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Summary

I. Total Synthesis of Loline Alkaloids

Loline (1) is the eponymous member of an alkaloid family, originally isolated in 1892

from tall fescue grasses, but later found in many other plant families (Scheme 1).!"

They are produced by endophytic fungi and are as toxic to insects as nicotine,

thereby protecting the host plant from herbivores, but many aspects of their chemical

ecology are not yet understood.

Loline alkaloids
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Scheme 1: Loline alkaloids and their synthesis via key azide 7.
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Despite its long history and intriguing biological activity, there has been only one
successful asymmetric synthesis of loline to date, which required 20 steps.”! This
may be due to its strained, heterotricyclic molecular skeleton, that incorporates polar
functionalities in close proximity, thus rendering the loline alkaloids more challenging
targets than they may appear at first sight.

This dissertation deals with different approaches for the synthesis of loline alkaloids
and reports interesting outcomes. The synthesis, which finally led to success, started
with an achiral alcohol that can be easily desymmetrized to give epoxide 2.
Nucleophilic epoxide opening with butenylamine and in situ protection yielded diene
3. A ring-closing metathesis converted this compound into the eight-membered
heterocycle 4, which was activated as a cyclic sulfite and selectively substituted in
the allylic position to yield azidoalcohol 5. In the key step, compound 5 was treated
with bromine in methanol to give the bicyclic pyrrolizidine 6. After a Finkelstein like
reaction and subsequent Williamson ether formation, the heterotricyclic core of the
loline alkaloids was established. Azide 7 serves as a branching point for the total
synthesis of various loline alkaloids.

In summary, we have developed a highly efficient, asymmetric total synthesis of
(+)-loline (1) that requires only 10 steps.”! Our synthesis is scalable, diversifiable,
gives access to all loline alkaloids and has served to provide several research groups

sufficient material to investigate the interesting chemical ecology of these alkaloids.

Il. Studies toward Naphthomycin K

The naphthomycins are a class of ansamycin antibiotics that contain a macrocycle of
polyketide origin with an amide linkage to a naphthalenic moiety. To date, 11 different
naphthomycins (naphthomycin A—K) have been isolated and structurally elucidated.
In spite of their unique structure and broad spectrum of biological activities, none of

the naphthomycins have been synthesized to date.
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Recently, a novel member of the naphthomycin family, naphthomycin K (8) depicted
in Scheme 2, was isolated from the commercial strain Streptomyces sp. of the
medicinal plant Maytenus hookeri.! Naphthomycin K shares a number of unique
structural features, including an unprecedented heterocyclic ring system, a highly
modified naphthoquinone core and nine stereogenic centers. In view of its interesting
biological properties and unique molecular architecture, we engaged in the total

synthesis of naphthomycin K.

Hetero-Diels-Alder

: L
PMBO  OTBS

otBs | OH O
12 }
+ 3
o Me i (\
S |
OEt + /w + (EtO)zPW = OH OH
| BusSn O OTBS |
! 1 10 13 1

(0]
NHA
C Cl NHAc / _
[ e— + e | e—
HO TBSO 07 ~OMe

Scheme 2: Retrosynthetic analysis of naphthomycin K.
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Scheme 2 presents, in retrosynthetic format, the devised synthetic strategy for the
total synthesis of naphthomycin K. Thus, the oxa-azabicyclo[3.3.1]-nonenone is
expected to be formed via intramolecular hetero-Diels-Alder reaction between the
quinone-carbonyl and the diene of the ansa chain of naphthomycin A (9). We
envisioned that a double Stille-coupling employing bis-stannane 10 would facilitate
late-stage macrocyclization and allow us to both control the geometry of the C4-C5
double bond and to construct the challenging triene. Compound 9 could be further
dissected to arrive at naphthalene 11, aldehyde 12 and phosphonate 13.

This dissertation includes the syntheses of aldehyde 12 and phosphonate 13 from
inexpensive commercially available starting materials in 9 steps each and their
coupling in a Horner-Wadsworth-Emmons reaction (HWE) and further transformation
to give the C6-C23 fragment of naphthomycin A (9). In addition, naphthoquinone
precursor 14 has been synthesized starting from literature known quinone 15 and
cyanide 16. The synthesis of the novel Danishefsky-type diene 16 and its reactivity in

Diels-Alder reactions is reported.”

[1] Schardl, C.L., Grossman, R.B., Nagabhyru, P., Faulkner, J.R., Mallik, U.P. Phytochemistry 2007,
68,
980.
[2] Blakemore, P.R., Kim, S.-K., Schulze, V.K., White, J.D. J. Chem. Soc., Perkin Trans. 1, 2001,
1831.
[3] Cakmak, M., Mayer, P., Trauner, D. Nat. Chem. 2011, 3, 543.
[4] Lu, C., Shen, Y. J. Antibiot. 2007, 60, 649.
[5] Kuttruff, C. A., Geiger, S., Cakmak, M., Mayer, P., Trauner, D. Org. Lett. 2012, 14, 1070-1073.
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1. Introduction to Lolines

1.1 History of Loline

Fescue, belonging to the family of poaceae, is extensively used as a pasture grass.
Originally native to Europe and the Mediterranean, it is now spread throughout the
world.["" Reports construe that livestock poisonings can be caused by tall fescue.
Cows grazing on this grass have been known to show signs of a lameness called
“fescue foot”.” However, it is widely used due to the fact that it grows well on
marginal soil, is inured to drought and affords good vyield of dry matter per acre.!
Therefore, much effort has been put into the isolation of the toxic compounds causing
the illness. This led to the identification of several alkaloids, amongst others a

number of pyrrolizidine alkaloids with a unique ether linkage bridging C2 and C7

(Figure 1).
0]
I
] NH, NH NH
2
O)y _ O~ Ol
7 N — N N
Temuline (1) Loline (2) N-acetyl
(norloline) norloline (3)

OYH OW ClL y NHAc
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N-formyl N-senecioyl Lolidine (6)
loline (4) norloline (5)

Figure 1: Members of the loline alkaloids with a common heterocyclic core. The distinguishing feature

is the different substitution pattern of the nitrogen at C1.

The first report of an alkaloid isolated from tall fescue dates back to the 1890°s.
Hofmeister isolated and identified a compound from Lolium temulentum with the
elemental formula C7;H12N,O and named it temuline (1) (Figure 1), which was later
renamed norloline.* In 1955, Ioline (2) was first mentioned by Yanusov and
Akramov after extraction of the alkaloid from darnel seeds together with related
alkaloids, such as N-acetyl norloline (3) and N-formyl loline (4). Another loline

derivative, N-senecioyl norloline (5), which is an apparent metabolite, could be



extracted from horse urine.®®! The most unusual loline alkaloid, lolidine (6), consists of
a loline linked to another pyrrolizidine, that instead of an ether bridge bears a chlorine
at C-7 and a hydroxyl group at C-2. The structure of lolidine (6) was proposed based
on mass-spectrometric data, but due to lack of material it could not be further
elucidated.! If this structure could be confirmed, a biosynthetic pathway for the ether
bridge formation could be suggested.

After initial misassignment of the loline structure, the absolute configuration was
finally established by X-ray crystallographic analysis of loline dihydrochloride.®
Degradation studies of loline (1) showed that upon treatment with concentrated
hydrochloric acid, the ether bridge gets nucleophilicly opened by chlorine to form
chlorinated pyrrolizidine 7. Further degradation led to a mixture of N-

methylpyrrolizidine, methylamine and pyrrolizidine (Figure 2).*!

Figure 2: Degradation of loline (2).

Until 1993, isolations and identifications had been done without knowing that a fungal
endophyte was the producer of these alkaloids in the plant tissue.'"” In the 1890°s,
first studies of Lolium temulentum mentioned a novel symbiotic fungus as well as a
novel group of metabolites, nowadays known as loline alkaloids.! "I Despite the
early discovery it took more than 70 years until the endophytes and lolines were
explicitly linked in literature.['” The symbiotic fungus is now known as Neotyphodium
occultans (family Clavicipitaceae) and lolines have since been found constantly with
congeners of N. occultans.'? Final evidence for the hypothesis that clavicipitaceous
endophytes are capable of de novo synthesis of lolines was provided through results
showing that Neotyphodium uncinatum is able to produce lolines in defined-medium
fermentation cultures. It was demonstrated that this endophyte is capable of the full
biosynthesis if provided with sugars and either organic or inorganic nitrogen
sources.["® Many of these symbiotic fungi protect their plant hosts from herbivory by

producing these alkaloids.



Eventually, the toxicity of ryegrasses, always tied to lolines, could be traced to ergot
alkaloids (necines).!"! Neither lolines nor N. occultans could be connected to mammal
toxicity. Instead, lolines rather exhibit potent activity against a wide range of insect

herbivores, which is a highly desirable feature for pasture grass.!'*"!

1.2 Biological Activity of Loline Alkaloids

Antiinsect activities of lolines have been reported consistently. A first survey of tall
fescue plants infected with an endophytic fungus demonstrated a correlation between
feeding deterrence of the bird-cherry oat aphid (Rhopalosiphum padi) and the
greenbug (Schizaphis graminum) to the presence of loline alkaloids in the plant
tissue." In order to identify the compounds causing the deterring feeding, tissue
extracts from the endophyte infected plants were prepared. Unfortunately all of the
extracts contained a mixture of alkaloids. The loline containing fractions always
included a known insect feeding deterrent, peramine. In contrast to the greenbug,
which effectively deters feeding, peramine seemed to have no effect on the bird-
cherry oat aphid. However it is still possible that lolines and peramines might act
synergetically. Therefore the effect of loline could not be confirmed.!"®!

First tests in which alkaloid-containing extracts from seeds of N. coenophialum-
symbiotic tall fescue were fed to the large milkweed bug showed that fractions
enriched with N-formyl loline (4) were highly toxic to the insect larvae.'" Later
surveys investigating the effects of loline derivatives on the fall armyworm
(Spodoptera frugiperda) and the European corn borer (Ostrinia nubilalis) utilized a
variety of naturally occurring lolines, such as loline (2), N-acetyl loline (3) or N-formyl
loline (4) as well as synthetic loline derivatives with longer acyl groups. These studies
demonstrated that the presence of N-acyl loline derivatives in the diet of these bugs
modified their feeding behavior. For instance N-acetyl loline (3) significantly reduced
larval weight gain in both test subjects. However, the specific effect of a derivative
was dependent upon the species of larvae tested, suggesting that different insect
species respond differently to loline derivatives.!" The authors stated that the reason
for the reduced weight gain could simply result from decreased ingestion of diet
rather than toxicity. For further investigation of the toxicity against insects, solutions
of loline derivatives were sprayed on plants infested with adult greenbugs. The LCsg
values measured were very close to the levels of the potent insecticide nicotine

sulfate.['™



These observations suggest a protective role for lolines. Due to the fact that all of the
previous tests varied in the combination of fungus and plant the toxicity assays were
necessarily artificial.l'! Therefore a Mendelian genetic analysis to determine the
antiinsect activity of lolines was conducted. Epichloaé fustucae, which is the fungal
symbiont of lolium grasses, is a close sexual relative of the asexual Neotyphodium
species.!"” Two sexually compatible E. festucae parents, differing in loline
expression, were crossed and their progenyies were segregated into loline
expression (Lol") and nonexpression (Lol) phenotypes. Linkage to DNA
polymorphisms was consistent to the anti-aphid activity with expression of lolines.
Only the symbionts expressing loline exhibited activity against populations of S.

graminum and R. padi. (Figure 3).
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Figure 3: (a) Antiinsect activity of lolines against the aphids S. gramium (left) and R. padi (right).
Meadow fescue plants containing no endophyte (E-) and the progenies segregated for their loline
production (Lol") or nonproduction (Lol’). Picture (b) and (c) show leaves of the tall fescue without (b)
or with (c) the loline producing endophyte N. coenophialum. In contrast to leave (b) there is no

infestation of P. padi aphids on the leave shown in panel (c).“’ 1l

Given the results that lolines provide significant protection to their host plants, which
is a prime example for a symbiotic mutualism, it is even more remarkably that
wounding of plants induces high levels of lolines (Figure 4). Hence it can be
concluded that lolines, although they are produced by fungi, are plant defenses
against chewing insects. It is of crucial importance for the plants to reduce parasites
in order to retain their capability of photosynthesis. The rise of loline alkaloids, due to

mock herbivory (clipping), could be observed in tall fescue with N. coenophialum and
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in meadow fescue with N. unicatum.'® 2% The most dramatic induction, with a rise
from 0.1 % to 1.9 % of plant dry mass could be observed in meadow fescue with N.

201 Consequently induction of loline

siegelii within eleven days after clipping.
production implies communication between host and symbiont, but the mechanism is
unknown and still a point for further investigations. It is imaginable that a specific
signal from the wounded plant could be detected by the endophyte, which then could

affect its metabolism.

== Loline concentration
== Total protein nitrogen

600 6

400

200

Total lolines (g/kg)
2 a2 1 4 3 2 1 2 32 2
Total protein N
(percentage of dry mass)

E

0

0
Control Damaged Control Damaged
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Figure 4: Loline levels from tall fescue uninfected and infected with N. coenophialum 14 days after
clipping and from unclipped control plants. White bars indicate concentration of N-acetyl loline (3) and

N-formyl loline (4). Grey bars indicate the percentage of total nitrogen of dry mass of plants (error bars

represent + 1 SE).["!

Arising from the studies, which employed crude or partially purified extractions from
tall fescue, the wrong impression that lolines might be the cause for fescue foot and
summer syndrome in cattle was generated.“‘” Although the extracts most certainly
contained significant amounts of ergot alkaloids, which are known for their toxicity to
livestock, the lolines were related to the problem as well.?" This misassignment
could to some extent be attributed to the abundance of lolines in tall fescue
symbionts and the fact that they are more easily assayed than ergot alkaloids. All of
this led to the wrong hypothesis that lolines are toxic to livestock. However, no
evidence for mammal toxicity could be found.!"

Nevertheless very small physiological effects, even at extremely high doses, on

mammalian herbivores have been reported. Studies show that lolines are capable of



reducing the release of prolactin by rat pituitary cells.”?? Furthermore, N-Acyl lolines
show modest antitumor activity. In brine shrimp assays and human breast, lung and
colon cancer cell lines, N-acyl derivatives with a chain length of 12 to 18 showed
significant cytotoxicity.”® However, the in vivo antitumor effects remain to be

determined.

1.3 Biosynthesis

1.3.1 First Proposed Biosynthesis

Due to the structural similarity of the loline alkaloids to the plant-produced
pyrrolizidines (necines), the assumption that lolines and necines might share similar
biosynthetic pathways, deriving from polyamines, was widely established.['” This
hypothesis was particular attractive when it was believed that lolines were plant

metabolites (Scheme 1).

o0 dcSAM (10)
PLP c NH,
HZN/\/\‘/COOH H2N/\/\ » H2N/\/\N/\/\/
NH E1 NH,  E2 H
2
L-Orn (8) putrescine (9) spermidine (11)
NH, H NH; H NH;
— QS — dD —
+
1-(3-aminopropyl) (12) 13 norloline (1)
pyrrolium

E1: ornithine decarboxylase; E2: spermidine synthase

Scheme 1: First proposed biosynthesis on the hypothesis that lolines are plant metabolites.!'® 2

A pyridoxal-phosphate (PLP) dependent decarboxylation of L-ornithine (8) gives
putrescine (9). The aminopropyl group is transferred from a decarboxylated S-
adenosyl methionine (dcSAM, 10) giving spermidine (11). Ring closure would give
amino pyrrolizidine 13 and linkage in position 2 and 7 through an oxygen bridge
would yield norloline (1).['”

The hypothesis shown in Scheme 1 has been tested and rejected by precursor
feeding experiments.?® These studies utilized the endophyte of meadow fescue N.

unicatum, which is capable of producing lolines, especially N-formyl loline (4), in
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defined-medium fermentation cultures. The obtained results demonstrated that loline

alkaloid biosynthesis differs from the pyrrolizidine biosynthesis of necines.!*”

1.3.2 Revised Biosynthesis
The use of radiolabeled precursors allowed the determination of the origin of the
pyrrolizidine moieties. Proline (Pro, 14) contributes N-4 and C-5 till C-8, labeled L-

methionine (L-Met, 15, 16) contributes the N-methyl and N-formyl groups and
[26]

homoserine (Hse, 17, 18) the 1-amino group and C-1 till C-3 (Scheme 2).

NH,
\g L-[methyl-'3C]-methionine (15)

-

HO,C

S L™N, U-3Cg]-methionine (16)

NH,
CO,H HO,C
-
L > =
H OH
L-["®N, U-'3C¢]-proline (14) N-formyl loline (4) L-[4.4->H,]-homoserine (17)

L-["®N]-homoserine (18)

Scheme 2: Incorporation of labeled precursors into N-formyl loline.®

The established biosynthetic pathway commences with aspartate (Asp 19), which is
converted to homoserine (Hse 20). The proposed first determinant step is a y-
substitution of the 3-amino-3-carboxypropyl moiety from O-acetylhomoserine
(HseOAc 21) to the N of L-proline (22) giving the first committed intermediate 23
(Scheme 3). This unusual C-N bond formation, which seems to be unprecedented in
biosynthetic pathways, might be catalyzed by a y-type pyridoxal phosphate (PLP)-
containing enzyme, most likely the product of the LolC gene. Subsequently two
oxidative decarboxylations of pyrrolidine 23 take place to form the imminium ion 12.
One decarboxylation could be catalyzed by a PLP-containing enzyme, probably LolD.
The intermediate 12 can also be found in the biosynthetic pathway of polyamines,
raising the question whether endophytes might incorporate both plant and endophyte
metabolized 1-(3-aminopropyl) pyrrolium (12). Another PLP containing enzyme,
encoded by LolT, probably closes the ring. The next step in the biosynthesis appears
to be the incorporation of an O atom bridging C-2 and C-7.!"!
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Scheme 3: Biosynthesis of loline alkaloids."

There are four plausible options how the enzyme LolE could form the biosynthetically
unique ether bridge (Scheme 3). It is possible that either C-2 (25) or C-7 (26) could
be hydroxylated followed by a subsequent oxidative ring closure. Another option
might be the insertion of a single oxygen atom into 13 yielding norloline (1). The third
possible option is that C-2 and C-7 could be hydroxylated and halogenated to form
haloalcohols 27 or 28, respectively. The last option would be dihydroxylation to yield
diol 29. Haloalcohols 27 and 28 and diol 29 could undergo a Williamson-type
reaction. Therefore, if the structure of lolidine (6) could be confirmed, a plausible
pathway for the loline biosynthesis, including an unusual C-7 chlorinated intermediate
27, could be postulated.?®

Methylation carried out by S-adenosylmethionine (SAM) gives loline (2) and
N-methyl loline (30). The sequence of LolP indicates that it encodes a cytochrome
P450 monooxydase responsible for an NADPH+H" dependent two step oxidation of a

N-methyl group to form a N-formyl group yielding N-formyl loline (4).?"!
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Gene Predicted function

LolC y-Type PLP enzyme

LolE Epoxidase/hydroxylase

LolD o-Type PLP enzyme/group IV decarboxylase
LolT o-Type PLP enzyme

LolF FAD-monooxygenase

LolO Oxidoreductase/dioxygenase

MeT Methyltransferase

LolP Cytochrome P450 monooxygenase

Table 1: Functions of the predicted products of the LOL7 gene cluster of N. unicatum."

1.4 Semisyntheses and Total Syntheses of Lolines

1.4.1 Interconversions and Semisyntheses of Lolines

Because there was no practical synthesis providing sufficient material, loline alkaloids
were accessed through extraction and purification from darnel seeds. Subsequent
interconversions between lolines with methyl, formyl or acyl substituents at the C-1
amine can be easily achieved by using standard reaction conditions.”®?% For
instance, temuline (1) can be prepared by treatment of loline (2) with KMnOy in cold
20% H>S0,. Refluxing of 1 in an equimolar mixture of formaldehyde and formic acid
yields N-methyl loline (30). A variety of N-acyl derivatives can be obtained by reaction
of 2 with the appropriate acyl chlorides.

The first attempt towards the total synthesis of loline was carried out by Glass and
coworkers in 1978 (Scheme 4).°% Tetrabromoacetone (31) in dry furan (32) was
treated with Fey(CO)g, followed by a Zn-Cu couple reduction, in order to prepare
ketone 33. Oxim formation and subsequent tosylation gave compound 34, which
underwent a Beckmann rearrangement to afford lactam 35. Upon reduction with
lithium aluminum hydride (LAH) and acetylation with trifluoroacetic anhydride (TFAA)
compound 36 was epoxidized with meta-chloro-peroxybenzoic acid (m-CPBA) to
yield 37.
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Br
31
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H (6]
041'\CF3 A
36

(0] CF3
HO. Nu
.. fe) -
ij o Nu o
HO
38 38 39

37
(a) Fey(CO)g, THF:benzene (1:5), 80 °C; (b) Zn-Cu, MeOH, 60% (2 steps);
(c) Oxim formation, 79%; (d) TsCl, Et,O, KOH, 68%; (e) Beckmann-
rearrangement, 98%; (f) LiAlH,4, Et,0; (g) TFAA, K,CO3, 76% (2 steps); (h) m-
CPBA, CH,Cl,, 73%; (i) KoCO3, MeOH; (j) EtOH, reflux, 60% (2 steps).

Scheme 4: Studies toward loline by Glass and coworkers.”

Cleavage of the trifluoroacetyl group followed by intramolecular cyclization through
nucleophilic attack of the resulting amine yielded 38. Unfortunately a Sn2-type
substitution with a nitrogen nucleophile was unsuccessful.

A second approach by Wilson and coworkers exploited a similar concept," in which
compound 40 was synthesized in an analogous fashion as performed by Glass
(Scheme 5). The main difference between both approaches was the ring closing
step. Whereas Glass utilized an epoxide, Wilson used halonium ions (bromine and
iodine) as the reactive intermediates to achieve ring closure. However, nucleophilic
substitution could not be achieved either. The absence of Sy2-type reactions can be
attributed to the small angle between C-8, C-1 and C-2 (88°) and electronic

repulsions between the lone pair of the nitrogen and the incoming nucleophile."!
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35 40
X Nu
e (0] O o Nu o
e S | - YR - Ny
X ‘/H N N
X
41 42: X =Br 39

(a) HO-NH5-HCI, NaHCO3;, MeOH, reflux, 5 h, 81%; (b) TsCl, pyridine, CH,Cl,, -
10 °C to rt, overnight, 91%; (c) ag. THF, K,COs3, rt, overnight, 85%; (d) LiAlH,,
THF:Et,O (1:6), reflux, 5 h, overnight at rt, 65%; (e) X5, (X = Br, 1), CH,ClI,, rt,
overnight, 99%.

Scheme 5: Studies towards loline by Wilson and coworkers.?"

The only reaction observed was a bromine-metal exchange upon treatment with ¢-
BuLi affording 43. This lithiated intermediate subsequently underwent

F~elimination upon hydrolysis to give the amine 40 (Scheme 6).

Li
Br I
o) t-BulLi o) MeOH O
fouti e ey
N CN
H
42 43

40

Scheme 6: Bromine-metal exchange and subsequent hydrolysis of compound 43.

1.4.2 Racemic Synthesis of Loline

The first racemic total synthesis of loline (2) was accomplished by Tufariello and
coworkers in 1986 (Scheme 7).*? In this approach a nitrone-based methodology was
used, which had been successfully applied in the synthesis of several pyrrolizidine
alkaloids.®**34

The synthesis started with a 1,3-dipolar cycloaddition of dimethoxynitrone 44 and
methyl 4-hydroxycrotonate 45, followed by mesylation to give isoxazolidine 46.
Hydrogenolysis of the N-O bond afforded pyrollizidine 47 by simultaneous
substitution of the mesylate by the newly formed secondary amine.®® Alteration in
the stereochemistry at C-1 was carried out using NaOMe in excellent yield. The
driving force for the formation of the diastereomer was the removal of steric
compression between the methyl ester and the ketal methoxy groups. Ester 48 was

then reduced with LAH to give a diol which was subsequently protected as the
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diacetate 49. Hydrolysis afforded ketone 50, which was selectively hydrogenated in
the presence of Adams catalyst in glacial acetic acid. The hydrogenation occurred
selectively from the less hindered convex side to give alcohol 51 in good yield.*?
Introduction of the chloride with inversion of configuration was achieved by using
Vilsmeier reagent. Deprotection of the hydroxyl groups and the resulting Williamson-
type cycloetherfication gave the lolium alkaloid skeleton present in 3. The latter was
next converted into the corresponding ethyl ester by oxidation with Jones reagent
followed by acidic esterification. Treatment of ester 54 with hydrazine afforded
hydrazide 55, which underwent a Curtius rearrangement when exposed to isoamyl
nitrite (giving intermediary 56) and acidic ethanol to yield ethyl carbamate 57. Finally

carbamate 57 was reduced with LAH to complete the synthesis of racemic loline.*?

MeQ
OMe 0 b MeOMeOE' CO,Me . MeOMeo'j CO,Me
o — | o’ — T TN — > T OH
N
\O—/—‘ N\O OMs N
44 OH 45 46 47
MeOMeOH CO,Me : MeOMeOH CH,0Ac O py CHXOAc
d N e, EJN 9 EJN
—> OH > OAc » OAc
N N N
48 49 50
@ H CI@ CH,OH

HO | CH,0Ac i) ClL y CH,0Ac

: /Tl ~E X j o)
— (o = (T mone w21
52

H H
OEt
N N—
1 .
0 —» O
N N
57 2

(a) CHCI3, 45 °C, 86%; (b) MeSO,ClI, EtsN, CH,Cl,, 99%; (c) Pd/C, Ho,
MeOH, 84%; (d) NaOMe, MeOH, quantitative; (e) LiAlH,; (f) acetylation, 85%
(2 steps); (g) TFA, rt, then NaHCO3, H,0O, quantitative; (h) PtO,, AcOH, 95%;
(i) SOCl,, DMF, 75%; (j) NaOMe, MeOH, 88%; (k) CrO3, H,SO,, acetone,

then EtOH, H,SO, in benzene, 80%; (I) NoH4-H50, reflux; (m) isoamyl
nitrite, HClp, EtOH; (n) LiAlH,, THF, reflux, 83% (3 steps).

Scheme 7: Synthesis of racemic loline (2) by Tufariello and coworkers 233
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In summary the key steps of this synthesis were the Huisgen-type 1,3-dipolar
cycloaddition to generate the pyrrolizidine ring system 47, the efficient
diastereoselective reduction of ketone 50 and the employment of a Curtius
rearrangement to introduce the secondary amine 57, which avoided the substitution
problems described by Glass and Wilson.?**" Although the introduction of the amine
seems a bit tedious, the total synthesis of racemic loline could be accomplished in 12

steps.

1.4.3 First Asymmetric Synthesis of Loline

The first asymmetric synthesis of loline (2) was performed in 20 steps and employed
an intramolecular hetero-Diels-Alder reaction of a reactive acylnitrosodiene
intermediate as a key step (Scheme 8).%°

The synthesis commenced with malic acid (58), which was reduced with borane and
converted diastereoselectively into p-methoxyphenyl acetal 59. The aldehyde
generated by Swern Oxidation was subjected to a Wittig reaction yielding diene 60 as
a 3:7 mixture of E- and Z-isomers. Reduction and isomerization afforded diene 61 in
an E:Z ratio of 295:5. Carboxylic acid 62, obtained by a two-step oxidation, was
reacted with N-trifluoroacetoxy-succinimide to give first the corresponding O-
succinimidyl ester which was then replaced by hydroxylamine to yield hydroxamic
acid 63. Acylnitrosodiene 64 was generated in situ by oxidation of compound 63,
which spontaneously underwent an intramolecular hetero-Diels-Alder reaction to yield
a mixture of endo 65a and exo 65b diastereomers in a ratio of 57:43. Pyrrolizidine 66
was prepared out of diastereomer 65a within three steps by a sequence of reductive
N-O bond cleavage, mesylation and reannealing. Sharpless asymmetric
aminohydroxylation in the presence of chiral bischinchona alkaloid ligand
[(DHQD),PHAL] afforded amino alcohol 67 and its regioisomer (not shown in the
scheme) in a 3:1 ratio in moderate yield. Subsequent functional group manipulations
yielded hydroxyl mesylate 68, which upon thermal treatment cyclized to yield N-tosyl
loline (69). Reductive cleavage of the N-tosyl group yielded loline (2).

In consideration of a 20 step synthesis that employs two key steps with moderate
diastereo- (hetero-Diels-Alder) and regionselectivity (Sharpeless asymmetric
aminohydroxylation) combined with modest yields this approach seems not very
efficient. Nevertheless a hetero-Diels-Alder chemistry was established as an effective

way for pyrrolizidine synthesis.

15



CO,H ab cd ef
L 2 0T — o ™o f —
HO” >CO,H K/\/OH W
58 59 60
OPMB ah O OPMB i O OPMB
H — 2 —>» HO. 2
HOW HO V% P4 N = =
H
61 62 63
PMBO PMBO 4 PMBO 4 PMBO_= H

K 7 / A I,m,n A
\ \ ) ’
—> J/k| — + — A
NS N, N. N
S O (@)
(6]
(0] (0} (e} o (0]

endo 57:43 ex

64 65a 65b 66
\ \
PMBQ | NHTs HO y NTs H NTs
0 P.a.1.8.t > u 5
— N OH e N OMs —_— O..N. ..... )
O 7 68 69
H
4 NH N—
v z
— Qulinn D = o
N N
2

(@) BH3'SMe,, B(OMe); ,THF, 0 °C to rt; (b) PMPCH(OMe),, PPTS,
CH,Cl,, reflux, 20 h, 64% (2 steps); (c) (COCIl),, DMSO, CH,Cl,, -60 °C,
then NEts, -60 °C to rt; (d) allyltriphenylphosphonium bromide, n-BuLi, THF,
-30 °C to rt, 40% (2 steps); (e) DIBAL- H, CH,ClI,, 0 °C to rt; (f) I5, hv,
benzene, rt, 1 h, 63% (2 steps); (g) (COCI),, DMSO, CH,Cl,, -60 °C, then
NEts, -60 °C to rt; (h) NaClO,, NaH,PO,4-H50, 2-methylbut-2-ene, t-BuOH,
H,0O, 0 °C to rt; (i) CF3CO,SUC, Py, THF, rt, 20 h; (j), HONH,-HCI, Et3N,
CH,Cly, 0 °C, 75% (4 steps); (k) BuyNIO,4, CHCI3, rt, 2.5 h, 87%; (I) Na(Hg),
Na,HPO,, EtOH, 0 °C, 91%; (m) MsCl, Et3N, CH,Cl,, 0 °C; (n) LDA, THF, -
78 °C to 0 °C, 88% (2 steps); (o) Chloramine-T-:2H,0, (DHQD),PHAL,
K40s04(OH),, t-BuOH:H,0 (1:1), rt, 72 h, 52%; (p) CH;l, t-BuOK, t-BuOH,
50 °C,16 h, 76%; (q) MsCl, Et3N, CH,Cl,, 0 °C, 15 min, 99%; (r) BH3-SMe,
THF, rt, 5 h; (s) Pd(OH),/C, MeOH, rt, 14 h, 73% (2 steps); (t) DDQ,
CH,CI5/H,0 (20:1), rt, 48 h, 70%; (u) 0-Cl,CgH,4, 180 °C, 22 h, 75%; (v)
Sodium naphthalenide, DME, -60 °C, 20 min, 48%.

Scheme 8: Synthesis of (+)-loline by White and coworkers.®®

1.4.4 Racemic Synthesis of N-Acetyl Norloline
In 2011, a new racemic synthesis of N-acetyl norloline (3) by Scheerer and

coworkers was reported using a tethered aminohydroxylation (Scheme 9).°!
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(a) Ethyl diazoacetate, LIHMDS, -78 °C, 80%; (b) Rhy(OAc),, toluene, 90 °C,
99%; (c) NaBH,4, MeOH; (d) Ac,O, NEt;, DMAP, CH,CI,, rt, 16 h, 93% (2
steps); (e) LIHMDS, THF, -78 °C, 1 h, to -20 °C, 2 h, 69%; (f) t-BuNH,-BH;,
MeOH, 0 °C, 1.5 h; (g) Ac,O, NEt3, DMAP, CH,CI,, 0 °C to rt, overnight;
(h) DBU, CHyCl,, rt, 2 h, 68% (3 steps); (i) LiOH, THF, H,O, 5 h, rt; (j) K,COs,
Mel, DMF, 2 h, rt; (k) CI3CON=C=0, CH,Cl,, 0 °C, 10 min, then NaHCOs3,
MeOH 0 °C to rt, overnight, 65 % (3 steps); (I) DIBAL-H, CH,CI,, -78 °C, 1.5 h,
73%; (m) t-BuOCIl, NaOH, K,O0sO4, H>0, n-PrOH, rt, 20 h, 68%;
(n) MsCl, pyridine, rt, overnight; (o) CbzCl, NEt;, DMAP, THF, rt, 6 h , 94% (2
steps); (p) CsCO3, MeOH, rt, 3 h, 34%; (q) TFA, NEt3, CH,Cl,, 0 °C, 1 h, 99%;
(r) Hy, Pd/C, MeOH/EtOAC 1:1, rt, 1 h; (s) Ac,O, CHCI3, rt, 1 h, 71% (2 steps).

Scheme 9: Total synthesis of racemic N-acetyl norloline (3) by Scheerer and coworkers.®®!

The synthesis starts with a Claisen condensation of plactam 70 and ethyl
diazoacetate to yield the condensation product 71, which was subjected to rhodium
catalyzed N-H insertion to afford Sketoester 72. Reduction and subsequent
acetylation of 72 afforded the racemic ester 73 which upon treatment with LIHMDS
underwent Dieckmann condensation to yield enol lactone 74 in good yield. To
convert enol lactone 74 into the «,f -unsaturated lactone 75, a sequence of
reduction-elimination steps was performed. Hydrolysis of lactone 75, esterification
and conversion of the hydroxyl group into the primary carbamate with trichloroacetyl
isocyanate afforded ester 76. Reduction of ester 76 yielded allylic alcohol 77, which
was subjected to OsO4 catalyzed intramolecular aminohydroxylation to yield diol 78.

In order to form the pyrrolizidine core and the ether bridge subsequent modification of
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the functional groups were performed to provide carbamate 79. The strained ether
bridge of compound 80 was formed upon methanolysis of carbamate 79 in very
moderate yield. Deprotection of the Boc protecting group led to subsequent
intramolecular alkylation, forming the N-Cbz norloline (81). By simple hydrogenation
and acetylation it was demonstrated that Cbz-protected amine 81 can be transformed
into N-acetyl norloline in good yield.

Scheerer and coworkers demonstrated that a tethered aminohydroxylation is a
powerful tool to functionalize alkenes. He circumvented the regioselectivity issues of
the aminohydroxylation used by White and coworkers and synthesized racemic N-

acetyl norloline (3) in 17 steps.
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An efficient synthesis of loline alkaloids

Mesut Cakmak, Peter Mayer and Dirk Trauner*

Loline (1) is a small alkaloid that, in spite of its simple-looking structure, has posed surprising challenges to synthetic
chemists. It has been known for more than a century and has been the subject of extensive biological investigations, but
only two total syntheses have been achieved to date. Here, we report an asymmetric total synthesis of loline that, with
less then ten steps, is remarkably short. Our synthesis incorporates a Sharpless epoxidation, a Grubbs clefin metathesis
and an unprecedented transannular aminobromination, which converts an eight-membered cyclic carbamate into a
bromopyrrolizidine. The synthesis is marked by a high degree of chemo- and stereoselectivity and gives access to several
members of the loline alkaloid family. It delivers sufficient material to support a programme aimed at studying the

complex interactions between plants, fungi, insects and bacteria brokered by loline alkaloids.

synthesis. It can be addressed at the level of individual steps, for

example through high-yielding and atom-economic reactions?,
or at the strategic level, for example through highly step-economic
synthetic schemes®. These approaches are closely intertwined,
because new reactions allow for the redefinition of strategies, and
strategic needs often provoke the invention of new reactions,
Certain rules have emerged to maximize strategic efficiency. For
instance, protecting groups should be dreumvented, or should be
cleaved in the course of strategic bond-forming operations®#. If una-
voidable, they should at least become a part of the molecule after
they have fulfilled their defensive role. Oxidation state adjustments
that are not directed towards the final oxidation state of the target
molecule should also be avoided®. Generally, corrective measures
should be kept to a minimum. All this requires highly selective
(in particular chemo- and stereoselective) reactions, which need to
be optimally arranged to make a synthesis as short and practical
as possible.

Loline (1), a small alkaloid that has been known for decades,
represents an interesting target for testing the state of synthetic effi-
ciency (Fig. 1). It is the eponymous member of a family of
alkaloids that were initially isolated from tall fescue grasses but
were later found in many other plant families. Its congener temu-
line (2) was isolated from Lolium temudentum in 1892 and sub-
sequently renamed norloline®”. N-Acetyl norloline (3) occurs in
Festuca arundinancea, together with several other loline members®,
Its biosynthetic derivative N-formyl loline (4) is the most abundant
loline alkaloid. N-Senecioyl norloline (5) was found in the urine
of horses, which enjoy grazing on tall fescue grass®'®. The structute
of the unusual chlorine-containing alkaloid lolidine (6) was proposed
based on mass-spectrometric data, but the compound could not be
further evaluated due to a scarcity of material'’,

The loline alkaloids play a remarkable range of biclegical roles,
many of which are poorly understood and are still being unravelled.
Produced by endophytic fungi, these widely distributed alkaloids
appear to provide chemoprotection to their plant hosts, primarily
against certain types of insects and aphids. Although most loline
alkaloids are as toxic to these animals as nicotine, they seem to
have relatively few negative effects on mammalian herbivores,
including horses. In fact, the toxic affects occasionally associated
with tall fescue have been traced to ergot alkaloids®. Emphasizing
the interest that lolines have generated among biologists, their

| fficiency continues to be one of the greatest challenges in total

biosynthesis has been investigated in detail and the gene cluster
accounting for their production has recently been cloned®.

Despite their long history and intriguing biological activities, few
successful syntheses of loline alkaloids have been reported to date.
This may be due to their strained, heterotricyclic molecular skeleton,
which incorporates polar functionalities in close proximity and
makes the lolines more challenging than they appear at first sight.
The molecules feature a pyrrolizidine and a morpholine ring
systern, as well as four stereocentres, only one of which is indepen-
dent. As such, they are about as complex as oseltamivir (Tamiflu)?,
epibatidine!® or kainic acid'4, which have received much attention in
the synthetic community. Loline itself has also been the subject of
several synthetic approaches, two of which were abandoned due
to an inability to introduce the secondary amine at Cl via nucleo-
philic substitution!>!6. In 1986, Tufariello published a racemic syn-
thesis of the alkaloid that was based on a nitrone cycloaddition.
This was followed 14 years later by the first, and thus far only, asym-
metric synthesis, which required 20 steps to reach the target mol-
ecule and established hetero Diels-Alder chemistry as an effective
way to synthesize complex pyrrolizidines!’®!®. Very recently, a
racemic synthesis of N-acetyl norloline (3) has been reported®.

O,
|
1 ANH NH, NH
O O O
= N
Loline (1) Temuline {2) N-acetyl
(norloline) norloline (3)

NHAc

O,
YY clon
S
o . L0y

No

o
N-formyl N
loline (4)

N-senecioyl
norloline (5)

Lolidine (6)

Figure 1| Loline alkaloids. Members of the loline family of alkaloids have a
common heterotricyclic core and are distinguished by the substitution
pattern at the nitrogen in position 1.
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Figure 2 | Short total synthesis of loline alkaloids. a, Synthesis starts with an achiral alcohol 7 that can be easily desymmetrized to give epoxide 8 and then
diene 10. A ring-closing metathesis converts this compound into the eight-membered heterocycle T, which is further processed to yield azidoalcohol 13.

In the key step, this compound is transformed into the bicyclic pyrrolizidine 14. Establishment of the oxygen bridge then yields an azide (16), a branching
point of the synthesis. b, Azide 16 can be converted to temuline 2 by reduction of the azide. Alternatively, reduction of the azide in the presence of di-tert-
butyldicarbonate gives the N-Boc protected compound, which can be further transformed into N-methyl compound loline 1 and N-formyl loline 4. ¢, X-ray
crystal structure of the key intermediate pyrrolizidine 14. AFA, acetic formic anhydride.

Results

We now report an asymmetric total synthesis of temuline (2), loline (1)
and N-formyl loline (4) (Fig. 1). It starts with epoxy alcohol 8, which is
readily available from achiral divinyl carbinol 7 through a highly
enantiotopos and diastereoface-selective Sharpless epoxidation?!-*%,

Nucleophilic opening of epoxide 8 with 3-butenylamine (9), fol-
lowed by in situ protection of the newly formed secondary amine as
a benzyl carbamate, yielded diene 10. This compound underwent
smooth ring-closing metathesis in the presence of a Grubbs II
catalyst. The resultant diol (11) was activated for nucleophilic sub-
stitution as cyclic sulfite (12). This ring-closing and activation
sequence could also be performed as a one-pot procedure
(see Supplementary Information). Treatment of sulfite 12 with
lithium azide then yielded azido alcohol 13 with excellent regio-
selectivity and in good yield. No products of S2' substitution
were observed.

In the key step of our synthesis, we treated a solution of azido
alcohol 13 in methanol with 1 equiv. of bromine at 0°C and
obtained an excellent yield of bromopyrrolizidine hydrobromide
14 (ref. 23) (see crystal structure in Fig. 2c). Although transannular
nucleophilic substitutions have been used before in the synthesis of
pyrrolizidines, the particular combination of electrophile and
nucleophile used in this deoxycarbonylative aminobromination is
unprecedented, to the best of our knowledge.

Bromopyrrolizidine 14 requires inversion at C7 to form the
emblematic ether bridge of the loline alkaloids via a Williamson-
type nucleophilic substitution. This inversion was achieved
through a Finkelstein reaction, using LiCl in dimethyl formamide
(DMEF), which gave chloropyrrolizidine 15 in good yield. Notably,
15 corresponds to the chloropyrrolizidine subunit of lolidine (6),
the most complex and structurally mysterious of the loline alkaloids.
Heating a solution of 15 in a microwave apparatus in the presence of
potassium carbonate as a base led to the smooth formation of the
ether bridge and gave azide 16 in excellent yield. Under these con-
ditions, only 5-exo-tet nucleophilic substitution occurred and no
elimination products could be observed. The Finkelstein reaction
and subsequent Williamson ether synthesis could also be carried
out as a one-step procedure, further streamlining our synthesis
(see Supplementary Information).

Azide 16 can serve as a branching point for the total synthesis of
various loline alkaloids. Simple hydrogenation gave temuline
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Br,
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MeOH
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19

b N,
O 0S0,Me

Figure 3 | Mechanism of the key step. a, Electrophilic activation of 13 with
bromine affords bromonium ion 18, which presumably undergoes
transannular attack of the carbamate nitrogen to yield N-acylammonium ion
19. Subsequent cleavage by methanal affords a carbonate by-product (21)
and the pyrrolizidine core of the loline alkaloids (14). b, X-ray crystal
structure of 20, a sulfonate ester of 13, which shows that the nitrogen is
essentially in van der Waals contact with the carbon with which it eventually
forms a bond.

(norloline) (2), whereas hydrogenation in the presence of di-tert-
butyl pyrocarbonate yielded N-Boc temuline 17. This compound
could be cleanly reduced with lithium aluminium hydride to finally
afford loline itself (1). Formylation of loline with acetic-formic anhy-
dride then gave N-formyl loline (4), which is of considerable biological
interest. The spectral data of all synthetic compounds corresponded to
those reported in the literature (see Supplementary Information).
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Figure 4 | Synthesis and X-ray structure of temuline carbamate. Exposure
of temuline to CO, yields a zwitterionic carbamate. Also shown is the X-ray
crystal structure, a rare example of a solid-state structure bearing a

free carbamate.

Discussion

The key aminobromination of 13 warrants further mechanistic
analysis (Fig. 3). Presumably, this reaction is initiated by the for-
mation of a bromonium ion 18, which is attacked by the nearby
nitrogen atom and not, as one might expect, by the nucleophilic car-
bamate oxygen. Indeed, an X-ray structure of compound 20, the
mesylate of 13, shows that the nitrogen resides in very close proxi-
mity (~3.1 A) to the carbon atom with which it subsequently forms
a bond (Fig. 3; see Supplementary Information for the synthesis of
20). A similar arrangement has been observed by Wilson, who
studied related transannular aminobrominations involving second-
ary amines in detail?**. This conformational preorganization, in
combination with the strain of the cyclic carbonate that would be
formed through the more common O-attack, determines the
course of the reaction. Transannular nucleophilic attack of the nitro-
gen then presumably yields acyl ammonium ion 19, which is sub-
sequently cleaved by the solvent, methanol, which cannot attack
the bromonium ion directly due to steric hindrance. Supporting
this mechanism, benzyl methyl carbonate (21) could be identified
as a by-product of the reaction in stoichiometric yield.

Owing to their rigidity and polarity, the loline alkaloids exhibit
some unusual physicochemical properties and chemical behaviour.
For instance, it is well known that temuline (norloline) (2) has a
strong propensity to absorb CO, (ref. 17). To gain more insight
into this phenomenon, we deliberately exposed a solution of 2 in
methanol to a CO, atmosphere (Fig. 4). Slow evaporation of the
solvent yielded crystals of the zwitterionic carbamate 22 suitable for
X-ray analysis. The X-ray structure of 22 is one of the few examples
of a solid-state structure bearing a free carbamate reported in the lit-
erature (Fig. 4)*°%". Interestingly, there are no intramolecular hydro-
gen bonds, but strong intermolecular hydrogen bonds are apparent in
the supramolecular packing of 22 (see Supplementary Information).

In summary, we have developed a highly efficient, asymmetric
total synthesis of (+)-loline (1) that requires 10 (or in the stream-
lined version 8) steps, starting from the easily available achiral
divinyl carbinol 7. It features a Sharpless epoxidation, a Grubbs
olefin metathesis and uses an unusual transannular attack of carba-
mate nitrogen to yield the pyrrolizidine skeleton. The only protect-
ing group used in the synthesis is lost in the course of a strategic
bond formation and does not require an additional cleavage step.
Our synthesis is scalable, diversifiable and should give ample
access to a range of other loline alkaloids, including lolidine (6).
The synthetic natural products and derivatives thereof will be
used to further explore the complex interactions between plants,
fungi, insects and bacteria brokered by loline alkaloids.
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General Experimental Details. Unless stated otherwise, all reactions were performed in oven-
dried or flame-dried glassware under a positive pressure of nitrogen. Commercial reagents and
solvents were used as received with the following exceptions. Tetrahydrofuran (THF) was
distilled from benzophenone and sodium immediately prior to use. Diisopropylethylamine
(DIPEA) and Triethylamine (TEA) were distilled over calcium hydride immediately before use.
Reactions were magnetically stirred and monitored by crude NMR or analytical thin-layer
chromatography (TLC) using E. Merck 0.25 mm silica gel 60 Fps4 precoated glass plates. TLC
plates were visualized by exposure to ultraviolet light (UV, 254 nm) and/or exposure to an
aqueous solution of ceric ammoniummolybdate (CAM) or an aqueous solution of potassium
permanganate (KMnQ4) followed by heating with a heat gun. Flash column chromatography
was performed as described by Siill et al. employing silica gel (60 A, 40-63 um, Merck) and a
forced flow of eluant at 1.3—1.5 bar pressure.’ Yields refer to spectroscopically (“H NMR and *C
NMR) pure material.

Instrumentation. Proton nuclear magnetic resonance (1H NMR) spectra were recorded on
Varian VNMRS 300, VNMRS 400, INOVA 400 or VNMRS 600 spectrometers. Proton
chemical shifts are expressed in parts per million (8 scale) and are calibrated using residual
undeuterated solvent as an internal reference (CHCl3: & 7.26, MeOH: & 3.31, H,0: 6 4.79). Data
for 'H NMR spectra are reported as follows: chemical shift (& ppm) (multiplicity, coupling
constant (Hz), integration). Multiplicities are reported as follows: s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, br = broad, or combinations thereof. Carbon nuclear magnetic
resonance (°C NMR) spectra were recorded on Varian VNMRS 300, VNMRS 400, INOVA 400
or VNMRS 600 spectrometers. Carbon chemical shifts are expressed in parts per million (&
scale) and are referenced from the carbon resonances of the solvent (CDCls: 8 77.0, MeOH: &
49.0). Infrared (FTIR) spectra were recorded on a Perkin Elmer Spectrum BX II (FTIR System).
FTIR Data is reported in frequency of absorption (em™). Mass spectroscopy (MS) experiments
were performed on a Thermo Finnigan MAT 95 (EI) or on a Thermo Finnigan LTQ FT (ESI)
instrument. Microwave reactions were performed on a CEM machine (Model: Discovery

System, No. 908010).
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Synthetic procedures.

on e 1DIPEA, 45°C, 12h oH
: 2) CbzCl, Na,CO; rt, 3h
a Ut AN, R T W\N/\/\
\/\<f!) OH Cbz
8 9 10

Diene 10:

6.97 g (69.7 mmol, 1 eq.) epoxy alcohol 87 was dissolved in methanol (150 mL) and treated with
11.19 g (104.5 mmol, 1.5 eq.) 4-butenylamine hydrochloride (9) and 39.0 mL (230.0 mmol, 3.3
eq.) DIPEA. The reaction mixture was stirred at 45 °C for 12 h in a sealed tube. 22.1 g (209.1
mmol, 3 eq.) NayCOs in water (100 mL) and 23.7 mL (167.3 mmol, 2.4 eq.) benzyl
chloroformate were subsequently added at O °C and stirred for 3 h at rt. The reaction mixture was
subsequently diluted with H,O (200 mL) and extracted with EtOAc (3 x 150 mL). The combined
organic layers were washed with brine (300 mL), dried over MgSOy, filtered and concentrated in
vacuo. The crude product was purified by flash column chromatography (hexanes:EtOAc = 3:1)
to yield 15.9 g (52.3 mmol, 75%) diene 10 as a clear oil (one spot on TLC).

TLC (hexanes EtOAc = 1:1), Ry = 0.48 (UV, CAM).

"H NMR (CDCls, 600 MHz): 8= 7.35 (m, 5H), 5.93-5.87 (m, 1H), 5.73-5.67 (m, 1H). 5.34 (d,
J=17.3 Hz, 1H), 5.25 (d, J=10.5 Hz, 1H). 5.13 (s, 2H), 5.03-4.98 (dd, J=9.9, 16.7 Hz, 2H), 4.06
(s, 1H), 3.70 (s, 1H), 3.62 (dd, J=6.2, 14.8 Hz, 1H), 3.43-3.29 (m, 6H), 2.36 — 2.24 (m, 2H).

C NMR (CDCls, 150 MHz): 6= 158.4, 136.7, 136.3, 134.9, 128.5, 128.1, 127.9, 117.2, 117.0,
74.3, 74.0, 67.7, 49.9, 48.6, 32.9.

IR (Diamond-ATR, neat) vyay: 3397, 2978, 2937, 1743, 1671, 1478, 1423, 1221, 1147, 1094,
994, 917, 734, 697 cm™.

[a] b — 9.2° (¢ = 0.46, CHCI;).

HRMS (ESI) caled for Cy7Hy;3NO, [M+H]": 306.1700; found: 306.1706.

OH Grubbs 11, =3 on SOCIz, NEt; =0
SAINSS 45°C, 1h (j: 0°C, 1h (j: “s=0

LA —_— /

OH Cbz N H OH N H o

10 cb? cb?

1 12
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Diol 11

A solution of 2.10 g (6.9 mmol, 1.0 eq.) diene 10 in CH,Cl, (3.0 L) was heated to reflux and 292
mg (0.34 mmol, 0.05 eq.) Grubbs 2" Generation catalyst was added in one portion. The reaction
mixture was refluxed for 1 h, then concentrated in vacuo to a total volume of ca. 50 mL and in
general used for the next reaction without further purification.

The reaction was repeated five times using the same batch of CH»Cl,, which was recycled by
distillation from the reaction mixture.

For characterization purpose, the reaction mixture was concentrated in vacuo and the crude
product was purified by flash column chromatography (hexanes:EtOAc = 2:1) to yield 1.64 g
(5.9 mmol, 86%) diol 11 as brown oil (one spot on TLC).

TLC (hexanes: EtOAc = 1:1), R = 0.15 (UV, CAM).

"H NMR (CDCls, 600 MHz): 8= 7.37-7.27 (m, 5H), 5.92-5.65 (m, 2H), 5.17-5.06 (m, 2H),
4.46-4.25 (m, 2H), 4.21-3.62 (m, 2H), 3.30 (brs, 1H), 3.18 (brs, 1H), 2.95 (brs, 1H), 2.71-2.56
(m. 1H), 2.30-2.12 (m, 2H).

BC NMR (CDCls, 151 MHz): 6= 156.9, 156.1, 136.4, 136.3, 133.7, 132.5, 129.2, 128.6, 128.5,
128.3, 128.1, 128.1, 127.9, 127.8, 73.1, 72.7, 69.9, 69.4, 67.5, 67.4, 51.7, 51.3, 50.2, 49.5, 28.3,
28.1.

IR (Diamond-ATR, neat) vima: 3408, 2936, 1680, 1472, 1419, 1264, 1222, 1107, 1053, 955, 731,
697 em™.

[ p + 48.5° (¢ = 0.42, CHCL;).

HRMS (EI) caled for C;sH;9NO4: 277.1314; found: 277.1291.

Note: Multiple signals of "H- and "C-NMR are due to rotamers and conformers.

Sulfite 12

Crude diol 11 (100% yield assumed from RCM reactions, 34.5 mmol ) in CH;Cl; (ca. 250 mL)
was cooled to 0 °C. 19.2 mL (138.0 mmol, 4 eq.) NEts was added followed by a dropwise
addition of 7.51 mL (103.5 mmol, 3 eq.) SOCl and stirred at 0 °C for 1 h. The reaction mixture
was diluted with CHCl; (400 mL), washed with H,O (3 x 150 mL) and brine (400 mL), dried

over MgSQOy, filtered and concentrated in vacuo. The crude product was purified by flash column
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chromatography (hexanes:EtOAe = 3:1) to yield 9.48 g (29.3 mmol, 85% over 2 steps) sulfite 12

as a mixture of diastereomers in ratio of (54:46).

TLC (hexanes EtOAc = 2:1), Ry = 0.81 (UV, CAM).

"H NMR (CDCl;, 300 MHz): 6= 7.36 (brs, 5H), 6.19-5.94 (m, 2H), 5.63-5.43 (m, 1H), 5.39-
5.05 (m, 2H), 5.04-4.69 (m, 1H), 4.45-4.12 (m, 2H), 3.31-2.91 (m, 1H), 2.82-2.60 (m, 1H),
2.43-2.21 (m, 1H), 2.19-1.93 (m, 1H).

B NMR (CDCl;, 75 MHz): 8= 155.6, 136.2, 136.0, 132.7, 132.1, 131.6, 130.3, 129.7, 129.2,
128.7, 128.6, 128.4, 128.3, 128.2, 128.1, 128.0, 84.1, 83.1, 81.7, 81.6, 80.8, 80.5, 78.8, 78.1,
67.9,67.8,67.7,48.1, 47.9, 47.7, 47.7, 47.2, 47.1, 46.3, 29.8, 29.5, 29.2, 29.0.

IR (Diamond-ATR, neat) vmae: 2947, 1695, 1463, 1417, 1211, 963, 740, 698 cm’".

[@]* b — 7.2° (¢ = 0.42, CHCly).

HRMS (EI) calcd for Ci5Hy17NOsS: 323.0827; found: 323.0826.

H

(j:o\s—o LINg, 130°C, 2.5h (j‘"“
Val —_—
N o N—" “OH

yH |
Cbz Chz
12 13

Azido alcohol 13

500 mg (1.55 mmol, 1 eq.) sulfite 12 was dissolved in DMF (37 mL) and treated with 1.14 mL
(4.64 mmol, 3 eq., 20% solution in water) LiN;. The reaction mixture was stirred at 130 °C for
2.5 h, cooled to room temperature and diluted with H,O (150 mL). The reaction mixture was
extracted with EtOAc (3 x 50 mL) and the combined organic layers were subsequently washed
with H,O (3 x 100 mL), 10% aq. LiCl (100 mL) and brine (100 mL). The organic layer was
dried over MgS8Q,, filtered and concentrated i1 vacuo. The crude product was purified by flash
column chromatography (hexanes:EFtOAc = 3:1) to yield 390 mg (1.29 mmol, 83%) azido
alcohol 13 as a clear oil (one spot on TLC).

Note: Reaction scales larger than 1.55 mmol afforded the product in 55-70% yield.

TLC (hexanes: EtOAc = 6:4), Ry = 0.50 (UV, CAM).

NATURE CHEMISTRY | www.nature.cormynatureche mistry 5
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1 NMR (CDCl3, 300 MHz): &= 7.45-7.31 (m, SH), 5.95-5.79 (dd, J=8.0, 18.8 Hz, 1H), 5.61—
5.47 (m, 1H), 5.29-5.16 (m, 3H), 4.27-4.02 (m, 2H), 3.82-3.69 (m, 1H), 3.15 (dd, J=4.2, 15.2
Hz, 1H), 2.75-2.54 (m, 1H), 2.40-2.22 (m, 2H).

B¢ NMR (CDCl;, 75 MHz): 8= 158.8, 136.0, 130.1, 130.0, 129.3, 1287, 128.5, 1283, 128.2,
77.0, 68.3, 63.9, 54.3, 49.5, 28.8.

IR (Diamond-ATR, neat) Viax: 3376, 2930, 2099, 1663, 1417, 1258, 1210, 1132, 1066, 987, 733,
696 cm™.

[a]p — 11.6° (¢ = 0.43, CHCLy).

HRMS (ESI) caled for Ci5HisN4Os [M+Na]+: 325.1277, found: 325.1271.

—\_.Ns MsCl, NEt,, N3
0°C, 2h
—_—

N—"" OH N—" "0SO,Me

cb? cb

13 20

Azido mesylate 20

To a solution of 90 mg (0.298 mmol, 1 eq.) azido alcohol 13 and 100 pL (0.715 mmol, 2.4 eq.)
NEt; in CH,Cl; (12 mL) at 0 °C was added dropwise 28 pL (0.358 mmol, 1.2 eq.) MsCl. The
reaction mixture was stirred for 2 h at 0 °C and then diluted with sat. aq. NH4CI (10 mL). The
reaction mixture was extracted with EtOAc¢ (3 x 25 mL) and the combined organic layers were
washed with brine (100 mL), dried over MgSO,, filtered and concentrated in vacuo to yield 96
mg (0.253 mmol, 85%) azido mesylate 20 as a yellow solid (one spot on TLC).

TLC (hexanes: EtOAc = 6:4), Ry = 0.45 (UV, CAM).

'"H NMR (CDCls, 400 MHz): 8= 7.44-7.32 (m, 5H), 5.92-5.83 (m, 1H), 5.54-5.41 (m, 1H),
5.27-5.09 (m, 2H), 4.74-4.50 (m, 1H), 4.38 (dt, J=9.3, 17.7 Hz, 1H), 3.65 (m, 3H), 3.31-3.20
(m, 2H), 2.91 (s, 2H), 2.33 (s, 2H).

BC NMR (CDCls, 100 MHz): 8= 156.3, 136.2, 131.7, 131.3, 128.8, 128.5, 1283, 128.0, 127.4,
80.6, 67.8, 67.6, 61.5, 50.4, 50.4, 47.3, 38.5, 38.0, 28.1, 27.8.

IR (Diamond-ATR, neat) ving: 2102, 1693, 1467, 1419, 1350, 1255, 1171, 1137, 946, 737 cm™.
HRMS (EI) caled for Ci6H27N4O4S: 380.1154; found: 380.1156.

NATURE CHEMISTRY | www.nature.corrynaturechemistry 6
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— Bry MeOH, B N. o]
—_— + o Me
N—""OH C!:S """ oH ©/\

cbz « HBr
13 14 21

Bromo pyrrolizidine hydrobromide 14

To a solution of 2.30 g (7.62 mmol, 1 eq.) azido alcohol 13 in MeOH (1.4 L) at 0 °C was added
390 pL (7.62 mmol, 1 eq.) Brz. The reaction mixture was stirred under exclusion of light (to
avoid radical reactions) for 12 h at 0 °C and concentrated in vacuo. The crude product was
triturated with Et,O (200 mL) and the formed precipitate was filtered off to yield 2.40 g (7.40
mmol, 97%) bromo pyrrolizidine hydrobromide 14 as colorless crystals.

The filtrate was concentrated in vacuo to yield 1.20 g (7.24 mmol, 95%) carbonate 21.

TLC (CHCl;:MeOH:NH,OH = 9:1:0.2), Ry = 0.65 (KMnOy).

"H NMR (MeOH-d,, 400 MHz): 6= 4.86-4.82 (m, 1H), 438-4.31 (m, 1H), 4.29 (t, J=7.3 Hz,
1H), 4.11 (t, J=7.3 Hz, 1H), 3.90 (dd, J=6.1, 11.7 Hz, 1H), 3.67 (ddd, J=6.5, 7.5, 11.9 Hz, 1H),
3.49 (dt,J=6.5, 11.8 Hz, 1H), 3.20 (dd, J=9.1, 11.8 Hz, 1H), 2.72-2.56 (m, 2H).

BC NMR (MeOH-dy, 100 MHz): 8= 74.1, 70.5, 68.6, 57.4, 53.4, 44.4, 34.8.

IR (Diamond-ATR, neat) vma: 3308, 2528, 2458, 2110, 1471, 1381, 1284, 1129, 1063, 986, 860
669 cm™.

[@]®p +22.0° (¢ = 0.41, MeOH).

HRMS (ESI) caled for C7H;BrN4O [M+H]": 247.0189; found: 247.0189.

M.p.: 172 °C

c
B gy s Licl, 105°C, 6h t""_:g’
—_—
+HBr

15
14

Choro pyrrolizidine 15
A solution of 1.71 g (5.26 mmol, 1 eq.) bromo pyrrolizidine hydrobromide 14 and 4.42 g (105.2
mmol, 20 eq.) LiCl in DMF (90 mL) was stirred for 6 h at 105 °C. The reaction mixture was

NATURE CHEMISTRY | www.nature.cormynatureche mistry 7
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cooled to rt, diluted with H,O (700 mL) and 1M aq. HCI (30 mL) and washed with EtOAc (2 x
250 mL). The aqueous layer was adjusted to pH = 10 with 1M aq. NaOH and extracted with
FtOAc (5 x 300 mL). The combined organic layers were subsequently washed with H,O (2 x
500 mL), 10% aq. LiCl (500 mL) and brine (500 mL). The organic layer was dried over MgSQ,,
filtered and concentrated in vacuo to yield 913 mg (4.52 mmol, 86%) chloro pyrrolizidine 15 as a

brown oil (one spot on TLC).

TLC (CHCl3:MeOH:NH,OH = 9:1:0.2), Ry = 0.65 (KMnOy).
'"H NMR (CDCl;, 400 MHz): 8= 4.28 (dd, J=5.5, 12.0 Hz, 1H), 4.24 (dd, J=5.9, 12.5 Hz, 1H),
3.60 (1, J=5.5 Hz, 1H), 3.45 (dd, J=4.9, 10.4 Hz, 1H), 3.34 (dd, J=5.5, 10.6 Hz, 1H), 3.33-3.28
(m, 1H), 2.87-2.77 (m, 1H), 2.62 (dd, J=6.4, 10.6 Hz, 1H), 2.42-2.34 (m, 1H), 2.12-2.04 (m,
1H).

BC NMR (CDCls, 100 MHz): &= 76.5, 76.5, 70.1, 60.0, 59.6, 53.6, 35.6.

IR (Diamond-ATR, neat) vy 2928, 2853, 2096, 1450, 1379, 1251, 1128, 1084, 978, 872, 792,
753, 698, 668 cm™.

[@]* b — 68.3° (¢ = 0.38, CHCL).

HRMS (ESI) caled for C;H;; CIN,O [M+H]": 203.0694; found: 203.0694.

Supplementary Table S1. '"H NMR data comparison between reported hydroxychlorololine
-2HCI and chloro pyrrolizidine -HCI (15).

Proton | Literature report’ (‘H, 300 MHz, D,0) This report (H, 400 MHz, D>0)
H-7 4.80 (ddd, J=3.2, 4.6, 4.9 Hz, 1H) 4.68 (ddd, J=4.3, 5.0, 5.2Hz, 1H)
H-2 4.66 (dd, J=4.9, 5.6 Hz, 1H) 433 (dd, J=5.0, 5.2 Hz, 1H)
H-8 4.48 (dd, J=3.2, 6.1 Hz, 1H) 4.06 (dd, J=4.3, 4.8 Hz, 1H)
H-3a | 3.92(dd, J=5.6, 13.1 Hz, 1H) 3.76 (dd, J=5.2, 12.8 Hz, 1H)
H-5b | 3.92 (ddd, J=5.3, 6.4, 12.1 Hz, 1H) 3.83 (ddd, J=5.8, 6.5, 12.3 Hz, 1H)
NATURE CHEMISTRY | www nature.com/naturechermistry 8
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H-1 3.77 (dd, J=4.9, 6.1 Hz, 1H) 4.14 (dd, J=4.6, 5.1 Hz, 1H)
H-5a 3.52(ddd, j=5.0, 7.1, 12.1 Hz, 1H) 3.37(ddd, J=5.9, 6.6,12.5 Hz, 1H)
H-3b 3.37(dd, /=5.6, 13.1 Hz, 1H) 3.18 (dd, J=5.0, 12.9 Hz, 1H)

NMe |2.79 (s, 3H) -

H-6b 2.74 (dddd, /=4.9, 5.0, 6.4, 15.0 Hz, 1H) 2.67 (dddd, /=54, 5.6, 6.8, 14.5 Hz, 1H)

H-6a 2.34 (dddd, J=4.6, 5.3, 7.1, 15.0 Hz, 1H) 2.21 (dddd, J=5.1,5.9, 6.6, 14.4 Hz, 1H)

Supplementary Table $2. *C NMR data comparison between reported hydroxychlorololine
-2HCI1 and chloro pyrrolizidine -HC1 (15).

Carbon | Literature report® (°C, 75.5 MHz, D;0) This report (3°C, 100 MHz, D,0)
C-8 77.5 77.8

C-2 73.6 73.5

C-1 68.2 66.9

C-7 60.8 57.1

C-3 60.4 58.0

C-5 57.6 55.1

C-6 36.1 33.8

NMe |[34.38 -

C. H N K,CO;3 Ns

[-wave
—— 07

15

Arzide 16
A solution of 5380 mg (2.87 mmol, 1 eq.) chloro pyrrolizidine 15 and 990 mg (7.18 mmol, 2.5
eq.) KoCOs in MeOH (30 mL) was stirred in a microwave reactor for 10 min at 150 °C/300 W.

10 g silica was added and the reaction mixture was concentrated in vacuo. The crude product

NATURE CHEMISTRY | www.nature.cormynatureche mistry 9
© 2011 Macmillan Publishers Limited. All rights reserved.

35



DOI: 101038/NCHEM.1072 SUPPLEMENTARY INFORMATION

was purified by flash column chromatography (CHCl3;:MeOH = 10:1) to yield 429 mg (2.58
mmol, 90%) azide 16 as a yellow oil (one spot on TLC).

N3
B u Licl, 85°C, 4h o
—_— 7l
N «OH B KOiBu,r, 12h N
«HBr
14 16

One-pot-procedure: azide 16

A solution of 15 mg (0.046 mmol, 1 eq.) bromo pyrrolizidine hydrobromide 14 and 48 mg (1.15
mmol, 25 eq.) LiCl in DMSO (1 mL) was stirred for 4 h at 85 °C. The reaction mixture was
cooled to rt, treated with 26 mg (0.230 mmol, 5 eq.) KOrBu and stirred for 12 h at rt. The
reaction mixture was diluted with H,O (10 mL) and extracted with CHCIl; (5 x 5 mL). The
combined organic layers were washed with H2O (2 x 20 mL) and brine (20 mL). The organic
layer was dried over MgSQ,, filtered and concentrated in vacuo to yield 5 mg (0.030 mmol,

65%) azide 16 as a yellow oil.

TLC (CHCl;:MeOH:NH,OH =9:1:0.2), Ry = 0.67 (KMnOy).
'H NMR (CDCls. 400 MHz): 8= 4.47 (dd, J=1.8. 4.5 Hz, 1H), 4.15 (s, 1H). 4.06 (s, 1H). 3.49 (d,
J=11.7 Hz, 1H), 3.31 (s, 1H), 3.14-3.10 (m, 1H), 3.02-2.97 (m, 1H), 2.45 (d, J=11.7 Hz, 1H),
2.10-2.05 (m, 1H), 2.02-1.96 (m, 1H).

B¢ NMR (CDCls, 100 MHz): 6= 82.1, 74.4, 69.6, 66.4, 61.2, 54.8, 33.7.

IR (Diamond-ATR, neat) vog,: 2940, 2103, 1354, 1310, 1263, 1097, 1050, 1006, 958, 849, 791,
724 cm™.

[a]p — 49.2° (¢ = 0.44, CHCLy).

HRMS (ESI) caled for C;H;oN,O [M+H]': 167.0927; found: 167.0928.

N3 NH;
o Hy, PdIC, rt, 4h o
N N
16 2
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Temuline (2)

A solution of 15 mg (0.090 mmol, 1 eq.) azide 16 and 6 mg (0.006 mmol, 0.06 eq.) 10% Pd/C in
MeOH (3 mL) was degassed with N> in a sonicator for 5 minutes, then flushed with H» (3 x) and
stirred for 4 h at rt under Hy atmosphere (balloon). The reaction mixture was filtered through a
pad of Celite and the filtrate was concentrated in vacuo to yield 11.4 mg (0.081 mmol, 90%)
temuline (2) as a yellow oil (one spot on TLC).

Note: When temuline (2) is exposed to air, it readily forms the corresponding carbamate, a

crystalline solid.

TLC (CHCl3:MeOH = 2:1), Ry = 0.16 (KMnO).

'H NMR (CDCls, 400 MHz): 8= 4.40 (dd, J=1.9, 4.5 Hz, 1H), 3.84 (d, J=1.7 Hz, 1H), 3.60 (dd,
J=0.8, 1.7 Hz, 1H), 3.50 (dd, J=0.7, 11.7 Hz, 1H), 3.10 (ddd, J=3.6, 8.3, 12.7 Hz, 1H), 3.05 (dd,
J=1.4, 1.5 Hz, 1H), 2.93 (ddd, J=7.3, 9.3, 12.8 Hz, 1H), 2.42 (d, J=11.8 Hz, 1H), 2.03 (ddd,
J=73.8.2, 143 Hz, 1H), 1.97 (dddd, J=3.6, 4.4,9.4, 142 Hz, 1H).

3¢ NMR (CDCls, 100 MHz): 8= 81.7, 76.2, 71.9, 60.8, 60.5, 54.5, 34.1.

IR (Diamond-ATR, neat) vma: 3366, 3288, 3184, 1606, 1472, 1318, 1250, 1216, 1174, 1087,
1040, 1020, 955, 846, 798, 772, 695, 626 cm’™.

[a]®b +27.3° (¢ = 0.37, CHCl;).

HRMS (ESI) calced for C7HoN,0 [M+H]': 141.1022; found: 141.1024.

Supplementary Table S3. "H NMR data comparison between reported natural temuline (2) and

synthetic temuline (2).

Literature report’ (H, 300 MHz, CDCl;)* This report (‘H, 400 MHz, CDCl;)
4.25 (dd, J=1.9, 4.4 Hz, 1H) 4.40 (dd, J=1.9, 4.5 Hz, 1H)
3.72 (dd, J=1.6, <2 Hz, 1H) 3.84 (d, J=1.7 Hz, 1H)
3.48 (dd, J=1.8, <2 Hz, 1H) 3.60 (dd, J=0.8, 1.7 Hz. 1H)
3.38 (dd, J=1.6, 11.7 Hz, 1H) 3.50 (dd, J=0.7, 11.7 Hz, 1H)
NATURE CHEMISTRY | www .nature.com/natureche mistry 1
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2.98 (ddd, J=3.8, 8.3, 12.8 Hz, 1H) 3.10 (ddd, J=3.6, 8.3, 12.7 Hz, 1H)

2.92 (dd, J=1.8, 1.9 Hz, 1H) 3.05(dd, J=1.4, 1.5 Hz, 1H)

2.80 (ddd, J=7.5, 9.3, 12.8 Hz, 1) 2.93 (ddd, J=7.3,9.3, 12.8 Iz, 1H)

2.29 (d, /=11.7 Hz, 1H) 2.42 (d, J=11.8 Hz, 1H)

1.94 (ddd, J=7.5, 8.3, 14.3 Hz, 11 2.03 (ddd, /=73, 8.2, 143 Iz, 1H)

1.84 (dddd, J=3.8, 4.4, 9.3, 143 Iz, 1H) 1.97 (dddd, J=3.6, 4.4, 9.4, 14.2 Hz, 1H)

*Chemical shifts are reported relative to TMS with CDCI; solution.
Note: Slight differences in the 'H-NMR spectrum could be due to concentration effects (c.f. Ref.
4)*

Supplementary Table $4. *C NMR data comparison between reported natural temuline (2) and
synthetic temuline (2).

Literature report® (°C, 75.5 MHz, CDCl3) This report (*C, 100 MHz, CDCl;)
81.7 81.7
76.2 76.2
71.9 71.9
60.8 60.8
60.5 60.5
54.5 54.5
34.1 34.1
[+ -
NHz NH
MeOH
(29%)
2 22
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Temuline carbamate (22)

CO; was bubbled trough a solution of 14 mg (0.1 mmol) temuline (2) in Methanol (5 mL) for 2
min. The reaction mixture was concentrated down to afford 18.2 mg (0.099 mmol, 99%)

temuline carbamate (22) as a colourless crystalline solid.

TLC (CHCl3:MeOH = 7:3), Ry = 0.27 (KMnOy).*

"H NMR (MeOH-ds, 600 MHz): 8= 4.61 (dd, J=2.2, 5.0 Hz, 1H), 4.33 (s, 1H), 4.27 (s, 1H), 4.18
(d, J=12.0 Hz, 1H), 3.95 (d, J=2.2 Hz, 1H), 3.67 (ddd, J=3.6, 9.0, 12.4 Hz, 1H), 3.59-3.54 (m,
1H), 3.19 (d, J=12.0 Hz, 1H), 2.43-2.37 (m, 1H), 2.31-2.26 (m, 1H).

BC NMR (MeOH-ds, 151 MHz): 6= 79.3, 74.9, 74.0, 61.3, 57.8, 52.5, 29.9.

IR (Diamond-ATR, neat) vmas: 3354, 2921, 2784, 2549, 1653, 1475, 1444, 1375, 1343, 1215,
1181, 1085, 1001, 963, 937, 836, 799, 778cm ™",

[@]¥ b - 46.0° (¢ = 0.19, MeOH).

HRMS (EI) caled for CsH12N,03 [M—CO,]: 140.0944; found: 140.0936.

* Note: TLC was saturated with NH 3 before running in the solvent mixture.

N3 Boc,0, Hy NHBoc
o Pd/C, i, 48h o-
N N

18 17

N-Boe temuline (17)

A solution of 10 mg (0.060 mmol, 1 eq.) azide 16, 26 mg (0.120 mmol, 2 eq.) Boc,O and 6 mg
(0.006 mmol, 0.09 eq.) 10% Pd/C in THF (5 mL) was degassed with N in a sonicator for 5
minutes, then flushed with Hz (3 x) and stirred for 48 h at rt under H; atmosphere (balloon). The
reaction mixture was filtered through pad of Celite and the filtrate was concentrated in vacuo.
The crude product was purified by flash column chromatography (CHCl3:MeOH = 9:1) to yield
13.4 mg (0.056 mmol, 93%) N-Boc temuline (17) as a yellow oil (one spot on TLC).

TLC (CHCl3;:MeOH:NH4OH = 9:2:0.2), Ry = 0.66 (KMnQOs).
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1 NMR (CDCl;, 600 MHz): &= 5.45 (brs, 1H), 4.46 (dd, J =1.6, 4.4 Hz, 1), 4.23 (d, J=5.6 Hz,
1H), 4.14 (s, 1H), 3.36 (d, J=11.8 Hz, 1H), 3.12-3.08 (m, 2H), 2.96-2.91 (m, 1H), 2.43 (d,
J=11.8 Hz, 1H), 2.10-2.04 (m, 1H), 2.02-1.97 (m, 1H), 1.43 (s, 9H).

BC NMR (CDCl3, 150 MHz): &= 155.5, 81.0, 79.6, 74.1, 69.7, 61.0, 58.5, 54.6, 33.8, 28.3.

IR (Diamond-ATR, neat) vy 2974, 2937, 1697, 1547, 1365, 1289, 1251, 1161, 1152, 999, 961,
850, 794, 749, 665 cm™.

[ p +38.7° (¢ =0.35, CHCL).

HRMS (ESI) caled for CjoHyoN203 [M+H]™: 241.1547; found: 241.1545.

H
NHBoc N

LIAH,, ~
o 70°C, 8h o
N 8 HCl N
« 2HC
17 1

Loline -2HCI (1)
A solution of 11 mg (0.046 mmol, 1 eq.) N-Boc temuline (17) in THF (5 mL) was degassed with
Nj in a sonicator for 5 minutes, then treated with 275 pl (0.275 mmol, 6 eq., 1M solution in
THF) LiAlH4 and refluxed for 8 h. The reaction mixture was quenched with 1M ag. NaOH (0.3
mL) and 0.5 g silica was added and concentrated in vacuo. The crude product was purified by
flash column chromatography (CHCl;:MeOH:NH4OH = 10:4:1) and the resulting free base was
treated with 3M HCI in methanol (2 mL) and concentrated in vacuo to vield 10 mg (0.044 mmol,
96%) loline -2HCI (1) as a yellow oil (one spot on TLC).
Note: When loline (1) (as a free base) is exposed to air, it readily forms the corresponding

carbamate, a crystalline solid.

TLC (CHCl3:MeOH:NH,OH = 9:3:0.5), Ry = 0.12 (KMnOy).
'"H NMR (D;0, 400 MHz): 6= 4.82 (s, 1H), 4.80 (s, 1H), 4.75 (dd, J=2.3, 4.8 Hz, 1H), 4.26 (s,
1H), 4.15 (d, J=13.9 Hz, 1H), 3.82-3.76 (m, 1H), 3.76-3.70 (m, 1H), 3.60 (d, J=13.9 Hz, 1H),
2.83 (d, J=0.9 Hz, 3H), 2.42 (ddd, J=7.6, 10.0, 15.0 Hz, 1H), 2.31 (ddd, J=5.0, 8.4, 15.0 Hz, 1H).
BC NMR (CDCl3, 100 MHz): &= 83.4, 74.0, 72.2, 66.0, 64.2, 58.2, 36.4, 36.1

[ p + 5.4° (¢ = 0.31, H,O).
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HRMS (ESI) caled for CsHiuN,O [M+H]": 155.1179; found: 155.1176.

Supplementary Table SS. '"H NMR data comparison between reported natural loline -2HCI (1)

and synthetic loline -2HCI (1).

Literature report’ ('H, 300 MHz, D,0)

This report (‘H, 400 MHz, D,0)

4.79 (dd, J=1.0, <2 Hz, 1H)

4.82 (s, 1H)

4.79 (dd, J=1.9, 2.2 Hz, 1H)

4.80 (s, 1H)

4.76 (bm, 1H)

4.72 (dd, J=2.2, 4.8 Hz, 1H)

4.75 (dd, J=2.3, 4.8 Hz, 1H)

4.23 (dd, J=1.0, <2 Hz, 1H)

4.26 (s, 1H)

4.15 (dd, J=1.0, 13.9 Hz, 1H)

4.15 (d, J=13.9 Hz, 1H)

3.73 (ddd, J=7.7, 8.2, 12.8 Hz, 1H)

3.78 (ddd, J=7.6, 8.7, 12.8 Hz, 1H)

3.73 (ddd, J=5.0,9.6, 12.8 Hz, 1H)

3.73 (ddd, J=4.9, 9.8, 12.7 Hz, 1H)

3.55 (d, /=13.9 Hz, 1H)

3.60 (d, J=13.9 Hz, 1H)

2.79 (s, 3H)

2.83 (d, J=0.9 Hz, 3M)

2.37 (ddd, J=7.7,9.6, 14.6 Hz, 1H)

2.42 (ddd, J=7.6, 10.0, 15.0 Hz, 1H)

2.28 (dddd, J=4.8, 5.0, 8.2, 14.6 Hz, 1H)

2.31(ddd, J=5.0, 8.4, 15.0 Hz, 1H)

Note: Slight differences in the "TH-NMR spectrum could be due to concentration effects. (c.f. Ref.

4)*. The doublet at 2.83 ppm is due to coupling of the N-methyl group to the N-H.

Supplementary Table S6. °C NMR data comparison between reported natural loline -2HCI (1)

and synthetic loline -2HCI (1).

Literature report’ (°C, 75.5 MHz, D,0) This report (°C, 100 MHz, D,0)
83.2 83.4
73.9 74.0
722 72.2
65.9 66.0
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64.2 64.2
58.1 582
36.5 36.4
31.6 31.6

H HO
NS AFA, ~
o _meh_ o
N N
« 2HCI
1 4
N-Formylloline (4)

Formic acid (0.1 mL) and Acetic anhydride (0.2 mL) was stirred for 2 h at 55 °C and then added

Z=0

to 10 mg (0.044 mmol) loline -2HCI (1). The reaction mixture was stirred at 1t for 8 h before
concentrating in vacuo. The crude product was purified by flash column chromatography
(CHCI3:MeOH = 9:1) to yield 6.5 mg (0.036 mmol, 81%) N-formylloline (4) as a clear oil (one
spot on TLC).

TLC (CHCl3:MeOH = 3:1), Ry = 0.5 (KMnO,).

'"H NMR (CDCls, 600 MHz): 8= 8.44 (s), 8.07 (s), 4.71 (d, J=2.1 Hz), 4.52 (dd, J=1.8, 4.4 Hz),
4.45 (dd, J=1.8, 4.4 Hz), 4.21 (d, J=1.6 Hz), 4.06-4.04 (m), 3.85 (d, /=1.3 Hz), 3.42 (s), 3.37 (s),
3.27 (d, J=11.9 Hz), 3.23 (d, J=11.6 Hz), 3.13 (s), 3.12-3.08 (m), 3.05-2.98 (m), 2.95 (d, J=0.5
Hz), 2.51 (d, J=12.0 Hz), 2.44 (d, /=11.8 Hz), 2.09 (ddd, J=7.1, 7.4, 14.4 Hz), 1.98 (dddd, J=4.3,
4.3,9.4, 14.4 Hz).

BC NMR (CDCls, 150 MHz): 6= 163.5, 163.2, 82.0, 80.3, 74.0, 73.1, 67.9, 67.5, 65.4, 62.4,
61.0, 60.5, 54.8, 54.6, 33.4, 33.1, 32.8, 29.9.

IR (Diamond-ATR, neat) vmay: 3488, 2934, 2880, 1665, 1388, 1355, 1254, 1085, 1049, 1024,
962, 811,751 cm™.

[a]®p + 4.3° (¢ = 0.22, CHCl5).

HRMS (ESI) caled for CoH1aN2O, [M+H] ™ 183.1128; found: 183.1126.

NATURE CHEMISTRY | www.nature.corrynaturechemistry 16
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Supplementary Table S7. 'l NMR data comparison between reported natural N-formylloline

(4) and synthetic N-formylloline (4).

Literature report” ('H, 300 MHz, CDCl;)*

This report ('H, 400 MHz, CDCls)*

8.23 (s)

R.44 (s)

7.25 (s)

8.07 (s)

4.36 (dd, J=1.4, <2 Hz)

471 (d, J=2.1 Hz)

434 (dd, J=1.8, 43 Hz)

452 (dd, J=1.8, 4.4 Hz)

4.27 (dd, J=1.8, 4.3 Hz)

4.45 (dd, J=1.8, 4.4 Hz)

4.05 (dd, J=1.5, <2 Hz)

421 (d, J=1.6 Hz)

3.82 (dd, J=1.4, 2.0 Hz)

4.05(d,J-1.5Hz)

3.68 (dd, J=1.5, 2.0 Hz)

3.85 (d,.J=1.3 Hz)

3.34 (dd, J=1.8, 2.0 Hz)

3.42(s)

3.30 (dd, J=1.8, 2.0 Hz)

3.37(s)

3.10 (dd, /=<2, 11.8 Hz)

3.27(d, J=11.9 Hz)

3.09 (dd, /=<2, 11.9 Hz)

3.23 (d, J-11.6 Hz)

2.94 (s)

3.13 (s)

2.91 (ddd, J=4.4, 7.8, 13.1 Hz)

3.10 (ddd, J=4.2, 7.9, 13.1 Hz)

2.83 (ddd, J=7.1,9.3, 13.1 Hz)

3.05-2.98 (ddd, J=7.0,9.4, 13.1 Hz)

2.76 (s)

2.95 (d,J=0.5 Hz)

233 (d, /=119 Hz)

2.51(d, J=12.0 Hz)

2.29 (d, J-11.8 Hz)

2.44 (d, J-11.8 Hz)

1.94 (ddd, J=7.1, 7.8, 14.3 Hz)

2.09 (ddd, J=7.1,7.4, 144 Hz)

1.80 (dddd, J=4.3, 4.4, 9.3, 14.3 Hz)

1.98 (dddd, J=4.3, 4.3,9.4, 14.4 Hz)

Integrals are not given due to rotamers.

Note: Slight differences in the TH NMR spectrum could be due to concentration effects(c.f. Ref.

4

NATURE CHEMISTRY | www.nature.cormynatureche mistry

© 2011 Macmillan Publishers Limited. All rights reserved.

43



DOI: 101038/NCHEM.1072 SUPPLEMENTARY INFORMATION

Supplementary Table $8. '>C NMR data comparison between reported natural N-formylloline
(4) and synthetic N-formylloline (4).

Literature report’ ("C, 75.5 MHz, CDCls) This report (~C, 100 MHz, CDCls)
163.5 163.5

162.1 162.3

81.8 82.0

80.0 80.3

73.9 74.0

73.0 73.1

67.8 67.9

67.4 67.5

65.3 65.4

62.4 62.4

60.8 61.0

60.4 60.5

54.4 54.8

54.4 54.6

33.4 33.4

32.8 33.1

32.6 32.8

29.8 29.9
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Crystal structures
a) Crystal structure of 20

®N3
N 050 Me

CDZI
20

b) Crystal structure of 14

NATURE CHEMISTRY | www.nature.cormynatureche mistry 33
© 2011 Macmillan Publishers Limited. All rights reserved.

59



60

DOI: 101038/NCHEM.1072 SUPPLEMENTARY INFORMATION

¢) Crystal structure of 22

6] @ — 03

d) Supramolecular structure of 22
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CCDC 8010553, 801056 and 822472 (for compounds 20, 14 and 22, respectively) contain the
supplementary crystallographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccde.cam.ac.uk/data_request/cif.
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2.2 Loline Alkaloids: Evolution of a Strategy

The first loline alkaloid, temuline (1) was isolated in 1892 from Lolium temulentum.”
Six years later there was the report of a novel fungus from the same plant, currently
known as Neotyphodium occultans.? It took almost a century to reveal that these
fungal symbionts produce loline alkaloids. The plant profits from the antifeedant and
insecticidal activities of loline alkaloids.® Furthermore, wounding of plants induces
high levels of loline production which suggests communication between plant and

fungi.*

Lolines are pyrrolizidine alkaloids bearing unique bridgehead ether connecting C2
and C7. Members of the loline alkaloids basically differ only in the substitution pattern
of the amine in position 1 (loline nomenclature). The eponymous member is loline (2),
of which methylated (3), formylated (4) and acetylated (5) family members exist.

Besides these, there are six other temuline derivatives (6) with different alkyl chains.

Figure 1: Members of the Loline Alkaloid Family
H

1 NH2

temulme (1) loline (2) N- methyl N- formyl
loline (3 loline (4
(0]
~ CHj;
\ﬂ/ CH,CH;3
o 010 CH,CH,CH
N N CH(CHa),
CH=(CHg3),
N-acetyl temuline derivatives 6
loline (5)

Although loline alkaloids have been known for more than a century, there has been
no practical synthesis providing sufficient quantities to allow detailed studies of the
biology and ecology of these natural products. This may not only be due to the
strained ether linkage, but also to the density of polar heteroatoms. With the
exception at C6, every other carbon is attached to a heteroatom, which makes the

synthesis more challenging than it appears at first sight.
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Indeed, loline (2) has been the target of several synthetic groups, including our own
research group.® Glass and Wilson independently built up the loline skeleton but
were not able to introduce the amine at C1 via nucleophilic substitution.®’ In 1986
Tufariello published a racemic synthesis of the alkaloid based on a nitrone-
cycloaddition.® The first asymmetric synthesis of loline was reported 14 years later by
White. His synthesis required 20 steps and incorporated an intramolecular hetero-
Diels-Alder reaction and an aminohydroxylation to reach the target molecule.®™ In
2011 Scheerer overcame the regioselectivity issues of the aminohydroxylation used
by White by using an efficient tethered aminohydroxylation (TA) and synthesized (%)-

Acetlynorloline."

The investigations of the fascinating ecological relationships between plants, fungi,
insects and bacteria could greatly benefit from a reliable synthetic source of loline
and its derivatives. This prompted us to revisit the loline alkaloids as synthetic targets
and develop a new strategy for their synthesis. Initially, we hoped to synthesize
temuline (2) by means of a Schmidt-Aubé rearrangement followed by reduction of the
highly reactive amide 7 (Scheme 1). That these kinds of bridgehead amides can be
formed was demonstrated by Stoltz in his synthesis of 2-quinuclidonium
tetraflouroborate.’? Precursor 8 could be traced back to diol 9, which was envisioned

to be formed from bicyclic ketone 10, the same compound used by Wilson and Glass.

Scheme 1: First Retrosynthetic Analysis

N3
reductlon Q (o)
NH
+ -
N3~ X

temuline (1) 7

Schmidt

Aubé Q substitution [O]
— NgJo — % j Yo

N3
8

Our synthesis commenced with literature known bicycle 10, which can be prepaired
in multigram quantities.’"® An Upjohn Dihydroxylation at 50 °C vyielded diol 9, the
structure of which was proven unambiguously by X-ray crystallographic analysis.
Exhaustive conditions have been tried to convert diol 9 to bisazide 8, but none of
them were successful. Reaction with two equivalents of MsCl gave bismesylate 11.
64



This compound showed sensitivity towards all commercially available azides. Instead
of the desired substitution an aromatization occurred to give hydroxybenzaldehydes.
This aromatization is caused most likely by the basicity of the azide reagents, for
instance sodium acetate, which has a similar pKa as sodium azide, also led to the
formation of hydroxybenzaldehydes. Besides the reported formation of m-
hydroxybenzaldehyde from 8-Oxabicyclocyclo[3.2.1]octan-3-one systems'”'®, we
also observed o-hydroxybenzaldehyde formation, but always in favor of the m-
product. In the first step a weak base is sufficient to generate the enolate which
substitutes the mesylate to form a three membered ring. When forming a second
enolate, the molecule can undergo a hetero-retro-Diels—Alder/elimination cascade
resulting in m-hydroxybenzaldehyde. However, the o-hydroxybenzaldehyde arises
from a direct elimination of the mesylate leaving group without undergoing a retro-
[4+2]-reaction (Scheme 2). These rearrangements could not be avoided when forcing

the system towards substitution.

Scheme 2: Preparation of Compound 11 and its Rearrangements®

0 a. 0sOy, O b. MsCl
') HO ') MsO
HO MsO
10 9

9 [X-Ray]

OH

hetero-retro Ms oH
/ H

e
@ [Base] ’ (o)
m-product
OH H
MSOH ‘ > @O

o-product
®Reagents and Conditions: (a) K;0sO, - 2 H,0 (0.02 eq.), NMO (2 eq.), acetone/H,0, 50 °C, 2 h, 69%;
(b) MsClI (2.4 eq.), NEt; (3.0 eq.), CH.Cly, 0 °C, 2 h, 96%. NMO = N-methylmorpholine-N-oxide, MsCl

= methanesulfonyl chloride, MsOH = methanesulfonic acid.

In order to reduce the sensitivity towards bases we decided to reduce the carbonyl
group and protect it. The equatorial alcohol was preferred in order to avoid steric
clash with the incoming nucleophile in the concave site. Thus, reduction of ketone 10

using Sml, and /PrOH gave the desired alcohol 12'°, which was subsequently
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protected as the TBS-ether 13. A side product of the reduction was the formation of
dimer 14, a compound isolated in good yield when /PrOH was not added. The
structure was confirmed by X-ray crystallographic analysis. Upjohn Dihydroxylation
provided access to diol 15, which was transformed into the corresponding mesylate
16 or triflate 17, respectively. Compound 16 turned out to be surprisingly unreactive
towards substitution while triflate 17 tended to decompose rather than react with

azide anions.

Scheme 3: Synthesis of Reduced Bicycles 16 and 17°

% b. Smly, iPrOH F/OH ¢. TBSCI BQ/OTBS d. 0sO, OEQ/OTBS
HO

HO
N Sm|2 13 e. MsCl 15
or
OH f. Tf,0
E /o)
5 HO </ Q OTBS
16: R =S0,CH;3 RO
14 [X-Ray] 14 17: R=8S0O,CF; RO

®Reagents and Conditions: (a) Sm (2.5 eq.), I, (2.0 eq.), THF, 70 °C, 3 h, 72%; (b) Sm (2.5 eq.), I, (2.0
eq.), iPrOH (1.0 eq.), THF, 70 °C, 3 h; (c) TBSCI (1.2 eq.), im (2.5 eq.), CH.Cly, rt, 12 h, 56% for two
steps; (d) K;0sO, - 2 H,O (0.02 eq.), NMO (2 eq.), acetone/H,0, 50 °C, 2 h, 73%; (e) MsCl (2.4 eq.),
NEt; (3.0 eq.), CHxCl,, 0 °C, 2 h, 99%; (f) Tf,O (2.2 eq.), py (6.0 eq.), CH.Cl,, -10 °C, 45 min. THF =
tetrahydrofuran, TBSCI = tert-butyldimethylsilyl chloride, im = imidazol, Tf,O = triflic anhydride, py =
pyridine.

A new strategy was envisioned to assemble the heterotricylic core of loline (2), which
is outlined in Scheme 4. This requires epoxy aziridine 18 for the key step. A critical
feature of the plan is the final ether formation, which is a 5-endo-tet cyclisation.
Although disfavored by the Baldwin rules'®, exceptions have been reported,
especially in nitrogen containing systems.?®?' Boc was chosen as a protecting group
of the aziridine because it is directly convertible into a methyl group. Epoxy aziridine
18 can be traced back to cyclic diol 19 and the route to this molecule was projected
employing metathesis of diene 20. Literature known epoxide 21 is the starting point

of the synthesis.
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Scheme 4: Second Retrosynthetic Analysis?
I

NH epoxide-aziridine NBoc :O aziridine formation,

o opening cascade — epoxidation
N p— = NBoc p—
~CBz N
/
loline (2) 18 CBz g
©\\\“OH RCM wOH epoxide opening OH
" p— . — -
!\l OH ’\l OH \/\<(|)
CBz CBz
19 20 21

# RCM = ring-closing-metathesis.

The synthesis commenced with the desymmetrisation of divinyl carbinol (Scheme 5).
A highly enantioselective Sharpless epoxidation set the first two stereocenters
through a racemic resolution.?*** Epoxide 21 was next opened with commercially
available 4-butenylamine hydrochloride and the resulting secondary amine was
subsequently protected as a benzyl carbamate in a one-pot procedure to yield diene
20. This compound was treated with Grubbs Il catalyst to form the 8-membered ring.
Various attempts to convert the diol 19 into an aziridine failed. However, exposure of
cyclic diol 19 to thionyl chloride afforded the cyclic sulfite 22 which could then be
substituted with lithium azide. The reaction occurred selectively in allylic position to
give azido alcohol 23 in good yield. Heating of azido alcohol 23 with triphenyl
phosphine in toluene cleanly formed the aziridine, which was subsequently protected
as tert-butoxy carbamate 24. This compound could alternatively synthesized via

azido-mesylate 25, reduction of the azide followed by cyclisation and protection.
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Scheme 5: Synthesis of Aziridine 24°

AN
a. HoN — \\\OH
\).t/ SAE OH - CBzCl b Grubbs II *
NN —_— u,
(R V\<| N ,,OH
Cbz Cbz
21 19
e. PPh,
c. SOCl, _ \“\\O\ d. L|N3 f. BoczO
- / NBoc
i N
Cbz bz
22 23 24

g. MsCl l /
@Ns : >
N /,”'OMS . -

ébz

25 25 [X-Ray]

®Reagents and Conditions: (a) 4-butenylamine hydrochloride (1.5 eq.), DIPEA (3.3 eq.), MeOH, 45 °C,
12 h then Na,CO; (3.0 eq.), CbzCl (2.4 eq.), H,O/MeOH, rt, 3 h, 75%; (b) Grubbs 2" Generation
catalyst (0.05 eq.), CH,Cl,, 45 °C, 1 h; (c) SOCI, (3.0 eq.), NEt; (4.0 eq.), CH,Cl,, 0 °C, 1 h, 85% for
two steps; (d) LiN; (3.0 eq.), DMF, 130°C, 2.5 h, 83%; (e) PPh; (1.2 eq.), tolunene, 130 °C, 12 h; (f)
Boc,0 (3.0 eq.), DMAP (0.3 eq.), CH,CI,, rt, 3 h, 98% for two steps; (g) MsClI (1.2 eq.), NEt; (2.4 eq.),
CH.Cl,, 0 °C, 2 h, 85%. SAE = Sharpless asymmetric epoxidation, DIPEA = N,N-diisopropylethylamin,
CBzCl = benzyl chloroformate, DMF = N,N-dimethylformamide, Boc,O = di-tert-butyl dicarbonate,
DMAP = 4-(dimethylamino)-pyridine.

The epoxidation of 24 using DMDO proceeded with excellent diastereoselectivity to
afford epoxy aziridine 18 as the only observed isomer in quantitative yield (Scheme
6). The relative stereochemistry of 18 was confirmed by X-ray crystallographic
analysis. Hydrogenolysis of 18 generated a secondary amine, which underwent
transanular epoxide opening at 60 °C to afford pyrrolizidino-aziridine 26. We have not
been able to open this aziridine by way of a (formal) 5-endo-tet cyclization. Treatment
of 26 under a variety of thermal, basic, Brgnsted-acidic or Lewis-acidic conditions

failed to give the loline skeleton but has sometimes yielded surprising results.

Exposure of 26 to three equivalents of trifluoroacetic acid, which presumably
protonates both the pyrrolizidine and the pyramidalized aziridine nitrogen, only
yielded aminopyrrolizidine diol 27 in excellent yield. This compound is presumably
formed from the protonated aziridine by nucleophilic attack of the trifluoroacetic acid

anion, rather than intramolecular opening by the hydroxyl group. The corresponding
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trifluoro acetate is not stable and gets cleaved upon quenching with aqueous
ammonia (Scheme 6). The use of acids with less nucleophilic corresponding anions,
such as methanesulfonic acid or trifluoromethanesulfonic acid also resulted in the

undesired intermolecular attack.

Scheme 6: Synthesis of Aziridine 26 and its Unexpected Behavior®

o
_ a. DMDO
NBoc —» NBoc
N N
CBz CBz
24 18

18 [X-Ray]
HO c.CFCOH - HO |y NHBoc
b. Hy NBoc — NH,OH
— C’i;l —> /T N OH =
" " ’{&:\k’
26 27 27 [X-Ray]

®Reagents and Conditions: (a) DMDO (2.5 eq.), CH,Cl,Jacetone, -10 °C, 10 h, 99%; (b) H,
atmosphere, Pd/C (0.10 eq.), EtOH, rt, 16 h then 60 °C, 72%; (c) CF3;CO.H (3.0 eq.), CHCI;, 0 °C —
rt, 10 h then NH,OH (excess), 99%. DMDO = dimethyldioxirane,

While 27 does not represent a “dead end”, attempts to streamline it further to loline or
find better conditions for the intramolecular aziridine ring opening were not pursued
due to a more interesting outcome during the bromination of azido alcohol 23. This
compound has the correct stereochemistry in position 1 and 2. Due to steric
hindrance we assumed a backside attack of bromide from the less hindered side.?**
Substitution of the two bromines with deprotected amine and alcohol would give the
loline skeleton. To our surprise, treatment of 23 with bromine in methanol led to the
formation of bromopyrrolizidine 28 in very good vyield. This reaction is probably
initiated by the formation of bromonium ion 29. Instead of an attack from the bromide,
the bromonium ion is trapped by the carbamate nitrogen, which resides in Van-der-
Waals distance (ca. 3.1 A) to C8 according to crystal structure 25. An O-attack of the
carbamate would lead to a strained cyclic carbonate and would therefore be
unfavored. Transannular nucleophilic attack would initially yield acyl ammonium ion
30, which would be subsequently cleaved by the solvent methanol. Our proposed
mechanism is supported by the fact that benzyl methyl carbonate was identified as a

byproduct in stoichiometric amounts.
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Scheme 7: Bromination of Azidoalcohol 23, expected reactivity and experimental

outcome?
+
Br- \\B’r Br
- N3 Br2 N3
----- » L =
N OH N OH
Cbz Cbz Cbz
23
a. Bry
MeOH
B
f
S3 Br N
Br Ns H 3
~ ) , —» MeOH [ D OH —™
N—"""OH \\;
Br-
Bro— B"O/go
O
29 30 28 28 [X-RAY]

®Reagents and Conditions: (a) Br, (1.0 eq.), MeOH, 0 °C — rt, 10 h, 97%.

In order to form the quintessential ether bridge of the loline alkaloids
bromopyrrolizidine 28 requires inversion at C7. Thus, bromide was substituted with
chloride in a Finkelstein type reaction, using LiCl in DMF. This reaction yielded two
chloropyrrolizidines 31 and 32 in a ratio of 19:1 in favor of the desired
chloropyrrolizidine 31 in 86% yield. When using bromopyrrolizidine as a free base,
the yield decreased to 24% with a ratio of 9:1. This interesting result raises questions
about the mechanism of this substitution reaction, weather it partially occurs via Sy1.
The structure of chloropyrrolizidine 32 was confirmed by X-Ray crystallographic

analysis (Scheme 8).

With sufficient amounts of chloropyrrolizidine 31 in hand, the synthesis of various
loline alkaloids was straightforward. Heating a solution of 31 in a microwave
apparatus with potassium carbonate as a base led to formation of the ether bridge
and gave azide 33 in very good yield. Under these conditions, no elimination
products could be observed. In order to streamline our synthesis, the Finkelstein

reaction and Williamson ether synthesis could be carried out as a one-pot procedure.
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Scheme 8: Synthesis of Azide 32.

B 4 Ns Cll v N3 CL H N;
= a. LiCl -
||||| —_— mn + mn
* HBr 31 32
28 lb. K,COs I
N3
o)
N
33 32 [X-Ray]

®Reagents and Conditions: (a) LiCl (20 eq.), DMF, 105 °C, 6 h then workup NaOH, 86%; (b) K,CO5
(2.5 eq.), MeOH, p-wave, 150 °C, 300 W, 10 min, 90%.

The key azide 33 serves as a branching point for the total synthesis of various loline
alkaloids (Scheme 9). Hydrogenation afforded temuline (norloline) (2), whereas
hydrogenation followed by addition of acetic anhydride gave N-acetyl temuline (34).
Formylation of temuline with acetic-formic anhydride yielded in N-formyl temuline
(35). Hydrogenation in the presence of para-formaldehyde gave N-methyl loline (3).
To make loline itself, azide 33 was hydrogenated in the presence of Boc,O to yield N-
Boc temuline (36) in very good yield. The Boc group was reduced with lithium
aluminum hydride to the corresponding methyl group. Treatment of Ioline (2) with
acetic-formic anhydride or acetic anhydride gave N-formyl loline (4) and N-acetyl

loline (5), respectively.

Interestingly, N-Boc urea 37 was identified as an unexpected side product when
azide 33 was hydrogenated in the presence of Boc,0. Although these conditions are
well represented in literature®®2®, to the best of our knowledge no Boc protected urea
of this type has been reported as a side product. The structure was unambiguously

confirmed by X-Ray crystallographic analysis (Scheme 9).
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Scheme 9: Azide 33 as a Branching Point for the Synthesis of Several Loline

Alkaloids®
H I
N__H NH, N N
o \[(])/ c. AFA o h. Ac20
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H iy
RO .
o] 0 o)
N N pr—
N-methyl 37 37 [X-Ray]

loline (3)
®Reagents and Conditions: (a) H, atmosphere, Pd/C (0.06 eq.), MeOH, rt, 4 h, 90%; (b) H,
atmosphere, Pd/C (0.05 eq.), THF, rt, 3 h then Ac,O (1.2 eq.), rt, 16 h, 98%; (c) AFA, rt, 8 h, 99%; (d)
H, atmosphere, Pd/C (3.7 eq.), (CH,0), (excess), MeOH, rt, 8 h, 99%; (e) H, atmosphere, Pd/C (0.05
eq.), Boc,O (2.0 eq.), THF, rt, 48 h, 93% of 36, 5% of 37; (f) LiAlH4 (6.0 eq), THF, 70 °C, 8 h, 96%; (9)
AFA, rt, 8 h, 81%. AFA = acetic formic anhydride.

It soon came to our attention that azide 33 is a substrate which could be easily
derivatized with click chemistry. This is a powerful reaction to build up libraries under
very mild conditions.?® The azide at C1 is fairly hindered and requires higher
temperatures for the cycloaddition. While this type of cycloaddition usually proceeds
at room temperature, in our case elevated temperature was needed to make the
reaction occur. In an example of the rapid diversification that is possible with this
approach four alkynes were exposed to the optimized 1-3 dipolar cycloaddition
condition with azide 33 yielding triazols 38—-41. The crystal structure of compound 41

is depicted in Scheme 10.
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Scheme 10: Click Chemistry with Azide 33
38R = NN

N I 39:R= ~ O

3 NH,
o R a cu() o /©/
N / N 40:R =
H Nan
. =
4:R=

a1 41 [X-Ray]

®Reagents and Conditions: (a) alkyne (0.9 eq.), CuSO, -5H,0 (0.08 eq.), sodium ascorbate (0.11 eq.),
MeOH/H,0, 45 °C, 12 h, 82-98%.

Our collaborators were interested in pyrrolizidine derivatives, which could be potential
metabolites of lolines consumed by insects. For this purpose, we aimed for
derivatives that bear a hydroxyl, chlorine or hydrogen at C7 instead of the ether
oxygen (Scheme 11). The N-Boc protecting group of substrate 27 can be cleaved or
reduced to a methyl group to give diols 42 and 43, respectively. Chloropyrrolizidine
32 already possesses a chlorine at C7 and simple reduction followed by acetylation
gave amides 44 and 45. Bromopyrrolizidine 28 can be fully reduced with PtO, to yield
amino alcohol 46. The crystal structures of pyrrolizidines 45 and 46 are depicted in

Scheme 11.
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Scheme 11: Pyrrolizidine Derivatives made for Biological Investigations®

a. HCI R
HO  NHBoc or HO y NH
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®Reagents and Conditions: (a) HCI (g), MeOH, rt, 10 min., 99%; (b) LiAlH, (6.0 eq.), THF, 70 °C, 8 h
then HCI (g), 96%; (c) H, atmosphere, Pd/C (0.05 eq.), THF, rt, 3 h then Ac,0 (2.0 eq.), rt, 16 h, 78%
of 45, 15% of 46; (d) H, atmosphere, PtO; (0.1 eq.), H2O, rt, 30 min., 75%.

The ethylenediamine unit of the loline alkaloids could be a suitable ligand for
transition metal complexes. Natural product complexes, such as the sparteine-
palladium complex, have been synthesized and successfully used for organic
reactions.®® In a similar fashion, PdCl, was refluxed in acetonitrile and the resulting
acetonitrile complex was treated with loline (2) or N-methyl loline (3) to give
complexes 47 and 48, respectively. The syntheses and the crystal structures of

complexes 47 and 48 are depicted in Scheme 12.

Scheme 12: Synthesis and X-Ray Structures of Pd Complexes 47 and 48°
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N
PdCl, Y
o /Pd\
N Cl

>

a. MeCN

47 47 [X-Ray]
(MeCN),PdCl,

&)
o

48 48 [X-Ray]

®Reagents and Conditions: (a) MeCN, 90 °C, 2 h; (b) 2 (1.0 eq.), MeCN, rt, 12 h, 79%; (c) 3 (1.0 eq.),
MeCN, rt, 12 h, 85%;
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An unusual chemical characteristic of temuline (1) is that it binds CO, when exposed
to air and forms a crystalline solid.® Only a few examples of free carbamate crystal
structures have been reported.*"*? Thus, in order to understand this affinity, we
exposed a methanolic solution of temuline (1) to CO,, that upon slow evaporation
yielded suitable crystals of temuline carbamate (49) for X-ray analysis (Scheme 13).
The structure revealed no intramolecular hydrogen bonds but rather strong
intermolecular hydrogen bonds were apparent, leading to form a zig-zag motive. This
unexpected result sparked our interest in free carbamates, prompting us to
investigate if this type of CO, binding is a general motive for ethylenediamines.
Therefore, a diisopropylamine 50 solution in acetonitrile was saturated with CO, to
give carbamate 51, which shows different and weaker interactions than carbamate
49. Instead of forming a zitterionic compound, the primary amine of a second
molecule is protonated, leading to both intermolecular and intramolecular hydrogen
bonds. Further efforts to crystallize and understand interactions of other

ethylenediamine carbamates are continuing in our laboratories.
Scheme 13: Synthesis and X-Ray Structure of Free Carbamates 49 and 51
H\+
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NSy }Q
NH, N‘H 22AN
0 Cco, o) >0=< =
N & — N-H 174 O-
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temuline (1) temuline carbamate (49) 49 [X-Ray]

NH,
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In summary, we have shown an unprecedented rearrangement of 8-
oxabicyclocyclo[3.2.1]Joctan-3-one systems. We have seen confirmation of the validity
of the Baldwin rules, due to an unexpected aziridine opening. In the end, we have
developed a highly efficient, asymmetric total synthesis of loline that proceeds in 10
steps from divinyl carbinol and successfully synthesized 7 different loline alkaloids.
Our synthesis features a Sharpless epoxidation, a Grubbs olefin metathesis and
incorporates an unusual transannular attack of a carbamate nitrogen to yield the
pyrrolizidine skeleton. The only protecting group used is lost in the course of a
strategic bond formation and does not require an additional cleavage step. Our
synthesis is scalable, diversifiable and gives ample access to all loline alkaloids.
These synthetic natural products and the derivatives have been used to explore the
complex interactions between fungi, insects and bacteria in fescue grass. In addition
click chemistry has been performed with azide 33 and the affinity of lolines to Pd and

COg has been investigated.
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2.2.1 Supplementary Information

General Experimental Details. Unless stated otherwise, all reactions were performed in
oven-dried or flame-dried glassware under a positive pressure of nitrogen. Commercial
reagents and solvents were used as received with the following exceptions. Tetrahydrofuran
(THF) was distilled from benzophenone and sodium immediately prior to use.
Diisopropylethylamine (DIPEA) and Triethylamine (TEA) were distilled over calcium
hydride immediately before use. Reactions were magnetically stirred and monitored by crude
NMR or analytical thin-layer chromatography (TLC) using E. Merck 0.25 mm silica gel 60
F1s4 precoated glass plates. TLC plates were visualized by exposure to ultraviolet light (UV,
254 nm) and/or exposure to an aqueous solution of ceric ammoniummolybdate (CAM) or an
aqueous solution of potassium permanganate (KMnQy) followed by heating with a heat gun.
Flash column chromatography was performed as described by Stil/ et al. employing silica gel
(60 A, 40-63 pm, Merck) and a forced flow of eluant at 1.3—1.5 bar pressure.' Yields refer to
spectroscopically ("H NMR and "°C NMR) pure material.

Instrumentation. Proton nuclear magnetic resonance (lH NMR) spectra were recorded on
Varian VNMRS 300, VNMRS 400, INOVA 400 or VNMRS 600 spectrometers. Proton
chemical shifts are expressed in parts per million (6 scale) and are calibrated using residual
undeuterated solvent as an internal reference (CHCls: 8 7.26, MeOH: o 3.31, H,O: & 4.79).
Data for '"H NMR spectra are reported as follows: chemical shift (§ ppm) (multiplicity,
coupling constant (Hz), integration). Multiplicities are reported as follows: s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, b» = broad, or combinations thereof. Carbon
nuclear magnetic resonance (*C NMR) spectra were recorded on Varian VNMRS 300,
VNMRS 400, INOVA 400 or VNMRS 600 spectrometers. Carbon chemical shifts are
expressed in parts per million (5 scale) and are referenced from the carbon resonances of the
solvent (CDCls: 6 77.0, MeOH: 6 49.0). Infrared (FTIR) spectra were recorded on a Perkin
Elmer Spectrum BX II (FTIR System). FTIR Data is reported in frequency of absorption (cm
1. Mass spectroscopy (MS) experiments were performed on a Thermo Finnigan MAT 95 (EI)
or on a Thermo Finnigan LTQ FT (ESI) instrument. Microwave reactions were performed on

a CEM machine (Model: Discovery System, No. 908010).
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Synthetic procedures.

0s0, NMO
o% 50°C, 2h Ojﬁ
—_—
y HO-
o) HO o
10 9

Bicyclodiol 9

100 mg (0.81 mmol, 1 eq.) alkene 10 was dissolved in 30 mL acetone/H,O (1/1) and 6 mg (16
umol, 0.02 eq.) K»O0sO4 -2H,0 was added at rt followed by addition of 189 mg (1.62 mmol, 2
eq.) NMO. The mixture was stirred at 50 °C for 2 h, quenched with 450 mg (2.85 mmol, 3.5
eq.) solid Na,S,0;, filtered and concentrated in vacuo to afford 110 mg of a brown oil. The
crude product was purified by flash column chromatography (EtOAc) to yield 88.0 mg (0.56
mmol, 69%) of the desired product 9 as colorless crystals (one spot on TLC).

TLC (EtOAc), Ry = 0.30 (KMnOy).

'"H NMR (MeOH-ds, 400 MHz): 6= 4.42-4.40 (m, 2H), 4.01 (s, 2H), 2.69 (dd, J=6.1,
16.7 Hz, 2H), 2.36-2.31 (m, 2H).

BC NMR (MeOH-d,, 100 MHz): 8= 207.8, 83.7, 75.9, 47.3.

IR (Diamond-ATR, neat) vmay: 3320, 2907, 1707, 1419, 1341, 1295, 1194, 1101, 1032, 968,
840, 799, 679 cm™.

HRMS (ESI) calcd for C;H 904 [M]+: 158.0579; found: 158.0561.

o NS o
chﬁo - M“S/ISO%O
9 1

Bismesylate 11
158 mg (1.0 mmol, 1 eq.) diol 9 was dissolved in CH,ClI, (30 mL) and 418 puL (3.0 mmol, 3
eq.) NEt; was added. The reaction mixture was cooled to 0 °C and 186 pL (2.4 mmol, 2.4 eq.)
MsClI was added dropwise. The reaction mixture was stirred for 2 h at 0 °C and 1 h at rt. The
reaction mixture was diluted with EtOAc (50 mL) and 1N HCI (30 mL). The water layer was
separated and extracted with EtOAc (3 x 30 mL). The combined organic layers were dried
over MgSQy, filtered and concentrated in vacuo to afford 240 mg of a yellow solid. The crude
product was purified by flash column chromatography (EtOAc/hexane = 1/1) to yield 301 mg
(0.96 mmol, 96%) of the desired product 11 as a colorless solid (one spot on TLC).
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TLC (EtOAc), R¢ = 0.53 (KMnOy).

"H NMR (CDCl;, 600 MHz): &= 5.00 (s, 2H), 4.87-4.86 (m, 2H), 3.14 (s, 6H), 2.80 (dd,
J=6.3, 17.1 Hz, 2H), 2.56-2.53 (m, 2H).

3C NMR (CDCls, 150 MHz): 8= 202.3, 80.3, 79.7, 45.8, 38.6.

IR (Diamond-ATR, neat) vma: 3026, 2940, 1724, 1338, 1169, 984, 866, 841, 811, 757 cm’.
HRMS (ESI) caled for CoH404S, [M+Na]+: 337.0028; found: 337.0024.

0 Sml, iPrOH, 0 TBSCI, im, 0
ia::z\§ 70°C, 3h EB::EV/OH i, 12h i}::}v/OTBS
; o . ; . p

10 12 13

Alcohol 12

182 mg (1.21 mmol, 2.5 eq.) Samarium was suspended in THF (12 mL), 245 mg (0.967
mmol, 2 eq.) I was added and the mixture was stirred for 2h at rt in the dark (deep blue
solution). After heating to reflux, 60 mg (0.483 mmol, 1 eq.) ketone 10 and 37 puL (0.483
mmol, 1 eq.) iPrOH in THF (3 mL) were added dropwise. The reaction mixture was refluxed
for 3h, then cooled to rt, quenched by addition of ice, IN HCIl (7 mL) and sat. aq. Na,;S,;0s (8
mL). The reaction mixture was diluted with EtOAc (30 mL), layers were separated and the
water layer was extracted with EtOAc (3 x 25 mL). Combined organics were dried over

MgSQ,, filtered and concentrated in vacuo to afford 35 mg of crude alcohol 12.

TLC (EtOAc), R; = 0.12 (KMnOy).
"H NMR (CDCls, 600 MHz): 8= 6.09 (s, 2H), 4.79-4.77 (m, 2H), 3.93-3.77 (m, 1H), 2.08
(brs, 1H), 1.96-1.86 (m, 2H), 1.65-1.52 (m, 2H).

TBS-ether 13

35 mg (0.277 mmol, 1 eq.) crude alcohol 12 and 47 mg (0.694 mmol, 2.5 eq.) imidazol was
dissolved in CH,Cl, (2 mL). 50 mg (0.333 mmol, 1.2 eq.) TBSCI was added and the reaction
mixture was stirred at rt for 12h. The reaction mixture was diluted with CH,Cl, (15 mL),
filtered through Celite and concentrated in vacuo. The crude product was purified by flash
column chromatography (EtOAc/hexane = 1/1) to afford a 65 mg (0.271 mmol, 56% over two

steps) of the protected alcohol 13 as a colorless oil.

TLC (EtOAc), R = 0.86 (KMnOy).
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"H NMR (CDCls, 300 MHz): 8= 6.10 (d, J=0.8 Hz, 2H), 4.76-4.74 (m, 2H), 3.88 (it, J=6.5,
9.3 Hz 1H), 1.80—1.62 (m, 4H), 0.85 (s, 9H), 0.00 (s, 6H).

BC NMR (MeOH-ds, 100 MHz): 8= 130.9, 78.1, 64.6, 35.8, 25.8, 18.0, -4.6.

IR (Diamond-ATR, neat) vma.: 2949, 2854, 1471, 1251, 1110, 1086, 1045, 961, 871, 835,
774,702, 668 cm™.

HRMS (EI) caled for Cj,H,;0,Si [M-CH;]: 225.1311; found: 225.1302.

o Sml, OH
% 70°C, 3h o
7 R ) O
0o HO
10 14

Dimer 14

137 mg (0.915 mmol, 2.5 eq.) Samarium was suspended in THF (10 mL), 186 mg (0.732
mmol, 2 eq.) I, was added and stirred for 2h at rt in the dark (deep blue solution). After
heating to 70 °C, 45 mg (0.366 mmol, 1 eq.) ketone 10 in THF (3 mL) was added dropwise.
The reaction mixture turned green after 3h. After cooling to rt, the reaction mixture was
quenched by addition of ice, IN HCI (5 mL) and sat. aq. Na,S,03; (6 mL). The reaction
mixture was diluted with EtOAc (20 mL), layers were separated and the water layer was
extracted with EtOAc (3 x 20 mL). Combined organics were dried over MgSQy, filtered and
concentrated in vacuo to afford 75 mg of a yellow solid. The crude product was purified by
flash column chromatography (EtOAc) to yield 33 mg (0.132 mmol, 72%) of dimer 14 as a

colorless solid (one spot on TLC).

TLC (EtOAc), Ry = 0.16 (KMnOy).

"H NMR (CDCl3, 600 MHz): 8= 6.40 (s, 2H), 6.26 (m, 2H), 4.85 (d, J=8.6 Hz, 2H), 4.50 (d,
J=4.5Hz, 2H), 2.31 (d, J=11.9 Hz, 2H), 1.91 (dd, J=9.0, 14.3 Hz, 2H), 1.73 (d, J=13.4 Hz,
2H), 1.36 (d, J=14.3 Hz, 2H).

3C NMR (CDCls, 150 MHz): 8= 135.2, 134.5, 78.4, 77.3, 76.1, 74.0, 34.3, 32.0.

IR (Diamond-ATR, neat) vmay: 3496, 2949, 2924, 1345, 1276, 1216, 1058, 1048, 1021, 954,
859, 825, 752, 706 cm’.

HRMS (ESI) calcd for Ci4H 704 [M-H]: 249.1127; found: 249.1138.
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Diol 15

65 mg (0.271 mmol, 1 eq.) alkene 13 was dissolved in 20 mL acetone/H,O (1/1) and 2 mg (6
umol, 0.02 eq.) K,0s04-2H,0 was added at rt followed by addition of 65 mg (0.554 mmol, 2
eq.) NMO. The mixture was stirred at 50 °C for 2 h, quenched with 150 mg (0.970 mmol, 3.5
eq.) solid Na,S,0;3, filtered and concentrated in vacuo to afford 94 mg of a brown oil. The
crude product was purified by flash column chromatography (EtOAc) to yield 54 mg (0.197
mmol, 73%) of the desired product 15 as colorless oil (one spot on TLC).

TLC (EtOAc), Ry = 0.26 (KMnOy).
"H NMR (CDCls, 600 MHz): 8= 4.20 (brs, 2H), 4.09 (s, 2H), 3.58-3.52 (m, 1H), 1.87-1.83
(m, 2H), 1.66-1.61 (m, 2H), 0.85 (s, 9H), 0.02 (s, 6H).

BC NMR (CDCl;, 150 MHz): 8= 82.6, 74.6, 63.6, 38.7, 25.7, 18.0, -4.6.

IR (Diamond-ATR, neat) Vmay: 3296, 2950, 2926, 2855, 1469, 1256, 1242, 1101, 1081, 1027,
1033, 997, 986, 869, 834, 776, 668, 619 cm™.

HRMS (ESI) calcd for Ci3H,604Si [M-H]: 273.1522; found: 273.1537.

o MsCI, NEt; o
Hg (ﬂjmoms 0°C - rt, 2h M’\S% Cﬂjm/oms
15 16

Bismesylate 16
25 mg (0.091 mmol, 1.0 eq.) diol 15 was dissolved in CH,Cl, (3 mL) and 38 pL (0.273 mmol,
3.0 eq.) NEt; was added. The reaction mixture was cooled to 0 °C and 17 pL (0.219 mmol,
2.4 eq.) MsCl was added dropwise. The reaction mixture was stirred for 2 h at 0 °C. The
reaction mixture was diluted with EtOAc (10 mL) and 1IN HCI (3 mL). The water layer was
separated and extracted with EtOAc (3 x 5 mL). The combined organic layers were dried over
MgSO,, filtered and concentrated in vacuo to afford 42 mg of a yellow solid. The crude
product was purified by flash column chromatography (EtOAc/hexane = 1/1) to yield 39 mg
(0.090 mmol, 99%) of the desired product 16 as a colorless oil (one spot on TLC).

TLC (hexanes:EtOAc = 1:1), Ry = 0.24 (KMnOy,).
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"H NMR (CDCl;, 600 MHz): 8= 5.01 (s, 2H), 4.52 (s, 2H), 3.61-3.55 (m, 1H), 3.12 (s, 6H),
1.94 (ddd, J=1.6, 5.8, 14.7 Hz, 2H), 1.74-1.69 (m, 2H), 0.85 (s, 9H), 0.04 (s, 6H).

BC NMR (CDCls, 150 MHz): 8= 80.4, 79.3, 62.9, 38.7, 38.0, 25.6, 17.9, -4.5.

HRMS (ESI) calcd for C;sH3;05S,S1 [M+H]+: 431.1230; found: 431.1253.

Tf,0, py

o o
\m/OTBS -10°C, 45min \m/OTBS

HO TfO
HO TfO

15 17

Bistriflate 17

20 mg (0.073 mmol, 1.0 eq.) diol 15 was dissolved in CH,Cl, (5 mL) and 35 pL (0.437 mmol,
6.0 eq.) py was added. The reaction mixture was cooled to —10 °C and 27 pL (0.160 mmol,
2.2 eq.) TH,0 was added dropwise. The reaction mixture was stirred for 45 min at —10 °C
before it was concentrated in vacuo. The reaction mixture was triturated with Et,O (2 x 10
mL) and filtered to afford 37 mg (0.069 mmol, 94%) of the desired product 17 as a colorless

solid.

TLC (hexanes:EtOAc = 1:1), Ry = 0.20 (KMnOsy,).

"H NMR (CDCls;, 600 MHz): 8= 5.17 (s, 2H), 4.60 (s, 2H), 3.58-3.52 (m, 1H), 1.95 (dd, J=
5.8, 13.1 Hz, 2H), 1.83-1.78 (m, 2H), 087 (s, 9H), 0.07 (s, 6H).

BC NMR (CDCls, 150 MHz): 6= 119.4, 84.7, 80.2, 62.5, 37.7, 25.5, 17.8, -4.5.

HRMS (ESI) calcd for C;sH,5Fs05S,Si [M+H]": 539.0664; found: 539.0649.

o o DDIPEA 45°C, 12 OH
: 2) CbzCl, Na,COj, 1, 3h o -
S N NNHz , - N
\/\<(|) \/\<‘;\Cbz
21 20

Diene 20:

6.97 g (69.7 mmol, 1 eq.) epoxy alcohol 21* was dissolved in methanol (150 mL) and treated
with 11.19 g (104.5 mmol, 1.5 eq.) 4-butenylamine hydrochloride and 39.0 mL (230.0 mmol,
3.3 eq.) DIPEA. The reaction mixture was stirred at 45 °C for 12 h in a sealed tube. 22.1 g
(209.1 mmol, 3 eq.) Na,COs in water (100 mL) and 23.7 mL (167.3 mmol, 2.4 eq.) benzyl
chloroformate were subsequently added at 0 °C and stirred for 3 h at rt. The reaction mixture
was diluted with HO (200 mL) and extracted with EtOAc (3 x 150 mL). The combined

organic layers were washed with brine (300 mL), dried over MgSOQy, filtered and concentrated

84



in vacuo. The crude product was purified by flash column chromatography (hexanes:EtOAc =

3:1) to yield 15.9 g (52.3 mmol, 75%) diene 20 as a clear oil (one spot on TLC).

TLC (hexanes:EtOAc = 1:1), Rr = 0.48 (UV, CAM).

"H NMR (CDCls, 600 MHz): &= 7.35 (m, 5H), 5.93-5.87 (m, 1H), 5.73-5.67 (m, 1H), 5.34
(d, J=17.3 Hz, 1H), 5.25 (d, J=10.5 Hz, 1H), 5.13 (s, 2H), 5.03-4.98 (dd, J=9.9, 16.7 Hz, 2H),
4.06 (s, 1H), 3.70 (s, 1H), 3.62 (dd, J=6.2, 14.8 Hz, 1H), 3.43-3.29 (m, 6H), 2.36 — 2.24 (m,
2H).

BC NMR (CDCl;, 150 MHz): 8= 158.4, 136.7, 136.3, 134.9, 128.5, 128.1, 127.9, 117.2,
117.0, 74.3, 74.0, 67.7, 49.9, 48.6, 32.9.

IR (Diamond-ATR, neat) vmay: 3397, 2978, 2937, 1743, 1671, 1478, 1423, 1221, 1147, 1094,
994,917, 734, 697 cm’.

[a]* p == 9.2° (¢ = 0.46, CHCL,).

HRMS (ESI) calcd for Ci7H,3NO4 [M+H]": 306.1700; found: 306.1706.

H H

OH Grubbs I, —\]_OH SOCI,, NEt;, —\].O
WN/\/\ 45°C, 1h (jt 0°C, 1h (jt \S:O
- - = /
OH Cbz N OH N (0]

/ H / H
20 Cbz Cbz
19 22

Diol 19

A solution of 2.10 g (6.9 mmol, 1.0 eq.) diene 20 in CH,Cl, (3.0 L) was heated to 45 °C and
292 mg (0.34 mmol, 0.05 eq.) Grubbs 2™ Generation catalyst was added in one portion. The
reaction mixture was refluxed for 1 h, then concentrated in vacuo to a total volume of ca. 50
mL and in general used for the next reaction without further purification.

The reaction was repeated five times using the same batch of CH,Cl,, which was recycled by
distillation from the reaction mixture.

For characterization purpose, the reaction mixture was concentrated in vacuo and the crude
product was purified by flash column chromatography (hexanes:EtOAc = 2:1) to yield 1.64 g
(5.9 mmol, 86%) diol 19 as brown oil (one spot on TLC).

TLC (hexanes:EtOAc = 1:1), Ry = 0.15 (UV, CAM).

"H NMR (CDCls, 600 MHz): 8= 7.37-7.27 (m, 5H), 5.92-5.65 (m, 2H), 5.17-5.06 (m, 2H),
4.46-4.25 (m, 2H), 4.21-3.62 (m, 2H), 3.30 (brs, 1H), 3.18 (brs, 1H), 2.95 (brs, 1H), 2.71—
2.56 (m, 1H), 2.30-2.12 (m, 2H).
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BC NMR (CDCl;, 151 MHz): 8= 156.9, 156.1, 136.4, 136.3, 133.7, 132.5, 129.2, 128.6,
128.5, 128.3, 128.1, 128.1, 127.9, 127.8, 73.1, 72.7, 69.9, 69.4, 67.5, 67.4, 51.7, 51.3, 50.2,
49.5,28.3, 28.1.

IR (Diamond-ATR, neat) vmax: 3408, 2936, 1680, 1472, 1419, 1264, 1222, 1107, 1053, 955,
731,697 cm™.

[a]® p =+ 48.5° (¢ = 0.42, CHCL;).

HRMS (EI) calcd for CisH9NOg4: 277.1314; found: 277.1291.

Note: Multiple signals of 'H- and > C-NMR are due to rotamers and conformers.

Sulfite 22

Crude diol 19 (100% yield assumed from RCM reactions, 34.5 mmol ) in CH,Cl, (ca. 250
mL) was cooled to 0 °C. 19.2 mL (138.0 mmol, 4 eq.) NEt; was added followed by a
dropwise addition of 7.51 mL (103.5 mmol, 3 eq.) SOCI, and stirred at 0 °C for 1 h. The
reaction mixture was diluted with CHCl; (400 mL), washed with HO (3 x 150 mL) and brine
(400 mL), dried over MgSOQ,, filtered and concentrated in vacuo. The crude product was
purified by flash column chromatography (hexanes:EtOAc = 3:1) to yield 9.48 g (29.3 mmol,

85% over 2 steps) sulfite 22 as a mixture of diastereomers in ratio of (54:46).

TLC (hexanes:EtOAc =2:1), Ry = 0.81 (UV, CAM).

"H NMR (CDCls, 300 MHz): 8= 7.36 (brs, 5H), 6.19—5.94 (m, 2H), 5.63—5.43 (m, 1H), 5.39—
5.05 (m, 2H), 5.04-4.69 (m, 1H), 4.45-4.12 (m, 2H), 3.31-2.91 (m, 1H), 2.82-2.60 (m, 1H),
2.43-2.21 (m, 1H), 2.19-1.93 (m, 1H).

BC NMR (CDCls, 75 MHz): 6= 155.6, 136.2, 136.0, 132.7, 132.1, 131.6, 130.3, 129.7, 129.2,
128.7, 128.6, 128.4, 128.3, 128.2, 128.1, 128.0, 84.1, 83.1, 81.7, 81.6, 80.8, 80.5, 78.8, 78.1,
67.9,67.8,67.7,48.1,47.9,47.7,47.7,47.2,47.1,46.3, 29.8, 29.5, 29.2, 29.0.

IR (Diamond-ATR, neat) vina.: 2947, 1695, 1463, 1417, 1211, 963, 740, 698 cm™

[]® p =—7.2° (¢ = 0.42, CHCl)).

HRMS (EI) calced for CsH7NOsS: 323.0827; found: 323.0826.

Azido alcohol 23
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500 mg (1.55 mmol, 1.0 eq.) sulfite 22 was dissolved in DMF (37 mL) and treated with 1.14
mL (4.64 mmol, 3.0 eq., 20% solution in water) LiN;. The reaction mixture was stirred at 130
°C for 2.5 h, cooled to room temperature and diluted with H,O (150 mL). The reaction
mixture was extracted with EtOAc (3 x 50 mL) and the combined organic layers were
subsequently washed with H,O (3 x 100 mL), 10% aq. LiCI (100 mL) and brine (100 mL).
The organic layer was dried over MgSQ,, filtered and concentrated in vacuo. The crude
product was purified by flash column chromatography (hexanes:EtOAc = 3:1) to yield 390
mg (1.29 mmol, 83%) azido alcohol 23 as a clear oil (one spot on TLC).

Note: Reaction scales larger than 1.55 mmol afforded the product in 55-70% yield.

TLC (hexanes:EtOAc = 6:4), Ry = 0.50 (UV, CAM).

'"H NMR (CDCl;, 300 MHz): 8= 7.45-7.31 (m, 5H), 5.95-5.79 (dd, J=8.0, 18.8 Hz, 1H),
5.61-5.47 (m, 1H), 5.29-5.16 (m, 3H), 4.27-4.02 (m, 2H), 3.82-3.69 (m, 1H), 3.15 (dd,
J=4.2,15.2 Hz, 1H), 2.75-2.54 (m, 1H), 2.40-2.22 (m, 2H).

BC NMR (CDCl3, 75 MHz): 8= 158.8, 136.0, 130.1, 130.0, 129.3, 128.7, 128.5, 128.3, 128.2,
77.0, 68.3, 63.9, 54.3, 49.5, 28.8.

IR (Diamond-ATR, neat) viax: 3376, 2930, 2099, 1663, 1417, 1258, 1210, 1132, 1066, 987,
733, 696 cm’.

[a]® p= — 11.6° (¢ = 0.43, CHCL).

HRMS (ESI) calcd for C;sH sN4O; [M+Na]+: 325.1277; found: 325.1271.

cb2 Cb2 Cbz
S1 24

®N3 13;2?31’% O Ban Boczg,' el  Tneos
N—""OH N N

23
Aziridine S1
240 mg (0.795 mmol, 1.0 eq.) azidol 23 and 360 mg (0.954 mmol, 1.2 eq.) of triphenylphos-
phine was dissolved in 10 mL of anhydrous toluene and heated to 130 °C for 12h (evolution
of Ny). After cooling to room temperature, the reaction mixture was diluted with toluene (30
mL) and extracted with 20% sat. ag. NaHSO; (3 x 25 mL). The combined aqueous layers
were cooled to 0 °C and adjusted to pH > 10 with K,COs. The aqueous layer was extracted
with EtOAc (3 x 25 mL) and the combined organic layers were washed with brine (100 mL),

dried over MgSQ,, filtered and concentrated in vacuo to yield 204 mg aziridine S1 as

colorless oil (one spot on TLC).
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TLC (CH,Cl,:MeOH = 9:1), R = 0.52 (CAM).

"H NMR (CDCls, 300 MHz): 8= 7.39-7.31 (m, 5H), 5.81-5.67 (m, 2H), 5.19-5.11 (m, 2H),
4.24-4.09 (m, 2H), 2.91-2.81 (m, 1H), 2.62 (brs, 2H), 2.48-2.41 (m, 2H), 2.26-2.17 (m, 1H).
HRMS (ESI) caled for C;sHsN,O, [M+H]': 258.1368; found: 258.1376.

N-Boc aziridine 24

204 mg (0.791 mmol, 1.0 eq.) aziridine S1, 544 pL (2.37 mmol, 3.0 eq.) di-tert-butyl
dicarbonate and 22 mg (0.237 mmol, 0.3 eq.) 4-dimethylaminopyridine were dissolved in
CH,Cl; (8 mL) and stirred at rt for 3 h. The reaction mixture was concentrated in vacuo. The
crude product was purified by flash column chromatography (hexanes:EtOAc = 5:1) to yield
280 mg (0.782 mmol, 98% over two steps) N-Boc aziridine 24 as a colorless oil (one spot on

TLC).

TLC (hexanes:EtOAc = 6:4), Ry = 0.59 (CAM).

"H NMR (CDCls, 300 MHz): 8= 7.41-7.30 (m, 5H), 5.86-5.70 (m, 2H), 5.22-5.10 (m, 2H),
4.45-4.10 (m, 2H), 3.04-2.94 (m, 1H), 2.86-2.76 (m, 2H), 2.69-2.50 (m, 1H), 2.40-2.21 (m,
2H), 1.45-1.42 (m, 9H).

BC NMR (CDCl;, 100 MHz): 8= 162.1, 155.5, 136.6, 132.4, 132.1, 128.5, 128.0, 127.8,
125.8, 125.5, 81.4, 67.3,47.0, 46.5, 46.3, 41.8, 41.6, 38.9, 38.4, 29.6, 29.3, 27.8.

HRMS (ESI) calcd for CooHpsN2O4 [M+H]': 358.1893; found: 358.1904.

== _N; MsCl, NEts, = _N;
0°C, 2h
—_— =

N—""OH N—" "0SO,Me

Cb2 Ccb2
23 25

Azido mesylate 25

To a solution of 90 mg (0.298 mmol, 1 eq.) azido alcohol 23 and 100 pL (0.715 mmol, 2.4
eq.) NEt; in CH,Cl, (12 mL) at 0 °C was added dropwise 28 puL (0.358 mmol, 1.2 eq.) MsCL
The reaction mixture was stirred for 2 h at 0 °C and then diluted with sat. aq. NH4Cl (10 mL).
The reaction mixture was extracted with EtOAc (3 x 25 mL) and the combined organic layers
were washed with brine (100 mL), dried over MgSQy, filtered and concentrated in vacuo to

yield 96 mg (0.253 mmol, 85%) azido mesylate 25 as a yellow solid (one spot on TLC).

TLC (hexanes:EtOAc = 6:4), Ry = 0.45 (UV, CAM).
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"H NMR (CDCls, 400 MHz): 8= 7.44-7.32 (m, 5H), 5.92-5.83 (m, 1H), 5.54-5.41 (m, 1H),
5.27-5.09 (m, 2H), 4.74-4.50 (m, 1H), 4.38 (dt, /=9.3, 17.7 Hz, 1H), 3.65 (m, 3H), 3.31-3.20
(m, 2H), 2.91 (s, 2H), 2.33 (s, 2H).

BC NMR (CDCl;, 100 MHz): 8= 156.3, 136.2, 131.7, 131.3, 128.8, 128.5, 128.3, 128.0,
127.4, 80.6, 67.8, 67.6, 61.5, 50.4, 50.4, 47.3, 38.5, 38.0, 28.1, 27.8.

IR (Diamond-ATR, neat) vma: 2102, 1693, 1467, 1419, 1350, 1255, 1171, 1137, 946, 737
cm™.

HRMS (EI) calced for C16H27N404S: 380.1154; found: 380.1156.

Cb? Cb?

9]
_ DMDO,
-10°C, 24h
@NBOC —_— (}NBOC
N N
24 18

Epoxyaziridine 18

210 mg (0.586 mmol, 1.0 eq.) alkene 24 was dissolved in CH,Cl, (5 mL) and cooled to —10
°C. 14.7 mL (1.47 mmol, 2.5 eq., IM solution in acetone) freshly prepared DMDO was added
dropwise and the reaction mixture was stirred at —10 °C for 30 h. The reaction mixture was
concentrated in vacuo to yield 219 mg (0.585 mmol, 99%) of the desired epoxide 18 as a

colorless solid (one spot on TLC).

TLC (hexanes:EtOAc = 6:4), Ry = 0.44 (CAM).

"H NMR (CDCls, 300 MHz): 8= 7.47-7.30 (m, 5H), 5.24-5.08 (m, 2H), 4.60-4.36 (m, 1H),
4.34-4.19 (m, 1H), 3.18 (d, J=3.1 Hz, 1H), 3.09-2.95 (m, 1H), 2.86 (dd, J=10.5, 14.8 Hz,
1H), 2.75-2.64 (m, 2H), 2.62-2.49 (m, 1H), 2.46-2.25 (m, 1H), 1.47-1.44 (m, 9H), 1.28-1.12
(m, 1H).

BC NMR (CDCl;, 100 MHz): 8= 162.2, 155.5, 136.4, 128.6, 128.1, 127.9, 81.9, 67.5, 55.6,
52.9,52.8,48.1,47.2,42.8,42.7,40.1, 40.0, 39.9, 37.6, 37.2, 31.4, 31.1, 27.8.

IR (Diamond-ATR, neat) vima: 2977, 1697, 1449, 1420, 1367, 1285, 1232, 1152, 1076, 970,
900, 851, 827, 766, 752, 732, 697 cm’™.

[a]* p= —33.6° (c = 0.44, CHCl).

HRMS (ESI) calcd for CooH26N,0s [M+H]": 375.1914; found: 375.1914.
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Hydroxyaziridine 26

A solution of 260 mg (0.693 mmol, 1.0 eq.) epoxide 18 and 74 mg (69.3 pumol, 0.10 eq.) 10%
Pd/C in ethanol (20 mL) was flushed with H, (3 x) and stirred for 16 h at rt under H;
atmosphere (balloon). The reaction mixture was filtered through a pad of Celite and the
filtrate was heated to 60 °C for 1h before concentrating in vacuo to yield 120 mg

(0.499 mmol, 72%) of the desired product 26 (one spot on TLC).

TLC (CH,Cl,:MeOH:NH,OH = 8:8:0.2), R¢ = 0.34 (KMnO,).

"H NMR (MeOH-d,, 400 MHz): 8= 4.31 (q, J=3.3 Hz, 1H), 3.44 (d, J=3.5 Hz, 1H), 3.39 (d,
J=10.4 Hz, 1H), 3.25 (dd, J=2.5, 4.6 Hz, 1H), 3.23 (d, J=4.6 Hz, 1H), 3.08 (dt, J=6.2,
10.9 Hz, 1H), 2.83-2.74 (m, 1H), 2.00-1.96 (m, 2H), 1.43 (s, 9H).

BC NMR (MeOH-ds, 100 MHz): = 162.6, 82.3, 73.4, 71.4, 57.8, 53.4, 44.9, 42.8, 37.7, 28 2.
IR (Diamond-ATR, neat) vime: 3357, 2922, 2852, 1714, 1575, 1367,1319, 1293, 1256, 1154,
1020, 795 cm’.

[]® b =— 6. 8 (c = 0.64, CHCL;).

HRMS (ESI) calcd for C1,H,0N,03 [M+H]": 240.1474; found: 240.1460.

HO 4 HQ y  NHBoc

NBoc TFA 0°C—tt 10n,
N — NH,OH N/ OH

26 27

Dihydroxy pyrrolizidine 27

72 mg (0.30 mmol, 1.0 eq.) aziridin 26 was dissolved in CHCI; (9 mL) and cooled to 0 °C.
69 uL (0.90 mmol, 3.0 eq.) trifluoroacetic acid was added dropwise and the reaction mixture
was allowed to warm to rt while stirring for 10 h. The reaction mixture was treated with
NH4OH (0.5 mL) dropwise and concentrated in vacuo. The crude product was purified by
flash column chromatography (CH,Cl,:hexanes:MeOH:NH4OH = 8:10:3:0.2) to yield 77 mg
(0.29 mmol, 99%) of the desired product 27 as a colorless solid (one spot on TLC).

TLC (CH,Cly:hexanes:MeOH:NH4OH = 8:10:3:0.2), Ry = 0.21 (KMnOy).
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"H NMR (MeOH-d,, 400 MHz): 8= 4.26-4.19 (m, 2H), 3.97 (t, J=7.5 Hz, 1H), 3.28 (dd,
J=6.0,9.4 Hz, 1H), 3.18 (dd, J/=4.2, 7.3 Hz, 1H), 3.11 (t, J=7.8 Hz, 1H), 2.78 (ddd, J=5.8, 9.3,
12.1 Hz, 1H), 2.56 (t, J/=9.1 Hz, 1H), 2.03 (dd, J=5.7, 13.2 Hz, 1H), 1.96-1.86 (m, 1H), 1.45
(s, 9H).

BC NMR (MeOH-d, 100 MHz): 8= 159.0, 80.6, 77.5, 74.6, 71.0, 61.0, 56.6, 53.9, 36.8, 28.7.
IR (Diamond-ATR, neat) viay: 3407, 3325, 2973, 2952, 2828, 1663, 1554, 1368, 1313, 1158,
1147, 1064, 1002, 855, 746, 686 cm’".

[a]® p =—22.1° (¢ = 0.22, CHCL).

HRMS (ESI) calcd for C,H,oN,0,4 [M+H]": 258.1580; found: 258.1571.

Br, MeOH
== __N 2, , Br N o)
3 0°C, 12h z H o, I
"y wOH 0" "OMe
N OH N
Cbz - HBr
23 28

Bromo pyrrolizidine hydrobromide 28

To a solution of 2.30 g (7.62 mmol, 1 eq.) azido alcohol 23 in MeOH (1.4 L) at 0 °C was
added 390 pL (7.62 mmol, 1 eq.) Bry. The reaction mixture was stirred under exclusion of
light (to avoid radical reactions) for 12 h at 0 °C and concentrated in vacuo. The crude
product was triturated with Et,0O (200 mL) and the formed precipitate was filtered off to yield
2.40 g (7.40 mmol, 97%) bromo pyrrolizidine hydrobromide 28 as colorless crystals.

The filtrate was concentrated in vacuo to yield 1.20 g (7.24 mmol, 95%) benzyl methy
carbonate.

TLC (CHCl5:MeOH:NH4OH = 9:1:0.2), R¢ = 0.65 (KMnOy).

"H NMR (MeOH-d,, 400 MHz): = 4.86-4.82 (m, 1H), 4.38-4.31 (m, 1H), 4.29 (t, J=7.3 Hz,
1H), 4.11 (t, J/=7.3 Hz, 1H), 3.90 (dd, J=6.1, 11.7 Hz, 1H), 3.67 (ddd, J=6.5, 7.5, 11.9 Hz,
1H), 3.49 (dt, J=6.5, 11.8 Hz, 1H), 3.20 (dd, J=9.1, 11.8 Hz, 1H), 2.72-2.56 (m, 2H).

BC NMR (MeOH-d,, 100 MHz): 8= 74.1, 70.5, 68.6, 57.4, 53.4, 44.4, 34.8.

IR (Diamond-ATR, neat) vmax: 3308, 2528, 2458, 2110, 1471, 1381, 1284, 1129, 1063, 986,
860 669 cm™.

[a]* p =+22.0° (¢ = 0.41, MeOH).

HRMS (ESI) calcd for C;H;;BrN,O [M+H]": 247.0189; found: 247.0189.

M.p.: 172 °C
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B, 4y Ns Cl H N3

LiCl, 105°C, 6h
_— =
Cb"‘"o” — F o

* HBr
28

Choro pyrrolizidine 31

A solution of 1.71 g (5.26 mmol, 1 eq.) bromo pyrrolizidine hydrobromide 28 and 4.42 g
(105.2 mmol, 20 eq.) LiCl in DMF (90 mL) was stirred for 6 h at 105 °C. The reaction
mixture was cooled to rt, diluted with H,O (700 mL) and 1M aq. HCI (30 mL) and washed
with EtOAc (2 x 250 mL). The aqueous layer was adjusted to pH = 10 with 1M aq. NaOH
and extracted with EtOAc (5 x 300 mL). The combined organic layers were subsequently
washed with H,O (2 x 500 mL), 10% aq. LiCl (500 mL) and brine (500 mL). The organic
layer was dried over MgSQOy, filtered and concentrated in vacuo to yield 913 mg (4.52 mmol,

86%) chloro pyrrolizidine 31 as a brown oil (one spot on TLC).

TLC (CHCl3:MeOH:NH40OH = 9:1:0.2), R¢ = 0.65 (KMnOs).
'"H NMR (CDCls, 400 MHz): &= 4.28 (dd, J=5.5, 12.0 Hz, 1H), 4.24 (dd, J=5.9, 12.5 Hz,
1H), 3.60 (t, J=5.5 Hz, 1H), 3.45 (dd, J=4.9, 10.4 Hz, 1H), 3.34 (dd, J=5.5, 10.6 Hz, 1H),
3.33-3.28 (m, 1H), 2.87-2.77 (m, 1H), 2.62 (dd, J=6.4, 10.6 Hz, 1H), 2.42-2.34 (m, 1H),
2.12-2.04 (m, 1H).

BC NMR (CDCls, 100 MHz): 8= 76.5, 76.5, 70.1, 60.0, 59.6, 53.6, 35.6.

IR (Diamond-ATR, neat) vima: 2928, 2853, 2096, 1450, 1379, 1251, 1128, 1084, 978, 872,
792, 753, 698, 668 cm’".

[o]® b =— 68.3° (¢ = 0.38, CHCL)).

HRMS (ESI) calcd for C;H;;CIN4O [M+H]": 203.0694; found: 203.0694.

z LiCl, 105°C, 6h £
_— =
Cb ..... o —r o

Iso-Choro pyrrolizidine 32

A solution of 1.71 g (5.26 mmol, 1 eq.) bromo pyrrolizidine hydrobromide 28 and 4.42 g
(105.2 mmol, 20 eq.) LiCl in DMF (90 mL) was stirred for 6 h at 105 °C. The reaction
mixture was cooled to rt, diluted with H,O (700 mL) and 1M aq. HCI (30 mL) and washed
with EtOAc (2 x 250 mL). The aqueous layer was adjusted to pH = 10 with 1M aq. NaOH

and extracted with EtOAc (5 x 300 mL). The combined organic layers were subsequently
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washed with H,O (2 x 500 mL), 10% aq. LiCl (500 mL) and brine (500 mL). The organic
layer was dried over MgSQ,, filtered and concentrated in vacuo. The crude product was
purified by flash column chromatography (CHCl;:MeOH = 9:1) to yield 45 mg (0.226 mmol,
4%) chloro pyrrolizidine 32 as a yellowish solid (one spot on TLC).

TLC (CHCl3:MeOH:NH,4OH = 9:1:0.2), Ry = 0.65 (KMnOy).

"H NMR (CDCl;, 400 MHz): 8= 4.52 (dd, J=4.2, 7.2 Hz, 1H), 4.47 (ddd, J=6.4, 8.2, 9.7 Hz,
1H), 4.13 (t, J=7.9 Hz, 1H), 3.54 (dd, J=4.7, 7.6 Hz, 1H), 3.39 (dd, J=6.4, 8.6 Hz, 1H), 3.18
(ddd, J=3.3, 6.0, 9.4 Hz, 1H), 2.87 (ddd, J=6.7, 8.0, 9.7 Hz, 1H), 2.63 (dd, J=8.7, 9.7 Hz, 1H),
2.35-2.32 (m, 2H).

BC NMR (CDCl;, 150 MHz): &= 78.0, 71.0, 67.9, 60.4, 59.6, 51.7, 38.0.

IR (Diamond-ATR, neat) vma: 3061, 2920, 2856, 2114, 1377, 1303, 1281, 1108, 1094, 1060,
972 cm™.

[a]* p =-8.6° (¢ = 0.18, CHCl;).

HRMS (ESI) calcd for C;H;;CIN4O [M+H]": 203.0700; found: 203.0696.

33
Azide 33

A solution of 580 mg (2.87 mmol, 1 eq.) chloro pyrrolizidine 31 and 990 mg (7.18 mmol, 2.5
eq.) K,CO3 in MeOH (30 mL) was stirred in a microwave reactor for 10 min at 150 °C/300
W. 10 g silica was added and the reaction mixture was concentrated in vacuo. The crude
product was purified by flash column chromatography (CHCIl;:MeOH = 10:1) to yield 429
mg (2.58 mmol, 90%) azide 33 as a yellow oil (one spot on TLC).

N3
B N
LoH OB LiCl, 85°C, 4h o
_—
d§ """ OH - KOtBu, rt, 12h N
« HBr
28 33

One-pot-procedure: azide 33
A solution of 15 mg (0.046 mmol, 1 eq.) bromo pyrrolizidine hydrobromide 28 and 48 mg
(1.15 mmol, 25 eq.) LiCl in DMSO (1 mL) was stirred for 4 h at 85 °C. The reaction mixture
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was cooled to rt, treated with 26 mg (0.230 mmol, 5 eq.) KOsBu and stirred for 12 h at rt. The
reaction mixture was diluted with H,O (10 mL) and extracted with CHCI; (5 x 5 mL). The
combined organic layers were washed with H,O (2 x 20 mL) and brine (20 mL). The organic
layer was dried over MgSQy, filtered and concentrated in vacuo to yield 5 mg (0.030 mmol,

65%) azide 33 as a yellow oil.

TLC (CHCl5:MeOH:NH4OH = 9:1:0.2), Ry = 0.67 (KMnO,).

"H NMR (CDCls, 400 MHz): 6= 4.47 (dd, J=1.8, 4.5 Hz, 1H), 4.15 (s, 1H), 4.06 (s, 1H), 3.49
(d, J=11.7 Hz, 1H), 3.31 (s, 1H), 3.14-3.10 (m, 1H), 3.02-2.97 (m, 1H), 2.45 (d, J=11.7 Hz,
1H), 2.10-2.05 (m, 1H), 2.02-1.96 (m, 1H).

3C NMR (CDCl;, 100 MHz): 8= 82.1, 74.4, 69.6, 66.4, 61.2, 54.8, 33.7.

IR (Diamond-ATR, neat) via.: 2940, 2103, 1354, 1310, 1263, 1097, 1050, 1006, 958, 849,
791, 724 cm’.

[o]* p =—49.2° (¢ = 0.44, CHCL,).

HRMS (ESI) caled for C;H oN4O [M+H]": 167.0927; found: 167.0928.

NH,

N3
o Hy, Pd/C, rt, 4h o
N N
33

1

Temuline (1)

A solution of 15 mg (0.090 mmol, 1 eq.) azide 33 and 6 mg (0.006 mmol, 0.06 eq.) 10% Pd/C
in MeOH (3 mL) was degassed with N, in a sonicator for 5 minutes, then flushed with H, (3
x) and stirred for 4 h at rt under H, atmosphere (balloon). The reaction mixture was filtered
through a pad of Celite and the filtrate was concentrated in vacuo to yield 11.4 mg (0.081
mmol, 90%) temuline (1) as a yellow oil (one spot on TLC).

Note: When temuline (1) is exposed to air, it readily forms the corresponding carbamate, a

crystalline solid.

TLC (CHCl5:MeOH = 2:1), Ry = 0.16 (KMnOy).

"H NMR (CDCls, 400 MHz): 8= 4.40 (dd, J=1.9, 4.5 Hz, 1H), 3.84 (d, J=1.7 Hz, 1H), 3.60
(dd, /=0.8, 1.7 Hz, 1H), 3.50 (dd, J=0.7, 11.7 Hz, 1H), 3.10 (ddd, J=3.6, 8.3, 12.7 Hz, 1H),
3.05 (dd, J=1.4, 1.5 Hz, 1H), 2.93 (ddd, J=7.3, 9.3, 12.8 Hz, 1H), 2.42 (d, J=11.8 Hz, 1H),
2.03 (ddd, J=7.3, 8.2, 14.3 Hz, 1H), 1.97 (dddd, J=3.6, 4.4, 9.4, 14.2 Hz, 1H).

94



BC NMR (CDCls, 100 MHz): 6= 81.7, 76.2, 71.9, 60.8, 60.5, 54.5, 34.1.

IR (Diamond-ATR, neat) vimax: 3366, 3288, 3184, 1606, 1472, 1318, 1250, 1216, 1174, 1087,
1040, 1020, 955, 846, 798, 772, 695, 626 cm’.

[a]* p =+27.3° (¢ = 0.37, CHCL).

HRMS (ESI) calcd for C;H,N,O [M+H]™: 141.1022; found: 141.1024.

H
N
H2 Pd/C, it, 3h o \Cf)(
aAczo rt, 16h N
HOAc
34
N-Acetyl temuline acetate (34)
A solution of 30 mg (0.181 mmol, 1 eq.) azide 33 and 9.6 mg (0.009 mmol, 0.05 eq.) 10%
Pd/C in THF (9 mL) was degassed with N, in a sonicator for 5 minutes, then flushed with H,
(3 x) and stirred for 3 h at rt under H, atmosphere (balloon). The atmosphere was exchanged
for N, and 22 mg (0.217 mmol, 1.2 eq.) Ac,O was added. The reaction mixture was stirred for
16 h, filtered through a pad of Celite and the filtrate was concentrated in vacuo to afford 43

mg (0.178 mmol, 98%) N-Acetyl temuline acetate (34) as a yellowish solid (one spot on
TLC).

TLC (CHCl3:MeOH = 9:1), Ry = 0.28 (KMnOy). *

"H NMR (CDCls, 300 MHz): 8= 8.67 (brs, 1H), 4.52 (brs, 2H), 4.35 (s, 1H), 3.63 (d,
J=11.9 Hz, 1H), 3.53 (s, 1H), 3.19 (t, J=7.6 Hz, 1H), 2.62 (d, J=11.9 Hz, 1H), 2.22-2.08 (m,
2H), 1.99-1.96 (m, 6H).

BC NMR (CDCls, 75 MHz): 8= 177.9, 171.4, 80.2, 73.8, 69.3, 60.8, 57.0, 53.6, 31.7, 22.6,
22.3.

IR (Diamond-ATR, neat) Vimax: 3252, 2922, 1660, 1558, 1407, 1377, 1296, 1092, 1012, 962,
933, 841 cm™.

[0 p = — 28.0° (¢ = 0.84, MeOH).

HRMS (ESI) calcd for CoH14N,0, [M+H]+: 183.1134; found: 183.1129.

* Note: TLC was saturated with NH; before running in the solvent mixture.
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H
NH, AFA. N\n/H
o rt, 8h NN
B
* 2HCI
1 35

A mixture of formic acid (1 mL) and acetic anhydride (2 mL) was stirred for 2 h at 55 °C and

N-Formyl temuline (35)

then added to 40 mg (0.189 mmol) temuline -2HCI (1). The reaction mixture was stirred at rt
for 8 h and then treated carefully with MeOH (5 mL) before concentrating in vacuo. The
crude product was purified by flash column chromatography (CHCl;:MeOH:NH,OH =
9:1:0.5) to yield 32 mg (0.189 mmol, 99%) N-formyltemuline (35) as a clear oil (one spot on
TLC).

TLC (CHCl3:MeOH:NH4OH = 9:1:0.5), R¢ = 0.39 (KMnOy).

"H NMR (CDCl;, 300 MHz): 8= 8.73 (brs, 1H), 8.24 (s, 1H), 4.73-4.61 (m, 3H), 4.48 (s, 1H),
4.14 (d, J=12.0 Hz, 1H), 3.89-3.79 (m, 1H), 3.59 (ddd, J=4.3, 8.5, 12.8 Hz, 1H), 3.09 (d,
J=12.2 Hz, 1H), 2.48-2.33 (m, 2H).

BC NMR (CDCls, 75 MHz): 8= 161.7, 78.4, 73.6, 71.3, 61.9, 55.7, 53.2, 30.3.

IR (Diamond-ATR, neat) vma: 3260, 2942, 2878, 2360, 1662, 1533, 1472, 1387, 1315, 1295,
1226, 1107, 1047, 1021, 1004, 980, 961, 886, 848, 793, 746 cm’".

[a]* p =+ 32.1° (¢ = 0.47, CHCl;).

HRMS (ESI) caled for CgH ,N,0, [M+H]": 169.0977; found: 169.0972.

|

N N
3 (CH,0)p, Hy, >~
0 Pd/C, rt, 8h 0
N N
33 3

N-Methyl loline (3)

A solution of 21 mg (0.126 mmol, 1 eq.) azide 33, 50 mg (0.472 mmol, 3.7 eq.) 10% Pd/C
and 0.1 ml (37 wt% in H,O) formaldehyde solution in MeOH (2 mL) was degassed with N in
a sonicator for 5 minutes, then flushed with H, (3 x) and stirred for 8 h at rt under H,
atmosphere (balloon). The reaction mixture was filtered through a pad of Celite and the
filtrate was concentrated in vacuo. The crude product was purified by flash column
chromatography (CHCl3;:MeOH:NH4OH = 140:10:0.5) to afford 21 mg (0.125 mmol, 99%)
N-methyl loline (3) as a yellowish oil (one spot on TLC).

96



TLC (CHCl3:MeOH = 6:1), Ry = 0.41 (KMnOy). *

'"H NMR (CDCls, 300 MHz): 8= 4.41 (dd, J=1.8, 4.4 Hz, 1H), 3.99 (s, 1H), 3.54 (d,
J=10.9 Hz, 1H), 3.18 (s, 1H), 3.10-2.90 (m, 2H), 2.69 (d, J=1.8 Hz, 1H), 2.35 (d, J=10.9 Hz,
1H), 2.28 (s, 6H), 2.08-1.86 (m, 2H).

BC NMR (CDCls, 75 MHz): 8= 82.4, 74.7, 74.5, 69.7, 61.6, 54.7, 44.7, 33.8.

IR (Diamond-ATR, neat) vimay: 3392, 2943, 2822, 2772, 1651, 1466, 1368, 1271, 1182, 1094,
1041, 1022, 961, 888, 854, 814, 793 cm’.

[a]* p =+ 8.0° (¢ = 0.58, MeOH).

HRMS (ESI) calcd for CoH ¢N,O [M+H]™: 169.1341; found: 169.1336.

* Note: TLC was saturated with NH; before running in the solvent mixture.

N3 Boc,0, Hy NHBoc
o Pd/C, rt, 48h o
N N
33 36

N-Boc temuline (36)

A solution of 10 mg (0.060 mmol, 1 eq.) azide 33, 26 mg (0.120 mmol, 2 eq.) Boc,O and 6
mg (0.006 mmol, 0.09 eq.) 10% Pd/C in THF (5 mL) was degassed with N, in a sonicator for
5 minutes, then flushed with H; (3 x) and stirred for 48 h at rt under H, atmosphere (balloon).
The reaction mixture was filtered through a pad of Celite and the filtrate was concentrated in
vacuo. The crude product was purified by flash column chromatography (CHCIl;:MeOH =

9:1) to yield 13.4 mg (0.056 mmol, 93%) N-Boc temuline (36) as a yellow oil (one spot on
TLC).

TLC (CHCl5:MeOH:NH4OH = 9:2:0.2), R¢ = 0.66 (KMnOy).

"H NMR (CDCls, 600 MHz): 8= 5.45 (brs, 1H), 4.46 (dd, J =1.6, 4.4 Hz, 1H), 4.23 (d,
J=5.6 Hz, 1H), 4.14 (s, 1H), 3.36 (d, J=11.8 Hz, 1H), 3.12-3.08 (m, 2H), 2.96-2.91 (m, 1H),
2.43 (d, J=11.8 Hz, 1H), 2.10-2.04 (m, 1H), 2.02-1.97 (m, 1H), 1.43 (s, 9H).

BC NMR (CDCls, 150 MHz): 8= 155.5, 81.0, 79.6, 74.1, 69.7, 61.0, 58.5, 54.6, 33.8, 28.3.
IR (Diamond-ATR, neat) Vmax: 2974, 2937, 1697, 1547, 1365, 1289, 1251, 1161, 1152, 999,
961, 850, 794, 749, 665 cm™.

[a]* p =+ 38.7° (¢ = 0.35, CHCL).

HRMS (ESI) calcd for C12Hy0N,05 [M+H]": 241.1547; found: 241.1545.
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Na Boc,0, Hy, N\H/N\[(O\k
o Pd/C, rt, 48h o 0 0O
N N

33 37

N-Boc urea (37)

A solution of 350 mg (2.11 mmol, 1 eq.) azide 33, 920 mg (4.217 mmol, 2 eq.) Boc,O and
110 mg (0.105 mmol, 0.05 eq.) 10% Pd/C in THF (60 mL) was degassed with N, in a
sonicator for 15 minutes, then flushed with H, (3 x) and stirred for 48 h at rt under H,
atmosphere (balloon). The reaction mixture was filtered through a pad of Celite and the
filtrate was concentrated in vacuo. The crude product was purified by flash column
chromatography (CHCl;:MeOH = 9:1) to yield 31 mg (0.109 mmol, 5%) N-Boc urea 37 as a
yellowish solid (one spot on TLC).

TLC (CHCl5:MeOH:NH4OH = 9:2:0.2), Ry = 0.75 (KMnOy).

'"H NMR (CDCls, 300 MHz): &= 8.23 (d, J=6.7 Hz, 1H), 7.60 (s, 1H), 4.47 (dd, J =1.8,
4.2 Hz, 1H), 4.38 (d, J=6.3 Hz, 1H), 4.17 (s, 1H), 3.42 (d, J=11.6 Hz, 1H), 3.27 (s, 1H), 3.12
(ddd, J=3.7, 8.1, 12.2 Hz, 1H), 3.03-2.93 (m, 1H), 2.45 (d, J/=12.0 Hz, 1H), 2.13-1.95 (m,
2H), 1.46 (s, 9H).

BC NMR (CDCls, 150 MHz): 8= 153.3, 153.0, 82.8, 81.3, 74.0, 69.7, 61.0, 57.7, 54.8, 33.8,
28.0.

IR (Diamond-ATR, neat) vma: 3318, 3214, 3120, 2973, 2942, 1714, 1691,1552, 1480, 1268,
1247, 1152, 959, 791, 768, 661 cm™.

[a]* p =+ 9.3° (¢ = 1.32, CHCl3).

HRMS (ESI) calcd for C13H,N;04 [M+H]': 284.1610; found: 284.1608.

H

NHBoc LIAH,, N
o 70°C, 8h o
N — HCI N
+ 2HCI
36 2

Loline -2HCI (2)

A solution of 11 mg (0.046 mmol, 1 eq.) N-Boc temuline (36) in THF (5 mL) was degassed
with N, in a sonicator for 5 minutes, then treated with 275 pL (0.275 mmol, 6 eq., 1M
solution in THF) LiAlH, and refluxed for 8 h. The reaction mixture was quenched with 1M
aq. NaOH (0.3 mL) and 0.5 g silica was added and concentrated in vacuo. The crude product
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was purified by flash column chromatography (CHCIl;:MeOH:NH4OH = 10:4:1) and the
resulting free base was treated with 3M HCI in methanol (2 mL) and concentrated in vacuo to

yield 10 mg (0.044 mmol, 96%) loline -2HCI (2) as a yellow oil (one spot on TLC).

TLC (CHCl3;:MeOH:NH,4OH = 9:3:0.5), Ry = 0.12 (KMnOy).

"H NMR (D,0, 400 MHz): &= 4.82 (s, 1H), 4.80 (s, 1H), 4.75 (dd, J=2.3, 4.8 Hz, 1H), 4.26
(s, 1H), 4.15 (d, J=13.9 Hz, 1H), 3.82-3.76 (m, 1H), 3.76-3.70 (m, 1H), 3.60 (d, J=13.9 Hz,
1H), 2.83 (d, J=0.9 Hz, 3H), 2.42 (ddd, J=7.6, 10.0, 15.0 Hz, 1H), 2.31 (ddd, J=5.0, 8.4, 15.0
Hz, 1H).

BC NMR (D,0, 100 MHz): 6= 83.4, 74.0, 72.2, 66.0, 64.2, 58.2, 36.4, 36.1.

IR (Diamond-ATR, neat) vmay: 2920, 2692, 2555, 1553, 1462, 1349, 1216, 1160, 1074, 1056,
1002, 958, 832, 793 cm’.

[a]® p =+ 5.4° (¢ = 0.31, H,0).

HRMS (ESI) calcd for CsH4N,O [M+H]": 155.1179; found: 155.1176.

AN AFA, N<
N N
* 2HCI
2 4
N-Formylloline (4)

A mixture of formic acid (0.1 mL) and acetic anhydride (0.2 mL) was stirred for 2 h at 55 °C
and then added to 10 mg (0.044 mmol) loline -2HCI (2). The reaction mixture was stirred at rt
for 8 h before concentrating in vacuo. The crude product was purified by flash column
chromatography (CHCI;:MeOH = 9:1) to yield 6.5 mg (0.036 mmol, 81%) N-formylloline (4)

as a clear oil (one spot on TLC).

TLC (CHCl3:MeOH = 3:1), Ry = 0.50 (KMnOQy).

"H NMR (CDCl;, 600 MHz): 5= 8.44 (s), 8.07 (s), 4.71 (d, J=2.1 Hz), 4.52 (dd, J=1.8, 4.4
Hz), 4.45 (dd, J=1.8, 4.4 Hz), 4.21 (d, J=1.6 Hz), 4.06-4.04 (m), 3.85 (d, J=1.3 Hz), 3.42 (s),
3.37 (s), 3.27 (d, J=11.9 Hz), 3.23 (d, J=11.6 Hz), 3.13 (s), 3.12-3.08 (m), 3.05-2.98 (m),
2.95 (d, J=0.5 Hz), 2.51 (d, J=12.0 Hz), 2.44 (d, J=11.8 Hz), 2.09 (ddd, J=7.1, 7.4, 14.4 Hz),
1.98 (dddd, J=4.3, 4.3, 9.4, 14.4 Hz).

BC NMR (CDCls, 150 MHz): 8= 163.5, 163.2, 82.0, 80.3, 74.0, 73.1, 67.9, 67.5, 65.4, 62.4,
61.0, 60.5, 54.8, 54.6, 33.4, 33.1, 32.8, 29.9.
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IR (Diamond-ATR, neat) vimx: 3488, 2934, 2880, 1665, 1388, 1355, 1254, 1085, 1049, 1024,
962, 811, 751 cm’.

[a]* p =+ 4.3° (¢ = 0.22, CHCl3).
HRMS (ESI) caled for CoH 4N,0, [M+H]": 183.1128; found: 183.1126.

H |
N< Ac,0, N\“/
t, 16h
0 . 0t~0
« 2HCI HCl
2 5

18 mg (79.6 umol, 1 eq.) loline -2HCI (5) was dissolved in Ac,O (1 mL) and the reaction

N-Acetylloline HCI (5)

mixture was stirred at rt for 16 h and then treated carefully with MeOH (3 mL) before
concentrating in vacuo. The crude product was coevaporated with toluene (4 x 3 ml) to afford

18 mg (77.3 mmol, 97%) N-acetylloline HCI (5) as a viscous oil (one spot on TLC).

TLC (CHCl5:MeOH = 9:1), Ry = 0.38 (KMnQy). *

"H NMR (MeOH-d,, 400 MHz): 8= 5.02 (d, J=2.0 Hz, 1H), 4.92 (s, 1H), 4.66 (dd, J=2.2, 4.7
Hz, 1H), 4.15 (s, 1H), 3.88 (d, J=12.5 Hz, 1H), 3.73 (t, J=7.8 Hz, 2H), 3.39 (d, J=12.5 Hz,
1H), 3.10 (d, J/=0.8 Hz, 3H), 2.49-2.40 (m, 1H), 2.37-2.29 (m, 1H), 2.15 (s, 3H).

BC NMR (MeOH-ds, 150 MHz): 8= 175.8, 80.2, 74.9, 73.0, 66.6, 63.3, 54.8, 37.0, 30.9, 23.1.
IR (Diamond-ATR, neat) vimax: 3388, 2927, 2538, 1751, 1638, 1474, 1399, 1347, 1311, 1215,
1144, 1090, 1036, 1015, 1001, 959, 911, 858, 844, 803, 747, 661 cm".

[o]® p = +42.8° (¢ = 0.51, CHCL5).

HRMS (ESI) calcd for CioH6N>O, [M+H]+: 197.1290; found: 197.1285.

* Note: TLC was saturated with NH; before running in the solvent mixture.

///\/\/\ [}j’/N
N3 CuS0, Sodium ascorbate, N\/)‘\—\_\
N N
33 38
Triazol 38
20 mg (0.120 mmol, 1.1 eq.) azide 33, 12 mg (0.109 mmol, 1 eq.) 1-octyne, 2.4 mg (8.76

pmol, 0.08 eq.) CuSO4 -5H,O and 2.6 mg (13.2 umol, 0.11 eq.) sodium ascorbate were
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dissolved in 2.5 mL MeOH/H,O (4/1) and the reaction mixture was stirred at 45 °C for 12 h
in a sealed tube before concentrating in vacuo. The crude product was purified by flash
column chromatography (CHCl;:MeOH = 98:2) to yield 24.5 mg (0.089 mmol, 82%) of the

desired product 38 as a clear oil (one spot on TLC).

TLC (CHCl3:MeOH = 9:1), Ry = 0.65 (KMnO,).

"H NMR (CDCls, 600 MHz): = 7.74 (s, 1H), 5.11 (d, J =2.0 Hz, 1H), 4.66 (dd, J =1.8,
4.5 Hz, 1H), 4.53 (d, J=2.5 Hz, 1H), 3.60 (m, 1H), 3.16 (ddd, J=3.4, 8.7, 12.5 Hz, 1H), 3.07
(d, J=11.0 Hz, 1H), 3.09-3.04 (m, 1H), 2.69 (td, J=4.3, 7.5 Hz, 1H), 2.51 (d, /=12.2 Hz, 1H),
2.18-2.13 (m, 1H), 2.09-2.04 (m, 1H), 1.68-1.63 (m, 1H), 1.37-1.32 (m, 2H), 1.29-1.27 (m,
SH), 1.24 (s, 1H), 0.87 (t, J=7.1 Hz, 3H).

13C NMR (CDCls, 150 MHz): 8= 148.1, 120.9, 82.1, 75.0, 69.4, 65.7, 60.8, 55.1, 33.3, 31.6,
29.4,29.0,25.7,22.6, 14.1.

HRMS (ESI) caled for C1sHyyN4O [M+H]™: 277.2028; found: 277.2026.

— N=
o N
Ns  cuso, Sodium ascorbate, OH
o 50°C, 12h 6
N N
33 39

Triazol 39

20 mg (0.120 mmol, 1.1 eq.) azide 33, 12 mg (0.109 mmol, 1 eq.) 3-butyne-1-ol, 2.4 mg (8.76
umol, 0.08 eq.) CuSO4 -5H,0 and 2.6 mg (13.2 umol, 0.11 eq.) Sodium ascorbate were
dissolved in 2.5 mL MeOH/H,O (4/1) and the reaction mixture was stirred at 45 °C for 12 h
in a sealed tube before concentrating in vacuo. The crude product was purified by flash
column chromatography (CHCIl;:MeOH = 95:5) to yield 22 mg (0.094 mmol, 85%) of the
desired product 39 as a clear oil (one spot on TLC).

TLC (CHCl3:MeOH = 9:1), Ry = 0.27 (KMnOy).
"H NMR (CDCls, 600 MHz): = 7.86 (s, 1H), 5.11 (d, J =2.0 Hz, 1H), 4.66 (dd, J =1.9,
4.5 Hz, 1H), 4.58 (d, J=2.5 Hz, 1H), 3.96-3.90 (m, 2H), 3.64 (m, 1H), 3.17 (ddd, J=3.4, 8.6,
12.4 Hz, 1H), 3.08 (d, J=11.1 Hz, 1H), 3.07-3.04 (m, 1H), 2.94 (t, J=5.8 Hz, 1H), 2.53 (d,
J=12.3 Hz, 1H), 2.28 (brs, 1H), 2.20-2.15 (m, 1H), 2.12-2.07 (m, 1H).
13C NMR (CDCls, 150 MHz): &= 145.2, 122.0, 82.0, 75.0, 69.5, 65.7, 61.6, 60.7, 55.1, 33.3,
28.7.

101



HRMS (ESI) caled for C;1H7N40, [M+H]": 237.1352; found: 237.1344.

_N
= N )
Ns . N/

CuS0O,4 Sodium ascorbate,
o 50°C, 12h _ o
N N

33 40

Triazol 40

20 mg (0.120 mmol, 1.1 eq.) azide 33, 13 mg (0.109 mmol, 1 eq.) 4-ethynyl-aniline, 2.4 mg
(8.76 umol, 0.08 eq.) CuSO4 -5H,0 and 2.6 mg (13.2 umol, 0.11 eq.) Sodium ascorbate were
dissolved in 2.5 mL MeOH/H,O (4/1) and the reaction mixture was stirred at 45 °C for 12 h
in a sealed tube before concentrating in vacuo. The crude product was purified by flash
column chromatography (CHCl;:MeOH = 9:1) to yield 27 mg (0.097 mmol, 89%) of the
desired product 40 as a clear oil (one spot on TLC).

TLC (CHCl3:MeOH = 9:1), Ry = 0.45 (KMnQy). *

"H NMR (CDCls, 600 MHz): 8= 8.16 (s, 1H), 7.66-7.64 (m, 2H), 6.74-6.71 (m, 2H), 5.19 (d,
J=2.2 Hz, 1H), 4.67 (dd, J =1.8, 4.5 Hz, 1H), 4.56 (d, J=2.5 Hz, 1H), 3.74 (brs, 2H), 3.63 (s,
1H), 3.19 (ddd, J=3.4, 8.6, 12.4 Hz, 1H), 3.15 (d, J=12.4 Hz, 1H), 3.09 (ddd, J=7.2, 9.4,
13.0 Hz, 1H), 2.55 (d, J=12.3 Hz, 1H), 2.21-2.16 (m, 1H), 2.12-2.07 (m, 1H).

BC NMR (CDCl;, 150 MHz): 8= 147.8, 145.4, 127.0, 121.1, 118.8, 115.2, 82.1, 75.0, 69.4,
65.8, 60.7, 55.2, 33.4.

HRMS (ESI) calcd for C;5sH;7NsO [M+H]": 284.1511; found: 284.1503.

* Note: TLC was saturated with NH; before running in the solvent mixture.

H———TMS
Pd(dba),, PPh3, Cul, TBAF,

NEt,, 70°C, 10h @ 12 @

-

S2

Alkin S4

100 mg (0.325 mmol, 1 eq.) azobenzene S2, 185 puL (1.299 mmol, 4 eq.) trimethyl-
silylacetylene, 2.5 mg (12.99 umol, 0.04 eq.) Cul, 17 mg (64.9 umol, 0.2 eq.) PPh;, and 12
mg (12.99 pumol, 0.04 eq.) Pd(dba), was dissolved in NEt; (2 mL). The reaction mixture was
freeze-pump-thaw degassed three times and then heated to 70°C for 10 h. The reaction
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mixture was diluted with EtOAc (10 mL) and filtered through a plug af silica. The silica pad
was washed with EtOAc (20 mL) and the combined organics were dried over MgSOQs,, filtered
and concentrated in vacuo to yield 86 mg of the crude product S3 as an orange solid, which
was used without further purification.

86 mg (0.309 mmol, 1 eq) of crude TMS-alkin S3 was dissolved in 6 mL THF/H,O (5/1) and
treated with 340 pL (0.340 mmol, 1.1 eq., 1M solution in THF) TBAF. The reaction mixture
was stirred at rt for 12 h before concentrating in vacuo. The crude product was dissolved in
EtOAc (15 mL), dried over MgSOQ,, filtered and concentrated in vacuo. The crude product
was purified by flash column chromatography (hexanes:CH,Cl, = 4:1) to yield 57 mg (0.277

mmol, 85% over two steps) of the desired product S4 as an orange solid (one spot on TLC).

TLC ((hexanes:EtOAc = 9:1), Ry = 0.67 (KMnOy).

"H NMR (CDCl;, 600 MHz): 8= 7.93—7.88 (m, 4H), 7.64-7.63 (m, 2H), 7.54-7.43 (m, 3H),
3.23 (s, 1H).

IR (Diamond-ATR, neat) vimax: 3278, 1584, 1493, 1481, 1462, 1440, 1395, 1299, 1242, 1216,
1155, 1106, 1016, 1006, 853, 771, 725, 683 cm™.

HRMS (EI) calcd for Ci4H;oN; [M]+: 206.0844; found: 206.0828.

. " OO0

CuSO, Sodium ascorbate,
o 50°C, 12h - o
N N

33 41

Triazol 41

10 mg (0.060 mmol, 1.1 eq.) azide 33, 11.3 mg (0.055 mmol, 1 eq.) alkin S4, 1.2 mg (4.82
umol, 0.08 eq.) CuSO4 -5H,O and 1.2 mg (6.02 pumol, 0.10 eq.) sodium ascorbate were
dissolved in 1.25 mL MeOH/H,O (4/1) and the reaction mixture was stirred at 45 °C for 12 h
in a sealed tube before concentrating in vacuo. The crude product was purified by flash
column chromatography (CHCl;:MeOH = 95:5) to yield 20 mg (0.054 mmol, 98%) of the
desired product 41 as a orange solid (one spot on TLC).

TLC (CHCl;:MeOH = 9:1), Ry = 0.44 (KMnO,).
"H NMR (CDCls, 600 MHz): 6= 8.43 (s, 1H), 8.04-8.02 (m, 2H), 8.00~7.98 (m, 2H), 7.94—
7.92 (m, 2H), 7.54-7.51 (m, 2H), 7.49-7.46 (m, 1H), 5.25 (d, J =2.3 Hz, 1H), 4.70 (dd, J
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=1.8, 4.5 Hz, 1H), 4.60 (d, J=2.5 Hz, 1H), 3.70 (m, 1H), 3.23 (ddd, J =3 .4, 8.6, 12.4 Hz, 1H),
3.18 (d, J=12.4 Hz 1H), 3.16-3.07 (m, 1H), 2.60 (d, J=12.5 Hz, 1H), 2.24-2.19 (m, 1H),
2.15-2.10 (m, 1H).*

BC NMR (CDCl;, 150 MHz): 8= 152.7, 152.2, 146.7, 133.0, 131.0, 129.1, 128.8, 126.4,
126.0, 123.5, 122.9, 121.3, 120.8, 120.4, 82.1, 82.1, 75.0, 75.0, 69.4, 69.4, 65.9, 65.9, 60.7,
60.7,55.2,55.2, 33.3, 33.2.

IR (Diamond-ATR, neat) vma.: 2931, 1606, 1444, 1434, 1217, 1054, 1024, 962, 854, 835,
810, 770, 743, 687 cm’".

[]® p =+ 13.0° (¢ = 0.37, CHCL).

HRMS (ESI) calcd for C;;H7N40, [M+H]": 373.1777; found: 373.1776.

* Signals only of the major frans-isomer are reported.

HO 4 NHBoc HCl (g) HQ H  NH,
= rt, 10 min >
wQH E—— n
N o N OH
* 2HCI
27 42

Aminodiol 42

Through a solution of 13 mg (50.3 umol, 1 eq.) N-Boc diol 27 in EtOAc (5 mL) and MeOH
(0.2 mL) was bubbled HCI for 10 min at rt and the resulting colorless solid was filtered to
yield 11.5 mg (49.7umol, 99%) of the desired amine 42 (one spot on TLC).

TLC (CHCl;:MeOH:NH,OH = 10:8:1), Ry = 0.16 (KMnO,).

"H NMR (MeOH-d,, 400 MHz): 8= 4.62-4.56 (m, 2H), 4.20 (dd, J=4.4, 7.3 Hz, 1H), 4.02 (t,
J=7.8 Hz, 1H), 3.94 (dd, J=6.4, 11.2 Hz, 1H), 3.83-3.77 (m, 1H), 3.40 (td, J/=6.4, 11.5 Hz,
1H), 3.06 (t, J=10.5 Hz, 1H), 2.33-2.18 (m, 2H).

3C NMR (MeOH-d,, 151 MHz): = 74.6, 71.9, 69.4, 59.2, 54.4, 54.0, 36.5.

HRMS (EI) calcd for C7H4N,0, [M]: 158.1055; found: 158.1022.

\

HQ | NHBoc  LiAlH,, HQ 4 NH
2 70°C, 8h ;
o —_— mn
N/ "M Sha N/ "
« 2HCI
27 43

N-Me-amine 43

A solution of 11 mg (42.6 umol, 1 eq.) N-Boc diol 27 in THF (6 mL) was treated with 256 uL
(0.256 mmol, 6 eq., 1M solution in THF) LiAlH4 and heated to 70 °C for 8 h. The reaction
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mixture was quenched with 1M aq. NaOH (0.3 mL) and 0.5 g silica was added and
concentrated in vacuo. The crude product was purified by flash column chromatography
(CHCI3;:MeOH:NH4OH = 10:5:1) and the resulting free base was treated with 3M HCI in
methanol (2 mL) and concentrated in vacuo to yield 10 mg (41.0 umol, 96%) of the desired

N-Me-amine 43 as a colorless solid (one spot on TLC).

TLC (CHCl3:MeOH:NH,4OH = 10:5:1), Ry = 0.20 (KMnO,).

"H NMR (D,0, 300 MHz): 5= 4.89-4.83 (m, 1H), 4.78-4.73 (m, 1H), 4.47 (t, J=5.7 Hz, 1H),
4.16-4.11 (m, 2H), 3.96 (ddd, J=2.7, 7.9, 10.7 Hz 1H), 3.31 (td, J=7.0, 11.6 Hz, 1H), 3.27
(dd, J=10.0, 11.5 Hz, 1H), 2.96 (s, 3H), 2.46-2.30 (m, 2H).

BC NMR (CDCls, 75 MHz): 8= 72.3, 69.9, 68.8, 60.0, 57.8, 53.6, 34.7, 32.1.

HRMS (ESI) caled for CgH¢N,O, [M+H]": 173.1285; found: 173.1285.

o)
ClH N; H,, Pd/C, t, 3h clu HN_/<
w 5 'Ac,0, tt, 8h t@
wOH — = wOH
N N

32 44

N-Acetyl chloro pyrrolizidine (44)

A solution of 30 mg (0.148 mmol, 1.0 eq.) azide 44 and 7.9 mg (7.42 umol, 0.05 eq.) 10%
Pd/C in THF (9 mL) was degassed with N, in a sonicator for 5 minutes, then flushed with H,
(3 x) and stirred for 3 h at rt under H, atmosphere (balloon). The atmosphere was exchanged
for N; and 18 mg (0.178 mmol, 1.2 eq.) Ac,O was added. The reaction mixture was stirred for
8 h, filtered through a pad of Celite and the filtrate was concentrated in vacuo. The crude
product was purified by flash column chromatography (CHCl3;:MeOH = 6:1) to yield 22 mg
(0.102 mmol, 69%) of the desired product 44 as a clear oil (one spot on TLC).

TLC (CHCl3:MeOH = 4:1), Ry = 0.19 (KMnOy).
"H NMR (CDCl;, 400 MHz): &= 6.83 (d, J=4.8 Hz, 1H), 4.38 (dd, J=6.0, 11.3 Hz, 1H), 4.17
(dd, J=5.5, 11.6 Hz, 1H), 3.97 (q, J=5.6 Hz, 1H), 3.52 (t, J=5.4 Hz, 1H), 3.39 (dd, J=5.5,
10.7 Hz, 1H), 3.32 (dt, J=6.5, 11.1 Hz, 1H), 2.90 (dt, J=6.5, 11.0 Hz, 1H), 2.67 (dd, J=6.3,
10.7 Hz, 1H), 2.51-2.43 (m, 1H), 2.10-2.01 (m, 1H), 2.04 (s, 3H).
BC NMR (CDCls, 100 MHz): 8= 172.0, 77.3, 61.9, 60.8, 59.9, 53.3, 35.4, 29.7, 23.1.
IR (Diamond-ATR, neat) vmay: 3290, 2923, 2853, 1649, 1538, 1371, 1312, 1260, 1127, 1082,
1034, 727, 703 cm™.
[a]*® p = - 9.2° (¢ = 0.45, CHCL;).
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HRMS (ESI) caled for CoH;sCIN,O, [M+H]': 219.0900; found: 219.0893.

0
Cl y Ng H, Pd/C, 1,30 Cl 4 HN—/<
wOH — > (¢ | S o

N N ):o

32 45

N, O-diacetyl chloro pyrrolizidine (45)

A solution of 30 mg (0.148 mmol, 1.0 eq.) azide 33 and 7.9 mg (7.42 umol, 0.05 eq.) 10%
Pd/C in THF (9 mL) was degassed with N; in a sonicator for 5 minutes, then flushed with H;
(3 x) and stirred for 3 h at rt under H, atmosphere (balloon). The atmosphere was exchanged
for N; and 18 mg (0.296 mmol, 2.0 eq.) Ac;O was added. The reaction mixture was stirred for
8 h, filtered through a pad of Celite and the filtrate was concentrated in vacuo. The crude
product was purified by flash column chromatography (CHCl;:MeOH = 9:1) to yield 10 mg
(0.038 mmol, 26%) of the desired product 45 as a colorless solid (one spot on TLC).

TLC (CHCl;:MeOH = 4:1), Ry = 0.51 (KMnO,).

'"H NMR (CDCls, 600 MHz): 8= 6.08 (d, J=6.6 Hz, 1H), 5.15 (dd, J=7.2, 13.4 Hz, 1H), 4.58—
4.56 (m, 1H), 4.11 (q, J=7.2 Hz, 1H), 3.45 (dd, J=6.1, 10.5 Hz, 1H), 3.37 (dd, J=3.1, 7.1 Hz,
1H), 3.30 (ddd, J=5.9, 8.6, 11.2 Hz, 1H), 2.80 (ddd, J=4.2, 6.8, 11.1 Hz, 1H), 2.69 (dd, J=7.3,
10.5 Hz, 1H), 2.39-2.33 (m, 1H), 2.04 (s, 3H), 2.03-2.00 (m, 1H), 1.9 (s, 3H).

13C NMR (CDCls, 100 MHz): 8= 170.8, 170.5, 78.4, 76.2, 61.3, 58.3, 56.8, 53.2, 34.4, 23.2,
20.9.

IR (Diamond-ATR, neat) vmac: 3178, 2924, 2917, 1713, 1649, 1446, 1368, 1292, 1243, 1110,
1032, 1029, 786, 757, 723 cm’™.

HRMS (ESI) caled for CiH,7CIN,O, [M+H]': 261.1006; found: 261.0999.

Hy, PtO,, rt, 1h
—_—
.......... OH
* HBr * 2HBr
28 46

Pyrrolizidine (47)
A solution of 45 mg (0.138 mmol, 1.0 eq.) azide 15 and 3 mg (13.8 pumol, 0.1 eq.) PtO, in
H,0 (3 mL) was degassed with N; in a sonicator for 5 minutes, then flushed with H, (3 x) and

stirred for 1 h at rt under H, atmosphere (balloon) until a black precipitation was formed. The
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reaction mixture was filtered through a pad of Celite and the filtrate was concentrated in
vacuo to yield 36 mg (0.120 mmol, 87%) of the desired product 46 as a colorless solid (one
spot on TLC).

TLC (CHCl3:MeOH = 2:1), Ry = 0.10 (KMnOy). *
"H NMR (MeOH-d,, 400 MHz): 8= 4.07 (q, J=5.3 Hz, 1H), 3.65 (m, 2H), 3.43-3.38 (m, 1H),
3.16-3.10 (m, 2H), 2.95 (ddd, J=2.4, 5.5, 11.6 Hz, 1H), 2.25-2.01 (m, 2H), 1.93-1.84 (m,
1H).

BC NMR (MeOH-d,, 75 MHz): 8= 78.2, 73.4, 63.7, 59.7, 57.5, 31.1, 26.1.

IR (Diamond-ATR, neat) vma: 3228, 2910, 2597, 1572, 1480, 1406, 1338, 1127, 1038, 869
em’

HRMS (ESI) calcd for C;H42N,O [M+H]': 143.1184; found: 143.1181.

* Note: TLC was saturated with NH; before running in the solvent mixture.

H
H.
N

é}\ (MeCN),PdCl, %>Pd <C' oo
N N Cl

2 47
Palladium complex 47
17 mg (96.0 umol, 1.0 eq.) PdCl, was suspended in MeCN (3mL) and heated to 90 °C for 2 h
until the formation of (MeCN),PdCl, was indicated by the color change from yellow to
orange. The reaction mixture was cooled down to rt and 15 mg (97.0 umol, 1.0 eq.) loline (2)
in MeCN (1 mL) was added. The reaction mixture was stirred at rt for 12 h before
concentrating in vacuo. The resulting solid was triturated with Et,O (10 mL) and filtered off

to afford 28 mg (75.7 umol, 79%) Palladium complex 47 as an orange solid.

TLC (CHCl5:MeOH = 9:1), Ry = 0.53 (KMnQy).
"H NMR (CDCl;, 600 MHz): &= 6.07 (s, 1H), 5.44 (s, 1H), 5.15 (dd, J=1.9, 13.1 Hz, 1H),
4.57 (dd, J=2.7, 5.9 Hz, 1H), 4.32 (s, 1H), 3.29 (ddd, J=1.5, 7.9, 12.1 Hz, 1H), 3.22 (s, 1H),
3.10 (dt, J=8.9, 12.4 Hz, 1H), 2.96 (d, J=13.1 Hz, 3H) 2.53 (d, J=6.3 Hz, 3H), 2.24 (dddd,
J=1.9,6.2,9.1, 153 Hz, 1H), 2.13 (dt, J=5.1, 8.3 Hz, 1H), 2.00 (s, 3H).
BC NMR (CDCl;, 150 MHz): &= 116.3, 79.6, 78.1, 72.5, 65.3, 64.2, 54.8, 37.0, 31.8, 1.9.
IR (Diamond-ATR, neat) vmax: 3367, 2919, 2687, 1627, 1469, 1342, 1283, 1213, 1164, 1048,
1002, 957, 833, 795 cm’.
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[a]*p =+21.6° (c=0.31, CDCl5).
HRMS (ESI) caled for CioH;6CIN;OPd [M+H]": 336.0095 and 338.0095; found: 336.0096
and 338.0093.

| [
SN

é\ (MeCN),PdCl, %>Pd <C'
N N Cl
3 48

Palladium complex 48

17 mg (96.0 umol, 1.0 eq.) PdCI, was suspended in MeCN (3mL) and heat to 90 °C for 2 h
until the formation of (MeCN),PdCl, was indicated by the color change from yellow to
orange. The reaction mixture was cooled down to rt and 16 mg (95.0 umol, 1 eq.) N-methyl
loline (3) in MeCN (1 mL) was added. The reaction mixture was stirred at rt for 12 h before
concentrating in vacuo. The resulting solid was triturated with Et;O (10 mL) and filtered off

to afford 28 mg (81.1 umol, 85%) Palladium complex 48 as an orange solid.

'H NMR (DMSO-ds, 400 MHz): 5= 5.00 (dd, J=2.0, 13.6 Hz, 1H), 4.48 (dd, J=2.7, 5.2 Hz,
1H), 4.43 (s, 1H), 4.38 (s, 1H), 3.19-3.11 (m, 1H), 3.06-3.00 (m, 2H), 2.93 (s, 3H), 2.63-2.58
(m, 1H), 2.50 (s, 3H), 2.14-2.02 (m, 2H).

13C NMR (DMSO-dg, 100 MHz): 8= 78.2, 77.3, 73.9, 72.4, 63.1, 54.2, 51.3. 46.9, 31.2.

OYO

NH, NH
o Co, 0P
N NH
1 49

CO; was bubbled trough a solution of 14 mg (0.1 mmol) temuline (1) in methanol (5 mL) for

Temuline carbamate (49)

2 min. The reaction mixture was concentrated down to afford 18.2 mg (0.099 mmol, 99%)

temuline carbamate (49) as a colourless crystalline solid.

TLC (CHCl3:MeOH = 7:3), Re = 0.27 (KMnQy).*
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"H NMR (MeOH-d,, 600 MHz): 8= 4.61 (dd, J=2.2, 5.0 Hz, 1H), 4.33 (s, 1H), 4.27 (s, 1H),
4.18 (d, J=12.0 Hz, 1H), 3.95 (d, J=2.2 Hz, 1H), 3.67 (ddd, J=3.6, 9.0, 12.4 Hz, 1H), 3.59—
3.54 (m, 1H), 3.19 (d, J=12.0 Hz, 1H), 2.43-2.37 (m, 1H), 2.31-2.26 (m, 1H).

BC NMR (MeOH-d,, 151 MHz): = 79.3, 74.9, 74.0, 61.3, 57.8, 52.5, 29.9.

IR (Diamond-ATR, neat) vmax: 3354, 2921, 2784, 2549, 1653, 1475, 1444, 1375, 1343, 1215,
1181, 1085, 1001, 963, 937, 836, 799, 778cm™.

[0]* p = —46.0° (¢ = 0.19, MeOH).

HRMS (EI) calcd for CgH;2N,O3 [M—CO,]: 140.0944; found: 140.0936.

* Note: TLC was saturated with NH; before running in the solvent mixture.

NH, Ho >_
H co, \( H+ \
\rNj/ - = >—N/\/\N O )‘

50 51

Carbamate (51)

CO; was bubbled trough a solution of 100 mg (0.69 mmol) amine (50) in acetonitrile (15 mL)

for 10 min. Slow evaporation of the solvent gave X-ray suitable crystals of carbamate (51).

CFs
SCN

CF H H
NH, DIPEA, N\H/N CF3
rt, 10h
o] - 0 S
N N CF
« 2HCI 3
2 XX

Thiourea XX

5 mg (23.58 umol; 1 eq.) temuline -2HCI (2), 7.5 pul (49.52 umol, 2.1 eq.) DIPEA and 6.1 mg
(22.41 pumol, 0.95 eq.) Isothiocyanate was dissolved in CH,Cl, (1 mL) and stirred at rt for 10
h. The reaction mixture was concentrating in vacuo and the crude product was purified by
flash column chromatography (CHCl3:MeOH = 95:5) to yield 9 mg (21.73 mmol, 98%) of the
desired product XX as a clear oil (one spot on TLC).

TLC (CHCl5:MeOH = 9:1), Ry = 0.34 (KMnOy).
"H NMR (CDCls, 600 MHz): 8= 7.90 (s, 2H), 7.69 (s, 1H), 4.83 (s, 1H), 4.53 (dd, J=1.9,
4.6 Hz, 1H), 4.46 (s, 1H), 3.64 (m, 1H), 3.33 (d, J/=12.0 Hz, 1H), 3.31 (s, 1H), 3.07-3.03 (m,
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1H), 2.92-2.87 (m, 1H), 2.50 (d, J=12.0 Hz, 1H), 2.26 (brs, 2H), 2.16-2.11 (m, 1H), 2.08—
2.03 (m, 1H).

BC NMR (CDCls, 150 MHz): &= 181.2, 139.5, 132.6, 123.7, 121.9, 120.1, 119.2, 80.7, 73.7,
69.4, 60.9. 54.6, 33.6.

IR (Diamond-ATR, neat) vm.: 2948, 1538, 1472, 1383, 1275, 1173, 1129, 955, 884, 847,
792, 759, 700, 682 cm’.

[]®p =+ 11.4° (¢ = 0.19, CHCL).

HRMS (ESI) calcd for C6H;sON3FeS [M+H]": 412.0918; found: 412.0914.
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NMR spectra.

w—
99T
9T
04T
(/a4

wr

W

HO-
HO

=01¢

E=L0T

00T

=BT

[

6'5L—

L'EB—

gL0E—

111

f1 {ppm)

HO-
HO




(o]
i

85'E—

60—
19z

11

blE—

fa:y
0's—

=0T

E-80T

——00'9

=507
=80T

O
985 —
-
8'5h— -
=y
22
=
PR ——
£08- ]
£700— ]

T
10
12 {pam)

112



-

wi—

Ferz

89°Z
00T

wmn.ﬁ

Fsz

OH

12

ﬁ a1z

00— g* Hlmm_v
S8'0— WV.—.O
0ri— M Wew.v
88 E— £ thn
Ser— — WB.—
ore— J HI_H_.N
)
M
T
O e —
®
-
O

113



SE'T~,_
linca
w

..:V
68T+
vl
0T,
we

&
08
S8
o

'

OH

=—60T

=0T
=80T

E00T

66T
86T

Forz
Foet

0ZE—
[

0l
T

e.m_‘.&.

SFET-,
[41a0

OH

T
10
12 {pam)

114



¥i—
o' T—

85°E—

OTBS
15

HO

=565

5 =706

LT
E01T

E00T

S0°T
96T

| =
=

L2
L4

r—

81—

L5T—

LBE—

9EF—

9i—

9TE—

OTBS
15

HO

1 (ppm)

115



oLT—
T

we—

25
=

06—

e

OTBS

16

(@]
WSOy

F-66's

E-81's

EI0T
=0T

E-00'9

00T

66T

Eo0T

6L1—

95—

0'BE~_
285"

679—

€6
v

OTBS

16

O
oSy

1 (ppm)

116



80—

)

SE'T
9T
5T

55°E—

LI'5—

OTBS

o}
T

B

17

=9

E-586

E16T
Fs6Tl =

E00T[ 7

E6LT

st

5h—

gin—

58—

LLE—

59—

T0e—
LrE—

PeIl—

OTBS

17

o}
ey

bralard

117



bEE—
09e—
L 15

90—

s_m.f
e
orel
05—
£6'5—

M

I
O

X

OH Cbz

20

|

JJ

Fsrz

Foos

980
Wm~ T
Lot

BE'T
Hfﬂm ‘T
vT
F160
00T

£
00T

TF-szs

BZE—

L'ds—

0kl
b

I FA1
LI >

6Ll
T8l

M

T
Oum

X

OH Cbz

20

m_mﬂnk
GPET—
£9E1

h.wﬂun

£85T—

T
100

T
110

118



8i—

67—
grE—
0£'e-
69°C

E.nwrr
[
ST—
05—
8

w's—
06'5—

OH
OH

N
Cbz

19

SRR

Faz
TFssn
Feso

B8
950

F-aes

Fa

e
m.wﬂv.

56
T05-=
£'15
L8

L i)
549
69
m.mw.r/r

1 F—

§LLT
6'LTT
1'8zZ1
T8zt
£'8T1
S'BIT
58I

OH

OH

X
Cbz

19

N

TBIT—
STEI—
LEeT-
£9€1
#9ET

T'95T-~_
6951

T
100

T
110

119



W0'T—
'T—

Wwi—

S0°E—
61°e—

61,
3

9L
86—
LVs—
SE°5—
L

001
660

&L
(44
562
862

€%
Tk
L'
L'
&b
'8k
L'd9
849
649
TiL

~_m.__._)~

8847
508
a8
918
L8

48

'8zl
szl
[4:141
L :ra
9BLI
LB
THIT—
a1,
e,

THEL

9'551T—

T
100

T
110

120



ET—

09—

P~

e

WE—

0
&

£'6—
56—

95—

i
Wi

N3

“OH

N
Cbz

23

B

Foez
60
TFoo1

st

ra

88—

56—
£h—

65E9—
89—

N3

y, OH

N
Cbz

23

TLL

L'8TT
00ET
T'0EL
09ET—

LBIT
€8I
5'8IT

8'85T—

T
100

T
110

121



[
Face

0g—
65 T—
19—
66 T—

SEi—

M

NBoc
N
/
Cbz
24

w_u_u.m

wmm.—
(i
58T
360

ﬁoo.u

For
ﬁmm.ﬁ

Feev

BT
6L
Y6
96T
Pae—
9'Tr—

%
5%
50
9%

£9—

Lt

5521
8'5ZT
8L
08z
0821
58T—
TZET—
99ET—

5651—

TIoT—

NBoc

y
Cbz
24

T
100

T
110

122



wBi—
0"~
0EE—
08 E~_
S9E-"

L
[
€L
s

95—
ST5—
&'5—
155"

SB'S—
mw.mu_.l

et
- e
el

N3
N—" “0SO,Me
cbz
25

Mﬂq

e

E-00T

=81
Fen

F-612

101

ﬁvn.—

Fuz
TFs60

101

TFaes

LT
—.mmv
07BE~_
[y o
£ th—
005
L]
§'19—
9'49
m.hmmﬂ
0éL—
9 08—

Vi
£8I
S8BT
9'8z1
£TET
__‘..HM—M..
9T —

£951—

N3
"0S0,Me

N
Cbz

25

L

I

m

123



01—
Wi

h—..a.\

SET—
58T
B9 T—
8
v@.ﬂ.\

LT'E

w.—.nu.
S
W

91°5
815

w

‘y

NBoc

N
Cbz

18

I S,

F-s01
618

Z0'T
660
€41
621

F-zot

8610

S0°1
001

Feoz

WMO.—.

Bi—
T'TE:

v.ﬂm.uu
TiE—
0
BT
T

BTE—
9'85—

5L

61—

GLTT
ﬁ.wﬂﬁw
9ETT

POET—

5'55T—

T —

iy

|

W

"y,

NBoc

N
Cbz

18

T
00

T
1id

124



NBoc

o™
I

26

IJUIJ i

E 1)

T

et

ha
=6
N

80

E60T

Tar—

Lig—

Bh—

6

FEs—

gi5—

P~

PEL—

£8—

T —

NBoc

o™
T

26

T
00

T
110

125



H NHBoc
“OH

27

HO

-
g
=
Eersl v re—
vt B
Ezot[ A
Eoot[ A
. 65—
Fot go5—
oot 2 01—
60
Forot
-
= oTL—
9b—
) §i—
Fesol = a08—
E-#6'T
L 98
=
L =2
M
F3
-3
S
2
e
L2 0651 —
-3
- &

Hl |

A

T
100

110

H NHBoc
"OH

27

HO

126



59°7—

0ze—
BFE—
15e—
68'E—
Tr—
67b—
el

[ -

A

wQH

H
N

* HBr
28

Faz

E-wt
E107
E101
00T
=060

Faet

FE0T

45
1 {pom)

gvE—

¥ —

PES—
Pis—

989
S—
Thi—

wOH

* HBr

28

127



60T—
87—
97—
87—

TEE~
FrE—
09E—

L4 o
6TV

H N3
wiOQH

E8lT

Cl

0T
=0T
E-HT

660

0T
=0T
801

—=—l wmﬂ_ﬁ

45
1 {ppm}

¥eE—

9Es—
965~
00s-"
To—

59
m.?..v.

H N3
wQH

Cl

31

128



T,
SET

rT—
L8T—
aTE—
BEE—
bSE—

ETr—

L
Fig o

H Ns

Cl

mOH

32

1

=W
E801
E-501T
a0t

E-50'1
=01

E001

0712k

[

95—

965~
¥o9-"

6'L9—
01—

08—

H Ns
wOH

Cl

32

129



66—
[lires
T~
9T

BE'T—
ZTE—
1£e—
LFE—F

osed
90—
1

Lyr—

N3
O
N
33
P

J Ferzra

=007 L=

=660 | g
001

=001
m =50 |9

%0
w Hl&.ﬂ-
00T

LEE—

Fri—

19—

P'o—
9'69— L e
Pri—

r|—

130



66—
50T

T~
T

PET
S0'E~
oTE-"
BFE

75°€

09—
$8E—

0FF—

NH,

z Foen

01
Wm.—o..ﬁ
960
=0T
=01
89610

45
1 {ppm)

SH—

509
-3 Sv

[
TH—

L18—

NH,

T
110

131



L6 T—
LTT—

09T~
yoT

uﬁ.n
m._.nW
e
£56—
T9E
59°C

SEr—
58—

98—

F-s09

Forz

T
S0°1

=107

TFsoz

o
—
—_—

£
m__mmv

L1e—

9ES—
0és—
09—

FEL—

ooa—

PIL—

6LLT—

132



wi—

LOE~
e
PS'E

BS'E

BLE—
U —
ou_—.;ﬁ
b —
99—

Tz z
¥T8— o)

£L8—

35

.

Feore

F901

Ee0t
Feot
aglith

a1
Ebre

Feon

TFroot

£0E—

TE5—
L'55—

BT5—

ETL~
9EL—

FEL—

133



96'T—
8TT

FrL -
i

89T

ah.NN.
00E—
8U'E—
TSE~
95'e-"

BE'E—

[Hog
T
ZF'F
Al

Wﬂ.— T
=£0'9
F-50T
10T

Fee
ET10T
401

E00T

Fot

FEE—
L—
Lvs—
918—

L69—
Sl
L —.hu.

big—

134



£TWi—
00T~
80T
wi—
PHT—

ITE—
LEE—

Pl
wr—

Str—

£T5—

Sb'5—

NHBoc
(0]
N

36

o ek

626
E-01T
B-gr1
Feon
TFaot
T
Foon

660
880
F8610

%mm.c

88—

s —
58—
09—

L'68—
Thi—

96—
018"

5851—

NHBoc
(0]
N

36

— T —

135



Nv,:r

O T

T F

8’1 7
POT—

EF T~
e
86'T
LO'E
60E
oT'e
ZTE
ETE

6¥F
[ ﬂvur
LEY—F
6L
Elad
9t
Lr'y
8t

09'L—

ZT'8
{74

=

A

=558
Fwe
Fot

Fat
o
=T
=0T

E-wt
01
@'

%Sd
W.Ed

08—

FEE—

Frs—
Li5—
0s—

L88—

Obl—

£18
e

136



e~
W

vaT—

85°C
19-x
9LE—
£T%

1T
Frasd

T

LI
08 i
8

2HCI

H

N
O

N

=1
T

=#0T
=001

90T
86T

45
1 {pom)

91E—
F9E—

Ues—

TH—
[
LU~
v

W EE—

2HCI

H

N
O

N

T
10

137



—_ re
L=
E
-3
o 66T
/ L w.mm#
o-z z = H_Qu.
T < WEE
¥ET
No.NM o s
ao.m%
PIT
EFI— ke b5
av.m% a5
IST wH—
a5 L L 505
mn_n% ¥Ee—
1Te
seed. " TE—
. \. n obe
e o
SEE M.N\
L=
PO — v
17—
Frr— L uw
.rn..vN‘ I #
T
e
Fe
L=
- L=
£291~_
SEeT-
|l =
Loe— E— “
. - -
v b
ot

138



ST'T—
£ET—
Li ol

OT'E:
ﬁﬁ.nw.
8EE—
:_..ﬂ\___‘
TLE—
sed
STv—
59
L9

6'r—
w's
w's

z
)
(@)

F-00f
60'T
ST

F96T

EHT

E-G5'T
10T

Fo0t

=T

E-00T
=107

il MW A

0

TEe—

06—

0iE—

0L~
6 —

08—

Fel—

]

139



mu.n.
a.nw.
880
b
szt

59°T—

90T~
ST
05°C

Nm.NV.
69—
S0t~
ST'E—

09't—

£5'F
5
5
o'

s
=.mv.

L.

L

biL—

=85

ra

6

wT
ELT
=601
E-a1
=T
=T
=0T
FT

=—H'T

—H'T
F-HT

=80T

0

Tri—

9T—
rs—
ez~
vez/

iyl

TEs—
g09—
L98—
¥es—

UsL—

Tm—

6'0Z1—

Tarl—

e

L

140



607
A
87T—
€527
sz’
£6T—
L0E—
o1e”
boE
POE

E6'E—
85k
wmfu#
59
m@.vv‘

0T's
:.mv.

98"l —

OH

L IHJJI_n

T
Wﬂm.ﬂ
Tuo
=0T
=517

ST

ET'T
00T

Fat

=007

— Fot

45
1 (ppm}

L
£H—

Tes—
L0

o192
L'59—
569—
0sL—

orm—

oz —

TS —

OH

T
110

141



0T'T—
8T

as'T
95°T
60°E:
PTE
mﬁ.mw
BT

£9'E—
pLE—

55
wm.—.ﬁ.
99

L9
L9
89

(187
mﬁ.mu.

£L9—

NH,

40

59°L—

aT's—

90T
BT

=0T
Eapt

F 00T

B=tiind

EisT

Foot

PEE—

85—
L09—
g5 —

0sSL—

NH,

W\
z- z
O

40

T

TSIT—
@' —
v

0an—

PO~
e

1

142



ETE~
e

SST—+
am‘N\.

e
:A.W
£TEE
szes

S9e—
ch,m\,

LSF
09
9%

w.u_fﬂ

Bét
0
sze/

LE9
889
169
769
8L
Mmth
v~
E6'E—

0e's—
£¥8

|

E50T

——
4

T

—_— =

=t

Ll

1N
i A
s 83

1 {pom}

(433
m.mmvr

(4]
[4511
L09—
659—
¥69—
o.mhmw

05
Teg
._.Nwmw

0T
8021
£1Z1
6°TCT
SECT
079Z1
¢..uﬂqw.
8871

[ 374
0TET
0°EET
LT —

[~ 15
h.mm—\

T
110

143



YO
POE:
90t
90t
B0
BOE

Fwz

Fo0t

9EE=
opgs
08°€
bE'E
L6€
0y
BT
T

65—

oot
T
Emt

EFWT

ot

HO

H NHy

ww

wOH

* 2HCI

42

59—

HO

H NH;

w

wOH

* 2HCI

42

— -

T
110

144



PET— A HI.:_N
67— EH'E
STE

B~ == 401
i ' T et
05°E =
e

SEE =1
ETh— Fwz
o

iy 00
bbb

Up— =£11
Wb ey =0T

H NH
N OH
« 2HCI

HO

43

45
f1 (pom)

TZE—
L¥E—

985 —
Fis5—
00s—

989~
[
£

H NH
N OH
« 2HCI

HO,

43

145



T
OJ\ S
L
T

0z -z 3
mo.nW
$0Z _

" o
90°T .
207 ot
01z
£HT— Toot

e
s E-L60
18T+ E-660
067’
143
ZEE +0'T
££°E PED
LEE P60
133 =960
STv— =860
o 40T
L8
A .
o'y
€89 T80
ety L

TE—
L'6l—

L

£55—
665,
519

fu—

0L—

wmOH

146



66T
10T
0T
0T

97—
19T
69T
8LT
6LT
W
43
0E'E
1€E
9£°¢
8e'c

0T
'y
fas
ET
95"
55"
L5
L5F
£1's
'S
51§
Fas

LO0°%
wo.wur

r 3

Fere
T-o0zT
F-£0T

F-50T

001
= 101
F-001

oot

660

860

T80

15

6'02—
T

PrE—

T —

§95—
£19—

TH~
PEL—

147



88— E-901
orz— Fue
£67

PET

S67

6T o1t
£rE— 007
wE— Fat
¥oE— Tz
S0

L0% _
un.vw. oot
60

H NH

wmQH

JL_U_ALLM_

|

- 2HBr
46

148



o0

£TT—~
Lrx o

£5°T
vm.ﬂu.
S6'CF
hm.ﬂm
60'E
we
BI'E

(43
iy
wm.—.u.
IS
.:.mV

Fh'S—

LO0G—

* MeCN

=—ETE

071

0T
887
=80T
Friot
B850

Fo0t

Ee01

F-460
E-960

F-es0

0

61—

gTE—
0LE—

(40
£'98-"

SU—

T8~
6L

£9I—

* MeCN

149



A

Forz

— 67
001
96T

E-L0T
Egr1

T
0ot
flas

0T

TIE—

6H—

E15—
Th—

VL
6Ei—
£L—
e

— 11

150



6T~
e

vm.m
mm.mW
LSE—
S6'E—
(A% o

9%
19'%

A

i
=8

B.&
79

49

A

=0T
ot
=660
=

=001

45
1 {ppm)

66—

55—
85—
£19—

0vL
m..th
£6L—

49

Crystal structures

Crystal structure of 9

151



HBCO%O 2
; < 7\\/@\ |

Crystal structure of 14

Crystal structure of 25

N4
pum— N3 N3
O § 5 /\ s~
cs
N ”I/’OSOZMe —ca/
-
cs

Cb? |
25 ? . ’_ o

152



Crystal structure of 18
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Crystal structure of 45
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1. Introduction of Naphthomycins

1.1 History of Antibiotics

Paul Ehrlich, a German medicinal scientist, was awarded with the Nobel Prize in
Physiology in 1908 for his work on immunity. He was the first researcher who
developed a medical treatment of pox and is therefore the founder of chemotherapy.
In 1910 he invented Salvarsan, also known as Arsphenamine, which was the first

antibiotic drug.”

AD4829120NT7

ZWEIHUNDERT DEUTSCHE MARK

Figure 1: Paul Ehrlich and Salvarsan on the 200-Deutsche Mark bill.

Salvarsan is a narrow-spectrum antibiotic and only targets spirochetes. The first
commercially available and more effective antibiotic Prontosil was developed by
Gerhard Domagk in 1932.2 Prontosil, which is a sulfonamide, opened a new era in
medicine and was effectively used to treat wounds and ulcers during World War II.
Sulfonamides inhibit the folate metabolism of bacteria and do not influence

eukaryotic cells. Domagk received the 1939 Nobel Prize for Medicine for his efforts.

Figure 2: General structure of sulfonamides.

Penicillin, the next milestone in the history of antibiotics, could not be synthesized

and had to be produced by microorganisms. Although the antibiotic properties of
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fungus Penicillium chrysogenum had been known for many years®, the first patient
could be treated with Penicillin first in 1942 because of difficulties in purifying and
isolating sufficient material. Penicillins bind to DD-transpeptidase, which only occurs
in bacteria and inhibits the cell wall peptidoglycan formation. In 1945 the discovery of
penicillin was awarded with the Nobel Prize in Medicine. Such a powerful antibiotic
was unprecedented and its development led to a keen interest in the search for

antibiotic compounds.

O:H
s
CXe
o)
Y
O/\OH

Figure 3: General structure of penicillins.

A common phenomenon is that many antibiotics, that had high initial efficacy against
many bacterial species have become less effective over time because of increased
resistance of many bacterial strains. The evolutionary stress of decades of
antibacterial drug therapy has caused the emergence of resistance by means of
natural selection. During antibiotic treatment the selection occurs when bacteria with
enhanced fitness against antibiotics survive and sensitive bacteria are inhibited in
growth. Another problem is cross-resistance, where bacteria tolerate antibiotics as a
result of exposure to substances with similar chemical structure or acting mechanism.
Bacteria showing resistance to multiple antibiotics are called multidrug resistant

(MDR) or, informally, superbugs.

In addition to cell wall formation and folate metabolism, RNA translation and DNA
replication are targets for successfully antagonize bacterial infections. The task of
scientists is on the one hand to find new points of actions and the other hand to

develop appropriate chemical compounds in order to treat bacterial infections.

1.2 Naphthomycins

Naphthomycins are antibiotics from the family of ansamycins and are potential
candidates for antibacterial drugs. There is no total synthesis reported, which makes
the evaluation of their biological activity difficult. For instance, naphthomycin K has
known antifungal activity and shows cytotoxicity against P388 and A-549 cell lines,
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but no inhibitory activity against Staphylococcus aureus and Mycobacterium
tuberculosis.*

Naphthomycins are described having a basket like structure. All of them contain a
naphthoquinone moiety that forms a planar portion and a polyketide chain, which
forms a macrocyclic lactam and has a handle like structure.® Eleven various

compounds of the naphthomycin family are known to date.*” The letter of their

names refers to their chronological discovery (Figure 4).

naphthomycin H

naphthomycin | naphthomycin J napthomycin K

Figure 4: All members of the naphthomycin family.
All members of this family, excluding naphthomycin K, consist of the same structure

with three modifications: the substituents at C2 and C30 and the conformation of the
C4 double bond, highlighted in red (Figure 5).
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naphthomycin Rap R, DB-Geometry

A Cl Me (2)
B Cl H (E)
Cc H H (E)
D OH Me (2)
E H Me (2)
F CysNAc (Me) Me (2)
G CysNAc H (2)
H Cl H (2)
| CysNAc Me (2)
J CysNAc H (2)

Figure 5: Naphthomycins and their crucial distinctions.

The oldest member of this family, naphthomycin A, was first isolated in 1969 from
Streptomyces collinus by Balerna et al.” The latest member, naphthomycin K, was
isolated together with naphthomycin A in 2007. They were extracted from the chinese
medical plant Maytenus hookeri, specifically from one of its commensal
microorganisms: Streptomyces sp. CS.*

The distinctive feature of naphthomycin K compared to the other naphthomycins is its
structure, which is not a result of modifying the above mentioned three positions. In
naphthomycin K the bicyclic nucleus is extended by an additional
oxa-azabicyclo-[3.3.1]nonen-one. In nature naphthomycin K probably arises out of
naphthomycin A via a hetero-Diels-Alder reaction of C2 to C5 diene and to the C28

carbonyl, highlighted in red and green in Scheme 1.

hetero-Diels-Alder

napthomycin K naphthomycin A
Scheme 1: Naphthomycin K and its arise from naphthomycin A.

1.3 Biosynthesis of Naphthomycin A
The biosynthesis of naphthomycin A was discovered by Lee et al. in 1994° and S.

Chen et al. in 1999.° The polyketide macrocycle is formed by a type | polyketide
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synthase using six acetate and seven proprionate units which are provided as
malonyl-CoA and methylmalonyl-CoA (Scheme 2). The polyketide synthase uses a
Coenzyme A thioester of 3-amino-5-hydroxybenzoic acid (1) (AHBA) as starter unit.

This compound is synthesized by the aminoshikimate pathway.

Type | polyketide
1 x AHBA synthase

6 x acetate B — e
7 x proprionate

naphthomycin A

Scheme 2: Biosynthetic origin of naphthomycin A.

The aminoshikimate starts with glycerol (2), out of which phosphoenolpyruvate (3)
and erytrose 4-phosphate (4) In combination with a nitrogen source (e.g. glutamine)
both merge to (amino)-deoxy-arabino-heptulosonate-7-phosphate (5). An enzymatic
ring closing reaction creates the (amino)-dehydroquinic acid (6), which is converted
to (amino)-dehydroshikimic acid (7) and further to AHBA (1).

OH . OH N-source O NH, OH
OPOs OPOZ N\, J N A
Hﬁ = ﬁ/ + OHc)\( 8 HO,C y OPO>
HO  OH COH OH OH
2 3 4 5
HO CO,H CO,H
W) 2 2 CO,H
—_ —_ —_— > /@\
07 Y “NH, 07 > “NH,
. i HO NH,
6 7 AHBA (1)

Scheme 3: Biosynthesis of AHBA (1) via aminoshikimate pathway.
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1.4 Retrosynthetic Analysis of Naphthomycins

Our aim is the biomimetic synthesis of naphthomycin K via Hetero-Diels-Alder shown
in Scheme 1. That implies the key intermediate in the total synthesis of
naphthomycin K is naphthomycin A.

Naphthomycin A has molecular weight of 720.25 g/mol and the formula C4oH4sCINOg.
It has a napthoquinone portion and a polyketide chain, which has 23 carbons, 3
hydroxy- and 3 keto-groups as well as 3 double bonds, 6 stereocenters and a
(Z,Z,E)-triene.

Our retrosynthetic plan, depicted in Scheme 4, primary targets naphthomycin A but is
supposed to be applicable for the synthesis of all naphthomycins through simple
modifications. The key step for making the macrocycle is a double Stille coupling!” ®
with distannane (8), which can be made in both, (E)-and (Z)-configuration. The
substituent in position 2 is either hydrogen or a methyl group, both accessible
through known corresponding vinyl iodides (9). The final distinguishing feature is the
substituent in position 30, which is planned to be introduced at a late stage through
nucleophilic addition of the corresponding anion into the quinone functionality.

We envisioned two strategies for the crucial attachment of the polyketide chain to the
naphthalenic portion in position 24. In the first strategy, phosphonate (10), which
could be made out of the corresponding cyanide (11), and aldehyde (12) could be
connected through a Horner-Wadsworth-Emmons reaction (HWE).”! The second
strategy envisions a lithiation of bromide (13) followed by a nucleophilic attack to the
aldehyde (14).
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Scheme 4: Two strategies for the synthesis of naphthomycins.

No matter which strategy will lead to success, both can be divided into two equally
challenging subprojects. Hence, this project was distributed to two PhD students.
One of them was me, focusing on the synthesis of the polyketide chain 12 or 14,
respectively. The synthesis of the aromatic moiety (10 or 13, respectively) was the
focus of my team player Christian A. Kuttruff, who was temporary supported by
Masters Student Simon Geiger. This segmentation should not give the impression of
two separate and independent subprojects. Quite the contrary, there was a constant
exchange of ideas and even crucial practical support. Progresses, failures and
strategies of both subprojects were discussed on a daily basis, allowing both, me and

Christian, to gain expertise in polyketide chemistry and aromatic chemistry.
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ABSTRACT
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A robust and scalable synthesis of a novel, cyano-substituted Danishefsky-type diene and its use in the Diels—Alder reaction with various
dienophiles is reported. The diene allows for the rapid construction of highly substituted aminonaphthoquinones that occur in numerous

ansamycin antibiotics.

Ansamycins are an important class of natural products
that show potent antibacterial and antiviral activities. In
addition to members of the family that have long been
known, such as rifamycin or naphthomycin A (1a),!
several new aminonaphthoquinone ansamycins with intri-
guing structures have recently been reported, including
naphthomyein K (1b),? ansalactam (2),” and divergolides
C(3a)and D (3b).* Asdepicted in Figure 1, these molecules
possess structurally diverse ansa chains of varying lengths
that are mounted to a shared naphthoquinone core (depicted
in blue) through an acyl linkage in position 5 and an amide in
position 2 (naphthoquinone nomenclature). Several mem-
bers have additional C—C bonds between the aromatic core
and the ansa chain, which is remarkable from both a
synthetic and biosynthetic point of view.

Our interest in the total synthesis of these natural prod-
ucts prompted us to devise a unified approach to their
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aminonaphthoquinone core (Scheme 1). We reasoned that
due to steric compression, attachment of an ansa chain to
the arene would be a challenge. This led us to consider
cyano naphthalene 4 as a key intermediate, which in turn
could be traced back to cyano-substituted Danishefsky
diene 5 and substituted aminoquinone 6 via Diels—Alder
reaction.

The original Danishefsky diene” has been widely used in
organic synthesis along with several variations, which have
been developed to improve its reactivity and synthetic
scope.® These include alterations of the electron-donating
substituents in positions | and 3, as well as the intro-
duction of further substituents in positions 2 and 4 (diene
nomenclature) that are not lost following cycloaddition.”
However, to the best of our knowledge, there is little, if any,

(5) Danishelsky, S.: Kitahara, T. J. Am. Chem. Soc. 1974, 96, 7807
7808.

(6) (a) Danishefsky. S. Acc. Chem. Res. 1981, 14, 400-406. (b)
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L.; Sztaricskai, F.; Berecibar, A.; Lukacs, G.: Olesker, A. Pure Appl.
Chem. 1997, 69, 519-524. (¢) Han, G.; LaPorte, M. G.; Folmer, J. 1.;
Werner, K. M.: Weinreb, 8. M. J. Org. Chem. 2000, 63, 6293-6306.

(7) (a) Yu, Z.; Liu, X.: Dong. Z.: Xie. M.: Feng. X. Angew. Chem.,
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Chem. 1997, 62, 5252-5253. (¢) Amii, IH.: Kobayashi, T.: Terasawa, T1.:
Uneyama, K. Org. Lert. 2001, 3, 3103-3105.
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precedence for Danishefsky-type dienes that bear electron-
withdrawing groups. We now report the synthesis of such a
diene, compound 5, as well as studies on its reactivity and
use toward the synthesis of ansamycin antibiotics.

divergolide C (3a)

divergolide D (3b)

Figure 1. Structurally intriguing ansamycin antibiotics contain-
ing an aminonaphthoquinone core.

Scheme 1. Retrosynthetic Analysis of the Aminonaphthoqui-
none Core of Ansamycins with Suitable Functionalization

o 4 oPG
COy = o
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0 CN OPG
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Our synthesis of 5 commenced with the bromination of
commercially available methyl methacrylate® (7), followed
by nucleophilic substitution and elimination to introduce a
S-methoxy substituent (Scheme 2). Subsequent Claisen-
type condensation with deprotonated acetonitrile gave
ketonitrile 10, which proved to be surprisingly stable. Next,
conditions for its enolization and subsequent silylation
were screened. Attempts to synthesize the TMS enol ether

(8) Werle, S.; Fey, T.; Neudoerfl, J. M.; Schmalz, H.-G. Org. Leit.
2007, 9, 3555-3558.

Org. Lett, Vol. 14, No. 4, 2012

Scheme 2. Synthesis of Diene 5

GG NaOMe, MeOH
ucﬂ o Br 65°C, 14 h OMe
f #,25h j\/\m then NaHSO,, 180°C_ ~.__J
07~ 0Me (91%) 07 OMe (72%) POMe
7 8 9
LDA, THF
NaCH,CN, THF OMe _e=C, 1 h then OMe OMe
78°C j:/ T8SOTY,-78°C, 2h 2 f/
o, : N
1%
(71%) o (98%) TBSO”N RSO SON
cN "
10 45 ¢ 1
@25 @615

of 10 failed due to its high lability toward various workup
conditions. However, we found that deprotonation with
LDA and subsequent silylation with TBSOTf delivered
silyloxy diene 5 as a 4.5:1 mixture of (2Z)- and (2E)-
isomers in excellent overall yield. These isomers could be
separated (see Supporting Information) but were usually
employed as a mixture in subsequent reactions.

With multigram quantities of diene 5 in hand, we
investigated its utility in the synthesis of naphthoquinones.
Diels—Alder reaction of 5 with the known benzoquinone
derivative 11° gave intermediary product 12 as a mixture of
stereoisomers, which was not further characterized. Treat-
ment of this crude material with oven-dried silica gel in

Scheme 3. Synthesis of the Aminonaphthoquinone Core and
Subsequent Reduction and Protection

MeO O

NHAG 1m=c Z4n SUL__NHAc
TBSO soaledmbe TBSO
CN O
12 (crude)
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n. 24h O ‘ NHAc
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CN O
B .
NaBH;, CeCly
then Me,S0,, KOH OMe
THFH,0
e
(57%) MeO
CN OMe
14

P1O;, Hz, MeOH, i, 1h
then MOM-CI, iPr,NEt

CH,Cl,, 40 °C, 20 h O@
3 —
(45%) MOMO

toluene, 130 °C
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Table 1. Results of Diels—Alder Reactions of Diene 5 (4.5:1 Mixture of Stereoisomers) with Different Dienophiles

entry dienophile conditions. isolated product crystal structure yield [%)]
o] o
a o toluene, 120 °C,
1 29 h then silica, 79
o acetone, rt, 12 h
18
o}
B Br toluene, 150 °C,
2 3 h then THF, HCI, 43
o silica, rt, 12 h
19
o]
AlICl;, CH,Cl,,
3 0°C,3h 79
o then silica
S -NOz
5
4 toluene, 120 °C, 75
ON 2h
24
COOMe
| toluene, 140 °C,
3 MeOOC 14d 23
26
j OMe >
iNJ{
I N-Ph o —|
6 N-.‘( henze;l;,hSD C. | ﬁj{n Ph . MW .
v
b L b }‘g 5
28 29

ethyl acetate/hexanes resulted in desilylation and aromati-
zation to afford our key naphthoquionone 13in 84% over-
all yield. Notably, only a single regioisomer was isolated.

To elaborate 13 into a more useful building block and
confirm its structure, the naphthoquinone was reduced to
the corresponding naphthohydroquinone using sodium
borohydride. In siti protection of the phenolic hydroxy
groups as methyl ethers then alforded hexasubstituted
naphthalene 14, the crystal structure of which is depicted
in Scheme 3. Analogous protection of the three hydroxy
groups as MOM ethers required reduction with hydrogen
in the presence of Adam’s catalyst, followed by treatment
with MOM chloride and Hiinig’s base. This gave naphtha-
lene derivative 15, which was also characterized by X-ray
crystallography. It should be noted that the alkylations
required careful optimization to avoid N-methylation
while ensuring that all three hydroxy groups were
affected. Interestingly, the aromatization following
the cycloaddition did not require an “inbuilt oxidant”
in the form of a halogen substituent on the benzoqui-
none. Reaction of diene 5 with Moody’s Boc-protected

(9) Kelly, T. R.: Echavarren, A.; Behforouz, M. J. Org. Chem. 1983,
48, 3849-3851.
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aminobenzoquinone 16'® gave naphthoquinone 17,
presumably through air oxidation of the intermediary
cycloadduct.

To establish the synthetic scope of diene 5 in Diels—
Alder reactions, we investigated its reactivity with other
dienophiles (Table 1). Encouraged by our initial results, we
first examined various quinones as dienophiles. Reaction
of 5 with commercially available dichlorobenzoquinone
(18) and the known dibromobenzoquinone (19)'! provided
naphthoquinones 20 and 21, respectively, in satisfactory
yields following aromatization (entries 1 and 2). When
benzoquinone itself (22) was used as the dienophile, simple
heating in toluene proved to be less effective than catalysis
using AlCl; as a Lewis acid. Following aromatization,
these catalytic conditions gave naphthoquinone 231in good
overall yield (entry 3). Reaction of 5 with nitrostyrene 24
alforded the desired cycloaddition product 25 as a single
diasterecomer (entry 4). Ieating of diene 5 with dimethyl
fumarate (26) over 14 days alforded cycloadduct 27 as a
single diastereomer, but in only 23% yield. Reaction of 5
with phenyl triazoline dione (28) gave cycloadduct 29,

(10) Nawrat, C. C.; Lewis, W.: Moody, C. 1. J. Org. Chem. 2011, 76,
T872-7881.
(11) Omura, K. Synrhesis 1998, 8. 1145-1148.

Org. Lett, Vol. 14, No. 4, 2012
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which has the opposite relative stereochemistry with re-
spect to the OMe and CN substituents compared to 25 and
27. This stereochemical outcome presumably reflects iso-
merization of the initial cycloadduct to the thermodyna-
mically more stable product via reversible cleavage of the
N,O-acetal. The structures of 21, 25, 27, and 29 were
confirmed by X-ray crystallography (Table 1 and Support-
ing Information). Attempted reactions of diene § with
tetracyanoethylene or maleic anhydride failed to give the
desired products despite extensive screening of conditions.

£y

S SR ¢
el ph xgiz

cN 8 Si— ON
e N
s-trans-(22)-5 s-cis{22)-5

Figure 2. Conformational analysis of diene 5.

From these data, it is apparent that diene 5 exhibits
markedly reduced reactivity when compared to the parent
Danishefsky diene. This can be partially attributed to the
electronic effect of the cyano substituent but is probably
also due to the influence of the methyl substituent on the
preferred conformation of the diene. To undergo a [4 + 2]
cycloaddition, 5 must adopt an s-cis conformation (Figure 2).
NMR spectroscopy of pure (22)-5 demonstrated a strong

Org. Lett, Vol. 14, No. 4, 2012

NOE correlation between olefinic proton d and the pro-
tons of the methyl group along with weak inter-
actions between olefinic proton b and protons e and f'of
the TBS group. By contrast, no NOE could be observed
between protons b and d or between proton ¢ and the
protecting group substituents. This strongly suggests that
(2Z)-5 mostly adopts an s-trans conformation and that
the requisite s-cis conformation is sparsely populated. We
assume that this effect is even more pronounced in the
(2E)-isomer of 5 and that this isomer is essentially un-
reactive in Diels—Alder cycloadditions, or it may isomer-
ize to its (2Z)-diastercomer under the reaction conditions.

In summary, we have reported the synthesis of a novel
Danishefsky-type diene, which allows for the rapid assem-
bly of substituted aminonaphthoquinones or other highly
functionalized small molecules. Related studies on Diels—
Alder dienes that bear substituents with opposing electro-
nic effects will be further pursued. Our ongoing attempts to
implement our synthetic strategy in the total synthesis of
ansamycin antibiotics will also be reported in due course.
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An approach to aminonaphthoquinone ansamyeins using a Supplementary Information
modified Danishefsky diene

General Experimental Details. Unless stated otherwise, all reactions were performed in
oven-dried or flame-dried glassware under a positive pressure of nitrogen. Commercial
reagents and solvents were used as received with the following exceptions. Tetrahydrofuran
(THF) was distilled from benzophenone and sodium immediately prior to use. Triethylamine,
diisopropylamine and diisopropylethylamine were distilled over calcium hydride
immediately before use. Reactions were magnetically stirred and monitored by NMR
spectroscopy or analytical thin-layer chromatography (TLC) using E. Merck 0.25 mm silica
gel 60 Fosq precoated glass plates. TLC plates were visualized by exposure to ultraviolet light
(UV, 254 nm) and/or exposure to an aqueous solution of ceric ammoniummolybdate (CAM),
an aqueous solution of potassium permanganate (KMnQy), an acidic solution of vanillin or a
solution of ninhydrin in ethanol followed by heating with a heat gun. Flash column
chromatography was performed as described by Still ef al. employing silica gel (60 A, 40-63
um, Merck) and a forced flow of eluant at 1.3-1.5 bar pressure.1 Yields refer to

chromatographically and spectroscopically (lH and °C NMR) pure material.

Instrumentation. Proton nuclear magnetic resonance (IH NMR) spectra were recorded on
Varian VNMRS 300, VNMRS 400, INOVA 400 or VNMRS 600 spectrometers. Proton
chemical shifts are expressed in parts per million (8 scale) and are calibrated using residual
undeuterated solvent as an internal reference (CHCIl;: 6 7.26, DMSO-dg: 6 2.50, (CD3).CO:
2.05, CDs;OD: 8 3.31). Data for '"H NMR spectra are reported as follows: chemical shift (&
ppm) (multiplicity, coupling constant (Hz), integration). Multiplicities are reported as
follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, app =
apparent, or combinations thereof. Carbon nuclear magnetic resonance (13C NMR) spectra
were recorded on Varian VNMRS 300, VNMRS 400, INOVA 400 or VNMRS 600
spectrometers. Carbon chemical shifts are expressed in parts per million (& scale) and are
referenced to the carbon resonances of the solvent (CDCls: & 77.0, DMSO-ds: 0 39.5,
(CD3),CO: 6 29.8, CD30OD: 6 49.00). Infrared (IR) spectra were recorded on a Perkin Elmer
Spectrum BX II (FTTIR System). IR data is reported in frequency of absorption (cm'l). Mass
spectroscopy (MS) experiments were performed on a Thermo Finnigan MAT 95 (EI) oron a

Thermo Finnigan LTQ FT (ESI) instrument.

1 Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923-2925.
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Synthetic procedures.

Br,, CCl,
0°Com35h
S

919
0%~ 0oMe (91%) P ~OMe
7 8

Methyl 2,3-dibromo-2-methylpropanoate (8):

Br; (5.27 mL, 103 mmol, 1.03 equiv) in CCls (40 mL) was added dropwise over 2.5 hto a
solution of methyl methacrylate (7) (10.7 mL, 99.9 mmol, 1.00 equiv) in CCly (100 mL) at 0
°C. After complete addition, the orange solution was stirred at this temperature for further 1
h. A solution of sat. aq. Na,S,0; (70 mL) was then added to the colorless reaction mixture at
0 °C and it was allowed to warm to rt. The solution was extracted with TBME (1 x 200 mL
then 3 x 100 mL) and the combined organic phases were dried over Na;SO, and the solvent
evaporated to afford dibromide 8 (23.5 g, 90.4 mmol, 91%) as a pale yellow liquid.

TLC (hexanes:EtOAc = 5:1), Ry = 0.86 (UV/CAM)

"H NMR (300 MHz, CDCl3) 8: 422 (dd, J = 9.8 Hz, 0.7 Hz, 1 H), 3.83 (s, 3 H), 3.72 (d, J =
9.8 Hz, 1 H), 2.03 (d, /=0.7 Hz, 3 H).

B NMR (75 MHz, CDCLy) 8: 169.1, 55.3, 53.4, 38.1, 26.4.

IR (Diamond-ATR, neat) via: 1741, 1450, 1381, 1291, 1235, 1197, 1169, 1103, 1078, 1048,
990, 925, 871, 831, 772, 666 cm™.

HRMS (EI) caled for CsHs Br®' BrO, [M]™": 259.8871; found: 259.9019.

NaOMe, MeOH
Br 65°C, 14h OMe
Br then NaHSQ,, 160 °C P
(72%)
0~ "OMe o7 ™ OMe
8 9

(£)-methyl 3-methoxy-2-methylacrylate (9):

Freshly cut sodium (7.77 g, 338 mmol, 2.00 equiv) was dissolved in methanol (120 mL) and
the highly viscous solution heated to 68 °C. A solution of 8 (43.98 g, 169 mmol, 1.00 equiv)
in MeOH (50 mL) was added rapidly and the mixture stirred at 68 °C for 14 h. The reaction
mixture was allowed to cool to rt and filtered. The filter residue was washed with a small
amount of cold MeOH, the filtrate concentrated to 1/3 of its volume 7n vacuo and filtered
again. To the resulting solution was added H,O (30 ml) and the biphasic system was
extracted with Et;O (4 = 60 mL). The combined organic layers were dried over Na;SO, and
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the solvent was evaporated. NaHSO4 - H,O (160 mg, 1.16 mmol, 0.006 equiv) was added to
the reaction mixture and the suspension was heated to 160 °C under ambient pressure. When
no more evolution of MeOH was observed, the residue was subjected to fractional distillation
(90 °C, 45 mbar) to afford the product 9 (15.8 g, 71.8 mmol, 72%) as a colorless oil.

TLC (hexanes:EtOAc = 2:1), Re=0.63 (UV/CAM)

"H NMR (300 MHz, CDCl3) 8: 7.27-7.26 (m, 1 H), 3.94 (s, 3 H), 3.62 (s, 3 H), 1.75 (d, J =
1.3 Hz, 3 H).

BC-NMR (75 MHz, CDCl3) 8 = 169.2, 158.5, 106.1, 61.1, 51.2, 9.0.

IR (Diamond-ATR, neat) vmax: 2950, 1706, 1645, 1436, 1389, 1356, 1295, 1241, 1189, 1144,
1112, 1024, 993, 943, 905, 836, 757, 718 cm’.

HRMS (EI) caled for CsHi¢05 [M]": 130.0630; found: 130.0621.

OMe
OMs  NaCH,CN, THF,
f 78°C 1t 1.5h 7z
(71%)
o7 oMe o
CN
9 10

(E)-5-methoxy-4-methyl-3-oxopent-4-enenitrile (10):

To a solution of NaHMDS (1 M solution in THF, 7.74 mL, 7.74 mmol, 2.2 equiv) in THF (10
mL) was added MeCN (0.441 mL, 8.45 mmol, 2.4 equiv) dropwise at -78 °C. After 20
minutes, this solution was transferred via canula to a solution of 9 (438 mg, 3.52 mmol, 1.0
equiv) in THF (40 mL) at -78 °C over a period of 20 minutes. The reaction mixture was
maintained at -78 °C for 30 minutes and then warmed to 0 °C. After 40 minutes, the reaction
was quenched by addition of sat. aq. NH4Cl1 (30 mL) and subsequently extracted with Et;O (3
% 50 mL) and EtOAc (2 x 50 mL). The combined organic layers were dried over NaySQy,
filtered and concentrated under reduced pressure. The crude orange oil, which tended to crush
out in less polar solvents, was dissolved in a small amount of CHCIly and purified by flash
column chromatography (silica gel packed in CHCls, gradient: hexanes:FtOAc = 2:1 — 1:1)
to afford the title compound 10 (350 mg, 2.52 mmol, 71%) as a white solid.

TLC (hexanes:EtOAc = 1:1), Rr= 0.36 (UV/KMnQO,)

M.p.: 101-103 °C

"H NMR (600 MHz, CDCl3) &: 7.26 (dd, J = 2.4, 1.2 Hz, 1 H), 3.94 (s, 3 H), 3.62 (s, 2 H),
1.75(d,J=1.2 Hz, 3 H).

B¢ NMR (150 MHz, CDCly) &: 186.0, 161.7, 115.8, 114.5, 62.1, 28.1, 8.5.
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IR (Diamond-ATR, neat) vme: 2956, 2920, 2259, 1652, 1626, 1452, 1410, 1393, 1369, 1336,
1256, 1217, 1149, 1059, 993, 967, 912, 890, 824, 713 cm™.
HRMS (EI) caled for C;HNO, [M]": 139.0633; found: 139.0635.

LDA, THF
OMe :
78°C, 1 h then OMe
#  TBSOT, -78°C, 2h P
-
o (98%) Tes07 Ny
CN in
10 5

(2Z,4E)-3-((tert-butyldimethylsilyl)oxy)-S-methoxy-4-methylpenta-2,4-dienenitrile (5):
To a solution of diisopropylamine (2.54 mL, 18.0 mmol, 1.25 equiv) in THF (60 mlL) was
added »#-BuLi (2.5 M solution in hexanes, 6.3 mL, 15.8 mmol, 1.10 equiv) dropwise at -78
°C. The solution was stirred at -78 °C for 10 min, warmed to 0 °C and stirred at this
temperature for 15 min and subsequently cooled back to -78 °C. A solution of 10 in THF (20
mL) was then added to the freshly prepared LDA solution. After stirring at -78 °C for 2 h,
TBSOTf was added to the orange reaction mixture and the solution was stirred for 1 h. A 1:1
mixture of H,O (20 mL) and sat. aq. NH4Cl (20 mL) and EtOAc (30 mL) were added and the
reaction mixture was warmed to rt. The organic phase was separated and the aq. phase was
extracted with EtOAc (3 x 50 mL). The combined organic layers were dried over NasSOy,
filtered and concentrated under reduced pressure. The resulting yellow oil was purified by
flash column chromatography (silica gel, hexanes: EtOAc = 20:1) to provide silyl-enol ether 5
(3.57 g, 14.1 mmol, 98%) as a pale-yellow oil.

Note: Since the product hydrolyzes on silica gel, it is recommended to quickly flush the
crude over a relatively short column.

TLC (hexanes EtQAc = 20:1), R = 0.46 (22)-5, 0.38 (2E)-5 (UV/ KMnQj)

(2F)-5:

"H NMR (400 MHz, CDCl3) 8: 6.90 (q../ = 1.3 Hz, 1 H), 438 (s, 1 H), 3.77 (s, 3 H), 1.87 (d,
J=12Hz, 3 H),0.95 (s, 9 H), 0.22 (s, 6 H).

BC NMR (150 MHz, CDCly) & 170.5, 153.5, 119.2, 110.4, 74.0, 60.8, 25.5, 18.2, 10.7, -4.6.
(22)-5:

"H NMR (300 MHz, CDCl3) &: 6.75 (q.J = 1.2 Hz, 1 H), 4.55 (s, 1 H), 3.76 (s, 3 H), 1.67 (d,
J=1.1Hz,3H), 1.03 (d, J=0.2 Hz, 9 H), 0.28 (d, /= 0.3 Hz, 6 H).

B NMR (75 MHz, CDCl3) 3: 168.6, 152.5, 118.5, 110.2, 74.6, 60.9, 25.8, 18.5,9.9, -3.6.
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IR (Diamond-ATR, neat) vina:: 2954, 2932, 2887, 2860, 2208, 1704, 1641, 1585, 1472, 1464,
1394, 1368, 1329, 1238, 1141, 1116, 1046, 1004, 978, 939, 893, 841, 824, 807, 783, 746,
702, 679, 637 cm’™.

HRMES (EI) caled for Cy3H3NO,8i [M]": 253.1498; found: 253.1502.

OMe o acetone, 100 °C o
24 h then silica
& G NHAC ) oanes/EtOAG, M, 24 h O‘ NHAC
.
TBSO” Y (84%%) HO
EN o
5 11

Aminonaphthoquinone 13:

Quinone 117 (501 mg, 2.51 mmol, 1.0 equiv) and a solution of diene 5 (700 mg, 2.76 mmol,
1.1 equiv) in acetone (10 mL) were combined in a pressure tube and heated to 100 °C for 24
h under an atmosphere of argon. After evaporation of the solvent, the brown residue was
suspended in a 1:1 mixture of hexanes/EtOAc (50 mL), oven-dried silica (5 g) was added and
the mixture was stirred overnight. The solvent was removed and the residue was purified by
flash column chromatography (silica gel, hexanes:EtOAc = 1:1 — CHCls/acetone = 5:1 —
1:2) to provide aminonaphthoquinone 13 (624 mg, 2.31 mmol, 84%) as a purple-black solid.
M.p.: decomposition without melting

TLC (CHyCly:acetone: AcOH:H,O = 70:10:0.5:0.5), Ry =0.45 (visible/CAM)

TH NMR (300 MHz, DMSO-ds) 8: 9.56 (s, 1 H), 7.58 (d. J = 0.9 Hz, 1 H), 7.28 (s, 1 H), 2.20
(s,3H),1.97(d,/=09Hz, 3 H).

BC NMR (75 MHz, DMSO-ds) &: 186.1, 177.7, 175.4, 170.9, 141.0, 135.1, 133.4, 128.7,
119.2, 113.3, 111.2, 94.7, 24.5, 17.1.

IR (Diamond-ATR, neat) vmax: 3302, 2213, 1648, 1381, 1490, 1365, 1335, 1273, 1212, 1086,
1013, 874, 852, 805, 742, 706 cm™.

HRMS (ESI) caled for C14HoN2O4 [M-H] : 269.0568; found: 269.0567.

2 Kelly, T. R.; Echavarren, A., Behforouz, B. J. Org. Chem. 1983, 48, 3849-3851.
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NaBH,, CeCly

0 then Me,SO,, KOH Ohte
NHAC T THEI,O l NHAC
HO' g ' (579%) MeOr g
CN O CN OMe
13 14

Cyano naphthalene 14:

A solution of 13 (80 mg, 0.29 mmol, 1.00 equiv) in a mixture of THF (10 mL) and H,O (5
mL) was degassed with Argon in a sonicator for 5 minutes and Cerium(IIT) chloride
heptahydrate (162 mg, 0.44 mmol, 1.50 equiv) was added. The reaction mixture was cooled
to 0 °C and NaBH; (20 mg, 0.52 mmol, 1.80 equiv) was added in two portions over 20 min.
After H, evolution had ceased, the reaction was warmed to rt, Me;SO, (550 ul., 5.80 mmol,
20 equiv) was added and the flask was evacuated and filled with argon. A solution of KOH
(325 mg, 5.80 mmol, 20 equiv) in H2O (5 mL) was added dropwise. The reaction mixture
was stirred at rt for 15 h, cooled to 0 °C and conc. NH,OH (3 mL) and H,O (10 mL) were
added. The reaction mixture was extracted with EtOAc (6 x 30 mL) and the combined
organic layers were dried over NaySQy, filtered and concentrated under reduced pressure.
Purification of the residue by flash column chromatography (silica gel, gradient:
CHClj:acetone = 20:1 — 10:1) afforded the title compound 14 (52 mg, 0.17 mmol, 57%) as
an orange solid.

TLC (CHCl3:acetone = 3:1), Rp = 0.67 (UV/CAM)

M.p.: 215-220 °C

"H NMR (600 MHz, CDCl3) &: 8.09 (s, 1 H), 7.93 (s, 1 H), 7.78 (br s, 1 H), 4.05 (s, 3 H),
4.03 (s, 3 H), 2.47 (d,J = 0.8 Hz, 3 H), 2.28 (s, 3 H).

BC NMR (150 MHz, CDCL) & 168.5, 163.1, 151.1, 136.1, 132.2, 128.5, 127.6, 124.9,
120.6, 116.5, 101.1, 99.7, 61.8, 61.7, 56.0, 25.0, 16.9.

IR (Diamond-ATR, neat) viax: 3241, 2941, 2221, 1693, 1659, 1622, 1602, 1497, 1458, 1443,
1400, 1364, 1350, 1278, 1234, 1213, 1168, 1144, 1097, 1055, 1001, 968, 894, 865, 848, 818,
789, 732, 707, 683 cm’.

HRMS (ESI) caled for C17H19N,04 [M+H]": 315.1345; found: 315.1336.
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PLO,, Hy, MeOH, 1t, 1 h

o then MOM-CI, /Pr,NE OMOM
g . NHAC  GH,Cl,, 40 °C, 20 h g E NHAc
HO' (45%) MOMO
CN O CN OMOM
13 15

Naphthalene 15:

To a suspension of 13 (100 mg, 0.37 mmol, 1.00 equiv) in MeOH (6 mL) was added PtO,
(12.6 mg, 55.5 umol, 0.15 equiv) and the inner atmosphere of the flask was exchanged three
times with hydrogen and the resulting mixture was stirred under hydrogen atmosphere
(double layer balloon) for 1 h at rt. The reaction mixture was filtered through a syringe filter
and the solvent was removed under reduced pressure under exclusion of air. The residue was
dissolved in CH,Cl; (10 mL), Chloromethyl methyl ether (298 mg, 3.70 mmol, 10 equiv) and
diisopropylamine (0.83 mL, 4.81 mmol, 13 equiv) were added and the reaction mixture was
sealed with a yellow cap and stirred at 40 °C. After 20 h, the reaction mixture was cooled to
rt and the solvent was removed in vacuo. Purification of the residue by flash column
chromatography (silica gel, gradient: CHCls:acetone = 10:1 — 2:1) afforded the title
compound 15 (68 mg, 168 muol, 45%) as a white solid.

TLC (CHCls:acetone = 10:1), Rs = 0.27 (UV/CAM)

M.p.: 120-122 °C

TH NMR (400 MHz, CDCls) &: 8.58 (brs, 1 H), 831 (s, 1 H), 7.92 (d,J = 0.7 Hz, 1 H), 5.40
(s, 2 H), 3.32 (s, 2 H), 5.10 (s, 2 H), 3.70 (s, 3 H), 3.66 (s, 3 H), 3.61 (s, 3 H), 2.49(d, /= 0.9
Hz, 3 H), 2.22 (s, 3 H).

Be NMR (100 MHz, CDCL) &: 168.4, 161.3, 148.4, 135.8, 132.4, 129.1, 127.7, 1258,
120.9, 116.8, 105.4, 101.2, 100.9, 100.0, 95.1, 58.2, 57.7, 56.9, 24.8, 17.6.

IR (Diamond-ATR, neat) v 3252, 2922, 2829, 2361, 2338, 1662, 1620, 1603, 1526, 1497,
1430, 1398, 1413, 1360, 1347, 1284, 1242, 1152, 1144, 1086, 1078, 1035, 986, 967, 919,
888, 820, 734, 668 cm™.

HRMS (EI) caled for CygH24N,O7Na [M+Na.]+: 427.1476; found: 427.1477.
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toluene, 130 °C

12 h then THF, HCI
NHBoc I’t 12h NHBoc
TBSO 62%) HO' ‘ .

CN O
17

N-Boc naphthoquinone 17:

To a solution of § (37 mg, 0.15 mmol, 1.00 equiv) in toluene (3.5 mL) in a pressure tube was
added 16° (33 mg, 0.15 mmol, 1.00 equiv). The reaction mixture was stirred for 12 h at 130
°C and subsequently cooled to rt. The solvent was evaporated, the crude product was
dissolved in THF (5 mL) and aq. HCI (2 M, 3 drops) was added and the reaction mixture was
stirred for further 12 h at rt. Silica (2 g) was added to the solution and the solvent removed in
vacuo. Purification by flash column chromatography (silica gel, gradient: CHCls:acetone =
1:1 — 1:9) yielded the desired product 17 (30 mg, 0.091 mmol, 62%) as a purple solid.

TLC (CHCls:acetone = 1:2), Rp=0.31 (visible/KMnOy)

M.p.: decomposition without melting

'H NMR (400 MHz, DMSO-ds) 8: 8.20 (s, 1 H), 7.56 (d,.J = 1.0 Hz, 1 H), 6.84 (s, 1 H). 1.96
(d,/ =09 Hz, 3 H), 1.48 (s, 9 H).

BC NMR (100 MHz, DMSO-ds) 8: 185.2, 177.9, 174.5, 151.2, 141.3, 135.5, 133.2, 128.8,
119.2, 111.0,95.3,90.6, 81.5,27.7, 17.1.

IR (Diamond-ATR, neat) vax: 3361, 2223, 1732, 1650, 1584, 1503, 1476, 1367, 1333, 1272,
1147,1032, 844 cm™.

HRMS (ESI) caled for C;7H;6N20s [M+Na]': 351.0957; found: 351.0953.

toluene, 120 °C

29 h then silica Cl
acetone m,12h O‘
9% HO

CN O
20

Chloroe naphthoquinone 20:

A solution of diene 5 (424 mg, 1.67 mmol, 1.50 equiv) in toluene (8 mL) was added to 2,6-
dichlorobenzoquinone (18) (187 mg, 1.12 mmol, 1.00 equiv) in a pressure tube. The brown-
orange mixture was heated to 120 °C for 29 h. The solvent was removed in vacuo and the
brown, amorphous residue dissolved in acetone (30 mL). Silica gel (5 g) was added and the

brown-purple slurry stirred at ambient temperature for 12 h. The solvent was evaporated and

3 Nawrat, C. C.; Lewis, W.; Moody, C. I. J. Org. Chem. 2011, 76, 7872-7881.
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the residue was purified by flash column chromatography (silica gel, CHClj:acetone = 1:2) to
yield naphthoquinone 20 (220 mg, 0.89 mmol, 79%) as a dark purple solid.

TLC (CHClj:acetone = 1:10), Ry =0.19 (visible/CAM)

M.p.: no melting point or visible decomposition in the range of 20-400 °C

"H NMR (400 MHz, DMSO-d) 8: 7.60 (d,.J = 1.0 Hz, 1 H), 7.07 (s, 1 H), 1.99 (d, J = 1.0
Hz, 3 H).

B NMR (100 MHz, DMSO-dg) §: 183.3, 176.8, 173.4, 145.4, 1345, 134.5, 133.5, 129.3,
118.9,112.9,94.8, 17.2.

IR (Diamond-ATR, neat) vmax: 3571, 3358, 3052, 2218, 1675, 1650, 1599, 1577, 1534, 1463,
1421, 1355, 1324, 1258, 1210, 1036, 1006, 936, 924, 905, 892, 826, 800, 717, 654 cm™.
HRMS (EI) caled for C1,Hs* CINO; [M]": 245.9958; found: 245.9962.

toluene, 150 °C

Qe 5 7 g ShirenTHE HOI 7 5
4 T r silica, rt, 12 h O‘ d
+ _— -
TBSO™ (43%) HO
N 0
5 19

CN O
21

Bromo naphthoquinone 17:

A solution of diene 5 (200 mg, 0.79 mmol, 1.50 equiv) in toluene (5 mL) was added to 2,6-
dibromobenzoquinone (19)* (140 mg, 0.53 mmol, 1.00 equiv) in a pressure tube. The orange
mixture was heated to 150 °C for 3 h. The solvent was removed in vacro and the residue
dissolved in THF (5 mL). Conc. HCI (3 drops) and silica gel (2 g) was added and the brown-
purple slurry stirred at ambient temperature for 12 h. The solvent was evaporated and the
residue was purified by flash column chromatography (silica gel, gradient: CHCls:acetone =
1:1 — 1:3) gave naphthoquinone 21 (66 mg, 0.23 mmol, 43%) as a dark purple solid.

TLC (CHyCly:acetone: AcOH: H,0 = 70:10:0.5:0.5), Ry = 0.5 (visible/CAM)

M.p.: decomposition without melting

"H NMR (600 MHz, DMSO-d5) &: 8.03 (d, J = 0.9 Hz, 1 H), 7.67 (s, 1 H), 235 (d, J =09
Hz, 3 H).

B NMR (150 MHz, DMSO-ds) 8: 180.7, 175.9, 140.0, 1383, 133.1, 1326, 132.6, 122.9,
114.8, 96.8, 90.6, 16.9.

1 Omura, K. Synthesis 1998, 8, 1145-1148.
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IR (Diamond-ATR, neat) viax: 2361, 2340, 1662, 1576, 1539, 1492, 1473, 1456, 1436, 1367,
1321, 1252, 1054, 1032, 1004, 911, 884, 826, 813, 798, 699 cm™".
HRMS (ESI) calcd for C1oHsBrNO; [M-H] : 289.9458; found: 289.9462.

CN O
23

/OMe 9 AI(())I%,C CI3-|2hC|2 9

s m
Naphthoquinone 23:
AlCl3 (2.1 mg, 15.7 umol, 0.11 equiv) was added to a solution of diene 5 (35.4 mg, 140
pmol, 1.00 equiv) and p-benzoquinone (22) (30.2 mg, 279 umol, 2.00 equiv) in CH,Cl, (0.7
mL) at 0 °C. The mixture was stirred at this temperature for 3 h and turned dark green. H,O
(1 mL) was added and the mixture was concentrated in vacuo. The yellow residue was
purified by flash column chromatography (silica gel, CHCls:acetone = 1:4) to afford the
desired product 23 (23.6 mg, 111 pmol, 79%) as a dark purple solid.
TLC (CHCls:acetone = 1:2), R = 0.14 (visible/CAM)
M.p.: No melting point or visible decomposition in the range of 20-400 °C.
"H NMR (300 MHz, DMSO-ds) 8: 7.55 (d, J = 1.0 Hz, 1 H), 6.70 (s, 2 H), 2.01 (d, J = 1.0
Hz, 3 H).
BC NMR (75 MHz, DMSO-ds) &: 185.6, 181.4, 176.4, 138.6, 136.4, 134.5, 134.1, 128.6,
119.2, 114.4,93.9,17.3.
IR (Diamond-ATR, neat) viax: 3347, 2921, 2212, 1668, 1651, 1582, 1539, 1500, 1456, 1389,
1374, 1361, 1327, 1273, 1192, 1164, 1084, 1026, 986, 845, 810, 765, 687, 625 cm™.
HRMS (ESI) caled for C1,HgNO; [M-H] : 212.0353; found: 212.0352.

OMe OMe

toluene H
ﬁ/ . /@/\/Noe 120°C, 12h Ijz“'oe
—_ .
TBIO \‘ N (75%) TBS - ey
CN CN NO,

5 21 25
Cycloadduct 25:
To a solution of 5 (30 mg, 118 umol, 1.00 equiv) in toluene (2 mL) was added 24 (25 mg,

129 umol, 1.09 equiv) in a pressure tube and the reaction mixture was heated to 120 °C for
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12 h. The solvent was removed in vacuo and the residue was purified by flash column
chromatography (silica gel, gradient: hexanes:EtOAc = 15:1 — 10:1 — 5:1) to afford the
desired product 25 (39 mg, 87.1 umol, 75%) as a colorless wax.

TLC (hexanes:EtOAc = 5:1), Re = 0.47 (UV/CAM)

" NMR (300 MHz, CDCl3) 8: 8.29-8.25 (m, 1 H), 7.60-7.56 (m, 1 H), 5.47-5.40 (dd, J =
12.5, 8.1 Hz, 1 H), 4.66 (d, J = 8.1 Hz, 1 H), 3.87 (dd, J = 12.6, 4.9 Hz, 1 H), 3.41 (s, 3 H),
330(d,J=4.6Hz, 1 H), 1.77 (3,3 H), 0.97 (s, 9 H), 0.26 (d, / = 2.2 Hz, 6 H).

BC NMR (75 MHz, CDCls) &: 148.5, 140.4, 139.9, 129.1, 124.5, 116.3, 115.3, 85.8, 81.3,
55.6,44.5,39.8,25.7, 183, 12.6. -3.7, -4.0.

IR (Diamond-ATR, neat) vmax: 2933, 2898, 1684, 1640, 1602, 1556, 1518, 1470, 1412, 1378,
1343, 1293, 1260, 1222, 1194, 1184, 1111, 1069, 966, 951, 913, 838, 823, 808, 782, 774, 742
em™.

HRMS (ESI) caled for CyH29N306Si [M-H]™: 446.1826, found 446.1759.

QMe toluene Me
P JI/COOMe 140°C, 14 d COOMe
. e .
TBSO™ MeOOC (23%) TBSO ~COOMe
CN CN
5 26 27

Methylester 27:

A solution of diene 5 (889 mg, 0.35 mmol, 1.00 equiv) in toluene (3 mlL) and
dimethylfumarate (26) (75.8, 0.53 mmol, 1.50 equiv) were dissolved in toluene and the
resulting mixture heated in a pressure tube to 140 °C fourteen days. The solvent was
evaporated and the resulting crude brown solid purified by flash column chromatography
(silica gel, hexanes:EtOAc = 8:1) to afford the title compound 27 (32.1 mg, 80.7 umol, 23%)
as a white amorphous solid.

TLC (hexanes:EtOAc = 8:1), Ry = 0.25 (UV/KMnO,)

M.p.: 105 °C

"H NMR (400 MHz, CDCly) &: 4.06 (d, J = 3.4 Hz, 1 H), 3.83 (s, 3 H), 3.74 (s, 3 H), 3.50
(ddd, /=12.2, 11.0, 0.3 Hz, 1 H), 3.39 (s, 3 H), 3.28 (ddq, / = 11.0, 2.1, 0.8 Hz, 1 H), 2.88
(dd,J=12.2. Hz,3.4Hz, | H), 1.77 (dd, /= 2.1 Hz, 0.2 Hz, 1 H), 0.99 (5, 9 H), 0.19 (s, 3 H),
0.15 (s, 3 H).

BC NMR (100 MHz, CDCl3) : 173.3, 170.7, 138.0, 116.9, 115.6, 78.1, 60.0, 52.8, 52.2,
46.8, 41.5, 36.5, 25.6, 18.2, 15.7, -3.8, -4.2.
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IR (Diamond-ATR, neat) vy 2954, 2932, 2888, 2859, 1730, 1690, 1473, 1462, 1436, 1381,
1350, 1314, 1276, 1254, 1230, 1178, 1165, 1011, 978, 947, 912, 872, 841, 827, 815, 782,
747, 714, 687, 608 cm’.

HRMS (ESI) caled for C1oH3 NOgNaSi [M+Na]': 420.1813, found 420.1812.

OMe 0 OMe
benzene
& N"Q 80°C, 12h N’q
rop o NP —— | i
TBSO” Y \( (63%) TBSO™ ™ \(
CN o cn ©
5 28 29

Cycloadduct 29:

To a solution of § (42 mg, 166 pmol, 1.00 equiv) in benzene (3 mlL) was added 28 (32 mg,
182 pmol, 1.10 equiv) in a pressure tube and the reaction mixture was heated to 80 °C for 12
h. The solvent was removed in vacuo and the residue was purified by flash column
chromatography (silica gel, gradient: hexanes:EtOAc = 10:1 — 5:1 — 2:1) to afford the
desired product 29 (45 mg, 0.11 mmol, 63%) as a white crystalline solid.

TLC (hexanes:EtOAc = 5:1), Re = 0.24 (UV/CAM)

M.p.: 102 °C

"H NMR (600 MHz, CDCl3) d: 7.54-7.48 (m, 4 H), 7.44-7.38 (m, 1 H), 5.57 (s, 1 H), 4.98
(m, 1 H), 3.55 (s, 3 H), 1.83 (d,./= 1.4 Hz, 3 H), 1.02 (s, 9 H), 0.28 (d, J = 4.8 Hz, 6 H).

BC NMR (150 MHz, CDCly) &: 151.3, 150.4, 137.5, 130.5, 129.3, 129.3, 128.7, 125.3,
113.2, 113.1,83.1, 56.1, 47.1,25.5, 18.2, 13.3, -3.8, -3.9.

IR (Diamond-ATR, neat) vmax: 2953, 2926, 2856, 1729, 1689, 1461, 1436, 1379, 1350, 1313,
1274, 1253, 1229, 1177, 1164, 1077, 1010, 978, 946, 911, 871, 840, 826, 814, 781, 746, 714,

686 cm™.

HRMS (ESI) caled for C2HpsN4QuNaSi [M+Na]™: 451.1772, found 451.1777.

513

187



An approach to aminonaphthoquinone ansamyeins using a Supplementary Information
modified Danishefsky diene

NMR spectra.

Br
Br smoo mwo o
PR N 34
FofFF e R
07 "OMe e N ~
8
I .
S a9 bS]
S o
" T T T T T T T T T T T T T T T T T T T 1
10.0 4.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 5 4.0 3.5 30 5 20 1.5 La 0.5 0.0
f1 (ppm)
-
z o - -
° wnen o 8
5 A A &~
N
Br
Br
07 “Ome
8
" T T T T T T T T T T T T T T T T T T T |
200 190 140 170 160 150 140 130 120 110 100 30 ) 70 60 50 40 30 20 10 a
1 ippm)

S14

188



An approach to aminonaphthoquinone ansamyeins using a
modified Danishefsky diene

Supplementary Information

[Ty T 0N i in
NAA & 3 N
N Mo .
- I ~
OMe
=
0% "OMe
9
Lia b,
w s = 2
— IS -
" T T T T T T T T T T T T T T T T T |
100 95 2.0 8.5 80 75 7.0 6.5 6.0 5.5 5.0 4.5 40 35 3.0 25 2.0 L5 1.0 0.5
1 (ppm}
o n -
o % g - oo ©
3 = g R ]
R = S o <
OMe
/
9] OMe
9
T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 'll(U 100 90 8O 70 60 50

1 (ppm)

815

189



190

An approach to aminonaphthoquinone ansamyeins using a Supplementary Information

modified Danishefsky diene
[ s o i
NN @ @ nR
s TT 7
OMe
=
0
GN
10
J . L
! 1! J

T T T T T T T T T T T T T T T T T T
10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0

5.0 5 4.0 35 3.0 25 2.0 15 1.0 0.5
1 (ppm)
o ~ 0 n
< - 5% ~ s -
E ° o o o5 )}
A - - © o Pt
A4
OMe
=
O
CN
10
;
T T T T T T T T T T T T T T T T T T T
199 180 170 160 150 140 130 120 110 100 90 L 70 60 50 40 30 20 10
1 {ppm)



Supplementary Information

An approach to aminonaphthoquinone ansamyeins using a

modified Danishefsky diene

20~
6770

9L
NN.mv

2EP—
58°F
mm.eN

SL9
SL9
S52°9
529

06°2
06°2
06°2
1672

01
=65

=81 | o
g £ 3

—
=50

0€
oo

=10
=60 [+

=01
=20

9.5

r
10.0

209
m.owv.

O'bin,
LRYE

ZOTT
ot
S8BT,
6T~

S7ZST~
SUEST

89T~
STOLT

OMe

7
TBSO™ Ny
CN

IR

19U 180 170 160 150 140 130 120 110 100 90 80
1 (ppm)

200

817

191



192

An approach to aminonaphthoquinone ansamyeins using a

Supplementary Information

modified Danishefsky diene
i " © ne  mem ww
Ny 0 ~ @@ ] N
Sdd ¢ o 23 33 a4
- [ Y Y
O/
&~
TBSO”
CN
(22-5
T T T i | i
< < - < ] “
3 3 ] 3 b b
10.0 4.5 3.0 8.5 8.0 7.5 7.0 6.5 6.0 5.0 4.5 4.0 3.5 3.0 25 20 1.5 10 0.5 0.0
1 (ppm)
@ - P
& o S < “ b “ w @
@ " — — - < wn ) bl o
T T TOT T T T |
-
v
TBSO” Y
CN
(22-5
200 190 180 170 160 150 140 130 120 110 100 80 80 70 60 50 40 30 20 10 -10
1 (ppm)
S18



An approach to aminonaphthoquinone ansamyeins using a Supplementary Information

modified Danishefsky diene
© wo @ o
@ R S o
@ B 433
~ [
o]
NHAG
HO ! .
CN O
13

] M NS 5 N B!
iy

° S o
3 @ =
" T T T T T T T T T T T T T T T T T T T !
100 @5 90 &5 &0 7.5 70 65 60 55 50 45 40 35 3¢ 25 20 L5 10 05 0.0
f1 (ppm}
- o o W o mey
o HNw g - ] @ o ~ " -
g ne R T oma Z =a < <o
2 &BEA R === p:4 S =
| S | (| [ [
o]
l l NHAC
HO'
CN O
13

T T T T T T T T T T T
196 180 170 16¢ 150 140  13¢ 120 110 100 90 80 70 60 50 a0 30 20 10 0
1 (ppm}

S519

193



An approach to aminonaphthoquinone ansamyeins using a Supplementary Information

modified Danishefsky diene
@ mw nen @ N,
gar Qgw TN
R R ] P
T T T
OMe
i i NHAc
MeO’
CN OMe
14

=

n
$d8 Al i
233 JEpe ] & A
" T T T T T T T T T T T T T T T
100 95 9.0 a5 8.0 7.5 7.0 6.5 6.0 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5
1 (ppm)
P - HNew @ -
o e - gl Ne S - e <o < @
8 @ o mom o N Sa a9 oS
-] A IS R gpa ) =& B & &=
(| [ T N S
OMe
l ! NHAc
Me(O
CN OMe
14
T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 L 70 60 50 40 30 20 10
1 (ppm)

194



An approach to aminonaphthoquinone ansamyeins using a Supplementary Information

modified Danishefsky diene
2 8 &8 €5 2 2883 A
P a0 G e PP
[ ST St ]
OMOM
l I NHAC
MOMO
CN OMOM
15
I q k n
T Ay A, L
2 9 9 e 299 - 2
22 3 43 3 333 403
10.0 4.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 LU 0.5 0.0
1 (ppm)
P - @ e 9w . o
) - o4 Wl i O wo oo NN @ &
S 2 s RS R S 28 o258 A
| | [ I [ Sl | |
OMOM
l l NHAC
MOMO
CN OMOM
15
200 190 180 170 160 150 140 130 120 110 100 90 :l 70 60 50 40 30 20 10 a
1 (ppm)
321

195



196

An approach to aminonaphthoquinone ansamyeins using a

Supplementary Information

modified Danishefsky diene
° ©w = wo o«
] e 2 Qo =
o et 2 230z
[ ~
o}
NHBoc
HO ! l
CN O
17
) ] J
i I Iy oo
2 - 2 “ <
3 e 3 A
4.5 g.0 815 8.0 7.5 7{0 6.5 6.0 5.0 5 4.0 3.5 3.0 25 2.‘(] 1‘.5 1‘0 U‘.S U‘U
1 (ppm)
~ @ o« m omwm oo a
m e - - m o o @ - Mmoo wr "~ —
% RE - 3 42 2 Z R R 5 =
TOTT TOT 7T T T TTOT T
o}
NHBoc
HO i '
CN O
17
| | ( \ ‘ |‘ \ }[ L |
200 130 180 170 160 150 140 130 120 110 100 80 B0 70 60 50 40 30 20 10 ]

1 {ppm)

522



An approach to aminonaphthoquinone ansamyeins using a Supplementary Information

modified Danishefsky diene

ca oo
Q. < « G
& v

0

<408
HO
CN O
20

| 1.1—1

Y I

r T
10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 5.5 5.

0 4.5 40 35 3.0 25 2 15 1.0 0.5 0.0
1 (ppm)

e < wnnn oem o o
o W@ o < <t G w ™~ ] o™
2 R 5 mmm oo = = o+ [
= == = Asa s - = 3 I
I Il [

e}

O‘ ’
HO

CN O
20

" T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100
1 (ppm)

523

197



An approach to aminonaphthoquinone ansamyeins using a Supplementary Information

modified Danishefsky diene
o i
gg W9 mm
P R it
N ~
o}
<08
HO
CN O
21
. . |
o |
= 2 o
32 3
10.0 4.5 3.0 8.5 8.0 7.5 7.0 6.5 6.0 5.0 5 4.0 3.5 3.0 25 20 1.5 10 0.5
1 (ppm)
~ o amon w9 w
o e B I S - - «
e g2 n s 2 s 2 s
e oo oo H 22 5
[ She [
(@)
408
HO
CN O
21
) “ N J A "
N T
200 190 180 170 160 150 140 130 120 110 100 30 80 70 60 50 40 30 20 10
1 {ppm)
3824

198



An approach to aminonaphthoquinone ansamyeins using a
modified Danishefsky diene

Supplementary Information

1 o -
nw b @S
s g el
~ N
O
HO l I
CN O
23
4 1 d
E N -

" T T T T T T T T T T T T T T T T T T T 1
100 Y5 9.0 a5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 40 35 3.0 25 2.0 15 1.0 0.5 0.0
1 (ppm)

9w = 9w~ @ oo
v @ Ll F F o A @ “
5w N Mmoo aa o ~
g A - Ao p -
[ ol (|
o}
HO l I
CN O
23
T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)

199



Supplementary Information

An approach to aminonaphthoquinone ansamyeins using a

modified Danishefsky diene

9L T—

TBSO ©\
CN
NOs

25

i

Fooe

Foot

Foot

T-661

et

10.0

ok
e

¥PIT—

£8T—

2°52—

$eE—
S'hbr—

Xe5—

T T T T T
70 60 50 40 30

£I8—
¥se—

ST~
€911

SbeT—
61—
6BET~,
[l

S8FT—

T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90
1 (ppm)

T
190

r
200

526

200



An approach to aminonaphthoquinone ansamyeins using a Supplementary Information
modified Danishefsky diene

e v oAnmomn o eore cwo
58 % mnEess NN LR
ST 5 AnAREZ SESZ ey
T W RgEs R 35
OMe
COOMe
TBSO "'COOMe
CN
27

o= b—

st ! i
3333 3 3 b
4.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 LU 0.5 0.0
1 (ppm)
oy o aq
omc % e o an © @~y @ on e s @n
we a2 sS4 Gadnd PR e Rt I o84 a3
55 s j=pa) (NN BN Say g 9E =4 i
Vi Y s [ Vo v
OMe
COOMe
TBSO “COOMe
CN
27
200 190 180 170 160 150 140 130 120 110 100 90, 80 70 60 50 40 30 20 10 ] -10
1 (ppm)

201



Supplementary Information

An approach to aminonaphthoquinone ansamyeins using a

modified Danishefsky diene

820
mm.ov

10T

1o

[t §

£8°T
vw.ﬁv

S5°E—

86V
mm.qW
86F

28°5—

| 82rs
¥
82
[Sars
0572
1572
25
€572
€577
€577
vs
bss

Fre9
Fesr 3

Fsre

T-o62[

Frosol o

Fseof 7

=00T|
F-g0 [ ~

r
10.0

f1(ppm)

m.mwv

8E

EET—
81—

Tib—

T9s—

TEg—

TEIT
N.mﬁﬁv

£92T—
28—+
m.mmﬁkv

SLET—

FOST~,
€11

1 (ppm)

T T T T T T T T T
180 170 160 150 140 130 120 110 100

T
130

528

202



An approach to aminonaphthoquinone ansamyeins using a Supplementary Information
modified Danishefsky diene

Crystal structures

Note: Crystallographic data for compounds 14, 15, 21, 25, 27 and 29 have been deposited at
the Cambridge Crystallographic Data Centre (CCDC 859806, 859805, 859804, 864199,
859807, and 859808, respectively).

a) X-Ray structure of 14:
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b) X-Ray structure of 15:
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¢) X-Ray structure of 21:
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¢) X-Ray structure of 27:
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2.2 Synthesis of the C6—C23 Fragment of Naphthomycins

Naphthomycins, exemplified by naphthomycin A (1) depicted in Scheme 1, are
described as having a basket like structure.!! All of them contain a naphthoquinone
moiety, which forms the flat part and is linked to a polyketide chain, that forms a
macrocyclic lactam. Distinguishing features in the naphthomycin family are a variety
of substituents at C30, methyl or hydrogen substitution at C2 and the double bond
configuration of C4. Recently, results from our laboratories have been published,
dealing with the synthesis of the aminonaphthoquinone core of naphthomycins and
other ansamycins.”) To date, there is no total synthesis of any naphthomycin
reported. Our ongoing interest in ansamycines and their potential biological activity
render the naphthomycins as attractive synthetic targets.

The polyketide chain from C6 to C23 is a shared moiety in all naphthomycins. This
common fragment (2) is characterized by six stereogenic centers, two enones and a
labile hydroxyl group at C15. Access to this fragment (2) would allow its incorporation
in the syntheses of all naphthomycins. Retrosynthetically, we anticipated this general
building block to arise from aldehyde 3 and phosphonate 4 by means of a Horner-
Wadsworth-Emmons (HWE) reaction.
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Scheme 1. Synthetic Approach to C6-C23 Fragment 2 of Naphthomycin A (1)

e |

Me
=
o) OTBS OTBS \ O OTBS
2 HWE
Me Me Me
: \
(EtO),P Z
PMBO OTBS OTBS O OTBS
3 4

Our synthesis of aldehyde 3 is outlined in Scheme 2 and commenced with DIBAL-H
reduction of PMB protected Roche ester 5 to the corresponding aldehyde in very
good yield. Roush crotylation with borane 6 followed by protection of the resulting
alcohol with TBSOTT yielded literature known alkene 7.P®! Subsequent exposure to
cross metathesis conditions with crotonaldeyde and Grubbs Hoveyda 2" Generation
catalyst afforded an a,B-unsaturated aldehyde, which was allylated with commercially
available ([0)-Ipc,B(allyl) followed by protection to give TBS ether 8. With all carbon
atoms in place, oxidative cleavage of the terminal double bond was required. Various
conditions have been tried to achieve the final transformation, but the desired
aldehyde 3 could not be isolated in higher than 32% yield. This is due to its sensitivity
towards elimination of the TBS ether under slightly acidic or basic conditions giving a
dienenale (not shown in Scheme 2), which further decomposes. However, exposure
to Sharpless dihydroxylation conditions followed by glycol cleavage with Pb(OAC)4
gave rise to the desired aldehyde 3 in 79% vyield.
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Scheme 2. Synthesis of Aldehyde Building Block (3)

A O,
"B \)——COziPr
O z
6 oL
Me CO,iPr Me Me
: o 1. DIBAL-H, CH,Cl,, -78 °C, 2 h, 94% . H /
PMBO 0 2. 6, toluene, -78 °C, 24 h, 46% PMBO (E)TBS

5 3. TBSOT, lutidine, CH,Cl,, 0 °C, 1 h, 99%

1. Grubbs Hoveyda Il, crotonaldehyde, Me Me
55°C,12h, 81% 5

“ypc,Blallyl), Et,O, 78 °Ctort, 12h,88%  pveG  OTBS  OTBS

2.(
3. TBSOT, lutidine, CH,Cl,, 0 °C, 30 min, 89%

1. K3Fe(CN)6, K2003, MESOZNHz, 0304, Me Me
(DHQ),Phal, t-BuOH/H,0, rt, 2.5 h H

Py

2. Pb(OAc),, EtOAC, 0 °C, 1 h, PMBO (%TBS éTBS

79% (over 2 steps)
3

Being able to synthesize multigram quantities of building block 3, a scalable route for
building block 4 was next targeted. Our successful synthesis is outlined in Scheme 3
and started with mono-protection of diol 9. Dess-Martin periodane (DMP) oxidation
followed by Brown crotylation with borane 10 set the two stereocenters and gave
alcohol 11.”°! Subsequent protection of the secondary alcohol followed by selective
primary deprotection and DMP oxidation afforded aldehyde 12. Efforts to convert
aldehyde 12 or further oxidized derivatives, such as the corresponding acyl chloride
or the Weinreb amide, into the desired building block 4 were all fruitful. Eventually the
best yield was achieved when the corresponding methyl ester, prepared by Pinnick
oxidation followed by methylation with TMS-diazomethane, was treated with lithiated

phosphonate to give building block 4 as a 1:1 mixture of diastereomers.
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Scheme 3. Synthesis of Phosphonate Building Block (4)

1. (@) NaH, THF, rt, 45 min Me
(b) TBSCI, THF, rt, 3 h, 93% =
OH OH 2. DMP, CH,Cl,, rt, 2 h, 91% TBSO  OH
3.10, THF, =78 °C, 12 h, 47%
9 1
1. TBSCI, imidazole, CH,Cl,,
\/ﬁ rt, 60 h, 90%

2. HF - py/py, THF, rt, 3 h, 99%

10 3. DMP, CH,Cl,, rt, 3 h, 88%

1. NaClO,, 2-methyl-2-butene, Ve
NaH2PO4, t-BUOH/Hzo, H
\ > =
(EO)P L ™4h 95%
2. TMS-CHN,, benzene/MeOH, O  OTBS
4 rt, 10 min, 96% 12
3. (EtO),P(O)CHCHsLi, THF,
~78°C, 1h, 81%

With multigram quantities of both building blocks in hand, the crucial HWE was
investigated. Standard bases, such as LDA, NaH, LIHMDS, KO{Bu amongst others,
mostly led to decomposition of aldehyde 3 and reisolation of phosphonate 4. Mild
conditions for sensitive compounds have been reported'®, but in this case only gave
poor yield and were not scalable. The best result was obtained when a modified
procedure with dried Ba(OH), at —18 °C for six days was applied.l”! These conditions
allowed for a multigram synthesis of desired enone 13 in reliable 70% vyield. Finally,
PMB-ether was selectively cleaved by means of DDQ and the liberated alcohol was
oxidized with DMP. Treatment of the later with phosphanylidene 14 at 130 °C for 12

hours gave access to the complete fragment 2 in 73% over two steps.
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Scheme 4. Completion of the Synthesis of Fragment (2)

PMBO OTBS  OTBS O OTBS

Ba(OH), 8H,0, THF/H,0,
-18°C, 6 d, 70%

PMBO OTBS OTBS O OTBS
13

1. DDQ, CH,Cl,/H,0,
o. s 0°C,4h, 93%
r PPh; 2. DMP, CH,Cl,, rt, 3 h

O 14 3. 14, toluene, 130 °C,
12 h, 73% (over 2 steps)

( o} oTBS OTBS O OTBS

2

In conclusion, a synthesis of the C61C23 fragment of naphthomycins has been
accomplished within nine steps and in an overall yield of 30.6%. Building blocks 3
and 4 were both prepared in each five steps from literature known compounds in
multigram quantities. The preparation of sensitive aldehyde building block 3 and its
linkage in a Horner-Wadsworth-Emmons reaction were crucial steps in the synthesis

and required careful optimization.
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2.2.1 Supplementary Information

General Experimental Details. Unless stated otherwise, all reactions were performed in
oven-dried or flame-dried glassware under a positive pressure of nitrogen. Commercial
reagents and solvents were used as received with the following exceptions. Tetrahydrofuran
(THF) was distilled from benzophenone and sodium immediately prior to use.
Diisopropylethylamine (DIPEA) and Triethylamine (TEA) were distilled over calcium
hydride immediately before use. Reactions were magnetically stirred and monitored by crude
NMR or analytical thin-layer chromatography (TLC) using E. Merck 0.25 mm silica gel 60
F1s4 precoated glass plates. TLC plates were visualized by exposure to ultraviolet light (UV,
254 nm) and/or exposure to an aqueous solution of ceric ammoniummolybdate (CAM) or an
aqueous solution of potassium permanganate (KMnQy) followed by heating with a heat gun.
Flash column chromatography was performed as described by Stil/ et al. employing silica gel
(60 A, 40-63 pm, Merck) and a forced flow of eluant at 1.3—1.5 bar pressure.' Yields refer to
spectroscopically ("H NMR and "°C NMR) pure material.

Instrumentation. Proton nuclear magnetic resonance (1H NMR) spectra were recorded on
Varian VNMRS 300, VNMRS 400, INOVA 400 or VNMRS 600 spectrometers. Proton
chemical shifts are expressed in parts per million (6 scale) and are calibrated using residual
undeuterated solvent as an internal reference (CHCI3: & 7.26, MeOH: ¢ 3.31, H20: 5 4.79).
Data for 1H NMR spectra are reported as follows: chemical shift (6 ppm) (multiplicity,
coupling constant (Hz), integration). Multiplicities are reported as follows: s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, br = broad, or combinations thereof. Carbon
nuclear magnetic resonance (13C NMR) spectra were recorded on Varian VNMRS 300,
VNMRS 400, INOVA 400 or VNMRS 600 spectrometers. Carbon chemical shifts are
expressed in parts per million (5 scale) and are referenced from the carbon resonances of the
solvent (CDCI3: & 77.0, MeOH: 6 49.0). Infrared (FTIR) spectra were recorded on a Perkin
Elmer Spectrum BX II (FTIR System). FTIR Data is reported in frequency of absorption (cm-
1). Mass spectroscopy (MS) experiments were performed on a Thermo Finnigan MAT 95 (EI)
or on a Thermo Finnigan LTQ FT (ESI) instrument. Microwave reactions were performed on

a CEM machine (Model: Discovery System, No. 908010).
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Synthetic procedures.

Me PMB-TCA Me
£ 0°C —> rt, 48h
O . O
HO O PMBO O

PMB-ether 5

A solution of 1.34 g (11.3 mmol, 1 eq.) (S)-methyl 3-hydroxy-2-methylpropanoate in CH,Cl,
(10 mL) was cooled to 0 °C and a solution of 449 g (159 mmol, 1.4 eq.) PMB
trichloroacetimidate (freshly prepaired) in CH,Cl, (2 mL) was added dropwise. 130 mg (0.6
mmol, 0.05 eq.) CSA was added and the reaction mixture was allowed to warm to rt and
stirred for 48 h. The precipitate was removed by filtration through a plug of silica and the
silica was washed with CH,Cl, (50 mL). Combined filtrates were washed with sat. aq.
NaHCO:s, brine, dried over MgSQOy, filtered and concentrated in vacuo. The crude product was
purified by flash column chromatography (hexanes:EtOAc = 19:1) to yield 1.77 g (7.4 mmol,
81%) PMB ether 5 as a colorless oil (one spot on TLC).

TLC (hexanes:EtOAc = 5:1): Ry=0.40 (CAM, UV).

"H-NMR (CDCl3, 200 MHz): & = 7.27-7.20 (m, 2H), 6.89-6.83 (m, 2H), 4.45 (s, 2H), 3.79
(s, 3H), 3.68 (s, 3H), 3.62 (dd, J/=7.3, 9.1 Hz, 1H), 3.45 (dd, J=5.9, 9.1 Hz, 1H), 2.85-2.68 (m,
1H), 1.16 (d, J=7.1 Hz, 3H).

Me 1. DIBAL-H, -78°C, 2h Me Me

£ O\ 2. boronate 6, -78°C, 24h H _
PMBO O PMBO  OH

5 s2

Alcohol S2

1.83 g (7.68 mmol, 1 eq.) methyl ester 5§ was dissolved in CH,Cl, (30 mL) and cooled to =78
°C. 9.2 mL (9.20 mmol, 1.2 eq., 1 M solution in CH,Cl,) DIBAL-H was added dropwise and
the reaction mixture was stirred for 2 h at =78 °C. '/; sat. aq. Rochelles-salt (30 mL) was
added and the reaction mixture was allowed to warm to rt and further stirred for 1 h. The
reaction mixture was diluted with Et,O (100 mL) and the layers were separated. The organic
layer was washed with brine (50 mL), dried over MgSQO, filtered and concentrated in vacuo
to yield 1.5 g (7.20 mmol, 94%) of the desired aldehyd S1 as a greenish oil (one spot on
TLC).
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Flame dried 4A mol sieves (1 g) were treated with 25.5 mL (10.1 mmol, 1.4 eq., 0.4 M
solution in toluene) boronate 6 and stirred for 30 min at rt. The reaction mixture was cooled to
=78 °C and 1.5 g (7.203 mmol, 1 eq.) aldehyde S1 in toluene (5 mL) was added dropwise via
syringe pump over 1 h. The reaction mixture was stirred for 24 h at —78 °C and subsequently
quenched with 10% aq. NaOH (25 mL) and allowed to warm to rt. 50 % aq. H,O, (25 mL)
was added dropwise and stirred for 3 h. The reaction mixture was diluted with Et,O (60 mL)
and the layers were separated. The milky water layer was extracted with Et;O (2 x 50 mL).
The combined organic layers were washed with brine (100 mL), dried over MgSOQs, filtered
and concentrated in vacuo. The crude product was purified by flash column chromatography
(hexanes:EtOAc = 9:1) to yield 885 mg (3.354 mmol, 46%) alcohol S2 as a colorless oil (one
spot on TLC).

TLC (hexanes:EtOAc =4:1): Ry= 0.44 (CAM, UV).

"H-NMR (CDCl;3, 200 MHz): § = 7.29-7.21 (m, 2H), 6.90-6.83 (m, 2H), 5.79 (ddd, J=8.4,
10.4, 17.1 Hz, 1H), 5.16-5.06 (m, 2H), 4.44 (s, 2H), 3.80 (s, 3H), 3.57-3.42 (m, 3H), 2.35-
2.17 (m, 2H), 2.01-1.87 (m, 1H), 0.97 (d, J=2.9 Hz, 3H), 0.93 (d, J=3.1 Hz, 3H).

Me Me TBSOTY, lutidine, Me Me
i P 0°C, 1h : _

PMBO  OH PMBO  OTBS
s2 7

TBS ether 7

A solution of 5.10 g (47.34 mmol, 2.0 eq.) 2,6-lutidine and 6.25 g (23.67 mmol, 1.0 eq.)
homoallylic alcohol S2 in CH,Cl, (35 mL) was cooled to 0 °C and 9.37 g (35.51 mmol, 1.5
eq.) TBSOTf was added dropwise. The reaction mixture was stirred at 0 °C for 1 h. The
reaction mixture was diluted with sat. agq. NH4Cl1 (50 mL) and CH,Cl, (50 mL) and the layers
were separated. The aqueous layer was extracted with CH,Cl, (3 x 100 mL). The combined
organic layers were dried over MgSOy, filtered and concentrated in vacuo. The crude product
was purified by flash column chromatography (hexanes:EtOAc = 94:4) to yield 893 g
(23.6 mmol, 99%) TBS ether 7 as a colorless oil (one spot on TLC).

TLC (hexanes:EtOAc =9:1): Ry=0.54 (CAM, UV).
"H-NMR (CDCl;, 200 MHz): & = 7.29-7.21 (m, 2H), 6.91-6.84 (m, 2H), 5.84 (ddd, J=7.8,

10.4, 17.2 Hz, 1H), 5.03-4.93 (m, 2H), 4.46-4.33 (m, 2H), 3.81 (s, 3H), 3.65 (dd, J=3.3, 5.0
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Hz, 1H), 3.37 (dd, J=6.6, 9.1 Hz, 1H), 3.21 (dd, J=6.8, 9.0 Hz, 1H), 2.42 (m, 1H), 1.94, (ddd,
J=3.3, 6.8, 13.6 Hz, 1H), 0.99 (d, /=7.0 Hz, 3H), 0.90 (d, J=6.8 Hz, 3H), 0.89 (s, 9H), 0.03 (s,
3H), 0.01 (s, 3H).

= (o)
\/\ﬁ
Me Me Grubbs Hoveyda Il Me Me
: P 55°C, 12h : __ 0
PMBO OTBS PMBO OTBS H
7 s3

Aldehyde S3

A solution of 7.30g (19.3 mmol, 1.0eq) alkene 7 and 27.0 g (386 mmol, 20.0eq)
crotonaldehyde in CH,Cl, (800 mL) was treated with 604 mg (0.966 mmol, 0.05 eq) Grubbs
Hoveyda 2" Generation catalyst. The reaction mixture was stirred at 55 °C for 12 h. The
reaction mixture was concentrated in vacuo and the crude product was purified by flash
column chromatography (hexanes/EtOAc =19:1—7:1) to yield 6.36 g (15.64 mmol, 81%)
aldehyde S3 as a colorless oil (one spot on TLC).

TLC (hexanes:EtOAc =9:1): Rg=0.33 (CAM).

"H-NMR (CDCl3, 300 MHz): & = 9.49 (d, J=7.9 Hz, 1H), 7.25-7.21 (m, 2H), 6.92 (dd, J=7.9,
15.8 Hz, 1H), 6.89-6.86 (m, 2H), 6.07 (ddd, J=1.1, 7.9, 15.8 Hz, 1H), 4.43-4.34 (m, 2H),
3.81 (s, 3H), 3.78 (dd, J=3.5, 4.8 Hz, 1H), 3.34 (dd, J=6.9, 9.1 Hz, 1H), 3.19 (dd, J=6.2, 9.1
Hz, 1H), 2.70-2.59 (m, 1H), 1.97-1.85 (ddd, J=3.5, 6.9, 13.2 Hz, 1H), 1.09 (d, J/=6.9 Hz, 3H),
0.91-0.88 (m, 12H), 0.04 (s, 3H), 0.04 (s, 3H).

BC-NMR (CDCl;, 75 MHz): & = 194.2, 161.8, 159.2, 132.2, 130.5, 129.2, 113.8, 75.8, 72.6,
72.5,55.3,41.9,37.9,26.1,18.4,17.1, 12.3,-3.7, 4.1.

IR (Diamond-ATR, neat) vmax: 2956, 2930, 2884, 2856, 2361, 1691, 1613, 1513, 1471, 1462,
1248, 1172, 1141, 1083, 1035, 1006, 835, 773 cm™".

[@]* b =-10.8° (¢ = 0.42, CHCL).

HRMS (ESI) calcd for Co3H3304Si [M+H]+: 407.2618; found: 407.2607.

Me Me (=)-lpcoB(allyl), Me Me
: __ o TECoi2n
PMBO OTBS H PMBO OTBS  OH
S3 S4

Alcohol S4
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25 mL (25 mmol, 3.0 eq., 1M solution in pentane) (—)-Ipc,B(allyl) was dissolved in Et,O
(50 mL) and cooled to =78 °C. A solution of 3.38 g (8.31 mmol, 1.0 eq.) aldehyde S3 in Et,O
(50 mL) was added dropwise and the reaction mixture was allowed to warm to rt over 12 h.
The reaction mixture was cooled to 0 °C, aq. 2 M NaOH (30 mL) and aq. 30 % H,0O, (30 mL)
were subsequently added dropwise and stirred for 12 h at rt. The reaction mixture was diluted
with H,O (40 mL) and extracted with Et;O (4 x 100 mL). The combined organic layers were
washed with sat. ag. NH4Cl (200 mL), brine (200 mL), dried over MgSQ., filtered and
concentrated in vacuo. Ipc-alcohol was removed from the crude product on high vacuo (96 h
at 50 °C). Further purification by flash column chromatography (hexanes/EtOAc =19:1 —
12:1) yielded 3.29 g (7.33 mmol, 88%) alcohol S4 as a colorless oil (one spot on TLC).

TLC (hexanes:EtOAc =9:1): Ry=0.33 (CAM).

"H-NMR (CDCl;, 400 MHz): § = 7.25-7.22 (m, 2H), 6.89—6.85 (m, 2H), 5.85-5.72 (m, 1H),
5.69 (ddd, J=1.0, 7.6, 15.6 Hz, 1H), 5.44 (ddd, J=1.0, 6.7, 15.6 Hz, 1H), 5.15-5.10 (m, 2H),
4.43-4.36 (m, 2H), 4.10 (q, J=6.4 Hz, 1H), 3.80 (s, 3H), 3.65 (dd, J=3.4, 4.6 Hz, 1H), 3.35
(dd, J=6.6, 9.0 Hz, 1H), 3.20 (dd, J=6.8, 9.0 Hz, 1H), 2.39-2.31 (m, 1H), 2.30-2.25 (m, 2H),
1.98-1.81 (m, 1H), 0.99 (d, J=7.0 Hz, 3H), 0.89 (d, J=6.8 Hz, 3H), 0.89 (s, 9H), 0.04 (s, 3H),
0.02 (s, 3H).

BC-NMR (CDCl;, 100 MHz): & = 159.0, 135.0, 134.5, 131.6, 130.7, 129.1, 117.9, 113.7,
76.0,73.3,72.5,72.0, 55.2,41.9,41.3,37.2,26.1, 18.4,17.5, 12.6, 3.8, —4.2.

IR (Diamond-ATR, neat) vima: 3396, 2956, 2929, 2904, 2856, 1513, 1472, 1462, 1361, 1302,
1247, 1462, 1361, 1302, 1247, 1172, 1069, 1036, 1005, 834, 772 cm’.

[a]* p =-18.9° (¢ = 0.42, CHCl3).

HRMS (ESI) calcd for CogH404Si [M+NH,4]": 466.3353; found: 466.3345.

Me Me TBSOTH, lutidine, Me Me
0°C, 30min
H H H H
PMBO OTBS  OH PMBO OTBS  OTBS
sS4 8

Protected alcohol 8

1.06 g (4.02 mmol, 1.2 eq.) TBSOTf and 860 mg (8.04 mmol, 2.4 eq.) lutidine were dissolved

in CH,Cl, (45 mL) and cooled to 0 °C. 1.50 g (3.35 mmol, 1.0 eq.) alcohol S4 was added

dropwise and the reaction mixture was stirred at 0°C for 30 min. The reaction was quenched

with sat. aq. NH4Cl (20 mL), diluted with H,O (20 mL) and extracted with CH,Cl, (3 x

40 mL). The combined organic layers were washed with brine (50 mL), dried over MgSQOy,
217



filtered and concentrated in vacuo. The crude product was purified by flash column
chromatography (hexanes/EtOAc=29:1 — 19:1) to yield 1.67 mg (2.99 mmol, 89%) of

protected alcohol 8 as a colorless oil (one spot on TLC).

TLC (hexanes:EtOAc =9:1): R¢=0.58 (CAM).

"H-NMR (CDCl;, 400 MHz): § = 7.26-7.23 (m, 2H), 6.90-6.86 (m, 2H), 5.84-5.73 (m, 1H),
5.63 (ddd, J=1.1, 7.8, 15.6 Hz, 1H), 5.38 (ddd, J=1.0, 6.15, 15.6 Hz, 1H), 5.05-4.99 (m, 2H),
4.43-4.35 (m, 2H), 4.08 (q, J=6.7 Hz, 1H), 3.80 (s, 3H), 3.64 (t, J=3.9 Hz, 1H), 3.36 (dd,
J=6.1,9.0 Hz, 1H), 3.21 (dd, J=6.9, 9.0 Hz, 1H) 2.37-2.28 (m, 1H), 2.27-2.16 (m, 2H), 1.94—
1.88 (m, 1H), 0.99 (d, J/=7.0 Hz, 3H), 0.92-0.87 (m, 21H), 0.04 (s, 3H), 0.04 (s, 3H), 0.02 (s,
3H), 0.01 (s, 3H).

BC-NMR (CDCl;, 100 MHz): & = 159.0, 135.4, 132.6, 132.5, 130.8, 129.1, 116.5, 113.7,
76.1,73.3,73.2,72.5,55.2, 43.2, 41.4, 37.5, 26.1, 25.9, 18.4, 18.2, 18.0, 13.2, -3.9, -4.1, -4.3,
-4.8.

IR (Diamond-ATR, neat) vmay: 2955, 2928, 2855, 1613, 1513, 1472, 1462, 1247, 1171, 1079,
1037, 1004, 833, 772, 677 cm’".

[@]* b = - 18.2° (¢ = 0.48, CHCl;).

HRMS (ESI) calcd for C3,HsgO04Si; [M+NH,]": 580.4217; found: 580.4221.

Me Me 1. K3Fe(CN)g, K,CO3, MeSO,NH,, Me Me
: (DHQ),Phal, OsQy, rt, 2.5h :

PMBO OTBS  OTBS 2. Pb(OAc),, 0°C, 1h PMBO OTBS  OTBS

8 3

Aldehyde 3

A solution of 3 g (5.34 mmol, 1.0 eq.) alkene 8 in tert-butanol (90 mL) was treated with 5.27
g (16.01 mmol, 3.0 eq.) KsFe(CN)g, 2.21 g (16.01 mmol, 3.0 eq.) K,CO3, 0.51 g (5.34 mmol,
1.0 eq.) MeSO,NH; and 1.66 g (2.1 mmol, 0.4 eq.) (DHQ),Phal. H;O (90 mL) was added to
the reaction mixture was stirred for 15 min and treated dropwise with 870 uL (0.85 mmol,
0.016 eq., 2,5% wt in tert-butanol) OsO4. The reaction mixture was stirred for 2.5 h at rt
before quenching with 16.8 g (133 mmol, 25 eq.) Na,SOs. The reaction mixture was stirred
for 30 min at rt, diluted with H,O (50 mL), extracted with EtOAc (3 x 250 mL), washed with
1 M HCI (200 mL), brine (200 mL), dried over MgSOy, filtered and concentrated in vacuo to
afford 4.4 g of crude diol S5 as a yellowish oil.

A solution of crude diol S5 (100% yield assumed from Sharpless dihydroxylation reaction,
5.34 mmol) in EtOAc (290 mL) was cooled to 0°C and treated with 3.07 g (6.94 mmol,
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1.3 eq.) Pb(OAc)4. The reaction mixture was stirred for 1 h at 0°C. The reaction mixture was
filtered through a pad of silica, washed with 1 L Et,O/hexanes (1:1) and the combined filtrates
were concentrated in vacuo to yield 2.95 g aldehyde 3 as a brown oil.

For characterization purpose the crude product from a previous batch was purified by flash
column chromatography* (hexanes:EtOAc = 19:1) to yield the desired aldehyde FF10 (in
79% isolated yield) as a colorless oil (one spot on TLC).

*Product is not very stable on silica, a quick column is recommended. Purification is not

necessary for the next step.

TLC (hexanes:EtOAc =9:1): Ry=0.38 (CAM).

"H-NMR (CDCls, 400 MHz): & = 9.75 (t, J=2.5 Hz, 1H), 7.25-7.23 (m, 2H), 6.88-6.86 (m,
2H), 5.73 (ddd, J=1.2, 7.8, 15.6 Hz, 1H), 5.42 (ddd, J=1.0, 6.1, 15.6 Hz, 1H), 4.62—4.57 (m,
1H), 4.39 (q, J=11.6 Hz, 2H), 3.80 (s, 3H), 3.65 (t, J=3.8 Hz, 1H), 3.33 (dd, J=6.3, 9.0 Hz,
1H), 3.19 (dd, J=6.7, 9.0 Hz, 1H), 2.55 (ddd, J=2.8, 7.2, 15.5 Hz, 1H), 2.44 (ddd, J=2.2, 4.8,
15.5 Hz, 1H), 2.34 (td, J=4.0, 7.1 Hz, 1H), 1.91-1.85 (ddd, J=3.9, 6.6, 13.3 Hz, 1H), 0.99 (d,
J=7.0 Hz, 3H), 0.91-0.86 (m, 21H), 0.05, (s, 3H), 0.04 (s, 3H), 0.03 (s, 3H), 0.02 (s, 3H).
BC-NMR (CDCls, 100 MHz): & = 201.9, 159.1, 133.8, 131.4, 130.8, 129.2, 113.7, 76.0, 73.2,
72.6,69.2,55.3,51.7,41.3,37.7,26.1,25.8, 18.4,18.1, 18.0, 13.1, -3.9, 4.1, -4.2, -5.0.

IR (Diamond-ATR, neat) vmax: 2956, 2929, 2885, 2856, 1513, 1472, 1463, 1248, 1082, 1035,
832,773 cm’.

[@]*? p=-17.7° (¢ = 0.57, CHCL).

HRMS (ESI) calcd for C3;Hs60sSi; [M+NH,]": 582.4010; found: 582.4009.

NaH, rt, 45 min
— TBSCI, rt, 3h

—_—
OH OH TBSO OH

9 S6

3-((tert-butyldimethylsilyl)oxy)propan-1-ol (S6)

6.7 g (100 mmol, 1.0 eq., 60% dispersion in mineral oil) NaH was dissolved in THF (50 mL)
and 7.6 g (100 mmol, 1.0 eq.) 1,3-propanediol (9) in THF (20 mL) was added dropwise at rt.
The reaction mixture was stirred for 45 min and 15.7 g (100 mmol, 1.0 eq.) TBSCI in THF
(50 mL) was added dropwise. After 3 h, the reaction was quenched with sat. aq.
NaHCO; (150 mL). The reaction mixture was extracted with Et;O (3 x 150 mL). The
combined organic layers were washed with brine (150 mL), dried over MgSOQy, filtered and

concentrated in vacuo. The resulting oil was purified by flash column chromatography
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(hexanes:EtOAc = 4:1) to yield 17.6 g (93 mmol, 93%) of the desired product S6 as a

colorless oil (one spot on TLC).

TLC (hexanes:EtOAc = 2:1), R¢= 0.60 (CAM).
"H-NMR (CDCl;, 200 MHz) &: 3.86-3.78 (m, 4H), 1.78 (dt, J=5.6, 11.1 Hz, 2H), 0.90 (s,
9H), 0.08 (s, 6H).

DMP,
rt, 2h H

TBSO OH TBSO O
S6 S§7

3-((tert-butyldimethylsilyl)oxy)propanal (S7)

11.0 g (57.9 mmol, 1.0 eq.) TBS-alcohol S6 was dissolved in CH,Cl, (500 mL) and 31.8 g
(75.0 mmol, 1.3 eq.) Dess-Martin periodinane was added portion wise at rt. The reaction
mixture was stirred for 2 h at rt before it was quenched with sat. aq. NaHCO3/Na,S,03/H,O
1:1:1 (500 mL) and stirred further for 1 h. The reaction mixture was extracted with Et;O (3 x
150 mL). The combined organic layers were washed with brine (150 mL), dried over MgSQy,
filtered and concentrated in vacuo. The obtained crude product was purified by flash column
chromatography (hexanes:Et;O =6:1) to yield 9.9 g (52.7 mmol, 91%) aldehyde S7 as a
colorless liquid (one spot on TLC).*

*Product is volatile.
TLC (hexanes:EtOAc = 3:1), R¢= 0.74 (CAM).

"H-NMR (CDCls, 200 MHz) &: 9.78 (t, J=2.1 Hz, 1H), 3.97 (t, J=6.0 Hz, 2H), 2.58 (td, J=2.1,
6.0 Hz, 2H), 0.86 (s, 9H), 0.05 (s, 6H).

1. KOtBu, n-Buli, -78°C

2.-30°C, 30min
3. (+)-lpc,BOME, -78°C, 45min Me
4. BF5* OEt, , -78°C, 5min
K\ 3 2 . —
5. Aldehyd 87, -78°C, 12h TBSO OH
6. NaOH
7. Hy,0, 1"

Alcohol 11

In a flame dried flask equipped with a mechanical stirrer 4.17 g (74.4 mmol, 2.0 eq.) cis-
butene was condensed at —78 °C. 4.17 g (37.2 mmol, 1.0 eq.) KOsBu and THF (10 mL) were
added and the solution was treated dropwise with 15.5 mL (37.2 mmol, 1.0 eq., 2.4 M
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solution in hexanes) n-BuLi. The reaction mixture was warmed to —30 °C for 30 min,
recooled to —78 °C and 14.11 g (44.6 mmol, 1.2 eq.) (+)-Ipc.BOMe in THF (20 mL) was
added. The viscous solution was stirred 45 min at =78 °C, treated with 5.26 g (37.2 mmol, 1.0
eq.) BF5-Et,0 and after 5 min with 7.00 g (37.2 mmol, 1.0 eq.) aldehyde S7 in THF (10 mL).
After stirring for 12 h at =78 °C, the reaction mixture was quenched carefully with 3 N aq.
NaOH (36 mL) and 50% aq. H,O; solution (20 mL), allowed to warm to rt and stirred for 12
h. The reaction mixture was extracted with Et,O (3 x 150 mL) and the combined organic
layers were washed with brine (150 mL), dried over MgSQO,, filtered and concentrated in
vacuo. The crude product was purified by flash column chromatography (hexanes:EtOAc =

19:1) to yield 4.24 g (17.4 mmol, 47%) alcohol 11 as a colorless oil (one spot on TLC).

TLC (hexanes:EtOAc = 4:1), R¢= 0.72 (CAM).

"H-NMR (CDCl;, 200 MHz) &: 5.78 (ddd, J=7.7, 10.5, 17.3 Hz, 1H), 5.07-4.96 (m, 2H),
4.04-3.59 (m, 3H), 2.38-2.12 (m, 1H), 1.75-1.49 (m, 2H), 1.05 (d, J=6.8 Hz, 3H), 0.89 (s,
9H), 0.07 (s, 6H).

Me TBSCI, im, Me
= rt, 60h =
R
TBSO OH TBSO OTBS
1 s8

Alkene S8

2.81 g (41.3 mmol, 2.4 eq.) imidazole was dissolved in CH,Cl, (12 mL) and treated with 4.20
g (17.2 mmol, 1.0 eq.) alcohol 10 in CH,Cl, (5§ mL). 3.10 g (20.6 mmol, 1.2 eq.) TBSCI was
added in one portion and the reaction mixture was stirred for 60 h at rt, filtered through Celite
and concentrated in vacuo. The crude product was purified by flash column chromatography
(hexanes:EtOAc = 29:1) to yield 5.54 g (15.5 mmol, 90%) product S8 as a colorless oil (one
spot on TLC).

TLC (hexanes:EtOAc = 10:1), Ry= 0.49 (CAM).

"H-NMR (CDCls, 200 MHz) &: 6.00-5.81 (m, 1H), 5.05-4.94 (m, 2H), 3.77-3.57 (m, 3H),
2.38-2.22 (m, 1H), 1.67-1.48 (m, 2H), 0.96 (d, /=6.9 Hz, 3H), 0.89 (s, 18H), 0.04 (m, 12H).
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Me HF- py/py, Me
rt, 3h
= =

TBSO OTBS OH OTBS
S8 S9

Primary alcohol S9

HF-pyridine (18 mL) was cooled to 0 °C in a plastic vessel, diluted with THF (150 mL) and
carefully treated with pyridine (72 mL). 5.7 g (15.9 mmol, 1 eq.) protected alcohol S8 in THF
(60 mL) was added dropwise to the HF-solution and the reaction mixture was stirred for 3 h at
rt before it was quenched with sat. aq. NaHCO; (200 mL) and solid NaHCO; (20 g). After
extraction with Et,O (4 x 150 mL) the combined organic layers were washed with sat. aq.
CuSOy4 (6 x 150 mL), brine (200 mL), dried over MgSOQsy, filtered and concentrated in vacuo
to yield 3.85 g (15.8 mmol, 99%) product S9 as a colorless oil (one spot on TLC).

TLC (hexanes:EtOAc = 3:1), R¢= 0.53 (CAM).

"H-NMR (CDCl;, 300 MHz) &: 5.87 (ddd, J=6.9, 9.8, 18.0 Hz, 1H), 5.08-5.00 (m, 2H), 3.85—
3.66 (m, 3H), 2.50-2.35 (m, 1H), 2.20 (br s, 1H), 1.77-1.62 (m, 2H), 1.00 (d, J/=6.9 Hz, 3H),
0.92 (s, 9H), 0.11 (s, 3H), 0.10 (s, 3H).

BC-NMR (CDCls, 75 MHz) &: 140.3, 114.6, 74.7, 60.1, 42.8, 35.0, 25.9, 18.0, 15.7, 4.4,
—4.6.

IR (Diamond-ATR, neat) vima.: 3330, 2930, 1253, 1060, 1005, 912, 834, 773, 666 cm™.

[@]* b =—133.0° (¢ = 0.48, CHCL).

HRMS (ESI) calcd for C3H200,Si; [M+H]": 245.1931; found: 245.1931.

Me g'\g'; Me
~ — » H =
OH OTBS O OTBS
S9 12

Aldehyde 12

570 mg (2.33 mmol, 1.0 eq.) alcohol S9 was dissolved in CH,Cl, (25 mL) and 1.98 g (4.67
mmol, 2.0 eq.) Dess-Martin periodinane was added in one portion. The reaction mixture was
stirred for 3 h at rt, quenched with sat. aq. NaHCO3/Na,S,03/H,0 1:1:1 (200 mL) and stirred
further for 1 h. The reaction mixture was extracted with CH,Cl, (3 x 100 mL) and the
combined organic layers were washed with brine (100 mL), dried over MgSQOy, filtered and
concentrated in vacuo. The crude product was purified by flash column chromatography
(hexanes:EtOAc = 49:1) to yield 495 mg (2.04 mmol, 88%) aldehyde 12 as a colorless oil
(one spot on TLC).
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TLC (hexanes:EtOAc = 5:1), Ry=0.72 (CAM).

"H-NMR (CDCls, 300 MHz) &: 9.80 (t, J=2.4 Hz, 1H), 5.82 (ddd, J=6.9, 10.4, 17.3 Hz, 1H),
5.09-5.07 (m, 1H), 5.03 (ddd, J=1.6, 17.2 Hz, 1H), 4.11-4.05 (m, 1H), 2.58-2.33 (m, 3H),
1.00 (d, J=6.9 Hz, 3H), 0.88 (s, 9H), 0.08 (s, 3H), 0.05 (s, 3H).

BC-NMR (CDCls, 75 MHz) o: 202.2, 139.7, 115.5, 71.7, 48.1, 43.8, 25.8, 18.0, 15.4, —4.4,
—4.6.

IR (Diamond-ATR, neat) vimax: 2957, 2930, 2858, 1726, 1253, 1089, 834, 774 cm’.

[a]* p =—34.3° (¢ = 0.46, CHCl3).

HRMS (ES) calcd for C13Ha60,Si [M]': 242.1702; found: 242.1694.

2-methyl-2-butene,
Me NaClO, , NaH,POy,, Me

H _— rt, 4h _ HO —

o oTBS (@] OTBS
12 S10

Carboxylic acid S10

1.20 g (4.94 mmol, 1.0 eq.) aldehyde 12 was dissolved in 72 mL rBuOH/H,O (1:1) and
2-methyl-2-butene (5.3 mL) was added. To the biphasic solution 5.93 g (49.4 mmol, 10.0 eq.)
NaH,PO4 and 4.47 g (49.4 mmol, 10.0 eq.) NaClO, were added and the reaction mixture was
stirred for 4 h at rt under exclusion of light. The reaction was quenched with solid NH4Cl (15
g) and extracted with Et,O (3 x 100 mL). The combined organic layers were washed with
brine (100 mL), dried over MgSOQy, filtered and concentrated in vacuo. The crude product was
purified by flash column chromatography (hexanes:EtOAc = 9:1 — 3:1) to yield 1.21 g (4.69

mmol, 95%) carboxylic acid S10 as a colorless oil (one spot on TLC).

TLC (hexanes:EtOAc = 3:1), Ry= 0.38 (CAM).

"H-NMR (CDCl3, 300 MHz) &: 5.93-5.81 (m, 1H), 5.10-5.04 (m, 2H), 4.07 (dt, J=5.0, 6.8
Hz, 1H), 2.55-2.36 (m, 3H), 1.03 (d, J=6.9 Hz, 3H), 0.90 (s, 9H), 0.10 (s, 3H), 0.07 (s, 3H).
BC-NMR (CDCls, 75 MHz) &: 177.8, 139.7, 115.3, 72.8, 43.3, 39.3, 25.8, 18.0, 14.9, —4.5,
—4.8.

IR (Diamond-ATR, neat) vmax: 2957, 2930, 2888, 2858, 1710, 1253, 1083, 830, 774 cm’.
[a]®® b =—32.6° (¢ = 0.48, CHCL).

HRMS (ESI) calcd for C3H,505Si; [M—H] : 257.1578; found: 257.1577.
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Me,C=C(CI)NMe,, rt, 1h
Me — CH30ONHCH3;_ HCI, DIPEA | Me
HO. — rt, 14h _ ~__N —

O OTBS O OTBS
S$10 S11

Weinreb amide S11

100 mg (0.388 mmol, 1.0 eq.) acid S10 in CH,Cl, (10 mL) was treated dropwise with the 78
mg (0.582 mmol, 1.5 eq.) I-chloro-N,N,2-trimethylprop-1-en-1-amine (Ghosez-reagent).
After stirring for 1 h at rt, 42 mg (0.427 mmol, 1.1 eq.) N,0-dimethylhydroxylamine-HCI was
added to the reaction mixture. The reaction mixture was cooled to 0 °C and treated dropwise
with 110 mg (0.854 mmol, 2.2 eq.) DIPEA. The reaction was allowed to warm to rt and
stirred 14 h before it was diluted with 1 N aq. HCl (10 mL). The resulting layers were
separated and the organic layer was washed with brine (10 mL), dried over MgSOQ,, filtered
and concentrated in vacuo. The crude product was purified by flash column chromatography
(hexanes:EtOAc =9:1 — 5:1) to yield 78 mg (0.259 mmol, 67%) Weinreb amide S11 as a

colorless oil (one spot on TLC).

TLC (hexanes:EtOAc =4:1), Rr=0.43 (CAM).

"H-NMR (CDCl;, 300 MHz) &: 5.96-5.85 (m, 1H), 5.04-4.98 (m, 2H), 4.20 (dt, J=4.4, 8.4
Hz, 1H), 3.66 (s, 3H), 3.15 (s, 3H), 2.68-2.60 (m, 1H), 2.40-2.30 (m, 2H), 0.99 (d, J/=6.9 Hz,
3H), 0.85 (s, 9H), 0.06 (s, 3H), 0.00 (s, 3H).

BC-NMR (CDCl;, 75 MHz) &: 172.7, 140.5, 114.5, 72.7, 61.3, 43.5, 37.6, 36.3, 25.9, 18.1,
14.5, —4.6, —4.8.

IR (Diamond-ATR, neat) vina.: 2957, 2930, 2857, 1664, 1385, 1075, 1004, 829, 775 cm’.
[@]* b =— 65.8° (¢ = 0.46, CHCL).

HRMS (ESI) caled for CsH3N;05Si; [M+H]™: 302.2146; found: 302.2145.

Me TMS-CtH1I\(l)2, MeOH, Me
HO _ re, min /O _—
O OTBS O OTBS
s10 s12

Methy ester S12
1.24 g (4.8 mmol, 1.0 eq.) acid S10 in MeOH (11 mL) and benzene (36 mL) was treated with
3.6 mL (7.2 mmol, 1.5 eq., 2 M solution in hexanes) TMS-CHN,. After 10 min the reaction

mixture was concentrated in vacuo and the crude product was purified by flash column
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chromatography (hexanes:EtOAc =49:1) to yield 1.12 g (4.1 mmol, 96%) methyl ester S12 as

a colorless oil (one spot on TLC).

TLC (hexanes:EtOAc =9:1), Rr=0.81 (CAM).

"H-NMR (CDCl;, 400 MHz) &: 5.86 (ddd, J=6.7, 10.8, 17.0 Hz, 1H), 5.07-4.99 (m, 2H), 4.08
(dt, J/=4.9, 7.4 Hz, 1H), 3.66 (s, 3H), 2.45-2.33 (m, 3H), 1.00 (d, J/=6.9 Hz, 3H), 0.87 (s, 9H),
0.08 (s, 3H), 0.03 (s, 3H).

BC-NMR (CDCl;, 100 MHz) &: 172.6, 140.0, 114.9, 73.0, 51.5, 43.3, 39.4, 25.8, 18.0, 14.7,
—4.5,—4.8.

IR (Diamond-ATR, neat) vima: 2955, 2930, 2858, 1741, 1251, 1172, 1081, 830, 775 cm’".
[a]* p =—50.8° (¢ = 0.48, CHCl,).

HRMS (EI) calcd for C13H,505S1; [M—CHs;] : 257.1578; found: 257.1566.

Me (Et0),P(O)CHCHsLi, Me
-78°C, 1h Q _
(EtO),P

o) OTBS O OTBS

s12 4
Phosphonate 4

1.81 g (10.90 mmol, 3.0 eq.) diethyl ethylphosphonate in THF (40 mL) was treated with 4.45
mL (10.90 mmol, 3.0 eq., 2.45 M solution in hexanes) n-BuLi dropwise at —78 °C and stirred
for 1 h at =78 °C. 990 mg (3.63 mmol. 1.0 eq.) methylester S12 in THF (30 mL) was added
dropwise to the solution and stirred 1 h at =78 °C before it was quenched with sat. aq. NH4Cl
(150 mL). The reaction mixture was extracted with CH,Cl, (4 x 150 mL) and the combined
organic layers were washed with brine (150 mL), dried over MgSQ,, filtered and concentrated
in vacuo. The crude product was purified by flash column chromatography (hexanes:EtOAc =
6:1 — 2:1) to yield 1.20 g (2.95 mmol, 81%) phosphonate 4 as a mixture of diastereomers
(two spots on TLC).

TLC (hexanes:EtOAc = 1:1), Ry=0.41 (CAM).

"H-NMR (CDCls, 300 MHz) &: 5.93 (ddd, J=6.7, 10.7, 17.7 Hz, 1H), 5.82 (ddd, J=6.7, 10.7,
17.7 Hz, 1H), 5.09-5.00 (m, 4H), 4.20-4.07 (m, 10H), 3.29-3.10 (m, 2H), 2.88-2.67 (m, 4H),
2.38-2.24 (m, 2H), 1.39-1.27 (m, 18H), 0.97 (d, J=6.9 Hz, 6H), 0.88 (s, 9H), 0.86 (s, 9H),
0.09——-0.02 (m, 12H).
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BC-NMR (CDCl;, 75 MHz) &: 204.8, 204.8, 204.2, 204.1, 140.5, 140.0, 114.7, 114.7, 72.2,
71.6, 62.6, 62.5, 62.5, 62.4, 47.9, 47.4, 43.8, 43.0, 25.8, 18.0, 18.0, 16.4, 16.4, 16.3, 16.3,
15.0, 14.4,10.9, 10.8, 10.6, 10.5, —4.6, —4.6, —4.7.

3P_NMR (CDCl;, 162 MHz) §: 23.54, 23.50.

IR (Diamond-ATR, neat) vima,: 2931, 1715, 1250, 1049, 1021, 960, 832, 813, 775, 673 cm™.
[@]* b =— 55.4° (¢ = 0.50, CHCL).

HRMS (ESI) calcd for C9H30Na;OsP;Si; [M+Na]": 429.2197; found: 429.2196.

PMBO OTBS  OTBS
3 Ba(OH),, -18°C, 6d

Q PMBO OTBS OTBS O OTBS
(EtO),P 13

Alkene 13

4.04 g (12.82 mmol, 2.4 eq.) Ba(OH), - 8H,O was dried on high vacuo at 130 °C for 4 h. The
salt was cooled to rt and 2.60 g (6.41 mmol, 1.2 eq.) phosphonate 4 in THF (90 mL) was
added and the reaction mixture was stirred for 1 h at rt. The reaction mixture was cooled to 0
°C and crude aldehyde 3 (100% yield assumed from glycol cleavage, 5.34 mmol) dissolved in
THF (56 mL) and H,O (3 mL) was added and stirred for 2 min at 0 °C before placing the
reaction flask in the freezer for 6 d. The reaction mixture was diluted with CH,Cl, (200 mL),
washed with sat. ag. NaHCO; (150 mL), brine (150 mL), dried over MgSQ,, filtered and
concentrated in vacuo. The resulting oil was purified by flash column chromatography
(hexanes/EtOAc = 49:1 — 29:1) to yield 2.42 g (2.96 mmol, 55% over 3 steps) of alkene 13
as a colorless oil (one spot on TLC).

TLC (hexanes:EtOAc =9:1): Rg= 0.45 (CAM).

"H-NMR (CDCls, 600 MHz): § = 7.24-7.23 (m, 2H), 6.88-6.86 (m, 2H), 6.67 (td, J=0.9, 7.1
Hz, 1H), 5.90 (ddd, J=6.6, 10.7, 17.2 Hz, 1H), 5.66 (dd, J=7.9, 15.6 Hz, 1H), 5.39 (dd, J=6.3,
15.5 Hz, 1H), 5.03-4.99 (m, 2H), 4.38 (dd, J=11.6, 26.2 Hz, 2H), 4.24-4.22 (m, 1H), 4.18 (q,
J=6.1 Hz, 1H), 3.80 (s, 3H), 3.65 (t, J/=3.8 Hz, 1H), 3.34 (dd, J=6.3, 9.0 Hz, 1H), 3.21 (dd,
J=6.6, 9.0 Hz, 1H), 2.85 (dd, J=7.7, 15.8 Hz, 1H), 2.52 (dd, J=4.1, 15.8 Hz, 1H), 2.39 (t,
J=6.7 Hz, 2H), 2.32 (ddd, J=4.1, 7.4, 11.1 Hz, 2H), 1.89 (ddd, J=3.9, 6.7, 13.3 Hz, 1H), 1.74
(s, 3H), 0.98 (t, J/=6.8 Hz, 6H), 0.91-0.90 (m, 12H), 0.89 (s, 9H), 0.83 (s, 9H), 0.06 (s, 3H),
0.04 (s, 6H), 0.02 (s, 6H), —0.07 (s, 3H).
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BC-NMR (CDCl;, 150 MHz): & = 200.5, 159.1, 140.6, 139.5, 138.9, 133.4, 132.3, 130.8,
129.1, 114.4, 113.7, 76.0, 73.3, 72.7, 72.6, 72.6, 55.3, 43.6, 41.5, 41.3, 38.3, 37.6, 26.1, 25.9,
25.9,18.4,18.1,18.1, 14.5,13.0, 11.6, -3.8, 4.1, 4.2, —4.6, -4.7, —4.8.

IR (Diamond-ATR, neat) vimay: 2955, 2928, 2856, 2895, 1669, 1513, 1472, 1462, 1249, 1078,
1038, 830, 774 cm™.

[a]? b =-25.1° (c = 0.34, CHCL).

HRMS (ESI) calc’d for C46HgsO¢Si3 [M+NH4]+: 834.5919; found: 834.5927

DDQ, 0°C, 4h
B

OTBS O OTBS OH OTBS OTBS O OTBS
13 s13

PMBO  OTBS

Alcohol S13

A solution of 20 mg (24.8 umol, 1.0 eq.) PMB-ether 13 in CH)Cl, (0.8 mL) and H,O
(0.2 mL) was cooled to 0 °C and 7 mg (0.030 mmol, 1.2 eq.) DDQ was added in one portion
and the reaction mixture was stirred for 4h at 0 °C. Sat. aq. NaHCOs (3 mL) was added and
the reaction mixture was extracted with CH,Cl, (3 x 10 mL). The combined organic layers
were washed with brine (15 mL), dried over MgSOy, filtered and concentrated in vacuo. The
crude oil was purified by flash column chromatography (hexanes/EtOAc 19:1 — 14:1). To
remove the PMB-aldehyde the product was put on high vacuo to yield 16 mg (0.0230 mmol,
93%) of deprotected alcohol S13.

TLC (hexanes:EtOAc =9:1): Ry=0.15 (CAM).
"H-NMR (CDCls, 600 MHz): § = 6.66 (td, J=1.2, 7.1 Hz, 1H), 5.90 (ddd, J=6.6, 10.8, 17.2
Hz, 1H), 5.73 (ddd, J=0.9, 7.9, 15.6 Hz, 1H), 5.45 (ddd, J=0.8, 6.3, 15.6 Hz, 1H), 5.03-4.99
(m, 2H), 4.24-4.21 (m, 2H), 3.67 (t, J=3.6 Hz, 1H), 3.63-3.59 (m, 1H), 3.46-3.42 (m, 1H),
2.84 (dd, J=7.6, 15.9 Hz, 1H), 2.54 (dd, J=4.1, 15.9 Hz, 1H), 2.42 (m, 3H), 2.35-2.30 (m,
1H), 1.89-1.79 (m, 1H), 1.76 (s, 3H), 1.02 (d, J=7.0 Hz, 3H), 0.98 (d, J=6.9 Hz, 3H), 0.92 (s,
9H), 0.89 (s, 9H), 0.88 (s, 3H), 0.83 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H), 0.06 (s, 3H), 0.05 (s,
3H), 0.04 (s, 3H), —0.06 (s, 3H).
BC-NMR (CDCls, 150 MHz): 6 = 200.6, 140.6, 139.2, 138.9, 133.2, 132.5, 114.5, 72.7, 72.4,
65.8, 43.6, 41.4, 40.5, 39.9, 38.2, 26.0, 25.9, 25.8, 18.6, 18.3, 18.1, 18.1, 14.6, 12.9, 11.7,
—4.1,-4.2,-4.3,-4.6,-4.7,-4.8.
IR (Diamond-ATR, neat) vi,x: 3460, 2955, 2928, 2886, 2856, 1666, 1472, 1462, 1251, 1074,
1031, 834, 769 cm’.
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[@]*? b= - 108.2° (¢ = 0.77, CHCL5).
HRMS (ESI) calcd for C3sH7605Si3 [M+Na]+: 719.4898; found: 719.4911.

1. DMP, tt, 3h
Me Me Me 2. PPhyC(CH;)COGEL Me Me Me
130°C, 12h o :
OH OTBS OTBS O OTBS o) oTBsS OTBS O OTBS
s13 2
Ethylester 2

A solution of 81 mg (0.116 mmol, 1.0 eq.) alcohol S13 and 100 mg (0.233 mmol, 2.0 eq.)
Dess-Martin-periodinane in CH,Cl, (15 mL) was stirred at rt for 3 h. The reaction mixture
was quenched with sat. ag. NaHCO3/Na,S,03/H,0 1:1:1 (20 mL) and stirred further for 1 h.
The reaction mixture was extracted with CH,Cl, (3 x 20 mL) and the combined organic layers
were washed with brine (40 mL), dried over MgSQOy, filtered and concentrated in vacuo. The
crude product was triturated with hexanes (20 mL), filtered and concentrated in vacuo to yield
88 mg aldehyde S14 as a yellowish oil.

88 mg (100% yield assumed from DMP oxidation, 0.112 mmol) crude aldehyde S14 and
122 mg (0.337 mmol, 3.0 eq.) phosphoranylidene 14 were dissolved in toluene (6 mL) and
stirred at 130 °C for 12 h in a pressure tube. The reaction mixture was concentrated in vacuo.
Purification by flash column chromatography (hexanes/EtOAc 49:1) yielded 66 mg
(0.085 mmol, 73% over two steps) ester 2.

TLC (hexanes:EtOAc =9:1): Ry=0.50 (CAM).

"H-NMR (CDCl;, 600 MHz): & = 6.65 (td, J=1.2, 7.0 Hz, 1H), 6.58 (dd, J=1.4, 10.3 Hz, 1H),
5.90 (ddd, J=6.6, 10.8, 17.2 Hz, 1H), 5.62 (ddd, J=0.8, 8.4, 15.5 Hz, 1H), 5.37 (dd, J=6.6,
15.5 Hz, 1H), 5.02-4.99 (m, 2H), 4.25-4.16 (m, 4H), 3.43 (dd, J=2.4, 7.6 Hz, 1H), 2.83 (dd,
J=7.6, 15.9 Hz, 1H), 2.66-2.59 (m, 1H), 2.52 (dd, J=4.1, 15.8 Hz, 1H), 2.41-2.39 (dd, J=4.1,
9.4 Hz, 2H), 2.34-2.29 (dq, J=6.8, 13.5 Hz, 1H), 2.25-2.22, (m, 1H), 1.82 (d, J=1.4 Hz, 3H),
1.75 (s, 3H), 1.29 (t, J/=7.1 Hz, 3H), 1.00 (d, /=7.0 Hz, 3H), 0.98 (s, 3H), 0.97 (s, 3H), 0.93 (s,
9H), 0.89 (s, 9H), 0.83 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H), 0.05 (s, 6H), 0.04 (s, 3H), —0.07 (s,
3H).

BC-NMR (CDCl;, 150 MHz): § = 200.4, 168.3, 145.2, 140.6, 139.4, 138.9, 133.2, 132.6,
126.5, 114.4, 95.8, 79.7, 72.6, 60.5, 43.5, 41.8, 41.2, 38.3, 38.0, 26.2, 25.9, 25.8, 18.5, 18.4,
18.1, 18.0, 16.6, 14.5, 14.3,12.8, 11.7, -3.6, 3.8, 4.2, 4.6, 4.7, 4.8.
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IR (Diamond-ATR, neat) vmax: 2957, 2930, 2886, 2857, 1712, 1671, 1472, 1463, 1388, 1368,
1290, 1250, 1081, 1033, 1005, 833, 773 cm’.

[a]" p = -44.4° (¢ = 0.44, CHCL,).
HRMS (ESI) caled for C43Hg,06S13 [M+Na]+: 801.5317; found: 801.5311.
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