








Phospha-adamantane Ligands and
Phosphorous Ionic Liquids for

Palladium-Catalyzed Cross-Coupling

Reactions

By

David Alexander Gerritsma, B.Sc.

A Thesis

Submitted to the Department of Chemistry

in partial fulfillment of the requirements

for the degree of

Masters of Science

December 2003

Brock University

St. Catharines, Ontario

David Alexander Gerritsma, 2003





Abstract

New and robust methodologies have been designed for palladium-

catalyzed cross-coupling reactions involving a library of novel tertiary phosphine

ligands incorporating a phospha-adamantane framework. The secondary phosphine,

l,3,5,7-tetramethyl-2,4,8-trioxa-6-phospha-adamantane was converted into a small

library of tertiary phosphine derivatives and the ability of these tertiary phospha-

adamantanes to act as effective ligands in the palladium-catalyzed amination

reaction and p-alkyl-Suzuki cross-coupling was examined. l,3,5,7-Tetramethyl-6-

phenyl-2,4,8-trioxa-6-phosphaadamantane (PA-Ph) used in combination with

Pd2(dba)3 CHCI3 facilitated the reaction of an array of aryl iodides, bromides and

chlorides with a variety secondary and primary amines to give tertiary and

secondary amines respectively in good to excellent yields. 8-(2,4-Dimethoxy-

phenyl)-l,3,5,7-tetramethyl-2,4,6-trioxa-8-phospha-tricyclo[3.3.1.1*3,7*]decane

used in combination with Pd(0Ac)2 permitted the reaction of an array of alkyl

iodides, and bromides with a variety aryl boronic acids and alkyl 9-BBN

compounds in good to excellent yields. Subsequent to this work, the use of

phosphorous based ionic liquids, specifically tetradecyltrihexylphosphonium

chloride (THPC), in the Heck reaction provided good to excellent yields in the

coupling of aryl iodides and bromides with a variety of olefins.
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1.0 Introduction: i

-'

1.1 Palladium-catalyzed reactions.

Although a great number of the fundamental reactions that are catalyzed

by palladium were well established during the mid to late 1980's^ the acceptance

and use of these by organic chemists was minimal until the middle of the 1990's.

As examples of palladium catalysis in the synthesis of highly functionalized and/or

complex molecules grew, its acceptance became continually more widespread, so

that today, it has become one of the most commonly used metals in organic

synthesis.''^ There are several features that make reactions incorporating palladium

useful and versatile. Many of the carbon-carbon and carbon-heteroatom bond (but

especially carbon-carbon bond) forming processes involving Pd reagents are

tolerant of a variety of functional groups (such as carbonyl and hydroxyl groups).

In addition, the range of reactivity of palladium based catalysts allows for

convenient functional group discrimination. Palladium reagents (and some

catalysts) are generally not sensitive to oxygen (although precautions to avoid

oxidation of the phosphine ligands^ are frequently essential), moisture, or to acids.

This tolerance is greater than for nickel(O) complexes which are often extremely

sensitive to oxygen."^ It is most often the phosphine ligand that must be protected,

not the palladium.

Palladium itself exists almost exclusively in one of two stable oxidation

states, the +2 and the zero-valent state, and it is the redox interchange between

these two oxidation states which is directly responsible for the rich chemistry that

palladium catalysts yield.' Another oxidation state, +4, finds more use in inorganic
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chemistry. Each of the oxidation states commonly involved in fine chemical

catalysis has its own unique chemistry. Palladium(II) complexes are used as

stoichiometric reagents and as catalysts, while palladium(O) complexes only find

use as catalysts. Palladium(II) complexes, being electron deficient, are

electrophilic, and react with electron-rich organic compounds, particularly alkenes,

alkynes, and arenes. PdCb and Pd(0Ac)2, two of the most commonly found

palladium(II) complexes in the literature, are widely used as oxidants or as

precursors of Pd(0) complexes. ^'"^ Palladium(O) complexes are strong nucleophiles

and bases, and are usually used to catalyze reactions involving organic halides,

acetates, triflates, and phosphates. By far the most commonly used palladium(O)

complexes are tetrakis(triphenylphosphine)palladium(0), [Pd(PPh3)4], a yellow,

slightly air-sensitive crystalline solid,^ tri(dibenzylideneacetone)dipalladium(0),

and its chloroform adduct Pd2(dba)3 CHCI3.

1.2 Mechanistic considerations of palladium(O) catalyzed reactions.

Mechanistically, palladium(O) reactions begin with oxidative addition of a

molecule X-Y to the palladium with hemolytic cleavage of its covalent bond,

7 8

forming two new ionic bonds to palladium to give a Pd(II) species (Scheme 1).

'

Pd(0) + X-Y X-Pd(II)-Y

Scheme 1. Oxidative addition of palladium to a X-Y bond.

Since the two previously non-bonding electrons of Pd are now bonded to X and Y,

the formal oxidation state of the palladium is increased by two; that is Pd(0) is

oxidized to Pd(II).





A number of different covalent bonds are capable of undergoing this

oxidative addition to Pd(0). The most common are C-X (X = halogen and pseudo-

halogen), C-H, C-0, H-H, C-H, Si-H, M-H, M-M (M = main group metals), and H-

X bonds. Also N-H, X-X, 0-H, and even C-C bonds may undergo the process of

oxidative addition. Most frequently employed is the oxidative addition of organic

halides of sp^ carbons, with the rate of oxidative addition decreasing in the

following order: C-I > C-OTf> C-Br» C-Cl >» C-F, with triflates and bromides

sometimes switching relative reactivities, depending on the specific reaction.

Others systems that undergo oxidative addition include: acyl halides, aldehydes,

allylic compounds, sulfonyl halides, and H-H.^'^ Oxidative addition is not limited to

sp^ hybridized carbons. In the case of y^alkyl Suzuki reaction, sp^ carbons

oxidatively add to palladium(O), although it has been argued that palladium(O) is in

fact acting as nucleophile to give the palladium(II) species.
'°

Organometallic compounds (M-R) and hydrides (M-H) of main group

metals such as Mg, Zn, B, Al, Sn, Si, and Hg are capable of reacting with the

organic component of X-Pd-Y complexes via an exchange reaction of X with R or

H. In other words, the alkylation of Pd takes place to give Y-Pd-R (Scheme 2), in

Y-Pd-X + M-R =f=: Y-Pd, M ^ Y-Pd-R + MX
X

Scheme 2. Transmetallation of Y-Pd-X.

what is termed a transmetallation step. The driving force for transmetallation is a

result of the difference in electronegativities of the two metals. A typical example is





the phenylation of phenylpalladium iodide with phenyltributyltin to form

diphenyipalladium (Scheme 3), in the classic Stilie reaction."

Ph-Pd-I + Ph-SnBU3 ^ Ph-Pd-Ph + Bu3SnI

Scheme 3. Phenylation of phenylpalladium iodide with phenyltributyltin.

The final step of the standard catalytic cycle is reductiye elimination,

which is a unimolecular decomposition pathway, inyolying the loss of two one-

electron ligands from the palladium centre via combination to form a single

elimination product (Scheme 4). The reductive elimination regenerates both the

Y-Pd-R R-Y + Pd(0)

Scheme 4. Reductive elimanation of Y-Pd-R.

coordination number and the formal oxidation state of palladium, transforming it to

the zero valent state from the +2 oxidation state. With the Pd(0) species

regenerated, it can undergo another round of oxidative addition and continue the

catalytic cycle (Scheme 5).^'^

L„Pd°

oxidative

addition

reductive l Pd^
elimination " ^j^, LPdn

X

MX MR»
transmetallation

Scheme 5. Generalized catalytic cycle for

Palladium cross-coupling reactions.





While the general cycle described can be augmented to include other

processes including ligand exchanges or P-hydride elimination, there is excellent

evidence for the key intermediates mentioned above and shown in Scheme 5, many

of which have been characterized after isolation or by in situ spectroscopic

analyses.^'^^ Additionally, it should also be noted that the great majority of cross-

coupling reactions catalyzed by Ni(0) and Fe(I) are also described in terms of this

common catalytic cycle.

^

1.3 Phosphines as ligands for palladium catalyzed reactions.

Phosphines, as a general class of metal ligands, are one of the most

common (second only to carbon monoxide) and important. Phosphine ligands act

as both as a donors and tt acceptors. It is the nature of the R groups on the

phosphorous that determines the ability to donate/accept electron density.

Electronegative R groups, for example, withdraw electron density from

phosphorous, rendering it more electropositive and thus a better 7t electron

acceptor. Trimethylphosphine is a relatively strong a donor and weak 7t acceptor,

were as phosphorus trifluoride would be a relatively weak a donor and strong tt

acceptor.'^ For palladium-mediated coupling chemistry in general, it is strong cr

donors that are superior ligands.

A second property of phosphines that is important to catalysis is the

amount of space occupied by the R groups on the phosphorous. This steric effect is

described by cone angle, which is the apex angle of a cone encompassing the van

der Waals radii of the R group's outer-most atoms (Scheme 6).^^''^ The cone angle
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M
• Scheme 6. Cone angle 6.

as a measure of steric crowding is directly related to the rate of the phosphine

dissociation from the metal. '

The success of phosphines as ligands for palladium chemistry has been

attributed to the formation of dative bonds with the palladium. In addition aryl

phosphines are significantly more stable towards oxidation than their alkyl counter-

parts. With these two ideals in mind bulky electron-rich and electron-poor aryl

groups have been used to create a library of phospha-adamantanes (vide infra).

1.4 Palladium mediated amination reactions.

As stated above, palladium catalyzed coupling reactions have been around

for many decades. Typical coupling partners are aryl or vinyl halides with aryl or

vinyl metal/metalloid compounds or compounds with acidic hydrogens. Specific

examples are shown in Scheme 7.^^ These reactions are of such great value and

synthetic importance that they have been give common names, such as the Suzuki

reaction and Heck coupling. All of the reactions shown in Scheme 7, and more,

have benefited from development of phosphine ligands. This is true for amination

reactions in particular due, in part, to the expansive work of Buchwald at MIT and
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R

Pd

or

R-^

Hiyama
MCjSiR

Kumada
XMgR

Negeshi

XZnR

Stille

BUjSnR

Heck

R

X

Suzuki

OH

or

X = I, Br,

CI, OTs

Sonagashira

H = R

a-arylation of enolates

H
Pd

R
R

amination

HNR2

etherification

HOR

-Ar^-^^

Ar = R

O
Ar

R
R

Ar-NR2

Ar-OR

Scheme 7. A number of palladium catalyzed reactions.

Hartwig at Yale.'^ In fact, the amination reaction is often referred to in the literature

as the Hartwig-Buchwald or the Buchwald-Hartwig amination reaction.'^

Aryl amines are found in all manner of chemicals, from compounds with

important medicinal properties to molecules with interesting structural and/or

electronic properties. A few examples of medicinally important aryl carbon-

nitrogen bond containing molecules include indoles and benzofurans in general.
^^

Readily oxidized triaryl amines, such as A/iA^'-diphenyl-A/^7V^'-bis(3-methylphenyl)-

l,r-biphenyl-4,4'-diamine have been used in electronic equipment.
'^'^

While amination reactions are themselves not new, palladium mediated

aminations, in the form seen today, have only existed since 1995.^°'^' Other

methods for the creation of aryl amines have been used in countless synthetic

operations, but have drawbacks that seriously hamper their general utility.

Nitration, reduction, and substitution are incompatible with many functional groups
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and additional protection/deprotection steps are often required for a molecule's

synthesis.^^ Reductive amination requires excess amine for imine formation and

subsequent reductions with hydrogen gas are often sluggish or incomplete.^^

Substitutions which utilize copper require high temperatures and excess amine

giving diarylation products. Other, less common methods, are also problematic.

Addition to benzyne give mixtures of regioisomers and nucleophilic aromatic

substitution reactions require high temperature, activated aryl halides, and a large

excess of reagents.^^ An exotic method involves the formation of transition metal

arene complexes, but stoichiometric amounts of expensive transition metals are

required.

With the difficulties described in the afore mentioned reactions a new,

more reliable, methodology was desired. The first example of a palladium-

catalyzed cross-coupling reaction was reported in 1983, by Migita . It was shown

that aryl bromides could be reacted with A/;A^-diethylaminotributyhin, giving N,N-

diethylaniline and tributyltin hydride as a by-product (Scheme 8). This reaction was

l%PdCl2(o-tolyl3P)2

n-Bu3SnNEt2 PhBr ^ PhNEt2 n-Bu3SnBr

PhMelOO°C3h 81%

Scheme 8. Migita amination.

catalyzed by palladium/tris(2-methylphenyl)-phosphine. There were, however,

many problems with this early procedure, ft only worked for electron-neutral aryl

bromides. Aryl bromides with nitro, acyl, alkyloxy, and dialkylamino functional

groups gave in poor yields. Additionally, aminostannanes are not commercially

available due to the general lack of demand for them and they cannot be stored for
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long periods of time because of heat and moisture sensitivity?^ The scope of the

Migita amination was greatly expanded by Buchwald in 1994,^"* with a general

procedure for creating aminotin compounds from A'^A^-diethylaminotributyltin

(Scheme 9). Buchwald was able to create a variety of dialkyl-aminotin reagents via

n-Bu3SnNEt2 argon SO^C \^ ^-^s^NRR'--&
Br

n-Bu3SnNRR' ^CrHNRR' .HNEt2

;, 55 - 88%

Scheme 9. Transamination followed by Migita amination.

transmetallation of secondary amines with //,A^-diethylaminotributyltin;

additionally the reaction was extended to include electron rich and poor aryl

bromides.^'*

It was not until 1995 that aminotribuyltin reagents were superceded for

amination reactions. ' In that year Buchwald and Hartwig independently

Hartwig

^^^Br Pd(dba)2/2P(o-tolyl)3
^ ^.^NR'R"

R-f- T HNR'R" r4- Tk^ ,
NaOBu,PhMe60-100oC K^

Buchwald

,Bt y< Pd(dba)2/2P(o-tolyl)3 ^

^^^ Base, PhMe 60 -lOOoC

Scheme 10. First tin-free aminations from Hartwig and Buchwald.

reported palladium catalyzed amination reactions under tin-free conditions. Using

palladium tris(2-methylphenyl)-phosphine, a base and a secondary amine in toluene
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they were capable of forming carbon-nitrogen bonds (Scheme 10). An earlier

precedent for this had been set in 1984 when Boger^^ reported the use of

stoichiometric amounts of Pd(PPh3)4 for the synthesis of the CDE ring of

lavendamycin (Scheme 11). A summary of Hartwig's results is shown (Table 1)

Me02C^^N^^C02Me
MeOX

Pd(PPh3)4

Scheme 11. Boger's synthesis of the CDE ring of lavendamycin.

and reflects the results obtained by Buchwald. It can be seen that either an alkoxide

or silylamide base could be used and that high temperatures were required.

Additionally, although a range of aryl bromides could be used, only secondary

dialkyl and alkyl/aryl amines were viable coupling partners. Primary alkyl amines

did not give the desired products, but instead the major products were a

dehalogenated arene and an imine. It was at this time the simplified mechanism

shown in Scheme 5 above was proposed based on related palladium catalyzed

reactions.^^"^^ The failure of primary amines in the reaction was, at the time,

ascribed to competing p-hydride elimination, which allowed for the formation of an

imine via hydride migration from the carbon P to palladium in the palladium-amide

complex, followed by reductive elimination of the arene.

From this point onwards the growth of palladium-catalyzed reactions can

be directly attributed to the development of phosphine ligands used in the

reaction.'^ This has been the case for two reasons; the first being that oxidative

addition of aryl chlorides is difficult and the second that there was greater p-
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Table 1. Amination results ofHartwig.

Entry Aryl halide Amine Base Product Yield (%)

1 Ph r\ •Br HN O NaO^Bu Ph r\ N P 86

89Bu—^_VBr HN^^> LiN(TMS)2 Bu—<^_y-N^
^

MeO-/ \-Br HN y LiN(TMS)2 MeO-/_VN ) 89

MeOMeO

Ph

N Ph

81

78
-Br HN^ NaOtBu

6 y-{^Br H^N-Ph NaOtBu >-^>-NHPh 72

7 Bu-^3~Br H^N-Bu LiN(TMS)2 Bu—^J)-NHBu <2

hydride elimination for electron-rich aryl halides. The focus of phosphine

development was on creating electron-rich phosphines. From the beginning, it was

proposed that both oxidative insertion of aryl chlorides and reductive elimination of

arylated amines would be faster with electron-rich phosphine-palladium species as

the catalyst. The reasons for this can be more clearly understood after seeing the

gradual development of phosphines used in the palladium-catalyzed amination

reactions. A brief history of significant phosphine ligands are shown in Scheme 12.

The following will be an overview of the various achievements over the years

relating directly to the advancement of palladium-catalyzed amination followed by

a short summary of the generally reported mechanisms. It can be seen that the

ligands developed show increasing phosphorous electron density and steric bulk.
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a,^ a^jQ
Q-^S

Scheme 12. Tri-o-tolvlphosphine, tri-2-flirvlphosphine. and BINAP.

The former to increase the electron density on the palladium via a donation and the

latter to facilitate ligand dissociation from Pd(0) to give the active catalyst.

As stated above and shown in Scheme 1 0, tris(2-methylphenyl)-phosphine

was the first ligand used in tin free palladium-catalyzed aminations. But, soon after

90
the use of other phosphine ligands were examined (Scheme 12). Subsequent to

the initial tin free aminations came optimized intramolecular aminations and

phosphine ligand comparisons (Scheme 13).^^ Buchwald tried various conditions

rV^
Pd(PPh3)4

NaOtBu/K.CO,
NHBu : 1

y A PhMe, 100 - 1 10 oC ^->^=^^N
^-^X Bu

X = Br, I 83-96%n=l-3

Scheme 13. Intramolecular amination from Buchwald.

and found that K2CO3 was an effective base, but that a combination ofNaO*Bu and

K2CO3 was best. Additionally, aryl iodides were found to be the most effective aryl

halide under the optimized conditions, with Pd(PPh3)4 being more efficient than

PdCl2(PPh3)2 as a catalyst.^^ This lead to the more frequent use of palladium(O)

over palladium(II). After this study, other ligands were looked at in intramolecular

aminations to form benzamides (Scheme 14).^^ It was found that CS2CO3 was an

even more effective base than a combination ofNaO^Bu and K2CO3. It was found

-17-





"^'^
Pd2(dba)3, P(o-tolyl)3 or P(furyl)3 ff^VH ^

gNHBu ^^v^N
CS2CO3 or K2CO3 Bu

PhMe n = 1 59-99 %
100- llO^C 2 44-82%

3 5-44%

Scheme 14. Intramolecular amination.

that tri-2-furylphosphine was the most effective ligand in combination with

Pd2(dba)3 as metal source. Additional ligands were screened, including bis-

chelating phosphines (Scheme 1 1) and, though these ligands were not effective for

intramolecular reactions, they were found to be effective for intermolecular

29
reactions.

In 1996 both Buchwald^^ and Hartwig^' published papers which described

the benefit of bis-chelating phosphines (Scheme 1 5), BINAP in the former case and

l,r-bis-(diphenylphosphino)ferrocene (DPPF) in the latter. Results from DPPF as

Scheme 15. Bis-chelating ligands: Kl'-bis-fdiphenvlphosphanynferrocene DPPF.

l,3-bis(diphenvlphophanvnpropane DPPP, and BINAP.

a ligand (Scheme 16) were much improved compared to those reported previously

with tris(2-methylphenyl)-phosphine. In many reactions, nearly quantitative yields

were obtained with NaO^Bu. All manner of aryl bromides could be used; electron-

withdrawing, donating and neutral, as well as hindered and unhindered. Only a few

functional groups gave any problems; nitro groups, for example, gave no amination

-18-





PdCl2(DPPF) dioxane H

NaO^Bu, 60-lOOoC

X = Br, I 80-94%
R = 0-, m-, p-OMe, Me, Ph

R'= p-Cl, Ph, H

Scheme 16. Amination with DPPF as ligand and arvl amines.

products; aryl halides with enolizable hydrogens gave poor yields; and esters gave a

mix of starting ester and /-butyl ester products. In a subsequent publication^^

CS2CO3 was found to be the solution for the last two problems. This catalyst system

also proved amenable to primary amines (Scheme 17). With electron-poor and

neutral aryl halides, good to excellent yields of A^-alkyl anilines were obtained,

_,
*

PdCl.CDPPF) Dioxane H

CS2CO3, 60 -1000c

X = Br, I 52-96%
R = 0-, p-alkyl, CN, COPh, C0NEt2

R'= alkyl

Scheme 17. Amination with DPPF as ligand and primary alkyl amines.

however if the N-a\ky\ aniline was relatively unhindered, diarylated products were

obtained. Most significantly, it was shown that only small amounts (5-10%) of y^

hydride elimination products were obtained. Buchwald found BINAP to be

superior to DPPF in the coupling of electron neutral aryl halides and alkyl amines.

Increases in yields compared to that of the PdCl2(DPPF) system are due to the

reduction in >3-hydride elimination. Diarylation of primary amines was severely

hampered in this system. BINAP proved superior in terms of catalyst loading as

well, though reaction times at low catalyst loading were greatly extended. A

19-





comparison between tris(2-methylphenyl)-phosphine and BINAP (Scheme 1 8) for

the coupling of simple alkyl/aryl amines and electron rich aryl bromides showed

the bis-chelating phosphine ligand to be superior.

Pd(dba)2 ligand Me

BrMe.^.Ar .
f^^^^'

^^OMe " NaOtBu,neat60-100«C ^^^oMe
29 h 75% BINAP

0% P(o-tolyl)3

Scheme 18. BINAP and P^o-tolyH
j
phosphines compared.

Given the success of BINAP with primary alkyl amines, and mixed

alkyl/aryl secondary amines, attempts were made to extend the chemistry to

secondary dialkyl amines, substrates which typically resulted in extensive fi-

hydride elimination. In ligand screening reactions with dibutylamine

Buchwald ' found that monophosphines gave better results than BINAP.

Comparison of two ferrocenyl-derived ligands, PPF and PPF-OMe, with BINAP,

showed that these two were superior. In addition to the application of these two

ferrocenyl ligands to a broad range of substrates, it was shown that they conserved

the benefits that BINAP did over tri-o-tolylphosphine. X-ray analysis of Pd-ligand

complexes showed that there was Pd-0 coordination, but whether this species was

involved in the catalytic cycle was unknown.

Palladium bis-chelating complexes were also found to be effective for aryl

triflate amine cross-coupling reactions.^"*'
^^ This phenomenon was also discovered

independently, and almost simultaneously, by Hartwig^"* and Buchwald^^. Schemes

19 and 20 show the results of a number of reactions involving the coupling of aryl

20





Kjf^ NaO^Bu, PhMe ^^^

R = MeO, Ph, Me

Scheme 19. Amination of arvl triflates with arvl amines.

,OTs Pd(dba)2, ligand
|J

R^ :J "^^^alkyl R^TY ^^''y'

NaO^Bu, PhMe

R = 0-, m-, p-aikyl, CN, COPh, OMe, Ph

Ligand DPPF and BINAP

48 - 90 %

Scheme 20. Amination of arvl triflates with alkyl amines.

triflates with aryl amines and alkyl amines respectively. These reactions proceeded

almost identically to reactions with aryl bromides with one notable exception;

electron-poor aryl triflates are highly susceptible to 0-S bond cleavage, giving a

stable phenolate anion and /-butyltriflate. Various solutions to this problem were

put forth, including slow addition of aryl triflate^^ and the use of CS2CO3 in place of

the more commonly used NaO^Bu. Unlike with aryl halides, PdCbCdppf) proved

superior to PdCbBINAP but Pd2(dba)3/DPPF was better still for electron poor and

neutral unhindered aryl triflates.^"* Reactions of electron-poor aryl triflates gave

yields in the 90%' s for all amines whereas alkyl amines only gave good yields with

electron-poor/neutral aryl triflates. However, with electron rich and hindered aryl

triflates, Pd2(dba)3/BINAP and Pd2(dba)3/Tol-BrNAP proved better than

Pd2(dba)3/(DPPF). The main advantage of amination with aryl triflates is the ease

with which phenols can be converted into triflates. This opens up a broad range of

21





possible substrates and allows for selective amination of halophenols. Under ideal

conditions, triflating reagents can be recycled from the triflate salt by-products.

The next hurdle that amination, as a general procedure, overcame was that

of heteroaryl halide amination. Heterocycles are known as strong binding ligands

for mid- to late-transition metals, such as palladium.'^ In reactions with heteroaryl

halides, both the starting material and products would displace weakly binding

ligands such as tri-o-tolylphosphine. This theory as to why even heteroaryl iodides

did not react with non-chelating phosphines was proven by Hartwig.^^ However,

once again bis-chelating ligands proved effective for the cross-coupling of

heteroaryl halides with amines.^^ Specifically, ligands DPPP and BINAP (Scheme

15), with Pd2(dba)3 and Pd(0Ac)2, as is typical, BINAP is superior to DPPP.

Once reactions involving aryl iodides and bromides were proven reliable,

Hartwig and Buchwald moved on to aryl chlorides.'^ The first report of an aryl

chloride being coupled was by Buchwald, using 2-chloropyridine and

cyclohexylamine.'*^ Subsequently Bellar and coworkers reported a non-heteroaryl

chloride cross-coupling, of l-chloro-4-trifluormethylbenzene and various amines.

Next, unactivated aryl chlorides were reported to undergo cross-coupling,'*^ The

typical bis-phosphines were not effective however, tri wo-propylphoshine was

required because bis-chelating ligands, such as BINAP, were ineffective."*^ The

discovery that alkyl phosphines allowed the use of generally unreactive aryl

chlorides then lead to the development of substitutions of alkyl for aryl groups in

the above described ligand systems. An example is the modification of DPPF to

DtBPF (l,r-bis(di-/er/-butylphosphanyl)ferrocene).'*'* These new alkyl phosphine
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ligands in general have resulted in general and mild conditions for the cross-

coupling of aryl chlorides and various amines.'^

1.5 Palladium mediated /^alkyl Suzuki reaction.

The Suzuki-Miyaura reaction one of the most successful strategies for

carbon-carbon bond formation.^'*^''^^ The y^alkyl Suzuki reaction is a coupling

reaction in which an sp^/sp^ carbon and an sp^ carbon are connected. This is a

variant of the Suzuki-Miyaura reaction, which involves the coupling of two sp

carbons, one from an aryl organoboron reagent, e.g. phenyl boronic acid, and the

other from an aryl halide (or pseudo halides). Organoboron compounds possess

many advantageous features: a great variety of them are commercially available,

they are air- and moisture-stable and they can be handled without any special

precautions. The boron-containing by-products of Suzuki cross-coupling can

readily be separated from the desired products,"*^ owing to their highly polar nature.

The conditions first reported by Suzuki for the preparation of biaryls are shown

(Scheme 21)^^ and generally involve a combination of Pd(PPh3)4 or PdCl2(PPh3)2

and aqueous NaiCOs."^^

Since the initial disclosure, various modifications have been made to the

Pd(PPh3),

^ // ^' "^ W I // aq. Na2C0
3

benzene, reflux

Scheme 21. Orginal Suzuki cross-coupling reaction.

reaction conditions. For example, many other bases have been used successfully
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including EtsN^', NaHCOs^^, CsiCOs^^ TbCOa,^^ and K2P04,^^ with or without

Bu4NCl^^ and 18-crown-6^^. Mild reaction condition variants of the original

conditions using CsF or Bu4NF(Scheme 22), have also allowed for the synthesis of

various functionalized biaryl compounds.^^

Phosphine-based palladium catalysts that are used in cross-coupling

reactions are stable to prolonged heating; however, there are also successful Suzuki

/=\ Pd(PPh,),
<^B(OH), ^ Q-^CH,C0CH3

CsF / DME ^

—

' ^
—'

/=N 100 oC

Br—{ >-CHXOCH,
^-^ 85%

Scheme 22. Mild reaction condition variants of the original Suzuki Reaction.

cross-coupling reactions using palladium as a catalyst but without a phosphine

ligand. Palladium sources for these reactions include Pd(0Ac)2, [(r|^-C3H5)PdCl]2,

and Pd2 (dba)3 CgHe.^^'^^

The classic Suzuki reaction proceeds rapidly under homogeneous

conditions, although acceptable yields are also obtained under heterogeneous base

conditions'^ (for example, K2CO3 can be suspended in toluene^'). Water-soluble

phosphine ligands, such as /w-Na03SC6H4PPh2,^^ have been used for Suzuki

reactions in aqueous media. The drawback of these conditions is a side reaction in

which hydrolytic deboronation^^ occurs at a competitive rate. As a specific

example, the coupling of 2-formylboronic acid with 2-iodotoluene at 80°C using

aqueous Na2C03 in DME gives only 54% of biaryl with benzaldehyde (39%) as a

by-product. The yields can be improved to 89% under anhydrous conditions using
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the corresponding boronic ester and anhydrous K3PO4 suspended in DMF (Scheme

23)
64

o

CHO

Pd(PPh,),y4

+ Ar-X
K3PO4

DMF, 80 °C
CHO

ArX= iodomesitylene 73%
2-MOMOC6H4I 85%
2-Me02CC6H4Br 63%

Scheme 23. Suzuki reaction using boronic esters.

The sterics associated with the aryl halide and boronic acids are important

aspects of the reactivity. Substrates containing sterically undemanding para- and

/we^flT-constituents are frequently used. Substrates bearing or//;o-functional groups

or heteroaromatic rings can also be used in the Suzuki reaction, although reaction

rates are lower when compared to the para substituted analogue. Gronowitz has

shown that unsymmetrical substituted bithienyls^^' ^^ and thienylpyridines^^ can be

regioselectively synthesized by the cross-coupling reaction of thienylboronic acids

(Scheme 24).

P^B(OH),

CHO

+

tBuOCOHN

Pd(PPh,)2M

aq. Na2C03

DME
81%

Scheme 24. Suzuki reaction with unsymmetrical substituted bithienvls.

As mentioned above pseudo halides can undergo Suzuki reactions as well

as organic halides, but such compounds have not been studied as extensively.
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Trifluoromethanesulfonates (triflates) as a class are the most common pseudo

haiide used and undergo a clean coupling with many organoboron compounds.^^

Triflates are valuable partners for the cross-coupling reaction,^^ due in part to their

easy access from phenols and carbonyl enolates. Since aryl triflates are less reactive

than their corresponding iodides and usually bromides,^^'^^ elevated reaction

temperatures are typically required. However, Fu and co-workers reported that

using the Pd(OAc)2/PCy3 (Cy = cyclohexyl) catalyst system, triflates could be

efficiently coupled with a broad spectrum of arylboronic acids at room temperature

in excellent yields (Scheme 25)7^ It was also shown that variation in the electronic

nature of the aryl triflate and arylboronic acid is well tolerated, as is the presence of

or^/20-substituents.

The developments of the Suzuki reaction since its initial disclosure have

l%Pd(0Ac)2

fVoTf - (HO),B^
^^2%PCy3_

R'^=^ ^=^Y 3.3equivKF

1.1 equiv THF, rt
82-97%

R = 4-MeCO, 4-Me Y = 4-MeC0,H,
4-MeO, 2-Me MeO, 2-Me

Scheme 25. Efficient triflate coupling using Pd('OAc)
2
/PCv3 catalvst system.

resulted in its use in a number of syntheses of both natural and unnatural products

(pharmaceutical and material) such as saddle-shaped host compounds,^^ ferrocene

derivatives,^^ bis-cyclometalating N-C-N hexadentated ligands,^^ helically chiral

ligands,^"^ michellamine,^^' ^° biphenomycine A,^^ vancomycin,^^ receptor molecules

for 0x0 acids,^^ leukotriene B4 receptor antagonist,^^ hemispherand,^^ l-r-bi-2-
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naphthols,^' fascaplysin and streptonigrin alkaloids,*^ ungerimine and hippadine

alkaloids,^^ as well as other biaryls. Examples of natural products and derivatives

Me OBn

\'0

OBn Hippadine

OAcMe Ar

OH
OH

Ar = Ph

Ar or 2-naphthyl

Michellamine OBnMe l,r-Bis-2-naphthol

Scheme 26. Synthesis of various biaryls.

are shown in Scheme 26. New materials constructed via the Suzuki reaction include

rigid-rod polymers that play an important role in a number of diverse technologies

including high-performance engineering materials, conducting polymers, and

nonlinear optical materials. The cross-coupling reaction of aryl-diboronic acids and

dihalo-arenes for the synthesis of poly(/7-phenylenes) was first reported by

Schluter.^"* The method has been extensively applied to monodisperse aromatic

dendrimers, water-soluble poly(p-phenylene), planar poly(p-phenylenes) fixed with

the ketoimine bonds, poly(phenylenes) fused with polycyclic aromatics, and

nonlinear optical materials (Scheme 27).^

The reactivity of aryl chlorides, specifically electron-poor aryl chlorides,

which are activated toward oxidative addition, make them suitable substrates for
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Suzuki cross-coupling reactions.^' ^^ For example, Suzuki cross-coupling of

deficient heteroaryl chlorides such as chloropyridines can often be achieved with

HOOC

^ Water-Soluble Poly(p-phenylene)

X = Br, COOH

X' ^^ X

Hyperbranched Polyphenylene

Scheme 27. Aromatic rigid-rod polymers.

traditional triarylphosphine-based palladium catalysts. ' This reactivity is of

greater importance than that of aryl bromides and iodides because of the abundance

of chlorine-containing nitrogen hetreocycles (as compared with bromine- or iodo-

containing nitrogen heterocycles) that are commercially available.^'
'^

One of the earliest examples of a Suzuki reaction of a heteroaryl chloride

was provided by Gronowitz et al., in which the coupling of 2,4-dichloropyrimidine

with 2-thienylboronic acid was examined and it was established that the 4-chloro

n' Vci+ (HO)2B-\3

CI

3% Pd(PPh3)4

N ^ ^
aq. NajCOj ^N
DME, reflux CI -qq/

Scheme 28. Suzuki reaction of a heteroaryl chloride.

group is more reactive than the 2-chloro group (Scheme 28).^^ Subsequently, other

chloro-substituted nitrogen heterocycles have been shown to under go Suzuki
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coupling in the presence of a traditional catalyst including pyridines, pyridine N-

oxides, pyrazines, pyridazines, triazines, quinolines, purines, as well as other

examples.'^ j

Within the last half decade, a large number of Suzuki reactions of non-

heteroaryl chlorides have been described, and some couplings are depicted

,€V° * ("0..B-O -^^^^^^^
\=/ base, solvent

R=CN,N02,COMe,CF3,
temperature

CHO, C02Me

Scheme 29. Suzuki reactions of non-heteroarvl chlorides.

(Scheme 29)/^ which represent the most challenging in the series. Uemura and co-

workers have shown that aryl chlorides that are r|^-bound to Cr(C0)3 are

remarkably reactive coupling partners in Suzuki reactions.^*' *^ The aryl chloride

couples with an aryl boronic acid even in the presence of the electron-donating,

P^^ 10%Pd(PPh3)4

// W
\L4J/ 2 \=/ 2eqNa2C03
^^^^^^3 MeOH/H20

75°C

Scheme 30. Arvl chloride coupling with an aryl boronic cid in the presence

of an electron donating, de-activating ortho-methoxy group.

deactivating ortho-methoxy substituent (Scheme 30).^^ Furthermore, no

homocoupled 4-bromophenylboronic acid is observed, thus establishing that highly

selective activation of a C-Cl bond occurred in the presence of a typically more

reactive carbon -bromide bond.
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Prior to 1998, there were no reports of effective palladium-catalyzed

Suzuki cross-coupling reactions of electron-neutral or electron-rich aryl chlorides

as these compounds were either neutral or deactivated towards oxidative insertion

with palladium. In 1998, the groups of Buchwald and Fu independently developed

catalyst systems that were capable of coupling a wide range of aryl chlorides in

good yields.^^ Buchwald and co-workers reported that an amino-phosphine is a

very effective ligand for palladium-catalyzed Suzuki reactions of aryl chlorides

(Scheme 31).^°

2% PdCOAc).

3% Me2N

MeO-f^-Cl

(H0)2B-c_;>
^j^^^^g

^^y^ MeO-^^^V-.^^

\ / aioxane 92%
RT

Scheme 31. Amino-phosphine ligand in the Suzuki reaction.

This catalyst system couples a broad spectrum of aryl chlorides, such as

electron-neutral and electron-rich substrates, at room temperature. CsF was found

to be the most suitable base, although the less expensive K3PO4 could be used at

elevated temperatures."^

Buchwald and co-workers subsequently determined that a biphenyl ligand

system lacking an amine functionality, as in Scheme 32 was even more effective in

palladium-catalyzed Suzuki reactions of aryl chlorides, thereby establishing that the

amino group of the amino phosphine is not essential for high activity.
''
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Parrish and Buchwald have developed a polymer-bound

dicyclohexylphosphanylbiphenyl ligand that can be employed for Suzuki reactions

of electron-neutral and hindered aryl chlorides; the coupling products are isolated

without the need for column chromatography.^^ In addition, an enantio-pure

biphenyl ligand, can be applied to the asymmetric synthesis of axially chiral biaryls

(Scheme 32).^"* Stabilizing interactions between the ortho-ary\ group and a

<y-
NO.

(HO),B

2% Pd2(dba)





jy
1.5%Pd2(dba)3

CI+(H0)2B^ ^ ^ >-^/ s>
\=^Y 1.2equivCs2C03 R ~

dioxane

X = 4-COMe, Me Y= 4-CF3,H, 80-90 oC
OMe, NH2 OMe

2-Me 2-Me

Scheme 33. Stericallv demanding and electron rich trialkvlphosphine,

P^Bu , in the Suzuki reaction.

catalyst system exhibits a highly unusual reactivity profile and unprecedented

selectivity for the coupling of an aryl chloride in preference to an aryl triflate

(Scheme 34).

/^^\ 1 .5% Pd2(dba)3

TfO-< >-Cl 3.0%P(tBu)3

^\ TfO

95%
'2 \^^ THp

RT

Scheme 34. This Pd/P(^Bu)
3
-based catalvst system exhibits selectivity for the

coupling of an aryl chloride in preference to an aryl triflate.

In line with these new developments on the use of bulky phosphine

ligands in palladium catalyzed reactions of aryl chlorides, a number of research

groups have described other ligands capable of promoting coupling of aryl

chlorides. Guram and co-workers have established that dialkylphosphines are

effective ligands for palladium-catalyzed Suzuki reaction of aryl chlorides.^^' ^^ In

addition, Beller and co-workers have reported that the new bulky ligand di(l-

adamantyl)-«-butylphosphine can afford excellent turnover numbers in palladium

catalyzed Suzuki reactions.^^
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The success mentioned above for the coupling of aryl haUdes with aryl

boronic acids, the classic Suzuki coupling reaction, has not been enjoyed in the

coupling of alkyl halides and tosylates with aryl and alkyl boronic acids. This can

be presumed to be a result of slow oxidative addition of the (sp^) carbon -X bond to

palladium and the fact that p-hydride elimination from the of the alkyl-palladium

complex is facile under the standard conditions involved in Suzuki reactions.'^ /?-

hydride elimination occurs immediately after the oxidative addition of the alkyl

halide to palladium (Scheme 35). Next the hydrogen and halide reductively

eliminate to give hydrogen halide acid. There is a need for catalytic systems which

can couple alkyl-halides and boronic acids efficiently as such a procedure could

Oxidative

Addition
R'

Reductive

Elimination

or possibly

P-hydride r Pd-"^^^ LPd^-^^
elimmtation " '

,

"
'

instead ^ ^^ tt

L„Pd ^=^R

MX ^vi^ X
Transmetallation

MR' "
'

p-hydride elimination

Scheme 35. Generalized cvcle for palladium catavlzed p-

alkvl Suzuki reaction showing when p-hydride

elimination occurs.

extend the scope of natural and unnatural products attainable via Suzuki chemistry

immensely. Some success has been demonstraghted by Fu and co-workers using

tri-tert-butylphosphine as a ligand.^^"'^^ The draw back to such a procedure is

however the expense of the phosphine ligand, its toxicity, and storage difficulties.
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To this end a small library of phospha-adamantane ligands has been generated and

applied to the palladium catalyzed coupling chemistry. Previous work in the

research group has shown that the l,3,5,7-tetramethyl-8-phenyl-2,4,6-trioxa-8-

phospha-tricyclo[3.3.1.1.*3,7*]decane used for the Suzuki reaction with aryl

halides results in significant /^hydride elimination when alkyl halides are used.

1.6 Library of tertiary phosphine ligands incorporating a phospha-

adamantane framework.

As mentioned above, despite the advances in palladium-catalyzed

coupling chemistry as a result of bulky, electron-rich phosphine ligands, there are

several drawbacks associated with these systems. The most effective

trialkylphoshines (/-BU3P and Cys?, especially) are prone to oxidation and are

highly pyrophoric and as a result, special handling conditions are required.

Furthermore, the cost of these compounds can be prohibitive (for example, $70,000

US and $15,000 per kilo for technical grade t-Bus? and CyaP, respectively: Aldrich

Catalogue 2003-2004). In an effort to address the issues of reactivity, cost, and

handling, a research effort was directed towards the development of new sterically

demanding and electron-rich ligands for use in transition-metal catalysis.

Work to this end in the present thesis has focused on the 1,3,5,7-

tetramethyl-2,4,8-trioxa-6-phospha-adamantane system. First described by Epstein

and Buckler in 1961'°^ the phospha-adamantane is a white crystalline solid easily

prepared via the condensation of phosphine (PH3) with 2,4-pentanedione under

acidic conditions. The proposed reaction mechanism is presented in Scheme 36.

34-





»;ire

TT^^ O
2" ^kX -^

+ PH,

{.<:.; r«

l'->

CH,

oAp-H

"^OH O

PH "^ x'-V/^

0--0
CH,

I
OH o ^ it^

+ p
I

H

-H^ .H

O OH

Scheme 36. Proposed mechanism for the generation of 1.3.5.7-

tetramethvl-2.4.8-trioxa-6-phospha-adamantane.

The reaction has been modified a number of times, including the use of fluorine-

containing diones'^'* and the synthesis of bis(phospha-adamantyl)alkanes from

diprimary phosphines.'^^

The phospha-adamantane architecture contains the elements that should be

included in a ligand suitable for organopalladium chemistry (X-ray crystal

structures in Appendix). This is not the first time the adamantane structure has been

incorporated into a phosphine used in organopalladium chemistry, (adamantyl di-

/err-butylphosphine, for example)
•^^'" however systems like 1,3,5,7-tetramethyl-

2,4,8-trioxa-6-phospha-adamantane have the phosphorous entrenched within the

adamantane framework. The inherent steric crowding about the phosphorous make
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it an ideal structure for further derivitization to bulky trisubstituted phosphines

suitable for use as ligands. This derivitization is necessary because the secondary

phosphines are unsuitable for use as ligands.

1.7 Heck reactions in ionic liquids.

In all of palladium chemistry there exits the problem of the expense of the

palladium which there is a need to overcome. To this end many groups have placed

derivatives of ligands on polymers and dendrimers''^ with the idea that the

palladium would remain in the reaction flask after the solvent has been drained.

This technique has proven to be quite valuable in the academic lab but has not

taken off in the industrial stage due to the time constraints of creating and

optimizing such a system. The other method for palladium recycling, and indeed

for metal recycling in general is the use of ionic liquids. Ionic liquids also have the

potential to reduce the amount of volatile organic compound waste because many

ionic liquids can be re-used. Other methods of solvent reduction include using

super critical carbon dioxide^ ^^, water' ^"^j or no solvent at all*'^. However, to date

none of these solutions have had broad success in chemical reactions.

Ionic liquids, as opposed to molten salts, are salts that are liquids at room

temperature or at slightly higher temperatures. They are of low viscosity, though

still higher than a typical organic solvent (e.g. methylene chloride) and are easily

handled."^ The composition of an ionic liquid is typically an organic cation and

organic or inorganic anion. One of the most common ionic liquids is

[bmim]^[BF4]', commonly referred to as l-butyl-3-methylimidazolium
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tetrafluoroborate."^ In general there are five relatively easily made types of ionic

liquid which are based on nitrogen, imidazole, pyridine, phosphorous, and sulfur

R\\ ^R '^O /R R\ x^R
cations: N^. P-|. S_,_

R"^ R" R"

^^N^N-^^^
©J \©;
N

I

R

anions: BF4-, PF^-, SbP^-, NO3-, CF3SO3-, (CF3S03)2N-,

ArSOj-, CF3CO2-, CH3CO2-, AI2CI7-

Scheme 37. Various cations and anions used in ionic liquids .

(scheme 37). There are also some specially created ionic liquids based upon

amino acids (scheme 38)."^ Ionic liquids as a solvent have come to be viewed as

valuable, alternative "green" solvents for catalytic processes over the last few

HjN-

OH

H ^ +N H

R R

R= CH3 , CH(CH3 )2 , and CH2 CH(CH3 \

Scheme 38. Amino acids derived ionic liquids.

years. An important feature of the ionic liquid is that it is often possible to recycle

the active metal catalyst subsequent to extraction of the organic product and

inorganic salts from the ionic liquid.'^^ Judicious choice of the ionic liquid often

allows for the formation of a tri-phasic system with water and a non-polar organic
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solvent in the work up. This process has been applied to the palladium-mediated

Heck coupling reaction using quaternary nitrogen based ionic liquids which can be

conducted at room temperature with the application of ultrasound.'^' The Suzuki

reaction has also been carried out successfully in imidazolium ionic liquids with the

application of both thermal'^^ and with excessive heating energy.
'^^

Quaternary phosphonium salts are a class of readily available ionic liquid

which have received scant attention in the literature. The only example being

tetradecyltrihexylphosphonium bromide which was used to affect Suzuki coupling

of aryl halides with aryl boronic acids, although the reaction was not efficient with

aryl chlorides
'^'^ and a more relevant Heck reaction with

hexadecyltributylphosphonium bromide by Kaufmann and co-workers. '^^ We

report herein on the use of the ionic liquid tetradecyltrihexylphosphonium chloride

(THPC) for the room temperature ionic liquid, and a screen of several other

phosphorous based ionic liquids, containing small amounts of water as an efficient

reusable media for the palladium catalyzed Heck cross-coupling reaction. Addition

of water and hexane to the reaction products in the phosphonium salt ionic liquid

results in the formation of a triphasic system that differs from that reported for the

imidazolium salts. In the case of imidazolium salts, the ionic liquid is denser than

water and forms the bottom phase with an aqueous central phase and organic layer

on top.'^' In the case of THPC, the palladium catalyst remains fully dissolved in the

central phosphonium salt layer while the product biaryls are extracted into the top

hexane phase and inorganic salts (phosphates/borates) into the lower aqueous
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phase. The reaction of phenylboronic acid with iodobenzene has been investigated

extensively under our conditions in THPC.

1.8 Aims and Objectives

This thesis explores the scope and applicabiHty of the tertiary, air-stable

phospha-adamantanes as ligands in selected (amination and y^alkyl Suzuki)

palladium-catalyzed cross-coupling reactions. The generation of a small library of

ligands, based on phospha-adamantane framework allows us to explore the effects

of structural modification on reactivity. In addition, the applicability of

phosphorous based ionic liquids for palladium catalyzed Heck reaction was

explored. A library approach utilizing parallel screening allowed the determination

of the optimal solvent based upon experimental results.
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2.0 Results and Discussion.

2.1 Amination Reaction:

Initial experimentation with the amination reaction took place with the

three ligands provided by Cytec Canada Inc. which were based on the 1,3,5,7-

tetramethyl-2,4,8-trioxa-6-phospha-adamantane (PA-H). Secondary phosphines are

not typically used in organo-palladium cross coupling chemistry and require or

undergo further modification to a tertiary phosphine in situ. The chemistry

developed by researchers at Cytec Canada Inc. involves construction of the

adamantane structure with phosphine (PH3). Phosphines provided by Cytec include

PA-H and three derivates; phenyl, o-tolyl, and C14H29, X-ray crystallographic

structures for these compounds have been obtained. The general method for

modifying primary and secondary phosphines is via palladium cross-coupling with

OMe

CH
4% 1 ^ OMe

oAp'R
HX^>^CH- -ho 3

CH,

I

0.5 mmol l.Ommol

0.7 mmol NaO^Bu

1.5 mL toluene

2%Pd llO^C argon

Scheme 39. Model amination reaction.
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aryl halides and radical mediated coupling with terminal olefms.^^

Preliminary screening of the above ligands in a standard amination

reaction using Hartwig's conditions (but at 100°C instead of room-temperature)'*^

Table 2. Phospha-adamantane screen for standard amination reaction.

Entry Amine Aryl halide Phospha-adamantane derivative Yield (%)*

OMe PAH-H 21

PA-Ph 56

PA-o-tolyl 53

rA-L/ 1^029 19

'Isolated yield.

(Scheme 39), showed there to be only a minor difference between the phenyl and o-

tolyl phospha-adamantane derivatives, results summarized on Table 2. The

secondary and C14H29 derivatives did not perform as well. This could be a result of

oxidation of the alkyl phosphine, however, repeated attempts with stringent

exclusion of oxygen confirmed the trend. Contamination by air in the reaction

vessels was not the sole cause of oxidation as stock chemicals of the two

phosphines showed substantial amounts of oxidation product as determined from

^'P nmr. This in turn changes the amount of phosphine ligand in the reaction which

future work revealed to be important.
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Due to the similarity of reactivity of the phenyl and o-tolyl phospha-

adamantane ligands, most experiments were performed with the more readily

available phenyl derivative.

With this ligand in hand optimization of the palladium source was

Table 3. Palladium source for amination.

Entry Amine Aryl halide Metal (4%) Product Convertion (%)*

NH Br

O

PdCL

N

O.
trace

Pd (0Ac)2

PdCl2(MeCN)2

Pd2(dba)3

Pd2(dba)3 CHCI3

65

trace

85

95

>H Br

O

Pd2(dba)3

N

Ov

78

Pd2(dba)3 CHCI3 83

'Conversion after 10 hours by GC/MS analysis.

examined. A general survey of the literature showed that a range of palladium

sources had been used with some success. Five different palladium sources were

chosen: PdCb, Pd(0Ac)2, PdCl2(CH3CN)2, Pd2(dba)3, and Pd2(dba)3 CHCI3. The

results are shown in Table 3. Sources that provided palladium in its plus two

oxidation state were shown to be inferior to those that were in the zero oxidation
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state, i.e. Pd2(dba)3, and Pd2(dba)3 CHCI3, PdCb and PdCbCCHsCN)! both gave

very low yields, presumably due to the inability of the system to reduce the

palladium(II) to the necessary oxidation state for the initial step in the catalytic

cycle. The poor quality of palladium acetate as a Pd(0) source might be due to its

oxidizing properties, which may have acted upon the phosphine ligands. Also,

because acetate is a strong ligand for palladium in both oxidation states, one of the

components of the reaction mixture might not have been able to displace it and

begin or complete the catalytic cycle. The latter reason is more probable as

palladium acetate is used in many similar reactions, for example the y^alkyl Suzuki

reaction discussed the introduction. Of the two palladium sources that gave Pd(0),

Pd2(dba)3 CHCI3 was shown to be the superior source. This was verified with a

second amination reaction using A^^-dipropyl amine in place of A^-methylaniline.

The differences between these two palladium sources is perhaps explained by the

variable ratio of palladium to dba in Pd2(dba)3. Though synthesized in the lab

repeated washing of Pd2(dba)n still gave off dba in solution. Complete purification

of Pd2(dba)3 was performed via formation of the chloroform adduct

Pd2(dba)3CHCl3.

A review of the literature revealed that toluene and dioxane were the

solvents typically employed. A variety of solvents were screened including toluene,

benzene, dichloromethane, chloroform, dioxane, pentane, and DMSO (Table 4).

The reactions were performed at 50°C or at reflux if the solvents boiling point was

below 50°C. Dichloromethane, chloroform, and DMSO gave only trace yields

products, surprisingly benzene and dioxane gave only moderate yields, whereas the
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Table 4. Solvent for amination.

Entry Amine Aryl halide Solvent Product Conversion (%)*

Br

NH

O

Br

NH

?

PhMe

PhH

DCM

CHCI3

dioxane

pentane

DMSO

PhMe

pentane

N

O.

N

O.

92

76

trace

trace

50

72

trace

85

68

'Conversion afterlO hours by GC/MS analysis. Reactions at 50°C or reflux if bp above 50°C.

better solvents were toluene and pentane. Toluene and pentane were compared once

again with a cyclic dialkyi amine, piperidine and the results were consistent. At

lower temperatures 30-40°C yields became comparable. At room temperature

pentane was superior to toluene, however reaction times were forty hours and the

best yield about 45%. The solvent of choice became toluene, because of its higher

boiling point reaction rates could be shortened by elevating the reaction

temperature without removing the solvent in septa sealed glassware.

Next the ligand to metal ratio was optimized. The amount of ligand

molecule per metal molecule in the literature varies widely form 0.8:1.0 to 2:1 for

both monodentate and bidentate ligands. Four reactions were set-up, with
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ligand/metal ratios of 2:1, 1.5:1, 1:1, and 0.5:1 (Table 5). From the table it can be

seen that excessive ligand is highly detrimental to the reaction and that as the

metal-ligand ratio is brought closer to unity the rate of reaction increases, shown by

Table 5. LigandiMetal ratio for amination.

Entry Amine Aryl halide PA-Ph:Pd Product Conversion (%)*

Br

NH
2:1

O N

0>

1.5:1

1:1

0.5:1

36

92

25

'Conversion after 10 hours by GC/MS analysis.

reaction sampling with GC/MS analysis. This is reflected in the literature with the

majority of papers reporting the greatest success with a 1:1, or close to 1:1,

ligand/metal ratio. The rational for this ideal ratio can be explained by the proposed

reaction mechanism (Scheme 5), where one ligand is said to be co-ordinated to

palladium throughout the reaction. In the case of a less than 1 : 1 ratio, there would

be a lower amount of the active catalyst present. In the reaction were there is a

higher than 1 : 1 ratio perhaps the excess phosphine could be competitively binding

to the palladium and crowding out the other reaction components.

The next variable requiring optimization was the base. Once again the

literature indicated that a variety of bases held potential and a representative

number were selected, including LiO^Bu, NaO^Bu, KO'Bu, NaiCOs, K2CO3,
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RbiCOa, CS2CO3, and NaOAc. As can be seen from Table 6 sodium and potassium

tert-butox'ide were tiie superior bases. These results were as expected; in the

literature, reactions run in toluene typically use a butoxide base while those

Table 6. Base for amination reaction.

Entry Amine Aryl halide Base Product Yeild, %*

r-^^^
LiOtBu ,/^

KO^Bu

NaO^Bu

Na2C03

K2CO3

Rb2C03

CS2CO3

NaOAc

trace

78

75

trace

trace

trace

34

trace

*Convertion after 1 hours by GC/MS analysis.

performed in dioxane use a metal carbonate, usually cesium. The reactions in table

6 were repeated using dioxane as solvent (results not shown). The yields decreased

for the sodium and potassium /er/-butoxides and only improved marginally with the

carbonate bases.

The final variable which needed to be set was the temperature of the

reactions. A minor amount of experimentation showed that reasonable rate

durations could be obtained by using 30°C for reaction involving aryl iodides, 50°C

for aryl bromides and 70°C for aryl chlorides. Increases in temperature served only
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to shorten reaction times until about 100°C, for all substrates, above which yields

generally decreased. .1:.

With the ideal conditions in hand for the amination reaction of a mixed

aryl/alkyl secondary amine and an aryl bromide, a range of substrates were

explored. Tables 7-9 show a summary of the results for the amination reaction with

Table 7. Amination of diary! amines.

Entry Amine Aryl halide Base Product Yield (%)*

X

NaO'Bu

NaQtRu

NaO'Bu

O

X = I, 96

Br, 94

X = Br, 95

X = I, 93

Br, 97

CI, 94

'Average isolated yield oftwo runs.

different substrates. The tables are divided into four groups based upon the type of

amine undergoing the coupling reaction, diaryl, aryl/alkyl, cyclic dialkyl, and

acyclic dialkyl with the result for iodo-, bromo-, and chloro-aromatic coupling
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partners in the corresponding tables. Table 7 shows the results of biphenyl amines

and three types of coupling partners. 2-Iodotoluene and 2-bromotoluene represent

sterically hindered coupling partners. The reaction times for these partners, and for

all of the biphenyl reactions, were disproportionately longer than any of the other

Table 8. Amination ofmixed aryl alkyl amines.

Entry Amine Aryl halide Base Product Yield (%)*

NaO«Bu

NaO^Bu .^^^^

^CN

X= I, 95

Br, 97

X= I, 94

Br, 96

CN X=Br, 96

CI, 94

X
NaO'Bu

?

'Average isolated yield of two runs.

reactions using sterically unhindered aryl iodides and bromides. The explanation

for this was the unfavorable sterics involved in the reaction mechanism from the

two large groups on the nitrogen and to a much lesser extent the ortho methyl

group on the aryl halide coupling partner. The ortho methyl group did not pose a
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problem in coupling in the other categories either. As can be seen in Table 7

biphenyl-2-methylphenylamine was formed from 2-iodotoluene and 2-

bromotoluene in excellent yields. However, having two ortho-methy\ groups, e.g.

2-bromomesitylene, stopped the reaction from proceeding altogether (results not

shown). The next coupling partner, 4-bromobenzonitrile, also gave an excellent

yield. The reaction time was reduced compared to the reaction time of 2-

bromotoluene with biphenyl amine. The electron withdrawing nature of the cyano

functionality in 4-bromobenzonitrile activates the aryl halide toward oxidative

addition by palladium(O). This is a general phenomenon in palladium mediated

cross-coupling reactions. Likewise, the coupling of 4-bromoanisole with

biphenylamine was longer than that of 2-bromotoluene. The methoxy functionality

of anisole is electron donating through resonance. Palladium(O) is relatively

electron rich compared to Pd(II) and its affinity for an electron deficient C-X is

higher than for an electron rich C-X bond, though oxidative addition can and does

occur with both. All three halo-anisoles proved excellent coupling partners giving

greater than 90% yields.
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The second category, mixed aryl/alkyl amines, proved to be an even more

facile coupling partner to aryl halides than biphenyl amine did. The results are

Table 9. Amination of cyclic dialkyl amines.

Entry Amine Aryl halide Base Product Yield (%)*

NaOBu X = I, 97

Br, 94

X'

,CN
NaO^Bu

NaO^Bu

^N'

,CN
X = Br, 97

CI, 96

X = I, 97

Br, 98

CI, 95

O

NH
NaOBu X = Br, 94

CI, 97

10

11

12

13

NaOBu

?

NaOBu X = Br, 96

'Average isolated yield oftwo runs.
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summarized in Table 8. A^-methylaniline was tiie mixed amine chosen because it

lacked susceptible p-hydrogens, a problem that will be discussed with the next

category. In all cases A^-methylaniline proved to be an excellent coupling partner to

electron rich, neutral, and deficient aryl halides; 4-haloanisoles, 2/4-bromotoluene,

and 4-halobenzonitrile respectively.

The third category, cyclic dialkylamines, was unexpectedly as reliable as

that of mixed aryl/alkyl amines. A summary of the results is contained in Table 9,

From the literature and initial experimentation it was expected that /^hydride

elimination would be an obstacle to obtaining high yields, the mechanism by which

this is thought to occur was discussed in the introduction. Initial optimization

Table 10. Amination of acyclic dialkyl amines.

Entry Amine Aryl halide Base Product Yield (%)*

^NH
NaO^Bu

NaO^Bu

X= I, 97

Br, 98

X = Br, 97

CI, 96

'Average isolated yield of two runs.

experiments that used alkyl amines (table 3 and 4) did result in significant ^

hydride elimination. This was observed by detection of dehalogenated 4-

bromoanisole (i.e. anisole) by GC/MS analysis. However, after conditions were

51





optimized in general it was found that only trace amount of dehalogenated aryl

coupling partners were detected. From Table 9, both piperidine and morpholine are

excellent coupling partners for electron rich, neutral, and poor aryl halides. Even

the spectator amine in 4-bromo-A^,iV-dimethylaniline was an excellent coupling

partner. •:

The second to last category for the amination reaction, secondary acyclic

alkyl amines, proved as reliable as secondary cyclic amines did (Table 10). From

the literature this group of amines has proven to be slightly more difficult than the

cyclic amines. Table 10 shows that dipropyl amine reacted well with electron rich

and neutral aryl iodides and bromides.

The final category, reactions of primary amines, for which there are no

results of note, except the lack of yields, for both alkyl and aryl amines. Using

butyl, heptyl, and phenyl amines only trace amounts of products were detected by

GC/MS analysis. Optimization experiments were started from the beginning for

these substrates but to no avail. For the two alkyl amines there was either no

reaction or /^-hydride elimination. Aniline simply failed to react. These negative

results are inconsistent with those published in the literature, where modest yields

are reported for primary alkyl amines and excellent yields for aniline.

The disappointing results from amination reactions, prompted the creation

of a library of phospha-adamantanes, with the hopes that alterations of the catalyst

would improve the yields. The library itself is shown in Table 11 below, was

synthesized by Dr. Tim Brenstrum. Aryl groups include anisole, anilines, pyridine,

naphthalenes, and acetyls. This library was designed to probe for a useful aryl
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group. The only difficulty encountered was in derivatizations in which a d\-ortho

substituted aryl halide was used. Such compounds resisted harsher, more drastic

reaction conditions, the difficulty is thought to be a result of steric hindrance, which

prevents the phospha-adamantane from coupling to the aryl group and instead

dehalogenation of the aryl halide was observed. The procedure used was based on

one developed by Kraatz, 2000.'^'^ l,3,5,7-Tetramethyl-2,4,8-trioxa-6-phospha-

adamantane was treated with an aryl halide in refluxing xylene in the presence of

di(|i-acetato)bis[o-(di-o-tolylphosphino)benzyl] dipalladium(II) (Scheme 40).

Initial reactions were run to test the viability of the procedure, the library was

created without concern of yields or optimization.
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Table 11. Phospha-adamantane ligand screen in the y^alkyl Suzuki reaction.

Entry Ligand
Cross Coupled

Product (%)*

Elimination

Product (%)*

1 PA-Ph

PA-o-tolyi

r A-Uj^rl29

10

11

12

OMe

OMe

'^-\
/)

BnO

8 PA-

PA

W //
Ac

v//

PA

MCjN

PA-
\\ /y

NMe.

5

6

2

71

64

96

34

27

40

23

44

23

17

7

15

26

37

45

23

33

45

21

'Conversion to cross-coupled and elimination product estimated by GC/MS
analysis.
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?"3 CH3

OT^p^H R-Br oy^p^R

H3C

H3C . H3C

CH3

Scheme 40. Derivatization of l,3,5,7-tetramethvl-2,4,8-trioxa-6-phospha-adamantane.

Unfortunately, the yields did not improve. It was hoped either increasing

or decreasing the electron density on the phosphorous would have a positive effect

on the rate on amination. A standard reaction with A^-methyl-aniline and

bromobenzene under the optimal conditions and sampled at 2 hour intervals

showed that there was no significant increase in reaction rate. The naphthaline,

acetal, and A^, A^-dimethyl phospha-adamantane ligands severely reduced the rate of

rate and overall yield. The library was also screened with the troublesome primary

alkyl and aryl amines with the hopes that there would a be a increase in yield.

However, there was not and with this the amination project was stopped.

2.2 >^Alkyl Suzuki Reaction:

The next project, /?-alkyl Suzuki reaction, with the three original phospha-

adamantanes attempted prior to the generation of the library, but results were poor

and the project was stopped. The major products with the original three ligands was

the /^-hydride elimination products. The project was reexamined with the new

ligands.

The initial step was a screen of the phospha-adamantane library. The

reaction conditions chosen as the starting point for ligand screening and

55





optimization were the conditions reported by Fu in 2002.^^ Tiie coupling partners of

1-bromododecane and bromobenzene were chosen so that a direct comparison of

the iigands used could be made to the ligand used by Fu'^^, tri-rer/-butylphosphine.

As can be seen from Table 11, the methoxy derivatives performed the best of the

available Iigands options. These results can be rationalized by the increase in

electron density at the phosphorous via its proximity to the aromatic carbon with

increase electron density from methoxy resonance donation. Increased steric bulk

could be a factor as well, but the ortho- N, A^-dimethyl amine derivative would have

surpassed the para-methoxy derivative if the increased steric bulk and thus cone

angle if steric bulk alone was the reason for the increased activity.

Regardless of the reason for the Iigands efficacy in the y^alkyl Suzuki

reaction, l,3,5,7-tetramethyl-6-(2,4-dimethoxyphenyl)-2,4,8-trioxa-6-phospha-

adamantane was used from this point on. The next condition to be optimized was

the base with the same coupling partners of 1-bromododecane and bromobenzene

used throughout the optimization procedures. Though literature in this specific

reaction is sparse, the work done by Fu'^^ indicated that CS2CO3 and organic

amines are the best bases in combination with tri-/err-butylphosphine. Reaction

conditions at this point were not those of Fu but rather that which was optimal for

the amination reactions above i.e. 1 mmol aryl boronic acid, 1 .2 mmol alkyl halide,

2% Pd2(dba)3 CHCI3, 2% ligand, and 1.5 mL toluene. A small number of bases

were screened, the best conversion to the target product and lowest amount of

elimination product was obtained with potassium tert-butoxide.
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Next, the palladium source was optimized. Three forms of palladium were

tested, Pd2(dba)3, Pd2(dba)3CHCl3, and Pd(0Ac)2. Palladium acetate was found to

be the best, results not shown. This is in agreement with the results reported by

Fu."-'"^

Third, the metal/ligand ratio was tested as it was for the amination

reaction, Table 12. It was found that a 1:1.5 ratio was ideal, which again was

reported by Fu.^^-*°^

Table 12. Ligand:Metal ratio for P-alkyl Suzuki reaction.

Entry Alkyl halide Aryl boronic acid Ligand/Metal Product Conversion TP/EP(%)*

OH
,Br I

HO ^ ^ 2:1 ^^^^^ 23/62

10

2 ' ' •' 1.5:1 57/12

3 1:1 34/24

4 0.5:1 15/13

*target product vs. elimenation product. Conversion after 15 hours by GC/MS analysis.

The final condition to be optimized was the solvent. A variety of non-

polar and polar solvents were tested, including toluene, benzene, dichloromethane,

chloroform, dioxane, and THF. Resulted summarized in Table 13. Once again the

solvent reported by Fu,^^"'°^ dioxane, was superior.

These results were also in agreement with the work on the cross-coupling

of alkyl halides with aryl and alkyl 9-BBN derivatives, being perform by, Dr.

Brenstrum in the lab concurrently.
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Table 13. Solvent source for P-alkyl Suzuki reaction.

Entry Alkyl halide Aryl boronic acid Solvent Product Convertion TP/EP(%)*

Br

HO'
,B

PhMe

PhH

DCM
CHCI3

dioxane

THF

78/15

70/21

20/34

23/56

96/3

20/76

*target product vs. elimenation product. Convertion after 10 hours by GC/MS analysis. Reactions at

50°C or reflux if bp below 50°C.

With the conditions optimized a variety of substrate were tested (Table

14). The standard alkyl halide, 1 -bromododecane, was coupled to electron neutral

and sterically hindered aryl boronic acids, such as phenyl, o-tolyl, and 1-naphthyl

boronic acid in excellent yields with minimal elimination products. 1-

Bromododecane was also coupled successfully with electron rich p-

methoxyphenylboronic acid. Under the reaction conditions oxidative insertion of

the palladium species was selective for the C-Br bond over the C-Cl bond,

however, prolonged reaction times resulted in y^hydride elimination on the C-Cl

end of l-(5-chloropentyl)-4-methoxybenzene. Under high concentrations of the

secondary alkyl bromide (5 equivalents relative to p-methoxyphenylboronic acid),

cyclohexyl bromide, 54% coupling could be obtained with then rest of the p-

methoxyphenylboronic acid under went homocoupling after GC/MS analysis

showed there was no more cross-coupling occurring. This is presumably due to the

alkyl halide under going rapid /^-hydride elimination to give cyclohexene. Finally,
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Table 14. Coupling partners for P-alkyl Suzuki reaction.

Entry Alkyl halide Aryl boronic acid Product Yield (%)*

J^

,Br

10

HO'

HO'

HO'

OH
I

,B>

OH
I

,B

•-x^

OH\^
I

.B

"0

OH .^^^^

HO'

"X;^

"^•^d^Br

Br

HO

OH
I

HO'
,B

?

O

r^N

^^^

97

97

94

96

95

44

'Isolated yields, average oftwo runs,

one alkyl boronic acid, butyl boronic acid, was used to moderate success in a cross

coupling reaction. Frequent GC/MS analysis of the reaction flask showed that cross

coupling, /^-hydride elimination, and boronic acid decomposition were all occurring

at similar rates and as a result only 44% of the desired product could be obtained.
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2.3 Ionic Liquid Heck Reactions:

Alongside the y^alkyl Suzuki cross-coupling reaction the Heck reaction was

examined. The use of a phosphorous based ionic liquid was shown to be excellent

for standard Suzuki reactions. With this impetus, a small library of ionic liquids

was obtained from Cytec Inc.

A standard Heck reaction, Scheme 41, was chosen to explore the viability

of this ionic liquids library provided by Cytec. The conditions, i.e. catalyst loading.

O

+

^x^
o

Pd2(dba)3 CHCI3

0.5 mL IL
^-

6 % PPh3

1.1 eq TEA
60°C, argon, 2h

Xo

^^

Scheme 41. Standard Heck reaction for ionic liquid screen.

ligand loading, etc., were based upon previous work done in the Capretta research

group on the Heck reaction in normal solvent systems, but with the phospha-

adamantane library. The results, were in general poor. Yields in all cases were zero

to trace. Reactions were then repeated with the library of ionic liquids, each ionic

liquid with triphenylphosphine, l,3,5,7-tetramethyl-2,4,8-trioxa-6-phospha-

adamantane, and in the absence of phosphines. The reactions with added phosphine

were run at a 1:1 metaliligand ratio. This ratio was expected, by comparison to the

literature, to give moderate results at worst. The third set of reactions with no

phosphine was chosen based on a few literature examples in which no ligand was

added and coupling was still observed. Previous work with the Suzuki reaction in
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the Capretta group had shown that phosphines in THPC inhibited reactions that

used aryl iodides. From these reactions it was shown that added phosphine ligands

did in fact inhibit the reactions of aryl iodides (Table 15). Two ionic liquids gave

significantly higher results than the rest, trihexyl(tetradecyl)phosphonium chloride

(THPC) and trihexyl(tetradecyl)phosphonium decanoate (THPD). Of these two

Table 15. Ionic liquid screen for the Heck reaction.

Entry Ionic Liquid Conversion (%)*

1 Trihexyl(tetradecyl)phosphonium bromide 1

3

2 Trihexyl(tetradecyl)phosphonium chloride 78

3 Trihexyl(tetradecyl)phosphonium dicyanamide 34

4 Trihexyl(tetradecyl)phosphonium 23

bis(triflouromethane sulfonyl)amide

5 Trihexyl(tetradecyl)phosphonium decanoate 75

6 Trihexyl(tetradecyl)phosphonium 1

6

bis(2, 4, 4,-trimethylpentyl)phosphinate

7 TrihexyI(tetradecyl)phosphonium 1

1

hexaflourophosphinate

8 Trihexyl(tetradecyl)phosphonium tetraflouroborate 1

7

9 Triisobutyl(methyl)phosphonium Tosylate 27

10 Tributyl(methyl)phosphoniummethylsulfate 16

'Conversion determined by GC/MS analysis.

ionic liquids, the former, was liquid at room temperature and maintained its

qualitatively observable viscosity while the later was solid at room temperature

before the reaction and a thick, sticky liquid after the reaction which resisted the
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formation of a triphasic system upon the addition of water and hexanes. For these

two reasons further experimentation was continued with THPC alone.

The next variable to optimize was then the base used in the reaction. In

general the literature makes use of organic amines as the base in the Heck reaction

in ionic liquids. The same is true of the Suzuki reaction in ionic liquids, but recent

success in the group using K3PO4 H2O for the Suzuki reaction in THPC lead to the

possibility of inorganic bases as being useful and added water to increase solubility,

to this end a series of bases were screened (Table 16). The bases include

triethylamine (TEA), 4-A^,A^-dimethylaminopyridine (DMAP),

Table 16. Base screen for ionic liquid Heck reaction.

Entry





diisopropylaminoethane, NaO^Bu, KO*Bu, K3PO4, K2PO4H2O, K2CO3 plus H2O,

NaOAc, and NaOAc plus water. As was expected, from the literature, the amine

bases gave moderate to good yields. Unexpectedly K3PO4 H2O and its anhydrous

counter part performed poorly, while sodium acetate with 50 jiL of distilled water

was an excellent base. Anhydrous sodium acetate was also ineffective, possibly due

to its lack of solubility. Small amounts of water are miscible with THPC, resulting

in increased solubility of the base. Inspection revealed the qualitatively less sodium

acetate was visible when SO^iL of water was added to THPC.

With the optimal conditions set a range of substrates were selected (Table

17 and 18). In general aryl iodides reacted in excellent yields with methyl acrylate,

a-methyl methyl acrylate, and styrene. Electron rich and poor aryl iodides and

sterically hindered aryl iodides also reacted well. Though electron rich aryl halides

typically react slower in organo-palladium cross coupling reaction this system

would seem to be sufficiently robust as to be insensitive to electron density for aryl

iodides. Of particular note for the reactions in THPC, was that ^-olefin products

were obtained exclusively, presumably as a result of the steric involved in the Ar-

Pd-CH=CHC02Me intermediate prior to reductive elimination. Aryl bromides

however, gave only moderate yields (Table 1 8). Re-optimization of the reaction

conditions did not further increase the yields. It is noteworthy that while addition of

phosphine ligands did hinder the reaction of aryl bromides, it did not stop the

reaction altogether as it did for aryl iodides. The coupling aryl chlorides was also

attempted, however yields were disappointing in all cases.
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Table 17. Heck reaction of aryl iodides.

Entry ^'*y' halide Olefin
Cross-Coupled

yield (%)^
product

O

O'

r
CO.Me

C02Me

r
Ph

r
C02Me

.C02Me

^O'

^^^

.C02Me

C02Me

98

C02Me

95

99

C02Me

99

.C02Me

98

.C02Me

99

^v^

isolated yields, average oftwo runs.
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Table 18. Heck reaction with aryl bromides.

Entry Aryl halide Olefin
Cross-Coupled

Product
Yield (%0A.\*

.Br ^C02Me

.COjMe

45

.Br .C02Me

.C02Me

34

*Isolated yields, average oftwo runs.
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3.0 Conclusion

The results from our study show that the phospha-adamantane derivatives

act effectively as ligands promoting the amination and /?-alkyl Suzuki palladium-

catalyzed cross-coupling reactions. The amination reaction of amines with aryl

halides was achieved successfully with high yields, comparable to current results

obtained with other ligands such as P(*Bu)3.

The phospha-adamantane ligands and the palladium complexes have

shown remarkable advantages over many other phosphines in that they are air

stable and easily prepared with relatively cheap starting materials. The parent,

secondary phospha-adamantane (1 ,3,5,7-tetramethyl-2,4,8-trioxa-6-phospha-

adamantane), while unsuitable for use as ligand, serves as an excellent framework

upon which a variety of aryl and alkyl groups can and have been successfully

introduced, allowing for a tunable phosphine ligand.

In addition, an ionic liquid (THPC) suitable for Heck reactions was

selected from a library of phosphorous ionic liquids. Reaction conditions for the

coupling of aryl iodides were then optimized using THPC.
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4.0 Future Work:

The limitations the phospha-adamantanes displayed as ligands in the

amination reaction and the ability to functionalize the core structure allow for

further development of the library to over come that limitation. The synthesis of a

library of tertiary phospha-adamantane ligands and their application in more than

just the amination reaction is currently under investigation in our laboratory. The

Capretta group is now identifying new applications for these ligands such as Heck,

Stille, and Negishi reactions. Development of the phospha-adamantane as a

possible polymer supported ligand is also under way.

Development of the phosphorous based ionic liquid, THPC, is at a stage

where more palladium mediated reactions can be examined with confidence,

focusing on the ability to retain palladium in the ionic liquid during work for the

purposes of recycling the palladium and liquid. Additionally, detailed molecular

studies of the nature and character of palladium in the ionic liquids needs to be

studied to better understand and predict the utility of reactions in this relatively

unexplored class of solvents.
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5.0 Experimental Methods:

I

5.1 Instruments

'H-NMR and ^^C-NMR spectra were obtained by using a Brulcer Advance

DP/RX 300 MHz Digital FT-NMR spectrometer. The solvents used for NMR

analyses were CDCI3, supplied by Cambridge Isotopes and Isotec. Mass spectra

were obtained using a Kratos Concept 1 S double focusing mass spectrophotometer

interfaced to a Kratos DART acquisition system optically linked to a SUN SPARC

workstation. Electronic Ionization (EI) or Fast Atomic Bombardment (FAB) for

ionization as indicated.

Gas chromatography/mass spectrophotometric (GC/MS) analysis was

performed on a Hewlett Packard HP gas chromatograph 5890 series fitted with a 30

m X 0.25 mm I.D. fused-silica column with a film thickness of 0.25 mm, coated

with Carbowax 25M. The splitless injection port was heated to 275''C. Injection (2

|il) of sample in methanol was performed by automatic sampler. The carrier gas

was helium with a pressure of 170 kPa. The initial column temperature was 70°C.

After a 2 minute delay the column temperature was raised at a rate of 10°C min" to

160°C and held at that temperature for a further 10 minutes. The GC was coupled to

a 5970 mass-selective detector. The interface was kept at 280°C with the ion source

working in EI mode at 70 eV. The mass chromatograms were recorded by GC-MS

operating in the scan mode; the mass range was set to 50-400 AMU.
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5.2 Reagents

Silica gel used for chromatography (5.0% of 100 mesh up: 47.6% of 100 -

200 mesh and 47.4% of 200 mesh down) was purchased from Aldrich Chemical

Co. All amines were purchased from Aldrich and distilled prior to use. Aryl

boronic acids were purchased from Aldrich and recrystallized prior to use.

5.3 Solvent Preparation

The solvents that were used for the reactions were dried using the

following methods: dichloromethane was distilled from calcium hydride; THF was

refluxed over sodium metal wire; hexane was distilled from calcium hydride; ether

and dioxane were distilled from sodium metal wire.

5.4 General Methodology

General Procedure A: Preparation of tertiary aminesfrom aryl iodides liquid and

amine liquids.

Into an oven dried reaction vessel equipped with a stir bar was placed,

Pd2(dba)3CHCl3 (2%, 20.7 mg, 0.02 mmol), 1,3,5,7-tetramethyl-8-pheny1-2,4,6-

trioxa-8-phospha-tricyclo[3.3.1.1.*3.,7*]decane (4%, 11.7 mg, 0.04 mmol), and

sodium /er^butoxide (144 mg, 1.5 mmol). The flask was sealed with a rubber

septum and the atmosphere exchanged for argon via three vacuum/Ar fill cycles.

Toluene (dry, degassed, 1.5 mL), freshly distilled amine (1.2 mmol), and aryl

iodide (1.0 mmol) were then added via syringe. The flask was then placed in an oil

bath at 30°C and stirred. The reaction was monitored via TLC (5% EtOAc in
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hexane) and after the appropriate amount of time, the reaction was then removed

from the oil bath. The toluene was diluted with diethyl ether (10 mL), washed with

distilled water (1 x 10 mL) and brine (1 x 10 mL). The organic solution was

concentrated under reduced pressure and the residue purified via flash silica gel

chromatography (5% ethyl acetate in hexane).

General Procedure B: Preparation of tertiary aminesfrom liquid aryl iodides and

solid amines.

Into an oven dried reaction vessel equipped with a stir bar was placed,

Pd2(dba)3 CHCI3 (2%, 20.7 mg, 0.02 mmol), l,3,5,7-tetramethyl-8-phenyl-2,4,6-

trioxa-8-phospha-tricyclo[3.3.1.1.*3.,7*]decane (4%, 11.7 mg, 0.04 mmol), sodium

tert-bnioxxdQ (144 mg, 1.5 mmol), and amine (1.2 mmol). The flask was sealed

with a rubber septum and the atmosphere exchanged for argon via three vacuum/Ar

fill cycles. Toluene (dry, degassed, 1.5 mL) was then added via syringe, followed

by aryl iodide (1.0 mmol) via syringe. The flask was then placed in an oil bath at

30°C and stirred. The reaction was monitored via TLC (5% EtOAc in hexane) and

after the appropriate amount of time, the reaction was then removed from the oil

bath. The toluene was diluted with diethyl ether (10 mL), washed with distilled

water (1x10 mL) and brine (1x10 mL). The organic solution was concentrated

under reduced pressure and the residue purified via flash silica gel chromatography

(5% ethyl acetate in hexane).

70-





General Procedure C: Preparation of tertiary amines from solid aryl iodides and

liquid amines.

Into an oven dried reaction vessel equipped with a stir bar was placed,

Pd2(dba)3 CHCI3 (2%, 20.7 mg, 0.02 mmol), l,3,5,7-tetramethyl-8-phenyl-2,4,6-

trioxa-8-phospha-tricyclo[3.3.1.1.*3.,7*]decane (4%, 11.7 mg, 0.04 mmol), sodium

/er/-butoxide (144 mg, 1.5 mmol), and aryl iodide (1.2 mmol). The flask was sealed

with a rubber septum and the atmosphere exchanged for argon via three vacuum/Ar

fill cycles. Toluene (dry, degassed, 1.5 mL) was then added via syringe, followed

by freshly distilled amine (1.0 mmol) via syringe. The flask was then placed in an

oil bath at 30''C and stirred. The reaction was monitored via TLC (5% EtOAc in

hexane) and after the appropriate amount of time, the reaction was then removed

from the oil bath. The toluene was diluted with diethyl ether (10 mL), washed with

distilled water (1 x 10 mL) and brine (1 x 10 mL). The organic solution was

concentrated under reduced pressure and the residue purified via flash silica gel

chromatography (5% ethyl acetate in hexane).

General Procedure D: Preparation of tertiary amines from solid aryl iodides and

solid amines.

Into an oven dried reaction vessel equipped with a stir bar was placed,

Pd2(dba)3 CHCI3 (2%, 20.7 mg, 0.02 mmol), l,3,5,7-tetramethyl-8-phenyl-2,4,6-

trioxa-8-phospha-tricyclo[3.3.1.1.*3.,7*]decane (4%, 11.7 mg, 0.04 mmol), sodium

tert-h\\iox\dQ (144 mg, 1.5 mmol), amine (1.2 mmol), and aryl iodide (1.0 mmol).

The flask was sealed with a rubber septum and the atmosphere exchanged for argon
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via three vacuum/Ar fill cycles. Toluene (dry, degassed, 1.5 mL) was then added

via syringe. The flask was then placed in an oil bath at 30°C and stirred. The

reaction was monitored via TLC (5% EtOAc in hexane) and after the appropriate

amount of time, the reaction was then removed from the oil bath. The toluene was

diluted with diethyl ether (10 mL), washed with distilled water (1 x 10 mL) and

brine (1x10 mL). The organic solution was concentrated under reduced pressure

and the residue purified via flash silica gel chromatography (5% ethyl acetate in

hexane).

General Procedure F: Preparation of tertiary amines from liquid aryl bromides

and liquid amines.

As General Procedure A except with aryl bromides and with an oil bath

temperature of 50°C.

General Procedure G: Preparation of tertiary amines from liquid aryl bromides

and solid amines.

As General Procedure B except with aryl bromides and with an oil bath

temperature of 50°C.

General Procedure H: Preparation oftertiary aminesfrom solid aryl and bromides

and liquid amines.

As General Procedure C except with aryl bromides and with an oil bath

temperature of 50°C.
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General Procedure I: Preparation oftertiary aminesfrom solid aryl bromides and

solid amines.

As General Procedure D except with aryl bromides and with an oil bath

temperature of 50°C

.

General Procedure J: Preparation oftertiary aminesfrom liquid aryl chlorides and

liquid amines.

As General Procedure A except with aryl chlorides and with an oil bath

temperature of 70°C.

General Procedure K: Preparation of tertiary amines from liquid aryl chlorides

and solid amines.

As General Procedure B except with aryl chlorides and with an oil bath

temperature of 70°C.

General Procedure L: Preparation oftertiary aminesfrom solid aryl chlorides and

liquid amines.

As General Procedure C except with aryl chlorides and with an oil bath

temperature of 70°C.
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General Procedure M: Derivatization of l,3,5,7-tetramethyl-2,4,8-trioxa-6-

phospha-adamantane. '*"

Aryl halide and l,3,5,7-tetramethyl-2,4,8-trioxa-6-phospha-adamantane

(X-ray crystal structure in Appendix) were mixed in a 1 to 1 ratio, Pd(PPh3)4 (3%)

and potassium carbonate (300%) were stirred with xylenes (5 mL/per mmol of aryl

halide) under an atmosphere of argon and heated at 1 10 °C for 20 h. The mixture

was diluted with diethyl ether, filtered through silica, and the solvent removed at

reduced pressure. 'i

.f i
*••-'. -in^

General Procedure N: Suzuki p-alkyl halide aryl horonic acid coupling reactions.

Into an oven dried reaction vessel equipped with a stir bar was placed,

PdOAc2 (4%, 9.0 mg, 0.04 mmol), 8-(2,4-dimethoxy-phenyl)-l,3,5,7-tetramethyl-

2,4,6-trioxa-8-phospha-tricyclo[3.3.1.1*3,7*]decane (4%, 11.7 mg, 0.04 mmol),

potassium /er^butoxide (337 mg, 3.0 mmol), and boronic acid (1.0 mmol,

recrystallized from Aldrich stock). The flask was sealed with a rubber septum and

the atmosphere exchanged for argon via three vacuum/Ar fill cycles. Toluene (dry,

degassed, 1.5 mL) was then added via syringe, followed by alkyl bromide (1.2 to

5.0 mmol as indicated) via syringe. The flask was stirred at room temperature. The

reaction was monitored via TLC (5% EtOAc in hexane), after the appropriate

amount of time the reaction was then stopped. The toluene was diluted with diethyl

ether (10 mL), washed with distilled water (1x10 mL) and brine (1x10 mL). The

organic solution was concentrated under reduced pressure and the residue purified

via flash silica gel chromatography (5% ethyl acetate in hexane).
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General Procedure O: Heck reactions in ionic liquids.

Into an oven dried reaction vessel equipped with a stir bar was placed,

tetradecyltrihexylphosphonium chloride (1.5 mL) was heated to 50°C under

vacuum for 30 minutes then cooled to room temperature under argon. Pd(0Ac)2

(5%, 11.2 mg, 0.05 mmol), sodium acetate (123.0 mg, 1.5 mmol), olefin (1.5

mmol), aryl halide (1.0 mmol), and distilled/degassed H2O was added under

flowing argon. The flask was then placed in an oil bath at 50°C and stirred. After

the appropriate amount of time the reaction was then removed from the oil bath.

Water (3 mL) and hexane (3 mL) was added and stirred vigorously, then allowed

the separate over 30 minutes into three layers with hexane on top. The hexane layer

was collected and fresh hexane (3 mL) was added. The flask was again stirred and

allowed to settle as before. The hexane layer was collected and final extraction with

fresh hexane was performed. The organic layers were combined and concentrated

under reduced pressure and the residue purified via flash silica gel chromatography

(5% ethyl acetate in hexane).
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5.5 Reactions

Synthesis ofdiphenyl-o-tolyl-aminefrom 2-iodotoluene (Table 7, Entry 1).

Performed as described in General Procedure B with 2-

iodotoluene (218.0 mg, 1.0 mmol) and diphenylamine (169.2 mg. ^

II

1.2 mmol). After 10 hours the reaction was stopped.

Chromatography resulted in a 96% yield of diphenyl-o-tolyl-amine (249.0 mg, 96

mmol).

Synthesis ofdiphenyl-o-tolyl-aminefrom 2-bromotoluene (Table 7, Entry 2).

Performed as described in General Procedure F with 2-

bromotoluene (171.0 mg, 1.0 mmol) and diphenylamine (169.2

mg. 1.2 mmol). After 10 hours the reaction was stopped. 1

Chromatography resulted in a 94% yield of diphenyl-o-tolyl-amine (243.8 mg, 94

mmol).

'H nmr: (CDCI3, 300 MHz) 5 2.03 (3H, singlet); 6.93 (6H, multiplet); 7.18 (8H,

multiplet).

'^C nmr: (CDCI3, 75 MHz) 6 18.7; 121.4; 121.6; 126.1; 127.4; 129.1; 129.7; 131.8;

136.6; 145.4; 147.5.

EIMS: m/z (RI%) 91 (10.9); 167 (13.2); 180 (13.1); 218 (1 1.5); 259 (100).

HRMS: molecular weight for C19H17N calculated 259.1361, observed 259.1365.
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Synthesis of 4-diphenylamino-benzonitrile from 4-bromobenzonitrile (Table 7,

Entry 3).

Performed as described in General Procedure D with 4-

bromobenzonitrile (182.0 mg, 1.0 mmol) and diphenylamine ^'^n'^^-^

(169.2 mg. 1.2 mmol). After 20 hours the reaction was stopped. ^^

Chromatography resulted in a 95% yield of 4-diphenylamino-benzonitrile (256.8

mg, 96 mmol).

'H nmr: (CDCI3, 300 MHz) 6 6.95 (2H, multiplet); 7.15 (6H, multiplet); 7.35 (6H,

multiplet).

'^C nmr: (CDCI3, 75 MHz) 5 102.4; 119.7; 119.7; 125.2; 126.2; 129.8; 133.2;

145.9; 151.6.

EIMS:m/z(RI%)51 (14.6); 77 (15.9); 167(10.8); 192 (11.7); 270 (100).

HRMS: molecular weight for C19H14N2 calculated 270.1 157, observed 270.1 163.

Synthesis of (4-methoxyphenyl)-diphenyl-amine from 4-iodoanisole (Table 7,

Entry 4).

Performed as described in General Procedure D with 4- ^.^ ,,^-v^oMe

iodoanisole (234.0 mg, 1.0 mmol) and diphenylamine (169.2 mg.

1.2 mmol). After 10 hours the reaction was stopped.

Chromatography resulted in a 93% yield of (4-methoxyphenyl)-diphenyl-amine

(256.1 mg, 93 mmol).

77





Synthesis of (4-methox-phenyl)-diphenyl-amine from 4-bromoanisole (Table 7,

Entry 5).

Performed as described in General Procedure F with 4-

bromoanisoie (187.0 mg, 1.0 mmol) and diphenylamine (169.2 ^'^^n'^^-^

mg. 1.2 mmol). After 10 hours the reaction was stopped. ^^

Chromatography resulted in a 97% yield of (4-methoxyphenyl)-diphenyl-amine

(267.1 mg, 97 mmol).

Synthesis of (4-methoxyphenyl)-diphenyl-amine from 4-chloroanisole (Table 7,

Entry 6).

Performed as described in General Procedure J with 4- ^^^ ^^ oMe

chloroanisole (142.6 mg, 1.0 mmol) and diphenylamine (169.2 mg. Ji

1.2 mmol). After 10 hours the reaction was stopped.

Chromatography resulted in a 94% yield of (4-methoxyphenyl)-diphenyl-amine

(258.8 mg, 94 mmol).

'H nmr: (CDCI3, 300 MHz) 6 3.79 (3H, singlet); 6.83 (2H, multiplet); 6.93 (2H,

multiplet); 7.04 (6H, multiplet); 7.21 (4H, multiplet).

'^C nmr: (CDCI3, 75 MHz) 6 55.5; 114.8; 121.9; 122.9; 127.4; 129.1; 140.8; 148.2;

156.2.

EIMS: m/z (RI%) 77 (15.5); 137 (9.9); 246 (9.4); 260 (56.8); 275 (100).

HRMS: molecular weight for C19H17NO calculated 275.1310 observed 275.1314.
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Synthesis ofmethyl-phenyl-o-tolyl-aminefrom 2-iodotoluene (Table 8, Entry 1).

Performed as described in General Procedure A with 2-

iodotoluene (218.0 mg, 1.0 mmol) and A^-methylaniline (129 mg,

130 jiL, 1.2 mmol). After 6 hours the reaction was stopped. Chromatography

resulted in a 95% yield of methyl-phenyl-o-tolyl-amine (187.4 mg, 95 mmol).

„ a,;9

a,^

Synthesis ofmethyl-phenyl-o-tolyl-aminefrom 2-bromotoluene (Table 8, Entry 2).

Performed as described in General Procedure E with 2-

bromotoluene (171.0 mg, 1.0 mmol) and A^-methylaniline (129

mg, 130 ^L, 1.2 mmol). After 14 hours the reaction was stopped. Chromatography

resulted in a 97% yield of methyl-phenyl-o-tolyl-amine (191.4 mg, 97 mmol).

'H nmr: (CDCI3, 300 MHz) 5 2.14 (3H, singlet); 3.21 (3H, singlet); 6.52 (2H,

doublet); 6.70 (IH, triplet); 7.19 (6H, multiplet).

^^C nmr: (CDCI3, 75 MHz) 6 17.9; 39.1; 112.9; 116.8; 126.5; 127.6; 128.4; 129.0;

131.4; 136.9; 146.8; 149.2.

EIMS: m/z (RI%) 77 (18.5); 91 (15.9); 167 (21.8); 182 (29.1); 197 (100).

HRMS: molecular weight for C14H15N calculated 197.1204, observed 197.1200.

Synthesis ofmethyl-phenyl-p-tolyl-aminefrom 4-iodotoluene (Table 8, Entry 3).

Performed as described in General Procedure A with 4-

iodotoluene (218.0 mg, 1.0 mmol) and A'-methylaniline (129 mg, ^^^n
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1.2 mmol). After 5 hours the reaction was stopped. Chromatography resulted in a

94% yield of methyl-phenyl-/7-tolyl-amine (185.3 mg, 94 mmol).

Synthesis ofmethyl-phenyl-p-tolyl-aminefrom 4-bromotoluene (Table 8, Entry 4).

Performed as described in General Procedure E with 4-

bromotoluene (171.0 mg, 1.0 mmol) and A^-methylaniline (129 iTj^ JLT

mg, 1.2 mmol). After 14 hours the reaction was stopped.

Chromatography resulted in a 96% yield of methyl-phenyl-p-tolyl-amine (189.2

mg, 96 mmol).

'H nmr: (CDCI3, 300 MHz) 5 3.36 (3H, singlet); 2.15 (3H, singlet); 7.17 (5H,

multiplet); 7.35 (4H, multiplet).

•^C nmr: (CDCI3, 75 MHz) 5 16.4; 38.2; 111.5; 117.5; 126.6; 127.8; 132.5; 134.6;

148.8; 149.3.

EIMS: m/z (RI%) 77 (17.1); 91 (18.8); 167 (23.8); 182 (31.4); 197 (100).

HRMS: molecular weight for C14H15N calculated 197.1204, observed 197.1201.

Synthesis of 4-(methyl-phenyl-amino)-benzonitrile from 4-bromobenzonitrile

(Table 8, Entry 5).

Performed as described in General Procedure C with 4- j^ f^Y^'^

bromobenzonitrile (182.0 mg, 1.0 mmol) and iV-methylaniline
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chlorobenzonitrile (137.6 mg, 1.0 mmol) and 7V-methylaniline ^ ^

(129 mg, 130 ^L, 1.2 mmol). After 15 hours the reaction was stopped.

Chromatography resulted in a 96% yield of 4-(methyI-phenyl-amino)-benzonitrile

(199.9 mg, 96 mmol).

Synthesis of 4-(methyl-phenyl-ammo)-benzonitrile from 4-chlorobenzonitrile

(Table 8, Entry 6).

Performed as described in General Procedure C with 4-

I

(129 mg, 130 iiL, 1.2 mmol). After 22 hours the reaction was stopped.

Chromatography resulted in a 94% yield of 4-(methyl-phenyl-amino)-benzonitrile

(195.8 mg, 94 mmol).

'H nmr: (CDCI3, 300 MHz) 5 3.37 (3H, singlet); 7.26 (5H, muhiplet); 7.46 (4H,

multiplet).

'^C nmr: (CDCI3, 75 MHz) 5 40.6; 99.7; 112.8; 114.2; 120.8; 125.7; 128.6; 130.5;

133.6; 152.3.

EIMS: m/z (RI%) 77(25.0); 106(22.2); 192(18); 208(100).

HRMS: molecular weight for C14H12N2 calculated 208.1000, observed 208.0997.

Synthesis of (4-methoxyphenyl)-methyl-phenyl-amine from 4-iodoanisole (Table 8,

Entry 7).

Performed as described in General Procedure B with 4- j^ f^^^'

iodoanisole (234.0 mg, 1.0 mmol) and A^-methyIan i line (129 mg,
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130 |J,L, 1.2 mmol). After 5 hours the reaction was stopped. Chromatography

resulted in a 92% yield of (4-methoxyphenyl)-methyl-phenyl-amine (196.2 mg, 92

mmol).

Synthesis of (4-methoxyphenyl)-methyl-phenyl-amine from 4-bromoanisole (Table

8, Entry 8).

Performed as described in General Procedure F with ^^^ ^^-^oMe

4-bromoanisole (187.0 mg, 1.0 mmol) and A^-methylaniline I

(129 mg, 130 fxL, 1.2 mmol). After 14 hours the reaction was stopped.

Chromatography resulted in a 91% yield of (4-methoxyphenyl)-methyl-phenyI-

amine (194.1 mg, 91 mmol).

Synthesis of (4-methoxyphenyl)-methyl-phenyl-amine from 4-chloroanisole (Table

8, Entry 9).

Performed as described in General Procedure J with 4-

chloranisole (142.6 mg, 1.0 mmol) and A^-methylaniline (129 (T^ J^jT
T

mg, 130 \\L, 1.2 mmol). After 5 hours the reaction was stopped.

Chromatography resulted in a 96% yield of (4-methoxyphenyl)-methyl-phenyl-

amine (204.8 mg, 96 mmol).

'H nmr: (CDCI3, 300 MHz) 5 3.24 (3H, singlet); 3.79 (3H, singlet); 6.77 (3H,

multiplet); 6.89 (2H, multiplet); 7.07 (2H, multiplet); 7.17 (2H, multiplet).
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'^C nmr: (CDCI3, 75 MHz) 6 40.5; 55.5; 114.8; 115.7; 118.4; 126.3; 129.0; 138.2;

142.2; 149.8.

EIMS: m/z (RI%) 77 (20.3); 198 (93.7); 213 (100).

HRMS: molecular weight for C14H15NO calculated 213.1 154, observed 213.1 156.

Synthesis of l-o-tolyl-piperidinefrom 4-iodotoluene (Table 9, Entry 1).

Performed as described in General Procedure A with 2-

iodotoluene (218.0 mg, 1.0 mmol) and piperidine (85.2 mg, 99.0 r^'N^Y

fxL, 1.0 mmol). After 6 hours the reaction was stopped.

Chromatography resulted in a 97% yield of l-o-tolyl-piperidine (170.0 mg, 97

mmol).

Synthesis ofl-o-tolyl-piperidinefrom 2-bromotoluene (Table 9, Entry 2).

Performed as described in General Procedure E with 2-

bromotoluene (171.0 mg, 1.0 mmol) and piperidine (85.2 mg, 99.0 ^^xLJ

^L, 1.0 mmol). After 13 hours the reaction was stopped.

Chromatography resulted in a 94% yield of l-o-tolyl-piperidine (164.8 mg, 94

mmol).

'H nmr: (CDCI3, 300 MHz) 6 1.55 (2H, multiplet); 1.69 (4H, multiplet); 2.39 (4H,

multiplet); 2.29 (3H, singlet); 6.96 (2H, muhiplet); 7.13 (4H, multiplet).

•^C nmr: (CDCI3, 75 MHz) 5 17.9; 24.5; 26.7; 53.4; 119.0; 122.6; 126.4; 131.10;

132.7; 153.0.
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EIMS:m/z(RI%)91 (15.5); 118(33.4); 132(10.2); 174(100).

HRMS: molecular weight for C12H17N calculated 175.1361, observed 175.1366.

Synthesis of 4-piperidin-l-yl-benzonitrile from 4-bromobenzonitrile (Table 9,

Entry 3).

Performed as described in General Procedure G with 4-

.JO"bromobenzonitrile (182.0 mg, 1.0 mmol) and piperidine (85.2 ^^

mg, 99.0 fxL, 1.0 mmol). After 13 hours the reaction was

stopped. Chromatography resulted in a 99% yield of 4-piperidin-l-yl-benzonitrile

(184.4 mg, 99 mmol).

Synthesis of 4-piperidin-l-yl-benzonitrile from 4-chlorobenzonitrile (Table 9,

Entry 4). . a,- -Jc:..-

Performed as described in General Procedure K with

XT™
4-chlorobenzonitrile (137.6 mg, 1.0 mmol) and piperidine l^^j^^^

(85.2 mg, 99.0 }j,L, 1.0 mmol). After 21 hours the reaction was stopped.

Chromatography resulted in a 96% yield of 4-piperidin-l-yl-benzonitrile (178.8

mg, 96 mmol).

'H nmr: (CDCI3, 300 MHz) 5 1.65 (6H, multiplet); 3.31 (4H, multiplet); 6.82 (2H,

doublet); 7.43 (2H, doublet).

'^C nmr: (CDCI3, 75 MHz) 6 24.1; 25.1; 48.2; 98.6; 113.9; 120.3; 133.3; 153.4.

EIMS: m/z (RI%) 102 (20.5); 130 (25.3); 145 (15.2); 185 (100).
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HRMS: molecular weight for C12H14N2 calculated 186.1 157, observed 186.1 154.

Synthesis of l-(4-methox-phenyl)-piperidme from 4-iodoanisole (Table 9, Entry

5). H;:, .,.,.

Performed as described in General Procedure C with

4-iodoanisole (234.0 mg, 1.0 mmol) and piperidine (85.2 mg, ^ M^

99.0 fiL, 1.2 mmol). After 5 hours the reaction was stopped.

Chromatography resulted in a 97% yield of l-(4-methoxyphenyl)-piperidine (198.4

mg, 97 mmol).

Synthesis of l-(4-methoxyphenyl)-piperidinefrom 4-bromoanisole (Table 9, Entry

«)

Performed as described in General Procedure G with 4-

XX
bromoanisole (187.0 mg, 1.0 mmol) and piperidine (102.2 mg, f^^V'^"'^^

99.0 |a.L, 1.2 mmol). After 12 hours the reaction was stopped.

Chromatography resulted in a 98% yield of 1 -(4-methoxy-phenyl)-piperidine

(193.3mg, 98mmol).

Synthesis of l-(4-methoxyphenyl)-piperidine from 4-chloroanisole (Table 9, Entry

7).

Performed as described in General Procedure K with 4-
f f

chloranisole (142.6 mg, 1.0 mmol) and piperidine (102.2 mg, 99.0
^"^^
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|iL, 1 .2 mmol). After 22 hours the reaction was stopped. Chromatography resulted

in a 95% yield of l-(4-methoxyphenyl)-piperidine (197.4 mg, 95 mmol).

'

•

t • v

'H nmr: (CDCI3, 300 MHz) 6 1.54 (2H, multiplet); 1.71 (4H, multiplet); 3.01 (4H,

multiplet); 3.75 (3H, singlet); 6.82 (2H, doublet); 6.91 (2H, doublet).

'^C nmr: (CDCI3, 75 MHz) 6 24.2; 26.1; 52.3; 55.5; 1 14.3; 1 18.8; 147.0; 153.6.

EIMS: m/z (RI%) 120 (16.1); 135 (16.1); 176 (60.1); 191 (100).

HRMS: molecular weight for C12H17NO calculated 191.1310, observed 191.1312.

Synthesis of 2-morpholm-4-yl-benzonitrile from 2-bromobenzonitrile (Table 9,

Entry 8). ^^

Performed as described in General Procedure G with 2- _o
bromobenzonitrile (182.0 mg, 1.0 mmol) and morpholine (104.5 ^ j J^

mg, 102.3 )J,L, 1.0 mmol). After 17 hours the reaction was stopped.

Chromatography resulted in a 94% yield of 2-morpholin-4-yl-benzonitrile (176.9

mg, 94 mmol.). <
'

'

Synthesis of 2-morpholin-4-yl-benzonitrile from 2-chlorobenzonitrile (Table 9,

Entry 9).

Performed as described in General Procedure K with 2- (^

chlorobenzonitrile (137.6 mg, 1.0 mmol) and morpholine (104.5 mg, °^ ^^

102.3 |J.L, 1.0 mmol). After 20 hours the reaction was stopped. Chromatography

resulted in a 97% yield of 2-morpholin-4-yl-benzonitrile (182.6 mg, 97 mmol.).
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'H nmr: (CDCI3, 300 MHz) 5 3.21 (4H, triplet); 3.91 (4H, triplet); 7.03 (2H,

multiplet); 7.54 (2H, multiplet).

'^C nmr: (CDCI3, 75 MHz) 6 51.9; 67.0; 106.2; 118.4; 118.6; 122.2; 134.0; 134.5;

155.6.

EIMS: m/z (RI%) 51 (12.5); 76 (19.5); 103 (56.6); 130 (100); 188 (63.5).

HRMS: molecular weight for C11H12N2O1 calculated 188.0950, observed 188.0955.

Synthesis of 4-(4-methoxyphenyl)- morpholine from 4-iodoanisole (Table 9, Entry

10).

Performed as described in General Procedure C with 4-

XT
iodoanisole (234.0 mg, 1.0 mmol) and morpholine (104.5 mg, ^^^"^^^

102.3 |J,L, 1.2 mmol). After 6 hours the reaction was stopped. Chromatography

resulted in a 94% yield of l-(4-methoxyphenyl)-morpholine (181.7 mg, 94 mmol).

Synthesis of 4-(4-methoxyphenyl)-morpholine from 4-bromoanisole (Table 9,

Entry 11).

Performed as described in General Procedure G with 4-

jCT
bromoanisole (187.0 mg, 1.0 mmol) and morpholine (104.5 mg, (^^^""^'^

102.3 |iL, 1.0 mmol). After 13 hours the reaction was stopped.

Chromatography resulted in a 93% yield of l-(4-methoxyphenyl)-morpholine

(179.7 mg, 93 mmol).
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Synthesis of 4-(4-methoxyphenyl)-morpholine from 4-chloroanisole (Table 9,

Entry 12).

Performed as described in General Procedure K with 4-
OMe

chloranisole (142.6 mg, 1.0 mmol) and morpholine (104.5 mg, ij

102.3 }iL, 1.0 mmol). After 20 hours the reaction was stopped. Chromatography

resulted in a 97% yield of l-(4-methoxyphenyl)-morpholine (187.5 mg, 97 mmol).

'H nmr: (CDCI3, 300 MHz) 6 6.59 (2H, doublet); 6.48 (2H, doublet); 2.9 (4H,

triplet); 3.65 (4H, triplet); 3.71 (3H, singlet).

^^C nmr: (CDCI3, 75 MHz) 6 48.3; 57.8; 67.9; 114.9; 119.2; 151.8; 154.2.

EIMS: m/z (RI%) 77 (17.3); 87 (10.3); 108 (34.2); 178 (41.3); 193 (100).

HRMS: molecular weight for C11H15NO2 calculated 193.1 103, observed 193.1 105.

Synthesis of dimethyl-(4-inorpholin-4-yl-phenyl)-amine from 4-bromo-N,N-

dimethylaniline (Table 9, Entry 13).

Performed as described in General Procedure G with

I

4-bromo-7V;A^-dimethylaniline (200.1 mg, 1.0 mmol) and f^ ^

morpholine (104.5 mg, 102.3 |iL, 1.0 mmol). After 19 hours °^

the reaction was stopped. Chromatography resulted in a 96% yield of dimethyl-(4-

morpholin-4-yl-phenyl)-amine (198.0 mg, 96 mmol).

'H nmr: (CDCI3, 300 MHz) 6 2.87 (6H, singlet); 3.04 (4H, triplet); 3.85 (4H,

triplet); 6.75 (2H, doublet); 6.87 (2H, doublet).
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'^Cnmr:(CDCl3,75MHz)6 41.6;51.1;67.2; 114.5; 118.0; 143.2; 145.9.

EIMS: m/z (Rl%) 73 (23.1); 77 (10.4); 132 (10.2); 148 (72.4); 206 (100).

HRMS: molecular weight for C12H18N2O calculated 206.1419, observed 206.1419.

Synthesis ofdipropyl-p-tolyl-aminefrom 4-iodotoluene (Table 10, Entry 1).

Performed as described in General Procedure A with

fX
4-iodotoluene (218.0 mg, 1.0 mmol) and A^^A^-dipropylamine ^--.^^^^'^

(121.4 mg, 164.5 |iL, 1.2 mmol). After 11 hours the reaction '

was stopped. Chromatography resulted in a 97% yield of A^,7V-dipropyl-/7-tolyl-

amine (185.6 mg, 97 mmol).

Synthesis ofdipropyl-p-tolyl-aminefrom 4-bromotoluene (Table 10, Entry 2).

Performed as described in General Procedure E with

fX
4-bromotoluene (171.0 mg, 123 |liL, 1.0 mmol) and ^.^n-'S^

dipropylamine (121.4 mg, 164.5 fiL, 1.2 mmol). After 1 1 hours

the reaction was stopped. Chromatography resulted in a 98% yield of dipropyl-p-

tolyl-amine (187.5 mg, 98 mmol).

'H nmr: (CDCI3, 300 MHz) 6 0.88 (6H, triplet); 1.56 (4H, multiplet); 2.22 (3H,

singlet); 3.17 (4H, triplet); 6.56 (2H, doublet); 6.99 (2H, doublet).

^^C nmr: (CDCI3, 75 MHz) 6 11.5; 20.2; 20.5; 53.1; 112.1; 124.3; 129.7; 146.2

EIMS: m/z (RI%) 91 (12.1); 120 (35.7); 162 (100); 191 (30.1).

HRMS: molecular weight for C13H21N calculated 191.1674, observed 191.1670.
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Synthesis of 4-dipropylammo-benzonitrile from 4-bromobenzonitrile (Table 10,

Entry 3). < 1

.

Performed as described in General Procedure C with

4-bromobenzonitrile (182.0 mg, 1.0 mmol) and dipropylamme ^x/^^''^*^

(121.4 mg, 164.5 fiL, 1.2 mmol). After 11 hours the reaction '

was stopped. Chromatography resulted in a 97% yield of 4-dipropylamino-

benzonitrile (196.2 mg, 97 mmol).

Synthesis 4-dipropylamino-benzonitrile from 4-chlorobenzonitrile (Table 10,

Entry 4).

Performed as described in General Procedure C with

4-chlorobenzonitrile (137.6 mg, 1.0 mmol) and dipropylamine
J

(121.4 mg, 164.5 |liL, 1.2 mmol). After 17 hours the reaction

was stopped. Chromatography resulted in a 98% yield of 4-dipropylamino-

benzonitrile (198.3 mg, 98 mmol).

'H nmr: (CDCI3, 300 MHz) 6 0.94 (6H, triplet); 1.61 (4H, sextet); 3.27 (4H,

triplet); 6.57 (2H, doublet); 7.42 (2H, doublet).

'^C nmr: (CDCI3, 75 MHz) 6 11.4; 20.2; 52.7; 96.3; 111.1; 121.0; 133.6; 150.7.

EIMS: m/z (RI%) 41 (12.4); 43 (19.4); 102 (10.8); 131 (42.1); 173 (100); 202

(22.9).

HRMS: molecular weight for C13H18N2 calculated 202.1470, observed 202.1465.
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Synthesis of 1,3,5, 7-tetramethyl-6-(2-methoxyphenyl)-2,4,8-trioxa-6-phospha-

adamantane (Table 11, Entry 4), as preformed by Dr. T. Brenstrum.

General procedure M. 2-Bromoanisole (865mg,

9.26 mmol), phospha-adamantane (2.0 g, 9.26 mmol),

H C
Pd(PPh3)4 (321 mg, 0.28 mmol) and potassium carbonate 'o

H.C

(3.8 g, 27.8 mmol) were stirred with xylenes (50 mL) under an atmosphere of argon

and heated at 1 10 °C for 20 h. The mixture was diluted with diethyl ether, filtered

through silica, and the solvent removed at reduced pressure. Flash chromatography

using 20% diethyl ether/hexanes afforded the title compound (2.365 g, 79 %) as

white needles, m.p. 167-170 ''C.

'Hnmr: (CDCI3, 300 MHz) 6 1.23 (3H, d, V/>.// 12.0, a-Me), 1.33, 1.35 (3H, s, y-

Me), 1.39 (IH, dd, Jgem 13.4 & Vp.// 1.4, 0.5 CH2), 1.45 (3H, d, V^.// 12.6, a-Me),

1.78 (IH, d, Jgem 13.4, 0.5 CH2), 1.86 (IH, dd, V^.// 25.3 & Jgem 13.1, 0.5 CH2),

2.03 (IH, dd, Jgem 13.1 & ^Jp.„ lA, 0.5 CH2), 3.78 (3H, s, OMe), 6.82 (IH, dd, J

8.2 8c 4.6, H-3'), 6.91 (IH, t, J 7.5, H-5'), 7.2 (IH, ddd, J 8.2, 7.5 & 0.9, H-4'),

8.02 (lH,dd,J7.5& 0.9, H-6').

'^C nmr (CDCI3, 75 MHz) 6 26.8 (d, V^-c 18.9, a-Me), 27.9 (s, y-Me), 28.0 (d, V/>.

c 21.2, a-Me), 28.1 (s, y-Me), 36.8 (d, ^Jp.c 1.8, CH2), 46.0 (d, V/>-c 18.9, CH2),

55.5 (s, OMe), 73.1 (d, 'Jp-c22.4, a-q), 73.9 (d, 'j/..c 8.8, a-q), 96.2, 96.8 (s, y-q),

1 10.5 (d, V/>.c 2.0, 3'-CH), 121.0 (s, 4' or 5'-CH), 122.1 (d, ^Jp.c 27.9, I'-q), 130.8

(s, 4' or 5'-CH), 134.1 (d, V/>.c 3.6, 6'-CH), 134.1 (d, V/>.c 16.9, 2'-q).

^'P nmr (CDCI3, 81 MHz) 5 -41.3.
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EIMS: m/z (RI%) 322 (M^ 19%), 222 (100), 207 (37), 179 (19), 138 (17), 85 (17),

43 (67).

HRMS: molecular weight for C17H23O4P 322.1324, calculated 322.1334.

Synthesis of 1,3,5, 7-tetramethyl-6-(4-methoxyphenyl)-2,4,8-trioxa-6-phospha-

adamantane (Table 11, Entry 5), as preformed by Dr. T. Brenstrum.

General procedure M. 4-Bromoanisole (0.58 ^>,^^^OMe

1"' xT
mL, 4.63 mmol), phospha-adamantane (1.0 g, 4.63 0^^?^^^

mmol), Pd(PPh3)4 (160 mg, 0.14 mmol) and potassium hc
°

carbonate (1.92 g, 13.9 mmol) were stirred with xylenes (25 mL) under an

atmosphere of argon and heated at 1 10 ^C for 20 h. The mixture was diluted with

diethyl ether, filtered through silica, and the solvent removed at reduced pressure.

Flash chromatography using 20% diethyl ether/hexanes afforded the title

compound (1.143 g, 77 %) as white needles, m.p. 67-70 °C (X-ray crystal structure

in Appendix).

'Hnmr: (CDCI3, 300 MHz) 6 1.14 (3H, d, ^Jp-h 13.0, a-Me), 1.34, 1.35 (3H, s, y-

Me), 1.39 (3H, d, V/>.// 13.3, a-Me), 1.73 (IH, d, Jgem 13.3, 0.5 CH2), 1.85 (IH, dd,

^Jp.H243&Jgem 13.0, 0.5 CH2), 1.99 (IH, dd, J^^m 13.0 & ^Jp-hIA, 0.5 CH2), 3.74

(3H, s, OMe), 6.84 (2H, d, J 8.7, H-3 '), 7.67 (2H, dd, J 8.7 & V/>-// 7.4, H-2').

^^C nmr (CDCI3, 75 MHz) 5 26.7 (d, ^Jp.c 1 1.4, a-Me), 27.4 (d, Vc 21.2, a-Me),

27.8, 28.0 (s, Y-Me), 36.1 (d, ^Jp.c 1.5, CH2), 45.5 (d, V/>.c 17.7, CH2), 55.1 (s,

OMe), 73.0 (d, 'y/>.c7.5, a-q), 73.5 (d, •j/>.c21.1, a-q), 96.0, 96.7 (s, y-q), 1 14.0 (d,
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Vp.c 8.1, 3'-CH), 124.3 (d, Vc 24.2, I'-q), 136.6 (d, Jp.c 21.1, 6'-CH), 160.7 (s,

4'-q). '^ •). >S

^'P nmr (CDCI3, 81 MHz) 5 -25.0.

EIMS: m/z (RI%) 322 (M^ 19%), 222 (100), 207 (13), 179 (37), 138 (39), 43 (46).

HRMS: molecular weight for C17H23O4P, 322.1329, calculated 322.1334.

Synthesis of 1,3,5, 7-tetramethyl-6-(2,4-dimethoxyphenyl)-2,4,8-trioxa-6-phospha-

adamantane (Table 11, Entry 6), as preformed by Dr. T. Brenstrum.

General procedure M. l-Bromo-2,4-

,OMe

dimethoxybenzene (3.0 g, 13.8 mmol), phospha-

adamantane (3.58 g, 16.6 mmol), Pd(PPh3)4 (319 mg, 0.276 h c
'o
H3C

mmol) and potassium carbonate (3.8 g, 27.5 mmol) were

stirred with xylenes (25 mL) under an atmosphere of argon and heated at 1 10 °C for

20 h. The mixture was diluted with diethyl ether, filtered through silica, and the

solvent removed at reduced pressure. Flash chromatography using 20% diethyl

ether/hexanes afforded the title compound (1.94 g, 40 %) as colourless needles,

m.p. 128-131 °C.

'Hnmr: (CDCI3, 300 MHz) 6 1.24 (3H, d, V/>.// 12.1, a-Me), 1.37, 1.38 (3H, s, y-

Me), 1.40-1.48 (IH, m, 0.5 CH2), 1.46 (3H, d, V/>.// 12.4, a-Me), 1.83 (IH, d, Jgem

13.3, 0.5 CH2), 1.89 (IH, dd, V/>.// 25.6 & Jgem 13.3, 0.5 CH2), 2.08 (IH, dd, Jgem

13.3 & ^Jp.H 7A, 0.5 CH2), 3.80 (6H, s, 2 OMe), 6.42 (IH, dd, J4.3 & 2.3, H-3'),

6.50 (IH, dd, J7.5 & J2.3, H-5'), 7.97 (IH, dd, J 8.5 & 2.6, H-6').
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'^C nmr (CDCI3, 75 MHz) 5 26.7 (d, Vc 11.1, a-Me), 27.8 (d, Vp.c 19.6, a-Me),

27.9, 28.2 (s, y-Me), 36.6 (d, V/>.c 1.9, CH2), 46.1 (d, Vp.c 19.0, CH2), 55.4, 55.5 (s,

OMe), 73.2 (d, 'Jp-c21.7, a-q), 73.8 (d, %c 8.4, a-q), 96.1, 96.8 (s, y-q), 98.2 (d,

Vp.c 2.5, 3'-CH), 105.3 (s, 5'-CH ), 112.9 (d, ^Jp.c 25.1, I'-q), 135.0 (d, Jp.c 3.6,

6'-CH), 162.2 (s, 4'-q), 164.6 (d, V/>.c 18.0, 2'-q).

^'P nmr (CDCI3, 81 MHz) 5 -39.6.

EIMS: m/z (RI%) 352 (M^, 23%), 252 (96), 209 (44), 168 (100), 138 (22), 114

(26), 43 (94).

HRMS: molecular weight for C18H25O5P 352.1440, calculated 322.1442.

Synthesis of 1,3,5, 7-tetramethyl-6-(2-benzyloxyphenyl)-2,4,8-trioxa-6-phospha-

adamantane (Table 11, Entry 7), as preformed by Dr. T. Brenstrum.

General procedure M. 2-Bromophenyl benzyl ether

(1.0 g, 3.8 mmol), phospha-adamantane (1.0 g, 4.6 mmol),

Pd(PPh3)4 (132 mg, 0.114 mmol) and potassium carbonate "3^^"^

H3C

(1.6 g, 11.4 mmol) were stirred with xylenes (15 mL) under

an atmosphere of argon and heated at 110 °C for 20 h. The mixture was diluted

with diethyl ether, filtered through silica, and the solvent removed at reduced

pressure. Flash chromatography using 20% diethyl ether/hexanes afforded the title

compound (1.341 g, 89 %) as a white solid which was recrystallized from ethanol

to give white needles, m.p. 129-132 ''C.
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'H nmr: (CDCI3, 300 MHz) 6 1.22 (3H, d, Wh 1 1.9, a-Me), 1.33, 1.34 (3H, s, y-

Me), 1.50 (3H, d, %.h 12.3, a-Me), 1.80 (IH, d, Jgem 13.5, 0.5 CH2), 1.85 (IH, dd,

V/..//24.3 & Jgem 13.1, 0.5 CH2), 2.04 (IH, dd, Jgem 13.1 & V//7.3, 0.5 CH2), 5.03

(2H, s, CH2Ph), 6.85-6.94 (2H, m, H-3' & 4'), 7.17-7.33 (4H, m, H-3", 4" & 5'),

7.42 (2H, d, J7.1, H-2"), 8.07 (IH, d, J7.2, H-6').

'^C nmr (CDCI3, 75 MHz) 6 26.8 (d, V/>.c 1 1.2, a-Me), 27.9, 28.1 (s, y-Me), 28.4

(d, V/>.c 19.9, a-Me), 36.8 (s, CH2), 45.9 (d, Vp.c 18.7, CH2), 70.5 (s, CH2Ph), 73.3

(d, 'Jp.c 23.3, a-q), 74.1 (d, %c 9.3, a-q), 96.1, 96.8 (s, y-q), 112.1 (d, ^Jp.c 2.0,

3'-CH), 121.3 (s, 4'-CH), 122.7 (d, V/>-c 29.4, I'-q), 127.2, 127.8, 128.6, 130.7 (s,

2",3",4" & 5'-CH), 134.3 (d, Jp^ 3.5, 6'-CH), 136.7 (s, l"-q), 162.4 (d, J \12, T-

q).
.- -'

^'P nmr (CDCI3, 81 MHz) 6 -41.2.

EIMS: m/z (RI%) 398 (M^ 4%), 298 (12), 214 (19), 207 (22), 1 14 (16), 101 (18),

91 (33), 43 (100).

HRMS: molecular weight for C23H27O4P 398.1639, calculated 398.1647.

\ \

_ .Ac

CH, ^

Synthesis of 1,3,5, 7-tetramethyl-6-(4-acetylphenyl)-2,4,8-trioxa-6-phospha-

adamantane (Table 11, Entry 8), as preformed by Dr. T. Brenstrum.

General procedure M. 4-Bromoacetophenone (500

mg, 2.51 mmol), phospha-adamantane (625 mg, 3.01 -X'

J

mmol), Pd(PPh3)4 (115 mg, 0.10 mmol) and potassium ^f^f::^CH,
H3C

carbonate (1.0 g, 7.25 mmol) were stirred with xylenes (15

mL) under an atmosphere of argon and heated at 1 10 °C for 20 h. The mixture was

95





diluted with diethyl ether, filtered through silica, and the solvent removed at

reduced pressure. Flash chromatography using 30% diethyl ether/hexanes afforded

the title compound (838 mg, 78 %) as colourless prisms, m.p. 107.5-110.5 °C (X-

ray crystal structure in Appendix).

'H nmr: (CDCI3, 300 MHz) 6 1.28 (3H, d, V/>.// 12.9, a-Me), 1.43 (6H, s, 2 y-Me),

1.49 (IH, dd, Jgem 13.4 & V/>.//4.0, CH2), 1.54 (3H, d, Wh 12.7, a-Me), 1.68 (IH,

d, Jgem 13.4, 0.5 CH2), 1.95 (IH, dd, V/>.// 24.2 & Jgem 13.0, 0.5 CH2), 2.06 (IH, dd,

Jgem 13.0 & ^Jp.H 7.5, 0.5 CH2), 2.63 (3H, s, Ac-Me), 7.93-7.95 (4H, m, H-2' & 3').

'^C nmr (CDCI3, 75 MHz) 5 26.8 (s, Ac-Me), 26.9 (d, V^.c 1 1.4, a-Me), 27.5 (d,

Vp-c 21.8, a-Me), 27.8, 28.1 (s, y-Me), 36.5 (d, V/>-c 1.6, CH2), 45.2 (d, V/>-c 17.4,

CH2), 73.2 (d, ^Jp^ 6.4, a-q), 73.4 (d, ^Jp.c 7.8, a-q), 96.2, 96.9 (s, y-q), 127.8 (d,

V/>.c 7.1, 3'-CH), 135.2 (d, V/>.c 19.3, 2'-CH), 137.5 (s, 4'-q), 140.7 (d, ^Jp.c 30.7,

r-, 198.0 (s,Ac-q).

^^P nmr (CDCI3, 81 MHz) 5 -24.0.

EIMS: m/z (RI%) 334 (M^ 4%), 234 (100), 219 (33), 192 (21), 43 (76).

HRMS: molecular weight for C18H23O4P 334.1331, calculated 334.1334.

Synthesis of 1,3,5, 7-tetramethyl-6-(2-methoxyphenyl)-2,4,8-trioxa-6-phospha-

adamantane (Table 11, Entry 9), as preformed by Dr. T. Brenstrum.

General procedure M. 2-Bromopyridine (1.0 mL, 10.5 >^
9"3 r

J)

mmol), phospha-adamantane (2.72 g, 12.6 mmol), Pd(PPh3)4 Y^\
^^

(364 mg, 0.315 mmol) and potassium carbonate (4.34 g, 31.5 wf
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mmol) were stirred with xylenes (25 mL) under an atmosphere of argon and heated

at 110 °C for 20 h. The mixture was diluted with diethyl ether, filtered through

silica, and the solvent removed at reduced pressure. Flash chromatography using

20% diethyl ether/hexanes afforded the title compound (2.40 g, 87 %) as white

needles, m.p. 99.5-102.5 °C.

'H nmr: (CDCI3, 300 MHz) 8 1.35, 1.39 (3H, s, y-Me), 1.39 (3H, d, V/..// 12.7, a-

Me), 1.47 (IH, dd, J8.7 & 74.7, CH2), 1.49 (IH, dd, Jgem 13.4 & V/>.//4.0, CH2),

1.55 (3H, d, ^Jp.H 12.5, a-Me), 1.73 (IH, d, Jgem 13.1, 0.5 CH2), 1.89 (IH, dd, ^Jp.h

23.3 & Jgem 13.4, 0.5 CH2), 2.06 (IH, dd, Jgem 13.1 & V/>.// 6.9, 0.5 CH2), 7.19 (IH,

ddd, J7.7, 5.4 & 1.1, H-5'), 7.61 (IH, ddd, J8.2, 7.7 & 1.4, H-4'), 7.96 (IH, d, J

8.2, H-3'), 8.67 (IH, br.d, J4.4, H-6').

^^C nmr (CDCI3, 75 MHz) 5 27.1 (d, V/>-c 1 1.6, a-Me), 27.8 (s, y-Me), 27.9 (d, V^.

c 20.5, a-Me), 28.0 (s, y-Me), 37.4 (s, CH2), 45.0 (d, V/>.c 16.7, CH2), 73.0 (d, 'j/>.c

22.6, a-q), 73.5 (d, ^Jp.c 9.8, a-q), 96.2, 96.8 (s, y-q), 123.0 (s, 4'-CH), 129.3 (d,

V/>.c 8.7, 3'-CH), 135.5 (s, 5'-CH), 150.1 (d, V/>-c 14.0, 6'-CH), 160.9 (d, %.c

13.0, I'-q).

^'P nmr (CDCI3, 81 MHz) 5 -24.6.

EIMS: m/z (RI%) 293 (M^ 10%), 194 (12), 183 (17), 150 (11), 146 (100), 135 (8),

111 (10), 79 (10), 43 (47).

HRMS: molecular weight for C15H20O3NP 293.1 181, calculated 292.1 183.
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Synthesis of 1,3,5, 7-tetramethyl-6-(2-N,N-dimethylaminophenyl)-2,4,8-trioxa-6-

phospha-adamantane (Table 11, Entry 10), as preformed by Dr. T. Brenstrum.

General procedure M. 2-Iodo-A/^A^-dimethylaniline

(2.0 g, 8.1 mmol), phospha-adamantane (2.1 g, 9.7 mmol),

H C
Pd(PPh3)4 (250 mg, 0.24 mmol) and potassium carbonate (2.2 ' o

H,C

g, 16.2 mmol) were stirred with xylenes (20 mL) under an atmosphere of argon and

heated at 110 °C for 3 days. The mixture was diluted with diethyl ether, filtered

through silica, and the solvent removed at reduced pressure. Flash chromatography

using 15% diethyl ether/hexanes afforded the title compound (736 mg, 18%) as

colourless prisms, m.p. 120-123 °C.

•h nmr: (CDCI3, 300 MHz) 6 1.27 (3H, d, ^Jp.h 1 1.3, a-Me), 1.33-1.45 (IH, m 0.5

CH2), 1.37, 1.39 (3H, s, y-Me), 1.49 (3H, d, V/>.// 12.4, a-Me), 1.75 (IH, d, Jgem

13.5, 0.5 CH2), 1.91 (IH, dd, %.H24.S&Jgem 13.1, 0.5 CH2), 2.11 (IH, dd, Jgen,

13.1 & ^Jp.H 7.4, 0.5 CH2), 2.69 (6H, s, Me2), 7.08 (IH, br.dd, J7.5 & 7.5, H-5'),

7.15 (IH, m, H-6'), 7.30 (IH, br.dd, J 7.5 & 7.5, H-4'), 8.09 (IH, br.d, J7.9, H-

3').

'^C nmr (CDCI3, 75 MHz) 6 26.8 (d, Vp.c 1 1.6, a-Me), 27.8 (d, ^Jp.c 47.7, a-Me),

28.0, 28.2 (s, Y-Me), 36.6 (d, V/>.c 2.0, CH2), 45.8 (d, J 4.7, Me2), 46.3 (d, V/>.c

19.1, CH2), 73.4 (d, %.c23.5, a-q), 74.2 (d, %^ 10.4, a-q), 96.1, 96.9 (s, y-q),

120.9, 124.7, 130.3 (s, 3',4' & 5'-CH), 131.4 (d, %.c 25.9, I'-q), 134.4 (d, V/>.c

3.4, 6'-CH), 160.6 (d, Vp.c20.3, 2'-q).

^'P nmr (CDCI3, 81 MHz) 6 -32.3.
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EIMS: m/z (RI%) 335 (M\ 26%), 192 (100), 150 (87), 135 (24), 43 (12).

HRMS: molecular weight for C18H26O3NP 335.1636, calculated 335.1650.

Synthesis of 1,3,5, 7-tetramethyl-6-(3-N,N-dimethylaminophenyl)-2,4,8-trioxa-6-

phospha-adamantane (Table 11, Entry 11), as preformed by Dr. T. Brenstrum.

General procedure M. 3-Iodo-A^,A^-

dimethylaniline (795 mg, 3.2 mmol), phospha- V"' JL Jl

adamantane (840 mg, 3.9 mmol), Pd(PPh3)4 (112 mg, H3C^-^t;^^cH3

H3C

0.097 mmol) and potassium carbonate (894 g, 6.4 mmol)

were stirred with xylenes (10 mL) under an atmosphere of argon and heated at 1 10

°C for 20 h. The mixture was diluted with diethyl ether, filtered through silica, and

the solvent removed at reduced pressure. Flash chromatography using 30% diethyl

ether/hexanes afforded the title compound (792 mg, 49%) as white needles, m.p.

102-104 °C.

'Hnmr: (CDCI3, 300 MHz) 6 1.19 (3H, d, V/>.// 12.9, a-Me), 1.31 (6H, s, y-Me),

1.40 (IH, dd, Jgem 13.4 & Vp.// 4.3, 0.5 CH2), 1.46 (3H, d, V/>.// 12.4, a-Me), 1.84

(IH, dd, ^Jp.H 24.3 & Jgen, 13.4, 0.5 CH2), 1.85 (IH, d, Jgem 13.4, 0.5 CH2), 2.00

(IH, dd, Jgem 13.4 & ^Jp.H 7.3, 0.5 CH2), 2.89 (6H, s, Me2), 6.68 (IH, dd, J 8.1 &

1.8, H-4'), 7.08 (IH, br.dd, J7.3 & 7.3, H-5'), 7.10-7.19 (2H, m, H-2' & 6').

^^C nmr (CDCI3, 75 MHz) 6 27.0 (d, ^Jp.c 1 1.6, a-Me), 27.7 (d, V/>.c 21.9, a-Me),

27.9, 28.2 (s, y-Me), 36.5 (d, ^Jp.c 1.9, CH2), 40.6 (s, Me2), 45.6 (d, ^Jp.c 17.4,

CH2), 73.3 (d, 'j/>-c7.9, a-q), 73.6 (d, 'j/>.c21.9, a-q), 96.1, 96.9 (s, y-q), 113.6 (s,
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4'-CH), 118.7 (d, ^Jp.c 20.6, 2'or 6'-CH), 123.2 (d, V/>.c 21.4, 2'or 6'-CH), 128.9

(d, V,>.c8.8,5'-CH), 134.3 (d, %.c25.3, I'-q), 150.2 (d, V/>-c 7.9, 3'-q).

^'P nmr (CDCI3, 81 MHz) 6 -22.3.

EIMS: m/z (RI%) 335 (M^ 50%), 235 (39), 192 (35), 187 (21), 173 (40), 151 (31),

135(33), 121 (27), 43 (100).

HRMS: molecular weight for C18H26O3NP 335.1654, calculated 335.1650.

Synthesis of 1,3,5, 7-tetramethyl-6-(l-naphthyl)-2,4,8-trioxa-6-phospha-

adamantane (Table 11, Entry 12), as preformed by Dr. T. Brenstrum.

General procedure M. 1 -Bromonaphthalene (1

mL, 7.19 mmol), phospha-adamantane (1.86 g, 8.63 -^^ ^

mmol), Pd(PPh3)4 (249 mg, 0.22 mmol) and potassium
H,C

carbonate (2.98 mg, 21.6 mmol) were stirred with xylenes

(25 mL) under an atmosphere of argon and heated at 1 10 °C for 20 h. The mixture

was diluted with diethyl ether, filtered through silica, and the solvent removed at

reduced pressure. Flash chromatography using 20% diethyl ether/hexanes afforded

the title compound (2.26 g, 92 %) as white needles, m.p. 160-163 °C.

'H nmr: (CDCI3, 300 MHz) 6 1.22 (3H, d, V/>.// 12.2, a-Me), 1.43 (6H, s, 2 y-Me),

1.46-1.49 (IH, m, 0.5 CH2), 1.54 (3H, d, V/>.// 12.7, a-Me), 2.00 (IH, d, Jgem 13.4,

0.5 CH2), 2.02 (IH, dd, Vp-//26.3 & Jgem 13.4, 0.5 CH2), 2.19 (IH, dd, Jgem 13.1 &

^Jp.H 7A, 0.5 CH2), 7.49 (3H, m, H-Ar), 7.85 (2H, t, J8.0, H-Ar), 8.43 (IH, dd J

6.9 &J23, H-2'), 8.84 (IH, t, J6.9, H-3').

100





'^C nmr (CDCI3, 75 MHz) 6 26.7 (d, V/>-c 10.9, a-Me), 27.9, 28.2 (s, y-Me), 28.5

(d, Vf>.c 19.3, a-Me), 36.1 (s, CH2), 46.3 (d, V/>.c 19.2, CH2), 73.5 (d, ^Jp.c 23.6, a-

q), 74.2 (d, 'yp.c 7.3, a-q), 96.2, 97.0 (s, y-q), 125.4 (s, Ar-CH), 125.8 (d, J/>-c 31.7,

Ar-CH), 125.9 (d, Jp.c 1.2, Ar-CH), 126.3 (d, Jp.c 2.4, Ar-CH), 128.9, 130.1 (s, Ar-

CH), 130.8 (d, Jp.c 30.8, I'-q), 132.4 (d, Jp.c 3.6, Ar-CH), 133.7 (d, Jp.c 5.0, q),

138.1 (d,J/>.c 23.9, q).

^'P nmr (CDCI3, 81 MHz) 6 -40.4.

EIMS: m/z (RI%) 342 (M^ 19%), 242 (96), 199 (43), 184 (56), 158 (45), 128 (18),

43(100).

HRMS: molecular weight for C20H23O3P 342.1396, calculated 342.1385.

Synthesis of1-dodecyl-benzenefrom 1-bromododecane (Table 14, Entry 1).

Performed as described in General Procedure

N with 1-bromododecane (299.1 mg, 288.1 ^iL, 1.2 ^^'^^--''^-•^^^/^---^-''^

mmol) and phenylboronic acid (121.9 mg, 1.0 mmol). After 26 hours the reaction

was stopped. Chromatography resulted in a 97% yield of 1 -dodecylbenzene (239.0

mg, 97 mmol).

'H nmr: (CDCI3, 300 MHz) 5 0.97 (3H, triplet); 1.34 (20H, multiplet); 1.69 (2H,

multiplet); 2.68 (2H, doublet); 7.32 (5H, doublet).

'^C nmr: (CDCI3, 75 MHz) 5 14.2; 22.8; 29.5; 29.6; 29.7; 29.8; 29.8; 31.7; 32.0;

36.1; 125.6; 128.3; 128.5; 143.0.

EIMS: m/z (RI%) 57 (12.7): 92 (100); 105 (1 1.7); 246 (86.5).
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HRMS: molecular weight for CigHso calculated 246.2347, observed 246.2353

Synthesis of l-dodecyl-2-methylbenzene from 1-bromododecane (Table 14, Entry

2).

Performed as described in General Procedure

N with 1-bromododecane (299.1 mg, 288.1 ^iL, 1.2 ^-^-^-^./v/xA^

mmol) and 2-methyl-phenylboronic acid (136.0 mg, 1.0 mmol). After 25 hours the

reaction was stopped. Chromatography resulted in a 97% yield of l-dodecyl-2-

methylbenzene (252.7 mg, 97 mmol).

'H nmr: (CDCI3, 300 MHz) 5 0.97 (3H, triplet); 1.36 (20H, multiplet); 1.65 (2H,

multiplet); 2.39 (3H, singlet); 2.66 (2H, triplet); 7.19 (4H, multiplet).

'^C nmr: (CDCI3, 75 MHz) 5 14.2; 19.4 22.8; 29.5 29.7 29.76; 29.8; 29.8; 30.4;

32.0; 33.4; 125.8 125.90; 128.8; 130.1; 135.9 141.2

EIMS: m/z (RI%) 57 (10.3); 91 (14.2); 105 (100); 165 (15.1); 167 (29.9); 182

(22.6); 260 (27.9).

HRMS: molecular weight for C19H32 calculated 260.2504, observed 260.2507.

Synthesis of l-dodecyl-4-methoxybenzenefrom 1-bromododecane (Table 14, Entry

3).

Performed as described in General

Procedure N with 1-bromododecane (299.1 mg, ^^^'^^^^^^'^^^^-^^^^^

288.1 ^L, 1.2 mmol) and 4-methoxyphenylboronic acid (152.0 mg, 1.0 mmol).
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After 26 hours the reaction was stopped. Chromatography resulted in a 94% yield

of l-dodecyl-4-methoxybenzene (259.9 mg, 94 mmol).

'H nmr: (CDCI3, 300 MHz) 5 0.90 (3H, triplet); 1.28 (20H, multiplet); 1.59 (2H,

multiplet); 2.56 (2H, doublet); 3.78 (3H, singlet); 6.83 (2H, doublet); 7.10 (2H,

doublet).

'^C nmr: (CDCI3, 75 MHz) 5 14.2; 22.8; 29.4; 29.5; 29.6; 29.7; 29.8; 29.9; 31.9;

32.0; 35.1; 55.2; 1 13.7; 129.3; 135.1; 157.6.

EIMS: m/z (RI%) 55 (12.5): 57 (16.5); 59 (20.9); 84 (29.6); 86 (16.6); 121 (100);

276 (20.5).

HRMS: molecular weight for C19H32O calculated 276.2453, observed 276.2456.

Synthesis of1-dodecylnaphthalenefrom l-bromododecane (Table 14, Entry 4).

Performed as described in General

Procedure N with l-bromododecane (299.1 mg,

288.1 |iL, 1.2 mmol) and 1-naphthalylboronic acid (172.0 mg, 1.0 mmol). After 22

hours the reaction was stopped. Chromatography resulted in a 96% yield of 1-

dodecylnaphthalene (284.6 mg, 96 mmol).

'H nmr: (CDCI3, 300 MHz) 6 1.01 (3H, triplet); 1.39 (20H, multiplet); 1.85 (2H,

multiplet); 3.16 (2H, triplet); 7.50 (3H, multiplet); 7.80 (IH, doublet); 7.94 (3H,

multiplet); 8.16 (IH, doublet).
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'^C nmr: (CDCI3, 75 MHz) 6 14.2; 22.8; 29.3; 29.6; 29.7; 29.8; 29.8; 31.0; 32.0;

33.2; 34.0; 114.2; 124.0; 125.9; 126.5; 128.0; 128.8; 132.0; 133.5; 134.0; 139.3.

EIMS: m/z (RI%) 155 (12.0); 128 (14.0); 141 (100); 296 (48.6).

HRMS: molecular weight for C22H32 calculated 296.2504, observed 296.2502.

Synthesis of (5-chloropentyl)-benzene from l-bromo-S-chloropentane (Table 14,

Entry 5). c

Performed as described in General Procedure N with

l-bromo-5-chloropentane (222.6 mg, 158.1 |liL, 1.2 mmol)

and phenylboronic acid (121.9 mg, 1.0 mmol). After 24 hours the reaction was

stopped. Chromatography resulted in a 95% yield of (5-chloro-pentyl)-benzene

(173.6 mg, 95 mmol).

'H nmr: (CDCI3, 300 MHz) 6 1.536 (2H, multiplet); 1.69 (2H, multiplet); 1.83 (2H,

multiplet); 2.68 (2H, triplet); 3.58 (2H, triplet); 7.27 (5H, multiplet).

'^C nmr: (CDCI3, 75 MHz) 8 26.6; 30.83; 32.6; 35.8; 45.1; 125.8; 128.4; 128.4;

142.4.

EIMS: m/z (RI%) 65 (14.3); 77 (10.0); 91 (100); 104(11.4); 182(21.1); 184(9.2).

HRMS: molecular weight for CnHis^^Cl calculated 182.0862, observed 182.0857.
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Synthesis of l-cyclohexyl-4-methoxybenzene from cyclohexyl bromide. (Table 14,

Entry 6) , r/

Performed as described in General Procedure N with

cyclohexyl bromide (815.3 mg, 615.8 |J.L, 5.0 mmol) and 4- ^^^J^

methoxyphenylboronic acid (152.0 mg, 1.0 mmol). After 26

hours the reaction was stopped. Chromatography resulted in a 44% yield of 1-

cyclohexyl-4-methoxybenzene (83.7 mg, 44 mmol).

'H nmr: (CDCI3, 300 MHz) 5 1.22-1.81 (IIH, multiplet); 3.77 (3H, singlet); 6.82

(2H, doublet); 7.1 1 (2H, doublet).

'^C nmr: (CDCI3, 75 MHz) 5 24.4; 27.0; 34.8; 43.8; 55.3; 113.7; 127.7; 140.5;

157.7. >

EIMS: m/z (RI%) 77 (11.8); 91 (20.4); 115 (12.1); 121 (75.0); 134 (25.0); 147

(100); 159 (12.3); 188 (27.5); 190 (92.0).

HRMS: molecular weight for CnHigO calculated 190.1358, observed 190.1357.

Synthesis of 3-p-tolyl-acrylic acid methyl ester from 4-iodotoluene (Table 17,

Entry 1).

Performed as described in General Procedure O with 4-

iodotoluene (218.0 mg, 1.0 mmol) and acrylic acid methyl ester

(129.1 mg, 1.5 mmol). After 2 hours the reaction was stopped. Chromatography

resulted in a 99% yield of 3-p-tolyl-acrylic acid methyl ester (187.3 mg, 99 mmol).
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'H nmr: (CDCI3, 300 MHz) 5 3.77 (3H, singlet); 3.80 (3H, singlet); 6.25 (IH,

doublet); 7.25 (2H, doublet), 7.36 (2H, doublet); 7.95 (IH, doublet).

'^C nmr: (CDCI3, 75 MHz) 6 24.3; 50.2; 116.5; 118.3; 130.2; 134.2; 136.8; 143.8;

165.2.

EIMS: m/z (RI%) 77 (15.5); 92 (22.4); 145 (100); 176 (37.2).

HRMS: molecular weight for C11H12O2 calculated 176.21 18, observed 176.21 19.

Synthesis of2-methyl-3-p-tolyl-acrylic acid methyl esterfrom 4-iodotoluene (Table

17, Entry 2).

Performed as described in General Procedure O with 4-

iodotoluene (187.0 mg, 1.0 mmol) and 2-methyl acrylic acid

methyl ester (150.2 mg, 1.5 mmol). After 2 hours the reaction

was stopped. Chromatography resulted in a 95% yield of 2-methyl-3-/7-tolyl-acrylic

acid methyl ester (180.7 mg, 95 mmol).

'H nmr: (CDCI3, 300 MHz) 5 2.78 (3H, singlet); 3.65 (3H, singlet); 3.76 (3H,

singlet); 6.36 (IH, singlet); 7.29 (2H, doublet), 7.34 (2H, doublet).

'^C nmr: (CDCI3, 75 MHz) 6 23.4; 48.2; 51.4; 116.3; 118.6; 131.1; 134.8; 135.9;

144.5; 168.1.

EIMS: m/z (RI%) 77 (13.5); 92 (12.4); 159 (100); 190 (42.2).

HRMS: molecular weight for C12H14O2 calculated 190.2384, observed 190.2383.
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Synthesis of 1-methyl-4-styiyl-benzenefrom 4-iodotoluene (Table 17, Entry 3).

Performed as described in General Procedure O with

4-iodotoluene (218.0 mg, 1.0 mmol) and styrene (156.2 mg,

1.5 mmol). After 2 hours the reaction was stopped.

Chromatography resulted in a 99% yield of l-methyl-4-styryl-benzene (192.3 mg,

99 mmol).

'H nmr: (CDCI3, 300 MHz) 5 2.40 (3H, singlet); 6.93 - 7.28 (1 IH, multiplet).

'^C nmr: (CDCI3, 75 MHz) 5 25.6; 121.6; 126.1; 126.8; 127.8; 128.1; 128.7; 132.3;

133.2; 136.2; 138.2.

EIMS: m/z (RI%) 194 (100); 91 (45.3); 77 (26.7).

HRMS: molecular weight for C15H14 calculated 194.2717, observed 194.2716.

Synthesis of3-(4-acetyl-phenyl)-acrylic acid methyl esterfrom 4-iodoacetophenone

(Table 17, Entry 4).

Performed as described in General Procedure O with

4-iodoacetophenone (246.0 mg, 1.0 mmol) and acrylic acid ^^ J

methyl ester (150.2 mg, 1.5 mmol). After 2 hours the reaction

was stopped. Chromatography resulted in a 99% yield of 3-(4-acetyl-phenyl)-

acrylic acid methyl ester (202.1 mg, 99 mmol).

'H nmr: (CDCI3, 300 MHz) 5 2.58 (3H, singlet); 3.70 (3H, singlet); 6.77 (IH,

doublet); 7.63 (2H, doublet); 7.78 (2H, doublet); 7.82 (IH, doublet).

107-





'^C nmr: (CDCI3, 75 MHz) 5 27.5; 54.3; 119.2; 128.9; 129.5; 132.2; 135.8; 147.8;

168.7; 196.8.

EIMS:m/z(RI%)77(13.4); 119(19.4); 173 (100); 204 (45.3).

HUMS: molecular weight for C12H12O3 calculated 204.2219, observed 204.2221.

Synthesis of 3-(4-methoxyphenyl)-acrylic acid methyl ester from 4-iodoanisole

(Table 17, Entry 5).

Performed as described in General Procedure O with 4-

iodoanisole (234.0 mg, 1 .0 mmol) and acrylic acid methyl ester ^^ J

(129.1 mg, 1.5 mmol). After 2 hours the reaction was stopped. ^

Chromatography resulted in a 98% yield of 3-(4-methoxyphenyl)-acrylic acid

methyl ester (172.7 mg, 98 mmol).

'H nmr: (CDCI3, 300 MHz) 5 3.61 (3H, singlet); 3.65 (3H, singlet); 6.14 (IH,

doublet); 6.73 (2H, doublet); 7.30 (2H, doublet); 7.47 (IH, doublet).

'^C nmr: (CDCI3, 75 MHz) 5 51.7; 55.4; 114.4; 116.4; 128.1; 130.9; 145.5; 160.3;

167.1.

EIMS: m/z (RI%) 192 (68.4); 177 (12.3); 161 (100); 133 (62.7); 77 (23.4).

HRMS: molecular weight for C11H12O3 calculated 192.0786, observed 192.0784.

108



. Pi;

>\V.n:^:

')': ;':-*

>!<(

^ • i



Synthesis of 3-o-tolyl-acrylic acid methyl ester from 2-iodotoluene (Table 17,

Entry 6).

Performed as described in General Procedure O with 2- o

I

il^'^OMe

iodotoluene (218.0 mg, 1.0 mmol) and acrylic acid methyl ester ^^^

(129.1 mg, 1.5 mmol). After 2 hours the reaction was stopped.

Chromatography resulted in a 99% yield of 3-o-tolyl-acrylic acid methyl ester

(187.3 mg, 99 mmol).

^H nmr: (CDCI3, 300 MHz) 5 2.45 (3H, singlet); 3.70 (3H, singlet); 6.47 (IH,

doublet); 6.93 (2H, doublet); 7.24 (2H, doublet); 7.62 (IH, doublet).

•^C nmr: (CDCI3, 75 MHz) 5 21.7; 53.7; 117.6; 119.3; 132.8; 130.7; 131.5; 136.8;

144.7; 169.2.

EIMS: m/z (RI%) 189(43.4); 161 (100); 117 (53.6); 77 (17.3).

HRMS: molecular weight for C11H9NO2 calculated 189.2106, observed 189.2104.

Synthesis of 3-p-tolyl-acrylic acid methyl ester from 4-bromotoluene (Table 18,

Entry 1).

Performed as described in General Procedure O with 4-

bromotoluene (171.0 mg, 1.0 mmol) and acrylic acid methyl ester

(129.1 mg, 1.5 mmol). After 2 hours the reaction was stopped.

Chromatography resulted in a 45% yield of 3-p-tolyl-acrylic acid methyl ester (79.3

mg, 45 mmol).
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'H nmr: (CDCI3, 300 MHz) 5 3.77 (3H, singlet); 3.80 (3H, singlet); 6.25 (IH,

doublet); 7.25 (2H, doublet), 7.36 (2H, doublet); 7.95 (IH, doublet).

'^C nmr: (CDCI3, 75 MHz) 6 24.3; 50.2; 116.5; 118.3; 130.2; 134.2; 136.8; 143.8;

165.2.

EIMS: m/z (RI%) 77 (15.5); 92 (22.4); 145 (100); 176 (37.2).

HRMS: molecular weight for C11H12O2 calculated 176.21 18, observed 176.21 19.

Synthesis of 2-methyl-3-p-tolyl-acrylic acid methyl ester from 4-bromotoluene

(Table 18, Entry 2).

Performed as described in General Procedure O with 4-

bromotoluene (157.0 mg, 1.0 mmol) and 2-methyl acrylic acid

methyl ester (150.2 mg, 1.5 mmol). After 2 hours the reaction

was stopped. Chromatography resulted in a 34% yield of 2-methyl-3-p-tolyl-acrylic

acid methyl ester (64.7 mg, 34 mmol).

*H nmr: (CDCI3, 300 MHz) 5 2.78 (3H, singlet); 3.65 (3H, singlet); 3.76 (3H,

singlet); 6.36 (IH, singlet); 7.29 (2H, doublet), 7.34 (2H, doublet).

'^C nmr: (CDCI3, 75 MHz) 6 23.4; 48.2; 51.4; 116.3; 118.6; 131.1; 134.8; 135.9;

144.5; 168.1.

EIMS: m/z (RI%) 77 (13.5); 92 (12.4); 159 (100); 190 (42.2).

HRMS: molecular weight for C12H14O2 calculated 190.2384, observed 190.2383.
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6.0 Appendices

Appendix 1 X-Ray Structure for l,3,5,7-Tetramethyl-8-tetradecyl-2,4,6-trioxa-8-

phospha-tricyclo[3.3. 1 . 1 *3,7*]decane.
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Appendix 2 X-Ray Structure for l,3,5,7-Tetramethyl-8-phenyl-2,4,6-trioxa-8-

phospha-tricyclo[3.3.1.1*3,7*]decane.
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Appendix 3 X-Ray Structure for l,3,5,7-Tetramethyl-8-phenyl-2,4,6-trioxa-8-

phospha-tricyclo[3.3.1.1*3,7*]ciecane.
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Appendix 4 X-Ray Structure for l,3,5,7-Tetramethyl-8-tetradecyl-2,4,6-trioxa-8-

phospha-tricyclo[3.3.1.1*3,7*]decane.
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Appendix 5 X-Ray Structure for 8-(2-Methoxyphenyl)-l,3,5,7-tetramethyl-2,4,6-

trioxa-8-phospha-tricyclo[3.3.1.1*3,7*]decane.
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Appendix 6 X-Ray Structure 8-(3-Methoxyphenyl)-l,3,5,7-tetramethyl-2,4,6-

trioxa-8-phospha-tricycIo[3.3. 1 . 1 *3,7*]decane.
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Appendix 7 X-Ray Structure l-[4-(l,3,5,7-Tetramethyl-2,4,6-trioxa-8-phospha-

tricyclo[3.3. 1 . 1 *3,7*]dec-8-yl)-phenyl]-ethanone.
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Appendix 8 X-Ray Structure Dimethyl-[4-(l,3,5,7-tetramethyl-2,4,6-trioxa-8-

phospha-tricyclo[3.3. 1 . 1 *3,7*]dec-8-yl)-phenyl]-amine.

118-





7.0 References:

1. Abbel,; Stone, F. G. A.; Wilkinson, G.; (Eds), Comprehensive Organometallic

Chemistry II, Vol. 72, Pergamon, London, 1995.

2. Heck, R. F. Palladium Reagents in Organic Synthesis, Academic Press,

London, 1985.

3. Tsuji, J. Palladium Reagents and Catalysts, Innovations in Organic Synthesis,

John Wiley and Sons, New York, 1995.

4. Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, M. Advanced

Inorganic Chemistry, 6 Ed, Wiley Interscience, New York, 1999.

5. For synthesis of Pd(PPh3)4 see: Coulson, D. R. Inorg. Synth. 1972, 13, 121.

6. Ukai, T.; Kawazawa, H.; Ishii, Y.; Bonnet, J. J.; Ibers, J. A. J. Organomet.

Chem. 1974, 65, 253.

7. Stille, J. K.; Lau, K. S. Y. Ace. Chem. Res. 1977, 10, 434.

8. Kochi, J. K. Organometallic Mechanisms and Catalysis; Academic, New York,

1978.

9. Miyaura, N; Suzuki, A. Chem. Rev. 1995, 95, 2457.

10. Hills, L D.; Netherton, M. R.; Fu, G. 38'*' National Organic Symposium;

Bloomington, Indiana; 2003; poster Bl 10

ll.Amatore, C; Carre, E.; Jutand, A.; M'Barki, M.A.; Meyer, G. Organomet.

1995, 14, 5605.

12. Aliprantis, A.O.; Canary, J. W. J. Am. Chem. Soc. 1994, 116, 6985.

119





13. Spessard, G.O.; Miessler, G.L. Organometallic Chemistry, Prentice-Hall,

Toronto, 1996.

14. Ferguson, G.; Roberts, P.J.; Alyea, E.G.; Khan, M. Inorg. Chem. 1978, 77,

2965. '
,

.•^-
'

15. DeSanto, J.T.; Mosbo, J.A.; Storhoff, B.N.; Bock, P.L.; Bloss, R.E. Inrog.

Chem. 1980, 18, 3086. !o

16. Littke, A.F.; Fu, G.C. Angew. Chem. Int. Ed. 2002, 41, 4176.

17. Hiroya, K.; Hashimura, K.; Ogasawara, K. Heterocycles 1994, 38, 2463.

18. Stolka, M.; Yanus, J.F.; Pai, D.M. J. Phys. Chem. 1984, 88, AlOl.

19. Strukelj, M.; Jordan, R.H.; Dodabalapur, A. J. Am. Chem. Soc. 1996, 118, 1213.

20. Guram, A.S.; Rennals, R.A.; Buchwald, S.L. Angew. Chem. Int. Ed 1995, 34,

1348. . - •

21. Louie, J.; Hartwig. J.F. Tet. Lett. 1995, 36, 3609.

22. Smith, M.B.; March, J. March's Advanced Organic Chemistry: Reactions,

Mechanisms, and Structure, 5^^ Ed. Wiley-Interscience Publications, Toronto, 2001.

23. Kosugi, M.; Kameyama, M.; Migita, T. Chem Lett, 1983, 6, 927.

24. Guram, A.S.; Buchwald, S.L. J. Am. Chem. Soc. 1994, 116, 7901.

25. Boger, D.L.; Duff, S.R.; Panek, J.S.; Yasuda, M.J. Tet. Lett. 1984, 25, 3175.

26. Hartwig, J.F.; Paul, F. J. Am. Chem. Soc. 1995, 117, 5373.

27. Driver, M.S.; Hartwig, J.F. J. Am. Chem. Soc. 1995, 117, 4708.

28. Driver, M.S.; Hartwig, J.F. J. Am. Chem. Soc. 1997, 119, 8232.

29. Wolfe, J.P.; Rennels, R.A.; Buchwald, S.L. Tetrahedron 1996, 52, 7525.

30. Wolfe, J.P.; Wagaw, S. Buchwald, S.L. J. Am. Chem. Soc. 1996, 118, 7215.

-120





31. Driver, M.S.; Hartwig, J.F. J. Am. Chem. Soc. 1996, 118, 7217.

32. Marcoux, J.F.; Wagaw, S.; Buchwald, S.L. J. Org. Chem. 1997, 62, 1568.

33. Wolfe, J.P.; Buchwald, S.L. Tet. Lett. 1997, 38, 6359.

34. Louie, J.; Driver, M.S.; Hamann, B.C.; Hartwig, J. J. Org. Chem. 1997, 62,

1268.

35. Ahman, J.; Buchwald, S.L. Tet. Lett. 1997, 38, 6363.

36. Hamann, B.C.; Hartwig, J.F. J. Am. Chem. Soc. 1998, 120, 7369.

37. Paul, F.; Patt, J.; Hartwig, J.F. Organomet. 1995, 14, 3030.

38. Wagaw, S.; Buchwald, S.L.J Org Chem. 1996, 37, 7181.

39. Suzuki, A. J. Organomet. Chem. 1999, 576,147.

40. Wagaw, S.; Buchwald, S.L. J. Org Chem. 1996, 61, 7240.

41.Beller, M.; Riermeier, T.H.; Resinger, C.P.; Herrmann, W.A. Tet. Lett. 1997,

38, 2073.

42. Reddy, N.P.; Tanaka, M. Tet. Lett. 1997, 38, 4807.

43. Beletskaya, A.P.; Averin, A.D.; Bessmertnykh, A.G.; Guilard, R. Tet. Lett.

2001, 42, 4987.

44. .Hamann, B.C.; Hartwig, J.F. J. Am. Chem. Soc. 1998, 120, 7369.

45. Stanforth, S. P. Tetrahedron 1998, 54, 263.

46. Miyaura, N. Advances in Metal-Organic Chemistry, Vol. 6 (Ed.: Liebeskind, L.

S.), JAI, London, 1998, pp. 187.

47. Suzuki, A. Metal-Catalyzed Cross-Coupling Reactions (Eds.: Diederich, F.;

Stang, P. J.), Wiley-VCH, New York, 1998, chap. 2.

48. Miyaura, N.; Yanagi, T.; Suzuki, A. Synthetic Commun. 1981, 11, 513.

121





49. Gronowitz, S.; Bobosik, V.; Lawitz, K. Chem. Scr. 1984, 23, 120.

50. Alo, B. I.; Kandil, A.; patil, P. A.; Sharp, M. J.; Siddiqui, M. A.; Snieckus, \.J.

Org. Chem. 1991, 56, 3763.

Sl.Muller, W.; Lowe, D. A.; Neijt, H.; Urwyler, S.; Herrling, P.; Blaser, D.;

Seebach, D. Helv. Chim. Acta 1992, 75, 855.

52. Katz, H. E. J. Org. Chem. 1987, 52, 3932.

53. Hoshino, Y.; Miyaura, N.; Suzuki, A. Bull. Chem. Soc. Jpn. 1988, 61, 3008.

54. Coleman, R. S.; Grant, E. B. Tetrahedron Lett. 1993, 34, 2225.

55. Ishikura, M.; Kamada, M.; Terashima, M. Synthesis 1984, 936.

56. Wright, S. W.; Hageman, D. L.; McClure L. D. J. Org Chem. 1994, 59, 6095.

57. Wallow, T. I.; Novak, B. M. J. Org Chem. 1994, 69, 5034.

58. Bumagin, N. A.; Bykov, V. V.; Beletskaya, I. P. Dok. Akad. Nauk SSSR, 1990,

315,1133.

59. Mark, G.; Villiger, A.; Buchecker, R. Tetrahedron Lett. 1994, 53, 3277.

60. Shieh, W. C; Carlson, J. A. J. Org Chem. 1992, 57, 379.

61. Casanuovo, A. L.; Calabrese, J. C. J. Am. Chem. Soc. 1990, 112, 4324.

62. Kuvilla, H. G.; Nahabedian, K. V. J. Am. Chem. Soc. 1961, 83, 2159; 2164; and

2167.; Kuvilla, H. G.; Reuwer, J. F.; Mangravite, J. A. J. Am.Chem. Soc. 1964, 86,

2666.

63. Watanabe, T.;Miyaura, N.; Suzuki, A. Synlett 1992, 207.

64. Gronowitz, S.; Lawitz, K. Chem. Scr. 1983, 22, 265.; Yang, Y.; Homfeldt, A.

B.; Gronowitz, S. Chem. Scr. 1988, 28, 275.

65. Gronowitz, S.; Lawitz, K. Chem. Scr. 1984, 24, 5.

122





66. Stille, B. J. Angew. Chem., Int. Ed. 1986, 25, 508.

67. Ritter, K. Synthesis 1993, 735.

68. Oh-e, T.; Miyaura, N.; Suzuki, A.; Synlett 1990, 221.

69. Oh-e, T.; Miyaura, N.; Suzuki, A. J. Org. Chem. 1993, 58, 2201

.

70. Littke, A. F.; Dai, C; Fu, G. C. J. Am. Chem. Soc. 2000, 122, 4020.

71. Schwartz, E. B.; Knobler, C. B.; Cram, D. J. J. Am. Chem. Soc. 1992, 114,

10775.

72. Knapp, R.; Rehahn, M. J. Organomet. Chem. 1993, 452, 235.

73. Beley, M.; Chodorowski, S.; Collin, J. P. Sauvage, J. P. Tetrahedron Lett. 1993,

5^,2933.

74. Judice, J. K.; Keipert, S. J.; Cram, D. J. J. Chem. Soc, Chem. Commun. 1993,

1323.

75. Schmidt, U.; Leitenberger, V.; Meyer, R.; Griesser, H. J. Chem. Soc., Chem.

Commun. 1991, 9S\.

76. Brown, A. G.; Crimmin, M. J.; Edwards, P. D. J. Chem. Soc, Chem. Commun.

1992, 123.

77. Manabe, K.; Okamura, K.; Date, T.; Koga, K. J. Org Chem. 1993, 58, 6692.

78. Sawyer, J. S.; Baldwin, R. F.; Sofia, M. J.; Floreancig, P.; Marder, P.; Saussy,

D. L. Jr.; Froelich, L. L.; Silbaugh, S. A.; Stengel, P. W.; Cockerham, S. L.;

Jackson, W. T. J. Med Chem. 1993, 36, 3982.

79. Ostaszewski, R.; Verboom, W.; Rerihout, D. N. Synlett 1992, 354.

80. Parsons, A. S.; Garcia, J. M.; Snieckus, V. Tetrahedron Lett. 1994, 35, 7537.

123





Sl.Rocca, P.;Cochennec, C; Marsais, F.; Thomas-dit-Dumont, L.; Mallet, M.;

Godard, A.; Queguiner, G. J. Org. Chem. 1993, 58, 7832.

82. Siddiqui, M. A.; Snieckus, V. Tetrahedron Lett. 1990, 31, 1523.

83. Rehahn, M.; Schluter, A. D.; Wegner, G.; Feast, W. J. Polymer 1989, 30, 1054.

84. Lie, J. J., Gribble, G. W. Palladium in Heterocyclic Chemistry, Pergamon, New

York, 2000.

85. Undheim, K. Benneche, T. Adv. Heterocycl. Chem. 1995, 62, 305.

86. Gronowitz, S.; Homfeldt, A.-B.; Kristjansson, V.; Musil, T. Chem. Scr. 1986,

26, 305.

87. Uemura, M.; Nishimura, H.; Kamikawa, K.; Nakayama, K.; Hayashi, Y.

Tetrahedron Lett. 1994, 35, 1909.

88. Uemura, M.;Nishimura, H.; Hayashi, T. J. Organomet. Chem. 1994, 473, 129.

89. Old, D. W.; Wolfe, J. P.; Buchwald, S. L. J. Am. Chem. Soc. 1998, 120, 9722.

90. Wolfe, J. P.; Buchwald, S. L. Angew. Chem. Int. Ed. 1999, 38, 2413.

91. Wolfe, J. P.; Singer, R. A.; Yang, B. H.; Buchwald, S. L. J. Am. Chem. Soc.

1999, 121, 9550.

92. Parrish, C. A.; Buchwald, S. L. J. Org Chem. 2001, 66, 3820.

93. Yin, J.; Buchwald, S. L. J. Am. Chem. Soc, 2000, 122, 12051.

94. Littke, A. F.; Fu; G. C. Angew. Chem. Int. Ed. 1998, 37, 3387.

95. Bei, X.; Crevier, T.; Guram, A. S.; Jandeleit, B.; Powers, T. S.; TumeUno, T.;

Weinberg, W. H. Tetrahedron Lett. 1999, 40, 3855.

96. Bei, X.; Turner, H. W.; Weinberg, W. H.; Guram, A. S.; Petersen, J. L. J. Org.

Chem. 1999, 64, 6797.

124-





97. Zapf, A.; Ehrentraut, A.; Seller, M. Angew. Chem. Int. Ed. 2000, 39, 4153.

98. Netherton, M.; Dai, C; Fu, G. J. Am. Chem. Soc. 2001, 725,10099.

99. Kichhoff, J.H.; Netherton, M.; Hills, I.D.; Fu, G. Angew. Chem. Int. Ed. 2002,

41 1945. v>v: .

100. Netherton, M.R.; Fu, G. Angew. Chem. Int. Ed 2002, 41, 3910.

lOl.Kirchhoff, J.H.;Netherton, M.R.; Hills, I.D. J. Am. Chem. Soc. 2002, 124,

13662. • ^% '

102. Epstein, M.; Buckler, S. A. J. Am. Chem. Soc. 1961, 83, 3279.

103. Bekairis, G.; Lork, E.; Offermann, W.; Roschenthaler, G.-V. Chem Ber. 1997,

130, 1547. . =

104. Gee, V.; Orpen, A. G.; Phetmung, H.; Pringle, P. G.; Pugh, R. I. Chem.

Commun. 1999,901. i.

105. Alcazar-Roman, L. M.; Hartwig, J. F. J. Am. Chem. Soc. 2001, 123, 12905.

106. Hartwig, J. F. Angew. Chem., Int. Ed. 1998, 37, 2046.

107. Beare, N. A.; Hartwig, J. F. J. Org Chem. 2002, 67, 541.

108. Stambuli, J. P.; Stauffer, S. R.; Shaughnessy, K. H.; Hartwig, J. F. J. Am.

Chem. Soc. 2001, 123, 2677.

109. Stambuli, J. P.; Buhl, M.; Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 9346.

1 10. Zapf, A.; Ehrentraut, A.; Beller, M. Angew. Chem. Int. Ed. 2000, 39, 4153.

Ul.Alper, H.; Arya, P.; Bourgue, S.C.; Jefferson, G.R.; Manzer, L.E Can. J.

Chem. 2000, 78, 920.

1 12. Bhanage, B.M; Fujita, S.; Aral, M. J. Organomet. Chem. 2003, 687, 211.

113. Tuyet, J. Tet. Lett. 1994, 35, 3051.

-125





1 14. Dams, M.; De Vos, D.E.; Celen, S.; Jacobs, P.A. Angew, Chem, Int. Ed 2003,

^2,3512.

1 15. Welton, T. Chem. Rev. 1999, 99, 2071.

116. Dupont, J.; de Souza, R.F.; Suarez, P.A.Z. Chem. Rev. 2002, 102, 3667.

117. Sheldon, R. Chem. Commun. 2001, 2399.

1 18. Bao, W.; Wang,. Z.; Li, Y. J. Org. Chem. 2003, 68, 591.

119. Carmichael, A.J.; Earle, M.; Holbrey, J.D.; McCormac, P.B; Seddon, K.R.

Org. Lett. 1999, 1, 997.

120. Tzschuke, C.C; Marker!, C; Bannwarth, W.; Roller, A.H.; Haag, R. Angew.

Chem. Int. Ed. 2002, 41, 3964.

121. Rajagopal, R.; Jarikote, D.V.; Srinivasan, K.V. Chem. Commun. 2002, 616.

122. Mathews, C.J.; Smith, P.J.; Welton, T. Chem Commun. 2000, 1249.

123. McNulty, J. Capretta, A. Wilson, J.; Dyck, J.; Adjabeng, G.; Robertson, A.

Chem Commun. 2002, 1986.

124. Kraatz, H.; Pletsch, P. Tetrahedron. Asymm. 2000, 11, 1617.

125. Kaufmann, D.E.; Nouroozian, M.; Henze, H. Synlett, 1996, 1091.

126



9



8.0 List of Schemes:

Scheme 1 . Oxidative addition of palladium to a X-Y bond. 07

Scheme 2. Transmetallationof Y-Pd-X. 08

Scheme 3. Phenylation of phenylpalladium iodide with phenyltributyltin. 09

Scheme 4. Reductive elimanation of Y-Pd-R. 09

Scheme 5. Generalized catalytic cycle for Palladium cross-coupling

reactions. 09

Scheme 6. Cone angle 6. 11

Scheme 7. A number of palladium catalyzed reactions. 12

Scheme 8. Migita amination. 13

Scheme 9. Transamination followed by Migita amination. 14

Scheme 10. First tin-free aminations from Hartwig and Buchwald. 14

Scheme 1 1 . Boger's synthesis of the CDE ring of lavendamycin. 15

Scheme 12. Tri-o-tolylphosphine, tri-2-furylphosphine, and BINAP. 17

Scheme 13. Intramolecular amination from Buchwald. 17

Scheme 14. Intramolecular amination. 18

Scheme 15. Bis-chelating ligands: l,r-bis-(diphenylphosphanyl)ferrocene

DPPF, l,3-bis(diphenylphophanyl)propane DPPP, and BINAP. 18

Scheme 16. Amination with DPPF as ligand and aryl amines. 19

Scheme 17. Amination with DPPF as ligand and primary alkyl amines. 19

Scheme 1 8. BINAP and P(o-tolyl)3 phosphines compared. 20

Scheme 19. Amination of aryl triflates with aryl amines. 21

Scheme 20. Amination of aryl triflates with alkyl amines. 21

Scheme 21 . Orginal Suzuki cross-coupling reaction. 23

Scheme 22. Mild reaction condition variants of the original Suzuki

Reaction. 24

Scheme 23. Suzuki reaction using boronic esters. 25

Scheme 24. Suzuki reaction with unsymmetrical substituted bithienyls. 25

Scheme 25. Efficient triflate coupling using Pd(OAc)2/PCy3 catalyst system. 26

Scheme 26. Synthesis of various biaryls. 27

Scheme 27. Aromatic rigid-rod polymers. 28

Scheme 28. Suzuki reaction of a heteroaryl chloride. 28

Scheme 29. Suzuki reactions of non-heteroaryl chlorides. 29

Scheme 30. Aryl chloride coupling with an aryl boronic cid in the presence

of an electron donating, de-activating ortho-methoxy group. 29

Scheme 3 1 . Amino-phosphine ligand in the Suzuki reaction. 30

Scheme 32. Asymmetric synthesis of axially chiral biaryls via the Suzuki

reaction. 3

1

Scheme 33. Sterically demanding and electron rich trialkylphosphine,

P^Bu3 in the Suzuki reaction. 32

Scheme 34. This Pd/P('Bu)3-based catalyst system exhibits selectivity

for the coupling of an aryl chloride in preference to an aryl

triflate. 32

127





Scheme 35. Generalized cycle for palladium cataylzed p-alkyl Suzuki

reaction showing when p-hydride elimination occurs. 33

Scheme 36. Proposed mechanism for the generation of 1,3,5,7-tetramethyl

-2,4,8-trioxa-6-phospha-adamantane. 35

Scheme 37. Various cations and anions used in ionic liquids. 37

Scheme 38. Amino acids derived ionic liquids. 37

Scheme 39. Model amination reaction. 40

Scheme 40. Derivatization of l,3,5,7-tetramethyl-2,4,8-trioxa-6-phospha

-adamantane. 55

Scheme 41 . Standard Heck reaction for ionic liquid screen. 60

128-



'It.



9.0 List of Tables:

Table 1. Amination results of Hartwig. 16

Table 2. Phospha-adamantane screen for standard amination reaction. 41

Table 3. Palladium source for amination. 42

Table 4. Solvent for amination. 44

Table 5. Ligand:Metal ratio for amination. 45

Table 6. Base for amination reaction. 46

Table 7. Amination of diaryl amines. 47

Tables. Amination of mixed aryl alkyl amines. 48

Table 9. Amination of cyclic dialkyl amines. 50

Table 10. Amination of acyclic dialkyl amines. 51

Table 1 1 . Phospha-adamantane ligand screen in the P-alkyl Suzuki reaction. 54

Table 12. LigandiMetal ratio for p-alkyl Suzuki reaction. 57

Table 13. Solvent source for p-alkyl Suzuki reaction. 58

Table 14. Coupling partners for p-alkyl Suzuki reaction. 59

Table 15. Ionic liquid screen for the Heck reaction. 61

Table 16. Base screen for ionic liquid Heck reaction. 62

Table 17. Heck reaction of aryl iodides. 64

Table 18. Heck reaction with aryl bromides. 65

129



r-i

4989
ir-










