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SCIENTIFI C ABSTRACT

Millipedes are some of the ol dest ani mal s
(mya). The subterclass, Colobognatha evolved
other classkeskefmmstl opbdesmi |l |l ipede cl asses,
glands, which store alkaloids as defensive co

characteristics that set them apart foom all
behavior, brood cdrdeerpraoPiieapkadbBDERGHN condisy
were known. Herein, a total of 25 new terpenoi
gener a, al | bel onging to the same order. Key
guinolizidine Aykdabgid,e heofmigwes o0des mi ne and
hydr ogos)odfersom ntehe def ensBrvacsegb ghéaspr)(e rotfh ev ar
di scovery of the ischnocybi ne alskcahlnooicdysb ef rpd m
(Chapt)er aind the discovery of the andrognathin

secr etAmdrsogonfat hu@@hapt)er cTdrei usst ructure el uci da

modern techniques, i ncluding 2D NMR, HRMS, DF
anal ysi s. Many of these new al kaloi ds repr es
backbones that ®he uUnpeeatdeet eBi ohogical and

the new al kaloids deter an€bBapfercammon hprse d at
di scovery thatkal suths ep o b é&ln trhegc ebp tnodrs (tidsdcshi ngorcay
nM), whil e ot er($opngrod otde ssmi:. @60y chriMgt.e Fur t he
ecol ogy studies revealed that the alkaloid pr
accumul ated as the millipedes gain segments a

physical ITyhea @i tdatsecdko.veri es provide insights i



shared by alll Pl atydesmida millipedes and sup|

order is evolving toward greater simplicity.
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GENERAL AUDI ENCE ABSTRACT
Millipedes are some of the ol dest ani mal s
l i on year sshodhed ec sbheea ela;tehs odfetcvaey i ng debr i s
end themselves from predators using unique
erstanding the chemical compesmiatr kaml| ef gt be
[ i, ple@ocelso b o gwha tchhk psorwen  f or their unusual f ee
avTihorrosuugh this resedrshinat toompo wrfds25wenreen
ensive secretions of four di fferent mi ||

ermined to bind to a neurorecept ocadadindt it\her

n, Parkeiheomés, DasedasBlk. The summation of tI
millipede defensive secretions and provide
e by the millipede, as well as hooa drhteiyalhlaw

|l ead to new treatments to treat a variety of
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Chapter 1.
Exploring Nature's Chemists: Millipedes, Nat
Di scovery

l1.lntroduction

Mi crobes, ani mal s, and plants are wunparal/l
which serveeaponbhempbaeltomones, met alHosvseaeenge
t hese mol ecpllaeyse ch aavre idn tdag/red |of ponelngte f mnatute,i on s
the competition for nutrients often drives the productiomatiural products in order to gain a
competitive advantagesuch as those used plants or microbes to defend themselves against
predator$®Nat ure is continuously investing valuabl
natur al products, devel opinegvmdw imrmge sc heemd cpad r
between herbivime tevaeieonr d belsa mtnsd, gowutt ihfigledrtisicr ale s i
products ar e alescoo ncdoanrnyo nnhed eacbaonlldiatdeyss met abol i t e
essenti al faorre snuortv-prweartieulcyb sbtyo f me t esab ocloinspne;t i tt hi ev
advantage to t héThpse oothpoandaemaple argagjsas o shiain nutrients,
deter predaon, or signal danger to nearby species, thereby enhancing their chances of survival.
By studying the interactions between organisms, we can unlock biomedical applications through
their natural products, paving the way for new drug discoveries while deepening our understanding
of ecological roles and strategies in chemical warfare andvsilirvi
1. 0CoInt r i ¢futNiadrur alto PDrowgu cisscovery

The wearliest recor dadmeuws sci oonee sn aft ruacd lagympa ioe
cuneiform tabl et s, where remedi eisncwairde nde <orl

i nfl anPAdttihmrugh some treatments were document
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t hese di shomoivsecro vaesrr y Eoljitehfei r st da Iskcao(YBiPptBrddm

somni f,hiuenh possesses anal gesi c pr odiesrcto veesr.y Toh
rel at gdl oi ds, fwioamhyo il apsii dauresd t as t hei rtYthoxi c

addition accixmwbamka@lveont ri but edt s admntefdd edahitél v t «

For insTranmce, onMeldi Komeagn arthropods | i ke cent |
scor pMmeagasd aruesdsd r éeat couwmdhatratehnrsi t i s, 52t r ok e,
Understanding the active ingredients within t
field of natural products chemistrly and is th

Today, natur al products make up nearly 709
natur al product themsel ves, prhatrumraaclo pfhroo ceu cotf n
prodBcgur)THe 1i mpact of natur al products on

significant wshneanl |la nma lyegcsunlges ¢ thet o treat microbi

cancce)?T(this is wunsurprising, as natur al syste
including venoms and poisons. However, the pr
is also influenced by the methodol ogdiés oamp Il g
many drugs originated from chemical studies o
knowl edge. More recently, marine organisms (€

mi croorganisms have emeplgex mat phrrarloind itehdes onuasr ci
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enviroannmenndthi rteen commppyndsvuweslemuagaunrsr,e nwh iyl e r

more are it the pipeline.

All FDA Approved Drugs Antimicrobial Agents Anticancer Agents

@99

NP/D — Natural Product or derivative
S — Synthetic

Figur€@ondtdi bvnat pnadoéts to approviechagenamdd imbi ¢

frolmwman and Xragg (2020)

The field of natural products chemistry be

what has now been termed fAgolXppnandevah3tamychbri

were among the pivotal dit§devdricaktmadea gdhwsr iwre
sourced from terrestrial soil mi croo-ggadedms,
i solation, also known® 8Bs'dngebtwaksimaol ptavhoi

whereby a desired activity drives the purifi
processed using various chromatography techni
desired actciewist yi.s Trheape aptreod u@® halve abeamti dent
Bi oaageaged 1isolation excels at identi fying t
anticancer agents) due to the ease ohothbaaass:
l ed to significant discoveries, such as ident.i

clinic today, i ncdPkuddamt dabmyt ci rdm faddt niyscsi n[ e.ng .i ,f un
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agents [ e. g(p) ,ecahmpnhBo(ta@njdiiamnmd anti cancé8 ,agent

Cef |l a1® IFiifu@) &’ &P, 2

g o]
pealy:
S N@
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OH Penicillin (1.2)
Morphine (1.1) NH,
o o]
Ps O+ NH HN OH C
H 0 H #HZO ﬂ
WV\/W/N\;/JLN/\H,N\:)J\N‘.* o NHO N
NH H
00 N._.O
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NH HN™ "0 OH OH
H
0 OA\E/N?H _‘\\l\
o}
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N Oéo‘ 403
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A
0 o
{ N
o]
Ceflatonin (1.9) Echinocandin (1.6) Rifamycin (1.5)

Figurlempgotatnuwrraolducit scl udi ng andl)deasntci b moi gt
[peniXk2) | | imafllomyadamtlgmy cainnd (5 flaeédfci huhfGgal ag
[ echi nd6)amdidn aimp h®) f’edhidc ianntBi (ancle8y ageénctsf [ &t
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Al t hough natur al product s ohfavbe ohaicsttitvhee cneoll e
repeat di scovbaalpgannge reedimtpod\Vvidreys ef f ovretrsy afnedw r
new drug candi4d@tysdibhmsovabiiopagapti cul arly nc
di scovery of newedretviemi adtriugs wlearee derley oped b
natural?3pgr ocudtl i eved-htamayti ngu d hr ua ft ot Ivea s&Globdw e d
Age of Ajycthiadil cetndgdsngym etelren at u r28R e dpirsocdouvcetrsy. i s a
chall enge in the 2Wheillde onfe w actoumpad u npdrso daurcet ss.t i |
of reddiwvkckenvergompounds with similar strductures
has been. iAcsremgeamagntthdugh the rate of discove
i ncretahse¢ d uct ur al uni queness of Tanhiescetdacer mp 0 U N
decreased to about 10% of New COmMPOUINATD pPOSSE
combat this probl emnaweorfailtehsxu scionnmgp otumed sf u mc tnia-
di scoverayl.sowekianrge t o find new nat ur aelx ppl roord uncgt ¢
new séfTheesontinuation of natural products r e:¢
of drug discovery, especially f orresdiissteaanste si mwfi e

and neurodege®h’®erative diseases.
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FigurdNew. ®Bat urai s popeaetneydear compared .1taoa bheker
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number of new natur al pr o @Qurcatpsh sahdoatpy eeicknt f maed dn

(20]1.7)
1. OMo2derour®es of Natur al Product s
Hi stefifoalt s to discover natur al products h

predictor of the type of natural produc? they

One of t he hbhegatl tepiasmmigest he fact thawemheasky a

di scofvredredr ens tr ioal3g@wmdrs mshe past 80 year s, mi
shown to be prolific producers of antimicrobi.
of the intense competition bet’Weeowevmicrobheées f

Il i mi ted t o Tfmxicnmataral prgdactsiare commonly foundgeassileor slow-moving
organismghat lack othephysicalmechanisms (e.g., external shell or fast movemengy &ule
predatorsSe s malt ene de.gsgama sgness ,, tslthed d aassnadaiclysaapobact e
have been shown to pr ot e dokicnathra pnadect®Thisinclfdeso m pr €

some of the most complex and toxic natural products yet to be discosaotdas brevetoxin
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(1.1 P saxitoxin (L.1 }, andtetrodotoxin(1.1 223t has becomd oodiread u ¢ ihmmg
organdssensaposematism (brightacel dtcdssmatzoine iagrda |

neot r(oepigcs, poison dar3 3rogs and coral snakes

Brevetoxin (1.10)

H2N
OH
HI-(i)O |-| OH
27 NH2 O3 ofi H _NH
N /N N
HO N
NH2 OH HO H
Saxitoxin (1.11) Tetrodotoxin (1.12)

Fi gur BoAi & .mraa diuscatllsat ed from se¥?’sile marine or

Altheegamd esmmbowng sof gabomdvie\esdbeen shown to
source of bioactive natur al products, the euk
prod®™Matny of these organi smg hepartuiecplradlux ema o
pr oducsty nebrined tcar o o P anif amt, eukaryotes have evol
bacteria for various n@fThiitsi omall vard oédftan i n
an essenbfabmnmicrebi al symbi ont s, as wel|l as
ener gyp hfortoons ynt hetically fixed 3a¥%®bonaddgirtoivd rd e
harboring microbial symbiont s, both terrestr.i

defensive natur al per*éFdourc t esx at niprloeu,g hp otihseoi r  ddai ret
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Amazon and Neotropics have been found to seque
of mill i pedRhsi,nostprescitfurcpadrlieyus

The shift in effort tdof rdoins cuosvienrg nterwa dniattiuornas
ecol ogy dr bwhalse daptda etmlo Gterruyloywoddt ur al product s
intrbgwiacgi ve compounds wit BF?Thr emii svich @ dtelse nt o
of tbseobacticides, smal | mo | ec ul h aneocodbual cat teor r
gal | aeciTehnessies compounds were discovered when
bet wkeengall aedi eansmiscr o EmMmMtladmlna.rak thounx li eayl il vy, t !
mi crobes | ive harmonkEoubdybdewjecdhserf odhef al gta
the bacteria produce a growth promotelTfheamnmd an
this relatiandéipl gaenmserk enahsiecsh asnt ienhuilcaitteos t he
producti on, using the same precursors from th
in turn ki%Prlhiirsg atplpe oalcchae.xt ends beyond the di
agents by examining how potenti al predators
identification of siphonazol e, a -pmeaetvierndglat pv e
prpert‘Bephonazol e whHer pestodpit @lbondfdr ovms di scover
genetic diversity within the genus, particul e
ri bosonfdl RNA
1. 2everaging Millipede Secretions for the Disc
1. OMi3l.l i pede Evolution

ArthroPBbydksum: Ardgemnopedadp!| gnidimalerghyl um an
found in near layi re,v elmaarat & 5 e sthevm)t*@ 0 uasttoi Eyastt eesms

suga@edgthraocpcoodusnt f or over 80% of,taltlal kmghmolkievi
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million, whiadH iog hmor entihh@akt bhypadesmpitbads:
the | argest class wit hRiroena@fh et hAer tohlrdoemsatd ad agntidhh |. aul
Fossils near Bathgate, West Lot hi an, Scotl and
Carboniferous pgiMdd, i aredersd w22 among the f
oxygen, evolving al,ongyed def mahrynedampredpbds]| i
y e dbred weelet a‘t®cisnn.ce t hen, millipedes have evolved
than 12,000 species of millipedes currently
hypothesized t*8MidxXii ptedwsr ladvei dceommonly found
environments, such as wunder tree debris on tt

di fficult to obsernwd rtotflememitenf otrhee,i rmannayt ubraasli ¢ &

still remain for millipedes, such as diet, rej
rol e.
1. OMidl.l i pede Chemical Secretions

Millipedes ar ebodioemd noorvg anngi ssnosf,t and as suc

consortium of protective mechanisms for survi

l' iving under woody debri s, ma k i ntgo tah eamo ihlartdee r
predators, while some millipedéd naladadihawe,6 s|
millipedes are brightly colored, which indica
fossils confirm the anci enhte nevcoall widiebf netnbsée smr & &

ofpecializedzplpbiitess,. oza@aploeeds are | ocated bil a
millipede at t hdFiegnudr).®dlfietSsdirrucpairraen ctoanlt ai ns a
the defense compounds unti |l needed, a valve

upon di stourflkaardce f famaieedmtt fom &t UITehpgedes has all
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Figu
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ati on.

Chemi cal agents aoé 6emplldy e@kdley oeldevyesn and

stru
terp
mi ||
prod
oxi d
prod
wi t h
t he
def e
oxi d
Dur i

and

cturally diverse, including hydrogen cyan
enoi dFi agluk)efl flthdéser@est i ngly, the types of d
i pedes align with their phyl ogenetic r el
uced by distindtor mielxlaimpd cee ftadmi |Jivelsi da or
izedbasedattetsensive agent s, such as benzo
uces primarily cyanogenic agents. The qui
in thmeromdéder a@ldot he terpenoid alkal oids a
subtercl aBisg WCrWForboo§g ntahdhal9¢06s to 2000, r
nsive compounds grew substantially, but f
ized aromatic producers, as these millipe
ng t hisshawmmet | | isipeeckt@dase e e agents are produce

are actively settoeftenddt®toughed dteormngzopor e
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Polyxendia*

Glomerides

Siphonophorida

Polyzoniida

Platydesmida

Spirobolida
Spirostreptida
Julida
q
— Stemmiulida TR Merocheta
=i —@—ou H-C=N
e Polydesmida m Hydrogen Cyanide
p-cresol

*No reported chemical defense

Figur#Millbébpede defensive sectrReniocni lclolmptoas idtoi on
ozopores, nor do they pPt®Penteazamiya depd edkeee cg
def eGeisabognatha produce monot®R(Epgmashanpr ¢ @&t
pcreduliformia prodldMer olcenrez ;aq up modcwese hydr og

phenol i c °®doFmpgouurned saR@agprt iceg e 2 @S )
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. 0Co5l.obognat ha:PrTohdeu cAlnkga |Souibdt er c| ass

All terpenoid al kal oids &rod opromwhwadacdrch ploys sae s
i aat ur es t hoatth earr emialblsiepai ¢ & heelealsi snegs andencdh ani s
ood carBheéedhabwti ercl ass i s made Rlpatoyfdefsonurda
|l yzoniida, SiphonbEhgptadea,f i mphoaomphdog iNMar t
rope and Asi a, with some¢®3dMaght iCod ofodegdh At n a
eci binc aulslnyg faotunids on t he underasnidded sefpl ea¢gcay
aracteristicsfasanthewngrgaatuipBmitbanrdi ¥ current |

w these |l arge aggredaekéisBt iakimyasCaolhebong h a:

nd to be cryptic as -3 hem) atrrears igtnh dri calnad sye s
t he forestt hfélpovoer st dheamlttloey cki,evdi t h basi c bi
estions still unanswer ed, such as mating p
ecies, and the ecological heie defehaerdebDaep:

own equebdEt &ry famn miah siasoipsvnn uckseaer t ftarogaes t he Ma
otropics have bRpor pmmedansstequesn eumd feordef en

e théimsel ves.
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FigurPBi dt UtOoelso boofgm dtl h.jppresiesnocyBPl| ptycdgpsamds om
Central CRmpeurripcoari,e¢gths | i qui d al kal oiDdP edtraospdpep e so n

Phest Bgul ®I&@r BX)

Chemically, the terpenoid alkaloids are tF
chemical defensive agents. TheSnfoilrasntetieaimdgnoi

whodni s cotvlea edpi rocpol yeo@dd hhemgltdre®s !l gZoni um

rosa.lSoceuvne r al ot her terpenoid alkaloids relate
thereafter, namelll ¥ an ®meploy lyaoidd&i #ASB q 00
buzondutippei nflagand | i hbPweenree descri bed from t|

Buzoni mum, caasnsilpiiegeede native to c¢cAdhBwaad Cal
i solated and BhachygtpelfBoedodmihmean(d deoxybuzon
11 are structurally di stinct f @spepenoied ea bk 3

systeBbt nal ly, in 22PWasgdsesedEGompdebmom,claar e m
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millipede naftTompomniandtidiomnsnian indolizidine ¢

-

third distinct t efhaemnmiaf atl kes ® ipdrroesddyacifes ®h & n o v

123111 7r BBtbhough all Colobognatha defensive
mo ntoer pene, these compounds are structurally i
including t he i ncorporation of a numb-er of

modi fications (e.g.% oxidations and nitration

Produced by Platydesmida, Siphonocryptida,
Siphonophorida, and Polyzoniida.

vr Yy 0f

B-Pinene (1.17) Limonene (1.18) a-Pinene (1.21)
Produced by Siphonocryptida and Polyzoniida.

N
Polyzonimine (1.13) Nitropolyzonamine (1.14) O-methyloxime 236 (1.15)
Produced by Platydesmida and Polyzoniida

N

Buzonamine (1.16) Deoxybuzonamine (1.19) Gosodesmine (1.20)

FigurAl RalBoi dsdescelfviimandsCqogl obognat ha

The millipede terpenoid alalaf ensds vdeteerive de
pratdi on or mitchebCallolgogmwathha mil |l i pedes are s
ot her SBesdemtsl.y, it hast bewd ekl wpadtshéemsiyztaidont h at

as pher ommAsepse, c iie.se .c,otmmuas £iagsti oinn forming the
this is si milPd8rort oe xoatnhpelre ,s yasnttesms al sooh eamitchalo p

cues to establish territof% %ismi liadrelnyt,i fnyi |nhaitpees
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their secretions to communicate within timeir
addition to the’’Medfencfe ttheyCplromlvoglrrat ha al ka
for functions beyond simply defensive rol es.
1. 3ummary

The discovery of truly novel natur al produ
for diseases withdrdmwmet nmdadsa.l BPooldugyt di sco
new bioactivd |l moptcadswsdbtre.d Mni mal s anda hsaowue chee e
of bioactibet coeapeeakwpt brkedss than 10% of t he
being chemicaFlbyt heewmeste,gaasd.environment al p
biodiversity, the iwnpnoarttuarnacle pofo dduicstcso vferroimm gu nnds
such misl ItihppedesCdloamalgnwatha n becoRegadrmdlkesas,i ntg
organisms have been shown to produrcafggsotmm uct u
hydrogen cyani de ttoerlpiaeghhiliayl oulmwetv eon avlieawe f ew
focused on molecul ar tat'gepbomoirndi tdmedsleocga hct aal p
ni cmets only holds I mmense potential for addres
the need for conservati.on efforts to preserve
1. Research Objectives

This dissertation research Q@also bf cogcpuestehda so, n
focusing particularly on the characterization
the hope toueupanedt upodelrsbagdanhghommabddi pedas
new natur al pr oduscttusd i wetraeicnadliossgciocveelr edynct i on
potemdagralfurtherThevesnigal edypothesis guiding

i n t he secretions defseCoé¢é olag@hatrhoal emi ldsi pbotl
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mechani sms agaimplser @ me o astpoercsiaeasn dc cahdmtumo «wa@h i man
of the previously identified terpenoidwel kal o
hypot hesized that t hneesuer oa@aamp ovwen dpsr orpeey t hage ba
behaviors of predatéd®r >expPpdsed to the secretio
Within thishdi debrmbs@opbofnat ha wwithbe ¢
key findinhgkshendisdowgry o(l.2 thhoomdyg dbgsaosdoedsensi nmi en e
(2.2 B hydr ogak2old eassmnd nper evi ousl y d@$fcroereceet goro
gl ands achycybanbBen ed(@t thra fOhcaupst)earf B2p di scovery
ischnosAIG@L2®.2 @ nlk Yanidchnoc {IRiBhoom t he secretion
| schnocybpehel iCheatpst) eaf athlde 39di sanadv ergyn @l®Pa mae s
andr ogna@h@fnrocdm drognat hu¢t ter fOcapti)édddTHes e
di scoveries followed the same gener al format .
extracted using methanol, | eaving the millipe
LCMSi dentify taedcoempomnatdsr al pr AddPLtChenwpl anpu
structures we2DNM®R®henmpo@ba pbthkeear@b3apt)er adbsol ut
configurations were determined through <chemi
evaluated in a range of ecol ogdatadr ,a ngh ebrioomoo

psychoacti veadlsalygs screening
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Ischnocybe plicata
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Ischnocybine A (1.25) L N Ischnocybinone (1.28)
Ischnocybine B (1.26)

Ischnocyine C (1.27)

L

Brachycybe lecontii Andrognathus corticarius
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N
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RO\ H
0 < - AOH
AN
>

.,
R
ro H
.o, Androganthanols (1.30)
Andrc thines (1.29)
o

R .‘LU*M/

n=0-4

Brachycybe producta

Figur !l 8t 9des inl dapnedd et hei r def@inse®o veeangpdoiusnidts h i

di ssertation.

Wet est ehndy podtide s mihlel i pedes usfeort hde€tra psseecrr(ed i

an@haptierand as @Phapopeords i i ed compounds that

ants, a |likelgppeamed poedatmnltesgiudpdlolsyt iinmgp a&ih
mol ecul ele fiemneM%has observation |l ed to the eval
secretions in a broad range of neuroreceptors

Screening Program (PDS®fhavocyYhpre&si dpelal Hiyl li.sc
(12bpotenitlldy n(Ms ebhrdt ist édi gy mbiepedcitR) over -2 he si
recepRpr wimndr adhmeatacihnd ess aiRt i(KdO0agd) nsatnd t
andrognathanols completely inactive against b
hydrogos €Chapmiemnehows i nverse selecti WwRty Kcomp:
840 m®RM; 260 "PMAi.nally, a subset of the new alk

sodium chan8etvbBd5 Naut al | were inactive. Thi s
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target for any of the terpenoid alkaloids and
to treat neurological disorders.

The pharmacol ogi caldep onvaetult ri aall h ppsfo dEdtisi ppge d
i mplications for drug diis&modcoogmplesypestiraddtyumge
| itklkeschnocybines, which have @B mornesptrreasteendt sperlc
candidates for the treat ment of neurodegener
Parkinsonodés disease, dAddetl i omea Igirgorvai pnage ni nntaenr ae
alternative pai n whancehgkeense ntth es te xap leagieetsi,®tni oonfs

particularly timely.

Finally, the terpenoid alkaloids discovere
avenue for natwural product chemistry. Their ul
compl exity, of fer I nNsight3hendosdtcheeri ebsi od g tn

di ssertation underscore the untapped potenti a
neurodegenerative diseases, pai nwinamalgegieand |, ,
chemical, and phar macbleogempgli @tesg@gpeesbuesewi
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Chapter 2.
The Chemistry of the Defensive Secretions of
Brachycybe
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h,, ryi2€ ddest h y-3-g+-yn H7), 8 -t9e,t9raalH-g d r o oAl (HBD in .1 X c)

Li A/ Hdi et hyl, eti2ledrd,s 3 h, rt

Compo 2sanstibar e cl ose st rRBarab,r arl e sapiead ttoighsa dosfd
on the hydrogenation experiment they have onl
Da n their mass spectragHiawhTltcihs ilsossy pwasal o lmd e r:
spect2zFian2iBand represented the | oss of the satu
cor e, so initially we hypothesized that t he
treat ment of a portion of the crudeleéexataon
resul ted in t hrei gaudcde) t2i.97h elormawat epe¢tra of the

a | oss of methyl (15 DapdO T nagmert i 059 Da) &
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correspondi nm/tehraatg nveonut! datbes 9ex pected Firgour @ di
2. 7)..18Thus, I ndi ca2diam@6itsh aadn tthhee odiedamhainn opp
bicyclic SBystpep.rc@hitmes al l four anal ogs, t he)
s ame bi osynthetic pat hway wi th the ol efins |
hypothesized t h2adan2twa s omestol leif klell ya#h@e tCvleheen C
observed | oXB3analsi s8 hypaotihresi zed to result fron
shifts the olefikhi gwrdah2. DikyYclic system (

o | B0 A )
N ' a 0 N

=

212 (n=1) 214 (n=1)
213 (n=2) 2.15(n=2)
EtO
)n HO )n
b 0] N c N
- 216 (n=1) 218 (n=1)
217 (n=2) 2.19 (n=2)

Scheme&yhthesi s of 2van26./St add uliggs niil aly r i €t hyl
phosphonocro¥onhat gtyRABOKADSO N 0% Pd/ C, Et OH, 3

min, yi2e@Gadal77c MeMgCIl , THF,y 2ltaadi&l 9r t

To confirm these hypotheses, total synt hes
adducdanasf r o-mn8ol i zi-gwinreo laindi ®o nSec,h ernmges P& a2tr is\ € |
2122an2l13vere reacted with triethyaphoEmin@dmscr ot
reacti ol ao2lf561T qqur e a BEi7g r0e). R2o.171.02nde d by hydr oc
for R§lagnal 7Cr ude reaction mixtures were subsequ
excess methyl magnesium chl2aBi dedt bydrekdg Ilgqud:

219(Fi gur eiFR2gur 2Bot.h25roduct mixtures consi s
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di astereomer s, and the mass spectrum and ret
mat ched those of t heFihgyudrrea tr2Eid/g. n2e6€)u.2 al¥n. f207rkt aul noai t
we were unable to separate the diastereomers
products were anal yzrRidgbyeiEDgaMRTABIIaBRAbB8e2s
2.83.5This |l ed to complet &l &8l Y nwnietnh st lod rhajt dr
in both samples exhibiting a clear ROESY <cor
i ndi cayornigemt ati on. This was supported by the
same methines fanatihentmamioon) somer (

Il n November 2023, we m@de pa afddrct diitsoumateaol
successfully used to i sol-aneal2dga2b.l Apparnd X it maetse
30 millipedes were extracted in methanol, and
boRdhanzlbas maj or conBanizkwtes e whiRIPWRLlLEG emur.i fi cat
l ed to |l ess t2dam260. Bnemgysi sbot hboth compounds
their plamabl b A0a8L|6e, EZg&r 20 Ri.grurde) .2 .17n. 5a0d di t i

clear ROESY correl at t3omnrbdaisth dibssyaieivegl i dasweenbtk

the methines. Assigning the absolute stereocor
of all four natur al metabolites.
This investigation describes the chemistry

unstudi e dBrsapcehcynceysb eopfedes, two ofB.whpedhmBaatea si !
prodjuctand another cBosebdyeAd ehauglt specisester
sympaBri peitasfaaand on tBhe pHabsdtu E®oaansdt oannd he We
the obo$h produce the same bRIIE|l i Tdhmonotsercp e

consi st of t wo i nd@B)i zaddnersydf g4 $ d dasnsdmn & e e(i
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uinolizidine homol28msnhp Moynmgrges s d d B@ihn e en@f ki ng
he first ti-mentaaiqmuiimg | mnat wrale product has be
ddition, the presence of indolizidine and qu
i's reminiscent of t hse) paunmdi | h combhocopxu misl i (oi tnodxoilnisz i
re found within the skin of poi son dart fro
oi son dart frogs, it has since been deter min
heir aritetr,oppoadrt i cul®&Theg mpumiblaitotdoxmins sare be
efensive metabolites as they emhi Doegi®pdbent
.Bi.scussion

Whil e the chemical identity of these al kalc
nd the evolution of their biosynthesis remai
effect on the millipedesd @papaaittoatsi, ors)u,c hs tarso
trong detfe*hrnsupmpddretct of a def ensiinveel urdalneg, t
roduci ngseaclrkeatleoi Wdissi bl e secretions from thei
efense glands) whiéhipshyisnccladdeys dtihset ud et i o
ubstance when collected with forceps (field
of the alkaloids themselves det @Xhra sn gb eperne dsaht a v
o reduce t heFaramaer tacsf wehtetna cekx pbeyr i ment al |y app
ol yzoni mi neP eptraosdeurcpeeds bryo skanln dowrs t o act as an

oncentrations!®afhulsgw exd st0hgnMiterature stra

of the terpenoid alkaloid secretions. However

hese compounds may also act as pheromones f a

u bctl ears s Col osogmatl hapeades and ar e known to
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undersides dModecwagi hgt hegs are examples of hi

of secretions in Glomeridal €hbe deumati dms af
uncl ear, but functional hypot hesaessn thiap/ree haetemr y
antipar asi tseherdodlien,g ome cah asnoiisim t 8 all ow efficie

To dsaitxet,eempenoi d al kal oi ds egheanveer ab eoefn mi sl d |i apt
within the subtdesrpcaraes sSiQuoh conboopghnoartihdaa 't ftaé pr o d
chemical diversity of the alkaloids varies ac
al kal2adk@ls and byaomemamroeuced by species of mi
Pl atydesmida and RBokwntomidipdad syaamdaaspae froound wi
Siphonocryptid@ahanbduPohgmbnej dandorhd red tde rnpee naen

al kadppelarcooseathof a monoterpene and pyrroli

di fferent cyclization steps. Further anal ysi s
(23i2z6) have only been isolated from two gener a
while the tricyclic monoterpenes have been is

and Polyzonii da. Through this ®itady,onwéi pbabe
phyl ogeny and chemical di ver Pe ¢ pB .theol ledcsd@ntt ri U e ¢
pet alsamttha bei ng known froomcdtecheriemagtennt e Ssame v
some Bitpsitsasabh the cl ose®Bt ¢eaocldmtsiteernmar, y tsies
evolution®38ry | sickmed u,obsmde mi ¢ d&Bmd Japeenmdemi c t
Cal i fBasneada.on a BphyxlhdgBrmeaveoeft 2 @B2) peitasaltasel y
rel aBedchwycybe aprsopdeucciteas?“SirmimBLralpy dedwcaotuas wi t h
Brachycybe hreosleaast emor wh icd loB.e | ly eaondn tainie diunteo s a

chemistry of their defensive secr etBi.onlsecfomltlio
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anmi. rporscechuce t he same ,2t)iwhyBlei ped&dmiBE.a epari oodnu c(tea.
botpr oduce the same hRIAGLMThCcs setrengomrsel aeigr
defensive gland secretion chemistry and phyl o
producing tdlee noedor et ggest s t hat the chemical
al kal oids may arise from the evolution of <cyc

The discovery of these new terpenoid al kalc
defensive secretions and is beginning to pr o\
bi osynthesized and their evol udhemi oalt hii mv eng tl il
into unstudied millipedes belonging to the s
insights into key biosynthetic transformatio
interesting cl ass onf gceonneproau nadfs . P ITaot yddhd semi ded ,e ve
y et been chemically investigated, and this <co
yet to be discovered. Thi s Bi.n cnlouldogossdaaBpya nr eal nac

pi tsy mpaB.r ipcr dtdowoant &€)al i f or ni a, wi t h tdh es elrati thgr

Brachypylte es that i s evolutionary sister t o
undoubtedly provide additional i.nsights into
2. Bxperimental Methods

2. 4Geln.er all Experi ment al Procedures

NMR spectra were recorded with deuterated
internallcs%.aod&dl0d @©On Bruker Avance |11 600 MEh
triple resonB@lce PmoegbggedNNCPyoProbe (H60aOndand
'€ NMR, respectiveHzy)NMRds pae cJtEEGLmedt0eOr .M GCMS wa

el ectron i mpact (El') 2m00@del CMBI ndgataa Svhaismaodoztua i QF
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Agilent 1200 series HPLAGi oyYyetamraguidepedtwirt
mass spectrometer. HRESI MS wa&3fOEaMasedSpattus
equi pped with a HPLC system. HPLCt puz200 icati @
1260 I nfinity |1 HPLC systems (Agilent Technol
Al solvents were of HPLC quality. GCpao@al r
pol ari meter.
2. 4Mi2l.l i pede Coll ections

The millipedes were col |l eBit epe taadtsadytva ofdo ICloa
North Carolina, Balsam Mountain8Zampgs bAwd, Elr

1622 m, 27 SeptZenBley, 202481 t(PtEMof heml oBc.k , ma |

pet asaSeavi er Co. , Tennessee, Gr eat Smoky Mou
35. 63988ANMA023AW, El ev. 14009 m202B8,Sehabmba
RhododemdrdPn (@)t alsaadtea Co., Geor gi abP arCkl,o ufdd raensdt

area along roadside acr oss -85r.04n8 7t6h5e4 AW, s iEtl cerv . ¢
Mar c h, 2 AP IB(PNETLK3 )B;. (p4r)odMat ian Co. , California
Mar in Muni ci pal Wat er District, adjacent t o
122.597678AW, Elev. 247ChA215)5 BexprmbeMatlan2 1Co(. !
California, Lake Lagunitas, Marin Municipal Ws
Grade on MoG3dt 9Bad@RIRPHAABAW, El ev. 418( MT-K5 Dec
CA2%); B(6),oskela Dorado Co. , California, E Do
Recreation Area, forested ard&0ad50085HtAW o EMie
m, 11 Decemb€A2R2Q22B.(¥WpbkKSeaan Mateo Co., Califor

and Nature Preserve, edge of-1RAVRTISBT7TOS8AW, t & e
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4 December -CA2231) ;( MTBKd ([ 83Teaah oe Nat i onal Fores:
Campground, -B2052963TAAW, Elev. 712CA21 3)0. Dec ¢
Al l collections were placed in smal/l vials w

i mmedi at e extraction of t he def ensi ve secret |

natur al hi story specimens in tohe e\itriginniea tToe cvl
2. 4Ge3n.eG@MMet hod Used for All Analyses Describ
GCM&@nal ysear wiee@ out in the electron- i mpac

202Qui ppad ®rXh!| umn (30 m x p0.ohy5 ammoéedd.tBC oamo | |
250chA@ngi ng la0t Aa@/mnditheolodA@ gr att 22 M0 n
2. 4GGAMS AnalCpdil®ecefedCMutdéei pertteract s
An aliqguot of each crude extract fusomagdi st
the gener al GCMS meAhb.d raeleslaentidldeoda sagblrcove )n.e nt
mat ching t he retention ti me (17.7 mi n) and
deoxybuzdl)amiEn/dsEe!l %) pp72085(1M0), 192 (16),
97 (25), 96 (3B.),p cadeRl HtPFr od8Be@4b5pns had vari
peakls7 .28) ,( 238.,0 2®.ahd( 2 midn( whi ch arTeabd wemmarli z
The peak at 18. 001 matched the retention tim
gosodea3nk Inkens/ (zr el 5%§ 1'2p M04 (35), 136 (50), 122
53 (10), 41 (62).
2. 4Chbe.mi c all D ea Brvaacthiypceytbaeommit.a pr €dudea Extracts
An alofguat represent at ibweBhpcertuadasea Beax tprraocdtu ct @
mi |l | swaesdederi vaitcrzeldy drsogNgoat s bne a mvast bhuydrl cegle

through the ordLbgi ma@ahtaxthn agt a2d @twbSni tl Ha gaatms! y
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bl ack. The supernatant was | nmunseidnigattehley gseunbeg reacl
descri bedHybroorggenati on of extracts of -(Hdoth s
met hyl pent yR7)i radiahezzhi ydlipneen t(y 128 u ii nna lait 2liod2i(rsey n(t h
describéldaselepd®m20)n additi oomne thel Bd k@ail od Waf 4
were hydrated by treating a smal.l portion of

which point the mixture waCQacnadr eefxutlrlaycbneadd ewi btah
di et hyl ether. Anal ysi 23amgdad @vSy swhiotwhe dt woh en eow
M*wat er a25hwn@d s of

2. 4Sy6n.t heq Me t dfy | Zgeun tnyoll )28 1 di ne (

A 1mo6l ¢ dl utnbaunt ydfl i t hi um ,i nl .h6e xnemel §dd&d mdr o
to a slurry contaimengyOpehtglttidhmemgl Whofspsh
mL of THF unecéfTher gnoxtatr eOwas stirred for 0.
addition of 0. Juigno(ll.zli damel )i nofl 2mL of THF
over AMgbt mi xture was filtered through celite
residue wasthrilbumdt ed anhydrous et hertoand f
provide O0.15 g of a -quilnaoniixzZziud@ene faBane® sI:al ti
i some r(sdneotfhy2 pentylidine)octahydroquinmlezzidir
(rel %) *p212p@00(4B®), 206 (13), 178 (20), 165
(48), 122 (10), 97 (53), 96 (35), 84 (35). Th
10 hdgendo)bf RN@ a sl ow stream of hydrogen was &
turned bl ack. After 20 min, the sample was fi
Sshowed the preseae28obéd af 12wh Fravmo haComgouddnt.

28wasammor phous col om/lize s S0 1" R@I2EBBE8 M), 208 (
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180 (57), 166 (11), 152 (14), 139 (10), 138 (
(18) .
2. 4Sy/n.t hesi s of HBSnogosodesmine (

A solution cohmmdln)i ngf Op i2@0ygi d 0(nl2.11k gmmoonle) (

di et hyl phosphonoa(cletdi confraocE CI1 ainnd 5 . AL af D MF

overnight at rt wunder an argon atmosphere. T
extracted 3 x 50 mL of di et hyl et her . The <co
MgS«s filtered and concentrated to provide a cr

phosphonoadkiEt@Wwide3 721 1avh &= 128Bchydzm &l MB) B8 7 (13
262 (51), 208 (35), 140 (20), 123 (10), 98 (5:
of anhydr ouMe GN atnanittrreialt ed( with O0.15 g of DBU
(2mmol ) and the solution was stirred overnigh
pressure, and the residue was taken up in 20
The ether solution was pasaad theosghvenshwas
providdg 1012mgphéaklly whireeh was wused as i s 1in
m/ 233 (L9, 2M8 (5), 205 (9), 190 (7), 176 (3),
(30), 69 (16), 41, (14).

A solution ¢On®B&iomimad A& .a2n2g mL of di et hyl e
to a mixture (ABamt anfmoil4) gl 64.01 2nLg of di et hy,l et he
rt. The reaction was quéndhefs Hp fds eopse otfi 410 %a d
and 10 HIQ,ops |lafered, and solvent removEe@. Dy r e
mmo b6 R5whose mass spectrum and retention ti mes

producB. fpro@bumptodSnvhama mor phous ¢ éH oa'bde 8IMRs ol i ¢
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Seabl e; 2ZERM@r%) 219%¢(4&18M(70), 204 (11), 191
151 (24), 150 (100), 149 (33), 136 (50), 134
HRESIcWwS ci1H8r22@. 2060, *f2@ 0n @& [P 47 HEl.

2.4Sy8n.t heg Hsy dafd-mgt hy |l pexrdtoy li 24iBdi ne (

A 1 mol /L L$ dHMDSSIi ,i2.22Ff2mLmmbdleXx anes was added
solution ®Ognf{@mmli)ngofdptbosehlbyplbcrotonateCin 10
under an argon at mosphere. After O-ibdblazsdbua
212 in 2 mL of THF was added 3%Mhde tnhiex tnmirxe uwaes v
with 70 mL of di et hyl ether 4€hd(agg)rré@dewi bl
separated, and the organi2€Qbdagethwasodvertd wa
under reduced preG.uIommalppmoxt deelOoRk2hHgometr

EI MB/ 235 (2,206 (22), 190 (18), 162 (29), 176

(53), 70 (24). The ceO0deLmbokt &t ®©Hwasdt akent ag
HCI |, and hydrogenated over 40 mg of 10% Pd/ C
filtered through celite and after removal of

NaOH (aq). |l agerow@ganidec i ef£Qovielhme asidlyde mtusw& s r
the ether solu(Do@d9todmpihdevische uG2d1p®e dgsa @i 2e le i
of i somen/&39E(WMB, 288 (100), 210 (27), 194 (36
97 (31), 96 (80), 83 (33). This product was 't
mo | MeMg C| I n THF and all owed to stir overnight
and treated with 410 M&ql).f Bhd uormagami dNHI ayer
anhydr@QandK t he solvent was (NemMdvalkZh@s @prdvid

mi xture of |1 somers WwWihteh GICd grettiemdli omadgs mep antdr
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the first eluting 1 somer mat2zhe.d ChmddBuwalsd t he
ammor phous c¢&H atfdeNMR.Fadbda ( haBol st erTeadil o mer
2. §mM3 nor ster em/izs2oome(tP4,, 2EMM4M§J 100), 210 (676),
124 (81), 97 (23), 96 HREODII,AEB 2 1 MNEO)2,C65R 1654 ) ,
found *PMEHRIL O®P AB.

2.4Syon.t heg HHsyy datd-mF t hy | manthyll )2z di ne (

This compound was prepared R2%8Bngxtbapt sames
wit-Qui2nol Rz domodE @l uti on of LiHMDSmnAlhz xmalh e s
added sl owly to aOgsoBmbil ¢noédphmioasipmibomd cO0 0% onat
mL of T®@®Uncdr Oan argon at mosphere.0gA(tdmol P. 5 h
of-g@i nolimiGdlonef THF was added and tA@heixtur
mi xture was diluted with 70 mL of dislt h(ydqg)e.t h
The | ayers were separated, and L£LlRQandr gaei sol &
was removed under reduced pressur2l15 oEipM® vi de
249 (V0,234 (36), 220 (20), 204 10D0),, 9167 § 9(928)
The crude mixture was taken .w@mL iof 200%%LHO®If, |
hydrogenated over 40 mg of 10% Pd/ C at 3 atm
through celite and after removal of the solve
(aq). After dryiCmQg heverol aremytdrwawss rkemoved fro
provide the satlur &thdl@E58 m('BE, 282 e(67) , 238 (11
(11), 208 (48), 106 (47), 152 (30), 138 (100)
up in 10 mL of TH&L aorio |®rdédvgtCdd iwi tThHHF2 and al |

overnight. The mixture was diluted witdl di eth

68



(ag). The organic | ayer wasQasdap a@rheaet esdo,l vdernite dva
to provi@e700adh gy a 3: 1 mi xture of | solmeer s wi
GC retention time and the mass spectrum of th
natur al 21ppr.o dQuocnPd uasda mor phous c¢ &H cmabtfldeSMR:s 0% e @ ;
Table(thapBord st erTadil €£qrea rB)o barsd er em/iZ3dmg1R)0;, EM M
238 (42), 224 (56), 180 (100), 152 (18), 138
HRMS ( ESI )itHehad x4 OF.023 202, *2d ©n dp3 [Idp3H ]
2. 4E¢0raction amdmiogomd @ad 25an Bifmdy dr ogosodes mir
(26) fBomproduct a

The millipedes were extracted wusing MeOH
resuspendwedC/NEDn aln:dl separ at-pdasuesi migghr eper ser ma
chromatogHRpGY. (RiPe mobi |l e pveaCsiden dy@atswi @ hmiOx t1@a
formic acid, using a -PhepamethexedcOmMumpd(dsee
was set to 3 mL/ min witMe CdNED fnoilnl oiwseodc rbayt iac |hion
t o AMELC/N2O  over 29 mi n t o yi el @4 puwumea - hyodroo ¢
hydrogos@@esmi ne (
Hydr ogos ®d)easmoirmeh o(us)3s 3bi ( Me @¥)d;NMR:Tadde; 2. 8. 6
HRMS (ESI )1HcN2@8 f 206 €, *2@8n @D Kbbk]
Ho mly dyrocs 0 d gZ6ma mer phoug7s 6D ¢ Me @A NMR:Tadd e
2. 8. ARMS ( ES1iH:N@al2c 2f20lr6 , C 2@ @n dpA[l @kh]
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2.BBppendi

X

Tabl es

Tabl e NMR8 .Slp.e ¢ tDradfsaw3p p ¥ hidotmocg o s 0o d 255 @i0De MHz ,

DMS @ 0C)

Positlc, t§ Gu(Jd in H2 BC HMB C COSY
1 124.4 5.009, 8
2 61. 3 4.02, 8
3 54 . 02 4.51, 4
4 20. 4z 2.02, 4, 5 3, 5
5 16. 8 1.88, 4, 6
6 27 . 32 3.16, 5 4, 5 5
7 ND b
8 28 . 62 1.24, 1, 2
9 132.¢
10 34.32 2.84, t 12 11
11 27. 1z 2.36, 10 10, 1
12 122.0 5.11, 11
13 130. ¢
14 17. 33 1.56, 12, 1
15 25. 13 1. 64, 12, 1

[fitobt ai ned
peak broadanred

signal s.

indirectly from[(@§BSQ®oandegEHEMBEdE X

n

signals near the tertiary

10¢



Tabl e NMRBp €c t rbasffcanrp yS ySnydinls ® mie.&t §60f0 MdDzM S G ©

C)
Pos i tlc, tl§ h(J i n H2BC HMBC COSY
1 31.4 1.62, 2 2
- A 1.14,
3.00, 1
2 51. 3y 1. 97,
2.95, 4
3 52. 7z 2. 04, 4 2
1. 66, 3
4 20 . 4 1.62. 3, 5
1.78,
5 29 . 62 1. 27, , 6
6 63. 4 1.83, R
1. 78,
7 36. 52 1.80. , 8 6 8
8 35. 14 1.28, 1 7
9 32. 1 1.28,
10 21. 4, 1.29, 12
11 43.7 1.31, 10 10, 1
12 68.2
13 29. 03 1. 06, 11, 1
14 29. 03 1. 06, 11, 1
[obtained indirectly from gHSQC and gHMBC



Tabl e NMRBp 8ct rbastfcamp yS yAmtt hseotmect 8 o f
600 MH-XMS G OC)

Posit U thgldn(J

H2BC HMB C COSY

|
1 28 . 62 1. 71,
1. 42,
2 46 . 8 2. 79, 1
2. 36,
3 52. 8z 2.95, 4 3 4
2.31,
4 19. 9. 1. 71, 3, 5 5 3
1. 66,
5 28. 62 1. 77, 4
1. 36,
6 58. 0, 2. 36, 5
7 3 3. 2 1. 62, 8
1. 46,
8 30. 1, 1. 71, 1 7
9 36. 72 1. 19, 10
10 20. 7> 1. 31, 9, 1
11 43. 6, 1. 32, 10 10, 1
12 6 8. 6,
13 2 8. 63 1. 06, 11, 1
14 2 8. 63 1. 06, 11, 1

[f#kobt ained indirectly from gHSQC and

11C



Tabl e NMRBp elct rbestfcamp yS ySydinls @ tmi@d 9 o f

M¢DzM S G 6C)

(600

COSY ROESY

H2BC HMBC

Ue, thglon(J i

Posi t

45,

31.

O
o<

MmN

32,

51.

—|©
om

MmN

72,

52.

»| O
O(m

|

20 . 4,
23.
30.

64,

5o,

72,

14

14,
14,

11,
11.

15,
30,
31,

36. 1o

10
11

12

10,

45,

20.
4 3.

11,

13

11

12
13
14
15

[@tobt ai

6 8 .
2 8.
28.
ned

06,
06,

93,

93,

and gHMBC

from gHSQC

i ndirectly

111



Tabl e NMRBp &ct rbastfcamp yS yAmtt hseotmect 9 o f

(600 M+EXMS® OC)
Posi Ue, thglgw(J in H2BC HMB C COSs"®
1 1.88, 2
26 . 9 1. 52 2
2 2.91,
48. 32 2. 67, 1 1
3 3.03,
53 . 5 2. 61,
4 1.64,
22 . 4o, 1.39.
5 2 3. 4, 1.60,
6 1.64,
30. 8 1. 32, 5, 7 5
7 56.5, 2. 73, 8
8 1.62,
34. 4, 1. 53 7, 9 14,
9 29. 3, 1. 73,
10 36. 2 1.15, 12
11 21 . 5 1.29, 10, 12
12 43. 3, 1. 34, 11 11, 13,
13 68. 5,
14 2 8. 53 1. 06, 12, 13 8
15 28 . 55, 1. 06, 12, 13 8
[%tobtained indirectly from gHSQC a
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(

Hydr2gosodes mi ne

Tabl e NMRBp &ct r basstfcaNmay ur al

M¢DzM S G 6C)

(600

ROESY

H2BC HMBC

n

e (J i
75,
. 23,

tt §'p
82,

Uc,

Posi

29.

97,
. 88,

5o,

51.

90,
.96,

02,

53.

64,
. 59,

45,

20.
28.

25,
71,
(7,

5o,

6 3.

78,

IO

82,

36.

31.

am3 , 10

1o,

36.

96,
09,

10 24 . 45,

11
12

14

10

124.

130.
17.
25.

[@tobt ai

11,
11,

1s, 57,

13
14

11

from gHSQC

65,
i ndirectly

03,
ned

an

11¢



Tabl e NMRBp &@ct rhesfcaNmy ur a-Hy Ho mg 0 s ®26)€6s0ndi  nhH z(,

DMS & 0C)
Posit Uc, thglin(J i H2BC HMBC COSY ROESY
1 1.59,
31. 62 1.08. 2
2 2. 72,
5%, £ 1.88. 1 3 1, 3
3 2. 70,
55. 4y 1. 92, 4 2 2
4 1.53,
25 . 2y 1. 42 3
5 1.61
23.92,—11.17' 4
6 1. 48,
32. 62 1.10. 7 5
7 61.6, 1.67, 6, 8
8 1.53,
39. 4, 0.80 9,
9 34.9, 1. 24, 1, 8 11
10 36. 42 1.16, 11 1, 8, 11 11
11 24 .5, 1.92, 10, 10, 9, 1110, 12
12 124.4 5. 06, 11 13, 11 11,
13 130. 6
14 17 . 53, 1.54 12, 1 11
15 25 . 45 1.62 121,3, 11,
[%obtained indirectly from gHSQC and gHMBC ex|
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Chapter 3.

Neuromodul ating Al kaloi &ecfreomoMisl | i pede
Carl a Mehagad t33PaWgedBamhet tJKnat han 384 Bri g:
Ant hony 3. SaBwiedanwt i®8auMcBaANMge ek.,> Bappeay H.

Jon®s, Thomas ?Wimli l yaiMeo e r s
l1.Department of Chemistry, Virginia Tech, Bl ac
2.Depart ment of Chemistry & Biochemistry, Un

Wi | mi ngt on, NC 28403
3.Department of Biochemistry, Virginia Tech, E

4 University Libraries, Virginia Tech, Bl ackst

5.Condor Country Consulting, Il nc, Martinez, C,
6. Department of Entomology, Virginia Tech, Bl ¢
7.Department of Chemistry, Virginia Military I
+These authors contributed equally

3.Abstract

Millipedes have | ong been known to produc
including hydrogen cyanide, terpenoid al kal oi
cyanide and oxidized aromatic predubanglmbel bf
terpenoid alkaloid producers have been chemic
shown that alkaloids disorient predators, but
we investigated theae del eb®igwaltskcehenioectyibgemapa oi fc a
elucidated the constitution, absolute configu

terpenoi d al kal oi ds, ter med Il schnocybines, [

11¢



i schnocybines are actively secreted from the
|l i kely common predator. Evaluation of the 1isc
t hat i schnocybi neil4n M)o sasneds s eesfl apcatt)ievneti ((dKOOg af
sigima an orphan neufor eldhepteormo |l eevwairl esi gmgr e s e
al kaloids to be discovered from millipedes i

bi ochemi calnsti &rlceté orse yppepropgderfti es.
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3. Lntroducti on

Millipedes are a diverse class (Diplopoda)
chemical defensive secretions, includifag al ka
These defensive compounds, or their bi osynt he

within repugnatori al gl andd$Batnid hay der orgeelne acsyeall
oxidized aromatic containing secretions have
predation as &either a harmful® Alokkalnoiar degedra
secretions include both quinazolinone and ter
represent a hybr iad obneatwiccesny a e éonxiflg e®gent & e
structural intricacy, the terpenoid al kaloids

compounds and represent the most complex secr

wei ght , contain steueotilohTahesitry )adnedf edchisvV eres eme ¢
unknown; however, it is wunlikely that the ter
|l ack the reactive functionalities. Two previ
al kal oi ds cauisne cdoinsnoorni emrt eed a toor s thus sugges

mechath s m.

Al | known terpenoid alkaloids are produceq
Col obognat-fheae d(i fngn gmisl | i pedes) , whi ch consi st
Polyzoniida, SiphonoclhAyptiodaraondd@irphbaeophoei
si mple monot elppienneense,, shuocwhe vees t hree orders (P
Siphonocryptida) are known toFipgwrdaeic8uraommltd:
seventeen alkaloids have been describefd? with

This explosion in defensive secretion chemist.



rout e. Al l millipede terpenoid alkaloids are
presumably derived from either an amino acid (

appears to arise from vareansomsad ipfoisdat itcers e

oxidation, nitration, and l i gation) . Near |l y
Siphonocryptida millipedes cotmnkadn ahspighodthne
variation in theompombatredfi ttaos boad&hdarov er sd lry,c

defensive secretions characterized from Pl atyc
indolizidine/ quinolliizkea)i ndrucadd,tfg@yoctdesmicone e

| i R }JBoth the goasddbsmbnhei lefensive secretioc

monoterpene, | ikely geranyl-mpywbepkedsphags) amn
membered rings). Finer structurat mdtvensotyoh:
and epoxides) that are |ikely installed after

Al t hough t her e has been a recent resurge

Colobognatha, only about 10% of the described

of these studies have | ed to tHdiedies agv evrey ref
chemical i nvestigations Il stbnddyyebedledleyncda vami ds
Andrognathi dae), a millipede tFiiagturyeesdi.d3di maq
full structur al charactertemapemani df alflkaillroihd sg.!

elucidation of 3li3ddiiguac)enwBzsdbaoesmg!l i shed usin

analysis of 2D NMR, computational experi ment a
derivatizati on. Notably, three of t-heresephoc
(iR), an orpHansreeeppPpdor i s a potential drug

is the first report of a molecular tatffet for

11€



A Siphonophorida I

Siphonophora sp.
Siphonocryptida Hirudicryptus canariensis

) Pinene
? Ischnocybe plicata
] Gosodesmus claremontus
Colobognatha N
I Platydesmida Brachycybe producta Gosodesmine-like

Brachycybe petasata

——| Brachycybe rosea 5@;\1

Polyzonimine-like

— 1 Brachycybe lecontii

I Kiusiozonium okai

I Petaserpes sp. N
Buzonamine-like

I Polyzonium germanicum

Polyzoniida . . NO,
I | Buzonium crassipes
N

Rhinotus purpureus Nitropolyzonimine-like

Figurmi BlL BpedeA)YMhlyl ogpedg phyl ogemeltolrtodmateh f oT
types of compounds produfSegeby rBereacyeregiidl@li2zp e d e
Mar,eket2@BEnavi ¢¢23@BXEX)Pi ctures of diverse Colo

B)l schnocyReBrmlicihyatysdbDBl 2zecomint mjEBrasch gpregd.ect a

3.Results and Discussion

Field observations suggestedpehadeahan sdie
reminiscent of pine oil or citrus, i ndicati ng
extrdct pefocheated in downed woody debris in
monoterpenes and four | arger metabolites tha

di ssimilar to known mill i pgd@&e B35 (, k BOGHiI d38) wi(t h



and 34 F(Qur éFi3gurr.él. 3 PTebi minary chemical der i
extwusaichg hydrogenation, basic B}83ealchsipo,ssarsdk
an oBEranlWcont ai ned a sBIPnIdc bttt yirrme e, a amuwt yr at
an acetate or anothkiegurbarti3gnra.efe.3  AlkdiBitficmmadal y, (
a met hoxi me, sudggeagt) BgAraallkdesioneof( high resol
indicated mol eckaiN@¢.1f oorbnsuel ravs2 dd2f] G HE s N O,
0 .pOp m) 1,52 NA@ (3.2, obser vexdO6[ MOH]2 1628, pA.p9p 18) ,
CobsNQ@B3, observesdo [ MFHRMHsNGMpE gD ML, 2tehd(3E,
obser ved8OMR2H]9 4o Hs @ tpt o MRCI Jur eiFB gidr 2)5.3.T7h els8e
key structur al characteristics did not rese.|
millipedes. Therefore, the pbutatmettabwéer éepur
reverse phase high perforHRln@)e dndyufidl Ic h2 @ mid M
HE, CEaROESY, HSQC )wadeHMBGuired on each met
their pl arfFargugteiFBgtau reda@BTWE7b.14e2Ta2 b8 8§ 3. 8. 11

We Dbegan the structB@&s eltuchdattba sfmptlteées
smal | est mass of the isolatedi: 8t abodi tased T
degrees of unsatur &€& i NMR aspdeatmraimsi svedl edet
deshieldéadn caskcthtédds 2) , t wo adle3f5.ndi cancdar bdé.s3)(,
oxygenat @ialBOcdrnhomc(counting for fHvoN MRe gsrpeeecst roufl
confirnmeewdbsa ittruit ed ol efin wikbh68 bunhghésoprotews
aliphatic singd28t 8matmnhyl27gR2QupsThe | ack of add
NMR spectsued subge rings account for the rem

Analysis of the 2D NMR spect rFa,gupar tdi.ebue alré d
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3lis related to the known 3befensovetendétfabomit]
mi |l |l Bpedai umBCompalilped et ai ned 4 usiemi ltan cycoh ., &
with modificati onfsi guwrankiFe.gdrnimdt e rB nigisng, t he
an epoxide were clearly absent and replaced
ol efin. The @&lie5.i6n5)c epxrhoitboint e(dH HMB&Gb 2064 el &t i «
(¢&i80. 1)-8adBd . &) . Il n addition, ring C had an ad
ge-thi met hyl moi ety. Analyzing HMBC correlatior

attach4ewWB®o0l1)C and the3dp(FeganesB8rdcture of

12

Ischnocybine C (3.4)

Buzonamine (3.5)

Figur®tBudtur ed etoefr otoeervp e o i d alsicalnmicllidp,i ne A

| schnoc®di,nonsec hin 83 wvmidnd sBhaadd ybianengG with th

anal og, b3bgonamine (

CompowB#idseshared a nearly iden3lbbuwal de¢drfleomd
oxidation state at two @Baisndiioatsed Tdare anddietciud r

and an additional degree of32uesatledt hebn pr ohe
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and an additional stronmg2lyl. des hilenlad eyds i sarobfon
confi rémeas Ca ket oge-thiame thhoPtlh® 2t(haend 1. 08) eXx hi l
correl a¥i oCo®» mMpdn n&d r p oa cad iet@iHe@a@d mp a r3d.d TtHioe
NMR spe33trrey eafl ed an additi onkal029i rmgldett hinest ftyle
matched the expected shift for an acetate met
by an additionalicld@sb)elided hearHMBnC,( and by &
(correspondingsCQp tmethermoi i £H GCGMS raenl aaltyi soir
bet weGem®d HO1)-1&8wMH7 €. 6) further support-6d assigr

Thoutglhe most BLS4smillar coomwt ai ned the same
mol ecul ar 34(ogHaNIQ@)a ifncrl uded 2Hswhialddi ali ®@atc o€t ai n
degree of wumB8atBiasaedad omn tthhhat| GQEMS da ntaley soilse,f i n
2/-& and contained two blft ysrpaetceBsttuonC cohhdpla3Bi ®dn o
confirmed thi3®) actkedspeéetfrinuwmmcofsi gnals and had
with @&a¢?@r 9 and 17 2y.e4hi mepdhtyhosset shafted HMBC c
C6uUu(76.5), from which one ®Buths8Q@CeamwdsC@bYadat
the origin of thei@®cd@Nd BMBYGrao#®r alb@tGHo nsh é r
ester carbonyls facilitated the placement of t
f or i schhQ caynbdi niessc Iffni ogcuyrbei n3o. nde

Rel ati ve coB8Ti33gmwerraet ieosntsabdfi shed through a
NMR experi ment%hasanBEL TYAS5RMuncti onal Theory (
compodd,ndchemi cal shift predictions were carri e
4S S Ryielded the DBE&said KRMSIDt svy,al wiesh of 2.3 ppnm

respectivel y. Based on a | ack o4, -8a8dpa#@dntH RC
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mpari sSons-opdtoi ngezoende t Zityr uacntdu r celse nuo fc a | shift p
termidlleddt hatel ati vB*80R*fTableaBnit@dbl@df).348. 13
mpowBRasnd83wer e sidIbasredt oon observed ROEs al
edictions, and were asXRNE@GBrBtantd*eB*IBERat i ve
s pe (TtaibM eeliBa Bl. el ¥3 . 8. 17

Anal ys3dsvasf not straightforward, gi3.en t he
nf ormational sear ch&4r gliat3lidssd uttbat omaddedet Lt
positions 2 and 3. For sever al possible st
sTlhbs e iMBaBl.el BB o8t BiHatsélgyn,al s were relatively
solved, all owldmags dddrc ampfpild wraati idom edinsth g sé d .

| arge coupling constanmnt ado®a xlla.l6 rFEzigautrpenindstibi Iy

e small coupl i g amd@dn L ant Hb pt v6e g gse sétgeuda ttohraita
me hol d-3 & mw8d €Hf. ®&r HEB) | swhe kel equatorial. A
the ROESY cor2elTHt add siHdbteweeomn rdl|-af-BBns be
d9 Hare highly indicati v3(Foifgutrhee 3B.Nesal torcoal
re extremely hel pful for comparison wi t h
nformational searches. Overall, these data

signment of the 3dadRE4B*REBEL® nf i guration of

12¢



\\K/(JH o7 2.7 Hz

3 amg: 3.5 Hz

| ( 7 3yams: 11.6 Hz
Ischnocybme B (3.3) N

— VN VN
COSY HMBC ROESY Ischnocybine C (3.4)

Figurkkey. 3D NMR @&woaoueplaitngncsonst ant s

Absol ute conf i guBH34wenr ea scsoingdnuntetnetds uosfi ng a
Mos her esterification, el ectr areipendentul(ard) d
calculations. Fortuitousl!l y, 31436a rgaulr eifiBlglair ggr3a m:
3.7, T4Bl e )BeBe 2@bt ained during purification of
and a portion of this mat &Fiaald9-Ufrees h-@xy i vat
trifluoromethyl phéApbhbygei scobcitdhe( BMHPAR) . ded an
the derivatized produkd s bH-2 ddinf o ud @B i (dHwWrAE p3F.o& o
confirmed an absd utlRusonhdgoabitngnaHBR®Asol ut
31(Fi gur e) .3 .Be3é@Baslel possess simil a3l:-2s.p62:i fic r
3.33:4.67), and contain the same relative conf
to have the same absolute confi gurR Raonn. Thi
AR B I Bf or comBpan3dBdsrespecti v3déyhi Bompduadposi ti
rotation value, so we used a different appr oac

of comPpowasl hydrolyzed with sodium hydroxide
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Ssubsequent | y-brtammahterdz owilt -dci dearhniydeamamadpfri di ne
di bromobenz3Yy FpuBgudidTédée purified derivative
Cotton effect, indicati nSgR 3 & Sadb s dllhu tse waan ffiu
confir med -DiFhTr opurgend iTcd i on84, ot whECD dasa WHospl ay

CottonFiedomeet3 . (6

MPTA-CI

TEA, DMAP, DCM

+0.09

(S)-MTPA (3.7)
(R)-MTPA (3.8)

=]
@)

o Br 1.5
oY L
Br % Hu

W g
Dibromobenzoyl-4 (3.9)

Exp. ECD
—— TDDFT ECD

Millidegrees (mdeg)
o
o

220 230 240 250 260 270 280
Wavelength (nm)

Figur &t2reochémichimrok ydmadegFOd @aé c o hdLI(B86)0of f or mi ng
Mo s her 3tasn3B)rgedral BISSKE § 8 Sconfiguration of the ¢

derivative36989@¥dpelrymedDEPranddciTBd 3BDCD dat a

Based on isol at edamngiunanlt i dlx.tergalcfihresa moaywhhonloec y b |
are produced in significant guantities, wi t h
approxi mgebyed0h8s23uggests these metabolite
role for the millipedes. Previous work has sh
polyzoni3mi nel amgl with the monoterpenes serve t
ants and spiders, l'i kel y-8Thtat as @ér tpaiend awlo e tsh e

secretlihopgomtasianed the i schnocybines, the sec

12¢



and analyzed via LCMS334Wwerge ddtuedtasmd ewi tolf al

metabol it é&s gobrgeBVyadad addi ti on, during the Oct.

millipedes were collected, their body | engths
by LCMS. Al e3dit3.4,a cetvse nc otnhtea ijnuevde ni | es whi ch we
(Tabl e )3. 8Pe2adk 3. HB4emlsotdfed against millipede I

relationship between si z€&i gunB® ad emBdidhvwer,eof tF
evaluatdaphagaiogeamiteeacoampl dxs (wamnamwt alndsal, t o s
Virginia, to determine if t heBieguariGk a3 8t def lay
approxi mately ten ants were placed in a petri
met hanol was subsequently placed in the middl

t he met hadiodc iINmxrntegmated with the ischnocybir

ant 0s behavior was moni tored for 20 mi n. Du
i mpregnated disc, staying on the oppaonstist et hsaitd
approached the i mpregnated disc stopped movin
their antennae, suggesting a potenti al neur ol

12¢



A 4x10
. (34)
= 3x10 m 3.1)
L; 2x10" \ .
o ) ‘ (3.2) 33
= 1x107 /k 3-5)
: i
T T T T
0 7 8 9 10 11 12
Time (min)
B ix105 C
8x 10" e -5 -
2]
g . ] \\
< 6x107 3
S
m

410

6
2x104

(IR B2 gl
0.0 0.5 1.0 1.5 2.0
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Figurkes8himocyEBEeobbAdlghaet abase peak ¢ hrlamaptloigeraatna
secretions that were captured by the capill ar
(31i34) (B)he relative abundancwei tohf nelaechhg.paBfdkéal oi d
070*82R2= 8* B33 R2= O0**6F4R= 0**7*9, (***) ap@d€) 0. 001
Predat ompapaesrs adyi sc | mpr e g3ilid4)e dd ewietrhr eadl ktahleo iadnst s
themselves in the opposite diretteandnpngTwo @Rlat

in close contact with the paper disc.

To probe t h3dlB34anpeowearsi screened in a rang:
binding assays through the Psychoactive Drug
The i schb&y bweee (irst seM eaegiaeidn sbtr 0523d | nye uvarto rl
pri marsyaiygrAea nBli gur e) .3.SecbadOndary radioligand bi
t henhi bitonr owenrset &amtnd(ukkt ed when the primary as
(Tabl e a3nldab?Bd)3. LomPloiaBrand8#dwer e only found to h

< M)e and selective mRAAbhegFi&FWRrBNi 3 ¥8 ¢ lomo a yhkei |



exhibited the highest Rf Wi ndft4nIMdEnd ng edlect i nigt
1d ol d mor e al3tiKvBn M)h ahi #BBdt Nb) , afnal d Oror e poten
32( KL8(h M) . ComBp 83 ndssaal | possesdod dnesarlfeg ta via
ovéRF{gumDeanB)..8 Surprisingly, si m@l|l 82daedaddist itoon ac
nearly complete | 0ss33f aadt iBW)t tyfruvan detuit(o n dlei tayc e
tolerated. This suggests that steric hindranc
CompoB6was scredifiddanadf twas only a¥RalowaRred ag.

| nt er e3Wwaegbyfeal d5l0esS8l&@cguve) Bha@anb1
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