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Abstract

The Total Synthesis of Cycloprodigiosin and Synthetic Ef@oward the Pentacyclic Ambiguine
Class of Natural Products

by
Rebecca Elizabeth Johnson
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Richmond Sarpong, Chair

The synthesis and absolute stereochemical determinatioyctoprodigiosin has been com-
pleted. Chapter 1 discusses the historical, synthetic,bémldgical background of prodiginine
natural products, specifically of prodigiosin and cyclapgiosin. Chapter 2 details our synthetic
attempts for the synthesis of cycloprodigiosin and thetetna used to determine the absolute
stereochemistry at the C4’ position of this prodiginine. eTdyntheses of both enantiomers of
cycloprodigiosin were completed in an efficient five stepusgge utilizing a Barton-Schollkopf-
Zard pyrrole synthesis. Cycloprodigiosin was isolatedrfiits parent bacterial sourcBseudoal-
teromonas rubra, by Tristan de Rond in a collaboration with the Keasling gratt UC Berkeley.
The natural isolate was determined to exist as a scalemituireiin a ratio of 83:17R):(S) at C4".
The enzyme responsible for the final oxidative cyclizatigarg from prodigiosin to cycloprodi-
giosin was identified as the alkylglycerol monooxygenalse¢nzyme PRUB680.

The second topic of this thesis details the first total sysithef ambiguine P in 19 steps from
(S-carvone. The isolation, biosynthentic, and synthetickiggound of the ambiguine family of
natural products is discussed in Chapter 3. The challerggecimted with the synthesis of penta-
cyclic ambiguines are described in Chapter 4 and focus offotingation of the pentacyclic core
in addition to the installation of the C12 quaternary cenfére P! generation synthetic approach
to access the ambiguine pentacyclic core involves aykeyolate cross-coupling reaction to form
the tetracyclic precursor. The intermediates in this apginavere synthesized from indole a@H(
carvone using an intermolecular Nicholas alkylation. Theg2neration synthetic route to access
the key pentacyclic core involves an intramolecular Niesalkylation at C2 of indole, followed
by Friedel-Crafts cyclization at C4 to successfully geteethe pentacylic core.

Chapter 5 describes the completion of ambiguine P; mantegies were explored to install
the C12 quaternary center, and eventually a directed C—@ bamstruction utilizing formates was
found that successfully formed the C—C bond on the deswéate. The requisite vinyl group at
C12 and the amide functionality at C11 were installed usimgnéerrupted Peterson olefination
strategy. Attempts are described to access ambiguine L tinese late-stage intermediates using
benzylic oxidation and hydration methodologies.
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Chapter 1

Chapter 1 : Background to the Tripyrrole
Natural Products Prodigiosin and
Cycloprodigiosin

1.1 History of the Prodiginine Family of Natural Products

The prodiginines are a family of natural products charaerby their unique highly conju-
gated tripyrrolic core typified by the members shown in Fegglrl. These molecules exist as either
linear congeners as in undecylprodigiosinly, and prodigiosinX.2) or as cyclized structures such
as streptorubin B1(.3), metacycloprodigiosinl(.4), cycloprodigiosin {.5), and nonylprodigiosin
(1.6). This family of natural products has captivated the chémisommunity because of their
unique bioactivities, unusual biosynthesis, and the isgve total syntheses that have been de-
veloped for their preparatiott® In addition, their highly conjugated core leads to a capitip
blood-red or pink hue. Such a recognizable appearance s tliiese molecules a place in his-
tory that can be traced back to Alexander the Great’s Siedgrefin 322 B.C3

Reviews have been published on the prodiginines in the éastiecades that have communi-
cated these historical accounts stemming from the B.C?&fhe rich historical background of
the prodiginines largely has to do with their native baetesource (i.e.StreptomyceandSerratia
genera), which also happens to thrive on bread and othesfddtere have been many reports of
"bleeding” bread in history and although these stories havé&een proven to be a direct result of
prodiginines, there are few other molecules that when predunaturally, appear blood red (Fig-
ure 1.2). One of the most popular stories goes back to the bifore the Siege of Tyre in 322
B.C. when Macedonian soldiers observed "bleeding” breddrdaarpreted this as a good omen for
the battle about to ensue. The Macedonian army proceedeshtjuer the city of Tyre in a brutal
and bloody fashion.

Prodiginines make another appearance in history, in theegion of the festival of the Corpus
Christi in 1263. The story begins with a German priest whajigadoubts about the idea of
transubstantiation, observed "blood" dripping from hismoounion wafer (Figure 1.3b). Such an
event erased all doubt from his mind and the occurrence wasnemnorated as "The Miracle of
Bolsena." To celebrate this historical event, the Italiamfer and architect, Raphael, illustrated
the moment in his fresco-style painting completed in the yiéd 4 (Figure 1.3b). Pope Urban



metacycloprodigiosin

14
OMe
prodigiosin cycloprodigiosin nonylprodigiosin
1.2 1.7 1.6

Figure 1.1: Selected members of the prodigiosin family of natural pasiu

IV also recognized the significance of the priest’'s expexeand initiated the festival of Corpus
Christi in celebration of such a reconstitution of faith.

The alleged impact that these molecules have had on histdmeathtaking and is a beautiful
example of how chemistry weaves its threads into world celtiDespite having a deep-seated
impact on history, the existence of the prodiginine prodgdacteria was not acknowledged until
a group of scientists dispelled rumors of witchcraft beiegponsible for "bleeding” food in a
village near Padova in the year 1819. If it was not for the wofkPietro Melo (a botanist),
Bartolomeo Bizio (a pharmacist), and Vincento Sette (a jgleys), who identified the "bleeding”
as a biological entity originally assumed to be a fungus stnall village would have erupted in
witchcraft hysteria. Later, the blood-red "fungus” wasitiieed as a bacterium and given the name
"Serratia marcesceriswhich has continued to be used to the present day.

Figure 1.2: Agar plate containingerratia marcescenshe strain of bacteria that produces prodi-
giosin (1.2).



Figure 1.3: a. Bread hosting the growth &erratia marcescens. "The Miracle of Bolsena" by
Raphael (1512), Fresco, Apostolic Palace, Vatican City.

The pathogenic nature of the bacterial str@grratia marcescensas largely assumed to be
non-existent until the early 1950’s when it was typical foe tbacteria to be used in classroom
demonstrations. The infectious characteGefratia marcescensecame of greater importance to
the community after the fatal consequence of the covertanylioperation known as "Operation
Sea Spray." Taking place in the San Francisco Bay Area dtim@old War era, the U.S. military
made the decision to us® marcescenas an experimental bacterial substitute for the bacteria
known to cause the disease tularemia, already being wesgabat the time. On September 26th
and 27th 1950, the U.S navy released balloons contaffingarcescenisito the air a couple of
miles off the coast of San Francisco. The navy purposefuligtthe balloons over the Bay Area,
exposing the population to the previously assumed innaceBewratia marcescendHowever, as
a result of this incidentS. marcescens now known to cause serious urinary and respiratory
tract infections. The repercussions were realized where tivas a rise of infection in the local
population leading to the death of Edward J. Nevin who, adahe time of this bacterial release,
suffered from a fatal urinary tract infection. Remarkalthe details of this operation were not
made public until 1976 after which there was much backlasmfcitizens including a lawsuit
against the federal government undertaken by Nevin's fafnil

1.2 Total Syntheses of Prodigiosin and Structural Confirmabn

It wasn’t until 1962, 12 years after Operation Sea Spray whenmolecule responsible for
the characteristic blood-red color 8erratia marcescenwas identified. Speculation as to the
tripyrrolic core of the natural product prodigiosin had beeade in 1933 by Wrede and Rothhaas
with proposed structurek 2, 1.8, and1.9.° There were many conflicting reports of spectroscopic
data that supported more than one structure, which led tprily@osal of the pyridyl-containing
structurel.10by Treihe and Galler in 1958In 1959, through NMR, UV, and degradation anal-
yses, Wasserman ruled out structute® 1.9, and1.10.’ The favored structure at this time was
1.2, however, as shown in Scheme 1.1, the location of the methmyp was still in question. It
was just four years later in 1962 when a total synthesis byoRa and Willson of prodigiosin
confirmed the structure of prodigisoin A.8°

In this case, Rapoport narrowed the synthesis down to twayhbisle precursors (Scheme 1.2,
1.14and1.15. Since pyrrolel.16was a known compound,15was synthesized first (Scheme 1.2a).
Starting with 4-substituted methoxy pyrralel6 condensation with 1-pyrroline in methanol led

3



OMe

12 18 19 1.10

| | proposed by Treibe and
Galler in 1958

proposed structures by Wrede and Rothhaas in 1933

Figure 1.4: Structural isomers that were proposed for the natural grigghodigiosin (.2) before
the structure was confirmed in 196218

Me

Wasserman's proposal for the

structure of prodigiosin in 1959 / \
Me MeO Me N
\ L N\
N * |’\>_/ - N\ ,‘OMe
N
| Me /== H H.0
H N\ NH HN A\
=

111 1.12
1.13

Scheme 1.1Wasserman proposed two possible congeners for the steuaftprodigiosin ad..13
The group set out to synthesize both congeners of the bapyintermediatel(.12)

to C2, C4, C5-substituted pyrrolel7in 81% yield. Heatindl.17in xylenes in the presence of
Pd/C led to dehydrogenation of the pyrrolidine scaffoldeyating a bispyrrole, which was then
subjected to standard McFayden-Stevens conditions to feenaldehydeX.14) from the corre-
sponding tosyl hydrazone. Treatment of the hydrazone witiusn carbonate at high temperatures
generated Rapoport’s desired methoxy-substituted atteehy 4in low yield over the three steps.
Unfortunately, the UV spectrum df.14did not match that of an authentic sample fr@arratia
marcescensand as a result, the focus was shifted to the synthesis ajtties methoxy pyrrole
congener1.18. This intermediatel(.18), however, proved to be more challenging to synthesize.

The synthesis of.18began with the addition of sodium amidel9into the Michael acceptor
1.20utilizing sodium sand (Scheme 1.2b) leading to a pyrrolermediate which was assumed
to bel.21 Submitting this crude reaction mixture to methylation ditions using diazomethane
generated three congeners identified as desired pyirdBand undesired pyrroles23andl1.24
in a 12:1:15 ratio. The synthesis of the 5-methoxy substitytyrrole (.24 was rationalized to
result from carbanion addition of amidel9into alkenel.20as opposed to the desired nitrogen
nucleophilic attack.

Nevertheless, desired pyrrole22 was purified using alumina column chromatography and
subsequently selectively saponified and decarboxylategmerate 2, 3-substituted pyrrdlel5
in 42% vyield over the two steps. The desired bispyrrole alden1.18 was produced in 10%



yield over a four-step sequence identical to the synthdslsemlternative congenér14 The UV
spectrum ofL.18matched that of the authentic sample, confirming the stras bispyrrold..18

A. 1. Pd/C, xylenes
MeO Q MeO, 2. hydrlazine then MeQ
TsCl, pyr
m—COZMe — N 5 I\ kel AN N Y °
N N~ COMe N
N MeOH N 3.Na,COs, 170°C N _
81% NH NH UV spectrum not consistent
1.16 1.17 13% over 3 steps 114 with authentic sample
B CO,Et
EtO. 2 OH OMe OMe
OH EtO,C EtO,C EtO,C EtO,C
1.20 Na sand N\ CH2N2 N\ A\ A\
EtOZC\N o ® — |l COEt — "~ 5 | COLEt + | CO,Et + | CO,Et
k Na xylenes/PhH ” MeOH/Et,0 H I\N/Ie MeO Me
0, 0,
119 COGE! 30% 1.21 a4% 1.22 1.23 1.24
) desired from carbanion
OMe addition of 1.19
OMe 1. H,SO, OMe 0
EtO,C 2.200 °C | Y,
| A\ co.et —> || A\ COEt N characterization matches
N 2 42% over N 2 _— /X H authentic sample
o 0
H 2 steps 10% over 4 steps \\__NH

1.25 115 1.18

Scheme 1.2The first synthesis of prodigiosii ) by Rapoport and Holden in 1962A. Synthe-
sis of the proposed bispyrrole condensation parthekd B. Synthesis of the correct bispyrrole
condensation precurs@rl8

With condensation precursdr18in hand, the Rapoport group investigated the construction
of the pyrrole C-ring of prodigiosin that had been previgudentified as 2-methyl, 3-amyl pyr-
role 1.11through degradation and synthesis studies performed by&\aad Rothhaa¥. For the
synthesis of pyrrolé.11, a slightly modified procedure from that of Wrede and Rotlshaas em-
ployed beginning with the oxamination of ketoh@6to yield oximel.27(Scheme 1.3). Following
condensation with oxaloacetate, cyclization to the pgrg#nerated the desired 2-methyl-3-amyl
pyrrole 1.11 The condensation df.11and1.18had already been established previolsigd in
this way, prodigiosin was formed upon treatment with metiiarHCI in 55% yield. Rapoport
and Holden’s synthesis represents the first total syntleégisodigiosin and also confirmed prodi-
giosin’s structure as the tripyrrollic systeh?.

/\/\)OI\/
1.26 1. reduction
2. condensation Me
with oxaloacetate
o) 3. KOH, heat
—_—
N Me
—>
N
1.27 NOH H
1.11

1.2

Scheme 1.3:The first synthesis of prodigiosin by Rapoport and Holdenm@letion of prodi-
giosinl1.2through an acid-mediated condensation between pyirdtkeand bispyrrolel.18



There was continued interest in the synthesis of prodigitbsbugh the late 20th century where
new methodologies for generating key bispyrrole interratdl.18 were still being developed.
One of these syntheses was carried out by Boger and Pate8'19

In the Boger synthesis, a tetrazine inverse-demand cyditbad was the first key reaction used
to form the B-ring pyrrole present ih 18(Scheme 1.4). A cycloaddition between bis-methylester
tetrazinel.28and electron-rich alkeng.29formed the corresponding 1,2-diazerde3Q) in high
yield. A reductive ring-contraction was then performedngszinc and acetic acid to generate
the pyrrole species which was immediately saponified setdgtat C5 to generate the corre-
sponding carboxylic acid1(31). Boger argued that the C5 ester is less electron-rich armé mo
sterically available for nucleophilic attack by hydroxideion compared to the C2 ester moiety.
lodinative decarboxylation of.31 generated bis-iodo pyrrole.32in high yield and subjecting
1.32to hydrogenation conditions using Pd/C ang éfficiently reduced the bis-iodo species to
3-methoxypyrrole-2-carboxylate 15

Boger and Patel also envisioned forming the requisite C5y&tle linkage through a palla-
dium catalyzed C—H functionalization reactidh33to 1.18. With this idea in mind, the sodium
salt of methoxy pyrroledl.15was added to a solution of acid chloride84 which generated the
carbonyldipyrrole compountl.33 The authors went on to screen a wide variety of coupling con-
ditions using both Pd(OAg)and polymer-supported Pd(OA@nd found that polymer-supported
Pd(OAc) in AcOH at 80 °C for 12 h provided excellent conversion to tkeeited coupled pyrrole
1.35in 96% yield. A straightforward methanolysisbf35provided access to the intermediat86
which they carried forward t@.18using the same methods as described previously by Rapoport
et. al®

1. Zn°, AcOH

¢O-Me COMe 5 |ioH, OMe
OMe  THF/MeOH/H,0
N N . l}l/ I 2 | \ CO y
Naw N dioxane N 62% cs 2Me
\r MeO” “OMe 94% Ho,c” N
CO,Me CO,Me 131
1.28 1.29 1.30
OMe —
Nal, I, | OMe @NCOZCI
NaHCOj3 A\ 5% Pd/C, H 1.34
l N CoMe__ " [[ D—come o
DCEH,0 " H K2CO3, MeOH H NaH, THF
89% 96% 89%
OMe MeO
\\—CO,Me COzMe
Pd(OAc),
c2 N>= AcOH LIOMe | B CO,Me
o
C5o—N 80 °C, 12h MeOH N
@ ) 96% 88% \ NH
7 1.36
1.33 takenonto 1.18 inthe

same way as Rapoport
et. al.

Scheme 1.4:The synthesis of bispyrrole intermedidtel 8 by Patel and Boger in 1987. A key
inverse-demand cycloaddition using tetrazin28and dienophilel.29was employed to form the

B-ring pyrrole. A Pd-catalyzed coupling reaction was emgpbbto stitch together the A and B-ring
pyrroles.



1.3 Total Syntheses of Cycloprodigiosin and Structural Cofir-
mation

In the early 1980's, a cyclic variety of prodigiosin had alseen isolated from the marine
bacterial speciealteromonas rubraandBeneckea gazogenddowever, the structure of this com-
pound was not firmly established until Wasserman and Fukay&ported the first total synthesis
in 198412 In 1979 Gerber and Gauthier originally mis-characterizéxtwas eventually known
as cycloprodigiosin as the 5-membered ring-annulated comgl.37 due to the presence of an
aliphatic impurity in the proton NMR spectrutd.Once cycloprodigiosin had been reassigned to
the 6-membered ring-annulated congeh@8by Laatsch and Thompson in 1988Wasserman
and Fukuyama completed the first total synthesis of raceyaioprodigiosinl.7.

proposed in 1979 confirmed in 1983
by Gerber and Gauthier by Wasserman and Fukuyama
1.37 1.7

Figure 1.5: The structure originally proposed in 1979 by Gerber and Kautfor the natural
product cycloprodigiosin due to an aliphatic impurity gmesin thetH NMR spectrum. The cor-
rect structure for cycloprodigiosin .38 confirmed through total synthesis by Wasserman and
Fukuyama in 1984.

In Wasserman'’s synthesis, the annulated pyrrole C-ri8 Scheme 1.5) and bispyrralel8
are constructed separately. While the synthesik.b8was already well-established, C-ring pyr-
role 1.40 was not a known compound. The synthesisl89 commenced with condensation
of methylcyclohexanoné.41and aryl hydrazide, yielding hydrazolde42 A Shapiro reaction
was employed usingecbutyllithium and quenching with dimethylformamide to geatex, [3-
unsaturated aldehydke43 A formyl group at thep-position of this unsaturated aldehyde was
installed using the conjugate addition of the lithium sdli.@gl4to form adductl.45 Conversion
to the corresponding aldehydk 46 proceeded smoothly and in high yield. Wasserman planned a
final condensation of bisaldehyded6with ammonium carbonate in order to generate the desired
annulated pyrrole C-ringl(39. This final condensation worked well to gite39and upon acid-
mediated condensation with knowril8 racemic cycloprodigiosin was produced in an unspecified
yield. Through NMR comparison, Wasserman confirmed thecgtra of cycloprodigiosin as the
6-membered ring annulated pyrrole congerieb)( While Wasserman did indeed complete the
first racemic total synthesis of cycloprodigiosin, the dbtostereochemistry at C4 was still unde-
termined.

Surprisingly, it took another 40 years until the first enasdilective route to cycloprodigiosin
was reported by the Sarpong group in 203 Sarpong’s synthesis featured a Rh-catalyzed pyrrole
annulation strategy to generate the enantiopure C-ringlopoodigiosin (Scheme 1.6).
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SO2Ar MeS. _SMe

‘N 5" Y 1.44
I SBuLi Me
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Ar = 2,4,6-triisopropylbenzene
O, H
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MeCN/HzO 110 °C DMF/H ,0
85%
1.45 ’ 63% 1.39

acid-mediated condensation

MeO.

| > |
Ox N N
H H
1.18 _
EtOH/HCI

Scheme 1.5The first synthesis of cycloprodigiosin7 by Wasserman and Fukuyama in 1984.

The first step in this synthesis involved an enantioseledlkylation reaction using the chiral
pseudoephedrine derivatiie48 Alkylation proceeded in high yield using alkyl iodide49 as
the electrophile to generate enantiopure intermedi&@ With the desired chiral methyl-bearing
stereocenter in place, the remainder of the synthesiséooms incorporating the allene and alkyne
units required for a Rh-catalyzed pyrrole annulation rieact

The synthesis proceeded with reductive removal of the khirailiary using NH-BH3 and
LDA, followed by oxidation of the primary hydroxyl to furrisaldehydel.51 Following alkyny-
lation using TMS diazomethane to generate compdubg a five-step protocol was performed in
high yield (68% over five steps) to accdsS3 This five-step procedure began with deprotection of
the alcohol group using TBAF followed by silylation at thenténal alkyne position using TMSCI
andn-butyl lithium. Oxidation of the primary hydroxyl using DMfarnished the corresponding
aldehyde, which, upon addition of lithiated propyne in afhghion and final deprotection of the
alkyne, provided bisalkyn&.53

With the alkyne unit successfully installed, the allenectiomality was incorporated using a
Myers allene synthesis involving NBSH, PPand DEAD, to produce the chiral allene compound
1.5416 At this point in the synthesis, a one-pot two-componentggrannulation could be ef-
fected. First, the corresponding triazolelob4was formedn situthrough reaction with CuTc and
tosyl azide. With the addition of the Rh(ll) catalyst (Rtct),) and heating to 140 °C in the mi-
crowave, the desired tosylated pyrraleg5 was isolated in moderate yield. Pyrrole precurkéb
was deprotected using LAH and then immediately subjectednalensation with Boc-protected
bispyrrole1.56' forming the enantiopure natural product cycloprodigidsBiin 71% yield over
the two steps.



While this sequence is quite long to access annulated gy@aing1.55 the Rh(ll) method-
ology is broadly applicable and provides access to a widetyaof novel pyrrole derivatives in
moderate to good yields.

l/\/\OTBDPS enantll\;rdet%rmmlng alkylation
e j\/ 1.49 ye
: Me ) :
N LiCl, LDA NJJ\?/\/\OTBDPS
Me > Me
Me THE Me Me
1.48 —78°Cto0°C 1.50

1. NH3-BHg, LDA, 87%

0
THF, 0 °C J TMSCH,N, .
i
2 DMP.DEM W OTBDPS P > \\(\/\OTBDPS
Me
1.52

Me

97% THF
151 _78°Ctort
44%
1. TBAF, THF Myers allene synthesis
IR I R S
4. propyne, "BuLi, THF Me Me  THF, —78°Ctort Me Ve
5. TBAF. THF 153 34% 1.54

68% over 5 steps

key Rh-catalyzed cyclization

CuTc (1 mol%) 1. LAH, diglyme, THF
TsNg, CHCl3 Me 2.1[\.]5360HM(;|’ MeOH,;

> /\ -
then Rhy(oct)4 (0.4%) Me 71% over 2 steps

140 °C,4 r:;/crowave Ts OMe
(]
1.55 | > |
N NTN\=0
Boc H
1.56

Scheme 1.6:Synthesis of cycloprodigiosih.7 by Sarpong and Schultz in 2013 featuring a Rh-
catalayzed pyrrole annulation to form the 3, 4-substitpigdole condensation precursbi39

1.4 Biosynthesis of Prodigiosin Natural Products and TheiBio-
logical Activity

The biosynthesis of the A and B-rings (se&8 Scheme 1.7) for all four classes of the prodig-
inines begins from the same components. That is, the bpytrl8foundation is derived from
amino acids sering.58and prolinel.59 Interestingly, the methoxy group is derived from methio-
nine (1.60 through a final methylation of norbispyrrole61 The synthesis of the C-ring pyrrole
is the defining feature for each family member where the firadleyl chain is derived from ac-
etate building blocks. Upon non-enzymatic condensatia@fA/B-ring portion with the C-ring
pyrrole to yieldl.l, a late-stage enzyme-catalyzed oxidative cyclizatiomeigebelieved to ensue
from the linear precursor generating cyclized prodigisihe

It has been established that the cyclization event for &irapin B (1.62 is catalyzed by
Rieske-oxygenase RedG while the cyclization to metacyoltigiosin (L.4) is catalyzed by McpG,
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an enzyme also characterized from the same Rieske-oxygéragdy. RedG was identified from
the Red gene cluster of the bacterial str@ircoelicolorby Challis and coworkers in 2011. In the
same paper, Challis identified the McpG gene cluster f&rtongispororubewhich is homolo-
gous to the RedG gene sequente.

o}
OH
M e /° Ho,c _H
Me o
acetate E— N 173 — 1.58 1.59
+ H 161 B serine proline
~ HN Y\ oL R=H 0
HaN COzH 1.65 ~ 1.60
1.63 methionine S
: 1.18 R=Me --— Me OH
glycine NH,
1.60

RedG OMe McpG

streptorubin B undecylprodigiosin metacycloprodigiosin
1.62 11 1.4

Scheme 1.7The components of the biosythesis of undecylprodigiosgl@sdated through feed-
ing studies, and genome sequencingotoelicolorandS. longispororuber

Besides their blood-red appearance, perhaps the mosti@gptalperty of the prodigiosin fam-
ily of molecules is their wide-ranging biological actiws including immunosuppress&hand
antiparasitic activity’® The focus, however, has largely been shifted towards théityato induce
apoptosis in cancer cells as a result of the popular prosiigilike experimental anticancer agent
Obatoclax® {.66).2* This anticancer agent was advanced to Phase Il clinicbtin 2012 but
was soon after withdrawn by the sponsoring company CepHalaguired by Teva Pharmaceuti-
cals)??23

It was originally established that Obatoclax® induces apsig through inhibition of the Bcl-2
family of proteins. However, its anticancer potency is mbgfher than that of molecules that are
known to only inhibit Bcl-2 proteins, suggesting other m@déaction are at hantf.Indeed, in ad-
dition to Bcl-2 protein inhibition, prodigiosin naturalgaucts and analogues have been proposed
to induce apoptosis through two other major pathways inofyidouble-stranded DNA (dsDNA)
cleavage and chloride anion transport.

Apoptosis is controlled by the Bcl-2 and Bax families of gios and for this reason their in-
teractions have been studied extensively. The Bcl-2 faofilyroteins are anti-apoptotic proteins
while the Bax family of proteins are pro-apoptotic proteihat induce apoptosis through dimer-
ization at the mitochondrial membrane (Figure £Z6Y.he Bcl-2 family of proteins bind to Bax
proteins and prevents their dimerization, which subsetiypalso halts apoptosis. Molecules in the
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prodigiosin family are small-molecule inhibitors (SMI)ahbind to and inhibit the anti-apoptotic
set of Bcl-2 proteins, allowing the Bax pro-apoptotic pnaggo dimerize and initiate the apoptotic
pathway as illustrated in Figure 1.6. This overall pathwag heen assumed to contribute to the
anticancer activity exhibited by prodiginine natural puots and their analogues.

Cancerous cell caused by
overexpression of Bcl-2 family member, Mcl-1 Cancerous cell treated with a SMI

> 2 G b - Me
y b N . = 2 iy
VN N\ @ i AN /Y
g e V { = % N MeXy
& + E
/ /f’ Mel-1 Y ,/’ © Mel-1 \\:‘-\.‘ H \ OMe
/i W )
(“. ‘f‘ " \\1 .“‘ /f{# l; : \\'\\ N \ ’
f \;-g/ ] | cytochrome ¢ ‘9—‘\“:2 ‘\
‘ ot | release * @ ' HN
! y et * ‘ \

- @ @ Mitochondria
@

£
|
l r‘
1} APAF-1/Procas, pase 9 4
2| Caspase 3

Apoptosis

1.66
Obatoclax®

Figure 1.6: The proposed mechanism for apoptosis through Mcl-1 probelmbition by
prodigiosin-like molecules. The anticancer activity éited by ObatoclaxXi.66is likely due to
inhibition of the related Bcl-1 protein target (graphic ptisd from Weinberg et. al¥>

Prodiginine anticancer activity is also presumed to afigseugh dsDNA cleavage initiation.
There are two proposed theories for how the prodigiosinscefisDNA cleavage. The first is
through DNA intercalation followed by topoisomerase I/Bigoning?® The second is through
oxidative cleavage by production of hydrogen peroxide faxygen, which was found to be pro-
duced by prodigiosin Cu(ll) compleix67(Scheme 1.8§/ The exact mechanism for the conversion
of oxygen to hydrogen peroxide by this complex is unknownyéwer, it is believed to be required
for dsDNA cleavage. Notably, it was found by Firstner andb@veski in 2001 that roseophilin
(1.68 in the presence of Cu(OAg)ed to no double-stranded DNA cleavatfeRoseophilin .68
is a natural product related to the prodiginines in that thedie B-ring has been replaced with a
furan moiety. It was speculated that this furan moiety iregghilin does not allow for the bind-
ing of copper in the same manner as in the tripyrrolic pradigs, which led to reduced dsDNA
cleavage activity.

A final proposed mechanism of action for the prodigininesismatransport, specifically, chlo-
ride anion transport. When protonated, prodigiosin andteel molecules bind chloride anions
and transport them through lipid bilayers while allowingeimal anions to exit through a pro-
cess known as antipoff:>° For example, when prodigiosin analogues are introducexdelis,
bicarbonate anions are effluxed, which disrupts cell pglamd ultimately leads to apoptosis. Ad-
ditionally, the prodiginines likely acidify the intracalbr environment through transport of HCI
out of acidic organelles and into the intracellular enviramt, thus triggering apoptosis. This
mechanism of action is also believed to be operative in a&ttaglated class of molecules known
as the tambjamines (Figure 11769.%°

Since anion transport by prodiginines relies on the praehéorm of prodigiosins, the pK
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Cu(OAc),
MeOH

-2H,0

proposed ds DNA B
cleaving complex roseophilin

1.2 1.67 1.68

Scheme 1.8Proposed structure of the double-strand DNA cleaving dévig1.67.

of the positively charged nitrogen is an important propdotyanion-transport efficiency. This
hypothesis is supported by phhvestigations conducted on prodigiosin analodui#0 ' Anion-
transport efficiency decreased for the electron-depletatbguel.70 which bears an ester group
on the C-ring as illustrated in Figure 1.7. This pproperty may be exploited in developing
prodigiosin analogues with potent apoptotic activity.

1.70 -HCI 1.69 -HCI
decreased anion-transport R = alkyl
efficiency general structure of
pKa = 6.5 tambjamine natural products

Figure 1.7: A comparison of pKs for the natural product.2 and the esterified derivative70
Anion-transport activity is decreased for the electrothaiawn derivativel.70

1.5 Conclusion and Outlook

The prodiginines represent a novel and fascinating classifral products, the existence of
which dates back to the B.C. era when they first left their dalampact on history. It wasn’t until
the 20th century that prodigiosin’s structure was elu@dand the mystery surroundi&grratia
marcescensblood-red color was solved. Indeed, the characteristicodar of this bacterium is a
result of the highly conjugated tripyrrolic core of prodigies.

Synthetic chemists have been particularly captivated bytbdiginines and as a result, many
total syntheses have been developed over the last 50 yeatal synthesis of prodiginines has
allowed for their structural elucidation and further expliton into the mechanisms of action for
their pronounced biological activity.
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There were still several unanswered questions surrourtimgrodiginines, specifically, cy-
cloprodigiosin (.5). The absolute stereochemistry of the single stereocantéd’ had not been
determined prior to our work and the enzyme responsiblehferaxidative cyclization of prodi-
giosin to cycloprodigiosin had not been identified. The arswo these questions will form a
more complete picture of the prodiginines and are discuss€tapter 2.
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Chapter 2

Chapter 2 : Synthesis of Cycloprodigiosin
|dentifies the Natural Isolate as a Scalemic
Mixture

2.1 Motivations for Pursuing the Synthesis of Cycloprodigosin

In the last decade, total synthesis and analysis has lectaltbolute stereodetermination of
two prodiginine natural products, streptorubif 81d metacycloprodigiosihAThese two natural
products arise from the oxidative cyclization of a lineaeqursor, undecylprodigiosiri (1), in
a stereoselective manner (Scheme 2.1) to provide strdptoBi(1.62) as theS-enantiomer and
metacycloprodigiosinl(4) as theR-enantiomer. Surprisingly, in 2011, Challis and Thomson de
termined that streptorubin BL(62 exists as a scalemic mixture in nature with a 95:5 ratioSpf (
to (R) enantiomers:3#4

As discusssed in Chapter 1, the biosynthesis of these gyaidigiosins from a linear con-
gener (i.e.,1.1to 1.4 and 1.62 has been shown to be mediated by a notable class of Rieske
non-heme iron dependent oxygenases in Streptomycé$Sphe biosynthesis of cycloprodi-
giosin (1.5 Scheme 2.1) — first isolated from the marine bacterRseudoalteromonas rubra
presumably proceeds by oxidative cyclization of the lineamgener prodigiosinl(2), however,
this hypothesis remains unsubstantiated. Additionallyilevthe constitution of cycloprodigiosin
has been secured through careful analysis and total systfigsremains unknown whether cy-
cloprodigiosin occurs in nature as a racemic, scalemicnangopure form.

Additionally, whetherl.4 also occurs as a scalemic mixture has not been rigoroushp-est
lished? As a result, the stereochemistry at C4’ of cycloprodigiddifs) cannot be presumed by
analogy to the other existing cyclic prodiginines. We eiorisd that an efficient and enantiodiver-
gent total synthesis of cycloprodigiosin would allow us &teimine the absolute stereochemistry
of the single stereocenter in the molecule through a comparof synthetic material with the
natural isolate.

15



streptorubin B
1.62

metacycloprodigiosin
1.4

prodigiosin cycloprodigiosin
1.2 15

Scheme 2.1The late-stage enzymatic oxidative cyclization reactionsndecylprodigiosin lead-
ing to either streptorubin BL(62) catalyzed by Rieske-oxygenase RedG, or metacyclopsiigi
(1.4 by McpG. The enzyme catalyzing the final oxidative cycliaatevent in the biosynthesis of
cycloprodigiosin 1.5 from prodigiosin (.2) has not been determined. The stereochemistry of the
single stereocenter in cycloprodigiosin has not been oheted.

2.2 T Generation Synthesis of Cycloprodigiosin Derived from
Established Chemistry

In our group, a synthesis of cycloprodigiosin7, Chapter 1y had already been developed.
However, the route was quite long and low-yielding, leadiogmall isolated quantities of the
natural product. In an effort to improve the efficiency of this synthesis, wé @&t to conduct
a racemic synthesis of key pyrrole precur@ot using a more scalable route. We envisioned
that by having access to larger quantities of the naturadymrt it would allow us to use X-ray
crystallography to determine the absolute stereocheyrastt4’ of the natural product.

The racemic synthesis commenced with the methylatiob-edlerolactone using LDA and
Mel (Scheme 2.2). Subsequent reduction to the lactol witBARIH provided compoun@.2in
83% over two steps. Ring-opening of the lactol and subseduapping with TBSCI delivered
linear aldehdye&.3. However, TBS-protected lact8l4 was also isolated in substantial quantities
leading to only 28% vyield of desired compouB®. The undesired silylated lact@l4 could be
recycled back t®.2 through treatment with TBAF, and the same sequence coulceidermed
again (i.e.2.2t0 2.3.

With aldehdye2.3 in hand, productive alkynylation conditions were foundngsthe Ohira-
Bestmann protocé? ! providing the alkynylated produ@.5in 87% yield. In an analogous se-
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quence to our previously established enantiospecific fbatseries of protecting group and redox
manipulations provided bisalkyr6 in 34% yield over four steps. A Myers allene synthesis
was performed or2.6 using NBSH, PP§) and DEAD, yielding the highly volatile allene inter-
mediate2.7.1> The low yield of 35% was likely due to the volatility of thisegies 2.7) and its
loss throughout the work-up process. Nevertheless, tremigcversion of pyrrole precurs@:.8
was synthesized through a Rh(ll)-catalyzed pyrrole anirariaalbeit in a poor 15% yield. Un-
fortunately, due to a lack of material at this stage, we weteable to successfully complete the
synthesis of racemic cycloprodigiosiny’.

It was clear at this stage that a more robust synthesis wave to be employed to pursue our
ultimate goal of determining the absolute stereochemstoycloprodigiosin 1.5).

o OH OTBS
1. LDA, Mel M o
o 2.DIBAL-H.DCM ¢ € imidazole, TBSCI o o:j/Me J\(\/\
- - H OTBS
83% over 2 steps K DMF ' Me
2.9 2.2 39% 28%
TBAF, THF 2.4 2.3
0O°Ctort
I 90% |
—P
MeO—y %Me 1. TMSCI, "BuLi, THF ,
MeO OH Myers allene synthesis

then 1 M HCI/MeOH

N2 2.10 N
. ] NBSH, PPhs,
K2COs3, MeOH AN 2.DMP,DCM S DEAD
0°Ctort ‘ oTBS > A -

n B Me Me
Me 3. propyne, "BuLi, THF THF, —20 °C to 1t
87% 4. TBAF. THF 2.6 35%
25 34% over 4 steps

key Rh-catalyzed cyclization

CuTc (1 mol%) " 12. Lfgédigﬁyg:e',\/lﬂ—(;l;
e . . , , Ve ) Me
A TsN3, CHCs Lse
\.\ > i a0 ] >
Me \l then Rhy(oct), (0.4%) Me
2.7

Me 1145(3)/"C, micer\;vave .’F‘s OMe
b over 2 steps
p 21 | N_/ |
N N =0
Boc H
1.56 no desired product observed

Scheme 2.20ur initial synthesis for racemic cycloprodigiosity.

2.3 A Concise and Efficient 2¢ Generation Approach for the
Synthesis of Cycloprodigiosin

We eventually found a protocol developed by Neumann and da@we that provided access
to 3, 4-annulated pyrrole derivatives (sed.1, Scheme 2.3) through a Barton-Schéllkopf-Zard
(SBZ) pyrrole annulatiort® Notably, the pyrrole analogues that the Neumann group tegdiack
the pseudo-benzylic methyl group present in cycloprodigias highlighted in compourill

It was our immediate goal to use the precedent by Neumann@mdrkers as inspiration for
the synthesis of the A-ring of cycloprodigiosin. In this waye designed a retrosynthetic route
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lacks Me )
Pd(PPhs),
Boczo DMAP aryl boronic acid
I\ > \
THF CO,Et MeCN CO,Et Na,CO3 Ar N CO,Et

5/ \i
N~ COEt 100% Br Ny

H 94% Boc toluene/MeOH Boc
2.12 . 2.14 80°C,16h 211

Scheme 2.3Neumann’s reported route to access C5-arylated pyrroleadimes @.11) through a
SBZ pyrrole annulation and Suzuki cross-coupling strategy

(Figure 2.1) that would provide access to the racemate dsawelach enantiomer of the natural
product.

As shown in Figure 2.1, we envision&d’ arising from condensation of fused pyrr@d 5with
bis-pyrrole aldehydé.18following the well-established precedent of Wassermangianhydrous
HCI.1* Key to this coupling would be an initial saponification/ddaaxylation sequence of the
ester group ir2.15 Fused pyrrol@.15could in turn be prepared from the two-component coupling
of cyclic nitroalkene2.16 and isocyanoaceta®17 using a SBZ pyrrole synthesi8.While this
retrosynthetic plan only leads to raceniic/, we planned to use a chiral auxiliary in place of
the ethyl substituent, on the carboxy group20f7to facilitate an enantiodivergent synthesis of
cycloprodigiosin.

Barton-Zard Me

cyclization

O2N 216
Me
R condensation j
—
. Me C
Me "l S u
OMe OEt

BOC
215 © 2.17

Suzuki
cross-coupling

S e

2.18 © 19

Figure 2.1: Retrosynthetic plan highlighting a two-component SBZ pigrannulation

The synthesis of esterified pyrr®e20commenced with the preparation of 3-methyl-1-nitrocy-
clohexene?.16 see Scheme 2.4), which was obtained from 3-methylcyclemein one step ac-
cording to the procedure by Estreicher and Cdfeubjecting?.16to ethyl isocyanoacetat@.(17)
in the presence of DBU effected a SBZ pyrrole annuldfidn afford2.21in 67% yield. Several
methods were then explored for installation of a methyl gratithe pyrrole C5 position. Envi-
sioning rapid access to methylated pyrral20 we first investigated a method recently developed
by Baran and coworkerS. Thus, treatment of pyrrol2.21with zinc bis[(phenylsulfonyl)
methanesulfinate] (PSM;22 andtert-butylhydroperoxide (TBHP) afforded methylenesulfone
adduct2.23 (56% yield), which upon treatment with freshly prepared aaum iodide was re-
duced to the desired C5 methylated pyrra2e2Q) in 69% vyield. While this method provided
efficient access t@.20 in our hands, an alternative approach proved to be morécsahle and
cost-effective.
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Baran's radical methy sulfonylation

(0]
RV
Me Barton-Zard Ph/s\/s\o Zn
| thesi
pyrrole synthesis Me 2_22-
O,N 2.16 DBU (1.5 equiv)
- -
THF S OBl 18P (5.0 equiv)
N
C\ u 67% H le) PhCF3/H,0
OEt rt, 24 h
2.17 56% yield
Smil,
(6 equiv)
csf/ \
THF/H,0
PhO,S H 69% yield

Scheme 2.4The methylation sequence using Baran’s PSMS reagent.

In this more practical sequence (Scheme 2.5), we instaltedss-coupling handle on pyrrole
2.21through bromination at C5 using NBS, which provid2@4in 75% yield. As reported by
Neumann and coworker$,the coupling efficiency was significantly higher upon Bootpction
of the pyrrole nitrogen (to giv@.25. A survey of Pd-catalyzed cross-coupling partners reckal
that tetramethyltin served as the most reliable couplintpeato provide a mixture d&.15and the
deprotected analogu@.0 in a combined 58% vyield fror@.25 Notably, the formation of both
2.15and2.20was inconsequential as each compound served as a substredinal condensation

to form cycloprodigiosin.
5 i OEt >
THF, 1h
75%

Stille cross-coupling

Boc,O cat. Pd(PPhs3),
cat DMAP Snl\/le4
I\
MeCN, 16 h DMF, 80 °C, 16h
Boc 58% combined yield

95%
2.25

224

2.15 R=Boc
220 R=H
1.8:1for 2.15:2.20

Scheme 2.5An alternative and more practical methylation sequendeiuaiy brominated pyrrole
(2.29) as a coupling partner.

We followed an established synthetic procedure develogedtalée and coworkers in which
they reported the synthesisbfl8in a two-step cross-coupling sequence as shown in Scheni 2.6
Starting from pyrroldinon@.18 treatment with PORBtrin the presence of DEF promoted a Vilsmeier-
Haack reaction to produce intermedi@t@6 A Suzuki cross-coupling utilizing boronic aciti19
was effected followed by hydrolysis to form the desired pisple partnerl.18in 95% yield.

Subjection of the mixture of compoun@20and2.15to NaOH in ethylene glycol at 210 °C
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Y

BOC
POBr3 T N ome 2.19 MeO oY
H DEF Pd(PPhy),, dioxane, H,O o N N
70% Na,CO3, reflux H H

Et N H
2.18 2.26 95% 1.18

Scheme 2.6Synthesis of the bispyrrole coupling partriet 818

effected a saponification/decarboxylation sequenceipiglthe highly unstable N-H pyrrole inter-
mediate2.27. Immediate subjection of this crude compound.t&8in MeOH in the presence of
freshly prepared anhydrous HCI, yielded racemic cyclojgiodin-HCI (2.28 HCI) in 72% yield.

MeO.

| > |
0 N N
Me H H
Me H
7\ oet NaOH, ethylene glycol 1.18
Me N 210°C Me /Y HCIMeOH
(0] H 2%
220 R=H
2.15 R=Boc 2.27

Scheme 2.7:Synthesis of the racemic version of cycloprodigiokirithrough a biomimetic con-
densation reaction.

This synthetic sequence also provided the basis for theapaipn of enantioenriched cyclo-
prodigiosin using (—)-menthol-derived isocyanoacefa9 (Scheme 2.8; prepared according to
the procedure of Verkad®)in place of ethyl isocyanoacetate in the SBZ pyrrole animdafThis
annulation reaction worked in comparable yield as with the-ohiral isocyanoacetat2.(7) and
delivered a 1:1 ratio of fused pyrrole diastereom&8@and2.31). Consistent with our plan,
these diastereomers were indeed isolable through &&@matography and were carried forward
separately in the synthesis.

l\:/le enantiodivergent synthesis

O,N DBU, THF

2.16 62% combined yield
1:1dr

Scheme 2.8Synthesis of diastereomeric pyrrole intermedi&&9and2.31through a SBZ pyr-
role annulation using chiral isocyanoacetai29

The enantiomers of cycloprodigiosir§{f2.32HCI and R)-1.57HCI) were prepared with sim-
ilar efficiencies using the same protocol as described ®ralcemic case by advancing diastere-
omers2.30and2.31separately as shown in Scheme 2.9.
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X-ray crystallographic analysis of the HCI salt of enanten(R)-1.57 enabled absolute stere-
ochemical characterization of the materials that we peghawhich set the stage for comparison
to the natural isolate. The crystal structure of cyclopgazBin that we obtained, illustrating the
absolute stereochemistry of thg){enantiomer, is shown in Figure 2.2.

O Me il Me
/\ o i/ \ O NaOH, ethylene glycol
N Me 1.NBS,THF Me™ N Me 1h,210°C
H o \ - H 9 - >
2. Boc,0, MeCN 8 then
3. Pd(PPhs)g, LiCl 1.18 , HCI, 2h, 1t
Sn(Me),, 150 °C
230;U=(r) 2.33 ;[ = (r), 45% 2.32-Hcl U = (r), 62%
2.31;0=(s) 2.34 ;U= (s), 22% 157 -Hel U = (s), 69%

Scheme 2.9Synthesis of both enantiomers of cycloprodigiosi&2andl1.57.

Figure 2.2: Crystal structure for the determination of the absoluteestehemistry ofl.57HCI.

This project also featured a collaboration with Tristan dm& of the Keasling group at UC
Berkeley who contributed the natural isolate of cyclopgiaiin. A sample of naturally occuring
cycloprodigiosin was obtained frof. rubra (Gauthier 1976, ATCC 29578) and purified by
sequential normal and reversed-phase chromatograplotaln®.2 mg of the natural product was
obtained from 1 L of culture. With the natural isolate of @mlodigiosin (fromP. rubra) as well as
our synthetic material in hand, we analyzed these matersaig HPLC (Chiralpak IA) monitoring
the absorbance at 500 nffd! Comparison of the HPLC trace of the natural isolate to thdskeo
racemic and enantiopuregj2.32and R)-1.57) material prepared by us is shown in Scheme 2.10.

(R)-1.57 has a retention time of 5.43 min (Scheme 2.10C) wher8g2.82 has a retention
time of 10.02 min (Figure Scheme 2.10D). These observa@oesorroborated by our obser-
vations for racemic cycloprodigiosin (Scheme 2.10A). Thaural isolate displays two peaks that
correspond to the two enantiomers in the ratio of 83:17RW1(.57(S)-2.32(Scheme 2.10B). Two
independent production experiments gave identical emietiic ratios. Thus, it would appear that
naturally occurindlL.7is scalemic. These observations are consistent with tHfaSkeallis et al. for
streptorubin B, albeit occurring with markedly lower enaptrity in the case of cycloprodigiosin.
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(a) (b)

(R)- 157 (S)- 2.32
(c) (d)

__A/M_k

T T T T T T T T T T T T T T T
[ 8 10 12 € 8 10 12
Time (min) Time (min)

Scheme 2.10:Chiral HPLC traces of (A) racemic cycloprodigiosln/, (B) natural cycloprodi-
giosin, (C) syntheticR)-cycloprodigiosin, (D) syntheticS)-cycloprodigiosin.

2.4 Biosynthetic Investigations Into the Late-Stage Oxidive Cy-
clization from Prodigiosin to Cycloprodigiosin

As discussed in Chapter 1, the cyclase enzyme responsibladooxidative cyclization of
prodigiosin (.2) to cycloprodigiosin 1.5 had not been identified previously. The collaboration
with the Keasling group led to the identification and inittabracterization of the enzyme respon-
sible for the final oxidative cyclization producing cyclogligiosin. This discovery began with
the identification of the gene sequence for the enzyme PRBB@&ch is responsible for con-
verting bispyrrole precursadr.61to the methylated intermediafe18(Scheme 2.11). Within the
same gene transcriptional unit was the sequence for PRUBS&th was recognized as a rela-
tive of other iron-dioxygenase enzymes. Performing a germekout of PRUB680 withP. rubra
confirmed that the absence of PRUB680 led to no productiogabprodigiosin.

PRUBG680 was characterized as a di-iron containing memb@edatty-acid hydroxylase fam-
ily of enzymes that are found in the transmembrane spacaldoPRUBG680 shares no homology
to the Rieske enzymes (RedG and McpG) responsible for tluatxe cyclization of undecylprodi-
giosin to streptorubin B and metacycloprodigiosin respebtt. Therefore, PRUB680 represents a
new class of enzymes capable of performing oxidative cgtibns and may be further explored
as a potential biocatalyst for non-native molecular s¢dffo Along these lines, the promiscuity
of PRUB680 has yet to be explored. With the synthesis of ratoral prodigiosin analogs, such
exploration could be conducted as a future investigatioofw group or others.
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OH OMe
S
HN == Me
= PigN and PigF (Serratia) — OMe
PRUB6785 (P. rubra) PRUB680
HNTN > HNT ——> —_—
X . >
1.61 1.18
prodigiosin cycloprodigiosin
1.2 1.7

Scheme 2.11:The identification of PRUB675 led to the discovery PRUB68Qh&senzyme re-
sponsible for the late-stage oxidative cyclization.

2.5 Conclusion and Outlook

In this chapter, a rapid and novel synthesis of cyclopradigi was reported that was easily
modified to afford both enantiomers of the natural product.callaboration with the Keasling
group, the growth and isolation of cycloprodigiosin frétrrubrawas also achieved. Analyses of
these materials using a combination of X-ray crystallogyagnd chiral HPLC have revealed that
naturally occurring cycloprodigiosin obtained frdPrubraoccurs as a scalemic mixture, which
is analogous to observations made previously for streptorB. These observations initiated an
exploration into the final oxidative cyclization event ofctyprodigiosin inP. rubra. Through
a collaboration with the Keasling group, the di-iron oxygse PRUB680 was identified as the
enzyme responsible for the final oxidative cyclization frpmdigiosin to cycloprodigiosin. The
promiscuity of PRUB680 in addition to its potential as a laitadyst for late-stage oxidations has
yet to be examined.

2.6 Experimental Contributors

The work presented in Section 2.2{(Generation Synthesis of Cycloprodigiosin Derived from
Previously Established Chemistry) was conducted by bobeBea E. Johnson (R.J.) and Dr. Erica
Schultz (E.S.) and is unpublished. Partial characteomnast reported in Section 2.8 (Experimental
Methods and Procedures). All work presented in SectionR Gdncise and Efficient™® Gener-
ation Approach for the Synthesis of Cycloprodigiosin) wasducted by R.J. Ideas and strategy
were developed by R.J. with the assistance of Prof. Richn8ardong (R.S.). Tristan de Rond
(T.d.R.) optimized the production of cycloprodigiosinfnrubraand isolated natural cycloprodi-
giosin fromP. rubra. Vincent N. G. Lindsay (V.N.G.L.) performed all chiral HPLaDalysis. This
work was published in 2015 (Synthesis of Cycloprodigiogienitifies the Natural Isolate as a
Scalemic Mixture, Johnson, R. E.; de Rond, T.; Lindsay, V@\. Keasling, J. D.; Sarpong, R.
Org. Lett, 2015 17, 3474.) and full characterization is provided in Sectiod Experimental
Methods and Procedures). The work presented in SectionB®4y(nthetic Investigations Into
the Late-Stage Oxidative Cyclization from Prodigiosin tgc@prodigiosin) was conceived by Dr.
Tristan de Rond (T.d.R.), (R.J.), (R.S.), and Prof. Jay Dadfiag (J.D.K.). T.d.R., Parker Stow
(P.S.) and lan Eigl (I.E.) constructed plasmids and peréarmicrobiological manipulations and
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extractions, R.J. performed synthetic organic chemislrg..R., Edward E K Baidoo (E.E.K.B.),
and Christopher J. Petzold (C.J.P.) performed analytleainistry, Leanne Jade G Chan (L.J.G.C.)
and C.J.P. performed proteomic analysis, and Garima G@y@.] and Nathan J. Hillson (N.J.H.)
PCR amplified and purified DNA fragments. T.d.R. performemriformatic analysis. All authors
contributed to the manuscript published in 2017 (Oxidatieization of prodigiosin by an alkyl-
glycerol monooxygenase-like enzyme, de Rond, T.; StovEig|; I.; Johnson, R. E.; Chan, L. J.
G.; Goyal, G.; Baidoo, E, EK.; Hillson, N. J.; Petzold, C.Sarpong, R.; Keasling, J. D. Nature
Chemical Biology2017, 13, 1155.)

2.7 Materials and Methods

Unless stated otherwise, reactions were performed in dvied- glassware with sealed with
rubber septa under a nitrogen atmosphere and were stirthdTeflon®-coated magnetic stir
bars. Liquid reagents and solvents were transferred bgggising standard Schlenk techniques.
Tetrahydrofuran (THF), toluene, acetonitrile (MeCN), andthanol (MeOH) were dried by pas-
sage over a column of activated alumina; Dichloromethar@\[pwas distilled over calcium hy-
dride. Samarium iodide (Sn)lwas freshly prepared before use. N-bromosuccinimide (N&S
recrystallized from water (approx. 1 g/mL) before use. Afier solvents and reagents were used as
received unless otherwise noted. Solutions were degassaglthree cycles of freeze/pump/thaw
(freezing the solution contained within a Schlenk flask guid nitrogen, opening the flask to vac-
uum for 5 min, then allowing the solution to thaw under vacyntin layer chromatography was
performed using SiliCycle Si£&60 F-254 precoated plates (0.25 mm) and visualized by UMdiira
ation, anisaldehyde, cerium ammonium molybdenate (CAMagsium permanganate, or iodine
stain. Melting points were recorded on a Mel-Temp Il by Lattory Devices Inc., USA. Optical
rotation was recorded on a Perkin Elmer Polarimeter 241eabDthine (1.0 dm path length), ¢ =
mg/mL, in CHC}L unless otherwise statetH and**C-NMR NMR experiments were performed on
Bruker spectrometers operating at 300, 400, 500 or 600 MH#4f@nd 75, 100, 125, or 150 MHz
for 13C experiments. Chemical shifts)(are reported in ppm relative to the residual solvent signal
(CDCl; & = 7.26 for'H NMR and$ = 77.16 for'3C NMR; Data are reported as follows: chemical
shift (multiplicity, coupling constants where applicabi@mber of hydrogens). Abbreviations are
as follows: s (singlet), d (doublet), t (triplet), q (qud)tedd (doublet of doublet), dt (doublet of
triplet), ddq (doublet of doublets of quartets), m (muki)] bs (broad singlet). IR spectra were
recorded on a Bruker ALPHA Platinum ATR FT-IR spectrometaaw and high-resolution mass
spectral data were obtained from the University of CalifayBerkeley Mass Spectral Facility, on
a VG 70-Se Micromass spectrometer for FAB, and a VG Prospecadviass spectrometer for El.
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2.8 Experimental Methods and Procedures

OH

0
1. LDA, Mel Ve
o 2. DIBAL-H, DCM o
83% over 2 steps

2.9 2.2

3-Methyltetrahydro-2H-pyran-2-ol (2.2). To a solution of diisopropylamine (3.5 mL, 25
mmol, 1.3 equiv) in THF (40 mL) was addedBuLi dropwise (10 mL of a 2.5 M solution in
hexanes, 25 mmol, 1.25 equiv). The solution was warmed tofdorr@0 minutes then cooled back
down to —78 °Cb-valerolacton®.9(1.83 mL, 20 mmol, 1.0 equiv) was added as a solution in THF
(10 mL) dropwise via syringe. The solution was allowed to ati—78 °C for 1 hour and at that
time methyl iodide (5.0 mL, 80 mmol, 4.0 equiv) was added digp via syringe. The solution
was allowed to stir at —78 °C for 18 hours and then quenche sgiturated aqueous ammonium
chloride (50 mL). The layers were separated and the aquegessl were extracted with diethyl
ether (2 x 60 mL). The combined organic layers were washel watter (50 mL) and brine (50
mL), dried over sodium sulfate, filtered, and concentratadicuoto yield the methylated lactone
that was used immediately in the next step without furtheifisation.

To a solution of lactone (2.05 g, 18.0 mmol, 1.0 equiv) in thebmethane (60 mL) at =78 °C
was added diisobutyl aluminum hydride (3.52 mL, 19.8 mmdl gquiv) dropwise over 7 minutes.
The resulting solution was stirred at —78 °C for 30 minutes\@as then quenched by the addition
of ethyl acetate (8.2 mL). The solution was warmed to amlemperature and added to a solution
of sodium potassium tartrate (Rochelle’s salt) (400 mL46.M). The layers were separated and
the aqueous layer was extracted with dichloromethane (4mI50 The combined organic layers
were dried over sodium sulfate, filtered, concentratedacuq then purified via Si@gel column
chromatography eluting with 2:1 diethyl ether:hexanes fidsulting lactolZ.35 was isolated as
a colorless oil (1.93 g, 83% yield over 2 step$fif NMR (400 MHz, CDC}) & 4.34 - 4.31 (m,
1H), 3.58 - 3.46 (m, 2H), 2.89 (bs, 1H), 1.87 - 1.77 (m, 1H)41-.43 (m, 4H), 0.98 (d) = 8
Hz, 3H). All physical properties are in accordance with thosported by Grunanger and Bréit.

OH OTBS
(o]
Me Me
o imidazole, TBSCI (0]
> . H (S)TB
DMF Me
2.2 2.4 2.3

24%

5-((Tert-butyldimethylsilyl)oxy)-2-methylpentanal (2.3). To a solution of lactoR.2(3.02 g,
26.0 mmol, 1.0 equiv) in dimethyl formamide (30 mL) at O °C vealsled imidazole (2.65 g, 39.0
mmol, 1.5 equiv) followed by tertbutyldimethylsilyl chide (5.88 g, 39.0 mmol, 1.5 equiv). The
solution was allowed to stir at 0 °C for 30 minutes then wartoeginbient temperature for 1 hour.
The reaction mixture was diluted with ethyl acetate (30 migshed with water (1 x 20 mL), then
brine (1 x 20 mL) and dried over sodium sulfate. The soluti@s fitered, concentrated vacuo
and purified via Si@column chromatography (eluting with 5% ether in petroledhes to afford
aldehyde2.3(1.42 g, 24% yield) as a colorless oiH NMR (400 MHz, CDC}) 6§ 9.60 (d,J=1.9
Hz, 1H), 3.60 (tJ = 6.2 Hz, 2H), 2.35 (m, 1H), 1.80 - 1.67 (m, 1H), 1.61 - 1.49 (H),21.48 -
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1.36 (m, 1H), 1.08 (dJ = 7.0 Hz, 3H), 0.87 (s, 9H), 0.03 (s, 6HfC NMR (100 MHz, CDC}) 6
205.3,62.9,46.2, 30.2, 27.0, 26.1, 18.4, 13.5, -5.2.

tert-butyldimethyl((3-methyltetrahydro-2H-pyran-2-yl)ox y)silane (2.4) *H NMR (300 MHz,
CDCl) 6 4.25 (d,J =7.1 Hz, 1H), 3.95 (ddddl = 11.5, 4.6, 3.2, 1.9 Hz, 1H), 3.40 (ddblF 11.5,
10.3, 3.3 Hz, 1H), 1.80 (dqd,= 13.2, 3.9, 1.8 Hz, 1H), 1.61 - 1.40 (m, 2H), 1.31 - 1.04 (m, ,2H)
0.94-0.83 (m, 12H), 0.09 (d,= 6.0 Hz, 6H).

o) N2 2.10
K,COs, MeOH x
H OTBS 0°Ctort OTBS
Me = Me
2.3 87%

Tert-butyldimethyl((4-methylhex-5-yn-1-yl)oxy)silane(2.5). To a solution of aldehyd2.5
(2.42 g, 6.17 mmol, 1.0 equiv) in methanol (30 mL) at 0 °C wasealpotassium carbonate (2.55
g, 18.5 mmol, 3.0 equiv). To this mixture was added the OBeatmann reagen2 (10 2.13 mL,
14.2 mmol, 2.3 equiv) and the reaction was allowed to warnmtbiant temperature and stir for 20
hours. The reaction mixture was diluted with diethyl etl&r L) and quenched with 5% aqueous
sodium bicarbonate (20 mL). The layers were separated anadireous layer was extracted with
diethyl ether (2 x 30 mL). The combined organic layers werstvea with brine, dried over sodium
sulfate, filtered, concentratéa vacuoand purified via Si@column chromatography (eluting with
4:1 hexanes:ethyl acetate) to provide terminal alkghg1.22 g, 87% yield) as a light yellow oil.
!H NMR (400 MHz, CDC}) 6 3.63 (t,J = 6.4 Hz, 2H), 2.51 - 2.39 (m, 1H), 2.03 (d= 2.4 Hz,
1H), 1.78 -1.40 (m, 4H), 1.19 (d,= 6.9 Hz, 3H), 0.89 (s, 9H), 0.05 (s, 6HfC NMR (100 MHz,
CDCl,) 6 68.4, 63.1, 33.2, 31.8, 30.6, 26.1, 25.6, 21.2, -5.1.

1. TMSCI, "BuLi, THF

then 1 M HCI/MeOH OH
A 2. DMP, DCM X
OTBS > \\
Me 3. propyne, "BuLi, THF Me Me
25 4. TBAF. THF 26

34% over 4 steps

Bis-alkyne (2.6) To a solution of terminal alkyn.5 (344 mg, 3.07 mmol, 1.0 equiv) in
THF (10 mL) at —78 °C was addedBuLi (3.68 mL of a 2.5 M solution in hexanes, 3.0 equiv)
dropwise via syringe. The reaction mixture was allowed itofgt 30 minutes at —78 °C at which
time trimethylsilyl chloride (1.36 mL, 10.8 mmol, 3.5 eqyivas added dropwise by syringe. The
solution was allowed to stir at —78 °C for 15 minutes then abiamt temperature for 1 hour. The
reaction mixture was quenched with® (10 mL) and HCI (10 mL of a 1 M solution in MeOH,
0.33 M) was added dropwise via pipette. The solution wasvaitbto stir at ambient temperature
for 20 hours upon which it was quenched with saturated acgieodium bicarbonate (10 mL).
The layers were separated and the aqueous layer was edtvathediethyl ether (3 x 30 mL). The
combined organic layers were washed with brine, dried owdiusn sulfate, and concentrated
vacuoand used immediately in the next reaction. To a solution@dlabl (3.53 g, 19.0 mmol, 1.0
equiv) in dichloromethane (100 mL) at ambient temperatuss added Dess-Martin periodinane

26



(13.1 g, 31.0 mmol, 1.63 equiv) portionwise over 30 minufBse reaction mixture was allowed
to stir for 1.5 hours at which time it was quenched with saedaqueous sodium bicarbonate (50
mL) and saturated aqueous sodium thiosulfate (50 mL). TYersavere separated and the aqueous
layer was extracted with diethyl ether (3 x 50 mL). The coneblimrganic layers were dried over
sodium sulfate, filtered, concentratiedvacuoand used in the next step without purification.

Propyne (0.27 ml, 4.8 mmol, 6.0 equiv) was condensed intcs& 8#8—78 °C and diluted with
THF (1.2 mL). To the reaction mixture was adde@uLi (0.96 mL of a 2.5 M solution in hexanes,
2.4 mmol, 3.0 equiv) dropwise via syringe. The reaction omgtwvas allowed to stir at —78 °C for 2
hours and at that time aldehyde (146 mg, 0.80 mmol, 1.0 eguag)added dropwise via syringe as
a solution in THF (2 mL). The dry ice bath was filled with dry joesulated, and allowed to slowly
warm to ambient temperature over 20 hours upon which theiogamixture was quenched with
a saturated solution of aqueous ammonium chloride (5 mL)extrdcted with diethyl ether (3 x
5 mL). The combined organic layers were washed with brine I}, mhried over sodium sulfate,
filtered, concentratenh vacuoand used in the next step without purification.

To a solution of propargylic alcohol (104 mg, 0.470 mmol, &quiv) in THF (2.5 mL) at 0 °C
was added tetrabutylammonium fluoride (1 mL of a 1.0 M sohuitioTHF, 2.0 equiv). The solution
was allowed to stir at 0 °C for 30 minutes and then at ambienperature for 2 hours upon which
TLC indicated complete consumption of starting materiahe Teaction mixture was quenched
with a saturated solution of aqueous ammonium chloride (3and extracted with pentane (3 x 3
mL). The combined organic layers were dried over sodiunaseilfiltered, concentrated vacuo
and purified by Si@ column chromatography (eluting with 6:1 hexanes:ethytateg¢ affording
terminal alkyne2.6 (55 mg, 34% yield over 4 steps) as a colorless 6 NMR (500 MHz,
CDCl3) 6 4.38 - 4.32 (m, 1H), 2.53 - 2.39 (m, 1H), 2.04 (dds 2.4, 1.3 Hz, 1H), 2.00 - 1.93 (bs,
1H), 1.89 - 1.84 (m, 1H), 1.83 (d, = 2.2 Hz, 3H), 1.80 - 1.70 (m, 1H), 1.65 - 1.51 (m, 2H), 1.19
(dd,J =7.1, 1.0 Hz, 3H)}*C NMR (126 MHz, CDC}) & 88.6, 88.6, 81.2, 81.2, 80.2, 80.2, 68.7,
68.7, 62.5, 62.3, 35.8, 35.7, 32.2, 32.1, 25.5, 25.4, 21.M, 3.6, 3.6. All data (MS, IR) is fully
consistent with those reported by Schultz and Sargong.

OH

. NBSH, PPhs, S
N DEAD N N
Me Me THF, —20°Ctort Me Ve
2.6 35% 2.7

3-Methylnona-6,7-dien-1-yng2.7). To a solution of triphenylphosphine (144 mg, 0.55 mmol,
1.5 equiv) in THF (0.50 mL) at —20 °C was added diethyl azathcaylate (86uL, 0.55 mmol,
1.5 equiv) dropwise over 1 minute. The reaction mixture wissred to stir at —20 °C for 10
minutes and then charged with propargylic alcahél(55 mg, 0.37 mmol, 1.0 equiv) as a solution
in THF (0.75 mL). After 30 minutes at —20 °C, 2-nitrobenzyfenylhydrazine (NBSH) (119 mg,
0.55 mmol, 1.5 equiv) as a solution in THF (0.50 mL) was addexpwise by syringe. The
reaction mixture was held at —20 °C for an additional 2 hotlren allowed to warm to ambient
temperature. After stirring for 10 hours at ambient tempegg the reaction mixture was diluted
with pentane (5 mL) and washed 10 times with cold deionize@wad he organic layer was dried
over sodium sulfate, filtered, mixed with Sioncentrateth vacuousing an iced water bath, and
immediately purified by Si@column chromatography eluting with pentanés7 (17 mg, 35%
yield) was isolated as a colorless oiHd NMR (600 MHz, CDC}) § 5.11 - 5.00 (m, 2H), 2.53 -
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2.46 (m, 2H), 2.22 - 2.12 (m, 2H), 2.12 - 2.05 (m, 1H), 2.05-3(®, 1H), 1.64 (dtJ = 6.6, 3.3
Hz, 3H), 1.61 - 1.48 (m, 2H), 1.19 (d, = 6.9 Hz, 3H).23C NMR (150 MHz, CDC}) & 204.7,
204.7, 89.6, 89.6, 88.8, 88.8, 85.9, 85.8, 68.3, 35.9, ZB%, 26.4, 25.0, 25.0, 20.8, 20.8, 14.5,
14.5. All physical properties are in accordance with thegerted by Schultz and Sarpofg.

CuTc (1 mol%)
\\\(\/\\ TsNg, CHCl3 _ Me
§| then Rhy(oct), (0.4%) Me / \

Me Me 140 °C, microwave N

Ts
15% over 2 steps
2.7 2.1

1,4-Dimethyl-2-tosyl-4,5,6,7-tetrahydro-2H-isoinda (2.1). A flask filled with copper(ll)
thiophene carboxylate (13 mg, 6.8 Tijmol, 5.0 mol%) was exded and backfilled with N(3 x)
and then allen.36 (181 mg, 1.4 mmol, 1.0 equiv) in chloroform (6.8 mL, 0.2 M) wadded,
followed by p-toluensulfonyl azide (0.22 mL, 1.4 mmol, 1.Que/). The reaction mixture was
allowed to stir at ambient temperature for 20 hours and thevas quenched with a saturated
agueous solution of ammonium chloride (10 mL), and extchetéh dichloromethane (3 x 10
mL). The combined organic layers were washed with brine (8), miried over sodium sulfate,
filtered, concentratenh vacuqg and used immediately in the next step.

To a flame-dried microwave vial charged with triazole (260, g7 mmol, 1.0 equiv) and
chloroform (4.0 mL) was added dirhodium tetraoctanoat@ (8g, 3.9 fijmol, 0.50 mol%). The
resulting mixture was heated to 140 °C under microwave iataah and held at this temperature
for 15 minutes. After cooling the reaction mixture, $i®as added and the solvent was removed
in vacua The resulting residue was purified by column chromatograpluting with 6:1 hex-
anes:ethyl acetate) to afford pyrrdel (35 mg, 15% yield) as a light yellow oil. 1H NMR (500
MHz, CDCl) & 7.66 (d,J = 8.3 Hz, 2H), 7.28 (dJ = 8.2 Hz, 2H), 7.01 (d) = 1.6 Hz, 1H), 2.63 -
2.54 (m, 1H), 2.40 (s, 3H), 2.39 - 2.36 (m, 1H), 2.26 - 2.18 (iM),2.15 (s, 3H), 1.90 - 1.77 (m,
2H), 1.54 - 1.46 (m, 1H), 1.18 (d, = 6.7 Hz, 3H).13C NMR (150 MHz, CDC}) 5 144.2, 136.9,
129.8, 129.8, 126.8, 124.3, 122.5, 115.9, 32.5, 28.5, 224, 21.5, 21.3, 11.0. All physical
properties are in accordance with those reported by ScantiSarpond.

Me

ON 2.16 DBU -
- OEt
o ' o) e N
67%
OFEt

217 2.21

Ethyl 7-methyl-4,5,6,7-tetrahydro-2H-isoindole-1-caboxylate (2.21) To a solution of 3-
methyl-1-nitrocyclohex-1-ene2(16) (0.35 mmol, 50 mg, 1.0 equiv) in THF (0.8 M) was added
ethyl isocyanoacetate (17) (0.35 mmol, 38uL, 1.0 equiv) followed by DBU (0.35 mmol, 51
uL, 1.0 equiv). The reaction mixture was allowed to stir forli@t room temperature at which
time it was partitioned with dichloromethane followed byna. The organic layer was dried over
sodium sulfate, filtered, and concentrabeddacua The crude oil was purified using Si@olumn
chromatography eluting with dichloromethane to affordplg2.21as a white solid (49 mg, 67%):
IR (neat) 3302, 2980, 2934, 2849, 1660 tmMH NMR (400 MHz, CDC}) 6 8.94 (bs,1H), 6.62
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(d,J =2.8 Hz, 1H), 4.37 - 4.28 (m, 2H), 3.30-3.26 (m, 1H), 2.62 -&(&, 1H), 2.46 - 2.41 (m,
1H), 1.81 - 1.63 (m, 4H), 1.35 (8, = 7.1 Hz, 3H), 1.26 (dJ = 6.9 Hz, 3H).23C NMR (101 MHz,
CDCl) 6 161.4,133.7,121.5,118.6, 117.7,59.9, 30.9, 26.8, 22.9,28.7, 14.6HRMS (ESI):
Exact mass calc'd for GH;30,N; [M+H]*, 208.1332. Found 208.1330. MP: 53-57 °C.

\Y7/; n
Ph/s\/s‘o Zn
2.22
2
Me (1.5 equiv) Me
I\ OFEt TBHP (5.0 equiv) I\ OFEt
N N
PhCF3/H,0
H 3/H2 H
o) 241 PhO,S o)
2.21 56% yield 2.23

Ethyl 7-methyl-3-((phenylsulfonyl)methyl)-4,5,6,7-térahydro-2H-isoindole1-carboxylate
(2.23) To a solution of pyrrol€.21(0.048 mmol, 10.0 mg, 1.0 equiv) and zinc bis[(phenylsuifon
yl)methanesulfinate] (PSM$§)2.22 (0.072 mmol, 36 mg, 1.5 equiv) in a mixture of trifluoro-
toluene and water (2.5:1, 0.14 M) was added-butyl hydroperoxide (70% wt% in water) (0.24
mmol, 31 TijL, 5.0 equiv) at 0 °C. After stirring for 5 min at @2 the solution was warmed to room
temperature and allowed to stir for 24 h. The reaction m&twas quenched with 5% sodium
bicarbonate (sat. aq.) and 5% EDTA - 2Na solution, and theaagi layer was extracted with
dichloromethane (3 x 10 mL). The combined organic layerseweshed with brine (30 mL) and
dried over sodium sulfate. The solution was filtered, anateatratedn vacua The crude reaction
mixture was purified using SiExolumn chromatography eluting with 2:1 hexanes:ethylatedb
afford pyrrole2.23as a light pink gum (9.5 mg, 56%IR (neat) 3292, 2928, 1664, 1449 ¢nitH
NMR (400 MHz, CDC}) § 9.75 (bs, 1H), 7.64 - 7.50 (m, 3H), 7.39Jt= 7.7 Hz, 2H), 4.58 - 4.11
(m, 4H), 3.31 &S 2.94 (m, 1H), 1.78 (dt) = 15.5, 4.0 Hz, 1H), 1.63 - 1.55 (m, 1H), 1.51 - 1.37
(m, 4H), 1.31 (tJ = 7.1 Hz, 3H), 1.12 (dJ = 6.9 Hz, 3H).3C NMR (101 MHz, CDC}) 6 161.1,
137.7, 133.8, 133.5, 128.8, 128.4, 122.5, 118.8, 118.@, &*.0, 30.3, 26.4, 21.5, 20.4, 17.9,
14.3.HRMS (ESI): Exact mass calc'd for gH,30,NNaS [M+Na], 384.1240. Found 384.1242.

Sml,
Me THF/H,0 Me
10:1 _
1\ OEt o0, o i\ OEt
N ° Me™ ™y
PhO,S o) H
2.23 2.20

Ethyl 3,7-dimethyl-4,5,6,7-tetrahydro-2H-isoindole-1carboxylate (2.20) A solution of
methylene sulfon@.23(0.21 mmol, 75 mg, 1.0 equiv) in a mixture of THF and water 3 @4.1
mL, 0.05 M) was degassed using 3 cycles of freeze/pump/tiasolution of freshly prepared
Smk (0.1 M in THF) (1.2 mmol, 12 mL, 6.0 equiv) was added to the teacmixture by syringe
and the resulting dark purple solution was stirred at roamperature for 30 min, (it turns yellow
after approximately 2 min). The reaction mixture was quedchith sodium bicarbonate (sat. aq.)
solution and extracted with ethyl acetate (3 x 20 mL). The loimed organic layers were washed
with brine (60 mL) and dried over sodium sulfate. The susjgensas filtered and concentrated
vacuoto afford pyrrole2.20as a white solid (31.7 mg, 69%MR (neat) 3303, 2982, 2926, 2852,
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1660 cmt; *H NMR (600 MHz, CDC}) & 9.58 - 8.76 (m, 1H), 4.45 - 4.14 (m, 2H), 3.26 (dt,
= 7.2, 3.7 Hz, 1H), 2.48 (dt] = 15.3, 3.2 Hz, 1H), 2.36 - 2.24 (m, 1H), 2.17 (s, 3H), 1.85 91.5
(m, 5H), 1.36 (t,J = 7.1 Hz, 3H), 1.25 (dJ = 6.9 Hz, 3H)13C NMR (151 MHz, CDC}) 5 161.4,
134.5,128.6,118.1, 115.3, 59.5, 30.7, 26.8, 21.7, 21.3, 18.5, 11.1HRMS (ESI): Exact mass
calc'd for CiaHa00,N [M+H]*, 222.1486. Found 222.1489. MP 80-84 °C.

Me NBS Me

/= THE. 1 h. 75% 1\ OEt
N Br™ ™y
H H

(o]
221 2.24

O

Ethyl 3-bromo-7-methyl-4,5,6,7-tetrahydro-H-isoindole-1-carboxylate (2.24) A flame-
dried flask immersed in a room temperature water bath wagetavith pyrrole2.21(1.6 mmol,
0.30 g, 1.0 equiv) and THF (11 mL, 0.2 M). To the solution wadeiNBS (1.6 mmol, 0.28 g,
1.1 equiv) portionwise over approximately 10 min. The reactixture was allowed to stir for
1 h at which time it was diluted with dichloromethane (10 mbgdavashed with water (3 x 10
mL) followed by brine (1 x 30 mL). The organic layer was drieeko sodium sulfate, filtered,
concentrated, and purified by SiGolumn chromatography eluting with 4:1 hexanes:ethylateet
to afford brominated pyrrol2.24as a light yellow gum (0.33 g, 75%IR (neat) 3247, 2980, 2940,
2862, 1658 cm; 'H NMR (600 MHz, CDC}) 6 9.10 (s, 1H), 4.40 - 4.21 (m, 2H), 3.32 - 3.14
(m, 1H), 2.46 (dtJ) = 16.2, 3.8 Hz, 1H), 2.27 (dfl = 16.0, 8.6 Hz, 1H), 1.88 - 1.58 (m, 4H), 1.36
(t, J=7.1, 3H), 1.28 - 1.16 (m, 3H}3C NMR (151 MHz, CDC}) $ 160.6, 135.1, 121.4, 118.8,
102.2, 60.3, 30.6, 27.0, 21.9, 21.6, 18.1, 1HRMS (ESI): Exact mass calc’d for gHoO,NBr
[M+OH], 302.0386. Found 302.0383.

Me Boc,0, cat. DMAP Me
. 1\ OEt —p— N 1\ OEt
N N
H e} Boc e}
2.24 2.25

2-(Tert-butyl) 1-ethyl 3-bromo-7-methyl-4,5,6,7-tetrahydro-H-iso-
indole-1,2-dicarboxylate (2.25) A flame-dried flask was charged with brominated pyr@I24
(2.2 mmol, 0.35 g, 1.0 equiv) followed by MeCN (0.15 M, 8.2 mILyp the suspension was added
4-dimethylaminopyridine (0.19 mmol, 23 mg, 0.15 equiv)ldaled by di-tert-butyl-dicarbonate
(2.2 mmol, 0.28 mL, 1.0 equiv) and the suspension was allowestir for 12 h at room tem-
perature. The reaction mixture was diluted with dichlortimee (10 mL), washed with sodium
hydrogensulfate (sat. ag.) (2 x 20 mL), then sodium bicaasb®(sat. aqg.) (2 x 20 mL) and finally
water (1 x 20 mL). The organic layer was dried over sodiumagelffiltered, and concentrated.
The crude mixture was purified using Si€lumn chromatography eluting with 4:1 hexanes:ethyl
acetate to yield a colorless viscous oil (404 mg, 85%):(neat) 2982, 2939, 1812, 1796, 1701
cm®; 'H NMR (600 MHz, CDC}) 6 4.45 - 4.10 (m, 2H), 3.22 - 3.18 (m, 1H), 2.44 - 2.40 (m,
1H), 2.23 - 2.18 (m, 1H), 1.77 - 1.59 (m, 4H), 1.57 (s, 9H), (B0 = 7.1, 3H), 1.16 (dJ = 7.1,
3H). 13C NMR (151 MHz, CDC}) & 160.0, 148.6, 136.5, 122.1, 120.8, 104.3, 85.4, 60.4, 30.3,
27.5, 26.7, 22.0, 21.4, 17.6, 14.BIRMS (ESI): Exact mass calc'd for £H,sO4NBr [M+H] ",
386.0961. Found 386.0959.
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cat. Pd(PPh3)4

Me SnMe, Me
OEt > OEt
Br 7\ DMF, 80 °C, 16 h Me /N
N % combined yield N
Boc ¢ 58% combined vyi R o
2.25 2.15 R=Boc
220 R=H

1.8:1 for TMP4 : TMP5

2-(Tert-butyl) 1-ethyl 3,7-dimethyl-4,5,6,7-tetrahydro-2H-i®indole-1,2- dicarboxylate (2.20)
A flame-dried Schlenk flask was charged with Boc-protectedoby 2.25(0.26 mmol, 100 mg,
1.0 equiv). The flask was then brought into the glovebox witeneas charged with Pd(PRh
(0.026 mmol, 30 mg, 0.1 equiv) and anhydrous lithium chlerf@.3 mmol, 55 mg, 5.0 equiv).
The flask was brought out of the glovebox and degassed ditf@itmamide was added by can-
nula (1.0 mL), followed by tetramethyltin (1.3 mmol, 0.18 p8.0 equiv). The Schlenk flask was
sealed and heated to 80 °C and held at this temperature forTltgetreaction mixture was allowed
to cool to room temperature and diluted with ethyl acetafenil). The organic layer was washed
with water (1 x 10 mL) followed by brine (1 x 10 mL). The orgaha&yer was dried over sodium
sulfate, filtered, and concentratiedvacua The crude reaction mixture was purified by Si€hro-
matography eluting with 9:1 hexanes:ethyl acetate to yhedieprotected methylated pyrr@£0
as a white solid (0.053 mmol, 7.2 m@nralytical data matched that f&.20, reported aboveand
the Boc-protected methylated pyrrd@del5as a colorless oil (0.20 mmol, 17 mg, 58% overdly:
(neat) 2981, 2936, 1803, 1758, 1703 EmH NMR (600 MHz, CDC}) § 4.29 (g,J = 7.3 Hz, 2H),
3.20-3.17 (m, 1H), 2.53-2.42 (m, 1H), 2.28 - 2.24 (m, 1H) 22 3H), 1.79 - 1.58 (m, 4H), 1.56
(s, 9H), 1.34 (tJ = 6.9 Hz, 2H), 1.19 (dJ = 7.0 Hz, 3H).13C NMR (151 MHz, CDC}) § 161.5,
150.2, 137.0, 130.9, 128.9, 128.7, 128.6, 128.6, 119.09188.1, 60.3, 30.7, 27.9, 27.8, 26.7,
21.8,21.4,18.4,14.5, 11.6IRMS (ESI): Exact mass calc'd for gH,s04N [M+H] ", 322.2013.
Found 322.2014N-Boc pyrrole2.15 was isolated along with a co-eluting impurity believed to be
triphenylphosphine oxide.

NaOH, ethylene glycol
210 °C
Me then 1.18, HCI

Y

i\ OEt 72%

(R/S)-cycloprodigiosin hydrochloride (1.7-HCI): A suspension of pyrrol2.20(0.034 mmol,
7.5 mg, 1.0 equiv) and sodium hydroxide (0.31 mmol, 12 mg,egiv) in ethylene glycol (1.0
mL) was degassed using three cycles of freeze/pump/thawe. Sthlenk flask was sealed and
placed in a sand bath where it was heated to 210 °C and heldsaethperature for 2 h. The
resulting suspension was diluted with hexanes and the mr¢myrer was washed with water (5 x
10 mL), followed by brine (1 x 10 mL). The organic layer wasadriover sodium sulfate, filtered,
concentrateth vacuoand submitted immediately to the next step.

To the isolated crude product was added anhydrous methai@oinL) followed byl.18and
anhydrous HCI (0.02 mmol, 34L from a freshly prepared 1.0 M solution of acetyl chloride in
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anhydrous methanol, 1.0 equiv). The mixture turned a vioraah to purple over a period of 1 h
at which time the solvent was removed and the mixture was idmaey purified by Si@ column
chromatography, eluting with 1% methanol in chloroformdaled by a second column eluting
with 2% methanol in chloroform to yield the HCI salt of the matl product as a purple-black
microcrystalline solid (7.9 mg, 72%)IR (neat) 3357, 3151, 3099, 2919, 2850, 1599'¢riH
NMR (600 MHz, CDC}) 6 12.59 (bs, 2H), 12.47 (bs, 1H), 7.18 (s, 1H), 7.00 (s, 1H)6 &3
1H), 6.33 (s, 1H), 6.08 (s, 1H), 4.00 (s, 3H), 3.12 (s, 1H),72.&.04 (m, 5H), 1.95 - 1.66 (m,
4H), 1.28 (d,J = 7.2 Hz, 3H).13C NMR (151 MHz, CDC}) § 165.0, 147.2, 146.4, 145.8, 126.2,
123.9, 123.1, 122.7, 119.2, 115.9, 113.1, 111.5, 92.7,,5806, 26.3, 24.0, 21.0, 18.5, 12.4.
HRMS (ESI): Exact mass calc'd for gH,,ONz [M+H]*, 322.1914. Found 322.1912. MP >220
°C (decomposes at >220 °C). The pure product was subjectital ¢tPLC analysis: Chiralpak
IA column, flow rate of 1.0 mL/min, 50% isopropanol in hexan@d% diethylamine, 500 nm.
Retention times: 5.43 mirR)/10.02 min §), 49:51 er.N—H peaks for cycloprodigiosin are only
visible in the!H NMR for the HCI salt.

Me

(€] o]
C\\\N@\)J\ ] Me
W
© I\ o
2.29
Me N \M
QME - H o €
DBU, THF 2.31
O2N 216 62% combined yield
1:1dr

(9-2-((1S,2R,4R)-4-methyl-2-(((S)-7-methyl-4,5,6,7-tetrahydro-2Hisoindole-1-carbonly
oxy)cyclohexyl)propan-1-yl (2.30) To a solution of 3-methyl-1-nitrocyclohex-1-er216) (2.2
mmol, 0.32 g, 1.0 equiv) was added menthyl isocyanoaceda@d fnmol, 0.20 g, 1.0 equiv) fol-
lowed by DBU (2.24 mmol, 0.5 g, 1.0 equiv) and the reactiontorix was allowed to stir for
16 h at room temperature. The resulting mixture was pantftbwith dichloromethane followed
by brine. The organic layer was dried over sodium sulfateeréd, and concentrated vacua
The crude mixture was purified by Si@olumn chromatography eluting with dichloromethane to
yield a colorless, viscous oil (0.44 g, 62%). The diastereaomixture was separated by multiple
fractionations using a Yamazen® automated column elutitig avgradient of 3% ethyl acetate in
hexanes over a period of 50 min. Diastereo2&0is lower in polarity: IR (neat) 3311, 2954,
2927, 2866, 1661 crhl *H NMR (500 MHz, CDC}) & 8.94 (bs, 1H), 6.62 (s, 1H), 4.95 (td =
10.8, 4.4 Hz, 1H), 3.29 (m, 1H), 2.63 - 2.59 (m, 1H), 2.51 - 286 1H), 2.07 - 2.05 (m, 1H),
2.00-1.95(m, 1H), 1.86 - 1.61 (m, 6H), 1.61 - 1.40 (m, 2H)614(@, J = 6.9 Hz, 3H), 1.18 - 1.01
(m, 2H), 0.90 (ddJ = 11.4, 6.7 Hz, 7H), 0.80 (dl = 6.9 Hz, 3H).23*C NMR (126 MHz, CDC})

5 160.9,133.5, 121.5,118.4, 117.9, 73.3,47.5, 41.7, 34.4,30.9, 26.8, 26.2, 23.2, 22.2, 22.1,
21.9, 21.1, 18.6, 16.2HRMS (ESI): Exact mass calc'd for 5gH3;0,NNa [M+Na]", 340.2247.
Found 340.2247.d]p =—7.6 (c =1.19 g/100 mL, C¥Ll,). Isolated with 86% purity.

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl R)-7-methyl-4,5,6,7- tetrahydro-2H-isoindole-
1-carboxylate (2.31) DiastereomeR.31is higher in polarity:IR (neat) 3312, 2955, 2927, 2866,
1664 cm'; *H NMR (500 MHz, CDC}) & 9.06 (bs, 1H), 6.63 (d) = 2.8 Hz, 1H), 4.90 (tdJ =
10.9,4.4Hz, 1H), 3.36 - 3.15(m, 1H), 2.64 - 2.59 (m, 1H), 2.28}1 (m, 1H), 2.14-2.10 (m, 1H),
2.02-1.96 (m, 1H), 1.84 - 1.63 (m, 6H), 1.61 - 1.42 (m, 2H),74(@,J = 6.9 Hz, 3H), 1.17 - 1.02
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(m, 2H), 0.92 (tJ = 7.0 Hz, 7H), 0.79 (dJ = 6.9 Hz, 3H).23C NMR (126 MHz, CDC}) § 161.5,
133.5, 121.8, 118.8, 118.4, 77.8, 77.5, 77.3, 74.0, 48.®,484.8, 31.9, 31.3, 27.2, 26.7, 23.9,
22.5, 22,5, 22.4, 21.4, 19.1, 16.BIRMS(ESI): Exact mass calc'd for gHz;0,NNa [M+NaJ,
340.2247. Found 340.2247«]p = —32.1 (c = 0.24 g/100 mL, CiLly).

1. NBS, THF
2. Boc,0, MeCN
“'Me 3. Pd(PPha)y, LiCI “uMe
Sn(Me),, 150 °C
I N\ o > I\ o

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl §)-3,7-dimethyl-4,5,6,7- tetrahydro-2H
-isoindole-1-carboxylate (2.33)A flame-dried flask immersed in a room temperature water bath
was charged with pyrrole menthyl es@B80(0.13 mmol, 42 mg, 1.0 equiv) and tetrahydrofuran
(0.8 mL, 0.2 M). To the solution was added NBS (0.14 mmol, 25 ingj equiv) portionwise over
a period of 5 min. The reaction mixture was allowed to stirXdn at which time it was diluted
with dichloromethane and washed with water (3 x 10 mL) fokowby brine (1 x 30 mL). The
organic layer was dried over sodium sulfate, filtered, catreged, and purified using Sj@olumn
chromatography eluting with 9:1 hexanes:ethyl acetateelol ya colorless oil that was taken on
immediately to the next step.

A flame-dried flask was charged with the brominated menthigrgsyrrole (0.13 mmol, 1.0
equiv) followed by MeCN (0.15 M, 0.87 mL). To the suspensiasvadded DMAP (0.017 mmol,
2.1 mg, 0.15 equiv) followed by dert-butyl-dicarbonate (0.13 mmol, 30 lijL, 1.0 equiv) and the
suspension was allowed to stir for 12 h at room temperature rédaction mixture was diluted with
dichloromethane (10 mL), washed with sodium hydrogensaiffa x 10 mL), then NaHCg&)X(sat.
ag.) (2 x 10 mL) and finally water (1 x 10 mL). The organic layexsidried over sodium sulfate,
filtered, and concentrated vacuoand taken on immediately to the next step.

A flame-dried Schlenk flask was charged with Boc-protectedopg from the previous step (23
mg, 0.046 mmol, 1.0 equiv) and the flask was then brought he@tovebox where it was charged
with Pd(PPBh)4 (0.005 mmol, 5 mg, 0.01 equiv) and anhydrous lithium chlerid.23 mmol, 9.7
mg, 5.0 equiv). The sealed flask was brought out of the glavahd degassed dimethylformamide
was added using a cannula (1.0 mL). To the flask was then addeshiethyltin (0.23 mmol,
0.032 mL, 5.0 equiv) and the Schlenk flask was sealed anddéat&50 °C and held at this
temperature for 12 h. The reaction mixture was allowed td tmooom temperature and diluted
with ethyl acetate (10 mL). The organic layer was washed waker (10 x 10 mL) followed by
brine (1 x 10 mL). The organic layer was dried over sodiumagalf filtered, and concentrated
in vacua The crude reaction mixture was purified by Si€dlumn chromatography eluting with
9:1 hexanes:ethyl acetate to afford methylated pyr2a@@as a colorless oil (9.6 mg, 22% over 3
steps):R (neat) 3300, 2954, 2924, 2866, 1654 tmH NMR (400 MHz, CDC}) 6 8.63 (s, 1H),
4.93 (td,J =10.9, 4.5 Hz, 1H), 3.24 (td, = 7.2, 4.9 Hz, 1H), 2.48 (di = 15.7, 3.8 Hz, 1H), 2.33
-2.25 (m, 1H), 2.16 (s, 3H), 2.07- - 1.94 (m, 2H), 1.84 - 1.59 @H), 1.58 - 1.40 (m, 1H), 1.25
(d,J=7.0Hz, 3H), 1.18 - 0.99 (m, 2H), 0.90 (ddi= 8.4, 6.8 Hz, 6H), 0.79 (d] = 6.9 Hz, 3H).
13C NMR (101 MHz, CDC¥§) 6 160.8, 134.5, 128.1, 118.3, 115.6, 73.0, 47.5, 41.7, 34.%,3
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30.7,26.8, 26.1, 23.3,22.2,21.8, 21.4, 21.1, 18.5, 14.3. HRMS (ESI): Exact mass calc’d for
C,1H3,0,N [M-H] —, 330.2428. Found 330.242%&]p = —2.27 (c = 0.66 g/100 mL, CiLl,).

1. NBS, THF
2. Boc,0, MeCN
Me 3. Pd(PPhg)y, LiCl Me
Sn(Me)y, 150 °C
/ \ 0] ® / \ o]

Me

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl R)-3,7-dimethyl-4,5,6,7- tetrahydro-2H-iso-
indole-1-carboxylate (2.34) Prepared through the same sequence used to prepare ebaster
2.33 Isolated as a clear, colorless oil (18 mg, 45% over 3 steps)neat) 3296, 2952, 2924,
2864, 1653 cn; *H NMR (600 MHz, CDC%) & 8.72 (bs, 1H), 4.87 (td) = 10.9, 4.4 Hz, 1H),
3.31-3.12 (m, 1H), 2.49 - 2.46 (m, 1H), 2.35 - 2.20 (m, 1H),62(4, 3H), 2.13 - 2.06 (m, 1H),
1.97 (ddg,Jd = 9.8, 7.0, 3.5, 2.9 Hz, 1H), 1.83 - 1.59 (m, 6H), 1.58 - 1.39 2id), 1.25 (d,J =
7.1 Hz, 3H), 1.15 - 0.98 (m, 2H), 0.91 (dd,= 9.1, 6.8 Hz, 7H), 0.77 (d] = 6.9 Hz, 3H).13C
NMR (151 MHz, CDC}) 6 161.1, 134.2, 128.2, 118.3, 115.9, 73.4, 47.8, 41.4, 34.6,30.9,
27.0,26.5,23.7,22.2,21.9, 21.5, 21.1, 18.7, 16.5, MRS (ESI): Exact mass calc'd f&2.37
[M+H]*, 332.2584. Found 332.258x]p = —64.09 (c = 0.66 g/100 mL, Gi€l,).

wuMe NaOH, ethylene glycol
1h,210°C
I N\ o0 >
Me then 1.18

N Me el 2h, 1t

0o \ 62%
2.33

(S)-cycloprodigiosin hydrochloride ((S)-2.32HCI): A suspension of pyrrol€.33 (0.015
mmol, 5.0 mg, 1.0 equiv) and sodium hydroxide (0.14 mmol, fag, 9.0 equiv) in ethylene
glycol (1.0 mL) was degassed using three cycles of freengyfthaw. The Schlenk flask was
sealed and placed in a sand bath where it was heated to 210d°Be&hat this temperature for
2 h. The suspension was diluted with hexanes and the orgayec Wwas washed with water (5 x
10 mL), followed by brine (1 x 10 mL). The organic layer wasadriover sodium sulfate, filtered,
concentratedn vacuoand submitted immediately to the next step. To the isolatedecproduct
(from the previous step) in a flask immersed in a room tempegavater bath was added anhy-
drous methanol (1.0 mL) followed by 4-methoxy-1H,1'H-[2 Bipyrrole]-5-carbaldehydel(18
and anhydrous HCI (0.02 mmol, 0.02 mL from a freshly prepdr@dM solution of acetyl chloride
in anhydrous methanol, 1.0 equiv). The mixture turned aaribred to purple over a period of
1 h at which time the solvent was removiedvacuoand the mixture was immediately purified
by SiO, column chromatography, eluting with 1% methanol in chlorof followed by a second
column eluting with 2% methanol in chloroform to yield the H§alt of the natural product as a
purple-black microcrystalline solid (3.3 mg, 69%R (neat) 3357, 3151, 3099, 2919, 2850, 1599
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cm®; *H NMR (600 MHz, CDC4) 6 12.59 (s, 2H), 12.47 (s, 1H), 7.18 (s, 1H), 7.00 (s, 1H), 6.86
(s, 1H), 6.33 (s, 1H), 6.08 (s, 1H), 4.00 (s, 3H), 3.12 (s, H7 - 2.04 (m, 5H), 1.95 - 1.66 (M,
4H), 1.28 (d,J = 7.2 Hz, 3H).13C NMR (151 MHz, CDC}) § 165.0, 147.2, 146.4, 145.8, 126.2,
123.9, 123.1, 122.7, 119.2, 115.9, 113.1, 111.5, 92.7,,5806, 26.3, 24.0, 21.0, 18.5, 12.4.
HRMS (ESI): Exact mass calc'd for gH,4ONz [M+H]*, 322.1914. Found 322.1912. MP >220
°C (decomposes at >220 °C). Enantiopurity (95:5 er) wasbésked by chiral HPLC analysis:
Chiralpak 1A column, flow rate of 1.0 mL/min, 50% isopropamohexanes, 0.1% diethylamine,
500 nm. Retention times: 5.31 miR){10.02 min §). We attempted to obtain optical rotations,
however, at the wavelength we had access to (Na lamp, 584mertyansmittance was too low to
obtain accurate rotations.

Me NaOH, ethylene glycol
1h,210°C

1\ o >

Me then 1.18

N K HCI, 2 h, rt
0
62%
2.34

The same procedures used for the synthesiS)efycloprodigiosin were employed in the syn-
thesis of R)-cycloprodigiosin with the exception that diastereor@e34 was used instead of di-
astereome?.30throughout the sequence. Enantiopurity (99:1 er) was ksitalol by chiral HPLC
analysis: Chiralpak IA column, flow rate of 1.0 mL/min, 50%sopanol in hexanes, 0.1% di-
ethylamine, 500 nm. Retention times: 5.46 nRRy9.74 min §).

Growth and Isolation of Natural Cycloprodigiosin from Pseudoalteromonasrubra

Microbial culture conditions : Pseudualteromonas rubi@authier 1976, ATCC 29570) was
obtained from the German Collection of Microorganisms amdl Cultures (DSMZ 6842) and
propagated on Zorbell Marine Agar 2216 (HiMedia Labs) at @5Production media was MB/5,
which contains 8 g Zorbell Marine Broth 2216 (HiMedia Labeil&9 g Instant Ocean aquarium
sea salt (United Pet Group) in 1 L deionized water, stedlizg autoclaving for 30 min.

Microbial cycloprodigiosin production : A two-day old colony ofP. rubraon Marine Agar
was inoculated into 10 mL MB/5 in a glass culture tube and shak 25 °C and 200 RPM for 48
h. Two 2 L baffled flasks with 500 mL MB/5 each were inoculatethvd mL seed culture each
and shaken at 25 °C and 200 RPM. After 16 h the cultures wergiftged at 30,000 x g for 15
min and the pellets were combined, frozen, and lyophiliretthé dark for 48 h.

Purification of biosynthetic cycloprodigiosin: Lyophilized cell pellets were extracted with
3x20 mL 50:50 chloroform:methanol and filtered, affordingraght purple filtrate. After evap-
oration of solventsn vacuothe crude extract was re-suspended in dichloromethane laiod ¢
matographed over SiJRediSep Rf Gold 249 cartridge) on a Teledyne Isco CombifRiskith a
dichloromethane:methanol gradient ranging from 0% to 158thamnol.
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All colored fractions were analyzed by Nanostructurekétditr Mass Spectrometry 6 and only
those fractions which contained cycloprodigiosin (M+H 2232Da) but no prodigiosin (M+H =
324.2 Da) were combined and concentrategacua In agreement with Laatsch and Thomson
7 we found that cycloprodigiosin migrates slightly slowean prodigiosin on Si© prodigiosin
eluted with 6% methanol while cycloprodigiosin eluted ws# methanol in dichloromethane. A
slight difference in color was noticeable between prodigi@nd cycloprodigiosin fractions.

The extract was further purified by Reversed-Phase HPLC olgdent 1260 infinity series
instrument with a ZORBAX SB-C18 semi-prep column (50 mm xr@ internal diameter, BM
particle size). Separation conditions were as followsy&u A = Water, 0.1% formic acid, Solvent
B = methanol, 0.1% formic acid. The following gradient waedis50% B for 2 min, ramp to 95%
B in 8 min, wash with 95% B for 4 min, re-equilibrate with 50% & ¥ min. Flow rate was 10
mL/min. Fraction collection was triggered by Abs(540). &gton time for cycloprodigiosin under
these conditions was 5 min, corresponding to 65% B. The coetbiractions were evaporated
under reduced pressure to afford a bright purple solid.dYi@00 nmol (0.2 mg) as determined by
HPLC-MS with racemic prodigiosin as a standard. HRMS (EBSXact mass calc’d for £gH,40N3
[M+H]*, 322.1914. Found 322.1912.
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Figure 2.6: Synthetic R)-cycloprodigiosin. Retention times: 5.31 miR)(10.02 min §), 95:5 er.

Figure 2.7: Synthetic §)-cycloprodigiosin. Retention times: 5.46 miR)(9.74 min §), 99:1 er.
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2.b : X-ray Crystallographic Data Relevant to Chapter 2

X-ray Crystallography Data

Figure 2.34: X-ray crystal structure 01.57

A purple plate 0.050 x 0.040 x 0.020 mm in size was mounted onyal@p with Paratone
oil. Data were collected in a nitrogen gas stream at 100(23idguphi and omega scans. Crystal-
to-detector distance was 60 mm and exposure time was 10depen frame using a scan width
of 2.0°. Data collection was 100.0% complete to 67.0000.iA total of 27626 reflections were
collected covering the indices, -13<=h<=13, -8<=k<=8,<#k=15. 3342 reflections were found
to be symmetry independent, with ap,Rf 0.0503. Indexing and unit cell refinement indicated
a primitive, monoclinic lattice. The space group was foumdé P 21 (No. 4). The data were
integrated using the Bruker SAINT software program andestaising the SADABS software
program. Solution by iterative methods (SHELXT) producedoanplete heavy-atom phasing
model consistent with the proposed structure. All non-bgeén atoms were refined anisotropically
by full-matrix least-squares (SHELXL-2014). All hydrogatoms were placed using a riding
model. Their positions were constrained relative to thanept atom using the appropriate HFIX
command in SHELXL-2014. Absolute stereochemistry was uniguously determined to e at
C6.
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Table 2.1: Crystal data and structure refinement f067.

X-ray ID
Sample/notebook ID
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

Index ranges
Reflections collected

Independent reflections

sarpongl11l
REJIII-035E2
C20 H24 CIN3 O
357.87
100(2) K
1.54178 A
Monoclinic
P21
a=10.8680(8) A
b = 6.8325(6) A
c=12.6102(10) A
909.38(13) A3
2
1.307 Mg/
1.952 mm
380

0.050 x 0.040 x 0.020 Mm

3.609 to 69.145°.

-13<=h<=13, -8<=k<=8, -15<=I<=15

27626

3342 [R(int) = 0.0503]

Completeness to theta = 67.000° 100.00%

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

Semi-empirical from equivalents

0.929 and 0.809

Full-matrix least-squares on F2

33427117229
1.047

R1=0.0467, wR2 =0.1104
R1 =0.0562, wR2 = 0.1169

0.054(12)
n/a
0.521 and -0.166&.A
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Table 2.2: Atomic coordinates (x0*) and equivalent isotropic displacement parametefs (&%)
for sarpong111. U(eq) is defined as one third of the traceenbtthogonalized tensor.

X y Z U(eq)

C(1) 5116(3) 4446(8) 321(3) 27(1)
C(2) 6354(3) 4400(8) 174(3) 27(1)
C(3) 6765(4) 4333(9) -886(3) 33(1)
C(4) 8198(4) 4627(11) -671(3) 41(1)
C(5) 8919(4) 3536(7) 346(4) 38(1)
C(6) 8585(3) 4312(8) 1392(3) 31(1)
C(7) 7169(3) 4397(7) 1201(3) 27(1)
C(8) 6432(3) 4486(8) 1990(3) 25(1)
C(9) 3889(3) 4436(9) -520(3) 31(1)
C(10) 9212(4) 6271(8) 1746(4) 42(1)
C(11) 6898(3) 4557(8) 3115(3) 27(1)
C(12) 6362(3) 4676(8) 3995(3) 26(1)
C(13) 7045(3) 4765(7) 5109(3) 29(1)
C(14) 6217(4) 4801(7) 5778(3) 31(1)
C(15) 5003(3) 4730(7) 5080(3) 28(1)
C(16) 8870(4) 4950(11) 6519(4) 53(2)
C(17) 3825(3) 4732(7) 5419(3) 30(1)
C(18) 3664(4) 4710(8) 6472(3) 32(1)
C(19) 2354(4) 4723(8) 6398(3) 35(1)
C(20) 1760(4) 4765(8) 5312(4) 38(1)
N(1) 5177(3) 4494(7) 1404(2) 26(1)
N(2) 5087(3) 4672(6) 4031(2) 26(1)
N(@3) 2656(3) 4750(7) 4723(3) 35(1)
O(1) 8314(2) 4847(6) 5363(2) 38(1)
Cl(1) 2599(1) 4457(2) 2184(1) 37(1)

Table 2.3: Bond lengths [A] for sarpong111.

C(1)-N(1) 1.352(4) C(4)-C(5)-C(6) 111.8(4)
C(1)-C(2) 1.401(5) C(4)-C(5)-H(5A) 109.2
C(1)-C(9) 1.492(5) C(6)-C(5)-H(5A) 109.2
C(2)-C(7) 1.383(5) C(4)-C(5)-H(5B) 109.2
C(2)-C(3) 1.508(5) C(6)-C(5)-H(5B) 109.2
C(3)-C(4) 1.530(5) H(5A)-C(5)-H(5B) 107.9
C(3)-H(3A) 0.99 C(7)-C(6)-C(10) 112.6(4)
C(3)-H(3B) 0.99 C(7)-C(6)-C(5) 108.5(3)
C(4)-C(5) 1.528(7) C(10)-C(6)-C(5) 111.9(4)
C(4)-H(4A) 0.99 C(7)-C(6)-H(6) 107.9
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C(4)-H(4B)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-C(7)
C(6)-C(10)
C(6)-H(6)
C(7)-C(8)
C(8)-N(1)
C(8)-C(11)
C(9)-H(9A)
C(9)-H(9B)
C(9)-H(9C)
C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)
C(11)-C(12)
C(11)-H(11)
C(12)-N(2)
C(12)-C(13)
C(13)-0(1)
C(13)-C(14)
C(14)-C(15)
C(14)-H(14)
C(15)-N(2)
C(15)-C(17)
C(16)-0(1)
C(16)-H(16A)
C(16)-H(16B)
C(16)-H(16C)
C(17)-N(3)
C(17)-C(18)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(19)-H(19)
C(20)-N(3)
C(20)-H(20)
N(1)-H(1)
N(2)-H(2)
N(3)-H(3)
N(1)-C(1)-C(2)
N(1)-C(1)-C(9)
C(2)-C(1)-C(9)
C(7)-C(2)-C(1)

0.99
1.542(6)
0.99
0.99
1.501(5)
1.520(7)
1
1.420(5)
1.388(4)
1.388(5)
0.98
0.98
0.98
0.98
0.98
0.98
1.374(5)
0.95
1.397(4)
1.425(5)
1.341(4)
1.372(5)
1.401(5)
0.95
1.348(4)
1.443(5)
1.440(5)
0.98
0.98
0.98
1.362(5)
1.381(5)
1.404(5)
0.95
1.368(6)
0.95
1.358(5)
0.95
0.88
0.88
0.88
108.5(3)
122.5(3)
129.0(3)
107.3(3)
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C(10)-C(6)-H(6)
C(5)-C(6)-H(6)
C(2)-C(7)-C(8)
C(2)-C(7)-C(6)
C(8)-C(7)-C(6)
N(1)-C(8)-C(11)
N(1)-C(8)-C(7)
C(11)-C(8)-C(7)
C(1)-C(9)-H(9A)
C(1)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(1)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
C(6)-C(10)-H(10A)
C(6)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(6)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
C(12)-C(11)-C(8)
C(12)-C(11)-H(11)
C(8)-C(11)-H(11)
C(11)-C(12)-N(2)
C(11)-C(12)-C(13)
N(2)-C(12)-C(13)
O(1)-C(13)-C(14)
0(1)-C(13)-C(12)
C(14)-C(13)-C(12)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
N(2)-C(15)-C(14)
N(2)-C(15)-C(17)
C(14)-C(15)-C(17)
O(1)-C(16)-H(16A)
O(1)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
O(1)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
N(3)-C(17)-C(18)
N(3)-C(17)-C(15)
C(18)-C(17)-C(15)
C(17)-C(18)-C(19)

107.9
107.9
108.3(3)
123.6(3)
128.1(3)
128.1(3)
105.9(3)
126.0(3)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
134.9(3)
112.6
112.6
129.9(3)
125.3(3)
104.8(3)
129.8(4)
120.1(3)
110.0(3)
105.7(3)
127.1
127.1
110.1(3)
124.2(3)
125.7(3)
109.5
109.5
109.5
109.5
109.5
109.5
107.9(3)
124.5(3)
127.6(4)
107.2(3)



C(7)-C(2)-C(3)
C(1)-C(2)-C(3)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4B)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)

124.8(3)
127.9(3)
110.1(3)
109.6
109.6
109.6
109.6
108.2
112.4(4)
109.1
109.1
109.1
109.1
107.9

C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
N(3)-C(20)-C(19)
N(3)-C(20)-H(20)
C(19)-C(20)-H(20)
C(1)-N(1)-C(8)
C(1)-N(1)-H(1)
C(8)-N(1)-H(1)
C(15)-N(2)-C(12)
C(15)-N(2)-H(2)
C(12)-N(2)-H(2)

C(20)-N(3)-C(17)
C(20)-N(3)-H(3)
C(17)-N(3)-H(3)
C(13)-O(1)-C(16)

Symmetry transformations used to generate equivalentsatom

126.4
126.4
107.2(3)
126.4
126.4
108.6(3)
125.7
125.7
110.1(3)
125
125
109.3(3)
125.3
125.3

109.1(3)
125.4
125.4
113.8(3)

Table 2.4: Anisotropic displacement parameters’}A10°%)for sarpong111. The anisotropic dis-
placement factor exponent takes the formr3h2a2U'! + ... + 2 h k a* b* U'?]

Ull U22 U33 U23 U13 U12
C(l) 27(2) 21(2) 34(2) -2(2) 10(1) -4(2)
C(2) 30(2) 21(2) 31(2) -3(2) 10(1) -2(2)
C(3) 33(2) 35(2) 32(2) 2(2) 10(2) 0(2)
C(4) 32(2) 58(3) 37(2) -2(3) 16(2) -1(3)
C(5) 30(2) 45(3) 44(3) -1(2) 17(2) 4(2)
C(6) 23(2) 36(2) 36(2) 2(2) 10(1) 1(2)
C(7) 26(2) 20(2) 38(2) 0(2) 13(2) 0(2)
C(8) 23(2) 21(2) 34(2) 0(2) 10(1) 0(2)
C(9) 28(2) 29(2) 36(2) -3(2) 7(1) -1(3)
C(10) 24(2) 49(3) 56(3) -11(2) 14(2) -2(2)
C(11) 23(2) 24(2) 37(2) 8(2) 11(1) 3(2)
C(12) 23(2) 23(2) 36(2) 1(2) 11(1) 1(2)
C(13) 25(2) 31(3) 35(2) 4(2) 12(2) 4(2)
C(14) 30(2) 34(3) 31(2) -2(2) 13(2) 3(2)
C(15) 29(2) 22(2) 34(2) 1(2) 13(1) 3(2)
C(16) 28(2) 92(5) 38(2) 03) 7(2) 9(3)
C(17) 27(2) 27(2) 37(2) -2(2) 12(1) -3(2)
C(18) 29(2) 33(2) 38(2) -3(2) 13(2) -3(2)
C(19) 31(2) 37(3) 42(2) -2(2) 18(2) -6(2)
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Table 2.4: Anisotropic displacement parameters’A10%)for sarpong111. The anisotropic dis-
placement factor exponent takes the formr3h?a2U'! + ... + 2 h k a* b* U'?]

Ull U22 U33 U23 U13 U12

C(20) 24(2) 41(3) 54(2) -1(3) 19(2) -3(2)
N(1) 20(1) 25(2) 34(1) 2(2) 11(1) 2(2)
N2) 20(1) 29(2) 30(1) 2(2) 8(1) -2(2)
N@E) 27(2) 43(2) 36(2) 1(2) 13(1) 1(2)
O(1) 22(1) 60(3) 32(1) -42) 7(1) 4(2)
Cl(1) 23(1) 52(1) 37(1) 3(1) 9(1) -1(1)

Table 2.5: Hydrogen coordinates (x 1pand isotropic displacement parameter$xA.0®) for
sarpongl111.

X y z U(eq)
H(3A) 6325 5373 -1381 40
H(3B) 6531 3054 -1247 40
H(4A) 8493 4161 -1311 49
H(4B) 8392 6041 -581 49
H(5A) 9841 3683 415 46
H(5B) 8712 2125 265 46
H(6) 8906 3348 1990 37
H(9A) 3185 4458 -157 47
H(9B) 3834 3251 -966 47
H(OC) 3842 5593 -987 47
H(10A) 8897 7251 1179 64
H(10B) 10132 6142 1858 64
H(10C) 9011 6684 2430 64
H(11) 7797 4512 3324 33
H(14) 6424 4862 6552 37
H(16A) 8525 6082 6828 79
H(16B) 9791 5088 6644 79
H(16C) 8672 3751 6871 79
H(18) 4317 4689 7125 39
H(19) 1955 4707 6991 42
H(20) 870 4798 5019 45
H(1) 4517 4525 1694 31
H(2) 4439 4637 3459 31
H(3) 2504 4752 4005 41
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Chapter 3

The Isolation, Bioactivity, and Synthetic
Background of the Pentacyclic Ambiguine
Natural Products

3.1 The Isolation and Bioactivity of Ambiguine Natural Products

The pentacyclic ambiguine family of natural products cosga highly intriguing class of
indole alkaloid secondary metabolites and are a part ofafget hapalindole alkaloid family of
natural products. The ambiguines have been of interestttoibolation and synthetic chemists
since their first isolation report in 1992The majority of the tetracyclic and pentacyclic ambigu-
ines have been isolated from the terrestrial strain of clgaoteria known akischerella ambigua
from which the name "ambiguine” originatdsscherella ambiguavas first discovered in 1895 by
Kitzing and Flahault in Zurich and has subsequently beesvezed from many other continental
sources It is currently maintained as the purchasable strain UTEB3L$mbiguine G has been
the only congener to be isolated from the related cyanobatteeshwater strain known dda-
palosiphon delicatulug This strain of cyanobacteria was first reported in 1902 byt\aled West
from the island of Sri Lanka, formerly the British colony Qay.* This strain is also maintained
by the University of Hawaii as UH isolate BZ-3-1.

As shown in Figure 3.1, to date there are 13 known pentacgutisiguines and 5 known tetra-
cyclic ambiguine natural products. These compounds tiigieaist with the "anti" relative stereo-
chemistry as shown for ambiguines &1) and B @3.2). This terminology specifically refers to the
relationship between the vinyl group at C12 and the C15 gukst. Pentacyclic ambiguines co-
exist with their tetracyclic counterparts (e3)3, 3.4, 3.1, 3.2, and3.5) in which the reverse-prenyl
group attached to the C2-position of the indole moiety otwedy cyclizes to form the character-
istic 7-membered E-ring of the pentacyclic congeners. presumed that these two classes are
related biosynthetically and their relationship will beclissed further in this chapter. In addition
to the tetra and pentacyclic ambiguine natural productsethlso exists related classes of natu-
ral products such as the tricyclic hapalindol85), tetracyclic hapalindoles3(7), fischerindoles
(3.8), and welwitindolinones3.9). While the focus of this chapter is on the ambiguine clds=ssé¢
other classes will be briefly discussed as well.

The existence of pentacyclic ambiguine natural productsfwst reported in 1992 by Smitka
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a. Tetracyclic ambiguines isolated to date:

anti-relative X syn-relative
stereochemistry H stereochemistry

, ambiguine C
I, ambiguine B

3.3 X =H, ambiguine H
3.4 X =Cl, ambiguine A

3.5 X =H, 12-epi-ambiguine B nitrile

([l
ox

b. Pentacyclic ambiguines isolated to date:

3.10 X = H, ambiguine J 3.12 X = H, ambiguine | - 3.15 X = H, ambiguine Q
3.11 X = Cl, ambiguine D 3.13 X = Cl, ambiguine E 3.14 ambiguine F 3.16 X = Cl, ambiguine G
X /
Me
Me m

Me

Iz

3.17 X = H, ambiguine L 3.19 X = H, ambiguine M
3.18 X = Cl, ambiguine K 3.20 X = CI, ambiguine N

c. Related hapalindole family natural product cores:

3.6 3.7 3.8 3.9
hapalindoles hapalindoles fischerindoles welwitindolinones
(tricyclic) (tetracyclic)

Figure 3.1: Family of ambiguine natural products isolated since 1992.

and coworkers at the University of Hawalii in a collaboratrath Eli Lilly, in which they identified

a strain of blue-green algae as having moderately potewfididal activity! Their initial report
detailed the isolation of pentacyclic ambiguines D throEghhich also included the first isolation
of tetracyclic ambiguine natural products A through C. Hegale natural products had been
known in the literature for at least a decatland the ambiguines were clearly related by the

addition of a single reverse-prenyl group connected to GA@fndole foundation.
While ambiguines A .4) through C 8.1) are all tetracyclic in nature, oxidatively cyclized
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compounds D3.11), E (3.23, and F 8.24) are pentacyclic in nature. These pentacyclic ambiguine
natural products vary in their level and pattern of oxygemathroughout the pentacyclic core.
Smitka’s team also conducted initial bioactivity assayp®c#fically looking at antifungal activity
against three different fungal organisms; the resultirtg databulated in Table 3.1.

Table 3.1
Fungicide in vitro MIC values ( ug/mL) adapted from Smitka et. al. 1992
" empd  C.abicans T. Mentagrophytes A, fumigatus.
3.4 2.5%b 102, >20P 80?2
3.2 1.2520 >802, 2.5P 202
3.1 2.52,1.25° >802, 0.625° >802
3.11 1.252P >802, 0.625° >802
3.13 5.0%, 2.5P 52, 2 5P >802
3.14 1.252b >80, 1.25° >802
amphotericin B 0.3122, 0.156° 1.252
tolnaftate <0.022p

aTested in Sabouraud dextrose broth.
bTested in RPMI broth supplemented with 10% calf serum.

The next isolation report of a pentacyclic ambiguine wasstdption by Moore and cowork-
ers in 1998 characterizing ambiguine &16 as the first nitrile containing pentacyclic natural
product® Ambiguine G was isolated from the related strain of freslewayanobacteria known as
Hapalosiphon delicatuludNotably, the isolation chemists identified a conjugateaho¢group lo-
cated on the seven-membered homoaromatic ring and alstudexddhe absence of both hydroxyl
and isonitrile functionalities typically present in preusly isolated pentacyclic ambiguines.

Carmeli and coworkers in 2007 next reported the isolatidhi@e new pentacyclic ambiguines
H (3.3, 1 (3.12, and J 8.10 which are the non-chlorinated congeners of ambiguine8.4),(E
(3.13, and D @.11) respectively? Carmeli’s group from Tel Aviv University also conducted sem
preliminaryin vitro antibacterial and antifungal assays for ambiguines3i3) (and | 3.12 as
shown in Table 3.2, demonstrating their moderately potetivity against bacterial and fungal
organisms.

In 2009, Orjala and coworkers from the University of llliseChicago identified five new pen-
tacyclic ambiguines also exhibiting moderate antifungmal antibacterial activity. Orjala’s group
conducted assays using the 11 ambiguines they were ablel&teisrom Fischerella ambigua
UTEX 1903 and the results are reported in Table 3T3ey identified ambiguines K3(18 and M
(3.19 as having moderately potent MIC values in {bid range against. tuberculosiswith val-
ues of 6.6 and 7.5M, respectively. In addition, ambiguine 8.4) showed potent activity against
B. anthraciswith an MIC value of 1.0uM. Remarkably, the majority of the ambiguines showed
fairly potent activity against the fung. albicans

Finally, the last isolation report of ambiguines was repainh 2010 by Orjala’s group in which
they disclosed the structures of ambiguine8 23 and Q @.15.8 They also reported the isolation
of the chlorinated congener of ambiugine Q, already knowarabiguine G 8.16) which was
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Table 3.2

In vitro MIC values ( pg/mL) adapted from Carmeli and Raveh in 2007

C. albicans
cmpd E. coli ESS K-122 S. albus? B. subtilis? S. cerevisiae® ATCC 90028
3.3 10 0.625 1.25 5 6.25¢
3.12 25 0.078 0.312 0.312 0.39°¢
streptomycin 0.312 0.156 25 -- --
puramycin -- -- -- 0.312 --
amphotericin B -- -- -- 1.56 --

aTested in LB broth.
bTested in YPD broth.
CFungistatic

previously isolated in 1998. Ambiguine B.22) is unique from the other pentacyclic ambiguines
as it is the only compound without an isonitrile or nitrile iety. The antibacterial and antifungal
activity for ambiguines P and G was evaluated (Table 3.3)édver, they were not able to isolate
Q in enough quantity to acquire bioactivity data. Ambiguiné3.22 was not tested against all
fungal and bacterial strains but showed moderate antifuagivity againstC. albicanswith an
MIC of 32.9 uM. In addition, ambiguine G showed fairly potent antibaieteactivity againstS.
aureuswith an MIC of 6.6uM.

The most recently isolated ambiguine in 2014 isefftambiguine B nitrile3.5 by Berry and
coworkers? This compound represents an extremely unique ambiguirtéisastrrently the only
known ambiguine to possess theyti' relationship between C12 and C15. In additiBrhis the
only ambiguie to contain a nitrile functionality at the Cldsjtion out of the 70+ natural products
in the hapalindole family. Given these novel charactersstissociated witl3.5 unambiguous
characterization by X-ray crystallography may be requi@donfirm the structure 08.5. In
addition, there has been no antifungal or antibacteriahdiivity data reported for this unique
structure.

While a mechanism of action has not yet been determined éatiibacterial and antifungal
activity demonstrated by the ambiguines, ambiguin8.1® has been identified specifically as
a potent NF-KB inhibitor with an Ig value of 30 nM leading to antiproliferative effects in the
MCF-7 breast cancer cell linf€.Ambiguine | has also been evaluated for cytotoxic activigiast
both the HT-29 colon cancer cell line (B 4.35u1M) in addition to the MCF-7 breast cancer cell
line (EGso =1.7uM). In the report by Carcache de Blanco and coworkers, assaywehas presented
suggesting that ambiguine | causes mitochondrial dysiomdeading to non-caspase dependent
apoptosis. This information is promising for future stigdad these molecules as chemotherapeu-
tic agents that uniquely act through an alternative meanarsis compared to the more standard
caspase-dependent cell death pathway.

Another instance of noteworthy bioactivity was reportedty group of Matsumoto from the
University of Tsukuba in which they identified ambiguine Dhaing plant growth suppression
activity.!! The Matsumoto group identifiegl 11through fractionation of the Hapalosiphon species
of cyanobacteria guided by a lettuce seedling bioassayhé&uexploration into the mechanism of

77



Table 3.3

In vitro MIC values ( pg/mL) adapted from Orjala et. al. in 2009 and 2010
cmpd M. tuberculosis  B. anthracis S. aureus M. smegmatis  C. albicans  Vero cells
3.18 6.6 7.4 4.6 23.7 <0.9 53.2
3.17 11.7 16.2 10.5 19.3 <1.0 44.6
3.19 7.5 28.5 4.7 25.8 11 79.8
3.20 27.1 30.9 5.5 48.8 <1.0 118.4
3.21 - 13.8 - - - 80.7
3.4 46.7 1.0 1.8 14.8 <1.0 26.0
3.2 == 3.7 10.9 27.8 1.7 58.6
3.1 7.0 16.1 7.4 59.6 <1.0 78.3
3.13 21.0 3.6 15 14 <0.9 42.6
3.14 61.2 -- -- -- -- 57.9
3.12 13.1 >128 8.9 59.7 17 >128
3.22 >100 -- >100 -- 329 -
3.16 53.7 >100 6.6 49.7 >100 --
rifampin 0.1
ciprofloxacin 0.2
gentamicin 14
moxifloxacin 0.7
ketoconazole 0.03

action for the phytotoxic activity led to the discovery tlaabbiguine D specifically increased the
concentration of reactive oxygen species in lettuce rott ading to peroxidation of lipids. This
oxidative stress inhibited mitosis leading to cell deattietestingly, this is the only known report
for phytotoxic activity exhibited by an ambiguine isorligrand gives promise to their potential use
as herbicide agents.

3.2 Biosynthetic Investigations of Hapalindole and Ambigine
Natural Products

In addition to their interesting bioactivity, the biosye#is of the pentacyclic ambiguines has
also been intensely explored. Two groups (Xinyu Liu from theiversity of Pittsburgh and
David Sherman from the University of Michigan) have largdlyminated the field of hapalin-
dole/ambiguine biosynthesis and have recently reportetesgroundbreaking results that have
changed the way chemists had previously thought about hesetmolecules are made in nature.

Initial speculation regarding the biosynthesis of haphdle natural products began in 1992
when Moore and Patterson isolated a new fischerindole, fisciede L (3.25, and in addition,
provided a straightforward biosynthetic proposal leadim@.25 (Scheme 3.1%? In Moore and
Patterson’s proposal they showed a stepwise synthesis enoing with the cyclization of3-
ocimene 8.26) and theE-indole isonitrile 8.27) to generate directly tricyclic hapalindole E (the
structure of which is disputed in the literature but was ioadly reported as3.28%) using an
electrophlic chlorine source as an initiator as shown ireBwh3.1. It should be noted that while the
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Z-isomer of indole isonitrile3.29 Scheme 3.2) was known at the time for its antibiotic praperyt
there wasn't a reported structure for thesomer (i.e.3.27). However,3.27was later confirmed
as a natural product in 2004 from an unrelated strain of biactt From hapalindole E3.28),
Moore and Patterson indicated that depending on the stfaigamobacteria (i.e.F. muscicola
or H. fontinalig it could further cyclize to furnish hapalindole B.80 or fischerindole L 8.25
respectively.

F. muscicola
UTEX1829

B-ocimene e
3.26 ®
H 5 XY
3 H
C = N hapalindole E

(as reported bé gtéhwartz, 1990) 3.30

F. muscicola

UTEX1829 Il
\ — o,
u Me =
E-indole isonitrile CN H. fontinalis
Me V-3-1
3.27 H —_—
CoO7

N

H . .

fischerindole L
3.28 3.25

Scheme 3.1:Moore’s initial biosynthetic proposal reported in 1992 afhicommenced with the
cyclization of 3-ocimene ande-indole isonitrile 3.27) to form the tricyclic intermediate hapalin-
dole E 3.29.

This 1992 proposal was then elaborated upon by Moore withililicollaborators in 1994°to
include the cyclization oZ-indole isonitrile3.29 which purportedly generated Ebi-hapalindole
E (3.3)) in the related strain of cyanobacteHawelwitschii(Scheme 3.2). Compourgi31could
further cyclize to furnish 12pifischerindole G 3.32. While Moore and Smitka did not isolate
12-epihapalindole G3.33 from theH. welwitschiicrude material, they proposed that cyclization
of 3.31at C4 (red arrows) could also yield tetracyclic &@-hapalindole G 3.33.

These proposals by Moore, Patterson, and Smitka went uanged until another proposal
emerged in 2007 by Carmeli and coworkéris Carmeli’s proposal, they suggested a concerted
one-step cyclization pathway leading directly to the ®tcdic hapalindoles, hapalindole G.84),

U (3.39, and 12epihapalindole H 8.36 as shown in Scheme 3.3. In this case, Carmeli also
invoked -ocimene 8.26) as the terpene unit that cyclizes concertedly afimdole isonitrile
3.29to form hapalindoles G334 and U @3.35 directly. This proposal arose after the Carmeli
group isolated only tetra- or pentacyclic ambiguines from Eischerella source of cyanobacteria
IL-199-3-1. This finding suggested that the tricyclic compds are not necessarily biosynthetic
intermediates towards the tetra and pentacyclic hapdkstambiguines as was assumed by Moore
in 1992 and 1994.

The biosynthetic cyclizations proposed by Moore, Patterand Carmeli were generally ac-
cepted and recommunicated in other articles publisheddstvi992 and 201%. The first study
aimed at identifying gene clusters responsible for theyitigesis of hapalindole and ambiguine
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Scheme 3.2Moore and Smitka’s 1994 biosynthetic hypothesis impliogtricycle3.31as a pre-
cursor to fischerindole and tetracyclic hapalindole candbéH. welwitschiispecies of cyanobac-
teria.

natural products was a seminal paper reported by the Liupgo@0142’ In this report, Liu dis-
closed the 42 kbp gene clusterkischerella ambiguaesponsible for hapalindole and ambiguine
biosynthesis in addition to identifying enzymes for keydyinthetic steps which they named with
the precursor "Amb". As shown in Scheme 3.4, Ambl1-3 weremheined to be responsible for
the formation of th&Z-indole isonitrile precursor3(29 and the unique mechanism for this process
was reported by the same group in 20%#Tn this 2017 paper, Liu also showed that in support of
Moore and Carmeli’s proposals, it is possible for Ambl1-$toduce theée-isomer of the indole
isonitrile intermediate3.27), however, the production of ti&isomer is far more robust.

Not all of the enzymes identified in tHe ambiguagene cluster were validatéad vitro by the
Liu group. This includes AmbP1, which was speculated to lspaasible for the cyclization of
GPP and.29into hapalindole U3.35 (Scheme 3.4a). Additionally, Liu speculated that AmbO5
is the late-stage chlorinase that transforms hapalindoldsmbiguines into their chlorinated con-

® ®
H XY H 2
— \ — NG \
) ( Me Fischerella sp. Fischerella sp. M ) ( Me
Me = IL-199-3-1 IL-199-3-1 A
NC —mm e ]
A\ A\
N N
H H
Z-indole isonitrile, 3.29 X = Cl; hapalindole G, 3.34 E-indole isonitrile, 3.27

X = H; hapalindole U, 3.35 12-epi-hapalindole H, 3.36

only tetracyclic and pentacyclic hapalindole/ambiguine congeners were
isolated from Fischerella sp. IL-199-3-1

Scheme 3.3:The depiction of Carmeli’s concerted one-step proposagti@atyclic compounds
3.34 3.35 and3.36from both3.29and3.27.

80



COOH
a. GPP

O OH = AmbP1
NH; : Ambl1-3 NC 1ot validated in vitro
N\ —_— N >
+
N OH OH OPOs% H
3.29

y

H

L-Trp, 3.37 Rib-5-P, 3.38

hapalindole G DMAPP 3.4 H hapalindole A 3.39
3.34 3.39 AmbO1-04 are Rieske 3.40
enzymes that likely perform late-
stage oxidations on ambiguines

small quantities

Scheme 3.4:Liu’s identification of the enzymes responsible for hapadile/ambiguine biosyn-
thesis. Enzymes validated vitro are in red. a. Ambl1-3 for the formation 829b. AmbP3

for the reverse prenylation &34 c. The stereochemical influence at C1BafOon C2 reverse
prenylation.

geners (see Scheme 3.8a835t0 3.34). However, Liu identified and validated vitro the function

of AmbP3 as a reverse-prenyl transferase to furnish tethacgmbiguine A3.4 (Scheme 3.4b).
The enzymatic efficiency was clearly influenced by the stehemistry at C10 as the epimer of
hapalindole G (i.e., hapalindole 8,40 led only to small amounts of the prenylated compound
(3.41, Scheme 3.4c). Remarkably, the authors also identifiedfonrheme iron (NHI)-dependent
oxygenases, AmbO1-0O4. These four NHI-dependent enzymeado the Rieske oxygenase
family of enzymes®2°and are likely responsible for the oxidative cyclizatioagton to form the
pentacyclic ambiguines in addition to performing otheelatage oxygenations to generate all of
the ambiguine congeners.

This initial report by Liu in 2014 was followed by two separgiublications in 2015 by Sher-
mar! and in 2016 by Lid? in which both groups detailed an exquisite enzyme-medi@ape
rearrangement, leading to the discovery of a previousiyank biosynthetic intermediaB42as
shown in Scheme 3.5. While the Liu group had previously attarezed much of the biosynthetic
gene sequence frofischerella ambiguavith the prefixAmh the Sherman group identified new
enzymes within the same gene clusteFaimbigua(UTEX 1903) and renamed the enzymes with
the prefixFam

In both reports by Sherman and Liu, intermediai#2was isolated, which has now led to the
complete revision of the previously accepted hapalindadsymthetic proposals originally pre-
sented by Moore and Carmeli. The new data from these growgugeshthat theZ-indole isonitrile
(3.29 undergoes C3-displacement with geranyl pyrophospha@®j& generate indolenine com-
pound3.42 a process shown to be mediated by enzyme FamD2, also knosvmB1. The Liu
group discovered that this process is dependent on the eatien of Mg* ions and showed
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that the enzymatic activity was improved in the presence g€l From key intermediat8.42

it was demonstrated by the Sherman group that FamC1 casatyperported [3,3]-sigmatropic
rearrangement leading to intermedidté3 which they did not isolate. In the presence of cell-free
lysate containing FamC1, Sherman observed the formatid2-epi-hapalindole U 8.44), which

is a compound previously unreported by isolation chemigtss finding suggests that the library of
hapalindole alkaloids, known to date, is not complete ars@les further isolation efforts. Finally,
Sherman proposed that subsequent cyclizations @didcould be stepwise, leading to formation
of the tricyclic hapalindole core, or concerted, leadinghifischerindole core (Scheme 3.5).

Me

PPO \ S Me FamD2
Me GPP Me AmbPl
M92+

enzyme validated
in vitro

( \&
y
N

H
12-epi-hapalindole U
3.44

FamC1
Cope rearrangement

FamC1
concerted

tetracyclic N
hapalindole core NH fischerindole core

tricyclic hapalindole core

Scheme 3.5:The compilation of Sherman and Liu’s biosynthetic disce@®pf a novel enzyme-
mediated Cope rearrangement involving proposed interaeiid 3ultimately leading to the tetra-
cyclic hapalindole core angl44

Two years later in 2017, the Sherman group in collaboratigh thhe Williams group from
Colorado State University, analyzed gene clusters fromdifferent hapalindole/ambiguine pro-
ducing bacteri&? In this analysis, Sherman and Williams identified the enzynesponsible for
cyclizations from indolenine precurs8t42to the tricyclic, tetracyclic, and fischerindole cores
(Scheme 3.6). The authors first identified and isolated two®hhomologs known as FilC1 and
HpiC1 from the IL199-3-1 and ATCC 43239 strains of cyanobeatrespectively. They found
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that all of these enzymes (FamC1, FilC1, and HpiC1) catalgeesame cyclization fror.42to
3.44 On the other hand, they observed a different hapalindolaés, hapalindole H3:45 when
3.42was treated with cyclases FamC2 and FamC3 in the same pabbetved no formation of
3.45when3.42was treated separately with FamC2 and FamC3. These datastubgt FamC2
and FamC3 potentially act as a heterodimer to effect thazat@n with a different stereochem-
ical outcome from that of FamC1, FilC1, and HpiC1. In additiby mining the genomes of two
fischerindole producing strains of cyanobactefanjusicolaUTEX 1829 and SAG 46.79) the
Sherman group found two cyclases (FImC5 and FisC) thatyzadhe cyclization 08.42to 12-
eptfischerindole U 8.46. However, they also isolated tricyclic ¥pihapalindole C3.47) from
this enzymatic reaction which, intriguingly, does not elto 3.46in the presence of FimC5 or
FisC. This finding suggests that tricyclic £p+hapalindole C3.47) is not a biosynthetic interme-
diate towards the tetracyclic fischerindole class of nafpn@ducts.

3.42

FamC2 + FamC3
FamC1, FilC1, HpiC1 potential heterodimer

12-epi-hapalindole U 12-epi-fischerindole U 12-epi-hapalindole C hapalindole H
3.44 | 3.46 3.47 | 3.45

Scheme 3.6Sherman and Williams’ identification of cyclases leadintetoacyclic3.44 tricyclic
3.45 and fischerindol8.46 Tricycle3.47does not cyclize to the fischerindole core in the presence
of FimC5 and FisC cyclases.

The culmination of Sherman, Liu, and Williams’ work suggetttat compoun®.43 which
is synthesized through an enzymatic Cope rearrangemethg isiosynthetic precursor to all tri-
and tetracyclic hapalindole and fischerindole cores. Tlgesaps have also concluded, similar
in principle to what Carmeli predicted back in 2007, that tlagalindole core is produced with a
certain stereochemical pattern determined by the unigde@amplex nature of the cyclases present
in each respective strain of hapalindole-producing cyantdsia.

Another aspect of the hapalindole/ambiguine biosynthiésis has been intensely studied is
the role of the enzyme AmbOS5 in the late-stage chlorinatidmagpalindole biosynthetic interme-
diates. In 2016, the Liu group identified the late-stage Mejpendent C—H halogenase enzyme
AmbOS5 that is responsible for installing a chlorine atom stereospecific manner on ambiguine
substrates as shown in Scheme Z.Ziu was able to identify AmbO5 as the late-stage chlori-
nase involved in hapalindole/ambiguine biosynthesisrwyreviously identified WelO5 as the
late-stage chlorination enzyme involved in welwitindolire biosynthesi$’ In addition, Liu and
coworkers examined the promiscuity of AmbO5 in comparisoWelO5 and found that AmbO5
had a wider spectrum of activity and catalyzes the functipation of most hapalindole cores in-
cluding fischerindole, tri- and tetracyclic hapalindolegdetra- and pentacyclic ambiguine cores.
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On the other hand, WelO5 was found to only catalyze the ceiveinf3.47and3.46to 3.31and
3.32 These discoveries are of great importance to the syntbetramunity as there is potential
for these enzymes to serve as engineered biocatalystsefdatirstage chlorination of a broader
range of scaffolds.

18 X = Cl; ambiguine K 3.2
17 X = H; ambiguine L 3.

Cl; ambiguine B 3.34 X = CI; hapalindole G
H; ambiguine C 3.35 X = H; hapalindole U
AmbO5 AmbO5 AmbO5

0

3.31 X = ClI; 12-epi-hapalindole E 3.32 X = ClI; 12-epi-fischerindole G

3.47 X =H; 12-epi-hapalindole C 3.46 X = H; 12-epi-fischerindole U
AmbO5 AmbO5
WelO5 WelO5

Scheme 3.7:Liu’s examination of the promiscuity of late-stage chlating enzyme AmbOS5 in
comparison to the homologous enzyme WelO5

While all of these reports represent groundbreaking disges related to the biosynthetic stud-
ies of hapalindole natural products, there is still muchealiscovered with regard to formation of
the vast array of hapalindole-like structures containiiggnly varied stereochemical patterns and
functionalities decorating their cores. These reports sigjgest that the collection of hapalindole
natural products that have been isolated to date is not @ienghd further exploration by isolation
and synthetic chemists alike is warranted.

Additionally, the later-stage oxidative steps leading ie pentacyclic ambiguines remains
largely unexplored, and it is without doubt that discoverire this realm will be highly intrigu-
ing not only to synthetic chemists interested in the haplali@ compounds, but also to the broader
biochemical community.

3.3 Previous Attempts to Synthesize Ambiguine Natural Prod
ucts

Since the report of their initial isolation in 1992, syntlkethemists have been extremely at-
tracted to pentacyclic ambiguine natural products for almemof reasons including their diverse

bioactivity, unique biosynthesis, and most importantlg #ynthetic challenges surrounding for-
mation of their densely functionalized pentacyclic core.
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While hapalindoles, fischerindoles, and welwitindolineaee well-represented in the synthetic
literature’® with a wide variety of successful approaches having beearteg, the pentacyclic
ambiguines remain the "holy grail" of the hapalindole fanaf natural products as no successful

syntheses have been reported to date.

HOLC 1. Rhy(OAc)4, DCM, A
2 | 2. Mel (xs), tBUOK/BUOH
“COC )2 DCM 3. IBX, DMSO, toluene
2. CH2N2 Et0 32% over 3 steps

CO,tBU
N& _Ph
T 0 o
3.51
Ph Me Me
1.50% aq. KOH  ppev” 1. nBuzSnH, AIBN Me*”
EtsNBnCl CO,tBU PhH, 90 °C
DCM CO,tBuU
79% Na_Ph 2.DDQ, EtOAc
Y PhH, 60 °C )\
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X Me Cl
3.54 CHO 1 phgp=CH, Et,0
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Scheme 3.8:A. Johnston’s 2007 synthesis of A-, B-, C-ring compo@83 B. The Diels-Alder
approach leading to D-ring compouddb?7 C. Precursor8.59and 3.57 map onto the natural

product ambiguine G.16
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The Johnston group in 2007 was the first to report an appraetttetsynthesis of pentacyclic
ambiguine-type natural products using a unique Diels-Adligconnection to address the synthesis
of ambiguine G (Scheme 3.8j.In their approach, the authors synthesized the A-, B-, amith@ -
fragment of ambiguine G through a Rh(ll) carbenoid-cataty€—H bond insertion followed by
methylation and subsequent oxidation to access enonenetkate3.50(Scheme 3.8a). They next
performed a Michael addition with imine fragme&h60to form the indole precurs@.52 Finally,

a radical-mediated indolenine synthesis proceeded in gieddlwith high diastereoselectivity and
upon oxidation with DDQ provided the A-, B-, and C-ring fragnt3.52 The Johnston group
also, separately, formed the D-ring through a [4+2] cyctb&oin of vinylogous acyl chlorid8.54
and diene3.55 (Scheme 3.8b). Interestingly, the authors did not reporatéeampt to merge the
syntheses of the two fragmen&%7and3.53 together to form the tetracyclic core of ambiguine
G (3.58 (Scheme 3.8c).

A second attempt towards the pentacyclic ambiguine napn@ducts was reported by the
Williams group in two different reports in 2011 and 20428In their first publication, the Williams
group described how they envisioned forming the pentacyaire 8.61) through a key ring-
closing metathesis reaction froBn62to form the seven-membered E-ring (Figure 3.2). Substrate
3.62could arise from the tetracyclic ambiguine co863 which they envisioned could be pieced
together through a coupling reaction between intermesita@land3.65

Williams applied this approach to the synthesis of tetracympalindole alkaloids in addition
to the ambiguines; accordingly, before attempting the &irom of the tetracyclic ambiguine core,
they began with the formation of the tetracyclic hapaliedabre (Scheme 3.9).

X =z
ioMe ring-closing
Me WNC metathesis pe

Z _Me Vinyl addition
and isonitrile
incorporation

=
I ,Me
lewis-acid
mediated
coupling .
o
> B 365
(I
N Me '
H
3.63 3.64

Figure 3.2: Williams’ 2011 retrosynthetic plan to access pentacyalitbayuine natural products
highlighting a Grubbs ring-closing metathesis reaction.

In order to form what would be the D-ring coupling partngdr6g Scheme 3.9), Williams en-
visioned employing a 3-step sequence developed by RubatmhGruber in 1977 starting with
3-methyl anisole3.67) to ultimately provide enon8.682° Subsequent protection of secondary
alcohol 3.69followed by conjugate addition of vinyl Grignard into theagre moiety led to the
formation of ketone3.70as a single diastereomer. It required four more steps 8aifito synthe-
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size compound3.66), containing the Weinreb amide that was required in ordeotagple D-ring
fragment3.66with the A- and B-ring fragmer.71

In the first generation of the Williams group’s synthesis lué hapalindole tetracyclic core,
they used a rather lengthy procedure to couple together dBaring indole fragmen8.71to the
D-ring Weinreb amide fragme®t66(Scheme 3.9). This initial route began with a lithium haloge
exchange oN-methyl 4-bromoindole3.71) followed by nucleophilic addition into Weinreb amide
partner3.66to form tricyclic compound.72 A five step procedure for the installation of a gem-
dimethyl group at C16 in addition to oxidizing up to the ketowas employed3(72to 3.73
followed by treatment 08.73with the Lewis acid Bk - OEL to generate tetracyc®74 Notably,
although3.74 contains the tetracyclic core of hapalindoles, it does matrlihe functionality at
C10 found in hapalindole and ambiguine natural productse fdguisite functionality at C10
would have to be installed at a late stage in the Williams giosynthesis.

1. TBSCI, imid., DMF

OH 2. VinylMgBr, CuBr, OTBS OTBS
3 steps TMEDA, TMSCI, THF 7 Me
Me —— Me 3. AcOH/THE i Me 4 steps M / /
e N 3 V € oy
0 —_— N
93% over 3 steps 92 % over 3 steps MeO”

OMe (e} O (o] OTMS
3.67 3.68 3.70 3.66

BF3-OEt,

THF
92%

3.74
hapalindole core

Scheme 3.9:The Williams’ group 1st generation approach to access hrajmé core compound
3.74

Due to the lengthy protocol required to form the tetracyishpalindole core3. 74), the Williams
group decided to shorten the route by adopting chemisttiailyi reported by Natsume and Mu-
ratake on related hapalindole substrafes.

Using Natsume and Muratake’s previously reported chewigte Williams group synthesized
A- and B-ring indole coupling partn&.75starting with theN-methylation of commercially avail-
able 4-bromoindole3d.76 Scheme 3.10). Lithium-halogen exchange of the aryl brenf@dr 1)
usingtert-butyllithium and subsequent addition into acetone forrtreldesired tertiary alcohol
3.77in 88% yield over the two steps.

In order to access the core of the tetracyclic ambiguinerabproducts, the reverse prenyl
group was installed at the C2 position of indo&78to 3.79 using established methodology
developed by Danishefsky’s group in 1999The Williams group treated 4-bromo-3-chloro-indole
(3.78 with freshly prepared prenyl-9-BBN3(80 in the presence of triethylamine to afford the
desired reverse-prenylated compouBd’®), which subsequently underweNtmethylation in an
overall 78% yield over the two steps. As previously, lithiinm@alogen exchange of aryl bromide
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3.79and subsequent addition into acetone furnished tertiaghal precursoB.81, which would
serve as the A- and B-ring coupling partner leading to ambgynatural products.

Me,
Meuwn,

OH
Br Br 'BuLi,

NaH, Mel, THF acetone, Et,0
A\ > AN -
88%
H I\N/Ie over 2 steps
3.76 3.71
1. Me 9-BBN
Br ¢ >=/_ Br BuLi,
Me 3.80 —  acetone, Et,0
D - \_ /[T ——>
N EtsN, THF N M'Me 98%
e
H 2. NaH, Mel, THF Me
3.78 78% over two steps 3.79

Scheme 3.10The Williams’ group synthesis of indole derivative§7and3.81

Muratake and Natsume’s 1989 strategy involved a Lewis awdiated coupling reaction be-
tween a silyl enol ether derivative such&g82and a C-4 functionalized indole component such
as3.77. Applying this strategy to their own synthesis, the Willigigroup used their previously
synthesized ketone compouBd70and generated silyl enol eth8r82 under standard enolizing
conditions (Scheme 3.11). With access to the D-ring compio(@82 and the A- and B-ring
fragment 8.77), the authors undertook an extensive screening campagptass coupled product
3.83ultimately using fuming SnGlat —78 °C. They isolate8.83in good yield with a diastere-
omeric ratio of 4:1 favoring the desired isomer. Remarkahiyg is the only instance to date where
any group has successfully installed the C10 hydroxyl giawphapalindole core.

Having developed this route to the hapalindole tetracyudie bearing the C10 hydroxyl group
(3.83, the Williams group next investigated forming the tetreyambiguine core which bears a
reverse prenyl group attached to the C2 position of the addlilizing the same silyl enol ether
compound 8.82 as in the previous case, they now employed the C2-reveesg/lated indole
derivative3.81as the A- and B-ring partner using their previously optindi&nCh-mediated cou-
pling conditions. Unfortunately, they only observed fotimoa of tricyclic compound.84with no
sign of desired tetracyclg@ 85

The Williams group reported no other attempts to improve toupling reaction. Instead, they
returned to this result in their next paper published in 204Rere they also reported a formal
synthesis of hapalindole &.Curiously, they described a synthetic attempt towards guibe
A, which they reported as structuB86 However, to the best of our knowledge, this type of
ambiguine has never been reported in the literature andrlyeknown structure for ambiguine A
is decidedly compound.4.t

Nevertheless, in their paper, Williams described a protggroup modification from their pre-
vious 2011 report that improved the yield of their key SpRlediated coupling reaction. Specifi-
cally, the use of a TBS-protected reverse-prenylated adpécies3.87) instead oN-methylated
compound3.79used in 2011 (Scheme 3.12a). With TBS-protected in8@& they were able to
achieve a Lewis acid-mediated coupling reaction to foreytie 3.88in 55% yield, which they
then cyclized to the desired tetracycBg9 using methanolic HCI.

Notably, the C10 hydroxyl group that is present in the majasf ambiguine natural products,
eliminated to form alkene compour®l89 Indeed,3.89 would be desired for the synthesis of
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tetracycle not observed

Scheme 3.11:An improved route to access the tetracyclic hapalindole eming Natsume and
Muratake’s Lewis acid coupling approach. This method was alpplied to prenylated indole
derivative3.79but unfortunately only tricyclic compourgi84was isolated.

ambiguine A in the form that the authors report@®86 Scheme 3.12), however, naturally iso-
lated ambiguine A3.4) bears a3-disposed hydrogen at C10. Nevertheless, the Williamspgrou
continued on in their pursuit of proposed structBr@a Unfortunately, all attempts failed to func-
tionalize at C11 0f3.89in an effort to install the requisite isonitrile functiontgl present in the
natural product.

Considering the challenges associated with functiomadizit C11, Williams and coworkers
installed the desired oxygen substituent earlier in thelsgis. They were able to access com-
pound3.90through a 3-step protocol beginning with a Rubottom oxwmtaof silyl enol ethe.82
(Scheme 3.12b). Subsequent formation of a silyl enol ettoen the less-substituted side of the
ketone and subsequent hydroxyl protection generdt®d This compound3.90 successfully
underwent a Lewis acid-mediated coupling reaction with Ad 8-ring partner3.87to form a
tricyclic intermediate that was cyclized to the correspgogdetracycle using methanolic HCI. The
resulting alcohol intermediate was immediately oxidizathinO, to generate ketong.91 In
this 3-step sequenc8.00to 3.91), the C-ring cyclization step promoted by methanolic HChH-p
ceeded in an extremely low 5% yield and is apparently theestilbf ongoing study in the Williams
group.

The 2012 report was the most recent attempt reported by thaWg group towards the syn-
thesis of ambiguine and hapalindole natural products. &db#st of our knowledge, the question
of whether or not the structure they propose for ambiguin@#esponds to any natural product
has not been addressed in any further context. Neverthédgmms provided some thought-
provoking methodology to achieve the construction of theatgclic core of the ambiguines, in
addition to outlining a creative metathesis reaction ifrtfetrosynthetic analysis of the pentacyclic
ambiguine natural products.
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Scheme 3.12a. A successful cyclization of tricycl@88to the tetracyclic ambiguine core. It is
not clear why the authors report the structure of ambiguirss3.86instead of3.4. b. Synthesis
of the tetracyclic ambiguine core bearing oxygenation &t.C1

Although there have been no other formal attempts to acbesgentacyclic ambiguine class
of natural products, there was one remarkable synthesistetfacyclic ambiguine, specifically
ambiguine H reported by the Baran group in 280 The Baran synthesis highlighted the group’s
previously established copper-mediated oxidative cogpihethodology reported in 2084and
also demonstrated their ability to harness the inherermtixgty of indole in order to abstain en-
tirely from using protecting groups in their synthesis.

The first key step of Baran’s 2007 synthesis involved the eoppediated coupling reaction
between 4-bromoindole3(76) and terpene-derived building blo&92 (Scheme 3.13). The syn-
thesis of this terpene building block began frgamenth-1-en-9-013.93 in a 4-step sequence
previously developed by Mehta in 1982 First, dichloroketene (preparéd situ) underwent a
[2+2] cycloaddition with3.93 Base-promoted ring-contraction afforded cyclopropdrt in
61% yield. Subsequent reduction using DIBAL-H followed bgsylation and mesylate elimina-
ton gave terpene fragmeBi92in an excellent 64% yield over three steps. Notably, thispoumd
contains the vinyl methyl quaternary center at C12 with tesired anti relative stereochemistry
present in the ambiguine H.

The terpene fragmenB8(92 was submitted to the copper-mediated oxidative enolatplow
reaction with 4-bromoindole3(76) and the reaction proceeded in a moderate 50% yield to afford
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coupled producB.95(3.92to 3.95 Scheme 3.13). The use of 4-bromoindole in this synthesis
was intended to allow the possibility for a reductive Heckiglang onto the C4 position of in-
dole with the isopropenyl group at C15 to form the tetra@ycbre of the hapalindoles in a very
efficient sequence. After screening a variety of palladiatalysts, the Baran group found that
Herrmann’s catalyst provided the best conversion for #dsictive Heck reaction leading to tetra-
cycle 3.96 Importantly, this catalyst minimized reductive de-braation as a side reaction. The
authors also investigated a potential radical-mediat@tizgtion, but found that in the presence
of standard radical-generating conditions (e.g., wita3H), only the 7endatrig product ¢8.97)

was obtained®

Me ClyCOCI, Zn

Me =z

OH . OH 9 1. DIBAL : ,Me

| sonication &nnCOMe >

: > : \ 2. MsCl ACOH c12

: 2 . MsCl, pyr. Ac :

H H then NaOMe H H OMe 3. Nal, acetone, A H (e}
Me MeOH, A Me H

DBU, THF, A Me
3.93 61% 3.94 64% over 3 steps

“F
i ,Me HCO,Na
Herrmann's cat.

LHMDS
4-bromoindole, 3.76
Cu(ll) 2-ethylhexanoate TBAB, Et3N
> [ ©
65%
6-exo-trig
cyclization

Y

THF
50%

SnBusH, AIBN ~2.5:1dr wMe Me
PhH, A Me AT /AE),)«\.O
_— R 7 \
- @\f"é 7
02220 R
7-endo-trig N A7 \
cyclization H 3.99 7\/'/8 AT
3.97 Ar = o-tolyl

Scheme 3.13:Baran’s 2007 synthesis of tetracyclic intermedidt86 using a Cu(ll)-mediated
oxidative enolate coupling reaction to access compd@uf The indole C4 cyclization reaction
gives the undesired &ndotrig product under radical generating conditions.

With the tetracyclic hapalindole cor8.96) in hand, Baran et. al. completed the first enan-
tiospecific synthesis of (-)-hapalindole B.85 via a straightforward two step reductive amina-
tion, formylation, and dehydration sequence in order taalhshe C11 isonitrile functionality
(Scheme 3.14a). The next challenge in the synthesis towahigaine H was to introduce the
reverse-prenyl group at the C2 position of the indole moityich would provide access to the
tetracyclic core of the ambiguines. The methodology deyelicoy Danishefsky’s group in 1999
was used in this case. However, instead of isolating theralgtwoduct, C3-functionalized com-
pound3.100was instead isolated in 60% yield.

The authors explained that this compouBdLQQ presumably arose through initial activation
of the isonitrile unit with the electrophilic chlorine sm@*BuOCI (Scheme 3.14a). The C3 position
of the indole fragment could then engage the carbon of th@tile moiety to produce an indole-
nine compound such &101that was subsequently engaged by the prenyl 9-BBN specidslg
to isolated compound.102 Although compound.102was unexpected, the authors keenly en-
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visioned that a Norrish-type fragmentation would initiatsequence leading to (—)-ambiguine H
(3.39). A mechanism was proposed where the undesired C—C bond fimilbe cleaved with UV
light, forming diradical specie3.10Q Internal hydrogen atom abstraction and cleavage of the N—
B bond would then provide ambiguine B.8). Indeed, this plan worked as envisioned, and they
were able to isolate (-)-ambiguine H in 63% yield. This yislduite remarkable considering how
many transformations took place in this step.

Baran et. al. also reported the isolation of side produgt$03and 3.35 from this light-
mediated Norrish C—C bond cleavage reaction (Scheme 3.A4lpresumed by the authors, these
two products are formed from C—C bond cleavage of the reyeesg/l group which led to diradical
intermediate3.104 From 3.104 radical recombination of the reverse prenyl group ontoGBe
position of the indole moiety led to the formation ®103while intermolecular hydrogen atom
abstraction of the reverse prenyl radical (generatingedgeh03 likely produced (-)-hapalindole
U (3.395.

LA\

Me

isonitrile
installation
—>

'BuOClI, Et3N
then

Me >_/—9-BBN

Me 3.80

60% over 2 steps

3.96

PhH, Et3N, hv
—

—CI(9-BBN)

41%, 63% brsm
(—) - ambiguine H

9-BBN
3.102

= 3.103
C9 radical recombination

Scheme 3.14:A. The end-game for Baran’s synthesis of hapalindole8139 and ambiguine H
(3.3). B. Side-products observed in the light-mediated C—C lxeavage.

Baran and coworkers go on to report the enantiospecific sgiglof (+)-welwitindolinone A
and (-)-fischerindole | through expedient means. Althouguld also be possible to access the
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pentacylic ambiguine core through an oxidative cyclizatd (—)-ambiguine H3.3), no follow-
up attempts were reported by the Baran group. This syntbégig-ambiguine H represents not
only the first successful synthesis of an ambiguine natuadyrct, but also a highly novel and
expedient strategy to access the tetracyclic hapalindadeambiguine cores without the use of
protecting groups.

3.4 Conclusion and Outlook

In summary, the pentacyclic ambiguines are incrediblyigaoing secondary metabolites from
bioactivity, biosynthetic, and synthetic standpoints.i/the majority of isolated ambiguines have
been tested in antifungal and antibiotic bioassays, thénamésm of action for these activities has
not been investigated. In addition, due to small quantitfesaterial, limited bioactivity data exists
for ambiguines P and Q, and the total synthesis of thesealgixoducts will likely facilitate a full
exploration of their bioactivity.

Synthetic chemists have been attracted to the challenge®péring pentacyclic ambiguines
since their initial isolation in 1992. A seminal report fralahnston in 2007 detailed an attempt to
access ambiguine G. Williams reported two papers in 2011284 that attempted the synthesis
of tetracyclic hapalindoles and ambiguines. These hawve theconly reported attempts to prepare
the pentacyclic ambiguines and to date, there have beerncnessful syntheses of the pentacyclic
ambiguines nor of the pentacyclic core. The Baran grouprtegahe first and only total synthesis
of an ambiguine natural product, namely, the tetracycl)eafbiguine H in 2007. Nevertheless,
it is clear that new methodologies and strategies will havieet developed in order to access the
pentacyclic ambiguine natural products using total sysithd his area is wide open for exploration
and will likely lead to the discovery of unexpected and iagting chemistry along the way.
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Chapter 4

Chapter 4 : Synthetic Approaches to the
Pentacyclic Class of Ambiguine Natural
Products

4.1 Challenges Associated with the Synthesis of Pentacychm-
biguines

The pentacyclic ambiguine natural products present a nuoflsgnthetic challenges that have
attracted our group, as well as other groups, to these meketnom a synthetic perspective. The
first challlenge lies in the synthesis of the densely fumalized pentacyclic core that has proven
exteremely difficult to form and is likely the major reasoresk molecules have had no previous
successful syntheses. Indeed, despite the attempts mahtbgtos and Williams>® discussed
in Chapter 3, methods to install the 7-membered ring prasehe core have not been established.
These challenges, however, present a unique opporturdisvelop novel and interesting methods
for the formation of the densely functionalized pentaaycbre.

In general, the synthesis of hapalindole alkaloid naturatipcts, which are terpene derived,
typically stems from some type of chiral terpene buildingdid that is either commercially avail-
able or synthesized at early stages in the route. This pecsually designed to contain the
isopropenyl group at C15 and the vinyl methyl quaternarytereat C12 with the desired stereo-
chemistry already set in place.

Unsurprisingly, the chiral terpene building block most plap for these syntheses is the readily
available and cheap natural product, carvohd)( Isolated from carawa§,spearmint or dill,
carvone is derived from the chiral pool and is beneficial aslifding block as it renders the
synthesis in which it is used enantiospecific. In additiaaryone contains many of the carbons
present in the core skeleton of the hapalindoles since batilvad products are terpene derived.
Despite its synthetic utility, one challenge associatetth wsing carvone as a starting material in
the synthesis of ambiguine natural products arises whealling the C12 quaternary center with
the desirednti stereochemistry relative to the C15 stereocenter (Schebye 4

95



hapalindoles hapalindoles welwitindolinones fischerindoles

(tetracyclic) (tricyclic)
. . . . . Cl P~
"syn" stereochemistry is "anti" stereochemistry is =/
easier to achieve from O challenging to achieve U

carvone from carvone

Me Me,, .
B S > Me = “NC
‘ —>
Me ) 4.1
available as (R) or (S) H
enantiomer 3.34
hapalindole Q hapalindole G
Baran, 2008 Fukuyama, 1994

Scheme 4.1:Carvone is often used as a building block in the synthesisapalindole alkaloids.
While carvone is beneficial in many regards, it presents @ifsignt challenge for the installation
of the C12 quaternary center with thati relative stereochemistry.

As stated earlier, hapalindole alkaloids contain Bythandanti relative stereochemistries be-
tween the C12 and C15 stereocenters. However, it is far ni@léeaging to install this quaternary
center with theanti relative stereochemistry when starting with carvone, wasithesynrelative
stereochemistry is more easily installed. This statensesupported by an examination of two syn-
theses of hapalindole @ @) bearing thesynrelative stereochemistry, and hapalindole3334),
which bears thanti relationship, by the Baran group in 2008nd the Fukuyama group in 1994,
respectively.

In the Baran group’s synthesis of hapalindoleA@(Scheme 4.2), they employed a straightfor-
ward approach to install the C12 quaternary center using-atkylation of enolate intermediate
4.3 with acetaldehyde4(4) as the electrophile. Starting from carvone and indoley tpener-
ated product.5 using their previously established Cu(ll)-mediated otidaenolate coupling
methodology? From this intermediate4(5), addition of LHMDS fully deprotonates the N-H of
the indole in order to prevent the self-quenching of enalatiermediated.3. Enolate specied.3
was generated through a conjugate hydride delivery usiegdtuctant L-selectride, which was
then quenched with acetaldehyde to obtain, with compldee®aty, the desiredynisomer4.6.
This synselectivity can be rationalized by invoking the Furst-ilat rule which is applicable for
cases involving half-chair intermediates such as eno&tdsepoxides. In this case, the half-chair
enolate 4.3) likely proceeds through the lowest energy chair-like $iion state leading to axial
attack onto acetaldehydd.) from the same face as the isopropenyl group. This ultimaéeids
to compoundt.8as a single isomer. The Baran group then completed the siathighapalindole
Q (4.2 in three steps fror.8.
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4.8
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Scheme 4.2:Baran'’s total synthesis of hapalindole @2) in 2008. The C12 quaternary center
was installed by am-alkylation with acetaldehydet(4) to form 4.8 with the desiredsynrelative
stereochemistry.

On the other hand, the Fukuyama group attempted the systhigdsapalindole G3.34) which
bears thanti relative stereochemistry between C12 and C15 (SchemeFuB)lyama also began
the synthesis with carvone, however, as a result of the fRlestner rule, a simple-alkylation
would lead to the undesired stereocenter at the C12 quayazeater. For this reason, Fukuyama’s
route was more laborious in regards to step-count but, ahgustill very creative and inspiring
as a synthetic strategy. In Fukuyama'’s synthesis, carvasereduced ttrans-carveol ¢.9) and
the resulting secondary alcohol was functionalized withQ A diazo functional handle was in-
stalled between the two carbonyls using Regitz diazo tearsnditions to produce compound
4.11 With this diazo functionality installed, Fukuyama enwoised using thex-disposed mal-
onyl derived ester to direct a Cu(ll)-mediated cyclopragtan reaction from the desirexi-face
producing cyclopropanated prodycfi2 From cyclopropand.12 an additional five steps was re-
quired to transform the cyclopropane ring into the desiregih\group present in key intermediate
4.13 By appending the indole moiety to intermedidté3 Fukuyama completed the synthesis of
hapalindole G3.34) in a total of 16 steps.
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Scheme 4.3Fukuyama’s total synthesis of hapalaindole3z36) in 1994. The C12 vinyl group,
in this case, was installed using thedisposed hydroxyl group itrans-carveol ¢.9) to direct C-C
bond formation im.12from the desiredx-face.

Through a comparison of the two syntheses from the Baran akualfama groups (Scheme 4.4),
it can be concluded that while both groups used carvone asctiieal building block, it took only
three steps to access Baran’s intermediat& 7 bearing thesynrelative stereochemistry, while it
required a total of nine steps to access Fukuyama'’s intaateedf comparable complexity with
the anti relative sterochemistry. This vast difference in stepatdar the installation of the C12
guaternary center with the requisite stereochemistrjhlights the complexity and challenge as-
sociated with the synthesis of ambiguine natural produeasibg theanti relative stereochemistry.

Baran's intermediate Fukuyama's
intermediate
(0]
Me Cl /
- — 5 Me
- e
3 steps from 9 steps from

carvone Me a1 carvone o

4.13

Scheme 4.4A comparison in step-count for accessing intermediatégand4.13from the Baran
group and Fukuyama group respectively.
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4.2 Tt Generation Route Toward the Synthesis of the Pentacyclic
Ambiguines

Keeping the challenges described in Chapter 4.1 in mind, egaib thinking about our own
strategies for putting together the pentacyclic core ofithiguines in ourstgeneration retrosyn-
thetic plan as shown in Scheme 4.5. Starting from the prapdsmnone-containing pentacyclic
core @.18, we envisioned that it could be derived from less-compégsacycle4.19 In the for-
ward direction, a historically challenging indole C4 Feérafts reaction could be employed to
provide pentacycld.18 Tetracycle4.19can be taken back to enynoA€0Q In the forward direc-
tion, we envisioned a key palladium-catalyzeenolate coupling would functionalizZe20at the
indole C3 position after reduction of the alkyne to the cepandingZ-alkene. The development
of a method of this type to form the indole C3 bond with carveraild represent a novel and
unprecendented strategy for the synthesis of hapalindudlea products. Precursdr20can be
traced back toY)-carvone and indole derivative21 In the forward direction, 1,2-addition of
the lithium acetylide o#t.21into (S)-carvone followed by an oxidative transposition wouldd¢a
4.2Q0 Finally, we envisioned that.21 could arise from a novel intermolecular Nicholas reaction
between 3-chloroindoled(22) and cobalt-complexed alkyr#e23

Me

CHALLENGE:
Friedel-Crafts
Cyclization

CHALLENGE:
y-enolate coupling

CHALLENGE:
o((:o)3 Intermolecular

Nicholas reactlon //
Me
423

(S)-carvone
4.24

Scheme 4.50ur first generation approach to access the pentacycliq4drg of ambiguine nat-
ural products. This route features a key intermoleculahbli@as reaction between 3-chloroindole
(4.22 and cobalt-complexed alkyre23

This retrosynthetic strategy features a C2 indole funetii@ation using the Nicholas reaction,
which was first reported by Kenneth Nicholas in 1972his reaction has been thoroughly ex-
plored since its initial discovery, and an overview of ititytis presented in Scheme 4.8 The
Nicholas reaction is a highly versatile methodology th&at substitution of proparglyic alco-
hols with a wide variety of nucleophiles in a regiospecifichrmer. This reaction begins with the
complexation of dicobalt octacarbonyl onto propargylikyales such ad.25to produce deriva-
tives of complexd.26 lonization of the propargylic substituent with a Lewisdaproceeds readily
leading to a highly stabilized carbocation where the etecttensity of the cobalt center stabilizes
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the empty p-orbital of the resulting carbocation. Treatténthis carbocation with a nucleophile
leads to functionalization at the propargylic positiomgypding product in the form of.27.

Typically, the cobalt is decomplexed through one of two wags oxidative or a reductive
decomplexation. An oxidative process reveals the funetinad alkyne 4.28 while a reductive
process reveals the corresponding alkene compoud, A variety of oxidants and reductants
have been reported for these decomplexations ranging fribdrt@rharsh conditions.

a.
RO\/// Co0,(CO)g CO(CO)3 LeW|s acid /70(CO)3
R -2¢Co then Nu

‘R Co(CO
R ( )s Nu = nucleophile @ Co(CO)s
4.25 r R
R =H, Me, Bn, TBS, Ac, 4 26 4.29
Bz, Piv, Ms, Tf
b. Co(CO)3
/ .
- oxidant NG // posible oxidants:
——
4 Co(CO)3 5 CAN, Fe(NOg3)3-9H,0,
R'R“ R' R" TMANO, I, O, NMO
4.28
Co(CO)3
% |
reductant .
possible reductants:
Nu Co(CO —> Nu
4 0(CO)3 "’R SnBugH, Ho/Rh, Li/NH3
R ‘R

4.29 4.27

Scheme 4.6:General scheme for the Nicholas reaction originally regmbtiy Nicholas an Pettit
in 19729 a. The Nicholas reaction refers to the nucleophilic sulsistib of propargylic cobalt-
complexed alkynesA(26). b. Cobalt decomplexation occurs under oxidative coodgito reveal
the alkyne 4.28 or under reductive conditions to reveal the alkeh27).

The first reaction we decided to pursue in our synthesis wasntiermolecular C2 Nicholas
alkylation utlizing indole derivativé.30and the cobalt-complexed alkyde23 While Nicholas
reactions with indole are known to a limited extéat? typically, the C3 position of indole be-
comes functionalized over the C2 position. In our syntheSifunctionalization is desired and
as a result, indole was chlorinated at the C3 position tokblowdesired reactivity. Initial ex-
ploration into this reaction using 3-chloro-4-bromoinglaind BE - OEt, followed by oxidative
decomplexation using TMANO led to trace amounts of the @esproduct 4.31) where X = Br
(Scheme 4.7). We also observed formation of a side produ@®(resulting from the elimination
of cobalt-complexed alkynel(23 (Scheme 4.7, entry 1). We explored two other oxidants fer ox
idative decomplexation and found that Fe(}$59 H,O was suitable for our substrates leading to a
52% vyield of desired produdt31as shown in entry 3. We found that this intermolecular Niekol
reaction also worked moderately well using 3-chloroinddl2 at room temperature providing
the desired produc#(31) in 58% yield (entry 6). As shown in entries 3 and 4, by switchihe
ratio of 4.304.23from 1:5 to 5:1, we observed formation 4f33 where the chlorine has been
replaced with a hydrogen.
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then

X Co(CO) . X
C| 3 BF3 OEtz R
.G 7
N\2 Co(CO);  DCM, 16 h N2/ +
. HO—( —_— N M; Me
H mae H

[O] decomplexation

4.30 4.23 R=Cl; 4.31 4.32
R=H; 4.33
Equiv

Entry X 4.30 : 4.23 temp (°C) [O] 431 : 433 : 432
. B o n ™ANO - 10:0:1 (race) |

2 Br 2:1 -20 CAN decomposition

3 Br 5:1 -20 Fe(NO3)3-9H,0 80:0:20

4 Br 15 -20 Fe(NO3)3-9H,0 0:100:ND (59%)

5 5:1 -20 Fe(NO3)3-9H,0 90:0:10

6 5:1 rt Fe(NO3)3-9H,0 100:0:0 (58%)

Scheme 4.7 0Optimization of an intermolecular indole C2 Nicholas réact

Having optimized this reaction to produce ample quantibie$.31, the synthesis was carried
forward as shown in Scheme 4.8. Protection of the indolegén using SEMCI and sodium
hydride followed by alkyne lithiation and addition int§)¢carvone formed allylic alcohel.34in
a moderate 38% over 2 steps. Babler-Dauben oxidative toaitgm'° using PDC followed by
Lindlar reduction of the alkyne provided dieno#&5in 39% yield over 2 steps. With the linear
alkene ¢.35 in hand, the next key reaction involved functionalizatearthe C3 position of indole
through development of g-enolate coupling reaction to provide tetracyclic compbdriQ

~Co(CO)3
HO—" ~Co(CcO);
cl "Me cl 1. NaH, SEMCI
Me M€ 423 // 2. LHMDS, (S)-carvone
A BF3-OEt, A\ (, THF. -78°Ctort
Me

N DCM, rt, 16 h H Me 38% over 2 steps

H then
4.22 Fe(NOg)z-9H,0 431

58%

1. PDC, DCM

2. Pd/BaS0Qy, quinoline, H,
EtOH/Hexanes

39% over 2 steps

Scheme 4.8The first-generation forward synthesis to accgssnolate coupling precursdr35

Indeed;y-enolate couplings are precedented for cyclohexenonersgsuch as ours as demon-
strated by Buchwald® !’ Maier,*® and Nomural® thus, we began examining conditions from these
reports. A wide variety of combinations of palladium sos;deases, and ligands were explored,
but very quickly we discovered that the major pathway fos tteéaction led to the aromatized
phenol compoundd.36 and 4.37 where the chlorine atom was replaced by a hydrogen atom
(Scheme 4.9). The oxidation of carvone by Pd(ll) is well ponted and produces the oregano
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scented molecule carvacréfl.Given this highly favorable oxidative aromatization siéaction,
our desired transformation would be very challenging taeaeh Additionally, asy-enolate cou-
plings are typically performed using aryl or vinyl bromidcee®d iodides, we recognized that, in our
system, it would be particularly difficult using a vinyl chide coupling partner.

Pd source
base
ligand

\
4.19 SEM

observed desired
X=Cl; 4.36 NOT observed

X=H; 4.37

Scheme 4.9Unsuccessul attempts at generating tetracyclic compéur@l Despite using various
combinations of palladium sources, bases, and ligandgrtlyeobserved products wede36and
4.37

Two pathways can be proposed leading to the two major obdemaelucts 4.37and4.36) as
shown in Scheme 4.10. Frof35 oxidative addition of palladium(0) into the C—Cl bond tmlled
by ligand exchange with the-enolate, would generate the palladacycle intermedi&@ Reduc-
tive elimination of this 8-membered ring palladacycle wbldad to our desired tetracycliel9
However, presumably-hydride elimination occurs faster than reductive elintimaleading to
palladium hydride intermedia® 39 Reductive elimination ofi.39followed by tautomerization
would lead to the observed phenol side produ8t.

Alternatively, oxidation of the carvone unit df35likely could occur through palladium eno-
late intermediatet.40 followed by 3-hydride elimination to genera#.41 Tautomerization of
4.41 would form the other observed side proddcB6 While these are not the only possible
mechanisms to access the observed products, without exdenschanistic investigations, these
proposals seem reasonable at this time.

Given the lack of success with this kgyenolate coupling reaction, we searched for alternative
ways to form this C3-indole bond and, ultimately, the peptéic core. In this # generation route,
we attempted sequential indole bond functionalizatioridatC3, and C4 in that order. In our 2nd
generation synthesis, we envisioned starting with thetfanalization of C3 followed by C2 and
C4 for a more robust and successful synthesis.
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Scheme 4.10Proposed mechanisms for the formation of isolated produ8®and4.36

4.3 29 Generation Route Toward the Synthesis of the Penta-
cyclic Ambiguines

In our 'Y generation retrosynthetic plan (Scheme 4.11) we begandrortarget natural prod-
ucts, ambiguines K3 18 and L 3.17) and envisioned them arising from pentacyclic precursor
4.42 In the forward direction, we would face the challenge ofafi;ng the C12 quaternary center
with the desiredanti relative stereochemistry. We believed the C12 quaternamgec could be
installed through either ar-alkylation of4.42or through a novel methodology such as C—H func-
tionalization. Notably, we planned to install this quatasncenter at a late-stage in the synthesis,
which represents a departure from previous syntheses aflihdples containing thianti stere-
ochemical relationship. In order to access ambiguines LKa(8.17and3.18 from pentacyclic
intermediatet.42 the nitrile must be transformed into the isonitrile grotig pseudobenzylic hy-
droxyl group must be installed, and the ketone must be ctewanto either a chlorine or hydrogen
atom.

Tracing the pentacyclic core back to tetracy4lé3 we envisioned performing a historically
challenging Friedel-Crafts reaction as originally propadsn our ®' generation retrosynthesis.
While previous groups have only observed reactivity frora thdole C2 position in this type
of Friedel-Crafts reaction, we believed that by having theé&mbered ring already installed, the
indole C2 and C3 positions would be unreactive, thus pramgathe desired cyclization at C4.
Tetracyclic intermediatd.43could in turn arise from tricycld.44 and in the forward sense, we
expected to use Nicholas chemistry to perform an intranuide2-indole Nicholas alkylation to
form the 7-membered ring. Rendering this tranformatioramilecular was expected to lead to a
more robust and reliable reaction. Finally, tricydld4can be traced back to the readily available
and commercial starting materiagsis 4.46 and4.24

We began the synthesis with the Cu(ll)-mediated oxidatividage coupling reaction between
(9-carvone 4.24) and indole 4.45 (Scheme 4.12). This reaction was developed by the Baran
group in 2004 and was applied to their total synthesis ofagapiguine H in 2007?:2 Given our
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alkylation
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(S)-carvone
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// Me
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N Me'©
4.45

Scheme 4.11The revised 2nd generation approach for accessing theqyetitacore é.42 and
natural products ambiguines KB.18 and L 3.17). This retrosynthetic analysis features an in-
tramolecular C2 Nicholas alkylation in addition to a higtally challenging C4 Friedel-Crafts
reaction.

unsuccessful attempts in th& generation synthesis to forge this indole C3 bond througditan-
nativey-enolate coupling, Baran’s methodology became the mostezitiand reliable way to form
this bond early in the synthesis. From known compodr¥, we then performed a 1,2-addition
of lithium acetylide 4.46 into the ketone of.47to produce an allylic alcohol as a mixture of
diastereomers. Without purification, the resulting aldatem be subjected to a Babler-Dauben
oxidative transposition using pyridinium dichromate amilec workup to afford enond.48in
40% yield over two step&t® While the 1,2-addition of lithium acetylidé.49 proceeds cleanly,
the Babler-Dauben transformation is likely plagued by a 8#te§chuster side reactidijnvolving

the adjacent alkyne functionality. At this stage, atteniatge not been made to prevent this side
reaction from occurring.

Nevertheless, the formation of tricycle50 on gram-scale set the stage for the C2-Nicholas
alkylation, a key reaction that would form the 7-membered of the desired tetracycle. As shown
in Scheme 4.13, the complexation of dicobalt octacarbantté alkyne proceeded smoothly and
upon treatment with the Lewis acid BBEL, the complexed intermediate underwent ionization
and cyclization to form tetracyck.43in a high 80% vyield. This reaction, surprisingly, required
no optimization and its success is likely due to the fact ithistintramolecular. In addition, the
rehybridization of the alkyne sp carbons to nearf§/sarbons, positions the pendant alcohol group
in good proximity to the indole C2 carbon for subsequent @oehilic attack.

While it may be assumed that the C3-position of indole atdlk stabilized carbocation.61)
forming intermediatd.52 this scenario is unlikely given the larger dihedral anglesociated with
cobalt-complexed alkynes. According to crystal structiméa from the literaturé? the dihedral
angle of cobalt-complexed alkynes sits around 140 °, whécmuch larger compared to the di-
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4.47 4.48
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Scheme 4.12:The 2" generation synthesis begins with the copper-mediatedatix&coupling
reaction as reported by Baran and coworkers in 2004. Laladtition o#4.46followed by Babler-
Dauben oxidative transposition leads to compodrid

hedral angles found in cyclohexane (120 °). In fact, thernig one reported cobalt-complexed
cyclohexane derivative in the literatufélt is far more typical for cyclic cobalt-complexed alkynes
to be used in the synthesis of 8-, 9-, or even 10-membered.fing

1) dihedral angle is
about 140 °

Me roof---- >
v/c;cma ;
C0,(CO)g A
—_— -3Co(CO)3— 4.52
X on DCM -
S BF3+OFt, N Me L
e H

Scheme 4.13:The intramolecular Nicholas reaction proceeds in 80% vie&tling to desired
tetracycle4.43 Formation of4.52by C3 attack of the indole moiety is unlikely due to geometric
constraints.

With tetracycle4.43in hand, we began to look at conditions for performing thedmisally
challenging C4 Friedel-Crafts cyclization reaction. Thiicllties associated with this type of
cyclization are evident in previous syntheses of hapalandatural products.

As shown in Scheme 4.14, the Baran group attempted a simdladfri@del-Crafts reaction
in their synthesis of (-)-ambiguine H in 2007 using substdab3?! In this case, formation of
the fischerindole core3(8) was always observed, presumably generated through Gk attdhe
indole unit onto the C16 position of the isopropenyl groupfdstunately, despite screening a wide
variety of Lewis acids and examining different substratiesy never saw productive formation of
the desired tetracycl&(96).
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A few years later in 2011, however, the Johnston group redatremarkable transformation
from indole derivativet.54to the C4-cyclized produet.55(Scheme 4.14). The Johnston group
also screened a variety of Lewis acidic conditions and unuest reaction conditions, also isolated
the major product as the undesired C2-cyclized compaubé However, using an aluminum
trichloride/sodium chloride molten mixture at 119 °C, thelyserved a more favorable ratio of
their desired C4-cyclized produect.65 to the undesired4(56) in about a 3:1 ratio. Despite this
incredible result, this reaction still was not completedyestive for the desired C4-cyclization.

a. Baran, 2007

Lewis acid (3 equiv)
O MeOH (3 equiv)

N DCM
N 0°C, 1h
H
453 3.96 3.8
not observed major product
b. Johnston, 2011 desired cyclization fischerindole core
Me Me Me Me
M Me,,
AlClz*NaCl (molten)  \e O Me i o)
Me4 o 10 equiv
J— . +
N 2 119 °C, 3 min HN
N 97% O
H
77:23
4.54 4.55 4.56

Scheme 4.14Previous attempts by Baran in 2007 and Johnston in 2011 éaCthFriedel-Crafts
reaction.

With these unfavorable previous observations in mind, weevaaticipating that this cycliza-
tion would be challenging to achieve in a selective mann#én aur substrates. It appears that this
cyclization is also highly substrate-dependent, with nomeplex substrates providing less selec-
tive results. As shown in Scheme 4.15, we initially investegl this reaction with decomplexed
substrates where the cobalt had been removed through adilytition reaction to produce the
vinyl silane intermediatd.57in good yield?® Using 4.57, we began screening Lewis and Brgn-
sted acids and eventually found some promising results avithe OH/AICk mixture at slightly
elevated temperature. Indeed, we isolated pentaek®&® which was characterized unambigu-
ously through an X-ray structure of the corresponding DNRHrazone compound.59 Unfor-
tunately, the yield of this Friedel-Crafts reaction wasteguyioor, at only 20%. While screening
other tetracyclic substrates, we found that submitirtto the same conditions at room temper-
ature yielded our desired pentacyclic compouh®(@ in a 2:1 ratio with uncyclized, isomerized
compound4.61 Despite the near quantitative yield of both compourl6@{and4.61) this re-
action was further optimized using tetracydel3to provide a more favorable ratio of desired
pentacyclet.60to 4.61

Parameters of optimization included the manipulation efiealents of MeOH, concentration,
temperature, and reaction time. In entry 1 (Scheme 4.16)owed that with 5 equivalents of
MeOH and 15 equivalents of Alglmoderate conversion was achieved to desired pentadytle
while a significant amount of starting material remaine@r®0 min. The time of reaction was
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Me The DNPH hydrazone
) 3 equiv MeOH Me was verified by X-ray
Et3SiH 15 equiv AICl3 Me mZ crystallography as 4.62

e —
o SIEt
PhH, 70 °C A\ ®  DpcMm,45°C
95% % 20%
‘ Me
Z N Me

3 equiv MeOH
15 equiv AICI3

DCM, rt

4.43 4.60 approx. 2:1 4.61

Scheme 4.15:The C4 Friedel-Crafts reaction is successful with vinyasé4.63in low yield.
An improved Friedel-Crafts reaction was discovered usiolgatt-complexed tetracyclé.43 to
generate the pentacycle60in addition to side produet.61

increased from 30 min to 2 hours (entry 2), and similar cosieerto the pentacyclet(60 was
observed as well as to the undesired, uncyclized side ptadét On smaller scale (<500 mg)
there was excellent conversion to the desired pentacyoig 4% equivalents of MeOH (entry 3),
but for reactions run on greater than 1 g scale, formatiomdef groduct4d.61became problematic.
Cooling this reaction to 0 °C prior to the addition of MeOH fgm) provided excellent conversion,
even on large scales (>1 g), to desie@Q Finally, in an effort to reduce the amount of solvent
used in this reaction, the concentration was increased®NM.but unfortunately, significant side
product formation occured (entry 5). Given these resulésgecided to proceed with the optimized
conditions in entry 4 as they worked consistently well withlagram quantities of material at a
time.

Throughout the course of optimizing this C4 Friedel-Craétsction, an interesting and unex-
pected cobalt decomplexation pathway was discoveredrigadivinyl chloride compound.64
(Scheme 4.17). To the best of our knowledge, this type of migbexation reaction has not been
reported in the literature and the mechanism for this t@ansation is not clear although it may
involve a "water-gas shift" proceg$ Additionally, given that reductive cobalt decomplexatis?
ing SnByH as the reductant is shown to proceed through a radical pagtffithis decomplexation
reaction may also proceed through radical intermediatesigh formal mechanistic studies have
not yet been pursued.
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MeOH
AICly

DCM, temp
85-95%
Equiv
[ Enty M MeOH.AICL . temp ... time 460 : 461: 443
1 0.01 5:15 rt 30 min 1:0:0.3
2 0.01 5:15 rt 2h 2:1:1
3 0.01 15:15 rt 2h 100:0:0
4* 0.01 15:15 0°Ctort 3h 100:0:0
5 0.03 15:15 0°Ctort 25h 1:0.7:0

* Performed on >1 g scale.

Scheme 4.16:A selection of conditions used to optimize the C4 Friededf@rcyclization reac-
tion. Optimal conditions are shown in entry 4 which producegired pentacycld.60in near
guantitative yield.

We were quite intrigued by the vinyl chloridé.64) as it maps well onto ambiguine G.(6),
which bears a vinyl nitrile group at the same position as tilerde. We therefore set out to opti-
mize this reaction. Unfortunately, despite exploring mdifferent conditions including additives,
oxidants, halogen sources, salts, the yield of this reacatever rose above 40% on greater than
a 10 mg scale. With the lack of promising results for this deplexation reaction, efforts were
shifted away from optimization and back onto the total sgsib of the pentacyclic ambiguines
using our pentacyclic intermediade6Q

EtOH
AlCl3

additive
solvent, [M]
18-40%

Scheme 4.17Unexpected conditions found to decomplex tetracycfe8and form the vinyl chlo-
ride specie%.64

Having developed a robust and scalable route to access titacgelic core, the decomplex-
ation of cobalt from4.60to reveal the corresponding alkene was attempted as deratatstn
Scheme 4.18. We chose to use the well-precedented and rmttitioms developed by Isobe
and coworkers in which they use SrBlias the reductarf€ In the initial attempt, treatment of
pentacycle4.60 with SnByH at 45 °C did, in fact, form the desired dienone compodrgb
However, we also observed significant formation of side potst.66and4.67. Side product.66
is likely formed through a 1,6-hydride reduction of desicesinpound4.65 while the aromatized
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compound 4.67, likely forms through exposure @f.65to air. In order to prevent formation of
these side products, a quaternary center was installedghra second Nicholas reaction at the
-position of enonél.6Q

desired  approximately trace
11

Scheme 4.18:Reductive decomplexation df60using SnByH leads to desired produdt68in
addition to undesired side produdt&6and4.67.

As demonstrated in Scheme 4.19, a nucleophile was instaildte 3-position of compound
4.60through a Nicholas reaction. Ideally, this nucleophileldact as a precursor for the isonitrile
that is present in the natural product. This nucleophile hkd to be stable enough to withstand
subsequent reaction conditions in the synthesis. As stehnucleophile that was explored for
this reaction was the addition of a nitrile. Nitrile addit®in the Nicholas reaction are knotn
and commonly performed using the reagentM{EN, also known as Nagata’s reagefitindeed,
treatment of pentacyclé.69 with Nagata’s reagent delivered cyanide in a 1,4-conjuésghion
forming aluminum enolatd.70 Searching through literature reports of 1,4-additionsya@nide
using Nagata’s reagent, we found conditions reported by/anelewalle group in 2004 that would
trap this aluminum enolate as the silyl enol etPfeProtecting the ketone in this way should prevent
over-reduction to the corresponding alcohol in the redeaiecomplexation step. As we expected,
guenching the aluminum enola# 70 with TMSCI provided the silyl enol ether compoudd’1,
and without purification it was submitted to the SpBiureductive decomplexation conditions. In
this case, we saw almost exclusive formation of the desietdrie intermediate4(42 in 55%
yield over the two steps.

Itis also important to report the alternative reductiveataplexation conditions we discovered,
that to the best of our knowledge, have not been reportectititdrature previously. As shown in
Scheme 4.20, we found that a large excess (12 equiv) of Na@&Hto a clean reductive decom-
plexation of4.71revealing the alkene. However, during the course of theti@waahe silyl enol
ether was removed and the ketone was subsequently redualediol compound.73 Neverthe-
less, the alcohol4(. 73 could be oxidized using DMP to access ketone intermediat2in 43%
yield over the 3 steps. Notably, reductive decomplexatigh WaBH, is far more environmentally
friendly than the more typical SnBH conditions and we expect these reductive decomplexation
conditions to be broadly applicable to other cobalt-comgdescaffolds.

At this point in the synthesis, we have developed a robustsaathble route to access key
nitrile-containing intermediaté.42 The second half of this synthesis involves the maniputatio
4.42in an attempt to install the C12 quaternary center with trsérddanti relative stereochemistry
and will be discussed in Chapter 5.
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o install a quat OTMS

center

Et,AICN TMSCI, pyr.

MeCN

Me Co(CO);  SnBugH, PhH, 45 °C
> —_—

then

Co(CO)s acid workup

Scheme 4.19:Installation of a cyanide followed by enolate trapping witMSCI led to inter-
mediate4.71 The reductive decomplexation of silyl enol ether2 provided nearly exclusive
formation of desired compoutl42

unprecendented
reductive
decomplexation
NaBH;s Menx
(12 equiv)
3
DCM, 0 °C

H
4.73 4.42
48% over 3 steps

Scheme 4.20A more environmentally friendly reductive decomplexatpotocol was discovered
using NaBH generating alcohat.73 Oxidation with DMP leads to ketone intermedidtd2

4.4 Experimental Contributors

All of the work presented in Section 4.25(Ieneration Route Toward the Synthesis of the
Pentacyclic Ambiguines) is unpublished and executedgbleRebecca Johnson (R.J.). Original
ideas and strategies were generated by R.J., Prof. Richi@ambng (R.S.) and Dr. Svitlana
Kulyk (S.K.). The idea of using the Nicholas reaction in tlyathesis was originally proposed
by Dr. Jason Pfleuger (J.P.). Partial characterizationidatported in Section 4.6 (Experimental
Methods and Procedures). The work presented in Sectior??. &eneration Route Toward the
Synthesis of Pentacyclic Ambiguines) was completed byddd Marco Hartmann (M.H.)(visiting
student from the ETH, Zirich) and is unpublished. The fullrettterization is reported in Section
4.6 (Experimental Methods and Procedures). Ideas an@gyratere developed with the help of
R.S. and M.H.
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4.5 Materials and Methods

Unless stated otherwise, reactions were performed in dvieakglassware sealed with rubber
septa under a nitrogen atmosphere and were stirred witmfdmated magnetic stir bars. Liquid
reagents and solvents were transferred by syringe usindata Schlenk techniques. Tetrahydro-
furan (THF), toluene, acetonitrile (MeCN), methanol (MeDNEt; were dried by passage over
a column of activated alumina; Dichloromethane (DCM) wastillied over calcium hydride. All
other solvents and reagents were used as received unleswisthnoted. Where stated, solutions
were degassed using three cycles of freeze/pump/thavzifiggéhe solution contained within a
Schlenk flask in liquid nitrogen, opening the flask to vacuwm3 min, then allowing the solu-
tion to thaw under vacuum). Thin layer chromatography wasopmed using SiliCycle silica
gel 60 F-254 precoated plates (0.25 mm) and visualized byrtdiation, anisaldehyde, cerium
ammonium molybdenate (CAM), potassium permanganate,dimeostain. Optical rotation was
recorded on a Perkin Elmer Polarimeter 241 at the D line (inOpdth length), ¢ = mg/mL, in
CHCIl3 unless otherwise statedH and*C-NMR NMR experiments were performed on Bruker
spectrometers operating at 300, 400, 500 or 600 MHZHKband 75, 100, 125, or 150 MHz for
13C experiments. Chemical shift§)(are reported in ppm relative to the residual solvent signal
(CDCl3 & = 7.26 for'H NMR and$ = 77.16 for**C NMR; Data are reported as follows: chemi-
cal shift (multiplicity, coupling constants where applt@ number of hydrogens). Abbreviations
arise as follows: s (singlet), d (doublet), t (triplet), aquégitet), dd (doublet of doublet), dt (doublet
of triplet), ddqg (doublet of doublets of quartets), m (mupikeit), bs (broad singlet). IR spectra were
recorded on a Bruker ALPHA Platinum ATR FT-IR spectrometaw and high-resolution mass
spectral data were obtained from the University of CalifayBerkeley Mass Spectral Facility, on
a VG 70-Se Micromass spectrometer for FAB, and a VG Prospecadvtiass spectrometer for EI.
Purifications were performed with a Yamazen® automaticfigation system and gradients were
determined by inputting Rralues and using a Yamazen® generated conditions.

4.6 Experimental Methods and Procedures

Cl Cl //
+ // 1. Coy(CO)g, BF3-OEt,, DCM N
A\ HO rt, 1h ( N .,
N ."Me > Z~N MeMe
H Me H

2. Fe(NO3)3-9H20, EtOH
4.22 474 58% over 2 steps 431

3-Chloro-2-(2-methylbut-3-yn-2-yl)-1H-indole (4.75) To a flame-dried schlenk flask was
added DCM (0.10 mL, 0.22 M) andl.74(0.20 mmol, 20uL, 1.0 equiv), followed by CgCO)s
(0.20 mmol, 75 mg, 1.0 equiv). The reaction mixture was afldwo stir at room temperature
for 1 h at which time indolet.22 (1.1 mmol, 0.17 g, 5.0 equiv) was added and allowed to stir
another hour at room temperature. The reaction mixture wasahed with sodium bicarbonate
(10 mL) (sat. ag.) and extracted with DCM (3 x 10 mL). The comeli organic layers were
washed with brine (20 mL), dried over sodium sulfate and eatrated to give a red oil. The
crude mixture was purified using Si©@olumn chromatography and immediately carried on to the
next step. The red oil was dissolved in 95% EtOH &nNO3)3-9H,O was added, CO evolution
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is noticeable. When TLC indicated consumption of startirgferial, the reaction mixture was
partitioned between DCM and-B® (5 mL) and extracted with DCM (3 x 10 mL). The combined
organic layers were washed with brine (30 mL) and dried owdiwsn sulfate. The crude reaction
mixture was purified by Si@column chromatography to provide the product as an off-evbit
(40 mg, 58%).!H NMR (600 MHz, CDC}) & 8.56 (s, 1H), 7.59 (d) = 7.8 Hz, 1H), 7.35 (dJ =
8.0 Hz, 1H), 7.21 (dt) = 24.3, 7.3 Hz, 2H), 2.56 (s, 1H), 1.84 (s, 6H).

cl cl y
CE\S’// SEMCI, NaH ©f\$—/
(., - .,
Me DMF 0 °C to rt N Me
N Me Sem ¢

431 4.21

3-Chloro-2-(2-methylbut-3-yn-2-yl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-indole (4.21)
To a flame-dried round-bottomed flask was added indole der@/d4.31 (2.0 mmol, 0.44 g, 1.0
equiv) followed by DMF (10 mL, 0.2 M). After cooling to 0 °C imadce/water bath, NaH (60% in
mineral oil) (2.4 mmol, 97 mg, 1.2 equiv) was added. Afterrstg at O °C for 5 min, SEMCI (2.2
mmol, 0.39 mL, 1.1 equiv) was added and the reaction mixtuas allowed to stir at 0 °C until
TLC indicated consumption of starting material. The reattnixture was quenched with ammo-
nium chloride (sat. aqg.) (10 mL) and extracted with ethyltatse (3 x 10 mL). The combined
organic layers were washed with brine (2 x 30 mL), dried owslism sulfate and concentrated
in vacuoto yield the crude reaction mixture which was taken on imrmatdy to the next stegH
NMR (400 MHz, CDC}) 6 7.65 - 7.53 (m, 1H), 7.42 (d, = 8.2 Hz, 1H), 7.32 - 7.23 (m, 1H), 7.18
(t, J=7.6 Hz, 1H), 5.92 (s, 2H), 3.73 - 3.53 (m, 2H), 1.95 (s, 6H)41-. 0.87 (m, 2H), —0.02 (s,
9H).

1. (S)-carvone

Cl Vi LHMDS, THF,
—78°C(2h)tort
A\ (,
N male 2. PDC, DCM
SEM

420 SEM

Linear tricycle (4.20): Alkyne 4.21 (1.9 mmol, 662 mg, 1.0 equiv) was dissolved in THF
(9.5 mL,0.2 M) and cooled to —78 °C. LHMDS (1.0 M in THF) (2.0 min2.0 mL, 1.1 equiv)
was added via syringe and the mixture was allowed to stir &t>€7for 2 h. At which time §)-
carvone 4.24 (2.0 mmol, 0.31 mL, 1.1 equiv) was added via syringe and dselting solution
was allowed to warm to room temperature. Once the reactiatuna was fully warmed to room
temperature, it was quenched with the addition of ammonibharide (sat. ag.) (10 mL) and
extracted with ethyl acetate (3 x 10 mL). The combined orgéyjers were washed with brine,
dried over sodium sulfate and concentrateglacua The crude reaction mixture was subjected to
SiO, column chromatography to yield the product as an off-whige {686 mg, 62%)

The pure allylic alcohol (1.0 mmol, 0.50 mg, 1.0 equiv) waarthlissolved in DCM (10 mL,
0.10 M) and PDC (1.5 mmol, 0.56 g, 1.5 equiv) was added all e¢offthis reaction was allowed
to stir at room temperature for 14 h at which point it was fdtethrough a Celite® plug. The
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crude reaction mixture was concentratedacuoand immediately purified via Skxolumn chro-
matography to yield compourti20(327 mg, 65% over 3 steps)H NMR (400 MHz, CDC}) &
7.60 (dd,J = 7.9, 1.1 Hz, 1H), 7.40 (dl = 8.2 Hz, 1H), 7.32 - 7.26 (m, 1H), 7.20 (8= 7.5, 7.1,
1.0 Hz, 1H), 5.87 (s, 2H), 4.89 - 4.64 (m, 2H), 3.67 - 3.44 (m),2ZH80 - 2.24 (m, 5H), 2.01 (s,
6H), 1.96 (s, 3H), 1.74 (d] = 1.2 Hz, 3H), 0.95 - 0.89 (m, 2H), —0.04 (s, 9H).

Pd/BaSOy, H,

EtOH/hexane, quinoline
71%

\
419 SEM

Linear dienone (4.19) Alkyne 4.20(0.20 mmol, 0.050 g, 1.0 equiv) was dissolved in a 1:1
mixture of EtOH and hexanes (1.0 mL, 0.10 M). Quinoline (Omdol, 67 uL, 5.6 equiv) was
added followed by 5% Pd/BaS@0.010 mmol, 2.0 mg, 0.10 equiv). A balloon ot Kas fitted
in the septum and the flask was evacuated and backfilled wittpald three times. The reaction
mixture was allowed to stir for 30 min at which time TLC indied consumption of starting ma-
terial and the mixture was filtered through a Si@el plug to yield the crude reaction mixture.
The crude mixture was concentraiedzacuoand the crude material was purified via Si€dlumn
chromatography to yield the pure material (35 mg, 71%)NMR (600 MHz, CDC}) 6 7.51 (d,
J=7.9Hz, 1H), 7.26 (t) = 7.3 Hz, 1H), 7.21 (t) = 7.6 Hz, 1H), 7.14 (t) = 7.4 Hz, 1H), 6.04 (d,
J=12.7 Hz, 1H), 5.90 (d) = 12.6 Hz, 1H), 5.52 - 5.30 (m, 2H), 4.47 (@= 1.5 Hz, 1H), 4.25 (s,
1H), 3.59 (dddJ = 10.4, 7.1, 3.9 Hz, 2H), 2.23 - 1.98 (m, 2H), 1.83 - 1.68 (m, 1aH64 (t,J =
15.0 Hz, 1H), 1.44 (dd) = 17.3, 12.1 Hz, 1H), 1.24 (s, 3H), 0.92 (db= 9.3, 7.2 Hz, 2H), 0.07 -
—0.11 (m, 9H).

S
(S)-carvone H
LHMDS (o)
(m Cu(ll) 2-ethylhexanoate
I > N
Z N THF
H —78°Ctort, 14 h NH

4.45 4.47

(5S,69)-6-(1H-indol-3-yl)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2en-1-one(4.47) An oven-
dried 2L round bottomed flask was charged with inddld ) (15 g, 130 mmol, 2.0 equiv) followed
by (S-carvone (10 mL, 65 mmol, 1.0 equiv). To this mixture wasedildHF (280 mL, 0.23 M)
and the resulting solution was cooled in a dry ice/acetortle tua—78 °C. The reaction mixture
was held at —=78 °C while LHMDS (1.0 M in THF, 210 mL, 210 mmol3 &quiv) was added via
cannula transfer dropwise over 30 min. The resulting bretvsblution was stirred at —78 °C for 1
h upon which the flask was opened to the atmosphere and Ctgthy2hexanoate (34 g, 97 mmol,
1.5 equiv) was added as a solid through a plastic funnel. €hetion mixture was quickly re-
sealed with the septum and allowed to warm to room temperatgrnight. The reaction mixture
was quenched with ammonium chloride (sat. aq.) (200 mL) bacajueous layer was extracted
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with ethyl acetate (3 x 100 mL). The organic layer was washgd lrine (1 x 200 mL), dried
over sodium sulfate, and the solvent was remawedacua The crude product was purified via
SiO, column chromatography eluting with 2:1 hexanes:ethylateeio afford pure product as an
off-white solid. *H NMR (CDCls, 600 MHz)$ 8.01 (br s, 1H), 7.44 (d) = 7.9 Hz, 1H), 7.33
(d,J =8.1Hz, 1H), 7.16 (ddJ = 7.7, 7.7 Hz, 1H), 7.07 (dd] = 7.6, 7.6 Hz, 1H), 6.91 (d] =
2.3 Hz, 1H), 6.82 - 6.78 (m, 1H), 4.68 (s, 1H), 4.64 (s, 1H)13®,J = 10.7 Hz, 1H), 3.27 (ddd,
J=9.7,9.7, 5.0 Hz, 1H), 2.61 - 2.53 (m, 1H), 2.50 - 2.43 (m, 1HR7 (s, 3H), 1.63 (s, 3H).
13C NMR (CDClz, 101 MHz)6 199.54, 145.85, 143.72, 136.21, 135.37, 126.96, 122.71.622
119.17,119.09, 112.79, 112.48, 111.32, 49.05, 48.31830RB30, 16.29IR (ATIR) 3402, 3349,
3058, 2914, 1678, 1641, 1456, 1421, 1371, 1077, 886, 738 €@H20ON [M+H]*, 266.1539.
Found 266.1540.d]p = +34.5

N LHMDS, THF
NH -78°Ctort

4.47

Allylic alcohol (4.76): To a solution of alkyne4.77) (12 mL, 60 mmol, 2.1 equiv) in THF (230
mL, 0.27 M) at —78 °C was added LHMDS (1.0 M in THF, 61 mL, 61 mp#?P equiv) dropwise
over 10 min. This solution was allowed to stir at —78 °C for IJplon which indole coupled product
4.47(7.6 g, 29 mmol, 1.0 equiv) was added as a solution in THF (50 dnbpwise over 5 min.
The reaction mixture was immediately taken out of the —78 4@ land allowed to warm fully to
room temperature. The reaction mixture was quenched with@mum chloride (sat. ag.) (200
mL) and the aqueous layer was extracted with ethyl acetated (® mL). The organic layers were
combined and washed with brine (200 mL), dried over sodiulfataand the solvent was removed
in vacua The yellowish-red crude reaction mixture was used imntet}ian the next step.

PDC, DCM, 24 h

Y

then 2N HCI/MeOH

Tricycle (4.50). The crude produet.76was dissolved in DCM (290 mL, 0.10 M) and PDC (16
g, 43 mmol, 1.5 equiv) was added. The reaction mixture wasvalll to stir at room temperature
overnight. The reaction mixture was then filtered throughug pf Celite® eluting with DCM and
to this mixture was added 2N HCI/MeOH (50 mL). Once TLC indechcomplete removal of the
TMS group (approx. 10 min), the reaction mixture was quedchigh sodium bicarbonate (sat.
ag.) (200 mL) and the aqueous layer was washed with ethyhic€ x 100 mL). The combined
organic layers were washed with brine and dried over soduifate. The solvent was removed
in vacuoand the crude product was purified via Si€lumn chromatography eluting with 2:1
hexanes:ethyl acetate then 1:1 hexanes:ethyl acetateltbptire product as a yellow foamH
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NMR (600 MHz, CDC}) & 8.17 (s, 1H), 7.60 (dJ = 7.9 Hz, 1H), 7.37 (dJ = 8.1 Hz, 1H), 7.20
(t, J = 7.8 Hz, 1H), 7.13 (tJ = 7.5 Hz, 1H), 6.95 (dJ = 2.4 Hz, 1H), 4.75 - 4.64 (m, 2H), 4.12
(dd,J = 7.9, 2.2 Hz, 1H), 3.17 (tdJ = 9.0, 4.5 Hz, 1H), 2.75 - 2.49 (m, 2H), 2.01 @= 1.9
Hz, 3H), 1.72 (s, 3H), 1.07 (d, 6H)3C NMR; (150 MHz, CDC}) & 198.3, 145.2, 139.4, 137.9,
136.3, 127.3, 122.6, 122.1, 119.4, 119.1, 115.85, 112:041108.8, 81.1, 65.4, 47.6, 41.7, 41.6,
30.5, 30.5, 20.3, 14.1R (ATIR) 3324, 3260, 2979, 2850, 2220, 1640, 1456, 1340, 1861,
739 cnitSL, CoaHo0,N [M+H]*, 348.1958. Found 348.196Q\p = +151.3

C0,(CO)g, DCM, 14 h

Y

then BF3-OEt,

Cobalt-complexed tetracycle (4.43)A 1-L flask was charged with propargylic alcohdl$0
(3.8 g, 11 mmol, 1.0 equiv). To this flask was added DCM (110 @10 M) followed by
Co(CO) (4.5 g, 13 mmol, 1.2 equiv). The reaction mixture was allowedtir at room tem-
perature overnight. To this reaction mixture was added -BPEL. After stirring for 5 min the
reaction mixture was quenched with sodium bicarbonate (@RQPand the aqueous layers were
extracted with ethyl acetate (3x75 mL). The combined orgkayiers were washed with brine (sat.
ag.) (100 mL), dried over sodium sulfate, and the solventneasovedn vacua The crude reac-
tion mixture was purifiedia SiO, gel column chromatography eluting with hexanes first fodow
by 2:1 hexanes:ethyl acetate. The pure product was iscéest@ddark red solid*H NMR (500
MHz, CDCk) & 8.27 (s, 1H), 7.67 (dJ = 8.0 Hz, 1H), 7.33 (dJ = 7.9 Hz, 1H), 7.09 (dt] =
19.6, 7.4 Hz, 2H), 4.82 (d] = 13.3 Hz, 2H), 4.45 (s, 1H), 3.87 (d,= 6.2 Hz, 1H), 3.23 (dd) =
15.9, 5.1 Hz, 1H), 2.77 (dd), = 15.8, 7.4 Hz, 1H), 2.00 (s, 3H), 1.96 (s, 3H), 1.80 (s, 3H}7X(s,
4H).3C NMR (125 MHz, CDC}) § 199.3, 198.2, 198.0, 153.9, 146.3, 141.4, 137.8, 134.27126
121.3,120.2,120.0,112.1,111.8,111.2,110.6, 85.0,423, 42.1, 39.6, 30.2, 29.4, 21.6, 12.4.
IR (ATIR) 3306, 2974, 2090, 2052, 2012, 1645, 1568, 1437, 1828, cni->%. CyH240;NCo
[M+H]*, 616.0211. Found 616.0222Ve attempted to obtain optical rotations, however, at the
wavelength we had access to (Na lamp, 584 nm), the transro@taas too low to obtain accurate
rotations.

1. HSiEt, PhH, 70 °C
Co(CO)z 2. AICl3, DCM, 45 °C

\ >

Co(CO);

“Me
Me

4.43 4.58
Pentacyclic silane (4.58) The tetracycle4.43 (0.05 mmol, 30 mg, 1 equiv) was dissolved
in benzene (0.05 M, 1 mL) in a flame-dried round-bottomed flaBke solution was heated to
70 °C in an oil bath and triethylsilane (0.98 mmol, b, 20 equiv) was added. After 1.5 h, the
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mixture was filtered through a Si@el plug washing with hexanes (20 mL) to remove excess
triethylsilane. ethyl acetate (50 mL) was then flushed tghotlne SiQ gel plug and collected in a
separate flask. The crude mixture was concentratedcuoto yield a dark red oil that was carried
on immediately to the next step. Crude silane (0.02 mmol, 9Inthequiv) was dissolved in DCM
(0.01 M, 2 mL) in a round-bottomed flask and to the solution added MeOH (0.1 mmol, 4L, 5
equiv) followed by AICk (0.40 mmol, 54 mg, 20 equiv). The reaction mixture was hetdd® °C

in an oil-bath for 12 h at which time the crude mixture was sbrdugh a SiQ gel plug washing
with ethyl acetate (20 mL). The crude pentacy@d&@ was unstable and not subjected to further
purification (1.3 mg, 14% over 2 stepsH NMR (500 MHz, CDC}) § 7.78 (s, 1H), 7.20 - 7.08
(m, 2H), 7.02 (ddJ = 4.9, 3.1 Hz, 1H), 6.74 (s, 1H), 3.97 (@~ 10.3 Hz, 1H), 2.79 (dd] = 15.6,
3.2 Hz, 1H), 2.45 (tJ = 15.2 Hz, 1H), 2.21 (ddd] = 14.2, 10.4, 3.1 Hz, 1H), 1.92 (d,= 2.3 Hz,
3H), 1.66 (s, 3H), 1.53 (s, 3H), 1.44 (s, 3H), 1.20 (s, 3H)9(Q19J = 7.8 Hz, 9H), 0.81 (qJ = 7.5
Hz, 6H).

AICl3, MeOH, 3 h

DCM, 0 °C

Cobalt-complexed pentacycle (4.60)A flame-dried 1 L round-bottomed flask was brought
into the glovebox and charged with AKX6.5 g, 49 mmol, 15 equiv). The flask was fitted with
a rubber septum and brought out of the glovebox. Freshid&tbCM (330 mL, 0.01 M) was
added to the flask and the mixture was placed under a stream. offid¢ mixture was cooled to
0 °C and tetracycld.43(2.0 g, 3.3 mmol, 1.0 equiv) was added as a solid immediatigvied
by the addition of MeOH (2.0 mL, 49 mmol, 15 equiv) via syringéhe reaction mixture was
removed from the ice bath and allowed to warm to room tempezatAfter stirring for 3 h at
room temperature, the reaction mixture was quenched byrgpunto ice water (100 mL) and the
agueous layer was extracted with DCM (3 x 100 mL). The orgknyiers were combined, washed
with brine (200 mL), dried over sodium sulfate, and the sotweas removeeh vacua The crude
product was subjected to the next reaction without puriboat

Et,AICN
then TMSCI, py

MeCN

Silyl enol ether (4.71) The cobalt-complexed pentacyale60 (1.0 g, 1.6 mmol, 1.0 equiv)
was dissolved in MeCN (16 mL, 0.10 M) in a round bottomed flaBk.this solution was added
ELAICN (1.0 M in toluene, 4.9 mL, 4.9 mmol, 3.0 equiv) via syraagver 1 min. After 30 min
of stirring at room temperature, TMSCI (1.0 mL, 7.9 mmol, édiiv) followed by pyridine (1.0
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mL, 12 mmol, 7.6 equiv) was added via syringe. After anoti@mn8nutes of stirring at room
temperature, the reaction mixture was quenched by pountegée and sodium bicarbonate (sat.
ag.) (50 mL). The organic layer was washed with brine (2 x 50 arid the combined aqueous
layers were extracted with ethyl acetate (3 x 50 mL). The daptborganic layers were dried over
sodium sulfate and the solvent was remoiredacua The crude brown foam was subjected to the
next reaction immediately without purification.

Me,
Mem

Y

SnBuzH, toluene, 45 °C

then 2 N HCI/MeOH

Nitrile ketone (4.42). The crude mixture containing.71was dissolved in benzene (16 mL,
0.1 M) and the solution was placed in a pre-heated 45 °C dil.t#tByH (2.2 mL, 8.2 mmol, 5.0
equiv) was added in four equal portions every half hour oggR.5 h reaction time at 45 °C. At
this time, the solvent was removadvacuoand the crude product was filtered through a_Sig
eluting with hexanes (500 mL). The SiQ@lug was then washed with ethyl acetate (500 mL) and
the solvent was removead vacua The crude reaction mixture was dissolved in ethyl acete@e (
mL) and a 2N HCI/MeOH (50 mL) mixture was added. Once TLC shba@mplete desilylation,
the mixture was quenched with sodium bicarbonate (sat. @@ mL) and the aqueous layer
was extracted with ethyl acetate (3 x 50 mL). The organicriaygs washed with brine (100 mL),
dried over sodium sulfate, and concentratedacua The crude reaction mixture was purified via
SiO, column chromatography eluting with 2:1 hexanes:ethylatedb yield the pure product as a
white-yellow solid.*H NMR (500 MHz, CDC}) 6 7.84 (s, 1H), 7.15 (d) = 4.1 Hz, 2H), 7.01 (t,
J=4.0 Hz, 1H), 5.80 (dJ = 12.1 Hz, 1H), 5.68 (dJ = 12.1 Hz, 1H), 3.51 (dJ = 11.1 Hz, 1H),
2.82 (dd,J = 13.2, 3.2 Hz, 1H), 2.71 (q] = 6.6 Hz, 1H), 2.47 (tJ = 13.5 Hz, 1H), 2.29 (ddd]
=14.1, 11.0, 3.2 Hz, 1H), 1.67 (s, 3H), 1.54 (s, 3H), 1.46 &4),3.41 (d,J = 6.6 Hz, 3H), 1.18
(s, 3H).13C NMR (125 MHz, CDC}) 6 207.2, 143.0, 139.0, 135.8, 133.3, 127.5, 125.6, 122.8,
119.0,113.1, 107.8, 106.2, 51.8, 49.8, 48.3, 43.8, 41.1, 33.7, 33.1, 28.1, 24.4, 24.1, 10IR.
(ATIR) 3393, 2955, 2866, 2365, 1719, 1450, 1327, 776-emHRMS (EI) calc’d for G4H26N0
[M+H]* m/z = 358.2040 found = 358.2046x]p —81.9 (c 4.7 x 16, CHCL)

NaBH,

Decomplexed alcohol (4.73) TMS enol ethed.71 (1.3 mmol, 1.0 equiv) was dissolved in
MeOH (0.016 M, 83 mL) and the reaction mixture was cooled t&€0rf an ice water bath. After
stirring at 0 °C for 10 min, sodium borohydride (16 mmol, 619,rh2 equiv) was added portion-
wise over 16 min. Each addition was followed by vigorous Bingbfrom the reaction mixture
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and care was taken to add each portion in a controlled maaperox. 2 min between each addi-
tion. Once the addition of sodium borohydride was compkske reaction mixture was monitored
by TLC until cobalt decomplexation was complete (approx.niif). At this time, the reaction
mixture was quenched with the addition of ammonium chlo(g#. ag.) (100 mL) and the flask
was removed from the ice water bath and allowed to warm to rtemperature. Ethyl acetate
(100 mL) was used to dilute the reaction mixture and the Ryere partitioned. The aqueous
layer was extracted with ethyl acetate (3 x 100 mL) and thelzoed organic layers were washed
with brine (200 mL) and dried over sodium sulfate. The solutvas filtered and concentrated
vacuoto deliver the crude mixture containing alcolbl3 The crude mixture was subjected to
purification via SiQ gel column chromatography on a Yamazen® automatic puridicatystem
to yield the alcoho#t.73as an off-white solid (230 mg, 48%).

4.73

Nitrile ketone (4.42). A flame-dried flask was charged with alcohblF3 (0.64 mmol, 230
mg, 1.0 equiv) and DCM (1.0 M, 6.4 mL) was added. Dess-Marérngainance (DMP) (0.83
mmol, 350 mg, 1.3 equiv) was added in one batch and the mixtaseallowed to stir for 1 h
at room temperature. The reaction mixture was quenchedthatiaddition of sodium thiosulfate
(sat. ag.) (50 mL) followed by sodium bicarbonate (sat. é80)mL) and the biphasic mixture was
allowed to stir vigorously for 10 min at room temperature.eThixture was diluted with DCM
and the layers were partitioned. The aqueous layer wascgatravith DCM (3 x 50 mL) and the
combined organic layers were washed with brine (50 mL),ddoser sodium sulfate, filtered, and
concentrateth vacuoto yield crude4.42 The crude compound was taken forward in the next step
without further purification.

SnBuzH

Pentacyclic dienone (4.65)Pentacycle4.60 (50 mg, 0.08 mmol) was dissolved in dry ben-
zene (0.032 M, 2.5 mL) and warmed to 45 °C in an oil bath. Togbistion was added B&nH
(100uL, 5 equiv) every 30 min until TLC indicated consumption adrsing material (25-40 equiv,
3-4 h). The reaction mixture was then cooled down to room tFatpre and loaded onto a basic
alumina plug. The alumina plug was flushed with hexanes (5Ptmget rid of apolar tin residues
and then the product was washed off with ethyl acetate (50 Pujfication by SiQ gel column
chromatography eluting with DCM vyielded the product as dfoygorange solid (6.6 mg, 26%).
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Dieneone 4.65: 'H NMR (400 MHz, CDC}) 5 7.78 (b, 1H), 7.20 - 7.11 (m, 2H), 7.04 (dd,
= 6.0, 2.0 Hz, 1H), 6.43 (dJ = 13.2 Hz, 1H), 5.88 (dJ = 13.3 Hz, 1H), 4.08 - 3.99 (m, 1H),
2.83 (dd,J = 15.5, 2.8 Hz, 1H), 2.43 (] = 15.1 Hz, 1H), 2.23 (ddd] = 14.6, 10.4, 2.7 Hz, 1H),
1.95 (d,J = 2.2 Hz, 3H), 1.56 (s, 3H), 1.50 (s, 3H), 1.47 (s, 3H), 1.13). Typically,4.65 was
inseparable from the over-reduced side-produ66.
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4.a NMR Spectra Relevant to Chapter 4
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Figure 4.1: *H NMR of 4.31in CDCl,
121
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Figure 4.7: *H NMR of 4.50in CDCl,
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Figure 4.9: 'H NMR of 4.43in CDCl,
129
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Figure 4.12:'H NMR of 4.60in CDCl;
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Figure 4.15: *H NMR of 4.73in CDCl;
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Figure 4.16: *H NMR of 4.65in CDCl;
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4.b X-ray Crystallographic Data Relevant to Chapter 4
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X-ray Crystallography Data

Figure 4.17: X-ray crystal structure o4.62(sarpong127)

A brown block 0.080 x 0.050 x 0.030 mm in size was mounted ony@lGop with Paratone
oil. Data were collected in a nitrogen gas stream at 100(23iKgiand scans. Crystal-to-detector
distance was 50 mm and exposure time was 30 seconds per fingeauscan width of 1.0°.
Data collection was 100.0% complete to 25.0008.irA total of 95677 reflections were collected
covering the indices, -21<=h<=21, -14<=k<=14, -22<=|<=213121 reflections were found to
be symmetry independent, with an,Fof 0.1122. Indexing and unit cell refinement indicated a
primitive, monoclinic lattice. The space group was founcd&sP 21 (No. 4). The data were
integrated using the Bruker SAINT software program andestaising the SADABS software
program. Solution by iterative methods (SHELXT-2014) proeld a complete heavy-atom phasing
model consistent with the proposed structure. All non-bgeén atoms were refined anisotropically
by full-matrix least-squares (SHELXL-2014). All hydrogatoms were placed using a riding
model. Their positions were constrained relative to thanept atom using the appropriate HFIX
command in SHELXL-2014. Absolute stereochemistry was uriguaously determined to e at
C16 and C51, an8at C15 and C50, respectively.
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Table 4.1: Crystal data and structure refinement4o82

X-ray 1D sarpongl127

Sample/notebook ID REJV-020

Empirical formula C76 H98 N10 08 Si2

Formula weight 1335.82

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21

Unit cell dimensions a=17.8360(12) A a= 90°.
b=12.1097(8) A b=117.0360(10)°.
c=18.4418(13) A g =90°.

Volume 3547.9(4) A

Z 2

Density (calculated) 1.250 Mgfn

Absorption coefficient 0.113 mth

F(000) 1432

Crystal size 0.080 x 0.050 x 0.030 Mm

Theta range for data collection ~ 1.240to 25.477°.

Index ranges -21<=h<=21, -14<=k<=14, -22<=|<=22

Reflections collected 95677

Independent reflections 13121 [R(int) = 0.1122]

Completeness to theta = 25.000° 100.00%

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.928 and 0.747

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 13121/1/881

Goodness-of-fit on F2 1.065

Final R indices [I>2sigma(l)] R1 =0.0645, wR2 =0.1419

R indices (all data) R1 =0.0962, wR2 = 0.1586

Absolute structure parameter -0.03(8)

Extinction coefficient n/a

Largest diff. peak and hole 0.566 and -0.259&.A
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Table 4.2: Atomic coordinates (x0*) and equivalent isotropic displacement parametefs (&°)
for sarpong127. U(eq) is defined as one third of the traceenbtthogonalized tensor.

X y Z U(eq)

C(1) 4579(3) 1463(5) 5253(3) 23(1)
C(2) 3768(3) 1212(5) 5323(4) 24(1)
C(3) 3174(4) 412(5) 4894(4) 32(2)
C(4) 2414(4) 362(5) 4947(4) 35(2)
C(5) 2217(4) 1082(5) 5409(4) 30(1)
C(6) 2808(3) 1883(5) 5841(3) 22(1)
C(7) 3571(3) 3340(5) 6581(3) 20(1)
C(8) 3746(3) 4400(5) 7067(3) 22(1)
C(9) 4627(3) 4339(4) 7791(3) 18(1)
C(10) 5326(3) 4012(4) 7727(3) 19(1)
C(11) 5523(3) 3597(4) 7085(3) 19(1)
C(12) 6356(3) 3609(5) 7247(3) 22(1)
C(13) 6606(3) 3127(4) 6661(3) 20(1)
C(14) 5998(3) 2468(5) 5957(4) 23(1)
C(15) 5211(3) 2110(5) 6029(3) 20(1)
C(16) 4860(3) 3143(4) 6277(3) 18(1)
C(17) 4040(3) 2845(5) 6263(3) 17(1)
C(18) 3577(3) 1931(4) 5801(3) 18(1)
C(19) 4327(4) 2128(6) 4474(4) 32(2)
C(20) 4998(4) 388(5) 5187(4) 31(2)
C(21) 3743(4) 5372(5) 6524(4) 31(1)
C(22) 3042(3) 4602(5) 7309(4) 28(1)
C(23) 4196(4) 4281(6) 9293(4) 38(2)
C(24) 4519(5) 4610(8) 10186(4) 62(2)
C(25) 4721(4) 6453(6) 8764(5) 42(2)
C(26) 5380(5) 7046(7) 8583(6) 61(2)
C(27) 5983(4) 4662(6) 9588(4) 33(2)
C(28) 6246(4) 3478(6) 9879(4) 45(2)
C(29) 7024(3) 4164(6) 7983(4) 34(2)
C(30) 8398(3) 2866(5) 6343(3) 20(1)
C(31) 8632(3) 2602(4) 5724(3) 22(1)
C(32) 9469(3) 2580(5) 5878(3) 24(1)
C(33) 10078(3) 2832(5) 6641(3) 23(1)
C(34) 9880(3) 3095(5) 7267(4) 25(1)
C(35) 9049(3) 3123(5) 7115(3) 24(1)
C(36) 1786(3) 4281(5) 3613(3) 22(1)
C(37) 1066(3) 4527(4) 3831(3) 21(1)
C(38) 1055(4) 4336(5) 4563(3) 27(1)
C(39) 316(4)  4499(5) 4643(4) 30(1)
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Table 4.2: Atomic coordinates (x0*) and equivalent isotropic displacement parametefs (&°)
for sarpong127. U(eq) is defined as one third of the traceenbtthogonalized tensor.

X y Z U(eq)

C(40) -429(3) 4825(5) 4003(3) 27(1)
C(41) -420(3) 5027(5) 3265(3) 21(1)
C(42) -689(3) 5404(5) 1962(3) 22(1)
C(43) -1200(3) 5665(5) 1070(3) 23(1)
C(44) -778(3) 6585(5) 816(3)  20(1)
C(45) 64(3) 6619(5) 1033(3) 21(1)
C(46) 814(3) 5970(5) 1540(3) 19(1)
C(47) 1535(3) 6199(5) 1467(3) 21(1)
C(48) 2314(3) 5609(5) 1964(3) 21(1)
C(49) 2360(3) 4830(5) 2615(3) 22(1)
C(50) 1692(3) 5043(5) 2888(3) 21(1)
C(51) 828(3) 5063(5) 2123(3) 21(1)
C(52) 152(3) 5148(4) 2378(3) 20(1)
C(53) 325(3) 4898(5) 3191(3) 21(1)
C(54) 1733(4) 3054(5) 3385(4) 29(1)
C(55) 2638(3) 4505(5) 4350(3) 29(1)
C(56) -1244(4) 4629(5) 573(3)  27(1)
C(57) -2102(3) 5966(5) 905(4)  27(1)
C(58) -2034(4) 8600(5) 508(4)  32(2)
C(59) -2372(4) 9683(6) 50(4) 46(2)
C(60) -2156(4) 7200(6) -935(4) 37(2)
C(61) -1738(4) 6756(6) -1439(4) 39(2)
C(62) -700(4) 8732(5) -80(4)  30(1)
C(63) -143(4) 9508(5) 615(4)  36(2)
C(64) 1545(4) 7016(5) 852(4)  32(2)
C(65) 4388(3) 5309(5) 2236(3) 23(1)
C(66) 5095(4) 4619(5) 2650(3) 29(1)
C(67) 5867(4) 4844(6) 2654(3) 32(2)
C(68) 5914(4) 5748(6) 2226(4) 33(2)
C(69) 5241(4) 6454(5) 1830(4) 31(2)
C(70) 4495(4) 6237(5) 1837(4) 28(1)
C(71) 9089(6) 1082(8) 3274(6) 73(3)
C(72) 9921(4) 1004(7) 3305(4) 46(2)
C(73) 9846(6) 1096(7) 2454(6) 70(3)
C(74) 9303(7) 2042(9) 1934(6) 85(3)
C(75) 8415(6) 2003(8) 1886(5) 64(2)
C(76) 8527(5) 2049(7) 2767(5) 60(2)
N(1) 2822(3) 2749(4) 6328(3) 23(1)
N(2) 7381(3) 3293(4) 6789(3) 23(1)

141



Table 4.2: Atomic coordinates (x0*) and equivalent isotropic displacement parametefs (&°)
for sarpong127. U(eq) is defined as one third of the traceenbtthogonalized tensor.

X y Z U(eq)

N@E) 7579(3) 2884(4) 6209(3) 21(1)
N(4) 8014(3) 2351(4) 4900(3) 33(1)
N(5) 10955(3) 2829(4) 6803(3) 25(1)
N(6) -1029(3) 5342(4) 2508(3) 22(1)
N(7) 2955(3) 5781(4) 1812(3) 23(1)
N(@8) 3640(3) 5112(4) 2244(3) 25(1)
N(©) 5054(3) 3647(5) 3079(3) 44(2)
N(10) 6714(3) 5968(6) 2193(4) 42(2)
O(1) 7263(2) 2287(4) 4743(3) 35(1)
O(2) 8242(3) 2208(6) 4381(3) 65(2)
O(3) 11119(2) 2603(4) 6238(3) 37(1)
O(4) 11494(2) 3069(4) 7490(3) 35(1)
O() 4360(3) 3348(5) 3020(3) 59(2)
O(6) 5708(3) 3133(5) 3488(3) 65(2)
O(7) 7291(3) 5328(5) 2543(3) 53(1)
O(8) 6732(3) 6763(5) 1792(4) 56(2)
Si(1) 4849(1) 4908(1) 8831(1) 27(1)
Si(2) -1418(1) 7746(1) 101(1)  26(1)

Table 4.3: Bond lengths [A] for sarpong127.

C(1)-C(19) 1.525(8) C(8)-C(22)-H(22B)  109.5
C(1)-C(20) 1.534(8) H(22A)-C(22)-H(22B) 109.5
C(1)-C(2) 1.539(7) C(8)-C(22)-H(22C)  109.5
C(1)-C(15) 1.570(8) H(22A)-C(22)-H(22C) 109.5
C(2)-C(18) 1.387(8) H(22B)-C(22)-H(22C) 109.5
C(2)-C(3) 1.388(8) C(24)-C(23)-Si(1) 111.9(5)
C(3)-C(4) 1.405(8) C(24)-C(23)-H(23A)  109.2
C(3)-H(3) 0.95 Si(1)-C(23)-H(23A)  109.2
C(4)-C(5) 1.372(8) C(24)-C(23)-H(23B)  109.2
C(4)-H(4) 0.95 Si(1)-C(23)-H(23B)  109.2
C(5)-C(6) 1.386(8) H(23A)-C(23)-H(23B) 107.9
C(5)-H(5) 0.95 C(23)-C(24)-H(24A)  109.5
C(6)-N(1) 1.374(7) C(23)-C(24)-H(24B)  109.5
C(6)-C(18) 1.407(7) H(24A)-C(24)-H(24B) 109.5
C(7)-C(17) 1.358(7) C(23)-C(24)-H(24C)  109.5
C(7)-N(1) 1.396(7) H(24A)-C(24)-H(24C) 109.5
C(7)-C(8) 1.515(8) H(24B)-C(24)-H(24C) 109.5
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C(8)-C(22)
C(8)-C(9)
C(8)-C(21)
C(9)-C(10)
C(9)-Si(1)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-C(16)
C(12)-C(13)
C(12)-C(29)
C(13)-N(2)
C(13)-C(14)
C(14)-C(15)
C(14)-H(14A)
C(14)-H(14B)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(19)-H(19A)
C(19)-H(19B)
C(19)-H(19C)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(22)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23)-C(24)
C(23)-Si(1)
C(23)-H(23A)
C(23)-H(23B)
C(24)-H(24A)
C(24)-H(24B)
C(24)-H(24C)
C(25)-C(26)
C(25)-Si(1)
C(25)-H(25A)
C(25)-H(25B)
C(26)-H(26A)

1.532(7)
1.532(7)
1.543(8)
1.363(7)
1.903(5)
1.468(7)
0.95
1.375(7)
1.523(8)
1.464(8)
1.497(8)
1.308(7)
1.490(8)
1.532(7)
0.99
0.99
1.558(7)
1
1.496(7)
1
1.412(8)
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
1.529(9)
1.886(6)
0.99
0.99
0.98
0.98
0.98
1.538(10)
1.883(7)
0.99
0.99
0.98
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C(26)-C(25)-Si(1)
C(26)-C(25)-H(25A)
Si(1)-C(25)-H(25A)
C(26)-C(25)-H(25B)
Si(1)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(25)-C(26)-H(26A)
C(25)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(25)-C(26)-H(26C)
H(26A)-C(26)-H(26C)
H(26B)-C(26)-H(26C)
C(28)-C(27)-Si(1)
C(28)-C(27)-H(27A)
Si(1)-C(27)-H(27A)
C(28)-C(27)-H(27B)
Si(1)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(27)-C(28)-H(28A)
C(27)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
C(27)-C(28)-H(28C)
H(28A)-C(28)-H(28C)
H(28B)-C(28)-H(28C)
C(12)-C(29)-H(29A)
C(12)-C(29)-H(29B)
H(29A)-C(29)-H(29B)
C(12)-C(29)-H(29C)
H(29A)-C(29)-H(29C)
H(29B)-C(29)-H(29C)
N(3)-C(30)-C(35)
N(3)-C(30)-C(31)
C(35)-C(30)-C(31)
C(32)-C(31)-C(30)
C(32)-C(31)-N(4)
C(30)-C(31)-N(4)
C(33)-C(32)-C(31)
C(33)-C(32)-H(32)
C(31)-C(32)-H(32)
C(32)-C(33)-C(34)
C(32)-C(33)-N(5)
C(34)-C(33)-N(5)
C(35)-C(34)-C(33)
C(35)-C(34)-H(34)
C(33)-C(34)-H(34)

113.4(5)
108.9
108.9
108.9
108.9
107.7
109.5
109.5
109.5
109.5
109.5
109.5
117.5(5)
107.9
107.9
107.9
107.9
107.2
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
120.2(5)
122.7(5)
117.2(5)
121.5(5)
116.5(5)
121.9(5)
118.9(5)
120.5
120.5
121.6(5)
119.2(5)
119.2(5)
119.6(5)
120.2
120.2



C(26)-H(26B)
C(26)-H(26C)
C(27)-C(28)
C(27)-Si(1)
C(27)-H(27A)
C(27)-H(27B)
C(28)-H(28A)
C(28)-H(28B)
C(28)-H(28C)
C(29)-H(29A)
C(29)-H(29B)
C(29)-H(29C)
C(30)-N(3)
C(30)-C(35)
C(30)-C(31)
C(31)-C(32)
C(31)-N(4)
C(32)-C(33)
C(32)-H(32)
C(33)-C(34)
C(33)-N(5)
C(34)-C(35)
C(34)-H(34)
C(35)-H(35)
C(36)-C(55)
C(36)-C(54)
C(36)-C(37)
C(36)-C(50)
C(37)-C(38)
C(37)-C(53)
C(38)-C(39)
C(38)-H(38)
C(39)-C(40)
C(39)-H(39)
C(40)-C(41)
C(40)-H(40)
C(41)-N(6)
C(41)-C(53)
C(42)-C(52)
C(42)-N(6)
C(42)-C(43)
C(43)-C(44)
C(43)-C(56)
C(43)-C(57)
C(44)-C(45)

0.98
0.98
1.528(10)
1.888(6)
0.99
0.99
0.98
0.98
0.98
0.98
0.98
0.98
1.367(6)
1.404(8)
1.419(7)
1.387(7)
1.447(7)
1.366(8)
0.95
1.389(8)
1.453(7)
1.378(7)
0.95
0.95
1.534(8)
1.536(8)
1.540(7)
1.568(8)
1.377(8)
1.387(8)
1.407(8)
0.95
1.374(8)
0.95
1.389(8)
0.95
1.377(7)
1.405(7)
1.374(7)
1.394(7)
1.508(8)
1.531(8)
1.535(8)
1.539(7)
1.368(7)
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C(34)-C(35)-C(30)
C(34)-C(35)-H(35)
C(30)-C(35)-H(35)
C(55)-C(36)-C(54)
C(55)-C(36)-C(37)
C(54)-C(36)-C(37)
C(55)-C(36)-C(50)
C(54)-C(36)-C(50)
C(37)-C(36)-C(50)
C(38)-C(37)-C(53)
C(38)-C(37)-C(36)
C(53)-C(37)-C(36)
C(37)-C(38)-C(39)
C(37)-C(38)-H(38)
C(39)-C(38)-H(38)
C(40)-C(39)-C(38)
C(40)-C(39)-H(39)
C(38)-C(39)-H(39)
C(39)-C(40)-C(41)
C(39)-C(40)-H(40)
C(41)-C(40)-H(40)
N(6)-C(41)-C(40)

N(6)-C(41)-C(53)

C(40)-C(41)-C(53)
C(52)-C(42)-N(6)

C(52)-C(42)-C(43)
N(6)-C(42)-C(43)

C(42)-C(43)-C(44)
C(42)-C(43)-C(56)
C(44)-C(43)-C(56)
C(42)-C(43)-C(57)
C(44)-C(43)-C(57)
C(56)-C(43)-C(57)
C(45)-C(44)-C(43)
C(45)-C(44)-Si(2)

C(43)-C(44)-Si(2)

C(44)-C(45)-C(46)
C(44)-C(45)-H(45)
C(46)-C(45)-H(45)
C(47)-C(46)-C(45)
C(47)-C(46)-C(51)
C(45)-C(46)-C(51)
C(46)-C(47)-C(48)
C(46)-C(47)-C(64)
C(48)-C(47)-C(64)

121.1(5)
119.4

119.4

109.0(5)
110.0(4)
107.6(5)
109.3(4)
111.6(5)
109.3(4)
117.1(5)
127.5(5)
115.2(5)
120.7(5)
119.6

119.6

122.4(5)
118.8

118.8

117.1(5)
121.4

121.4

133.4(5)
106.1(4)
120.4(5)
107.9(5)
128.4(5)
123.6(5)
110.4(4)
108.7(5)
108.1(4)
109.0(4)
112.5(5)
108.1(4)
124.1(5)
114.2(4)
121.6(4)
137.1(5)
111.4

111.4

116.8(5)
119.7(5)
123.6(4)
120.3(5)
122.3(5)
117.4(5)



C(44)-Si(2)
C(45)-C(46)
C(45)-H(45)
C(46)-C(47)
C(46)-C(51)
C(47)-C(48)
C(47)-C(64)
C(48)-N(7)
C(48)-C(49)
C(49)-C(50)
C(49)-H(49A)
C(49)-H(49B)
C(50)-C(51)
C(50)-H(50)
C(51)-C(52)
C(51)-H(51)
C(52)-C(53)
C(54)-H(54A)
C(54)-H(54B)
C(54)-H(54C)
C(55)-H(55A)
C(55)-H(55B)
C(55)-H(55C)
C(56)-H(56A)
C(56)-H(56B)
C(56)-H(56C)
C(57)-H(57A)
C(57)-H(57B)
C(57)-H(57C)
C(58)-C(59)
C(58)-Si(2)
C(58)-H(58A)
C(58)-H(58B)
C(59)-H(59A)
C(59)-H(59B)
C(59)-H(59C)
C(60)-C(61)
C(60)-Si(2)
C(60)-H(60A)
C(60)-H(60B)
C(61)-H(61A)
C(61)-H(61B)
C(61)-H(61C)
C(62)-C(63)
C(62)-Si(2)

1.911(6)
1.465(7)
0.95
1.381(7)
1.528(8)
1.456(8)
1.511(8)
1.313(6)
1.499(8)
1.512(7)
0.99
0.99
1.547(7)
1
1.484(7)
1
1.420(8)
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
1.528(9)
1.894(6)
0.99
0.99
0.98
0.98
0.98
1.530(9)
1.880(7)
0.99
0.99
0.98
0.98
0.98
1.534(9)
1.887(6)

145

N(7)-C(48)-C(47)
N(7)-C(48)-C(49)
C(47)-C(48)-C(49)
C(48)-C(49)-C(50)
C(48)-C(49)-H(49A)
C(50)-C(49)-H(49A)
C(48)-C(49)-H(49B)
C(50)-C(49)-H(49B)
H(49A)-C(49)-H(49B)
C(49)-C(50)-C(51)
C(49)-C(50)-C(36)
C(51)-C(50)-C(36)
C(49)-C(50)-H(50)
C(51)-C(50)-H(50)
C(36)-C(50)-H(50)
C(52)-C(51)-C(46)
C(52)-C(51)-C(50)
C(46)-C(51)-C(50)
C(52)-C(51)-H(51)
C(46)-C(51)-H(51)
C(50)-C(51)-H(51)
C(42)-C(52)-C(53)
C(42)-C(52)-C(51)
C(53)-C(52)-C(51)
C(37)-C(53)-C(41)
C(37)-C(53)-C(52)
C(41)-C(53)-C(52)
C(36)-C(54)-H(54A)
C(36)-C(54)-H(54B)
H(54A)-C(54)-H(54B)
C(36)-C(54)-H(54C)
H(54A)-C(54)-H(54C)
H(54B)-C(54)-H(54C)
C(36)-C(55)-H(55A)
C(36)-C(55)-H(55B)
H(55A)-C(55)-H(55B)
C(36)-C(55)-H(55C)
H(55A)-C(55)-H(55C)
H(55B)-C(55)-H(55C)
C(43)-C(56)-H(56A)
C(43)-C(56)-H(56B)
H(56A)-C(56)-H(56B)
C(43)-C(56)-H(56C)

117.5(5)
122.3(5)
120.2(4)
113.2(5)
108.9
108.9
108.9
108.9
107.7
107.9(4)
112.8(4)
117.6(4)
105.9
105.9
105.9
114.7(4)
109.1(4)
110.1(4)
107.6
107.6
107.6
107.2(5)
132.6(5)
120.2(5)
122.1(5)
129.3(5)
108.5(5)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

H(56A)-C(56)-H(56C) 109.5

H(56B)-C(56)-H(56C)

109.5



C(62)-H(62A)
C(62)-H(62B)
C(63)-H(63A)
C(63)-H(63B)
C(63)-H(63C)
C(64)-H(64A)
C(64)-H(64B)
C(64)-H(64C)
C(65)-N(8)
C(65)-C(70)
C(65)-C(66)
C(66)-C(67)
C(66)-N(9)
C(67)-C(68)
C(67)-H(67)
C(68)-C(69)
C(68)-N(10)
C(69)-C(70)
C(69)-H(69)
C(70)-H(70)
C(71)-C(72)
C(71)-C(76)
C(71)-H(71A)
C(71)-H(71B)
C(72)-C(73)
C(72)-H(72A)
C(72)-H(72B)
C(73)-C(74)
C(73)-H(73A)
C(73)-H(73B)
C(74)-C(75)
C(74)-H(74A)
C(74)-H(74B)
C(75)-C(76)
C(75)-H(75A)
C(75)-H(75B)
C(76)-H(76A)
C(76)-H(76B)
N(1)-H(1)
N(2)-N(3)
N(3)-H(3A)
N(4)-0(2)
N(4)-O(1)
N(5)-O(4)
N(5)-O(3)

0.99

0.99

0.98

0.98

0.98

0.98

0.98

0.98
1.364(7)
1.402(8)
1.412(8)
1.401(8)
1.438(8)
1.375(9)
0.95
1.381(9)
1.478(8)
1.363(8)
0.95

0.95
1.462(11)
1.548(12)
0.99

0.99
1.516(11)
0.99

0.99
1.524(13)
0.99

0.99
1.545(13)
0.99

0.99
1.546(11)
0.99

0.99

0.99

0.99

0.88
1.363(6)

0.88
1.211(6)
1.238(6)
1.228(6)
1.233(6)
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C(43)-C(57)-H(57A)
C(43)-C(57)-H(57B)
H(57A)-C(57)-H(57B)
C(43)-C(57)-H(57C)
H(57A)-C(57)-H(57C)
H(57B)-C(57)-H(57C)
C(59)-C(58)-Si(2)
C(59)-C(58)-H(58A)
Si(2)-C(58)-H(58A)
C(59)-C(58)-H(58B)
Si(2)-C(58)-H(58B)
H(58A)-C(58)-H(58B)
C(58)-C(59)-H(59A)
C(58)-C(59)-H(59B)
H(59A)-C(59)-H(59B)
C(58)-C(59)-H(59C)
H(59A)-C(59)-H(59C)
H(59B)-C(59)-H(59C)
C(61)-C(60)-Si(2)
C(61)-C(60)-H(60A)
Si(2)-C(60)-H(60A)
C(61)-C(60)-H(60B)
Si(2)-C(60)-H(60B)
H(60A)-C(60)-H(60B)
C(60)-C(61)-H(61A)
C(60)-C(61)-H(61B)
H(61A)-C(61)-H(61B)
C(60)-C(61)-H(61C)
H(61A)-C(61)-H(61C)
H(61B)-C(61)-H(61C)
C(63)-C(62)-Si(2)
C(63)-C(62)-H(62A)
Si(2)-C(62)-H(62A)
C(63)-C(62)-H(62B)
Si(2)-C(62)-H(62B)
H(62A)-C(62)-H(62B)
C(62)-C(63)-H(63A)
C(62)-C(63)-H(63B)
H(63A)-C(63)-H(63B)
C(62)-C(63)-H(63C)
H(63A)-C(63)-H(63C)
H(63B)-C(63)-H(63C)
C(47)-C(64)-H(64A)
C(47)-C(64)-H(64B)
H(64A)-C(64)-H(64B)

109.5
109.5
109.5
109.5
109.5
109.5
113.8(4)
108.8
108.8
108.8
108.8
107.7
109.5
109.5
109.5
109.5
109.5
109.5
115.5(4)
108.4
108.4
108.4
108.4
107.5
109.5
109.5
109.5
109.5
109.5
109.5
118.3(4)
107.7
107.7
107.7
107.7
107.1
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5



N(6)-H(6)
N(7)-N(8)
N(8)-H(8)
N(9)-O(6)
N(9)-O(5)
N(10)-O(7)
N(10)-O(8)
C(19)-C(1)-C(20)
C(19)-C(1)-C(2)
C(20)-C(1)-C(2)
C(19)-C(1)-C(15)
C(20)-C(1)-C(15)
C(2)-C(1)-C(15)
C(18)-C(2)-C(3)
C(18)-C(2)-C(1)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
N(1)-C(6)-C(5)
N(1)-C(6)-C(18)
C(5)-C(6)-C(18)
C(17)-C(7)-N(1)
C(17)-C(7)-C(8)
N(1)-C(7)-C(8)
C(7)-C(8)-C(22)
C(7)-C(8)-C(9)
C(22)-C(8)-C(9)
C(7)-C(8)-C(21)
C(22)-C(8)-C(21)
C(9)-C(8)-C(21)
C(10)-C(9)-C(8)
C(10)-C(9)-Si(1)
C(8)-C(9)-Si(1)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(12)-C(11)-C(10)
C(12)-C(11)-C(16)

0.88
1.377(6)
0.88
1.231(7)
1.246(7)
1.213(7)
1.224(8)
108.6(5)
107.3(5)
110.5(5)
112.1(5)
108.8(5)
109.6(4)
117.1(5)
116.2(5)
126.4(5)
120.1(5)
119.9
119.9
122.9(6)
118.5
118.5
117.3(5)
121.3
121.3
133.8(5)
105.8(5)
120.3(5)
108.2(5)
128.9(5)
122.7(5)
109.4(4)
109.2(4)
113.9(4)
108.8(4)
107.8(5)
107.6(4)
123.7(5)
114.4(4)
121.4(4)
137.1(5)
111.4
111.4
116.9(5)
119.9(5)
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C(47)-C(64)-H(64C)

H(64A)-C(64)-H(64C)
H(64B)-C(64)-H(64C)

N(8)-C(65)-C(70)
N(8)-C(65)-C(66)
C(70)-C(65)-C(66)
C(67)-C(66)-C(65)
C(67)-C(66)-N(9)
C(65)-C(66)-N(9)
C(68)-C(67)-C(66)
C(68)-C(67)-H(67)
C(66)-C(67)-H(67)
C(67)-C(68)-C(69)
C(67)-C(68)-N(10)
C(69)-C(68)-N(10)
C(70)-C(69)-C(68)
C(70)-C(69)-H(69)
C(68)-C(69)-H(69)
C(69)-C(70)-C(65)
C(69)-C(70)-H(70)
C(65)-C(70)-H(70)
C(72)-C(71)-C(76)
C(72)-C(71)-H(71A)
C(76)-C(71)-H(71A)
C(72)-C(71)-H(71B)
C(76)-C(71)-H(71B)

H(71A)-C(71)-H(71B)

C(71)-C(72)-C(73)

C(71)-C(72)-H(72A)
C(73)-C(72)-H(72A)
C(71)-C(72)-H(72B)
C(73)-C(72)-H(72B)

H(72A)-C(72)-H(72B)

C(72)-C(73)-C(74)

C(72)-C(73)-H(73A)
C(74)-C(73)-H(73A)
C(72)-C(73)-H(73B)
C(74)-C(73)-H(73B)

H(73A)-C(73)-H(73B)

C(73)-C(74)-C(75)

C(73)-C(74)-H(74A)
C(75)-C(74)-H(74A)
C(73)-C(74)-H(74B)
C(75)-C(74)-H(74B)

H(74A)-C(74)-H(74B)

109.5
109.5
109.5
120.8(5)
121.9(5)
117.3(5)
121.4(6)
116.9(5)
121.8(5)
118.0(6)
121
121
122.0(5)
118.6(6)
119.3(6)
119.6(6)
120.2
120.2
121.7(6)
119.1
119.1
116.1(7)
108.3
108.3
108.3
108.3
107.4
110.1(7)
109.6
109.6
109.6
109.6
108.2
116.0(7)
108.3
108.3
108.3
108.3
107.4
110.8(8)
109.5
109.5
109.5
109.5
108.1



C(10)-C(11)-C(16)
C(11)-C(12)-C(13)
C(11)-C(12)-C(29)
C(13)-C(12)-C(29)
N(2)-C(13)-C(12)
N(2)-C(13)-C(14)
C(12)-C(13)-C(14)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14A)
C(15)-C(14)-H(14A)
C(13)-C(14)-H(14B)
C(15)-C(14)-H(14B)

H(14A)-C(14)-H(14B)

C(14)-C(15)-C(16)
C(14)-C(15)-C(1)
C(16)-C(15)-C(1)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(1)-C(15)-H(15)
C(17)-C(16)-C(11)
C(17)-C(16)-C(15)
C(11)-C(16)-C(15)
C(17)-C(16)-H(16)
C(11)-C(16)-H(16)
C(15)-C(16)-H(16)
C(7)-C(17)-C(18)
C(7)-C(17)-C(16)
C(18)-C(17)-C(16)
C(2)-C(18)-C(6)
C(2)-C(18)-C(17)
C(6)-C(18)-C(17)
C(1)-C(19)-H(19A)
C(1)-C(19)-H(19B)

H(19A)-C(19)-H(19B)

C(1)-C(19)-H(19C)

H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)

C(1)-C(20)-H(20A)
C(1)-C(20)-H(20B)

H(20A)-C(20)-H(20B)

C(1)-C(20)-H(20C)

H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)

C(8)-C(21)-H(21A)
C(8)-C(21)-H(21B)

123.2(4)
119.8(5)
122.5(5)
117.6(5)
117.2(5)
121.9(5)
120.8(4)
114.1(4)
108.7
108.7
108.7
108.7
107.6
107.8(4)
111.7(4)
116.8(4)
106.7
106.7
106.7
115.0(4)
108.8(4)
109.9(4)
107.6
107.6
107.6
107.5(4)
132.4(5)
119.9(4)
122.3(5)
129.0(5)
108.5(5)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C(74)-C(75)-C(76)

C(74)-C(75)-H(75A)
C(76)-C(75)-H(75A)
C(74)-C(75)-H(75B)

C(76)-C(75)-H(75B)

H(75A)-C(75)-H(75B)

C(75)-C(76)-C(71)

C(75)-C(76)-H(76A)

C(71)-C(76)-H(76A)
C(75)-C(76)-H(76B)
C(71)-C(76)-H(76B)

H(76A)-C(76)-H(76B)

C(6)-N(1)-C(7)
C(6)-N(1)-H(1)
C(7)-N(1)-H(1)
C(13)-N(2)-N(3)
N(2)-N(3)-C(30)
N(2)-N(3)-H(3A)
C(30)-N(3)-H(3A)
O(2)-N(4)-O(1)
O(2)-N(4)-C(31)
O(1)-N(4)-C(31)
O(4)-N(5)-0(3)
O(4)-N(5)-C(33)
O(3)-N(5)-C(33)
C(41)-N(6)-C(42)
C(41)-N(6)-H(6)
C(42)-N(6)-H(6)
C(48)-N(7)-N(8)
C(65)-N(8)-N(7)
C(65)-N(8)-H(8)
N(7)-N(8)-H(8)
O(6)-N(9)-0(5)
O(6)-N(9)-C(66)
O(5)-N(9)-C(66)
O(7)-N(10)-O(8)
O(7)-N(10)-C(68)
O(8)-N(10)-C(68)
C(25)-Si(1)-C(23)
C(25)-Si(1)-C(27)
C(23)-Si(1)-C(27)
C(25)-Si(1)-C(9)
C(23)-Si(1)-C(9)
C(27)-Si(1)-C(9)
C(60)-Si(2)-C(62)

107.4(7)
110.2
110.2
110.2
110.2
108.5
110.3(7)
109.6
109.6
109.6
109.6
108.1
109.9(4)
125
125
115.7(5)
120.1(4)
120
120
121.6(5)
119.3(5)
119.1(5)
123.2(4)
118.5(5)
118.3(5)
110.2(4)
124.9
124.9
114.4(5)
120.4(5)
119.8
119.8
122.3(6)
118.7(5)
119.1(5)
125.1(6)
117.6(6)
117.2(6)
110.4(3)
105.2(3)
106.1(3)
109.3(3)
115.0(3)
110.5(2)
105.1(3)



H(21A)-C(21)-H(21B)
C(8)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(8)-C(22)-H(22A)

109.5
109.5
109.5
109.5
109.5

C(60)-Si(2)-C(58)
C(62)-Si(2)-C(58)
C(60)-Si(2)-C(44)
C(62)-Si(2)-C(44)
C(58)-Si(2)-C(44)

109.2(3)
106.7(3)
111.4(3)
110.3(3)
113.6(3)

Symmetry transformations used to generate equivalentsatom

Table 4.4: Anisotropic displacement parameters’}A10°%)for sarpong127. The anisotropic dis-
placement factor exponent takes the formr3h2a2U'! + ... + 2 h k a* b* U'?]

Ull U22 U33 U23 U13 U12
C(1) 19(3) 26(3) 29(3) -6(3) 16(3) -1(2)
C(2) 18(3) 25(3) 31(3) -2(3) 14(3) -1(2)
C(3) 29(3) 27(3) 48(4) -14(3) 25(3) -7(3)
C(4) 26(3) 29(33) 50(4) -15(3) 19(3) -14(3)
C(5) 20(3) 33(4) 43(4) -2(3) 20(3) -5(3)
C(6) 16(3) 29(3) 24(3) 2(3) 11(3) 2(2)
C(7) 153) 26(3) 16(3) 4(2) 5(2) 1(2)
C(8) 15(3) 29(3) 21(3) -23) 7(2 1(2)
C(O 153) 17(3) 20(3) -1(2) 8(2) -2(2)
C(10) 13(3) 23(3) 20(3) -1(2) 5(2) -4(2)
C(11) 17(3) 18(33) 24(3) 5() 11(3) 2(2)
C(12) 16(3) 25(3) 27(3) -1(3) 11(3) -1(2)
C(13) 11(3) 24(3) 27(3) 8(3) 10(2) 5(2)
C(14) 19(3) 23(3) 33(33) 1(3) 17(3) 1(2)
C(15) 19(3) 20(3) 25(3) 4(2) 13(3) 2(2)
C(16) 15(3) 19(3) 21(3) 3(2) 10(2) 2(2)
C(17) 14(3) 23(3) 17(3) 4(2) 9(2) 3(2)
C(18) 16(3) 19(3) 20(3) 4(2) 8(2) 1(2)
C(19) 21(3) 46(4) 30(3) -2(3) 13(3) -8(3)
C(20) 22(3) 28(3) 45(4) -13(3) 17(3) -3(3)
C(21) 30(3) 27(3) 28(3) -1(3) 7(3) 5(3)
C(22) 18(3) 34(4) 31(3) -11(3) 10(3) 2(3)
C(23) 28(3) 62(5) 26(3) -1(3) 15(3) 1(3)
C(24) 52(5) 100(7) 43(4) -4(5) 30(4) 0(5)
C(25) 34(4)  43(4) 44(4) -13(3) 14(3) 2(3)
C(26) 62(5) 38(5) 90(6) -6(5) 39(5) -9(4)
C(27) 23(3) 47(4) 24(3) -10(3) 6(3) 0(3)
C(28) 36(4) 59(5) 32(4) 5(4) 8(3) 4(4)
C(29) 13(3)  48(4) 41(4) -7(3) 13(3) -4(3)
C(30) 15(3) 19(3) 26(3) 5(3) 9(2) 2(2)
C(31) 16(3) 21(3) 27(3) 2(3) 9(3) 2(2)
C(32) 20(3) 27(3) 30(3) 2(3) 17(3) 1(2)
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Table 4.4: Anisotropic displacement parameters’A10%)for sarpong127. The anisotropic dis-
placement factor exponent takes the formr3h?a2U'! + ... + 2 h k a* b* U'?]

Ull U22 U33 U23 U13 U12
C(33) 14(3) 29(3) 29(3) 8(3) 13(3) 4(3)
C(34) 11(3) 29(3) 31(3) 4(3) 6(3) 3(2)
C(35) 22(3) 29(3) 27(3) 6(3) 15(3) 4(3)
C(36) 16(3) 29(3) 22(3) 1(3) 9(2) -2(2)
C(37) 16(3) 21(3) 25(3) -4(2) 8(3) 0(2)
C(38) 22(3) 34(4) 23(3) 4(3) 10(3) 3(3)
C(39) 32(3) 37(4) 26(3) 1(3) 16(3) 3(3)
C(40) 21(3) 34(3) 31(3) 1(3) 17(3) 1(3)
C(41) 15(3) 23(3) 26(3) 0(3) 10(3) 1(2)
C(42) 17(3) 20(3) 30(3) -1(3) 13(3) -4(2)
C(43) 14(3) 28(3) 25(3) 1(3) 7(2) -3(2)
C(44) 15(3) 23(3) 22(3) -2(2) 8(2) 0(2)
C(45) 22(3) 20(3) 23(3) -2(2) 12(3) -1(2)
C(46) 16(3) 23(3) 13(3) -2(2) 3(2) -1(2)
C(47) 17(3) 23(3) 23(3) -4(2) 9(3) -4(2)
C(48) 17(3) 20(3) 25(3) -5(2) 10(2) -3(2)
C(49) 13(3) 25(3) 26(3) -1(3) 7(2) 0(2
C(50) 14(3) 26(3) 24(3) -1(3) 9(2) 1(2)
C(51) 16(3) 25(3) 23(3) -1(3) 9(2) -1(2)
C(2) 16(3) 17(3) 26(3) -1(2) 9(2) -1(2)
C(3) 22(3) 17(3) 26(3) 1(2) 12(3) -1(2)
C(54) 28(3) 28(33) 32(3) 2(3) 15(3) 3(3)
C(55) 24(3) 35(4) 28(3) 3(3) 11(3) 2(3)
C(56) 23(3) 32(4) 26(3) -2(3) 11(3) -7(3)
C(57) 15(3) 37(4) 28(3) 6(3) 9(3) 0(3)
C(58) 22(3) 45(4) 34(4) 7(3) 16(3) 4(3)
C(59) 36(4) 55(5) 56(5) 17(4) 29(4) 17(3)
C(60) 24(3) 52(4) 33(4) 12(3) 12(3) 0(3)
C(61) 39(4) 45(4) 30(4) 6(3) 14(3) -5(3)
C(62) 26(3) 31(4) 33(4) 13(3) 14(3) 4(3)
C(63) 35(4) 32(4) 46(4) 3(3) 23(3) 0(3)
C(64) 16(3) 40(4) 46(4) 10(3) 18(3) 1(3)
C(65) 15(3) 31(3) 22(3) -8(3) 9(2) 0(2)
C(66) 23(3) 40(4) 24(3) -2(3) 11(3) 4(3)
C(67) 20(3) 46(4) 24(33) -6(3) 6(3) 9(3)
C(68) 20(3) 47(4) 35(4) -13(3) 17(3) -4(3)
C(69) 24(3) 30(4) 44(4) -11(3) 19(3) -8(3)
C(70) 22(3) 29(3) 39(4) -7(3) 17(3) 1(3)
C(71) 90(7) 68(6) 71(6) 5(5) 44(6) 5(5)
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Table 4.4: Anisotropic displacement parameters’A10%)for sarpong127. The anisotropic dis-
placement factor exponent takes the formr3h?a2U'! + ... + 2 h k a* b* U'?]

Ull U22 U33 U23 U13 U12
C(72) 32(4) 61(5) 46(4) -14(4) 20(4) -3(4)
C(73) 82(6) 44(5) 95(7) -3(5) 50(6) -3(5)
C(74) 129(10) 69(7) 70(6) 2(6) 56(7) -10(6)
C(75) 78(6) 64(6) 47(5) 19(4) 26(5) 16(5)
C(76) 57(5) 57(5) 68(6) 8(5) 31(5) 2(4)
N(1) 11(2) 33(3) 26(2) -3(2) 10(2) 0(2)
N@2) 17(2) 23(3) 293) 0(2) 12(2) 1(2)
N@3) 12(2) 26(3) 27(3) -1(2) 11(2) -1(2)
N(4) 23(3) 43(3) 35(3) -10(3) 14(3) -3(2)
N(B) 17(2) 30(3) 31(3) 8(2) 12(2) 4(2)
N@6) 14(2) 30(3) 27(3) 1(2) 13(2) 2(2)
N(7) 13(2) 28(3) 27(3) -4(2) 9(2) 0(2)
N@B) 13(2) 34(3) 27(3) 2(2) 10(2) 2(2)
N@©) 32(3) 65(4) 41(3) 21(3) 22(3) 25(3)
N(10) 26(3) 59(4) 45(4) -21(3) 21(3) -7(3)
O(1) 14(2) 45(3) 42(3) -13(2) 11(2) -2(2)
O(2) 31(3) 132(5) 34(3) -27(3) 16(2) -9(3)
O@B) 23(2) 553) 41(3) 3(2) 22(2) 3(2)
O(4) 15(2) 51(3) 36(3) 2(2) 9(2) -2(2)
O(5) 43(3) 72(4) 80(4) 41(3) 44(3) 24(3)
O(6) 43(3) 78(4) 74(4) 34(3) 26(3) 31(3)
O(7) 23(2) 81(4) 57(3) -33) 19(2) 6(3)
O(8) 44(3) 56(4) 91(4) -8(3) 51(3) -13(3)
Si(1) 18(1)  39(1) 24(1) -8(1) 9(1) 0(1)
Si(2) 17(1) 341 27(1) 7(1)  91) 2(1)

Table 4.5: Hydrogen coordinates (x 1pand isotropic displacement parametergxA0®) for

sarpong127.

X y z U(eq)
H(3) 3282 -103 4564 38
H(4) 2018 -197 4651 42
H(5) 1696 1035 5431 36
H(10) 5818 4069 8234 23
H(14A) 6288 1800 5901 28
H(14B) 5822 2911 5454 28
H(15) 5402 1581 6495 24
H(16) 4744 3724 5854 21
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Table 4.5: Hydrogen coordinates (x 1pand isotropic displacement parameter$xA0?®) for
sarpong127.

X y z U(eq)

H(19A) 4818 2228 4376 48
H(19B) 4113 2852 4531 48
H(19C) 3887 1732 4014 48
H(20A) 4593 -51 4730 46
H(20B) 5184 -34 5693 46
H(20C) 5485 562 5095 46
H(21A) 4189 5264 6361 46
H(21B) 3840 6065 6828 46
H(21C) 3196 5404 6038 46
H(22A) 2500 4638 6818 42
H(22B) 3144 5301 7607 42
H(22C) 3031 3997 7656 42
H(23A) 3605 4525 8981 45
H(23B) 4208 3466 9254 45
H(24A) 5107 4377 10496 92
H(24B) 4176 4250 10408 92
H(24C) 4481 5413 10225 92
H(25A) 4152 6636 8331 50
H(25B) 4763 6734 9286 50
H(26A) 5943 6917 9031 92
H(26B) 5262 7840 8527 92
H(26C) 5354 6758 8075 92
H(27A) 6341 4928 9341 40
H(27B) 6112 5127 10072 40
H(28A) 5878 3181 10097 68
H(28B) 6830 3471 10305 68
H(28C) 6196 3021 9420 68
H(29A) 6849 4921 8018 51
H(29B) 7551 4180 7940 51
H(29C) 7108 3754 8472 51
H(32) 9616 2394 5458 28
H(34) 10314 3255 7796 30
H(35) 8914 3319 7541 29
H(38) 1553 4091 5018 32
H(39) 331 4380 5159 37
H(40) -928 4910 4062 32
H@45) 198 7227 787 25
H(49A) 2921 4895 3091 26
H(49B) 2299 4064 2408 26
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Table 4.5: Hydrogen coordinates (x 1pand isotropic displacement parameter$xA0?®) for
sarpong127.

X y z U(eq)

H(B0) 1790 5814 3107 26
H(51) 757 4340 1837 25
H(54A) 2200 2865 3266 43
H(54B) 1197 2910 2904 43
H(54C) 1768 2603 3841 43
H(55A) 3093 4326 4211 44
H(55B) 2692 4045 4809 44
H(55C) 2675 5286 4502 44
H(56A) -673 4413 679 41
H(56B) -1579 4787 -8 41
H(56C) -1506 4026 731 41
H(57A) -2351 5346 1061 40
H(57B) -2442 6123 324 40
H(57C) -2088 6620 1223 40
H(58A) -2513 8155 477 39
H(58B) -1666 8768 1088 39
H(59A) -1902 10129 75 69
H(59B) -2669 10090 301 69
H(59C) -2761 9524 -520 69
H(60A) -2496 6601 -867 45
H(60B) -2548 7800 -1246 45
H(61A) -1375 7329 -1488 58
H(61B) -2172 6550 -1982 58
H(61C) -1398 6107 -1168 58
H(62A) -327 8289 -232 36
H(62B) -1054 9195 -556 36
H(63A) -483 9861 843 54
H(63B) 99 10075 405 54
H(63C) 311 9082 1041 54
H(64A) 1124 6800 305 48
H(64B) 2105 7021 874 48
H(64C) 1414 7755 979 48
H(67) 6343 4387 2945 38
H(@69) 5299 7088 1556 37
H(70) 4035 6726 1565 34
H(71A) 9165 1150 3838 88
H(71B) 8785 382 3049 88
H(72A) 10184 288 3549 55
H(72B) 10287 1603 3651 55
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Table 4.5: Hydrogen coordinates (x 1pand isotropic displacement parameter$xA0?®) for
sarpong127.

X y z U(eq)

H(73A) 9612 394 2164 84
H(73B) 10418 1179 2501 84
H(74A) 9255 1989 1379 103
H(74B) 9575 2755 2172 103
H(75A) 8123 1315 1615 77
H(75B) 8076 2640 1568 77
H(76A) 7970 2002 2760 72
H(76B) 8789 2760 3021 72
H(1) 2419 2908 6461 27
H(3A) 7179 2631 5748 25
H@6)  -1557 5484 2386 27
H(@) 3593 4555 2528 30
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Chapter 5

Chapter 5 : Late-Stage Strategies for the
Synthesis of Pentacyclic Ambiguine Natural
Products

5.1 Installation of the C12 Quaternary Center

A robust route has been developed to access ketetias a key intermediate in the synthesis
toward the pentacyclic ambiguines (Chapter 4). The nexllaaige at hand was to install the
C12 quaternary center with the desiati relative stereochemistry froh42 Access tat.420n
gram-scale allowed for vast exploration of various methogies to install this C12 quaternary
center.

Given the complex pentacyclic framework of ketone interraex4.42 compared to that of
carvone, there was an opportunity to achieve an epimeri¢ungxat C12 through a simple-
alkylation of4.42 To execute this plan, alkylation conditions were exploaed it was found
that treatment ofl.42with sodium hydride and vinyl phenyl sulfoxid&.@) furnished sulfoxide
intermediates.2 as a mixture of diastereomers (Scheme 5.$Jbsequent microwave heating of
5.2induced sulfoxide extrusion and produced the C12 vinylatedpounds.3. Unfortunately, as
confirmed through X-ray crystallographic analysis, thig/kdtion reaction proceeded with com-
plete selectivity to give the diastereomer containingdinerelative stereochemistry between the
C12 and C15 positions. Although this result was undesitgateisented the opportunity to utilize
more interesting methodologies to access the desirecedé@sher$.4) containing theanti relative
stereochemistry.

Employing C—H functionalization methodology to accessdbsired diastereomer at C12 was
extremely attractive given the number of strategies abkaléo functionalize a substituent to
a ketone group. We envisioned transforming the ketone mamd a directing group for C—H
functionalization, such as an oxime ether functiondlity a silyl ether groug. The methodology
that seemed the most promising for this transformation WwasSanford acetoxylation protocol
developed in 2004 for the C—H oxygenation of unactivatédosmds.

As shown in the proposed sequence (Scheme 5.2), executithimsgslan required access to
the geminally dimethylated oxime eth&r5. Subsequently, a directed C—H acetoxylation to the
«-disposed methyl group could occur through the proposeabvoered palladacycle intermedi-
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1) installation of vinyl, o
methyl quaternary desired anti Me//
O Me center relationship "

uwave, 110 °C
—>
toluene, 3h

4.42 5.2 5.3
structure confirmed by X-ray

60% over 2 steps

approx. 1:1 dr

Scheme 5.1 Simple x-alkylation using vinyl phenyl sulfoxides(1) followed by sulfoxide extru-
sion generated compouid3 bearing the undesiresynrelative stereochemistry between C12 and
C15.

ate5.6. In 2015, the Johnson group proposed a similar 5-membetéatipaycle intermediate,
suggesting that, in our case, the desisedisposed methyl group would be functionalizeBrom
acetoxylated produd.7, further transformation of the acetoxy moiety to the cquoesling vinyl
group would furnishb.4 containing the desirednti relative stereochemistry. With this plan in
mind, our first goal was to synthesigemdimethyl compound.5.

Me
CN h

See Johnson reference

Scheme 5.2The proposed plan for formation of acetoxylated compdudising C—H function-
alization methodology developed by Sanford and coworke20D4?2

As illustrated in Scheme 5.3, thermodynamic deprotonatiof.42 with potassium hydride
followed by a quench with Mel installed tlgemdimethyl substituent at C12 &8 However, ex-
treme care had to be taken with the number of equivalents ok in this reaction. Quenching
with more than 1.0 equivalent of Mel resulted in methylatodrthe indole nitrogen in addition to
a-methylation. Nevertheless, with acces$t8, a straightforward condensation could be enacted
using benzyloxyamine in pyridine to form oxime etteb. With 5.5in hand, the stage was set to
attempt the key C—H acetoxylation reaction.

However, submitting oxime ethér5to the standard Sanford acetoxylation conditions resulted
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in unexpected reactivity. Instead of the desired C-H fumalization, C3-acetoxylation of the
indole occurred to produce compoub®. The resulting imine could then direct a C—H acetoxyla-
tion event, presumably through palladacycle intermedageto the x-disposed methyl group on
the bottom half of the molecule, ultimately generating d#igtoxylated compourel1Q Unfortu-
nately, the observed reactivity is not useful in the forwsydthesis. However, a C—H functional-
ization of this type could be employed to make natural prodedvatives of late-stage intermedi-
ates. While protection of the indole nitrogen could preuarg undesired reactivity, we wanted to
avoid unnecessary protecting group manipulations andadstiecided to focus on alternative C12
functionalization strategies.

KH M
Mel (1.0 equiv) penz
—_—

THF

PIDA, Pd(OAC),
ACOH, Ac,0, 100 °C

Scheme 5.3:Synthesis of benzyloxime ethBr5 through methylation and subsequent oxime for-
mation. Submission of compourtds to the standard Sanford acetoxylation conditions produced
the undesired compourtd1Q

We also envisioned installing the C12 quaternary centergugisemi-pinacol approach as il-
lustrated in Scheme 5.4. Upon 1,2-addition of a vinyl nugplele to the ketone group i8.11, a
spontaneous semi-pinacol rearrangement%skE® could occur to forns.13 This approach relies
on a stereoselectivg-bromination of4.42to produces.11bearing anx-disposed bromine atom
at C12.

Indeed, x-bromo ketone §.11) was successfully accessed using NBS and guanadine base
MTBD (5.14) as shown in Scheme 5.5. Interestindlyl lwas generated as a mixture of diastere-
omers in a 3:1 ratio at C12. This is the only example of diasteelective reactivity at C12 and
therefore, a more complex reaction mechanism was proposéado-deprotonation/bromination
event. Initially, the indole could undergo C3-brominatiorgenerate compourid15 This species
(5.15 could then serve as a chiral, electrophilic bromine sole@ding to a scenario in which there
are matched and mismatched bromination pathways. Ultlgdte more favorable bromination
pathway occurs from th@-face generating the observed produgtlQ) in a 3:1 diastereomeric
ratio.

Despite this unselective-bromination reaction, various vinyl nucleophilic sowscgere ex-
plored for the 1,2-addition into the ketone group50t1l Unfortunately, 1,2-addition was never
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semi-pinacol rearrangement

Scheme 5.4 A proposed synthesis of compoubd.3using a semi-pinacol approach starting from
«-bromo ketonés.11

observed when utilizing both vinylmagnesium bromide amg/Nithium in combination with var-
ious additives such as CeCIEvidently, the major pathway was a reductive debromimagieent
that regenerated the ketone starting matetidR from the previous step. Having observed no
sign of a productive semi-pinacol rearrangement, othateggres were explored for installing the
desired C12 quaternary center.

only substrate demonstrating a
- diastereomeric ratio

/OI’/

_——
THF
-78°C

also tried conditions
with CeClj

reductive de-bromination starting material

Scheme 5.5:A 3:1 diastereomeric ratio was observed in théromination reaction of.42gen-
erating5.11 Attempts at 1,2-addition of a vinyl nucleophile into theidwe group ofb.11were
unsuccessful leading only to the reductive debrominatroadyct4.42

The next plan illustrated in (Scheme 5.6) took advantagendésired diastereom®&r3, which
already bears the C12 quaternary center, albeit with thesiretisynrelative stereochemistry with
respect to C15. Following ablation of all other stereocenite the molecule besides C12, the C15
position of5.16 could potentially be functionalized with a higher degreestdreocontrol. The
enantiomer of ambiguine B (17) could be accessed following the stereoselective insiatiaf
the C15 hydroxyl group.
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ent-ambiguine P

Scheme 5.6Beginning with the undesired diastereome3, all stereocenters besides C12 could
be ablated to produck.16 entambiguine P %.17) may be accessed through a stereoselective
functionalization of the C15 position &£16

With the help of visiting scholar, Laura Lang, along with DBhota Sawano, we set out to
synthesize intermediate 16 Remarkably, a route was developed to ac&46 through an ox-
idation of undesired diastereom®3 using excess Selat elevated temperature to provide the
highly conjugatedx, 3, v, 6-unsaturated keton®18 Although the yield for this oxidation was
only 44%, starting material was recovered that could behjested to the reaction conditions to
acquire enough db.18for further study.

Eventually, we discovered that the cyano-group df8was readily eliminated in the presence
of lithium hydroxide to gives.16 Although we were not anticipating this type of reactivigss
of the cyano-group leads to the rearomatization of indotefarms a homoaromatic 7-membered
ring, making the overall transformation thermodynamic#divorable. With access 16.16 the
next challenge was to functionalize at C15 in a stereospeauiinner.

H
5.3 5.18 5.16
reconstitute stereocenter with: unstable at —20 °C

5.17 5.19
ambiguine P ambiguine Q

Scheme 5.7:Stereocenter ablation was successful at all other positi@sides C12 through a
SeQ oxidation followed by nitrile elimination with lithium hyaxide to give5.16 Attempts to
functionalize the highly conjugated compound 6were unsucccessful.

In order to accesentambiguine P%.17), nucleophilic epoxidation conditions were explored.
Alternatively, the conjugate reduction 6f16 was also investigated to accesstambiguine Q
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(5.19. Unfortunately, all attempts at functionalizing compdun16 resulted in an intractable
mixture of compounds or decomposition. It was also found $haring compound.16 at —20
°C in the freezer for prolonged periods of time resulted m alddition of water in an unselective
manner. The highly conjugated intermediat&6was too unstable for further fuctionalization and
efforts were diverted to other options.

One such idea, was the conversion of the C12 methyl groupaim&nolate intermediate such
as5.20(Scheme 5.8). This type of species could undergo methylditam the desire-face
of the molecule—analogous to the previauslkylation of4.42 (Scheme 5.1). The aldehyde at
C12 would be transformed into the desired vinyl group thtoag olefination reaction to generate
5.21 containing the desirednti relative stereochemistry. This approach is attractivet sakes
advantage of the inherent diastereoselectivity of dhalkylation at C12 to install the requisite
vinyl group.

4.42

Scheme 5.8.The x-alkylation of enolate intermediate20takes advantage of the inherent stere-
oselectivity in this step producing compoub@1containing the desirednti relative stereochem-
istry.

Starting with4.42(Scheme 5.9), a hydride reduction of the ketone group wdsnmeed using
NaBH,, followed by elimination using Martin’s sulfurane to fushi5.22° We were pleased to
find this elimination generated exclusively the trisulgét alkeneq.22 as opposed to the disub-
stituted isomeric product which is also possible from thisi@ation. From alkene intermediate
5.22 an allylic oxidation using SeOwas employed that preferentially oxidized at the least hin-
dered primary position to produée23 However, over-oxidized side products were also observed,
contributing to the low yield of 41% for this step.

Taking5.23forward, oxidation of the primary hydroxyl with DMP genegdtthex, 3-unsaturated
aldehydeb.24in excellent yield. We examined a variety of methodolog@scbnjugate reduction
of 5.24including L-selectride, Stryker’s reductidnand Hantzch ester reductidriut ultimately
found productive conditions for this transformation repdrby Heck and coworkers in 1978.
Specifically, reduction 0b.24with Pd/C and H gas in the presence of formic acid and triethy-
lamine, successfully produced aldehyg25in good yields.

With access to substrate25 the methylation at C12 could be investigated. Unfortulyate
due to limited amounts of material at this stage, we were ablg to conduct a few preliminary
attempts. Treatment & 25with Mel and LHMDS at low temperature generated trace ansaoht
product that was detected only by LC/MS analysis. Mass speettry indicated that methylation
had occurred at two positions in the molecule, likely at tA2 @osition, in addition to methylation
of the indole nitrogen. Unfortunately, the structure5a26 could not be confirmed through more
extensive analysis. Due to the low-yielding and cumbersaute required to access intermediate
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aldehydes.25 our efforts were devoted to more concise and reliable nastar C12 C—C bond
construction.

allylic oxidation
1. NaBH,4, MeOH

2. Martin's sulfurane SeO;

40% over two steps dioxane, 80 °C, 12 h
\ 41%

LHMDS
Mel

HCO2H, NEts THE, =78 °C

60—70%

5.25 526 Me
detected only by LC/MS

Scheme 5.9Aldehyde specieS.25was successfully synthesized, however, low yields regitie
limited quantities o6.25and the structure of produbt26could not be confirmed.

The final method that was explored for installation of the @laternary center, involved a
directed C—C bond construction using amide intermedié2@(Scheme 5.10). This idea was con-
ceived with the help of a visiting student, Marco Hartmanhpwproposed usiniy-acyl iminium
ion chemistry to generat&28as a precursor to cyclic lacta’29°° The proposed amide inter-
mediate $.27) could be accessed through nitrile hydratiortaf2

N-acyl iminium ion

Scheme 5.10:An approach developed for the installation of the C12 quaitr center using-
disposed amide compourtkd27to direct C—C bond construction. Crucial to this proposdhes
use ofN-acyl iminium ion chemistry to generafe29through proposed precursbsr28

Methodologies to hydrate the nitrile unit 4f42were explored. First, hydration was attempted
employing the Ghaffar—Parkins platinum catalyst prowdine desired producb(27) in low yield
and over prolonged reaction timé&s? In pursuit of a higher-yielding and faster nitrile hydratjo
we adopted conditions developed by Chang and coworkers08,36 which they described a
Rh(l)-catalyzed water-free nitrile hydration of aryl arigphatic nitriles!® Therefore, submitting
nitrile 4.42to the reported conditions using acetaldoxime as the hipadraburce, producesl 30in
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56% yield. We were surprised to find that the resulting ami&d27 cyclizes spontaneously onto
the ketone group forming.30(Scheme 5.11) as the final product.

With 5.30in hand, we attempted to conductdracyl iminium ion C-C bond construction un-
der acidic conditions as proposed in Scheme 5.10 with irddrate5.28 However, it became clear
that acidic conditions were not compatible with substtag89and all attempts at forminiy-acyl
iminium ion 5.28resulted in decomposition of the starting material. Althlowacidic conditions
were not productive, we predicted ttaB0may be base-tolerant. As a result, the desired cycliza-
tion was attempted using NaHMDS in the presence of ethyl ahyhéormate, which remarkably
generated the desired cyclic hemiaminal produst8Xand5.32 as illustrated in Scheme 5.11.
Each of these product®.31and5.32 were formed as a mixture of diastereomers at the hemi-
aminal position. However, these mixtures were inconsetipiexs the hemi-aminal epimers would
eventually be replaced by the requisite vinyl group presetite natural products.

nitrile hydration
RhCI(PPhg)3,
acetaldoxime

toluene, 125 °C
56%

5.31 R=OEt
5.32 R=0Me, 63%

Scheme 5.11Rh(l)-catalyzed nitrile hydration of.42generated hemiaminal spece80 Sub-
sequent C—C bond construction was successful under basilitioms in the presence of methyl
and ethyl formate to generate the cyclic hemiaminal devigab.31and5.32

In order to confirm that the newly constructed C12 C-C bond wdact formed from the
desiredux-face, compoun&.31was characterized unambiguously using X-ray crystallolgysas
is shown in Figure 5.1. Compourisl31represents the first compound in which the C12 C-C
bond has been forged from the desireface. However, moving forward in the synthesis, the next
challenge would be to convert the cyclic hemiaminal funwidty of 5.32into the vinyl group. In
pursuit of this challengéy.32was taken forward as it was more easily manipulated thah

Figure 5.1: Crystal structure of the major diasteromer of compo&irgi
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5.2 Late-Stage Manipulations to Install the Vinyl Group andthe
Isonitrile Functionality

Having installed the desired C-C bond at C12 through syigluéshe hexacyclic hemiaminal
specie.32 we envisioned that nucleophilic functionalization of timiaminal position would
install of the vinyl group. As shown in Scheme 5.12, an ideadtegy involved the addition of
Grignard reagen’.33to theN-acyl imine 6.34) generated fron®.32to give lactanb.35 Upon
treatment 06.35with a fluoride source, a ring opening event would take plac®tm 5.36 re-
vealing the desired C12 vinyl group in addition to forming timide functionality at C11. Despite
examining a variety of conditions, replacement of the henmal methoxy group with a TMS-
methyl equivalent proved unsuccessful. The addition ol imarcleophiles tdN-acyl iminium ions
is well-precedented in the literature, however, typic#tlg nitrogen atom is protected prior to this
substitution?1° Protection of the hemiaminal nitrogen32was challenging and often resulted
in decomposition of the starting material.

Substitution of hemiamind.32with softer nucleophiles such as aming&s3(7), alcohols .38,
and cyanide%.39 was robust. Unfortunately, none of these compounds prasetul in the for-
ward synthesis.

Grignards

H H
5.32. unable to add hard nucleophiles: 5.36 A
lithiates :

CIMg—\
5.33

H
L 5.34 -

Scheme 5.12The addition of hard nucleophiles suchfa83to the hemiaminal position &.34
was unsuccessful. Addition of softer nucleophiles suchragmes, alcohols, and cyanide was
productive.

As shown in Scheme 5.13, there are two functionalities thatlee manipulated i6.32 the
hemiaminal position (highlighted in blue) and the amidetipor(highlighted in red). Having lim-
ited success with functionalization at the hemiaminal f@sj manipulation of the amide portion
was investigated next. With this in mind, we were inspiredi®/work of Charette and coworkers
who reported the dehydration of primafy.40 and secondary amideS.41) to the corresponding
primary nitriles 6.42 and nitrilium ions 6.43), respectively using triflic anhydride and pyridine.

A similar methodology to that of Charette’s was applied t® secondary amide functionality

163



o OMe
6\’ hemiaminal functionality

M'\eﬁe‘- ""\<O

amide functionality

- N
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Scheme 5.13Charette’s work involving the dehydration of primary and@edary amides to gen-
erate the primary nitril®&.42and nitrilium ion5.43respectively. This work inspired derivatization
of 5.32in the synthesis toward pentacyclic ambiguines.

present in5.32as shown in Scheme 5.14. We envisioned that upon triflatidh4#to generate
5.48 a dehydrative ring-opening could take place to ac@eksto aldehyde produ&.49 While
initial attempts at this transformation worked poorly, isvfound that cooling to —78 °C before
the addition of triflic anhydride was crucial for the forn@tiof5.48 The addition of BE-OE®L at
—78 °C was also necessary for the dehydrative ring-opewingke place, increasing the yield to
67% of the desired produbt49

Additionally, this hemiaminal fragmentation reaction veggimized for alcohol substrage50
The analogous sequence proceeded equally well 5vBQ providing a 65% yield ob.51over 2
steps. However, we found that this react®®Qto 5.51) had to be quenched with water at —78 °C,
presumably forming triflic acid, which subsequently proatbthe dehydrative ring-opening upon
warming to room temperature formirfig51 Notably, despite its success in the reactiordb &2
the addition of BE-OE® led to decomposition d.50 Having access to both advanced aldehydes
5.49and5.51, we initially chose to proceed frof-keto aldehydé.49in the forward sense.
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Tf,0
DTBP optimized yield:

0,
DCM, -78 °C 67%

Tf,0
DTBP 65%
(over 2 steps)

DCM, -78 °C
then
H,0, warm to rt

Scheme 5.14: The dehydrative ring-opening of triflate intermedid&iel8 that generated3-
ketoaldehydes.49in an optimized 67% yield. This reaction worked equally weith alcohol
derivative5.50to generate3-hydroxy aldehyde.51) in an optimized 65% yield over the two
steps.

The next goal in the synthesis was to install the C12 vinylugrasing the newly installed
aldehyde in substrat49 It was quickly apparent that a simple olefination was googe quite
challenging, as the favored pathway under most olefinatimditions was a retro-aldol reaction
that formed nitrile ketoné.42 (Scheme 5.15). Screening common olefination procedurds suc
as the Wittig, Tebbé? Petasist® Peterson® and Julia-Kociensk{ olefinations led exclusively to
retro-aldol producté.42 Even more exotic conditions such as the Takai-Lombafddand the
LebeP? olefinations all generated retro-aldol proddat2with no sign of olefinated produét13
In fact, the only set of conditions that provided productigsults was the addition of MeMgBr
to aldehydes.49 at —78 °C, providing secondary alcoimb2in a low 40% yield. It is likely
that low temperature reaction conditions prevented th@-atol product 4.42 from forming.
Nevertheless, side product formation was still observeatiisireaction with the isolation d.53
along with small amounts cf.42
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olefination
conditions

5.13 4.42
not observed observed

MeMgBr (20 equiv) M'ZI 2,

Y

THF, -78 °C

5.49 5.52 5.53 4.42
desired approx: 1:1:0.2 retro-aldol

40%

Scheme 5.15:All attempts at direct olefination of-ketoaldehyde specigs49 resulted in the
retro-aldol product.42 The only productive reaction resulted from the additiomM&MgBTr to
the aldehyde producing secondary alcoh&2along with side products.53and4.42

Extensive optimization of the Grignard addition was regdito improve the overall yield and
to prevent formation of undesired side products. While thiversion 0f5.49to 5.52 could not
be increased, despite using 20 equivalents of Grignarcergathe formation of side products
was prevented through manipulation of the Schlenk equulibr Addition of 40 equivalents of
1,4-dioxane resulted in a crude reaction mixture contgiexclusively product®.52 and starting
material 6.49 (Scheme 5.16). It is well-known that treatment of Grigneedgents with 1,4-
dioxane shifts the Schlenk equilibrium all the way to théhtigf the equation, precipitating out
MgBr, and forming RMg (Figure 5.2). With substrats.49 Me,Mg provided a clean reaction
leading to a 35% yield of desired product2with no formation of side products.

2 RMgX MgX, * MgR,

1,4-dioxane
2RMgX — 3 MgX, * MgR;

Figure 5.2: The Schlenk equilibrium of RMgX

Starting materialg.49 was recycled through this Grignard addition multiple tene generate
enough desired producb.62 for further functionalization. The C12 vinyl group was taked
through a straightforward elimination sequence startiitf) #ihe mesylation of alcohd.52and
subsequent mesylate elimination by microwave heating@t€lto afford compound.13

With installation of the C12 vinyl group successfully acted, the focus of the synthesis was
then placed on the transformation of the nitrile group.df3into the isonitrile functionality present
in the natural product through a Hofmann rearrangemenbpobt Hydration of nitrile5.13with
aqueous sulfuric acid generated the corresponding amidé% yield. Subsequent exposure to
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aqueous potassium hydroxide and PIDA promoted the desiofch&hn rearrangement generat-
ing amine5.54in 54% yield?! Finally, a straightforward formylation/dehydration seqae was
employed to access isonitrile prod&cb5in 85% yield over two steps.

At this stage, the ketone group 6f55 had to be transformed into the methylene group in
order to access the natural product ambiguin8.lL7). Unfortunately, Wolff-Kishner and Barton-
McCombie deoxygenation protocols resulted in the formmatibundesired side products with no
sign of the desired deoxygenated compound. Based on literatecedent by the Rawal group,
it is likely that the C12 vinyl group engages ionic or radiggkermediates formed in the deoxy-
genation pathways, generating an intractable mixturedsf products? Due to limited quantities
of material, none of these side products could be isolatddcharacterized. On the basis of these
observations, we decided to implement this deoxygenatian aarlier stage in the synthesis.

(o}
Me OI\H
o ~nme 1. pyr. MsCl

O
Vol

MeMgBr (20 equiv)

Vo, @CN - gioxane (40 equiv) e, iCN Z-Ziwg\g %MA,
- - .
0‘ THF, -100 °C 0
.. O A\ 65% over two steps
Me X
Me
N Me N  Me
H
5.49 5.52
35%, 88% brsm all deoxygenation attempts failed
(o]
Me //
1. H;S04 12 h [t
2. PIDA, KOH, Me WNH 1. Ac,0, HCO,H, DCM
dioxane/H,0 Memk < ° 2 ClCO, NEt3 DCM
1. 46% (78% brsm) 85% over 2 steps
2.54% ¢
e Me

5.54 5.55

Scheme 5.16:The C12 vinyl group was successfully installed producingnpound5.13 The
isonitrile containing compound (55 was generated through a 4-step sequence involving a Hof-
mann rearrangement. All attempts to deoxygebab&failed at this stage.

5.3 Synthesis of Ambiguine P

Hypothesizing that the C12 vinyl group was interfering ie theoxygenation db.55 this re-
action was explored using the-hydroxy aldehyde compourngl51 Importantly,5.51 does not
contain the C12 vinyl group, and as such, previously obskesige product formation and de-
composition should no longer pose an issue. As shown in Selefy, using TCDI to form a
thiocarbamate intermediate 6f51and subsequent treatment with tributyltin hydride and AIBN
generated the reduced compound7in 50% yield over two steps. Intermediabes7 was no
longer plagued by retro-aldol reactivity and therefore weigoned a Wittig olefination would
provide the desired C12 vinylated compoumn88 Although the desired olefinated prod&ct8
was isolated, it was generated in a low 40% yield. 1t was warch this time, where the other 60%
of material went in the course of the reaction and therefateré optimization of this reaction
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would be required. Neverthele€gs58was carried forward through the synthesis using the same
hydration/Hofmann sequence as with the previous subgtdtd Scheme 5.16).

OH o Barton-McCombie deoxygenation o
Me /' 1.7cDI, DMAP, Me jy Me//
ant
- DCM, reflux " o
e, #CN  2.SnBugH, AIBN, Me, «CN Me wCN
toluene, 80 °C 1 KO'Bu, MePPh3Br Mem
—_— -
50% over 2 steps 4 THF, =78 °Cto rt
4 ’ &
e Mo 40% i

H
551 5.57 H

H
5.58

Scheme 5.17:A Barton-McCombie deoxygenation was successful on alcélfil to produce
5.57. A Wittig olefination proceeded in surprisingly low-yield generate compourel58

However, the cyano group of compoufd8proved incredibly challenging to hydrate. Many
varieties of acidic or basic hydration conditions were exgdl, but unfortunately no sign of the
desired amideq.59 was found in these attempts. The only set of conditionspghaduced trace
amounts of5.59was the Chang group’s Rh(l)-catalyzed nitrile hydratiorthod that had been
used earlier in the synthesi¥.An optimization of these conditions was attempted to improv
the yield. In the original report, Chang presented some fioadions with which to improve
the conversion of more challenging hydration substratesvak suggested that 5 equivalents of
acetaldoxime was optimal in many of their reported caseserdfhre, as shown in entry 2 of
Scheme 5.18, reducing the number of equivalents to 5 frorarigeal 25 (entry 1) produced only
trace product with no improvement in yield.

(el

Me,
Mend Rh(l)-catalyzed
hydration
............... .»
“M
Me
5.58
entry catalyst (0.2 equiv)  aldoxime (equiv) solvent temp (time) result

1 RhCI(PPh3)3 acetaldoxime (25) toluene 130 (1 h) trace product/SM
2 RhCI(PPhg)s acetaldoxime (5) toluene 130 (2 h) trace product/SM
3 [Rh(OMe)(cod)], acetaldoxime (25) toluene 130 (2 h) trace product/SM
4 Rh(nbd),BF,4 acetaldoxime (25) toluene 130 (2 h) trace product/SM
5 RhCI(PPh3)3 acetaldoxime (25) 1,2-DCB 180 (2 h) SM
6 RhCI(PPh3)3 pivalaldoxime (25) toluene 130 (2 h) SM

Scheme 5.18Nitrile hydration of5.58was not observed under standard acidic or basic conditions.
Attempts to improve the yield of the Rh(l)-catalyzed nérilydration were unsuccessful.

We also explored other Rh(l) catalysts including catioRic(OMe)(cod)} (entry 3) and Rh(nbdBF4
(entry 4). However, these catalysts also only providecetrroduct. Heating the reaction mixture
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to a higher temperature of 180 °C did not improve conversesriry 5). Finally, using pivalal-
doxime, a more sterically hindered aldoxime, to preventdbmpeting hydration ofert-butyl
nitrile, also led to no conversion (entry 6).

Having exhausted all forseeable options for nitrile hyidratof 5.58 the focus was shifted
to optimizing the low-yielding Wittig reaction as shown il®me 5.17. Indeed, with further
exploration into the Wittig reaction, the major product bfstolefination was identified not as
our desired vinyl compoun8.58 but rather hemiaminal produét6Q This compound .60
is extremely polar and was easily overlooked in the initlafination attempts. Remarkably, in
the overall transformation frorB.57to 5.6Q the nitrile has been hydrated to the corresponding
amide. While compoun8.61is not useful for the forward synthesis, this transfornrati@s quite
intriguing to us given the previous challenges associaiéutve nitrile hydration 06.60Q

Mechanistically, the formation d§.61 could begin with the addition dert-butoxide into the
aldehyde group d.57(Scheme 5.19). The resulting alkoxide could then attacé&melant nitrile
group thus forming intermediat&62 Through a stepwise pathway, ttext-butyl cation could be
attacked by a nucleophilic species to promote the subséggropening of5.62thus forming
compounds.61 Immediate cyclization of the amide functionality onto #idehyde group 05.61
would form the observed hemiaminal prod6o6Q

(]

t
Me 7/\ O'Bu Me //
‘F W
. o .
Me, anCN Me, «CN
Me _A KO'Bu, MePPhsBr Memd
_—mm

THF, =78 °C to rt

5.61

Scheme 5.19Discovery of an unexpected nitrile hydration side reactiothe Wittig olefination
of 5.57. The hemiaminal produ&.60likely forms through initial attack byert-butoxide into the
aldehyde ob.57and subsequent alkoxide addition into the pendant nitrile.

This overall transformation could be used to our advantageraploying the nucleophile
TMSCH,Li instead oftert-butoxide in an interrupted Peterson olefination strat&phéme 5.20).
In this case, formation of acetimidate intermed&a@3was possible through the treatmen&ab7
with TMSCH,Li in one step. Treating.63with TBAF (1 M in THF) at 100 °C in the microwave
provided desired amide compouBb9in 50% vyield over 2 steps. This unanticipated process is
remarkable as it achieved the successful nitrile hydraifdn57while also installing the requisite
C12 vinyl group. To the best of our knowledge, this type ohgfarmation has only been applied
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to one other total synthesis by Ciufolini and coworkers in28®* Such a transformation could be
applied more broadly as a methodology for installing amidecfional groups with adjacent vinyl
units, however, further studies in this realm have not besacted.

100 °C

5.59
50% over 2 steps

Scheme 5.20Treatment of aldehyd®&.57with TMSCH,Li leads to the formation of acetimidate
intermeditaes.64 Ring-opening using TBAF generates the desired amide rongamolecule
5.59

With access to compouriil59where the amide and C12 vinyl group are installed, the synthe
sis moved forward with the Hofmann rearrangement that haddy been conducted on previous
substrates. In this case, the same hypervalent iodineateedconditions were used and forma-
tion of amine producb.65was confirmed. Howeveb.65 was produced in a low 40% vyield
(Scheme 5.21) along with side prodde66 Presumably, amidation produbt67 was formed
via competing aziridination of the indole C2—C3 bond folemhby ring-opening of intermediate
5.68 Despite optimization attempts by exploring other comdis such as,] Pb(OAc), NBS, and
PIFA, we were not successful in suppressing the undesirtbavagt leading tb.66 In fact, many
of these conditions produced exclusively the undesiredooamd5.66

vel

PIDA, KOH e, @NH,

dioxane/H,O
40%

H
5.65 5.66
— - amidation product

Me // desired

40% 1.0.0.5

Scheme 5.21Treatment of amid&.59with hypervalent iodine formed the desired amibes6)
along with the side produé.66

Nevertheless, with aming.65in hand, the analogous formylation/dehydration sequerae w
performed as with previous substrates to successfullglingte isonitrile functionality in com-
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pound5.69 While the initial natural product target of this synthesiss ambiguine L3.17), the
ultimate goal is to synthesize many members within the pswotec ambiguine class of natural
products. As such, ambiguine B.22 was another target within reach at this stage. Indeed, with
the help of graduate student Hwisoo Ree, it was found thatstr@trile of 5.69 could be elim-
inated using K@Bu to form the homoaromatic 7-membered ring of compo&rntd. An allylic
oxidation was then executed using Se@rming the natural product ambiguine B.Z2 as a
mixture with its diastereomeepiambiguine P %.71). It was also discovered that care must be
taken when performing this oxidation step as formation areaxidized compound.72(where
vinyl group migration has also occurred) was observeed Wdrge amounts of SeQvere used at
temperatures higher than 45 °C.

Me“ //

w«NH, 1. HCOH, Ac,0, DCM, 16 h
2. Cl,CO, NEtz, DCM

KO'Bu
—_—
DMSO, 150 °C
30 min

95% over 2 steps

ambiguine P epi-ambiguine P

Scheme 5.22Elimination of the isonitrile irb.69followed by allylic oxidation with Se@gener-
ated the natural product ambiguine 322 along with its diastereomeepiambiguine P %.71).
Under forcing conditions, the over-oxidized side produ@®2was observed.

While this synthesis of ambiguine B.22 represents the first total synthesis of a pentacyclic
ambiguine natural product, completion of ambiguineBL1{, Scheme 5.23) is also of importance.
We envisioned accessir®jl7through an oxidation at the pseudo-benzylic position ofxgteaam-
biguine L 6.69. Although a number of different benzylic oxidation comaiits have been studied,
such as Mn@, SeQ, radical-mediated oxidations, as well as metal-mediatdd Bydroxylations,
the only reactivity that was observed was the oxidation efisonitrile to the isocyanate or the C3
oxidation of indole to produce compoubd’3 Protection of the indole nitrogen could be explored
to prevent undesired C3 oxidation, however attempts teeptohis position have been challenging,
likely due to steric hindrance from the neighborggmdimethyl substituent.

From the C3-hydroxylated compoun8.73, it was found that elimination of the hydroxyl
group occurred upon standing in CRGbr hours or by employing the Burgess reag&nThe
isomerized compound(74) was isolated from these reactions, presumably arisirautiiv, 3-
unsaturated imine intermedigier5 Hydration of the newly formed double-bond3r74was also
explored using oxy-mercuration in addition to conditioveloped by Mukaiyantd to access
ambiguine L 8.17). However, controlling the chemo- and regioselectivityto$ desired hydration
have not been successful thus far and will likely pose a suitisi challenge.
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1. HCO,H, Ac,0, DCM, 16 h
2. Cl,CO, NEts, DCM

95% over 2 steps

CDCl3, 5h
or
Burgess reagent

ambiguine L

Scheme 5.23:Preliminary pseudo-benzylic oxidations have been stutbeaccess the natural
product ambiguine L3.17) from 5.69 We have also explored initial hydration conditions to
access.17from5.74

5.4 Conclusion and Outlook

To summarize the accomplishments of this project, as shaw8cheme 5.24, the first total
synthesis of a pentacyclic ambiguine natural product, gaibe P 8.22 has been completed in
19 steps from$)-carvoned. 1 Along this route, new methods were implemented to install@12
guaternary center with the desiradti relative stereochemistryp(57) starting from hemiaminal
substratés.30 An otherwise challenging nitrile hydration reaction hagb developed using the
pendant aldehyde as the oxygen source for the resultingeacoichpound.59 We believe the
development and implementation of these methodologieghattave led to the successful com-
pletion of the first total synthesis of ambiguine322), contributes in an impactful way not only
to the chemistry of hapalindole alkaloids but also to thetlsgtic community as a whole.
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C12 quaternary
center installation

H
5.59

Scheme 5.24:The first total synthesis of a pentacyclic ambiguine, ambig® @.22 has been
developed. Novel methods were employed to install the ChPayoary center with thenti relative
stereochemistry in addition to successfully hydratelei&i57to access the late-stage intermediate
5.59

Having established a robust and scalable route to deoxycanma L 6.69, we envisioned
that accessing ambiguine B.Q7) will also allow the synthesis of many other pentacyclic &ub
ines. As shown in Scheme 5.25, a directed epoxidation of gumee L (3.17) should generate
ambiguine | 8.12. A C3-hydroxylation of ambiguine 13,12 should then produce the natural
product ambiguine J3(10. We are also interested in developing electrophilic cyianacondi-
tions to transform deoxy ambiguine B.70 into the nitrile-containing natural product ambiguine

Q (3.15.

H
3.17 3.12 3.10
ambiguine L ambiguine | ambiguine J

Scheme 5.25Access to ambiguine L3(17) should allow the synthesis of other ambiguine natural
products such as ambiguinedl. {2 and ambiguine J310. Ambiguine Q 8.15 could be accessed
through an electrophilic cyanation reaction of deoxy-ayubie P b.76).
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5.70
deoxy ambiguine P ambiguine Q

Scheme 5.26: Ambiguine Q @.15 could be accessed through an electrophilic cyanatiorticeac
of deoxy-ambiguine P3(.76).

While these synthetic studies are ongoing, a collabordtis been established with David
Sherman’s group at the University of Michigan, which haseaRkpertise to carry out biosynthetic
investigations using the late-stage intermediates assho®&cheme 5.27. As mentioned in Chap-
ter 3, the Liu group in 2018 has characterized and isolated the late-stage chlorinadxOs and
has subsequently carried out late-stage chlorinationsliomtad array of pentacyclic ambiguines
such as ambiguine L5(77) and ambiguine 13.12).

With the capabilities of the Sherman group, we wish to usedlenzymes to further explore
the promiscuity of these enzymes with unnatural substisuiel as deoxy ambiguine 15.69.
Intriguingly, the chlorinated congener of ambiguine $,78 has not yet been isolated from a
natural source. The existencem¥8could be validated through subjection®22to the late-stage
enzymatic chlorination of AmbO5. In addition, the Shermanug has access to large quantities
of the UTEX 1903 strain off. ambiguaand could potentially identify compoun@s/8and5.69as
natural products using our synthetic authentic standards.

M
H

e
3.18 X = ClI; ambiguine K 3.13 X = CI; ambiguine E
3.17 X = H; ambiguine L j AmbO5 3.12 X = H; ambiguines | jAmbOS

3. 24 5.69 5.79
ambiguine P deoxy ambiguine L

Scheme 5.27A collaboration with the Sherman group has begun in which kgeuging our late-
stage intermediates such as ambiguin@ 23 and deoxy ambiguine B.17to further examine
the promiscuity of the late-stage chlorinase AmbO5.
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5.5 Experimental Contributors

The work presented in Section 5.1 (Installation of the C12t@unary Center) was conducted
by Rebecca Johnson (R.J.), Marco Hartmann (M.H.), Laural(ar..), and Dr. Shota Sawano
(S.S.). M.H. contributed to the idea generation for the CEZ ®ond construction vi&l-acyl
iminium ion chemistry. L.L. and S.S. contributed to the $\a#is 05.16 Prof. Richmond Sarpong
(R.S.) contributed to the conception of ideas for the itetiain of the C12 quaternary center. The
work discussed in Section 5.2 (Late-Stage Manipulatioriegtall the Vinyl Group and Isonitrile
Functionality) was conducted by R.J. and Hwisoo Ree (H.Rig work presented in Section 5.3
(Synthesis of Ambiguine P) was conducted by R.J. and H.R.dRakacterization is provided for
all productive intermediates in the synthesis of ambigin®8.22 and partial characterization is
reported for a selection of other compounds. All data is rggbin Section 5.6 (Experimental
Methods and Procedures).

5.6 Materials and Methods

Unless stated otherwise, reactions were performed in dvewkglassware sealed with rubber
septa under a nitrogen atmosphere and were stirred witmfdmated magnetic stir bars. Liquid
reagents and solvents were transferred by syringe usindata Schlenk techniques. Tetrahydro-
furan (THF), toluene, acetonitrile (MeCN), methanol (Mel)NEt; were dried by passage over
a column of activated alumina; Dichloromethane (DCM) westillied over calcium hydride. All
other solvents and reagents were used as received unleswisthnoted. Where stated, solutions
were degassed using three cycles of freeze/pump/thavzifige¢he solution contained within a
Schlenk flask in liquid nitrogen, opening the flask to vacuwm¥ min, then allowing the solu-
tion to thaw under vacuum). Thin layer chromatography wa$opmed using SiliCycle silica
gel 60 F-254 precoated plates (0.25 mm) and visualized byrtdiation, anisaldehyde, cerium
ammonium molybdenate (CAM), potassium permanganate,dimecstain. Optical rotation was
recorded on a Perkin Elmer Polarimeter 241 at the D line (inOpdth length), ¢ = mg/mL, in
CHCls unless otherwise statedH and*C-NMR NMR experiments were performed on Bruker
spectrometers operating at 300, 400, 500 or 600 MHZHKband 75, 100, 125, or 150 MHz for
13C experiments. Chemical shifts)(are reported in ppm relative to the residual solvent signal
(CDCl3 6 = 7.26 for'H NMR andé = 77.16 for'*C NMR; Data are reported as follows: chemical
shift (multiplicity, coupling constants where applicabi@mber of hydrogens). Abbreviations are
as follows: s (singlet), d (doublet), t (triplet), q (qudjtedd (doublet of doublet), dt (doublet of
triplet), ddq (doublet of doublets of quartets), m (muki)] bs (broad singlet). IR spectra were
recorded on a Bruker ALPHA Platinum ATR FT-IR spectrometaaw and high-resolution mass
spectral data were obtained from the University of CalifayBerkeley Mass Spectral Facility, on
a VG 70-Se Micromass spectrometer for FAB, and a VG Prospecavtiass spectrometer for El.
Purifications were performed with a Yamazen® automaticfigation system and gradients were
determined by inputting Rralues and using a Yamazen® generated conditions.
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5.7 Experimental Methods and Procedures

THF

5.2

Sulfoxide (5.2) To a 100 mL round-bottomed flask was added2(270 mg, 0.75 mmol, 1.0
equiv), phenyl vinyl sulfoxideq.1) (0.20 mL, 1.5 mmol, 2.0 equiv), and THF (20 mL) under a
positive pressure of N This solution was cooled to 0 °C in an ice bath, and then Na®¥4(6
dispersion in mineral oil, 120 mg, 3.0 mmol, 5.0 equiv) wadextiall at once by quickly removing
and refitting the rubber septum. The ice bath was removedihenaction mixture was allowed
to stir for 1 h at room temperature. At this time, water (5 mlgsmadded carefully to the reaction
mixture at 0 °C and the reaction mixture was allowed to warnoton temperature. Upon warming
to room temperature, the aqueous layer was extracted wiil atetate (3 x 10 mL) and the
combined organic layers were washed with water (10 mL) ¥edid by brine (10 mL), dried over
magnesium sulfate, and concentratledacua The crude reaction mixture was subjected to the
next reaction without purification.

Hwave, 110 °C

Y

toluene, 3h
60% over 2 steps

5.2 5.3

Syn-ketone (5.3) The resulting crude compoun8.p) was dissolved in toluene (20 mL), and
transferred to a 10 — 20 mL microwave vial. This solution waathd to 140 °C, and stirred for
4 h at this temperature. The reaction mixture was cooled dowaom temperature and concen-
tratedin vacua The product was purified by Si@el column chromatography eulting with 1:1
DCM:toluene to give the orange solid, which was recrystallifrom DCM and hexanes to afford
the desired produét.3as a single diastereomer in 58% yield (168 mg, 58%)NMR (600 MHz,
CDCl) 6 7.83 (br s, 1H), 7.17 - 7.13 (m, 2H), 7.03 - 6.99 (m, 1H), 6.30, = 17.2, 10.7 Hz,
1H), 5.81 (d,J = 12.4, 1H), 5.62 (dJ = 12.4 Hz, 1H), 5.47 (dJ = 10.8 Hz, 1H), 5.35 (dJ =
17.2 Hz, 1H), 3.74 (dJ = 11.3 Hz, 1H), 2.75 (dd] = 13.7,13.7 Hz, 1H), 2.69 (dd, = 13.6, 4.0
Hz, 1H), 2.35 (ddd) = 14.3, 11.3, 4.0 Hz, 1H), 1.64 (s, 3H), 1.58 (s, 3H), 1.52 £$),3.45 (s,
3H), 1.19 (s, 3H)**C NMR (150 MHz, CDC}) § 206.9, 143.7, 139.3, 136.2, 136.0, 133.5, 126.0,
124.2,122.9,120.6,119.7,113.1, 108.0, 106.3, 57.9,88.8, 39.9, 38.6, 38.4, 37.9, 33.1, 28.1,
24.6, 24.3, 18.5IR (ATIR) 3355, 2966, 2237, 1713, 1469, 1328, 928, 773'ctHRMS (ESI):
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Exact mass calc'd for §gH2s0N2K [M+K] *, 423.1833. Found 423.184x]p —63.8 (¢ 5.0 x 16,
CHCl,)

NaH (5 equiv)
Mel (5 equiv)

THF,0°Ctort
42%

Gem-dimethyl ketone (5.8) To a 25 mL round-bottomed flask were added2(54 mg, 0.15
mmol, 1.0 equiv), Mel (44.L, 0.75 mmol, 5.0 equiv), and THF (0.025 M, 6 mL) under a pwsiti
pressure of Bl The reaction mixture was cooled down to 0 °C in an ice baththed NaH (60%
dispersion in mineral oil, 30 mg, 0.75 mmol, 5.0 equiv) wadetlall at once by quickly removing
and refitting the rubber septum. The solution was warmeddmrmperature and allowed to stir
for 11 h at this temperature. At this time, water (5 mL) waseatidarefully to quench the reaction.
The aquous layer was then extracted with ethyl acetate (3 x)5nd the combined organic layers
were washed with water (10 mL) followed by brine (10 mL), ametd over magnesium sulfate.
The solution was concentratéd vacug and then purified by Si©gel column chromatography
eluting with 7:1 hexanes:ethyl acetate to give the desimdpound5.8in 42% vyield (23.2 mg,
0.062 mmol).!H NMR (600 MHz, CDC}) § 7.83 (br s, 1H), 7.17 - 7.11 (m, 2H), 7.04 - 6.98 (m,
1H), 5.83 (d,J = 12.5 Hz, 1H), 5.68 (dJ = 11.4 Hz, 1H), 3.68 (dJ = 9.5 Hz, 1H), 2.76 (ddJ =
13.9, 13.9 Hz, 1H), 2.67 (dd, = 13.7, 4.1 Hz, 1H), 2.33 (ddd,= 14.0, 11.3, 4.1 Hz, 1H), 1.64
(s, 3H), 1.52 (s, 3H), 1.45 (s, 3H), 1.42 (s, 3H), 1.38 (s, 3HIO (s, 3H)13C NMR (150 MHz,
CDCl) 210.7, 143.9, 139.3, 135.9, 133.5, 126.0, 123.3, 122.8,01213.1, 107.9, 106.3, 51.2,
51.0, 47.8, 39.0, 38.3, 37.9, 37.4, 33.1, 28.2, 24.5, 24.8,20.4.IR (ATIR) 3380, 2964, 2925,
2365, 1702, 1449, 1331, 905, 772, 722%th HRMS (El): Exact mass calc'd for £H2gN,0
[M]*, 372.2202. Found 372.2206x]p —54.8 (c 10.4 x 16, CHCL)

THF

66%

«-Bromoketone (5.11) The ketone starting materiad.@2 (0.03 mmol, 10 mg, 1 equiv) was
dissolved in THF (0.1 M, 0.3 mL) in a round-bottomed flask. N®6 mmol, 10 mg, 2 equiv)
was added to the solution followed by MTBD (0.08 mmol,ilQ 3 equiv) and the reaction mixture
was allowed to stir at room temperature for 30 min. The reacthixture was quenched with
sodium bicarbonate (sat. aq.) and the aqueous layer wastdrwith ethyl acetate (3 x 10 mL).
The combined organic layers were washed with brine (30 mt)daired over sodium sulfate. The
crude mixture was concentratedvacuoand purified via Si@ gel column chromatography on a
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Yamazen® automatic purification system. The bromoketénkl) was isolated as a white solid
and as a mixture of diastereomers in a 3:1 ratio (8 mg, 66BbNMR (600 MHz, CDC}) & 7.83
(s, 1H), 7.16 (dJ = 4.0 Hz, 2H), 7.01 (tJ = 4.0 Hz, 1H), 5.97 - 5.85 (m, 2H), 3.88 (ddl= 20.6,
11.3 Hz, 1H), 3.59 - 3.44 (m, 1H), 2.77 (td= 13.0, 11.9, 3.9 Hz, 1H), 2.36 - 2.20 (m, 1H), 2.09
(s, 3H), 1.64 (s, 3H), 1.54 (s, 3H), 1.44 (s, 3H), 1.21 (s, 3H).

Se0,, 80 °C

1,4-dioxane
60% over 2 steps

Conjugated enone (5.18) To a 25 mL schlenk flask was addéd3 (120 mg, 0.30 mmol,
1.0 equiv), Se@ (68 mg, 0.61 mmol, 2.0 equiv), and 1,4-dioxane (0.1 M, 3 mlje Tesulting
solution was stirred at 80 °C for 24 h. After cooling to roommfeerature, the reaction mixture was
concentratedn vacuq and purified by Si@gel column chromatography (DCM only) to provide
the desired compoun®.18in 41% yield (47 mg, 0.12 mmol) with the recovery of the stagti
material5.3in 35% yield (41 mg, 0.11 mmol). If this recovered mater&aB was resubjected to
the identical reaction condition§,18was obtained in 34% yield (14 mg, 0.036 mmol) with the
recovery of the starting materi&l3in 37% yield (15 mg, 0.039 mmol). The combined total yield
of product5.18was 53% and.18was isolated as an off-white solitH NMR (500 MHz, CDC})
57.41-7.36 (m, 2H), 7.21 - 7.16 (m, 1H), 6.56 (s, 1H), 6.02)¢, 13.0 Hz, 1H), 5.72 (dd] =
17.1, 10.7 Hz, 1H), 5.60 (dl = 12.9 Hz, 1H), 5.21 (dJ = 10.5 Hz, 1H), 5.20 (dJ = 16.8 Hz,
1H), 1.69 (s, 6H), 1.62 (s, 6H), 1.54 (s, 3HjC NMR (125 MHz, CDC}) 5 194.8, 173.8, 162.7,
151.0, 143.0, 139.9, 137.0, 134.5, 132.0, 131.7, 128.1.11221.3, 120.6, 120.1, 118.6, 118.0,
58.0, 49.8, 41.9, 41.3, 32.0, 31.4, 29.5, 28.9, 16R.(ATIR) 2963, 2922, 2365, 1670, 1503,
1364, 1269, 1233, 1116, 945, 805, 781%th HRMS (ESI): Exact mass calc’d for £H2s0N,
[M+H]*, 381.1961. Found 381.1956x]p +137.7 (¢ 5.3 x 16, CHC)

LiOH

THF/H,0
45°C

5.18 5.16

Conjugated pentacycle (5.16) To a 4 mL vial was adde®.18 (5.7 mg, 0.015 mmol, 1.0
equiv), LIOH (3.6 mg, 1.5 mmol, 10 equiv), THF (0.30 mL), andtdled H,O (37.5uL). The
resulting solution was stirred at 50 °C for 22 h. After coglio room temperature, it was extracted
with ethyl acetate (3 x 5 mL), washed with water (5 mL) and &1(5 mL), and dried over magne-
sium sulfate. The resulting solution was concentratecacuoto give crudes.16which was used
in the subsequent reaction without purification bec&u$6is not stable enough to isolate by SiO
gel column chromatographyH NMR (400 MHz, CDC}) & 8.04 (s, 1H), 7.26 - 7.19 (m, 2H),
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7.13 (ddJ = 6.7, 1.4 Hz, 1H), 6.42 (s, 1H), 6.12 (@= 11.7 Hz, 1H), 5.80 (dd] = 17.2, 10.3 Hz,
1H), 5.51 (dJ = 11.7 Hz, 1H), 5.26 - 5.13 (m, 2H), 2.15 - 1.97 (m, 1H), 1.6BE), 1.64 (s, 3H),
1.55 (s, 3H), 1.54 (s, 3H), 1.20 (s, 3H).

DCM

5.80

Trisubstituted alkene (5.22) A flame-dried 4 mL vial was brought into the glovebox and glealr
with Martin’s sulfurane (0.070 mmol, 47 mg, 5.0 equiv). Thalwvas sealed and brought out
of the glovebox and a septum was fitted over the opening of ide Vhe alcohol $.80 (0.014
mmol, 5.0 mg, 1.0 equiv) was added to the vial as a solutiorGMF0.1 M, 0.1 mL). The reaction
mixture was allowed to stir for 20 min at room temperature aitcl time the crude mixture was
concentrateth vacua The crude product(22) was purified using Si@gel preparatory thin-layer
chromatography eluting with a mixture of 2:1 hexanes:etttgdtate. The major UV-active band
was scraped off, crushed, and filtered using ethyl acetayeld the desired producb(22. H
NMR (500 MHz, CDC}) § 7.80 (s, 1H), 7.17 - 7.08 (m, 2H), 6.99 (dil= 5.8, 2.2 Hz, 1H), 5.85
(d,J = 12.0 Hz, 1H), 5.82 (dt) = 5.9, 1.8 Hz, 1H), 5.71 (d] = 12.0 Hz, 1H), 3.20 (dJ = 11.3
Hz, 1H), 2.36 (dddd) = 17.6, 6.2, 4.8, 1.7 Hz, 1H), 2.23 - 2.12 (m, 1H), 2.09 - 2.00k), 1.97
(dt,J=2.7,1.4 Hz, 3H), 1.70 (s, 3H), 1.51 (s, 3H), 1.46 (s, 3H)9X %) 3H).

5.23 5.24

«,3-Unsaturated aldehyde (5.24)To a solution 06.23(0.003 mmol, 1 mg, 1 equiv) in DCM
(0.1 M, 0.1 mL) was added DMP (0.004 mmol, 2 mg, 2 equiv). Thetane was allowed to stir
for 1 h at which time it was quenched with sodium bicarbonatd.(ag.) (1 mL) followed by
sodium thiosulfate (sat. aqg.) (1 mL). The resulting reactioxture was allowed to stir vigorously
for 5 min. The layers were separated and the aqueous layeextiasted with ethyl acetate (3 x
10 mL). The combined organic layers were washed with bri@en¢B), dried over sodium sulfate
and concentratenh vacuoto yield the crude product(24). The crude product was purified via
SiO, column chromatography eluting with 2:1 hexanes:ethylateeb yield puré.24 1H NMR
(500 MHz, GDeg) 6 9.12 (s, 1H), 7.32 (1) = 7.7 Hz, 1H), 7.09 (dJ = 7.3 Hz, 1H), 7.05 (d) = 8.1
Hz, 1H), 7.01 (s, 1H), 6.01 (dd,= 5.7, 2.2 Hz, 1H), 5.83 (d] = 12.0 Hz, 1H), 5.39 (dJ = 12.0
Hz, 1H), 2.94 (dJ = 11.3 Hz, 1H), 2.00 (td) = 11.5, 4.7 Hz, 1H), 1.81 (df, = 19.9, 5.2 Hz, 1H),
1.68 - 1.59 (m, 1H), 1.54 (s, 3H), 1.21 (s, 3H), 1.07 (s, 3HB/(s, 3H).
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Amide aminal (5.30) Ketone4.42 (2.5 mmol, 890 mg, 1.0 equiv) was added to a 25-mL
round bottomed flask. Toluene (1.2 mL, 0.5 M) was added fadlbwy acetaldoxime (freeze-
pump-thawed, 3.8 mL, 23 mmol, 25 equiv) via syringe. Wilkins catalyst, RhCI(PRs (0.25
mmol, 230 mg, 0.10 equiv), was added to the mixture and a retindenser flushed withJNwas
placed on the flask and sealed with a septum with &lt. The reaction mixture was placed in a
130 °C oil bath and refluxed for 2.5 h at this temperature. rAft& h, the reaction flask was taken
out of the oil bath and allowed to cool down to room tempegatuFhe mixture was quenched
with water (10 mL) and diluted with ethyl acetate (20 mL). Tdgpieous layer was extracted with
ethyl acetate (3 x 20 mL) and the combined organic layers weihed with brine (20 mL) and
dried over sodium sulfate. The crude mixture was concerdtratvacuoand purified via Si@gel
column chromatography on a Yamazen® automatic purificagi@mtem using a gradient of 50%
hexanes/ethyl acetate to 5% hexanes/ethyl acetate. THaginwas isolated as a slightly orange
foam or glassy solid (530 mg, 56%Both diastereomers are typically collected at once along
with triphenylphosphine oxide that is difficult to remove Haes not affect the efficiency of the
subsequent steps.

Diastereomer of lower polarityH NMR (400 MHz, C.;OD) § 7.02 (dt,J = 8.1, 2.1 Hz, 1H),
6.96 (it,J = 7.9, 2.1 Hz, 1H), 6.84 (df] = 7.3, 2.0 Hz, 1H), 5.72 (dt] = 13.2, 2.1 Hz, 1H), 5.58
(dt,J=13.3, 2.0 Hz, 1H), 3.21 (d§, = 11.1, 2.0 Hz, 1H), 2.21 - 2.07 (m, 2H), 1.94 - 1.73 (m, 2H),
1.72-1.60 (m, 3H), 1.51 - 1.42 (m, 3H), 1.42 - 1.33 (m, 3H),01(@t,J = 7.0, 2.0 Hz, 3H), 1.16
-1.06 (m, 3H).2*C NMR (101 MHz, CxOD) 6 176.5, 144.1, 141.4, 138.0, 135.4, 127.1, 123.1,
122.3, 112.3, 108.4, 107.2, 87.8, 59.1, 55.0, 49.8, 42.8, 38B.0, 37.7, 32.9, 31.1, 25.3, 25.2,
10.4.1R (ATIR) 3287, 2963, 2927, 1693, 1660, 1450, 1362, 1306, 1263}, 1053, 1022, 735.
HRMS (ESI): Exact mass calc'd for LH2s0,N2Na [M+Na]", 399.2043. Found 399.204%]p
—83.3 (MeOH).

Diastereomer of higher polarityH NMR (400 MHz, C;OD) § 9.98 (s, 1H), 7.02 (d] = 7.9
Hz, 1H), 6.95 (tJ = 7.6 Hz, 1H), 6.87 - 6.73 (m, 1H), 5.75 (@= 12.9 Hz, 1H), 5.23 (d) = 12.9
Hz, 1H), 2.25 (q,) = 7.1 Hz, 1H), 1.87 (dJ = 11.8 Hz, 2H), 1.75 (td) = 11.4, 6.6 Hz, 1H), 1.66
(s, 3H), 1.45 (s, 3H), 1.41 (s, 3H), 1.18 (s, 3H), 1.14Jé; 7.1 Hz, 3H).IR (ATIR) 3353, 2964,
2871, 2487, 1693, 1448, 1384, 1288, 1207, 746p [-26.7 (MeOH).

\

THF
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Ethoxy hemiaminal (5.31) Compounds.30(0.027 mmol, 11 mg, 1.0 equiv) was dissolved
in THF (0.1 M, 0.3 mL) in a round-bottomed flask. To the solatwas added NaHMDS (2.0
M in THF, 0.68 mmol, 34QuL, 25 equiv) at room temperature via syringe. After 10 miinyét
formate (0.53 mmol, 48.L, 20 equiv) was added via syringe and the reaction mixtureallawed
to stir for 30 min at room temperature. The reaction mixtugswuenched with ammonium
chloride (sat. ag.) (50 mL) and the aqueous layer was egrtlasith ethyl acetate (3 x 5 mL).
The combined organic layers were washed with brine (10 mt)daired over sodium sulfate. The
crude mixture was concentratedvacuoand purified via Si@ gel column chromatography on a
Yamazen® automatic purification system. The pbi&l eluted separately as two diastereomers.
Major diastereomer (6 mg, 51%3¥H NMR (400 MHz, CDC}) & 7.74 (s, 1H), 7.18 - 7.01 (m,
2H), 6.95 (d,J = 6.8 Hz, 1H), 6.22 - 5.90 (m, 2H), 5.60 (d,= 13.0 Hz, 1H), 5.30 (s, 1H), 3.72
- 3.39 (m, 3H), 2.81 - 2.49 (m, 2H), 2.19 - 1.85 (m, 1H), 1.483(d), 1.46 (s, 3H), 1.45 (s, 3H),
1.42 (s, 3H), 1.29 - 1.22 (m, 3H), 1.10 (s, 3H).

\

THF

Methoxy hemiaminal (5.81 and 5.82) Compound.30(0.44 mmol, 170 mg, 1.0 equiv) was
dissolved in THF (0.1 M, 5 mL) in a round-bottomed flask. To slodution was added NaHMDS
(2.0 M in THF, 2.2 mmol, 1.1 mL, 5.0 equiv) at room temperatukéter 10 min, methyl formate
(22 mmol, 1.4 mL, 50 equiv) was added via syringe and the i@aatixture was allowed to stir for
10 min at room temperature. The reaction mixture was quehalitlh ammonium chloride (sat.
ag.) (20 mL) and the aqueous layer was extracted with etlgthe (3 x 20 mL). The combined
organic layers were washed with brine (50 mL) and dried owdisn sulfate. The crude mixture
was concentrateth vacuoand purified via SiQ gel column chromatography eluting compound
5.32as two diastereomers. Major diastereomer of lower pol&rifymg, 41%).H NMR (400
MHz, (CDs)>CO) § 9.79 (s, 1H), 7.82 (s, 1H), 7.04 (d,= 8.0 Hz, 1H), 6.97 (t) = 7.6 Hz, 1H),
6.88 (d,J = 7.2 Hz, 1H), 6.10 (dJ = 13.1 Hz, 1H), 5.60 (dJ = 13.1 Hz, 1H), 5.15 (s, 1H), 3.66 (d,
J=11.1 Hz, 1H), 3.38 (s, 3H), 2.82 (dd,= 33.9, 13.8 Hz, 4H), 2.59 (dd,= 14.1, 3.0 Hz, 1H),
1.99 - 1.78 (m, 1H), 1.45 (s, 3H), 1.41 (s, 3H), 1.08 (s, 3&¢ NMR (101 MHz, (CD),CO) 5
211.4,175.4,141.2,139.4,136.9,134.9,127.8,127.401222.3, 108.3, 105.8, 87.2, 60.6, 56.3,
55.4,46.3, 40.2, 39.4, 38.3, 38.0, 32.9, 28.9, 25.3, 244,.1R (ATIR) 3401, 3365, 2964, 2931,
1708, 1452, 1364, 1086, 1052, 73HRMS (ESI): Exact mass calc'd for gH3103N, [M+H] ™,
419.2329. Found 419.2336x]p —20.8 ((CH).CO).

Minor diastereomer of higher polarity (28 mg, 15%) NMR (600 MHz, (C»).CO) 6 9.74
(s, 1H), 7.86 (s, 1H), 7.02 (df,= 7.9, 0.8 Hz, 1H), 6.98 (dd] = 8.0, 7.1 Hz, 1H), 6.88 (ddl =
7.2, 0.8 Hz, 1H), 5.63 () = 13.2 Hz, 2H), 4.91 (s, 1H), 3.38 (dd,= 1.7, 0.5 Hz, 3H), 3.08 -
2.92 (m, 2H), 2.51 (dd] = 15.1, 3.3 Hz, 1H), 1.54 (s, 3H), 1.46 (s, 3H), 1.45 (s, 3H37Xs, 3H),
0.99 (s, 3H)C NMR (151 MHz, (C»),CO) 5 209.0, 175.1, 175.0, 141.6, 140.3, 137.2, 135.1,
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134.9, 127.0, 125.1, 122.4, 113.1, 113.1, 108.3, 108.251@3.5, 93.4, 61.1, 61.0, 59.4, 59.4,
57.8,57.8, 45.3, 39.8, 39.5, 39.5, 39.2, 37.6, 32.0, 28.5,26.8.The observation of extra peaks
in the!3C spectrum is consistent with slow exchange of rotamerimés.IR (ATIR) 3400, 3260,
2962, 2930, 1703, 1472, 1450, 1106, 1084, 74]pF111.8

The minor diastereomer was dissolved in MeOH (0.05 M, 3 mLa imund-bottomed flask
and BR-OEtb (1.6 mmol, 0.19 mL, 10 equiv) was added via syringe at roonptrature. After
stirring for 3 h at room temperature the reaction mixture gasnched with sodium bicarbonate
(sat. ag.) (30 mL) and the aqueous layer was extracted whiyi atetate (3 x 20 mL). The
combined organic layers were washed with brine (50 mL) amelddover sodium sulfate. The
crude mixture was concentratedvacuoand purified via Si@ gel column chromatography on a
Yamazen® automatic purification system. The major diastesx5.83 was isolated as an off-
white solid (43 mg, 66%).

Tf,0, DTBP, DCM, —78 °C

-
' o

then BF3-OEt,, warm to rt

B-Keto aldehyde (5.49) The methyl hemiaminal compourt32 (0.024 mmol, 10 mg, 1.0
equiv) was dissolved in DCM (0.010 M, 2.4 mL) in a round-battwd flask. To this mixture, DTBP
(0.036 mmol, 8.1uL, 1.5 equiv) was added via syringe. The reaction mixture ecded to —78
°C and T$O (0.12 mmol, 2QuL, 5.0 equiv) was added via syringe. After stirring at —78 6€2.5
h, BR; - OEt (0.24 mmol, 0.30 mL, 10 equiv) was added and the reactionurextvas allowed to
warm fully to room temperature. To the reaction mixture wadesd sodium bicarbonnate (sat. aq.)
(10 mL) and the aqueous layer was extracted with ethyl az€3at 20 mL). The combined organic
layers were washed with brine (60 mL) and dried over sodiulfateu The crude mixture was
concentrateth vacuoand purified via Si@gel column chromatography on a Yamazen®automatic
purification system. The pure aldehysld9was isolated as a white solid (6.2 mg, 679%).NMR
(500 MHz, CDC}) 6 10.09 (s, 1H), 7.88 (s, 1H), 7.23 - 7.13 (m, 2H), 7.04 (@¢; 4.6, 3.5 Hz,
1H), 5.80 (d,J = 12.4 Hz, 1H), 5.25 (dJ = 12.3 Hz, 1H), 3.70 (dJ = 11.3 Hz, 1H), 2.84 - 2.63
(m, 2H), 2.55 (tdJ = 11.3, 6.8 Hz, 1H), 1.62 (s, 3H), 1.53 (s, 3H), 1.51 (s, 3H)8Xs, 3H), 1.22
(s, 3H).

OH
O

Me
o

B-Hydroxy aldehyde (5.51) The methyl hemiamind.81(0.470 mmol, 197 mg, 1.00 equiv)
was dissolved in MeOH (0.05 M, 9 mL) in a round-bottomed flas# HaBH, (2.4 mmol, 89 mg,
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5.0 equiv) was added all at once. After 1 h the mixture was doued with HO (20 mL) and the
aqueous layer was extracted with ethyl acetate (3 x 20 mLg. ddmbined organic layers were
washed with brine (100 mL) and dried over sodium sulfate. dioele mixture was concentrated
in vacuoand isolated as an off-white solid. The crude product wasrtd@&rward in the next step
without further purification.

To the round-bottomed flask containing the crude alcofdl) (0.48 mmol, 1.0 equiv) was
added DCM (0.005 M, 95 mL). The starting material does ndyfdissolve and results in an off-
white suspension. To this mixture, DTBP (0.71 mmol, 0.16 thb,equiv) was added via syringe
and the reaction mixture was cooled to —78 °GAt2.4 mmol, 0.40 mL, 5.0 equiv) was added via
syringe and the mixture was allowed to stir at —78 °C for 2.5 Wlaich time the reaction mixture
was quenched with water (100 mL) at —78 °C. After stirring a8 <C for 30 seconds, the flask was
removed from the —78 °C bath and allowed to warm fully to ro@mperature. To the reaction
mixture was added sodium bicarbonate (sat. aq.) (100 mL}mdqueous layer was extracted
with ethyl acetate (3 x 100 mL). The combined organic layeesemvashed with brine (300 mL)
and dried over sodium sulfate. The crude mixture was conatealin vacuoand purified via SiQ
gel column chromatography on a Yamazen® automatic puridicatystem. The pure aldehyde
5.84was isolated as a white solid (116 mg, 63%H). NMR (700 MHz, CDC}) & 10.00 (s, 1H),
7.81 (s, 1H), 7.15 (d] = 5.5 Hz, 2H), 7.02 (dd) = 5.6, 2.5 Hz, 1H), 5.75 (dl = 12.3 Hz, 1H), 5.50
(d,J=12.3 Hz, 1H), 4.59 (dd] = 11.6, 4.5 Hz, 1H), 3.28 (dl = 11.4 Hz, 1H), 2.21 (dt) = 12.7,
4.1 Hz, 1H), 2.16 - 2.08 (m, 1H), 1.68 (&= 12.5 Hz, 1H), 1.61 (s, 3H), 1.51 (s, 3H), 1.48 (s, 3H),
1.33 (s, 3H), 1.15 (s, 3H}*C NMR (176 MHz, CDC}) 5 204.1, 144.0, 140.0 135.7, 133.6, 126.0,
122.9,122.8,119.8, 113.0, 107.9, 105.7, 69.1, 56.1, 46.4, 38.7, 38.2, 37.5, 32.9, 29.3, 28.1,
24.9, 24.6, 8.5IR (ATIR) 3408, 2966, 2930, 2867, 1727, 1471, 1450, 1333, 1083, HRMS
(ESI): Exact mass calc'd for gH2902N, [M+H] ", 389.2224. Found 389.222%]p —165.

TCDI, DMAP

DCM, 45 °C

Thiocarbamate (5.85) The compound.51(0.28 mmol, 110 mg, 1.0 equiv) was added as a
solution in DCM (0.1 M, 3 mL) to a flame-dried microwave vialhd solvent was removed by
passing a heavy stream of Mver the solution. DMAP (0.08 mmol, 10 mg, 1 equiv) was added
and the vial was subsequently sealed. A needle inlet.ofvBis placed in the septum and the
vial was evacuated and backfilled with khree times. The vial was brought into the glovebox,
opened, and charged with TCDI (0.33 mmol, 61 mg, 1.0 equivie Vial was resealed, brought
out of the glovebox and DCM (0.1 M, 3 mL) was added. The reactessel was then placed in a
preheated 45 °C oil bath and allowed to stir for 14 h. Once ithldwad cooled to room temperature,
the reaction mixture was concentratedvacuoand immediately subjected to Si@el column
chromatography on a Yamazen® automatic purification sysiéma pure thiocarbamate85was
isolated as a white solid (97 mg, 70%) along with startingemial (7.2 mg, 77% brsm}H NMR
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(700 MHz, (CD;),CO) & 10.13 (s, 1H), 10.03 (s, 1H), 8.35 (s, 1H), 7.73Jd; 1.5 Hz, 1H), 7.11
(d,J=8.0 Hz, 1H), 7.06 (t) = 7.6 Hz, 1H), 7.05 - 7.02 (m, 1H), 6.99 @@= 7.2 Hz, 1H), 6.47 (dd,
J=11.5, 4.6 Hz, 1H), 5.93 (dl = 12.3 Hz, 1H), 5.57 (dJ = 12.3 Hz, 1H), 3.57 (dJ = 11.1 Hz,
1H), 2.85 - 2.77 (m, 2H), 2.77 - 2.67 (m, 1H), 2.18 (ddd; 13.9, 11.1, 3.1 Hz, 1H), 2.14 - 2.09
(m, 1H), 1.65 (s, 3H), 1.64 (s, 3H), 1.55 (s, 3H), 1.53 (s, 3H)9 (s, 3H)**C NMR (176 MHz,
(CD3),CO) 6 201.9, 184.3, 145.5, 140.1, 137.6, 137.2, 135.0, 131.9512@3.1, 122.5, 119.9,
119.1, 113.0, 108.9, 105.2, 81.8, 56.2, 47.4, 47.0, 39.4,, 3B.3, 32.5, 27.8, 25.5, 25.1, 24.8,
10.5. IR (ATIR) 3370, 2966, 2934, 1789, 1731, 1470, 1388, 1330, 12289. HRMS (ESI):
Exact mass calc'd for £H310.N4S [M+H]*, 499.2162. Found 499.2152x]p —73 ((CH;).CO).

SnBugH, AIBN

toluene, 80 °C

Deoxygenated aldehyde (5.57)Thiocarbamaté.85 (0.036 mmol, 18 mg, 1.0 equiv) was
added as a solid to a flame-dried microwave vial. AIBN (0.0X8ah) 2.4 mg, 0.40 equiv) was
added and the vial was sealed. A Mlet was placed in the septum and the flask was evacuated
and backfilled with N three times. Toluene (0.03 M, 1.2 mL) was added via syringggiied by
SnByH (0.072 mmol, 191L, 2.0 equiv) and the reaction vessel was placed in a preth&ateC oll
bath. After 20 min the reaction mixture was allowed to coaldom temperature and the contents
were concentrateth vacua The crude reaction mixture was immediately subjected @ §el
column chromatography on a Yamazen®automatic purificagiwtiem. The pure deoxygenated
aldehdyeb.57was isolated as a white solid (10 mg, 77%). It is importantiditam this compound
without any tin residues and a second purification is ofteessary’H NMR (700 MHz, CDC})
§9.88 (s, 1H), 7.83 (s, 1H), 7.17 - 7.11 (m, 2H), 7.01 (d¢& 6.4, 1.7 Hz, 1H), 5.71 (d] = 12.5
Hz, 1H), 5.38 (dJ = 12.3 Hz, 1H), 3.31 (dJ = 11.0 Hz, 1H), 2.26 - 2.19 (m, 1H), 2.10 - 2.00
(m, 2H), 1.72 - 1.64 (m, 1H), 1.62 (s, 3H), 1.64 - 1.58 (m, 1HROL(s, 3H), 1.47 (s, 3H), 1.34
(s, 3H), 1.14 (s, 3H)3C NMR (176 MHz, CDC}) & 204.01, 143.73, 140.39, 135.65, 133.56,
126.01, 124.09, 122.69, 120.31, 112.80, 107.72, 106.484547.55, 45.45, 38.65, 38.54, 37.44,
32.84, 29.59, 28.17, 24.95, 24.55, 19.51, 14HBRMS (ESI): Exact mass calc'd for sH290N,
[M+H] ™", 373.2274. Found 373.2278]p —73.5.

TMSCH,Li

THF
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Acetimidate (5.63) Aldehyde5.57(0.013 mmol, 5.0 mg, 1.0 equiv) was dissolved in THF in
a round-bottomed flask. To the solution was added TM@@&Li (1.0 M in pentane, 0.067 mmaol,
67 uL, 5.0 equiv). The reaction mixture was allowed to stir atmo@mperature for 2 h at which
time it was quenched with the addition of® (5 mL). The aqueous layer was extracted with ethyl
acetate (3 x 10 mL). The combined organic layers were waslithdowne (30 mL) and dried over
sodium sulfate. The crude mixture was concentrategacuoand used immediately in the next
reaction without further purification.

THF

H
5.57 5.86

Secondary alcohol (5.88)To a solution 06.57(mmol, mg, equiv) in THF (M, mL) was added
TMSCH,Li (1.0 M solution in pentane, mmol, mL, equiv). The solutimas allowed to stir for
15 min at which time is was quenched with the addition of amienorchloride (sat. aq.) ( mL).
The aqueous layer was extracted with ethyl acetate (3x miLjlsmcombined organic layers were
washed with brine ( mL), dried over sodium sulfate, and catregedin vacuoto yield a yellow
crude foam which was immediately subjected to the next i@aetithout further purification.

PPTS

DCE, 100 °C
microwave, 30 min

5.86 5.63

Acetimidate (5.63) The crude mixture containing.86 was added to a microwave vial as a
solution in DCE (M, mL). PPTS (mmol, mg, equiv) was added dralial was sealed. The vial
was heated to 100 °C in the microwave for 30 min. Once coolesl sblution was poured into
H,O and the aqueous layer was extracted with DCM (3x mL). Thebaoed organic layers were
washed with brine ( mL), dried over sodium sulfate, and catreg¢edin vacuoto yield the crude
mixture of5.63as a yellow oil. The crude product was immediately subjetiig¢tie next reaction
without further purification.

TBAF (1 M THF)

100 °C
microwave
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Amide (5.59) The crude reaction mixture containidgg3was added as a solution in DCM
(1 mL) to a microwave vial. The solvent was removed by pasaihgavy stream of Nover the
solution until only solid remained. The vial was sealed aB®F (1 M THF, 3 mL) was added
via syringe. The brown-yellow solution was then heated t0 %0 in the microwave for 45 min.
Upon cooling to room temperature, the reaction mixture wagedl with ethyl acetate (5 mL)
and washed with kD (10 mL). The aqueous layer was extracted with ethyl ac€8akel10 mL)
and the combined organic layers were washed with brine (3)) drled over sodium sulfate and
concentrateth vacuoto yield the crude reaction mixture. The crude product wasgipd via SiG,
gel column chromatography on a Yamazen® automatic puiidicaystem. Pure amide59was
isolated as a glassy, off-white solid (2.8 mg, 49%). NMR (700 MHz, CDC}) § 7.70 (s, 1H),
7.10 - 7.01 (m, 2H), 7.00 - 6.89 (m, 1H), 6.16 (s, 1H), 5.97 @,17.4, 10.8 Hz, 1H), 5.83 (d,
J = 13.1 Hz, 1H), 5.23 (s, 1H), 5.16 (dd,= 17.4, 1.5 Hz, 1H), 5.11 (dd] = 10.8, 1.6 Hz, 1H),
3.36 (d,J =11.3 Hz, 1H), 3.12 (ddd] = 12.6, 11.2, 3.7 Hz, 1H), 2.52 (td,= 13.5, 4.3 Hz, 1H),
2.17 (s, 3H), 1.93 (dgJ = 13.1, 3.8 Hz, 1H), 1.62 (qd} = 13.4, 4.2 Hz, 1H), 1.49 (s, 3H), 1.48
(s, 3H), 1.35 (dt,J = 13.2, 3.5 Hz, 1H), 1.32 (s, 3H), 1.30 (s, 3H), 1.00 (s, 3¢ NMR (176
MHz, CDCL) 6 175.2, 146.2, 141.9, 140.2, 134.9, 133.8, 131.3, 126.7.21223.3, 112.2, 109.2,
107.2, 60.6, 56.4, 43.5, 43.2, 38.9, 38.8, 37.3, 34.5, 23.8, 24.3, 21.2, 19.3R (ATIR) 3361,
3310, 3185, 2992, 1589, 1561, 1463, 1434[-137.

PIDA, KOH

1,4-dioxane/H,0

Vinyl amine (5.65) and amidation side product (5.66) Amide compound.59(0.083 mmol,

32 mg, 1.0 equiv) was dissolved in 1,4-dioxane (0.05 M, 2 ng &,0 (0.05 M, 2 mL) was
added. To this solution was added crushed KOH (2.9 mmol, 1§®@mequiv) and the suspension
was allowed to stir for 5 min at room temperature. At this tidDA (0.099 mmol, 32 mg,
1.2 equiv) was added and the solution turned light yellowe $aspension was allowed to stir at
room temperature for 14 h at which time it was quenched withwso bicarbonate (sat. aqg.) (10
mL) and sodium thiosulfate (sat. aq.) (10 mL). After stigifor 5 min at room temperature the
mixture was diluted with ethyl acetate (30 mL) and the agsdayer was extracted with ethyl
acetate (3 x 20 mL). The combined organic layers were waslithdonne (100 mL), dried over
sodium sulfate, and concentratiedvacuoto yield the crude reaction mixture. The crude product
was purified using Si@gel preparatory thin-layer chromatography eluting withiatare of 10%
acetone/DCM/NHOH. The two major bands were scraped off, crushed, and filteseng ethyl
acetate to yield the desired prod&c65(14 mg, 49%) as well as the amidation side produ6t

Amine product .65):

'H NMR (700 MHz, CxOD) & 7.06 (d,J = 7.9 Hz, 1H), 6.99 (dd) = 7.6 Hz, 1H), 6.87 (d,
J=7.2 Hz, 1H), 6.20 (ddJ = 17.6, 11.0 Hz, 1H), 5.93 (d] = 13.1 Hz, 1H), 5.42 (dJ = 13.0
Hz, 1H), 5.21 - 5.13 (m, 2H), 3.41 (d,= 11.4 Hz, 1H), 2.11 - 2.05 (m, 1H), 1.93 - 1.86 (m, 2H),
1.70 - 1.64 (m, 1H), 1.51 (s, 3H), 1.45 (s, 3H), 1.41 (s, 3H381.1.35 (m, 1H), 1.29 (s, 3H), 1.06
(s, 3H).*3C NMR (176 MHz, CxOD) § 146.5, 142.0, 139.5, 137.1, 135.8, 134.9, 127.8, 122.8,
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114.2, 112.4, 108.3, 107.1, 59.6, 46.3, 44.3, 41.1, 39.%), 3.1, 32.9, 30.1, 25.1, 25.0, 22.3,
20.2.1R (ATIR) 3500, 2963, 2926, 2854, 1467, 1449, 914, TARMS (ESI): Exact mass calc'd
for CasHs3N2 [M+H] ™, 361.2638. Found 361.2643x]p —73.5 (MeOH).

Amidation side producty.66): *H NMR (700 MHz, CDC}) § 7.35 (t,J = 7.7 Hz, 1H), 7.27
(m, 1H), 7.14 (dJ = 7.9 Hz, 1H), 7.07 (dd, J = 17.7, 10.9 Hz, 1H), 5.62 (d, J = 12Z3HH), 5.45
(d, J = 13.3 Hz, 1H), 5.2745 5.19 (m, 2H), 5.15 (dd] = 17.6, 1.5 Hz, 1H), 2.35 (ddl = 11.0,
1.6 Hz, 1H), 2.26 (dddJ = 13.8, 10.9, 3.1 Hz, 1H), 1.91 (td,= 13.4, 3.7 Hz, 1H), 1.84 (dd}
= 13.4, 3.4 Hz, 1H), 1.56 (m, 1H), 1.54 (s, 3H), 1.50 (dd; 13.1, 3.2 Hz, 1H), 1.46 (d] = 2.8
Hz, 6H), 1.13 (s, 3H), 0.94 (s, 3HYC NMR 5 192.9, 178.0, 155.5, 146.9, 144.6, 138.4, 131.5,
130.8, 128.1, 122.9, 117.3, 113.4, 70.0, 55.8, 47.6, 428,415, 38.1, 37.2, 31.7, 31.5, 27.3,
26.3, 20.3, 20.2IR (ATIR) 3223, 2966, 2927, 2854, 169AHRMS (ESI): Exact mass calc'd for
Ca6H310N, [M+H] *, 387.2431. Found 387.243%]p —244 (DCM).

Ac,0, COH

DCM, 14 h

Formamide (5.87) To a round-bottomed flask was added DCM (1 mL) followed by®@c
(0.59 mmol, 56uL, 18 equiv) and formic acid (0.66 mmol, 328_, 20 equiv). This solution was
allowed to stir for 1 h at room temperature, at which time agoh of amines.65(0.033 mmol, 12
mg, 1.0) in DCM (0.1 M, 1 mL) was added. After stirring at rooemiperature for 14 h, the solution
was quenched with sodium bicarbonate (10 mL) and dilutel &M (10 mL). The aqueous layer
was extracted with DCM (3 x 10 mL) and the combined organietaywere washed with brine
(50 mL), dried over sodium sulfate, and concentratedacuoto yield the crude formamide.87.
The crude product was purified using Sigel preparatory thin-layer chromatography eluting with
a mixture of 2:1 hexanes:ethyl acetate. The major UV-adiaved was scraped off, crushed, and
filtered using ethyl acetate to yield the desired product ahite solid (13 mg, 99%)H NMR
(600 MHz, CDC§) 6 8.08 (d,J = 11.1 Hz, 1H), 7.95 (s, 1H), 7.18 - 7.04 (m, 2H), 6.97 (dd;
5.7, 2.6 Hz, 1H), 5.96 (ddl = 17.6, 11.0 Hz, 1H), 5.89 (d,= 12.9 Hz, 1H), 5.82 (d) = 11.7 Hz,
1H), 5.60 (dJ = 12.6 Hz, 1H), 5.27 (dJ = 10.8 Hz, 1H), 5.23 (dJ = 17.5 Hz, 1H), 3.49 (dJ =
10.1 Hz, 1H), 1.96 - 1.85 (m, 1H), 1.85 - 1.75 (m, 1H), 1.73 -11(®, 2H), 1.51 - 1.45 (m, 1H),
1.47 (s, 3H), 1.40 (s, 3H), 1.38 (s, 3H), 1.33 (s, 3H), 1.1B). *C NMR (176 MHz, CDC})

5 166.5, 143.7, 141.5, 140.5, 135.8, 133.6, 129.0, 126.831226.1, 112.4, 107.6, 106.0, 60.9,
45.5, 44.3, 39.6, 38.2, 37.5, 33.2, 33.0, 28.1, 24.6, 240%,29.8.IR (ATIR) 3297, 2965, 2926,
2868, 1669, 1453, 1337, 761, 739RMS (ESI): Exact mass calc'd for H3,ON;Na [M+Na]",
411.2407. Found 411.239%]p —423.

DCM, 0 °C
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Isonitrile (5.69): The crude formamid&.87(0.02 mmol, 6 mg, 1 equiv) was dissolved in DCM
(0.02 M, 1 mL) and the reaction mixture was cooled to 0 °C.4NEt03 mmol, 40uL, 20 equiv)
was added followed by phosgene (20% in toluene, 0.08 mmakl4® equiv). After stirring for
10 min at 0 °C the reaction mixture was quenched with sodiuwarbonate (5 mL) and diluted
with DCM (5 mL). The aqueous layer was extracted with DCM (3xriL) and the combined
organic layers were washed with brine (20 mL), dried oveniwwodsulfate, and concentrateal
vacuoto yield the crude isonitril®.69 The crude product was purified using Sigel preparatory
thin-layer chromatography eluting with a mixture of 2:1 hegs:ethyl acetate. The major UV-
active band was scraped off, crushed, and filtered usind atleyate to yield the pure product as
an off-white solid (5 mg, 84%):H NMR (700 MHz, CDC}) 6 7.73 (s, 1H), 7.16 - 7.10 (m, 2H),
7.01-6.98 (m, 1H), 6.23 (dd,= 17.5, 10.9 Hz, 1H), 5.67 (d,= 12.6 Hz, 1H), 5.61 (d) = 12.6
Hz, 1H), 5.28 (d,J = 10.9 Hz, 1H), 5.24 (d) = 17.5 Hz, 1H), 3.37 (dtJ = 11.1, 3.3 Hz, 1H), 2.09
-2.03 (m, 1H), 2.02 - 1.97 (m, 1H), 1.93 - 1.88 (m, 1H), 1.68621(m, 1H), 1.59 (s, 3H), 1.47
(s, 3H), 1.46 (s, 3H), 1.29 (s, 3H), 1.25 - 1.20 (m, 1H), 1.18&). *C NMR (176 MHz, CDC})

5 156.2, 143.8, 142.4, 140.9, 135.2, 133.6, 127.0, 126.631225.2, 112.5, 107.5, 106.6, 67.6,
45.9, 43.2, 39.4, 38.3, 37.3, 33.7, 32.9, 27.9, 25.1, 206,27.7. HRMS (ESI): Exact mass
calc’d for GsH3oN2 [M—HNC+H]+, 344.2373. Found 344.2372Z]p —141.

KO'Bu

DMSO, 100 °C, 1 h
microwave

Deoxy-ambiguine P (5.70Q) Isonitrile compound.69 (0.009 mmol, 3 mg, 1 equiv) was dis-
solved in DMSO (0.02 M, 0.4 mL) and added to a microwave vieg¢ady charged with K@Bu
(0.09 mmol, 10 mg, 10 equiv). The vial was sealed and heatd®®@c’C for 30 min in the mi-
crowave. Upon cooling to room temperature, the reactiontumixwas then diluted with ethyl
acetate (10 mL) and washed with®l (3 x 20 mL). The aqueous layer was extracted with ethyl
acetate (2 x 20 mL) and the combined organic layers were wastik brine (40 mL), dried over
sodium sulfate and concentratiedvacuoto yield the crude deoxy ambiguine B.70. The crude
product was purified using S@el preparatory thin-layer chromatography eluting withiatare
of 2:1 hexanes:ethyl acetate. The major UV-active band wespsd off, crushed, and filtered
using ethyl acetate to yield the pure product as an off-wéole (2.9 mg, 98%)1H NMR (700
MHz, CDCLk) 6 7.81 (s, 1H), 7.18 - 7.12 (m, 2H), 7.03 (dbs 5.3, 2.6 Hz, 1H), 5.93 (dd,= 11.4,

1.0 Hz, 1H), 5.86 (ddJ = 17.5, 10.6 Hz, 1H), 5.34 (dd,= 11.4, 1.0 Hz, 1H), 5.09 (dd, = 17.5,

1.5 Hz, 1H), 5.03 (ddJ = 10.6, 1.4 Hz, 1H), 2.89 (dd, = 11.2, 7.0 Hz, 1H), 2.00 - 1.96 (m, 1H),
1.95 - 1.89 (m, 1H), 1.74 - 1.69 (m, 1H), 1.67 - 1.63 (m, 1H)51(§, 3H), 1.54 (s, 3H), 1.41 (s,
3H), 1.00 (s, 3H)*C NMR (176 MHz, CDC}) 5 149.17, 140.77, 138.11, 134.82, 132.90, 130.13,
129.45,128.19,125.48,122.74,113.37,110.95, 110.8710046.66, 40.32, 39.58, 36.76, 35.34,
26.86, 25.69, 24.99, 23.72, 23.64, 19.HRMS (ESI): Exact mass calc’d for gHzoN, [M+H] ",
344.2373. Found 344.2372x]p —15.5 (DCM).
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5.70 3.22 5.71 5.72

Ambiguine P (3.22) Deoxy ambiguine P5.70(0.007 mmol, 2 mg, 1 equiv) was dissolved
in 1,4-dioxane (0.01 M, 0.4 mL) and Se@.02 mmol, 2 mg, 3 equiv) was added. The 4-mL
vial was placed in a pre-heated aluminum heating block atCtarfd allowed to stir for 30 min at
this temperature at which time more Se(0.009 mmol, 1 mg, 2 equiv) was added. After stirring
for 45 min at 45 °C, the vial was removed from the aluminum ingalblock and allowed to cool
to room temperature. The crude mixture was filtered throu@kld#e® plug and the mixture was
concentrateth vacua The crude producB(22 was purified using Si@gel preparatory thin-layer
chromatography eluting with a mixture of 2:1 hexanes:etltgdtate. The major UV-active band
was scraped off, crushed, and filtered using ethyl acetatielid ambiguine P3.22 as a mixture
with its diastereomegpirambiguine P%.71) as a yellow oil (1 mg, 47%). Starting material70
(1 mg, 50%) was also isolated from this mixtuféi NMR (700 MHz, CQyOD) $ 7.16 (dd,J =
8.0, 5.7 Hz, 1H), 7.07 (t) = 7.6 Hz, 1H), 6.96 (ddJ = 7.2, 4.2 Hz, 1H), 5.93 (d] = 11.5 Hz,
1H), 5.91 - 5.87 (m, 1H), 5.40 (d, = 11.4 Hz, 1H), 5.11 (dd] = 10.6, 1.9 Hz, 1H), 4.93 (dd, J
=17.5, 1.7 Hz, 1H), 2.15 (tdl = 13.9, 3.1 Hz, 1H), 1.96 (td} = 13.9, 2.7 Hz, 1H), 1.79 (dg =
13.5, 3.3 Hz, 1H), 1.68 (s, 3H), 1.60 (dt= 12.8, 3.4 Hz, 1H), 1.53 (s, 3H), 1.23 (s, 3H), 1.02
(s, 3H), 1.00 (s, 3H)3C NMR (176 MHz, CQ:OD) 5 146.9, 142.1, 139.2, 134.7, 133.9, 133.5,
133.2,128.6, 123.5, 114.9, 114.6, 109.6, 77.2, 45.9, 8B.5, 34.1, 34.0, 29.2, 28.9, 27.8, 27.1,
26.4, 18.6.HRMS (ESI): Exact mass calc'd for gH2sON [M+H]*, 358.2176. Found 358.2173.
All spectroscopic data matches that for the natural prod8@2) as reported by Orjala et. at’

Aromatized product (5.72). *H NMR (700 MHz, CQyOD) § 7.61 (s, 1H), 7.18 - 7.07 (m,
3H), 7.02 (dd,J = 6.9, 1.0 Hz, 1H), 6.64 (d] = 12.5 Hz, 1H), 5.65 (d) = 12.5 Hz, 1H), 5.59 (dd,
J=17.3,1.6 Hz, 1H), 5.27 (dd, = 10.9, 1.5 Hz, 1H), 2.37 (s, 3H), 1.66 (s, 6H), 1.48 (s, 6H).

Isocyanate (5.88) The isonitrile compoun8.69(0.003 mmol, 1 mg, 1.0 equiv) was dissolved
in chloroform (0.01 M, 0.3 mL, dried over 4 A molecular sienesctivated MnQ (0.14 mmol,
12 mg, 51 equiv) was added to the 4-mL vial and the reactioriuréxwas placed in a pre-heated
alumnium heating block at 65 °C. After 2 h, the reaction migtwas cooled to room temperature
and filtered through a Celite® plug, eluting with ethyl a¢etd yield the crude isocyanat&.89
very cleanly.
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14 NMR (500 MHz, CDC}) § 7.76 (s, 1H), 7.19 - 7.09 (m, 2H), 7.02 - 6.92 (m, 1H), 6.16 (dd,
J=17.6,11.0 Hz, 1H), 5.80 (d, = 12.8 Hz, 1H), 5.51 (dJ = 12.8 Hz, 1H), 5.25 - 5.15 (m, 2H),
3.42 (d,J = 10.9 Hz, 1H), 2.06 - 1.91 (m, 2H), 1.91 - 1.84 (m, 1H), 1.64ddb= 13.3, 10.2, 3.8
Hz, 2H), 1.55 (s, 3H), 1.47 (s, 3H), 1.41 (s, 3H), 1.26 (s, 3H)1 (s, 3H).

PIFA

dioxane/H,0

C3-oxidized isocyanate(5.89)The isocyanatey(88 was dissolved in MeCN (0.01 M, 0.1 mL)
and HO (0.01 M, 0.1 mL) was added. PIFA (0.002 mmol, 0.8 mg, 1.58quas added to this
solution and the reaction mixture was allowed to stir for 3@ at room temperature. The reaction
mixture was quenched with the addition of sodium bicarbe(sat. aq.) (5 mL). After stirring for
5 min, the layers were separated and the agueous layer wastexit with ethyl acetate (3 x 10
mL). The combined organic layers were washed with brine (B], nried over sodium sulfate and
concentratedh vacuoto yield the crude reaction mixture containia@9 The crude product was
clean and used crude in subsequent reactions.

!H NMR (700 MHz, CDC}) § 7.36 - 7.28 (m, 2H), 7.11 (d] = 7.2 Hz, 1H), 6.05 (ddJ) =
17.4,11.0 Hz, 1H), 5.97 (d,= 12.2 Hz, 1H), 5.73 (d) = 12.2 Hz, 1H), 5.24 (d) = 11.0 Hz, 1H),
5.18 (d,J =17.4 Hz, 1H), 2.87 (d) = 11.9 Hz, 1H), 1.76 (dd] = 13.2, 4.3 Hz, 1H), 1.72 - 1.65
(m, 1H), 1.64 (tJ = 7.7 Hz, 1H), 1.62 (s, 3H), 1.58 (s, 3H), 1.50 (t, J = 11.1 HZ),1E¥45 (s, 3H),
1.32 (s, 3H), 1.31 (s, 3H), 1.20 - 1.14 (m, 1H).
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5.a NMR Spectra Relevant to Chapter 5
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Figure 5.3: 'H NMR of 5.3in CDCl;
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Figure 5.5: 'H NMR of 5.8in CDCl;
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Figure 5.8: 'H NMR of 5.18in CDCl;
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Figure 5.19: *H NMR of 5.32in (CD3),CO
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Figure 5.21:*H NMR of 5.49in CDCl;
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Figure 5.24: *H NMR of 5.85in (CD3),CO
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Figure 5.26:'H NMR of 5.57in CDCl;
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Figure 5.28:*H NMR of 5.59in CDCl;
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Figure 5.32:'H NMR of 5.66in CDCl;
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Figure 5.36: *H NMR of 5.90in CDCl;
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Figure 5.38:'H NMR of 5.70in CDCl;
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Figure 5.43:'H NMR of 5.88in CDCl;
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Figure 5.44:*H NMR of 5.89in CDCl;
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5.b X-ray Crystallographic Data Relevant to Chapter 5

X-ray Crystallography Data

Figure 5.45: X-ray crystal structure o4.42(sarpong135)

A colorless needle 0.060 x 0.020 x 0.020 mm in size was mouwriedCryoloop with Paratone
oil. Data were collected in a nitrogen gas stream at 100(23idguand scans. Crystal-to-detector
distance was 60 mm and exposure time was 20 seconds per fingeauscan width of 2.0°.
Data collection was 99.7% complete to 67.0009inA total of 30752 reflections were collected
covering the indices, -11<=h<=10, -15<=k<=15, -21<=I<=23856 reflections were found to
be symmetry independent, with an,Fof 0.0559. Indexing and unit cell refinement indicated a
primitive, orthorhombic lattice. The space group was fotmde P 21 21 21 (No. 19). The
data were integrated using the Bruker SAINT software pnogaad scaled using the SADABS
software program. Solution by iterative methods (SHELXJ2) produced a complete heavy-
atom phasing model consistent with the proposed strucAlreon-hydrogen atoms were refined
anisotropically by full-matrix least-squares (SHELXLA2). All hydrogen atoms were placed
using a riding model. Their positions were constrainedtireato their parent atom using the
appropriate HFIX command in SHELXL-2014. Absolute steremaistry was unambiguously
determined to b&at C1 and S at C2, C5 and C18, respectively.
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Table 5.1: Crystal data and structure refinement4o42

X-ray ID
Sample/notebook ID
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

Index ranges
Reflections collected

Independent reflections

sarpong135

MLH-B1-115
C26 H28 N2 O
384.5
100(2) K
1.54178 A
Orthorhombic
P212121
a=9.2170(3) A

b =12.9842(4) A
c=17.6732(6) A

2115.05(12) A3

4

1.208 Mgfm
0.568 mrh
824

0.060 x 0.020 x 0.020 Mm

4.225 10 68.345°.

a=90°.
b= 90°.
g =90°.

-11<=h<=10, -15<=k<=15, -21<=I<=21

30752

3856 [R(int) = 0.0559]

Completeness to theta = 67.000° 99.70%

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

Semi-empirical from equivalents

0.929 and 0.809

Full-matrix least-squares on F2

3856/0/267
1.027

R1 =0.0402, wR2 = 0.1002
R1 =0.0460, wR2 = 0.1044

0.00(17)
n/a
0.706 and -0.161&.A
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Table 5.2: Atomic coordinates (x0*) and equivalent isotropic displacement parametefs (&°)
for sarpong135. U(eq) is defined as one third of the traceenbtthogonalized tensor.

X y z U(eq)

C(l) 6365(3) 5390(2) 4145(2) 26(1)
C(2) 7261(3) 6419(2) 4006(2) 28(1)
C(3) 8779(3) 6098(2) 3729(2) 31(1)
C(4) 8813(3) 5400(2) 3054(2) 34(1)
C(5) 8003(3) 4392(2) 3216(2) 26(1)
C(6) 8158(3) 3597(2) 2553(2) 29(1)
C(7) 7337(3) 2622(2) 2764(1) 26(1)
C(8) 7577(3) 1644(2) 2483(2) 31(1)
C(9) 6756(3) 804(2) 2734(2) 34(1)
C(10) 5665(3) 904(2) 3270(2) 33(1)
C(11) 5380(3) 1894(2) 3532(2) 28(1)
C(12) 6201(3) 2732(2) 3278(1) 25(1)
C(13) 5667(3) 3642(2) 3633(1) 24(1)
C(14) 4544(3) 3346(2) 4094(2) 29(1)
C(15) 3544(3) 3933(2) 4615(2) 34(1)
C(16) 3691(3) 5083(2) 4525(2) 36(1)
C(17) 4804(3) 5679(2) 4344(2) 31(1)
C(18) 6419(3) 4637(2) 3458(1) 24(1)
C(19) 7052(3) 4845(2) 4786(2) 27(1)
C(20) 7416(3) 7054(2) 4731(2) 36(1)
C(21) 6545(3) 7024(2) 3368(2) 35(1)
C(22) 6538(4) 8021(3) 3290(2) 51(1)
C(23) 7536(4) 4012(2) 1812(2) 41(1)
C(24) 9770(3) 3338(3) 2439(2) 44(1)
C(25) 1951(3) 3651(3) 4424(2) 46(1)
C(26) 3836(4) 3629(3) 5447(2) 43(1)
N(1) 4384(2) 2283(2) 4032(1) 30(1)
N(2) 7626(3) 4404(2) 5260(1) 35(1)
O(1) 9871(2) 6387(2) 4044(1) 41(1)

Table 5.3: Bond lengths [A] for sarpong135.

C(1)-C(19) 1.478(4) C(7)-C(6)-C(23) 108.5(2)
C(1)-C(17) 1.528(4) C(7)-C(6)-C(24) 109.4(2)
C(1)-C(18) 1.560(4) C(23)-C(6)-C(24) 109.1(3)
C(1)-C(2) 1.590(4) C(7)-C(6)-C(5) 108.6(2)
C(2)-C(21) 1.524(4) C(23)-C(6)-C(5) 111.9(2)
C(2)-C(20) 1.530(4) C(24)-C(6)-C(5) 109.3(2)
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C(2)-C(3)
C(3)-O(1)
C(3)-C(4)
C(4)-C(5)
C(4)-H(4A)
C(4)-H(4B)
C(5)-C(18)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-C(23)
C(6)-C(24)
C(7)-C(8)
C(7)-C(12)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-N(1)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(13)-C(18)
C(14)-N(1)
C(14)-C(15)
C(15)-C(16)
C(15)-C(26)
C(15)-C(25)
C(16)-C(17)
C(16)-H(16)
C(17)-H(17)
C(18)-H(18)
C(19)-N(2)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-C(22)
C(21)-H(21)
C(22)-H(22A)
C(22)-H(22B)
C(23)-H(23A)
C(23)-H(23B)
C(23)-H(23C)

1.540(4)
1.210(4)
1.498(4)
1.533(4)
0.99
0.99
1.555(4)
1.568(4)
1
1.521(4)
1.528(4)
1.536(4)
1.381(4)
1.393(4)
1.399(4)
0.95
1.389(4)
0.95
1.391(4)
0.95
1.371(4)
1.399(4)
1.425(4)
1.372(4)
1.499(4)
1.393(4)
1.508(4)
1.508(4)
1.545(4)
1.551(4)
1.324(4)
0.95
0.95

1
1.144(4)
0.98
0.98
0.98
1.302(4)
0.95
0.95
0.95
0.98
0.98
0.98
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C(8)-C(7)-C(12)
C(8)-C(7)-C(6)
C(12)-C(7)-C(6)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
N(1)-C(11)-C(10)
N(1)-C(11)-C(12)
C(10)-C(11)-C(12)
C(7)-C(12)-C(11)
C(7)-C(12)-C(13)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
C(14)-C(13)-C(18)
C(12)-C(13)-C(18)
C(13)-C(14)-N(1)
C(13)-C(14)-C(15)
N(1)-C(14)-C(15)
C(16)-C(15)-C(14)
C(16)-C(15)-C(26)
C(14)-C(15)-C(26)
C(16)-C(15)-C(25)
C(14)-C(15)-C(25)
C(26)-C(15)-C(25)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(2)
C(16)-C(17)-H(17)
C(1)-C(17)-H(17)
C(13)-C(18)-C(5)
C(13)-C(18)-C(1)
C(5)-C(18)-C(1)
C(13)-C(18)-H(18)
C(5)-C(18)-H(18)
C(1)-C(18)-H(18)
N(2)-C(19)-C(1)
C(2)-C(20)-H(20A)
C(2)-C(20)-H(20B)

116.7(2)
126.6(2)
116.7(2)
121.1(3)
119.5
119.5
122.3(3)
118.8
118.8
116.8(3)
121.6
121.6
132.9(3)
106.4(2)
120.6(3)
122.4(2)
129.2(2)
108.4(2)
106.9(2)
135.4(3)
117.6(2)
108.1(2)
133.0(3)
119.0(2)
112.4(2)
109.7(3)
110.2(2)
107.2(3)
109.1(3)
108.1(3)
132.4(3)
113.8
113.8
129.9(3)
115.1
115.1
108.3(2)
111.4(2)
111.9(2)
108.4
108.4
108.4
176.9(3)
109.5
109.5



C(24)-H(24A)
C(24)-H(24B)
C(24)-H(24C)
C(25)-H(25A)
C(25)-H(25B)
C(25)-H(25C)
C(26)-H(26A)
C(26)-H(26B)
C(26)-H(26C)
N(1)-H(1)
C(19)-C(1)-C(17)
C(19)-C(1)-C(18)
C(17)-C(1)-C(18)
C(19)-C(1)-C(2)
C(17)-C(1)-C(2)
C(18)-C(1)-C(2)
C(21)-C(2)-C(20)
C(21)-C(2)-C(3)
C(20)-C(2)-C(3)
C(21)-C(2)-C(1)
C(20)-C(2)-C(1)
C(3)-C(2)-C(1)
0(1)-C(3)-C(4)
0(1)-C(3)-C(2)
C(4)-C(3)-C(2)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4B)
C(5)-C(4)-H(4B)

H(4A)-C(4)-H(4B)

C(4)-C(5)-C(18)
C(4)-C(5)-C(6)
C(18)-C(5)-C(6)
C(4)-C(5)-H(5)
C(18)-C(5)-H(5)
C(6)-C(5)-H(5)

0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.88
110.2(2)
106.5(2)
111.3(2)
107.4(2)
108.5(2)
112.9(2)
112.4(2)
107.3(2)
109.1(2)
108.8(2)
111.8(2)
107.1(2)
122.5(3)
121.7(2)
115.9(2)
110.9(2)
109.5
109.5
109.5
109.5
108
109.5(2)
112.3(2)
115.2(2)
106.4
106.4
106.4

H(20A)-C(20)-H(20B)
C(2)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(22)-C(21)-C(2)
C(22)-C(21)-H(21)
C(2)-C(21)-H(21)
C(21)-C(22)-H(22A)
C(21)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(6)-C(23)-H(23A)
C(6)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
C(6)-C(23)-H(23C)
H(23A)-C(23)-H(23C)
H(23B)-C(23)-H(23C)
C(6)-C(24)-H(24A)
C(6)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
C(6)-C(24)-H(24C)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
C(15)-C(25)-H(25A)
C(15)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(15)-C(25)-H(25C)
H(25A)-C(25)-H(25C)
H(25B)-C(25)-H(25C)
C(15)-C(26)-H(26A)
C(15)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(15)-C(26)-H(26C)
H(26A)-C(26)-H(26C)
H(26B)-C(26)-H(26C)
C(11)-N(1)-C(14)
C(11)-N(1)-H(1)
C(14)-N(1)-H(1)

109.5
109.5
109.5
109.5
126.4(3)
116.8
116.8
120
120
120
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.2(2)
124.9
124.9
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Table 5.4: Anisotropic displacement parameters’A10%)for sarpong135. The anisotropic dis-
placement factor exponent takes the formr3h?a2U'! + ... + 2 h k a* b* U'?]

Ull U22 U33 U23 U13 U12

C(1) 31(1) 25(1) 21(1) 1(1) 2(1) 01
C(2) 39(2) 23(1) 23(1) 1(1) 0(1) -1(1)
C(3) 38(2) 28(2) 27(1) 6(1) 3(1) -6(1)
C(4) 36(2) 34(2) 34(2) 0(1) 9(1) -6(1)
C(5) 28(1) 27(1) 22(1) 1(1) 3(1) -1(1)
C(6) 31(1) 32(1) 23(1) -1(1) 3(1) 2(1)
C(7) 26(1) 30(1) 22(1) -2(1) -6(1) 1(1)
C(8) 31(1) 34(2) 28(1) -4(1) -3(1) 5(1)
C(9) 38(2) 29(2) 35(2) -6(1) -10(1) 3(1)
C(10) 36(2) 29(1) 33(2) 1(1) -12(1) -5(1)
C(11) 30(1) 32(2) 23(1) 1(1) -7(1) -3(1)
C(12) 28(1) 26(1) 21(1) 0(1) -5(1) 0(1)
C(13) 26(1) 25(1) 21(1) 1(1) -1(1) 1(1)
C(14) 30(1) 32(2) 25(1) 1(1) -2(1) -2(1)
C(15) 29(1) 40(2) 33(2) 2(1) 6(1) -3(1)
C(16) 34(2) 42(2) 30(2) -4(1) 5(1) 6(1)
C(17) 35(2) 31(2) 28(1) -1(1) 3(1) 6(1)
C(18) 29(1) 24(1) 19(1) 2(1) 0(1) 0(1)
C(19) 34(2) 28(1) 20(1) -3(1) 5(1) -2(1)
C(20) 45(2) 33(2) 29(1) -2(1) -1(1) -3(1)
C(21) 45(2) 28(2) 32(2) 3(1) -5(1) -5(1)
C(22) 57(2) 36(2) 59(2) 8(2) -21(2) 2(2)
C(23) 63(2) 38(2) 22(1) 1(1) 22 12
C(24) 33(2) 42(2) 56(2) -16(2) 11(2) -3(1)
C(25) 31(2) 52(2) 55(2) -3(2) 7(2) -4(2)
C(26) 44(2) 53(2) 32(2) 6(2) 13(1) -2(2)
N(1) 31(1) 31(1) 29(1) 6(1) 2(1) -8(1)
N(@2) 45(1) 35(1) 25(1) 1(1) -1(1) 5(1)
O(1) 39(1) 44(1) 40(1) -2(1) 0(1) -10(1)

Table 5.5: Hydrogen coordinates (x 1pand isotropic displacement parametergxA0®) for
sarpong135.

X y z U(eq)
H(4A) 9833 5245 2920 41
H(4B) 8359 5752 2617 41
H(5) 8486 4076 3666 31
H(8) 8311 1541 2113 37
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Table 5.5: Hydrogen coordinates (x 1pand isotropic displacement parameter$xA0?®) for
sarpong135.

X y z U(eq)

HO) 6953 142 2529 41
H(10) 5139 325 3450 39
H(16) 2817 5451 4616 43
H(17) 4601 6397 4337 37
H(18) 5911 4970 3021 29
H(20A) 8004 7667 4627 54
H(20B) 7891 6636 5121 54
H(20C) 6454 7264 4908 54
H(21) 6055 6636 2991 42
H(22A) 7012 8444 3652 61
H(22B) 6058 8326 2870 61
H(23A) 7649 3493 1414 61
H(23B) 8056 4640 1668 61
H(23C) 6504 4169 1880 61
H(24A) 10166 3047 2906 65
H(24B) 10302 3967 2308 65
H(24C) 9869 2836 2028 65
H(25A) 1295 4034 4759 70
H(25B) 1804 2910 4498 70
H(25C) 1745 3831 3897 70
H(26A) 4845 3789 5576 64
H(26B) 3664 2889 5512 64
H(26C) 3183 4016 5780 64
H(1) 3737 1914 4278 36

241



Figure 5.46: X-ray crystal structure 05.31(sarpong139)

A colorless prism 0.060 x 0.040 x 0.040 mm in size was mouniea Gryoloop with Paratone
oil. Data were collected in a nitrogen gas stream at 100(23idguand scans. Crystal-to-detector
distance was 60 mm and exposure time was 1 seconds per frangeauscan width of 2.0°.
Data collection was 99.8% complete to 67.0009inA total of 32645 reflections were collected
covering the indices, -12<=h<=12, -14<=k<=14, -19<=I<=28327 reflections were found to
be symmetry independent, with an,Fof 0.0288. Indexing and unit cell refinement indicated a
primitive, orthorhombic lattice. The space group was fotmde P 21 21 21 (No. 19). The
data were integrated using the Bruker SAINT software pnogsad scaled using the SADABS
software program. Solution by iterative methods (SHELXJ2) produced a complete heavy-
atom phasing model consistent with the proposed strucAlreon-hydrogen atoms were refined
anisotropically by full-matrix least-squares (SHELXLA&E). All hydrogen atoms were placed
using a riding model. Their positions were constrainedtireato their parent atom using the
appropriate HFIX command in SHELXL-2016. Absolute steremistry was unambiguously
determined to b& at C1, C15, and C17, arfflat C4 and C18, respectively.
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Table 5.6: Crystal data and structure refinement4o42

X-ray ID sarpong139

Sample/notebook ID REJVII-095

Empirical formula C27 H32 N2 03

Formula weight 432.54

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system Orthorhombic

Space group P212121

Unit cell dimensions a=10.4403(4) A a=90°.
b=11.7226(5) A b= 90°.
c=19.3375(8) A g = 90°.

Volume 2366.67(17) A

Z 4

Density (calculated) 1.214 Mgfm

Absorption coefficient 0.626 mmh

F(000) 928

Crystal size 0.060 x 0.040 x 0.040 mMm

Theta range for data collection ~ 4.410 to 68.350°.

Index ranges -12<=h<=12, -14<=k<=14, -19<=|<=23

Reflections collected 32645

Independent reflections 4327 [R(int) = 0.0288]

Completeness to theta = 67.000° 99.80%

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.929 and 0.874

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 4327/0/315

Goodness-of-fit on F2 1.048

Final R indices [I>2sigma(l)] R1=0.0279, wR2 =0.0720

R indices (all data) R1=0.0289, wR2 =0.0728

Absolute structure parameter 0.04(5)

Extinction coefficient n/a

Largest diff. peak and hole 0.169 and -0.150&.A
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Table 5.7: Atomic coordinates (x0*) and equivalent isotropic displacement parametefs (&°)
for sarpong139. U(eq) is defined as one third of the traceebtthogonalized tensor.

X y Z U(eq)

C(1)  4416(2) 4585(1) 4026(1) 22(1)
C(2)  3738(2) 5077(2) 4663(1) 24(1)
C(3)  4395(2) 6016(2) 5047(1) 25(1)
C(4)  5745(2) 5636(1) 5264(1) 20(1)
C(5)  6340(2) 6509(2) 5787(1) 22(1)
C(6)  7724(2) 6182(1) 5934(1) 21(1)
C(7)  8438(2) 6479(2) 6512(1) 25(1)
C(8)  9739(2) 6164(2) 6572(1) 26(1)
C(9)  10367(2) 5549(2) 6068(1) 24(1)
C(10) 9652(2) 5248(1) 5485(1) 20(1)
C(11) 8891(1) 4629(2) 4454(1) 20(1)
C(12) 9026(2) 4052(2) 3766(1) 24(1)
C(13) 7819(2) 4097(2) 3336(1) 25(1)
C(14) 6582(2) 4228(2) 3482(1) 23(1)
C(15) 5892(2) 4417(1) 4165(1) 20(1)
C(16) 5882(2) 3256(1) 4545(1) 22(1)
C(17) 3916(2) 3354(2) 3934(1) 26(1)
C(18) 6514(1) 5394(1) 4592(1) 18(1)
C(19) 7895(2) 5175(1) 4773(1) 19(1)
C(20) 8362(2) 5569(1) 5421(1) 19(1)
C(21) 4067(2) 5388(2) 3429(1) 25(1)
C(22) 6319(2) 7729(2) 5493(1) 28(1)
C(23) 5560(2) 6487(2) 6460(1) 31(1)
C(24) 10106(2) 4640(2) 3356(1) 34(1)
C(25) 9362(2) 2774(2) 3857(1) 35(1)
C(26) 3180(5) 1984(4) 3166(3) 36(1)
C(27) 2619(4) 1982(3) 2463(2) 48(1)
C(26A) 3714(9) 1868(6) 2994(4) 26(2)
C(27A) 2303(7) 1670(6) 3083(5) 50(3)
N(1)  9952(1) 4652(1) 4895(1) 20(1)
N(2)  4790(1) 2715(1) 4361(1) 27(1)
O(1)  2684(1) 4746(1) 4837(1) 34(1)
O(2)  6697(1) 2881(1) 4934(1) 27(1)
O(3)  3937(1) 3035(1) 3231(1) 36(1)

Table 5.8: Bond lengths [A] for sarpong139.

C(1)-C(2) 1.533(2) C(7)-C(8)-H(8) 118.8
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C(1)-C(21)
C(1)-C(17)
C(1)-C(15)
C(2)-0(1)
C(2)-C(3)
C(3)-C(4)
C(3)-H(3A)
C(3)-H(3B)
C(4)-C(18)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-C(23)
C(5)-C(22)
C(6)-C(7)
C(6)-C(20)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-N(1)
C(10)-C(20)
C(11)-C(19)
C(11)-N(1)
C(11)-C(12)
C(12)-C(13)
C(12)-C(24)
C(12)-C(25)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-C(18)
C(16)-0(2)
C(16)-N(2)
C(17)-0(3)
C(17)-N(2)
C(17)-H(17)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)

C(21)-H(21A)

1.533(2)
1.544(2)
1.577(2)
1.214(2)
1.495(3)
1.537(2)
0.99
0.99
1.554(2)
1.567(2)
1
1.522(2)
1.535(2)
1.539(2)
1.388(2)
1.394(2)
1.413(3)
0.95
1.378(3)
0.95
1.398(2)
0.95
1.374(2)
1.403(2)
1.368(2)
1.398(2)
1.500(2)
1.511(2)
1.541(2)
1.549(3)
1.331(2)
0.95
1.521(2)
0.95
1.547(2)
1.554(2)
1.218(2)
1.352(2)
1.410(2)
1.441(2)
1
1.506(2)
1
1.422(2)
0.98

C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
N(1)-C(10)-C(9)
N(1)-C(10)-C(20)
C(9)-C(10)-C(20)
C(19)-C(11)-N(12)
C(19)-C(11)-C(12)
N(1)-C(11)-C(12)
C(11)-C(12)-C(13)
C(11)-C(12)-C(24)
C(13)-C(12)-C(24)
C(11)-C(12)-C(25)
C(13)-C(12)-C(25)
C(24)-C(12)-C(25)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-C(18)
C(16)-C(15)-C(18)
C(14)-C(15)-C(1)
C(16)-C(15)-C(1)
C(18)-C(15)-C(1)
0(2)-C(16)-N(2)
0(2)-C(16)-C(15)
N(2)-C(16)-C(15)
0O(3)-C(17)-N(2)
0O(3)-C(17)-C(1)
N(2)-C(17)-C(1)
O(3)-C(17)-H(17)
N(2)-C(17)-H(17)
C(1)-C(17)-H(17)
C(19)-C(18)-C(15)
C(19)-C(18)-C(4)
C(15)-C(18)-C(4)
C(19)-C(18)-H(18)
C(15)-C(18)-H(18)
C(4)-C(18)-H(18)
C(11)-C(19)-C(20)
C(11)-C(19)-C(18)
C(20)-C(19)-C(18)

116.64(16)
121.7
121.7
132.59(15)
106.38(14)
121.04(16)
108.54(14)
133.09(15)
118.37(14)
113.19(14)
108.87(14)
108.19(15)
110.86(15)
106.62(15)
109.00(16)
134.17(17)
112.9
112.9
131.35(16)
114.3
114.3
106.68(14)
111.82(13)
113.55(13)
109.44(13)
100.58(12)
114.01(13)
125.56(16)
127.31(15)
107.13(14)
113.85(15)
110.69(14)
101.88(13)
110
110
110
113.42(13)
109.32(13)
111.33(13)
107.5
107.5
107.5
106.81(14)
134.63(15)
118.55(14)



C(21)-H(21B)
C(21)-H(21C)
C(22)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23)-H(23A)
C(23)-H(23B)
C(23)-H(23C)
C(24)-H(24A)
C(24)-H(24B)
C(24)-H(24C)
C(25)-H(25A)
C(25)-H(25B)
C(25)-H(25C)
C(26)-0(3)
C(26)-C(27)
C(26)-H(26A)
C(26)-H(26B)
C(27)-H(27A)
C(27)-H(27B)
C(27)-H(27C)
C(26A)-0(3)

C(26A)-C(27A)
C(26A)-H(26C)
C(26A)-H(26D)
C(27A)-H(27D)
C(27A)-H(27E)
C(27A)-H(27F)

N(1)-H(1)
N(2)-H(2)

C(2)-C(1)-C(21)
C(2)-C(1)-C(17)
C(21)-C(1)-C(17)
C(2)-C(1)-C(15)
C(21)-C(1)-C(15)
C(17)-C(1)-C(15)
0(1)-C(2)-C(3)
0(1)-C(2)-C(1)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)

0.98

0.98

0.98

0.98

0.98

0.98

0.98

0.98

0.98

0.98

0.98

0.98

0.98

0.98
1.470(4)
1.481(6)
0.99

0.99

0.98

0.98

0.98
1.462(8)
1.501(11)
0.99

0.99

0.98

0.98

0.98

0.88

0.88
105.31(14)
106.74(14)
113.97(14)
111.18(14)
115.91(13)
103.51(13)
120.92(17)
121.38(17)
117.66(14)
110.10(14)
109.6
109.6
109.6
109.6

H(3A)-C(3)-H(3B) 108.2

C(6)-C(20)-C(10)
C(6)-C(20)-C(19)
C(10)-C(20)-C(19)
C(1)-C(21)-H(21A)
C(1)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(1)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(5)-C(22)-H(22A)
C(5)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(5)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
C(5)-C(23)-H(23A)
C(5)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
C(5)-C(23)-H(23C)
H(23A)-C(23)-H(23C)
H(23B)-C(23)-H(23C)
C(12)-C(24)-H(24A)
C(12)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
C(12)-C(24)-H(24C)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
C(12)-C(25)-H(25A)
C(12)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(12)-C(25)-H(25C)
H(25A)-C(25)-H(25C)
H(25B)-C(25)-H(25C)
0(3)-C(26)-C(27)
0(3)-C(26)-H(26A)
C(27)-C(26)-H(26A)
0(3)-C(26)-H(26B)
C(27)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(26)-C(27)-H(27A)
C(26)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(26)-C(27)-H(27C)
H(27A)-C(27)-H(27C)
H(27B)-C(27)-H(27C)

122.29(16)
129.09(15)
108.62(15)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
107.0(3)
110.3
110.3
110.3
110.3
108.6
109.5
109.5
109.5
109.5
109.5
109.5



C(3)-C(4)-C(18)
C(3)-C(4)-C(5)
C(18)-C(4)-C(5)
C(3)-C(4)-H(4)
C(18)-C(4)-H(4)
C(5)-C(4)-H(4)
C(6)-C(5)-C(23)
C(6)-C(5)-C(22)
C(23)-C(5)-C(22)
C(6)-C(5)-C(4)
C(23)-C(5)-C(4)
C(22)-C(5)-C(4)
C(7)-C(6)-C(20)
C(7)-C(6)-C(5)
C(20)-C(6)-C(5)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)

107.29(13)
110.51(13)
117.05(13)
107.2

107.2

107.2

109.97(14)
108.47(14)
108.78(15)
109.34(14)
109.03(14)
111.24(14)
116.47(16)
126.61(16)
116.83(15)
121.12(17)
119.4

119.4

122.42(17)
118.8

O(3)-C(26A)-C(27A)  105.4(6)
O(3)-C(26A)-H(26C)  110.7
C(27A)-C(26A)-H(26C) 110.7
O(3)-C(26A)-H(26D)  110.7
C(27A)-C(26A)-H(26D) 110.7
H(26C)-C(26A)-H(26D) 108.8

C(26A)-C(27A)-H(27D) 109.5
C(26A)-C(27A)-H(27E) 109.5
H(27D)-C(27A)-H(27E) 109.5
C(26A)-C(27A)-H(27F) 109.5
H(27D)-C(27A)-H(27F) 109.5
H(27E)-C(27A)-H(27F) 109.5
C(10)-N(1)-C(11) 109.61(13)
C(10)-N(1)-H(1) 125.2
C(11)-N(1)-H(1) 125.2
C(16)-N(2)-C(17) 116.11(14)
C(16)-N(2)-H(2) 121.9
C(17)-N(2)-H(2) 121.9
C(17)-O(3)-C(26A) 123.2(3)
C(17)-O(3)-C(26) 107.2(2)

Symmetry transformations used to generate equivalentsatom

Table 5.9: Anisotropic displacement parameters’¢A10°)for sarpong139. The anisotropic dis-
placement factor exponent takes the formr3h2a2U!! + ... + 2 h k a* b* U'?]

Ull U22 U33 U23 U13 U12
C(1)  15(1) 22(1) 29(1) 4(1) -4(1) -2(1)
C(2)  15(1) 25(1) 33(1) 8(1) -1(1) 2(1)
C@3)  17(1) 30(1) 29(1) -1(1) 2(1) 3(1)
C(4)  16(1) 21(1) 23(1) 2(1) 2(1) -1(1)
C(5)  22(1) 23(1) 20(1) O(1) 2(1) 1(1)
C(6)  22(1) 20(1) 22(1) 4(1) 2(1) -41)
C(7)  27(1) 26(1) 21(1) O(1) 3(1) -5(1)
C()  27(1) 30(1) 21(1) 3(1) -5(1) -9(1)
C(O)  18(1) 28(1) 25(1) 4(1) -2(1) -5(1)
C(10) 18(1) 20(1) 23(1) 4(1) -1(1) -3(1)
C(11) 14(1) 24(1) 22(1) 2(1) -2(1) -3(1)
C(12) 17(1) 33(1) 24(1) -4(1) -1(1) 1(1)
C(13) 24(1) 29(1) 21(1) -4(1) -1(1) O(1)
C(14) 22(1) 24(1) 22(1) -2(1) -5(1) -1()
C(15) 15(1) 22(1) 24(1) 2(1) -3(1) 0(1)
C(16) 20(1) 21(1) 25(1) -1(1) 1(1) 1()
C(17) 21(1) 23(1) 35(1) 4(1) -6(1) -4(2)
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Table 5.9: Anisotropic displacement parameters’410%)for sarpong139. The anisotropic dis-
placement factor exponent takes the formr3h?a2U'! + ... + 2 h k a* b* U'?]

Ull U22 U33 U23 U13 U12
C(18) 15(1) 20(1) 20(1) 2(1) 0(1) O(1)
C(19) 16(1) 20(1) 20(1) 3(1) -1(1) -2(1)
C(20) 17(1) 20(1) 21(1) 3(1) 1(1) -3(1)
C(21) 19(1) 24(1) 32(1) 5(1) -5(1) 0(1)
C(22) 28(1) 22(1) 33(1) -2(1) -3(1) O(1)
C(23) 25(1) 44(1) 25(1) -2(1) 4(1) 1(1)
C(24) 22(1) 56(1) 24(1) -6(1) 2(1) -4(1)
C(25) 31(1) 38(1) 35(1) -11(1) -5(1) 10(1)
C(26) 31(3) 28(2) 48(3) -6(2) -5(2) -8(2)
C(27) 49(2) 44(2) 50(2) -14(2) -11(2) -15(2)
C(26A) 25(4) 22(3) 31(4) -23) 1(3) 1(3)
C(27A) 34(4) 45(4) 71(6) -32(4) 9(3) -14(3)
N(1)  12(1) 24(1) 24(1) 0(1) -1(1) 0(1)
N(2)  26(1) 19(1) 36(1) 5(1) -7(1) -4(1)
O(1) 16(1) 35(1) 50(1) 6(1) 5(1) -1(1)
0(2)  23(1) 25(1) 32(1) 4(1) -5(1) 4(1)
O(3)  44(1) 24(1) 38(1) -1(1) -18(1) -8(1)

Table 5.10: Hydrogen coordinates (x $pand isotropic displacement parameter8xA0*) for

sarpong139.

X y z U(eq)
H(3A) 3890 6219 5462 30
H(3B) 4455 6700 4748 30
H(4) 5653 4893 5514 24
H(7) 8045 6901 6874 30
H(8) 10198 6383 6975 32
H(9) 11242 5341 6115 28
H(13) 7978 4014 2855 30
H(14) 6033 4197 3091 27
H(17) 3025 3290 4121 31
H(18) 6484 6101 4303 22
H(21A) 3133 5457 3398 38
H(21B) 4403 5078 2995 38
H(21C) 4442 6141 3513 38
H(22A) 6773 8243 5808 42
H(22B) 5429 7983 5442 42
H(22C) 6740 7737 5040 42
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Table 5.10: Hydrogen coordinates (x $pand isotropic displacement parameteréxA0®) for
sarpong139.

X y z U(eq)
H(23A) 5559 5712 6650 47
H(23B) 4678 6725 6364 47
H(23C) 5946 7011 6796 47
H(24A) 9894 5447 3289 51
H(24B) 10200 4269 2904 51
H(24C) 10912 4576 3613 51
H(25A) 10186 2705 4096 52
H(25B) 9419 2409 3403 52
H(25C) 8694 2400 4132 52
H(26A) 2494 1967 3520 43
H(26B) 3734 1307 3232 43
H(27A) 3308 2020 2119 71
H(27B) 2055 2644 2410 71
H(27C) 2124 1281 2395 71
H(26C) 4213 1319 3274 32
H(26D) 3963 1783 2503 32
H(27D) 2111 1557 3575 75
H(27E) 2048 989 2823 75
HQ27F) 1829 2333 2911 75
H(1) 10698 4333 4808 24
H(2) 4623 2013 4495 32
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