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Abstract

The development of methodologies for C-N bond formation reactions is an important
scientific challenge because of many academic and industrial applications. This work will focus
particularly on palladium-catalyzed cross-couplings of amine-containing compounds with aryl
halides.

The scope of the BrettPhos precatalyst for the cross-coupling of ortho-substituted aryl
iodides with amides is studied using substrates with a variety of functional groups. Due to
potential metal-chelating issues with some of the substrates used in this study, a proposed ligand
synthesis is discussed in which one of the methoxy groups of BrettPhos is replaced with a
morpholine capable of occupying palladium's open coordination site during its catalytic cycle.

A final C-N bond formation study focuses on the cross-coupling of aryl halides with
amidine salts. For this cross-coupling, a methodology has been developed that can be applied to
various electron-rich, electron-poor, and electron-neutral substrates. Furthermore, the products of
this cross-coupling can be used for a subsequent electrocyclization through a reaction with
aldehyde, demonstrating that a relatively simple two-pot methodology can be used to make
relatively complex substrates with pharmaceutical applications. Both amides and amidines are
common moieties in drug-like molecules because of the various biological activities of these
functional groups (1).

Potential medicinal applications of the developed cross-coupling of amidine salts with
aryl halides methodology are described (2). Thus, methodologies for various palladium-
catalyzed, C-N cross-couplings as well as a potential ligand synthesis to be used for palladium
catalysis are herein discussed.

Thesis Supervisor: Stephen L. Buchwald

Title: Camille Dreyfus Professor of Chemistry
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Chapter 1. Introduction

1.1 Background and Significance

1.1.1 Synthesis and Applications ofAmines

Carbon-nitrogen bond-forming reactions are among the most important and fundamental

genres of reactions in organic synthetic chemistry. Such reactions allow for the synthesis of a

tremendous variety of molecules with a diverse range of industrial applications. C-N bond-

forming reactions are important to the pharmaceutical industry as such bonds are ubiquitous

amongst biochemical substrates (1, 2). These bonds are also found in various other academic and

industrial applications such as natural product synthesis and agrochemicals. Because of the

various significant roles of the C-N bond, developing novel methodologies for forming this bond

with particularly challenging substrates is an important goal of organic chemistry. One of the

most powerful tools for forming C-N bonds comes in the form of the palladium-catalyzed direct

C-N coupling, which allows for the formation of many varied C-N bonds including bonds

involving aryl and heterocyclic compounds (3, 4).

Amines are commonly found in nature and serve a variety of biological functions.

Examples of naturally occurring amines include histamine, nicotine, and dopamine (1). These

compounds demonstrate how the C-N bond serves a wide array of biochemical functions.

Histamine serves as a vasodilator, while nicotine is a tobacco-derived addictive compound, and

dopamine is a neurotransmitter that has been linked to mood (1). Amines can be synthesized

through a variety of methods, including nucleophilic substitution, reduction of other nitrogen-

containing functional groups, reductive amination of aldehydes and ketones, and metal-catalyzed

C-N bond formation chemistry (1). Metal-catalyzed synthetic routes, often involving either

copper or palladium, have the advantage of being able to take relatively complex precursor

substrates and form otherwise hindered or challenging carbon-nitrogen bonds. In addition, metal-

8



catalyzed routes often demonstrate good functional group tolerance and a wider substrate scope,

allowing for a broad range of applications (5).

Amides and amidines are also common biologically active moieties, and thus bond-

forming reactions involving these substrates have an important relevance to the pharmaceutical

industry (2). For instance, the amide group can be found in fentanyl, a narcotic pain reliever, (1)

and the amidine group can be found in Quetiapine, an anti-psychotic drug (6). Probing ways of

making new and improved C-N bond formation reactions will allow for a broader scope of

pharmaceutically important syntheses (1). Palladium-catalyzed C-N bond formation reactions

tend to be attractive relative to copper-catalyzed reactions due to their broader reactivity and

functional group tolerance (3).

1.1.2 Importance of Biaryl Phosphine Ligands and Precatalysts
Although palladium-catalyzed direct C-N coupling is commonly used in industry and

academia for various synthetic routes, this reaction is limited by the activity of the palladium

catalyst that is used. Advances in biaryl phosphine ligands for palladium-catalyzed amination

have allowed for a broader scope of reactions using aryl halides and sulfonates. These biaryl

ligands include BrettPhos, XPhos, and RuPhos (7, 8). These bulky ligands prevent the formation

of dimer complexes in the palladium catalytic cycle, allowing for more efficient reactions.

Precatalysts developed using these ligands are air- and moisture-stable and are easily activated in

basic solution (9), making them attractive candidates for catalysis. Many industrially-relevant C-

N cross-coupling methodologies have been developed using these ligands and precatalysts (10).

1.2 Objectives
In order to study potential novel C-N bonding methodologies using palladium-catalyzed

cross-coupling, three separate but related projects were undertaken. The first involved cross-
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coupling ortho-substituted aryl iodides with amides using the BrettPhos precatalyst (11). This

project was aimed at gaining a thorough understanding of the scope of this reaction for these

substrates using this palladium-based catalyst. Drawing from observations in this first project, a

new ligand synthesis project was then undertaken. The proposed synthesis of the novel ligand to

be used for palladium-catalyzed direct C-N coupling was aimed at overcoming the apparent

phenomenon that certain functional groups on the electrophile were able to coordinate to the

open coordination site on palladium during its catalytic cycle, thus inhibiting transmetallation.

The final C-N bond formation project embarked on was focused on cross-coupling

various aryl halides with amidine salts. This last undertaking involved optimizing ligand, base,

electrophile, and nucleophile conditions for this reaction for aryl halides bearing electron-

donating, electron-neutral, and electron-withdrawing functional groups. Moreover, this project

sought to develop conditions for particularly challenging and particularly industrially useful

compounds such as sterically hindered substrates and heterocycles. Another facet of the project

involved a subsequent electrophilic cyclization that was achieved by reacting the products of

cross-coupling reactions with aldehydes in situ. Overall, all three projects sought to develop C-N

bond forming methodologies using the palladium-catalyzed direct C-N coupling. Furthermore,

all three projects have important applications in industry because many drug-like compounds

include C-N bonds, particularly in the form of aryl and heterocyclic moieties (12-16).

Consequently, establishing synthetic methodologies for these types of cross-coupling reactions is

a very important and industrially-relevant undertaking (2, 17, 18).
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Chapter 2. Cross-Coupling of Ortho-Substituted Aryl Iodides with Amides

2.1 Introduction

The specific aim of the study of the cross-coupling of ortho-substituted aryl iodides with

amides project was to determine whether certain biaryl phosphine ligand-containing palladium-

based catalysts could be used to catalyze the formation of aryl amides with hindered aryl iodides.

Aryl bromides and aryl chlorides have been shown to be effective coupling partners for

palladium-catalyzed cross-coupling reactions with amides, but until recently, aryl iodide has not

been a viable coupling reagent using palladium catalysis (8). Consequently, aryl iodide couplings

had typically required the use of a copper-based catalyst in a reaction known as the Ullmann

reaction. A general overview of this type of C-N cross-coupling is visualized in Figure 1.

HX 0 Cu or Pd N R2

H2N R2  O

X = Halide
Figure 1. General scheme for C-N cross-coupling via copper or palladium catalysis.

Recent research has shown that biaryl phosphine ligands, such as BrettPhos, Figure 2, are

effective in palladium-catalyzed aryl iodide amidations (5, 9).

OMe

MeO PCY2
i-Pr i-Pr / PdNH2

L 'CI
Palladium Precatalyst

-Pr L = BrettPhos
(2)

BrettPhos Ligand
(1)

Figure 2. BrettPhos ligand and palladium precatalyst.
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However, despite these developments, the amidation of ortho-substituted aryl iodides

remains a challenge. As such, this project aimed at investigating the scope of amidation reactions

of ortho-substituted aryl iodides using a Pd-based catalyst system, Figure 3.

R1 1-5%2 R H
I O . 9 S20 N R2

H2N R2 80-120'C, 24 h /

Figure 3. General conditions for cross-coupling reactions between ortho-substituted aryl iodides and amides.

2.2 Experimental Procedure

Base and solvent conditions for this general reaction had previously been optimized by

varying the temperature, reaction time, base, and phosphine ligand for the reaction of 2-

iodotoluene with benzamide. Reactions were typically conducted on a 0.5 mmol scale. The

experimental set-up required adding amide (1.4 equiv), BrettPhos precatalyst 1 (1-5 mol%), and

Cs 2CO 3 (1.4 equiv) to an oven-dried test tube equipped with a magnetic stir bar. The tube was

sealed with a Teflon, septum-lined screw cap and evacuated and backfilled with argon three

times. Aryl iodide (1.0 equiv) and tBuOH (1 M) were added to the reaction vessel in succession

via syringe. The reaction mixture was stirred at 11 0*C for up to 24 h. Upon reaction completion,

ethyl acetate and water were added to the cooled test tube, and the resulting mixture was

vigorously shaken. The organic layer was then purified via flash column chromatography using a

Biotage instrument. Characterization of products was performed via GC, NMR, and GC-MS.

2.3 Results

In order to test the scope of palladium-based catalysts such as BrettPhos, various cross-

coupling reactions were performed. First benzamide was coupled with various aryl iodides

yielding data on the relationship between electron-withdrawing versus electron-donating groups

and the importance of steric hindrance in this type of C-N reaction. Next a variety of ligands,
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solvents, and temperatures were assayed in an attempt to develop a set of conditions in which 2-

iodo-1,3-dimethybenzene could be cross-coupled to benzamide. Finally, aryl iodide substituents

that had been shown to successfully cross-couple with benzanide were paired with various other

amides. Additionally, 2-iodo-1,l'biphenyl was paired with acetamide in an attempt to form a C-

N bond with this relatively difficult iodide substrate. The results of these various cross-coupling

reactions are summarized in the figures that follow.

Arl + PhCONH 2  1-5% 2, 1.4 eq Cs2CO- ArN(H)COPh
1.OM t-BuOH, 80-120'C, 247h

A B C D
00 0 0

N Ph N Ph N Ph N Ph
H H H H

F Ph CF31 Oa(B%)b. 100%(67oc.) 50%(50%) <:25%(*d)

0 0 0

N Ph N Ph N Ph N PhH H H H
Cl E CN F NO2 G H

0 H
100%(**0-) 100%(40%) 25%(8%) <15%(**d-)

a. GC % conversion, b. Isolated yield by mass, c. Unintentional product loss during
workup, d. Too many side products to obtain isolated yield, e. Not isolated

Figure 4. Cross-coupling of various aryl iodides with benzamide.

As visualized in Figure 4, A, B, and F showed promising GC results, and product

formation was confirmed by either GC-MS or NMR. Reactions D and H both appeared to have

involved the formation of multiple side products as indicated by multiple unidentified GC peaks.

C and G both resulted in low yields under this set of conditions. E showed a promising GC

result, but GC-MS demonstrated the presence of remaining starting material. This product was
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not isolated. However, GC-MS indicated that E does result in the selective formation of the

desired product as opposed to the benzamide cross-coupling with the chlorine.

As shown in Figure 5, a precatalyst, solvent, and temperature screen failed to produce a

set of conditions resulting in a high yield of the desired 2,6-dimethylphenylbenzamide product of

cross-coupling 2-iodo-1,3-dimethyl benzene with benzamide. The best set of conditions (5%

BrettPhos precatalyst, toluene, 120*C) resulted in only a 25% GC conversion. This reaction is of

particular interest because the steric hindrance of the two ortho-methyl groups makes this cross-

coupling particularly challenging for palladium catalysis using an aryl iodide.

Me 1-5%2 Me H
Ii + 0 1.4 eq Cs 2 , N Ph

1.0MT Solvent |
Me H2N Ph 100-120'C, 24 h M

Precatalyst Solvent Temperature Conversion
3% BrettPhos t-BuOH 100'C 12%
3% XPhos t-BuOH 100'C 0%
3% SPhos t-BuOH 100'C 0%
5% BrettPhos t-BuOH 120'C 12%
5% BrettPhos toluene 120'C 25%
5% BrettPhos toluene 100'C 17%

Figure 5. Precatalyst, solvent, and temperature screen for cross-coupling of 2-iodo-1,3-dimethybenzene to
benzamide. The structures of SPhos and XPhos are shown below.

I I-
PCY2  PCY2

MeO OMe i-Pr i-Pr

i-Pr
SPhos XPhos

As demonstrated by the results of the C-N cross-coupling reactions in Figure 6, bulky

substituents on the aryl iodide, such as isopropyl and biphenyl, resulted in poor GC yields. By

contrast, the small methoxy ortho-substituted aryl iodide coupled well with both of the amides it

was paired with. However, the 1-iodo-2-isopropyl benzene had previously been shown to cross-

couple successfully with benzamide, so pure steric hindrance cannot be the only explanation for

14



1-iodo-2-isopropyl benzene's failure to couple with nicotinamide, which is similar in size to

benzamide. A possible explanation for this difference in reactivity could again relate to the

nitrogen on the nicotinamide coordinating to the open coordination site in the palladium, again

causing catalyst deactivation and thus preventing conversion.

ArIH + ArNH3  1-3% 2,1.4 eq Cs2CO3 : ArN(H)Art-BuOH, 110"C, 24 h

N N N
iPr HOMeH
0%a. 100%

0 0

N N N
OMe PhH

90% 0%

a. GC % conversions
Figure 6. Cross-coupling of assorted aryl iodides with various amides.

2.4 Discussion

The aryl iodide substrates that yielded successful product formation with benzamide

included an isopropyl group, a fluorine group, and a chloride group. By contrast, unreactive

substrates included a CF 3 group, an NO2 group, and an aldehyde group. Based purely on

electronic effects, the electron withdrawing-groups of the CF3, NO2, and aldehyde substrates

would be expected to facilitate the cross-coupling, leading to relatively high conversion.

However, little desired product and many side products were observed in GC's of these

attempted cross-couplings. It is theorized that these side groups could have been coordinating to

the palladium as depicted in Figure 7. This interaction would therefore interfere with the desired

product formation by potentially inhibiting the transmetallation step of the catalytic cycle.

Further study is needed to better understand this mechanism, but a potential means of

15



overcoming this difficulty would be by using the new ligand with a morpholine moiety capable

of occupying this open coordination site.

O H H
Pd(0)1 d

Figure 7. Possible metal chelation that would block palladium's amide-bonding site and allow for side
reactions.

Another important overall result of this research was that a number of the initially low

yielding reactions were re-optimized individually. Improvements in overall conversion were

observed under the following conditions: when catalyst loading was increased to 5%, when

temperature was lowered to 80*C or 100'C, when the amount of solvent was decreased, and

when solvent was changed from tBuOH to toluene. Overall this project yielded insight into the

scope of cross-coupling ortho-substituted aryl iodides with amides using the BrettPhos

precatalyst. The use of the BrettPhos precatalyst allows this reaction to work with a variety of

substrates, including those with electron-donating groups, electron-withdrawing groups, and

sterically-hindered groups. However, this catalyst system particularly tends to yield low

conversion for very hindered substrates, such as 2-iodobiphenyl and 2-iodo-1,3-dimethyl

benzene, and substrates that include functional groups capable of chelating to the palladium.
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Chapter 3. Proposed Synthesis of a Novel Ligand for Palladium-Catalyzed
Cross-Coupling Reactions

3.1 Introduction

The synthesis of novel ligands for palladium-catalyzed reactions is an important task of

organometallic chemistry. New ligands can allow for higher reactivity of substrates resulting in

higher yielding and more specific reactions (5, 8). Because palladium ligands are so important

for enabling both new and improved C-N bonding methodologies, a project aimed at producing a

novel ligand was undertaken. Observations from the cross-coupling of ortho-substituted aryl

iodides with amides project inspired this ligand synthesis endeavor. In the cross-coupling project

it was noted that aryl substrates with an aldehyde functional group showed poor conversion,

which is counterintuitive as electrophiles with electron-withdrawing groups are typically very

reactive substrates. It was thus theorized that the aldehyde group was coordinating to the open

coordination cite in palladium during its catalytic cycle. Palladium's catalytic cycle is visualized

in Figure 8.
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x
L-Pd-L : L-Pd-L

SAr-I
Ar-N L-Pd

Ar. R2 Ar -dI
Pd-N L-Pd I-Pd-

L RI
RR1

N-H

M-I Ar R1 R2
H-B M-B L-Pd-N-H

)=0
R2

Figure 8. Catalytic cycle of palladium.

Previous biaryl phosphine ligand designs have minimized the reversible dimerization of

palladium by using big, bulky ligands. However, palladium still has an open coordination site

during its catalytic cycle and this feature can inhibit reactivity of substrates as previously

described. In order to overcome this difficultly, a new ligand, depicted in Figure 9, was designed

in order to fill this open coordination site.

N)

MOO PCy 2
i-Pr i-Pr

i-Pr
Figure 9. Potential new ligand for palladium-catalyzed cross-coupling reactions.'

This ligand is very similar to BrettPhos except that one of the methoxy groups has been

replaced with a morpholine. The lone pair of electrons on the nitrogen of morpholine would thus

18
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be able to bind to the open coordination cite in the palladium during its catalytic cycle, allowing

substrates with functional groups such as aldehydes to potentially be more reactive in cross-

coupling reactions.

3.2 Experimental Procedure
The proposed synthetic route used to make the novel ligand mirrors that of BrettPhos.

The only difference between the synthesis of this new ligand and that of BrettPhos is the

replacement of one of the methoxy groups with morpholine in the synthesis.

BrOO
F H 0.1% RuPhos Precat 0) 0)N? NaOtBu, 1M dioxane N n-BuU N

e 110 C F -78"C i

OMe OM

MgBr
i-Pr Pr

i-Pr
1) -780C to rt
2) 12

KNO O

M8O PCy2 1) n-BuU MeO I
iPr i-Pr 2) CIPCy2  -Pr -Pr

Pr Pr

Figure 10. Proposed ligand synthesis procedure.
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The initial synthesis was run on a 1.0 mmol scale. An oven-dried test tube fitted with a

Teflon, septum-lined screwed cap and equipped with a stir bar was charged with 1.2 mmol

NaOtBu and 0.1% RuPhos Precatalyst. The test tube was evacuated and backfilled with argon

three times, and then charged in succession with 1mL dioxane, 1.0 mmol 1-bromo-2-fluoro-4-

methoxybenzene and 1.2 mmol morpholine via syringe. The reaction was heated to 110 0C for 12

h.

3.3 Results and Discussion
The first step of the ligand synthesis was performed successfully as confirmed by GC and

NMR. The subsequent synthesis and study of catalytic potential is an ongoing area of research.

One interesting potential aspect of the synthesis is whether the Grignard reagent will selectively

incorporate ortho to the methoxy group or whether the Grignard will be capable of incorporating

ortho to the morpholine as well. Steric and electronic effects would favor addition ortho to the

methoxy group but these effects may not be strong enough to ensure complete selectivity. The

consequences of this selectivity are yet to be determined. The fully synthesized ligand could be

assayed in palladium-catalyzed C-N cross-coupling reactions, specifically those involving

functional groups potentially capable of coordinating to palladium, in order to assess its viability

as a ligand for palladium catalysis.

3.4 Characterization
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Gas Chromatography (GC):
Data File C:\HPCHEM\2\DATA\107F0201.D Sample Name: CM-3-99

Injection Date 5/26/11 2:34:45 PM Seq. Line 2
Sample Name : CM-3-99 Location Vial 107
Acq. Operator Inj : 1

Inj Volume : 0.2 pl
Sequence File : C:\HPCHEM\2\SEQUENCE\4-21.S
Method : C:\HPCHEM\2\METHODS\70.M
Last changed : 5/20/11 2:49:54 PM
70 degree start, 1 min initial hold, ramp to

FID1 A, i10Fd0201.0)
pA

450

400

350-

300'

250

H

(N)

0

Br

NF

OMe

2 3

200

150

100

0
0

250, hold 2 min (6.60 min total)

0

N

rF

OMe

4 5 6 mm

Area Percent Report

Sorted By
Multiplier
Dilution

Signal
1.0000
1.0000

Signal 1: FIDI A,

Peak RetTime Type Width Area Height Area
# [min) [minJ [pA's) [pA) I;

1 2.565 PB 0.0405 21.96525 7.18796 4.17989
2 3.823 PB 0.0209 503.53305 364.01981 95.82011

Totals : 525.49830 371.20777

Results obtained with enhanced integrator!

* End of Report '
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'H NMR (CDC13):

F

OMe

8 7 6 5 4 3 2 1 a ppm
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Chapter 4. Cross-Coupling of Aryl Halides with Amidine Salts

4.1 Introduction

Although copper-catalyzed cross-coupling of aryl iodides with amidine salts is known for

certain classes of amidines (6), a palladium-catalyzed version of this reaction is not known.

Despite the anticipated difficulty of this reaction, given the chelating abilities of the amidines

group, aryl amidine products are becoming more and more common in pharmaceutical

compounds and also serve as precursors for a variety of heterocycles. Consequently, studying

methods of facilitating this significant cross-coupling reaction an important task (6, 15, 16).

The goal of this project was to develop a set of conditions to be used for electron-rich,

electron-neutral, and electron-poor electrophiles and nucleophiles in the cross-coupling of aryl

halides with amidine salts. Various steps were taken in order to achieve this aim. The first phase

of this project involved optimizing reaction conditions, including electrophile type, nucleophile

type, base, and ligand parameters. After early difficulties, an initially-developed one-pot

procedure was converted into a two-pot catalyst pre-stir method that was more widely applicable

to a variety of starting materials. Subsequently, conditions were optimized for an 6 (pi)

electrocyclization that involved reacting the products of the cross-coupling of amidine salts with

aryl halides with aldehyde without purification. The cross-coupling of aryl halides with amidine

salts culminated in substrate table of compounds with varying electronic and steric properties.

Some of the products of these reactions were then used for a subsequent 6 (pi) electrocyclization

via imine formation with an added aldehyde.
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4.2 Experimental Procedure

4.2.1 Screening: One-pot procedure

Preliminary screening reactions were run on either 0.25 or 0.50 mmol scales. The one-pot

procedure consisted of adding amidine (1.2 equiv), Pd2dba3 (0.25-0.75 mol%), ligand (1-3

mol%), and base (2.4 equiv) to an oven-dried test tube equipped with a magnetic stir bar. The

tube was sealed with a Teflon, septum-lined screwed cap and evacuated and backfilled with

argon three times. Solvent (up to 0.25M concentration) and aryl halide (1.0 equiv) were added to

the reaction vessel in succession via syringe. The reaction mixture stirred at 1 10*C for at least 1

hr. For purification, the reaction mixture was diluted with ethyl acetate and filtered through a

Celite plug. This filtered mixture was then purified using 5% TEA, 10% IPA, and 85%

EtOAc/Hexanes via column chromatography using the Biotage instrument. In these initial trials

compounds were characterized by GC conversion (using dodecane as a standard) and NMR

conversion (using trimethoxybenzene as a standard). LCMS was also used to confirm product

formation.

4.2.2 Substrate Table: Two-pot procedure

The reactions using the two-pot procedure for the final substrate table were all run on a

1.0 mmol scale. This procedure consisted of adding Cs 2CO 3 (2.4 equiv) and amidine (1.2 equiv)

to one oven-dried, stir bar-equipped test tube, and then adding tBuBrettPhos (1.0-10.0 mol%),

and Pd2dba3 (0.25-2.5 mol%) to a second oven-dried, stir-bar equipped test tube. Both test tubes

were sealed with a Teflon, septum-lined screwed cap and were then evacuated and backfilled

with argon three times. Next, 2 mL tBuOH was added to each test tube via syringe. If aryl

bromides or chlorides were used, they were added to the base pot via syringe prior to sonication.

If aryl triflates were used, they were not added until after a 10 min cooling period following the

base heating step in order to avoid decomposition. After the addition of solvents and the aryl
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substrate (if applicable), the base pot was sonicated for 1 min and heated to the reaction

temperature (either 85 C or 1 10 C, depending on the reaction) for 10 min. The catalyst pot was

heated at 1 10*C for 2.5 min in all cases. Both test tubes were allowed to cool for 2 - 5 minutes.

The catalyst was then cannulated into the base pot using a positive pressure of argon. The final

mixture was heated to the reaction temperature (either 85*C or 1 10*C) and stirred for 2 hours.

The product mixture was worked up using approximately 10 mL of ethyl acetate and 10 mL of

water. The organic and aqueous layers were separated, and the aqueous layer was then back

extracted with 5 mL ethyl acetate. The combined organic layer was washed with 10 mL brine.

The washed organic layer was then dried using magnesium sulfate. The magnesium sulfate was

filtered from the final organic layer using a medium glass frit with a Celite plug. Purification was

performed via flash column chromatography with varying conditions based on the product

compound as described in section 4.2.4 Purification Methods.

4.23 Electrocyclization
Reactions first followed the same two-pot procedure as described in section 4.2.2 to

produce a cross-coupled product. The test tube used for the cross-coupling was opened to air and

1.5 equiv of aldehyde were then added. The test tube was then topped with a non-punctured

Teflon-lidded cap and heated to 130*C ovemight for approximately 16 hours. After 16 hours the

test tube was cooled for at least 10 minutes. Next, 0.25 mmol DDQ, approximately 2 mL H20,

and approximately 2 mL EtOAc were added to the test tube that was then stirred for 1 hour. A

workup was performed using approximately 30 mL EtOAc and 50 mL H20. The aqueous layer

was back extracted with EtOAc. The combined organic layer was then washed with brine, dried

with magnesium sulfate, and filtered through Celite. The final filtered organic layer was

immediately combined with silica and concentrated in vacuo prior to purification. The dry-
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loaded crude material was purified via flash column chromatography on a Biotage instrument

with varying conditions based on the product compound.

4.2.4 Purification Methods

N N

NH2
(Thiophen-3-yl)isonicotinimidamide was purified via flash chromatography (FC) using 75 g of
silica and 0-80% of 10% IPA, 5% TEA, 85% EtOAc/hexanes over 10 column volumes.

N

(Quinolin-3-yl)cyclopropanecarboximidamide was purified via FC on the Biotage instrument
using a 50 g silica SNAP column and 0-80% of 10% IPA, 5% TEA, 85% EtOAc/hexanes over
10 column volumes.

yN)M
N

Me N
(6-methylpyridin-3-yl)pivalimidamide was purified via FC on the Biotage instrument using a
50 g silica SNAP column and 0-50% of 10% IPA, 5% TEA, 85% EtOAc/hexanes over 10
column volumes.

Me
N, N M(::rY)-Me
/ NH 2

(Pyridin-2-yl)isobutyrimidamide was purified via FC on the Biotage instrument using a 50 g
silica SNAP column and 0-80% of 10% IPA, 5% TEA, 85% EtOAc/hexanes over 10 column
volumes.

N
Me N

N

NH 2

Me
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(2,5-dimethylphenyl)nicotinimidamide was purified via FC on the Biotage instrument using a
50 g silica SNAP column and 0-80% of 10% IPA, 5% TEA, 85% EtOAc/hexanes over 10
column volumes.

Me ~ N

N N

Me NH2

(2,4-dimethylphenyl)nicotinimidamide was purified via FC on the Biotage instument using a
50 g silica SNAP column and 0-80% of 10% IPA, 5% TEA, 85% EtOAc/hexanes over 10
column volumes.

N 11rMe

t-BujK: NH 2

(4-(tert-butyl)phenyl)acetimidamide was purified via FC on the Biotage instrument using a 50
g silica SNAP column and 0-50% of 10% IPA, 5% TEA, 85% EtOAc/hexanes over 10 column
volumes.

M e & Q N -

(4-methoxyphenyl)thiophene-2-carboximidamide was purified via FC on the Biotage
instrument using a 50 g silica SNAP column and 0-50% of 10% IPA, 5% TEA, 85%
EtOAc/hexanes over 10 column volumes.

MeO N N

N2 NO2
MeO NH2

(3,4-dimethoxyphenyl)-3-nitrobenzimidamide was purified via FC on the Biotage instrument
usign a 50 g silica SNAP column and 0-80% of 10% IPA, 5% TEA, 85% EtOAc/hexanes over
10 column volumes.
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NC NH2
(4-cyanophenyl)benzimidamide was purified via FC on the Biotage instrument using a 50 g
silica SNAP column and 0-30% of 10% IPA, 5% TEA, 85% EtOAc/hexanes over 15 column
volumes.

MeOhi NH2
(4-methoxyphenyl)isonicotinimidamide was purfied via FC on the Biotage instrument using a
50 g silica SNAP column and 0-80% of 10% IPA, 5% TEA, 85% EtOAc/hexanes over 10
column volumes.

N

N N

S~i NH2

(thiazol-4-yl)nicotinimidamide was purfied FC using 75 g silica and 0-100% of 10% IPA, 5%
TEA, 85% EtOAc/hexanes over 10 column volumes.

Me NH2

(p-tolyl)benzimidamide was purified via FC on the Biotage instrument using a 50 g silica SNAP
column and 0-50% of 10% IPA, 5% TEA, 85% EtOAc/hexanes over 10 column volumes.

N Me
(4-chlorophenyl)acetimidamide was purfied via FC on the Biotage instrument using a 50 g
silica SNAP column and 15-100% of 10% IPA, 5% TEA, 85% EtOAc/hexanes over 10 column
volumes.
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4.3 Results

4.3.1 Screening Conditions

A one-pot procedure was initially found to be effective for the cross-coupling aryl

triflates with amidine salts. This procedure was performed with and without 2 mol% acetic acid,

a reagent that had been shown to improve this type of reaction in previous experiments (17), and

both reactions showed 100% conversion by GC. The scheme for this reaction is depicted in

Figure 11.

Pd2dba3 (0.5 mol%)
Of NH tBuBrettPhos (2.2 mol%) < N

Me H2N Ph Me / NH 2

-HCI
Figure 11. Cross-coupling of p-tolyl triflouromethanesulfonate with benzamidine hydrochloride.

This general one-pot reaction procedure was then used for an electrophile screen, a base

screen, a ligand screen, and a nucleophile screen. The results of all of these screens are detailed

in Figure 11. All electrophiles showed 100% conversion by GC and NMR. This screen thus

determined that aryl triflates, bromides, and chlorides could be used for performing reactions

using this methodology. Base and ligand screens followed this electrophile screen. From these

screens, it was determined that Cs 2CO3 and tBuBrettPhos were the optimal base and ligand,

respectively, to be used for this reaction. As the electrophile screen in Figure 12 shows, using

Cs 2CO 3 and tBuBrettPhos resulted in 100% conversion by GC and NMR whereas all other bases

and ligands tested showed lower conversions. A nucleophile screen demonstrated that this

general procedure was applicable to various amidine salts, as well as to guanidine salts.
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X Pd 2dba3 (0.5 mol%)
NH Ugand (2.2 mol% ) N -:--Z

jj + )Jk .BasA (9-4q)3 ni
Me H2N R tBuOH, 110C, 1h Me : NH2

- HCl
Electrophile Screen Base Screen

R: Ph, Ligand: tBuBrettPhos, Base: Cs2C0 3  X: Br, R: Ph, Ligand: tBuBrettPhos

X GC Conversion NMR Yield Base GC Conversion NMR Yield
OTf 100% 100% KsPO 8% 0%
Br 100% 100% Natgu 94% 50%
Cl 100% 100% K2CO3 0% 0%

Ugand Screen Nucleophile Screen
X: Br, R: Ph, Base: Cs2003 X: Br, Base: Cs2CO3, Ligand: tBuBrettPhos

Ligand GC Conversion NMR Yield R GC Conversion NMR Yield
BrettPhos 44% 34% Me
tBuXPhos 26% - 100% 77%
Me4tBuXPhos 100% 69% - HCI

rN 100% 76%

-HBr

Figure 12. Electrophile, base, ligand, and nucleophile screens.

After all screens had been completed, it was determined that a general one-pot procedure

using the optimized base, ligand, and catalyst-ligand ratios could be applied to a variety of

electrophiles and nucleophiles for this C-N bond formation reaction. Various substrates were

tested on a 1.0 mmol scale and were found to react to nearly full conversion under these

optimized conditions. However, when a new sample of Cs 2 CO3 (the new sample being from

Sigma Aldrich and the old sample being from Chemetall) was used, the reactions suddenly

stopped working. Performing the same reactions under the same conditions with nothing

changed except for the new sample of base now resulted in low conversions. It was thought that

one of two factors could be contributing to this change in reactivity with base sample. Either it

was the particle size of the base or the dryness of the new sample that was causing reactions to
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no longer work as they had previously. A sample test reaction, depicted in Figure 13, was run

under various conditions with the new sample of base.

Pd2dba3

Br NH tB uBrettPhos
+ HN P Cs CO

Mej(: H2N 'kPh tuOH, 110C, 1h

-HCI Me

Figure 13. Test reaction used to probe change in substrate reactivity with change in base sample.

This reaction was run with and without sonication prior to heating and with and without

H20 activation. As a control, this same reaction was run with the old base sample without

palladium or ligand. It was found that the sonicated reaction, run with or without H20, had the

highest conversion. The reaction run with both sonication and H20 showed the highest

conversion but this condition was undesirable as the presence of H20 leads to phenol formation,

in the case of electron-deficient electrophiles, which competes with product formation.

Moreover, it was found that when the new sample of Sigma Aldrich base was crushed with a

mortar and pestle that this reaction showed similar conversion to the previous screening studies

that had used the Chemetall sample of base. The procedure with the old base had been to grind it

in a coffee grinder in a glove box. The new procedure, crushing the new sample of base with a

mortar and pestle, is more desirable as it is easier to repeat consistently in any lab setting. Thus is

was determined that the particle size of the base was the most important factor in determining

whether the reaction of aryl halides with amidine salts is successful under the previously outlined

optimized conditions. This experimental finding fits well with chemical intuition. Because

Cs 2CO 3 is not fully soluble in tBuOH, the palladium-catalyzed reaction takes place on the surface

of the base, making the reaction heterogeneous. Consequently, the smaller the particle size of the

base, the more surface area for the reaction to take place and the more likely the reaction will go

to higher or full conversion (20, 21).

31



After the particle size of the base issue had been addressed, this one-pot procedure was

successfully applied to various substrates, including heterocycles and hindered substrates. This

procedure worked for electron-rich and electron-neutral substrates, but it was found that these

reaction conditions were not applicable to electron-poor aryl halides. This result was

counterintuitive as electron-poor electrophiles would have been thought to be more reactive than

electron-rich or electron-neutral substrates. It was then theorized that the electrophiles were

reacting too quickly. That is, these electron poor aryl halides were capable of undergoing

oxidative addition with palladium prior to associated of the tBuBrettPhos ligand, and that this

complex was unable to undergo further reaction and the reaction stalled. To test this theory, a

catalyst pre-stir activation procedure was performed. A new two-pot procedure was therefore

developed for these electron poor substrates. In one pot, base and amidine were added, and into a

second pot, ligand and palladium were added. The base pot was sonicated and heated at 11 0*C

for 5 min. The catalyst pot was heated at 11 0*C for 2 min. Catalyst was then cannulated into the

base pot. The final mixture was heated to 11 0*C and stirred for at least 1 hr or until conversion

was complete as assessed by GC.

This new pre-stir procedure allowed for relatively high conversion of electron poor aryl

halides. However, phenol formation and bis-arylation (product reacting with a second aryl

halide) still prevented total product formation for these substrates under these conditions. It was

found that these issues can be largely circumvented by running the reactions at 85C for more

active electrophiles. Less active electrophiles, such as hindered aryl halides and most chlorides,

still required 110*C to reach complete conversion. Therefore, this pre-stir procedure was found

to be applicable to all aryl halides and amidine salts studied, including electron-rich, electron-

neutral, and electron-poor aryl halides, and results in high conversion to product. Using this final
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procedure optimized for all substrates, a substrate table was devised. One set of substrates of

interest were thiazoles, oxazoles, and other heterocyclic amine-containing compounds that are

often found in the pharmaceutical industry. A survey of medicinal chemistry journals indicated

that the thiaphenopyrazine/oxazopyrazine moieties were common components of recent drug

candidates. Thus a more efficient means of forming this type of product would be directly useful

to drug design and development.

4.3.2 Substrate Table
After optimization of the various reaction conditions, a final two-pot, catalyst pre-stir

method was developed for the cross-coupling of amidine salts with aryl halides and aryl triflates.

This full detailed procedure can be found in section 4.2.2. A substrate table including various

electron-rich, electron-neutral, and electron-poor starting materials was developed. Substrates

also contained a variety of functional groups. A table depicting the various compounds

synthesized using this cross-coupling can be found in Figure 14. The amount of palladium used,

reaction temperature, and isolated yield for each compound is described in the table. Compounds

were characterized via NMR, IR, EA, and melting point analyses.
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N

S NH2
X=CI

5.0 mol% [Pd], 1100*C
83%1

Me N

N

~- NH2

Me X=CI
1.5 mol% [Pd], 110*C

78%1

N

X=Br
1.5 mol% [Pd], 850C

89*/1%

Me N

Me' NH
X = Br

1.5 mol% [Pd], 1100C
91%1

Mee

Me~ NH2
X = OTf

1.5 mol% [Pd], 850C
87%1

~N 14Me

t-Buj: NH2 M

X = Br
1.0 mol% [Pd], 1100C

82%1

Me

N Me
S NH2
X=Br

1.5 mol% [Pd], 850C
81%1

'rN~z.P--
eO NH

X = Br
1.0 mol% [Pd], 850C

76%1

MeO N NO2

MeoAl:: NH2
X = OTf

1.5 mol% [Pd], 110*C
70%1

N NMeO N NNH2  MO'~r NH2

X= Br X=CI X= Br
1.5 mol% [Pd], 850C 0.5 mol% [Pd], 1100C 1.5 mol% [Pd], 850C

90%2 76%1 74%1

N

N N N r

s NH2
X=Br X=CI X=Br

5.0 mol% [Pd], 110*C 0.5 mol% [Pd], 110*C 0.5 mol% [Pd], 85'C
81%' 80%1 76%2

N Me

NH2

X = OTf X = Br
0.5 mol% [Pd], 85'C 1.5 mol% [Pd], 850C

53%2 53%2

1Isolated yield Is an average of runs by Merdeth and me.
21solated yield is a single trial run by me.

Figure 14. Scope of aryl halide with amidine salt cross-couplings.

4.3.3 Electrocyclization Table

Beyond this general C-N bond formation reaction, another aspect of this project involved

combing the products of this cross-coupling reaction with aldehydes for a subsequent

electrocyclization and oxidation to form quinazolines. This cyclization allows for the formation

of more complex structures using a relatively simple procedure. To study this potential facet of

the project, a cross-coupling reaction known to work was used, namely the cross-coupling of 1-
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bromo-4-methoxybenzene with isonicotinimidamidine. A generalized synthesis procedure is

depicted in Figure 15.

Pd2dba3 (0.25-0.75 mol%
X NH tBuBrettPhos (1-3 mol%) N R2

R - + A CsCO3 (2.4 e) R,-N- H
H2N R2  tBuOH, 11OC, 2 ht f NH2

X = Br, CI, OTf - HCI
0

H-R

2.0 equiv aldehyde
130'C
16h

r- N R2

R, -N

Figure 15. Electrocyclization synthesis.

The product of the cross-coupling reaction without isolation, was allowed to react with

aldehyde and heated to form the cyclized product. There were initial difficulties with this

reaction involving the switch from tBuOH to t-aniyl-alcohol for the cyclization step. Because t-

amyl-alcohol has a higher boiling point than tBuOH, it was used as the solvent for the

electrophilic cyclization procedure as this procedure requires heating the reaction to a

temperature of 130C for 16 h. However, it was found that the initial cross-coupling reaction of

1 -bromo-4-methoxybenzene with isonicotinimidamidine does not go to full conversion in t-

amyl-alcohol as it does in tBuOH. Therefore the entire cyclization reaction was then run in

tBuOH with a Teflon-cap for the initial cross-coupling and a new, unpunctured Teflon cap for

the temperature-elevated final reaction with aldehyde. Product formation from this overall

reaction procedure was confirmed by GC, TLC, LCMS, and NMR. This general reaction scheme
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can now be applied to various other substrates to form quinazolines. A substrate table containing

seven quinazoline products is depicted in Figure 16. These cyclized products contain various

functional groups including heterocycles. Thus from a simple two step synthesis, relatively

complex aryl ring systems can be formed. From the synthesis depicted in Figure 15, it can be

seen that there are three potential sites for varying the desired R-group such that a diverse array

of compounds can be formed using this general synthesis.

N Me N N N

MeO N -N Me N -N MeO -N nBu N

N Br

OMe OMe F
53*1 45%1 51%*1 56%1

Me Me

Nz Me N- Me N

nBu N -N MeO -N nBu N -N

I I I
OMe N OMe

50%2 46%2 55%2

* Indicates compounds In which the Isolated yield is an average of runs by Merdeth and me.
All other Isolated yields are averages of two trials run by Meredeth.
1Isolated yield.
2NMR yield.

Figure 16. Quinazoline substrate table.

4.4 Discussion
This study demonstrated that the two-pot reaction conditions for cross-coupling aryl

halides with amidine salts were applicable to a range of substrates with various electronic

properties, functional groups, steric properties, and heterocyclic moieties. Additionally it was
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shown that the products of these reactions could be used to make more complex cyclic structures

by reacting them with aldehydes. Thus this general method has applications for synthesizing a

variety of relatively challenging products with potential industrial applications. Particularly, this

methodology is important for pharmaceutical companies as many drug-like molecules contain

components of the types of products visualized in the substrate table in Figure 14. Future work

on this type of study would involve researching different classes of aryl halides and amidine salts

to be used for this optimized, two-pot, pre-stirred condition set. Additionally, a kinetics study of

the data involving assaying percent conversion at various time points throughout the reaction

could provide valuable insight into the nature of this particular reaction.

Various pharmaceutically-relevant compounds could be synthesized using this cross-

coupling of aryl halides with amidine salts. These compounds include neuronal nitric oxide

synthase inhibitors and a sodium channel blocker, depicted in Figure 17. The existence of drug-

like molecules that include the type of bond for which this methodology was developed,

emphasize the importance of this relatively simple and efficient cross-coupling strategy for the

synthesis of pharmaceutical compounds (12-16).
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Neuronal Nitric Oxide Synthetase Inhibitors

NEt2

Sodium Channel Blocker

Cl

0 NH

HNQ

Me

Figure 17. Drug-like molecules containing amidine-aryl bonds.

4.5 Characterization

4.5.1 Melting Point

N N

NH 2

(Thiophen-3-yl)isonicotinimidamide was a yellow-gold powder with mp 174-175 C
(decomposition).

N

(Quinolin-3-yl)cyclopropanecarboximidamide was a tan powder with mp 134-135C.

Me N
(6-methylpyridin-3-yl)pivalimidamide was a white powder with mp 130-131C.
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Me

N<N MeN.,, NH2 M

(Pyridin-2-yl)isobutyrimidamide was alight yellow powder with mp 82-83 C.

MeN
N

NH 2

Me
(2,5-dimethylphenyl)nicotinimidamide was an off-white powder with mp 150-151C.

Me ~ N

NN

Me & N

(2,4-dimethylphenyl)nicotinimidamide was a light yellow powder with mp 101-103C.

-B N Me

t-Bu)N:: NH 2

(4-(tert-butyl)phenyl)acetimidamide was a white powder with mp 124-125'C.

N

MeO' NH 2

(4-methoxyphenyl)thiophene-2-carboximidamide was a light yellow powder with mp 126-
1280C.

Mo N

MeO NH 2

(3,4-dimethoxyphenyl)-3-nitrobenzimidamide was a bright yellow-gold powder with mp 174-
175 0C.
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NC I

(4-cyanophenyl)benzimidamide was a white powder with mp 152-153C.

MN
(4-methoxyphenyl)isonicotinimidamide was a yellow powder with mp 146-148TC.

N N

S NH 2

(thiazol-4-yl)nicotinimidamide was an apricot powder with mp 145-147*C.

Me NH
(p-tolyl)benzimidamide was a white powder with mp 82-83 C.

N Me

(4-chlorophenyl)acetimidamide was a light yellow powder with 110-1 12C.

4.5.2 Spectra
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1H NMR: (6-methylpyridin-3-yl)pivalimidamide

me

11

t? I L

'H NMR: (2,5-dimethylphenyl)nicotinimidamide
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Me N

N

lH NMR: (2,4-dimethylphenyl)nicotinimidamide

N Me

'H NMR: (4-(tert-butyl)phenyl)acetimidamide
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1H NMR: (4-methoxyphenyl)isonicotinimidamide

N

(N N ~
s NH2

'ii 3
1H NMR: (thiazol-4-yI)nicotinimidaxnide
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'H NMR: (p-tolyl)benzimidamide
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Chapter 5. Conclusions

Various methodologies have been developed towards C-N bond formation reactions

using palladium-catalyzed cross-coupling. Products of these syntheses have medicinal

applications as they often yield biologically relevant moieties.

Using BrettPhos, a general procedure for cross-coupling ortho-substituted aryl iodides

with amides was developed. This procedure was demonstrated to have a varied scope that

included isopropyl, fluoro, phenyl, chloride, and nitrile functional groups on aryl iodides.

However, this methodology could not be successfully applied to trifluoromethyl, aldehyde, or

nitro groups, which could have been due to these groups coordinating to the open site in

palladium or to steric hindrance. Thus this methodology can be used for a variety of compounds

but is not ideal for all functional groups.

Furthermore, the first stages of synthesizing a new ligand were undertaken in an attempt

to overcome the potential issue of side groups chelating to the open coordination site in

palladium during its catalytic cycle. To achieve this, a ligand similar to BrettPhos but on which

one of the methoxy groups was substituted with morpholine was envisioned. This potential

ligand is important because if one can synthesize it analogously to BrettPhos, then this ligand can

be assayed for catalytic activity, particularly with aldehydes or other potentially chelating

groups.

An amidine cross-coupling project resulted in the development of optimized conditions

for a two-step, catalyst pre-stirred reaction between aryl halides and amidine salts. Additionally,

conditions were developed for the synthesis of substituted quinazolines via an electrocyclization

between the products of cross-coupling and an aldehyde via imine formation. Overall various

palladium-catalyzed C-N cross-couplings were studied and optimized.
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