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Abstract 

The Suzuki-Miyaura Cross-Coupling of aryl halides and aryl boronic esters has 

become one of the most important and oft used C-C bond forming reactions in industry 

and academia alike. Recently, substantial effort has been invested in expanding this 

reaction to include alkyl boronic esters as coupling partners, though until recently, 

success has been limited to primary alkyl boronic esters. Secondary alkyl boronic esters, 

with the inherent possibility of being chiral, have proven to be more difficult to couple. 

As a means of expanding our program on the enantio- and regioselective hydroboration 

of styrene derivatives, we sought to develop conditions that could couple benzylic 

(secondary) boronic esters. Not only was the coupling to aryl iodides achieved in 

moderate to good yield with a commercially available (and relatively cheap) catalyst 

system and phosphine, but the coupling reaction proceeds with almost complete retention 

of the stereochemistry installed during the hydroboration reaction. Interestingly, these 

conditions leave primary (linear) alkyl boronic esters completely untouched. Further 

examination of the chemoselectivity of the reaction revealed that, despite being unable to 

cross-couple strictly aliphatic secondary boronic esters, our silver-mediated protocol was 

able to effectively cross-couple chiral allylic boronic esters in high yield and good 

regioselectivity. 

The asymmetric syntheses of novel secondary boronic esters have also been 

developed to overcome the substrate limitations of the hydroboration reaction. Together 

with our effective cross coupling strategy, these novel chiral boronic esters have led to 
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the synthesis of exciting new classes of molecules, most notably, the asymmetric 

triarylmethanes. 

Finally, the stability of mesoporous silica supports used in Pd catalysis was 

assessed. Though silica supports effectively reduce Pd-contamination in reaction 

mixtures to sub-ppm levels, their long-term reusability is hindered by material 

degradation caused by harsh reaction conditions. It was found that aqueous base, required 

for the Suzuki-Miyaura reaction, is responsible for silica degradation and the collapse of 

mesostructure. Interestingly, it was determined that the reaction itself had a protective 

effect on the material, with the boric acid side-product mitigating the deleterious effect of 

the base. 
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Chapter 1 

General Introduction: The Suzuki-Miyaura Reaction 

1.1 Introduction  

 

The Pd-catalyzed cross-coupling of aryl or alkyl halides with boranes or boronic 

acid derivatives, commonly known as the Suzuki-Miyaura reaction, currently stands as 

one of the most important and oft used C-C bond forming protocols available to the 

organic chemist,
1
 a fact recognized by a share of the 2010 Nobel Prize in Chemistry.

2
 

Though initially used mainly to form biaryl, and other sp
2
-sp

2
 type bonds (Scheme 1-1), 

progress made especially in the last decade has rendered the coupling of most sp
3
-

hybridized coupling partners possible.
3, 4

 Indeed, after a generation of advances based 

mostly on ligand development for oxidative addition and transmetalation facilitating 

additives, successful cross-couplings of alkyl electrophiles and primary alkyl boronic 

acid derivatives are now commonplace.
5
  

 

Scheme 1-1:  The Suzuki-Miyaura cross-coupling of an aryl organoboron with an aryl 

halide to form an unsymmetrical biaryl. Aryl boranes, boronic acids and boronic esters 

are all efficient coupling partners. 

 

In spite of the ubiquity of the Suzuki-Miyaura reaction, and even with the 

extended footprint given to it by a generation of modification and improvement,
6, 7

 some 
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major shortcomings still remain. In terms of reaction scope, a general protocol for the 

cross-coupling of secondary boronic acid derivatives is still lacking. Given that 

secondary boronic esters may be chiral, and that there is no shortage of ways to 

synthesize them asymmetrically,
8-10

 our inability to create non-racemic carbon 

frameworks from them needs to be addressed. Furthermore, as the Suzuki-Miyaura 

reaction is often used in the synthesis of molecules destined for human consumption, a 

costly and time-consuming Pd-scavenging step is required.
11

 Advances made in the field 

of recyclable, supported catalysts have greatly lowered the amount of Pd that is 

ultimately leached into solution, though their mode of action needs to be better 

understood to allow for further improvement. Our forays into these last two issues, ones 

of reaction scope
12

 and Pd contamination,
13

 will be the subject of this thesis. 

1.2 Transition-Metal Catalysis of Organometallic Reagents 

1.2.1 Grignard reagents make way for Organozinc Reagents 

 

 Organometallic species of electropositive metals such as magnesium and lithium 

have been known for well over a century.
14

 After inserting magnesium metal into an 

organohalide bond to form a Grignard reagent, or performing a metal-halide exchange to 

obtain an organolithium, these reactive species have historically been used as carbon-

based nucleophiles in additions to carbonyls.
15

 It is precisely this high reactivity, though, 

that plagues the chemoselectivity and functional group tolerance of the process. 
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 In the 1970s, organometallics started to find application, not just as highly 

nucleophilic carbon-based reagents, but as candidates for metal-catalyzed cross-coupling 

reactions. Indeed, in 1972, Corriu
16

 and Kumada
17

 simultaneously and independently 

published the first nickel-catalyzed cross-couplings of Grignard reagents 1-1 to aryl and 

vinyl halides (Scheme 1-2). Considering the possibility of other, undesired processes 

owing to the high reactivity of the phenylmagnesium bromide used, the decent 

conversion to cross-coupled products was noteworthy. That said, the high instance of 

homocoupling, limited functional group tolerance and high sensitivity to moisture caused 

other researchers to pursue other, milder, organometallic species as cross-coupling 

partners.  

  

Scheme 1-2: Ni-catalyzed cross-coupling of aryl bromides and Grignard reagents. 

 

 Negishi recognized that a whole variety of organometallics were accessible via 

hydrometalation reactions across C-C double and triple bonds, including ones where the 

metal was much less electropositive than magnesium and lithium. Zn, Cd, Sn, Zr, B, Al, 

and Si were all considered prime candidates, with the latter four metals all having the 

advantage of known protocols for regio- and stereodefined syntheses.
18

 With this in mind, 

Negishi published the first example of the cross-coupling of an alkenyl aluminum 

1-1 

1-2 
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nucleophile to an aryl bromide electrophile using catalytic amounts of either Ni or Pd.
19

 

The alkenyl aluminum species 1-3 was easily synthesized, with defined E-

stereochemistry, by way of a hydroalumination reaction.  Gratifyingly, the 

stereochemistry of the double bond was maintained during the C-C bond forming event 

(1-4, Scheme 1-3). In an interesting twist of fate, Negishi also attempted the Pd-catalyzed 

cross-coupling of the analogous alkenyl boron resulting from the hydroboration of a 

terminal alkyne with no success.
19

 Had he added a stoichiometric amount of base to 

activate the boron towards transmetalation, this surely would have constituted the first 

example of an organoboron based cross-coupling, coming a full three years prior to the 

seminal publication by Miyaura, Yamada and Suzuki.
20

 

 

 

Scheme 1-3: Negishiôs Pd catalyzed cross-coupling of a vinyl iodide and vinyl aluminate 

resulting from the hydroalumination of a terminal alkyne.
19

 R = i-Bu. 

 

 The following year, Negishi tested phenyl-lithium, magnesium, zinc and 

aluminum species for the Pd-catalyzed cross-coupling with p-iodoanisole to ascertain 

which organometallic reagent was best suited for Pd-catalysis. Not only did the 

organozinc species provide the highest yield in terms of product, but compared to the 

other organometallics, the organozinc species also had the highest functional group 

1-3 1-4 



 

 5 

tolerance and produced the lowest amount of homocoupling product.
21

 These factors, 

together with the ease of synthesis of organozincs, led to the proliferation of the so-called 

Negishi reaction, ultimately leading to a share of the 2010 Nobel Prize in chemistry for 

Negishi. Though this thesis focuses almost exclusively on the cross-coupling of 

organoboron reagents, it is important to stress that advances in the Suzuki-Miyaura 

reaction are often predicated on similar work on the Negishi reaction. 

1.2.2 The Emergence of Boron 

 

Despite the remarkable success of the organozinc coupling, impetus remained for 

the development of a boron-based protocol, since organoboron reagents should hold all 

the positive attributes of organozincs with the added advantage of having known 

asymmetric syntheses and being less air and moisture sensitive.
22

 

 In 1979, Miyaura, Yamada and Suzuki reported the successful cross-coupling of 

alkenyl boronic esters and vinyl bromides with a catalytic amount of Pd(PPh3)4 and a 

stoichiometric amount of inorganic base, critical to achieve turnover.
20

 Interestingly, in 

outlining the reaction mechanism in a subsequent publication,
23

 Suzuki et al. accurately 

depict the role of base as replacing the halide on the Pd-centre, a step that is necessary to 

enable successful transmetalation from boron to palladium. Of course, it would be the 

Suzuki-Miyaura reactionôs need for base (vide infra) that would have substantial 

consequences on our groupôs pursuit of reusable, leach-proof catalysts thirty years later. 
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1.3 Basic Mechanism of the Suzuki-Miyaura Reaction 

 

1.3.1 General Catalytic Cycle 

 

The basic catalytic cycle postulated for the Suzuki-Miyaura reaction, common to 

most transition-metal cross-coupling reactions, is outlined in Scheme 1-4.
6
 In the case of 

an aryl-aryl coupling, oxidative addition of a ligated, electron-rich Pd
0
 to an aryl halide is 

followed by transmetalation of the arylboron species. The diarylated Pd then undergoes a 

reductive elimination, effectively forming the new biaryl C-C bond and regenerating the 

active Pd
0
 catalyst. 

 

Scheme 1-4: Generally accepted catalytic cycle for the Suzuki-Miyaura reaction. 

Isomerization events and the role of base are omitted for clarity. 



 

 7 

 

What seems, on the whole, to be a fairly straight-forward process actually results 

from a series of intricate events, some that still arenôt fully understood. Indeed, the major 

steps of the catalytic cycle and contentious points, like the generation of the active Pd 

catalyst and the critical role of base, warrant further comment. 

 

1.3.2 Generation of an Active Pd catalyst 

 

 As outlined in Scheme 1-4, zero-valent Pd is the active catalyst for the Suzuki-

Miyaura reaction. Pd
2+

/Pd
4+

 cycles for C-C bond formation are known, though only under 

strongly oxidative conditions.
24, 25

 The conditions for a typical Suzuki-Miyaura coupling 

are not oxidizing enough to allow access to Pd
4+

 and therefore limit the process to the 

more common Pd
0
/Pd

2+
 cycle. It is perhaps somewhat surprising then that, along with 

their Pd
0
 counterparts, Pd

2+
 pre-catalysts are also effective at catalyzing the Suzuki-

Miyaura reaction. In fact, it is precisely this resistance to oxidation which renders Pd
2+

 

complexes air-stable, easily handled and, therefore, widely used pre-catalysts. 

 Several rationales have been reported for the in situ reduction of divalent Pd
2+

 to 

the catalytically active Pd
0
. Grushin and Alper were the first to examine this phenomenon 

in detail.
26

 Although initial reports attributed the reduction of Pd
2+

 during the Heck 

reaction to the triethylamine base, they noticed that, when mixed with rigorously dried 

NEt3, PdCl2(PPh3)2 remained unperturbed. Exposing the divalent Pd complex to aqueous 

hydroxide, however, resulted in a complete reduction to zero-valent Pd black. Grushin 
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and Alper argued that the hydroxide formed in equilibrium by exogenous base and even 

trace amounts of water is sufficient to affect the reduction on a catalytic amount of Pd
2+

. 

Triphenylphosphine is oxidized to triphenylphosphine oxide in the process. When a 

resolved chiral phosphine ligand was used instead of PPh3 (as in 1-5), the resulting 

phosphine oxide 1-6 retained its configuration, suggesting that hydroxide attacks Pd 

directly and that an SN2-type process at the phosphine centre is not occurring (Scheme 1-

5).  

 

Scheme 1-5: Retention of stereochemistry of a chiral ligand on Pd precludes hydroxide 

attack at the phosphorous centre during ligand exchange.
26

 

 

 Subsequently, Amatore and Jutand disclosed their findings on the in situ reduction 

of the analogous compound Pd(OAc)2(PPh3)2, formed by the facile reaction of excess 

PPh3 with the ubiquitous palladium acetate. They were able to use kinetic data acquired 

by cyclic voltammetry measurements to demonstrate the spontaneous, if slow, reductive 

elimination of an acetate and phosphine ligand to yield palladium(0).
27

 Indeed, this 

validates the findings of Grushin and Alper, as their proposed mechanism differed only 

1-6 

1-5 
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by X-type ligand exchange (from Cl
-
 to HO

-
) prior to reductive elimination. In any case, 

reduction of divalent Pd(II)  to Pd(0) is definitely feasible under typical reaction 

conditions. For this reason, of the two Pd complexes most often used in the Suzuki-

Miyaura reaction, one is zero-valent (Pd(PPh3)4) and the other (Pd(dppf)Cl2) is divalent.
5
 

 

1.3.3 Oxidative Addition 

 

 Following the generation of the active Pd(0) catalyst system, the next step is 

oxidative addition of the aryl, alkenyl or even alkyl halide to the Pd centre in what is 

often the rate limiting step of the process. As noted by Suzuki in 1995,
6
 the Pd insertion 

into the organohalide is favored when the C-heteroatom bond is weak, leading to an 

observed reactivity trend that follows I > Br >> Cl. A higher propensity for electron 

deficient aryl halides to undergo oxidative addition is explained by similar reckoning.  

 Interestingly, a strongly electron-withdrawing group on the organic portion of the 

electrophile can adequately activate an aryl chloride bond towards oxidative addition, 

though initially a general protocol for non-activated aryl chlorides remained elusive. To 

confront this problem, the groups of Buchwald,
28

 Fu
29

 and Hartwig
30

 designed highly 

active Pd complexes ligated by bulky, electron rich alkylphosphine ligands (Scheme 1-6). 

Under this paradigm, unactivated aryl chlorides are suitable cross-coupling partners, even 

at room temperature. 
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Scheme 1-6: Examples of electron-rich alkylphophine ligands developed by Fu, 

Buchwald and Hartwig for Suzuki-Miyaura cross-coupling 

 

 For the better part of the last fifteen years, the challenge facing the oxidative 

addition step has not been one necessarily of practice, but of understanding. Indeed, the 

ligated nature of the catalytically competent Pd complex continues to be hotly contested. 

In 1995, Hartwig reported that an aryl bromide could oxidatively add to a diphosphine Pd 

complex (Pd[P(o-tol)3]2) at room temperature, whereas the comparative tetraphosphine, 

Pd(PPh3)4, required prolonged heating at 80 °C.
31

 The isolated oxidative addition product 

was a monoligated dimer, which was initially believed to result from aryl bromide 

oxidative addition to the PdL2 complex, followed by ligand dissociation and reversible 

dimerization. In actual fact, the kinetic data pointed to a ligand dissociation step to form a 

monophosphine complex, PdL, which preceded the actual oxidative addition event 

(Scheme 1-7).
31
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Scheme 1-7: Low temperature oxidative addition of an aryl bromide to a monoligated Pd 

complex. L = P(o-tol)3 

Subsequent work showed that, when using a bulky, electron-rich ferrocenyl ligand 

(as in Scheme 1-6), the oxidative addition to aryl- iodides, bromides and chlorides all 

proceeded via unique mechanistic pathways, though the transformation invariably 

proceeded through the highly coordinatively unsaturated [PdL] species.
32

 Of course, the 

bulky ferrocenyl ligand biases the coordination geometry of the catalytically competent 

complex towards a lower ligated form. More recent computational work has shown that 

less bulky ligands can lead to active [PdL2] catalysts, especially in the case of aryl iodides 

whose low barrier to oxidative addition may blur the energetic differences between the 

pathways.
33

 

1.3.4 Transmetalation and the Role of Base 

 

Following the oxidative addition step, the transmetalation of organic groups from 

boron to the Pd centre occurs. Unlike other common Pd-catalyzed reactions such as the 

Sonogashira or Mizoroki-Heck reaction (which can activate the nucleophilic coupling 

partner via Cu-metal insertion to an alkyne and Pd ligation to an alkene, respectively) the 

Suzuki-Miyaura reaction relies on the addition of exogenous base to facilitate the 
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transmetalation of the boronic acid derivative to the metal centre.
34

 Initial computational 

investigations by Maseras and co-workers
35

 suggested that exogenous hydroxide was 

necessary to form a more active borate complex which could undergo transmetalation to 

Pd much more quickly (Scheme 1-8, Path A). More recent experimental work by 

Amatore and Jutand
36

 contradicts this notion, suggesting instead that the borate complex 

is actually inactive to transmetalation and that aqueous base serves to replace to the Pd-X 

bond with a Pd-OH bond following the oxidative addition of Pd to an aryl halide. This, of 

course, is consistent with Alperôs proposed mechanism for the reduction of Pd
2+

, initiated 

by a ligand exchange on Pd. In the case of transmetalations, the hydroxylated Pd species 

does not reductively eliminate with PPh3, but rather takes advantage of the oxophilicity of 

boron to easily transmetalate with a boronic acid (Scheme 1-8, Path B). In any case, both 

Jutandôs experimental findings and Maserasô computational studies agree that the 

transmetalation cannot proceed between the Pd-X and ArB(OH)2 species and that the 

addition of base is necessary. This requirement for base is what ultimately foiled 

Negishiôs initial attempts at cross-coupling alkenylboranes in 1976,
19

 leading him to turn 

instead to organozincs. 
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Scheme 1-8: Two proposed transmetalation mechanisms that require exogenous base. 

 

1.3.5 Reductive Elimination to Generate Cross-Coupling Product 

 

In what is essentially the reverse of an oxidative addition, the reductive 

elimination step combines the two distinct organic functionalities to complete the cross-

coupling and regenerate the active catalyst. Just as the oxidative addition is thought to 

typically proceed through a monoligated [PdL] complex, Stille proposed that reductive 

elimination also proceeds through this highly unsaturated complex; the understandable 

requirement that the organic groups be cis is also noted.
37
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 This is not to say that reductive elimination cannot proceed through a diligated 

complex. In fact, the rate of reductive elimination can be enhanced by using bidentate 

ligands with large bite angles.
38, 39

 These large bite angles serve to effectively decrease 

the distance between the organic groups occupying the other two coordination sites 

which, ultimately, facilitates the eventual reductive elimination. 

 Electronics can also have a significant effect on reductive elimination. Given that 

electron rich metal centres are known to undergo facile oxidative addition events, it is not 

surprising then that the reductive elimination step, purportedly the opposite of an 

oxidative addition, should be favored from electron poor metal centres. Indeed, Knochel 

has shown that having a remote site of unsaturation on the organic group capable of back-

binding to the metal centre was required to ensure successful reductive elimination from 

Ni in his work with alkyl Negishi variants.
40

 The ˊ-acidic ligand dibenzylidene acetone 

(dba) is also known to facilitate reductive elimination by coordinating to the Pd
2+

 metal 

centre and pulling electron density into the ˊ-system (Scheme 1-9).
41

 

 

Scheme 1-9: The non-innocent nature of dba with respect to reductive elimination. 
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1.4 Suzuki-Miyaura Reactions of sp
3
-hybridized Organoboron Coupling Partners 

1.4.1 Cross-Coupling of Primary Boronic Acid Derivatives 

 

 The cross-coupling of sp
3
-type organoboron species to haloarenes is typically 

more difficult than with their sp
2
-hybridized analogues, owing to a much slower 

transmetalation step.
42

 As with other organometallic species, alkyl boron nucleophiles are 

also very susceptible to ɓ-hydride elimination from the Pd complex after transmetalation, 

an eventuality that is even more likely with secondary alkyl borons. These problems have 

mostly been addressed (typically in the form of transmetalation accelerating additives) 

for primary organoboron coupling partners, but that said, the field of secondary boronic 

ester cross-coupling is still in its infancy. 

 Indeed, primary alkylboranes have been useful coupling partners for over twenty 

years.
42

 In 1989, Suzuki was able to demonstrate that B-octyl-9-borabicyclo[3.3.1] 

nonane (1-8, B-octyl-9-BBN) cross-coupled smoothly and in high yield with iodobenzene 

in the presence of a catalytic amount of Pd and fairly innocuous bases such as NaOH, 

K3PO4 and K2CO3 (Scheme 1-10).
42

 Following Kishiôs lead on facilitating difficult 

transmetalations to boron,
43

 Suzuki also showed that the reaction could be performed at 

room temperature when TlOH was used as base.
44

 As expected, no reaction was observed 

in the absence of exogenous base. 
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Scheme 1-10: The Pd catalyzed cross-coupling of iodobenzene and B-octyl-9-BBN, a 

primary organoborane. 

 

 Though a substantial development, there are serious limitations to using 

alkylboranes as coupling partners. For one, they are notoriously unstable and are almost 

always used in situ, without purification, following the hydroboration of an alkene. The 

second pitfall most often associated with the cross-coupling of B-alkylated-9-BBN 

derivatives is the poor atom economy of the process. Though it is true that the 

stoichiometric amount of resultant cyclooctane moiety tarnishes the atom-economy of the 

process, the uncatalyzed hydroboration reaction does not require precious metals or 

expensive ligands, and the subsequent cross-coupling can be performed in one pot; all of 

which lessens the environmental and economic impact of the process. 

Alkylboronic acid derivatives, on the other hand, provide air-stable, easy to 

handle alternatives to alkylboranes. Whether synthesized by a metal-catalyzed 

hydroboration reaction or by the quenching of an alkyl Grignard reagent with a boron 

electrophile such as B(OMe)3, the synthesis of alkylboronic acids and esters can also be 

achieved with much greater regiocontrol than alkylboranes. However, the lessened 

nucleophilicity of the carbon adjacent to the boronic acid derivative (as compared to an 

alkylborane) ensures that an already sluggish transmetalation is rendered even slower. 

1-8 
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Indeed, Suzuki and co-workers noted that primary alkylboronic esters derived from the 

metal catalyzed hydroboration of alkenes did not cross-couple to aryl halides in the 

presence of standard bases like NaOMe or NaOH, conditions known to affect the cross-

coupling of alkylboranes.  Thallium(I) salts, which had been used previously to hasten 

slow transmetalation steps, were found to be effective additives for the Pd-catalyzed 

cross-coupling of alkylboronic esters, with Tl2CO3 and TlOH performing well for 

catechol and pinacol esters, respectively (Scheme 1-11).
44

 Interestingly, though known to 

be more nucleophilic than the analogous esters, alkylboronic acids were not successfully 

coupled under these conditions. 

 

Scheme 1-11: Successful cross-coupling of alkyl boronic ester with Thallium salts. 

 

 Naturally, there was an impetus to find alternatives to the highly toxic thallium(I) 

salts. In 2001, Falck and co-workers demonstrated that a superstoichiometric amount of 

Ag2O could mediate the Pd-catalyzed cross-coupling of a wide-variety of primary 

alkylboronic acids with aryl halides.
45

 This marked a significant advance, as the air and 

moisture stable primary alkylboronic acids could now be cross-coupled without the use of 

thallium salts. Also of note was the complete selectivity for the cross-coupling reaction 
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over the Mizoroki-Heck reaction in alkylboronic acids that bore peripheral unsaturated 

groups (1-9, Scheme 1-12), an interesting foreshadowing of results we would obtain for 

the cross-coupling of secondary boronic esters. 

 

Scheme 1-12: The cross-coupling of primary boronic acids, as reported by Falck in 2001. 

 

 Though Ag2O is inexpensive and not known for its toxicity, attempts were made 

to further simplify the protocol for cross-coupling primary boronic acid derivatives. In 

2002, Molander and co-worker reported that primary alkylboronic acids could be cross-

coupled to aryl halides and triflates in up to 80% yield when high loadings of 

PdCl2(dppf)ǒCH2Cl2 were used.  In this case, only potassium carbonate was needed to 

turn over the reaction.
46

 Primary potassium trifluoroborate salts could also be cross-

coupled effectively under similar conditions; unfortunately secondary trifluoroborates 

could not be employed, as they underwent a ɓ-hydride elimination to the resulting alkene, 

although in undocumented amounts.
47

  

Pd loadings that approach 10 mol% hinder the large-scale viability of Molanderôs 

protocol for both alkyboronic acids and trifluoroborate salts. Doucet and co-workers 

addressed this problem by employing the tetraphosphine ligand Tedicyp (Scheme 1-13) in 

conjunction with [Pd(C3H5)Cl]2. This catalyst-ligand combination was so efficient at 
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turning over the reaction of aryl halides with primary alkyl boronic acids that catalyst 

loadings as low as 0.01 mol% could be used.  However, in lowering the required Pd 

concentration one thousand-fold, Doucet in turn introduced a dependence on an exotic 

and expensive ligand. 

 

Scheme 1-13: The Tedicyp and Q-Phos ligands developed by the Doucet and Hartwig 

groups, respectively. 

 

In 2002, the Hartwig group released a comprehensive study on the synthesis and 

application of their newly-developed ferrocenyl ligand, Q-Phos (Scheme 1-13).
30

 

Impressively, Pd complexes of this bulky, monophosphine ligand were shown to have 

excellent reactivity for a variety of cross-coupling reactions, with the amination of aryl 

halides and the alkyl variant of the Suzuki-Miyaura reaction being chief among them. 

Primary boronic acids were made to be competent coupling partners under this catalytic 

system, but whatôs more, the bulky, electron-rich nature of the Q-Phos ligand also 

facilitated oxidative addition to such an extent that even sterically hindered, unactivated 

aryl chlorides were able to react with the primary boronic acid coupling partners. 

Unfortunately, the cross-coupling of secondary boronic acids remained difficult, even in 

the presence of this highly competent catalyst system. As such, when sec-butylboronic 

acid was coupled to p-
t
butyl bromobenzene, a moderate yield was obtained for the 
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secondary coupling product and the unwanted, linear isomer was observed (though not 

quantified). It would serve as a reminder that the efficient cross-coupling of secondary 

boronic acid derivatives, plagued by an even slower transmetalation and prone to 

isomerization through ɓ-hydride elimination, was still out of reach. 

 

1.4.2 Cross-Coupling of Secondary Boronic Acids 

 

 Initially, derivatives of cyclopropylboronic acid constituted the vast majority of 

successful cross-couplings of secondary boronic acids.
3
 Ring strain on the cyclopropyl 

moiety withdraws p-character from the exocyclic C-B bond, effectively imparting an sp
2
-

hybridization on the bond. Furthermore, the ɓ-hydride elimination that plagues other 

secondary boronic acids is precluded by the disfavored formation of a highly strained 

cyclopropenyl moiety. In fact, this fortuitous combination would allow 

cyclopropylboronic acids to maintain a monopoly in the field of secondary organoboron 

cross-couplings for the better part of a decade.
48, 49

 

 Deng and co-workers were the first to report the synthesis and subsequent Suzuki-

type cross-coupling of substituted cyclopropylboronic acids.
48

 Stereodefined 

alkenylboronic acids were transformed into the requisite cyclopropylboronic acids by 

Simmons-Smith cyclopropanation and then, using fairly mild coupling conditions, these 

secondary boronic acids were cross-coupled with arylbromides to form arylated 

cyclopropanes (Scheme 1-14). Gratifyingly, the configuration of the cyclopropylboronic 
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acid was fully transmitted to the arylated coupling product.
48

 The Chen group 

subsequently showed that cyclopropylboronic acids could be synthesized easily from the 

commercially available cyclopropylmagnesium bromide and, under nearly the identical 

conditions reported by Deng, these cyclopropylboronic acids were cross-coupled to 

arylbromides in high yield.
50

 

 

Scheme 1-14: Successful protocols for the cross-coupling of both cyclopropyl (top) and 

cyclopentyl (bottom) boronic acids. 

 

 In 2000, Fu reported the first successful cross-coupling of a cyclopentylboronic 

acid as part of his full study on the use of Pd complexes of alkylphosphines for the 

Suzuki-Miyaura reaction (Scheme 1-14).
51

 Using a 3:1 ratio of P(
t
Bu)3 to Pd2(dba)3 in the 

presence of KF, a 77% isolated yield was obtained for the cross-coupling of 4-

chlorotoluene and cyclopentylboronic acid.
51

 This result is noteworthy as the lower ring 

strain associated with the cyclopentyl structure renders the exocyclic C-B bond much 

more sp
3
-like than the cyclopropyl analogue. Whatôs more, any safeguard against ɓ-
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hydride elimination to cyclopentene is mostly lost. However, the symmetric nature of 

cyclopenylboronic acid renders any ɓ-hydride elimination / Pd-reinsertion event invisible, 

as the arylated products resulting from this type of ring walking would be 

indistinguishable from the ñdesiredò product. 

 

1.4.3 Cross-Coupling of Secondary Trifluoroboronate salts 

 

 As noted previously, air- and moisture-stable primary alkyl trifluoroboronate salts 

were found by Molander to be viable alternatives to the impossibly unstable 

alkylboranes.
47

 Nevertheless, the introduction of secondary trifluoroboronates to the 

repertoire of usable cross-coupling partners has been hindered by the same factors that 

affect the other derivatives of organoboronic acids, namely protodeboronation and ɓ-

hydride elimination.  

 As with the secondary boronic acids, the first successful cross-coupling of 

secondary trifluoroboronates was in the form of a cyclopropyl derivative. In 2004, Deng 

showed that cyclopropyl trifluoroborates could be coupled to aryl bromides in high yield 

under modified Suzuki-Miyaura conditions.
52

 Again, the cross-coupling was 

stereoretentive between the configurations of the substituted cyclopropyl trifluoroborate 

and the resulting arylated cyclopropane.
52

 In 2008, the van Hoogenband group reported 

the first instance where cyclopentyl potassium trifluoroboronate was used in a cross-

coupling reaction.
53

 Later that same year, Molander disclosed successful conditions for 
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the cross-coupling of both cyclopropyl and cyclobutyl potassium trifluoroborates with 

aryl chlorides.
54

  

 

Scheme 1-15: Optimized conditions for branched selectivity in secondary alkyl 

trifluoroboronate salt cross-coupling. 

 

Despite the breakthroughs, successful cross-coupling was still limited to a choice 

few secondary trifluoroboronates, mostly all symmetrical, cyclic structures. To address 

this issue, Molander turned to Parallel Microscale Experimentation, an automated 

technique which allows for the rapid screening of a variety of ligands, solvents and 

conditions for a given reaction.
55

 A few pertinent results emerged from this study. First, 

the cross-coupling of both cyclopentyl- and cyclohexyl potassium trifluoroborate salts 

were optimized for ligand and conditions. The cyclopentyl trifluoroboronate derivatives 

cleanly reacted in the presence of a bulky, electron donating phosphine ligand (n-

BuPAd2) in 10:1 toluene:water. The cyclohexyl systems reacted well under similar 

conditions, with t-Bu2PPh acting as the optimal ligand. Secondly, and much more 

interestingly, the acyclic sec-propyl potassium trifluoroborate 1-10 was coupled to aryl 

chlorides under these optimized conditions, with selectivities for the desired branched to 

linear alkylation reaching as high as 8.2:1 (Scheme 1-15). This provided a major advance 

in the field, though the selectivities were very dependent on substrate, ɓ-hydride 
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elimination was still occurring based on the presence of the linear isomer, and the 

conditions were by no means general.  

Finally, by the use of non-symmetrical substrates, the occurrence of ɓ-hydride 

elimination and reinsertion was probed. Suzuki postulated early on that the very slow 

transmetalation step likely had more adverse effect on the cross-coupling of secondary 

organoboron species than the increased propensity for ɓ-hydride elimination.
42

 Though 

optimization is usually needed for each individual substrate, potassium trifluoroboronates 

are thought to undergo a more facile transmetalation to Pd and can even prevent 

unwanted side-reactions.
56

 That said, they are still prone to the deleterious ɓ-hydride 

elimination and metal-reinsertion which can lead to chain walking. Using 

diastereomerically enriched unsymmetrical cyclohexyl potassium trifluoroborate 1-11, 

Molander was able to confirm that this Pd ring-walking was occurring, since the aryl 

group was deposited throughout the ring, and even on the exocyclic methyl group 

(Scheme 1-16).  Since this process occurs by Pd walking around the entire ring, in an 

enantiomerically enriched substrate this would lead to loss of stereochemistry.  Bulky 

phosphine ligands favour reductive elimination relative to ɓ-hydride elimination, and as 

such, this type of ligand offered the best selectivity for the desired product, though large 

amounts of isomerization were still observed (Scheme 1-16).
55

 It is interesting to note 

that of the undesired products resulting from chain-walking, exocyclic arylation product 

1-12 is the most prominent, further confirming the more facile reductive elimination at 

primary centres. 
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Scheme 1-16: Evidence of ring-walking, even under optimized conditions for secondary 

Molanderates. 

 

1.4.4 Cross-Coupling of Secondary Boronic Esters 

  

 In 2001, Zou and Falck demonstrated that primary alkyl boronic esters could be 

activated towards transmetalation by the in situ reaction of the boronic ester with s-BuLi. 

The resultant óateô complex easily transferred the primary alkyl group to Pd, thereby 

providing an alternative to Tl or Ag activation (Scheme 1-17).
57

 Interestingly, the 

transmetalation of the secondary alkyl group, emanating from the sec-butyllithium base, 

was never observed. Thus, Zou and Falck demonstrated clearly via an intramolecular 

competition experiment, just how much more difficult the cross-coupling of secondary 

boronic esters is compared to the already difficult primary examples. 

1-11 

1-12 
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Scheme 1-17: The activation of alkyl boronic esters by s-BuLi and the demonstration of 

exclusive transmetalation of the primary alkyl chain. 

 

It is not surprising, then, that no effective protocols for this important class of 

substrates exist, with all examples prior to our work
12

 stemming from derivatives of 

cyclopropylboronic esters. Work by both Gevorgyan
58

 and Charette
49

 showed that, like 

with the boronic acids and trifluoroborates, the cross-coupling of cyclopropylboronic acid 

pinacolate esters is highly stereoretentive, meaning that the stereochemical information 

imparted to the secondary boronic ester is maintained throughout the C-C forming event. 

These results, coupled with the large variety of methods known to synthesize 

enantiomerically enriched secondary boronic esters, implied that the development of a 

general protocol for the cross-coupling of secondary boronic esters would have an 

indisputable impact on the field of asymmetric synthesis. 

1.5 Suzuki-Mi yaura Coupling of Primary sp
3
-hybridized Electrophiles 

 

1.5.1 Primary Alkyl Electrophiles 
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 The development of cross-coupling protocols for alkyl electrophiles has been 

substantially more successful than that of their nucleophilic counterparts. Suzuki reported 

the Pd-catalyzed cross-coupling of an alkyl iodide to a B-alkyl-(9-BBN) derivative in 

1992
59

 (Scheme 1-18) and by the end of the decade, Knochel had developed a 

synthetically useful Ni-catalyzed Negishi-type coupling of alkyl iodides to organozinc 

reagents.
40, 60

 The systematic development of a general protocol for both primary and 

secondary alkyl electrophiles however, would come through work done by the Fu group 

throughout the 2000s.  

 

Scheme 1-18: Alkyl -Alkyl cross-coupling between alkyl iodides and primary 

organoboranes.
59

 

 

 In terms of cross-coupling viability, the limitations associated with alkyl 

electrophiles are akin to those of alkyl boronic ester derivatives; a slow oxidative addition 

replaces the sluggish transmetalation but both processes are vulnerable to ɓ-hydride 

elimination.
6
  The Fu group was well-armed to confront the issue of slow oxidative 

additions, given their previous experience in the field of electron-rich ligand development 

for the activation of aryl chlorides (vide supra). In 2001, Fu reported a general protocol 

for the Negishi cross-coupling of previously inert aryl and vinyl chlorides with 

organozinc species, using the electron rich PCy3 or P(
t
Bu)3 phosphine ligands. Though 

elevated temperatures were needed, it was shown that the sp
2
 C-Cl bond could, in fact, be 
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activated, leading to the syntheses of sterically congested biaryls and synthetically useful 

styrene motifs.
61

  With a Pd-catalyst system capable of activating previously inert carbon-

halide bonds, the Fu group turned its attention to another such example: alkyl bromides. 

Perhaps not surprisingly, when a very similar catalyst system was used (with the addition 

of K3PO4ÅH2O base), primary alkyl bromides were coupled to B-alkyl-(9-BBN) 

organoboranes in moderate to good yields.
62

 Fuôs success with primary alkyl bromides 

was not limited to the difficult -to-handle organoboranes; with a modified ligand system 

and judicious choice of solvent following an extensive optimization, both alkyl and vinyl 

boronic acids could be reacted with alkyl bromides (Scheme 1-19).
63

 

 

Scheme 1-19: Cross-coupling of both aryl- and alkyl boronic acids to primary alkyl 

bromides. 

 

Unfortunately, activation of the notoriously inert alkyl chloride bond, known to 

be over 10 kcal/mol stronger than an alkyl bromide bond,
64

 proved to be elusive under 

these conditions. Undeterred, the Fu group reported in 2002 that a Pd2(dba)3/PCy3 

catalyst system could, with a super-stoichiometric amount of CsOHÅH2O, activate 

primary alkyl chloride bonds towards oxidative addition.
65

 Mechanistic work indicated 
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that a strongly negative entropy of activation existed for the cross-coupling of alkyl 

halides and, together with data on the effect of solvent polarity on activation energy, Fu 

determined that the oxidative addition of alkyl halides by Pd proceeded via an SN2 

pathway.
66

 The SN2-type mechanism of oxidative addition is well-established for Pd and 

Ir metal centres, and is favored by the low steric encumbrance of the primary alkyl 

halide.
67

 

1.5.2 Suzuki-Miyaura Coupling of Secondary sp
3
-hybridized Electrophiles 

 

 Given that the Suzuki-Miyaura reaction of primary alkyl electrophiles is tempered 

by a slow, SN2-type oxidative addition to Pd, the successful cross-coupling of the more 

hindered secondary alkyl halides should be expected to be even harder to achieve. Once 

again, inspiration for this new type of Suzuki-Miyaura protocol was found in work done 

on the analogous Negishi type reaction. Though pioneered by Knochel through the late 

1990s, all examples reported were of primary alkyl bromides and iodides.  It was not 

until 2003 that Fu reported the first examples of the successful Ni-catalyzed cross-

coupling of secondary alkyl bromides and iodides with alkylzinc reagents.
68

 One year 

later, a similar nickel-based catalyst system was used to affect the first Suzuki-Miyaura 

type reaction between secondary alkyl halides and phenylboronic acid.
69

 In this case, 

replacing Ni with Pd led to a complete shut down of the reaction, indicating that a one-

electron radical process, typical of Ni, was likely at play during the successful oxidative 
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addition step. In time, even the once unimaginable cross-coupling of secondary alkyl 

chlorides was achieved through Ni-catalyzed processes (Scheme 1-20).
70

 

 

Scheme 1-20: Ni-catalyzed cross-coupling of sec-alkyl chloride with phenylboronic acid. 

 

 Like with the alkyl boronic esters, the true inspiration behind developing cross-

coupling protocols for secondary alkyl electrophiles was to open the door to asymmetric 

C-C bond forming events. In 2008, Saito and Fu finally realized that goal, whereby a 

racemic secondary alkyl bromide was cross-coupled to a primary organoborane in the 

presence of a chiral diamine ligand (Scheme 1-21).
71

 This stereoconvergent process led to 

alkyl-alkyl coupling products in high yields and enantiomeric excesses. Most recently, 

this asymmetric process has been extended to arylboranes
72

 and aryl Grignards.
73

 

 

Scheme 1-21: Stereoconvergent cross-coupling of a racemic homobenzylic secondary 

bromide and a primary organoborane. 
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 Simply by optimizing catalytic systems, often by only varying the ligand, the Fu 

group has systematically, and almost single-handedly, created the field of asymmetric 

cross-coupling of alkyl electrophiles. It must be noted that, over a decade later, secondary 

boronic ester derivatives have still not been successfully coupled to secondary alkyl 

electrophiles, further outlining the difficulties that exist when working with secondary 

coupling partners.  

 

1.6 General Summary and Outlook 

 

 With advances arriving in the form of trifluoroborate salts, transmetalation-

facilitating additives for primary alkyl boron coupling and bulky, electron rich ligands 

to enable the oxidative addition of both primary and secondary alkyl electrophiles, the 

applicability of the Suzuki-Miyaura reaction had been almost completely flushed out in 

less than a generation after the seminal publication in 1979. That said, by the later stages 

of the 2000s, the cross-coupling of secondary boronic esters had remained virtually 

unknown, and would stand as one of the last challenges remaining to those pushing 

Suzuki-Miyaura methodologies.  

It was against this backdrop that we undertook our studies into developing a 

general protocol for the cross-coupling of chiral secondary boronic esters with the 

retention of stereochemistry. That previous examples were rare and limited to very 

privileged systems (cyclopropyl boronic esters and larger, symmetric rings) was certainly 
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not from lack of interest or lack of trying. Indeed, most groups whose work is outlined 

above had pursued the topic with varying degrees of success. In the case of Fu, Hartwig 

and Molander, this preliminary work is published; for others, admission of their failed 

efforts would only happen after the fact.  

 Of course, those members of the Crudden group who would develop the silver-

mediated protocol would benefit from the fortuitous link between the branched 

regioselectivity of the hydroboration reaction of styrene derivatives and the initial 

requirement, under our conditions, of the secondary boronic ester to be benzylic. The 

next two chapters will discuss the optimization and understanding of this new protocol 

and finally, its application to the cross-coupling of novel asymmetric secondary boronic 

esters to produce, in some case, previously inaccessible organic frameworks. 
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Chapter 2 

The Cross-Coupling of Secondary Boronic Esters with Retention of 

Stereochemistry  

 

2.1 Introduction  

2.1.1 Hydroboration of Styrene Derivatives 

 

 Our interest in the field of secondary boronic ester cross-coupling was borne out 

of previous work done in our group on the asymmetric hydroboration of styrene 

derivatives.
1
 First disclosed in 1985 by Manning and Noth,

2
 the metal-catalyzed 

hydroboration reaction was more selective and required milder conditions than its 

uncatalyzed counterpart. Indeed, in the presence of a catalytic amount of Wilkinsonôs 

catalyst, catecholborane (HBCat) is able to hydroborate alkenes at room temperature, 

foregoing the elevated temperatures needed for the uncatalyzed process. Most impressive, 

though, was the noted chemoselectivity of the catalyzed hydroboration of a ketone-

containing olefin. In the uncatalyzed reaction, the oxophilicity of boron dominates, 

leading to a selective hydroboration of the ketone (2-1); conversely, in the Rh-catalyzed 

variant, the selectivity is reversed with complete selectivity for the olefin-hydroboration 

being observed (2-2, Scheme 2-1).  
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Scheme 2-1: Chemoselectivity of the Rh-catalyzed hydroboration reaction.
2
 

 Though remarkable chemoselectivity for olefins was observed, controlling the 

regioselectivity of the hydroboration across an unsymmetric olefin had not been pursued. 

The Evans group began to address this issue in 1988 with the first paper dedicated to the 

regioselectivity of the hydroboration in cyclic alkenes with pendant allylic alcohols and 

ethers serving as directing groups.
3
 Interestingly, anti facial selectivity was observed for 

both the uncatalyzed hydroboration by HBcat and the reaction catalyzed by a phosphineï

ligated cationic Rh complex. Where the processes diverge is in their respective 

regioselectivities, with the uncatalyzed reaction leading to the 2-substituted alcohol and 

the catalyzed reaction installing the boronic ester at the distal 3-position (Scheme 2-2).  

2-1 2-2 
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Scheme 2-2: Regioselectivity of the Rh-catalyzed hydroboration reaction as 

demonstrated by Evans.
3
 

 

 The question of regio- and enantioselectivity was more fully brought to light by 

the work of Hayashi and Ito in 1989.
4
  They noted that the regioselectivity of the reaction 

could be changed to favor the Markovnikov product by using cationic Rh catalysts and 

phosphine ligands during the hydroboration of styrene using HBCat. For example, 1 

mol% of [Rh(COD)2]BF4, combined with 1,4-bis(diphenylphosphine)butane (dppb) to 

form an active catalyst capable of imposing a branched:linear  ratio of >99:1 on the 

product boronic ester. That the phosphine ligand was in some way affecting the nature of 

the transition state during the regioselectivity-determining step made it conceivable that 

the same could be true of the enantioselectivity-determing step. Thus a non-racemic 

diphosphine ligand, (+)-BINAP, was used and after subsequent oxidation of the boronic 

ester, gave rise to the benzylic alcohol (Scheme 2-3) in high regio- (99:1) and 

enantioselectivity (85-95% ee). 
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Scheme 2-3: Branched selectivity achieved with the bidentate phosphine-ligated Rh-

catalyzed hydroboration reaction. 

 

Up to this point, the majority of metal-catalyzed hydroborations were performed 

with HBcat, as the tempering of its Lewis acidity by oxygen lone-pair donation to the 

empty boron p-orbital was needed to limit the uncatalyzed background reaction with 

olefins. Pinacolborane, (HBPin, Scheme 2-4) is considerably easier to handle and the 

boronic acid pinacolate esters that would result from its use in the hydroboration reaction 

are typically stable to air and chromatographic purification, unlike their catechol 

analogues. The steric bulk provided by the pinacol functionality could, however, decrease 

any selectivity for the more sterically congested branched site. Work in our laboratory 

showed that the hydroboration of styrenes could be achieved directly with HBPin at room 

temperature using a cationic rhodium catalyst, and that with judicious choice of bidentate 

phosphine ligand (dppb once again showed the most favorable results) very high B:L 

ratios could be obtained.
5
 As in the preceding work by Hayashi and Ito, the high 

regioselectivities obtained with the bidentate phosphine ligand (dppb) allowed for the 

smooth transition to non-racemic bidentate ligands to interrogate enantioselectivity. 

Though BINAP-modified catalysts provided mixtures of branched and linear products 

when using HBpin, non-racemic Josiphos ligands gave moderate B:L ratios of about 3:1. 
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Amazingly, catalysts modified by this ligand gave opposite enantiomers of the product, 

depending on whether HBPin or HBcat was used as the hydroborating reagent. A similar 

phenomenon was observed for hydroborations with Quinap-modified catalysts.
6
  

Furthermore, the Crudden group discovered that irrespective of ligand or styrene 

derivative, the use of iridium as a substitute for rhodium led to complete selectivity for 

the linear isomer (Scheme 2-4), illustrating the sensitive nature of this reaction.
5
 

  

Scheme 2-4: Illustration of the regio- and enantioselectivity of the metal catalyzed 

hydroboration of styrene. 

 

2.1.2 Elaboration of Hydroboration Products 

 

 In the twenty years after Manning and Nothôs seminal paper on the metal-

catalyzed hydroboration reaction,
2
 the process had been advanced to include 

regioselectivities complementary to the uncatalyzed reaction and had been rendered 

enantioselective.
6
 In terms of applicability, however, the process was falling short of its 

potential, as the resultant boronic esters were virtually exclusively being oxidized to 
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alcohols.
4
 Considering the numerous routes to enantioenriched sec-phenethanol, this 

transformation is not hugely value added.
7
   

 Alternatives to boronic ester oxidation do exist, but are limited. Indeed, our group 

has developed an asymmetric hydroboration-homologation protocol to access 2-aryl 

propionic acids
8
 and the amination protocol developed by the Brown group has led to 

chiral benzyl amines in high er from non-racemic benzyl boronic esters.
9
 That said, an 

enantiospecific cross-coupling protocol, so important to the pharmaceutical industry,
10

 

was still lacking. 

It was under this umbrella of thought that our group set forth to truly capitalize on 

the advances of the catalyzed hydroboration reaction by utilizing the resultant alkyl 

boronic ester moieties, not as alcohol precursors, but as Suzuki-type cross-coupling 

partners. Should this prove successful, it would stand to benefit both reactions, for at this 

time, no Suzuki-Miyaura protocol had yet been performed on chiral secondary boronic 

esters with the exception of cyclopropyl derivatives. Furthermore, the transformation of 

the hydroboration product to 1,1-diaryl alkanes provides an extremely valuable route to 

these difficult compounds. Indeed, prior to our Suzuki-Miyaura cross-coupling strategy, 

very few synthetic routes to 1,1-diarylethanes were known, amongst which stereospecific 

syntheses were even more rare (Scheme 2-5). Sigman and co-workers have put forth very 

elegant work on the hydroarylation of styrenes, though, despite using a near 

stoichiometric amount of a chiral ligand, observe no enantioselection in the product.
11

 

Hiyamaôs cross-coupling of benzyl silanes, though found to be almost completely 

stereospecific, is limited by the poor enantiomeric excesses of the starting materials.
12
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Scheme 2-5: Reductive hydroarylation coupling (top)
11

 and fluoride-mediated silicon 

coupling (bottom) to 1,1-diarylethanes.
12

 

 

 Since our initial report on the stereoretentive cross-coupling of benzylic boronic 

esters,
13

 chiral secondary boronic esters 2-3 and trifluoroboronate salts 2-4 have also been 

found to undergo successful, Pd-catalyzed cross-couplings with aryl halide electrophiles 

(Scheme 2-6). Indeed, Suginome,
14

 and subsequently Molander,
15

 took advantage of a 

putative intramolecular activation of the secondary boronic ester by an adjacent amide 

carbonyl moiety to facilitate the difficult transmetalaltion to Pd. Interestingly, a nearly 

complete inversion of stereochemistry is observed in both cases. This phenomenon is 

attributed to the aforementioned carbonylôs interaction with the vacant p-orbital of boron 

which effectively blocks Pd from reacting from the same face. Instead, a backside attack 

by Pd, leading to the observed inversion of stereochemistry, takes place.   
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Scheme 2-6: Recent work from the groups of Suginome
14

 (top) and Molander
15

 (bottom) 

on the enantiospecific cross-coupling of secondary boronic ester derivatives. 

 

2.2 Cross-Coupling of Hydroborated Styrene Derivatives with Aryl Halides 

 

2.2.1 Initial Reaction Development: From Zero to Sixty 

 

 The Hayashi hydroboration of styrene with catechol borane catalyzed by 

[Rh(COD)(BINAP)]BF4 affords 1-phenylethylboronic acid pinacolate ester in high yield 

(65%), regioselectivity (98.5:1.5, branched:linear) and high enantioselectivity (94:6, 

R:S).
4
 With both racemic and non-racemic starting materials in hand, we set out to 

develop successful coupling conditions of this secondary boronic ester with aryl halides. 

2-3 

2-4 
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 The first successful cross-couplings were performed by postdoctoral fellow 

Daisuke Imao and will be summarized briefly here.
13

 Initial attempts to affect the cross-

coupling by standard routes failed (Table 2-1, entries 1,2), reasserting the difficulties 

associated with coupling secondary boronic esters outlined in Chapter 1. It was then 

decided that, of the pitfalls generally associated with secondary boronic esters as 

coupling partners, the sluggish transmetalation would need to be addressed first, followed 

then by the mitigation of any potential ɓ-hydride elimination events. Inspiration was 

taken from the cross-coupling of primary boronic esters. Though primary boranes are 

readily transmetalated with strong inorganic bases (NaOMe, NaOH),
16

 the inherently less 

reactive primary boronic acids and esters require more help, often in the form of thallium 

or silver salts.
17

 In fact, for the difficult cross-coupling of bulky vinyl boronic acids, 

Kishi was able to demonstrate rate enhancements of two- and four orders of magnitude 

for Ag and Tl salts respectively, over hydroxide bases.
18

 Shying away from toxic thallium 

salts,
19

 we turned instead to silver as a transmetalation promoter. Gratifyingly, the 

addition of a superstoichiometric amount of Ag2O, in conjunction with a catalytic amount 

of the commercially available Pd(PPh3)4 enabled the cross-coupling of 4-

iodoacetophenone with boronic ester 2-5 in 30% GC yield (Table 2-1, entry 4). A larger 

excess of PPh3 (with respect to Pd) was added to counter potential ɓ-hydride elimination 

and this, together with a higher loading of Pd (8 mol%) led to cross-coupled product 2-6 

in 65% GC yield (Table 2-1, entry 5). 
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Table 2-1: Development of Successful Cross Coupling Conditions.  

 

entry catalyst (%) ligand (equiv.) Base yield (%) 

1 Pd2(dba)3 (2) PPh3 (8) K3PO4 0 

2 Pd2(dba)3 (2) PPh3 (8) Cs2CO3 0 

3 Pd2(dba)3 (2) PPh3 (4) Ag2O 25 

4 Pd(PPh3)4 (4) none Ag2O 30 

5 Pd2(dba)3 (4) PPh3 (8) Ag2O 65 

6 Pd2(dba)3 (4) PPh3 (12) Ag2O 64 

Reaction Conditions: THF, 0.05 M, 70 °C, 24 h. Note: loadings given for catalyst, not necessarily Pd and 

that phosphine ligand equivalents are given with respect to the catalytic amount of Pd 

 

2.2.2 Ligand Effects on the Reaction 

 

 We next sought to improve upon this result, and by analyzing the effect of each 

component, we gained a better understanding of what allows this new, yet wholly 

uncomplicated, system to work where others failed.  

The obvious place to seek improvement in yield was by examining the ligand 

used in the reaction. The large excess of PPh3 was presumed to increase yield (compare 

Table 2-1, entries 3-5) by favoring a co-ordinatively saturated Pd centre during the 

catalytic cycle, thereby reducing the likelihood of yield-reducing ɓ-hydride elimination 

reactions. Although an 8-fold excess of ligand to Pd is higher than desirable, PPh3 is 

cheap (0.51 CAD/gram, Sigma-Aldrich) and abundantly available, therefore it would 

2-5 2-6 
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require a significant jump in yield to justify using a different, more exotic ligand system 

for the reaction. With this in mind, we screened a wide variety of ligands and compared 

them to our standard conditions. 

 

Table 2-2: Ligand screen for the cross coupling of an aryl iodide with a benzylic boronic 

esters. 

 

entry 
Pd loading 

(%) 
ligand (mol%) 

yield 
(%) 

1 4 PCy3 (16) 5 

2 4 dppf (6.8) 2 

3 4 BINAP (6) trace 

4 4 
t
BuPBiPh (6.4) 2 

5 4 P(p-FPh)3 (32) 8 

6 4 P(furyl)3 (32) 0 

7 4 AsPh3 (32) 0 

8 4 P(p-MePh)3 (32) 41 

9 4 PMePh2 42 

10 4 P(p-MeOPh)3 (16) 31 

11 4 P(p-MeOPh)3 (32) 44 

12 8 P(p-MeOPh)3 (64) 48 

13 4 PPh3 (16) 25 

14 4 PPh3 (32) 40 

15 8 PPh3 (64) 65 

 Reaction conditions: THF, 0.05 M, 70°C, 24 h. 

 

2-5 2-6 
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 Surprisingly, the cheapest, most readily available ligand (PPh3) outperformed all 

other ligands tested. The bidentate ligands tested (Table 2-2, entries 2,3) completely shut 

down the reaction, presumably by locking the Pd metal centre in a catalytically 

incompetent PdL4 form. In terms of ligand electronics, electron releasing phosphines outï

performed electron withdrawing ligands, though, again, neither could outmatch the 

bellwether triphenylphosphine (compare Table 2-2, entries 5,11 and 15). 

 Though disappointed that the yield of the test reaction could not be augmented 

simply by switching ligands, we were encouraged that the ubiquitous PPh3 gave the best 

results. Parallel studies in our group provided insight into why such a standard ligand was 

performing as well, if not better, than any other ligand tested. In measuring the kinetics of 

the reaction, it was determined that the reaction was first order in the secondary boronic 

ester and, somewhat unexpectedly, zero order in aryl iodide. Exotic (and expensive) 

phosphine
20, 21

 and N-heterocyclic carbene (NHC) ligands
22

 are frequently used in 

difficult cross-couplings, however both the electron-rich phosphines and NHCs rely on 

strong ů-donation to Pd to increase the rate of oxidative addition to an electrophile. As 

noted earlier, the oxidative addition to aryl halides can be, but is not always, the rate 

determining step (RDS) for the Suzuki-Miyaura reaction and rates depend on the halide 

used (I>Br>>Cl).
23

 In our reaction, the use an aryl iodide keen to undergo oxidative 

addition followed by a difficult transmetalation step renders the oxidative addition step 

kinetically silent and preempts any potential rate increase from electron-rich ligands. 

Also, electron-rich ligands are more easily oxidized which may affect their utility in this 

reaction (vide infra). 



 

 54 

 Interestingly, the very slow transmetalation seems to render the kinetics of active-

catalyst formation insignificant as well. Elegant work done by the Baird group has shown 

that the choice of Pd pre-catalyst can have an effect on reaction rates and outcomes.
24

 

With this in mind, a highly active PdCp(ɖ
3
-butene) catalyst was developed and has been 

shown to have excellent reactivity in a variety of Pd-catalyzed processes. When we 

employed this pre-catalyst in the silver-mediated cross-coupling of benzylic boronic 

esters, no improvement in yield was observed, suggesting that the formation of an active 

Pd-catalyst is not limiting. 

 

2.2.3 Effect and Role of Silver Salts on the Reaction 

 

 Like PPh3, Ag2O is a common, relatively inexpensive reagent, and yet its addition 

to the reaction is critical to achieve turnover. The effect of other silver salts screened for 

the reaction is given in Table 2-3.  

Table 2-3: Development of Successful Cross Coupling Conditions.  

 

 

entry silver source equivalents yield (%) 

1 AgOAc 3 0 

2 AgOTf 3 0 

2-5 2-6 
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3 AgBF4 3 1 

4 Ag2CO3 1.5 38 

5 Ag2CO3 3 33 

6 Ag2O 1.5 65 

7 Ag2O 3 65 

Reaction conditions: THF, 0.05 M, 70 °C, 24 h. Equivalents of silver source are given with respect to 4-

iodoacetophenone, the stoichiometrically limiting reagent. 

 

 Several very interesting mechanistic insights can be gleaned from these data. It is 

apparent from comparing entries 1-3 and 4-7 of Table 2-3 that conversion is obtained 

only when the additive contains two silver atoms per molecule. This effect does not result 

from the total amount of silver added, as this has been accounted for by adding double 

the molar amount of additive for monomeric silver salts. This is also confirmed by entries 

6 and 7 of Table 3, which show no increase in yield at 3 equivalents of silver (I) oxide as 

compared to 1.5 equivalents. Since maximum efficiency is observed at a 1:1 

stoichiometric ratio of Ag2O to boronic ester, this is strongly suggestive that there is a 

favorable interaction between the two, with Ag(I) binding at two sites of the boronic 

ester. From this information, a plausible explanation for the role of Ag2O can be 

proposed: the boronic ester is activated to a putative boronate by way of the oxygen atom 

of Ag2O, secured in the proper location by the favorable interaction between the two 

bridged Ag atoms with the pinacolate ester oxygen and the ˊ-system of the phenyl group, 

respectively (Figure 2-1). This is also in agreement with the observation that a site of 

unsaturation adjacent to the secondary boronic ester is required to achieve 

transmetalation (vide infra) as this provides the second coordination site for silver.  
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Figure 2-1: Proposed method of activation of benzylic boronic esters by Ag2O. 

 

Precedence for this type of activation exists for silver-mediated cross-couplings
25

 

and for the protodeboronation of secondary boronic esters.
26

 In the latter case, fluoride 

ion can be used to activate a tertiary benzylic boronic ester which can then undergo a 

facile protodeboronation in the presence of H2O. Interestingly, the protodeboronation 

occurs with retention of stereochemistry, indicating that protonation does not occur from 

either face, but rather from an H2O molecule already bound to the boronic ester moiety 

(Scheme 2-7). Naturally, these findings have mechanistic implications with regard to the 

Ag2O activation of secondary benzylic boronic esters, though it is unclear at this time 

whether the presumed coordination of Ag2O leads to a transmetalation to silver
27

 or 

merely activates the boronate towards transmetalation to Pd.  
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Scheme 2-7: Mechanism proposed by Aggarwal to account for stereospecific 

protodeboronation of boronic esters.
26

 

 

The mode of action being proposed for Ag2O is both mild and tailored to a 

particular set of boronic esters. As such, this protocol can activate previously inert types 

of boronic esters all the while leaving other, classically more reactive, sites untouched. 

Surprisingly, primary alkyl boronic esters survive the silver-mediated reaction conditions 

almost completely untouched, although this impressive chemoselectivity begins to erode 

upon introduction of other bases which are known to activate primary boronic esters. The 

chemoselectivity of the reaction will be examined in detail in Section 2.4. 

Lastly, concurrent work done in our group has shown that the role of Ag2O may 

not be exclusively activation of the boronic ester. In fact, the catalytic cycle was shut 

down upon introduction of excess iodide ion as Bu4NI, which likely indicates that silver 

is acting, at least in part, to remove iodide from the coordination sphere of Pd after the 

oxidative addition step. Corroborative evidence for this hypothesis was also obtained by 

31
P NMR (vide infra). 

 



 

 58 

2.2.4 Attempted Cross-Coupling with a Potassium Trifluoroborate Analogue 

 

 Much of the early work on coupling sp
3
-based boron nucleophiles was centered 

on the air stable and easy to handle potassium trifluoroboronate analogues of boronic 

acids and esters.
28

 Not only are these easily synthesized from a given boronic acid and 

aqueous KHF2, but these salts typically couple efficiently at only a slight excess relative 

to aryl halide, limiting the wastage of large amounts of precious (often non-racemic) 

boronate ester.
29

  Earlier work by Molander showed that primary alkyl trifluoroboronate 

salts were competent coupling partners under modified Suzuki-Miyaura reaction 

conditions, but that the secondary boronate yielded only trace amounts of product.
30

 We 

set out to determine if the conditions we had developed to couple secondary boronic 

esters would translate favorably to their trifluoroboronate analogues, and if so, if  they 

would lead to an improvement in yield.  

 

Table 2-4: Effect of stoichiometry and the nature of the boronic acid derivative for a 

standard coupling. 

 

 

entry equivs boron species solvent yield (%) 

1 1.2 Bpin THF 50 

2 1.5 Bpin THF 65 

2-6 








































































































































































































































































































