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ABSTRACT
ARTICLE INFO
Article history An account of our previously disclosed total sysibef thearyltetralin lignan natural prodt
Received podophyllotoxin, a building block used in the sydls of the FDA-approvednticancer dru
Received in revised form etoposide, is disclosed. A C—H activation discotipacwas viewed as being amenable to the
Accepted preparation of E-ring modified analogs but provédllenging to execute. Various insights into
Available online palladium-catalyzed C-H arylation reactions on clampscaffolds are reported ultimately
leading to the implementation of this strategy #mel synthesis of compounds inaccessible
Keywords semisynthetic means.
Chemotherapy 2009 Elsevier Ltd. All rights reserved
C-H activation
total synthesis
natural products
1. Introduction nucleus, but most has been limited to semisyntmatidification

of 1 and its derivative8. In 2011, Chan and co-workers disclosed
the first X-ray crystal structure @&bound to its biological target
at 2.16 A resolution (Figure 2).This molecular snapshot
revealed two molecules & separated by four base pair units,
'Qabilizing the DNA/TOPP cleavage complex. This
crystallographic study also confirmed, and expandad,
previously suspected molecular interactions, suctha binding
of the flat, aromatic B-ring o2 with the DNA bases and the
importance of the free phenol on the E ring (C*4'The E-ring
phenol was found to engage in hydrogen bonding with a

Natural products and their derivatives are instruadeand
proven weapons in the fight against human diseaske tlagir
study continues to turn up unexpected biologicadlifigs even
today’ Perhaps nowhere have such molecules proven mo
influential than in the area of cancer chemothenrapgrein their
structures have influenced an estimated 60% of loggadrugs’
The conversion of the aryltetralin lignan naturatoguct
podophyllotoxin {) into the anticancer drugs etoposi@ &nd
teniposide 3) represents one such success stoffjhese
chemotherapeutics remain in use today for the rreat of a

variety of cancers including small cell lung anstiular cancer, OH
lymphoma, Kaposi's sarcoma, and various forms okdenia? HO., Ho R
Over a period of 20 years spanning more than 60papee ' \lo
derivatives, von Wartburg, Stahelin, and co-workiersnd that OH,, von Wartburg 0" 0%
podophyllotoxin derivatives possessing a free phan@€-4' and o N & Stahelin o N

a glycosylated, epimerized C-4 secondary hydroxglg (see2 <O:CCI:<\° <£ @e P o

and 3) represented a superior class of cytotoxins redato 1. TR Y TP H g
Importantly, this work did not simply improve on tpetency of

1, but rather fundamentally changed its mechanisnaaifon Meo” Y “ome Me0” Y~ “OMe
entirely. Wheread is known to bind tubulin?2 and3 accessed a OMe OH

novel mode of action wherein they function as “pos&o of ) .

human topoisomerase Il (TOPfl}:° These compounds act not by podophyliotoxin (1) ?;ﬁi%?s'%z (‘§ R- X?Qieny.)
inhibiting the free TOPIl enzyme, but rather by #taing the - Cytotoxic - Stabilizes DNA/Topoisomerase Il
cleavage complex formed between DNA and TOPII as ffahteo - Tubulin binding mechanism cleavage complex

enzyme’s mechanism for regulating DNA supercoifing. this - Limited chemotherapeutic value ) | - Treatment of small cell lung cancer,

testicular cancer, lymphoma, Kaposi's
sarcoma

scenario, the double strand DNA break induced by T&ddinot
be re-ligated thus ultimately triggering apoptotiell death

pathways. aspartic acid residue (D479) of topoisomerase Hure 3A).

Figure 1. Cytotoxic aryltetralin lignan natural productsdatheir

In addition to the foundational medicinal chemisivgrk that o
derivatives.

initially led to 2 and 3, significant structure activity relationship
(SAR) studies have been constructed around the sttgo
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Figure 2. X-ray crystal structure of an etoposide/DNA/human

TOPIIB cleavage complex as determined by Chetn al’
Etoposide molecules are shown in yellow, DNA in browmd a
enzyme in purple (RSCB PDB: 3QX3)

This finding is important as it clarifies the maldar interactions
responsible for stabilizing the DNA/protein interfadée E-ring
of etoposide, however, is also a metabolic liabitigy it readily
forms both catechol and quinone intermediates wgybochrome
P450-mediated metabolic oxidatidnEtoposide quinone in
particular is thought to have additional targetsl amechanisms
of action and may contribute to deleterious chroonua
translocations (11923 chromosome translocationgn sie a
small percentage of the patient populafid®uch translocations
are associated with the formation of secondary cance
(leukemias) Thus the formation of more metabolically robust
E-rings which can still engage D479 and stabilize th
DNA/protein interface could be of therapeutic valtie.

We envisioned that aromatic compounds of similae,sbut
without the propensity for oxidation (i.e. non-phkno
derivatives) could represent interesting lead sdd$f moreover,
such structures are not easily accessible from sserhietic
alteration of podophyllotoxin (Figure 3B). Carboxykcid 4 is
envisaged to present an altered motif capable afrduyen-
bonding to TOPII, but from a not easily oxidizedoththene core.
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synthetic strategy to access podophyllotoxin dékiea
employing C-H activation(G = guanine, DG = directing group)

derivative 9, these researchers obtained adda6tsand11 as a
3:1 mixture of diastereomers in over 80% combingddy By
merging these findings with a late stage C—H aryhatieaction
of a common intermediate, we envisioned reducingnilvaber
of steps needed to make multiple analogs. Moroever,

e<:yc|obutano|s lacking the aryl group present9nare easily

prepared.
o) o
H
OYN QJ\NH ?)Lrlm
0 0 g/ 100°c_ 0 ' <°
¢ o § o 0
o CO,Me  MeNO, (o) y ,I// o -
Ar 82% (3:1 dr) ; Ar OMe

Ar
10

OMe

9 1

Pyridine N-oxide 5 possesses similar shape to the naturaFigure 4. Durst's benzocyclobutane ring opening/intramolacul

phenolic substrate, but can only act as a hydrdgem acceptor
and features an aromatic ring already in a highigieed form.
Finally, difluoromethyl-containing 6 could probe the
effectiveness of an acidic C-H bond as a hydrogerd konor.
An ideal strategy to prepare these, and other, dforgeoups
would be to append them late-stage to a commonibgildlock
containing the A, B, and C-rings (Figure 3C). Dir€stH bond
arylation, which has become a powerful tool in sysi$e was
imagined as being an ideal platform for this endedseeB to 7).
Herein we detail the evolution of this synthetic fdet toward
novel podophyllotoxing**

To evaluate a C—H arylation strategy toward deriestiof2
and 3, a suitable stereodefined tricyclic precursor waeded
(see 8, Figure 3C). While many elegant strategies havenbe
developed to synthesize'*'* we were particularly inspired by
the work of Durstet al. which utilized an intramolecular
cycloaddition of anin-situ generatedo-quinodimethane to
assemble the aryltetralin lignan framework (Figung*“4**®
Upon heating urethane

Figure 3. A) Etoposide E-ring binding as determined by Chan’s

X-ray crystallographic studi€sB) Nonnatural E-ring designe)

cycloaddition strategy to access

tioy the aryltetraligndn
scaffold "%

2. Results and Discussion
2.1 Construction and Reactivity of C-H Arylation Precurs

Initial forays into the construction of a suital@eH activation
precursor substrate focused on the examinationtefrolecular
o-quinodimethane cycloadditions between a range
benzocyclobutanols (sed2-14) and dienophiles containing
commonly employed amide directing groups ($8€8) (Figure
5) Reacting TIPS (seel3) and TBS-protected (sed4)
benzocyclobutanols with these dienophiles under mhbkr
conditions (PhH, 80°C) led to tricyclic Diels-Alderdacts19-24
in moderate yields (23-59%). Notably these yieldferreto
isomerically pure material obtained after recrygation. The
relative stereochemistry of addu® was also secured via X-ray
crystallographic analysis. We were unable to promtte
cycloaddition using free alcohdl2 as a more rapid proton

of

transfer/aromatization event ensued leading tohgtdke?5.
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Figure 6.
arylation instead led tB-lactam?26.

obtained palladacycles 2{ and 32)

23%, 22 (R =TBS) 30%, 23 (R = TBS)

27%, 24 (R = TIPS)

19 [X-ray]
Figure 5. Synthesis of substrates for downstream C—H aativati
studies via a thermab-quinodimethane cycloaddition. Yields
shown are for single isomers obtained after re-atyzation.

With access to sufficient quantities of a range of
cycloadducts, we proceeded to examine the key C-tatay
reaction (Figure 6). Subjecting tricyc8, which contains the
strongly coordinating aminoquinoline directing gpouto Pd-

the reductive elimination of a

was arylated producB3 (Figure 8B).

26 [X-ray]
Solid state structural

Initial attempts to elicit Pd-catalyzed C-H bond

revealed significant

differences with respect to the conformation of tiyelohexene
ring to which the palladium is attached (podophwglkin C-ring).
In 27, the ring adopts a distorted twist boat-like stuoetwhile in
32 a more chair-like ring is observed (Figure 8C)aftpears
plausible that these differences affect the redacélimination
process, which presumably occurs from a high-valedt

intermediaté? The desired C—C reductive elimination of an aryl
group requires the palladium complex to rotate umeigth the C-
ring in the transition state as the metal centemob®ws amide-
ligated Pd. For 32 this is presumably possible, but faw,

significant steric encumbrance would be encountened thus

. L . . - . OoTIPS omnrs
catalyzed arylation conditions with trimethoxyiodakene did COMe co,Me
not form the desired product, but rath@dactam 26 whose
structure was confirmed by X-ray analy¥isThis unexpected ‘o 'w[//° Pd(OAc), o 7 =0
result was both encouraging and troubling; it suggkthat C—H HN MeCN MeCN—Pd—N
activation was indeed possible in this rigid polylmysystem, but 24 623:? \
that reductive elimination, or a formal equivalesta C—N bond N| B ,"
outcompeted that of a C-C one. These studies aldau$ to % S
guestion if the ester functional group was idealtfos work as S -
the yields of26 were modest and products which appeared t Ar =
stem from E1cB elimination of the OTBS group andseajuent Il

. . . .. MeO OMe 3
aromatization (i.e naphthalenes) were detected iiiows crude ks __"\,,;__.
reaction mixtures® oTIPS ‘Y S
), - o CO,Me ~/. <
In an effort to better understand the origins26f and the A \_,_2 \ B/
reductive elimination process in general, we prepare o g 'w[//° . "7“\_\’/{‘ \\,
L ¢ . H <+ .
cyclometallated, acetonitrile-bound palladium coex7 in one A NHDG ) N

. X = B(OH),, Bpin, I
step.from24 (Flgurg 7). An X-ray crystal structure ar was BFiK, SnBus,  ~7 )
obtained and was in accordance with previously cheriaed MeO OMe Zn, Cu, Br, H ,l\ - Y
palladacycles with respect to bond lengths and gegiffe OMe e I A \'

. . . . . DG = 8-quinolinyl o~
Unlike previous complexes, however, this material egéngh 30 1
yields of B-lactam product (se8) when heated with an excess 27 [X-ray]
of trimethoxyiodobenzene ittBuOH solvent. Notably, if this Arl | Arl
stoichiometric react.|on was conducted in MeOH, gﬂﬂarwas i MeOH. 50 °C 24136190""74%
formed as the major product as a mixture of diastmers. 51% (1.2:1 dr)
Complex27 was also reacted with a variety of aryl nucleophiles oTIPS
based on boron, tin, zinc, and copper, but C—C lesuproduct oTIPS o  come
. o) 2
30 was not produced in any case. o CO,Me { H
o
Based on these results, we prepared acetdiida 3 steps <o 0,20 H” % ~~0
from 24 via a reduction/deprotection/ketalization sequence MeO  NHDG =
(Figure 8A). In analogy t@7, reacting31 with palladium acetate N\
yielded palladacycle32 which was also crystallographically 2 »

characterized. To our delight, whe32 was heated in the
presence of trimethoxyiodobenzene, the major profluened

Figure 7. Synthesis and reactivity of palladacy2le
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Figure 8. A) Synthesis of cyclic acetonide-containing pallad#e 32. B) Successful C—C reductive eliminatid@) Conformational
difference between palladacyc2sand32.

typically less-favored ligand may be preferfdd. evaluation of additives revealed that dibenylphasehcould
improve the yield further (entry 13).We suspect this agent
helps promote catalyst turnover by facilitatingnster of the
palladium from the metal-ligated product back3& Extending
the reaction time to fifty hours led to a synthalfic useful 58%
yield of arylated produc7 (entry 12). We then extended these
conditions to the C—H arylation of other aryl iodid&igure 9B).
Simple arenes containing a dioxolane group and im®ratom
underwent coupling (s€28 and39) as did a naphthalene ahd
protected indole substrate (sé&and41). Compounds required
for our ongoing etoposide medicinal chemistry eéffalso could
be synthesized, albeit in lower yields. A dimethoyyigine ring
(see4?2) could be coupled as well as a thiophene ester(ddiit
For these substrates, simple potassium carborege/sarbonate

The successful formation &3 led us to investigate a
catalytic arylation process, a task which provedllehging
(Figure 9). A variety of acetonide substrates witlfedent
directing groups (se&4-36) were prepared in analogy & and
their reactivity probed (Figure 9A). We observed yvéittle
product when employing weakly-coordinating fluoroaenid
directing groups and a designer quinoline ligande(®ntries 1
and 2)** Substantial quantities of product were observed
however, when using superstoichiometric 2,6-lutidiseadditive
(entry 4). Similarly, substrat81, which possesses the strongly
coordinating aminoquinoline directing group, didt mmerform
well under catalytic conditions (entries 5 and &)eThiomethyl
aniline-based directing group (s86) proved superior and was

B
A M " Me_ Me
(e)><0e Pd(OAC), (20%) o cat. Pd(OAC) -
base, additive Arl (2-4 equiv) 0><0
<oj©©) solvent <°j©©) +-AmylOH or PhMe
A
) 110°,24 h o 20 S
° 7 T < K,COg/(BnO),POH Yo o AT
NHAr OMe NHAr or g
34 (Ar = CoFs) /Q\ "“DG KoCO3/Ag,CO3 38-44 Ar NHDG
35 (Ar = (4-CF3)CgFy) ! OMe MeO OMe
36 (Ar = (2-SMe)CqHa) OMe —
31 (Ar = 8-quinolinyl) OMe 37 <
Br
Entry Substrate Base  Solvent Additive Yield? 8 (78%) bd 39 (43%)P 40 88%)‘”’
1 34 Ag,CO; DCE 2-0Oi-BuQuinoline trace
2 35 Ag,CO; DCE 2-0i-BuQuinoline trace | C\
3 34 Ag,CO; DCE 40% 2,6-Iutidine 8% COMe Ts b
4 34 Ag,CO; DCE 120% 2,6-lutidine 27% MeO b CHFZb . bze 41 (45%)
5 31 AgOAc toluene none 5% 2 (30%)>¢ (24%) (35%)™
6 31 K,CO3  t+-AmOH none 10%
7 36 KoCO;  t+-AmOH none 35%
8 36 K,CO;  +AmOH 100% AgOPiv 35% N = H\f
9 36 K,CO3  t+-AmOH 20% PivOH 35% A
1 36 K,CO; +AmOH 40% (BnO),PO,H 45% e \ﬂ/ *Me "
10 36 K,CO; tAmOH 40% (BnO),PO,H 58%"¢
selected for further optimization (entry 27)2.6 An extensive additives proved optimal.

Figure 9. Catalytic C—H arylation studie&) Selected optimization result8) Successful coupling€) Aryliodide substrates which
did not undergo C—H bond arylatidlyields determined bjH NMR. ° isolated yield.reaction run for 50 HK,CO,/(BnO),POH used.
°Ag,COy/K,CO; used.
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Scheme 1. A) Short total synthesis df B) Novel podophyllotoxins prepared.

Additionally, a difluoromethyl-containing arene (sé48) could

also be incorporated, albeit it in low yield (24%pespite these
successes though, many substrates gave tracepsodoct at all
under these optimized sets of reaction conditidgfigufe 9C).

Aryl iodides containing a coordinating grooptho to the iodide,
including a pyridine nitrogen, aniline amino grougy, oxygen

atom all proved problematic as did unprotectedrbatems such
as a free indole N-H and free phenol O-H.

2.2 Total Synthesis of Podophyllotoxin and Derivatives

With a successful C-H arylation reaction establis we then
developed a synthesis bfand derivatives (Scheme 1). Owing to
the low diastereoselectivity observed in the thémgeloaddition
reactions of benzocyclobutanols (typically ~2:1-4ir) (Figure
5), we sought to improve on this process with optidiahophile
17 (Scheme 1A). Inspired by the work of CHSywe found that
low temperature anionic ring opening dR2 followed by
cycloaddition  with 17  proceeded smoothly  and
diastereoselectively. Further experimentation akseealed that
the intermediate potassium alkoxide formed (4Bg could be
directly reduced with lithium triethylborohydride,né upon

3. Conclusion

In conclusion, a short total synthesis of the thetically vital
plant natural product podophyllotoxiri)(has been developed
using a C—H bond arylation strategy. During thesestigations
we uncovered some previously underappreciated aspédhe
reductive elimination process from high valent gdillim centers.
These organometallic studies proved to be cruaideiveloping a

ketalization of the crude reaction mixture, C—H \ation
precursor36 was easily accessed. NotaBBy can be made using
only one chromatographic event from commercial mite
Following C—H arylation, we discovered thatind 4epi 1 were
accessible in a single operation, which was fortstsince
directing group removal can be problematic androfequires
forcing conditions. By simply stirring the arylat@doducts in a
mixture of TFA/THF/HO, a cascade of events ensued wherein
the ketal was hydrolyzed and the lactone D-ringrabsed with
concomitant expulsion of the directing group. Thersy acidity
of the reaction mixture, combined with the electrimh-nature of
the B-ring also served to also promote epimeripatib the C-4
hydroxyl group-presumably by g Bprocess. Thus was formed
with a substantial amount @fpi-1, a compound which can also
be used in the synthesis of etopositiéssing these conditions,
previously described arylation adduct88-44 could be
transformed into fully synthetic podophyllotoxinaogs @6-52)
as a mixture of hydroxyl diastereomers (~1.5:1tde-#). Efforts
to convert these compounds into derivatives2oéind 3 are
underway.

derivatives from a common building block. While dadtage
compound diversification involving C-C bond fornoati is
commonplace in medicinal chemistry settings, itev@ohas not
been fully realized in the natural product arenartipularly in
dense, stereochemically-rich compound space. Aphiogdotal
synthesis from the vantage point of medicinal clsémyibrings

workable synthesis df as well as derivatives not accessible viasignificant challenges, but can also offer greapastunity for

semi-synthetic modification of the natural produétom a
strategic perspective, the incorporation of a C-Hivation
disconnection late-stage enabled the synthesis aftipte

innovation and the exploration of cutting-edge roetiogies in
complex settings.
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4. Experimental section

4.1 General

Unless stated otherwise, all reactions were perfoimeden-
dried or flame-dried glassware sealed with rubbetasapder a
nitrogen atmosphere. Dry tetrahydrofuran (THF), éoidene
were obtained by passing these previously degasskenss
through activated alumina columns. Anhydrous metham
benzene were used directly from SureSeal® bottéa #ldrich.
Volatile amines, and ethanol were distilled over icachydride
before use.

Tetrahedron

concentratedin vacuo The crude mixture was purified by
column chromatography (gradient 5% 20% EtOAc in
hexanes) to afford the product as a 4.0:1 mixtufe o
diastereomers. The mixture was recrystallized u30% ether in
hexanes to affor@0 (1.4 g, 45% vyield) as a white solid: mp 183-
184°C; *H NMR (600 MHz, CDCJ) 5 7.38 (bs, 1 H), 6.74 (s, 1
H), 6.66 (s, 1 H), 5.93 (d,= 13.8 Hz, 2H), 5.31 (s, 1H), 3.77 (s,
3 H), 3.69 (tdJ = 10.8, 7.8, 7.8 Hz, 1 H), 3.26 (dii= 16.2, 7.8
Hz, 1 H), 3.03 (ddJ = 16.2, 7.8 Hz, 1H), 2.98 (d,= 10.8, 1H),
1.01-0.98 (m, 12 H), 0.86 (s, 9 HJC NMR (150 MHz, CDG))

Reactions were monitored by thin |aye§ 1746, 1732, 1482, 1469, 1306, 1287, 10%3,5, 1012,

chromatography (TLC) on SilicycleSiliaplate glass backed /1.5, 52.3, 50.5, 37.9, 30.9, 18.3, 18.0, 13;NMR (376.5

TLC plates (250um thickness, 60 A porosity, F-254 indicator)
and visualized by UV irradiation and potassium pemaate
stain. Volatile solvents were removed under redumexssure
with a rotary evaporator. Flash column chromatolgyawas
performed using Silicycle F60 A, 230x400 mesh sitieh (40-63
um). '*H NMR and**C NMR spectra were obtained with Bruker
spectrometers operating at 400, 500, or 600 MHz'for150
MHz for **C or 365 MHz for'®F. Chemical shifts are reported
relative to the residual solvent signdH(NMR: & = 7.26;°C

MHz , CDCE) & -144.1 (d,J = 26.4 Hz), -156.0 (] = 22.6 Hz), -
161.7 (t,J = 22.6 Hz): IR (thin film) 3261, 2946, 2867, 1742,
1681 cni; HRMS (ESI) calcd for [GHs,06N;FsNaSi]” (M+H)*:
m/z 638.1968, found 638.1976. Carbons that are heapiiy by
fluorine were not observed in thi€ NMR.

4.2.3. CycloadducRl: A flame-dried 500 mL round-bottom
flask was charged with3 (7.5 g, 23 mmol, 4.0 equiv)6 (2.0 g,
5.8 mmol, 1.0 equiv) and anhydrous benzene (150. mhg
reaction mixture was heated to 80 °C and held attdmperature

NMR: 3 = 77.16). NMR data are reported as follows: chemicas, 24 1, Upon cooling to room temperature, the tieaamixture

shift (multiplicity, coupling constants where amglble, number
of hydrogens). Splitting is reported with the feliog symbols:
s = singlet, bs = broad singlet, d = doublet, triplét, dd =
doublet of doublets, td = triplet of doublets, mmltiplet. IR
spectra were taken on a Nicolet 380 spectrometdrimsilms on
NaCl plates and are reported in frequency of abmorgcni?).
High-resolution mass spectra (HRMS) were obtainethbymass
spectral facility at the University of CaliforniagBeley using a
Finnigan
corporation). X-ray crystal structures were obtdibg the X-ray
crystallography facility at the University of Calihia, Berkeley.

4.2 Experimental
compounds

4.2.1. Cycloadductl9: A flame-dried 500 mL round-bottom
flask was charged witi4 (3.07 g, 10.8 mmol, 3.0 equiv)b
(2.06 g, 3.59 mmol, 1.0 equiv) and benzene (100.nThe
reaction mixture was heated to 80 °C and held attémperature
for 12 h. Upon cooling to room temperature, the tieaamixture
was concentrateth vacuo The crude mixture was purified by
column chromatography (gradient 5% 10% EtOAc in
hexanes) to afford the product as a mixture of tdi@emers
(~2.5:1). The mixture was recrystallized from ethad hexanes
to afford 19 (1.2 g, 59%) as a white solid: mp 174-1°G5 'H

procedures and data for synthetic

was concentrateth vacuo The crude mixture was purified by
column chromatography (gradient 20% 30% EtOAc in
hexanes) to afford the product as 2.0:1 mixturdiagtereomers.
The mixture was recrystallized using 20% ether @xames to
afford 21 (1.2 g, 33% yield) as a white solid: mp 167-£63'H
NMR (600 MHz, CDC}) 6 7.79 (bs, 1 H), 6.74 (s, 1 H), 6.65 (s,
1 H), 5.94 (dJ=7.2 Hz, 2 H), 5.31 (d] = 2.0 Hz, 1 H), 3.77 (s,
3 H), 3.72 (tdJ = 10.8, 8.0, 8.0 Hz, 1 H), 3.26 (dii= 16.4, 8.0

LTQFT mass spectrometer (Thermo electrory; *1 H) 3,03 (ddJ = 16.4, 8.0 Hz, 1 H), 2.96 (d,= 2.0 Hz, 1

H), 1.01 - 0.97 (m, 12 H), 0.85 (s, 9 HJC NMR (150 MHz,
CDCly) 8 174.1, 173.3, 148.1, 145.9, 130.4, 128.5, 108)8,6],
101.2, 71.3, 52.4, 50.5, 38.0, 30.8, 18.3, 18.01;18F NMR
(376.5 MHz, CDCJ) 6 -55.2 (t,J = 22.6 Hz, CF), -140.1, -142.4

(d, J = 15.1 Hz); IR (thin film) 3256, 2947, 2868, 174%87,
1655, 1508 ci, HRMS (ESI) calcd for [GH3,06N:FNaSi]
(M+H)": m/z688.1936, found 688.1947. Carbons that are heavily
split by fluorine were not observed in tH€ NMR.

4.2.4. Cycloadduc®2: A flame-dried 250 mL round-bottom
flask was charged witi4 (2.52 g, 9.08 mmol, 3.0 equiv}/
(760 mg, 3.03 mmol, 1.0 equiv), and benzene (50.nThe
reaction mixture was heated to 80 °C and held attémperature
for 12 h. Upon cooling to room temperature, the tieaamixture
was concentrateth vacuo The crude mixture was purified by

NMR (600 MHz, CDC}) 3 7.34 (bs, 1 H), 6.66 (s, 1 H), 6.63 (s, column chromatography (gradient 10% 20% EtOAc in

1 H), 5.94 (dJ = 15.6 Hz, 2 H), 5.13 (s, 1 H), 3.77 (s, 3 H), 3.5ghexanes) to afford the product as a 2.0:1 mixtufe o
(td, J = 15.0, 13.8, 13.8 Hz, 1 H), 3.19 (di= 16.2, 7.2 Hz, 1 diastereomers. The mixture was recrystallized figt®Ac to

H), 3.01 (m, 2 H), 0.79 (s, 9 H), 0.09 (s, 3 H), -0(&33 H);**C
NMR (150 MHz, CDC)) & 174.6, 173.0, 148.1, 146.0, 129.8,
128.3, 108.8, 101.2, 70.9, 52.4, 50.0, 38.1, 358, 18.2, -3.84,
-4.65;"F NMR (376 MHz, CDG)) & -144.0 (d,J = 18.8 Hz), -
156.0 (t,J = 22.6 Hz), -161.7 (1) = 22.6 Hz); IR (thin film)
3263, 2954, 2931, 2896, 2858, 1743, 1682, 1654; dARMS
(ESI) calcd for [GgH2s0sN1FsNaSIiT (M+Na): m/z 596.1498,
found 596.1498; Carbons that are heavily split loprine were
not observed if°C NMR. Crystals suitable for X-ray diffraction
were obtained by slow vapor diffusion of heptane i@o
diisopropyl ether solution df9.

4.2.2. Cycloadduc®0: A flame-dried 100 mL round-bottom
flask was charged with3 (3.33 g, 10.3 mmol, 2.0 equivd5 (1.5
g, 5.1 mmol, 1.0 equiv) and benzene (30 mL). Thectien
mixture was heated to 80 °C and held at this tentperdor 24
h. Upon cooling to room temperature, the reactiortume was

afford 22 (370 mg, 23% yield)'H NMR (600 MHz, CDC)) &
8.65 (bs, 1 H), 8.29 (dl = 7.8 Hz, 1 H), 7.50 (d] = 7.8, 1 H),
7.28 (m, 1 H), 7.05 (m, 1 H), 6.68 (s, 1 H), 6.621(8)), 5.94 (d,
J=17.4 Hz, 2 H), 5.14 (d] = 2.4 Hz, 1 H), 3.71 (s, 3 H), 3.48
(td,J = 10.8, 9.6, 7.2 Hz, 1 H), 3.18 (dil= 16.8, 7.2 Hz, 1 H),
3.10 (dd,J = 10.8, 2.4 Hz, 1 H), 2.99 (dd,= 16.8, 9.6 Hz, 1 H),
2.48 (s, 3H), 0.81 (s, 9 H), 0.10 (s, 3 H), -0.13(sl); **C NMR
(150 MHz, CDCJ) & 173.9, 172.6, 147.9, 145.9, 138.9, 133.5,
130.0, 129.2, 128.6, 125.5, 124.4, 120.9, 109.@®.710101.2,
70.8, 52.2, 49.7, 39.3, 32.4, 25.9, 19.1, 18.859.34.71.

4.2.5.Flactam26: A flame-dried reaction tube was charged with
23 (50 mg, 0.094 mmol, 1.0 equiv), 5-iodo-1,2,3-
trimethoxybenzene (110 mg, 0.375 mmol, 4.0 equPd(OAc)
(4.0 mg, 0.019 mmol, 0.2 equiv), and &§s (78 mg, 0.282
mmol, 3.0 equiv). Under a nitrogen atmosphé&uOH (2 mL)
was added into the reaction vessel. The reactiortuneixwas



stirred for 24 hours at 110 °C. After cooling to mtemperature,
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2.0 mmol, 2.0 eq) added dropwise. After 15 minutestioring

the reaction was quenched with 1 M HCI and the mixtureat -78 °C, the reaction mixture was warmed to roomptrature

extracted with EtOAc (3 x 20 mL). The combined orgdaiers
were washed with brine, dried over MgsSé&nhd concentrateh
vacua The crude mixture was purified by column
chromatography using (gradient 10%25% EtOAc in hexanes)
to afford26 (20 mg, 40% vyield) as a white solitH NMR (600
MHz, CDCk) 8 9.00 (d,J = 3.0 Hz, 1 H), 8.13 (d] = 7.8 Hz, 1
H), 7.89 (d,J = 7.2 Hz, 1 H), 7.61 (d) = 7.8 Hz, 1 H), 7.47 -
7.42 (m, 2 H), 6.96 (bs, 1 H), 6.88 (bs, 1 H), 6.36](d 4.8 Hz,

1 H), 5.80 (dJ = 39.6 Hz, 2 H), 5.22 (bs, 1 H), 4.14 (bs, 1 H),
3.77 (bs, 1 H), 3.60 (bs, 3 H), 0.90 (bs, 9 H), 0.268 3 H),
0.158 (bs, 3 H)**C NMR (150 MHz, CDGJ)) 5 171.4, 149.3,
141.8, 136.1, 132.6, 129.1, 126.4, 125.4, 121.6,81(60.9, 56.2,
51.7, 46.7, 29.6, 25.7, 18.2, -4.82, -5.02. Crgstalitable for X-
ray diffraction were obtained by slow diffusion ofrp@ne into an
ether solution 026

4.2.6. Methyl etheR9: A flame-dried reaction tube was charged
with 27 (30 mg, 0.042 mmol, 1.0 equiv) and 5-iodo-1,2,3-
trimethoxybenzene (48 mg, 0.16 mmol, 3.9 equiv)e Téaction
vessel was evacuated and backfilled with nitrogeeethimes
before the addition of anhydrous methanol (1 mle Teaction
mixture was heated to 70 °C and held at this tentyperdor 24

h. After cooling to room temperature, the reactiixture was
concentratedin vacuo The crude mixture was purified by
column chromatography using 20% EtOAc in hexaneshas t
eluting solvent to affor@9 andepi-29 (13 mg, 51% vyield) as a
1.2:1 mixture of diastereomers: Major diastereortérNMR
(400 MHz, CDC}) 6 10.44 (bs, 1 H), 8.86 (d,= 1.6 Hz, 1 H),
8.78 (d,J = 1.6 Hz, 1 H), 8.16 (dJ = 1.6 Hz, 1 H), 7.53 — 7.45
(m, 3 H), 6.96 (s, 1 H), 6.82 (s, 1 H), 5.99 J& 3.6 Hz, 2 H),
5.22 (d,J =2.8 Hz, 1 H), 4.83 (d] = 9.6 Hz, 1 H), 3.94 — 3.85
(m, 1 H), 3.67 (s, 3 H), 3.49 (s, 3 H), 3.33 (d&; 10.9, 2.0 Hz, 1
H), 1.08 - 0.96 (m, 12 H), 0.97 — 0.93 (m, 9 H); Minor
diastereometH NMR (400 MHz, CDCJ) 5 10.55 (bs, 1 H), 8.86
(d,J = 1.6 Hz, 1 H), 8.77 (d] = 1.6 Hz, 1 H), 8.15 (d) = 1.6
Hz, 1 H), 7.53 — 7.45 (m, 3 H), 6.96 (s, 1 H), 6.921($]), 5.96
(d, J = 4.0 Hz, 2 H), 5.52 (d] = 4.8 Hz, 1 H), 5.05 (d] = 5.6
Hz, 1 H), 3.81 - 3.78 (m, 2 H), 3.72 (s, 3 H), 3.543(sl), 1.08 -
0.96 (m, 12 H), 0.97 — 0.93 (m, 9 HC NMR (150 MHz,
CDCly) 8 172.9, 172.6, 172.0, 170.5, 148.5, 148.3, 14&3,3]
147.1, 147.0, 138.8, 138.8, 136.3, 136.3, 134.9.9,3132.0,
131.9, 130.0, 129.3, 128.1, 128.1, 127.5, 127.4,7,2121.6,
121.6, 121.5, 116.9, 116.7, 108.2, 107.5, 107.4,.110101.3,
101.2, 79.0, 77.8, 70.6, 70.2, 58.1, 55.2, 52.09,549.2, 48.5,
47.3,44.6, 29.8, 18.4, 18.2, 18.2, 18.1, 13.8.12.

4.2.7. Acetonide8l, 34, 35: i. A flame-dried round-bottom flask
was charged with esté4 (1.30 g, 2.25 mmol, 1.0 equiv) and
anhydrous THF (60 mL). The reaction vessel was eataduand
backfilled with nitrogen, cooled to -78 °C, and LiAlldolution
(2.0 M in THF, 4.5 mL, 4.5 mmol, 2.0 equiv) addetplvise.
After 15 minutes at -78 °C, the reaction mixture wasmed to
0 °C, stirred for 10 minutes at this temperatured @lowly
guenched by the addition of EtOAc (1 mL) followed byusated
aqueous ammonium chloride (1 ml). The reaction unetwas
diluted with 10% Rochelle’s salt solution (100 minda
thoroughly extracted with EtOAc (3 x 150 mL). The doned
organic layers were washed with brine, dried over ®lg&nd
concentrated in vacuo. The crude mixture was pdrifiey
column chromatography (gradient 16%20% EtOAc in hexanes)
to afford the intermediate primary alcohol (470 38%) as a
white solid.ii. A flask was charged with the aforementioned
primary alcohol (547 mg, 1.00 mmol, 1.0 equiv) amthydrous
THF (10 mL). The reaction vessel was evacuated ac#fitled
with nitrogen, cooled to -78 °C, and TBAF (1 M in FH2.0 mL,

and stirred for an additional 4 hours. The reactitirture was
diluted with saturated aqueous M (20 mL) and thoroughly
extracted with EtOAc (3 x 50 mL). The combined orgdaiers
were washed with brine, dried over MgSéand concentratenh
vacuoto afford a diol intermediate (528 mg) as a whdlkdsthat
was used without further purificationii. To a round-bottom
flask containing the aforementioned crude diol wdsea p-
toluenesulfonic acid monohydrate (16.0 mg, 0.08 imnBol
equiv), 2,2-dimethoxypropane (12.0 mL), and anhydr@HF
(20 mL). The reaction mixture was stirred for 12 tsohefore it
was quenched with saturatad. NaHCG; (50 mL) and extracted
with dichloromethane (3 x 100 mL). The combined oiga
layers were washed with brine, dried over MgS@nd
concentratedin vacuo The crude mixture was purified by
column chromatography (gradient 20960% EtOAc in hexanes)
to afford 31 (432 mg, 31% overall yield fror24). Using this
general procedure, acetoni®d was obtained in 57% overall
yield from 20 and acetonideg5 was obtained in 39% overall
yield from 21. Data for34: IR (thin film) 3270, 3004, 2903,
1696, 1523 ci"H NMR (600 MHz, CDCJ) & 7.38 (s, 1H), 6.60
(d,J = 16.7 Hz, 2H), 6.02 — 5.86 (m, 2H), 4.89 {ds 2.7 Hz,
1H), 4.24 (ddJ = 13.4, 2.9 Hz, 1H), 3.95 (d,= 12.9 Hz, 1H),
3.41 (td,J = 12.0, 4.7 Hz, 1H), 3.05 (dd,= 16.5, 12.3 Hz, 1H),
2.86 (dd,J = 16.7, 4.8 Hz, 1H), 1.94 (d,= 11.4 Hz, 1H), 1.64 (s,
3H), 1.51 (s, 3H)*C NMR (150 MHz, CDG)) & 173.3, 148.4,
146.7, 129.2, 127.3, 109.5, 108.3, 101.3, 100.(05,68L.7, 39.2,
36.7, 32.9, 29.9, 19.4%F NMR (565 MHz, CDCJ) 6 -145.3 (dJ
=17.7 Hz), -157.0 () = 21.5 Hz), -163.3 (dd] = 22.2, 6.2 Hz).
Data for35: IR (thin film) 3267, 3226, 3005, 2252, 1708 &t
NMR (600 MHz, CDC}) & 7.93 (s, 1H), 6.61 (s, 1H), 6.47 (s,
1H), 5.92 (dJ = 5.2 Hz, 2H), 4.89 (s, 1H), 4.22 @z 12.9 Hz,
1H), 3.86 (d,J = 12.8 Hz, 1H), 3.36 (td] = 12.0, 4.5 Hz, 1H),
2.95 (dd,J = 16.3, 12.4 Hz, 1H), 2.73 (dd,= 16.6, 4.5 Hz, 1H),
1.94 (d,J = 11.7 Hz, 1H), 1.64 (s, 3H), 1.57 (s, 3HC NMR
(150 MHz, CDC}) & 172.7, 148.3, 146.5, 128.9, 126.9, 109.1,
107.9, 101.3, 100.1, 68.4, 61.4, 39.3, 36.1, 3334, 19.2;"F
NMR (565 MHz, CDC}) & -57.0 (t,J = 21.7 Hz), -140.7 — -142.3
(m), -143.5 (d,J = 18.0 Hz). Data foB1: IR (thin film) 3324,
2985, 1674, 1525, 1483, 1275 &mH NMR (400 MHz, CDC))

5 10.20 (bs, 1H), 8.81 (d = 3.2 Hz, 2H), 8.16 (d] = 8.3 Hz,
1H), 7.54 (dJ = 7.0 Hz, 2H), 7.45 (ddl = 8.4, 4.2 Hz, 1H), 6.73
(s, 1H), 6.61 (s, 1H), 5.92 (d,= 11.3 Hz, 2H), 4.92 (d] = 3.0
Hz, 1H), 4.22 (ddJ = 12.5, 3.3 Hz, 1H), 3.96 (d,= 11.9 Hz,
1H), 3.57 (dtJ = 11.4, 5.7 Hz, 1H), 3.35 — 3.01 (m, 2H), 2.11 (d,
J=13.1 Hz, 1H), 1.62 (s, 3H), 1.51 (s, 3HE NMR (100 MHz,
CDCly) & 173.3, 148.6, 148.1, 146.5, 138.6, 136.4, 134258,7]
128.1, 127.8, 127.5, 121.9, 121.8, 116.6, 109.8.5,0101.2,
99.5, 68.5, 62.0, 41.0, 36.9, 33.5, 29.8, 19.6; HRHESI) calcd
for [CoeH2s0sN,] " (M+H)*: m/z433.1758, found 433.1751.

4.2.9. C-H Arylation Product87-41: [General Procedure using
(BnOLPOH and KCO; as additives]: An oven-dried reaction
tube was charged with acetonid2 (0.1 mmol, 1 equiv),
aryliodide (0.2 mmol, 2 equiv), Pd(OAc)0.015 mmol, 0.15
equiv), KCO; (0.15 mmol, 1.5 equiv), and dibenyl phosphate
(0.04 mmol, 0.4 equiv). The vessel was evacuatedbanKfilled
with argon and this cycle repeated twitdmylOH (1 mL) was
added and the sealed reaction vessel was heatdd) taClfor 50
hours. After cooling to room temperature, the migtuvas
diluted with EtOAc (5 mL) and quenched with saturaaedNal
solution (5 mL). The aqueous layer was extracted ®itDAc (3

x 15 mL) and the combined organic layers were washitd
brine, dried over MgSQand concentrateth vacuo Silica gel
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column chromatography of the crude material affdrdbe
arylated product.

Product37: Obtained in 58% using 26 mg 86: IR (thin film)
3002, 2933, 2836, 1702, 1587, 1504 '¢crtH NMR (400 MHz,
CDCL) § 8.41 (bs, 1H), 8.24 (d,= 8.4 Hz, 1H), 7.47 (d1 = 8.4
Hz, 1H), 7.32 — 7.20 (m, 1H), 7.05 &= 7.5 Hz, 1H), 6.79 (s,
1H), 6.46 (s, 1H), 6.03 (s, 2H), 5.95 (b= 1.4 Hz, 1H), 5.91 (d,
J = 1.4 Hz, 1H), 5.03 (dJ = 3.6 Hz, 1H), 4.50 (dJ = 5.8 Hz,
1H), 4.22 (ddJ = 12.4, 4.7 Hz, 1H), 3.92 (dd,= 12.4, 3.6 Hz,
1H), 3.73 (s, 3H), 3.70 (dd,= 12.1, 5.7 Hz, 1H), 3.50 (s, 6H),
2.45 — 2.38 (m, 1H), 2.36 (s, 3H), 1.63 (s, 3H), (BH);"°C
NMR (150 MHz, CDCJ) & 170.1, 152.9, 148.5, 147.3, 138.4,
137.3, 136.7, 133.2, 132.0, 129.2, 128.2, 124.8,.5,2120.2,
109.6, 109.2, 107.0, 101.4, 99.9, 67.7, 62.0, 6680, 48.8,
46.3, 31.4, 29.9, 282, 20.7, 19.3; HRMS (ESI) cafod
[Ca-H3s0:NNaST (M+Na)*: m/z616.1976, found 616.1972.

Product38: Obtained in 78% yield using 50 mg 88: IR (thin
film) 2959, 2925, 2854, 2360, 1699, 1505, 1486,614R275,
1260, 1231, 1039, 749 ¢m'H NMR (600 MHz, CDCJ) 5 8.47
(s, 1H), 8.16 (dJ = 8.2 Hz, 1H), 7.51 (d] = 7.7 Hz, 1H), 7.27 (t,
J=7.8 Hz, 1H), 7.07 () = 7.6 Hz, 1H), 6.78 (s, 1H), 6.59 (@,
= 7.9 Hz, 1H), 6.43 (s, 1H), 6.40 (d,= 7.6 Hz, 1H), 6.28 (s,
1H), 5.91 (dJ = 10.7 Hz, 2H), 5.86 (d] = 4.2 Hz, 2H), 5.01 (d,
J=3.5Hz, 1H), 4.46 (d] = 5.7 Hz, 1H), 4.18 (dd] = 12.5, 4.4
Hz, 1H), 3.88 (dd)J = 12.7, 3.1 Hz, 1H), 3.69 (dd,= 12.1, 5.7
Hz, 1H), 2.45 — 2.34 (m, 4H), 1.62 (s, 3H), 1.41 (s,;3fQ
NMR (150 MHz, CDCJ) & 170.2, 148.5, 147.6, 147.3, 146.7,
138.4, 135.0, 133.3, 132.3, 129.3, 128.3, 125.6,.412122.9,
120.6, 109.9, 109.5, 109.3, 108.0, 101.3, 101.17,%¥.9, 61.8,
48.4, 46.0, 31.0, 28.6, 20.5, 19.2; HRMS (ESI) cafod
[C30H240;NNaST (M+Na)": m/z570.1557, found 570.1576.

Product39: Obtained in 43%'H NMR yield) from 50 mg oB36:
IR (thin film) 3304, 2925, 1506, 1275, 1260, 12377, 764,
749 cm'; '"H NMR (600 MHz, CDCJ) & 8.51 (s, 1H), 8.14 (d}=
8.1, 1H), 7.51 (dJ = 7.8, 1H), 7.31 — 7.26 (m, 3H), 7.08 Jt=
7.8, 1H), 6.79 (s, 1H), 6.73 (d= 8.5, 2H), 6.38 (s, 1H), 5.92 (d,
J=11.9, 2H), 5.02 (dJ = 3.4, 1H), 4.49 (dJ = 5.7, 1H), 4.17
(dd,J=12.6, 4.3, 1H), 3.86 (dd,= 12.6, 3.0, 1H), 3.74 (dd,=
12.1, 5.8, 1H), 2.39 (s, 3H), 2.33 — 2.28 (m, 1H)21($ 3H),
1.42 (s, 3H)}*C NMR (150 MHz, CDG)) § 169.9, 148.6, 147.4,
140.3, 138.3, 133.4, 131.7, 131.4, 131.3, 129.8.512125.1,
124.6, 121.4, 120.5, 109.4, 109.4, 101.4, 99.7,651.8, 48.2,
457, 31.0, 28.7, 20.4, 19.2; HRMS (ESI) calcd
[CooH,50sNBrNaS] (M+Na)': m/z604.0764, found 604.0786.

Product40: Obtained in 88% yield from 50 mg 86: IR (thin
film) 3334, 2988, 1539, 1577, 1435, 1230, 1163,81039 cril;
'H NMR (600 MHz, CDCJ) & 8.51 (s, 1H), 8.07 (d} = 8.2, 1H),
7.75 — 7.70 (m, 1H), 7.64 (d,= 8.5, 1H), 7.59 — 7.54 (m, 1H),
7.49 (dd,J=7.9, 1.6, 1H), 7.41 — 7.34 (m, 2H), 7.28 Jc 1.7,
1H), 7.22 (t,J = 8.4, 7.9, 1H), 7.05 (1] = 7.7, 1H), 7.02 (dJ =
8.5, 1H), 6.85 (s, 1H), 6.44 (s, 1H), 5.92 (s, 1H)05(9, 1H),
5.10 (d,J = 3.5, 1H), 4.72 (dJ = 5.8, 1H), 4.18 (ddJ = 12.6,
4.5, 1H), 3.87 (ddJ = 12.7, 3.2, 1H), 3.81 (dd,= 12.1, 5.8, 1H),
2.50 — 2.44 (m, 1H), 2.30 (s, 3H), 1.64 (s, 3H), A43H);**C
NMR (150 MHz, CDC}) 8 170.1, 148.6, 147.3, 138.8, 138.5,
133.3, 133.3, 132.7, 132.2, 129.2, 128.6, 128.5,.9,2127.8,
127.8, 127.7, 126.1, 125.9, 125.0, 124.4, 120.9.7,0109.3,
101.3, 99.7, 68.0, 61.8, 48.8, 46.1, 31.2, 28.65,210.1; HRMS
(ESI) calcd for [GsH3,0sNNaST (M+Na)': m/z576.1815, found
576.1833.

Product41: Obtained in 45% yield from 50 mg 86: IR (thin
film) 3337, 3054, 2988, 2885, 1733, 1649, 1578,113091, 754
cm’; '"H NMR (600 MHz, CDCJ) 6 8.42 (s, 1H), 8.06 (dl= 8.2,

Tetrahedron

1H), 7.76 (dJ = 8.7, 1H), 7.72 (dJ = 8.4, 2H), 7.48 (dJ = 7.8,
1H), 7.45 (dJ = 3.7, 1H), 7.24 (tJ = 7.6, 1H), 7.21 (dJ = 8.0,
2H), 7.07 (tJ = 7.6, 1H), 6.95 (s, 1H), 6.87 (d= 8.6, 1H), 6.81
(s, 1H), 6.43 (dJ = 3.7, 1H), 6.37 (s, 1H), 5.89 (= 12.9, 2H),
5.04 (d,J = 3.6, 1H), 4.62 (dJ = 5.6, 1H), 4.15 (ddJ = 12.7,
4.6, 1H), 3.84 (ddj = 12.6, 3.3, 1H), 3.73 (dd,= 12.1, 5.7, 1H),
2.45 —2.36 (m, 1H), 2.35 (s, 3H), 2.27 (s, 3H), 1HBH), 1.42
(s, 3H); °C NMR (150 MHz, CDGCJ) & 170.1, 148.4, 147.2,
145.0, 138.4, 136.3, 135.7, 134.0, 133.4, 132.%.813130.1,
130.0, 129.2, 128.4, 127.0, 127.0, 126.6, 126.4.012124.4,
122.3,120.4, 113.0, 109.6, 109.2, 109.0, 101.8,2,®9.8, 67.8,
61.8, 48.5, 46.1, 31.1, 28.4, 21.8, 20.6, 19.0; HRHSI) calcd.
for [CagH3s0;:N,NaS]” (M+Na)': m/z719.1856, found 719.1884.

4.2.10. C-H Arylation Product42-44: [General Procedure using
Ag,CO; and KCO; as additives]: An oven-dried reaction tube
was charged with acetonid (0.1 mmol, 1 equiv.), Pd(OAL)
(0.02 mmol, 0.20 equiv), £0O; (0.3 mmol, 3 equiv), AGO;
(0.4 mmol, 0.4 equiv), and aryliodide (0.4 mmoleduiv). The
tube was evacuated and back-filled with nitrogen &men
toluene (1 mL) added. The reaction tube was plactda pre-
heated 115 °C oil bath and heated for 38-44 hdthie.reaction
mixture was cooled to room temperature, diluted \Eit®Ac (10
mL), and quenched with saturated. NaHCQ; (10 mL). The
aqueous layer was extracted with EtOAc three times thad
combined organic layers washed with brine, dried dwgEQ,,
and concentrateéth vacuo Silica gel column chromatography
afforded the arylated product.

Product42: Obtained in 30% yield using 260 mg3# (in 10 mL

of toluene):"H NMR (300 MHz, CDCJ): 5 8.49 (s, 1H), 8.18 (d,
J=8.4 Hz, 1H), 7.51 (d] = 8.0 Hz, 1H), 7.29 (m, 1H), 7.08 {&,

= 7.6 Hz, 1H), 6.77 (s, 1H), 6.39 (s, 1H), 5.92 Ids 4.7 Hz,
2H), 5.83 (s, 2H), 5.00 (d = 3.5 Hz, 1H), 4.41 (d) = 5.9 Hz,
1H), 4.18 (ddJ = 12.8, 4.5 Hz, 1H), 3.88 (dd,= 12.5, 2.6 Hz,
1H), 3.77 (s, 6H), 3.72 (m, 1H), 2.39 (s, 3H), 2.38)(d,3.0 Hz,
1H), 1.62 (s, 3H), 1.42 (s, 3H). HRMS (ESI) calcd for
[C3gH3,07N,S]+ [M+H]+: m/z565.2003, found 565.2006.

Product43: Obtained in 24% yield using 51 mg 86: *H NMR
(600 MHz, CDC})): 6 = 8.50 (br s, 1H), 8.19 (dd,= 8.2, 1.4 Hz,
1H), 7.49 (ddJ = 7.8, 1.6 Hz, 1H), 7.33 (d,= 8.0 Hz, 1H), 7.27
(t, J= 7.5 Hz, 1H), 7.07 (td) = 7.6, 1.4 Hz, 1H), 6.80 (s, 1H),
6.80 (t,J = 56.5 Hz, 1H), 6.51 (s, 1H), 6.41 (s, 1H), 6.39 (¥id,
8.0, 1.5 Hz, 1H), 5.92 (dd,= 13.4, 1.4 Hz, 2H), 5.03 (d,= 3.5

forHz, 1H), 4.55 (dJ = 5.8 Hz, 1H), 4.19 (dd]= 12.6, 4.4 Hz, 1H),

3.90 (dd,J = 12.8, 3.1 Hz, 1H), 3.77 (dd,= 12.1, 5.9 Hz, 1H),

3.45 (s, 3H), 2.38 (s, 3H), 2.35 (dbs 12.0, 3.7 Hz, 1H), 1.63 (s,
3H), 1.43 (s, 3H)"*C NMR (150 MHz, CDCY): 6 = 169.9, 157.0,
148.6, 147.4, 145.6, 138.1, 133.1, 131.4, 129.8.4,2126.0,

126.0, 125.9, 125.0, 124.6, 121.8, 121.3, 120.4.0,1113.2,

1125, 111.7, 110.1, 109.4, 109.3, 108.8, 101.4,9¥.8, 61.8,

55.7, 55.3, 48.8, 45.9, 31.1, 30.1, 29.9, 28.54,209.1. HRMS

(ESI) calcd for [GiH300¢SNF)]™ [M-H]: m/z 582.1762, found
582.1761.

Product44: Obtained in 35% yield using 50 mg 86: *H NMR
(600 MHz, CDCY): & = 8.15 (br s, 1H), 7.54 (d,= 3.8 Hz, 1H),
7.49 (dJ=7.7 Hz, 1H), 7.26 (t) = 7.9 Hz, 1H), 7.07 () = 7.6
Hz, 1H), 6.77 (s, 1H), 6.69 (d,= 3.8 Hz, 1H), 6.50 (s, 1H), 5.91
(d,J = 6.4 Hz, 2H), 5.00 (d] = 3.4 Hz, 1H), 4.79 (d] = 5.6 Hz,
1H), 4.23 (ddJ = 12.7, 4.2 Hz, 1H), 3.94 (dd,= 12.7, 2.8 Hz,
1H), 3.77 (s, 3H), 2.53 (dd,= 12.2, 3.5 Hz, 1H), 2.39 (s, 3H),
1.62 (s, 3H), 1.41 (s, 3H}’C NMR (150 MHz, CDC)): & =
169.3, 162.4, 152.8, 148.4, 147.6, 137.9, 133.2.913132.8,
131.2, 128.9, 127.7, 127.2, 125.3, 124.6, 120.8,.410109.2,
101.3, 99.5, 67.5, 61.6, 52.0, 45.2, 44.3, 31.35,280.0, 18.9.



HRMS (ESI) caled for [GdH,O:NS;Na]” [M+Na]: m/z
590.1283, found 590.1272.

4.2.10. Podophyllotoxin 1 and Analogs 46-52: [General

procedure]: A 10 mL round bottom flask was charged with the

arylated product (0.1 mmol, 1 equiv), THF (1 mLydaH,O (1
mL). The mixture was cooled to 0°C and TFA (1 mL) wasled

dropwise. The reaction mixture was slowly warmed tonroo Analog49: obtained in 72% on 22 mg scale (1.6:1 mixturB): |

temperature over the course of 24 hours at whichtpbiwas
diluted with EtOAc (5 mL), quenched with NaHEQ@L5 mL),
and extracted with EtOAc (3 x 10 mL). The organic ghass
washed with brine, dried over Mgg@oncentratedh vacug and
purified by column chromatography to give the pdugiptoxin
derivative as a mixture of C-4 diastereomers (ibjc~ 1.5:1 dr)

Podophyllotoxin {): obtained in 76% on 43 mg scale (1.3:1

mixture): IR (thin film) 3465, 2893, 2837, 1773,85 1482 cm

9
5.0, 1H), 2.85 (dtd) = 14.2, 10.0, 7.2, 1H), 2.05 (bs, 1Hjc

NMR (150 MHz, CDC)) 6 174.2, 148.2, 148.0, 137.7, 133.4,

133.1, 132.7, 131.7, 130.0, 129.0, 128.2, 127.7,.712126.2,
110.1, 106.4, 101.7, 73.2, 71.5, 45.4, 44.3, AHRMS (ESI)
calcd for [GiHigOsNa]+ (M+Na)+: m/z 397.1046,
397.1058.

(thin film) 3456, 3004, 2970, 1738, 1365, 1229, 12157 crif;
'H NMR (600 MHz, (CR),CO) s 7.41 (d,J = 8.5, 2H), 7.20 (s,
1H), 7.10 (d,J = 8.4, 2H), 6.47 (s, 1H), 5.98 (d,= 4.4, 2H),
4.96 (bs, 1H), 4.82 (d] = 9.7, 1H), 4.62 (dJ = 5.2, 1H), 4.51
(dd,J = 8.7, 7.1, 1H), 4.16 (dd, = 10.5, 8.6, 1H), 3.13 (dd,=
14.4, 5.3, 1H), 2.77 — 2.65 (m, 1HC NMR (150 MHz,

found

(CD5),CO) 6 175.1, 148.6, 148.6, 1415, 136.2, 134.1, 132.0,

131.7,121.6, 110.2, 107.7, 102.5, 72.7, 72.2,, 48156, 41.7.

% IH NMR (600 MHz, CDCJ) § 7.11 (s, 1H), 6.51 (s, 1H), 6.37 Analog50: obtained in 57% on 42.4 mg scale (1.8:1 mixtuid):

(s, 2H), 5.98 (dJ = 12.2 Hz, 2H), 4.77 (d] = 9.5 Hz, 1H), 4.70

— 454 (m, 2H), 4.09 () = 9.5 Hz, 1H), 3.81 (s, 3H), 3.76 (s, 1H), 7.14 (s, 1H), 7.06 (dd, = 3.9, 0.8 Hz, 1H), 6.58 (s, 1H),

NMR (600 MHz, CDC}): major isomerd = 7.64 (d,J = 3.9 Hz,

6H), 2.84 (dd,J = 14.4, 4.7 Hz, 1H), 2.82 — 2.71 (m, 1H), 2.035.99 (s, 2H), 4.82 (d] = 4.2 Hz, 1H), 4.75 (dJ = 8.7 Hz, 1H),

(bs, 1H);"*C NMR (150 MHz, CDCJ) 5 174.5, 152.8, 148.0,

147.9, 137.5, 135.6, 133.3, 131.4, 110.0, 108.6.5,0101.7,
73.1, 71.5, 61.0, 56.5, 45.5, 44.3, 41.0; HRMS (ESlcd for
[CoH20Na]” (M+Na)': m/z437.1207, found 437.1206

Analog 46: obtained in 67% on 18 mg scale (1.4:1 mixturB): |

(thin film) 3411, 3005, 2359, 2340, 1767, 1502, 248257,
1260, 1037, 764 ch ‘H NMR (600 MHz, CDCJ)) & 7.12 (s,

1H), 6.69 (d,J = 8.0, 1H), 6.64 — 6.59 (m, 2H), 6.46 (s, 1H), 5.96

(s, 2H), 5.90 (dd)) = 7.5, 1.4, 2H), 4.75 (d] = 9.4, 1H), 4.60
(dd,J = 8.8, 7.0, 1H), 4.56 (d= 4.7, 1H), 4.09 (dJ = 9.0, 1H),

2.82 (dd,J = 14.2, 4.8, 1H), 2.80 — 2.72 (m, 1H), 1.96 (bs, 1H);

4.66 (ddJ= 8.9, 6.4 Hz, 1H), 4.15 (§,= 9.6 Hz, 1H), 3.83 (m]
=5.6 Hz, 1H), 3.82 (s, 3H), 2.86 (m, 1H). minor isondet 7.62

(d, J = 3.9 Hz, 1H), 7.03 (d] = 4.0 Hz, 1H), 6.85 (s, 1H), 6.62

(s, 1H), 6.00 (m, 2H), 4.87 (d,= 3.3 Hz, 1H), 4.84 (d) = 5.2

Hz, 1H), 4.42 (dJ = 2.1 Hz, 1H), 4.13 (m, 1H), 3.81 (s, 3H),

3.33 (dd,J = 14.2, 5.1 Hz, 1H), 2.83 (m, 1H}*C NMR (150
MHz, CDCL) (combined minor and major isomerg)= 175.0,
174.2, 162.7, 162.7, 151.8, 151.3, 148.6, 148.8.114147.9,
133.6, 133.2, 133.0, 132.8, 131.6, 131.1, 130.3.01,2129.0,
110.5, 109.8, 109.5, 106.8, 101.9, 101.7, 72.5/,788.1, 66.6,
52.3,52.3,45.2,41.5, 40.4, 39.8, 39.6, 38.98.29.

¥C NMR (150 MHz, CDGCJ) & 174.3, 148.1, 147.9, 147.6, 146.9, Analog51: obtained in 75% on 41.4 mg scale (1.8:1 mixtuiid):

133.8, 133.2, 131.8, 124.4, 111.3, 109.9, 107.9.310101.6,
101.2, 73.1, 71.5, 45.3, 43.8, 40.9; HRMS (ESI) aafor
[CaoH:60:Na]+ (M+Na)+: m/z 391.0788, found 391.0799.

Analog 47: obtained in 61% on 20 mg scale (1.3:1 mixture):

(major isomer)™H NMR (600 MHz, CDCJ) § 7.82 (d,J = 8.7,
1H), 7.76 (d,J = 8.4, 2H), 7.52 (dJ = 3.6, 1H), 7.26 (s, 1H),
7.24 (d,J = 8.3, 2H), 7.16 — 7.10 (m, 2H), 6.56 (tz 3.6, 1H),
6.41 (s, 1H), 5.95 (dl = 1.7, 1H), 4.78 (dJ = 9.4, 1H), 4.71 (d]
= 4.9, 1H), 4.54 (ddJ = 8.8, 7.2, 1H), 4.08 (dd} = 10.3, 8.8,

1H), 2.87 (ddJ = 14.2, 5.1, 1H), 2.82 — 2.72 (m, 1H), 2.36 (s

3H), 2.02 (bs, 1H). (minor isomer}d NMR (600 MHz, CDCJ)

8 7.80 (d,J = 8.6, 1H), 7.76 (dJ = 8.0, 2H), 7.51 (dJ = 3.8,

1H), 7.24 (d,J = 8.1, 2H), 7.17 (s, 1H), 7.03 (d,= 8.7, 1H),
6.89 (s, 1H), 6.54 (d] = 3.7, 1H), 6.46 (s, 1H), 5.96 (d~= 7.2,

2H), 4.89 (d,J = 3.5, 1H), 4.72 (dJ = 5.3, 1H), 4.36 (ddJ =

10.8, 8.2, 1H), 4.29 (1 = 8.1, 1H), 3.32 (dd] = 14.2, 5.2, 1H),
2.91 — 2.80 (m, 1H), 2.36 (s, 3H), 1.82 Jd; 4.2 1H)."*C NMR

(150 MHz, CDC}) (combined minor and major isomerg)=

175.0, 174.3, 148.9, 148.1, 147.9, 147.7, 145.5.114135.6,
135.6, 135.1, 134.7, 134.0, 134.0, 133.3, 132.2.01,3131.9,
130.7, 130.6, 130.2, 130.2, 127.5, 127.4, 127.8.7,2126.7,
123.8, 123.6, 112.9, 112.9, 110.7, 110.0, 109.B.01,0108.9,
106.4, 101.7, 101.6, 73.1, 71.5, 67.8, 67.0, 46449, 43.8, 40.7,
40.6, 38.2, 21.8; IR (thin film) 3458, 3056, 2913,773, 1596,
1483 cm-1; HRMS (ESI) calcd for jg1,:0,NNaS]+ (M+Na)+:
m/z 540.1087, found 540.1095.

NMR (600 MHz, CDC}): major isomerd = 7.12 (s, 1H), 6.41 (s,

1H), 6.11 (s, 2H), 5.96 (d = 1.4 Hz, 2H), 4.72 (dJ = 9.7 Hz,
1H), 4.58 (ddJ = 8.9, 7.2 Hz, 1H), 4.49 (d,= 5.1 Hz, 1H), 4.08
(dd,J = 10.4, 8.9 Hz, 1H), 3.85 (s, 6H), 2.85 (dd= 14.3, 5.1

Hz, 1H), 2.72 (m, 1H). minor isomes:= 6.84 (s, 1H), 6.46 (s,

1H), 6.02 (s, 2H), 5.95 (dl = 1.4 Hz, 2H), 4.84 (dJ = 3.3 Hz,

1H), 4.51 (dJ = 5.5 Hz, 1H), 4.35 (m, 2H), 3.85 (s, 6H), 3.31

(dd, J = 14.2, 5.5 Hz, 1H), 2.81 (m, 1HYC NMR (150 MHz,
CDCls) (combined minor and major isomers)= 174.7, 174.0,
163.1, 163.1, 154.3, 154.0, 148.8, 148.1, 148.7,.9,4133.5,

'132.0, 131.0, 130.1, 110.3, 109.6, 109.3, 106.8.50103.4,

101.8, 101.6, 72.9, 71.5, 67.8, 66.8, 53.6, 44385,443.4, 41.3,
40.0, 38.6, 29.8.

4.4 X-ray crystallographic data

Crystallographic data for structurel® and 26 have been
deposited with the Cambridge Crystallographic Datantt@e
Copies of the data can be obtained free of chargen f
http://www.ccdc.cam.ac.uk/products/csd/request/  (CDCC
1899263 for19, #1899264 for26, #1502051 for27, and #
1502052 for32).
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