  327 rnp in etha~lolic NaOH. 

When the reaction was carried out in an  atmosphere of nitrogen the peak a t  327 mp developed a t  about 
one seventh the rate in air. When oxygen was bubbled through the reaction solution the rate of formation 
of diketone was about 1: times that  in air. 

Acetylation of the diosphenol 111 with acetic anhydride - pyridine gave an oily product which showed 
a nlaxi~num a t  248 mp in the ultraviolet. 

(b) From Lycopodine 
A solution of lycopodine (I)  (0.83 g) in dioxane (70 ml) was refluxed for 18 hours with selenium dioxide 

(0.37 g). The dark brown solution was then filtered from seleniuin and the dioxane removed a t  the pump. 
The resulting red-brown resin was dissolved in water, the pH adjusted to 7.5 with bicarbonate, and the 
solution extracted six times with chloroforn~. The  reddish-brown oil (0.63 g) obtained by removal of the 
chlorofor~n was chromatographed over alumina (12 g). Elution with ether gave a pale yellow solid (0.30 g) 
which proved to be mainly lycopodine. Elutioil with chloroform-methanol (49:l) yielded a dark brown 
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semisolid (0.22 g) which on sublimation furnished fairly pure diosphenol 111, m.p. 183-185", identical 
(infrared spectrum, ultraviolet spectrum, mixed melting point, rotation) with that prepared fro111 IYCO- 
clavinone. 

Pyrolysis of Lycoclauinone 
Lycoclavinone (28 nlg) was heated a t  240' in a nitrogen atmosphere for 8 minutes, then cooled to  120' 

and tlistilled (0.1 mm). The distillate, a pale yellow oil, was chromatographed over alumina. Elution with 
ether gave a coloriess oil (13 ~ n g )  which showed a maxim~nn in the ultraviolet a t  244 mp (log E, 3.9) and 
bands in the infrared a t  1680 and 1610 cm-1. Treatment of an  acetone so l~~ t ion  of the oil with methyl 
iodide yielded a solid rnethiodide mhich melted, after recrystallization from methanol-ether, a t  273-274'. 
The methiodide was identical with an  authentic sample (14) of the niethiodicle of S. 

dccto.~yketorze X I  
!\ s o l u t i o ~ ~  of lycoclavine (0.47 g) and c h r o m i ~ ~ ~ n  triosicle (0.47 g) in 98y0 acetic acid (20 ml) was lccpt 

a t  room temperature for 18 hours, then diluted with chloroform (50 ml), and the res~ilting solution mashed 
with enough dilute ice-cold ammonium hydroxide to  neutralize the acetic acid. The chloroform layer was 
separated, washed with water, and evaporated to  leave a colorless oil (0.41 g) .  Crystallization from Slcelly- 
solve B gave compound X I  (234 mg), m.p. 115-118'. Calc. for C1~I-I?703N: C, 70.79; H, 8.92; N, 4.597,. 
Found: C, 71.03, 70.91; 11, 8.88, 8.94; N ,  4.63%. Infrared spectrum (nujol): v,,,, 1747, 1260 (OCOCIls), 
1712 cm-I (C=O). Ultraviolet spectrum: A,,, 308 mp (log e 1.85). Rotatory dispersion in methanol (c 
0.11): [+]jsg -200°, [+]so0 -500°, [+I333 -5060°, [+]?og +6100°, [+]?so + l l O O O .  

Isoii~erisation of X I  to V I I I  (R = Ac) 
The  acetosy1;etone X I  (50 mg) was adsorbed on alumina (5 g) in ether and eluted (ether) after 2 hours. 

Crystallization of the product fro111 Slcellysolve-B gave lycoclavinone (32 mg), m.p. 172-174", identical 
with an authentic sample. The infrared spectrum of the mother liquors from the crystallization indicated 
a mixture of acetoxyketones VIII and I S .  

Acetoxyketo~te I X  (R = Ac) 
A solution of lycoclavi~le (0.39 g) and chron~iurn trioxide (0.39 g) in 98% acetic acid (40 1111) was kept 

a t  room temperature for 20 hours, then made basic with cold dilute ammonium hydroxide and extracted 
four times with chloroform. Evaporation of the chloroform left a tall-colored oil (0.4 g),  which was dissolved 
in ether and filtered rapidly through alumina (5 g) to give a colorless oil (0.30 g) which crystallized (0.22 g) 
from Skellysolve-B. The analytical sample, prepared by two recrystallizations from Slzellysolve-B followed 
by sublimation, melted a t  143'. Calc. for C18H2703N: C,  70.79; H ,  8.93; N, 4.59%. Found: C, 70.96; 13, 
8.77; N, 4.36%. Infrared spectrum (nujol): 1752, 1238 (OAc), 1720 cm-I (C=O). Ultraviolet spectrum: 
A,,, 286 111p (log E 1.79). Iiotatory dispersion in methanol (c 0.1): [+]sgo -SOo, [+]roo -315', [+1312 -2135', 
[+I280 +1.90°, [+1?6~ -10OOo. 

Isolllerization to VIII (R = Ac) was carried out 011 an alumina column as  described above for Icetone 
XI .  I-Iydrolysis of I X  (R = Ac) with 107, HCI (as described above for VIII (R = Ac)) gave lcetol VIII 
in 859; yield. 

~u-Dihydrolycopodine (XII ,  R = H,  R' = OH) 
Lithium metal (0.9 g) was added in small portions over a period of 30 minutes to a solution of lycopodine 

(0.76 g) in methanol (40 nil) -liquid anlmonia (200 nil). After 11iost of the alnmonia had evaporated, 
water (200 ml) was added and the mixture extracted four times with chloroform. Evaporation of the 
chloroform left a colorless glass (0.77 g) which crystallized from ether in colorless needles (0.63 g).  The 
analytically pure material, obtained by recrystallizatio~l from ether, melted a t  133-134'. Calc. for CL6H270N: 
C, 77.06; H ,  10.91; N, 5.627,. Found: C, 76.93; H, 11.00; N ,  4.69%. Infrared spectrum: v ,,:,, 3620 cm-I. 

The perchlorate, after recrystallization from acetone-ether, nielted a t  245-246'. Calc. for C16H270N. 
13CI04: C, 54.94; H, 8.01; N, 4.017,. Found: C, 55.31; H,  8.24; N ,  4.44%. 

Acetylation with pyridine - acetic anhydride a t  room temperature gave acetyl-or-dihydrolpcopodine as 
a colorless oil (no OH in infrared) in almost quantitative yield. The  perchlorate, after recrystallization 
from acetone-ether, melted a t  276-278' (decamp.). Calc. for ClaH?002N.I-IC10.1: C, 55.24; H, 7.67; N, 
3.58y0. Found: C, 55.17; H ,  7.68; N, 4.157,. Infrared spectrum (nujol): 3120 (+NH), 1730, and 1250 cm-I 
(OAc). The  free base, liberated fro111 the perchlorate, solidified, and after distillation nielted a t  74-76'. 

Anhydrodikydrolycopodine (XI I I )  front or-Diltydrolycopodine 
Treatment of or-dihydrolycopodine with phosphorus oxychloride in pyridine gave the chloro compound 

XI1 (R or R' = CI), characterized as  the perchlorate, m.p. 230-23l0, in good yield. However, heating 
the xanthate ( S I I ,  R = H,  R' = 0CS2CH3) niethiodide (0.12 g) a t  265' for 20 iilinutes followed by dis- 
tillation (0.1 mm,  140') gave anhydrodihydrolycopodine (XIII )  (0.04 g), identified as  the  perchlorate, 
m.p. 238-239". The  xanthate was prepared by refluxing a n  ethereal solution of a-dihydrolycopodine (0.48 g) 
with sodium (0.06 g) for 60 hours, then adding carbon disulphide (1 ml) and refluxing for a further 24 
hours. Addition of methyl iodide and further heating caused a white precipitate to  separate. The  precipitate 
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was filtered and recrystallized from ethanol to give the santhate methiodide (0.54 g),  m.p. 280-282" 
(decamp.). Calc. for Cl~H?90S2hi.CM31: C, 47.39; H,  6.70; S, 13.32; N, 2.91; I ,  26.36(r/d. Found: C, 47.40, 
47.69; H, 6.85, 6.66; S ,  13.22; N, 3.07; I ,  26.41%. 

Diol v (R = R' = FI) 
'The ketol VIII (R = I-I) (86 mg) was reflused for 3 hours with a s l ~ ~ r r y  of LifSII-1.1 (0.15 g) in ether 

(50 mi). 1Vorlcing up in the usual manner gave a colorless solid (84 mg), 111.p. 217-222". The analytical 
sample, m.p. 230-23l0, was prepared by r e~r~s ta l l i za t io~ l  from acetone follo\ved by sublimation. Calc. for 
ClcH?iO?S: C, 72.41; H,  10.25; N, 5.28y0. Found: C, 71.78; I-I, 10.20; N, 5.440;/,. The infrared spectrum 
(nujol) showed a sharp band a t  3500 cm-I and broad -01-1 absorption a t  2600-3300 cm-1. 

Diol V I I  (R = R' = H )  
i\ solution of the Icetol VIII (R = H )  (85 mg) in methanol (10 ml) was added to licl~~id ammonia (150 ml). 

The solution was stirred vigorously and lithium (0.2 g) added in small pieces over 10 minutes, then the 
ammonia was evaporated and water (100 ~ n l )  added. Continuous ether estraction yielded a yellow oil 
which, on distillation (0.1 mm, l5Oo), afforded a colorless oil that solidified on scratching. Four recrystal- 
lizations from acetone gave small, colorless ~leedles of diol V I I ,  111.p. 209-210". Calc. for ClGH170?N: C, 
72-41; 13, 10.25; N, 5.28%. Found (sublimecl sample): C, 72.38, 72.21; 10.52, 10.55; N ,  4.9454. Analysis of 
unsublimed material suggested that it was a monohydrate (fo~und: C, 67.84; H,  0.31%,). The infrared 
spectrum ( n ~ ~ j o l )  showed 01-1 stretching vibrations a t  3580 (sharp) and 3080 (broad) cm-l. The perchlorate 
melted a t  243-24Z0. The mixed ~nelting point with diol VI (1n.p. 207-208") was 176-184". 

Diol IV (R = R' = H) 
AcetoxyBetone I); (27 mg) was r e f l~~sed  with LiAIIHd (0.1 g) in ether (30 ml) for 6 l~ours,  then wor1;ed 

up in the usual manner to give a colorless solid (22 mg), 1n.p. 219-226". Recrystallization from acetone 
raised the melting point to  234-235'. The compou~~d ,  even after sublimation, analyzed as  a hemihydrate. 
Calc. for CIGI-I.;O?N.:I-I?O: C, 70.03; H, 10.28; N ,  5.10°//0. Found: C, 70.38, 70.04; H, 10.40, 10.32; N, 
5.70%. The mised ~nelting point with diol V (111.p. 230-231") was 223-230". 

T.Bo(ff-Iiislttte~ Redzlction of Lycopodine 
Sodiuln (0.10 g) in diethylene glycol (40 ml) was heated to 180° and a ~ ~ h y d r o u s  hydraz i~~e  added until 

the solution reflused freely a t  180°. The solution was then cooled and lycopodine (0.63 g) added and refluxed 
for 17 hours. The temperature was then raised to  210' by distilling off excess hydrazine and refluxing was 
colitinued a t  this temperature for 24 hours. The cooled solution was dilutecl with water, acidified with 
hydrochloric acid, and continuously estracted with ethcr for 24 hours to remove diethylene glycol. Basifica- 
tion of the aqueous layer and further estraction with ether yield a colorless semisolid (0.5 g) which could 
not be recrystallized, but which was purified as  the perchlorate, 1n.p. 224-225" (from ethanol-ether). Calc. 
for CIGH~jN~I-ICIO.,:  C, 57.56; I-I, 8.45; N, 4.20%. Found: C, 57.38, 57.32; I-I, 8.73, 8.40; N, 4.71%. The  
free base, rege~lerated fro111 the perchlorate, showed no absorption in the 3000-3600 cm-' or 1500-1800 cm-I 
regions in the infrared. The methiodide ~nelted a t  288-289O after recrystallization from ethanol-ether. 
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