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ABSTRACT

IRIDIUM CATALYZED REGIOSELECTIVE C—H ACTIVATION/

BORYLATION OF 2—SUBSTITUTED INDOLES

By

Sulagna Paul

The catalytic functionalization of hydrocarbons has long been a challenge in

homogeneous and heterogeneous catalysis. Since synthetic applications of arylboronic

esters are broad, the transformation of aryl halides or aromatic feedstocks to aryl boronate

esters has great appeal.

In 1999, our group demonstrated the first thermal, catalytic aromatic C-H

activation/borylation reaction catalyzed by Cp*lr(PMe3)(H)(BPin). Later on, our

laboratory as well as the Hartwig, lshiyama and Miyaura laboratories developed even

more reactive and remarkably selective (Ind)lr(COD) and Ir(OMe)(COD) precatalysts. In

our investigations of indole borylation, we noted small amounts of a single diborylated

isomer formed from iridium catalyzed C—H activation borylation reaction with HBPin.

Further investigation revealed that the second borylation occurs at the 7—position of

indole, which is one of the difficult positions of the indole core to functionalize. A range

of the 2-substituted indole substrates and conditions have been examined. The reaction is

highly regioselective with a wide range of functional group tolerance. A unique chelate

directed pathway is believed to be responsible for this unprecedented selectivity. The

compounds synthesized employing C—H activation/ borylation protocol have been

isolated in good to excellent yields (45—92%) and have been fully characterized using

'H, ”C, ”B, IR, GC—MS, High resolution MS and elemental analysis.
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CHAPTER 1

INTRODUCTION

C—H Bond Activation:

C—H bond activation followed by carbon-carbon bond formation is emerging as

an important new method in organic synthesis.1 In contrast to most of the carbon-carbon

bond formation reactions, selective transformation of C—I-I bonds to C—C bonds or other

functional groups has long been a challenge in homogeneous and heterogeneous

catalysis. Saturated hydrocarbons such as methane are quite abundant in Nature and exist

as the major constituents of natural gas and petroleum. Owing to their chemical

inactivity, selective introduction of functional groups to hydrocarbons has been difficult

and at the same time a topic of great interest. This chemical inertness arises from their

constituent atoms all being held together by strong and relatively nonpolar C—C and C—H

bonds.



Many of the world’s established natural gas resource locations are remote, in sites

where there is little or no local demand. Exploitation of such resource is impeded by high

cost of gas transportation. Methane, the principle component of natural gas is difficult to

store, while the oxidized product methanol is easy to store and transport. A variety of

enzymes2 efficiently and selectively catalyze alkane oxidation at ambient temperature and

pressure, usually via hydroxylation. For methane conversion, the effective enzyme is

methane monooxygenase (MMO). While enzymes like MMO operate well for a

particular substrate, they often are poor catalysts for substrate analogues. Hence, there are

relatively few economically viable and environmentally benign methods known to

convert hydrocarbons directly to more valuable chemicals. Despite the fact that C—H

bonds are relatively more difficult to cleave than C—halogen bonds, C—H bonds are not

completely inert. The problem in methane is the C—H bonds in it are all chemically

equivalent and selective conversion of methane to methanol is that methanol is more

prone to oxidation than methane, leading to over oxidation products like C02.

One functional transformation in hydrocarbons that is well known is aromatic

substitution. Regioselectivity in electrophilic aromatic substitution (EAS) was established

over one hundred years ago, an early example being the reaction of arenes with nitric

acid.3 The regioselectivities for EAS are determined by the number, type and relative

position of the substitution on the arene. As classified by Holleman,‘ arene substituents

fall into two classes: (i) ortho, para-directors that typically activate the aromatic system

and (ii) meta-directors that operate by deactivating the ortho/para positions. An example

CH, + [01 2%.. CH30H

Figure 1: Oxidation of methane



of regioselective EAS is the conversion of 4—cyano bromobenzene to 2—bromo—3-cyano

nitrobenzenef

Q~ . . __,...... Q—E
—'H"

Br—Q—CN M. ar-Q—cn

ozn

Figure 2: Electrophilic aromatic substitution

In practice, EAS gives high regioselectivities in relatively few cases, depending

on the electronic nature of the substituents. For example, nine regioisomers are possible

for all combinations of ortho/para and meta directors for a disubstituted benzene (Figure

3). In only two of these isomers do the directing effects, enforce high selectivity for

1 z1 * z2 21 *
Z 22 U 0* Z‘. Z2 ortholpua director

* * * * *

22 *

 

 

* *
.- -------------

-'

I Z1 22 i z1 *

Z"< >‘Z2 ' : *
l U : D Z‘metadlrector

* * E * a z: . *

*

0 U ”I: ”WWszotadireetor

*
* * 22 *

*      

Figure 3: Selectivity in electrophilic aromatic substitution

subsequent electrophilic aromatic substitution. One of these two is the classic case of

meta disposed meta—directors, where the arene is deactivated toward subsequent

electrophilic substitution. Hence, only one out of the nine possible combinations is



practical and gives high regioselectivity in aromatic electrophilic substitution!

Consequently, syntheses of 1,3,5—trisubstituted arenes are quite challenging (Figure 4).6

  

\\

1. Sn. HCl

1. H2804, N82Cr207 02" N02 1.Na,s,er0H 3' "02 amt-42804 3' C'

v- 2. HOAc. heat a NaN02,HCl 3. NaNoz, HCl

2' a. KOCN,M a. CuBr A 4. CuCl _

..'
, ,

0M9 0M6 OH

Figure 4: Synthesis of 3—bromo—5-chloro phenol

For a process to complement the regioselectivity of electrophilic aromatic

substitution, it must harness another type of directing effect. Directed ortho metallation

(DOM) constitutes such an approach and is widely applied in synthesis. While steric

effects are widely invoked to rationalize selectivities in chemical reactions, they have

been exploited in aromatic substitution to only a limited extent,7 even though, sterically

directed chemistry potentially complements regioselectivities for EAS and DOM (Figure

5).

DOM preferred

a, n2

DOM/EAS_> Odd/EAS

 

WomanWm]

Figure 5: Directing effects in electrophilic aromatic substitution



In 1976, Ittel and coworkers8 reported iron complexes that underwent rapid,

reversible insertions into aromatic C—H bonds. In the presence of excess toluene a 2:1

ratio of meta and para C—H insertion products results and none of the o—tolyl isomer was

observed. This is the regioselectivity expected if steric effects dominate over electronic

effects for C—I-I insertion (Figure 6). Thus, transition metal insertion into C—H bonds

potentially offer selectivity that complements electrophilic aromatic substitution and

DoM.

PMe2 PMez PMez

Me {ll-'9‘“O toluene MeCFIe— Meg—l"Fe" + MezPCieT

2 —
\\ = —

MeaP’l Q "MT“ Mezp’l / map’Mezl map’I
2 [Vsz

1 3

[2M3] -- 2:1 Therefore. C-H insertion is sterically (not electronlcdly) directed

Figure 6: Sterically directed C-H activation

In 1982, Bergman9 and Grahamlo reported that photochemically generated Rh and

Ir systems were capable of intermolecular oxidative addition of C—H bonds in saturated

hydrocarbons (Figure 7). Subsequently, C—H activation was heavily studied by

Figure 7: C—H activation of aromatic compound by Ir-complex

Bergman," Jones,lb Crabtree,lc and others with specifics of C-H insertion being the main

focus. Ultimately, the C—H activation has not been the greatest challenge. Rather, the



difficult task has been the further transformation of the metal-carbon bonds that arise

from the C—H insertion, preferably in a catalytic process.

When catalytic functionalization of C—H bonds was about to emerge, Jones et.

al” reported the activation of benzylic sp3-hybridized C—H bonds using a Ru catalyst.

Their catalytic indole synthesis relied on intramolecular trapping of the newly formed

Ru—C bond in the form of isocyanide insertion (Figure 8).

(i512;

H c map/Ru

3 “’2';sz

 

cu

140 °C

H30 CH3

1
2

PM:

l .5

MezP-Ru-R

Wklpmz

9%: l» .. pN

“ f7“: °"
"02:1,“: }\ MeaP-Ru-PMez f7“”

9/ in] MezP-Flu-CN

MezP—Ru M62 (I

l/l HN Walk/pm:

I~l NM 1

/—\

H nix / MozP-R'u—CN

-' U

/| ”N km
“WK/We; j

K‘ M82? Pm,

u»:M le’Q
H;Ru N "w H-RJ—CN

””‘L' Meagan.

Figure 8: Rut-catalyzed intramolecular functionalization ofOH bond



Berry and coworkers'2 established one of the first catalytic example of

intermolecular meta functionalization route. Based on the transfer dehydrogenative

coupling of triethylsilane with an arene in the presence of a rhodium catalyst (Figure 9),

an arene—silicon bond was generated. The reaction must be heated to 150 °C to produce

the thermodynamic product aryl silane from the kinetic product the carbosilane dimer.

Unfortunately, the substrate scope for this system is limited.

 

’y— ownthrertaz _>L F H 'i‘
+ HSiEta + — = sitar3 + + H-Sl-C-Sl-Et

Heat 1 I \

er eraser

Figure 9: Rh—catalyzed synthesis of arylsilane

Organoborane compounds are important, versatile reagents. The popularity of

alkylboranes in organic synthesis is due to H. C. Brown13 recognizing that they could be

prepared from borane and hydrocarbon precursors. Forming the organoborane in a single

step, greatly improved access to this class of compounds whose prior syntheses paralleled

those still in force for preparing arylboron analogs (Figure 10). Arylboron reagents

 

R, n3 ,2 “2M 7

(a) )=< + H-B\ = R‘)\l'/"B\z

R2 R4 2
R‘R3

 

[or] Mg B(OR)a

QH—Qa—Qm 0m»—MgCl(OR)

Figure 10: Traditional synthesis of (a) alkyl and (b) aryl boron compounds



usually require a multi-step synthesis (Figure 10). In 1997, Hartwig" reported that

transition-metal—boryl complex (M = Fe, Ru, W) produce terminal organoboranes when

reacted with alkanes under photochemical followed by thermal reaction conditions.

From their mechanistic analysis, they believe ligand dissociation is induced

photochemically and that thermal reaction of the resulting intermediate occurs with

alkanes. Later on, they developed a photochemical rhenium—catalyzed version of

synthesizing terminal organoboranes from alkanes and BzPin2 (Figure 11).'5

 

 

‘M\-B: hv = N\/BCat I + HBCat

\: o M

0° 00 M = Fe 23 as «40%

M = Flu 40% trace

0 O 2.4 mol % [Cp‘Re(CO)3]

/\/\ + ‘3_3’ > MBPM

I \ hv. CO. 25 °C. 56 h

0 0

Wine (65%)

Figure 11: Regioselective borylation of saturated hydrocarbon

However, thermochemical and computational data establishes that the reaction of

an alkane with HBCat to give an alkyl—boron compound is essentially thermoneutral,”

which indicates that photolysis should not be necessary with a more appropriate catalyst

(Figure 12).

 

CH4 + HBCat CHsBCat + H2 ; AH0=+1.1kcal/mol

 

Figure 12: Enthalpy of formation of organoborane compounds



 

HBPi - H-e’o
20 mol% Cp'(PMea)lr(E)(H) " ' \0

CeHs + HBPin = CoHsBPin + H2

150°C. 60h

E = H. CoHs, 8P1"

Figure 13: Ir-catalyzed C-H activation/borylation

Thermal Ir—catalyzed borylation was first reported by our group in 1999 (Figure

13).17 In reaction of Cp*(PMe3)Ir(H)(Ph) and pinacolborane, substantial amounts of aryl

boranes were produced. The major metal containing product in this reaction,

 

 

20 mol% Cp'(PMe3)lr(BPin)(H)

91 %- - 150 03:1; -h1 as - o 12 ' Pi"8\_
CH3 ( lp-m.08 . . . . . ) \ / CH3

2 mol% Cp'Rh(n‘-C6Me.)

HBPin, 150 00, 35 h '<1 % of the isomeric mixture is CgHg CH28Pin

(72%; p: m: a: 1.00 : 1.93 :0.15)°

” 3% ot the isomeric mixture is CoHBCHzBPin

 

 

20 mol% Cp'(PMe3)lr(BPin)(H)

150 °c 151 h .
' PtnB —-

“ (6° °’°’° I /
2 mol% Cp'Rh(n‘-C°Mee)

HBPin. 150 °c, 4 h c 3 % oi the isolated product is m-C.H,(Me)Ci-izePin

(73 96)“

d 12 % of the isolated product is WCQH‘(M9)CH28PIU

20 mol% Cp'(PMea)lr(BPin)(H)

> F FF F

150 °C. 18 h

F H (81 %)' F BPin

2 mol% Cp-nh(n‘-C.Me,)

F F : F F

HBPin. 150 °o. 0.5 h o 4 °/. 01 the isolated product is C5F4H(8Pin)

(41 %)

 

 

' 16 % oi the isolated product is coal-iiePin)

Figure 14: Steric directed regioselective borylation

Cp*(PMe3)Ir(I-I)(BPin) was a precatalyst for benzene borylation with relatively low

turnover number corresponding to three molecule of PhBPin per molecule of



Cp*(PMe3)Ir(I-I)(BPin). Shortly thereafter, Hartwig and co-workers described a Rh-

system capable of functionalizing alkane as well as benzene C—H bonds.'8 In the

following year, our group extended this chemistry to a wider range of aromatic

compounds to describe the functional group tolerance and regioselective activation.‘9 The

Ir system was more chemoselective, giving significantly less benzylic C-H and aryl C-F

derived products. In addition, regioselectivity of borylation was found to be sterically

controlled compared to traditional aromatic substitution where electronic effects

determine the regioselectivity (Figure 14).

Ir—catalyzed borylation is more sensitive to steric rather than electronic effects,

following a steric hierarchy where H < F < CN < Cl < Br ~ CH3. Thus selective

borylation adjacent to F or CN groups can be achieved in many cases (Figure 17) which

complements to electronic direction in EAS in presence of larger substituents.20

BPln

(Ind)lr(COD). dmpe,

Br_©_F HBPin. 150 0. 6h : Br‘Q—F 79%

1.5 mol % (OMe)lr(COD),

 

 

3 mol %dtbpy, BPln PlnB

HBPln or BzPlnz,

z—Q—CN "*5 25 C: 48 h : 2 CN + ’ 2 CN

2 = Br 95 : 5

Z = COzMe >99 : 1

Figure 15: Regioselective borylation of 1,4-substituted arenes

The turning point of our chemistry was to identify the active Ir species, one or

multiple, responsible for catalysis. In the year 2002, our group showed that addition of

10



phosphines or related donor ligands to Ir catalysts (Ind)lr(COD) or (17°—

mesitylene)Ir(BPin)3 gave much higher turnover numbers, making Ir catalyzed borylation

a potentially practical attractive method for arene functionalization. 2' A variety of arenes

have been converted to arylboronic esters when reacted with pinacolborane, where the

arene is the limiting reagent. This methodology has also been successfully applied to aryl

halides and heteroaromatic compounds.22 The reaction protocol consists of heating a H-

BPin/arene mixture with (Ind)lr(COD) [Ind = Indenyl, COD = Cyclooctadiene] and 1,2—

bis(dimethylphosphino)ethane (dmpe) at 150 °C or l,2—bis(diphenylphosphino)ethane at

100 °C until the borylation is complete by GC—FID.”‘33 In 2003, Hartwig, Miyaura,

lshiyama and co-workers reported very similar chemistry of an iridium(III) complex

generated from 1/2[Ir(OMe)(COD)]2 and 4,4’—di—tert—butyI—2,2’-bipyridine (dtbpY) as

the catalyst for a regioselective, stoichiometric and room temperature borylation reaction

of five—membered heteroarenes.24

The mechanism of these catalytic cycles would involve an oxidative addition to

and reductive elimination from 11"“ and/or Irm"I intermediates (Figure 16). However,

differences in stoichiometric reactivities of Ir(I) and Ir(III) boryl complexes and the

dependence of the reaction on the equivalents of phosphine added favors Ir"W

mechanism. Very recently our supposition was confirmed by Hartwig and coworkers by

mechanistic the studies of the functionalization of arenes with BzPin2 catalyzed by the

combination of dtbpy and olefin—ligated iridium halide or alkoxide complexes

[Ir(dtbpy)(COE)(BPin)3] (COE =cyclooctene).25 Kinetic studies show that this complex

enters into the catalytic cycle after reversible dissociation of COE to form a reactive

intermediate, [Ir(dtbpy)(BPin)3], which then cleaves the arene C—H bond.

11



[Ir(OMe)(COD)12. +1331, I'm, "m" v ?PM

I'

[erl(COD)]2, °I —->LL LL7IIl—an 50-6000mm eylfg—Bsh

L L

If ’K A?an %
(COD) H—H L_.,/BP'" H—BPin

‘39111
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Figure 16: Catalytic cycle of Ir-catalyst

The advantages of this method are preparation of highly versatile arylboronic

esters with unique regioselectivity of borylation in one operational step from

commercially available arenes, good functional group tolerance (halogen, ether, ester,

amide). The inert byproducts of the reaction allow subsequent transformations to be

 
 

Mil-R AM-Blomz Aryl—OH

R:3W. W.“

Figure 17: Possible synthetic transformations from arylboranes

carried out without separation or purification of the arylboronic ester. Thus, C-C and C—

0 bonds can be generated from C-H bonds (Figure 17).26

 

 

2.0 eq. HBPin

2 moles (Ind)lr(COD) oxone®, acetone

”U” 2 mol% drnpe. 150 °c. 3.5 h; A RUG. “I 25 .c 7 min A ”g“

BPh OH

4 (83 %)

Figure 18: A convenient route to 3—bromo—5-chloro phenol
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A particularly interesting example is the one-pot preparation of aforementioned

3—bromo—5—chlorophenol from 3—chloro bromobenzene, an important substrate (Figure

18) because it is a meta-substituted phenol bearing ortho/para directing groups.23 The

regioselectivity of the borylation is the key as the intermediate boronate ester (4) provides

direct access to the phenol. Thus, utilizing the unique regioselectivity of borylation and

subsequent oxidation, the phenol that was previously prepared in ten steps from TNT is

accessible in two steps from the parent hydrocarbon. Similarly, one pot borylation/

 
 

 

 

1.63qulvHBPin 1mm3mmimntplm

1.5 mom (mom) coo}: 1.1 equiv acetamide, 1.4 equiv 03200,.

8, CF 3.0 «tons dtbpy. neat. n Br CF, 0.33 M in dioxane. so c. 3.511 (73%) M CF;

U ..... ... .. .. a... U

BPin BPin

2.091111111113931 1mm.3monst>'8u,

2.0 mom (Ind)lr(COD) 13 equiv Funny. 1.4 equiv «$0..

Cl Me 2'0 mm d"'°° - C' W DME. 100 '6. 1911 (75%) ‘ Phi-N Me

U “0.0.... Q ~

BPin BPin

Figure 19: Several transformations of boronic esters

amidation27 and one pot borylation/ arnination2lll have also been established.

The arylboronic ester has become a potential tool for making aromatic building

blocks and our chemistry has been shown to be relatively less complex and a time saving

way to make synthetically useful building blocks (Figure 8) such as aryl amines, phenol,

21.23.2627

biaryls.

13



CHAPTER 2

RESULTS AND DISCUSSION

Ir—catalyzed regioselective borylation of 2—substituted indoles.

Indoles are pervasive heterocycles with important biological functions. The

synthesis of substituted indoles can be classified into two traditional methods: first, direct

functionalization of indole moiety and second, construction of indole ring from other

substrate. Examples of the former are electrophilic addition and metallation.728 A classic

example of the latter method is the Fischer indole synthesis.” While these methods are

still useful, recent metal mediated C—H functionalization of indoles are particularly

I4



attractive in the sense that they allow subsequent modification on indole framework and

this elaboration does not require protection of the indole N—H bonds.30

   
THC-95H H'R" H'"

A OH HMeH

OH HH Me

 

Figure 20: Natural products containing 7—substituted indole substructures
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Of all the positions of the indole substructure, the 7-position is one of the most

difficult to functionalize selectively. In addition, several intriguing natural products are

known having substitution at 7—position, such as asperazine,3m chloropeptin I,”

diazonamide,3lc dragmacidins31d and TMC—95A and B (Figure 20)?"

There is only one example of functionalization exclusively at 7-position of indole

itself. Chloroperoxidase, a bacterium from marine organism Pseudomonas pyrrocinia,

produces 7—chloroindole with other isomers (Figure 21).32

H C‘ H
I I

N NChloroperoxidase

me

(EU ”I 2, /

Figure 21: Enzymatic chlorination at the 7-position of indole

 

For substituted N—unprotected indoles, functionalization exclusively at 7—position

are rare. For example, bromination at the 7—position of indole substrate containing an -

OH group at the 4—position shows poor selectivity, whereas protecting the —OH group

with a benzyl group produced good selectivity.” The regioselectivity in this example

H H

N’ CsHsN Her tar2 N’

CHCla, THF

/ /

CH CHO

 

0
:
2
:
E
z
'
r
:

5

84%

 

H 3' H

,1 CsHsN, Her. Br2 N’

CHCla. E120 ‘

/ 82% 7 /

P1111200 CHO Waco CHO

Figure 22: Functionalization at the 7—position of indoles driven by EAS
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follows the rules of EAS, where the ortho/para directing group at 4—position directs the

substitution at 7—position, which draws a limitation towards the variety and position of

substituents on phenyl ring of the starting material (Figure 22).

An attempted acylation of indole substrate34 (Figure 23) utilizing N, N—

dimethylacetarnide and phosphoryl chloride gave the 7—acetylindole in 65% yield along

with its regioisomer 2-acetylindole in 20% and the 2,7—diacetylindole in 8% yield.

0

i‘ i” 1“
M80 N POC|3 MOO N Md) N O

AcNMez +

/ ___. / /

OMe P“ OMe P" 0M9 P"

65% 20%

O

3‘
M00 N o

+

/

OMe P"

8%

Figure 23: Functionalization at the 7—position of indoles driven by EAS

Another example of preparing 7-substituted indole is methylation of 4-nitro

indole, which leads to the unselective formation of 7-methyl indole, with the 5-

regioisomer being the major product (Figure 24).”

3
CH

,H 1.CH,MgCI 3* ,H

N THF. -25 ’0 N N
2. ON: .C

(42%) H3C

N02 N02

: 5

 

N02

2

Figure 24: Methylation of 4-nitro indole
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Outside enzymatic halogenations, there is only one report of an unprotected

indole whose six-member ring is unfunctionalized, is derivatized at the 7—position. 2—

methyl indole has been converted to 7—ethyl-2—methyl indole in the presence of

aluminum anilide (Figure 25). The reaction needed high temperatures, 300 °C.36

1," Aluminium anilide 61 [H

N 256.1300 °C N -
/ CH3 e / CH3 (87% Yield)

Figure 25: Synthesis of 7—ethyI-2—methyl indole

 

The only approach to 7—functionalization of indoles at the 7—position with any

generality is that developed by Snieckus and coworkers.7 His approach requires N—

protection with a Directed Metallation Group (DMG) and is outlined in Figure 26.

Specifically, in this method the N—H is protected as the t-butyl phosphinoyl derivative.

The phosphinoyl group directs n-BuLi for deprotonation at the 7—position, the metallated

row-Bu» mete/ms 5 Form» 6 View

N “10°“ 2" N Me38iCl 72%

/ / Mel 93%

2. E+

Figure 26: Synthesis 7-substituted indole via DMG

 

ll

intermediate is then quenched with an electrophile affording the N—protected 7—

substituted indole. A significant drawback of this approach is that the protecting group

can only be cleaved with LiAlH4 in refluxing toluene.

On the other hand, when the N—amide protected indole was subjected to a

sequential one pot C—2 metallation, silylation, C—7 metallation and electrophilic quench,

'18



the 7—substituted—2—silylated—N—protected indole was obtained (Figure 27). Subsequent

N—CONEt2 (and simultaneous 2—TMS) cleavage was carried out to provide the I

corresponding 7—substituted indole.

E

 

PONE'2 1. r- BuU ITMSCll-78 °c power,

N 2.s-aut.i/meoA/-7a°c N

/ 3, E. I / "“5

(313—8236)

1. 25%KOH. EtOH

mflu

E cone x E HI '2 2. Korea. THF I
N 3. TBAF, THFthen N

KOBU. THF

/ TMS : /

Figure 27: General approach of synthesizing 7-substituted indole

 

Clearly, methods for functionalizing indoles at 7—position that obviate the N—

protection would reduce the number of steps. Rainier” has claimed a Rh—catalyzed C—H

insertion method to functionalize at the 7-position of N—unprotected indole. Exposure of

 

51020 We

H H
EtO com

11' 2011’ N’

/ "2 > /

haiomh

SE: ”3522)? SEt

Figure 28: Rh-catalyzed synthesis of 7—substituted indole

the thioether to diazoketoester and Rh2(OAc)4 resulted in a low yield of the 7—substituted

indole (Figure 28), though the spectroscopic analysis to prove the regiochemistry of the

compound is not quite satisfactory and is inconsistent with the assigned regiochemistry.
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Hetero aromatic boronic acids and esters are useful intermediates for the synthesis

of natural products, medicinal compounds and functional materials. Previously, our group

and the Hartwig—Miyaura group have reported monoborylation of heteroaryl substrates

such as pyrroles, furans, thiophenes, indolesm‘ In the course of exploring the scope of

borylations for heterocycles, we noted small quantities of diborylated products (Figure

29) formed when indole borylation was carried out with slight excess of HBPin. A series

of NMR experiments (HMQC, HMBC) conclusively identified the 7—position as the site

of the second borylation (see chapter 3 for details). The general protocol for these

reaction is addition of HBPin (2.0 equiv) with 3 mol % of the Ir—catalyst and ligand in n—

BPin

H 3 eq HBPin. 2 "101% H
I I

lnd)l COD ,2mol% drn N .

E I") I II 150)°C.1h pa ©1273»: "um”

‘Hz

U

H 3H" H
, 2.2 sq HBPin, 1 mol% ,

| Ohio COD . 2 ”101% dtbpy N

/ /
-112

Figure 29: Diborylation of indole

ll

hexane to indole.38 Then the solution is heated at 60 °C for 4 h under a nitrogen

atmosphere (open to nitrogen flow).

By changing both the precatalyst from (Ind)lr(COD) to [Ir(OMe)(COD)]2 and the

co-Iigand from dmpe to dtbpy while lowering the temperature from 150 °C to 60 °C, the

yield has been found to increase from 70% to 90%. For the high temperature catalyst-

system, (Ind)lr(COD)/dmpe, the reduced yield was due in part to produCtion of
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Table: 1

 

 

Entry lndole Product %Yield
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significant amounts of triborylated indole. With [Ir(OMe)(COD)]2 triborylation was

‘
1

\
2
‘
1

8
\
Z

I”
F

nominal and 90% of the diborylated product could be isolated.39
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To explore the scope of the reaction, borylation was carried out with several 2—

substituted indoles using a range of conditions. Most of the indole reagents are sparingly

soluble in nonpolar solvents like n—hexane. Initially THF was used to dissolve the indole

starting materials, but solvents containing donor atoms have been found to slow down the

reaction for some of the indole substrates. This problem was solved by pregenerating the

catalyst in n—hexane and adding this solution to a flask containing the indole substrate.

The partial solubility of the indole substrates in n—hexane was sufficient enough for the

starting material to be completely consumed. For example, borylation of ethyl 5—chloro-

7-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)-indole-2—carboxylate in a mixture of n—hexane /

THF (3:1) gave a 67% yield of the product after heating at 60 °C for 4.5 h. On the other

hand, in the absence of THF the reaction was complete in 6 h yielding 83% of the product

(Table 1; entry 5).

Borylation of 5-methoxy-2-methylindole, when subjected to react with HBPin,

[Ir(OMe)(COD)]2 and dtbpy in a sealed air-free flask, gave 45% of the isolated borylated

product and substantial amounts of the indole starting material, even though the GC-FID

showed complete conversion of the starting material. In order to address this problem, the

reaction was run in sealed NMR tube and monitored by ”B NMR. In addition to the

product peak at 632 ppm, 3 major resonance at 625 ppm was seen. This was assigned to

the N-borylated product. The lower isolated yield of this reaction is assumed to be due to

result of N-borylation, which hydrolyzes on work up to yield the starting indole. Inside a

closed air—free flasks, we can assume that the byproduct of the reaction, the reactive

hydrogen gas, can interfere in the actual catalytic cycle by generating equilibrium to form
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Figure 30: Possible mechanism of N—borylation

a metallic hydride species which leads to the formation of N—borylated product (Figure

30). If this hypothesis is correct, the formation of N-borylated species could be

minimized by running the reaction in an open system. Indeed, 2-methyI-5-methoxy-

7-(4,4,5,5-tetramethyl-l,3,2-dioxaboryl)- indole was obtained in 88% yield (Table 1;

entry 3), a substantial improvement, when the reaction was run under nitrogen in an open

system.

Borylation of ethyl-2-methylindole-3-carboxylate for the preparation of ethyl 7-

-(4,4,5,5-tetramethyl-l,3,2-dioxaboryI)-2—methylindole-3-carboxylate both (Ind)lr(COD)

and [Ir(OMe)(COD)]2 catalytic system, irrespective of closed or open system, with

HBPin gave poor yields (~32%). The major indole species under these conditions were

N—borylated products. The formation of competing N—borylated and C—borylated product

can be monitored by ”B NMR, when the reaction ran in an NMR tube under open

system, the peak at around 25 ppm in ”B NMR corresponds to N—B bond while peak at

around 30—32 ppm corresponds to C—B bond (Figure 31). When N—borylation becomes a

problem in an open system, changing HBPin to BzPin2 as boron reagent would be a
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Figure 31: B-ll NMR of N-borylation of ethyl 7-(4,4,5,5-tetramethyl-l,3,2-

 

 

dioxaboryl)«2-methylindole-3-carboxylate.

possible solution. Since the possible byproduct produced with BzPin2 is HBPin and hence

the formation III2 can be avoided (Figure 32). Using BzPin2 as boron reagent with

[Ir(OMe)(COD)]2 as catalyst, C—borylation was found to be major isomer, and the yield

was increased to 64% (Table 1; entry 7).

During the course of developing this chemistry, some indole substrates, appeared

to be less reactive under the conditions of Ir—catalyzed borylation. The synthesis of

7-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)-1,2,3,4—tetrahydrocyclopent[b]indole never

went to full completion. The conversion was practically stopped after 36 h with a starting
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Figure 32: Byproducts of borylation reaction
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When the reaction is incomplete, chromatography can be employed to separate

the unreacted starting material and product from the crude mixture. For 2-Methyl indole,

borylation with HBPin in presence of [Ir(OMe)(COD)]2 and dtbpy at 65 °C for 20 h gave

7-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)-2-methylindole in 66% yield after column

chromatography (hexane/ethyl acetate, 90: 10). However, when the reaction was carried

out at 60 °C for 4 h, under same catalytic loading, 78% of the product could be isolated

by eluting through a short plug of silica with CHZCI2 from the mixture of starting material

and product (Table 1; entry 1).

Crystallization of crude mixtures from n—hexane was found to be a convenient

way to separate and isolate the more polar borylated—product from the remaining starting

material. Passing the crude mixture through a short plug of silica with CHRCI2 prior to

crystallization is recommended in some cases. For example, direct crystallization from

the crude mixture afforded 63% product while short plug of silica/crystallization method

affords 88% of the pure product for 5-methoxy-7-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)-

2-methylindole (Table 1; entry 3).

Sequential borylations at positions flanking the indole N hint at its participation in

the reaction. Three possibilities that we envision are depicted in figure 33. In the first

pathway (eql, Figure 33), initial N—H scission afford an Ir—N intermediate. Subsequent Ir
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insertion into the C—H bond at the 7—position of indole would precede product formation.

In the second pathway (eq2, Figure 33) hydrogen bonding between the hydrogen on the

indole nitrogen and a pinacolate oxygen directs C—H insertion. In the third mechanism

(eq3, Figure 33) coordination of the indole N to Ir directs C-H insertion. An intriguing

alternative to this latter mechanism could be the coordination of the indole N to B in one
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Figure 33: Possible mechanisms of C-borylation

of the boryl ligands.

Catalytic borylation on N-d.—5—chloro—2—methylindole and HBPin showed no

deuterium incorporation after 50% conversion, as was evident in HBPin and H2 by 1H and

“B NMR. This eliminates the first mechanism (eq.1) of figure 32, since any N-D

activation should be traced out by formation of N-H or N-BPin.
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Figure 34: Regioselectivity of borylation of benzofuran and N-methyl indole

Diborylation of N-methyl indole, lacking the heteroatom attached proton, was

carried out to examine the importance of H-bonding in borylation.” Though initial

borylation at C2 predominated, 58 and 22% of the second borylation occurred at C6 and

C5, respectively (Figure 34). This outcome could be construed as support for H-bonding,

but a N-coordination could be sensitive to steric due to methylation. Benzofuran which is

an isosteric analog to indole absent the heteroatom—attached proton produces 2,7-

diborylated regioisomer as the major product (Figure 34).” This indicates that the

hydrogen bonding is not required for the observed regioselectivity and hence the

possibility of second mechanism (eq2) is not strong. Since, oxygen of benzofuran is less

basic than the nitrogen of indole, the regioselectivity for 7-borylation is decreased. As

chelate directing effect directs borylation at 2— and 7—position, the opposing steric effect

and EAS directs the second borylation at 6—position.

Kinetic experiments have been carried out with N—H and N— d.—indole. N—

deuterated indole afforded 2—borylated product with retention of isotopic label as judged

by IH and ”B NMR. This weakens the possibility of N—H scission mechanism (eql,

Figure 33). Under pseudo first-order conditions at 25 °C, kH/kD was found to be 0.62

(Figure 35).40 Inverse isotope effect arise when vibrational zero—point energies in the

transition state or an intermediate that precedes the rate determining step are greater than

those for corresponding modes in the ground state.
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Figure 35: Kinetic experiment of indole

According to Streitwieser’s‘l model for a C—H bond attached to a carbonium ion,

the out of plane bending mode for sp3 and sp2 hybridized bonds differ by 540 cm".

Because the deuterium zero point energy is lower than those for hydrogen in a C—H bond,

deuterium will result in a faster rate when the frequencies for the sites of isotopic

substitution increase in the transition state relative to the ground state. Thus, an sp2 to sp3

hybridization leads to the inverse isotope effect when the or—positions are deuterated. A

similar situation can be assumed for our system [as depicted in Figure 36.“2 From the

measured value for out of plane bending for indole43 and the ~700 cm" increase in the

low frequency mode in amines on protonation,42 we can calculate kH/kD ~ 0.65, which is
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very close to the value we measured. An inverse isotope effect is consistent with the third

mechanism (eq3, Figure 33) where N—coordination is accompanied by rehybridization

from sp2 to sp’.

  
  

-H M~4Mcm4 
Reaction Coordnete '

Figure 36: Inverse isotope effect for borylation at 2—position of indole

This reflects that the mechanism of borylation reaction is quite different than the

arylation at 2-position of indole as described by Sarnes and coworkers,“ which follows

an electrophilic palladation pathway. They measured the kinetic isotope effects for C—

arylation of 2-deutero-1-methylindole and of 3-deutero-l-methylindole. A surprisingly

large kH/kD value, 1.6 for the 3-positon where the substitution does not occur while a

smaller kH/kD value 1.2 for the 2-position was observed. These suggest that the reaction

follows an electrophilic palladation of indole, accompanied by a 1.2-migration of

intermediate palladium species.

We measured kinetic isotope effects for borylation of 2 and 3—deuterated indoles.

For borylation at 2—position, the corresponding kH/kD were found to be ~2.09 and ~0.98

respectively. This result indicates that C—H bond at 3—position has no involvement in the

course of the reaction and C-H bond activation could be the rate-determining step, hence

a chelate directing mechanism is quite possible. Similar chelate directing effect can also
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be addressed in case of other heterocycles, where borylation occurs adjacent to the

heteroatom (Figure 37).“4

E E1

w. Borylation Ell: / <— Borylation

ForE=NH,O.S ForE‘=NH.O

E2=CH, N

Figure 37 : Chelate directing effect for other heterocycles

A recent study raises doubts that products in Table 1 might perform poorly in

Suzuki-Miyaura cross-coupling reaction,45 Thus, one pot borylation/Suzuki—Miyaura

cross—coupling transformation was attempted with S-bromo—m—xylene. The crude

1. 1.5 equiv HBPin. 1.5 mol %

[Ir(OMe)(COD)]z. 3 mol °/e

dtbpy. n—hexane, 60 °C, 4h

2. Remove volatiles in vacuo \ /

 

N 3. 1.5 equiv 3—bromo pyridine N\

\ ‘H 1 mol % Pd(PPh3)4, 1.5 \ H

equiv K3PO4-nHzo. DME,

0'13 80 °C, 211 CH3

CI 1. 1.5 equiv HBPin, 1.5 mol %

[Ir(OMe)(COD)]z, 3 mol %

Cl

dtbpy. n—hexane, RT, 20h

2. Remove volatiles in vacuo

4 76% Yield7

N‘ 3. 1.5 equiv m-iodo-toluene N‘ CH

\ H 0.03 moi % PdCl2(dppi)-CH2C12, \ H 3

1.5 equiv K3PO4-nl-Izo, DME,

CH3 100 °C, 2h CH3

Figure 38: One pot borylation/Suzuki-Miyaura cross-coupling reaction

 

product from Ir—catalyzed borylation was subjected to Pd—catalyzed coupling reaction

with an aryl iodide. The arylated products were isolated in high yields (Figure 38),

bolstering the synthetic prospects of the borylated products.
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CONCLUSIONS

Indoles are important heterocycles with biological functions. Functionalization on

indole moiety occurs at 3—position when subjected to electrophilic aromatic substitution.

Out of all different position on indole substructure, functionalization at 7—position

perhaps is perhaps most challenging. Ir—catalyzed borylation appears to be the first

general approach to functionalizing unprotected 2—substituted indoles directly at 7—

position. The reaction shows high level of regioselectivity (Figure 39), which we attribute

BPin

H

N

/ BPin

>99% isomeric purity

Figure 39: High level of regioisomeric purity of diborylated indole

to a chelate directed mechanism associated with the coordination of N with either Ir or B

in the C-H cleaving step. Future work is planned to validate this mechanism.
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CHAPTER 3

EXPERIMENTAL METHODS

General Methods:

Pinacolborane (HBPin) was generously supplied by BASF and BzPin2 by Frontier

Scientific. Bis(n‘-1,5-cyclooctadiene)-di-;t-methoxy-diiridium(I) [Ir(OMe)(COD)]2 was

prepared per literature procedure.“ 4,4'-Di-t-butyl-2,2'—bipyridine (d’bpy) was purchased

from Aldrich. Ethyl indole-2-carboxylate, 1,2,3,4-tetrahydrocyclopent[b]indole,

2-methylindole, 5-chloro-2-methylindole, ethyl 2-methylindole-3-carboxylate,

5-methoxy-2-mcthylindole, ethyl 5-methoxyindoIe-2-carboxylate were purchased from

Aldrich. Ethyl 5-chloroindole-2-carboxylate was purchased from Lancaster.

3-Deutero-indole and 2—deutero-indole were prepared per literature procedure.47 All

substrates were purified before use. Solid substrates were sublimed under vacuum.

Pinacolborane (HBPin) was distilled before use. n-Hexane was refluxed over sodium,

distilled, and degassed. Tetrahydrofuran was distilled and then passed through a dry still

packed with activated alumina and degassed before use. Silica gel was purchased from

EMD" (230-400 Mesh).

Unless otherwise specified, all reactions were carried out at 60 °C in air free flasks

under a nitrogen atmosphere. All reactions were monitored by a Varian CP-3800 GC-FID

(column type: WCOT Fused silica 30m x 0.25mm ID coating CP-SIL 8 CB). GC-FID
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method: 70 °C, 2 min.; 20 °C/min, 9 min.; 250 °C, 20 min.; All reported yields are for

isolated materials.

1H and '3C NMR spectra were recorded on Varian [nova-300 (300.11 and 75.47

MHz respectively), Varian VXR-SOO or Varian Unity-SOO-Plus (499.74 and 125.67 MHz

respectively) spectrometer and chemical shifts are referenced to residual solvent signals.

l'B spectra were recorded on a Varian VXR-300 operating at 96.29 MHz and were

referenced to neat BF3-Et20 as the external standard. All coupling constants are apparent

J values measured at the indicated field strengths. All 2-dimensional experiments were

run using z-axis pulse field gradients. Elemental analyses were performed at Michigan

State University using a Perkin Elmer Series II 2400 CHNS/O Analyzer. GC-MS data

were obtained using a Varian Saturn 2200 GC/MS (column type: WCOT Fused silica

30m x 0.25mm ID coating CP-SIL 8 CB). Melting points were measured on a MEL-

TEMP° capillary melting apparatus and are uncorrected.

General Procedure

In a glove box, a Schlenk flask, equipped with a magnetic stirring bar, was

charged with [Ir(OMe)(COD)]2 (10.0 mg, 0.015 mol, 3 mol% Ir), excess HBPin

(typically, 1.5 to 2 equivalents of boron), and d’bpy (8.1 mg, 0.03mmol, 3 mol%). These

reagents were dissolved in 2 mL of n—hexane. The corresponding indole (1 mmol, 1

equivalent) was dissolved in 1 mL of THF and added to the n-hexane solution. The

mixture was stirred at 60 °C until the reaction was judged complete by GC-FID. At this

time, solvent was removed under reduced pressure, and the crude material was purified
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either by column chromatography or crystallization to furnish the desired borylated

product.

Experimental Details and Spectroscopic Data:

Diborylation of Indole.

+4
0,,0

B TIE

H067N O
82/

B
/\

Hu 4333 0

H6 Hi:

The general procedure was applied to indole (234 mg, 2 mol, 1 equiv) and

HBPin (638 "L, 563 mg, 4.4 mmol, 2.2 equiv) using 2 mol % [Ir] catalyst loading at 60

°C for 4 b. Upon cooling to room temperature and transferring to a vial, crystallization

took place. The supernatant liquid was removed via pipette and the remaining solid was

washed with hexanes (2 x 1 mL). The off-white solid diborylated product was dried

under high vacuum (372 mg). lH NMR spectrum of this solid product was clean. The

mother liquor and hexane washings were combined and the volatile materials were

removed under reduced pressure. The resulting mixture was eluted with CH2C12 through a

plug of silica gel to afford additional diborylated product (293 mg) as a white solid, mp

147-148 °C. Combined yield (665 mg, 90%). 1H, ”C NMR, gHMQC and gHMBC

spectroscopy were used to assign the diborylated product as 2,7-bis(4,4,5,5-tetramethyl-

1,3,2-dioxaboryI)-indole. 1H NMR (CDCI3, 500 MHz): 6 9.34 (br s, 1 H, H.). 7.76 (dt, J =
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7.9, 1.0 Hz, 1 H, H,), 7.68 (dd, J = 7.0, 1.2 Hz, 1H, H,), 7.10 (d, J = 2.1 Hz, 1 H, H,),

7.08 (dd, J = 7.9, 7.0 Hz, 1 H, Hd), 1.40 (br s, 12 H, CH3 of BPin), 1.37 (br s, 12 H, CH,

of BPin); ”C NMR {'H} (CDCI3, 125 MHz): 0 143.1 (C, C70), 131.3 (CH, C6), 127.3 (C,

C3a), 125.1 (CH, C4), 119.3 (CH, C5), 113.8 (CH, C3), 84.0 (2 C), 83.8 (2 C), 25.0 (4

CH3 of BPin), 24.8 (4 CH3 of BPin); “B NMR (CDCl,, 96 MHz): 6 30.1; FT-IR (neat):

3455, 2978, 1593, 1543, 1371, 1327, 1302, 1262, 1143, 1130, 970, 854, 819, 756, 700,

679 cm"; GC-MS m/z (% relative intensity): M+ 369 (100), 312 (4), 285 (7), 269(4), 254

(2), 226 (2), 212 (4), 184 (3), 169 (3); Anal. Calcd for CmH29BzN04: C, 65.09; H, 7.92; N,

3.80. Found: C, 65.24; H, 8.05; N, 3.65.

lH, I3C NMR, gHMQC and gHMBC spectroscopy showed the single diborylated

product to be 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)-indole as follows. The 'H

NMR spectrum showed that proton Hd is ortho coupled to protons HC and 11,. This ruled

out the possibility of second borylation taking place on C5 or C6. Hence the second

borylation took place either at C4 or C7. gHMQC spectrum showed that proton H,

(which is coupled to NH proton H.) is attached to C3 at 113.8 ppm. C3 showed a three

bond cross peak to proton [-1c in the gHMBC spectrum. This could only be possible if

proton HC is attached to C4. This ruled out the possibility of second borylation taking

place at C4. In the '3C spectrum of starting indole (and mono borylated indole), carbon

C7 is present at 111 ppm. A sharp resonance for C7 was not seen in the 13C NMR

spectrum of the diborylated product due to broadening from and coupling with boron.

Instead quaternary carbon C7 was observed as a broad hump at 111 ppm in the 13C

spectrum of diborylated product. A three bond cross peak from C7 to proton H, in the

gHMBC spectrum was seen as expected for the C7 borylated isomer. Three cross peaks
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from quaternary carbon C8 to protons H,, H, and H, and one cross peak from quaternary

carbon C9 to proton Hd in the gHMBC spectrum were also consistent with the second

borylation taking place at C7.

Table 1, Entry 1: Borylation of 2—methylindole.

O, ,O

B 1'13

He 6 7 N 2

73/ M0

The general procedure was applied to 2-methylindole (262 mg, 2 mol, 1 equiv)

and HBPin (435 uL, 384 mg, 3 mmol, 1.5 equiv) at 60 °C for 4 h. Volatile materials were

removed under reduced pressure, and the crude mixture was eluted with CHZCI2 through

a plug of silica gel to afford the borylated product (201 mg, 78% yield) as a colorless oil.

'H and 13C NMR spectroscopy were used to assign the borylated product as 7-(4,4,5,5-

tetramethyl-1,3,2-dioxaboryl)-2-methylindole. 'H NMR (CDCI3, 300 MHz): 6 8.85 (br s,

1 H, 11,), 7.62 (d, J = 7.8 Hz, 1 H, [1,), 7.55 (dd, J = 7.2, 1.2 Hz, 1 H, H,), 7.06 (dd, J =

7.8, 7.2 Hz, 1 H, H,), 6.21-6.19 (m, l H, H,), 2.48 (d, J = 0.9 Hz, 3 H, CH3), 1.39 (br s,

12 H, CH3 of BPin); 13C NMR {'H} (CDCI3, 75 MHz): 0 141.3 (C), 134.9 (C), 128.0

(CH), 127.9 (C), 123.0 (CH), 118.9 (CH), 99.8 (CH), 83.6 (2C), 24.8 (4CH3 of BPin),

13.7 (CH3); ”B NMR (CDCl3, 96 MHz): 6 31.6; FT-IR (neat): 3451, 2978, 1604, 1560,
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1493, 1431, 1371, 1277, 1136, 974, 850, 802, 752, 679, 636 cm"; GC-MS m/z (% relative

intensity): M” 257 (100), 200 (24); Anal. Calcd for C,,HmBNOzz C, 70.06; H, 7.84; N,

5.45. Found: C, 69.68; H, 8.07; N, 5.28.

Table 1, Entry 2: Borylation of 5—chloro—2—methylindole.

The general procedure was applied to 5-chloro—2-methylindole (165 mg, 1

mol, 1 equivalent) and HBPin (218 11L, 192 mg, 1.5 mmol, 1.5 equiv) at room

temperature for 20 h. Solvent was removed under reduced pressure, and the crude

mixture was eluted with CHZCI2 through a plug of silica gel to afford the borylated

product (264.0 mg, 91%) as a white solid, mp 106-110 °C. 1H and 1'"C NMR spectroscopy

were used to assign the borylated product as 5-chloro-7-(4,4,5,5-tetramethyl-1,3,2-

dioxaboryl)-2-methylindole. lH NMR (CDC13, 500 MHz): 6 8.82 (br s, l H, H,), 7.55 (d,

J = 1.9 Hz, 1 H, Hdd), 7.49 (d, J = 1.9 Hz, 1 H, H“), 6.14 (m, 1 H, H,), 2.47 (d, J = 0.7

Hz, 3 H, CH3), 1.39 (br s, 12 H, CH3 of BPin); 13C NMR {‘H} (CDCl3, 75 MHz): 6 139.7

(C), 136.7 (C), 129.5 (C), 127.6 (CH), 125.0 (C), 122.3 (CH), 99.6 (CH), 84.2 (2C), 25.0

(4CH3 of BPin), 14.0 (CH3); ”B NMR (CDCI3, 96 MHz): 5 31.0; FT-IR (neat): 3443,

2978, 1558, 1464, 1427, 1387, 1130, 952, 881, 850, 758, 679, 640 cm"; GC-MS m/z (%
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relative intensity): M“ 291 (100), 234 (63), 191 (33); Anal. Calcd for C,,H.,BCIN02: C,

61.79; H, 6.57; N, 4.80. Found: C, 62.06; H, 6.89; N, 4.78.

Table 1, Entry 3: Borylation of S—methoxy-Z-methylindole.

+4
0, ,0
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M90 4 32 3

H, “b

The general procedure was applied to S-methoxy-Z-methylindole (161 mg, 1

mol, 1 equivalent) and HBPin (218 uL, 192 mg, 1.5 mmol, 1.5 equivalents) at 60 °C for

4 h. Volatile materials were removed under reduced pressure and the crude mixture was

eluted with CHZCI2 through a plug of silica gel to yield borylated product as a light

yellow solid (274 mg, 95%) containing 3% starting indole. Crystallization from hexanes

at -30 °C afforded the desired product (253 mg, 88% yield) as a white solid, mp 72-74

°C. 1H NMR (CDCI3, 500 MHz): 6 8.72 (br s, 1 H, H,), 7.21 (d, J = 2.4 Hz, 1 H, Had),

7.16 (d, J = 2.44, 1 H, H,,,,), 6.14 (m, 1 H, H,), 3.86 (s, 3 H, OCH3) 2.47 (d, J = 0.7 Hz, 3

H, CH3), 1.39 (br s, 12 H, CH3 of BPin); l3C NMR {'H} (CDCI3, 75 MHz): 0 153.6 (C),

136.8 (C), 135.9 (C), 128.8 (C), 115.8 (CH), 107.1 (CH), 99.4 (CH), 83.8 (2C), 56.2

(OCH3), 24.9 (4CH3 of BPin), 13.9 (CH3); ”B NMR (CDCI3, 96 MHz): 6 31.3; FT-IR

(neat): 3455, 2980, 1483, 1373, 1326, 1282, 1217, 1126, 1041, 852, 752 cm"; GC-MS
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m/z (% relative intensity): M+ 287 (100), 187 (42); Anal. Calcd for c,,H,,BNo,: C, 66.92;

H, 7.72; N, 4.88. Found: C, 66.68; H, 7.56; N, 4.86.

Table 1, Entry 4: Borylation of ethyl indole-2—carboxylate.

The general procedure was applied to ethyl indole-2-carboxylate (189 mg, 1

mol, 1 equiv) and HBPin (218 11L, 192 mg, 1.5 mmol, 1.5 equiv) at 60 °C for l h.

Volatile materials were removed under reduced pressure and the crude mixture was

eluted with CHZCI2 through a plug of silica gel to afford the pure product (274 mg, 87%

yield) as a white solid; mp 82-84 °C. lH NMR(CDC13, 500 MHz): 5 9.69 (br s, l H, 11.),

7.80-7.77 (m, l H, H,), 7.76 (dd, J = 7.0, 1.2 Hz, 1 H, H,), 7.20 (d, J = 2.2 Hz, 1 H, 11,),

7.19-7.14 (dd, J = 8.1, 7.1 Hz, 1 H, H,), 4.40 (q, J = 7.2 Hz, 2 H, CHzCH3), 1.41 (t, J =

7.2 Hz, 3 H, CHzCI-I3), 1.39 (br s, 12 H, CH3 of BPin); 13C NMR {lH} (CDCI3, 75 MHz):

6 162.0 (C=O), 141.6 (C), 132.7 (CH), 127.4 (C), 126.4 (C), 126.0 (CH), 120.3 (CH),

108.1 (CH), 84.0 (2C), 60.8 (CH2), 24.9 (4CH3 of BPin), 14.3 (CH3); ”B NMR (CDCI3,

96 MHz): 6 31.3; FT-IR (neat): 3449, 2982, 1711, 1593, 1535, 1421, 1371, 1290, 1232,

1132, 976, 850, 752, 677 cm"; GC-MS m/z (% relative intensity): M“ 315 (100), 258 (49),
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230 (14), 215 (17), 169 (23). Anal. Calcd for C,7H22BNO,; C, 64.78; H, 7.04; N, 4.44.

Found: C, 64.45; H, 7.20; N, 4.62.

Table 1, Entry 5: Borylation of ethyl S-chloroindole-Z-carboxylate.

+4
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H, “b

The general procedure was applied to ethyl 5-chloroindole-2-carboxylate (224

mg, 1 mmol, 1 equiv) and HBPin (290 uL, 256 mg, 2 mol, 2 equiv) at 60 °C for 6 h.

Volatile materials were removed under reduced pressure and the crude mixture was

eluted with CHZCI2 through a plug of silica gel to afford the pure product (290 mg, 83%

yield) as a white solid, mp 112-114 °C. 1H NMR (CDCI3, 500 MHz): 6 9.64 (s, 1 H, H,),

7.73 (dd, J = 2.1, 0.7 Hz, 1 H, H,) 7.69 (d, J = 2.1 Hz, 1 H, H,), 7.11 (d, J = 2.3 Hz, 1 H,

11,), 4.40 (q, J = 7.1 Hz, 2 H, CHZCH3), 1.41 (t, J = 7.1 Hz, 3 H, CHZCH3), 1.38 (s, 12 H,

CH3 of BPin); 13C NMR {’H} (CDCI3, 125 MHz): 6 161.6 (C=O), 139.7 (C), 132.5 (CH),

128.6 (C), 127.5 (C), 126.2 (C), 124.8 (CH), 107.3 (CH), 84.4 (2C), 61.0 (CH), 24.8

(4CH3 of BPin), 14.3 (CH3); “B NMR (CDCI3, 96 MHz): 6 30.9; FT-IR (neat): 3449,

1709, 1641, 1300, 1233, 1142, 851, 752, 713, 677 cm"; GC-MS m/z (% relative

intensity): M‘ 349 (100), 351 (32), 334 (14), 292 (63); Anal. Calcd for CnHZIBClNO, C,

58.4; H, 6.05; N, 4.01. Found: C, 58.15; H, 5.79; N, 4.33.
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Table 1, Entry 6: Borylation of ethyl S-methoxyindole-Z-carboxylate.

3 He

Has 7 N2

78/ COgEt

M00 4 3a 3

H, “b

The general procedure was applied to ethyl 5-methoxyindole-2-carboxylate (219

mg, 1 mol, 1 equiv) and HBPin (290 11L, 256 mg, 2 mmol, 2 equiv) at 60 °C for 3 h.

Volatile materials were removed under reduced pressure and the crude mixture was

eluted with CHZCl2 through a plug of silica gel to afford the pure product (282 mg, 82%

yield) as a white solid; mp 79 °C. 'H NMR (CDCl,, 500 MHz): 6 9.56 (br s, 1 H, H,),

7.44 (d, J = 2.4 Hz, 1 H, H,), 7.20 (dd, J = 2.4, 0.5 Hz, 1 H, H,), 7.11 (d, J = 2.3 Hz, 1 H,

H,), 4.40 (q, J = 7.2 Hz, 2 H, CHZCH3), 3.83 (s, 3 H, OCH3), 1.41 (t, J = 7.2 Hz, 3 H,

CHZCH3), 1.38 (br s, 12 H, CH3 of BPin); 13C NMR {'H} (CDC13, 125 MHz): 6 162.0

(C=O), 154.3 (C), 137.1 (C), 127.8 (C), 127.1 (C), 122.9 (CH), 107.5 (CH), 107.3 (CH),

84.1 (2C), 60.7 (CH2), 55.9 (OCH3), 24.9 (4CH3 of BPin), 14.3 (CH3); “B NMR (CDCI3,

96 MHz): 6 31.0; FT-IR (neat): 3453, 2978, 1705, 1597, 1533, 1446, 1421, 1230, 1213,

1140, 1039, 850, 752 cm"; GC-MS m/z (% relative intensity): M" 345 (100), 330(5), 299

(26), 245 (8), 213 (9), 199 (14); Anal. Calcd for ClsHuBNOS: C, 62.63; H, 7.01; N, 4.06.

Found: C, 62.69; H, 7.18; N, 4.20.
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Table 1, Entry 7: Borylation of ethyl 2—methylindole-3-carboxylate.

The general procedure was applied to ethyl 2-methylindole-3-carboxy1ate (203

mg, 1 mol, 1 equiv) and BzPin2 (254 mg, 1 mol, 1 equiv) at 60 °C for 18 h. Column

chromatography (hexanes/ethyl acetate 90:10) furnished the desired product (210 mg,

64% yield) as a white solid, mp 96-98 °C. 1H NMR (CDCl,, 500 MHz): 6 9.23 (br s, 1 H,

H,), 8.19 (m, 1 H, HM), 7.61 (dd, J = 7.1, 1.2 Hz, 1 H, H,,,), 7.20 (dd, J = 8.0, 7.1 Hz, 1

H, H,), 4.38 (q, .I = 7.2 Hz, 2 H, CHZCH3), 2.78 (s, 3 H, CH3), 1.43 (t, J = 7.2 Hz, 3 H,

CHzCI-I3), 1.39 (br s, 12 H, CH3 of BPin); l3C NMR {'H} (CDC13, 125 MHz): 6 166.1

(C=O), 143.8 (C), 139.8 (C), 129.4 (CH), 126.2 (C), 124.8 (CH), 121.2 (CH), 104.2 (C),

84.0 (2C), 59.3 (CH), 25.0 (4 CH3 of BPin), 14.6 (CH3), 14.3 (CH3); ”B NMR (CDC13,

96 MHz): 6 32.1; FT-IR (neat): 3429, 2978, 1689, 1591, 1549, 1495, 1373, 1278, 1132,

1093, 846, 804, 756, 680, 652 cm"; GC-MS m/z (% relative intensity): M” 329 (100), 314

(4), 300 (9), 284 (16), 272 (21), 184 (18); Anal. Calcd for C.,H2,,BNO,: C, 65.67; H, 7.35;

N, 4.25. Found: C, 65.47; H, 7.42; N, 4.58.
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Table 1, Entry 8: Borylation 0f l,2,3,4—tetrahydrocyclopent[b]indole.

 

The general procedure was applied to 1,2,3,4-tetrahydrocyclopent[b]indole (157

mg, 1 mmol, 1 equiv) and HBPin (290 11L, 256 mg, 2 mmol, 2 equiv) at 60 °C for 36 h.

Column chromatography (hexanes/ethyl acetate 90: 10) furnished the desired product

(127 mg, 45% yield) as a white solid, mp 135 °C. lH NMR (CDCI3, 500 MHz): 6 8.96 (s,

l H, H,), 7.58 (d, J = 7.7 Hz, 1 H, H,), 7.57 (d, J = 7.1 Hz, 1 H, H,), 7.1 (dd, J = 7.8, 7.2

Hz, 1 H, H,), 2.96-2.91 (m, 2 H, CH2), 2.87-2.83 (m, 2 H, CH2), 2.58-2.52 (m, 2 H, CH2),

1.41 (s, 12 H, CH3 of BPin); 13C NMR {'H} (CDCI3, 125 MHz): 6 146.3 (C), 143.7 (C),

127.5 (CH), 123.6 (C), 121.9 (CH), 119 (C), 118.8 (CH), 83.7 (2C), 28.7 (CH2), 26.0

(CH2), 24.9 (4CH3 of BPin), 24.4 (CH,); ”B NMR (CDCl,, 96 MHz): 6 31.3; FT-IR

(neat): 3453, 3018, 2982, 1414, 1265, 1215, 1136, 929, 848, 767, 669, 623, 509 cm";

GC-MS m/z (% relative intensity): M“ 283 (100), 226 (26), 183 (33); HRMS (E1): m/z

283.1743 [(M“); Calcd for CanNOZB: 283.1744].

One-pot borylation/Suzuki coupling of S—chloro—2—methylindole.

Cl Hd Hh CH3

H. O O H,

“0 \N.I:IO H'

CH3 a
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The general borylation procedure was applied to (165.21 mg, 1 mol, 1 equiv)

and HBPin (218 pL, 192 mg, 1.5 mmol, 1.5 equiv) at room temperature for 20 h. The

GC-FID showed 100% consumption of the starting indole. The reaction mixture was

pumped down under high vacuum for 1 h to remove the volatile materials. The Schlenk

flask was brought into the glove box, where

dichloro[1,1'-bis(diphenylphosphino)ferrocene]palladium (II) dichloromethane adduct

[PdClz(dpP0-CH2CIZ] (24.5 mg, 0.03 mol %), m-iodo toluene (192 pl, 327 mg, 1.5 mmol,

1.5 equiv) and DME (3 mL) were added. The Schlenk flask was then brought out of the

glove box and attached to a Schlenk line. K3PO, (319 mg, 1.5 equiv) and water (1 mL)

was added under N2 counter flow to the Schlenk flask. The flask was stoppered and the

mixture was heated at 100 °C for 2 h. The flask was cooled down to room temperature

and 5 mL of water were added to the reaction mixture. The reaction mixture was

extracted with ether (10 mL )1 3). The combined ether extractions were washed with brine

(10 mL), followed by water (10 mL), dried over MgSO, before being concentrated under

reduced pressure. Column chromatography (hexane/CH2C12 = 4 : 1) furnished the desired

product (195 mg, 76% yield) as a white solid, mp 84—86 °C. 'H NMR (CDCl,, 500

MHz): 6 8.04 (br s, 1 H, H_), 7.43 (d, J = 2.0 Hz, 1 H, H,,,), 7.38 (m, 3 H among H,, H,

H,, H,), 7.21—7.23 (m, l H, among 11,, H, , H8, H,), 7.07 (d, J = 2.0 Hz, 1 H, H,,,), 6.20

(dd, J = 2.2, 2.2 Hz, 1 H, H,), 2.44 (s, 3 H, CH, of toluene), 2.41 (d, J = 0.7 Hz, 3 H, CH,

of indole); 13C NMR {'H} (CDCI3, 125 MHz): 6 139.0 (C), 138.2 (C), 136.7 (C), 132.3

(C), 130.4 (C), 129.01 (CH), 128.9 (CH), 128.6 (CH), 126.0 (C), 125.6 (C), 125.1 (CH),

120.9 (CH), 118.1 (CH), 100.7 (CH), 21.5 (CH3). 13.8 (CH3); FT-IR (neat): 3439, 3030,



2920, 1604, 1579, 1560, 1489, 1488, 1389, 1323, 1290, 1080, 887, 853, 787, 708, 635,

607 cm"; GC-MS m/z (% relative intensity): M‘; HRMS (EI): m/z 255.0815 [(M“); Calcd

for C,,H.,Nc1 : 255.0815].

Kinetics Experiments:

Preparation of 2-deuterio indolez“7

A solution of l—phenylsulphonylindole ‘(10 g, 33.0 mmol) in dry THF (150 mL)

was cooled to —78 °C. To this solution n—butyl lithium (32 mL; 2.3 M in hexane) was

added dropwise with vigorous stirring under nitrogen atmosphere. The resulting orange

solution was allowed to warm to 20 °C and stirred for 2 h before cooling to —78 °C

(during which solid was separated out) and D20 (5 mL, 0.25 mol) was added. The

mixture was allowed to warm to 20 °C and 400 mL dry ether was added followed by

anhydrous K2C03. When the ethereal layer was clear the solid was filtered off and filtrate

was evaporated under reduced pressure to give, after two crystallization from ether, 1—

phenylsulphonyl-[Z—ZH] indole as crystals, (98%, mp. 81 °C).

A mixture of l—phenylsulphonyl-[Z—ZH] indole (5 g, 19.3 mmol) in 75 mL

methanol and 2M NaOH solution (20 mL) was heated to reflux under nitrogen

atmosphere for 2 h. The mixture was cooled and poured into 90 mL water and extracted

with ether, dried to give a solid. Recrystallization from ether—hexane (1:3) solution,

provided 95% of pure product (mp. 49 °C)
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Preparation of 3-deuterio indole:“7

A suspension of indole (1 g, 8.5 mmol) in 0.01 M DCl—DZO (10 mL) was stirred

for 4 h at 60 °C under nitrogen atmosphere. The mixture was cooled to 20 °C and indole

was recovered by extraction with ether. The solvent was evaporated under reduced

pressure. The residue was treated twice with fresh deuteriating solution. The mixture was

then stirred with 10 mL of water and 5 mL of ether at 20 °C for 2 h followed by

extraction from ether. Recrystallized from ether—hexane (1:2) solution to obtain the

desired product as plates (99%; mp. 48 °C).

General Procedure for Kineties Experiments:

Kinetic experiments with 2 & 3-d1-indole were carried out on NMR scale. The

data were processed by mass spectroscopy. lmL of 1 M stock solution of 1:1 mixture of

['H] and [2H]—indoles in C6D, was prepared and 100 uL of this stock solution (contains

0.1 mmol of substrates) was transferred into the NMR tube. Excess HBPin (5 eq, 78 11L)

and C6D, (482 11L) were added into the NMR tube. [Ir(OMe)(COD)]2 (100 mg, 0.15

mmol) and dtbpy (81mg, 0.3 mmol) was dissolved in mesitylene and volume was diluted

to 4 mL. 40 1.1L of this stock solution (containing 3 mol % [Ir—ligand], 1.0 mg, 0.0015

mmol of [Ir(OMe)(COD)]2 and 0.81 mg, 0.003 mmol of d'bpy in 40 uL of mesitylene)

was added into the NMR tube and the total volume becomes 700 11L. The reaction was

monitored by 'H NMR.
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2-d1-Indole: The kinetic isotope effect of [2—2H] indole was analyzed by GC-MS. GC-

MS were taken to determine the ratio of {‘H}-indole and [2—2H]-indole by the abundance

of their molecular ions.

From GC—MS of pure {'H}—indole, m/z 117: m/z 118 = 1: 0.10.

From GC-MS of pure [2—2H] indole, m/z 117: m/z 118 = 0.11: I.

Let nl be the mol fraction of {'H}—indole and n2 be the mol fraction of [2—2H] indole.

The m/z 117 peak is contributed by two means, (1) the M” peak for m/z 117 and of [‘H]—

indole (2) the [M—l]+ peak for m/z 118 of [2—2Hl—indole. Hence for [‘H]-indole, M” =

100 and for [2—2H] indole, [M—1]*= 11. The m/z 117 peak intensity, I“7 = nI + 0.11n2.

Similarly, m/z 118 peak intensity I”, = 0.1011l + n2. From initial GC—MS, ratio of I“7 to

I”, peaks in the mixture are 1: 0.95.

Hence, I,,,/ 1“,: [nI + 0.11riz]/[0.10nl + n,] = l/0.95 = 1.05

Putting the value ofn2 = (1 — 11,), we get, [n1 1» 0.11(1--n,)]/[0.10nl + (1-n,)] = 1.05

[0.89 nl + 0.11] / [1 — 0.90n,]=1.05

Or, 0.891:I + 1.05(0.90 n.) = 1.05 — 0.11. Therefore, nl = 0.51; n2: 0.49.

When 35% starting material was remaining (determined by NMR),

Im/ 11,, = [n,, + 0.11n2J/[0.10n,, + 1an = 0.56

Therefore, n“ = 0.32; 112,: 0.68.

Putting these values in the first order rate equation, k = - [In (AJA,)/t], we get,

kH/kD = In [([IH-indolem'H-indole],)](0.35)/ ln [([2H-indole]/[2H-indole],)](0.35)

[Where %indole remaining = 0.35]

kH/kD = 1n [(0.32)(0.35) / (0.51)] / In [(0.68)(0.35) / (0.51)] = 2.09.
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From repetition of this work, kH / kD value obtained is 1.98. The kH / k0 value is 2.03 :t:

0.5.

3-dl-Indole: The kinetic isotope effect of [3—2H] indole was analyzed by GC-MS. GC—

M8 were taken to determine the ratio of {‘H}—indole and [3—2H] —indole by the

abundance of their molecular ions.

From GC—MS of {‘H}—indole, m/z 117: m/z 118 = 100: 10.

From GC—MS of [3—2H] —indole, m/z 117: m/z 118 = 17: 100.

The peak intensities for m/z 117 (II '7) and m/z 118 (1“,) were calculated as before.

From the initial GC—MS, intensity ratio, 1“,: I”, was 1.18.

Hence, I,,,/ 1”,: [nI + 0.17n2]/[0.10 rtI + r12] = 1.18

Putting the value ofn2 =(1- til), we get, [0.83nI + 0.17]/[1— 0.90 n,]=1.18

Therefore, nl = 0.53; rt2 = 0.47.

When 67% starting material was remaining (determined by NMR),

1117/ 1“,: [ln,, + 0.17n,,]/[0.10n,,+ 1112,] = 1.15. Therefore, n“ = 0.52; 71,, = 0.48.

Putting these values in the first order rate equation, k = - [In (A,/A0)/t], we get,

kH/kD = ln [(['H-indole],/['H-indole],)](0.67)/ ln [([2H-indole]/[2H-indole]o)](0.67)

[Where %indole remaining = 0.67]

Or, kH/kD = In [(0.52)(0.67) / (0.53)] / ln [(0.48)(0.67) / (0.47)] = 0.98.

From repetition of this work, same kH / kD value, 0.98 was obtained.

General Procedure for NMR Tube Reaction—Kinetic Experiments for N—H/N-D.

Preparation of N-d,-indole:

Inside the glove box, 1 g of indole is weighed out in a test tube. 2 mL of dry THF

was added to dissolve and to transfer the starting material to an air-free flask (AFF)
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equipped with a magnetic stir bar. The AFF was stoppered and brought out of the glove

box and attached to a Schlenk line. 2 mL of D20 was added to the Schlenk flask under

nitrogen flow. The AFF was stoppered and heated at 70 °C for 1 h. All volatile materials

were removed under vacuo for 2 h. The AFF was again taken inside the glove box, and

additional 2 mL of THF were added and the rest of the procedure was repeated. The N-

dl-indole was transferred to a dry sublimator inside the glove box. The N-dpindole was

sublimed and collected (0.57 g, 57% yield) under nitrogen atmosphere.

Kinetic experiments with N-H and N-d,-indole were carried out on NMR scale.

General procedure was followed to make the stock solution of [Ir—ligand] in mesitylene.l

mL of 1 M stock solution of ['H] and [2H]-indoles in C6D, were prepared separately. In

the NMR tube first 100 pl of indole (either ['H] or [2H]) stock solution was added. Then

excess HBPin (5 eq, 78 uL) was added followed by 3.5 [LL of (Me3Si)ZO was added as an

internal standard. C6D, (478.5 11L) was added to bring volume of the reaction to 700 11L.

The NMR tube was then capped with a Suba-seal and wrapped with Para film tape. The

NMR tube was then brought outside of the glove box. The NMR sample was then locked

and shimmed properly and settings were made to run in an arrayed lH—NMR

experiment.‘0 40 [LL of [Ir-ligand] stock solution (containing 3 mol% [Ir—ligand] (1.0 mg,

0.0015 mmol of [Ir(OMe)(COD)]2 and 0.81 mg, 0.003 mmol of d’bpy in 40 [JL of

mesitylene) was taken in a syringe to bring it out of the glove box. The NMR tube was

then ejected from the NMR machine and the catalyst solution was added into tube

through the Suba-seal immediately. The tube was shaken and reinserted into the NMR

machine, locked and shimmed. The arrayed experiment was then run for 4 h. The integral

values of the starting material and product were plotted using Microsoft Excel (version
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office Mac 10.0) and 1" order rate equations were calculated. From the rate equation for

N-H & N-d,-indole kH / kD were calculated as 0.62, indicating an inverse isotope effect.
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SPECTROSCOPIC DATA

 

 
 

Figure 40: 1H spectrum of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)-indole
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Figure 41: 1"C spectrum of 2,7-bis(4,4,5,5-tetramethyl-l,3,2-dioxaboryl)-indole.
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Figure 42: gHMQC spectrum of 2,7-bis(4,4,5,5-tetramethyl-l,3,2-dioxaboryl)-indole.
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Figure 43: gHMBC spectrum of 2,7-bis(4,4,5,5-tetramethyl-l,3,2-dioxaboryl)-indole.
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Figure 44: 1H spectrum of 2-methyl-7-(4,4,5,5-tetramethyl-l,3,2-dioxaboryl)-indole.
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Figure 45: 13C spectrum of 2-methyl-7-(4,4,5,5-tetramethyl-l,3,2-dioxaboryl)-indole.
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Figure 46: 1H spectrum of S-chloro-Z-methyl-7-(4,4,5,5-tetramethyl-1,3,2-

dioxaboryl)-indole.
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Figure 47: 13C spectrum of 5-chloro-2-methyl-7-(4,4,5,5-tetramethyl-1,3,2-

dioxaboryl)-indole.
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Figure 48: 1H spectrum of 5-methoxy-2-methyl-7-(4,4,5,5-tetramethyl-1,3,2-

dioxaboryl)-indole.
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Figure 49: 13C spectrum of S-methoxy-Z-methyl-7-(4,4,5,5-tetramethyl-1,3,2-

dioxaboryl)-indole.
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Figure 50: 'H spectrum of ethyl 7-(4,4,5,5-tetramethyl-1,3,2odioxaboryI)-indole-2-

carboxylate.
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Figure 51: ‘3C spectrum of ethyl 7-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)-indole-2-

carboxylate.
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Figure 52: 'H spectrum of ethyl 5-chloro-7-(4,4,5,5-tetramethyl-1,3,2-

dioxaboryl)-iudole-2-carboxylate.
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Figure 53: 13C spectrum of ethyl 5-chloro-7-(4,4,5,5-tetramethyl-1,3,2-

dioxaboryl)-indole-2-carboxylate.
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Figure 54: 1H spectrum of ethyl 5-methoxy-7-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)

-indole-2-carboxylate.

65



 

     
180 160 1‘0 120 100 80 60 40 20

Figure 55: ”C spectrum of ethyl 5-methoxy-7-(4,4,5,S-tetramethyl-1,3,2-dioxaboryl)

-indole-2-carboxylate.
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Figure 56: ‘H spectrum of ethyl 2-methyl—7-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)

-indole-3-carboxylate.
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Figure 57: 13C spectrum of ethyl 2-methyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)

-indole-3-carboxylate.
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Figure 58:

tetrahydrocyclopent[b]indole.
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‘H spectrum of 7-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)~1,2,3,4-
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Figure 59: 13C spectrum of 7-(4,4,5,5-tetramethyl-l,3,2-dioxaboryl)-l,2,3,4-

tetrahydrocyclopent[b]indole.
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Figure 60: 'H spectrum of Suzuki product of 5—chloro-2—methylindole.
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Figure 61: 13C spectrum of Suzuki product of S-chloro-Z-methylindole.

72



10.

11.

12.

13.

14.

15.

16.

17.

BIBLIOGRAPHY

For reviews of hydrocarbon activation, please see: (a) Jones, W. D.; Feher, F. J.

Acc. Chem. Res. 1989, 22, 91. (b) Amdtsen, B. A. ; Bergman, R. G.; Mobley, T.

A.; Peterson, T. H. Acc. Chem. Res. 1995, 28, 154. (c) Crabtree, R. H. Chem. Rev.

1995, 95, 987. (d) Stahl, S. 8.; Labinger, J. A.; Bercaw, J. E. Angew. Chem. Int.

Ed. 1998, 37, 2180. (e) Crabtree, R. H. J. Chem. Soc. Dalton. Trans. 2001, 2437.

(f) Labinger, J. A.; Bercaw, J. E. Nature 2002, 417, 507.

Lipscomb, J. D. Annu. Rev. Microbiol. 1994, 48, 371.

(a) Faraday, M. Philos. Trans. Roy. Soc. (London) 1825, 115, 440. (b)

Mitscherlich, E. Justus Liebigs Ann. Chem. 1834, 12, 308.

Holleman, A. F. Chem. Rev. 1924, 1, 187.

Schopff, M. Ber 1890, 23, 3435.

Hodgson, 1-1. H.; Wignall, J. S. J. Chem. Soc. 1926, 2077.

Hortung, C. G.; Fecher, A.; Chapel], B.; Snieckus, V. Org. Lett. 2003, 5, 1899.

Ittel, S. D.; Tolman, C. A.; English, A.D.; Jesson, J. P. J. Am. Chem. Soc. 1976,

98, 6073.

Janowicz, A. H.; Bergman, R.G. J. Am. Chem. Soc. 1982, 104, 352.

Hoyano, J. K.; Graham, W. A. G. J. Am. Chem. Soc. 1982, 104, 3723.

Jones, W. D.; Kosar, W. P. J. Am. Chem. Soc. 1986, 108, 5640.

Ezbiansky, k.; Djurovich, P. 1.; LaForest, M.; Sinning, D. J.; Zayes, R.; Berry, D.

H. Organometallics 1998, 17, 1455.

Brown, H. C.; Rao, B. C. S. J. Org. Chem. 1957, 22, 1136.

Waltz, K. M.; Hartwig, J. F. Science 1997, 277, 211.

Chen, H.; Hartwig, J. F. Angew. Chem. Int. Ed. 1999, 38, 3391.

Rablen, P. R.; Hartwig, J. F. J. Am. Chem. Soc. 1996, 118, 4648.

Iverson, C. N.; Smith, M. R., 111 J. Am. Chem. Soc. 1999, 121, 7696.

73



18. Chen, H. Y.; Schlecht, S.; Semple, T. C.; Hartwig, J. F. Science 2000, 287, 1995.

19. Cho, J.-Y.; Iverson, C. N.; Smith, M. R., III J. Am. Chem. Soc. 2000, 122, 12888.

20. Chotana, G. A.; Rak, M. A.; Smith, M. R., III J. Am. Chem. Soc. 2005, 127,

10539.

21. (a) Holmes, D.; Chotana, G. A.; Maleczka, R. E., Jr.; Smith, M. R., HI Org. Lett.

2006, 8, 1407. (b) Cho, J.-Y.; Tse, M. K., Holmes, D.; Maleczka, R. E., Jr.;

Smith, M. R., III Science 2002, 295, 305.

22. Tse, M. K.; Cho, J.-Y.; Smith, M. R., III Org. Lett. 2001, 3, 2831.

23. Maleczka, R. E., Jr.; Shi, F.; Holmes, D.; Smith, M. R., 111 J. Am. Chem. Soc.

2003, 125, 7792.

24. Takagi, J.; Sato, K.; Hartwig, J. F.; lshiyama, T.; Miyaura, N. Tetrahedron. Lett.

2002, 43, 5649.

25. lshiyama, T.; Takagi, J.; Yonekawa, Y.; Hartwig, J. F.; Miyaura, N. Adv. Synth.

Catal. 2003, 345, 1103.

26. (a) Lam. P. Y. S.; Clark, C. G.; Saubem, S.; Adams, 1.; Winters, M. P.; Chan, D.

M. T.; Combs, A. Tet. Lett. 1998, 39, 2941. (b) Prieto, M.; Zurita, B.; Rosa, B.;

Munoz, L.; Lloyd-Williums, P.; Giralt, E. J. Org. Chem. 2004, 69, 6812. (c)

Szumigala, R. H. Jr.; Devine, P. N.; Gauthier, D. R. Jr.; Volante, R. P. J. Org.

Chem. 2005, 70, 5938. (d) Herradura, P. S.; Pendola, K. A.; Guy, R. K. Org. Lett.

2000, 2, 2019.

27. Shi, F.; Smith, M. R., 111.; Maleczka, R. E., Jr. Org. Lett. 2006, 8, 1411.

28. James, P. N.; Snyder, H. R. Org. Synth. 1959, 39, 30.

29. Joule, J. A.; Mills, K. Heterocyclic Chemistry, 2000 Oxford, UK: Blackwell

Science.

30. (a) Lane, B. S.; Brown, M. A.; Sames, D. J. Am. Chem. Soc. 2005, 127, 8050; (b)

Wang, X.; Lane, B. S.; Sames, D. J. Am. Chem. Soc. 2005, 127, 4996; (c) Sezen,

B.; Sames, D. J. Am. Chem. Soc. 2003, 125, 5274; (d) lshiyama, T.; Nobuta, Y.;

Hartwig, J. F.; Miyaura, N. Chem. Commun. 2003, 2924; (e) lshiyama, T.;

Takagi, J.; Hartwig, J. F.; Miyaura, N. Angew. Chem. Int. Ed. 2002, 41, 3056.

31. (a) Govek, S. P.; Overman, L. E. J. Am. Chem. Soc. 2001, 123, 9468; (b) Deng, H.

B.; Jung, 1. K.; Liu, T.; Kuntz, K. W.; Snapper, M. L.; Hoveyda, A. H. J. Am.

74



Chem. Soc. 2003, 125, 9032; (c) Nicolaou, K. C.; Chen, D. Y. K.; Huang, X. H.;

Ling, T. T.; Bella, M.; Snyder, S. A. J. Am. Chem. Soc. 2004, 126, 12888; (d)

Garg, N. K.; Sarpong, R.; Stoltz, B. M. J. Am. Chem. Soc. 2002, 124, 13179; (e)

Lin, S.; Yang, Z.-Q.; Kwok, B. H. B.; Koldobskiy, M.; Crews, C. M.;

Danishefsky, S. J. J. Am. Chem. Soc. 2004, 126, 6347.

32. Wiesner, W.; Pee, K.-H.; Lingens, F. FEBS Lett. 1986, 209, 321.

33. Yamada, F.; Tamura, M.; Hasegawa, A.; Somei, M. Chem. Pharm. Bull. 2002, 50,

92.

34. Black, D. S.; Kumar, N.; Mitchell, S. R. J. Org. Chem. 2002, 67, 2464.

35. Lu, H.; He, K.; Kool, E. T. Angew. Chem. Int. Ed. 2004, 43, 5834.

36. Stroh, R.; Hahn, W. Justus Liebigs Ann. Chem. 1959, 623, 176.

37. Kennedy, A. R.; Taday, M. H.; Rainier, J. D. Org. Lett. 2001, 3, 2407.

38. Boller, T. M.; Murphy, J. M.; Hapke, M.; lshiyama, T.; Miyaura, N.; Hartwig, J.

F. J. Am. Chem. Soc. 2005, 127, 14263.

39. From the results of Ghayoor A. Chotana.

40. Dr. Milton R. Smith performed the NMR analysis.

41. Streitwieser, A.; Jagow, R. H.; Fahey, R. C.; Suzuki, S. J. Am. Chem. Soc. 1958,

80, 2326.

42. Pretsch, B.; Buhlmann, P.; Affolter, C. Structure and Determination of Organic

Compounds; Springer: Berlin, 2000, 269.

43. Vondrak, T.; Sato, S.; Kimura, K. J. Phys. Chem. 1997, 101, 2384.

44. From the unpublished results of Venkata A. Kallepalli and Edith Onyeozili.

45. Prieto, M.; Zurita, B.; Rosa, B.; Munoz, L.; Lloyd-Williums, P.; Giralt, E. J. Org.

Chem. 2004, 69, 6812.

46. Uson, R.; Oro, L. A.; Cabeza, J. A. lnorg. Synth. 1985, 23, 126-130.

47.1ackson, A. H; Prasitpan, N.; Shannon, P. V. R.; Ibaceta-Lizana, J. S. L. J. Chem.

Soc. Perkin Trans 11 1987, 1221-1226.

75



M

11111111111  


