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Abstract d
Plants of the Lycopodium species have Tlong been known to
elaborate a1ka1o1ds. Over one hundred alkaloids have been iso]ated from

"”?: . 'd-

thesevpiant§ but no efficient method exists to quickly screen plants to

GEE o d&£Ermfne their alkaloid. content. . 1d this research it has been found

oy

i oy
L, tht gas chromatographx-mas9-sﬁ%ctroméf%?" GC/MS) is a suitable nethod

;e
TS e 0 achieve, thi% punpose.‘_ Sevew speCTes of Lycopod1un1 were examined;
i ";?.fc ‘é ‘g-

L. austraﬁ1anum, L. scar1osum, L. fast191atum, L. deuterodensum,

. Cclavatum var.borbonicum, L. f1abe]11fdfme and L. 1uc1du1um, Qf these
.H‘_ ‘-:B

L. australianum, L. scariosum and L. fast191atum have beeﬁ exdmhne¢ for 5%

N s

the f1rst time in tﬂa% researcgé New alkaloids were found in some of the =

species examined. Two new alkaloids, des-N-methylfastigiatine and fasti-"

giatine, were 1isolated from L. fastigiatium and their structures

-

determined by X-ray analysis. Since these alkaloids represént a new ring

system extensive mass spectrometric and nuclear magnetic Tresonance
< L)

- L)
experiments were undertaken. .

A data base of the mass spectra of known Lycopodium a]kaioids was
‘compiied and found to be useful in computer searches of GC/MS data for
the identification of known alkaloids. Chemical jonization mass spectro-
metry with methane as the reagent gas was found to provide information on

some of the functional groups presént in the Lycopodium alkaloids.
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CHAPTER- 1

Introduction

1.1 General introduction

A recent and satﬁsfactoryqdefinition of an alkaloid is the one
'given by5S. W. Pelletier in his book, “Alkaloids Chemical and Biological
Perspectives”, John Wiley and Sons, Inc, l983;A‘An alkaloid is a cyclic

. /
organic co?pound containing nitrogen in a negative oxidation state which

is of limited distribution among living ‘organisms“. One objective of |

this research was to develop an analytical method for rapid qualitative

and quantitative screening of Lycopodium plants for the presence of

alkaloids. The information gained would be of importance in the chemo-

taxonomy of the order Lycopodiales. A second objective was to examine

the structures of any new alkaloids discovered providing that enough
compound couId-be_iso]ated. New alkaloids are of general interest since
they - may help to illuminate the pathways of biosynthesis and often
stimulate others to undertake research into their synthesis Sﬁd pharmaco-
logy.

Gas ‘chromatography/mass Spectrometry (GC/MS) provides a very
powerful tool for the analysis of mixtures and the ideﬁtification of
components. GC/MS was used in pursuing the first objective of ‘th%s
research, Mass spectra of puﬁe_ substances are reproducible énd are
useful for the identification on less than a microgram of compo;nd; thus

large quantities of plant material do not have to be extracted to

-1 -

—



e

undertake an analysis of alkaloid content. Gas chromatography (6C) using

fused silica columns (FSC) with a flame 1on1zat1on detector (FID) and a

'n1trogen phosphorus detector (NPD), provides a sensitive and selective

method of separation and analysis of m1xtures. From a GC exam1nat1on,
retention 1nd{res can be determined and used to 1dent1fy components of a
mixture. If the eluate of a GC column s 1ntroduced -into a mass
spectrometer @ mass spectrum can be obtained for each component of 'a
mixture. Thus two methods of identification and a separation procedure

are combined in a single experiment,

From data obtained in this research and from the ljterature, a
library or data base of the mass spectra of the known' Lxcogodiuh
alkaloids was compiled. The library was then used in the identification
of the components of each extract using a computer program,

Khen 2 new alkaloid was detected, Tiquid chromatography (LC) was
employed in an attempt to isolate sufficient amounts of the compound for
strectura1 analysis. Fractions that were collected from LC experiments
were examined by GC-MS. High resolution mass spectrometry and nuclear
magnetic resonance techniques_were used to gain strdctura] information on
the new alkaloids. -

Figure 1 shows a flow chart that outlines the scheme used to
identify new or previously known alka1o1ds.

The thesis has been organized along the following lines. .This
chapter deals with the structures; and occurrence of the Lycopodium
alkaloids; ‘taxonomy and chemotaxonomy of the Lycopodium species are also

discussed. A brief account of the type of information that can be



not
pure

3

T _
exgé?ﬁﬁﬁﬁﬁ?

~—

.information

alkaloid
extract
GC/FID retention indices of the components
: and quantitation.
GC/FID/NPD which of the peaks are alkaloids?
C.I.M.S. -what are the molecular weights of the
of extract components?
GC/MS what are the fragmentation patterns of
the alkaloids?
&
Computer identify the components that are known
Search of alkaloids by comparing mass spectra and
MS retention indices
Liquid isolate new alkaloids i
Chromatography :
GL/MS HR/MS, NMR{. Structure
etc. determination
pure? ves

Figure 1

Flowchart of methods used.
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obtained from mass spectrometry is also given using, ékéﬁﬁ]es drawn from -
the LZcogodium alkaloids. In‘Chapter 2, the gxpérihgntallseCtion, the
source of materials, and the methods and techniqués used in this"investi-
gation- are described. Chapter 3 deals with results ébtained from the
examination of various Lycopodium species. Finally in Chapter & the

results are summarized. Mass spectra of the lycopodium §@1kaloids are

presented in the Appendix.

1.2 Botanical description

Species of the order Lycopodiales grow in the arctic, temperate
and tropicaf zones.! Some of the tropical species are epiphytes, that is
they gain physical supporg from other plants but are not parasitic upon
them. Plants of the order are usually of small size, seldom growing
larger than 30 centimeters in height, but some species with climbing
stems such as L. volubile may reach 2 length of 2 meters. Plants consist
of creeping rhizomes (a horizontal stem) which may be on the surface or
beiow ground!; forked roots arise from the rhizomes as well as upright
dichotomous branches which are'usua1ly covered. in many,lsma111 spirally
arranged leaves.! Leaves which bear structures in which spores are
produced (sporangia} are termed sporaphylls. They can be located at any
" point .on the stem or only at the tips of the branches, to form cones or
strobili. The strobili resemble clubs and hence the name club moss is
used to describe the order. Some species resemble wolf feet. The word
Lycopodium is derived from the Greek for wolf (1;kos) and foot (pod). A

typical plant is shown in Figure 2.



.

1.3 Historical introduction

. In- 1881 Karl Bbedeker isolated an alkaloid from Lycopodium
omEIanatum which he named 1ycopod1ne and assigned to it the incorrect
formula C32 52N203. Eleven years later Arata and Canzoneri 1so1ated an
a1ka101d from L. saururus.which they named pillijanine C15 20 20
Orechoff reported the presence of alkaloids in L. annotinum in 1934“ and
in the fo]low1ng year Muszynski confirmed Orechoff's work" and found.

alkaloids in three other European species.® The correcﬁ formula for

lycapodine, CISHZSNO, was determined in 1938 by Achmatowicz

" and Uzieblo;® they also isolated two new alkaloids from L. clavatum which

they named clavatine and, c¢lavotoxine. .In 1942 Deulofeu and Delanghe
isclated saururine, CIOHIQN and sauroxine, CI7H25N20,_from L. saururus
but did not find ony alkaloid with the properties of pillijanine.’
‘Modern research began in the' 1940's when Manske and Marion
examined ten sﬁecieo of Lycopodium plants and were able to isolate
thirty-five new alkaloids.®7'7 Since.then many new alkaloids have been
isolated from other species_and_oj the application of new techniqueo to

the specioi previously examined. At present there are about one hundred

chogodium alkaloids of known structure.

‘ Fractionq} crystalization and fractional distillation were .the

first methods employed to investigate alkaloid cootent.' Ciquid
chromatography, incluging column chromatography, thin layer
chromatography and counter current distribution have also been used to
separate alkaloids found in p]ants of the order Lycopodiales. Recently
gas chromatography us1ng packed columns and gas chromatography/mass
spectrometry were examined for their suitability to determine alkaloid

content but an ‘exhaustive study was not undertaken, !®



@®

are listed in Tap]e 3. . - r

1.4 Structure of the Lycopodium alkaloids

‘In order to have a reference -list of alkaloids. of established
structure, the structure and physical properfies of the chogod1um‘-

alkaloids were compiled in Table s The a1ka101ds are classified

accordiné to their structural type and arranged within each structuraT

group by mo]ecu]ar weight along the ]1nes used, by N_yembo.la Alka101ds

which have been reported but for which the structures are nat known are

Tisted in Table 2. Alkaloids which have proven to be golecular comp]eies.

Figure 2. Plants of the genus lycopodium: L. clavatum and L. obscurum

.y
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Table 2

- Alkaloids of undetermined structure

Molecular .

Reference.

Name Molecular Source
| Formula Weight -

Base 168 CogtpaN0y 277 L. clavatum 1492
Base 258 fe—- 263 L. clavatum 142
Base E 617H25N02 275, L. fawcettii 143

Base G CygHp7 N0y 305 L. fawcettii . ..

- C10H19(21)N0 169 (171)- E,.annotinum 105
\\i::’. C16H23(25)N0 2f5 {247) L. anrnotinum 105.

_Base v 616H23NO 245 L. annqtinum- 144
Base v ‘C17H25N02 275 L. annotinuml‘ 144
Base VI C16H23N02 261 L. anﬁotinum - 144
Base VII ConHaghOy 347 L. annotinum 144
Base VIII C1gHyy N0 275 . L. annotinum 144

" Base IX - ‘C17H25N02 . 275 -L, annotinum 144
Base X C17H25N03 : 291 L. annotinum 144
Base Xl C1gMasN0; “303 L. aonotinum 144
Base XII - CigHagNO, 319 L. annotinum 144

- Cis”zs(éj),”oz (263 (265) L. clavatum 5
- Clghprh0y 305 L. contigun 145
. L. thyoides 145
Borbonicine _C17H24N20 272 L. cIaQatum var

18

143, .. .. ..

4



_Table 2 continued.
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Molecular -Mo]eﬁu]ar

——

Name Source Reference
Formula - Weight
| oehyaroucoéaro]ine C32H51N30 493 L. carolinianum 18
Gnidine’ . CZQHSIﬁ3 441 L. gnidioides 18
Gnidinﬁne' ‘ C29H51N30 457 . L. gnidioides 18
LEL C28H42ﬁ30 441 L. erz;ﬁraeum ’ - 34.
| L01 C31H49N302 495 L. obtusifolium 146 _
oL . 7“""56“49‘”30 467 L. obtusifolium ° 185
L03 -7 _ .C29H49N3 439 L. obtusifo]‘ium. 148
LS14- * C3gHgghs0 87 L. saururus 3¢
Lucidine A ' C36H49f\{3_0 ‘ 467 L lulcidu1um_ 139,
Lv1 Cogtas™s 435 L. verticillatum - 50
Lycocafoline C32H53N30 4495 : L,,garo]inianum 18
-LycodifTexine C35H5QN204 562 ‘LK'CTEVEfum 18
Lycoserrine CIGHéGNZ 246 L. serratum - 117
pycoserraminer .'C16H25N02~ 263 L. serratum 17
L10 C16HprNO 248 L. annotinum 10
L15 - Cagtiyy NO; BT L. tristachyum 11
L16 ClgHosha 27 L. sbscuram 12
L17 CygHa7 N0, " 305 L. obscurum 12
L18 SERC 181. L. clavatum 13 .
L19 - - ) L. clavatum 13
L22 ClgfpM0 ™ 209 L. lucidulum 14
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Table 2 continued.

Name | Mo1ecu1ar.ﬁMq1«_ecinar . “Source  Reference .

| " .Formula | MWeight .
Las _ CISHZSNO “247 L. lucidulum 16
L2s | Cpglph0, - 263 L. Jucidulum . 14, 67
'L26 T A L L. sabinaefolivm 15
LZS o (.‘.17H27,l‘~102 277 ,L' an.notinum 16, 144
s - CigHaghO, 261 L. amnotimum 16, 146
L31 _ ’ CogHagh0y 347 L. annotinum 16, 144
L35 Gy Hy N0, o 235 L. densum 147
‘Pﬂ'njan-:n‘e_. Gl 248 L. saururus 3
Saururine . Cl»OngN . 163 L saururus 7

L 2



Table 3

Mo]ecufar'témp]exes

Name , - Molecular, Components o Source - Referenceé
Formﬁ]a' -
AﬁnotOxjne C3oH 44N 206  Acrifoline + | L. énnotinum_‘
| Annotine . e, 105,
. 106; 148
Clavatoxine " CaHe NS0, Flabelliformine + L. clavatum 6
' Lycodoline ‘ _
fsoerythreine‘ C34H44N202 Erythreidiﬁe + ‘. L. erythraeum . 34
N _ ' Eryt.hre‘ine |
. ' - " :
Isolycopodine C32H48N203 Acrifoline + L. annotinum - 149
| Lycapodine L. selago 150
o e C36}_{56N205 Acetyllofoline + L. an-norti'num 10 ‘
‘ - | Lycopodine-
- C32H52N203 Dihydrolycopodine + L. c]évatum 75

- F]abe]]_iformi’ne_



24

. : 0981 autpiotpiub
52 : _ 8ujtojtJae
. A
. ' 151601 VE autpeIK | 0JpAYLP
561 : _ ) 251
pS1762 . L11 Istievt € A 2% auypododf|
: pt 09°41 auy |0podK|oaphyue
autJowbayd
{2 - 1Ay3dwip-N*H
’ autJsewbayd
52, . " - [Agaou-Yy
. G2 : autJsewbayd
. m IETIT TR L E
. , 051°0% bt 09'81 ¥¢ auibe|os
. . vE9 auixodnes
- ' 051 . auJnasqo-n
. - C oSt “3U 1 N2SqO-g
vE U aIYIAID
. - ve ou | po2 &Y [Ayjow-H
£51°¢11 {3 . U} podL|
. . ve au} [npInoJpAYLp
: : pZ' ol ayinpLpny
£ 2L 11 o1t 6 8 L 9 5 t £ b4 1 L
\ _ S WAIB| (1243438 L 6 '
. . WN1eJJAS JEA WhjeJJsas ] g
. {1baaqunyy *JeA wn3eddas '] ‘(
: . 7 obe|as "1 9 skyoeisodn snuabgng
: _ : *wej SMJNJNES 7 G .
(exueq jug) 1 @ Jewbayd 7 g1 . __ wn}jojEsn3qo 1 v
oo *q ejJewbajya ] 21 . *XYojw wn|n o
} sapjossolbotydo *q1 °11 *3°7 sopiotpjub 7 *2 . .
v wnAysezsebaw *T ‘0l  DaJ{eme wnaeJykda ' ‘1

v uoy323s epsewba|yd

\

. uo}123s cawmm

spjojeyle wn{pododk] ay3 Jo 3dudIINIIY

v . -

‘¢

. _ v oL4el



25

1z sz

12
L2

SET

09

{11

L1l

1T

{11

B

{1t

{11

£G1Y 411
(1

(11

be
4%

autyoeysehor

upnanes

JULXD| JOIL|

. autdewbaydoorAy

dulpiuelrdas

U NNETS

DU JeIIDS

QULULIRIIISAX0Dp~g
3UUIeIIas

~0JpAyop-g'1-Ax0ap-g
Juipruljessas

auiptuilestasAxoap-g

auLunyl0a£]
AULULIRIIDS

-odeouphyue
JuipLljadmey

-0JpAyipida

: UIpt1710oHMe )

8l

R Y

09

L1

ESTSZ1T T61'6p1  pp
A

L1l
LT

251

¢Sl
03 601
0s1

09°81
09*81

09°81

€. 21 Il

uoylzas eruewbayy .

o1

_ougpiuboak]
‘BulAR| 2024
UL IJDA0DL]

" auyopoak|

auplotpion|

XA

01
ouLWwJOo L | [oqe]y
du{uo|oAe[D
AULPLIPIIDS
outwhaydoaf|

sAyzeIsoud snusbqgng

*pPanuL3uod ¢ a|gey



26

7

b1

EITECLIT

09
09

™)

{1
_ L1l

25
9v1
91
o vl

{91
b1
vi
14!

6t1

bE
61
#1

- aupandnes
aujuelyyd
‘ 521
bel
. 2¢1
JULWRIIISOIA|
BULJIBSO0L|
ZA1
A7
Yy autptong
. ARY
E0T
201

01
131
aututprub
AuipLub

EST L1T-
ESTLT1

|42
6t1 .
6t
6¢1

1 SR 1T

:owauum.c_umEmw_ca

o1

aui|nptonjodds
auypiangoxo

g suiptong
auioan|odAtoJdpAyLp
aujan|o24y

sAyoeysodny snuabgng

.mmzc_u:ou ¢.a_cmﬁ



o

Table 4 continued.

éubgenus Lepidbtis.

27 .

1) Cernua section 1. L. cernuum L.
2. L. alopecuroides L.
2) Inundata section 3. L. carolinianum L. var. affine
’ . : - 4. T. JInundatum L. {Asia)
5. L. Jnundatum L. (Europe)
3) " Lateralia section - - A :
- 6. L. laterale R. Br.

s 1 2 3 § B 6
dihydrodeoxycernuine 19 157 - -
anhydrolycocernuine 23 158 18 :
cernuine ] 19,17 157 159",
dihydrodeoxyiycocernuine e 18 ) .
carolinianine 23 <
lycacernuine 19,17 23 158 18 159

-N_-methylphTegmarine Z3 ' - -
anhydroiycodoline 156 18
“lycopodine 156 158 136,18

- ¢lavolonine’ 156 : 18
“lycodoline 156 136,18
tawcettidine . JIKE)
alolycopine : 138
lycoflexine ' ) 18
alopecuridine 156
dehydrolycopecurine, 130,18
. lycopecurine 138
inundatine 136,18
isoinundatine . 136,18
debenzoylalopecurine . 156 N
acetyldebenzoylalopecurine - 138
alopecurine : ' 156
borbonicine . 18
. dehydrolycocaroline 18 ¢
lycocaroline 18

nicotine
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Table 4 continued. -

Subgenus Lycopodium:
not further cEassified.197

33

L. magellanicum Palisot de Beauvois

1. .
- 2. L. paniculatum Desvaux '
3. L. volubile Forst.
) 4. L. densum Labill,
o~ 5. L. confertum var. confertum .
6. L. prostatum C
1 2 3 4 ‘5 6
lycodine 131 s
N-methyllycodine 131
e-obscurine 132
flabellidine 26 _
lycopodine 132,131 133 165 14/
anhydrodeacetylpaniculine . ' 26 ‘
dihydrolycopodine : 133 165
clavolonine 132 147
1ycodoline ‘ 167
deacetylfawcettiine 132 N -
deacetyllycoclavine 26 R
deacetylpaniculine - 26. : 45,166
acetyldihydrolycopodine 131 133 ‘
lycoclavine 132 26 o )
paniculine 26 . 45
acetylfawgcettiine 131
5-dehydromagelilanine 131 - ’
magellanine 132 -
paniculatine 133
L35 - 147
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1.5 Qccurrence of the Lycopod1um aTkaloids

\ . The sources of the a1ka101ds are.- tabu]ated in Table 4, where the

species are grouped together accond1ng to subgenus and. section. Some of

the nater1a1 Jin th1s section and the previous section has appeared in

ear]ter reviéws, !68- 160 but is included here for comp1eteness.

1.6 TaxonOmz

<[ ' .
Severa1 c]ass1f1cat1on systems of the order Lycopod1a?es have

been proposed.181-202 = A11 of the systems recogn1ze the genus- .

/

- . ! - .
- Phyloglossum- which tcontains only one species, P. drummondii, found only

in Australia, New Zealand and Tasmania. However there is a divergence of
opinion on how .other members of the order should be classified. Wilce

recognizes only one genus, Lycopodium, which is further split into three

_ subgenera on ‘the basis of.spore shape.l%? Wilce's c1a551f1cat1on system

was used to organize Tab1e 4 and is descr1bed be10w

Wilce recognized three subgenera, Urostachys, Lepidotis and

Lycopodium.  The subgenus Urostachys contains more than four hundred
species which have spores of the'foved1ate-fossu1ate type. The spores
are characterized by having a minutely pitted surfaee (foveolete) that
progresses through a series of intermediate stages to a grooeed surface |
(fossulate). The sUb;genus, Urostachys, can be fur%her divided into two

sections acccording to spore shepe, the Selago section and the Ph]egﬁaria

-

section.

The subgenus, Lepidotis (Lycopodiella), contains forty species

which have spores of the rugulate type {wrinkled or corrugated surface).

-



B 4L L
_The subgenus 15 g1v1ded 1nto three sectwons featur1ng two spore typesf
the Cernua sectxon, w1th Spores of the cernua type, and the Inundata andh'
Latera}1a sect1ons w1th spores of the carol1n1anum type. '

' 7 The( subgenus chopod1um conta1nsl-s1xty specwes, which..ﬁs
_ divided into ; seven sect1ons, compr151ng three spore groups. - The
. ret1cu1ate group of spores have a. network 11ke surface and conta1ns four_;

- types of spores the cTavatmn type, “the scar1osum type, the fastigiatum’

.type«and the vqublle type.‘ The Ly;opod1um “and Complanata sections -have -

clavatum type spores. The baculate (w1th “rod shape projections) and
scabrate (rough surfaces) group of spores conta1n only one- species each.
'Some of the plants thCh comprise each’ of the subgenera are 11sted n

:Table 5

1.7 Chemotaxonomy -

Braekman et - a] 157,203 "paye observed that the d1str1but1on of
a]kaloIds in the genus L!copod1um is in good dgreement with the classifi-
cation. proposed by Wilce. 187 The subgenus‘ Urostachys e]aboratee
alka1o1ds of the lucidulane, phlegmarane, fawcett1dane lycodane, lycopo-
_dane and Iuc1dane type. - It is the only subgenus from which juoioane
alkaloids have been isolated. The subgenus Lepidotis elabordtes
aikaloids: of the cernuane, ph1egmarane, lycodane, lycopodane and 1nun—
datane type the subgenus is d1st1nct 1n the format1on of cernuane and
inundatane alkaloids. The subgenus Lxcogod1um formg, atkaloids of the
ph]egmarane, fawcett1dane,i 1ycodane and lycopodane type. - The major

alkaloids are of the lycopodane type with minor amounts of alkaloids of
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1 :36 . X - '-‘ /_

‘ '\" l‘ o | T _‘ o e Tat?]e‘ . 3 .‘l. :
‘ < P]an;s-ofithewgghus thdgodium' - . . B R
L -~ Plants of the subgenus Urostachys ° )

\\

) © Selago section .Phlégharia'sgétion -
. australianums L}-megastaéhxum*-
celanicum .. . - L. ophioglossoides*

- L.

phlegmaria*

erythrasum* ~ -

ontinaloides - -
nidioides* ., _ . ) .. )
ucidulum*= G , - -

.,
L]

el —

miniatum
obtusifolium*
Saururus®.
seiago*

squarrosum

verticillatum -

a0 a8

Tallalaisiads ulalalelels

-

Plants of the subgenus Lepidotis

Cernua section . Inundata sectign* Lateralia section*

L. cernuum* L. alopecuroides* L. laterale* b
L. convolutum -~ - L. carolinianum® I

L. eichleri L. Jnundatum*. B

L.

. Eendu|1num- . \ »

Plants of the subgenus, Lycopodium

Lycopoyium Complanata Scariosum Fastigiatum . " Volubile
sectio ‘ section group group "~ group
L. annotinum* L. alpinum* L. caneris L. fastigiatums L. volubile*
L. clavatum*=- - L. carolinum* L. ga¥anum L. mage[ian1cum* I
L. contiguum* L. complanatum* L. holtonii L. panmiculatum* :
L. obscurum* L. fawcettii~ L. jussiaei L. spurium
A L. fTabelli- .. scariosumz ~
orme*# -

L. issleri* :

L. sabinifolium*

L. sitchense*

L. thyoides* : :

L. tristachyum*- ' L. deuterodensum# L. casuarinoides

{baculate] ~ Tscabrate}

* examined for alkaloid content . :
* examined for "alkaloid content in this thesis.

-
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the three other ring systems. The Complanata section, elabogates mainly
: s1ngle alka]o1d 1ycopod1ne¢ ’Braekman ‘et a1 have»\poted that only
/
about ten percent of the known spec1es of the genus chogodﬁum have been

exam1ned and that gener311zat1ons based -on a1kaTo1d content are tenuous

The chemotaxﬂnomy of the genus chogod1um has also been 1nvest1-

- gated hy examining pheno11c acids?%- and dihydric pheno]s.~°5 F]avano1d

t

,d1str1but1on has also been examined.208-20%  gome of the' c]ass1f1cat1ons

based on alkaloid content are supported by the pattern of d1str1bution of

other types‘of natbr§1 prodﬁcts.

1.8 Mass spectrometry

Mass spectrometry TMS) is a very useful technique in structural

studies of orgénfc compounds and has been used in the examination of the

- structure of many Lycopodium alkaloids. The primary process in mass

spectrometny 1nvolves 1on121ng a sample to produce’ 1ons._ These ions are
then accelerated by a potential field into a mass aﬁ%]yzer wﬁere the path.
of the ion is deflected in a magngtjc field (seel section 3.4.6.2 for

further ‘discussion). The  mass ana]yzef- separates the ion beam,
acccording to the mast;to-charge ratio {m/z). _Thé detection of the ions

depends on the radius (r) of the ion path in the magnetic field (of

).

strength B) and the accelerating potential Ve




- Ln th1s research both electron ionization and chemca] 1on1zat1on

were' used to generate 1ons. : _

1.8.1 Electron ion'izat'ion mass_spectrometry o~

Electron 1on1zat1on (EI) is the most common form of mass spectro— .
metry. ETectrons emitted from an 1ncandescent filament mteract mth _
'vapor'ized sample molecules t_o form ions. These ions are then -accelerated
into the mass enalyz:er. s mass spect'r‘um is a plot of the re]atwe
abundance of an ion versus 1ts mass to charge ratio, m/z; the most
aou_ndant‘ ion s referred to as the base peak. The nio]ec:uJ_é_r jon M-) is_
defineo as that ion, the mass of which is the.sum of the masses of all
elements.” in the molecoIe : using the rhost abundant isotope in ‘each
case.2!0 Thys the m/z value of. the molecu]ar ion is the mo1ecu1ar weight
of the compound. Smce organic compounds are seldom 1sotop1ca11y pure

the mass spectra obtamed are representative of _the natural abundance of

the elements contained it the compound. It is thus possible ;to deduce
. ™~

the presence of some elements (particularly chTorme \aMQc::ne) in a
compound. If the m/z rat1o is measured with sufficient ace acy (-high
resolution mass spectrometry) it is possible to calcu]ate'the elemental
composition of an ion and thus the molecular formula of the compound
Mass spectrometry can also. be used to detect funct1ona1 groups and
subst1tuents. For example the loss of 17 and 18 mass units from the
molecular ion usually indicates the presence of a hydroxyl group. The
loss of a.$ubstituent can often be verified if a metastable peak is

. *
observed. -Metastable peaks (m ) arise from jon decompositions in a field
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S -

free dr1ft reg'ton of a mass spectrometer For the decompos1t1on Ml

M2+ + H3 where M3 is a neutra] fragment a metastable peak ma_y be found at
M*'—- M /M . The carbon skeﬂeton of an orgamc compound can in some
1nstances be deduced from a mass spectrum.

‘ Examples of how mass spectra can- be interpreted - in terms of
structure are presented'pe]ow using some of the Lycopodium alkaloids as

examples.

W 1.8.1.1." Electron ionization mass spectrometry of alkaToid's with

a cernuane skeleton —

. Mka]oids of the cernuane type have two nitrogens and hence an

even molecular weight, Losses from the D-ring characterize the mass

spectra of these alkaloids (ngure 3). - Initial fragmentation occurs

between C-9 and C-10 which is followed by the loss of CHyCH, (M-29), C4H.

(M-42), and C H7 (M-43) via pathways 1, 2 and 3,.respect1ve1y, when R =

H. .If R = OH as in lycocernuine, the correSpondmg fragmentatmns via

pathways 2 and 3 yield ions at M-58 and M-59,

-In the .case of carohmamne which has a double bond between C-14
and C-15 and R = OH, the fragment, 60 {M~ 58) is lost from the D-ring
with no loss of a proton from the. C-ring. The presence of a al2,!3
double bond makes the loss of the_D—ring atoms more .difficult, resulting
in an :intense molecular- fon as in the case of anhydrolycocernuine. The.
Toss of a methyl group is seen in all cases, as is the loss of the
hydroxyl group at C-12 if one is present. The mass spectra of the-cern-

uane aikaloids were reported in the following references, 18,19,23
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Figure 3° Fr'a_gmentation of cernuane type alkalotds.
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It is important to'remeﬁber that structures” drawn in proposed
fragmentat1on §§hemes such as Figure 3 nay not correspoud to the actual

structure of the ion: They are however useful constructs in 1nterpret1ng

spectra and deducing structures.

1.8.1.2 Electron ionization mass spectrometry of alkaloids with

a chopodane ske1eton

The mass spectra of chopodane aTkalo1ds have been extensively
exami‘ned.28 Alkaloids of - the Tycopodane type can be c1ass1f1ed11nto
three categories: (1) those bearing a hydrogen at C-12, (2) those
_‘bearing a hydroxyl group at C-lZ.-and;(3) those bearing a double bondi

between C-11 and C—12; These ciassifications are useful in the interpre- -
tation of their mass spectra.

1.8.1.2.1 Lycopodanes with a hydrogen at C-12

A general fragmentation scheme of lycopodane type alkaloids with

a hydrogen at b-lzfis shown in Figure 4. .Generaliy the molecular fon is
weak and the base peak corresponds to the loss of the bridge atoms and 2
- proton, that is C4H9 (M-S?)f(pathway 2). The stereochemistry at (-12 has
little effect on the fragmentation pattern, but thelintensity‘of the ion
corresponding to the loss of the bridge atoms can be altered depending on
the stereochemistry.3® If —the bridge is substituted (for example a
hydroxyl group at C-8) the loss of the bridge and the substituent will be
observed (M-?3). The loss of C3H7_(M-43} from the bridge atoms is

observed in all cases as a low intensity jon {(pathway 1). The loss of

ethylene after the loss of the bridge atoms is observed and may follow or



M-43
A
-+
N
A
M-56+R M-84+R
Figure 4 Fragmentation of lycopodane type alkaloids with a
hydrogen at C-12.
-+
/
N =
Figure 5 Fragmentation of lycopodane type alkaloids with a.

hydroxyl at (-6 and an ester at C-5.



M-88 M-89

Figure 7 Fragmentation of annofoline.



prétede .thei-Toss of a_'funétional group at C 5 or C-6 (pathway. 3).
Funttfonal groups on the lycopodane ske]eton -can g1ve character1st1c
'fragmentat1on patterns some examples are g1ven be]ow._ Alka]owds wwth a o
hydroxy] group at C-6 and an’ ester at C-5 have been reported to Tose
(HQCH = CHUCOR). A possible route for the fragmentat1on is shown fn
Fﬁgure~5. Th se aTkaTo1ds a]so undergo the expected fragmentat1ons of '
the lycopodane type aTkaTowds w1th a hydrogen at C 12. - . ) .
' ' If a hydroxy] group 15 present at C-4 as in fTabe]11form1ne -
(ngure 6) a Toss of 42 (poss1b1y C3 § Or C H 0) from the ion that has
21ready Tost the br1dge atoms is observed 28
AnnofoTTne ex1sts as an equ1T1br1um mixture of the hydroxyketone

and the -hemwketal ‘ ‘The 1ntense_ ion at (M-88) can be explained as 2
. toncerted. loss of fCH )ZCHCOZH from the mo]ecular ion as shown in
F1gure 7.28 An%ofo]1ne also fragments as the hydroxyketone as expected.
| Flabe]11ne (Figure 8) is 1nterest1ng Since 1t is only one of the.
two aTkaTotds of the lycopodane type bearing a. nttrogen containing
substituent. F]abe]i1ne can. be d1st1ngu1shed from its‘ isomer

fiabel]1d1ne (Flgure 8) (Tycodane skeleton) by the presence of an Jon at
m/z = 172 (H-116). This ion arises from the Toss of acetamide after the
loss of the bridge (M-57). MetastabTe peaks indicate that acetamide can
be lost by two pathways 33 in the first case the initial loss of ketene
is followed by the elimination of ammonia and in the second case the loss
of CH3C0NH is‘foliowed'py_thg toss of 2 hydrogen atom. .Acete;ide may

also be lost in a concerted elimination, however this fragmentation was

not supported by a metastable peak.
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Figure 9 Fragmentation of lycopadane alkaloids with a

hydroxyl group at C-12.
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1. 8 1 2.2 Lycopodanes with hydroxy] at c-az

- - If .2 hydroxyl group rep1ace5'an H_at C-12 a more intense mole-

cular ion is observed and‘it 1s-ﬁ§ua11y the base pezk. The jpn.(M;73),'

_ corresponding to the lossfof.the bridge and the hydroxyl -group at C-12 1is
aTways‘bqeéent.. A general fragmeetation scheme of‘this type of aTkaloid

is shown in. Figure 9. If a hydroxy1 group isvpresent at C-8 as we]] as
l at C-12 as in ]ycof‘awcme ‘gure 10), the loss of the bridge and the
rhydroxy1 group at C 12 -1s observed as ap 1ntense peak, while the moTe-

cular ion is very weak. 76

1.8.1.2.3 Lycopodanes with a double bond between.C-11 and C-12

If° 2 double bond is present between C-11 and C- 12 and the bridge*

is not subst1tuted the molecular 1on is the base peak. The ion corres-
pond1ng to the loss’ of C3H7 (H-43) is also intense. Anhydrolycodoline
(F1gure 11) is ﬁn examp]e of an a1ka101d that undergoes this type. of
fragmentat1on.1§ If a hydroxy] group 15, ;resent at C-8 along w1th a
double bond between C-11 and C-12 Tons at; M-17, M-59, M- 71, M-72 and M-73
are observed as .in the case of gnidioidine {Figure 11_)7le A fragmen-
tation scheme accqunting for this pattern is. shown 1in Figure 12; If a
ketone is present at C-8 and a doub]elbond exists between C-11 and C-12

the loss of €0 (M-28) and the loss ‘of the bridge is observed. An gexample
of this fragmentation is observed in the case of acrifoline

(Figure 13).2%8 Lucidioline (Figure 13) has hydroxyl groups at C-6 and
C-7 and can undergo a loss -of CHOH = CHOH (M-60) to form the base peak at
P

“m/z 203.%% This is analogous to the loss of CHOH = CHOCOR in 1ycoc1av1ne

discussed previously.
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Figure 10 Strutturé of T}co{Q:cine.
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Figure 11 Struc;u?é of anhydrolycodoline (8 = H) and gnidioi-

v

. dine (8 = OH).
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.Figufe 13 Structqre of acrifoline (8 = b) and 1ucidiofine

(6= OH). )
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M-17 S

M-71

Fragmentation of lycopodane type alkaloids with a

hydroxyl group at C-8 and.a- double bond between

C-11 and C-12.



1 8.2 ChemﬂcaT ionization mass spectrometry

Chemical 1on12at10n

L e1ectron fonization; not as much energy is imparted to the moTecule and

less fragmentat1on resu]ts.

(CI) 15 a m11der form of ionization than -

A reagent gas such as methane or ammonTa at -

. about 1 -torr is “bombarded w1th e]ectrons to form reagent ions. The' '

'reagent 1ons can transfe; charge in the form of a proton'to Vapnrized-

sample. mo]ecu]es to form (M+H) ions. Reagent ions  can a]so add onto the

sample nnlecu]e to form -other adduct 1ons. Some of the reactzons wh1ch'

- can take p]ace in chem1ca1

1pn1zat1on mass spectrometry are listed

below,212 where R represents the reagent gas and M represents the

sample.

Reagent ion-formation
R+ e =RV « 2o

R* + R » RHY + (R-H)
+ + .
Re + R + (R-H) + RH

Protonation -

RHT + M » R+ (Mst)?

(R-H)* M o (R-2H) + (MeR)

Hydride abstraction
(RH)«+M+R+(HH)




) Charge exchange ,
- R-+M+R+M- T .

~ -7 . e

“-Adduct formation S
R+ M oapMt o L

. The (M+H) Ton,ns usually . ver_y\ntense thus 11: can be used to
_determine the: molecular wetght of a compound. Funct1ona1 groups such as
OH are easily’ Iost and the reswdual fragment is often observed as an

i 1ntense 1on if methane is used as the reagent gas.

1.8.2.1 Chem1ca1 1on1zat1on mass spectrometry of alkaloids"

At present veny little information is ava11ab1e -on  chemical
'1onizatton Mmass spectrometry of a]ka}oids.. Fales et al.2l! have examined
"the chem1ca] ionization mass spectra of a group of alka1o1ds and in a]]
'cases an (M+H) ion was observed. In .those cases where a hydroxy] group
was present the loss of water from the (M+H) 1on was observed. When
more than one hydroxyl group was present.only the Toss of‘one group was
observed. The same investigators examined colchicine, an alkaloid uith
an acetamide group. They reported that the amide']inkage was;stable to
chemical 1ionization with methane. | They also observed that—.alkaloids
which‘contained-an OCOCH3 group ﬁost acetic acid'under chemical foniza-
tion with methane. .The chemical ionization mass spectra of some
Lycopodium alkaloids has- been examined in .this research and will be

discussed in a later chapter.



CHAPTER 2 . . - .

Experimental

., 2.1 Materials® ' e S

7 Samples of "alkaloids 'examingd in this thesis were ‘provided by
'i: DF. D. B. Maclean, MgMéster Universit}; Hamiﬁ;oq,JOntario,'Canada..
_ 2._bf. J.gC.‘Braekman;'Univergité Libre de BruxéiTes. 3. Dr. W. A Ayer,®
University of ATb;pta,-Edmdhton, Alberta, .Canada. 4. Dr.. f. Inubhshi,

Kyoto' University, Sakyo-Ku,‘ qufo, Japan. 5. Dr. .R. H. Bd?ne]],
Université Laval, Qbébec,"euebec. The source of each sample 1is
designated in Chapter I, Table L. |

All -izcogodfum species Co]Tected_ in New Zealand _were obtained.
#hrough the Deﬁartmént of SEientific and Industrial Research, Botany
| division,-Christchurch; New Zealand. L. australianum (ngtefi Allan was

coliected at Travers Range, Nelson and - Malte Brun Range and Mt. Cook,

~ South Island, New . Zealand. L. ' deuterodensum Herter was collected at

Huia, Auckland, North Island, New Zealand. L. %astigiatum R. Br. was
coIIectéd at Mt. Robert, Nelson Lakes National Park, South ‘Island, New
Zealand. L. ‘stariosum Forst. f. was collected at BIack_HilT, Lake

Ratoitf, South Island, New Zealand. L. lucidulum and L. flabelliforme

were collected near Algonquin Park in the Haliburton region of Ontario,
Canada. L. clavatum var. borbonicum was obtained through
Dr. J. c Braekman; the plant material was collected in «Zaire, Africa by

Dr. L. Nyembo.

- 51 - N
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2.2 Extfaction'of Plant material

Dried plant material was extracted with ‘methanol in a Soxhlet
Spparatqs.for 48 hoﬁrs. The methanolic extracf Qas then filtered and
'takenito‘dryness by a sﬁream_of nitrogen. The hesjdue was . heated on a
steam bath with ‘5% HC] and left to stand for up to 24 hours, then
filtered over te11te." The Celite was -washed with 5% -HCT until the
fi]i;ate was negative to Dragendorff's reagent. The ff]trate was then
basified with concentrated NH40H and extracted with CHC13; Rémovai of
_the CHCl; gave 2 crude alkaloid extract which was filtered through a pad
of‘alumina to remove strongly polar material, The mobile phase used was
EtOA;EMeQH = 9:1. The amount of each plant extrac;ed was as-follows: L.

“australianum 75 g, L. clavatum var. borbonicum 5100 g, L. deuterodensum

2259 g, L. fastigiatum 2077 g, L. flabelliforme ~ 200 g, L. lucidulum
377 g and L. scariosum 2468 g. ‘

2.3 Gas chromatography

2.3.1 Packed column

Both a Varian 3700 and a Pye 104 gas chromatograph were used.
Glass columns 6 ft long with an outside diameter of 0.25 in and an inner

diameter of 2.0 mm (Chromatographic Specialties) were used. The columns.

were silylated by the following method:

1)  wash column with water

2) wash column with acetone
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3) dry column
4) - wash column with 1% aqueocus KOH
'§)  wash column with methanol

-

‘6) wash column with toluene 1- ' q;
7) wash column with 5% dimethyldich1orosiiane in“tb1u;n?-and 1et__
.standlfor 15 minutes |
8) drain column and rinse with toluene

9) wash immediately with methanrol

10) dry column in an oven . ff’

Co]umns. were packed with 1% $p-2100 on 100/120 Supelcoport
(Supelco} or 3% OY—l on 100/120 gas chrom Q (Cﬁromatograbhic Specialties)
by connecting the injector end of the column tq a préssurized_rgsevoir
{40 psi, nitrogen) -o? packing material while_the- detector end was
connected to a vacyum 1ine; When the column Qé; gniformiy packéd both
ends were plugged by a small amount of silanized glass wool. Columns
were conditioned by heating overnight at the maximum temperature
recommended for the packing. buring conditioniné the column was not
connected to the detector to prevent contamination.

| Nitrogen (preburi%ied, Canadian Lligquid Air) was used as the
carrier gas with a flow rate of 30 mL/min. Hydrogen (prepurified,
Canadian Liquid Air) and air (dry, Can§dian Liquid Air) for the “flame
jonization detector had flow rates of é% and 300 ml/min, respectiveiy.
The iﬁjection port was heated to 250°C. The Varian flame ionization
detector (FID) was heated to 300°C; the Pye FID does not have a heater.

The temperature program used was 100°C to 280°C at 10°C per minute.
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Sample concentratiﬁns‘werg-t}pica?ly'O.UOI g/mL with 1 to 5 microliters
of sample injected. -

The Pye co1umn. connections to the injettor and deagctor ‘were
hodified so that columns. could be connected with 0.25 in stainless steel
Swagelok nﬁts and 0.25 inch Vespel ferrules (Mandel). The thread on the
injectdr port was cut off and-rep1aced with one-half of a (.25 in stain-
lTess steel Swagelok union. Teflon 1ined‘sept§ were used in the inject;;
port (Microsep F-532, Mandel). A short length of 1/16 in stainless. steel
tubing was- silver soldered to one-half of a 0.25 in stainless steel

Swagelok union.” A 1/16 in nut and ferrule were used to connect the union

to the detector inlet port, see Figure 14.

2.3.2 Capillary Column

The Pye 104 gas chromatograph was modified for use with fused
silica capillary columns {FSC). An on-column injector (P. D'Agostino-
personal communication) was built and used for all injections, see
Figure 15. A nitrogen makeup gas “T" (S6-2517 Mande])‘was connected to
the Pye detector port. All co]umnslused were thirty meters long and of
the wide bore type. The stationary phase thickness that was selected was
the thinnest available in order to reduce column bleed. J&W columns with
the following stationary phases; DB-1, DB8-5 and DB-17 were tested
(Chromatographic Specialties). Injection$ were made using a J&W 10 ul
ﬁyfinge with a fused silica needle (Chromatographic Specialties).
Typical samplg concentrations were 0.001 g/mL with one microliter being
injected on column. Helium (high purity, Canadian Liquid. Air) at 15 psi

(Matheson regulator) was used as the carrier gas. The helium was passed
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through a gas purifier containing seIf—indicating-dryjng agent and mole-
cular sieves (Al]tech Associates)'aqd-an oxy-trap (A]Ttech‘Associates)
prior to entering the c§1umn. Hydrogen (prepurified) and air (dry} for
the f]ame. ionizaﬁion detector hgd' flow rates of 30 and 300 mb/min,
reSpectiver{ The nitrogen (prepurified)'makeup gas'hadra‘f1ow rate o%
30 ml/min. The temperature program used was 50°C té 30ﬁ°C at 10°C per
minute. Chromatograms were recorded on -a Kipp and Zonen chart recorder.
(Johns Scientific).

'
t

- 2.3.3 Gas chromatography with a fused silica column and a

- nitrogen phosphorus detector

A Varian 3700 gas chromatograph with a nitrogen phosphoéus
detector (NPD) and flame ionization detector- {FID} was used. He1iuﬁ was
used as the }arrier gas. The‘1gad current was 5.60 amps with a bias
voltage of -4.0 volts. The column eluent was split into two streams..
Qutput from, each detector was recorded on the same chart recorder.

-

2.3.4 Retention indices of Lycopodium alkaloids

The retention indices of authentic alkaloid samples were caIEu-
lated fe]ative to hydrocarbon standards. Hydrocarbons c-16, C-18, C€-20,
c-22, C-26, C-28, C-30, C-32, C-34 and C-36 (A1ltech) were dissolved in
hexéne (0.001 g/mL) énd co-injected with the alkaloids. The distance
between the 'alkqioid peak and adjacent' hydrocarbon peaks was used to
caiculate the retention index of the alkaloid. For example, a compound

eluting half-way between C-18 and C-20 would have 2 retention index of
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1900.. When possible, the retention index was measured three times so

that a standard deviation could be calculated.

2.4 Mass spectrometry

2.4.1 Probe'samp1es

2.4.1.1 Electron ionization

: . . ‘ +
A Vacuum Generators (VG) Micromass 7070F mass spectromneter was

used throughout. For electron jonization an electron eﬁergy of 70 ev was
used for all samples. The ion source was heated to 200°C. An accelera-
ting voltage of & Kv was used. The mass range “40 to 500 was scanned at

two seconds per decade.. Samples were introduced via a sample probe.

2.4.1.2 Chemical ionization

Chemical ionization .mass spectrometry was carried out with
methane or: ammonia as reagent gases. The source pressure was maintained
at 1. torr in the chemical iohization mode. An electron enerqy of 70 ev

and an accelerating voltage of 4 Kv was used.

-

2.4.2 Gas chromatography-mass spectrometry {GC/MS)

2.4.2.1 Packed column

A Varian 3700 gas chromatograph interféced to a VG micromass
7070F mass spectrometer was used; Modiffed Varian 3700 glass columﬁs
were employed. About five ceﬁtimeterS‘had to be cut off the detector end
of the column. The column was connected to the injector and detector

with 0.25 inch Vespel or graphite ferrules and 0.25 inch stainless steel
i .
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© Swagelok .nuts. The_detec;énfend'offthe¥coi¢ﬁn was'con62ctgd-tonq 1/16
" “inch glass-.lined stainless ﬁfeel”;ubing‘wﬁfth'iéd fo the jet separator

interface. ' The jet‘sebarétéf interfacé"(VG).Qaé5hé§ted't6.2509C, as was
;the.injeﬁtor'ﬁort.- Héﬁi&i was héed as the carrier gas at 10'D§f;"'Tﬁe
_temperatﬁre_brpgram was 150°C to 300°C at 10°C per minute. Typical sample
concentrations yére o.ooi g/mL'with 1 to 5 micrp]iters being injected;"
. The jet 'séparator divert:‘va1ve was left ghut until théi‘so]veht "héd o
elufed. Mass spectrometér opg;ating.condjtions ;ére the”séméﬁas with;

probe samples.

. 2.4.2.2A Gas chromatography-mass spectfoméfry with fused silica

“-colusins (FSC/MS) -

A Varién 3700 gas chromatograph interfaced to a VG'?O?OF-mass

. . o C o . . :
spectrometer was used. An on-column injector prev1ohst described as

'we1ﬁ as a J&W on-column injector were used. ‘AVB&N 10 ul syringe with a
fuged si]icarneedlé was used fof all injections. g;mpfe concentrations
-were 0.001 g/mL with 1 microliter being injecféd on column. Helium was
Qsed as the carrier gas. The‘helium was passed through a gas purifier

and -oxy-trap (Alltech Associates) before entering the column. . The

-

detector end of fhe column was inserted through a heated {250°C) glass
lined stainless steel tuBe to within a few millimeters of the ion beam.
The temperature program used was S50°C to 300°C at 10°C per minute. The
ion source was kept in the tripped position'unti1 the solvent eluted.

The mass range was scanned at one second per decade..
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2. 4.2 3 Chemical 1on1zat10n GC/MS ‘with fused s111ca co]umns

. Chem1ca1 ionization GC/MS with fused s111ca columns was done by
_operating the -mass spectrometer in the chem1ca1 1on1zat10n mode. lAI1‘

other cond1t1ons were as described for GC/MS with FSC.

2.4.3 Data acquisition

.
-

Data_from the mass spectrometer were collected and manipulated by
a Digital PDP 8 computer. Data were stored on Digita1‘RL02 disk packs.

Vacuum Generators (VG) data system 2000 software was used throughout.

_ 2.5 Blanks

Blanks were prepared for each 11qu1d chromatography and extrac-
tion techn1que used. All b1anks were exam1ned by FSC/FID and then by

FSC/MS if components were to be identified.

2.5.1 Extraction blank

Methanol (500 mL} was ﬁéf{uxed in a Soxh?et- extractor fo;
48 hours. The methancl was then evaporateq and the flask extracted with
500 L ,of' 10% HC1 (agq). The acid was neutralized with concentrated
;ﬁmonia {ag) and extracted with chloroform. The chlgproform was reduced

in volume to 1 mL. The extract was examined. by FSC/FID but no peaks were

observed 1in the chromatogram.

-
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2. 5 2 Preparat1ve layer chromatography b]anks -

2 5.2.1 Silica = . - . - T~
A S1l1ca 60 - (w1thout fluorescence Tndicator) preparatiye layer
plate 2 am thtck and 20 cm square (MerchJ was' deve]opeq with
chloroform;methaﬁo1 = 9:1. A band 3 cm wide was ¢ut from the Plate and
. extracted with methanol (200, mL). The methanol was filtered tp remove
particles of silica and reduced in volume to 1 mL. The extratt was.
ekamined hy-Fsﬁ/EiD but he peaks were observed.jn\the chromatogram. -

R

2.5. 2 2 A1um1na

+
-

An A]um1na F254 (type T) preparat1ve layer, p1ate 1.5 mm .thick and’r
20 cm square {Merck) was deve1oped half-way w1th ethyl acetate methanol =
9:1, -allowed to dry and then deve]oped with ethyl acetate. A band 3 cm
~w1de was cut from the p]ate .and extracted with nethano1 (200 mL). The
methanol was filtered to remove particies of a1um1na and reduced in

volume to 1 mL The~ extract was examined by FSC/FID but no peaks were

Al B ‘u
observeh in the chromatogram. ..
8 :
2.5.3 Colums chromatography blanks
'2.5.3,11 Silica flash chromatography " K

1

A glass column 0.5 m x 2 cm was packed with s1TTEa [K1eseTgeT\Q\
(230 400 uesh) (Henck)] and eluted with 500 ml of chloroform: methano] =,

9:1. The so]vent was reduced in volume to 1 mL and the extract exgmaned

. e
by FSC/FID but no peaks were pbserved in the chromatogram. ; ' N
c .
s ' ]
- e T
L . . . s g
— : ————
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- Figiire 19. The mass specfba}
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2.5.3.2 Dry colﬁmn-chromatograbhy blank

-

A glass column (0.5 m x 2 cm) packed wifh,aTuqina (Woelm dhy.
column grade neutrél a1uﬁina,_§ctivity ITI) Qas-eTuted with SOO‘mL“of
ethyl acetate. The 'éthyl acetate ;és. reduced in yo1ﬁme to 1 mL and
exémined by FSC/FID. Many small peaks were observed but the extract Qés

not examined by GC/MS.

2.5.3.3 Alumina column blank
A glass column (0.5 m x 2 cm) was packed with neutral alumina
(activity I) and eluted with 100 ﬁE each of benzene, benzene:ether = 1:1,

ether, ethyl aceEate and methanol. Examination of the extract by FSC/FID

- .

.revealed several peaks. The total jon chroma;ogram (TIC) obtained by

'FSC/MS is shown in Figure 16. Compound A was identifidd as 2,6-di-tert-

buty1-4—methy1phenollfrom its mass spectrum shown iq Figure 17. - This
compound s added to solvents .such asf diethy1 eiher to act as a
stabilizer.213 Antioxidént; of this type react with radieals formed in a
solvent to .prevent }he production of peroxides. The ionlat m/z 205 is
due to the loss of a methyl group from the a&ditive while the peak at 20?
is due to co]umn-b]eed. The fon at m/z 177 will be explained below.
Compound B was identified as 2,5-di-tert—penty1hydroqﬁinone (DAH)

from its mass spectrum shown-in Figure 18." "The ion at m/z 221 is due to

the loss of an ethyl grdup‘from the molecular ion: the,oxidation product

of (DAH) is the quinone (DAQ). The base peak of DAQ is m/z 177: thus DAQ

may coelute with“compbund'A;»;'The structures of A and B are shown in

. - ) .
f stabilizers has been reviewed.2!3
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2.6 NMR Spectroséopy«

‘Nuclear magnetic resonance was done using a_Bhuker WM-250 250 MHz
spectrometer (this Department) and a 400 MHz (South-wééférn Ontario
Regional NMR Facility, University of Guelph) instrument.” Carbon and

proton spectra were obtained on'the 250 MHz instrument. Carbon/proton

and proton/proton COSY spectra were obtained on the 406 MHz dinstrument.

A1l samples were dissolved in CDC‘I3 and run in 5 or 10 millimeter tubes.

2.7 lIsolation of unknown C from L. australianum

Polar residues weres removéd from the crude extract using dry -

" column chromatography. A column 50 cm x 2 cm was packed with alumina for

dry column chromatography and developed with ethyl acetate. The column
was then éectipned into four sections and the alumina extracted Rith
methanol. Only the 'fodrth fraction (bottom of the column) contained

. ) ;
alkaloids. -

This purified extract was then chromatographed Jom an alumina
column 20 cm x 1 cm. The column was eluted with 100 mL each of benzene,

benzene:ether = 1:1, ether, ethyl acetate and finally methanol. Five-

fractions were collected and examined by FSC/MS; Fractions 1 and 2

wh i

" contained only dioctyl phthalate. Fraction 3 contained unknown C, while

fraction 4 contained only’ cernuine. -Fraction 5 contained many unidenti-

fied polar residues. Frahqjon 3 was taken to dryness yie]dﬁng 0.8 mg of
. 7

unknown C.
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Figure 16 FSC/MS TIC for alumina column blank. - * °*
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Figure 17 Mass spectrum of component A.
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Mass spectrum of component B.
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- 2.8 Isolation of the alkaloidsiof k. clavatum var. borbonicum

A poétion of the ctude'exfract (2;2 g)Aw;s'loadéd onto a column
(2 m x 4 cm) ‘filled with dry-basic alumina (activity 111).- The column
was developed with - ethyl aﬁetate and then sliced into 10 sections each 20
centimeters fong. Each section was then ext?acﬁeq with methanol.
Removal of the methanol.proyided a total of 1.47 g of materia1..

The fractions were then examined By GC/MS using a packed column

(3% OV-1). The results are listed in Table'6.

v

2.9 Isolation of alkaloids from L. deuterodensum

The crude extract was chromatoggaphed on an alumina co]umﬁ‘_

(50 ¢m x 2 ¢m). The column was devequeJ'using‘ZSO mL each of benzéne,
benzene:ether = 1:1, ether, ethyl acetate ané methanol. Twenty-fi&e
fractions (50 mL each) Qeré collected and examined b§ FSC/MS.
Lycopodine, clavolonine, lycodine, 1}codoline, flabelline and lycoflexine
were identified, however none of the unknowns detected by GC/MS were

obtained. The contents of each fraction are tabulated in Table 7.

2.10 Isolation of the alkaloids of L. fastigiatuﬁ

The crude—extract was 'chromatographed on an alumina column
(50 em x 2 cmff/ The column wa§ developed with 250 mL each of benzeée,
benzene:ether \? 1:1, ether, ethyl acetate and methanol. Fraétions

(125 mL) were collected and examined by FSC/MS. The results ave

tabulated in Table 8. Fﬁaction 10 contained unknowns L and M along with
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Table 6 -

Alkaloids from L. clavatum var. borbonicum

Alkaloid "

Compound 1

Nu-acety1-NB-

methylphlegmarine
Tycodine
dihydrolycopodine -

lycodoline -
1ycof1exiné
Tycopodine
anhydrolycodoline
acetyfdihydroiy;
copodine

weight/grams

¥

.08

v/

.08

R S S

v/

.15

Y
.17

Fraction

5 & 7
v 4 v
Y 7 7
v
A
.13 .05 .06

.04 .09

10

.62

1.47
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Table 8

Alkaloids from L..fastigiatum

Alkaloids . T Fraction

anhydrolycodoline / 4
" lycopodine vy
aé;ty1dihydro-
lycopodine Y

lycoflexine -
unknown M
unknown L
lycodoline

dihydrolycopodine
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lycoflexine and dihydro1ycopodine. 'Fractionllo was rechromatographed on

- e

) a'sflici co]umn'(SO cm o x 2 cm) wh1ch was deve]oped w1th chloroform: -

diethyl amine (98: 2 and the fractions collected were exam1ned by FSC/MS.
‘Fractions 1 and 2 (first eluted) contained unknowns L and M while
fractions 3 and 4 contained dihydrol}copodine and small amounts of the
unknowns. A1l fractions after and including fraction § contained only
dihydrolycopodine. *

In order to separate unknowns L and M fraction 1 was applied £; a
prebarative (1.5 mm) alumina plate (20 em x 20 cm). The plate was
devefoped half-way with ethyl acetate:méthano1 = 9:1, ai]oﬁed to dry and
then developed with ethyT acetate: Two bands were observed under
ultraviolet light. The bands were cut off and extracted with methano?

and f1ltered to remove alumina partwcTes. The band with R 0 67 was

unknown M while the band with R 0.30 was unknown L.

2.10.1. Conversion.of unknown L into unknown M

. Formaideﬁyde 37% (1 mL) was added.to a small amount of unknown L.
(10 mg) 'Hisso]véd in methanol, Sodium borohydr}de was added to the
solution until the reaction waé complete. Water was added to the
reaction mixtu;e and then the mixture was extracted with chloroform,
Mass gpectrometny showed that unknown M is the N-methyl derivative of
unknown L. Compound L c¢ould not be obtained in a crystaline form.
Compound M recrystallized from ether gave a melting point of 143-5°C,
other physical properties téa; were determined argz [ajg3 + 289.9

o CHCT
AteOH 22¢ (nm), log €= 3.78, v 3 1620 cn’l.

(c 1.362, CHCI iy

3).
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2.11 Quantitation ] |

. The percentage of each'a{ka1oid in the extract wa§ deterﬁined by
“internal normalization. ’ Peaks generated Ey chromatggraﬁhy usi&él
Eapiliany columns are generally very narrow. As such, peak heights are a
good measure of peak area, and can be used to determine the relative
ratio of components. The gercehtage of each alkaloid was calculated by
using peak heights from FSC/FID experiments. = However éome plants of the
Lycopodium species elaborate eighty to ninety{percent of one alkaloid,
typically lycopodine. Using peak heighfs to calculate relative ratios of
components might in such cases underestimate the percentage of the main
. components, as thejr peaks would be considerably wider. Peék areas were
also used to calculate relative ratios §f components. Peak areas were
deterﬁined by using a Spectra Physics Aﬁto]ab Min%gﬁator, the operating
parameters of the integrator are Tisted in Table 9.

The 1nterna1 standard method was a!so used for quant1tat1on.
Annot1n1ne was chosen as an 1nterna1 standard Annot1n1ne has a
structure s1m1lar to other Lycopod1um ‘alkaloids, _but its reténtwon index
1s d1st1nct1y different from most a1ka1o1ds of ﬂnterest 1n th1s study.
Stock solutions of 1.0 mg/mL of a lycodane alkaloid (1ycod1ne), two lyco-
_podane alkaloids ({lycopodine, dirydrolycopodine), a cernuane alkaloid
(lycocernuine) and annotine were prepared. The stock solutions were
diluted by the factors .of 0.5, 0.25, 0.1 and 0.01.. One mL of each
dilution was mixed with 1 mL of internal standard solution. All concen-
trations are tabulated in Table 10. Each dilution was examined three

times by FSC/FID. _The ratio of alkaloid to interna] standard was

determined by an integrator..‘Response curves were calculated by fitting
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1

Table 9

Spéctra-physics Autolab minigrator operating parameters.

value = - . ‘parameter
1 PW peak w%dth.in seconds : " ; -
50 SS _ peak detection tﬁresho1d
- ) 250 T1 timg after injection in-‘seconds- to start .
. © ‘integration {(eliminates so[vent'peak) .
600 T2 time .- after which Pw- and 35 parameters are
doubled to account for wider peaks .
5 BL baseline test parameter
20 TP tailing peak pérameter
1 Sp spike rejection if equals 1
1.PL’ plateau rejection if equals 1 .

-

NB: The numbers represent settings of the various functions (denoted by.

the two letter code) that were used to operate the integrator.
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. the data to a stra1ght 11ne us1ng 11near regress1on ana1ys1s. AnaTys1s-
of var1ance showed that the equat1ons calculated had no s1gn1f1cant lack
of fit. Raw data are 11sted in Table 11. The Tesponse curve equatTOns

are 11sted 1n TabTe 12 Analys1s of var1ance (ANOVA) tables are shown in

Table 13.

2.12 L1brary of EI mass spectra of the Lycopodium a1ka]o1ds

A library of’ mass spectra of the alkaloids was prepared by
runnTng authentic samples when available and storing the spectra directly
in a data base. The Tibrary was supplemented by entering literature
spectra v1a a keyboard .into the data base, The actuaT'spectra are ldsted
in the Appendwx, where they ‘are arranged fTrstTy accord1ng to structura1
type and secondly, by moTecular weight, The ceferences. for Titerature
Spectra used are T1sted in‘Table 1 of the'fntroduction. The sources of
authentic samples are also Tisted"in Table 1. In all cases when an

-authentic 'samp]e existed as well as a2 literature spectrum they were
compared to verify that the sample was of good quaiity.

A library search program (VG datasystem 2000) was used to search
the data base to find the best match to an unknown spectrum. The soft-
ware uses three different equations to determine a measure of “fwt“ 'The_;
closer the value is to E?OO the better the unknown matches the Tibrary
spectrum. . . -

The purity fit equation uses the 1ntens1ty "of ‘the masses in both

the unknown and the library. Co. a
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| Table 10
Stock salu#ions used for internal standard qﬁantitstion
Alkaloid : Concentration in miligrams/milliliter
| Stock 1.0 . 0.5 .  0.25 Q0.1 .01
lycodine 0.9050 0.4525 0.2262 0.1131 .0.0852 10.0045
lycopodine 0.9100 0.4550 0.2275 0.1138 0.0455  0.0046

‘dihydrolycopodine ' 1.7200 0.8600 0.4300 0.2150 0.0860 0.0086

annotine _ 1.4500 - 0:7250 0.3625 0.1812 0.1450 0.0145
lycocernuine 2.6900 1.3450 0.6725 0.3362 0.1345 0.0134
lucidulum 1 . 1.7100  0.8550 - - - -
lucidulum 2 12.1800 ~ '6.0900 - - - .
annotinine 1.4160  0.7080 . R

G

1

R}
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-Table 12

Calibration curves for internal standard quantitation

lycodine y = 0.9533 x + 0.2564  R% - 0.9995
dihydrolycopodine y = 1.1040 x - 0.6090 _ .R% = 0.9994
lycocernuine y = 1.1025 x + 0.0374  R® = 0.9973
lycopodine y = 0.9912 x + 0.0503  R% = 0.9852
annotine y = 0.9272 x + 0.1385  R% = 0.8717
!
] g
»
‘//
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Table 13

Analysis of variance

Source daf Y MS f ratio
Source . .

Regression 1 61844.4 61844.4

Residual 14 23.63 1.688

Lack of fit 4 1.0864. 0.2716 .1205 {not significant)
Pure error 10 22.547 2.2544 .

Total 15 61868.1

Anova lycopodine

Source af SS MS f ratio
regression 1 72143.7 72143.7 w

Residual 14 40.619 2.9014

Lack of fit 4 0.072- 0.018 0.004 (not significant)
- Pure error 10 '40.547 4.055 ot

Total 15 72184.3 \SV

Anova dihydrolycopodine

Source daf - SS Ms f ratio
Regression 1 24701.1 24701.1

Residual ’ 14 9.367 0.6691

Lack of fit 4 V2,794 0.6985 1.063 (not significant)
Pure error 10 6.573 0.6573

Total 15

Anova lycocernuine

Source df Sss MS f ratic
Regression 1. 10241.9 10241.9

Residual 14 19,936 1.4240

Lack of fit 4 0.0255 0.0064 0.003 (not significant)
Pure error 10 19,910 ~ 1.9910

Total 15

Anova annotine )

Source . df SS MS f ratio
,Regression 1 14.67 14.67

Residual 5 0.1809 0.0362

Lack of fit 1 1.97 x 107 1.97 x 107> 0.0004 (not

Pure error 4 0.1809 0.0452 significant)
Total 6 . -
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. . 1000 (slum x ILm)®
i purity fit = 2 7
S DIt x T ILT

<

fhe mixture fit uses only the intensity of the masses in the unknown

which aiso occur in the library.-

1000 {zlum x ILm)®
2 2

mixture fit =

T lum® x g IL

The reverse fit uses only the intensity of the masses in the library

which occur in the unknown. -

“ . ) .

> - o
. 1000 (slum x Ilm)?
Reverse fit = 7 2
tiu®™ x fllm
Iu = Intensity of a peak in the unknown
IL = Intensity of a peak in the library : -

[um = Intensity of a peak in the unknown which ‘matches a peak in Eﬁé

library

ILm = Intensity of a peak in the library which matches a peak in the

unknown

In order to speed up the search process the library mass spectra
or master files are encoded into search files. Search files can be
created such that the 6, 8, 10, 12, 15, 16 or 20 largest peaks are

<stored. The }ntensit} of the stored.peak is normalized to 1000. Search

files can also be created such _that the 1argest peak every 7 a.m.u. in
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the range 20 to 509, the largest éeak every 14 a.m.u in the range 20 to
999 or the two largest-peaks eveé} 14 g;m.u; in the range 20 to 509 is
stored. Since'this would result in a large number of stored peaks the.
intensities are ;tored as logs to reduce storage'spaée. ]
- At run time it is possible to omit ﬁasses from the search. It is ~
.userI to ignore peaks that arise from column bleed bfépackground, such
as 207 and 281. It is also useful to ignore the ions arising from the
major' components since they may mask the presenﬁe of compounds which
elute close to the major components. For example the %ons fro;'1ycopoﬁ
dine may mask the presence of dihydrolycopodine. . ° -

Search files in this study were created using the six targest

peaks.



The main objective of thws research was to develop a fast method
=

of screening extracts for a]kaTo1d content. GC/MS was se]ected as the

f-,.r

method to be - 1nvest1gated. Both retent1on indices and mass spectra can
be used to 1dent1fy an alkaloid if ijtsg retent1on Jindex or-mass spectrum
has been previously recorded. How c1ose1y two mass speeéra match each
other can be determined by a computer program. Thus with a list of ©
retent1oqxjﬂg1ces and a data base of mass spectra, GC/MS data can be used
to identi?;- previOusly known alkaloids and recognize nee compounds.
GC/MS ana1y51s can be carried out on sub m1l]1gram quantities; therefore

‘-.1
only ’a few grams of plant material need be extracted. Thus many

deferentﬂup]ants could be quickly extracted and analysed for alkaloid
content.  This would be useful in examining the chemo;axonomy of the
genus Liycopodium. Quantitation of any new alkaloids found would indicate
how much plant material (Kg's) should be extraéited. to isolate sufficient

aTkaTOTd for structural ana]ys1s. Any new alkaleids found may help to

1]1um1nate the pathways of b105ynthesws of the Lycopodium alkaloids.

L3

';EJ"

Iy
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“in this study with respect to the loss of protonated functional groups

-the groups discussed above gave strong jons at (M + H)+ and occasionally

3.2 Mass spectrometry

3.2. 1 E]ectron 1on1zat1on mass- spectrometry of the alkaloids .,

Ihe electron jonization nass ~spectra of 43 Lycopodium alkaloi

-

have been measured. These mass spectra along with 32 from the 11terature

\_‘_
.are preggnted in the Appendxx in order of structure and molecular weight. “’Fq7

The data presented in the Appendwx were entered into a data base: for !

computer searching of GC/MS data.

el - -~

-

é?r.z Chemical ionization mass'spéctrometry of the alkaloid€

The chemical jonization mass spectra of 34 alkaloids have been
measured us1ng°hethane as the reagent gas. Authentic alka]o1d samples {!
. g——
were introduced into the nass spectrometer via—a probe. All of the K"

ﬂ
alkaloids examined gave adduct ions at (M +(H¢ and in most cases at

(M + 29) The spectra are recorded, in Tab]efizxaccord1ng'to structura1
type and increasing molecular weight. In all cases where the a]kalo1d
conta1ned a hydroxyl group the loss of water from the (M + H) ion was
observed._ The loss of water from the (M + H) ion can be explained by
protonation of the hydroxyl oxygen, followed by the elimination of HZO'
Similar behavior is observed when OCOCH3 groups are present, acetic acid
being lost from the (M + H)" ion. -In the case of flabelline (Figure 8),°
which contains a secondary acetamide group, the ion at (M + H)f - 59 can
be attributed to the loss of NHZCOCH3. Serratinidine (Figure 20) also
contains an acetamide group, and behaves similarly. The resuTts‘obtained

parailel the observations of Fales et al. Lycopodium alkaloids lacking

-



1ess intense 1ons‘cornespondung to the loss of the br1dge atoms. It was

noted that alkaloids with a lycodane skeleton undergo a fragmentation
under chemical 1on1zat1op that is not observed under electron Jonization
conditions as shown in.Figure 21. The ion "a" of m/z 150 may arise from
the cleavage of the lycodane skeleton in the manner 1]1ustrated. If Rl
is a methy1 group the ion a shifts to m/z 164. £
5 . The u-am1na"Fetones serratinine and 8- deoxyserratin1ne
(Figure 22) exh1b1t the loss of 29 mass units from the (M + H) , this
may be due to the Toss of HCO. The ]oss of CO is observed for these
‘ a]ka]o1ds in the electron ionization mode. The chemical ionization frag-
mentag1bq3jmay be diagnostic .for the identification of & serratinane
skeieton.. _ n S~
Chemical ionization has proven usefu] in confirming the molecular

weight of the alkaloids investigated and in deteérmining the nnlecular

weight of compounds such as unknown C from L. austra]wanum section 3.4, 4

which did not exh1b1c a molecular ion in the -electron impact 1on1zat1on'

mode.

3.3 Retention indices of the alkaloids

Retention indices are commonly used in the identification of
compounds. In this study the retention< indices of the alkaloids were
determined relative to hydrocarbon standards on three different fused

silica columns. The results obtained using a new and old DB-1 0 m

column and a DB-5 30 m column are recorded in Table 15. A DB-17 30 m-

-’

<2

A\ 1
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Figure 22 Structure‘ of 8-Efeoxyserrat1‘n1'ne (8 = H), serrati-
| nine (8 = OH). : L
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ionizatioq with methane.
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fabTe 15

Retention indices of the alkaloids

——y

alkaloid DB-1 new DB-1 old DB-5
lycodine 1920-2 1930-T 1988-2
N-methyllycodine 1975-5 1934-4 2031-5
dehydrolycopecurine 1985-2 £000- 2052-2
lycopodine 2015-7 2030- 20655
flabelliformine 2070-3 2034-1 2130-4
dihydrolycopodine 2000- 2035-2 2070-2
. lycopecurine 2000- 2035-2 2070-5
acrifoline 2044-1 2082- 2104-2
acetyldihydrolycopodine 2085-2 2098-2 2130-3
serratidine - 2085=4 2130-20 2146-4
Tucidioline 2130-5 t 21587-15 2188-5
lycodoline 2133-2 2159- - 2200
8-deoxyserratinine - 2145-8 2165-3 + 2221-7
L20 2154-2 2174-1 2224-1
tycoclavine 22306-2 . 2282- 2305-3
magetlanine 2283-5 - 2268-3 2316-4
paniculatine 2249-5 2272~ 2325-2
clavolonine 2237-5 2299- 2330-3
ttabellidine . 2278-2 2304- 2349-1
annotinine 2299-7 2328- 2411-4
a-Tofoline 2307-2 2329-2 2360-1
des-acetylfawcettiine 2250-10 2351-4 2305-4
annopodine ) 2338-8 2357-2 2413-2
des-N-methyl-a-obscurine 2273-5 2367-16 2360-2
serratinine : 2348-15 2369-12 2431-7
annotine 2349-4 2382- 2452-4
megastachine - 2384- -
flabelline 2314-5 2422-13 2398-2
a-obscurine 2343-2 2422-6 2420-2
lycocernuine 2456-5 2473- 2547-6
carolinianine 2472-9 2500-2 2572-7
serratinidine 2561-1 2639-11 2652-3
lycognidine 3467-9 - 3552-7

- retention index is followed by the standard deviation.
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column was g]so investigafed.but proved to be too polar for separation of
the alkaloids. ‘lAuthéntic samples of 32 alkaloids were ;'un in triplicate
when sufficient sample was available and the standard deviation calcu-
lated. As the DB-1- column “aged (2 years) retention indices typically
©increased by 1%; perhaps this was due to more active sites being exposed.
Since the DB-5 column is more poTar-l‘thh?ah"\the DB-1 column the alkaloids
were retained 1on§er on the former. ‘Tﬁese results e.étabﬁshed ‘that the

DB-1 column was preferred for GC/MS araTysis’ éf_nce the alkaloids elute at

a lower temperature resulting in a quicker analysis and less column

bleed.

3.4 Examination of plant extracts

Seven species of Lycopodium were examined in this thesis.

L. flabelliforme and L. lucidulum have been studied extensively and have

been found to be . rich in alkaloids. L. flabelliforme elaborates mainly
alkaloids of the lycopodane typg with minor amounts of ‘the lycodane
type.8,33,86 L. luci&u]um is the only known species which elaborates
alkaloids of the lucidulane typel“:2% and is rich in alkaloids of the
lucidane type.!39,1“1  These species were examined to test experimental
procedures. L. clavatum var. borboncium has been previously examined
and has been found to elaborate N -acetyl Ng-methyl’ phlegmarine. 18 An

unsuccessful attempt was made to isolate this alkaloid in order to inves-

tigate its stereochemistry. L. deuterodensum has also been previously

examined;®*, 7 however reexamination using modern techniques was felt

to be worthwhile. The other three species, L. australianum,

.
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L. fastigiatum and L. scariosum have not been previously studied.

L. australianum has been placed in the selago section of the subgenus

Urostachys.197  Since.only six members of-this section have been inves-
tigated it was chemotaxonomically interesting to determine its alkaloid
content. L. fastigiatum belorigs to the fastigiafum group of the subgenus

L To197
Lycododium,

- The production of ﬁége11anane type alkaloids is unique to
this group.26,131,132,133 The presence of magellanane alkaloids

in L. _fastigiatum would lend credence to its taxonomic assignment.

L. scariosum is a member of the scariosum group of the subgenus
Lycopodium.137  Prior to this report none of the members “f this group

had been examined for alkaloid content.

3.4.1 Examination of L. flabelliforme

An extract of L. flabelliforme was prepared to test experimental

procedures. L. flabelliforme has been examined in various laboratories,

and the resuits of previous work are presented in Table 16. The extract
. was examined by GC and GC/MS as shown in Figures 23 to 26.

Figure 23 shaws the chromatogram obtained from.GC analysis of the
extract and co-injected hydrocarbon §tandards using FSC/FID. Several of
the trace components detected by GC/MS were not observed in Eiguré 23 and
as such no retention indices could be calculated. The extract was also
examined by FSC/FID/NPD, as shown in Figure 24 to aetermine which compo-
nents were nitrogen containing.

The total ion current chromatograms (TIC) from GC/MS experiments
using packed and fused silica columns (FSC), shown in Figures 25 and 26

respectively, are plotted versus scan number. The retention, indices and
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computer library search fit values are tabulated in Table 17. 'The
percent of each component in the extract has been ca1cu1ated from peak
he19hts and areas from FSC/FID; the results are aTso tabulated in
Table 17. ' ' ’ |

Peak A was identified as anhydrodihydroTycopddine from its mass
spectrum shown in Figure 27 and peak 8 as lycodine by its retention index

and mass spectrum shown in Figure 28. The major alkaloid of

L. flabelliforme was identified as lycopodine whose mass spectrum is "

shown in Figure 29. Eluting very close to lycopodine is dihydroly-
copodine. Its fragmentation pattern is ana1ggous to that of lycopodine
with major ions beiné shifted two atomfc mass units.‘ Figure 30 shéws the
mass spectrum of a mixtur? of Iy?opodine and_dihydro1ycopodine taken from
the trailing edge of the peak. When the mass spectrum of lycopodine is
subtracted from that of the mixture, the mass specfrum of dihydrolycopo-
dine can be clearly seen, as shown in Figure 31.

Component E has a molecular weight of 253. Care must be taken to
identify this alkaloid since eleven of the known Lycopodium a]ka]oids
have a molecular weight of 523. The mass. spectrum of component‘E is
shown in ‘Figure 32.  Since the base peak is at m/z 190 {H;YB) this
implies that a hydroxyl group is present on the (C4 9) Bridge as in the
case of c]avo]on1ne and 1y¢of01ine. The double bond at C-12 of
chofoI1ne wouT'd prevent the easy loss of the berge (see saction
©1.8.1.2. 3} and a much ‘more -intense molecular ion would he expected than
that found in the mass. spectrum of clavolonine. Of the basis ;f its mass
spectrum component E was ident{fied as é1avo1onine. “Authentic 1ycof61ine
was not available - so that a comparison of retentjon indiceé to

clavolonine could not be made.

e ¥



. R -}

-

; -

Comdonent‘F ?és a mo{ecu]ar weight of 288 and an intense ion at
m/z‘231; one of the components of peak G has the same ions. Ihese-ions
are characteristic \Sf the dsomeric alkaloids ‘f]abellidine and
.f1abe11ine. _ - .

The mass chromatogram of the GC/MS scans which contain both ijons
'288 and 231 is shown in F1gure 33. The two peaks obtained correspond to
peaks F and G in the TIC.shown ‘in Figure 25. Thus component F whose mass
spectrum is shown in Figure 34 was identified as flabellidine on the
basis of its retention index. Peak G can be assigned to a mixture of
.flabelline and a compound H with é molecular weight of 260. The mass
spectrum of thé mixture of components 6 and H is shown in Figure 35. -The
mass spectrum of flabelline was subtracted . from Figure 35 to yield
{igure 36 from which it was possible to identify component H as des-N-
methyl~a-obscurine from the significant peaks at m/z 260, 217, 203 and
175.  When the mass spectrum of des- N—methy] e-obscurine is subtracted
from the mass spectrum shown in Figure 35 the mass spectrum of flabelline
becomes more apparent as shown in F1gure 37 with significant 1ons at m/z
288 and 231

Component [ was identified as a-obscurine from its mass spectrum
shown in Figure 38 and component J was identified as dioctyl phthalate
from its mass spectrum. .

Al the-alkaiojds discusﬁed above gave (M + H)f ions when the
extract was examined by chemical fonization mass spectroscopy. The
results obtained with ammonia as a reagent gas afe,shown in Figure 39.

The fon at m/z 232 is identified as the (M + H) ion of anhydrodihydroly-



92

-

copodine, however it may.a1sor3rise from the loss of water from the (M+H)
ion of dihydrolycdbodinel Th; ion at m/z 190 comes from the loss of the
bridge carbons from lycopodine. | -

-The alkaloids that were previously reported as being found in

L. flabelliforme that were not detected 1n this study may be present in

quantities below the detection limit of the detectors used,.or may not be
present in the particular sample that was extracted. The season in which
a2 sample is obtained along with the site of collection has been found to

influence alkaloid content,l18 .

3.4.2 Examinatioﬁ of L. lucidulum

The alkaloids listed in Table 16 have been reported to be present
%n.L. lucidulum which is the only source of lucidulane alkaloids. It was
‘of interest to determine if the high molecular weight lucidane alkaloids
present in this species could be detected and identified by GC/MS.

The analysis of the extract by FSC/FID and FSC/FID/NPD gave the
chromatograms shown in Figureé 4d and 41., Figures 42 and 43 shbw the TIC
of a FSC/MS experiment with the capillary igtérface at 250°C and 350°C,
respectively. Lucidane a1k573§ds are only ob;erved when the interface is
' at the higher temperature. The‘retention indices and the computer search
fit values for the components of L. lucidulum are tabulated in Table 19:
The . percentage @f each -component in the total alkaloid was cé]cufﬁted
from peak heights and areas from ?SC/FID and is also tabulated in

Table 19,

-

Component A was identified as dihydroluciduline from its mass

spectrum shown in Figure 44; dihydroluciduline was“first characterized as

-
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Table 16

-

-

-

Alkaloid »

dihydrolycopodine

acetyldihygro1ycopodine

" anhydrodihydrolycopodine

flabellidine ) .
a-cbscurine

B-obscurine

chopodine

nicotine

flabelliformine

flabelline
clavolonine

lycodine

annotinine
des-N-methyl-o-obscurine

ﬁydroxy-des-N-méthyT-a-obscurine

‘Alkaloids that hive been reported in L. flabelliforme

i

L N N 7 Y . e =, |
WL e W oW  ® ® ® ® o o ® ®
|

(9%}
(9%}

Reference

N
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" Table 17

. Retention indices, computer search fit values and percent total

alkaloid for tHe cémponents of L. flabelliforme

Compound " R.I. A.R.I. Pure Mix Reverse # of Pk.h. Int.

scans

A anhydrodihydro- -

lycopodine 1764 - 747~ 778 926 6 0.6 -
B lycodine. 1920 1930 780 848 910 12 2.9 1.0
C lycopodine 2000 2030 854 819 942 . 9 ‘
D dihydro]y;opo- . . 90.8_ 94.8
gine ™ 2000 2000 826 840 954 16 -
E clavolonine - 2300 (613 676 7100 23 1.1

F flabellidine 2311 2304 584 668 837 17 2.9

G flabelline - 2422 580 762 730 6 4.2
H de-N-méthy]-u— L " . - =
obscurine. - 2367 615 794 . 772 1 1.7

I c-obscurine - 2422 511 756 - 648 !

100.0 100.0

v

L
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Figure 27  Mass spectrum of component A . (anhydrodihyrolyco podine).
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Figure 28 Mass spectrum of component B (lycodine).
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Fhgure 29 Mass:spectrum of component C (lycopodine).
-~ . . .. .

130

100

LU

11

40

LLE

-

-t

1m0

Fiqure 30

m/z

and dihydrolycopodine).

- S

2808

206 I
T

249

Mass spectrum of components C an® D (lycopodine .



Figure 31  Mass spectrum of dihydro1ycopo&ine (derived. from Figure 30).
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Figure 33 Mass chromatogram of the GC/MS scans which contain

both ions m/z 288 and m/z 231. . -
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Figure 34 Mass spectrum of component F (flabellidine).

-
.



R

02 |
" Figure 35 ° Mass spectrum of component G and H (flabelline and des-N-

" methyl-a-obscurine).
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using ammonia as the reagent gas.
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-a derivative -of luciduline. 24 Lucidu]fde (comporient B); dden;ified.h§
its. mass spectrum. shown int Figure 5. elutes after. dihydro1ucidu1ide.
Also detected 11 the extract was methyl feruTate as- component C it was‘
identified from its mass spectrum shown 1h Figure 46. Methyl ferulate
_has a moTecuTar weight of 208 and the major fragments correspond to the
loss of a methoxy group and methanol. The literature: mass spedtrum
(EPA/NIH Mass Spectral Data Base; Vo1ume 2,'He1]er and Mi1de) is shown in
‘Figure 47. Ferulic acid _has .been fourd previously in L. clavatum,
L. annotinum and L. selago.2i® .Component D was identified as'Tycodine
and peak E as N—methy11ycodine,‘from their retention indices and déss
spectra shown in Figures 48 and 49,‘respectivé?}?’ -

One of thé'.majod‘ dikaioids ~of L. lucidulum is lycopodine,
component Q the mass spectrum of which id showd in Figure 50.
Component G which ]1es on the tra1T1ng edge of the 1ycopod1ne peak was
1dent1f1eJ\as fIabelI1form1ne from its retentwon index and mass spegtrum .
shown in Figure 51. F1gure 52 shows the result of subtract1ng the mass
spectrum of 1ycopqdine from the mass spectrum of the ‘mixture shown in
' Figure 51 providing a tleaner mass specttum of fTabeliiformige, The mass
spectrum of companent H, dbtained'hy subtracting the mass'spectrum of .
lycopodine and flabelliformine frpm the mass:specthum in Figure 51 is
shown in ‘Figure 52. It has a molecular weight of 261 with ions at
m/z 244 (M - 17), 218 (M - 43), 204 (M - 57) and 176 (M TB5). Such 2
pattern is diagnostic of a lycopodane skeleton. The loss of 17 and 57
mass units indicates that a hydroxyl group is present, but not on fhe
lycopodane bridge. The only known alkaloid that meets these conditions

is lycophlegmine which has a double bond between C-12 and c-11, a=a
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h}droxyl‘grpup at C-10 and a kétonefat t-s.. The 1itera£ure mass spectéum

. : S T

of lycophlegmine has the same ions as Component H, but the dntensities
e . - J | .

are different suggesting that H may have a different substitution

- . . \ - . . ‘ -

pattern. '
- Peaks I, J and K have been identified as .L23, lycodoline and L20,

respectively. The alkaloids L23 and lycodoline ‘are sterecisomers and

‘their mass spectra differ only in the fntensity of the ion with m/z 190,

Thé maés spectra of L23, lycodoline and L20 are shown in Figures 54, 55

and 56.

-

The §1ka1oids‘1ucidiné B. and spirolucidine, components L and M,

were identified onm their mass sbectra shown in Figure. 57 and 58.
However lucidine A (of 'unknown structure), 1yc61ucine and dihydrolyco-
lucine were not defimitively idené%fied. Ioﬁs that would arise from
their fFagmentation were detected in the ‘region bétween the hydrocarbon

standards (-36 and C-40, but they were of low intensity so that a

posifive‘identification could not be made.. The alkaloid 1ucidioTihe.was

- not detected although it has been reported~in this species.
famponent H, dihydroluciduline and N-methyllycodine have not
previously been reported~in L. Tucidulum.

3.4.3 Examination of L. clavatum var. borbonicum

Nyembo!® has reported the following alkaloids in L. clavatum var.

borbonicum: aﬁﬁ}&rolycodoTiqp, lycopodine, dihydrolycopodine, acetyldi-

hydrolycopodine, lycodoline, lycoflexine, borbonicine, lycodiflexine and
A . -

-
pR——

N -acetyl-N _-methylphlegmarine.!®
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Table 18

- l..J

;%:ti

Alkaloids of L. lucidulum

_alkaloid
Tuciduline
Tycodine
1ycopodine

La20

- La23

lucidioline
lycodoline
flabelliformine
lucidine A
lucidine 8
lycolucine
dihydrolycolucine

spirolucidine

ey

reference
14, 24
67
14
14, 67
14, 67
67
67
67
139

139
139

T 141

’,
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Table 19

Retention indices, computer search fit values and percent total

alkaloid for each component of L. lucidulum

~ Compound. R.I. A.R.I. Pure Mix Reverse # of Pk.h:' Int..
| _scans
dihydroluci- '
duline 0 < 792 839 933 5 1.4 0.5
. Tuciduline 1800 -+ 769 '802  saa - g
lycodirie 1917 1930 772 897 847 8 40 1.1
N-methyllyco- - - - | .
" dine 1969 1975 588 836 698 5 - -
“lycopadine 2000 2030 791 913 859 15  39.5  36.3
flabelliform- ) |
ine 2065« 2070 538 586 795 3
unknown 261 2065 - - - - 0.5
23 2103 - 701 Y02 93¢ 4 2.9 1.5~
lycodoline 12137 2133 632 682 938 4
| | 2.4
L20 2148 2154 842 890 930 10
Tucidine B 3763 - 536 766 648 2. 19.3  25.7
spirolupidine 3814 - - - - - 29.9 34.9 .
-~ < 100.0 100.0
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.Figuré 4ﬁ' Mass spectrum of component;A\?HTﬁyarﬁlucidu}jne). ‘
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. Figure 51

Mass spectrum of component G (flabelliformine).
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Figure 52 Mass .spectrum of flabelliformine (derived from Figure 51).
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Figure 54 Mass .spectrum df compongnt I (L23).
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Figure 56  Mass spectrum of -component K (L20).
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Mass spectrum of component L (Tucgdine_B).
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_Mass spectrum\ of component M (spiroluciduline).
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The extract obta1ned in thws study was exam1ned Qy GC using both
a FID and NPD detector as shown in F1gures 59 and 60. The extract was
also exam1ned by GC/MS. and FSC/MS and the TIC which" resulted are shown in

Figures 61 and 62. The retent1on 1nd1ces and computer 11brany search fit

values are tabulated in Table 20. The percent of each component in the-

extract has been ca1Cu1ated from peak heights and areas from FSC/FID; the

reSults are also reported in Table 20.. ¢ _
The first alkaloid to elute, component A, was identified by ﬁts

retention index and_ mass spectrum shown in Figure 63 as 1ycod1ne.

Component B which elutes just after lycodine is anhydro]ycodolin83 the

mass spectrum of which is shown in Figure:54. The major alkaloid of L.

-

Sin F1gure 65 as 1ycopod1ne. Component D which coe?utes with 1ycopod1ne_

as shown 1in F1gure 66, was identified as. d1hydr01ycopod1ne from- its

“retention index and mass spectrum. Figure 67 shown . the- resuTt of

subtracting the mass spectrum of lycopodine from the mass spectrum in

Figure 66. Component F was identified from 1ts retent1on index and mass

' spéctrum (F1gure 68) as acety]d1hydrolycopod1ne. The small peak, E, that

elutes before F represents a meture of f]abe111form1ne and acetyldihy-

drolycopod1ne as shown in the mass spectrum in Figure 69 Figure 70

shows the result of subtracting the mass spectrum of acety1d1hydro1yco-
podine from the’ mass spectrum 1in F1gure 69 and shows the characteristic
jons of fIabel]1form1ne at m/z 263, 205 and 164. Y.
Component G, which has-a molecular weight of 263 from its mass
spectrum shown in gigure 71, was 1dent1f1ed as Tycod011ne. Component H,

also has a moTecu?ar weight of 263 as seen in jts mass spectrum shown in

clavatum was identified from its retention index and mass spectrum shown.
—avarim . -~
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-Figure 72. A base peak at m/z 206 1nd1cates that the br"ldge 1s unsub-'

-stituted. Since the mo1ecular ion is of low intensity th1s indicates

. that no functwonaﬂ groups are present at C-12. Computer searchlng of the

T1brar_y of Lycopod'tum a1ka101d mass Spectra enabled corp;ionent H to be

-

identified as L20. Corﬁponent ‘I has a molecular weight of 279 and a base ,

'pe'ak _at.m/z. 262 indicating the loss of a hydroxyl- group. The mass

spectrum of Component 1 is shown in Figure 73. The identity pf-

component I has not begrl estabHsh_ed but it may prove to. be alope-

curidine,’ Compronen't' J, lycoflexine, . can be iden-tif‘ied by -its: mass

. -3 .
- spectrum shown in Figure J4. Eluting after lycoflexine is an alkaloid

which Nyembo named borbonicine. The mass spectrum of borbonicine shown

in Figur€ 75 is not intense and is contaminated by lycoflexine. The
) N\

structure -of borbonjcine has. not been fully established. The 1last

alkaloid to elute, L, was identified as Nu-acetyl-Né-methylph]egmaririe_by

"its mass spectrum (Figure 76).

The extract was also  examined by chemical ionization mass

spectrometry. The results obtained from using methane and ammonia‘ as .

~

' reagent gases are shown in Figure 77Z.and 78. A1l the alkaloids that were
identified by GC-MS gave (M + H)™ ions.

The dimeric a_1kraloid. lycadiflexine r'eported- by Nyembo \;as not
found in aﬁy of the GC/MS analyses, possibly because of its high mole-
_cuter weight. The é]ka]oids‘lycodine, f]‘ébeiiformine and L20 were not
'\Feported by N_yémbo nor was t_:he compound with tiie m]eqp]ar‘wefght of
279. o S

L. clavatum var. borbudicum was initially extracted to isolate

Nq‘acety] -N -methy] phlegmarine to verify its stereochemi stry which had

.y
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T ‘ Table 20 _ ’ - .
Retention indices, computer search f1t values and percent
total aIEanta for eacﬁ component of L. clavatum var. Eor50n1cuuv’
Compound R.I. “A.R.I. Pure Mix Reverse # of Pk.h. Int.
scans
. . —
A . lycodine 1935 1930 913 913 993 1 )
IR - 4.9 7 3.5
B anhydro]ycods- ' :
line 1935 - 536 536 905 1
C lycopodine 2000 2030 846 866 923 4
' B4.4 80.8
0 dihydrolyco- r ' ‘
, podine__‘_“-.._2000“¢-2000u4-810q-?9274f-~851m"~"~mr"“' e
flabellifor- '
mine 2073 2070 688 737 843 1 0.5 0.4
F acetyldihydro- ' : :
~ lycopodine 2086 2085 885 885 995 1 4.9 10.0
G lycodoline 2120 2133 568 568 937 2 0.8 1.6
H L20 2149 2154 766 857 880 1 1.1 0.7
[ -unknown mol
wt 279 2182 - - - - . - 0.4 0.9
J . lycoflexine 2263 - 622 849 725 1 0.8 0.2
K borbonicine 2278 - 469 409 971 - 0.8 0.5
L NCl -acetyl- | i '
-methyl-
pﬁ]egmar1n%; 2380 - - 603 628 951 2 1.4 1.4
' 100.0 100.0
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. Figure 61 ©  GC/MS TIC of _I;.‘ clavatum var, borbonicum extract.
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Figure 63 .-Mass spectrum of component A (1ycodine).
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Figure 64 Mass spectrum of component B (anhydrolycodoline).
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'F1gure-69- Mass spectrum of component E and F (flabelliformine

- . and aéétyldihydro]ycopodiné). .
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Figure 71
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Mass spectrum of component G (chodonné), .
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Mass spectrum of component H (L20).
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been inferred on the basis. of synthesis.215,218 Based o Lhe amount. of

. . . o 4 . ~ :
plant -extracted and a- 1.4% abundance of  this alkaloid ip~the ‘total

alkaloid. content, about 100 milligrams could be “expected.. Using the .

liquid {hromatbgfaphy methods outlined in'the experimental (Section 2.8).
it was not possible to jsoTate Nu-acety1;Né-methy1,phlegmarine in.pure

3.3.4 Examination of Lycopodium.australianum

“.The results of the examination of the alkaloid extract by gas
chromatography are 1illustrated in figures 79 and 80. The retention

indices_of'egqh component and the relative percentage of each component

in the mixture are\recorded in Table 21. . It is ‘apparent from Figure 80

. < .. .
‘that A, B and C are nitrogen containing but that D is not. The extract

waé'a1so examined by GC/MS and FSC/MS; the TIC are shown in Figure 81 and .

82. The retehtion index of A suggests that it is lycodine. The E.I.

'fmassF%pectra of A, B and D shown in Figures 83, 84 and 85, respectively,

<

suggest that they are 1ycodine,_cernuﬁne and dioctyl phthalate. The \fit

with spectra of autheptic samples as measured by the library search soft-

-

. ware are recoﬁded in Table 21. Since the.fit values are close to the

maximum of 1000 this indicates‘tha; the assignments are highly probable.

The CI spectra' of A and B (shown in Figures 86 and 87) obtained from

‘FSC;MS in the CI mode show the pseudo molecular ions at fH +-H) and

(M + CZH Vs in fhe case of A where ions éppear at m/Z 243 and 271,

respectively, and in the case of B at m/z 263 and 291, respectively.

These data conclusively demonstrate that peaks A and B correspond to

Tycodine and cernuine’
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Compound C is qpparept1y a new alkaloid: Its re{enfioq index and
EI:'mass,specffum‘(ﬁhown in éigﬁre 88) do not'cofrespond to any'o% the
.gnpﬂd'Lycopodium a]k%]oids. The EI mass gpectrum has a s{ngle in;énse.
jon at m/; 166 but %s otheéwise uninformative. The cpmpgsipion .oﬁ:'
miz 166 as measured b} high resolution mas§ spectrome§ny wgs CllHZON
(found 166.164, calculated 166.160, deviation 4.6 moa). T :

) A probe spectrum run én a sample of C isolateq;ny.1iqﬁjd chromaQ
tography §howed}éh ton of low intensity (< 1% of m/z 166) at ﬁ[z 344, A
molecular ion at m/z 344 is éubstantiated hy the C.I. spectrum of C
(Fig%re 89) which shows an (M + H)+ ion at m/z 345. The fragment ion,
m/z-16§. ié still the most 1nteﬁse‘peak in th;.spectrum and less intense
1oﬁs are_oﬁserved qt'm/z 344, 343 and,223, but an.ion_at.(M + CZHS) is

not observed. Usually the ion at (M + 29)% is of low.intensity (about
t ob: .

10% of the.(M + H)" ion); thus it is not unusual that it is not
observed®

* An ioq\gt m/z 166-is a feature of the mass spectra of phlegmarane

-

‘alkaloids!72,177 where it has been attributed to the agment shown in

Figure 90. It is possible therefore that C contains the par
shown in Figure 31. With the data available however it is not possib1é

to draw any firm conclusions about the structure of X.

-~
v

Wilce2%2 ‘has placed L. australianum in the subgenus Urostachys,

section Selago. This is the first reported isolation of cernuane fype
alkaloids from the subgenus Urostachys. Cernuane alkaloids have
previously been found to be elaborated only by plants of the subgenus

Lepidotis.!®,18,19,23,158,139  youever plants of the subgenus
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‘Table 21

-

Retention indices, compufer search fit values.and percent total

§ alkaloid for each component from L. australianum

Compound, R.I1. A.R.I. Pure Mix Reverse # of  Pk.h.
; ' . scans .
A 1ycod%n'e ' 1921 1930 811 841 915 20 . 3.0
8 cernuine 2268 - T 618 716 932 16  82.0
C -unknown ' 2422 - - = - - 15.0
| )’ S 100.0
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Urostachzs— Have been found: to be -rich in ph]egmarane type

alkaloids.25:27 Compound C may prove to be a new skeTetaT type.‘

3.4.5 Examination of L. deuterodensum
. 2 = ,

L. deuterodensum or L. densum has been previously examined and

'found to contatnr1ycopod7ne c1avo1onine TL34) and L35;1“7' A]kalcid LBé
:me]t1ng at 235 C, was assxgned the formu]a C14 2lNO2 on the . ba§1s of

elemental analysis. Th1s a]ka1o1d does not . correspond in compos1t10n or-
' propércies to $ay~tycopodium alkaloid of known structure. '

' ‘The extract was’ exami ned by GC and GC/MS as shown in F1gures 92
to 95. The resuTts of GC thh 2 FID and NPD . detector are shown in
~F1gures 92 and 93 wh1le the TIC obta1ned from GC/MS and FSC/MS are - shown
in Figures 94 and. 85, The retention 1nd1ces and’ computer search fit
values are tabulated in.Table 22. - The percent of each component in the
extract has.oeen caTcu1aced from;peak hefghts and areas'from FSC/EID; the
results are also tabulated in Table 22. |

5 The first alka]oid (component A), identffied by its retention
index and its mass spectrum shown in ?igure 95, 1is.lycodine.

o>

Component B which elutes along with lycodine has been identified from its
mo;s spectrum shown in Figure 97 as anhydro1ycodo1ioe. "Figure 98 shows
Jsthe resu]c of subtracting tﬁe mass spectrum 10f lycodine from the mass
§pectrum in‘Figure'QZ. Component C,-the mzjor alkaloid in the extracf,
.was idencified byv its retention index and mass spectrum shown in

Figure o as lycopodine. Eluting after lycopodine is component D with a

molecular weight of 263, From the retention index and mass spectrum,



shown ¥n F1gure 100, the compound was Tdent1f1ed as flabe111form1ne. -The ,

\.

jon at’ m/z 190 in th1s mass spectrum ar1ses from traces of 1ycopod1ne. o

F1gure 101 . shows‘ the result subtract1ng the mass spectrum ofu.
1ycopod1ne from the mass spectrum in F1gure 100 ' The next peak E\t
conta1ns severa1 components as evadent from the mass spectrum shown:in
F1gure 102 FAn. alkaloid with mo1ecu1ar wE1ghttof‘263 present in this ..
-mtxture may - be identified as 1ycodol1ne or L23. -These'two a]kaloids)
_d1ffer in.that the hydroxyl group at C 12 1s in the alpha p051t1on (L23).
or in the beta position (1ycodo11ne) " By compar1ng the I1terature mass
.spectra of 1ycod011ne and 123 with the ions attributed to E in.
Figure 102, c0mponent C was tentat1ve1y identtfied as lycodoline.
F1gure 103 shows the result of subtracttng the mass Spectrum of lycodo-
line from Figure 102. -The ions at mfz 271, 243 and 163 can then: be
attributed to unknown F. ° The‘ intense. 10ss. of 28‘ may indicate the
'presence of an c<-amino ketone. ; Another . component 'elutes after-
’ component F with an apparent mo]ecular welight of 261, however due to the
.very Jow intensity of the mass spectrum (which s not 1nc1uded) it could

not be identified.

From.its retention index and its mass spectrum it was possible to
identify cTavo1onine\.as one of the coeluting components of -~ the peak
.labelled H and I. The other‘component (1) was identified as 1ycof1exine
~from the mass spectrum shown in F1gure 104, Figure 105 shows the result
of subtracting”the mass spectrum of clavo]on1ne from the mass spectrum in
Figure 104, the charactertst1c peaks at m/z 275 and 84 be1ng 1nd1cat1ve
of- lycoflexine. The character1st1c ions of clavolonine at m/z 263, andl
190 are observed,in Figure 106 when the m2ss spectrum of lycoflexine was
subtracted from the‘mass~spectrum in Eigure IOJ.
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Peak J was 1dent1f1ed as f1abe111ne from its- mass spectrum shown

-

',1n F1gure 107 and 1ts retentwon 1ndex which more. c1ose1y matches that of .

 i_ flape111ne than 1ts 1somer, f]abe111djne. The pedk Iabe11ed K L conta1ns.

.-

two “"k"Q:SS with mo1ecu1ar we1ghts of 279 and 304 as  shown in

. Figure 108 and 109, taken from the 1ead1ng and tra111ng edge of the peak

e

respectively.” Component K has-a mess spectrum that.1s similar to that of’

component I found §nj£. clavatum. The mass spectrum of component K.moet
c165e]y fits that of a]opecuridine. However sufficient amounts of'pure

a]opecur1d1ne were not ava11ab1e to test the 1ndent1ty of Component K.

. Component L represents a mixture, however one qf the maJor components can.

-._, -

be aésigned as having a'nnlecular weight of 304. Peak M.conta1n5'an

unknOwn with a molecular weight of 272, whose mass spectrum _shown in

F1gure 110 is quite un11ke the mass spectra of most Lycopodium -

eika1oids.

Chemi ca] 1onitation mass speétrometr;uof the.extract with metHane
and ammonia gave the results sho&n in ngure 111 and 112, The-alga1oids
that were identified by their EI spectra’ yielded (M + H)+ ions.-

p
gnation) and attempts .to isolate sufficient pure samples for.structura1

élucidation were not successful.

3.4.6 Examination of L. fastigiatum

. Exahinatton of the extract by FSC/FID/NPD and FSC/FID gave the
results shown in Figures 113 and 1l4. The TIC chromatograms of the GC/MS
and FSC/MS experiments are shown in Figures 115 and 116. The retention

indices and computer search fit valoes are listed in Table 23. The

"The unknowns represent only 4.3% of the total alkaloids {by inte-

-
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Table 22

-

Y ' . L '-_ ' <
. ‘Retention indices, computer search fit values and percent total.

. © alkaloid f&n each component of L.-deﬁterodensum

Combound' —_‘R.L.' A.é.i.’” Pure Mix Re@eréé_ # of Pk.h.’ rnt:
. ' .‘scans’

A lycodine 193 1930 754 808 ¢ 933 1 2.9 1.

B‘ anhyarofy- ‘

codoline . = 1954 - . 324 443 728 1

C lycopodine 2018 2030 . 711 829 927 18 76.6  93.6

b ftlabeliifor- .

- mine © 2001 . 2070 615 - 615 994 1 1.2 0.1
1ygodoyine, 2145 2133 526 524 :use 1 |
uﬁkﬁd?ﬁ mof ) | ' - -

wt 271 2145 - - - - g 5.3 . 3¥4
unknown mol |
wt 261 2145 - - - - -

W lycoflexine 2286 ' - 459 - 509. 857 1 - 5.3 0.7

| clavolonine 2308 2300 767 767 280 1 \

J tlapelline 2384 2422 591 865 665 11 2.0 - 0.2

'k unknown mO| ‘ )
ot 279 2416 - - - - _ 4.7 0.4
L unknown mol
Wi 3U4 2316 * - - - - _
M unknown molr -
Wt 272 2526 - - . : - 2.0 0.5
| * 100:0 100.0
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 Figure 94 GC/MS TIC of L. deuterodensum extract.
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. Figure 98 - Mass spectrum of anhydrolycodoline {derived from - v

Figure 97).
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Figure 99 Mass spectrum of component C (lycopodine).
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.. Figure 100 Mass spectrum offcomponeht D (f1abe1]ifprmjne).
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Figure 101  Mass spectrum —of. flabelliformine (derived from Figure 100).
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Figure 108 'Hass spectrum of compoqgntrk.
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Figure 110  Mass spectrum of component M.
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el
percent of each component in the extract was cdlculdted from:péak heights
. . . ! \ ~ L

‘and areas from a-. FSC/FID experiment; the results are 'fabd1ate§ in’

Table 23.
Peak Kfip'Figure 115 and‘{he peak partially obSCUredfby the C-18

'hydrocaﬁbon shandard'in‘Figure 116 were éssigned to the methyl ester of

feru]ic'acidxby its mass sPectrum‘Shown in Figuré 117. " Peak B was iden-
tifjed as lgcod{ne from itg retention.index and from its mass ébectrum
shown 1n'Figure‘118. Eluting éfter Tycodine is the alka161d anhydrolyco-
doline compoﬁent C; its mass spectrum is shown in'Fighre 119.. The major

alkaldid D was identified as lycopodine from its retention index and mass

. spectrum shown in Figure 120. A small shoulder on the lycopodine peak

was fesolved in the FSC/MS analysis. Ffrom its retention index and mass
spectrum the comﬁqund was identified as flabplliformipe (component F)
contaminated withl lycopodine and dihydrolycopodjne, (component £}, as
shown‘iﬁ Figure 121. Figure 122 shows the result of subtracting the mass
spectrum of lycopodine and dihydrolycopodine from the mass spectrum jn'
Figﬁre 121. This now reveals more clearly ;he:characteristic ions of the
flabelliformine mass spectrum.

Component G was identified as acetyldihydrolycopodine from its
rgtéhtion index and mass spectrum shown in Figure 123. Figure 124 shows
the result of subtracting the mass ‘spectrum of lycopodine and dihydroly-
copodine from fhe mass shectrum shown in Figgr? 123, the charécteristic
ions of acetjidihydrolycopodine at m/z 291, 234; 174,- 146, are observed.

Peak H 1is comprised mainly of a cémpound with the molecular

weight of 263. ‘The mass spectrum shown in Figure 125 most closely.

matches the mass spectrum of lycodoline. In an attempt to identify other



-162

-
-

components of peak ‘'H the mass spectrum of 1ycodo11ne was subtracted from
the mass ‘spectrum shown 1in F1gure 125. The resu]twng spectrum was_
obv10usly a mixture and was un1nterpretab1e.

——— -

Component I was identified as 1ycof1ex1ne from its mass spectrum '
shown in Figure 126. Component J, which hes a molecular we1ght of 273
determined from its mass-spectcum shown 1n.f1gure 127, has an unknown
structure. High resolution mass spectrometry of the molecular jion at
m/z 273 gave the composition C,,H,iNO, (found '273.172, catculated 273.
173). This corresoonds'to magellaninone (S-dehyo}omagellanine); however
sjnce an authentic sdmple could not be obtaioedi»this assignment is
tentative. The mass -;pectrum of component. J is concaminated with ‘
cIavoﬁonine (component Ki aod flabelline or flabellidine. The ions at
m/z'263.‘190 and 162 indicate that clavoionine is present, and the ions
at m/z 288 and 231 could arise either from flabellidine or flabelline.
Figure‘ 128 shows the reéh]t of subtracting the mass spectra of
clavolonine and flabelline from the main. spectrum io Figure 127. This
may orovide a more accurate representation of the soectrum of
component J. ‘

Components L and M elute closely together and have molecular
weights of 286 and 300, respectively. Eluting with components L and M is
component N wiéh a molecular weight of 274. lons at m/z 231 (M - 43},
2{? (M - 57)and 189 (M - 85) indicate that compound N is c—ooSCUriHe.
The mass spectcum of the mixture of components L, M and N is shown in
Figure 129. Figure 130 shows the mass spectrum of’aéobscurineraftec the

mass spectra of components L and M have been subtracted from the mass

spectrum shown in Figure 129.
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- Unknowns L and M were obta1ned in pure form by liquid chromato—
\
graphy and the1r mass Spectra are shown in F1gures 131 and 132; respec-

tively. The1r spectral properties indicate that they are new alkaloids.

\ In the -following section the structures of L and M are discussed.

.

<

)

FSC/MS done in the chemical jonization mode with methane as the
reagent gasA verifies the mo]eeu]ar weight of coﬁbonenps J, L and” M.
Chemical ionization of the extract (probe sample) with methane and with

ammonfa'as the reagent'gae yields (M + H)+ ions for the compounds‘yhich

were identified, as shown in Figures 133 and 134, respectively.

\ 3.4.6.1

\ The structure of components L and M -

The relationship betweig L and-M was established by forming the

—methy1 derivative of c0mpon3nt L. The spectral properties of the

t

product were the same as those- of componemt M. High resolution mass
spectrometry on the mo1ecu1ar jons of L and M géve ‘the compesitions,

ClB 26N20 and C19 28 2 respectively, indicating that teey differ by
. CHzo . L

b

Preliminary NMR (250 MHz ) exaﬁination of compound M indicated the .
presenee ofra N-CH3 group {s, 3H, ?.19 6), a N-COCH3 group (s, 3H,
2.00 §) and a CH-CHy group (d, 3H, 0.77 8, J = 6.4 H2). A doublet of
doublets (1H, 5.2 &, J = 1.1 and 5.5 Hz) indicated one vﬁnylic‘protoh and

therefore 3 trisubstituted double bond (Figure 135). <See section 3.4.6.3

g -

for 73 detailed NMR examination.
\3 The proton NMRA(SO MHz) spectrum of compound L iackedei N-CH3
signal but showed signals for a N-COCHy group (s, 34, 2.04 &), a CH-CH

3
group (d,-3H, 0.82 &, J = 8 Hz) and a vinylic proton (d, 1H, 5.148,
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J = 4,8 .Hz).i Thé ‘v;ny1ic protqn"was not resolved into a, dbub1et. of -
douBIets“prqbably becausé the spectrum was run at’ioggr re#o]ution.
_ -%hese data -indicate that M lis Qent;cyclic and contains the
'fo1{ow€ﬁé groups N-CH3, N-COCHs, CH-CH3 and a dduble Eond ( C=C'H). .Thﬁ;-
' GOmpouhds L and M represght a new skeletal type. ) _ ‘
| Since very T{;tle pﬁre M gou]d be iso]ated, X-ray trysty1ographyf
“was uséd to deterﬁihe ifs structure. Component M was cnysta11ized from
ether and ‘an X-ray cnysfa] structure waé carried out by C. J. L._Lock and
R.:Faggianf of this Deparfmentf The details of the X-ray investigation
_will be published separately. The structure determined by X-ray analysis

of compound M, given the trivial name fastigiatine, 1is shown in

Figure 136. Compound L will be referred to as des-N-mefhy1fastigiatine.

3.4.6.2 Mass spectrometry of fastigiating

Sinée fastigiatiﬁe has a skeleton whicﬁ is new, it was of
importance to investigate its mass specfrometric fragmentation patfern in
order fhat new representdtives be readily identified. The mass spectrum
of fastigiatine shown iﬁ Figure 132 is characterized by.ions at m/z 300
+

(M*}, 285 (M - 15), 257 (M - 43).:176 (M - 124) and 124 (M - 176). The .

composition of the ions in thHe mass spectrum of fastigiatine has‘been
investigated by high resolution mass spectrometry with the results shown
in Table 24. The loss of a methyl group giveé the ion at m/z 285,-whi]e
the loss of C3H7'and QH3CO gives Ehe doublet at m/z 257i The ions at

m/z 176 and 124 héve the compositions C11H14N0 and Cé“la”’ respéctively.
These ions together account for the qomposiiion of'fastigiapine.
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Table. 23

Retention indices, computer search fit values'and percent total

alkaloid- for each componknt of L. fastigiatum

* Compound R.I."A.R.I. Pure Mix' Reverse # of Pk.h. Int,
| <=2- scans
B lycodine 1948 1930 525 819 75 1 2.8 0.9

- € anhydrolyco-
doline 1956 - 388 530 73 - |
D lycopodine 2010 2030 897 964 . 926 16

3.2 72.0
E dihydrolyco- ..
* podigie 2010 2000 440 702 605 1
F 'f1abe11§for- .
mine 2059 2070 504 750 618 1 o9
G acetyldihydro-
e lycopodine 2095 2085 806 ' 806 950 @ | 12.4 9.5 .
| H lycodoline 2171 2159 620 620 976 1 0.7 0.8
I lycoflexine 2373 - 618 724 836 1 l.2 .60
J mol wt 273 2394 - - - - -
K clavolonine 2394 2300 524 648 581 . 6
L mol wt 286 2514 - . _ - - ‘
M mol wt 300 2514 - - . . . _ - 8.8 10.8

N a-obscurine 2514 2422 825 825  g9g 1
% k : - 100.0 100.0



Compound

Accurate masses of selected .ions .of f%stigiafine M)
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.Table 24 .

“and des-N-methyl fastigiatine (L) ~ -

MS-50 RP 10,000

- Other VG 7070F RP 3,000

ion compdsition calculated - observed . deviation
+ -
L M= CgHagN50 124.1126 286.2Q§ : 1.6
286.204
+ _ 1
2 M C1gf2gN20 300.2202 300.22047 0.3
. - = 1
M-CH, CyHaeN 0 285.1967 + 285-1967 0.2
. : Y YA
‘ . 1
M-CH,CO SPLPTLPS . 257.2018 257.2018 0.0
3
H'CBHIQN C11H14N0 176.1075 176.1076 -0.1
M-§11H14N0 C8H14N 124.1126 124.1125 -0.1
1 za8 RP 20,000
£ ms-s0 - —
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Figure 123  Mass spectrum of component G (acetyldihydrolycopodine).
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Figure 125 Mass spectrum of component H (lycodoline).
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‘F}gufe 127 . Mass spectrum of component J and K (unknown J and clavolonine).
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Figure 133  Chemical ionization mass spectrometry of —

L. fastigiatum extract with methane as the reagent gas.
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Figure 136

Structure of fastigiatine.
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A BJE scan2l7 of fastigiatine was carried out and is shown in -
B

Figure 137. A B/E scan detects all the fragment ions that are daughters
ofa se1ected;parent ion. The o%}y fragments that can be detected in,a

B/E spectfum are those which argﬂ%orméd in a field free region of the

-

mass spectrometer.~” An ion of mass M and velocity v which is formed in
, . .

the jon source will have a kinetic energy that is proportional to the
accelerating voltage Vacer |

= eV : (1)

i | .

In order for the ion to pass through ameelectric sector analyzer (ESA)
with a potential Y E and. a radius of RE’ the deflection force (centri-
petal) Ke must balance the centrifugal force (KC).

KE = KC or §
!
= 2 ' ’
= . (2)
- E e

If thg velocity of the ion, edhatﬁon (3), derived from equation
(1) is substituted into equation (2) one finds that the criterion for an
ion to pass through the ESA is a function of its kinetic energy

(equation 4.

*

N



centrifugal force.
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2eV ‘e
v = /—acc (3)
M -
2
o = [ Zevacc]
S S . )
Re
2eV N
ek = or
Re
R
X,
> “hee (@)

KB = KC or
Z
evB = Mv
RM -
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eg = ¥ .
'RM ]
. eBRH =4 (6).

From equation (6) it is seen that the criterion for an ion_to
pass through the magnetic Sector is a function of its momentum, J = Mv.

I[f a fragment jon is formed in the f1rst field free reg1on its
ve]oc1ty will be the same as its parent ion, however its kinetic energy
would bé reduced. For such an 1qn‘to pass through the ESA the pbtential,
E-must be reduced by a factor of.Mi/H where M is the mass of the 5;rent
ion and Mlis the mass of the fragment ion. Similarly the mbmentum of the
ion would be reduced and for it to pass. through the mdgnetic sector the-
fiéId B must be reduced by a factor of HlfM. If E and B are scanned
downward from their initial values whiph permitted‘the detection 6f the
parent ion, all of the daughter ions will be detected.

B/E séanning of fastigiatine shows that the jons at m/z 285
(M-CH3), 257 (M-C3H7) or (M-CH CO) and 124 (M- C11 14NO) are formed
directly frpm the mo]ecu]ar_1on. Losses of 100 and 139 mass units from
the ﬁo]ecu]ar ion are’observed; however these ions are not prominent in
the normal EI spectrum. The ion with m/z 176 is not observed in the B/E

spectrum, but this does not preclude its formation directly from the

molecular ion if the fragmentation occurs in the ion source.

5
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The ions at m/z 124 and 176'appeaf to arise from_the'fragmen-
tation of fastigiatine into two parts, each of which can carry the
cﬁarge. In the case of des-N-methylfastigiatine the ion correspondiné to
m/z 124 in fastigiatine is shiftedxby 14Tmas§ units (CHZ) tq m/z ‘110.
Thus this ion arises from the portion of the molécu1e bearing the N-H
group in the case of des-N-mgtbnyast{giatine and beariﬁg the N-CH3 group

in the case of fastigiatine. It 'is apparent that these ions cannot form

imple manner. A fragmentation scheme for fastigiatine is proposed

re 138, in ;;? h the fragmentation is considered to be initiated
a retro Diels-Alder reaction resulting in the fragmentation of the
bond between C-12 and C-7 and the Bond betweeﬁ €-13 and C-4. Subsequent
to theoretro-Die1s-A1der process the fission of the bonds between C-9,
and C-%O gpd C-8, and C-15 is postuiated and is predicted fo be followed
by the formation of bonds between C-9 and C-15.and Setween C-8 and C-10.

The resulting ion can then fragment between C-11 and C-10 to. form two

species m/z 124 or m/z 176, depending on the fragment on which the charge ]

’

becomes localized. The loss of a methyl group can arisilfrom various
locations on the molecular ion. The loss of CH3C0 is a wall recognized

loss fxkom a N—COCH3 group. The Toss of C,H, could arise in the same way

377
as thes/similar loss of C3H7 from the bridge atoms in a lycopodane
~
system.

. . 3-4.-6.3 NMR of fastigiatine

~

Since fastigiatine represents a new ring system a2 detailed study

of ét§\\iH and 13C NMR spectra was carried out. These studies should be

-
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useful to other workers who might encounter this ring system -in species

yet to be examined.

1

From preliminary “H NMR examination fastigiatine was found to

contain N-CH3, N-COCH3, and CH3-CH groups and a trisubstituted double

bond. From the 13

13

C NMR spectrum shown in Figure 139 and the spin sorted
c spect;um shown in Figure 140 and multiplicities obtained in
off-resonance spectra, it was confirmed that four quaternary, three
primary, seven secondary and five tertiary carbon atoms were present in
fastigiatine. The assignment of signals to non-protonated carbon atoms
was relatively simple. Oﬁ the basis of their chemical shifts, peak 1
(170.0 &) was assigned to the cafbony] carbon, (C-17) and péak 2

(139.2 8) to the vinyiic quaternary carbon C-5. The two tetrahedra]
quaternary signals, ﬁeaks 4 (65.4 8) and 6 (55.0 §) have been aésigned to
-4 and (C-13, Jrespectively, on the basis of chemical shifts; however
thesewassignmeqts are not secure and may be reversed. Except in a few
obvious cases the assignment of the 13C signals of‘the protonated carbon
atoms was not as straightforward and resort to more refined techniques
had to be taken (see below).

The proton spectra of fastigiatine was also very complex as shown
in Figures 135, 141 and 142.  Minor differences in the chemieai shifts
among the spectra can be explained since the spectra were- run by
different operators on different instruments with different batches of
CDC13. Again it was possible to assign deffnitive]y only a few of the
resonances in the 1H spectrum, for-example, the vinylic proton and the
three methyl groups. " However by wusing two dimensional NMR methods
assignments were made for the majority of the 1H and l3C signals in the

respective spectra of the alkaloid.
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A lH/13C heteronuciear correlated spectrum of fastigiatine is

shown in Figure 141. If the 1H/13C spectrum ié viewed along .the

13 1

horizontal axis a C spectrum is observed, while a H spectrum is

observed along the vertical axis. With a spectrum of this type it fis

<-

'bossib1e to intq;peiaté'iﬁe 136 signal of a particular carbon atom with
B e ;

the signals arising from the proton or protons on tﬁg same c¢arbon
- \__‘__\

J—

atom,2'8 as demonstrated subsequently. A L/1n cosy spectrum of

fastigiatine is shown in Figure 142. If the ‘H/!H spectrum is viewed

-along the vertical, horizontal or'diagodaT axis a *H spectrum is

observed. Those protons which couple exhibit signals symmetrically about

the diagonal axis as -illustrated in Figure 14.218  The use of the 2D

13

spectra in assigning the ““C signals is discussed below.

-

The doublet at (0;92 §, 3H, J = 6.5 Hz) in the proton spectrum of

fastigiatine can be assigned to the protons on C-16 on the basis of its

/’;hgmical shift, integrated area and multiplicity. Accordingly by making

use of the lH/13C spectrum (Figure 141) peak 17 {22.3 &) can be assigned

to C-<16 of fastigiatine. The protons on C-16 are coupled to the proton

on C-15 to form a multiplet at'1.9 & as seen in the 1H/lH spectrum, With

ihe chemical shift of the C-15 proton established, and referring now to
the 1H/BC spectrum, peak 15 (25.5 &) of the 13C spectrum can be assigned
te C-15 of fastigiatine. _

From the proton spectrum (Figure 135) the singlet at 2.34 § was
assigned to the protons of the N-CH3 group and ;he singlet at 2.15 § to

the methyl protons of the N-COCH3 group. With this information the
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1H/13C spectrum can bé used to asSign the N-CH3 group to peak 12 (35.0 )
and the methyl of the N-COCH, group to peak 18- (21.5 ). '

Peak 3 (123.1 &) in the 13C spectrum can be assigned to the
vinylic carbon, -6, on the basis of its chemical shift and nuqt{piicity.
The proton on C-6 is coupled to the proton on C=7 and shows a long hgnge

coupling presumably to the proton on C-12 to form a doublet of doublets

-~

(dd, 5.2 &, 1H, J = 1.1 and 5.5 Hz). Long range coupling, ihrough more
than three saturated bonds is often observed when the bonding system
exists in the M or W conformation (H-CN, ~ONH ).2!% From the ln/lk

spectrum, couplings between the protons on (-6 and C-7 and between those

on Q-G and C-12 are obéerved, which enables a chemical shift to be

<

assigned to the protons on each of these carbon atoms. From the 1H/13C

spectrum peak 9 in the 13C spectrum can be assigned to C-7 and peak 10

(38.3} to C-12.

The protons on C-1 and C-9 should resonate downfield since they
are adjacent to a nitrogen, and thereforé)the multiplets at 3;7, 3.3 and
2.3 8 in the lH spectrum can be attrfbuted to the protons on C-1 and C-9.

The pregégs on C-9 iqlfa§tjgiatine should cohple to each ofher and to the

protan OA\C-IQ, a tertiarykcarbon. B8y examining the lelH spectruﬁ it

may .be observed that the multiplet at 3.3 § couples to the miltiplets at
‘ -
2.3 & and at 1.9 &. With the determination of the chemical shifts of
‘ : s '
both C-9 protons and the proton at C-10, it was now possible by examining

the 1H/13C spectrum to assign peak 5 (59.5 &) to C-9 and peak 7 (45.5 &)

to C-10.
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v Figure 141 \vﬂoﬁoz\pun heteronuclear correlated spectrum of

e 3

fastigiatine with the

C spectrum along the hori-

zontal and the H:_mvmnnqca along the vertical mx*m
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The protons of C-} in fastigiatine éhould.Eodﬁie to the protons
of C-2. By examining the 1H4fH spectrum it can be observed that the
multiplets at 3;Z’and 3.3 S couple to the multiplets at 1.5 and 1.7 &,
With the 'H chemical shifts known it was possible.to assign ﬁeakis
(45.3 §) to C-1 and peak 19 (21.1.6) to CiZ. Turning now to C-3 it is
evident that the protons on C-2 will coupfe to the protons on C-3 and
from an examinatibﬁ of the 1H/lH spectrum and the 1H/13C spectrum

»

peak 16 (23.0 &) was assigned to C-3. .

The proton at C-7 coup]es“to,the-protonﬁ at C-8 as seen from the
1H/lH spectrum‘énd the chemical shift of each ﬁroton at C-8 could then be
déiermined. Thus by examining the 1H/13C spectrum peak 11 {(37.4 &) can
be assigned to C-8. . ‘

The assignment of the two remaining resonances. was' resolved in
“the foi{owing manner. The proton on C-10 was coupled to the two protons
.on C-ll-and by analysing the 1H(1H spect rum ;nd the 1H/13C spectrum C-11
can be assigned to peak 14 (33.9 §). In like manner the protons on C-14
should couple to the proton on C-15, and by exam?ning a slice of the
1H/lH gpectrum along 1.9 & the chemical shifts of the protons on C-14

were determined. In this way peak 13 {34.6 &) in the 13

13

C spectrum was

assigned to C-14. All assignments and “°C chemical shiffs are tabulated

in Table 25.

-~

3.4.7 Examination of L. scariosum

- The chromatogram of the extract of L. scariosum by FSC/FID/NPD is
shown in Figure 143." Peak B which gave a nitrbgen response has a reten-
tion index of 2030 indicating that it may be lycopodine. The extract was

also examined by GC/MS the TIC being shown in Figure 144. The major
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'Table 25 E . s

C13 assignments and chemiéal shifts of fastigiatinb

peak # § spin §ort carbon type assignment
i 170.0 . < 17
2 139.2 . c s
3 123.1 - CH 6
4 65.4 + ¢ 8 or 13
5 59.6 + CH, | 9 ’
6 T 55.0 ° . c 13 or &
7 45.5 - o 10
8 45.3 £ cnél 1
s  40.2 - CH 7 .
10 38.3 - R oo 12
11 37.4 + CHy 8
12 35.0 - CHy 19 (N-CHy)
13 8.6~ + oo, 14
14 339 + CH, 11
15 25.5 - ';f CH 15
16 23.0 R 3
Y 2.3 - i_ CH, 16 (-CHy)
18 a5 - : FH3 s (Nﬁogﬁ3)
. . ~ It
19 21.1 + o, X2 -

N
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' component of the mixture was found to be methyl ferulate from its mass
spectrum'sﬁown in Fjgure 145'. Compound B was identifigp by its méss
_spectrum shown in Figure 146'55 lycopodine and ébmpound C as dioctyl-
phtﬁhlate. FSC/MS failed to disclose any other components.

L. scariosum is the first plant off the séariosuh group in the
subgenus Licogodium to be examined. The low concentration of alkaloids

may be a feature of that. group. L. scariosum should be reexamined and

other plants of the group examined to test these findings.

3.5 Internal standard quantitation

&
Lycodine and lycopodine were chosen to test internal standard

quantitation since sufficient pure material was available for determina-
tion of response curves, énd in k. lucidulum {the extract examined) both
alkaloids eluted without <¢ontaminants. The percent of lycodine and
lycopodine in the extract was determined through the use of annotinine as
an intéﬁna] standard. The raw data and calculations are‘tabu]atéz'in'
Table 26. Although 1ycopodiqe makes up 38% of.thé total alkaloeid it oa]y-
accounts fdr.13% of the extract. This implies that the extract contains
components that do not pass through the gas chromatography column. These
components could be inorgani¢ salts or non volatile or highly polar

organic compounds.

-1-

AN}
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FSC/FID/NPD chromatogram of L. scariosum extract
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Figure 144  GC/MS TIC of L. scariosum extract.
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Figure 145 Mass spectrum of component A (the é;thyt ester of
ferulic acid).
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Figure 146  Mass spectrum of component B (lycopodine).
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Table 26

Quantitation of 1ycodiné and lycopodine in L. lucidulum

_alkaloid cdncentration of internal standard

concentration of alkaloid

lycopodine experimental calibration -mg/ml of J »
6.438 6.432 . " 0.1101 12.9
6.140 6.136 0.1154 13.5
5.911 5.909 0.1198 ~14.0
mean - 0.1151. 13.5
standa;d deviation 0.0048 0.6
lycodine 30..83 29.64 Q.0239 0.39
25.10 24.18 0.0293 0.48l
25.67 . 24.72 0.0286 0.49
mean 0.0273 0.45
standard deviation  0.0029 0.06
..




CHAPTER 4
Conclusion <

The retention indices of 33 authentic Lycopodium alkaloids were
determined using DB-1 and DB-~5 fused silica capillary coTumns The
electron " fonization mass spectra of 44 authentic Lycopodium alkaloids
were recorded. Thirty two mass spectra were obtained -from the literature
and entered into a computar data base along with the spectra obtatned
from authentic samples. The data base of 75 mass spectra was used as a
Tibrary for a computer search program. After acquisition of data from
gas chromatography-mass spectrometry the search program lwas used to
identify components of the mixture which were.known Lycopod1um alkaloids.
Retention 1nd1ces were also compared to verify the identification of the
adtkaloids. The percent of each component ip the alkaloid extract was
caICUlated from peak he1ghts and areas from gas chromatography. The
internal standard method of quant1tat1on was also investigated.

The chemical ionization mass spectra of 34 authent1c Lycopodium
alkaloids were recorded using methane as the reagent gas. It was found
that the chemical ionization mass spectra cou]d be used to establish the
presence of OH, OCOCH3 and NHCOCH3 groups in a compound.

Seven Lycopodium species were, examined for alkaloid content.
E; australianum, which had -not been previously examined, was found to-

elaborate lycodine, cernuine ang an alkaloid of unknown structure. Wilce "

- 201 -
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p]éced L. ﬁustra1ianum in the selago section of the subgenus Urostachys.
Thié is the first time that a specieé of the subgenus Urostachys has been
fod\d to elaborate an alkaloid with a cernuane'skeleton. Plants of the
*;E_égggenus Urogtachys are known to produce lucidane an¢ phlegmarane type
algélqids. Unknown C from L. australianum might be related in str@cture
to!sn? of these two types of alkaloids. . -~
| L. clavatum var. borbonicum has been examined previously. 'T;;EH\\\\
following 'alkaloids reported by others were detected; anhydrolycodoline,
ch0podine3'dihydronCOpoﬁine, acetyldihydrolycopodine, lycodoline, lyco-
flexine, borbonicine and NQ'BGEtyi'Ng‘m93h31ph199maffne-.ﬂThe dimer{c
alkaleoid 1ycodif1exiﬁ§“’@as not ‘ohserved. The alkaloids lycodine,
flabelliformine, L20Iand an unknown alkaloid with molecular weight 279.
had not previously been reported to be elaborated by L. clavatum var.

borbonicum.

L. deuterodensum has been previously examined and found to
contain chopodine,;?c]avolonine and an alkaleid of undetermined

structure, L35. Examination of L. deuterodensum disclosed the presence

of the following alkaloids: lycodine, anhydrolycodeline, lycopedine,
flabelliformine, lycodoline, lycoflexine, clavolcohine, flabelline and
five unknown compounds. The unknowns were present in low concentrations

and could not be isolated for structural analysis. No alkaloid with the

properties of L35 was detected. j;? deuterodensum has been placed in a
unique group of the subgenus Lycopodium. Plants of this subgenus
elaborate alkaloids primarily of the lycopodane type and this was found

to be the case forlk. deuterodensum.
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Examination of the alkaloids 46% L. fastig%atﬁm revealed - the
preseﬁcé of ten a]ka1oid§ of established structure, lycodine, anhydroly-
codoliﬁé, 1ycopqding, dihydrolycopodine, f]abelTﬁformiﬁE:'acety1dihydro-
lycopodine, lycodoline, 1ycof1éxi5e, clavolonine and a-obscurine. Three

new alkaloids were also detected, two of which have had their structure

determined. = The new alkaloids, named fastigiatine and

~ des-N-methylfastigiatine, belong to a new skeletal type.' The skeleton -

corresponds to a lycodane skeleton with an additional bond between C-10

and C=4. This is anéTogous to the inundatane skeleton which is a

_'similarly modified lycopodane skeleton . L. fastigiatum has been placed

in the fastigiatum group of the subgenus Lycopodium which also contains

L. paniculatum "and .g. magellanicun.  The latter _species elaborate

alkaloids with' the magellanane skeleton, along with alkaloids of the
lycopodane and lycodane type. There is some evidence for the presence of
5-dehydromagellanine in L. fgétigiatum but its identit; has™ not been
firmly ‘established. - o )

-L. flabeiliforme has been extensively examined and the following

alkaloids which have been reported in L. flabeiliforme have been

detected: dihydrolycopodine, anhydrodinydrolycopodine, flabellidine,
a-gbscurine, Ilycopodine, f?abell{ae, clavolonine, _lycodine and des-N-
méthyl-aéobscurine. Ac;tyldihydro]ycopodine, g-obscurine, flabellifor-
mine, annatinine, hydroxy des-N-methy!-a-ODQCUrine and nicotine were not
found. Perhaps these alkaloids were not detected because of seasonal
variation in a]ka]oid. production, or they may have been present at

concentrations below the detection limits of gas chromatography- mass

spectrdmetny. Nicottne, that was found in L. flabelliforme by earlier
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investigators may have comééairom contamination by tobacco during the

extraction. . .

) L. lucidulm; has been reported to contain luciduline, lycodine,
lycopodiné, 1ycod91iné, 120, L23, lucidioline, flabe1liformine;-vucidine
A, lucidine B, lycolucine, dihydrolycolucine and spirolucidine. All of
these alkaloids were found with the exception of 1uc1d1ol1ne. lucidine A
1§colucine and dihydro]yco1ucineJ Dihydroluciduline anrd N-methyllycodine
found fn L. lucidulum had not previously been reported. It hag been

éstablished that the high molecular weight alkaloids of L. lucidulum can
' ‘be detected by GC/MS. )

L. scariosum was found to elaborate only lycopodine. L. scariosum
has been placed in the scariosum group of the subgenus Lycopodium. At
present L. scariosum is the only member of the group which has been
examined for alka]o1d contenty L. scariosum examined heré had a very low
alkaloid content, and should be reexamined along with other members of
its éroup to test the results obtained.

The method ofgzﬁg chromatography-mass spectrometry has proven
very useful in-detectwng and identifying alkaloids in plants of the order
Lycopodiales. The use of a data base search program has provided a quick
method of scré@ning plants for known or new alkaloids. Since only about
ten percent of the known Lycopodium species havé peen examined the GC/MS
method described 1in this ‘thesis will enable future investigators to
examine rdpidﬁy and quantitatively the remaining species of the genus
using only small quantities of plant material.. Such studies should

provide useful information on the chemotaxonomy of the order and once -2

new alkaloid has been found, quantitation can be used to determine the
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amount of plant mater1a1 wh1ch must be extracted to. prov1de suff1c1en£*

aTka]o1d for a full structure determ1nat1on.
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- Appendix 1

Abbrevi;tions
A.R.I. _authéntic retentfon index
B - magnetic field strength
CI chemicgl ionization 7N

: ) -

El electric ionization
E electric field strength .
FID ~ flame ionization detector
FSC - fused silica eglumm —— - R
FSC/FID gas chromatography using a fused silicta column and a flame

ionization detector
FSC/FID/NPD gas chromatography using & fused silica column and 2 fIaTg

ionization detector and a nitrogen phosphorus detector

»

FSC/MS gas « chromatography-mass spéctrometry using a fused sili;a .
co]qmn; : o - ) -

GC gas chromatography

GC/MS gas chromatography-mass spectrometry

int , percent Aof total atkaloid fﬁnd by dintegrating peak areas
frqn‘a gas Chromatography.exper{ﬁent ".

L 1iquid chromatography —

M : mass -

(M*}) = | metastable ion

ms mass spectrometry h

m/z °  mass to charge ratio

NPD nitrogen phosphorus detector

PKoh. percent of toté1;a1kéloid found‘from peak heights from a gas

chromatograpﬁy experiment
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radius -
retention'index
felativie front

total ion chromatogram '
velocity

'accéierating voltage

Vacuum Generators
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LY

N

o
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Appendix 2
1-‘: . " -
- List of spectra
- —‘—'f_\‘\_ . . . .
Alkaioid o N " Page
. Cernuane skeleton -
- . .
1 dihydrodeoxycernuine { - . -2
2 anhyéro1yc0cernuine : . 226
3 cernuine ' : . ‘ ' 227
4 dihydrodeoxylycocerﬁuine__ ' I, . 227 .
5 carolinianine - j - 228
6 chocefnuine oo 228

Lucidulane skeleton

7  luciduline ’ 229

8 dihydrolugiduline 229

Phlegmarane skeleton

12 N,N-dimethylphlegmarine ‘ ) 230
13 Nu-adetyi-N;—methylphlegmarine 230

-

Lycodane skeleton

14 1ycodihe ' ' 231
15 N-methyllycodine _ ‘ 231
16 des'N‘mP:hy7-d:obscurine . ' ' : 232
18 A-obscurine 232

19  o-obscurine ' 233



20
21

22

23

sauroxine

hydroxy-de-N-methyl-e-obscuriné

flabe}1idine

selagine

1ycopodane skeleton

25
26
27
28
29
30
31
32
33
34
35
36
37
39
al
42
43
a4

45

anhydrolycodoline

anhydrodeacety}panicul1ne

1ycopodine
dihydrolycopodine
acrifoline
gnidioidine
lycophlégmine
‘serratﬁdine-
“annofoline

clavolonine

‘flabelliformine

L20

lucidioline
lycodoline
deacetylfawcettiine
deacetyllycoclavine
deacety]pani&uline

flabelline

acetyldihydrolycoppdine

24 anhydrodihydro]yﬁopodine _

-

223

Page ,7
233

234

234

235

-~ 235

236

236
- 237

237
238
238
239

239"

?40
240
241
241
242
243
243

244 -

244
245

245



| Page

47"1¥coverticine o | . : I o 246
.49 o-lofoline . R | | - 26
50 fawcettiine S R | o 267
51 lycoclavine ' - ' - - | '_ 247
52 paniculine - - 248
53 Tycofawcine o = )
58 acetyllofoline o ot " , - - 2ag
59 lycognidine - R : ] -, J' : '_ 249 -

unigue skeleton

60 annotine = - ) 250 -
61 annotinine ~ ‘ .. 250"
62 annopodine : | | 251

Fawcettidane skeleton

65 epihydrofawce;tidine- : - 251
66 alolycopine . , * : - 252
67 anhydroaposeratinine - ‘ . © 252

Serratinane skeileton

70 serratinidine ' | . 253
71 B-deoky-IB-dehygroserratinine o ' - | 4253
72 8-deoxyserratinine | 254
74 serratinine ' | 254

75 serratanidine S T 255



Fawcettimane skeleton -

25

772

775 -a1opeéuridine

) *
alopecuridine

*

79 lycoflexine -
80 ;auruqihe. |
. I T
i Mage]]anane_ske]eton , ) -
.83 magellanine
84 paqicu]atine
85 megastachine . ’
I%undaténe skeleton
86 dehydrolycopecurine
82 Tycopecurine
88  inundatine =
89  isoinundatine
91. acetyldebenzoylalopecurine
82 alopecurine ) . ‘ ‘_‘-
lucidané skeieton
95 lucidine A
86  Jucidine B
| > 4

spectrum 77a is the spectrum recorded in the literature. 2% Spectrum

255
256

- 256
257

257 .
258
258

259
259
260

260
261

261

262
262

77b is that obtained from a sample submitted by W. A. Aper. Personal

communication from W.. A, Ayer to D. B. Maclean {(June 15,
indicates that the literature spectrum is incorrect.
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