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ABSTRACT

Plant—derived natural products continue to be a valuable source of useful

therapies for cancer as well as other diseases. As partaitinuing mission to obtain
anticancer agents from natural sources, researchers at thedN&tancer Institute (NCI)
established the 60 human tumor cell line anticancer screen. chitveiafurthins are one
family of unique natural products discovered through this screeninggsioand most of
the schweinfurthins exhibit potent and differential activity in @te-cell line screen.
Importantly, the pattern of activity displayed by the schweinfurteh@vs no correlation
to any clinically used anticancer drug, indicating that thmilfa of natural products
probably acts via a novel mechanism or at a novel target. Our @uasigonducted
extensive structure—activity relationship studies in an effoittuminate the mechanism
of action of the schweinfurthins. In this thesis, the preparation ahagtmal activity of
a number of new schweinfurthin F analogues possessing variations Da-timg alkyl
chain and stilbene moiety will be discussed. These studiesdianfied the importance
of the D—ring substituent to the schweinfurthins’ pharmacophore.

Based on the results obtained from the exploration of the struatgpalements
of these natural products, it was determined that the right—halfeo§chweinfurthins
would be an appropriate site for attachment of a molecular poobe used in affinity
experiments. The synthesis of these biotinylated probes wgtdsented in detail, and
their use in pull-down assays will be summarized.

The preparation of key schweinfurthin intermediates has involved thesesde
use of Lewis acid—mediated cationic cascade cyclizationsrat@ad by methoxymethyl
(MOM)—protected phenols. Those successes have inspired investigatiadditional
applications of these cyclizations. In particular, a varianthese cyclizations using
“MOM-protected” enol ethers as reasonable substitute3-fketo ester terminating

moieties has been studied. These interrelated studies involvingytiteesis of



schweinfurthin analogues and the exploration of new cascade atyliz will be

discussed in detail.
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ABSTRACT

Plant—derived natural products continue to be a valuable source of useful
therapies for cancer as well as other diseases. As partaitinuing mission to obtain
anticancer agents from natural sources, researchers at thedN&tancer Institute (NCI)
established the 60 human tumor cell line anticancer screen. chitveiafurthins are one
family of unique natural products discovered through this screeninggsioand most of
the schweinfurthins exhibit potent and differential activity in the-c&@ll screen.
Importantly, the pattern of activity displayed by the schweinfurteh@vs no correlation
to any clinically used anticancer drug, indicating that thmilfa of natural products
probably acts via a novel mechanism or at a novel target. Our @uasigonducted
extensive structure—activity relationship studies in an effoittuiminate the mechanism
of action of the schweinfurthins. In this thesis, the preparation ahagtmal activity of
a number of new schweinfurthin F analogues possessing variations Da-timg alkyl
chain and stilbene moiety will be discussed. These studiesdiafied the importance
of the D—ring substituent to the schweinfurthins’ pharmacophore.

Based on the results obtained from the exploration of the struatgpalements
of these natural products, it was determined that the right—halfeo§chweinfurthins
would be an appropriate site for attachment of a molecular poobe used in affinity
experiments. The synthesis of these biotinylated probes wptdsented in detail, and
their use in pull-down assays will be summarized.

The preparation of key schweinfurthin intermediates has involved thesesde
use of Lewis acid—mediated cationic cascade cyclizationsrtatet by MOM—protected
phenols. Those successes have inspired investigations of additionatapmiof these
cyclizations. In particular, a variant of these cyclizationagiSMOM—protected” enol

ethers as reasonable substitutespfeketo ester terminating moieties has been studied.



These interrelated studies involving the synthesis of schweinfuatiafogues and the

exploration of new cascade cyclizations will be discussed in detail.
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CHAPTER 1
A BRIEF HISTORY OF THE USE OF NATURAL PRODUCTS
AS ANTICANCER AGENTS

Cancer has plagued mankind since the beginning of recorded Riskottensive
evidence corroborates the identification of tumors, both benign andnawat, in early
civilizations>* For example, as early as ca. 129 A.D., the Roman physiciean Ga
provided physiologically correct descriptions of neoplastic tumoonkos® The Persian

philosopher Avicenna (ca. 1000 A.D.) defined a “malignant” tumor as:

“an atrabilious (black bile) swelling...(It is) accompanied by

pain...and some degree of beating (throbbing) and rapid growth...as

a manifestation of this substance boiling at its junction with the

organ...On its onset it is concealed and when it is manifested it is

problemic in most cases. Then its signs become apparent...And

there is a kind of cancer that is unchanged, does not ulcérate.”

Plant—derived natural products (NPs) were an invaluable source @il use

medicines for the ancients. One of the first known remedies &igmant tumors was
described by the Greek physician Dioscorides in ca. 50’ AlDioscorides instructed
patients to soak the roots of the autumn cro€i@chicum autumnalé.) in wine and
apply the poultice to the affected area. Centuries daferautumnalewas found to
contain the alkaloid colchicind (Figure 1), which, along with its usefulness as an anti—
gout and anti—inflammatory agent, has been investigated for its ipbigse as an anti—

cancer agerit.



Figure 1. The alkaloid colchicine

Another example of a plant used by Dioscorides to treat atyawie skin
conditions and “old, soft tumors” was the squirting cucumgebéllium elateriuni.).*
Its use was revived centuries later when, in 1958, elatericimelB&2 and3, Figure 2)
were isolated from the same plant and found to have strong actgaipmsa mouse
sarcoma cell®. There are also relatively recent reports of oral ingestigdheoplant for

the treatment of cancér.

Figure 2. Elatericins A (left) and B

Dioscorides also considered plants\ohca majorL. to be very useful in the
treatment of cancers.Plants of this species reportedly “dried tumadtsA very closely

related genusCatharanthusis the source of. roseusG. Don, from which the famous



alkaloids vinblastine and vincristind @and5, Figure 3) are derived. These antitumor
alkaloids are active against a variety of cancer types incluéuiemia, lymphoma,
breast, and lunY,and semi—synthetic analogues are currently used for thengetabf

various leukemias as well as breast and lung caffcers.

4 R =CHj Vinblastine
5 R =CHO Vincristine

Figure 3. Well-known vinca alkaloids

The extent of the efficacy of cancer treatments in andiergs is unknown.
Standard practices dictated that information regarding dosage, &ppliogic. of the
medicines was passed down by physicians via an apprentice systdnthus little
information regarding these practices was physically recdrdids unlikely that the
prescribed treatments resulted in complete cures; at best, isggr@/ement in tumor
appearance/size was observed.

The use of chemotherapy experienced a re—birth in the edtye2@ury* Prior
to that time, surgery alone was the standard treatment foergan practice which some
believed to be an “unqualified condemnation” of the potential benefikavhotherapy.
Isolated examples of work by numerous scientists eventually emggsaliEamore wide—
spread interest in chemotherapeutic approaches. In 1908, Paul Hutllibhed his

experiments on transplantable murine tumbrin the 1930s, C. Gordon Zubrod reported



the effects of bacterial toxins on human can€ei@nd A. P. Dustin reported his work on
the various activities of colchicing)(*®

A major resurgence of interest in chemotherapy for the tesdtrof cancer
occurred when Congress established the National Cancer IngiitDtgifi 1937 This
action reflects the public’s increasing concern over the tlmfeaancer. Originally, the
NCI's mission was to fund and maintain cancer research effortaigh a range of
independent entities. During the 1950s, the NCI developed the CanceptGbspy
National Service Centre (CCNS&)whose mission was to expand the scope of the NCI's
responsibilities. Their specific tasks involved the screening;cpnécal testing, and
clinical studies of potential anticancer drugs. Today, tlikws performed by members
of the Developmental Therapeutics Program (DTP), which is adsalysof the Division
of Cancer Treatment and Diagnosis (DCTD).The DTP’s mission ranges from the
funding and performance of cancer research to the education ofettezal public
regarding cancer. Since its inception, the NCI has servea @&svaluable resource for
countless public and private institutions from the world over.

Over the past 50 years, the NCI itself has screened more than®06r@pounds
for potential cytotoxic activity? The natural compounds of this group come from a
variety of sources, including plants, marine organisms, and microomgfité Several
plant—derived compounds including combretastatiR@, (6),* p—lapachone®),” and
betulinic acid 8)*° were obtained during this time and are currently in either pieali

or clinical trials (Figure 4).



6 Combretastatin A4PO,4 7 B-Lapachone 8 Betulinic Acid

Figure 4. Plant—derived NPs still in development

Researchers at the NCI also have discovered and advanced tol clseca
number of plant—derived natural products, some of which, as previoushgskst; were
“discovered” centuries agd. One of the most well-known success stories is that of
Taxol® (©, Figure 57°% In 1966, Dr. Wani and co—workers of the Research Triangle
Institute, supported by funds from the NCI, isolated taxol from thle bbthe Pacific

Yew.?®

The structure of taxol was solved using single—crystalayX-analysis of a
derivative of the natural product, work which was reported in ¥7rystal formation
was achieved following removal of taxol's amino acid side chain arfbesjuent

derivatization.



Figure 5. Taxol®

The story of taxol's journey to a clinically useful anti-candmrg holds many
valuable lessons for today’s medicinal cherffist' Following taxol’s isolation, work to
determine its mechanism of action commenced. |Initial studies eshdhat taxol
exhibited good activity against P1534 leukemia cells and solid humaor tenografts
in murine model§! findings which spurred further investigations. It was soon
discovered that taxol acted in a very specific way on microtuBtil&onveniently, the
technology used to visualize effects on microtubules was quite-esédblished at that
time, making the necessary experiments very straightforffardin a series of
experiments, taxol was shown to stabilize microtubules and therpferent mitosis in
proliferating cells®® Furthermore, it has been shown that taxol, through a complicated
series of events, causes the delayed apoptosis oftéfsAlthough several other new
agents have been found to possess similar mechanisms ofa@ion, epothilones A
and B,10-11, Figure 6), these findings from the study of taxol significaimttreased our

understanding of cancer.



OH 10 R=H Epothilone A
11 R =CH; Epothilone B

Figure 6. Epothilones A and B

Following the elucidation of the mechanism of action of taxol, thapound
progressed into clinical trials in 1980 and subsequently moved through pHHse
studies. Taxol® was first approved for use against refractoryaoveancer in 1992 by
the Federal Drug Administration (FDA). In subsequent years, taxol also was approved
for use against several more types of cancer, including breastoéom cancers, and
Kaposi's sarcoma. It is now known clinically as paclitaxel.

Taxol’s success has led to the preparation of other clinicapprtant analogues,
the most notable of which is docetaxel (Taxoterg®,Figure 7)*’ Docetaxel 12) was
synthesized by Potier and coworkers in 1989 and now is used clinioallyefting
breast, ovarian, and various lung cané&r® Its use has generated billions of dollars in

revenue; in 2000 alone, the annual sales were almost $2 Billfn.



Figure 7. Docetaxel

The importance of taxol's discovery and the determination of its novel
mechanism of action cannot be overemphasized. Its discovery led picefieation of
an entire drug class possessing a unique, previously unknown mechangastioof
which may never have been determined if not for taxol. Not ortlyeistory of taxol's
development fascinating from a scientific perspective, butiiigal use has had untold
impact on the lives of many affected patients. While itfigcdit to measure the number
of lives taxol and its analogues have saved or prolonged, that numigertamly
significant. In the particular case of ovarian cancer, thenrsaavival rate of affected

patients has doubled since the introduction of taxol-based thetapies.

As part of a continuing mission to obtain anticancer agents frommahaources,
in 1986 researchers at the NCI started to develop the 60 humandeiiriore anticancer
screen, an extremely valuable resource still used extensigdly’* Originally,
researchers at the NCI used transplantable mouse tumors gd@sgeeen drugs. After
it became apparent that activity against a mouse tumor did nessaiy correlate to
activity against human tumors, the focus quickly shifted to solid humarors.
Eventually, a panel of 60 cell lines was established, and thikseaeald be categorized
into nine different subpanels: leukemia, colon, lung, CNS, renal, melarmragan,

breast, and prostat&.A program called COMPARE has been developed by K. Paull and



coworkers at the NCI to analyze similarities and differences amipactivity patterns,
and these analyses can in turn provide insight into drugs thatdartbtiough a similar
mechanism of action in the 60—cell line cancer sctéen.

Throughout the development of the NCI 60—cell line screen, the D3digean
increasingly popular repository for synthetic compounds and naturahcextand
products®* In 1989, the process of screening new agents began in €ar@gtr the
next two decades, nearly 100,000 crude extracts were processethaesM@l's system
of isolation and cataloguing.

One family of unique natural products first discovered through stiisening
process was the schweinfurthins, most of which exhibit potent adtivibe 60—cell line
screen (Figure 8). The original collection of plant materias warformed by D. W.
Thomas of the Missouri Botanical Garden during a visit to KorupioNal Park,
Cameroon, in 1987. More than a decade later, Dr. John A. Beutler and coworkers of
NCI-Frederick examined the dried leaves (425 g), and through shiaguided
fractionation, isolated schweinfurthins A and B (SI8, 50 mg, and SB14, 38 mg),
along with the less active schweinfurthin C (96,25 mg). Both SA13) and SB (4)
display potent and selective anti—proliferative activity in the '8lG60—cell line screen
(mean Gdp = 0.36 and 0.8LM, respectively). Of particular interest is the range of
activity displayed by the compounds: SE3) had a Gdp of 11 nM against the CNS line
SF-295, while the non—small cell lung cancer cell lines wesgtively resistant with
mean Gios ranging from 5-8uM. Shortly thereafter, schweinfurthin DLY) was
reported’?’ and the isolation of schweinfurthins E, F, G, andlB-21) by the Kingston
group at Virginia Tech followed some years ldfer. Finally, the isolation of
schweinfurthins | and J22 and 23) was reported very recently by Klausmeyer and

coworkers at the NCF.
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13 R=H R'=OH Schweinfurthin A
14 R=CH; R'=0OH Schweinfurthin B
15 R=CH; R'=H  3-deoxyschweinfurthin B

18 R=CHz R'=OH Schweinfurthin E
19 R=CHz R'=H Schweinfurthin F
COH 20 R=R'=H Schweinfurthin G

22 Schweinfurthin |

Figure 8. The schweinfurthin family of natural products

As mentioned previously, a compound’s pattern of activity in the N&Jscell
line assay can be analyzed by the COMPARE program to detewhgther it shows a
significant correlation to any known agents in terms of mechani$naction?®
Importantly, the pattern displayed in the 60—cell line screenhbysthweinfurthins
showed no correlation to any clinically used anti—neoplastic agehtating that this
family of compounds probably acts via a novel mechanism or at d target. A
COMPARE analysis of the schweinfurthinat the Gdp and TGl levels of response does

show a significant correlation to several structurally uteelanatural products (Figure
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9): the cephalostatiri§;! the stellettins?*>> and OSW-126).*° It has been determined
that the schweinfurthin—sensitive cell lines possess no shargtemaal features and
differ substantially in DNA repair phenotypig, vitro doubling time, and MDR statds,
suggesting that these compounds may act through a new cellulaapatBiscovery of
the mechanism of action of the schweinfurthins may aid in detetionnaf some or all

of the others, in turn increasing understanding of prospective new therap eaic) e

25 Stellettin A

26 OSW-1

p-MeOCgH,CO,

Figure 9. Correlated natural products

Because of our ongoing interest in the synthesis of prenylatbdngts and the
unique activity of the schweinfurthins, we undertook a synthetic ediored at these
compounds. This endeavour led first to the total synthesis of18C the simplest

member of the family at the time of its discovery. This wadgorted in 199%,
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established a precedent for a highly convergent, late—stage Horrdswdfth—Emmons

coupling in formation of the centralns-stilbene moiety (Figure 10).

OMOM

. (Et0),P(0) OMOM

OoMOM
27 28

Figure 10. Convergent synthesis of schweinfurthid&} (

Attempts to obtain theis-diol moiety in the A—ring of the first schweinfurthins
using standard methodologies met with little success for seyeasd>®* However, the
synthesis of 3—deoxyschweinfurthin B (3dSH)) was accomplished using a highly
stereoselective cationic cascade cyclization of an enantiojmmeide derived from

geranylated vanillin (Figure 11).
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OCH3 TBSCI OCH3 nBULi, _78 OC OCH3
HO imid ' TBSO geranyl bromide TBSO
- > _— >
Br 91% Br 7% Z =
OH OTBS OTBS
29 30 31
AD-mix-ou l 63%
OCH3 1) MsCl, TEA OCHjs
2) K,CO3, MeOH TBSO
3) TBAF OH
---- - ~
2% HO
34 OH OTBS
ee =68% ee =100% 32
1) TFA, 0°C
2; TEA 36% RCOH NaoH
EDC, DMAP EtOH
72% 83%
OCHgs OCHjs

RCO,H = (S)-(+)-O-methylmandelic acid

Figure 11. Key steps in the synthesis of 3—deoxyschweinfurthl®)B (

New strategies based upon a highly enantioselective Shi egoridaid a methyl
benzyl ether as a protected aldehyde provided an even more effreigtd construct the
hexahydroxanthene left-half, making synthesis of gram-scale gesntitif

schweinfurthins routine (Figure 12)%®°
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. Shi
Ve n-BuLi OMe  epoxidation OMe
MOMO >
63%
(85% BRSM)
Br
OR
39 OMe
NaH, Mel— 36 R=H OMe
96% 37 R=Me BF3-OEt; | 86% (69:17, H:MOM)

OMe

RO"" R

DDQ, — 40 R=H, R'= CH,0Me
100% > 41 R = H, R'= CHO

15 3-deoxyschweinfurthin B DDQ ,:42 R = MOM, R' = CH,OMe
99% 43 R =MOM, R' = CHO

Figure 12. A more efficient synthesis of schweinfurthin analogues

We also have prepared a number of schweinfurthin analogues in aah teff
illuminate the pharmacophore(s) responsible for the schweinfurthingratitial
activity.> - Those studies have led to a number of conclusions. First, based on the
relative activity of SA 13) or SB (4) versus SC 16), it appears that the left—half
hexahydroxanthene substructure is required for potent and selectiity.dtt Second,
replacing the phenolic groups of the right—half resorcinol struckiite hydrogen or
fluorine demonstrated that at least one of the phenolic hydroxyl grsupgortant for
differential activity® Third, the effects of some D-ring substitutions have been
examined? Comparison of the activity of schweinfurthin E9), 3dSB (5), and a
previously synthesized 3dSB analogue (bearing prenyl, geranyl, hgdibxylated
geranyl chains, respectively) with an analogue which lackallyt chain, established
that the absence of any isoprenoid chain led to somewhat redatedy.”® Finally,
recent attempts at the NCI to obtain additional amounts of schwibinfuifrom a natural
source have resulted in the isolation of compounds tentatively iéenéifcis—stilbenes,
raising questions about the importance of the central olefin sheneugtry. Therefore,

we have prepared a number of new schweinfurthin F analoguesgiagseariations in
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the D-ring alkyl chain and stilbene moiety. These analogueslheen tested in relevant
cancer cell lines and have illuminated further the structoeguirements of the
schweinfurthins.

As seen in the story of taxol's development from a biologicaltiwamatural
product to a clinically approved drug, the identification of a drugdecular target is
very desirable for the elucidation of the underlying biologicallhmatsms of drug action
and for the rational design of more effective therapetitiégswide variety of techniques,
including yeast three—hybrid systefhqhage displa$;, and protein microarray$,have
been used successfully for the deconvolution of numerous small-molecgétsta
Recently, affinity—based chromatography coupled with mass spestity (MS) methods
has become increasingly popular due to the remarkable sensgividyspeed this
technique offers? ¢7-%°

Identifying a molecular target using affinity—based chromaiplgy typically
requires the synthesis of an appropriate molecular probe amenahladbilization on a
solid support® Biotinylation has been commonly used for the purification/ideatifin
of a variety of target$™ (e.g., the identification of trapoxin as a histone deacetylase
inhibitor).”” This methodology involves derivatization of the molecule in questitim wi
the small organic molecule biotin and relies on the extremghy binding of biotin to
streptavidin (k= 10 M).®

A cartoon of the typical methodology employed in this technique is rshow
Figure 13. First, a biotin tag is attached to the activeriforaember. This hybrid
analogue can then be attached to a streptavidin bead, placed in a @idrineated with
a cell lysate that contains proteins obtained from, in this cd5€295 cells. On the
column, the biotin—streptavidin complex will interact with any sahfwethin—binding
proteins, and probably multiple other proteins through non-specific interact
Extensive washing of the resin should remove or at least diminismam-specific

binding proteins, and then denaturing conditions or elution with a solutidre afatural



product can be applied to elute the binding proteins from the column. pheses
then can be concentrated and resolved on an SDS—-PAGE gel. Standtechki§ues

then should allow identification of the binding protéihs.

active library tether biotin tag 7
member Streptavidin bead

»— eluted protein

- Bi11111111 0
Wash 6X Boilin SDS  Concentrate =
+ PBS lysis buffer elutedproteins | = =
> > —— —

Coomassie staining

SF-295
cell lysate

Figure 13. Typical affinity chromatographic purification procedure (Figureesyof
C. Kuder, University of lowa)

A classic example of the use of this methodology is found in tbey sif

tacrolimus (or FK-50644), a natural product isolated in 1987 from a fermentation broth

of Streptomyces tsukubaerng Imanaka and co—workefs. Tacrolimus 44) is a novel
immunosuppressant indicated for use in organ transplant applications. nK28i02r
and co—workers synthesized an FK506—-biotin derivattBeKigure 14)?° In conjunction
with an mRNA display, this biotinylated derivative was usediémiify the drug receptor

FKBP12, a chaperone for proline-rich protéths.
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Figure 14. FK506—biotin derivative

One important aspect to consider when using this methodology isntté lend
solubility properties of the tether employed to attach a biotin ttaghe active
compound? One major drawback of this methodology is that some proteinsotdye
found due to steric interactions between avidin, biotin, and a largetoegeotein. The
crystal structure of a biotin—avidin complex shows a 7 A spatseen the biotin pocket
and avidin’s surface, so any tether should be at least that’loffbile a variety of tether
lengths has been utilized, often in a trial and error mannergérnisrally accepted that
the tether should be at least 20 A long. Furthermore, the chemaitak of the tether
must be taken into account. A wide range of both hydrophilic (i.EG)Pand

hydrophobic (i.e., alkyl) tethers has been utiliZe®.® In the case of FK-506, a 23 A

PEG linker was successfully employéd.
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Initial work on biotinylated schweinfurthin analogues utilized compounds
possessing an approximately 9 A length linker between the acdtiweemfurthin
substructure and the biotin moiety (e.g. compod6dFigure 15). In the future, it may

be advantageous to insert a longer spacer to make an analogue such as cdihpound

47

Figure 15. Comparison of linker lengths

This thesis will discuss various approaches to the synthesisothybated
schweinfurthins. Several biotinylated schweinfurthin analogues bagn prepared, and
their biological activity and use in pull-down assays will be described.

Cascade cyclizations have played a central role during theecofirour studies
on the schweinfurthins and related natural prodicts® For example, in the synthesis
of schweinfurthin G Z0, Figure 16), a Lewis acid—mediated cationic cascade cydizati
of an epoxy geranyl chain with a terminating MOM—phenolic moiety wsed to
construct the tricylic hexahydroxanthene cof)(in good overall yield! This

cyclization has found wide applicability in the synthesis of a tsané schweinfurthins,
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and has allowed us to construct these complex structures througttidormgseveral

new C—C or C—O bonds and stereocenters in a single operation.

OCHj

OMOM

HO

Br

OTBS
50 R=H, 52%

51 R = MOM, 30%
OH /

48

20 Schweinfurthin G OH

Figure 16. Cationic cascade cyclization in the synthesis of schweinfurt2io) G (

Due to the success of MOM-protected phenols as terminating groopscade
cyclizations leading to the synthesis of schweinfurthins, we becarerested in
expanding this methodology to include other terminating moieties. Partaal
synthesis of (+)-GERI-BPO001 in 1997 utilize-sketo ester as the terminating moiety
in an epoxy farnesyl cascade cyclization (Figure®1That cyclization was mediated by
treatment with SnGland only proceeded in 8% vyield to afford tricy@B. Those
investigators eventually resorted to an organomercury—mediateddeagyclization,
which provided the desired product in better yield and as a sirageeceomer, but also

required the use of stoichiometric quantities of mercury.
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o OMe O OMe
Br
+ 2 steps
X —_— X O
(0]
§ |
53
52 0) 54
8% | SnCl,

AcO""

56 (+)-GERI-BP001 Ester 55

Figure 17. Parker’s total synthesis of GERI-BP001

These previous synthetic efforts prompted questions into whether atoleriof
an enol ether could be used in a similar manner to provide theedlgmioduct in
increased yield. Instead of using-sketo ester, we questioned whether an enol could be
“protected” as the MOM—enol ether and still undergo a cascadieatyan (Figure 18).
While the resonance—stabilized enol form of flr&eto ester in Parker's synthesis was
presumably present in only minor amounts, a MOM-protected enol ethlrasuc
compound58 would be exclusively present in the enol form. Our studies of cascad
cyclizations have shown that MOM derivatives of phenols can be endptoyterminate
cationic processes, so it was reasonable to investigate MOkeprd enol ethers to

determine if they display comparable reactivity.
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0} OMe O OMe 0] OMe
AN
~ © ~. OH >
HO'"
O (0] H
54 B-keto ester 57 Enol Ester 55
(0] OMe
XN ) .
Lewis acid
~. OMOM Tt
HO'""
O
58 MOMe-enol ether Ester 55

Figure 18. Cyclization of B—keto ester versus a “MOM—protected” enol ether

Furthermore, formation of the enol ether also introduces an olefenterc with its
attendant stereochemistry. Thus, if the cascade cyclizatian M©M—protected enol
ether were successful, it would have to be determined whether fimestéeeochemistry
of the starting enol ether determines the structure of thezatioln products (Figure 19).
While cascade cyclization of the-enol ether58 might be expected to afford ester
product55 via termination by the MOM-—protected enol, cyclization of Zrenol ether
59 should afford the ketone produ&f via termination by the ester carbonyl. This matter

will be discussed in detail in Chapter 5.
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O OMe

X OMOM Lewis acid
-——->

(@)
58 E-MOM-enol ether

0] OMe OMOM
|
. _OMOM OMe
is acid
N Leowis aci N
O 0)
59 Z-MOM-enol ether 59 Z-MOM-enol ether Ketone 60

Figure 19. E— versusZ—enol ethers

In conclusion, natural products have a long history of use in teg&tof cancer.
Even today, though, new natural products are found periodically that ofer
chemotherapeutic options for treatment of this disease. The sthil@ns represent
one recently discovered family of natural products with great paterds
chemotherapeutic agents. Our SAR studies of the schweinfurthves ithentified a
suitable site for biotin incorporation. Use of cascade cyabimatterminated by MOM-—
protected phenols to prepare key schweinfurthin intermediateadpased investigations
of additional applications of this reaction. In this thesis, theserathted studies will be

discussed in detail.
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CHAPTER 2
STRUCTURAL ANALOGUES OF SCHWEINFURTHIN F: PROBING THE SRE,
ELECTRONIC, AND HYDROPHOBIC PROPERTIES OF
THE D-RING SUBSTRUCTURE

In our previous studies, we have prepared a number of analoguesedesig
illuminate the pharmacophore(s) responsible for the schweinfurthingrehtial
activity>®  Variations in activity observed through these past studies prompted
investigation into the significance of a hydrophobic substituent on Dhang.
Specifically, we wished to explore whether attaching a sireglifail to the D-ring or
altering the electronics of the stilbene moiety would be ta@dratVe therefore targeted
the synthesis of several new schweinfurthin analogues based onrdcintvan F as the
lead structure. The preparation of these compounds and data ondlogjichl activity
are presented hefe.

At the outset of this project, we envisioned numerous schweinfurthialbgues
featuring modifications to the stilbene moiety and the D-ringl ajkoup (Figure 20).
Compounds1 and62 possess D—-ring chains comparable in length to a geramypgr
but lack all of the olefinic moieties and vary in degrees of hydrapltgb An allyl
analogue §3) would be useful not only for its ease of synthesis, but also fabilisy to
be converted easily to multiple other functionalities (e.g. thedxydpropyl compound
64, the n—propyl compound5, etc). Prenyl-length analoguéé and 67 could help
determine the effect of varying the isoprenoid chain, whether bying or simply
deleting the olefin. An alkynyl analogu@gj also would be interesting to compare to the
allyl analogue in order to study the effect of increasingtelaadensity at that position.
The routes to the synthesis of analog6&s68 will be described here in detail. John
Kodet prepared analogu&®-73 and Nolan Mente prepared tlugs-stilbene74 as

reported elsewher®@.
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Figure 20. Targeted schweinfurthin F analogies’ 4

A general retrosynthesis of analodifis shown in Figure 21. Because aldehyde
75 is known and available via a relatively short synthetic seqirihe, first logical
targets in the preparation of analog6é&s68 were the corresponding phosphonates (e.g.,

compoundr6).
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63
O
[ OMOM
+ (EtO),P
© X
76 OMOM

Figure 21. Retrosynthesis of allyl analo@.se

Synthesis of the required phosphonates began with known protected benzyl
alcohol 77" (Figure 22). Initial efforts involved the attachment of octgrbide {78) and
the known silyl protected bromid&9® ® utilizing a directedortho metallation/
transmetallation/alkylation protoctl. Unfortunately, these primary alkyl bromides

proved reticent to displacement in both cases, yielding only tracaramof the desired

products.

1) n-BuLi, THF, TMEDA
-20°C
OMOM 5y cuBr.DMS, -20 °C
3)780r79,-20°Ctort

— trace desired product

TBSO

OMOM
78 Br(CH,);CHj,

79 Br(CH,);CH,OTBDPS

7

Figure 22. Attempted reactions with primary bromid&and79

In a related reaction, albeit with a simplified subst(&igure 23)}* formation of
the aryl lithiate of compoun80 occurred at a higher temperature. Furthermore, the more
reactive alkyl iodide was utilized. Evidently, unactivated prim&édromides are

insufficiently reactive in cases such as those described above in Figure 22.
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OMOM 1) nBuLi, THF, 0°C to rt OMOM
2) I(CH,),CHs, -78 °C to rt
R —
69%

80 81

Figure 23. Alkylation of aren@0 with an alkyl iodidé&

In light of these results, the next effort involved attemptedlation using an
activated allylic bromide such as known brom&& which is readily prepared from the
corresponding commercially available allylic alcohol (Figure 2f)he desired alkylated
product were obtained, it could be reduced to provide the fully saturtkigdchain.
However, a virtually inseparable mixture of the desired pro8Biand compoun®4 was
obtained, arising from competitivey& substitution on bromidé2. This undesired
reaction often is encountered in alkylations with the more héaderenyl or geranyl
bromides, but usually in a much more favourable ratio. The decrs@&sedhindrance at
the 2’ position of bromide82 compared to prenyl or geranyl bromide apparently

significantly increases the likelihood of nucleophilic attack at that position.

1) n-BuLi, THF, TMEDA

TBSO OMOM 20 °C TBSO OMOM 1BSO OMOM
2) CuBr.DMS, -20 °C +
3)82,-20°Ctort X X
_—
OMOM 23% OMOM OMOM
77 83 84
Br\/\/\/\/
1:1.4

82

Figure 24. Formation of\@’ product84

Once these results were obtained, focus then was directed tonthessy of

analogues possessing simpler alkyl chains. Alkylation of compaimaith allyl
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bromide would give identical products whether a2 $r $2° mechanism prevailed.
Directedortho metallation followed by transmetallation of the resulting #tlgium to

the cuprate and alkylation with allyl bromide afforded the C—alkglaproduct in
reasonable yield (Figure 25). Removal of the silyl protecgrayp gave alcohoB5,
which was then treated with methanesulfonyl chloride to giventieemediate mesylate.
Treatment of the mesylate with Nal in acetone afforded the i@thdestandard Arbuzov
reaction with triethyl phosphite provided the desired phosphonéd@
Hydroboration/oxidation of compournkb with 9-BBN and HO, gave the hydroxylated
phosphonat&6, while palladium—catalyzed hydrogenation of phosphoiiétproduced

the n—propyl phosphonat®7. This short reaction sequence provided three of the desired

right—half phosphonates.

1) nBulLi, -20 °C
CuBr. DMS, then

OMOM allyl bromide OMOM
TBSO 2) TBAF
B —
66% N
OMOM OMOM
w 1) TEA, MsCl

85 R=O0OH
2) Nal, Acetone
3) P(OE)3, reflux 76 R = P(0)(OEY),

79%
1) 9-BBN

2) H,0, 3N NaOH, 39% .
30% H,0,, 50 °C / Ha, PA/C | 97%
I OMOM II OMOM
(EtO),P (EtO)2P
OH
OMOM OMOM
86 87

Figure 25. Preparation of phosphonatésand86—87
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Hydrogenation of the known benzylic alcot8® in the presence of Pd/C under
standard conditions afforded are8fein low yield (Figure 26). The major product of this

reaction was arer@in which the benzylic C—-O bond had been cleaved.

OMOM OMOM CHjs OMOM
HO HO
Hy, 10% Pd/C
X >
OMOM OMOM OMOM
88 89 90
10% Major product

Figure 26. Hydrogenolysis of the benzylic C—O bond

After reviewing the pertinent literature, a protocol was found Hmckv the
addition of 0.5 equivalents of ammonium acetate would prevent the undesirable
hydrogenolysis of the C-O boffd.Addition of ammonium acetate to the hydrogenation
reaction mixture did indeed provide the desired reduced compound (Figuré\Re).
treatment with tetrabutylammonium fluoride to remove the silylqmtotg group and
provide compoun@®9, conversion to phosphona® was accomplished via the same 3—

step procedure described previously.

1) Hy, 10% Pd/C

OMOM NH4OAc OMOM
TBSO 2) TBAF
_
N 84%
OMOM OMOM

91
1) TEA, MsCl l: 89 R=0OH

2) Nal, acetone 92 R =P(0O)(OEY),
3) P(OEt)s, reflux

61%

Figure 27.Synthesis of phosphon&@
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After isopentenyl phosphona® was obtained via previously reported methods
(Mente, N. Unpublished results, University of lowa), our next gead to introduce an
acetylene as a D-ring substituent. There are severatliter precederits* for the
successful installation of a vinyl dibromide using Corey—Fuchdgicgaconditions in the
presence of anrtho MOM-acetal (e.g., the conversion of aldehg@dcto dibromide97,
Figure 30). Therefore, attempts to prepare an alkynyl phosphorsiteefied on this
strategy’ to convert known aldehydé8® to vinyl dibromide99 (Figure 28). Instead of
the desired transformation, however, reaction of aldeBgdender the standard Corey—
Fuchs reaction conditions resulted in unexpected removal of one of the-ptOdcting
groups to provide phendl00 (Figure 29). Based on the literature precedence of this

reaction in similar substrates, it is unknown why the reaction miatesork in the present

case.
OMOM OMOM OMOM
TBSO TBSO Br TBSO
Zn, CBry, PPhs
- N, ) >

CHO Br N
OMOM OMOM OMOM
98 99 101

Figure 28. Attempted preparation of alkyi@l

OMOM OH
TBSO TBSO
Zn, CBr4, PPhg
CHO — CHO
OMOM 66% OMOM
08 100

Figure 29. Synthesis of pheri®0
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OMOM OMOM
Zn, CBry, PPh; Br
O >
95% Py
96 M 97 H

Figure 30. Literature precedence for vinyl dibromide formétion

In order to see if these conditions would remove a MOM-group in am swepler
system, TBS—protected benzyl alcoht! was allowed to react under the standard
conditions (Figure 31). In that case, only a complex mixture of progagsobtained,
and purification was not attempted. This suggests that either @ r the TBS
group, or both, do not survive under these reaction conditions. Furthermore, itoorder
verify that none of the reagents themselves were the problemeatieon was performed
upon commercially available aldehyd®2 (Figure 32). The desired vinyl dibromide
103® was obtained in an unoptimized yield of 49%, proving that at least thgentsa

were still viable.

OMOM

TBSO Zn, CBry, PPh3
E—

complex mixture

OMOM
7

Figure 31. Attempted MOM-removal of compoufid
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@) 0]
Zn, CBI’4, PPh3 Br
(0]
49% Z By

Figure 32. Successful preparation of vinyl dibronii@&*®

In order to circumvent these obstacles, in the end alkynyl phogehtbwas
obtained via alkylation of known benzyl alcoH®4® with 3—(trimethylsilyl)propargyl
bromide (05 Figure 33), which was obtained via deprotonation of propargyl bromide
and reaction with trimethylsilyl chloride.Conversion to the phosphon&at87 via the
intermediate bromide, and fluoride—mediated removal of the TMS group, pdovide

phosphonat&08in good yield.

OMOM nBuLi OMOM
CuBr. DMS
HO ™™s R P
B~ 105 Z
OMOM 22% OMOM

104 _ '
1) TEA, MsCl; LiBr |: 106 R = OH, R' = TMS

2) P(OEt)g, reflux 107 R= P(O)(OET)Z, R'= TMS

TBAF 108 R = P(O)(OEY),, R' = H
70%

Figure 33. Synthesis of phosphonhf8

With a majority of the targeted phosphonates in hand, the Horner—\Widdsw
Emmons condensations with aldehytfewere effected in the presence of NaH and 15—
crown-5 (Figure 34). In all cases, only the desirads-stilbene product was observed
(Table 1). Subsequent hydrolysis of the MOM protecting groups wescaut in the
presence of TsOH or CSA to provide analogh@$6 and68. In the case of isopentenyl
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analogue 67, attempted hydrolysis of the protecting groups resulted inngixe
decomposition and no recovery of the desired analogue. This could e aueimber
of factors including isomerization or hydration of the prenyfioler cyclization of the

resulting prenyl cation.

OMOM

R

OMOM
76, 86-87, 92, 95, 108

l NaH, 15-Crown-5

63-66, 68

Figure 34. Completion of the analogues

Phosphona R Stilbene¢ | Yield Targe Yield (%)
(%) (TsOH
7€ Allyl 10¢ 70 63 67
86 3-propanc 11C 65 64 74
87 n—propyl 111 75 65 73
92 Isopenty 112 — 66 73 (CSA
(2 steps)
95 Isopenteny 11:¢ 62 67 —
10¢€ Propyny 114 — 68 26
(2 steps

Table 1. HWE condensations and hydrolysis reactions
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As presented above, the natural schweinfurthins exhibit potent ancbrditier
cytotoxicity in the NCI's 60—cell line cancer screen. Of th# lnes tested in the NCI
assay, the human—derived glioblastoma cell line SF-295 is one ofodtesansitive to
the growth inhibitory effects of the schweinfurthins, while the hurdanved lung
adenocarcinoma cell line A549 displays only moderate sensitivttyetschweinfurthins.
Based on this difference in antiproliferative activities, a -gedl line screen was
developed to determine whether synthetic analogues of the sdustl@ns exhibit the
same basic pattern of cytotoxicity as the natural compoundsintiis testing scheme,
all of the prepared compounds display schweinfurthin—like activity, bubobiserved
potencies vary greatly.

One subset of these analogues can be viewed as the groupmaithalkyl
substituents on the D-ring, compourgi3-66 and 68. All five of these compounds
showed anti—proliferative effects in the low or sub—micromolageavhen tested against
SF-295 cells (Table 2), and substantially less activity wherdtestbe A549 cells. The
most potent compound in this set was the isopentyl comp66nadhdicating that the
presence of an olefin at this position is unnecessary for adtivihe SF-295 cell assay.
This compound also showed approximately 10—fold lower potency againgtStte
cells. Comparison of the ClogP values of compoufds66 reveals a tentative
correlation between hydrophobicity and cytotoxic activity (Table Zjhe hydroxyl
moiety in analogu®&4 leads to a decrease in activity in the sensitive cell litgevthe
presence of hydrophobic methyl groups in anald@fu@ppears to contribute to slightly
increased anti—proliferative activity relative to compoGbd

Compared to the first set of compounds, the two heterocyclic compounds,
benzofuran69 and its dihydro analogug0, showed somewhat less potency against the
SF-295 cell line, although dihydrofurafO was more active than its benzofuran

counterpart. This result is in agreement with findings observed in a similgr$tud
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Compound ClogP SF-295 A549
ECsc (uM) ECsq (uM)
63 5.75 1.7 >10
64 4.62 2.5 >10
65 6.05 0.9 >10
66 6.79 0.4 4.2
68 5.16 1.3 >10
69 5.11 4.8 >10
70 4.84 2.9 >10
71 6.98 2.8 >10
72 6.58 2.9 >10
73 6.95 >10 >10
74 8.04 >10 >10

Table 2. Activity of synthetic schweinfurthins in a two—cell screen

Assays on the final compounds suggest that reduction thtisestilbene olefin
diminishes activity (e.g.{1-73versus66). Isomerization of 3dSBL, EG;y's of 0.5 and
6.4 uM, respectively in this assay) to this olefin 74 has an even greater negative impact
(ECses of >10uM in both cell lines). This outcome is interesting given thaedar
potencies observed ms andtrans analogues of medicinally important stilbenes such as
resveratrdf* and combretastatiff.

Of the eleven compounds tested in the two—cell assay, comp&6nd
demonstrated the greatest potency against SF-295 cells, alongMathodd difference
in activity between the two cell lines. When this compound wsieden the 60—cell line

assay at the NCI, it also showed significant potency (Figure Bbjhe NCI assay, the
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average Gb across the 60 cell lines was 029, and the GJp in the SF-295 cell line
was ~33 nM, making this one of the most potent schweinfurthin analoguzde. Its
potency in the 60—cell line screen exceeds that of several oatheal products (e.g. SA
and SB), which will encourage additional efforts to improve the agtiwof
schweinfurthin analogues. Furthermore, theo®hlues varied over the 60—cell lines
examined by more than three orders of magnitude. This langg nig indicative of
selective toxicity. Conversely, compou®® proved to be one of the least active
compounds tested in the two—cell assay. When this compound wasitetedNCI's
60—cell line assay, its averagesglvas 4.9uM, suggesting a weakly active compound,
and it exhibited virtually no differential activity across the @&l dines (Figure 36).
Taken together with the results obtained from testing comp66ritlis suggests that the
two—cell line assay is an effective means for rapidly estaregy analogues to identify

schweinfurthin—like activity.



Panel/Cell Line L0g1nGI5C G150
Leukemia
CCRF-CEM 6.83 -
HL-60(TB) -6.60 ]
K-562 -2.93 —
MOLT-4 -7.34 e
RPMI-8225 -7.78 ——
SR -7.05 —
Non-Small Cell Lung Cancer — fereerme o e e e
AB49/ATCC 6.78 -
EKVX -6.33 -
HOP-62 -7.29 S
HOP-92 -5.82 —
NCI-H226 -5.16 —
NCI-H23 -5.89 —
NCI-H322M -6.03 —
NCI-H460 -7.18 S
NCI-H522 -5.88 —
Colon Cancer e et ee e e b e e e e )
COLO 205 -6.05 —
HCC-2988 -6.10 —
HCT-116 -7.33 —
HCT-15 -6.74 -
HT29 -6.09 —
KM12 -6.56
SW-620 -6.67 -
CNS Cancer e e e e i e b e e e e )
SF-268 -B5.67 -
SF-295 -7.48 —
SF-539 -7.54 e—
SNB-18 6.43 u
SNB-75 -7.22
U251 -7.20 S
Melanoma === Jee e iesmiaeimameanimancrnnmamnnr ) annn i an e aa b
LOX IMVI -7.15 —
MALME-3M -5.85 —
M14 -6.61 3
SK-MEL-2 -5.35
SK-MEL-28 -6.91 =
SK-MEL-5 -7.08 _—
UACC-257 -5.47
UACC-62 -6.71 -
Ovarian CanCaer e e e e e e aee e b e et ),
IGROV1 -6.29 -
OVCAR-3 6.38 =
OVCAR-4 -5.85 —
OVCAR-5 -4.97 ——
SK-OV-3 -4.94 ——
Renal Cancer b e b
7 = '7.99 ——
A498 -6.80 -
ACHN -6.51
CAKI-1 -7.15 —
SN12C 6.13 —
IK-10 -5.20 —
ua-31 -7.33 —
Prostate Cancer == Feericeiieeiiceiiee i aieieiei i aneieeeiea e e eae e aan e e b
PC-3 6.78 -
DU-145 -6.62 b
Breast CAnCer e e e ia e aee e aee e bt et a et )
MCF7 ) -7.37 —
NCI/ADR-RES -5.63 —
MDA-MB-231/ATCC -5.76 —
HS 578T -7.51 e—
MDA-MB-435 -6.30 -
BT-549 -6.44 o
T-47D -9.69 —
MDA-MB-468 -6.07 —

Figure 35. 60 cell line data, compousl

36
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Panel/Cell Line LogmGISO G150
Leukemia
CCRF-CEM -5.39 b
HL-60(TB) -5.52 ™
K-562 -5.51 =
MOLT-4 -5.77 f—
RPMI-8226 -5.84 f—
SR -5.68 f—
Non-Small Cell Lung Cancer = ferroreammemreammanimaianannaaaannanaaafeeeeenaa e eiaiaanaaaaaanaes
A549/ATCC -5.31
EKVX -5.24 o
HOP-62 -5.00 -
HOP-92 -5.13 -
NCI-H226 -4.88 —
NCI-H23 -5.16 =
NCI-H322M -5.26
NCI-H460 -5.48 =
NCI-H522 -5.28
Colon Cancer e e b e
COLO 205 -4.97 —
HCC-2998 -5.21 d
HCT-116 -5.46 =
HCT-15 -5.30
HT29 -5.10 -
KM12 -5.38 b
CNS Cancer b e b
SF-268 -5.22 o
SF-295 -5.60 -
SF-539 -5.64 f—
SNB-19 -5.38 ]
SNB-75 -5.77 f—
U251 -5.62 =
Melanoma @ e e e e e
LOX IMVI -5.35
MALME-3M -5.20
-5.22
MDA-MB-435 -5.20
SK-MEL-2 -5.41
SK-MEL-5 -5.47
UACC-257 -5.18
UACC-62 -56.32
Ovarian Cancer = Fececiaicciiansasnninratatasnannaaassnsnafasarastnanaantainintannnnnnnn
IGROV1 -5.31
OVCAR-3 -4.94 —
OVCAR-4 -4.94 —
OVCAR-5 -4.68 —
OVCAR-8 -5.08 L
NCI/ADR-RES -4.76 —
SK-OV-3 -5.07 -
Renal Cancer e e e
786- -5.62
A498 -5.12
ACHN -5.28
CAKI-1 -5.36
RXF 393 -6.44
SN12C -5.12
TK-10 -4.88
Uo-31 -5.46
Prostate Cancer = =000 Jesssssssasssssnsanininsasrasasasanansnaharasanannananininininnnnnnnnn
PC- -5.26
DU-145 -5.19
Breast Cancer e e e e
MCF7 -5.53
MDA-MB-231/ATCC -5.09
BT-549 -5.50
T-47D -5.23
MDA-MB-468 -5.23

Figure 36. 60 cell line data, compourigl



38

In conclusion, these studies have led to the preparation of a several new
schweinfurthin analogues with variations in the nature of the salbdefin and the
substituent at C—4’ of the D—ring. The paucity of functionality indige chain of the
most potent compound, the isopentyl analodi& may suggest that increasing
hydrophobicity is more important than interaction with a specificctional group.
Given this perspective, the activity observed in the heterocyclipoconds69 and 70
encourages exploration of other heterocyclic systems, espetidigyican be prepared
with an additional alkyl substituent in the E-ring. Finally, eitieeluction of the stilbene
olefin (e.g.71-73) or isomerization of the stilbene olefin from ttnans stereochemistry
to thecis (74) diminishes activity in the SF-295 cell line.

The two—cell assay for screening synthetic analogues has powe effective in
quickly identifying potent and selective compounds. In this studyglallen new
schweinfurthin analogues were pre—screened in the two—cell asftaythe most potent
compound of the set was identified, confirmation of this analogueatgatias obtained
via the NCI's 60—cell line assay. As a proof of concept, ontefeast active of the
analogues in the two—cell assay also was tested in the 60reedissay and displayed
both reduced cytotoxicity and lessened differential activity. Thwgpears reasonable
to use this facile screening process for more efficieninggsof future synthetic
analogues.

At this time, the mode of action and/or molecular target of thevasinfurthins
remain unknown. Given the preservation of activity despite variaitiotie alkyl chains
at C—4’, this position appears to be a reasonable site for ptigpaof biotinylated

derivatives.
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CHAPTER 3
SYNTHESIS OF SCHWEINFURTHIN ANALOGUES FOR
AFFINITY EXPERIMENTS

In order to elucidate the mechanism of schweinfurthin toxicittywvould be
desirable to identify the intracellular binding partner(s).théligh numerous kinds of
interacting molecules are possible, including lipids, nucleotides, @moteins, we
hypothesize that the schweinfurthins bind directly to a protein baseleir reactivity,
chemical structure, and overall pattern of cytotoxicity. Tthapter will detail the
exploration of chemical modifications to the schweinfurthins to yisddful analogues
for affinity bioassays. For these analogues to serve as uaigarobes, they must
exhibit the characteristic schweinfurthin pattern of biologicetivdy. Here we
demonstrate that schweinfurthin analogues biotinylated off theén® 1) display
schweinfurthin—like activity in a relevant two—cell line scre@y;induce the same
characteristic morphological changes in cancer cells as tbeahproducts; and 3) can
be used in affinity bioassays to assist in the isolation/detatiron of possible
schweinfurthin—binding proteins.

During the course of our studies, we have reported not only the tatakesgs of
several natural schweinfurthins, but also the preparation of numemahetc analogues
for structure—activity—relationship (SAR) studiés$' ®?In particular, we have synthesized
a schweinfurthin allylic alcohol1(L5 Figure 379 which exhibits potent and differential
cytotoxicity in the distinctive schweinfurthin pattern (meagoyGl1.0uM in the 60—cell
line assay), indicating that structural modifications atdistal end of the geranyl chain
do not affect significantly the biological activity. Therefofeschweinfurthins bind to a
protein, then alterations to this region of the molecule presumablydshoulinterfere
with protein binding. Conversely, the limited activity of schweinfurt@i (L6) suggests
that the A— and B—rings of schweinfurthins 23\ and B (4) are essential for activity,

and that extensive modifications in this region would not be tolerated.
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Figure 37. Schweinfurthin allylic alcohdlL5

A retrosynthetic analysis of a biotinylated schweinfurthin eoga¢ (16) is
detailed in Figure 38. Late—stage esterification of D—bidtir8)(and the schweinfurthin
analoguell7 followed by removal of the phenolic protecting groups would provide the
desired target. Disconnection of the stilbene olefin could afforéitiieer—Wadsworth—
Emmons coupling partners aldehytieand phosphonatel9. Phosphonat#19 could be
obtained from benzyl alcohd20, which in turn could result from alkylation of the

corresponding benzyl alcohb21 under standard conditiorfs.
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116

OoP OoP
HO HO
A op2 >
OoP

120 121

Figure 38. A retrosynthetic analysis of the biotinylated schweinfurthiloguel16

Several challenges were anticipated in the synthesis ofrifet tompound.16.
First of all, an efficient alkylation of the right-half benzgicohol 121 to produce

compoundl20was required. Secondifferential protection and deprotection of the D—
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ring phenol moieties might be problematic, especially at adtatge in the synthesis.
Finally, attachment of the biotin moiety and isolation of thegiacgmpound could prove
difficult in light of previous work in our labs (Salnikova, M. Unpublisheduits,
University of lowa).

Initial attempts to prepare a differentially protected D—rsodpstructure utilized
the protected aldehydE27 (Figure 39). The alkyl chain for the D—ring was prepared
from commercially available geranyl acetat®2). Epoxidation of geranyl acetat&?Q)
with m—CPBA provided the known epoxid®23° in high yield, and periodate cleavage
of the epoxide provided the known aldehyti24 in modest yield” Protection of
aldehydel24 as the dimethyl acetal and hydrolysis of the acetate under é@nditions
provided known allylic alcohal26.'®® Conversion to bromid&27was accomplished via

the intermediate mesylate, yielding a product that was used without fputigcation.

(0]
m CPBA NaIO4 AcO <
\/Y\/Y 9190 52% H
124

CeCly* 7H,0
0, 3 2
77/"1 CH(OMe)5

CHa, CH3\

o
R _CH, K2CO3 MeOH Hs
N O
93%

1) MsCl, TEA 126 R = OH
2) LiBr 127 R=Br

Figure 39. Synthesis of allylic bromid27

Treatment of benzyl alcoh@P4 with 2 equivalents of strong base in the presence
of TMEDA abstracts both the hydroxyl hydrogen and the hydragto to both of the

MOM protecting groups to produce the corresponding dianion (Figure 40).
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Transmetallation to the cuprate and subsequent treatment vaithider 127 should

provide the C—-alkylated product without the need for protection of the balcpjol '

Unfortunately, only a trace amount of the desired product was obtaiti@d scase. This
may be due to the difficulty of forming the dianion; if any of thagents is not strictly
anhydrous or the equivalents of base are incorrectly measured,otineation of the
dianion may not occur. After this failure to obtain the desired produate care was
taken to use strictly anhydrous reagents and to control reagemtlegts with special

care.

oMoM 1) TMEDA, n-BuLi

HO 2) CuBr- DMS
3) 127
— X
OMOM
104

Figure 40. Attempted alkylation of benzyl alcoio4

As part of our studies on tandem cascade reactions, it has eensti@ted that
similar alkylations can be accomplished using the more epglyared epoxy bromide
129 (Figure 41f* Following epoxidation of geranyl acetate, removal of the allyli
acetate provides alcohdl8 which can be converted readily to bromiti29 via the

intermediate mesylate.

O

O  K,CO3, MeOH
AcO 23 R

1) MsCl, TEA 128 R=0H
123 2) LiBr 129 R=Br

Figure 41. Preparation of bromid@9
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Using freshly distiled TMEDA and recrystallized CuBreDMS kydation of
compound77 with bromide 129 afforded epoxidel30 in reasonable yield (Figure 42).
Following deprotection of the benzylic alcohol upon treatment with T,BAé¢avage of
the intermediate epoxidevas accomplished in modest yield by treatment with 1
equivalent of periodic acid. It should be noted that cleavage camslititilizing sodium
periodate, an excess of periodic acid, or elevated temperagsdted in significantly
reduced vyields. Instead of using a protected aldehyde, itdeeisled that an allyl—
protected alcohol would be preferable due to the ease of deprotéttiRver-protection of
the benzyl alcohol as the silyl ether and standard borohydride idoétaldehydel 31
provided alcoholl32 Treatment of alcohdl32 with NaH and allyl bromide afforded
allyl ether 133 in good vyield. Subsequent reaction of compodB8 with TsOH in

MeOH resulted in the unexpected formation of efl8as the major product.

OMOM 1) TMEDA, nBuLi OMOM 1) TBAF (94%) OMOM
TBSO 2)CuBrDMS  1BSO o 2 Hs0g(63%) T
9129 3) TBSCI (90%)
OMOM e

OMOM OMOM

Br\//\§(/\\//<;k/
NaBHLll 93%

77

129

TsOH, MeOH OMOM . OMOM
HO o. f S A M 1Bso NaH, Allyl bromide TBSO
- -~
o 24% N o NF 8% N oH

OH OMOM OMOM
134 133 132

Figure 42. Unexpected cyclization to produce elfszr

In light of these results, it was determined that our group hesmgatished a
MOM deprotection in a similar substrate using CSA (Figure®*43However, when
compoundl33was allowed to react with CSA, etHi84 again was obtained as the major

product as indicated by TLC.



45

Figure 43. Acidic hydrolysis of schweinfurthin analogu8%*®

After these disappointing results, it was decided to study theopisyireported
schweinfurthin analogu&l5, a strategy which would improve the convergency of the
route and minimize late-stage protecting group manipulationsRegioselective
oxidation of geranyl acetatdZ?) to the intermediate aldehyde followed by reduction
provided allylic alcoholl36 (Figure 44).® Protection of the alcohol as either the TBS or
TBDPSI ethers and removal of the acetate afforded known alctBa@land 138 **°

Conversion to the respective bromid&®and140was straightforward.

1) Se0,, 4-HBA

t-BHP, CH,Cl,
2) NaBH,
AcO N N _ AcO N x OH
45%
136
122 1) TBSCI or TBDPSCI
~75% Imidazole
2) K,CO3, MeOH
1) MsCl, TEA
2) LiBr
R = TBS (139) or TBDPS (140) R =TBS (137) or TBDPS (138)

Figure 44. Synthesis of bromid&39and140
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Once the bromide439 and 140 were in hand, a SEM-based protecting group
strategy was explored (Figure 45). It was believed th&M-protected phenol would
make the final global deprotection more facile while still expigi the directing
influence of the SEM group in the initial alkylation step. Téguisite protected benzyl
alcohol 144 was prepared as shown in Figure 45. Methylation of the SEM—prbtecte
phenol 141 proceeded in modest yield to produce edi#? Reduction of the ester
functionality proceeded smoothly and was followed by TBS pratedid provide the
desired aren&44. Unfortunately, attempted alkylation of the protected alc@Hdlwith
bromidel40was unsuccessful. Only trace amounts of the desired productietected
by TLC, and due to the cost of commercial material and the protitepraparation of

SEMCI, this reaction was not explored further.

o 1) TMEDA, n-BuLi

2) CuBr- DMS
OSEM
MeO OSEM LiAlH, RO 3) 140
—_— —X—>
95%

OR OCHs

141 R=H TBSCI 143 R=H
Me|’5}é§/f o 142 R=Me Imidazole 144 R =TBS

70%

Br\/Y\/YOTBDPS

140

Figure 45. Attempted alkylation of a SEM—protected right hédf

Several different methods for phenolic MOM—deprotections were eglasing
protected aren@&7. These conditions includedIR*! CBr, and PPh'? and TMSBr in
the presence of molecular sievEs. Each trial resulted in either recovered starting

material or complex mixtures which were not purified.
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P,l,
OMOM o OH
TBSO CBry, PPh; 1350
or
TMSBr
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OMOM OH
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Figure 46. Unsuccessful strategies for MOM-deprotection

Deprotection of the MOM acetals finally was accomplished amee advanced
phosphonate intermediate (Figure 47). Alkylation of benzyl alct@dlwith bromide
139and conversion to phosphondi#/ was accomplished in modest yield. Treatment of
phosphonatd47with TsOH in MeOH effected cleavage of the MOM—protecting groups
without affecting the phosphonate moiety. Subsequent silylation witBCTBand
imidazole provided the tri-TBS protected phosphodd@in modest yield, presumably
due to steric hindrance at the phenols. Unfortunately, the attemptédddWwdensation
of phosphonatel48 with aldehyde75 was unsuccessful and provided only a small
amount (< 2 mg) of a product possessing at least three difialgrgthers due to partial
deprotection and/or migration. A review of the literature revetilat although phenolic
silyl ethers commonly are believed to be stable to base, theyarfeprone to cleavage
and/or rearrangement under basic conditions because phenoxide aaiamugh more

stable leaving group than a simple alkoxite.
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Figure 47. Attempted HWE olefination of aldehydteand TBS—protecteii48

In light of these findings, a chemoselective esterification of uapred
schweinfurthin analogu&50 with D—biotin (L18) was envisioned (Figure 48). In this
scenario, the schweinfurthin analogue would be synthesized via stgmdaetiures,
deprotected, and then treated with D-biofidj to provide the desired compoutd9.
During this work, it was discovered that protection of at leastobriee D—ring phenols
led to greatly increased stability of the resorcinol subsitract Therefore, all subsequent

work utilized analogues comparable to compoLbd
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Figure 48. Esterification of schweinfurthin analodis® and D—biotin {18

A survey of the literature revealed only a few examples of tgpe of
transformatiort’> *** In one relevant case, Smith and coworkers reported the use of
Mitsunobu conditions to effect the chemoselective esterificatioa pfimary alcohol

(152) in the presence of a phenol (Figure #9).Their reaction proceeded in excellent

yield to provide the desired estEs3

OH Ho ] DEAD, PPhy © ]
o0 L/ 0 92% o L ) o
HO HO

151 15 O/% 153 o/k

Figure 49. Chemoselective esterification in the presence of a pfienol

To test whether a parallel reaction would work in a simplifieec a

chemoselective esterification of benzyl alcod4 and hexanoic acid1p5 was
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attempted (Figure 50). In this instance, however, despite carfglidlywing the reported

literature procedure, only diestEs6was obtained.

o)
Q )J\/\/\
OH )J\/\/\ DIAD, PPhg 0 0
+ —>
HO 49%
HO o
154 56

155 1

Figure 50. Synthesis of diestE56

With the hope that steric hindrance at the D-ring phenol of schwdiimfurt
analogue150 might limit esterification at this site, the EDC—mediatexipling of
unprotected schweinfurthin analogl®0 with D—biotin 18 was examined (Figure 51).
Synthesis of arenE58 began with known benzyl alcohbb7.°* Regioselective formation
of the lithiate, transmetallation to the cuprate, and subsequenatalkylvith bromide
139 gave the C-alkylated produt®8 in modest yield. Subsequent conversion to the
phosphonate was accomplished via standard reaction conditions, and fluoridéegnedia
silyl group removal afforded phosphondi®9 Phosphonat&é59 was allowed to react
with tricyclic aldehyde75 in the presence of NaH and 15-Crown-5 to provide the
protected stilbend60. Deprotection of the MOM-acetal was effected using TsOH in
MeOH to provide phenoll50 in good vyield. Unfortunately, when schweinfurthin
analoguel50 was treated with D—biotinl{8 in the presence of EDC, no product was

detected by TLC analysis.
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1) TMEDA, nBuLi

OMOM 2) CuBr- DMS OMOM
HO 3) 139 R
34% = = OR
OCH; OCHs
157
1) MsCl, TEA 158 R=OH, R'=TBS

2) Nal, Acetone )
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Br 4) TBAF
X X
\/\(\/\(\OTBS §90s l

75, NaH, 15-crown-5
71%

TSOH 160 R=MOM  (cH,
MeOH 150 R=H

56%

% D-biotin (118), EDC. HCI

Figure 51. Attempted biotinylation of compoub80

Based on the hypothesis that the esterification may have beesssful but that
the visualization and isolation of the product may have been diffibeltibtinylation of
two relevant allylic alcoholslg1l and136) was attempted using the reaction conditions
reported by Myers and coworkers (Figure 52).Both of the desired products were
obtained in low yield, but these experiments provided insight into thatimoland
purification of biotinylated substrates.  After this success, themoselective
esterification of analogud50 was attempted again, but once again no product was

detected.
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16%
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Figure 52. Biotinylation of prenoll61) and allylic alcoholL36

Because the chemoselective esterification strategy fédeafford the desired
target, it was decided to test whether MOM—deprotection would pracdbd presence
of an allylic ester and biotin moiety. The EDC—mediated dist@tion of stilbenel60
and D-biotin 118 afforded biotinylated analogus4 in modest yield (Figure 53). As
expected, however, MOM-deprotection of compolidusing various acidic conditions
proved unsuccessful and resulted instead in cleavage of the adlidicto afford alcohol

160.
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D-biotin (118), EDC# HCI
] QCHs 48%l HOBL, TEA

164 R =MOM
149 R=H

Various acids

Figure 53. Acidic cleavage of allylic estH84

To avoid the possibility of ester hydrolysis, an amide linkage tbithten moiety
was examined because it should be more stable to acidic hydrohiigizre 54).
Treatment of analoguk60 with phthalimide under standard Mitsunobu conditions gave
the desired compounti65'® Treatment of phthalimidd65 with hydrazine hydrate
followed by EDC—mediated condensation with D—biofid§) afforded the biotinylated
schweinfurthinl166. Finally, acidic hydrolysis of the MOM-acetal provided the ¢arg

compound46in high yield.
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Phthalimide

PPhs, DIAD
160 —— » HO

58%

OCHg 58% 1) NH2.N|.‘|2'H20
2) D-biotin (118), EDC -HClI

O
JOK/\/ ) HN\(
NH e NH
OCH3 S H
TsOH 166 R = MOM
MeOH l: 46 R=H

71%

Figure 54. Successful preparation of biotinylated analdgue

We also decided to design and synthesize an appropriate control compound for
use in the pull-down experiments (see Chapter 1). Stild&7e which lacks the
hexahydroxanthene left—half or “warhead” of the schweinfurthins, sHaualdion as a

less active biotinylated analogue (Figure 55).
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167

Figure 55. Biotinylated analogd& and target foil compound.§7)

The condensation of 3,4—dimethoxybenzaldehyt&8)( with phosphonatel 59
proceeded in good vyield to produce stilbet@9 (Figure 56). Conversion to the
phthalimide 200 proceeded smoothly and subsequent reaction with hydrazine hydrate
provided the intermediate amine, which was carried on without fyptivércation. The
amidation of the amine with D—biotiri18 appeared to be successful by TLC analysis,
but following attempted purification of the reaction mixture, analg$ithe NMR spectra
revealed a ~1:1 mixture of the desired prodlitd and the methyl ester of D—biotin
(171).** When this mixture proved difficult to separate, the mixture weastad with
TsOH in MeOH in hopes that the two compounds could be separated fglowi
deprotection of the MOM-acetal. However, this also produced an inb&parixture of
the two products. While liberation of a D—-ring phenol has proven negdegaroduce a
biologically active schweinfurthin analogue, it may not be meguiin a control

compound for the pulldown experiments. Even the presence of some hietimy(171)
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may not be problematic in these experiments. Therefore, furtferseto purify
compoundsl67 and 170 were postponed pending determination of the needs of our

biologist colleagues.

OCHs

CH30 ICI) OMOM
+ (EtO),P
=0 AN X OH
H OCHj3
168 159

NaH, 15-Crown-5
78%

o
/
N
200 o

1) NH,NH,» H,0
2) EDC HCI, D-biotin (118)

J\/\/‘ " HN " HN
NH CH3OJ\/\/ 6<NH

S H

TSOH, MeOH [ igg Sf mo""

Figure 56. Inseparable mixture of target compol®dand biotin estet 71
With biotinylated schweinfurthin analogud$, 164, and 166 in hand, it was

decided that an even more potent biotinylated analogue might bévelgla

straightforward to prepare. Due to the availability of aldehydg™® the synthesis of a
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schweinfurthin B biotinylated analogue was undertaken (Figure 57idatipn of benzyl
methyl etherl72 with DDQ proceeded in good yieltland HWE olefination of aldehyde
173 with phosphonatel59 produced stilbenél74  Treatment of alcoholl74 with
phthalimide provided the desired compou2@l in low yield for unknown reasons.
Reaction with hydrazine hydrate provided the intermediate ammé EDC—mediated
biotinylation proceeded efficiently as indicated by TLC analysiseatment of MOM—
protected compound75 with TsOH in MeOH hydrolyzed the MOM-acetals over
several days as indicated by TLC analysis. Unfortunatieé/isolation and purification
of the target compound76 by preparatory TLC proved problematic due to the very

limited amount of material available after several low—yielding stepaccession.
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Figure 57. Attempted synthesis of biotinylated schweinfurthin B

When unprotected left—half aldehydE/7 became available, the previous
sequence was attempted again (Figure 58). In this case, howevdWME condensation
of aldehydel77 with phosphonaté59was unsuccessful, producing < 1% of the desired

product. Others in our group have experienced similar difficulties whigeny aldehyde
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177 in attempted HWE condensations of related systems, work which&vileported

elsewhere.

HO.... OMOM

NaH, 15-Crown-5

" e
HO' \ A OH

OCH;

177

159

Figure 58. Attempted HWE condensation of aldehljdiéand phosphonatks9

Following a review of the pertinent literature it was decidet & longer linker
between the schweinfurthin core and the biotin moiety might be adwenis (see
Chapter 1). It was envisioned that a schweinfurthin allylic sidelsuch a481 could be
coupled to the known amido—biot80 (Figure 59), which was prepared via a known

procedure from commercially available amine §@Band NHS—biotin 179.***

0
° 0 o) 0
HN 1) TEA (86%) H N~
- + H
BOCNH_ NH,-HC N\OJ\/\/"" T;/H 2) TFA (93%) )J\/\/ j,\TH
— > H,NTENH
0 179

S H S H

178
180

Figure 59. Known synthesis of biotin conjugag8o*

To examine this approach, allylic alcoHbl4 was oxidized to the intermediate
aldehydel81, which was carried on without further purification (Figure 60).eipted
Pinnick oxidatiorf* of aldehydel81 led to extensive over—oxidation, giving a complex

mixture. Due to the lack of additional material, this reactios nat attempted again.
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Therefore we proceeded with biological evaluations of the biotilognes46, 164, and
166, and resolved to return to the preparation of other biotinylatatbgues only if

needed for further pulldown experiments of the presumed protein target(s).

174 R=CH,0OH

MnO2
2-methyl-2-butene, 181 R=CHO
NaClO,, NaHPO, l; 182 R=CO,H

Figure 60. Over—oxidation of aldehyd81

As mentioned above, maintaining schweinfurthin—like activity probabtyitical
to the utility of these biotinylated compounds. To test whether plated
schweinfurthin analogued6, 164, and 166 display schweinfurthin—like activity, they
were tested against the human—derived glioblastoma multiforinineeSF-295 and the
lung adenocarcinoma cell line A549. In general, SF-295 cells arey lghkitive to
schweinfurthin treatment, while A549 cells are relatively ingimesto schweinfurthin
treatment. Results from these two assays are indicatiegeséll schweinfurthin—like
activity in the 60—cell screen at the NCI, as demonstrated in a recent’feport.

The results of these experiments are displayed in Figure 6lloghes164 and
166, which possess MOM-—protected D-ring phenols, exhibit decreased aatyaiyst
SF-295 cells (E§ = 3.08 and 1.07uM, respectively) in comparison to 3-
deoxyschweinfurthin B (3dSHL5, EGso = 0.5uM in this assay). This is not surprising
due to the absence of D-ring hydrogen bond donors, a factor whitleérmshown to be

important in previous studié€s. As with the natural schweinfurthins, analogiéd and



61

166also are relatively inactive against the insensitive A549 (5, >10 and 5.04M,
respectively). Amide schweinfurthin analogl& which possesses a free phenol in the
D-ring, demonstrates somewhat higher potency in the SF-295 cell Gae<B.98uM)
than analogue$64 and 166, while displaying the characteristic lower sensitivitythe
A549 cell line (EGy = 6.4uM). This not only makes analogdé a promising candidate
as a biotinylated probe, but also indicates that attachment of biotivis position does

not significantly affect the interaction between the compound and its presunmetd targ
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Figure 61. Concentration—response curves of compotf)d$4, and166in SF-295 (A)
and A549 cells (B).
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In order to demonstrate further the “schweinfurthin—likeness” ofinyiated
probe46, our collaborators at NCl-Frederick have performed experiments to confirm tha
this biotinylated compound induces the same morphological changes Ib8KR
astrocytoma and K16561 malignant peripheral nerve sheath tumour (MREE as
schweinfurthin A 13).* Treatment of these cell lines with schweinfurthinl®)(causes
a disassembly of the stress fiber network of the cells assaiped result of SA acting as
an on/off switch to Rho, a small GTPase that regulates the stotss fiber network.
Comparable morphological changes are observed upon treatment wiihylhted
analogue46, indicating that it is probably acting at the same targethasnatural
schweinfurthins.

Once it was determined that the amide biotinylated analdgugemonstrates
schweinfurthin—like activity in a relevant two—cell screen, anduces the same
morphological changes on actin stress fiber as schweinfurthinwgs then utilized in
pull-down assays with SF-295 cell lysate. This data is discussiedaih elsewhere (C.
Kuder, Unpublished data, University of lowa), but several proteins sefated as a
result of these experiments. These proteins were identifiddiSognd include vimentin,
a voltage dependent anion channel, keratin, and histone H2b. At this tmentivi
appears to be the most likely binding partner, but more work rertabe done in order
to verify these findings.

In conclusion, the synthesis of biologically active biotinylated sohfrthin
analogues has been more challenging than anticipated. Multhigtactes were
encountered along the way, including the efficient alkylatiorhef@-ring substructure,
the need for differential protection/deprotection sequences, and problémsthe
isolation and purification of the target compounds. Neverthelesss thotinylated
schweinfurthin analogues have been prepared and were tested by laboratdrs
against SF-295 and A549 cell lines to determine if they exhibit scfusthin—like

activity. The MOM-protected analogu&64 and 166 exhibit decreased activity in the
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SF-295 and A549 cell lines, while amido-biotinylated schweinfuréndisplays
schweinfurthin—like activity in the SF—295 and A549 cell lines. Funtbee, the amide
biotinylated analogud6 has been shown to induce the same characteristic morphological
changes in KR158 astrocytoma and K16561 MPNST cells as schweinfukthi
indicating that it probably interacts with the same bindingneafs) as the natural
schweinfurthins. Based on these results, biotinylated anaftwas used in pull-down
experiments, and several proteins were isolated and identifiede Wok remains to be
done to verify the identity of the protein(s) isolated in thiyy \wad to determine their
importance. However, this work appears to confirm that the schwéimisirtarget
proteins as opposed to other potential biological targets. Thesdseéfiso have
illuminated routes to synthesize more potent biotinylated anatogdiethe natural

schweinfurthins if that should prove necessary.
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CHAPTER 4
CHEMO- AND STEREOSELECTIVE SYNTHESIS & AND Z-MOM-—
PROTECTED ENOL ETHERS

The usefulness of new methodology depends not only on the availahiitcost
of its starting materials, but also on its efficiency, geitgraand the degree of
complexity it achieve§* In our synthetic route to compounds such as tricytB&sand
187 (Figure 62), we utilize economical and readily available stammagerials: ethyl
acetoacetatel02) is commercially available in kilogram quantities and readily vyakes
alkylation to provide intermediates suchpfasketo ested83in high yield. Furthermore,
MOMCI is easily prepared in our labs on large scales fiogxpensive starting
materials’?®> At the outset, however, the efficient stereoselective syntbégis and E—
“MOM protected” enol ether&84 and 186 proved problematic. Utilizing the conditions
reported by Gibbs and coworkers in their stereoselective synthiesisol triflates'?
deprotonation off—keto esterl83 by KHMDS in either THF or DMF at varying
temperatures followed by treatment with MOMCI provided the desired MOM—eresketh

in poor to modest yields.
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1) KHMDS, THF,

78 °C
2) MOMCI
(@] OEt /
~ O
© 1) KHMDS, DMF
183 -60 °C ’ !
2) MOMCI

E-enol ether 186 Ester 187

Figure 62. General route to tricycle85and187

In general, the two stereocisomers are readily separated diymic
chromatography, although their separation from the startingriabts somewhat more
difficult. The stereochemistry of the various products can lermeed easily by
examination of theitH NMR spectra. Benito and coworkers prepared methyl enol ethers
188 (2) and 189 (E) from ethyl acetoacetate (Figure 63). Following standard NOE
experiments to determine the relative configurations of the ¢hetss they found they
could then use th#H NMR chemical shifts of the vinylic methyl hydrogensaasimple
indication of the stereochemistry. Due to the deshielding effiette ethyl ester, the
hydrogens of thesyn methyl group appear somewhat further downfield than the
hydrogens of thanti methyl group (2.3 versus 2.0 ppm, respectively). A similar trend i
seen in théH NMR shifts of the vinylic methylene hydrogenszn andE—vinyl triflates
190and 191 (2.4 and 3.0 ppm, respectivel§).This indicates that, at least in relatively
simple substrates, the electronic nature of the new enol substiagfhttle effect on the

trends observed for these key chemical shifts. In the case aidE-MOM—protected
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enol ethers, such as compourit4 and 186 (Figure 62), the respective resonances

appear at 1.9 and 2.3 ppm (cf. Appendix).

O O
H H
NOE ( | OEt NOE C | OEt
CHs OCHgs CHs;

CH30O
188 189 )
2.0 ppm 2.3 ppm
(@]
H
| OEt
TIO = =
H jH 191
3.0 ppm

Figure 63. Assigning the stereochemistry of ethyl acetoacetaiteedienol ethefs’ %

The only example of the alkylation offiaketo ester with MOMCI was reported
by Coates and coworkers in 1970.Using the sodium enolate of ethyl acetoacetate in
HMPA, they obtained MOM-enol eth@®3in good yield (Figure 64) and assigned its
stereochemistry agans based on comparison of itsi NMR spectrum to those of
analogous cyclic substrates. While HMPA has been used widegnaadditive in
organolithiate applications, it is a known carcinogen and can compheatk—up
procedures when used as the solv&nt' Clearly, a safe and efficient methodology for

preparing these substrates is needed.
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Figure 64. Synthesis of tlle-MOM enol ether of ethyl acetoacetéate

Displayed in Table 3 are selected examples of various conditigiered in
preliminary attempts to optimize the MOM—protection of variously tsiuited f—keto
esters (Figure 65). In all cases, regardless of base, taomgeror additives, the desired
products were isolated in low yields. At first, this was belietcebe due to the presence
of unreacted starting material as indicated by TLC analysiswever, increasing the
equivalents of base (entries 2 and 3, 6 and 7) led to a reduction irofittd desired
product and apparently increased recovery of starting materisthe lcase of thg—keto
esterl94, this apparently conflicting result became clear when the lgataduct, which
has an Rf identical to the starting material, was isolated identified by NMR

spectroscopy as the C—alkylated prodi@2 (Figure 66).
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O.__OEt O.__OEt O.__OEt

Conditions N
— > ~ _OMOM
R THF R RN
(@] OMOM
183, 194-195 184, 196-197 186, 198-199

Figure 65. Preparation of variods andE—enol ethers

Entry R Base (ec | Temp Additive z E°
(C)

44 -
1 Epoxy geranylX94) | LDA (1.3) | —78-rt - (196€) | (198
2 “ LDA (1.3) | —78-rt - 32| -
3 “ LDA (1.7) | —78-rt - 29 -
4 ! Imidazole rt - 14 -
5 ! KOtBu —78-It — - 19
6 Epoxy farnesyl183 | LDA (1.3) | —78-rt — (13864) (1;36)
7 “ LDA (1.7) | —78-1t - 31| -
g - K,COs rt 18—crown-6| - -
Q° Farnesyl {95 KOtBu —78-rt | 18—crown—6 (13917) (159)
10°6 i} LHMDS —78-rt - 43 -

a) Refers to isolated yields following purification by column chrorgedaphy, b)
complex mixture of products by TLC analysis; c) performed bgJS. Yu
(Unpublished data, University of lowa)

Table 3. Representative examples of synthesis of various enol ethers
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1) KHMDS, DMF, O._ _OFEt
-60 °C CH,OCH
2) MOMCI 218
—_—
202 O

27%

Figure 66. Formation of the C—alkylated prod2@2

This finding, combined with the poor yields obtained in the preliminary
alkylations, prompted a thorough examination of the literatureipergato the chemo—
and stereoselective alkylation pfketo esters. Following is a brief discussion of the

issues involved in this transformation.

The anion of ap—dicarbonyl compound such as ethyl acetoacetd®?) (is
ambident: it possesses two primary nucleophilic sites,atfrbon and the ketonic
oxygen (Figure 67)° Disregarding issues of stereochemistfythere are at least four
possible products resulting from the alkylation of ethyl acetoacefaie!C,” “CC,” and
“CO” products'®** A variety of factors govern whether C— or O-alkylatiordprainates;
these factors have been reviewed elsewteaard only will be summarized here. The
most important factors include solvent, counterion, additives or ctstasyucture of the

alkylating agent, and concentration of the substrate.
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Figure 67. Oxygen versus carbon as the site of alkylation in ethyl acetedt@gy*°

The most important factor governing the site of alkylatiofi-+keto esters is the
choice of solvent® 1% As a general rule, alkylation occurs predominantly at theemor
electronegative oxygen atom when it is as free as possible inosdféit’* Dipolar
aprotic solvents such as DMF, DMSO, acetonitrile, and HMPA possgisly polarized
oxygen atoms which can strongly solvate metal cations, therelsingaincreased
enolate dissociation from ambient ion pairs and clusters and produeirigghest O/C
ratios**® Polar aprotic solvents such as THF do not possess polarized oxiymes
capable of dissociating aggregates, and therefore this solvent pso@etlkylation.
Polar protic solvents such as alcohols and water, which can solvatygen anion
through hydrogen bonding, make the anion less reactive, favor C—alkylatnd
generally are not as useftl. An example of this principle is the alkylation of the
potassium enolate of ethyl acetoacetate in varying solventsréFeé@, Table 4): reaction
in HMPA affords mostly O-alkylated product, while alkylatiam ti-butanol or THF

provides almost exclusively the C—-alkylated product. A small amotunialkylated
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product was obtained in all cases, but no “CO” product 20&) was detected in this

O CF (EtO)2802

1{ Solvent Tl/ Hsczj\im/ H5C2{(

oK* OC,Hs HsC2 5
208 209 210 211

study**

Figure 68. Preparation of various O— and C-alkylated products

Entry | Solvent %0l %C| %CC

1 HMPA 83 15 2

2 t—butanol 0 94 6

3 THF 0 94 6

Table 4. Solvent effect on O/C alkylation ratios

Choice of the metal counterion is the second most important faaietermining
the ratio of O— versus C—alkylatiéfi. The larger the cation, the softer it is, and the less
strong the association between it and the ambident anion, making the mor
electronegative oxygen atom more likely to attack. Oxygen—dikglés favored in the
series NR' > K" > CS > Nd > Li*.**" 2 An early study on this principle is detailed in

Figure 69, Table 57
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Oy CF (EtO)2802
1{ Solvent j\/\/ H.&I{ Hsczx(
ox* OC,Hs HsC2
208, 212-214 209 210

Figure 69. Reaction of various counterions with diethyl suffate

Trial Counterion Additive % O % C % CC
1 Li — 62 31 I
2 Na - 69 24 I
3 Cs - 81 19 <1
4 K - 83 15 2
5 K BwNCIO,4 91 9 <1

Table 5. Effect of counterion on O/C alkylation ratios

Entry 5 in the above table illustrates another important facttrese reactions:
the effect of additives or catalysts. In the case of the pomassenolate of ethyl
acetoacetate, the addition of one equivalent QNBUO, provides the best O/C ratio. In
accordance with the principle that the more dissociated the dheomore O-alkylation
predominates, the use of chelating agents or catalysts can pr@raikylation by
lowering the concentration of aggregatés.Additives such as HMPA, TMEDA, and
crown ethers have been used to promote O-alkylation in ketone entiledegh

competition with the anion for chelation of the metal countéfion.
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Another important factor in determining O/C alkylation rati®she structure of
the alkylating agent® A number of studié® ¥ 1% “*have shown that O- versus C—
alkylation increases in the following series with respect to the leavinugpg BR",
ClO4, TosO > CI'> Br > 1. This trend can be explained using the theory of hard and
soft ligands: the harder oxygen atom preferentially reatts warder electrophiles, and
conversely alkylation of the relatively soft carbon is favouredemctions with softer

electrophiles?* A representative study of this trend was reported by Kurts and coworkers

(Figure 70, Table 6)?

OnOF (EtO)2802
QT;T// SoNent QT:%// Hsczji:ﬂ// Hsczjilin//
ok* OC,Hs HsC2

208 209 210 211

Figure 70. Alkylation of enolat208“°

Entry X % O % C % CC
1 OTs 88 11 1
2 Cl 60 32 8
3 Br 39 38 23
4 I 13 71 16

Table 6. Effect of leaving group on O/C alkylation ratios

The steric factors of the alkylating agent also are import&téric crowding at

the 2—position of acetoacetate esters makes nucleophilic atiack this site more
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difficult than at the less hindered ketonic oxygen. Thereforegeneral, the more
sterically hindered the alkylating agent, or the lower & ¥eactivity, the less the
amount of C—alkylation observed. There have been multiple reportssoredativity in

the literaturé® 4 6 A representative study by Morris and coworkers is detailémivbe
(Figure 71, Table 7?

O._ _OEt
L HMPA reflux, RCI L I]/ i{ j/\/
NS
okK"
208 215- 218 210- 222

Figure 71. Alkylation of enolate08with various alkylating agent$

Entry Chloride % O % C %CC % CO
1 n—propyl 61 23 4 4
2 i—propyl 81 19 - —
3 s—butyl 86 14 - -
4 t—butyl 99 1 - -

Table 7. Effect of @ reactivity of alkylating agent on O/C ratio

Finally, concentration of the substrate can affect O/@latlon ratios. Because a
more dilute solution equates to a larger number of free anions, kiigitesn should lead
to increased O-alkylation. Reutov and coworkers published their sbrdibe effect of

concentration on the reaction of the potassium enolate of ethyhaetdte with ethybh—
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tosylate (Figure 72, Table 8}. At concentrations of 0.1 M or lower, oxygen—alkylation

predominates; at higher concentrations, C—alkylation becomes more prevalent.

(@) OEt
(E10);50;
X Solvent H5C2 T HsC
St HsCo |

CoH
208 209 210

Figure 72. Alkylation of enolate08in various solvent®

Entry | Concentration (M) % O %C %CC %CO
1 0.01 89 11 1 <1
2 0.05 87 12 1 <1
3 0.1 84 15 1 <1
4 0.3 75 23 2 <1
5 3 50 47 3 <1
6 S 41 56 3 <1
7 7.5 30 60 10 <1

Table 8. Effect of substrate concentration on O/C alkylation ratios

In summary, the chemoselectivity of the alkylation fetketo esters can be
influenced by a variety of factors. Numerous studies have showmhth&ighest O/C
alkylation ratios are achieved when the reactions areedaout using the following

conditions: a dipolar aprotic solvent, a large metal counter ion, add#iv@sas crown
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ethers or ammonium salts, a hard, sterically hindered electrophiea relatively high
dilution.

In addition to the issue of oxygen versus carbon alkylatigi+keto esters, the
stereochemical outcome of these alkylations also must be catsid@rthe reaction, the
structure of the intermediate resonance—stabilized enolate detsrthe stereochemistry
of the final product!® A “U"-shapedZ, Z—configuration 227) is more common in protic
solvents or ethers and results from either hydrogen—bond stabilizdittbe enolate or
coordination of the anion to the cationic metal center. Subsequemibmeadth an
electrophile provides the correspondifigenol ether 230 Figure 73). In contrast, the
more stable “W’—shapel, E—configuration228 occurs in dipolar aprotic solvents and
results from association of the metal center to solvent instietiek enolate. Treatment

of this anion with an electrophile affords tBeenol etherZ31).

Kd o) 0

@) OEt @) OEt

RPN OR?

OR?

Z-enol ether E-enol ether
230 231

Figure 73. Ground state configurations leading to isomeric enol thers
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Perhaps not surprisingly, there have been only sporadic reports on the
stereoselective synthesis of acetoacetate—derived enol ethgwse(74). Table 9
provides a number of representative examples of the types of soarahbases used in
the alkylation of acycligg—keto esters over the past several decades. In almossedl| ca
base—mediated conditions are used due to the acid-sensitive funi#isrsdmetimes
present in the starting materi&.Entry 1 is an example of an acid—catalyzed reaction of
ethyl acetoacetate with isopropenyl acetate to provideZtienol acetate with high
selectivity'*® Conversely, use of the weak base TEA in HMPA gives almastisively
the E—enol ether (entry 2¥? Triethylamine in HMPA also has been used in Eie
selective synthesis of enol phosphates (entfy 3).

In order to explore their methodology involving cross—coupling reactiomsgf
triflates, Meyer and coworkers requiredZaselective synthesis of enol triflates derived
from both cyclic and acyclip—keto ester§' The desired cyclic enol ethers were readily
obtained by the use of DIPEA in GEl,, but these conditions produced pogE
selectivity in acyclig3—keto esters (entry 4). Instead, employing KHMDS in TH®wat |
temperature provided the desifedenol triflate in good yield (entry 5).

The strong base NaH has been used to obtain Bettand Z—enol ethers,
depending on the solvent employed. Keenan and coworkers reportezffitihent
conversion off—keto esters to the correspondiBgenol triflates using NaH in DMF
(entry 6)*** Alternatively, Weiler and Sum found that deprotonation of methyl
acetoacetate with NaH in & followed by reaction with diethyl chlorophosphate
provided theZ—enol phosphate as a single isomer (as determined by NMR) ity nea
quantitative yield (entry 72

Potassium enolates of unsubstitufiedketo esters in polar aprotic solvents (i.e.
diethyl ether, THF, dimethoxy methane) have been shown to selggbnelide theZ—
enol ether in numerous instances (entries 8-10), while the use afipotaanolates in

dipolar aprotic solvents (e.g. DMF) is highBselective(entry 11). In more highly
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substituted cases, however, stereoselectivity is not so stomghitd (entries 12—-13)°
There are only a few reports of the stereoselective prepa@itienol ethers derived from
2—substitutep—keto ester$***’indicating that stereoselective alkylation of more highly

substituted substrates is inherently more difficult.
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Figure 74. Literature examples of stereoselective enolate atkdat
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Entry | R R° |R’ | Base Solvent Electrophile | Z:E \(()ieLd
1149198 1 Me Et | H - - Isopropenyl | 18:1 ( A)7)9
acetate
2149 Me Et H | TEA HMPA | AcCl 1:15 56
30 Me Me | H | TEA HMPA | CIPO(OEY 0:100 b
4+ Me Et H | DIPEA | DCM T$O 1:2.2 =
554 Me Et H | KHMDS| THF Tf,NPh 100:0 76
62 Bu Et H | NaH DMF TINPh 0:100 94
7' Me Me | H | NaH E1O CIPO(OEt) 100:0 97
8t Ger Et H | KHMDS| THF ArN(SO,CHg), | 95:5 66
gteo Farn | Et | H | KH THF 2—pyridyl— 100:0 58
NTf,
10 | Ger | Et | H | KHMDS|EL,O | ArN(SO:CHg), | 100:0| -
11 Ger Et H | KHMDS| DMF ArN(SO,CHg), | 0:100 70
12 Me Et Me| KHMDS | THF TfH-NPh ~1:1 33/37
13" | Me Et Bn| KHMDS| THF TfH-NPh 1.3 13

a) Refers to yield of major product, except where noted; b) yield after

methylation with LiMeCu (40-50%/2 steps); ¢) not reported; d) reported as

“modest”

Table 9. Selected examples of stereoselective synthdsisasfdZ—enol ethers
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Very few systematic studies on the stereoselective synthesis adthard derived
from p—keto esters have been published. In 2005, Davies and coworkers reported their
work on the stereoselective synthesis of enol tosylates defigedy—amino f—keto
esters (Figure 75, Table 1®. Not surprisingly, lithium enolates in the non—coordinating
solvent THF favor the formation of thé-isomer (entries 1 and 2). Use of a mixed
solvent system (THF and 30 mol% DMF) decreaseZtkelectivity, as expected (entry
3). Decreased selectivity also is observed with the use of LDA or NaHMD&r(es 4
and 5). Use of potassium enolates in THF actually prontsteslectivity (entry 6) as
opposed to the results from simpler substrates (Table 9). Theoaddfifithium bromide
to solutions of the potassium enolate reverses the selectivity ambi@s formation of
the Z—isomer236, presumably due to coordination of the resonance—stabilized enolate to
the lithium cation (entry 7). In addition, the group reports a rerbfrkeimple and
effective method for selectively preparing tegosylate237using TEA in CHCI, (entry
8).
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O CF Ts,0, Solvent,
Base Additive s _OTs
NHBoc NHBoc
(@]

NHBoc
235 236 237

Figure 75. Alkylation ofi—keto esteR35*

Entry Base Solvent Additive ZE % yield'
1 LHMDS THF — 24:1 63
2 nBuLi THF — 30:1 65
3 LHMDS THF/30 mol% DMF — 7:1 23
4 LDA THF — 12:1 93
5 NaHMDS THF — 2:1 52
6 KHMDS THF — 1:7 72
7 | KHMDS THE LiBr (1 eq) 16:1 46
8 TEA DCM 1:25 83

a) Refers to assay yield (HPLC analysis of the crude reaction mixtuegéerence to
pure standard)

Table 10. Synthesis of enol tosylates derived fpeaminop—keto esters

Tanabe and coworkers published a highly efficient and practiesdostelective

synthesis of ethyl acetoacetate—derived enol tosylates (Figby&® The group

discovered that the combination d&methylimidazole (NMI) and TsCl forms an

extremely reactive sulfonylammonium intermediate capable oflatisg sterically

congested alcohols. They then went on to apply this finding to the grepaséenol

tosylates derived from ethyl acetoacetate, and representtamples of their work are

displayed in Table 11.
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Oy_ OFEt Oy_ OEt Oy -OFEt
TsCI - NMI,
base, solvent U 0Ts 0 &
_—
o) OTs
192 238 239

Figure 76. Stereoselective tosylation of ethyl acetoacetag'¢

Entry | Base Temp (°C)] Solvent Z:E Yield

1 TEA Rt GHsCI 2:98 92
2 | Rt “ - Trace
3 nBuLi —45 THF 97:3 80
4 LDA —45 ! 92:8 70
5 LHMDS “ ! 90:10 39
6 KHMDS “ “ 65:35 23
7 NaHMDS “ “ 61:39 69
8 |tBuOLi 0-rt GHsCl | 93:7 68
9 Li,COs ! ) - NR
10 LiCl ! ! — NR
11 | LiOH “ “ 96:4 86

a) in the absence of NMI

Table 11. Stereoselective synthesis of enol tosylates using activated TsCl

The use of the weak base TEA igHsCl resulted in excellerE—selectivity and
yield (entry 1). In the absence of NMI, reaction of ethyl@meetate with TEA and I
gave only recovered starting material (entry 2). As ewpedithium enolates were
highly Z—selective (entries 3-5 and 8), while use of potassium or sodium emnolat

decreased selectivity (entries 6 and 7). The use ofQ®; and LiCl gave no reaction
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(entries 9 and 10), but LIOH effected efficient conversion taztienol ether (entry 11).
A variety of p—keto esters underwent tosylation with very high vyields and
stereoselectivity, including sterically hindereemethylated ethyl acetoacetate.

Frantz and coworkers recently reported their work on thecstelextive synthesis
of acetoacetate—derived enol triflates using Schotten—Baumanredyggdéions (Figure
77)1* 1% Different stereoselectivities were achieved by varying tounter ion of
aqueous bases such as LIOH or NaOH (Table 12). Th&-bssectivities were obtained
using sat. aqueous LiOH in either toluene or hexanes, and thE-bsstectivities were
obtained using tetra—alkylammonium hydroxides in aqueous solution withnéoloe
hexanes. This methodology also was effective in the triflaticstesfcally hindered 2—
substitutedB—keto esters. In general, they obtained Zkenol ethers in much higher

selectivities than the—enol ethers.



(@) OEt (@] OEt (@] OEt
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20, 5-10°C ~OTE 4 A
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Figure 77. Stereoselective preparatioZ-efande—enol triflate$™*

Entry | Aqueous base| Solvent Z:E| Yield (%)
1 2 N NaOH THF N/A <5
2 i} MTBE N/A <5

3 “ Toluene 1:2.6 35
4 2 N KOH Toluene 1:9.5 63
5 2 N CsOH Toluene 1:6.1 76
6 2 N LiOH Toluene 34:1 81
7 Sat. LiIOH Toluene >150:1 91
8 3 Hexanes >150:1 94
9 (BuyNOH Toluene 1:39 30
10 (Me)sBNnNOH | Toluene 1:20 61
11 (Me),NOH Hexanes 1:23 79
12 (Me),NOH Toluene 1:18 82
13 “ Hexanes 1:24 84

84

Table 12. Preparation of enol triflates using Schotten—Baumann-type conditions

Pale and coworkers recently reported their work on the stereselsgnthesis

of Z—enol triflates derived from 1,3—dicarbonyl compounds (Figuré®7&elying on the
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hypothesis that pre—coordination of the intermediate anion usimgntittriflate should
polarize the carbonyl bond and thus lower the pKa ofitfgydrogen(s), they discovered
that weak amine bases could be used to pro¥ieenol triflates245-247 in good to
excellent yields and often >99:1 selectivity (Table 13). Theg &und the amount of
time allowed for anion formation and equilibration was particularipartant. In the

absence of complete equilibration, greatly decreased selectivity waseths

R Base, CH,Cl,,
O LiOTf, 0 T,
R! then TfZO «_OTf
(@]
242-244 245-247 248-250

Figure 78. Stereoselective triflations to provide compodé@s250°

Entry | R R? Base Z:E | Yield
1 Me Me TEA >99:1 56
2 Me Me DIPEA >00:1 47
3 Me OEt TEA >00:1 74
4 Me OEt DIPEA >900:1 88
5 Prenyl | OEt | TEA >99:1 60
6 Prenyl | OEt DIPEA >99:1 89

a) isolated yields

Table 13. Stereoselective synthesis of enol triflates using pre—coardinatiditions
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As mentioned above, the attempted synthesis oEthandZ-MOM protected
enol ethers of our 2—substitut@eaketo esters resulted in poor selectivity and significant
C-alkylation. In an attempt to optimize this reaction, a simeplifnodel substrate was
prepared (Figure 79). Treatment of ethyl acetoacett@ (with NaH and prenyl

bromide 251) provided known compour2b2°’ in modest yield.

O OEt O OEt
NaH, 15-crown-5

= Br + e G
\(\/ 520
o o

251 192 252

Figure 79. Preparation of prenylated ethyl acetoace2&® (

The Z— and E-MOM enol ethers of prenylated acetoace@®@ (253 and 254,
respectively), as well as the C-alkylated prod@85(, were prepared, isolated, and
characterized (Figure 80). This model system is useful be¢hassimple'H NMR
spectra of the products are readily interpreted. Determinafitime stereochemistry of
the enol ethers was accomplished by comparison of the cheriftal & the vinylic
methyl group with previously reported values in similar substratedescribed above.
For optimization of the MOM-alkylation, reactions could be carriedamak the crude
reaction mixtures analyzed directly Biy NMR to determine the relative abundance of
products based on integration of the easily identifigbiaethyl hydrogen resonances. A
representativéH NMR spectrum featuring the relevant region is shown in Figtreln
this example, integration of thestH resonances indicated a product ratio of

approximately 59:1:38: K C:SM:Z).
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O OEt

0,
_ _-OMOM 23%
a)

7

(@) OEt
253 Z-enol ether
G
\ (@) OEt (@) OEt
(@) b) CH20CH3

252

= x 40% P 17%
OMOM (0]
254 E-enol ether 255"C"

Conditions: a) 1) LDA, THF, -78 C, 2) MOMCI, -78 C-rt; b) 1) KHMDS, DM F, -60 T,
2) MOMCI, -60 C-rt

Figure 80. Preparation of prenylated compot253-255

2,384
FAL
2127
1,882

SM z

25 24 23 22 21 20 19

Figure 81. Representative exampléH NMR of crude reaction mixtut

A number of trials using a variety of bases, solsgtemperatures, additives, ¢

concentrations were conducted on compc252 (Figure 82, Table 14). The use of LL
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in THF at low temperature proved to be somewhaselective, especially with the
addition of 1 equivalent of a 12—crown—4 (entries 1 and 2), but not to that et
previous instances, whel/Z selectivities as high as 92:8 were reporftéd®® TLC
analysis during trials 1 and 2 indicated that alkylation does not oeadily even at —40
°C. Given this information, an experiment was conducted in which thaioea
temperature was maintained at 0 °C throughout (entry 3); howeverreguied in
generation of a complex mixture wha$€NMR spectrum was difficult to interpret.

Given the success of potassium enolates in numerous instdn&gs!>® 2
KHMDS was utilized in multiple trials. High/E selectivity was observed in &, but a
significant amount of C—-alkylated produ2b5 also was observed (entry 4). When a
parallel reaction was conducted in THF, more C-alkylation prodwact Z—enol ether
was observed, along with a small amounEeénol ethe254 (entry 5). Similar results
were observed when solid KHMDS was used, although the amount of Gtatkyl
product was decreased slightly (entry 6).

Reactions using KHMDS in DMF were highB~selective, but also resulted in
significant formation of the C—alkylated product (entries 7 and &e &f either solid
KHMDS or KHMDS as a solution in toluene showed little to no iotpan theZ/E and
O/C ratios(entries 7 and 8). Use of additives (TMEDA, HMPA, 18-crown-6, and
DMPU) had little effect (entries 9-12), although a signifiGambunt of starting material
was recovered in entry 9, indicating that the TMEDA used makanat been anhydrous.
A decrease in concentration similarly had little effectrieatl3 and 14 versus entries 7
and 8). Differences in temperature were somewhat influgietiities 15 and 17 and 19
versus entry 8); the highest O/C ratios were observed at rcampetature.
Concentration and additives also had little effect at highaatien temperatures (entries
20-21).

Based on the successes of previous authors as discussed above, othkiple

bases were employed to carry out this reaction. The use ofilN&HF (entry 23)
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resulted in decreased selectivity. The use of DIPEA inGEHentry 24) afforded only
starting material. Addition of LiCl to the reaction (entry 28jually provided useful
amounts of the desired products, although with little selectivityse8auch alBBuOK

and LIOH afforded either recovered starting material (en2&<27) or indecipherable
product mixtures (entry 28), presumably due to the insolubility of thases in the
respective solvents. Attemptedsitu generation of MOMI via reaction of MOMCI with

Nal and reaction witl3—keto esteR52 provided, unfortunately, only starting material.
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O

OEt O OEt (@) OEt O OEt
Conditions CH,OCH,
—>
Y\I\/ Y\K/OMOM + Y\L + Y\Z‘/
O OMOM ¢}
2

25 253 7z 254 E 255 C

Figure 82. Synthesis of model compou88-255

Trial Base Solvent| Temp| Additive Conc| Z | E | C | SM
Q) (M)
1 | LDA THF | —78-rt - 02| 61 - 12 12
2 LDA THF | —78-rt| 12-crown—4 0.2 | 80| - | 10| 10
3 | LDA THF | O — 0.2 - - - —
4 | KHMDS(t) EO | -78 - 02| 49 - 39 4
5 | KHMDS(t) THF | -78 - 02| 39 6 51 3
6 | KHMDS(s)| THF | -78 - 0.2 | 47 9| 37
7 | KHMDS(s)| DMF | -60 - 0.2 3| 48 3@ 1
8 | KHMDS(t) DMF | —-60 - 0.2 3] 51 32 5
9 | KHMDS(t) DMF | —-60 TMEDA 0.2 3| 44 27 14
10 | KHMDS(t) DMF | —-60 HMPA 0.2 9] 58 34 2
11 | KHMDS(t) DMF | -60 18-crown—6 0.2 2| 51| 38 4
12 | KHMDS(t) DMF | -60 DMPU 0.2 - 58 3% 4
13 | KHMDS(s)| DMF | —-60 - 0.1 2| 48 2§ 1
14 | KHMDS(t) DMF | -60 - 0.1 3] 52 34 1
15 | KHMDS(t) DMF | —78-rt - 0.2 2l 52 34 1
16 | KHMDS(s)| DMF | —-78-rt| 18-crown-6 0.2 2| 52 39 1
17 | KHMDS(t) DMF | O - 0.2 5/ 55 26 3
18 | KHMDS(t) DMF | rt — 0.2 2| 42 13 1
19 | KHMDS(t) DMF | rt-50 - 0.2 2| 61 19 2
20 | KHMDS(t) DMF | rt — 001 —-| 22 11 33
21 | KHMDS(t) DMF | rt BuNBr 0.2 1| 51| 25 19
22 | KHMDS(t) | Toluene| rt - 0.2, 11 56 33 ~+
23 | NaH DMF | rt - 0.2 7| 49 28 7
24 | DIPEA DCM | 1t - 0.2 - - -l 100
25 | DIPEA DCM | rt LiCl 02 | 29| 43 21 7
26 | tBuOK PhCl | O — 0.2 - 4 = 100
27 | LiOH Toluene| 0O — 0.2 - 4 <+ 100
28 | LiOH THF | O-rt - 0.2 e -
29 | DIPEA DMF | O-rt Nal 0.2 - - < 100

Table 14. Stereoselective synthesig&oefandZ—enol ethers in model systeth2
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In conclusion, we have encountered difficulties in the efficient ckernd
stereoselective synthesis of MOM—protected enol edrersuteto tricycles such a85
and187. In an effort to overcome these obstacles, an extensive revitdwe pertinent
literature was undertaken, and a number of factors were found teerno# these
alkylations. With this information in hand, a variety of conditionsenamployed in an
attempt to increase the yield of the desired enol etherbesetalkylation reactions.
These efforts have met with some success. In the case df¢émel ether, the best
results were obtained with a combination of LDA at —78 °C in theepiee of crown
ether. In contrast, the best selectivity for Brenol ether was obtained using KHMDS in
DMF at room temperature. While not yet completely optimizedsethreactions now
provide the desired enol ethers in yields that enable studies chshade cyclization in

some detail.
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CHAPTER 5
CASCADE CYCLIZATIONS OF “MOM-PROTECTED” ENOL ETHERS
AND RELATED DERIVATIVES

Previous efforts to prepare complex multicyclic structureb sisccompound87
have proceeded in low yield and/or utilized stoichiometric quantitiesestury in the
key cyclization step> **® For example, in the total synthesis of arisugacin F, the
mercury—mediated cascade cyclizationBeketo estel95 provided the organomercury
intermediate257 in only modest yield (Figure 83¥ Oxidation of the organomercury
compound and subsequent reduction provided the desired alcohol, but also inldow yie
Although the undesired diastereomer could be subjected to another oxiddtiction
sequence to increase the yield of compol®d it is clear that this route could be greatly
improved. The impact of several low-yielding steps in a ssmess profound, and the
use of organomercury intermediates raises concerns for any suliisbmassays. The
limitations of this published methodology have prompted our invesiigatito a more

efficient way to construct carbon skeletons of this type.
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(@) OEt O OEt

1) Hg(OTf),

Br Me,NCONMe,
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o) 70% s~ O 41%
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CIHg"
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HO""

Arisugacin F

1) TPAP, NMO (92%)
2) NaBH, (95%)

Figure 83. Total synthesis of arisugaciff F

Based on our previous experience using MOM—protected phenolsrasating
moieties in Lewis acid—mediated cascade cyclizatibfs?*we questioned whether an
epoxide—initiated cascade cyclization utilizing a “MOM-—protettedol ether as the
terminating moiety would exploit both the reactivity and rigidity of an eti@reand thus
proceed more efficiently. While it is probable that thera gnall amount of enol form
present in the cyclization of f-keto ester such d9©5 a MOM-protected enol ensures
stoichiometric quantities of the more reactive enol ether fotimeifMOM derivatives of
enols and phenols display parallel reactivity.

Due to the complexity of the C-15 farnesyl skeleton, it was detidexplore the
cyclizations of MOM-protected enol ethers using a simplified C-é&faryl model

system first {94, Figure 84). Theoretically, cyclization of the simpler geraciyhin
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should produce a relatively small number of readily identifiable preduciThe
experience gained with a geranyl-length system should makeotagois and structure

determination of the more complicated farnesyl-derived structures moee facil

@) OEt
~. ©O VS
@)
183

Figure 84. Farnesyl versus geranyl-length substrates

The synthesis of a MOM—protected enol ether introduces the concannobéfin
with its attendant stereochemistry. Presumably, the casyatieation of theZ— andE—
stereoisomers could provide different products. Two possible confooh#re Z—enol
ether 196 are shown in Figure 85. The first conform282 not only possesses
unfavorable steric interactions between the two vinylic metrodigs, but also places the
MOM-—protected enol far from the neighboring tertiary carbocations wiscouraging
formation of the este263 The second conform@64 places the ester carbonyl in close
proximity to the reactive carbocation; attack of the carbonylodad by allylic

transposition and loss of MOMheoretically should lead to the ketd?@5.
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Figure 85. Conformations @-enol ethed 96

In the case of the isomerke-enol etherl98 either conformatior267 or 268
might be expected to cyclize, providing the e2@&8and/or keton®65 (Figure 86). The
MOM-—protected enol of conforme267 is poised for attack at the nearby reactive
carbocation, while equilibration to the conformat@®8 would place the ester carbonyl
in close proximity to the neighboring carbocation, making it tlaetree species and in

turn providing the keton265.
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OMOM
E-enol ether 198
l BF3'OEt2
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Figure 86. Conformations &-enol ethed 98

With these hypotheses in mind, the synthesis of the requisitecapyetursors
was pursued (Figure 87). The alkylation of ethyl acetoacéi®® with the known
bromide129* proceeded in modest yield to provide C—alkylated protifdt Using the
optimum conditions discussed in Chapter 4 for the stereoselectiveesimbfE— andZ—
enol ethers, compound®6 and 198 were prepared, albeit each in only modest yield.
Reaction offf—keto esterl94 with KHMDS in DMF at room temperature followed by
treatment with MOMCI provided the desirégenol etherl98 while reaction of—keto
ester194 with LDA in THF at —78 °C followed by treatment with MOMCI provilée
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Z—enol etherl96 The stereoisomeric enol ethers are readily separable hbynmol

chromatography and easy to identify by either TLC analysisl d#MR spectroscopy.

O _OEt
NaH, 15-Crown-5 Oy__OEt
+ O |
Br 54% o
o o)
129 192

2) MOMCI 2) MOMCI, -78 °C to rt

194
1) DMF, KHMDS, rt 1) LDA, THF, -78 °C
57% 60%‘

Et

0] O OEt

~__OMOM

0]
OMOM

E-enol ether 198 Z-enol ether 196

Figure 87. Preparation &'Z enol etherd98and196

Both enol ethersl96 and 198 were subjected to the standard cyclization
conditions employed in our laBs* % (Figures 88 and 89). Fortunately, the reaction
products of these model systems were readily separable andiadidsitif As expected,
the major product resulting from the cyclizationZsfenol etherl96is the ketone265.
The esteR63 was not detected. Rather surprisingly, the two other major psodueti—
enol ether198 resulting perhaps from isomerization of the starting mateaad

compound269, resulting from incomplete cyclization.
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BF3'OEt2, CHZCIZ
-78 °C; then NEt;

OEt

OMOM .
HO'
O
(@] OMOM
Z-enol ether 196 29% 27%
Ketone 265 E-enol ether 198
(@) OEt
OMOM
HO A
11%
269

Figure 88. Cyclization of the—enol ethed 96

In contrast, the Lewis acid—mediated cascade cyclizatioB—ehol etherl98
afforded primarily the esté¥63and keton&65, with the este263 predominating (Figure
89). In addition, small amounts of MOM—protected e&&0, cyclohexene271, and
recovered starting materiab8 were obtained. The proposeédstereochemistry of the
enol ether in cyclohexen271 is based upon comparison of the chemical shift of its

vinylic methyl hydrogens (2.17 ppm) to those of Zaenol ethe261(1.98 ppm).
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BFs'OEtz, CH2CI2 ?

-78 °C; then NEtg
—_—

o OEt o
HO' HO'
OMOM
E-enol ether 198 44% 13%
Ester 263 Ketone 265
: (@) OEt
MOMO'"" HO X
OMOM

4%
271

+198 (6%)

Figure 89. Cascade cyclization®tenol ether198

The surprising isomerization @-enol etherl96 to theE—enol etherl98 during
that cascade cyclization prompted further investigation into glogess. It was of
interest to determine whether MOM—protected enol ethers isomerthe presence of a
Lewis acid when there is a decreased likelihood of cyclizatiothe absence of an
epoxide. A possible mechanism for this transformation is provided in Figure 90.
Coordination of the ester carbonyl&fenol etheP61to a Lewis acid followed by allylic
transposition and loss of MOMaffords the corresponding “U” enola2@3in which the
ketone moiety is coordinated to the Lewis acid. Depending on titeveettability of the
“U” versus the “W” enolat@74, in which the ketone oxygen is no longer coordinated to
the Lewis acid, the “U” enolat273 may equilibrate to the “W” enolat74 In the case
of the E—enol ether266, loss of MOM and coordination of the ester carbonyl to the
Lewis acid would afford the “W” enolat274, which can undergo rotation of the C—C
single bond to produce the “U” enold&3 again, depending on which is more stable.
After isomerization, recombination of the enolate with the MOR€Mooawould form the

MOM-enol ether.
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BF3'OEt2 :|: :|:
A\, Oﬁ OEt EtO O~ LA LA—-O OEt
o, | |
Q oY 0
R </ R R
O
Z-enol ether 272 "U" enolate 273 "W" enolate 274
BF3'OEt2
47 LA—O OEt EtO O~ LA
R XN — > | - | (:)
@] R R
4 0
| "W" enolate 274 "U" enolate 273

E-enol ether 275

Figure 90. Proposed transition states for isomerization of enol ef2and278

In a partial test of these hypotheses,ZzhendE—geranyl enol ethe279and278
were prepared from the knowprketo ester277° which is readily obtained via
geranylation of ethyl acetoacetat#d® Figure 91). Although the yields were low,

particularly in the case of thEe—enol ether, enough material was obtained for further

experiments.



101

O._ _OEt
NaH, 15-Crown-5 Oy _-OEt
+ o > |
X Br 42% N o)
276 192 277
1) DMF, -60 °C, KHMDS,
)then -30°C 19% 45%\ 1) LDA, THF,-78°C
2) MOMCI 2) MOMCI, -78 °C to rt
O._ _OEt
N | x OMOM
279

Figure 91. Preparation of geranyl enol ett®f8and279

Both enol ether278 and 279 were subjected to standard cyclization conditions
(Figure 92). In each case, however, no isomerization was observeticased by TLC
and NMR analysis. Furthermore, treatment of either enol ethlerB#*OEL at higher
temperature (0 °C) resulted in the production of complex product mixtilitesse results
indicate that the observed isomerizatiorZeénol ethe261 may be due to a mechanism
more complicated than the simple Lewis acid—catalyzed isoati@rnzprocess shown in

Figure 90.

BF3*OEt,, CH,Cl,
-78 °C; then NEt;
_— No isomerization observed

OMOM
E- or Z- enol ether 278/279

Figure 92. Attempted isomerization of enol etH&f8and279
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A surprising rearrangement was observed during an attemptaio @lot authentic
sample of MOM—protected keto265 for characterization purposes (Figure 93). When
ketone265 was treated with DIPEA and MOMCI, the rearranged MOM—preteetster

270was obtained.

DIPEA, MOMCI

—>

66% OEt
MOMO!

Figure 93. Attempted MOM-—protection of deca?é5

This result could be explained by a reaction catalyzed byethavalent of
diisopropylethylammonium chloride producedsitu under these reaction conditions. A
proposed mechanism for this acid—catalyzed rearrangement ikedliata Figure 94.
Protonation of keton265 could provide resonance stabilized cat&®®, which also can
be represented as resonance stru@8fe Cleavage of the C—O bond would provide the
tertiary carbocatior282, which then could be attacked by the enol following rotation of
the pertinent C—C single bond. Loss of ebuld provide the rearranged esgg3
Because all of these steps are theoretically reversibleprtdct distribution should

depend only on the relative stability of the two prodaésand263
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HO""

Figure 94. Proposed mechanism for acid—catalyzed rearrangement of2&%one

In order to determine whether ester and kefB&and265rearrange under acid—
catalyzed conditions, both were treated with catalytic amountsCofirHTHF at room
temperature (Figure 95). Est263 did not undergo rearrangement, and only starting
material was obtained, as indicated by TLC ##dNMR analysis. Keton265 however,
immediately isomerized to est283in excellent yield. These results indicate that ketone
265is extremely acid labile, which may prove useful in synthesis. This mattdrewe—

visited in the farnesyl case (see below).
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¢ HCI (cat.), THF

OE - SM
HO'
HCI (cat.), THF
HO" 93% HO"
(@)
Ketone 265 Ester 263

Figure 95. Treatment of the esB&3and the keton265with catalytic acid

The experience obtained in the study of the geranyl model sysied ffee way

for exploration of cascade cyclizations of the more complex fgrmbsins. To begin

this study, a synthesis of known farnesyl epoxy brordigié’® was carried out (Figure

96). Acetylation of farnesol284) followed by treatment with NBS in J@ provided

bromohydrin285in modest yield. Simultaneous removal of the acetate and formatti

the epoxide occurred smoothly under basic conditions, and final convecsitre t

bromide287was accomplished via the intermediate mesylate.

OH OAC X
1) NEts, DMAP, Ac,0
N~ 2)H,0;NBS N~ K,COs, MeOH N
—_— —
60% 95%
Br
HO O

285

1) MsCl, NEt; l: 286 X =OH
2) LiBr 287 X=Br

Figure 96. Synthesis of farnesyl epoxy bron28&
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The alkylation of ethyl acetoacetat&9) with bromide287 proceeded in high
yield to provide the knowifi—keto esterl83 (Figure 97). Using conditions similar to
those reported by Gibbs and coworkéts? the desired enol etheis4 and 186 were

obtained in moderate yields.

O. OEt (6] OEt
8 NaH, 15-Crown-5
E—
S 0O 80% ~_0
192 |
O
© 287 183
1) DMF, -60 °C \ 1) THF, -78 °C,
KHMDS 0 0 KHMDS
2) MOMCI ,/44/" 43% 2) MOMCI
O, OEt (6] OEt
N OMOM
~. OMOM
O O
E-enol ether 186 Z-enol ether 184

Figure 97. Preparation & andZ—enol etherd86and184

With the requisiteE— and Z— farnesyl enol ethers in hand, the Bfediated
cyclizations were performed (Figures 98 and 100). As expectesk thylizations
produced substantially more products than the geranyl model systethe tase of—
enol etherl84, the two major products obtained are ketdB8& and decalir288 The
proposed structure of decal288 is based on the presence of 5 resonances greater than

100 ppm in thé*C spectrum, and a distinctive pair of doublets at approximately 2.8 ppm
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in the '"H NMR spectrum corresponding to the two doubly vinylic hydrogens. The
proposedZ—stereochemistry of the enol ether of compo88is based on comparison

of the chemical shift of its vinylic methyl hydrogens (1.87 ppm) to those d-tlaendZ—

enol ether starting materials (2.35 and 1.99 ppm, respectively).tipMubther trace

products were observed by TLC analysis, but were not isolated in this case.

@) OEt

OMOM ' BF,.0Et,, CH,Cl,
-78 °C; then NEt,

—

HO™"

Z-enol ether 184 Ketone 185 15-21% 288 17%

Figure 98. Cascade cyclizationffenol ethed 84

In an earlier study, JosYu was able to obtain a crystal structure of ketb8®
thereby confirming the relative stereochemistry of this pro@tigure 99). The A-ring
alcohol issynto the two bridgehead methyl groups, as observed in Pafked&to ester
cascade cyclizatiol. Formation of ketonel85 represents the amplification of one
stereocenter to provide four new stereogenic centers, threetiwagy§€—C bonds, and a

C-0O bond.
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Figure 99. ORTEP of tricycl&85

When E—enol etherl86 was treated with BfOE®L under standard cyclization
conditions, multiple products were isolated (Figure 100). Several girtticts were
difficult to analyze due to small sample size but four could kegasd. As with the
cyclization of the corresponding gerariAenol ethell98 the ested87 was obtained as
the major product. However, the ketobh®5 was obtained only in trace amount, along

with trace amounts of the es89 and theZ—enol ethed 84
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(0] OEt
AN BF3'OEt2, CH2C|2
-78 oC:
« OMOM 78 °C; then NEt;
o HO HO
E-enol ether 186 Ester 187 30%
(0] OEt
N OMOM
XN
o MOMO
Z-enol ether 184 1% 289 1%

Figure 100. Cascade cyclizationEfenol ethed 86

In order to obtain authentic samples of MOM—protected é8%®and ketone 87,
these tricycles were treated with DIPEA and MOMCI (FigLéd). As in the geranyl
ester263 case, the MOM—protection of farnesyl est87 proceeded smoothly to provide
the MOM—protected tricycl@89. However, attempted MOM-—protection of the ketone

185resulted in rearrangement to the MOM—protected est@r
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MOMCI, DIPEA

—_—

70%

OEt
MOMCI, DIPEA

e
44%

Ketone 185 289

Figure 101. MOM—protection of tricyclds887 and185

Based on these results, ketdi85was allowed to react with a catalytic amount of
HCIl in THF at room temperature (Figure 102). Analysis of tletren mixture by TLC

indicated immediate (<1 min) and complete conversion to the Ester

HCI, THF, rt
— >

88%

Ketone 185 Ester 187

Figure 102. Acid—catalyzed isomerization of ket@B8&to esterl87
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In an effort to increase the selectivity of these cascadézations, it was
hypothesized that a bulky silyl-enol ether moiety could be utilimgulace of a MOM—
enol ether. The transition states used to explain the seect E- andZ—geranyl enol
ethers198and196 also can be used to explain the selectivity expected in theotasg
enol ethers. In the case of theenol etheR90 (Figure 103), the only reactive conformer
is intermediate292 which places the ester moiety near the resulting carbocation.

Cascade cyclization of this enol ether should provide only the k&&e

o OEt

~__OTBS
o)

Z-enol ether 290

l BF3'OEt2
+

Ester 263 Ketone 265

Figure 103 Transition states of th&-silyl enol ethe290
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In the case of th&—silyl enol ethe293 (Figure 104), steric congestion between
the TBS group and the nearby vinylic methyl group should lead tdopri@antly
conformer295 which would in turn afford keton265 through loss of the silyl cation,
allylic transposition, and attack of the ester carbonyl andeaby tertiary carbocation.
Another explanation for this reactivity could lie in the natureadilyl group versus a
MOM-acetal: loss of the resonance stabilized MQivay be more favorable than loss of
SiRs", therefore increasing the nucleophilicity of the MOM—protected iencdmparison

to a silyl-protected enol.

OTBS
E-enol ether 293
l BFB'OEtZ
~ ™S ¥ - aF

OEt

HO'"" HO'"

Ester 263 Ketone 265

Figure 104 Transition states fde—silyl enol ethe293
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Given the problems experienced in the stereoselective syntheBis afd Z—
MOM enol ethers, it seemed wise to optimize the conditions fondbon of the silyl
enol ethers using the TBS—enol ethers of ethyl acetoac@ieiid 297, Figure 105).
The Z—-andE-TMS enol ethers of ethyl acetoacetate are known and possess diagnostic
'H NMR resonances for the vinylic methyl groups (1.8 and 2.2 ppm, respectivelyje
'H NMR resonances of the vinylic methyl groups of #aeand E-TBS enol ethers of
ethyl acetoacetate appear at 1.9 and 2.3 ppm, respectively, malengidation of the
stereochemistry straightfoward. Therefore, the model soylatwere carried out, the
silyl ethers were purified by column chromatography andZferatios determined by
analysis of th¢éH NMR spectra of the mixtures (Table 15). In the solvestesy used,
the enol ethers possess nearly equivalent Rf values.ZJdrel ethe296 was obtained
selectively using multiple equivalents of NaH (entry 4), whihe best yield and

selectivity for theE—enol297 was obtained with TEA in THF (entry 6).
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@) OEt @) OEt @) OEt
Conditions
. OTBS + A
(@) OTBS
192 Z-enol ether 296 E-enol ether 297

Figure 105. Silylation of ethyl acetoacetat82)

Trial Conditions Yield (%) Z:E
1 LDA, THF, —78 °C 21 1:5
2 | NaH (1.1 eq), THF,0°C —rt,3h 57 1:8
3 | NaH (4 eq), THF, 0 °C —rt, 1h 12 1:1
4 | NaH (4 eq), THF, 0 °C, 1h 13 9:1
5 Imidazole, THF, rt, 12h 36 1:12
6 TEA, THF, rt, 12h 66 1:100

Table 15. Optimization of silyl enol ethe296and297

Using the optimized conditions for formation of the respective ehergtthe Z—
andE—enol ethers of geranpkketo estedl94 were obtained and subsequently subjected
to standard cyclization conditions (Figure 106). Gratifyingly, izgtion of either enol
ether provided primarily ketorZ65in moderate to good yields. In the case ofZhenol

ether290, substantial amounts of starting material were recovered.
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O.. _OEt
NaH, TBSCI
a «_OTBS _BF3OEt,
38% Ea%
O.. _OEt 0
0 Z-enol ether 290
HO""
0
194 \ /
TEA, TBSCI BF3'OEt,

Ketone 265

48% 69%

OTBS
E-enol ether 293

Figure 106.Preparation and cyclizations 6+ andE—enol ether290and293

Following these results, the cyclization of a TBDPS—protected silyl émed @ias
explored. Treatment of tifle-keto estefl94 with strong base and TBDPSCI provided the
E—silyl enol ethe298in reasonable yield (Figure 107). The stereochemistry of tluk e
ether was determined by NOESY experiments. Treatmetitiofilyl enol ether with

BF;*OEL afforded keton265in only moderate yield.

o) OEt
NaH, TBDPSCI BF3-OEt,
P —_— > -
o 63% 43,52% HO'
O OTBDPS
194 E-enol ether 298 Ketone 265

Figure 107. Preparation and cyclization of TBDPS—protected enol288er

In light of these results, tHe-TBS enol ether299 of the farnesyp—keto ester
183 was prepared (Figure 108). Unfortunately, the-Biediated cascade cyclization of

this silyl enol ether proceeded in only modest yield to provide ket8be However,
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exclusive formation of the ketor85 is consistent with observed formation of ketone

265, and supports the hypothesis offered in Figure 104.

@) OEt @) OEt
A
x~ O TEA, TBSCI ~. OTBS BF;OEt,
—_— —
| 49% | 29%
0 o HO""
183 E-enol ether 299 Ketone 185

Figure 108. Synthesis and cyclization of Hxdarnesyl silyl enol ethez99

In conclusion, the preparation and cascade cyclizations of sev€M-Mand
silyl-protected enol ethers have been carried out. A geranylklengtel system was
utilized first in order to explore the types of products obtained filoese reactions.
These studies demonstrated that different types of products canabeedldiased on the
stereochemistry of the starting enol ether. In the courdeiofvork, an acid—catalyzed
isomerization and an acid—catalyzed rearrangement were eaXpior@an effort to
understand the relative stabilities of the various products. Baseldesa tesults, the
more complicated farnesyl-length substrates were prepared arattedbjo cascade
cyclizations. Comparable results to the model system werenetiabut much work
remains to be done in order to optimize these cascade cyclizdtiortke desired
product. Finally, various silyl enol ethers were studied in an pttearincrease the yield
of the ketonel85 This proved successful in the geranyl case, but only slightlgased

the yield of the keton&85in the case of the farnesyl-length substrate.
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CHAPTER 6
SUMMARY AND FUTURE DIRECTIONS

In conclusion, the studies involving schweinfurthin F analogues havs léte
preparation of a set of new analogues with variations in theenaf the stilbene olefin
and the substituent at C—4’ of the D-ring. The paucity of functiynalithe D-ring
substituent of the most potent compound may suggest that incregshrghmobicity is
more important than interaction with a specific functional groupenside chain. Given
this perspective, the activity observed in heterocyclic analogiesurages exploration
of other heterocyclic systems, especially if they can bpged with an additional alkyl
substituent in what would be the E—ring. Finally, either reductigheo$tilbene olefin or
isomerization of the stilbene from th@ns stereochemistry to thas diminishes activity
in the SF-295 cell line.

The two—cell assay for screening synthetic analogues has owe effective in
quickly identifying potent and selective compounds. In this study, bwesnfurthin
analogues were screened in the two—cell assay. After dlsé potent compound of the
set was identified, confirmation of this analogue’s activigswobtained via the NCI's
60—cell line assay. As a proof of concept, one of the least actihe @halogues in the
two—cell assay also was tested in the 60—cell assay andpityhd both reduced
cytotoxicity and lessened differential activity. Thus, it appeassonable to use this
facile screening process for more efficient testing of future syothealogues.

The synthesis of biotinylated schweinfurthin analogues was moiéeruiag
than anticipated. Multiple obstacles were encountered along dlye imcluding the
efficient alkylation of the desired D-ring substructure, the need differential
protection/deprotection sequences, and problems with the isolation andagionfiaf the
target compounds. Nevertheless, three biotinylated schweinfurthimgaeal have been
prepared and were tested by our collaborators against SF-295 and élb48es to

determine if they exhibit schweinfurthin—like activity. The MOpMotected analogues
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164and166 exhibit decreased activity in both of these cell lines, while the D—ring phenol
46 displays promising schweinfurthin—like activity in the SF-295 and A540linek.
Furthermore, our collaborators at NCl-Frederick have shown thaanhisgue induces
the same characteristic morphological changes in KR158 astnoayeind K16561
MPNST cells as schweinfurthin A, indicating that it probably exes with the same
binding partner(s) as the natural schweinfurthins. Based on tbgsks, biotinylated
analogue46 was used in pull-down experiments, and several proteins were dsalade
identified. More work remains to be done to verify the identitthefprotein(s) isolated
in this way and to determine their importance. However, this workampdo confirm
that the schweinfurthins target proteins as opposed to other poteotaital targets.
These efforts also have illuminated routes to synthesize moentpbiotinylated
analogues of the natural schweinfurthins if that should prove necessary.

In an effort to expand the scope of cascade cyclizations, the aiiepaand
cascade cyclizations of several MOM- and silyl-protected eti@re have been
conducted. Problems in the efficient chemo— and stereoselsgtitigesis of these enol
ethers were encountered. Extensive experimentation resultedatly gnereased yields
of these enol ethers as well as improved control of the enol dterawtry, but more
work still is required to obtain optimum yields. To study the @dsccyclizations, a
geranyl-length model system was utilized first in ordendq@are the types of products
obtained from these reactions. These studies demonstrated thag¢ndiffgpes of
products can be obtained based on the stereochemistry of theystad! ether. During
the course of this work, an acid—catalyzed isomerization and @&h-catalyzed
rearrangement were explored in an effort to understand theveelstabilities of the
various products. Based on these results, the more complicated Kderegi
substrates were prepared and subjected to cascade cyclizaGongparable results to
the model system were obtained, but work remains to be done in oretirize these

cascade cyclizations for the desired products. Finally, varidyisesiol ethers were
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studied in an attempt to increase the isolated yields. This pswetkssful in the
geranyl case, and resulted in greatly increased yields ofldbieed products. In the
farnesyl-length substrates, however, only slightly increased yalds observed. These
cyclizations must still be optimized in the farnesyl cadaid route is to be competitive
with previously published syntheses. The synthesis of these products in enantiopure fo
is an obvious next step, and once this goal is obtained, the total sgntifieseveral

relevant natural products is readily imaginable.
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CHAPTER 7

EXPERIMENTAL PROCEDURES
General experimental conditions. Tetrahydrofuran was distilled from sodium and
benzophenone; methylene chloride and triethylamine were distileddalcium hydride
immediately before use. Butyl lithium solutions were purchdsaeh a commercial
source and their titer determined with diphenyl acetic acid éefse. All other reagents
and solvents were purchased from commercial sources and used withibnatr fur
purification.  All reactions in anhydrous solvents were conducted amefdried
glassware under a positive pressure of argon and with maghaticg. NMR spectra
were obtained at 300 MHz fOH and 75 MHz for®C with CDCk as solvent and internal
standard {H, 7.26 ppm;**C, 77.0 ppm) unless otherwise noted. Chemical shifts'for
NMR were reported in ppm relative to 85%RD, (external standard). High resolution
mass spectra were obtained at the University of lowa Mpsstrometry Facility. Silica
gel (60 A, 0.040-0.063 mm) was used for flash chromatography. Léfaitiehyde75
had a 90% ee, as determined by HPLC.

Preparation of compounds 83 and 84 To a solution of the known silyl
protected benzyl alcohd@7’ (467 mg, 1.4 mmol) in THF (10 mL) at —20 °C was added
n—BuLi (0.8 mL, 2.2 M in hexane, 1.8 mmol), and the reaction was allowedrno to O
°C over 1 h. The solution was then cooled to —20 °C, solid -OM8 (280 mg, 1.4
mmol) was added in one portion, and the resulting solution was allowstat for 1 h.

To the solution was added bromi@2 (131 mg, 0.7 mmol) and the resulting solution was
allowed to stir for 2 h. After the reaction was quenched by additi NH,CI (sat.), the
aqueous layer was extracted with EtOAc, dried (MgS©@oncentratedn vacuq and
purified by column chromatography (2% EtOAc/hexanes) to affordpoomds83 and

84 (72 mg, 23%, 1:1.83:84) as a virtually inseparable mixturéH NMR & 6.78-6.77

(m, 3.4 H), 6.32-6.21 (m, 1H), 5.53-5.42 (m, 1H), 5.17 (s, 2.9H), 5.16 (s, 4H), 5.03-5.01
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(m, 0.5 H), 4.97-4.96 (m, 0.5H), 4.90-4.89 (m, 1H), 4.69 (s, 1.4H), 4.68 (s, 2H), 3.47 (s,
10.4H), 3.37 (dJ = 8.6 Hz, 1H), 1.95-1.79 (m, 3.2H), 1.35-1.16 (m, 16H), 0.95 (s, 16H),
0.92-0.84 (m, 7H), 0.10 (s, 11H}’C NMR & 155.8, 155.6, 141.9, 140.9, 140.8, 130.3,
127.9, 120.7, 117.7, 113.2, 106.0, 105.7, 94.5, 94.5, 64.9, 64.8, 55.9, 55.8, 40.1, 33.0,
32.5,31.9,31.4,29.2,27.7, 25.9 (6C), 22.6, 22.5, 18.3, 14.1, 14.0, -5.3 (2C), -5.3 (2C).

Benzyl alcohol 85 To a solution of known silyl protected benzyl alcoRat’
(634 mg, 1.9 mmol) in THF (12 mL) at —20 °C was addeBuLi (0.9 mL, 2.4 M in
hexane, 2.2 mmol), and the reaction was allowed to warm to 0 °C ovefHelsolution
was then cooled to —20 °C, CuBMS (380 mg, 1.9 mmol) was added in one portion,
and the resulting solution was allowed to stir for 1 h. To theisolutas added allyl
bromide (0.2 mL, 2.1 mmol) and the resulting solution was allowstirtéor 2 h. After
the reaction was quenched by addition of,8H(sat.), the aqueous layer was extracted
with EtOAc, dried (MgS@), and concentrateid vacuo The resulting oil was dissolved
in THF (10 mL) at rt, TBAF (1.5 mL, 1.0 M in THF, 1.5 mmol) was atidend the
reaction was allowed to stir for 2 h. Once TLC analysis inéicabmplete consumption
of the starting material, the reaction was quenched by additibh@fand the aqueous
layer was extracted with EtOAc. The combined organic layere washed with brine,
dried (MgSQ), and concentrateth vacuo The resulting oil was purified by column
chromatography (60% EtOAc/hexanes) to afford compo8sd329 mg, 66%) as a
colorless oil: *H NMR & 6.77 (s, 2H), 5.97-5.91 (m, 1H), 5.17 (s, 4H), 5.00-4.91 (m,
2H), 4.59 (s, 2H), 3.45 (s, 6H), 3.40-3.37 (m, 2C NMR 6 155.7 (2C), 140.6, 136.6,
117.3, 114.2, 106.3 (2C), 94.3 (2C), 65.2, 56.0 (2C), 27.5; HRMY (&lcd for
C14H2005 [M*] 268.1311; found 268.13009.

Phosphonate 76 Methanesulfonyl chloride (0.1 mL, 1.6 mmol) was added
dropwise to a solution of alcoh8b (329 mg, 1.2 mmol) and £ (0.3 mL, 1.8 mmol) in
THF (7 mL) at 0 °C, and the solution was allowed to stir for 1 Fhe resulting

precipitate was dissolved by addition oy and the agueous layer was extracted with
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EtOAc, washed with brine, dried (MgQ® and concentrateth vacuo The resulting
residue was dissolved in acetone (10 mL), and Nal (670 mg, 4.5 mmaddded in one
portion. After the mixture was allowed to stir for 24 h, it vgaeenched by addition of
H,O and extracted with EtOAc. The combined extracts were wasittetNa,S,05 (sat.)
until the color had disappeared, dried (Mg@nd concentrateid vacuao The resulting
yellow oil was added to a solution of triethyl phosphite (0.2 mL, 1..hm THF (3
mL), and the solution was heated at reflux overnight. After coratentin vacuq the
resulting oil was purified by column chromatography (2% MeOH/GH®@ vyield
phosphonat@6 (375 mg, 79%) as a pale offtH NMR & 6.70 (d,Jpn= 2.5 Hz, 2H), 6.01—
5.86 (m, 1H), 5.18 (s, 4H), 5.00-4.90 (m, 2H), 4.09-3.99 (m, 4H), 3.45 (s, 6H), 3.44—
3.40 (m, 2H), 3.08 (dJpn = 21.5 Hz, 2H), 1.38-1.32 (m, 6H}*C NMR § 155.6 (d Jcp
= 2.6 Hz, 2C), 142.4, 136.7 (dp = 1.8 Hz), 116.8, 114.1, 109.5 (@p = 6.8 Hz, 2C),
94.4 (2C), 62.0 (dJcp = 6.6 Hz, 2C), 56.0 (2C), 33.0 (@p= 137.0 Hz)27.5, 16.4 (d,
Jop = 7.2 Hz, 2C)?'P NMR § 26.9; HRMS (E) calcd for GgH»00;P [M'] 388.1651;
found 388.1655.

Phosphonate 86 To a solution of phosphonaté (101 mg, 0.3 mmol) in THF (1
mL) at 0 °C was added 9—BBN (2.0 mL, 0.5 M in THF, 1.0 mmol), and thesolvas
allowed to warm to rt and stirred overnight. To the solution wlde@&HO (0.1 mL), 2
N NaOH (0.8 mL), and 30% 4@, (0.4 mL), and the reaction was heated at 50 °C for 2 h,
then allowed to cool to rt and stirred for 2 days. After thaulteng solution was
extracted with EtOAc, washed with brine, dried (Mgg@nd concentrateid vacuq the
remaining oil was purified by flash column chromatography (2% ME&DLL;) to
afford compound6 (41 mg, 39%) as a colorless oitH NMR & 6.66 (s, 2H), 5.11 (s,
4H), 3.99-3.94 (m, 4H), 3.47 3,= 6.0 Hz, 2H), 3.40 (s, 6H), 3.01 (Gky= 21.4 Hz,
2H), 2.70 (t,J = 7.1 Hz, 2H), 2.10 (br s, 1H), 1.76-1.68 (m, 2H), 1.20xt= 5.9 Hz,
6H); °C NMR & 155.8 (d Jep= 3.4 Hz, 2C), 130.7 (dicp= 8.9 Hz), 118.1, 109.5 (dep
= 6.7 Hz, 2C), 94.6 (2C), 62.0 (8= 6.8 Hz, 2C), 61.6, 56.1 (2C), 33.8 (dp= 138.2
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Hz), 31.7, 18.8, 16.3 (dlcp = 6.1 Hz, 2C); *'P NMR § 26.7; HRMS (El) calcd for
C1gH3:0sP [M*] 406.1757; found 406.1761.

Phosphonate 87 To a solution of phosphona?® (69 mg, 0.2 mmol) in MeOH
(3 mL) was added 10% Pd-C (67 mg, cat.) and an excess, @ndl the mixture was
agitated overnight. Following filtration through Celite, the rsgl solution was
concentrateéh vacuoto afford compoun@7 (67 mg, 97%) as a colorless oftd NMR §
6.63 (s, 2H), 5.10 (s, 4H), 3.99-3.94 (m, 4H), 3.39 (s, 6H), 3.0%(d 21.6 Hz, 2H),
2.54 (t,J = 7.5 Hz, 2H), 1.48-1.40 (m, 2H), 1.19J4,;= 6.9 Hz, 6H), 0.86 (tJ = 7.2 Hz,
3H); *C NMR & 155.7 (dJcp= 3.3 Hz, 2C), 129.9 (dicp= 9.2 Hz), 119.5 (dJcp= 4.2
Hz), 109.2 (dJcp= 6.7 Hz, 2C), 94.3 (2C), 62.0 (@p= 6.7 Hz, 2C), 55.8 (2C), 33.7 (d,
Jop= 137.7 Hz), 25.1, 22.6 (dep= 2.4 Hz), 16.2 (dJcp = 6.1 Hz, 2C), 14.13'P NMR$

27.0; HRMS (E)) calcd for GgH3:0,P [M*] 390.1807; found 390.1811.
Arene 9Q To a solution of benzyl alcoh@&@8 (309 mg, 1.0 mmol) in EtOAc (3

mL) was added 10% Pd-C (110 mg, cat.) and an excess, @nd the mixture was
agitated overnight. Following filtration through Celite, the rsgl solution was
concentrated in vacuo and purified by column chromatography (30-100%
EtOAc/hexanes) to afford compouf@ as the major product'H NMR § 6.61 (s, 2H),
5.19 (s, 4H), 3.50 (s, 6H), 2.69-2.64 (m, 2H), 2.31 (s, 3H), 1.68-1.55 (m, 1H), 1.43-1.33
(m, 2H), 0.96 (dJ = 6.6 Hz, 6H).

Phenol 100 To a solution of PR(136 mg, 0.5 mmol) and Zn dust (38 mg, 0.5
mmol) in CHCI, (3 mL) at 0 °C was added CB173 mg, 0.5 mmol) in one portion, and
the reaction was allowed to stir for 15 min at 0 °C and 15 min #tldehyde98 (96 mg,

0.3 mmol) in CHCI, (1 mL) was added via cannula, and the reaction was allowed to sti
for 4 h at rt. When TLC analysis indicated complete consumptiothefstarting
material, the solution was diluted with pentane (5 mL) and fdténeough Celite. After
CH.CI, (5 mL) was added to the filtrate, and the solution was tritusaiikdpentane then

filtered through Celite. The resulting solution was concentratddlee residue purified
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by column chromatography (5% EtOAc/hexanes) to provide pH&(56 mg, 66%) as
a colorless oil:'H NMR § 11.9 (s, 1H), 10.3 (s, 1H), 6.60 (s, 1H), 6.54 (s, 1H), 5.25 (s,
2H), 4.67 (s, 2H), 3.50 (s, 3H), 0.94 (s, 9H), 0.10 (s, 6HF NMR & 193.7, 163.5,
160.0, 153.8, 110.1, 107.3, 101.3, 94.6, 64.5, 56.5, 25.8 (3C), 18.3, -5.4 (2C).

Stilbene 109 To a mixture of NaH (28 mg, 0.8 mmol) and 15—crown-5 (1 drop,
cat.) in THF (5 mL) at 0 °C was added a solution of phosphdi@e¢g8 mg, 0.1 mmol)
and aldehyd&5 (29 mg, 0.1 mmol) in THF (1 mL), and the reaction was allowedito st
for 1 h at 0 °C. The reaction mixture was then quenched via dropddsgon of HO,
extracted with ether, washed with brine, dried (MgS@nd concentrateith vacuo The
resulting oil was purified by flash column chromatography (45%AEtRexanes) to
afford stilbenel09 (37 mg, 70%) as a colorless oftd NMR & 6.91-6.79 (m, 6H), 5.90—
5.85 (m, 1H), 5.16 (s, 4H), 4.95-4.85 (m, 2H), 3.82 (s, 3H), 3.42 (s, 6H), 3.38-3.37 (m,
3H), 2.65-2.56 (m, 2H), 2.07-2.02 (m, 1H), 1.81-1.52 (m, 4H), 1.18 (s, 3H), 1.03 (s,
3H), 0.81 (s, 3H); *C NMR & 155.9 (2C), 148.9, 142.6, 137.1, 136.6, 128.8, 128.4,
126.3, 122.6, 120.6, 117.5, 114.2, 106.8, 105.9 (2C), 94.4 (2C), 77.9, 77.1, 56.0 (2C),
55.9, 46.7, 38.4, 37.7, 29.2, 28.3, 27.7, 27.3, 23.1, 19.9; HRMpctd for GH40;
[M™] 538.2931; found 538.2930.

Analogue 63 To a solution of stilben®09 (37 mg, 0.07 mmol) in MeOH (2 mL)
at rt was added TsOH (60 mg, 0.3 mmol) and the solution was allonsd for 18 h.
The reaction was quenched by addition of NaH(at.) and extracted with EtOAc. The
combined organic extracts were washed with brine, dried (MgSf®ncentratedn
vacuq and purified by flash column chromatography (50% EtOAc/hexanes)dud af
analogues3 (21 mg, 67%) as a yellow oitH NMR § 6.83—6.65 (m, 4H), 6.49 (s, 2H),
5.99-5.88 (m, 1H), 5.14-5.03 (m, 2H), 3.79 (s, 3H), 3.41-3.33 (m, 3H), 2.65-2.62 (m,
2H), 2.07-2.02 (m, 1H), 1.82-1.51 (m, 4H), 1.14 (s, 3H), 1.02 (s, 3H), 0.89 (s*&H);
NMR 6 155.3 (2C), 148.8, 142.7, 137.4, 136.1, 128.8, 128.6, 125.8, 122.7, 120.7, 115.8,
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111.4, 107.0, 106.1 (2C), 78.1, 77.2, 56.0, 46.7, 38.4, 37.6, 29.2, 28.2, 27.6, 27.3, 23.1,
19.8; HRMS (El) calcd for GgH3405 [M*] 450.2406; found 450.2408.

Stilbene 113 To a mixture of NaH (50 mg, 1.4 mmol) and 15—crown-5 (1 drop,
cat.) in THF (5 mL) at 0 °C was added a solution of phosph@ia{&2 mg, 0.1 mmol)
and aldehyd&5 (36 mg, 0.1 mmol) in THF (1 mL), and the reaction was allowedito st
for 1 h at 0 °C. After standard workup, the resulting oil was pdrifig flash column
chromatography (50% EtOAc/hexanes) to afford stilbd@d8 (43 mg, 62%) as a
colorless oil: *H NMR & 6.99-6.83 (m, 6H), 6.59—6.58 (m, 2H), 5.25 (s, 4H), 3.89 (s,
3H), 3.53 (s, 6H), 3.45-3.40 (M, 1H), 2.72-2.69 (m, 2H), 2.51-2.44 (m, 1H), 2.16-2.11
(m, 1H), 1.89-1.59 (m, 4H), 1.25 (s, 3H), 1.11 Jd; 6.6 Hz, 6H), 1.10 (s, 3H)*C
NMR 6 158.8 (2C), 148.9, 142.8, 142.6, 136.8, 128.8, 128.6, 126.1, 122.6, 120.6, 117.2,
116.6, 106.8, 106.7 (2C), 94.8 (2C), 78.0, 77.0, 56.2 (2C), 55.9, 46.7, 38.3, 37.6, 33.1,
28.2, 27.3, 23.1, 22.7 (2C), 19.8, 14.3; HRMSYEhIcd for G4HcO7 [M*] 566.3244;
found 566.3245.

Epoxide 130 To a solution of compound7 (5.5 g, 16.0 mmol) in THF (100
mL) at —20 °C was added TMEDA (2.4 mL, 16.0 mmol) aBdLi (7.6 mL, 2.4 M soln
in hexane, 18.2 mmol), and the reaction was allowed to warm to 0 °C dwerThe
solution was cooled to —20 °C, CuBreDMS (3 g, 14.6 mmol) was added in one portion,
and the resulting solution was allowed to stir for 1 h at —20 °G.th& solution was
added bromidd.29 (1.5 eq.) and the resulting solution was allowed to stir for 2 fter A
standard workup, the resulting oil was purified by column chromatogrép0%o
EtOAc/hexanes) to afford compouhd0 (3.4 g, 43%) as a colorless oftH NMR & 6.75
(s, 2H), 5.25 (tJ = 7.1 Hz, 1H), 5.17 (s, 4H), 4.67 (s, 2H), 3.46 (s, 6H), 3.38 &d7.1
Hz, 2H), 2.66 (tJ = 6.2 Hz, 1H), 2.13-2.04 (m, 2H), 1.79 (s, 3H), 1.66-1.54 (m, 2H),
1.23 (s, 3H), 1.21 (s, 3H), 0.94 (s, 9H), 0.09 (s, 6FC NMR § 155.4 (2C), 140.5,
133.0, 123.5, 117.9, 105.3 (2C), 94.2 (2C), 64.6, 63.9, 57.9, 55.5 (2C), 36.1, 27.1, 25.7,
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24.5 (3C), 22.3, 18.4, 18.1, 15.8, 5.5 (2C); HRMS (EI) calcd foH0:Si [M*]
494.3064; found 494.3075.

Aldehyde 131 To a solution of epoxid&30(2.05 g, 4.1 mmol) in THF (50 mL)
at rt was added TBAF (17 mL, 1 M soln in THF, 17.0 mmol), and the solutam
allowed to stir for 1 h then quenched by addition @®H Following extraction of the
aqueous portion with EtOAc, the combined organic extracts were avadgtte brine,
dried (MgSQ), and concentrateth vacuoto provide the intermediate benzyl alcohol
(1.473 g, 94%) as a colorless oil which was carried on without furthéicption. To a
solution of the benzyl alcohol (88 mg, 0.2 mmol) inGEY(10 mL) at 0 °C was added
slowly a solution of HIOg (54 mg, 0.2 mmol) in kD and THF (1:1 mixture, 10 mL), and
the resulting mixture was stirred for 30 min then quenched by additisat. NaHCQ.
Following extraction of the aqueous portion with EtOAc, the combined argatiacts
were washed with brine, dried (Mg@Qand concentrateth vacuo Purification by
column chromatography (50% EtOAC/hexanes) provided the intermedttiateyde (49
mg, 63%) as a colorless oil. To a solution of the aldelfy@2 mg, 2.2 mmol) in THF
(15 mL) was added imidazole (600 mg, 8.8 mmol) and TBSCI (2.5 mmol), hend t
reaction was allowed to stir at rt for 1 h then quenched by eddifi HO. Following
extraction of the aqueous portion with EtOAc, the combined orgartractx were
washed with brine, dried (MgSY) and concentratesh vacuo Purification by column
chromatography (17% EtOAC/hexanes) provided compdB8id(909 mg, 90%) as a
colorless oil: '"H NMR § 9.72 (t,J = 1.8 Hz, 1H), 6.76 (s, 2H), 5.25 &= 7.1 Hz, 1H),
5.17 (s, 4H), 4.68 (s, 2H), 3.46 (s, 6H), 3.37Xd,7.1 Hz, 2H), 2.48 (td] = 6.4, 1.6 Hz,
2H), 2.28 (tJ = 6.4 Hz, 2H), 1.79 (s, 3H), 0.94 (s, 9H), 0.09 (s, 6 NMR 5 202.8,
155.5 (2C), 140.8, 132.3, 124.1, 117.9, 105.6 (2C), 94.5 (2C), 64.8, 55.9 (2C), 42.1, 31.9,
25.9 (3C), 22.5, 18.3, 16.1, 5.3 (20).

Alcohol 132 To a solution of aldehyd&31 (909 mg, 2.0 mmol) in EtOH (10

mL) at O °C was added NaBHBO mg, 2.0 mmol) in one portion. The resulting mixture
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was stirred for 1 h at 0 °C then quenched by slow addition afCN{dat.). The mixture
was then evaporated to dryness, and water was added to dissolveulliagresolid.
Following extraction of the aqueous solution with EtOAc, the combingahec extracts
were washed with brine, dried (Mg®0and concentratedh vacuoto yield alcoholl32
(849 mg, 93%) as a colorless dif NMR & 6.76 (s, 2H), 5.24 (1] = 6.8 Hz, 1H), 5.17
(s, 4H), 4.68 (s, 2H), 3.59 @,= 6.5 Hz, 2H), 3.46 (s, 6H), 3.38 @@= 7.1 Hz, 2H), 2.03
(t, J=7.3 Hz, 2H), 1.79 (s, 3H), 1.65 (m, 2H), 1.56 (br s, 1H), 0.94 (s, 9H), 0.68)s,
13C NMR § 155.6 (2C), 140.7, 134.2 (2C), 123.5, 118.3, 105.7, 94.5 (2C), 64.8, 62.9,
55.9 (2C), 36.3, 30.6, 25.9 (3C), 22.5, 18.3, 15.8, -5.3 (2C); HRMS (EI) calcd for
C24H4206Si [M*] 454.2751; found 454.2758.

Arene 133 To a solution of alcohdl32 (849 mg, 1.9 mmol) in THF (10 mL) at
0 °C was added NaH (530 mg, 13 mmol) and allyl bromide (0.2 mL, 2.3 mrioB.
resulting mixture was allowed to warm to rt and stirred overnidie reaction was then
cooled to 0 °C, quenched by slow addition gOHand the aqueous layer was extracted
with EtOAc. The combined organic extracts were washed witte bdried (MgSQ),
concentratedn vacuq and purified by column chromatography (9% EtOAc in hexanes)
to yield allyl etherl33 (722 mg, 78%) as a colorless dif NMR § 6.76 (s, 2H), 5.95—
5.82 (m, 1H), 5.20 (m, 3H), 5.17 (s, 4H), 4.68 (s, 2H), 3.90(¢d5.8, 1.5 Hz, 2H), 3.45
(s, 6H), 3.39 (dJ = 7.4 Hz, 2H), 3.35 (] = 6.4 Hz, 2H), 2.01 () = 7.0 Hz, 2H), 1.78 (s,
3H), 1.67 (m, 2H), 0.95 (s, 9H), 0.09 (s, 6HJC NMR & 155.5 (2C), 140.6, 135.0, 133.7
(2C), 123.2, 118.4, 116.5, 105.6, 94.4 (2C), 71.7, 70.0, 64.8, 55.8 (2C), 36.0, 27.9, 25.8
(3C), 22.5, 18.3, 15.8, -5.3 (2C); HRMS (El) calcd forHGOsSi [M*] 494.3064;
found 494.3074.

Bicycle 134 Compoundl33 (244 mg, 0.5 mmol) and TsOH (510 mg, 3.0 mmol)
were stirred in MeOH (10 mL) at rt for 2 days, then at 500CAfh. The reaction was
then quenched by addition of NaHg(3at.), the solution was evaporated to dryness, and

water was added to dissolve the resulting solid. After the aquayeis was extracted
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with EtOAc, the combined organic layers were washed with bdned (MgSQ),
concentratedh vacuq and purified by column chromatography (50% EtOAc in hexanes)
to yield bicycle134 (35 mg, 24%) as a colorless dif NMR & 6.35 (s, 1H), 6.31 (s, 1H),
5.95-5.82 (m, 1H), 5.20 (m, 2H), 4.45 (s, 2H), 3.95 Jtd,5.6, 1.3 Hz, 2H), 3.44 (m,
2H), 2.60 (m, 2H), 1.69 (m, 6H), 1.25 (s, 3f)C NMR § 154.4 (s), 154.2 (s), 139.5 (s),
134.4 (d), 116.7 (t), 107.9 (s), 107.5 (d), 104.6 (d), 75.4 (s), 71.4 (t), 70.2 (t), 64.6 (),
35.5 (t), 30.0 (t), 23.9 (q), 23.8 (q), 16.2 (t}*C NMR multiplicities determined by
DEPT experiments.

Ester 142 To a solution of phendl41 (488 mg, 1.6 mmol) in anhydrous acetone
(5 mL) was added ¥CO; (1.4 g, 10.0 mmol) and Mel (0.13 mL, 2.1 mmol), and the
resulting solution was stirred at rt overnight. The reactionquasiched by addition of
water, and the aqueous layer was extracted with EtOAc.cdimbined organic extracts
were washed with brine, dried (Mg@Qconcentratedh vacuq and purified by column
chromatography (10% EtOAc in hexanes) to yield es42r(290 mg, 56%) as a colorless
oil: 'H NMR & 7.52 (dd,J = 2.3, 1.3 Hz, 1H), 7.43 (dd,= 2.2, 1.3 Hz, 1H), 7.00 (m,
1H), 5.44 (s, 2H), 4.10 (s, 3H), 4.03 (s, 3H), 3.95 (m, 2H), 1.16 (m, 2H), 0.20 (33GH);
NMR & 166.8, 160.5, 158.3, 132.0, 109.7, 107.8, 107.6, 92.9, 66.4, 55.6, 52.2, 18.0, -1.5
(3C).

Benzyl alcohol 143 A solution of estet42in THF (3 mL) was added slowly to
a mixture of LiAlH; (26 mg, 0.7 mmol) in THF (5 mL) at O °C, and the reaction was
stirred at 0 °C for 1 h and then quenched by slow addition of wateradite®us portion
was extracted with EtOAc and the combined organic extraets washed with brine,
dried (MgSQ), and concentratesh vacuoto yield compoundl43 (241mg, 95%) as a
colorless oil:*H NMR & 6.83 (s, 1H), 6.77 (s, 1H), 6.72 (s, 1H), 5.40 (s, 2H), 4.81 (s,
2H), 3.96 (s, 3H), 3.93 (m, 2H), 2.4 (br s, 1H), 1.15 (m, 2H), 0.20 (s, '$ENMR §
160.8, 158.6, 143.4, 106.6, 105.5, 101.5, 92.8, 66.2, 66.1, 55.2, 17.9, —1.5 (3C).
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Arene 144. To a solution of benzyl alcoh@43 (241 mg, 0.9 mmol) in C¥Ll, (5
mL) was added imidazole (300 mg, 4.4 mmol) and TBSCI (150 mg, 1.0 mihel),
reaction was allowed to stir at rt for 1 h, and then quenched o§icad of H,O.
Following extraction of the aqueous portion with EtOAc, the combined argatiacts
were washed with brine, dried (Mg@Qand concentrated vacuo Final purification by
column chromatography (4% EtOAC/hexanes) provided comp&ddd238 mg, 70%)
as a colorless oil*H NMR § 6.63-6.62 (m, 1H), 6.57-6.52 (m, 1H), 6.4 2.3 Hz,
1H), 5.20 (s, 2H), 4.69 (s, 2H), 3.79 (s, 3H), 3.77-3.73 (m, 2H), 0.97-0.94 (m, 2H), 0.94
(s, 9H), 0.09 (s, 6H), 0.01 (s, 9H}*C NMR 160.6, 158.8, 144.0, 106.0, 104.9, 100.9,
93.0, 66.1, 64.8, 55.2, 25.9 (3C), 18.4, 18.0, —1.4 (3C), -5.3 (2C).

Benzyl alcohol 146 To a solution of benzyl alcoh@b4 (4.2 g, 18.4 mmol) in
THF at —20 °C was added TMEDA (1.8 mL, 18.4 mmol) aABuLi (12.3 mL, 2.4 M in
hexane, 29.5 mmol), and the reaction was stirred for 1 h. Solid CuBr{®X%, 20.9
mmol) was added in one portion and the resulting solution was storetl fi. The
solution was then treated with freshly prepared bromi8@ (4.3 g, 12.5 mmol) and
stirred for 2 h. Standard workup and purification of the crude residdkadiy column
chromatography (40% EtOAc/hexanes) afforded compoi#@ (1.2 g, 19%) as a
colorless oil: *H NMR & 6.77 (s, 2H), 5.37-5.32 (m, 1H), 5.23-5.18 (m, 1H), 4.18 (s,
4H), 4.59 (s, 2H), 3.97 (s, 2H), 3.45 (s, 6H), 3.38)(d,7 Hz, 2H), 2.44 (br s, 1H), 2.13—
2.08 (m, 2H), 2.03-1.99 (m, 2H), 1.79 (s, 3H), 1.57 (s, 3H), 0.90 (s, 9H), 0.04 (s, 6H);
3C NMR § 155.6 (2C), 140.1, 134.4 (2C), 134.1, 124.4, 122.6, 119.1, 106.3, 94.2 (2C),
68.6 (2C), 65.2, 55.9, 39.4 , 26.2, 26.1 (3C), 22.4, 18.3, 15.9, 13.3, -5.4 (2C).

Phosphonate 147 Methanesulfonyl chloride (0.3 mL, 3.6 mmol) was added
dropwise to a solution of alcoh@¥6 (1.2 g, 2.4 mmol) and B (1.0 mL, 7.2 mmol) in
CH.Cl,, and the solution was stirred at O °C for 1 h. The reaction reixtas quenched
by addition of HO, extracted with CkCl,, washed with brine, dried (MgSQJ) and

concentratedn vacuo Without further purification, the resulting residue was dissolved
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in acetone (15 mL) and Nal (1.1 g, 7.3 mmol) was added in one portiorer thé
mixture had stirred for 2 h, it was quenched by addition 4 ,Hextracted with EtOAc,
dried (MgSQ), and concentratad vacuo The resulting yellow oil was added to triethyl
phosphite (5 mL) and the solution was heated at 50 °C for 4 h. Foll@vingench by
addition of HO, the aqueous layer was extracted with EtOAc and the combigadior
layers were dried (MgSf) concentratedin vacuq and purified by column
chromatography (50% EtOACc) to yield phosphonk& (494 mg, 33%) as a colorless
oil: *H NMR § 6.70 (d,J = 2.7 Hz, 2H), 5.37-5.32 (m, 1H), 5.22-5.17 (m, 1H), 5.17 (s,
4H), 4.11-3.98 (m, 4H), 3.97 (s, 2H), 3.45 (s, 6H), 3.36 (7.1 Hz, 2H), 3.08 (dJ =
21.5 Hz, 2H), 2.13-2.05 (m, 2H), 1.99-1.94 (m, 2H), 1.77 (s, 3H), 1.57 (s, 3H), 1127 (t,
= 7.0 Hz, 6H), 0.91 (s, 9H), 0.05 (s, 6H)IC NMR & 155.6 (d,Jcp = 3.6 Hz, 2C), 134.4,
134.2 (2C), 130.3 (dlcp = 7.2 Hz), 124.5, 122.7, 118.7 (@p = 4.1 Hz), 109.5 (dJcp =
6.6 Hz), 94.4 (2C), 68.7 (2C), 62.1 @, = 6.7 Hz, 2C), 55.9, 39.5, 33.8 (@~ 138.3
Hz), 26.2, 25.9 (3C), 22.4, 18.4, 16.4, 16.3, 16.0, 13.4, -5.3 BENMRS +26.4.
Phosphonate 148 To a solution of phosphonat&7 (494 mg, 0.08 mmol) in
MeOH (10 mL) was added TsOH (1.4 g, 8.1 mmol) and the reactisraliaved to stir
for 12 h. After the reaction was quenched by addition of NapHG8&.), the solvent was
removedin vacuoand the resulting oil was carried on without further purificatidio
this material in CHCl; (10 mL) was added imidazole (600 mg, 8.8 mmol) and TBSCI
(720 mg, 4.8 mmol), and the reaction was allowed to stir for 2 h #ftér the reaction
was quenched by addition ot®, the aqueous layer was extracted with,Cll and the
combined organic extracts were washed with brine, dried (MgS®ncentratedn
vacuq and purified by column chromatography (38% EtOAc in hexanes) td yiel
phosphonatd48 (284 mg, 47%) as a colorless ofti NMR & 6.58 (d,J = 2.4 Hz, 2H),
5.27 (t,J = 7.1 Hz, 1H), 5.06 () = 5.4 Hz, 1H), 4.00-4.13 (m, 4H), 4.13 (s, 2H), 3.19 (d,
J=5.5 Hz, 2H), 2.93 (dJ = 21.5 Hz, 2H), 1.90-1.97 (m, 2H), 1.90-1.85 (m, 2H), 1.61
(s, 3H), 1.49 (s, 3H), 1.16 @,= 7.1 Hz, 6H), 0.91 (s, 18H), 0.81 (s, 9H), 0.14 (s, 12H), —
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0.04 (s, 6H); **C NMR § 154.3 (dJcp = 3.0 Hz, 2C), 139.9, 133.7 (2C), 129.0 J&s =
8.8 Hz), 124.6, 123.7 (dcp = 2.0 Hz), 122.1 (dJcp = 3.6 Hz), 113.2 (dJcp = 6.8 Hz),
68.6, 61.7 (dJcp = 6.7 Hz, 2C), 39.0, 33.3 (dcp = 138.6 Hz), 30.5, 26.1, 25.7 (3C),
25.5 (6C), 18.1 (dJcp = 0.3 Hz), 18.0 (2C), 16.2 (dep = 1.3 Hz, 2C), 16.1, 13.0, —4.38
(d, Jep= 1.4 Hz, 4C), -5.53 (2C)*'P NMR 5 +26.6.

Diester 156 To a solution of benzyl alcohdl54 (124 mg, 1.0 mmol) and
hexanoic acid55, 0.1 mL, 1.0 mmol) in THF (3 mL) at 0 °C was added fARb64 mg,
1.0 mmol) and DIAD (0.2 mL, 1.0 mmol) in THF (2 mL), and the reactios alwed
to warm to rt and stirred for 12 h. The reaction mixtures wancentrated and the
resulting oil was purified by column chromatography (20% EtOAc/ihesato afford
diester156 (78 mg, 49%) as a pale oitH NMR & 7.23 (d,J = 8.5 Hz, 2H), 6.83 (d] =
8.5 Hz, 2H), 5.05 (s, 2H), 2.39-2.31 (m, 4H), 1.68-1.58 (m, 4H), 1.34-1.22 (m, 8H),
0.92-0.84 (m, 6H).

Benzyl alcohol 158 To a solution of known benzyl alcohtd7* (2.2 g, 11.3
mmol) in THF (150 mL) at —20 °C was added TMEDA (3.4 mL, 22.7 mmol)n&odL.i
(11.3 mL, 2.3 M in hexane, 26.0 mmol) and the reaction was allowed tastlr I.
Solid CuBrDMS (4.5 g, 21.9 mmol) was added in one portion and the resulting mixture
was stirred for 1 h then treated with freshly prepared brod88€1.1 eq). After stirring
for an additional 2 h, the reaction worked up via standard conditions, anidgtimif of
the resulting oil by flash column chromatography (40% EtOAc/ihesga afforded
compound158 (1.8 g, 34%) as a colorless oifH NMR & 6.71 (s, 1H), 6.61 (s, 1H),
5.37-5.32 (m, 1H), 5.23-5.17 (m, 1H), 5.18 (s, 2H), 4.61 (s, 2H), 3.97 (s, 2H), 3.82 (s,
3H), 3.46 (s, 3H), 3.35 (d,= 7.1 Hz, 2H), 2.17-2.04 (m, 4H), 1.77 (s, 3H), 1.57 (s, 3H),
0.90 (s, 9H), 0.04 (s, 6H)**C NMR § 158.2, 155.5, 139.9, 134.5, 134.1, 124.5, 122.7,
118.4, 105.5, 103.2, 94.2, 68.7, 65.6, 55.9, 55.7, 39.5, 26.2, 25.9 (3C), 22.3, 18.4, 16.0,
13.3, 5.3 (2C); HRMS (E) calcd for GgH440sSi [M™] 464.2958; found 464.2952.
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Phosphonate 159 Methanesulfonyl chloride (0.4 mL, 5.2 mmol) was added
dropwise to a solution of alcoh&b8 (1.8 g, 3.9 mmol) and B (0.8 mL, 5.9 mmol) in
CH.CI, (25 mL) at 0 °C, and the reaction was allowed to stir for 1 m ¢tfuenched by
addition of HO. The aqueous layer was extracted with EtOAc, washed with kriee
(MgSQy), and concentrateid vacuo The resulting residue was dissolved in acetone (10
mL), and Nal (1.0 g, 11.5 mmol) was added in one portion. After theuraixvas
allowed to stir for 12 h, it was quenched by addition gdHnd extracted with EtOAc.
The combined extracts were washed with$4@; (sat.) until the color had disappeared,
dried (MgSQ), and concentrateid vacuo The resulting yellow oil was added to triethyl
phosphite (3 mL, excess) and the solution was heated at reflux giverniAfter
concentrationn vacuq the crude phosphonate was dissolved in THF (20 mL) and treated
with TBAF (7.8 mL, 1 M in THF, 7.8 mmol). After the solution wsigred for 3 h,
standard workup, concentratiam vacuq and purification by column chromatography
(100% EtOAc) provided phosphonat&9 (1.3 g, 69%) as a colorless oifH NMR &
6.64 (s, 1H), 6.53 (s, 1H), 5.37-5.31 (m, 1H), 5.14-5.00 (m, 1H), 5.12 (s, 2H), 4.09-3.99
(m, 4H), 3.86 (s, 2H), 3.81 (s, 3H), 3.45 (s, 3H), 3.33(@6.2 Hz, 2H), 3.10 (dJpy =
21.5 Hz, 2H), 2.46 (br s, 1H), 2.10-1.95 (m, 4H), 1.76 (s, 3H), 1.57 (s, 3H), 1J27t,
12.8 Hz, 6H); *C NMR § 157.8 (d Jcp = 3.3 Hz), 155.3 (d)cp = 3.3 Hz), 134.7, 133.8,
129.8 (dJcp = 9.1 Hz), 125.4, 122.9 (decp = 1.6 Hz), 117.7 (d)cp = 4.5 Hz), 108.6 (d,
Jcp = 4.8 Hz), 106.2 (dJcp = 6.2 Hz), 94.3, 68.4, 62.0 (dsp = 6.5 Hz, 2C), 55.8, 55.5,
39.2, 33.7 (dJcp = 138.6 Hz), 25.8, 22.1, 16.3 (dp = 6.1 Hz, 2C), 15.8, 13.4%'p
NMR & 27.3; HRMS (E1) calcd for GsHz¢0;P [M] 470.2412; found 470.2413.

Stilbene 160 To a solution of NaH (312 mg, 60% dispersion in oil, 8.5 mmol)
and 15-crown-5 (1 drop, cat.)) in THF (12 mL) at 0 °C was added dosoloft
phosphonatd 59 (333 mg, 0.7 mmol) and aldehyd® (243 mg, 0.8 mmol) in THF (1
mL). Following addition, the reaction was allowed to warm tond satirred for 12 h.

The reaction mixture was quenched via dropwise addition,©f nd the aqueous layer
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extracted with EtOAc, dried (MgS{®) and concentrateth vacuo Purification by
column chromatography (65% EtOAc/hexanes) afforded compd6@d@d311 mg, 71%)
as a yellow oil: 'H NMR & 7.00-6.87 (m, 5H), 6.73 (s, 1H), 5.36-5.31 (m, 1H), 5.23 (s,
2H), 5.22-5.18 (m, 1H), 3.94 (s, 2H), 3.90 (s, 3H), 3.87 (s, 3H), 3.50 (s, 3H), 3.48-3.41
(m, 1H), 3.37 (dJ = 7.1 Hz, 2H), 2.74-2.71 (m, 2H), 2.16-2.11 (m, 3H), 2.02-1.97 (m,
2H), 1.90-1.84 (m, 2H), 1.78 (s, 3H), 1.74-1.68 (m, 2H), 1.63 (s, 3H) 1.26 (s, 3H), 1.11
(s, 3H), 0.89 (s, 3H)*C NMR § 158.0, 155.5, 148.7, 142.4, 136.4, 134.4, 134.0, 128.7,
128.0, 126.3, 125.7, 122.8, 122.4, 120.4, 118.4, 106.6, 105.2, 102.3, 94.3, 77.6, 76.9,
68.6, 55.8, 55.7, 55.5, 46.6, 39.2, 38.2, 37.5, 28.0, 27.2, 25.9, 22.9, 22.3, 19.7, 15.8, 14.1,
13.5; HRMS (E]) calcd for GgHs,07 [M™] 620.3713; found 620.3699.

Schweinfurthin analogue 150 To a solution of stilben®60 (30 mg, 0.05 mmol)
in MeOH (2 mL) at rt was added TsOH (48 mg, 0.3 mmol), and tletioeavas allowed
to stir for 16 h. After the reaction was quenched by addition ofQM&H(sat.), the
solvent was removeth vacuoand HO was added. The aqueous layer was extracted
with EtOAc, and the combined organic extracts were washed with, dried (MgSG),
and concentrateth vacuoto provide phenol50 (16 mg, 57%) as a yellow oil which
used without further purificationH NMR & 6.97—6.81 (m, 4H), 6.64 (s, 1H), 6.60 (s,
1H), 5.27-5.24 (m, 2H), 3.98 (s, 2H), 3.89 (s, 3H), 3.85 (s, 3H), 3.46-3.41 (m, 3H), 2.73—-
2.70 (m, 2H), 2.26-2.15 (m, 4H), 2.12-2.08 (m, 1H), 1.90-1.85 (m, 2H), 1.78 (s, 3H),
1.76-1.86 (m, 2H), 1.66 (s, 3H), 1.25 (s, 3H), 1.10 (s, 3H), 0.86 (s, 3B)NMR 5
157.9, 155.5, 148.9, 142.6, 142.5, 137.1, 136.0, 128.8, 126.1, 126.1, 125.0, 122.8, 122.6,
120.5, 106.9, 106.8, 106.8, 101.4, 78.0, 77.1, 68.9, 56.0, 55.8, 46.7, 39.2, 38.4, 37.6, 28.2,
27.3, 25.0, 23.1, 22.3, 19.8, 15.6, 14.3, 13.7; HRMS) (&lcd for GgHagOs [M*]
576.3451.

Biotinylated prenol 162 To a solution of D—biotin118 183 mg, 0.8 mmol),
EDCeHCI (175 mg, 0.9 mmol), and HOBt (120 mg, 0.9 mmol) in DMF (3 ml} afas
added a solution of 3—-methyl-2—buten—1-4d1( 0.1 mL, 1.0 mmol) and TEA (0.6 mL,
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4.5 mmol) in DMF (1 mL), the reaction was allowed to stir for 16t #hen diluted
with CH,Cl, and HO. The aqueous layer was extracted with,ClHHand the organic
layers were combined, dried (MgHOconcentratedn vacuqg and purified by flash
column chromatography (10% MeOH/CHYto afford compound 62 (72 mg, 29%) as
a colorless solid™H NMR & (CDsOD) 5.35-5.29 (m, 1H), 4.56 (d,= 7.3 Hz, 2H), 4.48
(dd, J = 7.9, 4.9 Hz, 1H), 4.30-4.26 (m, 1H), 3.21-3.15 (m, 1H), 2.94-2.88 (m, 1H),
2.71-2.67 (m, 1H), 2.31 @,= 7.3 Hz, 2H), 1.74 (s, 3H), 1.70 (s, 3H), 1.69—1.51 (m, 4H),
1.47-1.36 (m, 2H).
Biotinylated alcohol 163 In a manner similar to the preparation of compound
162, to a solution of D-biotin1(18 200 mg, 0.8 mmol), EDC<HCI (180 mg, 1.0 mmol),
and HOBt (130 mg, 1.0 mmol) in DMF (3 mL) was added a solution ohald 36 (250
mg, 1.2 mmol) in DMF (1 mL), and the reaction was allowed td@til6 h. Following
standard workup and purification via column chromatography (11% MeOHALHC
compoundl63 (51 mg, 16%) was obtained as a white sofid: NMR (CD;OD) & 5.48—
5.43 (m, 1H), 5.38-5.32 (m, 1H), 4.59 (b= 7.1 Hz, 2H), 4.52-4.48 (m, 1H), 4.47 (s,
2H), 4.33-4.29 (m, 1H), 3.24-3.18 (m, 1H), 2.94 (@, 12.7, 4.9 Hz, 1H), 2.74-2.69
(m, 1H), 2.37 (tJ = 7.2 Hz, 2H), 2.24-2.17 (m, 2H), 2.13-2.08 (m, 2H), 2.03 (s, 3H),
1.79-1.70 (m, 2H), 1.73 (s, 3H), 1.67 (s, 3H), 1.66-1.57 (m, 2H), 1.51-1.44 (m, 2H).
Ester 164 To a solution of D—biotin1(18 41 mg, 0.2 mmol), EDCHCI (33 mg,
0.2 mmol), and HOBt (23 mg, 0.2 mmol) in DMF (1 mL) was added a solution of
compoundl60 (88 mg, 0.1 mmol) and TEA (0.1 mL, 0.9 mmol) in DMF (1 mL), and the
reaction was allowed to stir for 16 h then diluted with,ChHl The aqueous layer was
extracted with CBLCl, and the organic layers were combined, dried (MgSO
concentratedh vacuq and purified by flash column chromatography (5% MeOH/GHCI
to afford compound.64 (58 mg, 48%) as a colorless solidd NMR & 6.95-6.87 (m,
5H), 6.72 (s, 1H), 5.99 (br s, 1H), 5.42 (br s, 1H), 5.44-5.40 (m, 1H), 5.23 (s, 2H), 5.22—
5.19 (m, 1H), 4.46-4.45 (m, 1H), 4.41 (s, 2H), 4.29-4.25 (m, 1H), 3.90 (s, 3H), 3.87 (s,
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3H), 3.50 (s, 3H), 3.44-3.40 (m, 1H), 3.37 J& 7.1 Hz, 2H), 3.16-3.09 (m, 1H), 2.90—
2.84 (m, 1H), 2.73-2.70 (m, 3H), 2.34Jt 7.5 Hz, 2H), 2.16-2.08 (m, 3H), 2.01-1.96
(m, 2H), 1.88-1.85 (m, 2H), 1.78 (s, 3H), 1.73-1.55 (m, 6H), 1.61 (s, 3H), 1.48-1.39 (m,
2H), 1.25 (s, 3H), 1.10 (s, 3H), 0.88 (s, 3HC NMR & 173.5, 158.2, 155.7, 148.8,
142.5, 136.5, 134.0, 129.7, 129.6, 128.8, 128.1, 126.4, 122.9, 122.5, 120.4, 118.4, 106.7,
105.2, 102.3, 99.9, 94.3, 77.8, 77.2, 70.1, 61.8, 60.0, 55.9, 55.8, 55.6, 53.7, 46.6, 40.4,
39.1, 38.3, 37.6, 33.8, 30.9, 29.2, 28.3, 28.1, 27.3, 26.3, 24.7, 23.0, 22.3, 15.9, 14.2, 13.9;
HRMS (ETI") calcd for GgHeeN2OoS [M*] 846.4489; found 846.4483.

Phthalimide 165 To a solution of PRH{37 mg, 0.1 mmol), DIAD (0.03 mL, 0.2
mmol), and phthalimide (17 mg, 0.1 mmol) in THF (2 mL) at 0 °C was aaddaiution
of stilbenel60 (80 mg, 0.1 mmol) in THF (1 mL), and the reaction was allowed tonwa
to rt and stirred for 12 h. Following concentratinrvacuq the material was diluted with
CHCl,, washed with 2N NaOH (2x5 mL) and brine, dried {8&), concentrated, and
purified by column chromatography (60% EtOAc/hexanes) to affondpoundl65 (56
mg, 58%) as a pale solidH NMR § 7.84-7.82 (m, 2H), 7.70-7.68 (m, 2H), 6.98-6.86
(m, 5H), 6.71 (s, 1H), 5.36 (§,= 6.9 Hz, 1H), 5.22 (s, 2H), 5.21-5.17 (m, 1H), 4.15 (s,
2H), 3.89 (s, 3H), 3.86 (s, 3H), 3.49 (s, 3H), 3.45-3.40 (m, 1H), 3.34Hd,1 Hz, 2H),
2.72 (d,J = 8.9 Hz, 2H), 2.14-2.04 (m, 2H), 1.98-1.93 (m, 2H), 1.89-1.83 (m, 3H), 1.76
(s, 3H), 1.73-1.67 (m, 2H), 1.61 (s, 3H), 1.25 (s, 3H), 1.10 (s, 3H), 0.88 (s,3E);
NMR 6 168.2 (2C), 158.2, 155.8, 148.9, 142.6, 136.5, 134.2, 133.8, 132.0 (2C), 129.0
(2C), 128.9, 128.1, 127.8, 126.6, 123.1 (2C), 122.8, 122.6, 120.4, 118.6, 106.9, 105.3,
102.5, 94.5, 77.9, 77.0, 55.9, 55.8, 55.7, 46.7, 45.0, 39.2, 38.3, 37.6, 28.2, 27.3, 26.5,
23.1, 22.4, 19.8, 16.0, 14.4, 14.2; HRMS*JEalcd for GeHssNOg [M*] 749.3928;
found 749.3938.

Amide 166 To a solution of phthalimid&65 (42 mg, 0.06 mmol) in MeOH (2
mL) at rt was added hydrazine hydrate (0.01 mL, 0.3 mmol),lddlution was heated

at reflux for 2 h. After concentratian vacuq the resulting white solid was dissolved in
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1 N NaOH. The aqueous portion was extracted 5 times witfClzHand the organic
layers were combined, washed with brine, dried (MgS@nd concentratech vacuo
The resulting oil was dissolved in MeOH (0.5 mL), and a solutiob-dfiotin (118 14
mg, 0.06 mmol) and EDC-HCI (14 mg, 0.07 mmol) insCN (0.5 mL) was added.
After the resulting solution had stirred for 3 h, it was concemtretevacuq and the
resulting material was suspended in MeOH, filtered through eCatibncentratedn
vacuq and purified by flash column chromatography (5-10% MeOH/GHtOI give
MOM—protected stilben&66 (28 mg, 60%) as a white semi—solitti NMR (CD;OD) &
7.03-6.80 (m, 6H), 5.26-5.19 (m, 2H), 5.23 (s, 2H), 4.43-4.40 (m, 1H), 4.23-4.20 (m,
1H), 3.86 (s, 3H), 3.83 (s, 3H), 3.64 (br s, 2H), 3.48 (s, 3H), 3.36—3.33 (m, 3H), 3.14—
3.09 (m, 1H), 2.90-2.83 (m, 1H), 2.71-2.63 (m, 3H), 2.12-1.97 (m, 5H), 1.82—-1.56 (m,
10H), 1.78 (s, 3H), 1.54 (s, 3H), 1.45-1.36 (m, 2H), 1.21 (s, 3H), 1.09 (s, 3H), 0.89 (s,
3H); C NMR & 175.8, 166.0, 159.6, 157.0, 150.1, 143.8, 138.6, 134.9, 132.6, 130.6,
129.4, 127.6, 126.9, 124.6, 124.1, 122.0, 119.5, 108.8, 108.4, 106.4, 95.7, 79.0, 78.7,
78.2, 63.3, 63.3, 61.6, 57.0, 56.9, 56.5, 48.4, 41.0, 40.5, 39.5, 38.9, 36.8, 32.1, 30.7, 29.8,
29.0, 27.9, 27.3, 24.1, 23.3, 20.3, 16.3, 14.9, 14.6; HRMY @@&&d for GgHesN30sS
[M+H] * 846.4727; found 846.4724.

Amide 46. To a solution of compount6in MeOH (0.8 mL) was added TsOH
(51 mg, 0.3 mmol), and the reaction was allowed to stir for 12 lker AlaHCQ (sat.)
was added to quench the reaction, standard workup and filtration throsiibagpad
provided biotinylated!6 (35 mg, 71%) as a colorless semi—solftH NMR (CD;OD) §
7.00-6.85 (m, 4H), 6.65 (s, 2H), 5.27-5.21 (m, 2H), 4.43-4.39 (m, 1H), 4.26-4.20 (m,
1H), 3.84 (s, 6H), 3.66—3.60 (m, 2H), 3.34-3.33 (m, 3H), 3.15-3.08 (m, 1H), 2.90-2.83
(dd, J = 12.8, 4.5 Hz, 1H), 2.76-2.65 (m, 3H), 2.21-2.00 (m, 7H), 1.80-1.55 (m, 8H),
1.78 (s, 3H), 1.58 (s, 3H), 1.44-1.39 (m, 2H), 1.22 (s, 3H), 1.10 (s, 3H), 0.88 (s-*BH);
NMR 6 176.6, 166.7, 160.7, 157.7, 150.8, 144.5, 138.6, 135.4, 133.2, 131.4, 129.7, 128.5,
127.7, 125.6, 124.8, 122.7, 118.0, 109.1, 108.0, 102.5, 80.2, 79.4, 79.0, 64.1, 62.3, 57.7,
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57.3, 57.0, 48.3, 41.8, 41.3, 40.3, 39.7, 37.6, 30.6, 30.3, 29.8, 28.7, 28.0, 27.8, 24.9, 24.0,
21.1, 17.0, 15.7, 15.4; HRMS (BScalcd for GeHesNsO;S [M+Na] 824.4284; found
824.4297.

Stilbene 169 In a manner similar to the preparation of stilb#6@ a solution of
aldehydel68 (40 mg, 0.2 mmol) and phosphonatd (69 mg, 0.2 mmol) in THF (1 mL)
were added to a suspension of NaH (41 mg, 60% dispersion in oil, 1.1 nmddlpa
crown-5 (1 drop, cat.) in THF (3 mL) at 0 °C, and the mixtureallaw/ed to stir for 2 h.
Following standard workup and purification by column chromatography (45%
EtOAc/hexanes), compourid$9 (55 mg, 78%) was obtained as a yellow dH NMR &
7.07-6.84 (m, 6H), 6.74 (s, 1H), 5.34 (t, J = 6.9 Hz, 1H), 5.24 (s, 2H), 5.20 (t, J = 7.1 Hz,
1H), 3.93 (s, 3H), 3.93 (s, 2H), 3.90 (s, 3H), 3.88 (s, 3H), 3.50 (s, 3H), 3.37 (d,J =7.1
Hz, 2H), 2.15-2.08 (m, 2H), 2.02-1.97 (m, 2H), 1.78 (s, 3H), 1.62 (s, 3B)NMR &

158.1, 155.7, 148.9, 148.7, 136.4, 134.6, 134.1, 130.3, 127.8, 126.9, 126.0, 122.9, 119.7,
118.7,111.0, 108.4, 105.4, 102.4, 94.4, 68.9, 56.0, 55.8, 55.7, 55.7, 39.3, 26.0, 22.4, 15.9,
13.6; HRMS (E1) calcd for GgH3g06 [M*] 482.2668; found 482.2675.

Phthalimide 200 In a manner similar to the preparation of phthaliniiég, a
solution of stilbenel69 (59 mg, 0.1 mmol) in THF (1 mL) was added to a mixture of
PPh (50 mg, 0.2 mmol), DIAD (0.04 mL, 0.2 mmol), and phthalimide (29 mg, 0.2
mmol) in THF (2 mL) at 0 °C. After the reaction was allowedstir at rt for 12 h,
standard workup and purification by column chromatography (35% EtOAc/héxanes
gave compoun@00 (66 mg, 83%) as a pale solidH NMR § 7.87—7.80 (m, 2H), 7.73-

7.68 (m, 2H), 7.07—6.83 (m, 6H), 6.72 (s, 1H), 5.38 &,6.8 Hz, 1H), 5.23 (s, 2H), 5.19

(t, J=7.3 Hz, 1H), 4.15 (s, 2H), 3.94 (s, 3H), 3.90 (s, 3H), 3.87 (s, 3H), 3.49 (s, 3H), 3.35
(d,J = 7.1 Hz, 2H), 2.12-2.04 (m, 2H), 1.98-1.93 (m, 2H), 1.75 (s, 3H), 1.61 (s, 3H);
13C NMR § 168.2 (2C), 158.3, 155.8, 149.2, 148.9, 136.4, 134.2, 133.8, 132.1 (2C),
130.5, 129.0 (2C), 127.9, 127.2, 127.0, 123.2 (2C), 122.9, 119.8, 118.9, 111.3, 108.8,
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105.5, 102.6, 94.5, 55.9, 55.9, 55.8, 55.7, 45.0, 39.3, 26.6, 22.4, 16.0, 14.5; HRMS (El
calcd for G7H4:NO, [M™] 611.2883; found 611.2884.

Preparation of Amide 170 and Compound 171 To a solution of phthalimide
200(62 mg, 0.1 mmol) in MeOH (2 mL) at rt was added hydrazine hy@@a®2 mL, 0.4
mmol), the solution was heated at reflux for 2 h, and then allosvedd to rt and stirred
overnight. After concentratiom vacuq the resulting white solid was dissolved in 1 N
NaOH. The aqueous portion was extracted 5 times witfCGHand the organic layers
were combined, washed with brine, dried (MgE@nd concentrateth vacuo The
resulting oil was dissolved in MeOH (0.6 mL), and a solution of D—bi(dat8 29 mg,

0.1 mmol) and EDC-HCI (30 mg, 0.1 mmol) in €&HN (0.6 mL) was added. After the
resulting solution had stirred for 3 h, it was concentrateéicuo The resulting material

was suspended in MeOH, filtered through Celite, concentmatedcuq and purified by

flash column chromatography (5-10% MeOH/CEJAb give MOM—protected stilbene
170as a mixture along with compoufi@l: *H NMR (CDCk) & 7.05-6.82 (m, 6H), 6.71

(s, 1H), 6.66 (br s, 1H), 6.24 (br s, 0.7H), 5.96 &,5.4 Hz, 1H), 5.90 (br s, 0.7H), 5.74

(br s, 0.7H), 5.21 (s, 2H), 5.19-5.14 (m, 1H), 4.48-4.41 (m, 1.7H), 4.28-4.20 (m, 1.8H),
3.93 (s, 3H), 3.88 (s, 3H), 3.84 (s, 3H), 3.69-3.68 (m, 2H), 3.64 (s, 3H), 3.48 (s, 3H),
3.34 (d,J = 7.1 Hz, 2H), 3.15-3.05 (m, 2H), 2.89-2.80 (m, 2H), 2.72-2.65 (m, 2H),
1.98-1.92 (m, 2H), 1.75 (s, 3H), 1.71-1.60 (m, 9H), 1.54 (s, 3H), 1.46-1.31 (m, 5H),
1.30-1.12 (m, 8H), 0.87-0.82 (m, 2H).

Preparation of Amide 167and Compound 171 To a solution of compound
170 in MeOH (0.8 mL) was added TsOH (51 mg, 0.3 mmol), and the reactien w
allowed to stir for 12 h. After NaHC{sat.) was added to quench the reaction, standard
workup and purification by column chromatography (5-10% MeOH/GH@ovided
biotinylated amidel67 as a mixture along with est&71: *H NMR (CDCk) & 8.06 (s,
1H), 7.05-6.81 (m, 5H), 6.69-6.68 (m, 2H), 6.57 (s, 1H), 6.12-6.09 (m, 2H), 5.78 (br s,
1H), 5.67 (br s, 1H), 5.18-5.08 (m, 2H), 4.49-4.44 (m, 1H), 4.41-4.37 (m, 1H), 4.29—
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4.25 (m, 1H), 4.22-4.18 (m, 1H), 3.93 (s, 3H), 3.98 (s, 3H), 3.83 (s, 3H), 3.76-3.60 (m,
2H), 3.64 (s, 3H), 3.35 (d,= 6.4 Hz, 2H), 3.15-3.00 (m, 2H), 2.89-2.77 (m, 2H), 2.77—
2.64 (m, 2H), 2.89-2.77 (m, 2H), 2.30 dt= 7.5 Hz, 2H), 2.20-2.03 (m, 6H), 1.73 (s,
3H), 1.68-1.56 (m, 9H), 1.53 (s, 3H), 1.47-1.32 (m, 5H).

Stilbene 174 In a manner similar to the preparation of stilb&68, aldehyde
173 (22 mg, 0.1 mmol) and phosphondt®9 (36 mg, 0.1 mmol) in THF (1 mL) were
added to a solution of NaH (20 mg, 60% dispersion in oil, 0.5 mmol) anddl&-€5 (1
drop, cat.) in THF (2 mL) at 0 °C, and the mixture was allowed tdost2 h. Standard
workup and purification by column chromatography (75% EtOAc/hexaaks)ded
compoundl74 (24 mg, 58%) as a yellow oil’H NMR & 6.99-6.87 (m, 5H), 6.71 (s,
1H), 5.33 (t,J = 6.9 Hz, 1H), 5.22 (s, 2H), 5.23-5.18 (m, 1H), 4.83)(d,6.7 Hz, 1H),
4.72 (d,J = 6.8 Hz, 1H), 4.33-4.30 (m, 1H), 3.93 (s, 2H), 3.90 (s, 3H), 3.89 (s, 3H), 3.50
(s, 3H), 3.46 (s, 3H), 3.39-3.36 (m, 2H), 3.27Jd&; 3.3 Hz, 1H), 2.85-2.68 (m, 2H),
2.17-2.08 (m, 2H), 2.02-1.94 (m, 3H), 1.81-1.75 (m, 2H), 1.78 (s, 3H), 1.62 (s, 3H),
1.47 (s, 3H), 1.12 (s, 3H), 1.09 (s, 3HY’C NMR & 158.2, 155.8, 149.0, 142.3, 136.6,
134.6, 134.0, 128.8, 128.2, 126.5, 126.0, 123.0, 122.8, 120.4, 118.7, 107.0, 105.5, 102.3,
96.9, 94.5, 84.8, 76.4, 68.9, 68.6, 56.0, 56.0, 55.9, 55.7, 47.1, 42.3, 39.3, 37.8, 28.7, 26.0,

22.9,22.4,21.5, 16.6, 15.9, 13.6; HRMS'JEklcd for GoHs¢09 [M*] 680.3924.
Phthalimide 201 In a manner similar to the preparation of phthalimi®®, a

solution of stilbenel74 (55 mg, 0.1 mmol) in THF (2 mL) was added to a mixture of
PPh (25 mg, 0.1 mmol), DIAD (0.02 mL, 0.1 mmol), and phthalimide (14 mg, 0.1
mmol) in THF (1 mL) at 0 °C. After the reaction was allowedstir at rt for 2 h,
standard workup and purification by column chromatography (60% EtOAc/héxanes
gave compoun@01 (18 mg, 28%) as a yellow solid*H NMR § 7.85-7.83 (m, 2H),
7.72-7.69 (m, 2H), 6.97—6.86 (m, 5H), 6.71 (s, 1H), 5.35%t6.8 Hz, 1H), 5.22 (s, 2H),
5.22-5.19 (m, 1H), 4.83 (d,= 6.8 Hz, 1H), 4.72 (d] = 6.9 Hz, 1H), 4.32-4.31 (m, 1H),

4.13 (s, 2H), 3.90 (s, 3H), 3.86 (s, 3H), 3.65 (s, 1H), 3.50 (s, 3H), 3.46 (s, 3H), 3.39-3.36
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(m, 2H), 3.27-3.26 (m, 1H), 2.79-2.74 (m, 2H), 2.09—2.04 (m, 2H), 2.00-1.93 (m, 3H),
1.81-1.77 (m, 2H), 1.75 (s, 3H), 1.61 (s, 3H), 1.47 (s, 3H), 1.45-1.21 (m, 14H), 1.12 (s,
3H), 1.07 (s, 3H), 0.90 (s, 3H).

Aldehyde 181 To a solution of allylic alcohol74 (14 mg, 0.02 mmol) in
CH.CI; (1.5 mL) was added MnQ30 mg, 0.3 mmol) and the reaction was allowed to
stir at rt for 5 h. After TLC analysis indicated compled@sumption of starting material,
the reaction was filtered through Celite and the resulting salwtias concentrateith
vacuoto provide aldehydd81, which was carried on without further purification or
characterization.

Z—enol ether 253 To a solution of diisopropylamine (0.3 mL, 2.1 mmol) in THF
(7 mL) at 0 °C was added-BuLi (0.9 mL, 2.1 M soln in hexanes, 1.9 mmol), and the
solution was cooled to —78 °C. After 10 minutes, the reaction watedrevith a solution
of p—keto esteR52 (303 mg, 1.5 mmol) in THF (1 mL), and the reaction was allowed to
stir at =78 °C for 1 h. After addition of MOMCI (0.1 mL, 1.8 mmol), thaction was
allowed to warm to rt and stirred overnight. The reaction was gednisy addition of
sat. NHCI, and the aqueous layer was extracted with EtOAc. The codhlbirganic
extracts were washed with brine, dried (Mgg@oncentratedh vacuq and purified by
column chromatography (10% EtOAc/hexanes) to givenol ethe53 (86 mg, 23%) as
a colorless liquid:*H NMR § 5.02—4.98 (m, 1H), 4.92 (s, 2H), 4.14 o= 7.1 Hz, 2H),

3.41 (s, 3H), 2.89 (dl = 6.9 Hz, 2H), 1.95 (s, 3H), 1.63 (s, 3H), 1.61 (s, 3H), 1.2Bt,
7.2 Hz, 3H); °C NMR § 168.0, 155.9, 132.0, 121.7, 113.8, 94.1, 59.9, 56.3, 27.7, 25.5,
17.6, 15.0, 14.2.

E—enol ether 254and C—-alkyl product 255. To a solution of KHMDS (3.9 mL,

0.5 M soln in toluene, 2.0 mmol) in DMF (7 mL) at —60 °C was added slpwkgto
ester252 (295 mg, 1.5 mmol). The reaction was allowed to warm to 0 °C over 1m, the
cooled to —60 °C and treated with MOMCI (0.1 mL, 1.8 mmol). Téwction was

allowed to warm to rt and stirred for 12 h. Standard workup and ptioficey column
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chromatography (7-10% EtOAc/hexanes) afforded the C-alkyl prazhEt(62 mg,
17%) andE—enol ethe254 (146 mg, 40%) as colorless liquids. For compoRsd ‘H
NMR § 5.08-5.04 (m, 1H), 5.02 (s, 2H), 4.12 Jg; 7.0 Hz, 2H), 3.38 (s, 3H), 3.03 (@,
= 7.1 Hz, 2H), 2.33 (s, 3H), 1.64 (s, 3H), 1.62 (s, 3H), 1.2BH{7.1 Hz, 3H); °C NMR
0 169.0, 161.4, 130.9, 122.8, 112.3, 92.2, 59.7, 56.1, 25.6, 25.2, 17.6, 14.7, 14.2; HRMS
(EI") calcd for GaH»004 [M*] 242.1518; found 242.1524. For compoi®h, ‘H NMR
8 4.89-4.83 (s, 1H), 4.21-4.12 (m, 2H), 3.71J¢; 9.3 Hz, 1H), 3.63 (dJ = 9.3 Hz,
1H), 3.27 (s, 3H), 2.72-2.57 (m, 2H), 2.13 (s, 3H), 1.66 (s, 3H), 1.59 (s, 3H), 1123 (t,
7.2 Hz, 3H); °C NMR § 203.8, 170.4, 136.1, 117.4, 71.9, 64.2, 61.2, 59.2, 28.7, 26.8,
25.9, 17.6, 14.0.

p—keto ester 194 To a solution of NaH (866 mg, 24 mmol) and 15—crown-5 (1.0
mL, 5 mmol) in THF (250 mL) at 0 °C was added slowly ethyl acetade (8.8 mL, 70
mmol), and the resulting mixture was allowed to stir for 30 minestly prepared
bromide129° (23 mmol) was added dropwise via cannula, and the resulting mixasre w
allowed to stir for 4 h. After the reaction was quenched by addaf HO and sat.
NH4CI, the aqueous layer was extracted with EtOAc. The combineahiorgatracts
were washed with brine, dried (Mg®Pand concentrateth vacuo Removal of the
excess ethyl acetoacetate by distillation at reduced pestslawed by final purification
via column chromatography (15% EtOAc/hexanes) afforded compth(B.6 g, 54%)
as a colorless liquid*H NMR § 4.93 (t,J = 5.5 Hz, 1H), 4.04-3.99 (m, 2H), 3.31-3.26
(m, 1H), 2.51-2.49 (m, 1H), 2.42-2.35 (m, 2H), 2.07-1.91 (m, 2H), 2.04 (s, 3H), 1.50—
1.39 (m, 2H), 1.49 (s, 3H), 1.14-1.07 (m, 9HYC NMR & 202.2, 169.1, 137.0, 120.1,
63.4, 60.8, 59.2, 57.7, 36.0, 28.7, 27.0, 26.4, 24.4, 18.3, 15.7, 13.7; HRNISHEL
for C1gH2604 [M*] 282.1831; found 282.1835.

Z—enol ether 196 To a solution of diisopropylamine (0.2 mL, 1.4 mmol) in THF
at 0 °C was addea-BuLi (0.6 mL, 2.2 M soln in hexanes, 1.4 mmol), and the solution

was cooled to —78 °C. After 10 minutes, the reaction was treatedavsiblution ofs—
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keto estel94 (321 mg, 1.1 mmol) in THF (1 mL), and the reaction was allowetrtats
—78 °C for 1 h. After addition of MOMCI (0.2 mL, 2.2 mmol), the reacti@s allowed
to warm to rt and stirred overnight. The reaction was quenched difoadof sat.
NH,4CI, and the aqueous layer was extracted with EtOAc. The combigadic extracts
were washed with brine, dried (Mg@Qconcentratedh vacuq and purified by column
chromatography (20% EtOAc/hexanes) to gi+«enol etherl96 (163 mg, 44%) as a
colorless liquid: *H NMR & 5.12 (t,J = 5.9 Hz, 1H), 4.97 (s, 2H), 4.18 (@= 7.0 Hz,
2H), 3.46 (s, 3H), 2.96 (d, = 7.0 Hz, 2H), 2.69 (t) = 6.2 Hz, 1H), 2.17-2.06 (m, 2H),
2.00 (s, 3H), 1.67 (s, 3 H), 1.66-1.56 (m, 2H), 1.30-1.26 (m, 9fQ;NMR & 167.7,
156.1, 134.6, 122.1, 113.4, 94.0, 63.8, 59.8, 58.0, 56.2, 36.0, 27.5, 27.1, 24.6, 18.5, 15.8,
14.9, 14.1; HRMS (E) calcd for GgHz¢Os [M*] 326.2093; found 326.2084.

E—enol ether 198nd C-alkyl product 202 To a solution of KHMDS (3.0 mL,
0.5 M soln in toluene, 1.5 mmol) in DMF (7 mL) at —60 °C was added slpwkgto
esterl94(331 mg, 1.2 mmol) in DMF (1 mL). The reaction was allowed to warm to 0 °C
over 1 h, then cooled to —60 °C and treated with MOMCI (0.1 mL, 1.4 mmolgr i
reaction was allowed to warm to rt and stirred for 12 h, standatkluwand purification
by column chromatography (15-18% EtOAc/hexanes) afforded C-alkyl pr@@ac
(105 mg, 27%) as a 1:1 mixture of diastereomerskashol ethed 98 (172 mg, 45%) as
a colorless liquid. FoE—enol ether198 *H NMR § 5.14 (t,J = 7.2 Hz, 1H), 5.07 (s,
2H), 4.16 (qJ = 7.2 Hz, 2H), 3.42 (s, 3H), 3.10 @@= 7.1 Hz, 2H), 2.69 (t) = 6.3 Hz,
1H), 2.39 (s, 3H), 2.15-2.06 (m, 2H), 1.71 (s, 3H), 1.69-1.56 (m, 2H), 1.31-1.25 (m,
9H); '*C NMR § 168.9, 161.5, 133.6, 123.4, 112.1, 92.2, 64.0, 59.7, 58.2, 56.2, 36.2,
27.2,25.1, 24.7, 18.6, 15.9, 14.7, 14.2; HRMS)(Ehlcd for GgH3004 [M*] 326.2093;
found 326.2105; for C—alkyl produ202 *H NMR & 4.91 (t,J = 6.7 Hz, 1H), 4.19-4.08
(m, 2H), 3.68 (ddJ = 9.4, 2.1 Hz, 1H), 3.59 (d,= 9.4 Hz, 1H), 3.24 (s, 3H), 2.72-2.47
(m, 3H), 2.17-1.98 (m, 2H), 2.10 (s, 3H), 1.65-1.51 (m, 2H), 1.59 (s, 3H), 1.25 (s, 3H),
1.22-1.17 (m, 6H);**C NMR § 203.5, 170.2, 170.2, 138.7, 138.7, 118.1, 118.1, 71.8,
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64.1, 64.0, 63.8, 63.7, 61.2, 61.2, 59.1, 58.2, 58.2, 36.5, 36.5, 28.5, 27.3, 27.3, 26.7, 24.7,

18.6, 15.9, 15.8, 13.9; HRMS (Ekalcd for GgHz00s [M*] 326.2093; found 326.2094.
Representative cyclization procedure (geranyl): Ketone 265Ester 263,

Cyclohexene 271, and Protected Ester 270ro a solution oE—enol ethed98 (86 mg,

0.3 mmol) in CHCI;, (25 mL) at —78 °C was added 86Et, (0.2 mL, 1.4 mmol), and

the solution was allowed to stir for 10 min. The reaction was dpeehby addition of

TEA (0.2 mL, 1.4 mmol) and the cold bath was removed. After the soluttbwaaned

considerably, KO was added and the aqueous layer was extracted wgBI£HThe

combined organic extracts were washed with brine, dried (MgS®ncentratedn

vacuqg and purified by column chromatography (6—-65% EtOAc/hexanes) to afford

protected este270 (2 mg, 2%) as a colorless atlyclohexene€271 (3 mg, 4%) as a pale

oil, ketone265 (11 mg, 13%) as a colorless solid, and eg&3 (33 mg, 44%) as a

colorless oil. For bicycl€63 *H NMR & 4.17 (g,J = 6.8 Hz, 2H), 3.37 (dd] = 11.2,

4.8 Hz, 1H), 2.40 (ddJ = 16.5, 5.2 Hz, 1H), 2.19 (s, 3H), 2.09-1.78 (m, 4H), 1.67-1.53

(m, 2H), 1.30 (tJ = 7.2 Hz, 3H), 1.16 (s, 3H), 1.07 (s, 3H), 0.83 (s, 3T NMR §

168.7, 162.7, 100.3, 77.9, 77.4, 59.6, 46.3, 38.2, 37.3, 28.0, 27.3, 20.5, 20.1, 19.4, 14 .4,

14.2; HRMS (El) calcd for GeH2604 [M7] 282.1831; found 282.1832. For ketd2gs:

'H NMR & 4.20-4.11 (m, 2H), 3.38 (dd= 11.2, 4.0 Hz, 1H), 2.53 (dd,= 15.8, 4.9 Hz,

1H), 2.35 (s, 3H), 2.09-1.54 (m, 6H), 1.34J(t 7.2 Hz, 3H), 1.25 (s, 3H), 1.09 (s, 3H),

0.84 (s, 3H);**C NMR § 196.3, 164.0, 92.1, 82.0, 77.8, 63.5, 46.9, 38.4, 37.0, 31.1, 27.9,

27.4, 19.7, 19.0, 14.9, 14.1; HRMS T{Etalcd for GgH2c04 [M7] 282.1831; found

282.1825. For cyclohexer®¥1 'H NMR & 5.04 (s, 2H), 4.14 (ql = 6.8 Hz, 2H), 3.45

(s, 3H), 3.24 (broad s, 1H), 2.17 (s, 3H), 1.87-1.77 (m, 2H), 1.66 (s, 3H), 1.64-1.57 (m,

2H), 1.27 (t,J = 7.6 Hz, 3H), 1.04 (s, 6H). For MOM—protected e#® ‘H NMR §

4.75 (d,J = 6.8 Hz, 1H), 4.63 (d] = 6.8 Hz, 1H), 4.18 (g] = 7.3 Hz, 2H), 3.40 (s, 3H),

3.22 (dd,J = 10.5, 3.4 Hz, 1H), 2.39 (dd,= 16.4, 4.6 Hz, 1H), 2.19 (s, 3H), 2.08-1.90

(m, 3H), 1.60-1.35 (m, 3H), 1.30 &= 7.3 Hz, 3H), 1.16 (s, 3H), 1.03 (s, 3H), 0.85 (s,
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3H); ®C NMR § 168.7, 162.7, 100.3, 96.1, 84.0, 77.4, 59.6, 55.6, 46.7, 38.1, 37.2, 27.4,
25.1, 20.6, 20.1, 19.4, 15.1, 14.5; HRMS'jEalcd for GgHz00s [M*] 326.2093; found
326.2089.

Cyclohexene 269 Using standard cyclization conditions, reactionZefnol
ether196 (114 mg, 0.4 mmol) with B#OE® (0.2 ml, 1.8 mmol) afforded compou269
(13 mg, 11%) as a colorless oflH NMR & 4.90 (d,J = 6.9 Hz, 1H), 4.86 (d] = 7.1 Hz,
1H), 4.15 (gJ = 7.3 Hz, 2H), 3.47-3.45 (m, 1H), 3.42 (s, 3H), 3.09(d,15.6 Hz, 1H),

2.98 (d,J = 15.9 Hz, 1H), 2.11-1.93 (m, 2H), 1.98 (s, 3H), 1.75-1.64 (m, 2H), 1.62 (s,
3H), 1.33-1.24 (m, 3H), 1.07 (s, 3H), 1.06 (s, 3HJC NMR & 169.4, 148.3, 130.9,
129.8, 117.4, 93.6, 75.8, 60.3, 56.3, 39.9, 29.2, 27.5, 27.2, 25.9, 22.5, 20.1, 14.2, 13.6.

Z—enol ether 279 In a manner similar to the preparationZenol etherl96 a
solution of LDA (0.9 mmol) in THF (4 mL) was treated sequentialith p—keto ester
277 (214 mg, 0.8 mmol) in THF (1 mL) and MOMCI (0.1 mL, 0.9 mmol). Following
standard workup and purification by column chromatography (10% EtOxeriks), the
Z—enol ethe279 (101 mg, 45%) was obtained as a colorless til: NMR & 5.07-5.03
(m, 2H), 4.95 (s, 2H), 4.17 (d,= 7.1 Hz, 2H), 3.44 (s, 3H), 2.93 (d= 6.8 Hz, 2H),
2.05-1.96 (m, 4H), 1.97 (s, 3H), 1.66 (s, 3H), 1.63 (s, 3H), 1.58 (s, 3H), 186 Tt2
Hz, 3H); **C NMR & 168.0, 156.1, 135.8, 131.3, 124.2, 121.7, 114.0, 100.0, 60.0, 56.4,
39.6, 27.7, 26.6, 25.6, 17.6, 16.0, 15.2, 14.3; HRMS) (&lcd for GgHzcOs [M*]
310.2144; found 310.2135.

E—enol ether 278 In a manner similar to the preparationesfenol etherl98 a
solution of KHMDS (1.6 mL, 0.5 M soln in toluene, 0.8 mmol) in DMF (8 mjsw
treated withp—keto este277 (162 mg, 0.6 mmol) and MOMCI (0.1 mL, 1.3 mmol).
Following standard workup and purification by column chromatography (10%
EtOAc/hexanes)E—enol ether278 (33 mg, 19%) was obtained as a colorless Ot
NMR § 5.12-5.07 (m, 2H), 5.06 (s, 2H), 4.16 Jg; 7.1 Hz, 2H), 3.42 (s, 3H), 3.09 (@,
= 7.0 Hz, 2H), 2.38 (s, 3H), 2.08-2.01 (m, 2H), 1.98-1.93 (m, 2H), 1.68 (s, 3H), 1.66 (s,
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3H), 1.59 (s, 3H), 1.27 (§,= 7.1 Hz, 3H); °C NMR 5 169.2, 161.3, 134.8, 131.2, 124.4,
122.8, 112.8, 92.4, 59.8, 56.3, 39.8, 26.7, 25.7, 25.2, 17.6, 16.0, 14.9, 14.3; HRMS (EI
calcd for GgH3004 [M™] 310.2138; found 310.2144.

p—keto ester 183 To a solution of NaH (134 mg, 3.3 mmol) and 15-crown-5
(0.5 mL, 2.3 mmol) in THF (50 mL) at 0 °C was added slowly ethgtaacetatel92,

1.7 mL, 13.4 mmol), and the resulting mixture was allowed to stiB@min. Freshly
prepared bromid287? (4.5 mmol) was added slowly, and the mixture was allowed to
warm to rt and stirred for 4 h. After the reaction was gheddy addition of KD and

sat. NHCI, the aqueous layer was extracted with EtOAc. The combirgathiarextracts
were washed with brine, dried (Mg®Pand concentratesh vacuo The resulting oil

was purified by column chromatography (17% EtOAc/hexanes) todadfmmpoundl83

(1.27 g, 80%) as a colorless liquid NMR § 5.09 (t,J = 5.9 Hz, 1H), 5.00 () = 7.2

Hz, 1H), 4.15 (qJ = 1.2 Hz, 2H), 3.40 (t) = 7.6 Hz, 1H), 2.66 (t) = 6.0 Hz, 1H), 2.51

(t, J=7.3 Hz, 2H), 2.19 (s, 3H), 2.11-1.92 (m, 6H), 1.63-1.54 (m, 2H), 1.59 (s, 3H), 1.57
(s, 3H), 1.26-1.20 (m, 9H)**C NMR § 203.0, 169.5, 138.2, 134.2, 124.4, 119.6, 64.1,
61.2, 59.7, 58.2, 39.5, 36.2, 29.0, 27.3, 26.8, 26.4, 24.8, 18.7, 16.0, 15.9, 14.0; HRMS
(EI") calcd for GiH3404 [M*] 350.2457; found 350.2455.

Z—enol ether 184 To a solution of KHMDS (2.6 mL, 1.3 mmol, 0.5 M soln in
toluene) in THF (5 mL) at —78 °C was addeeketo esterl83 (351 mg, 1.1 mmol) in
THF (1 mL), and the solution was allowed to warm to —40 °C over 1 h, duedcto —

78 °C. After MOMCI (0.1 mL, 1.2 mmol) was added dropwise, the waetas allowed
to warm to rt and stirred overnight. After the reaction was queénichieddition of sat.
NH4CI, the aqueous layer was extracted with EtOAc. The combinechiorgatracts
were washed with brine, dried (Mg®Q®concentratedn vacuq and the residue was
purified by column chromatography (15% EtOAc/hexanes) to affexehol etherl84
(98 mg, 43%) as a colorless ofiH NMR & 5.16-5.03 (m, 2H), 4.96 (s, 2H), 4.18 J&;
7.2 Hz, 2H), 3.45 (s, 3H), 2.94 (d= 7.0 Hz, 2H), 2.70 (t) = 6.3 Hz, 1H), 2.27-1.99
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(m, 5H), 1.94 (s, 3H), 1.65 (s, 3H), 1.60 (s, 3H), 1.56 (s, 3H), 1.30-1.26 (m,'&El);

NMR 6 167.9, 155.9, 135.5, 133.9, 124.6, 121.6, 113.7, 94.1, 64.0, 59.8, 58.1, 56.2, 39.4,
36.1, 27.5, 27.2, 26.4, 24.7, 18.6, 15.9, 15.7, 15.0, 14.1; HRMpctd for GsHzg0s

[M*] 394.2719; found 394.2706.

E—enol ether 186 To a solution of KHMDS (4.8 mL, 0.5 M soln in toluene, 2.4
mmol) in DMF (8 mL) at —-60 °C was add@dketo esterl83 (637 mg, 2.0 mmol)
dissolved in DMF (1 mL). The reaction was allowed to warm to —10\R& 1 h and
then cooled to —30 °C and treated with MOMCI (0.2 mL, 2.1 mmol). Theloragas
allowed to warm to rt and stirred 4 h. Following standard workup, ipatidn by
column chromatography (12% EtOAc/hexanes) provideénol etherl86 (336 mg,
44%) as a colorless oifH NMR & 5.14-5.07 (m, 2H), 5.04 (d,= 1.2 Hz, 2H), 4.13 (q,

J = 1.6 Hz, 2H), 3.40 (s, 3H), 3.06 @@= 6.9 Hz, 2H), 2.67 (t) = 6.2 Hz, 1H), 2.35 (s,

3H), 2.12-1.91 (m, 6H), 1.66 (s, 3H), 1.61-1.53 (m, 2H), 1.57 (s, 3H), 1.31-1.21 (m,
9H); C NMR § 169.1, 161.4, 134.6, 133.9, 124.8, 122.8, 112.5, 92.3, 64.1, 59.8, 58.2,
56.2, 39.7, 36.2, 27.3, 26.6, 25.1, 24.8, 18.7, 16.0, 15.9, 14.8, 14.3; HRNISHE

for CoaH3g05 [M 7] 394.2719; found 394.2713.

Representative cyclization procedure (farnesyl): Ester 18%. To a solution of
E—enol etherl86 (70 mg, 0.2 mmol) in CKCl, (22 mL) at —78 °C was added BOEb
(0.1 mL, 0.9 mmol), and the solution was allowed to stir for 10 min. r&hetion was
guenched by addition of TEA (0.1 mL, 0.9 mmol) and the cold bath was remé¥ted.
the solution had warmed considerably,CHwas added and the aqueous layer was
extracted with CECl,. The combined organic extracts were washed with brine, dried
(MgSQy), concentratedin vacuq and the residue was purified by column
chromatography (30% EtOAc/hexanes) to afford known dg@’° (13 mg, 21%) as a
colorless solid.

Ketone 185 and decalin 288 Using standard cyclization conditionss-enol

etherl84 (97 mg, 0.3 mmol) in CkCl, (25 mL) at —78 °C was treated with BBE®: (0.1



146

mL, 1.1 mmol). After the solution was allowed to stir for 10 minydis quenched by

addition of TEA (0.2 mL). Following standard workup, purification by calum

chromatography (65% EtOAc/hexanes) afforded de@8B(17 mg, 17%) as a colorless

oil and ketonel85 (18 mg, 21%) as a colorless solid. For ketb@& *H NMR & 4.20—

4.09 (m, 2H), 3.22 (dd] = 11.1, 5.2 Hz, 1H), 2.41 (dd,= 15.9, 5.1 Hz, 1H), 2.34 (s,

3H), 2.08-1.82 (m, 2H), 1.81-1.54 (m, 6H), 1.46—1.21 (m, 3H), 1.33=(.2 Hz, 3H),

1.23 (s, 3H), 1.01 (s, 3H), 0.86 (s, 3H), 0.79 (s, 3f):NMR 5 196.3, 164.0, 92.0, 82.6,

78.6, 63.8, 55.0, 52.0, 40.2, 38.7, 37.4, 36.4, 31.0, 28.1, 27.2, 20.6, 19.3, 18.4, 15.4, 14.9,

14.9; HRMS (E)) calcd for GiHz404 [M?] 350.2457; found 350.2448. For decal®s

'H NMR 5 4.81 (d,J = 6.9 Hz, 1H), 4.78 (d] = 6.9 Hz, 1H), 4.14-3.99 (m, 2H), 4.05 (s,

3H), 3.19-3.14 (m, 1H), 3.02 (d= 15.8 Hz, 1H), 2.83 (d] = 15.8 Hz, 1H), 1.96-1.93

(m, 2H), 1.87 (s, 3H), 1.61-1.37 (m, 7H), 1.51 (s, 3H), 1.10%t7.3 Hz, 3H), 0.92 (s,

3H), 0.91 (s, 3H), 0.73 (s, 3H)*C NMR § 169.4, 147.6, 135.6, 129.2, 118.2, 93.7, 78.8,

60.2, 56.3, 50.5, 38.8, 38.6, 34.4, 33.9, 28.1, 27.7, 26.8, 20.4, 20.2, 18.7, 15.4, 14.3, 13.6.
Tricycle 289. To a solution of estet87 (19 mg, 0.05 mmol) in C¥Cl, (0.5 mL)

at rt was slowly added DIPEA (0.02 mL, 0.1 mmol). After 10 nesuMOMCI (0.01

mL, 0.1 mmol) was added dropwise. The reaction was allowed tstirh, and then

was quenched by addition of sat. M and the aqueous layer was extracted with

CH.Cl,. The combined organic extracts were washed with brine, dried (MgSO

concentratedn vacuq and the residue was purified by column chromatography (7%

EtOAc/hexanes) to afford protected tricy@89 (15 mg, 70%) as a colorless oifH

NMR & 4.75 (d,J = 7.1 Hz, 1H), 4.61 (d] = 6.8 Hz, 1H), 4.17 (¢) = 7.5 Hz, 2H), 3.39

(s, 3H), 3.10 (ddJ = 11.3, 4.9 Hz, 1H), 2.28 (dd,= 15.7, 3.9 Hz, 1H), 2.19 (s, 3H),

1.98-1.91 (m, 1H), 1.82-1.34 (m, 6H), 1.31-1.22 (m, 2H), 1.20<16.8 Hz, 3H), 1.14

(s, 3H), 0.99 (s, 3H), 0.98-0.92 (m, 2H), 0.86 (s, 3H), 0.85 (s, 3¥):NMR & 168.8,

162.7, 100.1, 96.0, 84.8, 78.0, 59.5, 55.6, 55.4, 51.5, 40.6, 38.6, 37.4, 35.3, 28.1, 24.0,
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20.6, 20.3, 19.5, 19.3, 16.4, 15.0, 14.5; HRMS)(Ehlcd for GsH3g0s [M*] 394.2719;
found 394.2715.

Z-silyl enol ether 290 To a suspension of NaH (157 mg, 4.0 mmol) and 15—
crown-5 (1 drop, cat.) in THF (8 mL) at 0 °C was added a solutifrketo ested 94
(280 mg, 1.0 mmol) in THF (2 mL), and the reaction was allowed tdmtiBO min.
Solid TBSCI (165 mg, 1.1 mmol) was added in one portion, and the reac®allowed
to stir for 1 h. After the reaction was quenched by addition ldfQNl (sat.), standard
workup and purification by column chromatography (7% EtOAc/hexaye# Z—silyl
enol ether290 (150 mg, 38%, 11.5:Z:E) as a colorless oil'H NMR & 5.13-5.11 (m,
1H), 4.15 (qJ = 6.7 Hz, 2H), 2.93 (d) = 6.7 Hz, 2H), 2.69 (t) = 6.2 Hz, 1H), 2.15—
2.07 (m, 2H), 1.92 (s, 3H), 1.67 (s, 3H), 1.66-1.56 (m, 2H), 1.31 (s, 3H), 1.26-1.24 (m,
6H), 0.93 (s, 9H), 0.17 (s, 6H}’C NMR & 168.1, 155.4, 134.2, 122.9, 111.7, 64.0, 59.7,
58.2, 36.2, 27.9, 27.4, 25.6 (3C), 24.8, 20.6, 18.6, 18.2, 16.0, 14.3, -3.9 (2C); HRMS
(EI") caled for GaH4004Si [M*] 396.2696.

E—silyl enol ether 293 To a solution of—keto ested94 (238 mg, 0.8 mmol) in
THF (5 mL) at rt was added TEA (1.4 mL, 10 mmol) and TBSCI (633 41y mmol),
and the reaction was allowed to stir for 36 h. Following standard workup and purification
by column chromatography (7% EtOAc/hexan&sksilyl enol ethe293 (161 mg, 48%)
was obtained as a colorless otti NMR & 5.11-5.06 (m, 1H), 4.14 (d,= 6.7 Hz, 2H),
3.04 (d,J = 6.4 Hz, 2H), 2.68 (1) = 6.4 Hz, 1H), 2.29 (s, 3H), 2.16-2.00 (m, 2H), 1.71
(s, 3H), 1.69-1.50 (m, 2H), 1.31 (s, 3H), 1.28-1.23 (m, 6H), 0.95 (s, 9 H), 0.22 (s, 6H);
3C NMR 5 169.2, 160.9, 133.6, 123.8, 112.5, 64.1, 59.5, 58.2, 36.2, 27.3, 25.6 (3C),
25.4, 24.8, 21.4, 18.6, 18.2, 16.1, 14.3, —3.38 (2C); HRMY (Rlcd for GoHaqO4Si
[M™] 396.2696.

E—silyl enol ether 298 To a mixture of NaH (27 mg, 0.7 mmol) and 15—crown-5
(cat.) in THF (8 mL) at 0 °C was addpdketo ested94 (170 mg, 0.6 mmol) in THF (1

mL), and the reaction was allowed to stir for 30 min. After sBB@DPSC| was added in
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one portion, the reaction was allowed to stir for 1 h and then quencheldibgraof sat.
NH4CIl. The aqueous layer was extracted with EtOAc and the combigadioextracts
were washed with brine, dried (Mg®Q concentratedn vacuq and the residue was
purified by column chromatography (10% EtOAc/hexanes) to lGhalyl enol ethe298
(198 mg, 63%) as a single isomelt! NMR & 7.74-7.71 (m, 4H), 7.49-7.36 (m, 6H),
5.26 (t,J = 5.9 Hz, 1H), 4.13 (q] = 7.1 Hz, 2H), 3.28 (d] = 6.7 Hz, 2H), 2.73 () = 7.0
Hz, 1H), 2.19-2.07 (m, 2H), 1.98 (s, 3H), 1.74 (s, 3H), 1.70-1.58 (m, 2H), 1.29 (s, 3H),
1.29-1.23 (m, 6H), 1.04 (s, 9H}’C NMR § 169.4, 161.7, 135.0 (4C), 133.9, 133.0 (2C),
130.1 (2C), 127.9 (4C), 123.7, 112.3, 64.1, 59.7, 58.3, 36.2, 27.4, 26.3 (3C), 25.6, 24.8,
21.8, 19.4, 18.7, 16.3, 14.3; stereochemistry of the enol ether determined\ifEan
experiment (cf. Appendix); HRMS (Blcalcd for G,H4404Si [M*] 520.3009.

E—silyl enol ether 299 To a solution of farnesyl—keto ested 83 (144 mg, 0.4
mmol) and triethylamine (0.1 mL, 0.7 mmol) in THF (3 mL) at rsvealded TBSCI (75
mg, 0.5 mmol), and the reaction was allowed to stir for 2 dayke r€action was
guenched by addition of sat. MEl, and the aqueous layer was extracted with EtOAc.
The combined organic extracts were washed with brine, dried (g8@hcentratedh
vacuq and purified by column chromatography (10% EtOAc/hexanes) to Eigdyl
enol ether299 (79 mg, 49%) as a colorless oflH NMR § 5.12 (t,J = 7.0 Hz, 1H), 5.01
(t, J= 6.8 Hz, 1H), 4.10 (g] = 7.2 Hz, 2H), 3.00 (d] = 6.8 Hz, 2H), 2.66 (t) = 6.2 Hz,
1H), 2.25 (s, 3H), 2.13-1.99 (m, 4H), 1.95-1.90 (m, 2H), 1.66—1.53 (m, 2H), 1.63 (s,
3H), 1.57 (s, 3H), 1.26 (s, 3H), 1.23J& 7.2 Hz, 3H), 1.22 (s, 3H), 0.92 (s, 9H), 0.19 (s,
6H); °C NMR § 169.5, 160.8, 134.4, 133.8, 124.9, 123.1, 112.6, 64.1, 59.2, 58.2, 39.6,
36.2, 27.3, 26.6, 25.6 (3C), 25.3, 24.8, 21.4, 18.6, 18.2, 16.1, 15.9, 14.3, -3.4 (2C);
HRMS (ETI") calcd for G;H4804Si [M*] 464.3322.

Cell culture: SF-295 cells and A549 cells were maintained in RPMI 1640 or F—

12 media, respectively. Media were supplemented with 10% fetal beanen,
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amphotericin B, pen-strep, and L-—glutamine for both cell lines. [Gak were
incubated at 37° C in the presence of 5%.CO

Cytotoxicity Assay. SF-295 or A549 cells were treated with indicated
compounds after reaching 60% confluency. Forty—four hours after traatnhe
complete media were aspirated and switched to RPMI 1640 without pleehnot F-12
media containing MTT salt (Calbiochem, San Diego, CA, USA) 16+295 or A549
cells, respectively. The MTT reaction was halted by additioth@fMTT stop solution
(10% 1 N HCI, 10% triton X-100, and isopropyl alcohol). Spectrophotometricsvalue
were obtained at 540 nm with a reference wavelength of 650 nmm@&édwe and standard

deviation of quadruplicate samples were calculated in MicrosokcelE
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APPENDIX
SELECTED NMR SPECTRA
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Figure A30.'*C NMR spectrum oE—enol ethe266



R O Y

181

Figure A31.

'H NMR spectrum ofi—keto esteR02



182

L | I, i | | Jili
T T ' 1 " T 1 T T T t

Figure A32.%3C NMR spectrum op—keto esteR02



183
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Figure A35.'H NMR spectrum of est&63



186

HO""

Figure A36.'3C NMR spectrum of est&@63



O OEt

187

10

A ]1 i )

Figure A37.'H NMR spectrum ofi—keto estel83



OEt

188

Figure A38.'*C NMR spectrum op—keto estel 83



189

L M,lt_u.ﬂt |

10 8 6 4

Figure A39.'H NMR spectrum oZ—enol ethed 84



190
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