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SUMMARY

This thesis describes transition metal catalyzed benzylic and aliphatic C—H amination
reaction by employing aryl azides as the nitrogen source, with the generation of indoline.
Additionly, Rh(II) carboxylate promoting disubtituted indole formation from 3, B-disubstituted
styryl azide is discussed afterwards.

Chapter one briefly introduce a variety of C-H bond functionalization including
borylation, silylation and amination. Among them, amination has been widely discussed:
intermolecular and intramolecular C—H bond amination are described respectively. Subsequently,
Iridium complexes and Rh(II) carboxylate used to promote C—H bond functionalization are well
studied. Finally, two examples are shown to demonstrate the application of transition metal
catalyzed C—H bond amination.

Chapter two discloses benzylic C—H bond amination catalyzed by iridium complex,
producing 2-arylindoline. This reaction features low catalyst loading and mild condition.
However, the methodology is limited on benzylic C—H bond and lead to no reaction if electron
donationg group attached on the aryl azide. Mechanism study implies that an electrophilic
iridium nitrenoid (14) is generated in the reaction.

Chapter three discribes thermally robust Rhy(esp). could catalyze the aliphatic amination
transformation without requiring electron poor environment on the aryl azide. Due to the
decomposition of other metal catalysts at high temperature, no reaction was observed by using
other rhodium carboxylate, and iridium, iron, copper catalysts. To improve the isolated yield of
the amination, Boc,O was added to the reaction mixture to protect the resulting indoline. N-atom

transfer mechanism was proposed to explained the reaction activities.

Xiii



Chapter four investigates Rhodium-catalyzed synthesis of 2,3-disubstituted indoles from
B,B-disubstituted styryl azide with controlling the selectivity of migration of one of the (-
substituents. We discovers that aryl group migrates faster than alkyl group and more electron
rich group prefers participate in migration. The migratorial aptitude suggests that a phenonium

1on is reactive intermediate.

X1iv



Chapter 1.  Transition Metal-Catalyzed Aliphatic C—H Bond Functionalization
The functionalization of sp>~-C—H bonds is an important transformation because they are
ubiquitous in organic molecules and direct functionalization of them rapidly increases the
molecular complexity of the starting material. In this chapter, recent advances in benzylic C-H

bond functionalization are discussed.

1.1 Aliphatic C—H Bond Borylation

One of the first examples of benzylic C—H bond functionalization was reported in 2001
by Marder and co-workers'. They reported that benzylic C—H bond borylation of alkylbenzenes
could be achieved using transition metal complexes with pinacolborane as the boron source. (eq.
1). The regioselectivity of the C—H bond functionalization depended on the identity of the Rh(I)-
complex’s ligands. The authors reported that use of [Cp*RhCIZ]g2 resulted in 62% of aromatic
C—H bond functionalization products were formed without the formation of benzylic C—H bond
activation products. In contrast, [RhCI(Pi-Pr3)2(N,)] was identified to catalyze benzylic sp’ C—H
bond borylation. The optimal conditions for benzylic monoborylation were determined to be
exposure of toluene to 10 mol % [RhCI(Pi-Pr3)»(N>)], after 80 h at 140 °C resulted in formation
of 1.2 in 69%. While monoborylated 1.2 was the main product, the formation of diborylated 1.3

indicated that the Bpin substituent activated the secondary benzylic C—H bond in 1.2 to further

functionalization.
\ . M
Me ~ [RhCI(PiPr3),(N,)] CH,Bpin CH(Bpin), Xy Ve
+ HBpin > + + | . (eq. 1)
140 °C, 80 h /\Bpin
1.1 1.2 1.3 1.4

yield % 69 : 7 19



1.2 Aliphatic C—H Bond Silylation

In addition to benzylic C—H bond borylation, silylation of these C—H bonds has also been
achieved. In 2004, Kakiuchi, Chatani and co-workers® demonstrated a new type of transition
metal-catalyzed functionalization of benzylic sp> C—H bonds with hydrosilanes (Scheme 1.1).
Critical to the success of their reaction was the presence of ortho-directing groups, such as a
pyridyl-, pyrazoyl- or imino- group in hydrozones chelation-assisted C—H bond cleavage.
Among various of rhodium complexes screened, such as Ru3(CO);;, [Rh(OH)(cod)],,
RuH,(CO)(PPh3);, Ru(cod)(cot), RuCl33H,0O, [RuCly(p-cymene)],, and [Ir(OMe)(cod)],,
Rh3(CO);, showed the highest activity. In the presence of norbornene as a hydrogen acceptor, 2-
(2,6-dimethylphenyl)-pyridine could react with triethylsilane generating mono- (1.6) and
disilylation (1.7) products in 30% and 55% yields, respectively. The coupling reaction using
sterically hindered hydrosilanes (1.9 and 1.10) selectively gave the exclusive monosilylation
coupling product 1.6. Since triethylsilane 1.8 could provide the best conversion, the author
determined to choose it as silicon source for further substrate screening.

Entensive screening of different substrates indicated that electron-rich group on pyridine
ring 1.11 could improve the reactivity of arylpyridines, presumably due to their enhanced
chelating ability to induce cleavage of the proximal C—H bond. Additionally, the yield was also
affected by the steric environment: because coordination to the pyridyl nitrogen is inhibited, the

reactivity of 6-substituted methyl pyridine 1.14 was found to be dramatically decreased.



Scheme 1.1. Benzylic C—H bond silylation catalyzed by Rh3(CO);, complex.

R3Si i
= 3 = R3Si
Me ] Ru3(CO)5, 6 mol % | &
i NS
N" . HSIR, norbornene 5 equiv. N + SN
toluene, reflux, 20 h .
Me Me SIR3
1.5 1.6 1.7
1 equiv. 5 equiv.
R;=Et; 1.8 30% 55%
R3 = Mest-Bu 1.9 44% trace
R3;=Phs 1.10 59% not detected
4 . 4 . 4
Me 3 = 5 Et3SI 3 = 5 Et3SI 3 = 5
« TR y 1R 1R
N~ 6 conditions \N)s \N)e
Me Me SiEts
R =4-OMe 1.11 1.12 5% 1.13 85%
R=6-Me 1.14 1.15 4% 1.16 0%
Me P Me =
o it g
N conditions N
Me SiEts
117 1.18 53%

1.3 Aliphatic C—H Bond Amination

1.3.1 Intramolecular C-H Bond Amination

In addition to silylation or borylation of benzylic C—H bonds, metal-catalyzed C—H
amination processes have also been widely studied. Metal-nitrenoid-based C—H aminations has
attracted extensive attention with rhodium catalysts. The intramolecular reactivity trends
observed using rhodium(Il) carboxylate catalysts indicate that C—H amination preferentially
occurs at electron-rich C-H bonds, and the alkene aziridination dominates the reaction when
competing with allylic C—H bond amination. After Breslow and Gellman®* published their

seminal paper about Fe(TPP)Cl- and Rhy(OAc)4 catalyzed amination of aliphatic and benzylic



C-H bonds, very few approaches employing nontoxic’ iron catalysts have been reported®’*.

Recently, White and co-workers reported that commercial available [FePc]Cl could be used to
catalyzed selectively allylic C—-H amination.” Optimization of reaction conditions revealed that
use of mixed solvent system (4:1 PhMe: MeCN) and more soluble PhI(OPiv), led to significantly
improved reactivity. Additionally, removal of AgSbFs from reaction mixture only cause slightly

decrease in reactivity. The silver-free environment is particular beneficial in large-scale

application.
Scheme 1.2. Iron-catalyzed intromolecular allylic C—H amination.
o..,0O )
[FePc]CI (10 mol%) g7 O] Ph
H OSONH: 5 equiv. PhI(OPIV), HN"" 0 N
S "M T 41PhMelMeCN /\)\/l\WPh n=
n= _
1.19 "t on ins. 120 "~ azir. 1.21

520:1 with 10 mol% AgSbFg
/ ' 39% vyield, sum of syn + anti
N .
. without AgSbFg
\ / N 16:1 34% yield, sum of syn + anti

[FePc]ClI

The steric- and electronic constraints of substrates were evaluated. (Scheme 1.3). White’s
system displays highly chemoselectivities for allylic C—H amination over aziridination, including
aliphatic (£)-olefins and styryl- and trisubstituted olefins. Their methods distinguishes itself from
previous reports in the area because aziridination is preferred for terminal aliphatic olefins for
rhodium- and ruthenium-catalyzed systems'®. Analysis of the substrate scope reveals that the
trend of allylic C—H bond reactivity is in agreement with dissociation energies of C—H bond:
allylic > benzylic > 3" > 2" >> 1. The electronic indentity of allylic C—H bond also plays an

important role on reactivities: electron-withdrawing groups, like o, B-unsaturated ester 1.29 was
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found to reduce the reaction yield substantially. Allylic amination was also found to depend on
the steric environment: the less hindered allylic C—H bond of 1.30 was functionalized with
selectivity over 7:1.

Scheme 1.3. Substrate scope of iron-catalyzed intromolecular allylic C—H amination.

0.0 o. 0O
[ N\~7 S
H OSO,NH, 10 mol% [FePc]ClI

W 10 mol% AgSbFg HN""~0 - N/S\o .
> +

RN R, 2 equiv. PhIOPV), g /\)\/l\R 1w 2
4:1 PhMe/MeCN ! 2

1.22 rt. 6h 1.23 ins. 1.24 azir.
0o, 0 o, 0 O\\ 0
HN->0 NS0 | o HN"""0 - H
N W /\/l\/l\)<
1.25 1.26 1.27
52% yield 64% yield 72% yield
d.r. = 3:1 syn: anti B:B' > 20:1 B:B' > 20:1
ins./azir. > 12:1 ins./azir. > 20:1 ins./azir. > 20:1
O, L CNpe O\\S/’O
S .S< -So
HN""O H H HN"" O H H HN"" O H H
/th /\W\COZMG

1.28 1.29 1.30
62% yield 55% yield 53% yield
B:B' > 20:1 B:p'>14:1 BR' >71
ins./azir. > 5:1 ins./azir. > 20:1 ins./azir. > 20:1

aDetermined by "H NMR analysis of the crude reaction mixture (d.r. = 3). blsolated yield (syn + anti; £/Z > 20:1 in
all cases).

The mechanism of iron catalyzed allyic C—H amination was probed by comparision with
Rhy(OAc)s. When sulfamate ester 1.31 was subjected to [Fe''Pc]-catalyzed C—H amination, the
allylic functionalization was obtained as a 9:1 Z/E mixture, suggesting that the reaction process
through the intermediacy of a stabilized carbon-centered radical. While no isomerization was
observed under Rhy(OAc), catalysts environment, different mechanisms maybe operating in

these two cases.



Scheme 1.4. Mechanism study of iron-catalyzed intromolecular allylic C—H amination.

Fe/Rh cat. O\\ /,O O\\ //O
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The amination of an unactivated sp’~-C—H bond was reported by the Glorious group not to
involve a metal nitrene intermediate.'’ After extensive screening, they identified that Pd(OAc),
could catalyzed 1.34 to 1.35 in 88% yield if AgOAc was added as an oxidant. The best results
were obtained using an N-acetyl group. Reduced yields were observed when switching
protection group (1.36) to formyl-, propioyl-, or isobutyryl group. No reaction was observed if
pivaloyl, benzoyl, or trifloroacetyl groups (1.37) were used. The authors concluded that the
success of this amination reaction depended on a delicate balance between the electronic- and
steric properties of the nitrogen substituent.

Substrate screening was performed by the Glorious group using the optimized conditions.
(Scheme 1.5) They reported that their reaction could tolerate a broad range of functional groups
on the arene. The reaction works well with both electron-donating and electron-withdrawing
substituents including ether 1.38, sulfones 1.39, and ester 1.40, as well as reactive substituents,
such as bromo 1.41, olefin 1.42, aldehyde 1.43 groups. These latter groups provide opportunities
for further functional group manipulation. Substituents that contain acidic protons or basic
substituents 1.44 led to no formation of corresponding indoline. Phenyl group on ortho-position
of acetamide results in significantly intramolecular competition reaction 1.45: exclusive sp>-C—-H

bond activation at the phenyl group was observed leading the production of carbazole.



Scheme 1.5. Palladium-catalyzed amidation of unactivated C(sp>)~H bond.

Pd(OAc),
AgOAc, Na,COg4
N’H mesitylene (0.08 m) N
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1.34 1.35 80%
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1.36 © 1.37 1.38 71% 1.3967% 1.40 81%
R=H, 73% R = Piv, Bz, CF5CO
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R = isopropyl 24%

0
Br Ph R
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Bh Ac
1.4168% 1.42 60% 1.43 66% 1.44 1.45
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Yield 0% amination at 160 °C

The authors proposed several possible mechanisms for the formation of N-(2-tert-
butylphenyl)acetamide (Scheme 1.6). Initially, ligand substitution of one acetate with the
directing group acetanilide moiety produces 1.46. Then, activation proximal sp’ C—H bond by
palladium(IT) takes place to give intermediate 1.47. Subsequent reductive elimination of
palladium(0) results in the formation of indoline product 1.49. Palladium would be reoxidized to
palladium(II) by the silver salt in the system. Alternatively, the reaction could proceed through a
more highly oxidized palladium(IV) species 1.48, which is formed from silver(I)-oxidation of

1.47 silver(I)."



Scheme 1.6. Mechanism palladium-catalyzed amidation of unactivated C(sp”)~H bond.
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Another transition metal widely used for C-H amination is cobalt. In 2007, the Zhang
group'” reported that commercial available cobalt(II) tetraphenylporphyrin complexes, Co(TPP),
catalyzed the intramolecular amination of benzylic C—H bonds using arylsulfonyl azides as
nitrogen source 1.50 (Scheme 1.7). This cobalt-catalyzed process proceeds efficiently using mild
conditions: requiring low catalyst loading without the need of other reagents or additives,
generating environmentally benign nitrogen gas as the only by-product. The author proposed that

the process via cobalt-nitrene intermediate 1.51.



Scheme 1.7. Colbalt(IT) complex catalyze intramolecular amination using arylsulfonyl aizde as

nitrogen source.

Ph
0O 00 %0
> TPP) 2 mol ¢ N
Rl N Ns _Co(TPP)2mol % R NH |Ph Ph
= H CeHsCl [Co] =
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Ph
Co(TPP)
e 0
9 O %° on %570
/@l/\< \©/\<NH
Me
1.53 96% 1.54 90% 1.55 94% 1.56 93% 1.57 99%

The scope of the cobalt-catalyzed benzylic C—H bond amination reaction was reported by
Zhang and co-workers to be broad. Good yields were obtained with intramolecular nitrene
insertion into tertiary C—H bonds (1.55), secondary (1.54), and even primary C—H bonds (1.53).
When the reaction was conducted at a lower temperature, the reactivity pattern of the C—H bonds
followed the order of 3° > 2° > 1°. The functional group tolerance of the reaction was reported to
be relatively broad with substrates bearing either nitro- (1.57) or bromo- (1.56) substituents on

aromatic ring formed the corresponding five-membered heterocycles in good yields.

1.3.2 Intermolecular C—H Bond Amination

In the subsequent research, the Zhang group'* also found that cobalt tetraphenylporphyrin
complex could also catalyze intermolecular C—H bond functionalization using 2,2,2-
trichloroethoxycarbonyl azide 1.59 (TrocN3) as the N-atom source (Scheme 1.8). The scope of

the Co(TPP)/TrocNs-based catalytic system toward nitrene insertion of other benzylic C-H



bonds was investigated using different substrates. Like the 1.61, the benzylic C—H bonds of
diethyl substituted ethyl benzene and para-brominated ethyl benzene could be selectively
aminated to provide the corresponding amine products 1.62 and 1.63 in 74% and 79% yields,
respectively. Diphenylmethane 1.64 was reported to be a good substrate for the catalytic
amination with its yield 71%. Some challenging substrates such as ethyl phenylacetate 1.65
could be aminated, which provides an alternative way to synthesize a-amino acids directly from
corresponding carboxylic acid, but the reaction yield was modest. It was noteworthy that the
corresponding TrocNH; of TrocNs3 was the common side product.

Scheme 1.8. Cobalt(II) complex catalyze intermolecular amination using TrocN3.

1
H HN” S0 e,
, )OL Co(TPP) 5 mol %
X R + > 2 2
R ClC” 0" N, CeHsCl, 5AMS R R
F 40 °C =
1.58 1.59 1.60
NHTroc
NHTroc g NHTroc NHTroc NHTroc
Me
Me Ph CO,Et
B
Et f
1.61 85% 1.62 74% 1.63 79% 1.6471% 1.65 18%

The author also proposed possible mechanism to explain the reaction (Scheme 1.9)."*
Initially, the Co(II) complex 1.66 reacts with TrocNj to generate Co(IIl) intermediate 1.67 with
simultaneous extrusion of N gas. Nitrogen-based radical of the newly formed Co(IlI)-N 1.67
abstracts the hydrogen from R—H to produce the complex 1.68 with a caged Re radical nearby.
Radical recombination then produces the new C—N bond and release of the cobalt complex
regenerates the active catalyst. Byproduct TrocNH, is produced from homolysis of weak Co-N

bond in aminyl free radical 1.68.
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Scheme 1.9. Mechanism of Co(II) catalyzed intermolecular amination.
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In addition to Co(II)-catalyzed benzylic C—H bond amination, promotion of this reaction
by other metals has been reported as well. In 2010, Powell and Fan'’ described a room-
temperature, copper-catalyzed amination of primary benzylic C—H bonds with primary and
secondary sulfonamides (Scheme 1.10). The reaction is applicable to the coupling of a range of
primary- or secondary benzylic hydrocarbons with a variety of sulfonamides and is tolerant of
substitution on both coupling partners. Compared to electron-rich sulfonamides (1.70, 1.73),
lower yields were obtained with aryl sulfonamides substituted with electron-withdrawing groups
(1.72). In addition to sulfonamide nucleophilicity, steric factors influence the reaction, with the
corresponding N-ethyl (1.74), 4-toluene sulfonamides affording lower yields in comparison to
the N-methyl analogue (1.71). Comparable yields were obtained with a variety of primary
benzylic hydrocarbon coupling partners, including those containing electron-donating (1.76) or

modestly electron-withdrawing substituents (1.75).
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Scheme 1.10. Intermolecular amination of benzylic C—H bond with sulfonamide.

H oy 00 [MeCN],Cu(l)PFg 10 mol % \\ P
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In contrast to the aforementioned metal-nitrene-based amidation reactions, the authors
proposed a mechanism on the basis of the established Kharasch-Sosnovsky reaction that involves

initial formation of a benzylic radical'®

1.79 (Scheme 1.11) generated from oxidation of toluene.
Formation of a C—N bond may then proceed via a transient carbocation 1.80 which was formed

by oxidation of 1.79 with a Cu(I) complex. The author mentioned that further investigation is

required to confirm the assumed mechanism.

Scheme 1.11. Mechanism of Cu(I) catalyzed intermolecular amidation.
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1.4 Iridium Catalysts Promote C—H Bond Functionalization

1.4.1 Iridium Complexes Catalyzed C—H Bond Borylation

Iridium complexes are also widely used for aromatic C—H bond activation processes.
Harwig and co-workers'”'® developed iridium-catalyzed C—H bond borylation (Scheme 1.12).
After examination of a range of iridium precursors and ligands, they identified the combination
of [Ir(COD)(OMe)], and dtbby (4.,4'-di-tert-butyl-2,2'-bipyridine) as the ideal system and
rationalized that the better yields were achieved using [Ir(COD)(OMe)]; instead of [[r(COD)Cl];,
because the more electron-rich iridium complex facilitated the oxidative addition of aromatic C—
H bond. They also proposed that the use of dtbby increased the solubility of the catalyst and
prevented the borylation of the ligand's C—H bonds. Using this optimal catalyst system, they
found the process could be performed with a 1:1 ratio of boron to arene at room temperature.

Scheme 1.12. Iridium-catalyzed aromatic C—H bond borylation.

H 1/5[Ir(OMe)(COD)],/dtbby

Bpin
1 N
Boping + 2 3 mol% - 2 O +  Hp
| _ hexane N
/\R room temperature R
1.82 1.83
| CFs Cl
TSIy Sy G
Cl Cl CN CO,Me
1.84 82% 1.85 82% 1.86 84% 1.87 80%
mein mein mein
S 0] ”
1.88 81% 1.89 83% 1.90 88%

With the optimal catalyst system, the authors reported that the regioselectivity of
aromatic C—H bond borylation was controlled by steric effects. Reactions of symmetrically

substituted 1,2- (1.84) and 1,3-substituted (1.85) arenes formed a single product, since a single
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C—H bond is more sterically accessible than the others. The authors also found that their iridium
catalyst preferred borylation of an aromatic C—H bond instead of oxidative addition of carbon-
halogen bond. The reaction also tolerated typical organic functional group like nitriles (1.86)
and esters (1.87). In contrast to the site-selectivity for the borylation of arenes, the
regioselectivity for the borylation of heteroarenes is largely controlled by electronic effects'™®'*2,
Furans 1.89, pyrroles 1.90, and thiophenes 1.88 undergo reaction at the C—H bond alpha to the
heteroatom.

Studies of the mechanism of the Ir-catalyzed borylation reaction revealed insight into the
identity of several catalytic intermediates (Scheme 1.13). *' © ** The alkene adduct
Ir(dtbpy)(Bpin);(COE) 1.92 was isolated from the stoichiometric reaction was found to be an
active catalyst. This complex was prepared in high yield by the reaction of [[r(COD)(OMe)],
1.91 with HBpin and an excess of cyclooctene, followed by the addition of di-tert-butyl-
bipyridine and slight warming. To accommodate the activity of 1.92, the authors propose that the
catalyst cycle for C—H bond borylation starts from dissociation of alkene from iridium alkene
complex to form 16 electron iridium complex 1.93, which reacts with arene by oxidative addition
or sigma bond metathesis to produce arylboronate ester and an iridium hydride product 1.94. The

iridium hydride product then reacts with B,pin, to form HBpin and regenerate the trisboryl

complex.
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Scheme 1.13. Iridium catalyzed aromatic C—H bond borylation.
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1.4.2 Iridium Complexes Catalyzed Aromatic C—H Bond Silylation

In addition to aromatic C—H bond activation, iridium-catalyzed arene ortho-silylation by

formal hydroxyl-directed C—H activation (Scheme 1.14) was also reported by Hartwig group.”

They reported that ketones 1.95 could be easily transformed in two steps into benzoxasiloles 1.97.

Initially, formation of a (hydrido)silyl ether 1.96 from the reaction of the carbonyl compound or

alcohol catalyzed by [Ir(COD)(OMe)],. Then, subsequent dehydrogenative cyclization at 80 —

100 °C in the presence of norbornene as a hydrogen acceptor and the combination of 1 mol %

[Ir(COD)(OMe)], and 1,10-phenanthroline as a catalyst to form benzoxasiloles.
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Scheme 1.14. Iridium catalyzed aromatic C—H bond silylation.
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The scope of the silylation reaction was investigated by Hartwig and co-workers.
Similarly to the borylation reaction, the authors found that the regioselectivity of this reaction
was controlled by steric interactions. The presence of a substituent at the meta-position of the
aryl ring leads to reaction at the 6-position of 1.98. The silylation could occur with benzylic silyl
ethers derived from secondary alcohols 1.101 or tertiary alcohols 1.100. It even occurs to
generate tricyclic benzoxasiloles 1.102 and its heteroaromatic analogue 1.103. In addition,
substrates bearing bromo- 1.104, and dialkylamino 1.105 groups underwent cyclization in good
yields.

The synthetic utility of resulting benzoxasilole product was investigated by the Hartwig
group. They demonstrated that aryl-aryl bond 1.108 could be obtained from Aryl-Si bond via
Hiyama type coupling®® of the benzoxasiloles 1.106 with aryl halides 1.107 (eq 2). Tamao-

Fleming oxidation®® was also developed to transform Aryl-Si linkage in to Aryl-O bond 1.110 by
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treatment of benzoxasiloles 1.109 with H,O, and KHCO; in THF/MeOH at room temperature

(eq 3).
Scheme 1.15. Synthetic utility of resulting benzoxasilole product.
Me il OH
Pd(OAc),, dcpe,
0 + 2 M aq. NaODH - Me (eq. 2)
Si dioxane, 65 C
Etz CF3 Ar
1.106 1.107 1.108 74%
Me OAc
1) KHCO3, H202 TBSO
TBSO. C \/< THF/MeOH, rt__ Me (eq. 3)
o >
: 2) Ac,0, EtsN,
B, CH,Cly, rt Ohe
1.109 1.110 72%

1.4.3 Iridium Complexes Catalyzed Aliphatic C—H Bond Silylation

In contrast to aromatic C-H bond activation, instances of aliphatic C-H bond
functionalization catalyzed by iridium complexes are rare. Recently, Simmons and Hartwig
reported that aliphatic hydroxyl groups direct a highly selective iridium-catalyzed sp’ C—H bond
functionalization reaction (Scheme 1.16). Starting from their aromatic C—H bond silylation, the
Hartwig group® found if 3,4,7,8-tetramethyl-1,10-phenanthroline®” was used in place of 4,4’-di-
tert-butylpyridine the silylation of aliphatic C—H bonds could be achieved.?® In this procedure, a
single dihydridosilane Et,SiH, not only attaches to the oxygen atom to direct the C—H bond
functionalization but also provide the second hydride for resulting (dihydrido)silyl ether to
conduct dehydrogenative functionalization of a primary C—H bond without isolation of the
intermediate (hydrido)silyl ether. Following the iridium-catalyzed aliphatic C—H bond silylation,
the diol 1.114 was unmasked by treating 1.114 with MeOH, KHCO; and aqueous H,O,. For

purification purposes, the diol was acylated.
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Scheme 1.16. Iridium complex catalyzed aliphatic C—H bond silylation.
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1.114 1.115
The scope of the aliphatic silylation reaction was investigated (Scheme 1.17). The
authors reported that both tertiary 1.118 and secondary 1.120 acyclic alcohols underwent
silylation in good yield. Silylation occurred with phenols 1.119 and cyclic aliphatic alcohols
1.120 in moderate yield. The reaction was reported to be insensitive to the stereochemistry of the
ring fusion in the bicyclic oxasilolane intermediate: trans- 1.120 and cis-2-methylcyclohexanol
1.121 underwent this process in similar yields. A variety of functional groups like ester 1.122

and Cbz-protected amine 1.123 were also tolerated in the process.
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Scheme 1.17. Scope of aliphatic C—H bond silylation catalyzed by iridium complexes.
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1.5 Rhodium(II) Carboxylate Catalyzed C—H Bond Amination

1.5.1 Seminal Study of Rhodium(II) Carboxylate Catalyzed C—-H Bond Amination
Dirhodium(II) carboxylate species are widely used metal catalysts for C—H bond
amination. These complexes were originally noted by Breslow,” and later developed by Miiller,”’
to promote C—H amination using hypervalent iminoiodinanes as nitrenoid precursors. (Scheme
1.18) However, the preparation of iminoiodinanes has been limited to a small subset of

sulfonamide derivatives, thus restricting the synthetic utility of this technology.
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Scheme 1.18. Original study of C—H amination via iminoiodinanes.
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1.5.2 Rhodium(II) Carboxylate Catalyzed Formation of Carbamate and Sulfamate

Che and co-workers first reported that the iminoiodinane species could be prepared
directly with commercial available PhI(OAc), and NH,R (R = Ts, Ns, SO,Me, Scheme 1.19).30
Shortly thereafter, Du Bois and co-workers reported that this in situ preparation of
iminoiodinanes could be used in Rhy(II)-catalyzed C—H bond amination for the oxidative
conversion of carbamates 1.134 to oxazolidinones 1.135. Intramolecular amination at the (-
carbon is preferred with carbamates.’’ Rhodium(II) tetracetate can be used as the catalyst with
certain substrate; in some cases, however, the readily prepared triphenylacetate (tpa) complex
[Rhy(tpa)s], with greater resistance towards oxidation, is a more effective promoter at a 5 mol%
loading. Good yields were reported for benzylic (1.136, 1.137), tertiary (1.138) and ethereal C—

H (1.139) bond.
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Scheme 1.19. C—H amination via in situ generation of iminoiodinanes.
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[a] Exclusive product as determined by 1H NMR spectroscopy of the unpurified reaction mixture; cis stereochemistry
assigned based on 1H coupling constants.

Further explorations of Rh(II) carboxylate catalyzed amination from primary carbamate
in Du Bois group have led to amination using sulfamate esters 1.141.*> (Scheme 1.20) This
uniquely reactive class of compounds affords six-membered ring insertion products 1.142
through exclusive y-C—H bond amination.*® Such findings contrast distinctly the reactions of
carbamates, which the authors ascribe to the elongated S—O and S—N bonds (1.58 A) and the
more obtuse N—S—-O angle (103°) of the sulfamate. Together these attributes more closely match
the metrical parameters of the heterocyclic product.’® If the y-position is blocked, the five-
membered sulfamidate 1.146 was obtained. The authors reported good yields for sulfamates
bearing tertiary 1.143 and benzylic C—H center 1.144. In comparison to carbamate formation,
better yields were reported with sulfamate 1.145, although tertiary C—H bonds react in preference

to secondary C—H bond 1.143.
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Scheme 1.20. Rhodium catalyzed C—H amination with sulfamate as nitrogen source.
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[a] Exclusive product as determined by 1H NMR spectroscopy of the unpurified reaction mixture. [b] 13:1 syn/anti by 'H
NMR. [c] 4:1 syn/anti by "H NMR. [d] Product isolated by crystallization; conversion is >97% from 1H NMR of the
unpurified reaction mixture

1.5.3 Efficient and Versatile Rhy(esp), Catalysts

To enhance the versatility and efficiency of Rh(Il) catalyzed C—-H amination, a novel
Rh(II) carboxylate catalyst was designed and synthesized by Du Bois group.” The authors built
on results reported by Taber’® and Davies®’ for Rh-meditated diazodecomposition reactions
using tetradentate-ligated Rh(II) complexes because they hypothesized that carboxylate
detachment from the dinuclear Rh core accounts for the degradation of catalyst.”® Consequently,
connection of two carboxylate ligands through an appropriate linker would provide additional
stability to the metal complexes. The chelate effect would prevent complete ligand dissociation
from the rhodium center. Rhy(esp), can be readily prepared by substitution of tetramethylated m-
benzenedipropionic acid 1.147 with the trifluoroacetate ligands present on Rhy(O,CCF3)s
(Scheme 1.21). This catalyst has proven to be an exceptionally effective and universal catalyst
for C—H bond amination. For example, quantitative conversion of 1.149 was reported by Du Bois
and co-workers when 1.148 was treated with 0.15 mol % of Rhy(esp).. In contrast, reaction 1.150

with Rh,(0,Ct-Bu),s afforded a complex mixture of products that contained only 20% of
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oxathiazinane 1.151. In general, lower catalyst loading of Rhy(esp), is sufficient to catalyzed
unactive C—H bond amination: only 1 mol % of Rhy(esp), is required for formation of 1.151
whereas 5 mol% of Rhy(O,Ct-Bu)s was necessary to provide the oxathiazinane.

Scheme 1.21. Systhesis of Rhy(esp), and application in C—H amination

Me 0P 0.15 mol% O\\S’/O
COH M HN""0  _catalyst _ HN"°O
Me 2 e y PhI(OAc), Me/{\)
Me Me X0 € Ve MgO, CH,Cl, Me
Me 72 ) . o
~ 1.148 Rh,(O,Ct-Bu), 20%  1.149
Rhy(O,CCF3), O | ___Rh_ Rhi(eszpu Y e
125 °C Rh oL <°
1. 9% M 0. 0O 0.0
Me 64% Ox e N 1 mol% Ny
Me Me Me HNO  _catalyst _ HNTTO
CO,H
: e we > O T e
1.147 1.150 YR 1.151
ha(esp)z ha(Oth-BU)4 15%
Rhy(esp), 90%
5 mol% Rhy(O,Ct-Bu),  75%

Du Bois and co-workers also disclosed that Rhy(esp), can promote intermolecular C—H
bond amination.(Scheme 1.22) They reported that exposure of 1.152, which has been proven to
be robust to Mn, Fe, Ru, Rh and Cu complexes,***’ to 2 mol % of Rhy(esp), generated benzyl
amine 1.153. Similar findings were reported for C-H bond amination of cyclooctane 1.154.
These results are in contrast to the intermolecular experiments performed with 2 mol %

Rh,(0,Ct-Bu)s4, which provides a 20% yield only when 5 equiv of cyclooctane 1.154 was

employed.

23



Scheme 1.22. Rhy(esp); catalyzed intermolecular C—H amination.
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1.5.4 Mechanism Study of Rh(II) Carboxylate Catalyzed C—H Bond Amination

The authors reported a possible mechanism to explain the C-H amination process
(Scheme 1.23).*° Reaction of sulfamate with PhI(OAc), gives iminoiodinane 1.158, which reacts
with Rh(II)-carboxylate to yield rhodium nitrenoid 1.160. Subsequent C—N bond formation
could occur by two different pathways: a concerted insertion of the singlet nitrenoid 1.161 or
hydrogen-atom abstraction with triplet nitrenoid 1.162 followed by radical recombination. Since
treating same substrate with difference rhodium catalysts resulted in different products, Du Bois
and co-workers suggested that the active oxidant is rhodium-bounded nitrenoid 1.160. To
account for why C—H amination at benzylic position 1.164 is disfavored in the reactions
promoted by Rhy(O,CCPhs)s, the authors hypothesized that the remote steric effects between the

substrate and catalyst framework dictates the chemoselectivity of the reaction.

24



Scheme 1.23. Mechanism of rhodium-catalyzed C—H amination.
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Phenyl-substituted cyclopropane 1.167 was prepared to provide insight into the identity

of the reactive intermediates in the C—H bond amination step of the catalytic cycle (Scheme

1.24).*"  The authors reported that exposure of 1.167 to reaction conditions produced the

amination product 1.168 in nearly quantitative yield. The absence of cyclopropane ring-opening

and olefin-containing products,*

for a concerted C—H insertion pathway. Although it is possible to employ radical clocks that
fragment/rearrange at faster rates, Du Bois and co-workers concluded that this radical clock data

together with the Hammett p-value and KIE strongly suggest that Rh(II)-catalyzed C—H bond

amination occurs through a concerted insertion pathway.
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1.6 Application of Aliphatic C—H Bond Amination

Nitrogen-containing heterocycles are ubiquitous motifs of biologically active compounds and
nature product. In the previous sections, several methodologies that form the C—N bond directly
from a C—H bond were presented. To conclude this introductorily chapter, two examples of the
use of C-H bond amination reactions to streamline the synthesis of natural products are
discussed. First, Du Bois and co-workers demonstrated the synthetic utility of their Rh(II)-
amination technology in the synthesis of tetrodotoxin (TTX), the guanidium poison synonymous
with Japanses fugu. Its complex structure consists of a densely oxygenated cyclohexane
framework and bearing unique ortho-acid and guanidine aminal functionalities (Scheme 1.25).*
The application of selective C—H bond amination employing carbamate 1.171 occurs at step 25
in the synthetic sequence with a good yield of 77%. Notably, the insertion is exclusive for the

bridgehead tertiary C—H bond and clearly tolerates several reactive functionality.
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Scheme 1.24. Synthesis of tetrodotoxin.
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Another illustrative example (Scheme 1.26) was reported by Du Bois and co-workers in
their enantioselective synthesis of manzacidin A and C.* This bromopyrrole alkaloid was
isolated as bioactive constituents of the Okinawan sponge, which possess potentially useful
pharmacological activities as serotonin antagonists and actomyosin ATPase activators. The key
optically pure intermediate 1.175 was prepared by sulfamoylation of the alcohol 1.174, obtained
by application of an asymmetric ene reaction from ethyl glyoxylate followed by a
diastereoselective alkene hydrogenation. C—H bond amination proceeded smoothly and
stereospecifically with 2 mol % of Rhy(OAc)s and 1.1 equiv of PhI(OAc), to generate the
crystalline oxathiazinane product 1.176 in 85% yield with retention of configuration. The
heterocycle 1.176 can be activated for facile nucleophilic ring opening to give 1,3-

difunctionalized amine product 1.177. Manzacidin A was obtained after four additional steps.
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Scheme 1.25. Synthesis of manzacidin A.
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1.7 Conclusion

We have described a variety of transition metal-catalyzed C—H bond functionalization
reactions. Among those methods, C—H bond amination reactions are significantly important,
since N-heterocycles are ubiquitous in biologically active nature occurring products,
pharmaceuticals and materials. We have found that, by using azides to transfer N-atoms, we can
avoid adding additives and generate environmentally benign byproduct without pre-activated C—
H bond. In the following chapters, we show that aliphatic azides can be activated by transition
metals and decomposed intramolecularly under mild conditions, to afford indoline. Additionaly,
we also demonstrated that Rhodium carboxylate could promote 2,3-Disubstituted Indoles

formation from B, B-Disubstituted Stryryl Azides.
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Chapter 2. [Ir(COD)(OMe)], Catalyze Benzylic C—H Bond Amination with Aryl Azide

2.1 Introdouction

Research in the Driver group was focused on transforming sp’> C—H bonds into C-N
bonds through the development of transition metal-catalyzed amination reactions of vinyl- or
aryl azides (Scheme 2.1). In 2006, they reported' that rhodium(I) carboxylate complexes
catalyzed the transformation of vinyl azides 2.1 into 2-carboxylate-substituted indoles 2.5.
Formation of benzimidazoles” 2.3 and pyrroles® 2.4 catalyzed by Lewis acid FeBr, as well as
Znl, respectively; Rhy(I)-carboxylate catalyze formation of indole” 2.6, carbazole® 2.7 using aryl
azide 2.2 as nitrogen source. Unfortunately, these catalysts were unable to accomplish aliphatic
C-H bond amination with aryl azide as nitrogen source.

Scheme 2.1. Vinyl- Aromatic C—H bond amination from Driver group.

N
| FeB Rh(Il N
R"@Q\_” Br, R S—co
H PN COzR H
[P X
2.3 36-98% g m/ 2.5 71-98%
S 3

2.1
” E\\(Ar Z N
H
_ 0,
2.4 23-95% ©[N3H 2.6 80-98%

2.2 =
A /
R Are. 27 RO ST\ YR
Z N — - Rq \
" H

2.7 0-98%
A mechanistic study on Rh(II) carboxylate catalyzed carbazole formation provided
insight into how sp>-C—H bond amination occurred and the challenges for sp’~-C—H bond
functionaliztion. One plausible mechanism involved electrophilic aromatic substitution as shown

in the right hand portion of Scheme 13. After coordination of aryl azide 2.8 to rhodium
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complexes, rthodium nitrenoid 2.10 is formed with the release of N,. Carbazole 2.9 is formed
through subsequent electrophilic substitution and rearomatization. While possible a Hammett
study implicated that C-N bond formation occurred through an electrocyclization mechanism
(left hand portion of Scheme 2.2). With the assistance of an R group, intermediate quinoid 2.13
could be formed. C-N bond formation could then occur through a 4-electron-5-atom
electrocyclization via 2.14. A 1,5-hydride shift from 2.15 then afforded the 2.16. Both
mechanisms required conjugated system or aromatic C—-H bond, and no amination of sp® C-H
bond was observed at the corresponding conditions.

Scheme 2.2. Plausible mechanisms for the carbazole formation.

R
R 9 'T‘ H
Q [Rh]© <
_ 2.12
[Rh]@

&
2145 | O 2.11
[RNI© [Rh2(02CR)4] &N

[Rh]
O ‘ RA& O R /
|
[Rh]@ N IR [Tj®'N2
®N7 2.13 O[RN]
2.10

To address this deficiency, we designed an aryl azide in order to identify a transition
metal complex to catalyze benzylic C—H bond amination, aryl azide 2.17 contains two possible
reaction sites (eq. 4): aromatic C—H bond amination produces 7-membered ring diphenylazepine

2.18 or aliphatic C—H bond amination to afford 2-phenyl indoline 2.19. If neither C—H bond
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reacted, we expected to observe decomposition of the aryl azide to afford either the aniline or
oligomerization to produce tar.® Based on our mechanistic study, we expected the aryl C—H bond
to be more reactive than benzylic C-H bond, although 7-membered ring formation is

considerably more difficult than five-membered ring formation.

2.2 Synthesis of Starting Aryl Azides

The requisite aryl azides 2.24 for our study are readily accessible in three steps (Scheme
14) from the commercially available 2-bromoanilines 2.20. The three-step synthesis began with
Sonogashira cross-coupling of 2-bromoaniline 2.20 and acetylene 2.21. Hydrogenation of the
resulting arylacetylene 2.22 produced the corresponding 2-phenylethylarene 2.23. Subsequent
azidation of 2.23 transformed the aniline into aryl azide 2.24.

Scheme 2.3. Preparation of starting aryl azide.

Ar
Br 4
X o PdCl,(PPhs),, Cul X
R t A= ORI, THE. R
NH, 72 NH,
2.20 2.21 80 C 2.22 50-90 %
A A
Hy/Pd @(\/ r NaNO,, NaN; ©\/\/ r
_— >
MeOH, rt NH, H,O/AcOH Na
2.23 2.24 40-80%

over two steps
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2.3 Optimization

The amination chemistry of aryl azide 2.17 C—H was studied by Murata and co-workers
to elucidate the identity of nitrene during the reaction process.’ They reported that the photolysis
of 2-(2-phenylethyl)phenyl azide in cyclohexane exclusively afforded 31% 2-phenylindoline
2.19 with 2% 2-(2-phenylethyl)indole as a by-product. The author proposed that 2.19 was
produced by intramolecular insertion of the nitrene into a -C—H bond of the 2-phenylethyl
group. They also concluded from stereochemical probes that C—H insertion of the nitrenes
proceeds primarily by a hydrogen abstraction—-recombination process. Although, they did not
have enough evidence to identify the spin state of the nitrenes involved in the hydrogen

abstraction.

H

O hv mPh
O hexane N (eq. 2)
N3

217 219

2.3.1 Optimization of Catalysts

To address the poor reaction outcome of the photolysis, we performed experiments aimed
at determining the optimal conditions for transition metal-catalyzed benzylic C-H bond
amination (Table 2.1). Initially, thermolysis of the aryl azide 2.17 at 120 °C provided 20% indole
2.16 as well as 70% indoline 2.19. To lower the temperature of the amination reaction, a series of
metal complexes were screened. A variety of metal complexes (Ru’, Zn®, Fe’, Cu'’, Co"!
complexes), which were known to catalyze nitrenoid chemistry, were not able to provide any of
the desired product. In contrast to our earlier studies—though no surprise based on our
mechanistic experiments—exposure of 2.17 to rhodium(I) complexes resulted in no reaction.

Rhodium(I) complexes, for example, [Rh(COD)(OMe)],, were also found to be incompetent
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catalysts. After extensive screening of metal complexes and conditions, we found that exposure
of 2.17 to [Ir(COD)(OMe)],, at 100 °C temperature, could yield 30% corresponding aniline 2.25,
40% indole 2.26 without observance of any indoline. Surprisingly, only iridium complexes
worked: employment of [Ir(COE),Cl],, Ir(COD)(CsH50;), Ir(COD)(CsHF0,), [Ir(COD)CI],
catalysts could yield indole product. Control experiments established that aniline retarded the

reaction suggesting that coordination of aniline to catalyst would deactivate the catalyst.
Table 2.1. Optimization of indoline formation.

Ph Metal salt mPh mPh
+
Sol 16h N N
N3 H
217 2.19

H

wt %, T yield, %°
entry metal salt mol %  solvent 4 A ©C) (2.25:2.26:
MS 2.19)
1 none n.a. Mesitylene 0 120 90 (0:20:70)
2 none n.a. Mesitylene 0 reflux 90 (0:20:70)
3 none n.a. Mesitylene 0 80 0
4 Rh,(0,CCsF7)4 5 PhMe 100 80 n.r
5 Rh,(0,CCF3)4 5 PhMe 100 80 n.r
6 Rhy(0,CC7H;5)4 5 PhMe 100 80 nr
7 RhCl, 5 PhMe 100 80 n.r
8 [Rh(COD)CI], 5 PhMe 100 80 nr
9 [Rh(COD)(OMe)]» 5 PhMe 100 80 n.r
10 Pd(O,CCF3), 5 PhMe 100 80 nr
11 PdCl,(PPhs), 5 PhMe 100 80 n.r
12 Fe(O,CCHs), 5 PhMe 100 80 n.r
13 FeBrn, 5 PhMe 100 80 n.r
14 Fe(CsH;0,); 5 PhMe 100 80 n.r
15 FeF, 5 PhMe 100 80 nr
16 Znl, 5 PhMe 100 80 n.r
17 Cu(OT9), 5 PhMe 100 80 n.r
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18
19
20
21

22

23
24
25
26
27
28
29
30

AuCl3
Co(Salen)
Ag(0,CCHz)

IrCI(CO)(PPhs),

IrCle(C16H37NP2)

Ir(COD), [B(CsH3F)s]

Indenyl(COD)iridium

(COD)IrCp*

[(COE)zII‘Cl]z

(COD)IY(C5H702)
(COD)Ir(CsHF0,)

[(COD)IrCl],

[(COD)Ir(OMe)]»

wn W W D

()}

PhMe
PhMe
PhMe
PhMe

PhMe

PhMe
PhMe
PhMe
PhMe
PhMe
PhMe
PhMe
PhMe

100
100
100
100

100

100
100
100
100
100
100
100
100

80
80
80
100

100

100
100
100
100
100
100
100
100

n.r
n.r
nr
n.r

44
(44:trace:0)

30 (30:0:0)
34 (34:0:0)
35 (35:0:0)
69 (45:24:0)
57 (35:22:0)
42 (28:14:0)
72 (48:24:0)
70 (30:40:0)

2.3.2 Optimization of Solvents

Optimization was continued by examining the amination reaction in different solvents
(Table 2.2). We found that benzene (entry 8) and toluene gave comparable yields. Lower yields
were obtained with anisole (entry 6) and chlorobenzene (entry 7) as solvents. Employment of
non-aromatic solvent DMF could promote the catalytic reaction as well, although the reaction
conversion was not as good as toluene. Using THF, CHCl; or acetone as solvents resulted in no

reaction with starting aryl azide recovered. We attributed these results to the poor solubility of

the catalysts in these solvents.

Table 2.2. Optimization of reaction solvent.™”

entry

metal salt

mol %

solvent

T

°C)

yield, %°

(2.25:2.26:

2.19)
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8

[(cod)Ir(OMe)],

[(cod)Ir(OMe)]
[(cod)Ir(OMe)].
[(cod)Ir(OMe)]
[(cod)Ir(OMe)].

[(cod)Ir(OMe)],

[(cod)Ir(OMe)],

[(cod)Ir(OMe)],

2

THF

CHCls
Acetone
(CICH»)2

DMF

MeOCgHs

ClICeHs

CsHs

60

60

60

40

40

rt

rt

It

71

(41:20:10)
n.r

45 (28:17:0)

10 (10:0:0)

77 (50:27:0)

74 (22:9:43)

77

(15:10:52)

84 (15:6:63)

“ Reactions performed using Schlenk techniques. ” 16 h reaction time. © As

determined using '"H NMR spectroscopy.

Additionally, the effect of temperature on the reaction was also examined. Table 2.3
shows that formation of the indoline was maximized at room temperature and decreased at
higher temperature. These observations suggest that indoline is rapidly converted to indole via
dehydrogenation at elevated temperatures. Since other iridium complexes such as Ir(COD)CI,
Ir(COD)(CsH70;), Ir(COD)(CsHF¢O,) exhibited no reactivity at ambient temperature we
concluded that [Ir(COD)(OMe)], was the optimal catalyst and 25 °C was the optimal reaction

temperature to selectively achieve benzylic C—H bond amination and the preparation of indolines.

2.3.3 Optimization of Temperature

Table 2.3. Optimization of catalysts and temperature.

entry

metal salt

mol %

Solvent

T

yield, %"
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(°C) (2.25:2.26:
2.19)

1 [(cod)Ir(OMe)], 5 PhMe 100 75 (25:50:0)
2 [(cod)Ir(OMe)]» 5 PhMe 80 91(31:19:41)
3 [(cod)Ir(OMe)], 5 PhMe 60 82 (19:20:43)
4 [(cod)Ir(OMe)], 5 PhMe 40  85(16:16:53)
5 [(cod)Ir(OMe)], 5 PhMe rt 90 (19:13:58)
6 [(cod)IrCl], 5 PhMe Tt 18 (10:8:0)
7 Ir(cod), [B(CsH3F¢)s] 5 PhMe It n.r

8 (cod)Ir(CsH70,) 5 PhMe rt n.r

9 (cod)Ir(CsHF40,) 5 PhMe rt n.r

“ Reactions performed using Schlenk techniques. > As determined using

'"H NMR spectroscopy.

2.3.4 Optimization of Catalysts Loading
Subsequent examination of catalyst loading showed that 2 mol % [Ir(COD)(OMe)], was
equally as effective as 5 mol % [[r(COD)(OMe)], (entry 2) (Table 2.4).

Table 2.4. Optimization of catalyst loading

wt %, . 0, a
entry metal salt mol %  solvent 4 A OT yield, %
°O) 5:6:7)
MS

81

1 [(cod)Ir(OMe)], 2 PhMe 100 60 (18:22:41)
82

2 [(cod)Ir(OMe)] 5 PhMe 10060 10503
75

3 [(cod)Ir(OMe)], 10 PhMe 100 40 (13:17:45)

“ As determined using 'H NMR spectroscopy

2.4 Substrate Scope and Limitations
After determination of the optimal conditions to achieve C—H amination (2 mol % of
[I[r(COD)(OMe)],, toluene, 25 °C), the scope and limitations of the transformation were

investigated (Table 2.5). Examination of scope revealed that the amination is sensitive to the
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electronic nature of aryl azide: indoline formation was arrested when an electron-rich group are
attached (entry 2). Attachment of an electron-withdrawing substituent, such as CFs, however, to
aryl azide provided only the indoline product in high yield (entry 3). Varying the strength of the
electron-withdrawing group affected the yield of indoline, which increased as stronger electron-
withdrawing R'- and R*-groups were added to aryl azide 2.17 (Table 2.2, entries 1-7). In contrast,
the electronic identity of the homobenzylic aryl group did not influence the yield of reaction
(entries 8-11). Changing the electronic identity of the homobenzylic aryl group provided
indolines in similar yields (entry, 7-9). Comparable yields were also observed for these groups
on electron deficient aryl azides (entries 10 and 11). Presently, our Ir(I)-catalyzed reaction is
limited to the amination of secondary benzylic C—H bonds. Substrates with either a secondary
aliphatic C—H bond or a tertiary benzylic C—H bond did not react (entries 12 and 13).

Table 2.5. Scope and limitations of Ir(I)-catalyzed benzylic C—H bond amination.

2

R? R® [(cod)i(OMe)l, R R3 R
WR4 (2mol %) t©j>< Re T
1 H PhH, 25 °C R H R

Iz /g
Py
w

R N;
2.28 2.29 2.30
indoline indole isolated
entry substrate
yield, % yield,% yield, %
Ph
: H
1 Ny 58 11 52
2.17
MeO Ph
H .
2 Y no reaction
N3
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231

2.36

C6H4(4'OMe)
oy
H
N3

2.37

CeHy(4-CF3)
o0
H
N3

2.38

41

91

75

72

81

93

53

59

13

21

13

15

39

81

72

66

71

82

59

60



10

11

12

13

FsC
Fs

CoHa(4-OMe)
L
Ny 81
2.39
CeHa(3-F)
H
H
N3

C 85

2.40

CLY

Me
H
H
2.41
Me

FsC

3 mph

H

N3

2.42

no reaction

no reaction

2.5 [Ir(COD)(OMe)],-Catalyzed Aromatic and Vinyl C—H Bond Amination

A variety of vinyl and aryl azides were examined to determine if [[r(COD)(OMe)], could
catalyze the amination of aryl- or vinyl C—H bonds (Table 2.6). These reactions were set up at
40 °C to compare the reactivity of [Ir(COD)(OMe)], with Rhy(O,CCsF7)s. While all
azidoacrylates 2.1 were unreactive towards [Ir(COD)(OMe)],, indoles or carbazoles are
accessible from the corresponding aryl azide in comparable yields to Rhy(O,CC;F7)s.
Examination of biaryl azides (2.52-2.58) enabled comparison of the selectivity of C—H bond
amination. Enhanced regioselectivity was observed in the reaction of with [Ir(COD)(OMe)], as

compared to Rhy(O,CCsF7)s. Surprisingly in comparison to ortho-phenylethyl-substituted aryl
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azides 2.51, the reactivity of aryl azides 2.51 was not dependent on the electronic nature of their

substituents: substrates bearing strong electron-donating group produced carbazole in decent

yield. The difference implies that a different mechanism (or rate-determining step) is operating

for aromatic N-heterocycle formation than for indoline formation.

Table 2.6. Comparison of catalytic efficiency of Ir(I) versus Rh(II) for aromatic N-heterocycle

formation.

Method A: [(cod)Ir(OMe)],,
(5 mol %), PhH, 40 °C

azide

Method B: ha(OzCC3F7)4,
5 mol %, PhMe, 40 °C

> N-heterocycle

yield, %
entry substrate Hit product Ht
method A : B
CO,Me
A A\
1 m 2.43 m COMe | 244 | nur.:85
cl 3 Cl H
X Ph N
2 J@(\/ 2.45 m 246 | 83:89
FaC N3 FsC H
FsC X Ph FaC \
3 C{V 2.47 m 2.48 91:82
N N
3 H
F;CO x_Ph F3CO N
4 \Ej\/V 2.49 2.50 92 :95
N N
3 H
MeO Ph MeO O
5 C[ 2.51 O 252 | 73:71
N, N
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FsC Ph F\C O
6 \C[ 2.53 O 2.54 79 : 83
N N

F
9 @5
7 2.55 O 2.56 79 : 83
N
N H
CO,Et
a s
8 2.57 O 2.58 77:91
N
N, H
2.60 : 2.61
O Me method A
9 2.59 O 2.60
N F 59% (61:39)

98% (8:92)

F
Method B
O )t | e
N
H

2.6 Mechanistic Study

We theorized that the formation of the indole could occur by one of two pathways
(Scheme 2.4). We anticipated that dehydrogenation of 2.17 followed by iridium-catalyzed vinyl
C-H bond amination would form 2-phenylindole. Alternatively, indole 2.26 could result from
iridium-catalyzed benzylic C-H bond functionalization to generate indoline, followed by
subsequent dehydrogenation. Further examination showed that indole could be accessed from
either route: submission of vinyl azide 2.27 or indoline 2.19 to reaction conditions afforded 2-

phenylindole. Reduction of the reaction time, however, suggested that dehydrogenation of
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indoline accounted for indole 2.26 formation: if reaction was set up for 4 hours, 32% of indoline
2.19 was generated. After 8 hours, only indole was observed. We interpreted this result to
indicate that the reaction may not require as harsh conditions, and we anticipated that shorter
reaction times or lower temperatures might provide a higher yield of the desired indoline.

Scheme 2.4. Potential pathway to generate indoline.

Ph
route A ©\/\/ ______
H
Ph N
! .

219

mph [(COD)OMe)l, _ mph

N PhMe, 100 °C, M.S. N

H H

219 2.26
Sl [I(COD)(OMe)l, mPh

H PhMe, 100 ‘C, M.S. N

N3 H

2.27 2.26

To test the hypothesis of the idea above, the reaction of aryl azide 2.109 in the presence
of [Ir(COD)(OMe)], at room temperature was examined (eq 6). Gratifyingly, 13% indole, 58%
indoline plus 19% aniline were generated. Changing of ligand COD to COE, norbornene, or
norbornadiene turned off the reaction. Other alkoxy groups were also examined, such as OH-,
EtO- and bulky /BuO-, however, all of the modifications shut down amination and all of the
starting aryl azide was recovered. These results emphasize the importance of the metal ligand
combination present in [Ir(COD)(OMe)], to trigger the decomposition of ortho-homobenzyl-

substituted aryl azides at room temperature.
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Ph
m [Ir(COD)(OMe)l, i . ©\/\>—Ph . mPh (eq. 3)
H PhMe, 100 °C, M.S. H N N '

N3 NH, H H
217 2.25 2.26 2.19
4 hours 36% 24% 32%

8 hours 32% 65%

2.6.1 Possible Mechanism via Benzylic C—H Bond Activation

An alternative mechanism than Ir-catalyzed N-atom transfer could account for
heterocycle formation. Because our Ir(I)-catalyzed reaction is limited to the amination of
secondary benzylic C—H bonds, the B-aryl group is necessary for the reaction. One possible
explanation (Scheme 2.5) for this reactivity is that the reaction involves the formation of the #°-
benzyl complex 2.65 in the catalytic cycle. This intermediate could be formed through the
activation of a benzylic C—H bond'? or more likely through aromatic C-H bond activation 2.63
followed by isomerization to the 773-c0mplex 2.65." 1In either case, carbon-nitrogen bond
formation could occur through nucleophilic attack by the proximal azide.

Scheme 2.5. Mechanism through C—H bond activation.

Benzylic C-H Nucleophilic attack
Bond Activation . by azide
~ '_RZ
2.28 A
10 X RN indoli
+ R+ ~ I —— indoline
ZSNO H 2.30
[Ir(COD)(OMe)l, I
L ®N; i
2.62 2.65
isomerization
Aromatic C-H ‘
Bond Activation 1 R2 N1 R2
- R1_ R1_
H —_—
N3 N [ir] Ny sy
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Aryl azide 2.64 bearing o p-deuterated phenyl group was chosen to test the validity of n’
benzyl complex in the catalytic cycle (Scheme 2.6). If the mechanism went through this catalytic
intermediate we anticipated that indolines 2.68, 2.69 and 2.70 would be observed since H/D
exchange occurs readily in electrophilic C—H bond activation.'* In contrast to this expectation,
only 2.68 was detected. This result suggests that a benzylic C—H bond activation/nucleophilic
addition mechanism does not account for N-heterocycle formation.

Scheme 2.6. H/D scrambling study to prove n’- benzyl complex intermediate.

D
D D
[(cod)Ir(OMe)],
2mol% N D |--->
25°C, PhH I Ir\D
F3C N©
®N,
- 2.67 -
D
N N 64
2.68 2.69 2.70

Besides the previous hydrogen-scrambling reaction, two intermolecular competition
reactions were performed to determine if n’-benzylic complex 2.65 was a potential reactive
intermediate (Scheme 2.7). In the first experiment, the rates of reaction between unsubstituted
aryl azide 2.17 and electron-poor aryl azide 2.36 were investigated. If this mechanism was
occurring, less indoline 2.71 was anticipated in the presence of electron-withdrawing CF;
substituents 2.36 since the rate of nucleophilic addition of azide should be attenuated by the
electron-deficient substituent. The second experiment investigated the effect of the electronic
nature of the B-aryl substituent (2.17 versus 2.38). The rate of benzylic C—H bond activation by

iridium complex was expected to be attenuated in 2.38, due to electron deficiency of benzylic C—
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H bond. In contrast to these expectations, aryl azides 2.17 and 2.38 exhibited nearly equal
reactivity toward [(cod)Ir(OMe)], and the more electron deficient 2.36 reacted faster than 2.17.
The two competition reactions indicate that the process of catalytic proceeds through a different
pathway.

Scheme 2.7. Intermolecular competition reaction.

Ph [Ir(COD)( OMe)]2
2.17 2.3

25°C, PhH, 2h

12% conversion 2.19 (1:15) 2.711

(4-CF3)CgH4
21 2.38

8% conversion (-

219 2.72

2.6.2 Possible Pathway via Iridium Nitrenoid Intermidiate

Besides the 7°-benzyl complex, an alternative reaction intermediate is iridium nitrenoid
(Scheme 2.8). The appearance of aniline, a common nitrene decomposition product, also
suggests that mechanism involving an electrophilic iridium nitrenoid is operating. This nitrenoid
2.75 could be produced after coordination of aryl azide (to form a-2.74 or y-2.74) with the
[(cod)Ir(OMe)], and followed by extrusion of N,. Subsequent C—N bond formation could occur
by two different pathways: a concerted insertion of the singlet nitrenoid 2.76 or hydrogen-atom

abstraction with triplet nitrenoid 2.77 followed by radical recombination.
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Scheme 2.8. Proposed mechanism via iridium nitrenoid.

Ar
X
R-- Ar [Ir] J
[ R
= N | _ N H

H 3
2.78 2.73
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of[ir] ®Ny N
2.77 a-2.74 v-2.74 [Ir]
R@r\(Ar N
NG H 2
pZ ’T@
O[lr]
2.75

To determine what kind of iridium nitrenoid existed during the course of C—N bond
formation, a substrate bearing B-cyclopropyl substituent 2.83 was synthesized starting from
phosphonium ylide 2.79 through a Wittig reaction followed by a hydrogenation and subsequent
azidation reaction. (Scheme 2.9). Unfortunately, submission of aryl azide 2.83 to the reaction
conditions (Scheme 2.10) generates a number of products—none of which corresponded to 2.86
or 2.88. Therefore, we cannot obtain any mechanistic information based on this specific reaction.
If triplet nitrenoid 2.84 was involved, cyclopropyl substituent might undergo hydrogen
abstraction, ring opening, and radical recombination to provide olefin aniline and 2-cyclopropyl
indoline. In contrast, only 2-cyclopropyl indoline would be produced if single iridium nitrenoid

2.89 existed.
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Scheme 2.9. Synthesis of B-cyclopropyl substituted aryl azide.

— +
CH—PPh; o _
/@[ + >\ :] nBuLi
THF
FsC NO, H F3C
2.89 2.80
NaNO,/AcOH
FsC NH, NaNs
2.82

\/A
o
NO, Pd/C

2.81 2.42%

N3

2.83

65% over 2 steps

Scheme 2.10. Study to determine nitrenoid type.
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2.6.3 Isotope Effect Study
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With the failure of the cyclopropyl-substituted aryl azide, we anticipated that mechanistic
insight into the identity of the catalytic intermediates would be available from an intramolecular
kinetic isotope study. The required aryl azide-d, 2.94 was synthesized (Scheme 2.11) from
nitroarene 2.90 through a Suzuki cross-coupling reaction followed by reduction with D, using
CD;OD as solvent. Azidation was conducted with sodium nitrite and sodium azide.

Scheme 2.11. Synthesis of substrate for intramolecular isotope effect study.

Br X _Ph
)i;[ - Hops” P _PAPPs)/K,CO; | @\/V Dy, Pd/C
2 - —_—

2

2.90 2.91 2.92
D D
/@f\ﬁ’h NaNO,/AcOH /Cﬁ\(%
D = D
NaN
FsC NH(D), 3 FsC N;
2.93 2.94

To examine the mechanism of C—H bond cleavage, two isotope effect study experiments
were performed (Scheme 2.12). When 2.94 and 2.96° were exposed to reaction conditions,
intramolecular kinetic isotope effects (KIE) of 5.06 and 1.04 were observed to suggest that
different mechanisms or change in the rate-determining step are applied for aryl azides 2.94. Our
measured value for (5.06) is smaller than the intramolecular KIE of the photochemical reaction
of 2.17 (14.7) and is comparable to the KIE measured for the reaction of a rhodium nitrenoid
with cyclohexane. While the photochemical KIE was usually considered as evidence for a triplet
nitrene intermediate, the combination of radical clock studies, Hammett correlation studies with
isotope experiments indicate that the electronic state of the rhodium nitrenoid is a singlet. The

magnitude of our KIE (5.06) is similar to those observed for the Rhy(II)-nitrenoid insertion
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mechanism, but further experiments are necessary to rule out alternative mechanisms, including
one involving a triplet nitrene.

Scheme 2.12. Isotope effect study.

T

i [(cod)Ir(OMe)] P
cod)Ir(OMe)],
Ph 2 mol % . mH(D)
DH o N Ph
F.C . 25°C, PhH,M.S.  F4C N
2.94 Kp/ky = 3.5 2.95
Me D P H H
Rhy(O,CC3F7)4
(o]
CaDs oh 70 °C, PhMe ¥ 5 N
N3 kD/kH =1.01 CeH5 CﬁD5
2.96 2.97 2.98

2.7 Conclusion

Indoline moities are a significantly important class of molecules that constitutes a variety
of biologically active nature products. We have demonstrated that iridium(I)-complexes can
catalyze the functionalization of benzylic C—H bonds to produce indolines from aryl azides at
room temperature. The reaction, however, was largely dependent on the electronic nature of the
reactive intermediates. The mechanism study indicated that the indoline formation could occur
through the nitrenoid intermediate. The resulting mechanistic insight will be exploited in the
development of new asymmetric methods to form N-heterocycles from azides by metal-mediated

nitrogen atom transfer.
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2.8 Experimental

General. 'H NMR and "*C NMR spectra were recorded at ambient temperature using
Bruker DRX 500 or Varian DRX 300 spectrometers. The data are reported as follows: chemical
shift in ppm from internal tetramethylsilane on the 6 scale, multiplicity (br = broad, s = singlet, d
= doublet, t = triplet, q = quartet, m = multiplet), coupling constants (Hz) and integration. High
resolution mass spectra were acquired on a JEOL GCMate II or Thermo Finnigan LTQ FT
spectrometer, and were obtained by peak matching. Melting points are reported uncorrected.
Analytical thin layer chromatography was performed on Sorbent Technologies 0.25 mm extra
hard silica gel plates with UV254 fluorescent indicator. Liquid chromatography was performed
using forced flow (flash chromatography) of the indicated solvent system on Sorbent
Technologies 60A (40 — 60 um) mesh silica gel (SiO,). Medium pressure liquid chromatography
(MPLC) was performed using Thomson SINGLE StEP pumps to force flow the indicated solvent
system down columns that had been packed with Sorbent Technologies 60A (40 — 60 pm) mesh
silica gel (S10,). All reactions were carried out under an atmosphere of nitrogen in glassware,
which had been oven-dried. Unless otherwise noted, all reagents were commercially obtained
and, where appropriate, purified prior to use. Acetonitrile, Methanol, Toluene, THF, Et,O, and
CH,Cl, were dried by filtration through alumina according to the procedure of Grubbs'’. Metal

salts were stored in an MBraun labmaster nitrogen atmosphere dry box.
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2.8.1 Preparation of 2-Alkyl-Substituted Anilines

General Procedure for the Preparation of 2-Alkynyl-Substituted Anilines.

Unless otherwise noted, the 2-alkynyl-substituted anilines were synthesized from

substituted 2-bromoanilines using a Sonagashira reaction (eq. 4).” Yields were not optimized.

Ar

H———Ar P
B
o S (1.2 eqiv) X 7
R | P L R—l (eq. 4)
NH,  PdCly(PPhs), (5 mol %) ZSNH

Cul (2 mol %) 2

To a mixture of PdCIy(PPhs); (5 mol %), Cul (2 mol %), and 1-bromo-2-nitrobenzene
(1.0 equiv) in THF was added phenylacetylene (1.2 equiv) at room temperature. After bubbling
argon through the mixture for 30 minutes, a 3.0 M solution of ethanolamine in HO was added
dropwise. The resulting mixture was heated to reflux for 19 hours and then cooled to room
temperature. The resulting mixture was extracted with 3 x 5 mL of CH,Cl,. The organic extracts
were washed with 1 x 10 mL of brine. The resulting organic phase was dried over Na,SO4 and
filtered. The filtrate was concentrated in vacuo. Purification by MPLC (1:50 — 10:90

EtOAc:hexanes) afforded the product.

Syntheses of 2-Alkynyl-Substituted Arenes
Ph

@K
NO,

2.99
1-Nitro-2-(phenylethynyl)benzene (2.99). The representative procedure was followed

using 0.035 g of PACl,(PPh;), (0.05 mmol), 0.004 g of Cul (0.02 mmol), 0.202 g of 1-bromo-2-

nitrobenzene (1.0 mmol), 0.13 mL of phenylacetylene (1.2 mmol), 6.0 mL THF and 4.0 mL of a
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3.0 M solution of ethanolamine (12.0 mmol) in water. Purification by MPLC (0:100 — 2:98
EtOAc: hexanes) afforded the product as a yellow solid (0.177 g, 76%): R¢= 0.68 (14:86 EtOAc:
hexane); mp 37-40 °C; The spectral data matched that reported by Driver and co-workers:' 'H
NMR (500 MHz, CDCls): 6 8.04 (d, J = 8.5, 1H), 6 7.74 (d, J = 8.0, 1H), 7.54 —7.60 (m, 3H),
7.35-7.43 (m, 4H); >C NMR (125 MHz, CDCls): § 149.5, 134.6, 133.0, 132.1 (2C), 129.3 128.7,

128.5, 124.7, 122.4, 118.7, 97.2, 84.9; IR (thin film): 2219, 1608, 1522, 1342, 748, 757, 689 cm™

MeO\CK
NH

2
2.100
Aniline 2.100. The representative procedure was followed using 0.350 g of PdCl,(PPh3),

1

Ph

(0.5 mmol), 0.038 g of Cul (0.2 mmol), 2.01 g of 2-bromo-4-methoxybenzenamine (10.0 mmol),
1.32 mL of phenylacetylene (12.0 mmol), 60.0 mL THF and 40.0 mL of a 3.0 M solution of
ethanolamine (120.0 mmol) in water. Purification by MPLC (1:100 — 10:90 EtOAc: hexanes)
afforded the product as a brown oil (1.81 g, 81%): Ry= 0.44 (14:86 EtOAc: hexane). 'H NMR
(500 MHz, CDCl3): 7.54 — 7.56 (m, 2H), 7.36 — 7.37 (m, 3H), 6.95 (d, J = 3 Hz, 1H), 6.80 (dd, J
=3 Hz, 9 Hz, 1H), 6.69 (d, J = 9 Hz, 1H), 4.44 (s, 2H), 3.77 (s, 3H); °C NMR (125 MHz,
CDCls): 6 151.9, 142.1, 131.5 (2C), 128.5 (2C), 128.4, 123.2, 117.5, 116.0, 115.8, 108.6, 94.7
86.1, 55.9; IR (thin film): 3456, 3365, 1601, 1500, 1421, 1336, 1284, 1227, 1146, 1038, 816, 756,

690 cm . HRMS (EI) m / z caled for C1sH;30N (M) 223.09972, found 233.09961.

F3CO\©\/
NH

2
2.101

Ph
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Aniline 2.101. The representative procedure was followed using 0.350 g of PdCI,(PPhs),
(0.5 mmol), 0.038 g of Cul (0.2 mmol), 2.56 g of 2-bromo-4-(trifluoromethoxy)benzenamine
(10.0 mmol), 1.32 mL of phenylacetylene (12.0 mmol), 60.0 mL THF and 40.0 mL ofa 3.0 M
solution of ethanolamine (120.0 mmol) in water. Purification by MPLC (0:100 — 5:95 EtOAc:
hexanes) afforded the product as a light yellow powder (2.31 g, 83%): R¢= 0.52 (14:86 EtOAc:
hexane); mp 84-86 °C; 'H NMR (500 MHz, CDCls): & 7.57 — 7.59 (m, 2H), & 7.38 — 7.39 (m,
3H), 7.28 (s, 1H), 7.04 (d, J =9 Hz, 1H), 6.68 (d, J = 8.5 Hz, 1H), 4.34 (s, 2H); °C NMR (125
MHz, CDCl;): 6 146.8, 140.4, 131.6 (2C), 128.8, 128.6 (2C), 124.8, 123.3, 122.7, 120.0 (q, Jcr =
297.5 Hz), 114.9, 108.5, 95.7, 84.7; '’F NMR (CDCls, 282 MHz) § —59.0; IR (thin film): 3459,
3340, 1619, 1497, 1255, 1144, 879, 756, 691 cm . HRMS (EI) m / z caled for C;sH gONF; (M)

277.0715, found 277.0713.

Ph

@K
F NH,

2.102
Aniline 2.102."° The representative procedue was followed using 0.350 g of PACl,(PPhs),

(0.5 mmol), 0.038 g of Cul (0.2 mmol), 1.902 g of 2-bromo-4-fluorobenzenamine (10.0 mmol),
1.32 mL of phenylacetylene (12.0 mmol), 60.0 mL THF and 40.0 mL of a 3.0 M solution of
ethanolamine (120.0 mmol) in water. Purification by MPLC (1:100 — 5:95 EtOAc: hexanes)
afforded the product as a yellow solid (1.734 g, 81%): R¢= 0.67 (14:86 EtOAc: hexane); mp 66-
68 °C; The spectral data matched that reported by Sakai and co-workers:> '"H NMR (500 MHz,
CDCl): 6 7.52 — 7.54 (m, 2H), 6 7.36 — 7.39 (m, 3H), 7.08 (m, 1H), 6.88 (m, 1H), 6.67 (m, 1H),
4.15 (s, 2H); °C NMR (125 MHz, CDCls): & 155.2 (d, Jer = 235.1 Hz), 114.2, 131.6, 128.6,

128.5, 122.8, 117.8 (d, Jer = 22.1Hz), 116.9 (d, Jor = 23.5 Hz), 115.3 (d, Jop = 7.9 Hz), 118.7 (d,
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Jer = 8.0Hz), 95.4, 85.0; "°F NMR (CDCls, 282 MHz) & ~127.24; IR (thin film): 3462, 3374,

2362, 1616, 1498, 1429, 1196, 1138, 881, 812, 756, 690 cm .

NH

2
2.103
Aniline 2.103. "7 The representative procedure was followed using 0.350 g of

Ph

PdCIy(PPhs), (0.5 mmol), 0.038 g of Cul (0.2 mmol), 238 g of 2-bromo-4-
(trifluoromethyl)benzenamine (10.0 mmol), 1.32 mL of phenylacetylene (12.0 mmol), 60.0 mL
THF and 40.0 mL of an 3.0 M solution of ethanolamine (120.0 mmol) in water. Purification by
MPLC (1:100 — 5:95 EtOAc: hexanes) afforded the product as a yellow powder (2.28 g, 88%)):
R¢=0.72 (14:86 EtOAc: hexane). mp 81-82 °C. The spectral data matched that reported by Ye
and co-workers:* '"H NMR (500 MHz, CDCls): 6 7.65 (s, 1H), 7.54 —7.56 (m, 2H), 7.38 —7.40 (m,
4H), 7.74 (d, 8.5Hz, 1H), 4.59 (s, 2H); *C NMR (125 MHz, CDCl;): & 150.2, 131.6 (2C), 129.5
(q, Jor = 3.4 Hz), 128.7, 128.5, 126.6 (q, Jcr = 3.4 Hz), 124.4 (q, Jor = 268.0 Hz), 122.7, 119.8
(q, Jer = 32.1 Hz), 113.7, 107.5, 95.7, 84.4; "’F NMR (CDCl;3, 282 MHz) & —62.0; IR (thin film):

3458, 3361, 1623, 1575, 1507, 1428, 1336, 1276, 1107, 909, 827, 760, 691, 644 cm ™",

Br Suzuki coupllng Ph X Ph
A OH (q.5)
cl NO, Ph™ ¢

Ho
2.104 2.105

E-4-chloro-2-nitro-1-styrylbenzene 2.104. To a mixture of 1.043 g of trans-2-
phenylvinylboronic acid (7.0 mmol), 0.571 g of Pd(PPhs)s (0.5 mmol) and 3.2 g of K,CO; (4.0
equiv) in a 30 mL PhMe, 12 mL EtOH, and 6 mL H,O was added 1.18 g of 1-bromo-4-chloro-2-
nitrobenzene (5.0 mmol). The resultant mixture was then purged with N, and refluxed. After 24 h,

the mixture was cooled to room temperature and diluted with 50 mL of NH4Cl and 20 mL of
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CH,Cl,. The phases were separated and the resulting aqueous phase was extracted with an
additional 2 x 30 mL of CH,Cl,. The combined organic phases were washed with 1 x 30 mL of
brine. The resulting organic phase was dried over Na,SO4, and was concentrated in vacuo.
Purification via MPLC (0:100 — 15:85 EtOAc:hexanes) afforded the s6 as a yellow oil (1.14 g,
89%): Ry=0.71 (14:86 EtOAc: hexane); '"H NMR (500 MHz, CDCl3):  7.95 (d, J = 2.5 Hz, 1H),
7.71 (d, J= 8.5 Hz, 1H), 7.57 (d, J = 2.5 Hz, 1H), 7.52 — 7.55 (m, 3H), 7.38 — 7.41 (m, 2H), 7.32
—7.35 (m, 1H), 7.08 (d, J = 16 Hz, 1H); °C NMR (125 MHz, CDCls): & 148.0, 136.2, 134.5,
133.5, 133.3, 131.6, 129.3, 128.9 (2C), 127.2, 124.9, 122.3; IR (thin film): 1628, 1526, 1449,
1346, 1256, 1151, 1110, 962, 891, 819, 764, 694, 533 cm™'. HRMS (EI) m / z calcd for

C14H100,NCI (M)" 259.0400, found 259.0399.

Aniline 2.105 was obtained by reduction of nitro group following the method reported by
Driver and co-workers.' To a solution of 1.07 g 2.104 (4.00 mmol) in 12 mL of absolute ethanol
was added 12 mL of glacial acetic acid and 0.44 g of iron powder (16.0 mmol). The mixture was
heated to reflux. After 3 h, the crude mixture was cooled and filtered through a pad of Celite.
The filtrate was concentrated in vacuo. Purification via MPLC (0:100 — 5:95 EtOAc:hexanes)
afforded s7 as a light yellow solid (0.60 g, 65%): R¢= 0.56 (14:86 EtOAc: hexane); mp 92 —
94 °C; 'TH NMR (500 MHz, CDCl3): & 7.56 (d, J= 8.0 Hz, 2H), 7.42 — 7.45 (m, 2H), 7.36 (d, J =
7.5 Hz, 2H), 7.11 (d, J = 16 Hz, 1H), 7.01 (d, J = 16 Hz, 1H), 6.83 (d, J = 8.5 Hz, 1H), 6.73 (s,
1H), 3.88 (s, 2H); °C NMR (125 MHz, CDCL): & 145.1, 137.4, 134.0, 130.8, 128.9, 128.4,
127.9, 126.6, 123.2, 122.4, 119.2, 115.9; IR (thin film): 3358, 1633, 1560, 1458, 1421, 1254, 967,
856, 805, 757, 691, 511 cm™'. HRMS (EI) m / z caled for C14H,NCl (M)™ 229.06582, found

229.06563.
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Ph

Q\/
F3C NH

2
2.106
Aniline 2.106. The representative procedure was followed using 0.350 g of PdCIy(PPhs),

(0.5 mmol), 0.038 g of Cul (0.2 mmol), 2.386 g of 2-bromo-5-(trifluoromethyl)benzenamine
(10.0 mmol), 1.32 mL of phenylacetylene (12.0 mmol), 60.0 mL THF and 40.0 mL of an 3.0 M
solution of ethanolamine (120.0 mmol) in water. Purification by MPLC (1:100 — 5:95 EtOAc:
hexanes) afforded the product as a yellow powder (2.37 g, 91%): R¢= 0.69 (14:86 EtOAc:
hexane); mp 79 — 80 °C; "H NMR (500 MHz, CDCls): & 7.54 — 7.56 (m, 2H), 7.45 (d, J= 8.5 Hz,
1H), 7.38 — 7.39 (m, 3H), 6.95 — 6.96 (m, 2H) 4.46 (s, 2H); °C NMR (125 MHz, CDCl;): &
147.8,132.6, 131.6 (2C), 131.5 (q, Jer =31.1 Hz), 128.8, 128.5, 124.0 (q, Jcr = 270.0 Hz), 122.7,
114.3 (q, Jor = 3.5 Hz), 111.2, 110.7 (q, Jcr = 4.6 Hz), 96.5, 84.6; '°F NMR (CDCls, 282 MHz)
0 —62.0; IR (thin film): 3459, 3366, 1621, 1331, 1346, 1250, 1169, 1108, 873, 822, 759, 692 cm™

' HRMS (EI) m / z calcd for C;sH;oNF3 (M)* 261.0765, found 261.0765.

l OMe

=

O NH,

2.107
Aniline 2.107. '® The representative procedure was followed using 0.350 g of

PdCl,(PPhs), (0.5 mmol), 0.038 g of Cul (0.2 mmol), 2.65 g of 2-bromobenzenamine (10.0
mmol), 1.58 g of 1-ethynyl-4-methoxybenzene (12.0 mmol), 60.0 mL THF and 40.0 mL of an
3.0 M solution of ethanolamine (120.0 mmol) in water. Purification by MPLC (1:100 — 5:95
EtOAc: hexanes) afforded the product as a yellow solid (1.48 g, 67%): Re= 0.42 (14:86 EtOAc:

hexane); mp 104 — 105 °C. The spectral data matched that reported by Fujioka and co-workers:’
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'"H NMR (500 MHz, CDCL): § 7.47 (d, J = 9.0 Hz, 2H), 7.35 — 7.37 (m, 1H), 7.12 — 7.15 (m,
1H), 6.89 (d, J = 9.0 Hz, 2H), 6.73 (d, J = 8.0 Hz, 2H), 4.26 (s, 2H), 3.82 (s, 3H); °C NMR (125
MHz, CDCLy): § 159.6, 147.7, 133.0 (2C), 132.0, 129.5, 118.0, 115.5, 114.3, 114.1, 108.4, 94.7,
84.5, 55.4; IR (thin film): 3483, 3384, 1611, 1566, 1508, 1489, 1454, 1313, 1287, 1246, 1174,

1106, 1025, 833, 751 cm .

=

O CF5
‘ NO,

2.108
1-nitro-2-((4-(trifluoromethyl)phenyl)ethynyl)benzene 2.108. ¥ The representative

procedure was followed using 0.362 g of PdCl,(PPhs3), (0.05 mmol), 0.041 g of Cul (0.02 mmol),
2.23 g of 1-bromo-2-nitrobenzene (1.0 mmol), 2.04 g of 1-ethynyl-4-(trifluoromethyl)benzene
(12.0 mmol), 60.0 mL THF and 40.0 mL of an 3.0 M solution of ethanolamine (12.0 mmol) in
water. Purification by MPLC (0:100 — 2:98 EtOAc: hexanes) afforded the product as a yellow
solid (2.45 g, 92%): R¢= 0.65 (14:86 EtOAc: hexane); mp 46 — 48 °C; The spectral data matched
that reported by Yoakim and co-workers: "H NMR (500 MHz, CDCls): & 8.03 (d, J = 8.0 Hz, 1H),
7.61 — 7.64 (m, 3H), 7.53 — 7.57 (m, 3H), 7.42 — 7.45 (m, 1H); *C NMR (125 MHz, CDCl3): &
149.5, 134.7, 133.0, 132.2 (2C), 130.6 (q, Jcr = 32.9 Hz), 129.2, 126.2, 125.3 (q, Jcr = 3.3 Hz),
124.8, 123.9 (q, Jer = 270.1 Hz), 117.9, 95.1, 87.0; "’F NMR (CDCls, 282 MHz) & —63.5; IR

(thin film): 1611, 1568, 1532, 1321, 1172, 1128, 1064, 1017, 841, 786, 745, 688, 662, 596 cm .
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i OMe

=

FsC ‘ NH,

2.109
Aniline 2.109. The representative procedure was followed using 0.350 g of PdCI,(PPhs),

(0.5 mmol), 0.038 g of Cul (0.2 mmol), 2.65 g of 2-bromo-5-(trifluoromethyl)benzenamine (10.0
mmol), 1.58 g of 1-ethynyl-4-methoxybenzene (12.0 mmol), 60.0 mL THF, and 40.0 mL ofa 3.0
M solution of ethanolamine (120.0 mmol) in water. Purification by MPLC (1:100 — 5:95 EtOAc:
hexanes) afforded the product as a yellow solid (1.95 g, 67%): Ry= 0.52 (14:86 EtOAc: hexane);
mp 128 — 131 °C; '"H NMR (500 MHz, CDCls): & 7.46 —7.49 (m, 2H), 7.42 (d, J= 8.5 Hz, 1H),
6.93 — 6.94 (m, 2H), 6.89 — 6.91 (m, 2H), 4.44 (s, 2H), 3.84 (s, 3H); °C NMR (125 MHz,
CDCl): 6 160.0, 147.6, 133.1 (2C), 132.4, 131.0 (q, Jcr = 32.8 Hz), 124.0, (q, Jcr = 270.1 Hz),
114.7, 114.3 (q, Jor = 3.6 Hz), 114.2 (2C), 111.6, 110.6 (q, Jcr = 3.5 Hz), 96.6, 83.3, 55.4; '°F
NMR (CDCl;, 282 MHz) 6 —63.6; IR (thin film): 3465, 3371, 1616, 1500, 1439, 1336, 1246,
1167, 1026, 876, 843, 739, 665 cm'. HRMS (EI) m / z caled for Ci¢H,ONF3 (M)™ 291.0871,

found 291.0870.

(I,

=

FsC ‘ NH,

2.110
Aniline 2.110. The representative procedure was followed using 0.350 g of PdCIy(PPhs),

(0.5 mmol), 0.038 g of Cul (0.2 mmol), 2.42 g of 2-bromo-5-(trifluoromethyl)benzenamine (10.0
mmol), 1.46 g of 1-ethynyl-3-fluorobenzene (12.0 mmol), 60.0 mL THF and 40.0 mL of a 3.0 M
solution of ethanolamine (120.0 mmol) in water. Purification by MPLC (1:100 — 5:95 EtOAc :
hexanes) afforded the product as a light yellow powder (2.16 g, 77%): R¢= 0.73 (14:86 EtOAc :
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hexane); mp 46 — 48 °C; 'H NMR (500 MHz, CDCls): § 7.46 (d, J = 8.0 Hz, 1H), 7.34 -7.37 (m,
2H), 7.25 - 7.27 (d, J = 9.0 Hz, 1H), 7.09 — 7.11 (m, 1H), 6.97 — 6.99 (m, 2H), 4.48 (s, 2H); *C
NMR (125 MHz, CDCL): § 162.4 (d, Jop = 244.3 Hz), 148.0, 132.7, 131.7 (q, Jor = 32.6 Hz),
130.1 (d, Jop = 8.0 Hz), 127.5, 124.5 (d, Jop = 9.4 Hz), 124.0 (q, Jer = 270.1 Hz), 118.4 (d, Jor =
22.4 Hz), 116.1 (d, Jor = 21 Hz), 114.3 (q, Jer = 3.5 Hz), 110.8 (q, Jor = 3.4 Hz), 110.6, 95.2,
85.5; "’F NMR (CDCls, 282 MHz) & —63.8, —112.9; IR (thin film): 3479, 3399, 1620, 1578, 1441,
1341, 1170, 1118, 915, 868, 813, 784, 679 cm™'. HRMS (EI) m / z caled for CisHoNF, (M)

279.0671, found 279.0671.

OMe Me Me Me
H—Bi iMe /OJS<Me
FsC Br 0" “Me FaC B~y "Me
dppf)PdCI > (ed. 9)
NH2 ( pp) 2 NH2

2111

Aniline 2.111. To a mixture of 1.19 g of 2-bromo-5-(trifluoromethyl)benzenamine (5.0
mmol), 2.09 mL Et;N (20.0 mmol), 0.185 g (dppf)PdCl, (0.25 mmol) in 15 mL 1,4-dioxane, was
added dropwise 2.20 mL 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (15.0 mmol). The resultant
mixture was heated to 100 °C. After Sh, the mixture was cooled to room temperature and diluted
with 20 mL NH4CI. The resulting aqueous phase was extracted with an additional 2 x 20 mL of
CH,Cl,. The combined organic phases were washed with 1 x 30 mL of brine. The resulting
organic phase was dried over Na,SO4, and was concentrated in vacuo. Purification via MPLC
(0:100 — 2:100 EtOAc:hexanes) afforded the product as a light yellow powder (0.98 g, 66%): R
=0.61 (14:86 EtOAc: hexane); mp 46 — 48 °C; 'H NMR (500 MHz, CDCls): 6 7.87 (s, 1H), 7.42
(d, J = 8.5 Hz, 1H), 6.59 (d, J = 8.5 Hz, 1H), 5.11 (s, 2H), 1.36 (s, 12H); °C NMR (125 MHz,

CDCly): & 156.2, 134.2 (q, Jer = 3.6 Hz), 129.5 (q, Jor = 3.1 Hz), 125.1 (q, Jor = 268.3 Hz),
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118.4 (q, Jor = 31.3 Hz), 114.2, 84.0, 24.9 (4C); "°F NMR (CDCls, 282 MHz) § —61.6; IR (thin
film): 3473, 3396, 2979, 2936, 1624, 1570, 1438, 1372, 1246, 1168, 1146, 1084, 962, 854, 817,

747,679 cm'. HRMS (EI) m / z caled for C13H7NO,BF; (M)™ 287.1304, found 287.1304.

Me Me
(eq. 6)
A T N 0T

2112

OHC

(E)-2-phenylprop-1-enyl trifluoromethanesulfonate 2.112. To a mixture of 1.32 mL 2-
phenylpropanal (10.0 mmol) and 2.65 mL 2,6-di-tert-butylpyridine (12.0 mmol) in 40 mL 1,2-
dichloroethane was added 1.85 mL triflatic anhydride (11.0 mmol). The resultant mixture was
heated to 70 °C. After 2h, the mixture was cooled to room temperature and diluted with 40 mL
CH,Cl,. The resulting aqueous phase was extracted with an additional 2 x 30 mL of CH,Cl,. The
combined organic phases were washed with 1 x 30 mL of brine. The resulting organic phase was
dried over Na,SO4, and was concentrated in vacuo to afford 2.53 g of crude triflate 2.112.

Me Me Me
0 Me

B Ph
F3C\|©[ (o) Me 2112 . m H2 F3C\(>\/\‘/Ph (eq 7)
- € > Me :
NH, (dppf)PACl, NH, Pd/C N

2111 2113 2114

Aniline 2.113. To a mixture of 0.919 g of boronic ether 2.111 (3.2 mmol), 0.261 g
(dppf)PACI; (0.32 mmol) in 40 mL 1,4-dioxane was added 8 mL of a 3M solution of NaOH in
water followed by 1.36 g of crude triflate 2.112 (5.12 mmol). The resultant mixture was heated
to 80 °C. After 12 h, the mixture was cooled to room temperature and filtrated through a pad of
Celite. The filtrate was diluted with 20 mL saturated NH4Cl and extracted with an additional 2 x
30 mL of CH,Cl,. The combined organic phases were washed with 1 x 30 mL of brine. The

resulting organic phase was dried over Na,SOs, and was concentrated in vacuo to afford 1.32 g
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of aniline 2.113, which was submitted to the subsequent hydrogenation step without further

purification.

To a mixture of 1.32 g of aniline 2.113 and 0.540 g of Pd/C (Pd, 10 wt % on carbon
powder) in 40 mL of THF was added a balloon of H,. After 16 h, the reaction mixture was
filtered and the resulting filtrate was concentrated in vacuo. Purification by MPLC (0:100 — 5:95
EtOAc:hexane) afforded 0.530 g of aniline 2.114 as a yellow oil (1.76 mmol, 59% over two
steps). Re= 0.57 (14:86 EtOAc: hexane). '"H NMR (500 MHz, CDCl3): & 7.19 — 7.31 (m, 7H),
6.64 (d, J= 8.5 Hz, 1H), 3.67 (s, 2H), 3.05 — 3.09 (m, 1H), 2.73 — 2.82 (m, 2H), 1.34 — 1.36 (m,
3H); C NMR (125 MHz, CDCL): & 147.6, 146.4, 128.6, 128.0 (q, Jor = 2.2 Hz), 126.9, 126.5,
124.9 (q, Jor = 268.3 Hz), 124.6, 124.4 (q, Jcr = 3.8 Hz), 120.2 (q, Jcr = 32.5 Hz), 115.0, 40.6,
39.4, 21.3; "F NMR (CDCls, 282 MHz) § —61.7. IR (thin film): 3487, 3398, 1628, 1513, 1330,

1146, 1109, 908, 823, 762, 701, 627 cm . HRMS (EI) m / z caled for Ci¢H sNF3 (M) 279.1235,

o
FsC NO

2
2.115

found 279.1231.

(E)-2-nitro-1-styryl-4-(trifluoromethyl)benzene 2.115. To a mixture of 1.06 g of trans-
2-phenylvinylboronic acid (7.0 mmol), 0.582 g of Pd(PPhs)4 (0.5 mmol) and 3.2 g of K,COs5 (4.0
equiv) in 30 mL of PhMe, 12 mL of EtOH, and 6 mL H,O was added 1.38 g of 1-bromo-2-nitro-
4-(trifluoromethyl)benzene (5.0 mmol). The resultant mixture was then purged with N, and
refluxed. After 24 h, the mixture was cooled to room temperature and diluted with 50 mL of
NH4CI and 20 mL of CH,Cl,. The phases were separated and the resulting aqueous phase was

extracted with an additional 2 x 30 mL of CH,Cl,. The combined organic phases were washed
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with 1 X 30 mL of brine. The resulting organic phase was dried over Na,SO4, and was
concentrated in vacuo. Purification via MPLC (0:100 — 15:85 EtOAc:hexanes) afforded the
product as a yellow oil (1.13 g, 77%): R¢=0.73 (14:86 EtOAc:hexane); mp 72 — 73 °C; '"H NMR
(500 MHz, CDCls): 6 8.23 (s, 1H), 7.90 (d, /= 8.0 Hz, 1H), 7.82 (d, J=9.0 Hz, 1H), 7.46 (d, J =
16 Hz, 1H), 7.55 — 7.57 (m, 2H), 7.35 — 7.42 (m, 3H), 7.18 (d, J= 16.5 Hz, 1H); °C NMR (125
MHz, CDCls): 6 147.6, 136.4, 136.3, 135.9, 130.1 (q, Jor = 34.8 Hz), 129.4 (q, Jcr = 2,8 Hz),
129.3, 129.0, 128.9, 127.4 (2C), 123.0 (q, Jer = 270.8 Hz), 122.3 (q, Jcr = 4.5 Hz), 119.7; °F
NMR (CDCls, 282 MHz) 8 —63.3; IR (thin film): 1623, 1566, 1530, 1490, 1328, 1122, 961, 902,
827, 764, 689, 525 cm™', HRMS (EI) m / z caled for C;sH;0O,NF; (M)™ 293.06636, found

293.06684.

2.8.2 Preparation of 2-Alkyl-Substituted Aryl Azides.

General Procedure for the Preparation of 2-Alkyl-Substituted Aryl Azides.

Unless otherwise noted, the 2-alkyl-substituted aryl azides were synthesized from
substituted 2-bromoanilines through a two-step procedure of hydrogenation followed by a

diazotization-azidation sequence.' (s4). Yields were not optimized.

Ar
/
/
R—I/ — > R—./ - e R—./ (eq. 8)
NH, NH NaN3 N

2 3

A mixture of aniline and Pd/C (Pd, 10 wt % on carbon powder) in THF were vigorously

stirred at room temperature under a hydrogen atmosphere. After 20 h, visualization of the
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reaction progress using thin layer chromatography indicated consumption of the starting material.

The mixture was then filtered through a pad of Celite to afford crude 2-phenethylbenzenamine.

To a cooled mixture (0 °C) of the crude aniline (1.0 equiv) in a 50:50 mixture of AcOH
and H,O (by volume) was added NaNO, (1.2 equiv). After 2h, NaNj3 (1.4 equiv) was added
portionwise to the reaction mixture. The resulting mixture was warmed to room temperature.
After 0.5 h, the reaction mixture was diluted with 30 mL of water and 30 mL of CH,Cl,. To the
resulting biphasic mixture was slowly added Na,COs until the pH of the solution was seven. The
phases were separated, and the resulting aqueous phase was extracted with an additional 2 x 30
mL of CH,Cl,. The combined organic phases were washed with 1 x 20 mL of distilled water
and 1 x 20 mL of brine. The resulting organic phase was dried over Na,SO4 and the

heterogeneous mixture was filtered. The filtrate was concentrated in vacuo. Purification by

MPLC (0:100 — 5:95 EtOAc:hexane) afforded azide.

Syntheses of 2-Alkyl-Substituted Aryl Azides.

Ph

Z Ph Ph
H,, Pd/C NaNO,
e i (eq. 9)
N02 NH2 NaN3 N3
2.99 2.116 217

Azide 2.17 *° The representative hydrogenation procedure was followed using 0.652 g of
2.99 (2.90 mmol) and 0.200 g of Pd/C in 20 mL of THF to afford 0.660 g of aniline 2.116. The
representative procedure for the diazotization-azidation sequence was followed using 0.660 g of
the crude aniline (2.116, 2.9 mmol), 20.0 mL of acetic acid, 20.0 mL of H,O, 0.240 g of sodium
nitrite (3.48 mmol, 1.2 equiv), and 0.266 g of sodium azide (4.09 mmol, 1.41 equiv). Purification
by MPLC (0:100 — 5:95 EtOAc:hexane) afforded azide 2.17 as a yellow liquid (0.414 g, 63%,
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two steps): Rg= 0.68 (hexane). The spectral data matched that reported by Murata and co-
workers:” "H NMR (500 MHz, CDCl3): & 7.36 — 7.39 (m, 2H), 7.27 — 7.33 (m, 4H), 7.19 — 7.23
(m, 2H), 7.11 — 7.14 (m, 1H), 2.96 (m, 4H); °C NMR (125 MHz, CDCl;): & 141.8, 138.1, 133.3,
130.7, 128.6, 128.4, 127.6, 126.1, 124.8, 118.2, 36.8, 33.9; IR (thin film): 2120, 1580, 1489,

1451, 1285, 750, 698, 653 cm .

Ph

MeO Z MeO Ph MeO Ph
H,, Pd/C NaNO,
L AN . (eq. 10)
NH, NH, NaNj N3
2.100 2117 2.31

Azide 2.31. The representative hydrogenation procedure was followed using 1.291 g of
aniline 2.100 (5.79 mmol) and 0.467 g of Pd/C in 40 mL of THF to afford 1.178 g of aniline
2.117. The representative procedure for the diazotization-azidation sequence was followed using
1.178 g of aniline 2.117 (5.18 mmol), 50 mL of acetic acid, 50 mL of H,O, 0.454 g of sodium
nitrite (6.57 mmol, 1.27 equiv), and 0.498 g of sodium azide (7.67 mmol, 1.48 equiv).
Purification via MPLC (0:100 — 5:95 EtOAc:hexane) afforded azide 2.31 as a light yellow liquid
(0.981 g, 67%, two steps): Ry= 0.59 (hexane); 'H NMR (500 MHz, CDCls): & 7.31 — 7.34 (m,
2H), 7.23 — 7.25 (m, 3H), 7.09 (d, J= 9 Hz, 1H), 6.82 (dd, J= 3 Hz, 9 Hz, 1H), 6.69 (d, /=3 Hz,
1H), 3.77 (s, 3H), 2.88 (m, 4H); °C NMR (125 MHz, CDCL): & 156.7, 141.7, 134.5, 130.5,
128.5,128.4, 126.0, 119.1, 116.1, 112.8, 55.5, 36.6, 33.7; IR (thin film): 2119, 1603, 1493, 1452,
1290, 1242, 1157, 1038, 874, 800, 741, 700, 623 cm'. HRMS (EI) m / z caled for C;sH;sONj3

(M)" 253.1215, found 253.1211.

Ph
F4CO Z F4CO Ph F4CO Ph
H,, Pd/C NaNO,
> — T (eq. 11)
NH2 NH2 NaN3 N3
2.101 2.118 2.33
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Azide 2.33. The representative hydrogenation procedure was followed using 1.82 g of
acetylene 2.101 (6.58 mmol) and 0.620 g of Pd/C in 50 mL of THF to afford 1.760 g of aniline
2.118 (6.26 mmol). The representative procedure for the diazotization-azidation sequence was
followed using 1.76 g of aniline 2.101 (6.26 mmol), 50.0 mL of acetic acid, 50.0 mL of H,O,
0.518 g of sodium nitrite (7.51 mmol, 1.2 equiv), and 0.610 g of sodium azide (9.39 mmol, 1.5
equiv). Purification by MPLC (0:100 — 5:95 EtOAc:hexane) afforded azide 2.33 as a light yellow
powder (1.540 g, 76%, two steps): Ry= 0.68 (hexane); mp 65 — 67 °C; '"H NMR (500 MHz,
CDCl3): 6 7.26 — 7.31 (m, 2H), 7.20 — 7.23 (m, 1H), 7.16 — 7.18 (m, 2H), 7.11 — 7.15 (m, 2H),
6.95 (s, 1H), 2.87 (m, 4H); °C NMR (125 MHz, CDCls): § 145.6, 141.0, 136.8, 134.9, 128.47,
128.41, 26.2, 123.3, 120.5 (q, Jer= 302.5 Hz), 120.1, 119.1, 36.2, 33.4; "F NMR (CDCls, 282
MHz) & —58.7; IR (thin film): 2128, 2087, 1601, 1493, 1212, 1167, 882, 742, 702 cm . HRMS

(EI) m / z calcd for C1sH2F3N;0 (M)” 307.0933, found 307.0933.

Ph

F Z F Ph F Ph
H,, Pd/C NaNO,
— > > (eq. 12)
NH, NH, NaN; N3
2.102 2119 2.34

Azide 2.34. The representative hydrogenation procedure was followed using 1.64 g of
aniline 2.102 (7.80 mmol) and 0.500 g of Pd/C in 40 mL of THF to afford 1.63 g of aniline 2.119
(7.59 mmol). The representative procedure for the diazotization-azidation sequence was
followed using 1.63 g of aniline 2.119 (7.60 mmol), 50.0 mL of acetic acid, 50.0 mL of H,O,
0.652 g of sodium nitrite (9.12 mmol, 1.20 equiv), and 0.765 g of sodium azide (11.6 mmol, 1.53
equiv). Purification by MPLC (0:100 — 5:95 EtOAc:hexane) afforded azide 2.34 as a yellow oil
(1.398 g, 73%, two steps): Re= 0.70 (hexane); '"H NMR (500 MHz, CDCly): & 7.24 — 7.27 (m,

2H), 7.12 — 7.18 (m, 3H), 6.99 (dd, J = 5 Hz, 9.5 Hz, 1H), 6.88 (dd, J = 3 Hz, 8.5 Hz, 1H), 6.78
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(dd, J=3 Hz, 8 Hz, 1H), 2.81 (s, 4H); °C NMR (125 MHz, CDCl;): & 159.8 (d, Jcr= 242.4 Hz),
141.3,135.3 (d, Jor = 7.3 Hz), 133.9, 128.6, 128.5, 126.3, 119.3 (d, Jer= 9.1 Hz), 117.3 (d, Jer=
22.1 Hz), 114.2 (d, Jep= 23.9 Hz), 36.4, 33.5; '’F NMR (CDCls, 282 MHz) & —118.4; IR (thin
film): 2124, 2085, 1491, 1455, 1300, 1276, 1235, 1156, 1276, 1235, 1156, 873, 807, 751, 699

cm . HRMS (EI) m / z calcd for C14H,FN; (M)+ 241.1015, found 241.1016.

Ph
_
FsC Z4 Hy, PAIC FsC Ph NaNO, FsC Ph
— 3 (eq. 13)
NH, NH, NaN3 N3
2.103 2.120 2.32

Azide 2.32. The representative hydrogenation procedure was followed using 0.987 g of
aniline 2.103 (3.78 mmol) and 0.330 g of Pd/C in 40 mL of THF to afford 0.862 g of aniline
2.120. The representative procedure for the diazotization-azidation sequence was followed using
0.862 g of aniline 2.120 (3.25 mmol), 35.0 mL of acetic acid, 35.0 mL of H,O, 0.258 g of
sodium nitrite (3.96 mmol, 1.22 equiv), and 0.313 g of sodium azide (4.78 mmol, 1.47 equiv).
Purification by MPLC (0:100 — 5:95 EtOAc:hexane) afforded azide 2.32 as a light yellow oil
(0.836 g, 76%, two steps): Re=0.67 (10:90 EtOAc:hexane); '"H NMR (500 MHz, CDCl3): 6 7.52
(dd, J= 1.5 Hz, 6 Hz, 1H), 7.37 (d, J = 1.5 Hz, 1H), 7.30 — 7.33 (m, 2H), 7.20 — 7.25 (m, 4H),
2.87 —2.95 (m, 4H); >C NMR (125 MHz, CDCls): § 141.9, 141.2, 133.9, 128.6, 128.5, 127.6 (q,
Jor = 3.4 Hz), 126.8 (q, Jor = 33.0 Hz), 126.3, 124.6 (q, Jcr = 3.5 Hz), 124.2 (q, Jor = 259.9
Hz), 118.2, 36.3, 33.4; "F NMR (CDCls, 282 MHz) & —62.7; IR (thin film): 2123, 2080, 1613,
1499, 1331, 1123, 896, 820, 749, 699 cm '. HRMS (EI) m / z caled for CisH;2F3N3 (M)

291.0983, found 291.0987.
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H

X Ph N Ph Ph
/@(\/ H2N N SOZTOl= /@(\/ NaN02 /@\/\/ (eq 14)
cl NH o] NH NaN3; o] N

2 2 3
2.104 2121 2.35

Azide 2.35. The reduction of aniline 2.104 was accomplished using diimide. To a
mixture of 0.580 g of aniline 2.104 (2.53 mmol) in 12 mL of ethoxylethanol was added 1.90 g of
4-methylbenzenesulfonohydrazine (10.2 mmol). The mixture was heated to reflux. After 12h,
the mixture was cooled to room temperature and concentrated in vacuo to afford 0.986 g of crude
2.121. The representative procedure for the diazotization-azidation sequence was followed using,
0.986 g of crude 2.121, 20 mL of acetic acid, 20 mL of H,O, 0.613 g of sodium nitrite (8.88
mmol), and 0.632 g of sodium azide (9.72 mmol) to afford 0.24 g of 2.35 (0.94 mmol, 37%, two
steps) as a yellow oil. "H NMR (500 MHz, CDCl3): & 7.39-7.42 (m, 2H), 7.28-7.34 (m, 3H),
7.21(s, 1H), 7.08 — 7.12 (m, 2H), 2.947 — 2.95 (m, 4H); *C NMR (125 MHz, CDCls): & 141.4,
139.4, 132.8, 131.7, 131.6, 128.6, 128.5, 126.2, 124.9, 118.3, 36.5, 33.0; IR (thin film): 3377,
1607, 1483, 1452, 1258, 1068, 930, 905, 841, 759, 700, 627 cm'. HRMS (EI) m / z calcd for

C14H2N;C1 (M)" 257.0720, found 257.0722.

Ph
Z PR o Ph
/C(\/ L /©\/\/ (ea.13)
FSC NH2 F3C NH2 NaN3 F3C N3
2.106 2.122 2.36

Azide 2.36. The representative hydrogenation procedure was followed using 1.37 g of
aniline 2.106 (5.24 mmol) and 0.560 g of Pd/C in 40 mL of THF to afford 1.356 g of aniline
2.122 (5.11 mmol). The representative procedure for the diazotization-azidation sequence was
followed using 1.36 g of aniline 2.122 (5.11 mmol), 45 mL of acetic acid, 45 mL of H,0, 0.431 g

of sodium nitrite (6.23 mmol, 1.22 equiv), and 0.488 g of sodium azide (7.51 mmol, 1.47 equiv).
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Purification via MPLC (0:100 — 2:98 EtOAc:hexane) afforded azide 2.36 as a light yellow oil
(1.13 g, 78%, two steps): R¢= 0.75 (hexane); 'H NMR (500 MHz, CDCls): & 7.37 (s, 1H), 7.29 —
7.32 (m, 3H), 7.18 — 7.24 (m, 4H), 2.92 — 2.95 (m, 2H), 2.86 — 2.89 (m, 2H); >*C NMR (125
MHz, CDCl): 6 141.1, 139.0, 137.0, 131.1, 130.0 (q, Jcr = 31.3 Hz), 128.5, 128.4, 126.2, 123.7
(q, Jer = 269.8 Hz), 121.4 (q, Jor = 3.4 Hz), 114.9 (q, Jor = 3.4 Hz), 36.2, 33.3; "’F NMR
(CDCl;, 282 MHz) 6 —63.1; IR (thin film): 2176, 2115, 1419, 1330, 1289, 1171, 1079, 899, 824,

749, 699, 656 cm™'. HRMS (EI) m / z caled for CysH 2F3N3 (M) 291.09833, found 291.09817.

OMe
O OMe OMe
P 9
7 NaNO, O
Hp, Pd/C —_— (eq. 16)
NaN3
NH, NH; N3

2107 2123 2.37

Azide 2.37. The representative hydrogenation procedure was followed using 1.014 g of
aniline 2.107 (4.55 mmol) and 0.480 g of Pd/C in 40 mL of THF to afford 0.899 g of aniline
2.123. The representative procedure for the diazotization-azidation sequence was followed using
0.899 g of aniline 2.123 (3.96 mmol), 40 mL of acetic acid, 40 mL of H,0O, 0.330 g of sodium
nitrite (4.79 mmol, 1.21 equiv), and 0.372 g of sodium azide (5.70 mmol, 1.44 equiv).
Purification via MPLC (0:100 — 2:98 EtOAc:hexane) afforded azide 2.37 as a yellow solid
(0.552 g, 48%, two steps): Ry= 0.50 (14:86 EtOAc:hexane); mp 76 — 77 °C; 'H NMR (500 MHz,
CDCl): 6 7.30 - 7.33 (m, 1H), 7.17 — 7.21 (m, 4H), 7.10 — 7.13 (m, 1H), 6.92 (d, J= 8.0 Hz, 2H),
3.85 (s, 3H), 2.90 — 2.91 (m, 4H); °C NMR (125 MHz, CDCl3): & 158.0, 138.1, 133.9, 133.3,
130.7,129.5, 127.5, 124.8, 118.2, 113.8, 55.3, 35.8, 33.8; IR (thin film): 2125, 1611, 1581, 1512,
1487, 1453, 1285, 1247, 1175, 1085, 1036, 818, 753, 652 cm ' HRMS (EI) m / z calcd for

C1sH sON3 (M) 253.12152, found 253.12134
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CF3
) o, cr,
- g
= NaN02 O
H,, Pd/C b (eq. 17)
sl =
NO, NH, Ns

2.108 2.124 2.38

Azide 2.38. The representative hydrogenation procedure was followed using 2.205 g of
2.108 (7.58 mmol) and 0.890 g of Pd/C in 50 mL of THF to afford 2.18 g of aniline 2.124. The
representative procedure for the diazotization-azidation sequence was followed using 1.88 g of
aniline 2.124 (7.09 mmol), 50 mL of acetic acid, 50 mL of H,0O, 0.623 g of sodium nitrite (9.03
mmol, 1.29 equiv), and 0.707 g of sodium azide (10.8 mmol, 1.53 equiv). Purification via MPLC
(0:100 — 2:98 EtOAc:hexane) afforded azide 2.38 as a yellow liquid (1.70, 77%, two steps): R¢=
0.76 (hexane);'H NMR (500 MHz, CDCls): & 7.52 (d, J= 8.5 Hz, 2H),7.25 — 7.28 (m, 3H), 7.14
—7.15(m, 1H), 7.04 — 7.07 (m, 2H), 2.87 — 2.92 (m, 4H); °C NMR (125 MHz, CDCl;): & 145.7,
138.1, 132.4, 130.6, 128.8, 128.3 (q, Jcr= 33.8 Hz), 127.8, 125.2 (q, Jcr= 3.5 Hz), 124.8, 124.4
(9, Jor=270.0 Hz), 118.2, 36.4, 33.2; IR (thin film): 2124, 1618, 1582, 1417, 1327, 1287, 1164,
1123, 1068, 1019, 939, 829, 752, 656 cm'; HRMS (EI) m / z caled for C;sHoN3Fs (M)

291.09833, found 291.09794

l OMe OMe OMe
H,, Pd/C O NaNO O
0O - o N 0 19)
aN3
F3C NH F5;C N
FaC NH, s 2 ®

3

2.109 2125 2.39
Azide 2.39. The representative hydrogenation procedure was followed using 1.230 g of
2.109 (4.23 mmol) and 0.340 g of Pd/C in 40 mL of THF to afford 1.087 g of aniline 2.125. The
representative procedure for the diazotization-azidation sequence was followed using 1.087 g of

aniline 2.125 (3.68 mmol), 35 mL of acetic acid, 35 mL of H,0, 0.317 g of sodium nitrite (4.6
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mmol, 1.25 equiv), and 0.356 g of sodium azide (5.48 mmol, 1.49 equiv). Purification via
MPLC (0:100 — 2:98 EtOAc:hexane) afforded azide 2.39 as a light yellow powder (0.747, 55%):
R¢=0.54 (hexane); mp 39 — 41 °C; '"H NMR (500 MHz, CDCls): § 7.40 (s, 1H), 7.32 (d, J= 8 Hz,
1H), 7.22 (d, J= 8 Hz, 1H), 7.13 (d, J= 8.5 Hz, 2H), 6.88 (d, /= 8.5 Hz, 2H), 3.83 (s, 3H), 2.85
—2.93 (m, 4H); °C NMR (125 MHz, CDCl3): & 158.1, 139.0, 137.2, 133.1, 131.1, 129.9 (q, Jcr
= 33.0 Hz), 129.4, 126.0 (q, Jcr= 270.0 Hz), 121.4 (q, Jor= 3.3 Hz), 114.9 (q, Jor= 3.4 Hz),
113.8, 55.2, 35.3, 33.6; "’F NMR (CDCl;, 282 MHz) 8 —63.0; IR (thin film): 2117, 1612, 1583,
1512, 1419, 1329, 1256, 1173, 1128, 901, 874, 831, 739 c¢cm'. HRMS (EI) m / z calcd for

Ci6H14F3ON3 (M)" 321.1089, found 321.1087.

! H,, Pd/C O NaNO. O
® - v F ea 19
alN3
F3C NH. FsC N
FsC NH, ® 2 8

3

2.110 2126 2.40

Azide 2.40. The representative hydrogenation procedure was followed using 1.90 g of
aniline 2.110 (6.81 mmol) and 0.590 g of Pd/C in 40 mL of THF to afford 1.68 g of aniline 2.126.
The representative procedure for the diazotization-azidation sequence was followed using 1.68 g
of aniline 2.126 (5.92 mmol), 60 mL of acetic acid, 60 mL of H,O, 0.510 g of sodium nitrite
(7.40 mmol, 1.25 equiv), and 0.566 g of sodium azide (8.70 mmol, 1.47 equiv). Purification via
MPLC (0:100 — 2:98 EtOAc:hexane) afforded azide 2.40 as a light yellow oil (1.33 g, 63%, two
steps): Ry= 0.65 (hexane); 'H NMR (500 MHz, CDCls): & 7.48 (s, 1H), 7.40 — 7.42 (d, J= 8 Hz,
1H), 7.30 — 7.38 (m, 2H), 7.07 (d, J= 7.5 Hz, 1H), 7.00 — 7.03 (m, 2H), 2.97 — 3.05 (m, 4H); °C
NMR (125 MHz, CDCls): 6 163.0 (d, Jcr= 243 Hz), 143.7 (d, Jcr= 7.3 Hz), 139.1, 136.6, 131.0,
130.2 (q, Jor= 33 Hz), 129.9 (d, Jcr= 7.6 Hz), 124.2, 123.4 (q, Jcr= 270 Hz), 121.4 (q, Jcr=3.4

Hz), 115.3 (d, Jop= 21.4 Hz), 115.0 (q, Jor= 3.5 Hz), 113.1 (d, Jop = 20 Hz), 35.8, 33.0; °F
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NMR (CDCls, 282 MHz) & —63.1, —113.8; IR (thin film): 2117, 1616, 1587, 1489, 1419, 1329,
1267, 1173, 1128, 899, 783, 739, 658 cm™'. HRMS (EI) m / z caled for C;sHiNsFy (M)*

309.0889, found 309.0891.

Me NaNO, Me
TN3> (eq. 20)
NH, N3
2.41
Azide 2.41.>' The representative procedure for the diazotization-azidation sequence was
followed using 1.351 g of 2-n-propyl-aniline (10 mmol), 40 mL of acetic acid, 40 mL of H,O,
0.845 g of sodium nitrite (12.2 mmol, 1.22 equiv), and 0.955 g of sodium azide (14.7 mmol, 1.47
equiv). Purification via MPLC (0:100 — 2:98 EtOAc:hexane) afforded azide 2.41 as a brown
liquid (1.143 g, 71%): R¢= 0.89 (hexane); Azide 2.41 was previously reported by Sundberg and
co-workers:* "H NMR (500 MHz, CDCl;): & 7.25 — 7.28 (m, 1H), 7.15 — 7.20 (m, 2H), 7.08 —
7.11(m, 1H), 2.59 (t, J= 7.5 Hz, 2H), 1.64 (td, /= 10.Hz, J= 7.5 Hz, 2H), 0.99 (t, /= 7.5 Hz,
3H); °C NMR (125 MHz, CDCly): & 138.0, 134.2, 130.5, 127.2, 124.6, 118.1, 33.3, 23.5, 14.0;

IR (thin film): 2122, 1582, 1489, 1450, 1285, 1450, 1107, 750, 653 cm |

Me

F1sC Ph NaNO,  FsC -
Me NaN; m (eq. 21)
NH, N;
2.114 2.42

Azide 2.42. The representative procedure for the diazotization-azidation sequence was
followed using 0.589 g of aniline 2.114 (2.1 mmol), 25 mL of acetic acid, 25 mL of H,0O, 0.192 g
of sodium nitrite (2.78 mmol, 1.32 equiv), and 0.196 g of sodium azide (3.06 mmol, 1.45 equiv).
Purification via MPLC (0:100 — 2:98 EtOAc:hexane) afforded azide 2.42 as a yellow liquid

(0.381 g, 59%): Ry= 0.89 (hexane); 'H NMR (500 MHz, CDCls): & 7.48 — 7.50 (m, 1H), 7.29 —
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7.32 (m, 2H), 7.18 — 7.23 (m, SH), 3.03 — 3.10 (m, 1H), 2.84 — 2.92 (m, 2H), 1.29 — 1.30 (m, 3H);
13C NMR (125 MHz, CDCls): § 146.0, 141.8, 132.9, 128.3 (2C), 127.2, 127.0 (2C), 126.4 (q, Jcr
= 33.0 Hz) 126.3, 124.4, 123.9 (q, Jor= 267.0 Hz), 118.1, 40.3, 40.2, 20.9; "*F NMR (CDCl,
282 MHz) § —62.9. IR (thin film): 2123, 1616, 1500, 1421, 1335, 1294, 1167, 1122, 1082, 906,

773,750, 700 cm . HRMS (EI) m / z caled for C¢H4N3F3 (M) 305.11398, found 305.11363.

D D
x_Ph
D,, Pd/C Ph " NaNO,/ACcOH Ph
CD5;0D D D (eq. 22)
3 NaN
F3C N02 F3C NH(D)2 3 F3C N3
2.92 2.93 2.94

Azide 2.94. The hydrogenation procedure was followed using 0.345 g of aniline 2.92
(1.18 mmol) and 0.120 g of Pd/C in 20 mL of THF. The mixture was vigorously stirred at room
temperature under a D, for 12h. Purification via MPLC (0:100 — 2:98 EtOAc:hexane) afforded
aniline 2.93 as a light yellow oil (0.246 g, 79%): R¢= 0.64 (14:86 EtOAc:hexane); 'H NMR (500
MHz, CDCls): § 7.35-7.38 (m, 2H), 7.24-7.31 (m, 3H), 7.16(d, J= 8.0 Hz, 1H), 7.03 (d, J= 8.0
Hz, 1H), 6.92 (s, 1H), 3.69 (s, 1.74), 2.96 — 2.99 (m, 1.27H), 2.83 — 2.86 (m, 1.26H); °C NMR
(125 MHz, CDCI3): 6 144.6, 131.3, 129.9, 129.4 (q, Jcr= 32.6 Hz), 128.7, 128.5, 126.4, 124.5
(9, Jor=269.9 Hz), 115.3 (q, Jor= 4.5 Hz), 112.0 (q, Jor= 4.8 Hz), 34.5 (Jep = 19.1 Hz), 32.8

(Jep = 19.3 Hz); F NMR (CDCls, 282 MHz) § —62.9.

The representative procedure for the diazotization-azidation sequence was followed using
0.246 g of aniline 2.93 (0.94 mmol), 10 mL of acetic acid, 10 mL of H,O, 0.071 g of sodium
nitrite (1.2 mmol, 1.25 equiv), and 0.092 g of sodium azide (1.42 mmol, 1.51 equiv).
Purification via MPLC (0:100 — 2:98 EtOAc:hexane) afforded azide 2.94 as a light yellow oil

(0.176 g, 65%): Ry= 0.74 (hexane); 'H NMR (500 MHz, CDCls):'H NMR (500 MHz, CDCly):
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7.37 (s, 1H), 7.29 — 7.32 (m, 3H), 7.18 — 7.24 (m, 4H), 2.86 — 2.93 (m, 2.58H); *C NMR (125
MHz, CDCI3): & 141.0, 139.0, 137.0, 131.1, 130.0 (q, Jer= 32.8 Hz), 128.5, 128.4, 126.2, 125.9
(q, Jer=270.2 Hz), 121.4 (q, Jer= 3.6 Hz), 114.9 (q, Jor= 3.5 Hz), 35.7 (Jcp = 18.9 Hz), 32.9

(Jep = 20.0 Hz); "’F NMR (CDCls, 282 MHz) & —63.0.

2.8.3 Scope and Limitations of Ir(I)-Catalyzed Indoline Formation.

MeO pn  [I(COD)OMe)l: Meo
j@\/\( emil%) mph (ea. 23)

N H PhH, 25 °C N

3 H

2.31 2.127

Indoline 2.97. The general procedure was followed with 0.078 g of azide 2.31 (4.0 mmol)
and 0.005 g of [(cod)IrOMe], (0.08 mmol) in 0.51 mL of benzene. After filtration through Celite
and removal of solvent in vacuo, analysis of the resulting oil using '"H NMR spectroscopy

showed only azide 2.123.

PR
N

H
2.19

Indoline 2.19. The general procedure was followed with 0.062 g of azide 2.17 (0.278
mmol) and 0.004 g of [(cod)[rOMe], (0.006 mmol) in 0.52 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, analysis of the resulting oil using "H NMR
spectroscopy showed 58% formation of 2.19. Purification by MPLC (0:100 — 1:100
EtOAc:hexanes) afforded indoline (0.017 g, 31%) and indole (0.011 g, 21%). Characterization
data for indoline 2.19: R¢= 0.62 (14:86 EtOAc: hexane); mp 45 — 46 °C; '"H NMR (500 MHz,
CDCL): 6 7.48 (d, J= 7.0 Hz, 2H), 7.39 — 7.42 (m, 2H), 7.32 — 7.35 (m, 1H), 7.12 — 7.16 (m,
2H), 6.79 — 6.82 (m, 1H), 6.72 (d, J= 8.0 Hz, 1H), 4.99 (t, J= 9.0 Hz, 1H), 4.16 (s, 1H), 3.49

(dd, J=9.0 Hz, 15.5 Hz, 1H), 3.04 (dd, J= 9.0 Hz, 15.5 Hz, 1H); *C NMR (125 MHz, CDCL):
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6 151.1, 144.7, 128.7, 128.2, 127.7, 127.5, 126.4, 124.7, 118.9, 108.9, 63.6, 39.7; IR (thin film):

3369, 3028, 1609, 1483, 1466, 1400, 1360, 1321, 1248, 748, 700, 634, 544 cm ",

F,CO
Ty
N

H
2.128

Indoline 2.128. The general procedure was followed with 0.092 g of azide 2.33 (0.30
mmol) and 0.004 g of [(cod)[rOMe], (0.006 mmol) in 0.50 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, analysis of the resulting oil using "H NMR
spectroscopy showed 75% formation of 2.128. Purification by MPLC (0:100 — 1:100
EtOAc:hexanes) afforded indoline (0.043 g, 51%) and indole (0.016 g, 21%). Characterization
data for indoline 2.128: R¢= 0.66 (14:86 EtOAc: hexane); mp 65 — 67 °C; '"H NMR (500 MHz,
CDCl): 6 7.44 —7.46 (m, 2H), 7.38 — 7.42 (m, 2H), 7.33 — 7.36 (m, 1H), 6.98 (m, 2H), 6.61 (d, J
= 8.0 Hz, 1H), 5.02 (t, J=9.0 Hz, 1H), 4.17 (s, 1H), 3.47 (dd, /= 9.0 Hz, 16.0 Hz, 1H), 3.02 (dd,
J=9.0 Hz, 16.0 Hz, 1H); °C NMR (125 MHz, CDCl;): & 149.8, 144.1, 141.8, 129.5, 128.8,
127.7, 126.3, 120.8 (q, Jer= 253.4 Hz), 120.7, 118.4, 108.5, 64.1, 39.5; ’F NMR (CDCls, 282
MHz) 6 —58.9; IR (thin film): 3381, 1615, 1490, 1453, 1271, 1162, 1046, 961, 817, 759, 701,

669 cm . HRMS (EI) m / z caled for C;sH;,ONF; (M)" 279.08710, found 279.08759.

F
N
H

2.129
Indoline 2.129. The general procedure was followed with 0.109 g of azide 2.34 (0.452

mmol) and 0.006 g of [(cod)[rOMe], (0.009 mmol) in 0.50 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, analysis of the resulting oil using 'H NMR

spectroscopy showed 72% formation of 2.99. Purification by MPLC (0:100 — 1:100
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EtOAc:hexanes) afforded indoline (0.046 g, 48%) and indole (0.017 g, 18%). Characterization
data for indoline 2.129: Ry= 0.66 (14:86 EtOAc: hexane); mp 49 — 50 °C; '"H NMR (500 MHz,
CDClL): & 7.42 — 7.44 (m, 2H), 7.35 — 7.38 (m, 2H), 7.29 — 7.32 (m, 1H), 6.76 — 6.85 (m, 2H),
6.56 — 6.59 (m, 1H), 4.97 (t, J= 9.0 Hz, 1H), 4.04 (s, 1H), 3.43 (dd, /= 9.5 Hz, 16.5 Hz, 1H),
2.99 (dd, J= 8.5 Hz, 16.0 Hz, 1H); °C NMR (125 MHz, CDCls): 8 157.1 (d, Jcr = 234.1 Hz),
147.0, 144.3, 129.8 (d, Jcp= 7.8 Hz), 128.7, 127.6, 126.3, 113.4 (d, Jop= 23.4 Hz), 112.2 (d, Jcr
= 23.4 Hz), 109.0 (d, Jor= 7.8 Hz), 64.2, 39.7; ’F NMR (CDCl;, 282 MHz) § —126.6; IR (thin
film): 3370, 1488, 1449, 1227, 1207, 1124, 861, 807, 760, 701, 556 cm . HRMS (EI) m / z calcd

for C14H1oNF (M)" 213.0954, found 213.0953.

FiC
N

H
2.130

Indoline 2.130. The general procedure was followed with 0.075 g of azide 2.32 (0.258
mmol) and 0.004 g of [(cod)[rOMe], (0.005 mmol) in 0.50 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, analysis of the resulting oil using '"H NMR
spectroscopy showed 91% formation of 2.130. Purification by MPLC (0:100 — 1:100
EtOAc:hexanes) afforded indoline (0.041 g, 60%) and indole (0.015 g, 21%). Characterization
data for indoline 2.130: Ry= 0.68 (14:86 EtOAc: hexane); mp 81 — 82 °C;'H NMR (500 MHz,
CDCl): 6 7.31 — 7.42 (m, 7H), 6.65 (d, J= 8.0 Hz, 1H), 5.04 (t, 9.0 Hz, 1H), 4.40 (s, 1H), 3.50
(dd, J= 9.5 Hz, 16.0 Hz, 1H), 3.02 (dd, 8.5 Hz, 16.0 Hz, 1H); *C NMR (125 MHz, CDCl;): &
153.8, 144.0, 128.8, 128.2, 127.9, 126.2, 125.6 (q, Jcr= 3.6 Hz), 124.0, 121.7 (q, Jcr= 3.5 Hz),
120.4 (q, Jer= 31.6 Hz), 107.4, 63.5, 39.0; "°F NMR (CDCls, 282 MHz) 8 —61.2; IR (thin film):
3383, 1622, 1502, 1416, 1327, 1294, 1263, 1149, 1107, 1059, 889, 822, 762, 702, 644, 613, 573
cm . HRMS (EI) m / z caled for C;sH ,NF; (M)" 263.0922, found 263.0921.
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2.131

Indoline 2.131. The general procedure was followed with 0.091 g of azide 2.35 (0.35
mmol) and 0.005 g of [(cod)[rOMe], (0.007 mmol) in 0.52 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, analysis of the resulting oil using '"H NMR
spectroscopy showed 81% formation of 2.131. Purification by MPLC (0:100 — 1:100
EtOAc:hexanes) afforded indoline (0.042 g, 52%) and indole (0.015 g, 19%). Characterization
data for indoline 2.131: Ry= 0.66 (14:86 EtOAc: hexane); mp 62 — 64°C; '"H NMR (500 MHz,
CDCL): 6 7.34 — 7.41 (m, 4H), 7.29 — 7.31 (m, 1H), 6.97 (d, J= 7.5 Hz, 1H), 6.69 (d, 8.0 Hz,
1H), 6.63 (s, 1H), 4.98 (t, J=9.0 Hz, 1H), 4.19 (s, 1H), 3.42 (dd, J= 9.5 Hz, 16.0 Hz, 1H), 2.94
(dd, J= 8.5 Hz, 15.5 Hz, 1H); >C NMR (125 MHz, CDCls): § 152.2, 144.2, 128.7, 127.6, 126.5,
126.2, 125.3, 118.4, 108.8, 63.9, 38.9; IR (thin film): 3377, 1607, 1483, 1452, 1258, 1068, 1045,
930, 841, 795, 700, 627, 541 cm™', HRMS (EI) m / z caled for C14H,NCI (M)" 229.06582, found

229.06537.

T
FsC N

H
2.7

Indoline 2.71. The general procedure was followed with 0.087 g of azide 2.36 (0.299
mmol) and 0.004 g of [(cod)[rOMe], (0.006 mmol) in 0.50 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, analysis of the resulting oil using '"H NMR
spectroscopy showed 93% formation of 2.71. Purification by MPLC (0:100 — 1:100
EtOAc:hexanes) afforded indoline (0.053 g, 60%) and indole (0.017 g, 22%). Characterization
data for indoline 2.71: Ry= 0.67 (14:86 EtOAc: hexane); mp 75 — 76 °C; 'H NMR (500 MHz,

CDCL): 6 7.41 — 7.43 (m, 2H), 7.36 — 7.39 (m, 2H), 7.30 — 7.33 (m, 1H), 7.15 (d, J= 7.5 Hz,
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1H), 7.00 (d, J= 7.5 Hz, 1H), 6.85 (s, 1H), 5.02 (t, J=9.0 Hz, 1H), 4.30 (s, 1H), 3.50 (dd, J=9.0
Hz, 16.0 Hz, 1H), 3.04 (dd, J= 8.5 Hz, 16.5 Hz, 1H); >C NMR (125 MHz, CDCl3): & 151.3,
144.0, 132.0, 130.0 (q, Jer= 31.5 Hz), 128.8, 127.7, 126.2, 124.6 (q, Jcr = 270.5 Hz), 124.5,
115.7 (q, Jer= 3.6 Hz), 104.8 (q, Jcr= 3.5 Hz), 63.6, 39.3; ’F NMR (CDCls, 282 MHz) § —62.8;
IR (thin film): 3381, 1618, 1454, 1338, 1321, 1267, 1161, 1115, 1045, 930, 860, 816, 762, 700

cm ™. HRMS (EI) m / z caled for C;sH;,NFs (M)™ 263.09218, found 263.09216.

N

H
2132

Indoline 2.132. The general procedure was followed with 0.098 g of azide 2.37 (0.387
mmol) and 0.005 g of [(cod)[rOMe], (0.008 mmol) in 0.50 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, analysis of the resulting oil using 'H NMR
spectroscopy showed 53% formation of 2.132. Purification by MPLC (0:100 — 2:98
EtOAc:hexanes) afforded indoline (0.036 g, 41%) and indole (0.016 g, 18%). Characterization
data for indoline 2.132: Ry= 0.68 (14:86 EtOAc: hexane); mp 48 — 49 °C; '"H NMR (500 MHz,
CDCl): 6 7.35 (d, J= 8.5 Hz, 2H), 7.06 — 7.11 (m, 2H), 6.88 (d, /= 8.5 Hz, 2H), 6.73 — 6.76 (m,
1H), 6.67 (d, J=7.5 Hz, 1H), 491 (t, J= 9.0 Hz, 1H), 4.11 (s, 1H), 3.81 (s, 3H), 3.41 (dd, J=9.0
Hz, 15.5 Hz, 1H), 2.97 (dd, J= 9.0 Hz, 15.5 Hz, 1H); °C NMR (125 MHz, CDCl;): & 159.0,
151.0, 136.7, 128.2, 127.55, 127.47, 124.6, 118.8, 114.0, 108.8, 63.1, 55.4, 39.7; IR (thin film):
3364, 3010, 2834, 1609, 1152, 1485, 1291, 1246, 1175, 1035, 830, 748, 699, 605 cm '; HRMS

(ET) m / z caled for CisH;sNO (M)* 225.1154, found 225.1152.

‘:O / . CFs
N
H

2,72
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Indoline 2.72. The general procedure was followed with 0.077 g of azide 2.38 (0.265
mmol) and 0.004 g of [(cod)[rOMe], (0.005 mmol) in 0.50 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, analysis of the resulting oil using '"H NMR
spectroscopy showed 29% formation of 2.72. Purification by MPLC (0:100 — 1:100
EtOAc:hexanes) afforded indoline (0.013 g, 19%) and indole (0.028 g, 41%). Characterization
data for indoline 2.72: R¢= 0.63 (14:86 EtOAc: hexane); mp 63 — 65 °C; 'H NMR (500 MHz,
CDCl): 6 7.63 (d, J= 8.0 Hz, 2H), 7.58 (d, J= 8.0 Hz, 2H), 7.11 — 7.14 (m, 2H), 6.79 — 6.82 (m,
1H), 6.73 (d, J= 8.0 Hz, 1H), 5.04 (t, /= 9.0 Hz, 1H), 4.19 (s, 1H), 3.51 (dd, J=9.5 Hz, 15.5 Hz,
1H), 2.97 (dd, J= 9.0 Hz, 15.5 Hz, 1H); >C NMR (125 MHz, CDCl3): § 150.8, 148.7, 129.6 (q,
Jor =329 Hz), 127.8, 127.6, 126.7, 125.6 (q, Jcr = 3.0 Hz), 124.7, 124.3(q, Jcr = 270.0 Hz),
119.2, 109.1, 63.1, 39.7; "’F NMR (CDCls, 282 MHz) 8 —62.9; IR (thin film): 3364, 3051, 1609,
1485, 1465, 1418, 1235, 1164, 1123, 1067, 929, 836, 749, 697 cm . HRMS (EI) m / z calcd for

CsHaNF; (M) 263.0922, found 263.0921.

F3C N

H
2133

Indoline 2.133. The general procedure was followed with 0.087 g of azide 2.39 (0.271
mmol) and 0.004 g of [(cod)[rOMe], (0.005 mmol) in 0.50 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, analysis of the resulting oil using '"H NMR
spectroscopy showed 81 % formation of 2.133. Purification by MPLC (0:100 — 2:98
EtOAc:hexanes) afforded indoline (0.044 g, 55%) and indole (0.016 g, 20%). Characterization
data for indoline 2.133: R¢= 0.68 (14:86 EtOAc: hexane); mp 62 — 63 °C; 'H NMR (500 MHz,
CDCl): 6 7.31 (d, J=9.0 Hz, 2H), 7.13 (d, /= 7.5 Hz, 1H), 6.96 (d, J="7.5 Hz, 1H), 6.87 (d, J=

8.5 Hz, 2H), 6.81 (s, 1H), 4.96 (t, /=9.0 Hz, 1H), 4.24 (s, 1H), 3.80 (s, 3H), 3.43 (dd, /J=9.5 Hz,
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16.0 Hz, 1H), 2.97 (dd, J= 8.5 Hz, 16.0 Hz, 1H); °C NMR (125 MHz, CDCl;): § 159.2, 151.2,
136.0, 132.1, 130.0 (q, Jer= 31.4 Hz), 127.4, 124.6 (q, Jor=271.3 Hz), 124.5, 115.7 (q, Jor =
3.5 Hz), 114.1, 104.8 (q, Jor = 3.5 Hz), 63.2, 55.4, 39.3; '’F NMR (CDCls, 282 MHz) & -62.8; IR
(thin film): 3377, 1614, 1513, 1457, 1323, 1249, 1161, 1117, 1036, 930, 830, 737, 700 cm .

HRMS (EI) m / z caled for C16H;4NOF; (M)" 293.10275, found 293.10279.

A

H F
2.134

Indoline 2.134. The general procedure was followed with 0.088 g of azide 2.40 (0.285
mmol) and 0.004 g of [(cod)[rOMe], (0.006 mmol) in 0.50 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, analysis of the resulting oil using '"H NMR
spectroscopy showed 85% formation of 2.134. Purification by MPLC (0:100 — 1:100
EtOAc:hexanes) afforded indoline (0.048 g, 60%) and indole (0.016 g, 20%). Characterization
data for indoline 2.134: Ry= 0.63 (14:86 EtOAc: hexane). '"H NMR (500 MHz, CDCl): & 7.31 —
7.35 (m, 1H), 7.14 — 7.19 (m, 3H), 6.98 — 7.01 (m, 2H), 6.86 (s, 1H), 5.02 (t, Jcr= 9.0 Hz, 1H),
431 (s, 1H), 3.50 (dd, J= 9.5 Hz, 16.0 Hz, 1H), 2.98 (dd, J= 8.5 Hz, 16.0 Hz, 1H); *C NMR
(125 MHz, CDCls): 6 163.1 (d, Jcr = 245.8Hz), 151.1, 146.7 (d, Jcr = 7.3Hz), 131.7, 130.3 (d,
Jor = 7.3 Hz), 130.2 (q, Jor = 31.3Hz), 124.6, 124.5 (q, Jor= 269.9 Hz), 121.8, 116.0 (q, Jor=
3.4 Hz), 114.5 (d, Jer= 22.0 Hz), 113.1 (d, Jer= 22.0 Hz), 105.0 (q, Jcr = 2.8 Hz), 63.1, 39.3;
F NMR (CDCl;, 282 MHz) § —62.8, —112.7; IR (thin film): 3403, 3063, 1617, 1592, 1489,

1455, 1337, 1323, 1268, 1163, 1053, 922, 866, 822, 786, 738, 694, 660 cm™' HRMS (EI) m / z

caled for CsHy NF4 (M)" 281.08276, found 281.08266.
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Me
m ..@mol%) ml\ﬂe (eq. 24)
N H PhH, 25 °C N

3 H
24 2.135

Indoline 2.135. The general procedure was followed with 0.122 g of azide 2.41 (0.757
mmol) and 0.010 g of [(cod)[rOMe], (0.015 mmol) in 0.54 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, analysis of the resulting oil using '"H NMR

spectroscopy showed only starting material.

Me [Ir(COD)(OMe)],

L < @2
N PhH, 25 °C N Me

2.42 2.136H
Indoline 2.136. The general procedure was followed with 0.077 g of azide 2.42 (0.324
mmol) and 0.004 g of [(cod)[rOMe], (0.004 mmol) in 0.50 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, analysis of the resulting oil using 'H NMR

spectroscopy showed only starting material.

2.8.4 Comparison of Reactivity Between Rh,(II)-Complexes and Ir(I) for the Synthesis of

Aromatic N-Heterocycles

General Procedure for Ir(I)-Mediated Aromatic N-Heterocycle Formation.

/\\.] rFoTID

 -FR  [ICOD)(OMe))

N <

NS . 2-5mol%) , @ S\ g (eq. 24)
C o w PhH, 40 °C N

N

N, H

2137 2138

To 0.090 g of the aryl azide 2.137 (0.311 mmol) in a Schlenk tube inside a glove box was
added 0.003 g of [(cod)Ir(OMe)], (2 mol %) followed by the addition of 0.34 mL of benzene.
The resulting mixture was heated to 40 °C. After 12 h, the reaction mixture was cooled to room

temperature, and the heterogenous mixture was filtered through SiO,. The filtrate was
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concentrated in vacuo. Purification via MPLC (0:100 — 10:90 EtOAc:hexanes) provided indole

2.138 as a white solid.

Scope and Limitations of Ir(I)-Mediated Aromatic N-Heterocycle Formation.

~CO:Me  [Ir(COD)(OMe)]; \
m _..BGmol%) COMe  (gq. 25)
Cl 3 PhH, 40 °C Cl N

2.43 2.44

Indole 2.44. The general procedure was followed with 0.030 g of azide 2.43 (0.127
mmol) and 0.004 g of [(cod)[rOMe], (0.006 mmol) in 0.42 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, 'H NMR spectroscopy showed only starting

material.

FsC

I= /i
0
=

2.46

Indole 2.467%. The general procedure was followed with 0.090 g of azide 2.45 (0.311
mmol), 0.004 g of [(cod)Ir(OMe)]> (2 mol %) in 1.04 mL of benzene. Purification by MPLC
(0:100 — 10:90 EtOAc:hexanes) afforded indole 2.46 as a white solid (0.067 g, 83%). The
spectral data matched that reported by Buchwald and co-workers:'® "H NMR (DMSO-ds, 500
MHz) 6 12.00 (br s, 1H), 7.89 (d, /= 7.3 Hz, 2H), 7.71 (d, J = 8.3 Hz, 1H), 7.68 (s, 1H), 7.49 (t,
J = 7.7 Hz, 2H), 7.36 (t, J = 7.4 Hz, 1H), 7.27 (d, J = 8.3 Hz, 1H), 7.03 (s, 1H); *C NMR
(CDCls, 125 MHz) 6 140.9, 135.8, 131.4, 131.2, 129.1, 128.3, 125.5, 125.4 (q, Jcr = 269.4 Hz),
121.7 (q, Jer = 31.1 Hz), 120.8, 115.7 (q, Jor = 2.3 Hz), 108.4 (q, Jor = 5.0 Hz), 99.0; '’F NMR
(CDCls, 282 MHz) 8 —59.5; IR (thin film): 3442, 1456, 1344, 1167, 1155, 1281, 1105, 829, 766,

742, 690 cm .
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2.48

Indole 2.48%%. The general procedure was followed with 0.087 g of azide 2.47 (0.301
mmol), 0.004 g of [(cod)Ir(OMe)], (2 mol %) in 1 mL of benzene. Purification by MPLC (0:100
— 10:90 EtOAc:hexanes) afforded indole 2.48 as a white solid (0.072 g, 91%). The spectral data
matched that reported by Buchwald and co-workers:'® "H NMR (DMSO-d,, 500 MHz): & 12.04
(brs, 1H), 7.94 — 7.91 (m, 3H), 7.61 (d, J= 8.4 Hz, 1H), 7.51 (t,J = 7.8 Hz, 2H), 7.42 — 7.38 (m,
2H), 7.08 (s, 1H); °C NMR (CDCls, 125 MHz): & 139.9, 139.4, 138.6, 131.5, 129.0, 128.1,
127.9, 125.6 (q, Jcr = 269.4 Hz), 125.3, 120.3 (q, Jcr = 31.1 Hz), 118.0 (q, Jcr = 3.5 Hz), 117.6
(q, Jer = 3.3 Hz), 112.0, 99.5; ’F NMR (CDCl;, 282 MHz) 8 —59.2; IR (thin film): 3431, 1448,

1340, 1168, 1103, 1057, 895, 820, 767, 747, 688 cm .

F,CO
T

2.50
Indole 2.50. The general procedure was followed with 0.075 g of azide 2.49 (0.245

Iz _

mmol), 0.003 g of [(cod)Ir(OMe)], (2 mol %) in 0.82 mL of benzene. Purification by MPLC
(0:100 — 10:90 EtOAc:hexanes) afforded indole 2.50 as a white solid (0.064 g, 95%). The
spectral data matched that reported by Driver and co-workers:* '"H NMR (DMSO-ds, 500 MHz):
6 11.83 (brs, 1H), 7.85 (dd, /= 8.3 Hz, 1.1 Hz, 2H), 7.46 (td, J = 8.1 Hz, 3.9 Hz, 4H), 7.34 (t, J
= 7.4 Hz, 1H), 7.05 (dd, J = 8.7 Hz, 1.3 Hz, 1H), 6.95 (d, J= 1.5 Hz, 1H); °C NMR (CDCl;, 125
MHz): § 142.5, 140.4, 136.0, 132.1, 129.5, 129.2, 128.4, 125.7, 121.0 (q, Jcr = 253.8 Hz), 115.6,
112.8, 112.6, 99.6; "’F NMR (CDCls, 282 MHz) & —57.5; IR (thin film): 3428, 1456, 1306, 1213,

1151, 879, 764, 739, 688 cm .
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MeO

H
2.52

Carbazole 2.527. The general procedure was followed with 0.077 g of azide 2.51 (0.342
mmol), 0.011 g of [(cod)Ir(OMe)], (5 mol%) in 1.14 mL of benzene. Purification by MPLC
(0:100 — 10:90 EtOAc:hexanes) afforded carbazole 2.52 as a white solid (0.049 g, 73%). The
spectral data matched that reported by Bedford and co-workers:'' 'H NMR (DMSO-ds, 500
MHz): 5 11.01 (br s, 1H), 8.07 (dd, /= 7.8 Hz, 0.5 Hz, 1H), 7.65 (d, J= 2.5 Hz, 1H), 7.41 (dt, J
= 8.1 Hz, 0.8 Hz, 1H), 7.37-7.31 (m, 2H), 7.09 (ddd, J= 7.9 Hz, 7.0 Hz, 0.9 Hz, 1H), 7.00 (dd, J
= 8.7 Hz, 2.5 Hz, 1H), 3.82 (s, 3H); °C NMR (CDCls, 125 MHz): & 153.4, 140.8, 135.0, 125.8,
123.2, 122.9, 120.7, 118.4, 115.2, 112.1, 111.4, 103.4, 56.1; IR (thin film): 3424, 2248, 1650,

1485, 1209, 1057, 1028, 1007, 822, 760, 623 cm .

F3C

2.54
Carbazole 2.54*". The general procedure was followed with was followed with 0.078 g

of azide 2.53 (0.297 mmol), 0.004 g of [(cod)Ir(OMe)], (2 mol%) in 0.99 mL of benzene.
Purification by MPLC (0:100 — 10:90 EtOAc:hexanes) afforded carbazole 2.54 as a white solid
(0.055 g, 79%). This compound was previously reported by Forbes and co-workers™. "H NMR
(DMSO-ds, 500 MHz): & 11.73 (br s, 1H), 8.57 (s, 1H), 8.29 (d, J= 7.8 Hz, 1H), 7.69 (dd, J =
8.6 Hz, 1.5, 1H), 7.66 (d, J= 8.6 Hz, 1H), 7.57 (dd, /= 8.1 Hz, 0.7 Hz, 1H), 7.47 (td, J = 7.6 Hz,
1.0 Hz, 1H), 7.24 (d, J= 0.7 Hz, 1H); °C NMR (CDCls, 125 MHz): & 141.4, 140.4, 126.6, 125.6

(q, Jor = 269.8 Hz), 124.5, 122.5, 122.1, 122.0 (q, Jcr = 3.4 Hz), 120.9, 119.4, 119.1 (q, Jcr =
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31.3 Hz), 117.9 (q, Jer = 3.6 Hz), 111.4; '’F NMR (CDCls, 282 MHz) & —58.7; IR (thin film):

3431, 1346, 1165, 1101, 1057, 825, 756, 650, 569 cm .

F

H
2.56

Carbazole 2.56. The representative procedure was followed with 0.048 g of azide 2.55
(0.296 mmol), 0.010 g of [(cod)Ir(OMe)], (5 mol%) in 0.98 mL of benzene. Purification by
MPLC (0:100 — 10:90 EtOAc:hexanes) afforded carbazole 2.56 as a white solid (0.048 g, 87%).
'H NMR (DMSO-ds, 500 MHz): & 11.37 (br s, 1H), 8.11 — 8.06 (m, 2H), 7.47 (dd, J = 8.1 Hz,
0.7 Hz, 1H), 7.35 (ddd, /= 8.1 Hz, 7.1 Hz, 1.1 Hz, 1H), 7.24 (dd, J = 10.1 Hz, 2.3 Hz, 1H), 7.14
(td, J = 7.5 Hz, 0.8 Hz, 1H), 6.97 (ddd, J = 9.8 Hz, 8.6 Hz, 2.3 Hz, 1H); >*C NMR (CDClLs, 125
MHz): 6 161.5 (d, Jcr = 236.7 Hz), 140.7, 140.6 (d, Jcr = 11.1 Hz), 125.6, 122.4, 121.8 (d, Jor =
11 Hz), 120.3, 119.5, 119.3, 111.3, 106.8 (d, Jer = 23.9 Hz), 97.6 (d, Jor = 26.4 Hz); "’F NMR
(CDCls, 282 MHz) 6 —116.3; IR (thin film): 3411, 1624, 1585, 14578, 1441, 1366, 845, 810, 746,

725,571 cm .

ooza

N
H
2.58
Carbazole 2.58. The general procedure was followed with 0.081 g of azide 2.57 (0.303
mmol), 0.010 g of [(cod)Ir(OMe)], (5 mol%) in 1.01 mL of benzene. Purification by MPLC
(0:100 — 10:90 EtOAc:hexanes) afforded indole 2.58 as a pale brown solid (0.056 g, 77%). 'H
NMR (DMSO-dg, 500 MHz): & 11.55 (br s, 1H), 8.23 (dd, J = 14.6 Hz, 8.0 Hz, 2H), 8.14 (d, J =

0.8 Hz, 1H), 7.80 (dd, J= 8.2 Hz, 1.5 Hz, 1H), 7.58 (d, J = 8.2 Hz, 1H), 7.51-7.48 (m, 1H), 7.25-

87



7.22 (m, 1H), 4.38 (q, J = 7.1 Hz, 2H), 1.39 (t, J= 7.1 Hz, 3H); °C NMR (CDCls, 125 MHz): &
166.9, 141.5, 139.5, 127.5, 127.0, 126.6, 122.1, 121.6, 119.7, 119.6, 112.7, 111.8, 61.1, 14.8; IR

(thin film): 3500, 1706, 1631, 1446, 1300, 1267, 1216, 1056, 1028, 1009, 822, 760 cm .

Me

[ICOD)(OMe)], O F O Me
F (5mol%) O + O (eq. 26)
PhH, 40 °C N Me N F
H H
2.61 2.60

Carbazole 2.60/2.61. The general procedure was followed with 0.072 g of azide 2.59

(0.317 mmol), 0.011 g of [(cod)Ir(OMe)], (5 mol%) in 1.06 mL of benzene. Analysis of the
crude reaction mixture using "H NMR spectroscopy indicated that a 61:39 mixture of carbazoles
2.60 and 2.61 were formed. Purification by MPLC (0:100 — 10:90 EtOAc:hexanes) afforded
indole 2.60/2.61 as a white solid (0.062 g, 92%): (DMSO-ds, S00 MHz): 6 11.22 (br s, 1H), 8.03
(d, J=17.7Hz, 1H), 7.98 (d, J = 7.7 Hz, 1H), 7.45 (d, J = 8.1 Hz, 1H), 7.36 (t, J = 7.5 Hz 1H),
722 (d, J=10.7 Hz, 1H), 7.16 (t, J= 7.5 Hz, 1H), 2.37 (d, J = 1.7 Hz, 3H); >C NMR (CDCl;,
125 MHz): 6 160.2 (d, Jcr = 236.1 Hz), 140.7, 139.1, 125.5, 122.4 (d, Jcr = 6.9 Hz), 120.3,
119.3 (d, Jer = 19.8 Hz), 115.4, 115.3, 111.2 (d, Jor = 27.6 Hz), 109.7, 97.6 (d, Jor = 26.4 Hz),
15.1; YF NMR (CDCls, 282 MHz) 8 —119.4; IR (thin film): 3390, 2370, 1544, 1456, 1344, 883,

845,754,723 cm .

2.8.5 Mechanism Study

Competition Experiments
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Ph (4-CF3)CgHy
. , Ph (4-CF3)CeH,  (eq. 27)
H H N N
N3 N3 H H

8% conversion 11
217 2.38 219 (1:1) 272

0.023 g of azide 2.17 (0.1 mmol), 0.030 g of azide 2.38 (0. 1 mmol) and 0.001 g of
[(cod)IrOMe], (0.002 mmol) were dissolved in 0.50 mL of benzene. After 2h, the reaction
mixture was filtered through Celite, and the filtrate was concentrated in vacuo. Analysis of the
resulting mixture using 'H NMR spectroscopy revealed an 8.0 % conversion of azides 2.17 and

2.38 into a 1:1 mixture of indolines 2.19 and 2.72.

Ph Ph  [Ir(COD)(OMe)]
m ' m 2moL N e N o 28
N F4C FsC N (eq. 28)

3 N3 25 OC, PhH, 2h H

12% conversion
217 2.36 0 2.19 (1:1.5) 2.71

0.023 g of azide 2.17 (0.1 mmol), 0.029 g of azide 2.36 (0.1 mmol) and 0.001 g of
[(cod)IrOMe], (0.002 mmol) were dissolved in 0.50 mL of benzene. After 2h, the reaction
mixture was filtered through Celite, and the filtrate was concentrated in vacuo. Analysis of the
resulting mixture using "H NMR spectroscopy revealed an 12% conversion of azides 2.17 and

2.36 into a 1:1.5 mixture of indolines 2.19 and 2.71.

Intramolecular Kinetic Isotope Experiment for Indoline Formation.

D HD H D

[(cod)Ir(OMe)],
DH 25°C, PhH, M.S.  FiC N FsC N Ph
FsC Na o 3 (D) 3 (D)
2.94 kp/ky = 3.5 2.95-d 2.95-h
16.5:83.5

Indoline 2.95. The general procedure was followed with 0.023 g of azide 2.94 (0.078
mmol) and 0.002 g of [(cod)[rOMe], (0.002 mmol) in 0.52 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, the product mixture was analyzed using 'H

NMR spectroscopy. Analysis of the spectral data revealed that 2.95-d and 2.95-h were formed
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in a 16.5 : 83.5 ratio. Purification by MPLC (0:100 — 1:100 EtOAc:hexanes) afforded indoline
2.95-h. Characterization data for indoline 2.95-h: Ry= 0.62 (14:86 EtOAc: hexane); 'H NMR
(500 MHz, CDCls): 6 7.39 — 7.41 (m, 2H), 7.34 — 7.37 (m, 2H), 7.28 — 7.32 (m, 2H), 7.14 (d, J =
7.5 Hz, 1H), 6.98 (d, J= 8.5 Hz, 1H), 6.842 (s, 1H), 5.00 -5.02 (m, 1H), 4.29 (s, 1H), 3.46 — 3.48
(m, 1H), 3.00 (s, 1H); >C NMR (125 MHz, CDCl;): & 151.3, 143.9, 131.9, 130.1 (q, Jer = 31.3
Hz), 128.8, 127.7, 126.2, 124.6, 124.5 (q, Jcr = 270.1 Hz), 115.7, 104.8, 63.5, 38.8 (Jcp = 20.4

Hz); the yield was not quantified.

Intramolecular Kinetic Isotope Experiment for Carbazole Formation.

Me
Me CeHs D Me
[(cod)Ir(OMe)], D
\ 5 mol % _ O + O
3 o - (eq. 30)
40 °C, PhH O
C6D5 D N C6H5 C6D5 N
H(D) H(D)
2.96 KIE =1.04 2.139d 2.139-h
49:51

Carbazole 2.110. The general procedure was followed with 0.036 g of azide 2.96 (0.124
mmol) and 0.002 g of [(cod)[rOMe], (0.003 mmol) in 0.50 mL of benzene. After filtration
through Celite and removal of solvent in vacuo, the product mixture was analyzed using 'H
NMR spectroscopy. Analysis of the spectral data revealed that 2.139-d and 2.139-h were
formed in a 49 : 51 ratio. Purification by MPLC (0:100 — 1:100 EtOAc:hexanes) afforded
carbazole 2.139-h. Characterization data for carbazole 2.139-h: '"H NMR (CDCl3, 500 MHz): &
8.22 (br s, 1H), 8.14 (d, J = 7.8 Hz, 1H), 7.94 (s, 1H), 7.45 (m, 1H), 7.41 (dd, J = 8.0, 0.9 Hz,
1H), 7.35 (d, J = 1.0 Hz, 1H), 7.29 (m, 1H), 2.65 (s, 3H) °C NMR (CDCls, 125 MHz): § 139.9
(C), 139.1 (C), 135.6 (C), 129.3 (C), 128.8 (Jep = 24.6 Hz, CD), 128.0 (Jcp = 24.0 Hz, CD),
127.2 (CH), 127.1 (Jep = 25.9 Hz, CD), 125.9 (CH), 124.7 (C), 124.0 (C), 123.5 (C), 120.5

(CH), 119.6 (CH), 119.4 (CH), 110.8 (CH), 21.57 (CH,); IR (thin film): 3448, 3053, 2919, 2860,
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2270, 1608, 1493, 1453, 1418, 1382, 1331, 1301, 1264, 1233, 861, 748, 756 cm™. HRMS (EI) m

/ z calculated for C;9H;oN,Hj; (M+): 262.1518, found: 262.1520.
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Chapter 3.  Rhy(II)-Catalyzed Intramolecular Aliphatic C-H bond Amination Reactions
Using Aryl Azides as the N-Atom Source

3.1 Introduction

In Chapter 2 the development of [[r(COD)(OMe)], catalyzed intramolecular benzylic C—
H bond amination of ortho-substituted aryl azides was described. One of the limitations of this
method was non-benzylic C—H bonds were found to be unreactive. At the conclusion of this
study, our goal was to figure out a method to achieve aliphatic C—H bond amination using aryl
azides as nitrogen source. However, a number of publications' on sp> C—H bond amination from
our group suggest that C—N bond formation occurs via a 4n-electron-5-atom electrocyclization.'
In contrast, lack of conjugation system requires aliphatic C—H bond amination process through
metal-catalyzed C—H insertion or H-atom abstraction mechanisms, mechanisms that have
remained elusive to control.” Further, nearly every current N-atom-transfer reactions that
proceed through a metal nitrene require require strong electron-withdrawing groups on the
nitrene (Scheme 3.1).

Scheme 3.1. Electron-withdrawing nitrogen substituent requirement for aliphatic C—H bond

amination.
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3.2 Optimization

In corporation with my labamte Nguyen, Quyen, we successfully developed aliphatic C—
H bond amination using aryl azides as the nitrene source which would complement previous
methods and provide a new method to form ArN—C bonds from C-H bonds. In search of the
optimal conditions to achieve intramolecular aliphatic C—H bond amination using ayl azide, the
o-tert-butylaryl azide was chosen to examine reactivity towards transition metal complexes
(Table 3.1)°. This aryl azide is relatively thermally robust, with no reaction observed at 120 °C
(entry 1)*. Aryl azide 3.1 was exposed to commercially available transition metal complexes
known to catalyze N-atom-transfer reactions to determine if any would the metal complexes
would induce aliphatic C—H bond amination. In presence of iron,” copper,® cobalt,” ruthenium,”
or iridium complexes,’ no desired C—H bond amination product was observed (entries 2 — 6).
When aryl azide 3.1 was treated with Rhy(O,CCsHs)s at 120 °C—a significantly higher
temperature than our previous processes— partial conversion was observed, which was
attributed to decomposition of catalyst at high temperature (entry 8). By switching to the more

thermally robust Rhy(esp),,'® both yield and conversion of the process were improved (entry 9).

Table 3.1. Development of optimal catalysts.

Me Me MX, Me Me
CH 5mol%
2 L
|l| PhMe, 120 °C
N
N N
3.1 3.2
entry metal salt conv, %" yield, %"
1 none 0 0
2 FeBr, 0 decop®
3 CuBr 0 0
4 CoTPP 0 0
5 RuCl;-nH,0 0 0
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6 [Ir(COD)(OMe)], 0 0

7 [Rh(COD)(OMe)]» 10 0°
8 Rh(0,CC7H;5)4 35 35
9 Rhy(esp) 99 75

“As determined using 1H NMR spectroscopy. "Isolated after silica gel chromatography. *Aniline formed.

3.2.1 Optimization of Additives

To prevent oxidation of indoline during chromatography purification and improve the
isolated yield, in situ protection of indoline-nitrogen was attempted (Table 3.2). We found that
the reaction yield was improved with indoline protected with either a Boc or Ac group (entry 2
and 3). The reaction outcome appeared to correlate with pK, of the acid byproduct of the
pretection reaction: aniline was produced when stronger benzoic and triflic acids were produced
(entry 4 and 5)."

Table 3.2. Optimization of additive.

Me Me Rhy(esp), Me Me
5 mol %
©\)<H solvent, 120 °C N
N3 H
entry solvent yield, %"
1 PhMe 75
2 PhH 73
3 PhBr 56
4 PhCl 47
5 1,3-Cs¢H4Cl, 61
6 PhCF; 31
7 DCE 47

“As determined using "H NMR spectroscopy
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3.2.2 Optimization of Solvents

Our optimization experiments were continued by examining different solvents (Table
3.3). We found that benzene (entry 2) would provide comparable yield as toluene. Chlorinated
aromatic solvents (entries 4 and 5) gave lower yield than non-chlorinated solvents. 1,2-
dichloroethane, (entry 7) a previously reported®® superior solvent for dirhodium complexes
catalyzed C—H amination reaction. Other aromatic solvents like trifluorobenzene (entry 6) and
bromobenzene (entry 3), both gave worse conversion than PhMe or PhH. Consequently, we
concluded that PhMe is best solvent for this C—H amination reaction.

Table 3.3. Development of optimal solvents.

Me Me ha esp)z
CH, 5 mol %
i PhMe, 120 °C

N3 additive
31
entry” additive conv, %" yield, %°
1 n.a. 99 75
2 Boc,O 99 90
3 Ac,O 99 83
4 Bz,0 99 aniline
5 TH0 99 aniline

“One equivalent additive was added. °As determined using 1H NMR spectroscopy. “Isolated after silica gel

chromatography.

3.3 Substrate Scope and Limitation

3.3.1 [Investigation of Electronic Nature of Azide Arene
The electronic and steric constraints of the intramolecular aliphatic C—H bond amination

reactions were investigated using optimized conditions (Table 3.4). Other substituents on arene
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were examined subsequently. Active bromo- group (entry 8) was tolerated in the reaction as well,
which could be used for subsequent cross-coupling reactions to install various functional groups.
Ilustrating the chemoselectivity of our process, styrene (entry 5) was tolerated as substituents
with no intermolecular C—H bond amination products observed. In contrast to existing amination

12
processes from azides,'>"

our method does not require an electron-withdrawing group on the
nitrogen: aryl azides bearing para-electron-donating, -neutral, or —withdrawing groups were

converted to indolines efficiently.

Table 3.2. Scope and limitation of indoline formation.

Me Me ha esp
R CH, 5 mol %
H PhMe, 120 °C
N3
3.4

Boc,0O
3.6

Entry aryl azide ## indoline #4#  yield, %"

Me Me Me

Me
1 ©\)<CI:H2 3.1 @fg 3.7 84
H N
N3 '

Boc
Me Me MeO Me
2 CH, 3.8 3.9 63
H N
Na Boc
3 @ 3.10 \©\)§ 3.11 54
éOC
Me
PhH,CH,C ve e PhH,CH,C
4 \©\)<(|3H2 3.12 3.13 64
Ny

Me Me

PhHCHC PhHCHC
5 CH  3.14 3.15 70
N
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Me Me M
Ph Ph ©
6 (|3H2 3.16 3.17 54
H N

N, !

OMe OMe

7 O MaMe 3 1s O M Me 3.19 58
MeO cH, 0 MeO O '
H N

N3 !

Boc
o Me, Me Br Me e
r
8 QHz 3.20 3.21 73
H N

|
N3 Boc

* Isolated after silica gel chromatography

3.3.2 Examination of ortho-Alkyl Substituents Identity

To further examine the scope of the transformation, the identity of the ortho-alkyl
substituent was varied (Table 3.5). Replacing one of the methyl groups with an ethyl ester did
not reduce the yield (entry 1), while substitution with hydrogen instead of methyl group
attenuated the reaction efficiency (entry 2). In addition, substitution at the C—H reaction center
was examined as well: amination can be achieved at secondary C-H bond, although
dehydrogenation occurred to afford indole 3.29 (entry 4); dehydrogenation could be
circumvented if amination occurred at tertiary C—H bond by introduction of an additional phenyl
substituent at the reaction center (entry 3). Submission of aryl azides bearing cyclopentyl- or
cyclohexyl ortho-substituents to reaction conditions produced indolines as single diastereomers
(entries 5-11). The diastereoselectivity observed from these substrates can be compared to the
pyrolysis of aryl azide 3.34, which was reported by Smolinsky to produce a 1:1 mixture of
diastereomers.'* The chemoselectivity of our process was demonstrated with aryl azide 3.44,
which afforded indoline 3.45 as sole product with no observance of methyl C—H bond amination

product (entry 12). While single diastereomers were obtained from substrates bearing o-

98



cyclopentyl or o-cyclohexyl groups, diminished stereoselectitity was observed with o-
cycloheptyl-substituted aryl azide 3.46.

Table 3.3. Examination of indentity of the ortho-alkyl substituents.

R2 Rhy( esp)2 R2 R2
_ PhMe, 120 °C S N
Boc

N
Boc,0 H
entry aryl azide #.# indoline #i# yield, %"
EtO,C Me EtOC 1o
1 ®f< 3.22 ©\)§ 3.23 70
N
Boc
H Me
2 3.24 ©f§ 3.25 20
N

]
\
3.28 m“ﬂe 3.29 30°
L
H
MeO
5 Meo@(@ 3.30 \QfQ 331 80
N H
H
Me
6 MeC{Q 3.32 \CfQ 3.33 73
N H
H
H
7 H\@\/Q 3.34 @f@ 3.35 70
N

H
8 3.36 3.37 63
FsC N H
FaC

Ph
3 m 3.26 N Me 3.27 55"



3.38 3.39 85

H
H
H T
N3 Boc
M H
Me ©
10 3.40 @f@ 3.41 73
H N H
N3 Boc
H
B 3.42 /@f@
H FsC N H
FsC N3 Boc
Me Me. Me
Me
H
H
N3
H
N3

3.43 82

12

H
3.44 H\Cf@ 3.45 86
N H
\BOC
y H
63
3.46 N 3.47 dr.82:18
Boc

13

“Tsolated after silica gel chromatography. "20% aniline observed. ©30% aniline observed

3.4 Mechanism Study

While several mechanisms could account for indoline formation, the reactivity trends
suggest that C—N bond formation occurs through the reaction of a rhodium nitrene with the
pendant C—H bond (Scheme 3.2)."° This catalytic intermediate is formed from coordination of
rhodium(II) carboxylate to either the a- or y-nitrogen of the azide produces 3.48.'° Subsequent
extrusion of N forms the rhodium nitrene 3.49."” While the role of the rhodium(II) carboxylate
could be to generate a free nitrene,'® our current mechanistic hypothesize that the nitrene remains
metal bound for the C—H bond amination step since pyrolysis involving free nitrene is not
diastereoselective.'* This amination step could be stepwise or concerted: hydride' or H-atom
abstraction®® (to form 3.50 or 3.51) followed by recombination produces the carbon—nitrogen

bond 3.53. Alternatively, this bond could be formed through the concerted insertion' of the
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metal nitrene into the proximal C—H bond via transition state 3.52. Finally, the indoline 3.2 is

produced upon dissociation of the rhodium complex.

3.4.1 Possible Mechanism Pathway

Scheme 3.2. Possible mechanism for intramolecular apliphatic C—H bond amination.

%R@(esp» 31
Me Me

Me Me
- C.:HZ
. Me
351 O ©
3.53 H [Rh]@ N—[Rh]
[Rh]© 0-3.48 . |
OR ®N,
Me Me
Me Me
_ _ CH,
Me Me @ Me
2 350 N
CH> .
VAN [Rh]© v-3.48, |
N T N o
stepwise N_
[Rhj© [Rh]
- 3.52 - Me Me
concer\ted\ CH,
® H
349 |
[Rh]©

3.4.2 Intermolecular Competition Reaction

To provide insight into the mechanism, intermolecular competition reactions were
performed. First, the effect of changing the electronic nature of the aryl azide on the reaction
was examined by comparing the reactivity of 3.1 to para-methoxy substituted 3.8 (eq. 3.1).
Underscoring the difference between our method for aliphatic C—H bond amination and others,
we found that more electron-rich aryl azides were more active towards the reaction conditions.

The enhanced reactivity of 3.8 as compared to 3.1 was attributed to either the preferred
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coordination of 3.8 to Rhy(esp), or the accelerated N, extrusion from the resulting azide-metal

complex.
Me Me Me Me Rhy(esp), Me Me
H MeO 5 mol % H Me MeO Me
EHZ ’ ﬁHZ PhMe, 120 °C N ’ \ (ea. 3.1)
N3 N3 46% conversion H H
3.1 3.8 3.2 1:1.8 3.54

3.4.3 Examination of Labeled Aryl Azide

To probe the mechanism of the C—H bond amination step, two stereospecifically labeled
aryl azide were examined (eq. 3.2). We anticipated that the number of indoline diastereomers
from 3.55 would be reveal if the amination step of catalytic cycle was stepwise or concerted.
Only two products would be produced via insertion into either the the f-C—H or B-C-D bond, If
the reaction was concerted. In contrast, if stepwise insertion was operating from through either a
radical- or cation reactive intermediate, then scrambling of the C2-stereocenter could occur
before recombination to form both 3.56-d, and 3.57-d>. In support of stepwise the f-C—H or f-C—
D bond amination, two diastereomers of 2-phenylindoline (dr 50:50) and an intramolecular
kinetic effect (KIE) of 6.7** were observed. The magnitude of this isotope effect is significantly
smaller than for the reaction involving an H-atom abstraction by an aryl nitrene or an aryl metal
nitene” (ku/kp = 12 — 14), but larger than hydride shift reaction (ky/kp = 2 for Cannizzaro
reaction and Meerwein—Ponndorf-Verley reduction).” **>*> In addition, smaller KIEs were
observed at lower reaction temperatures (Table 3.6) revealing that our amination reaction occurs
above the isokinetic temperature and, as a consequence, is under entropic control.***” We found,
however, that spatial constraints of this reaction override these isotope effects: cyclopentanone-
derived aryl azide 3.58 reacted preferentially with the syn-C—D bond to form 3.59 exclusively

(eq 3.3).2
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b H Ph Rhy(esp), DH DH
N 5 mol % N .Ph D
//," W + \
D H PhMe, 120 °C N D N Ph (eq. 3.2)

N, KIE =6 H 50:50 H
3.55 3.56 3.57

Table 3.4. Observed kinetic isotope effects.

entry T (°C) kn/kp'
1 80 3.7
2 100 5.7
3 120 6.7

* As determined using 'H NMR spectroscopy

M Me Me Me H
H Rhy(esp), H
5 m0| % _ H ' (eq 3 3)
S I .3.
4 D PhMe, 120°C N oN
N3 D [Rh]©
3.58 3.59 3.60

only isotopomer

3.5 Conclustion

In conclusion, we have developed an efficient and diastereoselective rhodium(II)-
catalyzed aliphatic C—H bond amination reaction with an aryl azide as the N-atom source. Our
method is different from previously reported aliphatic C—H bond amination reactions which
requiring a strong electron-withdrawing group on the nitrogen atom. The reactivity of
stereospecific labeled aryl azides revealed that the amination reaction occurred stepwise with the
syn-C—H bond. The mechanistic insight will be exploited to develop this reactivity of aryl azides

to the stereoselective synthesis of complex, functionalized N-heterocycles.
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3.6 Experimental

General. "H NMR and ">C NMR spectra were recorded at ambient temperature using 500 MHz
or 300 MHz spectrometers. The data are reported as follows: chemical shift in ppm from
internal tetramethylsilane on the & scale, multiplicity (br = broad, s = singlet, d = doublet, t =
triplet, @ = quartet, m = multiplet), coupling constants (Hz) and integration. High resolution
mass spectra were obtained by peak matching. Melting points are reported uncorrected. Infrared
spectroscopy was obtained using a diamond attenuated total reflectance (ATR) accessory.
Analytical thin layer chromatography was performed on 0.25 mm extra hard silica gel plates
with UV254 fluorescent indicator. Liquid chromatography was performed using forced flow
(flash chromatography) of the indicated solvent system on 60A (40 — 60 pum) mesh silica gel
(Si07). Medium pressure liquid chromatography (MPLC) was performed to force flow the
indicated solvent system down columns that had been packed with 60A (40 — 60 pm) mesh silica
gel (Si0;). All reactions were carried out under an atmosphere of nitrogen in glassware, which
had been oven-dried. Unless otherwise noted, all reagents were commercially obtained and,
where appropriate, purified prior to use. Acetonitrile, Methanol, Toluene, THF, Et,O, and
CH,Cl, were dried by filtration through alumina according to the procedure of Grubbs.' Metal

salts were stored in a nitrogen atmosphere dry box.
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3.6.1 Preparation of Substituted ortho-tert-Butyl-Substituted Aryl Azides

General Procedure for the Azidation Reaction

Following the procedure of Zhang and Moses,” the 2-tert-butyl aryl azides were prepared.

Yields were not optimized.

_ t-B
- (t[t Bu t-BuN02 _ R{\\Ar u (eq 34)
G Me;SiN, MeCN ' o
2 NH, 3SiNg Z N\,

$$ 3.61

To a cooled solution of aniline in MeCN (0.2 M) was added dropwise ~-BuNO; (4 equiv)
and MesSiN3 (3 equiv) dropwise. The resulting solution was warmed to room temperature. After
1h, visualization of the reaction progress using TLC indicated the consumption of the starting
material. De—ionized water was added to the reaction mixture. The mixture then was extracted
with 2 x 30 mL of CH,Cl,. The combined organic phases were washed with 20 mL of brine.
The resulting organic phase was dried over Na,SOy, filtered, and the filtrate was concentrated in

vacuo. Purification of the residue by MPLC (0:100 — 5:95 EtOAc: hexanes) afforded azide.

Synthesis of ortho-tert-Butyl-Substituted Aryl Azides.

Cr
N3

3.1

1-Azido-2-tert-butylbenzene 3.1.° The general procedure was followed using 0.298 g of
2-tert-butylaniline (2 mmol) in 10 mL of MeCN, 0.951 mL of ~BuNO; and 0.842 mL of
Me;SiNs. Purification by MPLC (0:100 — 10:90 EtOAc:hexanes) afforded the product as a
yellow red oil (0.287 g, 84%). This azide was previously reported by Smith and co-workers.” 'H
NMR (500MHz, CDCl3) & 7.36 (d, J = 8.0 Hz, 1H), 7.26 (t,J = 8.0 Hz, 1H), 7.18 (d, /= 8.0 Hz,
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1H), 7.09 (t, J = 8.0 Hz, 1H), 1.42 (s, 9H); '*C NMR (125 MHz, CDCl3) § 141.0 (C), 137.9 (C),
127.3 (CH), 127.2 (CH), 124.7 (CH), 119.5 (CH), 35.1 (C), 29.9 (CHs). ATR-FTIR (thin film):

3067, 2995, 2956, 2118, 2081, 1575, 1484, 1439, 1283, 1150, 1056, 747, 646 cm .

HO tBU o, MeO LU gm0 MeO t-Bu
Vel T EOH (e 39)
NHAc ¢ NHAC NH,

3.62 3.63 3.64

2-tert-Butyl-4-methoxyaniline 3.64.° To a solution of 2.07 g of acetamide 3.62 (10.0
mmol) and 6.9 g K,CO;3 (50.0 mmol) in 40 mL of acetone was added 5.3 mL of Mel (80.0
mmol), after refluxing for 6 hours, the mixture was cooled to room temperature and diluted with
20 mL of H,O. The resulting aqueous phase was extracted with additional 3 x 20 mL of Et,0.
The resulting organic phase was dried over Na,SOy, filtered, and the filtrate was concentrated in
vacuo. Without further purification, to the crude product s2 in 100 mL of H,O was added 30 mL
of EtOH and 30 mL of HCI. After stirring at 100 °C overnight, the resulting mixture was
neutralized with Na,COs, and extract with 3 X 30 mL of CH,Cl,. The organic phase was
concentrated in vacuo. Purification by MPLC (5:95 —20:80 EtOAc:hexanes) afford aniline s3 as
brown solid (0.587 g, 33%). The spectral data matched that reported by Glorius and co-
workers.* "H NMR (500 MHz, CDCls) & 6.88 (d, J = 2.5 Hz, 1H), 6.63 (dd, J = 6.0 Hz, 2.5 Hz,
1H), 6.61 (d, J = 8.5 Hz, 1H), 3.76 (s, 3H), 3.57 (s, 2H), 1.48 (s, 9H); °C NMR (125 MHz,
CDCl) 6 152.8 (C), 138.3 (C), 136.0 (C), 118.8 (CH), 113.9 (CH), 111.1 (CH), 55.7 (CH3), 34.5
(C), 29.6 (CH3); ATR-FTIR (thin film): 2998, 2955, 2912, 2105, 1602, 1483, 1416, 1260, 1225,

1048, 876, 799, 637 cm .
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Me0\©it-8u
N3

3.8

1-Azido-2-tert-butyl-4-methoxybenzene 3.8. The general procedure was followed using
0.358 g of 2-tert-butyl-4-methoxyaniline 3.64 (2 mmol) in 10 mL of MeCN, 0.951 mL of #
BuNO; and 0.842 mL of Me;SiNs. Purification by MPLC (0:100 — 10:90 EtOAc:hexanes)
afforded the product as a brown oil (352 mg, 86%). '"H NMR (500 MHz, CDCl3) & 7.10 (d, J =
8.5 Hz, 1H), 6.94 (d, /= 1.5 Hz, 1H), 6.79 (dd, J = 1.5, 8.5 Hz, 1H), 3.81 (s, 3H), 1.41 (s, 9H);
C NMR (125 MHz, CDCl3) & 156.6 (C), 142.6 (C), 130.4 (C), 120.4 (CH), 114.5 (CH), 111.0
(CH), 55.5 (CHs3), 35.2 (C), 29.9 (CHs); ATR-FTIR (thin film): 2998, 2955, 2912, 2105, 1602,
1483, 1416, 1260, 1225, 1048, 876, 799, 637cm '; HRMS (EI) m/z calculated for C;;H;sN;O
(M)": 205.1215, found: 205.1207.

t-Bu NH,Br, H,0, Br t-Bu
@ W \©i (eq. 3.6)
NH, NH,
$$ 3.65

4-Bromo-2-tert-butylaniline 3.65. In the round-bottom flask were placed 1.79 g of 2-
tert-butylaniline (12.03 mmol), 1.29 g of NH4Br (13.23 mmol, 1.1 equiv) and 24 mL of glacial
acetic acid. 1.36 mL of H,O, was added dropwise via a syringe pump and the reaction mixture
was left to stir for 48 hours. The reaction mixture then was neutralized with NaHCO; and
extracted with with an additional 3 x 20.0 mL of CH,Cl,. The combined organic phases were
washed with 30.0 mL of brine. The resulting organic phase was dried over Na,SOy, filtered, and
the filtrate was concentrated in vacuo. Purification using MPLC (0:100 — 50:50 EtOAc: hexanes)
afforded the product as a brown red oil (1.64 g, 60%). "H NMR (500MHz, CDCl3) § 7.31 (d, J =

2.5 Hz, 1H), 7.12 (dd, J = 6.5 Hz, 2.0 Hz, 1H), 6.51 (d, J = 8.5 Hz, 1H), 3.82 (s, 2H), 1.40 (s,
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9H); *C NMR (125 MHz, CDCl3) & 143.7 (C), 135.9 (C), 129.6 (C), 129.5 (CH), 119.2 (CH),
110.7 (CH), 34.4 (C), 29.4 (CH3). ATR-FTIR (thin film): 3493, 3392, 2963, 2909, 2871, 1619,
1486, 1400, 1249, 1151, 1101, 867, 809 cmﬁl; HRMS (EI) m/z calculated for C;oH;4BrN (M)+:
227.0310, found: 227.0300.

Br t-Bu (Ph3P)2PdC|2 Me t-Bu
\©i +  MeyZn 0.05mol% \@E (eq. 3.7)
NH, 1,4-dioxane NH,

3.65 (2 equiv) 3.66

2-tert-Butyl-4-methylaniline 3.66.° Following the procedure by Herbert, Aniline s5 was
prepared.® To the solution of 1.1 g of 2-fert-butyl-4-bromo-phenylamine 3.65 (5.0 mmol), 0.17 g
of PdCl,(PPhs), (0.25 mmol) in 20 mL of 1,4-dioxane under argon was added 5 mL of Me,Zn
(2M in toluene). After refluxing for 3 hours, the mixture was cooled to room temperature. Then
the resulting solution was diluted with 20 mL of MeOH, washed with 20 mL of 1M HCI, and
extracted with 3 x 20 mL of Et,O. The organic phase was collected and concentrated.
Purification by MPLC (0:100 — 10:90 EtOAc:hexanes) afforded aniline s5 as a pale solid (0.530
g, 65%). This aniline was reported recently by Dixon and Burgoyne.” "H NMR (500MHz, CDCl;
+ DMSO) 6 6.75 (m, 2H), 6.53 (dd, J = 5.5 Hz, 3.0 Hz, 1H), 3.47 (s, 2H), 1.97 (s, 3H), 1.25 (s,
9H); “C NMR (125 MHz, CDCl; + DMSO) & 156.3 (C), 148.1 (C), 133.0 (CH), 127.5 (C),
113.7 (CH), 113.2 (CH), 35.0 (C), 31.1 (CHj3), 23.5 (CH3). ATR-FTIR (thin film): 3287, 2967,

1679, 1601, 1531, 1427, 1365, 1291, 1204, 1141, 1078, 804, 618 cm .

Me\@it-Bu
N3

3.10
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1-Azido-2-tert-butyl-4-methoxybenzene 3.10. The general procedure was followed
using 0.326 g of 2-fert-butyl-4-methylaniline (2 mmol) in 10 mL of MeCN, 0.951 mL of
BuNO; and 0.842 mL of MesSiN;. Purification by MPLC (0:100 — 10:90 EtOAc:hexanes)
afforded the product as a yellow oil (318 mg, 84%). 'H NMR (500 MHz, CDCls) § 7.24 (s, 1H),
7.13 (m, 2H), 2.41 (s, 3H), 1.50 (s, 9H); °C NMR (125 MHz, CDCl;) § 140.8 (C), 135.1 (C),
134.2 (C), 128.2 (CH), 127.8 (CH), 119.5 (CH), 35.0 (C), 30.1 (CHz3), 21.2 (CH3). ATR-FTIR
(thin film): 2995, 2956, 2912, 2871, 2109, 1574, 1493, 1439, 1361, 1282, 1213, 807, 750 cm';
HRMS (EI) m/z calculated for C;;H;sN3 (M)": 189.1266, found: 189.1270.

Pd(PPh3)4

Br t-Bu Ph t-Bu
20 mol% =
\CE = eom, koo (4 eouiV) - V\CE o039
NH, 2LU3 q NH,

PhMe, EtOH, H,O
3.65 (1.3 equiv) 3.67

(E)-2-tert-Butyl-4-styrylaniline 3.67. To a dry 100 mL round bottom flask equipped
with a stir bar were added 2-0.456 g of 2-tert-butyl-4-bromoaniline (2 mmol), 0.429 g of (E)-2-
phenylvinylboronic acid (2.9 mmol), K,COs (1.1 g) and 0.105 g of Pd(PPh;3)4 (0.2 equiv). The
mixture of toluene:H,O:EtOH (3:2:1) was added to reaction flask. The resultant mixture was
heated to 100 °C. After 16 hours, the mixture was cooled to room temperature and diluted with
20 mL of NH4Cl. The resulting aqueous phase was extracted with an additional 3 x 20 mL of
CH,Cl,. The combined organic phases were washed with 30 mL of brine. The resulting organic
phase was dried over Na,SO,, filtered, and the filtrate was concentrated in vacuo. Purification
by MPLC (0:100 — 50:50 EtOAc: hexanes) afforded the product as a brown oil (0.366 g, 73%).
'H NMR (500 MHz, CDCl3) & 7.51 (d, J= 7.5 Hz, 2H), 7.41 (d, J = 1.5 Hz, 1H), 7.34 — 7.37 (m,
2H), 7.28 (dd, J = 1.5, 8.0 Hz, 1H), 7.22 — 7.25 (m, 1H), 7.08 (d, J=16.5 Hz, 1H), 6.95 (d, J =

16.5 Hz, 1H), 6.66 (d, J = 8.5 Hz, 1H), 3.93 (br, 2H), 1.48 (s, 9H); °C NMR (125 MHz, CDCls)
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5 144.5 (C), 138.2 (C), 133.6 (C), 129.4 (CH), 128.6 (CH), 127.9 (C), 126.8 (CH), 126.1 (CH),
125.8 (CH), 125.0 (CH), 124.8 (CH), 118.1 (CH), 34.3 (C), 29.6 (CH3); ATR-FTIR (thin film):
3498, 3388, 3020, 2955, 2871, 1709, 1617, 1592, 1497, 1410, 1277, 1192, 958, 813, 751, 691
cm '; HRMS (EI) m/z calculated for C1sHy N (M)": 251.1674, found: 251.1671.
Ph = t-Bu H,, PAIC Ph t-Bu t-BUNO, Ph t-Bu
3.67 3.68 3.12

1-Azido-2-tert-butyl-4-phenethylbenzene 3.12. A mixture of (E)-2-tert-butyl-4-
styrylaniline 3.67 and Pd/C (Pd, 10 wt % on carbon powder) in THF were vigorous stirred at
room temperature under hydrogen atmosphere. After 20h, visualization of the reaction progress
using TLC indicated consumption of the starting material. The mixture then was filtered through
a pad of Celite, and the filtrate was concentrated in vacuo to afford crude product, which was
subjected to the +~-BuNO,-mediated azidation reaction without purification.

The general azidation procedure was followed using 0.506 g of 2-fert-butyl-4-
phenethylaniline 3.68 (2 mmol) in 10 mL of MeCN, 0.951 mL of #~BuNO; and 0.842 mL of
(CH3)3SiN;3. Purification by MPLC (0:100 — 10:90 EtOAc:hexanes) afforded the product as a
yellow oil (0.497 g, 89%).1H NMR (500 MHz, CDCl;) ¢ 7.32 (dt, J = 6.5, Hz, 1.0 Hz, 2H), 7.24
(m, 1H), 7.19 (d, J = 8.0 Hz, 2H), 7.11 (m, 2H), 7.09 (s, 1H), 2.94 (s, 4H), 1.41 (s, 9H); "°C
NMR (125 MHz, CDCls) & 141.6 (C), 140.7 (C), 138.1 (C), 135.6 (C), 128.6 (CH), 128.4 (CH),
127.8 (CH), 127.1 (CH), 126.0 (CH), 119.5 (CH), 38.1 (CH>), 37.6(CH>), 35.0 (C), 30.0 (CH3);
ATR-FTIR (thin film): 3027, 2953, 2863, 2102, 2061, 1602, 1489, 1291, 1076, 809, 745, 697

cm’l; HRMS (EI) m/z calculated for C;sH, N3 (M)+: 279.1735, found: 279.1742.
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Ph Z t-Bu
\/\©iN3
3.14

(E)-1-Azido-2-tert-butyl-4-styrylbenzene 3.14. The general azidation procedure was
followed using 0.502 g of (E)-2-tert-butyl-4-styrylaniline 3.67 (2 mmol) in 10 mL of MeCN,
0.951 mL of +-BuNO, and 0.842 mL of (CHj3)3;SiNs. Purification by MPLC (0:100 — 10:90
EtOAc:hexanes) afforded the product as a yellow solid (0.432 g, 78%). '"H NMR (500 MHz,
CDCl) 6 7.60 (d, J= 8.0 Hz, 2H), 7.57 (s, 1H), 7.49 (d, J = 8.5 Hz, 1H), 7.45 (t, /= 7.0 Hz, 2H),
735 (t, J = 7.5 Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 7.15 (d, J = 4.5 Hz, 2H), 1.53 (s, 9H); °C
NMR (125 MHz, CDCls) 6 141.2 (C), 137.4 (C), 137.1 (C), 133.9 (C), 128.8 (CH), 128.35 (CH),
128.3 (CH), 127.7 (CH), 126.6 (CH), 126.0 (CH), 125.1 (CH), 120.0 (CH), 35.2 (C), 30.0 (CHs);
ATR-FTIR (thin film): 2999, 2957, 2863, 2104, 2070, 1591, 1480, 1357, 1289, 1073, 957, 891.
799, 690 cm™'; HRMS (EI) m/z calculated for C gHoN3 (M) 277.1579, found: 277.1568.

Pd(PPh3),

2 — > .3
NH, K>CO5 (4 equiv) NH,

PhMe, EtOH, H,0
3.65 (1.3 equiv) 3.69

2-tert-Butyl-4-phenylaniline 3.69. To a dry 100 mL round bottom flask equipped with a
stir bar were 0.456 g of 2-tert-butyl-4-bromoaniline (2 mmol), 0.354 g of phenylboronic acid
(2.9 mmol), 1.1 g of K,CO; (4 equiv) and 0.105 g of Pd(PPhs)s (0.2 equiv). A mixture of
toluene:H,O:EtOH (3:2:1) was added to reaction flask. The resultant mixture was heated to
100 °C. After 16 hours, the mixture was cooled to room temperature and diluted with 20 mL of
NH4CI. The resulting aqueous phase was extracted with an additional 3 x 20 mL of CH,Cl,. The
combined organic phases were washed with 30 mL of brine. The resulting organic phase was

dried over Na,SOy, filtered, and the filtrate was concentrated in vacuo. Purification using MPLC
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(0:100 — 50:50 EtOAc: hexanes) afforded aniline 3.69 as a brown oil (0.283 g, 63%). 'H NMR
(500 MHz, CDCl3) 6 7.66 (d, J=1.0 Hz, 1H), 7.64 (d, J = 1.0 Hz, 1H), 7.60 (d, J = 2.0 Hz, 1H),
7.50 (t, J = 8.5 Hz, 2H), 7.40 — 7.35 (m, 2H), 6.79 (d, J = 8.0 Hz, 1H), 3.94 (s, 2H), 1.57 (s, 9H);
C NMR (125 MHz, CDCl3) & 144.2 (C), 141.9 (C), 133.9 (C), 131.6 (C), 128.8 (CH), 126.7
(CH), 126.3 (CH), 125.7 (CH), 118.3 (CH), 34.5 (C), 29.8 (CH3) only visible signals; ATR-FTIR
(thin film): 3497, 3385, 3028, 2955, 1617, 1483, 1402, 1292, 1240, 1157, 1024, 890, 762, 696
cm’l; HRMS (EI) m/z calculated for C;sH 9N (M)+: 225.1517, found: 225.1521.
Ph t-Bu
L,

3.16

1-Azido-2-tert-butyl-4-phenylbenzene 3.16. The general azidation procedure was
followed using 0.450 g of 2-tert-butyl-4-phenylaniline 3.69 (2 mmol) in 10 mL of MeCN, 0.951
mL of #BuNO, and 0.842 mL of (CH;);SiNs. Purification by MPLC (0:100 — 10:90
EtOAc:hexanes) afforded the product as a yellow solid (0.412 g, 82%). 'H NMR (500 MHz,
CDCl3) 6 7.58 —7.59 (m, 3H), 7.45 — 7.50 (m, 3H), 7.35 -7.38 (m, 1H), 7.24 (s, 1H), 1.48 (s, 9H);
C NMR (125 MHz, CDCly) § 141.3 (C), 140.9 (C), 137.7 (C), 137.1 (C), 128.8 (CH), 127.2
(CH), 127.0 (CH), 126.3 (CH), 125.9 (CH), 120.0 (CH), 35.3 (C), 30.0 (CH3); ATR-FTIR (thin
film): 3004, 2948, 2903, 2116, 2089, 1600, 1475, 1394, 1290, 1240, 1075, 1023, 894, 811, 756

cm'; HRMS (EI) m/z calculated for C1¢H7N3 (M)": 251.1244, found: 251.1431.

OMe
: B(OH), Pd(PPh3),
Br t-Bu ) 20 mol% _ O (eq. 3.11)
\H KoCOs (4 €auV) Mo t-Bu (&9 >
2 MeO OMe PhMe, EtOH, H,O O
NH,
3.65 (1.3 equiv) 3.70
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3-tert-Butyl-3',5'-dimethoxybiphenyl-4-amine 3.70. To a dry 100 mL round bottom
flask equipped with a stir bar were added 0.456 g of 2-tert-butyl-4-bromoaniline (2 mmol), 0.548
g of 3,5-dimethoxyphenylboronic acid (2.9 mmol), 1.1 g of K,COs (4 equiv) and 0.105 g of
Pd(PPhs)4 (0.2 equiv). A mixture of toluene:H,O:EtOH (3:2:1) was added to reaction flask. The
resultant mixture was heated to 100 °C. After 16 hours, the mixture was cooled to room
temperature and diluted with 20 mL of NH4CI. The resulting aqueous phase was extracted with
an additional 3 x 20.0 mL of CH,Cl,. The combined organic phases were washed with 30.0 mL
of brine. The resulting organic phase was dried over Na,SO,, filtered, and the filtrate was
concentrated in vacuo. Purification by MPLC (0:100 — 50:50 EtOAc: hexanes) afforded aniline
3.70 as a light brown solid (0.416 g, 73%). 'H NMR (500 MHz, CDCl;) & 7.53 (d, J = 2.0 Hz,
1H), 7.33 (dd, J= 6.0 Hz, 2.0 Hz, 1H), 6.76 (d, J= 2.0 Hz, 2H), 6.74 (d, /= 8.0 Hz, 1H), 6.48 (t,
J =2.0 Hz, 1H), 3.96 (s, 2H), 3.89 (s, 6H), 1.52 (s, 9H); °C NMR (125 MHz, CDCl;) & 161.1
(C), 157.9 (C), 144.5 (C), 144.2 (C), 133.8 (C), 131.5 (C), 125.7 (CH), 118.1 (CH), 105.1 (CH),
98.2 (CH), 94.3 (CH), 93.1 (CH), 55.4 (CH3), 34.5 (C), 29.7 (CH3); ATR-FTIR (thin film): 2975,
2925, 2855, 1685, 1600, 1480, 1455, 1386, 1290, 1245, 1163, 908, 724 cm'; HRMS (EI) m/z

calculated for C1sH23NO, (M)+: 285.1729, found: 285.1712.

OMe

MeO O O t-Bu
N3
3.18
4-Azido-3-tert-butyl-3, 5'-dimethoxybiphenyl 3.18. The general azidation procedure

was followed using 0.570 g of 3-fert-butyl-3',5'-dimethoxybiphenyl-4-amine 3.70 (2 mmol) in 10

mL of MeCN, 0.951 mL of #~BuNO, and 0.842 mL of (CH3);SiNj3. Purification by MPLC (0:100
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— 10:90 EtOAc:hexanes) afforded the product as a brown yellow solid (0.566 g, 91%). 'H NMR
(500 MHz, CDCl3) & 7.69 (s, 1H), 7.53 (d, J= 8.0 Hz, 1H), 7.28 (d, J = 8.5 Hz, 1H), 6.83 (s, 2H),
6.58 (s, 1H), 3.92 (s, 6H), 1.58 (s, 9H); *C NMR (125 MHz, CDCl5) & 161.3 (C), 143.1 (C),
141.3 (C), 137.7 (C), 137.4 (C), 126.4 (CH), 126.0 (CH), 120.0 (CH), 105.5 (CH), 99.1 (CH),
55.4 (CHs), 35.3 (C), 30.1 (CHs); ATR-FTIR (thin film): 2995, 2955, 2838, 2117, 2079, 1592,

1495, 1456, 1386, 1285, 1202, 1151, 929, 812 cm™'; HRMS (EI) m/z calculated for C;sH, N30,

Br\@[ t-Bu
N3

3.20

(M)": 311.1634, found: 311.1620.

1-Azido-4-bromo-2-tert-butylbenzene 3.20. The general procedure was followed using
0.454 g of 4-bromo-2-tert-butylaniline 3.65 (2 mmol) in 10 mL of MeCN, 0.951 mL of +-BuNO,
and 0.842 mL of (CH3);SiNj. Purification by MPLC (0:100 — 10:90 EtOAc:hexanes) afforded
the product as a brown yellow oil (0.409 g, 81%). "H NMR (500MHz, CDCl3) & 7.53 (d, J=2.0
Hz, 1H), 7.37 (dd, J = 6.5 Hz, 2.0 Hz, 1H), 7.03 (d, J = 8.5 Hz, 1H), 1.46 (s, 9H); >*C NMR (125
MHz, CDCls) 6 143.2 (C), 137.2 (C), 130.6 (CH), 130.0 (CH), 121.0 (CH), 117.9 (C), 35.3 (C),
29.7 (CHs). ATR-FTIR (thin film): 2991, 2956, 2909, 2118, 2088, 1585, 1565, 1481, 1362, 1289,

1077, 805, 583 cmﬁl; HRMS (EI) m/z calculated for C;oH;,BrNs (M)+: 253.0215, found:

253.0220.
NaH (3 equiv) Me, Me
CO,Et \
Mel (2.2 equiv) CO,Et (eq. 3.12)
NO -
2 DMF NO,
3.71

2-Methyl-2-(2-nitrophenyl)proponic acid ethyl ester 3.71. Following the procedure
reported by Glorius and co-workers, methyl ester 3.71 was prepared.* To a 2.1 g of (2-nitro-

114



phenyl)-acetic acid methyl ester (10.0 mmol), and 2 mL of Mel (22.0 mmol) in 20 mL of DMF
at 0 °C was added small amount of NaH (60% in mineral oil) until the mixture turn blue. The
rest NaH (total 1.2 g, 30.0 mmol) was added gradually during 30 minutes while the temperature
was kept at 0 °C. Then the reaction was warmed to room temperature. After 6 hours, the mixture
was diluted with 60 mL of H,O and extracted with 4 x 30 mL of Et,O. The organic phase was
concentrated. Purification by MPLC (2:98 — 10:90 EtOAc:hexanes) afforded the product as a
light yellow solid (1.9 g, 80%). The spectral data matched that reported by Glorius and co-
workers *. "H NMR (500 MHz, CDCls) & 7.85 (d, J = 8.0 Hz, 1H), 7.57 — 7.58 (m, 2H), 7.35 —
7.38 (m, 1H), 4.06 (q, J = 7.0 Hz, 2H), 1.63 (s, 6H), 1.14 (t, J = 7.0 Hz, 3H); >C NMR (125
MHz, CDCl) & 175.1 (C), 148.7 (C), 139.4 (C), 133.2 (CH), 128.1 (CH), 127.7 (CH), 125.5
(CH), 61.0 (CH»), 46.4 (C), 27.5 (CHs), 13.9 (CH3); ATR-FTIR (thin film): 2985, 1722, 1526,

1351, 1227, 1111, 911, 729 cm .

Me. Me Me_ Me Me. Me
CO,Et H,, Pd/C CO,Et t-BuNO, CO,Et
THF " MesSicl (eq. 3.13)
NO, NH; N3
3.7 3.72 3.22

Ethyl 2-(2-azidophenyl)-2-methylpropanoate 3.22. Reduction of the nitro group was
accomplished by mixing 0.47 g of ethyl ester 3.71 and 0.1 g of Pd on activated carbon in 10 mL
of MeOH. A balloon of hydrogen was attached. After 4 hours, the balloon was removed, and
the reaction mixture was filtered. The resulting filtrate was concentrated in vacuo to afford
aniline 3.72, which was used in the azidation reaction without further purification.

The general procedure for azidation was followed using 0.41 g of ethyl 2-(2-
aminophenyl)-2-methylpropanoate 3.72 (2 mmol) in 10 mL of MeCN, 0.951 mL of #-BuNO; and

0.842 mL of (CH3)3SiN3. Purification by MPLC (0:100 — 10:90 EtOAc:hexanes) afforded the
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product as a yellow oil (0.16 g, 34%). '"H NMR (500 MHz, CDCls): & 7.36 — 7.34 (m, 1H), 7.33
—17.29 (m, 1H), 7.17 — 7.14 (m, 2H), 4.16 (q, J = 7.0 Hz, 2H), 1.54 (s, 6H), 1.19 (t, /= 7.0 Hz,
3H); >C NMR (125 MHz, CDCls): § 177.1 (C), 137.5 (C), 136.4 (C), 128.0 (CH), 126.4 (CH),
124.9 (CH), 118.6 (CH), 60.8 (CH,), 45.1 (C), 26.1 (CH3), 14.1 (CH3); ATR-FTIR (thin film):
2987, 2931, 2122, 2092, 1729, 1578, 1487, 1445, 1382, 1285, 1140, 858, 748, 672 cm '; HRMS

(EI) m/z calculated for C1,H;sN30, (M) : 233.1164, found: 233.1166.

Me

L
N

3
3.24

1-Azido-2-isopropylbenzene 3.24. ’ The general procedure was followed using 0.270 g
of 2-isopropylaniline (2 mmol) in 10 mL of MeCN, 0.951 mL of +-BuNO, and 0.842 mL of
(CH3)3SiN;3. Purification by MPLC (0:100 — 10:90 EtOAc:hexanes) afforded the product as a
yellow solid (0.258 g, 80%). The spectral data matched that reported by Fokin and co-workers.’
'H NMR (500 MHz, CDCl;): & 7.30 (d, J = 7.5 Hz, 1H), 7.26 (t, J= 7.5 Hz, 1H), 7.17 — 7.13 (m,
2H), 3.26 (m, J = 7.0 Hz, 1H), 1.25 (d, J = 7.0 Hz, 6H); C NMR (125 MHz, CDCl;): & 140.0
(C), 137.2 (C), 126.9 (CH), 126.6 (CH), 125.0 (CH), 118.1 (CH), 28.0 (CH), 22.9 (CH3); ATR-

FTIR (thin film): 3067, 2963, 2121, 2091, 1580, 1487, 1445, 1290, 1077, 907, 748 cm ™"

Me Tf,0 (1.1 equiv) Me
= oTf .3.14
Ph CHO | N Ph)\r“ (eq )
t-Bu” N” t-Bu 3.73
(1.2 equiv)

(E)-2-phenylprop-1-enyl trifluoromethanesulfonate 3.73. To a mixture of 1.32 mL of

2-phenylpropanal (10.0 mmol) and 2.65 mL of 2,6-di-tert-butylpyridine (12.0 mmol) in 40 mL
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of 1,2-dichloroethane was added 1.85 mL of triflic anhydride (11.0 mmol). The resultant
mixture was heated to 70 °C. After 2h, the mixture was cooled to room temperature and diluted
with 40 mL of CH,Cl,. The phases were separated, and the resulting aqueous phase was
extracted with an additional 2 x 30 mL of CH,Cl,. The combined organic phases were washed
with 1 %X 30 mL of brine. The resulting organic phase was dried over Na,SO4, and was
concentrated in vacuo to afford 2.53 g of triflate 3.73, which was used in the subsequent Suzuki

cross-coupling reaction without further purification.

Me
Bpin Phﬁmf XN H,, PAIC i
@[ : . \M(e 4.2%HF @(\HH"G (eq. 3.15)
NFz N;dgl?lf)fi?cgziolgr?;?leO NH; NH,

3.74 3.75

Aniline 3.74. To a mixture of 0.7 g of 2-aniline boronic pinacol ester (3.2 mmol), 0.261
g of (dppf)PdCl;, (0.32 mmol) in 40 mL of 1,4-dioxane was added 8 mL of a 3 M solution of
NaOH in water followed by 1.36 g of triflate 3.73 (5.12 mmol). The resultant mixture was heated
to 80 °C. After 12 h, the mixture was cooled to room temperature and filtered through a pad of
Celite. The filtrate was diluted with 20 mL of a saturated aqueous solution of NH4Cl. The
phases were separated and the resulting aqueous phase was extracted with an additional 2 x 30
mL of CH,Cl,. The combined organic phases were washed with 1 x 30 mL of brine. The
resulting organic phase was dried over Na;SO4, and was concentrated in vacuo to afford 0.627 g
of aniline 3.74, which was submitted to the subsequent hydrogenation step without further
purification.

To a mixture of 0.627 g of aniline 3.74 and 0.540 g of Pd/C (Pd, 10 wt % on carbon
powder) in 40 mL of THF was added a balloon of H,. After 16 h the balloon was removed, and
the reaction mixture was filtered. The resulting filtrate was concentrated in vacuo. Purification
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by MPLC (0:100 — 5:95 EtOAc:hexane) afforded 0.397 g of aniline 3.75 as a yellow oil (1.76
mmol, 59% over two steps). ). '"H NMR (500 MHz, CDCl3) & 7.32 — 7.35 (m, 2H), 7.23 — 7.26
(m, 3H), 7.05 - 7.08 (m, 1H), 7.0 (d, J = 8.0 Hz, 1H), 6.74 (t, /= 8.0 Hz, 1H) 6.67 (d, /= 8.0 Hz,
1H), 3.44 (br, 2H), 3.09 — 3.15 (m, 1H), 2.85 (dd, J = 6.5 Hz, 14.0 Hz, 1H), 2.74 (dd, J = 8.0 Hz,
14.0 Hz, 1H), 1.36 (d, J = 7.0 Hz, 3H); >C NMR (125 MHz, CDCl3) & 147.1 (C), 144.5 (C),
131.0 (CH), 128.5 (CH), 127.2 (CH), 127.0 (CH), 126.3 (CH), 125.3 (C), 118.7 (CH), 115.9
(CH), 40.8 (CHy), 39.5 (CH), 21.4 (CHs); ATR-FTIR (thin film): 3451, 3371, 1621, 1490, 1449,

1268, 907 cm™'. HRMS (EI) m/z calculated for C;sH ;7N (M)+: 211.1361, found: 211.1380.

Ph

Me
H
N

3
3.26

Azide 3.26. The general azidation procedure was followed using 0.422 g of 2-(2-
phenylpropyl)aniline 3.75 (2 mmol) in 10 mL of MeCN, 0.951 mL of +-BuNO; and 0.842 mL of
(CH3)3SiN;3. Purification by MPLC (0:100 — 10:90 EtOAc:hexanes) afforded the product as a
yellow oil (0.356 g, 75%). "H NMR (500 MHz, CDCl3) & 7.34 (t, J = 7.5 Hz, 2H), 7.23 — 7.29 (m,
4H), 7.17 (d, J = 8.0 Hz, 1H), 7.04 (m, 2H), 3.08 — 3.15 (m, 1H), 2.93 (dd, J = 7.0 Hz, 13.0 Hz,
1H), 2.84 (dd, J=7.0 Hz, 13.0 Hz, 1H), 1.31 (d, J= 7.0 Hz, 3H); °C NMR (125 MHz, CDCL;) &
146.9 (C), 138.3 (C), 132.4 (C), 131.5 (CH), 128.3 (CH), 127.5 (CH), 127.1 (CH), 126.1 (CH),
124.4 (CH), 118.1 (CH), 40.5 (CH,), 40.3 (CH), 21.0 (CH3); IR (thin film): 2113, 1578, 1490,
1448, 1281, 1148, 902, 731 cm . HRMS (EI) m/z calculated for C;sHisN3 (M) 237.1266,

found: 237.1276.
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Me

Me
H
N

3
3.28

1-Azido-2-n-propylbenzene 3.28.° The general procedure was followed using 0.270 mg
of 2-n-butylaniline (2 mmol) in 10 mL of MeCN, 0.951 mL of ~BuNO, and 0.842 mL of
(CHj3)3SiN;3. Purification by MPLC (0:100 — 10:90 EtOAc:hexanes) afforded the product as a
yellow oil (0.264 g, 82%). The spectral data matched that reported by Driver and co-workers.”
'H NMR (500 MHz, CDCl3) & 7.25 — 7.28 (m, 1H), 7.15 — 7.20 (m, 2H), 7.08 — 7.11 (m, 1H),
2.59 (t, J= 7.5 Hz, 2H), 1.64 (td, J= 10.Hz, J= 7.5 Hz, 2H), 0.99 (t, J= 7.5 Hz, 3H); °C NMR
(125 MHz, CDCls) 6 138.0, 134.2, 130.5, 127.2, 124.6, 118.1, 33.3, 23.5, 14.0; IR (thin film):

2122, 1582, 1489, 1450, 1285, 1450, 1107, 750, 653 cm "

3.6.2 Preparation of Substituted ortho-cycloalkyl-Substituted Aryl Azides

Route to Substrates.

Substituted ortho-azido-cycloalkylbenzenes were synthesized using the route outlined in
Scheme s1. Arylboronic pinacol esters 3.76 were prepared from corresponding 2-bromoaniline
or 2-bromo-1-nitrobenzene. A subsequent Suzuki cross-coupling reaction with a vinyl triflate
afforded substituted 2-cycloalkenylanilines 3.77. Hydrogenation of 3.77 using the combination
of Pd/C and H, afforded 2-cycloalkylanilines 3.78. Treatment of the anilines with zerz-butyl

nitrite and azidotrimethylsilane provided the requisite aryl azides 3.79.
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Scheme 3.3. Synthetic route to ortho-cyclosubstituted aryl azides.

oTf
Br Bpin Q/ )
S _ HBpin _ R_C[ P 3 N n
T

Rt —— 0. R

|
R,  (@PPPACL, NR,  (9PPOPAC, ZNNR,
R=HorO 3.76 3.77
I AN )n t-BUNOz R I AN )n H2, Pd/C
R—u -~ R
3.79 3.78

Synthesis of Aryl Boronic Pinacol Esters

A. General Procedure

The requisite arylboronic pinacol esters were prepared in one-step from commercially
available ortho-bromoanilines and HBPin using (dppf)PdCl, as catalyst. Yields were not

optimized.

Br HBpin (3 equiv) Bpin
R N (dppf)PdCl, 5 mol% R N (eq. 3.16)
. > | .3
= Et3N (4 equiv) Y
NH, SRS NH,
$$ 1,4-dioxane 3.76

To a mixture of 2-bromo-aniline (5.00 mmol), 0.185 g of (dppf)PdCl, (0.250 mmol), 2.78
mL of Et;N (20.0 mmol) in 20.0 mL of 1,4-dioxane, was added dropwise 2.17 mL of 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (15.0 mmol). The resultant mixture was heated to 100 °C. After
16h, the mixture was cooled to room temperature and diluted with 20.0 mL of NH4Cl. The
resulting aqueous phase was extracted with an additional 3 x 20.0 mL of CH,Cl,. The combined

organic phases were washed with 30.0 mL of brine. The resulting organic phase was dried over
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NaySOys, filtered, and the filtrate was concentrated in vacuo. Purification using MPLC afforded

the product.

B. Syntheses

MeO\C[ Bpin
NH,
3.80

Aryl boronicpinacol ester 3.80.° The general procedure was following using 2.02 g of 2-
bromo-4-methoxylaniline (10.0 mmol), 0.401 mg of (dppf)PdCl, (0.500 mmol), 4.40 mL of
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (30.0 mmol) and 5.70 mL of Et;N (40.0 mmol) in 50.0
mL of 1,4-dioxane. Purification by MPLC (5:100 — 10:90 EtOAc: hexanes) afforded the product
as a brown liquid (1.53 g, 62%). The spectral data matched that reported by Driver and co-
workers.” "H NMR (CDCls, 500 MHz) & 7.15 (s, 1H), 6.85 (dd, J= 8.5, 3.0 Hz, 1H), 6.57 (d, J =
8.5 Hz, 1H), 4.47 (s, 2H), 3.76 (s, 3H), 1.34 (s, 12H); °C NMR (CDCl;, 125 MHz) & 151.4 (C),
148.0 (C), 120.6 (CH), 119.6 (CH), 116.5 (CH), 83.6 (C), 56.0 (CH3), 25.0 (CH3) only signals

visible; ATR-FTIR (thin film): 3456, 3366, 1494, 1421, 1359, 1304, 1226, 1037, 855, 829, 750

Me\QBpin
NH,

3.81

-1
cm .

Aryl boronicpinacol ester 3.81. The general procedure was following using 1.86 g of 2-
bromo-4-methylaniline (10.0 mmol), 0.401 g of (dppf)PdCl, (0.500 mmol), 4.40 mL of 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (30.0 mmol) and 5.70 mL of EtzN (40.0 mmol) in 50.0 mL of
1,4-dioxane. Purification by MPLC (1:100 — 10:90 EtOAc: hexanes) afforded the product as a

dark gold solid (0.840 g, 36%), mp 60 °C, Ry= 0.45 (15:75 EtOAc:hexanes, visualized by 254
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nm UV light). "H NMR (CDCls, 500 MHz) & 7.48 (s, 1H), 7.08 (d, J = 8.0 Hz, 1H), 6.57 (d, J =
8.0 Hz, 1H), 4.65 (s, 2H), 2.26 (s, 3H), 1.38 (s, 12H); °C NMR (CDCl;, 125 MHz) & 151.5 (C),
136.8 (CH), 133.7 (CH), 125.8 (C), 115.1 (CH), 83.5 (C), 25.0 (CH3), 20.3 (CHj3) only signals
visible; ATR-FTIR (thin film): 3500, 2980, 2244, 1618, 1576, 1496 cm'; HRMS (EI) m/z
calculated for C;3H20BNO, (M)": 233.1587, found: 233.1583.
Bpin
AL,
3.82

Aryl boronicpinacol ester 3.82. The general procedure was following using 2.40 g of 2-
bromo-5-(trifluoromethyl)aniline (10.0 mmol), 0.401 g of (dppf)PdClI, (0.500 mmol), 4.40 mL of
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (30.0 mmol) and 5.7 mL of EtzN (40.0 mmol) in 50.0
mL of 1,4-dioxane. Purification by MPLC (1:100 — 10:90 EtOAc: hexanes) afforded the product
as a yellow solid (1.83 g, 64%): mp 63-65 °C. '"H NMR (500 MHz, CDCl3) § 7.79 (d, J = 7.5 Hz,
1H), 6.93 (d, J = 7.5 Hz, 1H), 6.83 (s, 1H), 5.03 (s, 2H), 1.38 (s, 12H); *C NMR (125 MHz,
CDCl) 6 153.9 (C), 137.6 (CH), 134.3 (q, Jcr = 32 Hz, C), 124.3 (q, Jcr = 272 Hz, CF3), 112.6
(q, Jor = 3.4 Hz, CH), 110.9 (q, Jcr = 4.5 Hz, CH), 84.0 (C), 24.8 (CH3) only signals visible; Pp
NMR (282 MHz, CDCl;) 6 —63.948. ATR-FTIR (thin film): 3499, 3397, 2980, 2958, 2929,

1622, 1508, 1437, 1333, 1245 cm™'; HRMS (EI) m/z calculated for C;3H;7BFNO, (M)":

287.1304, found: 287.1310.

General Procedure for the Synthesis of Vinyl Trifles

o _ _ oTf
LiHMDS (1 equiv) (eq. 3.17)
n PhNTT, (1 equiv) n

THF, -78 °C
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To a stirring solution of 1.67 g of LIHMDS (10.0 mmol) in THF (30.0 mL) at —78 °C was
added 10.0 mmol of cyclic ketone. The resultant mixture was warmed to room temperature for
lh, then cooled to —78 °C. A solution of 3.57 g of PhNTf, (10.0 mmol) in THF was added to
reaction mixture in one portion, and then the mixture was maintained at —78 °C for lh. The
cooling bath was removed, and the reaction mixture was allowed to warm to room temperature.
After 18h at room temperature, the mixture was diluted with 40.0 mL of CH,Cl,. The resulting
aqueous phase was extracted with an additional 2 x 30.0 mL of CH,Cl,. The combined organic
phases were washed with 30.0 mL of brine. The resulting organic phase was dried over Na;SO,,

filtered, and the filtrate was concentrated in vacuo to afford crude triflate..

Suzuki Reaction of ortho-Bromoanilines

A. General Procedure.

Following the procedure of Driver and co-workers,” a series of aryl boronicpinacol esters
were treated with cyclic triflates in the presence of (dppf)PdCl, to produce the desire aniline.

Yields were not optimized.

Bpin OTf
X dppf)PdCl, 5 mol%
R_C[ ’ PRTTEO TR o (eq.318)
= NH n NaOH, 1,4-dioxane R—
2 =
NH,
3.76 3.77

To a mixture of 1.00 mmol of boronic ester 3.76, and 0.037g of (dppf)PdCl, (0.050 mmol)
in 15 mL of 1,4-dioxane was added 3.00 mL of a 3M solution of NaOH in water followed by
1.20 mmol of cycloalkyltriflate. The resultant mixture was heated to 100 °C. After 12 h, the
mixture was cooled to room temperature and diluted with 10 mL of a saturated aqueous solution
of NH4Cl. The resulting mixture was separated, and the aqueous phase was extracted with an
additional 2 x 30 mL of CH,Cl,. The combined organic phases were washed with 30 mL of
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brine. The resulting organic phase was dried over Na,SOs, filtered, and the filtrate was
concentrated in vacuo. Purification of the oily residue using MPLC afforded the product.

B. Syntheses

MeO ‘ ‘
NH,

3.83

Aniline 3.83. The general procedure was following using 1.24 g of boronic ester 3.80
(5.00 mmol), crude cyclohexyltriflate (derived from 10.0 mmol of cyclohexanone), 0.183 g of
(dppf)PdCl,, and 1.80 g of NaOH (45.0 mmol) in 75.0 mL of 1,4-dioxane and 15.0 mL of water.
Purification by MPLC (10:90 — 50:50 EtOAc: hexanes) afforded the product as a brown yellow
oil (0.741 g, 73%), Ry = 0.78 (50:50 EtOAc:hexanes, visualized by 254 nm UV light): '"H NMR
(500 MHz, CDCl3) 8 6.65 (d, J= 1.5 Hz, 2H), 6.60 (d, J = 1.5 Hz, 1H), 5.76 (t, /= 9.0 Hz, 1H),
3.75 (s, 3H), 3.54 (s, 2H), 2.27 (d, J = 2.0 Hz, 2H), 2.20 (d, J = 3.5 Hz, 2H), 1.79 (d, J = 6.0 Hz,
2H), 1.71 (d, J = 6.0 Hz, 2H); *C NMR (125 MHz, CDCl3) & 152.5 (C), 136.9 (C), 136.6 (C),
131.7 (C), 126.9 (CH), 116.6 (CH), 114.3 (CH), 113.2 (CH), 55.7 (CH3), 29.3 (CH»), 25.5 (CH»),
23.2 (CHy), 22.2(CH;). ATR-FTIR (thin film): 3420, 3009, 2929, 2227, 1623, 1521, 1462, 987,

758 cm™'; HRMS (EI) m/z calculated for Ci3HsNO (M)*: 203.1310, found: 203.1296.

Me l ‘
NH,

3.84
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Aniline 3.84. The general procedure was following using 1.16 g of boronic ester 3.81
(5.00 mmol), crude cyclohexyltriflate (derived from 10.0 mmol of cyclohexanone), 0.183 g of
(dppf)PdCl,, and 1.80 g of NaOH (45.0 mmol) in 75.0 mL of 1,4-dioxane and 15.0 mL of water.
Purification by MPLC (1:100 — 10:90 EtOAc: hexanes) afforded the product as a dark red oil
(0.842 g, 90%), Ry= 0.47 (15:75 EtOAc:hexanes, visualized by 254 nm UV light): "H NMR (500
MHz, CDCls) 6 6.96 (dd, /= 7.0 Hz, 1.0 Hz, 1H), 6.93 (s, 1H), 6.70 (d, /= 8.0 Hz, 1H), 5.86 (t,
J=2.0 Hz, 1H), 3.73 (s, 2H), 2.36 (m, 2H), 2.35 (s, 3H), 2.28 (m, 2H), 1.9 (m, 2H), 1.8 (m, 2H);
PC NMR (125 MHz, CDCl3) § 140.7 (C), 136.8 (C), 130.6 (C), 129.3 (CH), 128.1 (CH), 127.4
(C), 126.7 (CH), 115.7 (CH), 29.6 (CHa»), 25.6 (CH,), 23.4 (CH>), 22.4(CHa), 20.6 (CH3). ATR-

FTIR (thin film): 3444, 2927, 2224, 1618, 1500, 1461, 815 cm™'; HRMS (EI) m/z calculated for

FsC ‘ NH,

3.85

C1:H7N (M) 187.1361, found: 187.1365.

Aniline 3.85. The general procedure was following using 1.43 g of boronic ester 3.82
(5.00 mmol), crude cyclohexyltriflate (derived from 10.0 mmol of cyclohexanone), 0.183 g of
(dppf)PdCl,, and 1.80 g of NaOH (45.0 mmol) in 75.0 mL of 1,4-dioxane and 15.0 mL of water.
Purification by MPLC (1:100 — 10:90 EtOAc: hexanes) afforded the product as a yellow oil
(0.961 g, 80%), Ry=0.45 (15:75 EtOAc:hexanes, visualized by 254 nm UV light). 'H NMR (500
MHz, CDCls) 6 7.08 (d, J= 8.0 Hz, 1H), 6.97 (d, /= 8.0 Hz, 1H), 6.92 (s, 1H), 5.8 (s, 1H), 3.94
(s, 2H), 2.21 (m, 4H), 1.75 (m, 4H); *C NMR (125 MHz, CDCl3) & 143.7 (C), 135.6 (C), 133.5
(C), 129.7 (q, Jcr = 31 Hz, C), 129.1 (CH), 127.9 (CH), 124.5 (q, Jcr = 270 Hz, CF3), 114.7 (q,

Jer =3 Hz, C), 111.7 (q, Jer = 3.5 Hz, C), 29.2 (CHy), 25.4 (CH,), 23.1 (CHy), 22.1(CH,); "°F
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NMR (282 MHz, CDCl3) § —61.06. ATR-FTIR (thin film): 2936, 2240, 1619, 1512, 1433, 1333

cm '; HRMS (EI) m/z calculated for C3HsNF; (M) 241.1078, found: 241.1081.

Me l ‘
NH,

3.86

2-(cyclopent-2-enyl)-4-methyl-1-nitrobenzene 3.86. Following the procedure of
Larock and co-workers,'” nitrobenzene 3.86 was synthesized using 0.71 mL of 2-iodo-4-methyl-
1-nitrobenzene (5 mmol), 1.7 g of cyclopentene (5 equiv), 0.028 g of Pd(OAc), (2.5 mol %),
1.39 g of n-BusNClI (1 equiv), 0.735 g of KOAc (3 equiv), 0.0328 g of PPhs (2.5 mol %) in 10
mL of DMF. Purification by MPLC (1:100 — 10:90 EtOAc: hexanes) afforded the product as a
yellow oil (0.457 g, 45%). "H NMR (500 MHz, CDCls) § 7.74 (d, J= 7.5 Hz, 1H), 7.13 (s, 1H),
7.10 (d, J=9.0 Hz, 1H), 6.03 (m, 1H), 5.68 (m, 1H), 4.38 (m, 1H), 2.65 — 2.60 (m, 1H), 2.52 —
2.43 (m, 2H), 2.39 (s, 3H), 1.73 — 1.66 (m, 1H); >C NMR (125 MHz, CDCl3) & 147.1 (C), 143.9
(C), 141.1 (C), 133.6 (CH), 132.6 (CH), 129.4 (CH), 127.4 (CH), 124.3 (CH), 46.4 (CH), 33.5
(CHy), 32.3 (CH»), 21.5 (CHs). ATR-FTIR (thin film): 3004, 2933, 1614, 1531, 1467, 1331,
1195, 845, 735, 679 cm'l; HRMS (EI) m/z calculated for C;,H;3NO; (M)+: 203.0946, found:

203.0934.

FsC NH,
3.87
Aniline 3.87. The general Suzuki cross-coupling procedure was following using 1.43 g of

boronic ester 3.82 (5.00 mmol), crude cyclopentyltriflate (derived from 10.0 mmol of
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cyclopentanone), 0.183 g of (dppf)PdCl,, and 1.80 g of NaOH (45.0 mmol) in 75.0 mL of 1,4-
dioxane and 15.0 mL of water. Purification by MPLC (1:100 — 10:90 EtOAc: hexanes) afforded
the aniline as a red oil which was submitted to the subsequent hydrogenation step. To a mixture
01 0.829 g of aniline and 0.273 g of Pd/C (Pd, 10 wt % on carbon powder) in 20 mL of THF was
added a balloon of H,. After 16 h the balloon was removed, and the reaction mixture was filtered.
The resulting filtrate was concentrated in vacuo. Purification by MPLC (0:100 — 5:95
EtOAc:hexane) afforded 0.652 g of aniline 3.87 as a yellow oil (2.85 mmol, 57% over two steps).
'H NMR (500 MHz, CDCl;) § 7.21 (d, J = 8.0 Hz, 1H), 6.98 (d, J = 8.0 Hz, 1H), 6.89 (s, 1H),
3.84 (s, 2H), 2.98 (m, 1H), 2.09 — 2.05 (m, 2H), 1.84 — 1.80 (m, 2H), 1.74 — 1.71 (m, 2H), 1.67 —
1.60 (m, 2H); >C NMR (125 MHz, CDCl3) & 144.4 (C), 133.9 (C), 128.8 (q, Jcr = 31 Hz, C),
126.3 (CH), 124.4 (q, Jcr =270 Hz, CF3), 115.2 (q, Jer = 4.3 Hz, C), 111.9 (q, Jcr = 3.6 Hz, C),
39.9 (CH), 32.0 (CH,), 25.2 (CH,); "’F NMR (282 MHz, CDCl3) & —62.94. ATR-FTIR (thin
film): 3485, 3403, 2956, 2870, 1624, 1513, 1433, 1335, 1256, 1116, 927, 814 cm™'; HRMS (EI)

m/z calculated for C,H 4NF3 (M) 229.1078, found: 229.1075.

Suzuki Reaction of 2-Bromo-1-Nitrobenzenes

A. General Procedure

Following the procedure of Driver and co-workers,” 2-nitrophenylboronic acid was
treated with a cyclic triflate in the presence of (dppf)PdCl, to produce the desire 2-

cycloalkenylnitrobenzenes. Yields were not optimized.

Bpin oTf (dppf)PdCl; 5 mol% )
. : - n (eq. 3.19)
NO, ) NaOH, 1,4-dioxane
NO,
3.76 3.77
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To a mixture of 0.165 g of 2-nitrophenylboronic acid (1.00 mmol), 0.037g of (dppf)PdCl,
(0.050 mmol) in 15 mL of 1,4-dioxane was added 3 mL of a 3M solution of NaOH in water
followed by 1.20 mmol of cycloalkenyltriflate. The resultant mixture was heated to 100 °C. After
12 h, the mixture was cooled to room temperature and diluted with 10 mL of saturated aqueous
solution of NH4CIl. The phases were separated, and the aqueous phase was extracted with an
additional 2 x 30 mL of CH,Cl,. The combined organic phases were washed with 30 mL of brine.
The resulting organic phase was dried over Na,SOy, filtered, and the filtrate was concentrated in

vacuo. Purification of the oily residue using MPLC afforded the product.

B. Syntheses

‘ NO,

3.88

Nitrobenzene 3.88. The general procedure was following using 0.825 g of boronic acid
(5.00 mmol), crude cyclohexenyl triflate (derived from 10.0 mmol of cyclohexanone), 0.183 g of
(dppf)PdCl,, 1.80 g of NaOH (45.0 mmol) in 75.0 mL of 1,4-dioxane and 15.0 mL of water.
Purification by MPLC (1:100 — 10:90 EtOAc: hexanes) afforded the product as a brown yellow
oil (0.995 g, 98%), Ry = 0.5 (15:75 EtOAc:hexanes, visualized by 254 nm UV light):'H NMR
(500 MHz, CDCl3) 6 7.73 (d, J = 8.0 Hz, 1H), 7.46 (t, J = 9.0 Hz, 1H), 7.30 (t, /= 7.0 Hz, 1H),
7.23 (d, J="17.5 Hz, 1H), 5.57 (t, /= 2.0 Hz, 1H), 2.18 (q, J = 2.5 Hz, 2H), 2.09 (q, J = 2.5 Hz,
2H), 1.71 (q, J = 3.5 Hz, 2H), 1.62 (q, J = 6.0 Hz, 2H); >C NMR (125 MHz, CDCl;) & 148.7 (C),
139.4 (C), 135.9 (C), 132.4 (CH), 130.8 (CH), 127.4 (CH), 126.6 (CH), 123.8 (CH), 29.3 (CH>),

25.4 (CHy), 22.8 (CH»), 21.7 (CH»). ATR-FTIR (thin film): 2956, 2928, 2859, 2249, 1606, 1571,
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1526, 1457, 1264 cm'; HRMS (EI) m/z calculated for C,H;3NO, (M) 203.0946, found:

203.0953.

‘ NO,

3.89

Nitrobenzene 3.89. The general procedure was following using 0.825 g of boronic acid
(5.00 mmol), crude cyclohexyltriflate (derived from 10.0 mmol of cyclohexanone), 0.183 g of
(dppf)PdCl,, and 1.80 g of NaOH (45.0 mmol) in 75.0 mL of 1,4-dioxane and 15.0 mL of water.
Purification by MPLC (1:100 — 10:90 EtOAc: hexanes) afforded the product as a brown yellow
oil (0.995 g, 98%), Ry= 0.5 (15:75 EtOAc:hexanes, visualized by 254 nm UV light): 'H NMR
(500 MHz, CDCl3) 6 7.70 (d, J=7.0 Hz, 1H), 7.47 (t, J= 7.5 Hz, 1H), 7.35 — 7.31 (m, 2H), 5.81
(t,J=2.0 Hz, 1H), 2.57 (t,J=7.0 Hz, 2H), 2.47 (t,J = 6.5 Hz, 2H), 2.00 (m, J = 7.5 Hz, 2H);
C NMR (125 MHz, CDCl;) § 148.8 (C), 140.0 (C), 133.5 (C), 132.1 (CH), 130.8 (CH), 127.6
(CH), 123.6 (CH), 35.3 (CHy), 33.5 (CH>), 24.1 (CH,) only visible signals. ATR-FTIR (thin
film): 2964, 2934, 2849, 2229, 1623, 1573, 1526, 1459, 1265, 987, 783 cm™'; HRMS (EI) m/z

calculated for C;;H;;NO, (M)+: 189.0790, found: 189.0799.

Me
I“”e B
NO,

3.90

Nitrobenzene 3.90. The general procedure was following using 0.825 g of boronic acid

(5.00 mmol), crude cyclopentyltriflate (derived from 10.0 mmol of 2,2-dimethylcyclopentanone),
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0.183 g of (dppf)PdCl,, and 1.80 g of NaOH (45.0 mmol) in 75.0 mL of 1,4-dioxane and 15.0
mL of water. Purification by MPLC (1:100 — 10:90 EtOAc: hexanes) afforded the impure

product as a yellow oil. This product was carried on to the next step without any characterization.

‘ NO,

3.91

Nitrobenzene 3.91. The general procedure was following using 0.825 g of boronic acid
(5.00 mmol), crude cycloheptyltriflate (derived from 10.0 mmol of cycloheptanone), 0.183 g of
(dppf)PdCl,, and 1.80 g of NaOH (45.0 mmol) in 75.0 mL of 1,4-dioxane and 15.0 mL of water.
Purification by MPLC (1:100 — 10:90 EtOAc: hexanes) afforded the product as a yellow oil
(0.998 g, 92%), Ry= 0.5 (15:75 EtOAc:hexanes, visualized by 254 nm UV light). "H NMR (500
MHz, CDCl3) 6 7.76 (d, J= 8.0 Hz, 1H), 7.46 (t, J = 8 Hz, 1H), 7.30 (t, /= 7.5 Hz, 1H), 7.25 (d,
J=17.5Hz, 1H), 5.79 (t, J= 6.5 Hz, 1H), 2.40 (t,J=5.5 Hz, 2H), 2.23 (q, /= 6.0 Hz, 2H), 1.78
(m, J = 6 Hz, 2H), 1.61 (m, J = 6 Hz, 4H); °C NMR (125 MHz, CDCl3) § 148.0 (C), 142.4 (C),
141.3 (C), 132.5 (CH), 132.0 (CH), 130.9 (CH), 127.2 (CH), 123.9 (CH), 34.6 (CH,), 32.3 (CH,),
29.1 (CHy), 26.8 (CH»), 26.7 (CHz). ATR-FTIR (thin film): 2923, 2848, 1713, 1606, 1524, 1350,

904, 783, 725 cmﬁl; HRMS (EI) m/z calculated for C;3HsNO; (M)+: 217.1103, found: 217.1115.

Preparation of the Aryl Azide Substrates through Hydrogenation/Azidation Sequence

A. General Procedure
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)n H,, Pd/C ’n EBuNG, ! (eq. 3.20)
THF Me;SiCl, MeCN
NH, N3

NR,
R=HorO

A mixture of aniline and Pd/C (Pd, 10 wt % on carbon powder) in THF were vigorous
stirred at room temperature under hydrogen atmosphere. After 20h, visualization of the reaction
progress using TLC indicated consumption of the starting material. The mixture then was filtered
through a pad of Celite, and the filtrate was concentrated in vacuo to afford crude 2-
cycloalkylaniline, which was subjected to the #-BuNO;-mediated azidation reaction without
further purification.

To a cooled solution of aniline in MeCN (0.2 M) was added dropwise ~-BuNO; (4 equiv)
and MesSiN; (3 equiv) dropwise. The resulting solution was warmed to room temperature. After
1h, visualization of the reaction progress using TLC indicated the consumption of the starting
material. De-ionized H,O was then added to the reaction mixture. The mixture then was
extracted with 2 X 30 mL of CH,Cl,. The combined organic phases were washed with 20 mL of
brine. The resulting organic phase was dried over Na,SO, filtered, and the filtrate was
concentrated in vacuo. Purification of the residue by MPLC (0:100 — 5:95 EtOAc: hexanes)

afforded azide 4.

B. Syntheses

MeO

3.30
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1-Azido-2-cyclohexyl-4-methoxybenzene 3.30. The general procedure was following
using crude aniline (derived from 2 mmol of aniline 3.83), 0.95 mL of ~-BuNO,, and 0.84 mL of
Me;SiN3. Purification by MPLC (0:100 — 10:90 EtOAc: hexanes) afforded the product as a
brown yellow oil (0.296 g, 64%), R, = 0.7 (15:75 EtOAc:hexanes, visualized by 254 nm UV
light): "H NMR (500 MHz, CDCl;) & 7.06 (d, J = 9 Hz, 1H), 6.83 (s, 1H), 6.78 (d, J = 8.5 Hz,
1H), 3.81 (s, 3H), 2.85 (t, J = 11.5 Hz, 1H), 1.84 (m, 5H), 1.40 (m, 5H); °C NMR (125 MHz,
CDCl3) 6 157.1 (C), 140.6 (C), 129.7 (C), 118.9 (CH), 113.4 (CH), 111.6 (CH), 55.4 (CH3), 38.5
(CH), 33.3 (CH,), 26.9 (CH,), 26.3 (CH,). ATR-FTIR (thin film): 2923, 2855, 2110, 1717, 1605,
1493, 1448, 1355, 1287, 1242, 1220, 1036, 796 cmﬁl; HRMS (EI) m/z calculated for C;3H7N;0

(M)": 231.1372, found: 231.1366.

Me

3.32

1-Azido-2-cyclohexyl-4-methylbenzene 3.32. The general procedure was following
using crude aniline (derived from 2 mmol of aniline 3.84), in 10 mL of MeCN, 0.951 mL of ¢
BuNO; and 0.842 mL of TMSN;. Purification by MPLC (0:100 — 10:90 EtOAc:hexanes)
afforded the product as a brown red oil (0.378 g, 88%). 'H NMR (500 MHz, CDCl3) & 7.08 (s,
1H) , 7.05 (s, 2H), 2.84 (t, J= 11.5 Hz, 1H), 2.36 (s, 3H), 1.86 (m, 5H), 1.44 (m, 5H); °C NMR
(125 MHz, CDCl3) & 138.9 (C), 134.5 (C), 134.4 (C), 127.9 (CH), 127.5 (CH), 118.0 (CH), 38.3
(CH), 33.4 (CH3), 27.0 (CH,), 26.4 (CH,), 21.1 (CH;). ATR-FTIR (thin film): 3002, 2971, 2934,
1738, 1567, 1494, 1378, 1288, 1211, 967, 754 cm '; HRMS (EI) m/z calculated for Cj3H;7N3

(M)": 215.1422, found: 215.1413.
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N3
3.34

1-Azido-2-cyclohexylbenzene 3.34."' The general procedure was following using crude
aniline (derived from 2 mmol of nitro 3.88), 0.95 mL oft~-BuNO,, and 0.84 mL of Me;SiNj.
Purification by MPLC (0:100 — 10:90 EtOAc: hexanes) afforded the product as a light brown oil
(0.209 g, 52%), Ry= 0.8 (15:75 EtOAc:hexanes, visualized by 254 nm UV light). Azide 4g was
originally reported by Smolinsky. '' "H NMR (500 MHz, CDCls) & 7.48 (d, J= 7.5 Hz, 1H), 7.42
(t,J=8 Hz, 1H), 7.34 (d, /=9 Hz, 1H), 7.32 (d, /= 8 Hz, 1H), 3.15 (t, J = 6.5 Hz, 1H), 2.05 (m,
5H), 1.66 (m, 5H); °C NMR (125 MHz, CDCl3) & 139.3 (C), 137.4 (C), 127.2 (CH), 127.0 (CH),
125.0 (CH), 118.1 (CH), 38.4 (CH), 33.5 (CH), 27.2 (CH,), 26.5 (CH3). ATR-FTIR (thin film):
2924, 2852, 2114, 2082, 1577, 1486, 1447, 1281, 898, 732 cm '; HRMS (EI) m/z calculated for

C1,H;sN3 (M)': 201.1266, found: 201.1275.

F1sC N3
3.36
1-Azido-3-triflouromethyl-5-cyclohexylbenzene 3.36. The general procedure was
following using crude aniline (derived from 2 mmol of 3.85), 0.95 mL of #~-BuNO,, and 0.84 mL
of Me;SiNj3. Purification by MPLC (0:100 — 10:90 EtOAc: hexanes) afforded the product as a
light yellow oil (0.479 g, 89%), Ry= 0.8 (15:75 EtOAc:hexanes, visualized by 254 nm UV light).
'H NMR (500 MHz, CDCl3) & 7.37 (s, 1H), 7.36 (s, 1H), 7.34 (s, 1H), 2.89 (t, J = 12 Hz, 1H),

1.84 (m, SH), 1.41 (m, 5H); *C NMR (125 MHz, CDCls) § 143.0 (C), 138.1 (C), 129.3 (q, Jor =
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33 Hz, C), 127.7 (CH), 123.8 (q, Jcr = 271 Hz, CF5), 121.6 (q, Jor = 3.5 Hz, CH), 114.8 (q, Jor =
3.6 Hz, CH), 38.3 (CH), 33.1 (CH,), 26.7 (CH,), 26.1 (CH,). ’F NMR (282 MHz, CDCl3) & —
63.06. ATR-FTIR (thin film): 2929, 2859, 2103, 1606, 1500, 1448, 1417, 1324, 1272, 1119,

1085, 872 cmﬁl; HRMS (EI) m/z calculated for C;3H4N3F; (M)+: 269.1140, found: 269.1131.

N3
3.38

1-Azido-2-cyclopentylbenzene 3.38. The general procedure was following using crude
aniline (derived from 2 mmol of nitrobenzene 3.89, 0.95 mL of +BuNO,, and 0.84 mL of
Me;SiN3. Purification by MPLC (0:100 — 10:90 EtOAc: hexanes) afforded the product as a red
oil (0.161g, 43%), Ry = 0.8 (15:75 EtOAc:hexanes, visualized by 254 nm UV light). 'H NMR
(500 MHz, CDCls) 6 7.31 (d, /=8 Hz, 1H), 7.27 (t,J = 7.5 Hz, 1H), 7.16 (d, /=7 Hz, 1H), 7.13
(d, J=7.5 Hz, 1H), 3.29 (m, 1H), 2.08 (m, 2H), 1.86 (m, 2H), 1.74 (m, 2H), 1.60 (m, 2H); "°C
NMR (125 MHz, CDCl3) & 137.9 (C), 137.7 (C), 127.3 (CH), 126.9 (CH), 124.9 (CH), 118.1
(CH), 40.1 (CH), 33.6 (CH,), 25.6 (CH3). ATR-FTIR (thin film): 2957, 2870, 2123, 2089, 1580,
1489, 1451, 1292, 903, 725 cm'; HRMS (EI) m/z calculated for C;;H;3N3 (M)": 187.1109,

found: 187.1105.

Me

N3
3.40

1-Azido-2-cyclopentyl-4-methylbenzene 3.40. The general procedure was following
using crude aniline (derived from 2 mmol of 3.86), 0.95 mL of #~BuNO,, and 0.84 mL of

Me;SiN3. Purification by MPLC (0:100 — 10:90 EtOAc: hexanes) afforded the product as a
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brown oil (0.346 g, 86%), Ry= 0.8 (15:75 EtOAc:hexanes, visualized by 254 nm UV light). 'H
NMR (500 MHz, CDCl3) & 7.23 (s, 1H), 7.14 (s, 2H), 3.38 (m, 1H), 2.47 (s, 3H), 2.19 (m, 2H),
1.98 (m, 2H); 1.86 (m, 2H), 1.72 (m, 2H); °C NMR (125 MHz, CDCls) & 137.5 (C), 135.2 (C),
134.5 (C), 128.0 (CH), 127.6 (CH), 118.0 (CH), 40.3 (CH), 33.7 (CH,), 25.7 (CH>), 21.1 (CH3).
ATR-FTIR (thin film): 2952, 2867, 2114, 1715, 1608, 1578, 1493, 1452, 1359, 1290, 1218, 881,

804 cmﬁl; HRMS (EI) m/z calculated for C;2H;5Nj3 (M)+: 201.1266, found: 201.1262.

FaC N,
3.42

1-Azido-3-trifluoromethyl-5-cyclopentylbenzene 3.42. The general procedure was
following using 0.458 g of aniline 3.87 (2.0 mmol) in 10 mL of MeCN, 0.95 mL of #~BuNO,,
and 0.84 mL of Me;SiNs. Purification by MPLC (0:100 — 10:90 EtOAc: hexanes) afforded the
product as a yellow oil (0.398 g, 78%), Ry = 0.8 (15:75 EtOAc:hexanes, visualized by 254 nm
UV light). "H NMR (500 MHz, CDCl3) § 7.44 — 7.39 (m, 3H), 3.36 (m, 1H), 2.13 (q, J = 6.5 Hz,
2H), 1.89 (m, 2H); 1.79 (q, J = 5 Hz, 2H), 1.62 (m, 2H); *C NMR (125 MHz, CDCl;) & 141.8
(©), 138.8 (C), 129.5 (q, Jcr =32 Hz, C), 127.6 (CH), 123.9 (q, Jcr = 271 Hz, CF3), 121.5 (q, Jcr
= 3 Hz, CH), 114.7 (q, Jcr = 3.5 Hz, CH), 40.2 (CH), 33.3 (CH,), 25.5 (CH,). ’F NMR (282
MHz, CDCl3) & — 63.06. ATR-FTIR (thin film): 2956, 2873, 2107, 1713, 1612, 1578, 1505, 1417,
1328, 1276, 1122, 872, 826 cm'; HRMS (EI) m/z calculated for Ci,H,N3F3 (M)™: 255.0983,

found: 255.0969.
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1-Azido-2-(2,2-dimethylcyclopentyl)benzene 3.44. The general procedure was
following using impure aniline s25(derived from 0.96 g of nitrobenzene 3.90 containing some
impurity), 0.95 mL of --BuNO,, and 0.84 mL of Me;SiNs3. Purification by MPLC (0:100 — 10:90
EtOAc: hexanes) afforded the product as a yellow oil (0.370 g, 35% over 3 steps, calculation
based on corresponding boronic acid), Ry= 0.8 (15:75 EtOAc:hexanes, visualized by 254 nm UV
light). "H NMR (500 MHz, CDCl3) & 7.27 — 7.30 (m, 2H), 7.19 (d, J = 8.0 Hz, 1H), 7.14 (t, J =
7.5 Hz, 1H), 3.27 (dt, J= 1.5 Hz, J= 8.5 Hz, 1H), 2.00 — 2.05 (m, 2H), 1.77 — 1.91 (m, 2H), 1.63
— 1.66 (m, 2H), 1.08 (s, 3H), 0.73 (s, 3H); °C NMR (125 MHz, CDCl3) § 138.6 (C), 134.6 (C),
129.3 (CH), 127.0 (CH), 124.1 (CH), 118.0 (CH), 48.0 (CH), 43.2 (C), 41.6 (CH»), 30.9 (CH»),
28.8 (CH3), 23.6 (CH3), 22.0 (CHy) ATR-FTIR (thin film): 2953, 2118, 2084, 1578, 1445, 1294,

908, 734 cmﬁl; HRMS (EI) m/z calculated for C;3H;7N; (M)+: 215.1422, found: 215.1441.

3.46

1-Azido-2-cycloheptylbenzene 3.46. The general procedure was following using crude
aniline (derived from 2 mmol of nitrobenzene 3.91), 0.95 mL of +-BuNO,, and 0.84 mL of
Me;SiN;. Purification by MPLC (0:100 — 10:90 EtOAc: hexanes) afforded the product as a
yellow oil (0.288 g, 67%), Ry= 0.8 (15:75 EtOAc:hexanes, visualized by 254 nm UV light). 'H

NMR (500 MHz, CDCl3) § 7.28 (d, J = 8 Hz, 1H), 7.24 (d, J = 7.5 Hz, 1H), 7.16 (d, J = 8 Hz,
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1H), 7.13 (d, J= 7.5 Hz, 1H), 3.07 (m, 1H), 1.88 (m, 4H), 1.79 (m, 2H), 1.66 (m, 6H); °C NMR
(125 MHz, CDCl3) & 141.2 (C), 136.6 (C), 127.5 (CH), 126.7 (CH), 124.9 (CH), 118.0 (CH),
40.3 (CH), 35.8 (CH,), 28.0 (CH,), 27.5 (CH,). ATR-FTIR (thin film): 2925, 2854, 2118, 1579,
1487, 1446, 1288, 1084, 904, 727 cm™'; HRMS (EI) m/z calculated for Ci3H ;N3 (M)™: 215.1423,

found: 215.1428.

3.6.3 Rhodium-Catalyzed Formation of Indolines from Aryl Azides

General Procedure for the Screening of Catalysts to Promote the Decomposition of Aryl Azides

Me_ Me Me Me
@CPHZ Metal Salt . @fg (eq. 3.21)
H N
N; N
31 3.2

To a mixture of 0.0175 g of 1-azido-2-tert-butylbenzene 3.1 (0.1 mmol), and a metal salt
(0-5 mol %) in Schlenk tube was added 0.50 mL of solvent. The resulting mixture was heated,
and after 16 h, the heterogenous mixture was filtered through a short pad of Al,Os. The filtrate
was concentrated in vacuo. The resulting oil was dissolved in 1.5 mL of CDCIl; and 0.007 mL of
dibromomethane (0.1 mmol) was added. The area of the C6—H peak in 3.2 was compared to the
area of CH,Br; to derive a yield.

Table 3.5. Survey of transition metal complexes

entry metal salt mol % solvent T(°C) 3.2 yield, %*
1 none n.a. mesitylene 220 No rxn
2 none n.a. PhMe 120 No rxn
3 [(cod)Ir(OMe)) 5 PhMe 120 No rxn
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Ru(cod)Cl,
[Ru(p-cymene)Cls],
Ru3(CO)q2
RuBr;
RuCl;
Ir(cod)(cp’)
[(cod)Rh(OMe)],
RhCl,
[Rh(cod),]SO;CF;
[Rh(PPh;);]Cl
[(HO)Rh(cod)],
Rh(OAc),
Rh2(02CC7H15)4
Rh2(O2CC3F7)4
Rhy(esp);
Rhy(esp),
Rh,(S-PTAD),
Znl,
AgOTf
Ag(0O,CCF3)
AgOAc

CoTTP"

5

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

PhMe

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

No rxn
No rxn
No rxn
No rxn
No rxn
No rxn
No rxn
No rxn
No rxn
No rxn
Aniline formed (10)
No rxn
35
20
75
45
No rxn
No rxn
No rxn
No rxn
No rxn

No rxn
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Table 3.6. Survey of solvents.

Me, Me Rha(esp), M Me
©\)<(|3H2 S5mol% ©\)§ (eq. 3.22)
N3 : H
31 3.2
Entry metal salt solvent 2a yield, %°

1 Rh,(esp), PhMe 75
2 Rhy(esp). PhH 73
3 Rhy(esp), PhBr 56
4 Rhy(esp)2 PhCI 47
5 Rh,(esp); 1,3-CgH4Cl, 61
6 Rhy(esp). PhCF; 31
7 Rh;(esp). DCE 47

®As determined using 'H NMR spectroscopy.

Table 3.7. Survey of additives.

Me Me
Me Me ha(esp)z Me Me
CH, Smol% - . (eq. 3.23)
H PhMe, 120 °C N N
N3 additives H Boc
3.1 3.2 3.7
entry additives 2a yield, %°
1 TsCl (1 equiv) 20

TsCI (1 equiv)
2 No rxn

EtsN (3 equiv)
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TsCl (1 equiv)
3° No rxn
DTBMP (1 equiv)
TsClI (1 equiv)

Cs,CO3 (1 equiv)

5 Boc,0 (1 equiv) 83
6 Moc,O (1 equiv) 45
7 Ac,0 (1 equiv) 73
8 Bz,0 (1 equiv) aniline
9 (CF3C0),0 (1 equiv) 35
10 Tf,0 (1 equiv) 20

®As determined using 'H NMR spectroscopy."DTBMP = 2 6-di-tert-butyl-4-methylpyridine.

Optimized General Procedure

Me Me
Me_ Me ha(esp)z Me Me
CH, Smol%e - . (eq. 3.24)
o PhMe, 120 °C
N N
N3 Boc,O (1 equiv.) H Boc
31 3.2 3.7

To a mixture of 0.070 g of aryl azide 3.1 (0.40 mmol), 0.0870 g of Boc,O, and 0.0153 g
of Rhay(esp)2 (5 mol%) in Schlenk tube was added 0.80 mL of PhMe. The resulting mixture was
heated at 120 °C. After 16 h, the mixture was cooled to room temperature and diluted with 5 mL
of a saturated aqueous solution of Na,COs. The phases were separated, and the aqueous phase
was extracted with an additional 2 x 5 mL of CH,Cl,. The combined organic phases were
washed with 10 mL of brine. The resulting organic phase was dried over Na,SOy, filtered, and

the filtrate was concentrated in vacuo. Purification of the residue by flash chromatography (0:100
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—10:90 EtOAc: hexanes) with Al,Os afforded the product as 66:34 mixture of amide rotamers

(0.082 g, 84%).

Scope and Limitations of Indoline Formation

Me

Me
C :N

|
Boc

3.7

Indoline 3.7. '* The general procedure was followed with 0.0700 g of aryl azide 3.1 (0.40
mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL of
toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using AlLO;
afforded a orange red oil product as 66:34 mixture of amide rotamers (0.082 g, 84%), R, = 0.65
(15:75 EtOAc:hexanes, visualized by 254 nm UV light). Indoline 3.7 was previously reported
by Faul and co-workers.'> "H NMR (500 MHz, CDCl;) & 7.89 (br, 1H), 7.18 (t, J= 7.5 Hz, 1H),
7.14 (d, J = 7.5 Hz, 1H), 6.97 (t, J = 7.5 Hz, 1H), 3.72 (s, 2H), 1.58 (s, 9H), 1.33 (s, 6H); °C
NMR (125 MHz, CDCls) 6 152.7 (C), 141.7 (C), 140.1 (C), 127.6 (CH), 122.4 (CH), 121.9 (CH),
114.7 (CH), 80.3 (C), 62.3 (CH>), 39.5 (C), 28.8 (CH3), 28.5 (CH3). ATR-FTIR (thin film): 3004,
2963, 2925, 1697, 1602, 1484, 1455, 1381, 1335, 1290, 1159, 1016, 857, 747 cm™'; HRMS (EI)

m/z calculated for C;sH, NO, (M)': 247.1572, found: 247.1581.

Me

Meo\Cnge
N

|
Boc

3.9
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Indoline 3.9. The general procedure was followed with 0.0820 g of aryl azide 3.8 (0.40
mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL of
toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O;
afforded a peach solid product as 66:34 mixture of amide rotamers (0.0698 g, 63%), R, = 0.38
(15:75 EtOAc:hexanes, visualized by 254 nm UV light): '"H NMR (500 MHz, CDCls) § 7.74 (br,
1H), 6.69 (dd, J = 8.5 Hz, 2.5 Hz, 1H), 6.67 (d, J=2.5 Hz, 1H), 3.78 (s, 3H), 3.68 (s, 2H), 1.54
(s, 9H), 1.31 (s, 6H); °C NMR (125 MHz, CDCl3) & 155.7 (C), 152.6 (C), 141.7 (C), 135.4 (C),
115.1 (CH), 111.8 (CH), 108.8 (CH), 80.1 (C), 62.6 (CH3), 62.2 (C), 55.7 (CH3), 39.7 (C), 28.5
(CH3). ATR-FTIR (thin film): 3026, 2960, 2934, 1685, 1598, 1493, 1394, 1274, 1221, 1143,
1082, 1015, 807, 763 cm’l; HRMS (EI) m/z calculated for C;sH23NO; (M)+: 277.1678, found:

277.1689.

Me

Me. : BgMe
N

|
Boc

3.1

Indoline 3.11. The general procedure was followed with 0.0756 g of aryl azide 3.10
(0.40 mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL
of toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O3
afforded a yellow oil product as 66:34 mixture of amide rotamers (0.0564 g, 54%), Ry = 0.55
(15:75 EtOAc:hexanes, visualized by 254 nm UV light): '"H NMR (500 MHz, CDCls) § 7.75 (br,
1H), 7.00 (d, J= 7.5 Hz, 1H), 6.94 (s, 1H), 3.72 (s, 2H), 2.34 (s, 3H), 1.59 (s, 9H), 1.34 (s, 6H);
PC NMR (125 MHz, CDCl;) § 152.7 (C), 140.2 (C), 139.4 (C), 131.8 (C), 128.0 (CH), 122.6

(CH), 114.4 (CH), 80.2 (C), 62.5 (CH,), 39.5 (C), 28.7 (CHs), 28.5 (CHs), 21.0 (CH3). ATR-
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FTIR (thin film): 2977, 2929, 2871, 1689, 1613, 1491, 1470, 1432, 1392, 1338, 1282, 1146,
1021, 860, 817 cm'; HRMS (EI) m/z calculated for C;¢H»xNO, (M)": 261.1729, found:
261.1724.

Me

PhH,CH,C. : AgMe
N

|
Boc
3.13

Indoline 3.13. The general procedure was followed with 0.1116 g of aryl azide 3.12
(0.40 mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL
of toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O3
afforded a yellow oil product as 68:32 mixture of amide rotamers (0.0899 g, 64%), R, = 0.52
(15:75 EtOAc:hexanes, visualized by 254 nm UV light): '"H NMR (500 MHz, CDCls) § 7.79 (br,
1H), 7.3 (t, J= 7.5 Hz, 2H), 7.23 — 7.18 (m, 3H), 7.04 (d, J = 8 Hz, 1H), 6.85 (s, 1H), 3.72 (s,
2H), 2.91 (s, 4H), 1.60 (s, 9H), 1.32 (s, 6H); >°C NMR (125 MHz, CDCl3) § 152.7 (C), 141.9 (C),
140.0 (C), 139.9 (C), 135.9 (CH), 128.6 (CH), 128.3 (CH), 127.6 (CH), 125.9 (CH), 122.2 (C),
114.5 (CH), 80.3 (C), 62.6 (CH>), 39.5 (C), 38.4 (CH,), 37.7 (CH>), 28.7 (CH3), 28.6 (CHz).
ATR-FTIR (thin film): 3022, 2975, 2927, 1683, 1489, 1336, 1144, 1021, 907, 818, 728 cm ';

HRMS (EI) m/z calculated for C,3H29NO, (M)+: 351.2198, found: 351.2187.

Me

PhHCHC\©\)§Me
N

|
Boc

3.15
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Indoline 3.15. The general procedure was followed with 0.1108 g of aryl azide 3.14
(0.40 mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL
of toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O3
afforded a yellow oil product as 67:33 mixture of amide rotamers (0.0977 g, 70%), R, = 0.47
(15:75 EtOAc:hexanes, visualized by 254 nm UV light): '"H NMR (500 MHz, CDCl;) & 7.84 (s,
1H), 7.51 (d, J="7.5 Hz, 2H), 7.36 (t,J = 7.5 Hz, 3H), 7.29 (s, 1H), 7.25 (t,J = 8 Hz, 1H), 7.10
(d, J=16.5 Hz, 1H), 7.02 (d, J = 16.5 Hz, 1H), 3.74 (s, 2H), 1.58 (s, 9H), 1.37 (s, 6H); °C NMR
(125 MHz, CDCls3) 8 163.9 (C), 152.6 (C), 141.5 (C), 140.8 (C), 137.7 (CH), 131.9 (CH), 128.7
(CH), 127.2 (CH), 126.7 (CH), 126.6 (CH), 126.3 (CH), 119.8 (C), 114.7 (CH), 80.6 (C), 62.6
(CH»), 39.4 (C), 28.8 (CHs3), 28.5 (CH3). ATR-FTIR (thin film): 3026, 2974, 2931, 1692, 1596,
1488, 1438, 1378, 1335, 1244, 1145, 1019, 960, 816 cm'; HRMS (EI) m/z calculated for

C23H27NO, (M)': 349.2042, found: 349.2030.

Me

Ph. : sg'\/'e
N

|
Boc

3.17

Indoline 3.17. The general procedure was followed with 0.1005g of aryl azide 3.16 (0.40
mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL of
toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O;
afforded a yellow oil product as 65:35 mixture of amide rotamers (0.0564 g, 54%), R, = 0.55
(15:75 EtOAc:hexanes, visualized by 254 nm UV light): '"H NMR (500 MHz, CDCls) 6 7.93 (br,
1H), 7.59 (d, J = 85 Hz, 2H), 744 (t, J = 80 Hz, 3H), 7.35 (s, 1H), 7.32
(m, 1H), 3.77 (s, 2H), 1.60 (s, 9H), 1.39 (s, 6H); °C NMR (125 MHz, CDCl;) & 152.6 (C), 141.3

(C), 135.7 (CH), 128.8 (CH), 126.9 (CH), 126.8 (CH), 126.6 (C), 121.1 (C), 120.9 (C), 120.8
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(CH), 114.9 (CH), 80.6 (C), 62.7 (CH»), 39.6 (C), 28.8 (CHs), 28.5 (CHz). ATR-FTIR (thin film):
2977, 2929, 2871, 1689, 1613, 1491, 1470, 1432, 1392, 1338, 1282, 1146, 1021, 860, 817 cm™';

HRMS (EI) m/z calculated for C,;H,sNO, (M)': 323.1885, found: 323.1896.

OMe

I e
MeO O
N

|
Boc
3.19

Indoline 3.19. The general procedure was followed with 0.1244¢ of aryl azide 3.18 (0.40
mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL of
toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O;
afforded a yellow oil product as 64:36 mixture of amide rotamers (0.0889 g, 58%), Ry = 0.48
(15:75 EtOAc:hexanes, visualized by 254 nm UV light): '"H NMR (500 MHz, CDCls) & 7.90 (br,
1H), 7.41 (d, J= 7.5 Hz, 1H), 7.31 (s, 1H), 6.72 (s, 2H), 6.45 (s, 1H), 3.86 (s, 6H), 3.76 (s, 2H),
1.59 (s, 9H), 1.38 (s, 6H); °C NMR (125 MHz, CDCl3) § 161.1 (C), 152.6 (C), 143.5 (C), 141.5
(C), 140.8 (C), 135.6 (CH), 126.6 (CH), 120.8 (C), 114.8 (CH), 105.2 (CH), 98.7 (CH), 80.6 (C),
62.7 (CH,), 55.5 (CHz3), 39.5 (C), 28.8 (CHs), 28.5 (CH3). ATR-FTIR (thin film): 3007, 2962,
2931, 1685, 1594, 1469, 1389, 1369, 1333, 1203, 1146, 1065, 826, 647 cm'; HRMS (EI) m/z

calculated for C,3H29NOy4 (M)+: 383.2097, found: 383.2114.

Me

N

|
Boc

3.21

Indoline 3.21. The general procedure was followed with 0.1010g of aryl azide 3.20 (0.40

mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL of
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toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O;
afforded a gray solid product as 65:35 mixture of amide rotamers (0.0950 g, 73%), R, = 0.59
(15:75 EtOAc:hexanes, visualized by 254 nm UV light): '"H NMR (500 MHz, CDCl3) & 7.72 (s,
1H), 7.26 (s, 1H), 7.17 (s, 1H), 3.69 (s, 2H), 1.55 (s, 9H), 1.30 (s, 6H); °C NMR (125 MHz,
CDCL) 6 152.4 (C), 142.6 (C), 140.9 (C), 130.4 (CH), 125.3 (CH), 116.2 (CH), 114.7 (C), 80.8
(C). 62.4 (CHy), 39.5 (C), 28.6 (CHs), 28.5 (CH3). ATR-FTIR (thin film): 2970, 1694, 1594,
1482, 1378, 1337, 1247, 1147, 1021, 819 cm'; HRMS (EI) m/z calculated for C;sH,0BrNO,
(M)": 325.0677, found: 325.0669.

Et0,C |\

N

Boc
3.23

Indoline 3.23. The general procedure was followed with 0.0932 g of aryl azide 3.22
(0.40 mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL
of toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O3
afforded a yellow oil product as 66:34 mixture of amide rotamers (0.0854g, 70%): "H NMR (500
MHz, CDCl3) 6 7.86 (br, 1H), 7.31 (d, J=7.5 Hz, 1H), 7.22 (t,J = 8 Hz, 1H), 6.96 (t, /= 7.5 Hz,
1H), 4.57 (d, J= 11 Hz, 1H), 4.17 (m, 2H), 3.71 (s, 1H), 1.58 (s, 9H), 1.56 (s, 3H), 1.24 (t, /=7
Hz, 3H); >C NMR (125 MHz, CDCl3) § 173.8 (C), 152.2 (C), 142.1 (C), 133.5 (C), 128.8 (CH),
123.9 (CH), 122.4 (CH), 114.8 (CH), 80.8 (C), 65.9 (C), 61.5 (CH»), 57.9 (CH,), 28.5 (CH,),
25.7 (CHs), 14.1 (CHs). ATR-FTIR (thin film): 2976, 2928, 1730, 1702, 1599, 1484, 1389, 1336,
1143, 1016, 858, 750 cm’l; HRMS (EI) m/z calculated for C;7H23NO4 (M)': 305.1627, found:

305.1636.
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Me
C :N

Boc
3.25

Indoline 3.25. The general procedure was followed with 0.0644 g of aryl azide 3.24
(0.40 mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL
of toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O3
afforded a brown yellow oil product as 67:33 mixture of amide rotamers (0.0187 mg, 20%): 'H
NMR (500 MHz, CDCls) 6 7.85 (s, 1H), 7.17 (d, /= 8.5 Hz, 1H), 7.14 (t, J= 7.5 Hz, 1H), 6.95 (t,
J=17.5Hz, 1H), 4.15 (t,J = 8 Hz, 1H), 3.49 (t, /=7 Hz, 1H), 3.39 (m, 1H), 1.57 (s, 9H), 1.32 (d,
J =17 Hz, 3H); °C NMR (125 MHz, CDCl;) § 152.6 (C), 135.9 (C), 127.5 (CH), 123.5 (CH),
122.2 (CH), 116.6 (C), 114.6 (CH), 80.3 (C), 55.7 (CH,), 34.1 (C), 28.5 (CH3), 20.3 (CH3).
ATR-FTIR (thin film): 2978, 2931, 1690, 1602, 1484, 1452, 1391, 1171, 1145, 1045, 905, 648
cmﬁl; HRMS (EI) m/z calculated for C;4H9NO, (M)+: 233.1416, found: 233.1411.

Ph
N Me

\

H
3.27

Indoline 3.27. The general procedure was followed (without the presence of Boc,O) with
0.0948g of aryl azide 3.26 (0.40 mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of
Rhy(esp), (0.02 mmol) in 0.8 mL of toluene. Purification by flash chromatography (0:100 —
10:90 EtOAc: hexanes) using ALOj; afforded the product as a yellow oil (0.070 g, 55%). 'H
NMR (500 MHz, CDCls) 6 7.53 (d, J = 7.0 Hz, 2H), 7.36 (t, J= 8.0 Hz, 2H), 7.24 — 7.27 (m, 1H),
7.07 —7.10 (m, 2H), 6.70 — 6.76 (m, 2H), 4.02 (br, 1H), 4.23 (dd, /= 15.5 Hz, J = 18.0 Hz, 2H),

1.67 (s, 3H); '>*C NMR (125 MHz, CDCL) & 150.0 (C), 148.8 (C), 128.4 (CH), 127.5 (CH),
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126.6 (CH), 125.2 (CH), 124.9 (CH), 118.7 (CH), 109.2 (CH), 66.3 (C), 46.0 (CH>), 29.4 (CH3);
ATR-FTIR (thin film): 3358, 3030, 1609, 1483, 1253, 904, 693 cm ', HRMS (EI) m/z calculated

for C1sH;sN (M)': 209.2863, found: 209.1218.

N

H
3.29

Indoline 3.29. The general procedure was followed (without the presence of Boc,O) with
0.0644 g of aryl azide 3.28 (0.40 mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of
Rh,(esp)2 (0.02 mmol) in 0.8 mL of toluene. Purification by flash chromatography (0:100 —
10:90 EtOAc: hexanes) using Al,O; afforded the product as a brown yellow oil. 'H NMR
(500MHz, CDCls) 6 7.82 (br, 1H), 7.52 (d, /= 7.5 Hz, 1H), 7.28 — 7.30 (m, 1H), 7.06 — 7.13 (m,
2H), 6.23 (s, 1H), 2.45 (s, 3H); °C NMR (125 MHz, CDCl;) & 136.1 (C), 135.0 (C), 129.1 (C),
121.0 (CH), 119.6 (CH), 110.2 (CH), 100.4 (CH), 13.8 (CH3) only signals visible; ATR-FTIR

(thin film): 3411, 2928, 1727, 1455, 1284, 1047, 904, 721 cm .

H
N H

Boc
3.31

Indoline 3.31. The general procedure was followed with 0.0924¢ of aryl azide 3.30 (0.40
mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL of
toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O;
afforded the product as a yellow oil (0.0970 g, 80%): 'H NMR (500 MHz, CDCls) & 7.63 (s, 1H),
6.71 (s, 1H), 6.68 (d, J= 9.5 Hz, 1H), 4.33 (s, 1H), 3.78 (s, 3H), 3.39 (t, /=5 Hz, 1H), 2.18 (t,J

= 14 Hz, 1H), 2.06 (s, 1H), 1.78 (s, 1H), 1.55 (m, 11H), 1.2 (m, 3H);'*C NMR (125 MHz, CDCl)
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§155.8 (C), 152.2 (C), 115.9 (C), 115.4 (C), 111.3 (CH), 109.7 (CH), 108.3 (CH), 80.8 (C), 60.5
(CH), 55.7 (CHs), 48.4 (CH), 39.5 (CH,), 28.5 (CHs), 24.2 (CH,), 22.4 (CH,), 21.1 (CH,). ATR-
FTIR (thin film): 3016, 2915, 2923, 1657, 1604, 1489, 1334, 1291, 1153, 1023, 877, 775 cm ;

HRMS (EI) m/z calculated for CigH,sNOs (M)": 303.1834, found: 303.1821.

1oe®
Me
NH

Boc
3.33

Indoline 3.33. The general procedure was followed with 0.0861g of aryl azide 3.32 (0.40
mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL of
toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O;
afforded the product as a light orange solid (0.0838 g, 73%): 'H NMR (500 MHz, CDCl;) & 7.61
(d, /=8 Hz, 1H), 6.97 (d, /= 8 Hz, 1H), 6.94 (s, 1H), 4.33 (s, 1H), 3.39 (t, /= 6.5 Hz, 1H), 2.32
(s, 3H), 2.24 (m, 1H), 2.10 (m, 2H), 1.57 (m, 11H), 1.48 (m, 3H); °C NMR (125 MHz, CDCl;) &
152.3 (C), 131.8 (CH), 127.6 (CH), 123.4 (C), 122.1 (C), 115.3 (CH), 114.6 (C), 80.8 (C), 60.5
(CH), 39.3 (CH), 28.5 (CH3), 27.9 (CH3), 24.2 (CH,), 22.4 (CH,), 21.1 (CH) only visible
signals. ATR-FTIR (thin film): 3013, 2945, 2956, 1667, 1656, 1434, 1323, 1245, 1023, 845, 767

cmﬁl; HRMS (EI) m/z calculated for C;sH,sNO; (M)+: 287.1885, found: 287.1880.
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Indoline 3.35. ° The general procedure was followed with 0.0804g of aryl azide 3.34
(0.40 mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL
of toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O3
afforded the product as a yellow oil (0.0765 mg, 70%). Indoline 6g was previously reported by
Gilchrist and co-workers.”> "H NMR (500 MHz, CDCls) & 7.74 (s, 1H), 7.17 (t, J = 7.5 Hz, 1H),
7.12 (d, J =7 Hz, 1H), 6.98 (t, /=7 Hz, 1H), 4.34 (s, 1H), 3.42 (t, J=5.5 Hz, 1H), 2.27 (d, J =
14.5 Hz, 1H), 2.08 (s, 1H), 1.80 (m, 1H), 1.57 (m, 11H), 1.21 (m, 3H); *C NMR (125 MHz,
CDCl3) 6 152.3 (C), 127.3 (CH), 122.6 (CH), 122.4 (CH), 121.4 (C), 115.5 (CH), 114.8 (C), 81.0
(C), 60.5 (CH), 39.3 (CH), 28.5 (CH3), 24.1 (CH»), 22.4 (CH»), 21.1 (CHa) only visible signals.
ATR-FTIR (thin film): 2969, 2929, 2859, 1691, 1603, 1477, 1460, 1389, 1365, 1168, 1141, 909,

647 cmﬁl; HRMS (EI) m/z calculated for C;7H,3NO, (M)+: 273.1729, found: 273.1734.

oa®
FsC N H

Boc
3.37

Indoline 3.37. The general procedure was followed with 0.1076g of aryl azide 3.36 (0.40
mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL of
toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O;
afforded the product as a light yellow solid (0.0859 g, 63%): '"H NMR (500MHz, CDCl3) & &
7.99 (s, 1H), 7.24 (d, J= 8 Hz, 1H), 7.19 (d, /= 7.5 Hz, 1H), 4.38 (s, 2H), 3.44 (s, 1H), 2.26 (d, J
= 14 Hz, 1H), 2.10 (d, J =11 Hz, 1H), 1.85 — 1.80 (m, 1H), 1.57 (m, 11H), 1.20 (m, 3H); "*C
NMR (125 MHz, CDCls) § 152.1 (C), 142.6 (C), 137.7 (C), 129.8 (q, Jcr =31.4 Hz, C), 124.4 (q,
Jor =271 Hz, CF3), 122.7 (CH), 119.5 (q, Jcr = 3.3 Hz, CH), 112.3 (q, Jcr = 4.1 Hz, CH), 81.2

(C), 60.7 (CH), 39.4 (CH), 28.4 (CH3), 27.2 (CHa), 23.9 (CH,), 22.1 (CH,), 21.0 (CH,); '°F
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NMR (282 MHz, CDCl3) § —62.43. ATR-FTIR (thin film): 3004, 2963, 2929, 1696, 1602, 1484,

1335, 1290, 1159, 1016, 857, 747 cm . HRMS (EI) m/z calculated for CigHF3NO; (M)+:

H
NH

Boc
3.39

341.1603, found: 341.1619.

Indoline 3.39. The general procedure was followed with 0.0748 g of aryl azide 3.38 (0.40
mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL of
toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using
AlOsafforded the product, a dark brown oil, as a 66:34 mixture of amide rotamers (0.0881 g,
85%): '"H NMR (500 MHz, CDCl3) & 7.85 (br s, 0.59H), 7.50 (br s, 0.30H), 7.15 (s, 1H), 7.10
(d,J= 6.5 Hz, 1H), 6.94 (t,J= 7 Hz, 1H), 4.75 — 4.55 (br s, 1H), 3.78 (t,J = 8.5 Hz, 1H), 1.96
(m, 3H), 1.84 (m, 1H), 1.58 (m, 10H), 1.39 (m, 1H); °C NMR (125 MHz, CDCl;) §152.5 (C),
143.3 (C), 134.6 (C), 127.5 (CH), 124.1 (CH), 122.4 (CH), 114.4 (CH), 80.2 (C), 64.9 (CH),
44.9 (CH), 35.6 (CHy), 34.9 (CH), 28.5 (CHs), 23.9 (CH;). ATR-FTIR (thin film): 2974, 2934,
2869, 1690, 1601, 1482, 1387, 1256, 1147, 1046, 859, 647 cm '; HRMS (EI) m/z calculated for
Ci16H21NO, (M)': 259.1575, found: 259.1564. See page SI2 s-116 for a '"H NMR spectrum of the
crude reaction mixture of indoline 5i. Diagnostic data for disastereoselectivity determination: 'H
NMR (500 MHz, CDCl3) 6 7.04 (d, /= 7.0 Hz, 1H), 6.99 (t,J= 7.5 Hz, 1H), 6.67 (t,J= 7.5 Hz,
1H), 6.53 (d,J= 7.5 Hz, 1H), 4.36 (t,J= 8.0 Hz, 1H), 3.781 (t,J= 7.5 Hz, 1H), 3.9 — 3.7 (br s,

1H), 1.96 (m, 1H), 1.81 — 1.56 (m, SH).
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Boc
3.41

Indoline 3.41. The general procedure was followed with 0.0804 g of aryl azide 3.40
(0.40 mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL
of toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O3
afforded the product, a yellow oil, as a 65:35 mixture of amide rotamers (0.0798 g, 73%): '"H NMR
(500 MHz, CDCl3) 6 7.71 (br, 1H), 6.95 (s, 1H), 6.92 (s, 1H), 4.65 (br, 1H), 3.74 (t, J = 8 Hz,
1H), 2.29 (s, 3H), 1.97 (m, 4H), 1.56 (s, 9H), 1.40 (br, 2H); °C NMR (125 MHz, CDCl;) & 152.4
(C), 141.0 (C), 134.7 (C), 131.8 (CH), 127.9 (CH), 124.8 (C), 114.1 (CH), 80.0 (C), 65.1 (CH),
44.9 (CH), 35.6 (CH»), 34.8 (CH>), 28.6 (CH3), 23.9 (CH3), 20.9 (CH;). ATR-FTIR (thin film):
2975, 2930, 2845, 1691, 1609, 1585, 1420, 1387, 1257, 1137, 1034, 885, 649 cm™'; HRMS (EI)
m/z calculated for C7Hx»3NO, (M)": 273.1729, found: 273.1734 . See page SI2 s-124 for a '"H NMR

spectrum of the crude reaction mixture of indoline 5j. Diagnostic data for disastereoselectivity

determination: 'H NMR (500 MHz, CDCls) § 4.45 (t, J = 6.0 Hz, 1H), 3.79 (t, J = 8.0 Hz, 1H),

jon’
FsC N H

Boc
3.43

Indoline 3.43. The general procedure was followed with 0.1020 g of aryl azide 3.42
(0.40 mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL
of toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O3
afforded the product, a yellow solid, as a 68:32 mixture of amide rotamers (0.107 g, 82%): 'H NMR

(500 MHz, CDCls) 6 8.11 (s, 1H), 7.19 (m, 2H), 4.71 (s, 1H), 3.79 (t, J = 8.5 Hz, 1H), 2.02 (m,
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3H), 1.98 (m, 1H), 1. 83 (m, 1H), 1.56 (s, 9H), 1.38 (m, 1H); *C NMR (125 MHz, CDCl;) &
152.3 (C), 143.8 (C), 138.6 (C), 129.9 (q, Jcr = 30.6 Hz, C), 124.4 (q, Jcr = 270 Hz, CF3), 124.2
(q, Jer = 4.5 Hz, CH), 119.4 (CH), 111.3 (q, Jcr = 2.8 Hz, CH), 80.9 (C), 65.4 (CH), 44.9 (CH),
35.6 (C), 34.8 (CH,), 28.4 (CH3), 23.9 (CH,). ATR-FTIR (thin film): 2974, 2932, 2867, 1689,
1674, 1580, 1521, 1469, 1345, 1233, 1145, 970, 750 cm'; HRMS (EI) m/z calculated for
C17HxF3NO, (M)": 327.1446, found: 327.1456. See page SI2 s-126 for a 'H NMR spectrum of the

crude reaction mixture of indoline 3.43. Diagnostic data for disastereoselectivity determination: 'H NMR

(500 MHz, CDCls) 6 4.45 (t,J=17.5 Hz, 1H), 3.81 (t, J= 7.0 Hz, 1H).
Me. Me

H

N
Boc

3.45

Indoline 3.45. The general procedure was followed with 0.0860 g of aryl azide 3.44
(0.40 mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL
of toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O3
afforded the product, a yellow oil, as a 67:33 mixture of amide rotamers (0.101 g, 88%): '"H NMR
(500 MHz, CDCls) 6 7.88 (br, 1H), 7.18 (t, J = 8.0 Hz, 1H), 7.13 (d, /= 7.0 Hz, 1H), 6.92 (t,J =
7.0 Hz, 1H), 4.70 (s, 1H), 3.31 (d, /= 9.5 Hz, 1H), 2.33 (s, 1H), 1.90 (s, 1H), 1.56 (s, 9H), 1.45
(t, J= 7.5 Hz, 2H), 1.20 (s, 3H), 0.79 (s, 3H); *C NMR (125 MHz, CDCl;) & 152.5 (C), 143.7
(C), 131.3 (C), 127.6 (CH), 125.2 (CH), 121.6 (CH), 114.4 (CH), 80.2 (C), 65.9 (CH), 55.5 (CH),
43.5 (CHy), 40.0 (CH,), 33.8 (C), 29.8 (CH3), 28.5 (CHs), 24.5 (CH3). ATR-FTIR (thin film):
2963, 2931, 2864, 1688, 1596, 1483, 1458, 1386, 1344, 1271, 1166, 1141, 908, 724 cm ';

HRMS (EI) m/z calculated for CigHysNO, (M)": 287.1885, found: 287.1899.
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Indoline 3.47. The general procedure was followed with 0.0860 g of aryl azide 3.46
(0.40 mmol), 0.0872 g of Boc,O (0.40 mmol) and 0.0153 g of Rhy(esp), (0.02 mmol) in 0.8 mL
of toluene. Purification by flash chromatography (0:100 — 10:90 EtOAc: hexanes) using Al,O3
afforded the product as an 82:18 mixture of diastereomers (0.0724 g, 63%). Major diastereomer:
'H NMR (500 MHz, CDCl3) § 7.67 (s, 1H), 7.15 (t,J = 8 Hz, 1H), 7.06 (d, J= 7 Hz, 1H), 6.95 (t,
J=17.5 Hz, 1H), 4.46 (s, 1H), 3.66 (m, 1H), 2.32 (m, 1H), 1.77 (m, 3H), 1.64 (m, 2H), 1.61 (m,
2H), 1.52 (s, 9H), 1.32 (m, 2H); *C NMR (125 MHz, CDCl3) & 152.3 (C), 143.4 (C), 133.7 (C),
127.3 (CH), 122.4 (CH), 122.2 (CH), 114.9 (CH), 81.0 (C), 65.9 (CH), 46.0 (CH), 31.1 (CH),
30.5 (CHy), 28.5 (CHj3), 27.8 (CH,), 27.3 (CH,), 26.9 (CH,); Selected data for the minor
diastereomer: 'H NMR (500 MHz, CDCls) & 3.99 (m, 1H), 3.21 (m, 1H), 2.81 (m, 1H); °C
NMR (125 MHz, CDCls) 6 153.7 (C), 135.6 (C), 133.1 (C), 127.7 (CH), 127.4 (CH), 123.6 (CH),
122.7 (CH), 77.3 (C), 66.6 (CH), 43.9 (CH), 33.5 (CH>), 30.3 (CH>), 29.9 (CH,), 28.4 (CHs),
26.8 (CHy), 25.2 (CHy). Mixture: ATR-FTIR (thin film): 3004, 2966, 2934, 1591, 1505, 1455,
1201, 1151, 901, 819, 724, 648 cm™'; HRMS (EI) m/z calculated for C1sHysNO, (M)™: 287.1885,

found: 287.1898.
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3.6.4 Mechanistic Experiments

Intermolecular Competition Experiment

Me Me Me Me Rhy(esp), Me Me

H MeO 5mol% H Me  MeO Me
\©\)<EH2 \©\)<EH2 PhMe, 120 °C m ’ \©\)N§ (eq. 3.25)
N3 N3 46% conversion H H
3.1 3.8 32 1:18 3.54

To a mixture of 0.070 g of 1-azido-2-fert-butylbenzene 3.1 (0.4 mmol), 0.0820 g of 1-
azido-2-fert-butyl-4-methoxybenzene 3.8 (0.4 mmol) and 0.0155 g of Rhy(esp), (5 mol %) in a
Schlenk tube was added 0.80 mL of PhMe. The resulting mixture was heated to 120 °C. After 3
h, the mixture was cooled to room temperature and diluted with 5 mL of a saturated aqueous
solution of Na,COs. The phases were separated, and the aqueous phase was extracted with an
additional 2 x 5 mL of CH,Cl,. The combined organic phases were washed with 10 mL of brine.
The resulting organic phase was dried over Na,SOy, filtered, and the filtrate was concentrated in
vacuo. Purification of the residue by flash chromatography (0:100 — 10:90 EtOAc: hexanes)

recovered 6% azide 3.54 and 48% azide 3.2.

Isotope Labeling Studies

A. Synthesis of Aryl Azide Substrates

°% e
x._Ph N
Dy, PdIC_ (eq. 3.26)
N CD;0D DH
3 ND,
3.92 3.93

Aniline 3.93. A mixture of azide 3.92 and Pd/C (Pd, 10 wt % on carbon powder) in
CD;OD were vigorous stirred at room temperature under deuterium atmosphere. After 3h,

visualization of the reaction progress using TLC indicated consumption of the starting material.
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The balloon of D, was removed, and the mixture then was filtered through a pad of Celite, and
the filtrate was concentrated in vacuo to afford aniline 3.93. "H NMR (500 MHz, CDCl3) & 7.72
(t,J=7.5Hz, 2H), 7.66 — 7.60 (m, 3H), 7.49 (q, J = 8.0 Hz, 2H), 7.21 (t,J= 7.5 Hz, 1H), 7.00 (d,
J = 8.0 Hz, 1H), 3.75 (s, 0.5 H), 3.32 (m, 1H), 3.14 (m, 1H); >C NMR (125 MHz, CDCl3) §
144.8 (C), 142.3 (C), 129.8 (CH), 127.6 (CH), 126.5 (CH), 126.3 (CH), 119.1 (CH), 116.0 (C),

35.2(q, Jep =25.9 Hz, CD), 33.3 (q, Jcp = 25.6 Hz, CD) only signals visible.

1-Azido-2-phenylethylbenzene 3.55. To a cooled solution of aniline in MeCN (0.2 M)
was added dropwise -BuNO, (4 equiv) and Mes;SiN3 (3 equiv). The resulting solution was
warmed to room temperature. After lh, visualization of the reaction progress using TLC
indicated the consumption of the starting material. Deionized H,O was added to the reaction
mixture. The mixture then was extracted with 2 x 30 mL of CH,Cl,. The combined organic
phases were washed with 20 mL of brine. The resulting organic phase was dried over Na;SOy,
filtered, and the filtrate was concentrated in vacuo. Purification of the residue by MPLC (0:100 —
5:95 EtOAc: hexanes) afforded azide 3.55: '"H NMR (500 MHz, CDCls) & 7.34 — 7.27 (m 3H),
7.23 (d, J= 8.0 Hz, 3H), 7.19 — 7.14 (m, 2H), 7.08 (t, J = 7.5 Hz, 1H), 2.88 (m, 2H); °C NMR
(125 MHz, CDCls3) 6 130.6 (CH), 128.5 (CH), 128.4 (CH), 127.5 (CH), 126.0 (CH), 124.7 (CH),

118.1 (CH), 36.3 (q, Jcp = 25.8 Hz, CD), 33.1 (q, Jcp = 23.8 Hz, CD) only visible signals.

M Me

; e Me

Bpin TfO Me  (dppf)PdCl, 5mol %

+ > (eq. 3.27)
NaOH, 1,4-dioxane
NO, 5 b
NO,
3.76 3.94
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1-Nitro-2-dimethylcyclopentylbenzene-d; 3.94. To a mixture of 0.825 g of boronic
ester 3.76 (5.00 mmol), 1.80 g of NaOH (45.0 mmol) and 0.183 g of (dppf)PdCl, (0.224 mmol)
was added 75 mL of 1,4-dioxane and 15.0 mL of water followed by 1.20 mmol of 2,2-
dimethylcyclopentyltriflate-d; (prepared from 10.0 mmol of 2,2-dimethylcyclopentanone-ds,
which was prepared following the procedure reported by Shiner and Imhoff.) The resultant
mixture was heated to 100 °C. After 12 h, the mixture was cooled to room temperature and
diluted with 10 mL of a saturated aqueous solution of NH4CIl. The resulting mixture was
separated, and the aqueous phase was extracted with an additional 2 x 30 mL of CH,Cl,. The
combined organic phases were washed with 30 mL of brine. The resulting organic phase was
dried over Na,SO,, filtered, and the filtrate was concentrated in vacuo. Purification of the oily
residue using MPLC (1:100 — 10:90 EtOAc: hexanes) afforded the 0.96 g of the impure

nitrobenzene s30, which was submitted to the hydrogenation reaction without further purification.

Me Me Me
Me Me Me
[ - ’
H,, Pd/C 5 t-BuNOy, Me3SiN; 5 (eq. 3.28)
D MeOH H H
NO, NH, N3
3.94 3.95 3.58

Aryl Azide 3.58. A mixture of nitrobenzene 3.94 (0.96 g) and Pd/C (Pd, 10 wt % on
carbon powder) in MeOH were vigorous stirred at room temperature under hydrogen atmosphere.
After 3h, visualization of the reaction progress using TLC indicated consumption of the starting
material. The mixture then was filtered through a pad of Celite, and the filtrate was concentrated
in vacuo to afford crude aniline 3.95, which was subjected to the ~-BuNO,-mediated azidation
reaction without further purification.

To a cooled solution of aniline in MeCN (0.2 M) was added dropwise 0.95 mL of ¢
BuNO; (4 equiv) and 0.84 mL of Mes;SiN;3 (3 equiv). The resulting solution was warmed to
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room temperature. After 1h, visualization of the reaction progress using TLC indicated the
consumption of the starting material. De — ionized H,O was then added to the reaction mixture.
The mixture then was extracted with 2 x 30 mL of CH,Cl,. The combined organic phases were
washed with 20 mL of brine. The resulting organic phase was dried over Na,SOy, filtered, and
the filtrate was concentrated in vacuo. Purification of the residue by MPLC (0:100 — 5:95 EtOAc:
hexanes) afforded azide 3.58 as a single diastereomer (0.370 g, 35% from boronic acid 3.94), R,
= 0.8 (15:75 EtOAc:hexanes, visualized by 254 nm UV light). '"H NMR (500 MHz, CDCls) &
7.24 —7.27 (m, 2H), 7.16 — 7.18 (m, 1H), 7.10 — 7.13 (m, 1H), 3.23 (d, J = 8.0 Hz, 1H), 1.95 —
2.00 (m, 1H), 1.74 — 1.87 (m, 2H), 1.59 — 1.65 (m, 2H), 1.95 (s, 3H), 0.70 (s, 3H); °C NMR
(125 MHz, CDCl3) 8 138.6 (C), 134.5 (C), 129.3 (CH), 127.0 (CH), 124.1 (CH), 118.0 (CH),
47.9 (CH), 43.2, 41.5 (CHy), 30.5 (t, Jcp = 18.9 Hz, CH), 28.8 (CH3), 23.6 (CHj3), 21.9 (CHy);
ATR-FTIR (thin film): 2951, 2118, 2084, 1487, 1281, 1151, 746 cm'; HRMS (EI) m/z
calculated for C;3H;¢DN3 (M)": 216.1500, found: 216.1499.

B. C-H Bond Amination Experiments

o.H Rha(esp),

D H PhMe, T °C N o N “pn N “H N “ph
35';13 (eq. 3.29)

To a mixture of 0.0225 g of azide 3.55 (0.1 mmol) and 0.0038 g of Rhy(esp), (5 mol %)
in a Schlenk tube was added 0.50 mL of toluene. The resulting mixture was heated to three
different temperatures (120 °C, 100 °C and 80 °C) and after 16 h, the heterogenous mixture was
filtered through a short pad of Al,Os. The filtrate was concentrated in vacuo, and the reaction
progress was analyzed using '"H NMR spectroscopy. Analysis of the spectral data based on the

ratio of 3.61 (3.62) and 3.56 (3.57) revealed the kinetic isotope effect at each temperature.
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Table 3.8. Observed kinetic isotope effects

entry T (°C) Kn/ko?
1 80 3.7
2 100 5.7
3 120 6.7

2 As determined using "H NMR spectroscopy.

From these data, the isokinetic temperature was calculated to be approximately 43 °C (Figure

3.1), indicating that the reaction is under entropic control.
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Figure 3.1. Temperature dependence of ku/kp.
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To a mixture of 0.0215 g of azide 3.58 (0.1 mmol) and 0.0038 g of Rhy(esp), (5 mol %)
in a Schlenk tube was added 0.50 mL of toluene-ds. The resulting mixture was heated to 120 °C
and after 16 h, the reaction progress was analyzed using 'H NMR spectroscopy. The reaction

conversion was determined to be 64.6% by comparison the pick C5 — H of azide 3.58 with the
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C5 — H pick of indoline 3.59. Only the formation of a single diastereomer of 3.59 was observed.

No change in the diastereomeric ratio of 3.59 was observed.
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Chapter 4. Rhodium-Catalyzed Synthesis of 2,3-Disubstituted Indoles from §, p-
Disubstituted Stryryl Azides

4.1 Introduction

Nitrogen-containing heterocycles are important subclass of organic compounds, found in
novel pharmaceuticals' and natural products® ranging from chemotherapeutic compounds to
bioactive plant materials. The ubiquity of aromatic C—N bonds in organic molecules has made
the development of novel amination methodologies an important objective for chemists. Among
these synthetic methods, transition metal catalyzed sp> C—H bond amination has attracted great
attention recently. This chapter will present a brief introduction on C—N bond formation as well
as our work on Rh(II) carboxylate catalyzed synthesis of 2,3-disubstitued indole from J3,B-
disubstitued styryl azide. The results from these experiments suggested that rhodium-nitrene
formation from azides could be exploited to achieve tandem- or cascade bond forming reactions.

C-H bond amination plays an important role in the transition-metal catalyzed C—-N
formation. In general, two strategies are used to aminate the sp’ C-H bond (Scheme 4.1); strategy
A is oxidative amination, which requires the addition of an oxidant to regenerate catalyst.

strategy B involves formation of nitrene 4.4 followed by insertion to C—H bond of 4.1.
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Scheme 4.1. Two C—N bond formation strategies.
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4.2 Initial Study on Transition-Metal Catalyzed C—N Bond Formation

Among C—-N bond formation reactions of the first type (oxidative amination, Scheme 4.1,
strategy A), employment of amine with acidic hydrogen as N-atom source was widely studied.’
Buchwald first reported that 2-acetaminobiphenyl could be successfully converted to N-acetyl
carbazole quantitatively with 5% Pd(OAc), and stoichiometric amount of Cu(OAc), under
atmosphere of air.* Later on, they found that the decrease in Cu(OAc), loading to catalytic
amount 10% in the presence of oxygen had no effect on the yield.

The Pd(OAc);,-based catalytic system was found to be suitable for a broad range of 2-
acetaminobiphenyl (Scheme 4.2). In addition to tolerating a range of different electronic
substituents (4.9, 4.13, 4.14) on both arenes, the cyclization process was compatible with a
variety of sensitive functional groups, including ketone (4.10), ester (4.11), and triisoproylsilane
(4.12). The excellent regioselectivity (4.13) observed was attributed to the minimization of steric
interactions during the C—N bond formation. The author also investigated the identity of
substituents on N-atom on the process: while comparable yields were obtained using sulfonyl
group protected biphenyl amine as the acetyl group, much lower yields were obtained using
amines protected with Boc, benzamide and pentafluoropropionyl group. These results

demonstrate that moderate acidic amine hydrogen is required. Enhanced acidity would lead to
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premature deprotonation: if it occurred prior to the coordination of Pd(OAc), to amide, the
catalytic efficiency could be significantly diminished.

Scheme 4.2. Substrate scope of Pd(OAc), catalyzed C—N bond formation from amide.
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From their extensive substrate study, the Buchwald group proposed two mechanisms for
carbazole formation (Scheme 4.3). Initially, they believed that the cyclization process (the right
part of Scheme 4.3) involved the formation of palladacyle (4.19) and followed by reductive
elimination to afford carbazole (4.6). The conversion of 4.13 and 4.14, however, is inconsistent
with this proposed mechanism. If palladacycle intermediate existed, the authors expected higher
yields to be obtained for electron-rich 4.13 compared to 4.14 bearing strong electron-
withdrawing CF; substituent. A couple of pathways were proposed to better explain the different

reactivity of substrates (the left part of Scheme 4.3). After formation of palladium amide (4.15),
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cyclization might occur either through a Heck-like® insertion mechanism to form 4.16, which
will undergo rearomatization through reductive elimination to form carbazole (4.6). Alternatively,
Wacker-like® mechanism maybe operating. Palladium amide (4.15) would be attacked by arene
to complete cyclization via 4.17 followed by rearomatization. Reoxidation of newly formed Pd(0)
with Cu(OAc), and oxygen would complete the catalytic cycle.

Scheme 4.3. Potential mechanisms of Pd(OAc),-catalyzed C—N bond formation from amides.

Me
45 O
NS0

Pd(OAc), e ( P|d]
electronic H \
palladation "
e
4.18
Cu(OAc),/0, \ )§O

|
Me [Pd]
PdH(OACc) N /& 0
O Plopc
4.6

4.6 LnPd(0)
o) o)
NJLM NJLM
e e
Pd(OA
H H (OAc), Cu(OAC),/0,
[Pd]-OAc “[Pd]-OAc 4.5
4.16 417
Heck-like Wacker-like

4.3 Cu(OAc); Catalyzed Benzimidazole Formation from Imines

Besides amides, the Buchwald group demonstrated that imines are potential nitrogen
sources. Brasche and Buchwald found that Cu(OAc), facilitated benzimidazole formation from
the corresponding amidine.” The optimized condition used Cu(OAc), as the catalyst in presence
of O, at 100 °C (Scheme 4.4). Using these conditions, the generality of reaction was investigated.

The authors reported that a ortho-substituted R*-aryl group or an R’-fert-butyl group was
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required. Unfortunately, the authors did not provide any further explanation for their
requirement. Only decomposition of starting amidines was reported in the absence of these
groups. Besides this limitation, their transformation tolerated a range of electronically different
R*- and R? groups. The bromide functionality present in 4.26 and 4.29 also survived the reaction,
which enables ready functionalization of benzimidazole product. High regioselectivity (16:1)
was observed if unsymmetrical amidines (4.26) were used. Further examination revealed that N-
methylated amidines can also be employed as substrates to give benzimidazoles such as 4.27.

Scheme 4.4. Substrate scope of benzimidazole formation.
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“16:1 regioselectivity was observed by HPLC. * 2 equiv. HOAc, and 48 h required for conversion.

Plausible pathways were outlined by authors to explain benzimidazole formation (Scheme
4.5). Coordination of copper complex to imine nitrogen (4.30) initiates the catalytic cycle with
copper either in oxidation state II or III. In pathway a, aromatic electrophilic attack the
coordinated nitrogen with simultaneous release of copper species to affords 4.34. Benzimidazole
4.35 is obtained after subsequent deprotonation and rearomatization. Pathway b involves

oxidative addition of copper center to ortho-aromatic C—H bond. Reductive elimination from
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metallocycle 4.33 directly provides benzimidazole 4.35 and a reduced copper catalyst, which
could be regenerated by oxidant. In contrast to stepwise C—H bond amination, benzimidazole
formation could occur via copper nitrenoid 4.31 (pathway c). Concerted C—H bond insertion of
this copper nitrenoid into the adjacent C—H bond (transition state 4.32) generates the

benzimidazole product after dissociation of the copper complex.

Scheme 4.5. Proposed mechanism of benzimidazole formation.
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4.4 Modification of Benzimidazole Formation Promoted by Pd(II) Complexes

An extension of Buchwald's copper-catalyzed benzimidazole formation from amidine
was reported by Xiao and Shi.® They discovered that amidines can be smoothly transformed to
benzimidazoles using PdCl,(PhCN), in combination with stoichiometric Cu(OAc),, acetic acid
and NMP as solvent (Scheme 4.6). Unlike Buchwald method, this system could tolerate
substrates lacking ortho-substituted R%-aryl groups. Their method, however, is limited to

substrates bearing electron-rich or electron-neutral R*-groups. Electron-deficient substrates
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afforded extremely low yields. In addition, any extra substituent on nitrogen shut down the
reaction, implying that the free N—H group is necessary for the reaction. No obvious
regioselectivity was observed for the process: benzimidazole 4.41 was formed as a 1:1 mixture

of regioisomers from the corresponding 3-substituted aniline starting material.

Scheme 4.6. Scope of Shi's Pd-catalyzed benzimidazole formation.
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Based on optimization and their preliminary mechanism study, Shi proposed that the
mechanism for this transformation proceed through a Pd(0)/Pd(Il) redox cycle (Scheme 4.7).
After formation of palladacycle 4.43 via oxidative addition, deprotonation with base NaOAc and
reductive elimination from dimer 4.46 leads to benzimidazole and Pd(0). Oxidation of Pd(0) with
Cu(Il) regenerates the catalyst. Shi and co-workers observed that tetramethylthiourea (TMTU)
dramatically improves the yield of the transformation, and their preliminary study indicated that
treatment of the dimer with TMTU facilitated monomer formation. Hence, an alternative
mechanism was suggested, where TMTU assisted dissociation of the dimer to monomer 4.44,
which was characterized by X-ray crystallography. Deprotonation of palladacycle 4.44 afforded

4.45. Reductive elimination from 4.45 gives benzimidazole 4.38.
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Scheme 4.7. Mechanistic study of benzimidazle based on Shi’s method.

Cul N pn
[PdCI,(PhCN,)], g
cu' N
H
4.42

I

path a
Bh AcOH
H H
NHJ*N N ‘%' N
J—Ph J—Ph
_Pd~N OAc- _pd~NH
L=< <2 4.43
4_38\ 4.46 TMTU
H
N path b H
J—Ph N
-Pd—N - Ph
T™MTU Pd—NH
445 L TMTU™
' L 4.44
L = Cl or AcO-
AcOH AcO-

4.5 C-H Bond Amination Using Nitro Group as Nitrogen Source.

The nitro group has also proven to be an important nitrogen precursor for C—N bond
formation as well. Initial work on trivalent phosphorus-mediated deoxygenation of nitro group
was conducted in Sundberg laboratories.” Subsequently in 1994,'° the Watanabe group reported
that palladium complex catalyzed reductive N-heterocyclization of nitroarenes to access indole.
Building on their results, Dong and co-workers reported that a wide range of metal salts could
catalyze the C—H bond amination reaction from nitro-groups (Scheme 4.8).'" Their studies
revealed that PA(OAc), provided the best result, with the optimal conditions found to be 2 mol %
of Pd(OAc),, 4 mol % of 1,10-phenanthroline (phen), DMF, 110 °C, and 1 atm of CO.
Palladium-catalyzed indole from nitro-substituted styrene is compatible with both electron-rich

(4.51) and electron-deficient (4.52) substrates. One weakness of this catalytic system is that no
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regioselectivity was observed: exposure of 3-substituted styrenes afforded a 1:1 mixture of

indole isomers (4.52).

Scheme 4.8. Pd(OAc); catalyzed indole formation using the nitro group as nitrogen source.

| X
R Pz Ar
Pd(OAc),, phen — 7\
H - TN \
N 1 atm CO, DMF RT N N=
RT NO 110°C N
= 2 H phen
4.47 4.48
Ph 4-'BUC4H, 4-OMeCqgH, 1 3-CF3CeHy
2 X
\ A\ N FsCr D
N 3NFN
H t-Bu H MeO H 4 H
4.49 97% 4.50 92% 4.5193% 4.52 86%

2-CF3: 4-CF5 = 51: 49
Although a variety of mechanisms could be operating, the authors proposed the catalytic
cycle in Scheme 4.9. Reaction of the B-nitrostyrene with the palladium(II) catalyst and CO
produces palladacycle 4.53. Extrusion of CO; affords nitrosostyrene 4.54 with coordination of
palladium complex to N—O bond, which undergoes electrocyclization with the pendant arene to
give nitronate 4.55. Subsequent 1,5-H shift affords N-hydroxyindole 4.56, which is reduced by a

second molecule of CO to afford indole 4.48 and regenerate palladium catalyst with release of

CO,.
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Scheme 4.9. Possible mechanism of indole formation with nitro group.

CO +4.47
4.48 + CO,
CcO
[(phen)Pd(OAc),]
Ph
Ly
\
4.56 o)
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1,5-H
' -CO
shift 2
Ph Ph
H
-
®y)—H o
N ~N
(') @‘¥/ O/\[Pd]
4.55 \[Pd] [47 + 20] 4.54

4.6 Amination of C—H Bond Employed Nitrenoid as Nitrogen Source

A more common reactive intermediate for C—H bond amination reactions is the divalent
nitrene. Nitrene is considered as a good source to trigger electrophilic C-H bond amination
because it lacks a full octet of electrons. The high reactivity of uncoordinated nitrene, however,
leads to decomposition as well as poor regioselectivity. To lower the reactivity, modern
amination reactions employ nitrenoids: transition metal cooridinated nitrenes. The nitrenoids can

be generated from different nitrogen sources, including iminoiodinanes, and azides.

4.6.1 Iminoiodinane as Nitrenoid Precusor

Employment of iminoiodinane as a nitrenoid precursor in intramolecular C—H bond
amination reactions was initially reported by Breslow and Gellman.'? This method (eq. 1) is
limited to the requirement of isolation of intermediate sulfonyliminoiodinane 4.58 prepared by

reaction of sulfonylamide 4.57 with phenyliododiacetate and isolation of explosive
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iminoiodinane. This process is believed to proceed through intramolecular metal-nitrene
insertion into an isopropyl methyl C—H bond, though no mechanistic data was offered at the time

in support of this claim.

Me Me Me Me /IPh Me Me
NH
SO,NH PhI(OAc SO Rh,(OAC \
oNH, (OAc), 2 2( )a . 50, (eq. 1)
KOH/MeOH MeCN
i-Pr i-Pr
4.57 4.58 4.59

90.4% over two steps

4.6.2 C-N Bond Formation Using Carbamates and Sulfamates as Nitrenoid Source
Recently, the Du Bois group achieved rhodium carboxylate-catalyzed amination of
intramolecular aliphatic C-H bonds through formation of iminoiodinane in situ from carbamates
or sulfamate esters (Scheme 4.10). Five-membered heterocycle oxazolidinones 4.61 could be
accessed from carbamate 4.60 with MgO as base."’ In addition, the reaction of sulfamate ester
4.62 when the Rh(Il)-carboxylate was used to transfer the nitrene from the iminoiodinane.
Substrates containing both benzylic 4.65 and tertiary C-H 4.66, 4.67 centers are cyclized to
oxazolidinone products. Oxidation of sulfamate ester 4.62 in the presence of Rhy(OAc)s enables
the formation 6-membered oxathiazinane 4.63.'* The Du Bois group showed that the resulting
heterocyclic products could be easily transformed into chiral amino acid 4.64 through
nucleophilic ring-opening of oxathiazinane. Successful formation of 4.64 indicated a potential
method to furnish optical pure quaternary center. Screen of substrates scope shows that
unreactive tertiary C—H 4.68 works well under optimized conditons. It is possible to generate

efficiently the five-membered sulfamidate 4.69 in systems as well.
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Scheme 4.10. Intramolecular amination from carbamates or sulfamate esters.

Rh,(OCR), O
0._0 5 mol% L
h ~ HN" O
NH, PhI(OAc),
R MgO R
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0.0 Rhy(OAc), 0.0
H N> <O 2 mol% HN>S<O CBzHN
2 - = > \
/\)\ Phl(OAC)2 )\)\ Me\\“}\/COOH
R R, MgO Ri R, Et
4.62 4.63 4.64
O 0 H 0.0 H O
J 0 N© 57 H 9
HN)kO HN” YO Q f HN""~0 g—o
> / Meln)—_/ ‘- MGMCOZMe
Ph Me Me
4.65 74% 4.66 83% 4.67 82% 4.68 86% 4.69 97% conv.
60% yield

4.6.3 Nitrenoid Fromation from Azirines

Non-oxidative nitrenoid formation from azirines is also possible. Rearrangement of
azirine promoted by transition metal is applied to access vinyl nitrene-metal complexes'”.
Recently, Narasaka and co-workers reported (Scheme 4.11) that Rhy(O,CCF3)4 could trigger the
isomerization of azirine to a metal nitrene, which reacts with a proximal C-H bond.'® Their
catalyst system tolerates a variety of functional groups including strong electron-withdrawing
trifluoromethyl, cyano, as well as potentially reactive allyl and alkynes. After Narasaka group
publication, Jana and Zheng disclosed an alternative way to activate azirine.'” Comparable yields
could be obtained using the cheaper FeCl, instead using expensive rhodium complexes. They
also observed that the metal nitrene could activate electron-rich aromatic C—H bond exclusively
to yield single regioselective product 4.76. The cyclopropyl-substituted azirine provided insight
into the electronic nature of the transform. Formation of indole 4.73 indicated that the metal

nitrene was singlet in nature. If triplet nitrene formed, the ring-opening of cyclopropane
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substituent would be observed. Both Narasaka’s and Zheng’s methods, however, share a
common limitation in the substrate scope (4.78): an R*-substituent is required which could be
alkyl (4.77), aryl (4.74), or amide (4.75).

Scheme 4.11. Indole formation from azirine.

Method A:
R? Rhy(0,CCF3)4 R? R? R?
DCE, 60 °C R® N
X > 3 : A > 33— XX —
i TN R Method B: R TR R R1wR3
= P P\ Z N
H FeCl, M] [M] H
4.70 THF, 70 C 471 4.72 4.73
o [ o Ph H
Ph / N\J
N\ \ N—Me N—ph
N Me MeO N N
H
4.74 4.75 4.76 478
Method A: 80% 91% n.a. n.a. 0%
Method B:  79% 46% 69% 63% 0%

4.6.4 Generation of Nitrenoid from Azides

Although C—N bond formation process employing PhI(OAc), to generate nitrene has
been widely studied, this process requires in situ generation of iminoiodinane and formation of
byproducts. While using azirines as the nitrogen-atom precursor eliminates the need for an
oxidant in the amination reaction, it suffers from difficult substrate preparation and limited scope.
Using easily accessible azide as nitrogen source could avoid these drawbacks, and
environmentally friendly nitrogen gas would be produced as only by-product. Azides has
attracted considerable attention since it was recognized as nitrene precursor.'® Initial reports
mostly focused on thermolysis or photolysis of azide. While these reactions could access a
variety of N-heterocycles, they are limited by the requirement of harsh condition and
hyperactivity of the free nitrene intermediate, which led to poor selectivity and low yields due to

intervening decomposition pathways. Development of transition-metal mediated nitrene
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formation would overcome these limitations by attenuating the reactivity of the nitrene through
coordination to a transition metal catalyst.

Not too surprisingly, metal-catalyzed decomposition of azides has been pursued by
synthetic chemists to achieve intermolecular aziridine formation catalyzed by ruthenium-'> or
copper complexes;*® as well as cobalt-promoted benzylic C—H bonding amination using sulfonyl
azide’' and Troc-azide;** and RuCl; catalyzed N-hetercycle formation from aryl azides was also

reported by Jia, Lin and co-workers.”

Rh(IT) Carboxylate Promoted Indole Fromation using Vinyl Aizdes as Nitrogen Source

Our group has published a series of papers®* on the C-N bond formation from vinyl- and
aryl azides. In 2007, our group found that rhodium carboxylates triggered the formation of
indoles from vinyl azides at room temperature. After screening a variety of transition metal
complexes, such as Fe?’, Zn*®, Cu?’, Ru*, only rhodium(Il) carboxylate complexes were found
to catalyze the amination reaction with decent yields. Among these rhodium complexes surveyed,
the best result was obtained using rhodium(II) perflurobutyrate.

The optimized conditions could enable a large range of vinly azide to be transformed to
corresponding indoles (Scheme 4.12). Substrates screening revealed that modulation of
electronic nature on arene had little effect on the yield of reaction (4.81, 4.83). Regioselectivity
was also observed where the new C—N bond was formed from the sterically less hindered C-H
bond (4.85). Besides indole formation, 2-substituted benzofurans (4.86), furans (4.87) and
thiophenes (4.88) can be efficiently converted as well to the corresponding indolo-heterocycle.
While the pyrrole-functionality is compatible with the reaction condition, protection of nitrogen
atom with Piv (4.89) or Boc (4.90) is necessary. Our group assumed that coordination of nitrogen

to rhodium(II) attenuated the activity of catalyst without protection.
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Scheme 4.12. Rhodium(II) catalyzed indole formation from vinyl azide.
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te- N3 H
Me
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MeO N Br N FsC N H
4.8198% 4.82 84% 4.83 88% 4.84 93%
LYo L 4 (I
N J N
H o X R
4.85 93% 4.86 91% 4.87 X=079% 4.89 R = Piv 88%
regioselectivity: 87 : 13 ) ° 488 X=S84% 4.90 R = Boc 94%

The proposed mechanism (Scheme 4.13) was based on the formation of nitrenoid 4.92
which came from 4.91 after extrusion of N, gas. C-N bond formation could occur either from
concerted insertion of nitrenoid to ortho C-H bond 4.93 or from a stepwise pathway, which we

first believed was an electrophilic aromatic substitution via arenium ion 4.94.
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Scheme 4.13. Plausible catalytic cycle for indole formation catalyzed by Rh(II) carboxylate.

V e N

N \ X COzMe
[Rh] N” 4.91

4.93

CO,Me
O/\(GB

O[RA]
4.92

Indole Formation with Aryl Azide as Nitrogen Source

In addition to forming indoles from vinyl azides, our group has shown that rhodium(II)
carboxylate complexes catalyze the conversion of styryl azides into 2-substituted indoles
(Scheme 4.14). Our group demonstrated that using rhodium octanoate or perfluorobutyrate, a
wide range of indoles could be formed from azides 4.95 at 60 °C. A screen of different substrates
showed that both electron-donating- and electron-withdrawing groups could be tolerated (cf.
4.97 and 4.98). In addition, even alkyl R*-substituents were tolerated on the styryl azide without

any intervening benzylic C—H bond amination.
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Scheme 4.14. Rh(II) carboxylate catalyze indole formation from aryl azide.

R2 Rhy(0,CCsF )4 X
RI-L NN 5 mol % _ R'— M—R?
T R Z N

N3 PhMe, 60 'C H
4.95 4.96
MeO F3C \
N N N N
H H Me H H H
4.97 98% 4.98 82% 4.99 72% 4.100 91% 4.10161%
16% starting azide
recovered

While indole formation could occur through several different mechanisms, our reactivity
trends suggest that C—N bond formation through rhodium-mediated N-atom transfer (Scheme
4.15). The catalytic cycle begins by coordination of rhodium(II) carboxylate to a- or y- nitrogen
to produce 4.101. Extrusion of nitrogen gas then forms the rhodium nitrene 4.102. Three
different pathways could potentially operate to functionalize the proximal aromatic C—H bond.
First, C-N bond formation could occur through a stepwise mechanism: 4-n-electron-5-atom
electrocyclization from 4.103 affords 4.104 followed by a 1,5 hydride shift produces the indole
product. Alternatively, concerted insertion of nitrene into C-H bond via 4.105 could occur to

produce indole.
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Scheme 4.15. Plausible mechanism for indole formation from aryl azide.

4.96
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Rh(II) Caboxylate Catalyzed Cabazoles Formation from Aryl Azide.

Our group has extended this methodology to the synthesis of carbazoles from biaryl
azides. We found that with rhodium(II) carboxylate catalyst, biaryl azides could be transformed
to carbazoles at 60 °C. Further study revealed that regioselectivity exhibits when employing
rhodium(Il) carboxylate as catalyst (Scheme 4.16). Themolysis or photolysis of biaryl azide
4.106 only provides 50:50 mixture of 4.107:4.108% . In contrast, rhodium(Il) carboxylate
afforded 4.107 as the major product, which was attributed to involvement of the sterically bulky

rhodium nitrenoid in the C—N bond formation step.
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Scheme 4.16. Regioselectivity of carbazole formation.
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Mechanism Study on Carbazole Formation.

To provide insight into the mechanism of our sp> C—H bond amination reactions, a series

of intramolecular competition experiments were performed using triaryl azides (eq 2).

product ratio was analyzed using the Hammett equation and a v-shaped curve was obtained when
o -values were used. The initial mechanism assumption (Scheme 4.17) involves nitrenoid
formation (4.113) followed by C—N bond formation via electrophilic aromatic substitution. Since
the reaction site located on the meta-position to the R-group, a linear correlation to G-
constants would be expected if this proposed mechanism was operating. In contrast to the
expectation, based on the data obtained, no linear correlation with 6,,.,,-constants was observed.

Consequently, the explanation of catalytic cycle through electrophilic aromatic substitution was

abandoned.
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Scheme 4.17. Initial explanation for the carbazole formation.
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The best linear correlation with the Hammett equation occurred when the data was
plotted using ¢ -constants. The v-shaped nature of the plot was rationalized to mean that change
in rate-determining step or mechanism leads to changes the sign of the slope. We concluded from
the data that rhodium nitrenoid formation would be facilitated if electron-rich R-group attached
to the arene and as a consequence that significant charge delocalization of the nitrene into the -
system was occurring. To account for the observed results, the mechanism pictured in Scheme

4.18 was suggested. With the assistance of R group, intermediate quinoid 4.116 could be formed.
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C—N bond formation could then occur through a 4-electron-5-atom electrocyclization via 4.117.
A 1,5-hydride shift from 4.119 then affords the 4.110/4.111. Implicit in this mechanism is that
C-H bond is not required for the C—N bond formation.

Scheme 4.18. Proposed mechanism based on Hammett studies.
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4.7 Introduction on Rhodium Carboxyalte Catalyzed Disubstituted Indole Formation
Support of this stepwise C—H bond amination reaction came from reactivity studies of
both the E- and Z-styryl azides (eq. 3).** Submission of either isomer 4.120 to reaction
conditions produced 2-phenyindole 4.121 in comparable conversion and yield. In the process of
reaction, no E/Z azide isomerization was observed. This result rules out the possibility of
concerted insertion of nitrene to C-H bond and demonstrates that C—N bond formation precedes
C-H bond cleavage. To support this assumption, gem-biphenyl-substituted styrene azide 4.122

was tested with rhodium octanoate (eq. 4). Formation of 2,3-diphenyl indole 4.123 strongly

184



suggested that carbon cation 4.122 is generated during the course of reaction and C—N bond was

established prior to N-H bond formation.

S [Rn(0:CCHis)] A\
Ph o~ Ph " (eq.3)
Nj PhMe, 55 °C N

H
4120 4121
Z isomer yield 93 %
E isomer yield > 95 %
H Ph
PN [Rhy(0,CC7H15)4] & Ph 1,2-phenyl shift N ph (eq.4)
NP PhMe, 55 °C N Ph tautomerization N
3 | H
[Rh]©
4.122 - 4.122 - 4123 74%

Mechanistic study (Scheme 4.18) of rhodium(Il)-catalyzed carbazole formation from
biaryl azides suggested that C—N bond formation preceded C—H bond cleavage through a 4-
electron—5-atom electrocyclization. Consequently, we anticipated that substrates lacking
functionalizable C—H bonds might participate in a migratorial process where a new C—C bond is
formed in addition to the C—N bond. In support of this hypothesis, migratorial conversion of 3,(3-
diphenyl stryryl azide 4.122 to 2,3-diphenylindole 4.123**° demonstrated that metal nitrene
enable reaction with olefins not only with C—H bond (eq. 4).This result, however, does not
indicate whether this process can be rendered selectively for styryl azides that contain two

different B-substituents to form 2,3-disubstituted indoles.

4.8 Synthesis of B, p-Disubstituted Styryl Azide

To address this migratorial aptitude issues, my project was to design styryl azides to
determine the proper metal complexes to achieve selectivity in the migration process. The
requisite styryl azide 4.127 could be readily furnished in two steps (Scheme 4.14) from the
commercially available 2-nitrobenzaldehyde 4.124.°° The synthesis began with azidation of
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4.124 to produce 2-azidobenzaldehyde 2.125. Subsequent Wittig reaction of the resulting aryl

azide 4.125 with triphenyl phosphonium ylide afforded the corresponding styryl azide 4.127.

CHO CHO
@E NaN; ©: n-BuLi/THF N
+ - (eq. 5)
NO, MPA Ns PPh,Br ©j

4124 4125 4127

4.126

4.9 Optimization

Optimization was performed to find an operating condition (Table 4.1). A variety of
dirhodium(Il) complexes were examined to catalyze the selective formation of disubstituted
indole from azide 4.127. To our delight, predominated formation of indole 4.128 was obtained
with exposure of 4.127 to Rhy(O,CC;F7)4 (entries 4—6),31 Rhy(O,CC7H;s)4 (entry 2), or Rhy(esp)z
(entry 3).*? Other transition metal complexes known to decompose azides or n-Lewis acids,”
including (COD)Ir(OMe)], (entry 7),34 Co(tpp) (entry 8),21 RuCl; (entry 9),23 or a copper salt
(entry 10),% did not promote indole formation. Importantly, both the E- and Z-isomer of 4.127
were converted to indole 4.128 revealing that the selectivity of the reaction did not depend on the
stereochemistry of the starting styryl azide. Consequently, the reaction conditions were further
optimized using rhodium hexaflourobutyrate. Incomplete conversions were observed when either
the catalyst loading or the reaction temperature was lowered (<5 mol % or <70 °C). The optimal
solvent was found to be either toluene or dichloroethane. Analytically pure indole was readily

purified by filtering the reaction mixture through a pipette of alumina.
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Table 4.1. Determination of optimal conditions

LoMX, O
X (5 mol %) _ .
> +
4 AMS (100 wt %) O O Q
N3 " N
H

4127 4.128 4.129
entry metal salt” T (°C) Yield, %" (4.128 : 4.129)°

1 Rh,(0,CCHs)4 70 8 -

2 Rh,(0,CC7H;5)4 70 93 96:4

3 Rhs(esp)2 70 98 98:2

4 Rh,(0,CCF3)4 70 86 99:1

5 Rh,(0,CC3F7)4 70 95 100:0
6° Rhy(0,CC3F7)4 70 80!°! 100:0

7 [(COD)Ir(OMe)], 70 0 -

8 Co(tpp) 80 0 -
9 RuCls-nH,0O 65 trace -

10 Cu(OT®), 70 0 -

11 AgOTf 65 0 -

12 AuCl 65 0 -

“esp=aq, 0, a’, o’ -tetramethyl-1,3-benzenedipropionate; cod = cyclooctadiene; tpp = tetraphenylporphyrin.
® Yield after Al,O; chromatography. © As determined by using 'H NMR sepectroscopy. ¢ 3 mol % catalyst. © 10%

aryl azide remained. / No molecular sieves added.

4.10 Examiantion of Scope and Limitation

Using our optimized conditions, the scope and limitations of the rhodium(Il)-catalyzed
formation of 2,3-disubstituted indoles from B,B-disubstituted stryryl azides was examined (Table
4.2). In every example, only aryl group selectively migrated even if the functional group with
different electronic nature attached to the aryl azide moiety. Substrate with electron-donating
substituents such as methoxide promoted migratorial reaction efficiently (entries 1 and 2).
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Similar reaction yields and selective aryl migration was observed with electron-withdrawing
groups (entries 3 — 8). In addition, azides bearing potentially reactive bromides, esters, or
sulfones were competent substrates in our process. The reaction was not also sensitive to the
steric nature around the azide: nearly quantitative yield was observed in entry 1, which contained
ortho-substituents. Purification of every 2,3-disubstituted indole was also completed by simple
filtration through alumina, emphasizing the synthetic utility of our reaction.

Table 4.2. Scope of Rh(II)-catalyzed tandem reaction.

- Rh,(0,CC4F-)s O ;
X (5 mol %) N R3 R
, 4 A MS (100 wt %) O ' O Q
H

RN PhMe, 70 °C, 16h R? N R? N
R R’
R1
4.130 4131 4132
Yield
entry R' R R} e (4.131:4.132)
[%0]
1 MeO H H 96 >95:5
2 H  MeO H 97 >95:5
3 H Cl H 99 >95:5
4 H MeO,C H 94 >95:5
5 H F5C H 90 >95:5
6/ H MeO,S H 95 >95:5
7 H H H 95 >95:5
8¢ H H MeO,C 95 >95:5

“ Yield after Al,O3 chromatography. ° As determined by using 'H NMR spectroscopy. ¢ X-ray
structure of product indole obtained. ¢ 5 mol % of [Rhy(esp),] used

4.11 Investigation of Nature of Migration Group on the Aryl Azide
The nature of the migrating group on the aryl azide was investigated as well. Similar to
the substrates above, only aryl group migration was observed for the styryl azides listed in Table

4.3. While rhodium perfluorobutyrate was a competent catalyst, Rhy(esp), provided the highest
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yields of the reaction of these substrates. Even if tether was shortened, only 3-aryl-indole 4.137
was observed. Attachment of either electron-withdrawing trifluoromethyl group (4.138) or an
electron-donating methoxy group (4.140) to the migrating arene also did not affect reaction yield
or the migration selectivity. Tether containing an oxygen atom 4.142 was also tolerated under the
optimized conditions. The reaction was not limited to ring expansion: despite appending of
strong electron-withdrawing group to the migrating aryl group, only indoles 4.145 and 4.147
were formed from azides 4.144 and 4.146. For every styryl azide investigated, only aryl group
migration was observed.

Table 4.3. Impact of the varying the B-aryl substituent on the tandem reaction.

Z [Rhy(esp).] X
“ TR (5 mol %) - \ !
e 4AMS (100wt %) + 7\
Na X PhMe, 70 °C, 16h N =R
3 H
4133 4.135
Yield
Entry Substrate Indole product
[%0]”
X
1 88
N; N
4.136 H
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“ Yield after filtration through a pad of neutral alumina.
The nature of ring size on the reaction activities was subsequently examined using styryl
azides 4.148 (Table 4.4). For this series of substrates, rhodium octanoate exhibit the most
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powerful catalytic ability. While ring expanded products were formed from 4- (4.151), 5- (4.153),
and 6- (4.155) membered substrates, poor conversion was observed for 7-membered azide 4.156
(entries 1 — 4). As we previously observed, changing the electronic nature of the aryl azide did
not affect the yield of the reaction (entries 5 — 7). Oxygen atoms 4.164 were tolerated (cf. 4.142)
in the tether without lowering the yield of the ring expansion (entry 8).

Table 4.4. Effect of varying the length of the tether between the B-substituents.

[Rh2(02,CC7H15)4] X
LY Bmol%) N
2N X 4 AMS (100 wt %) Ru
3 n ° N
DCE, 70 °C, 16h N
4.148 4.149
Yield
Entry Substrate Indole product
[%]"
A
o s
1 Ng N 98
4150 4.151
o oo
2 Ny N 93
4.152 4.153
CrO
A\
3 Ny N 93
4.154 H
4.155
o0
\ b,c
4 18~
N3 N
4.156 H
4.157
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MeO N MeO
s A\
N; N quant.
H

4.158 4.159
6 uant.
N3 N q
4.160 161 H
FSC@@ FsC\@E\Q
7 N, y 88
4.162 A 163”
o)
OO0
o A\
8 N, \ 97
4.164 4 12!5

“ Yield after ALO; chromatography. ” As determined by using 'H NMR spectroscopy.  35%

remaining azide, DCE = dichloroethane.
4.12 Mechanism Study

4.12.1 Possible Indole Formation Pathway.

Although many operating mechanisms might explain the reaction route, our study
indicates that an electrocyclization-1,2-migration tandem reaction is occurring (Scheme 4.19).
Initially, coordination of the Rh(II) carboxylate complexe to the aryl azides produces either
4.166 or 4.167°°. Extrusion of N, afforded rhodium nitrene 4.178* which engages in a 4-
electron-5-atom electrocyclization to establish the carbon-nitrogen bond in 4.169. Generation of

this benzylic carbon cation 4.169 triggers the 1,2 migration to form the more stable tertiary
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iminium ion 4.170, which tautermizes to produce disubstituted indole 4.128. Alternatively, the
ortho-alkenyl group could assist in N, extrusion to form the intermediate 4.171, or this
intermediate could be formed from a [2+1] cycloaddition of the pendant double bond with the
electrophilic metallonitrene 4.168. While 4.171 is strained,’® its intermediacy may explain the
increased activity of aryl azide with unsaturated ortho-substituents.

Scheme 4.19. Potential mechanisms for 1,2-disubstituted indole formation.

4.128 4127

/ [Rh2(020R4)]\

4.12.2 Examination of Mechanism with Intermolecular Competition Reactions

To test the validity of proposed mechanism, several experiments were conducted.
Intermolecular competition reactions (Scheme 4.20) were performed to examine whether the loss
of N, preceded formation of carbon-nitrogen bond. Previous research®® of our group suggested
that N, extrusion occurred faster with electron-rich aryl azide based on Hammett correlation
study. Since electron-donating group could facilitate the N, loss, accelerating the formation of
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metallonitrene. In contrast, if extrusion of N, occurred simultaneously with carbon-nitrogen bond
formation, we expected that the more electron-deficient aryl azide 4.172 would react faster. To
test these assumptions, a 1:1 mixture of styryl azides 4.127 and 4.172 were exposed to the
reaction conditions. Despite the increased steric environment around the azide 4.172, the more
electron-rich substrate reacted faster to produce indole 4.173 as the major product to support our
proposed electrocyclization mechanism.

Scheme 4.20. Intermolecular competition experiments to examine the mechanism of our

reaction.

[Rh2(02CC3F7)4]
(5 mol %)

4 AMS (100 wt %)
PhMe, 70 °C, 30min

16: 84
60% conversion
4127 4.172 4.128 4.173
— - .
N
+ 'Tl _ 'Tl _ 4-e¢™-5-atom
MeO  [Rh] MeO  [Rh] electrocyclization

4.174 4.175 4.176

4.12.3 Hammett Equation Study to Support Existence of Phenonium Ion Intermediate

To gain insight into the mechanistic details of the aryl migration step of the catalytic
cycle, a series of intramolecular competition experiments were performed using f,B-diaryl-
substituted styryl azides 4.177 (Scheme 4.21). If the migration involved the formation of
phenonium ion 4.180, we anticipated that electron-rich aryl groups would migrate faster. To
prove the formation of partial positive charge during the reaction, a series of styryl azides 4.177,

which varied the identity of the para-substituent, were exposed to reaction conditions.
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Comparison of the results with the Hammett equation revealed that the best linear correlation
was obtained with op.ra-values to give a p value of —1.49. The sign and magnitude of this value
indicates the build up of positive charge in the migrating aryl group and supports the phenonium
39,40

reactive intermediate.

Scheme 4.21. Intramolecular competition experiments and correlation to the Hammett equation.

[Rha(O,CC3F7)4

)] Ar Ph
(5 mol %) N ©j\$7 @E\gf
: Ph * Ar
4 AMS (100 wt %) N N
H H

PhMe, 80 °C, 16h

4178 4179
0.8
04 |
0 i
y=1.49x + 0.17; R2=0.98
0.4
# CF,
0.8 :
0.4 0.2 0 0.2 0.4 0.6

4.13 Conclusion

In conclusion, we have demonstrated that rhodium carboxylate complexes catalyze
cascade reactions of P, B-disubstituted styryl azides to selectively produce 2,3-disubstituted
indoles. Our mechanism study suggests that the selectivity of the migratorial process is
controlled by the formation of a phenonium ion. Future experiments will be conducted to further

illustrate the mechanism of this reaction as well as determining if the benzylic cation can be
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intercepted with additional nucleophiles to produce complex, functionalized N-heterocycles from

simple, readily available styryl azides.
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4.14 Experimental

General. 'H NMR and °C NMR spectra were recorded at ambient temperature using
Bruker DRX 500 or Varian DRX 300 spectrometers. The data are reported as follows: chemical
shift in ppm from internal tetramethylsilane on the & scale, multiplicity (br = broad, s = singlet, d
= doublet, t = triplet, q = quartet, m = multiplet), coupling constants (Hz) and integration. High
resolution mass spectra were acquired on a JEOL GCMate II or Thermo Finnigan LTQ FT
spectrometer, and were obtained by peak matching. Melting points are reported uncorrected.
Analytical thin layer chromatography was performed on Sorbent Technologies 0.25 mm extra
hard silica gel plates with UV254 fluorescent indicator. Liquid chromatography was performed
using forced flow (flash chromatography) of the indicated solvent system on Sorbent
Technologies 60A (40 — 60 um) mesh silica gel (Si0,). Medium pressure liquid chromatography
(MPLC) was performed using Thomson SINGLE StEP pumps to force flow the indicated solvent
system down columns that had been packed with Sorbent Technologies 60A (40 — 60 pm) mesh
silica gel (Si0,). All reactions were carried out under an atmosphere of nitrogen in glassware,
which had been oven-dried. Unless otherwise noted, all reagents were commercially obtained
and, where appropriate, purified prior to use. Acetonitrile, Methanol, Toluene, THF, Et,O, and
CH,Cl, were dried by filtration through alumina according to the procedure of Grubbs*'. Metal

salts were stored in an MBraun labmaster nitrogen atmosphere dry box.

4.14.1 Preparation of Substrates Using Wittig Reaction

Routes to Substrates

The stryryl azides investigated in this study were synthesized by one three different
routes (Scheme 4.22). The majority of the substrates were formed in two steps from
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commercially available ortho-nitro-substituted benzaldehydes starting by a nucleophilic aromatic
substitution using NaNs followed by a Wittig reaction. Alternatively the styryl azides were
constructed from phosphonate 4.182 using a Horner—Wadworth-Emmons reaction of
phosphonate 4.182, followed by an iron-mediated reduction to form aniline 4.183. Azidation
then provided the required styryl azide. Finally styryl azides, 4.152 and 4.154, were accessed
from boronic acid 4.185 and the corresponding vinyl triflate 4.186.

Scheme 4.22. Routes to styryl azides.

l. Wittig Reaction Route
® PPh,

CHO
o —_— - | X
= No,  HMPA N,

X= CH or O
$$ 4. 180 4.181

Il. Horner-Wadsworth-Emmons Route

' ’ AN X A
@CP(OEDZ R1JLR2 :(1 NaNO,, NaN; @ﬂ\@
NO, i NH, N3 n

ii. Fe(0)
4182 4183 4.184

Ill. Suzuki Route

B(OH),
L TIOTN _dppfPdCly _ ©j m _NaNO, _ Cf \Q
NH2 NH2 N8N3

4185 4186 4.187 4152 n=1
n=1,2 4154 n=2

General Procedure for the Nucleophilic Substitution of 2-Nitrobenzaldehydes

Following the procedure of Driver and co-workers,* the 2-azidobenzaldehydes were

prepared. Yields were not optimized.

CHO
| N NaN3 | X CHO
e, AR R (a0
N02 N3
$$ 4.180
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To a dry, stir bar-equipped scintillation vial were added 0.453 g of 2-nitro-benzaldehyde
(3.0 mmol), 0.585 g of NaNj3 (9.0 mmol), and 9.0 mL of HMPA. The reaction was stirred
overnight at room temperature, then was taken up in diethyl ether (100 mL) and washed with
water (5 x 50 mL). The organic layer was dried over Na,SO4 and filtered. The filtrate was

concentrated in vacuo. Purification with MPLC afford the 2-azido-benzaldehyde.

Synthesis of 2-Azidobenzaldehydes
CHO
L,
4.125
Benzaldehyde 4.125. The general procedure was followed using 2.10 g of 2-nitrobenzaldehyde
(13.9 mmol) and 2.92 g of NaNj; (45.0 mmol, 3.3 eq) in 40 mL of HMPA. Purification by MPLC
(1:100 EtOAc: hexanes) afforded the product as a light yellow solid (1.70 g, 83%); mp 33 - 36
°C; The spectral data matched that reported by Driver and co-workers: 'H NMR (500 MHz,
CDCl) 10.25 (s, 1H), 7.79 (dd, J = 1.5 Hz, 7.5 Hz, 1H), 7.54 (dt, J = 1.5 Hz, 8.0 Hz, 1H) 7.14 —

7.19 (m, 2H); °C NMR (125 MHz, CDCl3) & 188.4 (CH), 142.8 (C), 135.4 (CH), 128.9 (CH),

126.9 (C), 124.8 (C), 119.1 (CH); IR (thin film): 2971, 2121, 1690, 1594, 1477, 1290, 1274 cm™

1
CHO

OMe
4.188

Benzaldehyde 4.188. The general procedure was followed using 1.81 g of 2-nitro-3-
methoxybenzaldehyde (10 mmol) and 1.31 g of NaN; (20 mmol) in 50 mL of HMPA at 50 °C.
Purification of the reaction mixture using MPLC (1:30 EtOAc:hexanes) afforded the product as a
white solid (1.61 g, 91%); mp 54 — 56 °C; '"H NMR (500 MHz; CDCl3) & 10.15 (s, 1H), 7.82 (d,
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J = 8.5 Hz, 1H), 6.72 (dd, J = 2.5 Hz, 8.5 Hz, 1H), 6.67 (d, J = 2.5 Hz, 1H), 3.88 (s, 3H); "°C
NMR (125 MHz, CDCL;) & 187.2 (CH), 165.3 (C), 144.9 (C), 131.1 (CH), 121.0 (C), 111.1
(CH), 103.9 (CH), 55.8 (CHs); IR (thin film): 2359, 2341, 2110, 1723, 1264, 730, 703 cm .

HRMS (EI) m / z caled for CsH,0,N; (M)* 177.05383, found 177.05529.

MeO N3

4.189
Benzaldehyde 4.189. The general procedure was followed using 1.81 g of 2-nitro-4-

methoxybenzaldehyde (10 mmol) and 1.31 g of NaN; (20 mmol) in 50 mL of HMPA at 50 °C.
Purification of the reaction mixture using MPLC (1:30 EtOAc: hexanes) afforded the product as
a white solid (1.62 g, 92%); mp 73 — 75 °C; 'H NMR (500 MHz; CDCls) & 10.17 (s, 1H), 7.84
(d, J=9.0 Hz, 1H), 6.74 (dd, J = 2.5 Hz, 9.0 Hz, 1H), 6.68 (d, J = 2.5 Hz, 1H), 3.90 (s, 3H); "°C
NMR (125 MHz, CDCl3) 6 187.2 (CH), 165.3 (C), 144.9 (C), 131.1 (CH), 121.1 (C), 111.1
(CH), 104.0 (CH), 55.8 (CH3); IR (thin film): 3457, 3015, 2970, 2116, 1744, 1367, 1229, 750,

528 cm ' HRMS (EI) m / z caled for CsH70,N3 (M)" 177.05383, found 177.05520.

4.190
Benzaldehyde 4.190. The general procedure was followed using 1.85 g of 2-nitro-4-
chlorobenzaldehyde (10 mmol) and 0.98 g of NaN3 (15 mmol) in 50 mL of HMPA. Purification
of the reaction mixture using MPLC (1:100 EtOAc:hexanes) afforded the product as a white
solid (1.45 g, 80%); mp 91 — 93 °C; 'H NMR (500 MHz; CDCl3) § 10.28 (s, 1H), 7.82 (d, J= 8.5
Hz, 1H), 7.26 (d, J = 2.0 Hz, 1H), 7.21 (dd, J = 1.5 Hz, 8.5 Hz, 1H); °C NMR (125 MHz,

CDCL) § 187.4 (CH), 144.0 (C), 141.7 (C), 130.2 (CH), 125.6 (CH), 125.4 (C), 119.2 (CH); IR

200



(thin film): 3455, 3016, 2969, 2123, 1739, 1366, 1216, 750, 528 cm™'. HRMS (EI) m / z calcd for

C;H4ON;CI (M)" 183.00134, found 183.00217.

MeOzC N3

4191

Benzaldehyde 4.191. The general procedure was followed using 2.09 g of methyl 4-formyl-3-
nitrobenzoate (10 mmol) and 1.31 g of NaN3 (20 mmol) in 50 mL of HMPA. Purification of the
reaction mixture using MPLC (1:30 EtOAc: hexanes) afforded the product as a white solid (1.95
g, 95 %); mp 112 — 114 °C; '"H NMR (500 MHz; CDCl3) § 10.38 (s, 1H), 7.94 — 7.92 (m, 2H),
7.85 — 7.83 (m, 1H), 3.97 (s, 3H); °C NMR (125 MHz, CDCl;)  188.1 (CH), 165.3 (C), 143.1
(C), 136.2 (C), 129.4 (C), 129.1 (CH), 125.6 (CH), 120.3 (C), 52.8 (CH3); IR (thin film): 3458,
3015, 2970, 2122, 1738, 1366, 1216, 762, 527 cm ™. HRMS (EI) m / z caled for CoH,03N3 (M)

205.04875, found 205.04990.

Fs;C Ns

4,192

Benzaldehyde 4.192.* The general procedure was followed using 2.69 g of 2-nitro-4-
trifluoromethylbenzaldehyde (12.3 mmol) and 2.21 g of NaNj; (34.0 mmol) in 50 mL of HMPA.
Purification by MPLC (1:100 EtOAc: hexanes) afforded the product as a yellow solid (2.49 g,
94%): mp 89 -91 °C; The spectral data matched that reported by Driver and co-workers:** 'H
NMR (500 MHz, CDCls) 10.38 (s, 1H), 8.00 (d, J = 8.0 Hz, 1H), 7.50 (s, 1H) 7.48 (d, J = 8.0
Hz, 1H); C NMR (125 MHz, CDCl3): & 187.5 (CH), 143.5 (C), 136.8 (q, Jcr = 31.4 Hz, C),

129.8 (CH), 126.1 (C), 122.9 (q, Jor = 270.9 Hz, C), 121.6 (q, Jer = 3.5 Hz, CH) 116.3 (q, Jor =
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36.3 Hz, CH); '°F NMR (CDCls, 282 MHz) § —61.10; IR (thin film): 2980, 2901, 2122, 1689,

1414, 1392, 1328, 1072. 750 cm .

M602S N3

4.193
Benzaldehyde 4.193. The general procedure was followed using 2.29 g of 4-(methylsulfonyl)-2-
nitrobenzaldehyde (10 mmol) and 1.31 g of NaN; (20 mmol) in 50 mL of HMPA. Purification
of the reaction mixture using MPLC (1:10 EtOAc: hexanes) afforded the product as a white solid
(1.96 g, 87%); mp 125 — 127 °C; '"H NMR (500 MHz; CDCl3) & 10.40 (s, 1H), 8.05 (d, J = 8.0
Hz, 1H), 7.85 (s, 1H), 7.5 (d, J= 8.0 Hz, 1H), 3.12 (s, 3H); °C NMR (125 MHz, CDCl3) § 187.3
(CH), 146.5 (C), 144.1 (C), 130.3 (CH), 129.8 (C), 132.3 (CH), 118.4 (CH), 44.2 (CH3); IR (thin
film): 3023, 2925, 2852, 2115, 1681, 1398, 1279, 1159, 1135 cm .
Br CHO
X,
4194

Benzaldehyde 4.194.* The general procedure was followed using 2.03 g of 2-nitro-5-
bromobenzaldehyde (10 mmol) and 1.3 g of NaN3; (20 mmol) in 40 mL of DMSO at 50 °C.
Purification of the reaction mixture using MPLC (1:100 EtOAc:hexanes) afforded the product as
a white solid (2.19 g, 97%); mp 94 — 96 °C; 'H NMR (500 MHz; CDCls) & 10.27 (s, 1H), 7.98
(d, J=2.5 Hz, 1H), 7.70 (dd, J = 2.5 Hz, 8.5 Hz, 1H), 7.16 (d, J = 8.5 Hz, 1H); °C NMR (125
MHz, CDCl3) ¢ 187.1 (CH), 141.9 (C), 138.0 (CH), 131.7 (CH), 128.0 (C), 120.8 (CH), 118.3
(C); IR (thin film): 3457, 3005, 2970, 2130, 1725, 1368, 1214, 750, 527 cm'. HRMS (EI) m / z
calced for C;H4ON3;Br (M)' 224.95377, found 224.95459.
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MeOZC\C[CHO
N3

4.195

Benzaldehyde 4.195. The general procedure was followed using 2.09 g of methyl 3-formyl-4-
nitrobenzoate (10 mmol) and 1.31 g of NaN3 (20 mmol) in 50 mL of HMPA. Purification of the
reaction mixture using MPLC (1:30 EtOAc:hexanes) afforded the product as a white solid (1.97
g, 96%); mp 118 —120 °C; "H NMR (500 MHz; CDCls) § 10.31 (s, 1H), 8.49 (d, J = 2.0 Hz, 1H),
8.23 (dd, J = 2.0 Hz, 8.5 Hz, 1H), 7.31 (d, J = 8.5 Hz, 1H), 3.97 (s, 3H); °C NMR (125 MHz,
CDCl) 6 187.7 (CH), 165.4 (C), 146.8 (C), 136.0 (CH), 130.8 (CH), 127.0 (C), 127.6 (C), 119.2
(CH), 52.4 (CHs); IR (thin film): 3458, 3015, 2970, 2122, 1738, 1366, 1216, 762, 527 cm .

HRMS (EI) m / z caled for CoH,03N; (M) 205.04875, found 205.04980.

General Procedure for the Phosphonium Salt Synthesis

Unless otherwise noted, the phosphonium salt was synthesized from the corresponding
cycloketone. Yields were not optimized.

Br ® PPhs
i. NaBH iii. PPh
——— T — 3 X (eq.7)
) i. HBr R—r ) R-t )
n > xn > xn

To a solution of 2.92 g of a-tetralone (20 mmol) in 30 mL of EtOH was added 1.52 g of

)
\ /
x @)

NaBHj4 (40 mmol). The mixture was monitored by thin layer chromatography. Once the starting
material spot had disappeared, the mixture was concentrated in vacuo, and the resulting material
was diluted with 50 mL of water. The resulting aqueous mixture was extracted with
dichloromethane (3 x 10 mL). The organic phase (containing the alcohol) was treated with

proportional HBr. The progress of the reaction was monitored by thin layer chromatography.
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Once the alcohol completely consumed, the mixture was diluted with 100 mL of water, then
extracted with dichloromethane (3 x 20 mL). The resulting organic phase was dried over
Na,S0O4. The mixture was filtered and the filtrate was concentrated in vacuo to afford bromide.
To a solution of the bromide in 60 mL of PhMe was added 5.76 g of PPh;. The reaction mixture
was heated to reflux. After 16h, the mixture was cooled down to room temperature, then
filtrated. The solid was washed with diethyl ether (3 x 30 mL), and dried under high vacuum to

afford phosphonium salt.

General Procedure for the Wittig Reaction of 2-Azidobenzaldehydes

Following the procedure of Scott and co-workers,* the 2-azidobenzaldehydes were

prepared. Yields were not optimized.

® PPh; 73

i. BuLi !

N

To a solution of 4.0 mmol of the phosphonium salt in 12 mL of THF at —78 °C, was

“f

added 1.6 mL of n-BuLi (2.5 M in hexanes, 4.0 mmol) dropwise. After stirring 1h at —78 °C, the
mixture was warmed to room temperature and stirred additional one hour. Then 0.647 g of 2-
azidobenzaldehyde (4.4 mmol) was added and the mixture was stirred for 1 h at ambient
temperature. The resulting mixture was diluted with 15 mL of water and extracted with CH,Cl,
(3 x 10 mL). The resulting organic phase was washed with 20 mL of brine and dried over
Na,SO4. After filtration, the filtrate was concentrated in vacuo. Purification of the reaction

mixture using MPLC afforded the product.
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Synthesis of Styryl Azides

c;

N3

4127
Styryl Azide 4.127. The general procedure was followed using 1.94 g of 2-azidobenzaldehyde
$9 (13.2 mmol), 6.85 g of the phosphonium salt (14.5 mmol), 5.8 mL of a 2.5 M solution of BuLi
in hexanes in 50 mL of THF. Purification by MPLC (pure hexanes) afforded the product as a
white powder, as an 84:16 mixture of £- and Z-isomers (2.24 g, 65%): Ry= 0.45 (18:82 EtOAc:
hexane). Selected spectral data for the major (E) isomer: '"H NMR (500 MHz, CDCls) & 7.80 -
7.99 (m, 1H), 7.33 — 7.37 (m, 2H), 7.13 — 7.26 (m, 5H), 7.07 (s, 1H), 2.91 (t, J = 6.5 Hz, 2H),
2.71 (t, J = 6.0 Hz, 2H), 1.87 — 1.92 (m, 2H); *C NMR (125 MHz, CDCl;) & 138.7 (C), 138.6
(C), 137.9 (C), 135.9 (C), 130.9 (CH), 130.1 (C), 129.2 (CH), 128.1 (CH), 127.6 (CH), 126.2
(CH), 124.7 (CH), 124.3 (CH), 118.7 (CH), 118.4 (CH); 30.4 (CH,), 28.2 (CH»), 23.8 (CH,);
Selected spectral data for the minor (Z) isomer: '"H NMR (500 MHz, CDCl3) & 7.13 — 7.26 (m,
5H), 7.07 — 7.08 (m, 1H), 6.95 — 6.98 (m, 1H), 6.85 — 6.88 (m, 1H), 6.47 (s, 1H), 2.95 (t, J=6.5
Hz, 2H), 2.63 (t, J = 6.5 Hz, 2H), 2.05 — 2.10 (m, 2H); *C NMR (125 MHz, CDCl5) 8 139.8 (C),
138.7 (C), 138.0 (C), 134.7 (C), 131.3 (CH), 130.1 (C), 128.9 (CH), 128.0 (CH), 127.6 (CH),
124.7 (CH), 124.5 (CH), 119.9 (CH), 118.5 (CH), 35.0 (CH>), 29.7 (CHz»), 24.2 (CHa); Selected

spectral data for the mixture: & IR (thin film): 2117, 2083, 1486, 1445, 756, 745 cm'. HRMS

(EI) m / z calcd for C7H5N3 (M — Nz)+ 261.12660, found 261.12679.

X
N3
OMe

4.196
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Styryl Azide 4.196. The general procedure was followed using 0.58 g of 2-azido-3-
methoxybenzaldehyde 4.188 (3.3 mmol), 1.42 g of the phosphonium salt (3.0 mmol), 1.2 mL of
a 2.5 M solution of BuLi in hexanes in 25 mL of THF. Purification by MPLC (1:50
EtOAc:hexanes) afforded the product as a white powder, as a 76:24 mixture of E- and Z-isomers
(0.63 g, 72%). Selected spectral data for the major (E) isomer: 'H NMR (500 MHz, CDCl3) &
7.76 — 7.74 (m, 1H), 7.23 — 7.21 (m, 2H), 7.14 — 7.04 (m, 3H), 6.93 — 6.90 (m, 1H), 6.84 — 6.82
(m, 1H), 3.93 (s, 3H), 2.88 (t, J = 6.5 Hz, 2H), 2.66 (dt, J/ = 1.5 Hz, 6.0 Hz, 2H), 1.86 (pent, J =
6.5 Hz, 2H); >C NMR (125 MHz, CDCl3) § 153.9 (C), 138.5 (C), 137.8 (C), 135.9 (C), 131.8
(C), 129.2 (CH), 127.6 (CH), 126.9 (C), 126.2 (CH), 124.6 (CH), 124.6 (CH), 122.8 (CH), 119.4
(CH), 110.2 (CH), 56.1 (CHs), 30.3 (CHy), 28.2 (CH>), 23.7 (CH,); Selected spectral data for the
minor (Z) isomer: 'H NMR (500 MHz, CDCl;) & 7.27 — 7.25 (m, 1H), 7.14 — 7.04 (m, 3H), 6.88
—6.85 (m, 1H), 6.75 - 6.71 (m, 2H), 6.41 (s, 1H), 3.91 (s, 3H), 2.92 (t, J = 6.5 Hz, 2H), 2.60 (dt,
J = 1.5 Hz, 6.0 Hz, 2H), 2.04 (pent, J = 6.5 Hz, 2H); °*C NMR (125 MHz, CDCls) & 153.9 (C),
139.5 (C), 138.8 (C), 134.8 (C), 132.5 (C), 129.0 (CH), 128.8 (CH), 127.5 (CH), 125.7 (CH),
125.0 (C), 124.8 (CH), 123.1 (CH), 120.5 (CH), 109.9 (CH), 56.0 (CH3), 34.9 (CH»), 29.7 (CH»),
24.2 (CHy); Selected spectral data for the mixture: 6 IR (thin film): 2933, 2103, 1756, 1450,
1262, 1087, 737 cm'. HRMS (EI) m / z caled for C;sH;7ON (M-N,)" 263.13102, found

163.132000.

o
MeO N3

4.197

Styryl Azide 4.197. The general procedure was followed using 0.58 g of 2-azido-4-

methoxybenzaldehyde 4.189 (3.3 mmol), 1.42 g of the phosphonium salt (3.0 mmol), 1.2 mL of
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a 2.5 M solution of BuLi in hexanes in 25 mL of THF. Purification by MPLC (1:50 EtOAc:
hexanes) afforded the product as a white powder, as an 83:17 mixture of £- and Z-isomers (0.37
g, 43%). Selected spectral data for the major (E) isomer: 'H NMR (500 MHz, CDCl3) & 7.74 —
7.72 (m, 1H), 7.26 (d, J = 8.5 Hz, 1H), 7.23 — 7.19 (m, 2H), 7.14 — 7.12 (m, 1H), 6.97 (s, 1H),
6.74 - 6.71 (m, 2H), 3.87 (s, 3H), 2.87 (t, /= 6.5 Hz, 2H), 2.67 (dt, J = 1.5 Hz, 6.0 Hz, 2H), 1.87
(pent, J = 6.5 Hz, 2H); *C NMR (125 MHz, CDCl3) & 159.5 (C), 139.6 (C), 137.7 (C), 137.5
(C), 136.1 (C), 131.7 (CH), 129.1 (CH), 127.4 (CH), 126.2 (CH), 124.5 (CH), 122.8 (C), 118.3
(CH), 110.0 (CH), 104.2 (CH), 55.5 (CH3), 30.3 (CH>), 28.1 (CH»), 23.7 (CHa); Selected spectral
data for the minor (Z) isomer: 'H NMR (500 MHz, CDCls) & 7.23 — 7.19 (m, 1H), 7.10 — 7.05
(m, 3H), 6.86 (t, J = 6.5 Hz, 1H), 6.69 (d, J = 2.5 Hz, 1H), 6.51 (dd, J = 2.5 Hz, 8.5 Hz, 1H),
6.33 (s, 1H), 3.83 (s, 3H), 2.91 (t, J = 6.5 Hz, 2H), 2.57 (dt, J= 1.5 Hz, 6.0 Hz, 2H), 2.03 (pent, J
= 6.5 Hz, 2H); °C NMR (125 MHz, CDCl3) § 159.5 (C), 138.7 (C), 134.9 (C), 132.7 (C), 132.0
(CH), 128.9 (CH), 128.7 (CH), 128.6 (CH), 128.5 (C), 124.7 (CH), 123.1 (C), 119.4 (CH), 110.6
(CH), 104.0 (CH), 55.4 (CHs), 34.9 (CHy), 29.7 (CH;), 24.2 (CH,); Selected spectral data for the
mixture: o IR (thin film): 2935, 2101, 1753, 1436, 1266, 1084, 739 cm . HRMS (EI) m / z calcd

for C1gH7ON; (M)" 291.13717, found 291.13649.

O N
cl N,

4.198

Styryl Azide 4.198. The general procedure was followed using 0.60 g of 2-azido-4-
chlorobenzaldehyde 4.190 (3.3 mmol), 1.42 g of the phosphonium salt (3.0 mmol), 1.2 mL of a
2.5 M solution of BuLi in hexanes in 25 mL of THF. Purification by MPLC (1:100 EtOAc:

hexanes) afforded the product as a white powder, as an 82:18 mixture of E- and Z-isomers (0.49

207



g, 55%). Selected spectral data for the major (E) isomer: 'H NMR (500 MHz, CDCl3) & 7.71 —
7.70 (m, 1H), 7.26 — 7.20 (m, 3H), 7.16 (d, J = 2.0 Hz, 1H), 7.13 — 7.12 (m, 2H), 6.91 (s, 1H),
2.86 (t, J= 6.5 Hz, 2H), 2.62 (dt, J= 1.5 Hz, 6.5 Hz, 2H), 1.85 (pent, J = 6.5 Hz, 2H); °C NMR
(125 MHz, CDCl3) & 139.8 (C), 139.3 (C), 137.9 (C), 135.6 (C), 133.3 (C), 131.8 (CH), 129.2
(CH), 128.6 (C), 127.8 (CH), 126.3 (CH), 124.6 (CH), 124.6 (CH), 118.6 (CH), 117.6 (CH), 30.3
(CH,), 28.2 (CH,), 23.7 (CH,); Selected spectral data for the minor (Z) isomer: '"H NMR (500
MHz, CDCls) 6 7.23 — 7.19 (m, 1H), 7.11 — 7.09 (m, 1H), 7.04 (d, J = 8.0 Hz, 1H), 6.98 (d, J =
8.0 Hz, 1H), 6.88 (dd, J = 2.0 Hz, 8.5 Hz, 1H), 6.84 (t, J = 6.0 Hz, 1H), 6.27 (s, 1H), 2.89 (t, J =
6.5 Hz, 2H), 2.56 (dt, J = 1.5 Hz, 6.5 Hz, 2H), 2.03 (pent, J = 6.5 Hz, 2H); °C NMR (125 MHz,
CDCl) 6 140.6 (C), 139.2 (C), 139.0 (C), 134.4 (C), 133.2 (C), 132.3 (CH), 129.1 (C), 129.0
(CH), 128.8 (CH), 124.8 (CH), 124.8 (CH), 124.6 (CH), 118.7 (CH), 118.6 (CH), 34.9 (CH»,),
29.7 (CHy), 24.1 (CH,); Selected spectral data for the mixture: & IR (thin film): 2931, 2109,
1738, 1486, 1286, 756 cm'. HRMS (EI) m / z caled for C17H42N3Cl (M) 295.08762, found

295.08889.

G
MeOQC N3

4.199

Styryl Azide 4.199. The general procedure was followed using 0.68 g of methyl 3-azido-4-
formylbenzoate 4.191 (3.3 mmol), 1.42 g of the phosphonium salt (3.0 mmol), 1.2 mL ofa2.5 M
solution of BuLi in hexanes in 25 mL of THF. Purification by MPLC (1:50 EtOAc: hexanes)
afforded the product as a white powder, as an 83:17 mixture of E- and Z-isomers (0.39 g, 41%).
Selected spectral data for the major (E) isomer: 'H NMR (500 MHz, CDCl3) & 7.85 (d, J = 1.5
Hz, 1H), 7.80 (dd, J= 1.5 Hz, 8.0 Hz, 1H), 7.73 (dd, J = 3.5 Hz, 5.5 Hz, 1H), 7.39 (d, /= 3.0 Hz,
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1H), 7.22 (dd, J = 3.5 Hz, 5.5 Hz, 2H), 7.14 — 7.12 (m, 1H), 7.00 (s, 1H), 3.95 (s, 3H), 2.87 (t, J
= 6.5 Hz, 2H), 2.67 (dt, J = 1.5 Hz, 6.5 Hz, 2H), 1.86 (pent, J = 6.5 Hz, 2H); °C NMR (125
MHz, CDCl;) § 166.2 (C), 140.4 (C), 139.1 (C), 138.1 (C), 135.5 (C), 134.6 (C), 130.7 (CH),
129.6 (C), 129.2 (CH), 128.0 (CH), 126.3 (CH), 125.4 (CH), 124.7 (CH), 119.4 (CH), 117.9
(CH), 52.4 (CHs), 30.2 (CH»), 28.3 (CH,), 23.7 (CH,); Selected spectral data for the minor (Z)
isomer: "H NMR (500 MHz, CDCls) & 7.82 (d, J = 1.5 Hz, 1H), 7.55 (dd, J = 3.0 Hz, 8.0 Hz,
1H), 7.23 —7.18 (m, 1H), 7.14 — 7.12 (m, 2H), 6.94 (d, J = 8.5 Hz, 1H), 6.80 (t, /= 8.5 Hz, 1H),
6.35 (s, 1H), 3.92 (s, 3H), 2.90 (t, J = 6.5 Hz, 2H), 2.59 (dt, J= 1.5 Hz, 6.5 Hz, 2H), 2.03 (pent, J
= 6.5 Hz, 2H); °C NMR (125 MHz, CDCl3) § 166.2 (C), 141.1 (C), 139.0 (C), 138.3 (C), 135.5
(C), 134.2 (C), 131.2 (CH), 129.2 (CH), 129.0 (CH), 128.8 (CH), 128.8 (C), 125.4 (CH), 124.8
(CH), 119.6 (CH), 119.0 (CH), 52.3 (CH3), 34.9 (CHa»), 29.6 (CHa), 24.0 (CHy); Selected spectral
data for the mixture: 6 IR (thin film): 3456, 3015, 2970, 2116, 1739, 1436, 1367, 1228, 1092,

748,527 cm . HRMS (EI) m / z caled for C1oH;70,N3 (M)* 319.13208, found 319.13140.

o
FsC N3

4.200

Styryl Azide 4.200. The general procedure was followed using 0.95 g of 2-azidobenzaldehyde
4.192 (4.4 mmol), 1.89 g of thephosphonium salt (4.0 mmol), 1.8 mL of a 2.5 M solution of
BuLi in hexanes in 20 mL of THF. Purification by MPLC (1:100 EtOAc: hexanes) afforded the
product as a light yellow powder, as a 87:13 mixture of E- and Z-isomers (1.81 g, 81%): Selected
spectral data for the major (E) isomer: 'H NMR (500 MHz, CDCls) & 7.75 — 7.77 (m, 1H), 7.40 —
7.46 (m, 3H), 7.24 — 7.28 (m, 2H), 7.14 — 7.18 (m, 1H), 7.02 (s, 1H), 2.91 (m, J = 6.5 Hz, 2H),
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2.67 — 2.69 (m, 2H), 1.89 (pent, J = 6.5 Hz, 2H); °C NMR (125 MHz, CDCl;) & 140.5 (C),
139.4 (C), 133.6 (C), 131.3 (CH), 130.1 (q, Jcr = 32.6 Hz, C), 129.3 (CH), 129.0 (C), 128.1
(CH), 126.3 (CH), 124.7 (CH), 123.8 (q, Jcr = 270.8 Hz, C), 121.0 (q, Jcr = 3.5 Hz, CH), 117.4
(CH), 115.3 (q, Jcr = 3.8 Hz, CH), 30.2 (CH,), 28.2 (CH,), 23.7 (CH;) one overlapping aromatic
carbon signal; Selected spectral data for the minor (Z) isomer: 'H NMR (500 MHz, CDCl3;) 6
7.40 — 7.46 (m, 1H), 7.24 — 7.28 (m, 1H), 7.14 — 7.18 (m, 3H), 6.99 (d, J = 8.0 Hz, 1H), 6.86 —
6.89 (m, 1H), 6.37 (s, 1H), 2.95 (t, J = 6.5 Hz, 2H), 2.62 — 2.64 (m, 2H), 2.01 (pent, J = 6.5 Hz,
2H); >C NMR (125 MHz, CDCl3) § 141.9 (C), 139.1 (C), 138.8 (C), 134.3 (C), 134.1 (C), 138.1
(CH), 135.3 (CH), 131.8 (CH), 129.0 (CH), 128.8 (CH), 124.9 (CH), 118.5 (CH), 115.5 (q, Jcr =
3.8 Hz, CH), 34.9 (CH,), 29.6 (CH,), 24.0 (CH,); ”F NMR (CDCls, 282 MHz) & —63.12;
Selected spectral data for the mixture: IR (thin film): 2111, 1739, 1328, 1273, 1123, 913, 745

cm ™. HRMS (EI) m /z caled for C1sH4N3F3 (M)" 329.11398, found 329.11303.

4.201

Styryl Azide 4.201. The general procedure was followed using 0.74 g of 2-azido-4-
(methylsulfonyl)benzaldehyde 4.193 (3.3 mmol), 1.42 g of the phosphonium salt (3.0 mmol), 1.2
mL of a 2.5 M solution of BuLi in hexanes in 25 mL of THF. Purification by MPLC (1:20
EtOAc: hexanes) afforded the product as a white powder as one isomer (0.47 g, 46%): '"H NMR
(500 MHz, CDCl3) 6 7.73 (d, J = 1.5 Hz, 2H), 7.68 (dd, /= 1.5 Hz, 8.0 Hz, 1H), 7.50 (d, J= 8.0
Hz, 1H), 7.25 - 7.22 (m, 2H), 7.15 - 7.13 (m, 1H), 6.98 (s, 1H), 3.11 (s, 3H), 2.88 (t,J = 6.5 Hz,

2H), 2.66 (dt, J = 1.5 Hz, 6.5 Hz, 2H), 1.87 (pent, J = 6.5 Hz, 2H); '*C NMR (125 MHz, CDCl;)
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§ 141.5 (C), 140.1 (C), 139.7 (C), 138.2 (C), 135.5 (C), 135.1 (C), 131.7 (CH), 129.3 (CH),
128.3 (CH), 126.3 (CH), 124.7 (CH), 123.0 (CH), 117.2 (CH), 117.1 (CH), 44.6 (CH3), 30.1
(CHa), 28.3 (CHa), 23.7 (CHa); IR (thin film): 3454, 3026, 2969, 2116, 1738, 1366, 1206, 738,

536 cm . HRMS (EI) m /z caled for CisH70,NS (M-N,)" 311.09800, found 311.09698.

Br< : iﬂ\

N3

4.202
Styryl Azide 4.202. The general procedure was followed using 0.75 g of 2-azido-5-
bromobenzaldehyde 4.194 (3.3 mmol), 1.42 g of the phosphonium salt (3.0 mmol), 1.2 mL of a
2.5 M solution of BuLi in hexanes in 25 mL of THF. Purification by MPLC (1:100 EtOAc:
hexanes) afforded the product as a white powder, as an 83:17 mixture of £- and Z-isomers (0.62
g, 61%). Selected spectral data for the major (E) isomer: '"H NMR (500 MHz, CDCl3) & 7.73 —
7.71 (m, 1H), 7.45 (d, J = 2.5 Hz, 1H), 7.42 (dd, J = 2.5 Hz, 8.5 Hz, 1H), 7.25 — 7.21 (m, 2H),
7.17 = 7.14 (m, 1H), 7.05 (d, J = 8.5 Hz, 1H), 6.92 (s, 1H), 2.88 (t, J = 6.5 Hz, 2H), 2.66 (dt, J =
1.5 Hz, 6.5 Hz, 2H), 1.87 (pent, J = 6.5 Hz, 2H); °C NMR (125 MHz, CDCl3) & 139.9 (C),
138.0 (C), 137.8 (C), 135.4 (C), 133.4 (CH), 131.9 (C), 130.7 (CH), 129.2 (CH), 128.0 (C),
127.9 (CH), 126.2 (CH), 124.8 (CH), 120.0 (CH), 117.4 (CH), 30.3 (CH>), 28.1 (CH,), 23.7
(CH,); Selected spectral data for the minor (Z) isomer: 'H NMR (500 MHz, CDCls) & 7.34 (dd, J
= 2.0 Hz, 8.5 Hz, 1H), 7.27 (d, J = 2.0 Hz, 1H), 7.17 — 7.14 (m, 2H), 7.01 (d, J = 8.0 Hz, 2H),
6.90 — 6.87 (m, 1H), 6.28 (s, 1H), 2.92 (t,J = 6.5 Hz, 2H), 2.59 (dt, /= 1.5 Hz, 6.5 Hz, 2H), 2.04
(pent, J = 6.5 Hz, 2H); °C NMR (125 MHz, CDCls) & 141.1 (C), 138.9 (C), 137.2 (C), 134.0
(C), 133.7 (CH), 132.6 (C), 129.0 (CH), 128.6 (CH), 128.0 (C), 124.8 (CH), 124.8 (CH), 120.1

(CH), 118.3 (CH), 117.2 (CH), 35.0 (CH»), 29.7 (CHy), 24.1 (CHy); Selected spectral data for the
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mixture: 8 IR (thin film): 3457, 3015, 2970, 2122, 1755, 1369, 1215, 747, 516 cm'; HRMS (EI)

m / z caled for C;7H4N3Br (M)" 339.03710, found 339.03776.

MeOZC\CEH\
N3

4.203

Styryl Azide 4.203. The general procedure was followed using 0.68 g of methyl 3-azido-4-
formylbenzoate 4.195 (3.3 mmol), 1.42 g of the phosphonium salt (3.0 mmol), 1.2 mL ofa2.5M
solution of BuLi in hexanes in 25 mL of THF. Purification by MPLC (1:50 EtOAc: hexanes)
afforded the product as a white powder, as an 87:13 mixture of E- and Z-isomers (0.38 g, 40%).
Selected spectral data for the major (E) isomer: 'H NMR (500 MHz, CDCl;) & 8.03 (d, J = 1.5
Hz, 1H), 7.98 (dd, J = 1.5 Hz, 8.0 Hz, 1H), 7.74 (dd, J = 3.5 Hz, 5.5 Hz, 1H), 7.23 — 7.20 (m,
3H), 7.15 - 7.14 (m, 1H), 6.98 (s, 1H), 3.94 (s, 3H), 2.87 (t, /= 6.5 Hz, 2H), 2.69 (dt, /= 1.5 Hz,
6.5 Hz, 2H), 1.86 (pent, J = 6.5 Hz, 2H); *C NMR (125 MHz, CDCl5)  166.5 (C), 143.2 (C),
139.6 (C), 138.0 (C), 135.6 (C), 132.2 (CH), 129.9 (C), 129.3 (CH), 129.2 (CH), 127.8 (CH),
126.2 (CH), 126.1 (C), 124.6 (CH), 118.2 (CH), 117.7 (CH), 52.1 (CH3), 30.3 (CH»), 28.2 (CH»),
23.7 (CH,); Selected spectral data for the minor (Z) isomer: 'H NMR (500 MHz, CDCl3) & 7.92
(dd, J=3.0, 8.5 Hz, 1H), 7.83 (d, /J=3.0 Hz, 1H), 7.23 — 7.20 (m, 1H), 7.13 — 7.10 (m, 1H), 6.95
(d, J=8.5 Hz, 1H), 6.80 (t, J= 6.5 Hz, 1H), 6.33 (s, 1H), 3.82 (s, 3H), 2.92 (t, J = 6.5 Hz, 2H),
2.60 (dt, J = 1.5 Hz, 6.5 Hz, 2H), 2.05 (pent, J = 6.5 Hz, 2H); *C NMR (125 MHz, CDCl3) &
166.3 (C), 142.6 (C), 140.9 (C), 138.9 (C), 135.5 (C), 134.2 (C), 132.7 (CH), 130.8 (CH), 129.0
(CH), 128.4 (CH), 126.4 (CH), 126.1 (C), 124.8 (CH), 118.7 (CH), 118.4 (CH), 52.0 (CH3), 35.0

(CH), 29.7 (CH,), 24.1 (CHy); Selected spectral data for the mixture: 6 IR (thin film): 3024,

212



2969, 2121, 1753, 1372, 1292, 762, 528 cm . HRMS (EI) m / z caled for CioH;,ON (M)

e

4.136
Styryl Azide 4.136. The general procedure was followed using 0.92 g of 2-azidobenzaldehyde

291.12593, found 291.12443.

$9 (6.54 mmol), 2.40 g of the phosphonium salt (5.24 mmol), 2.3 mL of a 2.5 M solution of BuLi
in hexanes in 15 mL of THF. Purification by MPLC (1:100 EtOAc: hexanes) afforded the
product as a light yellow powder, as an 82:18 mixture of £- and Z-isomers (0.24 g, 19%): R¢=
0.45 (18:82 EtOAc: hexane). Selected spectral data for the major (E) isomer: '"H NMR (500
MHz, CDCl3) 8 7.65 — 7.67 (m, 1H), 7.54 (dd, J= 1.5 Hz, 7.5 Hz, 1H), 7.10 — 7.35 (m, 7H), 3.00
—3.08 (m, 4H); °C NMR (125 MHz, CDCl;) § 146.0 (C), 145.6 (C), 142.4 (C), 137.8 (C), 130.0
(C), 128.9 (CH), 128.5 (CH), 127.6 (CH), 126.8 (CH), 125.3 (CH), 124.5 (CH), 120.7 (CH),
118.4 (CH), 113.4 (CH), 30.8 (CH>), 30.7 (CH,); Selected spectral data for the minor (Z) isomer:
'H NMR (500 MHz, CDCl3) & 7.43 (d, J = 8.0 Hz, 1H), 7.10 — 7.35 (m, 5H), 7.04 (d, J= 8.0 Hz,
1H), 6.92 — 6.95 (m, 1H) 6.47 (s, 1H), 3.00 — 3.08 (m, 2H), 2.94 — 2.97 (m, 2H); *C NMR (125
MHz, CDCls) & 149.0 (C), 145.0 (C), 139.4 (C), 138.0 (C), 130.8 (CH), 130.1 (C), 129.0 (CH),
128.5 (CH), 125.9 (CH), 125.4 (CH), 124.7 (CH), 124.2 (CH), 118.7 (CH), 116.8 (CH), 33.9
(CHy), 30.2 (CHy); Selected spectral data for the mixture: IR (thin film): 2117, 2084, 1570, 1483,

1277, 1264, 749 cm™'. HRMS (EI) m / z caled for CiH3N3 (M) 247.11095, found 247.11013.

CF;
Cr
N

4.138
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Styryl Azide 4.138. The general procedure was followed using 0.76 g of 2-azidobenzaldehyde
$9 (5.18 mmol), 2.48 g of the phosphonium salt (4.70 mmol), 2.1 mL of a 2.5 M solution of BuLi
in hexanes in 15 mL of THF. Purification by MPLC (1:100 EtOAc: hexanes) afforded the
product as a light yellow oil, as a 72:28 mixture of E- and Z-isomers (0.52 g, 35%): R¢= 0.45
(18:82 EtOAc: hexane). Selected spectral data for the major (E) isomer: 'H NMR (500 MHz,
CDCl) 6 7.81 (d, J =7.5 Hz, 1H), 7.51 — 7.54 (m, 2H), 7.30 -7.39 (m, 2H), 7.11 — 7.23 (m, 3H),
3.18 — 3.24 (m, 2H), 3.05 — 3.08 (m, 2H); °C NMR (125 MHz, CDCl;) & 144.3 (C), 143.7 (C),
143.5 (C), 143.3 (C), 138.0 (C), 129.4 (C), 128.9 (CH), 128.1 (CH), 127.1 (CH), 125.1 (q, Jcr =
4.0 Hz, CH), 124.6 (CH), 124.2 (q, Jcr = 271.9, C), 123.9 (CH), 118.4 (CH), 115.0 (CH), 30.4
(CH>), 29.6 (CH,); Selected spectral data for the minor (Z) isomer: '"H NMR (500 MHz, CDCls)
6743 (d,J=17.5Hz, 1H), 7.30 — 7.39 (m, 2H), 7.11 — 7.23 (m, 2H), 7.13 (dd, /= 0.5 Hz, 7.5
Hz, 1H), 7.05 (t, J = 7.5 Hz, 1H), 6.57 (s, 1H), 3.18 — 3.24 (m, 2H), 2.99 — 3.30 (m, 2H); "°C
NMR (125 MHz, CDCls) & 146.5 (C), 141.3 (C), 138.1 (C), 130.5 (CH), 129.5 (C), 128.8 (CH),
127.5 (C), 127.4 (CH), 127.2 (C), 126.3 (CH), 125.1 (q, Jcr = 4.0 Hz, CH), 124.8 (CH), 118.8
(CH), 118.5 (CH), 33.5 (CH,), 28.8 (CH,); '°F NMR (CDCl;, 282 MHz) & —63.12; Selected
spectral data for the mixture: IR (thin film): 2124, 2083, 1595, 1318, 1160, 1118, 750 cm .

HRMS (EI) m / z caled for C17HoN3F3 (M) 315.09833, found 315.09885.

O
N, ©
4.142
Styryl Azide 4.142. The general procedure was followed using 0.65 g of 2-azidobenzaldehyde

s9 (4.42 mmol), 1.87 g of the phosphonium salt (3.95 mmol), 1.73 mL of a 2.5 M solution of

BuLi in hexanes in 20 mL of THF. Purification by MPLC (1:100 EtOAc: hexanes) afforded the
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product as a white powder, as an 83:17 mixture of E- and Z-isomers (0.28 g, 27%): Ry= 0.45
(18:82 EtOAc: hexane). Selected spectral data for the major (E) isomer: '"H NMR (500 MHz,
CDCl) 6 7.70 (dd, J = 1.5 Hz, 8.0 Hz, 1H), 7.32 — 7.35 (m, 1H), 7.27 (d, J = 8.0 Hz, 1H), 7.19 —
7.22 (m, 2H), 7.14 — 7.17 (m, 1H), 7.08 (s, 1H), 6.95 — 6.98 (m, 1H), 6.83 — 6.85 (m, 1H), 4.20
(t, J = 6.0 Hz, 2H), 2.80 — 2.83 (m, 2H); >C NMR (125 MHz, CDCls) § 154.9 (C), 138.7 (C),
132.1 (C), 130.9 (CH), 129.5 (CH), 128.8 (C), 128.3 (CH), 124.8 (CH), 124.3 (CH), 122.4 (C),
120.9 (CH), 118.4 (CH), 117.5 (CH), 117.0 (CH), 66.2 (CH>), 26.9 (CH,); Selected spectral data
for the minor (Z) isomer: 'H NMR (500 MHz, CDCls): & 7.38 (d, J = 7.5 Hz, 1H), 7.29 — 7.30
(m, 1H), 7.09 - 7.11 (m, 1H), 7.00 — 7.04 (m, 2H), 6.84 (dd, /= 1.0 Hz, 8.0 Hz, 1H), 6.65 — 6.58
(m, 1H), 6.29 (s, 1H), 4.38 (t, 5.5 Hz, 2H), 2.71- 2.73 (m, 2H); >C NMR (125 MHz, CDCl;)
154.9 (C) 138.1 (C), 132.5 (C), 131.1 (CH), 129.7 (CH), 128.53 (CH), 128.50 (CH), 124.7 (CH),
120.6 (C), 120.0 (CH), 119.3 (CH), 118.6 (CH), 117.1 (CH), 67.4 (CH,), 33.3 (CH>); Selected
spectral data for the mixture: o IR (thin film): 2117, 2091, 1603, 1572, 1468, 1450, 1281, 1049,

749 cm™'. HRMS (EI) m / z caled for Ci6H,30N3 (M)* 263.10587, found 263.10672.

4.14.2 Preparation of Substrates using a Horner—Wadsworth—Emmons Reaction

General Procedure for the Horner-Wadsworth—-Emmons Reaction and Fe-Mediated Nitro-Group Reduction

2-Amino substituted styrenes were synthesized via a two-step procedure of Horner-

Wadsworth-Emmons reaction followed by nitro-group reduction. Yields were not optimized.

0
R2
©\/\P(0Et) LLDA_ \( _iii. Fe(0) _ \( ©q.9)
.0 Q-
NO NO,
2 R1JLR2 2 N

To a -78 °C solution of LDA (4.4 mmol) in 10 mL of THF was added dropwise ortho-

nitrobenzylphosphonate in 3 mL of THF. After an additional hour, a solution of the ketone in 5
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mL of THF was added slowly to the mixture at -78 °C. The reaction mixture was allowed to
warm to ambient temperature slowly. After 1h, 10 mL water was added to quench the reaction.
The resulting mixture was taken up by dichloromethane and separated. The aqueous phase was
washed with 3 x 5 mL dichloromethane. The resulting organic phase was washed with 20 mL of
brine and dried over Na,SO4. After filtration, the filtrate was concentrated in vacuo to produce 2-
nitro-styrene, which was submitted to the subsequent Fe-mediated nitro-group reduction without

further purification.

To a solution of nitro-substituted styrene (prepared from 4.0 mmol of ortho-
nitrobenzylphophonate) in 20 mL of AcOH and 20 mL of EtOH was added 1.8 g of Fe powder
(32 mmol). The resultant mixture was allowd to reflux at 80 °C overnight. After cooled down to
ambient temperature, the resulting mixture was filtrated with a pad of Celite. The filtrate was
diluted with 50 mL of water and washed with 3 x 10 mL dichloromethane. The resulting organic
phase was washed with 40 mL of brine and dried over Na,SO4. After filtration, the filtrate was

concentrated in vacuo. Purification of the reaction mixture using MPLC afforded the product

Synthesis of Nitro-Substituted Styrenes.

Cre
N3
4.150

Styrene 4.150. The general procedure of Horner—Wadsworth—-Emmons reaction was followed
using 1.09 g of ortho-nitrobenzylphosphonate*® (4.0 mmol), 0.45 mL of cyclobutanone (6.0
mmol) and LDA (4.4 mmol) in 6 mL of THF. After work-up, the representative pathway of
nitro-group reduction was followed by using 1.79 g of Fe (32.0 mmol), in 20.0 mL of AcOH and

20.0 mL of EtOH. Purification by MPLC (1:100 — 20:80 EtOAc: hexanes) afforded the product
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as a light yellow oil (0.25 g, 39% two steps): 'H NMR (500 MHz, CDCl3) 6 7.16 — 7.19 (m, 1H),
7.07 —7.11 (m, 1H), 6.72 (d, J = 8.0 Hz, 1H), 6.79 — 6.83 (m, 1H), 6.11 (s, 1H), 3.71 (s, 2H),
2.92 —2.99 (m, 4H), 2.10 — 2.16 (m, 2H); °C NMR (125 MHz, CDCl3) & 145.2 (C), 143.5 (C),
128.2 (CH), 127.3 (CH), 123.4 (C), 118.5 (CH), 115.8 (CH), 115.7 (CH), 32.6 (CH»), 32.3
(CH,), 18.2 (CHy); IR (thin film): 3451, 3366, 2948, 1614, 1488 1297, 1263, 744cm '. HRMS

(ET) m / z caled for CpH 3N (M)™ 159.10480, found 159.10560.

CrO
N3 ©
4164

Styrene 4.164. The general procedure of Horner—Wadsworth—-Emmons reaction was followed
using 1.09 g of ortho-nitrobenzylphosphonate® (4.0 mmol), 0.55 mL of tetrahydro-4H-pyran-4-
one (6.0 mmol) and LDA (4.4 mmol) in 6 mL of THF. After work-up, the representative
pathway of nitro-group reduction was followed by using 1.79 g of Fe (32.0 mmol), in 20.0 mL of
AcOH and 20.0 mL of EtOH. Purification by MPLC (1:100 — 20:80 EtOAc: hexanes) afforded
the product as a light yellow oil (0.50 g, 66% two steps): 'H NMR (500 MHz, CDCl3) 7.07 (t, J
= 8.0 Hz, 1H), 6.99 (d, J = 7.5 Hz, 1H), 6.69 — 6.75 (m, 2H), 6.14 (s, 1H), 3.80 (t, J = 5.5 Hz,
2H), 3.69 (s, 2H), 3.66 (t, J = 5.5 Hz, 2H), 2.43 (t, J = 5.5 Hz, 2H), 2.36 (t, J = 5.5 Hz, 2H); °C
NMR (125 MHz, CDCls) 6 144.2 (C), 139.8 (C), 130.1 (CH), 127.9 (CH), 122.9 (C), 119.6
(CH), 118.1 (CH), 115.1 (CH), 69.7 (CH»), 69.0 (CH>), 37.0 (CHy), 31.0 (CH>); IR (thin film):

3459, 3355, 1613, 1489, 1452, 1229, 1093, 995, 746 cm . HRMS (EI) m / z caled for C1,H;sON

(M)" 189.11537, found 189.11613.
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Styrene 4.204. The general procedure of Horner—Wadsworth—-Emmons reaction was followed
using 1.09 g of ortho-nitrobenzylphosphonate*® (4.0 mmol), 0.83 g of 4-acetylbenzotrifluoride
(4.4 mmol) and LDA (4.4 mmol) in 6 mL of THF. After work-up, the representative pathway of
nitro-group reduction was followed by using 1.79 g of Fe (32.0 mmol), in 20.0 mL of AcOH and
20.0 mL of EtOH. Purification by MPLC (1:100 — 20:80 EtOAc: hexanes) afforded the crude
product as a brown oil (0.34 g, 31% two steps). The aniline was carried on to the azidation

reaction without further purification.

General Procedure for the Azidation Reaction

Following the procedure of Tor and co-workers,*’ the aniline group was transformed into

an azide (eq. 10). Yields were not optimized.

R2 R?
X N
NH N

2 3

To a solution of aniline (3 mmol) in 5 mL of CH,Cl, was added subsequently 24 mg of
CuSOs, 1.2 mL of Et;N, freshly prepared triflyl azide (9 mmol) in 15 mL of CH,Cl,, 1 mL of
water and 2 mL of MeOH. The resulting mixture was allowed to react at room temperature
overnight. Then, the reaction mixture was taken up by 15 mL dichloromethane, neutralized with
a saturated aq. soln. of NaHCO3 and washed with 3 x 10 mL of CH,Cl,. The resulting organic
phase was washed with 20 mL of brine and dried over Na,SO,. After filtration, the filtrate was

concentrated in vacuo. Purification of the reaction mixture using MPLC afforded the product.
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Synthesis of Styryl Azides

. Pon

M
Ny ©

Styryl Azide 4.146. The general procedure ;(-)1r4:zidation was followed using 0.31 g of aniline
$20 (1.1 mmol), 0.01 g of CuSOs, freshly prepared dichloromethane solution of TfN; (from 3.0
mmol of Tf,0), and 0.4 mL of EtzN (3.0 mmol) in 4 mL CH,Cl,, 2 mL of MeOH and 1 mL of
H,O. Purification by MPLC (1:100 EtOAc: hexanes) afforded the product as a light yellow solid
(0.22 g, 66%): mp 62 - 65 °C; "H NMR (500 MHz, CDCl;) & 7.51 (d, J = 8.0 Hz, 2H), 7.28 (d, J
= 8.0 Hz, 2H), 7.17 — 7.20 (m, 1H), 7.12 (dd, /= 1.0 Hz, 8.0 Hz, 1H), 6.80 — 6.83 (m, 1H), 6.74
(d, J=17.5 Hz, 1H), 6.65 (s, 1H), 2.29 (s, 3H); *C NMR (125 MHz, CDCl;) & 145. 3 (C), 138.6
(C), 138.1 (C), 131.1 (CH), 129.076 (q, Jcr = 32.6 Hz, C), 129.075 (C), 128.7 (CH), 128.1 (CH),
125.2 (q, Jer = 3.5 Hz, CH), 124.3 (CH), 124.2 (q, Jcr = 271 Hz, C), 123.5 (CH), 118.2 (CH),
23.0 (CH3); "’F NMR (CDCls, 282 MHz) § —63.04; IR (thin film): 2122, 1615, 1482, 1323, 1123,
738 cm™'. HRMS (EI) m / z caled for C16H ,N3F3 (M)™ 303.09833, found 303.09697.
L
N

3
4.150

Styryl Azide 4.150. The general procedure for azidation was followed using 0.23 g of aniline
s18 (1.44 mmol), 0.02 g of CuSOy, freshly prepared dichloromethane solution of TfN; (from 4.5
mmol of Tf,0), and 0.6 mL of EtzN (4.5 mmol) in 6 mL CH,Cl,, 3 mL of MeOH and 2 mL of
H,O. Purification by MPLC (100% hexanes) afforded the product as a light yellow oil (0.14 g,
54%): '"H NMR (500 MHz, CDCls) & 7.30 (d, J = 8.0 Hz, 1H), 7.23 (t, J = 8.0 Hz, 1H), 7.15 (d, J

= 8.0 Hz, 1H), 7.11 (t, J = 7.5 Hz, 1H), 6.35 (s, 1H), 3.01 — 3.04 (m, 2H), 2.92 — 2.95 (m, 2H),
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2.12 - 2.16 (m, 2H); *C NMR (125 MHz, CDCL3) § 146.5 (C), 136.5 (C), 129.5 (C), 127.9 (CH),
127.1 (CH), 124.5 (CH), 118.3 (CH), 115.1 (CH), 32.9 (CH.), 32.7 (CH>), 18.4 (CH.); IR (thin
film): 2951, 2113, 1482, 1285, 1099, 743, 665 cm™'. HRMS (EI) m / z caled for C;H; N3 (M)
185.09530, found 185.09451.
CrC
N O

3
4.164

Styryl Azide 4.164. The general procedure for azidation was followed using 0.43 g of aniline
s19 (2.28 mmol), 0.02 g of CuSOy, freshly prepared dichloromethane solution of TfN; (from 9.0
mmol of Tf,0), and 1.3 mL of Et;N (9.0 mmol) in 6 mL CH,Cl,, 3 mL of MeOH and 2 mL of
H,O. Purification by MPLC (1:100 EtOAc: hexanes) afforded the product as a light yellow oil
(0.31 g, 63%): "H NMR (500 MHz, CDCl3) & 7.22 — 7.25 (m, 1H), 7.10 — 7.15 (m, 2H), 7.07 (t, J
= 7.5 Hz, 1H), 6.24 (s, 1H), 3.77 (t, J = 5.5 Hz, 2H), 3.64 (t, J = 5.5 Hz, 2H), 2.37 — 2.41 (m,
4H); C NMR (125 MHz, CDCl3) § 139.3 (C), 138.1 (C), 130.8 (CH), 129.1 (C), 128.0 (CH),
124.3 (CH), 119.3 (CH), 118.4 (CH), 69.4 (CH>), 68.6 (CH,), 37.2 (CH>), 30.9 (CH,); IR (thin
film): 2115, 2082, 1482, 1279, 1230, 1097, 997, 748, 665 cm'. HRMS (EI) m / z calcd for

C1,H30N; (M) 215.10587, found 215.10709.

4.14.3 Preparation of Substrates using a Suzuki Reaction

General Procedure for the Arylboronic Acid Pinacol Ester Syntheses

Me Me Me

H—B’O:tme 9Ag<|v|e
R—. e - R—. €q.
Z>NH,  (dppf)PdCl, ZNH,
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To a mixture of 0.85 g of 2-bromo-aniline (5.0 mmol), 2.09 mL of EtzN (20.0 mmol),
0.185 g of (dppf)PdCl; (0.25 mmol) in 15 mL 1,4-dioxane, was added dropwise 2.20 mL 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (15.0 mmol). The resultant mixture was heated to 100 °C. After
12h, the mixture was cooled to room temperature and diluted with 20 mL of NH4Cl. The
resulting aqueous phase was extracted with an additional 2 x 20 mL of CH,Cl,. The combined
organic phases were washed with 1 x 30 mL of brine. The resulting organic phase was dried over

NayS0s4, and was concentrated in vacuo. Purification via MPLC afforded the product.

Syntheses of Arylboronic Acid Pinacol Esters

Me Me
(/) Me
L o™
NH,
4.205

Aniline 4.205.*® The general procedure was followed using 3.4 g of 2-bromo-aniline (20.0
mmol), 8.7 mL of 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (60.0 mmol), 0.82 g of (dppf)PdCl,
(1.0 mmol), and 8.4 mL of EtzN (80.0 mmol) in 100 mL of 1, 4-dioxane. Purification by MPLC
(2:100 — 10:90 EtOAc: hexanes) afforded the product as a light yellow solid (3.02 g, 69%): mp
62 -64 °C; The spectral data matched that reported by Driver and co-workers:*® "H NMR (500
MHz, CDCl) & 7.64 (d, J = 7.5 Hz, 1H), 7.24 (t,J = 7.0 Hz, 1H), 6.70 (t, /= 7.0 Hz, 1H), 6.61
(d, J= 8.5 Hz, 1H), 4.76 (s, 2H), 1.36 (s, 12H); >C NMR (125 MHz, CDCl;) & 153.7 (C), 136.8
(CH), 132.8 (CH), 116.9 (CH), 114.8 (CH), 83.5 (C), 25.0 (CHz3); IR (thin film): 3486, 3380,

1624, 1605, 1352, 1311, 1244, 1135, 1086, 847, 758, 654 cm .
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(/) Me
F3C\©:B\o Me
NH,
4.206

Aniline 4.206.® The general procedure was followed using 2.65 g of 2-bromo-4-
(trifluoromethyl)aniline (10.0 mmol), 4.4 mL of 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (30.0
mmol), 0.41 g of (dppf)PdCI2 (0.5 mmol), and 4.2 mL of Et;N (40.0 mmol) in 50 mL of 1, 4-
dioxane. Purification by MPLC (2:100 — 10:90 EtOAc: hexanes) afforded the product as a brown
solid (1.81 g, 63%): mp 107 -109 °C. The spectral data matched that reported by Driver and co-
workers:*® "H NMR (500 MHz, CDCl3) & 7.86 (s, 1H), 7.41 (d, J= 8.5 Hz, 1H), 6.59 (d, J = 8.5
Hz, 1H), 5.08 (s, 2H), 1.35 (s, 12H); 13C NMR (125 MHz, CDCls) & 156.1 (C), 134.3 (q, Jcr =
3.8 Hz, CH), 129.5 (q, Jcr = 3.8 Hz, CH), 125.0 4 (q, Jcr = 268.8 Hz, C), 118.5 (q, Jcr = 32.5 Hz,
C), 84.0 (C) 114.2 (CH), 24.9 (CH3); ”F NMR (CDCl;, 282 MHz) & —61.64; IR (thin film):

3472, 3375, 1625, 1370, 1304, 1256, 1140, 1097, 1072, 832.9 cm™.

Me Me

9 Me

Meo\(:[ B\O Me
NH,
4.207
Aniline 4.207.*® The general procedure was followed using 2.02 g of 2-bromo-4-methoxyaniline
(10.0 mmol), 44 mL of 4,4,55-tetramethyl-1,3,2-dioxaborolane (30.0 mmol), 0.41 g of
(dppf)PdCI; (0.5 mmol), and 4.2 mL of Et;N (40.0 mmol) in 50 mL of 1, 4-dioxane. Purification
by MPLC (5:100 — 10:90 EtOAc: hexanes) afforded the product as a brown liquid (1.52 g, 61%).

The spectral data matched that reported by Driver and co-workers:*®® 'H NMR (500 MHz,

CDCls) 7.15 (d, J = 3.5 Hz, 1H), 6.85 (dd, J = 3.0 Hz, 8.5 Hz, 1H), 6.58 (d, J = 8.5 Hz, 1H), 4.48
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(s, 2H), 3.76 (s, 3H), 1.34 (s, 12H); *C NMR (125 MHz, CDCls) § 151.3 (C), 147.9 (C), 120.7
(CH), 119.5 (CH), 116.5 (CH), 83.6 (C), 56.0 (CHj;), 25.0 (CH;); IR (thin film): 3456, 3366,
1494, 1421, 1359, 1304, 1226, 1037, 855, 829, 750 cm '. HRMS (EI) m / z caled for

C13H2003NB (M)+ 249. 1536, found 249.1540.

General Procedure for the Triflate Formation

WH /T(fz%\ > E>:<:Tf (eq. 12)
|

To a mixture of 10.0 mmol of cyclopentanecarboxaldehyde and 2.65 mL 2,6-di-tert-
butylpyridine (12.0 mmol) in 40 mL of 1,2-dichloroethane was added 1.85 mL of triflic
anhydride (11.0 mmol). The resultant mixture was heated to 70 °C. After 2h, the mixture was
cooled to room temperature and diluted with 40 mL CH,Cl,. The resulting aqueous phase was
extracted with an additional 2 x 30 mL of CH,Cl,. The combined organic phases were washed
with 1 X 30 mL of brine. The resulting organic phase was dried over Na,SO4, and was

concentrated in vacuo to afford crude triflate.

General Procedure for the Suzuki Reaction

Following the procedure of Driver and co-workers,”® was aniline s6 treated with vinyl
triflate s7 in the presence of (dppf)PdCl, to produce the desired aniline (s8). Yields were not

optimized.
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Me Me

o&
7 Me  TiOo"X\ dppfPdCI NN
N B Me * — =2 Rl P (eq. 13)
RT . NH, \/n
NH,

To a mixture of 0.919 g of boronic ether (3.2 mmol), 0.261 g of (dppf)PdCl, (0.32 mmol)
in 40 mL 1,4-dioxane was added 8 mL of a 3M solution of NaOH in water followed by 1.36 g of
crude triflate (5.12 mmol). The resultant mixture was heated to 80 °C. After 12 h, the mixture
was cooled to room temperature and filtrated through a pad of Celite. The filtrate was diluted
with 20 mL saturated NH4Cl and extracted with an additional 2 x 30 mL of CH,Cl,. The
combined organic phases were washed with 1 x 30 mL of brine. The resulting organic phase was

dried over Na,SQO,, and was concentrated in vacuo. Purification via MPLC afforded the product.

Synthesis of Anilines

O

NH,

4.208
Aniline 4.208. The general procedure was followed using 1.10 g of boronic ester 4.205 (5.0
mmol), crude vinyl triflate (derived from 10.0 mmol of cyclohexanecarboxaldehyde), 0.82 g of
(dppf)PdCl; (1.0 mmol), and 1.8 g of NaOH (45.0 mmol) in 75 mL of 1,4-dioxane and 15 mL of
water. Purification by MPLC (2:100 — 10:90 EtOAc: hexanes) afforded the product as a light
yellow oil (0.74 g, 79%): "H NMR (500 MHz, CDCl3) § 7.09 (t, J = 6.0 Hz, 1H), 7.04 (d, J=7.5
Hz, 1H), 6.77 (t, J= 7.5 Hz, 1H), 6.72 (d, J = 8.0 Hz, 1H), 6.05 (s, 1H), 3.70 (s, 2H), 2.33 (t, J =
6.0 Hz, 2H), 2.24 (t, J = 6.0 Hz, 2H), 1.56 — 1.70 (m, 6H); *C NMR (125 MHz, CDCL;) & 145.4
(C), 1443 (C), 130.3 (CH), 127.5 (CH), 124.0 (C), 118.0 (CH), 117.8 (CH), 115.0 (CH), 37.2

(CHa), 30.0 (CHa), 28.9 (CH,), 28.1 (CH.), 26.8 (CHa); IR (thin film): 3466, 3368, 1161, 1489,
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1448, 1297, 1265, 745 cm'. HRMS (EI) m / z caled for CisHsN (M) 187.13610, found

187.13596.

LD
NH,
4.209
Aniline 4.209. The general procedure was followed using 2.19 g of boronic ester 4.205 (10.0

mmol), crude vinyl triflate (derived from 15.0 mmol of cyclopentenanecarboxaldehyde), 0.82 g
of (dppf)PdCl; (1.0 mmol), and 3.6 g of NaOH (90.0 mmol) in 100 mL of 1, 4-dioxane and 30
mL of water. Purification by MPLC (2:100 — 10:90 EtOAc: hexanes) afforded the product as a
light yellow oil (1.54 g, 89%): 'H NMR (500 MHz, CDCl3) & 7.16 (d, J= 7.5 Hz, 1H), 7.05 (dt,
J=1.5Hz, 7.5 Hz, 1H), 6.76 (t, J = 7.5 Hz, 1H), 6.70 (d, J = 7.5 Hz, 1H), 6.23 (s, 1H), 3.67 (s,
2H), 2.49 (s, 2H), 2.39 (s, 2H), 1.70 — 1.73 (m, 4H); °C NMR (125 MHz, CDCl;) & 148.6 (C),
143.7 (C), 129.1 (CH), 127.3 (CH), 124.9 (C), 118.2 (CH), 115.7 (CH), 115.2 (CH), 34.6 (CH,),
30.7 (CHy), 26.7 (CH»), 25.8 (CH,); IR (thin film): 3452, 3368, 1613, 1488, 1453, 1295, 1263,

1155, 871, 744 cm™'. HRMS (EI) m / z caled for C1,H;sN (M) 173.1164, found 173.1204.

COO
NH,

4.210
Aniline 4.210. The general procedure was followed using 0.76 g of boronic ester 4.205 (3.5
mmol), crude vinyl triflate (derived from 10.0 mmol of cycloheptanecarboxaldehyde), 0.25 g of
(dppf)PdCl; (0.3 mmol), and 1.2 g of NaOH (30.0 mmol) in 40 mL of 1, 4-dioxane and 10 mL of

water. Purification by MPLC (2:100 — 10:90 EtOAc: hexanes) afforded the product as a light

yellow oil (0.25 g, 35%): "H NMR (500 MHz, CDCls) § 7.07 (dt, J = 1.5 Hz, 7.5 Hz, 1H), 7.03
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(d, J=7.5 Hz, 1H), 6.74 (dt, J= 1.0 Hz, 7.5 Hz, 1H), 6.71 (dd, J = 1.5 Hz, 7.5 Hz, 1H), 6.10 (s,
1H), 3.68 (s, 2H), 2.43 — 2.45 (m, 2H), 2.31 — 2.33 (m, 2H) 1.68 — 1.72 (m, 2H), 1.52 — 1.62 (m,
6H); °C NMR (125 MHz, CDCl3) § 147.5 (C), 144.0 (C), 130.0 (CH), 127.4 (CH), 124.5 (C),
121.0 (CH), 118.0 (CH), 114.9 (CH), 37.8 (CHa), 31.2 (CH,), 29.9 (CH,), 29.5 (CH,), 29.37
(CHa), 27.3 (CH,); IR (thin film): 3464, 3372, 2918, 2849, 1611, 1489, 1451, 745 cm'. HRMS

(ET) m / z caled for C14HoN (M)™ 201.15175 found 201.15198

NH,

4.211
Aniline 4.211. The general procedure was followed using 1.69 g of boronic ester 4.207 (6.8
mmol), crude vinyl triflate (derived from 10.0 mmol of cyclopentanecarboxaldehyde), 0.57 g of
(dppf)PACl; (0.68 mmol), and 1.44 g of NaOH (36.0 mmol) in 40 mL of 1, 4-dioxane and 12 mL
of water. Purification by MPLC (2:100 — 20:80 EtOAc: hexanes) afforded the product as a brown
0il (0.97 g, 70%): "H NMR (500 MHz, CDCl3) & (500 MHz, CDCls): & 6.77 (d, J = 1.8 Hz, 1H),
6.64 — 6.64 (m, 2H), 6.23 (t, J= 2.3 Hz, 1H), 3.75 (s, 3H), 3.44 (s, 2H), 2.48 (ddd, /= 7.7, 5.5,
1.9 Hz, 2H), 2.42-2.40 (m, 2H), 1.71 (m, 4H); °C NMR (125 MHz, CDCl3) & 152.4 (C), 148.8
(C), 137.5 (C), 126.2 (C), 116.4 (CH), 1159 (CH), 114.6 (CH), 112.9 (CH), 55.8 (CH3), 34.7
(CH»), 30.8 (CH>), 26.7 (CH»), 25.8 (CH,); IR (thin film): 3437, 3357, 2947, 1604, 1494, 1281,

1040, 904, 813 cm™'. HRMS (EI) m /z caled for C13H;70N (M)" 203.13102, found 203.13075.

NH,

4.212
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Aniline 4.212. The general procedure was followed using 1.44 g of boronic ester 4.207 (5.8
mmol), crude vinyl triflate (derived from 9.0 mmol of cyclohexanecarboxaldehyde), 0.57 g of
(dppf)PdCl; (0.68 mmol), and 1.20 g of NaOH (30.0 mmol) in 40 mL of 1, 4-dioxane and 10 mL
of water. Purification by MPLC (2:100 — 20:80 EtOAc: hexanes) afforded the product as a brown
0il (0.21 g, 17%): "H NMR (500 MHz, CDCls): 6.60 — 6.68 (m, 3H), 6.01 (s, 1H), 3.74 (s, 3H),
3.13 (s, 2H), 2.29 (t, J = 6.0 Hz, 2H), 2.21 (t, J = 6.5 Hz, 2H), 1.52 — 1.66 (m, 6H); °C NMR
(125 MHz, CDCls) 8 152.2 (C), 145.6 (C), 138.0 (C), 125.3 (C), 117.7 (CH), 116.1 (CH), 115.7
(CH), 113.1 (CH), 55.8 (CH3), 37.2 (CH»), 30.0 (CH>), 28.8 (CH,), 28.0 (CH»), 26.7 (CH»); IR
(thin film): 3438, 3358, 1494, 1276, 1216, 1159, 1039, 811 cm . HRMS (EI) m / z calcd for

C14H1oON (M)" 217.1467, found 217.1466.

F3C\©\/\©
NH,

4.213
Aniline 4.213. The general procedure was followed using 3.01 g of boronic ester 4.206 (10.5
mmol), crude vinyl triflate (derived from 15.0 mmol corresponding aldehyde), 0.87 g of
(dppf)PACI; (1.05 mmol), and 3.60 g of NaOH (90.0 mmol) in 110 mL of 1, 4-dioxane and 30
mL of water. Purification by MPLC (2:100 — 10:90 EtOAc: hexanes) afforded the product as a
brown liquid (1.82 g, 62%): 'H NMR (500 MHz, CDCl3)  7.30 (d, J = 8.5 Hz, 1H), 7.26 (s, 1H),
6.69 (d, J= 8.5 Hz, 1H), 5.98 (s, 1H), 4.01 (s, 2H), 2.32 (t, J = 5.5 Hz, 2H), 2.18 (t, /= 6.5 Hz,
2H), 1.54 — 1.71 (m, 6H); °C NMR (125 MHz, CDCl3) & 147.3 (C), 147.1 (C), 127.3 (q, Jor =
3.8 Hz, CH), 125.1 (q, Jcr = 268.8 Hz, C), 124.6 (q, Jcr = 3.8 Hz, CH), 123.3 (C), 119.5 (q, Jcr

= 31.3 Hz, C), 116.4 (CH), 114.1 (CH), 37.1 (CH»), 30.0 (CH.), 28.8 (CH,), 28.0 (CH,), 26.6
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(CH,): '°F NMR (CDCls, 282 MHz) & —61.47; IR (thin film): 3492, 3398, 1620, 1323, 1142,

1103, 1071, 820 cm ™. HRMS (EI) m / z caled for Ci4H sNF3 (M)' 255.1235, found 255.1239.

\(Ph
Me

NH,
4.214

Aniline 4.214. The general procedure was followed using 1.75 g of boronic ester 4.205 (8.0
mmol), crude vinyl triflate (derived from 15.0 mmol corresponding aldehyde), 0.66 g
(dppf)PdCl; (0.8 mmol), and 3.60 g of NaOH (90.0 mmol) in 110 mL of 1,4-dioxane and 30 mL
of water. Purification by MPLC (1:100 — 10:90 EtOAc: hexanes) afforded the product as a light
yellow oil, as a 69:31 mixture of Z- and E-isomers (1.41 g, 84%): Rr= 0.45 (18:82 EtOAc:
hexane). Selected spectral data for the major (Z) isomer: 'H NMR (500 MHz, CDCl3) & 7.11 —
7.23 (m, 5H), 6.97 (t, J= 8.0 Hz, 1H), 6.72 — 6.76 (m, 1H), 6.62 (d, J= 8.0 Hz, 1H), 6.52 (t, J =
7.5 Hz, 1H), 6.41 (s, 1H), 3.70 (br, 2H), 2.28 (s, 3H); *C NMR (125 MHz, CDCl;) & 144.0 (C),
141.2 (C), 139.5 (C), 130.0 (CH), 128.1 (CH), 127.5 (CH), 127.0 (CH), 123.98 (C), 123.1 (CH),
118.3 (CH), 115.3 (CH), 25.7 (CHs3) one overlapping aromatic C not distinguishable; Selected
spectral data for the minor (E) isomer: 'H NMR (500 MHz, CDCl3) & 7.57 — 7.58 (m, 2H), 7.38 —
7.41 (m, 2H), 7.31 — 7.34 (m, 1H), 7.11- 7.23 (m, 2H), 6.81 (t, J= 7.5 Hz, 1H), 6.72 — 6.76 (m,
2H), 3.70 (br s, 2H), 2.17 (s, 3H); °C NMR (125 MHz, CDCl3) § 144.4 (C), 142.9 (C), 139.1
(©), 130.5 (CH), 128.4 (CH), 128.1 (CH), 127.4 (CH), 124.01 (C), 123.9 (CH), 123.5 (CH),
118.2 (CH), 115.2 (CH), 17.2 (CHj); Selected spectral data for the mixture: & IR (thin film):
3464, 3374, 1613, 1489, 1454, 1275, 1264 cm™'. HRMS (EI) m / z caled for CsH;sN (M)

209.12045, found 209.12206.

228



General procedure of Styryl Azides Syntheses

Following the procedure of Tor and co-workers,"” the aniline group was transformed into

an azide (s5). Yields were not optimized.

R2 R?
R' R' '
NH, N

3

To a solution of aniline (3 mmol) in 5 mL of CH,Cl, was added subsequently 24 mg of
CuSOs, 1.2 mL of EtsN, freshly prepared triflyl azide (9 mmol) in 15 mL of CH,Cl,, 1 mL of
water and 2 mL of MeOH. The resulting mixture was allowed to react at room temperature
overnight. Then, the reaction mixture was taken up by 15 mL dichloromethane, neutralized with
a saturated aq. soln. of NaHCO; and washed with 3 x 10 mL of CH,Cl,. The resulting organic
phase was washed with 20 mL of brine and dried over Na,SO4. After filtration, the filtrate was

concentrated in vacuo. Purification of the reaction mixture using MPLC afforded the product.

D
N3

4.152
Styryl Azide 4.152. The general procedure for azidation was followed using 0.95 g of aniline

Synthesis of Styryl Azide

4.209 (5.5 mmol), 0.05 g of CuSOy, freshly prepared dichloromethane solution of T{Nj (from
18.0 mmol of Tf,0), and 2.5 mL of Et;N (18.0 mmol) in 6 mL of CH,Cl,, 4 mL of MeOH and 2
mL of H,O. Purification by MPLC (1:100 EtOAc: hexanes) afforded the product as a light
yellow oil, as a 72:28 mixture of Z- and E-isomers (0.68 g, 62%): Selected spectral data for the
major (Z) isomer: '"H NMR (500 MHz, CDCls) & 7.21 — 7.32 (m, 6H), 7.13 — 7.15 (d, J = 8.5 Hz,
1H), 6.80 — 6.84 (m, 2H), 6.62 (s, 1H), 2.33 (s, 3H); °C NMR (125 MHz, CDCl;) & 141.5 (C),

140.3 (C), 137.9 (C), 131.2 (CH), 129.8 (C), 128.4 (CH), 127.7 (CH), 127.1 (CH), 124.2 (CH),
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121.9 (CH), 118.1 (CH), 26.5 (CHs); Selected spectral data for the minor (E) isomer: '"H NMR
(500 MHz, CDCls) & 7.64 (dd, J = 1.0 Hz, 8.5 Hz, 2H), 7.36 — 7.47 (m, SH), 7.18 (dd, J = 2.0
Hz, 6.0 Hz, 2H), 6.92 (s, 1H), 2.72 (s, 3H); *C NMR (125 MHz, CDCl;) & 143.3 (C), 138.7 (C),
138.5 (C), 130.8 (CH), 130.2 (C), 128.5 (CH), 128.2 (CH), 127.5 (CH), 126.1 (CH), 124.4 (CH),
123.1 (CH), 118.5 (CH), 17.5 (CHj3); Selected spectral data for the mixture: & IR (thin film):
2116, 2083, 1479, 1443, 1278, 759 cm'. HRMS (EI) m / z caled for C,H3N3 (M)™ 199.1109,

found 119.1112.

4.144
Styryl Azide 4.144.*° The general procedure for azidation was followed using 0.65 g of aniline

4.214 (3.1 mmol), 0.02 g of CuSOy, freshly prepared dichloromethane solution of TfN3 (from 9.0
mmol of Tf,0), and 1.3 mL of EtzN (9.0 mmol) in 4 mL of CH,Cl,, 2 mL of MeOH and 1 mL of
H,O. Purification by MPLC (1:100 — 20:80 EtOAc: hexanes) afforded the product as a light
yellow oil, as a 72:28 mixture of Z- and E-isomers (0.59 g, 81%): Selected spectral data for the
major (Z) isomer: 'H NMR (500 MHz, CDCls) & 7.21 — 7.32 (m, 6H), 7.13 — 7.15 (d, J = 8.5 Hz,
1H), 6.80 — 6.84 (m, 2H), 6.62 (s, 1H), 2.33 (s, 3H); *C NMR (125 MHz, CDCl3) § 141.5 (C),
140.3 (C), 137.9 (C), 131.2 (CH), 129.8 (C), 128.4 (CH), 127.7 (CH), 127.1 (CH), 124.2 (CH),
121.9 (CH), 118.1 (CH), 26.5 (CHs3) one overlapping aromatic C not distinguishable; Selected
spectral data for the minor (E) isomer: 'H NMR (500 MHz, CDCl3) & 7.64 (dd, J = 1.0 Hz, 8.5
Hz, 2H), 7.36 — 7.47 (m, 5H), 7.18 (dd, J = 2.0 Hz, 6.0 Hz, 2H), 6.92 (s, 1H), 2.72 (s, 3H); "°C
NMR (125 MHz, CDCls) & 143.3 (C), 138.7 (C), 138.5 (C), 130.8 (CH), 130.2 (C), 128.5 (CH),

128.2 (CH), 127.5 (CH), 126.1 (CH), 124.4 (CH), 123.1 (CH), 118.5 (CH), 17.5 (CHs); Selected
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spectral data for the mixture: 8 IR (thin film): 2116, 2083, 1479, 1443, 1278, 759 cm . HRMS

(EI) m / z caled for C1sH;3N3 (M) 235.11095, found 235.11230.

CC0)
N3
4.154

Styryl Azide 4.154. The general procedure for azidation was followed using 1.42 g of aniline
4.208 (7.6 mmol), 0.06 g of CuSQy, freshly prepared dichloromethane solution of TfNj; (from
22.8 mmol of T1,0), and 3.2 mL of Et;N (22.8 mmol) in 10 mL of CH,Cl,, 5 mL of MeOH and
3 mL of H,O. Purification by MPLC (100% hexane) afforded the product as a light yellow oil
(1.36 g, 84%): '"H NMR (500 MHz, CDCl3) & 7.23 — 7.27 (m, 1H), 7.17 (d, J= 7.5 Hz, 1H), 7.13
(dd, J=1.0 Hz, 8.0 Hz, 1H), 7.07 — 7.10 (m, 1H), 6.14 (s, 1H), 2.30 (t, /= 5.5 Hz, 2H), 2.25 (t,J
= 5.5 Hz, 2H), 1.55 — 1.68 (m, 6H); °C NMR (125 MHz, CDCl;) § 145.0 (C), 138.0 (C), 131.0
(CH), 130.2 (C), 127.5 (CH), 124.3 (CH), 118.3 (CH), 117.3 (CH), 37.5 (CH), 29.8 (CH»), 28.6
(CH»), 27.9 (CH»), 26.7 (CHy); IR (thin film): 2112, 2080, 1482, 1444, 1281, 836, 746, 836, 746,

725,671 cmi . HRMS (EI) m / z caled for C3H;sN3 (M)™ 213.12660, found 213.12686.

Styryl Azide 4.156. The general procedure for azidation was followed using 0.21 g of aniline
4.210 (1.1 mmol), 0.01 g of CuSOQy, freshly prepared dichloromethane solution of TfN; (from 3.0
mmol of Tf,0), and 0.4 mL of Et;N (3.0 mmol) in 4 mL of CH,Cl,, 2 mL of MeOH and 1 mL of
H,O. Purification by MPLC (100% hexane) afforded the product as a light yellow oil (0.18 g,

76%): '"H NMR (500 MHz, CDCl3) § 7.19 — 7.26 (m, 2H), 7.08 — 7.14 (m, 2H), 6.25 (s, 1H),
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245 (t, J = 6.0 Hz, 2H), 2.37 (t, J = 6.0 Hz, 2H), 1.58 — 1.70 (m, 8H); >*C NMR (125 MHz,
CDCl) 6 146.8 (C), 137.8 (C), 130.6 (CH), 127.4 (CH), 124.3 (CH), 120.6 (CH), 118.3 (CH),
38.3 (CH), 31.3 (CH»), 29.8 (CH,), 29.3 (CH»), 29.1 (CH,), 27.3 (CH») one overlapping
aromatic C not distinguishable; IR (thin film): 2919, 2113, 2079, 1572, 1480, 1443, 1281, 1085,

746 cm'. HRMS (EI) m / z caled for C14H7N3 (M)" 227.14225 found 227.14169.

N

3
4.158

Styryl Azide 4.158. The general procedure for azidation was followed using 0.97 g of aniline
4.211 (4.8 mmol), 0.02 g of CuSOy, freshly prepared dichloromethane solution of TfN; (from
14.4 mmol of Tf,0), and 2.0 mL of Et;N (14.4 mmol) in 6 mL CH,Cl,, 3 mL of MeOH and 2
mL of H,O. Purification by MPLC (100% hexane) afforded the product as a light yellow oil
(0.80 g, 73%): '"H NMR (500 MHz, CDCl3) & 7.04 (d, J = 8.7 Hz, 1H), 6.93 (d, J = 2.8 Hz, 1H),
6.77 (dd, J = 8.7, 2.9 Hz, 1H), 6.43 (s, 1H), 3.80 (s, 3H), 2.46 — 2.52 (m, 4H), 1.71 — 1.78 (m,
2H), 1.71 — 1.66 (m, 2H); >C NMR (125 MHz, CDCl;) & 156.4 (C), 149.3 (C), 131.6 (C), 129.8
(C), 119.1 (CH), 115.3 (CH), 114.6 (CH), 112.5 (CH), 55.5 (CH3), 35.5 (CH>), 31.2 (CH»), 27.0
(CH,), 25.6 (CH,); IR (thin film): 2953, 2115, 2080, 1480, 1446, 744 cm'. HRMS (EI) m / z

calcd for C13H;sON3 (M) 229.12152, found 229.12192.

N

3
4.160

Styryl Azide 4.160. The general procedure for azidation was followed using 0.21 g of aniline
4.212 (1.0 mmol), 0.01 g of CuSOs, freshly prepared dichloromethane solution of TfN3 (from 3.0

mmol of Tf,0), and 1.3 mL of Et;N (3.0 mmol) in 3 mL of CH,Cl,, 2 mL of MeOH and 1 mL of
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H,0. Purification by MPLC (100% hexane) afforded the product as a light yellow oil (0.41 g,
43%): '"H NMR (500 MHz, CDCl3) § 7.04 (d, J = 9.0 Hz, 1H), 6.80 (dd, J = 3.0 Hz, 8.5 Hz, 1H),
6.72 (d, J = 3.0Hz, 1H), 6.12 (s, 1H), 3.79 (s, 3H), 2.26 — 2.31 (m, 4H), 1.56 — 1.67 (m, 6H); °C
NMR (125 MHz, CDCl;) 6 156.3 (C), 145.3 (C), 131.3 (C), 130.6 (C), 119.3 (CH), 117.4 (CH),
116.4 (CH), 112.8 (CH), 55.5 (CH3), 37.4 (CH,), 29.9 (CH,), 28.6 (CH,), 27.8 (CH,), 26.6
(CH,); IR (thin film): 2106, 2084, 1486, 1284, 1239, 1165, 1035, 798, 732 cm™'. HRMS (EI) m /

z caled for C14H;7ON; (M)" 243.1372, found 243.1372.

F3C\®(\©
N

3
4,162

Styryl Azide 4.162. The general procedure for azidation was followed using 1.60 g of aniline
4.213 (6.3 mmol), 0.04 g of CuSOQy, freshly prepared dichloromethane solution of TfN; (from
18.8 mmol of Tf,0), and 2.6 mL of Et;N (18.8 mmol) in 8 mL of CH,Cl,, 4 mL of MeOH and 3
mL of H,O. Purification by MPLC (100% hexane) afforded the product as a light yellow oil
(0.04 g, 3%): '"H NMR (500 MHz, CDCl3) & 7.49 (dd, J = 8.5 Hz, 2.0 Hz, 1H), 7.40 (s, 1H), 7.20
(d, J=7.0 Hz, 1H), 6.11 (s, 1H), 2.30 (t, J = 5.5 Hz, 2H), 2.22 (t, J = 5.5 Hz, 2H), 1.54 - 1.70
(m, 6H); °C NMR (125 MHz, CDCl;) & 146.7 (C), 141.5 (C), 130.6 (C), 128.2 (q, Jor = 3.6 Hz,
CH), 126.4 (q, Jcr = 31.4 Hz, C), 124.4 (q, Jcr = 3.4 Hz, CH), 124.0 (q, Jcr = 270.1 Hz, C),
118.5 (CH), 116.3 (CH), 37.4 (CH,), 29.8 (CH,), 28.5 (CH,), 27.8 (CH,), 26.5 (CH,); '°F NMR
(CDCls, 282 MHz) & —61.62; IR (thin film): 2929, 2120, 2088, 1329, 1289, 1106, 817 cm .

HRMS (EI) m / z caled for C14H4NF3 (M — N,)" 255.1000, found 255.1000.
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4.14.4 Development of Rhodium-Catalyzed Migration Reaction

General Procedure for the Screening of Catalysts to Promote the Migration

10

o= D ol
N
N; H

4127 4.128 4129
To a mixture of 0.026 g of aryl azide 4.127 (0.1 mmol), 0-100 % w/w of crushed 4 A mol

sieves, and metal salt (0 — 5 mol %) in Schlenk tube was added 0.50 mL of solvent. The
resulting mixture was heated and, after 16 h, the heterogenous mixture was filtered through a
short pad of Al,Os. The filtrate was concentrated in vacuo. The resulting solid (oil) was
dissolved in 1.5 mL of CDCIl; and 0.007 mL of dibromomethane (0.1 mmol) was added. The
areas of the C—H peak on the carbon 6 position in 4.128 and carbon 10 in 4.129 were compared

to the area of CH;Br; to derive a yield.

Table 4.5. Optimization of Migration Process®”

Entry metal salt Mol % solvent 4ng\ (IT;S T(°C) yield, %° 6:7
1 none n.a. xylenes 0 170 XXIXX
2 Rhy(0O,CCHa3),4 5 PhMe 100 70 8 n.a.
3 Rh,(O,CCF3), 5 PhMe 100 70 86 100:0
4 Rhy(0,CC3F7)4 5 PhMe 100 70 95 100:0
5 Rh,(0,CC7H15)4 5 PhMe 100 70 93 96:4
6 Rh,(02CC7Hys)4 3 PhMe 100 70 80° 96:4
7 Rh,(0,CC7H1+s5)4 3 PhMe 100 60 88° 96:4
8 Rh,(0,CC7H1+s5)4 5 PhMe 100 80 95 96:4
9 Rh,(0,CC7H15)4 5 DCE 100 60 74! 96:4
10 Rh,(02CC7Hys)4 5 DCE 100 70 94 98:2
11 Rh,(02CC7Hys)4 5 DCE 100 80 88 96:4
12 Rhy(esp); 5 PhMe 100 70 98 >08:2
13 RhCl; 5 PhMe 100 70 0 n.a.
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14 (Ph3P)3;RuCl 5 PhMe 100 70 trace n.a.
15 Cu(OTf), 5 PhMe 100 70 0 n.a.
16 Ru(TPFPP)CO 5 IPAC 0 48 100:0

2 Reaction performed in conical vial. ® 16 hour reaction time. ¢ As determlned using "H NMR spectroscopy. °
xx % of 5 remained (E : Z = xx : xx). ©10 % of 5 remained (E : Z=74: 26) 23% of 5 remained (E:Z=80:
20)

Optimized General Procedure

Rhy(O,CC3F7)4 .
(5 mol %) \
eq. 15
@ 4 AMS (100 wt %) \. (ea. 15)
PhMe, 70 °C, 16h

4127 4. 128 4129
To a mixture of 0.026 g of aryl azide 4.127 (0.1 mmol), 100 % w/w of crushed 4 A mol

sieves, and metal salt (Rha(esp)s or Rha(hpfb)s, 5 mol %) in Schlenk tube was added 0.50 mL of
PhMe. The resulting mixture was heated at 70 °C for 16 h, then, the heterogenous mixture was
filtered through a short pad of AlO;. The filtrate was concentrated in vacuo to afford

analytically pure indole. In some cases, purification by MPLC is required.

Effect of Aryl Azide Substitution on Rhodium-Catalyzed Migration Selectivity

()

N

H

4.128

Indole 4.128. The general procedure was followed using 0.027 g of styryl azide 4.127 (0.102
mmol) and 0.005 g of Rhy(hpfb)s (0.005 mmol) in 0.5 mL of PhMe. Filtration by Al,O3 afforded
analytically pure compound 4.128 (0.025, 95%). mp 125 — 127 °C;'H NMR (500 MHz, CDCl;)
0 7.94 —7.96 (m, 2H), 7.87 (d, J = 7.5 Hz, 1H), 7.34 — 7.40 (m, 2H), 7.30 (d, J = 7.5 Hz, 1H),

7.18 —7.24 (m, 3H), 2.94 (t, J = 7.5 Hz, 2H), 2.76 — 2.78 (m, 2H), 2.23 — 2.29 (m, 2H); '*C NMR
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(125 MHz, CDCly) § 141.0 (C), 136.9 (C), 135.7 (C), 135.1 (C), 129.3 (CH), 127.9 (CH), 127.3
(C), 126.3 (CH), 125.3 (CH), 121.6 (CH), 120.1 (CH), 119.2 (CH), 112.8 (C), 110.6 (CH), 33.5
(CHa), 30.1 (CHa), 26.5 (CH); IR (thin film): 3396, 1599, 1492, 1459, 1275, 906, 745 cm .

HRMS (EI) m / z caled for Ci7H sN (M)" 233.12054, found 233.11957.

e
o

OMe
4.215
Indoles 4.215 The general procedure was followed using 0.0291 g of styryl azide 4.196 (0.100
mmol) and 0.0053 g of Rhy(hpfb)s (0.005 mmol) in 0.5 mL of PhMe. Filtration by ALO;
afforded analytically pure compound 4.215 (0.0252 g, 96%) as a colorless oil. "H NMR (500
MHz, CDCls) & 8.31 (br, 1H), 7.88 (dd, J= 1.0 Hz, 7.5 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.38
(dt, J=1.5 Hz, 7.5 Hz, 1H), 7.30 (dd, J= 1.0 Hz, 7.5 Hz, 1H), 7.21 (dt, J= 1.5 Hz, 7.5 Hz, 1H),
7.13 (t, J=8.0 Hz, 1H), 6.71 (d, J = 8.0 Hz, 1H), 4.02 (s, 3H), 2.97 (t, J = 7.5 Hz, 2H), 2.79 —
2.76 (m, 2H), 2.30 — 2.25 (m, 2H); *C NMR (125 MHz, CDCls) & 164.0 (C), 145.8 (C), 141.0
(C), 136.5 (C), 1354 (C), 129.3 (CH), 128.6 (C), 128.0 (CH), 126.3 (CH), 125.2 (CH), 120.5
(CH), 113.3 (C), 112.2 (CH), 101.8 (CH), 55.4 (CH3), 33.6 (CH>), 30.2 (CH»), 26.4 (CH»); IR

(thin film): 3443, 2941, 1497, 1264, 733 cm . HRMS (ED) m / z caled for CigH;7ON (M)"

263.13102, found 263.13028.

e
o

4.216

MeO
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Indoles 4.216. The general procedure was followed using 0.0291 g of styryl azide 4.197 (0.100
mmol) and 0.0053 g of Rhy(hpfb)s (0.005 mmol) in 0.5 mL of PhMe. Filtration by ALO;
afforded analytically pure compound 4.216 (0.0254 g, 97%) as a white solid; mp 164 — 166 °C.
'H NMR (500 MHz, CDCl3) & 7.85 — 7.83 (m, 2H), 7.81 (d, J= 7.5 Hz, 1H), 7.35 (dt, J= 1.5 Hz,
7.5 Hz, 1H), 7.27 (dd, J = 1.0 Hz, 7.5 Hz, 1H), 7.21 (dt, J = 1.0 Hz, 7.5 Hz, 1H), 6.85 (dd, J =
2.5 Hz, 8.5 Hz, 1H), 6.82 (d, /= 1.5 Hz, 1H), 3.85 (s, 3H), 2.91 (t, /= 7.5 Hz, 2H), 2.77 — 2.75
(m, 2H), 2.23 — 2.17 (m, 2H); >C NMR (125 MHz, CDCl3) & 156.0 (C), 141.1 (C), 136.6 (C),
135.6 (C), 135.0 (C), 129.3 (CH), 127.8 (CH), 126.3 (CH), 125.2 (CH), 121.7 (C), 120.0 (CH),
112.5 (C), 109.3 (CH), 94.7 (CH), 55.8 (CH3), 33.7 (CH), 29.5 (CH,), 26.8 (CHy); IR (thin
film): 3399, 2937, 1461, 1264, 738 cm . HRMS (EI) m / z calcd for C;sH;;ON (M) 263.13102,

found 263.13140.

0
Bos

4.217

Indoles 4.217. The general procedure was followed using 0.0295 g of styryl azide 4.198 (0.100
mmol) and 0.0053 g of Rhy(hpfb)s (0.005 mmol) in 0.5 mL of PhMe. Filtration by ALO;
afforded analytically pure compound 4.217 (0.0264 g, 99%) as a colorless oil. "H NMR (500
MHz, CDCls) 8 7.92 (br, 1H), 7.82 (d, J = 8.5 Hz, 1H), 7.79 (dd, J = 1.5 Hz, 7.5 Hz, 1H), 7.37
(dt,J=1.5Hz, 7.5 Hz, 1H), 7.32 - 7.28 (m, 2H), 7.21 (dt, /= 1.5 Hz, 6.5 Hz, 1H), 7.14 (dd, J =
2.0 Hz, 6.5 Hz, 1H), 2.91 (t, J= 7.5 Hz, 2H), 2.78 — 2.74 (m, 2H), 2.26 — 2.21 (m, 2H); °C NMR
(125 MHz, CDCl;) 6 141.1 (C), 137.5 (C), 136.1 (C), 134.5 (C), 129.4 (CH), 127.8 (CH), 127.3

(C), 126.4 (CH), 126.0 (C), 125.6 (CH), 120.7 (CH), 120.1 (CH), 112.9 (C), 110.5 (CH), 33.5
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(CH»), 29.8 (CH.), 26.6 (CH,); IR (thin film): 3401, 2929, 1462, 1275, 749 cm'. HRMS (EI) m /

z caled for Cj7H14NC1 (M)" 267.08147, found 267.08182.

e
o

4.218

MeOzC

Indoles 4.218. The general procedure was followed using 0.0319 g of styryl azide 4.199 (0.100
mmol) and 0.0038 g of Rhy(esp), (0.005 mmol) in 0.5 mL of PhMe. Filtration by Al,O3 afforded
analytically pure compound 4.218 (0.0274 g, 94%) as a white solid; mp 203 — 205 °C. '"H NMR
(500 MHz, CDCl;) & 8.55 (br, 1H), 8.11 (d, J= 1.5 Hz, 1H), 7.91 (d, J = 8.5 Hz, 1H), 7.85 (dd, J
= 1.5 Hz, 8.5 Hz, 1H), 7.79 (dd, J = 1.0 Hz, 8.0 Hz, 1H), 7.37 (dt, /= 1.5 Hz, 7.5 Hz, 1H), 7.29
(d, J=17.5Hz, 1H), 7.20 (dt, J= 1.5 Hz, 7.5 Hz, 1H), 3.96 (s, 3H), 2.97 (t,J = 7.5 Hz, 2H), 2.75
—2.72 (m, 2H), 2.30 — 2.25 (m, 2H); *C NMR (125 MHz, CDCl3) & 168.4 (C), 140.9 (C), 140.8
(C), 135.0 (C), 134.5 (C), 130.9 (C), 129.4 (CH), 127.9 (CH), 126.4 (CH), 125.7 (CH), 122.9
(C), 121.3 (CH), 118.6 (CH), 113.5 (C), 112.9 (CH), 52.0 (CH3), 33.3 (CH), 30.2 (CH>), 26.4
(CH,); IR (thin film): 3656, 2950, 1690, 1503, 1217, 1062, 911 cm . HRMS (EI) m / z calcd for

CioH170,N (M) 291.12593, found 291.12553.

e
o

4.219

FiC
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Indole 4.219. The general procedure was followed using 0.046 g of styryl azide 4.200 (0.140
mmol) and 0.007 g of Rhy(hpfb)s (0.007 mmol) in 0.6 mL of PhMe. Filtration by Al,O3 afforded
analytically pure compound 4.219 (0.038 g, 90%). '"H NMR (500 MHz, CDCls): 8.18 (s, 1H),
7.98 (d, J= 8.5 Hz, 1H), 7.80 (d, J = 7.5 Hz, 1H), 7.06 (s, 1H), 7.38 — 7.42 (m, 2H), 7.31 -7.32
(m, 1H), 7.22 —7.26 (m, 1H), 2.95 (t, 7.5 Hz, 2H), 2.73 — 2.76 (m, 2H), 2.24 — 2.30 (m, 2H); "°C
NMR (125 MHz, CDCl3): 141.0 (C), 139.7 (C), 134.6 (C), 134.3 (C), 129.6 (C), 129.5 (CH),
127.9 (CH), 126.5 (CH), 125.8 (CH), 125.3 (q, J=269.9 Hz, C), 123.5 (q,J=31.8 Hz, C), 119.4
(CH), 116.8 (q, J = 3.5 Hz, CH), 113.2 (C), 108.1 (q, J = 4.8 Hz, CH), 33.3 (CH>), 30.1 (CH,),
26.4 (CH,); ’F NMR (CDCls, 282 MHz) ; IR (thin film): 3401, 2940, 1740, 1728, 1333, 1217,

1111, 1057 cm™". HRMS (EI) m / z caled for CsHsNF; (M)" 301.10783, found 301.10748.

e
oy

4.220

MeO,S

Indoles 4.220. The general procedure was followed using 0.0339 g of styryl azide 4.201 (0.100
mmol) and 0.0053 g of Rhy(hpfb)s (0.005 mmol) in 0.5 mL of PhMe. Filtration by ALO;
afforded analytically pure compound 4.220 (0.0295 g, 95%) as a white solid; mp 159 — 161 °C.
'H NMR (500 MHz, CDCl3) & 9.23 (br, 1H), 8.11 (d, J = 1.0 Hz, 1H), 7.97 (d, J = 8.5 Hz, 1H),
7.71 (d, J = 8.0 Hz, 1H), 7.65 (dd, J = 1.0 Hz, 8.5 Hz, 1H), 7.36 (dt, J = 1.0 Hz, 7.5 Hz, 1H),
7.29 (d,J=17.5 Hz, 1H), 7.21 (dt, J = 1.0 Hz, 7.5 Hz, 1H), 3.13 (s, 3H), 2.99 (t, J = 7.5 Hz, 2H),
2.71(t, J = 6.0 Hz, 2H), 2.29 — 2.24 (m, 2H); *C NMR (125 MHz, CDCl3)  142.4 (C), 140.9
(C), 134.5 (C), 134.1 (C), 132.0 (C), 131.0 (C), 129.1 (CH), 127.8 (CH), 126.5 (CH), 126.0

(CH), 119.6 (CH), 118.2 (CH), 113.4 (C), 111.0 (CH), 45.3 (CHs), 33.2 (CH,), 30.2 (CH.), 26.2
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(CH,); IR (thin film): 3351, 2928, 1498, 1265, 1141, 740 cm . HRMS (EI) m / z caled for

CisH170,NS (M) 311.09800, found 311.09821.

ey
)
N
H
4.221
Indoles 4.221. The general procedure was followed using 0.0340 g of styryl azide 4.202 (0.100

mmol) and 0.0053 g of Rhy(hptb)s (0.005 mmol) in 0.5 mL of PhMe. Filtration by Al,O;
afforded analytically pure compound 4.221 (0.0295 g, 95%) as a white solid; mp 146 — 148 °C.
'H NMR (500 MHz, CDCl3) & 8.03 (d, J = 1.5 Hz, 1H), 8.00 (br, 1H), 7.76 (d, J = 7.5 Hz, 1H),
7.37 (dt,J= 1.5 Hz, 7.5 Hz, 1H), 7.29 — 7.26 (m, 2H), 7.21 (dt, J = 1.0 Hz, 6.5 Hz, 1H), 7.19 (d,
J = 8.5 Hz, 1H), 2.92 (t, J = 7.5 Hz, 2H), 2.74 — 2.72 (m, 2H), 2.27 — 2.22 (m, 2H); °C NMR
(125 MHz, CDCl3) & 140.9 (C), 138.2 (C), 134.4 (C), 134.3 (C), 129.4 (CH), 129.0 (C), 127.8
(CH), 126.5 (CH), 125.7 (CH), 124.3 (CH), 121.6 (CH), 113.5 (C), 112.6 (C), 111.9 (CH), 33.4
(CH,), 30.1 (CH,), 26.4 (CH,); IR (thin film): 3411, 2936, 1469, 1264, 740 cm™'. HRMS (EI) m /

z caled for Cy7H4NBr (M)" 313.02891, found 313.03030.

MeO,C ’
L,
H

4.222
Indole 4.222. The general procedure was followed using 0.0319 g of styryl azide 4.203 (0.100

mmol) and 0.0038 g of Rhy(esp), (0.005 mmol) in 0.5 mL of PhMe. Filtration by Al,Os afforded
analytically pure compound 4.222 (0.0276 g, 95%) as a white solid; mp 244 — 246 °C. '"H NMR

(500 MHz, acetone-d) 5 10.65 (br, 1H), 8.57 (s, 1H), 7.82 (dd, J = 1.0 Hz, 8.5 Hz, 1H), 7.79 (d,
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J=175Hz, 1H), 7.46 (d, J = 8.5 Hz, 1H), 7.37 (dt, J= 1.5 Hz, 7.5 Hz, 1H), 7.28 (d, J= 7.5 Hz,
1H), 7.17 (dt, J= 1.5 Hz, 7.5 Hz, 1H), 3.87 (s, 3H), 3.04 (t, J = 7.5 Hz, 2H), 2.74 — 2.72 (m, 2H),
2.24 — 2.19 (m, 2H); *C NMR (125 MHz, acetone-ds) & 167.5 (C), 141.2 (C), 139.3 (C), 139.0
(C), 134.6 (C), 129.3 (CH), 127.7 (CH), 126.8 (C), 126.3 (CH), 125.4 (CH), 122.4 (CH), 121.6
(C), 121.2 (CH), 112.9 (C), 110.6 (CH), 51.0 (CHs), 33.3 (CH,), 29.6 (CHa), 26.1 (CH,); IR (thin
film): 3643, 2951, 1737, 1231, 1062, 913, 857 cm ™. HRMS (EI) m / z caled for C1sH70,N (M)

291.12593, found 291.12504.

Effect of Migrating Group Identity on Rhodium-Catalyzed Migration Selectivity

C

N

H

4137
Indole 4.137.%° The general procedure was followed using 0.041 g of styryl azide 4.136 (0.17
mmol) and 0.006 g of Rhy(esp)s (0.008 mmol) in 0.7 mL of PhMe. Filtration by Al,O; afforded a
98:2 mixture; Purification by MPLC (10:100 EtOAc: hexanes) afforded compound 4.137 as a
white powder (0.032 g, 88%); Indole 12a was previously reported by Katritzky and Wang:*® 'H
NMR (500 MHz, CDCls) 6 8.05 (d, /= 7.5 Hz, 1H), 7.95 (s, 1H), 7.88 (d, /= 7.5 Hz, 1H), 7.31
—7.36 (m, 2H), 7.19 — 7.27 (m, 3H), 7.09 — 7.12 (m, 1H), 3.05 — 3.08 (t, /= 7.5 Hz, 2H), 2.93 —
2.96 (t, J= 7.5 Hz, 2H); *C NMR (125 MHz, CDCl3): & 137.2 (C), 136.2 (C), 133.9 (C), 133.3
(C), 128.0 (CH), 127.0 (CH), 125.0 (C), 124.3 (CH), 122.3 (CH), 121.5 (CH), 120.6 (CH), 119.5
(CH), 111.1 (CH), 110.8 (C), 29.5 (CH,), 22.5 (CH,); IR (thin film): 3396, 1601, 1497, 1456,

1255, 908, 767, 731 cm .
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L,

4139
Indole 4.139. The general procedure was followed using 0.050 g of styryl azide 4.138 (0.16

mmol) and 0.006 g of Rhy(esp)s (0.008 mmol) in 0.6 mL of PhMe. Filtration by Al,O; afforded a
95:5; Purification by MPLC (10:100 EtOAc: hexanes) afforded compound 4.139 as a light
yellow powder (0.031 g, 78%); mp 227 -230 °C; 'H NMR (500 MHz, DMSO) & 8.03 (d, J=7.5
Hz, 1H), 7.93 — 7.95 (m, 1H), 7.37 — 7.45 (m, 3H), 7.11 — 7.13 (m, 2H), 3.10 (t, /= 7.5 Hz, 2H),
2.98 (t, J = 8.0 Hz, 2H), N-H peak not available; *C NMR (125 MHz, DMSO) & 139.2 (C),
136.9 (C), 136.4 (C), 131.6 (C), 127.53 (CH), 127.49 (q, Jcr = 27.8 Hz, C), 126.0 (CH), 125.3
(q, Jer = 272.0 Hz, C), 124.6, 121.5 (CH), 120.9 (q, Jcr = 5.5 Hz, CH), 120.6 (CH), 119.1 (CH),
112.2 (CH), 108.3 (C), 25.5 (CH»), 21.5 (CHy); IR (thin film): 3406, 1601, 1557, 1452, 1311,

1162, 1108, 749 cm . HRMS (EI) m / z caled for C7H ,NF3 (M) 287.09218, found 287.09182.

4141
Indole 4.141. The general procedure was followed using 0.041 g of styryl azide 4.140 (0.141

mmol) and 0.005 g of Rhy(esp)s (0.007 mmol) in 0.5 mL of PhMe. Filtration by Al,Os afforded
analytically pure compound 4.141 (0.034 g, 92%). 'H NMR (500 MHz, CDCl3) & 7.99 (s, 1H),
7.56 (d, J=17.5 Hz, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 7.23 (t, J = 7.5 Hz,

1H), 7.15 (t, J = 7.5 Hz, 1H), 6.82 — 6.85 (m, 2H), 3.86 (s, 3H), 3.11 (t, J = 7.0 Hz, 2H), 2.89 —
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2.91 (m, 2H), 2.15 — 2.19 (m, 2H); *C NMR (125 MHz, CDCl;) & 158.7 (C), 144.0 (C), 136.1
(C), 132.7 (C), 130.2 (C), 126.4 (CH), 124.6 (C), 122.4 (CH), 119.5 (CH), 118.4 (CH), 115.5
(CH), 113.1 (C), 111.5 (CH), 110.5 (CH), 55.3 (CHs), 35.6 (CH,), 26.7 (CH,), 26.0 (CH,); IR
(thin film): 3414, 2926, 2834, 1605, 1461, 1433, 1260, 1243, 1033, 810, 735 cm™'. HRMS (EI) m

/z caled for CigH7;ON (M)" 263.13102, found 263.13192.

4.143
Indole 4.143. The general procedure was followed using 0.052 g of styryl azide 4.142 (0.198

mmol) and 0.008 g of Rhy(esp)s (0.010 mmol) in 0.7 mL of PhMe. Filtration by Al,Os afforded
analytically pure compound 4.143 (0.044 g, 94%). mp 175 -177 °C; '"H NMR (500 MHz, CDCl;)
6 8.14 (d, J=7.5 Hz, 1H), 8.10 (d, J = 7.5 Hz, 1H), 8.04 (s, IH), 7.31 — 7.32 (m, 1H), 7.12 —
7.26 (m, 5H), 4.39 (t, J = 6.0 Hz, 2H), 3.32 (t, J = 6.0 Hz, 2H); >C NMR (125 MHz, CDCl3) &
158.7 (C), 136.5 (C), 134.8 (C), 128.4 (CH), 127.3 (C), 127.0 (C), 125.9 (CH), 123.8 (CH),
122.1 (CH), 121.1 (CH), 120.3 (CH), 120.2 (CH), 110.6 (CH), 109.7 (C), 70.0 (CH,), 31.0
(CH,); IR (thin film): 3348, 1492, 1459, 1441, 1196, 905, 748 cm™'. HRMS (EI) m / z calcd for

Ci6H1i30N (M)" 235.09972, found 235.10055.

Ph

N

H
4145

Indole 4.145.5' The general procedure was followed using 0.044 g of styryl azide 4.144 (0.187
mmol) and 0.007 g of Rhy(esp)s (0.009 mmol) in 0.6 mL of PhMe (reaction is set up at 80 °C).
Filtration by Al,O; afforded analytically pure compound 4.145 (0.035 g, 91%). Spectral data for
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4.145 matched that reported by Tan and Hartwig:”' '"H NMR (500 MHz, CDCls) & 7.93 (s, 1H),
7.69 (d, J = 8.0 Hz, 1H), 7.53 — 7.55 (m, 2H), 7.47 — 7.50 (m, 2H), 7.31 — 7.35 (m, 2H), 7.17 —
7.20 (m, 1H), 7.12 — 7.15 (m, 1H), 2.52 (s, 3H); *C NMR (125 MHz, CDCl5) § 135.5 (C), 135.3
(C), 131.4 (C), 129.5 (CH), 128.5 (CH), 127.9 (C), 125.8 (CH), 121.6 (CH), 120.0 (CH), 118.8
(CH), 114.6 (C), 110.3 (CH), 12.6 (CH3); IR (thin film): 3401, 1603, 1496, 1459, 1258, 908,

748, 702 cm .

CF;

N

H

4.147
Indole 4.147.5 The general procedure was followed using 0.036 g of styryl azide 4.146 (0.117
mmol) and 0.005 g of Rhy(esp)s (0.006 mmol) in 0.5 mL of PhMe (reaction is set up at 80 °C).
Filtration by Al,O; afforded analytically pure compound 4.147 (0.030 g, 93%). Indole 4.147
was previously reported by Chiba and co-workers.” Spectral data for 4.147: "H NMR (500 MHz,
CDCl) 6 8.02 (s, 1H), 7.73 (d, J = 8.5 Hz, 1H), 7.66 (d, J = 7.5 Hz, 1H), 7.63 (d, J = 8.0 Hz,
1H), 7.36 (d, /= 8.0 Hz, 1H), 7.22 (dt, /= 1.0 Hz, 8.0 Hz, 1H), 7.16 (dt, J= 1.0 Hz, 7.5 Hz, 1H),
2.53 (s, 3H); °C NMR (125 MHz, CDCl3) & 139.4 (C), 135.3 (C), 132.2 (C), 129.4 (CH), 127.7
(9, Jer=32.8 Hz, C), 127.5 (C), 125.5 (q, Jcr = 3.5 Hz, CH), 124.5 (q, Jcr = 269.9 Hz, C), 122.0
(CH), 120.4 (CH), 118.5 (CH), 113.4 (C), 110.5 (CH), 12.6 (CH3); IR (thin film): 3397, 1615,

1459, 1234, 1163, 1109, 1068, 747 cm .
Effect of Ring Size on Rhodium-Catalyzed Migration

A. General Procedure for the Optimization of Conditions to Promote the Migration
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To a mixture of 0.1 mmol of aryl azide 4.154 (0.1 mmol), 0-100 % w/w of crushed 4 A
mol sieves, and metal salt (0 — 5 mol %) in Schlenk tube was added 0.50 mL of solvent. The
resulting mixture was heated and, after 16 h, the heterogenous mixture was filtered through a

short pad of Al,Os. The filtrate was concentrated in vacuo. The resulting solid (oil) was

4.154

©\/\© conditions
—_—
N3

N\
N
H

4.155

-—

(eq. 16)

dissolved in 1.5 mL of CDCl; and 0.007 mL of dibromomethane (0.1 mmol) was added.

Table 4.6. Optimization of migration process.

wt %,

entry metal salt mol % 4 AMS temp (°C) yield, %%

1 None n.a. 0 150 >905
2 Rhy(02CC7H15)4 5 100 55 33
3 Rhy(0,CCrH1s)s 5 100 65 63
4 Rh,(0,CC7H15)4 5 0 65 53
5 Rhy(0,CCrH1s)a 3 100 65 39
6 Rh3(0,CC7H15)4 5 100 80 90
7 [Ir(cod)OMel], 5 100 80 0

8 Rhy(esp), 5 100 80 20
9 RhCI(PPhs)s 5 100 80 0
10 Rh,(0,CC3F7)4 5 100 80 66
11 RhCl, 5 100 80 0
12 Rh,(0>CCHa)s 5 100 80 0
13 Rh,(O,CCF3), 5 100 80 34
14 RuCl;.xH,O 5 100 65 trace
15 RuCl3.xH,0O 5 0 65 trace
16 Rh3(0,CC7H15)4 5 100 65(40) 90
17 Co TPP 5 100 65 0
18 Ag(OTf) 5 100 65 0
19 Cu(OTf), 5 100 65 0
20 Rh,(02,CC7H15)4 5 100 75 59
21 Znl, 10 100 65 0
22 FeBr, 20 100 65 0
23 AuCl 10 100 65 0

% Isolated yield after Al,Os; chromatography.

B. Optimization of Solvent
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Rh2(02CC7H15)4

X (5 mol %) A
> (eq. 17)
N3 4 AMS (100 wt %) N
65 °C, 16h H
4.154 solvent 4.155
solvent PhMe 1,2-DCE 1,4-dioxane DME DMF
yield, %° 63% 66% 0 0 0
% Isolated yield after Al,O3; chromatography.
C. Optimized Procedure for Ring Expansion
Rhy(02CC7H15)4 X

(5 mol %)
18)
- 4 A MS (100 wt %) (ea.

PhMe, 70 °C, 16h
4.223 4. 224

To a mixture of 0.026 g of aryl azide 4.223 (0.1 mmol), 100 % w/w of crushed 4 A mol
sieves, and metal salt (Rhy(O,CC7H;5)4, 5 mol %) in Schlenk tube was added 0.50 mL of PhMe.
The resulting mixture was heated at 80 °C for 16 h, then, the heterogenous mixture was filtered
through a short pad of Al,Os;. The filtrate was concentrated in vacuo to afford analytically pure

indole.

D. Scope and Limitations of Ring Expansion

o

H
4.151

Indole 4.151.5' The general procedure was followed using 0.035 g of styryl azide 4.150 (0.189
mmol) and 0.007 g of Rhy(O,CC;H;s)4 (0.009 mmol) in 0.6 mL of PhMe. Filtration by Al,O;
afforded analytically pure compound 4.151 (0.029 g, 98%). Indole 4.151 was previously reported
by Tan and Hartwig.”' mp 58 - 61 °C; '"H NMR (500 MHz, CDCl;) & 7.74 (s, 1H), 7.47 — 7.49
(m, 1H), 7.29 — 7.31 (m, 1H), 7.12 — 7.14 (m, 2H), 2.86 -2.89 (m, 4H), 2.56 — 2.59 (m, 2H); °C

NMR (125 MHz, CDCL3) & 143.8 (C), 141.0 (C), 124.8 (C), 120.5 (CH), 119.8 (C), 119.5 (CH),
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118.5 (CH), 111.4 (CH), 28.7 (CH,), 25.9 (CH.), 24.5 (CH.); IR (thin film): 3400, 2951, 2853,

Cr

H
4153

Indole 4.153.% The general procedure was followed using 0.055 g of styryl azide 4.152 (0.276

1467, 1313, 913, 736 cm .

mmol) and 0.011 g of Rhy(O,CC7H;s5)4 (0.014 mmol) in 0.7 mL of PhMe. Filtration by Al,O;
afforded analytically pure compound 4.153 (0.044 g, 93%). The spectral data for 4.153 matched
that reported by Leogane and Lebel'H NMR:> (500 MHz, CDCls) & 7.64 (s, 1H), 7.48 (d, J =
7.5 Hz, 1H), 7.28 (d, J = 7.5 Hz, 1H), 7.08 — 7.15 (m, 2H), 2.73 (t, J= 6.0 Hz, 4H), 1.87 — 1.96
(m, 4H); >C NMR (125 MHz, CDCls) & 135.7 (C), 134.1 (C), 127.9 (C), 121.0 (CH), 119.1
(CH), 117.7 (CH), 110.4 (CH), 110.2 (C), 23.34 (CH>), 23.26 (CH,), 21.0 (CH,) one overlapping

aliphatic C not distinguishible; IR (thin film): 3397, 1667, 1603, 1497, 1456, 1276, 911, 749 cm~

1

N

N
H

4.155
Indole 4.155™ The general procedure was followed using 0.051 g of styryl azide 4.154 (0.239

mmol) and 0.009 g of Rhy(O,CC;H;s)s (0.012 mmol) in 0.6 mL of PhMe. Filtration by Al,O;
afforded analytically pure compound 4.155 (0.041 g, 93%). The spectral data for 4.155 matched
that reported by Banwell and co-workers:** mp 140 - 142 °C; "H NMR (500 MHz, CDCls) & 7.61

(s, 1H), 7.15 — 7.53 (m, 1H), 7.26 — 7.27 (m, 1H), 7.11 — 7.15 (m, 2H), 2.82 -2.87 (m, 4H), 1.91
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— 1.94 (m, 2H), 1.81 — 1.83 (m, 4H); *C NMR (125 MHz, CDCl3) § 137.5 (C), 134.3 (C), 129.3
(C), 120.6 (CH), 119.1 (CH), 117.7 (CH), 113.8 (C), 110.3 (CH), 31.9 (CH,), 29.6 (CH,), 28.8

(CH,), 27.6 (CHb), 24.7 (CH,); IR (thin film): 3391, 2914, 2844, 1465, 1438, 913, 743 cm .

Rhy(02CC7H15)4

X (5 mol %) A\
““““““““““ > (eq. 19)

N, 4 A MS (100 wt %) N

H

PhMe, 70 °C, 16h
4.156 4.157

Indole 4.157. The general procedure was followed using 0.046 g of styryl azide 4.156 (0.203
mmol) and 0.008 g of Rhy(O,CC;H;s5)s (0.010 mmol) in 0.6 mL of PhMe. Analysis of the
reaction progress using 'H NMR spectroscopy revealed that 18% of indole 4.157 formed and

35% starting of aryl azide 4.156 remained.

MeO
\©j\Q
N

H
4.159

Indole 4.159. The general procedure was followed using 0.061 g of styryl azide 4.158 (0.266
mmol) and 0.010 g of Rhy(O,CC7H;s5)4 (0.013 mmol) in 0.7 mL of PhMe. Filtration by Al,O;
afforded analytically pure compound 4.159 (0.054 g, 100%). Spectral data for 4.159: '"H NMR
(500 MHz, CDCls) 6 7.56 (s, 1H), 7.16 (d, J=9.0 Hz, 1H), 6.97(d, J= 2.5 Hz, 1H), 6.81 (dd, J =
2.5 Hz, 9.0 Hz, 1H), 3.89 (s, 3H), 2.70 — 2.72 (m, 4H), 1.89 — 1.95 (m, 4H); °C NMR (125
MHz, CDCls) 8 153.9 (C), 135.2 (C), 130.8 (C), 128.2 (C), 111.0 (CH), 110.5 (CH), 110.0 (C),
100.4 (CH), 56.0 (CH3), 23.38 (CH,), 23.27 (CH,), 21.0 (CH,) one overlapping aliphatic carbon
signal not distinguishable; IR (thin film): 3281, 2936, 1659, 1492, 1274, 1214, 1030, 732 cm L.

HRMS (EI) m / z caled for C13H;sON (M) 201.11537, found 201.11616.
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MeO
A\

N
H

Indole 4.161. The general procedure was follo‘:;vl:(: using 0.045 g of styryl azide 4.160 (0.201
mmol) and 0.008 g of Rhy(O,CC7H;s)s (0.010 mmol) in 0.5 mL of PhMe. Filtration by Al,O;
afforded analytically pure compound 4.161 (0.039 g, 100%). mp 42 - 46 °C; Spectral data for
4.161: 'H NMR (500 MHz, CDCls) & 7.58 (s, 1H), 7.14 (d, J = 8.5 Hz, 1H), 6.97(d, J = 2.5 Hz,
1H), 6.79 (dd, J = 2.5 Hz, 8.5 Hz, 1H), 3.89 (s, 3H), 2.79 — 2.81(m, 4H), 1.90 — 1.92 (m, 2H),
1.79 — 1.81 (m, 4H); °C NMR (125 MHz, CDCl3) § 153.9 (C), 138.6 (C), 129.6 (C), 129.4 (C),
113.6 (C), 110.9 (CH), 110.4 (CH), 100.1 (CH), 56.0 (CHs), 31.9 (CH,), 29.7 (CH,), 28.8
(CH,), 27.6 (CH,), 24.8 (CH,); IR (thin film): 3401, 2916, 1625, 1483, 1452, 913, 745 cm .

HRMS (EI) m / z caled for C14H;;ON (M) 215.13102, found 215.13248.

FiC
A\

N
H

Indole 4.163. The general procedure was foll:\;::g using 0.027 g of styryl azide 4.162 (0.009
mmol) and 0.004 g of Rhy(O,CC;H;s)4 (0.005 mmol) in 0.5 mL of PhMe. Filtration by Al,O;
afforded analytically pure compound 4.163 (0.021 g, 88%). Spectral data for 4.163: '"H NMR
(500 MHz, CDCl3) 6 7.89 (s, 1H), 7.76 (s, 1H), 7.29 — 7.34 (m, 2H), 2.82 — 2.86 (m, 4H), 1.90 —
1.94 (m, 2H), 1.76 — 1.82 (m, 4H); >*C NMR (125 MHz, CDCl;) & 139.3 (C), 135.6 (C), 128.7
(C), 125.6 (q, Jcr=270.1 Hz, C), 121.4 (q, Jcr = 31.3 Hz, C), 117.4 (q, Jcr = 3.6 Hz, CH), 115.4
(q, Jer = 3.5 Hz, CH), 114.7 (C), 110.2 (CH), 31.6 (CH), 29.6 (CH»), 28.5 (CH,), 27.4 (CH»),
24.6 (CH,); "°F NMR (CDCls, 282 MHz) 8 —60.66; IR (thin film): 3474, 3419, 2921, 1626, 1463,
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1327, 1108, 1050, 763 cm . HRMS (EI) m / z caled for Ci4HsFsN (M) 253.10783, found

253.10944.

N

N
H

Indole 4.165. The general procedure was folT(;1\:esd using 0.057 g of styryl azide 4.164 (0.265
mmol) and 0.010 g of Rhy(O,CC;H;s)4 (0.013 mmol) in 0.6 mL of PhMe. Filtration by Al,O;
afforded analytically pure compound 4.165 (0.048 g, 97%). mp 116 - 119 °C; Spectral data for
4.: "H NMR (500 MHz, CDCl;) & 7.85 (s, 1H), 7.49 (d, J=7.5 Hz, 1H), 7.28 (d, J = 7.5 Hz, 1H),
7.12 — 7.18 (m, 2H), 3.97 — 4.02 (m, 4H), 3.00 — 3.03 (m, 4H); °C NMR (125 MHz, CDCls) &
135.5 (C), 134.8 (C), 128.9 (C), 121.2 (CH), 119.4 (CH), 117.8 (CH), 112.4 (C), 110.4 (CH),
73.1 (CH,), 70.7 (CH»), 32.2 (CHy), 27.6 (CH>); IR (thin film): 3400, 3294, 2936, 1464, 1113,

913 cm™'. HRMS (EI) m / z caled for C1oH;3ON (M)* 187.09972, found 187.10060.

4.14.5 Mechanistic Experiments

Synthesis of Aryl Azides

® O OMe OMe
PPh;Br
n-BuLi
CHO on N Fe(0) N
+ Ph AcOH, EtOH (eq. 20)

Ph
NO, MeO NO, NH;

4.225 4.226

Styrene 4.225. To a solution of 10.4 g of the phosphonium salt (19.3 mmol) in 100 mL of THF
at —78 °C, was added 8.5 mL of #n-BuLi (2.5 M in hexanes, 21.2 mmol) dropwise. After stirring
for 1h at —78 °C, the mixture was warmed to room temperature and stirred additional half an

hour. Then 2.65 g of 2-nitrobenzaldehyde (17.5 mmol) was added, and the mixture was heated
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to reflux. After 16 h, the reaction mixture was diluted with 50 mL of water and extracted with
CH,Cl; (3 x 30 mL). The resulting organic phase was washed with 60 mL of brine and dried
over NapSO4. The mixture was filtered and the filtrate was concentrated in vacuo to afford
styrene s31, which was carried on to the subsequent Fe-mediated reduction without any

additional purification.

Aniline 4.226. To a solution of nitro-substituted styrene 4.225 in 40 mL of AcOH and 40 mL of
EtOH was added 8.6 g of Fe powder (154.4 mmol). The resultant mixture was heated to reflux at
80 °C. After 16 h, the reaction mixture was cooled down to ambient temperature. Once cool, the
resulting mixture was filtered through a pad of Celite. The filtrate was diluted with 80 mL of
water and washed with 3 x 30 mL of dichloromethane. The resulting organic phase was washed
with 50 mL of brine and dried over Na,SO4. The resulting mixture was filtered, and the filtrate
was concentrated in vacuo. Purification by MPLC (10:1 hexanes:EtOAc) afforded the product as
a yellow viscous oil as an 67:33 mixture of E- and Z-isomers (1.37 g, 24%, two steps): Spectral
data for the major (E) isomer: 'H NMR (500 MHz, CDCls) & 7.29 — 7.39 (m, 4H), 7.17 — 7.19
(m, 1H), 7.10 (d, J= 8.5 Hz, 2H), 6.89 (d, J= 8.5 Hz, 1H), 6.84 (d, J= 7.5 Hz, 1H), 6.74 — 6.80
(m, 4H), 6.53 (t, ] = 7.5 Hz, 1H), 3.80 (s, 3H), N-H peak not observed: *C NMR (125 MHz,
CDCl) & 144.5 (C), 143.8 (C), 143.6 (C), 132.3 (C), 131.7 (CH), 130.4 (CH), 128.25 (CH),
128.19 (CH), 127.9 (CH), 127.6 (CH), 123.93 (C), 123.90 (C), 123.8 (CH), 118.3 (CH), 115.5
(CH), 113.6 (CH), 55.2 (CHs); Selected spectral data for the minor (Z) isomer: '"H NMR (500
MHz, CDCl3) 6 7.29 — 7.39 (m, 4H), 7.24 — 7.26 (m, 3H), 6.96 — 7.02 (m, 3H), 6.64 -6.66 (m,
3H), 6.50 (t, J = 7.5 Hz, 1H), 3.84 (s, 3H), N-H peak not available; *C NMR (125 MHz, CDCls)
o 144.6 (C), 140.3 (C), 136.0 (C), 130.51 (CH), 130.43 (CH), 129.3 (CH), 127.8 (CH), 127.4

(CH), 122.8 (CH), 118.2 (CH), 115.4 (CH), 55.4 (CHs) these are the only visible peaks; Selected
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spectral data for the mixture: IR (thin film): 3462, 3375, 1739, 1605, 1508, 1242, 1176, 1031,

749 cm ',

OMe OMe
Ph
Ny Ph

NH,
4.226 4,227

Aryl Azide 4.227. To a solution of 0.82 g of aniline 4.226 (2.7 mmol) in 5 mL of CH,Cl, was
added subsequently 24 mg of CuSOs, 1.2 mL of Et;N, freshly prepared triflyl azide (9 mmol) in
15 mL of CH,Cl,, 1 mL of water and 2 mL of MeOH. The resulting mixture was stirred at room
temperature. After 16 h,, the reaction mixture was diluted with 15 mL of CH,Cl,, and the
resulting mixture was neutralized by the addition of a saturated aq. soln. of NaHCO;. Once pH 7
was reached, the resulting mixture was washed with 3 x 10 mL of CH,Cl,. The resulting organic
phase was washed with 20 mL of brine and dried over Na,SO4. After filtration, the filtrate was
concentrated in vacuo. Purification by MPLC (10:1 hexane:EtOAc) afforded the product as a
yellow viscous oil as an 69:31 mixture of E- and Z-isomers (0.42 g, 48%): Selected spectral data
for the major (E) isomer: 'H NMR (500 MHz, CDCl3) 8 7.27 — 7.36 (m, 4H), 7.12 — 7.17 (m,
2H), 7.08 (d, J = 9.0 Hz, 2H), 6.87 — 6.88 (m, 2H), 6.80 — 6.83 (m, 3H), 3.82 (s, 3H); °C NMR
(125 MHz, CDCl3) 6 159.0 (C), 143.8 (C), 143.5 (C), 138.6 (C), 132.2 (C), 129.8 (C), 131.8
(CH), 130.7 (CH), 129.2 (CH), 128.37 (CH), 128.18 (CH), 128.11 (CH), 127.7 (CH), 124.1
(CH), 118.2 (CH), 113.8 (CH), 55.2 (CH3); Selected spectral data for the minor (Z) isomer: 'H
NMR (500 MHz, CDCls) 6 7.27 — 7.36 (m, 5H), 7.12 — 7.17 (m, 4H), 6.95 — 6.96 (m, 3H), 6.77 —
6.78 (m, 2H), 3.83 (s, 3H); °C NMR (125 MHz, CDCl3) § 159.5 (C), 143.7 (C), 140.2 (C), 138.5

(C), 135.8 (C), 129.7 (C), 130.72 (CH), 130.58 (CH), 127.94 (CH), 127.82 (CH), 127.4 (CH),
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124.0 (CH), 122.5 (CH), 121.3 (CH), 118.1 (CH), 113.6 (CH), 55.4 (CHs); Selected spectral data

for the mixture: IR (thin film): 2117, 2085, 1738, 1604, 1509, 1289, 1246, 1176, 1034, 751 cm L,

® O Ph Ph
PPh3Br
-BulLi
CH,0 LT EENEN L Fel0) | A
Ph AcOH, EtOH

Ph (eq. 22)
NO, Ph NO, NH>

4.228 4.229

Styrene 4.228. To a solution of 9.6 g of the phosphonium salt (16.4 mmol) in 60 mL of THF at
—78 °C, was added 7.2 mL of n-BuLi (2.5 M in hexanes, 18.1 mmol) dropwise. After stirring for
1 h at —78 °C, the mixture was warmed to room temperature and stirred additional half an hour.
Then 2.48 g of 2-nitrobenzaldehyde (16.4 mmol) was added, and the mixture was heated to
reflux. After 16 h, the reaction mixture was diluted with 50 mL of water and extracted with
CH,Cl, (3 x 30 mL). The resulting organic phase was washed with 60 mL of brine and dried
over Na,SO4. The mixture was filtered and the filtrate was concentrated in vacuo to afford
styrene 4.228, which was carried on to the subsequent Fe-mediated reduction without any

additional purification.

Aniline 4.229. To a solution of nitro-substituted styrene 4.228 in 30 mL of AcOH and 30 mL of
EtOH was added 7.3 g of Fe powder (131.2 mmol). The resultant mixture was heated to reflux at
80 °C. After 16 h, the reaction mixture was cooled down to ambient temperature. Once cool, the
resulting mixture was filtered through a pad of Celite. The filtrate was diluted with 70 mL of
water and washed with 3 x 30 mL of dichloromethane. The resulting organic phase was washed
with 50 mL of brine and dried over Na,SO4. The resulting mixture was filtered, and the filtrate

was concentrated in vacuo. Purification by MPLC (10:1 hexanes:EtOAc) afforded the product as
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a yellow solid (602 mg, 11%, two steps); Spectral data for the major isomer: "H NMR (500
MHz, CDCls) § 7.63- 7.70 (m, 4H), 7.47 — 7.56 (m, 5H), 7.41 — 7.43 (m, 1H), 7.27 — 7.34 (m,
4H), 7.03 — 7.07 (m, 1H), 6.95 (s, 1H), 6.86 (d, ] = 7.5 Hz, 1H), 6.70 — 6.71 (m, 1H), 6.56 -6.60
(m, 1H), 3.92 (br, 2H): C NMR (125 MHz, CDCl3) § 144.8 (C), 143.7 (C), 142.4 (C), 140.8
(C), 140.5 (C), 131.1 (CH), 130.63 (CH), 130.48 (CH), 128.9 (CH), 128.6 (CH), 128.38 (CH),
128.20 (CH), 127.6 (CH), 127.12 (CH), 127.01 (CH), 124.4 (CH), 123.7 (C), 118.3 (CH), 115.6
(CH); Selected spectral data for the mixture: IR (thin film): 3457, 1739, 1486, 1454, 1366, 1216,

905 cm .

Ph Ph
™ oY -
Ph N; Ph

NH,
4.229 4.230

Aryl Azide 4.230. To a solution of 0.55 g of aniline 4.229 (1.6 mmol) in 5 mL of CH,Cl, was
added subsequently 16 mg of CuSOs, 0.8 mL of Et;N, freshly prepared triflyl azide (6 mmol) in
15 mL of CH,Cl,, 1 mL of water and 2 mL of MeOH. The resulting mixture was stirred at room
temperature. After 16 h, the reaction mixture was diluted with 15 mL of CH,Cl,, and the
resulting mixture was neutralized by the addition of a saturated aq. soln. of NaHCO;. Once pH 7
was reached, the resulting mixture was washed with 3 x 10 mL of CH,Cl,. The resulting organic
phase was washed with 20 mL of brine and dried over Na,SO4. After filtration, the filtrate was
concentrated in vacuo. Purification by MPLC (10:1 hexane:EtOAc) afforded the product as a
pale solid (0.26 g, 43%): The peaks which belongs to E or Z isomer cannot be distinguished.
Selected spectral data for the mixture: IR (thin film): 2117, 2085, 1738, 1604, 1509, 1289, 1246,

1176, 1034, 751 cm . HRMS (EI) m / z caled for CosH oN3 (M)* 373.15790, found 373.15891.
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® O t-Bu
PPh;Br '
CH,0H, Bh '%B““ __Fe® N
©i + AcOH EtOH

Ph (eq. 24)
NOz t-Bu NH

4.231 4.232
Styrene 4.231. To a solution of 10.8 g of the phosphonium salt (19.1 mmol) in 60 mL of THF at
—78 °C, was added 8.4 mL of n-BuLi (2.5 M in hexanes, 21.01 mmol) dropwise. After stirring
for 1h at —78 °C, the mixture was warmed to room temperature and stirred additional half an
hour. Then 2.69 g of 2-nitrobenzaldehyde (19.1 mmol) was added, and the mixture was heated
to reflux. After 16 h, the reaction mixture was diluted with 50 mL of water and extracted with
CH,Cl; (3 x 30 mL). The resulting organic phase was washed with 60 mL of brine and dried
over Na,SO,. The mixture was filtered and the filtrate was concentrated in vacuo to afford
styrene 4.231, which was carried on to the subsequent Fe-mediated reduction without any

additional purification.

Aniline 4.232. To a solution of nitro-substituted styrene 4.231 in 40 mL of AcOH and 40 mL of
EtOH was added 8.6 g of Fe powder (152.8 mmol). The resultant mixture was heated to reflux at
80 °C. After 16 h, the reaction mixture was cooled down to ambient temperature. Once cool, the
resulting mixture was filtered through a pad of Celite. The filtrate was diluted with 80 mL of
water and washed with 3 x 30 mL of dichloromethane. The resulting organic phase was washed
with 50 mL of brine and dried over Na,SO4. The resulting mixture was filtered, and the filtrate
was concentrated in vacuo. Purification by MPLC (10:1 hexanes:EtOAc) afforded the product as
a yellow solid (1.5 g, 24%, two steps); Spectral data for the major isomer: 'H NMR (500 MHz,
CDCL) & 7.37 — 7.39 (m, 2H), 7.31 — 7.33 (m, 2H), 7.25 — 7.27 (m, 3H), 7.19 — 7.21 (m, 2H),

255



6.97 — 7.00 (m, 1H), 6.84 (s, 1H), 6.77 (d, J = 8.0 Hz, 1H), 6.65 (d, J = 8.0 Hz, 1H), 6.51 (t, J =
7.5 Hz, 1H), 3.74 (br, 2H), 1.37 (s, 9 H): °C NMR (125 MHz, CDCl3) § 150.8 (C), 144.7 (C),
143.9 (C), 140.4 (C), 140.2 (C), 130.53 (CH), 130.43 (CH), 128.2 (CH), 127.9 (CH), 127.7
(CH), 127.3 (CH), 125.2 (CH), 123.7 (CH), 118.2 (CH), 115.4 (CH), 34.6 (C), 31.4 (CHy);

Selected spectral data for the mixture: IR (thin film): 3379, 1617, 1246, 905, 726, 701, 649 cm .

t-Bu t-Bu
@“ﬁ e @v@
Ph
Nj Ph

NH,
4.232 4.233

Aryl Azide 4.233. To a solution of 1.2 g of aniline 4.232 (3.8 mmol) in 5 mL of CH,Cl, was
added subsequently 32 mg of CuSQOy, 1.6 mL of Et;N, freshly prepared triflyl azide (12 mmol) in
15 mL of CH,Cl,, 1 mL of water and 2 mL of MeOH. The resulting mixture was stirred at room
temperature. After 16 h, the reaction mixture was diluted with 15 mL of CH,Cl,, and the
resulting mixture was neutralized by the addition of a saturated aq. soln. of NaHCOs;. Once pH 7
was reached, the resulting mixture was washed with 3 x 10 mL of CH,Cl,. The resulting organic
phase was washed with 20 mL of brine and dried over Na,SO,. After filtration, the filtrate was
concentrated in vacuo. Purification by MPLC (10:1 hexane:EtOAc) afforded the product as a
yellow solid as an 1:1 mixture of E- and Z-isomers (0.88 g, 66%): The peaks which belong to E-
or Z-isomer cannot be distinguished. Selected spectral data for the mixture: IR (thin film): 2117,
2085, 1796, 1730, 1287, 908, 733 cm . HRMS (EI) m / z caled for Co4Hp3N3 (M)* 353.18920,

found 353.19017.
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® © cl cl
PPhsBr _
©iCH20T2 /Ej/k P @ \/@ Ac(I;T-i(OI)EtOH @ﬁ
NO, Cl NOG" ’ NH " (6a20)
4.234 4.235
Styrene 4.234. To a solution of 8.5 g of the phosphonium salt (15.7 mmol) in 50 mL of THF at
—78 °C, was added 6.9 mL of #n-BuLi (2.5 M in hexanes, 17.3 mmol) dropwise. After stirring for
1h at —78 °C, the mixture was warmed to room temperature and stirred additional half an hour.
Then 2.4 g of 2-nitrobenzaldehyde (15.7 mmol) was added, and the mixture was heated to reflux.
After 16 h, the reaction mixture was diluted with 50 mL of water and extracted with CH,ClI, (3 x
30 mL). The resulting organic phase was washed with 60 mL of brine and dried over Na;SOs.
The mixture was filtered and the filtrate was concentrated in vacuo to afford styrene 4.234,

which was carried on to the subsequent Fe-mediated reduction without any additional

purification.

Aniline 4.235. To a solution of nitro-substituted styrene 4.234 in 40 mL of AcOH and 40 mL of
EtOH was added 7.1 g of Fe powder (125.6 mmol). The resultant mixture was heated to reflux at
80 °C. After 16 h, the reaction mixture was cooled down to ambient temperature. Once cool, the
resulting mixture was filtered through a pad of Celite. The filtrate was diluted with 80 mL of
water and washed with 3 x 30 mL of dichloromethane. The resulting organic phase was washed
with 50 mL of brine and dried over Na,SO4. The resulting mixture was filtered, and the filtrate
was concentrated in vacuo. Purification by MPLC (10:1 hexanes:EtOAc) afforded the product as
a pale solid (1024 mg, 21%, two steps); Spectral data for the major isomer: 'H NMR (500 MHz,

CDCl3) 6 6.52 — 7.34 (m, 14H), 3.76 (br, 2H): The peaks which belong to £ or Z isomer cannot
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be distinguished; Selected spectral data for the mixture: IR (thin film): 3463, 3378, 1614, 1485,

1089, 728 cm .

Cl Cl
Ph
N; Ph

NH,
4,235 4.236

Aryl Azide 4.236. To a solution of 0.90 g of aniline 4.235 (3.0 mmol) in 5 mL of CH,Cl, was
added subsequently 24 mg of CuSOs, 1.2 mL of Et;N, freshly prepared triflyl azide (9 mmol) in
15 mL of CH,Cl,, 1 mL of water and 2 mL of MeOH. The resulting mixture was stirred at room
temperature. After 16 h, the reaction mixture was diluted with 15 mL of CH,Cl,, and the
resulting mixture was neutralized by the addition of a saturated aq. soln. of NaHCOs. Once pH 7
was reached, the resulting mixture was washed with 3 x 10 mL of CH,Cl,. The resulting organic
phase was washed with 20 mL of brine and dried over Na,SO4. After filtration, the filtrate was
concentrated in vacuo. Purification by MPLC (10:1 hexane:EtOAc) afforded the product as a
yellow viscous oil (0.44 g, 45%): The peaks which belong to £ or Z isomer cannot be
distinguished. Selected spectral data for the mixture: IR (thin film): 2117, 2085, 1738, 1604,
1509, 1289, 1246, 1176, 1034, 751 ecm'. HRMS (EI) m / z caled for CaH14N3;Cl (M)

331.08762, found 331.08665.

® © CF, CF,
PPhsBr
CH.0M oy y©/ Fe(0) \/@
+ AcOH, EtOH

Ph Ph (eq. 28)
NO, F,C NO; NH,
4.237 4.238

Styrene 4.237. To a solution of 3.46 g of the phosphonium salt (6 mmol) in 60 mL of THF at —

78 °C, was added 2.4 mL of n-BuLi (2.5 M in hexanes, 6 mmol) dropwise. After stirring for 1h
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at =78 °C, the mixture was warmed to room temperature and stirred additional half an hour.
Then 0.91 g of 2-nitrobenzaldehyde (6 mmol) was added, and the mixture was heated to reflux.
After 16 h, the reaction mixture was diluted with 50 mL of water and extracted with CH,Cl, (3 x
30 mL). The resulting organic phase was washed with 60 mL of brine and dried over Na;SOs.
The mixture was filtered and the filtrate was concentrated in vacuo to afford styrene 4.237,
which was carried on to the subsequent Fe-mediated reduction without any additional

purification.

Aniline 4.238. To a solution of nitro-substituted styrene 4.237 in 15 mL of AcOH and 15 mL of
EtOH was added 2.7 g of Fe powder (48 mmol). The resultant mixture was heated to reflux at 80
°C. After 16 h, the reaction mixture was cooled down to ambient temperature. Once cool, the
resulting mixture was filtered through a pad of Celite. The filtrate was diluted with 20 mL of
water and washed with 3 x 10 mL of dichloromethane. The resulting organic phase was washed
with 20 mL of brine and dried over Na;SO4. The resulting mixture was filtered, and the filtrate
was concentrated in vacuo. Purification by MPLC (10:1 hexanes:EtOAc) afforded the product as
a yellow solid (190 mg, 12%, two steps); The peaks which belong to E or Z isomer cannot be

distinguished; HRMS (EI) m / z caled for C,;Hj6FsN (M)+ 339.12348, found 339.12435.

CF, CF,
oy o
Ph N, P

NH,
4.238 4.239
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Aryl Azide 4.239. To a solution of 0.17 g of aniline 4.238 (0.5 mmol) in 5 mL of CH,Cl, was
added subsequently 6 mg of CuSQOy, 0.3 mL of Et;N, freshly prepared triflyl azide (2 mmol) in 5
mL of CH,Cl,, 1 mL of water and 2 mL of MeOH. The resulting mixture was stirred at room
temperature. After 16 h, the reaction mixture was diluted with 10 mL of CH,Cl,, and the
resulting mixture was neutralized by the addition of a saturated aq. soln. of NaHCO;. Once pH 7
was reached, the resulting mixture was washed with 3 x 10 mL of CH,Cl,. The resulting organic
phase was washed with 20 mL of brine and dried over Na,SO4. After filtration, the filtrate was
concentrated in vacuo. Purification by MPLC (10:1 hexane:EtOAc) afforded the product as a
yellow viscous oil (0.076 g, 42%): The peaks which belong to E or Z isomer cannot be
distinguished. Selected spectral data for the mixture: IR (thin film): 1752, 1727, 1368, 1228,

1216, 750 cm .

Syntheses of 2,3-Diarylindoles

2-Phenyl-3-arylindoles were synthesized from alkynyltrifluoroacetanilide 4.240 following the

method reported by Cacchi and co-workers."

t-Bu
Ph t-Bu
Z Pd(PPhs)s, Cs,CO5
+ > (eq. 30)
MeCN, 100 °C
NHCOCF; O N_ph
|
N
H
4.240 4.241

Indole 4.241."° To a solution of 0.59 g of acetylene (2.0 mmol) in 15 mL of MeCN was added
subsequently 1.43 g of Cs,CO;, 0.1 mol of Pd(PPhs)s (5 mol %), 1.14 g of 4-tert-
butyliodobenzene (4.4 mmol). The resulting mixture was stirred at 100 °C until complete

conversion (2h). After this time, the reaction mixture was cooled to room temperature, diluted
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with 30 mL of water and extracted with CH,Cl, (3 x 20 mL). The resulting organic phase was
washed with 60 mL of brine and dried over Na,SOy. Purification by MPLC (30:1 hexane:EtOAc)
afforded the product 4.241 as a yellow solid (0.59 g, 91%). The spectral data matched that
reported by Cacchi and co-workers:"> "TH NMR (500 MHz, CDCl3) & 8.18 (br, 1H), 7.76 (d, J =
8.0 Hz, 1H), 7.40 -7.48 (m, 7H), 7.26 - 7.36 (m, 4H), 7.17 - 7.20 (m, 1H) 1.49 (s, 9H); *C NMR
(125 MHz, CDCl3) 6 149.0 (C), 136.0 (C), 134.0 (C), 133.0 (C), 132.0 (C), 129.7 (CH), 129.0
(C), 128.7 (CH), 128.3 (CH), 127.6 (CH), 125.5 (CH), 122.7 (CH), 120.3 (CH), 120.0 (CH),
115.0 (C), 110.9 (CH), 34.6 (C), 31.5 (CH3); IR (thin film): 3457, 1761, 1442, 1378, 1223, 732

em™'. HRMS (EI) m / z caled for Ca4HasN (M)' 325.18404, found 325.18305.

Ph
o Ph
Z Pd(PPhs),, Cs,CO3
+ > (eq. 31)
MeCN, 100 °C
NHCOCF; | O N _pn,
N
H
4.240 4.242

Indole 4.242." To a solution of 0.59 g of acetylene (2.0 mmol) in 15 mL of MeCN was added
subsequently 1.43 g of Cs,COs3, 0.1 mol of Pd(PPh;3)4 (5 mol %), 1.03 g of 4-bromobiphenyl (4.4
mmol). The resulting mixture was stirred at 100 °C until complete conversion (2h). After this
time, the reaction mixture was cooled to room temperature, diluted with 30 mL of water and
extracted with CH,Cl»(3 x 20 mL). The resulting organic phase was washed with 60 mL of brine
and dried over Na2SO4. Purification by MPLC (30:1 hexane:EtOAc) afforded the product 4.242
as a yellow solid (0.54 g, 78%). Spectral data matched that reported by Cacchi and coworkers:'
'H NMR (500 MHz, CDCl3) & 8.25 (br, 1H), 7.78 (d, J= 7.5 Hz, 1H), 7.69 (d, J = 8.0 Hz, 2H),

7.65 (d, J = 8.0 Hz, 2H), 7.55 (d, J = 7.5 Hz, 2H), 7.45 — 7.55 (m, SH), 7.22 — 7.39 (m, 5H), 7.19
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~ 7.22 (m, 1H); °C NMR (125 MHz, CDCls) § 141.0 (C), 138.8 (C), 136.0 (C), 134.29 (C),
134.20 (C), 132.8 (C), 130.5 (CH), 128.81 (CH), 128.76 (CH), 128.3 (CH), 127.8 (CH), 127.23
(CH), 127.18 (CH), 126.99 (CH), 122.8 (CH), 120.6 (CH), 119.8 (CH), 114.6 (C), 111.0 (CH);
IR (thin film): 3415, 1770, 1455, 1248, 903, 725, 698, 649 cm'. HRMS (EI) m / z calcd for

Ca6HioN (M) 345.15175, found 345.25258.

Cl
Ph Cl
=Z Pd(PPhs),, Cs,CO5
+ - (eq. 32)
MeCN, 100 °C
NHCOCF, | O N_ph
N
H
4.240 4.243

Indole 4.243."° To a solution of 0.59 g of acetylene (2.0 mmol) in 15 mL of MeCN was added
subsequently 1.43 g of Cs,CO;, 0.1 mol of Pd(PPhs)s (5 mol %), 1.05 g of 1-chloro-4-
iodobenzene (4.4 mmol). The resulting mixture was stirred at 100 °C until complete conversion

(2h). After this time, the reaction mixture was cooled to

room temperature, diluted with 30 mL of water and extracted with CH,Cl, (3 x 20 mL). The
resulting organic phase was washed with 60 mL of brine and dried over Na,SOs. Purification by
MPLC (30:1 hexane:EtOAc) afforded the product 4.243 as a yellow solid (0.53 g, 88%). The
spectral data matched that reported by Cacchi and co-workers:'> 1H NMR (500 MHz, CDCl3) &
8.23 (br, 1H), 7.68 (d, /= 8.0 Hz, 1H), 7.34 -7.45 (m, 10H), 7.29 (t, /= 7.5 Hz, 1H), 7.20 — 7.23
(m, 1H); °C NMR (125 MHz, CDCls) § 135.9 (C), 134.4 (C), 133.7 (C), 132.4 (C), 132.1 (C),
131.4 (CH), 128.88 (CH), 128.84 (CH), 128.5 (C), 128.3 (CH), 128.0 (CH), 122.9 (CH), 120.7
(CH), 119.5 (CH), 113.8 (C), 111.1 (CH); IR (thin film): 3411, 1770, 1601, 1500, 1248, 1091,

1014, 905, 728 cm ™. HRMS (EI) m / z caled for C2oHsNCI (M)" 303.08147, found 303.08070.
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Ph CFs
/
7 Pd(PPh3)4, CSQCOQ,
+ > (eq. 33)
MeCN, 100 °C

NHCOCF O N_p
N
H

4.240 4.244

Indole 4.244."° To a solution of 0.59 g of acetylene (2.0 mmol) in 15 mL of MeCN was added
subsequently 1.43 g of Cs,CO;, 0.1 mol of Pd(PPhs)s (5 mol %), 097 g of 4-
trifluromethyliodobenzene (4.4 mmol). The resulting mixture was stirred at 100 °C until
complete conversion (2h). After this time, the reaction mixture was cooled to room temperature,
diluted with 30 mL of water and extracted with CH,Cl, (3 x 20 mL). The resulting organic phase
was washed with 60 mL of brine and dried over Na,SOs. Purification by MPLC (30:1
hexane:EtOAc) afforded the product 4.244 as a yellow solid (0.63 g, 94%). The spectral data
matched that reported by Wang and co-workers:'® "H NMR (500 MHz, CDCl5) & 8.29 (br, 1H),
7.71 (d, J= 8.0 Hz, 1H), 7.65 (d, J= 8.0 Hz, 2H), 7.57 (d, J = 8.0 Hz, 2H), 7.36 — 7.47 (m, 6H),
7.29 — 7.32 (m, 1H), 7.20 — 7.24 (m, 1H); *C NMR (125 MHz, CDCl) & 139.1 (C), 136.0 (C),
135.0 (C), 132.2 (C), 130.2 (CH), 129.0 (CH), 128.4 (CH), 128.2 (CH), 128.1 (d, Jcr = 38.5 Hz,
CH), 125.5 (d, Jcr = 3.6 Hz, CH), 124.5 (d, Jcr = 270.0 Hz, C), 123.1 (C), 121.3 (C), 120.9 (CH),
119.3 (CH), 113.6 (C), 111.2 (CH); IR (thin film): 3405, 1614, 1448, 1321, 1108, 1065, 905, 850

cm . HRMS (EI) m / z calcd for Cy0H 4NF; (M)+ 337.10783, found 337.10868.

Intramolecular Competition Experiments

OMe

y OMe  Rhy(O,CCsF7)s O Ph
O (5 mol %)
N 4 AMS (100 wt %) O N—ph O N O OMe (eq. 34)
Ph PhMe, 80 °C, 16h N N
N H H

3 quant.
4.227 4.245 4.246
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To a mixture of 0.023 g of aryl azide 4.227 (0.07 mmol), 0.023 g of crushed 4 A mol sieves, and
0.004 g of Rhy(O,CCsF7)4 (0.004 mol) in Schlenk tube was added 0.50 mL of PhMe. The
resulting mixture was heated at 80 °C, after 16 h, the heterogenous mixture was filtered through
a short pad of Al,Os. The filtrate was concentrated in vacuo to afford 0.021 g of a mixture of
4.245 and 4.246 (78:22). The resulting solid was dissolved in 1.5 mL of CDCI;. The areas of the
C-H peak on the methoxy position were compared to derive a ratio (78:22). The products were

identified by comparison with published '"H NMR spectra of 4.245> and 4.207.°

t-Bu

Rh3(02CC3F7)4 O Ph

(5 mol %)
4AMS (100 wt %) O Npn - t-Bu (eq. 35)
PhMe, 80 °C, 16h N N

quant. 73:27
4.233 4.241 4.247

To a mixture of 0.058 g of aryl azide 4.233 (0.16 mmol), 0.058 g of crushed 4 A mol sieves, and
0.009 g of Rhy(O,CCsF7)4 (0.008 mol) in Schlenk tube was added 0.50 mL of PhMe. The
resulting mixture was heated at 80 °C, after 16 h, the heterogenous mixture was filtered through
a short pad of Al,Os. The filtrate was concentrated in vacuo to afford 0.053 g of a mixture of
4.241 and 4.247 (73:27). The resulting solid was dissolved in 1.5 mL of CDCls. The areas of the
C-H peak on the aromatic region were compared to derive a ratio (73:27). The products were

identified by comparison with "H NMR spectra of 4.241.

Ph

Rhy(0,CC5F7)s O Ph
(5 mol %)
4 A MS (100 wt %) O N _pp * ph (eq. 36)
PhMe, 80 °C, 16h N N
H

quant. H 60: 40
4.242 4.248
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To a mixture of 0.060 g of aryl azide 4.230 (0.16 mmol), 0.060 g of crushed 4 A mol sieves, and
0.009 g of Rhy(O,CCsF7)4 (0.008 mol) in Schlenk tube was added 0.50 mL of PhMe. The
resulting mixture was heated at 80 °C, after 16 h, the heterogenous mixture was filtered through
a short pad of Al,Os. The filtrate was concentrated in vacuo to afford 0.054 g of a mixture of
4.242 and 4.248 (60:40). The resulting solid was dissolved in 1.5 mL of CDCI;. The areas of the
C-H peak on the aromatic region were compared to derive a ratio (60:40). The products were

identified by comparison with "H NMR spectra of 4.242.

Cl

" cl Rhy(0,CCsF7)a O Ph
O (5 mol %)
N 4 AMS (100 wt %) O N—ph O N O Cl (eq. 37)
Ph PhMe, 80 °C, 16h N N
N H H

3 quant.
4.236 4.243 4.249

To a mixture of 0.043 g of aryl azide 4.236 (0.13 mmol), 0.043 g of crushed 4 A mol sieves, and
0.007 g of Rhy(O,CCsF7)4 (0.006 mol) in Schlenk tube was added 0.50 mL of PhMe. The
resulting mixture was heated at 80 °C, after 16 h, the heterogenous mixture was filtered through
a short pad of Al,Os. The filtrate was concentrated in vacuo to afford 0.039 g of a mixture of
4.243 and 4.249 (34:66). The resulting solid was dissolved in 1.5 mL of CDCls. The areas of the
C-H peak on the aromatic region were compared to derive a ratio (34:66). The products were

identified by comparison with "H NMR spectra of 4.243.

CF3

CF3  Rhy(0,CC3F7)y O Ph
H O (5 mol %)
N 4 AMS (100 wt %) O N—ph O A O CF, (eq. 38)
Bh PhMe, 80 °C, 16h N N
N H 21:79 H

3 quant.
4.239 4.244 4.250

265



To a mixture of 0.040 g of aryl azide 4.239 (0.11 mmol), 0.040 g of crushed 4 A mol sieves, and
0.006 g of Rhy(O,CCsF7)4 (0.005 mol) in Schlenk tube was added 0.50 mL of PhMe. The
resulting mixture was heated at 80 °C, after 16 h, the heterogenous mixture was filtered through
a short pad of Al,Os. The filtrate was concentrated in vacuo to afford 0.032 g of a mixture of
4.244 and 4.250 (21:79). The resulting solid was dissolved in 1.5 mL of CDCI;. The areas of the
C-H peak on the aromatic region were compared to derive a ratio (21:79). The products were

identified by comparison with "H NMR spectra of 4.244.

Correlation of Product Ratio with Hammett Plot

The log of the product ratios was correlated with Hammett o-values to ascertain the existence of

any linear free energy relationships.
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Figure 4.1. Correlation of Product Ratios with Hammett 6.ra-Values.

R [Rhy(O,CC3F7)4]
(5 mol %)
4 A MS (100 wt %)
PhMe, 80 oC, 16h

0.8

0.4
=

o
=3
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< 01
>
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y= 1.49 x+0.17; R?>=0.98.
0.4
4 CF,
-0.8 . ‘ . :
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[Rhy(O2,CC3F7)4] O O

(5 mol %)

¥
4 AMS (100 wt %) O ' O ' (eq. 39)
N

PhMe, 70 °C, 30min

60% conversion

To a mixture of 0.013 g of styryl azide 4.127 (0.05 mmol) and 0.0145 g of styryl azide 4.196
(0.05 mmol), 100 % w/w of crushed 4 A mol sieves, and Rh,(hpfb), (5 mol %) in Schlenk tube
was added 0.50 mL of PhMe. The resulting mixture was heated at 70 °C. After 30 min, the
heterogenous mixture was filtered through a short pad of Al,Os. The filtrate was concentrated in
vacuo to afford analytically pure indoles. Analysis of the "H NMR spectrum showed 98%
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conversion of the styryl azide 4.196 into 4.215 and 60% conversion of the styryl azide 4.127 into
indole 4.128. '"H NMR (500 MHz, CDCl3) & 4.02 (s, 3 H) vs 3.94 (s, 0.0734 H) vs 7.07 — 7.08 (m,

0.774 H) = 4.215 vs 4.196 vs 4.127.

Examination of Rates of Reaction of E- and Z- Isomers

() ocern g ()
AN AN
(5 mol %) . . O (eq. 40)
4 AMS (100 wt %) N
N3 PhMe, 70 °C, 30 min N3 H
4127 35% conversion 4127 4.128

(5.3:1 E:2) (5.41E:2)
To a mixture of 0.043 g of aryl azide 4.127 (0.16 mmol), 0.043 g of crushed 4 A mol sieves, and
0.009 g of Rhy(O,CCsF7)4 (0.008 mol) in Schlenk tube was added 0.60 mL of PhMe. The
resulting mixture was heated at 70 °C, after 30 min, the heterogenous mixture was filtered
through a short pad of Al,Os. The filtrate was concentrated in vacuo. The resulting solid (oil)
was dissolved in 1.5 mL of CDCls. The areas of the C—H peak on the carbon 9 in starting

material aryl azide 4.127 was compared to derive a E:Z ratio.
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