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Abstract

Chapter 1 provides a brief introduction. Chapterand 3 of this thesis describe
the development new methods for the synthesistadgen containing heterocyclegsa
palladium catalyzed carboamination reactions. Taeetbpment of conditions for the
synthesis of functionalized pyrrolidines from-protected y-aminoalkenes and aryl
bromides or triflates mediated by weak base anthgiain catalysis is described in
Chapter 2. These conditions, which use@3 or KsPO, in place of the strong base
NaQBu, tolerate the presence of a broad array of fanat groups and significantly
expand the scope of the methodology. Chapter Jidesahe development of a four-step
synthesis otis-3,5-disubstituted morpholines from enantiomericalbure amino
alcohols. The key step in the synthesis is a Palcaad carboamination reaction between
a substituted ethanolamine derivative and an andllkenyl bromide. The morpholine
products are generated in good diastereoselectniity full retention of enantiopurity.
This chapter also describes the synthesis of fimeytlic morpholines, 2,3- and 2,5-
disubstituted morpholines, and 3,4-dihydid-2,4-oxazine products.

Chapter 4 describes the development of a simppewise procedure to achieve a
room temperature Curtius rearrangement of benaylid heteroarylmethyl carboxylic
acids. The developed conditions provide an altereab previously described one-pot

procedures that require heating or the use of Lewids, and the mild conditions allow

Xiv



the Curtius rearrangement to occur while preventhgy formation of unwanted ester
byproducts or other deleterious side reactions.

The investigation of synthetic small molecule t@iion activation domains
(TADs) is described in Chapter 5. The synthesisao$mall library of compounds
intended to replicate key aspects of potent naliddds is described. The compounds are
functionally evaluated as either activators or litiors of transcription in cells.

Chapter 6 describes efforts to expand the scope tasfdem Wittig
rearrangement/aldol reactions to allow the synthetanti-a-alkyl-a,3-dihydroxy esters
andanti-a-alkyl-a,y-dihydroxy esters. Strategies focusing on the dshadkyl acetals or
Lewis acid activated aldehydes as electrophilesdeseussed. An alternative approach
involving use of Ti, Al, or Sc enolates as nucletgshis reported. Preliminary work on
the utilization of pyridinium salt electrophiles rfahe preparation of substituted

piperidines is also discussed.
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Chapter 1

Introduction

1.1 Importance of Alkaloids and Nitrogen-Containing Conpounds

Alkaloids and nitrogen-containing natural compouhdse potent activity in many
different biological systems. As a result of thbiological activity, these compounds
have played a profound role in the course of hustamety. These compounds are found
at the heart of some religious rituals, variouslihgatherapies, and some recreational
activities (Figure 1-1). For example mescalifig & natural product found in the peyote
cactus, has been used for over 3000 years as haogein and supplement to various
transcendence practices including meditation, psyattics, and psychedelic
psychotherapy.In a similar fashion, tetrahydroharmir® (s an active ingredient in the
drink ayahuasca, a brew used for divinatory andifgg@urposes by the native peoples
of the Amazonian ColombfaAlternatively, penicillin 8) was discovered in 1928 and is
the most widely used antibiotic in the worldCocaine 4) is a highly addictive
recreational drug with activity as a serotonineptake inhibitor*

Figure 1-1: Important Nitrogen-Containing Compounds

MeO NH, H N
S
T oo
MeO | , N 0 N
OMe H O3 on 4\
Mescaline Tetrahydroharmine PenicilinG O Cocaine
Entheogen, psychede]ic Entheogen Antibiotic Serotonin reuptake
alkaloid inhibitor



The chemical methods for preparing alkaloids antlogen-containing natural
compounds are diverse. A key aspect of any metlodtife preparation of these
compounds is the need to form new carbon-nitrogerd®. This chapter will highlight
some of the most useful and widely used methodsherformation of this important

linkage.

1.2 Standard Methods for Forming New Carbon-Nitrogen Bads

Early chemical methods for the formation of carlmmegen bonds include
substitution reactions, chemical rearrangementspasicyclic reactions (Figure 1-2).
Nucleophilic substitution reactions are one of thmst basic and broadly used
transformations in organic chemistry. Chemical n@agements are a powerful alternative
to substitution reactions, as many chemical regearents form new carbon-nitrogen
bonds from structures not suitable for displacenoieimistry. Pericyclic reactions are a
type of chemical rearrangement that proceeds tlhraugyclic transition state while
simultaneously forming and breaking bethandn-bonds.

Figure 1-2: Some Standard Methods That Can Form Cdyon-Nitrogen Bonds

Substitution Reaction:

R! R, HNR, R R’
); > >\ + H-LG
R” LG R,N™ "R
General Rearrangement Reaction: Curtius Rearrangement:
e —(— e —(— 0]
? c-C C (Ij C )]\ /;//
R R R™ N; R-N
Diels-Alder Pericyclic Cycloaddition: Aza-Diels-Alder Cycloaddition:

C J— U,
|
AN Rl ,//Rl

7\
=

®
2
s =



Nucleophilic substitution reactions require sulisgacontaining a carbon-bound
leaving group, where nitrogen nucleophiles cancitthe electrophilic carbon to form a
new carbon-nitrogen bond. Bimolecular nucleophslibstitution reactions proceed with
inversion of the carbon stereocenter, so the stbesuistry of the product is controlled
by the stereochemistry of the substrate.

Many different chemical rearrangements are knownptoduce new carbon-
nitrogen bonds. These rearrangements include treknBsnn rearrangement, Curtius
rearrangement, the Lossen rearrangement, the Hofmeamrangement, and the Schmidt
rearrangement. These rearrangement reactions #ilwnigration of an alkyl group by
the intermediate formation of a nitrogen bound ilegvgroup. In contrast to the
bimolecular nucleophilic substitution reactions,arrangement reactions typically
proceed with retention of the relative stereoch&mist the migrating carbon center.

Pericyclic reactions have been widely used in chahsyntheses because they can
be used to generate multiple new stereocentersexitbllent diastereoselectivity. While
the Diels-Alder cycloaddition for the formation oo new carbon-carbos-bonds in
cyclohexene is one of the most widely known andiysericyclic reactions, this class of
reactions can be used to form new carbon-nitragbonds as well. Example pericyclic
reactions include: electrocyclic reactions, cycltiidns, sigmatropic reactions, group

transfer reactions, cheletropic reactions, andrdpat reactions.

1.3 Metal-Catalyzed Methods for Forming New Carbon-Nitrogen Bonds
Work with metal catalysts has led to the developnoémew types of reactions for

the formation of carbon-nitrogen bontiSransition metals can facility carbon-nitrogen
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bond formatiorvia insertion reactions and reductive elimination tiems. Key metals in
this field include copper, nickel, palladium, golthd rhodium. Focusing on palladium,
this metal has been used effectively in alkene dwmhinations, carboamination$,
diaminations’ oxidative amination&’ chloroaminations! aminoacetoxylation¥. and
hetero-Heck transformatiolfs (Figure 1-3). Further advancements in these
methodologies are important for the developmentsafful and highly efficient chemical
methodologies.

Figure 1-3: Metal-Catalyzed Alkene Amination Reacibns

NR,
RYK ,
R
OAc NR,
o
Aminoacetoxylation R

NR,
R \‘)\ 1
R .
1 Chloroamination hetero-Heck Reaction
o NR
Hydroamination 2
R \/\Rl > R \/j\ R 1
Carboamination
NR; Oxidative Amination
%\R' Diamination
R
NR,
R \H\ 1
R
NR, R’
R 1
R
NR,



1.4 Conclusions

While many methods are known for the efficient amgpion of new carbon-
nitrogen bonds in biologically important moleculeballenges still remain in this area of
research. Much of the work presented in this thesifbcused on the discovery and
application of new or improved methods for addregsome challenges in the current
field of chemistry. A unifying feature in the mettodeveloped in Chapters 2, 3, and 4 of
this thesis is the formation of new carbon-nitrodgeands. Alternatively, Chapter 5
investigates nitrogen-containing heterocyclic ismt@ines and isoxazolines as small
molecule compounds with potential activity as anitl transcriptional activation
domains (TADs). The final chapter of this thesisigpter 6) focuses on the formation of

new carbon-carbon bonds through Wittig rearrangesnemd aldol condensations.
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Chapter 2

Mild Conditions for the Synthesis of FunctionalizedPyrrolidines via Palladium
Catalyzed Carboamination Reactions

2.1 Introduction

The development of synthetic methods for the caottin of substituted
pyrrolidines has been of longstanding importanceorganic chemistry due to the
prevalence of this moiety in biologically active lecules and natural products (Figure
2-1)! For example, the natural product preusslh flas antifungal, antiviral, and
antitumor activity> Anisomycin @) is a pyrrolidine natural product that has antifah
and cytotoxic activity, while broussonetine @) (s a potent glycosidase inhibitdt.
Captopril @) is an angiotensin converting enzyme (ACE) inloibthat is marketed as a
hypertension therapeutic and accounted for $1libmiln sales in 1998.Compounds
has been identified as a potent BACE-1 inhibitod as a potential therapeutic for
Alzheimer’s diseas®.

Over the past several years, the palladium-catdlyzarboamination ofy-
aminoalkenes with aryl bromides has emerged adfarent and stereoselective method
for the construction of substituted pyrrolidine iglatives’® These transformations effect
tandem cyclization and coupling in a process tletegates a C—N bond, a C-C bond,

and up to two stereocenters in one step. For ex@riyphtment of Boc-protected amiie



with 4-bromoanisole in the presence of NB® and catalytic amounts of #dba} and
dppb afforded pyrroliding in 60% yield with >20:1 dr (Figure 2-2.

Figure 2- 1 Biologically Active Pyrrolidines

HO » OA
Preussm Anisomycin Broussonetme
antifungal, antiviral, antifungal and glycosidase inhibitor
and antitumor activity cytotoxic activity
HS
Pr,N 0
Mo O o HN N
(S /;
F \/ .
HO,C N = \ _\/
s \Q @\/ 5 //OBn
Captopril F
hypertension theraputic potential Alzheimer's theraputic

Figure 2-2: Pyrrolidine Synthesisvia Palladium-Catalyzed Carboamination
Boc

Boc
NH 1 mol % Pd2(dba)3 Ph II\I
Ph 2 mol % dppb
NaOrBu, Toluene
6 o 7
105 °C OMe
/ 4-MeO-Bromobenzene 60%, >20:1 dr

Despite the synthetic utility of these transforroa$, the reactions are typically
conducted in the presence of the strong basetBlaQOwvhich limits the scope of this
method. For example, the use of NBO restricts the functional group tolerance of ¢hes
reactions, and transformations of aryl triflate ceélephiles, which decompose in the
presence of strong base, have not been reporteditidxthlly, Cbz protecting groups,
which are frequently employed in the synthesis ahplex alkaloids, are incompatible

with the strongly basic conditions. This chaptesat#es the development of new



conditions that replace Na&Bu with weaker bases (&30; or KiPQy), which
significantly expands the scope of the carboanomatiethod.

The work for this chapter was conducted in collation with another graduate
student, Myra Bertrand.My contribution to the project consisted of optation of

reaction conditions and partial establishment attien scope.

2.2 Development of Reaction Conditions Utilizing Weak Bse

The use of weak bases in Pd-catalykkdrylation reactions of amines with aryl
halides had been previously establisledlsing the reported weak badéarylation
conditions in combination with our conditions foyrmlidine synthesis, an initial screen
of potential weak bases was conducted (Table Bdih CsCO; and KCOs; generated
the desired pyrrolidines9) in moderate yield (Table 2-1, entries 1-2). Thiaeo
inorganic bases (N@0;, K3PQOy) and KOAc generated a complex mixture of products
(Table 2-1, entries 3-5), while soluble nitrogersdsa did not induce catalytic turnover
and only led to recovery of starting material (Eal@-1, entries 6-8). While O3
provided the best crude yield of the desired pydnoé, inseperable impurities prevented
the isolation of clean product. The £C€; reaction led to isolation of clean product and

was therefore selected for further optimizatiorotlgh a solvent screen.
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Table 2-1: Base Optimizatiort

Ar-Br
]?oc 2 mol % Pd(OAc), ]?oc
NH 4 mol % DPE-Phos N
(_/é Base, 1,4-Dioxane Q/\Ar
100 °C, 12-48 h
8 Ar = p-benzaldehyde 9
entry Base Result®
1 Cs,CO;4 61% 9°
2 K,CO; 69% 9¢
3 Na,CO4 Complex mixture®
4 K;PO, Complex mixture®
5 KOAc Complex mixture®
6 DBU No reaction®
7 TEA No reaction®
8 T™G No reaction®

2 Conditions: 1.0 equiv 8, 2.3 equiv base, 1.2 equiv ArBr, 2 mol % Pd(OAc),, 4 mol % DPE-Phos, 1,4-
Dioxane (0.2 M), 105 °C. DBU = 1,8-Diazabicycloundec-7-ene. TMG = Tetramethylguanidine. ® Isolated
yields. © Heck-type side product isolated in 20% yield. 4 Containes 10% inseperable impurity. ¢ GC
characterization.

Results from the solvent screen are shown in Take Reaction temperature
played an important role in reaction selectivitydayield. Temperature was initially
varied to maintain reactions below the boiling pad the main solvent. Reducing the
temperature to 65 °C for THF led to a greatly reliceaction rate (Table 2-2, entry 8).
The optimal result was obtained using dioxane atvesb at 85 °C, while
dimethoxyethane provided a nearly comparable y{@ldble 2-2, entries 5-6). After
changing solvent, the weak basgxO; provided a significantly reduced yield of desired

product, as compared to LLs (Table 2-2, entries 6-7).
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Table 2-2: Solvent Optimizatior?

Ar-Br
Boc 2 mol % Pd(OAc), Boc Boc
ILIH 4 mol % DPE-Phos Ill Il\]H/ Ar
(_/4 C5,CO5, Solvent (_7/\“ + (_ﬂ
Temp, 12-18 h
8 Ar = p-benzaldehyde 9 10
entry solvent T°C yield 9 (%) yield 10 (%)°
1 Toluene 100 60 0
2 NMP 100 10 2
3 DMF 100 53 10
4 1,4-Dioxane 100 61 20
5 1,4-Dioxane 85 79 0
6 DME 85 75 1
7 DME 85 40°¢ 0
8 THF 65 574 0

2 Conditions: 1.0 equiv 8, 2.3 equiv Cs,CO3, 1.2 equiv ArBr, 2 mol % Pd(OAc),, 4 mol % DPE-Phos,
solvent (0.2 M), 100 °C. NMP = N-Methylpyrrolidone. DMF = Dimethylformamide. DME = 1,2-
Dimethoxyethane.  Isolated yields. ¢ K,CO; used as base instead of Cs,CO 9 Reaction time = 42h.

2.3 Exploration of Scope
With optimal reaction conditions established for iaitial substrate and aryl

halide combination, the full reaction scope waslengal (Table 2-3). Reactions utilizing
weak base are effective for the transformation ohummber of different substrate
combinations. Many functional groups are tolerat@abler these mild conditions,
including aldehydes (Table 2-3, entry 3), enolieakétones (Table 2-3, entry 4), nitro
groups (Table 2-3, entries 6 and 11), methyl egtable 2-3, entries 8 and 14), and alkyl
acetates (Table 2-3, entry 9). In addition, thebcamination reactions of electron-rich
(Table 2-3, entry 10), electron-neutral (Table 2edtries 1, 2, 5, 7, and 13), and
heterocyclic (Table 2-3, entry 12) aryl bromidesgaed with good chemical yield. The

mild conditions also are effective for stereosalecteactions, and provide selectivities
12



that are comparable to those observed in reactimtsise Na@u as base. For example,
transformations of starting materid@dsand 16, which bear a substituent adjacent to the
nitrogen atom, provideis-2,5-disubstituted product8 and 29 with excellent (>20:1)
diastereoselectivity (Table 2-3, entries 11-12mikirly, substrate44 and15, which are
substituted at the allylic position, are transfodnte trans-2,3-disubstituted produc®6
and27 with good stereocontrol (12 to 15:1).

In addition to providing increased tolerance ofeasnsitive functional groups,
the new reaction conditions also allow for the aiint carboamination of substrates
bearing Cbz-protecting groups. For example, thec&dlyzed coupling o3 with 2-
bromonaphthalene using £X0; as base provided the desired prodisin 88% isolated
yield (Table 2-3, entry 7). In contrast, cleavagehe Cbz-group from the substrate was
problematic when reactions were conducted with tBaOas base; these conditions
provided only a 17% yield oR4. More complexy-aminoalkene substrates are also
efficiently transformed using the new reaction atods. As shown in Table 2-3 (entries
13-14), Pd-catalyzed reactions bf with bromobenzene or methyl-4-bromobenzoate
proceeded smoothly to provid®® and31 with excellent stereoselectivity. Trisubstituted
pyrrolidine 30 has been previously employed as an intermediatbeirsynthesis of the

natural product (+)-preussif*
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Table 2-3: Palladium-Catalyzed Carboamination

with Functionalized Aryl Bromides®

of N-Protected y-Aminoalkenes

entry amine product yield (%) | entry amine product yield (%)P
Boc(H)N Boc N(H)Cbz sz
1{1 N
1 75 8 88¢
11 OO 13
25
\ 18 \ CO,Me
]I3OC
N
2 82 80f
1 12:1 dr
t-Bu
]I300
N
3 78¢ 76
15:1 dr
20 CHO OMe
Boc Boc(H)N Boc
N Ph Pha N
4 76%f] 11 75f
6 28 >20:1 dl'
21 COMe \ O,N
Ac(H)N Ac Cbz(H)N Cbz
|
N Ph N
Ph c
5 79 12 N 74
12 ” OO 16 / >20:1 dr
\ \ 29 N
z?‘c Boc(H)N Boc
N "'CoHyg 1{1
CoH
6 76%¢| 13 9T 71t
'OTBS >20:1 dr
23 17 \ TBSO
NO, 30
Cbz(H)N 9'32 l?oc
N CoHjgn N
7 88f | 14 73t
3 OO 174f 1830 >20:1 dr
\ 24 31 CO,Me

2 Conditions: 1.0 equiv amine, 1.2 equiv ArBr, 2.3 equiv Cs,CO3, 2 mol % Pd(OAc),, 4 mol % Dpe-phos,
dioxane (0.2-0.25 M), 100 °C. ® Yield refers to average isolated yield obtained in two or more experiments.
¢ Dppe used in place of Dpe-phos. 4 NaO7Bu used in place of Cs,CO5. © The reaction was conducted at 85
°C in DME solvent. f This example established by Myra Bertrand.

14



The main limitations of these new reaction condsianvolve transformations of
sterically encumbered substrate combinations. Paamele, attempts to convert
substrates bearing internal alkenes to pyrrolidinesye unsuccessful under these
conditions. In addition, the reaction of methyl ixmobenzoate witls, which bears a
substituent on C-1 (adjacent to the nitrogen atom@s not effective. However, Myra
Bertrand demonstrated that tlusubstituted aryl bromide was effectively coupleidhw
the less hindered carbamat®® This limitation was later overcome in subsequendists
in the lab'?

In addition to greatly expanding the scope of Pwdgaed carboamination
reactions involving aryl bromide substrates, the aEmildly basic reaction conditions
also allows for the first Pd-catalyzed carboamoratreactions with aryl triflates, as

demonstrated by Myra Bertrafid.

2.4 Conclusions

In conclusion, we have developed new conditions patladium-catalyzed
carboamination reactions bfprotectedy—aminoalkenes with aryl bromides and triflates.
These conditions, which use LL; (or KsPO, for aryl triflates) in place of the strong
base Na@Bu, tolerate the presence of a broad array of fonat groups, and

significantly expand the scope of this method.

2.5 Experimental Section
General: All reactions were carried out under an argomitbogen atmosphere in
oven- or flame-dried glassware. All catalysts, srdg, anhydrous dioxane, and
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anhydrous DME were obtained from commercial soueses were used without further
purification. Pent-4-enyl-carbamic actdrt-butyl ester {1),"* N-pent-4-enylacetamide
(12),®* (3-methylpent-4-enyl)carbamic acitert-butyl ester {5),** (1-phenylpent-4-
enyl)carbamic acidtert-butyl ester ¢),* 4-pentenylaminé® and (+)—(R,39)-3-(tert-
butyldimethylsiloxy)-1-nonylpent-4-enylcarbamic dcitert-butyl ester {7)** were
prepared according to published procedures. Rafiosgioisomers and/or diastereomers
were determined byH NMR and/or capillary GC analysis of crude reattiixtures.
Yields refer to isolated yields of compounds estedao be>95% pure as determined by
IH NMR, GC, and/or combustion analysis. The yieldported in the experimental
section describe the result of a single experimehgreas the yields reported in Table 2-
3 are average yields of two or more experimentusThhe yields reported in the
experimental section may differ from those showiaible 2-3.

Synthesis of Substrates:

magnetic stirbar was cooled under a stream ofgetncand charged with 4-bromobenzyl

Br 4-Bromobenzyl acetaté® A flame-dried flask equipped with a

alcohol (4.0 g, 21.4 mmol), acetic anhydride (20)pyridine (20 mL), and DMAP (268
mg, 2.14 mmol, 10 mol %). The tube was purged withogen, and the mixture was
stirred at rt for 22 h until the starting matetiad been consumed as determined by TLC
analysis. Water (10 mL) and ethyl acetate (10 mkyevadded, and the layers were
separated. The organic layer was washed with 1 aags HCI (10 mL) and brine (10
mL). The organic layer was then dried over8i&, filtered, and concentrated vacuo

The crude product was purified by flash chromatplyausing 5% ethyl acetate/hexanes

16



as the eluent to afford 4.4 g (90%) of the titlenpound as a colorless diH NMR (400
MHz, CDCk) 6 7.45 (d,J = 8.4 Hz, 2 H), 7.21 (d] = 8.2 Hz, 2 H), 5.03 (s, 2 H), 2.08 (s,

3 H).

Cbz(H)N
NS Pent-4-enylcarbamic acid benzyl estef13).'° A flame-dried flask

was cooled under a stream of nitrogen and charg#édansolution of 4-pentenylamine
(175 mL, 17.5 mmol, 0.1 M in diethyl ether). Trigklamine (7.4 mL, 52.5 mmol) and
benzyl chloroformate (3.8 mL, 26.3 mmol) were addaad the resulting mixture was
stirred at rt until the starting material was cangd as judged by TLC analysis (ca. 2 h).
A solution of aqueous HCI (100 mL, 1.0 M) was addée mixture was transferred to a
separatory funnel, and was extracted with dietltiere (100 mL). The layers were
separated and the organic layer was washed withuian of saturated aqueous J¢&;
(100 mL) and brine (100 mL). The organic layer e dried over anhydrous p&O,,
filtered and concentratedn vacuo The crude material was purified by flash
chromatography using 10% 15% ethyl acetate/hexanes as the eluent to aff@dy1
(50%) of the title compound as a colorless B.NMR (400 MHz, CDC}) & 7.42—7.27
(m, 5 H), 5.86-5.70 (m, 1 H), 5.19-4.93 (m, 4 HR24-4.62 (m, 1 H), 3.26-3.08 (M, 2

H), 2.16-2.00 (m, 2 H), 1.67—1.52 (m, 2 H).

Cbz(H)N W

dried flask was cooled under a stream of nitrogehcharged with 3-methylpent-4-enoic

3-Methylpent-4-enylcarbamic acid benzyl ester (14)A flame-

acid'’ (6.85 g, 60 mmol). The flask was purged with mjen, benzene (100 mL) was
17



added and the resulting solution was cooled td@£C using an ice water bath. Oxalyl
chloride (14 mL, 160 mmol) was added dropwise wenge to the solution and the
resulting mixture was warmed to rt, stirred for,lahd then concentratéwnl vacuo The
crude 3-methylpentenoyl chloride product of thiaateon was dissolved in THF (100
mL), and slowly added to a separate flask contgiaigueous ammonium hydroxide (100
mL) at O °C. The resulting mixture was stirred éoh and then concentrat@d vacuo.
The mixture was diluted with #0 (50 mL) and ethyl acetate (100 mL), the layersewe
separated and the aqueous layer was extractedettitth acetate (2 x 100 mL). The
combined organic extracts were dried over anhydreedium sulfate, filtered, and
concentratedin vacuo The resulting crude 3-methylpent-4-enylcarboxamidias
dissolved in THF (100 mL) and cooled to 0 °C. Ausmn of LiAlH4 in THF (200 mL,
200 mmol, 1.0 M) was added dropwise via syringee fidmaction mixture was warmed to
rt and stirred for 36 h, then was cooled to 0 °@rghed with KO (16 mL), and diluted
with ether (200 mL). An aqueous solution of NaOHW (8L, 10 M) was added and an
insoluble white material precipitated. The orgasiupernatant was decanted to a clean
Erlenmeyer flask and the precipitate was washed eiher (100 mL). The combined
organic extracts were dried over anhydrous sodiufate and filtered to afford a
solution of 3-methylpentenylamine in diethyl ethea. 0.1 M). The solution of 3-
methylpentenylamine (300 mL, 30 mmol, 0.1 M) wasled to 0 °C, triethylamine (11.5
mL, 90 mmol) and benzyl chloroformate (6.6 mL, 4%naohl) were added, and the
resulting mixture was stirred at rt until the Stagtmaterial was consumed as judged by
TLC analysis (ca. 16 h). A solution of 1.0 M aqueddCl (200 mL) was added, the

mixture was transferred to a separatory funnel,\aasl extracted with diethyl ether (100
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mL). The combined organic extracts were washed satinrated aqueous NaHg@00
mL) and brine (100 mL). The organic layer was tligied over anhydrous N&O,
filtered and concentratedn vacuo The crude material was purified by flash
chromatography using 5% 10% ethyl acetate/hexanes as the eluent to affd@dyl
(17% over the five steps) of the title compoundaalorless oil'H NMR (400 MHz,
CDCly) 37.39-7.26 (m, 5 H), 5.73-5.60 (m, 1 H), 5.16-5.05 2 H), 5.02—4.90 (m, 2
H), 4.87-4.58 (m, 1 H), 3.27-3.08 (m, 2 H), 2.283(m, 1 H), 1.58-1.40 (m, 2 H), 1.00
(d, J = 6.8 Hz, 3 H);}*C NMR (100 MHz, CDCJ) 5156.3, 143.6, 136.6, 128.4, 128.1,
128.0, 113.4, 66.5, 39.2, 36.4, 35.6, 20.2; IRM(filL706 cri’. Anal calcd for GsH1NO;:

C, 72.07; H, 8.21; N, 6.00. Found: C, 72.28; H934, 6.08.

Ph

Cbz(H)NW

of a solution of 1-phenylpent-4-enyl-aminia diethyl ether (250 mL, 25 mmol, 0.1 M)

1-Phenylpent-4-enylcarbamic acid benzyl ester (16Jreatment

with triethylamine (9.6 mL, 75 mmol) and benzyl @ldformate (5.5 mL, 37.5 mmol)
using a procedure analogous to that described aloovbe synthesis o6 afford 3.86 g
(52%) of the title compound as a waxy white safidp. 51-53 °C*H NMR (400 MHz,
CDCl) 57.54-6.97 (m, 10 H), 5.86-5.65 (m, 1 H), 5.43-Fr@11 H), 5.14-4.90 (m, 4
H), 4.79-4.47 (m, 1 H), 2.12-1.94 (m, 2 H), 1.9841(m, 2 H);**C NMR (100 MHz,
CDCl;) 6155.6, 142.3, 137.4, 136.4, 128.5, 128.4, 128.0,21226.3, 115.2, 66.6, 54.9,
35.6, 30.2 (two aromatic carbons are incidentadjyiealent); IR (film) 1710 cit. Anal

calcd for GoH>1NOs: C, 77.26; H, 7.17; N, 4.74. Found: C, 77.06; H97 N, 4.69.
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Synthesis of Functionalized Pyrrolidines via Couphg with Aryl Bromides (Table 3)

General Procedure for Pd-Catalyzed Carboamination Ractions of Aryl Bromides

A flame-dried Schlenk tube equipped with a magnstiibar was cooled under a stream
of nitrogen and charged with the aryl bromide @ggiv), Pd(OAGg) (2 mol %), dpe-phos
(4 mol %) and C££0; (2.3 equiv). The tube was purged with nitrogen arsblution of
the N-protected amine substrate (1.0 equiv) in dioxd&aenl/mmol substrate) was then
added via syringe. The resulting mixture was heabed00 °C with stirring until the
starting material had been consumed as determyé&ibanalysis. The reaction mixture
was cooled to room temperature and saturated agudbiyCl (1 mL) and ethyl acetate
(1 mL) were added. The layers were separated, qnecas layer was extracted with
ethyl acetate (3 x 5 mL), and the combined orgdayers were dried over NaQ,,
filtered, and concentrateth vacuo The crude product was then purified by flash

chromatography on silica gel.

]]300

N

. 2-Napthalen-2-ylmethylpyrrolidine-1-carboxylic acid tert-butyl

ester (18)' The general procedure was employed for the reacti®-bromonapthalene
(62 mg, 0.30 mmol) with pent-4-enyl-carbamic aigd-butyl ester (47 mg, 0.25 mmol).
This procedure afforded 58 mg (75%) of the titlenpound as a colorless oiH NMR
(300 MHz, CDC}) 57.85-7.74 (m, 3 H), 7.66—7.60 (m, 1 H), 7.51-740 2 H), 7.40-
7.33 (m, 1 H), 4.16— 4.02 (m, 1 H), 3.43-3.21 (nH)32.77-2.65 (m, 1 H), 1.83-1.70
(m, 4 H), 1.56-1.50 (s, 9 H).
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]?oc

N

e

t-Bu  2-(44ert-Butylbenzyl)pyrrolidine-1-carboxylic acid tert-butyl

ester (19) The general procedure was employed for the m@actf 4tert-butyl
bromobenzene (5RL, 0.30 mmol) with pent-4-enyl-carbamic adiert-butyl ester (47
mg, 0.25 mmol). This procedure afforded 66 mg (88%bhe title compound as a pale
yellow oil. H NMR (300 MHz, CDC}) & 7.38-7.26 (m, 2 H), 7.22-7.07 (m, 2 H), 4.12—
3.84 (m, 1 H), 3.49-3.23 (m, 2 H), 3.23-2.96 (nH)1 2.60-2.42 (m, 1 H), 1.92-1.67
(m, 4 H), 1.55-1.48 (s, 9 H), 1.36-1.28 (s, 9 ¥& NMR (100 MHz, CDG)) 8 154.5,
148.9, 136.1, 129.1, 125.2, 79.0, 58.8, 46.4, 48403, 31.4, 29.7, 28.6, 22.7; IR (film)
1695 cm’. Anal calcd for GoH3NO,: C, 75.67; H, 9.84; N, 4.41. Found: C, 75.46; H,

9.88; N, 4.38.

Boc

CHO 2-(4-Formylbenzyl)pyrrolidine-1-carboxylic acid tert-butyl ester
(20). The general procedure was employed for the @act 4-bromobenzaldehyde (89
mg, 0.48 mmol) with pent-4-enyl-carbamic ad&tt-butyl ester (74 mg, 0.40 mmol)
except DME was used in place of dioxane and thetimawas conducted at 85 °C. This
procedure afforded 94 mg (81%) of the title commbaa a colorless oil. This compound

was found to exist as a 1:1 mixture of rotamerfudged by**C NMR analysis; data are
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for the mixture.'H NMR (400 MHz, CDCY) 59.97 (s, 1 H), 7.80 (d] = 8.0 Hz, 2 H),
7.41-7.29 (m, 2 H), 4.13-3.92 (m, 1 H), 3.46-3@1 8 H), 2.74-2.58 (m, 1 H), 1.85-
1.60 (m, 4 H), 1.52-1.45 (s, 9 HC NMR (100 MHz, CDCJ) 5191.9, 154.4, 146.6,
134.7, 130.1, 129.8, 79.3, 58.4, 46.3, 40.8, 3299%, 28.5, 28.3, 23.4, 22.6; IR (film)
1693, 1606 ct. Anal calcd for G;H23NOs: C, 70.56; H, 8.01; N, 4.84. Found: C, 70.45;

H, 8.14; N, 4.72.

Boc

COMe 2-(4-Acetylbenzyl)pyrrolidine-1-carboxylic acidtert-butyl ester
(21). The general procedure was employed for the @act 4-bromoacetophenone (120
mg, 0.60 mmol) with pent-4-enyl-carbamic adeft-butyl ester (93 mg, 0.50 mmol)
except DME was used in place of dioxane and thetimawas conducted at 85 °C. This
procedure afforded 118 mg (78%) of the title comqbas a white solid, m.p. 63—-65 °C.
This compound was found to exist as a 1:1 mixtdreoamers as judged by NMR
analysis; data are for the mixturé¢d NMR (500 MHz, CDC}) &7.94-7.85 (m, 2 H),
7.35-7.22 (m, 2 H), 4.11-3.94 (m, 1 H), 3.46-3104 & H), 2.74-2.55 (m, 4 H), 1.85-
1.60 (m, 4 H), 1.51 (s, 9 H*C NMR (125 MHz, CDGJ) 5197.9, 197.7, 154.5, 154.4,
145.0, 144.9, 135.3, 135.2, 129.7, 129.5, 128.8,31279.4, 79.1, 58.5, 58.3, 46.7, 46.2,
40.6, 39.6, 29.7, 28.9, 28.5, 26.5, 23.4, 22.6(filR) 1686, 1607 cr. Anal calcd for

CigH2sNOs: C, 71.26; H, 8.31; N, 4.62. Found: C, 71.18; B8N, 4.60.
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/l\c

N

. 1-(2-(Naphthalen-2-ylmethyl)pyrrolidin-1-yl)ethanone  (22).!

The general procedure was employed for the readfo?-bromonapthalene (125 mg,
0.60 mmol) withN-pent-4-enyl-acetamide (64 mg, 0.50 mmol). Thiscpdure afforded
101 mg (80%) of the title compound as a pale yeltowThis compound was found to
exist as a ~ 3:1 mixture of rotamers as judgedHyNMR analysis; data are for the
mixture.'"H NMR (400 MHz, CDC}) 87.84—7.74 (m, 3 H), 7.66—-7.58 (m, 1 H), 7.51—
7.37 (M, 2.3 H), 7.32-7.27 (m, 0.7 H), 4.45-4.37 @r@ H), 4.17-4.09 (m, 0.3 H), 3.63—
3.49 (m, 0.7 H), 3.45-3.32 (m, 2 H), 3.09-3.02 @8, H), 2.86-2.69 (M, 1 H), 2.11 (s, 2

H), 2.06 (s, 1 H), 1.96-1.72 (m, 4 H).

NO>  1-(2-(4-Nitrobenzyl)pyrrolidin-1-yl)ethanone (23). The general
procedure was employed for the reaction of 1-brdmmtrobenzene (97 mg, 0.48 mmol)
with N-pent-4-enyl-acetamide (51 mg, 0.4 mmol) exceptedpps used in place of Dpe-
phos as ligand, DME was used in place of dioxartkethe reaction was conducted at 85
°C. This procedure afforded 77 mg (77%) of theettbmpound as a white solid, m.p.
139-140 °C. This compound was found to exist as7dlmixture of rotamers as judged
by 'H NMR analysis; data are for the mixtutel. NMR (400 MHz, CDC}) 58.16 (d, J =

8.8 Hz, 0.3 H), 8.12 (d] = 8.8 Hz, 1.7 H), 7.38 (dl = 8.8 Hz, 1.7 H), 7.32 (d} = 8.8
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Hz, 0.3 H), 4.34—4.24 (m, 0.85 H), 4.11-4.03 (M50H), 3.64-3.51 (m, 0.3 H), 3.50—
3.35 (m, 1.7 H), 3.28 (dd), = 3.4, 13.2 Hz, 0.85 H), 2.97 (ddi= 5.2, 13.2 Hz, 0.15 H),
2.80 (dd,J = 8.8, 13.6 Hz, 0.15 H), 2.68 (ddi= 9.2, 13.2 Hz, 0.85 H), 2.07 (s, 2.55 H),
1.99 (s, 0.45 H), 1.94-1.73 (m, 3.15 H), 1.71-1(60 0.85 H);**C NMR (100 MHz,
CDCly) 5169.4, 168.9, 147.0, 146.5, 145.5, 130.2, 130.8,8,2123.5, 59.4, 57.9, 47.8,
45.4, 40.6, 38.8, 30.1, 28.5, 23.7, 22.9 22.0,;ARTfilm) 1640, 1516 cifl. Anal calcd

for Ci3H16N203: C, 62.89; H, 6.50; N, 11.28. Found: C, 62.856H4; N, 11.08.

(Ijbz

N

. 2-(Naphthalen-2-yImethyl)pyrrolidine-1-carboxylic acid benzyl

ester (24). The general procedure was employed for the @acti 2-bromonaphthalene
(125 mg, 0.6 mmol) with pent-4-enylcarbamic acichtyg ester (110 mg, 0.5 mmol).
This procedure afforded 151 mg (88%) of the tittenpound as a colorless oil. This
compound was found to exist as a 1:1 mixture oammrs as judged biH NMR
analysis; data are for the mixturél NMR (500 MHz, CDC}) 57.85-7.63 (m, 3.5 H),
7.56-7.32 (m, 7.5 H), 7.25-7.19 (m, 1 H), 5.27-%rm62 H), 4.28-4.12 (m, 1 H), 3.54—
3.35 (m, 2.5 H), 3.25-3.16 (m, 0.5 H), 2.82—2.69 {rhl), 1.87-1.72 (m, 4 H}*C NMR
(125 MHz, CDC}) 6154.9, 154.8, 137.1, 136.8, 136.5, 136.4, 133.2,11328.4, 128.1,
128.0, 127.9, 127.85, 127.79, 127.74, 127.65, 12¥25.4, 125.93, 125.86, 125.34,
125.26, 67.0, 66.5, 59.3, 58.8, 46.8, 46.6, 40986,329.7, 28.9, 23.5, 22.7; IR (film)
1698 cm’. Anal calcd for GsHaaNO,: C, 79.97; H, 6.71; N, 4.05. Found: C, 80.01; H,

6.78; N, 4.11.
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Cbz

COMe  2_(4-(Methoxycarbonyl)benzyl)pyrrolidine-1-carboxylic acid
benzyl ester (25) The general procedure was employed for the m@actf 4-
bromobenzoate (129 mg, 0.6 mmol) with pent-4-emplaaic acid benzyl ester (110 mg,
0.5 mmol) except DME was used in place of dioxame the reaction was conducted at
85 °C. This procedure afforded 152 mg (86%) ofttthe compound as a pale yellow oil.
This compound was found to exist as a 1:1 mixtdreotamers as judged byd NMR
analysis; data are for the mixturéd NMR (400 MHz, CDCY) 7.98-7.86 (m, 2 H),
7.44-7.23 (m, 6 H), 7.16—7.08 (m, 1 H), 5.22-5rh1 % H), 4.18-4.02 (m, 1 H), 3.90 (s,
3 H), 3.51-3.31 (m, 2 H), 3.28-3.17 (m, 0.5 H),13:2.00 (m, 0.5 H), 2.76-2.58 (m, 1
H), 1.88-1.61 (m, 4 H)-*C NMR (100 MHz, CDG)) 5167.1, 167.0, 154.8, 144.4, 144.3,
137.0, 136.7, 129.64, 129.56, 129.3, 128.5, 1288,1, 127.9, 127.8, 67.0, 66.5, 58.9,
58.5, 52.0, 46.8, 46.6, 40.7, 39.5, 29.8, 28.%5,2&.7; IR (film) 1721, 1700 crh Anal

calcd for GiH,3NO4: C, 71.37; H, 6.56; N, 3.96. Found: C, 71.15; 26 N, 4.03.

AcO  (£)—(2R,39)-2-(4-(Acetoxymethyl)benzyl)-3-methylpyrrolidine-1
carboxylic acid benzyl ester (26)The general procedure was employed for the @acti

of 4-bromobenzyl acetate (138 mg, 0.6 mmol) witm&hylpent-4-enylcarbamic acid
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benzyl ester (117 mg, 0.5 mmol). The diastereoseisc of the transformation was
assessed by LAH reduction of the crude productimdttin a duplicate reaction, and was
found to be 12:1 dr as judged Bl NMR analysis. The minor diastereomer was
separated upon chromatographic purification to rdffé43 mg (82%) of the title
compound as a colorless oil with >20:1 dr. Datafarehe major diastereomer, which
was found to exist as a 1:1 mixture of rotamergidged by'H NMR analysis; data are
for the mixture’H NMR (500 MHz, CDC{)  7.42-7.29 (m, 5 H), 7.28-7.13 (m, 3 H),
7.09-7.02 (m, 1 H), 5.23-5.10 (m, 2 H), 5.09-5102 2 H), 3.73-3.48 (m, 2 H), 3.34—
3.18 (m, 1 H), 3.15-3.07 (m, 0.5 H), 3.01-2.92 5, H), 2.82-2.73 (m, 0.5 H), 2.70—
2.61 (m, 0.5 H), 2.12-1.99 (m, 4 H), 1.94-1.80 {mh), 1.50-1.37 (m, 1 H), 0.87 (@=
6.6 Hz, 3 H);"*C NMR (125 MHz, CDGJ) §170.9, 155.1, 154.9, 138.8, 137.1, 136.8,
133.9, 133.7, 129.8, 129.6, 128.5, 128.4, 128.8,0,2127.9, 127.8, 67.0, 66.5, 66.15,
66.09, 65.9, 65.7, 45.4, 45.2, 39.9, 38.3, 36.8,3%l.1, 30.2, 21.0, 19.3, 19.1. IR (film)
1740, 1698 cit. MS (ESI): 404.1839 (404.1838 calculated fesHG;NOs, M + N&).

The stereochemistry of the above compound was resigased on comparison ‘f
and *C NMR spectra to those obtained for the relateddpco (+)—(R,39)-2-(4-
Acetylbenzyl)-3-methylpyrrolidine-1-carboxylic acienzyl ester, the stereochemistry of

which was elucidated throughi NMR nOe experiments.

]|300

N

-
2
”
~
2

OMe (3)-(2R,39)-2-(4-Methoxybenzyl)-3-methylpyrrolidine-1-

carboxylic acid tert-butyl ester (27). The general procedure was employed for the
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reaction of 4-bromoanisole (38, 0.3 mmol) with 3-methylpent-4-enylcarbamic acid
benzyl ester (50 mg, 0.25 mmol). The diastereoseisc of the transformation was
assessed by TFA-mediated deprotection of the cpudduct obtained in a duplicate
reaction, and was found to be 15:1 dr as judgedHbyNMR analysis. The minor
diastereomer was separated upon chromatographfecation to afford 58 mg (78%) of
the title compound as a pale yellow oil with >20dt. Data are for the major
diastereomer, which was found to exist as a 1:lturéxof rotamers as judged B
NMR analysis; data are for the rotamers mixtdke.NMR (400 MHz, CDC}) & 7.14—
7.03 (M, 2 H), 6.86—6.78 (M, 2 H), 3.79 (s, 3 H$3B-3.34 (M, 2 H), 3.26-3.06 (M, 1 H),
3.05-2.89 (m, 1 H), 2.75-2.52 (m, 1 H), 2.09-11951 H), 1.91-1.75 (m, 1 H), 1.51 (s,
9 H), 1.45-1.30 (m, 1 H), 0.85 (d,= 6.8 Hz, 3 H);"*C NMR (125 MHz, CDCJ)
0158.1, 154.7, 131.0, 130.6, 130.3, 113.8, 113.6,78.9, 65.9, 65.5, 55.2, 45.5, 44.9,
39.1, 37.7, 36.7, 35.8, 31.1, 30.3, 28.6, 19.42;1R (film) 1692 cm". Anal calcd for
CigH27NO3: C, 70.79; H, 8.91; N, 4.59. Found: C, 70.56; 78N, 4.60.

The stereochemistry of the above compound wasrdited by'H NMR nOe analysis of

the product obtained through treatmen2dfvith TFA to afford27aas shown below.

]?oc

N

TFA : CH2C|2 (l l)
=, rt, 25 min

27 OMe

OMe

(¥)-(2R,39)-2-(4-Methoxybenzyl)-3-methylpyrrolidinium-2,2,2-trifluoroacetate
(273). A flame-dried flask was cooled under a streamiwbgen and charged wii (42

mg, 0.14 mmol). Methylene chloride (1 mL) was added the mixture was cooled to O
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°C. Trifluoroacetic acid (1 mL) was then added diopand the resulting mixture was
stirred at rt for 25 min. The crude mixture was @amtratedn vacuoto afford 41 mg
(96%) of the title compound as a yellow d# NMR (500 MHz, CDCJ) 59.41 (s, br, 1
H), 8.74 (s, br, 1 H), 7.10 (d,= 8.5 Hz, 2 H), 6.80 (dl = 8.5 Hz, 2 H), 6.72 (s, br, 1 H),
3.74 (s, 3 H), 3.28-3.18 (m, 1 H), 3.15-3.07 (r)23.00-2.86 (m, 2 H), 2.23-2.15 (m,
1 H), 2.14-2.05 (m, 1 H), 1.66-1.57 (m, 1 H), 0(89J = 6.6 Hz, 3 H)*C NMR (125
MHz, CDCk) 8161.5 (q,J = 36.8 Hz), 158.8, 129.9, 127.6, 116.1 Jg= 290.4 Hz),
114.2, 66.8, 55.1, 43.4, 38.3, 36.0, 32.2, 16.8(flR) 3502, 1690 cri; MS (ESI):

206.1541 (206.1545 calculated for38:0NO, M + HY).

Boc
Pha NV

O;N (3)-(2R,59)-2-(3-Nitrobenzyl)-5-phenylpyrrolidine-1-carboxylic
acid tert-butyl ester (28). The general procedure was employed for the @aaf 1-
bromo-3-nitrobenzene (122 mg, 0.6 mmol) with (1#phpent-4-enyl)carbamic aciert-
butyl ester (131 mg, 0.5 mmol). The diastereoseiégctof the transformation was
assessed by TFA-mediated deprotection of the cprdduct obtained in a duplicate
reaction, and was found to be >20:1 dr as judgetHoMR analysis. Chromatographic
purification afforded 151 mg (79%) of the title cpound as a colorless oil with >20:1 dr.
'H NMR (500 MHz, CDC}) 88.16-8.05 (m, 2 H), 7.72-7.52 (m, 1 H), 7.50—7 @ {
H), 7.36-7.16 (m, 5 H), 5.08-4.68 (m, 1 H), 4.2894(m, 1 H), 3.69-3.43 (m, 1 H),

2.88-2.76 (m, 1 H), 2.36-2.24 (m, 1 H), 2.01-1.82 { H), 1.91-1.81 (m, 1 H), 1.75—
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1.66 (m, 1 H), 1.65-1.05 (m, 9 HYiC NMR (100 MHz, CDGJ) 5 154.8, 148.2, 144.3,
141.1, 135.7, 129.3, 128.2, 126.6, 125.5, 124.1,4.2/9.7, 63.0, 60.4, 40.6, 34.3, 28.1
(two aliphatic carbons are accidentally equivaleifR)(film) 1687, 1530 crt. Anal calcd
for CaoH26N204: C, 69.09; H, 6.85; N, 7.32. Found: C, 68.97; 986N, 7.19.

The stereochemistry of the above compound wasrdieted by'H NMR nOe analysis of
the product obtained through treatmen®8fwith TFA, followed by aqueous NaOH, to

afford 28aas shown below.

Boc

H
|
Phe N 1) TFA : CH,Cl, (1:1) Phag N,
%Noz rt, 25 min _ H H NO,
28 2) 1M NaOH wash ~—
28a

(¥)—(2R,59)-2-(3-Nitrobenzyl)-5-phenylpyrrolidine (28a). Treatment o0f28 (100 mg,
0.26 mmol) with TFA/CHCI, was effected using a procedure analogous to tearithed
above for the preparation of compou2idg, with the following modification. The crude
residue obtained upon removal of TFA/&HL, was dissolved in C¥l, (10 mL), and
washed with 1.0 M NaOH (10 mL). The organic layeswdried over anhydrous MO,
filtered, and concentrateith vacuo This procedure afforded 65 mg (88%) of the title
compound as a yellow oitH NMR (400 MHz, CDC{) §8.17-8.12 (m, 1 H), 8.09-8.02
(m, 1 H), 7.63—-7.57 (m, 1 H), 7.44 {t= 8.0 Hz, 1 H), 7.40-7.35 (m, 2 H), 7.31J&
7.2 Hz, 2 H), 7.25-7.18 (m, 1 H), 4.15J& 7.4 Hz, 1 H), 3.55-3.44 (m, 1 H), 2.99-2.86
(m, 2 H), 2.20-2.09 (m, 1 H), 2.00-1.91 (m, 1 HB5L(s, 1 H), 1.75-1.55 (m, 2 H)C
NMR (100 MHz, CDC}) 6148.2, 144.9, 142.3, 135.5, 129.1, 128.2, 126.8,51223.9,
121.2, 62.2, 59.6, 42.9, 33.9, 30.9; IR (film) 1526 MS (ESI): 283.1435 (283.1447

calculated for GH1gN>O,, M + HY).
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N (3)—(2S,5R)-2-Phenyl-5-(pyridin-3-ylmethyl)pyrrolidine-1-
carboxylic acid benzyl ester(29). The general procedure was employed for the i@acti
of 3-bromopyridine (6QuL, 0.6 mmol) with 1-phenylpent-4-enylcarbamate hdrester
(148 mg, 0.5 mmol). The diastereoselectivity of ttamsformation was assessed by HCI-
mediated deprotection of the crude product obtaimed duplicate reaction, and was
found to be >20:1 dr as judged B NMR analysis. Chromatographic purification
afforded 144 mg (78%) of the title compound as lartess oil with >20:1 dr'H NMR
(400 MHz, CDC}) 38.59-8.31 (m, 2 H), 7.77-6.76 (m, 12 H), 5.29-41853 H), 4.30—
4.09 (m, 1 H), 3.67-3.27 (m, 1 H), 2.77-2.64 (nH)] 2.35-2.24 (m, 1 H), 2.04-1.80
(m, 2 H), 1.76-1.65 (m, 1 H*C NMR (125 MHz, CDCJ)  155.5, 150.5, 147.9, 143.6,
136.7, 136.5, 134.3, 128.4, 128.3, 127.5, 127.8,8.2125.6, 123.4, 66.7, 63.0, 61.1,
38.1, 34.3, 28.6; IR (film) 1698 c¢h MS (ESI): 395.1736 (395.1735 calculated for
CoaH2aN202, M + N&).

The stereochemistry of the above compound wasrdieted by'H NMR nOe analysis of
the product obtained through treatmen28fwith 6N HCI, followed by aqueous NaOH,

to afford29aas shown below.

(Isz H
Pha N P M
] N 6N HCI, reflux, 5h . H\—/;H ] AN
29 N 202 N
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(¥)—(2R,59)-3-(5-Phenylpyrrolidin-2-ylmethyl)pyridine (298). A flask was charged
with 29 (40 mg, 0.11 mmol) and 6 N HCI (5 mL). The mixtuvas heated to reflux for 5
h, and then was cooled to rt. Distilled water wasntadded (2 mL), the crude mixture
was washed with ether (3 x 10 mL), and the ethgerlawere discarded. The aqueous
layer was then basified with 1M NaOH to pH 11 arttacted twice with ether (10 mL).
The combined ether layers were washed with brimeddover anhydrous N8O,
filtered and concentratedn vacuo The crude material was purified by flash
chromatography using 5% 10% methanol/dichloromethane as the eluent to cdfa&
mg (87%) of the title compound as a colorless 'slINMR (400 MHz, CDC}) & 8.55—
8.42 (m, 2 H), 7.61-7.55 (m, 1 H), 7.43-7.36 (nH)2 7.34-7.25 (m, 2 H), 7.24-7.17
(m, 2 H), 4.19 (t) = 8.0 Hz, 1 H), 3.56-3.43 (m, 1 H), 3.25-2.89 {nH), 2.82 (d.J =

6.6 Hz, 2 H), 2.23-2.11 (m, 1 H), 2.02-1.90 (m,)]1 H85-1.73 (m, 1 H), 1.72—1.60 (m,
1 H); *C NMR (100 MHz, CDGJ) 5150.4, 147.7, 136.6, 135.1, 128.3, 127.1, 126.7,
123.3, 62.3, 60.0, 39.7, 33.3, 30.6 (two aromadibens are incidentally equivalent); IR

(film) 3410 cm'; MS (ESI): 239.1537 (239.1548 calculated fagHGigN,, M + HY).

]IBOC

CoHyo \(Nz/\
TBSO (£)—(2S,3S,5R)-2-Benzyl-3-tert-butyldimethylsiloxy)-5-

nonylpyrrolidine-1-carboxylic acid tert-butyl ester (30)> The general procedure was
employed for the reaction of bromobenzene(R60.24 mmol) with (£)—(R,39)-3-(tert-
butyldimethylsiloxy)-1-nonylpent-4-enylcarbamic dctert-butyl ester (89 mg, 0.20

mmol). '"H NMR analysis of the crude material obtained upworkup showed the
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formation of the desired product as a >20:1 mixtofaliastereomers. This procedure
afforded 74 mg (71%) of the title compound as aodess oil with >20:1 dr. The
stereochemistry was assigned by comparison ofHHeMR spectrum to data previously
reported in the literatur€. This compound was found to exist as a 3:1 mixtoire
rotamers as judged By NMR analysis; data are for the mixtutel NMR (400 MHz,
CDCl) 87.35-7.06 (m, 5 H), 4.32— 4.15 (m, 1.25 H), 4.0853m, 0.75 H), 3.83-3.44
(m, 1 H), 3.06-2.96 (m, 1 H), 2.82-2.68 (m, 0.25 Mp1-2.47 (m, 0.75 H), 2.32-2.12
(m, 1.75 H), 2.05-1.93 (m, 0.25 H), 1.67—1.54 (nh{)11.51-1.03 (m, 24 H), 0.97-0.84

(m, 12 H), 0.13— -0.08 (M, 6 H).

]IBOC

CoHjga N

CO,Me (+)—(2S,3S,5R)-3-(tert-Butyldimethylsiloxy)-2-(4-
methoxycarbonylbenzyl)-5-nonylpyrrolidine-1-carboxylic acid tert-butyl ester (31)
The general procedure was employed for the reactifomethyl 4-bromobenzoate (52
mg, 0.24 mmol) with (3)-(R,39-3-(tert-butyldimethylsiloxy)-1-nonylpent-4-
enylcarbamic acidert-butyl ester (89 mg, 0.20 mmol). The diastereoseieg of the
transformation was assessed by LAH reduction of ¢dhede product obtained in a
duplicate reaction, and was found to be >20:1 dijualged by'H NMR analysis.
Chromatographic purification afforded 83 mg (72%j}lee title compound as a colorless
oil with >20:1 dr. This compound was found to exast a 3:1 mixture of rotamers as

judged by'H NMR analysis; data are for the mixturéd NMR (400 MHz, CDC})
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57.99-7.88 (m, 2 H), 7.39-7.22 (m, 2 H), 4.32—-4.110 {.3 H), 4.07-3.98 (m, 0.7 H),
3.90 (s, 3 H), 3.72-3.51 (m, 1 H), 3.11-3.01 (nH)12.87-2.75 (m, 0.3 H), 2.67-2.53
(m, 0.7 H), 2.33-2.12 (m, 1.7 H), 2.07-1.93 (m, B)3 1.65-1.55 (m, 1 H), 1.46-1.05
(m, 24 H), 0.96-0.81 (m, 12 H), 0.12— -0.12 (m, B HC NMR (100 MHz, CDG))
0167.3,154.8, 145.9, 129.9, 129.4, 127.6, 79.2, 71.4,,8517, 51.9, 38.0, 37.2, 36.3,
31.9, 29.7, 29.6, 29.3, 28.1, 26.5, 25.8, 22.71,184.1, -4.7, -5.0; IR (film) 1726, 1694
cm . Anal calcd for GaHs;NOsSi: C, 68.82; H, 9.98; N, 2.43. Found: C, 68.439t88;
N, 2.42.

The stereochemistry of the above compound was rdeted through LiAIH reduction
of 31 to afford 31a as shown below. The stereochemistry3dia was assigned by
comparison of théH NMR spectrum of31 to that previously obtained for the related

molecule32.*

CBZ ]l]
Colyo 1) LAH, THF  CoH,o CoHyga N
OH 32 OH
31a OH

CO,Me reference 14

(1)—(2S,3S,5R)-2-(4-Hydroxymethylbenzyl)-1-methyl-5-nonylpyrrolidin-3-ol (31a) A
flame-dried flask was cooled under a steam of géroand charged witBl (70 mg, 0.12
mmol) and tetrahydrofuran (3 mL). The resultingusioin was cooled to 0 °C and LiA}H
(2.2 mL, 1.2 mmol, 1 M in tetrahydrofuran) was adidgropwise via syringe. The
resulting mixture was heated to reflux until tharshg material was consumed as judged
by TLC analysis (ca. 21 h). The reaction mixtureswaoled to 0 °C, slowly quenched

with water (0.3 mL) and diluted with diethyl eth@& mL). Aqueous NaOH (0.3 mL, 10
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M) and water (0.3 mL) were added sequentially andiresoluble white precipitate
formed. The organic supernatant was decanted téean cErlenmeyer flask and the
precipitate was washed with diethyl ether. The doedborganic extracts were dried over
anhydrous NgB5Q,, filtered, and concentrateish vacuo The crude oil obtained was
purified by flash chromatography using 10% 20% methanol/dichloromethane as the
eluent to afford 38 mg (91%) of the title compouwasia colorless oifH NMR (400
MHz, CDCk) 87.32-7.28 (m, 4 H), 4.66 (s, 2 H), 3.83-3.75 (nH)12.94-2.80 (m, 2
H), 2.33 (s, 3 H), 2.30-2.03 (m, 5 H), 1.77-1.66 {nh), 1.46-1.38 (m, 1 H), 1.37-1.15
(m, 15 H), 0.88 (tJ = 6.6 Hz, 3 H)}*C NMR (100 MHz, CDGJ) 5138.8, 129.5, 127.1,
73.7,70.2, 65.9, 64.9, 39.5, 38.6, 34.7, 33.19,329.9, 29.6, 29.5, 29.3, 26.4, 22.6, 14.1
(two aromatic carbons are incidentally equivaleh®; (film) 3384 cm®; MS (ESI):

348.2900 (348.2903 calculated for,83/NOz, M + HY).

34



2.6 References

! For recent reviews, see: (a) Bellina, F.; RossiTérahedror2006 62, 7213-7256. (b)
Coldham, I.; Hufton, RChem. Re\2005 105 2765-2809.

2 (@) Schwartz, R. E.; Liesch, J.; Hensens, O.;nditd_.; Honeycutt, S.; Garrity, G.;
Fromtling, R. A.; Onishi, J.; Monaghan, R. Antibiot. 1988 41, 1774-1779. (b)
Johnson, J. H.; Phillipson, D. W.; Kahle, A. . Antibiot. 1989 42, 1184-1185. (c)
Kasahara, K.; Yoshida, M.; Eishima, J.; Takesaka, Beppu, T.; Horinouchi, SJ.
Antibiot. 1997, 50, 267-269. (d) Achenbach, T. V.; Slater, E. P.;rBmerhop, H.; Bach,
T.; Muller, R. Antimicrob. Agents Chemothe200Q 44, 2794-2801. (e) Kinzy, T. G,;
Harger, J. W.; Carr-Schmid, A.; Kwon, J.; Shast¥,, Justice, M.; Dinman, J. D.
Virology 2002 300 60-70.

% (@) Hall, S. S.; Loebenberg, D.; Schumacher, DI.Med. Chem1983 26, 469—475.
(b) Schwardt, O.; Veith, U.; Gaspard, C.; JagerSyhthesid4999 1473-1490.

* (a) Shibano, M.; Kitagawa, S.; Kusano, Ghem. Pharm. Bull997, 45, 505-508. (b)
Shibano, M.; Kitagawa, S.; Nakamura, S.; Akazawa Kudsano, GChem. Pharm. Bull.
1997, 45, 700-705. (c) Shibano, M.; Nakamura, S.; AkazaWa,Kusano, G.Chem.
Pharm. Bull.1998 46, 1048-1050. (d) Shibano, M.; Nakamura, S.; Kulddri, Minoura,
K.; Kusano, GChem. Pharm. Bull1998 46, 1416-1420. (e) Shibano, M.; Tsukamoto,
D.; Fujimoto, R.; Masui, Y.; Sugimoto, H.; Kusan®, Chem. Pharm. Bull200Q 48§,

1281-1285.

35



> (a) Angiotensin-Converting Enzyme InhibitpBerguson, R. K., Vlasses, P. H., Eds.;
Futura: Mount Kisco, N.Y., 1987. (b) Murphy, M. Mschullek, J. R.; Gordon, E. M.;
Gallop, M. A.J. Am. Chem. So&995 117 7029-7030.

® (a) Iserloh, U.; Wu, Y.; Cumming, J. N.; Pan, Wang, L. Y.; Stamford, A. W.;
Kennedy, M. E.; Kuvelkar, R.; Chen, X.; Parker ME; Stricklamd, C.; Voigt, JBioorg.
Med. Chem. LetP008 18, 414-417. (b) Iserloh, U.; Pan, J.; Stamford, A; Kénnedy,
M. E.; Zhang, Q.; Zhang, L.; Parker, E. M.; McHugh,A.; Favreau, L.; Stricklamd, C.;
Voigt, J.Bioorg. Med. Chem. Let200§ 18, 418—-422.

" (a) Ney, J. E.; Wolfe, J. Rngew. Chem., Int. EQ004 43, 3605-3608. (b) Lira, R.;
Wolfe, J. PJ. Am. Chem. So2004 126, 13906—-13907. (c) Bertrand, M. B.; Wolfe, J. P.
Tetrahedron2005 61, 6447—6459. (d) Ney, J. E.; Wolfe, J.P Am. Chem. So2005
127, 8644-8651. (€) Yang, Q.; Ney, J. E.; Wolfe, JORy. Lett.2005 7, 2575-2578. (f)
Ney, J. E.; Hay, M. B.; Yang, Q.; Wolfe, J.&dv. Synth. Catak005 347, 1614-1620.
(g) Bertrand, M. B.; Wolfe, J. ®rg. Lett.2006 8, 2353-2356.

8 For a review on other Pd-catalyzed alkene carboation reactions that afford
pyrrolidine products, see: (a) Wolfe, J.Br. J. Org. Chem2007, in press. See also: (b)
Harayama, H.; Abe, A.; Sakado, T.; Kimura, M.; FugaK.; Tanaka, S.; Tamaru Y.
Org. Chem1997, 62, 2113-2122. (c) Scarborough, C. C.; Stahl, $r8. Lett.2006 8,
3251-3254. (d) Sherman E. S.; Chemler, S. R.; TaB,; Gerlits, OOrg. Lett.2004 6,
1573-1575. (e) Larock, R. C.; Yang, H.; WeinrebMS.Herr, R. JJ. Org. Chem1994

59, 4172-4178.

36



® Bertrand, M. B.; Leathen, M. L.; Wolfe, J. ®rg. Lett.2007 9, 457—460.

19 (a) Yin, J.; Buchwald, S. LOrg. Lett 200Q 2, 1101-1104. (b) Muci, A. R.; Buchwald,
S. L. Top. Curr. Chem.2002 219 131-209. (c) Hartwig, J. F. IModern Arene
Chemistry Astruc, D., Ed., Wiley-VCH: Weinheim, 2002; pp 74.68. (d) Schlummer,
B.; Scholz, UAdv. Synth. CataR004 346, 1599-1626.

1 (a) Huang, P. -Q.; Wu, T. =J.; Ruan, Y. @®g. Lett.2003 5, 4341-4344. (b) Kadota,
l.; Saya, S.; Yamamoto, YHeterocycled 997 46, 335-348. (c) Yoda, H.; Yamazaki, H.;
Takabe, KTetrahedron: Asymmet4096 7, 373—-374.

12 Bertrand, M. B.; Neukom, J. D.; Wolfe, J.P Org. Chem2008 73, 8851-8860.

13 Beaudoin Bertrand, M.; Wolfe, J. Petrahedror2005 61, 6447.

14 Beaudoin Bertrand, M.; Wolfe, J. ©rg. Lett 2006 8, 2353.

15 Arakawa, S.; Hashimoto, NBull. Chem. Soc. Jpri968 41, 1449.

% Webb, R. R., Il; Danishefsky, $etrahedron Lett1983 24, 1357.

17 Couffignal, R.; Moreau, J.-ITetrahedron Lett1978 19, 3713.

37



Chapter 3

Synthesis of Substituted Morpholinewia Palladium Catalyzed Carboamination
Reactions

3.1 Background

In recent years drug discovery efforts have rewkatyeral interesting biologically
active compounds that contain C-substituted moipkolunits (Figure 3-13?
Specifically, Polygonapholin€l), the first reported 2,6-disubstituted morpholiregural
product was collected from the marine spor@eelonaplysilla spfrom a marine lake in
the nation of Palau. Compouddexhibits antimicrobial activity again&acillus subtilis
and shows in vivo anti-inflammatory activityCompound2 was found to be the most
potent compound in a screen for new centrally gctih agonists and has potential
therapeutic value in the treatment of dementiaathdr central nervous system disorders
characterized by symptoms of noradrenergic insefiicy? Phendimetrazing3) is a
widely prescribed appetite suppressant with ansalgls of 3.1 million dollars for one of
the generic varieties in 2007The remaining compounds in Figurd, %) containcis-3,5-
disubstituted morpholines. Compouddacts as a selective cholecystokinin-2 receptor
antagonists, with potential for treatment of gastestinal adenocarcinomas, such as
Barrett's metaplasia and pancreatic cancer, asasajastroesophageal reflux disease and
peptic ulcer$® The mesais-3,5-dimethyl morpholine subunit was obtained by

chromatographic separation of diastereomers fromnam-selective morpholine
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cyclization. Compoun® has shown nanomolar activity as a caspase-1 tohiand is a
potential therapeutic for inflammatory diseases hsuas rheumatoid arthritis or
osteoarthriti$?

Figure 3-1: Biologically Important Morpholines
OMe

OMe SMe

HN/\I OMe
K:/O 1 | 2 OMe

2 Polygonapholine ' ) N N 0

N antibiotic centrally acting a1 agonist 0 7 5

NH anti-inflammatory dementia or CNS theraputic 5 G 0o

HN o
caspase-1 inhibitor
@ O/ﬁ/ anti-inflammatory HO
\N \\\‘ \\<N O
03

Phendimetrazine K? N 6/ (¢} selective cholecystokinin-2 receptor antagonist

appetite suppressant gastrointestinal adenocarcinomas, peptic ulcers
Cl

Despite the medicinal importance of these moleculles development of new
approaches for their synthesis remains relativetexplored:® For example, few
methods allow the preparation of 3,5-disubstitutemrpholines, and only two
approaches for the stereoselective synthesissef,5-disubstituted derivatives have been
described (Figure 3-Z§® Both of these strategies are limited in scopeoras affords
symmetrically disubstituted (meso) producs, and the other was used only for the
generation of a single monocyclic morpholing (n route to biologically active
compound5.%® Development of a new, efficient, method for the stiaeoselective
synthesis of these types of compounds would bel@able advancement in synthetic

chemistry.
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Figure 3-2: Known Methods for Synthesizingcis-3,5-Disubstituted Morpholines
tBu
|

N
N Br, Br/\E jABr
L\/OA CH,Cl, ¢ O

43%

O  Boc ™S RN 0]
(0] Boc 1) 0,. -78 °C | H
I{IH 3 o N OMe 1) BF3'OEt2, -78 °C o N —
0 Z 2)SMe, | T 2) TFA, CH,Cl, | j/\/
| 3) TsOH, MeOH o . 0

50-78% 60-70%
3.2 Introduction
Previous work in the Wolfe lab established a canasymmetric synthesis ofs-
2,6-disubstituted piperazines that involves Pdigagal carboamination reactions WNf
allyl ethylenediamine derivativés? It was hypothesized that a similar strategy may be
applied to the construction of 3,5-disubstitutedrpholines. As shown in Scheme 3-1,
enantiopureN-Boc amino alcohols8) could be converted t@-allyl ethanolamine®
using standard methods. These compounds could Hbetmransformed to the desired
heterocycleslO through Pd-catalyzed coupling with an aryl or aj{ehalide!* This
strategy should provide access to a broad arragnaintiopurecis-3,5-disubstituted
morpholines that are difficult to generate using#ng methods.

Scheme 3-1: Synthetic strategy

]I30c /l“ R_Br I?‘r
HN R AN HN R Pd-catalyst R! NLR
j, I :r Base /\3E j:
HO g 0 9 10 ° o e

The substrates for the Pd-catalyzed carboaminasiactions were synthesized in
three steps from commercially available startingemals8a—e(Scheme 2). Treatment of

the N-protected amino alcohols with NaH and allyl broenafforded allyl ether§la—e
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Cleavage of the Boc-group followed by Pd-catalykkdrylation of the resulting amine
trifluoroacetate salts providefla—f in moderate to good yield. For a representative
reaction sequence, chiral HPLC analysis indicat@ehpiete retention of enantiomeric
purity (99% ee) during the preparation of subst@atéom 8a.

Scheme 3-2: Synthesis of Substrates

HEOC . 1) NaH HEOC  _ DTFA, CHCl m’?lr .
j’ 2) allyl \\L j’ 2) ArBr, NaOtBu \\L j’
bromide cat. Pd,(dba)s/ligand
HO™ 8 o n Toluenze(, 403380 %C o9
8a: R =Me 11a: 73% 9a: Ar = Ph (73%)?
8b: R =Bn 11b: 86% 9b: Ar = p-MeOPh (57%)°
9c: Ar = Ph (59%)°
8c: R = (CH,),SMe 11c: 59% 9d: Ar = Ph (71%)?
8d: R = CH,OBn 11d: 73% 9e: Ar = p-CI-Ph (59%)°
8e: R = CH,[(N-Bn)-3-indolyl] 1le: 71% 9f: Ar = m-CN-Ph (60%)°

2 Ligand = (o-biphenyl)P/Bu,. ® Ligand = P(tBu);eHBF,. ¢ Ligand = (+)-BINAP.

3.3 Exploration of Reaction Conditions

Initial studies examined the coupling of a simplestrate and aryl bromide under
reaction conditions similar to those wused in theatesl piperazine-forming
carboamination reactiofisA preliminary ligand screen revealed the formatadrthree
main products (Table 3-1, Entry 1-5). The desirgb-dBsubstituted morpholinel()
formed in most cases, but an unsaturated morph@R)eand Heck-type alkene arylation
product @3) were also generated. Small amounts of severadr atimidentified side
products were detected. The ratio of ligand togolim played an important role in
reaction selectivity (Table 3-1, Entries 4,5). kesing the amount of base and aryl

bromide helped the reactions proceed to full cotigrie(Table 3-1, Entries 5,6). Other
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ligands surveyed did not provide improved resutts the desired morpholine product
(Table 3-1, Entries 7-17). The initial choice ofdnd based on the related piperazine
system proved to be the optimal catalyst.

Table 3-1: Ligand Screef

HI]\I)Ih Bn Ar'-Br Arl ]]\I)Ih B Ar! ]|)h ll)h
\\L j, catalyst k[ j’ n X K[N:r Bn X HN]/ Bn
0 - 0 0 ATR"N0
9¢ 105 °C 10 12 13
entry catalyst Ar'-Br  Equiv Ar'Br conversion (%) Product ratio 10:12:13¢

1 2% Pd(OAc),/4% Xantphos p-tBuPh 1.2 3% 49:51:0
2 2%Pd(OAc),/8% P(o-tol), p-tBuPh 1.2 26% 0:0:0
3 2% Pd(OAc),/8% TTMPP p-1BuPh 1.2 12% 0:0:0
4 2% Pd(OAC),/2% P(2-furyl); p-1BuPh 1.2 100% 33:11:56
5 2% Pd(OAc),/8% P(2-furyl); p-1BuPh 1.2 75% 63:37:0
6 2% Pd(OAc),/8% P(2-furyl); 0-MePh 2.0 100% 82:18:0
7 2% Pd(OAc),/4% TDBPP p-1BuPh 2.0 100% 0 :78:22
8 2%Pd(OAc),/8% BiPhs p-1BuPh 2.0 79% 0:0:0
9 2% Pd(OAc),/8% AsPhs p-tBuPh 2.0 90% 54:15:31
10 2%Pd(OAc),/8% PPh; 0-MePh 2.0 72% 83:17:0
11 2% Pd(OAc),/4% dppe 0-MePh 2.0 55% 80:20:0
12 2% Pd(OAc),/4% Dpe-Phos 0-MePh 2.0 42% 56:24:20
13 2% Pd(OAc),/4% dppf 0-MePh 2.0 89% 18:31:51
14 2% Pd(OAc),/2% IMes*HCl p-1BuPh 2.0 100% 15:45:40
15b 5% Pd(OACc),/5% IPrHCl p-tBuPh 2.0 100% 20:80:0
16° 5% [(IPr)Pd(acac)Cl] Ph 2.0 100% 0:100:0
17° 5% [(IPr)Pd(acac)Cl] 0-MePh 2.0 88% 34:44:22

a Conditions: 1.0 equiv 9¢, 2.0 equiv NaO7Bu, catalyst (as indicated), toluene (0.4 M), 105 °C. TTMPP = Tris(2,4,6-
trimethoxyphenyl)phosphine. TDBPP = Tris(2,4-di-/Buphenyl)phosphite. ® KOzBu was used in place of NaO7Bu. ©
Product ratios were determined by "H NMR analysis of crude product mixtures after workup.

With a preferred catalytic system established, rdmaining reaction conditions
were investigated. Testing alternative bases kndwnfacilitate similar palladium
catalyzed reactions confirmed that NBO was the best choice (Table 3-2). Similarly,
the screening of other potential solvents demotestra preference for toluene (Table

3-3).
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Table 3-2: Base Screéh

Ar Ar!-Br Apl A .
G 2mol % Pd(OAc), AT Arl Ar ar
\W\ j/ 8 mol % P(2-furyl), Nj/ KENJ/ HNJ/
Base, Toluene + +
© 105 °C, 18h 0 0 A0
9¢ Ar = p-CIPh, Ar! = p-fBuPh 10 12 13
entry Base % conversion Product ratio 10:12:13°
1 Cs,CO;4 100 27:0 :73
2 K;PO, 100 24:0 :76
3 KOrBu 100 43:32:25
4 NaOrBu 100 73:22:5

2 Conditions: 1.0 equiv 9¢, 2.0 equiv Base, 2 mol % Pd(OAc),, 8 mol % P(2-furyl), toluene (0.4 M), 105 °C.
b Product ratios were determined by 'H NMR analysis of crude product mixtures after workup.

Table 3-3: Solvent Screeh

Arl-Br
Ar

A 1 1
o ! 2mol %Pd(0Ac)y, ] 4T I .
\\L j/ 8 mol % P(2-furyl), KENJ/ K[N j/ HNJ/
NaO7Bu, Solvent + +
0 0 o AP0
12

105°C, 12-18 h

9¢ Ar = p-CIPh, Ar! = p-rBuPh 10 13
entry Solvent T°C % conversion Product ratio 10 : 12 : 13°

1 THF 65 0 0:0:0

2 DME 80 100 0:0:0

3 t-Amyl-OH 95 87 0 :0:100

4 1,4-Dioxane 95 100 46 :30:24

5 Benzotrifluoride 95 94 70:21:9

6 Toluene 105 100 73:22:5

2 Conditions: 1.0 equiv 9¢, 2.0 equiv NaO7Bu, 2 mol % Pd(OAc),, 8 mol % P(2-furyl)s, toluene (0.4 M),
105 °C. ° Product ratios were determined by 'H NMR analysis of crude product mixtures after workup.

3.4 Synthesis ofcis-3,5-Disubstituted Morpholines
The results of studies on the scope of 3,5-diswitett morpholine-forming
carboamination reactions are illustrated in Tabk Feveral different 2-subsituteo

allylethanolamines were effectively converted t@ thesired heterocycles, including
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heteroatom-containing substrates derived from ropthe (Table 3-4, Entry 7), serine
(Table 3-4, Entry 8), and tryptophan (Table 3-4{rf£®). Although the yields in these
reactions were modest (46—66%), the diastereosstes were uniformly high (> 20:1
dr). As a representative example, the Pd-catalgagebloamination reaction &a to 10b
proceeded with no erosion of enantiopurity. Sidedpcts of general structufe were
observed in crude reaction mixtures, accounting rfeduced yield of the desired
morpholines. Spectroscopic analysi$iNMR) of crude reaction mixtures indicated
these side products were formed as 10-35% of tkeurai (Table 3-5). The presence of
electron-neutral or slightly electron-deficieM-aryl groups on the substrates was
tolerated. However, efforts to employ a morpholipeecursor bearing arN-(p-
methoxyphenyl) moiety led to a poor yield d¥d due to competingl-arylation or Heck
arylation of the substrate (Table 3-4, Entry 3)stme instances side products resulting
from sequentiaN-arylation and Heck arylation of the substrate weds® isolated. Low
yields were also obtained when starting materiath W-(p-cyanophenyl) groups were
used, as competing Heck arylation of the substaldene group was again problematic.
Similarly, efforts to coupleN-Boc-protected substratdla with 1-bromo-4tert-

butylbenzene afforded only a Heck arylation product
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Table 3-4: Synthesis otis-3,5-Disubstituted Morpholines’

Ar R'-Br Ar
HN. R 2 mol % Pd(OAc), N. R
\\L j 8 mol % P(2-furyl); RINE j
NaOrBu, Toluene, 105 °C
09 12-18 h o” 10
entry substrate product yield®
lljh lljh
B mNr
10b
0~ 9a
2 9a Ph 46%°
10c
PMP

G o -
10d
o~ 9
0 1& B
¢ j/ n 48%
10e
5 9¢ 66%
10a
6 9¢ :r 47%
10f
Ph

3
\_<UJ

|
e o -
0~ 9d o~ 102
p-Cl-Ph p-Cl-Ph
10h
(6) 9¢ (0)
m-CN-Ph m-CN-Ph
9

HN N
N — -
\L NBn O NBn 570,
0 of O O 10i

2 Conditions: 1.0 equiv substrate, 2.0 equiv R'Br, 2.0 equiv NaO7Bu, 2 mol % Pd(OAc),, 8 mol % P(2-furyl),,
toluene (0.4 M), 105 °C. ® Isolated yield (average of two experiments). All products were formed with >20:1
dr as judged by 'H NMR analysis of crude products prior to purification. ¢ The reaction was conducted using
4.0 equiv of B-bromostyrene, 4.0 equiv of NaOtBu, 4 mol % Pd(OAc), and 16 mol % P(2-furyl);.
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Table 3-5: Reaction Product Ratios
Ar'-Br

Hir . 2 mol % Pd(OAc), Ar T’Er . Al Ar
\\L j/ 8 mol % P(2-furyl), KE j K[N R
o NaOrBu, Toluene o + | j
9c 105 *C 10 O 1
entry R, Ar Ar'-Br Product ratio 10 : 12

1 Me, Ph p-1BuPh 74 :26
2 Me,Ph B—Styrene 100: 0
3 Bn, Ph 0-MePh 89:11
4 Bn, Ph m-OMePh 66 : 34
5 Bn, Ph p-OMePh 68:32
6 CH,CH,SCH3, Ph Ph 90: 10
7 CH,OBn, p-CIPh p-CIPh 74 : 26
8 N-Bn-3-indolyl, m-CNPh 2-Napthyl 85:15

3.5 Expansion to Bicyclic Morpholines and Other Substitition Patterns.

In order to further explore the utility of this rhed for the synthesis of other
substituted morpholines, reactions of severbaryl ethanolamine derivatives with
different substitution patterns were examined. Hyathetic work for the bicyclic
morpholine examples was conducted by Brandon R@senndergraduate co-worker on
this project. Substratesl4ad were prepared by O-allylation of 2-(\-
phenylamino)cyclohexanol or —cyclopentanol. The vimo trans2-(N-
phenylamino)cycloalkanols were prepared in one d$tep aniline and cyclohexene
oxide or cyclopentene oxide. As shown in Table 34@, substrates were coupled with
aryl bromides using the optimized reaction cond#ioThese transformations afforded
the desired bicyclic morpholine$5a-e in moderate to good vyields with excellent

diastereoselectivities (>20:1 dr). Alternativelgngpoundsl6 and18 were converted into
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2,3-disubstituted morpholind7 and 2,5-disubstituted morpholinE® (Scheme 3-3).
However, bothl7 and19 were produced with only modest (2:1) diastereaseiey.

The nature of the aryl halide coupling partner hagdgnificant effect on the yield
of the morpholine-forming reactions. Use of elegtrich or electron-neutral derivatives
provided acceptable yields of the desired hetedesydn addition, the coupling &fa
with an alkenyl halide (Table 3-4, entry 2) wasoatsiccessful. However, most attempts
to employ electron-poor aryl bromides led to compt@xtures of products, although the
carboamination reactions @#c—d with 4-bromobenzophenone (Table 3-6, entries 4-5)
and of 16 with 3-bromobenzonitrile (Scheme 3-3) gave usefuantities of desired
products. The coupling &c with the sterically hindered 2-bromotoluene prexdd 66%
yield of 10a (Table 3-4, entry 5), but 1-bromo-2-methylnaphthealéailed to react with

9c under similar conditions.
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Table 3-6: Synthesis of Bicyclic Morpholine’

Ph R'-Br Ph
\ 2 mol % Pd (OAc), [
\Wim 8 mol % P(2-furyl)s RIAEN
0 n 14 NaOrBu, Toluene, 105 °C 15 >0 n
22h
entry substrate product yield®

Il’h
N
Lo oxo -

Ph
HN N
2 \W\ ©/\E j/j 56%
15b o

14b O
HN
Yo
14¢ >0 15¢

I
N
4 14c¢ - n 54%
154 ©
o) Ph

N
i :O Ph :Q 77%
15¢ O

14d O o)

W

2 Conditions: 1.0 equiv substrate, 2.0 equiv R'Br, 2.0-2.7 equiv NaO7Bu, 2 mol % Pd(OAc),, 8 mol %
P(2-furyl)s, toluene (0.3 M), 105 °C. b Isolated yield (average of two or more experiments). All products
were formed with >20:1 dr as judged by 'H NMR analysis of crude products prior to purification.

Scheme 3-3: Disubstituted Morpholines with Poor Distereoselectivity

Ph
]lah Br 2 mol % Pd(OAc), NC Tl\I
N HNj . 8 mol % P(2-furyl); \©/I j
X NaOrBu, Toluene 9
NC >
g 105 °C 17 459%, 2:1 dr
Il’h Br 2 mol % Pd(OAc),
SN . 8 mol % P(2-furyl); /©/\E j
P NaOrBu, Toluene E
105 °C
, T 19 48%,2:1dr
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The mechanism of the morpholine-forming carboanmmatreactions is likely
similar to that of related transformations thateyate piperazines, pyrrolidines, and other
nitrogen heterocycles?* As shown in Scheme 3-4, the key intermediate ia th
conversion of9 to 10 is palladium(aryl)(amido) comple0, which is produced by
oxidative addition of the aryl bromide to Pd(0)lésved by Pd—N bond formatiod.The
relative stereochemistry of the substituted monpleoproducts is most consistent with a
pathway involvingsynaminopalladation oR0 through a boat-like transition sta@lj to
afford 22. Chair-like transition states for intramoleculmaminopalladation reactions
that generate six-membered rings appear to befé@ssable than boat-like transition
states due to poor overlap between the alkesgstem and the Pd—N bofftiReductive
elimination from22 would provide theis-3,5-disubstituted morpholine produdf@ This
mechanism also accounts for the conversiob6dab cis-2,3-disubstituted morpholinky,
and 18 to trans2,5-disubstituted morpholinel9 (Scheme 3-5). The modest
diastereoselectivities observed in the reactionsd®fand 18 are presumably due to
relatively small differences in the energies ohsition states in which the substrate R-
group is oriented in a psueduoaxial vs. pseudoedgahposition®

Scheme 3-4: Mechanism and Stereochemistry

R
R'-Br R HR ! —
0 \ S
L,Pd O/ \N,Ar - J\ HN,Ar — > 0 NAr — 10
NaO/B . /T —
o AP O L pyr!
" \ R! ] 22
21 Ly L,Pd.
RI
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Scheme 3-5: Stereochemical Rational for 2,3- and32Disubstituted Morpholines

Ph R'-Br - H 1% Ph
HN Pd(0 H
A © - M NAT | — RNYN
NaOtBu 0‘\\\/ N
Me (@) 16 - —Ed R 17 Me O
L Favored o (Major)
Ph _ _ i}
I R'-Br /H ,Ph i ]I)h
S Pd(0) _ /:(E\,N r17 N
> t\' —_—
1 e | AT, 1
0" “Et H L, 0" Et
18 L Favored - 19 (Major)

As noted above in Table 3-1, we observed the faomaif 3,4-dihydro-#-1,4-
oxazineba as a side product in the Pd/P(2-fusyBatalyzed coupling ofc with 2-
bromotoluene. This compound is presumably genenate@-hydride elimination from
intermediate22 to provide23 (Scheme 3-6). This complex could then be transfdrimi
unsaturated heterocyclea by alkene dissociation and subsequent Heck aoyidtof
the resulting produ@4.

Scheme 3-6: Formation of 3,4-dihydrd2H-1,4-oxazine 12a

Ph Ar!  Ph
Ph L ctPdO) " -
9¢ 3 N Bn Y j/ n Ar'Br K[ :r n
(R =Bhn, L“P/d\ j o NaO7Bu o
Ar=Ph) Al 9 23 24 Ar! = 0-MePh 12a

We felt that it may be possible to optimize coradis so that unsaturated
compounds such dawould be generated as the major products in cogpkactions
between9 and aryl bromides. The mechanism outlined in S&h&i6 suggests that
catalysts or ligands that either slow C—C bond-fogrreductive elimination, facilitate
B—-hydride elimination, or both, may favor the convwensof 22 to 23, which in turn leads
to generation ofl2. Thus, we examined the use of catalysts suppditedelatively
electron rich monodentate ligands. The rate of ctde elimination from Pd(ll)
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decreases as ligand basicity increases and ligaaddscreases. However, steric effects
can outweigh electronic effects, as electron-rigfarids that are sterically bulky are
known to promote reductive eliminatidhWhile a phosphite ligand showed improved
selectivity for 12, the best result was obtained after switching noNaheterocyclic
carbene based system (Table 3-1, Entries 15-1@ctRe conditions that generated the
catalytic systemn situ led to poor reproducibility. Utilization of the gmade catalyst
(IPr)Pd(acac)CI provided consistent results for the coupling afrbobenzene witioc,
providing clean selectivity for the unsaturatedduat 12b with a 57% isolated yield
(Scheme 3-7). The scope of this reaction is cugrdimited, as use of 2-bromotoluene as
the electrophile afforded only 21% yield @Pa Increased sterics bulk on the aryl
coupling partner appears to promote C—C bond fagmaductive elimination leading to
the substituted morpholine products. Purificatibrihe unsaturated morpholine products
is also difficult due to their hydrolytic labilityPreliminary efforts to further manipulate
the 3,4-dihydro-B-1,4-oxazines proved unsuccessful. Further optiticizaof conditions
or use of this transformation in tandem/sequen@=attions may improve synthetic
utility. A catalytic hydrogenation reducel?a with no selectivity, providing a roughly
equal mixture of both product diastereomers (SchafBg An ionic hydrogenation has
been accomplished by the Zhou group, but the w@actias likely facilitated by
protection of the ring nitrogen with the strongotten withdrawing tosyl group26,
Scheme 3-93° While good diastereoselectivity was attained waitsterically demanding
isopropyl side chain, no selectivity was observath whe less crowded isobutyl side

chain.
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Scheme 3-7: Steric Influence on 3,4-Dihydro+2-1,4-oxazine Synthesis
]Th 2 equiv Ar'Br

l|3h
\\EN:r " 5 mol % (IPr)Pd(acac)Cl A /\ENI "
o KO7Bu, Toluene O
105°C, 12-18 h

9c 12b: Ar! = Ph; 57%
12a: Ar' = 0-Me-Ph; 21%

Scheme 3-8: Hydrogenation of 3,4-Dihydro-1a,4-oxazine

Ar! li’h Ar! ll'*‘h Ar! Fl’h
N Bn N Bn |/,, N Bn
H,, Pt/C !
| +
(@) MeOH, CH2C12 O 10a (0] 25
12a
11% °
Ar! = 0-Me-Ph ° 15%

Scheme 3-9: lonic Hydrogenation of 3,4-Dihydro-1a,4-oxazine

"ll"s "ll"s Ts
Bn N R . Bn N R Bn, N
TFA, Et;SiH ’
| +
(0] (@)
26

50 °C 07 55 28

R = iPr; 73%, dr > 20:1
R =iBu; 92%, dr 1:1

R

3.6 Conclusions

In conclusion, a new method has been developedh®rconcise asymmetric

synthesis otis-3,5-disubstituted morpholines from readily avdigabnantiopure amino

alcohol precursors. The modular nature of this a@gm permits variation of the

morpholine substituents, and also provides acae$ssed-ring morpholine derivatives.

In addition, modification of catalyst structure daad to potentially useful 3,4-dihydro-

2H-1,4-oxazine products. The strategies describelisnchapter significantly expand the

range of substituted morpholines that can be pesbam a concise, stereocontrolled

manner.
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3.7 Experimental Section

General: All reactions were carried out under a nitrogen agphere in oven or
flame dried glassware. Tris(dibenzylideneacetopajtiidium (0) and all phosphine
ligands were purchased from Strem Chemical Co.used without further purification.
All aryl bromides were obtained from commercial m&s$ (Aldrich Chemical CO or
Acros Chemical CO) and were used as obtaifeghenyla-bromoacetamid&® (9)-2-
(Boc-amino)-1-propandi, N,-Boc-L-tryptophart?  (R)-tert-butyl  1-(benzyloxy)-3-
hydroxypropan-2-ylcarbamaté, (S)4ert-butyl 1-hydroxy-3-phenylpropan-2-
ylcarbamate?® (S)-tert-butyl 1-hydroxy-4-(methylthio)butan-2-ylcarbamate,and 1-
(phenylamino)butan-2-6f were prepared according to published procedutdgrgns
2-(phenylamino)cyclohexarfdl and (+)irans-2-(phenylamino)cyclopentarfdl were
synthesized via ring-opening of cyclohexene oxideyzlopentene oxide with anilirfé.
Toluene and THF were purified using a GlassConsolwent purification system. Yields
refer to isolated yields of compounds estimatethé¢@95% pure as determined B
NMR, and either capillary GC (known compounds) @l BMass Spectrometry (new
compounds). The yields reported in the Supportirffgrimation describe the result of a
single experiment, whereas the yields reportedabld 3-4, Table 3-5, and Table 6 are
average yields of two or more experiments. Thus,\tlelds reported in the supporting

information may differ from those shown in Tabld 3Table 3-5, and Table 6.

Synthesis of Substrates
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/ﬁ/o\)LN,Ph
H

Sl (#)-N-Phenyl-2-(but-3-en-2-yloxy)acetamide (S1)A flame-dried
flask was cooled under a stream of nitrogen andgetawith 3-butene-2-ol (0.73 mL,
8.41 mmol) and THF (3.5 mL). The resulting solutiwas cooled to 0 °C in an ice/@8
bath and sodium hydride (60% dispersion in mineiial336 mg, 8.41 mmol) was added.
The resulting mixture was stirred at 0 °C for 30nmthen a solution of phenyl
bromoacetamid8 (1.50 g, 7.0 mmol) in THF (13.5 mL) was added avise. The
reaction mixture was warmed to rt and stirred uh# starting material was consumed as
judged by TLC analysis (ca. 1 h). The reaction omxtwas then quenched with saturated
aqueous NECI (10 mL), diluted with EtOAc (10 mL), filtered bsuction filtration to
remove insoluble material, and the layers were re¢pad. The aqueous layer was
extracted with EtOAc (3 x 10 mL), and the combimedanic layers were washed with
saturated aqueous NaHg@ried over NgS0O, filtered, and concentrated in vacuo. The
crude product was purified by flash chromatographty silica gel using 10%
EtOAc/hexanes as the eluent to afford the title poamd (220 mg, 15%) as colorless
crystals, m.p. 48-50 °CH NMR (400 MHz, CDC}) & 8.35 (s, br, 1 H), 7.57 (d,= 7.8
Hz, 2 H), 7.31 (tJ = 7.8 Hz, 2 H), 7.10 (] = 7.4 Hz, 1 H), 5.74 (ddd,= 7.5, 10.1, 17.2
Hz, 1 H), 5.28-5.18 (m, 2 H), 4.05 @= 15.7 Hz, 1 H), 3.98-3.89 (m, 2 H), 1.34 Jc&&
6.4 Hz, 3 H);}*C NMR (100 MHz, CDG)) & 167.8, 138.4, 137.0, 128.8, 124.2, 119.6,
117.2, 78.0, 67.5, 20.9; IR (film) 3386, 1682 ¢nMS (ESI) 228.0996 (228.1000 calcd

for CioH1sNOo, M + Na+)
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Il’h

1)
0" (¥)-N-[2-(But-3-en-2-yloxy)ethyl]aniline (16).A flame-dried flask was cooled
under a stream of nitrogen and charged 8itH{450 mg, 2.2 mmol) and THF (4.4 mL).
The resulting solution was cooled to 0 °C in arlHg® bath, and LiAIH (1M in THF,
4.4 mL, 4.4 mmol) was added. The reaction mixtues warmed to rt and stirred until
the starting material was consumed as judged by @halysis (ca. 23 h). The mixture
was then cooled to 0 °C, quenched wi#OH0.2 mL) and diluted with diethyl ether (10
mL). An aqueous solution of NaOH (0.2 mL, 10 M) wadded followed by kD (0.6
mL), and an insoluble white solid precipitated. Tinganic supernatant was decanted to a
clean Erlenmeyer flask and the precipitate was wa@shith diethyl ether (10 mL). The
combined organic layers were concentrated in vdouafford an amber oil. The crude
material was purified by flash chromatography usi@§o EtOAc/hexanes as the eluent
to afford the title compound (263 mg, 63%) as arebss oil.'"H NMR (400 MHz,
CDCl) § 7.14 (t,J = 7.7 Hz, 2 H), 6.68 (] = 7.4 Hz, 1 H), 6.59 (] = 8.1 Hz, 2 H), 5.71
(ddd,J = 7.1, 10.2, 17.2 Hz, 1 H), 5.19-5.07 (m, 2 HPOA(s, br, 1 H), 3.86-3.77 (m, 1
H), 3.66-3.59 (m, 1 H), 3.52-3.44 (m, 1 H), 3.236(m, 2 H), 1.24 (dJ = 6.7 Hz, 3
H); **C NMR (100 MHz, CDGJ) § 148.1, 140.0, 129.0, 117.3, 115.8, 112.9, 77.04,66
43.6, 21.1; IR (film) 3403, 1604 ¢m MS (ESI) 192.1382 (192.1388 calcd for

CioH17/NO, M + I—F)
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HN
" "NBn

BnO (@]
S2 (-)-(S)-Benzyl 3-(1-benzyl-H-indol-3-yl)-2-(tert-

butoxycarbonylamino)propanoate (S2)A flame-dried flask was cooled under a stream
of nitrogen and charged with,-Boc-L-tryptophaf® (1.00 g, 3.29 mmol, 1.0 equiv) and
DMF (3.3 mL). The resulting solution was cooledtdC in an ice/HO bath, and sodium
hydride (60% dispersion in mineral oil, 389 mg,®mmol) was added. The resulting
mixture was allowed to stir at 0 °C for 30 min,tHeenzyl bromide (1.4 mL, 11.8 mmol)
was added dropwise. The reaction mixture was wanmetland stirred until the starting
material was consumed as judged by TLC analysis3@#). The reaction was quenched
with saturated aqueous NEI (10 mL), diluted with EtOAc (10 mL), and the kxg were
separated. The aqueous layer was extracted witA&{® x 10 mL), and the combined
organic layers were washed with brine (3 x 15 mirjed over anhydrous NAO,,
filtered, and concentrated in vacuo. The crudeoyelloil was purified by flash
chromatography on silica gel using 15% EtOAc/hesaa® the eluent to afford the title
compound (1.25 g, 78%) as a white solid, m.p. 98@9u]?%, - 3.2 € = 2.88, CHCI,).

H NMR (400 MHz, CDC}) § 7.46 (d,J = 7.8 Hz, 1 H), 7.20-6.89 (m, 13 H), 6.61 (s, 1
H), 5.05 (s, 2 H), 5.004.87 (m, 3H), 4.63-4.51 (m, 1H), 3.25-3.09 (m, 2H), 1.30 (s, 9
H); **C NMR (100 MHz, CDQ) & 172.0, 155.1, 137.4, 136.4, 135.3, 128.7, 128.5,
128.4, 128.3, 127.5, 126.9, 126.6, 121.9, 119.8,(1109.6, 109.2, 79.7, 66.9, 54.4,
49.8, 28.3, 27.9 (two aromatic carbon signals ac&lentally equivalent); IR (film) 3427,

1713 cm’; MS (ESI) 507.2249 (507.2260 calcd fofoB85N,04, M + N&).
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NBn
HO
(-)-(S)-tert-Butyl 1-(1-benzyl-1H-indol-3-yl)-3-hydroxypropan-2-

ylcarbamate (8e).The reduction ofS2 (10.82 g, 22.3 mmol) was conducted for 18 h
using a procedure analogous to that described afmvéne preparation ol6. This
procedure afforded the title compound (7.22 g, 88%0a colorless solid, m.p. 94-96 °C.
[a]?35 - 7.0 € = 1.43, CHCI,). *H NMR (400 MHz, CDC}) & 7.66 (d,J = 7.9 Hz, 1 H),
7.31-7.21 (m, 4 H), 7.20-7.07 (m, 4 H), 6.98 (B)15.26 (s, 2 H), 4.84 (d,= 7.7 Hz, 1
H), 4.03-3.91 (m, 1 H), 3.73-3.53 (m, 2 H), 2.98)¢& 6.8 Hz, 2 H), 2.60 (s, br, 1 H),
1.41 (s, 9 H)C NMR (100 MHz, CDGJ) & 156.3, 137.5, 136.6, 128.7, 128.3, 127.6,
126.8, 126.7, 121.9, 119.3, 119.1, 111.0, 109.75,784.9, 53.0, 49.9, 28.3, 26.9; IR

(film) 3356, 1686 crm; MS (ESI) 403.2006 (403.1998 calcd fos8,6N20s, M + N&).

OYPh
Ph/NO

HO™

S3 (#)-(1S*,25%)-N-(2-hydroxycyclohexyl)N-phenylbenzamide (S3) A

solution oftrans-2-(phenylamino)cyclohexard! (956 mg, 5.0 mmol) and triethylamine
(2.1 mL, 15 mmol), in dichloromethane (10 mL), wesoled to 0 °C and benzoyl
chloride (0.6 mL, 4.9 mmol) was added dropwise. Téwction mixture was warmed to
room temperature and stirred for 48 h, then wasstesred to a separatory funnel. The
mixture was washed with 2 M HCI (2 x 10 mL) andragted with dichloromethane (3 x

10 mL). The combined organic layers were dried amnrydrous N&O,, filtered, and
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concentratedh vacuo The crude material was purified by flash chrorgeaphy on silica
gel using 2.5% MeOH/dichloromethane as the eluawmtfford 1.13 g (77%) of the title
compound as a white solid, m.p. 182-184 %€ NMR (400 MHz, CDC}) & 7.30-7.24
(m, 2 H), 7.24-7.06 (m, 8 H), 4.77-4.61 (m, 1 H533-3.37 (m, 1 H), 2.76 (s, br, 1 H),
2.12 (d,J = 12.0 Hz, 1 H), 2.01-1.89 (m, 1 H), 1.78-1.63 AH), 1.52-1.29 (m, 2 H),
1.29-1.00 (m, 2 H)**C NMR (100 MHz, CDGCJ) & 173.2, 139.5, 136.8, 130.8, 129.1,
128.7, 128.3, 127.63, 127.56, 71.7, 61.5, 35.722,3Fb.2, 24.3; IR (film) 3319, 1622, ¢m

1 MS (ESI) 318.1465 (318.1470 calcd fof8,iNO, M + Na').

N

Ph”
Ho]ij

S4 (#)-cis-2-(phenylamino)cyclohexanol (S4)A solution of S3 (3.0 g, 10.2
mmol) in dichloromethane (50 mL) under nitrogen wamled to 0 °C and thionyl
chloride (4.4 mL, 61 mmol) was added. The reactomture was warmed to room
temperature and stirred overnight. The reactiontunéxwas then concentratedvacuq
and 6 N HCI (50 mL) was added. The resulting mitwas heated to reflux with
vigorous stirring for 6 h, then was cooled to ittefed, and the aqueous phase was
extracted with EtOAc (3 x 50 mL). The combined éthgetate layers were discarded,
and the aqueous layer was basified to pH > 9 UsiMyNaOH. The aqueous layer was
then extracted with ether (3 x 50 mL), and the cowath ether layers were dried over
anhydrous Ng5Q,, filtered, and concentrated vacuo The crude product was purified
by flash chromatography on silica gel using 15% At@exanes as the eluant to afford

1.5 g (77%) of the title compound as a white safidp. 75-77 °C (lit> m.p. 72-74 °C).
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'H NMR (400 MHz, CDC}) 3 7.24-7.17 (m, 2 H), 6.79-6.72 (m, 1 H), 6.68 (#id, 1.0,
7.8 Hz, 2 H), 4.09-4.02 (m, 1 H), 3.73 (s, br, 1 8i#4-3.37 (m, 1 H), 2.31 (s, br, 1 H),
1.90-1.80 (m, 1 H), 1.76-1.56 (m, 5 H), 1.52-1.88 2 H); *°C NMR (100 MHz,
CDCly) & 147.2, 129.2, 117.6, 113.7, 67.6, 54.8, 31.3,,22306, 20.0; IR (film) 3397,

1505 cm’; MS (ESI) 214.1211 (214.1208 calcd for#8:-NO, M + N&).

Ph” D

HO'
S5 (3)-(1S*,2S*)-N-(2-hydroxycyclopentyl)-N-phenylbenzamide (S5) A

solution oftrans-2-(phenylamino)cyclopentarf8l (1.78 g, 10 mmol) and triethylamine
(8.4 mL, 60 mmol) in dichloromethane (20 mL), wa®led to 0 °C with stirring and

benzoyl chloride (3.5 mL, 30 mmol) was added drg@wiThe reaction mixture was then
warmed to room temperature and stirred overnight Tixture was transferred to a
separatory funnel then washed with 2 M HCI (2 x t) and extracted with

dichloromethane (3 x 20 mL). The combined orgarsigets were then dried over
anhydrous Ng5Qy, filtered, and concentratead vacuo The resulting oil was dissolved in
methanol (25 mL) and potassium carbonate (6.9 gnd®l) was added slowly at room
temperature. The reaction mixture was stirred dont48 h, then was quenched with
saturated ammonium chloride (25 mL). The mixtures viiansferred to a separatory
funnel and extracted with GBI, (3 x 25 mL). The combined organic layers weredirie
over anhydrous N&Q,, filtered, and concentrated vacuoto give a red-orange oil. The
crude material was dissolved in a minimal amourtiaifethyl acetate and then cooled in

a —20 °C freezer until crystals formed. Filtratiafforded 2.27 g (81%) of the title
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compound as a white solid, mp 109-113 °El NMR (400 MHz, CDC}) & 7.30-7.03
(m, 10 H), 4.79-4.69 (m, 1 H), 4.28-4.18 (m, 1 #N2 (s, br, 1 H), 1.97-1.86 (m, 2 H),
1.82-1.63 (m, 2 H), 1.61-1.50 (m, 1 H), 1.47-1.84 { H); *C NMR (100 MHz,
CDCl;) 6 173.1, 140.1, 136.4, 130.3, 129.3, 128.8, 12823.64, 127.57, 76.8, 67.5,
32.5, 28.4, 21.0; IR (film) 3401, 1633 thMMS (ESI) 304.1312 (304.1313 calcd for

CigH1oNOo, M + Na+)

Ph” j:>
HO
S6 (¥)-cis-2-(phenylamino)cyclopentanol (S6) The conversion 085 (1.41 g,

5.0 mmol) to the title compound was accomplisheédgua procedure analogous to that
described above for the synthesisS#f This procedure afforded 880 mg (99%) of the
title compound as a clear otH NMR (400 MHz, CDC}) & 7.23-7.14 (m, 2 H), 6.81—
6.61 (m, 3 H), 4.33-4.23 (m, 1 H), 3.69-3.53 (nh})13.05 (s, br, 1 H), 2.17-2.01 (m, 1
H), 2.00-1.75 (m, 3 H), 1.69-1.49 (m, 2 H) (the ®Gignal was not observed due to
broadening):*C NMR (100 MHz, CDGJ) & 147.7, 129.3, 118.1, 113.5, 71.3, 59.4, 32.5

30.1, 20.3; IR (film) 3398, 1504 ¢ MS (ESI) 178.1225 (178.1232 calcd fof8:sNO

M + H).
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$oc ?oc

HN__R 1) NaH, DMF AN R
:I’ 2) allyl bromide \\1\ :I’

HO 0]

General Procedure 1: Conversion oN-Boc-2-aminoethanols toN-Boc-1-allyloxy-2-
aminoethanes.A flame-dried flask was cooled under a streamittbgen and charged
with N-Boc-2-aminoethanol (1 equiv) and a sufficient vokiof DMF to provide a 0.5 M
solution. The resulting solution was cooled to 0 ifCan ice/HO bath, and sodium
hydride (1.1 equiv, 60% dispersion in mineral @iBs added. The resulting mixture was
allowed to stir 5-10 min, then allyl bromide (1.4ues) was added. The mixture was
stirred at rt until the starting material was cangd as judged by TLC analysis (ca. 2 h).
The reaction mixture was then quenched with sadrafjueous NYC| and the layers
were separated. The aqueous layer was extracteg times with EtOAc, and the
combined organic layers were washed with brineeddaver anhydrous N8O, filtered,
and concentrated in vacuo. The crude product wafigeliby flash chromatography on

silica gel.

$0c
LY
O

Procedure 1 was conducted @&)-2-(Boc-amino)-1-propandi 8a (3.00 g, 17.1 mmol),

(—-)-(S)-tert-Butyl (2-allyloxy-1-methylethyl)carbamate (11a). General

and gave the title compound (2.71 g, 73%) as arlesl® oil after purification by

chromatography using 10% EtOAc/hexanes as the eljaf’, - 15.9 ¢ = 1.33,
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CH,Cl,). *H NMR (400 MHz, CDC}) & 5.94-5.83 (m, 1 H), 5.30-5.23 (m, 1 H),
5.20-5.15 (m, 1 H), 4.71 (s, br, 1 H), 4.04-3.92 2ni), 3.82 (s, br, 1 H), 3.44-3.33 (m,
2 H), 1.44 (s, 9 H), 1.17 (d, = 6.6 Hz, 3 H);"*C NMR (100 MHz, CDGJ) & 154.9,
134.3, 116.3, 78.3, 72.9, 71.5, 45.6, 28.0, 175(film) 3345, 1715 cnt; MS (ESI)

238.1415 (238.1419 calcd for#,;NO3, M + N&).

IIB()c
Uy
(0)

General Procedure 1 was conducted &rtért-butyl 1-hydroxy-3-phenylpropan-2-

(—-)-(S)-tert-Butyl 1-(allyloxy)-3-phenylpropan-2-ylcarbamate (Ilb).

ylcarbamat®’ 8a (10.30 g, 41.0 mmol), and gave the title compo(irtd21 g, 86%) as a
colorless oil after purification by chromatographgth 10% EtOAc/hexanes as the
eluant. {1]?%, - 21.8 € = 2.85, CHCI,). *H NMR (400 MHz, CDC}) § 7.3%7.18 (m, 5
H), 5.975.85 (m, 1H), 5.3t5.24 (m, 1H), 5.245.16 n, 1 H), 4.85 (s, br, 1 H),
4.02-3.88 (m, 3 H), 3.39-3.30 (m, 2 H), 2.95-2.80 2 H), 1.42 (s, 9 H)**C NMR
(100 MHz, CDC}) & 155.1, 138.0, 134.3, 129.2, 128.1, 126.0, 116877,771.8, 69.8,
51.4, 37.6, 28.1; IR (film) 3348, 1714 tinMS (ESI) 314.1735 (314.1732 calcd for

Ci7/HosNO3, M + Na+)

]|300
\wiIN j/\/ SMe
(0)

(11c). General Procedure 1 was conducted o8)-tdrt-butyl 1-hydroxy-4-

(-)-(S)-tert-Butyl 1-(allyloxy)-4-(methylthio)butan-2-ylcarbamate

(methylthio)butan-2-ylcarbamé&te8c (510.8 mg, 2.17 mmol) using THF as solvent and
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2.0 equiv of sodium hydride. This modified procezlgave the title compound (353.7
mg, 59%) as a yellow oil after purification by chratography with 10% EtOAc/hexanes
as the eluanto]®; — 17.6 € = 0.59, CHCI,). *H NMR (400 MHz, CDC}) § 5.94-5.82

(m, 1 H), 5.30-5.22 (m, 1 H), 5.21-5.15 (m, 1 HB&+4.73 (m, 1 H), 4.04-3.91 (m, 2
H), 3.82 (s, br, 1 H), 3.49-3.40 (m, 2 H), 2.61-(#, 2 H), 2.11 (s, 3 H), 1.95-1.72
(m, 2 H), 1.44 (s, 9 H!*C NMR (100 MHz, CDGJ) & 155.5, 134.5, 117.0, 79.2, 72.1,
71.7, 49.7, 31.9, 30.7, 28.3, 15.5; IR (film) 334714 cm% MS (ESI) 298.1445

(298.1453 calcd for GH2sNOsS, M + Na).

]IBOC
HN
\\L j/\OBn
0

(11d). General Procedure 1 was conducted dR-tért-butyl 1-(benzyloxy)-3-

(+)-(R)-tert-Butyl 1-(allyloxy)-3-(benzyloxy)propan-2-ylcarbamde

hydroxypropan-2-ylcarbamate8d (2.00 g, 7.11 mmol) using NaBu (1.1 equiv) in
place of sodium hydride. This modified procedureggthe title compound (1.66 g, 73%)
as a colorless oil after purification by chromatggry with 5% EtOAc/hexanes as the
eluant. p]*5 + 2.6 € = 2.93, CHCl,). 'H NMR (400 MHz, CDC})  7.37-7.24 (m, 5
H), 5.92-5.81 (m, 1 H), 5.28-5.21 (m, 1 H), 5.133&(m, 1 H), 4.92 (s, br, 1 H), 4.52
(s, 2 H), 4.03-3.84 (m, 3 H), 3.64-3.45 (m, 4 H¥41(s, 9 H);**C NMR (100 MHz,
CDCl) 6 155.4, 138.2, 134.6, 128.3, 127.6, 127.5, 116093,773.1, 72.0, 68.9, 68.8,
49.7, 28.3; IR (film) 3345, 1714 ¢ MS (ESI) 344.1833 (344.1838 calcd for

CigH27NOy4, M + Na+)
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]IBOC
HN
\ﬁ\ ~ "NBn
6]
(-)-(S)-tert-Butyl 1-(allyloxy)-3-(1-benzyl-1H-indol-3-

yl)propan-2-ylcarbamate (11e).General Procedure 1 was conductede(3.00 g, 7.88
mmol), and gave the title compound (2.37 g, 71%A aslorless oil after purification by
chromatography using 10% EtOAc/hexanes as the eljiaf’, — 10.4 ¢ = 0.96,
CH,Cl,). *H NMR (400 MHz, CDCJ) 6 7.70 (d,J = 7.8 Hz, 1 H), 7.28-7.18 (m, 4 H),
7.18-7.02 (m, 4 H), 6.94 (s, 1 H), 5.93-5.82 ({)15.28-5.19 (m, 3 H), 5.16-5.11 (m,
1 H), 4.99-4.89 (m, 1 H), 4.04 (s, br, 1 H), 3.9843(m, 2 H), 3.39-3.29 (m, 2 H),
3.10-2.95 (m, 2 H), 1.42 (s, 9 H); °C NMR (100 MHz, CDGJ) & 155.4, 137.5, 136.4,
134.6, 128.6, 128.5, 127.4, 126.7, 126.6, 121.6,211119.0, 116.8, 111.4, 109.4, 78.9,
71.9, 70.2, 50.8, 49.7, 28.3, 27.0; IR (film) 342509 crii’; MS (ESI) 443.2314

(443.2311 calcd for §gH3oN204, M + Na).

.

on 1-(phenylamino)butan-24I(1.00 g, 6.05 mmol) using THF as solvent. This ified

Et (£)-N-[2-(Allyloxy)butyl]aniline (18). General Procedure 1 was conducted

procedure gave the title compound (0.639 g, 51%4 gsllow oil after purification by
chromatography with 5% EtOAc/hexanes as the eldahtNMR (400 MHz, CDCJ) &

7.21-7.14 (m, 2 H), 6.74-6.67 (m, 1 H), 6.66-6.59, ¢ H), 5.99-5.87 (m, 1 H),
5.32-5.24 (m, 1 H), 5.20-5.14 (m, 1 H), 4.10-3.94, 8 H), 3.57-3.48 (m, 1 H),
3.33-3.23 (m, 1 H), 3.13-3.04 (m, 1 H), 1.74-1.62 2 H), 0.96 (tJ = 7.4 Hz, 3 H);

13C NMR (100 MHz, CDGJ) § 148.4, 135.1, 129.2, 117.4, 116.9, 113.0, 78.2, 5.2,
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25.0, 9.8; IR (film) 3402, 1604 ¢th MS (ESI) 206.1535 (206.1545 calcd fors819NO,

M + H).
F{:oc Ar
3 AN R 1) TFA, CH,Cl, N HN. R
\L ]’ 2) ArBr, NaOtBu, Toluene, 1 mol % Pd,(dba), \L j/
o 4 mol % (o-biphenyl)PtBu, OR 2 mol % (+)-BINAP OR o)
8 mol % P(tBu);*HBF,

General Procedure 2: Conversion ofN-Boc-2-(allyloxy)ethylamines to N-aryl-2-
(allyloxy)ethylamines. A flame-dried flask was cooled under a streamitbgen and
charged with theN-Boc-2-(allyloxy)ethylaming(1.0 equiv) and a sufficient volume of
CH.Cl, to provide a 2 M solution. The resulting solutisis cooled to 0 °C in an
ice/H,O bath and an equal volume of trifluoroacetic asids added dropwise. The
solution was warmed to rt and stirred until thetstg material was consumed as judged
by TLC analysis (ca. 1 h). The reaction was comeded in vacuo, then azeotroped twice
with toluene to remove any remaining trifluoroacetiacid. The crude 2-
(allyloxy)ethylammonium trifluoroacetate was immatdily carried on without further

purification.

A Schlenk tube was evacuated, flame dried, andfilackwith nitrogen. The tube was
charged with Na@u (2.4 equiv), Pgdba) (1 mol % complex, 2 mol % Pd), and either
(o-biphenyl)P{-Bu), (4 mol %), (£)-BINAP (2 mol %), or BBu)s*HBF, (8 mol %). The
tube was then evacuated and backfilled with nitnpgend the aryl bromide (1.0 equiv)
and a 0.5 M solution of the 2-(allyloxy)ethylammomi trifluoroacetate (1.0 equiv) in

toluene were added (aryl bromides that were s@td®om temperature were added as
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solids following the addition of NaBu). The mixture was heated to 50-80 °C with
stirring until the amine was consumed as judge&&Byanalysis (12—-18 h). The mixture
was cooled to rt, diluted with ether (5 mL), fiker through Celite, and concentrated in

vacuo. The crude product was purified by flash ptatmgraphy on silica gel.

s

employed for the coupling dfla (278 mg, 1.29 mmol), and bromobenzene usmg (

(-)-(9)-N-[1-(Allyloxy)propan-2-yl]aniline (9a). General Procedure 2 was

biphenyl)P{-Bu), as ligand and a reaction temperature of 50 °Cs plocedure gave the
titte compound (180 mg, 73%) as a light yellowatler purification by chromatography
with 7.5% EtOAc/hexanes as the eluant. The enamtiypwas judged to be 99% ee by
chiral hplc analysis (chiralcel OD column, 0.5%pgeapanol/hexanes, 2.0 mL/min, RT =
5.71 min and 8.39 min)p]*; — 9.0 € = 0.30, CHCI,). *H NMR (400 MHz, CDC}) &
7.18-7.11 (m, 2H), 6.70-6.65 (m, 1H), 6.63-6.58 (m, 2H), 5.96-5.84 (m, 1H),
5.30-5.22 (m, 1 H), 5.20-5.14 (m, 1 H), 4.01-3.86 2 H), 3.78 (s, br, 1 H), 3.71-3.61
(m, 1 H), 3.48 (ddJ = 4.4, 9.3 Hz, 1 H), 3.40 (dd,= 5.3, 9.3 Hz, 1 H), 1.23 (d,= 6.4

Hz, 3 H);*C NMR (100 MHz, CDCJ) § 147.4, 134.7, 129.3, 117.3, 117.0, 113.4, 73.5,
72.2, 48.3, 18.1; IR (film) 3401, 1603 cmMS (ESI) 214.1204 (214.1208 calcd for

CioH17/NO,M + Na+).

ITMP
L
O

General Procedure 2 was employed for the couplinblb (1.00 g, 3.43 mmol) with 4-

(2)-N-[1-(Allyloxy)-3-phenylpropan-2-yl]-4-methoxyaniline (9b).

bromoanisole using ttert-butylphosphonium tetrafluoroborate as ligand arréaction
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temperature of 40 °C. This procedure gave theddlapound (581 mg, 57%) as a yellow
oil after purification by chromatography with 5%#c/hexanes as the eluafit NMR
(400 MHz, CDC}) & 7.32-7.26 (m, 2 H), 7.24-7.18 (m, 3 H), 6.82-6(7§ 2 H),
6.65-6.60 (M, 2 H), 5.98-5.87 (m, 1 H), 5.31-5.8% { H), 5.21-5.16 (m, 1 H), 3.98
(d, J = 5.6 Hz, 2 H), 3.75 (s, 3 H), 3.72-3.63 (m, 1 B)39 (d,J = 4.0 Hz, 2 H),
2.98-2.85 (m, 2 H)**C NMR (100 MHz, CDGJ) § 152.1, 141.1, 138.6, 134.6, 129.3,
128.2,126.1, 116.7, 115.0, 114.8, 71.9, 70.0,,559, 37.0; IR (film) 3386, 2932, 1513

cm; MS (ESI) 298.1794 (298.1807 calcd fofg8,3NOz, M + H).

]I3h
ASS
O

Procedure 2 was employed for the coupling ldfb (1.50 g, 5.15 mmol) with

(-)-(9)-N-[1-(Allyloxy)-3-phenylpropan-2-ylJaniline  (9c). General

bromobenzene using (x)-BINAP as ligand and a reactemperature of 80 °C. This
procedure gave the title compound (806 mg, 59%8 ssllow oil after purification by
chromatography with 5% EtOAc/hexanes as the eljialft, — 42.9 € = 0.92, CHCL,).

'H NMR (400 MHz, CDC}) & 7.33-7.28 (m, 2 H), 7.23 (d,= 7.5 Hz, 3 H), 7.21-7.16
(m, 2 H), 6.73-6.68 (m, 1 H), 6.68-6.63 (m, 2 HP&-5.88 (m, 1 H), 5.31-5.25 (m, 1
H), 5.21-5.17 (m, 1 H), 4.04-3.91 (m, 3 H), 3.873(m, 1 H), 3.45-3.37 (M, 2 H),
3.00-2.88 (m, 2 H)**C NMR (100 MHz, CDGJ)) & 147.1, 138.5, 134.6, 129.4, 129.3,
128.4, 126.3, 117.4, 117.0, 113.5, 72.2, 70.0,,5841; IR (film) 3406, 1602 ciy MS

(ESI) 268.1690 (268.1701 calcd fogg821NO,M + H™).
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0 (-)-(S)-N-[1-(Allyloxy)-4-(methylthio)butan-2-yl]aniline  (9d).
General Procedure 2 was employed for the couplintlo (165 mg, 0.60 mmol), with
bromobenzene using-piphenyl)P{-Bu), as ligand and a reaction temperature of 50 °C.
This procedure gave the title compound (107 mg, )78% a light amber oil after
purification by chromatography using 5% EtOAc/hessas the eluani]?*; — 31.8 € =
0.76, CHCL,). *H NMR (400 MHz, CDCJ) 6 7.19 (t,J = 7.9 Hz, 2 H), 6.75-6.69 (m, 1
H), 6.69-6.65 (m, 2 H), 5.98-5.86 (m, 1 H), 5.32%(m, 1 H), 5.23-5.18 (m, 1 H),
4.01 (d,J = 5.3 Hz, 2 H), 3.85 (s, br, 1 H), 3.77-3.70 (nH) 3.56 (dd,) = 3.6, 9.4 Hz,
1 H), 3.49 (ddJ = 5.1, 9.4 Hz, 1 H), 2.71-2.58 (m, 2 H), 2.1234), 2.09-1.96 (m, 1
H), 1.93-1.82 (m, 1H); **C NMR (100 MHz, CDG)) & 147.3, 134.5, 129.1, 117.2,

116.8, 113.2, 72.0, 71.1, 51.6, 31.4, 30.9, 1F4{fllm) 3391, 1602 ci#; MS (ESI)

252.1419 (252.1422 calcd forE,;NOS,M + H™).

p -Cl-Plll
HN

\\L :(\OBn
(0)

(9e). General Procedure 2 was employed for the coumingld (1.50 g, 4.67 mmol)

(+)-(R)-N-[1-(Allyloxy)-3-(benzyloxy)propan-2-yl]-4-chloroaniline

with 4-chlorobromobenzene using (x)-BINAP as ligamtl a reaction temperature of 80
°C. This procedure gave the title compound (910 ®8f6) as a yellow oil after
purification by chromatography with 5% EtOAc/hexarss the eluanta]*%s + 2.8 € =
0.95, CHCl,). *H NMR (400 MHz, CDC}) § 7.38-7.27 (m, 5 H), 7.11-7.06 (m, 2 H),
6.56-6.50 (M, 2 H), 5.94-5.82 (m, 1 H), 5.26 (dlg, 1.6, 17.2 Hz, 1 H), 5.20-5.16 (m, 1

H), 4.54 (s, 2 H), 4.12-4.06 (m, 1 H), 3.98 @& 1.6, 5.5 Hz, 2 H), 3.68-3.51 (m, 5 H);
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13C NMR (100 MHz, CDGJ) & 145.7, 138.1, 134.5, 129.1, 128.4, 127.7, 12728,9,
117.1, 114.3, 73.3, 72.2, 68.8, 68.7, 52.8; IRM(fiB414, 1600 ciil; MS (ESI) 332.1403

(332.1417 calcd for gH2:CINO,, M + Na).

m-CN. —Pl’ll

HN
\\L ~ "NBn
(¢
(-)-(9)-3-[1-(Allyloxy)-3-(1-benzyl-1H-indol-3-yl)propan-2-

ylamino]benzonitrile (9f). General Procedure 2 was employed for the couminble
(249.6 mg, 0.593 mmol), with 3-bromobenzonitrilengs(+)-BINAP as ligand and a
reaction temperature of 80 °C. This procedure ghegditle compound (151.0 mg, 60%)
as a yellow oil after purification by chromatogrgphith 7.5% EtOAc/hexanes as the
eluant followed by heating under vacuum in a Kugfgirapparatus (185 °C, 0.3 Torr) to
remove hydrocarbon impuritiesu]f*s — 45.4 € = 0.53, CHCl,). *H NMR (400 MHz,
CDCl) § 7.62 (d,J = 7.8 Hz, 1 H), 7.32-7.24 (m, 4 H), 7.23-7.11 @H), 7.10-7.06
(m, 2 H), 6.95-6.90 (m, 2 H), 6.81-6.73 (m, 2 HPA-5.85 (m, 1 H), 5.32-5.23 (m, 3
H), 5.21-5.16 (m, 1 H), 4.18 (d,= 8.5 Hz, 1 H), 3.99-3.95 (m, 2 H), 3.88-3.79 (m,
H), 3.49-3.39 (m, 2H), 3.16-3.03 (m, 2H); **C NMR (100 MHz, CDGJ) & 147.6,
137.4, 136.5, 134.4, 129.9, 128.7, 128.5, 127.6,8,226.7, 121.9, 120.4, 119.4, 119.3,
118.8, 117.4, 117.2, 115.4, 112.8, 110.8, 109.71,720.3, 53.0, 49.8, 26.5; IR (film)

3391, 2227, 1602 cih MS (ESI) 444.2053 (444.2052 calcd fofg8,NsO,M + N&).
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mmol) in THF (16 mL) cooled to 0 °C under nitrogeith stirring. Solid NaH (216 mg,

cis-2-(allyloxy)cyclohexylaniline (14a).A solution of S4 (764 mg, 4.0

5.6 mmol, 60% suspension in mineral oil) was adsledvly and the resulting mixture
was stirred for 30 minutes at 0 °C. Allyl bromid&4 mL, 4.4 mmol) was added, and the
mixture was warmed to rt. After the starting matehad been completely consumed as
judged by TLC analysis, the reaction mixture wagmpned with saturated aqueous
NH,Cl and transferred to a separatory funnel. Theuméxtvas extracted with EtOAc (3 X
15 mL), and the combined organic layers were wastigdbrine, dried over anhydrous
NaSO, filtered, and concentrated vacuo The crude product was purified by flash
chromatography on silica gel using 2% EtOAc/hexameshe eluant to afford 610 mg
(66%) of the title compound as an amber dH NMR (400 MHz, CDCY) & 7.20-7.13
(m, 2 H), 6.70-6.60 (m, 3 H), 5.98-5.86 (m, 1 HR155.24 (m, 1 H), 5.17-5.12 (m, 1
H), 4.16-4.03 (m, 2 H), 3.93-3.86 (m, 1 H), 3.7663(m, 1 H), 3.45-3.37 (m, 1 H),
2.05-1.97 (m, 1 H), 1.81-1.68 (m, 2 H), 1.67-1.50 2 H), 1.48-1.26 (m, 3 H}*C
NMR (100 MHz, CDC}) 6 147.4, 135.4, 129.2, 117.0, 116.2, 113.6, 75.55,688.7,
28.3, 27.4, 24.2, 20.2; IR (film) 3402, 1505¢nMS (ESI) 232.1707 (232.1701 calcd for

C15H21NO, M + I—F)

Il’h
\W\HN
O II

(phenylamino)cyclohexardl (500 mg, 2.62 mmol) to the title compound was

"~ trans-2-(allyloxy)cyclohexylaniline (14b)*® The conversion otrans2-

accomplished using a procedure analogous to theridbed above for the synthesis of
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14a This procedure afforded 578 mg (95%) of the tdtempound as an amber oil.
Spectroscopic properties were consistent with thegerted in the literatur.
D

o trans-2-(allyloxy)cyclopentylaniline (14c) The conversion oftrans2-
(phenylamino)cyclopentarf§l (500 mg, 2.82 mmol) to the title compound was
accomplished using a procedure analogous to theridbed above for the synthesis of
14a This procedure afforded 535 mg (87%) of the tittenpound as an amber oiH
NMR (400 MHz, CDC}) & 7.19-7.10 (m, 2 H), 6.71-6.57 (m, 3 H), 5.98-51831 H),
5.26 (dd,J = 1.6, 17.2 Hz, 1 H), 5.13 (d,= 10.0 Hz, 1 H), 4.04-3.89 (m, 2 H), 3.74-
3.65 (m, 2 H), 3.48 (s, br, 1 H), 2.25-2.10 (m,)1 H87-1.59 (m, 4 H), 1.43-1.30 (m, 1
H); **C NMR (100 MHz, CDGJ) 4 147.6, 135.0, 129.0, 117.0, 116.4, 113.0, 84.9,69
59.8, 31.5, 30.0, 21.7; IR (film) 3404 cmMS (ESI) 218.1543 (218.1545 calcd for

CisH10NO, M + I—F)

Il’h

O

O cis-2-(allyloxy)cyclopentylaniline (14d).The conversion 086 (532 mg, 3
mmol) was accomplished using a procedure analogwmiisat described above for the
synthesis ofl4a This procedure afforded 601 mg (92%) of the tdtempound as an
amber oil.™H NMR (400 MHz, CDC}) 8 7.19-7.13 (m, 2 H), 6.70-6.59 (m, 3 H), 5.95—
5.82 (m, 1 H), 5.26 (dg} = 1.6, 15.3 Hz1 H), 5.15 (dg,) = 1.5, 9.0 Hz, 1 H), 4.34 (s, br,
1 H), 4.05-3.98 (m, 1 H), 3.96-3.89 (m, 2 H), 3365 (m, 1 H), 2.07-1.94 (m, 1 H),

1.88-1.76 (m, 3 H), 1.71-1.51 (m, 2 H§C NMR (100 MHz, CDGJ) & 148.0, 135.0,
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129.2, 116.9, 116.7, 113.3, 79.9, 70.3, 56.1, 2208}, 20.3; IR (film) 3401, 1602, 1505

cmt; MS (ESI) 240.1366 (240.1364 calcd for8:0NO, M + N&).

General Procedure 4: Synthesis of Morpholines viad?Catalyzed Carboamination.

A Schlenk tube was evacuated, flame dried, andfileckwith nitrogen. The tube was
charged with Pd(OAeg)(2.3 mg, 0.01 mmol), P(2-furgl)(9.3 mg, 0.04 mmol), and
NaQBu (96.1 mg, 1.0 mmol). The tube was evacuatedbacdfilled with nitrogen, then
the aryl bromide (1.0 mmol) and a solution of tharee substrate (0.50 mmol) in toluene
(2.25 mL) were added to the schlenk tube (aryl hdes) that were solids at room
temperature were added as solids following thetexiddf NaQBu). The mixture was
heated to 105 °C with stirring until the substnates consumed as judged by GC analysis
(12-18 h). The reaction mixture was cooled to dergghed with saturated aqueous
NH4CI (3 mL), and extracted with EtOAc (3 x 3 mL). Tbembined organic layers were
concentrated in vacuo and the crude product wasigtliby flash chromatography on

silica gel.

li‘h
©/\EN j/ Bn
(0)

(10a). General Procedure 4 was employed for the coumin2-bromotoluene witt9c.

(-)-(35,5R)-3-Benzyl-5-(2-methylbenzyl)-4-phenylmorpholine

This procedure gave the title compound (121 mg, 688 yellow oil after purification
by chromatography with 5% EtOAc/hexanes as thenelddnis material was judged to be
of >20:1 dr by'H NMR analysis before and after purification]¥, - 3.1 € = 1.20,

CH:Clp). 'H NMR (400 MHz, CDC)) § 7.43-7.37 (m, 2 H), 7.31-7.14 (m, 7 H),
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7.14-7.07 (m, 4 H), 7.07-7.00 (m, 1 H), 3.71 (@d,5.4, 11.5 Hz, 1 H), 3.66-3.46 (m, 5
H), 2.81-2.66 (m, 4 H), 2.23 (s, 3 H'C NMR (100 MHz, CDCJ)  147.5, 138.9,

137.0, 136.5, 130.4, 129.6, 129.5, 129.1, 128.5,3,2126.3, 125.9, 121.7, 119.6, 69.6,
69.6, 57.9, 56.9, 37.0, 33.6, 19.6; IR (film) 1508 MS (ESI) 358.2174 (358.2171

calcd for GsHo/NO,M + H).

Il’h
oy
1Bu (@)

phenylmorpholine (10b). General Procedure 4 was employed for the couping-

(+)-(3R,59)-3-(4+ert-Butylbenzyl)-5-methyl-4-

bromo-4tert-butylbenzene witt®a. This procedure gave the title compound (88.7 mg,
55%) as a yellow oil after purification by chromgitaphy with 5% EtOAc/hexanes as the
eluant. This material was judged to be of >20:bylfH NMR analysis before and after
purification. The enantiopurity was judged to b&®8e by chiral hplc analysis (chiralcel
OD column, 0.05% isopropanol/hexanes as the elGa2é, mL/min, RT = 51.29 min and
63.38 min), §]%% + 112.1 ¢ = 0.90, CHCI,). *H NMR (500 MHz, CDCY) § 7.37-7.32
(m, 2 H), 7.29-7.25 (m, 2 H), 7.15-7.11 (m, 2 HP6~7.01 (m, 3 H), 3.79 (dd,= 3.4,
11.1 Hz, 1 H), 3.68-3.59 (m, 2 H), 3.56 (dds 6.4, 11.1 Hz, 1 H), 3.47-3.40 (m, 1 H),
3.40-3.32 (m, 1 H), 2.62 (dd,= 3.0, 13.6 Hz, 1 H), 2.47 (dd,= 10.8, 13.6 Hz, 1 H),
1.29 (s, 9 H), 0.96 (d = 6.5 Hz, 3 H);"*C NMR (100 MHz, CDGJ) & 149.0, 148.0,
135.9, 129.2, 128.7, 125.3, 122.5, 121.6, 73.Q,,A8B.7, 52.7, 36.3, 34.3, 31.3, 16.4; IR

(film) 1598 cn’; MS (ESI) 324.2330 (324.2327 calcd for8,NO,M + HY).
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General Procedure 4 was employed for the coupling-liromostyrene (2.0 mmol, 4

(+)-(3R,59)-3-Cinnamyl-5-methyl-4-phenylmorpholine  (10c).

equiv) with9a using 4 equiv of Na@®u and a catalyst composed of Pd(OA@).5 mg,
0.02 mmol, 4 mol %), and P(2-furylf18.6 mg, 0.08 mmol, 16 mol %). This modified
procedure gave the title compound (70 mg, 47%) dexrla amber oil after purification by
chromatography with 5% EtOAc/hexanes as the elddms. material was judged to be of
>20:1 dr by'H NMR analysis before and after purification] ¥, + 48.3 ¢ = 1.50,
CH,Cl,). '"H NMR (500 MHz, CDC}) § 7.35-7.30 (m, 2 H), 7.30-7.24 (m, 4 H),
7.22-7.15 (m, 1 H), 7.12-7.03 (m, 3 H) 6.29J¢; 15.8 Hz, 1 H), 6.05 (df,= 7.3, 15.8
Hz, 1 H), 3.86 (ddJ = 7.3, 15.8 Hz, 1 H), 3.80 (dd,= 7.3, 15.8 Hz, 1 H), 3.64 (dd,=
7.3, 11.4 Hz, 1 H), 3.50 (dd,= 7.3, 11.2 Hz, 1 H), 3.38.26 (m, 2H), 2.18 (t,J = 6.8
Hz, 2 H), 0.86 (dJ = 6.5 Hz, 3 H)*C NMR (100 MHz, CDCJ) § 148.1, 137.3, 132.1,
129.1, 128.4, 127.1, 126.7, 125.9, 123.2, 122.71,780.7, 57.3, 53.4, 34.2, 16.2; IR

(film) 1598 cm™ MS (ESI) 294.1858 (294.1858 calcd fosg8,sNO,M + H*).

]IDMP
JPRGS
O

methylbenzyl)morpholine (10d).General Procedure 4 was employed for the coupling

(#)-(35*,5R*)-3-Benzyl-4-(4-methoxyphenyl)-5-(4-

4-bromotoluene witl®b on a 0.30 mmol scale. This procedure gave theddlapound
(27 mg, 23%) as a yellow oil after purification bghromatography with 5%
EtOAc/hexanes as the eluant. This material waseddg be of >20:1 dr bjH NMR

analysis before and after purificatidii NMR (400 MHz, CDCJ) § 7.27-7.19 (m, 4 H),
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7.17-7.12 (m, 1 H), 7.05-7.00 (m, 4 H), 6.99-6.84 2 H), 6.93-6.89 (m, 2 H), 3.83 (s,
3 H), 3.67 (dtJ = 2.8, 11.3 Hz, 2 H), 3.49-3.43 (m, 2 H), 3.3243(t, 2 H), 2.67-2.57
(m, 2 H), 2.37-2.26 (m, 5 H}C NMR (100 MHz, CDGJ) 6 156.7, 141.3, 138.7, 135.6,
135.6, 129.0, 129.0, 128.8, 128.3, 126.1, 125.8,61771.1, 71.1, 61.4, 61.3, 55.5, 37.2,
36.8, 21.0; IR (film) 3436, 2924, 1509 cINMS (ESI) 388.2280 (388.2277 calcd for

CosHooNOo, M + H+).

]ljh
MeO \©/\EN j’ Bn
(0)

phenylmorpholine (10e).General Procedure 4 was employed for the couming3-

(+)-(3S,5R)-3-Benzyl-5-(3-methoxybenzyl)-4-

bromoanisole with9c. This procedure gave the title compound (96.4 BR§6) as a
yellow oil after purification by chromatography wi6% EtOAc/hexanes as the eluant.
This material was judged to be of >20:1 dr By NMR analysis before and after
purification. ]%p + 3.5 € = 1.28, CHCl,). *H NMR (500 MHz, CDCY) § 7.41 (t,J =
7.5 Hz, 2 H), 7.30 (J = 7.5 Hz, 2 H), 7.25-7.18 (m, 4 H), 7.15 {ds 7.8 Hz, 2 H), 6.97
(t, J= 7.3 Hz, 1 H), 6.82 (d] = 7.5 Hz, 1 H), 6.79-6.74 (m, 2 H), 3.84-3.76 &rH),
3.62-3.53 (m, 4 H), 2.83-2.76 (m, 4 H}C NMR (100 MHz, CDG)) & 159.7, 147.1,
140.7, 139.1, 129.6, 129.5, 129.2, 128.6, 126.3,5.2120.1, 116.9, 115.1, 111.4, 68.8,
68.7, 56.3, 56.2, 55.1, 36.6, 36.6; IR (film) 1588 MS (ESI) 374.2117 (374.2120

calcd for GsHa7/NO2, M + HY).

ll’h
ISAGH
MeO o

phenylmorpholine (10f). General Procedure 4 was employed for the couping4-
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bromoanisole wit®c. This procedure gave the title compound (96 m@p)pas a yellow
oil after purification by chromatography with 5% @Ac/hexanes as the eluant. This
material was judged to be of >20:1 dr Y NMR analysis before and after purification.
[a]?%5 + 11.9 € = 0.71, CHCL,). 'H NMR (400 MHz, CDC}) & 7.46-7.39 (m, 2 H),
7.35-7.29 (m, 2 H), 7.27-7.21 (m, 3 H), 7.18-7.4% 4 H), 6.98 (tJ = 7.3 Hz, 1 H),
6.89-6.84 (m, 2H), 3.86-3.76 (M, 5H), 3.63-3.50 (M, 4H), 2.872.73 (m, 4H); **C
NMR (100 MHz, CDC}) 6 158.1, 147.2, 139.1, 131.1, 130.1, 129.6, 1298,6l, 126.3,
120.0, 116.9, 114.0, 68.7, 56.5, 56.3, 55.2, 3B56/. (two aliphatic carbon signals are
incidentally equivalent); IR (film) 1597 cth MS (ESI) 374.2113 (374.2120 calcd for
CasHo/NO2, M + HY).

]I3h

o

phenylmorpholine (10g). General Procedure 4 was employed for the couptihg

(+)-(3R,59)-3-Benzyl-5-[2-(methylthio)ethyl]-4-

bromobenzene wit®d. This procedure gave the title compound (100 mgppas a
yellow oil after purification by chromatography wiil0% EtOAc/hexanes as the eluant.
This material was judged to be of >20:1 dr by NMR analysis before and after
purification. p]*%; + 122.9 ¢ = 0.88, CHCI,). *H NMR (500 MHz, CDCJ) § 7.37-7.31
(m, 2 H), 7.28 (tJ =7.5 Hz, 2 H), 7.22-7.15 (m, 3 H), 7.10 {d5 7.9 Hz, 2 H), 6.94 (t,
J=7.3 Hz, 1 H), 3.843.70 (m, 3H), 3.58-3.49 (m, 3H), 2.75-2.63 (m, 2H), 2.58-2.51
(m, 1 H), 2.432.36 (m, 1H), 2.02 (s, 3 H), 1.971.87 (m, 1H), 1.76-1.67 (m, 1H); **C

NMR (100 MHz, CDCY4) 6 147.2, 139.0, 129.5, 129.1, 128.5, 126.3, 12Q1%,7, 69.5,
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68.9, 56.8, 53.9, 36.6, 31.3, 29.1, 15.5; IR (filt§98 cm’ MS (ESI) 328.1725

(328.1735 calcd for £5H2sNOS,M + Na).

p-Cl-Ph
N
jopeg.
(0)

methylbenzyl)morpholine (10h).General Procedure 4 was employed for the coupling

(+)-(3S,5R)-3-(Benzyloxymethyl)-4-(4-chlorophenyl)-5-(4-

4-bromotoluene witf®e This procedure gave the title compound (108 nigpphas an
amber oil after purification by chromatography witth% EtOAc/hexanes as the eluant.
This material was judged to be of >20:1 dr by NMR analysis before and after
purification. ] %5 + 136.8 ¢ = 0.93, CHCl,). *H NMR (500 MHz, CDCJ) 5 7.38-7.22
(m, 7 H), 7.147.06 (m, 4H), 6.87-6.83 (m, 2H), 4.56 (dJ = 11.9 Hz, 1 H), 4.49 (d,=
11.9 Hz, 1 H), 4.154.09 (m, 1H), 3.84-3.79 (m, 1H), 3.76-3.66 (m, 2H), 3.61-3.55
(m, 1 H), 3.52-3.46 (m, 2 H), 3.42-3.37 (m, 1 HE®(d,J = 7.6 Hz, 2 H), 2.32 (s, 3 H);
13C NMR (100 MHz, CDGJ) & 145.5, 138.0, 136.0, 135.4, 129.4, 129.4, 1298,4]
127.8, 127.6, 123.7, 115.8, 73.4, 68.3, 67.8, 64N, 53.2, 35.7, 21.0; IR (film) 1595

cmh; MS (ESI) 422.1873 (422.1887 calcd forg8,6CINO,, M + H™).
m—CN—Plll
N
O ~ 'NBn
o
(+)-(3S,5R)-3-{3-[(1-Benzyl-1H-indol-3-yl)methyl]-5-
(naphthalen-2-ylmethyl)morpholino}benzonitrile (10i). General Procedure 4 was
employed for the coupling of 2-bromonaphthalenénh Wit This procedure gave the title
compound (159 mg, 58%) as a yellow solid after fmation by chromatography with
15% EtOAc/hexanes as the eluant followed by heatinder vacuum in a Kugelrohr
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apparatus (195 °C, 0.3 Torr) to remove hydrocaibgurities. This material was judged
to be of >20:1 dr byH NMR analysis before and after purification. mg&-87 °C;
[a]® + 55.5 € = 1.18, CHCL,). *H NMR (500 MHz, CDC}) § 7.85-7.79 (m, 3 H),
7.77-7.72 (m, 2 H), 7.50-7.40 (m, 4 H), 7.33-7.49 8 H), 7.13-7.08 (m, 3 H), 7.05 (s,
1 H), 5.26 (s, 2 H), 4.09 (d,= 11.5 Hz, 1 H), 3.99 (d] = 11.5 Hz, 1 H), 3.69 (d] =
11.2 Hz, 2 H), 3.51 (ddd,= 2.2, 11.7, 26.1 Hz, 2 H), 3.33.21 (m, 2H), 3.06-2.89 (m,

2 H); *C NMR (100 MHz, CDG)) § 147.3, 137.3, 136.6, 135.9, 133.5, 132.2, 130.4,
128.7, 128.6, 128.0, 127.9, 127.6, 127.5, 127.3,2,226.7, 126.5, 126.3, 125.6, 122.1,
121.2, 119.6, 119.4, 118.7, 117.8, 116.9, 113.5,8,1109.9, 68.4, 67.6, 54.4, 54.0, 49.9,
36.6, 25.8; IR (film) 2228, 1596 ¢m MS (ESI) 570.2519 (570.2521 calcd for

C3gH33N30O,M + Na+).

l|3h

N Bn
@AE J

(0)

1,4-oxazine (12a).The title compound was isolated as a side produdhe above

(+)-(9)-3-Benzyl-5-(2-methylbenzyl)-4-phenyl-3,4-dihydrd2H-

reaction of9b with 2-bromotoluene (yellow oil,14.6 mg, 8%y, + 74.9 € = 1.02,
CH,Cl,). 'H NMR (400 MHz, CDCJ) 5 7.38-7.02 (m, 8 H), 7.01-6.91 (m, 2 H), 6.80—
6.74 (m, 2 H), 6.65-6.60 (M, 2 H), 6.23 (s, 1 HR9B(dd,J = 1.1, 10.4 Hz, 1 H), 3.72
(dd,J = 2.3, 10.4 Hz, 1 H), 3.47-3.39 (m, 2 H), 3.23X&; 15.2 Hz, 1 H), 2.78 (dd, =
9.6, 13.6 Hz, 1 H), 2.61-2.54 (m, 1 H), 2.15 ()3 °C NMR (100 MHz, CDG)) &
149.0, 139.6, 137.5, 136.6, 130.7, 130.2, 129.9,5,2128.9, 128.2, 126.3, 126.0, 125.7,
123.7, 122.7, 118.2, 64.1, 63.3, 36.2, 33.4, 1R3(film) 1658, 1596 cii: MS (ESI)

356.2012 (356.2014 calcd fopdBlosNO, M + H).
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Schlenk tube was evacuated, flame dried, and Bkckfwith nitrogen. The tube was

(5)-3,5-Dibenzyl-4-phenyl-3,4-dihydro-H-1,4-oxazine (12b).A

charged with [(IPr)Pd(acac)@[](15.7 mg, 0.025 mmol, 5 mol %), KBu (112 mg, 1.0
mmol), and phenanthrene (89.1 mg, 0.50 mmol, 1uvg@nd evacuated and backfilled
with nitrogen. Bromobenzene (1Q&, 1.0 mmol) and a solution &b (133.7 mg, 0.50
mmol) in toluene (1.25 mL, 0.4 M) were added to 8ehlenk tube. The mixture was
heated to 105 °C with stirring until the amine gtdite was consumed as judged by GC
analysis (15 h). The mixture was cooled to rt, qirexad with saturated aqueous MH (3
mL), and extracted with EtOAc (3 x 3 mL). The comdal organic layers were
concentrated in vacuo. A crude vyield of 79% wasuated as judged b{H-NMR
analysis with phenanthrene as an internal standéind crude product was purified by
flash chromatography on silica gel with 1.5% EtCO#{anes as the eluant to afford the
titte compound (97 mg, 57%) as a colorless oil.sTimaterial contained ca. 10% of an
unknown impurity as judged Y4 NMR analysis. This material readily decomposeson
TLC plate or in a chloroform solution open to at. NMR (400 MHz, CDCY) & 7.35-
7.16 (m, 8 H), 7.12-7.05 (m, 2 H), 7.04-6.98 (nH)1 6.81-6.73 (m, 2 H), 6.69-6.62
(m, 2 H), 6.42 (s, 1 H), 3.93 (dd= 1.3, 10.3 Hz, 1 H), 3.75 (dd,= 2.4, 10.2 Hz, 1 H),
3.51-3.41 (m, 2 H), 3.22 (d,= 14.8 Hz, 1 H), 2.76 (dd,= 9.4, 13.3 Hz, 1 H), 2.58 (dd,
J=5.1, 13.3 Hz, 1 H)**C NMR (100 MHz, CDGJ) 5 148.6, 140.0, 139.6, 129.9, 129.5,

129.0, 128.9, 128.2, 128.1, 126.1, 126.0, 123.8,712119.4, 64.2, 63.1, 36.2, 36.0; IR
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(film) 1658, 1596, 1492 ¢t MS (ESI) 342.1861 (342.1858 calcd f0548,3NO, M +

H).

Ph
SASe
0 (¥)-(3R*,4aS*,8aR*)-3-Benzyl-4-phenyloctahydro-H-

benzop][1,4]oxazine (15a).General Procedure 4 was employed for the coupdihg
bromobenzene withh4a (174 mg, 0.75 mmol). This procedure gave the ttdenpound
(150 mg, 65%) as white solid after purification hromatography with 2%
EtOAc/hexanes as the eluant. This material waseddg be of >20:1 dr bjH NMR
analysis before and after purification. m.p. 9688 *H NMR (400 MHz, CDC)) &
7.38-7.28 (m, 6 H), 7.26-7.20 (m, 1 H), 6.93-6183% H), 6.79-6.71 (m, 1 H), 4.04 (d,
J=12.0 Hz, 1 H), 3.73-3.53 (m, 4 H), 3.05J& 12.0 Hz, 1 H), 2.80 (d] = 13.0 Hz, 1
H), 2.08 (d,J = 14.0 Hz, 1 H), 1.95 (d = 12.0 Hz, 1 H), 1.86-1.49 (m, 5 H), 1.34-1.20
(m, 1 H);**C NMR (100 MHz, CDGJ) & 146.5, 139.9, 129.6, 129.3, 128.7, 126.3, 116.6,
111.8, 75.6, 67.8, 53.0, 37.2, 31.7, 25.4, 25.09 One aliphatic carbon signal is absent
due to incidental equivalence); IR(film) 1598, 1588 MS (ESI) 308.2011 (308.2014

calcd for GiH1sNO + HY).

Il’h
SAeS
O I"/

benzop][1,4]oxazine (15b) General Procedure 4 was employed for the coupdihg

(¥)-(3R*,4aS*,8aS*)-3-Benzyl-4-phenyloctahydro-2-

bromobenzene with4b (174 mg, 0.75 mmol). This procedure gave the tidenpound
(126 mg, 55%) as a white crystalline solid, afterification by chromatography with 2%

EtOAc/hexanes as the eluant. This material waseddg be of >20:1 dr bjH NMR
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analysis before and after purification. m.p. 128-2@;H NMR (400 MHz, CDC}) &
7.40-7.08 (m, 8 H), 6.99-6.91 (m, 2 H), 3.78)¢,11.3 Hz, 1 H), 3.48 (] = 10.3 Hz, 1
H), 3.37-3.24 (m, 2 H), 2.56 (d,= 13.0 Hz, 2 H), 2.21-2.09 @,= 11.7 Hz, 1 H), 1.92
(d, J = 10.3 Hz, 1 H), 1.68 (d] = 10.3 Hz, 1 H), 1.54 (d] = 11.7 Hz, 1 H), 1.42-1.20
(m, 3 H), 1.16-0.94 (m, 2 H}*C NMR (100 MHz, CDGJ) 5 148.7, 138.5, 129.1, 128.9,
128.2, 128.0, 126.3, 126.1, 80.8, 71.7, 66.6, 6&2/%, 31.3, 29.7, 24.6, 24.5; IR (film)

1488, 1448 cit; MS (ESI) 308.2018 (308.2014 calcd for8,sNO, M + H').

Il’h
SRS
o~ "

phenyloctahydrocyclopentap][1,4]oxazine (15c).General Procedure 4 was employed

(1)-(3R*,4aS*,7aS*)-3-benzyl-4-

for the coupling of bromobenzene withc (54 mg, 0.25 mmol). This procedure gave the
titte compound (52 mg, 71%) as yellow solid afterification by chromatography with
15% EtOAc/hexanes as the eluant. This material judged to be of >20:1 dr b{H
NMR analysis before and after purification.p. 84-86 °C*H NMR (400 MHz, CDC})

3 7.39-7.33 (m, 2 H), 7.30-7.26 (m, 2 H), 7.24-11283 H), 7.17-7.12 (m, 1 H), 7.04—
7.00 (m, 2 H), 3.87 (dd] = 3.1, 8.2 Hz, 1 H), 3.59-3.47 (m, 2 H), 3.30Jtt 3.6, 10.1
Hz, 1 H), 2.75-2.63 (m, 2 H), 2.23 (dbi= 3.8, 10.2 Hz, 1 H), 1.98-1.89 (m, 1 H), 1.69—
1.52 (m, 3 H), 1.37-1.29 (m, 2 HYC NMR (100 MHz, CDGJ) & 149.2, 138.6, 129.0,
128.9, 128.3, 126.5, 126.2, 126.0, 82.9, 72.8,,68.8, 36.6, 26.7, 26.2, 17.4; IR (film)

1597, 1492, 1126 ciy MS (ESI) 294.1844 (294.1858 calcd foig8,sNO, M + HY).
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o (1)-(3R*,4aS*,7aS*)-Phenyl 4-(4-
phenyloctahydrocyclopentap][1,4]oxazin-3-ylmethyl)phenyl ketone (15d).General
Procedure 4 was employed for the coupling of 4-lmoemzophenone with4c (163 mg,
0.75 mmol). This procedure gave the title compo(irtd mg, 51%) as yellow solid after
purification by chromatography with 15% EtOAc/heganas the eluant followed by
heating under vacuum in a Kugelrohr apparatus (180 0.3 Torr) to remove
hydrocarbon impurities. This material was judgedeoof >20:1 dr byH NMR analysis
before and after purificatiom.p. 84—86 °CH NMR (400 MHz, CDC{) & 7.78-7.74 (m,
2 H), 7.69-7.65 (m, 2 H), 7.60-7.54 (m, 1 H), 7484 (m, 2 H), 7.40-7.34 (m, 2 H),
7.30-7.25 (m, 2 H), 7.24-7.19 (m, 1 H), 7.15-7m0 2 H), 3.88 (ddJ = 3.3, 8.0 Hz, 1
H), 3.61-3.48 (m, 2 H), 3.40-3.31 (m, 1 H), 2.8852(m, 2 H), 2.37 (dd] = 4.0, 10.0
Hz, 1 H), 2.00-1.89 (m, 1 H), 1.70-1.56 (m, 3 HB&-1.29 (m, 2 H)**C NMR (100
MHz, CDCk) & 196.3, 149.1, 143.8, 137.7, 135.6, 132.3, 13023.9, 129.1, 128.8,
128.2, 126.5, 126.1, 82.9, 72.7, 68.6, 61.6, 3B6/6, 26.2, 17.4; IR (film) 1658, 1606

e MS (ESI) 398.2119 (398.2120 calcd forA8,NO,, M + HY).

]I3h

N
n AT LD
0
O (#)-(3R*,4aS*,7aR*)-Phenyl 4-(4-
phenyloctahydrocyclopentap][1,4]oxazin-3-ylmethyl)phenyl ketone (15e).General
Procedure 4 was employed for the coupling of 4-lmoemzophenone with4d (109 mg,

0.5 mmol). This procedure gave the title compoutislb(mg, 75%) as yellow oil after
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purification by chromatography with 10% EtOAc/heganas the eluant followed by
heating under vacuum in a Kugelrohr apparatus (360 0.3 Torr) to remove
hydrocarbon impurities. This material was judgedbéoof >20:1 dr byH NMR analysis
before and after purificatiotH NMR (400 MHz, CDCJ) & 7.83-7.77 (m, 4 H), 7.63-
7.56 (m, 1 H), 7.52—7.45 (m, 2 H), 7.44-7.40 (n{)27.37—7.30 (m, 2 H), 6.91 (d,=
8.3 Hz, 2 H), 6.79 (t) = 7.0 Hz, 1 H), 4.01-3.96 (m, 1 H), 3.89 {d= 11.6 Hz, 1 H),
3.83-3.68 (M, 2 H), 3.58-3.50 (m, 1 H), 3.11 (@&, 1.2, 13.0, 1 H), 2.95 (d,= 13.0, 1
H), 2.38-2.25 (m, 1 H), 2.12-1.86 (m, 3 H), 1.7801(m, 2 H);**C NMR (100 MHz,
CDCl) 6196.3, 147.1, 144.7, 137.7, 135.8, 132.3, 130.6.013129.6, 129.3, 128.3,
116.9, 111.9, 78.2, 66.0, 56.3, 52.7, 35.6, 31831,21.6; IR (film) 1658, 1597 cth MS

(ESI) 420.1925 (420.1939 calcd fopH,7N0,, M + Na&b).

ROP®

(17). General Procedure 4 was employed for the couming-bromobenzonitrile with

(1)-3-[(2-Methyl-4-phenylmorphlin-3-yl)methyl]benzonitrile

16. This procedure gave the title compound as arparséle mixture of diastereomers.
The crude material was judged to be of 1.3:1 drtyNMR analysis. Purification by
chromatography with 15% EtOAc/hexanes as the elgawe the title compound (65 mg,
45%) as a yellow oil. The pure material was judgete of 2:1 dr byH NMR analysis.
Major (cis) diastereomer:*H NMR (400 MHz, CDC}) § 7.37-7.28 (m, 3 H), 7.24-7.13
(m, 3 H), 6.78-6.69 (m, 3 H), 4.63.89 (m, 3H), 3.80 (dtJ = 3.3, 11.5 Hz, 1 H), 3.34
(dt,J=3.8,12.3 Hz, 1 H), 3.14 (dd= 3.3, 12.3 Hz, 1 H), 3.00 (dd= 6.2, 14.5 Hz, 1

H), 2.91 (dd,J = 6.2, 14.5 Hz, 1 H), 1.13 (d, = 6.6 Hz, 3 H);"*C NMR (100 MHz,
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CDCl;) 6 149.7, 141.6, 133.6, 132.7, 129.4, 129.3, 1291@.2, 118.8, 116.1, 111.9,
75.2, 66.8, 62.0, 41.6, 29.8, 18Minor (trans) diastereomer: *"H NMR (400 MHz,
CDCly) 5 7.49-7.29 (m, 6 H), 6.96-6.87 (m, 3 H), 4.02 (dt, 3.9, 11.3 Hz, 1 H), 3.84—
3.74 (m, 2 H), 3.56-3.50 (M, 1 H), 3.31-3.23 (nh})13.18-3.10 (M, 2 H), 2.71 (dd=
3.8, 13.6 Hz, 1 H), 1.38 (dl = 6.6 Hz, 3 H);*3C NMR (100 MHz, CDCJ) & 150.2,
140.8, 133.9, 132.7, 129.8, 129.1, 128.7, 120.8,711116.8, 112.3, 68.7, 67.9, 59.7,
43.9, 32.4, 16.9. IR (film) 2229, 1598 TINMS (ESI) 293.1656 (293.1654 calcd for

CioH20N20, M + I—F)

OTL

(19). General Procedure 4 was employed for the coumfrgrbromobiphenyl withl 8.

(¥)-5-(Biphenyl-4-ylmethyl)-2-ethyl-4-phenylmorphdine

This procedure gave the title compound as a selearalkxture of diastereomers. The
crude material was judged to be of 2:1 dr #y NMR analysis. Purification by
chromatography with -25% EtOAc/hexanes as the eluant gave the majoredesnher
trans19 (57.2 mg, 32%) and minor diastereonnex19 (30.1 mg, 17%) for a combined
total mass of 87.3 mg (49%, 2:1 dr). The separdiastereomers were each judged to be

of >20:1 dr by*H NMR analysis after purification.

SO

O /"EtMajor diastereomer: trans-5-(Biphenyl-4-ylmethyl)-2-ethyl-
4-phenylmorpholine trans-19); yellow oil; *"H NMR (400 MHz, CDC}) & 7.55 (d,J =
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7.6 Hz, 2 H), 7.47 (d] = 8.1 Hz, 2 H), 7.44-7.28 (m, 5 H), 7.23-7.13 thH), 7.08 (t.]

= 7.4 Hz, 1 H), 3.89 (dd] = 2.6, 11.2 Hz, 1 H), 3.71-3.62 (m, 1H), 3.49 (dd; 7.8,
11.3 Hz, 1 H), 3.45-3.37 (m, 1 H), 3.19 (dds 2.7, 11.7 Hz, 1 H), 2.83 (dd= 2.9,13.8
Hz, 1 H), 2.75 (dd) = 8.2, 11.9 Hz, 1 H), 2.52 (dd= 9.8, 13.8 Hz, 1 H), 1.71-1.57 (m,
1 H), 1.52-1.37 (m, 1 H), 0.93 &= 7.5 Hz, 3 H)*C NMR (100 MHz, CDGJ) § 151.1,
140.9, 139.1, 137.6, 129.5, 129.3, 128.7, 127.7,012126.9, 123.3, 122.5, 76.8, 68.5,
58.5, 57.4, 34.8, 25.5, 9.9; IR (film) 1598 ¢MS (ESI) 358.2164 (358.2171 calcd for

CosHo7NO, M + I-F)

Ph
oo
Ph o’

phenylmorpholine (cis-19), yellow solid, m.p. 125127 °C; *H NMR (500 MHz,

“EtMinor diastereomer: cis-5-(Biphenyl-4-ylmethyl)-2-ethyl-4-

CDCly) § 7.56 (d,J = 7.5 Hz, 2 H), 7.51 (d] = 7.9 Hz, 2 H), 7.42 (t) = 7.5 Hz, 2 H),
7.37-7.29 (m, 3H), 7.28-7.22 (m, 2H), 6.97 (d,J = 8.3 Hz, 2 H), 6.87 (1 = 7.2 Hz, 1
H), 3.93 (d,J = 11.4 Hz, 1 H), 3.84-3.77 (m, 1 H), 3.71-3.65 (nH), 3.56-3.48 (m, 1
H), 3.28 (ddJ = 2.8, 11.8 Hz, 1 H), 3.09 (dd,= 11.3, 12.8 Hz, 1 H), 2.88 @,= 11.3
Hz, 1 H), 2.62 (dJ = 12.8 Hz, 1 H), 1.78-1.67 (m, 1 H), 1.67-1.57 {nH), 1.06 (tJ) =
7.5 Hz, 3 H);*®*C NMR (100 MHz, CDGJ) § 149.4, 140.9, 139.0, 138.6, 129.8, 129.4,
128.7, 127.2, 127.1, 127.0, 118.9, 115.1, 77.21,,6¥7.2, 47.1, 30.7, 26.8, 9.9; IR (film)

1598 ¢, MS (ESI) 358.2171 (358.2171 calcd fossB,7NO M + HY).

Ligand Screen for the Synthesis of Morpholines vi#@d-Catalyzed Carboamination.

A Schlenk tube was evacuated, flame dried, andfileckwith nitrogen. The tube was
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charged with the appropriate palladium catalyst mrecatalyst, ligand (where
appropriate), phenanthrene (1.0 equiv) as an iaktestandard, and NaBu or KOBu

(2.0 equiv). The tube was evacuated and backfillgd nitrogen, then the aryl bromide
(2.0 equiv) and a solution of the amine substrat® €quiv) in toluene (0.4 M) were
added to the Schlenk tube. The mixture was heatd®% °C with stirring for 15 h. The
reaction mixture was cooled to rt, quenched wittursded aqueous N)EI (3 mL), and

extracted with EtOAc (3 x 3 mL). The combined origalayers were concentrated in
vacuo and the crude product mixture was analyzetHdyMR spectroscopy. Results are

shown Table 3-1.

Ph
HN :an
é/wo
(-)-(E)-(29)-N-(1-Phenyl-3-(3o-tolylallyloxy)propan-2-

yhaniline (13). Isolation of 13 from the mixtures described in Table 3-1 provedé¢o
difficult. As such, a sample df3 was prepared by a modification of General Procedur
A Schlenk tube was evacuated, flame dried, andfileckwith nitrogen. The tube was
charged with Pd(OAeg)2.3 mg, 0.01 mmol), dppf (4.4 mg, 0.04 mmol), &80, (212
mg, 1.0 mmol). The tube was evacuated and badkfilgth nitrogen, then 2-
bromotoluene (12@L, 1.0 mmol) and a solution &b (78 mg, 0.29 mmol) in toluene
(1.25 mL) were added to the Schlenk tube. The mextnas heated to 105 °C with
stirring until the substrate was consumed as judye®&C analysis (16 h). The reaction
mixture was cooled to rt, quenched with saturatpeeaus NHCI (3 mL), and extracted
with EtOAc (3 x 3 mL). The combined organic laygrsre concentrated in vacuo. The

crude oil was purified by flash chromatography dica gel using 5% EtOAc/hexanes as
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the eluant to afford the title compound (8 mg, 7%)a colorless oilo]*; — 21.7 ¢ =
0.69, CHCl,). *H NMR (400 MHz, CDCY) § 7.46—7.40 (m, 1 H), 7.32—7.12 (m, 10 H),
6.85-6.77 (m, 1 H), 6.73-6.69 (m, 1 H), 6.69-6:632 H), 6.17 (dtJ =6.2, 15.9 Hz, 1
H), 4.22-4.12 (m, 2 H), 3.96 (s, br, 1 H), 3.80k(s,1 H), 3.51-3.44 (m, 2 H), 3.03-2.90
(m, 2 H), 2.33 (s, 3 H)**C NMR (100 MHz, CDCJ) 5 147.1, 138.5, 135.7, 135.5, 130.4,
130.3, 129.4, 129.4, 128.4, 127.6, 127.2, 126.8,112125.8, 117.5, 113.5, 72.0, 69.8,
54.0, 37.2, 19.8; IR (film) 3404, 1601, cmMMS (ESI) 380.1986 (380.1990 calcd for

CosHo7NO, M + NaT)

Assignment of Stereochemistry

cis-3,5-Disubstituted morpholines derived from alanine methionine, and serineThe
stereochemistry of 5-methylmorpholid®b was assigned on the basis of 2D NOESY
experiments. The key nOe signals are shown beltw.stereochemistry of morpholines

10¢ and10g-hwere assigned based on analog¥Qb.

¢ Ph)
HJI H
Bu (@)

cis-3,5-Disubstituted morpholines derived from phenyl&nine, and tryptophan. Due

to overlap of key signals in th#d NMR spectra ofcis-3,5-disubstituted morpholines
derived from phenylalanine, the stereochemistrythefse compounds was established
through preparation of a 1:1.4 mixture ofs-isomer 10a and transisomer 25 via

hydrogenation of dihydro+2-1,4-oxazine 12a The stereochemistry oftrans
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disubstituted 3-benzylmorpholirZs was assigned on the basis of 2D NOESY and 1D
NOESY experiments. The key nOe signals are showowbd he stereochemistry afs-
disubstituted morpholin@0a was assigned by comparison2& The stereochemistry of

morpholineslOe—f and10i were assigned based on analog$Qa

Py u oy y g i
N_=Bn H,, PUC - NS LN
Ph + ‘ Ph
| MeOH, CH2C|2
a O 10a O 25 O

(35,59)-3-Benzyl-5-(2-methylbenzyl)-4-phenylmorpholine (8). A Schlenk tube was

evacuated, flame dried, and backfilled with hydmg&he tube was charged with
platinum (2 mg, 10 wt. % on activated carbon), tleMacuated and backfilled with
hydrogen four times. A solution dPa(14.6 mg, 0.04 mmol) in MeOH:CBlI, (2:1, 0.9
mL, 0.05 M) was added to the Schlenk tube. The unéxtvas stirred until the oxazine
was consumed as judged by GC analysis (15 h). Tikeima was diluted with CECl, (2
mL) and filtered through celite. The celite was e with CHCI, (2 x 2 mL) and the
combined organic solutions were concentrated iruedo provide a yellow oil. This
material was judged to be of 1.6:1 dr Y NMR analysis. The crude product was
purified by flash chromatography on silica gel wi% EtOAc/hexanes as the eluant to
yield the title compoun@5 (2.2 mg, 15%) as a yellow oil along witlda (1.6 mg, 11%)
as a yellow oil for a combined isolated yield (818, 26%, 1.4:1 dr). The diastereomers
were judged to be of >20:1 dr byd NMR analysis after purification. The $55)-
stereoisomer was characterized 1y NMR and MS for purposes of comparison to
compoundl0a as described abovéd NMR (400 MHz, CDCY) § 7.45-7.38 (m, 2 H),

7.31-7.16 (m, 5 H), 7.15-6.98 (m, 7 H), 3.87 @4,3.4, 11.2 Hz, 1 H), 3.77-3.69 (m, 2
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H), 3.63 (ddJ = 3.9, 11.2 Hz, 1 H), 3.54-3.46 (m, 2 H), 3.02,(#d 2.9, 13.7 Hz, 1 H),
2.84 (dd,J = 10.6, 13.2 Hz, 1 H), 2.77 (ddl= 3.5, 13.2 Hz, 1 H), 2.45 (dd= 11.1, 13.8

Hz, 1 H), 2.00 (s, 3 H); MS (ESI) 358.2163 (358.2%talcd for GsHa7NO,M + H).

(¥)-cis-3-[(2-methyl-4-phenylmorphlin-3-yl)methylbenzonitrile (cis-17). The
stereochemistry of cis-2,3-disubstituted morphobkireel7 was assigned on the basis of

2D NOESY experiments. The key nOe signals are sHzelow.

(¥)-trans-5-(Biphenyl-4-ylmethyl)-2-ethyl-4-phenylmorpholine (trans-19) and (%)-
[cig]-5-(Biphenyl-4-ylmethyl)-2-ethyl-4-phenylmorpholine (cis-19).
The stereochemistry @fans andcis-2,5-disubstituted morpholind® were assigned on

the basis of 2D NOESY experiments. The key nOeadsgare shown below.
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Ph

H

N:I\\‘H /"/I:N:I\\\H

Ph H o 1 ph/© o1
H H

III:

H H H
N, A
trans-19 cis-19

trans-Fused bicyclic morpholines 15b—dThe stereochemistry df5d was assigned on
the basis of 2D NOESY experiments. The key nOe adsgare shown below. The

stereochemistry di5band15cwas assigned based on analog$5d.

cis-Fused bicyclic morpholines 15a and 15&he stereochemistry df5e was assigned
on the basis of 2D NOESY experiments. The key niQeats are shown below. The

stereochemistry di5awas assigned based on analog$3e

90



3.8 References

! For a review on the synthesis and biological Sigance of C-substituted morpholines,
see: Wijtmans, R.; Vink, M. K. S.; Schoemaker, H.\Ean Delft, F. L.; Blaauw, R. H.;
Rutjes, F. P. J. TSynthesi2004 641.

2 For selected examples of biologically actois-3,5-disubstituted morpholines, see: (a)
O'Neil, S. V.; Wang, Y.; Laufersweiler, M. C.; Oppg, K. A.; Soper, D. L.; Wos, J. A;
Ellis, C. D.; Baize, M. W.; Bosch, G. K.; Fanché, N.; Lu, W.; Suchanek, M. K;
Wang, R. L.; De, B.; Demuth, T. P., Bioorg. Med. Chem. LetR005 15, 5434. (b)
Allison, B. D.; Phuong, V. K.; McAtee, L. C.; RoseM.; Morton, M.; Prendergast, C.;
Barrett, T.; Lagaud, G.; Freedman, J.; Li, L.; W(1; Venkatesan, H.; Pippel, M.;
Woods, C.; Rizzolio, M. C.; Hack, M.; Hoey, K.; DgnX.; King, C.; Shankley, N. P.;
Rabinowitz, M. H.J. Med. Chem2006 49, 6371. (c) Josien, H. B.; Clader, J. W.; Bara,
T. A.; Xu, R.; Li, H.; Pissarnitski, D.; Zhao, ZCH Int. Appl. WO 2006004880 A2,
January 12, 2006;hem. Abstr2006 144, 129004.

% Bobzin, S. C.; Faulkner, D. J. Org. Chem1991, 56, 4403.

* Nozulak, J.; Vigouret, J. M.; Jaton, A. L.; Hofnmam\.; Dravid, A. R.; Weber, H. P.;
Kalkman, H. O.; Walkinshaw, M. 0J. Med. Chem1992, 35, 480.

> Actavis extends portfolio with four new productsn i the US.
http://www.actavis.com/en/media%?2Bcenter/newsroatilas/for%2Bnew%2Bproduct

s%2Bus.htm (accessed March 17, 2011).

91



® For recent approaches to the synthesis of C-sutestimorpholines, see: (a) Yar, M.;
McGarrigle, E. M.; Aggarwal, V. KOrg. Lett.2009 11, 257. (b) Penso, M.; Lupi, V.;
Albanese, D.; Foschi, F.; Landini, D.; Tagliabue,Synlett2008 2451. (c) Wilkinson,
M. C.; Bell, R.; Landon, R.; Nikiforov, P. O.; Wak A. J.Synlett2006 2151. (d)
Lanman, B. A.; Myers, A. GOrg. Lett.2004 6, 1045. (e) Tiecco, M.; Testaferri, L.;
Marini, F.; Sternativo, S.; Santi, C.; Bagnoli, Temperini, A.Tetrahedron: Asymmetry
2003 14, 2651.

" For stereoselective syntheses tfins-3,5-disubstituted morpholines, see: (a)
Leijondahl, K.; Boren, L.; Braun, R.; Backvall, JE. Org. Lett. 2008 10, 2027. (b)
Dave, R.; Sasaki, N. Aletrahedron: Asymmeti2006 17, 388. (c) Dave, R.; Sasaki, N.
A. Org. Lett.2004 6, 15. (d) Takahata, H.; Takahashi, S.; Kouno, S.Momose, T.J.
Org. Chem.1998 63, 2224. For non-stereoselective syntheses of 3bdtituted
morpholines, see: (e) Revesz, L.; Blum, E.; Wiéki,Tetrahedron Lett2005 46, 5577.

(N Enders, D.; Meyer, O.; Raabe, G.; RunsinkSyinthesisl994 66. (g) Barluenga, J.;
Najera, C.; Yus, MSynthesid978 911.

8 D’hooghe, M. D.; Vanlangendonck, T.; Térnroos,W.; De Kimpe, N.J. Org. Chem.
2006 71, 4678.

° (a) Nakhla, J. S.; Wolfe, J. Prg. Lett.2007, 9, 3279. (b) Nakhla, J. S.; Schultz, D. M.;
Wolfe, J. PTetrahedror2009 65, 6549.

9 For related syntheses of pyrrolidines, imidazoli#iones, isoxazolidines, and

pyrazolidines via Pd-catalyzed carboamination ieast see: (a) Ney, J. E.; Wolfe, J. P.

92



Angew. Chem., Int. E@004 43, 3605. (b) Bertrand, M. B.; Neukom, J. D.; Wolle P.

J. Org. Chem2008 73, 8851. (c) Fritz, J. A.; Wolfe, J. Fetrahedron2008 64, 6838.
(d) Lemen, G. S.; Giampietro, N. C.; Hay, M. B.; Méo J. P.J. Org. Chem2009 74,
2533 (e) Giampietro, N. C.; Wolfe, J. B. Am. Chem. So2008 130, 12907.

" For reviews on Pd-catalyzed carboamination reastisee: (a) Wolfe, J. Eur. J.
Org. Chem2007 571. (b) Wolfe, J. FSynlett2008 2913.

12 (a) Barder, T. E.; Buchwald, S. I. Am. Chem. So2007, 129, 12003. (b) Yamashita,
M.; Hartwig, J. F.J. Am. Chem. So2004 126, 5344.

13 (@) Heck, R. FSynlett2006 2855 (b) Beller, M.; Zapf, A.; Reirmeier, T. H. in
Transition Metals for Organic Synthes%‘OI Ed, Beller, M.; Bolm, C., Eds; Wiley-VCH:
Weinheim, Germany, 2004, pp 271-305.

4 Ipr = 1,3-Bis(2,6-diisopropylphenyl)imidazol-2-géne. Although this electron-rich
ligand is also sterically bulky, it appears thaahd electronic properties play a larger
role than steric properties in this particular teac For further discussion on the steric
and electronic properties of NHC ligands, see: lienzalez, S.; Nolan, S. Eoord.
Chem. ReV2007, 251, 874.

> Wwang, L.; Liu, Q. B.; Wang, D. S.; Li, X.; Han, XV.; Xiao, W. J.; Zhou, Y. GOrg.
Lett.2009 11, 1119.

8 Ratnakar, J. S.; Woods, M.; Lubag, A. J. M.; Kay&2.; Sherry, A. DJ. Am. Chem.

So0c.2008 130, 6—-7.

93



" Rengasamy, R.; Curtis-Long, M. J.; Seo, W. D.nde®. H.; Jeong, |.; Park, K. H.
Org. Chem2008§ 73,2898-2901.

18 Keller, O.; Keller, W. E.; Look, G.; Wersin, @rg. SynColl. Vol. 7,199Q 70-76.

9 Dave, R.; Sasaki, £0rg. Lett 2004 6, 15-18.

20 Chankeshwara, S. V.; Chakraborti, A.®tg. Lett 2006 8, 3259-3262.

L Correa, A.; Denis, J. N.; Greene, A.$nth. Commuri991, 21, 1-9.

22 Mojtahedi, M. M.; Abaee, M. S.; Hamidi, \Catal. Commun2007, 8, 1671-1674.

23 Wang, Z.; Cui,Y. =T.; Xu, Z. —B.; Qu, J. Org. Chem2008 73,2270-2274.

24 Arai, K.; Lucarini, S.; Salter, M.; Ohta, K.; Yastita, Y.; Kobayashi, Sl. Am. Chem.
Soc.2007, 129 8103-8111.

2 Lewis, J. W.; Myers, P. L.; Ormerod, J. A.;Chem. Soc., Perkin Trans1272 2521—
2524.

2 prasad, B. A.; Sanghi, R.; Singh, Retrahedror2002 58, 7355—7363.

2" Marion, N.; Frémont, P.; Puijk, I. M.; Ecarnot, €.; Amoroso, D.; Bell, A.; Nolan, S.

P.Adv. Synth. CataR007, 349, 2380-2384.

94



Chapter 4

Development of a Mild Curtius Rearrangement for theSynthesis of Benzylic and
Heteroarylmethyl Amines

4.1 Introduction
The Curtius rearrangement was first reported in018hen Thomas Curtius
described the conversion of benzoylhydrazibe diphenylurea3) (Scheme 4-1.

Scheme 4-1: Discovery of the Curtius Rearrangement

j\ HONO j\ H,0, reflux ﬁ\
Ph™” “NHNH, P N, 2N, PhHN~ “NHPh
1 2 -CO, 3 (0.5 equiv.)

The defining step of the Curtius rearrangemetihésconversion of an acyl azidg) o

an isocyanate6j via a 1,2-carbon-to-nitrogen migration with esian of dinitrogen
(Scheme 4-23. Subsequent hydrolysis of the isocyanate geneptesry amines, or
trapping of the isocyanate with a nucleophile letmlaireas, carbamates, or amides.
Converting a carboxylic acid to an amine functiayas fundamentally useful in organic
synthesis, and as such, the Curtius rearrangenasnibden widely utilized and has been
carefully investigated. Useful reviews summarizthg development and application of
this rearrangement are availaBl& key feature of the Curtius rearrangement is that
proceeds with retention of stereopufityMechanistic studies indicate that the
rearrangement proceeds through a concerted meaharnth an asynchronous transition

state®
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Scheme 4-2: The Curtius Rearrangement

(0]
o ) Heat NuH R\NJ\N
@ - I u
)J\ R)“I\N~N"N or II:I.A. R \N//_//O H
R”,OH s N 2 f H,0 \
Curtius Rearrangement -CO, NH,

4.2 Modern Developments and Current Challenges

The Curtius rearrangement was quickly recognized aashighly useful
transformation, but the potential for acyl azidesdecompose explosively introduced a
safety hazard and methodological challenge for ssuhstrates. This limitation led to the
development of reagents and methods that facilisetd azide generation, Curtius
rearrangement, and isocyanate trapping in a sifigkk. The most commonly used
reagent for this transformation is diphenylphosplaamide (DPPA), which allows the
direct transformation of carboxylic acids into cammte€ Use of this reagent is
potentially complicated by the high temperatureguneed to achieve conversion to the
desired carbamate, which could compromise the Igtaloif sensitive functionalities.
Furthermore, substrates that contain acidic protadgcent to the carboxylic acid
undergoing rearrangement, such as benzylic or nadmids ), are problematic for the
Curtius rearrangement using DPPA, often leadingdi®r byproducts9j as judged by
LC-MS characterizatioh.This could potentially occur through eliminatiof lydrazoic
acid, formation of the ketend&)(and subsequent trapping with the alcohol nuclgeph
(Scheme 4-3, eq ).

For example, selective ester formation was obseyddC-MS when attempting to

convert acidlO to carbamatéd1 by heatinglO with DPPA and triethylamine itBuOH
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(Scheme 4-3, eq 2). To avoid this side reactiowas found that sequential formation of
the acyl azidel3 and treatment with Bglat room temperature in GaIl, followed by
addition oft-BuOH led to the desired product in moderate y{€icheme 4-3, eq 3).

Scheme 4-3: Formation of undesired ester byproducts

O
“HN 2z ROH
A 3 Ar .
r%LN3 \’& Ar%OR )
H H H H H
7 8 9

HO,C t-BuO,C BocHN

RN NS DPPA, Et;N RNy R N
— - UOH, D |
0] =>~0 ~0
10 12 11
l 1. (CO),Cl,, CH,Cl,, 0 °C desired product.
2. NaNj3, acetone, H,O, 0 °C not observed
N3
(@)

. 1. BCls, CH,Cly, 1t BocHN

S 2. t-BuOH RSN
| \ ST N 3
— 60% from 10 | 3)
0 =0
13 11

Benzylic amines are found in many important biodadjiy active molecule$ For
example, three highly profitable pharmaceuticaldpicis have chrial benzylic amines in
their structures. Zoloftl@4) helps treat depression and obsessive compulssarder
(OCD); Cialis (L5) is an erectile dysfunction therapeutic, and SErsi(L6) helps to treat
hyperparathyroidism. Furthermore, benzylic aminesrimg stereogenic centers have
been used as ligands in asymmetric synth8si@ptimization of this room temperature

Curtius rearrangement was motivated by the brogditance of benzylic amines.
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Figure 4-1: Example Chiral Benzylic Amines Found imBilogically Active Molecules
|

4 ® cr
\ 0 H
Cl
0]

14 16
Zoloft - Pfizer Cialis - Eli-Lilly Sensipar - Amgen
$1.77 Billion (2006) $560 Million (2008) $350 Million (2008)
Depression and OCD Erectile Dysfunction Hyperparathyroidism

A general method for the formation of benzylic aes from readily available
carboxylic acids would prove particularly usefulspecially when considering the
powerful asymmetric hydrogenation methods that Haen developed for accessing
chiral benzylic acid$® This chapter describes the development of a step-procedure
for conversion of benzylic and heteroarylmethyldadio carbamate protected amines via

a room temperature Curtius rearrangement.

4.3 Initial Optimization

The first task in optimization was to screen aeftgriof Lewis acids and solvents
with the aim of determining the optimal conditidios Curtius rearrangement of benzylic
acyl azides. For this initial study, the acyl azide derived from 4-methoxybenzoic acid,
was employed as a standard substrate, with MeOHheasnucleophile to trap the
isocyanate. As a control, alternate Curtius cood#i were tested (refluxing 4-
methoxybenzoic acid, DPPA, & and MeOH otBuOH), but they led to numerous side
products instead of rearrangement prodi8a A wide variety of Lewis acids and
solvents were tested, with no improvement overrital result. A key observation was
made during these studies that in some instanog$,azide 17 was not undergoing
rearrangement to the isocyanate until after thetiaddof methanol. This observation led
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us to the discovery that in the presence of MeOHuyas cleanly converted to the desired
methyl carbamatd8a after 18 h at room temperature, in the absencengfadditive
(Figure 4-2). Attempts to increase the rate of @prsion tol8a by addition of catalytic
HCI, and other more acidic alchohol solvents sush haxafluoroisopropanol and
trifluoroethanol led in all cases to ester byprdduc addition to product8a
Figure 4-2: Room temperature Curtius rearrangementin MeOH
MeO
MeO o MeOH \©\/H
N3 81% yield
(from 4-methoxy benzoic acid)

(0]
17 18a

There are few reports of low temperature Curtilwresgements; one notable
exception is the work by Lebel and coworkers wtibey report a useful one-pot Curtius
rearrangement using TMSNBoGO and Zn(OTf) at 40 °C*? The authors reveal that a
benzylic acid substrate was problematic, leading toixture of desired product and the
anticipated ester byproduct, thus highlighting thidity of this discovery. This simple
solution to the problematic Curtius rearrangemeriemzylic and heteroarylmethyl acyl
azides is complementary to existing methods andiges an alternative procedure for
more sensitive compounds that are unstable todrdagwis Acids. For example, the acyl
azide derived from 2-(benzofuran-3-yl)acetic amdnis extensive side products in the
presence of Lewis acids at room temperature or wieated with DPPA, but converts

cleanly to carbamat&8i at room temperature in methanol (Table 4-1, edyry
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Table 4-1: Acyl azide formation and room temperatue Curtius rearrang
2

ement.

R 1. CL,(CO),, 0 °C, CH,Cl, j{j ﬁ\
OH o
RIJ\W 2. NaNj, 0 °C, H,0, acetone N~ “OMe
0 3. MeOH, rt H
19a-1 18a-1
Entry Time Product Yield (%)?
NHCO,Me
1 18 h 18a 81
MeO
gNHCOZMe
18b
2 24h al 80
@CNHCOzMe
48 h 18¢ 78
3 8 al
NHCO,M
4 48h @( e 18d 87
OMe
NHCOzMe
5 24h 18e 85
\_/
NHCO,Me
6 18h 18f 70 (>99% ec)
cl ]
7 18h @NHCOZMC 18¢ 85 (>99% ce)
0 ) Nmcome
8 24h 0 2 18h 61
NHCOzMC
9 24h \ 18i 78
o]
| NHCOzMC
10 48h ¢ | Nop X 18j 75
=Z~0
11 12d ©><NHCOzMe 18k 86
NHCOzMC
12 24h /@[ 181 92
Br Cl

2 Isolated yield starting from corresponding carboxylic acid.



4.4 Synthesis of Methyl Carbamates

To determine the generality of the step-wise a@tla formation and room
temperature Curtius rearrangement in methanol,stope of the transformation was
investigated (Table 4-1). A wide variety of benzydind heterocyclic acids convert to the
corresponding methyl carbamates in good yield @abll). Chiral, non-racemic acids
can also be converted to the corresponding pratextgnes without racemization of the
adjacent stereogenic center (Table 4-1, entriesd67 The reaction can be run under an
air atmosphere without strict moisture exclusiond gurification of the resulting
products is simplified by the absence of additives. many applications, simply
concentrating the reaction mixture provides prodefcsufficient purity for subsequent
chemical transformations. Aromatic acids also ugderearrangement cleanly in high
yield (Table 4-1, entry 12), however aliphatic acptovide the corresponding carbamate
in poor yields due to competetive hydrolysis of theyl chloride during acyl azide
formation. Substrates bearing a quarternary cadmnter adjacent to the acyl azide
undergo the rearrangement at a slower rate, acige86% yield after 12 days. (Table
4-1, entry 11). This limitation is not especialioubling, since substrates bearing
guaternary carbons will not be susceptible to désgproduct formation using established
procedured? It should also be noted that increasing the reademperature (40—-60 °C)
can shorten the reaction time considerably for tsates listed in Table 1, but often leads

to increased formation of undesired byproducts.
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4.5 Synthesis of Various Carbamates

The procedure described above provides a convemiedt mild method for
accessing benzylic and heteroarylmethyl amines owithforming ester byproducts,
however, removal of methyl carbamates can oftenirecharsh basic conditions. Thus,
conditions were sought to further expand this mokoso that alternative alcohol
nucleophiles could be utilized to form more readigprotected carbamates. A simple
solution would be to perform the rearrangementBuOH to form the Boc carbamate,
however, it was found that bothPrOH andt-BuOH provided slow conversion to
products18m and18n, revealing that the steric nature of the alcohadl®@ophile greatly
effects the rate of product formation (Table 4+#ries 9-11).
Table 4-2: Solvent screen

MeO
N OR
N see Table \ﬂ/

3

17 rt, 24 h 182 ©
Entry Solvent (condition) Product % Conv.2
1 THF, MeOH (5 equiv) 18a, R = Me 37
2 p-Dioxane, MeOH (5 equiv) 18a, R = Me 21
3 MeCN, MeOH (5 equiv) 18a, R =Me 46
4 Benzene, MeOH (5 equiv) 18a, R = Me 68
5 CH,Cl,, MeOH (5 equiv) 18a, R = Me 74
6 CHCl;, MeOH (5 equiv) 182, R = Me 87 (81)°
7 CHCly, MeOH (5 equiv) 18a, R =Me 75
8 CHCl;, MeOH (5 equiv) 18a, R = Me 47
9 iPrOH 18m, R = iPr 48°
10 t-BuOH 18n, R = tBu 28°
11 CHClj;, t-BuOH (5 equiv) 180, R =tBu Trace

& Conversion to product 18 measured by HPLC-LRMS.
b Isolated yield.
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An important consideration was to determine whetherrearrangement would
take place without using the desired alcohol asstteent. This would allow preparation
of alternative carbamates that could be deprotegtelr more mild conditions without
using excessive amounts of potentially expensiehcaddol nucleophiles. A variety of
solvents were screened using 5 equivalents of M@®Hn additive. Chloroform was
effective in providing the fastest rearrangementlthdugh it is possible that
rearrangement could be promoted by trace amount#Coipresent in CHG| we found
that the product was formed with equal efficientypase-washed CHEI The hydrogen-
bonding capability of CHGl could also be responsibié.Comparison of entries 6-8
(Table 4-2) reveals that 5 equivalents of the adtomucleophile was the optimal
condition to achieve a reasonable yield in 24 hours

Using the optimal conditions from Table 4-2 (enjya variety of substrates and
different alcohol nucleophiles were tested (Tabl#&).4Again, the transformation appears
to be general for both benzylic and heteroaryl sabess with less sterically hindered
nucleophiles. Note that the majority of commeriggdurchased chloroform is stabilized
with added ethanol, even if unspecified. Ethanoh @@mpete with other alcohol
nucleophiles to trap the isocyanate intermediateis| possible to use anhydrous
chloroform stabilized with amylenes to avoid th@mmplication. Carbamate derivatives

bearing a variety of more easily deprotected sidgrs were formed in good yield.
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Table 4-3: Formation of easily deprotected carbamais

R? 1. CLy(CO),, 0 °C, CH,Cl, R? O
RIJ\H/OH 2. NaNj3, 0 °C, H,0, acetone RlJ\NJJ\OR3
0 3. CHCl;, R*0H (5 equiv.), rt H
19a, o-u 18a, o-u
Entry Time R’OH Product Yield (%)°
0
H
1 18h MeOH @”E OMe 18a 77
MeO
0
a I
2 18h SEMOH /@g OSEM 180 80
MeO
0
3 18h BnOH /@”Ekom 18p 82
MeO
0
=
4 18h Allyl-OH @”gﬂ\o/\/ 18q 88

5 24h SEMOH m %IJJ\OSEM 18r 90
MeO (6]
0
L
6 72 h SEMOH E OSEM 18s 81
\'N
o

0
JL
7 24h SEMOH (/]fN OSEM 18t 76
H
S
: O
8 24h SEMOH @ﬁNﬂ\OSEM 18u 89 (99% ee)
H

4 SEMOH = 2-(Trimethlsilyl)ethanol
b Isolated yields.

4.6 Conclusions
In conclusion, a simple step-wise procedure to ea@hia room temperature
Curtius rearrangement of benzylic and heteroaryigietarboxylic acids is reported. The

conditions described in this chapter provide aeraétive to already described one-pot
104



procedures that require heating or the use of Lewids. Hopefully this simple result
will enable others to easily prepare benzylic aattfoarylmethyl carbamates without the
formation of unwanted ester byproducts or otheetgeious side reactions. The mild
nature of these conditions and the ease of putidicavill hopefully encourage their use

in more complicated synthetic applications.

4.7 Experimental Section

General: Unless otherwise noted, all material were obtaiffredh commercial
suppliers and used without further purification.nfdrous solvents were purchased from
Aldrich packaged under nitrogen in Sure/Seal™ bstind used directly. Reactions were
monitored using Agilent 1100 Series LCMS with UMtetgion at 254 nm and 215 nm
and a low resonance electrospray mode (ESI). Megtiteasure liquid chromatography
(MPLC) was performed on a CombifldsiCompaniofi (Teledyne Isco) with Redis&p
normal-phase silica gel (35 — 60 micron) columng &IV detection at 254 nMH and
13C NMR spectra were recorded on a Bruker AV-400 (#r) spectrometer at ambient
temperature. Chemical shifts are recorded in ppomfthe solvent resonance. Mass
spectra were obtained on a high resonance Elecatpsgime-of-Flight mass

spectrometer. Enantiomeric excess was measurekiitay SFC.

General Procedure A (Acyl Azide Formation and Curtus Rearrangements in
MeOH): To a flask under nitrogen atmosphere containirgi@a@cid (1.0 mmol) was
added CHCI, (5 mL, 0.2 M). The resulting solution was cooled@ °C and oxalyl

chloride (175 pL, 2.0 mmol) was added followed bib (39 pL, 0.5 mmol). The
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solution was allowed to warm to rt and maintainatlgas evolution ceased (~1 h). The
solution was concentrated vacuoand the resulting residue was taken up in acefone
mL, 0.2 M) and transferred dropwise to a vigorowsiying aqueous solution (0.4 M) of
sodium azide (130 mg, 2.0 mmol) at 0 °C. The rasgkolution was maintained at 0 °C
for 15 minutes at which time it was partitionedvbetn EtOAc (10 mL) and 4@ (5 mL).
CAUTION: the aqueous layer may contain hydrazoid ENs) as a byproduct The
layers were separated and the aqueous layer wasctext with EtOAc (2 x 5 mL) and
the combined organic layers were washed wit® KILO mL), brine (5 mL), then dried
(N&SOy) and concentrateith vacuoto provide acyl azide, which could be stored &bt
several hours, or at -20 °C for several days wittsecomposition or rearrangement.
Although acyl azides are a widely used intermediat®rganic synthesis, the authors
caution that low molecular weight acyl azides carpbtentially explosive if evaporated
to dryness? On larger scale, the authors recommend partiateumation of the acyl
azide intermediate, followed by introduction of MdOThe acyl azide residue was
transferred to a vial using MeOH (5 mL, includingses). The solution was maintained
at 25 °C for 18 h, at which time it was concentlaia vacuo The residue was purified
by silica gel chromatography using a gradient 3@®4 EtOAc in hexanes to yield the
desired product.

General Procedure B (Curtius rearrangement for altenative carbamates):
To a flask charged with acyl azide (1.0 equiv.,ppred from acetic acid) was added
CHCI; (5 mL, anhydrous, stabilized with amylenes) folkalvby alcohol (5.0 equiv.).
(Note that the majority of commercially purchasédioooform is stabilized with added

ethanol, even if unspecified. Ethanol can competle ather alcohol nucleophiles to trap
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the isocyanate intermediate. It is recommendedst® anhydrous chloroform stabilized
with amylenes to avoid this complication.) The t8sg solution was maintained at rt for
24 h, at which time it was concentratéd vacuo The residue was purified by silica gel
chromatography using a gradient of 2% EtOAc in hesa—100% EtOAc to yield the

desired product.

1
J@/\N OMe
H
MeO

General Procedure AH NMR (400 MHz, CDCJ) & ppm 3.68 (s, 3 H) 3.78 (s, 3 H) 4.28

methyl 4-methoxybenzylcarbamate (18a)Prepared according to

(d, J=5.77 Hz, 2 H) 5.11 (br. s., 1 H) 6.81 - 6.91 (mH)R7.20 (d,J=8.51 Hz, 2 H)°C
NMR (100 MHz, CDC4) § ppm 44.48, 52.02, 55.17, 76.68, 77.00, 77.31,9213.28.75,
130.61, 156.95, 158.90; IR (film) 3317, 2950, 168861 cr'; HRMS (ESI) calcd for

CiH13NOs (M + Na)m/z218.07876; found 218.07652.

J@/\NHC%Me
cl

General Procedure AH NMR (400 MHz, CDC}) 8 ppm 3.70 (s, 3 H), 4.33 (d=6.06

methyl 4-chlorobenzylcarbamate (18b) Prepared according to

Hz, 2 H), 5.21 (br. s., 1 H), 7.18 -7.26 (m, 2 A7 - 7.34 (m, 2 H)*C NMR (100
MHz, CDCk) 6 ppm 44.3, 52.2, 128.7, 128.7, 133.1, 137.1, 19R(film) 3308, 2948,
1686, 1538 cm; HRMS (ESI) calcd for §H1,Cl NO, (M + Na) m/z 222.02923; found

222.02905.

@(\NHC%Me
cl

General Procedure AH NMR (400 MHz, CDCJ) 8 ppm 3.69 (s, 3 H), 4.46 (d76.26

methyl 2-chlorobenzylcarbamate (18c) Prepared according to

Hz, 2 H), 5.31 (br. s., 1 H), 7.17 -7.32 (m, 2 A)32 - 7.48 (m, 2 H)}*C NMR (100
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MHz, CDCL) & ppm42.9, 52.2, 126.9, 128.8, 129.4, 129.7, 133.4,9,3556.9; IR (film)
3297, 3061, 2957, 1687, 1542 ¢nHRMS (ESI) calcd for §H1oCINO, (M + H) m/z

200.04728; found 200.04718.

@(\NHC%Me
OMe

General Procedure AH NMR (400 MHz, CDCJ)  ppm3.67 (s, 3 H), 3.85 (s, 3 H),

methyl 2-methoxybenzylcarbamate (18d) Prepared according to

4.37 (d,J=5.28 Hz, 2 H), 5.33 (br.s., 1 H), 6.88 @®8.12 Hz, 1 H), 6.93 (td}=7.43,
0.98 Hz, 1 H), 7.24 - 7.32 (m, 2 HJC NMR (100 MHz, CDGJ) § ppm40.8, 51.8, 55.1,
76.7, 77.0, 77.3, 110.1, 120.4, 126.6, 128.6, 12858.9, 157.3; IR (film) 3331, 3006,

1701, 1603.

NHCOZMe
methyl naphthalen-2-ylmethylcarbamate (18e) Prepared

according to General Procedure’s. NMR (400 MHz, CDCJ) § ppm3.73 (s, 3 H), 4.51
(d, J=5.18 Hz, 2 H), 5.27 (br. s., 1 H), 7.40 {&8.02 Hz, 1 H), 7.44 - 7.53 (m, 2 H), 7.71
(s, 1 H), 7.78 - 7.86 (m, 3 H}*C NMR (100 MHz, CDG)) 6 ppm 45.1; 52.2, 125.5,
125.8, 125.9, 126.1, 127.57, 127.64, 128.4, 1333,2, 135.9, 157.1; IR (film) 3325,
3005, 1690, 1534 cm HRMS (ESI) calcd for @H13NO, (M + H) m/z216.10191; found

216.10193.

\_/

J@/\NHC%Me
cl

Prepared according to General Proceduren$>j —64.9 ¢ 1.05, CHC}); *H NMR (400

(S)-methyl 1-(4-chlorophenyl)-2-methylpropylcarbanate (18f)

MHz, CDCk) & ppm 0.85 (dJ=6.75 Hz, 3 H), 0.96 (d=6.65 Hz, 3 H), 1.90 - 2.05 (m, 1
H), 3.65 (s, 3 H), 4.43 (br. s., 1 H), 5.11 (brsH), 7.17 (d,J=8.31 Hz, 2 H), 7.27 - 7.34
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(m, 2 H);**C NMR (100 MHz, CDG)) § ppm 19.6, 33.4, 52.1, 60.6, 128.1, 128.5, 132.7,
140.5, 156.5; IR (film) 3329, 2963, 1690, 1534 TnHRMS (ESI) calcd for
C12H16CINO, (M + Na)m/z264.07618; found 264.07586.
©/:\NHC02Me

(S)-methyl 1-phenylethylcarbamate (18g)Prepared according to
General Procedure Aa’>s —76.8 € 1.77, CHCY); *H NMR (400 MHz, CDCJ) & ppm
1.49 (d,J=6.94 Hz, 3 H), 3.67 (s, 3 H), 4.88 (br. s., 1 56 (br. s., 1 H), 7.24 - 7.30
(m, 1 H), 7.30 - 7.39 (m, 4 H}*C NMR (100 MHz, CDG)) 5 ppm 22.3, 50.5, 51.9,
125.8, 127.1, 128.4, 143.6, 156.1; IR (film) 332972, 1686, 1529 cm HRMS (ESI)

calcd for GoH13NO, (M + Na)m/z202.08385; found 202.08390.
@\/NHCOZMe

General Procedure AH NMR (400 MHz, CDCJ) & ppm 3.67 (s, 3 H), 4.34 (d=5.48

methyl furan-2-ylmethylcarbamate (18h) Prepared according to

Hz, 2 H), 5.17 (br. s., 1 H), 6.21 (#2.45 Hz, 1 H), 6.30 (dd]=3.13, 1.86 Hz, 1 H),
7.33 (dd,J=1.76, 0.78 Hz, 1 H)}**C NMR (100 MHz, CDGJ) § ppm 37.9, 52.1, 106.9,
110.2, 142.0, 151.6, 156.8; IR (film) 3324, 300800, 1522 crit; HRMS (ESI) calcd for

C7HoNO3 (M + Na)m/z178.04746; found 178.04718.

NHCO,Me
cry
O methyl  benzofuran-3-ylmethylcarbamate  (18i) Prepared

according to General Procedure’™.NMR (400 MHz, CDCJ) & ppm 3.71 (s, 3 H), 4.48
(d, J=5.58 Hz, 2 H), 5.19 (br. s., 1 H), 7.24 -7.29 (H), 7.33 (tdJ=7.70, 1.32 Hz, 1
H), 7.47 - 7.52 (m, 1 H), 7.57 (s, 1 H), 7.63 §d7.34 Hz, 1 H)*C NMR (100 MHz,

CDCl) 6 ppm 34.9, 52.1, 111.5, 117.9, 119.7, 122.7, 1242%.6, 142.41, 155.45,
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156.95; IR (film) 3332, 3006, 1683, 1534 tnHRMS (ESI) calcd for GH1iNOs (M +

Na) m/z228.06311; found 228.06298.

NHCO,Me
|
=0 methyl (5-chlorofuro[3,2-b]pyridin-3-yl)methylcarba mate

(18)). Prepared according to General ProceduréHANMR (400 MHz, CDCJ) 6 ppm
3.64 (s, 3 H), 4.47 (dd=6.16, 0.88 Hz, 2 H), 5.72 (br. s., 1 H), 7.20X8.51 Hz, 1 H),
7.67 (d,J=8.61 Hz, 1 H), 7.88 (s, 1 H}*C NMR (100 MHz, CDG)) § ppm 33.6, 52.1,
118.4,119.4, 121.0, 146.3, 146.7, 147.0, 147.8,@ 3R (film) 3256, 3126, 3083, 2957,
1703, 1614 ci;, HRMS (ESI) calcd for GHeCIN,Os (M + H) m/z 241.03745; found

241.03761.

©><NHC02Me

methyl 2-phenylpropan-2-ylcarbamate (18k) Prepared according to
General Procedure AH NMR (400 MHz, CDCJ) 5 ppm 1.58 (s, 6 H), 3.50 (s, 3 H),
5.08 (br. s., 1 H), 7.11 - 7.17 (m, 1H), 7.20 -77(¢n, 2 H), 7.29 - 7.35 (m, 2 H}*C
NMR (100 MHz, CDC4) § ppm 29.3, 51.5, 55.1, 124.7, 126.6, 128.3, 146.98,06; IR
(film) 3335, 2977, 1697, 1525 ¢mMHRMS (ESI) calcd for GH1sNO, (M + Na) m/z

216.09950; found 216.09955.

J@[NHCOZMe
Br Cl (a8l

methyl  4-bromo-2-chlorophenylcarbamate Prepared
according to General Procedure®™. NMR (400 MHz, CDCJ) 6 ppm 3.81 (s, 3 H), 7.10
(br. s., 1 H), 7.38 (dd]=8.90, 2.25 Hz, 1 H), 7.50 (d=2.25 Hz, 1 H), 8.07 (d]=8.90

Hz, 1 H); ®C NMR (100 MHz, CDGJ) § ppm 52.7, 115.2, 120.9, 122.7, 130.8, 131.4,
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134.0, 153.4; IR (film) 3299, 1698, 1518, 1248, 307049; HRMS (ESI) calcd for

CgH/BrCINO, (M + Na)m/z285.92409; found 285.92363.

iy
©/\N OSEM
H
MeO

(180) Prepared according to General Procedur8-BNMR (400 MHz, CDC}) & ppm

(2-(trimethylsilyl)ethoxy)methyl 4-methoxybenzylcabamate

0.04 (s, 9 H), 0.94 - 1.03 (m, 2 H), 3.79 (s, 34H)3 - 4.23 (M, 2 H), 4.28 (d=5.77 Hz,
2 H), 5.00 (br. s., 1 H), 6.83 - 6.88 (m, 2 H),7(d, J=8.51 Hz, 2 H)*C NMR (100
MHz, CDCE) & ppm —1.5, 17.7, 44.4, 55.2, 63.0, 113.9, 128.8,8,3156.7, 158.9; IR
(film) 3328, 2952, 2897, 1691, 1511 ¢HRMS (ESI) calcd for GH,NOsSi (M + Na)

m/z304.13394; found 304.13188.

iy
/@”N OBn
H
MeO

General Procedure BH NMR (400 MHz, CDCY) & ppm 3.80 (s, 3 H), 4.32 (d=5.87

benzyl 4-methoxybenzylcarbamate (18p)Prepared according to

Hz, 2 H), 5.08 - 5.24 (m, 3 H), 6.83 - 6.91 (m, R A22 (d,J=8.12 Hz, 2 H), 7.30 - 7.43
(m, 5 H); ®C NMR (100 MHz, CDGJ) & ppm 44.5, 55.2, 66.7, 114.0, 128.0, 128.4,
128.8, 130.5, 136.5, 156.3, 158.9; IR (film) 338034, 2941, 1684, 1546 CMHRMS

(ESI) calcd for GeH17/NO3 (M + Na)m/z294.11006; found 294.10999.

allyl 4-methoxybenzylcarbamate (18q)’ Prepared
according to General Procedure’d.NMR (400 MHz, CDCY) § ppm 3.81 (s, 3 H), 4.32
(d, J=5.97 Hz, 2 H), 4.60 (d}=5.38 Hz, 2H), 4.97 (br. s., 1 H), 5.22 (dg,10.47, 1.34

Hz, 1 H), 5.31 (dgJ=17.21, 1.57 Hz, 1 H), 5.87 - 6.01 (m, 1 H), 6.85.90 (m, 2 H),
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7.22 (d,J=8.41 Hz, 2 H);*C NMR (100 MHz, CDGJ) 5 ppm 44.6, 55.3, 65.6, 114.1,

117.6, 128.9, 130.5, 132.9, 156.2, 159.0; IR (fiBAP5, 3017, 2955, 1684, 1649 tm

Jig
\y H
MeO 0

yl)methylcarbamate (18r). Prepared according to General Procedur&BNMR (400

(2-(trimethylsilyl)ethoxy)methyl (6-methoxybenzofuan-3-

MHz, CDCk) & ppm 0.05 (s, 9 H), 0.90 - 1.07 (m, 2 H), 3.853${), 4.12 - 4.28 (m, 2
H), 4.44 (d,J=5.67 Hz, 2 H), 4.90 (br. s., 1 H), 6.89 (dd8.51, 2.25 Hz, 1 H), 7.00 (d,
J=2.15 Hz, 1 H), 7.43 -7.52 (m, 2 HYC NMR (100 MHz, CDGJ) § ppm —1.5, 17.7,
35.0, 55.7, 63.3, 96.1, 111.8, 118.0, 119.9, 12140,4, 156.6, 156.7, 158.3; IR (film)
3330, 3005, 1691, 1518 &MHRMS (ESI) calcd for GHoaNO,Si (M + Na) m/z

344.12886; found 344.12902.

o

: % ‘NJLOSEM
W H
o} (2-(trimethylsilyl)ethoxy)methyl benzo[d]isoxazol3-

ylmethylcarbamate (18s) Prepared according to General ProceduréH-BNMR (400
MHz, CDCk) 6 ppm 0.00 (s, 9 H), 0.82 - 1.09 (m, 2 H), 4.11274m, 2 H), 4.74 (d,
J=6.16 Hz, 2 H), 5.49 (br. s., 1 H), 7.21 - 7.34 (rH), 7.45 - 7.58 (m, 2 H), 7.78 (d,
J=7.82 Hz, 1 H);"*C NMR (100 MHz, CDG)) & ppm -1.6, 17.6, 36.0, 63.6, 109.7,
120.2, 121.8, 123.5, 130.0, 156.1, 156.7, 163.3(filR) 3326, 2953, 3895, 1692, 1529

cm™; HRMS (ESI) calcd for @H2oN203Si (M + H) m/z293.13160; found 293.13193.

S (2-(trimethylsilyl)ethoxy)methyl thiophen-3-ylmethylcarbamate

(18t). Prepared according to General ProcedurédBNMR (400 MHz, CDCJ) & ppm
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0.04 (s, 9 H), 0.92 - 1.03 (m, 2 H), 4.12 - 4.23 @H), 4.34 (d,)=5.87 Hz, 2 H), 5.13
(br. s., 1 H), 7.01 (d}=4.70 Hz, 1 H), 7.12 (d}=1.76 Hz, 1 H), 7.26 (ddl=4.99, 2.93
Hz, 1 H);**C NMR (100 MHz, CDGJ) § ppm -1.6, 17.7, 40.1, 63.0, 121.7, 126.1, 127.0,
139.6, 156.6; IR (film) 3329, 2952, 2896, 1691, 15dm"; HRMS (ESI) calcd for

C11H1dNO,SSi (M + Na)m/z280.07980; found 280.08012.

o

©/:\HJJ\OSEM

(S)-(2-(trimethylsilyl)ethoxy)methyl  1-phenylethyktarbamate
(18u).*® Prepared according to General ProcedureaB>j -57.1 ¢ 1.56, CHCY); H
NMR (400 MHz, CDC}) 5 ppm 0.00 (s, 9 H), 0.88 - 1.03 (m, 2 H), 1.45%5.85 Hz, 3
H), 4.01 - 4.23 (m, 2 H), 4.81 (br. s., 1 H), 4:8801 (m, 1 H), 7.14 - 7.41 (m, 5 HjC
NMR (100 MHz, CDC}) 6 ppm -1.50, 17.74, 22.48, 50.52, 63.00, 125.90,2127
128.57, 143.72, 155.93; HRMS (ESI) calcd fagH33sNO,Si (M + Na) m/z 288.13903;

found 288.13928.

Cl
Iﬂ@)@ OH
1
c |N\ {0
=0 3-(carboxymethyl)-5-chlorofuro[3,2-b]pyridin-4-ium (11j). To a

flask charged with MeOH (23 mL), water (7. mL), addOH (0.300 g, 7.5 mmol) was
added methyl 2-(5-chlorofuro[3,2-b]pyridin-3-yl)aa&e® (0.677 g, 3.0 mmol) as a solid
in a single portion. The solution was maintainedtator 18 h, at which time it was
acidified (pH = 3.0) with conc. HCI. The resultingxture was extracted with GBI, (3

x 10 mL). The combined organic layers were drieeb,§0,) and concentrateish vacuo

to provide 3-(carboxymethyl)-5-chlorofuro[3,2-b]min-4-ium (0.648 g, 87% yield) as a
white solid.'H NMR (400 MHz, DMSO¢s) & ppm 3.70 (dJ=0.98 Hz, 2 H), 7.42 (d,
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J=8.61 Hz, 1 H), 8.11 (d]=8.61 Hz,1 H), 8.29 (s, 1 H), 12.51 (s, 1 I NMR (100

MHz, DMSO-dg) 6 ppm 27.4, 114.6, 119.3, 122.0, 145.7, 146.3,7,4619.3, 171.2.
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Chapter 5

Exploration of Bisisoxazolidines as Small Molecul&ranscriptional Activation
Domains

5.1 Introduction

Transcription is the process by which cells create RNA sequence that is
complementary to a DNA templateRegulation of transcription plays a critical rote
controlling the levels of gene expression in a eelll thus controlling cellular function
and morphology. Transcription factor (TF) protesesve to facilitate the activation or
repression of transcription at specific genes.livatbr TFs up-regulate gene expression
by binding to specific sites on DNA, recruiting ohratin remodeling enzymes that
modify DNA-histone complexes, and initiating trangtion by assembling the RNA
polymerase Il holoenzyme (Figure?).
Figure 5-1: Activator TFs bind to DNA (black line) and recruit chromatin

remodeling enzymes that help unwrap the DNA and adlw initiation of transcription
by RNA polymerase II

Chromatin
t ramadeling

\
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The misregulation of transcription is associatedhwnany human diseases. For
example, over 50% of all human cancers are fourftht@ alterations in the function of
the TF p53 Similarly, NFxB is found to be constitutively active and misreged in
inflammatory disorders and most cancerhe development of artificial molecules
capable of predictably manipulating the levels mainscription has good potential for
disease therapy or for mechanistic investigatians, important progress has been made
in both areas.

Early experiments on TFs revealed that natural &fesmodular proteins minimally
containing a DNA-binding domain (DBD) and a regatgt domain (RD), and each
domain functions independently of the other dfidie DBD selectively targets specific
DNA sequences for a given gene, localizing the RBrrthe gene to be regulated. The
RD is either a transcriptional activation domainAD) that binds to and recruits
components of the transcriptional machinery forvation, or it is a transcriptional
repression domain that recruits components of #m@ression machinery.Domain
swapping experiments show that TF activity is na@mgd when the TAD of one TF is
linked to the DBD of a different TEThis result indicates that TADs and DBDs can be
investigated independently. Excellent advance® tieen made in the development of
artificial DBDs, including good sequence selecyiwtith polyamides, triplex-forming
oligonucleotides, peptide nucleic acids, and desigprotein$ Progress in the

development of artificial TADs has seen slower pesg.

The development of artificial TADs has been chajlag due to the limited amount
of information known about natural RI8.The largest class of natural activator RDs is

the amphipathic class, containing a mix of polat Bpdrophobic amino acid residues in
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short repeats (Figure ¥.These natural activator RDs associate with meltigihding
partners while facilitating the assembly of thenseriptional machinery. RD binding
partners include components of the chromatin retmgglenachinery, the proteasome,
and the Mediator compléX.

Figure 5-2: Natural activation domains contain repats of polar and hydrophobic

residues

VP16 441 AspPheAsplLeuAspMet...AspPheGluPheAspAsn 477
Gal4 843 GInThrAlaTyrAsnAlaPheGly...AspAspValTyrGInTyrLeuPhe 869

At least two different methods can be used to fonelly evaluate small molecule
artificial TADs. Atrtificial TADs can be linked to #unctional DBD and evaluated by
their ability to upregulate transcription and in#taatural TFs. Alternatively, natural and
artificial TADs can be used to squelch activatiendls by binding to transcriptional
machinery and inhibiting the activity of activafbfs.

Previous work in the Mapp lab and the Uesugi labsteown that small molecules are
capable of functionally replacing TADs in artifiti@iFs for activation (Figure 5-3Y.
Isoxazolidine 4) was the first reported example of a small moleduAD. In particular, a
variety of isoxazolidines are capable of acting B&Ds. While isoxazolidines
functionalized with only polar or only hydrophobgroups show poor activation,
compounds containing a combination of hydrophobid @olar groups show robust
activation (Figure 5-3Y° Functional group position and ring stereochemistiy not
strongly influence activation efficiend$” The only other small molecule TAD known at
the initiation of this research was wrenchnolg), (reported by the Uesugi lab (Figure
5-3)1% Wrenchnolol binds selectively to a subunit of tmediator complex, Sur-2
(Med23), and can function as part of an artifidi&lin vivo at moderate levels. While the
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Uesugi group demonstrated an entirely artificial @d@sed orb and a polyamide DBD,

transcription levels only 3.5 times basal exprassiere attained.

Figure 5-3: Isoxazolidines functionalized with mogy polar or hydrophobic
functional groups are poor TADs. Amphipathic isoxaolidines robustly activate
transcription

Poor activity as TADs Good activity as TADs
Ph HO 0 Ph Ph
N—O N—0O
NN ~ -/, 7,
\/ R,N\/ ., L__oH HO._ ., L N‘R
H H
3 4
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~

HN Nj/

H

N ;
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Development of an artificial TAD with potential f@otent activity as part of an
artificial TF or for squelching experiments remamschallenge limiting the potential
utility of artificial TADs. A review of TAD potenas revealed that activation levels can
be increased synergistically when a single TADejseatedly displayed as part of a*fF.
The greater than additive improvement in activignebnstrated with natural TADs led
the Mapp lab to hypothesize that bisisoxazolidi®d$ would show improved potency.
An array of bisisoxazolidines were targeted to préitis hypothesis. Since amphipathic
mono-isoxazolidines showed much stronger activignt isoxazolidines functionalized
with mainly hydrophobic or mainly polar substitugntompounds containing a mix of

both polar and hydrophobic substituents were tacyéFigure 5-4). Initial experiments
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would evaluate TADs by their ability to functionalipregulate transcription in cells as

part of an artificial TF.

Figure 5-4: Compounds targeted for evaluation as TBs. Compounds containing

varying functionality, regiochemistry, and stereoclemistry are targeted
Ph PMP

5.2 Synthesis of Bisisoxazolidines for Synergystic TABctivity

The synthetic strategy for preparation of bisisatidmes utilizes an iterative
approach to construct the ring system (Figure 54spxazolidines can be synthesized
from a diastereoselective 1,3-dipolar cycloadditadhan oxime and allylic alcohol to
build the heterocyclic scaffoftP® Diastereoselective nucleophilic addition
functionalizes C3, and alkylation of N2 introdu@®ther substituent. Deprotection and
oxidation of the alcohol side chain allows formatiaf another oxime, and the process is

repeated to produce bisisoxazolidines.
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Figure 5-5: Synthetic Strategy for Bisisoxazolidie Synthesis

R2
NoH -di N—0 1.RIM N—0
J N NOTBS 1,3-dipolar » RI\)\)\‘/\
R OH cycloaddition R OTBS 2 R.Br "4 OTBS
OH OH
1. TBAF
2. [0]; H,NOH

In the forward direction, the commercially availathiral epoxide (R)-glycidol
can be protected and ring opened to form a chifglicaalcohol (14, Figure 5-6).
Similarly, commercially available 3-methyl-butanalefficiently converted to an oxime
(15). Activation of15 with tert-butyl hypochlorite forms a nitrile oxide that selgsiently
undergoes diastereoselective [3+2] cycloadditiorthwihe allylic alcohol to form
isoxazolinel6. Protection of the free secondary alcohol follovidlewis-acid assisted
grignard addition into C=N forms isoxazoliding7 in excellent yield and good
diastereoselectivity. Further functionalizationtlé isoxazolidine is accomplished By
alkylation under microwave conditions wiflimethoxybenzyl bromide to gener&l8.
The allyl side chain is converted to an alcoholotigh the three step sequence of
dihydroxylation with Os@, oxidative cleavage with Nalo form an aldehyde, and then
reduction with sodium borohydride. Protection of tiewly formed alcohol as a methoxy
methyl ether, then silyl deprotection of the C5ldmrms isoxazolidine21. Oxidative
cleavage with Nal@and condensation with hydroxylamine leads to igokdine 22,

fully functionalized for a second cycloaddition.
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Figure 5-6: Synthesis of the first isoxazolidineing
1. TBS-CI, DMAP

(0} H,NOH -HCl

O 2. Me,SL n-BuLi v 14 BapCOs tol
THF/Hex ° 79% 15
i) +-BuOCl NI_O TBSOTf N|_O Allyl-MgCl HN—
tol, -78 °C ! | .
15— )\)\/IEIK(\OTBS M /]\/\\/IE{\‘/\OTBS M OTBS
ii) EtMgBr, 14 OH THF OTBS tol / THF OTBS
tBuOH, tol o . Et;N o =718 °C
68%d.r.>20:1 16 92% 17 86% d.r. ~10:1
o~ (O
HN—O 1. 0504, NMO
Xl ] p-MeOBnBr t-BuOH/THF/H,0
B OTBS —————— > N—O N—O
OTBS i-Pr,NEt, DMF XX\, 2.NalO,, CH;CN/H,0 HO_~., |
uwave - OTBS 3. NaBH,, MeOH - OTBS
18 OTBS OTBS
97% 19 89% 20
o
1. MOM-CI / 1. NalOy4 /
N—O __-P,NEL, CH,Cly CH;CN/H,0
HO._ ., — \/
/<\/J\‘/\OTBS 2. TBAF, THF /ﬁ\/K‘/\OH 2. H,NOH-HCI /i\/H
H H/
OTBS Na,CO5, MeOH NO
89% 20 62% 96%

Formation of the second bisisoxazolidine ring iscaaplishedvia a second [3+2]
cycloaddition of the nitrile oxide a22 with allyl alcohol (Figure 5-7). While previous
efforts in the Mapp lab to establish diastereosmlecconditions for the second
cycloaddition were unsuccessful, both isoxazolidguxazoline diastereomers were
desired in order to evaluate the influence of signemistry on bisisoxazolidine TAD
efficiency. While the initial mixture ofyn andanti-adduct diastereomers were difficult
to separate by chromatography on silica gel, gilgtection of the free alcohol led to
easily separable diastereomeric products. Steredche assignment of the
diastereomeric products is assigned based on gnaogthe crystalographically

established structure df0 (Figure 5-4)> Benzyl grignard addition t@nti-adduct23
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yielded a single diastereomers and provi@&dafter microwave assisteld-allylation.
Converselysynadduct24 provided both diastereomeg§ and27, afterN-allylation.

Figure 5-7: Synthesis of bisisoxazolidines

| PMP | PMP
N 1. BnMgCl, BF;-Et,0 Oj {
0\//,,N_O b tol / THF -78°C o\//,,N_O PhH\
H 2 SOTBS 2. Allyl bromide H " NOTBS
N—O i-Pr,NEt, DMF N—O
i- uwave
anti a‘dduct 23 /j 25
69% d.r. >20:1
5 {MP 1. Allyl alcohol
g N—o0  _NaOCLwl | g5 4, 4y
~ A 2. TBSCI, DMAP
A H,Cl,, Et;N
o CHyCl,, Et3 (l)j EMP
22 \ o\//,,N_O PhH
B ~ ~OTBS
Hy—o
| 1. BnMgCl, BF;-Et,0
o tol / THF -78°C 54% 26
2. Allyl bromide +
OTBS i-PerEt, DMF | PMP (62% d.r. 721)
pwave Oj {

syn-adduct 24

H
8% /j 27

An initial series of bisisoxazolidines was prepafed functional evaluation as
TADs by covalently attaching the compounds to @edi dexamethasone (OxDex) via a
short linker fragment (Figure 5-8). Standard fumaél group conversion and amide-bond
formation techniques can be used to prepare agpteptompounds for evaluation in
Hela cell based transcription assdy# similar series of compounds with variable

functionalization of the alcohol side chain is simaw Figure 5-9.
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Figure 5-8: Preparation of Targeted TADs for Activaion Assay

| PMP PMP
N
O\//,,N_Q H\\\ &aéel d.e f.. HO\/"»N_(_) H\\\ g h, i, k 11
2y 1 otss 2N
N—O N—O
l&b 23 28
| PMP PMP
2) N—O _Ph N—O _Ph

(0]
3 s S

9 PMP l j
R =AEEA = EJK/O\/\O/\/NHZ

(
OH o) ¢ ¢Mu
= L o~ - R
HoMe — Me i N
OxDex = 9 6 } 30
H;C H HO OH
Conditions: a) BaMgCl, BF3°Et,0, tol/THF -78 °C; b) Allyl bromide, i-Pr,NEt, DMF, microwave; ¢) TBAF, THF; d)

MsCl, Et;N, CH,Cl,; e) NaN3, DMSO, 100 °C; f) HCI (aq); g) PPh3, H,O, THF, 60 °C; h) ROH, HOBT HBTu, Et;N; i)
1,3-diaminopropane; j) OsO,, NMO, THF, H,O, tBuOH; k) OxDex, HOBt, HBTu, Et;N, DMF.
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Figure 5-9: Synthesis of TADs with Variable AlcohoFunctionalization

(l)W PMP b d e (l)j PMP
o9 m o) L H
| ., | : IﬁI
31 9%, 9
Ja
PMP PMP
b,c,d, e
Ho_-) ¢ m
B > N
| 3
HN—0
77%
2
L
PMP PMP
b,c,d, e
| |
OH
HO M¢—\ Me )OJ\/
HO,C' ' " o) ROH = 0 NHFMoc
OxDex= HO ~ o
H

OH

(0] Me M
H HOM¢ e
Ri= 3o ~g~oN .a 0
M H

€

Conditions: a) HCI (aq); b) PPhs, H,0, THF, 60 °C; ¢c) ROH, HOBT HBTu, Et;3N; d) 1,3-diaminopropane;
e) OxDex, HOBt, HBTu, Et;N, DMF; f) Mel, CH,Cl,, 0 °C.

Another isoxazolidine-isoxazoline TAD was prepatedprobe the influence of
para-methoxy benzyl N-substitution on the firstgricompared to N-benzyl substitution
as utilized in4 (Figure 5-10). Alternatively, a TAD was preparedn a racemic mixture
of the original isoxazolidine minor diastereomed8)( while a TAD from a racemic

mixture of the isoxazolidine major diastereomer wyasthesized42, Figure 5-11).
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Figure 5-10: Synthesis of a TAD to Probe the Influece of Nitrogen Substitution
HN—O OTBS

Bn
N BnBr ~_, N0 OTBS 1.0s0,,NMO_ "N—0 OTBs
B —_—— e N
H §1s  i-PryNEt, DMF /é\/H\‘) 2.NalO, /é\/K‘)
puwave OTBS  3.NaBH, OTBS
18 81% 34 73% 35
1. MOM-C1 ' 1. NalO,
i-PerEt, CH2C12 CH3CN/H20
s .
2. TBAF, THF /C\)Y\OH 2. H,NOHHCI /é\/H
N3.2C03, MeOH
52% 36 64%

1. Allyl alcohol

37 NaOCl, tol

20% d.r. >201
(crude d.r. 1:1)

'N Bn’N
— HO\///,, O H\\ R
E— ﬁ f N N
N—o H
6
OH
(]

O M I M
H HO, €
R! = ‘EL)J\/O\/\O/\/N ’@ (0]
OM H

€

Figure 5-11: Synthesis of Isoxazolidine TADs with ¥riable Stereochemistry

Bn.
N9 ab,c def,g HO_ -,
OH ——————————> /<\/& W
(+-) 39 0 )
27%d.r.>20:1 3% d.r. > 20:1
Bn;N o >
HO ., LN, h,i,j, k HOw_ N—O II:II
- ; -
H /i\/ﬁk R
W dr. 1:1
* 89% 42
Bn.
/'N_O h,i,j, k
Y . ! N3 Y
H
" " dr 1:1
41

43 89%

0 Me M
H HO €
i ()
o) N (0]
ROH= HO)J\/ O\/\o/\/NHFMoc R!= bhbﬂ\/ h i o
M H

9

Conditions: a) Allyl-MgCl, BF;¢Et,0, tol/THF -78 °C; b) MsCl, Et;N, CH,Cl,; ¢) NaN;, DMSO, 100 °C; d) BnBr, i-
Pr,NEt, DMF, microwave; e) OsO4, NMO THF, H,O, tBuOH,; f) NalO,, H,O, CH;CN; g) NaBH,, MeOH; h) PPh;,
H,0, THF, 60 °C; i) ROH, HOBT HBTu, Et;N;j) 1,3-diaminopropane; k) OxDex, HOBt, HBTu, Et;N, DMF.
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5.3 Functional Evaluation of TADs

The TAD conjugates were assessed in a cell baaaddriptional activation assay as
a standard dual-reporter luciferase asdajo test small molecule TADs in cells, an
appropriate DNA-targeting moiety was required. Hssay was established based on a
system developed by Kodadek and co-workers in waiftision protein consisting of the
Gal4 DNA binding domain and the minimal ligand bimgldomain of the glucocorticoid
receptor is constitutively expressed in the c&ll¥he small molecule TADs under
examination are thus tagged with an oxidized fofndexamethasone (OxDex); upon
binding of the TAD-OxDex conjugate, the complex diizes the small molecule to
binding sites for Gal4 that control the activity afreporter gene, firefly luciferase. A
measurement of luciferase activity provides direfdrmation regarding the ability of the
small molecule to function as a TAD. Results frdme tuciferase assays in Hela cell
culture suggested that the targeted compounds iweffective as TADs, producing very
minimal increases in the transcriptional activity.

In the course of testing new small molecules foncfion as TADs, it became
necessary to prepare a new batch of our positiae@at2. Two different diastereomers
of the isoxazolidine TAD were prepared (Figure 3-urprisingly, the new sample of
42 that | prepared showed no significant activitytie cell based assay. | carefully
prepared a total of four batches 42, and each one showed no significant activity.
Another member of the lab also prepared an inacgample of42 while conducting
similar activation experiments. Alternatively, DRyan Casey, another graduate student
at the time, later prepared an active batchafAn explanation for this inconsistent

activity has not been perfectly established. TheMkb is working towards testing the
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effective binding of various OxDex conjugates wislolated Glucocorticoid Receptor
(GR) in a collaboration with Professor Jorge IniguEhese experiments will help probe
an aspect of the transcriptional activation biatagjiassay to help establish whether there
are differences in binding between the active aadtive samples. Differences in binding
affinity to the GR could influence activity throughconformational difference in binding or
through an affect on trafficking of the ligandedrmex to the nucleus.

Further experiments have been conducted to fumatiyo evaluate the small
library of isoxazolidine-isoxazoline and bisisoxbdime TAD mimics that | have
synthesized. The isoxazolidine-isoxazoline andsbisazolidine azide intermediates have
been evaluated in some initial NMR based experimaihed at evaluating binding to
components of the transcriptional machinery. SirlyiJathese compounds have been
tested as inhibitors of transcriptional activation squelching experiments against a
VP16-derived activator. While none of these molesuiave shown significant functional
activity, the Mapp lab has many more targets aganisch to further evaluate these

compounds as transcriptional inhibitors.

5.4 Conclusion
A small library of compounds has been synthesiredn effort to identify potent
small molecule TADs. The compounds were designedrineffort to replicate the
repetitive display of functionality that is knowwo generate a greater than additive
improvement in potency from natural activators.
Initial functional evaluation of this library obmpounds was conducted through a

transcriptional activation assay in cells, but nafi¢he compounds showed significant
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activity. The resynthesis of a positive control ftre activation assay revealed
inconsistent activity between different batchescofmpounds for the assay. Further
experiments have been targeted to probe whetheliffieeently activating samples show
different binding affinities to a key protein inveld in the biological assay.

The targeted small molecule TAD mimics have alserbevaluated as inhibitors
of transcriptional activation through squelchingperments. While these compounds
showed no activity against a VP16-derived activatoe Mapp lab is interested in testing

their function against many other natural activator

5.5 Experimental Section

General: Unless otherwise noted, starting materials werdaiobd from
commercial suppliers and used without further peatfon. CHCI,, THF, CHCN and
toluene were dried by passage through activatethiabu columns and degassed by
stirring under a dry Natmosphere. NMP and DMF were used as purchasduobwtit
further purification. BE*OE%L and EtN were distilled from Cak MeOH was distilled
from sodium metal, and t-BuOH was distilled from 8g. All reactions involving air-
or moisture-sensitive reagents were performed uaddny N atmosphere. Purification
by column chromatography was carried out with ErdleSilica Gel 60 (230-400 mesh).
'H and ®*C NMR spectra were recorded in CRCAt 500 MHz and 125 MHz,
respectively, unless otherwise specified. Revelss@ HPLC purification was
performed on a Varian ProStar 210 equipped witmiRaDynamax UVD Il detector
using a C18 (8 x 100 mm) Radial-PakTM cartridgengs gradient of 0.1% TFA inJ@

and CHCN as the mobile phase. UVvis spectra were meadar&eOH. In order to
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determine the concentration of all methotrexatewggates (3-7), the characteristic UV-
vis absorptions of methotrexate at.x = 257, 302, and 370 nm with extinction
coefficients of 23,000, 22,000, and 7,100'dvh?, respectively, was used. Once the
concentration was determined, the sample was dédudyophilized, and stored at —78
°C. The in vitro transcription assays were carried as previously describétl The
buffer used for transcription assays contains 5 M{CI2, 400 mM of each NTP, 10 pg
of salmon sperm carrier DNA, 10 mM HEPES (pH 73),mM KCI, 0.1 mM EDTA,
0.25 mM DTT, and 10% glycerol. 3-Methylbutyraldeleyoxime 15),*° (S)-1-(tert-
butyldimethylsilyloxy)but-3-en-2-ol 14),?° 2-(tert-Butyl-dimethyl-silanyloxy)-(1R)-1-
[(5R)-3-isobutyl-4,5-dihydro-isoxazol-5-yi]-ethano(16),'*®® and 42" were prepared
according to published procedures. Yields referidolated yields of compounds

estimated to be95% pure as determined Byt NMR.

Synthesis of Compounds

N|_O

17 ﬁOTBSTBS (R)-3-isobutyl-5-((R)-2,2,3,3,8,8,9,9-octamethy¥-4lioxa-3,8-
disiladecan-5-yl)-4,5-dihydroisoxazol&7). To a solution ofL6 (1.0 equiv) in THF (0.2
M) cooled in an ice-kD bath was added DMAP (0.10 eq) angNEt(2.2 equiv).
TBSOTTf (2.2 equiv) was then added dropwise andstihetion slowly warmed to ambient
temperature. The reaction was complete in 2 hndiated by TLC analysis. The
mixture was again cooled in an ice-H20 bath, ddutgth sat. NHCI (15 mL), and

extracted with BO (3 x 15 mL). The combined organic extracts weashed with brine

(1 x 15 mL), dried over N&QO, filtered, and concentrated in vacuo. This proced
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yielded the title compound7 (10.58 g, 92%) as a yellow oil after purificatidny
chromatography with 5% EtOAc/hexanes as the eldahtMR (400 MHz, CDCY) §
4.63-4.56 (M, 1 H), 3.71-3.64 (m, 2 H), 3.61-3.6% { H), 2.90-2.84 (m, 2 H), 2.25-2.12
(m, 2 H), 1.95-1.83 (m, 1 H), 0.97-0.93 (m, 6 HB& (s, 9 H), 0.87 (s, 9 H), 0.09 (s, 3
H), 0.08 (s, 3 H), 0.06-0.04 (m, 6 H}°C NMR (100 MHz, CDG) § 157.9, 80.3, 74.1,

64.4, 38.6, 36.7, 26.0, 25.9, 25.8, 22.6, 22.43,118.1, -4.4, -4.8, -5.5, -5.5.

HN——O

W
- OTBS
H

18 OTBS

dioxa-3,8-disiladecan-5-yl)isoxazolidingg). To a solution of isoxazoling7 (1.0 eq) in

(3S,5R)-3-allyl-3-isobutyl-5-((R)-2,2,3,3,8,8,9%%@tamethyl-4,7-

toluene (0.1 M) cooled in a dry ice-acetone batls wdded distilled BfOEL (3.0 eq)
and the resultant mixture was stirred with contthaeoling for 30 min. Allylmagnesium
chloride (2.0 M solution in THF, 6.0 eq) was addiedpwise over 10 min. The reaction
mixture was allowed to stir with continued cooliagtil the reaction was complete by
TLC analysis (6 h). kD (10 mL) was added and the mixture stirred fon20. HO (20
mL) was added and the agueous and organic layees separated. The aqueous layer
was extracted with EtOAc (3 x 20 mL) and the corebilrganic extracts were washed
with H,O (1 x 20 mL) and brine (1 x 20 mL), dried over MS filtered and
concentrated in vacuo. A diastereomeric ratio®l vas determined by crudd NMR.
This procedure yielded the title compoud8 (2.03 g, 79%) as a yellow oil after
purification by chromatography with 5% EtOAc/hexares the eluantH NMR (500
MHz, CDCh) § 5.94-5.83 (m, 1 H), 5.11 (d, 6 Hz, 1 H), 5.091(%]), 4.30 (t, 7 Hz, 1 H),

3.73 (ddJ = 9.5, 11 Hz, 1 H), 3.62-3.57 (m, 2 H), 2.39 (d¢; 7, 15 Hz, 1 H), 2.23 (dd,
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J=8.5,12.5 Hz, 1 H), 1.89-1.81 (m, 2H), 1.48 (dd 6.5, 14 Hz, 1 H), 1.39 (dd,=
6.5, 14 Hz, 1 H), 0.94 (d = 6.5 Hz, 6 H), 0.91 (s, 9 H), 0.89 (s, 9 H), 0(&16 H),

0.07-0.06 (m, 6 H).

N—O

WOTBS
9 7 otBs (3S,5R)-3-allyl-3-isobutyl-2-(4-methoxybenzyl)-5R()-

2,2,3,3,8,8,9,9-octamethyl-4,7-dioxa-3,8-disiladebayl)isoxazolidine 19. To a
solution of isoxazolidine 11 (210 mg, 0.61 mmoD &q) in DMF (3.0 mL) was added
iPr2NEt (0.31 mL, 1.8 mmol, 3.0 eq) and BnBr (0#&, 3.7 mmol, 6.0 eq). The
reaction mixture was irradiated in a 1000 W micree/é6 x 20 s) @ 20% power with
mixing between each interval. Upon cooling to ambitemperature the solution was
diluted with H20 (3 mL) and extracted with Et20X3® mL). The combined organic
extracts were washed with,® (1 x 5 mL) and brine (1 x 5 mL), dried over JS&,
filtered, and concentrated in vacuo. This procedielded the title compourt® (14.72

g, 93%) as a yellow oil after purification by chratography with 5% EtOAc/hexanes as
the eluant'H NMR (500 MHz, CDC}) 6 7.34 (d,J = 8.5 Hz, 2 H), 6.87-6.84 (m, 2 H),
6.02-5.92 (m, 1 H), 5.15-5.12 (m, 1 H), 5.11 ($§)14.09 (dtJ = 5.0, 8.5 Hz, 1 H), 3.86-
3.74 (m, 5 H), 3.71-3.63 (m, 2 H), 3.57 (dd= 6.0, 10 Hz, 1 H), 2.44-2.28 (m, 2 H),
2.19-2.09 (m, 2 H), 1.97-1.87 (m, 1 H), 1.64 (@¢; 5.0, 14.5 Hz, 1 H), 1.38 (dd, J = 6.5,
14.5 Hz, 1 H), 1.02 (1) = 6.5 Hz, 6 H), 0.91 (s, 18 H), 0.07 (s, 3 H),B0129 (m, 6 H), -

0.01 (s, 3 H).
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N—O

HO._ .,
/ﬁ\/ﬁk‘ﬂoms
20 T 0TBS  _((35,5R)-3-isobutyl-2-(4-methoxybenzyl)-5-((R)-

2,2,3,3,8,8,9,9-octamethyl-4,7-dioxa-3,8-disiladebayl)isoxazolidin-3-yl)ethanol 20).

To a solution of isoxazolidin&9 (14.39 g, 24.9 mmol, 1.0 equiv) in t-BuOH (125 mL)
THF (33.5 mL), and kD (8.3 mL) was added NMO (3.2 g, 27.4 mmol, 1.1liequ
followed by OsQ (5 ml of a 2.5 wt% solution in t-BuOH, 1.25 mm6l05 equiv). The
reaction mixture was stirred at ambient temperatuntd complete by TLC analysis (24
h). The mixture was cooled in an iceéHbath, NaSO; was added, and the mixture
stirred 1 h. The mixture was diluted with® (100 mL) and extracted with EtOAc (3 x
100 mL). The combined organic extracts were draer NaSQ, filtered and
concentrated in vacuo. The crude diol was takemgd mL CHCN and 80 mL HO
and cooled in an ice4® bath. Sodium periodate (8.0 g, 37.3 mmol, 1.6iwgwvas
added and the reaction mixture stirred at ambiemtperature until complete by TLC
analysis (30 min). The reaction mixture was ddutgth H,O (100 mL) and extracted
with Et,O (3 x 100 mL). The combined organic extracts weashed with KO (1 x 50
mL) and brine (1 x 50 mL), dried over p&O,, filtered and concentrated in vacuo. The
crude aldehyde thus obtained was dissolved in 15M@OH and cooled in an ice-B
bath prior to addition of NaBH(1.41 g, 37.3 mmol, 1.5 equiv). Upon completian a
noted by TLC analysis (1h),-® (50 mL) was added and the reaction extracted with

EtOAc (3 x 100 mL). The combined organic extragtse dried over N&O,, filtered
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and concentrated in vacuo. This procedure yieltdeditle compoun@0 (12.83 g, 89%)
as a yellow oil after purification by chromatogrgpiith 20% EtOAc/hexanes as the
eluant.H NMR (500 MHz, CDC}) & 7.29-7.25 (m, 2 H), 6.84-6.80 (m, 2 H), 5.45 (bs,
H), 4.30-4.24 (m, 1 H), 3.94-3.87 (m, 1 H), 3.888(m, 6 H), 3.71-3.66 (m, 1 H), 3.62-
3.54 (m, 2 H), 2.27 (dd] = 10, 12.5 Hz, 1 H), 2.08 (dd= 7.5, 12.5 Hz, 1 H), 2.05-1.97
(m, 1 H), 1.93-1.87 (m, 1 H), 1.77-1.68 (m, 1 HH&1.60 (m, 1 H), 1.38 (dd,= 8.0,
13.5 Hz, 1 H), 1.02 (d] = 6.5 Hz, 3 H), 0.99 (dl = 6.5 Hz, 3 H), 0.95 (s, 9 H), 0.87 (s, 9

H), 0.15 (s, 3 H), 0.09 (s, 3 H), -0.01 (s, 6 H).

~ |
/é\/ﬁkﬁoms
SI " OTBS (35 5R)-3-isobutyl-2-(4-methoxybenzyl)-3-(2-

(methoxymethoxy)ethyl)-5-((R)-2,2,3,3,8,8,9,9-octhyl-4,7-dioxa-3,8-disiladecan-5-
yhisoxazolidine §1). A flame-dried flask was cooled under a stred#mitrogen and
charged witt20 (11.86 g, 20.4 mmol, 1.0 equiv) and &Hp. The resulting solution was
cooled in an ice-water bath and DIPEA (5.3 mL, 3téwol, 1.5 equiv) was added,
followed by MOMCI (2.24 mL, 29.5 mmol, 1.45 equidyopwise. The reaction was
allowed to come to rt and stired overnight. TLC lgsia (20% EtOAc/hexanes) shows
someS1remaining. The reaction was then cooled in annager bath, and DIPEA (2.7
mL, 0.75 equiv) was added, followed by MOMCI (1.2,0.7 equiv). The reaction was
allowed to warm to rt and stirred 24 h. The reacteas diluted with KO (100 mL),

extracted with EtOAc (3 x 100 mL). The combinedaoig extracts were washed with 1
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M HCI and brine, dried over N8O, filtered, and concentrated in vacuo. This proced
yielded the title compoun&®l (10.0 g, 78%) as a yellow oil after purification by
chromatography with 15% EtOAc/hexanes as the eldBnNMR (500 MHz, CDCJ) &
7.31 (d,J = 9.0 Hz, 2 H), 6.84 (d] = 9.0 Hz, 2 H), 4.64 (s, 2 H), 4.15-4.09 (m, 1 H),
3.82-3.77 (m, 4 H), 3.76-3.70 (m, 3 H), 3.68 Jg 5.5 Hz, 1 H), 3.62 (dd] = 5.0, 10
Hz, 1 H), 3.55 (ddJ = 6.0, 10 Hz, 1 H), 3.38 (s, 3 H), 2.24-2.10 (mH)2 1.99-1.82 (m,

3 H), 1.64 (dd)) = 5.0, 14 Hz, 1 H), 1.34 (dd,= 7.0, 14 Hz, 1 H), 1.03 (d,= 7.0 Hz, 3
H), 1.00 (d,J = 7.0 Hz, 3 H), 0.90 (s, 9 H), 0.89 (s, 9 H), 0(683 H), 0.02 (M, 6 H),

0.01 (s, 3 H).

ﬁ OH
21 "OH  (R)-1-((3S,5R)-3-isobutyl-2-(4-methoxybenzyl)-3-(2-

(methoxymethoxy)ethyl)isoxazolidin-5-yl)ethane-Hi»l (21). A flame-dried flask was
cooled under a stream of nitrogen and charged $dit(1.0 g, 1.6 mmol, 1.0 equiv) and
THF (10 mL). TBAF (3.5 mL, 1 M in THF, 3.5 mmol,2equiv) was added slowly, and
the reaction was stirred until TLC (33% EtOAc/heaghindicates reaction completion (2
h). The reaction was diluted with,@ (10 mL), and extracted with EtOAc (3 x 20 mL).
The combined organic extracts were washed wi® L x 5 mL) and brine (1 x 5 mL),
dried over Ng@SQ, filtered, and concentrated in vacuo. This procedyielded the title
compound21 (0.51 g, 80%) as a clear colorless oil after pcatiion by chromatography

with 66% EtOAc/hexanes as the eludit. NMR (400 MHz, CDCJ) § 7.22 (d,J = 8.5
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Hz, 2 H), 6.82 (dJ = 8.5 Hz, 2 H), 4.60 (s, 2 H), 4.02-3.95 (m, 1 B{§0-3.72 (m, 5 H),
3.71 (s, 1 H), 3.68-3.60 (m, 1 H), 3.55-3.45 (nH)2 3.44-3.38 (m, 1 H), 3.34 (s, 3 H),
3.23 (s, br, 1 H), 2.56 (s, br, 1 H), 2.33 (dd; 8.5, 12.4 Hz, 1 H), 2.18 (dd= 5.5, 12.4
Hz, 1 H), 1.98-1.78 (m, 3 H), 1.58 (diiz 4.5, 14.5 Hz, 1 H), 1.37 (dd= 7.0, 14.5 Hz,

1 H), 0.97 (tJ = 6.0 Hz, 6 H).

|

0
) _
b N—0

2
l
22 'NOH 3 jsobutyl-2-(4-methoxybenzyl)-3-(2-

(methoxymethoxy)ethyl)isoxazolidine-5-carbaldehyaeéme @2). A flame-dried flask
was cooled under a stream of nitrogen and cldangéh 21 (0.508 g, 1.28 mmol, 1.0
equiv), CHCN (5 mL), and HO (5 mL). Sodium periodate (0.424 g, 2 mmol, 1.6ieq
was added and the reaction was stirred until TL&\shreaction completion (1 h). The
reaction was diluted with # (10 mL), extracted with ED (3 x 20 mL). The combined
organic extracts were washed with brine, dried dN&SO,, and concentrated in vacuo.
The crude aldehydes intermediate was dissolved ieOM (10 mL), and
hydroxylaminesHCI| (0.107 g, 1.5 mmol, 1.2 equiv)dgmotassium carbonate (0.213 g,
1.5 mmol, 1.2 equiv) were added. The reaction wia®d for 2 h, then the reaction was
diluted with HO (10 mL), extracted with EtOAc (3 x 20 mL). Thendoined organic
extracts were washed with brine, dried ovepd@, filtered, and concentrated in vacuo.
This procedure yielded the title compouBa (0.468 g, 96%) as a yellow oil after

workup.*H NMR (500 MHz, CDGJ) § 9.61 (s, 1 H), 7.33-7.29 (m, 2 H), 6.91-6.86 (m, 2
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H), 4.65 (s, 2 H), 4.19 (dd,= 5.5, 12 Hz, 1 H), 3.83-3.80 (m, 5 H), 3.80-3(65 3 H),
3.39 (s, 3 H), 2.52 (dd, = 12, 16 Hz, 1 H), 2.38 (dd,= 5.5, 16 Hz, 1 H), 2.04-1.94 (m,
1 H), 1.94-1.84 (m, 1 H), 1.84-1.74 (m, 1 H), 1(68,J = 6, 18 Hz, 1 H), 1.33 (dd, =

8.5, 18 Hz, 1 H), 0.97 (dd,= 8.5, 10.5 Hz, 6 H).

| PMP | PMP
0

h PMP I. Allylalcohol ¢ { {
N N—o NaOCL, tol 1 N—o0 1T N—oO
O, O ) | H o + O 1 H
il al © OH il ¥ "OH
H\on N—O0 N—b
22 anti-adduct  S2 75% d.r. 1:1 syn-adduct ~ S3

((R)-3-((3S,5R)-3-(2-(methoxymethoxy)ethyl)-2-(4-tnexybenzyl)-3-
isobutylisoxazolidin-5-yl)-4,5-dihydroisoxazol-5)yhethanol $2) and ((S)-3-((3S,5R)-
3-(2-(methoxymethoxy)ethyl)-2-(4-methoxybenzyl)spbutylisoxazolidin-5-yl)-4,5-
dihydroisoxazol-5-yl)methanol5Q). A flame-dried flask was cooled under a stredm
nitrogen and charged with oxim22( 468 mg, 1.23 mmol, 1.0 equiv) and toluene (10
mL). The solution was cooled in an ice-water balfien allyl alcohol (0.84 mL, 12.3
mmol, 10 equiv) was added, followed by sodium hypaote (4.13 mL, 744 mM, 3.1
mmol, 2.5 equiv) dropwise over 20 min. A white pp#tate forms and the reaction is
stirred for 1 h. The reaction was diluted withQH(10 mL), extracted with ED (4 x 10
mL). The combined organic extracts were washed buithe, dried over N&O,, filtered,
and concentrated in vacuo. This procedure yielthedtitte compounds$s2 (0.145 g,
27%) andS3(0.129 g, 24%) as clear colorless oils after pcaiion by chromatography
with 50% EtOAc/hexanes as the eluant and HPLC gt separated the diastereomers.

S2 'H NMR (500 MHz, CDCJ) § 7.25 (d,J = 8.5 Hz, 2 H), 6.84 (d] = 8.5 Hz, 2 H),
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4.72 (ddJ = 6.5, 8.0 Hz, 1 H), 4.62 (s, 2 H), 4.61-4.53 {nt), 3.81-3.66 (m, 7 H), 3.61
(d, br,d = 12 Hz, 1 H), 3.49 (ddl = 5.0, 12 Hz, 1 H), 3.37 (s, 3 H), 2.82 (dd; 11, 17.5
Hz, 1 H), 2.70 (ddJ = 7.5, 17.5 Hz, 1 H), 2.53 (dd= 8.5, 13 Hz, 1 H), 2.49-2.39 (m, 2
H), 1.99-181 (m, 3 H), 1.61 (dd,= 5.0, 14.5 Hz, 1 H), 1.36 (dd,= 7.0, 14.5 Hz, 1 H),
0.99 (t,J = 6.0 Hz, 6 H).

S3 'H NMR (500 MHz, CDCJ) § 7.22 (d,J = 8.5 Hz, 2 H), 6.83 (d] = 8.5 Hz, 2 H),
4.70 (t,J = 7.5 Hz, 1 H), 4.64-4.57 (m, 3 H), 3.77 (s, 3 BIY6 (s, br, 2 H), 3.74-3.68 (m,
2 H), 3.59 (d, brJ = 11 Hz, 1 H), 3.45 (d, bd,= 11 Hz, 1 H), 3.37 (s, 3 H), 2.84 (dbi:
11, 17.5 Hz, 1 H), 2.65 (dd,= 7.5, 17.5 Hz, 1 H), 2.52 (d,= 7.5 Hz, 2 H), 2.39 (s, br, 1
H), 1.98-1.89 (m, 2 H), 1.89-1.81 (m, 1 H), 1.68,@= 5.0, 14.5 Hz, 1 H), 1.37 (dd=

7.0, 14.5 Hz, 1 H), 0.99 (3,= 7.0 Hz, 6 H).

O
\lc)\///,, _O H\\\
ﬁ Nl_o“ OTBS
23 ((R)-3-((3S,5R)-3-(2-(methoxymethoxy)ethyl)-2-(4-

methoxybenzyl)-3-isobutylisoxazolidin-5-yl)-4,5-gilroisoxazol-5-
yl)(tert-butyldimethylsilyloxy)methane2@). A flame-dried flask was cooled under a
stream of nitrogen and charged w&f (15 mg, 0.034 mmol, 1 equiv) and gE, (0.2
mL). The solution was cooled in an ice-water battt BMAP (0.2 mg, 0.001 mmol, 0.04
equiv) and BN (9.4 uL, 0.069 mmol, 2.0 equiv) were added, followed IBSCI (9.8
mg, 0.065 mmol, 1.9 equiv). A white precipitateri®; and the reaction is stirred until
TLC indicates completion (2 h). The reaction igefiéd, diluted with water, extracted

with CH,CI, (2 x 5 mL). The combined organic extracts werehedswith brine, dried
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over NaSQ,, filtered, and concentrated in vacuo. This procedyielded the title
compound23(0.014 g, 74%) as a clear colorless oil after jpeatfon by chromatography
with 15% EtOAc/hexanes as the eludit. NMR (500 MHz, CDCJ) § 7.27 (d,J = 8.5
Hz, 2 H), 6.85 (dJ = 8.5 Hz, 2 H), 4.79 (] = 8.0 Hz, 1 H), 4.64 (s, 2 H), 4.59-4.52 (m,
1 H), 3.84-3.70 (m, 7 H), 3.67 (dd,= 5.0, 11.0 Hz, 1 H), 3.61 (dd,= 5.0, 11.0 Hz, 1
H), 3.39 (s, 3 H), 2.85 (d,= 9.0 Hz, 1 H), 2.55 (dd} = 9.0, 12.5 Hz, 1 H), 2.41 (dd=
6.0, 13 Hz, 1 H), 2.01-183 (m, 3 H), 1.63 (dds 5.0, 14.5 Hz, 1 H), 1.39 (dd,= 7.0,

14.5 Hz, 1 H), 1.01 (1] = 6.5 Hz, 6 H), 0.90 (s, 9 H), 0.09 (s, 3 H), 0(873 H).

| EMP
\lc)\///N_O H “
}:I Nl—o\ OMs
$4 ((R)-3-((3S,5R)-3-(2-(methoxymethoxy)ethyl)-2-(4-

methoxybenzyl)-3-isobutylisoxazolidin-5-yl)-4,5-gilroisoxazol-5-

yh)-methyl methanesulfonates§). A flame-dried flask was cooled under a strezm
nitrogen and charged wit®2 (17.6 mg, 0.040 mmol, 1.0 equiv) and dichloromeéa
(2.0 mL, 0.1 M). The solution is cooled in an icater bath and BN (16 uL, 0.117
mmol, 1.1 equiv) is added. Methylsulfonyl chlori@® uL, 0.117 mmol, 1.1 equiv) is
added, and the reaction is stirred until ESI-MSdates reaction completion (1 h). The
reaction is diluted with sat. aq. MEI (5 mL), extracted with C§Cl, (3 x 6 mL). The
combined organic extracts were washed with aq. HGA, brine, dried over N&O,,
filtered, and concentrated in vacuo. This proceduelded the title compours4 (0.014

g, 68%) as a yellow oil after workufH NMR (500 MHz, CDCJ) & 7.27 (d,J = 8.5 Hz,

2 H), 6.87 (dJ = 8.5 Hz, 2 H), 4.74 () = 7.0 Hz, 1 H), 4.70-4.62 (m, 3 H), 3.84-3.68
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(m, 7 H), 3.40 (s, 3 H), 3.32 (dd= 4.0, 13.0 Hz, 1 H), 3.24 (dd;= 5.5, 13.0 Hz, 1 H),
2.88 (dd,J = 11.0, 17.5 Hz, 1 H), 2.69 (dd,= 6.5, 17.5 Hz, 1 H), 2.64-2.53 (m, 2 H),
2.03-195 (m, 1 H), 1.95-1.86 (m, 2 H), 1.64 (dd; 5.0, 15.0 Hz, 1 H), 1.40 (dd= 7.0,

14.5 Hz, 1 H), 1.02 (d] = 6.5 Hz, 6 H).

PMP
N—O

HO._ H N
28 N—0

3-isobutyl-2-(4-methoxybenzyl)isoxazolidin-3-yl)eitol 28). A flame-dried flask was

2-((3S,5R)-5-((R)-5-(azidomethyl)-4,5-dihydroisox&3-yl)-

cooled under a stream of nitrogen and charged $4t(14.0 mg, 0.027 mmol, 1 equiv),
sodium azide (17.7 mg, 0.27 mmol, 10 equiv), andSOM(0.27 mL, 0.1 M). The
reaction flask was attached to a reflux condenser fzeated to 10Q for 3 h. The
reaction was diluted with sat. aq. ammonium chei(@ mL) and extracted with EtOAc
(4 x 5 mL). The combined organic extracts were wdshith brine, dried over N8O,
filtered, and concentrated in vacuo to yield a gcte#d azide intermediate. The crude
clear colorless oil was dissolved in isopropano2%0mL) and conc. aq HCI (0.05 mL)
was added. The solution was stirred until ESI-M&idates reaction completion (6 h).
The reaction was diluted with sat. aq. ammoniunorti¢ (5 mL), extracted with EtOAc
(4 x 5 mL). The combined organic extracts were wdshith brine, dried over N8O,
filtered, and concentrated in vacuo. This procedyiedded compound8 (0.0048 g,
58%%) as a clear colorless oil after after purtfma by chromatography with 2%
MeOH/CH,CI, as the eluantH NMR (500 MHz, CDCJ) § 7.24 (d,J = 8.5 Hz, 2 H),

6.87 (d,J = 8.5 Hz, 2 H), 4.79 (] = 8.0 Hz, 1 H), 4.76-4.69 (m, 1 H), 3.97 {d 14.0
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Hz, 1 H), 3.93-3.86 (m, 1 H), 3.86-3.75 (m, 5 H¥®(dd,J = 3.5, 13.0 Hz, 1 H), 3.30
(dd,J = 5.0, 13.0 Hz, 1 H), 2.99-2.90 (m, 1 H), 2.828(f, 2 H), 2.55 (ddJ = 8.5, 13.5

Hz, 1 H), 2.06-1.94 (m, 1 H), 1.88-1.72 (m, 3 HY¥6@.(dd,J = 8.5, 13.5 Hz, 1 H), 1.02

(dd,J = 2.0, 6.5 Hz, 6 H).

(8S,9R,10S,11S,13S,14S,1
6R,17R)-9-fluoro-11,17-dihydroxy-N-(2-(2-(2-(((RX83S,5R)-3-(2-hydroxyethyl)-3-
isobutyl-2-(4-methoxybenzyl)isoxazolidin-5-yl)-4¢bhydroisoxazol-5-yl)methylamino)-
2-oxoethoxy)ethoxy)ethyl)-10,13,16-trimethyl-3-08¢#,8,9,10,11,12,13,14,15,16,17-
dodecahydro-3H-cyclopenta[a]phenanthrene-17-carbmea (L1). A flame-dried flask
was cooled under a stream of nitrogen and changéd28 (4.8 mg, 0.011 mmol, 1
equiv), triphenyl phosphine (6.0 mg, 0.023 mmoQ 2quiv), and THF (0.2 mL). The
reaction was heated under a reflux condenser 1 &% 2 h. The mixture was allowed to
cool to rt and was then transferred into a biphasigture of 1 M HCI (10 mL)
and ether (10 mL). The layers were partitioned #gnedorganic layer was extracted with
1 M HCI (2x 10 mL). The combined aqueous layersewssified with 3 M NaOH (until
pH 10 or greater). The aqueous mixture was theraebed with CHCI, (3x 15 mL) and
the combined organic extracts were dried ovepS®y filtered, and concentrated in
vacuo. To a solution of 8-(9-fluorenylmethyloxycanyl-amino)-3,6-dioxaoctanoic acid

(18 mg, 0.045mmol, 3.0equiv) dissolved in NMP O@Y mL) were
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added HOBt (6.3 mg, 0.045 mmol, 3.0 equiv based) ABTU (17 mg, 0.045 mmol,
3.0 equiv). This solution was agitated for 15 niline solution of activated ester was
added to the crude amine dissolved in NMP (0.067 arid the resulting mixture was
allowed to stir for 12 h at which time the reactiwas complete as judged by ESI-MS
analysis. Excess reagents were quenched by theasddf 1M HCI (10 mL) and EtOAc
(10 mL). The reaction vessel was washed with EtQ@2x 2 mL) to remove all residues.
The resulting biphasic mixture was separated aedatiueous layer was extracted with
EtOAc (3 x 10 mL). The combined organic fractionsrevdried over N&O,, filtered,
and concentrated in vacuo. The resulting oil wassaed in a solution of
20% piperidine in DMF (0.037 mL, 0.076 mmol pipemnie, 5.0 equiv) and was allowed
to stir for 30 minutes. The resulting solution whkited with aq 0.1% TFA (0.50 mL)
and CHCN (0.50 mL) and patrtially purified by reverse-phd3PLC to remove Fmoc
byproducts. The partially purified amine was usediediately in subsequent steps. To a
solution of OxDeX" (17 mg, 0.045 mmol, 3.0 equiv) dissolved in NMPLEML) were
added HOBt (6.2 mg, 0.045 mmol, 3.0 equiv) and HETWmg, 0.045 mmol, 3.0 equiv)
and the resulting mixture was agitated for 15 o .this solution were added the amine
dissolved in NMP (0.15 mL), 2,6-lutidine (3&, 0.30 mmol, 6.7 equiv), and DIPEA
(49puL, 0.30 mmol, 6.7 equiv). The resulting mixture wstgred for 12 h at rt. The
product was isolated by reverse-phase HPLC putificao providell as a white solid
(2.7 mg, 26%). The purity of compoud was confirmed by analytical reverse-phase
HPLC analysis. The identity was verified by masecsfal analysis of the isolated

compound. LRMS (ESI) calcd for jgHsoFN4O11 + H]': 897, found: 897.
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56 H (3S,3'S,5R,5'R)-3-benzyl-5-((tert-
butyldimethylsilyloxy)methyl)-3'-isobutyl-2'-(4-mlebxybenzyl)-3'-(2-
(methoxymethoxy)ethyl)-3,5'-biisoxazolidin€6). A solution of compoun@3 (109 mg,
0.198 mmol, 1.0 equiv) in toluene (2.8 mL) was edolin a dry ice-acetone bath.
BF3*OEt (75 ul, 0.59 mmol, 3.0 eq) was added dropwise over 155 amd the mixture
was stirred with continued cooling for 30 min. Bgimagnesium chloride (0.5 mL of a
2.0 M solution in THF, 1.0 mmol, 5.0 eq) was addeapwise over 30 min. The reaction
mixture was stirred for 4 h with continued coolaigwhich point TLC analysis indicated
complete consumption of starting material. Saadaqueous NiCI (5 mL) was added
to the reaction and the resultant solution wassteared to an ice-$D bath. After slowly
warming to rt the mixture was diluted with® (5 mL) and BO (5 mL) and the organic
and aqueous layers separated. The aqueous lageextracted with EO (3 x 5 mL).
The combined organic extracts were washed withebidinied over N&50,, filtered, and
concentrated in vacuo. This procedure yieldeditleecompoundS6(0.094 g, 73%) as a
clear colorless oil after purification by chromataghy with 15% EtOAc/hexanes as the
eluant.'H NMR (500 MHz, CDC}) § 7.32-7.21 (m, 5 H), 7.19-7.14 (m, 2 H), 6.89-6.84
(m, 2 H), 6.02 (s, br, 1 H), 4.65 (s, 2 H), 4.1 1 H), 4.06-3.98 (m, 1 H), 3.82-3.72
(m, 5 H), 3.70-3.62 (m, 2 H), 3.39 (s, 3 H), 3.308B(m, 2 H), 2.85 (s, 2 H), 2.48-2.38

(m, 1 H), 2.32 (ddJ = 8.5, 12.5 Hz, 1 H), 2.08 (dd= 7.5, 12.5 Hz, 1 H), 2.02-1.78 (m,
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4 H), 1.67 (s, br, 1 H), 1.58 (dd,= 5.0, 14.5 Hz, 1 H), 1.44-1.38 (m, 1 H), 1.01J¢;

6.5 Hz, 6 H), 0.87 (s, 9 H), 0.01 (s, 3 H), -0.813 H).

/j (35,3'S,5R,5'R)-2-allyl-3-benzyl-5-((tert-
butyldimethylsilyloxy)methyl)-3'-isobutyl-2'-(4-mlebxybenzyl)-3'-(2-
(methoxymethoxy)ethyl)-3,5'-biisoxazolidin2g). A flame-dried flask was cooled under
a stream of nitrogen and charged wsh(94 mg, 0.145 mmol, 1 equiv), allyl bromide
(126 puL, 1.46 mmol, 10 equiv), DIPEA (7pL, 0.439 mmol, 3 equiv), and DMF (0.4
mL). The solution was irradiated in a 1000 W micave at 10% power (10 x 10 s) with
cooling and stirring between each interval untilCTehows reaction completion. Upon
cooling to rt, the mixture was diluted with® (5 ml) and extracted with £ (3 x 5 ml).
The combined organic extracts were washed withebidinied over N&50,, filtered, and
concentrated in vacuo. This procedure yieldeditleecompound®5 (0.093 g, 94%) as a
clear colorless oil after purification by chromataghy with 7% EtOAc/hexanes as the
eluant.'H NMR (500 MHz, CDC}) § 7.29 (d,J = 9.0 Hz, 2 H), 7.24-7.15 (m, 5 H), 6.86
(d, J = 9.0 Hz, 2 H), 5.95-5.85 (M, 1 H), 5.16-5.10 @rH), 5.09-5.03 (M, 1 H), 4.66 (s,
2 H), 4.31-4.24 (m, 1 H), 3.83-3.70 (m, 8 H), 3%80 (m, 3 H), 3.40 (s, 3 H), 3.39-3.33
(m, 1 H), 3.22 (ddJ = 6.5, 15.5 Hz, 1 H), 2.88 (d,= 14.0 Hz, 1 H), 2.80 (d} =14.0 Hz,

1 H), 2.28 (ddJ = 8.0, 12.5 Hz, 1 H), 2.20 (dd,= 7.5, 12.5 Hz, 1 H), 2.06 (s, 2 H),
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2.05-1.87 (m, 5 H), 1.78-1.71 (m, 1 H), 1.67-1.66 2 H), 1.51-1.44 (m, 1 H), 1.06 @,

= 6.5 Hz, 3 H), 1.03 (d] = 6.5 Hz, 3 H), 0.89 (s, 9 H), 0.05 (s, 3 H), 0(833 H).

/j ((3S,3'S,5R,5'R)-2-allyl-3-benzyl-3'-isobutyl-2'-(4
methoxybenzyl)-3'-(2-(methoxymethoxy)ethyl)-3,5sbixazolidin-5-yl)methanol 7).
The reaction o5 was conducted using a procedure analogous tod#saribed above
for the preparation d@1. This procedure yielded the title compouid(0.061 g, 78%) as
a clear colorless oil after purification by chroogtaphy with 33% EtOAc/hexanes as the
eluant.'H NMR (500 MHz, CDCJ) § 7.28 (d,J = 9.0 Hz, 2 H), 7.25-7.17 (m, 5 H), 6.86
(d, J = 9.0 Hz, 2 H), 5.96-5.86 (M, 1 H), 5.19-5.13 (rH), 5.12-5.07 (M, 1 H), 4.66 (s,
2 H), 4.24 (tJ = 8.0 Hz, 1 H), 3.83-3.78 (m, 4 H), 3.78-3.70 @érH), 3.69-3.64 (m, 1
H), 3.64-3.58 (m, 1 H), 3.48-3.39 (m, 5 H), 3.29,(@= 6.0, 15.5 Hz, 1 H), 2.90 (d,=
14.5 Hz, 1 H), 2.82 (d] =14.5 Hz, 1 H), 2.30 (dd, = 8.0, 12.5 Hz, 1 H), 2.26-2.14 (m, 2
H), 2.08 (ddJ = 7.5, 12.5 Hz, 1 H), 2.03-1.80 (m, 5 H), 1.62,(@d 5.5, 14.5 Hz, 1 H),

1.48 (ddJ = 5.5, 14.5 Hz, 1 H), 1.05 (d,= 7.0 Hz, 3 H), 1.02 (d] = 7.0 Hz, 3 H).
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/j ((3S,3'S,5R,5'R)-2-allyl-3-benzyl-3'-isobutyl-2'-(4
methoxybenzyl)-3'-(2-(methoxymethoxy)ethyl)-3,5sbixazolidin-5-yl)methyl
methanesulfonates@). The reaction 087 was conducted using a procedure analogous to
that described above for the preparatio®4fThis procedure yielded the title compound
S8(0.053 g, 77%) as a yellotH NMR (500 MHz, CDCJ) § 7.22-7.12 (m, 5 H), 7.11-
7.08 (M, 2 H) 6.78 (d] = 9.0 Hz, 2 H), 5.86-5.76 (M, 1 H), 5.12-5.05 (nH), 5.04-4.99
(m, 1 H), 4.61 (s, 2 H), 4.18 (,= 8.0 Hz, 1 H), 4.13 (dd] = 6.5, 11.5 Hz, 1 H), 4.03
(dd,J = 3.0, 11.5 Hz, 1 H), 3.76-3.63 (m, 8 H), 3.433(m, 4 H), 3.25-3.18 (m, 1 H),
2.96 (s, 3 H), 2.82 (dl = 14.0 Hz, 1 H), 2.75 (d,=14.0 Hz, 1 H), 2.27 (dd,= 8.0, 12.5
Hz, 1 H), 2.16-2.04 (m, 2 H), 1.98-1.90 (m, 1 HP®1.80 (M, 2 H), 1.64-1.55 (m, 2 H),

1.00 (d,J = 7.0 Hz, 3 H), 0.97 (dl = 7.0 Hz, 3 H).

| PMP
OW { B

B N

H

S9jN—o

% (3S,3'S,5R,5'R)-2-allyl-5-(azidomethyl)-3-benzyisbbutyl-
2'-(4-methoxybenzyl)-3'-(2-(methoxymethoxy)ethy|p3biisoxazolidine  $9. The
reaction ofS8was conducted using a procedure analogous taésatibed above for the
preparation oR8. This procedure yielded the title compouB®i(0.043 g, 84%) as a clear

colorless oil after purification by chromatographgth 15% EtOAc/hexanes as the
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eluant.*H NMR (500 MHz, CDCJ) § 7.27 (d,J = 9.0 Hz, 2 H), 7.25-7.14 (m, 5 H), 6.85
(d,J = 9.0 Hz, 2 H), 5.95-5.85 (m, 1 H), 5.19-5.12 (H), 5.11-5.07 (m, 1 H), 4.66 (s,
2 H), 4.28 (tJ = 8.0 Hz, 1 H), 3.82-3.70 (m, 7 H), 3.68- 3.62 (irH), 3.46-3.39 (m, 4
H), 3.29-3.17 (m, 3 H), 2.88 (d,= 14.0 Hz, 1 H), 2.80 (d} =14.0 Hz, 1 H), 2.32 (dd}

= 8.0, 12.5 Hz, 1 H), 2.22 (dd,= 8.5, 12.5 Hz, 1 H), 2.07 (dd,= 8.5, 12.5 Hz, 1 H),
2.04-1.97 (m, 1 H), 1.96-1.86 (m, 2 H), 1.74 (d¢; 7.5, 13.0 Hz, 1 H), 1.64 (dd= 5.5,

14.0 Hz, 1 H), 1.46 (ddl = 5.5, 14.0 Hz, 1 H), 1.06 (d= 6.5 Hz, 3 H), 1.03 (d = 6.5

Hz, 3 H).
PMP
HO\///,N_O Ph H\
B NG
H
Swj N—O
Z 2-((3S,3'S,5R,5'R)-2-allyl-5-(azidomethyl)-3-bendy

isobutyl-2'-(4-methoxybenzyl)-3,5'-biisoxazolidirn8)ethanol §10. The reaction 069
was conducted using a procedure analogous to ésatided above for the preparation of
28. This procedure yielded the title compoustid(0.013 g, 67%) as a clear colorless oil
after purification by chromatography with 3% MeOHWHZCI2 as the eluantH NMR
(500 MHz, CDC}) 6 7.30-7.19 (m, 6 H), 7.17-7.13 (m, 1 H), 6.91-6(8§ 2 H), 5.96-
5.86 (M, 1 H), 5.19-5.08 (M, 2 H), 4.39-4.33 (nH)] 4.24-4.14 (m, 1 H), 4.04-3.90 (m,
2 H), 3.89-3.62 (m, 8 H), 3.47-3.40 (m, 1 H), 3310 (m, 3 H)4.28 () = 8.0 Hz, 1 H),
3.82-3.70 (m, 7 H), 3.68- 3.62 (m, 1 H), 3.46-3(89 4 H), 3.29-3.02 (m, 4 H), 3.00-
2.90 (m, 1 H), 2.86-2.76 (m, 1 H), 2.42-2.28 (nH)1 2.23-2.09 (m, 2 H), 1.96-1.82 (m,
2 H), 1.82-1.70 (m, 2 H), 1.70-1.56 (m, 3 H), 1184 (m, 6 H).
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(8S,9R,10S,11S,13S,14S,16R,17R)-N-(2-(2-(2-(((3%R,5'R)-2-allyl-3-benzyl-3'-(2-
hydroxyethyl)-3'-isobutyl-2'-(4-methoxybenzyl)-3[&isoxazolidin-5-yl)methylamino)-
2-oxoethoxy)ethoxy)ethyl)-9-fluoro-11,17-dihydro#,13,16-trimethyl-3-oxo-
6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3Hepgeita[a]phenanthrene-17-
carboxamide 12). The reaction o510 was conducted using a procedure analogous to
that described above for the preparatiod bfThis procedure yielded the title compound
12 (2.5 mg, 25%) as a white solid. The purity of campdl2was confirmed by
analytical reverse-phase HPLC analysis. The idemias verified by mass spectral
analysis of the isolated compound. LRMS (ESI) cdtmd[CsgHg:FN4O11 + H]™: 1030,

found: 1030.

HO OH

(8S,9R,10S,11S,13S,14S,16R,17R)-N-(2-(2-(2-(((355R,5'R)-3-benzyl-2-(2,3-
dihydroxypropyl)-3'-(2-hydroxyethyl)-3'-isobutyl-24-methoxybenzyl)-3,5'-
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biisoxazolidin-5-yl)methylamino)-2-oxoethoxy)ethgeyhyl)-9-fluoro-11,17-dihydroxy-
10,13,16-trimethyl-3-0x0-6,7,8,9,10,11,12,13,14165] 7-dodecahydro-3H-
cyclopenta[a]phenanthrene-17-carboxamit®.(A flame-dried flask was cooled under a
stream of nitrogen and charged w8i0 (19.0 mg, 0.035 mmol, 1 equiv), triphenyl
phosphine (18 mg, 0.070 mmol, 2.0 equiv), and TBIBF mL). The reaction was heated
under a reflux condenser to B5for 2 h. The mixture was allowed to cool to rtlamas
then transferred into a biphasic mixture of 1 M HZO mL) and ether (10 mL). The
layers were partitioned and the organic layer wdsaeted with 1 M HCI (2x 10 mL).
The combined aqueous layers were basified withI8a@H (until pH 10 or greater). The
agueous mixture was then extracted with,CH(3x 15 mL) and the combined organic
extracts were dried over 8Oy, filtered, and concentrated in vacuo. To a sofut 8-
(9-fluorenylmethyloxycarbonyl-amino)-3,6-dioxaoctéem  acid (20 mg, 0.05 mmol,
1.5 equiv) dissolved in NMP (0.067 mL) were adde&dBd (7.0 mg, 0.05 mmol,
1.5 equiv based) and HBTU (20 mg, 0.05 mmol, 115wWq This solution was agitated
for 15 min. The solution of activated ester waseatltb the crude amine dissolved in
NMP (0.067 mL) and the resulting mixture was allowe stir for 12 h at which time the
reaction was complete as judged by ESI-MS analifsisess reagents were quenched by
the addition of 1M HCI (10 mL) and EtOAc (10 mL)h& reaction vessel was washed
with EtOAc (2 x 2 mL) to remove all residues. Thesulting biphasic mixture was
separated and the aqueous layer was extractedBMItAc (3 x 10 mL). The combined
organic fractions were dried over )}, filtered, and concentrated in vacuo. The
resulting oil was dissolved in a solution of 20%seridine in DMF (0.037 mL,

0.076 mmol piperidine, 5.0 equiv) and was allowedtir for 30 minutes. The resulting
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solution was diluted with aq 0.1% TFA (0.50 mL) a@#CN (0.50 mL) and partially
purified by reverse-phase HPLC to remove Fmoc bygpets. The partially purified
amine was used immediately in subsequent stepsaffinge product was then dissolved
in t-BuOH (0.3 mL), THF (0.1 mL), andJ® (30uL), then NMO (1.1 mg, 8.9mol, 1.1
equiv) was added followed by Os(3 ul of a 2.5 wt% solution in t-BuOH, 04mol, 0.1
equiv). The reaction mixture was stirred at ambiemperature until complete by ESI-
MS analysis (1 h). The mixture was cooled in ahbO bath, NaSO; was added, and
the mixture stirred 1 h. The mixture was dilutedhwH,O (5 mL) and extracted with
CH.Cl; (3 x 5 mL). The combined organic extracts weiledlover NaSQ,, filtered and
concentrated in vacuo to yield a trihydroxyamine. & solution of OxDe¥X (17 mg,
0.045 mmol, 3.0 equiv) dissolved in NMP (0.15 mL)eres added HOBt (6.2 mg,
0.045 mmol, 3.0 equiv) and HBTU (17 mg, 0.045 mn&l equiv) and the resulting
mixture was agitated for 15 min. To this solutiorerev added the trihydroxyamine
dissolved in NMP (0.15 mL), 2,6-lutidine (3&, 0.30 mmol, 6.7 equiv), and DIPEA
(49uL, 0.30 mmol, 6.7 equiv). The resulting mixture wstgred for 12 h at rt. The
product was isolated by reverse-phase HPLC putificato providel3 as a white solid
(0.8 mg, 9%). The purity of compoud@ was confirmed by analytical reverse-phase
HPLC analysis. The identity was verified by masecsfal analysis of the isolated

compound. LRMS (ESI) calcd for fgHgsFN4O13 + H]™: 1064, found: 1064.
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(S)-5-((tert-butyldimethylsilyloxy)methyl)-3-((35R)-3-
isobutyl-2-(4-methoxybenzyl)-3-(2-(methoxymethoxy)isoxazolidin-5-yl)-4,5-
dihydroisoxazole44). The reaction 063 was conducted using a procedure analogous to
that described above for the preparatio2®fThis procedure yielded the title compound
24 (0.062 g, 41%) as a clear colorless oil after jratfon by chromatography with 15%
EtOAc/hexanes as the eluafit NMR (500 MHz, CDCY) § 7.26 (d,J = 8.5 Hz, 2 H),
6.85 (d,J = 8.5 Hz, 2 H), 4.71 () = 7.5 Hz, 1 H), 4.64 (s, 2 H), 4.62-4.55 (m, 1 H),
3.83-3.77 (m, 5 H), 3.77-3.70 (m, 2 H), 3.63-3.65 @ H), 3.39 (s, 3 H), 2.84 (dd,=
11.0, 17.5 Hz, 1 H), 2.72 (dd,= 7.0, 17.5 Hz, 1 H), 2.64-2.57 (m, 1 H), 2.52,(dic:

8.5, 12.5Hz, 1 H), 1.98-183 (m, 3 H), 1.65 (d&; 5.0, 14.0 Hz, 1 H), 1.40 (dd= 7.0,

14.5 Hz, 1 H), 1.00 (1) = 6.5 Hz, 6 H), 0.86 (s, 9 H), 0.04 (s, 3 H), 0(833 H).

(S)-5-(azidomethyl)-3-((3S,5R)-3-isobutyl-2-(4-
methoxybenzyl)-3-(2-(methoxymethoxy)ethyl)isoxadoi5-yl)-4,5-

dihydroisoxazole31). The reaction ofS3 was conducted using a two step procedure
analogous to that described above for the preparaif S4 and 28. This procedure
yielded the title compoundl (0.043 g, 72%) as a clear colorless oil afterfmation by
chromatography with 25% EtOAc/hexanes as the eldBhNMR (400 MHz, CDCJ) &

7.28 (d,J = 8.5 Hz, 2 H), 6.86 (d] = 8.5 Hz, 2 H), 4.74 () = 7.5 Hz, 1 H), 4.69-4.59
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(m, 3 H), 3.85-3.67 (M, 7 H), 3.39 (s, 3 H), 3.8H,J = 4.0, 13.0 Hz, 1 H), 3.23 (dd =
5.0, 13.0 Hz, 1 H), 2.87 (dd,= 11.0, 17.5 Hz, 1 H), 2.69 (dd,= 6.5, 17.5 Hz, 1 H),
2.61-2.52 (m, 2 H), 2.04-1.84 (m, 3 H), 1.64 (d¢; 5.0, 14.5 Hz, 1 H), 1.40 (dd= 6.0,
14.5 Hz, 1 H), 1.02 (t) = 6.0 Hz, 6 H)3C NMR (100 MHz, CDGJ) 5 161.0, 158.6,
130.6, 129.6, 113.6, 96.5, 78.6, 71,0, 67.7, 68563, 55.2, 53.5, 53.1, 44.3, 42.0, 37.5,

34.0, 25.2, 24.4, 24.3.

2-((3S,5R)-5-((S)-5-(azidomethyl)-4,5-dihydroisork3-yl)-
3-isobutyl-2-(4-methoxybenzyl)isoxazolidin-3-yl)ettol (32). The reaction of31 was
conducted using a procedure analogous to thatidedcabove for the preparation 28.
This procedure yielded the title compousi(0.015 g, 77%) as a clear colorless oil after
purification by chromatography with 2% MeOH/CH2Gi8 the eluantH NMR (500
MHz, CDCk) § 7.24 (d,J = 8.5 Hz, 2 H), 6.87 (d] = 8.5 Hz, 2 H), 4.79 (§ = 8.0 Hz, 1
H), 4.76-4.68 (m, 1 H), 3.97 (d,= 14.0 Hz, 1 H), 3.92-3.86 (m, 1 H), 3.86-3.76 &n,
H), 3.39 (ddJ = 4.0, 13.0 Hz, 1 H), 3.30 (dd,= 5.0, 13.0 Hz, 1 H), 2.94 (dd,= 11.0,
17.0 Hz, 1 H), 2.77 (ddl = 7.0, 17.5 Hz, 1 H), 2.71 (dd= 7.5, 17.5 Hz, 1 H), 2.55 (dd,
J=7.5,18.0 Hz, 1 H), 1.98 (s, br, 1 H), 1.86-1(#) 3 H), 1.47 (ddJ = 7.5, 14.0 Hz, 1

H), 1.03 (d,J = 2.0 Hz, 3 H), 1.02 (d] = 2.0 Hz, 3 H).
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methoxybenzyl)-3-(2-methoxyethyl)isoxazolidin-5-l)5-dihydroisoxazole 33). A

(S)-5-(azidomethyl)-3-((3S,5R)-3-isobutyl-2-(4-

flame-dried flask was cooled under a stream wbgen and charged wi2 (7 mg,
0.017 mmol, 1 equiv) and THF (0.17 mL, 0.1 M). Sodi hydride (1.2 mg, 60%
dispersion in mineral oil, 0.05 mmol, 3 equiv) veakled and the mixture was allowed to
stir for 10 min before addition of iodomethaneu(3 0.05 mmol, 3 equiv). After stirring
1 h, TLC analysis show82 remaining, so sodium hydride (2.4 mg, 6 equiv) and
iodomethane (L) were added. The mixture was stirred until TLGalgsis indicated
reaction completion, then the reaction was quenaehig¢id H,O (5 mL), extracted with
EtOAc (3 x 5 mL). The combined organic extracts evetlashed with brine, dried over
NaSQ,, filtered, and concentrated in vacuo. This procedyjielded the title compound
33(0.006 g, 87%) as a clear colorless oil after jpeatfon by chromatography with 25%
EtOAc/hexanes as the eluafit NMR (500 MHz, CDCY) & 7.28 (d,J = 8.5 Hz, 2 H),
6.86 (d,J = 8.5 Hz, 2 H), 4.77-4.71 (m, 1 H), 4.69-4.61 (inH), 3.85-3.72 (m, 5 H),
3.65-3.51 (m, 2 H), 3.38 (s, 3 H), 3.32 (dd; 4.5, 13.0 Hz, 1 H), 3.24 (dd= 5.0, 13.0
Hz, 1 H), 2.88 (ddJ = 11.0, 17.5 Hz, 1 H), 2.69 (dd,= 7.0, 17.5 Hz, 1 H), 2.63-2.51
(m, 2 H), 2.01-1.82 (m, 3 H), 1.62 (dii= 5.0, 14.5 Hz, 1 H), 1.39 (dd= 6.0, 14.5 Hz,

1 H), 1.02 (d,J = 2.0 Hz, 3 H), 1.01 (d] = 2.0 Hz, 3 H).
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7 CH,
(8S,9R,10S,11S,13S,14S,16R,17R)-9-fluoro-11, 17 ettibwyy-N-(2-(2-(2-(((S)-3-
((3S,5R)-3-(2-hydroxyethyl)-3-isobutyl-2-(4-methdrgnzyl)isoxazolidin-5-yl)-4,5-
dihydroisoxazol-5-yl)methylamino)-2-oxoethoxy)etlypathyl)-10,13,16-trimethyl-3-
0x0-6,7,8,9,10,11,12,13,14,15,16,17-dodecahydratiopenta[a]phenanthrene-17-
carboxamide {). The reaction 082 was conducted using a procedure analogous to that
described above for the preparationldf This procedure yielded the title compound
7 (1.4 mg, 15%) as a white solid. The purity of cannpd7 was confirmed by analytical
reverse-phase HPLC analysis. The identity was iedriby mass spectral analysis of the

isolated compound. LRMS (ESI) calcd foryf8esFN4O11 + H]™: 897, found: 897.

(8S,9R,10S,11S5,13S,14S,16R,17R)-9-fluoro-11,1 7 ettibwy-N-(2-(2-(2-(((S)-3-
((3S,5R)-3-isobutyl-2-(4-methoxybenzyl)-3-(2-metlgethyl)isoxazolidin-5-yl)-4,5-
dihydroisoxazol-5-yl)methylamino)-2-oxoethoxy)etlypathyl)-10,13,16-trimethyl-3-

0x0-6,7,8,9,10,11,12,13,14,15,16,17-dodecahydraatiopenta[a]phenanthrene-17-
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carboxamide §). The reaction 083 was conducted using a procedure analogous to that
described above for the preparationldf This procedure yielded the title compound
8 (1.9 mg, 20%) as a white solid. The purity of canmpd8 was confirmed by analytical
reverse-phase HPLC analysis. The identity was iedriby mass spectral analysis of the

isolated compound. LRMS (ESI) calcd fory§871FN4O11 + H]™: 912, found: 912.

(8S,9R,10S,11S,13S,14S,16R,17R)-9-fluoro-11, 17 eitmgy-N-(2-(2-(2-(((S)-3-
((3S,5R)-3-isobutyl-2-(4-methoxybenzyl)-3-(2-(metlgmethoxy)ethyl)isoxazolidin-5-
y)-4,5-dihydroisoxazol-5-yl)methylamino)-2-oxoethgethoxy)ethyl)-10,13,16-
trimethyl-3-0x0-6,7,8,9,10,11,12,13,14,15,16,17@ahydro-3H-
cyclopenta[a]phenanthrene-17-carboxami@e The reaction 081 was conducted using
a procedure analogous to that described abovénéopreparation oil. This procedure
yielded the title compound® (1.2 mg, 11%) as a white solid. The purity of
compound was confirmed by analytical reverse-phase HPLGQyarsa The identity was
verified by mass spectral analysis of the isolatechpound. LRMS (ESI) calcd for

[C50H73FN40]_2 + H]+: 942, found: 942.
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cl) PMP | PMP | PMP

N QN_O 1. BnMgCl, BF;-Et,0 Oj QN_O Oj
o H tol / THF -78 °C O] Phy O
WOTBS 2. Allyl bromide WOTBS +
24" N—0 i-Pr,NEt, DMF 26 " N—O

syn-adduct uwave 54%, d.r. > 20:1 /) 8%, d.r. >20:1

V.
(3S,3'S,5S,5'R)-2-allyl-3-benzyl-5-((tert-butyldithglsilyloxy)methyl)-3'-isobutyl-2'-(4-
methoxybenzyl)-3'-(2-(methoxymethoxy)ethyl)-3,5sbixazolidine 26) and
(3R,3'S,5S,5'R)-2-allyl-3-benzyl-5-((tert-butyldithglsilyloxy)methyl)-3'-isobutyl-2'-(4-
methoxybenzyl)-3'-(2-(methoxymethoxy)ethyl)-3,5sbixazolidine 27). The reaction of
24 was conducted using a two step procedure analagotiet described above for the
preparation 056 and25. This procedure yielded the title compour2ég0.405 g, 54%)
and27 (0.057 g, 8%) as a clear colorless oils after maiion by chromatography with
7% EtOAc/hexanes as the elua?®: '"H NMR (500 MHz, CDCJ) & 7.33 (d,J = 9.0 Hz,

2 H), 7.23-7.17 (m, 3 H), 7.07-7.02 (m, 2 H), 6(@0J = 9.0 Hz, 2 H), 6.00-5.91 (m, 1
H), 5.19 (d,J = 17.5 Hz, 1 H), 5.07 (dl = 10.0 Hz, 1 H), 4.60 (s, 2 H), 4.15-4.08 (m, 1
H), 4.01-3.95 (m, 1 H), 3.83-3.64 (m, 10 H), 3.48,(J = 6.0, 10.0 Hz, 1 H), 3.34 (s, 3
H), 3.26-3.18 (m, 1 H), 2.98 (d,= 12.5 Hz, 1 H), 2.74-2.64 (m, 2 H), 2.19 (dd; 8.5,
13.0 Hz, 1 H), 1.98-1.84 (m, 4 H), 1.56-1.44 (nHR 1.31 (dd,J = 6.0, 13.0 Hz, 1 H),
1.04 (d,J = 3.0 Hz, 3 H), 1.03 (d] = 3.0 Hz, 3 H), 0.89 (s, 9 H), 0.06 @= 1.5 Hz, 6
H). 27: 'H NMR (500 MHz, CDC}) § 7.30 (d,J = 9.0 Hz, 2 H), 7.23-7.17 (m, 3 H), 7.10-
7.07 (m, 2 H), 6.87 (dJ = 9.0 Hz, 2 H), 5.92-5.83 (m, 1 H), 5.17-5.12 (inH), 5.07-
5.03 (M, 1 H), 4.67-4.54 (m, 3 H), 4.22Jt 8.0 Hz, 1 H), 3.88-3.78 (m, 6 H), 3.78-3.68
(m, 5 H), 3.46-3.30 (M, 5 H), 3.24 (dii= 7.0, 10.0 Hz, 1 H), 2.18 (dd= 6.5, 15.5 Hz,

1 H), 2.89 (dd,) = 5.5, 10.0 Hz, 1 H), 2.84 (d,= 14.0 Hz, 1 H), 2.76 (dJ = 14 Hz, 1

H), 2.31 (dd,J = 8.0, 13.0 Hz, 1 H), 2.24-2.16 (m, 2 H), 1.992L(t, 2 H), 1.92-1.83
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(m, 2 H), 1.74 (ddJ = 4.5, 13.5 Hz, 1 H), 1.67-1.59 (m, 1 H), 1.47,(@¢ 5.0, 14.0 Hz,
1 H), 1.05 (dJ = 6.5 Hz, 3 H), 1.02 (d] = 6.5 Hz, 3 H), 0.82 (s, 9 H), -0.06 (s, 3 H),

0.08 (s, 3 H).

Bn,
S N—O OTBS

34 1 Gras (3S,5R)-3-allyl-2-benzyl-3-isobutyl-5-((R)-2,2,3838,9,9-
octamethyl-4,7-dioxa-3,8-disiladecan-5-yl)isoxadwle @4). The reaction ofl8 was
conducted using a procedure analogous to thatidedcabove for the preparation 1.
This procedure yielded the title compou3d (1.84 g, 81%) as a yellow oil after
purification by chromatography with EtOAc/hexamesthe eluantH NMR (300 MHz,
CDCl) & 7.40 (d,J = 7.5 Hz, 2 H), 7.31-7.18 (m, 3 H), 6.03-5.87 (irH), 5.13 (dJ =
4.2 Hz, 1 H), 5.08 (s, 1 H), 4.11-4.01 (m, 1 HR1B3.75 (m, 2 H), 3.69-3.50 (m, 3 H),
2.39-2.32 (m, 2 H), 2.12 (dd,= 3.6, 8.4 Hz, 2 H), 1.97-1.83 (m, 1 H), 1.62 (d&; 5.1,
14.4 Hz, 1 H), 1.55 (s, 3 H), 1.35 (db= 6.6, 14.1 Hz, 1 H), 0.99 (dd= 5.4, 6.6 Hz, 6

H), 0.88-0.86 (m, 18 H), 0.03- -0.02 (m, 9 H), ®(8, 3 H).

BnN O OTBS
HO\/”/.

35 1 ores 2-((3S,5R)-2-benzyl-3-isobutyl-5-((R)-2,2,3,3,8,8@ctamethyl-
4,7-dioxa-3,8-disiladecan-5-yl)isoxazolidin-3-yhanol @5). The reaction of34 was
conducted using a procedure analogous to thatidedcabove for the preparation 20.
This procedure yielded the title compouB8 (0.730 g, 73%) as a yellow oil after

purification by chromatography with 10% EtOAc/hega as the eluantd NMR (500
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MHz, CDCk) 8 7.36 (d,J = 7.5 Hz, 2 H), 7.31-7.26 (m, 2 H), 7.24-7.19 (H), 5.35 (s,
br, 1 H), 4.32-4.25 (m, 1 H), 3.96-3.85 (m, 3 HBB3.75 (m, 1 H), 3.69 (d,= 4.0, 6.0
Hz, 1 H), 3.57 (dtJ = 6.0, 10.0 Hz, 2 H), 2.29 (dds 10.0, 12.5 Hz, 1 H), 2.10 (dd:
7.5,12.5 Hz, 1 H), 2.07-1.98 (m, 1 H), 1.94-1.87 { H), 1.79-1.70 (m, 1 H), 1.70-1.63
(m, 1 H), 1.39 (ddJ= 8.0, 13.5 Hz, 1 H), 1.03 (d,= 6.5 Hz, 3 H), 1.00 (d] = 6.5 Hz, 3

H), 0.95 (s, 9 H), 0.87 (s, 9 H), 0.14 (s, 3 HRSX(s, 3 H), -0.02 (s, 6 H).

] Bn’N—o OTBS
O ) ]

st H Grs (3S,5R)-2-benzyl-3-isobutyl-3-(2-(methoxymethosxii)g)-5-
((R)-2,2,3,3,8,8,9,9-octamethyl-4,7-dioxa-3,8-didiécan-5-yl)isoxazolidine SQ1). The
reaction of35was conducted using a procedure analogous taésatibed above for the
preparation o21. This procedure yielded the title compouBil (0.493 g, 83%) as a
yellow oil after purification by chromatography wit% EtOAc/hexanes as the eluant.
'H NMR (500 MHz, CDCJ) § 7.40-7.37 (m, 2 H), 7.30-7.25 (m, 2 H), 7.22-7(t8 1
H), 4.64 (s, 2 H), 4.11 (df,= 5.0, 8.5 Hz, 1 H), 3.86 (d,= 14.0 Hz, 1 H), 3.79-3.70 (m,
3 H), 3.68-3.63 (m, 1 H), 3.59 (dd,= 5.0, 10.5 Hz, 1 H), 3.53 (dd,= 6.0, 12.5 Hz, 1
H), 3.38 (s, 3 H), 2.22-2.10 (m, 3 H), 1.99-1.82 @), 1.63 (ddJ = 5.0, 14.0 Hz, 1 H),
1.54 (s, 2 H), 1.34 (dd), = 6.5, 14.0 Hz, 1.02 (d,= 6.5 Hz, 3 H), 0.99 (d] = 6.5 Hz, 3

H), 0.88 (s, 9 H), 0.87 (s, 9 H), 0.05 (s, 3 HR16.-0.01 (M, 6 H), -0.03 (s, 3 H).
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Bn,
\| nN—O

O\/”f.
3% T OH (R)-1-((3S,5R)-2-benzyl-3-isobutyl-3-(2-

(methoxymethoxy)ethyl)isoxazolidin-5-yl)ethane-Hil (36). The reaction o511 was
conducted using a procedure analogous to thatidedcabove for the preparation 2if.
This procedure yielded the title compouB@ (0.051 g, 82%) as a yellow oil after
purification by chromatography with 66% EtOAc/hega as the eluantd NMR (500
MHz, CDCk) & 7.36-7.30 (m, 4 H), 7.28-7.23 (m, 1 H), 4.644H), 4.05-3.99 (m, 1
H), 3.87 (d,J = 14.5 Hz, 1 H), 3.84-3.76 (m, 2 H), 3.72-3.65 (itH), 3.59-3.52 (m, 2
H), 3.49-3.43 (m, 1 H), 3.39 (s, 3 H), 3.09 (s, b)), 2.39 (dd,] = 9.0, 12.5 Hz, 1 H),
2.24 (ddJ = 6.0, 12.5 Hz, 1 H), 2.16 (s, br, 1 H), 2.02-1(8% 1 H), 1.93-1.85 (m, 2 H),

1.63 (ddJ = 5.0, 14.0 Hz, 1 H), 1.42 (dd= 7.5, 14.0 Hz, 1 H), 1.01 @,= 6.5 Hz, 6 H).

|
o)

Bn,
\| nN—O

o, H .
jvm “on
BUN—0  ((R)-3-((3S,5R)-2-benzyl-3-isobutyl-3-(2-

(methoxymethoxy)ethyl)isoxazolidin-5-yl)-4,5-dihydsoxazol-5-yl)methanol 3§). The
reaction of36 was conducted using a procedure analogous talésatibed above for the
preparation o2 andS2 This procedure yielded the title compol88{(0.014 g, 20%) as
a clear colorless oil after purification by chroowgrtaphy with 50% EtOAc/hexanes as
the eluant and HPLC seperation of diastereontetd\MR (500 MHz, CDCY) § 7.38-
7.29 (M, 4 H), 7.27-7.23 (m, 1 H), 4.76-4.71 (nH)1 4.66-4.60 (m, 3 H), 3.87-3.82 (m,
2 H), 3.78-3.71 (m, 2 H), 3.66-3.59 (m, 1 H), 3%@3 (m, 1 H), 3.39 (s, 3 H), 2.85 (dd,
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J=11.0,17.5Hz, 1 H), 2.66 (dd~= 7.5, 17.5 Hz, 1 H), 2.56 (d,= 8.0 Hz, 2 H), 2.02-

1.84 (m, 3 H), 1.77 (s, br, 1 H), 1.67 (dds 5.0, 14.5 Hz, 1 H), 1.41 (dd,= 7.0, 14.5

Hz, 1 H), 1.02 (tJ = 6.5 Hz, 6 H).

(8S,9R,10S,11S,13S,14S,16R, 17R)-N-(2-(2-(2-(((R)8%,5R)-2-benzyl-3-(2-
hydroxyethyl)-3-isobutylisoxazolidin-5-yl)-4,5-didyoisoxazol-5-yl)methylamino)-2-
oxoethoxy)ethoxy)ethyl)-9-fluoro-11,17-dihydroxy-18,16-trimethyl-3-oxo-
6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3Hepgitala]phenanthrene-17-
carboxamide §). The reaction 088 was conducted using a procedure analogous to that
described above for the preparationS#f 28, and11. This procedure yielded the title
compounds (1.3 mg, 11%) as a white solid. The purity of canpd6 was confirmed by
analytical reverse-phase HPLC analysis. The idemias verified by mass spectral
analysis of the isolated compound. LRMS (ESI) cédied [C47He/FN4O10 + H]™: 867,

found: 867.

Bn,
, N—O

N

HO™ 41 (+/) (1)-2-((3R*,5R*)-5-(azidomethyl)-2-benzyl-3-isohylisoxazolidin-3-

yhethanol 41). Compound41 was prepared in a procedure analogous to thoseteep
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previously’’ It was isolated after HPLC separation of diasterers.'H NMR (400
MHz, CDCk) & 7.29-7.26 (m, 4 H), 7.24-7.19 (m, 1 H), 4.54 s,1bH), 4.39-4.31 (m, 1
H), 3.94 (d,J = 13.6 Hz, 1 H), 3.85-3.74 (m, 2 H), 3.69 J¢5 13.6 Hz, 1 H), 3.42 (dd,
= 6.4, 12.8 Hz, 1 H), 3.22 (dd,= 4.8, 12.8 Hz, 1 H), 2.35 (dd,= 8.8, 12.8 Hz, 1 H),

2.09-1.96 (m, 2 H), 1.74-1.63 (m, 3 H), 1.52-1.4% { H), 0.99-0.93 (m, 6 H).

N Me,,

WNJJVO\/\O/\/N\”\“
H H
HO 43 O Ch,

(8S,9R,10S,11S,13S,14S,16R, 17R)-N-(2-(2-(2-(((3RS)52-benzyl-3-(2-

Bn
7

hydroxyethyl)-3-isobutylisoxazolidin-5-yl)methylana)-2-oxoethoxy)ethoxy)ethyl)-9-
fluoro-11,17-dihydroxy-10,13,16-trimethyl-3-0x0-63/9,10,11,12,13,14,15,16,17-
dodecahydro-3H-cyclopentala]phenanthrene-17-carbae @3). The reaction of4l
was conducted using a procedure analogous to ésatided above for the preparation of
11 This procedure vyielded the title compourtl (0.3 mg). The purity of
compoun43was confirmed by analytical reverse-phase HPLOyaisa The identity
was verified by mass spectral analysis of the tedl@ompound. LRMS (ESI) calcd for

[C44H64FN309 + H]+: 798, found: 798.
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Chapter 6

Exploratory Studies on the Reactivity of Electrophies with Enediol Diboronates

6.1 Introduction

Tandem reactions in organic synthesis often allowthe rapid preparation of
complex molecules in an efficient manner. Previamosk in the Wolfe lab has explored
tandem Wittig rearrangement/aldol reactions fordiethesis of glycolate aldols (Figure
6-1)! This reaction provided a new approach to the cooson of o-alkyl-a,p-
dihydroxy esters2) through a tandem one-pot sequence of two diffe@+rC bond-
forming reactions? Further investigation of the reaction identifiedhiral auxiliary that
provided excellent stereoselectivity, and afteaeége, provides products in good yield
and excellent enantiopurity.An improved synthesis of a key intermediate far tiatural
product alternaric acid was reported as a resuthisfdevelopment. Expansion to imine
electrophiles provided selective access to lsgtha-alkyl-a-hydroxy$-amino esters3)
andanti-a-alkyl-a-hydroxy$-amino esters4) (Figure 6-2)'° Interestingly, utilization of
imines provided access to thesynproducts, while use of N-Boc-2-
(phenylsulfonyl)amines electrophiles led to formatofanti-products.

Figure 6-1: Asymmetric Tandem Wittig RearrangementAldol Reactions

Bu,BOTf Ph
Ph, )OL Et;N or iPr,NEt O’ O OH
+ >
.,,O)J\/OR H R! CH,Cl, OJJXKRI
1 2 R OH
R=Allyl, Bn  R!=Alkyl, Aryl, Alkenyl 59-88%, 20:1 dr
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Figure 6-2: Asymmetric Tandem Wittig RearrangementMannich Reactions

Bn. -bn
Ph, n ﬁ\l\ Et;N or iPr,NE O’ O HN
+ > 0
"/O)J\/O‘R H RI CHzCIz O)S('\Rl
1 3 R OH
R=Allyl, Bn  R!=Alkyl, Aryl 54-85%, 20:1 dr
Bu,BOTf Ph -Boc
Phy BOC‘/IIH Et;N or iPr,NE O’ O HN
P NOR 1 CH,CI - WO}K:@Rl
O ’ R PhOZS R 20 4 R on
R=Allyl,Bn  R!=Alkyl, Aryl 58-75%, 20:1 dr

6.2 Importance of Aldol Addition with Anti Selectivity

Anti-a-alkyl-o,B-dihydroxy esters andnti-a,p-dihydroxy carbonyl compounds are
important synthetic building blocks and can be fbum biologically important
compounds and natural produfsFor example, Rapamydiis) is a natural product and
immunosuppressant drug used to prevent rejectimrgan transplantation, Al-7786)
is a natural product with antiulcerogenic and ast#minergic activity, and %
hydroxyneoharringtoniffe(7) is a natural product with antileukemia activityhile
reactions that selectively generateti-aldol products are known, none of these reports
included products containing unprotected tertidcplaols, like those potentially formed
by the tandem Wittig rearrangement/aldol reactior dound in 3S

hydroxyneoharringtoniner}.”
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Figure 6-3: Biologically Important Compounds that Contain 1,2-anti-aldol

Fragments
@
OH INH;
CO,
m 6 AI-77B

antiulcerogenic, antihistaminergic activity

OH O

ZT

///,

MeO2C

. Bn 6H 7
Rapamycin
immunosuppressant agent

3' S-hydroxyneoharringtonine
antileukemia poperties

6.3 Selection for Anti-Selective Aldol Reactions via Comium Electrophiles

The selectivity change in the tandem Wittig reageanent/Mannich reactions
suggested that the selective synthesisawti-o-alkyl-a,p-dihydroxy esters should be
possible. Consideration of the tandem Wittig Reageanent/Mannich reactions indicated
that the nature of the electrophile played a kdg no determining diastereoselectivity.
While N-benzyl- andN-Boc-imine electrophiles participate in a boat-likensition state
leading tosynproducts {0), it was hypothesized in these reactions thatofi$¢Boc-2-
(phenylsulfonyl)amines led to formation ati-products 12) through arN-Boc iminium
mediated open transition statel( Figure 6-4)'° Thus, | hypothesized that a similar
strategy could be used for targeting #uati-a-alkyl-o,p-dihydroxy esters. The Sinha
group has recently reported aldol-type reaction&eibne boron enolates with acetals
both intermolecularfand intramolecularly,confirming the feasibility of this strategy. It

was hypothesized that dialkyl acetals should playsimilar role to N-Boc-2-
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(phenylsulfonyl)amines in the reaction by generatelectrophilic alkyl oxonium ion
intermediatesn situ that should preferentially participate in an opemsition state and
form theanti-type products. Execution of this strategy for thiemation ofanti-a-alkyl-
a,pB-dihydroxy esters showed improved selectivity foe anti-products, but the overall
diastereoselectivity only shifted to 3synto-anti under the best conditions explored to
date (Figure 6-5). To unequivocally identify thejonadiastereomer as tteyndiol ester
product (6), an authentic sample of theyndiol ester product was synthesized for
comparison (Figure 6-6). Use of 2-phenyl-1,3-dicxdh?7) as electrophile showed no
improvement in selectivity (Figure 6-5). It's ndear whyanti-aldol selectivity for the
reactions involving oxonium ion intermediates ist remmparable to the reactions
involving iminium ion intermediates. It is possilleat transition staté1 has improved
organization and stability due to an interactiotwaen theN-Boc carbonyl and boron on
the enolate, which results in higher stereocorfonkthe iminium ion reactions than can
be achieved in the oxonium ion cases.

Figure 6-4: Stereochemical Hypothesis fosyn- and anti-Product Formation
+

OBBUZ Bu BUZB\ R3
| -
RI— _.B- O N
> | R2\2—0" Bu -
TN XeO” y, "R!
HO R Bu,BO R?
OBBUZ Xc 9 10
e Ny OBBU
+
R R] OBBU2 BUZB\ _Boc
8 Bu,BO 0O N
> H. OXc > B
®N H XcO 7 R
BocR 11 Bu,BO R 12
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Figure 6-5: Tandem Wittig Rearrangement/Aldol Reacion

" 1) Bu,BOTf, Et3N, CH,CI OBBu ©- 8§
U , EtzN, 2
\o)J\/OBn e | OBBu, + OQ —> 0" )y rh
2) PhC(OMe),H, 0 °C (O Ph HO Bn
13 14 Bn 15 55%3:1dr 16
0
\O)J\/OBI‘I ]) BllzBOTf, Et3N, CH2C12 . 0 O(CH2)3OH
13 2) o ~0” Yy Ph
)\ HO Bn 18
O Ph 65% 1.5:1 dr
Figure 6-6: Authentic Synthesis ofSyn-Diol Ester Product
~N
O OH 0 "0
0 1) Bu,BOTf, Et;N o - Mel, NaH -
o OB S e o L™ DMF o
13 HO Bn 9 HO Bn ¢
72% >20:1 dr 33%

6.4 Selection for Anti-Selective Aldol Reactions via M@l Enolates

Work with the dialkyl acetal electrophiles indiedtthat diastereoselectivity was
influenced by the nature of the electrophile, Hirés to develop electrophiles strongly
favoring the desirednti-aldol type products have not yet been succesdéfal therefore
decided to more closely investigate aspects of g¢helate nucleophile. While the
previously developed tandem Wittig/aldol procedpireceeds through a diboron enolate
intermediate 14) in route tosynaldol type products, we thought it would be polesib
favor production ofanti-aldol type products by changing the reactivitytteé enolate by
switching to other metal enolates. Literature pdant indicates that aldol selectivity can
be strongly influenced by the metal bound to thieriediate enolatésin particular, the
Kazmaier lab has shown that glycolate titanium atesl can preferentially forranti-
aldol products 42, Figure 6-7). However, none of these reports ibetl products
containing unprotected tertiary alcoho® Figure 6-1), like those formed by the tandem

Wittig rearrangement/aldol reactions.
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Figure 6-7: Selectivity foranti-aldol Products Controlled by Metal Enolate

)?\/OH 1) LDA (3 equiv.) O OH N O OH
/BuO 2) MXy, (2 equiv.) - tBuO)J\|/'\ Ph tBuoﬂ\lA Ph
20 3) PhCHO (1 equiv.), 0 °C OH 21 OH 22

MX,, = Ti(OiPr),, dr=68:32
= TiCl(OiPr);, dr = 1:99

The glycolate aldol reaction was investigated o otvn with the intent of
expanding to the tandem Wittig/aldol reaction systence conditions strongly favoring
anti-aldol selectivity were identified. Starting fromr-hydroxy ester23, addition of
lithium diisopropyl amide generates a lithium enejahen addition of BEAICI followed
by benzaldehyde vyields products with a minor pexiee for the anti-aldol
stereochemistry2d) as judged by crudtH-NMR analysis. Interestingly, it was found
that the relative stoichiometry of base and Levasl anediated selectivity for thenti-
aldol product 24, Table 6-1). However, further screening of otheetats (AlMe,
Me,AlOTf, TiCI(OiPr), BwBOTf, Sc(OTf}, LiCIO,) showed no improvement in
reaction selectivity.

Table 6-1: Lewis Acid Ratio Influence on Diastereadectivity

0 1) LDA O OH O OH
\O)K(OH 2) EbAIC NN e \o)yph

23 Bn 3) PhC(O)H, 0 °C HO Bn 19 HO Bn 24
entry equiv. LDA equiv. Et,AICI ratio LDA:Et,AlCI dr 19:242

1 2.0 0.5 4:1 1:12

2 2.0 1.0 2:1 1:2.1

3 2.0 2.0 1:1 1:13

4 2.0 3.0 2:3 1:14

5 4.0 2.0 2:1 1:2.7

6 4.0 4.0 1:1 1:1.2
2 Determined by 'H-NMR.
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6.5 Selection for Anti-Selective Aldol Reactions via Alehyde Activation

Work from the Heathcockand Oppolzéf labs has shown that reactions of
enolates with Lewis acid coordinated aldehydes paovide products with good to
excellent anti-selectivity. Although these conditions have noerbaeported in aldol
reactions involving tetrasubstituted enolates owcglates, application of this
stereochemical model to our tandem Wittig/aldolgess suggests that a similar strategy
should work in our chemistry (Figure 6-8). The adpd reactions are proposed to
proceed through open transition stat@b @nd 27) with minimization of gauche
interactions leading to good selectivity for theti-aldol products Z6). Both TiCl, and
ELAICI have been shown to promotanti-aldol selectivity, so our preliminary
experiments tested these Lewis acids (Figure %-9)Conducting the Wittig
rearrangement followed by reaction with precoortidalewis acids provided no
evidence of the desired aldol products. Varyingdtaer in which the components were
mixed, either addind4 to the activated aldehydes or adding the activatddhydes to
14, did not influence the result. It seems like tlded steric bulk of the tetrasubstituted
enolate is preventing the desired aldol reactivatyexchange of boron and titanium may
be occurring, reducing the enolate’s reactivitya&mn of a lithium enolate with EAICI
activated benzaldehyde provided the aldol produdtis selectivity comparable to that

observed with aluminum enolates as discussed ipréhngous section (Table 6-1).
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Figure 6-8: Stereochemical Model for Selectivity wh Aldehyde Activation

1 — —
j\ H OBBu, |
Bu,BO
LA+ O H . L% OXe - o oH
0 R! XcO~ 2 TR!
OBBu, L Disfavored | 26
OBBUZ
Xco)\\R( . _ Rl OBBu, ]t
Bu,BO
8 LA+ OAH - OXc - O OH
o (|) R . 27 XcO - R!
L Favored | R OH 2
Figure 6-9: Exploring Enolate Addition to Activated Aldehydes
o) O
OBBu ;
Bu,BOTT, Et;N, CH,Cl, 2 RCHO, TiCl, OH
\O)K/OBH = \O N OBBUZ > \O
R =Ph, CoH
13 14 Bn o9 Bn 23
0 O OH O OH
OH 1) LDA (2 equiv) _ + :
~o : > 07y Ph 07y ph
23 Bn 2) ELAICT (1 equiv), HO Bn 19 HO Bn 24

PhCHO (1 equiv) dr=123
r=1:2.

6.6 Investigating New Electrophiles for Tandem Wittig Rearrangment Reactions
Development of new tandem Wittig rearrangementfedebilic alkyl reactions was
sought as a way to gain access to new and usebdlupts. Application of epoxide
electrophiles was investigated as a route to IgBdibut only Wittig rearrangement
products were isolated from these reactions (Figui®). Similarly, Michael acceptors
were tested as electrophiles for the enolate irgdrates 28), but no evidence of a
tandem reaction was observed. Examples of epoxideopening and michael addition
reactions are known with other metal enolates itiolg Zn2? Al,*3 and Li**°so further
exploration of these reactions from glycolate imtediates with other metals (such as

Figure 6-7) may lead to formation of the desireadoicts.
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Figure 6-10: Testing Epoxides and Michael Acceptorm Tandem Reactions

(0)
|)\
Ph, Bu,BOTf Ph BV )S/\(
: OBBu
Et;N or iPr,NEt U
CH,Cl, 23 R ZCO,Bu
R= Allyl, Bn —X— ”’o

30 1d R CO,/Bu

Alternatively, pyridinium salts have been usecekstrophiles for the formation
of substituted piperidineS.Use of pyridinium sal81 gave promising preliminary results
for the construction of substituted piperidid@ (Figure 6-11). Subjecting the 1,2-Wittig
rearrangement enolate intermediat28)(to 31 generated intermediat82, which
underwent an intramolecular condensation to f88xn low yield. Thea-hydroxy ester
(36), which results from Wittig rearrangement with@lgctrophilic trapping, is the other
main product isolated from this reaction. Initiabdifications of solvent, temperature,
concentration, and order of addition have yet wvjgle improved results. Surprisingly,
intermediates from the 2,3-Wittig rearrangementehamt shown reactivity witl81
(Figure 6-12).

Figure 6-11: Tandem 1,2-Wittig Rearrangement/Pyridnium Addition Reaction

0 O
O,PI‘B\/ 1) Bu,BOTf, Et;N N O’ m . , O |
. O\ "/O N N I/O R N
O Bn 2) O & N
1b Meo— N4 c® | 32 Bion A » 1O
o OBn BnO O 27% o

Figure 6-12: Tandem 2,3-Wittig Rearrangement/Pyridnium Addition Reaction

Phy 1) Bu,BOTS, Et;N or iPr,NEt
0 2) —® 0O
)JV J Meo@NJ< a®
la ~ 31 OBn 34 56%
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Extension of this tandem reaction to other pyrigini salts has not yet been
successful.N-alkyl pyridinium salt}’ are isolable and are known electrophiles for
nucleophilic addition, but tandem reaction conditidcnave only afforded-hydroxy ester
(36) along with substrate decomposition (Figure 6-13).

Figure 6-13:N-Methyl Pyridinium Electrophiles Fail to Provide Tandem Products

Ph
Phy 1) BuyBOTY, Et;N O’ 0
. J'J\/O~ ) > 'I,O)J\/OH
0 Bn ) —@ o 36 L
]b MeO \ /N'Me ] 35% n
35

To improve the tandem Wittig rearrangement/Pyridim addition reactions,
improved conditions need to be identified that potenfull conversion of the Wittig
rearrangement intermediate to the tandem reactimdupt. It is anticipated that
improving enolate stability while promoting nuclédulc addition to a pyridinium salt
will provide the desired products in improved ygeldScreening amine bases may
improve results, as improved reactivity was achiewethe Wittig rearrangement/aldol
reactions by switching from g to iPr,NEt for the O-allyl glycolate ester substrate)(
Exploration of solvent mixtures may help achievepiaved results, as the pyridinium
salts have low solubility in C}l,, which is currently the best solvent for induciihg
Wittig rearrangement. Further exploration of vasopyridinium salts my improve

conversion with adjustment of electrophelicity.

6.7 Conclusions
A range of conditions were explored for expanding potential utility of tandem

Wittig rearrangement/aldol reactions. Use of diblagetal electrophiles led to lower
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diastereoselectivity fosynaldol type products, but a reversal of selectiwtyafford the
anti-stereoisomer was not achieved. Application of othhydroxy ester metal enolates
shifted aldol selectivity in favor of thanti-aldol products, though the best conditions
using aluminum enolates only preferred tgi-aldol products by 2.7:1. Attempts to
promote anti-selectivity via open transition state aldol reactions through ralde
activation with precoordinated Lewis acids wereugggssful.

Extension of the Wittig rearrangement intermediai@snew electrophiles with
application towards 1,3-diols (epoxides) or tegtiatcohols (activated alkenes) did not
show any evidence of successful reactivity. Pyndm salt electrophiles have shown
preliminary success with the benzyl rearrangemebstsate, but low reaction conversion

and an initially limited substrate scope indicdiattmore optimization is needed.

6.8 Experimental Section

General: All reactions were carried out under a nitrogen agphere in oven or
flame dried glassware. Dibutylboron triflate (1.0ddlution in methylene chloridefgrt-
butyl acrylate, methyl iodide, sodium hydride, ltrdromethanesulfonic acid, and DMF
were purchased from Aldrich Chemical Co. and usé@towt further purification. All
aldehydes, benzaldehyde dimethyl acetal, and 2-etkiyane were obtained from
commercial sources (Aldrich Chemical Co. or Acrdeefical Co.) and were purified by
distillation from CaSQO,. Triethylamine and diisopropylethylamine were ated from
Aldrich Chemical Co. and were purified by distitat from CaH. Phosphate buffer
solution (pH 7) was obtained from Aldrich Chemi€2d. Methylene chloride, toluene,

and THF was purified using a GlassContour solvemifipation system. (£)-(1R*,2S*)-
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2-Phenylcyclohexyl-2'-(allyloxy)acetate 18),'® (#)-(1R*,2S*)-2-Phenylcyclohexyl-2'-
(benzyloxy)acetatelp),'® Methyl 2-(benzyloxy)acetatel®),* (+)-(2R*,3S*)-Methyl-2-
benzyl-2,3-dihydroxypent-4-enoate 19},*® (+)-Methyl-2-hydroxy-3-phenylpropanoate
(23),'* and 4-methoxy-1-methyl-pyridinium iodid8%),'” were prepared according to
published procedures. Yields refer to isolateddgedf compounds estimated to*#5%

pure as determined Bid NMR.

Synthesis of Substrates

Ciw

0" 'Ph 2-Phenyl-1, 3-dioxane (17)A flame-dried flask was cooled under a stream of
nitrogen and charged with benzaldehyde (2.04 mLQ 2@mol, 1.0 equiv.), 1,3-
propanediol (2.3 mL, 32.0 mmol, 1.6 equivpHoluenesulfonic acid monohydrate (2
mg), and toluene (20 mL). The resulting solutiorsviimought to reflux under a Dean-
Stark trap until the starting material was consumggudge by TLC analysis (ca. 24 h).
The reaction was then cooled to rt, poured intcata aq. solution of NaHC The
aqueous layer was extracted with EtOAc (3 x 10 nilje combined organic extracts
were washed with brine (15 mL), dried over,8@;, filtered, and concentrated in vacuo.
The crude product was purified by flash chromatphyaon silica gel using 10%
EtOAc/hexanes as the eluent to afford the title poumd (3.21 g, 98%) as a white solid.

Spectroscopic properties were consistent with thegerted in the literaturt.
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Selection foranti-selective aldol reactions via oxonium electrophite

o o
ﬁ\/ oBn 1) Bu:BOTE, Et;N, CH,Cly OBBu, 8/ -
~0 n il AN OBBw, + [ |~ > O ¥ 'Ph
2) PhC(OMe),H, 0 °C 0" Ph HO Bn
13 14 Bn 15 55%3:1dr 16

(1)-(2R*,3S*)-methyl 2-benzyl-2-hydroxy-3-methoxy-3phenylpropanoate (16)A
flame-dried flask was cooled under a stream tbgen and charged with a 1 M
solution of dibutylboron triflate in dichlorometharf0.5 mL, 0.5 mmol, 3.2 equiv). The
pale yellow solution was cooled to 0 °C, and tiyg&mine (0.625 mmol, 4.0 equiv) was
added dropwise to afford a colorless solution. Me®(benzyloxy)acetatel@) (28.2
mg, 0.16 mmol, 1.0 equiv) in GBI, (0.25 mL) was then added dropwise, and the
reaction mixture was warmed rt, stirred for 1.5ahd then cooled to -78 °C. A second
portion of ByBOTf (0.5 mL, 0.5 mmol, 3.2 equiv) was added, tHmmnzaldehyde
dimethyl acetal in CkCl, was added dropwise. The reaction was stired atC7dr 3 h,
the warmed to O °C in an ice/water and stirred lagol h. The reaction vessel was then
opened to air, and pH 7 buffer (1 mL/mmol subsjratend methanol (2 mL/mmol
substrate) were added. The resulting mixture watedato 0 °C, 30% aqueous®b (2
mL/mmol substrate) was added slowly, and the reaatnixture was warmed to rt and
stirred for 1 h. The mixture was diluted with etli@d mL/mmol substrate) and water (5
mL/mmol substrate), then was transferred to a sépar funnel. The layers were
separated, and the organic layer was washed vatiumated aqueous solution of FgSO
(4 x 5 mL/mmol substrate) until a red-orange agsgaiiase no longer persisted in order

to quench any remaining peroxide. Caution! Thiscpdure is exothermic. The Fe$SO
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solution should be added via glass pipette SLOWLRAPWISE. The organic layer
was then washed with brine, dried over anhydroudiuso sulfate, filtered, and
concentrated in vacuo. The crude product was pdrifly flash chromatography on silica
gel to yield the title compounid6 (25.8 mg, 55%, 3:1 dr) as a colorless oil. Theepur
material was judged to be of 3:1 dr Y NMR analysis. Major (syn) diastereomer
(16): *H NMR (500 MHz, CDC}) § 7.49-7.45 (m, 2 H), 7.43-7.36 (m, 3 H), 7.24-7.16
(m, 3 H), 7.127.08 (m, 2 H), 4.50 (s, 1 H), 3.71 (s, 3 H), 3.220 (m, 4 H), 2.97 (d]

= 13.5 Hz, 1 H), 2.48 (d] = 13.5 Hz, 1 H)Minor (anti) diastereomer:*H NMR (500
MHz, CDCk) & 7.49-7.45 (m, 2 H), 7.43-7.36 (m, 3 H), 7.24-7(6 3 H), 7.12-7.08
(m, 2 H), 4.50 (s, 1 H), 3.55 (s, 3 H), 3.47J¢; 13.5 Hz, 1 H), 3.33 (s, 3 H), 3.12 (&

13.5 Hz, 1 H), 3.06 (s, br, 1 H).

(0]
N )J\/ OBn 1) Bu,BOTT, Et;N, CH,Cl, _ O O(CH,);0H
13 2) E\)o\ 17 07y CPh
HO Bn 18
0" Ph p

65% 1.5:1 dr
(1)-(2R*,3S*)-methyl 2-benzyl-2-hydroxy-3-(3-hydroypropoxy)-3-
phenylpropanoate (18).The reaction 013 (28.2 mg, 0.16 mmol) was conducted using a
procedure analogous to that described above foptéparation ofl6. This procedure
afforded the title compound8 (35 mg, 65%, 1.5:1 dr) as a colorless oil. Theepur
material was judged to be of 1.5:1 dr 1y NMR analysis. Major (syn) diastereomer
(18): *H NMR (400 MHz, CDCY) § 7.48-7.32 (m, 5 H), 7.25-7.16 (m, 4 H), 7.14-7.10
(m, 1 H), 455 (s, 1 H), 3.76-3.69 (m, 5 H), 3.583(m, 2 H), 3.22 (s, br, 1 H), 3.02 (d,
J =135 Hz, 1 H), 2.56 (d] = 13.5 Hz, 1 H), 2.29 (s, br, 1 H), 1.82-1.74 @nH).

Minor (anti) diastereomer: *"H NMR (400 MHz, CDC)) & 7.48-7.32 (m, 5 H),
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7.25-7.16 (M, 4 H), 7.14-7.10 (m, 1 H), 4.59 (8{)13.83-3.69 (m, 5 H), 3.46-3.39 (m,
2 H), 3.38 (dJ = 13.5 Hz, 1 H), 3.14 (s, br, 1 H), 3.10 Jc 13.5 Hz, 1 H), 2.29 (s, br, 1

H), 1.92-1.82 (m, 2 H).

Authentic synthesis ofsyn-diol ester product

~N

~ ES/O'\H Mel, NaH > )?YO'\
(0) 2 Ph DMF (6) ~ Ph
HO Bn 19 HO Bn 16
72% >20:1 dr 33%

(1)-(2R*,3S*)-methyl 2-benzyl-2-hydroxy-3-methoxy-3phenylpropanoate (16)A
flame-dried flask was cooled under a stream tfogen and charged with (%)-
(2R*,3S*)-Methyl-2-benzyl-2,3-dihydroxypent-4-eneafl9) (50 mg, 0.175 mmol, 1.0
equiv) and DMF (2 mL). The resulting solution wasoled in an ice/water bath and
sodium hydride (60% dispersion in mineral oil, 7,ifad.75 mmol, 1.0 equiv) was added.
After gas evolution ceased, methyl iodide (1, 0.175 mmol, 1.0 equiv) was added.
The reaction was stirred at 0 °C for 1 h, then watnto rt and stirred for 1 h. The
reaction mixture was then quenched with 1 M HCh(B), diluted with EtOAc (5 mL),
and the layers were separated. The agueous layeexiacted with EtOAc (3 x 5 mL),
and the combined organic layers were washed witiepdried over N&5O, filtered,
and concentrated in vacuo. The crude product wasigouby flash chromatography on
silica gel using 10% EtOAc/hexanes as the elueafftrd the title compound (17.4 mg,

33%) as a colorless oil. Spectroscopic data mattiesk reported above.
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Selection foranti-selective aldol reactionsia metal enolates

0 1) LDA O OH O OH

OH * :
\o)k( 2) ELAICI > 0y Ph oVPh

23 Bn 3) PhC(O)H, 0 °C HO Bn 19 HO Bn 24

~

A flame-dried flask was cooled under a streamnitdfogen and charged with
diisopropyl amine (14&L, 1.05 mmol, 5.25 equiv) and THF (1.0 mL). Theuléag
solution was cooled in an ice/water bath and nidithjum (2.00 M in hexanes, 0.5 mL,
1.0 mmol, 5.0 equiv) was added dropwise. The rieguitock LDA solution was stirred
15 minutes before use. A separate flame-dried flask cooled under a stream of
nitrogen and charged with (x)-Methyl-2-hydroxy-3eplylpropanoate2@) (36 mg, 0.2
mmol, 1.0 equiv) and toluene (0.5 mL). The flaskswemoled to O °C in an ice/water
bath. Stock LDA (x equiv) was added dropwise, drareaction was allowed to stir for
10 minutes. Diethyl aluminum chloride (1 M in heranx equiv) was added dropwise to
the yellow solution and white LiCl precipitated. & heaction mixture was stirred for 20
minutes, then benzaldehyde (g1, 0.60 mmol, 3.0 equiv) was added. The reactios wa
allowed to warm to rt and stirred 3 h. The reactaixture was then quenched with 1 M
HCI (5 mL), diluted with EtOAc (5 mL), and the lagewere separated. The aqueous
layer was extracted with EtOAc (3 x 5 mL), and ttwmbined organic layers were
washed with brine, dried over P8O, filtered, and concentrated in vacuo. The reaction
dr was determined by crudél-NMR analysis. Spectroscopic properties (©8) were
consistent with those reported in the literattirlajor (anti) diastereomer (24):'H

NMR (400 MHz, CDCY) § 7.48-7.42 (m, 2 H), 7.40-7.31 (m, 3 H), 7.24-7(tt6 3 H),
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7.11-7.04 (m, 2 H), 4.88 (s, 1 H), 3.69 (s, 3 HB83(d,J = 13.5 Hz, 1 H), 3.18 (d =

13.5 Hz, 1 H), 2.04 (s, br, 1 H), 1.89 (s, br, 1 H)

Exploring Enolate Addition to Activated Aldehydes

0 0
OBBu ~
Bu,BOTY, Et;N, CH,Cl, 2 RCHO, TiCl on
o 0B =1 N -OBBY > 0

R =Ph, C,H
13 14 Bn oo Bn 73

A flame-dried flask was cooled under a streanmibbgen and charged with a 1 M
solution of dibutylboron triflate in dichlorometharf0.5 mL, 0.5 mmol, 3.2 equiv). The
pale yellow solution was cooled to 0 °C, and tiy&mine (0.625 mmol, 4.0 equiv) was
added dropwise to afford a colorless solution. Me®(benzyloxy)acetatel@) (28.2
mg, 0.16 mmol, 1.0 equiv) in GBI, (0.25 mL) was then added dropwise, and the
reaction mixture was warmed rt, stirred for 1.5ahd then cooled to -0 °C. A second
flame-dried flask was cooled under a stream wbgen, cooled to -78 °C, and charged
with aldehyde (2.0 equiv) and TiJl1 M in CHCI,, 4.0 equiv). Cannula transfer b4 to

the aldehydes or the aldehyded #owas conducted. The reaction was stired at -78&fC f
3 h, the warmed to 0 °C in an ice/water and stiaedther 1 h. The reaction vessel was
then opened to air, and pH 7 buffer (1 mL/mmol s@bs), and methanol (2 mL/mmol
substrate) were added. The resulting mixture waéedoto 0 °C, 30% aqueous®h (2
mL/mmol substrate) was added slowly, and the reaatnixture was warmed to rt and
stirred for 1 h. The reaction was worked up as ritesd for 16 above. CrudéH-NMR

analysis showed formation 28.
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0] O OH O OH

OH 1) LDA (2 equiv) _ + z
~o ) > 07 ph - 07 ) ph
23 Bn 2) ELAICI(1 equiv), HO Bn 19 HO Bn 24
PhCHO (1 equiv) dr=123

A flame-dried flask was cooled under a streamnidfogen and charged with
diisopropyl amine (14&L, 1.05 mmol, 5.25 equiv) and THF (1.0 mL). Theul&éag
solution was cooled in an ice/water bath and nidithjum (2.00 M in hexanes, 0.5 mL,
1.0 mmol, 5.0 equiv) was added dropwise. The rieguitock LDA solution was stirred
15 minutes before use. A separate flame-dried flask cooled under a stream of
nitrogen and charged with (z)-Methyl-2-hydroxy-3eplylpropanoate2@) (36 mg, 0.2
mmol, 1.0 equiv) and toluene (0.5 mL). The flaskswemoled to O °C in an ice/water
bath. Stock LDA (2.0 equiv) was added dropwise, tedreaction was allowed to stir for
10 minutes, then the reaction solution was cantralesferred to a 0 °C flask containing
benzaldehyde (1.0 equiv) and,A&HCl (1 M in hexanes, 1.0 equiv). The reaction was
allowed to warm to rt and stirred 3 h. The reactaixture was then quenched with 1 M
HCI (5 mL), diluted with EtOAc (5 mL), and the lagewere separated. The aqueous
layer was extracted with EtOAc (3 x 5 mL), and ttwmbined organic layers were
washed with brine, dried over P80, filtered, and concentrated in vacuo. The reaction

dr was determined by crude-NMR analysis.
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Investigating new electrophiles for tandem wittig earrangement reactions

o) O

Ph Ph
Phe, 1) BuL,BOTE, BN O’ o I O i |
: 0T Y ON o N

"O)J\/O\Bn 2) —® 0

S Br' Bri'

1b MeO N4 Cl 32 OH_A\ 33 0

) 31 W _Z<OBn BnO O 27% O
(¥)-(1R*,8aR*)-((1R*,2S*)-2-phenylcyclohexyl) 1-beryl-3,7-dioxo-3,7,8,8a-

tetrahydro-1H-oxazolo[3,4-a]pyridine-1-carboxylate (33). A flame-dried flask was
cooled under a stream of nitrogen and chargell aift M solution of dibutylboron
triflate in dichloromethane (0.64 mL, 0.64 mmol2 2quiv). The pale yellow solution
was cooled to 0 °C, and triethylamine (12, 0.80 mmol, 4.0 equiv) was added
dropwise to afford a colorless solution. (%)-(1R3:2-2-Phenylcyclohexyl-2’-
(benzyloxy)acetatelp) (65 mg, 0.20 mmol, 1.0 equiv) in GEI, (0.40 mL) was then
added dropwise, and the reaction was stirred foh1The solution was cannulated into a
solution (-40 °C) of pyridinium saB1 which was formed from 4-methyoxypyridine (61
uL, 0.60 mmol, 3.0 equiv) and benzyl chloroformadé (L, 0.60 mmol, 3.0 equiv) in
toluene (1 mL) at -23 °C for 40 min. After 2 h, tteaction mixture was then quenched
with 1 M HCI (5 mL), diluted with EtOAc (5 mL), anthe layers were separated. The
aqueous layer was extracted with EtOAc (3 x 5 nalog the combined organic layers
were washed with brine, dried over JS&, filtered, and concentrated in vacuo. The
crude product was purified by flash chromatogrammy silica gel to yield the title
compound33 (24.2 mg, 27%)*H NMR (400 MHz, CDC}) 5 7.43 (d,J = 8.0 Hz, 1 H),

7.39-7.35 (m, 1 H), 7.30-7.25 (m, 3 H), 7.25-7.41, § H), 5.39 (d,J = 8.0 Hz, 1 H),
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5.17 (dt,J = 4.0, 11.0 Hz, 1 H), 3.03 (d,= 14.5 Hz, 1 H), 2.97 (d] = 14.5 Hz, 1 H),
2.89 (dd,J = 4.0, 15.5 Hz, 1 H), 2.73 (di,= 3.5, 11.5 Hz, 1 H), 2.55 (@,= 15.5 Hz, 1

H), 2.20 (dd,J = 4.5, 15.5 Hz, 1 H), 2.04-1.87 (m, 2 H), 1.8471(ih, 1 H), 1.60-1.33

(m, 5 H).
Ph, 1) Bu,BOTf, E;N or iProNEt N O’Pho
o " OH
0 2) —@® 0 ‘0
" wo (Lo C
la = 31 OBn 34 56%

(1)-(1R*,2S*)-2-phenylcyclohexyl 2-hydroxypent-4-epnate (34).The reaction with (z)-
(1R*,25%)-2-Phenylcyclohexyl-2’-(allyloxy)acetate 14d) was conducted using a
procedure analogous to that described above foprégaration 0B3. The crude product
was purified by flash chromatography on silica gsing 25% EtOAc/hexanes as the
eluent to afford the title compoun@4) (28 mg, 56%). The pure material was judged to
be of 1:1 dr byyH NMR analysis.'H NMR (500 MHz, CDC}) § 7.30-7.24 (m, 2.5 H),
7.21-7.16 (m, 2.5 H), 5.63-5.54 (m, 0.5 H), 5.1D35m, 2.5 H), 4.89-4.85 (m, 0.5 H),
4.78-4.73 (m, 0.5 H), 2.73-2.65 (m, 1 H), 2.54 ks, 1 H), 2.42-2.35 (m, 0.5 H),
2.30-2.23 (m, 0.5 H), 2.20-2.09 (m, 1 H), 2.04-1(82 1.5 H), 1.91-1.85 (m, 1 H),

1.83-1.73 (m, 1.5 H), 1.63-1.30 (m, 5 H).
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N-Methy! pyridinium electrophiles fail to provide tandem products

Ph
Phy 1) Bu,BOTT, Et;N O’ O
., J«J\/O\ 2 > //O)J\(OH
0 Bn ) —\@ I@ 36 B
1b MeO—\ ,N-Me 350, BN
35

(1)-(1R*,2S*)-2-phenylcyclohexyl 2-hydroxy-3-phenypropanoate (36).The reaction
with 4-methoxy-1-methyl-pyridinium iodide36) was conducted using a procedure
analogous to that described above for the preparaif 33. The crude product was
purified by flash chromatography on silica gel gsirb% EtOAc/hexanes as the eluent to
afford the title compound3g) (23 mg, 35%)'H NMR (400 MHz, CDC}) & 7.29-7.24
(m, 5 H), 7.177.15 (m, 5 H), 5.05-4B(m, 1 H), 4.064.00 (m, 1 H), 2.94 (ddl = 4.5,
14.0 Hz, 1 H), 2.77-2.65 (m, 2 H), 2.49 @z= 4.5 Hz, 1 H), 2.12-2.06 (m, 1 H),
1.99-1.92 (m, 1 H), 1.92-1.85 (m, 1 H), 1.84-1.%7, (L H), 1.65-1.56 (m, 1 H),

1.51-1.43 (m, 2 H), 1.43-1.33 (m, 1 H).
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