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[I. Investigation into Docking Studies of Bisabosqual Analogs
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Doctor of Philosophy
in
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2010

Currently, there are three major approaches used for the synthesis oRaryl C-
deoxyriboses. The first approach uses a common sugar derivative developmal,by K
1,2-dideoxy-3,99-p-toluoyl-a-1-chloro-D-ribofuranose. The second approach uses
Woski’'s 2-deoxyribonolactone glycal. The third approach uses a functionalize suga
involving tin reagents developed by Daves. All three methods have certain dkawlbac

efforts to finding a more efficient and alternative approach to makingaryl



deoxynucleosides, we developed a nine step synthetic route from commercadiplav
inexpensive starting materials.

In humans, epidermal keratinocytes are unique in their ability to convertivifel
(retinol) into Vitamin A2 (3,4-didehydroretinol). Each of these alcohols can be further
metabolized to generate retinoid acids which serve as transcription fgatatdiwhich
can alter epidermal homeostasis. Currently unknown are the panel of genesaeghich e
of these ligands modulates. As a prerequisite for assessing the impact afieaitiei
metabolism must be compared. For these purposes 3,4-didehydroretinoic &id and
3,4-didehydroretinoic acid were synthesized.

One important step in the biosynthesis involving the formation of cholesterol is the
NADPH-requiring enzyme squalene synthase. Recently, four new squalene synthas
inhibitors were found, they are Bisbosqual A, B, C and D. Using Discovery Stodio fr
Accelrys, protein ligand docking studies were carried out on Bisabosqual A,B,C and D t
understand the Kg data reported by Minagawa. Insights into these studies were used to

design Bisabosqual analogs for future synthesis.



Thisbody of work isdedicated to my parents,

my wife and my family.
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Chapter 1 - Synthesis of Aryl-C Nucleosides for Usa

Sequencing by Hybridization

1.1 Introduction

Sequencing by Hybridization (SBH) is a DNA sequencing technique in whichth ¢&iB)
short sequences of probes (nucleotides) is introduced to a target DNA sequence. Alprobe w
hybridize (bind) to a complementary Watson-Crick sequence of the target®@ahdard DNA
sequencing is done by gel electrophoresis which takes a decent amount of tilnéer@stris to
look for a more robust and faster way of sequencing DNA by SBH effici@ritgre are two
considerations when trying to do SBH. You must obtain sequences and do sequence
reconstruction. The standard scheme is usenadrs of some given length as probes for DNA
sequencing like 5’-ATCGCA-3’, 5’-ATCTCAATAGGAT-3’, and 5’-ATCCTG-3.’ [[@omer
probes of natural bases are used and placed on the SBH. An unknown DNA sequence is placed
on the chip and will hybridize to give you the complementary base pair to the oligoybet
The amount of small k-mer oligmer probes is limited on how many you can place on an SBH
chip. The goal is to have many small lengths of oligomer probes and this candwedchi
potentially by use of a gapped-probe method. The idea is to have gapped probes wheh are
use of natural bases as well as “universal base” candidates (peptide acidgior

deoxynucleosides) for shorter library of probes in DNA sequencing. Thauteversal base



refers to the ability of having one nucleic base hybridize equally amorrgedfur naturally
occurring DNA bases.

A gapped probe sequence would look like the following: NNN**N*N**NN. Positions
containing the symbol N are calledesignated sites*(natural bases) and positions containing the
symbol * are for Universal base candidates.” Peptide nucleic acids (PNAs) were initially
synthesized in the search for universal base candidate in optimizing DNA sequ€rte
gapped probes would be very small in length and sequence reconstruction of theddAces

would be done as follows.

Putative sequence = . . . b1b2b3b4b5b6b7b8
Probe-1 = b1b2b3* * b6* * b9
Probe-2 = b4b5b6* * b9* * b12
Probe-3 = b7b8b9* * b12* * 15
Probe-4 = b1b2b3* * b6* * c9
Probe-5 = b4b5b6* * c9* * c12
Probe-6 = b7b8c9* * c12* * c15

b= natural base *=universal base

Figure 1.1Alignment of base sequence probes for SBH.

Directly above is a putative DNA sequence, the gapped probes would in esggnaadli
overlap to give the entire fifteen base sequence from small gapped probes hathogtto have
a long k-mer oligomer probe. This would allow for more gapped probes to fit on an SBH chip.
In efforts to find a potential universal base candidate, we began by syntpesmaptide

nucleic acid for nucleoside analogs in oligonucleotide probes as a test cgse stud



Peptide nucleic acids (PNA) duplex with DNA and universal base-containingoPdb&s would
exhibit Ty, profiles parallel to those of duplexes consisting of DNA and corresponding DNA
probes. The advantages are that they are simpler to prepare than nucleosidalbgs @
would allow for testing of several base candidates quickly.bgxperiments for hybridization
behavior for universality with other natural bases. If a potential base edmtdound, the

nucleoside base analog is synthesized and incorporated into an oligonucleotpi®base

1.2 Synthesis of Peptide Nucleic Acids

Peptide Nucleic Acids (PNAS)are analogues of DNA in which the backbone is a
pseudopeptide rather than that of a sugar. As mentioned before PNA mimics therba&havi
DNA and binds complementary nucleic acid strands. The neutral backbone of PNAmresult
very high affinity for complementary DNA and RNA sequences, generabingiderable interest

in therapeutics.

«O /O
O=P
NH 50
o O Base
Base
N X ;)
}NH ° 0
o O O _Base
Base
N«o o
§f0H OZ\OH
(@)
PNA Structure DNA Structure

Figure 1.2 Structure of a Peptide Nucleic Acid and DNA strand.



As can be seen above, the DNA backbone consists of a deoxyribose phosphate backbone. In
the PNA backbone, a repeating N-2-amino ethyl unit is linked by peptide bonds. Naepentos
sugar moieties or phosphate groups are present. The natural bases of purinesnasidgsyri
(attached through methlylene carbonyl linkages) can be used in PNA'’s or cagrbe talt
introduce non-natural bases in order to find universal bases that will mimic the beffdyA.

In the search for these candidates, we begin synthesis of PNAs with ararbatittents. In this
document, we start by synthesizing several PNAs and then several deoxysibloatdeill be
probed for optimal hybridization behavior. Finally, to show the practicality of thibatyc

method, an aryl riboside is synthesized.

H,oN
Br HoN 1
(0] + Z i» NH
O(CHa)3
O(CHg)s NHz
1.2 1.3
11 o
Fmoc Fmoc
H,N HN HN
b c
o R
NH
NH N‘<
O(CHzs)s o) R1= 4-Fluorphenyl, 1.5
—0 o R,= 2-Naphthyl, 1.6,
O Rs=Phenyl, 1.7
(H3C)30 (H3C)30 R,=1-Naphthyl, 1.8
1.4 1.5-1.8

a) CH.CI,, 0°C, 76% b) Fmoc, DIPEA, r.t., 61% c) DMF, EDC, carpé acid.

Scheme 1.5Synthesis of Peptide Nucleic Acid.

Following the ThomschProtocol for making a peptide nucleic acid, we first synthesized the

peptide backbone. The first step involved protection of ethylenediam2)enfth tert-butyl



bromoacetatel(1). This was accomplished in 76% yield. The second step was protection of the
other amine group with Fmoc-succinimide. This proved much more difficult thaalyniti

expected as this was supposed to crystallize out of solution®&t ¥2@4 hours. Scratching on

the side of the flask was necessary and was allowed 36 hours to crystallize antethdniith

a 61% yield. The final step involved a coupling reaction with EDC to obtain the dekifed P

1.5. Previous Parker group members have synthesized other PBlAsBas models for SBH.

After synthesis of compourid5 for model experiments, focus began towards the synthesis of
aryl C-deoxyribosides more specifically to a pyrene nucleoside. PnaliynResults from one of
Kool's* papers shows good indication of pyrene as a universal base candidate. In Tahje 1.1
profiles show equal consistency among all four natural DNA bases in duplagpAiuniversal
base candidate would contain such properties.

Tm (°C) for DNA Duplexes Containing P-X Pairs (P=Pyrene)

LTt
Eatats
a -AG"p5 (keal) -AG®5 (kcal)

T 1 & 1 duplex T (°C)*  “(vant HomP fits)®
e - 3 G ARAASAAGAA 43.2 12.3 12.6 0.1
X 4 R AAAGRRAGAA 38.7 11.0 10.8+0.3
Lot & | 5 FOAMAAICAAGAR 37.6 10.6 10.5+ 0.1

E-CTTTTCPTTCTT
| —— 6 3._GMAA AGAA 36.4 9.8 9.6+0.1
A .

' 7 GAAAAGGAAGAA 38.2 1.1 107402

b T N .

(Conditions: 100 mM NacCl, 10 mM MgCh, 10 mM Na-PIPES pH 7.0, 5.0 M DNA.)

Table 1.1Free Energies £G%s(kcal/mol) and Melting Temperatures.
1.3 Synthetic Approaches towards Aryl C-Nucleosides
Currently, there are three major approaches used for the synthesis oRatgb&yriboses.

The first and most direct approach used by Kool, in which the metalated form ofyitbenag



reacted with a suitable sugar derivative, has not typically been succeessaling bulky

aromatic nucleosides in our hands. The common sugar derivative developed by Kool, 1,2-
dideoxy-3,50-p-toluoyl-a-1-chloro-D-ribofuranose, often used in the synthesis is acid sensitive
and slightly unstable allowing for a two week lifespan of use before full decampastcurs.
Efforts to synthesize desired large polycyclic aromatic nucleosides thssrapproach with
organocadminum reagents were unsuccessful in our hands. Pyrene was our esaid a

because of its potential universal base properties shown by Kool as mentioned before

TolO
TolO
TolO
b ‘ g, ‘ - ‘g
e

TolO
(B-epimer) (a-epimer)
a) Mg, THF, Cdd

Scheme 1.2Kool’'s Method for Synthesis of Aryl C-Nucleosides.

Recently, organo-cupratewere discovered to increase the C-glycosylation yield for this
reaction in place of the cadmium reagent. The drawback here is that this/etites the use of
the 1,2-dideoxy-3,%3-p-toluoyl-a-1-chloro-D-ribofuranose and that the reaction favors
predominantly the alpha anomer instead of the desired beta anomer form of tHématura

bases.



The second approach, an alternative protected glycal, 2-deoxyribonolactone, has been
developed by WosKiet al in efforts to synthesize nucleosides. Aryllithium reagents werel adde

to the ribonolactone followed by stereoselective reduction of the resultingdetati

o Ho“g ﬁ
1.11 : ﬁ % 1.13

a)Br,, H,0 b) CI(iPr),Si-O-Si(iPr),Cl, DMF

Scheme 1.3.Formation of Ribonolactone in Woski’'s Method for Aryl C-Nucleosides.

Woski’'s use of 2-deoxyribosé.(L1) with the disiloxane protecting group gives an 86% yield.
Using this quite stable and efficient precursdr3 Cher showed (Scheme 1.4) that a
brominated aryl compounti14in the presence dfbutyl lithium and THF yields a disiloxane
protected nucleoside productls The yield is modest with that of 42%, but the reaction is
highly stereoselective with. a 10:1 ratiopfoé. anomers. However, the yield for the initial
approach by Kodlfor a pyrene-nucleoside was modest with 48% as well. Using this idea, we
attempted to synthesize our pyrene nucleoside with 1-bromopyrdre The first drawback of
this approach was synthesizihg 2 This first step involves stirring.11in water for 5 days
which was nonpractical for us. After synthesizin§j2,protection of the 5’ hydroxyl and 3’
hydroxyl group were protected in 45% yield compared to Woski's 86% reported. adti®nds
moisture sensitive and proved to be difficult. Attempts at the stereoselgetddstion of the
pyrene Grignard reagent with ribonolactdn&3were unsuccessful in my hands. Yields were

trace amounts and various conditions with smaller aromatic substiuents liké weeny



attempted. The result always ended up with several UV active spots on thin layer
chromatography.

OMOM

a) t-BuLi, -78C, 1.13 b) BFs-Et,0, EtSiH

Scheme 1.4.Woski's Method for Synthesis of Aryl C-Nucleosides continued.

However, even with this protocol, Woski found poor yields with the larger Grignardntsag

Once again in our hands, yields for our desired nucleosides were poor and the use of an

expensive disiloxane reagent made this synthetic approach nonpractical.

HO

OBz OBz
OBz
OBz

aBH(OAc)3

SnBus Pd(OAC)Z then TBAF

64% 97%

Scheme 1.5Daves’ Method for Synthesis of Aryl C-Nucleosides.



The third approach available involves introduction of an appropriately functionalizad sug
Daves® protected glycal is somewhat inopportune to synthesize in which a Heck-typmgoupl
is employed with expensive tin reagents to form the C-C bond. Daves’ Hedkmdaased
approach is efficient, but the preparation and handling of the sensitive furanoglgoalediate
along with the cost drawbacks of the expensive reagents made optimization diehg sc
appear not to have the potential for reward. Therefore, we never attempteaptbech.
Consideration of the requirements for a practical synthesis caused us toeesemeimes that
would not require the use of the disiloxane reagent or, in fact, the use of 2-deoxyrithes2-or
deoxyribonolactone. In efforts to finding a more efficient and alternative@agppto making
aryl C-deoxynucleosides, we developed a nine step synthetic route from commencadiyple

inexpensive starting materials.

1.4 Synthesis of Aryl C-Nucleosides
In the search for an alternative approach, we recognized the potential of theettete
cycloaddition of nitrile oxides to a chiral olefin (available in two steps fromgiemannitol)

introduced by Kozikowsk? which we focused on as part of our approach to synthesizing aryl

—OH
~—OH NCS, oime,_

~OH o o pyridine, 0°C” 9 © O‘
HO—] : [ )

HO + - O-N
o *>  —N|—
Ar—N"0 Anti:Syn
HO— 3 Steps
Nitrile Oxide 83 : 17

Scheme 1.6Kozikowski Cycloaddtion Approach.
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nucleosides. Kozikowski showed that the stereoselectivity in the cycload@#oton (Scheme
1.6) of nitrile oxides to olefins gives an approximately 6:1 ratio of diasteeowith the desired
erythro isoxazoline adduct predominating and isomers separable by chraphtogr

Progress towards synthesizing a pyrene isoxalozine cycloadduct washimdelly by

HO OH

HO  OH a ?40 b % c }40
OH _ » OH - o) .
o
, HO
o)
O .
1.18 7§

1.20 1.21

a) Dimethoxypropane, pTsOH, Acetone, 32% b) NaltH,Cl,, 86% c) PEPCH;Br, nBuLi, THF,
d) NCS, oxime, pyridiné@.

Scheme 1.7Initial attempts to form a pyrene cycloadduct with dimethoxy protectenholef

the modest conversion to the chiral olefi@Q Starting from commercially available

D-mannitol, protection with 2,2 dimethoxypropane gave modest yields (32¥a&ivith half

the starting material being recovered. The starting material wasdreaseral times. Compound
1.18would undergo oxidative cleavage with sodium periodate followed by a Wittitjareao

give compound..2Q Due to its volatility, trace yields were obtained and difficult to isolate f

the Wittig salt from the reaction. Attempts to take the crude product digerdljorm the pyrene
isoxazoline were unsuccessful in our hands. These problems were confirmed and a satution w

found by adapting to cyclohexyl protected glyceraldehydes which had beenyuBedymeiet.

11



Protection of D-mannitol with cyclohexanone gave an improved yield for Stestep from 32%
to 59% with this different route and the Wittig reaction of aldely@8to 1.24had proved to be

more stable. The 1,3 dipolar cycloaddition with a pyrene oxime that was

o 0% 9y T d g
HO e}
HO OH HO 5 1: \/k40 \)v/
1.24
1.17 1.23

1.22

%u/% s OQOQ

oN
1.24 1.25a
a) (OCH)3CH, Cyclohexanone, BFEt,O, DMSO, 59% b) NalQ) MeCN/H,0, 89% c) PEPCH:Br, nBulLi,
THF, 77% d) NCS, oxime, pyridin€®, 73%.

Scheme 1.8Synthesis of pyrene cycloadducP5ausing cyclohexyl protected chiral olefin.

synthesized from the aldehyde with the chiral oléf24 gave the desired pyrene isoxazoline in

a 83:17 anti/syn ratio. The diastereoisomers were separable by column chraptatagr silica

gel.
1.4.1 Synthesis of Pyrene Nucleoside

A series of experiments were run in efforts to find what was achievabidtie isoxazoline.

A Dowex 50X-800 was used to deprotect the cyclohexyl group which

12



Vi SR

1.25a 1.26a
OO D b
o * e) O
OH OH -]
HO
HO HO
OH .
Undesired
4 possible diastereoisomers byproduct

a) Dowex 50X-800, MeOH, 24 hr, r.t. or TFAQ H,0, CH,Cl, b) Ozone, CKCl,, Me,S or Raney Nickel,
B(OH);, Hz, MeOH/THF/ HO 4/1/1

Scheme 1.9.Potential diastereoisomer formation from unprotectedidizga.

gave yields of 50% after 24 hours at room temperature. Trifluoroaceticaadions were used
to increase the yield of produt6awith minimal success. Compouad6awould be

subjected to reductive cleavage by Raney nickel conditions, ozonolysis onBarfigriodide.
This would potentially give 4 diastereoisomer compounds. It would open the ring and form a
beta hydroxy ketone and cyclize into the six and five member nucleoside ringsth®ia:d
hydroxyl is still present, the rings are constantly opening and closingiiibegm. NMR

resulted in many mixtures of products.
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1.25a 1.27a

a) 1,4-Dioxane,AcOH,reflux b) TBSCI, Imidazole, DMF

Scheme 1.10.Protection/Deprotection for ring cleavage.

The first improvement in the scheme was to change conditions for deprotection to thaaliol. T
use of acetic acid at reflux for several hours gave yields of 85% and highéearadripletion

time was reduced. Secondly, to prevent the formation of the undesired six memlggrdgkrin
primary hydroxyl was protected witbrt-butyl silane and then compoufd®7aunderwent

hydrogenation. The hydrogenation was very clean with 90% or higher yields.

oy, LI

@)

OH

HO

a) Raney Ni, H, B(OH);,H,0,

Scheme 1.11Formation of hemiacetal from reductive cleavage.

The next step involved removal of the C-1 hydroxyl. Silane reduction should proceed by
previously developed approaciegroviding predominantly the beta C-aryl glycoside. This
proved to be quite difficult since the lactol is very Lewis acid sensitive. Stanetduction
conditions involved use of borane trifluoride etherate as the Lewis acid. This provedltanre
poor yields (5-20%) of the formation of the desired nucleoside. It resultetyynmogndesired

elimination and dehydration products that have been investigated and confirmed by

14



Litvinovskaya® et al in other similar dihydroxy keto derivative systems. The searatefaker

Lewis acids for reduction has been explored. It has been also shown that under harshe

TBSO o Ar TBSO o Ar HO
—_— + TBSO = Ar + TBSOﬂAr
OH  Br Et,0 o
S HO o)

HO Et;SiH

Scheme 1.12Byproducts from elimination and dehydration of hemiacetal intermediate.

conditions during hydrogenation where more boric acid is involved, we can eliminatepmne s
our synthesis by directly getting our desired glycoside. However, this led resulting (10 -
20%) vields of the nucleoside with a B/ ratio as well. SHf et al. showed that reduction of
lactols can be achieved in high levels of stereoselectivity with sodium cyangdodehin the
presence of dichloroacetic acid in trifluoroethanol. Applying this to our scheei®unrd that
our starting material is slightly soluble in trifluoroethanol. The solventoasged to
tetrahydrofuran and difluoroacetic acid was used instead as well. Thiemeaas hard to
monitor since the starting material and product sit very close to each othgielflseobtained
increased to about 30-40%. Further optimization will have to be done. Various conditions
involving different acids were done using all the same substrate. The sodium
cyanoborohydride/difluoro acetic acid conditions were found to be the best.

The beta and alpha anomers could be separated by flash column chromatography. The

15



DMTrO
TBSO
a b c
H

V\/CN

81Ba
1.28a /\
1.29a

a) CRCH,OH,CCLCOOH, NaBHCN b) TBAF, THF c) DMTrCI, DMAP, Pyridine d)C}€l,, DIPEA,

1.31a

(iPr);NP(CYOCHCH,CN

Scheme 1.13Formation of Nucleoside followed by Phosphoramide Activation.

remaining three steps of the synthesis involved TBS deprotection with tetratwrgdnium
fluoride, reprotection with 4,4-dimethoxytrityl chloride at the 5 hydroxyl group and
phosphoramidite protection at the 3-hydroxyl group. Silane deprotection gave @8ést+ The
use of 4,4-dimethoxytrityl chloride with dimethlyaminopyridine in pyridine invdleareful
work up. The dimethoxytrityl group is acid labile. Silica gel is acidic and meipre-
equilibrated with triethylamine before the crude product was loaded onto the coluensare
applied for compound.29a.This compound will undergo automated DNA synthesis and be

used in making oligomer probes for sequencing by hybridization.

16



In order to cut two steps out of the synthesis, Hibahad been protected with 4,4-

dimethoxytrityl group and then underwent Raney nickel hydrogenation followed by

DMTrO o O‘

b,c
1.29a

HO

1.26a 132

a) DMTrCI, DMAP, Pyridine b)Ra-Ni, B(OH) H,0 ¢)BF:-Et,0, EtSiH

Scheme 1.14Dimethoxyltrityl protected isoxazolink32undergoing hydrogenation.

silane reduction. The dimethoxytrityl group didn’t survive the acid conditions andectsul
unidentifiable products. Therefore, we used the TBS-based synthetic rout¢hiessze several

other aromatic compounds.

1.4.2 Synthesis of Aryl C-Nucleosides

There are currently six aromatic substrates that have undergone th&tisyapgproach. They
are phenyl, 1-napthyl, 2-napthyl, 5-anthracenyl, 5-acenapthyl, and lypyk#nsoxazolines
were synthesized using the Kozikowski protocol and shown in Figure 1.3. The comfdédse de

of the synthesis of each of these nucleosides will be now discussed.
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RCH NOH ’N
1.24 1.25a-f
HO Ar =
Ar a = 1-pyrenyl
RO M b = 1-naphthyl
Oo—-N ¢ = 2-naphtyl
d = acenaphtyl
TBSCI, Im gR H, 1.26a- e = phenyl
R = TBS, 1.27a-f f = anthracene
Scheme 1.15Synthesis of Aryl C-Nucleosides.
Compound Ar = Percent Yields Anti/Syn Isomer Ratio| Deprotection/ Protection
for Cyclohexyl of Isoxalozines Percent Yields for TBS
Isoxazolines isoxazolines (2 steps)
R = pyrene 1.25¢, 73% 83:17 1.27a 90%
R = 1-naphthyl 1.25k, 63% 74:26 1.27b 73%
R = 2-naphthyl 1.25¢ 52% 71:29 1.27%c, 68%
R = acenaphthyl 1.25¢, 48% 6:1 1.27d, 63%
R = phenyl 1.25¢, 74% 6:1 1.27e, 67%
R = anthracene 1.251, 68% 68:32 1.27f, 87%

Table 1.2. 1,3-Dipolar Cycloaddition Reactions b4 Anti/Syn ratios determined by NMR
data.

Starting from chiral olefiri.24 the Kozikowski cycloaddtion was performed to yield
cycloadductd..25a-fin 48-74% total yields with anti:syn ratios shown in Table 1.2. The
diastereoisomers were separated by column chromatography. After depnod@d reprotection

of the primary alcohol, we were able to obtain compoun#ga-fin 63-90% yields.
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HO TBSO

MAr Ra Ni, Hp, HO Ar o. Ar CF3CH,0H,
TBSO o — M CCI3COOH,
N TBSO - o) OH

0~ B(OH)s, = = N
1.27af H20,THF OH NaBH;CN
HO Ar
TBSO Ar o DMTO Ar
o TBAF o!
DMTCI, py —kj
—

OH oH OR

1.28a-f 1.29a-f

R =H, 1.30a-f

DIEA, CH,Cly
(iPr)2NP(C)OCH,CHLCN R = (iPr),NPOCH,CH,CN
1.31a-f

Scheme 1.16Synthesis of Aryl C-Nucleosides continued.

Compound Ar = Percent Yields B/a Isomer Ratio DMT/ Phosphoramide
for Nucleoside Percent Yields for

(2 steps) Nucleoside (3 steps)

R = 1-pyrenyl 1.2&a, 37% 31 1.31a8,41%

R = 1-naphthyl 1.2¢b, 41% 5:1 1.31b, 51%

R = 2-naphthyl 1.2¢&c, 36% 3.5:1 1.31c, 47%

R = acenaphthyl 1.2¢&d, 39% 45:1 1.31d, 64%

R = phenyl 1.2¢€, 46% 4:1 1.31e, 70%

R = anthracene 1.2¢f, 48% 31 1.31f, 55%

Table 1.3. Nucleoside Formation from TBS-Isoxazolirfe&7a-f /o Isomer ratio were

determined by NMR data

This was subjected to opening of the isoxazoline ring and hemiacetal redadiive t

nucleosided.28a-fin 36-48% vyields in 2 steps. Formation of the phosphorainiliea-f
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completed the synthesis of nucleoside to be used in oligomer synthesis in additional 3 steps
having yields ranging from 41-70%. Further demonstrating the prattioékhis synthetic

route, we synthesized aryl-C ribonucleosides.

1.5 Synthesis of Pyrene Riboside

—OH
—OH
HO— O O : O O
Ho—] » r 9 55% LT >/
— 1.33
HO— 1.23 24%i

0O O
)HTP\O Q
| o
2
SV

MeOH, K,COg,rt

62%
1.34

Scheme 1.17 Formation of Chiral Alkynel.34

Slight modification of our current route allows us to make the riboside as showremeéc
1.17. Starting from cyclohexylidene aldehyid@3we first followed a modifietf Corey-Fuchs
sequence by the dibromoalkeh83to alkynel.34.The yields in our hands were poor.
Furthermore, it has been claimed that partial racemization can ocaog. theiBestmann-
Ohira'® reagent, the aldehyde was converted to comp@B#in a single step with 62% yield.
The vinyl boronic estet.35was first prepared by a protocol developed by Jiasigal. This

involved a three step one pot reaction that led to trace material only. The vinyl bestamic35
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was obtained in quantitively yield by a Zirconium-catalyzed regiose¢elydroboration

reported byKobayashki®

a
—_—
trace

O O

Ll —
b O O
1.34 ——
quant. B-O

1.36
a) BH;-SMe,, DME, Cyclohexene, MO, Pinacol b) Pinacolborane, £pHCI, EtN ¢) NgCOs-1 sH,0,, THF

Scheme 1.18Formation of Boronic Estet.35followed by cycloaddition.

The vinyl boronic estet.35was reacted with sodium percarbonate to yield cycloadd86in

65% total yield with an anti:syn ratio of 70:30. Isomers were sepklogteolumn

chromatography.
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1.38
HO OH HO OTBS

a) TBSCI, DMF, Imidazole; b)AcOH, MeOH or PTSA; EBSCI, DMF, Imidazole; d) Raney Ni,,HB(OH),
H,O,THF; e) CRCH,OH,CCLCOOH, NaBHCN; f) TBAF, THF

Scheme 1.19Generation of Aryl C-Ribosid#.38.

After a series of protection and deprotection steps, we were able to obtain cohB@und
Using the key step from the deoxyriboside synthesis, we were able to reduce tltgax¥lhy
group to afford compount.38 Having the methodology developed, the synthetic portion of the

project is completed and the future work will be the synthesis of the oligooisgr

1.6 Conclusion
In summary, the synthetic approach allows for the synthesis of aryl C-deoigetas well as
ribosides from cheap starting materials. The synthetic route is reiéghlenodest yields in

comparison to known current methods in the community. We synthesized a series dfcsix ary
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nucleosides and one pyrenyl riboside. Future work would involve synthesis of othetethe@s

well as, the synthesis of locked nucleic acids.

1.7 Experimental Section

General Methods

Unless noted otherwise, all oxygen and moisture-sensitive reactionsxeettesl in oven-dried
glassware sealed under a positive pressure of dry argon. Moisture-sesadittians and
anhydrous solvents were transferred via standard syringe and cannulgueshbinless stated
otherwise, all commercial reagents, were used as received. All solveatdneel under argon
atmosphere: THF and diethyl ether were distilled over Na-benzophenog@l,@ts distilled
from Cah. Extracts from work-up procedures were dried oveilSaunless otherwise noted.
Flash chromatography was performed with silica gel (32-63 mM); andlyli€awas performed
with 0.25 mm EM silica gel 60 F254 plates that were visualized by UV itradig254 nm) or
by staining with 10% PMA. IR spectra were recorded on a Galaxy $ariBs3000 infrared
and Perkin-Elmer 1600 Series FT-IR spectrophotometers. NMR spectra wenea bidh
Gemini-300 MHz (Varian), Inova-400 MHz (Varian), Inova-500 MHz (Varian), ansdr@00
MHz (Varian) instruments. Chemical shifts for proton NMR are reported ts par million
(ppm) with chloroformd set at 7.26 ppm as a reference. Chemical shifts for carbon NMR are
reported in ppm with the center line of the triplet for chloroform-d set at 78.00 ppm. The
following abbreviations are used in the experimental section for the descriptigr\dIR
spectra: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and dafldeublets (dd).

Coupling constantsl, are reported in Hertz (Hz).
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Synthetic Procedure fortert-Butyl N-(2-aminoethyl)glycinate (1.3
H2N At a reaction temperature of €2 a 7.42 mL ethylenediamin&.) solution
was mechanically stirred in 50.4 mL of dichloromethane. It had a 2 mL solution
of tert-butyl bromoacetatd (1) in 10.8 mL of dichloromethane added to it over
(HsC)sCO O one hour dropwise so that an increase in temperature was not observed.
Afterwards, the mixture was stirred and allowed to warm to room temperatureghe
Following this, the reaction mixture was washed with water three time4@3m.) and the
combined aqueous solution was washed once with 9.4 mL of dichloromethane. The organic layer
was dried over sodium sulfate, filtered, and concentrated to give a yelld@v6inh{g, 76%).
Spectroscopic data is comparable to the literattté&IMR: (CDCk, ppm) 3.31 ppm (s, 2H),

2.83 ppm (t, 2H, J = 6.9Hz, J = 8.2 Hz), 2.71 ppm (m, 3H), 1.45 ppm (s, 9H).

Synthetic Procedure for Compound fort-Butyl N-[2-(N-fluorenylmethoxycarbonyl)-
aminoethyl]glycinate Hydrochloride (1.4)

Fmoc  Compoundl.3 (624 mg, 3.81 mmole) was placed in a 250-mL round bottomed

H> flask with 53.4 mL of dichloromethane. To this solution 0.4 mL of
nH diisopropylethylamine was added with mechanical stirring. A solution of 730
o Mg of Fmoc chloride in 10.1 mL of dichloromethane was added dropwise at

(H3C)5CO room temperature over 40 minutes. The solution mixture was stirred overnight
and washed with 6N HCI five times (5 x 15 mL) and once with brine (15 mL). The organic
layer was dried over anhydrous magnesium sulfate, filtered, and conaknir&ev drops of
dichloromethane were added to prevent impurities from crystallizing in the prddhec
solution mixture was stored in a refrigerator at®€6vernight to crystallize. The crystals were
collected by vacuum filtration. The crystals had a yellowish tint color. Wesg washed with
a few drops of dichloromethane to yield white crystals. The filtrate veadleeted and placed
once again in the refrigerator at °@0for further crystal formation. Compoudd (903 mg,
2.35 mmol) was retrieved giving a percent yield of 61%. Spectroscopic dataparede to
the literaturd *H NMR: (CDCk, ppm) 7.76 ppm (d, 2H, J= 7.2Hz), 7.73 ppm (d, 2H, J =

10.3Hz), 7.56 ppm (t, 1H, J=8.4Hz, J=7.7Hz), 6.09ppm (s, 1H), 5.39ppm (bs,1H), 4.41 ppm (d,
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2H,J =8.2Hz), 4.23 ppm (d, 1H, J= 6.4 Hz), 3.42 (s, 2H), 2.78 ppm (t, 2H, J=8.3Hz,
J=11.2Hz), 1.45 ppm (s,9H).

Synthetic Procedure for 4-fluorophenylacetic PNA,
{[2-(9H-Fluoren-9-ylmethoxycarbonylamino)-ethyl]-[2-(4-fluoro-phenyl)-acetyl]-amino}-
acetic acid methyl ester (1.5)

A small scale of compountl4 (100 mg, .26 mmole) was placed

HN/FmOC into 1.4 mL of anhydrous DMF. 98 mg of 4-fluorophenylacetic acid
8 g was further introduced to the solution mixture and dissolved with
N% mechanical stirring. Following this addition, 98 mg of EDC was
OO added in two equal amounts over 20 minutes at room temperature.
(H3C)3CO

This resulting mixture was stirred overnight and concentrated. The
addition of water (5 mL) with vigorously shaking resulted in a precipitate to. i&fter several
minutes, the solution became a sticky viscous oil. Dichloromethane (10 mL) had beem used t
wash, dissolve, and extract the oil into solution. Flash chromatography on silicatiggl with

10% MeOH/ CHCI, solvent was performed to separate and obtain the desired PNA backbone
productl.5. The resulting clear oil weighed 160 mg to give a yield of 8&86NMR: (CDCl,

ppm) 7.8-7.7 ppm (m,1H), 7.65-7.6 ppm (m, 2H), 7.4 ppm (m, 2H), 7.3-7.15 ppm (m, 4H), 6.95
(m,3H) 6.41 ppm (m, 1H,), 4.13 ppm (q, 1H, J=6.6Hz, J=11.2Hz), 3.56 ppm (m, 2H), 3.4-3.2
ppm (m, 2H), 2.71(m, 2h), 1.45 ppm (s,9H).

3,5-0-((1,1,3,3-tetraisopropyl)disiloxanediyl)-2-deoxy-D-ribono-1,4,-lactone (1.13)

/4 A%O/\fo To a solution of 2-deoxy-D-riboske11(1.00 g, 7.45 mmol) in water (6 mL)

was added Br(2 mL). After addition, the flask turned all red and was
X O-si sealed. The reaction mixture was stirred at rt for 4 days. After thifour
f day, the reaction was neutralized with,&@; until the pH of solution was
6.5-7.0. The mixture was then filtered and the filtrate was concentratetatodyield 2-
deoxyribonolactone. The crude product was directly dissolved in anhydrous DMF andimidaz
(2.30 g, 18.8 mmol) and 1,3 dichloro-1,1,3,3-tetraisopropyldisiloxane (5.95 mL, 11.3 mmol)
were added. The solution stirred for rt for 24hr, and extracted with ether. Thecdeyemiwas
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washed with water, sat. aqueous NaHCand brine. Dried with magnesium sulfate and placed
on the column. Product yield (1.45g, 5.04 mmole) was 52% as an oil. Spectroscopic data is
comparable to the literatufe.

'H NMR (250 MHz) CDC}- 84.61(m, 1H), 4.15-4.20 (m,2H), 3.90(m,1H), 2.80(dd,1H),
2,71(dd,1H, J= 7.1 Hz, J=10.3 Hz),1.07-1.00(m, 28H)., IR- 2800-294a5198cn

2,3,-O-Isopropylidiene-D-glyceraldehyde (1.19%

20.00g (.076 mol) of compourid18was disolved in 200 mL of dichloromethane.

O\/Ok Sodium periodate (32.4 g) was place in the reaction mixture with vigorous stirring.

=0 5mL of distilled water was added and the reaction was stirred for one hour. 30
grams of anhydrous magnesium sulfate was added to the reaction mixture and allstivddrt
an additional 15 minutes. The reaction was filtered and washed with dichloromethane. The
crude solution was distilled at &3 at to remove the dichloromethane and to obtain compound
1.19in 86% yield (16.91g, .130 mole). Spectroscopic data is comparable to the literature.
'H NMR (CDCB) § 9.58 (d,1H, J=9.2 Hz), 4.28(m,1H), 4.01-3.99(m,2H), 1.45(s,3H),1.39

(s,3H)
1,2:5,6,-di-O-cylcohexylidiene-D-mannitol (1.22}°

o><:> A solution of D-mannitol (400 g, 2.196 mol), cyclohexanone (670 mL,

o 6.42 mol), trimethyl orthoformate, boron trifluoride etherate (25 mL)
HO OH and dimethyl sulfoxide was stirred at room temperature. The solution
<:><0 was cloudy at first and became clear after several hours. It wasedll
o to stir for 24 hours. The reaction mixture was poured into saturated

agqueous NaHCgX3 x 800 mL) and extracted with diethyl ether (3 x 1 L). The extract was
washed with water (500 mL), dried with magnesium sulfate, and concentrated uhobedre
pressure. The amorphous precipitate was recrystallized from n-hexamnad twhjte crystals

(443 g, 59% yield) M.P. 105°%. Spectroscopic data is comparable to the literature.
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Synthesis of 2,39-Cyclohexylidiene-D-glyceraldehyde (1.23f

To a solution of 1,2:5,6,-di-O-cylcohexylidiene-D-mannitol diol (40.0 g, 116.8
Q mmol) in 60% aqueous acetonitrile (200 mL) cooled € 0Sodium periodate (47.5

O 0o 9 220 mmol) was added in portions over 15 minutes. Then the solution was allowed
Lt to warm to room temperature, stirred for 2 hours and filtered. The filtrate was
portioned between with water and chloroform. The combined organic solution was watshed wi
water and brine, dried (M§04), and concentrated. The resulting oil was distilled under reduced
pressure (8%, 15 mmHg) to give colorless oil. (19.0g, 110.4 mmol) The resulting crude oil can
also be used directly for the next step. Spectroscopic data is comparabletevahedi.

1H 400 Mhz NMR (CDC3) § 9.72 (s, 1H), 4.37 (q. 1H) 4.15-4.03(m, 2H), 1.43-1.67 (m, 10H)
Synthesis of (8)-1,2-O-Cyclohexylidenebut-3-ene-1,2-diol (1.24

Q To a mixture of methyltriphenylphosphonium bromide (47.1 g, .132 mol) in 300
o o mL dry THF at room temperature was slowly added dropwise a 2.5M solution of n-
BuLi (55 mL) under an argon atmosphere. The solution was stirred for one hour

and then cooled to —78 and a solution of freshly distilled aldehyde (19.0 g, 110.4 mmol) was
added slowly to the mixture and stirred for one hour at this temperature wieeveaedts it was
allowed to warm to room temperature for 20 hours. The reaction mixture was quenched with a
saturated aqueous solution of ), extracted with ethyl acetate, washed with brine, dried
(Mg.SQy) filtered, concentrated and flash column chromatographed with hexanes. The product
obtained was a yellow oil (10.95 g, 59%, 65.17 mmole). Spectroscopic data is comparable to the
literature.
R =.75 (Hex/EA 3:1), IR(neat) 3104,1652, 1142Z°cid 400Mhz NMR (CDC3) & 5.78 (m,
1H), 5.30 (d. 1H) 5.17 (d, 1H), 4.48 (g, 1H) 4.08 (dd,1H) 3.59 (t, 1H), 1.37-1.72 (m, 10H)
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Synthesis of TBS Olefin, 14ert-Butyl-dimethyl-silanyloxy)-but-3-en-2-ol

OH A solution of aldehydé.24in dry dichloromethane had Dowex 50X-800
TBSO ~~ added to it and stirred at room temperature. The reaction was monitored to
completion by TLC and then filtered through celite. To this solution is added tgtt-but
dimethysilylchloride and imidazole. The reaction is stirred at room teatperuntil completion
as monitored by TLC .The reaction is quenched with water and diethyl ether dstaddract
the solution. The solution is extracted three times and the combined organicsheee yas
agueous saturated NaHg;@vater, and brine successively. It was dried, filtered and
concentrated. The crude material was purified by flash chromatograltey gsl, 3:1
Hexanes/Ethyl Acetate). The major product obtained was as colorless oll.
R = .65 (Hex/EA 3:1), IR(neat) 3404, 3198, 1662, 1132 &h400Mhz NMR (CDC3)
§5.72 (m, 1H), 5.32 (d. 1H) 5.18 (d, 1H), 4.48 (q, 1H) 4.09 (dd, 1H) 3.61(t, 1H), 0.976 (bs, 9H),

0.152 (6H).
General Procedure for 1,3 Dipolar Cycloaddition of Isoxazolines

5-(1,4-Dioxa-spiro[4.5]dec-2-yl)-3-pyren-1-yl-4,5-dihydro-isoxazole (1.25a)

To a magnetically stirred solution of cyclohexylidiene olefin
QO OO (850 mg, 5.06 mmol)\-chlorosuccinimide (743 mg, 5.56 mmol)
© 0/’/\' , and dry pyridine (7.59 mmol, 0.65 mL) in 200 mL THF &0

under argon, was added dropwise the desired aromatic oxime (1.24g, 5.059 mmol) dissolved in
THF. The mixture was allowed to warm up to room temperature and stirred for 24 hours. The
mixture was washed with 1N HCI, aqueous saturated NatH@&er, and brine successively. It

was dried, filtered and concentrated. The crude material was purifiecshycheomatography

using dichloromethane as the elutant. The product obtained was a yellow-brown solid (1.698 g
73%). The ratio of anti : syn isomers is was found to be 83:17 from the proton NMR peak shifts.
Major Diasterecisomer 3,4, antitH 600MHz NMR (CDC8) 6 9.21 (d, 1H), 7.93 (m, 2H), 7.97-

8.22 (m, 8H), 4.77 (ddd, 1H), 4.28 (m, 2H), 4.08 (dd, 1H), 3.77(m, 2H), 1.40-1.70 FDH).

NMR (CDCR) 6 157.5,134.2, 131.2, 130.8, 128.8, 128.2, 127.8, 127.3, 126.6, 125.0, 110.6, 80.5,
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67.2, 40.9, 36.8, 34.8, 25.3, 24.3, 24.0. HRMS (ESI) Calcd. ##t,gNOs [(M + H)]"412.913,
found 412.913.

Minor Diastereoisomer 3,4, syn*H 300 MHz NMR (CDC#8) 6 8.98 (d, 1H), 7.93 (m, 2H), 7.47-
7.62 (m, 5H), 4.86 (ddd, 1H), 4.39 (dd, 1H) 4.15 (m, 2H), 4.02 (dd, 1H), 3.68-3.49 (m, 2H),
1.40-1.70 (10H).

5-(1,4-Dioxa-spiro[4.5]dec-2-yl)-3-naphthalen-1-yl-4,5-dihydro-isoxazole (1.2bb

To a magnetically stirred solution of cyclohexylidiene olefin (3.0 g, 17.85
Q mmol), N-chlorosuccinimide (3.00 g, 22.32 mmol, 1.25 eq) and dry
o o
pyridine (32.13 mmol, 2.55 mL, 1.8 eq) in 180 mL dry THF°& Qnder
W
O-N

argon, was added dropwise the desired aromatic oxime (3.36 g, 19.64
mmol, 1.1 eq) dissolved in THF. The mixture was allowed to warm up to room temperature a
stirred for 24 hours. The mixture was washed with 1N HCI, aqueous saturated B at#fD,

and brine successively. It was dried, filtered and concentrated. The crudelnatspurified

by flash chromatography using dichloromethane as the elutant. The products aeredods a
white solid. Total yield for both isomers (4.11 g, 63%).

Major Diastereoisomer 3,4, antitH 300 MHz NMR (CDC8) & 9.05 (d, 1H), 7.93 (m, 2H), 7.42-
7.60 (m, 5H), 4.69 (ddd, 1H), 4.22 (m, 2H), 4.07 (dd, 1H), 3.64-3.73(m, 2H), 1.40-1.70 (10H).
*C NMR (CDCB) 6 157.5, 134.2, 131.2, 130.8, 128.8, 128.2, 127.8, 127.3, 126.6, 125.0, 110.6,
80.5, 67.2, 40.9, 36.8, 34.8, 25.3, 24.3, 24.0. (3,48%). HRMS (ESI) Calcd. for &H,sNO3

[(M + H)]"338.1756, found 338.1757.

Minor Diastereoisomer 3,4, syn*H 300 MHz NMR (CDC#8) 6 8.98 (d, 1H), 7.93 (m, 2H), 7.47-

7.62 (m, 5H), 4.86 (ddd, 1H), 4.39 (dd, 1H) 4.15 (m, 2H), 4.02 (dd, 1H), 3.68-3.49(m, 2H), 1.40-
1.70 (10H)*C NMR (CDCB) 6 157.5,134.2, 131.2, 130.8, 128.8, 128.2, 127.8, 127.3, 126.6,
125.0, 110.6, 80.5, 67.2, 40.9, 36.8, 34.8, 25.3, 24.3, 24.0.(924 %%y

29



5-(1,4-Dioxa-spiro[4.5]dec-2-yl)-3-naphthalen-2-yl-4,5-dihydro-isoxazole (1.25¢

Q To a magnetically stirred solution of cyclohexylidiene olefin (2.40 g,
o 14.23 mmol), N-chlorosuccinimide (2.38 g, 17.78 mmol, 1.25 eq) and
) O dry pyridine (28.46 mmol, 2.50 mL, 2.0 eq) in 180 mL dry THF°at 0

ON under argon, was added dropwise the desired aromatic oxime (2.70 g,
15.65 mmol, 1.1 eq) dissolved in THF. The mixture was allowed to warm up to room
temperature and stirred for 24 hours. The mixture was washed with 1N HCI, aqueatsdatur
NaHCG;, water, and brine successively. It was dried, filtered and concentratedudee c
material was purified by flash chromatography using dichloromethane atutant. The
products were obtained as a white solid. .

Major Diastereoisomer 3,4, antitH 300MHz NMR (CDC8) 6 7.83-8.01 (m, 5H), 7.55 (m, 3H),
4.74 (ddd, 1H), 4.17 (m, 2H), 4.02 (dd, 1H), 3.57(m, 2H), 1.40-1.70 (AHYMR (CDCB)

6 156.7,133.9, 132.9, 128.4, 128.2, 127.8, 127.7,127.0, 126.8,126.6, 123.4, 110.2, 82.5, 66.8,
53.3, 37.6, 36.5, 34.5, 25.0, 23.9, 23.6. (2.0280).

HRMS (ESI) Calcd. for gH,4NOs [(M + H)]*338.1747, found 338.1756.
3-Acenaphthen-4-yl-5-(1,4-dioxa-spiro[4.5]dec-2-yl)-4,5-dihydro-isoxazo(&.25d)

To a magnetically stirred solution of cyclohexylidiene olefin (1.00 g,

s . 6.00 mmol), N-chlorosuccinimide (900 mg, 6.60 mmol) and dry
) O pyridine (9.00 mmol, 0.72 mL) in 25mL chloroform at °Cto C
O°N under argon, was added dropwise the desired aromatic oxime (1.15g,

6.06 mmol) dissolved in THF. The mixture was allowed to warm up to room temperature and
stirred for 24 hours. The mixture was washed with 1N HCI, aqueous saturated B at#fxD,
and brine successively. It was dried, filtered and concentrated. The crudelmnatspurified
by flash chromatography using dichloromethane as the elutant. The product obtarsed wa
yellow-brown solid (0.595 g, 48%). The ratio of anti : syn isomers is was found to be 78:22 from

the proton NMR peak shifts.
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Major Diasterecisomer 3,4, antitH 600MHz NMR (CDC8) 6 8.75 (d, 1H), 7.58 (m, 3H), 7.25-
7.51 (m, 2H), 4.66 (ddd, 1H), 4.18 (m, 2H), 4.05 (dd, 1H), 3.82(m, 2H), 3.43 (m,4H), 1.42-1.76
(10H).HRMS (ESI) Calcd. for gHz6NO3 [(M + H)] " 364.1913, found 364.1916.

5-(1,4-Dioxa-spiro[4.5]dec-2-yl)-3-phenyl-4,5-dihydro-isoxazole (1.258)

To a magnetically stirred solution of cyclohexylidiene olefin (3.00 g, 17.85

og;o mmol), N-chlorosuccinimide (3.00 g, 22.32 mmol, 1.25 eq) and dry pyridine
LL>/>/<j (32.13 mmol, 2.55 mL, 1.8 eq) in 180 mL dry THF & @nder argon, was

ON added dropwise the desired aromatic oxime (2.375 g, 19.64 mmol, 1.1 eq)
dissolved in THF. The mixture was allowed to warm up to room temperature and siiredd f
hours. The mixture was washed with 1N HCI, aqueous saturated NakW@@r, and brine
successively. It was dried, filtered and concentrated. The crude matasiglurified by flash
chromatography using dichloromethane as the elutant. The products were oldaivelita
solid. Total yield for both isomers (4.810 g, 74%). Anti-Syn ratio is 6 to 1.
Major Diastereoisomer 3,4, antitH 300 MHz NMR (CDC8) § 7.68 (m, 2H), 7.42 (m, 3H), 4.65
(ddd, 1H), 4.03-4.17 (m, 2H), 3.98 (dd, 1H), 3.51(m, 2H), 1.35-1.69 (ITHNMR (CDCB)
6157.4,130.9, 130.1, 129.5, 127.5, 111.1, 83.4, 74.8, 67.7, 38.6,37.3, 35.3, 25.8, 24.8, 24.5.
(4.18 g 63%). HRMS (ESI) Calcd. for @&H26NOs [(M + H)]*288.1600, found 288.1591.

Minor Diastereoisomer 3,4, syn*H 300 MHz NMR (CDC#8) 6 7.68 (m, 2H), 7.42 (m, 3H), 4.65
(ddd, 1H), 4.03-4.17 (m, 2H), 3.98 (dd, 1H), 3.51(m, 2H), 1.35-1.69 (YTH)MR (CDCB)

0 157.4,130.9, 130.1, 129.5, 127.5, 111.1, 83.4, 74.8, 67.7, 38.6, 37.3, 35.3, 25.8, 24.8, 24.5.
(628 mg,11%).

3-Anthracen-9-yl-5-(1,4-dioxa-spiro[4.5]dec-2-yl)-4,5-dihydro-isoxazolel (25f)
To a magnetically stirred solution of cyclohexylidiene olefin (1.055 g,
Q ‘ 6.27 mmol),N-chlorosuccinimide (1.00 g, 7.54 mmol) and dry pyridine
O (9.42 mmol, 0.76 mL) in 1:1 / C4€l,: THF at OC under argon, was
0y’ ‘ added dropwise the desired aromatic oxime (1.39¢g, 6.279 mmol) dissolved

O O
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in THF. The mixture was allowed to warm up to room temperature and stirred for 18 Heaurs. T
mixture was washed with 1N HCI, aqueous saturated Nat@&er, and brine successively. It

was dried, filtered and concentrated. The crude material was purifiecshycheomatography

using dichloromethane as the elutant. The product obtained was a yellow-brown solid (1.6435 g
67.6%). The ratio of anti : syn isomers is unassignable due to overlapping of NMR peaks.

Major Diasterecisomer 3,4, anti*H 300MHz NMR (CDC8) 6 8.53 (s, 1H), 8.03 (d, 4H), 7.53(

m, 4H), 4.99 (ddd, 1H), 4.57 (dd, 1H), 4.32 (dd, 1H), 3.97(dd, 1H), 3.59 (d, 2H), 1.47-1.73
(10H).**C 300Mhz NMR (CDC3) 6 156.7, 131.4, 132.9, 128.4, 128.2, 127.8, 127.7, 127.0,
126.8,126.6, 123.5, 110.9, 81.7, 67.1, 42.8, 36.7, 34.8, 25.4, 24 32455

HRMS (ESI) Calcd. for gH26NO3 [(M + H)]*388.1913, found 388.1913.

Minor Diastereoisomer 3,4, syn*H 600 MHz NMR (CDC%) 5 8.51 (s, 1H), 8.15 (d, 2H), 8.02
(d,2H) 7.53( m, 4H), 4.99 (ddd, 1H), 4.39 (dd, 1H), 4.18(dd, 2H), 3.55 (d, 2H), 1.46-1.74 (10H).
Ri=.47

Deprotection of Isoxazoline followed by Reprotection of Primary Hydroxyl Group

1-(3-Pyren-2-yl-4,5-dihydro-isoxazol-5-yl)-ethane-1,2-diol (1.26a)
To a solution of 1:1 mixture of 1,4 dioxane/water (40 mL) and the
‘O isoxazoline (1.69 g, 4.131 mmol) is added glacial acetic acid (20
o b O mL). The reaction is heated to°@and stirred for 3 hours. The
ON reaction is then lowered to room temperature and quenched with 2%
NaHCG;. The mixture is extracted with dichloromethane, washed with sat. Nghki@a@r, and
brine successively. It was dried (MY, filtered and concentrated. The crude material was
purified by flash chromatography (silica gel, 2:1 to 1:1 Hexanes/EthybfgeThe product was
obtained as a yellow-white solid (1.211g, 89%).
Major Diasterecisomer 3,4, anti*H 500MHz NMR (Acetone, ppnd) 9.21 (d, 1H), 7.93 (m, 2H),
7.97-8.22 (m, 8H), 4.82 (ddd, 1H), 3.70-3.95(m, 3HRMS (ESI) Calcd. for gH;sNO;3 [(M +
H)]* 398.2154, found 398.2151.
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1-(3-Naphthalen-1-yl-4,5-dihydro-isoxazol-5-yl)-ethane-1,2-diol (1.26b)

HO OH The isoxazoline (1.97 g, 5.39 mmol) was dissolved in a solution of
) O 1:1:1 mixture of 1,4 Dioxane#4®/ AcOH (45 mL). The reaction
O-
N ‘ mixture is refluxed for 7 hours at 1then cooled to r.t. The

solution mixture was reduced under pressure and then extracted with chloroformrf@_x 20
and then the combined extracts were washed with 25% ageous NaH@@rude material was
purified on a column starting with 1:1 Hexanes/Ethyl acetate and ending with 1096 Et
Acetate. The product was a white solid. (993 mg, 74% vyield)

Major Diasterecisomer 3,4, antit®*C 300Mhz NMR (CROD) 6 8.85 (d, 1H), 7.87 (m, 2H), 7.
49-7.57 (m, 1H) 7.64(m, 3H) 4.78 (ddd, 1H), 3.55-3.72 (m, 2H), 3.85 (dd, 1H), 3.51(nFC2H).
NMR (CDsOD) 6 157.8, 134.2, 130.7, 130.5, 128.5, 128.5, 127.8, 127.3, 126.8, 126.1, 124.9,
80.7,72.2, 63.2, 38.6.

1-(3-Naphthalen-2-yl-4,5-dihydro-isoxazol-5-yl)-ethane-1,2-diol (1.26¢)

HO OH O The isoxazoline (2.018 g, 5.43 mmol) was dissolved in a solution of
LLoi\?/“ 1:1:1 mixture of 1,4 DioxaneAd®/ AcOH (45 mL). The reaction

mixture is refluxed for 11 hours at °then cooled to r.t. The solution mixture was reduced

under pressure and then extracted with chloroform (3 x 20 mL) and then the combindd extrac

were washed with 25% ageous NaHCThe crude material was purified on a column starting

with 1:1 Hexanes/Ethyl acetate and ending with 100% Ethyl Acetatgrodect was a white

solid. (933 mg, 73% yield}H 300 MHz NMR (CROD) § 8.05 (m, 3H), 7.42-7.60 (m, 5H),

4.89 (ddd, 1H), 3.82-377 (m, 3H), 3.64-3.73(m, Zf§.NMR (CD;OD) 6 157.8,134.2, 131.5,

128.8,128.1, 127.8, 127.4,127.2, 126.7,126.6, 125.0, 79.4, 63.8, 40.1.

1-(3-Acenaphthen-4-yl-4,5-dihydro-isoxazol-5-yl)-ethane-1,2-diol (1.26d)
The isoxazoline (595 mg, 1.64 mmol) was dissolved in 20 mL of

HO dichloromethane at°C. To the solution mixture is added 80%
&7 aqueous trifluoroacetic acid (15 mL) and stirred for 3.5 hour%Cat 0
~N
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Afterwards, the mixture is diluted with water and the aqueous layer is extnaith chloroform.
The combined organic layers are washed successively with 2% ageous Namt®ine. The
crude material was purified on a column (3:2 Hex/EA) and obtained as a white solid.g;310 m
67%)."H 300 MHz NMR (GD¢O) 6 8.62 (m, 1H), 7.55-7.02 (m, 4H) , 4.71 (m, 1H), 3.49-3.76
(m, 2H), 4.08-4.32 (m, 3H), 3.36 (m, 4H).

1-(3-Phenyl-4,5-dihydro-isoxazol-5-yl)-ethane-1,2-diol (1.26€)
The isoxazoline (3.49 g, 12.2 mmol) was dissolved in a solution of 1:1:1

A o mixture of 1,4 Dioxane/kD/ AcCOH (45 mL). The reaction mixture is

O\N/ refluxed for 6 hours at 12Q then cooled to r.t. The solution mixture
was reduced under pressure and then extracted with chloroform (6 x 20 mL) and then the
combined extracts were washed with 25% ageous NaHUO®@ crude material was purified on a
column starting with 1:1 Hexanes/Ethyl acetate and ending with 100% Ethtat&. The
product was a white solid. (1.39 g, 80% yield with 1.06 g of starting material recovered.)
Major Diasterecisomer 3,4, antitH NMR 300Mhz (CROD, ppm)é 7.71 (m, 2H), 7.47 (m, 3H),
4.75 (ddd, 1H), 3.65-3.70 (m, 2H), 3.78 (dd, 1H), 3.51(m, ZEINMR (CD;0OD) & 157.4,
130.1, 129.7, 128.6, 126.6, 81.6, 72.8, 63.1, 35.5.

HRMS (ESI) Calcd. for GH14NO3 [(M + H)]* 208.0974, found 208.0974.

1-(3-Anthracen-9-yl-4,5-dihydro-isoxazol-5-yl)-ethane-1,2-diol (1.26f)

The isoxazoline (5.14 g, 13.3 mmol) was dissolved in a solution of 1:1:1
‘O mixture of 1,4 Dioxane/bD/ AcOH (45 mL). The reaction mixture is

, refluxed for 6 hours at 12 then cooled to r.t. The solution mixture

was reduced under pressure and then extracted with chloroform (6 x 20
mL) and then the combined extracts were washed with 25% aqeous NaH@Q@rude material
was purified on a column starting with 1:1 Hexanes/Ethyl acetate and enting0@P6 Ethyl
Acetate. The product was a white solid. (3.77 g, 92% vyield)
'H NMR 300Mhz (CRO, ppm)d 8.77 (m, 1H), 8.19 (m, 4H), 7.63 (m, 4H), 5.21 (m,1H), 4.64
(m, 1H), 4.11 (dd, 1H), 3.65-3.70 (m, 1H), 2.91 (m,2H). HRMS (ESI) Calcd.fbt:eNOsSi
[(M + H)]"308.1287, found 308.1288.
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Synthesis of 24ert-Butyl-dimethyl-silanyloxy)-1-(3-pyren-2-yl-4,5-dihydro-isoxazol-5-yl)-
ethanol (1.27a)

In a solution of dry DMF with the pyrene isoxazoline diol (1.211 g,
3.65 mmol) is added tert-butyl dimethysilylchloride (660 mg, 4.38
mmol) and imidazole (600 mg, 8.76 mmol). The reaction is stirred at

room temperature for 15 to 20 minutes. The reaction is quenched
with water and diethyl ether is added to extract the solution. The solution istedttiaree times

and the combined organics are washed by aqueous saturated Nav#®D, and brine
successively. It was dried, filtered and concentrated. The crude matasiplurified by flash
chromatography (silica gel, 3:1 Hexanes/Ethyl Acetate). The madupt obtained was a clear

oil. (1.498 g, 92.2%). The minor product was protection of both hydroxyl groups. (62 mg, 3.0%).
Ri=.47

Major Diastereoisomer 3,4, antitH 500MHz NMR (CDC8) 6 9.21 (d, 1H), 7.93 (m, 2H), 7.97-
8.22 (m, 8H), 4.82 (ddd, 1H), 3.80-3.95(m, 3H), 3.77(m, 2H), .956(bs, 9H), .156%GMNMR

300 Mhz(CROD) 6 158.1, 132.2, 131.3, 130.7, 128.9, 128.4, 127.8, 127.3, 126.6, 124.7, 123.5,
80.8, 72.1, 64.5, 40.9, 38.8, 25.3, 18.1, -6.38. ). HRMS (ESI) CalcdAdsA0sSi [(M + H)]*
446.2151, found 446.2152.

Synthesis 24ert-Butyl-dimethyl-silanyloxy)-1-(3-naphthalen-1-yl-4,5-dihydro-isoxazol-5-
yl)-ethanol (1.27b)
+ In a solution of dry DMF (11 mL) with the diol (1.35 g, 5.25 mmole) is
—Si— added tert-butyl dimethysilylchloride (1.12 g, 7.82 mmol, 1.2 eq.) and
O imidazole (1.06 g, 15.65 mmol, 2.4 eq.). The reaction is stirred at room
O ‘ temperature for 15 minutes.The reaction is quenched with water and
diethyl ether is added to extract the solution. The solution is extracted theseatind the

combined organics are washed by aqueous saturated NakW@@r, and brine successively. It

was dried, filtered and concentrated. The crude material was purifiecshycheomatography
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(silica gel, 3:1 Hexanes/Ethyl Acetate). The major product obtained wearand. (1.86 g, 4.93
mmole, 94%).

Major Diastereoisomer 3,4, anti®*C 300Mhz NMR (CROD) & 8.85 (d, 1H), 7.87 (m, 2H), 7.
49-7.57 (m, 1H) 7.64(m, 3H) 4.78 (ddd, 1H), 3.55-3.72 (m, 2H), 3.85 (dd, 1H), 3.51("#2H).
NMR (CDsOD) 6 157.8, 134.2, 130.7, 130.5, 128.5, 128.5, 127.8, 127.3, 126.8, 126.1, 124.9,
80.7,72.2,63.2, 38.6.

Synthesis of 24ert-Butyl-dimethyl-silanyloxy)-1-(3-naphthalen-2-yl-4,5-dihydro-isoxazol-5-
yl)-ethanol (1.27c)
In a solution of dry DMF (20 mL) with the diol (733 mg, 2.85 mmole)

e is added tert-butyl dimethysilylchloride (5.16g, 3.42 mmol, 1.2 eq.)

O and imidazole (465 mg, 6.84 mmol, 2.4 eq.). The reaction is stirred at
Y

O-N room temperature for 10 minutes. The reaction is quenched with water
and diethyl ether is added to extract the solution. The solution is extractedinimee and the
combined organics are washed by aqueous saturated NaW&®r, and brine successively. It
was dried, filtered and concentrated. The crude material was purifiecshycfleomatography
(silica gel, 4:1 Hexanes/Ethyl Acetate). The major product obtained wearaot. (1.03 g,

98%).

Major Diasterecisomer 3,4, antitH 300MHz NMR (CRXOD) 6 7.83-7.99 (m, 5H), 7.58 (m, 2H),
4.96 (ddd, 1H), 4.07 (dd, 1H), 3.67(m, 3H), 3.49 (dd, 1H), 1.40-1.70 (YaHYMR (CDCB)
5157.8,134.2, 131.5, 128.8, 128.1, 127.8, 127.4,127.2, 126.7,126.6, 125.0, 110.2, 79.4, 63.8,
40.1, 26.1, 18.5, -5.1. IR 3446, 2895, 1114, 918 cm

HRMS (ESI) Calcd. for H26NO3 [(M + H)]* 372.1995, found 372.1996.

Synthesis of 1-(3-Acenaphthen-4-yl-4,5-dihydro-isoxazol-5-yl)-2e(t-butyl-dimethyl-
silanyloxy)-ethanol (1.27d)
In a solution of dry DMF with the isoxazoline diol (310 mg, 1.09

L& . mmol) is added tert-butyl dimethysilylchloride (166 mg, 1.28 mmol)
o and imidazole (162 mg, 2.41 mmol). The reaction is stirred at room
O\N/ temperature for 45 minutes.The reaction is quenched with water and

diethyl ether is added to extract the solution. The solution is extracteditheseand the
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combined organics are washed by aqueous saturated NaHCO3, water, and brisesslycdes

was dried, filtered and concentrated. The crude material was purifiecshycfleomatography
(silica gel, 3:1 Hexanes/Ethyl Acetate). The major product obtained wlaaraoil. (407 mg,

93.6%)

Major Diastereoisomer 3,4, antitH 300MHz NMR (CDC8) & 8.77 (d, 1H), 7.58 (m, 2H), 7.41

(d, 1H), 7.28 (d, 1H), 4.71 (ddd, 1H), 3.92(d, 2H), 3.63-3.81 (m,3H), 3.42 (m,4H), .961 (d, 9H),
.186 (d, 6H)*C 300Mhz NMR (CDQ3) 5 158.3, 149.8,

146.4, 139.8, 130.3, 123.6, 122.1,120.5, 118.8, 79.3, 64.2, 39.4, 30.6, 26.1,18.5,-5.1.

IR (neat) 3363, 3238, 2959, 1195, 904'dHRMS (ESI) Calcd. for &H3NOsSi [(M + H)]*
398.2151, found 398.2155.

2-(tert-Butyl-dimethyl-silanyloxy)-1-(3-phenyl-4,5-dihydro-isoxazol-5-yl)-etlanol (1.27¢)
In a solution of dry DMF (15 mL) with the diol (1.35g, 6.52 mmole) is

! added tert-butyl dimethysilylchloride (1.12 g, 7.82 mmol, 1.2 eq.) and
_gi
O OH imidazole (1.06 g, 15.65 mmol, 2.4 eq.). The reaction is stirred at room
o/ temperature for 10 minutes. The reaction is quenched with water and
“N

diethyl ether is added to extract the solution. The solution is extracted
three times and the combined organics are washed by aqueous saturatecd,Neti€Oand
brine successively. It was dried, filtered and concentrated. The crudéamagey purified by
flash chromatography (silica gel, 4:1 Hexanes/Ethyl Acetate). The prgduct obtained was a
clear oil. (1.76 g, 86%).
Major Diasterecisomer 3,4, antitH 300 MHz NMR (CROD) 6 7.71 (m, 2H), 7.47 (m, 3H), 4.75
(ddd, 1H), 3.65-3.70 (m, 2H), 3.78 (dd, 1H), 3.51(m, 28)NMR (CD;0OD) & 157.4, 130.1,
129.7, 128.6, 126.6, 81.6, 72.8, 63.1, 35.5.

37



Synthesis of 1-(3-Anthracen-9-yl-4,5-dihydro-isoxazol-5-yl)-2ert-butyl-dimethyl-
silanyloxy)-ethanol (1.27f)

In a solution of dry DMF with the isoxazoline diol (310 mg, 1.09 mmol)
is added tert-butyl dimethysilylchloride (166 mg, 1.28 mmol) and
imidazole (162 mg, 2.41 mmol). The reaction was stirred at room
temperature for 45 minutes. The reaction is quenched with water and

diethyl ether is added to extract the solution. The solution is extracted
three times and the combined organics are washed by aqueous saturatecd,Net#€Oand
brine successively. It was dried, filtered and concentrated. The crudéamagey purified by
flash chromatography (silica gel, 3:1 Hexanes/Ethyl Acetate). The pragjduct obtained was a
clear oil. (407 mg, 93.6%)
Major Diasterecisomer 3,4, anti*H 500MHz NMR (CDC8) 6 8.53 (s, 1H), 8.03 (t, 4H), 7.53
(quintet, 4H), 5.03 (ddd, 1H), 4.11 (dd, 1H), 3.91 (dd, 2H), 3.64(dd, 1H), 3.54 (dd, 1H), .965 (s,
9H), .167(d,6H)**C 300Mhz NMR (CDC3) 6 157.2,131.4, 130.2, 128.9, 126.9, 125.7,
125.2,80.8, 63.8, 42.3, 26.1, 18.6, -5.1 IR 3368, 2929, 2885, 1256, 1055 cm
HRMS (ESI) Calcd. for @Hs,05Si [(M + H)]" 422.2151, found 422.2152.

Preparation (1.28a) of 2ert-Butyl-dimethyl-silanyloxymethyl)-5-pyren-1-yl-tetrahydro-
furan-3-ol with BF 3-Et,0 and Et3SiH Approach

To a round bottom flask was added a catalytic amount of Raney
S\ifo O’Q Nickel 2800 in 190 proof ethanol. The flask is charged and flushed

| © three times with hydrogen and stirred for 1 2 hours. Afterwards, the
HO protected tert-butyl silyl pyrene isoxazoline (1.49g, 3.36 mole) is
added with boric acid (8.33g, 134.4 mmole). The solution was stirred for 4 to 6 hours. The
reaction mixture is filtered through cellite and concentrated. The solutiblted with

methanol and water. The solution is extracted with dichloromethane three timesniihieed
organics are washed with 2 % NaH{ @ater, and brine successively. It was dried twice by

Mg,SQ,, filtered and concentrated. The crude material was used directly for thete@x
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To a solution of dry dichloromethane and the crude material, is added triethyldéla®enmole,
2.68 mL) at -78C under argon and then boron trifluoride dietherate (10.1 mmole, 1.29 mL). The
solution turns from a yellow to red color after additions. The solution is stirtegsat
temperature for six hours. Afterwards, the reaction is quenched with aqueoued@tiatdCQ.
The solution is diluted with dichloromethane followed by usual aqueous workup of saturated
NaHCGQ, water, and brine successively. It was dried, filtered and concentratedutlee c
material was purified by flash chromatography (silica gel, 3:1 Hexatigt/Acetate) to give a
8:1B:a epimer ratio (381 mg, 26% yield).

'H 400MHz NMR (CDC$) (B-epimer)s 8.33-8.01 (m, 8H), 6.26 (ddd, 1H), 4.60(m, 1H),
4.23(dd, 1H), 4.06 (d, 1H), 3.93 (m, 1H), 2.64(m, 1H), 2.24 (m,1H), .98((9Hs3HR

IR (neat) 3380, 3208, 2857, 1095, 907tm

HRMS (ESI) Calcd. for gH3,05Si Na [(M + Na) 455.2018, found 455.2019.

'H 400MHz NMR (CDCB) (a-epimer)$ 8.33-8.01 (m, 8H), 6.17 (ddd, 1H), 4.64(m, 1H),
4.33(dd, 1H), 4.03 (d, 1H), 3.87 (m, 1H), 3.08(m, 1H), 2.23 (m, 1HH).R

Byproduct (198mg, 44%) 8.75 (d, 1H), 8.33-8.01 (m, 8H), 6.82 (d, 1H), 6.51(d,1H),
4.83(s,2H), .98(m, 9H), .183(m,6H)R89

Preparation (1.28a) of 24ert-Butyl-dimethyl-silanyloxymethyl)-5-pyren-1-yl-tetrahydro-
furan-3-ol with Na BH3;CN and CLCHOOH Method

To a round bottom flask with the isoxazolib28a(400 mg, 8.96 mmol) and boric acid (2.78 g,
44.8 mmol) was added a catalytic of Raney Nickel 2800 in 5:1 ratio of THF/water {30 ne
solution is charged 5 times with hydrogen on a balloon attachment. The solutiordsfstirt4
hours. The reaction mixture is filtered through cellite and concentrated. Tiiesas diluted
with dichloromethane and water. The organic layer is separated and the ageoasttagted
with dichloromethane twice more and combined with the organic layers. The omarx dre
washed with sat. ag. NaHG@nd brine. The crude material was purified by flash
chromatography (silica gel, 3:1 Hexanes/Ethyl Acetate) to giverty,67% yield with 96 mg

(24%) recovered starting material). Material was split for multipéetions.
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To a solution of the pyrene hemiacetal (76 mg, 0.167 mmole) and JC&B{0.835 mmole, 0.85
mL, 5.0 eq.) in anhydrous THF (15 mL) at °@5the solution was stirred for 15 minutes and
then dichloroacetic acid (66 mg, 0.51 mmole, 3.0 eq.) 8C-2&s added to the reaction
mixture. The solution was allowed to warm foQ0for over a span of 1.5 hours. The reaction
guenched with saturated agueous NaH@a extracted with diethyl ether. The organic layers
were combined, dried, concentrated and purified by chromatography orgsiligal
Hexanes/Ethyl Acetate).

NMR spectrum the same as above from boron trifluoride etherate procedure.

(B-epimer) 28 mg 35% &.38 ,a epimer 8 mg (11%, &.41) ,14.2 mg Starting material

(19.0%) R=.29. Total overall yield 37% with recovered starting material.
2-(tert-Butyl-dimethyl-silanyloxymethyl)-5-naphthalen-1-yl-tetrahydro-fur an-3-ol (1.28b}

s‘i—o OQ To a round bottom flask was added a catalytic amount of Raney Nickel

| ° 2800 in tetrahydrofuran (60 mL) and water (13.5 mL). The flask is
HO charged and flushed five times with hydrogen and stirred for 4 hours

with the protected tert-butyl silyl isoxazoline (550 mg, 1.48 mmole) was addedbevic acid

(551 mg, 8.89 mmole). The reaction mixture is filtered through cellite and costeehtfhe

solution is extracted with dichloromethane three times. The combined organicshes wath

2 % NaHCQ, water, and brine successively. It was dried twice by3Wy, filtered and

concentrated. The crude material was used directly for the next step.

To a solution of dry trifluoroethanol (20 mL) and the crude material, is added sodium

cyanoborohydride at -2 under argon and stirred for 15 minutes, then dichloroacetic acid is

added (2.0 eq, 0.26 mL). The solution is stirred at this temperature for one hour. Afteiva

reaction is quenched with aqueous saturated NaHT@ solution is diluted with

dichloromethane followed by usual aqueous workup of saturated NgkM@e@r, and brine

successively. It was dried, filtered and concentrated. The crude matasiplurified by flash

chromatography (silica gel, 3:1 Hexanes/Ethyl Acetate) to give (218 13¢ yield)

'H 400MHz NMR (CDCI3) 8.03(1H,d) 7.96(1H,d), 7.80(2H,t) 7.57(3H,m), 5.99(1H,m),

4.58(m,1H), 4.19(1H,m), 4.02(1H,dd) 3.81(1H,m), 2.60(m,1H), 2.19(1H,m),

.980(9H,s),.17(6H,s)°C 300Mhz NMR (CDCI3p 138.26,133.87,130.69,129.06,127.98,
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126.24,125.86,125.77,123.50,122.38, 86.93,74.96,64.39, 43.04, 25.10,16.62,-5.95.
HRMS (ESI) Calcd. for &HsNOsSi Na [(M + Na)T 381.1864, found 381.1862.

2-(tert-Butyl-dimethyl-silanyloxymethyl)-5-naphthalen-2-yl-tetrahydro-fur an-3-ol (1.28c)*

|
Si-0

OQ To a round bottom flask was added a catalytic amount of Raney Nickel
‘ @)

2800 in tetrahydrofuran (60 mL) and water (13.5 mL). The flask is

charged and flushed five times with hydrogen and stirred for 4 hours
HO with the protected tert-butyl silyl isoxazoline (600 mg, 1.68 mmole) is
added with boric acid (621 mg, 10.02 mmole). The reaction mixture is filtered througg cell
and concentrated. The solution is extracted with dichloromethane three timesnitieed
organics are washed with 2 % NaH{ @ater, and brine successively. It was dried twice by
Mg.SQ,, filtered and concentrated. The crude material was used directly for thete@X o a
solution of dry trifluoroethanol (20 mL) and the crude material, is added sodium
cyanoborohydride at -3% under argon and stirred for 15 minutes, then dichloroacetic acid is
added (2.5 eq, 0.35 mL). The solution is stirred at this temperature for one hour. Afteiva
reaction is quenched with aqueous saturated NaHT@ solution is diluted with
dichloromethane followed by usual aqueous workup of saturated NgkM@e@r, and brine
successively. It was dried, filtered and concentrated. The crude matasiglurified by flash
chromatography (silica gel, 3:1 Hexanes/Ethyl Acetate). (166 mgy88e) ‘*H 500 MHz NMR
(CDCI3) 7.85 (4H,m) 7.46 (3H, m), 5.37 (1H, dd), 4.49 (m, 1H), 4.02 (1H,m), 3.90 (1H,dd), 3.78
(1H,m), 2.80 (bs,2H), 2.11(2H,m), .972 (9H,s),.15(6H3%).300 Mhz NMR (CDCI?3)
5 138.56, 133.97, 130.59, 129.06, 127.98, 126.24,125.86,124.77,123.50,122.38, 86.93,76.96,64.3
9,43.14, 26.25,17.09,-5.11.

5-Acer)11aphthen-5-yl-2-(ert-butyl-dimethyl-siIanyloxymethyl)-tetrahydro-furan-3-o|
(1.28d

| O’Q To a round bottom flask was added Raney Nickel 2800 (200 mg) in
O

Si-0

| 95% ethanol (20 mL). The flask was charged and flushed three times

with hydrogen and stirred for 1 %2 hours. Then the protected
HO
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isoxazoline (400 mg, 1.02 mmol) is added with boric acid (6.35 g, 102.5 mmol). The solution is
stirred for 18 hours under hydrogen. The reaction mixture is filtered through agtlite
concentrated. The solution is diluted with methanol and water. The solution isexktnaitt
dichloromethane three times. The combined organics are washed with 2 % pat#@D, and

brine successively. It was dried twice by #8@), filtered and concentrated. The crude material
was used directly for the next step. To a solution of dry dichloromethane and thenatedal,

is added triethylsilane (3.76 mmol, 0.60 mL) at °Z8under argon and then boron trifluoride
dietherate (4.69 mmol, 0.60 mL). The solution turns from a yellow to red color ddliéoas.

The solution is stirred at this temperature for 8 hours. Afterwards, theoreasctjuenched with
agueous saturated NaHg(he solution is diluted with dichloromethane followed by usual
aqueous workup of saturated NaH{ ®@ater, and brine successively. It was dried, filtered and
concentrated. The crude material was purified by flash chromatograltey gsl, 3:1
Hexanes/Ethyl Acetate) to give a (171 mg) 39% vyield.

'H 400MHz NMR (CDC8) 8 7.73 (d, 1H), 7.63 (d, 1H), 7.43 (t, 1H), 7.23(m, 3H), 5.78 (ddd,
1H), 4.50(m, 1H), 4.13(dd, 1H), 3.94(m,1H), 3.76 (m, 2H), 3.37( m, 4H), 2.43(m, 1H), 2.18
(m,1H), .926(s, 9H), .112(6H)C 400Mhz NMR (CD(3) & 146.6,145.7, 139.5, 133.7,
129.1,128.0, 124.7, 119.1,87.0, 74.8, 64.9, 43.0, 30.7, 30.1, 26.1, -5.1. HRMS (ESI) Calcd. for
Ca23H33NOsSi [(M + H)]" 385.2199, found 385.2193.

2-(tert-Butyl-dimethyl-silanyloxymethyl)-5-phenyl-tetrahydro-furan-3-ol (1.28e}

To a round bottom flask is added a catalytic amount of Raney Nickel
S‘i*O 0 2800 in tetrahydrofuran (60 mL) and water (13.5 mL). The flask is

charged and flushed five times with hydrogen and stirred for 4 hours

HO with the protected tert-butyl silyl isoxazoline (850 mg, 2.64 mmole) is

added with boric acid (985 mg, 15.88 mmole). The reaction mixture is filtered througd celli
and concentrated. The solution is extracted with dichloromethane three timesnitieed
organics are washed with 2 % NaH{ @ater, and brine successively. It was dried twice by
Mg,SQ,, filtered and concentrated. The crude material was used directly for thete@xTo a

solution of dry trifluoroethanol (35 mL) and the crude material, is added sodium
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cyanoborohydride at -2 under argon and stirred for 10 minutes, then dichloroacetic acid is
added (3.0 eq, 0.54 mL). The solution is stirred at this temperature for one hour. Aftetivar
reaction is quenched with aqueous saturated NaHT@ solution is diluted with
dichloromethane followed by usual agueous workup of saturated NgkM@e@r, and brine
successively. It was dried, filtered and concentrated. The crude matasiplurified by flash
chromatography (silica gel, 3:1 Hexanes/Ethyl Acetate). (324 mg, 46&) yie

'H 300MHz NMR (Acetone) 7.48(2H,d) 7.36(3H,m), 5.19(1H,m), 4.51(m,1H), 4.24(1H,d),
4.02(1H,m) 3.81(1H,m), 2.25(m,1H), 1.96(1H,m), .99 (9H,s),.18(6FSR00 Mhz NMR
(CDCI3) 6 128.29,127.36, 126.23, 88.21, 80.15, 73.62, 64.46, 44.76, 25.7, =5.78.

5-Anthracen-9-yl-2-(tert-butyl-dimethyl-silanyloxymethyl)-tetrahydro-furan-3-ol (1.28f)

To a round bottom flask is added a catalytic amount of Raney Nickel
2800 in tetrahydrofuran (50 mL) and water (11 mL). The flask is
charged and flushed five times with hydrogen and stirred for 4 hours

with the protected tert-butyl silyl isoxazoline (395mg, 1.16mole) is

added with boric acid (130 mg, 2.70 mmole). The reaction mixture is
filtered through cellite and concentrated. The solution is extracted with diodthane three
times. The combined organics are washed with 2 % Naji@&er, and brine successively. It

was dried twice by Mg Q,, filtered and concentrated. The crude material was used directly for
the next step.

To a solution of dry trifluoroethanol (16 mL) and the crude material, is added sodium
cyanoborohydride at -2% under argon and stirred for 10 minutes, then dichloroacetic acid is
added (3.0 eq, .21 mL). The solution is stirred at this temperature for one hour. Aferthar
reaction is quenched with agueous saturated NajHT@@ solution is diluted with
dichloromethane followed by usual agueous workup of saturated NgkM@e@r, and brine
successively. It was dried, filtered and concentrated. The crude matasiplurified by flash
chromatography (silica gel, 3:1 Hexanes/Ethyl Acetate) to give 174 @80 yield.

'H 300MHz NMR (CDC}) 8.61 (m,1H), 8.06 (1H,m), 7.62 (1H,m) 7.38(2H,m), 5.86(1H,m),
4.31(m,1H), 4.24(1H,d), 4.02(1H,m) 3.81(1H,m), 2.08(m,1H), 1.96(1H,m), .91 (9H,s),.18(6H,s).
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2-Hydroxymethyl-5-pyren-1-yl-tetrahydro-furan-3-ol (1.29a)*

O% In dry THF at room temperature, the protected pyrene nucleoside (221

HO

o mg, .508 mmol) has added dropwise a 1M solution of

tetrabutylammonium fluoride in THF (0.81 mL, 0.81 mmol) under an
"o argon atmosphere for 3 hours. The solution mixture is concentrated and

diluted by a 1:1 ratio of Hexanes/Ethyl Acetate. The solution mixturedgdbdirectly for flash
column chromatography (silica gel, 1:1 Hexanes/Ethyl Acetate). The prooained is a
yellow-white solid. (151 mg, 92.0%) Spectroscopic data is comparable to the lgeMRid148-
15¢°C. R =.093
'H 400MHz NMR (CDC$) & 8.29 (d, 1H), 8.19-8.11 (m, 4H), 8.052-7.98 (m, 3H), 6.24 (ddd,
1H), 4.60 (m, 1H), 4.23 (dd, 1H), 3.94 (m, 2H), 2.64 (m, 1H), 2.29 (m,1H). IR (thin film) 3367,
3268, 2877, 1085, 1045, 841, 756 tm
HRMS (ESI) Calcd. for gH1003 [(M + H)]*319.1334, found 319.1330.

2-Hydroxymethyl-5-naphthalen-1-yl-tetrahydro-furan-3-ol (1.29b}

In dry THF at room temperature, the protected nucleoside (105 mg, .430
HO— 4 O mmol) has added dropwise a 1M solution of tetrabutyl ammonium fluoride
in THF (1.30 mL, 1.32 mmol) under an argon atmosphere for 3 hours. The
Ho solution mixture is concentrated and diluted by a 1:1 ratio of Hexanes/Ethyl
Acetate. The solution mixture is loaded directly for flash column chromatog(ajiba gel, 1:1
Hexanes/Ethyl Acetate) (66 mg, 93% yield) Spectroscopic data is canip#o the literature.
'H 400MHz NMR (CDCI3) 8.05 (1H,d) 7.92 (1H,d), 7.83 (2H,t) 7.55(3H,m), 5.95(1H,m),
4.55(m,1H), 4.17(1H,m), 4.05(1H,dd) 3.81(1H,m), 2.60(m,1H), 2.19(1H:#8)300 Mhz NMR
(CDCI3)5 138.56,133.77,130.79,129.06,127.95,126.26,125.86,125.75,123.54,122.35,
86.93,74.96, 64.43, 43.07, 16.67. HRMS (ESI) Calcd. for GH160sNa [(M + Na)[ 267.0997,

found 267.0996.

44



2-Hydroxymethyl-5-naphthalen-2-yl-tetrahydro-furan-3-ol (1.29c)

In dry THF at room temperature, the protected nucleoside (126 mg, 0.516
HO™ o O mmol) has added dropwise a 1M solution of tetrabutyl ammonium fluoride
in THF (1.51 mL, 1.53 mmol) under an argon atmosphere for 3 hours. The
"o solution mixture is concentrated and diluted by a 1:1 ratio of
Hexanes/Ethyl Acetate. The solution mixture is loaded directly fan tatumn chromatography
(silica gel, 1:1 Hexanes/Ethyl Acetate) (80 mg, 94% vyield) Spectrasdapa is comparable to
the literature.
'H 500MHz NMR (CDCI3) 7.85(4H,m) 7.46(3H,m), 5.37(1H,dd), 4.49(m,1H), 4.02(1H,m),
3.90(1H,dd), 3.78(1H,m), 2.30(m,1H), 2.11(1H,MT 300 Mhz NMR (CDCI3)
0 138.56,133.97,130.59,129.26,127.88, 126.27,125.89,124.77,123.40,122.48, 86.93,76.96,64.59,

43.14,18.72.

5-Acenaphthen-5-yl-2-hydroxymethyl-tetrahydro-furan-3-ol (1.29d
In dry THF at room temperature, the protected nucleoside (170 mg, 0.443

0' mmol) has added dropwise a 1M solution of tetrabutyl ammonium fluoride

HO™ o in THF (1.3 mL, 1.32 mmol) under an argon atmosphere for 3 hours. The
solution mixture is concentrated and diluted by a 1:1 ratio of

HO Hexanes/Ethyl Acetate. The solution mixture is loaded directly fan flas
column chromatography (silica gel, 1:1 Hexanes/Ethyl Acetate) tol@i¥e mg in 85% vyield.
Spectroscopic data is comparable to the literattie400MHz NMR (CDC$) & 7.68 (d, 1H),
7.57 (d, 1H), 7.41 (t, 1H), 7.24(m, 3H), 5.74 (ddd, 1H), 4.38(m, 1H), 4.04(dd, 1H), 3.76 (m, 3H),
3.34( m, 4H), 2.38(m, 1H), 2.08 400Mhz NMR (CD(3) & 146.6,146.1, 139.6, 132.9,

129.3,128.1, 124.1, 119.2, 87.2, 73.8, 63.6, 42.9, 30.7, 30.1.

2-Hydroxymethyl-5-phenyl-tetrahydro-furan-3-ol (1.29e)
In dry THF at room temperature, the protected nucleoside (225 mg, .704 mmol)
has added dropwise a 1M solution of tetrabutyl ammonium fluoride in THF (1.4

HO
mL, 1.40 mmol) under an argon atmosphere for 3 hours. The solution mixture is

HO
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concentrated and diluted by a 1:1 ratio of Hexanes/Ethyl Acetate. The solutiomenis loaded
directly for flash column chromatography (silica gel, 1:1 Hexanes/Bitgtate) (134mg, 98%)
Spectroscopic data is comparable to the literatttd00MHz NMR (CDCI3)5 7.38 (5H,m),
5.20 (1H,m), 4.40 (1H,m), 4.01(1H,m), 3.78 (2H,d), 2.24(1H,m), 1.99(1H,m).

5-Anthracen-9-yl-2-hydroxymethyl-tetrahydro-furan-3-ol (1.29f)
In dry THF at room temperature, the protected nucleoside (150 mg, .310

mmol) has added dropwise a 1M solution of tetrabutyl ammonium fluoride

in THF (.60 mL, .600 mmol) under an argon atmosphere for 3 hours. The

solution mixture is concentrated and diluted by a 1:1 ratio of Hexanes/Ethyl
Acetate. The solution mixture is loaded directly for flash column chromatog(ajiba gel, 1:1
Hexanes/Ethyl Acetate) (98mg, 86%) 400MHz NMR (CR2O) & 8.60 (m,1H), 8.05 (1H,m),
7.62 (1H,m) 7.38(2H,m), 5.82(1H,m), 4.27(1H,m), 4.01(1H,m), 3.78(2H,d), 2.06(1H,m),
2.10(1H,m)

2-[Bis-(4-methoxy-phenyl)-phenyl-methoxymethyl]-5-pyren-1-yl-tdahydro-furan-3-ol
(1.30af

(O]
(07

o) under an argon atmosphere. The reaction mixture is stirred for
HO

The nucleoside (115 mg, 0.361 mmole) is coevaporated with

dry pyridine twice 5 mL and redissolved in dry pyridine (5

O%Q mL). 4,4-Dimethoxytrityl chloride (185 mg, 0.542 mmol) is

added with a catalytic amount of DMAP at room temperature

6 hours at room temperature. Afterwards, a 2:1 ratio of ethyl
acetate/ brine is added and extracted. The combined extracts are dse@4Ndiltered and
concentrated. The crude material was purified by flash column chromatggidg@hcolumn is
preloaded with 3:1 Hexane/Ethyl Acetate with 5% Triethylamine, The prosletited with 2:1
Hexane/Ethyl Acetate to yield an oil (125 mg). 56% yield. Spectroscof@ddeomparable to

the literature.
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'H 600MHz NMR (CRRO) & 8.48 (d, 1H), 8.42 (d,1H), 8.28 (d, 3H), 8.19(d, 1H), 8.17 (q, 2H),
8.06(t, 1H), 7.58 (d, 2H), 7.47(dd, 4H) 7.31 ( t, 2H), 7.21 (t, 1H) 6.90( dd, 4H) 6.21 (ddd, 1H),
4.50(m, 1H), 4.23(dd, 1H), 4.03( m, 1H), 3.75( s, 6H) 3.40 (m, 2H) 2.64(m, 1H), 2.29 (m,1H).
HRMS (ESI) Calcd. for gH3s0s [(M + H)]"643.2484, found 643.2482.

2-[Bis-(4-methoxy-phenyl)-phenyl-methoxymethyl]-5-naphthalen-14-tetrahydro-furan-3-
ol (1.30bY}
o— The nucleoside (66 mg, .271 mmole) is coevaporated with dry
O O pyridine twice 5 mL and redissolved in dry pyridine (5 mL). 4,4-
OQ Dimethoxytrityl chloride (140 mg, .410 mmol) is added with a
© catalytic amount of DMAP at room temperature under an argon
HO atmosphere. The reaction mixture is stirred for 6 hours at room
temperature. Afterwards, a 2:1 ratio of ethyl acetate/ brine is added aacteckt The combined
extracts are dried (N80O4), filtered and concentrated. The crude material was purified by flash
column chromatography. The column is preloaded with 3:1 Hexane/Ethyl Avgtiatgo
Triethylamine, The product is eluted with 2:1 Hexane/Ethyl Acetateetd gn oil. Product
Yield 73% 114 mg. Spectroscopic data is comparable to the literature.
'H 400MHz NMR (CRO) 8.05(1H,d) 7.92(1H,d), 7.83(2H,t),7.61(1H.d), 7.55(3H,m), 7.28-
7.22(5H,m), 6.88(4H,dd) 5.95(1H,m), 4.55(m,1H), 4.17(1H,m), 4.05(1H,dd) 3.81(1H,m),
3.77(6H,s) 2.60(m,1H), 2.19(1H,m).
3¢ 300 Mhz NMR (GDeO) 159.0, 138.56,135.1,133.77,130.79, 129.06, 127.95, 127.8, 126.70,

126.26,125.86,125.75,123.54, 122.35, 86.93,78.11, 74.96,64.43, 54.07,44.13,43.0, 20.42,18.67.

2-[Bis-(4-methoxy-phenyl)-phenyl-methoxymethyl]-5-naphthalen-24-tetrahydro-furan-3-
ol (1.30c}
o— The nucleoside (80 mg, 0.327 mmole) is coevaporated with dry
O Q pyridine twice 5 mL and redissolved in dry pyridine (5 mL). 4,4-
OO Dimethoxytrityl chloride (165 mg, 0.490 mmol) is added with a
o catalytic amount of DMAP at room temperature under an argon

atmosphere. The reaction mixture is stirred for 6 hours at room
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temperature. Afterwards, a 2:1 ratio of ethyl acetate/ brine is added aacteckt The combined
extracts are dried (N80O4), filtered and concentrated. The crude material was purified by flash
column chromatography. The column is preloaded with 3:1 Hexane/Ethyl Avgtiatgo
Triethylamine, The product is eluted with 2:1 Hexane/Ethyl Acetate o greoil. Product yield
64%, 114 mg. Spectroscopic data is comparable to the literature.

'H 500MHz NMR (GDgO) 7.85 (4H,m) 7.46(3H,m)7.51(1H.m),7.33-7.28 (5H,m) 6.88 (4H,dd),
5.37(1H,dd), 4.46(m,1H), 4.04(1H,m), 3.91(1H,dd),3.79(7H,m), 2.28(m,1H), 2.13(15@n).

300 Mhz NMR (GDgO) 6 159.33, 139.24, 138.56,133.97,130.59,129.26,127.68,126.77,126.27,
125.89,124.77,123.40,121.48, 86.53,78.44, 76.65,64.53, 54.77, 43.14, 20.45,19.03.

5-Acenaphthen-5-yl-2-[bis-(4-methoxy-phenyl)-phenyl-methoxymayl]-tetrahydro-furan-
3-ol (1.30d}

The nucleoside (101.2 mg, 0.375 mmol) was coevaporated

O with dry pyridine twice 5 mL and redissolved in dry pyridine
O . (5 mL). 4,4-dimethoxytrityl chloride (0.600 mmol, 202 mg) is
O o o OQ added with a catalytic amount of DMAP at room temperature
5 under an argon atmosphere. The reaction mixture is stirred for
HO 6 hours at room temperature. Afterwards, a 2:1 ratio of ethyl

acetate/ brine is added and extracted. The combined extracts were dseQ,jNdtered and
concentrated. The crude material was purified by flash column chromatggidgehcolumn is
preloaded with 3:1 Hexane/Ethyl Acetate with 5% Triethylamine, The prosletited with 2:1
hexane/ethyl acetate to yield an oil (131 mg, 61%)=R36 (Hex/EA 3:1)

'H 300MHz NMR (GDgO) & 7.89 (d, 1H), 7.75 (d,1H), 7.60 (d, 2H), 7.40 (m, 6H) 7.38-7.23 (

m, 7H), 6.90( dd, 4H) 5.77 (ddd, 1H), 4.50(m, 1H), 4.20(dd, 1H), 4.09( m, 2H), 3.78( s, 6H) 3.37
(m, 4H) 2.91(m, 1H), 2.51(m, 1H), 2.14 (m,1HE 300Mhz NMR (Acetone)

5158.9,146.6,146.1, 136.4, 134.4, 132.9, 130.4, 129.3,128.1, 127.9, 126.8,124.1, 119.2, 86.5,
77.7,73.8, 63.6, 59.9, 54.8, 43.6, 30.7, 30.1, 20.2, 13.8.
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2-[Bis-(4-methoxy-phenyl)-phenyl-methoxymethyl]-5-phenyl-tetahydro-furan-3-ol (1.30e}

The nucleoside (124 mg, 0.639 mmole) was coevaporated with dry

° pyridine twice 5 mL and redissolved in dry pyridine (5 mL). 4,4-
O O Dimethoxytrityl chloride (325 mg, 0.958 mmol) is added with a
O R catalytic amount of DMAP at room temperature under an argon
-~ atmosphere. The reaction mixture is stirred for 6 hours at room
° HO temperature. Afterwards, a 2:1 ratio of ethyl acetate/ brine is added

and extracted. The combined extracts are driedS04), filtered and concentrated. The crude
material was purified by flash column chromatography. The column is preloathe8t v
Hexane/Ethyl Acetate with 5% Triethylamine, The product is eluted witti2xane/Ethyl
Acetate to yield an oil. Recovered 261mg. 83% yield. Spectroscopic data is coleapathe
literature.

'H 300MHz NMR (GDgO) & 7.5 (2H,m), 7.4-7.11 (m, 13H), 6.8 (m, 4H), 5.16 (1H,m), 4.38
(1H,m), 4.21(1H,m), 4.11 (2H,m), 3.81 (s, 6H) , 2.21 (1H,m), 1.95 (1H,m)

5-Anthracen-9-yl-2-[bis-(4-methoxy-phenyl)-phenyl-methoxymethyttetrahydro-furan-3-ol
(2.30f)

The nucleoside (90 mg, .29 mmole) was coevaporated with dry

07
O pyridine twice (5 mL) and redissolved in dry pyridine (5 mL).
O C 4,4-Dimethoxytrityl chloride (165 mg, .44 mmol) is added with
O o o QQ a catalytic amount of DMAP at room temperature under an

- argon atmosphere. The reaction mixture is stirred for 6 hours at
HO room temperature. Afterwards, a 2:1 ratio of ethyl acetate/

brine is added and extracted. The combined extracts are drig8i(qila filtered and

concentrated. The crude material was purified by flash column chromatggiégehcolumn is

preloaded with 3:1 Hexane/Ethyl Acetate with 5% Triethylamine, The prodagceluted with

2:1 Hexane/Ethyl Acetate to yield an oil (141mg, 66%).

'H 300MHz NMR (GD¢O) & 8.60 (m,1H), 8.05 (1H,m), 7.62 (1H,m) 7.42(2H,m), 7.4-7.113(m,

9H), 6.81 (m, 4H), 5.48 (1H,m), 4.38 (1H,m), 4.27(1H,m), 4.03(1H,m), 3.82 (s, 6H) 3.78(2H,d),

2.07(2H,m).
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General Procedure for Preparation of 3'O’-Phosphoramidites

Diisopropyl-phosphoramidous acid 2-[bis-(4-methoxy-phenyl)-pheyl-methoxymethyl]-5-
pyren-1-yl-tetrahydro-furan-3-yl ester 2-cyano-ethyl ester (1.314)

Oi
O O OQ The DMT ether (120 mg, 0.194 mmol) was dissolved in 1mL dry

O’ dichloromethane and to this were added diisopropylethylamine

o)
O © (0.128 mL, 0.77 mmol) and 2-cyanoetiN;N-
© 5 diisopropylchlorophosphoramidite (.290 mmol, .07 mL). The
}N/P\o%CN reaction mixture was stirred for 1 hour or until completion

monitored by TLC. The reaction mixture was concentrated and
loaded directly to the flash silica gel column (pre-equilibrated with 6.25%tlaehine in
hexanes) and eluted; R .30 (Hex/EA 3:1). Product Yield 127 mg, 80%. Spectroscopic data is
comparable to the literature.
'H 600MHz NMR (GDgO) & 8.71 (1H,d), 8.4(1H.t), 8.05(d,1H), 7.99-7.95(m,3H) 7.90-7.80(m,
4H),7.60 (d,4H), 7.23(2H) 7.09(m,2H), 6.80(d,4H), 6.35(1H,m), 4.90(m,1H), 4.68(1H,m), 3.8-
3.4 (m,6H), 3.25(m,6H), 2-75-2.90(1H,m),2.40(1H,m), 1.80(2H,m), 1.1(12H,m). HRMS (ESI)
Calcd. for GiHs3N20sSiNaP [(M + Na)] 843.3559, found 843.3530.

Diisopropyl-phosphoramidous acid 2-[bis-(4-methoxy-phenyl)-pheyl-methoxymethyl]-5-
naphthalen-1-yl-tetrahydro-furan-3-yl ester 2-cyano-ethyl ester (1.3)b

o—
O O The DMT ether (114 mg, 0.197 mmol) was dissolved in 1.0 mL
O dry dichloromethane and to this were added diisopropylethylamine
O oo (0.19 mL, 0.78 mmol) and 2-cyanoetiy;N-
o 3 diisopropylchlorophosphoramidite (0.290 mmol, 0.07 mL). The
}N’P\/OWCN reaction mixture was stirred for 1 hour or until completion

monitored by TLC. The reaction mixture was concentrated and
loaded directly to the flash silica gel column (pre-equilibrated with 6.25%tlaehine in
hexanes) and eluted; R .34 (Hex/EA 3:1). Product Yield 129 mg, 85%. Spectroscopic data is

comparable to the literature.
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'H 400MHz NMR (GDO) 8.05(1H,d) 7.92(1H,d), 7.83(2H,t),7.61(1H.d), 7.55(3H,m), 7.28-
7.22(5H,m), 6.88(4H,dd) 5.68(1H,m), 4.55(m,1H), 4.17(1H,m), 4.05(1H,dd) 3.81(1H,m),
3.77(6H,s) 3.44(4H,m), 2.60(m,1H), 2.19(1H,m),1.84(2H,m), 1.22-1.29(12H,m).

Diisopropyl-phosphoramidous acid 2-[bis-(4-methoxy-phenyl)-pheyl-methoxymethyl]-5-
naphthalen-2-yl-tetrahydro-furan-3-yl ester 2-cyano-ethyl ester (1.31¢)
o—
0 The DMT ether (114 mg, 0.197 mmol) was dissolved in 1mL dry
O O dichloromethane and to this were added diisopropylethylamine
O o o (0.18 mL, 0.77 mmol) and 2-cyanoetiN|N-
-6 diisopropylchlorophosphoramidite (0.290 mmol, 0.07mL). The
/P<O reaction mixture was stirred for 1 hour or until completion
}N o N monitored by TLC. The reaction mixture was concentrated and
loaded directly to the flash silica gel column (pre-equilibrated
with 6.25% triethylamine in hexanes) and eluted=R33 (Hex/EA 3:1). Product Yield 124 mg,
82%. Spectroscopic data is comparable to the literature.
'H 500MHz NMR (GDgO) 7.85(4H,m) 7.46(3H,m)7.51(1H.m),7.33-7.28(5H,m) 6.90
(4H,dd),5.39(1H,dd), 4.44(m,1H), 4.03(1H,m), 3.92(1H,dd),3.79-3.71(7H,m), 3.51(4H,m),
2.28(m,1H), 2.13(1H,m), 1.82(2H,m), 1.22-1.27(12H,m).

Diisopropyl-phosphoramidous acid 5-acenaphthen-5-yl-2-[bis-(4-miebxy-phenyl)-phenyl-
methoxymethyl]-tetrahydro-furan-3-yl ester 2-cyano-ethyl
o— ester (1.31d)
. The DMT ether (130 mg, .227 mmol) was dissolved in 10mL dry
OQ dichloromethane and to this were added diisopropylethylamine

O "o (0.908 mmol, 117 mg, 0.16 mL) and 2-cyanoetkiy-
- o diisopropylchlorophosphoramidite (0.340 mmol, 0.16 mL). The
}N/P\O/VCN reaction mixture was stirred for 1 hour or until completion
% monitored by TLC. The reaction mixture was concentrated and
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loaded directly to the flash silica gel column (pre-equilibrated with 6.25%tkaehine in

hexanes) and eluted.(162mg, 92%)R.552 (Hex/EA 3:1). Spectroscopic data is comparable to
the literature.

'H 600MHz NMR (GDgO) & 7.92 (d, 1H), 7.75 (d,1H), 7.60 (d, 2H), 7.40 (m, 6H) 7.38-7.23 (
m, 7H), 6.92( dd, 4H) 5.81 (m, 1H), 4.80(m, 1H), 4.55(m, 1H), 4.09( m, 2H), 3.74( s, 6H) 3.39
(m, 6H) 2.91(m, 1H), 2.71(m, 1H), 2.24 (m,1H), 1.90(2H,m), 1.19(12H,m).

Diisopropyl-phosphoramidous acid 2-[bis-(4-methoxy-phenyl)-pheyl-methoxymethyl]-5-
phenyl-tetrahydro-furan-3-yl ester 2-cyano-ethyl ester (1.31e)1

o— The DMT ether (230 mg, 0.194 mmol) was dissolved in 1mL dry
O dichloromethane and to this were added diisopropylethylamine (0.43
O mL, 1.85 mmol) and 2-cyanoethyliN-
O O\ o diisopropylchlorophosphoramidite (0.696 mmol, 0.16 mL). The
—0 reaction mixture was stirred for 1 hour or until completion monitored

p<o by TLC. The reaction mixture was concentrated and loaded directly
}N/ O/\/CN

to the flash silica gel column (pre-equilibrated with 6.25%
triethylamine in hexanes) and eluted. (Hex/EA 3:1). Spectroscopic
data is comparable to the literature. Product Yield 286 mg, 89%.
'H 600MHz NMR (GDgO) 6 7.81 (2H,d), 7.61 (6H,m), 7.30 (6H,m),
7.10 (2H,m), 6.91(4H,m), 5.45 (1H,m), 4.80 (1H,m), 4.60 (1H,m), 3.61(4H,m), 3.40(6H,m) 3.38
(2H,m),2.40-2.60 (1H,dddd), 2.20(1H,m) 1.80(1H,m), 1.21(12H,m).

Diisopropyl-phosphoramidous acid 5-anthracen-9-yl-2-[bis-(4-methoxphenyl)-phenyl-
methoxymethyl]-tetrahydro-furan-3-yl ester 2-cyano-ethyl
O ester (1.31f)
g
O o QQ The DMT ether (130 mg, .27 mmol) was dissolved in 1mL dry
-0 dichloromethane and to this were added diisopropylethylamine
° (.18 mL, .77 mmol) and 2-cyanoethyN-
}N/ o\ CN

reaction mixture was stirred for 1 hour or until completion monitored by TLC. Hotion

diisopropylchlorophosphoramidite (.32 mmol, .08 mL). The
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mixture was concentrated and loaded directly to the flash silica gel columeqfufidrated with

5% triethylamine in hexanes) and eluted.=R 27 (Hex/EA 3:1). Product Yield 131 mg, 70%.
Spectroscopic data is comparable to the literature.

'H 500MHz NMR (GD¢O) 8.55(m,1H), 7.98 (1H,m), 7.85(4H,m) 7.46(3H,m)7.51(1H.m),7.33-
7.28(5H,m) 6.90 (4H,dd),5.82(1H,m), 4.44(m,1H), 4.03(1H,m), 3.92 (1H,dd), 3.79-3.71(7H,m),
3.51(4H,m), 2.08(m,1H), 2.13(1H,m), 1.82(2H,m), 1.22-1.27(12H,m).

Synthesis of 1,2-cyclohexylidenedioxybut-3-yne (1.349)

A solution of aldehdyé&.23(491 mg, 2.85 mmol) and the Bestmann reagent (620

Q mg, 3.425 mmol) in 40mL of methanol was cooled¥.@Potassium carbonate

OVO\ (788 mg, 5.71 mmol) was gradually added for 30 minutes. The mixture was

N allowed to warm to rt and was stirred for overnight (12 hours). The solution went

from cloudy to clear overnight. To the reaction mixture was added saturated aquetrsgam
chloride and extracted with pentane (2 x 100 mL). The organic layer was sepachjadified
by flash chromatography in pentane-diethyl ether 8:1 ratio. 297mg of producteoasned in
53% vyield. Spectroscopic data is comparable to the literature.
'H 400MHz NMR (CDC8) 6 4.71(1H, ddd), 4.15(1H,dd) 3.93(1H,dd), 2.47(s,1H), 1.3-
1.60(10H), IR(neat) 3104,1652,1142 E#RMS (ESI) Calcd. for GH150; [(M + H)]*

167.1077, found 167.1072.

2-[2-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-vinyl]-1,4-dioxa-spiro[4.5]decam
(1.35)°

Q Method 1: Under dry argon, BH3-SMe2 complex (100 uL of a 10M
ovov solution in dimethyl sulfide, 1.00 mmol) in (1 mL; DME) was stirred at
/\B

/7(2< room temperature. After addition of cyclohexene, a colorless precipitate

o}
formed within 2 hour and then alkyne was added. Stirring continued until
a clear solution formed. Trimethylamihkeoxide was added and after 1 hour pinacol was added.

The reaction was stirred until no further consumption of diol was indicated. The soasent w

53



removed and loaded directly onto a column for purification in 10:1hexanes/etheraiiragets

detected. Resulted in starting material recovery.

Method 2: To a mixture of alkyne (1.0 g, 7.14 mmald 4,4,5,5-tetramethyl-[1,3,2]
dioxaborolane (958 mg, 7.49 mmol) was added bis(cyclopentadienyl)zirconium chlorraiehyd
(183 mg, 0.714 mmol) and triethylamine (0.72 mg, 0.714 mmol). The resulting mixture was
heated at 61T for 16 h and diluted with hexanes. The precipitate was removed by filtering ove
short pad of silica gel and washed with hexanes. The filtrate was conegtnatdried in

vacuum to give 1.76g (93% yield) of desired product.

'H 400MHz NMR (CDC)) § 6.51 (1H, dd), 5.71(1H, dd), 4.41(1H, ddd), 4.10(1H,dd)
3.73(1H,dd), 1.45-1.70 (10H,m). HRMS (ESI) Calcd. fegG;0,BNa [(M + Na)[ 317.1900,
found 317.1899.

5-(1,4-Dioxa-spiro[4.5]dec-2-yl)-3-pyren-1-yl-4,5-dihydro-isoxazol-4-ol(36)
e
o]

one pot sodium percarbonate( 612 mg, 3.91 mol€)Gnad stirred overnight. The mixture was

To a magnetically stirred solution of the boronic ester (384 mg,

1.30 mmole), in dry THF at room temperature under argon

with pyrene oxime chloride (514mg, 1.82mmol) was added in

allowed to stir at room temperature for 18 hours or until judged to be completed byi¢C
mixture was washed with 1N HCI, aqueous saturated NatH@&er, and brine successively. It
was dried, filtered and concentrated. The crude material was purifiecshycheomatography
using a 4:1 ration of Hexanes/Ethyl acetate (5419, 74%).

'H 300MHz NMR (CDCB) § 9.11 (d, 1H), 8.73 (m, 1H), 8.02-8.37 (m, 10H), 5.67 (m,1H), 4.63
(m, 1H), 4.29 (dd, 1H), 4.19 (m,1H), 4.01 (m, 1H), 1.40-1.70 (1®H}00MHz NMR (CDCB)
0158.9,132.2, 131.1, 130.0, 129.9, 129.4, 127.8, 127.3, 126.6, 124.7, 1P29, 88.0, 81.8,

73.5, 67.1, 37.0, 34.8, 25.3, 24.3, 24.0.
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2-(tert-Butyl-dimethyl-silanyloxy)-1-[4-(tert-butyl-dimethyl-s ilanyloxy)-3-pyren-1-yl-4,5-
dihydro-isoxazol-5-yl]-ethanol (1.37)

In a solution of dry DMF with the isoxazoline diol (410 mg, 1.29
mmol) is added tert-butyl dimethysilylchloride (176 mg, 1.48

mmol) and imidazole (172 mg, 2.61 mmol). The reaction is
stirred at room temperature for 30 min or until completion by TLC.The ogaistiquenched with
water and diethyl ether is added to extract the solution. The solution igeatiaee times and
the combined organics are washed by aqueous saturated NaHCO3, water, and bsewaslycce
It was dried, filtered and concentrated. The crude material was purifigashychromatography
(silica gel, 3:1 Hexanes/Ethyl Acetate). The major product obtained wearaot. (386 mg,
86%).

'H 300MHz NMR (CDC8) 6 9.11 (d, 1H), 8.62 (m, 1H), 8.02-8.34 (m, 9H), 5.66 (m, 1H), 4.50
(m, 1H), 4.23 (dd, 1H), 4.17 (m,1H), 4.03 (m, 1H)Y9®-.97(m, 18H), 0.12-.14 (m, 12H)C

NMR 400 Mhz(CROD) 6 158.1, 132.2, 131.3, 130.1, 129.2, 128.4, 127.8, 127.3, 126.6, 124.7,
122.5, 80.9, 72.1, 64.5, 40.9, 38.8, 25.6, 25.3, 18.2, 18.1, -5.59, -4.6.

2-Hydroxymethyl-5-pyren-1-yl-tetrahydro-furan-3,4-diol (1.38)

‘ To a round bottom flask with the isoxazolib&7(300 mg, .90 mmole) and
“ boric acid (268 mg, 4.42 mmol) is added a catalytic of Raney Nickel 2800 in

"o o 5:1 ratio of THF/water (20 mL). The solution is charged 5 times with

HO  OH hydrogen on a balloon attachment. The solution is stirred for 14 hours. The
reaction mixture is filtered through cellite and concentrated. The soluttbiutied with
dichloromethane and water. The organic layer is separated and the ageous lagdexith
dichloromethane twice more and combined with the organic layers. The organscaeger
washed with sat. ag. NaHG@nd brine. The crude material was used directly for the next step.
To a solution of the hemiacetal was added NgB¥ (4.435 mmole, 4.5 mL, 5.0 eq.) in
anhydrous THF (15 mL) at -26, the solution was stirred for 15 minutes and then dichloroacetic
acid (660 mg, 2.70 mmole, 3.0 eq.) at°@5%vas added to the reaction mixture. The solution was
allowed to warm to 0C for over a span of 1.5 hours. The reaction quenched with saturated
aqueous NaHCg&and extracted with diethyl ether. The organic layers were combined, dried,
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concentrated and used directly for the last step without further purification. ddewas
dissolved in dry THF (5 mL) and TBAF (3.01 mL, 3.00 mmol) was added and stirred for 3 hours
or until complete by TLC monitoring. Solution was concentrated and purified by

chromatography on silica gel (10:1 ¢EL,/MeOH).
'H 300MHz NMR (GD¢0)) 6 8.29 (d, 1H), 8.2-8.1 (m, 4H), 8.06-7.98 (m, 3H), 6.19 (ddd, 1H),
4.60 (m, 1H), 4.23 (dd, 1H), 3.86-3.90 (m, 2H), 3.61 (m,¥8)400 Mhz NMR (GDsO)

138.56,135.1,133.77,130.79, 129.06, 127.95, 127.8, 126.70,126.26,125.86,125.75,123.54,

122.35, 86.93, 83.2,78.11, 74.96,62.43, 54.07,44.13,43.0, 20.42,18.67.
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ES-3-76-2

Pulse Sequence: s2pul
Solvent: CDC13

Temp. 25.0 C / 298.1 K
INOVA-600 "inv600"

Relax. delay 1.000 sec
Pulse §5.1 degrees
Acq. time 1.832 sec
Width 8000.0 Hz

ons
OBSERVE  H1, 599.7206105 MHz
DATA PROCESSING

FT size 32768

Total time 4 min, 50 sec
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Chapter 2- Synthesis of Labelled 3,4-Didehydro Retinoic AcidIntroduction of

Tritium at C-4 in the Final One-pot Procedure.

2.1 Introduction
Vitamin A (retinol, 2.1) is a micronutrient required for proper embryogenesis and for

regulated tissue differentiation in post-natal organisms. Dafigian this vitamin is
associated with xerophthalmia, immune deficiency, night blindness, gaodth
retardation’. With the exception of requirements in vision, most actions of thésnim

are mediated by retinoic acid (R2.2) which serves as a transcription factor ligand for at
least two families of heterodimeric nuclear receptoihe family of transcription factors
that is activated is cell- and tissue-type dependent and ceselath binding proteins
that deliver RA to the nucledsRetinoic acid can also inhibit gene transcription through
a number of mechanisms that include but are not limited to coropetfi liganded

receptors for coactivatofs.

X
i S X

2.1, X = CH,OH, retinol 2.3, X = CH,0H, 3,4-didehydroretinol

2.2, X = CO5H, retinoic acid (RA) 2.4, X=COH,

3,4-didehydroretinoic acid (3,4-ddRA)
Figure 2.1.Structures of Retinol, 3,4-ddRA, RA, and 3,4-didehydroretinol
In human epidermis (skin) and in human epidermal keratinocytes,lristiconverted to
3,4-didehydroretinol (3,4-ddretinol; also called vitamin A2 or 3,4-dehydnmie®.3) in
reactions that are inhibited by ketoconazole and citrélddition of 3,4-ddretinol to

cultured keratinocytes leads to the accumulation of 3,4-ddretinysestd 3,4-didehydro
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retinoic acid (3,4-ddRA2.4).° In order to study of the role of 3,4 —ddRA in regulation of
keratinocyte differentiation, we needed both tritium-labelled and utéabebmpound.
Our desire to synthesize these compounds will help us understand latige re

effectiveness of 3,4-ddRA in comparsion to all trans-retinoic acid in genexpeéssion.

Ideally, our preparation of unlabelle,4-ddRA would be efficient, convergent, and
stereoselective, not requiring chromatographic separation of géomstmers.
However, because of the limitations involved in the handling of radioisattipe most

important feature of a preparation _of label&d-ddRA is that the label be introduced in

the last or nearly last step of the synthetic sequence. Althofigiereey and

convergence are also desirable, they are secondary to thisemeeunir Furthermore,
although stereoselectivity is beneficial, some loss of the gecnpetrity of the polyene
system during the synthesis could be corrected by a preahgic experiment on the
final labelled product. With these considerations in mind, we setoodlevelop a
convenient preparation of unlabelled 3,4-ddRA3) that could be modified to provide

tritium-labelled 3,4-ddRA

There are currently two main industrial synthetic approaches (Schéased to
prepare retinoids. It involves construction of a C7-C8 bond or a C11-C12 bond using the
Wittig” reaction of the appropriate triphenylphosphonium bromide salt or a Horner-
Wadsworth-Emmoriseaction with a phosphonate. The approaches all make fise of
ionone as a starting material. For these regioselective synthesesytéeieth
intermediates with the required stereochemistry are needed which r@dprige number

of purification steps and is seen as a disadvantage.There have been marognew re
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stereoselective alternative examples of retinoids synthesizeadagpoinylirort

complexes and palladium catalyzed coupling reactions such as bi &iletion and

Sonogashird coupling.

Scheme 2.1Two Industrial Synthetic Approaches.

One recent new regioselective approach that was directed towards thsisywitiaé-
trans retinoic acid was reported by Potier (Schemé®?2ey synthesized a new C-6
enaminodiester synthon which would condense with the lithium enolfteabne to

form a ketoester that when undergone heating eliminates the dimethylarmtredade

(0]
X LDA
| — >
Enaminodiester
(@]
A P~ COOMe Memgsr AN P AN~ COOMe
| > | °
COOMe COOMe

a)KOH,H,0,MeOH XX COOH

EEE—
b)HCI

Scheme 2.2Potier Protocol.
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the third double bond in the side chain. The ketone was methylated using a Grignard
reagent because of the negative charge stabilization of the two estersafstinification
and decarboxylation, the alans retinoic acid was obtained regioselectively. This
protocol can be performed stepwise or as one pot in good yield. We use this approach to
obtain 3,4-didehydroretinoic acid and tritiated 3,4-didehydroretinoic acid.
2.2 Synthetic Approaches
Our first approach was to synthesize a TES protected subsfitib@dne which
would undergo the Potier protocol. The final step would involve elimination of silyl

group to give a double at the 3,4 position on the ring. The first step (Scheme 2.3) of the

. _CO,Me DMA-DMF
)\( SN S COyMe

CO,Me / CO,Me
2.5
o)
o S s s~ A cooH

\ a’b’C d,e,f
‘ abe e

2.6 2.7

OTES OTES

a)NBS, CHCJ b)NaCQH, COH c) TESCI, Imidazole d) LDA, DME4ae)MeMgBr, THF f) KOH, EtOH, HCI

Scheme 2.3First Approach at 3,4 Didehydroretinoic Aci2l4).

synthesis involved bromination ffionone followed by nucleophilic addition to give the
formic ester and then hydrolysis to give 4-hydr@xienone in 43% vyield over 2 steps.
The hydroxylated3-ionone was protected with chlorotriethylsilane to give comp@iéd
in 78% vyield. The Potier protocol was performed in a one pot procedure following

aliquots that were taken to monitor the progress of the reaction of each step. Compound
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2.6 was lithiated and condensed with the C-6 enaminodiester synthon, congund

The crude NMR results and IR results showed the proper peaks to what wasdxpect
Following formation of the ketoester, addition of the Grighard reagent medggkesium
bromide resulted in shifts in olefinic protons as seen in the crude NMR. However,
saponification and decarboxylation to the desired comp@ufr@sulted in inconclusive
results. The IR showed one desired carbonyl peak at 1710Td¢re crude NMR showed
heavy overlapping of peaks, isomerization and many byproducts. There was an observed
loss of the silyl group in the NMR which did not result in any potential 3, 4-didehydro
peaks from the desired compound. Many attempts at purification to elucidate geaks w

unsuccessful since the compound was acid sensitive and light sensitive to istoneriza

o) o)
X ab X cde N _x. _COOH
| T | — |
28 2.4

a) NBS, CaO, kD b) DiethylAniline,Pyridine, 9% c) LDA,DME, 2.5e) MeMgBr,THF f) KOH, EtOH, HCI

Scheme 2.45econd Approach at 3,4 Didehydroretinoic AGd.

Our second approach involved directly introducing the 3,4-double bond into the
system before undergoing Potier’s protoeionone was brominated, hydroxylated and
eliminated with diethylaniline and pyridine at reflux to give compo2i&dn 46% yield
over 2 steps.

Using Potier’s protocol, compourd8 underwent the three step process to give
compound.4in 3-5% yield as purified by HPLC by our collaborator Dr. Juliana Tafrova

in the Department of Oral Pathology and Biology. The 3,4-double bond in the 3-step one
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pot procedure has disappeared as it was found that the majority of the producececover

from experiment to be all-trans-retinoic acid (ATRA).

O abe S S s COH g SN s COOMe
- | —> |

292 2.9
OH
a) LDA,DME, 2.5b) MeMgBr,THF ¢) KOH, EtOH, HCI d) TMSCHNH,, MeOH €e) NBS,HO

Scheme 2.5Third Approach at 3,4 Didehydroretinoic Adi@.4).

Our third and final approach was to modify the ring after having obtained all-trans
retinoic acid in hand. Using Potier's method, compo2i2dvas obtained in 41% vyield.
After obtaining ATRA, trimethylsilyldiazomethane was used to makerigthyl ester in
nearly quantitative yield. In agueous acetonitrile, NBS was added to thgl ester to
give compoun®.9in 72% yield with a mixture of isomers (1:2 ratio) of di8+retinoic
acid andall-trans-retinoic acid. Compoun@.9 was treated witlp-toluene sulphonic acid

in benzene followed by hydrolysis to give the desired comp&uhith 60% yield as a

..~ _COOH
b | 2.4

Q

X _COOMe

i
|
OH 29 c;} 2 AN . s _COOH

| 2.10

T
a) pTsOH, benzene b) KOH, EtOH, HCI c) Mn@H,Cl, d) NaBT, e) pTsOH, benzene f) KOH, EtOH, HCI

Scheme 2.6lhird Approach at 3,4-Didehydroretinoic Adig.4) and(2.10).
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mixture of isomers with a ratio of 4.5:1 of ATRA and 13-cis-retinoic acid. Aftemigavi
completed synthesis of compou®d, the tritium labeled 3,4-didehydro retinoic acid
would follow. Compoun®.9was oxidized to keton25 using MnQ in 55% yield
giving a 3:1 ration of ATRA and 13-cis-retinoic acid.

For the proposed studies, we planned to place a tritium label on 3,4-ddRA at a position
that would not expose it to exchange during its metabolism by hkeratinocytes. We
considered the sodium borotritide treatment of 4-oxoretinoic a@thyhester Z.11)
followed by dehydration of the resulting alcohol (Rel2 —> 2.13and hydrolysis of the
ester .13 -> 2.10 to be a potentially very efficient approach to appropriatelyllitbe
3,4-ddRA (Scheme 2.7). Indeed, this general approach was demonstsated b
Tosukhowong and Supasiri whose synthesis of tritium-labelled retindildeat the
preparation of tritium-labelled est@r8 from the 4-oxo este2.5'* Thus, we tested the

possible sources of 4-oxygenated retinoids for use in Scheme 2.7 or a siquiancee

COsMe A A COoMe
NaBH3T | -H,0
—_—
HO T
2.11 4-oxo RA Methyl Ester 2.12 T-labeled 4-Hydroxy RA Methyl Ester
CO,R
| N N7 13 2
T
KOH 2.13 R =Me, T-labeled 3,4-ddRA Methyl Ester

then HCI ™ 2.10 R =H, T-labeled 3,4-ddRA

Scheme 2.7Synthesis of T-labeled 3,4-ddRA.
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2.3 Results and Discussion

2.3.1- Preparation of 4-Oxygenated Retinoic Acid Methyl Esters

Reported preparations of 4-oxygenated retinoic acid derivatives infurlggonalization
of RA or another retinoid. At first sight, the reported direct fiomalization of retinoic
acid methyl ester2(14) to its 4-oxo derivative2.11 by simply stirring in acidic
methanot® appeared to be the most attractive of the literature methodshough
mechanistically undefined, this reaction was reported to provide thane40% of ester
2.11in one step. In our hands, however, neitdetrans RA (ATRA, 2.1) nor ATRA
methyl estef.9 afforded detectable 4-oxo derivative under the described conditians (se
Scheme 2.8).

On the basis of its brevity, the conversion of RA or RA methykre&i the 4-oxo
compound 2.5 or 2.11) by manganese dioxitfawas also attractive. This direct method
has been used in several laboratories, providing all trans 4-oxo RA (@dter
chromatography) in modest yields. However, in our hands, the is$aonditions?
applied to RA este2.14with either commercially obtained Mn@r freshly prepared and

dried MnQ,,*® did not result in detectable reaction.

MeOH
stir under air
CO-5R
or MnO2
g-%"’ R =Me 2.11 R=Me
2 R=H 2.15 R=H

Scheme 2.84-0x0 RA ester under acidic methanol conditions.

The two-step synthesis of 4-oxo RA methyl es2]) adapted from Hashimotb
proved more successful (see Scheme 2.9). Thus, NBS treatmenR&{ W&thyl ester
(2.19 in wet acetonitrile, gave 4-hydroxy RA methyl es2e9 as a mixture of isomers
(2:1 ratio of all trans 4-hydroxy RA methyl ester and theresponding 13-cis
compound) in 72% vyield. Oxidation with MaGhen afforded the 4-oxo est2rllas a
3:1 mixture of the all trans and 13-cis isomers.
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NBS AN AN MnO,
214 | —_— 211
H,O
HO H
2.9

Scheme 2.9Formation of 4-oxo ester under MpO
2.3.2-Preparation of 3,4-ddRA, Purification, and HPLC Characterization

We next established that the conversion of alc@tiil to 3,4-ddRA was efficient. Thus,
we carried out the dehydration and hydrolysis (Scheme 2.10), olgtéir@riargef.13in
60% vyield over two steps. THE NMR spectrum was consistent with a 4.5:1 mixture of
all-trans 3,4-ddRA and 13-cis ddRA.

AR COMe 1o RAAACOR

e

2.9

OH

2.15 R=Me
KOHEZA R=H

Scheme 2.10Generation of 3,4 Didehydroretioc Acid.

Finally we demonstrated that very pure all trans 3,4-ddRA coulddiated from the
mixture of isomers by semi-preparative HPLC. The 3,4-ddRA wdgested to
sequential runs on a NovaPak C18 column and then on a Sunfire C18 coluomegFig
2.2-2.4). Repetitive runs allowed the collection of approximately 0.5 mpatérial
which showed a single peak on analytical HPLC (NovaPak HR C18 colkigure
2.4C) and dH NMR spectrum consistent with that of all trans 3,4-ddRA.

2.3.3- Preparation of 4-T 3,4-ddRA
Satisfied that the steps in Schemes 2.9 and 2.10 were well-beham@dhands and that
all trans 3,4-ddRA could be obtained, we considered extending this thyemighe

implementation of Scheme 2.7. Because we needed to develop a ptotdamuld be
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adapted to the preparation of labelled compound, we modified the procedute for
conversion of keton@.11 to 3,4-ddRA so as to minimize manipulation of materials.
Thus the following three reactions were carried out in a sihagé:fsodium borohydride
reduction of keton.11, dehydration of alcohd.9, and basic hydrolysis of est2rl5
followed by acidification. Lyophilization provided a crude reactiogichee from which
organic material was extracted according to B&fuEhe radiolabeled material was
subjected to sequential runs on a NovaPak C18 column and then on a Sunfire C18
column (Figures 2.2-2.4).

Having established that clean, all trans 3,4-ddRA could be obtainedkétome2.11 by

a one-pot procedure that might be used for the introduction of radiopctwatapplied
this method to the preparation of tritium-labelled compound (see iExg@al Section

for details). Thus keton2.11 was treated with sodium borotritide and then with excess
sodium borohydride. Then dehydration, hydrolysis, lyophilization, extracand
purification by semi-preparative HPLC on the NovaPak C18 and Sunfi8ecGlumns
provided material that was considered appropriate for use in cells.

2.3.4 Gene Expression of cultured human keratinocytes treated witti ATRA and
*H-3,4-ddRA

The experiments comparing the uptake and metaboliéth ATRA and®H-3,4-
ddRA2.10 were performed by Dr. Juliana Tafrova, Department of Oral Biology and
Pathology at Stony Brook UniversitKeratinocytes cells, in nature, can uptake and
convert retinol to 3,4-ddretinol, and both retinoids can serve as a substrate for the
synthesis of their active metabolites ATRA and 3,4-ddRA, respectively. &xteat their
function as transcriptional regulators by serving as ligands for the nuelgenia acid
receptors, such as RARs and RXRgyand —receptor complexes are formed upon
binding of the ligand to these receptors. These complexes can bind to the retinoic

acid response elements (RARES) in the promoter region of the target genes
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which then recruit other proteins over the promoter. This triggers up/down
regulation of the transcription from the target gene.

In order to distinguish the abilities of ATRA and 3,4-ddRA to alter gene sstpre
retinoid depleted normal human keratinocytes (strain NHEK-F) were fedddth t
ATRA or *H-3,4-ddRA for 4hCultured keratinocytes concentrate these retinoids to
different extents and in order to achieve physiologic levels intracellularly (~10
nM), *H ATRA or °H-3,4-ddRAwere added at 0.25 nM and 1.0 nM, respectively.
Also because retinoids are typically 3 — 4 folds more abundant than 3, 4
ddretinoids, comparisons using 1.0 nM ®*H ATRA was necessary. Relative
change in the gene expression in retinoid-treated versus non-treated control
cultures were examined for 84 genes. Twelve of these genes showed different
degrees of expression. Eleven of the twelve genes (Figure 2.2) showedndsstfad
differences when treated withi-ATRA or *H-3,4ddRA compared to the control.

o 1nM A1 acid
2 m 'nM A2 acid
0 0.25nM Alacid
o
o
s
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Figure 2.2 Gene expression in NHEK-F. Real time RT-PCR conédion of changes in gene expression
due to treatment with Vitamin A1 (ATRA) or A2 aci{l3,4-ddRA). Shown in the bar graphs are genes with

less than two fold differences.

The expression of one gene shown in Figure 2.3, FASLG, was increased ~ 9 fold in

cultures incubated with 0.25 nM or 1.0 nM ATRA. Fas ligand (FasL) and the Fas

receptor (FasR) are transmembrane proteins that play an important roleggulagion
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of the immune system .When soluble Fas ligand is generated, it binds to the FasR, the
receptor trimerizes, leading to a series of proteolytic events that ernltldeath for the
target cell. In comparing the results obtained with ATRA, treatmeht3yit-ddRA (fig.

2.3) did not significantly enhance FASLG expression (~ 1.8 fold). Thus, while both
retinoid acids positively or negatively regulated some of the tested gesiesyhction is
considered non-identical. The transcriptional activity of retinoids in gerseti@ipendent
upon their chemistry and conformation. Hence, this data shows that binding affinity to
and conformational changes in the nuclear receptors with which the retinordstiotmn
lead to differences in the proteins recruited to promoters and as a resukrendiés in
gene transcription. In summary, the data supports that 3,4-ddRA has a unique biological
function. Future work couldxpand gene expression profiling by comparing genes

encoding nuclear receptors and coregulators.

Fold change

1nM A1 acid 1nM A2 acid 0.25nM Alacid |gFASLG

Figure 2.3 Gene expression in NHEK-F. Real time RT-PCR conédion of changes in gene expression
due to treatment with ATRA or 3,4-ddRA. Shown ie thar graphs is FASLG gene.
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2.4 Experimental Section

General Methods

Unless noted otherwise, all oxygen and moisture-sensitive reactionsxgetgesl in
oven-dried glassware sealed under a positive pressure of dry argon. Moissitigese
solutions and anhydrous solvents were transferred via standard syringaiand ca
techniques. Unless stated otherwise, all commercial reagents, were teseshas]. All
solvents were dried under argon atmosphere: THF and diethyl ether wereddistdie
Na-benzophenone; GBI, was distilled from Cabl Extracts from work-up procedures
were dried over N&O, unless otherwise noted. Flash chromatography was performed
with silica gel (32-63 mM); analytical TLC was performed with 0.25 mm Higasgel

60 F254 plates that were visualized by irradiation (254 nm) or by staining with 10%
PMA. IR spectra were recorded on a Galaxy Series FTIR 3000 infrared idnul-BPlener
1600 Series FT-IR spectrophotometers. NMR spectra were obtained with Geini
MHz (Varian), Inova-400 MHz (Varian), Inova-500 MHz (Varian), and Inova-gb(
(Varian) instruments. Chemical shifts for proton NMR are reported in partaifien
(ppm) relative to the singlet at 7.26ppm for chlorofodnEhemical shifts for carbon
NMR are reported in ppm with the center line of the triplet for chloroform-dtsé&.00
ppm. The following abbreviations are used in the experimental section for thipti@scr
of 1H-NMR spectra: singlet (s), doublet (d), triplet (t), quartet (q), multipd¢t &énd

doublet of doublets (dd). Coupling constadisare reported in Hertz (Hz).

ATRA was obtained from Sigma Aldrich (Catalog R2625). Alternatively RA wa
prepared as described by Potieall-trans RA was separated from 13-cis compound on

silica gel with hexane/ethyl acetate mixtures (3:1 to 1:1) as eAiERA methyl ester (7)
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was prepared from ATRA according to Tosukhowomrdl trans 3,4-ddRA and tritium
labelled all trans 3,4-ddRA were purified on a Waters 2695 HPLC System witbeasWa
2996 photodiode array detector for the NovaPak C18 column and a Waters 600E system
controller with a Waters 994 programmable photodiode array detector for the Sunfire
C18 column. LC/MS analysis of 3,4-ddATRA was carried out on an Agilent HP 1100
Series with a Metasil C18 column. UV spectra of 3,4-RA and all trans 3,4ddRA were
confirmed on a Beckman DU-65 Spectrophotometer (Fig. 3B). The NovaPack C18 prep
column has 4 mm particle size and is 5 x 100 mm (Waters Corporation, Milford, MA, cat
#: WAT080100). The SunFire C18 column has 5 mm particle size and is 4.6 x 250 mm
(Waters, cat #: 186002560). The NovaPack HR C18 has 6 m m particle size and is
3.9x300mm (Waters, cat #: WAT038500). All reactions were performed under
Gold/Yellow UV Lights (F40T12). Sodium borotritide was purchased from Perkin Elmer.

(25.4 mCi, .96 mg, 150mCi/mmol).

2.5 C-6 Enaminodiester Synthon, 2-(3-Dimethylamino-1-methyl-allylidenehnalonic
acid dimethyl ester*?
)\(COZMe DMA-DMF \N\QNCOZMe

CO,Me / CO,Me
A mixture of Diethyl isopropylidiene malonate (5.00 mL, 24.35 mmole) and
dimethylforamide dimethyl acetal (3.48 g, 29.22 mmole) was heated’at % 18
hours with a Dean-Stark apparatus. The methanol was drained and then heélted at re

for 2 hours. The solution was concentrated under reduced pressure to give a yellow soli
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The solid was recrystallized from 1:1 ether/pentane to give the desired pfoddct),
92%). The NMR spectrum is comparable to what is reported in the litéfature

14 300MHz NMR (CDC$) & 6.93 (1H, d), 6.11 (1H,d), 4.23(4H, qt), 2.93 (6H,s), 2.14
(3H,s), 1.29 (6H,s), IR (thin film) 2974,1725, 1692,1465, 1390,1250,1030Rem25

Generation of 4-Hydroxyl-B-ionone™
@) O

N N
1)NBS, CHC}
| R |

2) NaCQH, CO,H

OH

To a boiling solution of CGI(25 mL) withp-lonone (1.16 g, 6.04 mmole) at 5 was

added NBS (1.30g, 7.25 mmole) and allowed to reflux for one hour. The solution turned
from clear to yellow. After 1 h, the solution was cooled t§@G0hexane was added (20

mL) and the filtrate was filtered (white succinimide solid). The reaatixture was
concentrated under reduced pressure 8C36h the rotovap. Once concentrated, formic
acid (10 mL), sodium formate (560 mg), and dioxane(10 mL) were added.. The reaction
was then stirred for 2 hours and then extracted with ether (3 x 20 mL) and washed
successively with sodium bicarbonate, water and brine. The crude materjainiiesl

by flash chromatography using 3:1 hexanes/ethyl acetate as the eheeptoduct

obtained is a colorless oil (540 mg, 46%). The NMR spectrum is comparable to what is
reported in the literature.

'H 300MHz NMR (CDCB) 8 7.11 (1H, d), 6.01 (1H,d), 3.96(1H, t), 3.69(1H,bs)
2.18(3H,s), 1.79 (1H,m),1.70(3H,s), 1.59 (2H,m), 1.31 (1H,m), .94 (3H,s), .92(3H,s)

R;=.36
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TES-Protectedp-ionone 2.6°

0] O

AN AN
| = |
TESCI, DMF,

Imidazole
OH OTES

4-Hydroxyf-lonone (440 mg, 2.11 mmole) was dissolved in 5 mL of DMF under Argon.
Imidazole (350 mg, 5.00 mmole) was added followed by chlorotriethylsilane

(380 mg, 2.50 mmole) at room temperature and stirred overnight. The reaction was
guenched with water, extracted with ether (3 x 25 mL), washed with NgH@@er and
brine. The crude material was purified by chromatography using hexanes atah el
giving a colorless oil (511 mg, 78%).

'H 300MHz NMR (CDCB) & 7.20 (1H, d), 6.09 (1H, d), 4.06(1H, t), 2.35(3H, s), 1.88
(1H, m), 1.80 (3H, s), 1.71 (2H, m), 1.42 (1H, m), .1.09 (3H, s), .99 (12H, m) .62(6H, m).
IR 2955, 2913,1685, 1682, 1383, 1255tm

Attempts at formation of Compound 2.7

@]
1) LDA, DME, 2 [ .. COOH

X |

2) MeMgBr, THF
OTES 3) KOH,EtOH, HCI OTES

Step 1)

A solution of BuLi (1.6 M in hexanes, 13.2 mL, 21 mmol) was added at -25 °C,MHPr

(3.1 mL, 22 mmol) in DME (20 mL), arfgtionone (3.85 g, 20 mmol) in DME (20 mL)

was then slowly added at -30/-40 °C. After the mixture had been kept at -30 °C for

20 min, 1a (4.77 g, 1.05 equiv.) in DME (50 mL) was quickly added. The refrigerated
bath was then removed and the mixture was allowed to warm to room temperature. After
10 min, the crude mixture was heated at reflux for 2 h (until the evolution siiead

ceased). The solution was quenched at 0 °C with HCI in water (1 M) and extrat¢ted wit
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diethyl ether. The crude product was directly used in the next step. An aliquokesas ta
to obtain a crude NMR to monitor the progress of the reaction.

1H 600MHz NMR (CDCJ) 6 7.53 (1H, dd), 7.31 (1H, d), 6.48 (1H,d), 6.37(1H,d)
6.21(1H,d), 5.98 (1H,d), 4.06(1H, t), 2.35(3H, s), 2.07(3H,s), 1.82 (2H, m), 1.80 (3H, s),
1.71 (2H, m), 1.42 (1H, m), .1.03 (3H, s), .99 (12H, m) .62(6H, m).

IR 2954, 2938, 2914,1729,1675, 1634, 1239, 1148 cm

Step 2)

A solution of MeMgBr (3 M in THF, 7.5 mL, 2.8 equiv.) was added at -10 °C to 4a
(2.98 g, 8 mmol) in THF (30 mL). The chilled bath was removed and, 30 min later, the
crude mixture was quenched with a satd. solution of NH4Cl and extracted with diethyl
ether. The crude product was directly used in the next step.

Step 3)

A solution of retro-retinoate 6a (10.38 g, 25 mmol) in ethanol (250 mL) was saponified
with an aqueous ethanolic solution of KOH (8.4 g, 6 equiv.) in water (150 mL) at 40 °C
for 45 min. The solvents were distilled under reduced pressure and the crude magur
acidified with cold HCI (2 m). After extraction with ethyl acetate and cotiweal

workup, the oily product was purified by column chromatography£Su®,Cl,/MeOH,

98:2). Several fractions were collected to find undesired product in albimacti

Synthesis of 3,4-didehydro-Beta-lonone 2'8

@) O
1)NBS, CaO
S ) a S

| 2)DiethylAlanine, |
Pyridine, 96C

To a boiling solution of CGI(20 mL) withp-lonone (1.93 g, 10.01 mmole) at &5 was
added NBS (2.31g, 13.00 mmole, 1.3 eq.), sodium bicarbonate(2.63 g, 24.50 mmole) and
calcium oxide (843 mg, 15.11 mmole, 1.5 eq.) and refluxed for 30 min. After 30 minutes,
the reaction was lowered to 40 and diethylaniline (9.60mL, 9.00mmole) and pyridine
(.95mL) were added and stirred at®for 2 hours. Solution was cooled and precipitate
filtered. The reaction was extracted with dichloromethane (3 x 20 mL) andrtit@red

extracts washed with 2% sulfuric acid, dried, and concentrated. The product wiasl purif
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by column chromatography to give a slight yellow oil (872 mg, 46%) using a G@Jofati
hexane/ethyl acetate as the eluent. The NMR spectrum is comparable te repatted
in the literaturé".

'H 300MHz NMR (CDC8) 6 7.23 (1H, d), 6.15 (1H,d), 5.80(2H, s), 2.23 (3H,s), 2.04
(2H,s), 1.83(3H,s), 1.00 (6H,s) IR 2936, 1669,1361,1256,1150 cm

Rf=.49

Synthesis of 2.24ll-trans retinoic acid) from 2.8

4>

1) LDA,, DME, 2 e _COOH

2) MeMgBr, THF ‘
3) KOH,EtOH, HCI

n-Butyllithium (1.6 M in hexanes, 1.1 mL, 1.66mmole) was added at -25 °C to
redistilled diisopropylamine (.24 mL, 1.1 equiv.) in DME (2 mL). Dehyidionone

(290 mg, 1.52 mmol) in DME (2 mL) was then slowly added at -30 °C. The mixture was
stirred at this temperature for 30 min, and the enamino ester (407 mg, 1.60 mmol) in
DME (5 mL) was then added. The refrigerating bath was removed and, aften,20eni
solution was refluxed for 1 hour. The temperature was cooled to -10 to -5 °C, and
methylmagnesium bromide (3 M in THF, 1.25 mL, 3.8 mmole) was added. The
temperature was allowed to rise to room temperature and after 1 hour lower back to 0 °C
in which ethanol (2 mL) was added and then KOH (511 mg, 6 eq.) in water (6 mL) were
added at O °C. After 30 min, the solution was heated at 50 °C for 3 hours. The solvents
were distilled under reduced pressure and the crude mixture was acidifiexbld HCI

(2 M). The oily product was extracted and purified by HPLC. (1-3% vyield). Theritya

of the product is all-trans retinoic acid (ATRA) confirmed by HPLC retentimes by

our collaborators.
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Synthesis of 2.24ll-trans retinoic acid) from beta-iononé?

I .
1) LDA,, DME, 2

2) MeMgBr, THF ‘
3) KOH,EtOH, HCI

. . . . _COOH

n-Butyllithium (1.6 M in hexanes, 1.75 mL, 2.83mmole) was added at -25 °C to
redistilled diisopropylamine (.40 mL, 2.86 mmole) in THF (2.5 nfjonone (500 mg,

2.60 mmol) in THF (2.5 mL) was then slowly added at -40 °C. The mixture was stirred at
this temperature for 30 min, and the enamino ester (696 mg, 2.73 mmole) in THF (6 mL)
was then added. The refrigerating bath was removed and, after 20 min, the sadstion w
refluxed for 1 hour. The temperature was cooled to -10 to -5 °C, and methylmagnesium
bromide (3 M in THF, 2.20 mL, 6.60 mmole) was added. The temperature was allowed to
rise to room temperature and after 1 hour ethanol (15 mL) was added and then KOH
(827 mg, 6 equiv.) in water (7.5 mL) were added at 0 °C. After 30 min, the solution was
heated at 50 °C for 3 hours. The solvents were distilled under reduced pressure and the
crude mixture was acidified with cold HCI (2 M). The product was extracted ancegurif

by column chromatography (285mg, 41%).The NMR spectrum is comparable to the
known literature.

'H 300MHz NMR (CDC8) 6 7.04 (1H, dd), 6.31 (2H, d), 6.16 (1H, s) 6.10(1H,d), 2.35
(3H,s), 2.04(1H,m) 2.00(3H,s), 1.71 (3H,s), 1.61 (2H,m), 1.48(2H,m), 1.02 (6H,s)

Ri=.31

Synthesis of RA Methyl Ester (2.12¥

Nl L N A _COOH TMSCHyNH,, NN COOMe
| — |
MeOH
To a stirred solution of retinoic acid (330 mg, 1.1 mmole) in methanol/benzene
(2 mL /7 mL) was added a solution of TMSCHNE50 mg, 2.2 mmole) in 2.0M Ethyl
ether at room temperature. The mixture stirred for 1 hour and was concentrated under

reduced pressure. The crude material was purified by column chromatpgrdygxanes
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as elutant (343mg, 99%). The NMR spectrum is comparable to what is reported in the
known literature.

'H 300MHz NMR (CDC8) 6 7.04 (1H, dd), 6.31 (2H, d), 6.16 (1H, s) 6.10(1H,d),
3.71(3H,s), 2.35 (3H,s), 2.04(1H,m) 2.00(3H,s), 1.71 (3H,s), 1.61 (2H,m), 1.48(2H,m),
1.02 (6H,s).

Ri=.31

4-Hydroxy RA Methyl Ester (2.9) from RA Methyl Ester (2.14)*%. The procedure of
Hashimotd® was adapted to the methyl ester series. To a solution of &Ayhester
(2.14)(343 mg, 1.1 mmol) in acetonitrile/water (30 mL / 0.20 mL) was addefl B8

mg, 1.1 mmol) at -16C under yellow light. After 5 min, N,N-diethylaniline (0.20 mL)
was added. The reaction mixture was stirred an additional d%and then poured into

5% aq sodium thiosulfate solution. The resulting mixture was eetracith ether three
times. The organic solution was washed with 1M aq. HCI, water, and brine and then dried
and concentrated. The residue was subjected to column chromatography: Wi
hexanes/ethyl acetate as eluent giving 261 mg (72%) of a visdo(B; = 0.36 in 3:1

Hex: EtOAc). The'H NMR spectrum of this material showed two sets of absorptions;
integration of key peaks was consistent with that expected df mi&ture of the all-E

and 13-Z isomers.

All-E-isomer'* 'H 300 MHz NMR (CDC}) 8 7.05 (1H, m), 6.33 (2H, d, J = 16.0 Hz),
6.25 (1H, s), 6.19 (1H, m), 5.84 (1H, s), 4.06 (1H, s), 3.76 (3H, s), 2.40 (3H, s), 2.05 (3H,
s), 1.88 (3H, s), 1.67 (2H, m), 1.44 (2H, m), 1.07 (6H, s).

Peaks corresponding to the 13-Z-isomer*:: § 6.33 (2H, d, J = 14.8 Hz), 5.70 (1H, s), 2.12
(3H, s).

4-Oxo Retinoic Acid Methyl Ester (2.11) from 4-Hydroxy Retinoic Acdl Methyl

Ester (2.9). A solution of 4-hydroxy methyl ester9 (29 mg, 0.088 mmol) was stirred
with MnO, (110 mg, 1.22 mmol) in dichloromethane (5 mL) at room temperature under
yellow light. After 4 hours, the mixture was filtered through t@efind concentrated. The

residue was purified by column chromatography with 6:1 Hexarled/Btetate as the
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eluent. The NMR spectrum of the material isolated from the col@®mg, 55%) was
consistent with that expected of a 3:1 mixture of all trans/13-cis isdmers.

All-E-isomer 'H 400 MHz NMR (CDCJ) § 7.04 (1H, m), 6.44 (1H, m), 6.39 (2H, s),
6.30 (1H, d, J = 11.2 Hz), 5.88 (1H, s), 3.77 (3H, s), 2.59 (2H, t, J = 5.8 Hz), 2.42 (3H, s),
2.09 (3H, s), 1.92 (3H, s), 1.24 (6H, s).

Peaks corresponding to the 13-Z-isomer*™:  § 7.92 (d, J = 15.2 Hz), 5.70 (s), and 2.16 (s).

3,4-Didehydro RA Methyl Ester (2.15) from 4-Hydroxy RA Methyl Este (2.9)*%. A
solution of 4-hydroxy methyl ester9 (70 mg, 0.213 mmol) was stirred in dry benzene at
55°C. p-Toluenesulfonic acid (10 mg, 0.056 mmol) was added and the reactiomemix
was stirred for 10 min at this temperature. Ice cold 1% NaHGOnL) was poured into
the mixture which was then extracted with hexanes (3 x 10 mL).eklracts were
combined and the resulting solution was dried and concentrated. Thieeresas
subjected to chromatography on silica with 3:1 hexanes/ethyl aestatiuent to give the
desired methyl ester (30mg, 43%,R0.51 in 3:1 hex: EtOAc containing a trace (drops
per 100 mL of solvent) of acetone).

The NMR spectrum of this product shows two sets of signalsctregéspond to the all
trans and the 13-cis 3,4-ddRA in a ratio of 9:All-E-isomer: 'H 300 MHz NMR
(CDCl): 6 7.08 (1H, m), 6.35 (2H, s), 6.25 (1H, d, J = 12.9 Hz), 6.19 (1H, d, J = 13.4
Hz), 5.91 (1H, d, J = 11.6 Hz), 5.81 (1H, d, J = 11.5 Hz), 5.70 (1H, s), 3.76 (Z43),
(3H, s), 1.95 (3H, s), 1.67 (2H, m), 1.44 (2H, m), 1.07 (6HPe&gks corresponding to

the 13-Z-isomer: : 6 7.86 (d, J = 15.6 Hz), 5.68 (s), and 2.12 (s).

3,4-Didehydro RA (2.4) from 3,4-Didehydro RA Methyl Ester (2.15f. Methyl ester
2.15(15 mg, 0.048 mmol) in methanol (5 mL) was stirred with an aq metlkakaH

(12 eq, .0.576 mmol) in water (2 mL) at 8D for 3 h. The solution was acidified with
HCI and then lyophilized, affording 9 mg of a white solid. This nialtevas extracted

with CDCk and the resulting solution was subjected 't NMR analysis. The
integration of key peaks was consistent with that expected oktamniof all-trans and
13-cis 3,4-ddRA in a ratio of 4.5:1All-E-isomer: *'H 400 MHz NMR (CDC}) & 7.04

(1H, m), 6.30 (2H, s), 6.20 (1H, d, J = 13.2 Hz), 5.85 (1H, d, J = 9.5 Hz), 5.79 (1H, s),
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5.74 (1H, m), 2.36 (3H, s), 2.09 (2H, m), 2.01 (3H, s), 1.87 (3H, s), 1.04 (6PEak:
corresponding to the 13-Z-isomer: : 6 7.80 (d, J = 15.3 Hz), 5.66 (s), and 2.33 (s).

3C 400 MHz NMR (CDGJ) & 172.5, 155.2, 140.2, 138.4, 136.7, 135.3, 131.9, 130.1,
127.9, 125.5, 118.0, 40.2, 34.3, 27.1, 21.5, 14.4.

The NMR sample was recombined with the salts from the lyoptiilizend the solvent
was removed under a stream of argon. The resulting matersaéxtracted (see below)

to provide samples for hplc-ms and for preparative hplc.

2.4.1. HPLC-Mass Spectroscopy.

A portion of the recombined lyophilization residue was extracted with methanol to
provide a sample for hplc-ms analysis. Analysis was performed on a Varian
Metasil, C18 column (3um, 120 4.6 x150 mm) at T=3C with an ammonium acetate,
acetonitrile solvent gradie20mM NH,CH3;COO, pH=6.5; Solvent B — GEN; t=0" ,

%B =65;t=3 , %B =65;t =23, %B =95) and a flow rateldd ml/ min. Impurities
eluted with the solvent front with{R = 1.6’ and 2.2.” A peak representing 3,4-ddRA
eluted with R= 8.57" and nd = 297.1. Under similar conditions, RA eluted as a single
peak with R=11.95" and n#Z = 299.1 and a mixture of 3,4-ddRA and RA eluted as two
peaks with R=8.57" and 11.95".

2.4.2. Purification of Unlabelled 3,4-ddRA

For further analysis and purification, another portion of the recombined
lyophilization residue was extracted by the procedure of Bligh and Dyer.> The
resulting solution was concentrated under a stream of argon. The residue was
dissolved in 50uL of ethanol. Then 2 mL of methanol was added and the 0.8 mL of
doubly distilled water. The mixture was subjected to vortex (desktakes) for 1 min.
Then 1 mL of chloroform was added and the vortexing was repeatedh);lansecond

chloroform addition (1 mL) and vortexing (1 min) procedure was caaigd Finally 1
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mL of doubly distilled water was added and the mixture was subjéateortex (1 min)
and then to centrifuging (15 min, 3000 rpm &CJ. The organic phase was transferred
to a new test tube and the solvent was evaporated under a sfraegon.The residue
from this evaporation was subjected to purification by reverse phase HPLC on a
semi-preparative NovaPak C18 column. A 15 minute linear gradient from 10 nM
ammonium acetate in methanol:water (68:32) to methanol:dichloromethane (4:1)
followed by a 15 min hold at a flow rate of 4 mL/min was used for the separation.

As shown in Figure 2.2, materials corresponding to each of five peaks were
collected. Peaks 1, 2, and 3 had spectra matching that of 3,4-ddRA.

Y

5.21mi

5.29min

8 10 12 14 16 18 20
0.00 --- 20.00 min

Fig 2.4. Reverse- phase gradient Preparative HPLC TracetiaPRurification of all trans 3,4-ddRA
resolution of ddRA. HPLC trace performed by oudaobrator Dr. Juliana Tafrova.

The solution of material represented by peak 3 was concentrated under a stream

of argon and subjected to a second reverse phase HPLC purification on a
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SunFire C18 column with the same mobile gradient system, but with a flow rate
of 1 mL/min. Three peaks, all of which contained material with spectra matching
3,4-ddRA, were eluted (Figure 2.5)

400

46min
.. 18 4lmin !

18

14

Wavelength 250 --- 400 nm

No.

1
1

-0.206 --- 2.06 AU

ool

.0

0

6 8 10 12 14 16 18 20
5.00 --- 20.00 min

Fig 2.5: Reverse-phase gradient HPLC analysis of partiallyfipd ddRA (2.4) (peak 3) from the previous

separation on NovaPackC18 column. HPLC trace pmddrby our collaborator Dr. Juliana Tafrova.
Peak 3 (Figure 2.4) was collected and further purified by revyansse HPLC on a
Sunfire C18 column. The major peak with retention time between 17.22 — 1'/h@tesi

corresponds to ddRA(4).

NMR from HPLC material of 3,4dd-ATRA
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H 600MHz NMR (CDC4) & 7.04 (1H, t, J=13.7Hz), 6.33 (1H, m), 6.30 (1H, s), 6.20
(1H, d, J = 11.2 Hz), 5.86 (1H, m), 5.75 (1H,m), 2.54 (2H,s) , 2.10 (3H, s), 2.02 (3H, ),
1.87 (3H, s), 1.04 (6H, s).

Material represented by the major peak was collected and concentrated under a
stream of argon. Multiple runs afforded a total of 0.56 mg of a white solid. An
NMR spectrum (600 MHz) of this material was consistent with that of all trans
3,4-ddRA (see above); no trace of 13-cis 3,4-ddRA could be detected. In order to
determine the retention times of all trans ddRA and all trans RA, an aliquot of the
material collected from the SunFire column was subjected to reverse phase
HPLC on an analytical NovaPak HR C18 column with absorbance detection at
326 nm. The only peak detected had the retention time (11 min.) and spectra
(Figure 2.6A) of 3,4-ddRA. The absorption spectrum of this material was also

measured with a separate uv spectrophotometer (Figure 2.6 B).
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B. 3,4-Didehydroretinoic acid
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Figure 2.6: Retinoic acid (A) and 3,4-didehydroretinoic ac) (vere characterized by retention times on

reverse phase HPLC on a Nova-Pak HR C18 columretymmel) and by UV spectroscopy (lower panel).

One Pot-Preparation of 3,4-Didehydro RA (2.4) from 4-OxoretinoicAcid Methyl

Ester (2.11). A solution of methyl 4-oxoretinoate (34 mg, 0.10 mmol) in anh methanol

(2 mL) in a round bottom flask was treated with sodium borohydride (0.06l,n2w

mgq) at rt. The reaction mixture was allowed to stir for 30 18wdium borohydride (10

mg, .26 mmole) was added and the reaction was allowed to proceed for another 30 min or
until reaction completed as monitored by TLC. The reaction mixt@a® eencentrated

and dried under vacuum (pump). The crude residue was dissolved in anhyeinaase

(5 mL). The flask was capped and placed in a water bath. The temrpesathe water

bath was raised and maintained af65Then p-toluene sulfonic acid (3 mg) was added
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and the reaction mixture was stirred for 5 minutes. The reantigture was cooled
down to room temperature and then concentrated and dried under vacuum (puenp). T
residue was then redissolved in methanol (7 mL). This crude reaatturenwas treated
with an aqueous KOH (1.2 mmol, 12 eq) in water (2 mL). The flagipéxd) was placed

in a water bath and the temperature of the solution was raisedainthined at 86C .

The reaction was monitored by TLC until completion. Afterwarlds, reaction mixture
was cooled to rt and acidified with 1M ag. HCIl. The crude reactioxtunei was
concentrated and dried by vacuum. The material had undergone the Blighyand
procedure. 3,4-Dehydroretinoic acid material is purified by HPLGfipation with a

Nova-Pak C18 semi-preparative reverse phase column.

Characterization of the material is determined by the UV lagth observed from a
standard gradient used by our collaborator Dr. Juliana Tafrova in {hertDent of Oral
Biology and Pathology to distinguish between RA and 3,4ddRA5 minute linear
gradient from 10 nM ammonium acetate in methanol:water (68:32) to
methanol:dichloromethane (4:1) followed by a 15 min hold at a flow rate of 4
mL/min was used for the separation. This gradient had shown that our 3,4ddRA
material was believed to be retinoic acid with both having similar retentions times.
A small amount of material was separated with the proper UV wavelength using
this approach. This procedure was to mimic tritiated material; the crude material
had other streaking material under the retention time peaks that was expected. A
different gradient had to be used for separation and identification of our material.
Our new gradient to be used was in acetonitrile:methanol: deionized water:
glacial acetic acid (800:10:10:1). The HPLC traces are shown in Figure 2.7.
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Figure 2.7.HPLC traces of One pot crude, crystallized, Bligyer, Multi-step Clean and pure RA on the
new solvent gradient with retention times. HPLG&rperformed by our collaborator Dr. Juliana Tadtov

The new HPLC gradient had run the clean multistep 3,4-ddRA, RA, andnthgot
crude and one pot crude after crystallization with Blight/ Dyetqmol performed. The
one pot crude (3.41 min) clearly had a different retention time thatnof retinoic acid
(4.702 min) and similar to that of our multi-step clean (3.62 min) mahtélowever, the
UV wavelength was not consistent with what that was is exgphedtd 3,4 ddRA to that
that of retinoic acid. It can be seen in the trace that an unknopuriimnis streaking
under the desired product. The gradient was increased to the followargeqtar ratio:
(580 mL acetonitrile, 180 mL methanol, 4.6 mL glacial acetic acid,@BQdeionized

water). The following traces have shown in Figure 2.8, 2.9, and 2.10 the clear eaparati
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Fig 2.8. Reverse- phase gradient Preparative HPLC TraceatiaPRurification of all trans 3,4-ddRA

resolution of ddRAHPLC trace performed by our collaborator Dr. Judidrafrova.

Figure 2.8 shows the impurity resolved and separated from our PBute
didehydroretionic acid. The retention time was found to be 12-14 minutessmhterial
was collected on a small scale from the HPLC. A mass speds being taken to

identify its weight. It is believe that that is material is a retinoid sa
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Fig 2.9. Reverse- phase gradient Preparative HPLC TraceatialPRurification of all trans 3,4-ddRA

resolution of ddRAHPLC trace performed by our collaborator Dr. hdid afrova.

Figure 2.9 shows the separated desired 3,4-didehydroretinoic acid withteoretene of
15.50 minutes with the desired UV wavelength that is charaatedf this material.
Finally, a comparison of this desired material (9.228 min) was dopareoRA (21.41

min) and found to have clearly two different retention times as shown in Figure 2.10.
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Figure 2.10. Reverse- phase gradient Preparative HPLC Tracdidation and retention times of all trans
3,4-ddRA resolution and ATRA. HPLC trace perfornigdour collaborator Dr. Juliana Tafrova.

2.4.3. Purification of °H -3,4-ddRA

4-Tritio-3,4-ddRA (2.10) The following procedure was performed in a hood that is
devoted to the preparation and handling of radioactive materialsodRadity was
confined to a single flask from the initial reduction through dehyaivaaind hydrolysis
steps. A methanol solution (2 mL) of methyl 4-oxoretinoate &jhlate, R= 0.72 in 3:1
Hex/EA, 3.30 mg, 0.010 mmol) in a round bottom flask was treated sathum
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borotritide (0.006 mmol, 0.24 mg, 6.4 mCi) at rt. The flask was cappdd avdlass
stopper and the reaction mixture was allowed to stir for 30 noidiug borohydride (50
mg, 1.32 mmol) was added, the stopper was replaced, and the reactiatiowas to
proceed for another 10 min. The solution was concentrated by exposarstream of
argon for several hours and then dried under vacuum (pump). To ttheer¢Ri = 0.31
in 3:1 Hex/EA) in the original flask was added dry benzene (2 mL). The flaskapped
and placed in a water bath. The temperature of the water battais@d and maintained
at 50°C. Then p-toluenesulfonic acid (2 mg) was added. After gjifim 5 min, the
reaction mixture showed a TLC spot (silica plate, Hex/EA @ilh an R = 0.90. After
cooling to rt, the solution was concentrated by exposure to a strfeargon for several
hours and then the residue was dried under vacuum (pump). It was ths=olkedi in
methanol (3 mL). Still in the original flask, this solution wasateel with an aqueous
methonalic KOH solution (0.07 mmol, 12 eq) in water (2mL). The f(@sipped) was
placed in a water bath and the temperature of the solution igad @nd maintained at
80 °C. The reaction was monitored by TLC (silica plate=R0.15, Hex/EA 3:1) until
completion. Afterwards, the reaction mixture was cooled to rt, fasgdwith HCI until
the solution had pH = 2. The mixture was stirred with ethyl eihdrthe ether layer was
transferred to another flask by pipet. This ether layer wad 8geexposure to a stream
of argon and the residue extracted by the Bligh and Dyer procedbee resulting
solution was evaporated and purified by HPLC (NovaPak semipregagatd Sunfire
columns as above) to tritiated 3,4-ddRA with specific acti®@ydpm/pmol (calculated
maximum specific activity 91 dpm/picomol) or 3.85 x 10° cpm. Figure 2.11 and
Table 2.1 shows the HPLC Traces from the tritiated purifcation using the initial
linear solvent gradient. (10 nM ammonium acetate in methanol:water (68:32) to

methanol:dichloromethane (4:1))
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Figure 2.11. Reverse- phase gradient Preparative HPLC Tracéfidation of tritiated 3,4-ddRA using
Novapak column system. HPLC trace performed bycollaborator Dr. Juliana Tafrova.

As mentioned, purification was done on the previous solvent gradient using the NovaPak
column. Fraction #2 was collected for it had a characteristic UV wavblémgvhat is
expected for retinoids. Fraction #1 also showed strong radioactivity withispsestif/ity

432 dpm/pmol (calculated maximum specific activity 1310 dpm/picomol) or 5.5 x

10° cpm. At this time it is believed to be our desired product as well, but this rhateria
needs to be purified by the new HPLC gradient. Salt impurities are preventing pure
separation with the old gradient system and change in retention times. The theak wi
retention time 8.38 min. was harvested and was rerun a second time on the NovaPack
C18 column. Figure 2.12 shows the trace of this material. This material wastécrves

and fed to the cells.
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Figure 2.12. Reverse- phase gradient Preparative HPLC Tracdfidation of tritiated 3,4-ddRA using
Novapak column system the second time. HPLC traciopned by our collaborator Dr. Juliana Tafrova.

Retention time of the synthesized 3,4-ddRA:

Cold Clean °H 3,4-ddRA
Multi-step synthesis One-pot synthesis
The major peak| °H 3,4-ddRA
Fraction#1 Fraction#2
Nova-Pak C18 7.38 min. 7.8 min. 8.38 min.
SunFire 17.67 min. 18.65 min. 19.68 min.
Nova-Pak HR C18 11.15 min. 9.943 min. 11.424 min.

Table 2.1Retention times fotH 3,4-ddRA and cold 3,4-ddRA. Red indicates crudsppration of the
material.
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Chapter 3 — Binding Site of the Bisabsoqual NatBralducts in Human

Squalene Synthase

3.1 Introduction

Although the statin drugs enjoy remarkable success in combating the
hypercholesteremia caused by genetic factors and that assbuwiith diet, age, obesity,
and lack of exercise, they are not always without their drawbacks. In sonmeg)dliese
HMGCOA reductase inhibitors do not reduce low-density lipoprotein (L&iglesterol
to desired levels and, in others, these drugs are mydtdxicConsequently, there is
significant interest in inhibitors of enzymes that catalyps later in the cholesterol

biosynthesis pathway.

Squalene synthase inhibitdrspmewhat neglected for a period of time, are being
actively pursued again. One of these compounds recently advanced ¢ollPbksical
trials. Studies suggest that, as a class, these compounds angatoxic and that, in

fact, they could offer some advantage if given in combination with a 3fatin.

Bisbosquals A, B, C and [1-4) 2 inhibit squalene synthases froBaccharomyces
cerevisae and Candida albicans and also from HepG2 and rat liver cells at the
micromolar levels. The structures of the bisabosquals are smapact, and rigid with
few rotatable bonds. They provide well-defined scaffolds forrikseof compounds that
will fulfill the criteria of VebeP and Lipinskt® for solubility and permeability Therefore

they are attractive lead compounds for drug development. (Figure 3.1)
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3.1 Bisbosqual A 3.2 Bishosqual B 3.3 Bisbosqual C 3.4 Bisbosqual D

Figure 3.1.The Bisabosqual Natural Products

In order to understand the protein-ligand interactions that lead to tiahilaf
human squalene synthase by the four bisabosquals, we performed doettiag. diere
we describe the binding modes of these natural products in the seconebbhadin site
of squalene synthase.

3.2 Background

Squalene synthase converts two molecules of farnesyl pyrophosplsgiegatene
in two well-defined steps. First it effects the unsymioakrdimerization of farnesyl
pyrophosphate (FPP) to presqualene pyrophosphate (PSQPP, a cydiapbapyt
pyrophosphate); this conversion is known as the first half raciThen, it catalyzes the
generation of a cyclopropyl carbinyl / cyclobutyl / homoallgtion that undergoes
NADPH reduction to squalene in the second half reatliofhe second step is believed
to occur at a separate second and non-identical catitgtizithin the same active site

pocket. Figure 1 shows the mechanistic pathway for both conversions.
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Figure 3.2. Biosynthetic conversion of two FPP metules to squalene and two
GGPP molecules to phytoene. Scheme from Enzyme Nentlature, 1992,

Academic Press, San Diego, California, ISBN 0-12-2264-5:

http://www.chem.gmul.ac.uk/iubmb/enzyme/reaction/tep/sgnp.html

3.2.1 Identification of the active site of squalene synthagés°

Previous works have shown that hurffarat* and yeasf squalene synthases have
all been cloned, expressed, and sequenced by several §tblipstee regions of high
sequence identity were found and believed to be part of the catadjitre site pocket.
Using the rat protein, Schechter et al. subjected these thieasé¢g point mutatior®
The results indicated that aspartates in“fieYLED?*® and®**DTLED®* sequences play
key roles in catalysis.

Enzyme inactivation studies have implicated arginines as impamraidues in

reactions catalyzed by squalene synthases. The sequences gqfaleme synthases and
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the phytoene synthases are aligned in Figure'%I8.the sequence alignment, the

conserved residues that are believed to line the active site ffstHaalf reaction in both

enzymes are colored green, red, and cyan and those believedttelmsive site of the

second half reaction of the squalene synthases are magenta, amtidlue. The former

sequences are highly conserved in both squalene synthases and phyiteases. The

squalene synthases are related to the plant phytoene syrfthaBeth couple linear

isoprenoid pyrophosphates in a head-to-head fashion (Figure 3.2). Theenghyt

synthases couple two molecules of geranyl geranyl pyrophosphateP)3Go give

phytoene, a 40-carbon terpene. The latter are conserved in the sgyakbases and not

in the phytoene synthases. The rearrangement in the secondaltiirreof squalene

synthase differs from that in phytoene synthesis in that ¢thpling reaction is not a

reduction and does not involve NADPH (compare conversions in Figures 3.2).
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Figure 3.3 Sequences of Squalene Synthases. The first skeogeences represent the human (H),
rat (R), andSaccharomyces cerevisiae (Sc), squalene synthas&$?'%'' The next three are

phytoene synthases from tomato (Ejwinia uredovora (Eu), andRhodobacter capsulate (Rc).
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3.2.2 Pfizer crystal structure®

More recently, the crystal structures of human squalene syntbagdexed by each of

four synthetic inhibitor&' were reported by the Pandit / Danley / Harwood group at
Pfizer. On the basis of these structures, those of relatedifilizing enzymes, and site-
directed mutagenesis experiments, Pandit et al. proposed thatitteesite for the first

half reaction is located in a region surrounded by the conservadatsp and arginine-
containing sequences (Asp80-Asp84 and Asp219-223) and Tyr 171. Furthermpre, the
proposed that the location of drug-binding, in a hydrophobic cavity undepaol “flap”

is the site of the second half-reaction. The residues that tieeinterior of this
hydrophobic pocket and those in the “flap” are conserved in all squalene synthases.

Figure 3.4, constructed from the pdbfile 1EZF of Pandit et sthows the binding site region with

the “flap” (residues Tyr 50, Arg 52, Ser 51, Sees® Phe54, colored in green) in place. Figure
1b offers the same view with the flap removedhibws the underlying cavity and the position of
the drug, CP-402473. The hydrophilic and hydrophoégions of the surface are shaded red and

blue respectively.

The sites of the two half reactions are found to lie in a charfrgure 3.4) This
structural feature suggests that the enzyme shuttles thexéatiate PSQPP directly from
the first to the second half reaction site. This model is cemsistith the observation
that PSQPP is not released from the enzyme. One end of theetizaexposed to

solvent, whereas the other end leads to a completapsed pocket surrounded by
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conserved hydrophobic residues. The regions identified as the sitdtisveof the two
half-reactions are locatéul the central channé? In order to illustrate the channel of the
binding pocket with CP-320473, we show three different perspectives (Rdiref the
active site region. Residues 80-84 and 219-223, involved in the firstelaalion, are
colored in purple. Residues involved in second half reaction, including re&tes
Phe 288, Cys 289, and Pro 292. CP-320473 inhibits the enzyme by bindingite tife s
the second half reaction.

Figure 3.5.CP-420472 bound by Squalene Synthase. Three diffetews of the 1st half and 2nd half

reaction site regions colored in purple and grespectively.
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Figure 3.6 shows the interior of the binding channel (colored yellod)ta dimensions.
The residues involved in the first half reaction (80-84 and 219-228jues colored
purple) cover a vertical distance of 9 Angstroms. Those in the secondduilbmg(51-54
colored in green) having a distance between the two sets dfiess{80-84 and 219-223)
is 8 Angstroms. The distance from the second half reactiorusitiel( the flap) to the end

of the channel is 16 Angstroms.

16 Angstroms
.

12 Angstroms

9 Angstroms

'

9 Angstroms

- e

8 Angstroms 0 Angstroms

Figure 3.6 Active site channel from two different perspectives

After understanding the binding site pocket of the human squalerfesgrtom several
different perspectives, we pursued the docking of the four bisabosquadl atducts
that lead to inhibition of the protein. These studies are intendey todaroundwork for
the rational design of novel analogs that would be tested foowagrinhibitory activity

and give insight into a proposed mapping of the mechanism movement in the pocket.
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3.3 Structural Results and Discussion of Bisabosqual A-D and CP-320-473

Before docking the bisabosquals into the binding site of human squalene synthase, we
validated the computation protocol for this protein. This is done by taking agaeel |

and docking it into its protein binding site, then comparing it with the experimentally
observed protein binding site. Usually, the experimental data comes from X-ray
structures found in the PDB. A prediction is generally found acceptable if the RMSD
value between the docked ligand and the experimentally determined ligandri2 iinde
A.ZG

The modeling result for docking CP-320473 into the binding site of huonaaene
synthase was virtually identical to the crystal structuréFLEH hese results demonstrate
the high accuracy of the Discovery Studio protocol with the proesieptor as shown in
Figure 3.8. RMSD (all atom) = 1.27 A, RMSD (heavy atom) =1.23 A.

: ;i
%OO WM oee
O

S C))

OH @)
H
0
3.5 CP-320473 23 @

3.1 Bisbosqual A

Figure 3.7. Numbering systems for bisabosquals arfdr CP-320473
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3.3.1 Validation Data CP-320473

Figure 3.8. Images of the docked ligand CP-320473 in the adite with neighboring residues. The
protein surface area is rendered to show the ekdetic potential. The top image shows the flagtak
residues (51-54) whereas the bottom image showi#aheemoved from the surface area.
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Figure 3.9.Superimposed on the image of CP-320473 is thetateliof the docked ligand (orange). The
position of the docked ligand is virtually identi¢a that of the ligand in the x-ray crystal stug from
1EZF.RMSD (all atom) = 1.27 A, RMSD (heavy atom) =1.23 A

These results demonstrated the high accuracy of the CDOCKER@niticthe protein

receptor. Docking of all bisabosqual compounds proceeded after this validation.

3.3.2 Bisabosqual A Data

Docking of bisabosqual A with the validated protocol (described in Expatah
Section) placed it in the region recognized to be the binding @itéhé second half
reaction of SQS, i.e. under the flap formed by residues Arge&253, and Phe-54; see
Figure 3.10. In Figure 3.11, the flap has been removed so that oneedatesactions of
bisabosqual A with the floor and walls of the binding cavity. Figure 3H@ws

bisabosqual A surrounded by amino acid residues with which it has interactions.

In the docked structure, both the C7’ and C8’ aldehydes are )Zégditogen bonded by

the conserved residues (51-54) in the flap. The tertiary alcohobkthaisg hydrogen
bonding with Asn 215. Unlike CP-320743, which has pi-stacking with Phe 54 and Tyr
73, bisabosqual A sits too far from these residues to display inbeaavith them.
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Bisabosqual A sits closer to the arginine rich region assignédetdirst half reaction
than does CP-320743

3.1 Bisbosqual A

Figure 3.10. Bisabosqual A docked in human SQS. The dottedngiees represent hydrogen bonds. The
image on the left shows the protein surface, reawlér display the electrostatic potential, withiposs of
conserved residues Ser-51, Arg-52, Ser-53, Phé&§d-84, Asn215, and Phe288. In the right image, the

original structure is shown.

s /.
/%

PHE288

Figure 3.11. Bisabosqual A docked in human SQS. The image enldft shows the protein surface

without the flap. The image on the right shows bésajual with the nearest neighbor residues.
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Figure 3.12.Bisabosqual A in the binding pocket site with tlemgerved residues shown as stick figures
with the rest of the protein rendered as an elstidtiz potential surface.

3.3.3 Bisabosqual BOata

The docked complex of bisabosqual B and squalene synthase is shown in3FQure
The benzylic alcohol is encased in hydrogen bonding with Ser-5153Sand Phe-54.
The C-7’ aldehyde has hydrogen bonding with Ser-53. Bisabosqual &rsiter from
first half reaction site than does bisabosqual A and does not haweiagbinteraction
with Arg 52.
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/
SER51 §/

Figure 3.14 Image of docked Bisabosqual B shown in the actite with neighboring residues. The
protein surface area is rendered showing the elgtetiic potential. The key hydrogen bonding intéoas

are labeled in dotted green lines. In the imagectmserved “flap” is displayed as stick residues.
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Figure 3.15.Image of docked Bisabosqual B shown in the actite with neighboring residues. The
protein surface area is rendered showing the elgetiic potential. The “flap” has been removed; the

arrows point to the closed hydrophobic terminuthefchannel.

3.3.4 Bisabosqual C Data

The docked structure of bisabosqual C is shown in Figure 3.16 and 3.ké Li
bisabosqual A, bisabosqual C shows heavy hydrogen bonding of both C8 and C7’
aldehyde groups with residues 51-54 and of the C3 tertiary hydroxyl group with Asn 215

SER51( I

~.. PHE54
4

Bisbosqual C

Figure 3.16.Bisabosqual C with its neighboring residues inabgve site.
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Figure 3.17.Image of docked Bisabosqual C shown in the bindiibg with neighboring residues. The
protein surface area is rendered showing the elgtetiic potential. The key hydrogen bonding intéoas
are labeled in dotted green lines. The conservideasite “flap” is displayed as stick residueseTdrrow
points to the closed hydrophobic terminus of thenttel.
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3.3.5 Bisabosqual D Data

The docking studies with bisabosqual D show that the only hydrogen bomgiageat is

between the C8’and C7’ aldehydes with the conserved residues (51i6¢)flap. The

side chain of bisabosqual D, unlike that of the other bisabosquals, hastaokpig with

Phe 288 and Tyr 73 in the hydrophobic channel.
SERS53

/"\4

‘\‘ ASN215

Bisbosqual D

Figure 3.18.Bisabosqual D with its neighboring residues indhgve site.
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Figure 3.19.Image of docked Bisabosqual D shown in the acsite with neighboring residues. The
protein surface area is rendered showing the elgtetiic potential. The key hydrogen bonding intéoas
are labeled in dotted green lines. The conservéigeasite “flap” is displayed as stick residues.the
bottom image, the “flap” has been removed; thevesrpoint to the closed hydrophobic terminus of the
channel.
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The four bisabosquals showed good binding affinity to the second halforeadke.
Energy analysis reveals that affinity is driven primabiy favorable hydrogen bonding
interactions.

3.4 Correlation of Binding Energies with 1G5, values for Squalene Synthases

Accurate scoring of docked ligand poses remains a general problehe field of
structure-based design. Rigorous methods, such as free enefgybaiem, for
calculating the binding affinity of a ligand to a receptor ave tomputationally
expensive for practical use. We used physics-based methods natesthe binding
energies.

The MM-GBSW (Molecular Mechanics Generalized Born with a gmSwitching
Function) energy analysiSwas used to estimate binding free energies for the four
bisabosquals with human squalene synthase. The table below showgd¢henental

ICs0 data made available by Mingawa.

Table 3.1.Inhibitory activities of bisabosquals A, B, C aDddagainst squalene synthases

ICs0 (ug/ml)
Compound _
SC CA HepG2 Rat liver
Bisabosqual A 0.43 0.25 0.95 2.5
Bisabosqual B 31.5 50 12 >100
Bisabosqual C 1.0 1.0 0.9 5.8
Bisabosqual D 18.5 12 5.1 37

CA =Candida albicans is adiploid fungus(a form ofyeasj,

SC =Saccharomyces cerevisiae is aspecief buddingyeast

Hep G2 = Hepatocellular carcinomdauman) Hep G2 is a perpetual cell line which was
derived from liver tissue.

In order to compare the results of the molecular modeling stitttymeasured enzyme

inhibitory activities, we constructed a linear free energy tatiom for the four
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bisabosqual natural products. The best models were selected on shef IGBOCKER®

energies and Ludi scoring functioffsTable 3.2 shows our results.

Table 3.2. ICs values for Bisabosqual A-D in the Hep G2 aSsé#lye three scoring functions, and
calculated binding energi®s

Bisabosqual A B C D CP-320473
pICsq 5.6066 45074 5.647 4.9221 7.2518
CDOCKER_Energy 11.407 | 17.855 16.245 2.027 -60.548
CDocker_Interaction Energy| -62.151 -48.072 -62.103 -54.633 -74.687
Ludi Score Estimate 3 833 573 876 730 686
MM-PBSA Binding -39.791 -13.583 -31.685 -14.629 -52.109
Energy (kcal/mol)

MM-GBSW Binding -47.092 -26.495 -47.843 -27.151 -60.620
Energy (kcal/mol)

3.4.1 Binding Energy Correlations for MM-GBSW and MM-PBSA with IC5, Data

Binding Energy vs ICsq Data

~
~N O

pICso Data
*
()] an

\

IS
A ¢ ¢ ¢ ¢

-60 -50 -40 -30 -20 -10

o

Binding Energy (kcal/mol)

Figure 3.20. Correlation between MM-PBSA calculated binding rggeand experimental kg data for
Squalene Synthase. pl-logio([ICsoM]). Correlation coefficient squared = .88
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Binding Energy vs. ICso Data
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Figure 3.21 Correlation between MM-GBSW calculated bindingrgyy and experimental kgdata for
Squalene Synthase. ple-logi([ICsoM]). Correlation coefficient squared = .88.

The energy analysis results from MM-GBSW showed a good lowagalation between
the experimental 1§ data and the binding energies calculated. The MM-PBSA
approach has become a popular method for calculating binding affiagiegell. We
calculated our docked structures using both approaches and find thaatmorsehre
similar and decent in comparison to the MM-GBSW approach. Our maleuoldeling
suggests the mode of inhibition of human squalene synthase by the tisdbdhe
different poses of the four natural products helped to describelttese importance of
interactions with key amino acid residues and the flexibilitshefinterior of the channel.
This information was helpful in the design of bisabosqual analogsodret human

squalene synthase inhibitors.

3.5 Analogs designed to be improved Squalene Synthase Inhibitors

After studying the binding site of human squalene synthase w#hbdsqual, an
investigation to rationally design bisabosqual analogs was perforrhedsdprene unit
was modified with several functional groups in order to obtain betterngraffinity.

Our initial approach started with elongating the isoprene unit iaraocdinvestigate if we
can shift the bisabosquals from the second half reaction to the first half. Wasli@asee
how long and deep the hydrophobic channel cavity was and if we camtbeténd of it
or block it in some way. Hence we started our modeling of compdi6dsd 3.7. The

following compounds have been modeled in the active site pocket.
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3.6 3.7
Figure 3.22.Structures of Bisabosqual Analogs 3.6 and 3.7

3.5.1 Compound 3.6 Data

The docking studies with compouBdb show that the only hydrogen bonding apparent is
between the C8’and C7’ aldehydes with the conserved residues (51i6¢)flap. The
chain elongation of the isoprene with a phenyl group resulted in g enoving
downward away from the hydrophobic channel as shown in Figure 3.23. Wetexa the
hydrophobic channel inward to be filled. No visible pi stacking intemas are occurring
with Phe54, Tyr 73, or Phe 288.

Figure 3.23.Compound 3.6 with its neighboring residues in tbieva site.
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3.5.2 Compound 3.7 Data

In efforts to block the hydrophobic channel and shift bisabosqual towarérst half
reaction site, compound.7 was designed and docked into the protein. The
phenyl/naphthyl chain was expected to wrap around Phe288 to exhthittarfly” or Y
shape.

ARG52 p:.;

W
r

Figure 3.24.Compound 3.7 with its neighboring residues in ttiéva site.

This aromatic system and chain elongation caused a shift towerdsst half reaction
instead of filling the channel still. New hydrogen bonding inteoastiare being observed
with Arg77. It is believed that the aromatic groups are too btdkgnter the inward
hydrophobic channel and alkyl chains would fit better.

3.5.3 Compounds 3.8-3.15 Data

After docking compound8.6 and 3.7, we designed various compoun@®s8(— 3.1% of
different less bulky groups hoping to mimic what we believe woulbampening in the
squalene synthase case. Ludi fragment scoring libraries wedetagenerate potential
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side chain advantages in the binding pocket of the protein. The followingocmus

designed and docked are shown below.

3.14 3.15

Figure 3.25.Rationally designed bisabosqual analogs 3.8-3.15.

The best docked structure for each compound is reported, visualized andthpoped

on top of each other to show where the side chain ends up in the pogkee.(8i26)

After all the results were compiled, the binding energies waleulated to compare
against bisabsquals A-D inhibitory activities. The known data waapstated for all the
new compounds designed and is shown in Table 3.3.
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Figure 3.26.Compounds3.8-3.15superimposed with each compound color coded &l Compound
3.6=cyan,3.7 = purple,3.8 =orange 3.9 = gray,3.11= green3.12=pink, 3.13= blue ,3.14= yellow, 3.15

= red. The image on the left shows compounds 3B-@hile the image on the right shows compounds
3.11-3.15.

Figure 3.27.Compounds3.8-3.15superimposed with surface area generated wittheuflap (left image)
and with the flap. (right image) Each compound caloded as follows. Compourl6 = cyan,3.7 =
purple,3.8 =orange 3.9 = gray,3.11= green3.12=pink, 3.13= blue ,3.14= yellow, 3.15= red.

Figure 3.27 shows the rendered electrostatic potential surfageofifeuman squalene
synthase for each compound. All the side chains are extending irY thleaped
hydrophobic pocket that is located adjacent under the second haliome&tap.”

Initially, looking at compound8.8-3.13in the pocket, we observe that certain side chains
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either sit inward or outward in the pocket. They give good suggestiotieeorolume of
the depth of the hydrophobic pocket. However, compoudds3.13 are mostly
unrealistic to synthesize and the isoprene unit in the natural bigede®\, B, and C are
synthetically challenging already as well. For easierttsstic design, compound14

and3.15were rationally designed to eliminate the introduction of the chiral side chain.

Binding Energy vs ICsq Data/Extrapolated Data
7.5
*
7
* 6:5
8 LR g
8 o0 . 5
3 . 5.5
o 5
. J
. 4.5 -
T T T T T 4
-70 60 -50 -40 -30 -20 10
Binding Energy (kcal/mol)

Figure 3.28 Correlation between MM-GBSW calculated bindingrgyy and experimental kgdata for
Squalene Synthase with the extrapolated data fopoands3.6-3.15 plCso=-logio([| CsoM]).

Compound| pICs, | CDOCKER | CDocker Ludi | Ludi | Ludi | Binding Binding
Energy Interaction Score| Score| Score| Energy Energy
Energy 1 2 3 (PBSA) (GBSW)
(kcal/mol) | (kcal/mol)
3.1 5.6066| 11.407 -62.151 892 73] 833 -39.791 -47.092
3.2 4.5074| 17.855 -48.072 634 524 573 -13.583 -26.694
3.3 5.647 | 16.245 -62.103 926 716 876 -31.685 -47.843
3.4 4.9221| 2.027 -54.633 615 516 730 -14.629 -27.151
3.5 7.2518 | -60.548 -74.6871 693 590 686 -52.109 -60.62(
3.6 (5.670) | -16.995 -59.804 752 612 635 -21.694 -43.467
3.7 (5.681) | 2.349 -64.192 655 578 759 -31.880 -43.624
3.8 (5.791) | -5.035 -54.694 655 531 752 -33.094 -45.275
3.9 (6.063) | 14.763 -62.190 695 596 762 -31.067 -49.039
3.10
3.11 (6.149) | 12.086 -62.888 776 657 859 -36.227 -50.613
3.12 (6.525) | 3.927 -72.804 787 659 855 -38.350 -56.231]
3.13 (6.297) | -19.513 -67.825 724 617 709 -39.691 -52.818
3.14 (6.091) | -19.821 -66.970 722 600 741 -53.940 -49.749
3.15 (6.349) | -17.815 -67.616 754 610 753 -40.069 -53.599

Table 3.3.Compounds3.6-3.15were designed, not synthesized or tested. Thevadaextrapolated from
the known tested inhibitory activity. CompouBd Ofailed to be docked in the active site.
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The binding energies were calculated and reported in the linear corrglaticgimown by
Figure 3.28 and Table 3.3 for the compouBdis-3.15 We extrapolated the data points

from the correlation for insight into their potential activikhe binding energies diM-

GBSW and MM-PBSA quantified the effects of different side chain analdgs linear
relationship correlated with the data of the four natural bisabosqual compAsiuts.

from compound.10Q which failed to dock in the pocket, the binding affinity in general

for the designed structures were better than bisabosqual A-D. Although comfdishds
and3.15were not found to have to have the best binding energy in the table, synthetically
they are excellent candidates to pursue.

3.5.4 Overlay of Bisabosqual A to Presqualene

Figure 3.29.Presqualene overlayed with surface area rendettbdhvé flap (left image) and structure of

presqualene. (right image)

N ’,
/ -

PHE288 ASP84

v

oG
‘

g - - - -
\I/h\
| of
_’-.' N

e
= ASN215

Figure 3.30.Presqualene overlayed with bisabosqual A (showyelilow) with its neighboring residues
in the active site.
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Presqualene diphosphate, the intermediate between the first and secondtluadf reac
was overlayed with bisabosqual A for final insight into the mode of inhibition in the
binding site pocket. We propose that potentially the diphosphate binds to the arginine and
asparagines in the second half reaction with cyclopropyl group undergheitiethe
shorter chain directed towards the inner hydrophobic pocket. Mechanisms for the
conversion of presqualene to squalene have been suggested to undergo rearrangements
based on cyclopropylcarbinyl cations. Shielding of water or solvent byaghevthuld
prevent these highly reactive carbocations from being prematurely quenched.

The longer chain extends far into the hydrophobic pocket of the second half reaction
site. (Figure 3.29) The overlay of bisabosqual A to presqualene diphosphate shows that
the aldehydes bind in a different region to what was expected to the diphosphate of
presqualene. The isoprene unit is similar in length and distance to hydrophobic pocket as
is shown in Figure 3.30. This overlay could explain the potential inhibitory activity of

squalene synthase with bisabosqual.

3.6 Conclusion

The results obtained in this study suggest the mode of inhibition of human squalene
synthase by the bisabosqual. The different poses of the four natural products help to
describe the relative importance of interactions with key amino acalessand the
flexibility of the interior of the channel. This information is helpful in the glesif
bisabosqual analogs and other human squalene synthase inhibitors. Our studies gave
structural insights about the plausible binding modes for bisabosqual derivativésevit

human squalene synthase.
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3.7 Experimental Section

3.7.0 Materials and Methods — Generabteps of the Docking Procedure

All docking was carried out in Discovery Studio 2.5.5 by Accelryde Procedur®
consisted of the following steps.

3.7.1 Preparation of the Ligand Structures -Preliminary Parameters

3.7.1.i Build Fragment tool

The 3D structures of the bisabosquals were built with the Buildeagtool. For each,
the geometry was optimized and checked for proper chirality. Thehskeg tool can be
used manually to create the ligand or can be generated fromgaaidiusing fragments

from a library. All ligands were minimized to an RMS gradient of .001.

3.7.2 Preparation of theReceptor-Prelimary Parameters

3.7.2.i Protein Report and Utilities tool
The crystal structure of human squalene synthase complexed witr'$ftompound
CP-320473 (pdb code 1EZEWas retrieved from the Protein Data Bank. The protein file
was prepared using the Clean Protein subtool. It corrected for ine@msidues,
removes alternate conformations by retaining one set, cappedniteand added
hydrogens to all of the amino acid residues. The inhibitor CP-320473 dsigemoved
from the structure file. All water molecules were removed. THARMmM Forcefield
was applied and the energy of the protein was minimized. Bond cadéerdormal

charges were manually inspected.
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3.7.3 Examination of Potential Binding Sites for the Bisabosquals

3.7.3.i Define and Edit Binding Site tool
The Binding Site tool can be used to search for potential bindingnegif the

bisabosquals. It defines region sites in a protein cavity wherenbinaieractions can
occur. For validation purposes, several sites were discovered and weietkthi large
interior channel as the only reasonable binding site for the bisabas@uate the
binding site is already known from the x-crystal structure 1B¥& defined specific
coordinates from that structure. A sphere with a default radi$ #hgstroms centered
at the position of the CP-30473 molecule in the crystal structure ¥asFgenerated.
The ‘bulk’ of the receptor, defined as protein atoms outside the birsitie sphere, was
held rigid during the docking process while the protein and ligand atathe the
sphere were allowed to move.

3.7.4 De Novo Structure Generation

3.7.4.i Receptor-Ligand Interactions CDOCKER Protocol

The CDOCKER® protocol was used for de novo structure generation of the
bisabosquals. The protocol docks ligands into an active site using CHARMARMmM
uses a molecular dynamics (MD) scheme to dock ligands intoeptoe binding site.
Random ligand conformations are generated using high-temperdiire The
conformations are then translated into the binding site. Candidate gresd®n created
using random rigid-body rotations followed by simulated annealifigha\ minimization

is then used to refine the ligand poses. The Dock Ligands (CDOL#&dRing protocol

was used in Discovery Studio with the following parameters:
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Dock Ligands (COOCKER) X |

Parameter Name Pararmeter Value
Input Receptor LEZF: 1EZF
Input Ligands Maolecule:All
Input Site Sphere -12.0159, 43,4217, 32,0117, 15
Top Hits 21
4 Randorm Canformations 200
Dynamics Steps 1aaa

Dynamics Target Temperature 1001
Include Electrostatic Interactions True
4 QOrientations to Refine 1
Maxirmum Ead Orientations 800
Orientation vdW Energy Thres... 300

4 Simulated Annealing True
Heating Steps 20010
Heating Target Termperature 100
Caoaling Steps 5000
Cooling Target Termperature 300

4 Advanced
Farcefield CHARMm
Use Full Patential True

Ligand Partial Charge Method  CHARMm
Randam Mumber Seed 314159

Final Minimization Gradient Tol... 0

Parallel Processing False

Figure 3.31.CDOCKER Parameter Values

The input ligand parameter value varied depending which bisaboqual compound was
used in the run. The input site sphere always remained the same as a set vadde defi
from the CP-320743. This value was the 3D (X, Y, Z, and radius) coordinates in space.
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3.7.5 Scoring Ligands

3.7.5.1 Score Ligand Poses protocol

This protocol was used to score ligands using a series of scoring functionsgtimdie

1, 2, and 3). The parameters are shown below.

| Score Ligand Poses X

| Parameter Name Parameter Value
I Input Receptar LEZF: LEZF
Input Ligands 1EZF:Visible
Input Cantral Ligands
Scoring Functians Ludi Energy Estimate L Ludi Energy Estirnate 2,Ludi Energy Estimate 3
Parallel Pracessing False

Figure 3.32.Score Ligand Poses Parameter Values

The input ligand parameter value varied depending which bisaboqual compound was
used in the run. The input site sphere always remained the same as a set vadde defi

from the CP-320743. This value was the 3D (X, Y, Z, and radius) coordinates in space.

3.7.6 Analyzing Scored Ligands

3.7.6.i Analysis Protocol
The selections of the best poses were done on the basis of CDOCKEERNM)
energies, CDOCKER interaction energies and from Ludi scorumgtibns (Ludi
estimates 1, 2, and 3). These poses were minimized further in Sengeeof implicit

solvent models.

3.7.7 Implicit Solvent Ligand Minimization

3.7.7.i Ligand Minimization Protocol
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The protocol minimizes a series of ligand poses using CHARMmM (customizediudenc

Implicit Solvent Methods) v 1.1Minimization is performed in the presence of the

receptor in situ) if Input Receptor is specified; otherwise they are minimized in a

vacuum. Forn situ minimization, the receptor is held rigid. However any residues with

atoms insidéviinimization Sphere of Flexible Atoms, or specified aflexible Residues

are allowed to move

The Ligand Minimization protocol was used in Discovery Studio with the following

parameters:

| Ligand Minimization w Solvent Models

Parameter Namse
Input Ligands
Input Receptar

Flexible Residues
Input Farcefield
4 Minimization
Algarithm
Steps
RMS Gradient
Energy Change
Dielectric Constant
Distant-Dependent Dielectrics
Monbond Cutoff
Ligand Partial Charge Method
4 Implicit Solvent Model

Dielectric Canstant

Use Man-polar Surface Area

Salt Concentration

Input Atamic Radii

Use Malecular Surface
Monbond List Radius

Parallel Processing

Minimization Sphere of Flexible At..,

Implicit Solvent Dielectric Cons..,

Parameter Value
LEZF:Visible

LEZF: IEZF

-12.0159, 43,427, 32,0117, 15

CHARMm

Smart Minimizer
1000

0.001

0.0

L0

True

13.40

CHARMm
Generalized Barn with a simple SWitching (GESW)
1

8

True

0.0

van der Waals radii
True

144

False

Figure 3.33.Ligand Minimization with Solvent Models Parametaiues
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The input receptor parameter value was the 1EZF protein and the input ligand paramete

value varied depending which bisaboqual compound was used in the run.
3.7.8 Binding Energies of Ligands

3.7.8.i Calculate Binding Energy Protocol

The protocol estimates binding free energy using CHARMmM implicit Solvanodels.
The binding free energy is estimated between each ligand and the reckptveer
energy of binding for a receptor-ligand complex can be calculated from thexénepes
of the complex, the receptor, and the ligand. Using CHARMm based energies and
implicit solvation methods it is possible to estimate these free enargiehus calculate
an estimate for the overall binding free energy.

Optionally, anin situ ligand minimization step can be performed prior to the binding
energy calculation. This was not performed. In addition, the loss in ligand catinal
entropy can be estimated and was performed.

The Calculate Binding Energy protocol was used in Discovery Studio with the fodjowi

parameters:
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| Calculate Binding Energies

Parameter Mame Parameter Value
Input Receptor 1IEZF 1EZF
Input Ligands IEZFVisible
In Situ Ligand Minimizatian False
: Ligand Confarmational Entropy True
4 Implicit Solvent Maodel Generalized Born with a simple SWitching (GESW)
: Dielectric Constant 1

Implicit Salvent Dielectric Cons... &0

Use Man-palar Surface Area True

Salt Cancentration 0.0
Input Atamic Radii van der Waals radii
Use Malecular Surface True

| 4 MNonband List Radius 14.0

Manbond Higher Cutoff Distan... 12.0
Manbaond Lower Cutaff Distance  10.0
: 4 Electrostatics Sphencal Cutoff

4 Advanced

Estimate Entropy True
Partial Charge Estirnation default
Parallel Processing False

Figure 3.34.Calculate Binding Energy Parameter Values

The input receptor parameter value was the 1EZF protein and theiggna parameter

value varied depending which bisaboqual compound was used in the run.

3.7.9 Validation of CP-320473

3.7.10 Validation with Implicit Solvent Model MM-GBSW
CDOCKER ENERGY =-60.5489

CDOCKER INTERACTION ENERGY =-74.6871
Ligand Energy (kcal/mol) = -89.05956

Protein Energy (kcal/mol) = -16033.046875
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Complex Energy (kcal/mol) = -16183.78229

Binding Energy (kcal/mol) = -61.68171

Total Binding Energy (kcal/mol) = -60.62023

Entropic Energy (kcal/mol) = 23.01080

Ligand Conformational Energy (kcal/mol) = 1.06148
Ligand Conformational Entropy (kcal/mol-K) = 1.06148
Ludi Score Estimate 1 = 693

Ludi Score Estimate 2 = 590

Ludi Score Estimate 3 = 686

3.7.10.i H-bonding Interactions
0-22

Arg77 OH 2.47 Angstroms
0-23

Arg52 1.80 Angstroms

Ser53 OH 2.24 Angstroms

Ser51 OH 1.22 Angstroms
Ser53 NH 1.89 Angstroms
Phe54 NH 1.50 Angstroms

3.7.10.ii Pi Stacking Interaction

Phe288 Pi-Pi 5.12 Angstroms

Phe54 Pi-Sigma 2.74 Angstroms
3.7.11 CP-320473 with Implicit Solvent MM-PBSA
Ligand Energy (kcal/mol) = -85.4188
Protein Energy (kcal/mol) = -16298.2001
Complex Energy (kcal/mol) = -16436.7
Binding Energy (kcal/mol) = -53.0810
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Total Binding Energy (kcal/mol) =-52.019

Entropic Energy (kcal/mol) = 23.0180

Ligand Conformational Energy (kcal/mol) = 1.06148
Ligand Conformational Entropy (kcal/mol-K) = 1.06148

3.7.12 Bisabosqual A with Implicit Solvent Model MM-GBSW
Total Binding Energy (kcal/mol) = -47.09244

Entropic Energy (kcal/mol) = 21.97830

Ligand Conformational Energy (kcal/mol) = 4.52057

Ligand Conformational Entropy (kcal/mol-K) =1.2721

Ludi Score Estimate 1 = 892

Ludi Score Estimate 2 = 731

Ludi Score Estimate 3 = 833

3.7.12.i H-bonding Interactions
O-8
Ser51 OH 1.81 Angstroms
Arg52 NH 2.07 Angstroms
Ser53 OH 2.02 Angstroms
Phe54 NH 2.38 Angstroms
0-10
Ser53 NH 2.11 Angstroms
Ser53 OH 1.52 Angstroms
Phe54 NH 1.68 Angstroms

O-28
Asn215 NH 2.17 Angstroms

3.7.12.ii Pi Stacking Interaction
Phe288 (~4.10A)
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3.7.13 Bisabosqual A with Implicit Solvent MM-PBSA
Ligand Energy (kcal/mol) = 34.5108

Protein Energy (kcal/mol) = -16392.5

Complex Energy (kcal/mol) = -16402.3

Binding Energy (kcal/mol) = -44.3108

Total Binding Energy (kcal/mol) = -36.8208

Entropic Energy (kcal/mol) = 21.97830

Ligand Conformational Energy (kcal/mol) = 4.52057
Ligand Conformational Entropy (kcal/mol-K) =1.2721

3.7.14 Bisabosqual B with Implicit Solvent Model MM-GBSW
CDOCKER ENERGY = 17.8552

CDOCKER INTERACTION ENERGY =-48.0724
Ligand Energy (kcal/mol) = 32.45848

Protein Energy (kcal/mol) = -13844.612305

Complex Energy (kcal/mol) =-13839.11752

Binding Energy (kcal/mol) = -26.96369

Total Binding Energy (kcal/mol) = -26.495

Entropic Energy (kcal/mol) = 21.98690

Ligand Conformational Energy (kcal/mol) = 0.46869
Ligand Conformational Entropy (kcal/mol-K) = 0.46869
Ludi Score Estimate 1 = 634

Ludi Score Estimate 2 = 524

Ludi Score Estimate 3 = 573

3.7.14.i H-bonding Interactions

O-8
Ser51 OH 2.00 Angstroms
Ser53 NH 2.05 Angstroms
Phe54 NH 1.92 Angstroms
0-10
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Ser53 OH 2.20 Angstroms

O-28
Asn215 NH 4.31 Angstroms

3.7.15 Bisabosqual B with Implicit Solvent MM-PBSA

Ligand Energy (kcal/mol) = 33.3937

Protein Energy (kcal/mol) = -14209.5

Complex Energy (kcal/mol) = -14190.1

Binding Energy (kcal/mol) = -13.9937

Total Binding Energy (kcal/mol) = -13.58306

Entropic Energy (kcal/mol) = 22.16350

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064

3.7.16 Bisabosqual C with Implicit Solvent Model MM-GBSW

CDOCKER ENERGY =16.2453

CDOCKER INTERACTION ENERGY =-62.1032
Ligand Energy (kcal/mol) = 53.11066

Protein Energy (kcal/mol) =-16094.274414
Complex Energy (kcal/mol) = -16093.69714
Binding Energy (kcal/mol) = -52.53339

Total Binding Energy (kcal/mol) = -47.84258
Entropic Energy (kcal/mol) = 22.02480

Ligand Conformational Energy (kcal/mol) = 4.69081
Ligand Conformational Entropy (kcal/mol-K) = 0.97872
Ludi Score Estimate 1 = 926

Ludi Score Estimate 2 = 716

Ludi Score Estimate 3 = 876
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3.7.16.i H-bonding Interactions
O-8
Ser51 OH 1.70 Angstroms
Arg52 NH 2.26 Angstroms
Ser53 NH 1.50 Angstroms
Phe54 NH 1.83 Angstroms
0-10
Ser53 NH 2.33 Angstroms
Ser53 OH 1.08 Angstroms
Phe54 NH 2.00 Angstroms

O-28
Asn215 NH 2.13 Angstroms

3.7.17 Bisabosqual C with Implicit Solvent Model MM-PBSA
Ligand Energy (kcal/mol) = 52.5954

Protein Energy (kcal/mol) = -16401.599

Complex Energy (kcal/mol) = -16381.

Binding Energy (kcal/mol) = -32.09579

Total Binding Energy (kcal/mol) = -31.68515

Entropic Energy (kcal/mol) = 22.02480

Ligand Conformational Energy (kcal/mol) = 0.41064

Ligand Conformational Entropy (kcal/mol-K) = 0.41064

3.7.18 Bisabosqual D with Implicit Solvent Model MM-GBSW

CDOCKER ENERGY = 2.0207

CDOCKER INTERACTION ENERGY =-54.633
Ligand Energy (kcal/mol) =-9.69705

Protein Energy (kcal/mol) =-16,189.732
Complex Energy (kcal/mol) = -16234.0406
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Binding Energy (kcal/mol) = -34.6111

Total Binding Energy (kcal/mol) =-27.151

Entropic Energy (kcal/mol) = 22.10980

Ligand Conformational Energy (kcal/mol) = 7.49669
Ligand Conformational Entropy (kcal/mol-K) = 0.41874
Ludi Score Estimate 1 = 615

Ludi Score Estimate 2 = 516

Ludi Score Estimate 3 = 730

3.7.18.i H-bonding Interactions
0-10
Ser51 OH 2.40 Angstroms
Ser53 NH 2.38 Angstroms
Phe54 NH 2.01 Angstroms

3.7.18.ii Pi-bonding Interactions
Phe54 pi-pi 5.44 Angstroms

3.7.19 Bisabosqual D with Implicit Solvent MM-PBSA
Ligand Energy (kcal/mol) =-12.4561

Protein Energy (kcal/mol) = -16478.00

Complex Energy (kcal/mol) = -16507.70

Binding Energy (kcal/mol) = -17.2439

Total Binding Energy (kcal/mol) = -14.6294

Entropic Energy (kcal/mol) = 22.10980

Ligand Conformational Energy (kcal/mol) = 2.61453
Ligand Conformational Entropy (kcal/mol-K) = 0.42593
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3.7.20 Comoupd 3.6 Data

L

Figure 3.35.Image of docked compoun8l.6 shown in the active site with neighboring residughe
protein surface area is rendered showing the elsetiic potential. The image on the left has tHap'f
removed; the arrows point to the closed hydrophdbiminus of the channel. The image on the right
shows the structure of compouBdb.

3.7.21 Compound 3.6 with Implicit Solvent MM-GBSW

CDOCKER ENERGY = 16.9953

CDOCKER INTERACTION ENERGY =-59.8039
Ligand Energy (kcal/mol) = 31.80727

Protein Energy (kcal/mol) = -16200.67382

Complex Energy (kcal/mol) = -16212.33407

Binding Energy (kcal/mol) = -43.46751

Total Binding Energy (kcal/mol) = -43.05687
Entropic Energy (kcal/mol) = 22.56020

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
Ludi Score Estimate 1 = 752

Ludi Score Estimate 2 = 612

Ludi Score Estimate 3 = 635

3.7.21.i H-bonding Interactions
O-8
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Ser51 OH 1.89 Angstroms

Phe54 NH 2.14 Angstroms
0-10

Ser53 NH 2.19 Angstroms

3.7.22 Compound 3.6 with Implicit Solvent MM-PBSA
Ligand Energy (kcal/mol) = 33.7047

Protein Energy (kcal/mol) = -16482.5

Complex Energy (kcal/mol) =-16470.9

Binding Energy (kcal/mol) = -22.10470

Total Binding Energy (kcal/mol) = -21.694

Entropic Energy (kcal/mol) = 22.56050

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064

3.7.23 Compound 3.7 Data

Figure 3.36.Image of docked compoun8l.7 shown in the active site with neighboring residughke
protein surface area is rendered showing the elsettic potential. The image on the left has tHap’f
removed; the arrows point to the closed hydrophediminus of the channel. The image on the right
shows the structure of compou8d.

3.7.24 Compound 3.7 with Implicit Solvent MM-GBSW

CDOCKER ENERGY =-2.34852
CDOCKER INTERACTION ENERGY =-64.1921
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Ligand Energy (kcal/mol) = 4.65169

Protein Energy (kcal/mol) =-161999.438

Complex Energy (kcal/mol) = -16238.82189

Binding Energy (kcal/mol) = -44.03510

Total Binding Energy (kcal/mol) = -43.62446
Entropic Energy (kcal/mol) = 23.14350

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
Ludi Score Estimate 1 = 655

Ludi Score Estimate 2 = 578

Ludi Score Estimate 3 = 759

3.7.24.i H-bonding Interactions
0-8
Ser51 OH 1.48 Angstroms
Phe54 NH 1.95 Angstroms

Arg52 NH 1.79 Angstroms

Arg77 NH 2.06 Angstroms
Arg77 NH 2.36 Angstroms

3.7.25 Compound 3.7 with Implicit Solvent MM-PBSA
Ligand Energy (kcal/mol) = 3.6911

Protein Energy (kcal/mol) = -16483.4004

Complex Energy (kcal/mol) = -16512.000

Binding Energy (kcal/mol) = -32.29071

Total Binding Energy (kcal/mol) = -31.8801

Entropic Energy (kcal/mol) = 23.14350

Ligand Conformational Energy (kcal/mol) = 0.41064
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Ligand Conformational Entropy (kcal/mol-K) = 0.41064

3.7.26 Compounds 3.8 Data

Figure 3.38.Image of docked compoun8l8 shown in the active site with neighboring residu€ke
protein surface area is rendered showing the elgetiic potential. The image on the left has tHap™f
removed; the arrows point to the closed hydrophddiminus of the channel. The image on the right
shows the structure of compouBd.
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3.7.27 Compound 3.8 with Implicit Solvent MM-GBSW

CDOCKER ENERGY = -5.03446

CDOCKER INTERACTION ENERGY = -54.6942
Ligand Energy (kcal/mol) = -5.06631

Protein Energy (kcal/mol) = -16186.4169

Complex Energy (kcal/mol) = -16237.169

Binding Energy (kcal/mol) = -45.68591

Total Binding Energy (kcal/mol) = -45.27527
Entropic Energy (kcal/mol) = 22.09270

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
Ludi Score Estimate 1 = 655

Ludi Score Estimate 2 = 531

Ludi Score Estimate 3 = 752

3.7.27.1 H-bonding Interactions
O-55
Cys289 SH 2.42 Angstroms
3.7.27.ii Pi-bonding Interactions
Phe54 pi-pi 5.14 Angstroms

3.7.28 Compound 3.8 with Implicit Solvent MM-PBSA
Ligand Energy (kcal/mol) =-7.69411

Protein Energy (kcal/mol) = -16468.400

Complex Energy (kcal/mol) = -16509.60

Binding Energy (kcal/mol) = -33.50550

Total Binding Energy (kcal/mol) = -33.09487

Entropic Energy (kcal/mol) = 22.09270

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
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3.7.29 Compounds 3.9 Data

Figure 3.40.Image of docked compoun8l9 shown in the active site with neighboring residu€ke
protein surface area is rendered showing the elgettic potential. The image on the left has tHap'f
removed; the arrows point to the closed hydrophdbiminus of the channel. The image on the right
shows the structure of compouBd®.
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3.7.30 Compound 3.9 with Implicit Solvent MM-GBSW

CDOCKER ENERGY = 14.7628

CDOCKER INTERACTION ENERGY =-62.19
Ligand Energy (kcal/mol) = 33.48973

Protein Energy (kcal/mol) =-16191.851562
Complex Energy (kcal/mol) = -16207.81171

Binding Energy (kcal/mol) = -49.44988

Total Binding Energy (kcal/mol) = -49.03924
Entropic Energy (kcal/mol) = 22.42560

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
Ludi Score Estimate 1 = 695

Ludi Score Estimate 2 = 596

Ludi Score Estimate 3 = 762

3.7.30.i H-bonding Interactions
0O-10
Ser51 OH 2.31 Angstroms
Phe54 NH 2.18 Angstroms
3.7.30.ii Pi-bonding Interactions
Phe54 pi-pi 5.80 Angstroms

3.7.31 Compound 3.9 with Implicit Solvent MM-PBSA
Ligand Energy (kcal/mol) = 35.9785

Protein Energy (kcal/mol) = -16478.50

Complex Energy (kcal/mol) = -16474.00

Binding Energy (kcal/mol) = -31.47850

Total Binding Energy (kcal/mol) = -31.0678

Entropic Energy (kcal/mol) = 22.4256

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
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3.7.32 Compounds 3.11 Data

Figure 3.42.Image of docked compourigl11 shown in the active site with neighboring residuElse
protein surface area is rendered showing the elgetiic potential. The image on the left has tHap™f
removed; the arrows point to the closed hydrophddiminus of the channel. The image on the right
shows the structure of compoudd 1

3.7.33 Compound 3.11 with Implicit Solvent MM-GBSW

CDOCKER ENERGY = 12.0869
CDOCKER INTERACTION ENERGY = -62.888

184



Ligand Energy (kcal/mol) = 33.977

Protein Energy (kcal/mol) =-16190.500

Complex Energy (kcal/mol) = -16207.600

Binding Energy (kcal/mol) = -51.0243

Total Binding Energy (kcal/mol) = -50.613

Entropic Energy (kcal/mol) = 22.8157

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
Ludi Score Estimate 1 =776

Ludi Score Estimate 2 = 657

Ludi Score Estimate 3 = 859

3.7.33.i H-bonding Interactions

O-10
Ser51 OH 2.45 Angstroms
Ser53 OH 2.34 Angstroms

Phe54 NH 2.17 Angstroms

3.7.33.ii Pi-bonding Interactions
Phe54 pi-pi 5.60 Angstroms

3.7.44 Compound 3.11 with Implicit Solvent MM-PBSA
Ligand Energy (kcal/mol) = 37.4387

Protein Energy (kcal/mol) = -16475.4003

Complex Energy (kcal/mol) = -16474.60

Binding Energy (kcal/mol) = -36.638

Total Binding Energy (kcal/mol) = -36.227

Entropic Energy (kcal/mol) = 22.4444

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064

185



3.7.45 Compounds 3.12 Data
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Figure 3.44.Image of docked compourigl12 shown in the active site with neighboring residuElse
protein surface area is rendered showing the elgetiic potential. The image on the left has tHap™f
removed; the arrows point to the closed hydrophddiminus of the channel. The image on the right
shows the structure of compoudd 2
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3.7.46 Compound 3.12 with Implicit Solvent MM-GBSW

CDOCKER ENERGY = 3.92655

CDOCKER INTERACTION ENERGY =-72.804
Ligand Energy (kcal/mol) = 36.2913

Protein Energy (kcal/mol) = -16191.00

Complex Energy (kcal/mol) = -16207.81171

Binding Energy (kcal/mol) = -56.642

Total Binding Energy (kcal/mol) = -56.231

Entropic Energy (kcal/mol) = 22.8157

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
Ludi Score Estimate 1 = 787

Ludi Score Estimate 2 = 659

Ludi Score Estimate 3 = 855

3.7.46.1 H-bonding Interactions

0O-8

Arg52 NH 2.26 Angstroms

O-10
Ser53 OH 2.32 Angstroms
Phe54 NH 2.20 Angstroms

3.7.46.ii Pi-bonding Interactions
Phe54 pi-pi 5.49 Angstroms

3.7.47 Compound 3.12 with Implicit Solvent MM-PBSA
Ligand Energy (kcal/mol) = 39.5618

Protein Energy (kcal/mol) = -16474.50

Complex Energy (kcal/mol) = -16473.70
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Binding Energy (kcal/mol) = -38.761

Total Binding Energy (kcal/mol) = -38.350

Entropic Energy (kcal/mol) = 22.8157

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064

3.7.48 Compounds 3.13 Data

3.13

P

Figure 3.46.Image of docked compourigl13 shown in the active site with neighboring residuElse
protein surface area is rendered showing the elsettic potential. The image on the left has tHap'f
removed; the arrows point to the closed hydrophdbiminus of the channel. The image on the right
shows the structure of compoudd 3
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3.7.49 Compound 3.13 with Implicit Solvent MM-GBSW

CDOCKER ENERGY =-19.513

CDOCKER INTERACTION ENERGY =-67.8252
Ligand Energy (kcal/mol) = 33.977

Protein Energy (kcal/mol) = -16,204.10
Complex Energy (kcal/mol) = -16253.30
Binding Energy (kcal/mol) = -52.8178

Total Binding Energy (kcal/mol) = -52.8178
Entropic Energy (kcal/mol) = 22.7547

Ligand Conformational Energy (kcal/mol) =0
Ligand Conformational Entropy (kcal/mol-K) =0
Ludi Score Estimate 1 = 724

Ludi Score Estimate 2 = 617

Ludi Score Estimate 3 = 709

3.7.49.i H-bonding Interactions

0-8
Ser51 OH 2.11 Angstroms
3.7.50 Compound 3.13 with Implicit Solvent MM-PBSA
Ligand Energy (kcal/mol) = 5.5026
Protein Energy (kcal/mol) = -16476.3007
Complex Energy (kcal/mol) = -16510.9
Binding Energy (kcal/mol) = -40.1018
Total Binding Energy (kcal/mol) = -39.691
Entropic Energy (kcal/mol) = 22.7547
Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
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3.7.51 Compounds 3.14 Data

SER51Y
-.“fi }\--'
ARG52 e v,

W ‘

- {’

ASP84

Figure 3.47.Compound 3.14 with its neighboring residues ingbtve site.

f. G y u
Figure 3.48.Image of docked compourigl14 shown in the active site with neighboring residuElse
protein surface area is rendered showing the elgetiic potential. The image on the left has tHap™f
removed; the arrows point to the closed hydrophddiminus of the channel. The image on the right
shows the structure of compoudd 4
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3.7.52 Compound 3.14 with Implicit Solvent MM-GBSW

CDOCKER ENERGY =-19.8218

CDOCKER INTERACTION ENERGY =-66.9701
Ligand Energy (kcal/mol) = -0.27352

Protein Energy (kcal/mol) = -16,204.828

Complex Energy (kcal/mol) = -16,255.262

Binding Energy (kcal/mol) = -50.1601

Total Binding Energy (kcal/mol) = -49.749

Entropic Energy (kcal/mol) = 22.70430

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
Ludi Score Estimate 1 = 722

Ludi Score Estimate 2 = 600

Ludi Score Estimate 3 =741

3.7.52.i H-bonding Interactions
0O-8
Ser51 NH 2.14 Angstroms

3.7.53 Compound 3.14 with Implicit Solvent MM-PBSA
Ligand Energy (kcal/mol) = 2.25386

Protein Energy (kcal/mol) = -16,471.3007

Complex Energy (kcal/mol) = -16,523.40

Binding Energy (kcal/mol) = -54.3508

Total Binding Energy (kcal/mol) = -53.940

Entropic Energy (kcal/mol) = 22.7043

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
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3.7.54 Compounds 3.15 Data
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Figure 3.50.Image of docked compourigl15 shown in the active site with neighboring residuElse
protein surface area is rendered showing the elsetiic potential. The image on the left has tHap'f
removed; the arrows point to the closed hydrophddiminus of the channel. The image on the right
shows the structure of compoudd 5
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3.7.55 Compound 3.15 with Implicit Solvent MM-GBSW

CDOCKER ENERGY =-17.8152

CDOCKER INTERACTION ENERGY =-67.6167
Ligand Energy (kcal/mol) = 15.8019

Protein Energy (kcal/mol) =-16,191.0

Complex Energy (kcal/mol) = -16,229.60

Binding Energy (kcal/mol) = -54.0102

Total Binding Energy (kcal/mol) = -53.599

Entropic Energy (kcal/mol) = 22.7003

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
Ludi Score Estimate 1 = 754

Ludi Score Estimate 2 = 610

Ludi Score Estimate 3 = 753

3.7.55.i H-bonding Interactions
0O-10
Phe54 NH 2.24 Angstroms

3.7.55.ii Pi-bonding Interactions
Phe54 Pi-Pi 5.078 Angstroms

3.7.56 Compound 3.15 with Implicit Solvent MM-PBSA
Ligand Energy (kcal/mol) = 17.9806

Protein Energy (kcal/mol) = -16473.3007

Complex Energy (kcal/mol) = -16495.80

Binding Energy (kcal/mol) = -40.4798

Total Binding Energy (kcal/mol) = -40.069

Entropic Energy (kcal/mol) = 22.7003

Ligand Conformational Energy (kcal/mol) = 0.41064
Ligand Conformational Entropy (kcal/mol-K) = 0.41064
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