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ABSTRACT 

 The need for more environmentally benign and sustainable chemical processes is 

currently a widely recognized motivation in chemical research. One area that has been of 

particular interest to our research group is the development of biphasic and aqueous 

phase systems for palladium catalysis. My research at The University of Alabama has 

focused on the design and synthesis of water-soluble phosphines for application in 

aqueous and biphasic palladium catalysis. Our group, through collaboration with the 

Dixon and Rogers groups, seeks also to better understand how phosphine ligand structure 

influences catalysis in order to design more effective systems.  

 My work began with the study of the influence of flexible, electron-rich 

phosphine substituents such as the neopentyl and benzyl groups on catalyst activity, 

particularly for the Suzuki coupling of sterically hindered substrates. I have also 

synthesized two new water-soluble phosphine ligands that utilize two sterically hindered, 

electron-rich alkyl groups (di-tert-butyl or di-1-adamantyl) in conjunction with a flexible 

benzyl moiety, made water soluble through addition of an anionic sulfonate group. Both 

of the new ligands have shown moderate activity in Suzuki and Sonogashira coupling 

reactions.  

 Through collaboration with the Hartman group, the ability to recycle a water-

solubilized palladium-phosphine catalyst in biphasic microflow systems is being studied. 

Additionally, work has begun to extend the application of water-soluble phosphine 

ligands to other palladium-catalyzed reactions, such as direct arylations. 
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CHAPTER 1. CONFORMATIONALLY FLEXIBLE PHOSPHINE LIGANDS IN 

PALLADIUM CATALYZED COUPLING REACTIONS 

 

1.1. Introduction to Palladium-catalyzed Coupling Reactions 

 
 Over the last several decades, palladium-catalyzed coupling reactions have become an 

invaluable tool for the formation of carbon-carbon and carbon-heteroatom bonds. A wide variety 

of named reactions, such as Heck, Suzuki, Sonogashira, and Negishi have been developed for the 

formation of sp, sp2 and in some cases, sp3 hybridized carbon-carbon/heteroatom bonds.1-6 This 

class of transformations involves the reaction of an electrophile (aryl halide/psuedohalide) with 

an activated nucleophile that is specific to the named reaction (Table 1).7-36 In particular, Suzuki 

and Stille reactions are applicable across a versatile range of substrates.5-6,26-36 The Suzuki 

coupling is especially useful due to the ease of introducing the boronic acid/boronate group into 

the starting material, in conjunction with the low toxicity of boronic acid/boronate byproducts 

formed as waste from Suzuki couplings.6  
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Table 1: Common palladium-catalyzed coupling reactions 

 

 

X
R1 +   Nuc-LG

cat
base

Name/Reaction Type        Nuc-LG                         Product

   Carbonylation              CO, R2OH

 Hartwig-Buchwald           R2NH2 
      Amination

        
          Heck 

         Negishi                     R2-ZnX

     Sonogashira

         Stille                       R2-Sn-R3
3

 Suzuki-Miyaura             R2-BX2-3 ,
                                   X = -F-,-OH-

O

O
R2

R1

NR2H
R1

R1
R2

R2

R2

R1

R1 Cu
R1

R2

R2

R1

R2

R1

X = -Cl, -Br, -I, -OTf, -OTs
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 A general catalytic cycle (Scheme 1) is believed to be the underlying mechanism for most 

of these reactions.6 The mechanism requires an ‘active’ palladium(0) complex that is generated 

from a palladium(0) or palladium(II) precursor. In the catalytic cycle, the active palladium(0) 

species undergoes oxidative addition with a substrate to form a palladium(II) intermediate. In 

many cases, oxidative addition or active palladium(0) species formation are believed to be the 

rate-determining step in the cycle. Next, the intermediate usually undergoes ligand 

exchange/transmetallation with an activated nucleophile type that is specific to the named 

reaction. Lastly, reductive elimination results in generation of the desired coupling product, and 

the active palladium(0) species is reformed.  

 

 

Scheme 1: General catalytic cycle and Heck variation 

 

The Heck coupling varies from this general cycle after the oxidative addition. In the Heck 

coupling, an alkene coordinates to the palladium complex and the aryl group is transferred to one 

of the alkene carbons (typically the most sterically accessible and electron-poor of the two). β-

PdII or Pd0

catalyst precursor

LnPd0

+Ln
+L

-L
L(n-1)Pd0

L(n-1)PdII

Ar

X

L(n-1)PdII

Ar

Nuc

Ar-X

Nuc-H
or

Nuc-M
HX or MX

Ar-Nuc

L(n-1)PdIIX

Ar

R

H

L(n-1)PdIIX
R

ArL(n-1)PdII

H

X

R
H

Reductive 
Elimination Oxidative

Addition

Ligand Exchange/
Transmetallation

Migratory Insertion

Reductive 
Elimination

ß-hydride Elimination/
!-bond Metathesis

R
Ar
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hydride elimination produces the desired product, and reductive elimination then completes the 

cycle to regenerate the active catalyst species. 

 Generation of the active palladium species is an important step in the catalytic cycle that 

has often been overlooked in the past when designing new ligand systems. There are several 

known paths by which an active palladium(0) species may be formed (Table 2). In some cases, a 

palladium(0) precursor can be used, requiring only ligand exchange, when the precursor ligands 

are easily displaced.5,37-39 

 

 Table 2: Common routes of active palladium(0) species generation 

 

Route                                                                                                                Example

Ligand Substitution

Reduction by an 
Organometallic Species

Reduction by an
Amine or Alcohol

Reductive Elimination
by a Ligated Phosphine

"Ligandless" generation
of Pd0 Colloids
or Nanoparticles

Pd0(dba)2  +  2PPh3
-dba

Pd0Ph3P

Ph3P Ph

O

Ph
-dba

xs PPh3 Pd0(PPh3)n

n=2-4

LnPdII(OH)2  +   2
B(OH)2

-2B(OH)3
LnPdII LnPd0    +

LnPdIIX2  +  Et3N PdIICl
L

L
N
Et2

H +

N+
Et Et

+ PdIICl H
L

L

Et3N L2Pd0   or  
 [L2PdCl-][Et3NH+]

PdIIAcO OAc
PPh3

PPh3

Ph3P+OAc + [(PPh3)Pd0(OAc)]-

H2O
-OAc

Ph3PO + HOAc
Ph3PO + Ac2O

PPh3 [(Ph3P)3Pd0(OAc)]-

[red]PdIIX2

Pd0Ln

or

X-
X-

X-

X- X-

X-

active soluble
nanoparticle

combination

insoluble cluster
  "Pd black"
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 Another means of active catalyst generation is through reduction by an organometallic 

species, as is often seen in Suzuki coupling. In this case, anionic ligands can be displaced from a 

palladium(II) complex by the nucleophile from an organometallic species. Reductive elimination 

then yields a diarylated product and the palladium(0) species.40-43 Reaction of a palladium(II) 

species with an amine or alcohol can result in β-hydride elimination to yield a palladium(II) 

hydride capable of reductively eliminating to form a palladium(0) species.44-48 Some phosphine 

ligands are known to undergo reductive elimination from palladium(II) species in the presence of 

an oxygen containing ligand (such as hydroxide or acetate) or fluoride to yield an oxidized 

phoshine and a palladium(0) species.49-57 The last example in Table 2 lists generation of 

palladium(0) colloids or nanoparticles. This can occur using a palladium(0) precursor or after 

generation of a molecular palladium(0) species.58-60 This type of generation is often suspected to 

occur when reactions are run under forcing conditions such as lengthy reaction times and high 

temperatures. Insoluble palladium black precipitation is typically seen in most coupling 

conditions, as over time the active catalyst degrades. A fair amount of work has been devoted to 

better understanding when colloidal palladium is the active species, and the role that it plays in 

the catalysis.61 However, the exact nature of the active species is most often difficult to prove 

and continues to be a subject of interest as ways to improve the lifetime and recyclability of the 

catalyst and minimize catalyst leaching are sought.62 

1.2.1. Phosphine Ligand Parameters and The Trineopentyl Series of Phosphine Ligands 

 
 It is widely known that sterically demanding, electron rich phosphine ligands aid the 

activity of palladium catalysts for coupling reactions.  It is generally thought that phosphine 

ligands assist in catalysis by promoting specific steps in the catalytic cycle, such as oxidative 
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addition (by acting as electron donors to the palladium center) or reductive elimination (by 

encouraging elimination of the coupling partners with added steric strain). These and other traits 

are considered in the design of effective phosphine ligands. Many attempts have been made since 

the 70’s to quantify ligand effects. The CO stretching frequencies of ligand substituted metal 

carbonyl complexes has been used as a measure of the σ-donor ability of the phosphorus ligand, 

where stronger donating ligands will result in backbonding from the metal into the carbonyl. 

This backbonding strengthens the metal-carbon bond, but weakens the carbon oxygen bond, 

resulting in a lower CO stretching frequency in the infrared spectrum. It had been previously 

thought that electronic characteristics of ligands were the determining factor for catalytic 

effectiveness. In the 1970’s Tolman assigned a new steric ligand parameter called the cone angle 

(θ) using CPK molecular models while studying the hydrocyanation of butadiene.63-64  The cone 

angle is a measurement of the angle from the metal center to the exterior of the ligand, assuming 

the least sterically hindered orientation of any flexible ligand substituents. His studies were 

among the first attempts made to understand the relationships between electron donating ability, 

steric bulk, and catalytic activity (Table 3).65 Since then, various statistical and computational 

approaches have been designed for choosing phosphine ligands based on experimental and 

calculated data.66-68 
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Table 3: Tolman parameters for common phosphine ligands 

 

 

 A new approach to calculating cone angles has been used by the Shaughnessy and Dixon 

groups (based on Taverner’s approach), in order to take into consideration the difference 

between ligands with a fairly constant steric influence, such as TTBP, and ligands with greater 

flexibility, such as TNpP.69-70 The Dixon group used a combination of LDFT level optimized 

palladium(0) monoligated complexes for the calculation of a new set of cone angles using the 

STERIC program. The STERIC program assumes the metal is a light source and correlates the 

amount of shadow projected by a ligand onto a sphere (placed at an arbitrary distance) to the 

solid cone angle rather than a Tolman cone angle. For sterically hindered trialkyl phosphines, the 

monoligated complex is believed to be the active catalytic species, and this new approach allows 

data sets to be generated for the most energetically favored orientation of phosphine substituents. 

 The Shaughnessy and Dixon groups have performed several experimental and 

computational studies on a group of alkyl phosphine ligands provided by FMC Lithium. The 

alkyl phosphines studied are variations of the highly effective ligand, tri-tert-butylphosphine 

(TTBP).71 Figure 1 shows the assigned cone angles based on the calculations by the Dixon group. 

The CO stretching frequencies of trans-Rh(L2)(CO)Cl complexes as well as the palladium-

phosphine bond dissociation energies (calculated with B3LYP exchange correlation functional) 

Ligand                Cone Angle, ! (º)            "CO, cm-1 (for Ni(CO)3L)

    TTBP                         182                                     2056.1
     PCy3 
     PPh3
   P(o-tolyl)3
     PBu3
    P(C6F5)3
    TNpP

179                                     2056.4
145                                     2068.9
194                                     2066.6
130                                     2060.3
184                                     2090.9
180                                       n/a
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are shown.72 TTBP is shown to be the best electron donor of these ligands, but it also has the 

highest bond dissociation energy and a moderately large cone angle. Conversely, trineopentyl 

phosphine (TNpP) has the largest cone angle and the lowest bond dissociation energy. A low 

bond dissociation energy barrier can be useful in that large ligands need to be able to dissociate 

readily from the metal center so that it can oxidatively insert into a substrate and complete the 

catalytic cycle. TNpP is shown to have the least amount of electron donating ability of the group, 

but calculated HOMO energy levels for the presumed catalytically active monoligated 

palladium(0) species were similar for all four ligands.  

 

 

Figure 1: Neopentyl/tert-butyl ligand series parameters 

 

 Initial publications from the Shaughnessy group indicated that DTBNpP provides 

catalysts with comparable or improved reactivity compared with TTBP for the Suzuki, 

Sonogashira, and Heck couplings as well as for Hartwig-Buckwald aminations, and arylations of 

ketones.72-73  TBDNpP and TNpP were found to give less active catalysts at room temperature, 

and TTBP remained the superior of the four for couplings of aryl chlorides. More recently, 

P P P
P

TNpP

Ligand     Cone angle   !CO (cm-1)    BDEPd-P     HOMOa (eV)  GAPb (eV)    HOMOa     HOMOc      GAPb (eV)     K(M-1)
                     (deg)                           (kcal/mol)                                                  Pd (eV)     PdLP (eV)

 TTBP             
DTBNpP        
TBDNpP
 TNpP

TTBP                DTBNpP               TBDNpP

Pd ClR3P
Cl

Cl Pd PR3
Cl

K

CDCl3
Pd PR3R3P
Cl

Cl
2

194
198
210
227

1921
1939
1946
1950

37.3
35.8
35.2
33.7

n/a
14,200
1,000

4 X 106

-5.66
-5.74
-5.85
-5.86

7.20
7.03
7.01
7.04

-4.51
-4.50
-4.52
-4.46

-8.07
-8.08
-8.20
-8.20

3.33
3.27
3.24
3.16

aHOMO energy at the B3LYP level. bGAP=HOMO-LUMO energy difference. cEnergy of P lone pair orbital.
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however, TNpP was found to be more effective than DTBNpP for the coupling of sterically 

hindered aryl bromides and chlorides with hindered anilines with some elevation of reaction 

temperature.74 Equilibrium studies were used as a means of estimating the effective size of the 

ligands based on the ligand binding ability to palladium. These were completed by Mr. Nigel 

Welch (Figure 1). Welch’s studies compared the preference of each ligand for a 4-coordinate 

palladium monomer over the dimer complex. Because the active species is believed to be a 

monophosphine complex, preference for the dimer complex (a decreased binding ability and 

larger ligand size) in Welch’s studies could suggest a more effective catalyst. It was found that 

TNpP had the highest preference of the four ligands for this monomer species, and a real number 

could not be obtained for TTBP due to the instability of TTBP palladium complexes. Despite the 

predictions made by Dixon’s calculations, TNpP appears to have the strongest binding ability of 

the four ligands, suggesting it has the smallest effective size. The stronger binding ability could 

explain why higher temperatures are required for TNpP versus DTBNpP, which is active at 

ambient temperature. Higher temperature may be necessary to promote dissociation of one TNpP 

from the complex to generate the active species. By itself, this is an unattractive trait, but it 

appears that the flexibility of the TNpP allows it to accommodate more sterically demanding 

substrates than TTBP or DTBNpP. Additionally, structural analysis of TNpP-palladium 

complexes (by x-ray crystallography) found a variance of large and small conformations of the 

neopentyl group relative to the coordination of the palladium center (2 versus 4, respectively).  

1.2.2. Suzuki Coupling of Sterically Hindered Aryl Halides and Aryl Boronic Acids Using TNpP 

 The Shaughnessy group found that DTBNpP provided low conversions in coupling 

reactions with sterically hindered substrates while TNpP was quite effective for aminations and 

arylations of hindered substrates. In earlier studies, the catalyst derived from TNpP and 



 10 

Pd(OAc)2 gave an 87 % yield of 2,6-dimethylbiphenyl (eq 1) from the coupling of 2-bromo-m-

xylene with phenylboronic acid at 80 ºC, when no conversion was achieved from the DTBNpP 

derived catalyst.72,74 This unexpected performance by TNpP was further explored for the Suzuki-

Miyaura coupling of sterically hindered bromides, chlorides, and aryl boronic acids.  

 

 

 

 Optimal reaction conditions for the Suzuki coupling of hindered aryl bromides were 

sought, using TNpP as the ligand (Table 4).74 Moderate conversion was achieved even at 

ambient temperature. Both Pd(OAc)2 (1 mol %) and Pd2(dba)3 (0.5 mol %) in combination with 

TNpP (1 mol %) gave comparable results in the reaction between bromomesitylene and o-

tolylboronic acid in the presence of sodium carbonate in 1:1 THF/H2O at 25 ºC. Sodium 

carbonate was found to be the most efficient base when compared with cesium carbonate, cesium 

fluoride, and potassium fluoride. Varying the temperature in reactions using catalysts formed 

from 1:1 and 1:2 Pd to ligand ratios with 1 mol % Pd indicated that 50 ºC is the most effective 

temperature for this reaction with lower catalytic activity observed at higher and lower 

temperatures. 

 

 

 

Br B(OH)2
+

Pd2(dba)3 (0.5 mol %)
ligand (1 mol %)

Na2CO3

1:1 THF/H2O
80 ºC DTBNpP: 0 %

TNpP: 87 %

(1)
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Table 4: Optimization of reaction conditions for bromomesitylene and o-tolylboronic acid 

 

 

 With optimized conditions in hand for the Pd(OAc)2/TNpP system, the series of 

neopentylphosphine ligands and TTBP were compared in the coupling of bromomesitylene and 

o-tolylboronic acid.74 The catalyst derived from TTBP gave a nearly quantitative yield (98 %, 

Table 5). Among the neopentyl phosphines, TNpP gave the highest conversion to product (68 %). 

The catalyst derived from TBDNpP gave a lower conversion than the TNpP-derived catalysts, 

whereas DTBNpP and PCy3 gave nearly inactive catalysts. This trend appeared to follow with 

increased cone angle and binding ability of the ligands, except for TTBP, which retained high 

conversion even with the hindered substrates. The effectiveness of the ligands was also tested 

under the anhydrous conditions developed by Fu and co-workers.75 The trend was identical to 

Na2CO3    Cs2CO2      CsF      KF        THF               toluene    0.5 H2O: 1 THF
                                                       (anhydrous)     (anhydrous)

Starting 
Material (%)a

Desired
Product (%)a

 Byproduct (%)a

6.5           61.5         59          90        96.6               95.3                   26.9

84.2         5.9           16.3        0            0                   0                       54.1
 

9.3           32.5          24.7      10         3.4                 4.7                     19.1

1:1 Pd(OAc)2

2:1 Pd(OAc)2

1:0.5 Pd2(dba)3

2:0.5 Pd2(dba)3

L:Catalyst              T(ºC)      Yield (%)a

 25                 64
 40                 69
 50                 84
 60                 77
 80                 69
100                68

 25                 67
 50                 70
 60                 52
 80                 55
100                43

 25                 71
 50                 78
 80                 56
100                55

 25                 60
 50                 77
 60                 72
 80                 71
100                61

Br B(OH)2

Pd source 1.00 mol%
TNpP   1.00 mol%
Na2CO3 1.10 equiv.

THF/H2O
50 ºC
~24 h

General Conditions

+

aDetermined by gas chromatography.
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that seen under the aqueous-biphasic conditions, but the yields obtained for the neopentyl 

phosphines were lower under anhydrous conditions. The TTBP-derived catalyst again gave a 

nearly quantitative yield of the biaryl product.  

 

Table 5: Ligand effect on the coupling of bromomesitylene and o-tolylboronic acid 

 

 

 The optimized conditions were used for a range of substrates, shown in Table 6. 

Moderately hindered aryl bromides were readily coupled with minimally hindered aryl boronic 

acids.74 Bromomesitylene gave good yields in couplings with phenylboronic acid and 2,4-

difluorophenylboronic acid (entries 1 and 13). A lower yield was obtained when o-tolylboronic 

acid was used. Good yields were obtained in the coupling of o-tolylboronic acid with 1-bromo-2-

isopropylbenzene, 2-bromobiphenyl, and 1-bromonaphthalene (entries 6-8).  

 

Br
+

B(OH)2

Pd(OAc)2 1 mol %
PR3 1 mol %

Na2CO3, THF/H2O (1:1)
50 ºC, 18 h

or 
KF, THF, rt, 18 h

                                                  Yield (%)
PR3                         conditions Aa          conditions Bb

TTBP                               98                          98(96)c

DTBNpP                          14                             7
TBDNpP                          53                            33
TNpP                               68                            42
PCy3                                12                              1

aConditions A: bromomesitylene (1.0 mmol), 2-tolylboronic acid (1.1 mmol), Pd(OAc)2 
(1 mol %), TNpP (1 mol %), Na2CO3 (1.1 mmol) in water/THF (1:1, 2 mL) at 50 ºC, 18 h.
 bConditions B: bromomesitylene (1.0 mmol), 2-tolylboronic acid (1.2 mmol, 
recrystallized from H2O), Pd2(dba)3 (0.5 mol %), TNpP (1 mol %), KF (3.3 mmol), THF 
(2 mL), rt, 18 h.
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Table 6: Substrate scope for Suzuki-Miyaura coupling using TNpP 

 

X
R1

B(OH)2
R2+

Pd(OAc)2 1 mol %
TNpP 1 mol %

Na2CO3 1.1 equiv

THF/H2O (1:1)
50 ºC, 6-24 ha

R1

R2

X= Br, Cl

aIsolated yields (average of two runs). bRoom temperature. cEstimated GC yield. d2.0 mol % of Pd(OAc)2 and 2.0 mol % of TNpP. 
e100 ºC. f 80 ºC.

Br B(OH)2

Br B(OH)2

Br

Br

Br

Br

B(OH)2

B(OH)2

B(OH)2

B(OH)2

Br
B(OH)2

Br

B(OH)2

Br B(OH)2

Br B(OH)2

O

Br B(OH)2

F

F

Br B(OH)2

Br B(OH)2

F

F

Cl B(OH)2

Cl B(OH)2

Cl B(OH)2

Cl B(OH)2

Entry    Aryl Halide      Arylboronic Acid      Yield (%)       Entry     Aryl Halide      Arylboronic Acid     Yield (%)

1                                                                        90b

2                                                                        63b

3                                                                       25c,d

4                                                                        NR

5                                                                         94

6                                                                         93

7                                                                         86d

8                                                                         92

9                                                                         17c,e

10                                                                         2c

11                                                                        91d

12                                                                        87d

13                                                                        89

14                                                                       35f

15                                                                       14c,f

16                                                                       17c,f

17                                                                       NRf

18                                                                      NRg
Cl B(OH)2

F

F
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The very hindered 1-bromo-2,4,6-triisopropylbenzene substrate gave low yields, even with 

phenylboronic acid (entries 3 and 4). Overall, the palladium/TNpP catalyst was more sensitive to 

steric bulk on the boronic acid than on the aryl bromide. Coupling of 2-bromotoluene and 

mesitylboronic acid gave only a 17 % yield at 100 ºC (entry 9). We surmised that this catalyst is 

particularly sensitive to hinderance in the transmetallation step, causing the reaction to stop after 

the oxidative insertion.  

 The Pd(OAc)2/TNpP catalyst also gave low conversions with aryl chlorides, even at 

elevated temperature.74 Low yields of coupled products were obtained with 2-chlorotoluene and 

phenylboronic acid or o-tolylboronic acid. 2-Chloro-m-xylene and phenylboronic acid were 

coupled to give 17 % yield (table 6, entries 14-18). Attempts to couple this chloride with more 

hindered aryl boronic acids were unsuccessful.  

1.2.3. Conclusions for the Coupling of Sterically Hindered Substrates using TNpP 

 TNpP is a sterically demanding, electron-rich phosphine that can provide a significantly 

more active catalyst with hindered substrates than DTBNpP in some types of coupling reactions. 

The TNpP-derived catalyst promotes the Suzuki coupling of moderately hindered biaryl products, 

but it is less effective with hindered substrates than TTBP. Flexibility of conformation when 

bound to palladium may account for TNpP’s unique ability to promote cross-coupling of 

sterically hindered substrates in some cases (particularly aminations and arylations). However, 

obvious correlation between the replacement of tert-butyl groups with neopentyl groups for the 

ligand series studied cannot be made for their application in the Suzuki-Miyaura coupling.  
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1.3.1. Benzyl Substituted Phosphine Ligand Design 

 In addition to our interest in sterically flexible phosphine ligands, we have recently begun 

to consider phosphine substituent(s) that can interact directly with the metal center for increased 

electron density at the palladium center in an effort to promote coupling of more challenging aryl 

chlorides. Styryl and benzyl derived ligands fall into this category, having the potential to 

coordinate to a metal center in a hemi-labile fashion.76 Several examples of mono-benzyl derived 

ligands (R2PBn) have been reported in the literature, including di-1-adamantylbenzyl phosphine 

(sold commercially as CataXCium ABn®) which was found to be effective for the Sonogashira 

coupling of aryl chlorides in DMSO at 100 ºC.77-80 The success of certain ligands, such as the 

diaryl(2-biphenyl) Buchwald ligands has been attributed in part to the π-interactions between one 

aryl ring and the metal center on an active catalytic complex.81 However, benzyl substituents 

have been found to undergo ortho-C-H activation to form a metallacyclic species which may 

result in stable catalyst precursors and/or elevated temperatures required for formation of the 

active species.77,82-87 Styryl and benzyl derived ligands (Figure 2) are interesting both due to their 

steric flexibility, and a probable difference in preference for coordination to the metal center. 

 

 

Figure 2: Potential coordination ability of styryl and benzyl-derived ligands 

 

P(R1)2

R2
M

P(R1)2

R2
M
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1.3.2. Synthesis of Dialkylbenzyl and Dialkyl(2-phenylethyl)phosphines 

 Nucleophilic reaction between a dialkyl phosphine and benzyl bromide produced the 

respective dialkylbenzylphosphonium bromides as white precipitates. Rinsing with diethyl ether 

to remove phosphine oxide left behind the desired benzylphosphonium compounds in high yields 

(eq 2).  

 

 

 

 Initial attempts to synthesize the related styryl derivatives via a radical initiated anti-

Markovnikov addition resulted in complex mixtures of undesired products (eqs 3 and 4). 

Knochel’s procedure for the synthesis of phosphine oxides via a KOtBu mediated anti-

Markovnikov addition in DMSO was successfully applied to synthesize di-tert-butyl(2-

phenylethyl)phosphine if kept under nitrogen atmosphere (eq 5). The procedure could be adapted 

to DMF and DMA as the solvents, but no reaction occurred when acetonitrile was used. 

Exposure to air resulted in formation of a complex mixture of phosphine oxides, determined by 

31P NMR analysis.  Modest success isolating the air-sensitive phosphine through a series of 

washes and filtration under nitrogen has been achieved, but the procedure requires further 

optimization. 

 

Br

+        HPR2

!

dioxane 
or

toluene

PR2

H+Br-

R =       Product          Yield (%)

tBu          DTBBnPH+    100
Ad           DABnPH+      100
Cy           DCBnPH+       80

(2)
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1.3.3. Application of Dialkylbenzylphosphonium Bromides in the Heck Coupling  

 Screening of the dialkylbenzylphosphonium bromide compounds in the Heck, 

Sonogashira, and Suzuki couplings was performed to identify conditions that could easily be 

adapted to water-soluble variations of these ligands (see chapters 2 and 3). The Heck coupling of 

styrene with 4-bromotoluene was accomplished with moderate yields using Pd2(dba)3 in dioxane 

or DMF at 80 ºC, with lowered catalyst loadings (3 mol % versus 6 mol %) achieved when DMF 

was used (Table 7). These conditions were extended to the coupling of 4-bromoacetophenone 

and 4-bromo-tert-butylbenzene (Table 8), but with limited success. Introduction of water as a 

solvent resulted in a predominance of the hydrodehalogenation product. Consequently, it was 

determined that these ligands and their water-soluble variants would not likely be useful in the 

Heck coupling, and our focus was shifted next to the Sonogashira reaction. 

 

 

HP(tBu)2 1 equiv.
KtBuO 0.2 equiv

DMSO or DMF or DMA

P(tBu)2 P(tBu)2

or

O

H+BF4
-P(tBu)2 1 equiv.

ACN 0.1 equiv

Chlorobenzene
!

P(tBu)2

HP(tBu)2 1 equiv.
AIBN 0.2 equiv

Toluene
!

P(tBu)2

(3)

(4)

(5)
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Table 7: Heck coupling optimization 

 

 

Table 8: Heck coupling substrates 

 

Br
+

Pd2(dba)3 
DTBBnPH+

Cy2NMe 1.20 equiv

80 ºC

Pd2(dba)3        DTBBnPH+   Solvent    Yield (%)
 (mol %)           (mol %)

    1.50                 3.00              dioxane        50
    3.00                 6.00              dioxane        71a

  0.500                 1.00              dioxane        16a

    1.50                 3.00                DMF          73b

ayield determined by GC only. bavg 2 trials.

Br
+

Pd2(dba)3 1.50 mol %
Ligand 3.00 mol %
Cy2NMe 1.20 equiv

DMF
80 ºC

R

R

Br

Br

O

Br

Aryl Br                          Yield (%)

DTBBnPH+    73a

DTBBnPH+    66
                        0b,c

DABnPH+      85d

DCBnPH+      58c,d

DTBBnPH+    57

aavg 2 trials. bH2O/dioxane or H2O/DMF. chydrodehalogenation product dominates.
dyield determined by GC only.
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1.3.4. Application of Dialkylbenzylphosphonium Bromides in the Sonogashira Coupling 

 Optimization of the Pd source, base, solvent and temperature (Tables 9 and 10) for the 

Sonogashira coupling of 4-bromoanisole with phenylacetylene was performed. CuI was found to 

be inhibitory for the reaction (entries 1, 5 and 6), and Pd2Cl2(CH3CN)2 with a biphasic solvent 

system producing the highest yields (entries 7-14). Carbonate bases were most effective, with 2.5 

equivalents preferred over 1.1 equivalents. Additionally, a ratio of 2:1 ligand to palladium with 

2.5 mol % PdCl2(CH3CN)2 yielded the most effective catalyst. For all three phosphines, 80 ºC 

was the optimum reaction temperature (Table 10).  Modest yields were obtained for a few 

different aryl bromides (Table 11), and the optimized conditions were extended for application of 

the water-soluble variants of these phosphonium bromide compounds, as will be discussed in 

chapter 3.  
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Table 9: Condition optimization for the Sonogashira coupling using DTBBnPH+ 

 

 

Table 10:  Temperature optimization for Sonogashira coupling using DTBBnPH+ 

 

 

O

Br
+

Pd source
DTBBnPH+

Co-catalyst
Base

Solvent
80 ºC

O

Entry  Pd source (mol %)     DTBBnPH+     Co-catalyst             Base                      Solvent      GC Yield (%)a

                                                               (mole %)            (mol %)

  1       Pd(OAc)2                               
  2       Pd(OAc)2                         
  3       Pd(OAc)2                        
  4       Pd(OAc)2                             
  5       Pd(OAc)2                       
  6       Pd2(dba)3                    
  7   PdCl2(CH3CN)2                   
  8   PdCl2(CH3CN)2                      
  9   PdCl2(CH3CN)2                    
  10 PdCl2(CH3CN)2                     
  11  PdCl2(CH3CN)2               
  12  PdCl2(CH3CN)2       
  13  PdCl2(CH3CN)2                 
  14  PdCl2(CH3CN)2                  

ausing procedure A. bisolated yield.

CuI  2
none
none
none

CuI  1
CuI  1
none
none
none
none
none
none
none
none

CsOH  1.10 equiv
CsOH  1.10 equiv
NaOH  1.10 equiv
CsOH  1.10 equiv
iPr2NH  1.20 equiv

Et3N  1.00 equiv
CsOH  1.10 equiv
K2CO3  1.10 equiv
K2CO3  2.50 equiv
Na2CO3  2.50 equiv
Cs2CO3 2.50 equiv
Cs2CO3 1.10 equiv
K2CO3  2.50 equiv
K2CO3  2.50 equiv

CH3CN
CH3CN
CH3CN

H2O/CH3CN
H2O/CH3CN

toluene
H2O/CH3CN
H2O/CH3CN
H2O/CH3CN
H2O/CH3CN
H2O/CH3CN
H2O/CH3CN
H2O/CH3CN
H2O/CH3CN

0
65b

62b

20
50
41
12
63
77
76
88b

80
84
69

2.00
2.00
2.50
2.00
2.50
1.50
2.00
2.00
2.50
2.50
2.50
2.50
1.25
1.25

2.00
2.00
2.50
2.00
2.50
4.75
2.00
2.00
7.50
7.50
7.50
7.50
3.75
1.25

O

Br
+

PdCl2(CH3CN)2 1.25 mol %
Ligand 3.75 mol %
K2CO3 1.10 equiv

H2O/CH3CN
80 ºCa O

                                         GC Yield (%)
Ligand                RT             50 ºC            80 ºC

DTBBnPH+          8               66                83 (67b)
DABnPH+            0                2                   64
DCBnPH+            0                2                   41
ausing procedure A. bisolated yield.
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Table 11: The Sonogashira coupling of aryl bromides using DTBBnPH+ 

 

1.3.5. Application of Dialkylbenzylphosphonium Bromides in the Suzuki-Miyaura Coupling 

 Screening of the benzylphosphonium compounds in the Suzuki coupling of 

bromomesitylene with phenylboronic acid (Table 12) indicated that the most effective conditions 

were very similar to those identified for the TNpP catalyst system discussed in previous sections. 

Pd(OAc)2 in a 1:1 ratio with the ligand at 2 mol % catalyst loading produced the highest yield 

when sodium carbonate was used as the base in a biphasic (1:1)THF/H2O solvent system. A 

slightly elevated reaction temperature of 50 ºC was required, like the TNpP system. Binding 

strength of the ligand (as it may inhibit formation of the presumably monoligated active species), 

as well as competitive ortho-activation of the benzyl C-H by the palladium may be contributing 

factors to the need for higher reaction temperature.  

Br
+

PdCl2(CH3CN)2 2.50 mol %
DTBBnPH+  7.50 mol %

Cs2CO3 2.50 equiv

H2O/CH3CN
80 ºC

R
R

Br

F3C

Br

Br

O

Br

Aryl Br                       Yield (%)

88

77a

72

60a

ayield determined by GC only, average of two trials.
 using procedure B
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Table 12: Condition optimization for the Suzuki coupling using dialkylbenzylphosphonium 

bromides  

 

 

 Using the dialkylbenzylphosphonium bromides, several sterically hindered aryl bromides 

were successfully coupled with phenylboronic acid and moderately challenging arylboronic acids, 

such as 2,4-difluorophenylboronic acid and o-tolylboronic acid (Table 13, entries 1-9, 13-15).  

In some cases, the reaction could be performed with comparable conversions at room 

temperature instead of 50 ºC. Even 4-bromobenzonitrile, which has a tendency to coordinate to 

palladium and form complex reaction mixtures, was coupled with phenylboronic acid in 

moderate to high yield (entries 18-20). The very hindered mesitylboronic acid produced almost 

no conversion when coupled with 2-bromotoluene (entries 10-12), and aryl chlorides were 

coupled with limited success (entries 22-26), even at elevated temperature (100 ºC).  

 

 

 

Br B(OH)2
+

Pd (OAc)2
Ligand

Na2CO3 1.01 equiv

H2O/THF

Pd mol %       Ligand (mol %)        Temp ( ºC)       Yield (%)a

       2           DABnPH+ 2.00 mol %         
       1           DABnPH+ 1.00 mol %         
       1           DABnPH+ 1.00 mol %      
       1          DTBBnPH+ 1.00 mol %        
       1           DCBnPH+ 1.00 mol %        

aaverage of two trials. byield determined by GC only

50
50
RT
RT
RT

90
81
82
89
70b



 23 

Table 13: Substrate scope for Suzuki couplings using dialkylbenzylphosphonium bromides 

 

 

1.3.6. Conclusions 

 Three dialkylbenzylphosphonium bromide compounds (one of which, DABnPH+, was 

reported previously in the literature)88 were synthesized in high yields and successfully applied 

to Sonogashira and Suzuki coupling reactions, particularly for sterically hindered aryl bromides. 

Coupling reaction optimization was performed to facilitate development of good reaction 

conditions for the water-soluble variants of these ligands, as will be discussed in later chapters. 

X
R1 +

B(OH)2
R2

Pd(OAc)2 2.00 mol %
Ligand 2.00 mol %
Na2CO3 1.10 equiv

THF/H2O
50 ºC

R1

R2

                                                                               
    Aryl X              Aryl B(OH)2     Entry                  Yield (%)                     Aryl X           Aryl B(OH)2        Entry              Yield (%)

                                                        1  DTBBnPH+       89a,b

                                                        2  DABnPH+         91    
                                                        3  DCBnPH+         70a,c

                                                                           4   DTBBnPH+       
                                                        5  DABnPH+         
                                                        6  DCBnPH+         

                                                         7  DTBBnPH+       
                                                        8  DABnPH+         
                                                        9  DCBnPH+

Br B(OH)2

Br B(OH)2

F

F

Br B(OH)2

Br B(OH)2
10 DTBBnPH+        

11  DABnPH+         

12 DCBnPH+

Br B(OH)2

F3C

16 DTBBnPH+       
17 DABnPH+

Br B(OH)2
13 DTBBnPH+      
14 DABnPH+            
15 DCBnPH+

Br B(OH)2

NC

18 DTBBnPH+     89 
19 DABnPH+       91 
20 DCBnPH+       86

Br B(OH)2

O

21 DTBBnPH+    75c

Cl B(OH)2

O

22 DTBBnPH+  17c,f,g 
                           0c,f,h

Cl B(OH)2 23 DTBBnPH+   44c   
                           40c,g 
                           23c,i

Cl B(OH)2 24 DTBBnPH+    40  
25 DABnPH+      17c 

26 DCBnPH+      41

a1 mol % Pd and ligand. b average if two trials. cyield determined by GC only. drun at room temperature. e unidentified mixture 
of undesired products formed. fhydrodehalogenation product dominates. g100 ºC. h4 mol % Pd and ligand. iPd2(dba)3 used in 
place of Pd(OAc)2.

77
80
77

95
95
85

5c

6c

0c

78d

87d

71d

79d

86d

85d

62
70
0c,e

88d

81d
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For this reason, emphasis was placed on the development of biphasic solvent conditions. While 

effective conditions were identified for Sonogashira and Suzuki coupling reactions, the Heck 

coupling was found to produce primarily the undesired hydrodehalogenation product when a 

biphasic solvent system was used. Synthesis of dialkyl(2-phenylethyl)phosphines was 

successfully achieved, but a procedure for isolation of the pure ligand is still in development.  

1.4. Synthesis of Palladium bis(di-tert-butylbenzylphosphine) dichloride  

 After deprotonation of DTBBnPH+, complexation with palladium(II) dichloride was 

achieved by refluxing in acetonitrile to form the bisligated palladium(II) species as a yellow to 

orange precipitate. Slow evaporation from a solution of the complex in methylene chloride 

yielded orange X-ray quality crystals (Figure 3).  A slightly larger angle for the C8(t-Bu)-P-C12(t-

Bu) shows that the t-Bu groups  have a greater steric influence than the benzyl group (111 versus 

104/101). The P-C1-C2(Bn) bond angle is wider than the ideal 109.5 º tetrahedral angle, at 

roughly 120 º (Table 14).  Interestingly, one of the tert-butyl groups on each ligand appears to be 

oriented so that interaction with the pi cloud of the benzyl ring is possible.  Overall, a fairly 

symmetrical square planar orientation is seen for the complex. 

Attempts to extend this procedure to DABnPH+ failed to produce the desired complex, possibly 

due to problems with degradation/oxidation of the phosphine ligand in the presence of strong 

inorganic base as reported by Beller.88 This procedure was later successfully adapted to form the 

water-soluble variant of the complex shown in scheme 2, and will be described in the next 

chapter. 
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Scheme 2: Synthesis of palladium bis(di-tert-butylbenzylphosphine) dichloride  

 

 

Figure 3: 50% Probability thermal ellipsoid plot of formula unit of (DTBBnP)2PdCl2 

 

 

 

 

 

 

 

P(t-Bu)2
H+Br-

Na2CO3 5 equiv.

CH3CN

P(t-Bu)2
PdCl2 0.25 equiv

CH3CN
!

P(t-Bu)2(t-Bu)2P Pd
Cl

Cl
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Table 14: Selected bond lengths of (DTBBnP)2PdCl2 as determined from crystallography 

 

 

Table 15: Selected bond angles of (DTBBnP)2PdCl2 as determined from crystallography 

 

Pd1
Pd1
Pd1
Pd1
P1
P1
P1
C1
P1
P1
P1
C1

Cl1
P1
Cl1
P1
C1
C8
C12
C2
C1
C8
C12
C2

2.3233(3)
2.3926(2)
2.3233(3)
2.3923(2)
1.854(1)
1.892(1)
1.893(1)
1.514(2)
1.854(1)
1.892(1)
1.893(1)
1.514(2)

Atom 1  Atom 2      Length (Å)

Cl1
Cl1
Cl1
P1
P1
Cl1
Pd1
Pd1
Pd1
P1
Pd1
Pd1
Pd1
C1
C1
C8
P1

Pd1
Pd1
Pd1
Pd1
Pd1
Pd1
P1
P1
P1
C1
P1
P1
P1
P1
P1
P1
C1

P1
Cl1
P1
Cl1
P1
P1
C1
C8
C12
C2
C1
C8
C12
C8
C12
C12
C2

Atom 1   Atom 2   Atom 3       Angle (º)

91.57(1)
180.00(1)
88.43(1)
88.43(1)
180.00(1)
91.57(1)
114.36(4)
105.86(3)
118.55(4)
120.15(8)
114.36(4)
105.86(3)
118.55(4)
101.09(5)
104.31(5)
111.40(5)
120.15(8)
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1.5. Experimental 

General Experimental Details: 

 All chemicals were obtained from commercial sources and used as received, except where noted. 

TNpP, TTBP and Di-tert-butylphosphine were obtained from FMC, Lithium Division. TNpP is 

stable in air for several days as a solid but was stored in a nitrogen-filled glovebox. Di-1-

adamantyl phosphine was synthesized according to the literature procedure.89 Pd(OAc)2 and 

Pd2(dba)3 were provided by Johnson-Matthey. Toluene was distilled from sodium under nitrogen 

prior to use. THF was distilled from sodium/benzophenone under nitrogen. Water and 

acetonitrile were deoxygenated by sparging with nitrogen prior to use. All reactions were 

assembled in a nitrogen-filled glovebox. Reaction temperatures refer to previously equilibrated 

oil bath temperatures. Coupling reaction progress was monitored by GC (Varian 3800). NMR 

spectra were obtained on Brüker NMR spectrometers operating at 360 or 500 MHz. 1H and 13C 

NMR spectra are referenced to the NMR solvent peaks or internal TMS. 31P{1H} NMR spectra 

were externally referenced to 85% H3PO4. HRMS were obtained on a magnetic sector mass 

spectrometer using EI ionization and operating in the positive ion mode. 

General procedure for the synthesis of dialkylbenzylphosphonium bromides: 

 In a glovebox, dialkylphosphine (1.00 equiv) was added to a 2-neck round bottom flask 

before sealing with a schlenk line adapter, condenser and septum. The setup was removed to a 

schlenk line outside of the glovebox, placed under nitrogen pressure, charged with solvent and 

benzyl bromide (1.30 equiv) and left to reflux overnight. The next day, the reaction mixture was 

filtered to yield a white air-stable solid that was then washed with cold diethyl ether or THF. 

Residual solvent was removed in vacuo. 
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Di-tert-butylbenzylphosphonium bromide (DTBBnPH+) 

 Di-tert-butylphosphine (4.00 mL, 0.0220 mol) was reacted with benzyl bromide (3.30 

mL, 0.0280 mol) in toluene (50.0 mL) according to the general procedure to yield 7.10 g (100 %) 

of a white solid that was determined by NMR spectroscopy to be the desired ligand precursor. 

1H NMR (500 MHz, CDCl3): δ 8.92 (d of mult, J = 468.0 Hz, 1H), 7.68 (m, 2H), 7.38 (m, 2H), 

7.31 (m, 1H), 3.83 (dd, J = 7.1, 4.8Hz, 2H), 1.53 (d, J = 16.9 Hz, 18H). 

13C NMR (126 MHz, CDCl3): δ 131.03 (d, JP-C = 2.8 Hz), 130.16 (d, JP-C = 4.5 Hz), 129.71 (d, 

JP-C = 1.4 Hz), 128.43 (d, JP-C = 2.2 Hz), 33.43 (d, JP-C = 30.7 Hz), 28.02, 22.55 (d, JP-C = 37.2 

Hz). 

31P NMR (203 MHz, CDCl3): δ 33 (d, JP-H = 467.0 Hz). 

Dicyclohexylbenzylphosphonium bromide (DCBnPH+) 

 Di-cyclohexylphosphine (1.83 mL, 0.00700 mol) was reacted with benzyl bromide (1.19 

mL, 0.100 mol) in toluene (30.0 mL) according to the general procedure to yield 2.06 g (80 %) 

of a white solid that was determined by NMR spectroscopy to be the desired ligand precursor. 

1H NMR (500 MHz, CDCl3): δ 8.06-7.08 (d of mult, J = 485 Hz, 1H), 7.57 (m, 2H), 7.34 (m, 

3H), 3.95 (dd, J = 8.5, 6.5Hz, 2H), 2.62 (m, 2H), 2.01 (m, 4H), 1.81 (brs, 4H), 1.70 (d, J = 11.9 

H, 2H), 1.58 (m, 2H), 1.42 (m, 2H), 1.31 (m, 3H), 1.21 (m, 3H). 

13C NMR (126 MHz, CDCl3): δ 129.9 (d, JP-C = 5.0 Hz), 129.5 (d, JP-C = 2.5 Hz), 129.0 (d, JP-C  

= 8.8 Hz), 128.4, 29.1 (d, JP-C = 40.3 Hz), 27.4 (dd, JP-C = 3.2, 11.3 Hz), 26.1 (dd, JP-C = 7.6, 12.6 

Hz), 25.0, 22.0 (d, JP-C = 41.6). 

31P NMR (203 MHz, CDCl3): δ 21 (d, JP-H = 487.0 Hz). 
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Di-1-adamantylbenzylphosphonium bromide (DABnPH+)88 

 Di-1-adamantylphosphine (4.00 g, 0.0130 mol) was reacted with benzyl bromide (2.05 

mL, 0.0170 mol) in toluene (60.0 mL) according to the general procedure to yield 5.40 g (100 %) 

of a white powder that was determined by NMR spectroscopy to be the desired ligand precursor 

as reported by Beller. 

1H NMR (500 MHz, CDCl3): δ 8.45-7.49 (dt, J = 474.8 Hz, 1H), 7.61 (d, J = 8.4 Hz, 2H), 7.28 (t, 

J = 8.3 Hz, 2H), 7.19 (t, J = 7.2 Hz, 1H), 3.80 (dd, J = 6.0, 7.2 Hz, 2H), 2.23-2.18 (m, 6H), 2.09-

2.04 (m, 6H), 1.99 (brs, 6H), 1.70 (m, 12H). 

13C NMR (126 MHz, CDCl3): δ 130.8 (d, JP-C = 8.8 Hz), 130.2 (d, JP-C = 6.4 Hz), 129.4, 128.0 (d, 

JP-C = 1.9 Hz), 38.1, 36.5 (d, JP-C = 8.7 Hz), 35.5, 27.5 (d, JP-C = 9.8 Hz), 19.6 (d, JP-C = 39.1 Hz). 

31P (203 MHz, CDCl3): δ 24 (d, JP-H = 474.8 Hz). 

Attempts to synthesize di-tert-butyl(2-phenylethyl)phosphine using a radical mediated 

anti-Markovnikov addition 

Method 1: 

 Di-tert-butylphosphine (185 µL, 1.00 mmol) and AIBN (0.033 g, 0.200 mmol) were 

placed in a reflux setup under nitrogen flow. The mixture was charged with styrene (114 µL, 

1.00 mmol) and anhydrous toluene (5.00 mL) and left to reflux overnight. Analysis of the crude 

reaction mixture by 31P NMR spectroscopy indicated a complex mixture of unreacted phosphine, 

phosphine oxide, and other unidentified compounds. 

Method 2:90 

 Di-tert-butylphosphonium tetrafluoroborate (233 mg, 1.00 mmol) and ACN (2.40 mg, 

0.0100 mmol) were placed in a reflux setup under nitrogen flow. The mixture was charged with 

styrene (114 µL, 1.00 mmol) and chlorobenzene (5.00 mL) and left to reflux overnight. Analysis 



 30 

of the crude reaction residues by 31P NMR spectroscopy indicated a complex mixture of 

unreacted phosphine, phosphine oxide and other unidentified compounds. 

Synthesis of di-tert-butyl(2-phenylethyl)phosphine using KOtBu:91 

 In a nitrogen filled glovebox, di-tert-butylphosphine (185 µL, 1.00 mmol), potassium 

tert-butoxide (22.5 mg, 0.200 mmol) and DMSO-d6 (2.00 mL) were measured into a 1 dram vial 

containing a small stirbar. The vial was sealed with a screwcap and septum and removed from 

the glovebox. Styrene (114 µL, 1.00 mmol) was added to the vial, which was then left to stir at 

room temperature for 24 hours. After 24 hours, analysis by NMR spectroscopy without air 

exposure indicated a mixture of 86 % desired ligand and 14 % unreacted di-tert-butylphosphine 

(average of two trials). No styrene was visible in the 1H NMR spectrum. Attempts to isolate the 

desired ligand resulted in a mixture of impure phosphine oxides (indicated by multiple oxide 

peaks in the 31P NMR spectrum). No reaction occurred when acetonitrile was used as the solvent, 

however DMF and DMA resulted in 95 % and 100 % desired ligand formation relative to 

unreacted di-tert-butylphosphine as determined by 31P NMR spectroscopy.  

 Di-tert-butylphosphine (370 µL, 2.00 mmol), potassium tert-butoxide (45.0 mg, 0.400 

mmol), styrene (228 µL, 2.00 mmol) and DMA (4.00 mL) were added to a two-neck round 

bottom flask under nitrogen pressure and left to stir at room temperature for several days. Next, 

deoxygenated water and diethyl ether were added to the flask. The ether portion was washed 

three times with deoxygenated water by syringe, and filtered by cannula through anhydrous 

magnesium sulfate under nitrogen atmosphere. The solvent was removed in vacuo to yield a 

yellow oil consisting primarily of the desired ligand, but also contaminated with particulates, 

unreacted phosphine oxides, and other alkyl/aromatic impurities as determined by NMR 

spectroscopy. 
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1H NMR (500 MHz, CDCl3): δ 7.33-7.19 (m, 5H), 2.87-2.82 (m, 2H), 1.73-1.69 (m, 2H), 1.18 (d, 

J = 11.3 Hz, 18H). 

31P {1H} NMR (203 MHz, CDCl3): δ 29. 

Palladium(II) bis(di-tert-butylbenzylphosphine) dichloride 

 Di-tert-butylbenzylphosphonium bromide (500 mg, 1.58 mmol) and sodium carbonate 

(836 mg, 7.89 mmol) were added to a Schlenk tube and placed under nitrogen atmosphere. The 

reaction tube was charged with anhydrous acetonitrile (4.00  mL) and left to stir at room 

temperature for several hours. Next the solution was filtered through Celite in an air-free glass 

frit using cannula transfer. The solution drained from the filter into a two-neck round bottom 

flask containing palladium(II) dichloride (70.0 mg, 0.400 mmol). Additional acetonitrile was 

added to aid in stirring, and the reaction was allowed to reflux for about 2.5 hours. A yellow 

precipitate formed in the flask, and the mixture was poured into cold diethyl ether before filtering 

to yield an air-stable mustard colored powder. The product was recrystallized by slow 

evaporation from methylene chloride to yield orange X-ray quality crystals (isolated yield not 

recorded). 

1H NMR (500 MHz, CDCl3): δ 8.02 (d, J = 7.1 Hz, 2H), 7.28-7.19 (m, 3H), 3.67 (brs, 2H), 1.53 

(t, J = 6.6 Hz, 18H).  

13C NMR (126 MHz, CDCl3): δ 135.9, 131.4 (t, JP-C = 2.5 Hz), 127.7, 126.0, 38.0 (t, JP-C = 7.6 

Hz), 31.2, 30.9. 

31P NMR (203 MHz, CDCl3): δ  43 (s). 

General Procedure for the Suzuki-Miyaura Cross-Coupling:  

 In a nitrogen-filled glovebox, palladium(II) acetate (0.0100-0.0400 mmol), phosphine 

ligand or phosphonium ligand precursor (0.0100-0.0400 mmol), sodium carbonate (116 mg, 1.10 
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mmol) and an arylboronic acid (1.10 mmol) were measured into a 1-2 dram vial containing a 

small stir-bar. The vial was sealed with a screw cap and septum and removed from the glovebox 

before adding an aryl halide (1.00 mmol) and 1 mL each of deoxygenated DI water and THF 

(except where noted). The reaction vial was placed in a preheated oil bath or left at ambient 

temperature to stir for at least twelve hours. Reaction completion was determined by gas 

chromatography. Where isolated yields are reported, the reaction mixture was taken into ethyl 

acetate and washed three times with brine solution, dried with anhydrous magnesium sulfate, and 

filtered. The solvent was removed under reduced pressure, and the desired product was isolated 

by column chromatography. 

2,4,6-Trimethylbiphenyl92  

 According to the general procedure, 2-bromomesitylene (153 µL, 1.00 mmol) and 

phenylboronic acid (161 mg, 1.10 mmol) were coupled using Pd(OAc)2 (2.20 mg, 0.0100 mmol) 

and TNpP (32.7 µL of a 0.306 M solution in toluene, 0.0100 mmol) at room temperature. The 

product was isolated as a yellow/colorless oil (176 mg, 90%).  

1H NMR (500 MHz, CDCl3): δ 7.32-7.20 (m, 3H), 7.04 (d, J = 7.5 Hz, 2H), 6.84 (s, 2H), 2.23 (s, 

3H), 1.91 (s, 6H). 

 13C NMR (126 MHz, CDCl3): δ 140.1, 138.0, 135.5, 134.5, 128.3, 127.3, 127.0, 125.5, 19.9, 

19.7. 

 According to the general procedure 2-bromomesitylene (153 µL, 1.00 mmol) and 

phenylboronic acid (161 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 mmol) 

and DABnPH+ (7.90 mg, 0.0200 mmol) at 50 ºC to yield 178 mg (91 %) of a colorless oil that 

was spectroscopically identical to the values reported above.  
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 According to the general procedure 2-bromomesitylene (153 µL, 1.00 mmol) and 

phenylboronic acid (161 mg, 1.10 mmol) were coupled using Pd(OAc)2 (2.20 mg, 0.0100 mmol) 

and DABnPH+ (4.90 mg, 0.0100 mmol) at 50 ºC to yield 158 mg (81 %) of a colorless oil that 

was spectroscopically identical to the values reported above. 

 According to the general procedure 2-bromomesitylene (153 µL, 1.00 mmol) and 

phenylboronic acid (161 mg, 1.10 mmol) were coupled using Pd(OAc)2 (2.20 mg, 0.0100 mmol) 

and DABnPH+ (4.90 mg, 0.0100 mmol) at room temperature to yield 160 mg (82 %) of a 

colorless oil that was spectroscopically identical to the values reported above. 

 According to the general procedure 2-bromomesitylene (153 µL, 1.00 mmol) and 

phenylboronic acid (161 mg, 1.10 mmol) were coupled using Pd(OAc)2 (2.20 mg, 0.0100 mmol) 

and DTBBnPH+ (2.10 mg, 0.0100 mmol) at room temperature to yield 174 mg (89 %) of a 

colorless oil that was spectroscopically identical to the values reported above.  

2,2ʹ′ ,4,6-Tetramethylbiphenyl 93   

 According to the general procedure, 2-bromomesitylene (153  µL, 1.00 mmol) and 2-

methylphenylboronic acid (149 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 

mmol) and TNpP (65.4 µL of a 0.306 M solution in toluene, 0.0200 mmol) at 50 ºC. The product 

was isolated as an orange oil (132 mg, 63%).  

1H NMR (500 MHz, CDCl3): δ 7.39-7.32 (m, 3H), 7.13-7.11 (m, 1H), 7.05 (s, 2H), 2.45 (s, 3H), 

2.03 (s, 6H). 

13C NMR (126 MHz, CDCl3): δ 140.7, 138.3, 136.4, 135.8, 129.9, 129.3, 128.1, 127.0, 126.1, 

21.2, 20.3, 19.5.  

 According to the general procedure, 2-bromomesitylene (153 µL, 1.00 mmol) and 2-

methylphenylboronic acid (149 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 
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mmol)  and DTBBnPH+ (4.20 mg, 0.0200 mmol) at 50 ºC to yield 131 mg (62 %) of an orange 

oil that was spectroscopically identical to the values reported above. 

 According to the general procedure, 2-bromomesitylene (153 µL, 1.00 mmol) and 2-

methylphenylboronic acid (149 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 

mmol) and DABnPH+ (7.90 mg, 0.0200 mmol) at 50 ºC to yield 146 mg (70 %) of an orange to 

colorless oil that was spectroscopically identical to the values reported above.  

2-Isopropylbiphenyl 94   

 According to the general procedure, 1-bromo-2-isopropylbenzene (153 µL, 1.00 mmol) 

and phenylboronic acid (161 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 

mmol) and TNpP (65.4 µL of a 0.306 M solution in toluene, 0.0200 mmol) at 50 ºC. The product 

was isolated as a colorless oil (184 mg, 94%). 

 1H NMR (500 MHz, CDCl3): δ 7.59-7.28 (m, 9H), 3.23 (sept, J = 7.0 Hz, 1H), 1.33 (d, J = 6.7 

Hz, 6H). 

 13C NMR (126 MHz, CDCl3): δ 146.5, 142.3, 141.2, 130.1, 129.4, 128.1, 127.8, 126.8, 125.6, 

125.4, 29.5, 24.4. 

 According to the general procedure 1-bromo-2-isopropylbenzene (153 µL, 1.00 mmol) 

and phenylboronic acid (134 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 

mmol) and DTBBnPH+ (4.20 mg, 0.0200 mmol) at 50 ºC and room temperature to yield 187 mg 

(95 %) and 155 mg (79 %), respectively of a colorless oil that was spectroscopically identical to 

the reported values above. 

 According to the general procedure 1-bromo-2-isopropylbenzene (153 µL, 1.00 mmol) 

and phenylboronic acid (134 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 

mmol) and DABnPH+ (7.90 mg, 0.0200 mmol) at 50 ºC and room temperature to yield 186 mg 
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(95 %) and 168 mg (86 %), respectively of a colorless oil that was spectroscopically identical to 

the reported values above.  

 According to the general procedure 1-bromo-2-isopropylbenzene (153 µL, 1.00 mmol) 

and phenylboronic acid (134 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 

mmol) and DCBnPH+ (5.80 mg, 0.0200 mmol) at 50 ºC and room temperature to yield 167 mg 

(85 %) and 167 mg (85 %), respectively of a colorless oil that was spectroscopically identical to 

the reported values above. 

2-Isopropyl-2ʹ′-methylbiphenyl 95   

 According to the general procedure, 1-bromo-2-isopropylbenzene (153 µL, 1.00 mmol) 

and 2-tolylboronic acid (149 mg, 1.10 mmol) were coupled using Pd(OAc)2 (2.20 mg, 0.0100 

mmol) and TNpP (32.7 µL of a 0.306 M solution in toluene, 0.0100 mmol) at 50 ºC. The product 

was isolated as a colorless oil (192 mg, 93%).  

1H NMR (360 MHz, CDCl3): δ 7.33-6.98 (m, 8H), 2.63 (sept, J = 7.2 Hz, 1H), 2.0 (s, 3H), 1.08 

(d, J = 7.2 Hz 3H), 1.01 (d, J = 7.2 Hz, 3H).  

 13C NMR (126 MHz, CDCl3): δ 146.8, 140.6, 136.2, 130, 129.9, 129.7, 127.9, 127.4, 125.6, 

125.5, 30.1, 24.9, 23.5, 20.5.  

2-Methyl-1,1',2',1''-terphenyl  

 According to the general procedure, 2-bromobiphenyl (171 µL, 1.00 mmol) and 2-

tolylboronic acid (149 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 mmol) 

and TNpP (65.4 µL of a 0.306 M solution in toluene, 0.0200 mmol) at 50 ºC. The product was 

isolated as an orange oil (204 mg, 86%).  

1H NMR (360 MHz, CDCl3): δ 7.36-7.16 (m, 4H), 7.04-6.94 (m, 9H), 1.79 (s, 3H). 
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13C NMR (126 MHz, CDCl3): δ 141.5, 141.4, 141.1, 140.4, 135.9, 130.8, 130.7, 130.0, 129.9, 

129.5, 127.9, 127.6, 127.2, 127.1, 126.5, 125.4, 20.2. 

 HRMS m/z calcd for C19H16 (M+) 244.1252, found 244.1246. 

1-(2-Methylphenyl)naphthalene 96   

 According to the general procedure, 1-bromonapthalene (140 µL, 1.00 mmol) and 2-

tolylboronic acid (149 mg, 1.10 mmol) were coupled using Pd(OAc)2 (2.20 mg, 0.0100 mmol) 

and TNpP (32.7 µL of a 0.306 M solution in toluene, 0.0100 mmol) at 50 ºC. The product was 

isolated as a white solid (201 mg, 92%).   

1H NMR (500 MHz, CDCl3): δ 7.81 (dd, J = 18.9, 8.5Hz, 2H), 7.46-7.17 (m, 9H), 1.95 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 139.2, 138.8, 135.8, 132.51, 130.9, 129.3, 128.8, 127.2, 126.5, 

125.4, 125.6, 125.1, 124.9, 124.7, 124.5, 124.3, 18.9. mp: 66-67°C, lit. mp 65-66°C. 

 According to the general procedure, 2-bromotoluene (120 µL, 1.00 mmol) and 1-

napthaleneboronic acid (189 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 

mmol) and TNpP (65.4 µL of a 0.306 M solution in toluene, 0.0200 mmol) at 50 ºC. The product 

was isolated as a white solid (190 mg, 87%) that was spectroscopically identical to the reported 

values above.  

2,4-Difluoro-2ʹ′-methylbiphenyl  

 According to the general procedure, 2-bromotoluene (120 µL, 1.00 mmol) and 2,4-

difluorophenylboronic acid (173 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 

mmol) and TNpP (65.4 µL of a 0.306 M solution in toluene, 0.0200 mmol) at 50 ºC. The product 

was isolated as a colorless oil (188 mg, 91%).  

1H NMR (500 MHz, CDCl3): δ 7.43-7.29 (m, 5H), 7.05-6.97 (m, 2H), 2.31 (s, 3H). 
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13C NMR (126 MHz, CDCl3): δ 162.5 (dd, J = 246.6, 11.3 Hz), 159.8 (dd, J = 246.6, 11.3 Hz), 

136.8, 134.9, 132.2 (dd, J = 9.3, 5.4 Hz), 130.3, 130.1, 128.2, 125.8, 125.5 (dd, J = 17.1, 4.1 Hz), 

111.2 (dd, J = 20.6, 5.3 Hz), 103.9 (dd, J = 26.4, 1.0 Hz), 19.90 (d, J = 3.5 Hz).  

HRMS-EI (m/z): [M+] calcd for C13H10F2 204.0751, found 204.0743. 

 According to the general procedure, 2-bromotoluene (120 µL, 1.00 mmol) and 2,4-

difluorophenylboronic acid (173 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 

mmol) and DTBBnPH+ (4.20 mg, 0.0200 mmol) at 50 ºC and room temperature to yield 157 mg 

(77 %) and 160 mg (78 %), respectively of a colorless oil that was spectroscopically identical to 

the reported values above. 

 According to the general procedure, 2-bromotoluene (120 µL, 1.00 mmol) and 2.4-

difluorophenylboronic acid (173 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 

mmol) and DABnPH+ (7.90 mg, 0.0200 mmol) at 50 ºC or room temperature to yield 162 mg (80 

%) and 178 mg (87 %), respectively of a colorless oil that was spectroscopically identical to the 

reported values above.  

 According to the general procedure, 2-bromotoluene (120 µL, 1.00 mmol) and 2,4-

difluorophenylboronic acid (173 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 

mmol) and DCBnPH+ (5.80 mg, 0.0200 mmol) at 50 ºC or room temperature to yield 158 mg (77 

%) and 146 mg (72 %), respectively of a colorless oil that was spectroscopically identical to the 

reported values above.  

2,4-Difluoro-2ʹ′ ,4ʹ′ ,6ʹ′-trimethylbiphenyl  

 According to the general procedure, 2-bromomesitylene (153 µL, 1.00 mmol) and 2,4-

difluorophenylboronic acid (173 mg, 1.10 mmol) were coupled using Pd(OAc)2 (2.25 mg, 0.0100 
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mmol) and TNpP (32.7 µL of a 0.306 M solution in toluene, 0.0100 mmol) at 50 ºC. The product 

was isolated as a colorless oil (206 mg, 89%). 

 1H NMR (500 MHz, CDCl3): δ 7.28-7.21 (m, 1H), 7.12 (s, 2H), 7.10-7.02 (m, 2H), 2.48 (s, 3H), 

2.18 (s, 6H) 

 13C NMR (126 MHz, CDCl3): δ 162.4 (dd, J = 246.0, 11.8 Hz), 159.7 (dd, J = 246.0, 11.8 Hz), 

137.7, 131.6, 128.4, 124.2 (dd, J= 19.5, 3.9 Hz), 111.4 (dd, J = 21.0, 3.8 Hz), 104.1 (q, J =25.4, 

1.0 Hz), 21.1, 20.4.  

HRMS-EI (m/z): [M+] calcd for C15H14F2 232.1064, found 232.1061. 

2-Methylbiphenyl 97   

 According to the general procedure, 2-chlorotoluene (117 µL, 1.00 mmol) and 

phenylboronic acid (134 mg, 1.10 mmol) were coupled at 80 °C using Pd(OAc)2 (2.25 mg, 

0.0100 mmol) and TNpP (32.7 µL of a 0.306 M solution in toluene, 0.0100 mmol). The product 

was isolated as a colorless oil (59 mg, 35%). 

 1H NMR (500 MHz, CDCl3): δ 7.50-7.47 (m, 2H), 7.42-7.39 (m, 3H), 7.35-7.28 (m, 4H), 2.35 

(s, 3H). 

 13C NMR (126 MHz, CDCl3): δ 142.0, 141.9, 135.4, 130.3, 129.8, 129.2, 128.1, 127.3, 126.8, 

125.8, 20.5.   

 According to the general procedure, 2-chlorotoluene (117 µL, 1.00 mmol) and 

phenylboronic acid (134 mg, 1.10 mmol) were coupled at 100 ºC using Pd(OAc)2 (4.50 mg, 

0.0200 mmol) and DTBBnPH+ (4.80 mg, 0.0200 mmol) or DCBnPH+ (5.80 mg, 0.0200 mmol) in 

dioxane/water to yield 69.0 mg (41 %) or 63 mg (40 %), respectively of a colorless oil that was 

spectroscopically identical to the reported values above.  
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4-(α,α,α-Trifluoromethyl)biphenyl98 

 According to the general procedure, 4-bromobenzotrifluoride (140 µL, 1.00 mmol) and 

phenylboronic acid (134 mg, 1.10 mmol) were coupled at room temperature using Pd(OAc)2 

(2.25 mg, 0.0100 mmol) and DTBBnPH+ (2.10 mg, 0.0100 mmol) or DABnPH+ (3.95 mg, 

0.0100 mmol). The desired product was isolated by column chromatography to yield 195 mg 

(88 %) and 181 mg (81 %), respectively of a white solid with NMR spectra corresponding to the 

reported values in the literature. 

1H NMR (500 MHz, CDCl3): ∂ 7.78-7.74 (m, 4H), 7.67 (d, J = 7.4 Hz, 2H), 7.54 (t, J = 7.4 Hz, 

2H), 7.48 (t, J = 7.4 Hz, 1H). 

13C NMR (126 MHz, CDCl3): ∂ 144.8, 139.8, 129.4 (q, JC-F = 32.4 Hz), 129.0, 128.2, 127.4, 

127.3, 125.7 (q, JC-F = 3.7 Hz), 124.5 (q, JC-F = 271.9 Hz). 

4-Cyanobiphenyl93 

 According to the general procedure, 4-bromobenzonitrile (182 mg, 1.00 mmol) and 

phenylboronic acid (134 mg, 1.10 mmol) were coupled using Pd(OAc)2 (4.50 mg, 0.0200 mmol) 

and DTBBnPH+ (4.20 mg, 0.0200 mmol), DABnPH+ (7.90 mg, 0.0200 mmol), or DCBnPH+ 

(5.80 mg, 0.0200 mmol). The desired products were isolated by column chromatography to yield 

159 mg (89 %), 162 mg (91 %), and 155 mg (86 %), respectively of a white solid with NMR 

spectra matching the reported values in the literature. 

1H NMR (500 MHz, CDCl3): ∂ 7.74-7.69 (m, 4H), 7.62 (d, J = 7.8 Hz, 2H), 7.52 (t, J = 7.7 Hz, 

2H), 7.46 (m, 1H). 

13C NMR (126 MHz, CDCl3): ∂ 145.8, 139.3, 132.7, 129.3, 128.8, 127.8, 127.4, 119.1, 111.0. 
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Procedure A for the Sonogashira Coupling: 

 In a nitrogen-filled glovebox, a palladium source, dialkylbenzylphosphonium bromide, 

copper(I) iodide, and a base were added to a one-dram vial containing a small stirbar. The vial 

was sealed with a screwcap and septum and removed from the glovebox before adding an aryl 

halide (1.00 mmol), phenyl acetylene (105 µL, 1.10 mmol) and 2.00 mL of deoxygenated solvent. 

The reaction vial was placed in a preheated oil bath to stir for at least twelve hours. Percent yield 

was determined by gas chromatography (without the use of a standard) without further 

purification, except where specified. 

Procedure B for the Sonogashira Coupling: 

 In a nitrogen-filled glovebox, palladium(II) bis(acetonitrile) dichloride (6.50 mg, 0.0250 

mmol), di-tert-butylbenzylphosphonium bromide (17.0 mg, 0.0750 mmol), and dicesium 

carbonate (815 mg, 2.50 mmol) were added to a one-dram vial containing a small stirbar. The 

vial was sealed with a screwcap and septum and removed from the glovebox before adding an 

aryl halide (1.00 mmol), phenylacetylene (105 µL, 1.10 mmol) and 1 mL each of deoxygenated 

DI water and acetonitrile. The reaction vial was placed in an 80 ºC oil bath to stir for at least 

twelve hours. The reaction mixture was taken into diethyl ether, washed three times with brine 

solution, dried with anhydrous magnesium sulfate and filtered. The solvent was removed under 

reduced pressure and the crude isolate was evaporated onto silica gel using methylene chloride, 

followed by purification using column chromatography.  

4-(Phenylethynyl)anisole99 

 According to procedure A, 4-bromoanisole (120 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled using palladium(II) acetate (3.59 mg, 0.0200 mmol), 

DTBBnPH+ (4.28 mg, 0.0200 mmol) and cesium hydroxide (132 mg, 1.10 mmol) in 2.00 mL of 
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degassed acetonitrile at 80 ºC. The desired product was isolated by column chromatography (10-

15 % toluene in hexane) to yield 132 mg (64 %) of a tan solid that was determined by NMR 

spectroscopy to be pure and in agreement with reported spectral values in the literature. 

1H NMR (500 MHz, CDCl3): ∂ 7.54-7.52 (m, 2H), 7.50-7.47 (m, 2H), 7.36-7.31 (m, 3H), 6.90-

6.87 (m, 2H), 3.81 (s, 3H). 

13C NMR (126 MHz, CDCl3): ∂ 159.7, 133.1, 131.5, 128.4, 127.9, 123.7, 115.5, 114.1, 89.4, 

87.9, 55.3. 

 According to procedure A, 4-bromoanisole (120 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled using palladium(II) acetate (4.49 mg, 0.0250 mmol), 

DTBBnPH+ (5.35 mg, 0.0250 mmol) and sodium hydroxide (44.0 mg, 1.10 mmol) in 2.00 mL of 

deoxygenated acetonitrile at 80 ºC. The desired product was isolated by column chromatography 

as 124 mg (62 %) of a tan solid with spectral values in agreement with those reported above. 

 According to procedure B, 4-bromoanisole (120 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled to yield 187 mg (88 %) of a tan solid that was 

spectroscopically identical to the reported values above. 

 According to procedure A, 4-bromoanisole (120 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled using palladium(II) bisacetonitrile dichloride (3.25 mg, 

0.0125 mmol), DTBBnPH+ (8.50 mg, 0.0375 mmol) and potassium carbonate (152 mg, 1.10 

mmol) in 1 mL each of deoxygenated DI water and acetonitrile at 80 ºC. The desired product 

was isolated by column chromatography as 139 mg (67 %) of a tan solid that was 

spectroscopically identical to the reported values above. 
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2-Methyldiphenylacetylene100 

 According to procedure B, 2-bromotoluene (120 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled. The desired product was isolated by column 

chromatography (100 % hexane) as 140 mg (72 %) of a colorless oil with NMR spectral values 

in agreement with the literature. 

1H NMR (500 MHz, CDCl3): ∂ 7.51-7.47 (m, 3H), 7.32-7.26 (m, 3H), 7.19-7.18 (m, 2H), 7.14-

7.10 (m, 1H), 2.49 (s, 3H). 

13C NMR (126 MHz, CDCl3): ∂ 140.3, 131.9, 131.6, 129.6, 128.5, 128.4, 128.3, 125.7, 123.7, 

123.2, 93.5, 88.5, 20.8. 

General Procedure for the Heck Coupling: 

 In a nitrogen-filled glovebox, Pd2(dba)3 and a dialkylbenzylphosphonium bromide were 

measured into a one-dram vial containing a small stirbar. The vial was sealed with a screwcap 

and septum and removed from the glovebox before adding dicyclohexylmethylamine (260 µL, 

1.20 mmol) an aryl halide (1.00 mmol), styrene (126 µL, 1.10 mmol), and 2.00 mL of 

deoxygenated solvent. The reaction vial was placed in an 80 ºC oil bath and left to stir for at least 

twelve hours. Percent yield was determined by gas chromatography without the use of a standard. 

Where noted the desired product was isolated by taking the reaction mixture into diethyl ether, 

washing three times with brine solution, drying with anhydrous magnesium sulfate, and 

evaporated onto silica gel for purification by column chromatography. 

1-Methyl-4-(2-phenylethenyl)benzene72,101 

 According to the general procedure, 4-bromotoluene (123 µL, 1.00 mmol) and styrene 

(126 µL, 1.10 mmol) were coupled using Pd2(dba)3 (13.7 mg, 0.0150 mmol) and DTBBnPH+ 

(6.50 mg, 0.0300 mmol) in 2.00 mL of deoxygenated dioxane. The desired product was isolated 
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by column chromatography (100 % hexane) as 97.1 mg (50 %) of a white solid corresponding to 

NMR spectral values reported in the literature. 

1H NMR (500 MHz, CDCl3): ∂ 7.47 (d, J = 7.7 Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H), 7.32 (t, J = 7.7 

Hz, 2H), 7.21 (t, J = 7.7 Hz, 1H), 7.13 (d, J = 7.7 Hz, 2H), 7.02 (d, J = 15.6 Hz, 2H), 7.06 (d, J = 

15.6 Hz, 1H), 2.34 (s, 3H). 

13C NMR (126 MHz, CDCl3): ∂ 137.6, 137.5, 134.6, 129.5, 128.7, 127.8, 127.5, 126.5, 126.4, 

21.4. 

 According to the general procedure, 4-bromotoluene (123 µL, 1.00 mmol) and styrene 

(126 µL, 1.10 mmol) were coupled using Pd2(dba)3 (13.7 mg, 0.0150 mmol) and DTBBnPH+ 

(6.50 mg, 0.0300 mmol) in 2.00 mL of deoxygenated DMF. The desired product was isolated by 

column chromatography to yield 141 mg (73 %) of a white solid that was spectroscopically 

identical to the reported values above.  

1-Acetyl-4-(2-phenylethenyl)benzene72,101 

 According to the general procedure, 4-bromoacetophenone (159 mg, 0.800 mmol) and 

styrene (126 µL, 1.10 mmol) were coupled using Pd2(dba)3 (13.7 mg, 0.0150 mmol) and 

DTBBnPH+ (6.50 mg, 0.0300 mmol) in 2.00 mL of deoxygenated DMF. The desired product 

was isolated by column chromatography as a yellow solid with NMR spectral values 

corresponding to those reported in the literature.  

1H NMR (500 MHz, CDCl3): ∂ 7.96 (d, J = 7.8 Hz, 2H), 7.59-7.54 (m, 4H), 7.42-7.39 (m, 2H), 

7.34-7.32 (m, 1H), 7.15 (d, J = 16.3 Hz, 1H), 7.21 (d, J = 16.3 Hz, 1H), 2.62 (s, 3H). 

13C NMR (126 MHz, CDCl3): ∂ 197.4, 141.9, 136.7, 135.9, 131.5, 128.9, 128.8, 128.4, 127.5, 

126.9, 126.5, 26.5. 
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4-Tert-butyl-4-(2-phenylethenyl)benzene 

 According to the general procedure, 1-bromo-4-tert-butylbenzene (173 µL, 1.00 mmol) 

and styrene (126 µL, 1.10 mmol) were coupled using Pd2(dba)3 (13.7 mg, 0.0150 mmol) and 

DTBBnPH+ (6.50 mg, 0.0300 mmol) in 2.00 mL of deoxygenated dioxane. The desired product 

was isolated by column chromatography as a yellow solid (102 mg, 57 %). 

1H NMR (500 MHz, CDCl3): ∂ 7.61 (d, J = 7.7 Hz, 2H), 7.58-7.49 (m, 4H), 7.45 (t, J = 7.5 Hz, 

2H), 735 (m, 1H), 7.18 (d, J = 16.7 Hz, 1H), 7.22 (d, J = 16.7 Hz, 1H), 1.42 (s, 9 H). 

13C NMR (126 MHz, CDCl3): ∂ 150.9, 137.7, 134.7, 128.7, 128.6, 128.2, 127.5, 126.4, 125.7, 

34.7, 31.4. 

HRMS-EI (m/z): [M+] calcd for C18H20 236.1565, found 236.1566. 
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CHAPTER 2. SYNTHESIS OF BENZYL-DERIVED WATER-SOLUBLE PHOSPHINE 

LIGANDS 

 

2.1. Introduction 

 In recent years, a growing concern for the safety and sustainability of organic 

methodology applications has developed in academic and industrial settings. Traditional organic 

solvents are often costly, derived from non-renewable resources, flammable, and toxic. Water 

has gained particular interest as an alternative solvent, however fundamental differences between 

water and traditional solvents have resulted in the need for new approaches to existing 

methodology.102-107 Water is both inexpensive and nontoxic, but it is often reactive with 

organometallic substrates and a poor solvent for organic compounds. Water that has been used to 

carry out synthetic transformations must also still be treated to remove hazardous 

organic/organometallic compounds.  

 One approach to developing greener methodologies involves using a biphasic solvent 

system, wherein the catalyst is dissolved in a reusable aqueous layer and the organic components 

are easily separated as part of the organic solvent layer. This approach serves a dual purpose by 

allowing for recycling of expensive palladium catalysts in addition to decreasing the amount of 

organic solvents needed. Water-soluble ligands can be used to draw the catalyst into the aqueous 

layer.102,108-113 The first application of a water-soluble ligand for this purpose was accomplished 
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in the Rhône-Poulenc process using Rh/TPPTS for the hydroformylation of propene.114 However, 

it wasn’t until the 1990’s that water-soluble phosphines were applied to coupling reactions by 

Casalnuovo.115 The first commonly used water-soluble phosphine ligands were sulfonated 

triaryl- and diarylalkylphosphines because of their ease of preparation by sulfonation with 

fuming sulfuric acid. However, much like their hydrophobic counterparts, these ligands were 

limited in their use to couplings of aryl iodides and bromides at higher temperatures (80-150 ºC), 

and often requiring higher catalyst loadings (10-15 %).116-118 Other anionic, cationic, and neutral 

hydrophilic groups can be used to solubilize phosphine ligands, and some examples are shown in 

Figure 4102,115-130 Several of the ionic examples shown have been used in catalyst recycling 

studies with effective re-use of up to four times before significant loss of activity. However, in 

some cases catalyst leaching was believed to occur and longer reactions times were 

required.102,116-118,124  
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Figure 4: Types of water-solubilizing variations for phosphine ligands 
 

2.2. The Advancement of Water-soluble Ligands for Coupling Reactions 

 Hydrophobic trialkylphosphines, dialkyl(2-biphenylphosphines, and N-heterocyclic 

carbene ligands were found in the 1990’s to allow for coupling of bromide and less reactive 

chloride compounds under milder conditions and with lower catalyst loadings than traditional 

triaryl and diarylphosphines. Likewise, hydrophilic versons of these active ligands have been a 

target of interest for several groups (Figures 5 and 6).15,102,131-147  
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Figure 5: Water-soluble variations of priviledged ligands 

 

 
Figure 6: Water-soluble ligands of interest to the Shaughnessy group 

 
 Efforts in the Shaughnessy group have focused on the synthesis and study of tri-

alkylphosphine ligands, such as t-Bu-Amphos and DTBPPS, with added ammonium or sulfonate 

groups (Figure 6).144-147 Two of these ligands, t-Bu-Amphos and t-Bu-Pip-phos were 

successfully applied to Suzuki couplings of aryl bromides at room temperature, with an increase 

in turnover number (10,000 to 700,000 mmol/mmol palladium) going from 23 to 80 ºC, both in 

PH+Cy2

SO3H

SO3
-

CataCXium F sulf®

Plenio Group

O

NH

O OH
HO

OH

HO

PCy2
MeO OMe

SO3Na

PCy2

S-phos derivative

2-biphenylphosphine derived 
Buchwald Ligands

Miyaura, Sinou, & Buchwald

N NN N+

R

R

SO3
-

R

R

-O3S
Na+

R = Me or iPr

NHC (Arduengo Carbene) Based Ligands
Sulfonated 1,3-diarylimidazolium and imidazolinium salts

Plenio Group

SO3
--O3S

+
Na+

(tBu)2P
N+MeCl-

t-Bu-Amphos

N+Me2Cl-(tBu)2P

t-Bu-Pip-phos

N+Me2Cl-Cy2P

Cy-Pip-phos

SO3-(tBu)2HP+

DTBPPS

SO3-(Ad)2HP+

DAPPS



 49 

water/acetonitrile. Recycling of the aqueous solution could be achieved two times before loss of 

activity was observed. Additionally, analysis of the crude organic products revealed minimal 

catalyst leaching with <1 ppm of residual Pd. The t-Bu-Amphos ligand was effective for 

Sonogashira and Heck couplings of aryl bromides at moderate temperatures (50-80 ºC), however 

neither t-Bu-Amphos or t-Bu-Pip-phos were effective for couplings of aryl chlorides.144-145 

Calculated ligand parameters correlated with coupling activities revealed that steric demand (t-

Bu-Amphos > t-Bu-Pip-phos) improved reactivity towards aryl bromides. The cationic 

ammonium substituent was found to decrease the electron-donating ability of the ligands 

compared with neutral phosphines, limiting their usefulness for coupling aryl chlorides.146 The 

DTBPPS and DAPPS ligands were designed to provide better electron-donating ability than the 

t-Bu-Amphos ligand, and indeed, aryl bromides could be coupled at room temperature using 

these ligands while aryl chlorides could also be coupled at higher temperatures.147 

  Recently, three new water-soluble ligands were envisioned (Figure 7), based on the 

dialkylbenzylphosphonium ligand precursors discussed in chapter 1. Like the ligands discussed 

in chapter 1, these new ligands would have a bulky but flexible benzyl substituent with potential 

labile coordinating ability to add stability and electron-density to the active palladium(0) ligand 

complex for coupling reactions. It was hoped that these traits in the benzyl substituted ligands 

would improve upon DTBPPS by allowing more challenging substrates to be coupled, such as 

aryl chlorides (which may benefit from added electron density as discussed in chapter 1), and 

sterically hindered coupling partners (which may benefit from having a sterically flexible 

substituent on a well-binding phosphine ligand, see chapter 1). Addition of an anionic sulfonate 

group to these ligands was desired to make them water-soluble, more electron-rich, and potential 

candidates for study of reaction mechanisms through methods such as ESI-MS. Three general 
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approaches were used for the synthesis of these ligands, including a novel method that eliminates 

the need for harsh fuming sulfuric acid. 

 

Figure 7: Desired new water-soluble phosphines 

 

2.3.1. Synthesis By Electrophilic Sulfonation 

 As mentioned in the introduction, the most common water-soluble phosphine ligands are 

aryl sulfonate derivatives, since the sulfonate group can be added relatively easily by 

electrophilic sulfonation. However, this process is not without limitations. The sulfonation of 

aryl phosphines often requires fuming sulfuric acid (oleum) due to the deactivating influence of 

the protonated phosphonium. The oxidizing SO3 can result in formation of phosphine oxide, 

particularly during formation of sulfuric acid from the SO3, and neutralization of the sulfuric acid 

to form the sulfonate salt. Several alternative procedures have been developed to address this 

problem, including precipitation/extraction of the ligand without neutralization,131,134,148 use of a 

buffering agent to aid in removal of oxidizing SO3,
149

  a stepwise complexation and extraction of 

the phosphine ligand,149-153 chlorosulfonic acid sulfonation,143,154-156 or synthesis by a means not 

requiring sulfonation of the ligand (e.g. coupling reaction or SnAr type reaction).157-159 

 With our most most hindered dialkylbenzyl ligand precursor in hand, first attempts were 

made to sulfonate the benzyl group using concentrated sulfuric acid (procedure 1, Table 16). 

However, fuming sulfuric acid was necessary to produce the p-substituted benzyl ligand, and 
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attempts to extract the desired ligand using NaBF4 or partial neutralization in the presence of a 

potassium dihydrogen phosphate buffer were unsuccessful. Complete neutralization and 

basifying of the acid/SO3 medium resulted in oxidation of the desired ligand, which could not be 

separated from the byproducts that formed. Use of Hermann’s method of complexing the ligand 

to triisooctylamine while extracting away aqueous soluble byproducts afforded the desired ligand 

as a sodium salt (product E, Table 16) in low yield (17 %).149-153  

 

Table 16: Electrophilic sulfonation procedures and methods for Di-tert-butylbenzylphosphonium 

bromide 

 

PH+
Br-

1. sulfonation

2. neutralization/
    extraction
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O
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O
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- Na+
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SO3
- Na+

PH+

SO3
-

P

SO3
- Na+

A                       B                          C                         D                      E

                                 Step:                                  1                                       2                                    Major Product

Procedure A          Method 1                       conc. H2SO4              ice/water/ 20 % NaOH                          A
                                                                         DCM                              to pH 10                      
                             Method 2                       conc. H2SO4                       20 % NaOH                                   A
                                                                         DCM                             KH2PO4 buffer
                                                                                                         extract with MeOH

Procedure B         Method 1                    H2SO3 (20 % SO3)                 DI H2O                                         C
                                                                         neat                          1.5 equiv NaBF4                     (extraction failed)
                                                                                                         extract with DCM
                             Method 2                   H2SO3 (20 % SO3)         20 % NaOH/KH2PO4                D  +  phosphate salt
                                                                         neat                                  to pH 7        
                                                                                                          filter with MeOH
                             Method 3                   H2SO3 (20 % SO3)           20 % NaOH to pH 13                    B + salts
                                                                         neat                              remove H2O      
                                                                                                          filter with MeOH
                             Method 4                   H2SO3 (20 % SO3)           1. TIOA/toluene                          E (17% yield)
                                                                         neat                         NaOH pellets to pH 4      
                                                                                                           remove aqueous 
                                                                                                       2. 20 % NaOH to pH 7 
                                                                                                           remove aqueous 
                                                                                                      3. 20 % NaOH to pH 12
                                                                                                            remove organic

BF4
-
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 Attempts to form the tosyl chloride of the ligand using chlorosulfonic acid resulted only 

in oxidation of the precursor (eq 6). Surprisingly, one attempt to sulfonate 

dicyclohexylbenzylphosphonium bromide in only concentrated sulfuric acid was successful, and 

in the absence of oxidizing SO3, complete neutralization of the sulfuric acid to generate sodium 

sulfate salt did not result in oxidation of the phosphorus (eq 7). However, separating the desired 

ligand from the byproduct sodium salts proved challenging, and other methods of synthesis of 

the desired ligands were sought. 

 

 

 

2.3.2. Intentional Oxidation of Ligand Precursors, followed by Electrophilic Sulfonation and 

Reduction 

 While purification of the desired sulfonated ligands remained a challenging task, of 

greater concern was formation of phosphine oxide as part of the reaction work-up. Our second 

approach to making these ligands involved oxidation of the phosphine precursors (eq 8), 

PH+Br-

ClSO3H

PH+Br-

SO2Cl

+

P
O

not observed              observed

PH+Br- 1. conc. H2SO4
    DCM

2. ice/20 % NaOH
    to pH 10

P

SO3
-Na+

+           salt impurities
(7)

(6)
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sulfonating the phosphine oxide (9), then reducing the oxide to the desired ligand.160 

Conceivably, reduction of the phosphine oxide to the desired species could be complicated by 

the presence of an unprotected sulfonate group. However, we first sought to discern whether 

oxides of our ligand precursors could be reduced. Several methods for reduction of phosphine 

ligand oxides are known, chiefly using lithium aluminum hydride or trichlorosilane. Milder 

reagents such sodium borohydride have also been used where applicable.160-166 It is worth noting 

that greater steric bulk around the phosphorus center has been found to inhibit reduction of 

phosphine oxides, and no examples of reduction of phosphine oxides with more than one tert-

butyl group could be found in the literature. 

 

 

 

 Attempts to reduce di-tert-butylbenzylphosphine oxide (followed by 31P NMR 

spectroscopy-see Table 17 for characteristic phosphine shifts) using lithium aluminum hydride 

resulted in no conversion, and increasing elevation of the reaction temperature appeared to result 

in decomposition of the ligand based on multiple unidentified peaks in the 31P NMR spectrum. A 

combination of trichlorosilane with an amine base worked well for dicyclohexyl- and di-1-

H+Br-
P

R2

30 % H2O2 (Aq)

DCM
in air
12 h

P
R2

O
R =                 isolated yield (%)

      tBu                       88
      Ad                        90
      Cy                        56

P R2

O
1. H2SO4 (20 % SO3)
2. 20 % NaOH to pH >13

3. filter with MeOH, 
    then EtOH/Et2O

R = tBu, Cy, Ad

P R2

O

SO3
-Na+

+ salt impurities

(8)

(9)
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adamantylbenzylphosphine oxides, however a yield above 50 % could not be achieved for di-

tert-butylbenzylphosphine oxide (Table 18). 

 

Table 17: Characteristic 31P NMR shifts 

 

 

Table 18: Reduction of dialkylbenzylphosphine oxides 

 

 

H+Br-
P

R2
P

R2

O
P R2

PH+
R2

SO3
-

P R2

SO3
-Na+

P R2

SO3
-Na+

O

31P Shifts (ppm)                       A                         B                       C                        D                        E                           F
           R =
                                tBu        32-33                   58-63                   35                        46-48                   35                         68
                                Ad           24                         48                      32                          36                      31                         53
                                 Cy          21                         55                     2-4                     unknown                2                           58

P R2

O

[red]
P R2

A                                 B
                                                                                                                     % Yielda

                                                                                      R =                      A                  B

Procedure A                 LiAlH4 in THF (!)                          tBu            100                  0
                                LiAlH4 in cyclohexane (!)                  tBu             89                   7
                                   LiAlH4 in decane (!)                        tBu            27                    7
Procedure B              LiAlH4-NaBH4-CeCl3                        tBu            100                  0
Procedure C                  LiAlH4-CeCl3                                tBu            100                  0
Procedure D            HSiCl3 in toluene 110 ºC                     tBu            100                  0
Procedure E           HSiCl3/NEt3 in toluene 130 ºC              Cy               5                  95 
                             HSiCl3/NEt3 in mesitylene 130 ºC          Ad               0                 100
                             HSiCl3/NEt3 in mesitylene 130 ºC         tBu              57                 43

adetermined by 31P nmr
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2.3.3. Synthesis from a Pre-sulfonated Benzyl Electrophile 

 As discussed in chapter 1, benzyl bromide can be reacted with dialkylphosphines to 

generate dialkylbenzylphosphonium bromides in high yields. Similarly, it was envisioned that a 

4-sulfonatobenzyl electrophile could be used to generate the desired ligands in higher yields. Our 

group previously reported a route to ferrocenyl ligands from a ferrocenyl dimethylamine using 

acetic anhydride, a method which could have allowed an easily accessible sulfonated benzyl 

amine to be used for synthesis of our new water-soluble ligands (eq 10).167 While this method 

has been successfully extended to other ligand syntheses in our group, formation of the 

tetrafluoroborate salt of di-tert-butylbenzylphosphine could not be achieved.  In 1980, Zahn et al 

published the 3 step synthesis of 4-sulfobenzyl bromide for application in amino acid syntheses 

(Scheme 3).168 However, purification of the second intermediate (4-sulfobenzyl alcohol) required 

use of a cationic resin that is no longer commercially available, and attempts to use a similar 

carboxylic acid based resin were not successful. Similarly, bromination of p-TSA using 

established procedures for similar compounds was explored (examples shown Table 19), with 

low conversions and inability to separate products from starting materials using common 

methods such as column chromatography or recrystallization.169-173 

 

 

 

N 1. OAc2
   HPtBu2

2. HBF4•Et2O

PH+
BF4

-

(10)
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Scheme 3: Zahn’s 4-sulfobenzyl bromide synthesis 

 

Table 19: Examples of bromination of p-TSA attempted 

 

 

 An alternative to bromination of p-TSA was found by Wu, et al entailing the protection 

of the sulfonate group as a variety of sulfonate esters, which could then be brominated at the 

methyl carbon and deprotected in a variety of ways depending on the protecting group used.174 

For our purposes, ethanol was successfully reacted with tosyl chloride according to Wu’s 

procedure to generate the ethyl protected tosylate. Bromination in undried carbon tetrachloride 

resulted in lowered yields, presumably due to hydrolysis of the product in-situ. Anhydrous 

NH2
H2SO4/

H2SO4(30 % SO3)

NH3
+

SO3
-

72 %

1. NaNO2
   NaOAc/HOAc

2. HBr/HOAc

Br

SO3H

SO3H

bromination

SO3H

Br

A                                        B

                                                                % yield by NMR
                                                               A                          B

Procedure A               NBS
                                  AIBN                  ND                         0
                                  CHCl3 
                                     !
Procedure B               NBS  
                                   BPO                   ND                     ND
                                  CHCl3
                                     !
Procedure C                Br2                                           
                                    hv                      86                        14
                                  CHCl3



 57 

benzene was found to be a viable alternative in our hands, having the benefit of reaching a higher 

temperature than other chlorinated solvents in reflux so that thermal decomposition of the radical 

source, benzoyl peroxide, could occur (Table 20). Purification by column chromatography 

resulted in lowered yields of the pure brominated compound due to ineffective separation of the 

bromide and ethyl tosylate. However, it was later found that ethyl tosylate in amounts up to at 

least 25 % could be tolerated in the final step of the ligand synthesis. Reaction of pure or impure 

ethyl(α-bromotosylate) with one equivalent of di-tert-butylphosphine or di-1-

adamantylphosphine resulted in deprotection by in-situ generated bromide to afford the desired 

ligands as precipitates, with modest yields after recrystallization (Table 21). In both cases, X-ray 

quality crystals were produced by recrystallization from ethanol and water.  

 

Table 20: Synthesis of ethyl protected 4-sulfobenzyl bromide 

 

 

 

SO2Cl

EtOH 2.00 equiv
NEt3 1.10 equiv

DCM
0 ºC

5-6 hrs
SO3Et

NBS 1.02 equiv
BPO 0.400 equiv

!

SO3Et

Br

A                                           B                                              C
                                            89 %

Bromination Solvent              Isolated Yield of C (%)

           CHCl3a                                      
            DCEa                                        46
            CCl4

a                                        45
           C6H6

b                                        35c

anot rigorously anhydrous; filtered through basic alumina
bdried/distilled over CaH2
cisolated yield limited by difficulty in chromatographic separation.
actual yield was determined by nmr to be approximately 61 %

23
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Table 21: Synthesis of zwitterionic dialkylbenzylphosphine sulfonate ligands 

 

 

 In the case of dicyclohexylphosphine, reaction with the ethyl protected bromo-tosylate 

resulted in an unidentifiable mixture of side products based on 31P NMR analysis. Phenyl and 

trifluoroethyl protecting groups (Table 22) were used with limited success to generate the 

protected sulfonate ligand (Table 23). However, deprotection was not achieved without oxidation 

of the phosphorus center. Based on the limited utility of the dicyclohexylbenzylphosphonium 

precursor in coupling reactions (as discussed in chapter 1), further attempts to isolate the 

dicyclohexyl variant of our new water-soluble ligands were not made. 

 

 

 

 

 

 

SO3Et

Br

+       HPR2

SO3
-

PH+
R2

toluene
!

Br+

R =              Ligand           Isolated Yield (%)

     Ad         DABnSP        
    tBu         DTBBnSP     
     Cy         DCBnSP

aafter recrystallization from EtOH/H2O

38a

38a

 0
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Table 22: Alternate protected 4-sulfobenzyl bromides 

 

 

Table 23: Attempts to synthesize dicyclohexylbenzyl ligand using alternate protected 4-

sulfobenzyl bromides 

 

 

SO2Cl

ROH 1 equiv
DABCO 1.2 equiv

DCM
SO3R

NBS 1.1 equiv
BPO 20 mol %

C6H6
SO3R

Br

                                                    A                                               B

                                      Isolate Yield (%)
R =                               A                     B

-Ph                              88                    45
-TFE                           83                    43

SO3R

Br

+        HPCy2 THF
!

SO3R

PH+Cy2
Br-

9: 1 NaOH
 (2M in MeOH)/

DCM

SO3
-Na+

PCy2

A                                                    B

                                      Isolate Yield (%)
R =                              A                      B

-Ph                              64                      0a

-TFE                            0b                    n/a

aoxidation of phosphorus center occurred; 
NMR 1H was indistinguishable mixture
bmixture of 3 different deprotonated
 compounds in 31P NMR
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2.4. X-ray Crystal Structures of DTBBnSP and DABnSP 

 The crystal structure for DTBBnSP shows interaction between the charges of the 

zwitterions between two molecules (see appendix) as well as complexation of a water molecule 

to the sulfonate group (Figure 8). Additionally, the proton on the phosphorus was located. The 

C4(Bn)-C7(Ph) bond length is determined to be typical for a C-C single bond, and all of the P-C 

bonds are roughly the same for the ligand. The C8(t-Bu)-P-C12(t-Bu) bond angle is somewhat 

larger than the other C-P-C angles, indicating that the t-Bu groups have a greater steric influence 

than the benzyl group, as would be expected. Additionally, the P-C4(Bn)-C7(Ph) bond angle is 

slightly more than a typical tetrahedral angle of 109.5 º, possibly due to the steric influence of the 

tert-butyl groups. 

 

 
Figure 8:  50% probability ellipsoid plot of DTBBnSP. 
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Table 24: Selected bond lengths and angles for DTBBnSP 

 
 

 
Figure 9: Orientation of tert-butyl group over phenyl ring in DTBBnSP crystal 

 

 The DABnSP crystals were slightly more difficult to form due to increased solubility in 

water and decreased solubility in ethanol (the recrystallization solvents). The crystals that formed 

were smaller than the DTBBnSP crystals. Water molecules are not seen complexed to the 

DABnSP ligand in the crystal structure, but interaction between opposite charges on the 

zwitterion is seen between separate DABnSP molecules. As with the DTBBnSP ligand, the P-C 

bond lengths are all roughly the same, and the C4(Bn)-C7(Ph) bond length appears unperturbed 

with a typical C-C bond length of 1.5 Å. Curiously, the C8(Ad)-P-C18(Ad) bond angle is even 

larger than the corresponding bond angle in the DTBBnSP ligand (120º versus 117 º), which may 

P1
P1
P1
C4

C7
C8
C12
C7

1.808(3)
1.844(3)
1.850(3)
1.521(3)

Atom 1  Atom 2    Length (Å)

C7
C7
C8
P1

P1
P1
P1
C7

C8
C12
C12
C4

112.8(1)
108.2(1)
117.2(1)
116.0(2)

Atom 1  Atom 2  Atom 3      Angle (º)
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mean that the adamantyl groups actually carry a greater steric impact than expected by cone 

angle calculations. In the DABnSP ligand, there is also greater perturbation of the P-C4(Ad)-

C7(Ad) bond angle from a tetrahedral angle (109.5 º). It is possible that in the DTBBnSP ligand 

some accommodation is made by the benzyl ring for the steric bulk of the tert-butyl groups by 

allowing interaction between one of the tert-butyl groups and the pi-cloud of the phenyl ring 

(Figure 9). 

 
Figure 10: 50 % probability ellipsoid plot for DABnSP 

 

Table 25: Selected bond lengths and angles for DABnSP 

 

P1
P1
P1
C4

C7
C8
C18
C7

1.809(4)
1.829(4)
1.827(4)
1.512(6)

Atom 1  Atom 2    Length (Å)

C7
C7
C8
P1

P1
P1
P1
C7

C8
C18
C18
C4

108.8(2)
107.5(2)
120.3(2)
119.6(3)

Atom 1  Atom 2  Atom 3  Angle (º)
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2.5. Palladium(II) Bis(disodium di-tert-butyl[4-sulfonatobenzyl]phosphine) Dichloride  

 Deprotonation of DTBBnSP and DABnSP for the purpose of complexing to palladium 

was achieved using a sodium or cesium carbonate base. Deprotonation of DTBBnSP worked 

well (eq 11) and yielded a crystalline solid that oxidized slowly (over a couple weeks) in air. 

Based on difficulty preventing oxidation of this ligand during the work-up for electrophilic 

sulfonation mentioned in the first sections, the relatively low sensitivity of the deprotonated 

ligand to oxidation in air was somewhat surprising. This led us to conclude that air-exposure is 

not the most problematic factor for oxidation of this particular ligand under sulfonation 

conditions. Isolation of the cesium salt of DTBBnSP was accomplished by slow crystallization 

from a mixture of water and alcohol solvents over a few weeks to yield needle-like x-ray quality 

crystals. Deprotonation of DABnSP using sodium carbonate produced a mixture of compounds, 

primarily phosphine oxide, as determined by 31P NMR spectroscopy. 

 

 Once deprotonated, DTBBnSP could be refluxed with palladium(II) dichloride in 

anhydrous acetonitrile to yield a moss green precipitate (eq 12), which was found to have 

catalytic activity slightly lower than the catalyst formed in-situ for the Sonogashira coupling of 

3-bromobenzothiophene with phenylacetylene (see chapter 3). NMR analysis of the precipitate 

indicated that the bis ligated palladium dichloride species was likely present based on the 

presence of a triplet for the t-butyl protons in the 1H spectrum (due to P-P coupling across the 

palladium center). The 31P NMR shift was found at 43 ppm somewhat close to the deprotonated 

R2P
H+

SO3
-

R = t-Bu or Ad

MCO3 5 equiv

MeOH

R2P

SO3
-M+

M = Na+ or Cs+

(11)
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free ligand (35 ppm) and the protonated free ligand (46 ppm). Slow diffusion using water/ethanol 

yielded a glassy yellow solid in very small quantity, that was confirmed to be the desired 

complex by high resolution ESI-MS. A predicted isotopic distribution (using the tool found at 

www.chemcalc.org) was produced for the expected bis phosphine palladium dichloride complex 

(Figure11) and found to match the experimentally collected spectrum. Additionally, two other 

isotopic distribution patterns were identified in the spectrum, one correlating to the complex after 

loss of HCl (Figure 12), and the other correlating to replacement of a sodium ion with a 

hydrogen (Figure 13).  

 

 

P

SO3
-Na+

PdCl2 0.5 equiv

CH3CN

P

SO3
-Na+

Pd P

SO3
-Na+

Cl

Cl
(12)
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Figure 11: Predicted and observed mass spectra for C30H49P2S2O6Cl2PdNa2 (M+) 

 

 

Figure 12: Predicted and observed mass spectra for C30H48P2S2O6ClPdNa2 (M+) 
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Figure 13: Predicted and observed mass spectra for C30H50P2S2O6ClPdNa (M+) 

 

2.6. Conclusions 

 Two new sulfonated, water-soluble phosphine ligands (DTBBnSP and DABnSP) were 

synthesized using a novel procedure. Sulfonation of aryl rings on phosphine ligands typically 

requires harsh fuming sulfuric acid. Complex work-up procedures are typically required to 

convert sulfur trioxide to sulfuric acid, then neutralize the acid and extract the desired ligand 

without oxidation at the phosphorus center. Additionally, copious amounts of sulfate salts are 

produced as waste. Our new procedure utilizes a nucleophilic reaction between the respective 

dialkylphosphines and a protected sulfonate electrophile with a bromine leaving group. The 

generated bromide then deprotects the sulfonate ester in-situ, yielding the desired zwitterionic 

phosphines as easily purified precipitates. Surprisingly, DTBBnSP was found to be less 

oxidation sensitive when deprotonated than previously thought, indicating that when oxidation 
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occurs in electrophilic sulfonations, oxidizing SO3 and heat of neutralization may be the primary 

culprits. DABnSP was found to be more oxidation sensitive when deprotonated than DTBBnSP, 

and could not be isolated in the sulfonate form. However, DABnSP oxide is also expected to be 

more easily reduced than the tert-butyl analogue, based on reduction studies of the 

benzylphosphonium ligand precursors. Together, these results suggest that oxidative stability of 

the ligand is in part impacted by steric bulk around the phosphorus center, as t-butyl groups are 

considered to have a larger cone angle than adamantyl groups. However, X-ray crystallography 

of the protonated ligands shows a larger C(Ad)-P-C(Ad) bond angle than C(t-Bu)-P-C(t-Bu), 

indicating a greater steric influence by the adamantyl groups.  

2.7. Experimental 

General Experimental Details: 

 All chemicals were obtained from commercial sources and used as received, except where noted. 

Di-tert-butylphosphine was obtained from FMC, Lithium Division. Di-1-adamantylphosphine 

was synthesized according to the literature procedure.89 Pd(OAc)2 and Pd2(dba)3 were provided 

by Johnson-Matthey. Toluene was distilled from sodium under nitrogen prior to use. THF was 

distilled from sodium/benzophenone under nitrogen. Benzene was distilled from calcium hydride 

under nitrogen. NMR spectra were obtained on Brüker NMR spectrometers operating at 360 or 

500 MHz. 1H and 13C NMR spectra are referenced to the NMR solvent peaks or internal TMS. 

31P{1H} NMR spectra were externally referenced to 85% H3PO4. ESI-HRMS were obtained on a  

an Agilent 6210 electrospray time-of-flight mass spectrometer operating in the positive ion mode 

at LSU, Baton Rouge, LA. ESI-MS were obtained on a Bruker HCTUltra PTM in anion mode at 

UA, Tuscaloosa, AL.  
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Sulfonation of dialkylbenzylphosphonium bromides 

Procedure A: 

 Step 1:131,134 Di-tert-butylbenzylphosphonium bromide (0.580 g, 2.46 mmol) was placed 

in a two-neck round bottom flask under nitrogen atmosphere and dissolved in dichloromethane. 

The reaction setup was cooled with an ice water bath while slowly adding concentrated sulfuric 

acid (1.15 mL) using an addition funnel under active nitrogen pressure. The reaction mixture was 

then stirred at 40 ºC overnight. The next day, the solvent was removed in vacuo, without removal 

of the sulfuric acid. Analysis by NMR spectroscopy revealed that no change had occurred to the 

starting material. Attempts to extract the phosphonium compound away from the acid using 

organic solvents were unsuccessful, even upon dilution of the acid with water and ice. 

 Step 2: Slow neutralization using ice, water, and dropwise addition of 20 % NaOH to a 

pH of  >10 resulted in formation of the phosphine oxide.  

31P NMR (203 MHz, DMSO-d6): δ 63(s). 

Procedure B: 

 A dialkylbenzylphosphonium bromide was placed under nitrogen flow in a sealed 3-neck 

round bottom flask. The reaction flask was cooled with a brine/ice-water bath while slowly 

adding 20 % fuming sulfuric acid (2.00 equiv) dropwise using an addition funnel under active 

nitrogen flow. Once the addition was complete, the reaction was allowed to slowly warm to 

room temperature while stirring 3-48 hours.  

Method 1: 

 Di-tert-butylbenzylphosphonium bromide (0.503 g, 1.59 mmol) was reacted with 20 % 

fuming sulfuric acid (5.00 mmol, 46.5 mmol) according to general procedure B in addition to 

concentrated sulfuric acid (1.00 mL) to facilitate stirring of the neat reaction mixture. Upon 
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completion, the reaction mixture was carefully poured over ice, and (in the absence of any 

precipitation) the water was removed in vacuo with heating. Next, DI water and NaBF4 (1.5 

equiv) were added. Attempts to extract the phosphonium zwitterion into methylene chloride were 

unsuccessful. Pure phosphonium zwitterion could not be isolated, but NMR spectra of the crude 

material revealed that sulfonation had been successful. 

1H NMR (500 MHz, D2O): δ 7.17 (d, J = 10 Hz, 2H), 6.95 (d, J = 10 Hz, 2H), 3.30 (d, J = 15 Hz, 

2H), 0.41 (t, J = 10 Hz, 18 H). 

31P{1H} NMR (203 MHz, D2O): δ 47. 

Method 2: 

 Di-tert-butylbenzylphosphonium (1.59 g, 4.99 mmol) was reacted with 20 % fuming 

sulfuric acid (3.93 mL, 7.36 mmol) according to general procedure B. After 3 hours, the reaction 

mixture was cooled with a  brine/ice-water bath, and about 10 g of ice were carefully added to 

the mixture over a 30 minute period while maintaining nitrogen flow over the reaction. 

Potassium dihydrogen phosphate(3.77 g, 27.7 mmol) was added, followed by dropwise addition 

of an aqueous 10 % NaOH solution to a pH of 7. Methanol was added and the solution filtered 

several times. The crude product was filtered with a small amount of methylene chloride, and 

cold hexane added to the filtrate yielded a solid with NMR spectra corresponding to the desired 

product, laden with phosphate salt. 

1H NMR (500 MHz, D2O): δ 7.71 (d, J = 8.1 Hz, 2H), 7.46 (d, J = 8.1 Hz, 2H), 3.87, (d, J = 13.5 

Hz, 2H), 1.37 (d, J = 16.9 Hz, 18H). 

31P NMR (203 MHz, D2O)): δ 48 (brs). 
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Method 3: 

 A dialkylbenzylphosphonium (1.50 g) was reacted with 18-20 equivalents of 20 % 

fuming sulfuric acid according to general procedure B. After 3-12 hours, the reaction mixture 

was cooled with a brine/ice-water bath and titrated with a deoxygenated aqueous solution of 

20 % sodium hydroxide to a pH of 13 or higher. The mixture was filtered by cannula under 

nitrogen atmosphere, and the water was removed by vacuum transfer. The remaining solids were 

taken into about 200 mL of deoxygenated methanol and filtered again by cannula under nitrogen 

atmosphere. 

Di-tert-butyl[4-sulfonatobenzyl]phosphine sodium salt 

 Di-tert-butylbenzylphosphonium bromide (1.50 g, 4.73 mmol) was sulfonated using 

method 3 to yield 0.715 g of a yellowish white solid containing a mixture of known and 

unknown products, determined by phosphorus NMR spectroscopy. 

31P (203 MHz, DMSO-d6): δ 58 (s, oxide), 35 (s, desired). 

Dicyclohexyl[4-sulfonatobenzyl]phosphine sodium salt 

 Dicyclohexylbenzylphosphonium bromide (1.50 g, 4.06 mmol) was sulfonated using 

Method 3. The resulting solids were rinsed with anhydrous acetonitrile under nitrogen to yield a 

light pink solid. Analysis by NMR spectroscopy indicated that the soluble material was desired 

product, laden with insoluble impurities that precipitated inside the NMR tube. 

1H NMR (500 MHz, DMSO-d6): δ 7.48 (d, J = 10.0 Hz, 2H), 7.16 (d, J = 10.0 Hz, 2H), 1.75-

1.04 (m, 22H). Note: Benzylic hydrogens not visible due to solvent peaks in spectrum. 

31P NMR (203 MHz, DMSO-d6): δ 2.14 (s). 
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Method 4:153 

 Di-tert-butylbenzylphosphonium (1.00 g, 3.16 mmol) was reacted with 20 % fuming 

sulfuric acid (5.00 mL, 46.5 mmol) according to general procedure B. After 48 hours, the 

reaction mixture was cooled with a brine/ice-water bath and charged with 20 mL of 

deoxygenated DI water followed by a solution of triisooctylamine (4.00 mL, 9.23 mmol) in 

about 30 mL of toluene under nitrogen. Over two days, the reaction was neutralized to a pH of 4 

using sodium hydroxide pellets while being cooled with an ice bath. Deoxygenated toluene and 

water were added as necessary to keep the mixture stirring. Once the desired pH was reached, the 

solution was transferred via cannula into an addition funnel so that the organic and aqueous 

layers could be separated. The aqueous portion was removed for disposal. The organic layer was 

kept and fresh deoxygenated water was added. The new aqueous layer was neutralized to a pH of 

7 using a deoxygenated aqueous 20 % solution of sodium hydroxide. Again, the organic and 

aqueous layers were separated under nitrogen, and the organic layer was kept. This time, the 

mixture was taken to a pH of 12 using the 20 %  sodium hydroxide solution, and the organic 

layer was removed. Vacuum transfer was used to remove the water from the aqueous layer, 

leaving behind a gummy brown solid that was taken into a glovebox under inert atmosphere and 

transferred to an air-free glass frit filter. The filter was removed from the glovebox and used to 

rinse the crude product with anhydrous dichloromethane and toluene, leaving behind a cream 

colored solid (180 mg, 17 %), which was determined to be moderately pure by NMR and EI-MS. 

1H NMR (360 MHz, MeOH-d4): δ 7.75 (d, J = 10.8 Hz, 2H), 7.44 (d, J = 10.8 Hz, 2H), 2.98 (d, J 

= 3.60 Hz), 1.17 (d, J = 10.8 Hz, 18H). 

13C NMR (126 MHz, MeOH-d4): δ 145.9 (d, JC-P = 11.3 Hz), 143.5 (d, JC-P = 2.52 Hz), 130.6 (d, 

JC-P = 8.82 Hz), 127.0, 32.7 (d, JC-P = 18.9 Hz), 30.2 (d, JC-P = 15.1 Hz), 29.2 (d, JC-P = 22.7 Hz). 
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31P{1H} NMR (203 MHz, MeOH-d4): δ 35. 

ESI-MS (anion) m/z calcd for C15H24PSO3 315.1, found 315.1. 

Sulfonation of di-tert-butylbenzylphosphine oxide and dicyclohexylbenzylphosphine oxide 

Procedure C: 

 Dialkylbenzylphosphine oxide was reacted with 20 % fuming sulfuric acid (30 equiv) 

according to general procedure B under ambient air. After 3-4 hours, the reaction mixture was 

cooled with an ice-bath and taken to pH > 13 using an aqueous 20 % sodium hydroxide solution. 

Water was removed from the mixture using vacuum transfer. Next, methanol was added and the 

mixture filtered to remove precipitated sodium salts. The methanol was removed under reduced 

pressure. Ethanol and ether were added, and the mixture was filtered through silica, then celite.  

 Di-tert-butylbenzylphosphine oxide (0.231 g, 0.922 mmol) was sulfonated according to 

procedure C. The solvents were then removed under reduced pressure to yield 0.170 g of a white 

solid, which was determined to be laden with soluble salt impurities. 

1H NMR (360 MHz, D2O): δ 7.63 (d, J = 7.20 Hz, 2H), 7.41 (d, J = 7.20 Hz, 2H), 3.37 (d, J = 

10.8 Hz, 2H), 1.14 (d, J = 14.1 Hz, 18 H). 

31P{1H} NMR (203 MHz, D2O): δ 68. 

 Dicyclohexylbenzylphosphine oxide (0.460 g 1.51 mmol) was sulfonated according to 

procedure C. The solvents were removed under reduced pressure to yield several grams of a 

white solid. Analysis by 1H NMR spectroscopy could not be completed due to difficulty 

shimming the sample. 

31P{1H} NMR (203 MHz, D2O): δ 58. 

 

 



 73 

Sulfonation of di-1-adamantylbenzylphosphine oxide 

Procedure D: 

 Di-1-adamantylbenzylphosphine oxide (1.00 g, 2.45 mmol) was reacted with 20 % 

fuming sulfuric acid (20.0 mL, 2.16 mmol) according to general procedure B, under ambient air. 

After several days, the reaction was cooled with a brine/ice-water bath and diluted with DI water 

and ice, followed by triisooctylamine (8.00 mL, 18.5 mmol) and toluene. Using a 20 % solution 

of sodium hydroxide in water, the reaction mixture was titrated to a pH of 4. The aqueous layer 

was removed and the remaining portion was diluted with DI water and titrated to a pH > 12. The 

organic layer was then removed from the aqueous layer. The water in the aqueous layer was 

removed using vacuum transfer to yield a brown solid which was filtered using methanol, 

followed by an isopropanol/methanol mixture. The solvent was removed under reduced pressure 

to yield a gummy brown solid laden with impurities. Crude analysis by NMR indicated that 

desired product was likely present. 

1H NMR (500 MHz, D2O): δ 7.60 (brs, 2H), 7.38 (brs, 2H), 1.81-1.43 (m, 30 H). Note: benzyllic 

hydrogen appeared to be buried under solvent peaks. 

31P NMR (203 MHz, D2O): δ 53 (possible desired product), 48 (possible unsulfonated starting 

oxide). 

 Oxidation of dialkylbenzylphosphonium bromide ligand precursors 

Procedure E: 

 In a round-bottom flask, a dialkylbenzylphosphonium bromide was dissolved in 

methylene chloride and reacted with an excess of 30 % hydrogen peroxide in water (5-10 mL/g 

of phosphonium) and allowed to stir under ambient conditions for 12 hours, during which time 

the solution changed from clear to orange in color. Upon completion, the reaction mixture was 
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washed with water, then brine solution, dried with magnesium sulfate and filtered. The solvent 

was removed under reduced pressure.  

Di-tert-butylbenzylphosphine oxide 

 Di-tert-butylbenzylphosphonium bromide (2.00 g, 8.40 mmol) was oxidized according to 

procedure E to yield 1.90 g (90 %) of orange solid. 

1H NMR (500 MHz, CDCl3): δ 7.45 (d, J = 5.00 Hz, 2H), 7.32-7.28 (m, 2H), 7.24-7.21 (m, 1H), 

3.19 (d, J = 10.0Hz, 2H), 1.25 (d, J = 15 Hz, 18 H). 

13C NMR (126 MHz, CDCl3): δ 133.9 (d, JC-P = 7.56 Hz), 130.3 (d, JC-P = 5.04 Hz), 128.4, 126.4 

(d, JC-P = 1.26 Hz), 36.3 (d, JC-P = 60.5 Hz), 29.3 (d, JC-P = 50.4 Hz), 27.0. 

31P NMR (203 MHz, CDCl3): δ 59 (s). 

Di-1-adamantylbenzylphosphine oxide 

 Di-1-adamantylbenzylphosphonium bromide (2.00 g, 5.00 mmol) was oxidized according 

to the general procedure to yield 1.80 g (88 %) of orange solid. 

1H NMR (360 MHz, CDCl3): δ 7.40 (d, J = 7.20 Hz, 2H), 7.24 (t, J = 7.20 Hz, 2H), 7.16 (t, J = 

10.8 Hz, 1H), 3.06 (d, J = 7.20 Hz, 2H), 2.04-1.94 (m, 18H), 1.68 (brs, 12). 

13C NMR (126 MHz, CDCl3): δ 134.6 (d, JC-P = 7.56 Hz), 130.4 (d, JC-P = 5.04 Hz), 128.2, 126.2, 

40.8 (d, JC-P = 58 Hz), 37.8, 36.7 (d, JC-P = 97.0 Hz), 27.9 (d, JC-P = 8.82 Hz), 27.4 (d, JC-P = 50.4 

Hz). 

31P NMR (203 MHz, CDCl3): δ 48 (s). 

Dicyclohexylbenzylphosphine oxide 

 Dicyclohexylbenzylphosphonium (1.00 g, 2.71 mmol) was oxidized according to the 

general procedure to yield 0.460 g (56 %) of orange solid.  
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13C NMR (126 MHz, CDCl3): δ 131.0 (d, JC-P = 7.56 Hz), 129.9 (d, JC-P = 3.78 Hz, 128.8, 126.9, 

35.5 (d, JC-P = 63.0 Hz), 31.6 (d, JC-P = 56.7 Hz), 26.6 (d, JC-P = 36.0 Hz), 25.8, 25.4 (d, JC-P = 

54.0 Hz). 

31P NMR (203 MHz, CDCl3): δ 55 (s). 

Reduction of di-alkylbenzylphosphine oxide ligand precursors 

Procedure F:  

 Di-tert-butylbenzylphosphine oxide (0.200 g, 0.794 mmol) was dissolved in anhydrous 

THF (~10 mL) under nitrogen atmosphere and cooled using a brine/ice-water bath. Next, lithium 

aluminum hydride (280 mg, 0.800 mmol) was slowly added to the cooled mixture, and the 

reaction was allowed to slowly warm to room temperature and reflux overnight. The next day, 

the mixture was cooled with a brine/ice bath followed by sequential addition of 0.300 mL 

deoxygenated DI water, 0.300 mL of deoxygenated aqueous 20 % sodium hydroxide, and 0.900 

mL of deoxygenated DI water. The mixture was allowed to stir for another hour to complete 

quenching and then filtered by cannula through an air-free glass frit. The solvent was then 

removed by vacuum transfer and the resulting orange to white solid was transferred to a 

glovebox to prepare an NMR sample. Analysis by 31P NMR spectroscopy indicated that only 

oxide was present (no reaction). 

 Di-tert-butylbenzylphosphine oxide (0.200 g, 0.794 mmol) was reacted with lithium 

aluminum hydride according to procedure F in anhydrous cyclohexane (~10 mL) Analysis by 31P 

NMR spectroscopy of the resulting solid showed a ratio of 7 % desired product to other peaks. 

 Di-tert-butylbenzylphosphine oxide (0.200 g, 0.794 mmol) was reacted with lithium 

aluminum hydride (70.0 mg, 2.00 mmol) according to procedure F in anhydrous decane (~10 
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mL). Analysis by 31P NMR spectroscopy of the resulting solid indicated that a varied mixture of 

known and unknown compounds were present.  

Procedure G:163 

 In a two-neck round-bottom flask under high vacuum, cerium(III) chloride heptahydrate 

crystals (0.485 g, 1.30 mmol) were heated for an hour using a heating mantle and variac until all 

of the crystals had changed in appearance from colorless to a white powder. The resulting solid 

was placed under nitrogen atmosphere and allowed to cool to room temperature followed by 

addition of 30 mL of anhydrous THF, di-tert-butylbenzylphosphine oxide (0.189 g, 0.750 mmol) 

and NaBH4 (0.114 g, 3.00 mmol). Next, the solution was cooled with a  brine/ice-water bath 

followed by slow addition of lithium aluminum hydride (0.0608 g, 1.60 mmol). The solution was 

allowed to slowly warm to room temperature and stir overnight. The next day, the reaction was 

diluted with benzene, slowly poured into a mixture of 6 M HCl and ice, and filtered through 

celite. The organic layer was extracted with benzene, dried with anhydrous magnesium sulfate 

and the solvent was removed under reduced pressure. The resulting solid was analyzed by 31P 

NMR spectroscopy to find that no reaction had occurred.  

Procedure H: 

 In a two-neck round-bottom flask under vacuum, cerium(III) chloride heptahydrate 

crystals (0.485 g, 1.30 mmol) were heated for one hour using a heating mantle and variac until 

all of the colorless crystals had been replaced by white powder. The resulting powder was placed 

under nitrogen atmosphere and allowed to cool to room temperature followed by addition of 

anhydrous THF and di-tert-butylbenzy phosphine oxide (0.260 g, 1.00 mmol). Next, the solution 

was cooled with a brine/ice-water bath, and lithium aluminum hydride (0.0608 g, 1.60 mmol) 

was added slowly. The reaction mixture was allowed to slowly warm to room temperature and 
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left to stir overnight. The resulting solid was analyzed by 31P NMR spectroscopy to find that no 

reaction had occurred.  

Procedure I: 

 In a 2 mL pressure tube, di-tert-butylbenzylphosphine oxide (131 mg, 0.520 mmol) and 

triphenylphosphine (274 mg, 1.05 mmol) were suspended in anhydrous toluene (1.00 mL) under 

nitrogen atmosphere. Trichlorosilane (1.00 mL, 10.0 mmol) was added, and the pressure tube 

was sealed and placed in a 110 ºC oil bath for 24 hours. After 24 hours, the reaction was allowed 

to cool before quenching with 2 mL of deoxygenated aqueous 20 % sodium hydroxide and 20 

mL of deoxygenated methanol. The reaction was filtered under nitrogen and the solvent was 

removed by vacuum transfer. The resulting residues were analyzed by 31P NMR spectroscopy to 

determine that no reaction had occurred.  

Procedure J: 

 In a 2 mL pressure tube, dicyclohexylphosphine oxide (200 mg, 0.658 mmol) was 

measured into a pressure tube and placed under nitrogen. Next, triethylamine (1.84.00 mL, 13.2 

mmol), anhydrous toluene (0.500 mL) , and trichlorosilane (0.330 mL, 3.27 mmol) were added. 

The pressure tube was sealed and placed in a 130 ºC oil bath to stir for 12 hours. After 12 hours, 

the reaction mixture was allowed to cool and quenched with 2 mL of deoxygenated aqueous 

20 % sodium hydroxide and 15 mL of deoxygenated methanol. The organic portion was 

removed to another flask, and the solvent was removed under high vacuum. The resulting 

residues were analyzed by 1H and 31P NMR spectroscopy. 

1H NMR (500 MHz, CDCl3): δ 7.25-7.04 (m, 5H), 2.73 (d, J = 5.00 Hz, 2H), 1.71-1.03 (m, 22H). 

31P NMR (203 MHz, CDCl3): δ 4 (s). 
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 In a 4.00 mL vial, di-1-adamantyl phosphine oxide (100 mg, 2.45 mmol) was reduced 

using triethylamine (0.68.00 mL, 4.89 mmol) and trichlorosilane (0.123 mL, 1.22 mmol) 

according to procedure J in anhydrous mesitylene (1.00 mL) for two days. Analysis by  31P NMR 

spectroscopy indicated that complete reduction of the phosphine oxide to the phosphine had 

taken place. A discernable 1H NMR spectrum could not be obtained from the crude residues. 

31P NMR (203 MHz, CDCl3): δ 32 (s). 

 In a 4.00 mL vial, di-tert-butyl benzyl phosphine oxide (166 mg, 0.659 mmol) was 

reduced using triethylamine (1.84.00 mL, 0.010032 mmol) and trichlorosilane (0.330 mL, 3.27 

mmol) in anhydrous mesitylene (1.00 mL) according to procedure J over two days. Analysis by 

31P NMR spectroscopy indicated that 43 % of the reaction mixture had been successfully reduced. 

31P NMR (203 MHz, CDCl3): δ 35 (s). 

Deprotonation of di-alkylbenzylphosphonium bromide ligand precursors 

Procedure K: 

 In a 4.00 mL vial, di-alkylbenzylphosphonium and sodium carbonate (3.00 equivalents) 

were set to stir overnight in NMR solvent under nitrogen. Aliquots of the reaction were measured 

by syringe into an NMR tube sealed under nitrogen. 

Di-tert-butylbenzylphosphine 

 Di-tert-butylbenzylphosphonium bromide (100 mg, 0.0400 mmol) was deprotonated 

according to procedure K in CDCl3. 

31P NMR (203 MHz, CDCl3): δ 35 (s). 

Dicyclohexylbenzylphosphine 

 Dicyclohexylbenzylphosphonium bromide (100 mg, 0.270 mmol) was deprotonated 

according to procedure K in DMSO-d6. 
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31P NMR (203 MHz, DMSO-d6: δ 2 (s). 

Di-1-adamantylbenzylphosphine88 

 Di-1-adamantylbenzylphosphonium bromide (100 mg, 0.250 mmol) was deprotonated in 

CDCl3. 

31P NMR (203 MHz, CDCl3): δ 32 (s). 

Attempts to alpha brominate p-toluene sulfonic acid 

 Procedure L:173 

 In a reflux setup, p-TSA (0.750 g, 3.90 mmol), NBS (0.760 g, 4.30 mmol), and AIBN 

(0.190 g, 1.17 mmol) were placed under nitrogen. Anhydrous chloroform was added, and the 

solution was set to reflux over several hours. After several hours, the solvent was removed in 

vacuo, and 1H NMR analysis of the crude material (a) showed that 44 % of the p-TSA may have 

been brominated. The crude mixture was taken into ethyl acetate, producing a yellow solid which 

was removed by filtration. The ethyl acetate was removed under reduced pressure to yield a 

reddish orange oil (b) that was determined by 1H NMR not to be the desired product.  

Procedure M: 

 In a reflux setup, p-TSA (0.750 g, 3.90 mmol), NBS (2.08 g, 11.7 mmol), and benzoyl 

peroxide (0.700 g, 2.89 mmol) were placed under nitrogen. Anhydrous chloroform was added, 

and the reaction was left to reflux overnight. The next day, analysis by TLC indicated the 

unreacted p-TSA likely remained. Additional NBS (1.04 g, 5.85 mmol) and BPO (0.400 g, 1.65 

mmol) were added, and the reaction was allowed to reflux an additional 24 hours. After stopping 

the reaction, the precipitate was filtered and discarded, and the solvent was removed under 

reduced pressure to yield an oily brown mixture. The crude mixture was taken into ethyl acetate, 

and the insoluble portion was filtered and discarded. After removal of the ethyl acetate under 
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reduced pressure, the crude residues were taken into methylene chloride and washed with 

petroleum ether. Finally, the methylene chloride layer was allowed to sit for several hours and 

the resulting precipitate was removed. The methylene chloride was removed under reduced 

pressure to yield a red oil. NMR analysis of the precipitates matched with that of succinimide, 

benzoyl peroxide, and p-TSA. The isolated red oil was analyzed by 1H NMR and found to 

potentially contain the desired brominated product, needing further purification.  

Procedure N:170 

 In a reflux setup, p-TSA (3.00 g, 15.8 mmol) was placed in anhydrous chloroform under 

nitrogen. Bromine (5.00 mL, 194 mmol) was added dropwise while heating and irradiating with 

a sunlamp. The reaction was left refluxing under the sunlamp for 24 hours, after which an orange 

solid remained in the chloroform. Filtration and drying yielded 3.63 g of the orange powder 

which was analyzed by NMR and determined to contain about 13 % α-brominated product 

relative to the p-TSA remaining. 

Synthesis of Ethyl Tosylate 

Procedure O:174 

 Tosyl chloride (10.0 g, 52.4 mmol) was added to a solution of absolute ethanol (6.00 mL, 

103 mmol) and triethylamine (8.05 mL, 57.7 mmol) in anhydrous dichloromethane and cooled 

with an ice bath. The reaction mixture was allowed to stir 5-6 hours while maintaining the ice 

bath, after which the mixture was washed with cold brine solution and dried with anhydrous 

magnesium sulfate. The solvent was removed under reduced pressure to yield a yellow oil. 

Column chromatography using 1-25 % ethyl acetate in hexane yielded 9.25 g (89 %) of yellow 

oil. 
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1H NMR (360 MHz, CDCl3): δ 7.62 (d, J = 8.4 Hz, 2H), 7.20 (d, J = 8.0 Hz, 2H), 3.94 (q, J = 7.2 

Hz, 2H), 2.26 (s, 3H), 1.10 (t, J = 6.07 Hz, 3H). 

13C NMR (500 MHz, CDCl3): δ 144.7, 133.2, 129.8, 127.6, 66.8, 21.4, 14.8. 

Alpha bromination of ethyl tosylate 

Procedure P:174 

 Ethyl tosylate was refluxed with NBS (1.20 equivalents) and benzoyl peroxide (0.400 

equivalents) in about 50.0 mL of solvent overnight. The next day, the reaction mixture was 

washed with brine solution and dried with anhydrous magnesium sulfate. The solvent was 

removed under reduced pressure and some of the product was isolated using column 

chromatography (5-30 % ethyl acetate in hexane) as a yellow to red oil.  

Method 1: 

 Ethyl tosylate (1.00 g, 5.00 mmol) was brominated according to the general procedure in 

chloroform that had been filtered through basic alumina. The product was isolated as 315 mg 

(23 %) of yellow oil that was spectroscopically identical to the reported values below. 

Method 2: 

 Ethyl tosylate (1.00 g, 5.00 mmol) was brominated according to the general procedure in 

dichloroethane that had been filtered through basic alumina. The product was isolated as 637 mg 

(46 %) of yellow oil that was spectroscopically identical to the reported values below. 

Method 3: 

 Ethyl tosylate (1.00 g, 5.00 mmol) was brominated according to the general procedure in 

carbon tetrachloride that had been filtered through basic alumina. The product was isolated as 

631 mg (45 %) of yellow oil that was spectroscopically identical to the reported values below.  
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Method 4: 

 Ethyl tosylate (1.00 g, 5.00 mmol) was brominated according to the general procedure in 

anhydrous benzene to yield 0.488 g (35 %) of a yellow oil, determined to be pure by NMR. 

1H NMR (500 MHz, CDCl3): δ 7.87 (d, J = 8.5 Hz, 2H), 7.58 (d, J = 8.5 Hz, 2H), 4.52 (s, 2H), 

4.13 (q, J = 6.8 Hz, 2H), 1.29 (t, J = 7.0 Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ 143.8, 135.9, 129.9, 128.2, 67.3, 31.4, 14.7. 

Synthesis of di-alkyl[4-sulfonatobenzyl]phosphonium from ethyl-α-bromotosylate 

Procedure Q: 

 Dialkylphosphine and ethyl 4-sulfonatobenzyl bromide (1.25 equivalents) were dissolved 

in anhydrous toluene and left to reflux under nitrogen atmosphere overnight. The next day, the 

resulting product had precipitated out of solution as a cream-colored solid. Recrystallization 

from ethanol with a small amount of water afforded the desired ligand as white crystals.  

Di-1-adamantyl[4-sulfonatobenzyl]phosphonium 

 Di-1-adamantylphosphine (3.89 g, 12.9 mmol) ethyl 4-sulfonatobenzyl bromide (4.49 g, 

16.1 mmol) were reacted according to the general procedure in about 25 mL of anhydrous 

toluene to yield 2.32 g (38 %) after recrystallization. 

1H NMR (500 MHz, DMSO-d6): δ 7.61 (d, J = 7.9 Hz, 2H), 7.37 (d, J = 7.7 Hz, 2H), 6.09 (d, JP-

H = 468.7 Hz, 1H), 4.00 (brs, 2H), 2.12-1.67 (m, 30 H). 

13C NMR (126 MHz, MeOH-d4): δ 144.9, 130.3 (d, JP-C = 5.0 Hz), 129.5 (d, JP-C = 6.0 Hz), 

126.7, 38.0 (d, JP-C = 33.2 Hz), 37.6 (d, JP-C = 2.7 Hz), 36.1 (d, JP-C = 20.3 Hz), 35.1, 27.7 (d, JP-C 

= 9.2 Hz). 

31P NMR (203 MHz, DMSO-d6): δ 37 (d, JP-H = 462.8 Hz). 
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Di-tert-butyl[4-sulfonatobenzyl]phosphonium 

 Di-tert-butylphosphine (0.75 mL, 4.00 mmol) and ethyl 4-sulfonatobenzyl bromide (1.40 

g, 5.00 mmol) were reacted according to the general procedure to yield 0.50 g (38 %). 

1H NMR (500 MHz, MeOH-d4): δ 7.80 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 7.9 Hz, 2H), 4.02 (d, J = 

13.7 Hz, 2H), 1.50 (d, J = 16.5 Hz, 18 H). 

13C NMR (126 MHz, MeOH-d4): d 145.2, 133.6 (d, JP-C = 8.7 Hz), 129.5 (d, JP-C = 6.2 Hz), 126.8, 

33.2 (d, JP-C = 33.8 Hz), 26.3, 20.4 (d, JP-C = 39.3 Hz). 

31P NMR (203 MHz, DMSO-d6): δ 46 (d, JP-H = 461.0 Hz). 

Synthesis of additional tosyl esters 

Procedure R:175 

 Tosyl chloride (1.90 g, 10.0 mmol) and an alcohol (10.0 mmol) were dissolved in 

anhydrous methylene chloride. A solution of DABCO (1.35 g, 12.0 mmol) in anhydrous 

methylene chloride was added while stirring. Upon formation of a white precipitate, 3.00 mL of 

1 M NaOH (aq) and ethyl acetate were added, followed by a series of washes using aqueous 

sodium bicarbonate, aqueous 10 % hydrochloric acid, water, then brine solution. The combined 

organic layers were dried with anhydrous magnesium sulfate and the solvent was removed under 

reduced pressure to yield the product. 

Phenyl-p-tosylate 

 Tosyl chloride was reacted with phenol (0.941 g, 10.0 mmol) according to procedure R to 

yield phenyl tosylate as a white powder (2.19 g, 88 %). 

1H NMR (360 MHz, CDCl3): δ 7.72 (d, J = 7.2 Hz, 2H), 7.33-7.22 (m, 5H), 7.00 (d, J = 7.2 Hz, 

2H), 2.46 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 149.7, 145.3, 132.5, 129.7, 129.6, 128.5, 127.1, 122.4, 21.6. 
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(α,α,α-trifluoroethyl) tosylate 

 Tosyl chloride was reacted with α,α,α-trifluoroethanol (0.750 mL, 10.0 mmol) according 

to procedure R to yield a low melting white solid (2.12 g, 83 %). 

1H NMR (500 MHz, CDCl3): δ 7.75 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 4.35 (q, J = 7.9 

Hz, 2H), 2.36 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 146.2, 131.6, 130.1, 127.0, 122.0 (q, JF-C = 277.6 Hz), 64.6 (q, 

JF-C = 37.8 Hz), 21.2. 

Bromination of additional tosyl esters 

Phenyl [α-bromo-4-methylphenylsulfonate] 

 Phenyl-p-tosylate (2.00 g, 8.00 mmol) was brominated using NBS (1.60 g, 9.00 mmol) 

and benzoyl peroxide (97.0 mg, 0.400 mmol) in anhydrous benzene according to procedure P to 

yield a white powder (1.44 g, 55 %). 

1H NMR (500 MHz, CDCl3): δ 7.79 (d, J = 9.1 Hz, 2H), 7.53 (d, J = 8.6 Hz, 2H), 7.30-7.22 (m, 

3H), 7.01-6.98 (m, 2H), 4.49 (s, 2H).  

13C NMR (126 MHz, CDCl3): δ 149.5, 144.5, 135.0, 129.8, 128.9, 127.4, 122.2, 31.2. 

α,α,α-trifluoroethyl [α-bromo-4-methylphenylsulfonate] 

 (α,α,α-trifluoroethyl) tosylate (2.11g, 8.00 mmol) was brominated using NBS (1.60 g, 

9.00 mmol) and benzoyl peroxide (97 mg, 0.40 mmol) in anhydrous benzene according to 

procedure P to yield a white solid (1.14 g, 43 %). 

1H NMR (500 MHz, CDCl3): δ 7.90 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 8.4 Hz, 2H), 4.51 (s, 2H), 

4.46-4.36 (m, 2H). 

13C NMR (126 MHz, CDCl3): δ 144.0, 134.5, 130.1, 128.5, 121.8 ( q, JC-F = 279.7 Hz), 64.8 (q, 

JC-F = 41.6 Hz), 31.0. 
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Synthesis of dicyclohexyl[phenyl 4-sulfonatobenzyl]phosphonium bromide 

Procedure S: 

 Dicyclohexylphosphine (0.355 mL, 1.70 mmol) and α-bromo-p-phenyl tosylate (0.530 g, 

1.60 mmol) were placed under nitrogen flow, dissolved in anhydrous THF and left to reflux 

overnight. The next day, solvent was removed under reduced pressure and the resulting residues 

were triterated in diethyl ether, filtered, and dried to yield a white powder (0.536 g, 64 %). 

1H NMR (500 MHz, MeOH-d4): δ 7.92 (d, J = 8.2 Hz, 2H), 7.73 (d, J = 8.4 Hz, 2H), 7.36-7.28 

(m, 3H), 7.05 (d, J = 7.9 HZ, 2H), 4.16 (d, J = 14.6 Hz, 2H), 2.69-2.61 (m, 2H), 2.03-1.17 (m, 

20H).  

13C NMR (126 MHz, MeOH-d4): δ 149.7, 136.4 (d, JP-C = 8.8 Hz), 135.4, 1315 (d, JP-C = 7.6 Hz), 

129.6, 129.4, 127.2, 121.8, 30.7 (d, JP-C  = 39.1 Hz), 25.8 (d, J P-C = 12.6 Hz), 25.6 (d, JP-C  = 5.04 

Hz), 24.9, 23.8 (d, JP-C = 39.1 Hz). 

31P NMR (203 MHz, MeOH-d4): δ 31. 

Deprotection of dicyclohexyl[phenyl 4-sulfonatobenzyl] phosphonium bromide 

Procedure T: 

 Dicyclohexyl[phenyl-4-sulfonatobenzyl]phosphonium bromide (0.500 g, 0.950 mmol) 

was dissolved in a 9:1 mixture of dichloromethane and 2 M solution of sodium hydroxide in 

methanol under nitrogen atmosphere. The solution immediately turned yellow and faded over the 

course of an hour while stirring at ambient temperature. The solution was then filtered through 

an air-free glass filter and any remaining solvent was removed under high vacuum. The resulting 

mixture was found by 31P NMR spectroscopy to contain mostly oxide of the desired product, and 

analysis by 1H NMR spectroscopy indicated an indistinguishable mixture of aromatic 

compounds.  
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Attempted synthesis of dicyclohexyl[α,α,α-trifluoroethyl 4-sulfonatobenzyl]phosphonium 

bromide 

 Dicyclohexylphosphine (0.620 mL, 3.00 mmol)  and α-bromo(α,α,α-trifluoroethyl)-p-

tosylate (1.00 g, 3.00 mmol) were reacted according to procedure S to yield a white solid 

containing at least three different deprotonated phosphorus compounds, as determined by 31P 

NMR. 

31P NMR (203 MHz, CDCl3): δ 53 (11 %), 49 (44 %), 32 (45 %). 

Di-tert-butyl[4-bromobenzyl]phosphonium bromide 

Procedure U: 

 Di-tert-butylphosphine (0.370 mL, 2.00 mmol) and 4-bromo-benzylbromide (0.500 g, 2.00 

mmol) were dissolved in anhydrous toluene and left to reflux under nitrogen atmosphere 

overnight. The next day, the resulting white precipitate was filtered and washed with diethyl 

ether to yield 0.580 g (73 %) of the desired product. 

1H NMR (500 MHz, CDCl3): δ 8.85 (bd, JP-H = 474.0 Hz, 1H), 7.66 (d, J = 7.6 Hz, 2H), 7.50 (m, 

2H), 3.90 (brs, 2H), 1.53 (d, J = 16.1 Hz, 18H). 

13C NMR (126 MHz, CDCl3): δ 132.8, 131.8 (d, JP-C = 5.0 Hz), 129.1 (d, JP-C = 5.3 Hz), 122.6, 

33.6 (d, JP-C = 31.5 Hz), 28.1, 22.0 (d, JP-C = 37.8 Hz). 

31P NMR (203 MHz, CDCl3): δ 33 (d, JP-H = 470.0 Hz). 

General Procedure for the deprotonation of DABnSP and DTBBnSP 

Dialkyl[4-sulfonatobenzyl]phosphonium and a carbonate base (5.00 equivalents) were placed in 

a two-neck round bottom flask under nitrogen. Degassed methanol was added to the mixture, and 

the reaction was allowed to stir at room temperature for 24 hours. The solution was then filtered 

by cannula through an air-free glass frit containing celite into a two-neck round bottom flask, 
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where the solvent was removed under high vacuum to yield a white solid that was modestly 

sensitive to oxidation in air. 

Di-tert-butyl[4-sulfonatobenzyl]phosphine sodium salt 

 Di-tert-butyl[4-sulfonatobenzyl]phosphonium (500 mg, 1.58 mmol) was deprotonated 

using sodium carbonate (850 mg, 7.91 mmol) according to the general procedure. 

1H NMR (500 MHz, DMSO-d6): ∂ 7.46 (d, J = 8.06 Hz, 2H), 7.25 (d, J = 8.22 Hz, 2H), 2.83 (d, 

J = 2.82 Hz, 2H), 1.08 (d, J = 10.8 Hz, 18H). 

31P NMR (203 MHz, DMSO-d6): ∂ 35 (s). 

Di-tert-butyl[4-sulfonatobenzyl]phosphine cesium salt 

 Di-tert-butyl[4-sulfonatobenzyl]phosphonium (500 mg, 1.58 mmol) was deprotonated 

using cesium carbonate (2.58 mg, 7.91 mmol) according to the general procedure to yield 2.42 g 

of a mixture of base and phosphine. The resulting mixture was dissolved in water, methanol, and 

t-butanol and allowed to sit in ambient conditions over several weeks. Eventually, colorless 

organic insoluble needled-like crystals formed and were removed, followed by a cream-colored 

solid (97.0 mg, 6.2 %) with NMR spectra corresponding to the desired product. The product was 

then recrystallized by slow evaporation of ethanol/water to yield white needle-like crystals. 

1H NMR (500 MHz, DMSO-d6): ∂ 7.48 (d, J = 8.14 Hz, 2H), 7.26 (d, J = 8.52 Hz, 2H), 2.82 (d, 

J = 2.92 Hz, 2H), 1.08 (d, J = 10.7 Hz, 2H). 

31P NMR (302 MHz, DMSO-d6): ∂ 35 (s). 

Di-1-adamantyl[4-sulfonatobenzyl]phosphine sodium salt 

 Di-1-adamantyl[4-sulfonatobenzyl]phosphonium (500 mg, 1.06 mmol) was deprotonated 

using sodium carbonate (562 mg, 5.30 mmol) according to the general procedure to yield an 
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impure mixture of oxidized ligand, protonated ligand, and other unidentified impurities as 

determined by 31P and 1H NMR analysis. 

Palladium bis(di-tert-butyl[4-sulfonatobenzyl]phosphine) dichloride 

 Di-tert-butyl[4-sulfonatobenzyl]phosphine sodium salt was place into a reflux setup 

under nitrogen atmosphere with palladium dichloride (0.500 equivalents) and anhydrous 

acetonitrile (15.0 mL). The mixture was allowed to reflux overnight to yield a moss green 

powder precipitated using cold diethyl ether. Recrystallization by slow diffusion using ethanol 

and water yielded a glassy yellow solid.  

1H NMR (500 MHz, DMSO-d6): ∂ 8.00 (d, J = 7.53 Hz, 2H), 7.51 (d, J = 7.37 Hz, 2H), 3.67 (bs, 

2H), 1.48 (t, J = 5.95 Hz, 18 H). 

31P NMR (203 MHz, D2O): ∂ 46 (s). 

HR-ESI-MS (cation) m/z calcd for C30H49P2S2O6Cl2PdNa2 (M+) 855.0657, found 855.0724; m/z  

also calcd for C30H48P2S2O6ClPdNa2 (M+) 817.0886, found 817.1001; m/z also calcd for 

C30H50P2S2O6Cl2PdNa (M+) 831.0834, 831.0695. 
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CHAPTER 3. APPLICATION OF WATER-SOLUBLE PHOSPHINE LIGANDS IN 

PALLADIUM-CATALYZED COUPLING REACTIONS 

 

3.1. Introduction 

 With the two new water-soluble phosphine ligands, DTBBnSP and DABnSP in hand, we 

next sought to explore their activity in palladium-catalyzed coupling reactions. It was hoped that 

the addition of the flexible benzyl group with a sulfonate water-solubilizing substituent would 

allow for more challenging substrates (sterically hindered substrates, maybe including aryl 

chlorides) to be coupled than could be achieved with prior water-soluble ligands such as 

DTBPPS and t-Bu-Amphos. However, based on the optimized conditions for the 

dialkylbenzylphosphonium bromides discussed in chapter 1, it was expected that somewhat 

elevated temperatures might be required. Thus, exploration of the activity of our new ligands, 

DTBBnSP and DABnSP, started with optimization of the conditions found to work best for their 

hydrophobic counterparts as discussed in chapter 1.  

3.2. Sonogashira Coupling 

 Condition optimization was performed for the Sonogashira coupling of aryl bromides 

with phenylacetylene (Table 26). The conditions previously reported for the DTBPPS ligand, 

with Pd(OAc)2 as the palladium source and CsOH as the base,176 were found to be ineffective in 

the coupling of 4-bromoanisole with phenylacetylene at 80 ºC (entries 1 and 2 ). Switching to a 
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palladium(0) source, Pd2(dba)3, with a potassium base increased the yield (determined by gas 

chromatography) to 72 % using DTBBnSP as the ligand (entry 5). The optimized conditions for 

DTBBPH+ reported in chapter 1 were also found to work well for DTBBnSP and DABnSP 

(entries 7 and 8). Using PdCl2(CH3CN)2 as the palladium source, a 3:1 ratio of ligand to 

palladium was most effective, with no improvement in yield seen for palladium loadings above 

1.25 mol %. Addition of a potassium acetate additive was explored, based on the acceleration of 

other palladium-catalyzed reactions that is sometimes seen when a carboxylate group is present 

(see chapter 4), but no change in activity was observed.  Predictably, using potassium hydroxide 

in place of potassium carbonate did not lower the yield, since hydroxide and bicarbonate are 

formed from the potassium bicarbonate in aqueous solution. The elevated temperature of 80 ºC 

was also found to be necessary for optimum yields (Table 27).  

 

Table 26: Optimization of the Sonogashira coupling between using DTBBnSP/DABnSP 

 

DTBBnSP    0
DABnSP      2
DTBBnSP   69
DABnSP     49
DTBBnSP   72
DTBBnSP   57
DTBBnSP   65
DTBBnSP   68
DABnSP     45
DTBBnSP   64
DTBBnSP   68

H2O/CH3CN

H2O/CH3CN

H2O/CH3CN
H2O/dioxane
H2O/CH3CN
H2O/CH3CN

H2O/CH3CN
H2O/CH3CN

CsOH

K2CO3

K2CO3
K2CO3
KOH
K2CO3

K2CO3
K2CO3

 none

 none

 none
 none
 none
KOAc

none
none

    2.00:3.75

    1.25:3.75

    1.25:3.75
    1.25:3.75
    1.25:3.75
    1.25:3.75

    1.00:2.00
    2.00:6.00

Pd(OAc)2

PdCl2(CH3CN)2

Pd2(dba)3
PdCl2(CH3CN)2
PdCl2(CH3CN)2
PdCl2(CH3CN)2

PdCl2(CH3CN)2
PdCl2(CH3CN)2

1
2
3
4
5
6
7
8
9
10
11

Entry   Pd source             Ratio Pd:L    Additive            Base              Solvent                    Yield (%)b

                                           (mol %)    (2.00 mol %)  (1.01 equiv)   (1:1; 1 mL ea)

aUsing procedure C. bYield determined by gas chromatography.

Br

O
+

80 ºCa

O
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Table 27: Temperature optimization for the Sonogashira coupling using DTBBnSP 

 

 

 Using the optimized conditions, a small variety of aryl bromides could be coupled with 

phenylacetylene to obtain modest yields using DTBBnSP and DABnSP as ligands (Table 29). In 

most cases, DTBBnSP gave a more effective catalyst than DABnSP, particularly for the 

sterically hindered substrate, bromomesitylene (entries 3 and 4). All of the reactions except the 

coupling of 4-bromoanisole were found to reach completion within 2 hours. Both electron-

deficient and electron-rich aryl bromides could be coupled with yields of 70 % or higher for 

DTBBnSP, and two heterocycles (2-bromopyridine and 3-bromothiophene) were also coupled 

with phenylacetylene in moderate yields.  Coupling of 2-bromothiophene with phenylacetylene 

resulted in lower yields (entries 13 and 14). 

 

 

 

 

 

 

Br

O
+

PdCl2(CH3CN)2 1.25 mol %
DTBBnSP 3.75 mol %

K2CO3 1.10 equiv

H2O/CH3CN

Temp (ºC)          23           50             80

Yield (%)a         49           59             69

aUsing procedure C; 
yield determined by gas chromatography

O
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Table 28: Substrate scope for the Sonogashira coupling of aryl bromides with phenylacetylene 

 

 

 The coupling of aliphatic alkynes was also attempted (Table 29). Switching the base from 

potassium carbonate to N-methyldicyclohexylamine afforded moderate yields for the coupling of 

4-bromoanisole with 1-hexyne and 5-hexynenitrile. 2-Bromotoluene, which is slightly hindered, 

produced low yields when coupled with 1-hexyne (entries 3 and 4). Because the reactions 

required a temperature of 80 ºC to achieve the highest possible yield, evaporation of 1-hexyne 

was considered as potential cause of decreased yield. However, running the reactions in sealed 

glass pressure tubes did not improve the yield of desired product. Coupling of 5-hexynenitrile 

with 4-bromoanisole was achieved with greater success than 1-hexyne (entries 5 and 6).  

 

Br
+

PdCl2(CH3CN)2 1.25 mol %
Ligand 3.75 mol %
K2CO3 1.10 equiv

H2O/CH3CN
80 ºCa

2-12 h

R
R

      Aryl Br              Entry                Yield (%)b          Aryl Br          Entry            Yield (%)b

Br

O

Br

Br

F3C

Br

N Br

Br

S Br

S

Br

1       DTBBnSP   69
2       DABnSP     43

3       DTBBnSP  51
4       DABnSP    33

5       DTBBnSP  78
6       DABnSP    73

7       DTBBnSP  87
8       DABnSP    89

9       DTBBnSP  79                
10     DABnSP    69

11      DTBBnSP  86
12      DABnSP    86

13      DTBBnSP  36
14      DABnSP    28

15      DTBBnSP  65
16      DABnSP    73

aUsing procedure A. bAvg of at least two trials.
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Table 29: The Sonogashira coupling of aryl bromides with aliphatic alkynes 

 

 

 Next, the use of a water-soluble palladium source was considered, as a means of more 

quickly generating the active catalyst species. Several different palladium sources were 

compared for the Sonogashira coupling of 3-bromobenzothiophene, including the unpurified 

palladium(II) dichloride complex of DTBBnSP as a moss green powder mentioned in the last 

chapter (Table 30). Sodium tetrachloropalladate is an easily accessed palladium source, which 

we hoped would allow for easier generation of the active palladium species in-situ due to its 

hydrophilicity. It was determined that the same catalyst loadings used for PdCl2(CH3CN)3 were 

effective for Na2PdCl4 (Table 31). It was expected that switching to a water-soluble palladium 

source would allow the Sonogashira couplings to be performed with greater success, especially 

Br
+

R2

PdCl2(CH3CN)2 1.25 mol %
Ligand 3.75 mol %
NMeCy2 1.10 equiv

H2O/CH3CN
80 ºCa

R1
R1

R2

Br

O

Br

Aryl Br                    Alkyne             Entry             Yield (%)b

Br

O
Br

O

N

OH

1    DTBBnSP     57
2    DABnSP       46

3    DTBBnSP     25
4    DABnSP       30c

5    DTBBnSP     78
6    DABnSP       72

7    DTBBnSP    47d,e

8    DABnSP      35e

aUsing procedure B. bAvg of at least two trials.
cYield not pure product; >2 unidentifiable impurities
 dadded 1mol % CuI. e2.2 equiv base.
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in water alone. However, both palladium sources used (Na2PdCl4 and PdCl2(CH3CN)2) worked 

best in a 1:1 ratio of water and acetonitrile for all substrates except 3-bromobenzothiophene 

(Table 31), perhaps due to the hydrophobicity of the coupling substrates and partial miscibility of 

substrate-saturated acetonitrile in water.  Almost no difference in yield was seen by switching to 

Na2PdCl4 from PdCl2(CH3CN)2.  

 

Table 30: Comparison of water-soluble palladium sources for the Sonogashira coupling of 3-

bromobenzothiophene with phenylacetylene 

 

 

 

 

 

+

Pd Source 1.25 mol %
DTBBnSP 3.75 mol %

K2CO3 1.10 equiv

2 mL Solvent
80 ºC

S

Br

S

1   PdCl2(CH3CN)2       H2O/CH3CNb           
2   PdCl2(CH3CN)2             H2O                    
3   Na2PdCl4                  H2O/CH3CNb          
4   Na2PdCl4                        H2O                   
5   Pd(NO3)2                  H2O/CH3CNb          
6   Pd(NO3)2                        H2O                  
7   PdCl2(DTBBnSP)2

c  H2O/CH3CNb         
8   PdCl2(DTBBnSP)2

c       H2O                   
9   PdCl2(DTBBnSP)2          H2O                    
10 PdCl2(CH3CN)2             H2O                    

aisolated yields. b1:1 ratio. ccrude unpurified 
complex. d50 ºC. eno reaction by GC. fwithout ligand.

Entry     Pd Source                 Solvent            Yield (%)a

59
67
52
63
54
48
54
52
0d,e

0e,f
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Table 31: Aqueous condition comparison for the Sonogashira coupling of aryl bromides 

 

 

 Heterocyclic substrates can be challenging for many coupling systems due to their 

coordinating ability. The Plenio group had previously reported a series of Sonogashira couplings 

using water-soluble NHC’s.143 It was found that heterocycles worked particularly well as the 

coupling partners in these aqueous systems. Plenio and Roy reasoned that the hydrogen bonding 

ability of the solvent decreased the inhibiting influence of the heteroatoms. However, we did not 

Br
+

Pd Source 1.25 mol %
Ligand 3.75 mol %
K2CO3 1.10 equiv

2.00 mL Solvent
80 ºCa

R
R

N Br

O

Br

Br

S
Br

S

Br

S Br

                                                                                      Isolated Yield (%)
Aryl Bromide                                   Na2PdCl4                        Na2PdCl4                PdCl2(CH3CN)2
                                                       CH3CN/H2O                        H2O                             H2O

DTBBnSP           85                                 56                                   61
DABnSP             81                                 76                                   76

DTBBnSP           74                                 54                                   52
DABnSP             42                                 43                                   37

DTBBnSP           82                                 75                                   81
DABnSP             73                                 23                                   28

DTBBnSP           52                                 63                                   67
DABnSP             36                                 38                                   56

DTBBnSP           70                                 55                                   54
DABnSP             66                                 56                                   49

DTBBnSP           35                                 13                                   20
DABnSP             26                                 26                                   26

aAvg of at least two trials.
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observe uniformly significant differences in the coupling of heterocyclic substrates versus other 

aryl bromides for our water-soluble phosphines, and we cannot be certain that use of an aqueous 

system plays a particularly beneficial role in this regard.  

 Buchwald had reported that propiolic acid, a challenging substrate, worked well in the 

copper-free Sonogashira coupling of aryl bromides at elevated temperatures using a sulfonated 

variant of X-phos (eq 13).138 This led us to attempt the Sonogashira coupling of 4-bromoanisole 

with propiolic acid using the optimized conditions for PdCl2(CH3CN)2 and DTBBnSP. However, 

none of the expected Sonogashira product could be isolated, and instead a 56 % yield of the 

decarboxylative diarylated product was produced (Table 32). Since traditional Sonogashira 

coupling calls for a CuI cocatalyst, a second attempt was made to produce the Sonogashira 

product (entry 2). However, addition of CuI to the reaction instead increased the yield of the 

decarboxylative diarylated product to 67 %. Increasing the amount of aryl bromide did not 

greatly the affect the yield of the diarylated decarboxylative product, which was consistently 

produced in approximately 30 % yield based on the propiolic acid, regardless of the amount of 

aryl bromide used. Increasing the amount of CuI, using a PivOH additive, or increasing the 

amount of base did not improve the yield.  

 

 

 

 

 

O

Br

OH

O
+

PdCl2(CH3CN)2 2.5 mol %
L 7.5 mol %

Cs2CO3 5 equiv

H2O/CH3CN (1:1)
100 ºC
8-12 h

OH

O

O

Ligand =

PCy2
iPr iPr

SO3Na

(13)
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Table 32: Decarboxylative Sonogashira diarylation of propiolic acid with 4-bromoanisole 

 

 

 A brief search of the literature revealed that decarboxylative  and deacetonative 

Sonogashira couplings have served as ‘promising alternatives’ to traditional Sonogashira 

reactions which are sometimes limited by ‘poor tolerance to electron-poor terminal alkynes and 

generation of diynes as byproducts (Schemes 5 and 6).177-178 Scheme 7 shows the accepted 

proposed mechanism for decarboxylative Sonogashira couplings as presented by Yang and Wu. 

In many cases, the difference in activity of aryl iodides versus bromides and chlorides has been 

utilized to synthesize the type of products shown in Schemes 5 and 6 in two steps. These two 

steps may be performed either separate or in-situ. The first step is a traditional Sonogashira 

coupling to generate the substituted alkynyl carboxylic acid/dimethylalcohol, and the second step 

is a decarboxylative or deacetonative Sonogashira coupling. Diarylated products such as the one 

Br
+

PdCl2(CH3CN)2 1.25 mol %
DTBBnSP 3.75 mol %

K2CO3 2.20 equiv

H2O/CH3CN
80 ºC

O

O

OH

O O

1                1: 1.1                          none                           56b

2                1: 1.1                   CuI 1.00 mol %                67b 

3                1: 1.1                          none                           28c

4                2: 1.1                          none                           31b

5                2: 1.1                   CuI 1.00 mol %                32b

6                2: 1.1                   CuI 2.80 mol %                38c

7                1: 1.1           CuI 1.00 mol % and 
                                          PivOH 1.00 mol %               31c

8                1: 1.9                   CuI 1.00 mol %                  0c,d

aisolated yield, except where noted. bavg at least two trials. 
caccording to procedure C; yield determined by gas
chromatography. dbase increased to 3.8 equiv.

Entry   Ratio aryl Br: acid    Cocatalyst/Additive        Yield (%)a
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we produced in Table 32 are typically reported as undesired byproducts, and we do not yet know 

if this reaction can be adapted to other aryl halides or if there is a potential application for such 

products. Future work may entail examining whether similar two-step reactions as have been 

reported in the literature can be developed for our ligand system based on the differences in 

activity for aryl halides.  

 

 

Scheme 4: Decarboxylative Sonogashira coupling to generate asymmetric diaryl alkynes 

 

 
Scheme 5: Deacetonative Sonogashira coupling to generate asymmetric diaryl alkynes 

 

X
R1 +

R2

OH

O

OH

OX = I, Br, Cl, OTf

Pd or Cu

      i) Pd 

ii) X
R2

R1

R2

X
R1 +

R2

OH

OHX = I, Br, Cl

Pd or Fe

i) Pd or Pd/Cu

ii) X
R2

R1

R2
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Scheme 6: Proposed mechanism for decarboxylative coupling 

 

3.3. Suzuki Coupling 

 Next our attention was turned to the application of DTBBnSP and DABnSP in Suzuki 

couplings. Table 33 shows the substrate scope studied and a comparison of yields for our new 

ligands versus the DTBPPS ligand that was previously synthesized in the Shaughnessy group.147 

Using palladium(II) acetate as the palladium source and sodium carbonate as the base, optimal 

yields were achieved at 50 ºC for DTBBnSP and DABnSP. Under these conditions, good yields 

were achieved for a variety of aryl bromide and arylboronic acid substrates, including electron-

rich, electron-poor, potentially coordinating (4-bromobenzonitrile, entries 7-8), and sterically 

hindered substrates (entries 10-15). Similar to the results achieved using the sterically flexible 

TNpP ligand in chapter 1, attempts to couple aryl chlorides were unsuccessful, even at elevated 

temperature. For the coupling of 4-bromotoluene with phenylboronic acid, good yields were 

PdL2

Pd source

+ 2L- 2L Ar-Cl

L2Pd
Ar

Cl

Oxidative
Addition

L2Pd
Ar

O
O

R

R
O-K+

O

K2CO3

R
OH

O

K+Cl-

Ligand Exchange

CO2

L2Pd
Ar

R

R

Ar

Decarboxylation

Reductive
 Elimination
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achieved at room temperature (entries 4-6). In these cases, the yields were comparable to those 

reported for DTBPPS, which worked well in most cases without heating. Additionally, we were 

able to improve upon the previously reported yields of more challenging substrates, such as 

bromomesitylene using DTBPPS, by increasing the temperature to 50 ºC (entry12). A slight 

solvent effect was noted for more hindered substrates, which seemed to work better in a 1:1 

mixture of THF/H2O than CH3CN/H2O. 

 

Table 33: Substrate scope for the Suzuki coupling of aryl bromides using DTBBnSP and 

DABnSP 

 

O

Br

Br

Br

F

B(OH)2

F

B(OH)2

B(OH)2

B(OH)2

B(OH)2

S
Br

O

B(OH)2

Br
R1

B(OH)2

R1

NC

Br B(OH)2

Br B(OH)2

R2

+

Pd(OAc)2 2.00 mol %
Ligand 2.00 mol %
Na2CO3 1.10 equiv.

CH3CN/H2O
50 ºC

aAt 23 ºC, Shaughnessy, K.H. et al, Synthesis 2008, 12,1965-1970. bAt room temperature. cYield determined by gas chromatography.
 dAt 80 ºC, attempted with cat./L loadings of 2 mol% and 4 mol% (no change).

Isolated Yield (%):

1    DTBBnSP          92                 87
2    DABnSP           100                nd
3    DTBPPS            94a               75b

4    DTBBnSP          94b               80b

5    DABnSP            97                 nd
6    DTBPPS            98a               92b

7    DTBBnSP           89                74
8    DABnSP             96                92
9    DTBPPS             98a               nd

10   DTBBnSP           56c               83
11   DABnSP             nd                80
12   DTBPPS             70                76

13   DTBBnSP           63c               79
14   DABnSP             77

16   DTBBnSP        90
17   DABnSP

15   DTBBnSP        87

18   DTBBnSP       100
19   DABnSP          97

20   DTBBnSP        72c

21   DABnSP          76

Cl

O

B(OH)2 22   DTBBnSP        19c,d

23   DABnSP          49c,d

B(OH)2

CH3CN/H2O THF/H2O

R2

CH3CN/H2O
Isolated Yield (%):

Aryl Bromide     Aryl Boronic Acid  Entry Aryl Bromide     Aryl Boronic Acid  Entry

89

O

Br

O

Br

Br

91
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 Further analysis of the observed solvent effect is shown in Table 34. The yields reported 

are averages of two or more runs that agree within 9%, which suggest that differences of larger 

than 10 % may be meaningful.  

 

Table 34: Comparison of solvent influence for the Suzuki coupling of hindered and unhindered 

aryl bromides with phenylboronic acid 

 

 The more hindered bromides (bromomesitylene and 2-bromoanisole) resulted in 

consistent increases in yield at or above 10 % when THF/H2O was used in place of CH3CN/H2O. 

Br

Br

Br

DTBBnSP     
DTBPPS       

DTBBnSP    
DTBPPS        

DTBBnSP     

DTBBnSP             
DTBPPS       

DTBBnSP      
DTBPPS        

DTBBnSP      
DTBPPS

H2O   THF/H2O  CH3CN/H2O   !2-3  !Water-Best Org   H2O   THF/H2O  CH3CN/H2O   !2-3  !Water-Best Org              

    1            2                  3                                                 1            2                   3

At Room Temperature At 50 ºC
Yield (%)a                                                               Yield (%)a

O

Br

O

Br

Br
R

B(OH)2

Pd(OAc)2 2.00 mol %
Ligand 2.00 mol %

Na2CO3 1.10 equiv
12-24 hrs

R

Br

aAvg of two or more trials varying less than 9% using procedure A. Yield determined by gas chromatography. bVerified by one or more isolated 
yields.

Aryl Bromide     Ligand

62
75b

92b

95b

96b

100 b

95b

90
89b

98b

99b

75
79

85
80b

88

85b

92b

78b

75b

71b

80b

64b

64b

80
75b

86

94b

95

64
56b

90
97

11
15

5
5

3

-9
-3

14
19

-19
-17

-13
4

7
15

10

6
0

26
14

8
3

70b

76

98b

94b

97b

95
94

97b

92

100
97

83b

89b

97b

86b

97

88
89

73b

76b

86b

96

57
88

96b

91b

100

87b

nd

76b

91

96b

nd

26
1

1
-5

-3

-1
n/a

-3
-15

-10
n/a

-13
-13

1
3

-3

7
5

21
1

4
1
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Increases in yield under 10 % were observed for 2-bromotoluene when THF/H2O was used in 

place of CH3CN/H2O.  In contrast, the unhindered aryl bromides showed small decreases in yield 

(below 10 % change) except for 4-bromoanisole, which resulted in a potentially meaningful 

lower yield for THF/H2O versus CH3CN/H2O (17-19 % lower). Use of water alone as the solvent 

compared with the highest yield produced for an organic/aqueous system resulted in an increase 

of yield for several substrates, but a clear pattern of dependence upon the steric accessibility of 

the aryl bromide was not observed.  The effect of using THF in place of acetonitrile may indicate 

a non-innocent role for the solvent, where the greater metal coordinating ability of acetonitrile 

may slow or limit reactions of hindered substrates.  

3.4. Catalyst Recycling Using DTBPPS 

 DTBPPS continues to be an exceptionally active and versatile ligand for the Suzuki and 

Sonogashira couplings of aryl bromides and chlorides under relatively mild conditions. Based 

upon this success, the ability to recycle a palladium catalyst generated using the DTBPPS is a 

practical consideration in developing studies. Several factors are important when establishing a 

recyclable catalyst system, including the ability to easily separate the catalyst from the reactants 

and products, the lifetime of the active species, and limiting catalyst leaching into the products. 

One approach, used in the Shaughnessy group, is to run reactions in a biphasic system, with an 

immiscible organic and aqueous layer.  

 Figure 14 depicts how initial catalyst recycling studies using DTBPPS were performed. 

In the first cycle, the reactions were set up in a 1-1.5 dram vial containing two solvent layers (an 

organic phase and an aqueous phase) under nitrogen atmosphere. Once the first cycle was 

completed, the organic solvent layer containing the reactants and products was extracted by 



 103 

syringe for analysis by gas chromatography and isolation of the desired product. Next the 

remaining aqueous portion, which had been placed under active nitrogen pressure during 

removal of the organic portion, was transferred for reuse to a fresh vial (sealed under nitrogen) 

containing the new aqueous soluble reactants. Fresh organic solvent and organic soluble 

reactants were then added by syringe and the reaction was allowed to stir/heat until completion 

of the second cycle.  

 

Figure 14: Method of aqueous phase recycling for a biphasic Suzuki coupling 

 

 The Suzuki and Sonogashira reactions previously reported using DTBPPS were primarily 

optimized for an aqueous/acetonitrile solvent system. Pure acetonitrile is miscible in water, but 

addition of the reactants and other materials to the aqueous/acetonitrile solvent system in 

concentrations of 0.5 to 1 M often allows for partial or complete separation of the two layers. 

Nevertheless, first attempts at developing a recyclable catalyst system using DTBPPS considered 

using less hydrophilic solvents in place of the acetonitrile. Ideally, a biphasic system could be 
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developed that would allow for lower concentrations of reactants to be used also, as will be 

addressed further in the next section with the discussion of continuous-flow applications.  

 Attempts to adapt the previously reported Sonogashira conditions for DTBPPS to less 

miscible solvent systems including water/toluene, water/ethyl acetate, and water/dioxane were 

unfruitful, producing yields of no higher than 27 percent for the coupling of 4-bromoanisole or 4-

bromoacetophenone with phenylacetylene. However, the Suzuki coupling reactions of aryl 

bromides using DTBPPS were found to be amenable to water/ethyl acetate and several recycling 

trials were performed. First, the coupling of 2-bromotoluene with phenylboronic acid was 

performed at room temperature up to 4 times before substantial loss of catalyst activity was 

observed based on the yields determined by gas chromatography (Table 35). After the 5th cycle 

for trial 4, the desired product was isolated in 87 % yield to verify the yields determined by gas 

chromatography. For this substrate set, reaction times of at least 1 hour were required for yields 

above 50 %, and 1.5 hours was necessary for maximum conversion. Suzuki couplings are 

particularly challenging for catalyst recycling by this method for the practical reason that copious 

amounts of precipitate can be formed in the reaction flask from boronic acid, base, and other 

materials such as halide salts. In this first trial of the coupling of 2-bromotoluene and 

phenylboronic acid, precipitate formation on the sides of the reaction vial prevented visible 

separation of the two solvent layers and the trial was halted after the second cycle. Incomplete 

separation of layers between cycles may also account for some of the variance in yields per cycle 

from trial to trial (e.g. trials 1 and 3 versus trial 2). 
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Table 35: Recycling of DTBPPS/Pd in the Suzuki coupling of 2-bromotoluene and 

phenylboronic acid 

 

 Recycling of the aqueous layer was also achieved for the Suzuki couplings of 4-

bromotoluene and 4-bromo-tert-butylbenzene with phenylboronic acid (Tables 36 and 37). In 

these cases, loss of catalyst activity was observed consistently in the second cycle, even with 

some variance of reaction time in a 4-17 h window. By the third cycle, activity was effectively 

halved for both substrate sets. Transfer of solvent layers was inhibited by salt and product 

precipitation, indicating that studies using less concentrated solvent layers may be required for a 

clearer picture of catalyst recyclability. 

 

 

Br B(OH)2
+

Pd(OAc)2 2.00 mol %
DTBPPS 2.00 mol %
Na2CO3 1.10 equiv

H2O/EtOAc
RT

1.5 h

                                                Yield (%)a

Aqueous Cycle/          1        2       3       4       5
  Trial No.

          1                      91       80b     nd     nd     nd
 2                      88      100      nd     nd     nd
3                      97       80       85     80     40
4                      99       93       82     64c    93 (87d)

aDetermined by gas chromatography. bSolvent layers
 could not be separated. cReaction only allowed
 to run 1 hour. dIsolated yield.
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Table 36: Recycling of DTBPPS/Pd in the Suzuki coupling of 4-bromotoluene and 

phenylboronic acid 

 

 

Table 37: Recycling of DTBPPS/Pd in the Suzuki coupling of 4-bromo-tert-butylbenzene and 

phenylboronic acid 

 

Br B(OH)2
+

Pd(OAc)2 2.00 mol %
DTBPPS 2.00 mol %
Na2CO3 1.01 equiv

H2O/EtOAc
RT

                                                 Yield (%)a

Aqueous Cycle/          1        2       3       4       5
  Trial No.

          1                      94b     73c     45d    3e     3e

 2                      85f     74e     40d    nd    nd
3                      88b     78e     43d,g  17c  nd

aDetermined by gas chromatography. bReaction time: 4-4.5 h.
 cPrecipitation hindered transfer of layers. dReaction time: 12-17 h.
 eReaction time: 5 h. fReaction time 2-3 h.
 gpossible homocoupled product formation observed in GC.

Br B(OH)2
+

Pd(OAc)2 2.00 mol %
DTBPPS 2.00 mol %
Na2CO3 1.10 equiv

H2O/EtOAc
RT

                                                 Yield (%)a

Aqueous Cycle/          1        2       3       4       5      6
  Trial No.

          1                      96b     63c    45b   69c    48b    0b

 2
3

aDetermined by gas chromatography. bReaction time: 5 h.
cReaction time: 12-17 h.

92b     51c     nd    nd     nd     nd
92b    46c      9b    nd     nd     nd
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 The Suzuki coupling of 2-bromotoluene with 2,4-difluorophenylboronic acid using the 

DTBPPS system was not previously reported, but we found that moderate yields could be 

achieved when the reaction was heated to 50 ºC for 24 hours. While the reaction time is not ideal 

for practical applications, the study of this ligand system under mild heating and longer times is 

valuable insofar as it shows how stable the active species is with less concern for interfering 

factors such as physical separation of solvent layers. Two trials were performed using this 

somewhat more challenging substrate set, and very little loss of catalyst activity was observed 

for up to 4 cycles (Table 38).  

 

Table 38: Recycling of DTBPPS/Pd in the Suzuki coupling of 2-bromotoluene and 2,4-

difluorophenylboronic acid 

 

 

 Attempts to recycle the DTBPPS catalyst system for the coupling of aryl chlorides were 

unsuccessful, probably due to the higher temperature (80 ºC) required for timely conversion of 

Br B(OH)2
+

Pd(OAc)2 2.00 mol %
DTBPPS 2.00 mol %
Na2CO3 1.01 equiv

H2O/EtOAc
50 ºC
24 h

                                            Yield (%)a

Aqueous Cycle/          1        2       3       4      
  Trial No.

          1                      69       66     60      65
 2                      70       63     51      nd

aDetermined by gas chromatography.

F

F

F

F
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the substrates to the desired coupling product. Elevated temperature appears to decrease the 

lifetime and stability of the catalyst. Additionally, the coupling of 2-chlorotoluene with 

phenylboronic acid required 12 hours to reach completion under our conditions, a reaction time 

that we found to be inhibitory to recycling even for the aryl bromides that could be coupled at 

room temperature.  

 Based on these results, DTBPPS does show promise as a stabilizing ligand for palladium 

catalyst recycling in Suzuki coupling reactions as compared with previous reports of effective 

catalyst reuse of up to four cycles. In any case these promising results are pending further study 

of catalyst leaching into the organic layer and adaptation to less concentrated solvent systems. 

Catalyst leaching is believed to be a problem in some of the other reported systems.102,116-118,124 

Palladium leaching may be measured by condensing the resulting organic layers and analyzing 

by atomic absorption spectroscopy. Effort to develop a milder set of reaction conditions is also 

likely necessary in order to foster a long-lived recyclable catalyst system.  

3.5. Comparison of Mixing in Batch and Flow for Sonogashira Coupling Reactions Using 

DTBPPS 

 Microfluidics and continuous-flow reactors are promising alternatives to traditional batch 

reactions for industrial and pharmaceutical applications due to the ability to run a reaction system 

continuously and flush between runs rather than complete disassembly as is required for batch 

reactions.179 Additionally, these alternative systems are of particular interest for reasons such as 

increased surface area at the solvent-solvent interface in-flow compared with batch reactions 

(Figure 15).180 This increased surface area holds promise as a means for improving the 

productivity and recyclability of biphasic systems such as the DTBPPS catalyst system, as well 

as the potential for kinetic analysis without inhibition from rate-limiting mixing. This is an area 
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of interest to the Ryan Hartman group, and we recently published collaborative work with their 

group on the Sonogashira coupling of 4-bromobenzotrifluoride with phenylacetylene (eq 14) in-

batch versus in-flow.  

 

Figure 15: Schematic of in-flow solvent layer mixing versus in-batch 

 

 

 

 In order to adapt the coupling reaction shown in equation 14 to flow conditions, it was 

desirable to shorten the reaction to a time scale on the order of tens of minutes rather than the 

lengthier times that are often used for methodological development. A series of reactions were 

run on the 1 mmol scale using several different temperatures. For consistency between the flow 

Syringe Pump 1
     Organic

Syringe Pump 2
     Aqueous

Analysis/Reuse

Additional Pump(s)
 for Extraction

Tubing Coil
in Temp Controlled Bath

vs.Organic

Aqueous

Br

F3C

Pd(CH3CN)2 2 mol %
DTBPPS 2 mol %

CsOH•H2O 1.1 equiv

H2O/CH3CN
80 ºC F3C

(14)



 110 

and batch studies, the reactions were all prepared from fresh stock organic and aqueous solutions 

at 0.5 M concentration (based on the limiting reagent, 4-bromobenzonitrile) that had been 

filtered using PTFE syringe filters and allowed to sit for approximately 45 minutes to eliminate 

particulates as well as bubbles produced by the surfactant-like DTBPPS ligand. In batch, it 

initially appeared that heating the reaction to 80 ºC was required for complete conversion to 

product in a 20 minute time window. Therefore, 80 ºC was accepted as the optimal reaction 

temperature, and focus shifted to improving the reproducibility of the yield plots as a factor of 

time.  

 It was found that carefully centering the reactions on the stirplate, consistent height 

placement above the stir-plate in the oil-bath, method of sampling for GC analysis, and above all 

the rate of stirring were crucial to producing plots with standard deviations below 20-30 %. After 

some manual practice, standard deviations were brought in many cases below 10 %, with each 

data point representing at least 3 separate reactions (at least 6 separate reactions for Figure 17). 

Each trial was run with three reactions at a time. Consistent sampling of 25 µL of the reaction 

mixture of three separate reactions could be achieved in a 30 second window for each time point.  

Eventually, it was discovered (see Figure 16) that only a stir plate setting of 10 (1100 rpm, based 

on Corning’s listed criteria) on our Corning PC-420 stirrer/hot-plate could give us reasonable 

reaction rates in our time-studies. Furthermore, once we accounted for the inconsistency of our 

earlier results based on stir-speed, we realized that stir-speed alone was more effective at 

shortening the reaction time than increasing the reaction temperature (Figure 17). At the highest 

stir-speed, a short reaction time (10 minutes or less) was then achievable even at 50 ºC.  
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Figure 16: Reaction progression of 4-bromobenzotrifluoride with phenylacetylene (eq 14) at 

varying stir speeds in-batch and in-flow 

 

 
Figure 17: Reaction progression of 4-bromobenzotrifluoride with phenylacetylene (eq 14) using 

highest stir speed at varying temperatures 
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 Based on calculations by the Hartman group, it was expected that applying our reaction 

solutions in-flow would improve reaction rate as it is limited by mixing due to increased surface 

area between the two solvent layers. To our delight, the in-flow studies using our solutions 

proceeded as fast as our best reaction times at 1100 rpm in-batch (Figure 16). Additionally, some 

improvement in the initial reaction rate was observed in-flow compared with the batch system. 

The flow reaction studies were halted after 5 minutes as the reactor became clogged with product 

precipitating out of solution. As mentioned in the previous section, we have been unable at this 

time to adapt a Sonogashira coupling using the DTBPPS ligand effectively to a solvent system 

other than water and acetonitrile. In time, it is hoped that a less miscible solvent system 

containing a better solubilizing organic layer can be developed. The Hartman group was able to 

successfully use these results for some kinetic analysis and work is on-going for the adaptation 

of water-soluble phosphine ligands in a biphasic system to continuous flow reactors with the 

hope of effecting catalyst recycling applications. 

3.6. Conclusions 

 Two new water soluble phosphine ligands, DTBBnSP and DABnSP have been 

successfully applied to the Sonogashira and Suzuki coupling of a variety of aryl bromides, 

including some sterically hindered substrates. Some heterocycles were successfully coupled, and 

sodium tetrachloropalladate was found to be a viable alternative to palladium(II) acetate as the 

palladium source. Regardless of palladium source used, a mixed solvent system of acetonitrile 

and water was more effective than water alone for the Sonogashira couplings. Aliphatic alkynes, 

such as 1-hexyne were less successfully coupled than phenylacetylene, except for 5-hexynenitrile. 

Attempts to couple 4-bromoanisole with propiolic acid resulted in an unexpected 

decarboxylative diarylated Sonogashira product, but it is not yet known whether this result may 
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be extended to other aryl halides or for the synthesis of asymmetric alkynes. In the Suzuki 

couplings, a slight solvent influence was noted, in which case exchanging an acetonitrile/water 

solvent system for tetrahydrofuran/water improved yields for sterically hindered aryl bromides 

by as much as 19 %. Acetonitrile/water remained the best solvent system for less hindered aryl 

bromides. DTBPPS remains an excellent ligand for Suzuki and Sonogashira couplings in 

aqueous systems at low temperatures. DTBPPS has been found to generate a recyclable catalyst 

for up to 3 reaction cycles in Suzuki couplings of aryl bromides at low temperatures, but further 

study is needed to determine whether catalyst leaching is occurring. DTBPPS has also been 

successfully applied in a continuous-flow reactor for the Sonogashira coupling of 4-

bromobenzotrifluoride and phenylacetylene, laying the groundwork for further mechanistic and 

catalyst recycling considerations.  

3.7. Experimental 

General Experimental Details: 

 All chemicals were obtained from commercial sources and used as received, except 

where noted. Pd(OAc)2 and Pd2(dba)3 were provided by Johnson-Matthey. 

Bis(acetonitrile)palladium dichloride was synthesized from palladium dichloride by refluxing in 

acetonitrile for several hours, then precipitating with cold diethyl ether, and filtering to yield a 

yellow-orange powder.181 3-(Di-tert-butylphosphonium)propane sulfonate (DTBPPS) was 

synthesized according to a previously reported procedure.147 Di-tert-butylphosphine was 

obtained from FMC, Lithium Division. Toluene was distilled from sodium under nitrogen prior 

to use. THF was distilled from sodium/benzophenone under nitrogen. Water and acetonitrile 

were deoxygenated by sparging with nitrogen prior to use. All reactions were assembled in a 

nitrogen-filled glovebox. Reaction temperatures refer to previously equilibrated oil bath 
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temperatures. Coupling reaction progress was monitored by GC (Varian 3800). NMR spectra 

were obtained on Brüker NMR spectrometers operating at 360 or 500 MHz. 1H and 13C NMR 

spectra are referenced to the NMR solvent peaks or internal TMS. HRMS were obtained on a 

magnetic sector mass spectrometer using EI ionization and operating in the positive ion mode. 

Procedures for the Sonogashira Coupling: 

Procedure A: 

 In a nitrogen filled glovebox, the palladium source (0.0125 mmol), water-soluble 

phosphine ligand (0.0375 mmol), and potassium carbonate (151.8 mg, 1.10 mmol) were 

measured into a 1 dram vial containing a small stir bar. The vial was sealed with a screw cap and 

septum and removed from the glovebox before adding aryl halide (1.00 mmol), aryl acetylene 

(1.10 mmol) and 2.00 mL of deoxygenated solvent. The reaction vial was placed in a preheated 

oil bath to stir for at least two hours. Reaction completion was followed by gas chromatography. 

Upon completion, the reaction mixture was taken into diethyl ether, washed with brine solution, 

dried with anhydrous magnesium sulfate, and filtered. The excess organic solvent was removed 

under reduced pressure and the crude residues were taken into methylene chloride and 

evaporated onto silica gel under reduced pressure. Once dry, the silica gel mixture was used in 

column chromatography. 

Procedure B: 

 In a nitrogen filled glove box, PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and a water-

soluble phosphine ligand (0.0375 mmol) were measured into a 1 dram vial containing a small stir 

bar. The vial was sealed with a screw cap and septum and removed from the glovebox before 

adding Cy2NMe (235 µL, 1.10 mmol), aryl halide (1.00 mmol), alkyl acetylene (1.10 mmol) and 

1.00 mL each of deoxygenated DI water and acetonitrile. The reaction vial was placed in a 
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preheated oil bath to stir for at least two hours. Reaction completion was followed by gas 

chromatography. Upon completion, the reaction mixture was taken into diethyl ether, washed 

with brine solution, dried with anhydrous magnesium sulfate, and filtered. The excess organic 

solvent was removed under reduced pressure, and the crude residues were taken into methylene 

chloride and evaporated onto silica gel under reduced pressure. Once dry, the silica gel mixture 

was used in column chromatography. 

Procedure C: 

 In a nitrogen filled glovebox, the palladium source, water-soluble phosphine, and a base 

were measured into a 1 dram vial containing a small stir bar. The vial was sealed with a 

screwcap and septum and removed from the glovebox before adding aryl halide (1.00 mmol), 

alkyl or aryl acetylene (1.10 mmol) and 2 mL of deoxygenated solvent. The reaction vial was 

placed in a preheated oil bath to stir for at least two hours. Percent yield was determined by gas 

chromatography (without the use of a standard), and the product was not isolated.  

Procedure D: 

 In a nitrogen filled glovebox, PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and a water-

soluble phosphine ligand (0.0375 mmol) were measured into a 1 dram vial containing a small stir 

bar. A CuI co-catalyst was added where specified. Base was added, either inside the glovebox 

(K2CO3) or after removal from the glovebox (Cy2NMe). The vial was sealed with a screw cap 

and septum and removed from the glovebox before adding aryl halide, alkyl acetylene, and 2 mL 

of deoxygenated solvent. The reaction vial was placed in a preheated oil bath to stir overnight. 

Reaction completion was followed by gas chromatography. Where isolation is reported, the 

reaction mixture was taken into diethyl ether, washed with brine solution, dried with anhydrous 

magnesium sulfate, and filtered. The excess organic solvent was removed under reduced pressure, 
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and the crude residues were taken into methylene chloride and evaporated onto silica gel under 

reduced pressure. Once dry, the silica gel mixture was used in column chromatography.  

4-(Phenylethynyl)anisole99 

 According to procedure A, 4-bromoanisole (120 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated by column 

chromatography using hexane spiked with approximately 10-15 percent toluene to yield 144 mg 

(69 %) and 86.6 mg (43 %) respectively, of a tan solid having spectral values in agreement with 

the literature. 

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 7.54-7.53 (m, 2H), 7.50-7.49 (m, 2H), 7.37-7.30 (m, 3H), 6.90-

6.87 (m, 2H).  

13C NMR (126 MHz, CDCl3): δ 159.7, 133.1, 131.5, 128.4 128.0, 123.7, 115.4, 114.1, 89.5, 88.2, 

55.3. 

 According to procedure A, 4-bromoanisole (120 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 2.00 mL of 

deoxygenated DI water. The desired product was isolated as 108 mg (52 %) and 76.1 mg (37 %), 

respectively, of a tan solid having spectral values identical to those reported above. 

 According to procedure A, 4-bromoanisole (120 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using Na2PdCl4 (3.70 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 
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deoxygenated DI water and acetonitrile. The desired product was isolated as 151 mg (74 %) and 

86.7 mg (42 %), respectively, of a tan solid having spectral values identical to those reported 

above. 

 According to procedure A, 4-bromoanisole (120 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using Na2PdCl4 (3.70 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 2.00 mL of 

deoxygenated DI water. The desired product was isolated as 113 mg (54 %) and 89.3 mg (43 %), 

respectively, of a tan solid having spectral values identical to those reported above.  

2,4,6-Trimethyldiphenylacetylene99 

 According to procedure A, bromomesitylene (153 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated by column 

chromatography using 100 % hexane to yield 101 mg (46 %) and 70.6 mg (33 %) respectively, 

of white solid having spectral values in agreement with the literature. 

Reported for the first yield:  

1H NMR (500 MHz, CDCl3): δ 7.59-7.57 (m, 2H), 7.40-7.33 (m, 2H), 6.93 (s, 2H), 2.53 (s, 6H), 

2.33 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 140.2, 137.8, 131.4, 128.4, 128.0, 127.7, 124.1, 120.0, 97.1, 87.5, 

21.4, 21.2. 

 According to procedure A, 2-bromomesitylene (153 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ªC using Na2PdCl4 (3.70 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 
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deoxygenated DI water and acetonitrile. The desired product was isolated as 93.4 mg (54 %) and 

76.8 mg (35 %), respectively, and found to be spectroscopically identical to the reported values 

above. 

1-(2-Phenylethynyl)-4-trifluoromethylbenzene100 

 According to procedure A, 4-bromobenzotrifluoride (140 µL, 1.00 mmol) and 

phenylacetylene (105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 

0.0125 mmol) and DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 

1.00 mL each of deoxygenated DI water and acetonitrile. The desired product was isolated by 

column chromatography using 100 % hexane to yield 215 mg (87 %) and 218 mg (89 %) 

respectively, of white solid having spectral values identical those reported in the literature. 

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 7.65-7.57 (m, 6H), 7.40-7.37 (m, 3H). 

13C NMR (126 MHz, CDCl3):  δ 131.8, 131.7, 129.9 (q, J = 32.7 Hz), 128.0, 128.5, 127.2, 125.3 

(q, J = 3.70 Hz), 124.0 (q, J = 272 Hz), 122.6, 91.8, 88.0. 

2-Methyldiphenylacetylene100 

 According to procedure A, 2-bromotoluene (121 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.0 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated by column 

chromatography using 100 % hexane to yield 150 mg (78 %) and 140 mg (73 %) respectively, of 

colorless oil having spectral values in agreement with those reported in the literature. 

Reported for the first yield: 



 119 

1H NMR (500 MHz, CDCl3) δ 7.44-7.39 (m, 3H), 7.24-7.20 (m, 3H), 7.12-7.02 (m, 3H), 2.41 (s, 

3H). 

13C NMR (126 MHz, CDCl3): δ 140.3, 131.0, 131.6, 129.6, 128.4, 128.3, 128.2, 125.7, 123.7, 

123.1, 93.5, 88.5, 20.8. 

 According to procedure A, 2-bromotoluene (121 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 2.00 mL of 

deoxygenated DI water. The desired product was isolated as 157 mg (81 %) and 54.4 mg (28 %), 

respectively, and found to be spectroscopically identical to the reported values above. 

 According to procedure A, 2-bromotoluene (121 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using Na2PdCl4 (3.70 mg, 0.0125 mmol) and 

DTBBnSP 11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0374 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated as 158 mg (82 %) and 

141 mg (73 %), respectively, and found to be spectroscopically identical to the reported values 

above. 

 According to procedure A, 2-bromotoluene (121 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using Na2PdCl4 (3.70 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.010025 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 2.00 mL of 

deoxygenated DI water. The desired product was isolated as 144 mg (75 %) and 44.8 mg (23 %) 

respectively, and found to be spectroscopically identical to the reported values above.  

2-(2-Phenylethynyl)pyridine182 

 According to procedure A, 2-bromopyridine (95 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)3 (3.25 mg, 0.0125 mmol) and 
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DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated by column 

chromatography using EtOAc (0-15 %) in hexane to yield 153 mg (85 %) and 154 mg (86 %) 

respectively, of brown oil having spectral values in agreement with those reported in the 

literature. 

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 8.56-8.54 (m, 1H), 7.60-7.52 (m, 3H), 7.46-7.44 (m, 1H), 7.30-

7.27 (m, 3H), 7.16-7.13 (m, 1H).  

13C NMR (126 MHz, CDCl3): δ 150.0, 143.4, 136.1, 132.0, 129.0, 128.4, 127.1, 122.7, 122.3, 

89.2, 88.7. 

 According to procedure A, 2-bromopyridine (95 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0125 mmol) or DABnSP (17.7 mg, 0.0375 mmol)  in 2.00 mL of 

deoxygenated DI water. The desired product was isolated as 107 mg (61 %) and 135 mg (76 %) 

respectively, and found to be spectroscopically identical to the reported values above.  

 According to procedure A, 2-bromopyridine (95 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using Na2PdCl4 (3.70 mg, 0.010025 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated as 152 mg (85 %) and 

147 mg (81 %) respectively, and found to be spectroscopically identical to the reported values 

above. 

 According to procedure A, 2-bromopyridine (95 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using Na2PdCl4 (3.70 mg, 0.0125 mmol) and 
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DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 2.00 mL of 

deoxygenated DI water. The desired product was isolated as 100 mg (56 %) and 136 mg (76 %) 

respectively, and found to be spectroscopically identical to the reported values above. 

1-(Phenylethynyl)naphthalene100 

 According to procedure A, 1-bromonaphthalene (140 µL, 1.00 mmol) and 

phenylacetylene (105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 

0.010025 mmol) and DTBBnSP (11.8 mg, 0.010025 mmol) or DABnSP (17.7 mg, 0.0125 

mmol) in 1 mL each of deoxygenated DI water and acetonitrile. The desired product was isolated 

by column chromatography using 100 % hexane to yield 179 mg (78 %) and 153 mg (67 %) of 

yellow oil having spectral values in agreement with those reported in the literature. 

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 8.46 (d, J = 8.2 MHz, 1H), 7.79-7.72 (m, 3H), 7.64-7.61 (m, 2H), 

7.58-7.44 (m, 2H), 7.40-7.27 (m, 4H). 

13C NMR (126 MHz, CDCl3): δ 133.8, 133.7, 132.1, 130.9, 128.9, 128.8, 128.7, 127.3, 126.9, 

126.7, 125.7, 123.9, 121.4, 94.9, 88.1 

2-(Phenylethynyl)thiophene182 

 According to procedure A, 2-bromothiophene (97.0 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated by column 

chromatography using 100 % hexane to yield 65 mg (35 %) and 52 mg (28 %) respectively, of 

moderately pure white solid having spectral values in agreement with those previously reported 

in the literature. 
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Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 7.52-7.50 (m, 2H), 7.36-7.32 (m, 3H), 7.28-7.27 (m, 2H), 7.00 

(m, 1H). 

13C NMR (126 MHz, CDCl3): δ 131.9, 131.7, 128.7, 128.6, 127.5, 127.4, 123.7, 123.3, 93.3, 82.9. 

 According to procedure A, 2-bromothiophene (97.0 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)3 (3.25 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 2.00 mL of 

deoxygenated DI water. The desired product was isolated as 36.5 mg (20 %) and 47.9 mg (26 %) 

respectively, and found to be spectroscopically identical to the reported values above. 

 According to procedure A, 2-bromothiophene (97.0 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using Na2PdCl4 (3.70 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated as 65.2 mg (35 %) and 

47.8 mg (26 %) respectively, and found to be spectroscopically identical to the reported values 

above. 

 According to procedure A, 2-bromothiophene (97.0 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using Na2PdCl4 (3.70 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 2.00 mL of 

deoxygenated DI water. The desired product was isolated as 26.0 (13 %) and 47.2 mg (26 %) 

respectively, and found to be spectroscopically identical to the reported values above.  

3-(2-Phenylethynyl)thiophene135,183 

 According to procedure A, 3-bromothiophene (95.0 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and 
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DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated by column 

chromatography using 100 % hexane as 120 mg (65 %) and 134 mg (73 %) respectively of white 

solid having spectral values in agreement with those previously reported in the literature. 

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 7.56-7.53 (m, 3H), 7.38-7.32 (m, 3H), 7.30 (dd, J = 3.1, 2.1 Hz, 

1H), 7.23 (dd, J = 3.8, 1.1 Hz, 1H). 

13C NMR (126 MHz, CDCl3): δ 131.6, 129.9, 128.7, 128.4, 128.3, 125.5, 123.3, 122.4, 89.0, 84.7. 

 According to procedure A, 3-bromothiophene (95.0 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 2.00 mL of 

deoxygenated DI water. The desired product was isolated as 98.7 mg (54 %) and 90.9 mg (49 %) 

respectively, and found to be spectroscopically identical to the reported values above. 

 According to procedure A, 3-bromothiophene (95.0 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using Na2PdCl4 (3.70 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated as 129 mg (70 %) and 

121 mg (66 %) respectively, and found to be spectroscopically identical to the reported values 

above.  

 According to procedure A, 3-bromothiophene (95.0 µL, 1.00 mmol) and phenylacetylene 

(105 µL, 1.10 mmol) were coupled at 80 ºC using Na2PdCl4 (3.70 mg, 0.010025 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 2.00 mL of 
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deoxygenated DI water. The desired product was isolated as 101 mg (55 %) and 103 mg (56 %) 

respectively, and found to be spectroscopically identical to the reported values above. 

3-(Phenylethynyl)benzothiophene184 

 According to procedure A, 3-bromobenzothiophene (131 µL, 1.00 mmol) and 

phenylacetylene (105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 

0.010025 mmol) and DTBBnSP (11.8 mg, 1.00 mmol) or DABnSP (17.7 mg, 1.10 mmol) in 1 

mL each of deoxygenated DI water and acetonitrile. The desired product was isolated by column 

chromatography using hexane to yield 139 mg (59 %) and 74.9 mg (32 %) respectively, of a 

yellow oil having spectral values in agreement with those previously reported in the literature. 

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 8.13 (d, J = 7.5 Hz, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.73 (s, 1H), 

7.69 (m, 2H), 7.53 (m, 1H), 7.47-7.39 (m, 4H). 

13C NMR (126 MHz, CDCl3): δ 139.3, 139.0, 131.8, 129.9, 128.6, 128.5, 125.2, 124.9, 123.3, 

123.2, 122.8, 118.5, 92.1, 83.6. 

 According to procedure A, 3-bromobenzothiophene (131 µL, 1.00 mmol) and phenyl 

acetylene (105 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.0125 

mmol) and DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 2.00 mL 

of deoxygenated DI water. The desired product was isolated as 158 mg (67 %) and 130 mg 

(56 %) respectively, and found to be spectroscopically identical to the reported values above. 

 According to procedure A, 3-bromobenzothiophene (131 µL, 1.00 mmol) and 

phenylacetylene (105 µL, 1.10 mmol) were coupled at 80 ºC using Na2PdCl4 (3.70 mg, 0.0125 

mmol) and DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL 

each of deoxygenated DI water and acetonitrile. The desired product was isolated as 122 mg 
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(52 %) and 84.7 mg (36 %) respectively, and found to be spectroscopically identical to the 

reported values above. 

 According to procedure A, 3-bromobenzothiophene (131 µL, 1.00 mmol) and 

phenylacetylene (105 µL, 1.10 mmol) were coupled at 80 ºC using Na2PdCl4 (3.70 mg, 0.0125 

mmol) and DTBBnSP (11.8 mg, 0.0125 mmol) or DABnSP (17.7 mg, 0.0125 mmol) in 2.00 mL 

of deoxygenated DI water. The desired product was isolated as 147 mg (63 %) and 88.8 mg 

(38 %) respectively, and found to be spectroscopically identical to the reported values above. 

  According to procedure A, 3-bromobenzothiophene (131 µL, 1.00 mmol) and 

phenylacetylene (105 µL, 1.10 mmol) were coupled at 80 ºC using Pd(NO3)2 (2.88 mg, 0.0125 

mmol) and DTBBnSP (11.8 mg, 0.0125 mmol) in 2.00 mL of deoxygenated DI water or a 1:1 

mixture of water/acetonitrile. The desired product was isolated as 112 mg (48 %) and 127 mg 

(54 %) respectively, and found to be spectroscopically identical to the reported values above. 

 According to procedure A, 3-bromobenzothiophene (131 µL, 1.00 mmol) and 

phenylacetylene (105 µL, 1.10 mmol) were coupled at 80 ºC using unpurified 

PdCl2(DTBBnSPNa)2 (11.9 mg, 0.010025 mmol) in 2 mL of deoxygenated DI water or a 1:1 

mixture of water/acetonitrile. The desired product was isolated as 121 mg (52 %) and 126 mg 

(54 %) respectively, and found to be spectroscopically identical to the reported values above. 

1-(4-Methoxyphenyl)-1-hexyne185 

 According to procedure B, 4-bromoanisole (125 µL, 1.00 mmol) and 1-hexyne (127 µL, 

1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.010025 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated by column 

chromatography using MeCl2 (0-3 %) in hexane to yield 47.9 mg (25 %) of moderately pure 
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yellow oil and 54.5 mg (29 %) of impure yellow oil, respectively, having spectral values in 

agreement with those previously reported in the literature. 

Reported for the first yield 

1H NMR (500 MHz, CDCl3): δ 7.32 (m, 2H), 6.80 (m, 2H), 3.79 (s, 3H), 2.39 (t, J = 7.0 Hz, 2H), 

1.58 (m, 2H), 1.47 (m, 2H), 0.94 (t, J = 7.0 Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ 159.0, 132.8, 116.3, 113.8, 88.7, 80.2, 55.2, 31.0, 22.0, 19.1, 

13.6. 

1-(2-Methylphenyl)-1-hexyne185 

 According to procedure B, 2-bromotoluene (121 µL, 1.00 mmol) and 1-hexyne (127 µL, 

1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and 

DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated by column 

chromatography using 100 % hexane to yield 97.3 mg (57 %) and 79.8 mg (46 %) respectively 

of colorless to yellow oil having spectral values in agreement with those previously reported in 

the literature. 

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 7.45 (d, J = 7.8 Hz, 1H), 7.25-7.19 (m, 2H), 7.18-7.14 (m, 1H), 

2.52 (t, J = 6.9 Hz, 2H), 2.49 (s, 3H), 1.68 (m, 2H), 1.58 (m, 2H), 1.03 (t, J = 6.8 Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ 139.9, 131.8, 129.3, 127.4, 125.4, 123.9, 94.4, 79.5, 31.1, 22.0, 

20.7, 19.3, 13.6. 

6-(4-Methoxyphenyl)-hex-5-ynenitrile186 

 According to procedure B, 4-bromoanisole (120 µL, 1.00 mmol) and 5-hexyne nitrile 

(115 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)2 (3.25 mg, 0.0125 mmol) and 
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DTBBnSP (11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated by column 

chromatography using EtOAc (0-8%) in hexane to yield 156 mg (78%) and 144 mg (72 %) 

respectively, of yellow oil having spectral values in agreement with those previously reported in 

the literature. 

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 7.33 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H), 3.78 (s, 3H), 

2.55 (m, 4H), 1.93 (m, 2H). 

13C NMR (126 MHz, CDCl3): δ 159.4, 133.0, 119.3, 115.4, 113.9, 85.5, 82.2, 55.3, 24.8, 18.6, 

16.2. 

3-(4-Methoxyphenyl)propyn-1-ol100,187-188 

 According to procedure D, 4-bromoanisole (125 µL, 1.00 mmol) and propargyl alcohol 

(63.0 µL, 1.10 mmol) were coupled at 80 ºC using K2CO3 (151 mg, 1.10 mmol) and DTBBnSP 

(11.8 mg, 0.0375 mmol) or DABnSP (17.7 mg, 0.0375 mmol) in 1.00 mL each of deoxygenated 

DI water and acetonitrile. The desired product was isolated by column chromatography using 

EtOAc (0-10 %) in hexane to yield 73.8 mg (47 %) and 57.2 mg (35 %) respectively of yellow 

solid having spectral values in agreement with those previously reported in the literature. 

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 7.38 (m, J = 9.0 Hz, 2H), 6.84 (m, J = 8.8 Hz, 2H), 4.49 (s, 2H), 

3.81 (m, 3H), 2.24 (brs, 1H). 

13C NMR (126 MHz, CDCl3): δ 159.7, 133.2, 114.7, 114.0, 86.0, 85.6, 55.3, 51.6. 
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1,2-Bis(4-methoxyphenyl)ethyne189 

 According to general procedure D, 4-bromoanisole (120 µL, 1.00 mmol) and propiolic 

acid (68.0 µL, 1.10 mmol) were coupled at 80 ºC using DTBBnSP (11.8 mg, 0.0375 mmol) and 

K2CO3 (303.g mg, 2.20 mmol) in 1.00 mL each of deoxygenated DI water and acetonitrile. The 

desired product was isolated by column chromatography using EtOAc (.5-4 %) in hexane to 

yield 66.7 mg (56 %) of white to yellow solid having spectral values in agreement with those 

previously reported in the literature. A second coupling was run with a CuI (1.90 mg, 0.0125 

mmol) co-catalyst, and the desired product was isolated as 79.9 mg (67 %) of a solid that was 

spectroscopically identical to the reported values below. 

Reported for the first yield: 

 1H NMR (500 MHz, CDCl3): δ 7.49-7.47 (m, 4H), 6.91-6.88 (m, 4H), 3.85 (s, 6H). 

13C NMR (126 MHz, CDCl3): δ 159.4, 132.9, 115.8, 114.0, 88.0, 55.3. 

 According to general procedure D, 4-bromoanisole (240 µL, 2.00 mmol) and propiolic 

acid (68.0 µL, 1.10 mmol) were coupled at 80 ºC using PdCl2(CH3CN)3 (3.25 mg, 0.0125 mmol), 

DTBBnSP (11.8 mg, 0.0375 mmol) and K2CO3 (304 mg, 2.20 mmol) in 1.00 mL each of 

deoxygenated DI water and acetonitrile. The desired product was isolated by column 

chromatography to yield 81.4 mg (31 %). A second coupling was run with a CuI (1.90 mg, 

0.0125 mmol) co-catalyst, and the desired product was isolated as 83.2 mg (32 %). Both isolates 

were spectroscopically identical to the reported values above. 

Procedure for the Suzuki Coupling (Procedure E): 

 In a nitrogen filled glovebox, palladium(II) acetate (4.50 mg, 0.0200 mmol), a water-

soluble phosphine ligand (0.0200 mmol), sodium carbonate (116 mg, 1.10 mmol), and an aryl 

boronic acid (1.10 mmol) were measured into a 1 dram vial containing a small stirbar. The vial 



 129 

was sealed with a screw cap and septum and removed from the glovebox before adding an aryl 

halide (1.00 mmol) and 2.00 mL of deoxygenated solvent. The reaction vial was placed in a 

preheated oil bath or left at ambient temperature to stir for at least twelve hours. Reaction 

completion was determined by gas chromatography. When isolation of the product was desired, 

the reaction mixture was taken into diethyl ether or ethyl acetate and washed three times with 

brine solution, dried with anhydrous magnesium sulfate, and filtered. The excess organic solvent 

was removed under reduced pressure, and the crude residues were evaporated onto silica gel 

from methylene chloride. Once dry, the silica gel mixture was used in column chromatography to 

isolate the desired product.  

Procedure for Aqueous-phase Catalyst Recycling (Procedure F): 

 In a nitrogen filled glovebox, palladium(II) acetate (4.50 mg, 0.0200 mmol), DTBPPS 

( 6.00 mg, 0.0200 mmol), sodium carbonate (116 mg, 1.10 mmol), and an aryl boronic acid (1.10 

mmol) were measured into a 1-1.5 dram vial containing a small stirbar. The vial was sealed with 

a screw cap and septum and removed from the glovebox before adding an aryl halide (1.00 

mmol) and 1.00 mL each of deoxygenated DI water and an organic solvent. The reaction vial 

was placed in a preheated oil bath or left at ambient temperature to stir for the designated time. 

After stirring, the vial was placed under active nitrogen pressure, and the organic portion was 

removed to an open vial using a syringe with a 22 gauge needle. The remaining portion was 

washed three times with deoxygenated ethyl acetate under nitrogen pressure. Reaction 

completion was determined by gas chromatography of the combined extracted organic layers. 

The remaining aqueous portion was then transferred using a clean syringe and 22 gauge needle 

to a new vial containing a clean stirbar, fresh sodium carbonate (1.10 mmol) and aryl boronic 

acid (1.10 mmol) sealed under nitrogen with a screwcap and septum. Next, fresh aryl halide 
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(1.00 mmol) was added to the new vial, along with freshly deoxygenated organic solvent. The 

mixture was allowed to stir again for the designated time and then treated as the first reaction 

cycle. This process was repeated for the reported number of reaction cycles. When isolation of 

the product was desired, the reaction mixture was taken into diethyl ether or ethyl acetate and 

washed three times with brine solution, dried with anhydrous magnesium sulfate, and filtered. 

The excess organic solvent was removed under reduced pressure, and the crude residues were 

evaporated onto silica gel from methylene chloride. Once dry, the silica gel mixture was used in 

column chromatography to isolate the desired product.  

4-Methoxybiphenyl190 

 According to procedure E, 4-bromoanisole (120 µL, 1.00 mmol) and phenylboronic acid 

(134 mg, 1.10 mmol) were coupled at 50 ºC using DTBBnSP (6.30 mg, 0.0200 mmol) or 

DABnSP (9.50 mg, 0.0200 mmol) in 1.00 mL each of deoxygenated DI water and acetonitrile. 

The desired products were isolated by column chromatography (0-1 % EtOAc in hexane) to yield 

169 mg (92 %) and 185 mg (100 %), respectively of a white solid that was determined to be pure 

by NMR spectroscopy and in agreement with previously reported values.  

Reported for the second yield: 

1H NMR (500 MHz, CDCl3): δ 7.34-7.29 (m, 4H), 7.17 (t, J = 7.7 Hz, 2H), 7.07 (t, J = 7.9 Hz, 

1H), 6.74-6.71 (m, 2H), 3.52 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 159.5, 141.0, 133.9, 129.0, 128.4, 127.0, 126.9, 114.5, 55.3. 

 According to procedure E, 4-bromoanisole (120 µL, 1.00 mmol) and phenylboronic acid 

(134 mg, 1.10 mmol) were coupled at 50 ºC using DTBBnSP (6.30 mg, 0.0200 mmol) or at room 

temperature using DTBPPS (5.40 mg, 0.0200 mmol) in 1.00 mL each of deoxygenated DI water 

and THF. The desired products were isolated by column chromatography to yield 157.9 mg 
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(86 %) and 137 mg (75 %), respectively of white solid that was spectroscopically identical to the 

reported isolate above.  

 According to procedure E, 4-bromoanisole (120 µL, 1.00 mmol) and phenylboronic acid 

were coupled at room temperature using DTBBnSP (6.30 mg, 0.0200 mmol) in a 1:1 mixture of 

deoxygenated water and acetonitrile or two mL of deoxygenated DI water to yield 130.4 mg 

(71 %) and 174 mg (95 %), respectively of white solid that was spectroscopically identical to the 

reported isolate above. 

 According to procedure E, 4-bromoanisole (120 µL, 1.00 mmol) and phenylboronic acid 

were coupled at room temperature using DTBPPS (5.40 mg, 0.0200 mmol) in 2.00 mL of 

deoxygenated DI water to yield 186 mg (100 %) of white solid that was spectroscopically 

identical to the reported isolate above. 

4-Methylbiphenyl190 

 According to procedure E, 4-bromotoluene (123 µL, 1.00 mmol) and phenylboronic acid 

(134 mg, 1.10 mmol) were coupled at 50 ºC using DTBBnSP (6.30 mg, 0.0200 mmol) or 

DABnSP (9.50 mg, 0.0200 mmol) in 1.00 mL each of deoxygenated acetonitrile and DI water. 

The desired products were isolated by column chromatography using 100 % hexane to yield 135 

mg (80 %) and 163 mg (97 %), respectively of a white solid that was determined to be 

spectroscopically pure and in agreement with previously reported values.  

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 7.54 (d, J = 7.8 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 7.37 (t, J = 7.3 

Hz, 2H), 7.27 (t, J = 7.0 Hz, 1H), 7.19 (d, J = 8.2 Hz, 2H), 2.34 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 141.3, 138.5, 137.0, 129.6, 128.8, 127.1, 127.0, 21.3. (Note: one 

aromatic carbon could not be resolved in the spectrum-8 aromatic carbons and 1 alkyl carbon). 
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 According to procedure E, 4-bromotoluene (123 µL, 1.00 mmol), and phenylboronic acid 

(134 mg, 1.10 mmol) were coupled at room temperature using DTBBnSP (6.30 mg, 0.0200 

mmol) in a 1:1 mixture of deoxygenated DI water and acetonitrile or THF to yield 160 mg 

(95 %) and 136 mg (81 %), respectively of a white solid that was spectroscopically identical to 

the reported isolate above. 

 According to procedure E, 4-bromotoluene (123 µL, 1.00 mmol) and phenylboronic acid 

(134 mg, 1.10 mmol) were coupled at room temperature using DTBBnSP (6.30 mg, 0.0200 

mmol) in 2.00 mL of deoxygenated DI water to yield 170 mg (100 %) of a white solid that was 

spectroscopically identical to the reported isolate above.  

 According to procedure E, 4-bromotoluene (123 µL, 1.00 mmol) and phenylboronic acid 

(134 mg, 1.10 mmol) were coupled at room temperature using DTBPPS (5.40 mg, 0.0200 mmol) 

in 2 mL of deoxygenated DI water or a 1:1 mixture of deoxygenated DI water and THF to yield 

165 mg (98 %) and 156 mg (93 %), respectively of a white solid that was spectroscopically 

identical to the reported isolate above. 

4-Cyanobiphenyl191 

 According to procedure E, 4-bromobenzonitrile (182 mg, 1.00 mmol) and phenylboronic 

acid (134 mg, 1.10 mmol) were coupled at 50 ºC using DTBBnSP (6.30 mg, 0.0200 mmol) or 

DABnSP (9.50 mg, 0.0200 mmol) in deoxygenated DI water and acetonitrile. The desired 

products were isolated by column chromatography (5 % EtOAc in hexane) to yield 160 mg 

(89 %) and 173 mg (97 %), respectively of a white solid that was determined to be pure by NMR 

spectroscopy and in agreement with previously reported spectral values.  

Reported for the first yield: 
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1H NMR (500 MHz, CDCl3): δ 7.73-7.68 (m, 4H), 7.61 (d, J = 7.8 Hz, 2H), 7.51 (t, J = 7.7 Hz, 

2H), 7.46 (m, 1H). 

13C NMR (126 MHz, CDCl3): δ 145.6, 139.1, 132.6, 129.2, 128.7, 127.7, 127.2, 118.9, 110.9. 

 According to procedure E, 4-bromobenzonitrile (182 mg, 1.00 mmol) and phenylboronic 

acid (134 mg, 1.10 mmol) were coupled at 50 ºC using DTBBnSP (6.30 mg, 0.0200 mmol) or 

DABnSP (9.50 mg, 0.0200 mmol) in deoxygenated DI water and THF to yield 132 mg (74 %) 

and 165 mg (92 %) , respectively of a white solid that was spectroscopically identical to the 

reported isolate above.  

2,4,6-Trimethylbiphenyl192 

 According to procedure E, 2-bromomesitylene (153 µL, 1.00 mmol) and phenylboronic 

acid were coupled at 50 ºC using DTBBnSP (6.30 mg, 0.0200 mmol) or DABnSP (9.50 mg, 

0.0200 mmol) in deoxygenated DI water and THF. The desired products were isolated by 

column chromatography (100 % hexane) to yield 162 mg (83 %) and 157 mg (80 %), 

respectively of a colorless oil that was determined by NMR spectroscopy to be pure and in 

agreement with previously reported spectral values.  

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 7.37 (t, J = 7.1 Hz, 2H), 7.28 (t, J = 7.1 Hz, 1H), 7.11 (d, J = 7.5 

Hz, 2H), 6.92 (s, 2H), 2.31 (s, 3H), 1.99 (s, 6H). 

13C NMR (126 MHz, CDCl3): δ 141.3, 139.3, 136.7, 136.1, 129.5, 128.6, 128.3, 126.7, 21.2, 20.9. 

 According to procedure E, 2-bromomesitylene (153 µL, 1.00 mmol) and phenylboronic 

acid (134 mg, 1.10 mmol) were coupled at 50 ºC using DTBBnSP (6.30 mg, 0.0200 mmol) in 

2.00 mL of deoxygenated DI water to yield 136 mg (70 %) of a colorless oil that was 

spectroscopically identical to the reported isolate above. 
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 According to procedure E, 2-bromomesitylene (153 µL, 1.00 mmol) and phenylboronic 

acid (134 mg, 1.10 mmol) were coupled at 50 ºC using DTBPPS (5.40 mg, 0.0200 mmol) in a 

1:1 mixture of deoxygenated DI water and THF or acetonitrile to yield 167 mg (85 %) and 166 

mg (85 %), respectively of a colorless oil that was spectroscopically identical to the reported 

isolate above. 

 According to procedure E, 2-bromomesitylene (153 µL, 1.00 mmol) and phenylboronic 

acid (134 mg, 1.10 mmol) were coupled at room temperature using DTBBnSP (6.30 mg, 0.0200 

mmol) in a 1:1 mixture of deoxygenated DI water and THF or acetonitrile to yield 125 mg 

(64 %) and 139 mg (71 %), respectively of a colorless oil that was spectroscopically identical to 

the reported isolate above. 

 According to procedure E, 2-bromomesitylene (153 µL, 1.00 mmol) and phenylboronic 

acid (134 mg, 1.10 mmol) were coupled at room temperature using DTBPPS (5.40 mg, 0.0200 

mmol) in 2.00 mL of deoxygenated DI water to yield 135 mg (69 %) of a colorless oil that was 

spectroscopically identical to the reported isolate above. 

2,4-Difluoro-2ʹ′-methylbiphenyl74 

 According to procedure E, 2-bromotoluene (120 µL, 1.00 mmol) and 2,4-

difluorophenylboronic acid (174 mg, 1.10 mmol) were coupled 50 ºC using DABnSP (9.50 mg, 

0.0200 mmol) in deoxygenated DI water and acetonitrile. The desired product was isolated by 

column chromatography (2 % EtOAc in hexane) to yield 157 mg (77 %) of a white solid that was 

spectroscopically identical to the reported isolate below. 

 According to procedure E, 2-bromotoluene (120 µL, 1.00 mmol) and 2,4-

difluorophenylboronic acid (174 mg, 1.10 mmol) were coupled at 50 ºC using DTBBnsP (6.30 

mg, 0.0200 mmol) or DABnSP (9.50 mg, 0.0200 mmol) in deoxygenated DI water and THF to 
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yield 161 mg (79 %) and 181 mg (89 %), respectively of a white solid that was spectroscopically 

identical to previously reported values in the literature.  

Reported for the last yield: 

1H NMR (500 MHz, CDCl3): δ 7.13-6.98 (m, 5H), 6.75-6.67 (m, 2H), 2.01 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 162.6 (dd, J = 248.3, 11.7 Hz), 159.8 (dd, J = 250.6, 11.2 Hz), 

136.8, 135.0, 132.3 (dd J= 17.2, 3.8 Hz), 111.2 (dd, J = 21.0, 3.7 Hz), 103.9 (dd, J = 25.5, 25.5 

Hz), 19.9. 

4-Methoxy-2ʹ′-methylbiphenyl193 

 According to procedure E, 4-bromoanisole (125 µL, 1.00 mmol) and o-tolyl boronic acid 

(150 mg, 1.10 mmol) were coupled at 50 ºC using DTBBnSP (6.30 mg, 0.0200 mmol) in 

deoxygenated DI water and THF. The desired product was isolated by column chromatography 

to yield 172 mg (87 %) of a white solid that was determined by NMR spectroscopy to be pure 

and in agreement with previously reported values.  

1H NMR (500 MHz, CDCl3): δ 7.41-7.36 (m, 6H), 7.09 (dt, J = 8.8, 2.7 Hz, 2H), 3.96 (s, 3H), 

2.43 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 158.7, 141.7, 135.6, 134.5, 130.4, 130.3, 130.0, 127.1, 125.9, 

113.6, 55.3, 20.6. 

4-Tert-butylbiphenyl194 

 According to procedure E, 4-bromo-tert-butylbenzene (174 µL, 1.00 mmol) and 

phenylboronic acid (116 mg, 1.10 mmol) were coupled at 50 ºC using DTBBnSP (6.30  

mg, 0.0200 mmol) or DABnSP (9.50 mg, 0.0200 mmol) in deoxygenated DI water and 

acetonitrile. The desired products were isolated by column chromatography (100 % hexane) to 
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yield 192 mg (90 %) and 195 mg (91 %), respectively of a white solid that was found to be pure 

by NMR spectroscopy and in agreement with previously reported values.  

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 7.82 (d, J = 7.6 Hz, 2H), 7.78-7.76 (m, 2H), 7.70-7.68 (m, 2H), 

7.63 (t, J = 7.7 Hz, 2H), 7.53 (t, J = 7.4 Hz, 1H), 1.60 (s, 9). 

13C NMR (126 MHz, CDCl3): δ 150.4, 141.3, 138.6, 128.9, 127.2, 127.1, 127.0, 125.9, 34.7, 31.7. 

1-(4-Methoxyphenyl)naphthalene195 

 According to procedure E, 4-bromoanisole (125 µL, 1.00 mmol) and 1-naphthylboronic 

acid (189 mg, 1.10 mmol) were coupled at 50 ºC using DTBBnSP (6.30 mg, 0.0200 mmol) or 

DABnSP (9.50 mg, 0.0200 mmol) in deoxygenated DI water and acetonitrile. The desired 

products were isolated by column chromatography (2 % EtOAc in hexane) to yield 240 mg 

(100 %) and 228 mg (98 %), respectively of a white solid that was spectroscopically pure and in 

agreement with previously reported values.  

Reported for the first yield: 

1H NMR (500 MHz, CDCl3): δ 8.15-7.97 (m, 3H), 7.66-7.57 (m, 6H), 7.17 (d, J = 5.8 Hz, 2H), 

4.00 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 159.1, 140.1, 134.1, 133.3, 132.0, 131.3, 128.5, 127.5, 127.1, 

126.2, 126.1, 125.9, 125.6, 113.9, 55.3. 

3-(4-Methoxyphenyl)benzothiophene 

 According to procedure E, 3-bromobenzothiophene (131 µL, 1.00 mmol) and 4-

methoxyboronic acid (167 mg, 1.10 mmol) were coupled at 50 ºC using DABnSP (9.50 mg, 

0.0200 mmol) in deoxygenated DI water and acetonitrile. The desired product was isolated by 

column chromatography (0-10 % EtOAc in hexane) to yield 183 mg (76 %) of a colorless oil. 
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1H NMR (500 MHz, CDCl3): δ 8.12 (d, J = 7.5 Hz, 1H), 8.08 (d, J = 7.3 Hz, 1H),7.68 (d, J = 8.1 

Hz, 2H), 7.57-7.53 (m, 2H), 7.46 (s, 1H), 7.18 (d, J = 7.2 Hz, 2H), 3.98 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 159.4, 140.9, 138.3, 137.9, 130.0, 128.7, 127.9, 124.6, 124.5, 

123.2, 122.8, 114.4, 55.6. 

HRMS-EI (m/z): [M+] calcd for C15H12OS 240.0609, found 240.0607. 

2-Methylbiphenyl97 

 According to procedure E, 2-bromotoluene (120 µL, 1.00 mmol) and phenylboronic acid 

(134 mg, 1.10 mmol) were coupled at room temperature using DTBBnSP (6.30 mg, 0.0200 

mmol) or DTBPPS (5.40 mg, 0.0200 mmol) in 2 mL of deoxygenated DI water. The desired 

products were isolated by column chromatography (100 % hexane) to yield 149 mg (89 %) and 

154 mg (92 %), respectively of a colorless oil that was determined to be spectroscopically pure 

and in agreement with previously reported values.  

Reported for first yield: 

1H NMR (500 MHz, CDCl3): δ 7.57-7.53 (m, 2H), 7.49-7.46 (m, 3H), 7.42-7.38 (m, 4H), 2.42 (s, 

3H). 

13C NMR (126 MHz, CDCl3): δ 142.1, 142.0, 135.4, 130.4, 129.9, 129.3, 128.2, 127.4, 126.9, 

125.9, 20.3. 

 According to procedure E, 2-bromotoluene (120 µL, 1.00 mmol) and phenylboronic acid 

(134 mg, 1.10 mmol) were coupled at room temperature using DTBPPS (5.40 mg, 0.0200 mmol) 

in a 1:1 mixture of deoxygenated DI water and THF or acetonitrile to yield 127 mg (76 %) and 

131 mg (78 %), respectively of a colorless oil that was spectroscopically identical to the isolate 

reported above.  
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 According to procedure E, 2-bromotoluene (120 µL, 1.00 mmol) and phenylboronic acid 

(134 mg, 1.10 mmol) were coupled at 50 º C using DTBBnSP (6.30 mg, 0.0200 mmol) or 

DTBPPS (5.40 mg, 0.0200 mmol) in 2 mL of deoxygenated DI water to yield 159 mg (94 %) 

and 163 mg (97 %), respectively of a colorless oil that was spectroscopically identical to the 

reported isolate above. 

 According to procedure E, 2-bromotoluene (120 µL, 1.00 mmol) and phenylboronic acid 

(134 mg, 1.10 mmol) were coupled at 50 ºC using DTBBnSP (6.30 mg, 0.0200 mmol) in a 1:1 

mixture of deoxygenated DI water and THF or acetonitrile to yield 156 mg (93 %) and 149 mg 

(89 %), respectively of a colorless oil that was spectroscopically identical to the reported isolate 

above. 

 According to procedure E, 2-bromotoluene (120 µL, 1.00 mmol) and phenylboronic acid 

(134 mg, 1.10 mmol) were coupled at 50 ºC using DTBPPS (5.40 mg, 0.0200 mmol) in a 1:1 

mixture of deoxygenated DI water and THF or acetonitrile to yield 138 mg (82 %) and 155 mg 

(93 %), respectively of a colorless oil that was spectroscopically identical to the reported isolate 

above.  

 According to procedure F, 2-bromotoluene (120 µL, 1.00 mmol) and phenylboronic acid 

(134 mg, 1.10 mmol) were coupled using an aqueous portion that had been used for 4 prior 

reaction cycles in ethyl acetate. The desired product was isolated by column chromatography to 

yield 137 mg (87 %) of a colorless oil that was spectroscopically identical to the reported values 

above.  

2-Methoxybiphenyl193 

 According to procedure E, 2-bromoanisole (155 µL, 1.00 mmol) was coupled with 

phenylboronic acid (134 mg, 1.10 mmol) at room temperature using DTBPPS (5.40 mg, 0.0200 
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mmol) in 2.00 mL of deoxygenated DI water. The desired product was isolated by column 

chromatography (0-4 % EtOAc in hexane) to yield 169 mg (91 %) of a white solid that was 

determined to be spectroscopically pure and in agreement with previously reported values.  

1H NMR (500 MHz, CDCl3): δ 7.73 (d, J = 7.9 Hz, 2H), 7.58 (t, J = 7.9 Hz, 2H), 7.2-7.47 (m, 

3H), 7.21 (t, J = 7.7 Hz, 1H), 7.14 (d, J = 8.1 Hz, 1H), 3.95 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 156.6, 138.6, 131.1, 130.9, 129.7, 128.8, 128.2, 127.1, 121.0, 

111.4, 55.6. 

 According to procedure E, 2-bromoanisole (155 µL, 1.00 mmol) was coupled with 

phenylboronic acid (134 mg, 1.10 mmol) at 50 ºC using DTBBnSP (6.30 mg, 0.0200 mmol) in 

deoxygenated DI water or a 1:1 mixture of DI water and acetonitrile (2.00 mL) to yield 188 mg 

(100 %) and 159 mg (86 %), respectively of a white solid that was spectroscopically identical to 

the reported isolate above. 

 According to procedure E, 2-bromoanisole (155 µL, 1.00 mmol) was coupled with 

phenylboronic acid (134 mg, 1.10 mmol) at 50 ºC using DTBBnSP (6.30 mg, 0.0200 mmol) or 

DTBPPS (5.40 mg, 0.0200 mmol) in a 1:1 mixture of deoxygenated DI water and THF (2.00 

mL) to yield 139 mg (76 %) and 144 mg (78 %), respectively of a white solid that was 

spectroscopically identical to the reported isolate above. 

Procedures for Batch/Flow Comparison Studies Using DTBPPS:180 

Procedure for Reaction Solutions Preparation: 

 In the drybox, PdCl2(CH3CN)2 (41.5 mg, 0.160 mmol) was measured into a 15 mL vial and 

sealed with a septum. DTBPPS (48.0 mg, 0.160 mmol) and CsOH·H2O (1.47 g, 8.75 mmol) 

were measured into a separate 15 mL vial and sealed with a septum. Both vials were removed 

from the drybox, and the first vial was charged with 4-bromobenzotrifluoride (1.12 mL, 8.00 
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mmol), phenylacetylene (0.960 mL, 8.75 mmol), mesitylene (0.800 mL, 5.74 mmol), and 8.00 

mL of nitrogen flushed acetonitrile. The second vial was charged with 8.00 mL of nitrogen 

flushed deionized water. Both vials were allowed to sit for 1 h before filtering through a nitrogen 

flushed PTFE syringe filter into new 15 mL vials sealed under a nitrogen atmosphere. The two 

solutions were then used to carry out reactions in batch and flow reactors. 

Procedure for Batch Experiments: 

 1.00 mL each of the acetonitrile and aqueous solutions was transferred into three sealed 4.0 

mL vials (13 mm in diameter) containing magnetic stir bars (10 mm × 3.0 mm × 4.0 mm). The 

4.0 mL vials had each been sealed with a screwcap and PTFE coated septums under a nitrogen 

atmosphere. The three vials were then tied together and carefully centered in an oil bath (80 ± 

1 °C) on a Corning PC-420 stirrer/hot plate. Aliquots of 25 µL were taken from each vial at 

intervals of 1 to 30 min and diluted into 1.0 mL of ethyl acetate in ambient air. Gas 

chromatography (Varian 3800) was used to analyze each aliquot to determine the progression of 

the reaction. No byproducts were detected in any experiments. The procedure was repeated at 70 

± 1 °C and 50 ± 1 °C) and stir speeds of 2 (176 rpm), 5 (522 rpm), and 10 (1100 rpm). 

General Procedure for Flow Experiments: 

  Reagents were transferred to glass syringes (5.0 mL, SGE) and delivered to a 0.1 mL 

PFA capillary reactor (1/16′′ O.D., 1.0 mm I.D.) with a Harvard Apparatus PHD2000 syringe 

pump. All fluidic connections were made using 1/4′′-28 PTFE fittings and PFA tubing (1/16′′ 

O.D., 1.0 mm I.D., VWR). The capillary reactor was coiled and submerged into a well mixed oil 

bath (80 ± 1 °C) on a stir plate. The bath temperature was monitored via a thermocouple and 

maintained with a Waage immersion heater controlled by a J-KEM Scientific Gemini PID 

controller. Upon exiting the reactor, the mixture was introduced with 1.0 M HCl to quench the 
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reaction before it was collected in a GC vial sealed with a septum. Three experiments were 

performed each at three different residence times of 1, 3, and 5 min. Gas chromatography 

(Varian 3800) was used to analyze each aliquot to determine the progression of the reaction. No 

byproducts were detected in any experiments. 
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CHAPTER 4. PALLADIUM-CATALYZED DIRECT INTRAMOLECULAR ARYLATIONS 

USING WATER SOLUBLE PHOSPHINE LIGANDS 

 

4.1.1. Motivation for Direct Arylations 

 Thanks in part to the Pollution Prevention Act of 1990 and the efforts of the 

Environmental Protection Agency (EPA), ‘green chemistry’ is now a household term.196 Green 

chemistry as a fundamental approach provides a set of guidelines for decreasing the negative 

impact of a chemical process on health and the environment.197 The twelve principles of green 

chemistry (Figure 18) lists the things that need to be taken into consideration for the 

development of methodology that is less wasteful, costly, and hazardous, either to the 

manufacturer or to the ultimate consumer. Historically, synthetic chemists have viewed the 

efficacy of a reaction in terms of yield, without consideration of the type or amount of 

byproducts that are also produced. However, as Anastas and others have pointed out, many high 

yielding reactions can also result in even larger amounts of byproduct, or waste, which in a 

practical setting must be dealt with.  The second principle, as listed by Anastas, describes what is 

known as ‘atom economy’, which in synthetic terms can be achieved with fewer steps for the 

activation of starting materials, and less waste as a result of fewer leaving groups utilized (also 

incorporating many of the other principles listed).  
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Figure 18: The 12 principles of green chemistry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 As a result of the green chemistry movement, the effort to develop more atom 

economical catalytic reactions brought processes that in some cases had been known for decades 

or longer to the forefront of current research. These reactions include metal-catalyzed carbon-

carbon/heteroatom bond forming reactions such as metal-catalyzed direct oxidative cross-

couplings6,198-199 and palladium, ruthenium, iron, or copper-catalyzed direct arylations.6,199-204  

Each of these reaction classes provides an opportunity to eliminate the need for pre-activation of 

one or more coupling partners and decrease the production of byproduct waste, as in traditional 

 1. Prevention 
     It is better to prevent waste than to treat or clean up waste after it is formed. 
 2. Atom Economy 
 Synthetic methods should be designed to maximize the incorporation of all materials   
 used in the process into the final product. 
 3. Less Hazardous Chemical Syntheses 
 Wherever practicable, synthetic methodologies should be designed to use and generate 
 substances that possess little or no toxicity to human health and the environment. 
 4. Designing Safer Chemicals 
 Chemical products should be designed to preserve efficacy of function while reducing 
 toxicity. 
 5. Safer Solvents and Auxiliaries 
 The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made 
 unnecessary wherever possible and, innocuous when used. 
 6. Design for Energy Efficiency 
 Energy requirements should be recognized for their environmental and economic impacts 
 and should be minimized. Synthetic methods should be conducted at ambient 
 temperature and pressure. 
 7. Use of Renewable Feedstocks 
 A raw material of feedstock should be renewable rather than depleting wherever 
 technically and economically practicable. 
 8. Reduce Derivatives 
 Unnecessary derivatization (blocking group, protection/deprotection, temporary 
 modification of physical/chemical processes) should be avoided whenever possible. 
 9. Catalysis 
 Catalytic reagents (as selective as possible) are superior to stoichiometric reagents. 
10. Design for Degradation 
 Chemical products should be designed so that at the end of their function they do not 
 persist in the environment and break down into innocuous degradation products. 
11. Real-time Analysis for Pollution Prevention 
 Analytical methodologies need to be further developed to allow for real-time, in-process 
 monitoring and control prior to the formation of hazardous substances. 
12. Inherently Safer Chemistry for Accident Prevention 
 Substances and the form of a substance used in a chemical process should be chosen so as to 
 minimize the potential for chemical accidents, including releases, explosions, and fires. 
  



 144 

palladium-catalyzed cross-coupling reactions (Scheme 7). Perhaps the most direct or atom 

economical of these methods is the direct oxidative cross-coupling reactions. However all of 

these transformations still have some limitations such as the need for: (1) a directing group, (2) 

strong electronic preference (e.g. electron-poor rings, imidazoles, thiazoles, indoles, thiophenes), 

(3) elevated temperature and/or pressure or (4) some other form of tether, as is found in 

intramolecular transformations. Direct arylations are believed to have a reaction mechanism 

more closely related to the well-characterized traditional coupling reactions. Consequently, direct 

arylations may be a useful stepping-stone in the development of more environmentally benign 

and cost efficient systems. 

 

Scheme 7: Comparison of atom economy for palladium coupling reactions 
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4.1.2. Proposed Mechanism(s) for Direct Arylations 

 The mechanism for direct arylations can vary with the substrate and conditions used. It is 

generally accepted that the first step in the cycle involves an oxidative addition, while a variety 

of mechanisms have been proposed for the second step. Hartwig lists the proposed pathways as 

follows (Scheme 8):6  (1) attack of the metal center as an electrophile (SEAr),205-212 (2) concerted 

SE
3 process aided by base (nCMD),213 (3) σ-bond metathesis/concerted metallation-deprotonation 

(CMD),211,214-217,(4) Heck type/carbometallation of the arene, either through a formal anti-β-

hydride elimination or by isomerization followed by a syn β-hydride elimination,205,207,210-212,218 

(5) an oxidative addition of the arene C-H bond,214,219-220 or (6) a process that generates a second 

metal-aryl species (heterobimetallic coupling).221 Pathways (1), (2), (3), and (4) have the most 

experimental support in the literature for both intermolecular and intramolecular arylations of 

heterocycles and other aryl groups from aryl/heteroaryl halides. Many of the reported cases have 

results that lead to conflicting conclusions, such as no H/D isotope effect for the activated C-H 

and preference for polar solvents/less nucleophilic bases (which would support SEAr, and might 

discredit a CMD/nCMD mechanism), but no dependence on the electronic nature of the 

substituents on the activating C-H aryl ring (expected for SEAr). In the intermolecular coupling 

of aryl bromides with thiophenes, changing from a polar solvent without the use of ligands to 

using phosphine ligands in a polar solvent actually resulted in a different product forming (Heck-

type α,β-insertion proximal to an electron-withdrawing group), suggesting that multiple 

competing mechanisms may be at play for the C-H activation step in many of these reactions.207 

Pathway (5) involves an oxidative addition of the metal (typically palladium) into the C-H bond 

to form a high-energy palladium(IV) species, which has gained some support from computation 

studies.20,25-26 Pathway (6) is presumed to be an uncommon case, proposed for the arylation of 

azoles from aryl iodides and bromides with or without a copper co-catalyst.221 
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Scheme 8: Proposed pathways for direct arylations as listed by Hartwig 

 

 

 One group of direct intramolecular arylations was found by the Fagnou group to work 

well with the addition of trialkyl phosphines.222 More recently, the Fagnou group found that 
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group in the 1980’s (Scheme 9) and they are generally believed to proceed through one of only 

three C-H activation mechanisms.224-225 Based on the use of isotope effect studies (typically 

supporting H-abstraction in the rate-determining step), preference for electron-poor substrates (in 

many, but not all cases), preference for coordinating bases and computational studies, there is 

some consensus on a metallation-deprotonation type mechanism (Scheme 10).216-217,226-227 

 

 

Scheme 9: Development of direct intramolecular arylation of 2-halobenzylphenyl ethers 
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Scheme 10: Proposed mechanism(s) for direct intramolecular arylation 
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Based on the Fagnou group’s success in direct intramolecular arylations of 2-halobenzylphenyl 

ethers (bromides and chlorides) using sterically hindered, electron-rich phosphine ligands or less 

bulky, electron-deficient phosphine ligands in the presence of pivalate, it was our hope that these 

reactions might be adaptable to water-soluble phosphine ligands such as DTBPPS (sterically 

hindered, electron-rich) or TPPTS (less bulky, less electron-rich) in an aqueous system. Adapting 
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these arylations to an aqueous system with a water-soluble catalyst might later allow us to 

develop catalyst recycling methodology for this reaction type. 

 

 

Scheme 11: Examples of aqueous phase palladium-catalyzed direct arylations 
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4.2.1. High-temperature Direct Intramolecular Arylations using DTBPPS 

 Based upon the successful arylations of 2-chlorobenzylphenyl ethers using PCy3 at 130 

ºC by the Fagnou group, we first sought to test the applicability of our DTBPPS ligand under 

Fagnou’s conditions before attempting these reactions in an aqueous solvent system.222 A series 

of 2-halobenzyl phenyl ethers (Table 39) was synthesized for the study of arylations using 

DTBPPS as the ligand.  

 

Table 39: Synthesis of 2-halobenzylphenyl ether substrates 

  

 

 Initial condition optimization was sought using 2-bromobenzylphenyl ether. Replacing 

PCy3 with DTBPPS in DMF under Fagnou's conditions gave complete conversion to the desired 

product (Table 40, product 1).  With the successful demonstration of the DTBPPS/Pd catalysts's 

ability to promote this reaction, the use of water as a solvent was explored. Switching to water as 

R
HOBr

X
+

K2CO3

CH3CN
80 ºC X

O
R

X =                    Phenol              Isolated Yield (%)        X =                    Phenol                Isolated Yield (%)

Br                                                               90
Cl                                                               67

Br

OH

OH

OH

O
OH

O2N

OH

Cl

76

Br                                                               95
Cl                                                              100

Br                                                               85

OH

NC
OH

F

Br                                                            83

Br                                                           68

Br                                                           76
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the solvent resulted in 0 % conversion for the PCy3 catalyst system. The DTBPPS catalyst 

system worked well in both DMF and water individually, but a mixed solvent system produced 

only the undesired hydrodehalogenation product (Table 40, product 2). DMF is known to 

decompose under basic conditions to carbon monoxide and dimethyl amine, which may act as a 

hydrogen source for hydrodehalogenation. Some increase in conversion to desired product was 

observed when DMSO or DMA was used in place of DMF for a mixed solvent system, but due 

to difficulty separating the desired product from the hydrodehalogenation product by column 

chromatography, it was decided that a mixed solvent system could not be used under these 

reaction conditions.  

 

Table 40: Solvent comparison for intramolecular arylation of 2-bromobenzylphenyl ether 

 

 A comparison of bases for the aqueous DTBPPS conditions (Table 41) showed very 

similar results to those seen by the Fagnou group for the PCy3 in DMF/DMA. Coordinating 

Br

O

OPd(OAc)2 1.00 mol %a

DTBPPS 2.00 mol %
Base 2.00 equiv

 
130 ºC

H

O

1 2

                                    GC Yield (%)

Solvent (1:1)             1                  2          Conv. (%)

DMF 
DMF (PCy3)
H2O (PCy3)
H2O                    
DMF/H2O                 0                100            100
DMSO/H2O             59                26              85
DMA/H2O               49                19              68  

aArylation procedure A.

100                 0              100
100                 0                 0

0                  0                 0
100                 0              100
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bases, such as carbonates and phosphates were most effective, with a poorly understood 

preference for potassium bases over sodium or cesium bases. The Fagnou group also observed 

this preference. All of the carbonate salts were found to be nearly insoluble under Fagnou’s 

reaction conditions, and no explanation for the base counterion effect could was provided. 

Amine bases increased the production of the undesired hydrodehalogenation product (2), 

possibly due to the ability of amines to serve as a hydrogen source (presumably forming an 

imine). This result is not entirely surprising, given the hydrodehalogenation that resulted when 

DMF was used in a mixed solvent system, allowing decomposition to form an amine as 

mentioned above.  

 

Table 41: Comparison of bases for direct arylation of 2-bromobenzylphenyl ether in water 

 

Br

O

O
Pd(OAc)2 1.00 mol %a

DTBPPS 2.00 mol %
Base 2.00 equiv

H2O 
130 ºC

                           GC Yield (%)

Base                  1                  2         Conv. (%)

Na2CO3            
K2CO3 
Cs2CO3
NaOH
KOH
CsOH
CaOH
KH2PO4
K3PO4
KOtBu
NEt3
NMeCy2
KOAc

H

O

1 2

59                 0             59
100                 0            100

95                 3             98

8                 5             13
0                 4              4
0                 0              0

73                 5            78

aArylation procedure A.

1                 5              6
19                 5             24

60               37            97
0             100           100

46               51            97
11                8            19
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 With the optimized conditions, arylation of the synthesized 2-halobenzylphenyl ether 

substrates was attempted (Table 42).  All of the substrates attempted worked well when DMF 

was used as the solvent, including those with electron-poor, electron-rich, and bulky phenyl 

substituents. Using water as the solvent worked reasonably well only for the 2-

bromobenzylphenyl ether and 1-methoxy-4-(2-bromobenzyloxy)benzene substrates, and in the 

latter case at least a 15 % impurity of hydrodehalogenation was observed that could not be 

removed by column chromatography.  

 

Table 42: Substrate scope of direct intramolecular arylations using DTBPPS 

 

 

X

O

O
Pd(OAc)2 1.00 mol %
DTBPPS 2.00 mo l%

K2CO3 2.00 equiv

130 ºCa

X=Br        94b                93b

                 98 (PCy3)      0 (PCy3)
X=Cl        85                  9c

81b            0

91b           19d

92b             0

2-Halobenzylarylether                          Isolated Yield (%)           2-Halobenzylarylether          Isolated Yield (%)

                                                              DMF            H2O                                                         DMF        H2O

aArylation procedure B. bAvg at least two trials. c15 % or greater of hydrodehalogenation impurity; total yield 96 %. 
dYield determined by gas chromatography. eDoubled Pd/ligand.

R

 90b                81b,c

85e                55d,e

R

Br
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 Optimization of the 1-methoxy-4-(2-bromobenzyloxy)benzene substrate was pursued 

(Tables 43 and 444). Addition of a pivalate or acetate additive resulted in decreased yields of 

both the desired and undesired products (Table 43, 1 and 2, respectively). To aid in solubility of 

the substrate, tert-butanol and several surfactants were compared. Surprisingly, this resulted in 

decreased conversion for tert-butanol and tetraglyme. PEG and TEG additives gave nearly 

complete conversion to the undesired hydrodehalogenation product. SDS also increased the yield 

of product 2 only, and CTAB was found to have little to no influence over substrate conversion 

and product ratio. Additionally, variation in the catalyst loading and amount of base used, with 

and without a pivalate additive, were explored with no improvement in the yield of product 1 

(Table 44).  

 

Table 43: Comparison of additives/surfactants for intramolecular arylation of 1-methoxy-4-(2-

bromobenzyloxy)benzene 

 

Br

O

O

OPd(OAc)2 1.00 mol %a

DTBPPS 2.00 mol %
K2CO3 2.00 equiv

H2O 
130 ºC H

O

1 2

O O

                                             GC Yield (%)

Additive                                 1           2              Conv. (%)

PivOH 30.0 mol %   
KOAc 30.0 mol %
 tBuOH 0.500 mL
Tetraglyme 0.500 mL
PEG-200 0.500 mL
PEG-200 0.500 mL
     and PivH 30.0 mol %
PEG-400 0.500 mL
TEG 0.500 mL
CTAB 200 mg
SDS 200 mg

65           0                  65
71           4                  75
33          12                 45
 0           15                 15
 8           92               100

 8           92               100
8           92               100
7           93               100
83         17               100
52         48               100
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Table 44: Optimization of direct arylation conditions for 1-methoxy-4-(2-

bromobenzyloxy)benzene 

 

 

4.2.2. Lower-temperature Direct Intramolecular Arylations using TPPTS 

  
 Unable to adapt our high-temperature aqueous conditions to a more diverse group of 

substrates, we next turned our attention to a lower temperature system utilizing a pivalate 

additive and a less bulky, less electron-rich phosphine. Fagnou’s group had found that switching 

to a less bulky, less electron-rich fluorinated triphenyl phosphine ligand in the presence of 

pivalate allowed this group of arylations to be performed at 45 ºC instead of the elevated 

temperatures used previously.223 TPPTS, DCEPS, and DTBPPS were all considered for our 

lower temperature studies. TPPTS is an affordable, commercially available, water-soluble 

triarylphosphine ligand, which we selected based on its decreased steric bulk and electron-

donating ability compared with our trialkyl phosphine ligands. TPPTS was calculated by the 

Br

O

O

O
Pd(OAc)2

a

DTBPPS 
K2CO3

H2O 
130 ºC

H

O

1 2

O O

                                                                                                                                      GC Yield (%)

Pd(OAc)2 (mol %)   DTBPPS (mol %)   K2CO3 (equiv)   Additive  (mol %)                1           2              Conv. (%)

           1.00                             2.00                   2.50                   PivOH 30.0                      
           1.00                             2.00                   4.00                      none                            
           1.00                             2.00                   2.50                   PivOH 15.0                         
         0.500                             1.00                   2.00                      none         
         0.200                            0.400                  2.00                      none

aArylation procedure A.

70
72
41
44
2

3
3
0
0
0

73
75
41
44
2
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Dixon group to have a cone angle of 165 º (similar to PPh3-172 º, and less than TTBP-190 º). 

TPPTS was found to be less electron-donating thant TTBP or PPh3.63,229 DCEPS was also 

considered, with electronic and steric parameters between TTBP and PPh3 (Table 45).230 The 

Lastly, for comparison, DTBPPS was included in the optimization studies. DTBPPS is calculated 

by ionization potential measurements to be more electron-donating than TTBP, and the cone-

angle is calculated to be 194 º. Hence, we expected the activity of the ligands tested to increase 

with decreasing electron-donating ability and steric bulk (DTBPPS<DCEPS<TPPTS) based on 

Fagnou’s positive results with a fluorinated triphenyl phosphine ligand. 

 

Table 45: Electronic and steric parameters for water-soluble phosphine ligand selection 

 Cone Angle 
(deg) 

νCO (cm
-1
) 

Rh(L)2(CO)Cl 

Electronic parameters 
from calculations 

TTBP 190 1921; 2056 for Ni(CO)3L nd 

PCy3 179 1943;  
2056 for Ni(CO)3L 

nd 

PPh3 172 1979; 2069 for Ni(CO)3L nd 

DTBPPS 194 nd More e-donating than 
TTBP 

DCEPS Predicted to be 
close to PCy3 

nd; 2054 for Ni(CO)3L nd 

TPPTS 165 1993 Less e-donating the 
PPh3 

 

  TPPTS was found to work well in the intramolecular arylation of 2-bromobenzylphenyl 

ether in DMA at 70 ºC (Table 46).  Using water alone as the solvent, high conversion could not 

be achieved, but a 1:1 mixture of DMA and water, at 80 ºC afforded the desired product with a 

reasonably low percentage of benzylphenyl ether. The bulkier, more electron-rich DTBPPS 
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ligand gave predictably low yields in DMA. DCEPS gave moderate conversion at 80 ºC in 

DMA/water. These results reflect the expected ordering of ligand reactivity, based on preference 

for less steric bulk and electron-richness for phosphine substituents (TPPTS<DCEPS<DTBPPS). 

Exchanging DMA for acetonitrile using TPPTS reduced conversion to almost zero, confirming 

the need for DMA as one of the solvent components.  

 

Table 46: Optimization of direct intramolecular arylation of 2-bromobenzylphenyl ether using 

TPPTS 

 

 

 The optimized mixed solvent TPPTS system could be applied to the arylation of electron-

poor, electron-rich, and even sterically hindered benzyl phenyl ether substrates with fair 

Br

O

OPd(OAc)2 5.00 mol %a

Ligand 5.00 mol %

PivOH
K2CO3

H

O

1 2

                                                                                               GC Yield (%)
Ligand        Solvent         PivOH      K2CO3     Temp (ºC)        1           2           Conv (%)
                                       (mol %)    (equiv.)

TPPTS          H2O                           
TPPTS          DMA                          
TPPTS          DMA                           
TPPTS          DMA                          
TPPTS          DMA                         
TPPTS          H2O
TPPTS      DMA/H2O
TPPTS      DMA/H2O
TPPTS      DMA/H2O
DTBPPS       DMA
DCEPS     DMA/H2O
TPPTS     CH3CN/H2O

aArylation procedure A.

0
30
29
65
94
5
90
82
91
35
61
8

0
0
0
4
0
0
5
3
5
0
0
0

0
30
29
69
94
5
95
85
96
35
61
8

45
45
45
60
70
80
80
80
90
70
80
80

3.00
3.00
5.00
3.00
3.00
3.00
3.00
2.00
3.00
3.00
3.00
3.00

30.0
30.0
30.0
30.0
30.0
30.0
30.0
20.0
30.0
30.0
30.0
30.0
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efficiency (Table 47). This seems to agree with previous conclusions by Fagnou and others that 

the mechanism is likely not SEAr in type, since a more dramatic electronic effect would be 

expected. The lack of a strong electronic effect is consistent with the CMD mechanism proposed 

by Fagnou and others, rather than an SEAr mechanism.216-217,226-227   

 

Table 47: Substrate scope for intramolecular arylation of 2-halobenzylphenyl ethers using 

TPPTS 

 

 

X

O

O
Pd(OAc)2 5.00 mol %

TPPTS 5.00 mol %
K2CO3 3.00 equiv
PivOH 30.0 mol %

DMA/H2O
80 ºCa

2-Halobenzylarylether                          GC Yield (%)           2-Halobenzylarylether               GC Yield (%)

R

R

Br

O

X

O

O

Br

O

Cl

Br

O

F

Br

O

CN

Br

O

Br

O

NO2

70b,c

aArylation procedure C. bIsolated yield. cAverage of two trials. dRun at 90 ºC. eRun at 100 ºC.
 f4-(benzyloxy)benzamide, 87 %.

X = Br        93b,d

X = Cl      100e

83b,c,d

93

0d,f

TPPTS:      15
                  66d

                  25e

DTBPPS:  44
                  63d

78c,e

50b,e
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 The continued preference for coordinating bases also supports the conclusions of others 

that CMD type mechanism may be at play. Reaction times of at least 24 hours were required for 

all of our substrates used, which we have observed to be true for the vast majority of C-H 

activation systems. Intramolecular arylation of one 2-chlorobenzylphenyl ether could be 

achieved when the temperature was increased to 100 ºC. In all cases, production of the undesired 

hydrodehalogenation product was problematic, because the desired and undesired products could 

not be separated by column chromatography. Additionally, when column chromatography was 

used, yields were often lower than expected by gas chromatography. If left to react too long, the 

desired product of 4-chloro-(2-bromobenzyloxy)benzene was further dehalogenated to 6H-

Benzo[c]chromene (Table 48). In the case of 4-cyano-(2-bromobenzyloxy)benzene (Table 47), 

the primary product was found to be 4-(benzyloxy)benzamide, presumably resulting from 

hydrodehalogenation of the 2-bromobenzyl substituent and addition of water to the nitrile group 

in the presence of base.  

 

Table 48: Degradation of 4-chloro-(2-benzyloxy)benzene arylation product 

 

Br

O
O

Pd(OAc)2 5.00 mol %
TPPTS 5.00 mol %
PivOH 30.0 mol %
K2CO3 3.00 equiv.

DMA/H2O
90 ºC

H

O

1                                    2                                      3

                                 GC Yield (%)
Reaction Time (h)           1          2         3

           24a                        78        7         0
           42                         86        7         7
           96                         35        0        58

aAverage of two timed trials.

Cl

Cl

Cl
O
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 The higher temperatures and longer reaction times required, even for our milder system, 

prompted us to consider whether a molecular palladium-ligand species was actually our active 

catalyst. While discerning the active species has not been discussed in depth for this type of 

direct arylation, some parallels can be drawn between these systems and palladium catalyzed-

coupling reactions (see chapter 1 introduction), such as the Heck coupling. Discernment of the 

active species is not a trivial task, but there are common indicators that the active species is not 

molecular in nature. These indicators include long-reaction times or induction periods along with 

the formation of visible black particulates (“palladium black”; Pd0) during that time and the need 

for high reaction temperatures.62  

 A time-study for the intramolecular arylation of 2-bromobenzylphenyl ether revealed that 

the reaction required 24 hours to reach 50 % completion, and only after 2-4 days was the 

optimum yield produced (Figure 19).  A shorter scale time-study was performed by another 

group member (Mr. Spencer A. Alaniz) on a different stir-plate, and faster conversion than the 

first study indicated that effective mixing needs to be ensured before kinetic analysis can be 

considered (Figure 19). It has been proposed that difficulty reproducing reaction kinetics might 

be an indicator of heterogeneous catalysis. While difficulty reproducing reaction kinetics is often 

associated with heterogeneous catalysis several cases have shown that this cannot be used to 

effectively exclude homogeneous catalysis.62,231-234 Several methods exist for the elucidation of 

the nature of the palladium species in a reaction, including the use of reaction kinetics (such as 

comparison of kinetics for the catalytic reaction with that of precatalyst decomposition), 

transmission electron microscopy (TEM), mercury poisoning (by amalgamating a heterogeneous 

catalyst, and thereby suppressing heterogeneous catalyst activity), or other ligand poisoning 

(poisoning a homogeneous catalyst with quantitative CS2 or other ligand), and light scattering for 
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the detection of metal particles in catalyst solutions. The methods listed here are only a few of 

the several methods described by Finke and Widegren in their review on addressing the problem 

of distinguishing the catalyst nature.62 Although individually these methods are rarely conclusive, 

they can be coupled to aid in making informed conclusions about the reactive species. Further 

work is needed to determine what the active species nature is in our system and whether that 

might limit our ability to extend this work to catalyst recycling applications.  

 

 

Figure 19: Time-study of direct intramolecular arylation of 2-bromobenzylphenyl ether using 

TPPTS 
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4.3. Conclusions 

 For the first time, direct intramolecular arylations of 2-bromobenzylphenyl ethers have 

been reported using water-soluble phosphine ligands. These transformations were successfully 

achieved at high-temperatures using DTBPPS in DMA or DMF, and lower temperatures using 

TPPTS in a 1:1 mixture of DMA/H2O. Preference for coordinating bases and lack of electronic 

preference for the substituents on the arene substrates adds support to the existing body of 

evidence for a CMD/nCMD type mechanism for these reactions over an SEAr type mechanism. 

We find that the preference for potassium as the counter-ion on the base used is somewhat 

puzzling, but it is suspected that this preference may relate to the solubility equilibrium of the 

base before reaction and the byproducts produced from the reaction. While others have observed 

this preference, little discussion of its role in these reactions has followed. Lengthy reaction 

times, and problems with side-reactions were observed, particularly with the production of the 

hydrodehalogenation side products, which could not be effectively separated from the desired 

products by column chromatography. Lengthy reaction times and higher temperatures are 

commonly reported for this class of reactions using hydrophobic ligands, and in any case, further 

study of the active catalyst species using methods commonly employed for other metal catalyzed 

reactions could aid in the development of more efficient and even recyclable catalyst systems.  

4.4. Experimental 

General Experimental Details: 

 All chemicals were obtained from commercial sources and used as received, except where noted. 

DTBPPS and DCEPS were synthesized according to the previously reported procedures.147,230 

Di-tert-butylphosphine was obtained from FMC, Lithium Division. Pd(OAc)2 was provided by 

Johnson-Matthey. Acetonitrile was distilled from calcium hydride under nitrogen prior to use. 
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Water was deoxygenated by sparging with nitrogen prior to use. Reaction temperatures refer to 

previously equilibrated oil bath temperatures. Reaction progress was monitored by GC (Varian 

3800). NMR spectra were obtained on Brüker NMR spectrometers operating at 360 or 500 MHz. 

1H and 13C NMR spectra are referenced to the NMR solvent peaks or internal TMS. HRMS were 

obtained on a magnetic sector mass spectrometer using EI ionization and operating in the 

positive ion mode. 

Procedure for the synthesis of 2-halobenzylphenylethers: 

 A 2-halobenzyl bromide, a phenol (2.00 equiv), anhydrous potassium carbonate (1.50 

equiv) and anhydrous acetonitrile were measured directely into a 15 mL vial containing a stirbar. 

The vial was sealed with a rubber septum and left to stir for two to three days in an 80 ºC oil bath. 

Reaction progress was determined by gas chromatography before taking the reaction mixture 

into ethyl acetate and washing three times with brine solution. The organic portion was dried 

with anhydrous magnesium sulfate, filtered, and the solvent was removed under reduced pressure. 

The crude residues were evaporated onto silica gel using methylene chloride and purified by 

column chromatography. 

(2-Bromobenzyloxy)benzene235 

 According to the procedure, 2-bromobenzyl bromide (1.00 g, 4.00 mmol) was reacted 

with phenol (752 mg, 8.00 mmol) in 8.00 mL of acetonitrile. The desired product was isolated by 

column chromatography (EtOAc in hexane) as a low-melting white solid (947 mg, 90 %) with 

NMR spectral values in agreement with the literature. 

1H NMR (500 MHz, CDCl3): δ 7.50-7.46 (m, 2H), 7.25-7.20 (m, 3H), 7.10-7.07 (m, 1H), 7.05-

7.02 (m, 3H), 5.19 (s, 2H). 
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13C NMR (126 MHz, CDCl3): δ 158.7, 136.6, 132.8, 129.7, 129.4, 129.1, 127.8, 122.5, 121.4, 

115.1, 69.6. 

(2-Chlorobenzyloxy)benzene236 

 According to the procedure, 2-chlorobenzyl bromide (821 mg, 4.00 mmol) was reacted 

with phenol (752 mg, 8.00 mmol) in 8.00 mL of acetonitrile. The desired product was isolated by 

column chromatography (EtOAc in hexane) as a colorless oil (580 mg, 67 %) with NMR spectral 

values in agreement with the literature. 

1H NMR (500 MHz, CDCl3): δ 7.48 (d, J = 7.7 Hz, 1H), 7.28 (dd, J = 1.3, 7.3 Hz, 1H), 7.23-7.19 

(m, 2H), 6.93-6.88 (m, 3H), 5.03 (s, 2H). 

13C NMR (126 MHz, CDCl3): δ 158.7, 135.0, 132.7, 129.7, 129.5, 129.1, 128.9, 127.1, 121.4, 

115.1, 67.2. 

3,5-Dimethyl-1-(2-bromobenzyloxy)benzene222 

 According to the procedure, 2-bromobenzyl bromide (1.00 g, 4.00 mmol) was reacted 

with 3,5-dimethylphenol in 8.00 mL of acetonitrile. The desired product was isolated by column 

chromatography (0-2 % EtOAc in hexane) as a reddish-orange oil (890 mg, 76 %) with NMR 

spectral values in agreement with the literature. 

1H NMR (500 MHz, CDCl3): δ 7.53 (m, 2H), 7.28 (t, J = 7.6 Hz, 1H), 7.12 (t, J = 7.4 Hz, 1H), 

6.61 (s, 3H), 5.06 (s, 2H), 2.28 (s, 6H). 

13C NMR (126 MHz, CDCl3): δ 158.7, 139.3, 136.7, 132.6, 129.1, 128.9, 127.6, 123.1, 122.3, 

112.7, 69.3, 21.7.  

1-Methoxy-4-(2-bromobenzyloxy)benzene237 

 According to the procedure, 2-chlorobenzyl bromide (1.17 mL, 9.00 mmol) was reacted 

with 4-methoxyphenol (3.36 g, 27.0 mmol) in 8.00 mL of acetonitrile. The desired product was 
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isolated by column chromatography as a yellow-orange oil (2.25 g, 100 %) and determined to be 

spectroscopically pure. 

1H NMR (500 MHz, CDCl3): δ 7.51 (dd, J = 7.5, 1.7 Hz, 1H), 7.33 (dd, J = 8.0, 1.5 Hz, 1H), 

6.79 (dt, J = 9.1, 3.0 Hz, 2H), 5.05 (s, 2H), 3.68 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 154.3, 152.8, 135.2, 132.6, 129.4, 129.0, 128.9, 127.0, 115.9, 

114.8, 67.9, 55.7. 

EI-HRMS m/z calcd for C14H13O2Cl (M+) 248.0604, found 248.0604. 

4-Nitro-(2-bromobenzyloxy)benzene 

 According to the procedure, 2-bromobenzyl bromide (188 mg, 0.752 mmol) was reacted 

with p-nitrophenol (209 mg, 1.50 mmol) in 4.00 mL of acetonitrile. The desired product was 

obtained by column chromatography using 0-2 % EtOAc in hexane to yield a white solid (198 

mg, 85 %) that was determined to be spectroscopically pure. 

1H NMR (500 MHz, CDCl3): δ 8.23-8.22 (m, 2H), 7.64-7.62 (m, 1H), 7.53-7.51 (m, 1H), 7.39-

7.36 (m, 1H), 7.28-7.24 (m, 1H), 7.07-7.05 (m, 2H), 5.22 (s, 2H). 

13C NMR (126 MHz, CDCl3): δ 163.7, 142.2, 135.1, 133.2, 130.2, 129.3, 128.1, 126.3, 122.9, 

115.2, 70.1. 

EI-HRMS m/z calcd for C13H10NO3Br (M+) 306.9844, found 306.9836. 

4-Chloro-(2-bromobenzyloxy)benzene235 

 According to the procedure, 2-bromobenzyl bromide (1.00 g, 4.00 mmol) was reacted 

with 4-chlorophenol (1.03 g, 8.00 mmol) in 8.00 mL of acetonitrile. The desired product was 

obtained by column chromatography as a colorless low-melting solid (985 mg, 83 %). 

1H NMR (500 MHz, CDCl3): δ 7.49 (m, 1H), 7.44 (m, 1H), 7.23 (m, 1H), 7.17-7.14 (m, 2H), 

7.08 (td, J = 7.6, 1.4 Hz, 1H), 6.84-6.80 (m, 2H), 4.98 (s, 2H). 



 166 

13C NMR (126 MHz, CDCl3): δ 157.2, 136.0, 132.8, 129.6, 129.5, 128.9, 127.7, 126.2, 122.5, 

116.3, 69.7. 

4-Cyano-(2-bromobenzyloxy)benzene 

 According to the procedure, 2-bromobenzylbromide (375 mg, 1.50 mmol) was reacted 

with 4-hydroxybenzonitrile (357 mg, 3.00 mmol) in 8.00 mL of acetonitrile. The desired product 

was obtained by column chromatography (5 % EtOAc in hexane) as a white solid (295 mg, 

68 %) that was determined to be spectroscopically pure.  

1H NMR (500 MHz, CDCl3): δ 7.63-7.58 (m, 3H), 7.53 (dd, J = 7.6, 1.1 Hz, 1H), 7.37 (dt, J = 

7.6, 1.1 Hz, 1H), 7.24 (dt, J = 7.7, 1.6 Hz, 1H), 7.07-7.03 (m, 2H), 5.17 (s, 2H). 

13C NMR (126 MHz, CDCl3): δ 161.7, 135.0, 134.1, 132.9, 129.8, 129.0, 127.8, 122.5, 119.1, 

115.6, 104.6, 69.7. 

EI-HRMS m/z calcd for C14H10NOBr (M+) 286.9946, found 286.9956. 

4-Fluoro-(2-bromobenzyloxy)benzene235 

 According to the procedure, 2-bromobenzylbromide (188 mg, 0.752 mmol) was reacted 

with 4-fluorophenol (280 mg, 2.50 mmol) in 4.00 mL of acetonitrile. The desired product was 

obtained by column chromatography using 100 % hexane to yield a colorless oil (161 mg, 76 %) 

having spectral values in agreement with the literature. 

1H NMR (500 MHz, CDCl3): δ 7.56-7.54 (m, 1H), 7.51-7.49 (m, 1H), 7.30-7.28 (m, 1H), 7.16-

7.13 (m, 1H), 6.97-6.88 (m, 4H), 5.04 (s, 2H). 

13C NMR (126 MHz, CDCl3): δ 157.7 (d, JF-C = 244.4 Hz), 154.8, 136.3, 132.8, 129.5, 129.0, 

127.7, 122.5, 116.2, 116.0 (d, JF-C = 15.1 Hz), 70.2. 

Procedures for direct intramolecular arylations 

Procedure A: 
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 In a nitrogen-filled glovebox, the palladium source, ligand, base, additive, and a 2-

halobenzylether were measured directly into a 1.5 dram vial or 2 mL glass pressure tube with a 

stirbar. Deoxygenated solvent (2 mL) was added, and the vial or tube was sealed under nitrogen 

atmosphere and placed into a preheated oil bath to stir for 24-48 hours or the designated reaction 

time. Upon completion, reaction progress was monitored by gas chromatography without use of 

a standard. 

 

Procedure B: 

 In a nitrogen-filled glovebox, palladium(II) acetate (1.28 mg, 0.0057 mmol), DTBPPS 

(3.06 mg, 0.0014 mmol), anhydrous potassium carbonate (158 mg, 1.14 mmol), and 2-

halobenzylether (0.570 mmol) were measured directly into a 1.5 dram vial or a 2 mL glass 

pressure tube with a stirbar. The reaction mixture was sealed under nitrogen atmosphere with 2 

mL of solvent and placed into a preheated 130 ºC oil bath outside of the glovebox to stir for at 

least 24 hours. Upon completion, reaction progress was monitored by gas chromatography. 

Where isolated yields are reported, the reaction mixture was taken into diethyl ether, washed 

three times with brine solution, dried with anhydrous magnesium sulfate, filtered, and the solvent 

was removed under reduced pressure. Except where noted, column chromatography was found to 

be either unneeded or ineffective at improving the purity of the resulting products. 

Procedure C: 

 In a nitrogen-filled glovebox, palladium(II) acetate (5.50 mg, 0.0245 mmol), TPPTS 

(13.9 mg, 0.020045 mmol) or other ligand where noted, pivalic acid (14.1 mg, 0.138 mmol), 

anhydrous potassium carbonate (203 mg, 1.47 mmol) and a 2-halobenzylphenylether (0.49 

mmol) were measured directly into a 1.5 dram vial containing a small stirbar. One mL of 
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anhydrous DMA was added, and the vial was sealed with a screwcap and septum and removed 

from the glovebox. One mL of deoxygenated DI water was added to the mixture, which was then 

placed in a preheated oil bath to stir for at least 24 hours. Reaction progress was monitored by 

gas chromatography. Where isolated yields are reported, the reaction mixture was taken into 

diethyl ether, washed three times with brine solution, dried with anhydrous magnesium sulfate, 

filtered, and the solvent was removed under reduced pressure. Except where noted, column 

chromatography was not found to significantly improve the purity of the product(s). 

6H-Benzo[c]chromene238 

 According to procedure B, intramolecular arylation of (2-bromobenzyloxy)benzene (150 

mg, 0.570 mmol) was performed in anhydrous DMF. The desired product was isolated as 97.5 

mg (94 %) of a colorless oil that was determined by NMR spectroscopy to be in agreement with 

previously reported values and containing no greater than 10 % of the hydrodehalogenation 

product. 

1H NMR (500 MHz, CDCl3): δ 7.79 (dd, J = 1.7, 7.6 Hz, 1H), 7.75 (m, 1H), 7.44-7.41 (m, 1H), 

7.35-7.28 (m, 2H), 7.20-7.19 (m, 1H), 7.12 (td, J = 1.3, 7.5 Hz, 1H), 7.07 (dd, J = 1.3, 8.1 Hz, 

1H), 5.17 (s, 2H). 

13C NMR (126 MHz, CDCl3): δ 154.8, 131.5, 130.2, 129.5, 128.5, 127.7, 124.7, 123.4, 123.0, 

122.2, 122.1, 117.4, 68.4. 

 According to procedure B, intramolecular arylation of (2-bromobenzyloxy)benzene (150 

mg, 0.570 mmol) was performed in deoxygenated D2O or H2O. The desired product was isolated 

as 96.7 mg (93 %) of a colorless oil that was spectroscopically identical to the reported values 

above.  
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 According to procedure B, intramolecular arylation of (2-chlorobenzyloxy)benzene (109 

mg, 0.500 mmol) was performed in anhydrous DMF. The desired product was isolated as 77.6 

mg (85 %) of a colorless oil that was spectroscopically identical to the reported values above. 

 According to procedure C, intramolecular arylation of (2-bromobenzyloxy)benzene (129 

mg, 0.490 mmol) was performed at 80 ºC. The desired product was isolated as 62.5 mg (70 %) of 

a yellow oil that was spectroscopically identical to the reported values above, and contaminated 

with less than 10 % of the hydrodehalogenation product, as determined by NMR spectroscopy 

and gas chromatography.  

2-Methoxy-6H-benzo[c]chromene239 

 According to procedure B, intramolecular arylation of 1-methoxy-4-(2-

bromobenzyloxy)benzene (168 mg, 0.570 mmol) was performed in anhydrous DMF. The desired 

product was isolated as 110 mg (90 %) of a brown oil that was determined by NMR 

spectroscopy to be in agreement with previously reported values in the literature. 

1H NMR (500 MHz, CDCl3): δ 7.72-7.70 (m, 1H), 7.43-7.40 (m, 1H), 7.34-7.31 (m, 2H), 7.20-

7.18 (m, 1H), 7.00 (d, J = 8.8 Hz, 1H), 6.86 (dd, J = 8.7, 2.9 Hz, 1H), 5.11 (s, 2H), 3.88 (s, 3H). 

13C NMR (500 MHz, CDCl3): δ 154.9, 148.9, 131.9, 130.2, 128.4, 127.9, 124.7, 123.6, 122.1, 

118.0, 115.1, 108.4, 68.6, 55.8. 

 According to procedure B, intramolecular arylation of 1-methoxy-4-(2-

bromobenzyloxy)benzene (168 mg, 0.570 mmol) was performed in deoxygenated H2O. The 

desired product was isolated as 123 mg (96 %) of a colorless to brown oil that was 

spectroscopically identical to the reported values above and contaminated with approximately 

15 % of the hydrodehalogenation product, as determined by NMR spectroscopy and gas 

chromatography.  
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 According to procedure C, intramolecular arylation of 1-methoxy-4-(2-

bromobenzyloxy)benzene (144 mg, 0.490 mmol) was performed at 90 ºC. The desired product 

was isolated as a brown oil (97.0 mg, 93 %) that was spectroscopically identical to the reported 

values above and contaminated with approximately 12 % of the hydrodehalogenation product, as 

determined by NMR spectroscopy and gas chromatography. 

2-Chloro-6H-benzo[c]chromene235 

 According to procedure B, 4-chloro-(2-bromobenzyloxy)benzene (150 mg, 0.500 mmol) 

was performed with doubled amounts of palladium(II) acetate (2.2 mg, 0.0100 mmol) and 

DTBPPS (5.36 mg, 0.0200 mmol) in anhydrous DMF. The desired product was isolated as 94.5 

mg (88 %) of a colorless low melting solid that was purified by column chromatography (EtOAc 

in hexane) and in agreement with spectroscopic values previously reported in the literature. 

1H NMR (500 MHz, CDCl3): δ 7.71 (d, J = 2.4 Hz, 1H), 7.67-7.65 (m, 1H), 7.43-7.39 (m, 1H), 

7.36-7.33 (m, 1H), 7.21 (dd, J = 8.5, 2.4 Hz, 1H), 7.19-7.17 (m, 1H), 6.96 (d, J = 8.5 Hz, 2H), 

5.13 (s, 2H). 

13C NMR (126 MHz, CDCl3): δ 153.3, 131.3, 129.1, 129.0, 128.6, 128.4, 127.2, 124.8, 124.4, 

123.2, 122.2, 118.8, 68.6. 

 According to procedure C, intramolecular arylation of 4-chloro-(2-

bromobenzyloxy)benzene (146 mg, 0.490 mmol) was performed at 90 ºC. The desired product 

was isolated by column chromatography as a colorless oil (83.9 mg, 83 %) that was 

spectroscopically identical to the reported values above and contaminated with approximated 

7 % of the hydrodehalogenation product, as determined by NMR spectroscopy and gas 

chromatography. 
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1,3-Dimethyl-6H-benzo[c]chromene222 

 According to procedure B, intramolecular arylation of 3,5-dimethyl-1-(2-

bromobenzyloxy)benzene (166 mg, 0.570 mmol) was performed in anhydrous DMA. The 

desired product was isolated as 96.5 mg (81 %) of an orange oil having spectral values in 

agreement with the literature, and was determined to be contaminated with approximately 4 % of 

the hydrodehalogenation product as determined by NMR spectroscopy and gas chromatography. 

1H NMR (500 MHz, CDCl3): δ 7.83-7.81 (m, 1H), 7.46-7.43 (m, 1H), 7.36-7.32 (m, 1H), 7.30-

7.28 (m, 1H), 6.85-6.84 (m, 2H), 5.00 (s, 2H), 2.74 (s, 3H), 2.40 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 156.5, 138.7, 135.3, 133.5, 131.0, 127.8, 126.7, 126.5, 126.0, 

124.9, 120.6, 115.6, 69.1, 22.8, 21.1. 

 According to procedure B, intramolecular arylation of 3,5-dimethyl-1-(2-

bromobenzyloxy)benzene (166 mg, 0.570 mmol) was performed in anhydrous DMF. The desired 

product was isolated as 95.7 mg (80 %) of a colorless to orange oil that was spectroscopically 

identical to the reported values above. 

4-Nitro-6H-benzo[c]chromene240 

 According to procedure B, intramolecular arylation of 4-nitro-(2-

bromobenzyloxy)benzene (176 mg, 0.570 mmol) was performed in anhydrous DMF. The desired 

product was isolated as a yellow solid (111 mg, 87 %) having spectral values in agreement with 

the literature and contaminated with 5-15 % of the hydrodehalogenation product, as determined 

by NMR spectroscopy and gas chromatography. 

1H NMR (500 MHz, CDCl3): δ 8.61 (d, J = 2.7 Hz, 1H), 8.11 (dd, J = 8.3, 3.2 Hz, 1H), 7.75 (d, J 

= 7.3 Hz, 1H), 7.44 (t, J = 7.3 Hz, 1H), 7.38 (t, J = 7.3 Hz, 1H), 7.19 (d, J = 6.3 Hz, 1H), 7.04 (d, 

J = 8.9 Hz, 1H), 5.24 (s, 2H). 



 172 

13C NMR (126 MHz, CDCl3): δ 159.8, 142.7, 130.4, 129.2, 129.0, 127.9, 124.9, 124.8, 123.0, 

122.4, 119.2, 118.0, 68.8. 

 According to procedure B, intramolecular arylation of 4-nitro-(2-

bromobenzyloxy)benzene (176 mg, 0.570 mmol) was performed in anhydrous DMA. The 

desired product was isolated as a yellow solid (123 mg, 95 %) that was in agreement with the 

reported values above. 

 According to procedure C, intramolecular arylation of 4-nitro-(2-

bromobenzyloxy)benzene (151 mg, 0.490 mmol) was performed at 100 ºC. The desired product 

was isolated as a yellow solid (55.8 mg, 50 %) that was in agreement with the spectroscopic 

values reported above and contaminated with approximately 10 % of the hydrodehalogenation 

product after column chromatography (EtOAc in hexane).  

4-Cyano-6H-benzo[c]chromene222 

 According to procedure B, intramolecular arylation of 4-cyano-(2-

bromobenzyloxy)benzene (140 mg, 0.490 mmol) was performed in anhydrous DMF. The desired 

product was isolated as a white solid (89.8 mg, 92 %) that was spectroscopically identical to 

previously reported values. 

1H NMR (500 MHz, CDCl3): δ 7.99 (d, J = 2.0 Hz, 1H), 7.66 (d, J = 8.3 Hz, 1H), 7.50 (dd, J = 

8.1, 2.1 Hz, 1H), 7.44-7.41 (m, 1H), 7.39-7.36 (m, 1H), 7.18 (d, J = 7.6 Hz, 1H), 7.03 (d, J = 8.3 

Hz, 1H), 5.22 (s, 2H). 

13C NMR (126 MHz, CDCl3): δ 158.1, 133.1, 130.6, 129.0, 128.9, 127.9, 127.6, 124.9, 123.7, 

122.2, 119.2, 118.6, 105.5, 68.6. 
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4-(Benzyloxy)benzamide241-242 

 According to procedure C, 4-cyano-(2-bromobenzyloxy)benzene (140 mg, 0.490 mmol) 

was submitted to the arylation conditions at 90 ºC. The undesired benzamide was confirmed as 

primary product (white solid, 87 % purity by gas chromatography) with NMR and IR spectral 

values in corresponding to those previously reported in the literature. 

1H NMR (500 MHz, CDCl3): δ 7.96 (d, J = 7.8 Hz, 2H), 7.69 (d, J = 8.0 Hz, 1H), 7.64 (d, J = 7.2 

Hz, 1H), 7.45 (t, J = 7.6 Hz, 1H), 7.36-7.30 (m, 2H), 7.11 (d, J = 7.8 Hz, 2H), 6.48 (brs, 2H), 

5.29 (s, 2H). 

13C NMR (126 MHz, CDCl3): δ 167.4, 161.0, 136.1, 132.7, 129.9, 129.8, 129.4, 127.8, 114.3, 

69.4. 

FT-IR (neat): 694, 736, 793, 841, 1024, 1146, 1174, 1255, 1304, 1399, 1416, 1515, 1573, 1612, 

3172, 3369 cm-1. 
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Section 1: Suzuki-Miyaura Coupling Products using TNpP, chapter 1  
2,4,6-Trimethylbiphenyl 
 1H NMR (500 MHz, CDCl3) 

 
13C NMR (125 MHz, CDCl3) 
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2, 2ʹ′, 4, 6-Tetramethylbiphenyl 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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2-Isopropylbiphenyl 

1H NMR (500 MHz, CDCl3) 

 
13C NMR (125 MHz, CDCl3) 
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2-Isopropyl-2ʹ′-methylbiphenyl 
1H NMR (360 MHz, CDCl3)  

 
13C NMR (125 MHz, CDCl3) 
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2-Methyl-2ʹ′-phenylbiphenyl 
1H NMR (360 MHz, CDCl3)  

 
13C NMR (125 MHz, CDCl3) 
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1-(2-Methylphenyl)napthalene 

1H NMR (500 MHz, CDCl3)  

 
13C NMR (125 MHz, CDCl3) 
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2,4-Difluoro-2ʹ′-methylbiphenyl 
1H NMR (500 MHz, CDCl3)  

 
13C NMR (125 MHz, CDCl3) 
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2,4-Difluoro-2ʹ′,4ʹ′,6ʹ′-trimethylbiphenyl 
1H NMR (500 MHz, CDCl3)  

 
13C NMR (125 MHz, CDCl3) 

 



 203 

2-Methylbiphenyl 
1H NMR (500 MHz, CDCl3)  

 
13C NMR (125 MHz, CDCl3) 
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Section 2: Synthesized Benzyl and Styryl Derived Phosphines, chapter 1 
Di-tert-butylbenzylphosphonium bromide (DTBBnPH+) 
 1H NMR (CDCl3, 500 MHz): 

 
13C NMR (CDCl3, 126 MHz): 
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31P NMR (CDCl3, 203 MHz): 
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Dicyclohexylbenzylphosphonium bromide (DCyBnPH+) 
1H (CDCl3, 500 MHz) 

 
13C NMR (126 MHz, CDCl3) 

 



 207 

31P (CDCl3, 203 MHz) 
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Di[1-adamantyl]benzylphosphonium bromide 
1H (CDCl3, 500 MHz) 

  
13C (CDCl3, 126 MHz) 
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31P (CDCl3, 203 MHz) 
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Di-tert-butyl(2-phenylethyl)phosphine 
1H NMR (500 MHz, CDCl3) 

 
31P{1H} (203 MHz, CDCl3) 

 
  



 211 

Palladium bis(di-tert-butylbenzylphosphine) dichloride 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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31P NMR (203 MHz, CDCl3) 
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Table 49:  Crystal data and structure refinement for (DTBBnP)2PdCl2. 

Empirical formula  C30 H50 Cl2 P2 Pd 
Formula weight  649.94 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 8.4834(2) Å a= 107.0120(10)°. 
 b = 8.6425(2) Å b= 109.5300(10)°. 
 c = 11.7236(3) Å g = 94.7560(10)°. 
Volume 758.91(3) Å3 
Z 1 
Density (calculated) 1.422 Mg/m3 
Absorption coefficient 0.911 mm-1 
F(000) 340 
Crystal size 0.140 x 0.110 x 0.060 mm3 
Theta range for data collection 1.961 to 35.037°. 
Index ranges -13<=h<=13, -13<=k<=13, -18<=l<=18 
Reflections collected 18749 
Independent reflections 6633 [R(int) = 0.0187] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7469 and 0.6779 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6633 / 0 / 166 
Goodness-of-fit on F2 1.053 
Final R indices [I>2sigma(I)] R1 = 0.0209, wR2 = 0.0551 
R indices (all data) R1 = 0.0226, wR2 = 0.0562 
Largest diff. peak and hole 1.110 and -0.773 e.Å-3 
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(DTBBnP)2PdCl2 was solved using the Patterson method to locate the heavy atom. Remaining 
atoms were located from the difference map and refined by full matrix least squares refinement 
about F2. Hydrogen atoms were placed in calculated positions and their coordinates were allowed 
to ride on the carrier atom. Methyl group hydrogen atoms were refined using a riding rotating 
model. 
 

 
Figure 20: 2x2x2 unit cell packing diagram down b axis 
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Section 3: Dialkylbenzylphosphonium bromide promoted coupling products, chapter 1 
2,4,6-Trimethylbiphenyl 
 1H NMR (500 MHz, CDCl3) 

 
13C NMR (125 MHz, CDCl3)
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2, 2ʹ′, 4, 6-Tetramethylbiphenyl 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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2-Isopropylbiphenyl 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (125 MHz, CDCl3) 
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2-Isopropyl-2ʹ′-methylbiphenyl 
1H NMR (360 MHz, CDCl3)  

 
13C NMR (125 MHz, CDCl3) 
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2-Methyl-2ʹ′-phenylbiphenyl 
1H NMR (360 MHz, CDCl3)  

 
13C NMR (125 MHz, CDCl3) 
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1-(2-Methylphenyl)napthalene 

1H NMR (500 MHz, CDCl3)  

 
13C NMR (125 MHz, CDCl3)
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2,4-Difluoro-2ʹ′-methylbiphenyl 
1H NMR (500 MHz, CDCl3)  

 
13C NMR (125 MHz, CDCl3) 
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2,4-Difluoro-2ʹ′,4ʹ′,6ʹ′-trimethylbiphenyl 
1H NMR (500 MHz, CDCl3)  

 
13C NMR (125 MHz, CDCl3)
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2-Methylbiphenyl 
1H NMR (500 MHz, CDCl3)  

 
13C NMR (125 MHz, CDCl3) 
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4-(α,α,α-Trifluoromethyl)biphenyl 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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4-Cyanobiphenyl 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 226 

4-(Phenylethynyl)anisole 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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2-Methyldiphenylacetylene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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1-Methyl-4-(2-phenylethenyl)benzene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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1-Acetyl-4-(2-phenylethenyl)benzene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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1-Tert-butyl-4-(2-phenylethenyl)benzene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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Section 4: Spectra for electrophilic sulfonations, chapter 2 
Di-tert-butylbenzylphosphonium bromide reacted with concentrated sulfuric acid 
1H NMR (500 MHz, DMSO-d6) 

 
31P NMR (203 MHz, DMSO-d6) 
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Crude di-tert-butylbenzylphosphine oxide from neutralization of concentrated sulfuric acid with 
NaOH in presence of KH2PO4 
1H NMR (500 MHz, MeOH-d4) 

 
31P NMR (203 MHz, MeOH-d4) 
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Crude di-tert-butyl[4-sulfonatobenzyl]phosphine (procedure B, method 1) 
1H NMR (500 MHz, D2O) 

 
31P NMR (203 MHz, D2O) 
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Di-tert-butyl[4-sulfonic acid benzyl]phosphine (procedure B, method 2) 
1H NMR (500 MHz, D2O) 

 
31P (203 MHz, D2O) 
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di-tert-butyl[4-sulfonatobenzyl]phosphine sodium salt and di-tert-butyl[4-
sulfonatobenzyl]phosphine oxide sodium salt (procedure B, method 3) 
31P (500 MHz, DMSO-d6) 
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Dicyclohexyl[4-sulfonatobenzyl]phosphine sodium salt (procedure B, method 3) 
1H NMR (500 MHz, DMSO-d6) 

 
31P NMR (203 MHz, DMSO-d6) 

 
 



 237 

di-tert-butyl[4-sulfonatobenzyl]phosphine sodium salt (procedure B, method 4) 
1H NMR (360 MHz, MeOH-d4) 

 
13C NMR (126 MHz, MeOH-d4)
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31P (203 MHz, MeOH-d4) 
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di-tert-butyl[4-sulfonatobenzyl]phosphine oxide sodium salt (procedure C) 
1H NMR (360 MHz, D2O) 

 
31P NMR (203 MHz, D2O) 
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di-1-adamantyl[4-sulfonatobenzyl]phosphine oxide sodium salt (procedure D) 
1H NMR (500 MHz, D2O) 

 
31P NMR (203 MHz, D2O) 

 
 



 241 

Section 5: Dialkylphosphine oxides and reduction spectra, chapter 2 
Di-tert-butylbenzylphosphine oxide 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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31P NMR (203 MHz, CDCl3) 
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Di-1-adamantylbenzylphosphine oxide 
1H NMR (360 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 244 

31P NMR (203 MHz, CDCl3) 
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Dicyclohexylbenzylphosphine oxide 
13C NMR (126 MHz, CDCl3) 

 
31P NMR (203 MHz, CDCl3) 
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Reduction of di-tert-butylbenzylphosphine oxide using LiAlH4 in cyclohexane (procedure A) 
31P NMR (203 MHz, CDCl3) 

 
 
Reduction of di-tert-butylbenzylphosphine oxide using LiAlH4 in decane (procedure A) 
31P NMR (203 MHz, CDCl3) 
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Reduction of dicyclohexylbenzylphosphine oxide using trichlorosilane/triethylamine (procedure 
E) 
1H NMR (500 MHz, CDCl3) 

 
31P NMR (203 MHz, CDCl3) 
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Reduction of di-1-adamantylbenzylphosphine oxide using trichlorosilane/triethylamine 
(procedure E) 
31P (203 MHz, CDCl3) 

 
 
Reduction di-tert-butylbenzylphosphine oxide using trichlorosilane/triethylamine (procedure E) 
31P (203 MHz, CDCl3) 
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Deprotonation of di-tert-butylbenzylphosphonium bromide  
31P (203 MHz, CDCl3) 

 
Deprotonation of dicyclohexylbenzylphosphonium bromide 
31P (203 MHz, DMSO-d6) 
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Deprotonation of di-1-adamantylbenzylphosphonium bromide 
31P (203 MHz, CDCl3) 
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Section 6: Spectra for water-soluble ligand syntheses using a protected 4-sulfobenzyl bromide, 
chapter 2 

Ethyl tosylate 
1H NMR (360 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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Ethyl (α-bromo-tosylate) 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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Di-1-adamantyl[4-sulfonatobenzyl]phosphonium 
1H NMR (500 MHz, DMSO-d6) 

 
13C NMR (126 MHz, MeOH-d4) (before recrystallization)
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31P NMR (203 MHz, DMSO-d6) 
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Di-tert-butyl[4-sulfonatobenzyl]phosphonium 
1H NMR (500 MHz, MeOH-d4)

 
13C NMR (126 MHz, MeOH-d4) 
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31P (302 MHz, DMSO-d6) 
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X-ray Crystallography Data for DTBBnSP 
Table 50: Summary of Crystallographic Data for DTBBnSP 

Empirical formula  C15 H27 O4 P S 
Formula weight  334.39 
Temperature  296(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/c 
Unit cell dimensions a = 14.719(2) Å a= 90°. 
 b = 9.5904(14) Å b= 117.091(4)°. 
 c = 13.9718(17) Å g = 90°. 
Volume 1755.9(4) Å3 
Z 4 
Density (calculated) 1.265 Mg/m3 
Absorption coefficient 0.287 mm-1 
F(000) 720 
Crystal size 0.110 x 0.100 x 0.010 mm3 
Theta range for data collection 1.554 to 26.393°. 
Index ranges -18<=h<=18, -11<=k<=11, -17<=l<=17 
Reflections collected 20456 
Independent reflections 3571 [R(int) = 0.0920] 
Completeness to theta = 25.242° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7454 and 0.6559 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3571 / 1 / 205 
Goodness-of-fit on F2 1.009 
Final R indices [I>2sigma(I)] R1 = 0.0453, wR2 = 0.1012 
R indices (all data) R1 = 0.0877, wR2 = 0.1193 
Largest diff. peak and hole 0.299 and -0.284 e.Å-3 
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DTBBnSP was solved by direct methods. Non-hydrogen atoms were located from the difference 
map and refined by full matrix least squares refinement against F2. Hydrogen atoms bonded to 
carbon atoms were placed in calculated positions and allowed to ride on the carrier atom. Methyl 
group hydrogen atoms were refined using a riding rotating model. Hydrogen atoms bonded to P1 
and O1W were located from the difference map, and their coordinates were refined. A distance 
restraint was needed to keep the H-O-H angle for water molecule O1W realistic. 
 Each zwitterion in DTBBnSP makes short contacts to three other zwitterions and three 
water molecules. The zwitterions interact with each other through hydrogen bonds between the 
sulfate and phosphonium groups and C-H···π contacts between phenyl rings. Two of the water 
molecules donate hydrogen bonds to the sulfate group while one accepts two hydrogen bonds 
from ethylene and methyl C-H hydrogen atoms on the phosphonium group. 

Two zwitterions interact with each other through P1-H···O3 hydrogen bonds and edge-over-
edge stacking of the phenyl rings to form noncovalently bound, centrosymmetric dimers. The 
water molecules bridge two of these adjacent dimers through strong hydrogen bonds between the 
sulfate groups, forming infinite hydrogen-bonded ribbons along the crystallographic c axis. The 
weaker C-H···O hydrogen bonds bridge these ribbons along the b axis to form infinite 2D layers. 
These layers are stacked along the a axis, and each layer is oriented so that the t-butyl groups of 
one layer face the t-butyl groups of the adjacent layer. Thus, hydrophilic, aromatic, and aliphatic 
portions of the molecule are all arranged into separate zones within the crystal. 
 
Figure 21 : Packing diagram showing hydrogen bonded dimer
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Figure 22: Packing diagram showing hydrogen-bonded chain of dimers and water molecules  
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Figure 23: Packing diagram showing 2x2x2 unit cell packing down b axis  
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X-ray Crystallography Data for DABnSP 
Table 51: Summary of Crystallography Data for DABnSP 

Empirical formula  C27 H37 O3 P S 
Formula weight  472.59 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 8.016(4) Å a= 90°. 
 b = 13.974(8) Å b= 90°. 
 c = 20.656(12) Å g = 90°. 
Volume 2314(2) Å3 
Z 4 
Density (calculated) 1.357 Mg/m3 
Absorption coefficient 0.237 mm-1 
F(000) 1016 
Crystal size 0.11 x 0.04 x 0.01 mm3 
Theta range for data collection 1.759 to 26.388°. 
Index ranges -10<=h<=9, -17<=k<=17, -25<=l<=25 
Reflections collected 21803 
Independent reflections 4704 [R(int) = 0.1827] 
Completeness to theta = 25.242° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7454 and 0.6236 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4704 / 0 / 292 
Goodness-of-fit on F2 0.917 
Final R indices [I>2sigma(I)] R1 = 0.0548, wR2 = 0.0810 
R indices (all data) R1 = 0.1325, wR2 = 0.0999 
Absolute structure parameter 0.05(8) 
Largest diff. peak and hole 0.296 and -0.324 e.Å-3 
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Available crystals for DABnSP were small and weakly scattering, and extended exposure times 
(60 s per 0.5o frame) were used to get solvable data. Non-hydrogen atoms were located from the 
difference map and refined by full matrix least squares refinement against F2. Hydrogen atoms 
bonded to carbon atoms were placed in calculated positions and allowed to ride on the carrier 
atom. The hydrogen atoms bonded to P1was located from the difference map, and its coordinates 
were freely refined. Due to the steric bulk of the adamntyl groups, the use of calculated hydrogen 
atom positions results in short intra- and intermolecular contacts. 
 
 
Each molecule makes short contacts to eight neighboring molecules. Six of these interact through 
hydrogen bonding between the phosphonium (both P-H and C-H) and sulfate parts of the 
molecule. The remaining two make short C-H···H-C contacts to each other through C7 and C17. 
The molecules organize into infinite hydrogen bonded zigzags along the a axis through head-to-
tail P1-H···O3 hydrogen bonds. Hydrogen bonds between the sulfate and adamantly groups link 
these along both diagonals of the bc plane to form a 3D hydrogen bonded network. The phenyl 
rings pack over each other but do not seem to approach closely enough to interact, possibly due 
to the bulky adamantyl groups. 

 
Figure 24:  Packing diagram showing hydrogen bonded chain  
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Figure 25 :  Packing diagram showing 2x2x2 packing down c axis  
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Phenyl-p-tosylate 
1H NMR (360 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3)
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Trifluoroethyl-p-tosylate 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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Phenyl (α-bromo-p-tosylate) 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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Trifluoroethyl(α-bromo-p-tosylate) 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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Dicyclohexyl[4-phenylsulfonatobenzyl]phosphonium bromide 
1H NMR (500 MHz, MeOH-d4) 

 
13C NMR (126 MHz, MeOH-d4) 
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31P NMR (203 MHz, MeOH-d4) 
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Section 7: Deprotonation of DTBBnSP and palladium complexation, chapter 2 
Sodium di-tert-butyl[4-sulfonatobenzyl]phosphine  
1H NMR (500 MHz, DMSO-d6) 

 
31P (203 MHz, DMSO-d6) 
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Di-tert-butyl[4-sulfonatobenzyl]phosphine cesium salt 
1H NMR (500 MHz, DMSO-d6) 

  
31P NMR (203 MHz, DMSO-d6) 
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Palladium bis(sodium di-tert-butyl[4-sulfonatobenzyl]phosphine) dichloride  
1H NMR (500 MHz, DMSO-d6) 

 
31P (203 MHz, D2O) 
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31P{1H} NMR (203 MHz, DMSO-d6) 

 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 



 274 

Section 8: Suzuki-Miyaura coupling products, chapter 3 
4-Phenylanisole 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 
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4-Phenyltoluene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 276 

4-Phenylbenzonitrile 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 277 

2,4,6-Trimethylbiphenyl 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 278 

2,4-Difluoro-2’-methylbiphenyl 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 279 

4-Methoxy-2’-methylbiphenyl 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 280 

4-Tert-butylbiphenyl 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 281 

4-Naphthylanisole 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 282 

2-Anisylbenzothiophene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 283 

2-Methylbiphenyl 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 284 

2-Phenylanisole 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 285 

Section 9: Sonogashira coupling products, chapter 2 
4-(Phenylethynyl)anisole 
1H NMR (CDCl3, 500 MHz) 

 
13C NMR (CDCl3, 126 MHz) 

 
 
 



 286 

2,4,6-Trimethyldiphenylacetylene 
1H NMR (500 MHz; CDCl3)  

 
13C NMR (126 MHz; CDCl3) 

 
 



 287 

1-(2-Phenylethynyl)-4-trifluoromethylbenzene 
1H NMR (500 MHz; CDCl3)  

 
13C NMR (126 MHz; CDCl3) 

 
 



 288 

2-Methyldiphenylacetylene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 289 

2-(2-Phenylethynyl)pyridine 
1H NMR (500 MHz, CDCl3)  

 
13C NMR (126 MHz, CDCl3) 

 
 



 290 

1-(Phenylethynyl)naphthalene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 291 

2-(Phenylethynyl)thiophene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 292 

3-(Phenylethynyl)thiophene 
1H NMR (500 MHz, CDCl3)  

 
13C NMR (126 MHz, CDCl3) 

 
 



 293 

3-(Phenylethynyl)benzothiophene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 294 

1-(4-Methoxyphenyl)-1-hexyne 
1H NMR (500 MHz, CDCl3)  

 
13C NMR (126 MHz, CDCl3) 

 



 295 

1-(2-Methylphenyl)-1-hexyne 
1H NMR (500 MHz, CDCl3)  

 
13C NMR (126 MHz, CDCl3) 

 



 296 

6-(4-Methoxyphenyl)hex-5-ynenitrile 
1H NMR (500 MHz, CDCl3)  

 
13C NMR (126, CDCl3) 

 
 



 297 

3-(4-Methoxyphenyl)propyn-1-ol 
1H NMR (500 MHz, CDCl3)  

 
13C NMR (126 MHz, CDCl3) 

 



 298 

1,2-bis(4-methoxyphenyl)ethyne 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 299 

Section 10: Arylation substrates and products, chapter 4 
(2-Bromobenzyloxy)benzene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 300 

 
(2-Chlorobenzyloxy)benzene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 301 

3,5-Dimethyl-1-(2-bromobenzyloxy)benzene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 302 

1-Methoxy-4-(2-bromobenzyloxy)benzene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 303 

1-Methoxy-4-(2-chlorobenzyloxy)benzene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 304 

4-Nitro-(2-bromobenzyloxy)benzene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 305 

4-Chloro-(2-bromobenzyloxy)benzene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 306 

4-Cyano-(2-bromobenzyloxy)benzene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 307 

4-Fluoro-(2-bromobenzyloxy)benzene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 308 

6H-Benzo[c]chromene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 309 

2-Methoxy-6H-benzo[c]chromene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 310 

2-Chloro-6H-benzo[c]chromene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 311 

1,3-Dimethyl-6H-benzo[c]chromene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 312 

4-Nitro-6H-benzo[c]chromene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 
 



 313 

4-Cyano-6H-benzo[c]chromene 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (500 MHz, CDCl3) 

 



 314 

4-(Benzyloxy)benzamide 
1H NMR (500 MHz, CDCl3) 

 
13C NMR (126 MHz, CDCl3) 

 



 315 

FT-IR spectrum of 4-(benzyloxy)benzamide solid using ATR adapter 
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