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Abstract

Diamination of olefins has found broad applications in synthesis of
pharmaceuticals and catalysts. Vicinal diamination of olefins has been well developed,;
however versatile methods that install higher orderdiamine moieties (e.g., n ¥ %)
are not comprehensively explored. We have developedidmination of cyclic dienes
via diaza(4+3) cycloadditions of putative diazeyallyl cationic intermediates. This
novel intermediate was generated by baseliated dehydrohalogenation dfchloro
urea reagents. Various aromatic and-aocomatic cylic dienes underwent successfully
cycloaddition reaction with diazaxyallyl cationic intermediate and provided good to
excellent yields. Although it was a first example of selectivedigfination ofdienes
using N-chloro urea reagents, this methodology suffers from limited substrate scope and
poor regioselectivity with mono substituted furans by providing 1:1 ratio of
regiosisomers. In order to over come the limitations in our previous method, we have
developed an alternative oxidative -Hi@mination of conjugated dienes using simple
urea reagents. The desired putative symmetric diayallyl cationic intermediate for the
oxidative diazg4+3) cycloaddition reaction was generated by direct oxidaifonrea
reagents with hypervalent iodine reagent. Oxidative-digination is exclusively
selective for the 1dlifunctionalization of conjugated dienes due to the required
WoodwardHoffmann orbital symmetry rules. This reaction method is compatible with
various substrates including aromatic, acyclic, and cyclic dienes, and provides

functionalized unique heterocyclic products. In addition it does not require large excess



of diene, which is unusual in (4+3) type of cycloaddition reaction of allyl catidms. T
reaction also demonstrated its compatibility for oxidative intramoleculadiapination,

and provides polyheterocyclic molecule.

Inspired by the reactivity of daizaxyallyl cation for 1,4daimination we have
developed an oxidatévdiaza(3+2) cycloaddition reaction of simple urea derivatives with
substituted indoles. This transformation provides rapid access to highly functionalized
imidazolo indolines that are represented in large number of designed bioactive
compounds. This miebdology is compatible with wide variety of functional groups and

provides unique heterocyclic scaffolds.

Plants defend themselves from pathogens like bacteriagsiansl herbivores
by using mixture of multiple secondary metabolites lsnucal defense. In order to
understand one of the lorsganding and underexplored questions in chemical ecology,
we have developed a scalable access to enantiopure octopamine and aegeline analogues
and evaluated the biological assays. These mixtures aofupts showed synergistic
activity in defensive mechanism against generalist herbivi@d¢prera). One of the
natural product (aegeline) analogue exhibited potency against root gradbofiopsis

Thaliana (a model organism for studying plant cell waddlvelopment).
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Chapter 1: Introduction

1.1 Generation of Novel Diaza-Oxyallyl Cationic Intermediate: 1,4-Diamination of

1,3-Conjugated Dienes

o /PhO
N J\K(H L S

S
2
Ritonavir: Anti HIV molecule
O
Ar< /U\ AT NH2
N~ Ny HO.. ~OH
Ar r :
e OH HO OH
1 NH,
DMP 450: cyclic urea Diaminocyclohexanes
HIV-1 protease inhibitor of fortimicin anti-biotics
)
N
N N :
>\</ 7 NN \-/\/\NJLO S>
s S H |
Ph 3 N

Cobicistat: CYP3A inhibitor
and pharmacoenhancer

Figure 1.1.1: 1,4-Diamino motifs in biologically active compounds



Nitrogen containing organicstructures are widely represented in
biologically active natural productgharmaceuticalsmaterials and catalysts Among
them 1,ADiamines(n = 2 B 5) have gainedsignificant interest from the synthetic
community due to theiapplicationsin catalysis ligand synthesisand potentialto cure
various disease€sSyntheses of vicinal 1-@iaminesfrom the vincinal deamination of
alkeneshas beenwell established,wheres there are only scarce number of methods
reported for the 1iamination The 1,4-diaminomotif is extensively found in protease
inhibitors that includéMP 4501 (Figure 1.1.1)acyclic ureais highly potent and orally
available HIV protease inhibitpwhich has been initially developed by DuPont Merck
Laboratories. Ritonavir2 is apotent antiretreiral medicationused in combination with
other antiretroviral agents asdld under the tradeameNorvir to treat the HIMnfection
or AIDS diseasé Cobicistat3 (Figure 1.1.1) a structural analog d@Ritonavir, has been
demonstrated tselectivelyinhibit cytochrome P450 3A (CYP3A) enzyme and helps in
prolongingthe lifetime of a variety of antiretroviral medications, includelgitegravir,
darunavir and atazanavit,4Diaminocyclohexane$ (Figure 1.1.1)structural uni also
found in fortimicin antbiotics Despite the many potential applicationsonly few
methodf 1,4-diaminationof 1,3-dienes have been reportékermark and BSckvall eo
workers reportedin 1979 a method for selective igdimination by treating the-4
dimethylamino #allylic palladium complexes with AgFor triphenylphosphine (Bieme
1.1.1)%*¢9 Although this reaction method is selective for-@i@mination is suffers with
poor yield and very poor substrate scope. In 2012, Mu—iz and Lishchynskyi were

described daimination (1,2 and 1,4) of conjugated alk&nms,using Bistosylimie or



Bismesylimide as amination source (Schemg.1). Howeverthis methodologyis not

regioselectivdor 1,4diamination,it resulted ilrmixture of 1,2 and 1dliamines.

a) Akermark and Backvall co-workers:

NHMe, (excesss)

CHQNMGQ
CeH:CN),PdCI ~_NMe
PN (CeHsCN)2 2: %,_Pd/m AgBF, . MeQN/\/\/ 2
\ \ or
NMe, PPh, Yields: 20-50%

4-Dimethylamino
p-allylic palladium complex

b) Mufiz and Lishchynskyi:

Phl(OAc), / 2HNR —
NS or ~ RN TN ToN— \nTs,
Phl(OAc)oNR, / 2HNR,
NR2 or HNR2 =
Yields: 60-80% Bistosylimide

or Bismesylimide

Scheme 1.1.1. Reported methods for Xdlamination

The Jeffrey group interest in electrophilic nitrogen species fdd Gond
formation piqued our interest in development of methods for diamination usag a
electrophilic intermediateycloaddtion reactionsarerecognizedas powerful methods
for the synthesisfocomplex natural produciscluding heterocycle$ Among them the
cycloadditionreactions ofalyl cations with dieneshas been developed as a powerful
method to constructevenmemberedtarbocyclicrings’ Formally this reaction is [4+3]

cycloaddition with respect to atomsElectronically, the [4+3] cycloaddition reaction



occursbetween aliene (4#-electrons) and an allylic cation (&¥ectrons), which is an

electronic homologut the DielsAlder [4+2] cycloadditionreaction

o) Bace o° Q  oBn
OBn 4+3 R N
R\HJ\N/ R, omn | A A
|
6 \ o
5 aza-oxyallylcation 7 bicylic lactam
A=0orCH,

Scheme 1.1.2: Formal [4+3}cycloaddition reactions of azayallyl cations with diens for
heterocycle synthesis

Inspired by theeactionsof oxyallyl catiors, the Jeffrey group reported the first
example of the cycloaddition of apayallyl cationicé intermediatg Scheme 1.1.Pwith
cyclic dienes7, providing a rapid methodto preparesevenmemberedactams8.2° The
intermediate azaoxyallylic cation was generated by dehytwaogenation of $-
halohydroxynate 5 by drawing the inspiration fromanalogousoxyallyl cations which
were typically generated via dehydrohalogenation$efialcketones’. This initial study
also demonstratedthat the N-alkoxy substituent was necessaty stabilize the
intermediate and permit theaction, which wasurther supported by experiréal and
computational analysi®Armed with the idea ofincorporating an alkoxgonor group on
the nitrogenof the intermediate, we envisioned that accesshe anabgous diaza

oxyallyl cationwould providea method for the selective tdlamination of 1,3-dienes



One of the primary methods for the generation of both oxyallyl catioraaadxyallyl
cation is base mediated dehydrohalogenation of correspondirajoletoneand $
haloamids, therefore wefirst considered similar dehydrohalogenation reactdnv-
chloro ureas9 (Scheme 1.1)3to generate the desired diazeyallyl cationic 10

intermediaten situ that would then react selectively in an dig4&3) cycloaddition with

1,3-dienesand provide 1,4liaminesi1.*
— O —_
1
R. R
N7 N"
0" \, 9 A
AL L R N el ey
Q Base SNINT L . ~N
R\N/U\N/R © 10 | -
' ! - HC diaza-oxyallylcation hetero [4+3] =
Cl H cycloaddition 11
9

Scheme 1.1.3. Hypothesis for the 1;diamination of dienes via putative diaaayallyl
cationic intermediaf8



! LUMO of
LUMO of Dienophile | Diaza-oxyallyl cation

0°
HOMO of Diene 8 %

| HOMO of Diene

i 0°
' R
®

PR
"o N R N

N2 —= ()R
\ey Nt

[4+2] CyCIOaddition , [4+3] CyCIOaddition

Figure 1.1.2. WoodwardHoffmanorbital symmetry rulefor the Diels-Alder and 4+3)
cycloaddition reaction$'

The required regioselectivity fothe 1,4-diamination can be explained by
WoodwardHoffman rules for concerted pericyclic reactiongst described by R. B.
Woodward and Ronald Hoffman in 1965gure 1.1.2)" Analogous tathe DielsAlder
reaction the HOMO of the diendas the appropriate symmetryreact with thee UMO
of the dienophilic diazaoxyallylic cation to provide selective (4+8)pe cycloaddition
reaction and would not permit t¢eamination througta (3+2) type reactionlherefore
according to Woodwar#ioffman rules,it was expected that @+3)-cycloaddition of

diazaoxyallyl cations with conjugated diene®uld provideexclusive selectivity for the



1,4-Difunctionalization(Scheme 1.1.4 Althoughthe (3+2)cycloaddtion is observed in
few cases of allyl cations and it is presumaliyceedvia step vise proces$he cetailed
research efforts towards the dinination of thecyclic dienes arelescribed in Chapter

2.

o R 1 Q R
SN R\g@\gﬁ R. Iy
E

C it

symmetry forbidden symmetry allowed

LUMO-diazaoxyallylic cation
+

HOMO-diene

Scheme 1.1.4. Employing orbital symmetry rules to dictate regioselectivity of diamination
reactions

1.2 Alternative way to generate the diaza-oxyallyl cation

The potential aplication of al,4-diamination reaction for the synthesis of
pharmaceuticals has inspired us to devedopliaza{4+3] cycloaddition reaction of
diazaoxyallylic cations generated by the dehydrohalogenationN-shloro urea
reagents? Althoughthis methodologys novel and valuable for Zdiamiantion of cyclic
dienes, the intermediate diazexyallyl cation is found to be unreactive with acyclic
dienes or furans with electron deficient substituents and ultimately prolimdedd

substrate scopeMoreover monosubstituted furans furnished nearly 1:1 ratio of



regioisomersdue to lack of symmetry in th&-chloro urea reagent qutative diaza
oxyallyl cationic intermediatelheselimitations motivated us taconsideran alternative
way to generate the reaaigsymmetricdiazaoxyallyl cationfrom urea derivativefrom

a direct oxidation of a simple urea derivatividhe use of hypervalent iodine reagents
found wide applications in organic synthesis due to their mild oxidizing nature,
environmentally benign, comercial availableand bench top stabté.Recenly these
reagents have found broagplication in generation &-acylnitrenium ion¥ from direct
oxidation ofO-alkyl hydroxamatesThe establishment of hypervalent iodide reagents for
the oxidation ofhydroxamates led us tervision the generation of diazaxyallylic
cations through the direcxidation of ureaderivatives.In addition we expected that
incorporatingan additional stabilizing @-alkyl) group to anotherN-terminus of the
putativediazaoxyallyl cationcould result in further stabilization of the intermediase
(Scheme 1.2.1)which couldultimately lead to the longer lifetineg the intermediate and
broadenthe substrate scopef the reactionProgresof research towardshe geneation

of symmetricdiazaoxyallyl cation 13 for the 1,4diaminationwith broader substrate

scopes described in more detail in Chapter 3.

_ 00 _
RO )\ _OR
N'®\N
N> 0
e) OR
0 \ ﬁ{ e
RO N
ro. L _or 9 ro. A OR L i h
\N """ N ® N
I ! 13 | e > —
H H
diaza-oxyally Ication 14
12

Scheme 1.2.1. The oxidative diamination of dienes



1.3 Approach toward the 2,3-Diamino Indole via a Dearomative Indole (3+2)-
Cycloaddition Reaction of Daiza-oxyallyl Cation.

Ar N\
+HG 5 &
N ~
@ “H N~ ~N
H 15 H 16

/N\

1

Imidazo[4,5-b]indole
(Anti bacterial, antifungal

actvities) B-220: DNA intercalating agent

(Anti viral and
anticancer activities)

Figure 1.3.1. Synthetically designed bioactive 2dgamino indoles

The therapeutic potential & 3-Diamino indoleheterocyclic motif§** have
inspired thedevelopment of methods for their synthedisidazol,5-blindoles 15
(Figure 1.3.1)andtheir analogues show significamiedicinal propertieBke antibacterial
antifungal and antinflammatory activities* Similarly 6H-indolo[2, 3-b]quinoxalines 16
are important classs of DNA intercalating agentS These scaffoldexhibit profound
bioactivities, which includes anticancer, antiviral, antimutagenic and antiarthritic
propertiesMajority of thereactions reported to construct th&diamino indolescaffold
uses multicomponent reactionSince C2 and C3heterocyclic fused indolesre
ubiquitously found inbioactive alkaloids, theedromative indole cycloaddition reaction
has recently recognized as attactive methodologyfor annulationof indoles Formal
(4+2)-cycloaddition of indoless well establishedor the synthesis of hydrocarbazotés,
where as little is known to (3+2)cloaddtionreactions’” Wu and ceworkershave

established the dearomative (3-3cloaddition reactions of substituted indoles with



! 4]

oxyallylic catioric intermediates? Inspired by theeactivity of the C2=C3 doublé&ond
of the indolewith oxyallylic cationswe pursuedhe development of an anglous(3+2)
heteroannulation of azaoxyallylic catiomermediatesand 1,3-disubstituted indole¥ It
was our vision that reactions dfaza-oxyallyl catiors could react with C2=C3 double
bond of the indole that would provide straightforwardaccess t@®,3-diaminoindoles
(imdizaoloindolines) (Scheme 1.3.1)Progressoward the developmeitf a diaza(3+2)
annulation reaction ofliazaoxyallyl cation intermediatefor the construction of 2;3

diamino indole scaffold using simple urea derivatives is described in Chapter 4.

BnO\
R2 o R2 N0
©
R TN 4 BnO\N)LN/OBn TIOR >| BnO i >R Cﬁq
- | D)+ TUONTONTT e n OBn |- o ~0B
2N hot NG ZNH
R R
i . 19 20

diazaoxyallyl cation

Scheme 1.3.1. Modular access to imidazoloindolines via dearomative indole {8y@paddition
reaction of diazapxyallyl cation

1.4 Exploring Ecologically Relevant Biological Activities Through Natural Products
Synthesis

Plants have evolved to defend themselves from herbivores and pathogens (e.g.,
bacteria, virus) by producing mixtures of multiple secondary metabolites atttat
synergistically on multiple targets against a wide variety of enethiBlse concept of
synergy in biological activity has potential applications in the design and development of
new pharmaceuticals and agrochemicals. In targeting multiple active sitdple-

component drugs and pesticides could benefit from complementary effects as well as



reduce the likelihood of developing resistance.

HO

Figure 1.4.1. Octopamine amides and sterols from Manekiaussa (Piperacae)

Our collaborative studies in chemical ecology have resulted in the isolation of
aegeline (octopamine amide), cinnamidésitosterol and sgmasterol (Figure 1.4.1)
from Manekia obtussa (Piperacae)and these mixtures of phytochemicals have
demonstrated s\ergistic activity against generalisSppdoptera exigua) herbivore,
significantly reducing survival and pupal mass only when admiedtas a mixture.
Many mixtures of plant secondary metabolites are the resultlatdstage
functionalization (e.g., oxation, reduction, methylation). In order to clarify the effect
that single structural modifications have on the synergistic activity of the mixture, we
have developed scalable and enantioselective synthesis of aegeline and its analogs and
other isolated coccurring sterols and cinnamide and evaluated the biological activity
against herbivoref\dditionally, we have explored how these unnatural aegeline analogs

influence the growth and development of Arabodopsis to better understand theNele of



! 4E

acyl transferases in cell wall repair and developm@ihie detail progress of the research
is described in Chapter 5.

Our scalable synthesis of aegeline provides us access to octopamine
hydroxyethanolamine is an endogenous biogemmane was first discovered in the
salivary glands of octopus vulgaris. Octopamine is found in both vertebrate and
invertebrate nervous systems; however, in invertebrates it is present comparatively in
high concentrations in central, peripheral nervousesystand several other insect
tissues. In insectsO nervous systems, octopamine serves as a neurotransmitter,
neuromodulator, and neurohormone and plays an important role for influencing multiple
physiological events, including immune response and memorgagrdtion. As a part of
our ongoing research efforts in understanding the role of secondary metabolites-in plant
insect interactions, we discovered that octopamine is produced in the floral nectar of
citrus plants. This discovery has important impliaagian behaviors of insects and other
vertebrate pollinators. In order to understand the ecologically relevant biological
activities of the octopamine, we developed a scalable and enantioselective synthesis of
octopamine (R or S)lhe detail research fordhsynthesis of octopamine and the current

studies are described in Chapter 5.
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Chapter 2: 1,4-Diamination of Cyclic Dienes via Diaza-(4+3) Cycloaddition

Reactions

2.1 Introduction

Vicinal and higher order & ,(» = 3Eb) diamines are structural motifs prevalent
in many biological active natural products, pharmaceuticals, andriamial® Among
them, DMR450" 1 and Ritonavir2 are potent antHIV molecules® Cobicistat 3
structurally analogues to the antiviral drug Riton&v2 aid in prolonging certain
antiretroviral medications (elvitegravir, darunavir and atazanavir) bybitiig their
metabolismVicinal 1,2diamination of dienes and alkenes are the most studied method
among the methods for the diamination of alkénéespite of their biological
importance to cure various diseases, syntheses of diamine molecules areatethpid
methods to install selective higher order diamino motifs (e.g. 1,4) from simple starting
materials have not been well developefihe most widely used methods for 41,4
diamination are hetero Di@alder reactions of diazocarboxylates and triaZirmvever,
the utility has been limited due to competitive OeneO side reactions and also the explosive

hazards of the diazidocarboxylates.
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Figure 2.1.1. Biologically active 1,4diamine motifs containing molecules: A proposal for
common intermediate

Cycloaddition reactions are established as powerful reaction methods not only
due to a high economy, but also because of their high stereoselectively, which have been
widely applied to thesynthesis ovarious structurally complex mole&as. Among them,

(4+3) cycloaddition reactions of dienes and allylic cations have brought significant
interest from the synthetic community for the preparation of sewembered
carbocycles. The JeffreyOs groupterestsin the generation and exploratiod the

reactivity of electrophilic nitrenium ion intermediates for the constructions-bdf C
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bonds, has recently led to the development of an(4#8) cycloaddition of a putative

azaoxyallylcation intermediate with cyclic dien@s.

2.2 Generation and Trapping of Diaza-oxyallyl Cationic Intermediate

A. Established: the [4+3] cycloaddition of aza-oxyallylcations

0 _HX ©0 [4+3] Q  oBn
RW)‘\N/OBn R, 0B —x =R N
| “® ‘N | A 8
X H 6 \ —
5
aza-oxyallylcation A=CorO

B. This work: [4+3] cycloadditions of diaza-oxyallylcations

oo |
NP
°5
10 &\(\/
0 - HCI 0o . i O R
aN J\ R R. )_\ R » R »\N/
N N N” N N
! ! ® hetero [4+3]
cl H diaza-oxyallylcation  cycloaddition ——
9
Lk

a method for the selective 1,4-diamination of dienes

Scheme 2.2.1. Hetero(4+3) cycloaddition of aza and diaa#lyl cations with dienes.

As part of our ongoing research interest in the reactivity of electrophilic nitrogen
species we envisioned that a hetgt®3) type cycloaddition of a putativiaza-oxyallyl
cation could serve for a chemoselective-digmination providing sevemembered

cyclic ureas (Figure 2.2.1). We have previously reported a base mediakea
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generation of an azexyallylcationic 6 intermediate by dehydrohalogenation of $
halohydroximates5 and the corresponding intermediate wascessfully trapped with
cyclic dienes, which ultimately providedmembered nitrogen containing heterocydes
(Scheme 2.2.1). Therefore, in the similar fashion dehydrohalogenatiéicidbro ureas
9 with an appropriate base could generate dalyh cationic intermediatd 0, which
could then react with a diene to providesnémebred cyclic urehl, which could serve
as a precursor to rdiamines. To test our hypothesis, we prepakedV'-dibenzyl,
dialkyl, and diaryl ureas and subjected themVtohlorination. Our initial #empts for
selective mondav-chlorination withzert-butyl hypochlorite failed due to the formation of
a complex mixture of products. However, we found that seledtichlorination of V-
alkoxy ureas on theV-alkoxy nitrogen was achieved successfully wtrt-butyl

hypochlorite in dichlorometharie.

(@]
Bn. .OR!
'}')L'}'
H H
28
o
W
O
o t-BuOClI Q EtsN Bn, Jl_ OR!
an. J_ ort — B J or NN
N~ N DCM N™ N TFE, 0iC
| |
H H H Cl = 29
25 26
O
R1 = Me (25a), Et (25b) or Bn (25¢) Bn\NJkO/\CF
TFE = 2,2,2-trifluoroethanol I 3
H 30

Scheme 2.2.2. A preliminary experiment: Generation and trapping of the diegallyl cation
with Furan.
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Using similar reaction conditionsy-chlorination of N-ethoxy, N-methoxy andN-
benzyloxy benzyl ureas were provided their correspondingchloro urea6 in good
yield (26a, 82%,26b 79%, 26¢ 75%) after washing with hexanéScheme 2.2.2). After
preparation of the mond-chloro urea26 we were in place to investigate the proposed
cycloaddition reaction with furan. Indeed, treatmeniVedhloro urea26 with furan27
under F$hliscltonditions (CECH,OH, EgN),'° provided the desired cycloadd® in
18% vyield (Scheme 2.2.1). The major bygucts from this reaction conditions are

solvolysis30 and ure&s8.

2.3 Optimization and Exploring the Substrate Scope of the Daiaza-(4+3)
Cycloaddtion Reaction

Various N-chloro urea26 were found to undergo diatd+3) cyloaddition
with furan27 and with other dienes. We discovered that the nature of the substitubnts (R
= Bn, Et, Me) on thé&/-chlorourea at thé&/-alkoxy terminus had a very little effect on the
yield of the reactiorAlthough the yield was not significantly affected by the nature of
the R, it was our findings that the ethyl and benzyl substituted substitute hydroxy ureas
were easier to handle due to their solubility and chromatographic characteristics.
Changing the baseform EgN to the more basic sodium salt of 2,2;3,3
tetrafluororpropanol (TFP/TFRa) was found to give the highest yield (74%) of the
cycloadduct29 with negligible amounts of solvolysis produd0.' The significant
improvement on yield of the cycloaddweas achieved only when we changed the rate of
addition of N-chloro urea26 in CHsCN over a period of 3 hours to the mixture of base

and diene at 0 (O he order and rate of addition were found to dramatically affect the
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yield of the cycloaddition of electremch dienes. For example, the yield of the
cycloadduct of 25limethyl furan improved from 35% to 65% yield when tNe

chlorourea was added over 3 h

Table 2.3.1. Diaza-(4+3)-cycloaddition reaction with rescpet to concenatrtion of diene®

o} Q B o OBn
n
JL 0L TFP-Na (2.0eqv.) \NJOLN/

l}j N diene, TFP, 0 °C‘
H C —/ 32a

Diene Ratio % YieldP
o)

U 20.0 equiv 95
0

| 10.0 equiv 95
]

l / 5.0 equiv 93

o

1.1 equiv 87

#Conditions:N-Chlorouread1 in CH;CN was added to a solution of the diene and-KaR2.0
equiv.) in TFP (0.25 M)®Isolated yield of the cycloaddua2a.

It is common that, the (4+3) reactions are run with an excess of the diene (>10
equiv)’ concentration however, we were surprised to observe similar yields in optimized
conditions even though the diene concentration was altered from5D1to 25
equivalentqTable 2.3.1) It revealed that this reaction method was veal sensitive to

the ratio of the diene.
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Table 2.3.2. Scope of the Diaza-(4+3) Cycloaddition with Various Symmetric

Dienes®
A
\
o O
TFP-Na (2.0 equiv. Bn OBn
Bn\N)J\N/OBn ( q ) - \N)J\N/
| | diene (5 equiv or 1 equiv.) w
H Cl —
TFP, 0 iC
31 32
slow addition of N-chlorourea
(@)
Boc, O
Bn. OBnN
Bn. ,OBn N~ N7 Bn\N\U\N/OB”
32a __
A: 92%
A: 93% A: 82%
0,
B: 87% B: 95%
(@]
o OBn
Bn<
MeO,C_ O o8 BN N/OBn N)OJ\N/
Bn\N\N 4 n o 32e o 32f
__/ 3 HO OH
A: 75%
A: 90% B: 73% A: 76%
| ALL \~o8n
7 NN\OBn N ’}'&
/ ~0Bn B 32i
| n
Bn& 32g N o)
(@) ' 32h
Bn o
. A: 58%
A: 88% A: 85% B: 43%
B: 82% B: 73%

4Conditions:N-Chlorouread1 in CH;CN was added to a solution of the diene [5 equiv (condition
A) or 1.1 equiv (condition B)] and TFRa (2.0 equiv) in TFP (0.25 Mf.Isolated yield of the

cycloadducB2.
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With optimized reaction conditions iour hand, next we explored the seopf the
reaction with various dienes. Unsubstituted dienes, cyclopentadiéBec pyrrole,
methy pyrrole carboxylatandfuran (Table 2.3.232a, 32b, 32¢, 32d) all were found to
undergo the cyloaddtion in similar fashion and provided excellent yieltiseodesired
cycloadducts. Substituted, symmetrical furans likedzsbibstuted and 3;disubstituted
furans Table 2.3.232e, 32f) furnished good to excellent yields. However, the dienes
with electron deficient substituent, thec@rboethoxy furan, as Wes acyclic dienes like
isoprene and 2;8imethyl1,4-butdiene did ot undergo cycloaddition withiaza-allylic
cations, but instead, provided only the solvolysis proddcthe unreacted dienes were
recollected after workup and [ssequent column chronwgraphy. 6,eDimethylfulvere,
and [2.2.2]spiro-heptadiene (Table 2.3.232g, 32h) were observed to undergo
cycloaddition by resulting both in good to excellent yields. We observed fair yield with
1,3-cyclohexadine Table 2.3.232i). Fulvenes contain bbta polarized reactive alkene
and a cyclic diene system. The observation of exclusive [4+3] type regioselectivity is
highly suggestive of a process where the selectivity is dictated by orbital symmetry rules.
Mono-substituted dienes provided close to thikture of regioisomeric products without
the hydroxamate substituents effect (Table 223.3Jhis observation is due to the
presence of asymmetry in tiechloro urea31 susbrag or in the dizaoxyallyl cationic
intermediate. The regiosiomeric ratio was determinedrb{{MR analysis of the crude
products. Using symmetric dibenzyloxy or methoxy ureas would resolve this
regiosiomeric issue, however selective maehtorination of tlese ureas was not
successful and produced mixtures of undesired (dichlorinated) prodretsumably, the

dicholorinated products were extremely unstable and initiated radical decomposition of
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the desired monchloro products.Despite the formation of twaegioisomers with
monosubstituted furans, the combined yields of both regioisomers were found to be
excellent with 2methyl furan and -bromofuran, whereas-2ydoxymethylfuran (Table
2.3.3, entries -B) resulted in good vyields. Over all we found that teteerich dienes

furnished good yields under these cycloaddition conditions.

Table 2.3.3. Scope of the Diaza-(4+3) Cycloaddition of N-chloro Urea 31 with
Various Monosubstituted Cyclic Dienes®”

(@] (0]
)OL TFP-Na (2.0 equiv) Bn\N J\N/OBn Bn\N )LN/an
Bn. _OBn -
N7 N diene (5 equiv or 1 equiv) Ri—& A~ + -A~L -
H Gl TFP,0°C — —
R2 2
31 a3 a4 R
slow addition of N-chlorourea
entry diene product yield
(0] (0]
Bn.. J_ _0Bn  Bn_ J_ _OBn 91%
N 0 N N 0 N

1 (\i)/ /Q 33a Q\ 34a  (1.5:1,rr)

OH Q Q
5 o Bn\NJ\N/OB” Bn\NJ\N/OBn 69%
o 0
L/ KO 33b O\\Mb (1.7:1, rr)
HO OH
0 1. hiy
Bn. _OBn Bn. ,0OBn
8 S\ / N"o N N"5"N 92%

(0) @)
Br p 33c Q 34c (1:1, rr)
Br Br

4Conditions:N-Chlorourea in CHCN was added to solution of the diene [5 equiv (condition
A)] and TFRNa (2.0 equiv) in TFP (0.25 MY, Isolated yield of both regioisomers of the
cycloadducts$3 and34.
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2.4 Proposed Mechanism for the Generation of Diaza-oxyallyl Cationic
Intermediates

Chace of a base, sodium alkoxide of 2,2;8&&afluororpropanol (TFP/TFP
Na) over E4N was found to improve the yield (74%) of the cycloadduct with furan. This
result may be due to the fact thagNFtH (pKa = 9.8) is about one thousand times more
acidic than 2,2,3;8etrafluoropropanol (TFP, pK= 12.7).It was our hypothesis that
increasing the strength of the basevidehigher concentration of amidate anidhand
further loss of chloride iofrom amidae anion35 generates higher concentration of
desired diazaxyallyl cationic intermediat87 and ultimately lead to thévigh yield of
the cycloadducR9. Another important observationas thatthe rate of addition oiV-
chloro urea substrate in GEIN improved the yield of the cycloadduct significantly and
minimized by-products28 and 30. This important result is likely due to the rate of
addition of substrate is equal to consumption of generated-dligia cation. These
findings led us to explommore about the mechitic pathway of the reactiomo explore
the mechanism of this reaction, we subjectedMahloro urea substratz to various
control experiments and made the following observations: 1) Treatment with 2,2,3,3
tetrafluoropropanol (FP) delivered exclusively the solvolysis prod@6t 2) Exposing
the substrate to furan provided the uz8ajuantitatively along with negligible amount of
cycloadduct29, and finally 3) with mixture of furan, TFP ands;Btdelivered products
28, 29 and30. Based on these observations we rationalize that majority of cycloadduct is
being formed by a pathway where by deprotonation provides the amidate anion, which
undergoes loss of chloride to form the -afiglic cation. Additionally, we rationalized

that the formation of the undesired produ28and30 (Scheme 2.4.1yvere predominantly
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the result of premature loss of chloride or chlorination of the furan by the néutral
chlorourea. Use of stronger base was used in the reactioaNa”B. E{N) led to a
higher equilibrium concentration of the amidate and®nresulting in a preference for
cycloadduct29. Slow addition of theN-chlorourea26 minimized its concentration
relative to the amidate ani@$, thereby minimizing the relative rate of formationtioé
undesired productsFurther detailed mechanistic investigations of the proposed

mechanistic pathways aoagoing.

Solvolysis |30
T TFE

a stabilized nitrenium ion

Bn\N/ N,OR Base Bn. J_ OR -Cl N~ 'N
N \ I}l \ H o0 36
35 Cl H C 26
-Cl-
Base
Furan
(o)) o
O
® _OR!
Bn N/),\\\N 37 O a8 Bn.® L _OR! | 37
| Q N* "N
i 7~Cl
Furan
+ lFuran
Cycloadduct Cycloadduct
29

Scheme 2.4.1. Proposed Mechanism for the generation of the diegallyl cation.



2.5 Applications of Substrates Generated from Diaza-(4+3) Cycloaddion Reaction

(0]
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. \N,Bn
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Scheme 2.5.1. Selective transformations of the [3.2.2] diazabicylcoheptane.

79% 85%

1,4-diamino motifs have found in a variety of biologically active moleciiles
Therefore the substrates derived from our di@zs) cycloaddition methods can serve
for the synthesis of a wide variety of building blocks for pharmaceuticals and natural
products. In order to show the synthetic utilities of cyloadducts derived fresn th
methodology, we selected the [3.2.2] didzreyclononened2i as a model compound and
exposed this bicyclic urea to various reaction conditions (Scheme 2.5.1). Selective alkene

hydrogenation of substrag2i could be completed in the presence of/3% RJ-C in
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methanol at room temperature to deliver the prodfatithout cleavage of either of the
benzyl groups or ND bond. Subjecting2i to more vigorous hydrogenation conditions
with Pd/BaSQ, cleaved both theO-benzyl and N-benzyl groups to provide the
hydroxamic acid40 in good yield. Using Mo(CQ) the NO bond of substrat82i
selectively reduced to the secondary amidlen presence ofV-benzyl group and the
alkene. Diastereoselective oxidation of the alkene frontdheex-face of diazg3.2.2]
bicycloadduct32i could be achieved with Og@o provide vicinalsyn-1,2-diol 42 and
with dimethyldioxirane (DMDOY to deliver an epoxidé3. Reductive ring opening with
LiAIH 4 led toN-methyl diaimine44 in good yield as the majoegioisomeric product (ca.
3:1 r.r) and the regioisomeric ratio of the reduced products were determifidd\dyR

analysis of crude mixture.

2.6 Experimental

All reactions were carried out under an atmosphere of nitrogen indneshglassware

with magetic stirring, unless otherwise specified. Dichloromethane was purified by
passage through a bed of activated alumina. Cyclopentadiene was distilled from
dicyclopentadiene immediately prior to use. All other reagents and solvents were
purchased from SigaAldrich Chemical Company and used without any further
purification. 2,2,3,3etrafluoropropari-ol was purchased from SynQuest and used
without further purification. TLC information was recorded on Silicycle glass.g0 F
plates and developed by staigi with  KMNO,; or ceric ammonium molybdate.
Purification of reaction products was carried out by flash chromatography using Silicycle

Siliaflash” P60 (2306400 mesh)!H-NMR spectra were measured on Varian 400 (400



MHz), Varian MR400 (400 MHz), or Varian 5000 MHz) spectrometers and are
reported in ppm (s=singlet, d=doublet, t=triplet, g=quartet, m=multiplet, br=broad;
integration; coupling constant(s) in Hz), using TMS as an internal standard (TMS at 0.00
ppm) in CDC} or the solvent peak (2.54) in (gB80.*H-NMR and**C-NMR spectra

were recorded on V400 or V500 spectrometer and reported in ppm using solvent as an
internal standard (CDght 77.16 ppm) or (CECN at 118.26 ppm). Infrared (IR) spectra
were recorded on a Nicolet 6700-F with a diamond AR and data are reported as cm

! (br = broad, s = strong). Higlesolution mass spectra were obtained using an Agilent
6230 TOF LC/MS with an (atmospheric pressure ptatdization (APPI) or electrospray

(ESI) source with purine and HI®21 as an internabtbrants.

General procedure A: Preparation of/-Propanol, 2,2,3,3-tetrafluoro-, sodium salt
(NaTFP)

To a solution o®,2,3,3tetrafluoropropanol (TFP) (86.95 ml, 1M), was added freshly cut
pieces of sodium (2.0 gm) under nitrogen at room temperatereaoperiod of 4 hours.

The resulting mixture was stirred for additional 4 hours and the reaction was concentrated
under vacuum using a rotary evaporator. The NaTFP product was flushed with nitrogen
before removing the flask from rotary evaporator andréisedual solvent was removed
under vacuum for 2 days to obtain 13.0 g of milky white solid. The NaTFP product was

stored under nitrogen in the refrigerator for several weeks.

General procedure B: synthesis ofV-chloro urea §/-methoxy,N-ethoxy, andV- benzyl,

benzyloxy):26 or 31



e O
)k _OR! t-BuOClI, Dichloromethane I _OR
N N N N
o - S
H H 0°C, 10 min.
25 26a-c

R' = Me (25a), Et (25b) or Bn (25c)
t-butyl hypochlorite (2.0 equiv) was added drop wise at 0 jC to a solution of a urea (1.0
equiv) in dichloromethane (0.2 M) at 0 jC, and the reaction mixture was stirred at 0 jC
for 10 minutes in the dark and nitrogen atmosphere until complete consumipticeao
was confirmed by TLC (3:2, hexanes: ethyl acetate). The solvents were removed from the
reaction mixtureby using rotary vapor amngashed with hexane farovide the colorless

crystallineN-chloro ure& as a solid.

General procedure C: For the cycloaddition reaction of furan or other cyclic dienes
in 2,2,3,3-Tetrtafluoro-1-propanol

A

[y

0
O TFP-Na (2.0 equiv) Bn. _Jl_ OBn
J\ .0 » Ny N

S -
H ClI —

31 32

To a solution of CHECF,CH,OH (0.25 M with respect to diene) and GI@IF,CH,ONa

(2.0 equiv) was added corresponding cyclic dienes (A = 5.0 equiv or B = 1.1 equiv)
dropwise at 0 jC. A solution of thé-chloro urea (1.0 equiv) in anhydrous GEN (4.0
mL/0.344 mmol ofV-chloro urea) was added dropwise at O jC over a period ofddu& h

using a syringe pump. The reaction mixture was stirred until the complete consumption
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of N-chloro urea was observed by TLC (3:2, hexanes: ethyl acetate). The volatiles were
removed under reduced pressure and the residue was partitioned betweenetéty! a
(100 mL) and water (50 mL) and extracted with ethyl acetate (2 x 100 mL). The
combined organic phase was dried over anhydrous Mg8®aS0O, and concentrated
under reduced pressure. The crude product was purified via flash column
chromatography (4:to 3:2, hexanes: ethyl acetate) to provide the cycloadducts as oils
(58-95% vyield).

Note #1: The product of Furfuryl alcohol was purified via flash column chromatography

(99.5: 0.5 to 95: 5, Chloroform: methanol).

N-(phenylmethoxy)-N'-(phenylmethyl)urea (26¢)

Prepared in (75%) yield via procedure reported in Tetrahedron Letters 46 (200B) 8841
8843

Rr = 0.38 (1:1, hexanes: ethyl acetate); mp =-&.F iC;*'H-NMR (400 MHz, CDCJ):

& 7.35D7.26 (m, 8H), 7.207.18 (m, 2H), 7.04 (brs, 1H), 5.89 (brs, 1H), 4.78 (s, 2H),
and 4.39 (dJ = 6.0 Hz, 2H):*C-NMR (101 MHz, CDC}): & 160.0, 138.4, 135.4, 129.2,

128.8, 128.7, 128.6, 127.4, 127.3, 78.6, and 43.5; IR (film) 3443, 3158, 3083,
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2931, 2869, 1950, 1656, 1605, 1584, 1543, 1493, 1452, 1430, 1369, 1323, 1300, 1210,
1148, 1073, 1024, 1002, 968, 938, 904 cR-ESIMS calculated for GH;-N,O,

(M+H)"* 257.1285; observed 257.1277.

N-chloro-N-(phenylmethoxy)-N'-(phenylmethyl)urea (31)

. - i m .0
x NJ\N O /( ] t-BuOCl, Dichloromethane NJ\N N /( ]

0°C, 10 min.

\
I_
I_
Y
I_
Q_

Prepared in (84%) yield via general procedBrd&?; = 0.43 (4:1, hexanes: ethyl acetate);
mp = 113.2114.9 {C;*H-NMR (400 MHz, CDC}): & 7.37.27 (m, 8H), 7.13 (dd[ =

7.6, 2.0 Hz, 2H), 6.25 (brs, 1H), 4.98 (s, 2H), and 4.40 (5.9 Hz, 2H);"*C-NMR

(126 MHz, CDC}): & 159.6, 137.1, 133.9, 129.7, 129.3, 128.8, 128.8, 127.8, 127.5, 77.0,
and 45.2; IR (film) 3388, 3061, 2946, 1957, 1707, 1584, 1494, 1453, 1425,11%%H
1261, 1206, 1108, 1084, 1048, 1026, 973, 934, 913; ¢tR-ESIMS calculated for

C15H15CINoNaG, (M+Na)+313.0714; observed 313.0720.
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(£)-(5R, 1S) 8-oxo-2-(phenylmethoxy)-4-(phenylmethyl)-2,4-dizabicyclo[3.2.1]oct-6-en-

3-one (32a)

Prepared in (A =93 % or B = 87 %) yield (A = 102 mg, 0.31 mmol or B = 95.7 mg, 0.29
mmol) from the reaction a¥-chloro-N-(phenylmethoxy)V'-(phenylmethyl)ured1 (A or

B = 100 mg, 34 mmol) with furan (A = 0.125 ml, 1.71 mmol or B = 0.027 ml, 0.37
mmol) via general procedure Cs R 0.60 (3:2, hexanes: ethyl acetaté):NMR (400
MHz, CDChL): & 7.4™7.44 (m, 2H), 7.40 7.25 (m, 8H), 6.13 (dd/= 5.8, 1.0 Hz, 1H),
6.04 (dd,J = 5.8, 1.2 Hz, 1H), 5.33 (d,= 1.1 Hz, 1H), 5.28 (d/ = 1.1 Hz, 1H), 5.05 (d,

J = 11.2Hz, 1H), 5.01 (df = 11.2Hz, 1H), 4.66 (d/ = 15.3 Hz, 1H), and 4.50 (d,=

15.3 Hz, 1H):**C-NMR (101 MHz, CDC}): & 156.4, 137.3, 136.2, 134.0, 130.9, 129.8,
128.8, 128.6, 128.5, 128.2, 127.8, 93.2, 89.0, 79.1 and K= (8Im) 3030, 2928, 1677,
1495, 1453, 1438, 1408, 1357, 1333, 1232, 1145, 1098, 1074, 1000, J43HEm

ESIMS calculated for GH1gN>NaO; (M+Na)* 345.121; observed 345.1196.
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(£)-(5R, 1S) 2-(phenylmethoxy)-4-(phenylmethyl)-2,4-diazabicyclo/3.2.1]oct-6-en-3-

one (32b)

o)
Bn. OBn
NJ\N/

<

Prepared in (A =92 % or B = 95 %) yield (A = 508 mg, 1.58 mmol or B = 105 mg, 0.33
mmol) from the reaction a¥-chloro-N-(phenylmethoxyN'-(phenylmethyl)ured&1 (A =

500 mg, 1.72 mmol or B = 100 mg, 0.34 mm) with cyclopentadiene (A = 0.708 ml, 1.71
mmol or B = 0.031 ml, 0.37 mmol) via general procedure = B.60 (3:2, hexanes:
ethyl acetate)'H-NMR (400 MHz, CDCY): & 7.48D7.45 (m, 2H), 7.36 7.22 (m, 8H),

6.14 (dd,J= 5.7, 2.2 Hz, 1H), 5.91 (dd,= 5.7, 2.4 Hz, 1H), 5.06(d, = 10.9 Hz, 1H),
4.96(d,J = 10.9 Hz, 1H), 4.57 (d] = 14.9 Hz, 1H), 4.50 (d] = 14.9 Hz, 1H), 4.05 (ddd,
J=4.1, 1.6, 0.8 Hz, 1H),.34 (ddt, 3.9, 2.5, 1.3, 1H), 1.98 (dt, J = 10.8, 0.8 Hz, 1H), and
1.74 (dt, J = 10.8, 4.1 Hz, 1H)*C-NMR (101 MHz, CDC)): & 158.4, 138.4, 136.6,
136.5, 134.2, 129.6, 128.5, 128.4, 128.3, 128.3, 127.4, 78.4, 64.9, 59.1, 50.1, and 39.7; IR
(film) 3061, 29, 2950, 1664, 1494, 1438, 1409, 1355, 1276, 1247, 1205, 1186, 1156,
1070, 1027, 1000, 965, 927 ¢mHR-ESIMS calculated for £H»:N,O, (M+H)*

321.1598; observed 321.1593.
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(1)-(5R, 18) tert-Butyl-3-oxo-2-(phenylmethoxy)-4-(phenylmethyl)-2,4,8-

triazabicyclo[3.2.1]oct-6-en-8-carboxylate (32¢)

Boc. O

Bn - \J_J\ N/OBn

N

-

Prepared in (A = 82 %) yield (A = 119 mg, 0.28 mmol) from the reactiaviafloro-/NV-
(phenylmethoxy)V'-(phenylmethyl)urea&1 (A = 100 mg, 0.34 mm) witltert-Butyl 1-
pyrrolecarboxylate (A = 0.287 ml, 1.71 mmol) via general procedure €=R.68 (3:2,
hexanes: ethyl acetatéld-NMR at 90 ;C (500 MHz, (CE),SO): & 7.46 (dd] = 8.0, 1.8
Hz, 2H), 7.3997.32 (m, 7H), 7.297.26 (m, 1H), 6.46 (dd] = 5.9, 2.2 Hz, 1H), 6.38
(dd,J = 6.0, 2.2 Hz, 1H), 5.63 (d,= 2.3, Hz, 1H), 5.33 (d/= 2.4, Hz, 1H), 4.97 (d]=
10.8 Hz, 1H), 4.94 (df = 10.8 Hz, 1H), 4.51 (d] = 15.4 Hz 1H) 4.46 (dJ = 15.1 Hz,
1H), and 1.40 (s, 9H)°*C-NMR at 90 C (126 MHz, (CE),SO): & 157.0, 151.5, 138.8,
136.6, 135.8, 132.5, 129.3, 128.7, 128.6, 128.6, 128.5, 127.6, 81.5, 78.2, 75.4, 72.6, 48.9
and 28.2; IR (film) 2975, 2930, 1716, 1680, 1495441437, 1365, 1331, 1286, 1235,
1164, 1113, 1070, 1001, 930 ¢mHR-ESIMS calculated for GHgN3Os (M+H)*

422.2074; observed 422.2072.




(£)-(5R, 18) methyl-3-0xo0-2-(phenylmethoxy)-4-(phenylmethyl)-2,4,8-

triazabicyclo[3.2.1]oct-6-en-8-carboxylate (32d)

MeO,C O
OBn

-

Prepared in (A = 90 %) yield (A = 117 mg, 0.30 mmol) from the reactiaviafloro-/V-
(phenylmethoxy)V'-(phenylmethyl)urea31 (A = 100 mg, 0.34 mm) withnethyl I-
pyrrolecarboxylate (A = 0.193 ml, 1.71 mmol) via general procedure €=R.50 (3:2,
hexanes: ethyl acetatéld-NMR at 90 ;C (500 MHz, (CE),SO): & 7.46 (dd/ = 8.0, 1.7

Hz, 2H), 7.40D7.32 (m, 7H), 7.3% 7.27 (m, 1H), 6.47 (dd] = 6.0, 2.1 Hz, H), 6.37
(dd,J = 6.0, 2.3 Hz, 1H), 5.62 (d,= 2.0 Hz, 1H), 5.40 (dd, J = 2.1, 0.9 Hz 1H), 4.96 (d,

J =10.9 Hz, 1H), 4.92 (d] = 10.8, 1H), 4.49 (s, 2H), and 3.62 (s, 3tRE-NMR at 90

iC (126 MHz, (CR),SO): & 156.9, 152.8, 138.6, 136.6, 135.7, 13220.4, 128.7,
128.6, 128.6, 127.6, 78.3, 75.5, 72.5, 53.2, 53.2 and 48.8; IR (film) 3030, 2953, 1722,
1679, 1585, 1495, 1440, 1403, 1366, 1281, 1233, 1115, 1070, 1028, 1000, 971;'908 cm

HR-ESIMS calculated for §H2:N30,4 (M+H)* 380.1605; observed 384594,
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(£)-(5R, 18) 1,5-dimethyl-8-oxo-2-(phenylmethoxy)-4-(phenylmethyl)-2,4-

dizabicyclo[3.2.1]oct-6-en-3-one (32¢)

O
Bn. ,OBn
: NJO]\N

Prepared in (A =73 %, B = 75 %) yield (A = 88 mg, 0.25 mmol, B = 90 mg, 0.26 mmol)
from the reaction ofV-chloro-N-(phenylmethoxyV'-(phenylmethyl)urea1 (A or B =

100 mg, 0.34 mm) witl2,5Dimethylfuran(A = 0.183 ml, 1.71 mmol or B = 0.040 ml,
0.37 mmol) via general procedure G.=R0.73 (3:2, hexanes: ethyl acetatd):NMR

(400 MHz, CDC}): & 7.497.46 (m, 2H), 7.39 7.21 (m 8H), 6.13 (dJ = 5.6 Hz, 1H),

5.83 (d,J = 5.6 Hz, 1H), 5.27(d/ = 9.9 Hz, 1H), 4.96(d/ = 9.9 Hz, 1H), 4.90 (d/ =

16.0 Hz, 1H), 4.45 (d/ = 16.0 Hz, 1H), 1.65 (s, 3H), and 1.59 (s, 3HE-NMR (101

MHz, CDCk): & 159.0, 139.1, 137.1, 135833.5, 129.7, 128.5, 128.5, 128.4, 127.7,
127.2, 99.2, 96.7, 80.3, 45.7, 20.0, and 19.5; IR (film) 3103, 3021, 2879, 1674, 1600,
1493, 1474, 1453, 1394, 1358, 1292, 1224, 1166, 1118, 1078, 1035, 993HEm

ESIMS calculated for §H23N>05 (M+H)* 351.1703pbserved 351.1687.
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(£)-(5R, 1S) 6,7-bis(hydroxymethyl)-8-oxo-2-(phenylmethoxy)-4-(phenylmethyl)-2,4-

dizabicyclo[3.2.1]oct-6-en-3-one (32f)

O
Bn. J‘J\ /OBn
N o N
HO OH

Prepared in (A = 76 %) yield (A = 99 mg, 0.26 mmol) from the reactiowdifloro-/V-
(phenylmethoxyV'-(phenylmethyl)urea31 (A = 100 mg, 0.34 mm) with3,4-
Bis(hydroxymethyl)furan (A = 0.176 ml, 1.71 mmol) via general procedure €=R.23

(1:4, hexanes: ethyl acetat&f-NMR (400 MHz, CDCY): & 7.46D7.43 (m, 2H), 7.4%

7.26 (m, 8H), 5.32 (s, 1H), 5.27 (s, 1H), 5.0%d; 11.2 Hz, 1H), 5.01 (d] = 11.2 Hz,

1H), 4.77 (dJ = 15.5 Hz, 1H), 4.39 (d] = 15.4 Hz, 1H), 4.14 (d] = 14.8 Hz, 1H), 4.07
(d,J = 14.6 Hz, 1H), 4.05 (d] = 14.6 Hz 1H), 3.97 (d,J = 14.6 Hz, 1H), 3.13 (brs, 1H),

and 2.94 (brs, 1H)**C-NMR (101 MHz, CDC}): & 156.8, 142.4, 138.8, 136.7, 135.9,
129.6, 128.8, 128.8, 128.6, 128.0, 127.9, 94.6, 90.7, 79.2, 56.5, 55.6, and 48.0; IR (film)
3372 (br) 3031, 2926, 1658, 191444, 1416, 1357, 1243, 1152, 1075, 1000%; driR-

ESIMS calculated for §H23N>0s (M+H)* 383.1601; observed 383.1583.
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(£)-(5R, 1S) 2-(phenylmethoxy)-4-(phenylmethyl)-2,4-diaza-spiro[bicyclo[3.2.1]oct-6-

en-8,1'-cyclopropan]-3-one (32g)

/ N\OBn

N\
Bn

(@)

Prepared in (A = 88 %, B = 82 %) yield (A = 105 mg, 0.30 mmol, B = 97 mg, 0.28
mmol) from the reaction a¥-chloro-N-(phenylmethoxyV'-(phenylmethi)urea31 (A or

B = 100 mg, 0.34 mm) witkpiro[2.4]heptad,6-diene(A = 0.172 ml, 1.71 mmol or B =
0.037 ml, 0.37 mmol) via general procedure €=R.68 (3:2, hexanes: ethyl acetate);
'H-NMR (400 MHz, CDCY): & 7.48D7.45 (m, 2H), 7.37% 7.23 (m, 8H), 6.31 (dd[ =

5.8, 2.1 Hz, 1H), 6.12(ddd,= 5.8, 2.4, 0.6 Hz, 1H), 5.05 (d= 11.1 Hz, 1H), 4.96 (d]

=11.1 Hz, 1H), 4.62 (d] = 14.9 Hz, 1H), 4.50 (d] = 14.9 Hz, 1H), 3.17 (dd,= 2.3, 2.3

Hz, 1H),2.95 (dd,J = 2.1, 2.1 Hz, 1H), 0.660.60 (m, 1H), 0.58 0.52 (m, 1H), and 0.48

- 0.42 (m, 2);"*C-NMR (101 MHz, CDC}): & 158.8, 138.5, 138.0, 136.6, 136.0, 129.9,
128.5, 128.3, 128.2, 127.4, 78.3, 70.3, 64.3, 50.1, 33.6, 10.6, and 7.9; IR (film) 3062,
3029, 2931, 1660, 1494, 1453, 1437, 1409, 1385, 1354, 1235, 1207, 1190, 1072, 1015,

936 cm™; HR-ESIMS calculated for £H2aN20, (M+H)* 347.1754; observed 347.1739.
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(£)-(5R, 1S) 8-(1-methylethylidene)-2-(phenylmethoxy)-4-(phenylmethyl)-2,4-

diazabicyclo[3.2.1]oct-6-en-3-one (32h)

/ N\OBn

w&
Bn

O

Prepared in (A = 85 %, B = 73 %) yield (A = 105 mg, 0.29 mmol, B = 91 mg, 0.25
mmol) from the reaction a¥-chloro-N-(phenylmethoxy)V'-(phenylmethylirea31 (A or

B = 100 mg, 0.34 mm) with,6-dimethylfulvene(A = 0.207 ml, 1.71 mmol or B = 0.045

ml, 0.37 mmol) via general procedure G=R0.65 (3:2, hexanes: ethyl acetaf&}:NMR

(400 MHz, CDC}): & 7.52D7.49 (m, 2H), 7.39 7.24 (m, 8H), 6.38 (ddd]= 5.9, 2.2,

0.5 Hz, 1H), 6.20 (ddd]= 5.9, 2.6, 0.8 Hz, 1H), 5.06 (d= 11.4 Hz, 1H), 4.98 (d[ =

11.4 Hz, 1H), 4.70 (d] = 14.9 Hz, 1H), 4.48 (d[ = 14.9 Hz, 1H), 4.35 (ddd,= 2.3, 1.5,

0.8 Hz, 1H), 4.08 ((ddd] = 2.2, 1.5, 0.5 Hz, 1H), 1.40 (s, 3H), and 1.38 (s, 3fQ:

NMR (101 MHz, CDCI3): & 159.2, 138.2, 138.1, 137.0, 136.1, 131.3, 129.8, 128.5,
128.4, 128.3, 128.2, 127.4, 118.7, 78.3, 65.0, 58.0, 50.1, 19.6, and 19.3; IR (fitn) 306
3029, 2915, 1663, 1495, 1439, 1406, 1373, 1352, 1323, 1264, 1237, 1206, 1190, 1133,
1063, 1001, 926 cry HR-ESIMS calculated for §H.4N-NaO, (M+Na)" 383.173;

observed 383.1718.
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(£)-(5R, 1S) 2-(phenylmethoxy)-4-(phenylmethyl)-2,4-diazabicyclo3.2.2]non-6-en-3-

one (32i)

Prepared in (A =58 %, B = 43 %) yield (A = 336 mg, 1.0 mmol, B = 49 mg, 0.14 mmol)
from the reaction oN-chloro-N-(phenylmethoxy)N'-(phenylmethyl)urea1 (A = 500

mg, 1.72 mmol or B = 100 mg, 0.34 mmol) wit|8-cyclohexadien€¢A = 0.819 ml, 8.60
mmol or B = 0.036 ml, 0.37 mmol) via general procedure = B.60 (3:2, hexanes:
ethyl acetate)'H-NMR (400 MHz, CDCY): & 7.487.45 (m, 2H), 7.36 7.25 (m, H),
7.24D7.19 (m, 1H), 6.28 (ddd] = 8.6, 6.8, 1.2 Hz, 1H), 6.15 (ddd= 8.6, 7.0, 1.4 Hz,

1H), 5.02 (s, 2H), 4.82 (d; = 15.0 Hz, 1H), 4.35 (d/ = 15.0Hz), 3.78 (dddd, 6.8, 3.5,
2.0, 2.0 Hz, 1H), 3.49 (ddd,= 7.1, 4.1, 3.4 Hz, 1H), 2.192.12 (m, 1H), 1.991.93

(m, 1H), and 1.5P1.42 (m, 2H);**C-NMR (101 MHz, CDC}): & 159.4, 138.8, 136.4,
133.9, 132.6, 129.8, 128.4, 128.3, 128.3, 128.1, 127.2, 78.1, 56.1, 52.8, 50.4, 25.8, and
24.3; IR (film) 3029, 290, 1741, 1642, 1494, 1447, 1423, 1354, 1303, 1236, 1194, 1154,
1079, 1027, 991, 943 915 &iHR-ESIMS calculated for §H23N,0, (M+H)* 335.1754;

observed 335.1742.
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(£)-(5R, 1S) 5-methyl-8-o0xo0-2-(phenylmethoxy)-4-phenylmethyl-2,4-

dizabicyclo[3.2.1]oct-6-en-3-one (33a)

0
Bn. .0OBn
: NJOJ\N

<=

Prepared in (A = 91 %) yield (A = 105 mg, 0.31 mmol) from the reactiviafloro-/V-
(phenylmethoxy)V'-(phenylmethyl)ured1 (A = 100 mg, 0.34 mm) wit@-methylfuran

(A = 0.152 ml, 1.71 mmol) via general procedure C. Rf = 0.70 (3:2, hexanes: ethyl
acetate)!H-NMR (400 MHz, CDCI3): & 7.497.46 (m, 2H), 7.4% 7.23 (m, 8H), 6.09
(dd,J = 5.7, 1.1 Hz, 1H), 5.86 (d,= 5.7 Hz, 1H), 5.30 (df = 1.3 Hz, 1H)5.08 (d,J =

11.2 Hz, 1H), 5.03 (df = 11.2 Hz, 1H), 4.98 (d] = 16.1 Hz, 1H), 4.38 (d] = 16.1 Hz

1H), and 1.58 (s, 3H}?C-NMR (101 MHz, CDCI3): & 157.7, 138.9, 137.9, 136.2, 129.7,
129.7, 128.6, 128.5, 128.5, 127.6, 127.2, 96.6, 92.6, 78.9,a4115,9.8; IR (film) 3030,

2939, 1674, 1604, 1495, 1453, 1429, 1394, 1356, 1282, 1263, 1219, 1167, 1142, 1110,
1080, 1024, 997, 967, 918 &mHR-ESIMS calculated for C20H2GNaO3 (M+NajJ

359.1366; observed 359.1375.
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(£)-(5R, 18) 1-(hydroxymethyl)-8-oxo-2-(phenylmethoxy)-4-phenylmethyl-2,4-

dizabicyclo[3.2.1]oct-6-en-3-one (34b)

0]
Bn. .OBn
n NJOLN

e

OH

Prepared in (A = 69 %) yield (A = 83 mg, 0.23 mmol) from thettea of N-chloro-/V-
(phenylmethoxy)V'-(phenylmethyl)urea31 (A = 100 mg, 0.34 mm) with2-
(hydroxymethyl)furan (A = 0.149 ml, 1.71 mmol) via general procedure C. Rf = 0.45
(95:5, chloroform: methanolfH-NMR (500 MHz, CDCI3): & 7.487.46 (m, 2H), 7.41
D7.28 (m, 8H), 6.27 (d/ = 5.8 Hz, 1H), 6.09 (dd] = 5.8, 1.3 Hz, 1H), 5.35 (d,= 1.3

Hz, 1H), 5.23 (d/ = 10.2 Hz, 1H), 5.05 (d[ = 10.2 Hz, 1H), 4.68 (d[ = 15.2 Hz, 1H),

4.53 (dJ = 15.2 Hz, H), 3.99 (dd,/ = 12.6, 5.6 Hz, 1H), 3.87 (dd= 12.6, 8.0 Hz, 1H),

and 1.71 (dd/ = 8.0, 5.6 Hz, 1H)**C-NMR (126 MHz, CDCI3): & 158.1, 137.1, 135.4,
134.9, 132.3, 130.0, 128.9, 128.9, 128.6, 128.3, 127.9, 101.5, 89.4, 80.1, 61.4 and 48.0;
IR (film) 3402 (br), 3030, 2924, 1663, 1536, 1495, 1440, 1409, 1358, 1311, 1229, 1138,
1100, 1074, 1006 cth HR-ESIMS calculated for C204g\,NaO4 (M+Naj 375.1315;

observed 375.1323.




(£)-(5R, 1S) 7-bromo-8-oxo-2-(phenylmethoxy)-4-phenylmethyl-2,4-

dizabicyclo[3.2.1]oct-6-en-3-one (34c)

Prepared in (A = 92 %) yield (A = 127 mg, 0.316 mmol) from the reactiovrafloro
N-(phenylmethoxydV'-(phenylmethyl)urea31 (A = 100 mg, 0.34 mm) with3-
bromofuran (A = 0.154 ml, 1.71 mmol) via general procedure €=R.45 (4:1, hexanes:

ethyl acetate)*H-NMR (400 MHz, CDCY): & 7.45 (dd, J = 7.6, 2.1 Hz, 2H), 74125

(m, 8H), 6.15 (dJ = 1.5 Hz, 1H), 5.29 (d] = 1.6 Hz, 1H), 5.15 (d/ = 15.5Hz, 1H), 5.08

(s, 1H), 5.04 (s, 2H), and 4.24 (d= 15.5 Hz, 1H);'*C-NMR (101 MHz, CDC)): &

155.9, 136.1, 135.9, 129.8, 129.7, 128.8, 128.8, 128.5, 128.2, 127.8, 125.0, 94.2, 90.8,
79.2, and 48.5; IR (film) 3030, 1685, 15949%4 1453, 1439, 1407, 1356, 1330, 1236,
1209, 1154, 1076, 1028, 999, 963, 923'cHR-ESIMS calculated for GH;7BrN.NaO3

(M+Na)" 425.0297; observed 425.0289.
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(£)-(5R, 1S) 2-(phenylmethoxy)-4-(phenylmethyl)-2,4-diazabicyclo[3.2.2]nonan-3-one

N~ H,, 10% Pd-C
oB 2
ﬂ%’\l& n - AN\C)Bn
| N
|
3 "o MeOH, rt, 4h Br& 39

@)

(39)

To a solution of (x)-6R, 1S) 2-(phenylmethoxy¥-(phenylmethyh2,4-
diazabicyclo[3.2.2]noiB-en-3-one 32i (0.096 g, 0.287 mmol) in methanol (5 mL) was
added 10% R&€ (0.010 g) and evacuated with house vacuum (water aspirator) and
flushed with H gas though a balloon. And the reaction mixture was stirred undeyald
balloon at room temperature for 4 hours. The complete consumption of [3.2.2] diaza
bicyclononene32i was confirmed by TLC (3:2, hexanes: ethyl acetate). The mixture was
passed through celitbed and washed the a celite bed with methanol (20 mL). The
collected filtrates were combined and concentrated reduced pressure. Purification by
flash column chromatography (4:1 to 3:2, hexanes: ethyl acetate) afforded the pfoduct
as a colorless o{86 mg, 0.25 mmol, 89 % vyield)R: = 0.43 (3:2, hexanes: ethyl acetate);
'H-NMR (400 MHz, CDC}): & 7.48D7.45 (m, 2H), 7.3®7.29 (m, 7H), 7.2BD7.22 (m,

1H), 5.04 (s, 2H), 4.53 (s, 2H), 3.47 (ddds 7.3, 4.8, 2.5 Hz, 1H), 3.17 (ddd~= 7.2,
4.7,2.5 Hz, 1H), 1.991.90 (m, 2H), 1.881.74 (m, 2H), and 1.6R1.52 (m, 4H):*C-

NMR (101 MHz, CDCY): & 160.1, 138.9, 136.6, 129.7, 128.4, 128.3, 128.3, 128.2, 127.2,
77.8, 56.8, 52.4, 51.4, 52.6, and 24.5; IR (film) 3028, 2941, 2861, 1683, 1449,
1353, 1324, 1263, 1233, 1156, 1075, 1039, 1028, 998, 915 KRESIMS calculated

for Co1HasN20, (M+H)*337.1911; observed 337.1921.



(£)-(5R, 1S) 4-hydroxy-2,4-diazabicyclo[3.2.2[nonan-3-one (40)

O,

ﬂQ\NN\OBn H,, 5% Pd/BaSO, N LQ\NN\OH
| MeOH/MHCI, t, 3d | & 40
Br& © r H

32i e} 0

To a solution of (£)-(5R, 1S) 2-(phenylmethoxy}-(phenylmethyh2,4-
diazabicyclo[3.2.2]noi6-en-3-one 32i (0.284 g, 0.849 mmol) in methanol (4.2 mL) and

2M HCI (0.5 mL) was added 5% Pd/BaS0O4 (0.080 g) and stirred the reaction ynder H
gas balloon at room temperature for 3 days. Theptete consumption of [3.2.2] diaza
bicyclononene32i was confirmed by TLC (3:2, hexanes: ethyl acetate). The reaction
mixture was filtered through a celite bed and washed the celite bed with methanol (15
mL). The collected filtrates were combined and @miated by rotary vapor. The crude
product was purified by flash column chromatography (1:1 to 1:4, hexanes: ethyl acetate)
to yield the product#0 as a colorless solid (70 mg, 0.44 mmol, 53 %)=R.53 (9:1,
dichloromethane: methanol); mp = 1620 {C;'H-NMR (500 MHz, CDC}): & 7.92 (s,

1H), 5.46 (brs, 1H), 3.7D3.68 (M, 1H), 3.2D3.24 (m, 1H), 2.32®2.25 (m, 2H), 2.08
D2.01 (m, 2H), and 1.881.76 (m, 4H);"*C-NMR (126 MHz, CDC}): & 161.3, 55.9,

46.2, 27.3, and 25.2; IR (film) 3211, 3061, 292860, 1636, 1448, 1298, 1252, 1136,
1088, 1063, 1042, 991, 965 ¢mHR-ESIMS calculated for H;.N.NaQ, (M+Na)

179.0791; observed 179.0776.




(£)-(5R, 1S) 4-(phenylmethyl)-2,4-diazabicyclo[3.2.2[non-6-en-3-one @1)*°

MO(CO)6
7. N-oBn » 4| NH
N N\ 4l
[ K ACN:H,0 (9:1) | &
Bn reflux, 4h Bn Ny

To a solution of (x)-6R, 1S) 2-(phenylmethoxy¥-(phenylmethyh2,4-
diazabicyclo[3.2.2]noiB-en-3-one 32i (0.126 g, 0.376 mmol) in GEN/H,O (2.5 mL,

9:1, degassed under nitrogen) was added Mo{@@)119 g, 0.450 mmol) and again
degased under nitrogen. The reaction mixture was vigorously stirred and heated to reflux
for 4 hours under nitrogen. The complete consumption of [3.2.2] diaza bicyclorg2iene
was confirmed by TLC (3:2, hexanes: ethyl at&t The crude reaction mixture was
filtered through a celite bed and washed the celite bed with ethyl acetate (20 mL). The
collected filtrates were combined and concentrated by rotary vapor. The crude product
was purified by flash column chromatograplt8/2(to 1:1, hexanes: ethyl acetate) to
afford product41 as a white solid (73 mg, 0.32 mmol, 85 %).=R0.10 (1:4, hexanes:

ethyl acetate); mp = 176279.0 {C;'H-NMR (400 MHz, CDC}): & 7.34D7.22 (m, 5H),

6.42 (dddJ = 8.4, 6.9, 1.4 Hz), 6.16 (ddd= 8.6, 7.1, 1.4 Hz, 1H), 5.72 (d= 6.4 Hz,

1H), 4.81 (dJ = 15.2 Hz, 1H), 4.43 (d] = 15.2 Hz, 1H), 3.5©3.50 (m, 2H), 2.3D

2.16 (m, 2H), and 1.731.62 (m, 2H);"*C-NMR (101 MHz, CDC}): & 158.5, 139.3,
133.9, 131.7, 128.4, 127.9, 127.0, 55,1, 45.2, 28.5, and 26.7; IR (film) 3263, 3178,
3033, 2954, 2928, 1634, 1493, 1451, 1428, 1356, 1329, 1283, 1270, 1252, 1193, 1150,

1073, 1046, 1028, 991, 956, 938, 903 '¢cnHR-ESIMS calculated for GH17:N,O



(M+H)"229.1335; observed 229.1336.

(B)-(1S, 5R, O6R, 7S) 6,7-dihydroxy-2-(phenylmethoxy)-4-(phenylmethyl)-2,4-

diazabicyclo[3.2.2[nonan-3-one (42)

0s0,4 NMO HO,
7 N‘OBn > HO N\OBn
N N

! & CHLCN : H,O : acetone (1:1:2) ! &
32i BN . 16h Bn

To a solution of (£)-(5R, 1S) 2-(phenylmethoxy}-(phenylmethyh2,4-
diazabicyclo[3.2.2]noi6-en-3-one 32i (0.170 g, 0.50 mmol) in CG4&N : HO : acetone

(I mL : 1 mL: 2 mL) was added NMO (0.25ml, 1.00 mmol), and OsO4 (0.7 ml, 1% in
H20) and stirred at room temperature for 16 hours.cbmeplete consumption of [3.2.2]
diaza bicyclononend2i was confirmed by TLC (3:2, hexanes: ethyl acetate). To the
reaction mixture was added sodium hydrosulfite (0.50 g) and stirred the reaction mixture
for 1hour. The reaction mixture was filtered and tiftrate was neutralized to pH 7 with

1IN H,SO, and the solvents were removed under rotary vapor and the pH was further
adjusted to 2. The solution was extracted with ethyl acetated (200 mL) and dried over
NaSQ, and concentrated under rotary vapor toaobtproductd42 as a colorless solid

(240 mg, 0.38 mmol, 75 %).tR 0.45 (1:4, hexanes: ethyl acetate); mp = 1.8486.8

iC: 'H-NMR (500 MHz, (CR),SO): & 7.487.41 (m, 2H), 7.3®7.29 (m, 7H), 7.2®

7.25 (m, 1H), 5.02 (d] = 4.5 Hz, 1H), 4.92 (d] = 10.3 Hz, 1H), 4.89 (d] = 10.3 Hz,
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1H), 4.84 (d,J = 5.0 Hz, 1H), 4.50 (d] = 15.0 Hz, 1H), 4.38 (d/ = 15.0 Hz, 1H), 3.8®
3.86 (m, 1H), 3.7B93.69 (m, 1H), 3.47 (ddd] = 5.0, 2.5, 2.5 Hz, 1H), 3.063.03 (m,

1H), 1.92D1.78 (m, 2H), 1.64€1.58 (m, 1H), and 1.591.46 (m, 1H);"*C-NMR (126

MHz, (CDs),SO): & 158.3, 139.5, 136.7, 129.8, 128.9, 128.7, 128.7, 128.2, 127.6, 77.0,
67.6, 66.5, 61.4, 56.9, 52.2, 21.2, and 20.7; IR (film) 3427, 3233, 2951, 1610, 1472,
1455, 1432, 1406, 1381, 1351296, 1270, 1243, 1186, 1135, 1081, 1062, 1026, 993,
972, 904 cnit; HR-ESIMS calculated for §H,:N,NaO4 (M+Naj 391.1628; observed

391.1635.

(B)-(18, 5R, 6R, 78) 6, 7-dioxo-2-(phenylmethoxy)-4-(phenylmethyl)-2,4-

diazatricyclo[3.3.1.0[nonan-3-one (43)17

DMDO in Acetone o N
4 N-0oBn > N ~0OBn
'}l\ Dichloromethane ! &
Bn Bn

32i o) -45 0°C tort, 36h 43 ©

To a solution of (x)-6R, 1S) 2-(phenylmethoxy¥-(phenylmethyh2,4-
diazabicyclo[3.2.2]noiB-en-3-one 32i (0.080 g, 0.239 mmol) in dry dichloromethane
(1.2 mL) was added the solution of dimethyldioxirane (DMDO) in acetone (1.5 equiv, ca.
0.07M) at-45 iC at allowed to room temperature for overnight. Additional DMDO (1.5
equiv, ca. 0.07M) was added at-4b ;C and allowed to come room temperature for 24

hours. The complete consumption of [3.2.2] diaza bicyclonoA2hwas confirmed by
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TLC (3:2, hexanes: ethyl acetate). The crude product was purified by flash column
chromatography (4:1 to 3:2, hexanes: etlodtate) to yield produd3 as a colorless oil

(66 mg, 0.19 mmol, 79 %).tR 0.45 (3:2, hexanes: ethyl acetat#):NMR (500 MHz,
CDCh): & 7.49D7.47 (m, 2H), 7.4®7.32 (m, 7H), 7.3®7.26 (m, 1H), 5.05 (s, 2H),
4.87 (dd,J = 14.8, Hz, 1H), 4.35 (dd] = 14.8 Hz, 1H), 3.70 (td, J = 6.9, 2.3 Hz, 1H),
3.49 (td, J = 6.9, 2.3 Hz, 1H), 3.25 (dd, J = 4.9, 4.9 Hz, 1H), 3.08 (dd, J = 4.8, 4.8 Hz,
1H), 1.90D1.85 (m, 1H), 1.78®1.70 (m, 2H), and 1.691.63 (m, 1H);"*C-NMR (126

MHz, CDCk): & 159.4, 138.3,36.0, 130.0, 128.6, 128.6, 128.4, 128.3, 127.6, 78.1, 59.6,
53.5, 53.3, 51.1, 50.3, 24.1, and 22.7; IR (film) 3028, 2939, 1642, 1494, 1447, 1420,
1351, 1233, 1202, 1108, 1073, 1016, 985, 946, 908; ¢4R-ESIMS calculated for

Co1H23N-05 (M+H)+3511703, bserved 351.1703.

(£)-(1R, 4S) 1-[(phenylmethoxy)amino]-4-[methyl(phenylmethyl)amino]-2-cyclohexene

\N,Bn
7" "N-pgn  LiAlH, 2M solution in THF
N\ > 44

(44)

Bn o) Ether, 0°C tort, 1h

HN .
32i OBn

To a solution of (x)-6R, 1S) 2-(phenylmethoxy¥-(phenylmethyh2,4-

diazabicyclo[3.2.2]noi6-en-3-one 32i (0.150 g, 0.448 mmol) in dry diethyl ether (2.3
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mL) was added the solution of LiAlH{2 Molar solution in THF, 0.268 mL, 0.537 mmol)

at 0 jC and stirred the reaction at room terapge for 1 hour. The complete
consumption of [3.2.2] diaza bicyclonone®2i was confirmed by TLC (3:2, hexanes:
ethyl acetate). The crude product was purified by flash column chromatography (3:2 to
1:1, hexanes: ethyl acetate) to provide the prodfics a light green oil (83 mg, 0.26
mmol, 57 %). R= 0.38 (3:2, hexanes: ethyl acetat8):NMR (500 MHz, CDC}): &
7.37D7.27 (m, 9H), 7.24€7.21 (m, 1H), 5.94 (dd] = 10.2, 1.3 Hz, 1H), 5.76 (df,=

10.3, 3.7 Hz, 1H), 5.36 (brs, 1H), 4.72 (s, 2H), 3.63/(d,13.3 Hz, 1H), 3.50 (dd] =

4.3, 1.8 Hz, 1H), 3.48 (d,= 13.3, 1H), 3.27 (m, 1H), 2.20 (s, 3H), 21.98 (m, 1H),
1.77D1.70 (m, 1H), and 1.681.54 (m, 2H);**C-NMR (126 MHz, CDC}): &140.0,

137.9, 135.5, 128.7, 128.4, 128.3, 128.2, 127.8, 127.6, 126.8, 76.6, 59.4, 57.5, 54.4, 38.0,
24.6, and 17.7; IR (film) 3026, 2930, 2856, 2787, 1602, 1494, 1452, 1389, 1363, 1298,
1205, 1140, 1026, 989, 909 ¢mHR-ESIMS calculated for §H./N,O (M+H)"

323.2118; observed 323.2132.
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Chapter 3: Oxidative 1,4-Diamination of Conjugated 1,3-Dienes Using Simple Urea

Derivatives

3.1 Introduction

0©
BnO. )_\ _OBn
N’®\N
0° Ny~ X
OBn
o} \\ 7/ BnO( /
Bno_ L _oen [O] BnO. )\ ,OBnN N N™ °N
\[}] [}]/ fffffffff > R e - .
H H 46
. . 47
45 diaza-oxyallyl cation

Scheme 3.1.1. Proposal for the oxidative Xdiamination of dienes

Generation of daiazaxyallyl cationic reactive intermediates frontchloro
ureas (chapter 2) is a novel and valuable method for the preparationdéarhjdes, a
prominert motif found in bierelevant molecules. Despite its importance for the 1,4
diamination of cylic dienes using asymmetn&chloro urea reagentsthis method
suffers from limited substrate scope and poor regioselectivity with +eobstituted
furans by preiding nearly 1:1 ratio ofegicisomers of the desired products. Moreover,
the diazaallyl cationic reactive intermediates did not react with acyclic dienes or furans

with electron deficient substituents. In order to address not only these problemsobut al
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to develop an alternative method with various substrates, we have hypothesized that
direct oxidation of symmetric ureas could deliver the desired reactive-aliglzaationic
intermediate, and incorporating additional stabilizing (OBn) gimugd restt in further
stabilization of the putative intermediate, leading to longer lifetimes and a broader

substrate scope.

Hypervalent iodine reagentsgave found widespreadise inorganic synthesis
due to: 1) mild oxidizing nature, 2) low toxicity, 3) commercially availability and 4)
stabilty?’ Additionally, we inspired by their effectiveness for the direct generation of
stabilized N-acylnitrenium ion&*® from the oxidation of O-alkyl hydroxamates.
Therefore, we envisioned that the required diazgallyl cationic reactive intermediate
could be generated via series of deprotonation and oxidation events and which would be

trappedin situ with 1,3-conjugated dienes to provide thesded 1,4diamination.

3.2 Preliminary Experiment and Optimization of Oxidative 1,4-Diamination

Armed with the hypothesis, we subjected symmetiiE -dibenzyloxy urea
45 to oxidation withphenyl iododiacetateB@AIB) in the presence offuran, and sodium
salt of 2,2,3,&etrafluororpropanol (TFP/TFRa) as a base, and found the desired 1,4
diamino cycloadduct in 40% vyield (Table 3.2ehtry 9. Encouraged by the preliminary
experimental results for this cycloaddition reaction, we furttieected our efforts to
optimize the reaction conditions and explore the substrate scope with varieus 1,3

conjugated dienes.
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Table 3.2.1 Optimization of the Oxidative Diamination Reaction of 48 Using NV ,V' -
Dibenzyloxyurea 45

PhiX,, TFP, TFP-Na

-
V

0
BnO. /lLN/OBn

E o H30\© » HsC@ 49a

45 )
SN oxidant® diene addition  time| Temp % yield

(equiv) of urea ({9

1 PhI(OCOCR), |5 3h 0iC
2 PhI(OH)(OTs) |5 3h 0
3 PhI(:BUCO:0), |5 3h 0 52
4 PhI(OAc), 5 3h 0 70
5 PhI(OAc); 5 3h -20 49
6 PhI(OAc); 5 3h 25 67
7 PhI(OAC) 5 2 h 0 64
8 PhI(OAc), 5 6h 0 54
9 Phi(OAc) 5 ~1 min 0 40
10 PhI(OAC) 2 3h 0 70
11 PhI(OAC) 0.5 3h 0 42
12 PhI(OAc); 1.1 3h 0 56
13 PhI(OAc), 1 3h 0 69

2.0 equiv. of oxidant was used in each cd%éeld based upon stoichiometry of the uréa.
Reaction wagonducted by adding Phl(OAdp a solution of 2nethylfuran48, the ureat5, and
base (TFRNa) in tetrafluoropropanol
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The yield of the cycloadduct was significantly increased whemth@45 was
added slower or equal to its consumption rate in the reaction (Table &l 4 vs.
entry 9, presumably itOs due to the competitive atiié decomposition ofhe diene
with hypervalent iodine reagent. Screening of alternative hypervalent iodine reagents like
PIFA, Ph(Oh)(OTs) and PhiI(tBuGO), (Table 3.2.1ps oxidizing agents diminished the
product yield and found that thghenyl iododiacetateBAIB) as theoptimal oxidant.
Using other solvents (GJEN) lowered the yield and found that TFP as the optimal
solvent. When the reaction was conducted in the absence of bas&l&] ke yield of
the product was diminished (56% cf. 70¢bable 3.2.1entry 4 an®). A marginal effect
on the yield of the cycloadduct was observed by lowering the use of the diene
concentarion from 5.0 to 1(Table 3.2.1, entry 4 and 123)quivalents. Moreover, slow
addition of oxidant to the diene and urea had no significant effect on the yield of the

product in this case.

3.3 Exploring the Substrate Scope of the Oxidative 1,4-Diamination
With optimized conditions identified, @vconducted a study of the substrate scope

with various 1,3conjugated dienes. It is common use of cyclic and aromatic dienes as
optimal substrates in [4+3] cycloaddition of allylic cations and related species. Similarly,
cyclic dienes and aromatic dienamderwent successfully oxidative digZea3]
cycloadition reaction and furnished very good to excellent yields of thdirhjdated
products in all cases. However, in order to achieve the best results with oxidatively labile
dienes and electrarnch dienes(49d, 49j) slow addition of the oxidantBAIB) to a

solution of diene, base and urea was essential.
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Table 3.3.1. Scope of the Oxidative 1,4-Diamination Reactions of N,N'-

Dibenzyloxyurea with Cyclic Aromatic Dienes

o)
BnO OBn @)
\NJ\N/ TFP-Na (2.0 eq), PhI(OAc), Bno_ I _oBn
45 H H - NN
diene (5 equiv or 1.1 equiv) O
AT TFP, 0 °C _
\ /a8 slow addition of urea or Phl(OAc), 49
0 o) o] o)
Bro. M _oBn Brno_ Jl_ _oBn Bno. J _OBn  Bno_ OBn
N"5 N oN N, N~ o
4
HCTN_/ 40a 49b @ 49c /<:>K
A: 70% A:91% A: 90% C: 64%
B: 56% B: 88% B: 77%
(0] M902C\ Boc
o)
N N
BnO~. JOLN/OBn \ N BnO._ )LN/OBn
) a%e ANN\OBH A N-ogn O 1°
'& 49f 'K s9g weo "
HO OH g Me
BnO BnO Y, A: 58%
B: 55% .
A: 86% - 95%
B: 81% A: 95%
o) CHs
0 o]
B OBn H
N0~ Ay Bno. J_ _oBn Bno_ J_ _0Bn  HC
0 NN N~ N
o (o)
— 49i o 49] Q y N\OBn
B A 84% C: 66% o-B. M He B 6& 49
B: 68% . o - n o
D: 56% o) ~
3\7/ A: 53%
o B:80% B: 54%
CHs

N—
Py 0B 7]_"N-08Bn ﬂQ\NN\OB”
BnO 49m '}l& '& 4
BnO 49n BnO o 90

0
C: 84%

D: 82°/: C:67% A:70%
' D: 69% B: 54%

(a) Conditions: A = slow addition afrea to 5.0 equiv of diene; B = slow addition of urea to 1.1
equiv of diene; C = slow addition of the Phl(OA¢td diene (5.0 equiv) and urea; D = slow
addition of PhI(OAc) to the diene (1.1 equiv) and urea. (b) Yield based upon stoichiometry of

the urea
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In our previous studies usingchloro urea diamination agents, the dif&#a3]
cycloaddition reaction of furans substituted with electnahdrawing groups, like
carboxylate or a MIDA boronates were met with failure. Conversely, bethyin>-furan
carboxylate and-B1IDA boronate substituted furan provided good to excellent yields of
the desired diaminated produd®dh, 49k). Presumably this is due &donger lifetime of
the reactive diazallyl cationic intermediate by additional sii&ation of the O-benzyl
stabilizing group. In additignthese dienes demonstrated high degree of functionality
compatible for the reaction conditions and moreover the cyloadducts have greater
potential for further functionalization. Next, we screened dielic but nonaromatic
dienes with the optimized conditions. Dienes like cyclopentadiene, phellandrene, 2,2,2
spiroheptadiene, fulvene and cyclohexadiétte, 491, 49m, 49n, 490) provided good
yields of the diaminated cycloadduct. To achieve the betsults with 2,2,2
spiroheptadiene, and fulverd9fn, 49n) the slow addition of th8AIB was required to
the mixture of diene, base and urea in TFP solvent due to instability of the dienes with the
oxidant. A control experiment revealed that indeed thesmet decomposed upon
treatment with BAIB in the absence of the ur&ycloaddition of fulvene provided
exclusively 1,4diaminated products over the diamination, thus makes us to propose
diazaoxyallyl cation as an intermediate in [4+3] cycloadditieaation. Cyclohexadiene
derivatives furnishedoodyields of the cycloadducts with ure¢9l, 490). Cycloaddition
of Phellandrene4@l) was diastereoselctive (dr = 70:30) for approach opposite of the

isopropyl substituent.



3.4 Oxidative Diamination of Acyclic Dienes

0
Bno. J_ _oBn 0
SN N7 Bno _ _oBn
45 T H PhI(OAC), N ~N
" - 51
TFP, TFP-Na —
M HyC CH,
HsC  CHg 63%
50
hit
BnO._ _0OBn 0
N” N BnO
45 H H PhI(OAC), n \NJLN/OB”
+
TFP, TFP-Na —/ 58
./ e
HsC 37 %
52

Scheme 3.4.1. Oxidative 1,4Diamination of Acyclic Dienes

Usually in [4+3] cycloaddition reactions, acyclic dienes are not compatible
reactants including azand diazeoxyallyl cations™* To our delight, the reaction ofrea
45 with 2,3-dimethylbutadien&0 and isopren&2 provided fair to good yields. In case of
2,3-dimethylbutadien&0 the higher yield of the diaminated product is attributed due to
the greater population of the reactieis conformation of the diene. The mass balance
of this reaction with acyclic dienes, likely to account with other aminated products but all

attenpts to isolate the byproduct®in the reaction was failed.



3.5 Intramolecular Oxidative Diamination Reaction

CarbonNitrogen (GN) bond formation via intramolecular tethering of amination
agents is an effective strategy irHCfunctionalization as well as in Xd@amination
reactions due to anticipated regand stereoslectivity of the procit?2 Intramolecular
diamination withN-chlorourea substrates were complicated in our previous studies due to
the competitive halogenation of thHaran It was our vision that direct oxidation of
intramolecularly tethered amination agent with diene @aqurbvide the intramolecular
diaza[4+3] cycloaddition reaction by avoiding the prefunctionalization of the Urea.
required ureaubstrateés4 was prepared in one step from a known hydroxylafiaed
subjected to oxidative diamination reaction condgidmdeed oxidation of the urea with
the established conditions led to the intramolecular f#3] cycloaddition reaction

and provided the desired ploy heterocyclic prodact

0
N PhI(OAC), B”O\NJL 0
H > oN

TFP, TFP-Na

—_—

O

o J _o
O
\

82 %

54 55 ’

Scheme 3.5.1. Intramolecular Oxidative 1;diamination reaction foployheterocycles

3.6 Mechanistic Proposal for the Oxidative 1,4-Diamination
We propose the mechanistic pathway of thediadnianation as a result of a
formal [4+3] cycloaddition of diazaxyallyl cation (2#) and a diene (4#h order b

occur the diaz§d+3] cycloaddition reaction, the desired intermediate-agallylic
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cation could generate from deprotonation and oxidation of the4fs¢&chem 3.6.1)
which can happen in any order. When reaction was performed wwikti2yl furan 48a),

two by-productss6 and57 (Schem 3.6.1)vere formed, and this observation suggests that
the order of events could play an important role in the product distribution. Since optimal
results were obtained when the rate of addition of urea is equivalstdveer than the

rate ofconsumption of the imidats8 (Schem 3.6.1)it suggests that rate of addition is
very important for this process. Moreover this observation was supported by formation of
a greater proportion of the oxint in the crude mixture whethe uread5 is added
rapidly [50:50,58:56 (1 min addition) vs70:30,58:56 (3 h addition)]. Hence it further
suggests that oxidation to the nitrenidf) decomposition 089 to the nitrend3(Schem
3.6.1) aziridination of 2methylfuran 48a), and ring opening o061 is more favorable
under these conditions. Alternatively, the ratio of the byprofiutd desired cycloadduct

58 could be determined by competitive elimination vs. deprotonatic® ¢ form the
nitrene60 or desired diazaxyallyl cationic intermediatd6 (Schem 3.6.1)Therefore, it

is clear that without further mechanistic study either pathway cannot be ruled out.
Although it is apparent that there is a competition between the néifeaed the daiza
oxyallyl cation 46 (Schem 3.6l), in our optimized reaction conditions the desired
diaminated product was favored. Currently our efforts are directed towards the
investigation of this approach to the generation and applicatiaghakoxynitrenes for

the GN bond formation.
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Scheme 3.6.1. Plausible mechanism for the formation of the diazaoxyallylic Ca8oand the
oxime56.

3.7 Experimental

All reactions were carried out under an atmosphere of nitrogen indresh
glassware with magnetic stirring, unless otherwise specified. Dichloromethane was
purified by passage through a bed of activated alumina. Cyclopentadiene w&sddistil
from dicyclopentadiene immediately prior to use. All other reagents and solvents were
purchased from Sigmaldrich Chemical Company and used without any further
purification. 2,2,3,3etrafluoropropari-ol was purchased from SynQuest and used
without further purification. TLC information was recorded on Silicycle glass 80 F

plates and developed by staining with KMn@r ceric ammonium molybdate.
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Purification of reaction products was carried out by flash chromatography using Silicycle
Siliaflash™ P60 (236400 mesh) or through a medium pressure liquid chromatography
(MPLC), a Biotage purification system equipped with 254 nm and 280 nm UV detectors
and by using Biotage zip 10g Si gel column employing a hexane, ethyl acetate gradient
for the mobile phase. The cartridges for Biotage purification system were purchased from
Biotage . *H-NMR spectra were measured on Varian 400 (400 MHz), Varian MR400
(400 MHz), or Varian 500 (500 MHz) spectrometers and are reported in ppm (s = singlet,
d = doublet, t=tripdt, q = quartet, m = multiplet, br = broad, dd = doublet of doublets, dt
= doublet of triplets and td = triplet of doublets; integration; coupling constant(s) in Hz),
usng TMS as an internal standafiMS at 0.00 ppm) in CDGlor (CD3),SO as solvent
13C-NMR spectra were recorded on V400 or V500 spectrometer and reported in ppm
using solvent as an internal standard (CG2aE177.16 ppm) or (CECN at 118.26 ppm).
Infrared (IR) spectra were recorded on a Nicolet 6700RFWith a diamond ATR and

data are repted as cntf (br = broad, s = strong). Higlesolution mass spectra were
obtained using an Agilent 6230 TOF LC/MS with an (atmospheric pressure- photo
ionization (APPI) or electrospray (ESI) source with purine aneOBIPL as an internal
calibrants. The slovadditions of urea or (diacetoxyiodo)benzene (BAIB) was performed
with syringe pump (model: NBOO) purchased from the manufacturer of New Era Pump

Systems Inc.




Synthesis of N, N'-bis(phenylmethoxy)urea 45.
o_ /=N
N \)

N
0
©/\ > H H
a5

DCM, RT, 24 hours

To a solution of O-Benzylhydroxylamine hydrochloride (20.0 g, 125.305
mmol) in dichloromethane (313 mL) was added triethylamine (17.264 mL, 125.305
mmol) at0 jC and stirred for 10 minutes before the addiidri,1*Carbonyldiimidazole
(10.159 g, 62.651 mmol) over a period of 15 minutes in 3 portions. The reaction mixture
was stirred at room temperature for 24 hours. The reaction was quenched with water (100
mL) and extracted with dichloromethafg&x 400 mL).The combined organic phase was
dried over anhydrous N8O, and concentrated under reduced pressure. The crude
product was purified via column chromatography (4:1 to 3:2, hexanes: ethyl acetate) to
provide the colourless solid (14.1 g, 51.781 mmol, 82R6¥ 0.25 (3:2, hexanes: ethyl
acetate); mp = 89.890.2 {C;*H NMR (500 MHz, CDCJ)): & 7.54 (s, 2H), 7.397.35
(m, 6H), 7.34D7.30 (m, 4H), and 4.79 (s, 4HYC NMR (126 MHz, CDG)): & 159.7,
135.1, 129.2, 128.8, 128.7, and 78.8; IR (film): 323963, 3029, 2923, 2865, 1659,
1485, 1453, 1355, 1305, 1208, 1157, 1114, 1071, 1027, 975, 931, J0GBAESIMS

calculated for gsH16N203 (M+Na)" 295.1053; observed 295.1073.




Preparation of 1-Propanol, 2,2,3,3-tetrafluoro-, sodium salt (TFP-Na)

To a solution of2,2,3,3tetrafluoropropanol (TFP) (178 ml, 1M), was added freshly cut
pieces of sodium (4.1 g) under nitrogen at room temperature over a period of 4 hours.
The resulting miture was stirred for additional 4 hours and the reaction was concentrated
under vacuum using a rotary evaporator aD5C (water bath temperature)he round
bottom flask containing TFRa product was flushed with nitrogen before removing the
flask fromrotary evaporator and the residual solvent was removed under vacuum for 2
days to obtain TFHRNa as a white solid (24.0 g, 155.844 mmol, 87 %). The-N&P

product vas stored under nitrogen inefrigerator for several weeks.

General procedure A and B (Normal Addition): Slow addition of urea for the

cycloaddition reaction of dienes in 2,2,3,3-Tetrtafluoro-1-propanol

A
D 48
Y
] o
TFP-Na (2.0 equiv.) BnO ,OBN
@\/O\ J /O\/© > \NJAI\N
\ \ diene, TFP, 0 iC O
HoH o

PhI(OAC),

49

To a solution of CHECF,CH,OH (0.28 M with respect to urea) and GEFRCH,ONa
(2.0 equiv) was added (diacetoxyiodo)benzene (DIB) (2uivegand corresponding
cyclic dienest9 (A = 5.0 equiv or B = 1.0 equiv) dropwise at 0 jC. A solution of 4®a

(1.0 equiv) in anhydrous GEN (4.0 mL/0.367 mmol of urea) was added dropwise at O
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iC over a period of 3.0 hours using a syringe pump. Thetiomamixture was stirred
additional 30 minutes at 0 jC for the complete consumption of urea, which was observed
by TLC (4:1, hexanes: ethyl acetate). The volatiles were removed under reduced pressure
and the residue was dissolved in ethyl acetate (50 waghed with water (50 mL) and
separated the two layers. The extraction was repeated with aqueous layer (50 mL) and
ethyl acetate (2 x 50 mL). The combined organic phase was dried over anhydrous MgSO
or NaSQ, and concentrated under reduced pressure.cfie product was purified
through Biotage by using Biotage zip 10g Si gel column employing a hexane, ethyl

acetate gradient for the mobile phase.

General procedure C and D (Inverse addition): Slow addition of
(diacetoxyiodo)benzene (DIB) for the cycloaddition reaction of dienes in 2,2,3,3-
Tetrtafluoro-1-propanol.

A

U48

o)
2 o TFP-Na (2.0 equiv.) gno. JL .OBn
~ O\NJ\N/O > N“A N

\ \ diene, TFP, 0 iC O

H H —

Phl(OAC) 2

45 49

To a solution of CHFCF,CH,OH (0.28 M with respect to urea) and GI@IF,CH,ONa
(2.0 equiv) was added urd& (0.367 mmol (1.0 equiv) corresponding cyclic died@s
(A = 50 equiv or B = 1.0 equiv) dropwise at 0 jC. A solution of the
(diacetoxyiodo)benzene (DIB) (2.0 equiv.) in anhydrous@ (14.0 mL/0.734 mmol

of DIB) was added dropwise at 0 jC over a perioB®&f hours using a syringe pump.
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The reaction mixture was stirred additional 30 minutes at 0 jC for the complete
consumption of urea, which was observed by TLC (4:1, hexanes: ethyl acetate). The
volatiles were removed under reduced pressure and the eesmhi dissolved in ethyl
acetate (50 mL), washed with water (50 mL) and separated the two layers. The extraction
was repeated with agueous layer (50 mL) and ethyl acetate (2 x 50 mL). The combined
organic phase was dried over anhydrous Mg®0ONaSO, and concentrated under
reduced pressure. The crude product was purified through Biotage by using Biotage zip

10g Si gel column employing a hexane, ethyl acetate gradient for the mobile phase.

(£)-(IR, 5S) I-methyl-8-oxa-2,4-bis(phenylmethoxy)-2,4-diazabicyclo/3.2.1]oct-6-en-3-

one (49a)

Prepared via general procedure A and B in (A =70 % or B = 56 %) yield (A = 90 mg,
0.25 mmol or B = 73 mg, 0.20 mmol) from the reactio&oN"-bis(phenylmethoxy)urea

45 (A = 100 mg, 0.36 mmol or B = 100 mg, 0.36 mmol) witmethylfuran (A = 0.163

mL, 1.83 mmol or B = 0.03 mL, 0.36 mmol) as a pale yellow gik B.33 (4:1, hexanes:
ethyl acetate)'H NMR (500 MHz, CDCJ): & 7.47D7.45(m, 4H), 7.4®7.32 (m, 6H),

6.36 (d,J = 0.8, 2H), 5.25 (dd/ = 0.8, 0.8, 2H), 5.15 (d] = 9.9 Hz, 1H), 5.06 (d] =

11.1 Hz, 1H), 4.92 (d] = 11.1 Hz, 1H), 4.88 (d] = 9.9 Hz, 1H), and 1.62 (s, 3H)C



I HJ

NMR (126 MHz, CDC4): 161.8, 137.4, 135.9, 135.3, 133.0, 129.29.6, 128.7, 128.7,
128.6, 128.5, 100.3, 92.3, 79.9, 78.7, and 18.8; IR (film): 3031, 2939, 2879, 1725, 1586,
1496, 1453, 1384, 1368, 1326, 1263, 1201, 1174, 1132, 1081, 1027, 986, §22R:m

ESIMS calculated for §H2:N>04 (M+H)* 353.1496; observe8s3.1497.

(£)-(5R, 1S) 8-oxa-2,4-bis(phenylmethoxy)-2,4-diazabicyclo[3.2.1]oct-6-en-3-one (49b)

Prepared via general procedure A and B in (A =91 % or B = 88 %) yield (A = 113 mg,
0.33 mmol or B = 115 mg, 0.34 mmol) from the reaction Nf N'-
bis(phenylmethoxy)urea 45 (A = 100 mg, 0.36 mmol or B = 100 mg, 0.36 mmol) with
furan (A = 0.134 mL, 1.83 mmol or B = 0.026 mL, 0.36 mmol) as a white solicc R

0.25 (4:1, hexanes: ethyl acetate); mp = ®%!.9 iC;'H NMR (500 MHz, CDCJ): &
7.46D7.44 (m, 4H), 7.4D7.34 (m, 6H), 6.34 (dd = 0.8, 0.8 Hz, 2H), 5.25 (dd,= 0.8,

0.8 Hz, 2H), 5.03 (d/ = 11.1 Hz, 2H), 4.94 (d] = 11.1 Hz, 2H)®C NMR (126 MHz,
CDClg): & 160.2, 135.8, 133.6, 129.6, 128.8, 128.5, 92.6, and 78.8; IR (film): JE3,

2946, 2893, 1727, 1582, 1495, 1472, 1454, 1369, 1357, 1332, 1313, 1207, 1182, 1138,
1075, 1092, 998, 970, 952, 921 tnHR-ESIMS calculated for GH1gKN,O3 (M+K)*

377.0898; observed 377.0931.



(£)-(5R, 1S) 2,4-Bis(phenylmethoxy)-2,4-diazabicyclo[3.2.1]oct-6-en-3-one (49c)

O
BnO\NJ\ N/OBn

<

Prepared via general procedure A and B in (A =90 % or B = 77 %) yield (A = 1.112 gm,
3.30 mmol or B = 95 mg, 0.28 mmol) from the reactio&oN"-bis(phenylmethoxy)urea

45 (A = 1.0 gm, 3.67 mmol or B = 100 mg, 0.36 mmol) witllopentadiene (A = 1.55

mL, 18.4 mmol or B = 0.03 mL, 0.36 mmol) as a colorless gik B. 43 (4:1, hexanes:
ethyl acetate)*H NMR (500 MHz, CDC)): & 7.477.45 (m, 4H), 7.397.32 (m, 6H),
6.33(dd,J = 1.5, 1.5 Hz, 2H), 5.02 (d,= 10.9 Hz, 2H), 4.88 (d] = 10.9 Hz, 2H), 3.96
(ddd,J = 4.5, 2.3, 1.3 Hz, 2H), 1.98 (dt= 11.2, 0.8 Hz, 1H), and 1.77 (dt= 11.2, 4.4

Hz, 1H):**C NMR (126 MHz, CDGCJ): & 161.1, 136.4, 136.2, 129.5, 128 433.4, 78.1,

65.0, and 38.8; IR (film): 3062, 3030, 2951, 2873, 1712, 1496, 1453, 1348, 1274, 1246,
1208, 1176, 1143, 1081, 1049, 1018, 983, 923;%;cHHR-ESIMS calculated for

CooH20N203 (M*+) *336.1468; observed 336.1454.
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(£)-(5R, 1S) 1,5-dimethyl-8-oxa-2,4-bis(phenylmethoxy)-2,4-dizabicyclo[3.2.1]oct-6-en-

3-one (49d)

Prepared via general procedure C and D in (C =64 % ) yield (C = 70 mg, 0.19 mmol)
from the reaction o, N-bis(phenylmethoxy)urea 45 (C = 100 mg, 0.36 mmol) with, 5-
dimethylfuran (C = 0.195 mL, 1.83 mmol) as a white solid.=R0.35 (4:1, hexanes: ethyl
acetate); mp = 119.8120.8 {C;'H NMR (500 MHz, CDCJ): &7.49D7.46 (m, 4H),
7.39D7.32 (m, 6H), 6.3@s, 2H), 5.17 (d/ = 10.0 Hz, 2H), 4.89 (d/= 9.9 Hz, 2H), and

1.64 (s, 6H);*C NMR (126 MHz, CDG)): & 162.9, 136.4, 135.3, 129.7, 128.6, 128.4,
100.1, 79.7, and 19.0; IR (film): 3093, 3065, 3033, 2992, 2869, 1773, 1717, 1595, 1496,
1454, 1378, 13701326, 1301, 1266, 1213, 1157, 1108, 1085, 1064, 1034, 1003 cm

HR-ESIMS calculated for §H2:N.NaQ, (M+Na)® 389.1472; observed 389.1502.

(£)-(5R, 18) 6, 7-bis(hydroxymethyl)-8-oxa-2,4-bis(phenylmethoxy)-2,4-

diazabicyclo[3.2.1]oct-6-en-3-one (49e)



Prepared via general procedure A and B in (B = 55 %) yield (B = 86 mg, 0.21 mmol)
from the reaction o, N'-bis(phenylmethoxy)urea 45 (A = 100 mg, 0.36 mmol or B =

106 mg, 0.38 mmol) wit,4-bis(hydroxymethyl)furan (A = 0.134 mL, 1.83 mmol or B =
0.040 mL, 0.38 mmol) as a colorless oil after purification of the crude product via column
chromatography (95:5, chloroform: methanol).=R0.18 (95:5, chloroform: methanol);

'H NMR (500 MHz, CDCJ): & 7.44D7.40 (m, 4H),7.39D7.33 (m, 6H), 5.21 (s, 2H),
5.02 (d.J = 11.2 Hz, 2H), 4.92 (d[ = 11.1 Hz, 2H), 4.28 (d] = 14.1 Hz, 2H), 4.15 (d, J

= 14.2 Hz, 2H), and 3.18 (brs, 2HJC NMR (126 MHz, CDGJ): & 160.7, 141.4, 135.4,
129.5, 128.9, 128.7, 94.1, 78.9, and 566{film): 3392 (br), 3031, 2877, 1698, 1497,
1454, 1355, 1266, 1209, 1137, 1082, 992, 917, 868; ¢4R-ESIMS calculated for

C21H22N2NaQs (M+Na)*' 421.137; observed 421.1355.

(£)-(5R, 1S) methyl-3-oxo0-2,4-bis(phenylmethoxy)-2,4,8-triazabicyclo/3.2.1]oct-6-en-8-
carboxylate (49f)

H.CO,C O
I%nOf \“\ /OBn
NN

<

Prepared via general procedure A and B in (A = 86 % or B = 81 %) yield (A = 125 mg,
0.31 mmol or B = 117 mg, 0.29 mmol) from the reaction Nf N'-

bis(phenylmethoxy)urea 45 (A = 100 mg, 0.36 mmol or B = 100 mg, 0.36 mmol) with
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methyl 1-pyrrolecarboxylate (A = 0.206 mL, 1.83 mmol or B = 0.03 mL, 0.36 mmol) as
an colorless oil. R= 0.15 (4:1, hexanes: ethyl acetat#); NMR at 90 jC (500 MHz,
(CD3),SO): & 7.46D7.44 (m, 4H), 7.4P7.34 (m, 6H), 6.69 (dd] = 1.6, 1.6 Hz, 2H),

5.59 (dd,J = 1.5, 1.5 Hz, 2H), 4.92 (d,= 11.0 Hz, 2H), 4.89 (d] = 11.0 Hz, 2H) and

3.68 (s, 3H);**C NMR at 90 {C (126 MHz, (C,SO): & 160.4, 152.5, 136.3, 135.5,
129.4, 8.7, 128.6, 77.9, 75.0 and 53.5; IR (film): 3031, 2954, 1717, 1584, 1496, 1441,
1369, 1329, 1311, 1282, 1224, 1115, 1082, 970, 906; ¢iR-ESIMS calculated for

C21H21N3NaQs (M+Na)" 418.1373; observed 418.1364.

(£)-(5R, 1S) tert-Butyl-3-oxo-2,4-bis(phenylmethoxy)-2,4,8-triazabicyclof3.2.1]oct-6-
en-8-carboxylate (49g)

Boc. O
OBn
BnO\ N\JNJ\ N/

<

Prepared via general procedure A and B in (A =95 % or B = 65 %) yield (A = 153 mg,
0.35 mmol or B = 104 mg, 0.24 mmol) from the reaction Nf N'-
bis(phenylmethoxy)urea 45 (A = 100 mg, 0.36 mmol or B = 100 mg, 0.36 mmol) with
Boc-pyrrole (A = 0.307 mL, 1.83 mmol or B = 0.061 mL, 0.36 mmol) as an colorless oil.
Rr = 0.24 (4:1, hexanes: ethyl acetaf#);NMR at 90 jC (500 MHz, (CE),SO): 7.46D

7.43 (m, 4H), 7.4®7.32 (m, 6H), 6.68 (dd] = 1.5, 1.5 Hz, 2H), 5.60 (dd,= 1.5, 1.5

Hz, 2H), 4.91 (s, 4H), 1.46 (s, 9HYC NMR at 90 jC (126 MHz, (CE).SO): & 160.1,
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151.2, 136.3, 135.5, 129.3, 128.6, 128.6, 81.9, 77.8, 75.0, andIR8(8tm): 3031,
2975, 1715, 1497, 1454, 1366, 1327, 1313, 1287, 1258, 1222, 1163, 1111, 1082, 996,
929, 858 cnit; HR-ESIMS calculated for GH»7NsNaGs (M+H)* 460.1843; observed

461.1873.

(£)-(5R, 1S) 8-oxa-2,4-bis(phenylmethoxy)-2,4-diazabicyclo[3.2.1]oct-6-en-3-0xo0-1-

carboxylicacidmethylester (49h)

Prepared via general procedure A and B in (A = 58 %) yield (A = 85 mg, 0.21 mmol)
from the reaction ofV, N-bis(phenylmethoxy)urea 45 (A = 100 mg, 0.36 mmol) with
methyl 2-furoate (A = 0.196 mL, 1.83 mmol) as a colorless 0il./R0.21 (4:1, hexanes:

ethyl acetate)*H NMR (500 MHz, CDC)): & 7.48D7.44 (m, 2H), 7.4D7.32 (m, 8H),

6.74 (dJ = 5.9 Hz, 1H), 6.53 (dd] = 5.9, 1.2 Hz, 1H), 5.34 (d,= 1.2 Hz, 1H), 5.16 (d,

J =97 Hz, 1H), 5.05 (d/ = 11.1 Hz, 1H), 4.96 (d]= 9.6 Hz, 1H), 4.92 (d/ = 11.2 Hz,

1H), 3.84 (s, 3H);*C NMR (126 MHz, CDGJ): & 164.1, 160.9, 135.5, 134.9, 134.8,
134.1, 129.6, 129.5, 128.9, 128.7, 128.6, 128.4, 98.3, 92.9, 79.6, 78.8, andR53.4;
(film): 3032, 2953, 1736, 1585, 1496, 1454, 1355, 1328, 1285, 1207, 1142, 1088, 996,
912 cm'; HR-ESIMS calculated for §H,N,NaO; (M+Na)" 419.1214; observed

419.1182.



(£)-(5R, 1S) 7-bromo-8-oxa-2,4-bis(phenylmethoxy)-2,4-diazabicyclo/3.2.1]oct-6-en-3-

one (49i)

O
B”O\NJ\ /OBn

£

Br

Prepared via general procedure A and B in (A = 84 % or B = 68 %) yield (A = 129 mg,
0.31 mmol or B = 104 mg, 0.25 mmol) from the reaction Nf N'-
bis(phenylmethoxy)urea 45 (A = 100 mg, 0.36 mmol or B = 100 mg, 0.36 mmol) with
bromofuran (A = 0.165 mL, 1.83 mmol or B = 0.033 mL, 0.36 mmol) as a colorless oil.
R = 0.35 (4:1, hexanes: ethyl acetat#); NMR (500 MHz, CDCY): & 7.48D7.46 (m,

2H), 7.45D7.42 (m, 2H), 7.4D7.33 (m, 6H), 6.28 (d/ = 1.5, 1H), 5.17 (dd/ = 1.5,

0.5, 1H),5.11 (s, 1H), 5.06 (d] = 11.2 Hz, 1H), 5.02 (df = 11.2 Hz, 1H), 5.0 (dJ =

11.2 Hz, 1H), 4.96 (d/ = 11.1 Hz, 1H);**C NMR (126 MHz, CDGJ): &158.7, 135.6,
135.5, 131.8, 129.8, 129.4, 128.9, 128.7, 128.6, 128.6, 125.1, 95.1, 93.5, 79.2, and 79.0;
IR (film): 3031, 2936, 2878, 1717, 1587, 1496, 1454, 1350, 1265, 1187, 1141, 1110,
1064, 992, 960, 917 ¢l HR-ESIMS calculated for GH:/BrN.NaO4 (M+Na)

440.0296, observed 440.0323.




(£)-(5R, 18) 1-(hydroxymethyl)-8-oxa-2,4-bis(phenylmethoxy)-2,4-

dizabicyclo[3.2.1]oct-6-en-3-one (49j))

O
BnO OBn
Ay

<

HO

Prepared via general procedure C and D in (A = 66 % or B = 56 %) yield (C = 90 mg,
0.24 mmol or D = 76 mg, 0.21 mmol) from the reactio&oN"-bis(phenylmethoxy)urea

45 (C =100 mg, 0.36 mmol or D = 100 mg, 0.36 mmol) Vitttiryl alcohol (A = 0.160

mL, 1.83 mmol or B = 0.032 mL, 0.36 mmol) as a pale yellow 0il=F0.23 (3:2,
hexanes: ethyl acetatéd NMR (500 MHz, CDCY): & 7.48D7.46 (m, 4H), 7.4D7.35

(m, 6H), 6.46 (dd/=5.9, 1.2 Hz, 1H), 6.41 (d,= 5.9 Hz, 1H), 5.31 (d] = 1.2 Hz, 1H),

5.15 (d,J = 10.1 Hz, 1H), 5.06 (d/= 11.1 Hz, 1H), 4.96 (d/= 10.2 Hz, 1H), 4.93 (d]
=11.1 Hz, 1H)3.94 (dd,J = 12.7, 6.1 Hz, 1H), 3.86 (dd,= 12.7, 7.5 Hz, 1H), and 1.66
(dd,J = 7.6, 6.2 Hz, 1H)**C NMR (126 MHz, CDGJ): &161.9, 135.7, 135.1, 134.7,
134.4, 129.9, 129.6, 129.0, 128.8, 128.6, 128.6, 101.8, 92.4, 79.6, 78.8, antR61.0;
(film): 3435, 3031, 2934, 2880, 1706, 1586, 1496, 1454, 1332, 1274, 1191, 1066, 1000

cm™; HR-ESIMS calculated for §H20KN»05 (M+K)*407.10%; observed 407.1032.




(£)-(5R, 1S) 8-oxa-2-(phenylmethoxy)-4-phenylmethyl-2,4-dizabicyclo[3.2.1]oct-6-en-

3-one-6-MIDA boronate (49k)

O
Bno\ )J\ /OBn
N 0 N

°3

MIDA

Prepared via general procedure A and B in (B = 80 %) yield (B = 177 mg, 0.36 mmol)
from the reaction oV, N'™-bis(phenylmethoxy)urea 45 (B = 134 mg, 0.49 mmol) with
furan3-boronic acid MIDA ester (B = 100 mg, 0.45 mmol) as a white solid after
purification of the crude product via column chromatography (95:5 to 90:10, chloroform:
methanol). R= 0.38 (9:1, chlorform: methanol); mp = decomposed at 182.0 j8;

NMR (500 MHz, CRCN): & 7.5197.47 (m, 4H), 7.4®7.41 (m, 6H), 6.87 (ddj = 1.3,

0.5 Hz, 1H), 5.57 (ddJ = 1.3, 0.4 Hz, 1H), 5.51 (dd,= 0.5, 0.5 Hz, 1H), 4.99 (dd,=

10.7 Hz, 1H), 4.95 (s, 2H), 4.92 (8= 10.7 Hz, 1H), 4.01 (d] = 17.4 Hz, 1H), 3.90 (d|

= 17.5 Hz, 1H), 3.86 (d] = 16.9 Hz, 1H), 3.57 (d/= 16.9 Hz, 1H), and 2.78 (s, 3LC

NMR (126 MHz, CQCN): & 168.3, 167.6, 160.5, 143.0, 135.9, 135.4,812029.4,
128.8, 128.7, 128.5, 128.5, 94.9, 93.2, 78.2, 78.1, 68.6, 62.9, 62.3, and 47.46; IR (film):
3008, 2958, 1778, 1758, 1727, 1596, 1497, 1455, 1336, 1287, 1248, 1192, 1128, 1089,
1033, 982, 964, 922, 895, 858 ¢nHR-ESIMS calculated for §H2BNsNaQ; (M+Na)*

516.1553; observed 516.1543.




(£)-(5R, 1S) 6-methyl-8-(1-methylethyl)-2,4-Bis(phenylmethoxy)-2,4-

diazabicyclo[3.2.2[non-6-en-3-one (491)

Prepared via general procedure A and B in (A =53 % or B = 54 %) yield (A = 79 mg,
0.19 mmol or B = 80 mg, 0.20 mmol) from the reactio&oN"-bis(phenylmethoxy)urea
45 (A = 100 mg, 0.36 mmol or B = 100 mg, 0.36 mmol) witphellandrene (A = 0.294
mL, 1.83 mmol or B = 0.058 mL, 0.36 mmol) as a colorless gik B.25 (4:1, hexanes:
ethyl acetate)*H NMR (500 MHz, CDC)): & 7.477.44 (m, 4H), 7.3®7.31 (m, 6H),
5.75 (dq,/ = 7.1, 1.7 Hz, 1H), 5.03 (d,= 10.8 Hz, 2H), 4.98 (d] = 10.7 Hz, 1H), 4.96
(d,J=10.9 Hz, 1H), 3.563.54 (m, 2H), 2.192.07 (m, 1H), 1.99€1.88 (m, 1H), 1.67
(d,J = 1.7 Hz, 3H), 1.18©1.07 (m, 2H), 0.65 (dd] = 8.5, 6.7 Hz, 6H)**C NMR (126
MHz, CDCk): &159.4, 142.8, 136.4, 136.3, 129.9, 129.38.4, 128.4, 128.4, 124.5,
78.0, 77.9, 62.0, 59.5, 42.9, 32.1, 29.9, 20.7, 20.1, andIBO(#tm): 3031, 2957, 2871,
1671, 1496, 1496, 1453, 1387, 1368, 1208, 1158, 1082, 1056, 1000, 91HBm

ESIMS calculated for §HzoN20s (M+H) " 407.2329; obserge407.2332.




(£)-(5R, 1S) 2,4-Bis(phenylmethoxy)-2,4-diaza-spiro[bicyclo[3.2.1]oct-6-en-8,1’-

cyclopropan]-3-one (49m)

N\OBn

/
w\
BnO

(@)

Prepared via general procedure C and D in (C = 84 % or D = 82 %) yield (C = 112 mg,
0.31 mmol or D = 109 mg, 0.30 mmol) from the reaction &f N'-
bis(phenylmethoxy)urea 45 (C = 100 mg, 0.36 mmol or D = 100 mg, 0.36 mmol) with
spiro[2.4]hepta-4,6-diene (C = 0.184 mL, 1.83 mmol or D = 0.036 mL, 0.36 mmol) as a
off-white solid. R= 0.43 (4:1, hexanes: ethyl acetate); mp = 188184.8 iC;'"H NMR

(500 MHz, CDC}): & 7.4597.42 (m, 4H), 7.3B7.30 (m, 6H), 6.45 (dd] = 1.5, 1.5 Hz,

2H), 5.01 (dJ = 11.1 Hz, 2H), 4.86 (d} = 11.1 Hz, 2H), 3.08 (dd} = 1.5, 1.5 Hz, 2H),

0.56- 0.52 (m, 2H), 0.44 0.41 (m, 2H):**C NMR (126 MHz, CDGJ): & 161.5, 138.0,
136.2, 129.8, 128.4, 128.2, 78.1, 70.4, 32.5, 10.5, and 8.2; IR (film): 3026, 3003, 2922,
2869,1696, 1495, 1453, 1418, 1367, 1234, 1207, 1160, 1133, 1081, 1054, 1003, 937,
923, 902, 823, cii HR-ESIMS calculated for ©H.¢NsOs (M+NH,)" 380.1969;

observed 380.199.




(£)-(5R, 1S) 8-(1-methylethylidene)-2,4-bis(phenylmethoxy)-2,4-diazabicyclo/3.2.1]oct-
6-en-3-one (49n)

CHj
HsC |

N—

/ OBn
"\
BnO

O

Prepared via general procedure C and D in (C = 67 % or D = 69 %) yield (C = 93 mg,
0.24 mmol or D = 97 mg, 0.26 mmol) from the reactio&oN"-bis(phenylmethoxy)urea

45 (C = 100 mg, 0.36 mmol or D = 100 mg, 0.36 mmol) vithdimethylfulvene (C =

0.221 mL, 1.83 mmol or D = 0.045 mL, 0.36 mmol) as a pale yellow p#. ]R28 (4:1,
hexanes: ethyl acetatéd NMR (500 MHz, CDCJ): & 7.49 7.46(m, 4H), 7.39- 7.31

(m, 7H), 6.52 (dd/ = 1.5, 1.5 Hz, 2H), 5.02 (d,= 11.4 Hz, 2H), 4.85 (d] = 11.4 Hz,

2H), 4.28 (dd,J = 1.6, 1.6 Hz, 2H), and 1.35 (s, 6HjC NMR (126 MHz, CDGJ): &
162.5, 138.1, 136.7, 129.7, 129.0, 128.4, 128.3, 122.3, 689, and 19.5; IR (film):
2923, 1709, 1496, 1453, 1372, 1333, 1266, 1207, 1140, 1054, 1000, 914, 86AR:mM

ESIMS calculated for §H24N>NaO; (M+Na)* 399.1679; observed 399.1714.




(£)-(5R, 1S) 2,4-Bis(phenylmethoxy)-2,4-diazabicyclo[3.2.2]non-6-en-3-one (490)

A N~oen
,N&
BnO

O

Prepared via general procedure A and B in (A =70 % or B = 54 %) yield (A = 91 mg,
0.26 mmol or B = 700 mg, 1.99 mmol) from the reaction Nf N'-
bis(phenylmethoxy)urea 45 (A = 100 mg, 0.36 mmol or B = 1000 mg, 3.67 mmol) with
1,3-cyclohexadiene (A = 0.175 mL, 1.83 mmol or B = 0.350 mL, 3.67 mmol) as a off
white solid. R= 0.38 (4:1, hexanes: ethyl acetate); mp = #185.6 jC;"H NMR (500
MHz, CDCh): & 7.497.45 (m, 4H), 7.397.32 (m, 6H), 6.25 (dd[= 5.1, 3.2 Hz, 2H),

5.02 (dJ = 10.6 Hz, 2H), 4.98 (d] = 10.7 Hz, 2H), 3.7®3. 72 (m, 2H), 2.181.99 (m,

2H), and 1.531.42 (m, 2H)*C NMR (126 MHz, CDGJ): & 158.9, 136.1, 133.0, 129.9,
128.5, 128.4, 78.1, 56.1, and 24.3; IR (film): 3030, 2933, 2868, 1669, 1458, 1397,
1299, 1200, 1061, 1010, 980, 915, 868;'¢ciHR-ESIMS calculated for §H2N,NaO;

(M+Na)" 373.1523; observed 373.1498.




1,3,4,7-tetrahydro-1,3-bis(phenylmethoxy)-35,6-dimethyl-2H-1,3-Diazepin-2-one (51)

0]
OBn
BnO.
n NJLN/

HsC  CH,

Prepared via general procedure A and B in (A = 63 %) yield (A = 82 mg, 0.23 mmol)
from the reaction oV, N"-bis(phenylmethoxy)urea 45 (A = 100 mg, 0.36 mmol) with 2;3
dimethyl1,3-butadiene (A = 0.223 mL, 1.83 mmol) as a colorless qgik=R.20 (4:1,
hexanes: ethyl acetatéd NMR (500 MHz, CDCY): & 7.4007.35 (m, 4H), 7.3€7.28
(m, 6H), 4.81 (s, 4H), 3.69 (s, 4H), and 1.43 (s, 6F(; NMR (126 MHz, CDCJ): &
163.8, 135.9, 129.5, 128.4, 128.3, 124.9, 77.0, 58.1, and 18.0; IR (film): 3030, 2916,
2858, 1714, 1496, 1453, 1396, 1369, 1270, 1209, 1081, 1001, 9L1HRESIMS

calculated for gH,4NoNaQ; (M+Na)* 375.1679; observed 375.1667.




1,3,4,7-tetrahydro-1,3-bis(phenylmethoxy)-5-methyl-2H-1,3-Diazepin-2-one (53)

0
Bno\NJLN/OB”

HsC

Prepared via general procedure A and B in (A = 37 %) yield (A = 46 mg, 0.13 mmol)
from the reaction oN, N-bis(phenylmethoxy)urea 45 (A = 100 mg, 0.36 mmol) witia-
methyl-1,3-butadiene (A = 0.184 mL, 1.83 mmol) as a colorless oik R0.52 (3:2,
hexanes: ethyl acetaté}4 NMR (500 MHz, CDCJ): & 7.41D7.37 (m, 4H), 7.3©7.29

(m, 6H), 5.2995.26 (m, 1H), 4.82 (s, 2H), 4.81 (s, 2H), 3898.77 (m, 2H), 3.68d,J =

1.9 Hz, 2H), and 1.52 (d,= 1.9 Hz, 3H);"*C NMR (126 MHz, CDG)): & 164.0, 136.0,

135.8, 133.2, 129.5, 129.5, 128.4, 128.4, 128.3, 128.3, 119.1, 77.0, 77.0, 57.4, 52.4, and
22.1; IR (film): 3030, 2930, 1710, 1496, 1453, 1396, 1368, 1238, 120&5, 11106,

1008, 915 cnf; HR-ESIMS calculated for §H.3N.Os (M+H)* 339.1703; observed

339.1673.




Synthesis of N-/3-(2-furanyl)propoxy|-N'-(phenylmethoxy)urea (54)

0 O

J_ .o

e -
\_/

TEA, DCM, reflux

54

To a solution of O-3-(2-Furyl)propylhydroxylamine (0.580 g, 4.108 mmol) in
dichloromethane (20.5 mL) was added triethylamine (1.145 mL, 8.212 mnojand

stired for 10 minutes Dbefore the addition ofl-(4-nitrophenol)-N-(O-
benzylhydroxy)carbamate (10.159 g, 62.651 mmol). The reaction mixture was refluxed
for 4 hours. The complete consumption of starting material was observed byTLC
hexanes: ethyl acetate)he reaction was quenched with water (50 mL) and extracted
with dichloromethang(3 x 10 mL). The combined organic phase was dried over
anhydrous Ng0O, and concentrated under reduced pressure. The crude product was
purified via column chromatography (4:1 to 3:2, hexanes: ethyl acetate) to provide the
product54 as colorless oil. R= 0.27 8:2, hexanes: ethyl acetatéf NMR (500 MHz,
CDCl): & 8.29 (s, 1H), 8.24 (s, 1H), 7.89.29 (m, 5H), 7.25 (dd] = 1.9, 0.9 Hz, 1H),

6.24 (ddJ = 3.2, 1.9 Hz, 1H), 5.95 (dd,= 3.2, 0.9 Hz, 1H), 4.82 (s, 2H), 3.76{t 6.4

Hz, 2H), 2.64 (tJ = 7.4, Hz, 2H), and 1.88 (d,= 7.4, 6.4 Hz, 2H)**C NMR (126 MHz,
CDCly): & 160.5, 155.0, 141.0, 135.4, 129.3, 128.8, 128.6, 110.2, 105.3, 78.7, 75.8, 26.5,

and 24.3; IR (film): 3207, 2937, 2877, 1681, 1596, 1481, 1454, 1369, 1303, 1210, 1174,
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1144, 1068,1004, 929, 884 cih HR-ESIMS calculated for GH1gN.NaO, (M+Na)*

313.1159; observed 313.1176.

Note: Substrates O-3-(2-Furyl)propylhydroxylamine™® and I-(4-nitrophenol)-N-(O-
benzylhydroxy)carbamate™ were synthesized from known literature procedures. The

spectral data is matched the with the literature values.

Intramolecular cycloaddition in 2,2,3,3-Tetrtafluoro-1-propanol:

8-(Benzyloxy)-5.12-dioxa-6.8-diazatricyclo[7.2.1. 0"%]dodec-10-en-7-one (55)

)OI\ O
BnO o) BnO_
N7 N PhI(OAC), N~
H oH > o
@ TFP, TFP-Na _
54 55

To a solution of CHFECRCH,OH 1.598 mL (0.25 M with respect to urea) and
CHRCRCH,ONa (0.123 g, 0.80 mmol) was added (diacetoxyiodo)benzene (DIB) (0.257
g, 0.80 mmol) at 0 jC. A solution of uréd (0.116 g, 0.40 mmol) in anhydrous GEN

(4.0 mL/0.40 mmol of urea) was added dropwise at O jC over a period of 3.0 hours using
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a syringe purp. The reaction mixture was stirred additional 30 minutes at 0 jC for the
complete consumption of ures#, which was observed by TLC (3:2, hexanes: ethyl
acetate). The volatiles were removed under reduced pressure and the residue was
dissolved in ethyhcetate (50 mL), washed with water (50 mL) and separated the two
layers. The extraction was repeated with aqueous layer (50 mL) and ethyl acetate (2 x 50
mL). The combined organic phase was dried over anhydrous Mg6Q@&SQO, and
concentrated under redutpressure. The crude product was purified through Biotage by
using Biotage zip 10g Si gel column employing a hexane, ethyl acetate gradient for the
mobile phase to afford produg$ as a white solid (95 mg, 0.33 mmol, 82 %).=R0.15

(3:2, hexanes: ethycetate); mp = 1398141.4 iC;*H NMR (500 MHz, CDCJ): & 7.47

D7.44 (m, 2H), 7.4®7.33 (m, 3H), 6.68 (d/ = 5.9 Hz, 1H), 6.55 (dd] = 5.9, 1.5 Hz,

1H), 5.22 (dJ = 1.2 Hz, 1H), 5.03 (d] = 11.4 Hz, 1H), 4.88 (d] = 11.4 Hz, 1H), 4.2®

4.19 (m,1H), 3.99 (tdJ = 11.9, 2.6 Hz, 1H), 2.192.07 (m, 2H), 2.041.93 (m, 1H),

and 1.93D1.87 (m, 1H)X**C NMR (126 MHz, CDGJ): & 159.2, 135.8, 135.6, 134.5,
129.6, 128.7, 128.5, 98.0, 91.8, 78.6, 70.7, 28.4, and 23.4; IR (film): 3103, 3012, 2964,
2911 2882, 1711, 1581, 1497, 1469, 1457, 1435, 1378, 1358, 1338, 1305, 1320, 1279,
1253, 1227, 1196, 1138, 1092, 1048, 1029, 1007, 986, 955, 946, IOHEWESIMS

calculated for GsH16KN2O4 (M+K)*327.0742; observed 327.0742.
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Chapter 4: Dearomative Indole Cycloaddition Reactions of Diaza-Oxyallyl Cationic

Intermediates: A Concise Access to Imidazolo- Indolines

4.1 Introduction

Ar
N
= N CH,
Cr- 1L
N " N" N CH; 16
H 15 /)
Imidazo[4,5-bJindole H3C/N\ 6H-indolo[2,3-b]quinoxaline
CHj;
" RHN_ 0. %
S
N
e N @f@
\ N\ (@] N CH3
H \
N CHj
;_| 64
63 R =Ph, Pheneserine
Imidazo[4,5-b]indole-2-thione R = Me, Physostigmine

Figure 4.1.1. Indole core containing biologically active natural products and pharmaceutically
designed molecules

Indole cors are ubiquitously present in numerous biologically active natural
products and pharmaceuticfs2,3-diamino indole analogueare found in designed
pharmaceuticals and the promising biological activigs brought significant interest
from synthetic community to synthesize this heterocyclic mbtifdazolol, 5-b]indole
15, 63 derivatives have been m@nstrated to exhibit pronounced ainflammatory,
antibacterial and antifungal activitiés. 6H-indolo[2, 3-b]quinoxaline 16 analogues
comprise an important class of DNA intercalating agéisnd posses broad spectrum

of pharmacological activities &h includes antiviral, anticancer, antimutagenic and
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antiarthritic activities. There are few reported methods to construct the diamino indoles.
These methods often involve multicomponent and multi step reactions that use
potentially unstable organic azileas precursors’’ Despite the pharmacological
importance of 2,@liamino indole derivatives straightforward synthesis of 2dB&amino

indoles has yet to be realized.

Our Group work:

) R2 0O
_OBn NaZCO3 0
_0OBn 3 N
&N —> R ~0Bn
HFIP @ N H
R1
66 57

azaoxyallyl cation

This work: Hypothesis for the synthesis of Imidazolo- indolines

BnO

R2 o o R2 \N\lyo
o N, oo JL osn PMOAY2 0 ro ST NN,
RS- NN Bno L. _0Bn |-->R OBn

N H H N’gN N H

; 19 R

R1 R

17 18 20

diazaoxyallyl cation

Scheme 4.1.1. (3+2) Annulation of indoles with azaxyallyl cations

Wu and ceworkers®have recently reported synthesis of functionalized fused
indoline compounds through diastereoselective dearomative -(y¢Rjaddition
reactions of sudtituted indoles with $aloketone. This reaction proceeded via an
oxyallyl cationic intermediateEstablishment of 1.diamination via a daizaxyallyl
cationic intermediatd9 (Chapter 2 and 3), and simultaneous discoveryhef(3+2)

heteroannulationfazaoxyallylic cations with 1;8isubstituted indoles led us to consider
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the analogous reaction of diaaayallylic cations (Scheme 4.1.1)nspired by our
groupOs previous development of an oxidativedibgination of 1,3ienes, we
envisioned that deamative cycloaddition of the indole with oxidatively generated diaza

oxyallyl cation would be a concise approach to access th@i@ydnoindoles.

4.2 Preliminary Experiment and Optimization of Dearomative Indole [3+2]

Cycloaddition Reaction

BnO\
O
N
CHs o ~
PhI(OAC), N 69
A\ + BnO\NJJ\N/OBn ~OBn
| [ _ N H
N A TFP-Na/TFP \
CH
68 3 18 Yiled 21%

Scheme 4.2.1. Preliminary experiment for the dearomative indole (3+2) cycloaddition of
diazaoxyallyl cation.

The desired daizaxyallyl cationic intermediate in our previous oxidative
1,4-diamination reactions was generated by using (diagetda)benzene as an oxidant
and trapped the intermediatesitu with dienes. Likewise, preliminary oxidative (3+2)
reactions of 1,&limethylindole68 with N,N-dibenzyloxy ured 8 and Phi(OAc) (BAIB)
in 2,2,3,3tetrafluoropropanol (TFP) furnished the desdi cycloadduct9 in 21% vyield.
Delighted by the preliminary results, we selected-difBehtylindole 68 as a model
substrate for the optimization of the reactidime addition of the oxidant (BAIB) in
CHsCN, at a rate slower or equal to the rate of reaatif the indole improved the yield

to 58%. Upon extensive screening of reaction conditions, the slow addition of BAIB (1.5
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equiv.) in CHCN to the mixture of base (THRa, 1.2 equiv.), indole (1.0 equiv.) and

urea (2.0 equiv.) in TFP over 3 hours at 0 y@as found to be the optimal reaction

conditions, affording 79% of desired cycloaddée®{Table 4.2.1, entry 7).

Table 4.2.1. Optimization of the Oxidative Cycloaddition of 1,3-Dimethyl Indole 68
with N, N'-bis(phenylmethoxy)urea 18*

N
CH3 i JOL o5 PhI(OAC), j\)g(\N’//
©\/\g + nO\N NT " > E/ ” ~OBn
N N TFP-Na/TFP
g CHs 18 69
SN Phl(OAc) Urea NaTFP % vyield
(equiv.) (equiv.) (equiv.)
1 2 1.2 2 46
2 1.2 1.2 1.2 58
3 1.2 1.2 65
4 1.5 1.2 68
5 1.2 15 1.2 75
6 1.3 1.5 1.2 77
7 1.5 2 1.2 79
8 1 --- 28
9 1 1 58
10° 1 1° 46
11 1.5 2 2 79
12 2 2 2 70
1F 1 1 1 21

“All reactions are carried out at 0 jC by slow addition of Phl(@A&ciCH;CN to a solubn of
urea over 3 hour, basdKP-Na) and indole (1 equiv.), in tetrafluoropropanol and ;CN.
PN a,COs as a baséaddition over 1 min.




4.3 Exploring the Substrate Scope of the Oxidative 2,3-Diamination of Indoles

Table 4.3.1 Oxidative Cycloaddition of 1,3-Diubsubstituted Indoles 17 with N, N'-
bis(phenylmethoxy)urea 18

BnO
R2 N__O
RZ
3
R2 BnO )OL OBn Phi(GAC), R \Nl//
Ny 4 OSSN —_— ~oBn
N A TEP-Na/TFP N H
17 R! 18 ki 20
On o T BQ
(0] N Bn, N
N~ MeO Y R ): ~
N N N
N ~ ~ N
\OBn N H OBn N H OBn AT OBn
N\ H \ \ , \
75% 20a 73% 20b 73% 20c 75% 20d
TBSO BnO\ PhthN BnO\ o BnO\ o BnO\
) N MeOOC N O
N \( NC N
= T \I\T N AN g
| N\ N N | N\
> OBn N H OBn N H OBn P OBn
N\ H ] ' N\ H
51% 20e 70% 20f 74% 20g 65% 20h
BnO\ BnO\ (l)Bn ° Cl)Bn o
0 o) N N
N N
o, e r ANy
N\OB N\OB ~oBn | _ OBn
N H OO N HOO" N H N H
AY v
Bn Bn
81% 20i 67% Bn 20j 66% 20k 60% 201
BnO
BnO BnO \
BnO\ \ o \ o N\(O
O N N
N N
N N\OB OBn N H OBn
n
TBS 12% 20p
Et
85% 20m 78% < 20n 33% 200

“All reactions were conducted by slow addition of a solution of BAIB (1.5 equiv.) over 3 hrto a
solution of the base (1.2 equiv.), indole (1.0 equiv.) and urea (2.0 equiv.) over 3 hr at 0 C.
’|solated yield.
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Oxidative (3+2)reactions of €3 alkyl substituted indolez0m, 20n, provided
high yield of the desired products. Substitution with bulkyl Gnd G3 groups
substituents only slightly diminished the yield of the desired cycload@act0c, 20d,
20f, 201. Reactions of €3 and G5 substituted indoles provided good yields of the desired
product20b, 20i. However, the reaction of th€-TBS protected skatole provided fair
yield 200 along with 12% of TBS deprotect@dp cycloadduct, presumably due to the

lability of the N-silyl group under the reaction conditions.

4.4 Applications

Cycloadducts derived from this methodology could serve as building blocks for various
bioactive imidazoloindoline compounds. Therefore weoseh 1,3dimethylindole
cycloadducte9 as a model compound and reduced the twO© Nonds in one pot using

Mo(CO)s to affordimidazol, 5-blindole 70 in 72% vyield.

H
BnO \
o
\ N
o
N\( Mo(CO)sg N \N/(
AN N ? | \H
| P ~oBn CHaCN: H,0 (9:1) ~N H
N H \
\ Reflux, 6h 70
69

Scheme 4.4.1. N-O bond cleavage of cycloaddu®
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4.6 Experimental

All reactions werecarried out under an atmosphere of nitrogen in alread glassware

with magnetic stirring, unless otherwise specified. 2,2@&&fluoropropasi-ol was
purchased from SynQuest and used without further purification. Acetonitrile,
(diacetoxyiodo)benzen@AIB or DIB), all other reagents and solvents were purchased
from SigmaAldrich Chemical Company and used without any further purification. Both
alumina, neutral for column chromatography and alumina N TLC platesO w/UV254,
polyester backed, 200um, 4x8cmr f& value measurement, were purchased from
Sorbent Technologies. The TLC plates were developed by staining with Kins@ric
ammonium molybdate. Because of the close byproduct, purification of reaction products
was carried out by flash chromatographyngsAlumina, neutral or through a medium
pressure liquid chromatography (MPLC), a Biotagerification system equipped with

254 nm and 280 nm UV detectors and by using Biotage zip 80g Si gel column employing
a hexane, ethyl acetate gradient for the mobitese. The cartridges for Biotage
purification system were purchased from Biotag#l-NMR spectra were measured on
Varian 400 (400 MHz), Varian MR400 (400 MHz), or Varian 500 (500 MHz)
spectrometers and are reported in ppm (s = singlet, d = doubligtietst = quartet, m =
multiplet, br = broad, dd = doublet of doublets, dt = doublet of triplets and td = triplet of
doublets; integration; coupling constant(s) in Hz), using TMS as an internal standard
(TMS at 0.00 ppm) in CDGlor the solvent peak (2.54n (CDs),SO.*C-NMR spectra

were recorded on V400 or V500 spectrometer and reported in ppm using solvent as an
internal standard (CDght 77.16 ppm) or (CECN at 118.26 ppm). Infrared (IR) spectra

were recorded on a Nicolet 6700-FH with a diamondATR and data are reported as'cm
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! (br = broad, s = strong). Higlesolution mass spectra were obtained using an Agilent
6230 TOF LC/MS with an electrospray (ESI) source with purine andd322 as an
internal calibrant. The slow additions of urea or (diexgbdo)benzene (BAIB) was
performed with syringe pump (model: NED0) purchased from the manufacturer of New

Era Pump Systems Inc.

1-Propanol, 2,2,3,3-tetrafluoro-, sodium salt (NaTFP) & N, N'-bis(phenylmethoxy)urea
were prepared according to the reported procedure in our previous work (chapter 2 and

3).

General procedure A for the Oxidative Cycloaddition of Substituted Indoles 17

To a solution of2,2,3,3-tetrafluoro-1-Propanol (0.25 M with respect to indole) and
Propanol, 2,2,3,3-tetrafluoro-, sodium salt (TFP-Na) (1.2 equiv.) was added GEN

(ImL), ureal8 (2.0 equiv.), corresponding indold (1.0 equv) at O jC. A solution of

the (diacetoxyiodo)benzene (DIB) (1.5 equiv.) in anhydrousGDH(6.0 mL) was added
dropwise at 0 jC over a period of 3.0 hours using a syringe pump. The reaction mixture
was stirred additional 30 minutes at 0 jC, The volatilesewremoved under reduced
pressure and the residue was dissolved in ethyl acetate (50 mL), washed with water (50
mL) and separated the two layers. The extraction was repeated with water (50 mL) and

ethyl acetate (2 x 50 mL). The combined organic phase dsiasl over anhydrous



! %I

NaSQO, and concentrated under reduced pressure. The crude product was purified
through column chromatography using neutral aluminadAlby employing a hexane,
ethyl acetate gradient for the mobile phase, except compQ@égd<20h, which were

purified by Biotage using zip 80g Si gel column.

(x)-(3aS,8hs)-1,3-di(phenylmethoxy#,8b-dimethyt3,3a,4,8ktetrahydroimidazo[4,5

blindol-2(1H)-one69

Prepared via general procedure A in (79 %) yield (116 mg, 0.28 mmol) from the reaction
of N, N'-bis(phenylmethoxy)urea8 (192 mg, 0.71 mmol) with 1;8imethylindole (51
mg, 0.35 mmol) as a colorless gummy liquig.=F0.38 (4:1, hexanes: ethyl acetat#);
NMR (500 MHz, CDCY): & 7.477.43 (m, 4H), 7.3®7.33 (m, 6H), 7.23 (ddd]= 7.4,
1.4, 0.5 Hz, 1H), 7.19 (td|= 7.7, 1.3 Hz, 1H), 6.72 (td,= 7.5, 0.9 Hz, 1H), 6.48 (d¥,
=7.9, 0.7 Hz, 1H), 5.17 (d,= 10.2 Hz, 1H), 5.08 (d] = 10.3 Hz, 1H)5.03 (d,J = 10.3
Hz, 1H), 4.97 (dJ = 10.3 Hz, 1H), 4.45 (s, 1H), 2.91 (s, 3H), 1.41 (s, 3f0; NMR
(101 MHz, CDC}): & 159.1, 149.8, 135.6, 135.4, 129.9, 129.7, 129.6, 129.1, 128.8,

128.7, 128.6, 128.5, 124.1, 118.9, 107.9, 85.9, 79.8, 78.5, B&3P, 21.3; IR (film):
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3031, 2929, 2879, 1744, 1607, 1484, 1453, 1427, 1369, 1305, 1266, 1212, 1157, 1117,
1100, 1043, 1019, 985, 931 ¢mHR-ESIMS calculated for §HzNsOs (M+H)*

416.19687; observed 416.19705.

(x)-(3aS,8h5)-1,3-di(phenylmethoxy¥-mehyl-8b-(propan2-yl)-3,3a,4,8b

tetrahydroimidazo[4,%]indol-2(1H)-one20a

Prepared via general procedure A in (75 %) yield (100 mg, 0.23 mmol) from the reaction
of N, N'-bis(phenylmethoxy)ureal8 (163 mg, 0.60 mmol) with -inethyl3-
isopropylindole(52 mg, 0.30 mmol) as a pale yellow gummy liquid.=R0.40 (4:1,
hexanes: ethyl acetatéjd NMR (500 MHz, CDCJ): & 7.48D7.44 (m, 4H), 7.4@7.32

(m, 6H), 7.2197.20 (m, 1H), 7.18 (dd] = 7.7, 1.3 Hz, 1H), 6.71 (td,= 7.5, 1.0 Hz,

1H), 6.48 (dtJ = 7.9, 1.0 Hz, 1H), 5.19 (d,= 10.3 Hz, 1H), 5.10 (d] = 9.9 Hz, 1H),

5.06 (d,J = 9.9 Hz, 1H), 5.00 (df = 10.3 Hz, 1H), 4.61 (s, 1H), 2.91 (s, 3H), 2.46 (app
septet, = 6.8 Hz, 1H), 0.98 (d] = 6.7 Hz, 3H), 0.66 (d] = 6.9 Hz, 3H)*C NMR (126

MHz, CDCk): & 159.4, 150.5, 135.6, 135.4, 129.9, 129.7, 129.3, 128.8, 128.6, 128.6,

128.5, 127.3, 124.7, 118.6, 107.6, 80.9, 79.3, 78.6, 74.0, 33.3, 31.0, 17.3, 17.0; IR (film):



I 43J

3031, 2961, 2876, 1742, 1606, 1486, 1468, 1453, 1427, 1369, 1302, 126311540,
1113, 1085, 1016, 909 cMHR-ESIMS calculated for §HzoNzOs (M+H)* 444.22817;

observed 444.22899.

(x)-(3aS,8h5)-1,3-di(phenylmethoxy7-methoxy4-methyt8b-(propan2-yl)-3,3a,4,8b

tetrahydroimidazo[4%]indol-2(1H)-one20b

BnO
\

; @]
i-Prg, N
MeO \I//
BRR
> N\ H OBn

Me
Prepared via general procedure A in (73 %) yield (77 mg, 0.16 mmol) from the reaction
of N, N'-bis(phenylmethoxy)urea8 (120 mg, 0.44 mmglwith 1-methyl5-methoxy3-
isopropylindole (45 mg, 0.22 mmol) as a pale yellow gummy liquid= R.35 (4:1,
hexanes: ethyl acetatéd NMR (500 MHz, CDCJ): & 7.477.44 (m, 4H), 7.4©7.31
(m, 6H), 6.84 (dJ = 2.6 Hz, 1H), 6.76 (dd] = 8.5, 2.6 Hz1H), 6.40 (d/J = 8.5 Hz, 1H),
5.19 (d,J = 10.3 Hz, 1H), 5.10 (s, 2H), 4.99 (d= 10.3 Hz, 1H), 4.57 (s, 1H), 3.67 (s,
3H), 2.87 (s, 3H), 2.42 (app septét 6.9 Hz, 1H), 0.97 (d] = 6.7 Hz, 3H), 0.67 (d] =
6.9 Hz, 3H);**C NMR (126 MHz, CDG)): &159.4, 153.2, 144.8, 135.5, 135.4, 129.6,
129.2, 128.7, 128.6, 128.6, 128.5, 128.4, 114.8, 111.8, 108.3, 81.4, 79.3, 78.5, 73.9, 55.9,

34.1, 30.7, 17.4, 17.0; IR (film): 3031, 2938, 2829, 1741, 1596, 1494, 1453, 1426, 1368,
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1282, 1210, 1178, 1157, 1111018, 910 crit; HR-ESIMS calculated for §Hs,N30;4

(M+H)"474.23873; observed 474.23961.

(x)-(3aS,8h5)-1,3-di(phenylmethoxyBb-cyclohexyt4-methyt3,3a,4,8b

tetrahydroimidazo[4,%]indol-2(1H)-one20¢

Prepared via general procedure A in (73 %) yield (90 mg, 0.19 mmol) from the reaction
of N, N'-bis(phenylmethoxy)ureal8 (137 mg, 0.50 mmol) with 1-methy}3-
cyclohexylindole (90 mg, 0.42 mmol), (54 mg, 0.25 mmol) as a pale yeajlowmy
liquid. Ry = 0.45 (4:1, hexanes: ethyl acetaf&):NMR (500 MHz, CDC)): & 7.4M7.44

(m, 4H), 7.3997.31 (m, 6H), 7.2@©7.16 (m, 2H), 6.70 (td] = 7.5, 1.0 Hz, 1H), 6.46 (dt,
J=7.9,0.8 Hz, 1H), 5.18 (d,= 10.4 Hz, 1H), 5.08 (d/ = 10.1 Hz 1H), 5.01(d,/ = 10.1

Hz, 1H), 4.99 (d/ = 10.4 Hz, 1H), 4.61 (s, 1H), 2.90 (s, 3H), 208.02 (m, 1H), 1.8®

1.86 (m, 1H), 1.761.72 (m, 1H), 1.651.59 (m 2H), 1.1891.08 (m, 3H), 1.00 (qt/

= 13.1, 3.3Hz, 1H)0.86 (qd, J = 12.5, 3.6Hz1H), 0.74 (qd J = 12.6, 3.7 Hz1H); °C

NMR (126 MHz, CDCY): & 159.3, 150.6, 135.7, 135.6, 129.8, 129.7, 129.3, 128.8, 128.6,
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128.5, 128.5, 127.0, 124.6, 118.5, 107.6, 81.5, 79.2, 78.6, 73.8, 40.3, 33.4, 27.5, 27.3,
26.3, 26.3, 26.0; IR (film): 3031, 2928852, 1741, 1606, 1486, 1451, 1427, 1366, 1298,
1262, 1209, 1156, 1106, 1076, 1015, 909'cR-ESIMS calculated for §Hs4N3O3

(M+H)" 484.25947; observed 484.26008.

(x)-(3aS,8h5)-8b-benzyt1,3-di(phenylmethoxyy-methyt3,3a,4,8b

tetrahydroimidazo[4%]indol-2(1H)-one20d

Prepared via general procedure A in (75 %) yield (103 mg, 0.21 mmol) from the reaction
of N, N-bis(phenylmethoxy)ure&8 (152 mg, 0.56 mmol) witl3-benzy1-methyllindole

(62 mg, 0.28 mmol) as a pale yellow gummy liquid.=R0.35 (4:1, hexanes: ethyl
acetate)'H NMR (500 MHz, CDCJ): & 7.5197.48 (m, 2H), 7.4®7.31 (m, 9H), 7.2®

7.15 (m, 4H), 6.986.89 (m, 2H), 6.76 (td] = 7.5, 1.0 Hz, 1H)6.38 (dt,/ = 8.0, 0.7 Hz,

1H), 5.20 (d/ = 10.2 Hz, 1H), 5.05 (d] = 10.2 Hz, 1H), 4.88 (d] = 10.5 Hz, 1H), 4.80

(d,J = 10.5 Hz, 1H), 4.59 (s, 1H), 3.26 (A= 14.0 Hz, 1H), 3.05 (d] = 14.0 Hz, 1H),

2.65 (s, 3H)*C NMR (126 MHz, CDGJ): & 158, 150.6, 135.6, 135.5, 134.7, 130.1,
130.1, 129.5, 129.5, 128.7, 128.6, 128.5, 128.3, 127.8, 127.0, 124.6, 118.7, 107.9, 82.9,

79.7, 78.6, 70.7, 40.2, 33.7; IR (film): 3030, 2881, 1744, 1606, 1485, 1453, 1428, 1367,
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1305, 1213, 1156, 1098, 1059, 1021, 909"; HR-ESIMS calculated for §H3zoN303

(M+H)"492.2282; observed 492.22899.

(x)-(3as,8h5)- 1,3-di(phenylmethoxy)}8b-[2-[[(1,1-
dimethylethyl)dimethylsilylloxy]ethyH4-methyl3,3a,4,8ketrahydroimidazo[45

blindol-2(1H)-one20e

TBSQ  BNQ

Prepared via general procedure A in (51 %) yield (49 mg, 0.09 mmol) from the reaction
of N, N'-bis(phenylmethoxy)ureal8 (94 mg, 0.34 mmol) with1l-methyl-3-(t-
butyldimethylsilyl)oxyethylindole (50 mg, 0.17 mmol) as a pale yellow gummy liquid. R

= 0.50 (4:1, hexanes: ethyl acetaté);NMR (500 MHz, CDCJ): & 7.477.42 (m, 4H),
7.40D7.32 (m, 6H), 7.21 (ddd} = 7.4, 1.3, 0.6 Hz, 1H), 7.18 (dd~ 7.7, 1.3 Hz, 1H),

6.70 (td,/ = 7.4, 0.9 Hz, 1H), 6.47 (d#,= 7.9, 0.7 Hz, 1H), 5.17 (d,= 10.2 Hz, 1H),

5.11 (s, 1H), 5.09 (s, 2H), 4.97 (0= 10.3 Hz, 1H), 3.57 (ddd,= 10.6, 6.8, 5.4 Hz, 1H),

3.45 (dddJ = 10.7, 6.4, 5.4 Hz, 1H), 2.90 (s, 3H), 2.07 (ddld, 14.7, 6.3, 5.4 Hz, 1H),

2.02 (dddJ = 14.7, 6.8, 5.5 Hz, 1H), 0.83 (s, 9H),05 (s, 3H);0.07 (s, 3H)*C NMR

(126 MHz, CDCY): & 159.6, 150.1, 135.6, 135.5, 129.9, 129.4, 129.4, 128.7, 128.6,
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128.5, 128.5, 127.9, 124.7, 118.6, 107.6, 83.1, 79.5, 78.4, 68.8, 58.5, 36.6, 33.0, 25.9,
18.1,-5.5,-5.5; IR (film): 3031, 2927, 2855, 1747, 1607, 1485, 1470, 1427, 1454, 1360,
1308, 1252, 1212, 1156, 1091, 1055, 1023, 909 cHMR-ESIMS calculated for

Cs2H42N304Si (M"‘H)Jr 560.29391; observed 560.29495.

(£)-(3a8,8bS)- 1,3-di(phenylmethoxy)-4-methyl-3,3a,4,8b-tetrahydroimidazo|[4,5-
blindol-3a(1H)-yl]ethyl}-1H-Isoindole-1,3(2H)-dione 20f

Phthn_ BNnG
N~
N

AN
NHOBn

Me

Prepared via general procedure A in (70 %) yield (66 mg, 0.11 mmol) from the reaction
of N, N'-bis(phenylmethoxy)ure&8 (89 mg, 0.33 mmol) with -22-(1-methy}t1H-indol-
3-ylethyl)-isoindole1,3(2H)dione (50 mg, 0.16 mmol) as a pale yellow solid=R.15

(4:1, hexanes: ethyl acetate); mp = 5558.0 iC;*H NMR (500 MHz, CDCJ): & 7.8(D

7.76 (m, 2H), 7.7®7.66 (m, 2H), 7.5@7.46 (m, 4H), 7.4H7.33 (m, 5H), 7.297.26

(m, 1H), 7.21 (ddd/ = 7.4, 1.3, 0.6 Hz, 1H), 7.11 (td= 7.7, 1.3 Hz, 1H)6.62 (td,J =

7.5, 1.0 Hz, 1H), 6.44 (df,= 8.0, 0.7 Hz, 1H), 5.21 (d,= 10.2 Hz, 1H), 5.20 (/= 9.9

Hz, 1H), 5.13 (d/ = 10.0 Hz, 1H), 4.99 (d] = 10.3 Hz, 1H), 4.85 (s, 1H), 3.71 (ddtk

13.7, 10.3, 5.1 Hz, 1H), 3.48 (ddfi= 13.8, 10.2, 6.0 Hz, 1H), 2.94 (s, 3H), 2.27 (ddd,

= 14.1, 10.3, 6.1 Hz, 1H), 2.19 (ddd= 14.0, 10.2, 5.1 Hz, 1H}*C NMR (126 MHz,
CDCly): & 167.8, 159.1, 149.9, 135.4, 135.3, 133.9, 132.0, 130.1, 129.7, 129.6, 128.8,

128.6, 128.6, 128.4, 126.724.7, 123.2, 119.0, 107.9, 82.9, 79.7, 78.6, 68.4, 33.3, 33.1,
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32.4; IR (film): 3031, 2941, 1747, 1606, 1485, 1444, 1399, 1371, 1308, 1243, 1210,
1188, 1157, 1116, 1090, 1062, 1022, 983, 910%:cHR-ESIMS calculated for

C34H31N4Os5 (I\/H‘H)+ 575.2289; obseree575.2294.

(x)-Methyl [(3a5,805)-1,3-di(phenylmethoxy¥-methyt2-oxo-2,3,3a,4

tetrahydroimidazo[4]indol-8b(1H)-yl]acetate20g

Prepared via general procedure A in (74 %) yield (109 mg, 0.23 mmol) from the reaction
of N, N-bis(phenylmethoxy)ured8 (169 mg, 0.62 mmol) withmethyl Xmethyl1H-
indole-3-acetate(63 mg, 0.31 mmol) as a colorless gummy liquid. =R0.25 (4:1,
hexanes: ethyl acetatéd NMR (500 MHz, CDCY): & 7.5007.43 (m, 4H), 7.4@®7.33

(m, 6H), 7.22 (dddj = 7.4, 1.3, 0.6 Hz]H), 7.19 (tdJ = 7.7, 1.3 Hz, 1H), 6.69 (td,=

7.5, 1.0 Hz, 1H), 6.47 (dd,= 7.9, 0.8 Hz, 1H), 5.30 (s, 1H), 5.17 & 10.1 Hz, 1H),

5.14 (d,J = 10.1 Hz, 1H), 5.09 (d] = 10.1 Hz, 1H), 4.96 (d] = 10.1 Hz, 1H), 3.62 (s,

3H), 2.94 (dJ = 15.4 H, 1H), 2.92 (s, 3H), 2.73 (d,= 15.4 Hz, 1H)*C NMR (126

MHz, CDCk): & 169.3, 159.3, 149.7, 135.5, 135.2, 130.4, 129.6, 129.5, 128.8, 128.7,

128.6, 128.5, 127.0, 125.0, 118.8, 107.8, 82.5, 79.8, 78.5, 67.8, 52.0, 38.3, 32.8; IR
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(film): 3031, 2949, 137, 1606, 1485, 1453, 1435, 1353, 1309, 1208, 1156, 1116, 1096,
1071, 1025, 982, 923 ¢mHR-ESIMS calculated for §HzgN305 (M+H)* 474.20235;

observed 474.20257.

(x)-[(3a8,8h5)-1,3-di(phenylmethoxyA-methyl2-oxo-2,3,3a,4tetrahydroimidazo[4 5

blindol-8b(1H)-yl]acetonitrile20h

Prepared via general procedure A in (65 %) yield (110 mg, 0.25 mmol) from the reaction
of N, N'-bis(phenylmethoxy)ured8 (207 mg, 0.76 mmol) withl-methyindole-3-
acetonitrile (65 mg, 0.38 mmol) as a white solid=R.13 (4:1, hexanes: ethyl acetate);
mp = 48.5951.6 jC;*H NMR (400 MHz, CDCJ): & 7.537.49 (m, 2H), 7.4®7.38 (m,

5H), 7.38D7.34 (m, 3H), 7.28 (ddd] = 7.5, 1.3, 0.6 Hz, 1H)[.23 (td,J = 7.8, 1.3 Hz,

1H), 6.73 (tdJ = 7.5, 0.9 Hz, 1H), 6.48 (df,= 8.0, 0.7 Hz, 1H), 5.22 (d,= 10.8 Hz,

1H), 5.16 (dJ = 10.1 Hz, 1H), 5.14 (d] = 10.8 Hz, 1H), 4.94 (d] = 10.2 Hz, 1H), 4.77

(s, 1H), 2.89 (s, 3H), 2.61 (d= 17.2 Hz, 1H), 2.53 (d/ = 17.2 Hz, 1H);*C NMR (101

MHz, CDCk): & 159.0, 149.3, 135.4, 134.8, 131.2, 129.9, 129.7, 129.1, 129.0, 128.8,
128.7, 125.3, 124.9, 119.3, 115.4, 108.3, 83.0, 79.9, 78.7, 66.7, 32.5, 24.6; IR (film):

3032, 2925, 2251, 1749606, 1485, 1453, 1429, 1369, 1308, 1235, 1157, 1117, 9098,
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1024, 981, 912 cih HR-ESIMS calculated for &H2sNOs (M+H)* 441.19212;

observed 441.19259.

(x)-(3aS,8h5)-1,3-di(phenylmehoxy)7-broma4,8b-dimethyt 3,3a,4,8b

tetrahydroimidazo[4%]indol-2(1H)-one20i

Prepared via general procedure A in (81 %) yield (97 mg, 0.20 mmol) from the reaction
of N, N'™-bis(phenylmethoxy)ureal8 (133 mg, 0.49 mmol) with5-bromol,3
dimethylindole (55 mg, 0.24 mmol) as a white solid.=R0.4 (4:1, hexanes: ethyl
acetate); mp = 133.8136.3 jC;'H NMR (500 MHz, CDCJ): & 7.46D7.41 (m, 4H),
7.40D7.32 (m, 6H), 7.287.25 (m, 2H), 6.33 (df = 8.1 Hz, 1H), 5.17 (d/ = 10.3 Hz,

1H), 5.09 (dJ/ = 10.7 Hz, 1H), 5.05 (d[ = 10.7 Hz, 1H), 4.96 (d/ = 10.3 Hz, 1H), 4.41

(s, 1H), 2.86 (s, 3H), 1.31 (s, 3HJC NMR (126 MHz, CDGJ): & 159.1, 148.7, 135.4,
135.2, 132.5, 131.2, 129.8, 129.7, 128.9, 128.8, 128.6, 128.5, 120.8, 109.2, 85.8,
79.8, 78.6, 66.2, 33.1, 21.2; IR (film): 2883, 1725, 1602, 1484, 1457, 1428, 1420, 1391,
1372, 1356, 1312, 1285, 1261, 1213, 1188, 1133, 1114, 1065, 1042, 1014, 1003, 990,
954, 929, 920, 909 chm HR-ESIMS calculated for £H2sBrNzOs (M+H)" 494.10738;

observed 494.10727.
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(x)-(3aS,8hS)-1,3-di(phenylmethoxy7-bromoe-8b-methyt3,3a,4,8b

tetrahydroimidazo[4%]indol-2(1H)-one20j

BnO
N O

Me, N
PR
Z~N"H OBn

A

Bn

Prepared via general procedure A in (67 %) yield (67 mg, 0.12 mmol) from the reaction
of N, N'-bis(phenylmethoxy)ured8 (96 mg, 0.35 mmol) withl-benzyt5-bromo3-
methylindole (53 mg, 0.18 mmol) as a colorless solid=R.40 (4:1, hexanes: ethyl
acetate); mp = 43546.4 iC;*H NMR (500 MHz, CDCY)): & 7.4807.45 (m, 2H), 7.4®

7.33 (m, 8H), B1D7.25 (m, 4H), 7.197.18 (m, 2H), 7.16 (dd] = 8.4, 2.1 Hz, 1H),

6.17 (d,J = 8.4 Hz, 1H), 5.12 (dJ = 10.6 Hz, 1H), 5.10 (s, 2H), 4.99 (d= 10.6 Hz,

1H), 4.56 (s, 1H), 4.28 (d,= 15.8 Hz, 1H), 4.20 (d] = 15.8 Hz, 1H), 1.29 (s, 3H}*C

NMR (126 MHz, CDC}): & 159.0, 147.7, 137.0, 135.5, 135.3, 132.4, 131.4, 129.9, 129.9,
128.9, 128.9, 128.7, 128.6, 128.5, 127.6, 127.5, 127.1, 110.7, 109.7, 84.1, 79.8, 78.5,
66.4, 49.8, 21.5; IR (film): 3030, 2926, 1746, 1600, 1480, 1417, 1349, 1263, 1365, 11
1074, 1044, 1027, 967, 920 ¢mHR-ESIMS calculated for §H,gBrNsNaO; (M+Na)*

592.12063; observed 592.12111.
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(x)-(3aS,8h5)-4-benzyt1,3-di(phenylmethoxyBb-methyt3,3a,4,8b

tetrahydroimidazo[4 %]indol-2(1H)-one20k

Prepared via general procedure A in (66 %) yield (81 mg, 0.16 mmol) from the reaction
of N, N-bis(phenylmethoxy)ure&8 (135 mg, 0.50 mmol) witli-benzyt3-methylindole

(55 mg, 0.25 mmol) as a colorless gummy liquid=R.33 (4:1, hexanes: ethyl acetate);

'H NMR (400 MHz, CDCJ): & 7.4807.45 (m, 2H), 7.4D7.31 (m, 8H), 7.3®7.23 (m,

6H), 7.09 (tdJ = 7.7, 1.3 Hz, 1H), 6.71 (td,= 7.5, 0.9Hz, 1H), 6.34 (dt/ = 7.9, 0.8

Hz, 1H), 5.14 (dJ = 10.5 Hz, 1H), 5.09 (s, 2H), 4.98 (8= 10.5 Hz, 1H), 4.60 (s, 1H),

4.34 (s, 2H), 1.40 (s, 3H}*C NMR (126 MHz, CDGJ)): & 159.2, 148.9, 137.6, 135.6,
135.4, 129.8, 129.8, 129.7, 129.3, 128.8, 12B28,7, 128.6, 128.5, 127.4, 127.2, 124.5,
119.0, 108.3, 84.2, 79.9, 78.5, 66.8, 50.1, 21.7; IR (film): 3030, 2927, 1745, 1606, 1482,
1465, 1452, 1350, 1317, 1265, 1212, 1166, 1122, 1101, 1043, 1027, 966, §a8Rsm

ESIMS calculated for §HzoN303 (M+H)*492.22817; observed 492.22885.
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(x)-(3aS,8hS)- 4-benzytl,3-di(phenylmethoxyBb-cyclohexyt3,3a,4,8b

tetrahydroimidazo[4]indol-2(1H)-one201

AN
E N\OB
/ N\ H n

Bn
Prepared via general procedure A in (60 %) yield (58 mg, 0.10 mmol) from the reaction
of N, N'-bis(phenylmethoxy)ureal8 (94 mg, 0.35 mmol) with 1-benzy}t3-
cyclohexylindole(50 mg, 0.17 mmol) as a pale yellow gummy liquid.=R0.48 (4:1,
hexanes: ethyl &tate);'H NMR (500 MHz, CDCJ): & 7.46D7.44 (m, 2H), 7.3®7.30
(m, 10H), 7.2807.21 (m, 4H), 7.09 (td/ = 7.7, 1.3 Hz, 1H), 6.71 (td,= 7.5, 1.0 Hz,
1H), 6.36 (dJ = 7.9 Hz, 1H), 5.14 (d] = 10.5 Hz, 1H), 5.09 (d] = 10.3 Hz, 1H), 5.02
(d,J = 10.1 Hz, 1H), 4.96 (d] = 10.5 Hz, 1H), 4.80 (s, 1H), 4.46 (6= 16.0 Hz, 1H),
4.41 (dJ = 16.0 Hz, 1H), 2.1©2.04 (m, 1H), 1.891.83 (m, 1H), 1.741.69 (m, 1H),
1.63D1.59 (m, 2H), 1.281.05 (m, 3H),0.9 (qt, J = 13.4, 3.7 Hz1H), 0.7 (qd, J =
12.6, 3.6 Hz, 1H), 0.69 (qd = 12.7, 3.4 Hz1H); *C NMR (126 MHz, CDGCJ): & 159.3,
150.1, 137.5, 135.6, 135.5, 129.8, 129.7, 129.3, 128.7, 128.6, 128.6, 128.5, 128.5, 127.3,
127.3,127.0, 124.7, 118.6, 108.1, 79.9, 79.2, 78.4, 73.9, 50.624(327.4, 26.3, 26.3,
25.9; IR (film): 3030, 2926, 2851, 1742, 1604, 1483, 1464, 1451, 1353, 1309, 1263,
1212, 1159, 1125, 1080, 1001, 909 trHR-ESIMS calculated for §HzsNzOs (M+H)*

560.29077; observed 560.29495.
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(x)-(3aS,8hS)-4-ethyt 1,3-di(phenylmethoxyBb-methyt3,3a,4,8b

tetrahydroimidazo[4/%]indol-2(1H)-one20m

BnO
e

Z~NH OBn
\
Et
Prepared via general procedure A in (85 %) yield (138 mg, 0.32 mmol) from the reaction
of N, N-bis(phenylmethoxy)uret8 (205 mg, 0.75 mmol) with-kthyl3-methylindole
(60 mg, 0.38 mmol) as a pale yellow gummy liquid=R.35 (4:1, hexanes: ethyl
acetae); 'H NMR (500 MHz, CDCJ): & 7.4M7.42 (m, 4H), 7.3®7.32 (m, 6H), 7.24
((ddd,J= 7.4, 1.4, 0.6 Hz, 1H, 1H), 7.16 (td= 7.7, 1.3 Hz, 1H), 6.69 (td,= 7.5, 1.0
Hz, 1H), 6.48 (dt/ = 8.0, 0.8 Hz, 1H), 5.15 (d,= 10.3 Hz, 1H), 5.08 (d] = 10.4 Hz,
1H), 5.03 (d/ = 10.4 Hz, 1H), 4.95 (d] = 10.3 Hz, 1H), 4.57 (s, 1H), 3.883.19 (m,
2H), 1.39 (s, 3H), 1.19 (#,= 7.2 Hz, 3H)*C NMR (126 MHz, CDGJ): & 159.1, 148.9,
135.7, 135.4, 129.8, 129.7, 129.6, 129.4, 128.8, 128.7, 128.6, 128.8, 118.7, 107.8,
83.3, 79.9, 78.7, 66.7, 40.5, 21.5, 12.4; IR (film): 3031, 2972, 2878, 1744, 1606, 1483,

1453, 1368, 1318, 1290, 1265, 1210, 1180, 1157, 1120, 1102, 1044, 1029, 993;'931 cm

HR-ESIMS calculated for £H2gN3Oz (M+H)* 430.21252; obseed 430.21312.
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(x)-(3aS,8hS)-1,3-di(phenylmethoxyBb-methyt4-(prop-2-en-1-yl)-3,3a,4,8b

tetrahydroimidazo[4/]indol-2(1H)-one20n

Prepared via general procedure A in (78y#¢)d (109 mg, 0.25 mmol) from the reaction

of N, N'-bis(phenylmethoxy)urea8 (171 mg, 0.63 mmol) witi-allyl-3-methylindole

(54 mg, 0.32 mmol) as a pale yellow gummy liquid.=R0.35 (4:1, hexanes: ethyl
acetate)’H NMR (500 MHz, CDCJ): & 7.46D7.42 (m, 4H), 7.3®7.32 (m, 6H), 7.24
(ddd,J = 7.4, 1.3, 0.5, Hz, 1H), 7.15 (td= 7.7, 1.3 Hz, 1H), 6.71 (td,= 7.5, 0.9 Hz,

1H), 6.49 (dtJ = 7.9, 0.7 Hz, 1H), 5.80 (dddd,= 17.2, 10.2, 5.9, 5.2 Hz, 1H), 5.2

5.15 (m, 2H), 5.14 (d/ = 10.4 Hz, 1H), 5.07 (d] = 10.3 Hz, 1H), 5.0 (d/ = 10.4 Hz,

1H), 4.99 (dJ = 10.4 Hz, 1H), 4.59 (s, 1H), 3.813.81 (m, 2H), 1.41 (s, 3H}*C NMR

(126 MHz, CDC}): & 158.9, 148.9, 135.6, 135.4, 133.2, 129.8, 129.8, 129.7, 129.3,
128.8, 128.7, 126, 128.5, 124.3, 118.9, 117.5, 108.4, 83.7, 79.9, 78.6, 66.9, 49.0, 21.3,;
IR (film): 3031, 2928, 1745, 1607, 1482, 1465, 1453, 1418, 1369, 1307, 1264, 1212,
1170, 1121, 1099, 1080, 1043, 1025, 989, 910%ciHR-ESIMS calculated for

Co7H2sNz03 (M+H)+44221252, observed 442.21297.
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(£)-(3aS,8h5)-4-[(1,1-dimethylethyl)dimethylsily}1,3-di(phenylmethoxyBb-methyt

3,3a,4,8ktetrahydroimidazol[45]indol-2(1H)-one20o

Prepared via general procedure A in (33 %) yield (40 mg, 0.08 mmol) from the reaction
of N, N'-bis(phenylmethoxy)ure&8 (126 mg, 0.46 mmol) with-{z-butyldimethylsilyl}
3-methylindole (57 mg, 0.23 mmol) as a colorless gummy liquid. ®53 (4:1, hexarse

ethyl acetate)*H NMR (500 MHz, CDC)): & 7.5397.51 (m, 2H), 7.4387.40 (m, 3H),
7.3967.31 (m, 6H), 7.10 (td[= 7.6, 1.6 Hz, 1H), 6.83 (df,= 8.1, 0.8 Hz, 1H), 6.75 (td,
J=17.5, 1.0 Hz, 1H), 5.27 (d,= 10.7 Hz, 1H), 5.16 (d[ = 9.7 Hz, 1H), 5.08 (d] = 10.7

Hz, 1H), 4.88 (d/ = 9.7 Hz, 1H), 4.81 (s, 1H), 1.30 (s, 3H), 0.89 (s, 9H), 0.50 (s, 3H),
0.34 (s, 3H)*C NMR (126 MHz, CDGCJ): & 159.0, 149.2, 136.1, 135.0, 132.6, 129.8,
129.3, 129.0, 128.7, 128.6, 128.4, 125.6, 12013.1, 82.7, 79.8, 79.6, 68.6, 27.1, 22.9,
20.4,-2.8,-4.0; IR (film): 3032, 2927, 2882, 2855, 1748, 1601, 1497, 1471, 1460, 1362,
1333, 1293, 1255, 1210, 1157, 1128, 1095, 1067, 1041, 1025, 979, 91BIRFESIMS

calculated for GoH3gN303Si (M+H)"516.2677; observed 516.26874.




(x)-(3aS,8h5)-1,3-di(phenylmethoxyBb-methyt3,3a,4,8ktetrahydroimidazo[4,5

blindol-2(1H)-one (Table 4.3.1, entry 18yp

Prepared via general procedure A in (12 %) yield (12 mg, 0.03 mmol) from the reaction
of N, N'-bis(phenylmethoxy)ure&8 (126 mg, 0.46 mmol) with-{t-butyldimethylsilyl}
3-methylindole (57 mg, 0.23 mmol) as a colorless gummy liquiek. ®18 (4:1, hexanes:
ethyl acetate)*H NMR (500 MHz, CDCJ): & 7.51D7.48 (m, 2H), 7.4B7.35 (m, 8H),
7.25D7.23 (m, 1H), 7.04 (td[ = 7.7, 1.3 Hz, 1H), 6.70 (td,= 7.5, 1.0 Hz, 1H), 6.20 (dt,
J=17.9, 0.8 Hz, 1H), 5.21 (d,= 10.5 Hz, 1H), 5.09d, J = 10.5 Hz, 1H), 5.03 (d] =

12.1 Hz, 1H), 4.88 (d/ = 12.1 Hz, 1H), 4.46 (br s, 1H), 3.01 (s, 1H), 1.30 (s, 3fD);

NMR (126 MHz, CDCY): & 159.5, 147.4, 137.4, 135.7, 130.1, 129.7, 129.3, 128.9, 128.9,
128.8, 128.7, 128.5, 124.9, 119.8, 110.0.58 79.8, 78.5, 67.0, 22.4; IR (film): 3372,
3031, 2928, 1733, 1610, 1481, 1468, 1453, 1371, 1313, 1289, 1266, 1212, 1180, 1141,
1102, 1042, 981, 929 ¢ HR-ESIMS calculated for &H24Nz0s (M+H)" 402.18122;

observed 402.18199.
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(£)-(3a8,8bS)-4,8b-dimethyl-3,3a,4,8b-tetrahydroimidazo[4,5-b]indol-2(1H)-one 70

H
BnO \
\ N_ O
0
N\( Mo(CO)s N f
= N > | “H
| P ~oBn CHiCN: H,0 (9:1) Z~N H
N H \
\ Reflux, 6h 70

69

To a solution of1,3-dimethyl indole cycloadduct9 (0.255 g, 0.613 mmol) in
CH3CN/H;O (4 mL,9:1, degassed under nitrogen) was added Mo{@®D388 g, 1.469
mmol) and again degased under nitrogen. The reaction mixture was vigorously stirred
and heated to reflux for 6 hours under nitrogen. The complete consumptib3- of
dimethyl indole cycloaddu@9 was confirmed by TLC (3:2, hexanes: ethyl acetate). The
crude reaction mixture was filtered through a celite bed and washed the celite bed with
ethyl acetate (100 mL). The collected filtrates were combined and concentrated by rotary
vapor. The crude pduct was purified by flash column chromatography (9:1,
dichloromethane: methanol) to afford proddftas a white solid (91 mg, 0.44 mmol,
72%). R = 0.25 (9.5:0.5, dichloromethane: methnmp = 157159;C; *H NMR (500

MHz, CD;0OD): & 7.13 7.12 (m, 1H) 7.10 (dd,J = 7.7, 1.3 Hz, 1H), 6.67 (td,= 7.4, 0.9

Hz, 1H), 6.47 (dt/ = 7.9, 0.7 Hz, 1H), 4.88 (s, 1H), 4.85 (br s, 2H), 2.82 (s, 3H), 1.56 (s,
3H); **C NMR (126 MHz, CROD) & 163.1, 149.9, 132.0, 129.0, 122.2, 117.7, 106.7,
83.8, 64.6 30.6, 23.8R (film): 3216, 2923, 2392, 1608, 1608, 1490, 1445, 1374, 1285,
1201, 1155, 1117, 1106, 1057, 1018, 990'ciR-ESIMS calculated for GH14NzOs

(M+H)"204.11314; observed 204.11312.
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Chapter 5: Synthesis of Natural Products and Exploring Ecologically Relevant
Biological Activities

5.1 Introduction

Natural Products (NPs) are the chemical substances produced by living system
such as plants, animals and microb8scordary metabolitesare organism specific
compounds that serve extremely importagblogical functios for organisms$ For
example, some plants produce toxic chemical substances to defend them selves from
herbivores and pathogens. On the other hand, cespaicies of vertebrates and plants
produce volatile chemicals to attract or communicate with other species, called
allelochemicals. Similarly color agents are produced to attract or warn other species.
Although the function and benefit of majority of theceedary metabolites to the
producer organism is n@bmprehensivelknown yet, it is logical to assume that these
compounds are produced in nature must be of some benefit to the producer organism.

Plants have been successful defendmggnselves against diverse herbivores and
various pathogens (e.g., bacteria, virus) by using mixtures of secondary metabolites.
is hypothesized that defensive mixtures often result in synergistic effects against these
natural enemies and this theomas been receiving growing support from chemical
ecologists> One of the longstanding and underexplored questions in chemical ecology
focuses onwhy plants have not evolved to produce a single compound of absolute
potency to defend themselves from itse or pathogens. The Jeffrey group and

collaborators postulate that synergy could be the reason for tedled redundancy of
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phytochemical defense that use multiple modes of action to defend against multiple
enemies including herbivores and diversenplgathogens. In contrast to that, humans
have not been as successful controlling the crop pests using single potent active
ingredient even at high concentration and high acute toxicity. Therefore the better
understanding of synergy with biologically aetivmixtures in the plant defensive
mechanism has greater applications in the design and development of new agrochemicals
for the integrated pest management as well as developing new medicines for the

treatment of various diseases.

Our collaboative phytochemical studies in chemical ecology have led to the
isolation of four natural products aegeline (octopamine amide), cinnamgim®séérol
and stigmasterol fromManekia obtussa (Piperacae), a tropical vine that grows in the
forests of Brazil.The mixtures of isolated phytochemicalk 22, 23, 24 (Figure 1.4.1)
have demonstrated significant synergistic activity against genelisloptera exigua)
herbivore at their natural concentration by reducing the survival and pupal mass only
whenadministered as a mixture. Inspired by the results we asked more general questions
that 1) How did plants evolve to produce highly diverse of secondary metabolites? 2)
Why is the same class of compounds found across distantly related plant families? 3)
What happens if we add an unnatural analogue to the natural mixture, will that affect the
synergy of defensive chemistry? To answer these questions we decided to test the
hypotheses by developing a library of natural and unnatural compound mixtures and test
these in avariety of ecologically relevant bioassays. However this proposal constrained

due to the limited commercial availability of natural products and their unnatural
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analogues. Therefore we have developed a modified scalable enantioselective synthesis

of octopamine amide analogues and otheo@murring sterols. This synthetic route also

provided access to a gram scale synthesis of octopgpim@roxyethanolamine, which

we recently discovered in the floral nectar of citrus plants.

)
Biosynthetic analog synthesis:

a mechanism for generation of
phytochemical diversity

7

() (=)

o

Wild-type mixture

OH 0
@Jw T
HCO™ N HO

Native: Rl = Ph or cinnamyl

©/\)J\NH2

20-30 synthetic analogs ----Y 20-30 analogs mixtures

H,CO

R1 = various substitued
cinnamyl and phenyl groups
R2=H, OH, OCH3, OAc
R3=H, OMe, NO,, CO,H, CF3

J

ANALOG +

Sitosterol
Stigmasterol
Cinnamide
Stigmasterone

Figure 5.1.1. Proposal for the biological evaluation of-30 synthetic analog mixtures against

various bioassays

Octopamine was first discovergd®in the salivary glands of octopus vulgaris, is

an endogenous biogenic amine and found in both is foonHoth vertebrate and

invertebrate nervous systems. In insectsO nervous systems octopamine plays an important

role for

influencing multiple physiological

events;

it acts as neurotransmitter,
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neuromodulator, and neurohormone. A scalable enantioselectitresignof octopamine
and its analogs would provide access to the necessary material to fully study the

ecological relevance and biological activity of this widespread class of natural product.

5.2 A Scalable and Enantioselective Synthesis of Octopamine and its Analogs

(DHQ)PHAL
KFe(CN)g or OH 0
K,CO3 H p-TsCl i
oso4 OH  Ppyridine OTs
—_——— + \O
t-BuOH: H20 (1:1) \o CH,Cly ~0
0°C, 18h 74

72 -15°C, 8h 73

Scheme 5.2.1. Enantioselective synthesis aégdine analogie 75

In order to understand the ecologically relevant biological activities of the
octopamine, and its analogues hundred milligram quantities of each of the analogs will be
required to perform the comprehensive bioassays. Several reports have désctibed
enantioselective synthesis of octopamine and its derivatiVedur intial attemps were
made towards the synthesifaegelineanalogue 78asing repoted method gumar et
al® and he synthesis was intiated with commercially availableethoxystyrene
Asymmetric dihyroxylation of the styrene usifgD-mix-!, [(DHQD),PHAL as a

ligand gave the diol96%. However, tosylation of the primary alcohol provided the

unsdesired byproduct epoxidé along with the desired tosyalted mhact73. Dueto the
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formation of undesired epoxide inethreaction, rendered the yieldsr the desired
tosylated produgtmoreovertedious columrchromatography wasecessary to separate
the desired product. Therefore we decided to persue an alternative sfiatehe
synthesis of enantiopure (R or S)}hg@roxyphenethylamines from functionalized
acetophenoné$ (scheme 5.2.1). This route has produced gram quantities of both

antipodes of enantiopure octopamine and its analogs.

RuCI[(R,R)]-TSDPEN (msitylene)

OR
OTs
/@)K PhI(OH)OTs RUCI[(S,S)]-TSDPEN (msitylene)
CH4CN, reflux 6h RO HCO,/EtN, EtOAG, rt, 16h
76a: R1= CH,q 77a R1=CHsz
76b: R1 = Bn 77b: R1 =Bn
OH OH
ors NaN3 DMSO /@)v 10% PdIC, Hz NH;

RiO 80 ¥C3. " sowcasn ft, 24h R10

78a R1=CHg 79a R1=CH, (R or S carbinol)

78b: R = Bn 79b: R = Bn 80a: R1= CH,

80b: R = Bn

Scheme 5.2.2. General enantioselective synthetic route for the amino alcohols

Our modified synthesis was initiated with simple and commercially available
para-hydroxy acetophenone and protected the alcohol with béiébyfor octopamine
synthesis. In ca&sof aegeline and its analogs we begin the synthesispwithmethoxy
acetophenon@é6a. The starting ketone&a, 76b were subjected to-osyloxylation with

[hydroxy(tosyloxy)iodo]benzene in refluxing acetonitrile which provided the
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corresponding $osyloxy acetophenoné&a, 77b. Asymmetric transfer hydrogenation

of functionalized aromatic keton&3a, 77b with RuCI[(R,R)} TsDPEN or RuCI[(S,S)]
TsDPEN catalyst and in azeotropic mixtures of formic acid/triethylamine as hydrogen
donors, furnished the enantiopure alcoh®$a, 78b. Treating the tosyloxycarbinol
intermediateg8a, 78b with sodium azide provided the azid&m, 79b, which were then
reduced under hydrogen (1 atm) over 10% Pd/C in MeOH to the corresponding desired

amino alcohols (R or $0a, 80b.

OH OH
NH2 10% Pd/C, HZ NH2
—
BnO EtOH:EtOAc:AcOH HO
(R or S carbinol) (2:2:1) r1t, 2h Octopamine
81

80b

Scheme 5.2.2. Deprotection of benzyl group for the octopamine synthesis

The enantiopure aminalcohol80b was further subjected to hydrogenation with
hydrogen over 10% Pd/C in AcOH to obtain R or S octopamine as acetic aci8lsalts
The carbinol intermediat80a was acylated the amine with acyl chlorid2sto obtain
aegeline and its derivative83. The required acyl chlorides either prepared from
corresponding acids by treating with oxalyl chloride in dichloromethane or purchased
from commercial supplier (Aldrich). All the acid chlorides reacted very well and

provided good yields of the desiredides after recrystallization.
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Table 5.3.1. Synthesis of Octopamine analogues with Various Acid chlorides 82°

OH

o 82

b > H

~__NH;.CI Cl
~ /[:::]//\\V/ .- ~
0 Pyridine/DCM (0] 83

80a

Y
o=

16h, rt
crude pdt recrystalized pdt
SN R product yield % yield %
1
@M @N %Q o 6°
(0)
~
~ OH 87 43
2 Ny
~o
= (0]
0 E‘i oy > o 50
s <OD/\v NGENG AN
~o le) 83c
CF4
=
4 QH H | 83d 89 2
FoC NN
~0 (0]
OH
H H 83e
5 1571 “__N 7(\)@\ 90 56
FoC = B CF,
~0 ¥z (0]
98 53

: o

< Hm)@
. N

®The acid chlorides were added slowly drop wise2hin dichloromethane at {C to a mixture
of dichloromethaneand pyridineand stirred the reaction at room temperaturefiaitionall6h.
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5.3 Preliminary Results

5.3.1. Synergistic mixtures of natural products and their anti-herbivore properties

Many mixtures of plant secondary metabolites are the result of-stage
functionalization (e.g., oxidation, reduction, methylation). In order to clarify the effect
that single structural modifications have on the synergistic activity of the mixture, we
pursued enantioselective synthesis of aegeline and its analogs andsoliwed ce
occurring sterols and cinnamide and evaluated the biological activity. The sitostenone
only diet reduced the survival of individuals for the generalisbdoptera) herbivore;
however, this effect was ameliorated when mixed with sterols. Indlieedull mixture
(sterols, cinnamide and aegleline) acted synergistically to enhance the toxicity to
individuals.On the other hand, an enantiomeric analog of aegeline enhanced the survival
of the generalist caterpillar; however, when evaluated as amawith cinnamide, it has

the opposite effect, resulting in increased toxicity.

5.3.2. Aegeline analogs as selective inhibitors of NV-acyltransferase

N-acyltransferases, provide phenethylamides that known to function to repair plant cell
walls during émage and development. Selective and potent inhibitors of octop&imine
acyltranferase in this development are sought to better understand the role of this enzyme
in plant cell wall developmenOur synthetic amides comprise -oatural analogs of
aegeline and could serve as isosteric molecules that demonstrate inhibitory activity
againstN-transferases, therelaffectingthe plants growth a development. Preliminary
screening of our synthetic angk in a root growth assay usiAgubodopsis Thaliana (a

model organism for studying plant cell wall development) revealed th&T8e analog
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as a potent inhibitor of root growth. Interestingly, the enantiomer of this compound also
affectedthe root gowth, altering the root morphology while only moderately slowing

root growth.

5.4 Experimental

All reactions were carried out under an atmosphere of nitrogen indneshglassware

with magnetic stirring, unless otherwise specified. Dichloromethane wadfseguby
passage through a bed of activated alumina. THeyddoxyacetophenone, -4
methoxyacetophenone and all other reagents and solvents were purchased from Sigma
Aldrich Chemical Company and used without any further purification. TLC information
was recoded on Silicycle glass 60,4z plates and developed by staining with KMING

ceric ammonium molybdate. Purification of reaction products was carried out by flash
chromatography using Silicycle Siliaflash” P60 (2@00 mesh)*H-NMR spectra were
measuredn Varian 400 (400 MHz), Varian MR400 (400 MHz), or Varian 500 (500
MHz) spectrometers and are reported in ppm (s=singlet, d=doublet, t=triplet, g=quartet,
m=multiplet, br=broad; integration; coupling constant(s) in Hz), using TMS as an internal
standard TMS at 0.00 ppm) in CDGlor the solvent peak (2.54) in (@B80.*C-NMR

spectra were recorded on V400 or V500 spectrometer and reported in ppm using solvent
as an internal standard (CRGIt 77.16 ppm) or (CECN at 118.26 ppm). Infrared (IR)
spectra weraecorded on a Nicolet 6700 HR with a diamond ATR and data are
reported as crh (br = broad, s = strong). Higtesolution mass spectra were obtained

using an Agilent 6230 TOF LC/MS with an (atmospheric pressure phiization
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(APPI) or electrospray @) source with purine and HF921 as an internal calibrants.

General Procedure A the Preparation of Acid chlorides

O C,0,Cl, / DMF

PR

0
HO” “R! > CI>LR1
DCM,t, 2h

82

To a solution of corresponding ac{d.0 equv.) in dry CbkCI, (150 mL), was added
dropwise oxalyl chloride (1.5 equv.) at 0 {C along with catalytic amount of DMF (1 drop)
and vigorously stirred for 2 h at room temperature. The complete consumption of acid
was monitored by TLC. The solvents were evaporated wititywapor and diluted with

dichloromethane (20 mL) and used for the amides synthesis with out further purification.
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General Procedure B the Preparation of Octopamine Amides 78

o 82
OH >LR1 OH |, 1
: NHj3 .Cl Cl N\H/R
- .- ;
~ idi @]
0] 80a Pyridine/DCM 83
16h, rt

To a solution of octopamin&ba (0.5 g, 2.46 mmol, 1.0 equv.) in dry &E, (20 mL),

was added pyridine (10 mL) at 0 jC and the mixture was vigorously stirred for 10 min.
To the above mixture was added a solution of acid chloride (1.05 &guw.pry CHCI,

(30 mL) dropwise for 2 hat 0 jCand then the reaction mixture wasaigusly stirred for
additional 16 hat room temperatur& he reaction mixture was diluted with and water (50
mL) and extracted additional GEI, (50 mL). The organic layer was separated and
washed with saturated solution of NaH{@5 mL) followed by bring30 mL) and water

(30 mL). The organic layer collected, dried with,88, and evaporated with rotary
vapor. The crude product was recrystallized from ethanol/water (v/v = 80:20) to obtain

the desired amide prodi&s.

83a

Prepared via general procedure B in (60 %) yield (A = 890 mg, 2.99 mmol) from the
reaction of (S )-(+)-2-Amino-1-(p -methoxyphenyl)ethanol hydrochloride 75a (1000 mg,

4.92 mmol) withcinnamoyl chloride (A = 861 mg, 5.17 mmol) and pyridine (10 mL) as a
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white solid. R = 047 (9.5:0.5 dichloromethane: methanplmp 193.8194.6 YC'H

NMR (500 MHz, (CR3),SO): & 8.13 (t/ = 5.8, 1H), 7.56 7.53 (m, 2H), 7.4®7.41 (m,

2H), 7.40- 7.35 (m, 2H), 7.297.26 (m, 2H), 6.90 (d/ = 8.7, 2H), 6.73 (d/ = 15.8,

1H), 5.43 (dJ = 4.4, 1H), 4.684.60 (m, 1H), 3.73 (s, 3H), 3.433.38 (m, 1H), 3.2®

3.20 (m, 1H);**C NMR (126 MHz, (CDR),SO): & 165.1, 158.4, 138.5, 135.7, 135.0,
129.4, 128.9, 127.5, 127.2, 122113.4, 70.9, 55.0, 47.0; IR (film) 3358, 3280, 3084,
3016, 2961, 2934, 2897, 2834, 1969, 1910, 1648, 1657, 1557, 1510, 1451, 1438, 1420,
1341, 1305, 1276, 1246, 1227, 1175, 1113, 1074, 1048, 1033, 991, 961, §44RMS

calculated folC1gH10NOs [M+Na]*, 320.1263; observed 320.1256.

Foaeanl

Prepared via general procedure B in (43 %) yield (A = 360 mg, 1.05 mmol) from the

83b

reaction of(S )-(+)-2-Amino-1-(p -methoxyphenyl)ethanol hydrochloride 75a (500 mg,
2.46 mmol) with4-methoxyinnamoyl chloride (A = 506 mg, 2.58 mmol) and pyridine
(10 mL) as awhite solid R = 0.45 (9.5:0.5, dichloromethane: methanoip 186D 188
iC: 'H NMR (500 MHz, (CR),SO): & 8.03 (t/ = 5.8 Hz, 1H), 7.49 (d = 8.7 Hz, 2H),
7.35 (d,J = 15.8 Hz, 1H), 7.27 (d] = 8.4, 2H), 6.97 (d/ = 8.8, 2H), 6.89 (d/ = 8.8,
2H), 6.57 (d/ = 15.8, 1H), 5.43 (d] = 4.4, 1H), 4.64.59 (1m, IH), 3.78 (s, 3H), 3.73
(3H, s), 3.42D3.37 (m, 1H),3.24- 3.19 (m, 1H);**C NMR (126 MHz, (CR),SO): &

165.4, 160.3, 158.4, 138.2, 135.8, 129.0, 127.5, 127.2, 119.9, 114.4, 113.4, 71.0, 55.2,
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55.0, 47.0; IR (film) 3256, 2931, 2836, 2037, 1659, 1600, 1575, 1542, 1509, 1462, 1421,
1352, 1303, 1285, 1231, 1471114, 1067, 1027, 981, 963, 896 ¢riRMS calculated

for C1gH21NO4[M+Na]* 350.1363; observed 350.1373.

Prepared via general procedure B in (47 %) yield (A = 420 mg, 1.23 mmol) from the
reaction of(S )-(+)-2-Amino-1-(p -methoxyphenyl)ethanol hydrochloride 75a (500 mg,

2.46 mmol) with 34{-(methylenedioxy)cinnamoyl chloride (A = 568 mg, 2.58 mmol) and
pyridine (10 mL) as aff-white solid.R; = 0.43 (9.5:0.5, dichloromethane: methanol);
mp 168.39169.6 iC;*H NMR (500 MHz, (CR),S0): & 7.99 (/ = 5.8 Hz, 1H), 7.32 (d,
J=15.7 Hz, 1H), 7.27 (, d/= 8.6 Hz, 2H), 7.12 (d, J = 1.3, 1H), 7.05 (dd; 8.1, 1.4,

Hz, 1H), 6.94 (dJ = 8.0, 1H), 6.89 (d/ = 8.6, 2H) 6.56 (d/ = 15.7 Hz, 1H), 6.06 (s,
2H), 5.43 (dJ = 4.4, 1H), 4.8 D4.59 (m, 1H), 3.73 (s, 3H), 3.43.37 (m, 1H, ), 3.28

3.19 (m, 1H);**C NMR (126 MHz, (CDR),SO): & 165.3, 158.3, 148.4, 147.9, 138.3,
135.7, 129.3, 127.1, 123.1, 120.4, 113.4, 108.6, 106.1, 101.4, 71.0, 55.0, 47.0; IR (film)
3209, 2887, 1663, 1513628, 1611, 1568, 1513, 1501, 1489, 1437, 1360, 1239, 1178,

1096, 1046, 988, 979, 954, 937, 925 crHRMS calculated forC;oH:NOs [M+Na]*
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364.1155; observed 364.1155

Prepared via general procedure B in (42 %) yield (A = 384 mg, 1.05 mmol) from the
reaction of(S )-(+)-2-Amino-1-(p -methoxyphenyl)ethanol hydrochloride 75a (500 mg,

2.46 mmol) with4-(trifluoromethyl)cinnamoyl chloride (A = 604 mg, 2.58 mmol) and
pyridine (10 mL) as avhite solid.Rs = 0.43 (9.5:0.5, dichloromethane: methanaip
217.2D219.6 iC;'H NMR (500 MHz, (CR),SO): & 8.24 (t/ = 5.8 Hz, 1H), 7.76 (s,
4H), 7.49 (dJ = 15.8 Hz, 1H), 7.28 (d= 8.6 Hz, 2H), ®1D6.86 (m, 3H), 5.46 (d] =

4.4 Hz, 1H ), 4.604.62 (m, 1H), 3.73 (s, 3H), 3.483.41 (m, 1H), 3.283.23 (M, 1H);

IR (film) 3269, 3085, 2934, 2842, 1662, 1623, 1613, 1570, 1512, 1461, 1416, 1320,
1246, 1204, 1166, 1125, 1110, 1059, 1031, 1013, 987, 929;:*C NMR (101 MHz,
(CD3),S0): & 164.6, 158.4, 139.1, 136.9, 135.7, 129,¥ = 31.8) 128.1, 127.2, 125.8

(g, J = 3.8) 125.2, 122.8, 113.4, 70.9, 55.0, 4THRMS calculated forCigH1sFsNO3

[M+Na]* 388.1136; observed 388.1131
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Prepared via general procedure B in (56 %) yield (A = 510 mg, 1.39 mmol) from the
reaction of(S )-(+)-2-Amino-1-(p -methoxyphenyl)ethanol hydrochloride 75a (A = 500

mg, 2.46 mmol) with3-(trifluoromethyl)cinnamoyl chloride (604 mg, 2.58 mmol) and
pyridine (10 mL) as avhite solid.Rs = 0.45 (9.5:0.5, dichloromethane: methanaip
168.39169.6 iC;'H NMR (500 MHz, (CR),SO): & 8.13 (t/ = 5.7 Hz, IH), 7.90 (s,
1H), 7.86 (dJ = 7.8 Hz, 1H), 7.72 (d] = 7.7 Hz, 1H), 7.65t(J = 7.8, 1H), 7.49 (d/ =

15.8 Hz, 1H), 7.28 (d] = 8.5 Hz, 2H), 6.90 (d/ = 8.7, 2H), 6.88 ( dJ = 15.9, 1H), 5.44
(d,J = 4.3, 1H), 4.634.60 (m, 1H), 3.73 (s, 3H), 3.443.39 (m, 1H), 3.2P3.22 (m,

1H); °C NMR (126 MHz, (CR),SO): & 164.6]158.4, 136.8136.2, 135.6, 131.3, 130.0,
129.8, 129.6127.2, 125.6q, J = 3.7) 125.1, 124.5, 123.7q, J = 3.9) 122.9, 113.4,
70.9, 55.0, 47.0iR (film) 3361, 3280, 3088, 2937, 2833, 1652, 1595, 1564, 1511, 1458,
1440, 1332, 1305, 1250, 1225, 119770, 1138, 1125, 1096, 1070, 1049, 1037, 991,
962, 911 crit; HRMS calculated for CygH1gFsNOs [M+Na]® 388.1136; observed

388.1134
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Prepared via general procedure B in (53 %) yield (A = 355 mg, 1.30 mmol) from the
reaction of(S )-(+)-2-Amino-1-(p -methoxyphenyl)ethanol hydrochloride 75a (500 mg,

2.46 mmol) withbenzoyl chloride (A =0.300 mL, 2.58 mmol) and pyridine (10 mL) as a
white solid.R; = 0.45 (9.5:0.5, dichloromethane: methanoijy 144.59146 ¥4CH NMR

(500 MHz, (CR2),SO) & 8.46 (t/ = 5.7 Hz, 1H), 7.897.82 (m, 2H), 7.5 7.49 (m,

1H), 7.47D7.43 (m, 2H), 7.28 (d] = 8.6 Hz, 2H), 6.89 (d/ = 8.7 Hz, 2H), 5.40 (d] =

4.4 Hz, 1H), 4.7€4.71 (1H, m), 3.73 (s, 3H), 3.483.43 (m, 1H), 3.383.28 (m, 1H);

13C NMR (126 MHz, (CR),SO): & 166.3, 158.3, 135.8, 134.5, 131.0, 128.2, 127.2,
127.1, 113.4, 70.7, 55.0, 47.7; IR (film) 3294, 3053, 2935, 2838, 2011, 1632, 1611,
1578, 1539, 1509, 1487, 1463, 1443, 1418, 1358, 1316, 1301, 1280, 1240, 1198, 1171,
1114, 1079,1030, 1009, 925, 903 ¢ HRMS calculated forCieH:17NO3 [M+Na]*

294.1106; observed 294.1100
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Chapter 6: Conclusions and Future Direction

6.1. Conclusions and Future Direction

In summary, a base mediated heterolysig/-@hloro ureas generated the diaza
allyl cationic intermediates and reactadiru with cyclic dienes to provide 1-diamines,
and cyclic ureas, in good to excellent yiel@urrently our efforts are focused on
understanding the mechanism of the cycloaddition reaction withloro ureas.
Problems with the lack of regioselectivippor substrate scopesue have been resolved
by method that uses a direct oxidation\oN'-diberzyloxy ureasand Phl(OAc), asan
oxidant. The oxidative dimination reaction is simple to perform and compatible with
variety of substrates including cyclic, acyclic and heterocyclicaromatiasprovides
unique heterocyclic products. This oxidative deamination is based up on the reactivity of
diazaoxyally cationic intermediate with -# reactants and provides the exclusive

selectivity for the 1,4iamination.

The reactivity of dizoxyallyl cation intermediatéhas expanded for the
development ofdearomative indole (3+2) cycloaddition reaction of putative transient
diazaoxyallyl cationic intermediate for the synthesis of imidazaledolines using
simple urea derivative and (didoryiodo)benzene as the stoichiometric oxidant. This
reaction is compatible with various functional groups and provides a broad substrate
scope and chemical space. Evaluation of the biological activity of these compounds is

underway.
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We have developed scalable enantioselective synthesis of natural products
octopamine and aegeline analogues. The natural and unnatural products mixture
demonstrated the synergistic activity against generdigtdoprera) herbivore. One of
the unnatural analogudeund to possessR{83e analog) inhibitory activity againsy-
transferases inhibitor of root growth on a model organisabodopsis Thaliana. The

evaluation of the role of octopamineplantinsect interactiogis underway.



! 4&F

Appendix

A.1'H and™*C NMR Spectra
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Figure A.1.1 'H NMR (400 MHz, CDCJ) spectrum o25c.
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Figure A.1.2 °C NMR (101MHz, CDCk) spectrum o25c.



(@]
Bn\NJkN,OBn

| H C 26¢

Figure A.1.3 'H NMR (400 MHz, CDCJ) spectrum o26c.
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Figure A.1.4 °C NMR (126 MHz, CDGJ) spectrum o6c.
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Figure A.1.5 'H NMR (400 MHz, CDGJ) spectrum o82a.
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Figure A.1.6 °C NMR (101 MHz, CDGJ) spectrum o82a.



(@]
NJ\N/

@ 32b
|

e e e e 2
—— ——— =

Figure A.1.7 *H NMR (400 MHz, CDCJ) spectrum o82b.
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Figure A.1.13 *H NMR at 25 ¥4C 400 MHz, CRQ$pectrum oB2d.
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Figure A.1.14 *C NMR at 25 ¥C (101 MHz, CRCépectrum o82d.
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Figure A.1.107 *H NMR (500 MHz, CDCJ) spectrum o20j.
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Figure A.1.111 'H NMR (500 MHz, CDGJ) spectrum o20L.
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Figure A.1.112 **C NMR (126 MHz, CDGJ) spectrum o201
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Figure A.1.114 **C NMR (126 MHz, CDGJ) spectrum o20m.
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Figure A.1.120 **C NMR (126MHz, CDCk) spectrum o20p.
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Figure A.1.121 *H NMR (500 MHz, CROD) spectrum of70.
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Figure A.1.122 **C NMR (126 MHz, CROD) spectrum of70.

EF



EG.

83a

X

[<)]

0

O
—

R, n

L0°T
ATr
/26T

=70'T

=860

750

700

650

600

550

500

450

400

350

300

250

200

150

100

50

~50

2.5

3.0

7.0

7.5

8.0

8.5

9.0

Figure A.1.123 'H NMR (500 MHz, (CR),SO) spectrum o8a.
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Figure A.1.124 **C NMR (126 MHz, (CR),SO) spectrum o18a.
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Figure A.1.125 'H NMR (500 MHz, (CR),SO) spectrum o78b.
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Figure A.1.126 *C NMR (126 MHz, (CR),SO) spectrum d18b.
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Figure A.1.127 *H NMR (500 MHz, (CR),SO) spectrum of8c.
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Figure A.1.128 *C NMR (126 MHz, (CR),SO) spectrum dl8c.
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Figure A.1.129 *H NMR (500 MHz, (CR),SO) spectrum o8d.
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Figure A.1.130 **C NMR (101 MHz, (CR)SO) spectrum d18d.
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Figure A.1.131 *H NMR (500 MHz, (CR),SO) spectrum of8e.
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Figure A.1.130 **C NMR (126 MHz, (CR),SO) spectrum dl8e.
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Figure A.1.133 *H NMR (500 MHz, (CR).SO) spectrum o78f.
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Figure A.1.130 **C NMR (126 MHz, (CR),SO) spectrum o78f.



