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Abstract
The discovery of new methodologies to advance the fields dieynbrganic, nanoclusters, and
polymer chemistry is critical in thasymmetricsynthesis oforganic compoundsParticularly,
catalytic asymmetric oxidation reactions are economic. The oxidation reactions provide chiral
molecules and additional functiortglonto the molecules for functional group manipulation
New kinds of polymers, namely chiraslibstituted poBN-vinylpyrrolidinones (CSPVPSs),
stabilizethe bimetallic nanoclusters such BsfAu or CWAu and indue chirality. These chiral
polymers wrap aund the nanometeaized (~3 nm) bimetallic nanoclusters and catalyze a
number of enantioselective oxidation reactions using oxygen or hydrogen peroxide as the oxidant.
Cycloalkanediols were asymmetilty oxidized by 1 atm of oxygen gas to yieltdhe
corresponding hydroxyl ketone under the catalysis of Pd/Au (3i1)CSPVP nanoclusters.
Alkenes were oxidized by Pd/Au (3:0SPVPnanoclustersinder 2 atmospheric of oxygen in
water to give the sydihydroxylated products imigh chemical andexcellentoptical yields.
Various cycloalkanes underwent regiand enantieselective GH oxidation with Cu/Au
(3:1)}CSPVP and 30% hydrogen peroxide to produce the corresponding chiobexcules in
very good to excellent chemical and optical yields. We further discdaameenantioselective
desymmetrization o&,a -dialkenytalkanols anda,a -dialkenylamino acid ethyl esters to give
chiral disubstituted laohes and lactams, respectiveyr number of mediunsized natural
produd¢s and drugswere also oxidized regioselectively to give the corresponding
moncoxygeated products. A broasbectrum predictive & oxidation of complex molecules is
possible.Chapter 1 mainly discussed the synthesis and characterization of the neas alass
chiral substituted PVP and bimetallic nanoclusters. Chapter 2 focus on vandus kxidation

reactions by the catalysis of CSP%fbilizedbimetallicnanoclusters.



Among various bioluminescence assays, firefly luciferase based bioluminescence assays

are popular due to their high specific activity, low background noise and ease. éfowever, it
has been found that someomatic carboxylic acid substantially inhibited fivefly luciferase
reporter enzym@ activity. In order to study firefly luciferge inhibition and the proteins
associated with inhibition mechanism, we destgne  two
6-(dimethylamino)2-phenylisoindolinl-one derivatives asprobe moleculesThe gnthesis of
one probe molecules discussed irChapter3 and the further investigation of its inhibitory
activity on firefly luciferaseis being conducted bgur collaboator, Dr. Madoka Nakagomi at

Itsuu Foundation, Japan
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Abstract

The discovery of new methodologies to advance the fields of synthetic organic, nanoclusters, and
polymer chemistry is critical in thasymmetricsynthesis oforganic compoundsParticularly,
catalytic asymmetric oxidation reactions are economic. The oxidation reactions provide chiral
molecules and additional functionality onto the molecules for functional group manipulation
New kinds of polymers, namely chiralibstituted poRN-vinylpyrrolidinones (CSPVBs
stabilizethe bimetallic nanoclusters such Bs/Au or CWAu nanopatrticles and indachirality.

These chiral polymers wrap around the nanormgisd (~3 nm) bimetallic nanoclusters and
catalyze a number of enantioselective oxidation reactions usiygenyor hydrogen peroxide as

the oxidantCycloalkanediols were asymmetalty oxidized by 1 atm of oxygen gas to yidhe
correspondinghydroxyl ketone under the catalysis of Pd/Au (3i1)CSPVP nanoclusters.
Alkenes were oxidized by Pd/Au (3:0SPVPnanoclustersunder 2 atmospheric of oxygen in
water to give the sydihydroxylated products imigh chemical andexcellentoptical yields.
Various cycloalkanes underwent regiand enantieselective GH oxidation with Cu/Au
(3:1}>CSPVP and 30% hydrogen peide to produce the corresponding chiral @xolecules in

very good to excellent chemical and optical yields. We further discovered an enantioselective

desymmetrization od,a -dialkenytalkanols andh,a -dialkenyl™ amino acid ethyl esters to give

chiral disubstituted laohes and lactams, respectiver number of mediunsized natural
produd¢s and drugswere also oxidized regioselectively to give the corresponding
monac-oxygenated products. A broaspbectrum predictive €l oxidation of complex molecules is

possible Chapter 1 mainly discussed the synthesis and characterization of the new class of chiral



substituted PVP and bimetallic nanoclusters. Chapter 2 focus on variais dfiroxidation

reactions by the catalysis of CSP¥fabilizedbimetallicnanoclusters.

Among various bioluminescence assays, firefly luciferase based bioluminescence assays are
popular due to their high specific activity, low background noise and ease dflowever, it has

been found that somaromatic carboxylic acid substantially inhibited theefly luciferase
reporter enzym@ activity. In order to study firefly luciferge inhibition and the proteins
associated with inhibition mechanism, we destgne  two
6-(dimethylamino)2-phenylisoindolinl-one derivatives asprobe moleculesThe gnthesis of

one probe molecules discussed in Chapter &nd the further investigation of its inhibitory
activity on firefly luciferaseis being conductedybour collaboator, Dr. Madoka Nakagomi at

Itsuu Foundation, Japan.
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Chapter 1 - Synthesisand Characterization of Chiral Substituted

Poly-N-vinylpyrrolidones and Bimetallic Nanoclusters

(Partial of the resultand discussions in this chapter was publiShadd adapted with permission &furnal of the

American Chemical Societgopyright © 2016 American Chemical Socigty

1.1 Background and Significance

Catalystis consideredas a chemicalcompoundcapableof directingand acceleratingeactions
while remainingunalteredat the endof thereactions Therearemanytypesof catalystausedin

the industry or specific reactions, including transitim metal salts!? organic molecules?

enzymes? organometallic compound$” etc  They can be divided into groups as
heterogeneous,homogeneous and biological'® Beside the biological catalyst, the
homogeneousatalystsmostly havehigher catalytic activity sinceit candissolvein the solvent
and contactwith the substatesdirectly. However,they often decomposeapidly during the

reactionconditions.

100 — — —
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Figure 1. Inverse Relationship Betweenthe Total Number of Atoms in Full Shell Clusters

and the Percentageof Surface Atoms.
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Transition metal nanoclusterggain great interest recently due to their unique chemical and
physical propertiesresult from their nanedimensions” Metal clustershave a geometryrule
which is designedfull-shell or magic numberclusters The numberof atomsincreass while

the percentagef the surfaceatomsreduced (Figure 1)

Transition metal nanoclustersare nearly monodispersegarticlesand generallyare lessthan 4
nmin diameter Theyhavegeneratedjreatattentionsoverthe pastdecade Nanoclusterslso
havenotablepotentialas new type of catalystsandthey also havehigh activity and selectivity
than standardmetal catalysts Without stabilizing material, the metal nanoclusterslikely
aggregatedueto their high surfaceareato volumeratio. To overcomeaggregatiorandprovide

high nanoclusterstability, polymekstabilizedmetalnanoclusterfavebeenused™

Polymersciencewhich focuseson primarily syntheticpolymers,becomes hot researctareain
therecentyears Developingmethodsfor the synthegs of polymerwith specific functionalis
critical on bothresearchandindustrypurpose Polymerstabilizedchiral catalystsandreagents
have received considerableattention in regard to organic synthesis of optically active
compound$?  The use of polymerstabilized catalysts has become one of the essential
techniquesin organic synthesis '®*?  From the point of view of green chemistry, the
polymerstabilized chiral catalysis method provides a clean and safe alternative method of
asymmetrigprocesses Not only their practicalaspectbut alsothe particularmicroenvironment
they may createin a polymer network will make them attractive for utilization in organic
reactions,especiallyin stereoselectivesynthesis Chiral polymer synthesis that is directed
towardchiral catalysts must be developedn this case the polymer,which will be usedfor the
stabilization of bimetallic nanoclustersas asymmetriccatalyst,needto induce a stereogenic

centeronthepolymes.



Most polymeric supportmaterialsusedfor the chiral catalysthavebeencrosslinkedpolystyrene
derivativesmainly because®f their easypreparatiorandintroductionof functionalgroupsonthe
side chain of the polymer™ ¥  Each polymer support would provide a specific

microenvironmenfor thereactionif theycanbe preciselydesigned

Alloying has been serving as an effective method for modifying the catalytic properties of
transitionmetal surfaces. Supported bimetallic clusters regularly exhibit catalytic properties
superior to those of their singteetal counterpartd®'”  For this reasonthey have attracted
great interest imecent year§®®.  Due to the high ratio of surface area and voludiféerent

kinds of supporting materials are needed, including inorganic oxickbon organic
ligands!?® organic polymer§? etc. However, the use of chiral polymers as supporting
material and chiral inducers has not been developEerein,poly-N-vinylpyrrolidinone which

is so called PVP asabbreviate havebeenfocusedandchiral subgituted PVP wasdesignedand
synthesized Normally, PVP is a polymeric fine chemical obtained from its monomer,
N-vinylpyrolidinone (NVP), by free radical polymerizationin laboratory It is solublein water

with a very high solubility, and also solublein most of the organicsolvent,suchas alcohols,
carboxylicacids,halogenalkanes estersketonesandTHF. Moreover,PVP s relatively stable

underhigh temperatur@ndno significantchangesinder250°C.

1.2 Synthesisof Chiral Substituted Poly-N-vinylpyrrolidinone

Poly-N-vinylpyrrolidinone, as a chain polymeric material,hastwo waysto inducethe chirality
including sidechain chirality and main-chain chirality[21].(Figure 2) Sincethereareonly two
carbonthe backboneof PVP in eachunit and polymerizationwith the radicalmechanismit is

difficult to control the chirality on the mainchain of PVP. Making a chiral substituted
3



N-vinylpyrrolidinone, as the monomer of chiral substitutedPVP, becomesimportant and
sufficient In particular,with the successfukynthesisof CSPVP,we realizal the tacticity of

CSPVPis notrandomlyassembleéh certaincass. | will discusst later!?

ol Ao

< chiral ligand
Figure 2. Polymer Having a Side-chain Chiral Ligand or Main-chain Chiral Ligand.

On the five-memberedpyrrolidinonering, thereare three secondarycarbonswhich caninduce
the stereogeniccenter Baseon that we designedand synthesizedwo classesof CSPVPs
Oneis the 5-substitutecthiral polymer,andthe otheroneis the 3,4-disubstititedchiral polymer.

(Figure 3)

R R
? 3 4 Y © Q.X?
o/ZAQ > oéQ R O?O

Figure 3. (a) PVP (b) 5-substituted Chiral PVP (c) 3,4-disubstituted Chiral PVP.

1.2.1Synthesisof 5-Substituted Chiral PVP

We synthesizedour 5-substitutedchiral PVPs 1™ 4 from cheapoptically pure amino acids

(Table 1) The syntheic procedurecan be divided into two parts, the synthesisof the

correspondingnonomerandpolymerization



e) o) iy O "
n
1 2 3 4
MW 106,000 MW 68,000 MW 76,000 MW 56,500

Table 1. 5-Substituted Chiral PVP 1™ 4.

The syntheticroutefor the monomerof CSPVP1 is shownin Schemel. Chiralcompounddl
were made from L-amino acids by following a reported proceduré?*?® N-Boc-O-t-butyl
L-serine7 is commerciallyavailablematerialor madefrom L-serine5. L-serire was basified
with LiOH, complexedwith BF3AEtO; to protectboth aminogroupandcarboxylicacid, followed
with protectingthe hydroxyl group by isobutyleneand removedboron complexwith NaOH to
afford O-tert-butyl L-serine(6). The aminogroupin compaind 6 was protectedby Boc,O in
the presencef baseto give compound?’. Compound? wascoupledwith Meldrum@ acid with
coupling reagentDCC and DMAP, followed by reductionof the ketonefunction with sodium
borohydride cyclizationunderheat,andremoval of both the Boc group and O-tert-butyl group
with trifluoroaceticacid (TFA) in CH,Cl, under50 °C to give compoundll Consequently,
(R)-5-benzhydryloxymethyP-pyrrolidinone (12) was synthesizedfrom the alkylation of
compoundl1 with sodiumhydrideandbenzhydrylbromide N-Vinylation of 12 with Na,PdCl,,
K,CO; and vinyl acetaté? under anhydrous conditon gave corresponding

N-vinylpyrrolidinones13 with 51%yield.



1) LiOH )< O-tBu
OH o

2) BF3 Et20 Boc.0 NaHCO
0 0Cy a 3 B OH
OH THF45°C OH o T OC\N
H,N 3) H3PO, dioxane HoN THF H

0 4) iso-butylene -20°C fe) ©
. 5) NaOH 6 7
t-Bu-O. t-Bu-O
Meldrum's acid o O\A NaBH 0 O\A toluene
DCC, DMAP 4 reflux
> Boc\N 9 ACOH Boc\N 9 _—
CH2C|2 H CH2C|2 H
(e} O (6]
8 9
I} A 10% TFA ¢<—> OH  NaH ﬂ OCHPh
Ol N — > TN ———— 0N S 2
éoc CH,Cl, ||4 Ph,CHBr |1|
50°C,5h
10 11 12
(83% overall yieldin three steps) (99% yield) (88% yield)
“oac ﬂ OCHPh,
—_— O N S
Na,PdCl, k
K,CO4 ~

13 (51% yield)

Schemel. Synthesisof N-vinyl-5-benzhydryloxymethylpyrrolidinone (13).

Notably, if compoundl0 with 10% TFA in methylenechloridebeingrefluxedunder50 °C for 5
hours, both the Boc group and O-tert-butyl group were removed However, under room
temperaturefor 2 hours, only Boc group in compound10 was removedby 10% TFA in
methylenechlorideto give compoundl4. Compoundl5 was obtainedby the N-vinylation of
compoundL4 with vinyl acetateby the catalysisof Na,PdCL underbasecondition!*”? Moreover,
the synthesisof compound21, asthe monomerof CSPVP3, canbe madewith similar method

from Boc-phenylaniline (Scheme2)



A\
7% TFA A/j otBu ~ OAC oy, /O FBU
O "'I/I//C)-t-BL'I —— O N III// O N II//
N H.Cl | NaZPdCI4
| CHxCl, H K,CO ~
Boc 25°C, 15 min s
10 14 15
(98% yield) (42% vyield)
Ph Ph
Ph Meldrum's acid o O\A NaBH, ° O\A
DCC, DMAP
Boc\N OH > BOC\N o AcOH BOC\N ©
H CH,Cl, H CH,CI H
S 5 o 2Ll 0
16 o 18
toluene
reflux A/_) pp 10%TFA /O ph 7 Ohe J\_) Ph
o N gy o N e O N 1
) CH,Cl, N Na;PdCly K
Boc 25°C, 2 h K,CO3
19
. 20 21
(88% overall yield (99% yield) (51% vyield)

in three steps)

Scheme2. Synthesisof N-vinyl-5-substituted pyrrolidinone 15& 21.

The preparation gboly-N-vinyl-5-substitutedpyrrolidinonel - 3 were carried ouby dispersion

polymerizationwith N-vinyl-5-substitutecgpyrrolidinone(CSNVP) 13, 15, 21, as initial monomer,

poly(N-vinyl-5-substituted pyrrolidoneco-vinyl acetate) 22 - 24 as dispersant,

and 2,

2 -Bfobisisobutyronitrile (AIBN) as initiator'?® (Scheme 3 The copolymerization process of

CSNVP 13, 15, 21 and 1 equiv of vinyl acetate with free radical initiator for both vinyl
compoundswvere refluxed in acetone to give corresponding copolymafter the formation of
copolymer, hexane was added to precipitate the polar polymer from acetone For the
polymerizationof CSNVP, Z h a gra@up prepaed polyvinylpyrrolidone (PVP) microspheresn
ethyl acetate by dispersion polymerization with NVP as initial monomer,
poly(N-vinylpyrrolidoneco-vinyl acetate)(P (NVP-co-VAc)) as dispersantand AIBN as free
radicalinitiator.”¥ Sincethe monomer N-vinyl-5-substitutecpyrrolidinone,is muchmorebulky

than normal NVP, the connectionof the free radical on the vinyl carbonbecomesnuch more
7



difficult andneedshigherenergyto form the backboneof polymer  High temperaturendhigh
concentratiorof the monomemwasconductedn the polymerizationstep Polymerizationof 13,
15, 21 separatelywith a catalytic amountof AIBN and in the presenceof 1% of respective
copolymer22 # 24 in DMF at 120€ for 7 daysgavepolymersl # 3. CSPVPis solublein
DMF anddiethyl ethelis alsoneededo isolate CSPVPfrom solvent Polymer4 wasprepared
throughthe removalof the tert-butyl group of polymer 15 with 10% TFA in dichloromethane
All the four CSPVPsare white solid and graduallybecomesticky after exposingin the air with
theabsorptiorof moisture.

- al 1
ﬂ':// 1 eq. vinyl acetate 070' "R
(@) N /Rl - N

»> AcO

k AIBN, acetone NM
~ reflux, 30 h

[ m
13 : R? = CH,OCHPh, 22: R! = CH,OCHPh,
15 : R = CH,0O-t-Bu 23: R! = CH,0-t-Bu
21: R = CH,Ph 24: R' = CH,Ph

0 N 7N >

1% 12, 13 or 14 .
K DMF, 120°C
n

13 : R! = CH,OCHPh, 1: R! = CH,OCHPh, (85% vyield)

15 : R = CH,O-t-Bu 2 : R! = CH,O-t-Bu (84% vyield)

21 :R'= CH,Ph 3: R! = CH,Ph (90% yield)

TFA O¢Q-~,,,, _OH

2 —_— >

4 (96% yield)

Scheme3. Polymerization for 5-substituted Chiral PVP.



The modification of CSPVP,suchasthe stepfrom CSPVP2 to CSPVP4, providesa sufficient
method to get new CSPVP containing different functional group with different size and
properties | havealsotried to synthesizeCSPVP1 from CSPVP4 by treatmentCSPVP1 with
NaH and benzhydrylbromide Undera very harshreactioncondition, only 92% of the units
werereactedandremainedd% of hydroxyl grouponthenewpolymers It is becausehe bulky
groupis difficult to connectonto the limited spacein the polymersin same certaintacticity of
CSPVR It also gives side evidencethat the 5-substitutedchiral PVP, at least CSPVP4 is
atactic It canalsobe confirmedby **C NMR which showsmanysetsof signalon the similar
carbonfrom differentunits Both R- and S-steeochemistry(labelled* in Table 1) arelikely
presentedn the stereogenicenterin the polymeralkanebackboneandtheyarenotidentifiable

Presumablythis stereogenicenterof the polymerscanbeisotactic,atactic,andsyndotactic 9

1.2.2Synthesisof 3,4-Disubstituted Chiral PVP

With the experiencefrom the successfukynthesisof 5-substitutedchiral PVP, a new classof
CSPVPwas designed,due to the hypothess that in the bimetallic CSPVP nanoclustersthe
substituenton the pyrrolidinone ring controls the stereochemicabutcome of the reactions,
resuting in asymmetricoxidations Two new polymers25 & 26 (Table 2) are derivedfrom
D-isoascorbicacid (27), an inexpensivestarting material comparingwith chiral amino acids

especiallytheunnaturalaminoacids.

The synthess of polymer 25 & 26 was achievedfrom the corresponding monom@B & 34.
Chiral compoud 32 wasmade fromD-isoascorbic acicby following a reportedprocedurd®>3®
31 (Scheme ¥ D-Isoascorbiacid (27) was oxidative cleaved B30% hydrogenperoxideand
sodiumcarbonate Acetonideformationwas carried out by the couplired compound28 with

acetone under the catalysis of anhydrous GuS@ompound9 was treated witlsodiumazide
9



in N,N-dimethylformamidgDMF) at 100°C to open the lactone ring withyStype mebanism,
followed by the reduction otheazidofunctionwith hydrogenandPd/Cin methanoland yielded

very polar compoun®1. After heating compoundl under high vacuunand heat (126C),
compound32 is formed and sublimated by using a sublimatdrinylation of chiral lactam32

with vinyl acette (distilled), potassium carbonate and catalytic amountfreshly prepared
NaPdCl at 50C gave N-vinyllactam 33 in an 80% yield?? Compare with Ssubstituted
pyrolidinone, the yield of vinylation significantly increased, may due to the steric hinderance
effectin 1 - 4. The nitrogen in compoun83 is on a much opener site for an easfaster

vinylation and avoiding the side products.

Q ‘ /Q><c)\
0 N Oé\/Nj
oy e
n n
25 26
MW 75,000 MW 92,000

Table 2. 3,4-Disubstituted Chiral PVP 25& 26

To get compound34, similar procedurewas done by using 3-pentanoneansteadof acetoneto

give (3aR,6aR-2,2-diethytdihydrofuro[34-d][1,3]dioxol4(3aH}one  After the azidation,
reductionand sublimation,a new pyrrolidinone analogwith diethyl group was obtainedand

becamedifficult for the vinylation without clear reason Therefore,a new ketal exchange
reactionwas discoveredby dissolvingcompound33 in 3-pentanonevith addingzinc chloride
under65°C to distill off the producedacetonefor 40 hoursto yield 67% of the desiredproduct
34.
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o (¢ N4
DHO,  HO,  OH P Qo o Q 9
Na,CO; ) \ D NaN3 / \
— ) Ho—( )
2) HCl 0™ CuSO, 0™>g DMF 100°C O N
28 29 30
(95% yield) (89% yield) (42% yield)

X 0

X o
a o L e U

Q O -
Pd/C . Sublimation —
Methanol Hoﬁ é\/j
N HN 07>\ Na,pdcl, © N znCl,
2 H K2CO3 §
31 32 33
/><\ (99% yield) (63% yield) (80% vyield)
Q 0
Ao
N
34
(67% vyield)

Schemed4. Synthesisof N-vinyl-3,4-disubstituted pyrrolidinone 33 & 34.

Similarto CSPVP1i 4, CSPVP25 & 26 werepreparedseparatelyn about90%yield by heating
N-vinyl pyrrolidinonederivatives33 & 34, 1% of respectivecopolymer35 & 36 anda catalytic
amount of azobisisobutysnitrile (AIBN) in ethyl acetateat 70 °C for 2 days The
polymerizationconditiors are milderand reactiors time are significantly dropped,compaing

with CSPVPLi 4, mayalsodueto thesizeof the CSNVP.

11



Ri. Ro R)liz
O>< o oo
J\_) vinyl acetate
(@] N o N AcO
AIBN, acetone
S reflux, 30 h /NTM
33:R; =Ry =CHjs 35:R; =R, =CHj Yield: 82%
34: Ry = Ry = CHCH3 36: R, = R, = CH,CHj3 Yield: 87%
e "

/A/j AIBN Oﬂ
0= Ny N
K 1% 35 or 36 *
X EA, 70°C .
33: Rl = R2 = CH3

34: Rl - RZ - CH2CH3 25: Rl = R2 = CH3 Yield: 90%
26: R, =R, = CH,CH; Yiled: 91%

Schemeb. Polymerization for 2,3-Disubstituted Chiral PVP 25& 26.

1.2.3Characterization of Chiral Substituted PVP

All the CSPVPsare water soluble and their molecular weights were determinedby gel

permeatiorchromatographwith CSPVPwatersolutionin Dr. S h iL&b# Grain Science, KSU
(Figure 4) TSKgel GMHxI columnwas usedand THF as eluentsolventwith a flow rate of 1

mL/min. The molecule weight (Mw) was shownin Table 1 and Table 2. Baseon the
calculation,the degreeof polymerizdion for CSPVPL, 2, 3, 25, 26 are345,345,378,409,436,
respectivelywhich meansthe methodfor polymerizationis constant Becausehe relatively
difficulty for the polymerizationdegree of polymerizatiorDf) of CSPVP1i 3 aresmallerthan

CSPVP25 & 26.
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Figure 4. Gel Permeation Chromatography Chart of CSPVP1.

The polydispersityindexis usedasa measuref the broadnessf a molecularweightdistribution
of a polymer,andis definedby: Polydispersityindex (Pl) = Mw / Mn. The numberaverage
molecularweight,abbreviateasMn, is the statisticalaveragemolecularweightof all the polymer
chainsin the sample,andthe weight averagemolecularweight, shownas Mw, is quotedfor a
molecularweightdistribution Thereis an equalweight of moleculeson eitherside of Mw in
the distribution The larger the polydispersityindex, the broaderthe molecularweight A
monodispers@olymerwhereall the chainlengthsare equalhasan Mw/Mn = 1. Baseon the
resultsfrom GPC the polydispersityindex for CSPVPsare around1.05to 1.1.(Table 3) The
resultsuggestedhe size of CSPVPsare uniform from the dispersionpolymerizationmethod®

andmaygive constantresultson the catalyticactivity of the bimetallicCSPVPnanoclusters.

CSPVP1 CSPVP25 CSPVP26
Mw 106,184 75,245 91,988
Mn 100,602 68,185 85,232
Polydispersityindex 1.055 1.104 1.079

Table 3. Polydispersity Index of CSPVP1,25& 26.
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The averagesizes,size distribution were also studiedby dynamic light scattering(DLS). In
Figure 5, PanelA andC aretheautocorrelatiorfunctionovertime of 1 & 26 in H,O (deionized)
solution with concertration of 0.12 mol/L, respectively,PanelB and D are size distribution
graphof 1 & 26in H,O solutionwith concentratiorof 0.12mol/L. DLS graphsof 1 showeda
major ensembleof 121 20 nm sizesparticleswith an averagesize of 18.6 nm alongwith a few
152 nm-sizedparticles,suggestinghatdifferentshapesandfew largeaggregatesvere presented
in the aqueoussolution Similarily, DLS graphsof 26, taken on ZetaPALS zeta potential
analyzey showeda majorensembleof 11i 18 nm sizesparticleswith anaveragesizeof 14.6nm
alongwith a few 158 nm-sizedparticles The sizeof polymerparticleis alsoin a narrowband

whichfit theresultof polydispersityfrom GPCanalysis.

From the image oftamic force microscopy (AFM) obtained frodanoscopdlla SPM atomic
force microscopethe size of the polymer can also be measufaglife 6) In panel A and C,
AFM imageof CSPVP1 & 26 are shown and indicated the shaped sizef the polymers.
PanelB and Dmeasurghe height(Y axis)andwidth (X axis)of polymerl & 26. On the mica,

the CSPVPs appeared unshaped with a diametef580 nmand a height of 1 nm.

The NMR spectrum is difficult to analysis for the polymers since the signdld NMR are
broad and*C NMR is complexunless the@olymer isregularly assembled. THeéi & *C NMR
of commercially available PVP, CSPVP" 3 are all difficult to analyze which meartke
stereogenic centeon the polymersbackbonecan be isotactic, atactic, and syndiotalic
Fortunately it likely has lesser effean the asymmetric oxidation reactionkich will discuss
later. However, asedon the **C NMR spectraof polymers25 and 26, they likely adapted
syndiotacticor isotacticstereocheiistry in the polymer backbone.For examplethe **C NMR

spectrumof polymer 25 showsonly 12 signalshavingd values(in ppm) of 160.9 (C=0), 1135

14



(O-C-0), 74.7(C-0), 73.0(C-0), 488 (C-N), 47.7 (C-N), 43.0 (CHy), 42.7 (CH-N), 29.2 (CHy),
28.5 (CHy), 8.4 (CH3) and 7.0 (CHj3), the simplicity of signal patentssuggest the polyar was

regularly assembled during polymertizatiomeTexactly tacticity will be studied and confirmed.

100

co) -
’ g

a
5 181 126

Figure 5. Dynamic Light Scattering Studiesof CSPVP1 (A & B) & 26 (C & D).

Since the purpose of making the differémbctionalized CSPVP is used for inducing chiral

environment on the asymmetric synthesis, the catalyst, CSRWRizedbimetallic nanoclusters

was synthesized.
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Figure 6. A RepresentativeAtomic Force Microscopy I mageand Measuement of

Particle Height for CSPVP1 (A & B) & 26(C & D).

1.3 Synthesisand Characterization of CSPVP Stabilized Bimetallic

Nanoclusters

Various of ranoclusterdor different purposehave been made bpumberof methodsincluding
molecularbeamschemial reduction,thermaldecompositionjon implantation,electrochemical
synthesisradiolysis,sonochemicabynthesisand biosynthesi$*3 We havesynthesizedsarious
bimetallic nanoclustersncluding Pd/Au and Cu/Au, usingthe chemicalreductionmethod™ in

the presenceof various of CSPWs We usedgold due to its high catalytic activity and

synergisticelectroniceffects which will enhance the catalytic activity of Pd and&g> 32

1.3.1 Synthesisof Pd/Au-CSPVP Nanoclustersand Cu/Au-CSPVP Nanoclusters

16



In the bimetallic nanoclustershoth the valencesof two metalsare 0, which meansthe high
valencemetalsaltneedto bereducedn thesolution. Forexamplé?, asolutionof Na,PdCl, (3
equiv.), HAuUCl, (1 equiv.),and CSPVP1 (0.11 equiv) in deionizedwater was well mixed to
give ayellow solution Toit, 40 equiv. of NaBH, wereaddedunderice bathandstirredunder
roomtemperaturdor 30 min (Scheme6) to give a light brownto dark grey solutiondepending
on the concentrations After addingNaBH,, Pd(Il) in Na&PdCl, and Au(lll) in HAuCl, were
reduced to Pd(0) and Au(0), respectively The color of the solution changesto black
immediatelyto indicatethe formationof Pd/AurCSPVPnanoclusters Becausehe presencef
CSPVPas supporting materiaPd(0) and Au(0) do not aggregatedue to the metal atom or
nanoclustecomplexwith the carbonylof CSPVPR Different from the bulky metal(0), the high
solubility of CSPVPstabilizedbimetallic nanoclustersn water makesthe nanesize metalasa
homogeneouglispersionwithout precipitate. Without CSPVP,Pd and Au will form black
precipitate after adding NaBH suggesting CSPVP is nessecary for the formation of

nanoclusters.

Theoriticdly, only 9 equiv.of hydride areneeded for theeduction of Pd (Il) (3 equiv.) and Au
(1 (1 equiv.). Therefore, focertain reaction, especially-& oxidation, only 8 equiv. of NaBH

was added to avoid the large excess NaiBHuencing the reaction outcome

Similarly, Cu/Au-CSPVPnanoclustersvere synthesizedusing the chemicalreductionmethod
CuCl, is a good Cu saurce which hasa high solubility in water, easily storageand relatively
stability. However,the Cu/Au-CSPVPnanoclustersnadefrom Cu (ll) arenot stabledueto the
precipitation Therefore, CuCl was used for preparing the Cu/Au-CSPVP nanoclusters
Notably, CuCl can be slowly oxidized by HAuCl, to give CuChL. To avoidit, CSPVP(0.11
equiv), HAuCl,; (1 equiv.) and NaBH, (40 equiv.) were addedinto 0 °C CuCl (3 equiv.) in

deionizedwater solutionin sequenceo give a dark brown solution The solutionwas stirred

17



underroom temperaturdor 30 minutesand Cu/Au-CSPVPnanoclustersolution wasreadyto

usefor theasymmetriccatalyticreactions (Schemeb)

H,0O

3 Na,PdCl, + 1 HAuCI;3H,0 + 0.11 CSPVP —————>  Pd/Au (3:1)-CSPVP
NaBH,

25°C,0.5h

H,O
3 CuCl + 1 HAuCI,3H,0 + 0.11 CSPVP ————— Cu/Au (3:1)-CSPVP
NaBH,
25°C, 0.5 h
Scheme6. The Synthesisof Pd/Au-CSPVP Nanoclustersand Cu/Au-CSPVP

Nanoclusters.

For the CSPVPstabilizedbimetallic nanoclustercatalyzedoxidation reaction,the nanoclusters
catalyst solution was used directly into the reaction But for the characterizationof
nanoclustersthe crudenanclustersolutionwasfiltered througha Vivaspin 20 centrifugalfilter
device (3,000 MWCO), washedwith deionizedwater twice to remove low MW inorganic
materials andlyophilized to give a powder Theresultingnanoclustes wasdissolvedin water

to cerfain concentratiorandsubjectedo analyss.

1.3.2 Characterization of Pd/Au-CSPVP Nanoclusters and Cu/Au-CSPVP

Nanoclusters

It has been reported the carbonyl in the amide group in PVRagadinatedvith the surface of
Pd in the nanoclustet¥ 31  Because of the chelatiomeamideC=0 have greater character of
4 0-c=N" Which give the pyslidinonering at 1648 cm* of polymer26 in IR spectrumshifted
to 1643.5 cm™* for CUAu (3:1)-26 and 1641.9 cmi* for Pd/Au (3:1)-26. The shift of CéAu

(3:1)26 suggests the similar chelation for Cu and CSR¥Rure 7)
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Pd/Au Complexwith CSPVP.

As a nanomaterial severalkinds of microscopyor size distribution analysiswere conducted

including atomicforce microscopy(AFM), transitionelectronmicroscopy(TEM) and dynamic
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light scattering(DLS). In AFM imagesobtainedfrom Nanoscopellla SPM atomic force
microscope(Figure 8) 50-100 nmin diametersand~ 5 nmin heightsof sphericalparticleswere
found for both Pd/Au-CSPVR6 and Cu/Au-CSPVR6, asexample And in DLS which was
taken on ZetaPALS zeta potential analyzer (Figure 9) 90-120 nm sized nanopatrticleswvere
revealedn Pd/Au-CSPVR26 and Cu/Au-CSPVR26 watersolutionswith a concentratiorof 4.36
mol/L PdAu (3:1) or Cu/Au (3:1)and0.12mol/L CSPVR26, suggestinghe size of polymer26
wrapped particleswas ~7.5 times larger than polymer 26 alone (14.6 nm shown irFigure 5),
andthemeasuredaizesof the particlesfrom AFM andDLS weresimilar. Small amount of 27
14 nm size particles shown in DLS may indicate the free CSPVP which was not chelate with

metals.
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Figure 8. A Representative Atomic Force Microscopy Image and Measurement of

Particle Height for Pd:Au-CSPVP26 (Panel A & B) and Cu:Au-CSPVP26 (PanelC & D).
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Figure 9. Dynamic Light Scattering Resultsfor Pd:Au-CSPVP26 (PanelA & B),
Cu:Au-CSPVP26 (PanelC & D).

TEM images which is takenon FEI CM100 TEM instrument revealedaveragediametersof
332+ 1.08nmand341+ 1.13 nmfor Pd/Au(3:1)}26 andCu/Au (3:1)26, respectively The
nanasizes(3i 4 nm) of the nanoclustersre similar to thosereportedfor Pd/Au usingPVP asa
stabilizer’’® *¥ The approximatetotal numbersof metal atomsand moleculesof polymerin a
spherical nanocluster can be calculated utilizing the magiccluster sizes Nia =
1/3(10r*-15rf+11n-3), wheren is the numberof layersof shellin the metallicnanoparticlesvith
facecenteredcubic closepackedstructuré® Since the averagesizesof Pd/Au (3:1)}-26 and
Cu/Au (3:1)26 nanoclustersare 3.32 and 341 nm, respectively(from TEM), utilizing the

aforementionectquationtherearerespectively~727 and 923 atomsof Pd/Au (3:1) and Cu/Au
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(3:1) in ananoclusterandeachnanoclusterarestabilizedby approximately20 and25 polymers,

respectively The calculation is shown below:

For Pd/Au (3:1)-2:

(diameters for Au and Pd are 0.288 and 0.275, respectively.)

Diameter d = (3 x 0.275 + 0.2884 = 0.278

Nanocluster diameter: 11.9d = 3.32 nm (the diameter of Pd/Au is obtained from TEM)
The shell number: n =6.5

The number of atoms in a 3.32nm nanocluster: N = 1/3[10E&h2 + 1117 3] = 727 atoms
Mole of metals in each nanocluster: 1.210¢4mol

Mole of CSPVP in each nanocluster: 1.21 x210x 0.11 / 4 = 3.3 x 18 mol

Number of CSPVP in each nanocluster: 3.3 x2Bx Ny (Avogadro number) = 3.3 x 123 x
6.022 x 1023 = 20.0

For Cu/Au (3:1)-2:

(diameters for Au and Cu are 0.288 andb8,2espectively.)

Diameter d = (3 x 0.256 + 0.288) / 4 = 0.264

Nanocluster diameter: 12.9d = 3.41 nm (the diameter of Cu/Au is obtained from TEM)
The shell number: n=7

The number of atoms in a 3.41 nm nanocluster: N = 1/3[1LAEH2 + 111 3] = 923 abms
Mole of metal in each nanocluster: 1.53 ¥10

Mole of CSPVP in each nanocluster: 1.53 x2ll0x 0.11 / 4 = 4.22 x 18

Number of CSPVP in each nanocluster: 5.3 3% 6.022 x 1023 = 25.4
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Becauseof the numbersand extendedstructureof the chird polymer,the sizesof the bimetallic
nanocluster/polymeioundby AFM andDLS aremuchlargerthanbimetallicnanoclustersound

in TEM (the polymercannotbe observedy TEM).
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Figure 10. RepresentativeTEM I mageand Measurement of the Diameter for

Pd:Au-CSPVP26 (PanelA & B), Cu:Au-CSPVP26 (PanelC & D).

Moreover, the elementalnalysis including inductively coupled plasmeass spectrometry
(ICP-MS) were carriecbut. Results of the ICRIMS, taken orNexION® 3000 showeda ratio
of 2.985+ 0.1720f PdandAu in the Pd/Au (3:1)26 sample anda ratio of 3.148+ 0.4320f Cu
andAu in the Cu/Au (3:1)-26 sample This is in agreemenbf the 3:1 ratio of the two metals
usedin the preparatiorof nanoclusters To digest the metatlisamples, the following method is

used. To a solution ofLl0 my of Pd/Au (3:1)26 or Cu/Au (3:1)26 in 100nL of deionized water
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was added 2 mL of aqua regia solutio@fC under sonication for 3 h, and the solution was cooled
to 25°C, diluted to 1 mlwith a 1%HNO3/2% HCI solution. The resulting solution was diluted to

certain concentration for the IERS analysis.

In wdie-scanXPS spectum of the Pd/Au-1 and Cu/Aul,(PanelA & C) major elements of the
polymer, carbon (C 1s at 284.6 eV), oxydénls at 530.6 eV), and nitrogen (N 1s at 398.6 eV)
are shown. Panel B & Cshowedthebindingenergyof two maximumsat84.1eV and335.1eV
derived from 4f;;, Au and 3ds, Pd, respectivelyin Pd/Au-1 sample Similarly, 932.7 eV
derivedfrom 2py, Cu isalso appeared in CAu-1 samplein Panel B3 X-ray photoelectron

spectroscopyXP9S) study was performed onRHI 5400XPS system (Figure 11)

The UV-vis spectrum of Pd/A26 and CuAu-26 were also obtaineffom Agilent Cary 100
UV-Vis Spectrophotomete(Figure 12) It is clearly shows th presence of strong signal at 303

nm in the nanoclusters which is very weak ie@8SPVR26 alone.

In order tostudythe chrality of CSPVP stabilized bimetallic nanoclusters, circular dichroism
(CD) was taken odasco B15 Circular Dichroism@D) Spectopolarimeter(Figure 13) For the
CSPVR6 in water solution wh a concentration of 0.011 mMlone, there is only a slight
negative band on 520 nm. But after formthg bimetallic nanoclusters, they exhibit positive CD
band at 280 nm and strong band & &én, which is similar like the reported chiral polymers and
chiral Au nanocluster€®3%4%  The strong optical absorptions are not from CSE&/ metals.

It has been reportdtie (R}Auzg and (S)Ausg nanoclusters presented midiaraged CD spectra
with similar optical absorption but on oppossign. It illustrated the chirality of nanoclusters can
be performed by CD spectraThe presence of strong optical absorptionPid/Au-26 and

Cu/Au-26 indicatethe nanoclusters solution is a chiral environment.
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Figure 13. Represeatative CD spectraof Cu:Au-CSPVP26 & Pd:Au-CSPVP26(top

panel), CSPVP 26 (middle panel), and Au, Cu, and Pd standard solution as controls

1.4 Conclusion

In this chapter, the synthesis ofvd classes of new polymers, namely chsabstituted
poly-N-vinylpyrrolidinones (CSPVPs) werdiscussed From the characterization results, the
CSPVPs are uniform. Theyereused forthe stabilization ofthe bimetallic nanoclustersuch
asPdAu or CWAu andinducted of chirality into the nanmaterial The size, component and
other physical / chemical properties of thimetallicnanocluster§~3.5 nm), which arewrapped

around bychiral polymers werealso studied and discussed

1.5 Synthetic Experimental Procedures

1.5.1General

'H NMR spectra400MHz) and**C NMR spectra(100 MHz) weremeasuredrom a solutionin

CDCl; unlessotherwisementioned The chemicalshift datafor eachsignal on 'H NMR are
givenin units of d relativeto TMS (d = 0) or CHCl5 (d = 7.26)in ppm  For **C NMR spectra,
the chemicalshifts are recordedrelative to CDCl; (d = 77.0) Low-resolutionmassspectra
were taken from an APl 2000triple quadrupole ESFMS/MS mass spectrometer
High-resolutionmassspectrawere obtainedusing a WatersLCT Premiertime of flight mass
spectrometer IR spectrawere measuredlirectly in solid form from Agilent Cary 630 FTIR
UV-Vis spectra were obtained from Agilent Cary 100 -MM Spectrophotometer.Optical

Rotation were measured Bpdenseewerk Perkielmer & Co Gmbh Ueberlingen.
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1.5.2Representative Synthesis

Poly[(5R)-5-(benzhydryloxymethyl)-1-vinylpyrrolidin -2-on€g (1). (BH7-041)

To ahot (120°C) solutionof 1.2 mg (1% by weight) of copolymer24 in 0.5 mL of DMF under
argon were added120 mg (0.43 mmol) of commund 13 and 0.28 mg (1.7 nmol) of AIBN.

The solutionwasstirredfor 6 daysat 120°C (until no monomerl3 wasfound by NMR spectrum
of an aliquot from the reactionsolution), cooledto 25°C, and diluted with diethyl ether The
precipitatewas collected by filtration, dried under vacuumto give 102 mg (84% yield) of

polymer 1 as a white solid. The averagemolecular weight of polymer 1, 106,000, was
determinedby gel permeationchromatographyusing TSKgel GMHxI column and THF as
solventwith a flow rateof 1 mL/min. *H NMR d 7.3/6.8 (m, 6 H, Ph), 6.6/ 6.3 (m, 4 H, Ph),
3.8/3.76(m, 1 H), 3.413.0(m, 3H), 2.451.0(m, 7H). “CNMR d176.1175.4, 145.5144.5,
128.6124.3, 72.469.1, 69.067.2, 45.941.5, 40.639.3, 37.834.4, 32.234.6, 19.018.5. IR

(neat)n 3050,2954,2890, 1650(s), 1462,1441,1423,1290

Poly[(5R)-5-(tert-butoxymethyl)-1-vinylpyrrolidin -2-one](2). (BH4-048)

O%D"II/O
*
n

2
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To a solutionof 90 mg (0.45 mmol) of monomerl15 and2 mg of copolymer22 in 0.2 mL of
ethyl acetateunderargon was addeda solution of 0.3 mg of AIBN in 0.1 mL of ethyl acetate
Thesolutionwasheatedo reflux for 14 h, cooledto 25°C, dilutedwith diethyl etheyrandfiltered
to collect the white solid. The solid was dried undervacuumto give 76 mg (83% vyield) of
polymer2. Theaveragemolecularweightof polymer2 was68,000,which wasdeterminedoy
gel permeationchromatographysing TSKgel GMHxI columnand THF assolventwith a flow
rateof 1 mL/min. 'H NMR d 4.0/ 3.0(m, 4 H), 2.5/ 1.4 (bm, 6 H), 1.71(bs,9 H, t-Bu). The
polymer was usedin the subsequentatalytic asymmetricoxidation reactionswithout further

purification.

Poly[(5R)-5-(benzyl)-1-vinylpyrrolidin -2-one](3). (BH1-046)

To asolutionof 0.30g (1.5mmd) of monomer21 and3 mg of copolymer23in 0.6 mL of ethyl
acetateunderargonwas addeda solution of 1 mg of AIBN in 0.1 mL of ethyl acetate The
solutionwas heatedto reflux for 6 h, cooledto 25°C, diluted with diethyl ethey andfiltered to
collea the white solid. The solid was dried under vacuumto give 0.27 g (89% yield) of
polymer3. Theaveragemolecularweightof polymer3 was76,000,which wasdeterminedcoy
gel permeationchromatographysing TSKgel GMHXxI columnand THF assolventwith a flow
rateof 1 mL/min. *H NMR d 7.25 6.25(m, 5 H, Ph), 4.0/ 3.0 (m, 4 H), 2.5/ 1.2 (m, 6 H); *°C
NMR d 175.8174.8, 145.2144.9, 139.8135.0, 45.241.3, 30.530.2, 19.818.6. The polymer

wasusedin the subsequentatalyticasymmetricoxidationreactionswithout furtherpurification.

Poly[(5R)-5-(hydroxymethyl)-1-vinylpyrrolidin -2-one](4). (BH4-076)
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A solutionof 0.20g (3 mmol) of polymer2 and 34 mg (0.3 mmol) of trifluoroaceticacidin 0.2
mL of CH,Cl, wasstirredat 25°C for 2 h, andconcentratedo drynesso give 0.14g (96% yield)
of polymer4. The averagemolecularweightof polymer4 was56,480,which wasdetermined
by gel permeationchromatographysing TSKgel GMHxI column and THF as solventwith a
flow rateof 1 mL/min. *H NMR d 4.112.8 (m, 4 H), 2.511.25(m, 7 H). The polymerwas

usedin the subsequentatalyticasymmetricoxidationreactionswithout further purification.

(S)2-Amino-3-tert-butoxypropanoic acid (6) (BH4-039)

A solutionof 0.5 g (4.7 mmd) of L-serineand0.197g (4.7 mmol)of L i O BAIN 3 mL of
deionizedwaterwasstirredfor 1 hour, concentratedo give white solid as serinemonollithium
salt and dissolvedin 7.05mL of anhydrousTHF. To it, 2.82 mL of BF;A EQ was dropwise
added,stirred under Ar at room temperatureovernightand 45 °C for 2 hoursto give a gray
solution The resultingsolution was concentrataindervacuumand the residuewas dissolved
in 14.7mL of dioxanein a sealtube Toit, 0.21mL of 85% H3PO, wasaddedand cooledto
-20°C followed by 20 mL of isobutylene(by introducing the gas directlyiito the seaéd tube
reactorandreactunderroomtemperaturdor 2.5 hours,evaporatedll theisobutyleneaddedlN

NaOH solutionto pH = 10, concetirated undervacuumto give 3.1g crude productas white
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solids. This mixture (containingé and other inorganic saltsyas usedin the following step

without furtherpurification.

(S)-3-tert-Butoxy-2-(tert-butoxycarbonyl)propanoic acid (7) (BH4-043)

To asolutionof 3.1gof crudematerialt-Bu-serine(6) in 10 mL of 1:1 THF/H,O solution,3 eq
of NaHCG; and1.2 eqof Boc,O wereaddedat 0°C underice bathandstirredovernightunder
roomtemperatureextractedwvith 3 x 10 mL diethylether Thecombinedorganiclayerwas
acidifiedwith concentrateditric acidto pH = 4-5, extractedwvith 3 x 10 mL dichloromethang
washedwith brine,dried overanhydrousodiumsulfate,concentratéo give desiredoroduct

TheNMR datais the sameasthe commercidly availablecompound.

(S)-tert-Butyl
3-tert-butoxy-1-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)-1-oxopropan-2-ylcarbamate (8).
(BH7-030)

t-Bu-O

o} O\A
Boc\N)\;[N/O
H

o 0]
8

A solution of 4.0 g (15.3 mmol) of N-Boc-O-tert-butyl-L-serine (7), 3.3 g (23 mmol) of
Meldrunts acid (2,2dimethytl,3-dioxane4,6-dione) and 2.8 g (22.9 mmol) of
4-(dimethylamino)pyriding DMAP) in 80 mL of dichloromethanainderargonwas cooled to

0°C over an ice-water bath To it, a solution of 3.47 g (16.8 mmol) of
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N, Mibdyclohewlcarbodiimide(DCC) in 20 mL of dichloromethanevasaddeddropwise The
mixture was stirred for 12 hours underargonandthe precipitatel (N,N&dicyclohexylureawas
removedby filtration The filtrate waswashedwith 50 mL of 5% HCI, andthenwater,dried
(anhydroudNa,SQy), andconcentratedo drynesdeaving5.83g of compound asa white solid.
This compoundwas usedin the following stepwithout further purification *H NMR d 5.67

5.63(m, 1 H), 5.49'5.47(m, 1 H), 3.74 3.70(m, 2 H), 3.62(s, 1 H, NH), 1.76(s,3 H), 1.73(s, 3
H), 1.46(s, 9 H), 1.26(s,9 H). *C NMR d 206.8,172.7,152.3,105.9,79.0,75.0,62.0,60.6,
59.9,30.0(3C),28.4(3C), 25.6(2C). MS (ESI,MeOH): m/z= 388.7([M + H]*).

(R)-tert-Butyl
3-tert-butoxy-1-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)propan-2-ylcarbamate (9).
(BH7-031)
tBu-O g O\A
Boc\H)\j[n/o
. o}

To acold (0°C) solutionof 5.80g (15.2 mmol) of compound8 in 150 mL of dichloromethane
underargonwere added5.51 g (91.8 mmol) of aceticacid and1.51 g (39.8 mmol) of NaBH,.
The solutionwasstirredat 0°C for threehoursandat 25°C for 12 hours, diluted with 30 mL of
water, the dichloromethanelayer was separated,and the water layer was extracted with
dichloromethan¢hreetimes The combinedorganic layerswerewashedwith waterandbrine,
dried (anhydrousfNa,SQy), concentratedo give ayellow oil, which wascrystallizedfrom diethyl
etherto give 5.27g of compound asa white solid. *H NMR d 5.08 5.09(m, 1 H), 4.08 4.00
(m, 1 H), 3.62(s, 1 H, NH), 3.45 3.41(m, 2 H), 2.5{ 2.45(m, 1 H), 2.16 2.01(m, 1 H), 1.80(s,
3 H), 1.72(s, 3 H), 1.40(s,9 H), 1.05(s, 9 H); *C NMR d 208.0,174.6,151.0,105.7,79.3,74.7,
69.8,49.6,47.1,31.9,28.4,25.7. MS (ESI,MeOH): m/z= 374.0([M + H]*), 299.9.
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(R)-N-(tert-Butoxycarbonyl)-5-(tert-butoxymethyl)-pyrrolidin -2-one(10). (BH7-032)

O
Oﬂl}l.””/ 7<

Boc

10
A solutionof 5.26g (14.10mmol) of compound in 40 mL of tolueneunderargonwasheated
to reflux for 6 hours, cooledto 25°C, corcentratedundervacuum andcolumnchromatographed
on silica gel usinghexaneand ethyl acetatg(4:1) aseluentto give 3.44 g (83% overall yield in
threesteps)of compoundL0 asa yellow oil. [a]p?? = +80.7(c 1.0, CHCL):; *H NMR d 4.09
4.07(m, 1 H), 3.52(dd,J = 10, 4 Hz, 1 H), 3.31(dd, J = 10, 1.6 Hz, 1 H), 2.56(dt, J= 17.6,9.6
Hz, 1 H), 2.20(dd,J=17.6,9.2Hz, 1 H), 2.05 1.84(m, 2 H), 1.40(s, 9 H), 1.02(s,9 H). °C
NMR d 175.3,150.1,82.6,73.2,62.9,58.0,32.5,28.2,27.5,21.7 MS (ESI, MeOH): m/z=
294.1([M + NaJ"), 272.0([M+ H]"), 194.1,172.1,116.0 HRMS-ESI: m/z[M + H]" calcdfor
C14H26NOy: 272.1862found: 272.1887.

(R)-5-(Hydroxymethyl)pyrrolidin -2-one(11). (BH7-033)

OﬂN""'l//OH

|
H

11

A solution of 1.0 g (3.6 mmol) of compound10 in 5 mL of 10% trifluoroacetic acid in
dichloromethanewas stired at 50°C for 5 hours, cooled to 25°C, and diluted with
dichloromethane The solutionwaswashedwith an aqueoussolution of NaHCG;, thenwater
andbrine, dried (MgSQy), concentratedo give 0.42g (99% yield) of compoundll asa brown
oil. This materialwasusedin the subsequenstepwithout further purification  [a]p?? = -60.2
(c 1.0, CHCL); *H NMR d 6.71 6.6 (bs, 1 H, NH), 4.46 (dd, J = 11.2,4 Hz, 1 H), 4.21(dd, J =
11.2,7.2Hz, 1 H), 4.15 4.04(m, 1 H), 2.54 2.32(m, 4 H, CH, andOH), 1.98 1.87 (m, 1 H);
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13C NMR d 181.6,65.2,57.5,30.3,22.3;MS (ESI,MeOH): m/z= 116.0([M + H]*, 100%),98.1
HRMS-ESI: m/z[M + Na]" calcdfor CsHgNO,Na'": 138.053found: 138.0537.

(R)-5-(Benzhydryloxymethyl)pyrrolidin -2-one (12). (BH7-043)

. OCHPh
OﬂN "I//// 2

|
H

12
To a cold (0°C) solutionof 0.43 g (3.74 mmol) of compound11 in 1 mL distilled THF under

argon,wasadded0.15¢ (3.74mmol) of NaH (60% in mineraloil; NaH waswashedwice with
dried diethyl ether) The mixture was stirred at 0°C for 30 minutesand added1.11 g (4.48
mmol) of bromodiphenylmethane The mixturewasstirredat 50°C for 12 hours, diluted with 1
mL of H,O, and the organic THF layer was separatedand concentratedunder vacuumand
columnchromatographedn silica gel usinga gradientmixture of hexaneandethyl acetateasan
eluentto give 0.93g (88%yield) of compoundL2 asabrownoil. [a]p?*=-63.2(c 1.0, CHCL);
H NMR d 7.4i 7.2 (m, 10 H, Ar), 6.06'5.98 (bs, 1 H, NH), 5.35(s, 1 H), 3.95 3.88(m, 1 H,
CHN), 3.48(dd,J=9.6,3.6 Hz, 1 H, CHO), 3.36(dd,J=9.6,8 Hz, 1 H, CHO),2.411 2.27(m, 2
H, CH,C=0),2.24i 2.14(m, 1 H), 1.79°1.68 (m, 1 H); **C NMR d 178.1,141.8(2 C), 128.7(4
C), 127.9(2 C), 127.1(4 C), 84.1,73.0,54.1,29.9,23.4; MS (ESI|, MeOH): m/z= 304.1([M +
Na]"), 194.0,167.1 HRMS-ESI: m/z[M + NaJ" calcd for CygH1oNO,Na': 304.1313;found:
304.1320.

(R)-5-(Benzhydryloxymethyl) -1-vinylpyrrolidin -2-one (13). (BH7-048)

. OCHPh
O&O “wy S 2

K

13
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To asolutionof 1.20g (4.27mmol) of compoundL2in 50 mL of vinyl acetatainderargon were
added4.0g of 3 A molecularsieves27 mg (0.34 mmol) of Nap;PdCl, ard 1.06g (7.69mmol) of

K,COs. The mixture was stirred at 50°C underargonfor 28 hours, cooledto 25°C, filtered,

concentratedunder vacuum and column chromatographean silica gel using a mixture of

hexaneanddiethyl ether(1:1) asaneluentto give 0.67 g (51% yyield) of purecompoundl3 asa

brownoil. [a]p?? = +24.6(c 1.0, CHCL); *H NMR d 7.35 7.20(m, 10 H), 6.98(dd, J = 16.4,
9.2Hz, 1 H, CH=), 5.31(s, 1 H), 4.38(d, J= 9.2 Hz, 1 H, =CH,), 4.34(d, J = 16.4Hz, 1 H,

=CH,), 4.13 4.08(m, 1 H), 3.68(dd, J= 9.2,4.8 Hz, 1 H), 3.52(dd,J = 9.2,2.8 Hz, 1 H), 2.70
(dt,J=17,10Hz, 1 H), 2.42 2.34(m, 1 H), 2.20' 2.11(m, 2 H); **C NMR d 178.8,142.5,138.1,
128.7(4 C), 127.9(2 C), 127.1(4 C), 96.8,84.2,73.6,54.0,30.2,23.7.  MS (ESI, MeOH): m/z
=330.1(]M + Na]'). HRMS-ESI: m/z[M + Na]" calcdfor CyH,:NO,Na": 330.1470;found:

330.1490.

(R)-5-(t-Butyloxymethyl)pyrrolidin -2-one (14). (BH4-057)

O¢Q"""/ /O-t-Bu

|
H

14
A solutionof 10.2g (37.5mmol) of compoundl0in 100mL of 7% trifluoroaceticacid (TFA)
in dichloromethanevasstirred at 25°C for 15 minutesandthendiluted with 30 mL of saturated
NaHCG;.  The mixture was separated,and the aqueous layer was extracted with
dichloromethane The combined organic layer was washedwith water, and brine, dried
(MgSQy), concentratedo give 6.28 g (98% yield) of compoundl14 as a brown oil. This
materialwas usedin the subsequenstep without further purification [a]p?? = -10.8 (c 1.0,
CHCL); *H NMR d 7.8 7.72(bs, 1 H, NH), 3.94/ 3.86(m, 1 H, CHN), 3.43(dd, J= 9.0,3.2 Hz,
1 H, CH,0), 3.25(dd,J=9.0,8.0Hz, 1 H, CH,0), 2.61i 2.45(m, 2 H, CH,C=0), 2.28 2.18(m,
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1H), 1.86 1.75(m, 1 H), 1.18(s,9 H); **C NMR d 175.5,74.4,65.2,59.7,32.4,28.0(3 C), 22.5
MS (ESI, MeOH): m/z= 194.1([M + Na]"; 100%),172.3 HRMS-ESI: m/z[M + Na]" calcd
for CoH17/NO,Na'": 194.1157found: 194.1172.

(R)-5-(t-Butyloxymethyl)-1-vinylpyrrolidin -2-one(15). (BH4-058)

. O-t-Bu
O%D "I[///

K

15
To asolutionof 2.0g (11.6 mmol) of compoundl4 in 35 mL of vinyl acetataunderargon were
added4.0g of 3 A molecularsieves0.27g (0.9 mmol) of Na,PdCl, and2.25g (16.3mmol) of
K,COs. The mixture was stirred at 50°C underargonfor 14 hours, cooledto 25°C, filtered,
concentratd under vacuum and column chromatographean silica gel using a mixture of
hexaneandethyl acetatg1:2) asan eluentto give 0.96g (42% yield) of purecompoundl5 asa
yellow oil. [a]p??= +9.6(c 1.0, CHCl); *H NMR d 7.0(dd, J = 16,9 Hz, 1H, CH=), 4.45(d, J
=9 Hz, 1 H, =CH,), 4.44(d, J= 16 Hz, 1 H, =CHj), 4.06 4.00(m, 1 H, CHN), 3.52(dd,J= 9.2,
4.8Hz, 1 H, CH,0), 3.41(dd,J=9.2,2.8Hz, 1 H, CH,0), 2.64 (dt, J= 17.2,10.8 Hz, 1 H),
2.352.26(m, 1 H), 2.14i 2.05(m, 2 H), 1.13(s,9 H); **C NMR d 175.3,139.7,93.1,74.6,63.5,
58.8,32.4,2 8 . 2 ( 3 MSESI, MBOH): Bi/z= 220.2(IM + NaJ"), 198.2(M+H"), 187.1
HRMS-ESI: m/z[M + Na]" calcdfor C;;H10NO,Na'": 220.1313found: 220.1333.

(S)-tert-Butyl

1-(2,2dimethyl-4,6-dioxo-1,3-dioxan-5-yl)-1-oxo-3-phenylpropan-2-ylcarbamate (17).
(BH1-042)
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17

A solutionof 1.33 g (5.0 mmol) of Boc-L-phenylalanine1.08 g (7.5 mmol) of Meldrunits acid,
and 0.95 g (7.5 mmol) of 4-(dimethylamino)pyriding(DMAP) in 70 mL of dichloromethane
underargonwascooledto 0°C overanice-waterbath To it, asolutionof 1.13 (5.5mmol) g of
N, MibdyclohexylcarbodiimidéDCC) in 15 mL of dichloromethanevasaddeddropwise The
mixture was stirred for 12 hours underargonandthe precipitated (N,N&dicyclohexylurea)was
removedby filtration The filtrate was washedwith 5% HCI twice, and then water, dried
(anhydrousN&S(Qy), and concentratedo drynessleaving 1.90 g of 17 as white solid. This
compoundvasusedin thefollowing step without furtherpurification *H NMR d 7.3-7.15(m,
5H), 4.5/4.4(m, 1 H), 4.34.2(m, 1 H), 3.993.8(m, 1 H), 2.8 2.7(m, 2 H), 1.7(s,3 H), 1.65(s,
3 H); 3¢ NMR d 207.5,170.8,153.1,135.8,129.6(2 C), 128.9(2 C), 127.4,105.7,80.3,62.7,
60.3,33.8,28.4,26.8.

(R)-tert-Butyl 1-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)-3-phenylpropan-2-ylcarbamate

(18). (BH1-043)
Ph

o O\A
BOC\N)\IN/O
H

(0]
18

To acold (0°C) solutionof 1.90g (4.85mmol) of compoundl7 in 25 mL of dichloromethane
underargonwere addedl1.75g (29.1 mmol) of acetic acid and0.48 g (12.6 mmol) of NaBH,.
The solutionwasstirredat 0°C for threehoursandat 25°C for 12 hours, diluted with 30 mL of
water, the dichloromethanelayer was separated,and the water layer was extracted with

dichloromethanghreetimes Thecombinedorganiclayerswerewashedwith waterandbrine,
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dried (MgSQy), concentratedo give 1.78 g of compoundl8 asa white solid. This compound
was usedin the subsequenstepwithout further purification *H NMR d 7.357.19(m, 5 H),

4.48 4.43(m, 1 H), 4.24 4.20(m, 1 H), 3.9213.90(m, 1 H), 2.88 2.83(m, 2 H), 2.31/ 2.11(m,

2 H), 1.81 (s, 3 H), 1.77 (s, 3 H), 1.25(s, 9 H); **C NMR d 174.7,150.2,137.3,129.6 (2 C),

129.0(2 C), 127.1,83.2,59.2,39.7,31.3,28.3 (3 C), 21.8M*¥ MS (ESI, MeOH): m/z= 400.2
(M + NaJ]").

(R)-N-(tert-Butoxycarbonyl)-5-benzylpyrrolidin -2-one (19). (BH1-029)

Oﬂ"u,”/ Ph

)
Boc

19

A solutionof 0.35g (0.93mmol) of compoundl8in 20 mL of tolueneunderargonwasheated
to reflux for 4 hours, cooledto 25°C, concentratedand column chromatographedn silica gel
usinghexaneandethyl acetatg4:1) aseluentto give 0.23g (88%overallyield in threesteps)of
compound 19 as a yellow oil. The material was used in the subsequentstep without
purification [a]p?* = +48.7(c 1.5, CHCL); Lit.1*! +48.5(c 1.50,CHCL). 'H NMR d 7.34
7.29(m, 2 H), 7.28 7.24(m, 1 H), 7.20' 7.17(m, 2 H), 4.39 4.34(m, 1 H, CHN), 3.13(dd, J =
13.5,4 Hz, 1 H), 2.73(dd, J= 13.5,9.6 Hz, 1 H), 2.35 2.27(m, 2 H), 2.20 1.90(m, 1 H), 1.85
1.76 (m, 1 H), 1.57(s, 9 H); °C NMR d 174.8,150.1,1373, 129.6(2 C), 129.0(2 C), 127.1,
83.3,59.3,39.7,31.3,28.4(3C),21.8 MS (ESI,MeOH): m/z= 298.1([M + Na]").

(R)-5-Benzylpyrrolidin -2-one (20). (BH2-053)

OEN""'I// Ph

|
H

20
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A solution of 1.0 g (12.9 mmol) of compound19 in 5 mL of 10% trifluoroacetic acid in
dichloromethanevasstirred at 25°C for 2 hours,dilutedwith dichloromethaneandwashedwith
an10%aqueousolutionof NaHCG;, thenwaterandbrine,dried (MgSQy), concentratedo give
0.619g (96% yield) of compound20 as a brown oil. This materialwasusedin the subsequent
stepwithout further purification  [a]p?? = +39.7 (¢ 1.19, EtOH); Lit.[*¥ +39.6 (c 1.19, EtOH).
'H NMR d 7.33 7.12(m, 5 H), 5.95 5.90(bs, 1 H, NH), 3.92 3.83(m, 1 H, CHN), 2.83(dd, J =
13.4,5.6 Hz, 1 H), 2.72(dd, J= 13.4,7.6 Hz, 1 H), 2.34 2.20(m, 3 H), 1.89 1.80(m, 1 H); **C
NMR d 178.1,137.8 129.3(2 C), 129.2(2 C), 127.1,55.9,43.2,30.3,27.2; MS (ESI, MeOH):
m/z=198.1([M + NaJ").

(R)-5-(Benzyl)}-1-vinylpyrrolidin -2-one(21). (BH2-059)

. Ph
O¢O iy /S

K

21
To asolutionof 0.60g (3.42mmol) of compound20in 30 mL of vinyl acetateinderargon were
added2.0 g of 3 A molecularsieves ;88 mg (0.30 mmol) of Na,PdCl, and0.86g (6.2 mmol) of
K,COs. The mixture was stirred at 50°C underargonfor 28 hours, cooledto 25°C, filtered,
concentratedunder vacuum and column chromatographedn silica gel using a mixture of
hexaneanddiethyl ether(1:1) asan eluentto give 0.46g (67% Yyield) of purecompound21 asa
yellow oil. [a]p?? = +38.3(c 1.0, CHCL); *H NMR d 7.34i 7.23(m, 3 H), 7.18 7.14(m, 2 H),
7.08(dd,J=16.4,9.6 Hz, 1 H, =CH), 4.63(d, J= 16.4Hz, 1 H, =CH,), 4.60(d, J= 9.6 Hz, 1 H,
=CH,), 4.22 4.17 (m, 1 H, CHN), 3.00(dd, J = 14, 3 Hz, 1 H), 2.81(dd, J = 14, 8 Hz, 1 H),
2.2412.17(m, 1 H), 2.10'1.91(m, 3 H); **C NMR d 173.7,137.1,129.7,128.9(2 C), 128.4,
127.1(2 C), 95.3,57.0, 36.6, 30.1, 22.8; MS (ESI, MeOH): m/z= 224.1([M + NaJ’), 202.0
(M+H"; 100%) HRMS-ESI: m/z [M + NaJ" calcd for Ci3HisNONa: 224.1051; found:

224.1076.
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Copolymer 22 from (R)-5-(benzhydryloxymethyl)-1-vinylpyrrolidin -2-one(13) and
vinylacetate (BH7-040)

Oﬂ""‘”CHzOCHPhZ

N AcO

AN

22
To asolutionof 93 mg (0.33 mmol) of compoundl3 and28 mg (0.33 mmol) of vinyl acetatan
0.15 mL of acetoneunderargon wasaddedl10 mg (0.066 mmol) of AIBN, andthe solutionwas
stirredunderreflux for 30 h.  The solutionwascooledto 25°C, diluted with hexaneandstirred
for 10 min. Thewhite precipitatewascollectedby filtration, dried undervacuumto give 0.106
g (88%yield) of copolymer22 asawhite solid. *H NMR d 7.50'6.3(m, 11H, Ph& CH), 3.6i
1.0(m, 16 H).

Copolymer 23 from (R)-5-(tert-butoxymethyl)-1-vinylpyrrolidin -2-one (15) and vinylacetate
(BH3-035)

T -1-
OE | CHzo t-Bu

N AcO

AN

23
From 30 mg (0.15 mmol) of 15, 13 mg (0.15 mmol) of vinyl acetateand 0.25 mg of AIBN,
copolymer23, 39 mg (90%yield), wasobtained ‘H NMR d4.90 2.75(m, 5 H), 2.70'0.80(m,
20H).

Copolymer 24 from (R)-5-benzyk1-vinylpyrrolidin -2-one(21) and vinylacetate (BH1-045)

40



N AcO

A
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From 50 mg (0.25mmol) of monomer21, 21.4 mg (0.25mmol) of vinyl acetateand0.7 mg of

AIBN, copolymer24, 65mg (91%yield), wasobtained *H NMR d 7.20'6.80(m, 3 H), 6.75
6.30(m, 2 H), 3.50'3.00(m, 3 H), 2.5/1.1(m, 13 H).

Poly[(3aR,6aR)-2,2-dimethyl-5-vinyl-dihydro-3aH-[1,3]dioxolo[4,5-c]pyrrol -4(5H)-one] (25).
(BH9-043)

25
To a solutionof 0.3 mg (0.2 by weight) of copolymer 35 in 0.5 mL of ethyl acetateunder

argon were added70 mg (0.38 mmol) of compound33 and 0.3 mg (2 nmol) of AIBN. The
solutionwasstirredfor 2 daysat 70°C (until no monomer33 wasdetectedoy NMR spectrumof

analiquotfrom thereactionsolution),cooledto 25°C, anddilutedwith hexane The precipitate
was collectedby filtration, dried undervacuumto give 63 mg (90% yield) of polymer25 asa
white solid. Theaveragemolealar weightof polymer25, 75,000(n = 410),wasdeterminedy
gel permeatiorchromatographysing TSKgel GMHxI columnandwaterassolventwith a flow

rateof 1 mL/min. [a]p®?=-74.3(c 1.6, H,0); *H NMR d 4.7/ 4.3(m, 2 H, CHO), 3.8/ 3.0(m,
3H, CHN, CH,N), 1.6/ 1.1(8 H, CH,, 2 CHs); ®*CNMR d161.0,113.0,74.7,72.1,48.7,47.8,
46.1,45.6,27.2,25.9.IR (neat)n 3020, 2940, 2143 1648 (s), 1420, 1285, 1169 1024, 830.
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Poly[(3aR,6aR)-2,2-diethyl-5-vinyl-dihydro-3aH-[1,3]dioxolo[4,5c]pyrrol -4(5H)-one] (26).
(BH10-016)

To a solutionof 0.4 mg (0.2 by weight) of copolymer36 in 0.8 mL of ethyl acetateunder
argon wereadded0.18 g (0.99 mmol) of compound34 and0.72mg (4 nmol) of AIBN. The
solutionwasstirredfor 2 daysat 70°C (until no monomer34 wasdetectedoy NMR spectrumof

analiquotfrom thereactionsolution),cooledto 25°C, anddilutedwith hexane The precipitate
was collectedby filtration, dried undervacwm to give 0.16 g (91% yield) of polymer26 asa
white solid. Theaveragemolecularweightof polymer26, 92,000(n = 436),wasdeterminedy
gel permeatiorchromatographysing TSKgel GMHxI columnandwaterassolventwith a flow

rateof 1 mL/min. [a]p® =-1389 (c 1.8, H,0); "H NMR d4.7i4.6 (m, 2 H, CHO), 3.7i 3.0
(m, 3 H, CHN, CH,N), 1.6/ 1.3 (6 H, CH,), 0.9/0.6 (m, 6 H, CHs); °C NMR d 160.9,113.5,
74.7,73.0,48.8,47.7,43.0,42.7,29.2,28.5,8.4, 7.0. IR (neat)n 3423, 2949, 28841648 (s),

1460, 1420, 1270, 842; UNis 299nm (e = 4509 L mol*cmY).

(3R,4R)-3,4-Dihydroxy -dihydrofuran -2(3H)-one (28). (BH11-084)
HO ~ OH

2

@)
28

To acold (0 °C) solutionof 17.6g (0.1 mol) of D-isoascorbiacid (27) in 250mL of H,0, 21.2g
(0.2mol) of N&xCO3; and22.7 g (0.2 mol) of 30% H,0, wereaddeddropwise,the solutionwas

stirred at 0 °C for 10 minutesand 42 °C for 30 minutes To the reactionsolution, 4.0 g of
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activatedcharcoalwasaddedn portionover 10 minutes,andthe mixturewasstirredat 80 °C for
30 minutes,filtered through Celite during hot and washedthe filter cakewith 50 mL of H.0.
Thefiltrate wascarefully acidified with 6 N HCI until pH 1, concentrate@n a rotary evaporator
andthenundervacuumto give 36.9g of solid. Thecrudeproductswerepurified by adding200
mL of ethyl acetateandheatingto reflux for 10 minutes The hot solutionwasfiltered andthe
filtrate containingthe desiredproductwassaved The extractionof the productfrom the solid
wasrepeatedy refluxingin 200 mL of ethyl acetateandfiltered. Both filtrates werecombined,
cool over an ice-water bath, and the crystallizedwhite solid was collectedby filt ration to give
11.0g (94 % vield) of thetitled compound [a]p*? = -73.2(c 0.5, H,0), Lit?? [a]p*?=-72.8
(c 0.498 H,0); 'H NMR (DMS0O-d6) d 5.75(dd, J = 7.2,3.2 Hz, 1 H, OH), 5.34(s, 1 H, OH),
4.39 4.34(m, 1 H), 4.26(dt, J = 10,3.2Hz, 1 H), 4.24 4.19(m, 1 H), 4.03(dd,J = 10,3.2Hz 1
H); **C NMR (DMSO-d6)d 177.1,72.5,70.1,69.0 MS (ESI, MeOH): m/z= 141.4([M + Na]*),
72.4

(2R,3R)-O-Isopropylidene-D-erythronolactone (29). (BH9-145)

X

Q 0

®]
29

To asolutionof 1.6 g (13.6 mmol) of 28in 25 mL of anhydousacetonainderargon 4.5g (28.5
mmol) of CuSQ was added The mixture was stirred for 36 hours and the precipitatel
inorganicsaltwasremovedby filtration over a padof Celite Thefiltrate was concentratedo
drynessleaving 2.32 g of yellow solid. The crude productwas column chromatographedn
silica gel usinga gradientmixture of hexaneand ethyl acetateasan eluentto give 1.909g (89%
yield) of the titted compoundasa paleyellow solid. [a]p?? = -114.64(c 1.5, acetong Lit!*.
[a]p®® = +116.3(c 1.5, acetong '"H NMR  d4.85(bs, 1 H), 4.72(bs, 1 H), 4.39(bs,2 H), 1.42
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(s,3H), 1.34(s,3H); ®*CNMR d174.8,113.9,75.8,74.8,70.5,26.9,25.6;MS (ESI, MeOH):
m/z=181.3([M + Na]*), 95.6

(2R,3R)-4-Azido-4-deoxy-2,3-O-isopropylidene-D-erythronic acid (30). (BH9-147)

X

Q O

O Nj
30

A solutionof 1.909g (12.0 mmol) of 29 and2.73g (42.1 mmol) of NaN; in 12 mL of distilled

DMF was heatedto 110 °C underargon for 24 hours The reactionsolution was diluted with

500mL of diethyl ether 10 mL of H,O and20%aqueouddCl to pH 2, andextractedwvith 40 mL

of ethyl acetatefour times The combinedextractwas washedwith brine, dried (MgSQy),

concentrategand columnchromatographedn silica gel usinga gradientmixture of hexaneand
ethyl acetateasaneluentto give 1.03g (42% yield) of thetitled compoundasa paleyellow solid.
The major byproduct was
azido((4R,5R¥%-(hydroxymethyl)2, 2-dimethy}1,3-dioxolan4-yl)methanone [a]*% (c 047,

acetone)Lit.*¥ +72 (c 0.47,acetone)'H NMR  d9.529.0 (bs,1 H, OH), 4.67(d, J = 7.2 Hz,

1 H), 4.60'4.56(m, 1 H), 3.60(dd, J = 13.2,3.2Hz, 1 H), 3.40(dd, J = 13.2,6 Hz, 1 H), 1.63(s,

3 H), 1.42(s,3 H); ®'C NMR d 172.2,112.2,73.8,70.8,52.0,27.1,26.2; MS (ESI, MeOH):

m/z=224.1([M + Na]*), 143.6,85.6

(2R,3R)-4-Amino-4-deoxy-2,3-O-isopropylidene-D-erythronic acid (31). (BH9-151)

X

Q O

O HyN

31
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To asolutionof 1.01g (5.0 mmol) of 30in 100mL of methanol 50 mg of 10% Pd/Cwasadded,
andthe mixture wasshakeunder2 atm  of hydrogengasfor 4 hoursin a hydrogenatar The
mixture was removedfrom the hydrogenatorfiltered through a pad of Celite, the filtrated was
concentratedio drynesdeaving0.86g (99% yield) of thetitled compoundasa paleyellow solid.
[a]p?% = +91.6(c 1.0, 60% aqueousacetond Lit1? [a]p?® = +92 (¢ 1.02,60% aqueouscetoni
'H NMR (DMSO-d6) d 4.39(d, J = 7.2 Hz, 1 H), 4.31i 4.24(m, 1 H), 2.76(t, J = 8 Hz, 2 H),
1.39(s, 3 H), 1.23(s, 3 H); MS (ESI,MeOH): m/z=176.1([M + H]*), 198.1([M + Na]*).

(2R,3R)-4-Amino-4-deoxy-2,3-O-isopropylidene-D-erythronolactam (32). (BH9-031)

X

Q 9
oA
H
32
An amountof 0.16 g (0.93mmol) of 31 wasplacedin a sublimatorandheatedo 160/ 170°C/0.5
mm Hg undervacuum and92 mg (63%yield) of 32 wasobtainedaswhite solid. This material
was usedin the subsequenstepwithout further purification [a]*% = -60.3¢c 0.78, MeOH);
Lit®%. -59(c 0.78,MeOH);*H NMR d6.31(bs,1 H, NH), 4.79(t, J = 5.2 Hz, 1 H), 4.58(d,
J=6Hz,1H),3.59(dd,J=11,4.8Hz, 1 H), 3.49(d, J= 11 Hz, 1 H), 1.49(s, 3 H), 1.39(s, 3

H; ®CNMR d 17434 ® 70,1 47642®,., 22 |8S (ESI, MeOH): m/z = 158.4([M
+H]").

(2R,3R)-4-Amino-4-deoxy-2,3-O-isopropylidene-N-vinyl-D-erythronolactam (33).
(BH9-035)
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To a solution of 90 mg (0.57 mmol) of compound32 in 10 mL of vinyl acetateunderargon
wereadded1.0 g of 3 A molecularsieves,13 mg (0.046 mmol) of NaPdCl, and0.14 g (1.03
mmol) of K,COs. The mixture was stirred at 50°C for 14 hours, cooledto 25°C, filtered
throughCelite, concentratedindervacuum and column chromatographedn silica gel usinga
gradientmixture of hexaneand ethyl acetateasan eluentto give 84 mg (80% vyield) of 33 asa
yellow oil. [a]p -20.1(c 1.0, CHCL); *H NMR d 7.05(dd,J = 16.0,9.2Hz, 1 H, CH=),4.82

4.79(m, 1 H), 4.70(d, J= 6.4Hz, 1 H), 4.53(d, J= 9.2Hz, 1 H, =CH,), 4.48(d, J = 16 Hz, 1 H,
=CH,), 3.62(d, J = 2.8 Hz, 2 H), 1.39(s, 3 H), 1.35(s, 3 H); *C NMR d 169.4,129.2,113.0,
96.7,78.1,72.1,48.7,27.2,25.9 MS (ESI, MeOH): m/z= 184.0([M + H]"). HRMS-ESI: m/z
[M + H]" calcdfor CgH1,NOs": 184.097 found: 184.0952

(3aR,6aR)-5-Vinyl -2,2-diethyl-dihydro -3aH-[1,3]dioxolo[4,5c]pyrrol -4(5H)-one (34).
(BH10-011)

5

Q O

/Zéf

34
A mixture of 0.25 g (1.37 mmol) of compound33, 5 mg of ZnCl, (0.04 mmol) and 7 mL of

3-pentanonavas placedin a distillation appaatusequippedwith a shortdistill headand heated
to 65 °C to removethe by-produd acetoneover 40 hours The resultingmixture was diethyl

ether filtered throughCelite, andwashedwith a smallamountof diethyl ether Thefiltrate was
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concentratedindervacuumand columnchromatographedn silica gel usinga gradientmixture
of hexaneandethyl acetateasan eluentto give 192mg (67% yield) of 34 asayellow oil. [a]p

-43.2(c 1.0,CHCL); 'H NMR  d7.07(dd, J = 16.0,9.2 Hz, 1 H, CH=), 4.84/ 4.81(m, 1 H),

4.72(d,J=6.4Hz, 1 H), 4.55(d, J = 9.2Hz, 1 H, =CH,), 4.49(d, J = 16 Hz, 1 H, =CH,), 3.64
(d,J=2.8Hz, 2 H), 1.70(q, J = 7.2 Hz, 2 H), 1.65(q, J = 7.2Hz, 2 H), 0.91(t, J = 6 Hz, 6 H);

¥CNMR d169.3,128.8,115.5,96.6,78.0,71.9 48.6,30.0,29.6,8.4,7.6. MS (ESI, MeOH):
m/z=212.2([M + H]") 234.3([M + Na]"). HRMS-ESI:m/z[M + H]" calcdfor C;;H1gNO5":

212.1287ound:212.1269

Poly(3,4disubstituted N-vinyl pyrrolidinone -co-vinyl acetate)[P(DVP-co-VAc)] 35from
compourd 33 and vinyl acetate (BH9-042)

35
To a solutionof 10 mg (55 mmol) of N-vinylpyrrolidinone 33 and 4.7 mg (55 nmol) of vinyl
acetatan 20 niL of acetoneunderargon wasadded0.1 mg (0.6 mmol) of azobisisobutyronitrile
(AIBN), andthe solutionwas stirred underreflux for 30 h. The solutionwas cooledto 25°C,
diluted with hexaneandstirred for 10 min. The white precipitatewas collectedby filtration,
dried undervacuumto give 12 mg (82% yield) of copolymer35 asawhite solid. *H NMR d
4.902.75(m, 5 H), 2.700.80(m, 22 H).

Poly(3,4disubstituted N-vinyl pyrrolidinone -co-vinyl acetate) [P(DVP-co-VAc)] 36 from
compound34 and vinyl acetate (BH10-15)
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36
To asolutionof 15 mg (55 mmol) of compound34 and4.7 mg (55 mmol) of vinyl acetatan 20
nL of acetoneunderargon wasadded0.1 mg (0.6 mmol) of AIBN, andthe solutionwasstirred
underreflux for 30 h. The solutionwascooledto 25°C, diluted with hexane andstirred for 10
min. Thewhite precipitatewascollectedby filtration, dried undervacuumto give 17.2mg (87%
yield) of copolymer36 asa white solid. *H NMR d 4.90'2.75(m, 5 H), 2.70:0.80 (m, 26
H).
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Chapter 2 - Asymmetric Oxidation Reactionsand Late Stage

Oxidation ReactionsCatalyzedby Bimetallic Nanoclusters

(Partial of the results and discussions in this chapéar publisheld and adapted with permission &furnal of the

American Chemical Societgopyright © 2016 American ChengtSociety)

Organictransformatiorreactionsusingbimetallic nanoclustef$? in the oxidationof alcohols}®
434 formic acid oxidation*® aldehydeoxidation!*® C-H oxidation!*® Ullmann coupling!*”
Suzukicouplingreaction’® tandemoxidationMichael additionreaction’*® havebeenreported

However thesereportsdo notincludestudiesof enantie or stereeselectivity.

Catalytic asymmetricoxidation is challengingand the resultscan have a greatimpactto the
chemistrycommunity With the catalysisof CSPVPstabilizedbimetallic nanoclustersseveral
kinds of the oxidation reaction,including alcohol oxidations,alkenedihydroxylations,alkare
C-H oxidations,oxidativering closingof dienesandlate-stageoxidationsof complexmolecules

areall investigatedanddiscussedh this chapter.

2.1 SelectiveAsymmetric Oxidation Reactionsof Alcohols.
2.1.1Background and Significance

Oxidationof alcoholsto their respectivealdehydeor ketoneis a usefulandfundamentabrganic
reaction Many methodshavebeendevelopedoy indudng stoichiometricamountof oxidants
which may producelarge amountof highly polluted and toxic waste such as bromaté>?,
permanganat®?’ or chromat€3. Recently, transition metal nanoparticlécatalyzed aerobic

alcohol oxidation with high catalytic activity and selectivity has been investigated ** 44
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Alcohol can be selectivelyoxidized to ketoneor aldehydein the presenceof other functional

groups

Although desymmetrizatiorof mesodiols and diol derivativesusing various organic reagents
and enzymeshave appeare®>>¥ reports on the enantioselectiveoxidation of a mixture of
racemicdiols via kinetic resolution are limited, with the exceptionof oxidation of racemic
benzylicvicinal diols®® Hence,asymmetricoxidation of racemicdiols by kinetic resolutionor
mesodiols using bimetallic nanoclustersvith chiral stabilizermay give high catalytic activity,

regio- andenantioselectivity

2.1.2Resultsand Discussions

With the generalidea, (3 -trans-1,3-cyclohexanediol(37) was used to study the reaction
conditions and possible products (3 -trans-1,3-cyclohexanediol was prepared by the
seperation of mixture of cis & transl,3cyclohexanediol by addng CuCk.
cis-1,3-Cyclohexanediolas precipitatedin diethyl etherdueto the formation of complexwith
CU?* andtrans-1,3-cyclohexanediotemainedn diethyl ether Ammoniaacetonesolutionwas
used to destroyed the cis-1,3cyclohexanedidCu’* complex and vyield pure

cis-1,3-cyclohexanedio{44).

For instance treatmentof (3) -37 with 0.2 mol% PdAui CSPVP3 (the amountof catalystis
basedon the total molesof Pd and Au) and 0.3 equiv of K,CQO; in waterunderl atmospheric
oxygento yield (§-3-hydroxycyclohexanoné8). After screeninglifferentratiosof Pdversus
Au suchas1:0, 9:1, 3:1, 1:1, 0:1of the bimetallic nanoclustersPd/Au (3:1}>CSPVPappeargso
provide the highestcatalytic activity and chemicalyieldsin the aerobiccatalytic asymmetric

oxidation of () -trans-cyclohexarediol (37).(Table 4, entries 15) Higher temperature was
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needed when using palladium without gold and the reaction gave lower enantioselectivity.
However, gold nanaclusters cannot catalyze the oxidation aeaetien under 108C which
indicate palladium is the real catalyst in the reaction and gold can improve the catalytic reactivity.
Another control experiment was conducteg using normal PVP (MW = 40,000) instead of
CSPVR which gave achiral product. i$ alsoanevidence which shows the chiral environment

was induced from CSPVHA#ble 4, entry 6)

OH . (0]
f 0.15 mol% Pd/Au (ratio)-(CS)PVP f
HO\\‘ 02 (1 atm.), K2003, Hzo, HO\\‘
(+)-37 (S)-38

entry PVP Pd:Au reaction time ~ Temperature(°C)  opyield %ee
1 3 1:0 14 days 80 42 64
2 3 9:1 14 days 60 44 83
3 3 31 7 days 60 47 88
4 3 1:1 7 days 60 38 82
5 3 0:1 no reaction under 100 °C
6 achiral 3.1 7 days 60 46 0

Table 4. ReactionCondition Studiesfor the Oxidation of (4) -trans-cyclohexanediol(37).

After undestanding the best ratio of Pd/Alnetreactionconditionwas consistentlyusedfor the
oxidation of (3 -trans-cycloalkandaliols to give the similar and comparableresults The first
generation of polymel i 4 were tested in the same reaction conditi@@. mol% of Pd/Au
(3:1}>CSPVPI™ 4 and0.3 equiv. of K,CO;s in waterunderl atmospherioxygenat 60 °C for 7
days was used for the oxidation of (3) -trans-1,3-cyclohexandiols (37) and gave 46i 49%

chemicalyields and 70i 99% ee of (S)-3-hydroxycyclohexanon€38) alongwith the recovered
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(R,R-37 (Table 5, entriesli4). It appears CSPVPgives the best enantioselectivity due to the
bulkiest C5substituent group. It is also another provement thet the enantioselective oxidation
was because of the appearance 8PUP. Therefore, Pd:Au(3:3LSPVH was locked to be

the catalyst of diol oxidation reactions.

Through kinetic resolution, two enantiomers react with different reaction rates in a chemical
reaction with a chiral catalyst, resulting in an enatioencricketiple of the less reactive
enantiomer. In the oxidationof (3 -trans-1,3-cyclohexanéiols (37), 50% of diols was
recovered with 92% ee, which means at least 96%R #)-37 was not oxidized in 7 days. With
the kinetic resolution oPd:Au(3:1}CSPVH, (S9-37 was oxidaized much faster thaR,R-37.
Therefore,stoppingthe reactionbefore half of the startingmaterialreactedwas neededto get
opticalpure(S-38. Sincethereactionsweredifficult to stopat exactlyhalf pointandpartial of
(S,9-37 remainedin the recoveredenriched(R,R-37, the enantiomericexcesof the recovered
(R,R-37 was related to the experimentoperationand have potential to increase It also
providesan effective way to separatethe racemic37 to (R,R-37 from (S,§-37. Moreover,
hydroxyl ketone (§-38 did not undergooxidation, revealingan electronwithdrawing ketone

groupimpededfurtheroxidation

Using 0.2 mol% of Pd/Au (3:1)}1, other five- and seveamemberedcycloalkanes,such as
1,3trans-cycloalkanéiols (3) -39, () -40 and trans-1,2-cycloalkanéiols () -46i (4) -48, were
similarly oxidizedto give excellentchemicalandopticalyields Resultsarepresentedn Table
5 (entries5 and 6, andentries10i 12). trans(4) -39 andtrans-(4) -40 were obtainedwith Cu**
conplex methodsimilar like trans-(4) -37.  trans(3) -46i (3) -48 wereseparatedrom mixture of
cis andtrans mixture by columnchromatograpponssilicagel. Meanwhile cis-43i 45 and52i

54 wereisolatedfor oxidationstudy.
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Whenthe amountsof catalystswereincreasedo 0.40 mol% (double)or 0.80 mol% (quadruple)
of Pd/Au (3:1)1, the oxidation of (3 -37 were respectivelycompletedin 6 and 5 days, with
chemicalyields of 47% (99% ee) and 49% (99% ee) of (§-38. Hence,an increaseof the
amountsof catalystshortenghe reactiontime. The recyclability of the Pd/Au (3:1)-1 catalyst
wasalsoexamined Hence,the catalyst,recoveredrom the oxidationreactionof (4 -37, was
reusedundersimilar reactionconditionsfor a secondtime, and 39% yield (99% ee) of (S)-38
wasisolated The catalystwasfurtherrecycledfor athird time but only 18%yield (98% ee)of
(S)-38 was obtained,showingthe catalystcan be reusedalbeit with lower catalytic activities

Theturnovernumber(TON) of the catalyticoxidationreactionafterthreecyclesis > 706.

The meso 1,3 and 1,2-cis-cycloalkanediolsdo not undergooxidation reaction under similar
reactionconditionsas thoseof trans-diols. It may due to the fact that cis-diols form stable
complexeswith thenanoparticle®”?  However,underelevatedpressuref oxygen(30 psi.) and
temperatur¢12(PC), the reactionstook placein 3 daysto give 89 97% yieldsin 90i 92% ee of
the oxidized (§-hydroxyl ketones(Table 5, entries 79 and entries 13i 15). The higher
reactiontemperaturg12@C) loweredslightly the optical yields comparingwith thoseobtained
from trans-cycloalkanaliols. This oxidative desymmetrizatiorof mesadiols is synthetically
useful, since it provides the chiral hydroxyketoneswithout the recovery of starting diols.
Importantly, both trans- and cis-diols gave only the (S)hydroxy ketones No changesin
reactionrate and chemicaland optical yields in the oxidation reactionof mese53 were found

whendoublingthe amountof 1 but maintainingtheamountof Pd/Au(3:1).
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HO 0.15 mol% Pd/Au (3:1)-CSPVP 0
Q)n 02 (1 atm.), K2CO3, Hzo, é)n
HO 60°C, 7 days HO'
entry  substrate = CSPVP product 9% yield® 9 ee recovered diol % yield® % ee
OH o) OH
1 1
‘ 49 99 50 92
HOY HOY HO
(#)-37 (S)-38 (R,R)-37
2 (#)-37 2 (S)-38 46 83  (R,R)-37 52 79
3 +)-37 3 (S)-38 46.5 88  (R,R)-37 52 81
4 (#)-37 4 (S)-38 46 70 (R,R)-37 51 65
HO 0 HO
5 .
1 48 99 Q 53 91
HO" HO™ HO
(1)-39 (S)-41 (R,R)-39
OH e} OH
6 © 1 . © 46 99 @ 53 85
HOY HOY HO
(+)-40 (S)-42 (R,R)-40
HO o]
© :
! Q 1 é 97 90 : ; -
HO™ »
HO
43 (S)-41
OH o
g®© A
O 1 89 91 - - -
HO" HO™
44 (S)-38
OH o
(© 1 \‘6 945 92 - - -
9 HO\“O HO'
45 (S)-42

(to becontinued)
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Do
5

HO 0.15 mol% Pd/Au (3:1)-17
HO > HOu..
) 02 (1 atm.), K2CO3, Hzo,

60°C, 7 days
entry  substrate CSPVP product % yield® 9% ee recovered diol % yield® % ee
HO o) HO
10 HOI:.@ 1 HO//,,é 47 99 HO\Q 50 88
+)-46 (S)-49 (R,R)-46
OH o} OH
HO,, HOaL_~
11 . HO/,,,ij 445 99 \O 50 87
(#)-47 (S)-50 (R,R)-47
HO/,, /4,, HO R
12 ' 465 99 \O 54 88
(+)-48 (S)-51 (R,R)-48
HO
HOw,.
130 Q (S)-49 94 91 ) ] )
52
OH
HO,, A
140 T O (S)-50 965 92 - - -
53
OH
150© HO"O (S)-51 94 91 - - -
54

(a) Isolatedyields were basedon startingracemicor mesadiols. (b) Percentrecoverieswere

basedon recoveredunreactedstartingdiols. (c) Reactionswvere carriedout at 12F°C under30
psi. of oxygenfor 3 days.

Table 5. Resultsof Catalytic Asymmetric Oxidation of 1,3and 1,2-Cycloalkanediols.

55



The absoluteconfigurationsof (9-38, (9-41 and(9-49i (§-51 weredeterminedoy comparison
of the sign of the reportedspecific rotationsi>®®¥ The specific rotation of (S)-42 hasnot been
reportedpreviouslyandits absoluteconfigurationwasassumedasedon the retentiontime of its
benzoate derivative in HPLC/chiral column  Optical purities were measuredthrough
HPLC/chiralcolumnof their benzoylderivatives which weresynthesizedby the treatmenbf the
hydroxyl ketoneswith benzoylchloride and pyridine In all casesPVP wasusedin placeof
CSPVP under similar reaction conditions to provide the racemic productsfor HPLC/chiral
column analyses The absolute configurationsand optical purities of the unreacteddiols
(R,R-37,(R,R-39, (R,R-40 and(R,R-46i (R,R-48 weresimilarly determinedy comparisorof
the sign of the repated specific rotatiors®> ¥ and through HPLC/chiral column of their
dibenzoatederivatives obtained from the reactionsof the diols with benzoyl chloride and

pyridine  (Schemer)

0] 0] (@] O
BzCl 1
é or HOn,.é i - é or BzO: é
& ) n ) n DCM \\: ) n ) n
HO BzO
n=1 41 49 41A 49A
2 38 50 38A 50A
3 42 51 42A 51A
HO HO BzO BzO
BzCI
@ or HO/:..@ ridinG - Q or BZO""Q
& ) n ) n DCM N ) n ) n
Hd BzO
n=1 39 46 39A 46A
2 37 47 37A 47A
3 40 48 40A 48A

Scheme7. Benzoylation of (S)-Hydroxycycloalkanonesand Dibenzoylation of Recovered

(R,R)-Cycloalkanediols.
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Dr. Hua has mposed the mechanism for the oxidation of diBl{Scheme8) It has been
reported ah?-peroxido Pd' (peroxopalladium)species!l ®¥ formed with the oxidation of
Pd(0)®¥ Then the hydroxyl group idliols attacksPd(ll), open the three membered ringd
gives omplex Il , which undergoesproton transferto give IV. Finally, the base, ¥CO;,
removes the € proton and iges the corresponding ketoneand HO,. Oxidation of | with
H,O, givesll and go into next catalytic circleé® The exactmechanisnfor the enantioselectivity

is notclear

Nanoclustes Pd/AuCSPVPprovidesexcellentenantioselectivitie§91i 99%ee) in the oxidation
of diols, andresultsof the enantioselectivityrom the oxidationof trans-diols arecomparableo

thosereportedusingenzymes®” ¢4

oH K
/
S O?F\*H \Q (OcoK
O HO—CHRR' |y -
e
Au/Pld0 + 0 =—= Au/Pd”\l _— Au/F?d—o? _H — AU/F:)d O\‘C\/H —_—
| RN i /C\R capvp ["R
CSPVP CSPVP CSPVP {4 R
' I 11 Y

-
| + 0=+ HOOK + HOCOK === HOOH + KyCOs
R

0,

2H,0, + 21 . 2H,0 + 2 AuPd'=0

CSPVP
Vv

Scheme8. ProposedMechanismfor the Asymmetric Catalytic Oxidation of Racemicand

Mesol,3-Cycloalkanediols and 1,2-Cycloalkanediols.

2.2 Asymmetric Dihydroxylation of Alkenes.
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2.2.1 Background and Significance

The development of catalytic reaction of alkene transformed the chemical industry and gave
various ways for the organic synthesis. For example, the Nobel Prize in chemistry 2001 was
divided to Professor Knowles, Noyori and Sharpless for their work on chirally catalyzed
hydrogenation or dihydroxylation reactiori3ihydroxylationis the processy which an alkene

is convertedinto a vicinal diol.  Although thereare manyroutesto accomplishthis oxidation,

the most common and direct processeaise a high-oxidationstate transition metal such as
Prevost anti-Dihydroxylatiod®®, Upjohn synDihydroxylatiod’® and synWoodward
Dihydroxylatiod’¥, catalytic asymmetrt syndihydroxylationreactionswere majorly conducted

by the Sharplesssymmetriaihydroxylationprocess’? However the use of toxi@and volaile
osmium tetraoxide catalysmakes the reaction purification difficult. Moreover, the
enantioselective dihydroxylation of sonzel,2-disubstitutedalkenesand alkenescontaining
stereogem centersusing Sharpless method gave lower enantioselectiity Therefore,Other
asymmetric dihydroxylation reactions with  osmiumfree catalyst§® including

[’ and iron

palladiumcatalyzed difunctionalization of alkened’® RuQ,™™ KMnO,,
complexef¥” havealsobeeninvestigated Until now, Asymmetricdihydroxylationof alkenes
using bimetallic nanoparticles and chiral polymers have not been discovered
Pd/Au(3:1}CSPVP catalyst without osmium dihydroxylated alkenes with similar or higher

enantioaselectivity compare with sharpless method

2.2.2Resultsand Discussions

Although no dihydroxylation of alkenes took place at 1 atmosphericof oxygen with

Pd:Au(3:1)}PVP nanoclustersput with the co-catalystCuCl, (no reaction without CuCljhe
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corresponding ketonés6) was isolated from the oxitlan of cyclooctadieng55) with 70%

yieldin DMSO. Thedihydroxylationproductwasnotdetected(Scheme9)

0.1 mol% Pd/Au (3:1)-PVP

L

O, (1 atm), DMSO, CuCI R.T. 7 days
55 70% yield 56

Schemed. Oxidation of Cyclooctadiene.

However various alkeneswere readily oxidized at 30 psi. of oxygenin excellentto good
chemicalyields andexcellentoptical yields Resultsof the oxidationaresummarizedn Table
6. For exampletreatmentof 1,2-dihydronaphthalenés7) with 0.5 mol% of Pd/Au (3:1)}1 in
water at 25°C under30 psi. of oxygenfor 3 daysgave (152R)-58 in 86% yield and 99% ee
(Table 6, entry 1). Only a single product was isolated in the reaction The Sharpless
dihydroxylation of 57 using DP-PHAL gave 56% ee of (1R,29- 58!"® Other disubstituted
alkenesncludingtrans andcis-b-methylstyreng59 and62, respectively:Table 6, entries2 and
3) also underwentoxidation reactionsat 25°C. In the oxidation of trans-59, the synadduct
(1S29-60 was isolatedin 87% yield and 99% ee along with a small amountof anti-adduct
(IR,29-61 in 6% yield and 97% ee Similarly, in the oxidation of cis-62, the synadduct
(1S2R)-61 wasisolatedin 90% yield and98% eeaswell as8% yield of antradduct(1R,2R)-60
in 98% ee However,only synaddut(1S,2R)-58 was isolatedwhen 0.3 equiv of K,CO3; was
addedto the oxidationreactionof 57 at 25°C.  The disubstitutedalkeneswithout aromaticring
were also examined,for example, cyclohex2-enone (73) and cyclooct4-enone (75), were
oxidizedundersimilar conditionexceptat 50 °C to (2R,3R)-74 (86% yield) and(4S,5R)-76 (85%
yield), respectively (Table 6, entries9 and10) The increaseof reactiontemperaturendicates
the aryl group, as a electrondonatinggroup increasedhe activity for the oxidation reaction

The higheree value (99%), the oxidationof 73 and 75 gave,indicatethe enantioselectivityof
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CSPVR6 is better than CSPVRL even the reaction temperatureare higher Notably, the
dihydroxylationtakesplacefrom there faceof the alkeneg(in regardingto C1 of 57, 59, 62, 73
and75).

The oxidationof alkenescontainingan electronwithdrawinggroup suchastrans-cinnamicacid
ester63 andindene(66) only proceededat 50°C giving the synadducts(2R,39)-64 (82% yield:;
99% ee) and (1S2R)-67 (67% vyield; 93% ee), respectively,as the major products The
respectiveanti-adducts,(2R,3R)-65 (3% yield; 97% ee) and (1R,2R)-68 (11% yield; 94% ee)
werealsoisolatedasminor products (Table 6, entries4 and5) Since(1R,2R)-68 wasobtained
in 11%yvyield, anti-adductwastried to improveas amajorproduct As expectedin the presence
of 0.3 equiv of K,COs at 70°C for 5 h, (1R,2R)-68 was isolatedin 59% yield and 91% ee
(Table 6, entriesbt)

Trisubstitutedalkenessuch as (R)-(+)-limonene (69), containing a stereogeniccenter, also
undewent stereoselectiveoxidation at 25°C to give a single stereoisomer(1S 2R, 4R)-70.
(Table 6, entries7) The formation of (1S2R,4R)-70 from the dihydroxylation reaction of
limoneneis remarkablesincethe dihydroxyl functionsweredeliveredfrom the same sideof the
bulky isopropenylgroup The cyclic trisubstitutedalkenereactedpreferentiallycomparedto
theacyclicterminaldisubstitutedlefin group,suggestingelectrondonatinggroupssuchasalkyl

andaryl enhancehereactivitytowardsthe nanclusters
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0.5 mol% Pd/Au (3:1)-CSPVP =

0, (30 psi), H,O, 50°C, 3 days

OH
entry CSPVP  substrate product(s) % yield(s) % ee
1(&) \\OH
86 99
(1S,2R)-58
N OH OH
= H 87,6 99,97
59 OH OH
3@ g A (;DH OH
9 , 8 98 , 98
OH OH
62 (1S,2R)-61 (1R,2R)-60
CO,-i-Pr OH
’ 1 O/\/ 2 ~COZHPr COy-i-Pr
OH C;_)H 82,3 99 , 97
63
OH
° ' ©i> 1IOH CE§I”OH 67 , 11 93, 94
(1S,2R)-67 (1R,2R)-68
¢ 1 66 (1S,2R)-67 (1R,2R)-68 5,59 89,91
OH
N\.OH
LA 92 -
/_\ /\
(R)-69 (1S,2R,4R)-70

8© 26 /\/\/“\ /\/\HO><—OH 3 97
71 72

(To becontinued)
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entry CSPVP substrate product(s) % yield(s) % ee

HO,

73
o HO
10 26
HO
56

CO,Et Ho, COAE

o 86 99

&-

(2R,3R)-74

85 99

G

(4S,5R)-76

HO
11 26 77 99

10%

(1S,2R)-81

77
COEt HO COzEt

HO

12 26 83 99

T

(1S,2R)-82

HO COzEt
HO,
13 26

85 99

o4

(1S,2R)-83

CO,Et Ho, HO COLE

14 26
81 99

Ot

(1S,2R)-84

(a) Reactionsvereconductedt 25°C for 3 days;(b) reactionsvereconductecdat 70°C for 5 hin
thepresenc®f 0.3 equivK,COs; () 5% mol of Pd:AuCSPVPnanoclustersvasused.

Table 6. Resultsof Catalytic Asymmetric Dihydroxylation of Alkenes

However, the terminal disubstituted olefin group can aksoxidized by increasing the amount
of the catalyst. With 5 % of Pd/ABt1»CSPVP26, 2-methylheptl-ene(71) were oxidized to
(9-2-methylheptand.,2-diol (72) with 73%chemical and 97% optical yiel@lable 6, entries8)
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Molecule(+)-(R)-71 has peviously been obtained from an improved Sharpless oxidation in a 85%
yield and 86% eE®8 The successful oxidation afl expanded the scope of the oxidation

method.

The oxidation of trisubstituted alkenes containing an electronwithdrawing group ethyl
cycloalk-1-enecarboxylate(77~ 80) were also oxidizedat 50°C and gve the synadducts
(1S2R)-81" 84 with 77~ 81% yield and ~99% eé€Table 6, entriesl11i 14)

The substratesvere commerciallyavailableif not mentionedbelow Compound71 wasmade

by Wittig Reactionfrom 2-heptanond€71A). With the epoxidationof cyclooctadieng55) with
mCPBA in methylenechloride, reductionwith LiAIH 4 in THF and oxidation of alcohol with

Jones Reagent,cyclooct4-enone (56) was obtained Compound77i80 were made from
cycloalkanoner7Ai 80A, respectively The compounds/7Ai 80A were treatedwith NaH and
diethyl carbonatein toluene,reducedthe ketonewith NaBH,, protectedthe resulting alcohol

with MsCI-Et;N and eliminateto give 77i 80 with 1,8-diazabicyclo[5.4.0Jundeg-ene (DBU).

The preparation of the substrates was conducted by Dr. Man Zhang and Mr. Kyle Apley.
(SchemelO)
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® o

/v\)?\ PhsPCHsBrH n-BulLi A/JJ\
HO

ether -78 °C-R.T.

71A 71
O (@)
mCPBA LiAIH, Jones Reagent
DCM THF Acetone
55 75 75A 56
O o OH OMs

NaH NaBH,4 MsCI
: 0 ; o) 0
Diethyl carbonate - EtOH, 0°C n Et;N, DCM
n
@] @]

Toluene 100°C 0
T7A - 80A 77B - SOB\\ 77C - 80C\\ 77D - 80D\\

DBU @\(O n=
Toluene n
(0]
77 - 80 \\

SchemelQ. The Preparation of the Substrates for Dihydroxylation Reactions.

77
78
79
80

AWN PR

The absoluteconfigurationsveredeterminedy comparingthe sign andspecificrotationsof the
respectivereportedmolecules®” ¢ 8183 Tg determinethe stereochemistrpf 70 (which has
not been repated previously), we independently prepared (1S2R,4R)-70 and its
(1R, 2S,4R)-diastereome(85)!®¥ by the reactionof (R)-69 with OsQ, (catalyticamount)NMO in
t-BuOH-H,0 followed by silica gel column chromatography The synstereochemistrpf the
productswere confirmed independentlyby oxidizing 79 with OsQ,-NMO in t-BuOH-H,0 to
give (9-83, whose '"H NMR spectrumwas identical to that of (-)-83. The absolute
configuration of 81 and 82 were deducedby oxidation with IBX-DMSO to the corresponding
(-)-(19-1-hydroxy-2-oxocycloalkanecarboxyliethyl esters(86 and 87, respectively) whose

specificrotationsare similar to thosereported(+)-(1R)-isomersbut possessingppositesign &%
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The Cl-absolute stereochemistryof (-)-83 was establishedby convertingit to the known
compound, (29)-2-hydroxy-2-methylcycloheptanond€91). ¥ Molecule 83 was reduced by
LiAlIH 4 to give corresponding triol and mesylated the primary alcohol with Ms@BlABtgive 89.
Molecule 89 was reduced with LiAlld and oxidzed the secondary alcohol with IBX/DMSO to
give 91. The highestreported% e e 6f she dihydroxylationproductsof 59, 62, 63 (the ethyl
esteranalog),66, 71 and 73 from Sharplessasymmetricdihydroxylation reactionsare 989
811871 9983 g9[® 8™ and 99/%% respectively Optical purities of all dihydroxylated
moleculeswere measuredusing HPLC/chiral column Herce, the Pd/AxCSPVP provided

higheror similar enantiomericselectivitiesn the catalyticasymmetriadihydroxylationreactions.

Dr. Hua has also proposed the mechanism for the dihydroxylation of alkeBgsilar to that
describedn Scheme8, Pd(0) was oxidized th*peroxidoPd(Il) (peroxopalladium)pspecied|

and complexed with C=C in alkenesThrough intermediat¥Ill , metallo1,2-dioxolanel X®®
was formed. Carbonl of IX undergoes 1,2-alkyl shift from Pdto oxygen(patha) leadingto
intermediateX, which hydrolyzesto give the synadducts In somecase the 1,2-alkyl shift
takes place rapidly and only the synadductswere found In other investigatedalkenes,in
addition to major path a, water attacksC1 of intermediatelX from the backside,path b,

providinganti-additiondiols astheminor products (Schemel2)
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OH «, ,OH
<__.OH ' OH
0s0, NMO +

: t-BuOH Acetone/H,0 : B
AN AN 2N

Ox

(R)-69 (1S,2R,4R)-70 (1R,2S,4R)-85
CO,Et E CO,Et
2 HOHO CO,Et HO \\COZEI HO 02
0s0, NMO How X IBX o
t-BUOH Acetone/H,0 Q DMSO ¢
n=1 (1S2R)-81 (S)-86
79 ()-83 2 (1S.2R)-82 (S)-87
Ho. CO.Et HO oH HQ oH : HQ oH
HOQ 3 LiAIH N MsCI, Et;N N LiAIH,
_ LAH, OH : OMs
THF DCM THF
83 a8 89 90
Ho, §
O ~
IBX-DMSO
o1

Schemell Confirmation of the Absolutely Configurations of the Dihydroxylation

Products.

The asymmetricaerobicoxidationof alkene by Pd/Au-CSPVPat ambienttemperaturer 50°C
providedexcellentchemicalandoptical yields of the syndihydroxylatel productsandin certain
caseswherehighertemperaturgsuchas 70°C) is required,an addition of a weak basesuchas

K,CGQO; affordedanti-dihydroxylatedmoleculesasthe majorproducts.
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RL//,l 2\\\H
o HY YRS CSPVP CSPvP
0 Ve or ' O
AuPd” + O = Au/Pcli”\l Au/Pd | _ AUBd” o
! 2 atm. . RL//,,l 2.\\\RS ( E)O o
Clspvp CSPVP H H RY, L ~WH RL\|\4 o RsH
I RL: large group HY1 27RS IX
RS: small group VIII
Path a: syn-addition, producing the major product
cspvp  AOH CSPVP
. oLmh H,O » \)<\
Au/Pd /k o) = AuPd + OH =—= 0 o
S s T v/ O O— )anoparticles
R / o...
H RS RL\\\\‘I \/H \ '\\\\Au !
IX H « RS polymer N 0. pa RS,
chain anH ~\/
| N /(I)
I—o polymer. RL
Au/Pd'—o H + AU/Pd chain 5
' RL\\‘ 12 ”’H == RL\“‘ 12 "'H E 6
csPvP CSPVP o
syn-adduct \
XI
1/2 02“
I
Path b: anti-addition, producing the minor product

CSPVP oL ° . o
ATP§ NS oz S Hin
LS o— 7—§H + v 7—&.4
R)CQH Hg Y o TR
H RS H i
OH, anti-adduct

Schene12. ProposedMechanismand Stereo- and Regio-chemistry of the

EnantioselectiveOxidation of Alkenes

2.3 SelectiveC-H Asymmetric Oxidation Reactionsof Cycloalkanes.

2.1.1Background and Significance

C-H oxidation has a long history and an ongoingspnee in research at the forefront of

chemistry and interrelated fieldsln a single molecule, even meditsize organic moleculesp

many different GH bond can be oxidized. The activeHCoxidative sites normally have weaker
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C-H bond dissociation energnd other effect, such as electronic effect, steric effect, conjugation
and hyperconjugation, etf® Therefore, theactive GH oxidation sits are normally on
aromatic ring®” benz/lic!®? or allylic!®? position. Regio andenantioselectivee-H oxidation
of cycloalkaness oneof the mostchallengingtransformationsn organicsynthesis In general,
directing groupssuch as hydroxyl group, ester or amide aeeded forthe regioselectivity.
Although various of differet catalystsuch as iron complexes!®**® gold reagents’”? and
other$® °¥190 in C-H oxidation have been reportedno researchon the use of bimetallic
nanoclustersand chiral supportsin the catalytic enantie and regionselectiveC-H oxidation
appears C-H oxidation is a highly atomeconomic process,and regioselectivecatalytic
asymmetridC-H oxidationwould providea powerfultool for organicsynthesis To explorethe
scopeof the oxidation reactions,a more challengingcatalytic asymmetricC-H oxidation was

investigated.

2.1.2Resultsand Discussions

Since the Pd:Au(3:1CSPVP did not work well for the B oxidation, different bimetallic
nanoclusters have been investigte the GH oxidation including Fe:Au(3:3SPVP and
Cu:Au(3:1})CSPVP. Both Fe:Au3:1>CSPVP and Cu:Au(3:1)CSPVP have the catalytic
activity on the GH oxidation of isopropylcyclohexane to yieldisbpropylcyclohexanone.
However, Fe:Au(3: HCSPVP nandasters are not stable at high temperature, forming the black
precipitate which is magnetic. Thereforasteadof using Pd:Au (3:1}>CSPVP nanoclusters,

Cu:Au (3:1)}CSPVPnanoclustersvasusedfor the C-H oxidationof thecycloalkanes

Underoxygenatmaspherg(30 psi.), no C-H oxidationproductwasdetectedmakingthe stronger
oxidizer (hydrogenperoxidg necessaryor the oxidation reactions After making the crude

Cu:Au(3:1)CSPVP solution, the substrate was added into it followed with 3Q@. H'he
68



remaining NaBH was also quanched by J@, with the formation of hydrogen gas. Since the
organic substrates are difficult to dissolve in water, acetonitrile was added slowly into the
reaction system until the entire substrate diseghafter heating to 5°C. Too much
acetonitrile (>1/2 by volumn by experience) may produce blackcipitateafter heating for

several hours which means the nanoclustecompotion.

Results of the catalytic asymmetricC-H oxidation reactionsof various substitutedachiral
cycloalkanesising1 mol% Cu/Au (3:1}-CSPVP andH,0, at 50°C aresummarizedn Table 7.

The products are chiral molecule obtained from the desymmetrization process of the achiral
substrates. For example,oxidation of mesetrans-1,4-diisopropylcyclohexan€92) gavean 87%

yield of (2R,59)-93. (Table 7, entry1l) There are four @4 bondpositionswhich haspotenssial

to be oxidizedThe four methyls on isopropyl group, two methindkl®s on i sopropyl (
methineGHOs on cycl ohe x arhyenegroups onghe ang. dt appezmefour me t
methine C-H & swhich haveweaker bond dissociationenergies?® and four sterically less
hinderedmethylswerenot oxidized Moreover, the four methylene group was selectively oxidize
two of them to give a chiral product wiBl% ee. The Cu:Au(3:1)CSPVH performed both
region and enantioselectivity on the catalytic oxidation reactio®2f The specific rotation

and*H and**C NMR spectraldataof (2R 59-93 werein agreementvith thoseof the reported

compoundsynthesizedrom (S)-perillaldehydé!®¥

Similarily, 1-isopropylcycloalkana 94i96 and 1-isopropenylcyclohexanol (100 were
conducted to be oxidizedith the catalysis of Cu:Au(3:4SPVH and vyield correponding
ketone(R)-97i (R)-99, and (R)-101, respectively(Table 7, entries2i 5). The hydroxyl group is
the directing group in the reaction and oglgosition away from hydroxyl group were oxidized

to give both regionand enantioselectivity. Notebly, tR€=CH, of 100 which is more active
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than the alkane moiety, was not oxidized58tC under HO, with the Cu:Au (3:1})CSPVP

nanoclusters

The regiochemistryof (R)-97i (R)-99, and (R)-101 were analyzedby 2D COSY spectroscopy
In the COSY spectrumof (R)-97, the signalat d 2.41 2.30 ppm assignedor C2-hydrogenshas
no correlationwith other protons,while the signalsat ~2.25 and 2.05 ppm assignedfor C5
hydrogensshow correlationwith C4 hydrogensat 2.01 and 1.60 ppm  Similar correlations
were found in the 2D COSY spectraof (R)-98, (R)-99, and (R)-101 Moreover, (R)-98 and
(R)-99 wereindependentlysynthesizedrom (S)-38 and (§)-42, respectivelyby silylation of the
C3-hydroxyl group followed by addition reaction with isopropylmagnesiumbromide!®2
removal of the silicon protectinggroup, and oxidation with IBX-DMSO(Schemel13) Their
NMR spectraand specific rotationswere similar to those obtainedfrom the C-H oxidations
The products indicated the chelation of nanoclustersand the tert-hydroxy group directed

asymmetricoxidationat g-carbonaway from C-OH groupof cycloalkanes

More directing group effecsuchasalcohol,ester,andamide, were studied. Compounds 0271

105 were designedand investigateddue to the presenceof acetoxy,hydroxyl and ethyl ester
group Oxidationof 1027 105with 1 mol% Cu/Au (3:1)-26 andH,0, at 50°C gaveexclusively
C3-oxo products106 i 109 (76i 83% yields), respectivelyTable 7, entries6 1 9) Compare
with the oxidation results from4 1 96, the active €H bonds for the Cu/Au (3:1CSPVP
catalytic oxidatimm of 1027 105 should begd carbon which are not in agreement with the real
results. Theoxidationtook placeat the g-carbonaway from C-OH group of cycloalkanes It
indicatedthe directinggroupin 1027 105 were acetoxygroup,which directedthe oxidation on

the gcarbonaway from C=0 of acetoxygroup With the appearance of C=0, the directing
effect of hydroxyl group was overridadicatedthe directing effect of C=0 was stronger than

hydroxyl group.
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5 mol% Cu/Au (3:1)-CSPVP
Cyclic alkanes - Chiral oxidized cyclic alkanes

30% Hzoz, CH3CN, 5OOC, 7 days

entry CSPVP substrate product % yield % ee

1@ 1
/ko | /KQ ", l/ 87 81
,
~ 0

92 (2R,5S)-93
2@ 1 OH WOH
91 92
94 © (R)-97
OH (OH
3@ 1 08 91
o)
95 (R)-98
4(a) 1 OH .‘\\OH
89 93
o)
96 (R)-99
5@ 1 OH WOH
98 93
o)
100 (R)-101
6 26 AcOa AcO\Q 83 -
(1S,2R)-102 0(1S,2S)-106

(To becontinuel)
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CSPVP

substrate

O

entry product % y|€|d % ee
(a) acol O HOQ #92H
7 26 c AcO s
Q 83% -
(1S,2R)-103 O (15,25)-107
HO, CO,Et HO, CO:Et
AcO S AcO Z
(a)
8 26 o 76% -
(1S,2R)-104 (1S,2S)-108
HO
AcO, HO CO,E AcO <CO,Et
@)
0 -
o@ 26 @ @ 83%
(1S,2R)-105 (1S,2S)-109
@ Ho, COE
10 26 onﬁ No product detected
(1S,2R)-81A
Ho, COEt Ho, COEt
PvO 2 PvO 3y
83% -
11 26
1S,2R)-110 ©
(1S.2R)- (1S,2R)-113
HQO \\COZEt HO \COZEt
PVO 3 PVO
88% -
12 26
@)
(1S,2R)-111 (1S,2R)-114
PvO, HO
PvO HO“\\COQEt ‘\\\COZEt
0, -
13 26 @ 88%

(1S,2R)-112

(1S,2R)-115
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entry CSPVP substrate product % yield % ee

OCOCH; OCOCH;
o}
14 26 94 94
116 (S)-121
NHCOCH; NHCOCH;
15 26 G O 76 92
117 (S)-122
NHCOCH; NHCOCH,
o}
16 26 72 93
118 (S)-123
NHCOCH; NHCOCH;
o}
17 26 84 93
119 (S)-124
CO,Et CO,Et
18 26
88 92
o)
120 (S)-125

(a) 1% mol of Cu:Au-CSPVPnanoclustersvasused.

Table 7. Resultsof Catalytic Asymmetric C-H Oxidation of Cycloalkanes

After changing the acety group to pivaloyl group, the oxidation took place atghecarbon of
the Cthydroxyl group, which was in agreement of the hydroxyl directing effect. For example,
oxidation of compound$10' 112 gave onlyl13 115 respectively, in 830% yields.Table 7,

entries 11 13) Because the bulkiert-butyl moiety blocks the chelation of C=0 in PvO with
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nanoclusters, allowing the OH group to chelate and direct the oxidation. The regiochemistry of
113 115were revealed by their 1H and 2D COSY NMR spectra. Npgtab desired oxidation
product was isolate from the treatment of monopivaloyl (PvO) analodl8f2R-Ethyl
1,2-dihydroxycyclpentamcarboxylate(81A) even heating to 108C with seal tube(Table 7,

entries D) It may due to the crowed environment be tivemembered ring which prevented

the active GH bond oxidation.

This functionalgroup directing effect provides guidance for desymmetrizeld @xidation.
Hence, monofunctionalized cyclekanesl116i 120 were oxidized readily to give respective
(Sy12171 (S)125in excellentchemical (72i 94%) and optical (921 94% ee) yields (Table 7,
entries 4i18). Notebly, in order to study the effect of borane in the catalyst sojution
molecular weight cut off memnane was used to remove all the inorganic smallepules
including borane. The remaining solution was udedctly to conduct the @4 oxidation of
120to 125 and gave similar results as the crude catalyst solution with 87% yield and 92% ee.
The acetoxy, acetamide,and ethyl ester functions apparentlydirected the oxidation at the
g-carbonaway from C=0 group on the ring From the above results, the aptitude of directive

oxidation can be summarized as followed:3CB, ~ CH:CONH > OH > CQEt.

TheNMR spectraof 121, 123 125wereidenticalto thosereported™®*%  Thesign of specific
rotationof (9-121, is oppositeto thatreported(R)-1211*°3  Compound (S)-123 was converted
to 2-(S-aminocyclohexanonél32) by the treatmentwith 85% hydrazineat 70°C, (Schemel3)
andthe sign of specificrotationof the resultingamine,[a]p?? = -71.3(c 0.5, CHCL), is opposite
to that of reported2-(R)-aminocyclolexanoné*®® The absolutely configuration df22 and 124
were assumed based on the oxidation resullld to (§-123 Absolute configuration of

(9-125 [a]p*% = +2.62(c 1.61, MeOH), wassimilar to thatreported
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OH
TBSCI i-PrMgBr n-BuyNF
DMAP ELN ZnCl, THF THF
3 2
. CH,)n CHy)n .
n=1 (S)-38 (S)-126 (1R,3S)-127
n=2 (S)-42 (S)-129 (1R,3S)-130
NHCOCH
\\OH 3 NHZ
IBX N o NH,NH, o
—_— >
[0}
DMSO (CH,)n 70°C
S)-123 S)-132
n=1 (1R,3S)-128 (R)-98 ) (S)
n=2 (1R,3S)-131 (R)-99

Schemel3. The Synthesized Moleculesor Confirming the Absolutely Configurations of

the CycloalkanesOxidation Products.

Trans92 was made by Birch Reduction by Li-NH3; from 1,4-diisopropylbenzene(133).
Compounds94 i 96 and 100 were madefrom the addition reactionsof isopropylmagnesium
bromideor isopropenylmagnesiumbromidewith cycloalkanonesn the presenceof 0.2 equiv of
ZnCl, in THF at 0°C, respectively’®? Alcohols 81 i 84 were monoacetylatedwith acetic
anhydride(Ac,0) andpyridine to give 89i 95%yieldsof 10217 105andmoncpivaloylatedwith
pivaloyl chlorideand Et3N to give 85 88% vyieldsof 1107 112 Compoundsl16i 120 were
simply esterficated or acetylaed from cyclic alcoholor amine,respectively(Schemel4) Dr.

Man Zhang and Mr. Kyle Apley helped to prepare the subst@dte96and116i 120
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NHs () _ PdC
Li - Ha
/:\

133 134 trans-92
0 O
_ OH MgBr OH
I-PrMgBr .
ZnCl, THF ZnCl, THF
0 0
n=1 97 101
2 98
3 99
HOo, CO2Et Ho, COEt Ho, COEt Ho. COLEt
HOAL AC0 $ : PvCl 3
——> AcO HO —> PVO
Pyridine EtzN
! 0N ! 0
n=1 81 102 n=1 81 81A
2 82 103 2 82 110
3 83 104 3 83 111
4 84 105 4 84 112

Schemeld. The Preparation of the Substratesfor Cycloalkane C-H Oxidation Reactions

Dr. Hua has also proposed the mechanism for GhéAu-CSPVP catalytic GH oxidation
reactions based on the previously suggestedmechanismof copper complexes bearing
trispyrazolylborateligands!® 1°@ (Scheme15) Cu”Au XIV first reactswith H,O, to give
copper(ll)oxo complexXV, which activated the €4 bond by pullinga hydrogenatomfrom the
substrateto produce hydroxyl copper(l) radical and cycloalkyl radical complex XVI.
Cycloalkyl radical and hydroxyl radical then form aOCbond to yield alcohol and regenerates
XIV. Thealcoholswere furtheroxidized underthe reacton conditionsto give ketones Cu(ll)

complexedwith the directinggroupandO in Cu(ll)=0 formedhydrogenbondingwith the H on
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the active site, constructeda six (hydroxyl group as directing group) or seveamembereding

(carbonylas directinggroup)transitionstate.

CHACN /\HIR R

[ J
Au/Cu® + H,0, AulCu'=a" + H,0 - . Au/CU—OH
CSPVP CSPVP CSPVP
XV
X1V VI
03<\ Au/Cu = O/H o OH
O __nanoparticles u :u \ Au/Cqu .
T ! R — ' R
. AuL :
N - ; e CSPVP CSPVP
polymer <. .»‘”:‘; = ; XVIII
chain ~o N - TUS OH N XVII
polymer/é
chain )
Sz 0
O O AU/(.:U oxidation
: + HO—R — > ketone
CSPVP
XV

Schemel5. ProposedM echanismof the EnantioselectiveCatalytic Oxidation of Alkanes.

Various substitutedcycloalkaneswere oxidized by Cu/Au-CSPVPand H,0, to furnish chiral
cycloalkanones With the presenceof various directing group, the regio-selective C-H
oxidation was achieved with high chemical yield. ~Moreover, the desymmetrizationof
1,4-disubstituted cyclohexaneor monosubstitutedcycloalkanesexpamled the scope of the
asymmetric oxidation catalyzed by CSPVP stabilized bimetallic nanoclustersand gave

applicationprospectdor the oxidationof complexcompounds.
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2.4 Asymmetric Oxidative Ring-Closing Reactionof Dienes.

2.1.1Background and Significance

After thediscoveryof C-H oxidationon the cyclic compound, acyclicsubstratetiavealsobeen
investigated  Unfortunately, the acyclic compounds such as heptar4-yl acetate or
N-(heptan4-yl)acetamide cannotbe oxidized with the similar condition. However,base& on
the directing effect of OH group, 5-methylnonal,8-dien-5-ol was conductfor the oxidation
reactionandthe desymmetrizeding-closing producta-Lactonewas isolatedwithout other C-H
oxidationproducts(discovered byDr. Man Zhangin Hu a 6 s | )a b-bactcmdsar fagtams
arepartof theimportantcorestructuralin manyresearcHields suchaspharmaceuticathemistry,
natural products, perfumesand food additivesi’®” *°8  Different kinds of catalyss with
different catalytic mechanisntsve beenreportedfor the formationof chiral lactoneor lactam,

M palladium!*? and chiral phosphoric acid**3.

such as gold™*®? rhodium™? titanium!
Various copper catalyzedoxidative ring-closing reactionhas beenreported such asarylation
[114118 |5ctoneformationt™®? or lactamformatiort™*?. However,the useof bimetallic NCs and
chiral supportsin the asymmetricoxidative ring-closing reactionfor makinglactoneor lactam
has not been reportedThe developmenbf the new methodologygives an efficient and fast

routefor the synthesisandfunctionalizationof lactoneor lactamwith a stereogenicenteron the

J position.

2.1.2Resultsand Discussions

Base onDr. Man Zhangs discovey of the o-Lactoneformation the reaction condition was
optimized for getting desirableresultswith better chemical and optical yieldFor example,

compoundl97 was added into 4 mol% of Cu/Au(3:2p in water, (crude nanagster solution),
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followed with adding30% HO,, heaing to 50°C and adding mimimum amount of GEN to
dissolve the substrate Notebly, because of theppearancef ester group in the substrates, 40
equiv. of NaBH (compare with 1 equiv. of HAugl 100 eqiv. of substrates) will be a
significant amount which will hydrolysis the ester groufherefore, the amount of NaBkas
cutted to 10 equiv. (compare with 1 equiv. of HAYQ@lO0 equiv. of substrate®r the oxidative

ring-closing reaction.

The resuis for the oxidative ringlosing reaction were summarized Table 8 For example,
treatmentof 195 with 4 mol% Cu/Au (3:1)-26 and 30% H,O, in CH3CN-H,O at 50°C gave
(9-200in 71%yield and96%ee (Table 8, entry 1) Instead of using CSP\#8, CSPVR5 and
CSPVR were also used to investigate #@antioselectivityf 5-monosubstituted polymers and
3,4-disubstituted polymers. With CSPVP 25 or CSPVH, 95% or 90% ee product were
obtained respectively, indicating CSP28gave the highest enantioselectivity amg the three
polymers. Other analogs with phenyl group or ethyl ester group sud®6as 199 were
conducted with similar condition to yield similarly catalytic asymmetric oxidative ring closing
reactionproduct201i 204, respectively(Table 8, entries Z° 5) With this method, highly stained
four-membered ring lacton201 and203 were produced although the yield is lovacause of

the formation of polymers

Not only o-lactone o-lactam 20871 210 were also producedith similar reaction condition from
the amino ester anal@&p5i 207, respectivelyjn good chemical (693%) and excellent optical

(92-95% ee) yields.Table 8, entries & 8)

The absolute configuration of (§-200 was determined by converting it to (-)-(9-5-
phenyt5-propykdihydrofuran2-one (213 with [a]p?* = -42.1 (c 0.02, MeOH), and the optical

rotation agreeso thatreported'3 Molecule ©)-200was ozaolysized withOsz in methylene
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chloride and reduced with NaBkb give corresponding alcoh2ll Then the alcohd@11was
mesylatel by MsCI in the presence of &t and reducedo remove OMs with NaBldand gave
known compound 9-2139  The absolute configuration of (S)-208 was determinedby
conversioninto a prevously reported pyrrolizidinone (218 with similar reporte optical
rotation!*®® Molecule §)-208 was ozonolysized with ©in methylene chlorideand educed
with NaBH, to give corresponding alcohdll4d The alcohoR14was mesylated by MsCl in the
presence of EN to give a good leaving group OMs in compowid. After the treatment d215
with NaH, N in the lactam ring attacked the gbPMs and gae cyclized produc®16. Molecule
216 was treated with LDA to form enolate ahgidroxylated by MoOPH*! (57% yield along
with 8% of the a-OH isomer). Finally, ethyl ester2l7) was tranfered to methyl este218
(Scheme 1%

Compoundsl95 199 weremaily prepared by Kyle Apley and they werade by he Grignard
Reaction from isopropybenzoate or diethyl oxalate with corresponding alkenyl magnesium
bromide, respectively. CompoungB5and207 were prepared from glycine ethyl estgp?)

by the sequence: (i) treatment with ethyl formate to gi2a8"?? (ii) isocyano product424)
formation with POCE-EtsN,[*?2 (iii) alkylation with NaH and corresponding alkenyl bromide, (iv)
hydrolysis of isocyano group to give desired products. Comp@0Bdvere synthesized by
treatment of ethyl ditroacetate 227) with 1-propenyl acetate followed the reductiarith

Zn/AcOH. (Schemel?)
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R2
1 2
ROR 4 mol% Cu/Au (3:1)-26 ﬂ(uj/n\
/\6%/\ -
h n 30% H,0,, CH5CN, 50°C, 3 days X

(0]

R1=OHOFNH2 X =0 or NH
R? = Ph or CO,Et R? = Ph or CO,Et
n=1-3 n=1-3

entry substrate product % yield % ee

HO_  Ph Ph
1 S/
W i 71 96
o)
o)

195 (S)-200
Ph
2 HO Ph
W 4(""/\
7z X L5 44 92
7
(6]
196 (S)-201
HO CO,Et CO,Et
3 2 4 /\/
~ e g 84 93
(@]
(@]
197 (S)-202
CO,Et
HO, CO,Et
) /\)</2\ 4("" I
N 33 93
= J—o
(@]
198 (S)-203

5 HO_  CO,Et
/\/\)</\/\ o=
v X o 0”2 83 93
199 (S)-204 U

(To becontinued)
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entry substrate product % yield % ee

HN  CO,Et COEt
° \/\)W "'///\/ 84 =8
NH
o}
205 (S)-208
CO,Et
H,N
7 /\2)<C0/2Et\ 4(',///\ 64 92
Z N ~—NH
o
206 (S)-209
H,N.  CO,Et )fj’co .
t
8 /\/\)</\/\ ; ? 93 e
= N o NT %
U
207 (S)-210

Table 8. Resultsof Catalytic Oxidative Ring-Closing Reactions
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Ph Ph
OH
Qw/\/ 1) 05 DCM Q, s MSCI EtsN
7 ° 2) NaBH, S o DCM

(S)-200 (S)-211
Ph Ph
OMs
NS NaBH4 Q’ N
O 1,2-dimethoxyethane S o
(@] t-BuOH
CO,Et CO,Et oH CO,Et
/\/1) 05 DCM e MGl BN o~
NH 2) NaBH, NH DCM NH
(S)-208 (S)-214 (S)-215
CO,Et CO,Et HO CO,Me
1) LDA _ MeOH
—_—
2) MoOPH “MeONa oZ °N
(S)-216 (2S,7aS)-217 (2S,7aS)-218

Schemel6. Syntheses of Known Moleculefor Confirming the Absolutely Configurations

of the Oxidative Ring-Closing Products.

A mechanismfor the formation of lactonesand lactamsis proposed(Scheme 19 Similarily,
CW/Au XIV first reactswith H.O, to give copper(ll) oxo complex XV, which subtract a
hydrogen atom from OH or NHn the substrategiveshydroxyl copper(l)radicalanda oxygen
or nitrogen radical intermediablX . The two radicals then form a €X(N) bond and the C=C
in substrées is oxidized by hydroxyl copper to givarresponding alcoha{X! andCu”/Au XIV .
After removing a molecule of formaldehyde frofiXI, intermediateXXIl is attacked by water

and giveXXIIl which isfurtheroxidized to corresponding lactone or lactam.
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(e} )\ \\
Zn " MgBr O  ZtJn MgBr
Ph OH
Et,O o7 o Et,0 Et0OC OH
291 n=1 195 \_ n=1 197
0 196 0 198
2 199

O
H,N Ethyl formate EN  C. o 0 Br

H™ N
o EtsN Ho & POCl; o NaH
Reflux DMSO

222 223 224
S O i = L N

EtOOC N, EtOH EtOOC NH,

C
n=1 225 n=1 205
2 226 2 207

Eto\nAN o, Pd(PPhos EGN  EtOOC NO, AcOH Zn EtOOC_ NH,

0 A~ OAC & N >—QH ~ N

227 228 206

Schemel?7. Preparations of the Substratesfor Oxidative Ring-Closing Reactions

2.5 SelectivelL ate-stageC-H Oxidation of Complex Molecules.

2.1.1 Background and Significance

Among the frontier challengesin chemistryin the twenty-first centuryare the interconnected
goalsof increasingsyntheticefficiency anddiversity in the constructionof complexmolecules
The selectiveand efficientmadification of complex moleculessuch as nature prodscand
bioactive compoundsyith disparatdunctionalgroupsis along-standingchallengethathasbeen
solved gradually by using catalysts to perform relatively pure transfomations The
straightforward step(syvhichissec a |l | e-sit & § @ & eikatiom,providevarals analogs

with similar scaffold without doing intricate total synthesis. Due to the size of the molecule,
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more active sites can be converted in single molecule and selective transformation is important.

CH5CN ~

Au/Cu® + H,0,

CSPVP
X1V

XXII

oxidation

Lactone or Lactam

XXI

CSPVP

O XIX -
RL
Au/CU° (Y Rs
i - |
CSPVP Aulcu Qo’”
; \
CSPVP
XIV X

\  nanoparticles

Y =0 or NH
Rl = Ph, CO,Et
RS = alkenyl

Schemel8. ProposedMechanismof the Enantioselective Ring Closing Reaction for



However, nost of the reportedC-H oxidatiod**? and halogenatidtt? often take placeat the
allylic C-H, or benzylicC-H bonddueto a lower bonddissociationenergycomparingwith that
of unactivatedCH, and CHs bonds Thet d&dead eaH akylatiant'?P % ca
azidationl**? and GH oxidatiod*?®**3 have been investigated in recent years aedly
installed functional groups can be further convertedinto various functionalitiespuilding up a

moleculelibrary for testing the bioactivity or drug mechanism study.

2.1.2Resultsand Discussions

With the successfuC-H oxidationsof smallsizecycloalkanesmediumto largesizemoleculeor
nature products were also oxidized to their correspondinganalogs Due to the oxidation
difficulty and valuable products,more catalyst(5 mol %~ 30 mol %) were usedand several
substrate gavepositiveresults For example oxymatrine(229) is oneof quinolizidinealkaloid
compoundsxtractedfrom a Chineseherb called SophoraFlavescensand can be usedfor the
protection of cardiovascudr system*?  With the catalysisof 30 mol % Cu/Au(3:1)-26 in
CH3CN andH,0,, single oxidative product230wasisolatewith 60% yield andrecover33% of
229 (Table 9, Entry 1) Cu/Au-26 catalyzedreaction hashighly selectivitywith the directing
effect by the carbonylon C-15, b-carbonaway from C=0. The structurewas determinedby
comparingthe *C NMR with reportedcompound?*? No C-H oxidation of oxymetrinehas
beenreportedpreviouslyexcep microorganismcatalyzedoxidation of 230, giving 10 products
with hydroxyl or oxo groupon C-12, C-13, C-14"*3 COSY study has been taken. Base on the
assignment of oxymatrinethich was reportétf? and the COSY of the product, thid NMR

assignment was shown belofiFigure 14)
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d intergration assignment

9 5.15-5.09 1 11CH

4.41 1 17CH

4.20 1 17CH
3.50-3.25 2 14CH,
3.22-3.02 5 2CH,, 6CH, 10CH,
2.82-2.60 2 3CH, 9CH
2.48-2.37 1 12CH

2.32 1 12CH
2.10-2.04 1 8CH
1.89-1.48 7 3CH, 4CH,, 5CH,

7CH, 8CH, 9CH

Figure 14 COSY Study and'H NMR Assignment fof.3-Oxo-oxymatrineN-oxide (230)

A mediumsizednaturalproduct,ambroxide(231), alsounderwentegioselectiveoxidationwith
5 mol % of Cu/Au(3:1}26 to give sclareolide (232 with 74% vyield and
(29-2-hydroxysclareolid€233) with 6% yield. (Table 9, Entry 2) The oxygenin 231 activated
a-C for C-H oxidation and gave lactone, as reported** *3 However, unlike reportediron
complext™®? sclareolide(232) was further oxidized to (25)-2-hydroxysclareolidg233) in 38%
yield and 3% yield of 1-oxosclareolideg(234) along with 46% recoveryof 232, in a separate
experiment (Table 9, Entry 3) Notably,the CZ~ equatorialhydroxyl function of 233 doesnot
undergofurther oxidation, likely dueto sterichindrance(C2-axialH is shieldedby C15-b- and

Cl16methyls)*¥® 'H and ®*C NMR spectraldata of 233 and 234 are identical to those

reported®® 138
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Cu/Au (3:1)-CSPVP

complex molecule
30% H,0,, CH3CN, 50°C, 7 days

entry substrate product(s) % yield(s)

% recover

1 60
2 74
231
HO,,,
6
233 o
HO,,,
3 38
233
232
3

234

33

46

88
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entry substrate product(s) % yield(s)

% recover

58

NHCOCH;

OH
237 238

67

239 240

15

13

17

Table 9. Results of Latestage GH Oxidation for Complex Molecules

LiOH/MeOH andmethylationwith CHsl. (Scheme20)
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Steroidtype of compoundwasalsoselectivelyoxidized For example estroneis an estrogenic
hormoneand hasbeendiscontinuedfor medicalusewith the superseihg by its derivatives!**”
With 5 mol % of Cu/Au(3:1)26 in CH3CN/H,O,, 58% yield of 12b-hydroxyl estronederivative
(236) was isolatedfrom pivaloyl esterof estrone(235) with 15% recoveryyield. (Table 9,
Entry 4) The activatedC-12 was directed by the carbonyl group which is b-carbon away
CoppercatalyzedC-H oxidation of estronederivativeswith 12b-hydroxyl product has been
reportedandthe conversiorfrom ketoneto imine asa directinggroupfor copperis necessary:*
The structure of 236 was detemined by comparisonof the reported 12b-hydroxyl estrone

derivative 2413 after the convetion of pivaloyl esterto methoxygroup by hydrolysis with



Amantadinenasbeenapprovedor useasanantiviral andanantiparkinsoniarmedicalby FDA.
N-Acetylamantading237) was oxidized at the d-carbon(awayfrom C=0) to give 238in 74%
yield with the catalysisof 5 mol % Cu/Au(3:1)26. (Table 9, Entry5) The oxidationtook place
at C3 (d-carbon)of 237, which may due to ring strain of adamantanstructurd®*? (Table 9,

Entry5) The'H and™*C NMR dataof 238areidenticalto thosereported*?

To my surprise, caryophyllene oxid239 was also oxidizedbut not similar @H oxidation.
The terminal C=C was oxidized to C=0 and gave kobus@d€) (with 67% vyield by the
catalysis of 5 mol Cu/Au(3:1}26. The'H and*C NMR dataof 240 areidentical to those
reported?*?  The synthesis of kobosehas been reportddom caryophyllene oxidén 2 steps

(47% overall yield), as repted™*!

1) LiOH MeOH _

36 241

2) K,CO3 CH3l

MeOH o)

0

e
2

Schemel9. The Synthetic Route for the Confir mation of the C-H Oxidation Product.

In summarythe oxidationproducel ketonefunction (in somecasesthe hydroxyl group),which
canbe convertedinto amines,amides,or oxime for possibleenhancementf bioactivity or for
biological mechanisticstudy  Importantly,therearefew methodsin the literaturecanproduce
the proposedoxidized productsin merely one step Even thoughthe oxidationsof complex
moleculeswith the catalysisof Cu/Au-CSPVPare not predictablefor now, but it still givesa

chancéor thelate-stagemodificationandprovidesvariousvalueproducts.
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2.6 Conclusion

In this chapter, several of oxidation reactions were discussed Cycloalkanediolswere
asymmetricoxidizedby 1 atm of oxygengasto yield correspondindiydroxyl ketoneunderthe
catalysisof Pd/Au(3:1) CSPVP nanoclusters Alkeneswere oxidized by Pd/Au3:1}CSPVP
nanoclustersinder2 atmospheriof oxygenin waterto give the syn-dihydroxylatedproductsin
high chemical and excellent optical yields. Various cycloalkans underwentregio- and
enantiesekctive C-H oxidation with Cu/Au(3:1}CSPVP and 30% hydrogen peroxide to
producethe correspondinghiral oxo-moleculesin very goodto excellentchemicaland optical
yields. An enantioselectivalesymmetrizatiorof a,a-dialkenytalkanolsand a,a-dialkenyl™

amino acid ethyl estersto give chiral disubstitutedlactones and lactams,respectively A
numberof mediumsizednaturalproduds anddrugswere also oxidizedregioselectivelyto give
the correspondingnonc-oxygeratedproducts A broadspectrumpredictive C-H oxidation of

complexmoleculeds possible

2.7 Synthetic Experimental Procedures

2.6.1 General

'H NMR spectrg400MHz) and**C NMR spectrg100 MHz) weremeasuredrom a solutionin
CDCl; unlessotherwise mentioned The chemicalshift datafor eachsignalon *H NMR are
givenin unitsof d relativeto TMS (d = 0 ppm) or CHCl; (d = 7.26ppm).  For*C NMR spectra,
the chemicalshiftsarerecordedelativeto CDCl; (d = 77.0ppm). Low-resolutionmassspectra
were taken from an API 2000triple quadrupole ESFMS/MS mass spectrometer
High-resolution mass spectra were obtained using a LCT Premier time of flight mass

spectrometefrom Waters IR spectraveremeasuredlirectly in solid form from Agilent Cary
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630 FTIR Optical Rotation were measured by Bodenseewerk Ré&flkmer & Co Gmbh
Ueberlngen. Optical purities of various oxidized productswere determinedby HPLC using
chiral column, Chiralpak AD(-H) column, size: 0.46 cm x 25 cm, from Daicel Chemical

Industries Exton, PA.
2.6.2 Procedures and Analysis Resultsfor Oxidation of trans-Cycloalkanediols.

(R,R)- trans-1,3-Cyclohexanediol(37) & (S)-3-hydroxycyclohexanoneg(38) (BH7-056)

oH o
HOQ Ho“'ij

(R,R)-37 (S)-38
To a solutionof 4.8 mL of Pd/Au (3:1)1 (2.1 nmol of Pd/0.7mmol of Au-0.08 nmol of 1) in
H>0, wereadded0.16g (1.39 mmol) of racemictrans-1,3-cyclohexandiol (37) and68 mg (0.42
mmol) K>,CO; under 1 atmosphericpressureof O, (a balloon was used) The solution was
stirredat 60 °C for 7 daysandthereactionprogressvasmonitoredby *H NMR until abouta half
of the diol wasconsumed The reactionsolutionwas cooledto 25°C, diluted with water, and
extractedthreetimeswith dichloromethang20 mL each) The combinedextractswere dried
(anhydroudNa,SQy), concentratedandcolumnchramatographen silica gel usinga mixture of
ethyl acetateand diethyl ether(3:7) asan eluentto give 78 mg [97.5%yield basedon reacted
(S,9-37] of (9-3-hydroxycyclohexanon€38) in 99% ee and 81 mg (50% recoverybasedon
racemicdiol) of (R,R-37 in 92% ee (9-38 [a]p?* = +45.2 (c 0.8 CHCL); Lit.!®® +37.3(c
0.80,CHCl3; 82%ee) H NMR d4.13 4.07(m, 1 H, CHO), 3.30(bs, 1 H, OH), 2.56(dd, J =
14, 4.4 Hz, 1 H, CH,C=0), 2.33(dd, J = 14, 8 Hz, 1 H, CH,C=0), 2.24 (t, J = 7 Hz, 2 H,
CH,C=0), 2.05 1.87 (m, 2 H), 1.751.56 (m, 2 H); **C NMR d 210.9,69.8,50.6,41.1,32.9,
20.9 MS (ESI, MeOH): m/z= 137.1([M + Na]’). The % e& ®f the hydroxyketonesand

diols were determinedby subjectingthe benzate derivativesto HPLC using chiral column
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[Chiralpak AD(-H) column,size:0.46cm x 25cm].  (R,R-37: NMR spectrawereidenticalto
the authentictrans-1,3-cyclohexaediol [a]p?® = +3.18 (c 2.0, CH.Cl,); Lit.[®¥ -3.5 (¢ 2.0,
CH.Cl,). The % eewasdeterminedrom the HPLC/chiral column of the benzoge derivative

(R,R-37A & (9-38A.

(R,R)-1,3-Di(phenylcarbonyloxy)cyclohexang37A). (BH8-015)
OBz

BzO" :

(R,R)-37A
A solutionof 10 mg (86 mmol) of (R,R-37, 24 mg (0.17mmol) of benzoylchloridein 0.1 mL of
pyridine and0.3 mL of dichloronmethanewasstirredat 25°C for 8 h underargon The solution
wasdilutedwith 1 mL of water,concentratedo drynessandcolumnchromatographedn silica
gel usinga gradientmixture of hexaneandethyl acetateaseluentsto give 17 mg (61%yield) of
(RR)-37Ain 92%ee H NMR d8.06(d, J=8Hz, 4 H), 7.56(t, J= 8 Hz, 2 H), 7.45(t, J=8
Hz, 4 H), 5.4715.45(m, 2 H), 2.15 2.12(m, 2 H), 1.94 1.91(m, 2 H), 1.90' 1.60(m, 4 H); °C
NMR d 166.0(2 C), 133.1(2 C), 130.8(2 C), 129.8(4 C), 128.6(4 C), 70.8(2 C), 36.1,30.6(2
C), 19.7. MS (ESI, MeOH): m/z = 347.2([M + Na]’). The % ee of this compoundwas
determinedy HPLC usingchiral column,ChiralpakAD(-H) column,n-hexane-PrOH= 90:10,
flow rate: 0.5 mL/min; tg = 15.7 min (R,Renantiomermajor), tr = 18.6 min (S,Senantiomer,
minor). The racemictrans-dibenzoate37A were similarly preparedfor HPLC/chiral column

studyfrom the correspondingacemictrans-diols.
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(S)-3-Oxocyclchexyl benzoate(38A). (BH7-073)
O

BzO“ i

(S)-38A

To asolutionof 50 mg (0.44mmol) of (§-38in 1.5mL of dichloromethan@nderargonat 0°C,
was added0.1 mL of pyridine and 0.12 g (0.85 mmol) of benzoyl chloride The reaction
solutionwasstirred at 0°C for 1 h, diluted with water, and extractedwith CH,Cl, twice. The
combined extracts were washed with brine, dried (MgSQ,), concentrated,and column
chromatographedn silica gel usinga mixture of ethyl acetateandhexane(1:2) asan eluentto
give 88 mg (92%yield) of (9-38Ain 99%ee H NMR d8.00(d,J=7.6Hz, 2 H), 7.56(t, J=

7.6Hz 1 H), 7.43(t, J= 7.6 Hz, 2 H), 5.55 5.50(m, 1 H, CHO), 2.75(dd, J = 14.8,4 Hz, 1 H),
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2.66(dd, J = 14.8,5.6 Hz, 1 H), 2.50/ 2.40(m, 2 H), 2.17 2.2.0(m, 3 H), 1.97 1.85(m, 1 H);
C NMR d208.4,165.7,133.4,129.8,128.7,128.6,72.4,46.8,41.3,29.6,21.1 MS (ESI,
MeOH): m/z= 241.1(IM + NaJ"). The% eeof this compoundwvasdeterminecoy HPLC using
chiral column,ChiralpakAD(-H) column,n-hexane-PrOH = 90:10,flow rate:0.5 mL/min; tg =

21 min (R enantiomerminor), tr = 25 min (Senantiomermajor).
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(9)-3-Hydroxycyclopentanone (41) & (R,R)-cyclopentanediol(39) (BH7-067)

o) HO
HO" HO

(S)-41  (R,R)-39
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From 15 mg (0.147mmol) of (3 -cyclopentanediof39), 0.48 mL of Pd/Au(3:1)}1 (0.22rmmol of
Pd/0.07mmol of Au-0.008 mmol of 1) in H,O, 6.8 mg (96% yield basedn reacteddiols 39; 99%
ee) of (9-41 and 8.0 mg (53% recoveryof (R,R-39 in 91% ee Compound(9-41: [a]p* =
-33.8(c 0.6, CH,Cl); Lit.[®¥ -18.3(c 0.50, CH.Cly; for S-configuration,83%ee) H NMR d
4.634.60(m, 1 H, CHO), 2.5212.36 (m, 2 H), 2.282.12(m, 3 H), 2.10:2.00 (m, 1 H), 1.85
1.87(bs,1 H, OH); 13C NMR d 218.0,69.9,47.9,35.8,32.3 MS (ESI, MeOH): m/z=123.0
(M + NaJ). (R,R-39: The NMR spectra were identical to those of the authentic
1,3trans-cyclopentanediol [a]p?® = +17.3 (c 1.0, CHCls). The % ee was determinedfrom

theHPLC/chiralcolumnof the benzoatalerivative(R,R-39A & (§-41A.

(R,R)-1,3-Diphenylcarbonyloxycyclopentane(39A). (BH8-021)
BzO

e

BzO
(R,R)-39A

From15mg (0.147mmol) of (R,R)}19 and82 mg (0.59 mmol) of benzoylchloridein 0.2 mL of
pyridineand0.5mL of dichloromethane26 mg (57%yield) of (R,R-39Ain 91%ee H NMR
d 8.06(d, J=8.5Hz, 4 H), 7.56(t, J= 8.5Hz, 2 H), 7.45(t, J= 8.5Hz, 4 H), 5.49 5.44(m, 2 H),
2.1612.13(m, 2 H), 1.94 1.86(m, 4 H); 3C NMR d 166.6(2 C), 133.1(2 C), 130.8(2 C), 129.8
(4 C), 128.6(4 C), 71.5(2 C), 39.7,24.5(2 C). MS (ESI, MeOH): m/z= 332.8([M + Na]")..
The % ee of this compoundwas determinedby HPLC using chiral column, Chiralpak AD(-H)
column,n-hexana-PrOH=90:10,flow rate:0.5mL/min; tr = 16.8min (R,Renantiomermajor),
tr = 19.6 min (S,Senantiomer,minor). The racemictrans-dibenzoate39A were similarly

preparedor HPLC/chiral columnstudyfrom the correspondingacemictrans-diols.
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(95)-3-Oxocyclogpentyl benzoate(41A). (BH7-075
O

O

Bz0"
(S)-41A

From 6.8 mg (68 mmol) of (§-41 and 19 mg (0.14 mmol) of benzoylchlorideand 0.1 mL of

pyridine in 1 mL of dichloromethanel3 mg (94% yield) of (9-41A in 99%ee *H NMR d

8.098.07(m, 2 H), 7.59 7.46(m, 1 H), 7.45 7.42(m, 2 H), 5.49 5.44(m, 1 H), 2.73 2.68(m,
1 H), 2.55'2.51 (m, 1 H), 2.372.25 (m, 4 H): **C NMR d 215.8,165.7,133.4,129.8,128.7,

128.6,72.5,44.4,35.6,29.2 MS (ESI, MeOH): m/z= 227.2([M + Na])). The % eeof this

compound was determined by HPLC using chiral column, Chiralpak AD(-H) column,
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n-hexaneAPrOH = 90:10,flow rate: 0.5 mL/min; tr = 22 min (R enantiomerminor), tr = 24.5
min (Senantiomermajor).
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(R,R)-Cycloheptanediol(40) & (S)-3-Hydroxycycloheptanone (42). (BH7-104)

OH o)
HO’O HO“'©

(R,R)-40 (S)-42
From 30 mg (0.23 mmol) of (4 -cycloheptanedio(40), 0.8 mL of Pd/Au (3:1)}1 (0.35nmol of
Pd/0.12mmol of Au-0.013 nmol of 1) in H,0, 13.4mg (92%yield basedon reacteddiols 40; 99%
ee)of (9-42 and15.8 mg (53%recovery of (R,R-40. Compound9-42: [a]p** = +16.4 (c 0.8,

CH,Cl). *H NMR!®¥ d 4.134.06 (m, 1 H, CHO), 2.84 2.74 (m, 2 H), 2.54 2.40 (m, 2 H),
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1.941.70(m, 6 H), 1.65 1.55(m, 1 H); *C NMR d 212.4,67.7,51.8,44.5,39.0,24.5,23.9
MS (ESI, MeOH): m/z= 151.1(]M + NaJ). (R,R-40: The NMR spectrawere identical to
thoseof authenticl,3trans-cycloheptanediol [a]p*? = +16.9 (c 1.0, CHCL;). The % eewas

determinedrom the HPLC/chiral columnof the benzoatealerivative(R,R-40A & (S)-42A.

(R,R)-1,3(Diphenylcarbonyloxy)cycloheptane(40A). (BH8-020)
OBz

820(0

(R,R)-40A
From 15 mg (0.12mmol) of (R,R-40 and64 mg (0.46 mmol) of benzoylchloridein 0.2 mL of
pyridine and0.5 mL of dichloromethane?22 mg (56%yvield) of (R,R-40A in 85%ee *H NMR
d 8.06(d,J=8Hz, 4 H), 7.56(t, J= 8 Hz, 2 H), 7.45(t, J= 8 Hz, 4 H), 5.49 5.44(m, 2 H), 2.13
(t, J= 6 Hz, 2 H), 2.02 1.88(m, 4 H), 1.87 1.74(m, 4 H); 3C NMR d 166.5(2 C), 133.1(2 C),
130.8(2 C), 129.8(4 C), 128.6(4 C), 70.9 (2 C), 36.3,29.1 (2 C), 24.1 (2 C). MS (ESI,
MeOH): m/z= 361.4([M + Na]"), 249.1,217.3,123.1,102.2 The % eeof this compoundwvas
determinedy HPLC usingchiral column,ChiralpakAD(-H) column,n-hexane-PrOH= 90:10,
flow rate: 0.5 mL/min; tg = 16.1 min (R,Renantiomermajor), tr = 18.8 min (S,Senantiomer,
minor).The racemic trans-dibenzoate40A were similarly preparedfor HPLC/chiral column

studyfrom the correspondingacemictrans-diols.
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(S)-3-Oxocycloheptyl benzoate(42A).

v T T v 1
20 25 30 35 40

(BH7-107)
0

Bzo\"©

(S)-42A

From 10 mg (0.078 mmol) of (§-42, 22 mg (0.16 mmol) of benzoylchloride and 0.1 mL of

pyridinein 0.5 mL of dichloromethanel8 mg (98% vyield) of (S-42A (99% ee)was obtained

'H NMR d8.00(d J=7.6Hz, 2 H), 7.56(t, J= 7.6 Hz, 1 H), 7.43(t, J= 7.6 Hz, 2 H), 5.54 5.50
(m, 1 H), 2.86(dd,J = 12,4.4Hz, 1 H), 2.81(dd, J = 12, 8 Hz, 1 H), 2.47 2.40(m, 2 H), 2.32

2.25(m, 2 H), 2.15 2.05(m, 3 H), 1.96 1.86(m, 1 H); *C NMR d 208.2,165.7,133.7,129.8(2

Na]").

C), 129.0,128.6(2 C), 72.4,46.8,40.8,29.1,21.8,21.0 MS (ESI, MeOH): m/z= 255.1([M +

The % ee of this compoundwas determinedoy HPLC using chiral column, Chiralpak
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AD(-H) column,n-hexaneAPrOH = 90:10, flow rate: 0.5 mL/min; tg = 19 min (R enantiomer,

minor), tg = 23 min (Senantiomermajor).
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(R,R)- 1,2Cyclopentanediol(46) & (S)-2-hydroxycyclopentanone(49) (BH7-102)

HO o)

(R,R)-46

(S)-49

From 30 mg (0.29 mmol) of () -46, 1.0 mL of Pd/Au (3:1)}1 (0.438mmol of Pd/0.146mmol of

Au-0.017 mmol of 1) in H,0, 14 mg (94% yield; basedon reacted(S,3-46) of (S-49 (99% ee)

and15mg (50%recovery)of (R,R-46. The % eeof (§-49 wasdeterminedy HPLC/chiralof

101



benzoatalerivative(S)-49A. Compound9-49: [a]p?? = +40.6 (c 1.0, CHCLy); Lit.[*¥ -37.4(c
1.0, CHCly) for (R)-configuration(>99% ee) 'H NMR d 4.10(dd, J = 12,5 Hz, 1 H, CHO),
3.653.55(bs,1 H, OH), 2.50 2.34(m, 2 H), 2.27 2.10(m, 2 H), 1.86 1.60(m, 2 H); *C NMR
d211.9,75.1,40.5,37.6,26.3 MS (ESI, MeOH): m/z= 123.0(M+Na"). (R,R-46: TheNMR
spectravereidenticalto thoseof theauthenticl,2-trans-cyclopentanediol [a]p?®=-19.9(c 1.1,

CHCLy); Lit.1*? -21.3(c 1.1, CHCI,) for (R,R-configuration(>99%ee)

(R,R)-1,2-(Diphenylcarbonyloxy)cyclopentane(46A). (reaction was taken by Dr. Man Zhang.
HPLC was taken by me

BzO

e

(R,R)-46A
From 14 mg (0.14 mmol) of (R,R-46, 58 mg (0.41 mmol) of benzoylchloridein 0.1 mL of
pyridine and 2 mL of dichloromethanegave 29 mg (67% yield) of (R,R-46A. *H NMR d
8.04i 8.00(m, 4 H), 7.58 7.53(m, 2 H), 7.46 7.38(m, 4 H), 5.50(t, J= 4 Hz, 2 H, CHO), 2.36
2.29(m, 2 H), 2.00'1.80 (m, 4 H); *C NMR d 166.2,133.3,130.3,129.9(4 C), 128.6(4 C),
79.7,30.8,21.9 MS (ESI, MeOH): m/z= 333.0(M+Na"), 265.3,1891, 105.2 The % ee
(88%) of (RR)-46A wasdeterminedby HPLC usingchiral column, ChiralpakAD(-H) column,
n-hexanefPrOH = 90:10, flow rate: 0.5 mL/min; tg = 17.3 min (R,R enantiomermajor), tg =
20.0 min (SS enantiomerminor). The racemictrans-dibenzoate46A were similarly prepared

for HPLC/chiralcolumnstudyfrom the correspondingacemictrans-diols.
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(S)-2-Oxocyclopentylbenzoate(49A). (BH7-113

O

BZO/I,.é

(S)-49A

From 10 mg (0.1 mmol) of (§-49 and 28 mg (0.2 mmol) of benzoylchloridein 0.1 mL of

pyridine and 0.5 mL of dichloromethane16.8 mg (82% vyield) of (§-49A in 99% ee was

obtained ‘H NMR d8.08(d, J=7.6Hz, 2 H), 7.57(t, J= 7.6 Hz, 1 H), 7.45(t, J = 7.6 Hz, 2

H), 5.46(dd,J = 9,3 Hz, 1 H), 2.75 2.65(m, 1 H), 2.55 2.45(m, 1 H), 2.17 2.08(m, 1), 1.95

1.85(m, 3 H); **C NMR d 204.6,169.2,133.4,130.1(2 C), 129.9,128.6(2 C), 77.2,39.9,31.2,

21.4

MS (ESI, MeOH): m/z= 227.2(M+Na).

The % eeof this compoundvasdetermined

by HPLC usingchiral column, ChiralpakAD(-H) column,n-hexaneAPrOH = 90:10,flow rate:

0.5mL/min; tg = 20.5min (R enantiomerminor), tr = 23.3min (Senantiomermajor).
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(R,R)-1,2-Cyclohexanediol(47) & (S)-2-hydroxycyclohexanoneg(50) (BH7-061)

OH o)
HO\O Ho,.,.é

(R,R)-47  (S)-50

From 161 mg (1.39 mmol) of (3 -47, 4.8 mL of Pd/Au (3:1)}1 (2.1 mmol of Pd/0.7 nmol of
Au-0.08 mmol of 1) in H,O, 72 mg (89% yield; basedon reacted(S,3-47) of (9-50 (99% ee)
and 80 mg (50% recovery)of (R,R-47. Compound(S-50: [a]p?* = -207 (c 0.65, CHCL);
Lit.1*" +20.6 (c 1.0, CHCL) for (R)-50 (>99.0%ee) H NMR d 4.11(dd,J = 12,7 Hz, 1 H,
CHO),3.70'3.55(bs,1 H, OH), 2.60'2.30(m, 3 H), 2.15 1.45(m, 5 H); *C NMR d 211.7,75.6,
39.7,36.9,27.8,23.6 MS (ESI,MeOH): m/z= 115.1(M+H"). (R,R-47:[a]p??=-34.7 (c 1.0,
H,O); Lit.!%¥ +37.1(c 1.0, H,0) for (S,3-29 (>99.0%ee)
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(S)2-Oxocyclohexylbenzoate(50A). (BH7-078
O

BZOII:.@

(S)-50A

From 50 mg (0.44mmol) of (S-50 and0.122mg (0.87 mmol) of benzoylchloridein 0.1 mL of
pyridine and 1.5 mL of dichloromethane66 mg (69% vield) of (S-50A (99%ee) *H NMR d
8.08(d,J=8Hz, 2 H), 7.56(t, J= 8 Hz, 1 H), 7.45(t, J= 8 Hz, 2 H), 5.41(dd,J = 12,7 Hz, 1
H), 2.60'2.40(m, 3 H), 2.18 1.64(m, 5 H); *C NMR d 204.7,169.2,133.3,130.1(2 C), 129.9,
128.6(2 C), 77.2,40.7,33.4,27.4,24.0  MS (ESI, MeOH): m/z= 241.4(M+Na’). The% ee
of this compoundwas determinedby HPLC using chiral column, Chiralpak AD(-H) column,
n-hexanefPrOH = 90:10,flow rate: 0.5 mL/min; tg = 20 min (R enantiomerminor), tr = 22.5
min (Senantiomermajor).
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(R,R)-1,2-Di(phenylcarbonyloxy)cyclohexane(47A). (BH8-015
OBz

(R,R)-47A

From 20 mg (0.17 mmol) of (R,R-47 and49 mg (0.34 mmol) of benzoylchloridein 0.2 mL of
pyridine and 0.6 mL of dichloromethane51 mg (85% yield) of (R,R-47A was isolatedafter
silica gel columnchromatography *H NMR d 7.94(d, J= 7.5Hz, 4 H), 7.46(t, J= 7.5Hz, 2
H), 7.33(t, J= 7.5Hz, 4 H), 5.41 5.35(m, 2 H), 2.27 2.23(m, 1 H), 2.12 2.06(m, 1 H), 1.90

1.77(m, 3 H), 1.63 1.49(m, 3 H); *C NMR d 166.2(2 C), 133.1(2 C), 129.9(2 C), 129.1(4 C),
128.6(4 C), 74.5(2 C), 30.4(2 C), 23.6(2C). MS (ESI,MeOH): m/z= 347.2(M+Na"), 243.2,
123.1,102.1 The % ee (87%) of (RR)-47A was determinedby HPLC using chiral column,
ChiralpakAD(-H) column,n-hexanefPrOH= 90:10, flow rate:0.5 mL/min; tg = 16.2min (RR
enantiomermajor),tg = 18.9min (SSenantiomerminor). Theracemictrans-dibenzoatet7A

were similarly preparedfor HPLC/chiral column study from the correspondingracemic

trans-diols.
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(R,R)-1,2-Cycloheptanediol(48) & (S)-2-hydroxycycloheptanone(51) (BH7-108)
OH

O
HO4 : HO,,, J_L

(R,R)-48 (S)-51
From 30 mg (0.23 mmol) of (1) -cycloheptanedio(48), 0.8 mL of Pd/Au (3:1)}1 (0.35mmol of
Pd/0.12mmol of Au-0.013 mmol of 1) in H,O, 13.5 mg (93% yield basedon reacteddiols
(S,9-48, 99% ee)of (9-51 and16.3 mg (54% recovery)of (R,R-48 (88% ee) The % eewas

determinedby HPLC/chiralcolumn of benzoateaderivative(§-51A. Compound(S-51: [a]p

22

-1439 (c 0.8, CHCy); Lit.[®¥ -86.4(c 1.0, CHCL) for (R)-51 (>99.0%ee) 'H NMR d 4.31
4.26(m, 1 H), 3.833.75(bs, 1 H, OH), 2.711 2.61(m, 1 H), 2.46(ddd,J = 17, 11,4 Hz, 1 H),

2.081.55(m, 7 H), 1.401.30(m, 1 H); *C NMR d 213.3,77.20,39.9,33.5,29.4,26.5,23.6
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MS (ESI,MeOH): m/z=129.2(M+H"). (R,R-48 The NMR spectravereidentica to thoseof
the authentic1,2trans-cycloheptanediol [a]p® = -4.9 (c 0.7, CHCL); Lit.[®¥ +10.7 (c 1.0,
CHCIy) for (S,9-48 (>99.0%ee)

(R,R)-1,2-Di(phenylcarbonyloxy)cycloheptane(48A). (reaction was taken by Dr. Man Zhang.

HPLC was take by m¢g
OBz

BZOU
(R,R)-48A
From 10 mg (0.077mmol) of (R,R-48 and32 mg (0.23mmol) of benzoylchloridein 61 nL of
pyridineand2 mL of dichloromethane23 mg (90% yield) of (R,R-48A wasisolatedaftersilica
gel columnchromatography *H NMR d 7.97(d, J=7 Hz, 4 H), 7.49(t, J= 7 Hz, 2 H), 7.38
7.34(m, 4 H), 5.42 5.40(m, 2 H, CHO),2.202.00(m, 2 H), 1.88 1.75(m, 4 H), 1.75 1.60(m,
4 H); *C NMR d 166.3,133.1,130.5,129.8(4 C), 128.5(4 C), 77.6,30.7,28.5,23.1 MS (ES|,
MeOH): m/z= 361.3([M + NaJ"). The % ee (88%) of (RR)-48A was determinedby HPLC
using chiral column, Chiralpak AD(-H) column, n-hexangtPrOH = 90:10, flow rate: 0.5
mL/min; tg = 16.8 min (R,R enantiomermajor), tr = 19.5min (SS enantiomerminor). The
racemictrans-dibenzoate48A were similarly preparedor HPLC/chiral column studyfrom the

correspondingacemictrans-diols.
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(S)-2-Oxocycloheptylbenzoate(51A). (BH7-118

O

BZO/,I. f

(S)-51A
From 10 mg (78 nmol) of (§-51 and 22 mg (0.16 mmol) of benzoylchloridein 0.1 mL of
pyridineand0.5mL of dichloromethanel7.6mg (97%yvield) of (S-51A (99%ee)wasobtained
'H NMR d8.08(d, J= 8 Hz, 2 H), 7.57(d, J= 8 Hz, 1 H), 7.45(t, J= 8 Hz, 2 H), 2.75 2.65(m,
1 H), 2.55 2.45(m, 1 H), 2.16'2.10(m, 1 H), 2.0 1.65(m, 6 H), 1.51/ 1.40(m, 1 H); **C NMR

d 207.4,165.1,133.4,130.1(2 C), 129.9,128.6(2 C), 79.9,40.8,30.8,27.3,26.1,22.0 MS

(ESI,MeOH): m/z=255.1([M + Na]"). The% eeof this compoundvasdeterminedy HPLC
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using chiral column, Chiralpak AD(-H) column, n-hexanegtPrOH = 90:10, flow rate: 0.5

mL/min; tg = 19 min (R enantiomerminor), tr = 21.5min (Senantiomermajor).
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2.6.3 Procedures and AnalysisResultsfor Oxidation of cis-Cycloalkanediols.

(S)-3-Hydroxycyclohexanone(38) (BH7-053)

O

HO\\‘é

(S)-38
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To a solutionof 4.8 mL of Pd/Au (3:1)1 (2.1 mmol of Pd/0.7mmol of Au-0.08 nmol of 1) in
H,0O, were added16 mL of deionizedH,0, 0.16 g (1.39 mmol, 662 equivalentsbasedon Pd
mole atoms) of racemic mesacis-1,3-cyclohexandiol (44) and 68 mg (0.42 mmol) K,CQOs.
The solution was transferredinto a high pressureapparatugParr PressureReactor) stirred at
120°C under30 psi O, for 3 days The stirring was stoppedand reactorwas cooled to 25°C.
The solution was extractedthreetimes with dichloromethang20 mL each)and the combined
extracts were washed with water and brine, dried (MgSQy), concentrated and column
chromatographedn silica gel usinga mixture of ethyl acetateandhexane(1:1) asan eluentto
give 0.141 g (89% vyield) of (S-38 in 91% ee (determinedby HPLC/chiral column of the
benzate derivative(9-38A). (9-38: [a]p*? = +40.1 (c 0.8, CHCL).; Lit.[® for (9-38: +37.3
(c 0.80,CHCIs; 82%ee) H and'*C NMR spectrawereidenticalto thoseof (S)-38 obtained

from the oxidationof trans-1,3-cyclohexanediol

(S)-3-Oxocyclchexyl benzoate(38A). (BH7-071)
O

BzO“ ﬁ

(S)-38A
From 0.1 g (0.87 mmol) of (§-38 and0.24 g (1.74 mmol) of benzoylchloridein 0.2 mL of
pyridine and 3 mL of dichloromethane).174g (92% yield) of (S-38A (91% ee)wasobtained
The % eeof (§-38a wasdeterminedoy HPLC usingchiral column,ChiralpakAD(-H) column,
n-hexaneAPrOH=90:10,flow rate:0.5 mL/min; tg = 21 min (R enantiomerminor), tr = 25 min

(Senantiomermajor).
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(S)-3-Hydroxycyclopentanone (41) (BH7-069)

O

&

Ho
(S)-41

From 30 mg (0.29 mmol) of 43, 1.0 mL of Pd/Au (3:1)}1 (0.438 mmol of Pd/0.146nmol of
Au-0.017 nmol of 1) in H,O at 120°C and30 psi of O, for 3 days,28.3mg (97%yvield) of (9-41
in 90% ee(determinedoy HPLC/chiralcolumnof the benzoatalerivative(S)-41A) wasisolated
(9-41: [a]p>? = -29.9(c 0.6, CH,Cly), Lit." -18.3(c 0.50,CH.Cl,; for S-configuration,83%ee)
'H and **C NMR spectrawere identical to those of (9-41 obtainedfrom the oxidation of

trans-1,3-cyclopentanediol.
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(95)-3-Oxocyclgpentyl benzaate (41A). (BH7-076)

O

&

Bz0"
(S)-41A

From 20 mg (0.20 mmol) of (§-41 and 56 mg (0.40 mmol) of benzoylchloridein 0.1 mL of
pyridine and 1 mL of dichloromethane29 mg (71% yield) of (9-41A (90% ee)was obtained
The % ee(90%) of compound(S)-41A wasdeterminedoy HPLC usingchiral column,Chiralpak

AD(-H) column,n-hexaneAPrOH= 90:10,flow rate:0.5mL/min; tg = 21.8min (R enantiomer,
minor), tr = 24.5min (Senantiomermajor).
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(S)-3-Hydroxycycloheptanone (42). (BH7-080)
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O

Ho“'©

(S)-42
From 30 mg (0.23 mmol) of 45, 0.79 mL of Pd/Au (3:1)}1 (0.347 mmol of Pd/0.116nmmol of
Au-0.013 mmol of 1) in H,O at 120°C and30 psi of O, for 3 days,28 mg (94.5%yield) of (S)-42
in 92% ee(determinedoy HPLC/chiralcolumnof the benzoatalerivative(S)-42A) wasisolated
[a]p?? = +15.2 (c 0.8, CHCL). 'H and **C NMR spectrawere identical to those of (S)-42

obtainedfrom the oxidationof trans-1,3-cycloheptanediol

(S)-3-Oxocycloheptyl benzoate(42A). (BH7-106)
0]

Bzo“'©

(S)-42A
From 25 mg (0.20 mmol) of (§-42 and 55 g (0.39 mmol) of benzoylchloridein 0.1 mL of
pyridine and 1 mL of dichloromethane44 mg (97% yield) of (9-42A (92% ee)was obtained
'H and®*C NMR spectravereidenticalto thoseof (9-42A asdescribecabove. The% eeof this
compound was determined by HPLC using chiral column, Chiralpak AD(-H) column,
n-hexaneAPrOH= 90:10,flow rate:0.5 mL/min; tg = 19 min (R enantiomerminor), tr = 23 min

(Senantiomermajor).
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From 60 mg (0.588 mmol) of 52, 2 mL of Pd/Au (3:1)}1 (0.89 mmol of Pd/0.296nmmol of
Au-0.084 nmol of 1) in H,O at 120°C and 30 psi of O, for 3 days,55.4 mg (94.2%yield) of
(9-49 in 91% ee (determinedby HPLC/chiral column of the benzoatederivative (S)-49A).
[a]p?% = +384 (¢ 1.0, CHCly); Lit.[®¥ -37.4(c 1.0, CHCLy) for (R)-configuration(>99%ee) 'H
and *C NMR spectrawere idenical to those of (S9-49 obtained from the oxidation of

trans-1,2-cyclopentanediol.

min

(S)-2-Hydroxycyclopentanone(49) (BH7-065)

O

(S)-49
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(S)-2-Oxocyclopentylbenzoate(49A). (BH7-112

O

BzOy,,. é

(S)-49A
From 40 mg (0.40 mmol) of (§-49 and0.112g (0.80 mmol) of benzoylchloridein 0.3 mL of
pyridineand 1.5 mL of dichloromethane80 mg (98% yield) of (9-49A (91% ee)wasobtained
'H and**C NMR spectrawereidenticalto thoseof (9-49A asdescribedabove The % eeof
this compoundwas determinedby HPLC using chiral column, Chiralpak AD(-H) column,

n-hexaneAPrOH= 90:10,flow rate:0.5 mL/min; tg = 20.5min (R enantiomerminor), tr = 23.3

min (Senantiomermajor).
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(S)-2-Hydroxycyclohexanoneg(50) (BH7-058)
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O

Holll.é

(S)-50
From 0.161g (1.39 mmol; 662 equivalens basedon Pd mole atoms)of 53, 4.8 mL of Pd/Au
(3:1)>1 (2.1 mmol of Pd/0.7mmol of Au-0.08 nmol of 1) in H,O at 120°C and 30 psi of O, for 4
days,0.142 g (96.5% yield) of (§-50 in 92% ee [determinedby HPLC/chiral column of the
benzoatalerivative(S)-50A] wasisolated (9-50: [a]p** = -18.8 (¢ 0.65, CHCly); Lit.[*? +20.6
(c 1.0, CHCL) for (R)-50 (>99.0%ee) 'H and**C NMR spectrawere identical to thoseof

(9-50 obtainedfrom the oxidationof trans-1,2-cyclohexanediol

(S)2-Oxocyclohexylbenzoate(50A). (BH7-077)
O

BzOn..é

(S)-50A
From 0.10g (0.87 mmol) of (§-50 and0.245g (1.74 mmol) of benzoylchloridein 0.2 mL of
pyridine and 3 mL of dichloromehane,0.1699g (89% yield) of (S-50A (92% ee)wasobtained
'H and**C NMR spectravereidenticalto thoseof (S)-50A asdescribedabove.
The % ee of this compoundwas determinedoy HPLC using chiral column, Chiralpak AD(-H)
column,n-hexaneAPrOH= 90:10, flow rate:0.5 mL/min; tg = 20 min (R enantiomerminor), t

= 22.5min (Senantiomermajor).

117



800

600 —

AU

4004 golvent

200

min

1400
1200 - L
1000 -
800 -
s0] solvent
400 \

AU

200
o] A L

T T T T T T T T T T T T T T 1

0 5 10 15 20 25 30 35 40

min

(S)-2-Hydroxycycloheptanone(51) (BH7-110)

O
HO,,, @

(S)-51
From 30 mg (0.23 mmol) of 54, 0.79 mL of Pd/Au (3:1)}1 (0.347 nmol of Pd/0.116nmol of
Au-0.013 nmol of 1) in H,O at 120°C and30 psi of O, for 3 days,27.6mg (94%yield) of (S-51
in 91% ee (determinedby HPLC/chiral column of the benzoatederivative (§-51A). (9-51
[a]p® = -1306 (c 1.0, CHCL). Lit.!%¥ -86.4 (c 1.0, CHCL) for (R)-51 (>99.0%ee) 'H and
13 NMR spectra were identical to those of (S-51 obtained from the oxidation of

trans-1,2-cycloheptanediol.

(S)2-Oxocycloheptylbenzoate(51A). (add notebook #)
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O

BZO/,I. f

(S)-51A
From 20 mg (0.156 mmol) of (§-51 and44 mg (0.31 mmol) of benzoylchloridein 0.2 mL of
pyridine and 1 mL of dichloromethane35 mg (97% yield) of (9-51A (91% ee)was obtained
'H and**C NMR spectrawereidenticalto thoseof (9-51A asdescribedabove The % eeof
this compoundwas determinedby HPLC using chiral column, Chiralpak AD(-H) column,
n-hexare/i-PrOH = 90:10,flow rate: 0.5 mL/min; tr = 19 min (R enantiomerminor), tr = 21.5

min (Senantiomermajor).
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2.6.4 Procedures and Analysis Resultsfor Dihydroxylation of Alkenes

(2)-cyclooct4-enong56) (BH1-071)

O

56

To a 0°C solution 0f23 mmol of N&PdCl,, 7 nmol of HAUCI, and0.8 nmol of PVPin 1.5 mL
DMSO, 20 mg (20 mmol) of NaCNBH; was added and stired for 30 minutes to give
Pd:Au3:1)}PVP nanoclusters DMSO solutionTo it, 5 mL of DMF, 31 mg (312 mmol) of
CuCl was added and stirred f80 minutes under 1 atmospheric of © give a dark green
solution. To it, 0.033 g (0.313 mmol) of cyclooctadieneb5 was added and reacted under
atmospheriocof O, for 7 days, extracted with 3 x 20 mL of diethyl ether, washed combined
organic layer with5 mL water, dried over N&QO, concentrated under vacuum acolumn
chromatographedn silica gel usinga gradientmixture of hexaneanddiethyl etheraseluentsto
give 27 mg (69.8% yield) of 56. *H NMR™? d5.74/5.63 (m, 2H), 2.5 2.42 (m, 6H), 2.33i
2.08 (m,2H), 1.63 1.56 (m, 2H); 3¢ N MR15, 130.9, 130.4, 47.4, 40.5, 26.5, 24.1, 22.0
MS (ESI,MeOH): m/z= 125.1 (M + H]).

(1S,2R)-1,2,3,4Tetrahydronaphthalene-1,2-diol (58) (BH7-051)
OH

@‘\\OH

(1S,2R)-58
To anaqueoussolutionof 6.6 mL of Pd/Au(3:1)-1 (2.9 nmol of Pd/0.96nmmol of Au-0.120mmol
of 1) in a Parrpressureeactor wereadded14 mL of deionizedH,O and0.10g (0.77 mmol) of

1,2-dihydronaphthalen¢s7). Theapparatusvaschargedat 30 psiof O, andstirredat 25°C for
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3 days The solution was then maintainedunder normal atmosphere extractedwith ethyl
acetatehreetimes (20 mL each),andthe combinedextractswerewashedwith water,andbrine,
dried (MgSQy), concentratedand column chromatographedn silica gel usng a gradient
mixture of hexaneand ethyl acetateas eluentsto give 89 mg (86% yield) of (1S2R)-58in 99%
ee The optical purity was determinedusing HPLC-chiral column [a]p?* = +35.0 (c 0.74,
CHCL). Lit.17 +35(c 0.74,CHCl; >98%ee) H NMR d7.44i 7.41(m, 1 H), 7.26 7.20(m,
2 H), 7.137.11(m, 1 H), 4.68(d, J = 3.6 Hz, 1 H), 4.02 3.98 (m, 1 H), 3.00 2.92 (m, 1 H),
2.822.78(m, 1 H), 2.53 2.45(bs,2 H, OH), 2.07 2.00(m, 1 H), 2.00 1.87(m, 1 H); *C NMR
d 136.6,136.4,130.1,128.8,128.4,126.7,70.2,69.8,27.1,26.5 MS (ESI, MeOH): m/z =
165.1([M + H]"). The % eeof this compoundwvasdeterminedoy HPLC usingchiral column,

Chiralpak AD(-H) column, n-hexangtPrOH = 85:15, flow rate: 0.5 mL/min; tg = 21.6 min

(1S 2R enantiomerminor), tgr = 24.2min (1R,2S enantiomermgor).
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(1S,25)-1-Phenylpropane 1,2-diol (60) and (1R,2S)-1-phenylpropane-1,2-diol (61)

(BH7-044)
OH OH
(1S,2S)-60 (1R,2S)-61

FromPd/Au (3:1)1 (7.9 mmol of Pd/2.65mmol of Au-0.29 nmol of 1) and0.25g (2.1 mmol) of
trans-b-methylstyreng59) in 30 mL of deionizedwater,after stirring at 25°C under30 psi of O,
in a Parrpressureeactorfor 3 days,0.281g (87%yield) of (1S5,29-60 (99% ee)and19 mg (6%
yield) of (1R,29)-61 (97%ee)alongwith 13 mg of 59 (5% recovery)wereobtainedafter column
chromatography The optical purity was determinedusing HPLC/chiral column as described
above (1529-60: [a]p?? = +51.7 (c 1.9, CHCly). Lit.[®¥ +54.3(c 1.9, CHCL). H NMR
d 7.45 7.24(m, 5 H), 4.37(d, J= 8 Hz, 1 H), 3.86 (pent,J = 6.5Hz, 1 H), 2.302.15(bs, 1 H,
OH), 1.75 1.60 (bs, 1 H, OH), 1.07(d, J = 6.5 Hz, 3 H, Me); 1°C NMR d 142.3,129.9(2 C),
128.6,126.7(2 C), 79.9,72.4,18.1 MS (ESI, MeOH): m/z= 175.1([M + Na]"). Compound
(1R,29)-61: [a]p? = -37.3(c 2.52,CHCl). Lit.'® -29.9(c 2.52,CHCL;). H NMR d7.36
7.27(m, 5 H), 4.68(d, J= 4.4Hz, 1 H), 4.03 4.00(m, 1 H), 2.15 1.80(bs, 1 H, OH), 1.75 1.50
(bs,1 H, OH), 1.05(d, J = 6 Hz, 3 H, Me); *C NMR d 140.4,128.2(2 C), 127.9,126.7(2 C),
77.5,71.4,17.5 MS (ESI, MeOH): m/z= 174.9(M + NaJ"). The % ee(99%) of (1S,25)-60
was determinedby HPLC using chiral column, Chiralpak AD(-H) column, n-hexanefPrOH =
85:15, flow rate: 0.5 mL/min; tg = 22.6 min (1S2S enantiomermajor), tr = 25.8 min (1R,2R

enantiomerminor).
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The % ee(97%) of (1R,25)-61 was determinedy HPLC usingchiral column,ChiralpakAD(-H)

column, n-hexanetfPrOH = 85:15, flow rate: 0.5 mL/min; tg = 29.6 min (1R,2S enantiomer,

major),tg = 32.2min (1S,2R enantiomerminor).
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(1S,2R)-1-Phenylpropane1,2-diol (61) and (1R,2R)-1-phenylpropane-1,2-diol (60)

(BH8-026)
oH OH
(1S,2R)-61 (1R,2R)-60

FromPd/Au(3:1)}1 (7.94mmol of Pd/2.65mmol of Au-0.29 nmmol of 1) and0.25g (2.1 mmol) of
cis-b-methylstyrend62) in 30 mL of deionizedwater,afterstirring at 25°C under30 psiof O, in
a Parrpressuraeactorfor 3 days,0.2919g (90% yield) of (1S2R)-61 (98% ee)and 26 mg (8%
yield) of (1R,2R)-60 (98% ee)wereobtainedafter columnchromatography (1S2R)-61: [a]p*
= +37.1 (c 2.52, CHCl). Lit.1®® +36.1 (¢ 2.52, CHCl;). 'H and **C NMR spectrawere
identicalto thoseof compound1R,25)-61. The% ee(98%)of (1S,2R)-61A wasdeterminedy
HPLC usingchiral column, ChiralpakAD(-H) column,n-hexanefPrOH = 85:15,flow rate:0.5

mL/min; tg = 29.6min (1R,2R enantiomerminor), tg = 32.2min (1S 2R enantiomermajor).
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(1R,2R)-60: [a]p?® = -51.8(c 1.9, CHCL). Lit.[®¥ -51.3(c 3.5, CHCL). 'H and**C NMR
spectrawereidenticalto thoseof (1S525)-60. The % ee(98%) of (1R,2R)-60 was determined
by HPLC usingchiral column, ChiralpakAD(-H) column,n-hexanetPrOH = 85:15,flow rate:

0.5mL/min; tg = 22.6min (1S,2Senantiomerminor), tgr = 25.8min (1R,2R enantiomermajor).
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(2R,39)-Isopropyl 2,3-dihydroxy-3-phenylpropanoate(64) and (2R,3R)-isopropyl
2,3-dihydroxy -3-phenylpropanoate(65) (BH7-116)

OH OH
~ CO2-i-Pr CO,-i-Pr
(2R,3S)-64 (2R,3R)-65

FromPd/Au(3:1)1 (1.97 mmol of Pd/0.66nmol of Au-0.073mmol of 1) and0.10g (0.52mmol)
of trans-isoproyl 3-phenylpropenoat€63) in 20 mL of deionizedwater, after stirring at 50°C
under30 psi of O, in a Parrpressurereactorfor 3 days,96 mg (82% yield) of (2R,39-64 (99%
ee)and3.7 mg (3% yield) of (2R,3R)-65 (97% ee)were obtainedafter columnchromatography
The optical purity wasdeterminedusingHPLC/chiralcolumnasdescribecabove (2R,39)-64:
[a]p?%=+9.7(c 0.15,CHCL). Lit.’®¥ +10.6(c 1.02,CHCL; >99%) *H NMR d 7.401 7.36(m,
3 H), 7.347.32(m, 2 H), 5.16 (hept,d = 6 Hz, 1 H), 5.01(d, J = 6 Hz, 1H), 4.36(d, J= 6 Hz, 1
H), 2.70'2.48(bs,2 H, OH), 1.31(d, J = 6 Hz, 3 H); **C NMR d 166.8,144.6,130.3,129.1(2
C),128.2(2 C), 86.1,74.2,67.9,22.2 MS (ESI, MeOH): m/z= 225.0([M + H]*). The% ee
(99%) of (2R,39)-64 wasdeterminedoy HPLC usingchiral column,ChiralpakAD(-H) column,

n-hexanafPrOH = 85:15,flow rate:0.5 mL/min; tg = 21.1min (2R,3S enantiomermajor), tg =
25.8min (2S53R enantiomerminor).
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(2R,3R)-65: [a]p?* = +7.3(c 0.15,CHCL). *H NMR d 7.40 7.35(m, 3 H), 7.34 7.31(m, 2 H),
5.14(hept,d = 6 Hz, 1 H), 5.06(d, J= 6.8 Hz, 1H), 4.38(d, J= 5.2 Hz, 1 H), 2.25 2.00(bs,2 H,
OH), 1.31(d, J = 6 Hz, 3 H); **C NMR d 169.4,145.4,131.3,130.0(2 C), 129.2 (2 C), 87.4,
75.1,69.1,23.1 MS (ESI, MeOH): m/z= 225.0([M + H]", 100%) The % ee (97%) of
(2R,3R)-65 was determined by HPLC using chiral column, Chiralpak AD(-H) column,

n-hexanefPrOH = 85:15,flow rate:0.5 mL/min; tg = 28.1min (2R,3R enantomer, major), tr =
32.0min (2S5,3Senantiomerminor).
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(1S,2R)-2,3-Dihydro-1H-indene-1,2-diol (67) and (1R,2R)-2,3-dihydro-1H-indene-1,2-diol
(68). (BH7-084)

OH OH
(1S,2R)-67 (1R,2R)-68

FromPd/Au(3:1)-1 (19.3mmol of Pd/6.7mmol of Au-0.74 nmol of 1) and0.30g (2.59mmol) of
indene(66) in 20 mL of deionizedwater, after stirring at 50°C under30 psi of O, in a Parr

pressurgeactorfor 2 days,0.261g (67%yield) of (1S2R)-67 (93% ee)and44 mg (11% yield)

of (1R,2R)-68 (94% ee) were obtainedafter column chromatography The optical purity was

determinedusing HPLC/chiral column Compound (1S2R)-67: [a]p?? = -46.9 (c 1.14,

CHCl). Lit.!%7 -48.0(c 1.14,CHCL). 'H NMR d7.45 7.42 (m, 1 H), 7.31 7.20 (m, 3 H),
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5.03 5.02(m, 1 H, CH-0), 4.54 4.52(m, 1 H, CH-0), 3.14(dd,J= 16,6 Hz, 1 H), 2.96(dd, J =
16,4 Hz, 1 H), 2.50'2.25(bs, 2 H, OH); *C NMR d 142.2,140.2,129.0,127.4,125.6,125.3,
76.2,73.7,38.9 MS (ESl, MeOH): m/z= 173.1([M + Na]"). Compound(1R,2R)-67: [a]p*

=-28.8(c 0.675,EtOH). Lit.'*¥ +30.5(c 0.675,EtOH). H NMR d 7.40 7.36(m, 1 H), 7.28

7.18(m, 3 H), 5.02'5.01(m, 1 H), 4.4Q 4.38(m, 1 H), 3.28(dd, J = 16, 7.6 Hz, 1 H), 2.83(dd, J

= 16,8 Hz, 1 H), 2.10'2.09(m, 1 H, OH), 2.05/2.02(m, 1 H, OH); *C NMR d 141.8,141.3,

130.1,128.9,128.3,126.6,73.0,72.4,37.5 MS (ESI,MeOH): m/z= 151.1([M + H]"). The%

ee (93%) of (1S2R)-67 compoundwas determinedby HPLC using chiral column, Chiralpak
AD(-H) column, n-hexanetPrOH = 85:15, flow rate: 0.5 mL/min; tr = 25.0 min (1R,2S

enantiomerminor), tg = 27.8 min (1S 2R enantiomermajor).
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The % ee (94%) of compound(1R,2R)-68 was determinedby HPLC using chiral column,
Chiralpak AD(-H) column, n-hexangtPrOH = 85:15, flow rate: 0.5 mL/min; tg = 31.5 min

(1R,2R enantiomermajor),tr = 35 min (1S 2S enantiomerminor).
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(1S,2R)-2,3-Dihydro-1H-indene-1,2-diol (46) and (1R,2R)-2,3-dihydro-1H-indene-1,2-diol

(47) (BH7-063)
OH OH
CDwo (Do
(1S,2R)-67 (1R,2R)-68

To anaqueos solutionof 15 mL of Pd/Au(3:1)1 (6.5 nmol of Pd/2.2nmol of Au-0.24 nmol of

1) in a Parrpressurgeactor wereadded5 mL of deionizedH,0, 77 mg (0.56 mmol) of K,CO;,

and0.20g (1.75mmol) of indene(66). Theapparatusvaschargecdat 30 psiof O, andstirredat
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70°C for 5 hours The solution wasthenmaintainedundernormal atmosphereextractedwith
ethyl acetatehreetimes (20 mL each),andthe combinedextractswere washedwith water,and
brine, dried (MgS(Qy), concentratedand columnchromatographedn silica gel usinga gradient
mixture of hexaneandethyl acetateaseluentsto give 0.117g (59%yield basedon recovered6)
of (1R,2R)-68 in 91% eeand 10 mg (5% yield basedon recovereds6) of (1S,2R)-67 in 89% ee,

alongwith 47 mg (23.5%recovery)of 66. (1R,2R)-68 [a]p?* = -27.7(c 1.14,CHCly).  Lit.!®?

+30.5 (c 0.675, EtOH). (1S2R)-67: [a]p®? = -44.9 (c 1.14, CHCly). Lit.®¥ -48.0 (c 1.14,

CHCL). 'H NMR and**C NMR spectraof 67 and 68 wereidenticalto thosedescribedabove
No hydroxyindanonesveredetected The % ee(89%) of (1S,2R)-67 wasdeterminecoy HPLC
using chiral column, Chiralpak AD(-H) column, n-hexangtPrOH = 85:15, flow rate: 0.5

mL/min; tr = 25.0min (1R, 2S enantiomerminor), tr = 27.8 min (1S 2R enantiomermajor).
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The% ee(91%)of (1R,2R)-68 wasdeterminedy HPLC usingchiral column,ChiralpakAD(-H)

column, n-hexanetPrOH = 85:15, flow rate: 0.5 mL/min; tg = 31.5 min (1R,2R enantiomer,
major),tg = 34.6min (1S2S enantiomerminor).
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(1S,2R,4R)-1-Methyl -4-(prop-1-en-2-yl)cyclohexanel,2-diol (70) (BH8-030)

.\\OH
.\\OH

T1ee

7N
(1S,2R,4R)-70
FromPd/Au (3:1)-1 (2.86 mmol of Pd/0.99mmol of Au-0.11 nmol of 1) and52 mg (0.39 mmol)
of (R)-(+)-limonene(69) in 20 mL of deionizedwater,afterstirring at 25°C under30 psi of O, in

a Parrpressurgeactorfor 3 days,61 mg (92% yield) of (1S,2R,4R)-70 wasobtainedasa single
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stereoisomeafter column chromatography No other stereoisomersvere detected [a]p? =

+22.6(c 0.5,CHCl;). *H NMR d4.74(s,2 H), 3.92(s, 1 H), 2.32 2.23(m, 1 H), 2.18 2.09(m,
1 H), 2.031.94(m, 1 H), 1.88 1.64(m, 4 H), 1.73(s, 3 H), 1.63(s, 3 H), 1.64 1.58(bs, 2 H,

OH); 3C NMR d149.3,109.3,74.4,71.7,37.5,35.6,33.9,29.4,27.0,21.1 MS (ESI,MeOH):

m/z=171.0(M + H]"). HRMS-ESI:m/z[M + Na]J" calcdfor C;gH1sNO,Na": 193.1199found:
193.1197.

(1S,2R,4R)-1-Methyl-4-(prop-1-en-2-yl)cyclohexanel,2-diol (70) and
(1R,2S,4R)-1-Methyl -4-(prop-1-en-2-yl)cyclohexanel,2-diol (85) (BH8-038)

OH %, 4OH

> .\\OH @‘OH
ZaN N
(1S,2R,4R)-70  (1R,2S,4R)-85

A solutionof 0.20g (1.47 mmol) of (R)-(+)-limonene(69), 7.5 mg (29 nmol) of OsQ,, and0.21
g (1.76mmol) of N-methylmorpholineN-oxide (NMO) in 2 mL of t-BuOH, 7 mL of acetoneand
2.5 mL of water was stirred 0°C for 30 min and 25°C for 14 h. The reactionmixture was
filtered throughCelite and concentratean a rotary evaporatotto removeacetoneandt-BuOH,
dilutedwith water(20 mL), andextractedhreetimeswith dichloromethan€20 mL each) The
combinedextractwas washedwith brine, dried (anhydrousNaSQO,), concentratedand column
chromatographedn silica gel usinga gradientmixture of hexaneandether aseluentto give 27
mg (11%yield) of (1S,2R 4R)-70 and0.118g (47%yield) of (1R,2S4R)-85% alongwith 46 mg
(23% recovery)of (R)-limonene. (1S2R4R)-70: [a]p?? = +22.6(c 0.5, CHCl). *H and*C
NMR spectrawere identical to thoseof compound70 obtainedfrom the catalyticasymmetric
dihydroxylationreactiondescribecabove. (1R,2S4R)-85: [a]p?® = +41.8(c 1.0, MeOH); Lit.!8¥
+42 (c 1.0, MeOH). 'H NMR d 4.724.69(m, 2 H), 3.673.64(m, 1 H), 2.38 2.30 (bs, 1 H,
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OH), 1.931.78(m, 3H), 1.741.67(m, 1 H), 1.71(s,3 H, Me), 1.55' 1.50(m, 1 H), 1.42(s, 1 H,
OH), 1.34/1.25(m, 2 H), 1.25(s,3 H, Me); **C NMR d 148.9,108.7,73.5,71.2,37.2,33.6,33.3
26.1,25.7,20.6.

(S)-2-Methylheptane-1,2-diol (72) (BH10-143)

To an aqueoussolution of 2 mL of Pd/Au (3:1)2 (10 nmol of Pd, 3.3 mmol of Au, and0.16
mmol of 26) in a Parrpressureeactor,were added18 mL of deionzed H,O and 30 mg (0.27
mmol) of 2-methylheptl-ene(71). Theapparatusvasmaintainedunder30 psiof Oy, stirredat
50 °C for 3 days,ventedto normal atmosphereand extractedthreetimeswith 20 mL eachof
ethyl acetate The combinedextractswere washed with water, and brine, dried (MgSQy),
concentratedand columnchromatographedn silica gel usinga gradientmixture of hexaneand
ethyl acetateaseluentsto give 28.6mg (73.4% yield) of (S)-72in 97% ee [a]p?*=-2.28(c 1.2,
CHCly), Lit.'*% +2.3(c 1.21,CHCl5; 97%ee,R-configuration);*H NMR @ 3.46(dd, J = 11.2,3.6
Hz, 1H), 1.481.45(m, 2H), 1.351.30(m, 6H), 1.16(s, 3H), 0.89(t, J = 7.2 Hz, 3H); *C NMR
732,698, 38.7,325, 235, 230, 223, 14.2; MS (ESI,MeOH): m/z= 147.3([M + H]"). The%
ee (97%) of (9-72 was determinedoy HPLC using chiral column, Chiralpak AD(-H) column
[Chiralpak AD(-H) column, size: 0.46 cm x 25 cm, from Daicel Chemical Industries]
n-hexanetfPrOH = 85:15,flow rate0.5 mL/min, detectedat 220 nm wavelengthjr = 17.8 min

(Renantiomerminor), tg = 19.9min (Senantiomermajor).
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(2R,3R-2,3-Dihydroxycyclohexanone(74) (BH10-071)

OH

(2R,3R)-74

To anaqueoussolutionof 2 mL of Pd/Au(3:1)26 (0.84nmol of Pd,0.27 mmol of Au, and0.03
mmol of 26) in a Parrpressurereactorwere added18 mL of deionizedH,O and 21 mg (0.21
mmol) of cyclohex2-enone(73). The apparatusvas maintainedunder30 psi of O,, stirredat
50 °C for 3 days,ventedto normal atmosphereand extractedthreetimeswith 20 mL eachof
ethyl acetate The combinedextractswere washedwith water, and brine, dried (MgSQy),
concentratedand columnchromatographedn silica gel usinga gradientmixture of hexaneand
ethyl acetateas eluentsto give 24 mg (86% yield) of (2R,3R)-74in 99%ee [a]p?* = -13.8(c
0.6, CHCIy); Lit. ®¥+1.48(neat,| = 2 dm:; for 2S3S configuration) *H NMR d 441(d,J =

135



3.2,1H),4.21(dd,J = 6, 2.8 Hz, 1H), 3.92(b, 1H), 2.59 2.52(m, 2H), 2.36(td, J = 14.8,1.6 Hz,

1H), 2.172.04(m, 2H), 1.951.82(m, 2H); *CNMRd 210. 1, 82. 6, 5.

(ESI, MeOH): m/z = 267.1([M + Na]*). The % ee (99%) of (2R3R)-74 was determinecby
HPLC usingchiral column,ChiralpakAD(-H) column[ChiralpakAD(-H) column,size:0.46cm
x 25 cm, from Daicel Chemicallndustries] n-hexangtPrOH = 85:15, flow rate 0.5 mL/min,
detectedat 220 nm wavelengthitgr = 19.6 min (2S3Senantiomerminor), tr = 23.8 min (2R3R

enantiomermajor)
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(4S,5R)-4,5-dihydroxycyclooctanone(76) (BH10-091)
HO 0

HO
(4S,5R)-76
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To anaqueousolutionof 2 mL of Pd/Au(3:1)26 (0.75 mmol of Pd,0.25 nmol of Au, and0.014
mmol of 26) in a Parr pressurereactor,were added18 mL of deionizedH,O and 25 mg (0.2
mmol) of (Z)-cyclooct4-enone(56). The apparatusvasmaintainedunder30 psi of Oy, stirred
at50 °C for 3 days,ventedto normal atmosphereandextractedthreetimeswith 20 mL eachof
ethyl acetate The combinedextractswere washedwith water, and brine, dried (MgSQy),
concentratedand columnchromatographedn silica gel usinga gradientmixture of hexaneand
ethyl aceta¢ aseluentsto give 26.8mg (85% yield) of (4S5R)-76in 99%ee [a]p?’ = -16.4(c
05, CHCL); 'H NMR d 3.78(d, J = 7.8, 1H), 3.39'3.36 (m, 1H), 2.51 2.29 (m, 4H), 2.02
1.97 (b, 1H), 1.851.52 (m, 5H), 1.401.25 (m, 2H), 1.351.25 (m, 2H); *C NMR

d 211.6, 79.3, 78. 3, M3 ESI2MeOH:3n/z5,1813 dM 2 NaJ'2 6. 5,

HRMS-ESI: m/z [M +H]" calcd forCgH1505": 159.1021 found 159.1023. The % ee(99%) of
(4S5R)-21 wasdeterminedoy HPLC usingchiral column,ChiralpakAD(-H) column[Chiralpak
AD(-H) column,size:0.46 cm x 25 cm, from Daicel Chemcal Industries] n-hexane/fPrOH =
85:15,flow rate 0.5 mL/min, detectecat 220 nm wavelengthir = 15.7 min (4R5Senantiomer,

minor), tgr = 19.4min (4S,5Renantiomermajor).
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(1S,2R-Ethyl 1,2-dihydroxycyclopentanecarboxylate(81). (BH10-062)
HO, CO.Et
HOa""

(1S,2R)-81
To an aqueoussolutionof 2 mL of Pd/Au (3:1)26 (0.84 nmol of Pd0.27 mmol of Au-0.0295
mmol of 26) in a Parrpressurgeactorwere added18 mL of deionizedH,O and0.03 g (0.214
mmol) of ethyl cyclopentl-enecarboxylaté/7). Theapparatusvasmaintainedunder30 psi of
0, stirredat 50 °C for 3 days,ventedto normalatmosphereandextractedhreetimeswith ethyl
acetate(20 mL each) The combined extractswere washedwith water, and brine, dried
(MgSQy), and concentratedo dryness The crude productwas column chromatographedn
silica gel usinga gradientmixture of hexaneanddiethyl ether aseluentsto give 28.3mg (77%
yield) of (152R)-81in 99%ee [a]p=-36.8 (1.0, CHCL); *H NMR d 4.26 (q, J = 7.2 Hz, 2H),
4.04 (t, J = 8.8 Hz, 1H), 3.12 (b, 1H), 2.64 (b, 1H), 220~ 2.16 (m, 1H), 2.14~ 2.03 (m,

1H),1.931.80 (m, 2H), 1731158 (m, 2H), 1.30 (t, J = 6.8 Hz, 3H); °C NMR
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d 1289,.59 26 & 3257568 @ MS (ESI, MeOH): m/z = 197.3 (M + Na*)
HRMS-ESI: m/z [M +H]" calcd forCgH150,": 175.0970 found 175.0962 The % ee(99%) of
(1S,2R-81 wasdeterminedoy HPLC usingchiral column,ChiralpakAD(-H) column[Chiralpak
AD(-H) column,size: 0.46 cm x 25 cm, from Daicel Chemicallndustries] n-hexane/fPrOH =
85:15,flow rate 0.5 mL/min, detectedat 220 nm wavelengthir = 22.6 min (1R,2S enantiomer,

minor), tgr = 25.3min (1S,2Renantiomermajor).
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(1S,2R)-Ethyl 1,2-dihydroxycyclohexanecarboxylate(82). (BH9-069)

Ho, COEt
HOy

(1S,2R)-82

To anaqueousolutionof 2 mL of Pd/Au(3:1)26 (2.44 mmol of Pd,0.81 nmol of Au, and0.09
mmol of 26) in aParrpressureeactorwereaddedl8 mL of deionizedH,O and0.1 g (0.65mmol)
of ethyl cyclohexl1-enecarboxylat€78). The apparatusvas maintainedunder 30 psi of O,

stirredat 50 °C for 3 days,verted to normalatmosphereand extractedwith ethyl acetatethree
times(20mL each) Thecombinedextractswerewashedwith water,andbrine,dried(MgSQy),

concentratedand columnchromatographedn silica gel usinga gradientmixture of hexaneand
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ethyl acetateaseluentsto give 102 mg (83% yield) of (1S2R)-82in 99%ee [a]p*? =-29.6(c
1.0,CHCL); HNMR d429(q,J=6.8Hz, 2H), 392 (t, J= 9.6 Hz, 1H), 3.48 (b, 1H), 2.2
(d, 1H), 1.93142 (m, 8H), 130 (t J = 6.8 Hz 3H):; C NMR
d 7,9%9.780,88338,. 522 ,B8, 4 MS (ESI, MeOH): m/z = 2112 (M +
Na]"). HRMS-ESI: m/z [M +H]" calcd forCgH170,": 189.1127 found 189.1129 The % ee
(99%) of (1S,2R-82 wasdeterminedoy HPLC usingchiral column, ChiralpakAD(-H) column
[Chiralpak AD(-H) column, size: 0.46 cm x 25 cm, from Daicel Chemical Industries]
n-hexanefPrOH = 85:15,flow rate0.5 mL/min, detectedat 220 nm wavelengthir = 17.6 min
(1R, 2S enantiomerminor), tgr = 22.3min (1S,2R enantiomermajor).
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(1S,2R-Ethyl 1,2-dihydroxycycloheptanecarboxylate(83). (BH9-025)

HO \\COZEt
HO, 2

(1S,2R)-83
To anaqueousolutionof 2 mL of Pd/Au(3:1)-26 (1.12nmmol of Pd,0.37 nmol of Au, and0.041

mmol of 26) in a Parrpressurereactor were added18 mL of deionizedH,O and 50 mg (0.30
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mmol) of ethyl cycloheptl-enecarboxylaté/79). The apparatusvasmaintainedat 30 psiof Oy,

stirredat 50 °C for 3 days,ventedto normalatmosphereand extractedwith ethyl acetatethree
times(20mL each) Thecombinedextractswerewashedwith water,andbrine,dried(MgSQy),
concentratedand column chromatographedn silica gel usinga gradientmixture of hexaneand
ethyl acetateas eluentsto give 51 mg (85% yield) of (15,2R)-83in 99%ee [a]p?* = -71.6(c
1.0,CHCL); *H NMR  d4.27(q, J=5.2 Hz, 1 H), 3.72(t, J = 4.8 Hz, 1 H), 3.48 (b, 1 H), 2.24
(d, J = 9.6 Hz, 1H), 1.85~ 1.39 (m, 9 H,), 1.30 (t, J = 6.8 Hz, 3H); *C NMR
d1 72, 88 64 2% 538,2 206, 3.22Q ., & 1 4AMS4ESI, MeOH): m/z = 225.3([M

+Na]"). HRMS-ESI:m/z[M + H]" calcdfor CigH1g04": 203.1283found: 203.1279 The % ee
(99%) of (1S,2R-83 wasdeterminedoy HPLC usingchiral column, ChiralpakAD(-H) column
[Chiralpak AD(-H) column, size: 0.46 cm x 25 cm, from Daicel Chemical Industries]
n-hexanetfPrOH = 85:15,flow rate0.5 mL/min, detectedat 220 nm wavelengthir = 16.2min

(1R,2S enantiomerminor), tg = 20.6min (1S,2R enantiomermajor).
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(1S,2R)-Ethyl 1,2-dihydroxycyclooctanecarboxylate(84). (BH10-083)
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HO MY (co,Et

(1S,2R)-84

To anaqueousolutionof 2 mL of Pd/Au(3:1)-26 (1.53nmmol of Pd,0.51mmol of Au, and0.056
mmol of 26) in a Parrpressureeactor were added18 mL of deionizedH,O and 74 mg (0.41
mmol) of ethyl cyclooct-1-enecarboxylate(80). The apparatusvas maintainedunder30 psi of
O, stirredat 50 °C for 3 days,ventedto normalatmosphereand extractedthreetimeswith 20
mL eachof ethyl acetate The combinedextractswere washedwith water, and brine, dried
(MgSQy), concentratedand column chromatographedn silica gel using a gradientmixture of
hexaneand ethyl acetateas eluentsto give 72.3 mg (81% vyield) of (1S2R)-84 in 99% ee
[a]o?? = -16.2(c 1.0, CHCly); *H NMR d 4.29 (g, J = 6.8 Hz, 2H), 3.12 (t, J = 9.6 Hz, 1H),
351 (b, 1H), 2.25 (d, 1H), 2.08(m, 1H), 1.93 1.42(m, 12H), 1.30(t, J = 6.8 Hz, 3H); *C NMR

d 176. 9, 79. 4, 73. 8, 6 2. 2, ; MS3ESh MeOB)1m/z2=,23927 . 4 ,
(M + Na]*); HRMS-ESI: m/z[M + H]" calcdfor C11H2104": 217.1440Q found 217.1429 The%
ee (99%) of (1S,2R-84 was determinedby HPLC using chiral column, Chiralpak AD(-H)
column [Chiralpak AD(-H) column,size:0.46 cm x 25 cm, from Daicel Chemicallndustries]
n-hexanefPrOH = 85:15,flow rate 0.5 mL/min, detectedat 220 nm wavelengthir = 15.3min

(1R, 2S enantiomerminor), tg = 20.0min (1S,2R enantiomermajor).
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(S)Ethyl 1-hydroxy-2-oxocyclopentanecarboxylat¢86) (BH10-139)
HO _\\COzEt

o]
(S)-86

To a solutionof 17.4 mg (0.1 mmol) (1S,2R-ethyl 1,2-dihydroxycyclopentanecarboxylabe 1

mL DMSO, 56 mg (0.2 mmol) of IBX wasaddedandstirredat roomtemperaturdor 10 hours

The resulting solution was diluted with 2 mL water, extractedwith 3 x 10 mL ethyl acetate,
washed with brine, dried over N&SO;, concentrated under vacuum and column
chromatographedn silica gel usinga gradientmixture of hexaneandethyl acetateaseluentsto

give 12.1 mg (70% vield) of the titled compound [a]p-14.6 (0.2, CHCly); Lit.1*¥[a]p +12
(1.0, CHCI; for R configuration; *H NMR d 4 . 1 9 1(¢ J 4 A2 Hz, 2H), 3.84 (b, 1H),

2.441 2.34(m, 3H), 2.091 1.98(m, 3H), 1.24 (t, J= 6.8 Hz, 3H); *C NMR  11213.5,1715, 799,

62.4,35.8,34.8,18.8,138. MS (ESI,MeOH): 173.1([M + H]").

Ethyl 1-hydroxy-2-oxocyclohexanecarboxylatg87) (BH10-137)
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HO, CO,Et
Oﬁ)
(S)-87

To a solutionof 18.8 mg (0.1 mmol) (1S,2R}ethyl 1,2-dihydroxycyclopentanecarboxylaie 1

mL DMSO, 56 mg (0.2 mmol) of IBX wasaddedand stired at room temperaturdor 10 hours

The resulting solution was diluted with 2 mL water, extractedwith 3 x 10 mL ethyl acetate,

washed with brine, dried over N&SO;, concentrated under vacuum and column

chromatographedn silica gel usinga gradientmixture of hexaneandethyl acetateaseluentsto

give 11.6 mg (61% vyield) of thetitled compound [a]p-126.8(0.1, CHCly); Lit.!®¥ [a]p +134

(1.0, CHCI; for R configuration; *H NMR  114.33(s, 1H), 4.21(q, J = 7.2 Hz, 2H), 2.681 2.49

(M,3H),2 . 0671 11HR T .( 86 T(rh, 2H),& . 7 3 T(n, 2HH,2.27 (t, J= 6.8 Hz, 3H); 1°C

NMR {1207.4,170.1,80.7,62.1,39.0,37.7,27.1,22.0,14.1 MS (ESI, MeOH). 187.1[M +
HI M.

(1R,2R-1-(Hydroxymethyl)cycloheptane 1,2-diol (88) (BH9-044)
HQ oH

" SoH

88
To acold (0 °C) solutionof 18 mg (0.09 mmol) of (1S,2R)-83 in 1 mL of THF underargonwas
added5.1 mg (0.13mmol) of LiAIH 4. The mixture waswarmedto room temperaturestirred
for 2 hours and added2 g of Na,SQ,A0 H,O and one drop of CHsCOOH The resulting
solutionwasfiltered throughCelite, washedwith 20 mL of methylenechloride andconcentrated
undervacuumto give 14.1mg of compoundd8. This materialwasusedin the subsequenstep
without further purification [a]p?? = -22.3(c 0.2, CHCL); *H NMR  d 3.96 (t, J= 9.6 Hz, 1H),
3.58(m, 2H), 2.88(b, 1H), 2.62 (b, 1H), 1.917 1.46 (m, 10H); ) C NMR i81.4, 71.9, 65.8, 32.6,
29.3, 28.5, 25.9, 22.81S (ESI,MeOH): m/z= 1612 (M + H]").
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[(1R,2R)-1,2-Dihydroxycycloheptyl]methyl methanesulfonate(89) (BH9-045)
HQ oH

‘\\\OMS

89

To a solution of 12 mg (0.075mmol) of (1R,2R)-88 in 4 mL of distilled methylenechloride
under argon were added 7.5 mg (0.075 mmol) of EtN and 8.5 mg (0.075 mmol) of
methansulfonyl chloride (MsCl). It wasstirred for 5 hours,diluted with 5 mL of H,O, and
extractedwith 10 mL of CH,ClI, twice. The combinedextractswerewashedwith brine, dried
(MgSQy), concentratedand column chromatographedn silica gel using a mixture of diethyl
etherandhexanen aratio of 6:1 asaneluentto give 11 mg (60% vield) of (1R,2R-89. [a]p** =
-80.7(c 0.1, CHCL); 'H NMR d 4.06(t, J = 9.6 Hz, 1H), 3.92(m, 2H), 2.91(s, 3H), 2.45 (b,
1H), 2.03 (d, 1H), 1.86i 1.46 (m, 10H); **C NMR d 789, 76.4, 69.2, 37.9, 35.5, 31.4, 27.6, 22.9,
20.6; MS (ESI,MeOH):m/z=2611 (M + Na]").

(1S,2R-1-Methylcycloheptane1,2-diol (90) (BH9-051)
HO on

avd

90
To acold (0 °C) solutionof 9.8 mg (0.041mmol) of (1R,2R-89in 1 mL of distilled THF under
argon was added 1.56 mg (0.041 mmol) of LiAIH 4. The mixture was warmed to room
temperaturandstirredfor 6 hours,dilutedwith 1 mL of waterand0.5mL of HCI, andextracted
twice with 10 mL eachof ethyl acetate The combinedextractswerewashedwith brine, dried
(MgSQy), and concentratedo give (1S,2R-90. This materialwasusedin the subsequenstep
without further purification *H NMR d 3.91(t, J = 9.2 Hz, 1H), 3.39 (b, 1H), 2.23(d, 1H),
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1.88i 1.42 (m, 10H), 1.30(s, 3H); **C NMR d 80.6, 73.6, 32.5, 28.5, 27.0, 24.7, 22.6, 206IS
(ESI,MeOH): m/z= 1834 (M +K]").

(S)-2-Hydroxy -2-methylcycloheptanone(91) (BH9-053)

I//

HO
)

e’

91

To a solutionof 14 mg (0.048 mmol) of 2-iodoxybenzoicacid (IBX) in 1 mL of DMSO under
argonwas added6.3 mg (0.044 mmol) of (1S,2R-90. The solutionwas stirred for 8 hours,
dilute with 20 mL of CH.Cl,, andwashedhreetimeswith 5 mL eachof H,O. The combined
organiclayerwasdried (MgSQy), concentratedandcolumnchromatographedn silica gel using
a gradientmixture of hexaneanddiethyl etherasaneluentto give 5.2 mg (83% yield) of (§-91.
[a]p?? = -71.2 (c = 0.24 CHCL); Lit.®¥ -71 (c 0.24, CHCl; Sconfiguration; *H NMR
d3. 2AH,2. 73 {m, 1H), B.552.48(m,1 H), 2.16(2.10(m, 1 H), 1.99~ 1.60 (m, 6
H,), 1.23(s, 3H); **C NMR d 216.3,89.2,36.9,33.5,31.4,27.2,25.9,21.3 MS (ESI, MeOH):
m/z=165.3([M + Na]").

2.6.5 Procedures and Analysis Resultsfor Oxidation of Cycloalkanes.

1,4-Diisopropyl-1,4-cyclohexadieng134) (BH4-110)

134
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To acold (-78°C) solutionof 40 mL of liquid NHs underargonwasadded0.86 g (0.12mol) of
lithium wire, andtheresultingblue solutionwasstirredat-35°C for 1 h. To it, asolutionof 4.0
g (24.7 mmol) of 1,4-diisopropylbenzenén 5.4 g of t-BuOH was added,and the solutionwas
stirredfor 6 h at-35°C underargon Thereactionsolutionwasdiluted with aqueousNH,CI (10
mL), extractedwice with diethyl ether,andthe combinedextractwaswashedwith water,brine,
and dried (MgSQy). The solventswere removedby distillation under normal pressureand
residuewas columnchromatographedn silica gel usinghexaneas eluentto give 2.81g (70%
yield) of 1,4-diisopropytl,4cyclohexadene (134 along with 0.96 g (24% recovery) of
1,4-diisopropylbenzene *H NMR d5.46(s,2 H, =CH), 2.64(s,4 H, CH,), 2.19(hept,J = 7 Hz,
2 H), 1.01(d, J= 7 Hz, 12 H); **C NMR d 140.9,116.4,34.7,27.8,21.5 MS (ESI, MeOH):
m/z=165.0([M + H]").

trans-1,4-Diisopropylcyclohexane(92) (BH4-112)

"/,/’/

92

A mixture of 2.0g (12.2mmol) of 1,4-diisopropytl,4-cyclohexadienend0.14 g of 10% Pd/C
in 30 mL of ethyl acetatan a bottlewasshakerunder30 psi of H, ona Parrhydrogenatofor 16
h andthenmaintainedundernormalpressure The mixturewas filtered throughCelite,andthe
filtrate was concentratedby distillation undernormal pressureand columnchromatographedn
silica gel usingpentaneassolventto give 1.3 g (65% yield) of pure92 alongwith 0.50g of 92
and134(2:1). Compound92 *H NMR d 1.73 1.68(m, 2 H), 1.59 1.05(m, 7 H), 0.95 0.90
(m, 3 H), 0.84(d, J= 7.2Hz, 12 H); **C NMR d 42.6,30.2,26.7,20.1 MS (ESI, MeOH): m/z
=207.0([M +K]").
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(2R,55)-2,5-Diisopropylcyclohexanone(93) (BH7-100)

s, ’/
O

(2R,5S)-93
To asolutionof 2 mL of Cu/Au (3:1)1 (4.46mmol of Cu/1.49nmol of Au-0.16 nmol of 1) were
added3 mL of acetonitrile,0.10g (0.60mmol) of 92 and3 mL of 30% H,0,, andthe resulting
solutionwas stirred at 50°C for 7 days The solutionwas cooledto 25°C and extractedthree
times with diethyl ether(15 mL each) The combinedextractswere washedwith water and
then brine, dried (MgS(Q,), concentratedand column chromatographean silica gel using a
gradientmixture of hexaneanddiethyl etheraseluentsto give 94 mg (87%yield) of (2R,59-93
in 81% ee alongwith 7 mg (7% recovery)of 92. The optical purity was determinedusing
HPLC/chiralcolumn Compound2R,59-93 [a]p?*=+12.1(c 1.5,CHCL). Lit.1**¥ +14 (c
1.51,CHCL). 'H NMR d2.38(ddd,J = 12,3.4,2.2Hz, 1 H), 2.132.05(m, 1 H), 1.83 1.52
(m, 3H), 1.430.85(m, 5 H), 1.01(d, J= 7 Hz, 6 H), 0.84(d, J= 7 Hz, 6 H); *C NMR d 213.0,
56.2,46.5,32.6,28.8,27.9,25.9,21.2,19.6(2 C), 18.6(2 C). MS (ESI, MeOH): m/z= 205.1
(M + Na]"; 100%),139.0. The % ee (81%) of (1R,59-93 was determinedby HPLC using
chiral column, Chiralpak AD(-H) column, n-hexanetPrOH = 90:10, flow rate: 0.5 mL/min,
detectedat 220 nm wavelengthitzr = 14.5min (2R,5S enantiomermajor), tr = 17.2min (2S5R

enantiomerminor).
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(R)-3-Hydroxy -3-isopropylcyclopentanong(97). (BH7-091)

~OH

© (R)-97

From90 mg (0.70mmol) of 1-isopropylcyclopentand©4), 2.4 mL of CWAu (3:1)1 (5.27 nmol
of Cu/1.75mmol of Au-0.19 nmol of 1), 2 mL of H,O,, and1 mL of CHsCN stirring at 50°C for
7 days,91 mg (91% vield) of (R)-97 in 92% ee [a]p?® = +13.7 (c 0.20,CHCL). H NMR

d2.4112.30(m, 2 H, C2 Hs), 2.3012.17 (m, 1 H, C5 H), 2.07/ 1.80(m, 4 H, C5 H, C4 Hs, &

CHMe,), 1.7211.60 (M, 2 H, C4 H & OH), 1.02 (d, J = 7 Hz, 6 H). The proton NMR

assignmentsverederivedfrom 2D COSY spectrum *C NMR d 205.9,73.3,53.6,42.4,32.5,

22.0, 16.7. MS (ESI, MeOH): m/iz = 143.0 (M + H]Y),.

HRMS-Hexane Atmospheric
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Pressuréhemicallonization(HAPCI): m/z[M] * calcdfor CgH140,: 142.0994 found: 142.0049

The % ee (92%) of (R)-97 was determinedby HPLC using chiral column, Chiralpak AD(-H)

column,n-hexanefPrOH = 90:10, flow rate:0.5 mL/min, detectedat 220 nm wavelengthir =

23.5min (Senantiomerminor), tg = 27.5min (R enantiomermajor).
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(R)-3-Hydroxy -3-isopropylcyclohexanong98) (BH7-098)

LOH

O
(R)-98
From0.10g (0.70mmol) of 1-isopropylcyclohexano(95), 2.4 mL of Cu/Au (3:1)-1 (5.27 nmol

of Cu/1.75nmol of Au-0.19 nmol of 1), 2 mL of H,O,, and1 mL of CHsCN stirring at 50°C for
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7 days,0.107g (98% yield) of (R)-98in 91.4%ee [a]p?* = +6.1 (c 0.20,CHCL). 'H NMR
d 2.45 2.40(m, 2 H), 2.15 2.10(m, 2 H), 1.96 1.88(m, 2 H), 1.77 1.60(m, 4 H), 0.88(d, J =
6.8 Hz, 6 H). The proton NMR assignmentsvere derived from 2D COSY spectrum **C
NMR d 205.1,73.2,54.2,42.4,34.3,29.3,23.7,17.5. MS (ESI, MeOH): m/z= 157.3([M +
H]"). HRMS-HexaneAtmosphericPressureChemicallonization (HAPCI): m/z[M+H] " calcd
for CoH17/02: 157.1229 found: 157.1221 The % ee (91.4%) of (R)-56 was determinedby
HPLC usingchiral column, ChiralpakAD(-H) column, n-hexanetPrOH = 90:10,flow rate:0.5

mL/min, detectedat 220 nm wavelengthir = 20.8 min (S enantiomerminor), tg = 24.7min (R

enantiomermajor).
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Alternate synthetic route for (R)-98 to determine the absolutsl configuration

(S)-3-(t-Butyldimet hylsilyloxy)cyclohexanone(126) (BH8-034)
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TBSO™
(S)-126

To asolutionof 40 mg (0.35mmol) of (§-3-hydroxycyclohexanongs8), 4 mg (0.036mmol) of
4-dimethylaminopyridineand0.10g (1.0 mmol) of trimethylaminein 3 mL of dichloromethane
at 0°C under argon, was added 77 mg (0.51 mmol) of t-butyldimethylsilyl chloride The
solutionwas stirred for 4 h, diluted with 10 mL of water, and extractedthreetimeswith ethyl
acetate (10 mL each) The combinal extract was washed with brine, dried (MgSQy),
concentrated,and column chromatographedn silica gel to give 28 mg (35% yield) of
(9-3-(t-butyldimethylsilyloxy)cyclohexaone(126) and 17 mg (49% yield) of 2-cyclohexenone
alongwith 4 mg (10% recovery)of starting3-hydroxyketore 38. *H NMR d4.174.12(m, 1
H), 2.62(dd, J = 14,4 Hz, 1 H), 2.36(dd, J = 14, 7.5 Hz, 1 H), 2.28(t, J = 6.5 Hz, 2 H), 2.15
2.00(m, 2 H), 1.82 1.65(m, 2 H), 1.00(s, 9 H), 0.38(s, 6 H).

(1R,39)-3-(t-Butyldimethylsilyloxy) -1-isopropylcyclohexanong127) (BH10-040)

(OH

TBSO™
(1R,3S)-127

To amixtureof 1.7 mg (13 mmol) of anhydrousZnCl, in 2 mL of dry THF underargonat 25°C,
was addeda solution of 0.18 mmol of isopropylmagnesiunbromidein 1 mL of THF, andthe
solutionwasstirredfor 1 h andthen cooledto 0°C. To it, wasaddeda solutionof 28 mg (0.12
mmol) of (§-126 in 0.5 mL of THF via cannulaunderargon and the resulting solution was

stirred at 0°C for 4 h. The solution was diluted with aqueousNH,CI| and water (10 mL),
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extractedhreetimeswith ethyl acetatg20 mL each),andthe combinedextractwaswashedwith
brine, dried (MgS(Q,), concentratedand columnchromatographedn silica gel usinga gradient
mixture of hexane and ethyl acetate as eluent to give 23 mg (70% vyield) of
(1R,39)-3-(t-butyldimethylsilyloxy)1-isopropylcyclohexanon€127). No other stereocisomer
wasfound *H NMR d4.37(m, 1 H), 1.96 1.50 (m, 8 H), 1.32/1.24(m, 2 H), 0.97(s, 9 H),
0.91(d, J=7 Hz, 6 H), 0.36(s, 6 H); :*C NMR d 73.3,66.2,37.5,35.6,33.1,26 2, 23.9(3 C),
20.9,18.6,16.9(2 C),-1.15(2 C).

(1R,39)-1-1sopropyl-1,3-cyclohexanediol(128) (BH8-046)

LOH

HOY

(1R,3S)-128
A solutionof 14 mg (52 nmol) of the above(1R,39-127 and0.10mL (0.10 mmol) of n-BusNF
(1M in THF) in 0.5mL of THF wasstirredunderargonat 0°C for 1 h andthenat 25°C for 1.5h.
Thesolutionwasdilutedwith water(10 mL), andextractedhreetimeswith diethyl ether(10 mL
each) The combinedextractwaswashedwith brine, dried (MgSQy), and concentratedinder
vacuum to give 8.7 mg of (1R,39-1-isopropytl,3-cyclohexanediol, which was used

immediatelyin thefollowing reactionwithout further purification

(R)-3-Hydroxy-3-isopropylcyclohexanong98) (BH8-046)



To a soluion of 128in 0.5 mL of DMSO wasadded16 mg (57 nmol) of IBX underargonat
25°C. Theresultingmixturewasstirredfor 14 h, filtered to removewhite solid, andrinsedwith
20 mL of diethyl ether The etherfiltrate was washedthreetimes with water (10 mL each),
dried (MgS(Qy), concentratedand column chromatographean silica gel using a mixture of
hexane and ethyl acetate (1:2) as eluent to give 7.6 mg (95% vyield) of
(R)-3-hydroxy-3-isopropylcyclohexanon€98). [a]p?* = +6.4 (¢ 0.20, CHCL). 'H ard °C
NMR spectrawere identical thoseof (R)-98 synthesizedrom the Pd/Au-1 catalytic oxidation

reaction.

(R)-3-Hydroxy -3-isopropylcycloheptanong(99). (BH7-096)

LoH

(R)-99

From42 mg (0.27mmol) of 1-isopropylcycloheptan®6), 0.92mL of Cu/Au (3:1)-1 (2.0 nmol
of Cu/0.65mmol of Au-0.074mmol of 1), 1 mL of H,0,, and1 mL of CHsCN stirring at 50°C for
7 days,41 mg (89% vield) of (R)-99 in 93% ee [a]p?® = +23.8(c 0.20,CHCL). H NMR
d2.35(d,J=2Hz,2H, C2HSs),2.162.18(m, 2 H, C7 Hs),1.97 1.93(m, 2 H, C6 Hs), 1.90

1.83(m, 1 H, CHMe,), 1.75/1.70(m, 1 H, C4H), 1.67 1.58(m, 3H, C5Hs & C4H), 1.30'1.20
(bs,1 H, OH), 0.86(d, J=8 Hz, 6 H). The protonNMR assignmentsvere derivedfrom 2D
COSY spectrum 3C NMR d 206.1,74.4,52.8,41.6,37.4, 33.9,27.0,21.0,17.1(2 C). MS
(ESI, MeOH): m/z = 171.1 (M + H]). HRMS-Hexane Atmospheric PressureChemical
lonization (HAPCI): m/z [M+H]" calcd for CyoH190,: 171.1385 found: 171.1381.The % ee

(93%) of (R)-99 was determinedby HPLC using chird column, Chiralpak AD(-H) column,
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n-hexanefPrOH= 90:10,flow rate:0.5 mL/min, detectecat 220 nm wavelengthtg = 21.7min

(Senantiomerminor), tr = 25.8min (R enantiomermajor).
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Alter nate synthetic route for (R)-99 to determine the absolutely configuration

(9)-3-(t-Butyldimethylsilyloxy)cycloheptanone(129) (BH8-044)
O

TBSO""

(S)-129
To asolutionof 15 mg (0.12mmol) of (§-3-hydroxycycloheptanongt?2), 1.5 mg (0.012mmol)
of 4-dimethylaminopyridine,and 35 mg (0.35 mmol) of trimethylamine in 1 mL of
dichloromethaneat 0°C under argon, was added25 mg (0.17 mmol) of t-butyldimethylsilyl

chloride The solutionwas stirred for 8 h, diluted with 10 mL of water, and extracted three
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times with ethyl acetate(10 mL each) The combinedextractwas washedwith brine, dried
(MgSQy), concentratedandcolumnchromatographedn silica gel to give 19 mg (76%yield) of

(9-3-(t-butyldimethylsilyloxy)cycloheptanonand 3.2 mg (25% vyield) of 2-cycloheptenone
The silyloxycycloheptanone was used in the following step without purification

(9-3-(t-Butyldimethylsilyloxy)cycloheptanonéH NMR d 4.12 4.10(m, 1 H), 2.85 2.75(m, 2

H), 2.55 2.40(m, 2 H), 1.95 1.55(m, 6 H), 0.98(s,9 H), 0.37(s, 6 H).

(1R,39)-3-(t-Butyldimethylsilyloxy) -1-isopropylcycloheptanone(130) (BH8-048)

(OH

TBSO"™

(1R,3S)-130

To amixtureof 1.1 mg (8 nmoal) of anhydrousZnCl, in 0.5mL of dry THF underargonat 25°C,
wasaddeda solutionof 0.12 mmol of isopropylmagnesiurbromidein 0.2 mL of THF, andthe
solutionwasstirredfor 1 h andthencooledto 0°C. To it, wasaddeda solutionof 19 mg (0.078
mmol) of (§-3-(t-butyldimethylsilyloxy)cycloheptanona 0.2 mL of THF via cannulaunder
argon and the resulting solution was stirred at 0°C for 3 h. The solution was diluted with
agueousNH,CIl andwater (10 mL), extractedthreetimeswith ethyl acetate(10 mL each),and
the combinedextractwas washedwith brine, dried (anh NaSQy), concentratedand column
chromatographedn silica gel usinga gradientmixture of hexaneand ethyl acetateaseluentto
give 14 mg (62% yield) of (1R,39)-3-(t-butyldimethylsilloxy)-1-isopropylcycloheptanon@ 30).
No otherstereocisomewasfound *H NMR d4.42 4.35(m, 1 H), 2.02/1.50(m, 9 H), 1.35
1.20(m, 3 H), 0.97(s, 9 H), 0.91(d, J = 7 Hz, 6 H), 0.36(s, 6 H); **C NMR d 75.6,70.9,35.0,
33.1,30.6,29.6,25.8(3 C), 25.5,24.3,20.0,17.2(2 C),-1.6 (2 C).
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(1R,39)-1-1sopropyl-1,3-cycloheptanedol (131) (BH8-050)

(1R,3S)-131

A solutionof 7 mg (24 mmol) of the above(1R,3S)-130and48 nL (48 mmol) of n-Bus;NF (1 M
in THF) in 0.5 mL of THF wasstirredunderargonat 25°C for 2 h. The solutionwasdiluted
with water(10 mL), and extractedthreetimeswith diethyl ether(10 mL each) Thecombined
extractwaswashedwith brine,dried (MgS(Q,), andconcentratedindervacuumto give 4.2 mg of
(1R,39)-1-isopropytl,3-cycloheptanediolwhich wasusedimmediatelyin the following readion

without furtherpurification

(R)-3-Hydroxy-3-isopropylcycloheptanone(99) (BH8-050)

LOH

(R)-99
To asolutionof 131in 0.5mL of DMSO wasadded8 mg (26 nmol) of IBX underargonat 25°C.
Theresultingmixture wasstirredfor 14 h, filtered to removewhite solid, andrinsedwith 10 mL
of diethylether Theetherfiltrate waswashedhreetimeswith water(10 mL each),dried (anh
NaS(Oy), concentratedand columnchromatographedn silica gel usinga mixture of hexaneand
ethyl acetate (1:2) as eluent to give 40 mg (96% vyield) of
(R)-3-hydroxy-3-isopropylcycloheptanong9). [a]p*? = +25.9 (c 0.20, CHCl). 'H and**C
NMR spectra were identical those of 99 synthesizedby the oxidation reactionfrom

1-isopropytl-cycloheptanoWwith Pd/Au-1 catalyst.
157



(R)-3-Hydroxy -3-(isopropenyl)cyclohexanong101) (BH8-024)

.~\\O H

O
(R)-101
From 70 mg (0.50 mmol) of 1-isopropenylcyclohexandil00), 1.7 mL of Cu/Au (3:1)-1 (3.75
mmol of Cu/1.25mmol of Au-0.13 mmol of 1), 1.5mL of H,O,, and1.5mL of CHsCN stirring at
50°C for 8 days,76 mg (98%yield) of (R)-101in 93%ee [a]p??=+17.3(c 1.0,CHCL). *H
NMR d5.07(d,J=0.8Hz, 1 H, =CH),4.95(d, J= 0.8 Hz, 1 H, =CH), 2.352.32(m, 2 H, C2
Hs),2.16 2.15(m, 2 H, C6 Hs), 2.00' 1.95(m, 2 H, C4 Hs), 1.85(s, 3 H), 1.85/ 1.7 (m, 2 H, C5
Hs), 1.711.55 (bs, 1 H, OH). The proton NMR assignmentsvere derived from 2D COSY
spectrum 3 NMR d209.5,152.2,109.2, 76.1, 52.9, 408, 38.8, 23.0,17.8 MS (ESI,
MeOH): m/z= 177.1([M + Na]"). HRMS-hexaneAtmosphericPressureChemicallonization
(HAPCI): m/z [M+H]" calcd for CoH150: 155.1072 found: 155.1088 The % ee (93%) of
(R-101 was determined by HPLC using chiral column, Chiralpak AD(-H) column,
n-hexanefPrOH= 90:10,flow rate:0.5 mL/min, detectecat 220 nm wavelengthtg = 20.8 min

(Senantiomerminor), tr = 24.9min (R enantiomermajor).
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(1S,2R)-Ethyl 2-acetoxy-1-hydroxycyclopentanecarboxylate(102 (BH10-068)

Ho, COEt
AcO '

(1S,2R)-102
A solutionof 20 mg (0.12 mmol) of (1S,2R)-81, 12 mg (0.11 mmol) of aceticanhydrideand9.1

mg (0.11 mmol) of pyridinein 1 mL of CH,CI, wasstirred underargonfor 12 hours,acidified

with 1IN HCI to pH 5, andextractedwice with 10 mL eachof CH,Cl,.  Thecombinedextracts

were washedwith brine, dried (MgSQy), concentratedand column chromatographeadn silica
gel usinga gradientmixture of hexaneanddiethyl ether asan eluentto give 24 mg (96% vyield)
of (1S,2R)-102 [a]*%5 =+125.6(0.2, CHCly); '"H NMR d 5.09(dd, J = 11.2,2.4 Hz, 1H),
4.22(qJ = 7.2Hz, 2H), 3.50(bs, 1H), 1.98(s, 3H), 1.86 1.55(m, 6H), 1.27(t, J = 6.8 Hz, 3H);
¥C NMR d 1754, 1702, 785, 78.0,622, 28.7,23.9,21.0,17.9,14.3;MS (ESI, MeOH): m/z

= 239.1 (M + Na). HRMS-ESI: m/z [M + H]" calcd for CyoH:70s™: 217.1076 found
217.1080

(1S,2R)-Ethyl 2-acetoxy1-hydroxycyclohexanecarboxylatq103) (BH10-030)
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HO, COEt
AcO, N

(1S,2R)-103

To asolutionof 50mg (0.27 mmol) of (1S2R)-82in 2 mL of CH,Cl, underargonwereadded27
mg (0.27 mmol) of aceticanhydrideand 21 mg (0.27 mmol) of pyridine The solution was
stirred for 6 hours, acidified with AN HCI to pH 5, and extractedtwice with 10 mL eachof
CH.Cl,. The combinedextractswere washedwith brine, dried (MgS(Q,), concentratedand
columnchromatographedn silica gel usinga gradientmixture of hexaneanddiethyl etherasan
eluentto give 26 mg (42% yield) of (1S2R)-103 and 19 mg (38% recovery of (1S2R)-82 .
[a]?%=+28.4 (0.2, CHCL); *H NMR d 5.08(dd, J = 11.2,2.4 Hz, 1H), 4.19(q J = 7.2 Hz,
2H), 2.85(b, 1H), 1.98(s, 3H), 1.78 1.55(m, 8H), 1.25(t, J = 6.8 Hz, 3H); *C NMR d 176.0,
170.3 79.1, 783, 622, 36.2, 29.4,28.7,20.9,19.8,14.2; MS (ES|, MeOH): m/z = 231.4([M +
H]"). HRMS-ESI: m/z [M + H]" calcdfor C13H1905™: 231.1232 found 231.1235

(1S,2R-Ethyl 2-acetoxy1-hydroxycycloheptanecarboxylate(104) (BH9-034)

HO \\COZEt
AcO X

(1S,2R)-104
To a solutionof 48 mg (0.24 mmol) of (1S2R)-83 in 2 mL of CH,Cl,, 24 mg (0.24 mmol) of
acetic anhydrideand 18 mg (0.24 mmol) of pyridine were added The reactionwas stirred
underargonfor 3 hours,acidified with AN HCI to pH 5, and extractedwith 10 mL of CH,CI,
twice. The combinedextractswere washedwith brine, dried (MgSQy), concentratedand

columnchromatographedn silica gel usinga gradientmixture of hexaneandetherasan eluent
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to give 26 mg (45% yield) of (1S2R)-104 and 24 mg (50% recovery)of (1S2R)-83. [a]*% =
+48.6(0.5,CHCL): *H NMR  d 5.07(dd, J = 11.2,2.4 Hz, 1H), 4.20(q J = 7.2 Hz, 2H), 3.25
(b, 1H), 1.98(s, 3H), 1.94 1.55(m, 10H), 1.25(t, J = 6.8 Hz, 3H); ®C NMR d 175.9, 169.9,
78.6,78.0,62.3,35.6,28.6,27.3,23.3,21.4,21.2,14.3; MS (ESI, MeOH): m/z = 267.1([M +
Na]"). HRMS-ESI:m/z[M + H]" calcdfor C12H2105": 245.1389 found 245.1392

(1S,2R)Ethyl 2-acetoxy-1-hydroxycyclooctanecarboxylate(105) (BH10-159)
AcQ M (CO.Et

(1S,2R)-105
To asolutionof 20 mg (0.093mmol) of (1S5,2R)-84 in 1 mL of CH,ClI,, 9.48mg (0.093 mmol) of
aceticanhydrideand 7.4 mg (0.093 mmol) of pyridine wereadded The reactionwas stirred
underargonfor 5 hours,acidifiedwith 1N HCI to pH 5, andextractedhreetimeswith 10 mL of
CH.Cl, each The combinedextracts were washedwith brine, dried (MgS(Q,), concentrated,
and column chromatographedn silica gel using a gradientmixture of hexaneand etheras an
eluentto give 17.6 mg (74% yield) of (1S52R)-105 [a]*,=+16.2(0.1, CHCL); '"H NMR d
5.03(d, J = 10.8Hz, 1H), 4.20(q J = 7.2 Hz, 2H), 2.41(b, 1H), 1.98(s, 3H), 1.90' 1.55(m, 12H),
1.25(t, J=6.8Hz, 3H); ¥*CNMR d175.4,170.9,78.6,77.8,62.3,30.4 28.9,28.6,26.1,23.8,
21.0,18.4,14.1; MS (ESI, MeOH): m/z = 281.1(IM + Nal*).]; HRMS-ESI: m/z [M + H]*
calcdfor Cy3H2305": 259.1546 found 259.1550

(1S,29-Ethyl 2-acetoxy-1-hydroxy-3-oxocyclopentanecarboxylat€106) (BH10-082)
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HO “\\COZEt
AcO

0O(1S,2S)-106

To an aqueoussolution of 3 mL of CwWAu (3:1)}26 (0.69 emol of Cu, 0.23 emol of Au, and
0.025emol of 26), wereaddedl mL of 30% H,0,, 2 mL of CH3;CN and20 mg (0.092 mmol) of
(1S,2B-102 Theresultingsolutionwasstiredat 50°C for 3 days cooledto 25°C, andextracted
threetimeswith 20 mL eachof ethyl acetate The combinedextractswerewashedwith water,
and brine, dried (MgSQy), concentratedand column chromatographean silica gel using a
gradient mixture of hexaneand ethyl acetateas eluentsto give 17.7 mg (83% vyield) of
(1S,23106  [a]*p =+134.2 (0.2, CHCL);*"H NMR d5.21(s, 1H), 4.22(q, J = 7.2Hz, 2H),
2.522.48(m, 2H), 1.96(s, 3H), 1.95 1.86(m, 2H) 1.24(t, J = 6.8 Hz, 3H); °CNMR d212.0,
177.1,173.1,100.2,76.4,62.2,27.6,20.5,17.6,14.2 MS (ESI, MeOH): m/z=231.1([M + H]");
HRMS-ESI:m/z[M + H]" calcdfor C;oH1506": 231.0869 found 231.0870

(1S,29-Ethyl 2-acetoxy-1-hydroxy-3-oxocyclohexanecarboxylat€107) (BH10-037)

HO \\COzEt
AcO Q

O (15.25)-107

To an aqueoussolution of 3 mL of CwWAu (3:1)26 (0.82 emol of Cu, 0.27 emol of Au, and
0.030emol of 26), wereaddedl mL of 30%H,0,, 2 mL of CH3CN and25 mg (0.109 mmol) of

(1S,2B-103 Theresultingsolutionwasstired at 50°C for 3 days cooledto 25°C, andextracted
threetimeswith 20 mL eachof ethyl acetate The combinedextrads werewashedwith water,
and brine, dried (MgSQ,), concentratedand column chromatographean silica gel using a
gradientmixture of hexane andethyl acetateaseluentsto give 22 mg (83% yield) of (1S,2$-107.
[a]?> =+202 (0.1, CHCL);'H NMR d5.10 (s, 1H), 4.22(q, J = 7.2 Hz, 2H), 3.81 (b, 1H),
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2.5 2.48(m, 2H), 1.96(s, 3H), 1.90' 1.72(m, 4H) 1.24(t, J = 6.8 Hz, 3H); *CNMR d212.0,
177.2,173.0,100.0,76.3,62.4,32.1,27.9,23.5,20.7,14.2 MS (ESI, MeOH): m/z = 267.1([M
+Na]"). HRMS-ESI:m/z[M + H]" calcdfor C11H:706™: 245.1025 found 245.1031

(1S,29-Ethyl 2-acetoxy-1-hydroxy-3-oxocycloheptanecarboxylat€108). (BH9-040)

HO \\COZEt
AcQO Q

@)

(1S,25)-108

To an aqueoussolution of 3 mL of CwWAu (3:1)26 (0.80 emol of Cu, 0.26 emol of Au, and
0.029emol of 26), wereaddedl mL of 30% H,0,, 2 mL of CH3;CN and26 mg (0.107 mmol) of
(1S,2B-104.  The resulting solution was stirred at50°C for 3 days cooled to 25°C, and
extractedthreetimeswith 20 mL eachof ethyl acetate The combinedextractswere washed
with water,and brine, dried (MgS(Qy), concentratedand columnchromatographedn silica gel
using a gradientmixture of hexaneand ethyl acetateas eluentsto give 21 mg (76% yield) of
(1S,23108 [a]*%p =+186 (0.1, CHCL);*"H NMR d5.22 (s, 1H), 4.20(q, J = 7.2 Hz, 2H),
3.48(b, 1H), 2.52 2.48 (m, 2H), 1.96 (s, 3H), 1.78 1.54 (m, 6H) 1.24(t, J = 6.8 Hz, 3H); °C
NMR d211.2,177.5,172.4,100.0,76.5,61.4,32.1, 30.6, 25.6, 24.5, 20.7, 14.2 MS (ESI,
MeOH): m/z= 2811 (M + Na]"). HRMS-ESI: m/z[M + H]" calcdfor C1oH1906": 259.1182
found 259.1176

(1S,29-Ethyl 2-acetoxy1-hydroxy-3-oxocyclooctanecarboxylat€109) (BH11-015)
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AcQ M (COLEt
0

(1S,2S)-109

To an aqueoussolutionof 3 mL of CWAu (3:1)}26 (0.43 emol of Cu, 0.15emol of Au, and
0.016emol of 26), wereaddedl mL of 30% H,0,, 2 mL of CH3;CN and15 mg (0.058 mmol) of
(1S,2B-105  The resulting solution was stirred at50°C for 4 days cooled to 25°C, and
extractedthreetimes with 20 mL eachof methyene chloride The combinedextractswere
washedwith water, and brine, dried (MgS(Q,), concentratedand column chromatographeadn
silica gel usinga gradientmixture of hexaneand ethyl acetateaseluentsto give 13.2mg (83%
yield) of (1S,2)-109 and recover 0.8 mg (5.3% vield) of (1S,2B-105 [a]*%, = +438 (0.1,
CHCL); *H NMR  d5.12 (s, 1H), 4.18(q, J = 7.2 Hz, 2H), 2.51i 2.47 (m, 2H), 1.96 (s, 3H),
1.90'1.48(m, 8H) 1.24(t, J = 6.8 Hz, 3H); ¥CNMR d211.8,177.5,173.7,100.2,76.4,62.2,
34.4, 32.2, 26.8, 25.3, 23.7, 21.3, 14.2 MS (ES|, MeOH): m/z = 295.1 (M + Na|*).
HRMS-ESI:m/z[M + H]" calcdfor Cy3H2:06": 273.1138found 273.1133

(1S,2R-Ethyl 1-hydroxy-2-(pivaloyloxy)cyclohexanecarboxylatg110) (BH10-140)

HO, CO:Et
PvO, N

(1S,2R)-110
To asolutionof 50 mg (0.27 mmol) of (1S52R)-82in 2 mL of CH,Cl, underargonwereadded32

mg (0.27 mmol) of pivaloyl chlorideand21.3mg (0.27 mmol) of pyridine The solutionwas
stirred for 10 hours, acidified with IN HCI to pH 5, and extractedtwice with 20 mL eachof
CH.CI,. The combined extractswere washedwith brine, dried (MgS(Q,), concentratedand

columnchromatographedn silica gel usinga gradientmixture of hexaneanddiethyl etherasan
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eluentto give 57 mg (80% yield) of (1S2R-110. [a]* =+21.2(0.4, CHCL);*H NMR d
5.02(d, J = 10.6 Hz, 1H), 4.26 (g, J = 6.8 Hz, 2H), 2.01 1.54(m, 8H), 1.31(t, J = 6.8 Hz, 3H),
1.26 (s, 9H); *C NMR d 177.0,172.6,79.5,79.1,62.2,38.9,318, 28.5,27.5,22.8,19.5,
14.4 MS (ESI, MeOH): m/z = 273.1 (M + H]"). HRMS-ESI: m/z [M + H]" calcd for
Cr4H2505": 273.1702 found 273.1700

(1S,2R-Ethyl 1-hydroxy-2-(pivaloyloxy)cycloheptanecarboxylatg111) (BH9-057)

HO, COEt
PvO Z

(1S,2R)-111

To asolutionof 80 mg (0.396 mmol) of (1S,2R)-83 in 3 mL of CH,CI, underargonwereadded
48 mg (0.396 mmol) of pivaloyl chlorideand31.3mg (0.396 mmol) of pyridine The solution
wasstirredfor 15 hours,acidifiedwith 1IN HCI to pH 5, andextractedwice with 20 mL eachof
CH.Cl,. The combinedextractswere washedwith brine, dried (MgS(Q,), concentratedand
columnchromatographedn silica gel usinga gradientmixture of hexaneanddiethyl etherasan
eluentto give 39 mg (34% vyield) of (1S2R)-111 and 42 mg (52% recovery of (1S2R)-83.

[a]?5 =+14.6 (0.5, CHCI3); *H NMR d 5.04(d, J = 10.6 Hz, 1H), 4.26 (q, J = 6.8 Hz, 2H),
3.49 (bs, 1H), 1.92 1.42(m, 10H), 1.31(t, J = 6.8 Hz, 3H), 1.26(s, 9H); *CNMR d176.9,
172.6,79.4,79.3,62.2,38.7,32.1,28.9,27.3,26.4,24.7,21.1,14.2 MS (ESI, MeOH): m/z =
287.1([M +H]"). HRMS-ESI:m/z[M + H]" calcdfor CysH»705": 287.1859 found 287.1864

(1S,2R-Ethyl 1-hydroxy-2-(pivaloyloxy)cyclooctanecarboxylatg112) (BH10-141)
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PO HR (CO,E

(1S,2R)-112
To asolutionof 40 mg (0.185mmol) of (1S2R)-84 in 2 mL of CH,CI, underargonwereadded
22 mg (0.185 mmol) of pivaloyl chlorideand14.6 mg (0.185 mmol) of pyridine The solution
wasstirredfor 10 hours,acidifiedwith 1IN HCI to pH 5, andextractedwice with 20 mL eachof
CH.Cl,. The combinedextractswere washedwith brine, dried (MgS(Q,), concentratedand
columnchromatographedn silica gel usinga gradientmixture of hexaneanddiethyl etherasan
eluentto give 51 mgheld) of (1S2R-112 [a]*p =+67.3(0.2, CHCL);*H NMR d5.04(d,J
= 10.6 Hz, 1H), 4.23 (q, J = 6.8 Hz, 2H), 2.78(bs, 1H), 1.86 1.44(m, 12H), 1.31(t, J = 6.8 Hz,
3H), 1.26 (s, 9H); ¥CNMR d176.5,172.2,79.5,79.0,62.2,39.1,31.8,30.0,29.3,28.5,25.5,
22.9,17.1,14.4 MS (ESI, MeOH): m/z= 315.7(IM + H]"). HRMS-ESI: m/z[M + H]"* calcd

for C16H290s5 " 315.2015 found 315.2017

(1S,2R-Ethyl 1-hydroxy-5-oxo-2-(pivaloyloxy)cyclohexanecarboxylatg113) (BH11-023)

HO, COEt
PvO, <

o)
(1S,2R)-113

To an aqueoussolution of 6 mL of CWAu (3:1)26 (2.05 emol of Cu, 0.69 emol of Au, and
0.075emol of 26), wereaddedl mL of 30%H,0,, 2 mL of CH3CN and15 mg (0.055mmol) of
(1S,2R-110.  The resulting solution was stirred at50°C for 6 days cooled to 25°C, and
extractedthree times with 20 mL eachof methylenechloride The combinedextracts were
washedwith water, and brine, dried (MgSQy), concentratedand column chromatographedn

silica gel usinga gradientmixture of hexaneandethyl acetateaseluentsto give 13.1 mg (83%
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yield) of (1S,%)-113 and recover1.1 mg (7.2% yield) of (1S2R)-110. [a]*, = +61.3 (0.5,
CHCL); *"H NMR d4.25(q,J = 6.8Hz, 2H, CH,0), 3.627 3.60(m, 1H, CHOPY), 2.71 (dd, J =
7.2,1.6 Hz 1H, CHC=0), 259 (dd, J = 7.2, 1.6 Hz, 1H, CHC=0), 2407 2.32(m, 1H), 2.28
2.22(m, 1H), 2.047 2.00(m, 2H), 1.51 (s, 9H), 1.31(t, J = 6.8 Hz, 3H); The protonNMR
assignmentsvere derivedfrom 2D COSY spectrum *C NMR d 211.4,176.9,174.3,80.6,
79.3,62.2,47.5,38.8,33.2,26.4,21.4,14.4; MS (ESI, MeOH): m/z = 309.4 ([M + H]");
HRMS-ESI:m/z[M + H]" calcdfor C14H2306": 287.1495 found 287.1501

(1S,2R-Ethyl 1-hydroxy-6-oxo-2-(pivaloyloxy)cycloheptanecarboxylatg(114) (BH9-059)
HO \COZEt
PvO

@)

(1S,2R)-114
To anaqueoussolutionof 6 mL of CWAu (3:1)26 (2.50emol of Cu, 0.83emol of Au, and0.09
emol of 26), were added1l mL of 30% H,0O,, 2 mL of CH3;CN and 20 mg (0.066 mmol) of
(1S,2B-111 The resulting solution was stirred at50°C for 7 days cooled to 25°C, and
extractedthreetimeswith 20 mL eachof ethyl acetate The combinedextractswere washed
with water, and brine, dried (MgS(Qy), concentratedand columnchromatographedn silica gel
usinga gradientmixture of hexaneandethyl acetateaseluentsto give 18.3mg (87.3% yield) of
(1S,8-113 and recoverl.3 mg (6.5% yield) of (1S,2B-111 [a]*% =+16.4(05, CHCL); *H
NMR d4.25(q,J=6.8Hz, 2H, CH,0), 3.827 3.83(m, 1H, CHOPY), 2.81 (d, J = 7.2 Hz, 1H,
CHC=0), 260(d, J= 7.2, 1.6 Hz1H, CHC=0), 2.37i 2.35(m, 2H), 1.967 1.62(m, 4H), 1.51
(s,9H), 1.31(t, J = 6.8Hz, 3H); TheprotonNMR assignmentsverederivedfrom 2D COSY
spectrum '*C NMR d210.4, 176.9, 173.1, 80.2, 79.3, 62.1, 46.5, 43.5, 38.7, 27.4, 26.5 21.2,
14.0; MS (ESI, MeOH): m/z = 323.4 (M + Na]’). HRMS-ESI: m/z [M + H]" calcd for
CisH2506": 301.165] found 301.1651
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(1S,2R-Ethyl 1-hydroxy-7-oxo-2-(pivaloyloxy)cyclooctanecarboxylatg115 (BH11-025)

PvO, HO COLEt

@)
(1S,2R)-115

To anaqueoussolutionof 6 mL of CWAuU (3:1)26 (1.9 emol of Cu, 0.63emol of Au, and0.069
emol of 26), were addedl mL of 30% H,0O,, 2 mL of CH3;CN and 15 mg (0.05 mmol) of

(1S,2B-112 The resulting solution was stirred at50°C for 7 days cooled to 25°C, and
extractedthreetimeswith 20 mL eachof ethyl acetate The combinedextractswere washed
with water,and brine, dried (MgSQy), concentratedand columnchromatographedn silica gel

usinga gradientmixture of hexaneand ethyl acetateas eluentsto give 14.1 mg (90% vyield) of

(1S,9-115. [a]*% =+21.7(0.7,CHCL);*H NMR d 4.40(bs, 1H, OH), 4.24 (g, J = 6.8 Hz,

2H, CH0), 3.761 3.74(m, 1H), 2.73(dd, J = 7.2, 1.6Hz, 1H), 2.61(dd, J = 7.2, 1.2 Hz, 1H),

2.46 2.23(m, 3H), 2.10'1.96(m, 2H), 1.76:1.72(m, 3H), 1.51(s, 9H), 1.3L (t, J = 6.8 Hz, 3H);

The proton NMR assignmentswere derived from 2D COSY spectrum °C NMR

d 210. 2, 176. 9, 172. 9, 80. 6, 79.1,; 2 .(HS],

MeOH): m/z= 3377 (M + Na]*); HRMS-ESI: m/z[M + H]" calcdfor CyH»706": 315.1808
found 315.1807

(S)-2-Oxocyclohexylacetate(121) (BH10-135)

OCOCHS,
0

(S)-121
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To anaqueoussolutionof 5 mL of CWAu (3:1)26 (7.0 emol of Cu, 2.3 emol of Au, and0.132
emol of 26), wereaddedl mL of 30% H,0,, 2 mL of CH3;CN and30 mg (0.188 mmol) of 116.
The resultingsolutionwas stirred at 50°C for 7 days cooledto 25°C, and extractedthreetimes
with 20 mL eachof ethyl acetate The combinedextractswerewashedwith water,andbrine,
dried (MgSQy), concentratd, and column chromatographedn silica gel using a gradient
mixture of hexaneandethyl acetateaseluentsto give 30.7mg (94% yield) of (9-121 [a]p?*=
-80.4 (c 1.2, MeOH); Lit.!**3 [a]p**= +75.8 (c 1.2, MeOH for 88% ee R configuration; *H
NMR : 0 5 . (dd7J = 11.2 6.0 Hz, 1H), 2.35 2.54 (m, 3H), 2.16 (s, 3H), 1.78 1.89 (m, 3H),
1.661.76 (m, 2H); 13C NMR : U = 204.2, 170.3, 76.3, 40.1, 32.7, 26.9, 23.2, 201$ (ESI,
MeOH): m/z=179.5(IM + Na]*); The % ee(94%) of (S-121 wasdeterminedby HPLC using
chiral column, Chiralpak AD(-H) column [Chiralpak AD(-H) column, size: 0.46 cm x 25 cm,
from Daicel Chemicallndustries] n-hexanefPrOH = 95:5, flow rate 0.5 mL/min, detectedat

220nmwavelengthfr = 21.9min (R enantiomerminor), tg = 25.0min (Senantiomermajor).
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(S)-N-(2-Oxocyclopentyl)acetamidg(122) (BH12-095)

NHCOCH;

(S)-122

To anaqueoussolutionof 6 mL of CWAu (3:1)26 (6.7 emol of Cu, 2.2 emol of Au, and0.132
emol of 26), wereadded0.5 mL of 30% H,0,, 2 mL of CH3CN and22.5mg (0.178 mmol) of
117. Theresultingsolutionwasstirred at 50°C for 7 days cooledto 25°C, andextractecdthree
timeswith 10 mL eachof ethyl aceate The combinedextractswere washedwith water,and
brine, dried (MgS(Q,), concentratedand columnchromatographedn silica gel usinga gradient
mixture of hexaneand ethyl acetateas eluentsto give 17.5 mg (76% yield) of (§-122 and
recover3.8 mg (16.9% yield) of 117. [a]p?*= -41.6(c 0.2, CHCL); *H NMR i 4.62 4.51 (m,
1H), 4.11 (bs, 1H, NH), 2.68 2.48(m, 2H), 2.10(s, 3H), 2.04 1.75(m, 4H); *C NMR 11 210.2,
170.5,60.5,32.3,23.3,14.2,12.9 HRMS-ESI: m/z [M + H]+ cdcd for C;H;,NO,": 142.0868,
found: 142.0861. The % ee (92%) of)-122 was determined by HPCL using chiral column,
Chiralpak AD¢H) column [Chiralpak AD{H) column, size: 0.46 cm x 25 cm, from Daicel
Chemical Industries], -hexaneAPrOH = 95:5, flow rate 0.5 mL/min, detected at 220 nm

wavelength; g = 28.6 min (R enantiomer, minork £ 31.0 min (S enantiomemajor).

170



1000
800
600 +

Intensity

400
200

1000 ~
800
600 +

Intensity

400 H
200

10

\

T \

To anaqueousolutionof 6 mL of CWAu (3:1)26 (13.4emol of Cu, 4.5emol of Au, and0.263
emol of 26), wereaddedl mL of 30% H,0O,, 4 mL of CH3;CN and50 mg (0.357 mmol) of 118

Theresultingsolutionwasstirred at50°C for 7 days cooledto 25°C, and extractecdthreetimes
with 20 mL eachof ethyl acetate The combinedextractswere washedwith water,andbrine,
dried (MgSQy), concentratedand column chromatographedn silica gel using a gradient
mixture of hexaneand ethyl acetateas eluentsto give 39.2 mg (72% yield) of (§-123 and

recover8.6 mg (17.2%6 yield) of 118 [a]p?%=-62.4(c 0.5, CHCl); *H NMR™* {i5.90 (bs1H,

10

20 30
min

NHCOCH;
o)

(S)-123
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(S)-N-(2-Oxocyclohexyl)acetamidg123) (BH10-099)



NH), 4.51-4.44(m, 1H), 2.70 2.35(m, 3H), 2.192.11(m, 1H), 2.02(s, 3H), 1.95 1.79(m, 2H),

1.751.66 (m, 1H), 1.35-1.26(m, 1H); *C N MR09$, 1714, 60.0,43.0,37.4,30.Q 254, 250;

The % ee (93%) of (§-123 was determinedby HPLC using chiral column, Chiralpak AD(-H)

column [Chiralpak AD(-H) column,size:0.46 cm x 25 cm, from Daicel Chemicallndustries]

n-hexanefPrOH= 95:5,flow rate0.5 mL/min, detectecat 220nm wavelength{g = 26.1min (R

enantiomerminor), tg = 29.5min (Senantiomermajor).
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(S)-2-Aminocyclohexanong132) (BH10-133)

NH>

(S)-132

A solutionof 15.5mg (0.1 mmol) of 123in 1 mL of hydrazinewasheatecdo 70 °C underargon

for 12 hours until no staring material remaining The resulting solution was purified by
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column chromatograpy on silica gel using a gradientmixture of hexaneand ethyl acetateas
eluentsto give 11.4mg (99% vield) of (9-132 [a]p?*= -71.3(c 0.5, CHCl) Lit.[**3 [a]p?2=
+68.1(c 0.5, CHCI; for R configuration); '"H NMR : U 3.35 3.27 (m, 1H), 2.40'2.12 (m, 3H),
1.96 1.50(m, 5H); ®*CNMR : Ui 2 0 %7.7338.7,27.6,26.7,20.8 MS (ESI,MeOH): m/z= 114
(IM +H]").

(S)-N-(2-Oxocycloheptyl)acetamide(124) (BH12-097)

NHCOCH;
o)

(S)-124

To anaqueoussolutionof 3 mL of CWAu (3:1)26 (6.7 emol of Cu, 2.2 emol of Au, and0.132
emol of 26), wereadded0.5 mL of 30% H,0,, 2 mL of CH3CN and27.5mg (0.178 mmol) of
119, Theresultingsolutionwasstirred at 50°C for 7 days cooledto 25°C, and extractedthree
timeswith 10 mL eachof ethyl acetate The combinedextractswere washedwith water,and
brine, dried (MgS(Q,), concentratedand columnchromatographedn silica gel usinga gradient
mixture of hexaneand ethyl acetateas eluentsto give 25.6 mg (84% yield) of (§-124 and
recover2 mg (7.3% yield) of 119, [a]p??=-127.2(c 0.2, CHCL); *H NMR™® : i1 6.25 (br, 1H),
469-4.59 (m, 1H), 2.71 2.41 (m, 2H), 2.142.05 (m, 1H), 2.02 (s, 3H), 1.951.67 (m, 5H),
1.50-1.41(m, 1H), 1.351.25 (m, 1H); *C NMR 112104, 1695, 59.0,41.6,32.9,29.1,27.6,23.4,
23.2 The % ee (93%) ofS-124 was determiad by HPLC using chiral column, Chiralpak
AD(-H) column [Chiralpak AD{H) column, size: 0.46 cm x 25 cm, from Daicel Chemical
Industries], rfhexaneAPrOH = 95:5, flow rate 0.5 mL/min, detected at 220 nm wavelength; t

24.2 min (R enantiomer, minork £ 28.0min (S enantiomer, major).
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(S)-Ethyl 3-oxocyclohexanecarboxylat€125) (BH10-122)
CO,Et

o)
(S)-125

To an agueoussolution of 8 mL of CWAu (3:1)26 (20.5 emol of Cu, 6.8 emol of Au, and
0.383emol of 26), wereaddedl mL of 30% H,0,, 3 mL of CH3;CN and80 mg (0.548 mmol) of
120. Theresultingsolutionwasstirred at50°C for 7 days cooledto 25°C, and extractedthree
timeswith 20 mL eachof ethyl acetate The combinedextractswere washedwith water,and
brine, dried (MgS(Qy), concentratedand columnchromatographedn silica gel usinga gradient
mixture of hexaneandethyl acetateaseluentsto give 76.9mg (88% yield) of (9-125  [a]p?=
+2.62(c 1.61, MeOH) Lit.""* [a]p**= +2.7 (c 1.6, MeOH, 96% e The % ee (93%) of (S)-46
was determinedoy HPLC using chiral column, Chiralpak AD(-H) column [Chiralpak AD(-H)

column,size:0.46cm x 25 cm, from Daicel Chemicallndustries] n-hexanafPrOH = 95:5, flow
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rate0.5 mL/min, detectedat 220 nm wavelengthir = 32.4min (R enantiomerminor), tr = 35.2
min (S enantiomermajor);*H NMR : 114.15(q, J = 7.2 Hz, 2H), 3.79 3.77 (m, 1H), 2.60/ 2.58
(m, 2H), 2.78 2.25(m, 2H), 2.14 2.05(m, 2H), 1.89 1.78(m, 2H), 1.25(t, J = 6.8 Hz, 3H); °C
NMR 1209.3,173.7,61.1,43.2,43.1,40.9,27.6,24.3,14.3 MS (ESI, MeOH): m/z = 193.2

(IM + Na").
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2.6.6 Procedures and Analysis Results forOxidative Ring Closing Reaction of

Dienes

(S)-5-(3-Butenyl)-5-phenyl-dihydrofuran -2(3H)-one (200 (BH10-021)
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"'///\/

O

(S)-200

To an aqueoussolutionof 3 mL of CWAu (3:1)26 (3.7 mol of Cu, 1.2 mmol of Au, and0.13
mmol of 26), were addedl mL of 30% H,0O,, 2 mL of CH3CN and 25 mg (0.116 mmol) of
5-phenylnonal,8-dien5-ol (195. Theresultingsolutionwasstirred at50°C for 3 days cooled
to 25°C, and extractedthreetimeswith 10 mL eachof ethyl acetate The combinedextracts
werewashedwith water,andbrine, dried (MgS(Q,), concentratedand coumn chromatographed
on silica gel usinga gradientmixture of hexaneandethyl acetateaseluentsto give 35.3mg (71%
yield) of (S)-200in 96% ee [a]p??--14.6 (0.3, CHCly); '"H NMR  d 7.39 7.22(m, 5H), 5.84
5.74(m, 1H), 4.95(d, J = 16.4Hz, 1H), 4.92(d, J = 9.6 Hz, 1H), 2.53(m, 2H), 2.14 1.79 (m,
6H); 3C NMR d175.2,142.3,138.9,127.2,126.2,125.1,115.4,92.2,40.1,34.4,32.2,28.1;
MS (ESI, MeOH): m/z = 217.1([M + H]"); HRMS-ESI: m/z[M + H]" calcdfor CisH170,":
217.1229 found 217.1227 The % ee (96%) of (S-200 was determinedby HPLC using
chiral column, Chiralpak AD(-H) column [Chiralpak AD(-H) column, size: 0.46 cm x 25 cm,
from Daicel Chemicallndustries] n-hexangtPrOH = 95:5, flow rate 0.5 mL/min, detectedat

254nmwavelengthir = 22.2min (R enantiomerminor), tr = 25.0min (Senantiomermajor).
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(S)5-(3-Hydroxypropyl) -5-phenyl-dihydrofuran -2(3H)-one (211) (BH11-056)

Ph
OH

iy

@)

(S)-211
To 6 mL of methylenechloride,ozonewasbubbledinto it under-78 °C for 3 minutesandgavea
blue solution To it, 19 mg of 200 (0.0879mmol) was addedandstir for 5 minutesunder-78
°C until no startingmaterialremaining After the ozoneevaporates6.7 mg (0.176 mmol) of
NaBH, wasadded the mixture waswarmedup to roomtemperaturendstirredfor 1 hourunder
Ar. Thereactionwas quenchedoy 2 mL of sat NH4CI solution and extractedthree times
with 20 mL eachof methylenechloride The combinedextractswerewashedwith water,and
brine, dried (MgS(Oy), concentratedand columnchromatographedn silica gel usinga gradient

mixture of hexaneandethyl acetateaseluentsto give 13 mg (67% vield) of 211 [a]p??= -143.1
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(0.05, CHCL); 'H NMR d7.327.20(m, 5H), 3.79 (t, J = 8.8 Hz, 1H), 2.25i 2.19 (m, 2H),
2.101.52 (m, 7H); '°C NMR d 175.1, 142.3, 127.2, 126.225.1 92.2 34.3 33.0Q 28.6,
28.0 MS (ESI,MeOH): m/z=243.4 (M + Na").

(S)3-(5-Oxo0-2-phenyl-tetrahydrofuran -2-yl)propyl methanesulfonate(212) (BH11-062)

Ph
OMs

iy S

@)

(S)-212
To amixtureof 211 (13 mg, 0.059mmol) anddry triethylamine(6.6 mg, 0.065mmol) in 1 mL
of dry dichloromethaneunder argon methanesulfonykchlonde (15.4 mg, 0.135 mmol) was
addeddropwiseat 0°C. The reaction mixture was stirred for 8 hours at room temperature,
guenchedwith 0.5 mL of water and extractedwith methylenechloride (3 x 10 mL). The
combined organic layer was washedwith brine, dried over anhydroussodium sulfate and
concentratedundervacuumto give 17 mg (96.5%yield) 212 The residuewas usedin the
subsequenstepwithout furtherpurification *H NMR d 7.32 7.20(m, 5H), 4.13 4.02(m, 2H),
2.95 (s, 3H), 2.2512.19 (m, 2H), 2.07 1.52 (m, 6H); *C NMR d 1754, 142.3 1271, 125.7,
124.6,91.9,71.7, 35.7, 32.9, 27.66, 26.8, 21.6/IS (ESI,MeOH):m/z= 2991 (M + H]").

(S)-5-Phenyl-5-propyl -dihydrofuran -2(3H)-one (213 (BH11-063)

Ph
Y1, N
O
O

(S)-213

To a mixture of 212 (17 mg, 0.057 mmol) and t-BuOH (21 mg, 0.285 mmol) in 1 mL

1,2-dimethoxyethanelNaBH,; (6.4 mg, 0.171 mmol) was addedat 0°C. The reactionsolution
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wasstirredfor 30 minutesat roomtemperatureheatedo reflux overnight,quenchedvith 15 mL

of water andextractedwith ethyl acetatg3 x 20 mL). Thecombinedorganiclayerwaswashed
with brine, dried over anhydroussodium sulfate and concentratedunder vacuumand column
chromatographedn silica gel usinga gradientmixture of hexaneandethyl acdateaseluentsto

give 8.4mg (72%yield) 213  [a]p?* = -42.1(c 0.02, MeOH), Lit.[*'8 -33.0(c 0.01, MeOH for

(S)58C with 74%ee; H NMR U 7.327.20 (m, 5H), 2.55 2.33 (m, 4H), 1.91i 1.81 (m, 2H),

1.34i1.25 (m, 1H) 1.08 1.01 (m, 1H), 0.79 (t, J = 7.2 Hz); °C NMR Ui 177.3,143.5,128.7,
127.7,125.0,90.0,45.1,35.5,29.1,17.6,14.3 MS (ESI,MeOH): m/z = 205.3([M + H]").

(S)-4-Allyl -4-phenyloxetan2-one(201) (BH10-053)

(S)-201
To anaqueoussolutionof 3 mL of CWAu (3:1)26 (3.9 nmol of Cu, 1.3 nmol of Au, and0.073
nmmol of 26), wereaddedl mL of 30%H,0,, 8 mL of CHzCN 15 mL of waterand25 mg (0.133
mmol) of 4-phenylheptal,6-dien4-ol (196). The resultingsolutionwas heaed to 60°C for 6
days cooledto 25°C, and extractedthreetimeswith 10 mL eachof methylenechloride The
combinedextractswerewashedwith water,andbrine,dried (MgSQy), concentratedandcolumn
chromatographedn silica gel usinga gradientmixture of hexaneandethyl acetateaseluentsto
give 10.9 mg (44% vyield) of (S)-201in 92% eeand 7.3 mg (29% recovey) of 196 [a]p®* =
-16.8(0.2, CHCl); *H NMR  d 7.43 7.22(m, 5H), 5.661 5.56(m, 1H), 5.06(d, J = 12 Hz, 1H),
4.98(d, J = 4.8Hz, 1H), 3.70(d, J = 12.8Hz, 1H), 3.48(d, J = 12.8Hz, 1H), 2.70(dd, J = 14,
6.4 Hz, 1H), 252 (dd, J = 14, 64 Hz, 1H);, C NMR
di14. 9, 142. 9, 138. 9, 127. 3,; MS2(BSI, MeOH): 2n¥z. 2 , 115.
189.1 (M + H]"); HRMS-ESI: m/z[M + H]" calcdfor CyoH130,": 189.0916 found 189.0918
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The % ee (92%) of (§-201 was determinedby HPLC using chiral column, Chiralpak AD(-H)

column [Chiralpak AD(-H) column,size:0.46 cm x 25 cm, from Daicel Chemicallndustries]

n-hexanefPrOH= 95:5,flow rate0.5 mL/min, detectecat 254 nm wavelength{rg = 24.3min (R

enantiomerminor), tg = 27.0min (Senantiomermajor).
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(S)Ethyl 2-(but-3-enyl)-5-oxo-tetrahydrofuran -2-carboxylate (202). (BH11-051)

CO,Et
"'///\/

@)

(S)-202

To anaqueoussolutionof 5 mL of CW/Au (3:1)-26 (2.9 mmol of Cu, 1.0 nmol of Au, and0.11

nmol of 26), wereaddedl mL of 30% H,0,, 5 mL of CH3;CN and20 mg (0.095 mmol) of ethyl

2-(but-3-enyl)}-2-hydroxyhex5-enoate(197). The resultingsolutionwas heatedto 50 °C for 3

days andextractedthreetimeswith 10 mL eachof ethyl acetate The combinedextractswere
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washedwith water, and brine, dried (MgS(Q,), concentratedand column chromatographedn
silica gel usinga gradientmixture of hexaneand ethyl acetateaseluentsto give 16.7 mg (84%
yield) of (S)-202in 93% eeandrecovered).6 mg (3% yield). [a]p?*= +35.7 (0.4, CHCly); *H
NMR d 5. 8 5(m,1H),%.03{d5J = 17.2Hz, 1H),4.98(dd, J = 12,6 Hz, 1H), 4.21(q, J =
6.8Hz, 2H), 2.59(m, J = 9.2,6.4Hz, 2H), 2.25 1.63(m, 6H), 1.28(t, J = 7.2 Hz, 3H); *C NMR
d 177. 4, 17499, 613&.19,5,149.. 4 MS BES|, MeOH):3/z =2 ,
234.0 ([M + Na]*). HRMS-ESI:m/z[M + H]" caled for C11H1704"™: 213.1127, found 213.1127
The % ee (93%) of (§-202 was determinedby HPLC using chiral column, Chiralpak AD(-H)
column [Chiralpak AD(-H) column,size:0.46 cm x 25 cm, from Daicel Chemicallndustries]
n-hexanefPrOH = 90:10,flow rate0.5 mL/min, detectedat 220 nm wavelengthir = 20.0min

(Renantiomerminor), tgr = 23.1min (Senantiomermajor).
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(S)-Ethyl 2-allyl-4-oxooxetane2-carboxylate (203) (BH11-013)
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(S)-203
To anaqueoussolutionof 3 mL of CWAu (3:1)26 (3.4 nmol of Cu, 1.4 mol of Au, and0.13
mmol of 26), wereadded2 mL of 30% H,0O,, 3 mL of CH3CN and20 mg (0.115mmol) of ethyl
2-allyl-2-hydroxypentd-enoate(198). The resulting solution was stirred to 50°C for 7 days
andextractedhreetimeswith 15 mL eachof methylenechloride The combinedextractswere
washedwith water, and brine, dried (MgS(Q,), concentratedand column chromatographeadn
silica gel using a gradientmixture of hexaneand ethyl acetateas eluentsto give 6.2 mg (33%
yield) of (S)-203 in 93% eeand1 mg (5% recovery)of 198 [a]p*?= +289 (0.3, CHCL); *H
NMR d 5. 8 3(m,-1H)5.11AdB J = 14.4Hz, 1H),5.10(d, J = 11.2Hz, 1H), 4.21(q, J =
6.8Hz, 2H), 3.70(d, J = 12.8Hz, 1H), 3.49(d, J = 12.8Hz, 1H), 2.5 2.40(m, 2H), 1.28(t, J =
7.2 Hz, 3H); ¥c NMR d176.9,173.3,137.7,115.3,86.6, 61.4,40.2, 25.8, 14.8; MS (ESI,
MeOH): m/z =207.2 (M + Na*); HRMS-ESI: m/z [M +H]" calcd forCoH130,": 185.0814
found 185.0811 The % ee (93%) of (§-203 wasdeterminedby HPLC usingchiral column,
Chiralpak AD(-H) columm [Chiralpak AD(-H) column, size: 0.46 cm x 25 cm, from Daicel
Chemical Industries] n-hexangfPrOH = 90:10, flow rate 0.5 mL/min, detectedat 220 nm

wavelengthir = 22.3min (R enantiomerminor), tr = 25.1min (Senantiomermajor).
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Ethyl 2-hydroxy-2-(pent-4-enyl)hept-6-enoate(199) (BH11-045)

HO_ COOEt

X

199

To a suspension of 70.88 mg (2.95 mmol) Mg in 5 mL anhydrous THF, 100 mg (0.671 mmol) of

5-bromopemntl-enewas added and heated with heat gun to initiate the reaction. 3@0iting

(2.031 mmol) of5-bromopentl-enewas added and heated to D under argon until no Mg

remaining. 111.1 mg (1.61 mmol) of diethyl oxalate in 5 mL of anhydrous THF was dropwise

cannulated into the Grignard reagent unekg °C, stirred at room tempature for 3 hours,

guenched with sat. NY€I solution, extracted three times of 30 mL each of methylene chloride

andcolumn chromatographed on silica gel using a gradient mixture of hexane and elieényl

as an eluent to givé12 mg (35% yield) ofthe ttled compoundH NMR d 5.74 (m,2H), 4.96

(dd,J = 17.21.6Hz, 2H), 4.92 (d,J = 9.6 Hz,2H), 414 (g, J = 6.8 Hz, 2H)2.041 1.98(m, 4H),
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1.75i 1.35(m, 8H), 1.24 (tJ = 7.2 Hz,3H); ®*C NMR d177.5, 138.4, 114.8, 79.6, 61.0, 43.0,
35.8, 24.2, 14.5MS (ESI,MeOH): m/z= 267.1 ([M +Na]+).

(S)-ethyl 6-oxo-2-(pent-4-enyl)-tetrahydro -2H-pyran-2-carboxylate (204). (BH11-049)

J/fj,coza

@) o =
(S)-204 \\\/
To anaqueoussolutionof 3 mL of CWAu (3:1)-26 (4.8 nmol of Cu, 1.6 nmol of Au, and0.17
mmol of 26), wereadded2 mL of 30%H,0,, 4 mL of CH3CN and40 mg (0.0845mmol) of ethyl
2-hydroxy-2-(pent4-enyl)hept6-enoatg(199). Theresultingsolutionwasheatedo 50°C  for
6 days and extractedthree times with 25 mL each of methylenechloride The combined
extracts were washed with water, and brine, dried (MgSQ,), concentrated,and column
chromatographedn silica gel usinga gradientmixture of hexaneandethyl acetateaseluentsto
give 33 mg (83% yield) of (S)-204in 93% eeandrecovered? mg (6% vield) of 199 [a]p*% =
+175 (0.3,CHCL); '"H NMR  d5.84/5.74(m, 1H), 4.95(d, J = 16.4Hz, 1H), 4.92(d, J = 9.6
Hz, 1H), 4.21(q, J = 6.8 Hz, 2H), 2.50(t, 8.0 Hz, 2H), 2.18 1.40(m, 10H), 1.25(t, J = 7.2 Hz,
3H); BCNMR d177.7,174.7,138.9,115.4,89.0,61.4,37.5,34.4,32.9,29.3,24.9,23.8,14.8;
MS (ESI, MeOH): m/z = 235.0([M + N&a]*). HRMS-ESI:m/z[M + H]" calcdfor Ci3H»0;4":
241.144Q found 241.144Q The % ee(93%) of (§-204 wasdeterminedoy HPLC usingchiral
column, Chiralpak AD(-H) column [Chiralpak AD(-H) column, size: 0.46 cm x 25 cm, from
Daicel Chemicallndustries] n-hexangtfPrOH = 90:10, flow rate 0.5 mL/min, detectedat 220

nmwavelengthir = 18.6min (R enantiomerminor), tr = 22.0min (Senantiomermajor).
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(S)-Ethyl 2-(but-3-enyl)-5-oxopyrrolidine -2-carboxylate (208). (BH10-051)
CO,Et

"'///\/

NH

(S)-208
To anaqueoussolutionof 15 mL of CWAu (3:1)26 (21.3nmol of Cu, 7.1 nmol of Au, and0.7
nmmol of 26), wereadded5 mL of 30%H,0,, 5 mL of CH3;CN and150mg (0.711 mmol) of ethyl
2-amino2-(but-3-enyl)hex5-enoate(205. The resulting solution was stirred to 50°C for 3
days cooledto room temperatureand extractedthree times with 40 mL eachof methylene
chloride The combined extracts were washed with water, and brine, dried (MgSQy),
concentratedand columnchromatographedn silica gel usinga gradientmixture of hexaneand
ethyl acetateaseluentsto give 126 mg (84% yield) of (S)-208in 95% ee [a]p?? = +18.6(0.2,
CHCL);'H NMR d 8 bsINH), .83 5.71(m, 1H), 5.10(d, J = 17.2Hz, 1H), 4.95(d, J =

185



9.2Hz, 1H), 4.24(q, J = 6.8 Hz, 2H), 2.62(t, J = 8.4Hz, 1H), 2.2 1.64(m, 6H), 1.28(t, J= 7.2
Hz, 3H); ®*C NMR d176.9,173.5,138.1,115.3,61.6,27.0,40.1,36.7,33.4,23.2,14.8; MS
(ESI, MeOH): m/z = 234.6([M + Na]"). HRMS-ESI: m/z [M + H]" calcd for C;;H1gNO5"™:
212.1287, found 212.1288. The % ee(95%) of (§-208 wasdeterminedoy HPLC usingchiral
column, Chiralpak AD(-H) column [Chiralpak AD(-H) column, size: 0.46 cm x 25 cm, from
Daicel Chemicallndustries] n-hexanetfPrOH = 90:10, flow rate 0.5 mL/min, detectedat 220

nmwavelengthir = 19.6min (R enantiomerminor), tr = 22.2min (Senantiomermajor).
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(S)Ethyl 2-allyl-4-oxoazetidine2-carboxylate (209). (BH11-060)
CO,Et
iy

A—NH
o7

(S)-209
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To anaqueoussolutionof 2 mL of CWAu (3:1)-26 (3.2 mmol of Cu, 1.0 nmol of Au, and0.06
mmol of 26), wereaddedl mL of 30%H,0,, 2 mL of CH;CN and20 mg (0.1093mmol) of ethyl
2-allyl-2-aminopen#4-enoate(206). Theresultingsolutionwasheatedo 50 °C for 7 days and
extractedthree times with 20 mL eachof methylenechloride The combinedextractswere
washedwith water, and brine, dried (MgSQy), concentratedand column chromatographedn
silica gel usinga gradientmixture of hexaneand ethyl acetateaseluentsto give 12.8 mg (64%
yield) of (S)-209in 92% ee [a]p??= +33.7(0.2, CHCL);'"HNMR d 7 bs218), 5(80'5.70
(m, 1H), 5.16 (d, J = 19.2 Hz, 1H), 5.15 (d, J = 10.8Hz, 1H), 4.21(q, J = 6.8 Hz, 2H), 3.21i 3.12
(m, 2H), 2.6272.45 (m, 1H), 2.3112.28 (m, 1H), 1.28 (t, J = 7.2 Hz, 3H); *C NMR
d 177.8, 133.7, 115. 3, ;61% (E8I,MeBHJ: mi = 208B([M4+,
Na]"). HRMS-ESI:m/z [M + H]" calcdfor CoH14NOs": 184.09%, found 184.0%3. The %
ee (92%) of (§-209 was determinedoy HPLC using chiral column, Chiralpak AD(-H) column
[Chiralpak AD(-H) column, size: 0.46 cm x 25 cm, from Daicel Chemical Industries]
n-hexanetfPrOH = 90:10,flow rate0.5 mL/min, detectedat 220 nm wavelengthir = 20.9min

(R enantiomerminor), tg = 24.1min (Senantiomermajor).
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(S)-Ethyl 6-oxo-2-(pent-4-enyl)piperidine-2-carboxylate (210) (BH11-037)
I)COZEt
o) N~ =
H
\\\/

(S)-210
To anaqueoussolutionof 2 mL of CWAu (3:1)26 (2.5 nmol of Cu, 0.8 mmol of Au, and0.046
nmmol of 26), wereaddedl mL of 30% H,0,, 5 mL of CH3CN and20 mg (0.0845mmol) ethyl
2-amino2-(pent4-enyl)hept6-enoate(207). The resulting solution was stirred at 50°C for 5
days cooledto room temperatureand extractedthree times with 15 mL eachof methylene
chloride The combined extracts were washed with water, and brine, dried (MgSQy),
concentratedand columnchromatographedn silica gel usinga gradientmixture of hexaneand

ethyl acetateaseluentsto give 18.6mg (93% vield) of (S)-210in 94% ee [a]p?* = +48.7 (0.5,
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CHCL:'™MNMR d 5. 7 9 (m, 1H5 4.9 @, J = 17.2Hz, 1H), 4.92(d, J = 10.0Hz, 1H),
419(q, J = 7.2Hz, 2H), 2.32(td, J = 10.2, 2.4 Hz, 2H) 1.77 1.37(m, 10H), 1.24(t, J = 7.2 Hz,

3H); ®*CNMR d177.9,172.4,138.9,116.4,61.4,56.5,39.0,34.4,31.1,27.0,23.5,22.8,14.8;

MS (ESI, MeOH): m/z = 262.2(IM + Na|*).

HRMS-ESI: m/z [M + H]" calcdfor Cy3H2oNOs™:

240.1660 found 240.1651 The % ee(94%) of (§-210wasdeterminedoy HPLC usingchiral

column, Chiralpak AD(-H) column [Chiralpak AD(-H) column, size: 0.46 cm x 25 cm, from

Daicel Chemicallndustries] n-hexangtPrOH = 90:10, flow rate 0.5 mL/min, detectedat 220

nmwavelengthir = 21.2min (R enantiomerminor), tr = 24.5min (Senantiomermajor).

Intensity

Intensity

600
400 4
Solvent
200 1
0 A -
1 1 Y T Y 1
0 10 20 30 40
min
1600
1400 -
1200
1000 -
800 —
400 (]
200 -
0 A
! 1 1 L I L 1
0 10 20 30 40
min

(S)Ethyl 2-(3-hydroxypropyl) -5-oxopyrrolidine -2-carboxylate (214) (BH11-019)

CO,Et
oy S

NH

OH

(S)-214
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To a solutionof 12 mL of methylenechloride underargonat -78°C, ozonewas bubbledinto it

for 3 minuteswhile the argonwas turned off, to give a blue solution To it, 35 mg of 208
(0.167 mmol) was added and stirred for 15 minutes at -78 °C (until no starting material
remaining) Theremainingozonewasevaporatedy introducingargoninto the systemfor 10
minutes To it, 12.6 mg (0.33 mmol) of NaBH,; and 0.5 mL of methanolwere added,andthe
solution was warmed up to room temperatureand stirred for 1 hour. The reaction was
guenchedoy 2 mL of saturatecaqueousNH,CI solution and extractedthreetimeswith 40 mL

eachof methylenechloride The combined extractswere washedwith water,and brine, dried
(MgSQy), concentratedand column chromatographedn silica gel using a gradientmixture of

hexaneand ethyl acetateas eluentsto give 26.2 mg (75% vyield) of 214 [a]p?*= +31.7(0.05,

CHCL); 'H NMR  d 4.29(q, J = 7.2 Hz, 2H), 3.53 3.61(m, 2H), 2.55 2.45(m, 1H), 2.25i 1.62
(m, 8H), 1.32(t, J= 6.8 Hz, 3H); BCNMR d177.0,173.4, 658, 62.6 61.6,35.0 29.6, 27.2,
24.1,14.8 MS (ESI,MeOH): m/z=2163 ([M + H]™").

(S)-Ethyl 2-(3-(methylsulfonyloxy)propyl)-5-oxopyrrolidine -2-carboxylate (215
(BH11-021)
CO,Et
OMs

-:III/\/

NH
(S)-215
To acold (0°C) solutionof 214 (26 mg, 0.123mmol) andtriethylamine(13.6 mg, 0.135mmol)
in 2 mL of dichloromethanainder argonwas addedmethanesulfonythloride (15.4 mg, 0.135
mmol) dropwise The reactionsolution was stirred for 8 hoursat room temperaturegdiluted
with 0.5 mL of water and extractedwith methylenechloride (3 x 10 mL). The combined
organiclayerwaswashedwith brine,driedoveranhydrousodiumsulfate,andconcentrate@dn a

rotary evaporatorand then undervacuumto give 29 mg (80.4%yield) 215 The residuewas
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usedin the subsequerstepwithout further purification [a]p??= +1316 (0.1, CHCl):; *H NMR
d 4.22(q, J = 7.2 Hz, 2H), 3.96 3.85 (m, 2H), 2.95(s, 3H), 2531 2.45 (m, 1H), 2.22 1.64 (m,
8H), 1.32(t, J = 6.8 Hz, 3H); 13C NMR d 177.0, 173.4,70.0,659, 61.6, 37.9, 35.0, 29.9, 26.1,
20.5, %.9; MS (ESI,MeOH): m/z= 3163 ([M + Nal*).

(S)-Ethyl 3-oxo-hexahydro-1H-pyrrolizine -7a-carboxylate (216) (BH11-027)
CO,Et

0 N
(S)-216

To acold (0°C) solutionof 29 mg (0.099mmol) of 215in 2 mL distilled THF underargonwas
addedNaH (2.5 mg, 0.104mmol), andthe solutionwas stirred at room temperaturdor 3 hour,

guenchedwith 0.5 mL of water, and extractedwith methylenechloride (3 x 10 mL). The
combined organic layer was washed with brine, dried over anhydrous sodium sulfate,
concentratedindervacuum,andcolumnchromatograpedon silica gel usinga gradientmixture
of hexaneand ethyl acetateas eluentsto give 16 mg (78% vyield) of 216. [a]p*?= -41.6(0.05,

CHCL); '"H NMR  d4.20(q, J = 7.2Hz, 2H), 3.61i 3.48(m, 2H), 2.55(dd, J = 4.8,1.2 Hz, 1H),

2.38(d, J = 4.4 Hz, 1H), 2.25i 1.80(m, 6H), 1.30(t, J = 6.8 Hz, 3H); *C NMR d 175.4, 173.4,
67.7,61.6, 43.2, 42.4, 32.2, 27.2, 20.0, 148S (ESI,MeOH): m/z= 2201 ([M + Na]*).

(2S,7aS)-Ethyl 2-hydroxy-3-oxo-hexahydro-1H-pyrrolizine -7a-carboxylate (217)
(BH11-053)

HO CO,Et

o7 "N
(2S,7aS)-217

To acold (-78°C) solutionof 0.11mL (1.05mmol) of diisopropylaminen 5 mL distilled THF
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underargonwasaddedl mL of n-BuLi (1M in hexanes) The resultingsolutionwaswarmed
up to room temperatureand stirred for 1 hou to give a LDA solution To a cold (-78°C)
solutionof 216 (19 mg, 0.096 mmol) in 1 mL of distilled THF underargon,0.6 mL of LDA
solution was addeddropwise and stirred at room temperaturefor 30 minutes To 62.5 mg
(0.144mmol) of MoOPH at -30°C unde argonwasaddedthe aboveanionsolutionvia cannula,
andthe solutionwasstirredfor 40 minutes,warmedto room temperaturediluted with 2 mL of
saturatedaqueousNaSQO; solution, and extractedwith ethyl acetate(3 x 10 mL). The
combined organic layer was washed with brine, dried over anhydrous sodium sulfate,
concentratedo drynessand columnchromatographedn silica gel usinga gradientmixture of
hexaneandethyl acetateaseluentsto give 11.7mg (57% yield) of (2S,7aS)-217and1.6 mg (7.8%
yied) of (2R,7aS)-217. [a]p??=-8.9(c 0.88 CHCL), H NMR d5.91(b, 1H), 4.41(d,J =
6.8,1H),4.20(q, J = 7.2Hz, 2H), 3.64(d, J = 10.0Hz, 1H), 3.28(dd,J = 10.4 2.0Hz, 1H), 2.54
(d, J = 12.8 Hz, 1H), 2.3 (d, J = 128 Hz, 1H), 2.26 (d, J = 11.2 Hz, 1H), 2.14-1.98 (m, 2H),
1.62(m, 1H), 1.24(t, J = 6.8Hz, 3H); BCNMR d174.4,173.7, 74.1, 72.2, 61.6, 41.0, 39.9, 36.0,
25.5, 14.9m/z= 2361 ([M + Na]").

(2S,7aS)-Methyl 2-hydroxy-3-oxo-hexahydro-1H-pyrrolizine -7a-carboxylate (218)
(BH11-067)

HO CO,Me

) N

(2S,7aS)-218
To asolutionof (11.5mg,0.054mmol) 217 (11.5mg, 0.054mmol) in 2 mL of distilled MeOH
underargonwasaddedl mg of MeONa,andthe solutionwasstirredat room temperaturdor 8
hours,concentrate@n a rotary evapoator,anddiluted with 20 mL of methylenechloride The

solution was washedwith 5 mL of water,and 5 mL of brine, dried over anhydroussodium
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sulfate,concentratedindervacuum,and columnchromatographedn silica gel usinga gradient
mixture of hexaneandethyl acetateaseluentsto give 4.2 mg (37% yield) of 218and4.8mg (41%
recovery)of 217. Compound218 [a]p?? =-10.2(c 0.88 CHCly), Lit.1**? -10.2(c 0.88 CHCL);
'H NMR d 4.95(bs, 1H), 4.37(d, J = 6.8, 1H), 3.76(s, 3H), 3.64(dt, J = 10.4 1.2 Hz, 1H), 3.28
(dd,J =10.4 2.0Hz, 1H), 2.54(d, J = 12.8 Hz, 1H), 2.35(d, J = 128 Hz, 1H), 2.3 (d, J = 11.2
Hz, 1H), 2.14-2.00(m, 2H), 1.63-1.61(m, 1H); **C NMR Ui 1744, 1738, 741, 72.2,528, 412,
398, 36.0,25.5:m/z=2221 ([M + Na]*).

2.6.7 Procedures and Analysis Results for Late-stage C-H Oxidation of Complex

Molecules

13-Oxo-oxymatrine N-oxide (230 (BH11-088)

230

To anaqueoussolutionof 6 mL of CWAu (3:1)26 (41.6emol of Cu, 13.9emol of Au, and0.76
emol of 26), were added3 mL of 30% H,0O,, 4 mL of CH3;CN and 49 mg (0.185 mmol) of
oximatrine N-oxide (229. The resultingsolutionwasstirred at80°C for 7 days cooledto 25°C,
and extractedthree times with 20 mL each of ethyl acetate The combinedextractswere
washedwith water, and brine, dried (MgS(Q,), concentratedand column chromatographedn
silica gel usinga gradientmixture of hexaneand ethyl acetateas eluentsto give 31 mg (60%
yield) of 230 andrecower 16.3 mg (33.3%yield) of 229 [a]p?*= + 14.6 (c 0.2, MeOH); 'H
NMR d 5. 15 m,1H54.40(@d,J=12,5.2Hz, 1H), 4.20(t, J = 12.4Hz, 1H), 3.50 3.25
(m, 2H), 3.2213.02 (m, 5H), 2.822.60 (m, 2H), 2.48 2.37(m, 1H), 2.32 (t, J = 4.8 Hz, 1H),
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2.10/2.04 (m, 1H), 1.891.48 (m, 7H); **C NMR**3  d210.1,169.1,69.1, 68.3,66.6, 52.3,
45.2,43.3,42.0,41.5,34.5,26.0,24.4,17.3,17.0 MS (ESI, MeOH): m/z = 301.4([M + Na]*).
HRMS-ESI: m/z [M + H]* caled for CisH23N,05™ 279.1709 found 279.1714 The**C NMR
data is in agreement with that refsat**? and the structure was further verified by NMR 2D

COSY experiment.

Sclareolide (232 & (29-2-Hydroxysclareolide (233). (BH11-086)
O 0]

232 233

To anaqueoussolutionof 8 mL of CWAu (3:1)26 (15.9emol of Cu, 5.3 emol of Au, and0.30

emol of 26), were added2 mL of 30% H,0,, 4 mL of CH3CN and 100 mg (0.423 mmol) of
ambroxide231 The resulting solution was stirred at80°C for 5 days, cooledto 25°C, and
extractedthreetimeswith 20 mL eachof ethyl acetate The combinedextractswere washed
with water,and brine, dried (MgS(Qy), concentratedand columnchromatographedn silica gel
usinga gradientmixture of hexaneandethyl acetateaseluentsto give 78.3mg (73.9% yield) of
232 6.7 mg (5.9% vyield) of 233 and recover3.2 mg (3.2% yield) of 231 232: 'H NMR
d3 . 38,J=<14.2,1.2Hz, 1H) 2.16(dd,J= 16.4,6.8 Hz, 1 H), 2.06(dt, J= 12,3.2Hz, 1 H),
1.95(dd, J = 14.4,6.4 Hz, 1 H), 1.891.83(m, 1 H), 1.7111.62 (m, 2 H), 1.47 1.33(m, 2 H),
1.32(s,3H), 1.221.13(m, 1 H), 1.058(dd,J= 13,3 Hz, 1 H), 0.89(s, 3 H), 0.86(s, 3 H), 0.82
(s,3H); ®*CNMR d 86.6,59.3,56.8,42.4,39.7,38.9,36.3,33.4,33.3,28.9,21.8,21.1,20.8,
18.3,15.3;MS (ESI, MeOH): m/z= 251.2(M+H"). 233:[a]p?*= +78(c 0.1, MeOH). Lit.[*%8
-100(c 0.006 MeOH). *H NMR d4.03 3.94(m, 1 H), 2.42(t, J= 14.4Hz, 1 H), 2.27(dd,J =

16.4,6.4Hz, 1 H), 2.10(dt, J = 12, 3.2 Hz, 1 H), 2.01(dd, J = 14.4,6.4Hz, 1 H), 1.94 1.80(m,
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3H), 1.74'1.66(m, 1 H), 1.40'1.35(m, 1 H), 1.33(s,3 H), 1.28 1.25(m, 1 H), 1.17(t, J= 11.6
Hz, 1 H), 1.08(dd, J = 13,3 Hz, 1 H), 0.96(s, 3 H), 0.95(s, 3 H), 0.89(s, 3 H); **C NMR d
176.0,86.0,64.4,58.9,56.3,51.6,48.4,38.5,37.5,34.7,33.2,28.7, 21.9,21.7,20.1,16.2; MS
(ESI,MeOH): m/z= 2894 ([M + NaJ").

(2S)-2-Hydroxysclareolide (233)& 1-Oxosclareolide(234)(BH8-098)

HO,,,

233 234

To asolutionof 12 mL of Cu/Au (3:1)-1 (24 nmol of Cu/8.0 nmol of Au-0.88 nmol of 1) in H,O
(asdescribedabove)were added12 mL of acetonitrile,100 mg (0.40 mmol) of (+)-sclareolide
(232 and1.5 mL of 30% H,0,, andthe resultingsolutionwasstirred at 60°C for 6 days The
solutionwascooledto 25°C, diluted with water,andextractecthreetimeswith diethyl ether(20
mL each) The combinedextractswere washedwith water and then brine, dried (MgSQy),
concentratedand columnchromatographedn silica gel usinga gradientmixture of hexaneand
ethyl acetatefollowed by dichloromethane@ndmethanolaseluentsto give 40 mg (37.5% yield)
of 233 and 3.3 mg (3% yield) of 234 alongwith 46 mg (46% recovery)of 232 and 10 mg of
unidenficablepolymers The NMR dataof 233 is the sameas the one synthesisfrom 231
234 'H NMR d 2.96(dd, J = 17,7 Hz, 1 H), 2.68(ddd,J = 16, 8.8,6.4 Hz, 1 H), 2.53(dd, J =
16.8,14.4Hz, 1 H), 2.29(ddd,J = 15.6,8.8,5.2 Hz, 1 H), 2.15(dd, J = 14.4,6.4Hz, 1 H), 2.10
2.05(m, 1 H), 1.94 1.80(m, 2 H), 1.70' 1.60(m, 2 H), 1.35(s, 3 H), 1.19(s, 3 H), 1.05(s, 3 H),
1.04/0.96 (M, 1 H), 1.02(s, 3 H), 0.9110.86(m, 1 H). MS (ESI, MeOH): m/z= 2873 ([M +
Na]").
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Estrone pivalate (235) (BH12-062)

2,

e
To a solution 0fLl0O0mg (037 mmol) d estrone in 3 mL of CkCl, under argon were adddd
mg (037 mmol) of pivaloyl chloride an@9.2 mg(0.37 mmol) of pyridine Thesolutionwas
stiredfor 10 hours, acidified with 1N HCI to pH &ndextractedhree timesvith 20 mL eachof
CH.Cl,. Thecombined extracts were washed with brine, dried (MgS¢ncentrated, and
column chromatographed on silica gel using a gradient mixture of hexane and etie¢ingt an
eluent to givel17mg @9% yield) ofthe titled compounda]p®*= +97 (c 0.1, CHCl); *H
NMR[*3 d7.28(d, J =8.4Hz, 1H), 6.84(d, J =8.4Hz, 1H), 6.79(s, 1H), 2.941 2.88(m, 2H),
2.531 2.30 (m, 3H), 2.16 1.89 (m, 4H), 1.67 1.38 (m, 6H), 1.35 (s, 9H), 0.91 (s, 3H)*C
NMR d177.0,172.6, 79.5, 79.1, 62.2, 38.9, 31.8, 28.5, 27.5, 22.8, 19.5, 14.4

12b-hydroxy edrone pivalate (236) (BH12-105)

%O 236

To an aqueoussolutionof 5 mL of CWAu (3:1)}26 (7.5 emol of Cu, 2.5 emol of Au, and0.28
emol of 26), wereadded3 mL of 30% H,0,, 2 mL of CH3CN and70.8mg (0.2 mmol) of 235
The resulting solutionwas stirred at50°C for 7 days cooledto 25°C, and extractedthreetimes

with 20 mL eachof ethyl acetate The combinedextractswere washedwith water,andbrine,
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dried (MgSQy), concentratedand column chromatographedn silica gel using a gradient
mixture of hexaneandethyl acetateaseluentsto give 42.6 mg (58.2% yield) of 236 andrecover
10.9mg (15.4%yield) of 235, [a]p*?="" 5.6 (¢ 0.1, CHCl); *"H NMR d 7.25(dd,J=9.6,2.0
Hz, 1H), 6.71 (dd,J = 8.6,2.8 Hz, 1H), 6.63 (d, J = 2.7 Hz, 1H), 3.98(dd, J = 10.8 3.6 Hz, 1H),
2.94i 2.87 (m, 2H), 2.59 2.46 (m, 2H), 2.41i 2.30 (m, 1H), 2.20i 1.98 (m, 3H), 1.78~ 1.72 (m,
1H), 1.63 1.35 (m, 5H), 1.36 (s, 9H), 0.98 (s, 3H); °C NMR d222.0, 174.1,149.3 136.0,
1312, 1260, 117.9, 116.9, 729, 52.1, 485, 4238, 38.6,36.6, 35.8, 32.6, 296, 27.0, 211, 9.4
HRMS-ESI:m/z[M + H]" calcdfor C3H3:0,4": 371.2222 found 371.2209

12b-Hydroxy -3-methoxy-estra-1.3.5(10)triene-17-one (241). (BH12-107)

241

To asolutionof 18.5mg (0.05mmol) of 236in 1 mL MeOH, add3.6 mg (0.15mmol) of LIOH.
The resulting solution was stirred at room temperaturefor 6 hours until no starting material
remaining,concentratedindervacuumanddissolvewith 10 mL methylenechloride,adjustedhe
pH to 2 with HCI and extracted2 timeswith each10 mL methylenechloride The combined
organic solution was concentratecunder vacuum To the residue,2 mL of MeOH, 6.9 mg
(0.05mmol)of K,COs, 7.2 mg (0.05mmol) of CH;l wasaddedandheatedo reflux for 6 hours
After cooling down, the solution was concentratedunder vacuum, dissolve with 10 mL
methylenechloride& 5 mL of water,extract2 timeswith eachl10 mL methylenechloride The
combinedextractswerewashedwith water,andbrine,dried (MgSQ,), concentratedandcolumn

chromatographedn silica gel usinga gradientmixture of hexaneandethyl acetateaseluentsto
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give 10.1mg (67.6% yield) of 241 [a]p??=" 40.2(c 0.1, CHCL); *H NMR™3 d7.16 (dd,J =
8.8, 2.0Hz, 1H), 6.71 (dd, J = 8.6,2.8 Hz, 1H), 6.63 (d, J = 2.7 Hz, 1H), 3.98(dd, J = 10.8 3.6
Hz, 1H), 3.78(s, 3H), 2.96 2.87 (m, 2H), 2.59 2.46 (m, 2H), 2.41i 2.30(m, 1H), 2.20i 1.98 (m,
3H), 1.78~ 1.72 (m, 1H), 1.631.35 (m, 5H), 0.9 (s, 3H); *C NMR d 222.8,157.9,137.7,
131.3,1262, 114.2,111.7,72.8,555, 523, 485, 42.4,37 4, 36.0,333, 29.7,26.4,21.6,8.5.

N-3-hydroxyadamantan-1-yl acetamide(238 (BH11-029)

NHCOCH;

OH
238

To anaqueoussolutionof 4 mL of CWAu (3:1)26 (9.7 emol of Cu, 3.2 emol of Au, and0.18
emol of 26), wereadded2 mL of 30% H,0,, 4 mL of CH3;CN and50 mg (0.259 mmol) of 237.
The resultingsolutionwasstirred at50°C for 7 days cooledto 25°C, and extractedthreetimes
with 20 mL eachof ethyl acetate The combinedextractswere washedwith water,andbrine,
dried (MgSQy), concentratedand column chromatographedn silica gel using a gradient
mixture of hexaneand ethyl acetateas eluentsto give 32.1 mg (74% yield) of 238 and recover
6.4mg (12.8%yield) of 237. *H NMR™? (15.25 5.17 (bs, 1H), 2.29 2.22 (m, 2H), 2.081.95
(m, 2H), 1.951.88 (m, 7H), 1.721.67 (m, 4H), 1.8i 1.53 (m, 2H); *C NMR i 169.8,69.6,
548, 49.5,44.5,408, 35.3,31.0,25.0.

Kobusone (240 (BH10-080)
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240

To an aqueoussolutionof 3 mL of CWAu (3:1)26 (8.5 emol of Cu, 2.9 emol of Au, and0.31
emol of 26), wereaddal 2 mL of 30% H,0,, 2 mL of CH3CN and50 mg (0.23 mmol) of 239.
The resultingsolutionwas stirred at80°C for 4 days cooledto 25°C, and extractedthreetimes
with 20 mL eachof ethyl acetate The combinedextractswere washedwith water,andbrine,
dried (MgSQy), concentratedand column chromatographedn silica gel using a gradient
mixture of hexaneandethyl acetateaseluentsto give 34.0mg (67.4% yield) of 240 andrecover
8.7 mg (17.4%yield) of 239 [a]p?*="" 131.6(c 0.2, CHCL); *H NMR ! 414 3.0113.00 m(
1H), 2.67(dd, J = 4.0, 8.0Hz, 1H), 258 29(m, 2H), 242 33(m, 1H), 2.13(dt, J = 2.4, 8.0
Hz,1H),2.07 23.(1@, 1H), 1.94 10.(®, 1H), 1.66 10.(rB, 2H), 154 #6(m, 1H), 146 388
(m, 1H), 1.29 (s, 3H), 1.02 (s, 6H), 0.93 (td, J = 108, 3.2 Hz, 1H), °C NMR d 214.6,61.9,
59.2 52.8,51.6,39.2,37.9,35.5,34.7,29.6,26.7,25.0,22.4,16.4 MS (ESI, MeOH): m/z =
245.3([M + Na]™).
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Chapter 3 - Synthesisof

6-(Dimethylamino)-2-phenylisoindolin-1-one derivative.

3.1Background and Significance

Bioluminescences the productionand emissionof light by a living organism It is a form of
chemiluminescence Bioluminescenceoccurswidely in marinevertebrategndinvertebratesas
well asin somefungi, microorganismsncluding somebioluminescentacteriaand terrestrial
invertebratessuch as fireflies. [**4  Bioluminescenceis widely usedin high throughput
screening(HTS) as a light baseddetectionmethodto assaybiological activities of molecules,
proteinsor genesagainsta definedsetof enzymesor receptortargets**® In a generalsense,
the principalchemicalreactionin bioluminescencénvolvessomelight-emittingmoleculeandan
enzyme generallycalledthe luciferin andthe luciferase respectively Luciferaseis a generic
term for the class of oxidative enzymesthat produce bioluminescence,and is usually
distinguishedrom a photo protein  The luciferaserequiresother cofactorssuchas calciumor
magnesiumions and sometimesalso the energycarrying molecule adenosinetriphosphate
(ATP). 1 Hencefirefly luciferaseis usedas a sensorof the ATP contentin cells as a
measureof cell viability, and in biochemical assaysto measureATP-dependentenzyme
reactionssuchas kinases'*®  Besidesthat, firefly luciferasehasbeencommonlyusedas a
reporterin cells expressinga luciferasegeneor its enzymaticactivity underthe control of a
promoterof interestto assesits transcriptionakctivity.**” 248 However it hasbeenfoundthat
some molecules can directly inhibit firefly reporter enzymein cells, independentlyfrom
promoterspecific transcriptionalactivity** In contrast,someinhibitors havefound to form
stablefirefly enzymeinhibitor complexeswhich are moreresistanto degradatiorthanthe free

firefly enzymé®®**1  This leadsto a reporterenzymeaccumulationand signal activation in
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cells, independentf effectson transcription/translatiod®® **¥  Thesephenomenaive rise to
false resultsin cell-basedHTS assay$®®  Therefore,to avoid thesemisleadingactivities,

studyof firefly luciferaseinhibitorsandtheir mechanismsf inhibition arehighly relevant.

Crystalstructureof firefly luciferasehasshowntwo distinctdomainsalargeN-terminaldomain
(residuesl 1 4 3a6d)a small C-terminal domain (residues4 4 0 1)5<sedaratedoy a wide
cleft!*®? It is suggestedhat, sevenresiduegGly200, Lys206,Glu344,Asp422 Arg437, Gly446
andGlu455)play a crucial role in the bindingof ATP andin adenylatdormation!** Hence the
active site of luciferaseis proposedo locateon the surfaceof both domainsfacing eachother
acrossa large cleft®  Further, it is believedthat upon substratebinding, the two domains
move togetherto form the active center®?  Site-directed mutation studieshave shown that
Lys529is crucial for effective sulstrateorientationand for transition statestabilizationwhich

leadto efficient adenylatdormation!**3 (Figure 15)

Figure 15. Surfaceview of (a) firefly luciferasewithout its substrate (Protein Data Bank
accession number 1LCI¥**? (b) firefly luciferasein complexwith bromoform (Protein

Data Bank accession number BA3).[*%4

Natural substrateof luciferaseenzymeis the D-isomer of firefly luciferin (D-LH2) which is
chemically defined as (9-2-(6-hydroxy-2-benzothiazolyh2-thiazoline4-carboxylic acid

(Figure 16).**¥ The bioluminescentchemical reaction catalyzedby luciferaseis a two-step
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proces$!*® ™3 |n the first step of the bioluminescent reaction, D-luciferyl-adenylate
(D-LH,-AMP) intermediateis formed by the reactionof D-luciferin (D-LH;) and ATP in the
presenceof Mg**.[*48 153 Oxidation of luciferyl-adenylate(D-LH,-AMP) intermediatewith
molecularoxygenin the following stepproducesAMP, oxyluciferin and light.!**¢ *¥ (Schene

20, eqli 2)

It is reportedthat the primary structureof firefly luciferasehasa high sequencesimilarity to a
long-chain acyFCoA synthetas€®® Therefore, besidesthe light emitting reactions, firefly

luciferase catalyzesfatty acyFCoA synthesisas well.™®?  First, long-chain fatty acids are
adenylatedn the presenceof ATP and Mg®*, and the subsequenstepis the thioesterification
with CoA %" 158 (Scheme20, eq3i 4) It is suggestedhatluciferasecatalyzeghe adenylatiorof

fatty acidsvia carboxylic acid moiety in a mechanismsimilar to the adenylationstep of the
bioluminescenceeactionof luciferase’®® As reported,long chain fatty acids(C12C20) can

be a competitiveinhibitors of firefly luciferaseagainstluciferin in micromolar concentration

level 1158 160
luciferase + D-luciferin + ATP-Mg?* == luciferase.D-luciferyl-AMP + PPi-Mg?* (1)
luciferase.D-luciferyl-AMP + O, — luciferase + AMP + CO, + oxyluciferin+hn  (2)
luciferase + fatty acid + ATP-Mg®* === luciferasefatty acyl-AMP + PPi-Mg?* ©)
luciferase.fatty acyl-AMP + CoOA ——= fatty acyl-CoA + AMP + |uciferase 4
luciferase.dehydroluciferyl-AMP + CoA — luciferase + AMP + |uciferyl-CoA 5)

Scheme20. Luciferase Catalyzed Reactions

Common inhibitors that inhibit firefly luciferaseactivity are found to be substrées related
compoundsjntermediatesor productsof the luciferasecatalyzedreactionand fatty acids!**?
Substrate related compoundssuch as L-luciferin, dehydroluciferin, intermediatessuch as

dehydroluciferydladenylatgL-AMP), andproductssuchaspyrophosphat@Pi) andoxyluciferin
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were found to inhibit bioluminescentlight emissionin a competitive or noncompetitive
mannet***1%¥ However, coenzymeA (CoA) was found to preventthis inhibition by reacting
with dehydroluciferyladenyIate(L-AMP).[16q CoA reactionwith L-AMP resultsfree luciferase
and luciferyl-CoA (L-CoA) which is found to be a weakerinhibitor in the bioluminescence

reaction!*®® 1% (Scheme20, eq5)

O
N N-.~COOH N  N_COOH
Ty ™ Jo™ | Oy
HO S S HO S S HO S S

D-luciferin L-luciferin dehydroluciferin
2 o
N N -D- ; N S
/@ \ ] Il)‘\o (F; Adenosine /@ \; (\ l
HO S S HO S NS0
dehydroluciferyl-AMP oxyluciferin
(L-AMP)

Figure 16. Structure of D-luciferin and Firefly Luciferaselnhibitors.

Nakagomiand coworkershave reportedan aromaticcarboxylic acid, F-53 which inhibits the
enzymaticactivity of firefly luciferaseby covalently binding to a regulatorylysine residue
(Lys529)via an amidebondformation!*®? Basedon experimentaresults,they proposedhat
the carboxylicacid of F-53is first activatedto its CoA-thioesterderivativeby luciferasevia its
acyFCoA synthetasectivity.'®?  This F-53-CoA derivativeis proposedo inactivateluciferase
via acylation of Lys-529 by an unknown cellular acetyltransferasé®? With knowledge of
abovementionel results,our researclefforts focusedon synthesizingwo analogougprobesof
F-53 possessingrtho 3-azidopropylsubstituenon the phenylring with (242) andwithout (243

butyric acid group (Scheme 2). We hypothesizedhat compound242 actson luciferaseby
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competingfor the binding site of the luciferin substratevhich is involved in the light emission
Therefore,thesetwo probe moleculeswill be usedto study the mechanismof luciferase

inhibition furtherfor understandinghe effectsof carboxylc acid-containingdrugs

O
| (@) OH | O
0 N N

N N N

Ve
T
N3 N3
F-53 242 242A

Scheme21l. Structure of F-53, 242 and 22A.

3.2 Synthetic Route and Discussions

Before the synthesisof compound242, similar compounds=-53 and 242A were successfuy
madeby Dr. Ai Ito in ResearchiFoundationTSUU LaboratoryandDr. MedhaGunaratnan Dr.
H u al@lg respectively With the generalideaof the multi-stepsyntheticroutesfor F-53 and
242A, the synthesisof 242 wasdesigned However,dueto the side chainon the phenylring,
the synthesisof 242 becomesnore complicated Baseon the retrosyntheticanalysis,242 can
be disconnectednto three parts, the isoindolinone,the aniline derivative and d-side chain

(Figure 17) Thefinal syntheticrouteto obtain242wasshownin Scheme22.

For the first part O-toluic acid, 243 in conc sulfuric acid was treatedwith a solution of
potassiurmitratein conc sulfuric acidfollowing areportedproceduré*®® (Scheme22) In this
reaction,potassiumnitrate reactswith sulfuric acid to form nitric acid and potassiumbisulfate
Sulfuric acid being a strongeracid than nitric acid facilitates generationof NO?* in situ.

Importantly, to avoid the formation of di-nitrated product,potassiumitratein conc sulfuric
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acid should be addeddropwiseto keepthe nitronium ion concentrationow and the reaction
should be carried out at 0 °C to slow down the reaction During workup, since mixing
concentratedulfuric acid with water givesoff much heat,reactionmixture shouldbe addedto
iceratherthanwater  Theresultingproductwasa mixture of 2-methyt5-nitrobenzoicacid, 244
(85%) amd 2-methyl3-nitrobenzoic acid (15%). The compound can be purified by

recrystallization through 2:1 ethatichloromethane

Sinceboth productsare very polar andthey both havevery similar Rf values the mixture was
directly treatedwith thionyl chloride in methanof!*¥ Reactionmixture was refluxedto give a
mixture of correspondingnethyl esters245 and its isomerin a quantitatve yield. Resultant
compound245wasableto purify usinghexanevia recrystallization Benzylic brominationof
compound245 using N-bromosuccinimideand a radical initiator, benzoyl peroxide afforded

compound246,1% asakey precursoifor 242

The paraside chain synthesiswas start from 3-butyn-1-ol (247). Becauseof the active
hydroxyl group, TBS protectionof alcoholwasneeded With the presenceof imidazoleasa

basein methylenechloride, TBSClwasaddednto 247to yield 24879

2-Amino-5-iodobenzoricacid (249), as a cheapamino acid, was usedas the substratefor the
aniline derivativepart of 242  Firstly, the carboxylic acid wasreducedby LiAIH 4 in THF to
give correspondin@glcohol250. The couplingof 250 with 246 in EtOH at reflux temperature
for 24 h resultedits condensatiorproduct 2511*%? Low temperatureand less reactiontimes
resulteduncyclizedproduct From the appearancef uncyclizedby-product,the amino group
attack Br with a Sy2 reactionwas much fasterthan the amidation The isolateduncyclized
productwas cyclized againin reflux ethanolto give 251 At the sametime, the alcohol on

orthopositionwasalsoattackedhe Br to give ethertype productin ~10%yield.
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Figure 17. Synthonsand Synthetic Equivalents of 242

The connectionbetween251 and 24 8was constructedoy Sonogashir&Reaction,coupling the
benzyliodide and C-C triple bond The Suzuki Couplingwastried with both pinacotborane
and catecholborane,the alkenylboronwas not easyto makeand yield of the reactionwas not
consistencg32i 68% yield) Therefore,a milder route, Sonogashira&Couplingwas carriedout
with the catalysisof Pd(PPh).Cl, and cuprousiodide as a co-catalystin trimethylamineas
solvent The reactionwas neededto be donein a dry box and gave only desiredorganc

product252in a quantitativeyield.
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Scheme22. The Synthetic Route for Compound 242

Compound252 wasoxidizedby PCCat room temperaturen dry methylenechlorideandgave
guantitativeyield of correspondingaldehyde253 The work up processwas the key to the
reactionsince large amountof sticky PCC may cover the product and make a lower yield.
After the filter through Celite, the soncation of Celite in methylenechloride was necessary,
eventhoughpartial PCCwasdissolvebackinto the solution The addingof molecularsieve
into the reaction was also helpful to avoid the sticky PCC Compound253 was finally

purified by chromatograpy column

With the optimized HornerWadsworthREmmonsreaction, 253 was reactedwith stabilized
phosphorusylide (phosphonatecarbanion)and leadedto 254 with E-selectivity Sodium
Hydride was used to make the phosphorusylide with triethylphosphonoatate!™?  The
product254 was hydrogenateavith the catalysisof Pd/Cto reduceC-C doublebond andC-C
triple bondand NQ group at the sametime. Reductivemethylationof aryl amino group of
compound255 was achievedusing formaldehydeand sodiumcyanoborohydriddy reductive
aminationto obtain N, N-dimethyl product256, followed with the reductionof estergroupto

alcoholwith DIBAI-H with 95% vyield

Compound?257 was protectedwith MOMCI with DIPEA as an amine and remove TBS

protectinggroupwith TBAF in THF for the preparatiorof functionalizationon parasidechain
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The terminal alcohol was oxidized to carboxylic acid (260) with two steps,(1) oxidation to
aldehydewith IBX/DMSO and (2) oxidationto carboxylic acid with oxonel*’? To avoid the
mesylationof the carboxylicacid, the mehyl esterwas madewith HCI/MeOH. At the same
time, MOM wasremovedin the samereactionto give 261 The hydroxyl groupof compound
261 was mesylatedusing MsCI/EtsN andfollowed by the azidationwith sodiumazideto give
compound263in aquantitativeyield. Finally, the methylesterwashydrolysiswith LiOH and

yield thefinal product242

3.3 Future Work

Both probe molecules 242 and 243 were sent to Dr Madoka Nakagomi 6s | ab
studies They will be usedfor identifying targetprotein(s)in the firefly luciferaseinhibition
throughclick chemistry Probemolecule242 consistsof threeelementsvhich areimportantin

the activity-basedprotein profiling studies (1) a reactivecarboxylic group that can covalently

reactswith aresiduein the activesite of the targetenzyme(2) a spaceffor selectivityand(3) an
azidegroupthatcanundergoCu(l)-catalyzed 3+2] dipolarcycloadditionwith analkynebearing
afluorescendetectiontag!"**"¥ Probemolecule243 which doesnot havea butyric acid group

will beusedasthe negativecontrol.

3.4 Synthetic Experimental Procedures
3.4.1General

'H NMR spectra400MHz) and**C NMR spectra(100 MHz) weremeasuredrom a solutionin
CDCl; unlessotherwisementioned The chemicalshift datafor eachsignal on 'H NMR are
givenin units of d relativeto TMS (d = 0) or CHCl; (d = 7.26) For **C NMR spectra the

chemicalshifts are recordedrelativeto CDCl; (d = 77.0) Low-resolutionmassspectrawere
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taken from an APl 2000triple quadrupoleESFMS/MS massspectrometer. Highesolution
mass spectrawere obtainedusinga WatersLCT Premiertime of flight massspectrometer IR
spectrawere measuredlirectly in solid form from Agilent Cary 630 FTIR Chemicalswere
purchasedrom Fisher Scientific Co., Aldrich Chemical Co., Chemilmpex Interndional, and

VWR International.
3.4.2RepresentativeSynthesis

2-Methyl-5-nitrobenzoic acid (244) (BH12-021)

O,N
2 \@J\OH

244

To asolutionof 243(15g, 110.17mmol) in conc sulfuric acid (90 mL), a solutionof potassium
nitrate (15 g, 143.22mmol) in conc sulfuric acid (90 mL) wasaddeddropwiseover1 h at0 °C.

Thereactionmixturewasaddedto a 100g of ice chipsandstirredvigorouslyuntil all ice melted

The resulting precipitatewas re-dissolvedin diethyl ether The etherlayer was washedwith

wateranddried with anhydroussodiumsulfate The solutionwas concentratedindervacuum
to obtain 18.62 g (93.2% yield) of a mixture of compound 244 (85%) and
2-methyl3-nitrobenzoic acid (15%) as a white solid. The compound can beurified by
recrystallization through 2:1 ethedichloromethane *H NMR!*®®  ppm8.95(s, 1H), 8.30(d,
J=8.6Hz, 1H), 7.50(m, 1H), 2.80(s,3H); ®*CNMR  ppm166.7,146.8,145.2,132.5,131.2,
126.1,125.2,20.9.

2-Methyl-5-nitrobenzoic acid methyl ester(245). (BH12-022)
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245

To a mixture of 244 (85%) and 2-methyt3-nitrobenzoicacid (15%) (9.05 g, 50 mmol) in
methanol(120 mL), thionyl chloride (7.26 mL, 100 mmol) was addeddropwiseat 0 °C andit
was allowed to reflux for 4 h at 70°C. The solution was concentratedinder vacuum,then
re-dissolvedin ethyl acetate(150 mL). A solution of saturatedsodium bicarbonate(70 mL)
wasaddedto adjustthepH to 8. The productwasextractedrom the aqueousayer usingethyl
acetatetwice. The combinedorganic layer was washedwith brine (70 mL) ard dried over
anhydroussodiumsulfate The solventwas evaporatedindervacuumand recrystallizedwith
hexaneto obtain8.3 g (99% yield basel on 244) of compound245 asa white solid; mp. 66~67
°C;'H NMR*®  ppm8.78(d, J = 2.73Hz, 1H), 8.25(dd, J = 2.54,8.40Hz, 1H), 7.44(d, J =
8.20Hz, 1H), 3.96 (s, 3H), 2.73(s, 3H); *C NMR  ppm 165.8,147.8,145.9,132.7,130.4,
126.0,125.6,52.3 21.8.

Methyl 2-(bromomethyl)-5-nitrobenzoate (246) (BH12-023)

O5N
2 O/
Br

246

A mixture of 245 (12.6 g, 40 mmol) and N-bromosuccinimide(18.4 g, 44 mmol) in
dichloroethang200 mL), in the presenceof a catalyticamountof benzoylperocide (780 mg)
wasrefluxedfor 15hunderargon Thereactionmixture wasneutralizedwith saturatedodium
bicarbonateand extractedwith dichloromethane The organiclayer wasdried over anhydrous
sodium sulfate The solvent was evaporatedunder redu@d pressureand the residue was

purified by silica gel column chromatographyhexanesethyl acetate= 9:1) to obtain 10.90 g
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(62.1% yield) of compound246 asa white solid; mp.  77~78°C; H NMRI?  8.82(d,J =
1.95Hz, 1H), 8.34(dd, J = 8.4Q 1.95Hz, 1H), 7.69(d, J = 8.59Hz, 1H), 5.01(s, 2H), 4.02 (s,
3H); ®CNMR  ppm165.0,147.4,146.1,133.0,130.3,126.9,126.4,53.0,29.3.

3-(tert-Butyldimethylsiloxy) -1-butyne (248) (BH12-026)

/
___—0-Si—
248

To asolutionof 247 (2.8g, 40 mmol) in 200mL anhydrousmethylenechloride,imidazole(5.84,
80 mmol) andTBSCI (9.68 g, 60 mmol) wereaddedandstirredunderargonat roomtemperature
overnight Thereactionsolutionwaswashedwith water(2 x 50 mL) andbrine (50 mL), dried
overanhydrousNa,SQO, andconcentrateinderrotary evaporatomandvacuum Theresiduewas
purified by silica gel columnchromatographyhexanesethyl acetate= 5:1) to obtain6.9g (96.5%
yield) of compound248 asa colorlessoil. *H NMRI}®  3.74(t, J = 7.2 Hz, 2H), 2.39(m,
2H), 1.96(s, 1H), 0.10(s, 9H), 0.07(s,6H); ®*CNMR  ppm82.0,70.1,61.8,26.1,24.3,18.6,
-5.4.

(2-Amino-5-iodophenyl)methanol(250) (BH12-013)
NH,

OH

250

To acold (0 °C) solutionof 3 g (11.4mmol) of 2-amina5-iodobenzoic acid249) in 100 mL of
dry THF, 0.449g (11.4mmol) of LiAIH 4 wasaddedin portion over 20 minutesandthe reaction
mixture wasstirredat room temperaturdor 3 hoursto give a yellow solution Progressof the

reacton is monitoredby TLC until no startingmaterialremains To it, H,O (3 mL) and 10%
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agueousNaOH solution (3 mL) were addedto the solution, filtered to remove Al(OH) and
washedwith of ethyl acetate(3 x 50 mL). The filtrate was concentratecindthe residuewas
purified by silica gel column chromatographyising a gradientmixture of hexaneand diethyl
etherasan eluentto give 1.96 g (70% yield) of thetitled compoundasa light yellow solid; mp.
181~183C; 'H NMR""®  7.4017.35(m, 2H), 6.48(d, J = 8 Hz, 1H), 4.61(d, J = 2.8 Hz, 2H),
4.21(broad,1H); ®*CNMR  ppm147.2,138.0,136.4,128.6,117.5,76.6,62.0.

2-(2-(Hydroxymethyl) -4-iodophenyl)-6-nitroisoindolin -1-one (251) (BH12-024)

OH

N |
O,N

O

251

To a solutionof 250 (4 g, 16 mmol) and 246 (4.37 g, 16 mmol) in absoluteethanol(200 mL)

underargon,dry pyridine(1.64 g 20.8mmol) wasadded Thereactionmixturewasrefluxedat

80°C for 30 h. After coolingto roomtemperaturethe reactionwasneutralizedwith saturated
sodium bicarbonate The reactionmixture was extractedwith ethyl acetate The combined
organiclayer was washed with saturatedsodiumchloride (100 mL) and dried over anhydrous
sodiumsulfate The solventwas evaporatedundervacuumand the residuewas purified by

silica gel columnchromatographyhexanes:ethycetate= 1:1) to obtain1.92 g (52% yield) of

compund251asayellowoil. *HNMR 8.80(s, 1H), 8.49(dd, J = 2.15,8.40Hz, 1H), 7.68

(d, J = 8.59 Hz, 1H), 7.327.42 (m, 3H), 4.62 (m, 4H); °C NMR ppm 166.7,151.8,148.6,
139.2,134.2,130.9,129.3,128.1,128.0,126.4,124.9,119.8,88.6,61.2,53.1. HRMS-ESI: m/z
[M + H]" calcd br CisH12IN2Oy4: 410.9842 found: 410.9839.
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2-(4-(4-(tert-Butyldimethylsilyloxy)but -1-ynyl)-2-(hydroxymethyl)phenyl)-6-nitroisoindolin
-1-one (252 (BH12-029)

OH

@:(\N =
O,N OoTBS

O

252

To a yellow solution of 251 (1.9 g, 2.5 mmol) in 200 mL triethylamine, Cul (17.6 mg, 0.09
mmol) and bis(triphenylphosphine)palladiurohloride (64.9 mg, 0.09 mmol) were addedunder
nitrogenin a dry box. The reaction mixture was stirred under argon for 20 minutes and
(but-3-ynyloxy)(tertbutyl)dimethylsilang248) (937 mg, 5.097 mmolwasaddedinto it to give
a greensolution The solution was stirred under nitrogen at room temper&ure overnight,
concentratedindervacuum andre-dissolvein 100mL of ethyl acetateand50 mL of H,O. The
mixture was extractedwith ethyl acetate(2 x 100 mL) and the combinedorganic layer was
washedwith saturatedsodiumchloride (50 mL) anddried over anhydroussodiumsulfate The
solvent was evaporatedunder vacuum and the residue was purified by silica gel column
chromatographyhexanes:ethyl acetate= 1:1) to obtain1.87 g (86.6% yield) of compound252
asayellowoil. HNMR  8.80(s, 1H), 8.50(dd, J = 2.15,8.40Hz, 1H),7.87(d, J = 4 Hz,
1H) 7.60(d, J = 8 Hz, 1H), 7.31(d, J = 4.4 Hz, 1H), 7.14(s, 1H), 4.62(m, 4H), 3.79(t, = 7.2
Hz, 2H), 2.59(t, J = 4.8 Hz, 2H), 0.90 (s, 9H), 0.09(s, 6H) ;: *C NMR  ppm 166.4,153.2,
140.3,137.2,135.6,133.1,129.8,128.1,127.3,125.4,123.0,120.8,118.1,116.0,82.4, 63.6,
61.2,54.3,27.6,24.0,19.0(3C), -5.1(2C). HRMS-ESI:m/z [M + H]* calcdfor CosHaiN,OsSi:
467.200Zound:467.2013

5-(4-(tert-Butyldimethylsilyloxy)but -1-ynyl)-2-(6-nitro -1-oxoisoindolin-2-yl)benzaldehyde
(253. (BH12-031)
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253

To a solutionof 252 ( 1.9 g, 4.07 mmol) in 50 mL anhydrousmethylenechloride underargon,
activated4 A molecularsieve (2 g) and pyridinium chlorochromate(1.05 g, 4.88 mmol) were
addedand stirred at room temperaturdor 3 hoursto give a dark greensolution The solution
was filtered through Celite and washedwith 100 mL of methylenechloride The filtrate was
concentratedinderan evaporatoandvacuumandpurified by silica gel columnchromatography
(hexanes:ethyécetate= 1:1)to obtain1.82g (96%yield) of compound253asa yellow oil. *H
NMR  10.36(s, 1H), 8.80(s, 1H), 8.49(dd, J = 2.15,8.40Hz, 1H), 8.38(d, J =4.8 Hz, 1H),
7.70(d, J = 8.0 Hz, 1H), 7.62(s, 1H), 7.40(d, J = 4.0 Hz 1H), 4.62(s, 2H), 3.79(t, J = 7.2 Hz,
2H), 2.60(t, J = 4.8 Hz, 2H), 0.90(s, 9H), 0.08(s, 6H); *C NMR  ppm 195.0,162.1,153.1,
141.9,139.6,139.2,132.1,131.4,128.6,120.3,118.6,117.6,114.2,102.6,88.2,81.2,61.8,60.4,
26.0,24.0,18.8(3C), -5.1 (2C). HRMS-ESI: m/z[M + H]* calcdfor CosHogN,0sSi: 465.1846
found:465.1862

Ethyl-3-(5-(4-(tert-butyldimethylsilyloxy)but -1-ynyl)-2-(6-nitro - 1-oxoisoindolin-2-yl)phenyl
)acrylate (254) (BH12-033)

OEt

==
O,N OTBS

254

To acold (0°C) solutionof triethyl phosphonoaceta{®78 mg, 3.92mmol) in 30 mL anhydrous

THF underargon,NaH (98 mg, 3.92mmol) wasaddedin portionandthe solutionwasstirredat
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roomtemperaturdor 2 hoursto give a colorlesssolution To it, asolutionof 253(1.82¢g, 3.92
mmol) in 30 mL THF was addedvia cannulaand stirred underargonat room temperaturdor
another2 hours Thereactionwasquenchedy 2 mL of H,O andextractedhreetimeswith 50
mL eachof methylenechloride The combinedorganiclayer waswashedwith brine (20 mL),
dried over anhydrousNaSQ,, concentratedindervacuum,and purified by silica gel column
chromatographyhexanes:ethydcetate= 1:2) to obtain2.0 g (96% yield) of compound254 asa
yellow oil. *H NMR  8.80(s, 1H), 8.49(dd, J = 2.15,8.40Hz, 1H), 7.70 (m, 2H), 7.51 (s,
1H), 7.33(d, J = 8.0Hz 1H), 6.67(s, 1H), 6.35(d, J = 8 Hz, 1H), 4.62(s, 2H), 4.23(q, J = 6.8,
2H), 3.78(t, J = 7.2 Hz, 2H), 2.58(t, J = 4.8 Hz, 2H), 1.30(t, J = 7.2 Hz, 3H), 0.90(s, 9H), 0.07
(s, 6H); 3¢ NMR ppm 167.5,163.2,152.4,138.9,137.1,134.2,133.2,130.8,129.6,125.8,
124.3,122.6,121.4,116.8,114.8,111.0,88.2,81.6,61.8,60.6,34.8,27.2,25.0,23.9,19.0(3C),
-5.0(2C). HRMS-ESI:m/z[M + H]" calcdfor CaoH3sN206Si: 535.2264found: 535.2259

Ethyl-3-(2-(6-amino-1-oxoisoindolin-2-yl)-5-(4-(tert-butyldimethylsilyloxy)butyl)phenyl)pro
panoate(255. (BH12-035)

OEt
o
N OTBS
H,N
o 255

To a solution of 254 (2.0 g, 3.76 mmol) in 30 mL of ethyl acetate, 50 mg of 10%
palladium/carbonvas addedand shakeunder 30 psi hydrogengas overnight The reaction
mixture wasfiltered throughCelite andconcentratedindervacuumto give 1.91g (99%yield) of
compound255 as a yellow oil. This molecule was used in the subsequenstep without
purificaton H NMR  7.3016.90 (m, 6H), 4.62 (s, 2H), 4.20(q, J = 6.8, 2H), 3.64(t, J =
7.2 Hz, 2H), 2.89(m, 2H), 2.62 (m, 4H), 1.70' 1.55 (m, 4H), 1.30(t, J = 7.2 Hz, 3H), 0.90 s,
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9H), 0.07 (s, 6H); °*C NMR  ppm 168.0, 165.0,147.6,138.4,136.1,131.4,130.6,128.4,
128.0,127.2,124.0,119.6,116.2,109.8,63.0,61.2,34.0,31.2,29.9,28.6,27.4,26.6,25.4,24.8,
18.0 (3C), -5.4 (2C). HRMS-ESI: m/z [M + H]" calcd for CagHa3N20O4Si: 511.2992found:
511.3001

Ethyl
3-(5-(4-(tert-butyldimethylsilyloxy)butyl) -2-(6-(dimethylamino)-1-oxoisoindolin-2-yl)phenyl
)propanoate (256). (BH12-045)

OEt
0
N OTBS
SN : j\§
[ o)
256

To a solutionof 255 (1.91g, 3.76 mmol) in MeOH, formalin (37% W/W, 6.11 g, 37.6 mmol)

andsodiumcyanoborohydrid€1.42 g, 22.5 mmol) were added,andthe solutionwasstirred for

24 h at room temperature The reaction solution was neutralizedwith saturatedsodium
bicarbonateand extractedwith ethyl acetatethreetimes The combinedorganic layer was
washedwith saturatedsodiumchloride (70 mL) anddried over anhydroussodiumsulfate The
solventwasevaporatedinderreducedoressureandthe residuewas purified by silica gel column
chromatographyhexanes:ethyhcetate= 1:1)to obtain1.92 g (94.9%yield) of compound256 as
ayellow oil. 'H NMR 7.356.90(m, 6H), 4.58(s, 2H), 4.20(q, J = 6.8,2H), 3.61(t, J =

7.2 Hz, 2H), 2.99(s, 6H), 2.82 (m, 2H), 2.58 (m, 4H), 1.70 1.55(m, 4H), 1.30(t, J = 7.2 Hz,

3H), 0.86(s, 9H), 0.04(s,6H); *CNMR  ppm168.2,165.0,148.2,140.1,138.2,132.3,131.9,
129.8,129.6,126.7,120.9,115.6,113.0,106.4,62.8,60.1,41.42C), 34.6,32.0,29.6,27.3,26.9,
26.1,25.8,24.9,18.0 (3C), -5.2 (2C). HRMS-ESI: m/z [M + H]" calcd for CaiHa7N,O4Si:

539.33050und:539.3305
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2-(4-(4-(tert-Butyldimethylsilyloxy)butyl) -2-(3-hydroxypropyl)phenyl) -6-(dimethylamino)is
oindolin-1-one(257) (BH12-047)

OH

- N OTBS
N

l o)
257

To acold (-78°C) solutionof 256 (1.92g, 3.5 mmol) in 40 mL anhydrousTHF underargon,9
mL (9 mmol) of diisobutylaluminumhydride (1M in toluene)solution was addeddropwise
After adding,the reactionwasstirredat -30°C for 2 hoursuntil no startingmaterialremained,
guenchedvith 2 mL of H,0, filtered andextractecthe filtratethreetimeswith ethyl acetatg60
mL each) The combinedorganiclayer waswashedwith brine, dried over anhydroussodium
sulfate and concentrateunder vacuum The residue was purified by silica gel column
chromatographyhexanes:ethyhcetde = 1:2) to obtain1.68g (95%yield) of compound257 asa
yellowoil. HNMR  7.356.90(m, 6H), 4.60(s, 2H), 3.61(m, 4H), 2.99(s, 6H), 2.69(t, J
= 6.4 Hz, 2H), 2.55(t, J = 8.4 Hz, 2H), 1.86 (m, 2H), 1.70'1.40 (m, 4H), 0.88(s, 9H), 0.03 (s,
6H); 3¢ NMR ppm 168.8,149.8,139.1,136.5,131.6,129.0,128.7,128.2,127.9,126.5,
122.2,116.0,105.1,63.8,60.1,53.8,50.4,39.8(2C), 37.5,35.2,28.4,27.3,26.2,18.4(3C), -5.1
(2C). HRMS-ESI:m/z[M + H]" calcdfor CogHsN20sSi: 497.319%0ound: 497.3221

2-(4-(4-(tert-Butyldimethylsilyloxy)butyl) -2-(3-(methoxymethoxy)propyl)phenyl)-6-(dimeth
ylamino)isoindolin-1-one (258 (BH12-051)
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N

[ o)
258

To asolutionof 257 (1.689g, 3.38mmol) in 200 mL anhydrousmethylenechlorideunderargon,
N,N-diisopropylethylaming1.09 g, 8.45 mmol) and chloromethylmethyl ether(0.544 g, 6.76
mmol) were added The reactionwas reflux for 12 hours, diluted with 100 mL methylene
chloride,washedwith 10% citric acid (50 mL), saturatedNaHCG; solution (50 mL), andbrine
(50 mL), dried over anhydroussodium sulfate and concentratedundervacuum The residue
waspurified by silica gel columnchromatographyhexanes:ethyhcetate= 1:1) to obtain1.70g

(93%yield) of compound258asayellowoil. *HNMR 7.356.90(m, 6H), 5.22(s, 2H), 4.57
(s, 2H), 3.97(t, J = 6.4 Hz, 2H), 3.61(m, 5H), 2.99 (s, 6H), 2.59 (M, 4H), 1.90' 1.55 (m, 6H),

0.87(s,9H), 0.02(s, 6H); *C NMR  ppm168.7,149.7,139.1,136.5,131.9,129.1,128.8,128.3,
127.9,126.5,122.2,116.1,105.1,99.9,63.8,62.1,60.6,53.8,50.4,39.8 (2C), 35.1,32.2,28.4,

27.3,26.2,18.5(3C), -4.9(2C). HRMS-ESI:m/z[M + H]"* calcdfor CziHaoN,04Si: 541.3462
found:541.3459

6-(Dimethylamino)-2-(4-(4-hydroxybutyl) -2-(3-(methoxymethoxy)propyl)phenyl)isoindolin-
1-one(259. (BH12-055)
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259

To a solution of 258 (1.70 g, 3.18 mmol) in 20 mL THF under argon, 3.18 mL of 1M
tetran-butylammoniunfluoride THF solutionwasadded Thereactionwasstirredunderroom
tempeaturefor 4 hoursuntil no startingmaterialremainedwashedwith water(2 x 20 mL) and
brine (20 mL), dried over anhydroussodiumsulfate and concentratedindervacuumto obtain
1.349 (99%yield) of compound259asayellow oil. This materialwasusedin the subsequent
stepwithout further purification H NMR  7.356.90 (m, 6H), 5.23 (s, 2H), 4.60 (s, 2H),
3.97(t, J = 6.4 Hz, 2H), 3.61(m, 5H), 2.99(s, 6H), 2.58(m, 4H), 1.88 1.56 (m, 6H); *C NMR

ppm 169.9,151.5,140.1,137.5,133.2,129.9,129.5,128.7,128.2,127.5,123.2,117.1,106.3,
99.9,63.8,62.1,53.8,50.2,41.0(2C), 36.4,35.1,31.6,28.8,25.1. HRMS-ESI: m/z[M + H]"
calcdfor CysH3sN-O4: 427.2597ound: 427.2612

4-(4-(6-(Dimethylamino)-1-oxoisoindolin-2-yl)-3-(3-(methoxymethoxy)propyl)phenyl)butan
oic acid (260). (BH12-058)

\

<o
o)
J ] N OH
>N o)
[ o)
260



To asolutionof 259(1.065g, 2.5mmol) in 20 mL DMSO underargon,IBX (1.05g, 3.75mmol)

wasaddedandstirredat roomtemperatur@vernight To it, 200 mL of ethyl acetatevasadded
andwashedwith water(3 x 50 mL). The organt layer was concentrateéndthe residuewas
re-dissolvedwith 30 mL of DMF. To it, oxone(0.57g, 3.75mmol) wasaddedandstirredfor 6

hours The solutionwas basifiedwith 100 mL of saturatedNaHCGQ;, washedwith 50 mL of

methylenechloride, acidified 10% HCI until pH = 4, and extractedwith ethyl acetatg(4 x 100

mL). The combinedorganic layer was washedwith brine (50 mL), dried over anhydrous
sodiumsulfate,and concentratedindervacuumto obtain 0.711g (64.6%yield) of compound
260 as a pale yellow solid. This material was usedin the subsequenstep without further
purification mp. 191~192°C; 'H NMR 7.356.90 (m, 6H), 5.21 (s, 2H), 4.60 (s, 2H),

3.97(t, J = 6.4 Hz, 2H), 3.61(s, 3H), 2.99(s, 6H), 2.58 (m, 4H), 2.39(t, J = 6.4 Hz, 2H), 1.88
(m, 2H) 1.54(m, 2H); ®*CNMR  ppm176.3,169.6,151.3,140.2,137.6,132.6,129.9,129.6,
129.1,128.6,127.5,123.1,117.1,106.7,99.8,62.0,53.8,50.2,40.8(2C), 37.8,33.2,31.2,27.0,
25.1 HRMS-ESI:m/z[M + H]" calcdfor CasH32N,Os: 440.2311found:440.2317

Methyl-4-(4-(6-(dimethylamino)-1-oxoisoindolin-2-yl)-3-(3-hydroxypropyl)phenyl)butanoat

e (261). (BH12-064)
OH

261

To asolutionof 260(0.711g, 1.61mmol) in 20 mL of MeOH, 2 mL of conc HCI is addedand
stirredfor 24 hours To it, 50 mL of saturatedNaHCQ; solutionwas added,andconcentrated
undervacuumto removeMeOH. Theresiduewasextractedwith ethyl acetatg4 x 50 mL) and

the combinedorganiclayerwaswashedwith brine (20 mL), dried overanhydroussodiumsulfate,

221



and concentrated under vacuum  The residue was purified by silica gel column
chromatographyhexanes:ethyhcetate= 1:1) to obtain0.584g (88%yield) of compound261 as
ayellowoil. 'HNMR  7.356.90(m, 6H), 4.57(s, 2H), 3.71 (s, 3H), 3.61(t, J = 6 Hz, 2H),
2.99 (s, 6H), 2.58 (m, 4H), 2.39(t, J = 6.4 Hz, 2H), 1.88 (m, 2H) 1.54 (m, 2H); **C NMR
ppm 174.8,169.8,151.1,140.1,137.6,132.5,129.9,129.6,129.2,128.4,127.5,123.1,117 .1,
106.6,61.4,53.8,51.2,40.8(2C), 37.8,32.2,31.8,27.1,25.1. HRMS-ESI:m/z[M + H]" calcd
for Co4H31N204: 411.2284found:411.2279

Methyl-4-(4-(6-(dimethylamino)-1-oxoisoindolin-2-yl)-3-(3-(methylsulfonyloxy)propyl)phen
yl)butanoate (262 (BH12-078)

OMs

262

To amixtureof 261 (0.6 g, 1.467mmol) anddry triethylamine(306 (L, 2.19mmol)in 20 mL of
dry dichloromethanaunder argon, methanesulfonytchloride (0.251 g, 2.19 mmol) was added
dropwiseat 0°C. The reactionmixture wasstirredfor 8 hoursat room temperatureguenched
with 5 mL of water,andextractedwvith methylenechloride(3 x 50 mL). Thecombinedorganic
layer was washedwith brine (20 mL), dried over anhydroussodium sulfate,and concentrated
undervacuum The residuewas purified by silica gel column chromatographyhexanes:ethyl
acetate= 1:1) to obtain 0.713g (99% yield) of compound262 as a yellow oil. *H NMR
7.356.90(m, 6H), 4.61(s, 2H), 4.31(t, J = 6.4 Hz, 2 H), 3.72(s, 3H), 3.07(s, 3H), 2.99(s, 6H),
2.58(m, 4H), 2.40(t, J = 6.4 Hz, 2H), 1.88 (m, 2H) 1.60 (m, 2H); °C NMR  ppm 174.8,
169.8,151.2,140.1,137.6,132.4,130.2,129.6,128.6,128.2,127.5,123.0,117.1,106.4,68.2,
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53.8,51.2,41.2(2C), 37.6,32.2,31.8,31.4,27.0,25.3 HRMS-ESI: m/z [M + H]" calcdfor
CasH33N206S: 489.205%0und: 489.2023

Methyl-4-(3-(3-azidopropyl)-4-(6-(dimethylamino)-1-oxoisoindolin-2-yl)phenyl)butanoate
(263) (BH12-082)

263

To a solutionof 262 (0.713g, 1.46 mmol) in 30 mL of dry DMF underargon,NaN; (379 mg,
5.83 mmol) was added The reactionmixture was stirred at room temperatureor 18 hours
To it, NaHCGQ; solution (10 mL) wasaddedandextractedwith methylenechloride (3 x 50 mL).
The combinedorganic layer was washedwith brine (20 mL), dried over anhydroussodium
sulfate, and concentratedunder vacuum The residue was purified by silica gel column
chromatographyhexanes:ethyhcetate= 1:1) to obtain0.617g (97.2%yield) of compound263
asayellowoil. HNMR  7.356.90(m, 6H), 4.61(s, 2H), 3.70(s, 3H), 3.25(t, J = 6.0 Hz,
2H), 3.01 (s, 6H), 2.58 (m, 4H), 2.38(t, J = 6.4 Hz, 2H), 1.88(m, 2H) 1.59(m, 2H); *C NMR

ppm176.2,169.9,151.6,140.8,138.1,134.6,132.8,131.1,130.6,130.2,129.8,126.0,115.2,
105.0,53.8,53.4,50.9,40.6(2C), 35.0,32.4,31.8,29.3,28.7 HRMS-ESI: m/z[M + H]" calcd
for Ca4H3oN503: 436.234%0und:436.2361

4-(3-(3-Azidopropyl) -4-(6-(dimethylamino)-1-oxoisoindolin-2-yl)phenyl)butanoic acid (242).
(BH12-090)
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To a solutionof 263 (0.617g, 1.42mmol) in 30 mL of MeOH, 2 mL of 10% aqueoud.iOH
solution was addedand stirred at room temperaturgor 6 hours The resulting solution was
concentratedindervacuumto removeMeOH and washedwith 50 mL of methylenechloride
The aqueouslayer was acidified with 10% aqueousHCI until pH = 4, concentratedunder
vacuum and purified by a short column chromatographyto obtain 0.532 g (89% vyield) of
compound242 asa light yellow solid; mp. 183~1&°C;'H NMR  7.356.95(m, 6H), 4.62
(s,2H), 3.24(t, J = 6.0 Hz, 2H), 3.02(s, 6H), 2.58(m, 4H), 2.39(t, J = 8.0 Hz, 2H), 1.90(m, 2H)
1.59(m, 2H); ®*C NMR  ppm178.2,169.1,150.6,139.2,137.6,133.4,129.8,129.2,128.7,
128.3, 127.6, 124.3, 117.5, 106.4, 53.6, 50.9, 40.8 (2C), 35.0, 32.4, 31.8, 29.5, 28.9
HRMS-ESI:m/z[M + H]" calcdfor Ca3H2eNs03: 422.2192ound:422.2187
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Appendix A. 'H-NMR, **C NMR and Mass Spectrum
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