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ABSTRACT 

 

 

The first successful synthesis and isolation of a boronic acid was reported in 1860 by 

Frankland in the pursuit of novel organometallic compounds.  For more than a century, further 

studies of boronic acids were sparsely published.  Suzuki and Miyaura jumpstarted the field in 

1979 with an innovative carbon-carbon bond forming reaction employing an organoboronic acid 

and a carbon halide under palladium catalysis.  Indeed, the Nobel Prize in Chemistry was 

awarded to Professor Akira Suzuki, along with Professors Richard Heck and Ei-ichi Negishi, in 

2010 for their important contributions in palladium-catalyzed cross-coupling chemistry.  Over 

the last 30 years, reports on organoboron compounds have increased exponentially.  This 

dissertation describes the author’s contributions to the development of preparative methods for 

organoboronic acid derivatives using transition metal-catalyzed reactions of diboron reagents. 

A unique “mixed” diboron reagent was developed (PDIPA diboron) that contains sp
2
- 

and sp
3
-hybridized boron atoms, unambiguously confirmed by X-ray crystallography.  PDIPA 

diboron is sufficiently activated internally through a dative-bonding amine to selectively transfer 

the sp
2
-hybridized boron regioselectively, in the presence of copper, to electron deficient alkenes 

including α,β-unsaturated ketones, esters, amides, aldehydes, and nitriles to provide the 

corresponding boratohomoenolates.  A unique β,β-diboration of an α,β-acetylenic ketone was 

also discovered. 
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The scope of PDIPA diboron reactions was then expanded to a set of substrates with a 

more complex structural backbone.  Allenoates are α,β,γ-unsaturated esters with orthogonal pi 

systems, which pose several possible difficulties with the regioselectivity of addition, not to 

mention known isomerizations catalyzed by copper.  However, we successfully installed the 

boron moiety regioselectively on the β-carbon of a variety of allenoates, providing a vinyl 

boronic ester, and also observed exclusive formation of the (Z)-isomer from racemic starting 

materials.  The resulting vinyl boronic ester was then shown to be an excellent Suzuki-Miyaura 

cross-coupling partner, affording a diastereopure, trisubstituted alkene in quantitative yield. 

Commercially available bis(pinacolato)diboron has shown remarkable stability towards 

hydrolysis and autoxidation.  Using this reagent, we developed a copper- and amine-catalyzed 

boration protocol performed entirely in water and open to air.  Using only 1 mol% copper, 

extraordinary activity was observed.  UV-Vis, 
11

B NMR, and solvent kinetic isotope experiments 

were employed to gain insight into the mechanism, which showed the possibility of 

autocatalysis.  Attempts to control stereoselectivity were not successful, although these results 

were rationalized by a dynamic catalyst structure. 
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Chapter 1 Boronic acids and their derivatives 

1.1 Structure and properties of boronic acids and their derivatives 

 Boronic acids are defined as organometallic compounds containing a trivalent boron 

atom that is covalently attached to one carbon substituent and two hydroxyl groups.
1
 The ground 

state boron atom is sp
2
-hybridized, with a trigonal planar geometry and only six valence 

electrons, which gives the atom Lewis acidic properties due to the two electron deficiency and 

associated empty p orbital.  The moderate stability of boronic acids can be attributed to short B-

O bonds (typically 1.35-1.38 Å) that are significantly stronger than C-O bonds (130 kcal/mol vs 

92 kcal/mol)
2
 due to donation of lone pair electrons on oxygen to the empty p orbital on boron, 

giving rise to partial double bond character.  Conversely, the B-C bond is slightly weaker than a 

typical C-C bond (77 kcal/mol vs 85 kcal/mol)
2
 and is typically 1.55-1.59 Å. 

 A variety of boronic acid derivatives have been synthesized to address difficulties 

ranging from stability and reactivity to ease of purification.  Notable and relevant examples are 

illustrated in Figure 1.1.  Boronic acid 1.1 can be converted to pinacol boronic ester 1.2, which 

is typically less reactive than 1.1 but offers the benefits of facile purification and increased 

stability for long-term storage.
3
 Chiral variants exist also, such as (+)-pinanediolato boronic ester 

1.3, however, they are up to 20 times more expensive to prepare and other efficient methods of 

 

Figure 1.1.  Structures of boronic acid derivatives. 
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chiral induction are currently available.
4
 

Alternatives to sp
2
-hybridized organoboron compounds have been extensively studied as 

well, for example, diethanolamine adduct 1.4 and potassium trifluoroboronate salt 1.5.  Upon 

coordination of an additional bonding heteroatom, 1.4 adapts a distorted tetrahedral structure 

when boron’s octet is filled by a dative bonding lone pair of electrons and the boron atom 

rehybridizes to a sp
3
 center.

5
 As a result of the increased electron density at the boron center, the 

B-C bond in 1.4 is elongated to approximately 1.61 Å (0.04 higher than 1.1) and the B-O bonds 

are lengthened significantly to 1.46-1.48 Å (0.10 higher than 1.1).  The formation of a tetrahedral 

adduct was estimated to destabilize the B-O bond by up to 12 kcal/mol compared to a trigonal 

planar boronic acid.
6
 Typically, diethanolamine derivatives like 1.4 are white powders that are 

easily purified by precipitation and filtration.  Potassium trifluoroborate 1.5 is a unique variant 

that has proven to be exceptionally air stable and highly reactive in a diverse set of cross-

coupling and addition reactions.
7
 This is not surprising when the difference in bond energies is 

considered; B-F bonds are almost 30 kcal/mol stronger than B-O bonds.
2
 Like adduct 1.4, 

organotrifluoroborate 1.5 assumes a tetrahedral geometry and sp
3
-hybridization on boron.

8
 

 The successful synthesis of boronic acid derivatives, and further reactions of organoboron 

compounds, originates from a fundamental theory of reactivity.  Most similar to a carboxylate 

carbon, reactions usually proceed stepwise through a tetrahedral intermediate and return to a 

trigonal planar geometry, with a few exceptions as previously described. The balance of the 

resulting equilibrium is ultimately controlled by thermodynamic stability, however, the rate of 

exchange is highly dependent on the electrophilicity of the boron atom, Lewis basicity of the 

nucleophile, and steric interactions (Scheme 1.1).
1
 In fact, formation of stable sp

3
-hybridized 

boron adducts like potassium organotrifluoroborates provides an exceptional resistance to 
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autoxidation, which is a highly favorable process as a result of the 53 kcal/mol greater bond 

strength of B-O bonds in comparison to B-C bonds.
9
 Through careful consideration of these 

properties, we can predict and exploit the reactivity of an element that has largely been 

underutilized in both medicinal and synthetic chemistry. 

1.2 Pharmaceutical applications of organoboron compounds 

 Medicinal chemists are rapidly acclimating to the idea of boronic acid derivatives as 

therapeutics for their interesting physiochemical characteristics.  The ability of boronic acids to 

form covalent bonds provides the opportunity to design inhibitors with much higher affinities 

(and consequently, slower dissociation rates) towards a physiological target than typical 

pharmaceuticals, which often rely on weaker forces such as hydrophobic interactions, hydrogen 

bonding and electrostatic attractions.  Additionally, organoboron compounds differ from suicide 

inhibitors because the formation of the covalent bond through dative donation of lone pair 

electrons is reversible.  Strong boron-oxygen bonds (130 kcal/mol) contribute to the selectivity 

of boronic drug candidates towards the alcohol functionalities found on serine and threonine 

residues over other nucleophilic side chains, such as thiols and amines.  This interaction was 

effectively demonstrated on a simple model by introducing boric acid into trypsin, a serine 

protease.
10,11

 Characterization of the resulting adduct involved the comparison of chemical shifts 

in solution state 
1
H and 

11
B NMR spectra under various conditions, kinetic results from 

spectrophotometric assays at different concentrations of a competitive inhibitor, and ultimately, 

successful acquisition of the crystal structure by X-ray crystallography.  Although excellent 

Scheme 1.1.  Model of equilibrium between a nucleophile, Y, and boronic acid/ester. 
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candidacy as inhibitors has been demonstrated for serine proteases (such as thrombin,
12

 

elastase,
13

 dipeptidyl IV,
14

 hepatitis C virus protease,
15

 β-lactamase
16

, and ClpXP
17

) and 

threonine hydrolases (γ-glutamyl transpeptidase
18

 and autotaxin
19

) these properties introduce 

inherent limitations because they are less likely to be effective on other targets, such as cysteine 

proteases.  Although rare, examples of binding alternative structures have been reported, such as 

manganese-dependent arginase
20

 and tRNA (vide infra).  Driven by a few key preliminary 

successes in the clinic, investigations of organoboron-based therapeutics are proliferating and 

traditional concerns of toxicity and poor stability are waning.
21

 

The best example to date is Velcade (bortezomib),
22

 which is a boronic acid-containing 

dipeptide (1.6; Figure 1.2).  Velcade was approved by the FDA in 2003 for the treatment of 

multiple myeloma and relapsed mantle cell lymphoma and represents both the first boron-

containing drug, and the first proteasome inhibitor of any type to be approved by the FDA.  The 

dipeptide interacts specifically with threonine residues in the active sites of various β-subunits of 

the 20S proteasome as shown by crystallographic studies,
23

 however the exact interaction 

responsible for the desired phenotype response has not yet been determined.
24

 Velcade 

exemplifies the primary mechanism of action expected for boronic acids in which the electronic 

and geometric properties mirror that of a carbonyl, with one distinct difference: the stability of 

 

Figure 1.2.  Structure and binding affinities of Velcade 1.6 and 

peptidyl aldehyde 1.7. 
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the tetrahedral intermediate.  A comparison of binding affinities towards the proteasome with the 

corresponding peptidyl aldehyde 1.7 clearly validates this concept (Figure 1.2).
22

 

Another prime example was reported in 2006 by Anacor Pharmaceuticals.  The drug 

candidate Tavaborole (AN2690), which contains a benzoxaborole functionality (Figure 1.3), 

was shown to be an effective anti-fungal agent in the treatment of 

onychomycosis
25

 and is currently in Phase 3 clinical trials.  

Interestingly, Tavaborole exhibits a different mechanism of action 

than previously described and actually targets a completely different 

class of macromolecules (vide supra).  Inhibition of leucyl tRNA 

synthetase was achieved through a spiro complex of 1.8 

with the cis 2’- and 3’-hydroxyls of the terminal 

adenosine (Figure 1.4).  In fact, complexation of boron 

with cis-diols has recently been found to play a crucial 

role in natural processes of several organisms including 

animals, plants, and bacteria.  Although research on the 

role of boron in living organisms is in an early stage, 

the known functions of these complexes range from 

structural support in plant cell walls
26

 to quorum 

sensing, or bacterial signaling through the excretion of signal molecules.
27

 The recent success of 

boronic acids as therapeutic tools with unique physiochemical properties continues to provide the 

fuel for their incorporation into potential drugs,
28

 however, they have predominately been 

examined as valuable synthetic intermediates. 

  

 

Figure 1.3.  Structure 

of Tavaborole (1.8). 

 

Figure 1.4.  Spiro complex of 

AN2690 and leucyl tRNA 

synthetase. 
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1.3 Synthetic intermediates – transforming the C-B bond 

 Previously defined as organometallic compounds, boronic acids combine aspects of 

organic and inorganic chemistry, which permits an unusual mixture of properties when 

considering the reactivity of the carbon-boron bond.  Exchange of the boryl moiety for a variety 

of carbon-, nitrogen-, and oxygen-linked functionalities provides a convenient route to complex 

structures that may be difficult to achieve by other means.  Transformations of boron-containing 

intermediates date back to 1956, when Brown reported the anti-Markovnikov hydration of 

terminal alkenes to provide the primary alcohols using a 2-step procedure that involved the 

Markovnikov hydroboration of alkene 1.9 with diborane (originally generated in situ by mixing 

sodium borohydride with aluminum trichloride, and used directly starting in 1957) to yield 

alkylborane intermediate 1.10 and subsequent oxidation of the C-B bond in the presence of 

sodium hydroxide and hydrogen peroxide to yield the alcohol 1.11 (Scheme 1.2).
29,30

 

Unfortunately, the instability of boranes deterred synthetic chemists from pursuing organoboron 

intermediates for quite some time.
31

 In 1979, Suzuki and Miyaura revitalized the field when they 

pioneered a transition metal-catalyzed procedure to transform a carbon-boron bond into a 

carbon-carbon bond by cross-coupling a stable boronic ester with an alkenyl or alkynyl halide.
32

 

Unbeknownst at the time, this single discovery led to an exponential growth of research on 

organoboron intermediates.  Indeed, the Nobel Prize in Chemistry was awarded, in part, to 

 

Scheme 1.2.  Oxidation of a borane intermediate. 
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Professor Akira Suzuki in 2010 for his contributions to the field. 

 Transformations of carbon-boron bonds are generally considered in terms of the 

hybridization of the carbon because the reactivity of sp
2
- and sp

3
-bound boronic acids can be 

markedly different and the geometry of the boron atom in solution can be somewhat dynamic.  A 

unique feature of organoboron compounds, independent of the hybridization of the central 

carbon, is the transfer of stereochemical integrity to the product when reacted with either 

stoichiometric reagents
33

 or cross-coupled using transition metal-catalysis.
34

 A retention of 

configuration is typically observed, however, examples of inversion exist.
35

 As a general rule, 

sp
2
 C-B bonds are more likely to produce the desired product in transition metal-catalyzed 

couplings due to conformational restrictions—which greatly decrease the decomposition of 

intermediates by β-hydride elimination—and the enhanced stability from back bonding in 

organometallic intermediates.
36

  Scheme 1.3 illustrates the assortment of efficient 

transformations established for sp
2
-hybridized organoboron intermediates (general structure 

1.12). 

  

Scheme 1.3.  Transformations of sp
2
-hybridized organoboron compounds. 
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 Copper (II) salts have shown to be versatile catalysts in the oxidation of boronic 

acid/ester 1.12 to either amine 1.13 or ether 1.14 under similar conditions that were disclosed in 

three back to back publications by Chan, Evans, and Lam in 1998.
37-39

 General reaction 

conditions are operationally simple, utilizing a stoichiometric amine base and atmospheric 

oxygen to re-oxidize the catalyst and provide moderate to excellent yields typically ranging from 

50-98%.  The limited number of reports involving copper-catalyzed transformations is likely due 

to the instability of organocuprates at room temperature.
40,41

 Alternatively, using copper (II) as a 

stoichiometric oxidant in the presence of a palladium catalyst allowed 1.12 to undergo a 

Mizoroki-Heck type reaction with alkenes to form a new carbon-carbon bond and afford 

structure 1.15.
42

 Further optimization of these conditions led to the report of a base- and oxidant-

free oxidative Heck coupling in 2007 and expansion of the substrate scope to include vinyl 

ethers, which provide an interesting route to aryl ketone 1.16.
43

 Stable organopalladium 

complexes have indeed been isolated and characterized,
44

 providing both mechanistic insight into 

cross-coupling reactions and motivation to pursue palladium as an effective catalyst. 

 The true foundation for palladium-catalyzed cross-coupling of sp
2
-hybridized 

organoboronic acids can be traced much further back to the aforementioned report of the Suzuki-

Miyaura cross-coupling (SMC) reaction in 1979.
32

 A great deal of research has been done to 

expand the scope of organic halides for the synthesis of 1.17.  Originally utilizing simple alkenyl 

bromides, a wide variety of organic halides and triflates may now be employed,
45

 including 

challenging aryl chloride substrates
46

 and even ortho, para-dinitrofluoroarenes.
47

 The 

commercial availability of an enormous selection of aryl, alkenyl, and alkynyl halides, in 

addition to high functional group tolerance as exemplified by late-stage SMC in the synthesis of 
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complex therapeutics
48

 and natural products
49

 alike, have established this reaction as one of the 

most efficient and broadly applicable protocols in the history of synthetic chemistry. 

The myriad of reports on other palladium-mediated coupling reactions of organometallic 

reagents with organic halides beginning in the late 1970s was remarkable.  Notable examples 

include the use of Grignard
50

 and organolithium
51

 reagents by Murahashi, organoaluminum
52

 and 

zinc
53

 reagents by Negishi, organostannanes by Migita
54

 and Stille,
55

 alkenylcopper by 

Normant,
56

 and organosilanes by Hiyama.
57

 A consistent conclusion in these transformations is a 

mechanism involving an oxidative addition, transmetallation, reductive elimination pathway, so 

it comes as no great surprise that the cross-coupling of organoboronic acids has been established 

to follow the same scheme.  It is widely believed that oxidative addition of the zerovalent 

palladium catalyst (with 2 ligated phosphines) to the organic halide, producing an 

organopalladium(II) complex, is the rate-limiting step for catalyst turnover
58

 and the 

accompanying order of reactivity for the halides is iodide > triflate > bromide > chloride.
59,60

  

SMC reactions are a peculiar case, however, because they tend to deviate from common trends 

and also require excess carbonate base.  In fact, Fu reported an extensive investigation on a 

highly reactive system using potassium fluoride as base to provide excellent yields, even with 

typically unreactive electron-rich chlorides, and consequently revealed a particularly interesting 

trend.
61

 In a chemoselectivity experiment between bromide and triflate, the bromide reacted 

preferentially.  Furthermore, the competition between chloride and triflate could be controlled 

through selection of the proper catalyst: Pd2(dba)3 + 2 P(
t
Bu)3 allows the chloride to react while 

Pd(OAc)2 + 2 P(Cy)3 reversed the chemoselectivity.  The authors claimed that the substitution of 

carbonate for fluoride base increased reactivity in their hands, however, the opposite trend has 
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also been identified elsewhere.
62

 What is evident from these results is that the SMC mechanism 

is more complex than originally believed. 

A few detailed investigations probing portions of the mechanism have indeed been 

disclosed, therefore, a combination of this data is required to comprehensively understand the 

role of each reaction component.  Since boron is a semi-metal, the importance herein is to 

understand the conditions under which boron behaves more like a metal, or conversely a 

nonmetal, so one can begin to predict it’s reactivity as applied to other systems.  In 1998, Matos 

provided the first set of results aimed specifically at identifying the structures involved with 

several ambiguous steps of the oxidative addition, transmetallation, reductive elimination 

pathway including the rate-determining step, the role of base, and the origin of stereochemical 

retention that was typically observed.
63

 Matos began with the alkyl-9-BBN (9-

borabicyclo[3.3.1]nonane) derivative 1.18 (Figure 1.5) because it was the most efficient 

coupling partner given the established protocol at the time.  For comparative kinetic studies, the 

corresponding OBBD (9-oxa-10-borabicyclo[3.3.2]-decane) derivative, alkylborinate 1.19, was 

prepared as a less reactive organoboron substrate due to the increased electron density on boron 

from the donation of lone pair electrons by oxygen.  Additionally, deuterium-substituted 

examples (1.18b/1.19b) were prepared to analyze the transfer of stereochemistry. 

 

Figure 1.5.  Structures of alkyl-9-BBN 1.18 and alkyl-OBBD 1.19. 
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As previously mentioned, oxidative addition of the zerovalent metal complex to the 

organic halide is the rate-determining step in most palladium-catalyzed cross-couplings, but 

SMC reactions have shown experimental deviations that have led to more intensive studies.  To 

systematically investigate these inconsistencies, compounds 1.18a and 1.19a were subjected to 

kinetic studies to evaluate the reaction order of each component.  An arduous collection of initial 

rates were obtained while independently varying the concentration of the halide, organoboron, 

and base (overall reaction depicted in Scheme 1.4).  Analysis of results for alkyl-9-BBN 1.18a 

revealed a rate that is first-order in bromobenzene, but zero-order in 1.18a, which is supports 

oxidative insertion as the rate-determining step.  However, the rate of reaction using alkyl-

OBBD 1.19a was independent of both bromobenzene and organoboron concentration, but first-

order in base.  Indeed, a similar shift in the slow step was observed for boronic acids when 

changing the halide from bromide to iodide.
64

 Stoichiometric spectroscopy experiments without 

the borane showed an equilibrium of the oxidative addition product, arylpalladium(II) bromide, 

and arylpalladium(II) hydroxide as result of ligand exchange.  Taken together, these results 

suggest that displacement of halide on palladium by base is rate-limiting for less-reactive 

organoboron substrates, however, two possible pathways (ignoring the geometry of phosphine 

ligands on palladium because both cis
65

 and trans
66

 isomers can promote the reaction) could 

account for these observed rates (Scheme 1.5).  In path A, base binds to the trivalent boron 1.21 

to form tetracoordinate boron-“ate” 1.22, which facilitates displacement of the halide from 

Scheme 1.4.  Overall conditions for kinetic studies. 
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palladium complex 1.23 to provide hydroxo μ2-bridged complex 1.24. Alternatively, path B 

begins with the displacement of the halide from complex 1.23 by base to form palladium 

hydroxo complex 1.26, which then binds with trivalent boron 1.21 to provide a similar hydroxo 

μ2-bridged complex 1.27.  Pathways A and B are kinetically indistinguishable given the current 

data and both lead to 4-member transmetallation transition state 1.25.  In fact, this 4-member 

transition state is responsible for the retention of configuration observed in almost all SMC 

reactions.  A third hypothetical situation indeed exists, where boron-“ate” 1.22 could react with 

palladium hydroxo complex 1.26, however, this is unlikely to contribute (vide infra).  While this 

initial set of results unarguably confirmed the complexity of the SMC mechanism, several other 

considerations still needed to be addressed. 

 Recently, Hartwig disclosed an extensive mechanistic study focused on SMC of boronic 

acids, in particular the different transmetallation pathways previously examined by Matos and 

described in Scheme 1.5.  Beginning with the independent synthesis of the 2 possible active 

intermediates, the boron-“ate” and palladium hydroxo complexes, it was determined that both 

were efficient under stoichiometric conditions (Scheme 1.6).  He then reasoned that because 

both pathways are efficient, the contributions of path A and path B would be relative to the  

 

Scheme 1.5.  Possible halide displacement routes to hydroxo μ2-bridged transition state. 
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concentration of each “active” species is solution (Scheme 1.7).  Examination of the equilibrium 

constants between free boronic acid (1.33) and boron-“ate” (1.34) revealed an approximately 

equal amount of each, and the same was determined between palladium halide (1.35) and 

palladium hydroxo (1.36) complexes, so concentration dependence was ultimately ruled out.  

They then revisited the stoichiometric reactions and determined the rate constants at low 

temperature, which showed that the reaction of palladium hydroxo complex with free boronic 

acid is more than 4 orders of magnitude faster than the reaction of palladium halide with 

trihydroxyborate, leading to the conclusion that path B is the correct mechanism in which the 

Scheme 1.6.  Stoichiometric reactions of possible active intermediates.

 

 
Scheme 1.7.  Suzuki-Miyaura catalytic cycle.  Dashed boxes identify the “active” intermediates. 
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rate limiting step is formation of palladium hydroxo complex 1.36.  The decreased reactivity of 

the trihydroxyborate is in agreement with separate reports of the cross-coupling of potassium 

organotrifluoroborates, which require the addition of water to achieve efficient conversion (vide 

supra).
67

 Water has specifically been implicated in the hydrolysis of the trifluoroborate to 

provide a free boronic acid in situ (see brackets in Scheme 1.7).
68

 With the recent identification 

of the active species involved in the rate determining step of the SMC reaction, we can now 

better understand the effects of changing additives, such as the strength of base, and tune the 

reactivity of the palladium catalyst to effect the transformation of traditionally unreactive 

substrates. 

Transformations of sp
2
 C-B bonds have been extremely successful using transition metal 

catalysis, however sp
3
 C-B bonds are not typically converted using the same catalysts or 

mechanistic pathways due to rapid decomposition, for example through β-hydride elimination.  

In 1956, Brown discovered a unique set of conditions under which sp
3
 C-B bonds react in the 

absence of transition metals (vide supra; Scheme 1.2).  The key to obtaining a successful 

transformation was the use of an atypical chemical structure in which a nucleophilic 

functionality was directly bound to a leaving group (1.37), leading to an alkyl migration in 

intermediate 1.38 as illustrated in Scheme 1.8.  In fact, this mechanistic consideration has been 

consistently found in all non-catalyzed reactions of organoboron compounds and is the primary 

 

Scheme 1.8.  Key mechanistic condiseration for sp
3
 C-

B bonds. 
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reason for the excellent chemoselectivity and stability observed in using boronic acid derivatives 

as synthetic intermediates.  In addition, the migratory sp
3
 carbon is not re-hybridized during the 

course of the reaction and preserves the original stereochemistry.
69

 

Several major contributions to the field that highlight the utility of this mechanism are 

described in Scheme 1.9.  Although oxidation of 1.40 to alcohol 1.41 is efficient using the 

aforementioned alkaline peroxide solution,
29

 a more mild sodium perborate reagent was 

discovered to affect the same transformation in excellent yield, but with greater functional group 

tolerance.
70

  Similarly, organolithium reagents lead to the formation of carbon-carbon single 

bonds such as in the synthesis of α-haloboronic ester 1.42 from a lithiated chloroalkane
71

 and β-

hydroxyboronic ester 1.43 from a lithiated epoxide.
72

 As expected in the proposed mechanism, 

stereochemical information is transferred in these reactions.  Carbon-nitrogen bonds can also be 

introduced with the same methodology and stereochemical integrity, for example, by reaction 

with hydroxylamine-O-sulfonic acid to provide primary amine 1.44.
73

 Conversely, palladium-

 

Scheme 1.9.  Transformations of sp
3
-hybridized organoboron compounds. 
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catalyzed SMC reactions of alkylboronic acids and esters have proven to be very difficult due to 

decomposition of intermediates.
74

 Even so, a few specific examples of SMC have been reported 

for the preparation of 1.45 directly from an alkylboronic ester,
75

 or by first converting to the 

potassium organotrifluoroborate salt.
76,77

  The exploration of organoboronic acids derivatives as 

synthetic intermediates is a developing field, however, carbon-boron bonds are not found in 

naturally occurring chemical structures so they must be specifically introduced.  Thus, their 

utility is inherently limited to the scope of organoboron preparation methods. 

1.4 Preparation of organoboron compounds 

 The first suggested synthesis of a boronic ester was reported by Frankland in 1860 

through the atmospheric oxidation of a trialkylborane, however, this method is generally 

considered undesirable due to critical limitations; the three alkyl substituents must be identical 

and the product decomposed in water to the corresponding boronic acid.
78,79

 In 1954, Schlesinger 

reported the diboration of ethylene using an electrophilic tetrachlorodiboron, but similarly, the 

product was too unstable to prove useful.
31

 Despite these initial suggestions that organoboron 

compounds are not suitable for further examination as synthetic intermediates, a promising 

avenue was found when cyclic complexes were formed upon treatment with several 1,2-diols, 

some of which showed a dramatic increase in stability.
3
 In fact, the synthesis of organoboronic 

acids that are “protected” by complexation with 1,2-diols dominate the literature. 

 Two practical methods currently exist for the formation of carbon-boron bonds.  The 

oldest approach exploits the electrophilicity of a trialkylborate for the trapping of a Grignard 

reagent (1.46)
80,81

 and later organolithium reagent (1.47)
82

 for the synthesis of aryl boronic acids  
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(1.48; Scheme 1.10).  1.46 and 1.47 are highly reactive reagents, but suffer from severe 

drawbacks because they are harsh nucleophiles, strong bases, and prone to self-decomposition.  

A second method was developed to provide more mild and controllable conditions for the 

construction of C-B bonds, utilizing diboron reagents in the presence of a transition metal 

catalyst to assist in breaking the moderately strong boron-boron bond (68 kcal/mol).
2
 This 

approach has been proven to be effective for the mono- and diboration of alkenes, and the boryl 

substitution of C-H and C-X bonds, significantly expanding the breadth of achievable 

organoboron structures.
83

 Beginning with the most common diboron reagent 1.49 

[bis(pinacolato)diboron], the structure of the borated product can easily be controlled through the 

 

Scheme 1.11.  Divergent organoboron synthesis with bis(pinacolato)diboron 1.49. 

Scheme 1.10.  Electrophilic trapping of trialkylborates.
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choice of catalyst and conditions (Scheme 1.11).  Notable milestones in this field include: the 

diboration of both terminal and internal alkynes with >99% cis-selectivity using a platinum(0) 

catalyst to produce diboryl alkene 1.50
84

 and the following extension to alkene substrates,
85,86

 C-

H activation of simple alkanes by a rhodium(I) catalyst at high temperature to provide 

alkylboronic ester 1.51,
87

 and SMC-type cross-coupling with aryl halides in the presence of a 

palladium(0) source—typically generated in situ—to prepare aryboronic ester 1.52,
88

 which was 

later extended to other substrates
89-91

 and also accomplished with a copper salt.
92

 Of particular 

interest to our group was the copper-catalyzed conjugate addition of 1.49 to electron-deficient 

alkenes for the preparation of β-boryl carbonyl compounds (1.53),
93

 which provided a route to 

boron-substituted amino acid analogs, as described below in greater detail.  A few reports using 

gold
94,95

 or iridium
96

 catalysts to affect these transformations have emerged, however, more 

preferable conditions are available with other metals. 

 The author of this dissertation was involved in the synthesis of N-terminal peptidic 

boronic acids, as a complement to C-terminal variants such as Velcade,
23

 for potential use as 

protease inhibitiors.  Michael-type conjugate addition of an intermediate boryl nucleophile to 

α,β-unsaturated ester 1.54 provided the desired positioning of the pinacol-protected boronic 

acid—to mimic the scissile amide bond—in a single step (1.55; Scheme 1.12).  Subsequent 

saponification of the ester provided amino acid analogue 1.56 for incorporation into a short 

peptide sequence through standard solid phase peptide synthesis (SPPS) techniques with HCTU 

coupling chemistry.  During the side chain deprotection step in SPPS, the pinacol group was 

removed as well, providing N-terminal peptidic boronic acid 1.57.  Indeed, the utility of these 

small boronic acid peptides was exemplified by the selective inhibition of human ClpXP over 

human Lon, which are two serine proteases with common substrates.
17

 Although further 
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applications of peptide 1.57 are being considered, the conditions for the β-boration protocol were 

troublesome.  As a synthetic chemistry group, we were concerned by the number of additives 

required—including an expensive phosphine and strong base (Scheme 1.12)—and the lack of 

definitive mechanistic evidence for the role of each.  To understand the origin of these 

requirements, it is important to examine the history of advancements and variations of the β-

boration protocol. 

 The first conjugate addition of diboron 1.49 to an electron-deficient alkene, 1.58, was 

reported in 1997 using a platinum catalyst (path A; Scheme 1.13).
97

  Under similar conditions, a 

rhodium catalyst was shown in 2002 to affect the same transformation, albeit in lower yields 

(path B).
98

 A nickel-phosphine complex developed in 2007 provided inconsistent yields of 1.59 

(path C),
99

 and comparable results were published in 2010 using palladium (path D).
75

 Several 

drawbacks are evident using these conditions, including the use of an expensive metal catalyst 

and ligand, high temperatures (A and B), excess base (C and D), long reaction times, or a 

complicated solvent system (C).  Two metal-free protocols have indeed been described with N- 

 

Scheme 1.12.  Synthesis of boron-containing amino acid analogues. 
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heterocyclic carbene (NHC)
100

 and phosphine catalysts;
101

 however, they are difficult to repeat 

which leads to concerns of contamination.  None of these reports have affected the field as much 

as those utilizing a copper catalyst, first reported independently by Hosomi
102

 and Miyaura
89

 in 

2000.  In addition to the significantly lower price of copper salts, Yun discovered in 2006 that 

alcohol additives dramatically increased the reaction rate and afforded the desired products in 

only a few hours.
103

  The specific role of the alcohol additive, first proposed to assist in catalyst 

turnover by serving as a proton source, was supported by DFT calculations two years later.
104

 

However, phosphine and strong base were also necessary to achieve sufficient yields of β-

borated product with copper at room temperature, which add to the cost and operational 

difficulty of this method, and restrict the use of sensitive substrates.  Nonetheless, the efficiency 

of copper-catalyzed boration methods have led to the development of a myriad of asymmetric 

Scheme 1.13.  β-Boration with A) platinum, B) rhodium, C) nickel, and D) palladium catalysts.
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methods with chiral phosphine,
4,105-108

 amine,
33

 and NHC ligands.
109

 Furthermore, the copper-

mediated transformation could be extended beyond the 3,4-boryl addition with α,β-unsaturated 

carbonyl substrates to SN2’ substitution of allylic carbonates,
110

 1,2-addition to aldehydes,
111

 and 

conjugate addition to tert-butylsulfinyl aldimines,
112

 which exemplifies the seemingly unlimited 

utility of this method. 

1.5 Dissertation overview 

 Chapter 1 describes the general properties of organoboron compounds including 

structure, stability, and mechanisms of reactivity.  The current and potential utility of 

organoboron compounds as pharmaceutical agents is discussed, focusing on the unique 

selectivity of boron towards alcoholic residues.  Applications as synthetic intermediates is then 

presented, focusing on the rationale behind reactivity and the conditional factors that contribute 

to successful transformations.  Finally, because carbon-boron bonds are not naturally occurring, 

the history of available synthetic methods is examined to identify the current strengths and 

weaknesses. 

 In Chapter 2, the theory, synthesis, and unambiguous structural analysis of an 

unsymmetrical, internally activated diboron reagent is described.  This novel reagent allows for 

the copper-catalyzed β-boration reaction to occur in the absence of phosphine or tert-butoxide, 

which offers an improvement to the established protocol and also provides mechanistic insight 

into the role of base in previous methods.  A kinetic study on the effect of protic additives 

improved the reaction efficiency, which allowed the substrate scope to be extended to difficult 

substrates, such as α,β-unsaturated aldehydes.  Based on the new information gathered, a 

plausible catalytic cycle was proposed. 



22 

 

 Chapter 3 describes an application of the novel diboron reagent presented in Chapter 2 

towards generating a difficult molecular structure using allenoates as the substrates.  From 

racemic starting materials, a single diastereomer was formed in good yield in the absence of a 

chiral ligand or auxiliary.  A rationale for this stereochemical induction is presented, along with a 

proposed catalytic cycle and a demonstrated utility of the resulting vinyl boronic ester by SMC 

to prepare a trisubstituted alkene with defined stereochemistry. 

 In Chapter 4, an unexpected β-boration reaction in water and open to air is described 

using a commercially available diboron reagent.  A low copper catalyst load and amine ligand 

provided excellent product yields, notwithstanding the insolubility of both starting materials.  

UV-Vis, 
11

B NMR, and solvent kinetic isotope effect studies suggested an interesting bi-

functional role of the amine; as a ligand for copper and Bronsted base to promote proton transfer 

in the rate-determining step.  Initial kinetic studies also suggest the possibility of an autocatalytic 

reaction.  Attempts to ascertain enantioselective conditions were unsuccessful, but rationalized 

by a dynamic catalyst structure and weak metal to ligand bonding. 

 Chapter 5 contains general methods, instrumentation, experimental details and product 

characterizations for Chapters 2-4.  Included therein are several interesting analytical results, 

such as a 2-dimensional NMR spectrum to identify a carbon that was not observed in the 1-

dimensional spectrum and an example NOE spectrum to identify the stereochemistry of the 

resulting alkenes in Chapter 3. 
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Chapter 2 Structure and reactivity of a preactivated sp
2
-sp

3
 

diboron reagent: catalytic regioselective boration of 

α,β-unsaturated conjugated compounds 

2.1 Contributions 

 This chapter is based on two similar publications on a diboron reagent developed by the 

Santos group [Reprinted/adapted with permission from (1: Gao, M.; Thorpe, S.B.; Santos, W.L. 

Org. Lett. 2009, 11, 3478-3481. Copyright 2009 American Chemical Society)
1
 and (2: Gao, M.; 

Thorpe, S.B.; Kleeberg, C.; Slebodnick, C.; Marder, T.B.; Santos, W.L. J. Org. Chem. 2011, 76, 

3997-4007. Copyright 2011 American Chemical Society)
2
].  The author’s contribution included 

synthesis of both the racemic and enantiopure variants of the diboron reagent, optimization of 

reaction conditions, and expansion to various substrates including performing the reaction, 

purification, and all necessary characterizations.  The crystal structure of (R,R)-2.13 and kinetic 

data on additives were obtained by Dr. Ming Gao.  The crystal structure of racemic-2.13 and 

characterizations of the NHC adduct 2.19
3
 were obtained by Dr. Christian Kleeberg.  The final 

manuscripts were prepared by Dr. Webster Santos with major contributions by Dr. Ming Gao 

and Dr. Todd Marder.  The author contributed significantly to the revision and submission of the 

manuscripts. 
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2.2 Abstract 

 A novel sp
2
-sp

3
 diboron reagent has been developed for the copper-catalyzed -boration 

of ,-unsaturated conjugated compounds.  The reaction proceeds under mild conditions with 

various substrates, i.e., ,-unsaturated esters, ketones, nitriles, ynones, amides, and aldehydes, 

in the absence of additives such as phosphine and sodium tert-butoxide to provide -

borylhomoenolates in good to excellent yields.  The presence of a sp
3
-hybridized boron center, 

unambigously confirmed by X-ray crystallography, sufficiently activates the unsymmetrical 

pinacolato diisopropanolaminato diboron (PDIPA diboron) to transfer the sp
2
-hybridized boron 

moiety chemoselectively.  These observations suggest that the activation of one of the boron 

atoms is an essential step in the Cu-catalyzed -boration catalytic cycle.  
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2.3 Introduction 

 Organoboron compounds have emerged as versatile intermediates for the synthesis of 

many organic compounds.
4-7

 As such, considerable effort has been committed to their 

preparation.  Notably, transition metal-catalyzed boration with diboron compounds is particularly 

effective.  These reactions include catalytic diboration,
8-33

 C-H boration
34-45

 and C-X boration,
46-

53
 and involve a catalytic cycle that employs a metal boryl species

54-64
 generated by 

transmetalation or oxidative addition.  Over the past decade, developing methods for the 

nucleophilic boration of electron deficient alkenes has generated increasing interest.  In contrast 

to electron-rich alkene or alkyne substrates, regioselective boration under conventional 

hydroboration conditions is not possible with ,-unsaturated carbonyl compounds
65

 because of 

the competing reduction of the carbonyl, as demonstrated by the chemoselectivity in the Corey-

Bakshi-Shibata reduction of α,β-enones and -ynones to allyl and propargyl alcohols, 

respectively.
66

 However, transition metal catalysis has provided a route for synthesizing 

organoboron derivatives.
5,7,56

 Stoichiometric or catalytic reactions of metal boryl complexes have 

been studied with platinum,
67-69

 rhodium,
70,71

 nickel,
72

 zinc
73

 and copper
74-84

 systems.  In 

particular, the copper-catalyzed reaction has emerged as a very convenient method for the 

conjugate addition of diboron reagents to α,β-unsaturated carbonyl compounds, mostly because 

copper salts are cheap and mild alcohol additives provide significant rate enhancement in these 

systems.
74

  Furthermore, enantioselective methods now exist.
78,82,83,85,86

  Recently, metal-free, N-

heterocyclic carbene (NHC)- or phosphine-promoted processes were reported by Hoveyda
87

 and 

Fernandez,
88

 respectively. 
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 In contrast to the myriad of investigations of various catalyst systems, few studies 

exploring new diboron reagents have been reported.  The boron source in these transformations 

is thus far limited to the tetra(alkoxo)diboron reagents B2cat2 2.1,
89-91

 B2neop2 2.2,
92-94

 B2pin2 

2.3,
95,96

 and recently B2(OH)4 2.4,
97

 in part due to their commercial availability and greater 

stability than tetra(amino)diboranes,
96

 such as 2.5 and 2.6 (Figure 2.1).  These symmetrical 

reagents contain two sp
2
-hybridized boron atoms.  Alternative, stable diboron reagents are 

warranted in order to take advantage of the boronate group as an intermediate for installing other 

functional groups and exploiting the unique biological activities
98

 of boronic acids.  

Differentially protected, unsymmetrical diboron compounds are expected to have the advantage 

of transferring boryl groups with chemoselectivity.
99

 For example, N-methyliminodiacetic acid 

(MIDA)
100-105

 and 1,8-diaminonaphthalene
106-108

 (dan) moieties (Figure 2.2) provide a 

convenient protecting group strategy in iterative Suzuki-Miyaura coupling reactions.  These 

protected boryl groups are inert under the coupling conditions but become reactive upon 

treatment with base or acid, respectively, believed to result from hydrolysis in situ to the 

corresponding boronic acid. 

Figure 2.1.  Structures of diboron compounds.
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 Burke observed the exceptional 

tolerance of MIDA sp
3
-boronates 

(hypothesized to contain a “protected” p 

orbital) towards a variety of common 

functional group conversions, including 

halogenation, protection/deprotection, Evans 

aldol, olefinations, reductive amination, and 

even the powerful Jones oxidation 

(CrO3/H2SO4).
103

 Decomposition was detected only in the presence of hard nucleophiles, such as 

aluminum hydrides, tetrabutylammonium fluoride (TBAF), metal alkoxides, and aqueous base 

(NaOH or NaHCO3).  Indeed, he has exploited these properties in the first total synthesis of 

several complex natural products through iterative SMC strategies, for example, the dineolignin 

ratanhine 2.9 (Scheme 2.1A) isolated from the medicinal plant Ratanhiae radix.
109

 Suginome has 

developed the orthogonal strategy using (dan)-protected boronates
106-108

—which are removed in 

aqueous acid—and shown additional examples of chemoselective functionalization of 

differentially protected diboryl alkenes.
99

 An impressive illustration of the boron protection 

strategy was reported by Molander,
110

 in which a one-pot hydroboration and bidirectional SMC 

of alkenyl-containing organotrifluoroborates utilized the orthogonal reactivity of R-BF3K and 

alkyl-9-BBN moieties towards cross-coupling (Scheme 2.1B).  Finally, the synthesis of 

enantiopure (>  %) β,β-diboronyl esters bearing two orthogonally protected boryl groups, and 

the subsequent SMC scheme to generate a quaternary carbon in >95% ee, was recently 

developed.
111

  Naturally, we became interested in exploring the distinctive reactivities of both sp
2
 

and sp
3
 boronic acid derivatives. 

Figure 2.2.  Structure and hydrolysis of 

MIDA (2.7) and dan (2.8) moieties.
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Scheme 2.1.  A) Iterative SMC with MIDA boronates and B) one-pot hydroboration and 

bidirectional SMC. 
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2.4 Design and synthesis of a novel “mixed” diboron reagent 

 We were intrigued by a report that addition of base improved the copper catalyzed 

boration of unsaturated carbonyl compounds with 2.3.
76

 It has been suggested that the base acts 

to “externally” activate the B-B bond by complexation prior to transfer at the copper center, in 

effect generating a sp
2
-sp

3
 hybridized diboron (2.11 Figure 2.3).  We hypothesized that a 

“preactivated” diboron reagent 2.12 

could undergo the same transformation 

without the need for an alkoxide, 

providing a milder reaction condition.  

We pursued the exploration of 

aminodiols, which were originally 

found to form adducts with boron in 1955
112

 and have since been observed to stabilize the boron 

atom against hydrolysis and auto-oxidation.
4
 We discovered that treatment of 2.3 with racemic 

bis(2-hydroxypropyl)amine in a combination of ether and dichloromethane readily provided 

“mixed” diboron 2.13, also referred to as PDIPA (pinacolato diisopropanolaminato) diboron 

(Scheme 2.2).  This method can easily prepare 40 grams of 2 in a single batch, with 31% 

recovered starting material (2.3) that can be recycled.  Analysis of the 
11

B NMR of 2.13 shows 

the appearance of two distinct peaks at  35.5 and 9.0 and the loss of starting material signal ( 

31.1), consistent with the presence of tri- and tetra coordinate boron centers, respectively (Figure 

2.4).
113

   To our knowledge, this is the first report of a sp
2
-sp

3
 hybridized diboron.  Both 1D (

1
H, 

Figure 2.3.  External (2.11) vs internal (2.12) 

activation. 

Scheme 2.2.  Synthesis of racemic PDIPA diboron 2.13. 
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13
C) and 2D (COSY, HMQC) NMR studies indicate the structure of 2.13 to be a diastereomeric 

mixture of trans/cis form (1:1.2), as expected from the starting diol. 

2.5 Reactivity of PDIPA diboron towards copper-catalyzed β-boration 

 With mixed diboron 2.13 in hand, we examined its reactivity in the β-boration of benzyl 

acrylate 2.14a (Table 2.1).  Using a catalytic amount of CuCl in the presence of 1.1 equivalents 

of mixed diboron reagent 2.13 dissolved in CH2Cl2, 2.14a was found to undergo the β- boration 

to afford product 2.15a in moderate yield (entry 1).  Analysis of 2.15a demonstrated that the sp
2
-

hybridized boron was selectively transferred to the β-carbon of 2.14a.  This finding is consistent 

with the activation of a diboron proposed by Miyaura, where a base functions to activate a 

diboron reagent generating, in situ, a mixed sp
2
-sp

3
 hybridized diboron.

76
 Increasing the equiv of 

2.13 to 1.5 provided a slight increase in yield (67%, entry 2).  Addition of DPEphos led to a 

decrease in yield (entry 3), but the concomitant addition of MeOH provided a higher yield (entry 

4).  Encouraged by these results, we changed the ligand to (n-Bu)3P and a better  donor N- 

 

Figure 2.4.  
11

B NMR spectra of 2.3 (A) and 2.13 (B) in 

CD3CN at room temperature. 
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heterocyclic carbene ICy.  However, both ligands provided unsatisfactory yields (entries 5-6).  

Indeed, we were delighted to discover that copper-stabilizing additives (DPEphos and 

trialkylphosphines) and boron-activating agents (NaOtBu and N-heterocyclic carbene) were not 

required.  This is noteworthy not only because these additives are expensive, but also because 

PDIPA diboron is predicted to be useful for reactions of base sensitive substrates.  Increasing the 

equivalency of 2.13 as well as the reaction time to 96 hours afforded 2.15a in good yield (entries 

Table 2.1. Cu-Catalyzed addition of mixed diboron 2.13 to benzyl acrylate under various 

conditions.
a
 

 

entry additive
 

equiv of 2.13 time (h) % yield
b 

(%)
c 

1 None 1.1 24 60(81) 

2 None 1.5 36 67(82) 

3 DPEphos
d 

1.5 48 42(65) 

4 DPEphos, MeOH
d,e 

1.5 48 76 

5 (
n
Bu)3P, MeOH

d,e
 1.5 48 30(36) 

6 ICy, MeOH
d,e

 1.5 48 70 

7 None 2.0 48 82(86) 

8 None 2.0 96 82 

9 NaO
t
Bu

f 
2.0 48 80 

10 MeOH
e 

2.0 24 95 

11 MeOH
e
 1.1 24 65 

12 NaO
t
Bu, MeOH

e,f 
2.0 13 94 

13 NaO
t
Bu, DPEphos, 

MeOH
d,e,f 

2.0 24 94 

14 MeOH
e,g

 2.0
 

24 0 

15 MeOH
e,h

 2.0
 

24 0 
a
 Each reaction was performed at least three times.  General procedure: 2.13 in CH2Cl2 was 

added to a solution of CuCl (0.05 equiv) in CH2Cl2 at rt followed by 2.14a (1 equiv) at 0 ℃, 

then the mixture was allowed to warm to rt. 
b
 Isolated yield. 

c
 Corrected yield based on 

recovered 2.14a. 
d
 Ligand (0.03 equiv). 

e
 MeOH (4 equiv).  

f
 NaO

t
Bu (0.05 equiv). 

g
 In the 

absence of CuCl. 
h
 2.3 was used instead of 2.13. 

 



41 

 

7-8).  Attempts with added base did not improve the yield (entry 9).  Surprisingly, optimum 

conditions were found when using MeOH (4 equiv) and 2.13 (2 equiv) to provide the β-boration 

product in 95% yield within 24 hours (entry 10).  A lower stoichiometry of 2.13 provided the 

product in moderate yield (entry 11).  No further improvement in yield was observed when 

adding either base only or base with ligand (entries 12-13).  As expected, the reaction did not 

work when no copper catalyst was present (entry 14).  Under the same reaction conditions as 

entry 10, no reaction products were detected when symmetrical diboron 2.3 instead of 2.13 was 

used (entry 15).  The important result in entry 15 proves that our hypothesized “internal 

activation” of a diboron reagent was successful. 

 With the optimal reaction conditions determined (entry 10, Table 2.1), the generality of 

this copper-catalyzed boration was first demonstrated by reaction with various α,β-unsaturated 

conjugated compounds (Table 2.2).  Simple esters such as benzyl acrylate 2.14a, methyl acrylate 

2.14b, ethyl acrylate 2.14c, tert-butyl acrylate 2.14d, and n-butyl acrylate 2.14e afforded the 

corresponding products 4a-e in excellent yields (91-96%) within 24 hours (entries 1-5).  

However, the more substituted methacrylate esters 2.14f-h were converted to the desired 

products 2.15f-h only in moderate yields, although some starting material was recovered (entries 

6-8).  Fortunately, α,β-unsaturated ketones were also borated in good yields.  Treatment of 

methyl vinyl ketone with mixed diboron 2.13 under optimal conditions afforded 2.15i in 76% 

yield (entry  ).  β-Substituted acrylates failed to react under these conditions (not shown), 

however β-substituted α,β-unsaturated ketone 2.14j and cyclic enone 2.14k were borated in high 

yields, although an increase in reaction time was necessary (entries 10-11).  The difference in 

reactivity between esters and ketones can arise from the decreased electrophilicity of the ester.  
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Interestingly, acrylonitrile 2.14l and N, N-dimethylacrylamide 2.14m also underwent the β-

boration reaction smoothly in good yield (entries 12-13). 

 Finally, we attempted the β-boration reaction with mixed diboron 2.13 to 3-butyn-2-one 

2.14n.  Surprisingly, 2.14n undergoes the boration twice to furnish β,β-diborated product 2.15n 

Table 2.2. Copper-catalyzed β-boration of various unsaturated conjugated compounds.
a
  

 
entry substrate R

1 
R

2 
EWG time (h) % yield

b
(%)

c
 

1 2.14a H H CO2Bn 24 95 

2 2.14b H H CO2Me 15 92 

3 2.14c H H CO2Et 18 96 

4 2.14d H H CO2
t
Bu 24 96 

5 2.14e H H CO2
n
Bu 24 91 

6 2.14f H Me CO2Me 36 41 

7 2.14g H Me CO2Et 72 47(53) 

8 2.14h H Me CO2Bn 72 40(87) 

9 2.14i H H COMe 48 76(84) 

10 2.14j Ph H COMe 72 81(94) 

11 2.14k 2-cyclopentenone 72 85(93) 

12 2.14l H H CN 48 52 

13 2.14m H H CONMe2 48 80(90) 
a
 Each reaction was performed at least three times.  Conditions: 2.13 (2.0 equiv), CuCl (0.05 

equiv), 2.14 (1 equiv) and MeOH (4 equiv), 0 °C to rt. 
b 

 Isolated yield. 
 c
 Corrected yield based 

on recovered 2.14. 

 

Scheme 2.3.  β,β-Diboration of acetylenic ketone 2.14n. 
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in 79% yield (Scheme 2.3).  To the best of our knowledge, this is the first example of catalytic 

addition of a diboron reagent to an α,β-acetylenic ketone affording a β,β-diborated product, 

although the monoboration of α,β-acetylenic esters with bis(pinacolato)diboron was prevoiusly 

reported by Yun.
79

  We can envision the transformation of these types of products into other 

useful functional groups 

2.6 Further development - introduction 

 Having obtained a promising initial set of results, we set out to address several 

unanswered questions in greater detail, the most troublesome of which was the requirement of 2 

equivalents of racemic PDIPA diboron for efficient conversion.  In a complementary second 

report, we disclosed the synthesis, characterization and reactivity of a single enantiomer of 2.13, 

and demonstrated that a diastereomeric mixture is sufficient to effect the boration reaction.
2
 A 

screening of additives revealed an alcohol with greater rate acceleration, which allowed us to 

eliminate the necessity for excess diboron reagent and expand the substrate scope (up to 28 

examples) including highly sensitive ,-unsaturated aldehydes.  In addition, we significantly 

increased the understanding of the mechanism of the reaction based on X-ray crystal structures 

of PDIPA diboron; one trigonal planar boron atom is coordinated by a pinacolate moiety and the 

other displays a distorted tetrahedral geometry and coordination to a diisopropanolaminate 

moiety.  Coordination of N to B increases B-B bond length and sufficiently activates the diboron 

reagent for boryl group transfer to copper. 

2.7 Synthesis and characterization of (R,R)-PDIPA diboron 

 In order to determine unambiguously the coordination at the boron atoms, we prepared an 

enantiomerically pure sample of PDIPA diboron 2.13.  Treatment of benzylamine with 2 equiv 

of (R)-propylene oxide 2.16 in methanol at 60 °C readily afforded (R,R)-2.17 in 88% yield 
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(Scheme 2.4).
114

 The benzyl protecting group was removed by heterogeneous catalytic 

hydrogenation to provide (R,R)-2.18 in 92% yield, which reacted with 2.3 under the same 

conditions used for racemic 2.13
1
 to provide (4R,8R)-PDIPA diboron ((R,R)-2.13) after filtration.  

The characterization (
1
H, 

13
C, 

11
B NMR) of (R,R)-2.13 is consistent with the presence of a single 

diastereomer, with the expected signals
1
 at 35.5 and 9.0 ppm in the 

11
B NMR spectrum. 

 Additionally, the chemical shifts for 2.13 are markedly different from those initially 

reported by Hoveyda
87

 for an in situ formed sp
2
-sp

3
 tetraalkoxydiboron compound, i.e., the NHC 

diboron adduct (2.19; Figure 2.5) wherein both the sp
2
- 

and sp
3
-hybridized boron atoms were reported to have 

upfield chemical shifts of  6.3 and 4.5 ppm.  The initially 

reported NMR data for 2.19 were suspicious, as they are 

not in agreement with 
11

B NMR data reported for other 

sp
2
-sp

3
 diboron compounds.

115,116
  This prompted us to 

investigate the intriguing 2.19 adduct.  While a detailed discussion of these findings were 

recently published separately by our collaborator,
3
 we note that in the solid state, 2.19 has, 

indeed, an sp
2
-sp

3
 diboron structure as confirmed by single-crystal X-ray diffraction, and 

displays 
11

B NMR signals at 37.2 and 2.4 ppm (at 5 C in THF-d8), for the sp
2
 and sp

3
 boron 

Scheme 2.4.  Synthesis of enantiomerically pure PDIPA diboron, (R,R)-2.13.

 

Figure 2.5.  Adduct NHC 2.19. 
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centers, respectively.  The incorrect 
11

B NMR data initially reported by Hoveyda
87

 are 

understandable considering the dynamic behavior of 2.19 in solution,
109,110

 leading to an 

extremely broad signal at ambient temperature which is difficult to observe.  Thus, the 
11

B NMR 

data initially reported for 2.19 by Hoveyda are likely due to impurities in the sample rather than 

the adduct itself.
117

 

 Recrystallization of (R,R)-2.13 from acetonitrile yielded colorless single crystals suitable 

for X-ray diffraction analysis (Figure 2.6).  The crystal structure unambiguously confirmed the 

presence of both 3- and 4-coordinate boron centers in the sp
2
-sp

3
 diboron compound.  The 

environment of the sp
3
 boron atom B2 is tetrahedral; however, it is significantly distorted, as  

   

Figure 2.6.  Anisotropic displacement ellipsoid drawings (50%) of (R,R)-2.13 (left) and 2.13 

(right).  Hydrogen atoms have been omitted for clarity.  Selected bond lengths [Å] and angles 

[°]:  (R,R)-2.13:  B1—B2 1.721(2), B2—N1 1.6743(19), O4—B2 1.4475(19), O3—B2 

1.4925(19), B1-O1 1.367(2), B1-O2 1.3678(19), N1—B2—B1 116.16(11), O3—B2—N1 

98.98(11), O4—B2—N1 102.02(11); O3-B2-O4 112.04(11), O3-B2-B1 108.82(12), O4-B2-

B1 117.31(12);  2.13: B1-B2 1.722(4), B2-N1 1.657(3), O4-B2 1.445(3), O3-B2 1.494(3), B1-

O1 1.388(4), B1-O2 1.365(6), N1-B2-B1 117.0(2), O3-B2-N1 99.3(2), O4-B2-N1 102.1(2), 

O3-B2-O4 113.3(2), O3-B2-B1 108.5(2), O4-B2-B1 115.6(2). 
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especially apparent from the X-B2-X angles (maximum deviation from 109.47: 10.45 (O3-B2-

N1); average deviation from 109.47: 8.21), as a consequence of the bicyclic nature of the DIPA 

moiety.  Although external Lewis base chelation to diboron compounds has been 

reported,
115,116,118

 to the best of our knowledge, this is the first reported crystal structure of an 

internally chelated sp
2
-sp

3
 hybridized diboron compound.  The entire structure of the B(DIPA) 

Table 2.3.  B-B distances in selected diboron compounds. 

compound B-B dist. /Å Δ(B-B)
a
 /Å 

B2pin2 (2.3)
123

 1.710(5)  

PDIPA B2 ((R,R)-2.13)
2
 1.721(2) 0.012

b
 

([PDIPA B2][K(thf)])2 (((2.20)thf)2)
2
 1.735(2) 0.025

b
 

B2pin2(CyNHC)
3 

1.743(2) 0.033 

B2(1,2-O2C6H4)2
92

 1.678(3)  

B2(1,2-O2C6H4)2(4-MeC5H4N)
116

 1.706(3) 0.028 

B2(1,2-O2C6H4)2(4-MeC5H4N)2
116

 1.713(4) 0.035 

B2(1,2-S2C6H4)2
90

 1.673(4)
c
  

B2(1,2-S2C6H4)2(4-MeC5H4N)
115

 1.701(7) 0.028 

B2(1,2-S2C6H4)2(PMe2Ph)
115

 1.689(5) 0.016 

B2(1,2-S2C6H4)2(PEt3)
115

 1.707(3) 0.034 

B2(1,2-S2C6H4)2(phen)
118

 1.707(13) 0.034 

B2(1,2-S2C6H4)2(bpy)
118

 1.630(5)
c
 0.043 

B2Cl3(MeNCH2CH2NMe2)
124

 1.699(4)  

(1-Mesityl-5,7-dimethyl-9H-10- 

(mesityl-(methoxy)boryl)-10-boraphenanthrenyl)lithium
125

 

1.725(6)  

(1-Mesityl-5,7-dimethyl-9-methoxy-9'- 

(methyl-(methoxy)boryl)-9-borafluorenyl)lithium
125

 

1.720(7)  

B,P;B',P'-Bi(bis(dimethylamino)boryl-1,3- 

bis(isopropyl)-4,5-benzo-1,3,2-di-phosphaborolane)
126

 

1.744(9)  

t-Butyl(trichloro)dimethylammoniodiborane
127

 1.704(5)  

2,5-bis(Dimethylamino)-2,3,5,6- 

tetrakis(3,5-bis(trifluoromethyl)phenoxy)-2,3,5,6-tetrabora-1,4-

dioxane
128

 

1.737(6)  

a
 Change in the B-B distance compared to parent compound. 

b
 Comparison with B2pin2; this 

work. 
c
 Averaged value. 
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fragment is, not surprisingly, similar to the structures in compounds of the type R-B(deaH) 

(deaH = (OCH2CH2)2NH, R = C6H5, C10H7, C3H5, C8H11, C8H7, C12H9, C13H17O3).
119

  

Complexation of N1 to B2 pyramidalizes B2 with an N1-B2 bond length of 1.6743(19) Å, which 

is longer than in related trigonal tetraaminodiboranes,
120-122

 and similar to those in R-B(deaH) 

compounds (B-N = 1.66(2) Å on average).
119

 The distances O4-B2 (1.4475(19)) and O3-B2 

(1.4925(19)) are significantly increased compared to O-(sp
2
)B distances in related 

arylboronates.
53

 The B-B distance in (R,R)-2.13 is significantly longer (0.012 Å) than in 2.3 (B-B 

1.710(1) Å)
123

 due to the change in hybridization of one of the boron atoms, i.e., the increase in 

p-character, accompanied by the loss of any O-B π-bonding.  This bond length change upon 

hybridization is found to a similar extent in all crystallized sp
2
-sp

3
 diboron compounds (Table 

2.3),
124-128

 and is consistent with DFT calculations on the adduct 2.19.
87

 The polarization of, or 

increased electron density in, the B-B bond in 2.13 should increase its propensity to undergo 

transmetalation to copper,
1
 enhancing the rates of Cu-catalyzed boration reactions. 

2.8 Re-optimization: additives 

 In the initial disclosure of our copper-catalyzed boration methodology, we demonstrated 

the efficient conversion of benzyl acrylate to the corresponding borated product 2.15a in the 

presence of a catalytic amount of CuCl and methanol.  In the process, we established the 

chemoselective transfer of the pinacolate protected, sp
2
-hybridized boron from 2.13.  As 

previously shown in Table 2.2, a variety of ester substituents were tolerated, affording the 

corresponding products 2.15a-e in excellent yields (91-96%).  However, when additional groups 

are present at the - or -position (2.15f-k), the reactions yields were lower, presumably as a 

result of a combination of steric and electronic effects.
129
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 In order to improve the reaction conditions and expand the scope of the reaction to other 

α,β-unsaturated compounds, we studied the effect of additives on the yield and efficiency of the 

β-boration reaction.  The critical importance of MeOH as an additive, initially disclosed by 

Yun
74

 and supported by DFT calculations,
129

 was substantiated by our previous work.
1
  We 

investigated whether the identity of the protic additive had a significant effect on the reaction 

rate and conversion yield (Figure 2.5).  First, we monitored the conversion of 2-cyclohexenone 

to -borated cyclohexanone 2.22h following addition of 2.13 (2 equiv), protic additive (2 equiv) 

and CuCl (5 mol%) in methylene chloride.  As expected, MeOH and EtOH accelerated the 

boration to a similar degree with >90% conversion after 5 hours compared to 81% for the control 

reaction (without additive, although 2.13 contains an acidic N-H proton).  We next investigated 

Figure 2.7.  Boration of 2-cylohexenone with 2 equivalents of diboron 2.13 in the presence of 

various additives.  Conversion measured by GC analysis. 
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the effect of acetic acid and found the reaction to be sluggish, which is not surprising given that 

2.13 rapidly decomposes under acidic conditions.  To our delight, however, 2,2,2-

trifluoroethanol (TFE) was found to be the best additive, affording the desired boronate 2.22h in 

>90% conversion in slightly over 3 hours. 

 Next, we examined the effect of base, noting that a catalytic amount of NaO
t
Bu did 

enhance the reaction rate.
1
 We hypothesized that the addition of a stoichiometric amount of base 

such as triethylamine or NaO
t
Bu might accelerate the reaction via removal of the N-H proton in 

2.13 providing an anionic diboron reagent in which lengthening of the B-B bond and the anionic 

charge could further facilitate boryl group transfer to copper.  To our disappointment, neither 

provided a significant improvement.  This is explained by the finding that reaction of 2.13 with a 

stoichiometric amount of KO
t
Bu indeed leads to the deprotonation of 2.13.  However, the initial 

deprotonation product rearranges to an isomeric species, 2.20, wherein one of the alkoxy groups 

of the DIPA moiety migrates to the neighboring boron atom (Figure 2.6).  This rearrangement is 

understandable considering the superior π-donor capabilities (to boron) of the NR2 group 

compared to the alkoxy group.  Hence, the sp
2
 boron atom is bound to one NR2 and one alkoxy 

group while the sp
3
 boron atom is bound to three alkoxy groups.  Compound 2.20 crystallizes as 

a potassium-bridged centrosymmetric dimer containing two molecules of THF ((2.20)thf)2.  As 

compound 2.20 was obtained from a mixture of diastereomers of 2.13 (1:1.2 by 
1
H NMR), it too  

 

 

Scheme 2.5.  Rearrangement of 2.13 to 2.20 with potassium tert-butoxide. 
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consists of a mixture of diastereomers, resulting in a disorder of the atom pairs O4/O4a, 

C11/C11a and C12/C12a.  Despite the connectivity in 2.20 being different from that in 2.13, 

similar principal structural features can be found, namely a virtually planar environment at one 

boron atom (B2) and a distorted tetrahedral environment at the other boron atom (B1).  The 

distance of the NR2 nitrogen atom N1 to the boron atom B2 is, as expected, much shorter than 

the N-B distance in the NR2H adduct 2.13, accounting for the stronger N-B bond in 2.20, in 

accordance with N-B distances found in related trigonal tetraaminodiboranes.
120-123

  However, 

the initially suggested lengthening of the B-B bond compared to 2.13 (Figure 2.5, Table 2.4) is 

indeed observed.  Nonetheless, formation of 2.20 is detrimental to the catalytic reaction as with 

  

Figure 2.8.  Perspective view of one formula unit of 2.20 (left) and a view of the potassium-

bridged dimer of ((2.20)thf)2 (right).  Thermal ellipsoids are drawn at the 50% probability 

level; hydrogen atoms and disorder of the THF moiety are omitted for clarity.  Selected bond 

distances (Å) and angles (°): B1-B2 1.735(2), O1-B1 1.498(2), O2-B1 1.486(2), O3-B1 

1.524(2), O4-B2 1.400(4), N1-B2 1.408(2), O1-B1-O2 104.1(1), O1-B1-O3 107.8(1), O2-B1-

O3 108.9(1), O1-B1-B2 115.8(1), O2-B1-B2 116.2(1), O3-B1-B2 103.8(1). 
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the two boron centers now being bridged, transmetalation of one of the boron moieties to Cu is 

less effective. 

2.9 Re-optimization: stoichiometry and other reaction conditions 

 We next investigated ways to obtain high yields using a smaller excess of 2.13 and TFE 

as the additive (Table 2.4).  With CuCl (5%) and 2.13 (2 equiv), 2-cyclohexenone 2.21h 

underwent the β-boration reaction to afford product 2.22h in good conversion (entry 1).  To 

Table 2.4.  Addition of 2.13 to 2-cyclohexenone under various conditions.
a 

 
entry catalyst, loading (mol%) equiv of 2.13 t (°C) conv

b
 (%) 

1 CuCl, 5 2 rt 87.8 

2
c
 CuCl, 5 2 rt 87.1 

3 CuCl, 5 1.2 rt 73.1 

4
c
 CuCl, 5 1.2 rt 73.7 

5 CuCl, 5 2 40 91.3 

6 CuCl, 5 1.5 40 88.4 

7 CuCl, 5 1.2 40 82.3 

8 CuCl, 10 1.2 40 89.0 

9 CuCl, 10 1.2 rt 82.9 

10 CuOAc, 10 1.2 40 85.1 

11 [Rh(cod)Cl]2, 10 1.2 40 80.1 

12 ZnCl2, 10 1.2 40 17.3 

13 Ni(cod)2, 10 1.2 40 16.2 

14 Pt(cod)Cl2, 10 1.2 40 21.6 
a
 General procedure: 2.13 in CH2Cl2 was added to a solution of metal catalyst 

in CH2Cl2 at rt followed by 2.21h (1 equiv) and CF3CH2OH (4 equiv).  Then 

the mixture was stirred at the indicated temperature. 
b
 Conversion was 

determined by GC analysis. 
c
 (R,R)-2.13 was used instead of 2.13. 
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confirm that the β-boration reaction was unaffected by the optical purity of the diboron reagent, 

we employed enantiopure (R,R)-2.13 or 2.13 and found the same reactivity and conversion yields 

(entries 1-4).  As a result, racemic 2.13 was used in all subsequent reactions.  Slightly increasing 

the reaction temperature to 40 °C gave higher conversion (entry 5).  We next tried to decrease the 

number of equivalents of 2.13, but a change from 2 to 1.5 (entry 6) or 1.2 (entry 7) equivalents 

resulted in slightly decreased yields of 2.22h.  To our delight, increasing the catalyst loading to 

10 mol% CuCl, with 1.2 equivalents of 2.13 gave excellent conversion after 2 hours (entry 8).  

As expected, the reaction was slightly less efficient when the reaction was run at room 

temperature (entry 9).  Interestingly, changing the catalyst to CuOAc or [Rh(cod)Cl]2 also 

afforded the desired product in excellent yield (entries 10-11).  However, when we surveyed 

other metals as catalysts including zinc, nickel and platinum complexes, only poor conversions 

were observed (entries 12-14). 

2.10 Full scope of ketones and aldehydes 

 With a revised set of optimal reaction conditions determined (entry 8, Table 2.4), we 

tested the -boration conditions with more reactive α,β-unsaturated ketones (Table 2.5).  As 

shown in entries 1-3, simple acyclic vinyl ketones with methyl 2.21a, ethyl 2.21b, and propyl 

2.21c groups afforded the corresponding products 2.22a-c in up to 95% isolated yield within 12 

hours.  The lower isolated yield in the case of 2.21a may be due, in part, to its volatility.  β-

Substituted enones containing methyl and ethyl groups also provided the desired products 2.22d-

e in excellent yields (entries 4-5).  In addition, β-phenyl substituted enones 2.21f-g provided 

products 2.22f-g in good yields (entries 7-8).  The decrease in reactivity of these substrates might 

arise from a combination of steric and electronic effects of the phenyl ring.  Cyclic substrates  
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cyclohexenone 2.21h and cyclopentenone 2.21i were also converted to their respective β-borated 

products in good yields (entries 10-11).  Additionally, sterically encumbered 2.21j resulted in a 

boronate with a quaternary carbon center, and the disubstituted enones 2.21k-l were converted to 

the desired products 2.22j-l in moderate yields (entry 10-12).  Interestingly, the disubstituted 

ketones 2.21k and 2.21l resulted in products with good diastereoselectivity towards the cis 

product (6.7:1 and 4.3:1, respectively), which lends support to aspects of the proposed 

mechanism: syn addition of the boryl cuprate followed by rapid protonation of the resulting 

organocuprate (vide infra).  Enone 2.21l shows improved selectivity in comparison to the NHC-

catalyzed case.
87

  It should be noted that compared with our previous studies, the improved β-

boration protocol gave faster rates with similar yields and required only 1.2 equivalents of 2.13. 

 Perhaps the most challenging substrates for metal-catalyzed boron addition reactions are 

α,β-unsaturated aldehydes.  Aromatic aldehydes have been shown to react in a 1,2-fashion using 

Table 2.5.  Copper-catalyzed β-boration of ,-unsaturated ketones.
 

 

entry substrate R
1 

R
2 

R
3 

R
4 

time (h) 
% yield

a 

(%)
b 

1 2.21a H H H Me 12 74 

2 2.21b H H H Et 12 87 

3 2.21c H H H Pr 12 95 

4 2.21d Me H H Me 16 90 

5 2.21e Me H H Et 16 92 

6 2.21f Ph H H Me 36 80 

7 2.21g Ph H H Ph 36 83 

8 2.21h 2-cyclohexenone 24 82 

9 2.21i 2-cyclopentenone 24 82 

10 2.21j Me Me H Me 48 41(55) 

11 2.21k
c
 Me H Me Me 48 35(48) 

12 2.21l
d
 H (CH2)4 Me 48 61 

a
 Isolated yield. 

b
 2 equiv of 2.13 was used. 

c
 dr = 6.7:1. 

d
 dr = 4.3:1. 
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a Cu-NHC catalyst system.
130,131

 Thus, in addition to the 1,4-selective diboration of α,β-

unsaturated aldehydes, there can be a competing 1,2-diboron addition reaction.  To date, there 

have only been three reported cases of boron addition to α,β-unsaturated aldehydes, using Pt,
68

 

Rh
70

 and Cu
82

 as catalysts.  However, some of these methods require harsh reaction condition 

such as high reaction temperature;
68,70

 some only reported GC
70,82

 yields. 

 Taking advantage of our milder reaction conditions, we examined the borylation of a 

series of α,β-unsaturated aldehydes.  As shown in Scheme 2.6, crotonaldehyde was readily 

converted into the boronate 2.23 in >99% conversion after 3 hours with moderate isolated yield.  

2-Ethylacrolein and methacrolein also proceeded in moderate yields affording compounds 2.24 

Scheme 2.6.  Copper-catalyzed β-boration of other α,β-unsaturated conjugated compounds.  

 

a
 Isolated yield. 

b
 Conversion after 3 h as determined by GC analysis. 
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and 2.25, respectively.  Using cinnamaldehyde as substrate, the reaction proceeded to 66% 

conversion after 3 hours (or 97% after 24 hours) affording a 21% yield of 2.26.  In comparison, 

the CuCl/DPEphos/NaOtBu system
74

 with 2.3 as the boron source and cinnamaldehyde as 

substrate via Yun’s method gave only 73% conversion after 24 hours and < 10% isolated yield.  

Thus, the mild reaction conditions using 2.13 offer a significant advantage relative to previously 

reported protocols and provide access to difficult products. 

2.11 Proposed catalytic cycle 

 A possible catalytic cycle for the copper-catalyzed boration with 2.13 is shown in 

Scheme 2.7.  On the basis of the above experimental results and the X-ray structure of (R,R)-

2.13, the catalytic cycle starts with an activated diboron compound.  In our view, the formation 

of a sp
2
-sp

3
 hybridized diboron compound is critical for the transmetalation of the (sp

2
)-Bpin 

 
Scheme 2.7.  A proposed catalytic cycle. 
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moiety to copper to form the active boryl copper complex 2.28. This is consistent with the use of 

stoichiometric amounts of tert-butoxide (i.e., excess with respect to the amount of the copper 

catalyst)
74,78,79,83

 in reactions employing 2.3 as the boron source and related to the activation of 

2.3 with NHC ligand in the copper-free diboration of ,-unsaturated compounds.
87

 

Alternatively, with a catalytic amount of tert-butoxide present, a Cu-O
t
Bu species can be formed, 

which can deprotonate 2.13 and transmetalate faster than CuCl to form 2.28, resulting in more 

rapid catalyst initiation.  Boryl-cuprate 2.28 likely adds to the substrate in a concerted 3,4-

conjugate addition mechanism, as supported by DFT calculations
129

 and the observed 

diastereomeric ratios of 2.22k and 2.22l (vide supra).  The resulting C-enolate 2.29 is likely in 

equilibrium with O-enolate 2.30, either of which could undergo protolytic cleavage by MeOH or 

TFE to form the product 2.31 and a copper alkoxide species, which regenerates 2.28 in the 

presence of 2.13.
74

  The aforementioned cis-selectivity observed in products 2.21k-l in the 

absence of chiral ligands suggest that the protonation of organocuprate 2.29 is more rapid than 

tautamerization to 2.30, or intermediate 2.29/2.30 is more structurally complex. 

2.12 Conclusions 

 In summary, we disclosed the first synthesis of a preactivated diboron reagent (2.13) 

which contains one sp
2
 and one sp

3
 hybridized boron atom, as observed by 

11
B NMR 

spectroscopy.  We first demonstrated its reactivity, in the absence of phosphine or alkoxide 

additives, toward copper-catalyzed β-boration of 13 α,β-unsaturated conjugated compounds in up 

to 96% yield.  Our results established that the sp
2
 hybridized boron of the mixed diboron reagent 

is selectively transferred to the β-carbon of conjugated substrates.  In addition, we provided the 

first example of catalytic addition of a diboron reagent to an α,β-acetylenic ketone to afford a 

β,β-diborated ketone. 
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 In a subsequent, more detailed study we aimed to address several problematic issues and 

unanswered questions from the initial project.  First, enantiopure (R,R)-2.13 was synthesized 

starting with a chiral epoxide.  The sp
3
 hybridized, pyramidal DIPA-coordinated boron atom was 

unambiguously identified based on X-ray crystallographic analysis of (R,R)-2.13 and indicates 

the critical role of an activating nucleophile, such as tert-butoxide, for the reaction of diboron 

compounds.  These results provide mechanistic insights into the activation of related reactions 

involving N-heterocyclic carbene-Cu catalysts.  To improve reaction conditions, we screened a 

variety of additives and found trifluoroethanol to provide the greatest rate enhancement.  

Incorporating this additive, we established that the enantiopurity of 2.13 was not responsible for 

the initially required 2 equivalents of diboron reagent and re-optimized the conditions with only 

1.2 equivalents.  Under new conditions, we expanded the scope of the reaction to a variety of 

,-unsaturated ketones, highly reactive aldehydes and substrates containing other functional 

groups.  Finally, we proposed a plausible catalytic cycle based on a combination of literature 

precedence and new data collected from the study of unsymmetrical diboron reagents in our lab. 
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Chapter 3 Regio- and stereoselective copper-catalyzed -

borylation of allenoates by a preactivated diboron 

3.1 Contributions 

All work described in this chapter, including boration reactions, purification procedures, 

characterizations, and cross-coupling was performed by the author of this dissertation.  The 

author also significantly contributed to the writing and editing of the manuscript, which was 

subsequently published (Reproduced by permission of The Royal Society of Chemistry).
1
  

Allenoate starting materials were synthesized by a 3-step procedure briefly described herein, and 

in detail in the related portion of the Experimental in Chapter 5.  The first two steps of the 

synthesis were performed by Xi Guo, who provided the author with the phosphonium bromide 

salts in pure enough form to perform the subsequent Wittig-type reaction.  The final manuscript 

was prepared by Dr. Webster L. Santos.  

http://pubs.rsc.org/en/content/articlelanding/2011/cc/c0cc02270e
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3.2 Abstract 

Organoboron compounds increasingly provide access to the formation of difficult carbon-

carbon bonds.  Indeed, the Suzuki-Miyaura coupling reaction, which employs a boronic acid and 

organohalide, is a powerful method for the construction of complex molecules partly because of 

its functional group tolerance.  Thus, the development of methods that selectively installs the 

boronyl moiety is of utmost importance.  We report a mild and efficient copper-catalyzed 

borylation of electron deficient allenoates using an sp
2
–sp

3
 mixed hybridized diboron which 

regioselectively installs a boron moiety on the β-position with exclusive (Z)-double bond 

geometry.  To the best of our knowledge, this reaction is the first example of a boryl addition to 

electrophilic allenoates.  The reaction provides -borylated ,-unsaturated esters with exclusive 

(Z)-double bond geometry. 
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3.3 Introduction 

In recent years, allenes have emerged as an important structural unit in the construction 

of complex molecules.
2-4

 For example, cycloaddition, radical, nucleophilic addition and 

metalation reactions demonstrate the versatility and unique reactivity of allenes.
5
 Because of 

their potential in organic synthesis and other applications, their preparation is subject to intense 

investigation.  In particular, the reactivity of electron-deficient allenes can be tuned to produce 

either ,-unsaturated carbonyl compounds or -addition products depending on the reaction 

conditions.  For example, Shibasaki and co-workers elegantly developed the construction of 

highly functionalized -lactones  with tetrasubstituted chiral centers (3.4) using a three 

Scheme 3.1.  A) Three component coupling, B) conjugate addition, and C) γ-addition 

reactions with allenoates. 
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component assembly of ketones (3.1), allenic esters (3.2), and dialkylzincs (3.3; Scheme 3.1A).
6-

8
 Jorgensen demonstrated the organocatalytic asymmetric conjugate addition of β-ketoesters 

(3.5) to electron-deficient allenes (3.6) to form tertiary and quaternary stereogenic centers (3.7; 

Scheme 3.1B).
9
 These reactions produce ,-unsaturated carbonyl compounds, and examples in 

the literature are limited. However, the regioselectivity of the reaction can be reversed.  Indeed, 

Lewis bases such as phosphines catalyze -additions of carbon, nitrogen, oxygen and sulfur 

nucleophiles to allenoates through a phosphonium enolate intermediate (3.9) to provide the 

corresponding α,β-unsaturated esters (3.10; Scheme 3.1C).
10-18

 

Transition metal-catalyzed reactions of electrophilic allenoates generate molecular 

scaffolds with functional and structural diversity.
2,19

 For example, 1,2-allenyl carboxylic acids 

(3.11) cycloisomerize in the presence of a copper (I) source
20

 to provide 3.13 or undergo 

halolactonization with copper (II) halides to provide 3.16 (Scheme 3.2).
21

 Upon closer 

comparison, the competition between the formation of 3.13 and 3.16 is a direct consequence of 

the oxidation state of copper.  In fact, using 2 equivalents of copper (I) chloride will still produce 

protonated lactone 3.13.  While both pathways likely proceed through a similar intermediate 3.12 

during cyclization, copper (II) complex 3.14 is rapidly oxidized by excess CuX2 to copper (III) 

 
Scheme 3.2.  Divergent pathways in the presence of copper halides. 
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complex 3.15, which provides unsaturated halolactone 3.16 after reductive elimination.  These 

intermediates are useful building blocks in the synthesis of more elaborate chemical structures, 

the latter especially with cross-coupling reactions.  Because our research involves copper 

catalysis and we did not desire a cyclic product, it was important to avoid the combination of 

polar, protic solvent and high temperature in our initial considerations (vide infra). 

As complementary reacting partners, organoboron compounds increasingly provide 

access to the formation of difficult carbon-carbon bonds.  Indeed, the Suzuki-Miyaura coupling 

reaction, which employs a boronic acid and organohalide, is a powerful method for the 

construction of complex molecules partly because of its functional group tolerance.
22

 Thus far, 

silaboration of 3.18 using 3.17 as the boration reagent,
23-27

 intramolecular cyanoboration of 

3.20,
28

 and diboration of 3.23 with diboron 3.22
29-33

 (note: the ratio of external addition product 

3.24 to internal product 3.25 was dependent on the catalyst system employed) have been 

Scheme 3.3.  Examples of A) silaboration, B) cyanoboration, and C) diboration of allenes. 
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achieved with allenes using late transition metals (Scheme 3.3).  However, direct borylation of 

electron-deficient allenes had not been reported.  In pursuit of expanding the scope of our 

previous research, we envisioned that the internally activated, sp
2
–sp

3
 hybridized diboron 

compound designed in our lab, PDIPA diboron 2.13, could affect the transformation of allenes in 

a similar manner to the previously demonstrated copper-catalyzed, β-borylation of α,β-

unsaturated conjugated compounds.
34

 Thus, we investigated the utility of 2.13 to the borylation 

of electrophilic allenoates.  These substrates are attractive because they give rise to β,-

unsaturated carbonyl compounds, as opposed to acetylenic esters which produce the more 

thermodynamically favored α,β-unsaturated carbonyl compounds,
35

 allowing for further 

functionalization of the resulting nonconjugated olefin.  In addition, we were excited by the 

possibility that a racemic mixture of the starting allenoate forms a product containing a defined 

double bond geometry and a vinyl boronic ester, which is potentially a Suzuki-Miyaura cross-

coupling partner.
22

 

3.4 Optimization and substrate scope of the β-boration of allenoates 

To explore the feasibility of the borylation reaction, we explored reaction conditions to 

generate β-borylated ,-unsaturated ethyl ester 3.27b using commercially available ethyl 2,3-

butadienoate 3.26b as the substrate.  As shown in Table 3.1, agents with strong sigma bond 

donor capacity to activate bis(pinacolato)diboron such as N-heterocyclic carbenes (NHC),
36

 

(IMe)CO2
37

 and (ICy)BF4,
38

 promoted the borylation reaction with good yields (entries 1-2).  

However, the use of strong base to generate the carbene can be a disadvantage for sensitive 

substrates.  In addition, NHC ligands are expensive and difficult to handle.  With the effort to use  
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Table 3.1.  Optimization of reaction conditions.
a
  

 
entry catalyst solvent additives (equiv) conv %

b
 

1 CuCl
c
 ACN (IMe)CO2 (0.1) 81.3 

2 CuCl
c
 THF (ICy)BF4 (.05), NaO

t
Bu (0.1) 95.1 

3 CuCl
d
 CH2Cl2 TFE (4) 96.9 

4 CuCl
d
 CH2Cl2  96.4 

5 CuCl
d
 CH2Cl2 NaO

t
Bu (0.1) 98.3 

6 CuCl
d
 CH2Cl2 DPEphos (0.1) 45.7 

7 CuCl
d
 CH2Cl2 NaO

t
Bu (0.1), TFE (4) 97.5 

8 
d
 CH2Cl2  4.9 

9 CuCl
d
 DMF  78.0 

10 CuCl
e
 THF  98.3 

11 CuCl
f
 THF TFE (4) 96.7 

12 CuBr
e
 THF  87.8 

13 CuBr2
e
 THF  76.6 

14 CuCl2
e
 THF  86.7 

15 [Rh(cod)Cl]2
e
 THF  ND 

16 Pt(cod)Cl2
e
 THF  ND 

17 Ni(cod)
e
 THF  ND 

18 Ag(NO3)
e
 THF  1.5 

a 
PDIPA diboron (2.13, 1.2 equiv), catalyst (0.1 equiv), and additives were suspended in solvent 

and stirred for 5 minutes.  Ethyl 2,3-butadienoate 3.26b (1.0 equiv) was then added and the 

reaction was stirred for 2 hours at the indicated temperature. 
b
 Conversion was determined by GC 

analysis of the crude material. Values are not corrected. 
c
 The reaction was performed at rt and 

bis(pinacolato)diboron was used instead of 2.13. 
d
 The reaction was heated to 40 °C. 

e
 The 

reaction was heated to 70 °C. 
f 
The reaction was performed at rt.  Abbreviations: DPEphos = 

bis(2-diphenylphosphinophenyl)ether; (IMe)CO2 = 1,3-dimethylimidazolium carboxylate; 

(ICy)BF4 = 1,3-dicyclohexylimidazolium tetrafluoroborate; TFE = 2,2,2-trifluoroethanol; ND = 

none detected. 
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milder reaction conditions, we investigated whether a preactivated diboron also effects the 

desired transformation.  To our delight, treating allenoate 3.26b with a catalytic amount of CuCl, 

trifluoroethanol (TFE) and 2.13 in dichloromethane produced 3.27b in excellent yield (entry 3). 

Interestingly, running the reaction in the absence of TFE successfully provided the product in 

similar conversion (entries 4 and 10), which is in sharp contrast to the optimization studies using 

less reactive enone and acrylate substrates (see Chapter 2).  In the presence of other additives 

such as base and phosphine ligand, moderate to excellent product formation was detected (entries 

5-7); although a copper stabilizing DPEphos dramatically decreased the product yield (compare 

entries 4 vs 6).  As expected, when the reaction was attempted without a copper catalyst, the 

reaction was sluggish (entry 8).  Evaluation of the effect of solvent revealed that the reaction was 

tolerant of aprotic solvents used—protic solvents result in the decomposition of 2.13—although 

the reaction performed in THF was most effective (entries 4, 9 and 10) and ultimately, easiest to 

purify due to the lower solubility of an unidentified black precipitate (presumably Cu
0
) in THF 

which was removed by filtration through celite.  We also screened the effect of temperature, as 

our previously optimized conditions with PDIPA diboron required gentle heating, but we aimed 

to avoid cyclization by-products in this case (vide supra).  Applying lessons learned from our 

kinetic study of additives discussed in Chapter 2, we discovered that the borylation reaction is 

efficient at room temperature in the presence of TFE (compare entries 1-10 vs 11).  In fact, the 

rate-enhancement effects of TFE become more pronounced with more difficult substrates.  CuCl 

as the copper source appears to be important since CuBr and various Cu (II) sources afforded the 

product in moderate yields (entries 12-14).  Finally, an examination of other transition metals 

such as rhodium, platinum, nickel and silver resulted in minor or undetectable desired product 

formation, typically consuming the allenoate starting material and providing a complex mixture 
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of unidentified side products (entries 15-18).  Thus, subsequent investigations used 10 mol% 

CuCl, 4 equivalents of TFE, allenoate substrate and 1.2 equivalents of 2.13 in THF at room 

temperature. 

With the optimized conditions in hand, we next investigated the scope of the reaction 

using various allenoates.  The only commercially available allenoate at the time was ethyl 2,3-

butadienoate 3.26b, so steric and electronic substitutions had to be specifically introduced.  

Fortunately, Kwon recently established a method to synthesize substituted allenoates using 

simple, cheap, and available starting materials (Scheme 3.4).
39

 The identity of α-substituent R
2
 

and ester R
3
 originated from the choice of bromoacetyl bromide 3.28, which was esterified upon 

treatment with alcohol 3.29.  Bromoester 3.30 was obtained in up to 84% yield and subsequently 

treated with triphenylphosphine, which precipitated phosphonium bromide 3.31 in near 

quantitative yield.  The final step, which installed γ-substituent R
1
, was a combination Wittig 

reaction / elimination with acetyl chloride 3.32 to provide the desired racemic allenoate 3.26.  

Final purification of 3.26 was extremely difficult, owing to a combination of low boiling point 

and several stoichiometric by-products including triphenylphosphine oxide, which is notoriously 

difficult to remove.
40,41

 The low yields of purified allenoates are indeed consistent with those 

reported for similar structures by Kwon (2-41%).
39,42

 

Scheme 3.4.  General preparation of substituted allenoates. 



77 

 

With a reasonably effective method to prepare our starting materials, we continued to 

examine the scope of the reaction.  The results of our study are summarized in Table 3.2.  

Increasing the size of the ester moiety from methyl to ethyl on unsubstituted allenoates provided 

the β-borylated ,-unsaturated ethyl esters 3.27a-b in good yields (entries 1-2).  A change to the 

bulkier 3-phenylpropyl ester 3.26c resulted in slight decrease in yield with some unreacted 

Table 3.2.  β-Borylation of allenoates.
a
  

 

entry R
1
 R

2
 R

3
 product Z/E

 b
 %

 c
 yield (%)

d
 

1 H H Me 3.27a  59 

2 H H Et 3.27b  60 

3 H H (CH2)3Ph 3.27c  41 (71) 

4 Ph H Me 3.27d 100:0 41 

5 Ph H Et 3.27e 100:0 46 

6 Ph H (CH2)3Ph 3.27f 100:0 14 (45) 

7 Me H Me 3.27g 100:0 72 

8 Me H Et 3.27h 100:0 58 

9 Me H 
i
Pr 3.27i 100:0 78 

10 Me H 
t
Bu 3.27j 100:0 71 

11 Me H o-nitrobenzyl 3.27k 100:0 33 (75) 

12 Me Me Et 3.27l 100:0 38
e
 (81) 

a
 PDIPA diboron (2.13, 1.2 equiv) and CuCl (0.1 equiv) were suspended in solvent and stirred for 

5 minutes.  Allenoate (1.0 equiv) and TFE (4 equiv) were then added and the reaction was stirred 

at room temperature until the starting material was consumed by TLC. 
b 

The ratio of (E)/(Z) 

isomers were determined by GC and the geometry of the product was assigned based on NOESY 

experiments.  
c
 Isolated Yield. 

d
 Corrected yield with recovered starting material. 

e 
Reaction was 

stirred 24 hours before workup. Product contaminated with 22% α,β-unsaturated isomer. 
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starting material isolated (entry 3).  Longer reaction times did not provide full conversion of 

3.26c or an increase in product yield, so it is likely that PDIPA diboron was consumed or 

decomposed.  Gratifyingly, the presence of a bulky phenyl substituent on the -position allowed 

the borylation to proceed in moderate yields (entries 4-6). When the phenyl substituent was 

replaced with a less sterically demanding methyl group, the products were isolated in higher 

yields (58-78%, entries 7-10).  The presence of a bulky ortho-nitrobenzyl moiety resulted in a 

much lower yield in part because this group is sensitive to light (entry 11).  Finally, ,-

disubstituted ethyl allenoate 3.26l was converted to the product in only moderate yield 

presumably because of the bulkiness of the substrate (entry 12).  As a noteworthy consequence 

of the mild reaction conditions, all monosubstituted allenoates provided the nonconjugated β,γ-

unsaturated esters.  However, a limitation of this protocol is evident with an increase in 

substitution, because product 3.27l was contaminated with the α,β-unsaturated isomer, which 

likely formed through isomerization of the desired product, but could also be the result of a 

competing γ-addition of the boryl cuprate to the starting allenoate. 

3.5 Rationale for diastereoselectivity, proposed mechanism, and product 

utility 

It is important to highlight that the copper catalyzed -borylation reaction proceeded not 

only regioselectively but also diastereoselectively.  In contrast with phosphine-catalyzed 

reactions to electrophilic allenoates that afford -substituted products,
5
 the copper-catalyzed 

reaction regioselectively installed the boronyl moiety on the -position.  In addition, under the 

reaction conditions of our investigation, we did not observe any cycloisomerization products 

seen in other copper-catalyzed reactions with allenoates (vide supra).
7
 Interestingly, the 
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geometry of the double bond on the 

resulting product was determined to be Z 

based on 1D NOESY experiments, and 

1
H NMR and GC-MS analysis of the 

crude reaction mixture showed exclusive 

formation of this product. The 

stereoselectivity of the reaction can be 

rationalized simply by analysis of the 

approach of the boryl-cuprate intermediate (Figure 3.1).  Since the two double bonds of the 

allene are orthogonal to each other, addition of the bulky pinacol boryl group to the -carbon is 

expected to occur on the opposite side of the -substituent of the allenoate because of a strong 

steric interaction.  Furthermore, 1,3-allylic strain in the (E)-isomer should favor the formation of 

the more stable (Z)-isomer.  Delightfully, only the (Z)-product was observed even with the 

minimal steric repulsion of a methyl substituent.  Finally, we were pleased to find that although 

the allenoate substrates were used as racemic mixtures, the reaction provides a single product. 

A possible catalytic cycle for the -borylation reaction is shown in Scheme 3.5.  

Preactivated sp
2
-sp

3
 hybridized diboron 2.13 is sufficiently activated to transmetalate with CuCl 

to generate nucleophilic boryl species 3.34.  DFT calculations on the copper-catalyzed borylation 

of related ,-unsaturated carbonyl compounds suggest the formation of metalated intermediate 

3.35 through a 3,4-conjugate addition mechanism, which is in equilibrium with O-enolate 3.36.
43

  

Organocuprate 3.35/3.36 can be protonated through transmetallation with trifluoroethanol to 

yield the desired β-borylated ,-unsaturated ester 3.27 with the simultaneous regeneration of 

copper-alkoxide 3.37 that continues the catalytic cycle by transmetallation with another 

Figure 3.1.  Steric interactions lead to exclusive 

formation of the (Z)-isomer. 

 



80 

 

equivalent of 2.13.  The essential role of TFE is to accelerate the reaction by protonation of 

3.35/3.36 and formation of copper-alkoxide 3.37.  

To demonstrate the utility of the regio- and stereoselective borylation reaction, Suzuki-

Miyaura cross coupling reaction between product 3.27g and iodobenzene 3.38 was attempted 

(Scheme 3.6A).  In this case, the coupled product (E)-3.39 was isolated in quantitative yield as a 

single diastereomer, as confirmed by GC/MS and 
1
H NMR analysis, and did not isomerize to the 

α,β-unsaturated ester.  In contrast, 3.39 was previously synthesized as part of a mixture of α,β- 

and β,γ-unsaturated structural isomers, each as a 3/1 mixture of E/Z stereoisomers, from an 

unusual and difficult to prepare cyclopropanone acetal derivative (3.40; Scheme 3.6B).
44

 

Scheme 3.5.  Proposed reaction mechanism.
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3.6 Conclusions 

In conclusion, an efficient copper-catalyzed regioselective borylation of allenoates was 

developed using the internally activated, sp
2
-sp

3
 hybridized diboron reagent developed in our lab.  

To the best of our knowledge, this reaction is the first example of a boryl addition to electrophilic 

allenoates.  The reaction provided nonconjugated -borylated ,-unsaturated esters in 2 to 3 

hours at room temperature with exclusive (Z)-double bond geometry.  These borylated products 

are useful intermediates for subsequent elaboration to more complex structures, as exemplified 

by the SMC reaction with iodobenzene to yield a trisubstituted alkene as a single diastereomer. 
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Chapter 4 Unexpected copper(II) catalysis: catalytic amine 

base promoted β-borylation of α,β-unsaturated 

carbonyl compounds in water 

4.1 Contributions 

Most work described in this chapter was performed by the author of this dissertation and 

duplicated by Joseph Calderone of the Santos group, including optimization, substrate scope, and 

UV-vis experiments and physical characterizations.  The author was singly responsible for 

solvent kinetic isotope measurements, screening for enantioselectivity, and significantly 

contributed to the writing and editing of the manuscript, which was subsequently published 

(Reprinted/adapted with permission from Thorpe, S.B.; Calderone, J.A.; Santos, W.L. Org. Lett. 

2012, 14, 1918-1921. Copyright 2012 American Chemical Society).
1
  The final manuscript was 

prepared by Dr. Webster L. Santos. 

  



86 

 

4.2 Abstract 

 A convenient and practical method for the β-borylation of acyclic and cyclic α,β-

unsaturated ketones and esters using bis(pinacolato)diboron has been developed.  In sharp 

contrast to Cu
I
-catalyzed conjugative borylation, the current protocol is efficient using catalytic 

amounts of Cu
II
 and various amine bases entirely in water under atmospheric condition at rt, 

furnishing products in up to 98% yield. Mechanistic investigation using UV-Vis spectroscopy, 

11
B NMR and solvent kinetic isotope effect suggest that the role of the amine is not only to 

coordinate to Cu
II
 but also to activate a nucleophilic water molecule to form the reactive sp

2
-sp

3
 

diboron complex. 



87 

 

4.3 Introduction 

Preparation of organoboronic acids and their derivatives remains an active area of intense 

research because of their functional group tolerance and remarkable versatility to be converted 

into a wide variety of functional groups.
2,3

 In particular, the Suzuki-Miyaura cross-coupling 

(SMC) reaction provides a convenient route to construct difficult C—C bonds.  Although the use 

of SMC has become ubiquitous, the cross-coupling of sp
3
 carbon centers remains a challenge.  

Recent advances in this field include stereospecific cross-coupling of secondary benzylic 

boronates,
4
 α-(acylamino)benzylboronic esters,

5
 non-benzylic secondary alkyl β–

trifluoroboratohomoenolates,
6,7

 and alkyl-1,1-diboron compounds.
8
 Indeed, methods to prepare 

alkylboronic acid SMC substrates are necessary to access increasingly more complex molecules.  

Two approaches currently exist for α,β-unsaturated carbonyl compounds:  organometallic 

conjugate addition to β-borylated compounds
9
 and transition metal-catalyzed borylation.

10-12
 

Among the transition metal-catalyzed methods, the Cu
I
-catalyzed conjugate borylation of 

electron-deficient olefins has garnered significant attention (Scheme 4.1).  Building on the 

pioneering work of Hosomi
13

 and Miyaura,
14,15

 Yun expanded the scope of substrates from 

unsaturated ketones and esters to include more challenging α,β-unsaturated amides.
16

 Catalytic 

asymmetric variants as well as metal-free conditions have also been developed.
10,17-22

 Although 

Scheme 4.1.  Metal-catalyzed conjugate borylation approaches. 
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other transition metals (Pt,
23-25

 Pd,
26

 Rh,
27,28

 Ni,
29

 and Zn
30

) were effective as catalysts, Cu
I
-

catalyzed reports dominate the literature in part because copper is an inexpensive metal and its 

reactivity can be tuned by altering the ligands.  Bis(pinacolato)diboron (B2pin2) is widely used as 

the boron source in a majority of reports; however, other reagents such as 

pinacolatodiisopropanolaminato diboron
31-33

 and tetrahydroxydiborane
34

 can be used as 

alternatives. 

Despite the great number of reports detailing the installation of boron on the β-carbon of 

an α,β-unsaturated carbonyl, most reaction conditions have disadvantages: some are 

uneconomical (employing expensive ligands and high catalyst loading), others are harsh (strong 

base such as tert-butoxide is required), and more importantly, the reactions are air-sensitive, 

often requiring the use of a glove-box or Schlenck techniques.  Thus, there is a need for a more 

efficient and convenient method for the synthesis of alkylboronic acids.  As part of our initial 

considerations, we desired to address an additional concern that is often overlooked: the 

environmental impact by production of hazardous waste. 

The development of more efficient chemical transformations is crucial for the 

sustainability of industry and academia alike.  Decreasing the environmental impacts of chemical 

modification,  purification, and analysis,
35

 primarily from the generation of hazardous waste, has 

been an area of growing concern for twenty years.
36

 In fact, a detailed evaluation of current 

efforts and policies addressing green chemistry and sustainability in fine chemicals, 

pharmaceuticals, and related industries was recently compiled by Watson.
37

 A variety of 

initiatives have been investigated to address these issues.  According to Watson’s survey, the 

most encouraged improvement is the development of efficient catalysts which can replace 

stoichiometric reagents.  Furthermore, the complementary recycling of both transition metal and 
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organocatalysts through immobilization have proven to be highly effective techniques for the 

improvement of reaction conditions.
38

  The use of biocatalysts as alternatives to traditional 

transition metal complexes has been successful as well, often providing high yields and excellent 

stereoselectivities,
39

 and benefitting from a greater availability than the much less abundant earth 

metals.  Of almost equal consideration in Watson’s survey, and of particular concern to 

environmental chemists, is the reaction medium.
40

 In fact, waste from solvent use is reported to 

account for 80 to 90% of the total non-product mass utilized in industrial chemical processes.
41

 

Research in this field is typically focused on one of two main approaches; performing reactions 

in the absence of solvent (neat) or replacing hazardous media with environmentally benign 

solvents.  According to a 2008 report by the United States EPA, the use of organic solvents is the 

Figure 4.1.  National VOC emissions in 2008, by source.  Chart prepared from data provided 

on www.epa.gov. 
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second leading contributor to national volatile organic compound (VOC) emissions, surpassed 

only by on-road vehicles (Figure 4.1). 

Changing from typical organic solvents to ionic liquids, liquid polymers, supercritical 

fluids, water and other non-toxic, biodegradable media will allow traditional reactions to proceed 

while drastically reducing the global emission of VOCs and the economic costs of processing 

hazardous waste.  We hypothesized that a β-boration protocol could be developed that would not 

require VOCs as reaction solvent, and use only minimal solvent during purification.  This 

chapter describes an amine base promoted β-borylation protocol of α,β-unsaturated carbonyls in 

water and open to air, with purification through a simple extraction.  In addition, we demonstrate 

the first Cu
II
-catalyzed β-borylation reaction and provide mechanistic insight to the efficient 

borylation reaction. 

4.4 Optimization of the β-boration of 2-cyclohexen-1-one 

Previous work in our laboratory established that complexation of B2pin2 by a Lewis base 

is necessary for the in situ formation of an activated diboron.
31-33

 Hence, we began our 

investigation by screening suitable additives that can affect the borylation reaction in water 

without any organic co-solvent.
42

 Preliminary studies indicated that amine bases are inefficient in 

catalyzing the β-borylation reaction in organic solvents in the presence of copper.  Surprisingly, 

we found that addition of a catalytic amount of inexpensive, commercially available amines 

allowed the efficient conversion of 2-cyclohexenone 4.1a to the corresponding 

boratohomoenolate 4.3a in the presence of CuCl2 in water (Table 4.1).  In marked contrast to 

Cu
I
-catalyzed β-borylation in organic solvents,

15-19,22,31,33,34,43-49
 the current protocol is most 

efficient with a Cu
II
 source (vide infra).  Cu

II
 salts are especially convenient because of their high 
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solubility in water and resistance to oxidation upon exposure to air.  Gratifyingly, we found that 

a variety of primary, secondary, and tertiary aliphatic amines provided excellent conversion to 

4.3a (entries 1-4). Use of a strong base was also effective (entry 5).  Heteroaromatic amines 

Table 4.1.  Screening of additives and reaction conditions.
a 

 

entry base additive conv %
b 

1 benzylamine 98.2 

2 piperidine 96.6 

3 triethylamine 95.0 

4 TMEDA 98.2 

5 DBU 95.6 

6 pyridine 98.1 

7 4-picoline >99.9 

8 3-picoline 98.4 

9 2,6-lutidine 97.5 

10 DMAP
c 

99.8 

11 imidazole 97.8 

12 quinoline 76.9 

13 2,2'-bipyridine
c 

17.7 

14 proton sponge 99.8 

15 none 20.3 

16 4-picoline
 

42.9 (0
d
) 

17 sodium acetate 86.0 

18 sodium hydroxide 86.0 

19 4-picoline
e
 0 

a
 Reaction conditions: B2pin2 (1.1 equiv.), 2-cyclohexen-1-one (1.0 equiv.) and amine 

(2 mol %) were added to a 1-dram, PTFE vial with a magnetic stir bar. 1.5 ml of a 

stock CuCl2 (1.72 mM) solution in water was added and stirred vigorously for 1 h at 

rt. 
b
 Conversion determined by GC analysis. 

c
 Amine was dissolved in THF before 

addition. 
d 

In the absence of CuCl2 using nuclease-free or MilliQ water. 
e
 Using pinB-

OH (independently synthesized) instead of B2pin2. 
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performed better on average than aliphatic amines, with 4-picoline giving the highest conversion 

(entries 6-11).  Quinoline showed decreased activity, likely due to decreased solubility in water 

(entry 12).  On the other hand, 2,2’-bipyridine gave a significantly lower conversion, possibly as 

a result of rigid bidentate binding to copper (entry 13).
50

  Proton sponge also provided excellent 

conversion (entry 14).  As expected, the reaction was sluggish in the absence of amine or copper 

(entries 15-16).  As shown in entry 16, when the reaction was run using in-house deionized 

water, a background conversion of 43% resulted, suggesting a possibility of transition metal-free 

reaction.  However, analysis of the deionized water revealed 40 ppb Cu by ICP-MS, an 

indication that a minute level of copper is capable of catalyzing the transformation. 

Although many amines participate as good additives, we chose 4-picoline for further 

optimization since it gave the highest conversion.  When a more sterically demanding substrate, 

3-methylcyclohexenone 4.1b, was used (Table 4.2), the desired product 4.3b was only observed 

in good conversion with 1:5 Cu:amine stoichiometry (compare entries 1 vs 2).  Further survey of 

copper sources revealed that a more water soluble CuSO4 resulted in excellent conversion and 

that other copper(II) sources were also effective (entries 3-6).  We were surprised to discover that 

Cu
II
 was an effective borylation catalyst since, to the best of our knowledge, only Cu

I
 catalyst 

systems had previously been reported.  Simultaneous to the preparation of this manuscript for 

publication, Córdova reported the copper(II) triflate catalyzed boration of cinnamaldehyde as 

part of a three-component enantionselective coupling for the preparation of chiral 

homoallylboronates.
51

 To investigate the Cu
II
 catalysis, the reaction was run with CuCl with 

good conversion (entry 7); however, this result is misleading because Cu
I
 disproportionates (to 

Cu
0
 and Cu

II
) in water and provides a Cu

II
 source.  In fact, a distinct difference in the physical  
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appearance of the copper sources was observed.  For example, black precipitate appeared upon 

addition of CuCl to water, while CuSO4 provided a homogeneous pale blue solution.  

Interestingly, the same black precipitate is observed with Cu
I
 catalyzed borations in organic 

solvents.  To further confirm that Cu
I
 is not the active catalyst, CuSO4 was reduced in situ to Cu

I
 

in the presence of excess ascorbic acid.
52,53

 As expected, the conversion decreased, however 

trace Cu
II
 is likely still present that is capable of catalyzing the reaction (vide supra) because of 

the fast oxidation of Cu
I
 by molecular oxygen, especially in the presence of copper-stabilizing 

ligands (entry 8).
54

 Taken together, these studies suggest that Cu
II
 is the active catalyst under 

aqueous conditions and that Cu
II
 may be the active catalyst for reactions run in organic solvents. 

 

Table 4.2.  Screening of copper sources and stoichiometry.
a
  

 
entry Cu source 4-picoline (mol %) conv %

b 

1 CuCl2 2% <1 

2 CuCl2 5% 72.8 

3 CuSO4 2% 39.9 

4 CuSO4 5% 89.5 

5 Cu(OAc)2 5% 84.0 

6 Cu(BF4)2 5% 78.3 

7 CuCl 5% 77.4 

8 CuSO4
c
 5% 33.5 

9 CuSO4
d
 5% 24.5 

10 CuSO4
e
 5% 32.0 

11 none 5% <1 
a
 Reaction conditions identical to Table 1. 

b
 Conversion determined by GC analysis. 

c
 

With 20 mol % ascorbic acid. 
d
 With 10 mol % ascorbic acid. 

e
 With 1 mol % ascorbic 

acid. 
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4.5 Substrate scope of copper(II) catalyzed β-boration in water 

With the optimized conditions in hand (Table 4.2, entry 4), we explored the scope and 

limitations of this reaction with a variety of α,β-unsaturated carbonyl compounds (Scheme 4.2).  

 

Scheme 4.2.  Cu
II
-catalyzed boryl conjugate addition with acyclic and cyclic α,β-

unsaturated ketones and esters.
a 

 
a
 Reaction conditions: B2pin2 (1.1 equiv.), 1 (1.0 equiv.) and 4-picoline (0.05 equiv.) 

were added to a 5 ml round-bottomed flask with a magnetic stirbar. CuSO4 (1 mol %) 

dissolved in 3 mL de-ionized water was added and the reaction was stirred vigorously for 

1-3 h at rt. 
b
 Chalcone was dissolved in minimal THF before addition. 

c
 NMR yield. 

d
 

Preparative scale. 
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For example, borylated acyclic ketones 4.3c-f were synthesized in good to excellent yield (up to 

98% isolated yield).  Furthermore, a conjugated dienone was regiospecifically borylated on the 

beta position to afford 4.3g.  Cyclic enones (4.3a-b and 4.3h) were also readily transformed in 

good yields; cyclopentenone resulted in moderate yield as the pinacol ester 4.3h but conversion 

to the trifluoroborate salt 4.3i significantly improved the isolated product yield.  To our delight, 

more electronically-demanding esters were easily converted into borylated products.  

Unsubstituted benzyl acrylate generated 4.3j in excellent yield, while other α- and β-substituted 

products 4.3k-m were generated in consistent good yields.  A limitation of the reaction is evident 

with tert-butyl crotonate , which afforded the product 4.3n in only 55% yield (although, this was 

not consistently replicable) and only 46% yield as the potassium trifluoroborate salt 4.3o.  To 

demonstrate the practical utility of the developed protocol, we performed reactions on a 

preparative scale.  Indeed, the borylated products (4.3a, 4.3c, 4.3f, 4.3k and 4.3m) were 

efficiently formed in yields within experimental error of the small scale version.  Moreover, the 

products in Scheme 4.2 were isolated by simple extraction step (except for water soluble 4.3h) 

because the alkene starting materials were consumed and any excess B2pin2 decomposed into 

water soluble pinB-OH.  Although the current conditions cannot yet be extended to α,β-

unsaturated amides, tetrahydroxydiboron as the boron source provided a moderate yield of 4.3c 

upon treatment with pinacol (Scheme 4.3). 

 

 

Scheme 4.3.  Tetra(hydroxy)diborane as the boron source. 
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4.6 Mechanistic investigations 

To gain insight into the effect of amine base on the Cu
II
-catalyzed reaction in water, we 

performed 
11

B NMR experiments at 4 °C (Figure 4.2).  Investigation in neat 4-picoline suggests 

that the amine does not participate in Lewis acid-base coordination because a single boron 

chemical shift is observed at 31 ppm, indicative of uncomplexed B2pin2 (Figure 4.2A).  This 

result is not surprising since B2pin2 is sterically hindered, and 4-picoline has only been observed 

to coordinate with more Lewis 

acidic bis(catecholato)diboron.
55,56

 

Furthermore, when water
57

 was 

used as the NMR solvent, only 

B2pin2 and its decomposition 

product, pinBOH (confirmed by 

independent synthesis) , were 

detected (Figures 4.2B and 4.2C).  

To prove that pinBOH was not a 

reactive intermediate, a boration was attempted using pinBOH as the boron source and no 

product was detected (Table 4.1, entry 19), suggesting that the reactive intermediate has a half-

life too short to be observed on the NMR time scale.  UV-Vis measurements with increasing 

stoichiometry of 4-picoline:Cu
II
 revealed the expected coordination of amine to copper—i.e. 

successive coordination of 4-picoline to copper results in blue shift in the spectrum (Figure 

4.3).
58

 We also determined that the reaction was efficient when the amine was exchanged with 

NaOAc, NaOH and non-coordinating proton sponge (Table 4.1, entries 14, 17-18).   

 

Figure 4.2.  
11

B NMR spectra of B2pin2 in A) 4-

picoline, B) water, and C) water with 4-picoline (1.0 

equiv) at 4 °C. 

B2pin2 

B2pin2 

B2pin2 

pinB—OH 

pinB—OH 
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Furthermore, a solvent kinetic 

isotope effect (SKIE; H2O vs D2O) 

was observed, suggesting a possible 

deprotonation in the rate determining 

step (RDS).  As the reaction order 

has not been determined, we plotted 

the data using the three most 

common characteristic kinetics plots 

 

 

   

Figure 4.4.  (A) 0
th

, (B) 1
st
, and (C) 2

nd
 order treatments of SKIE data, where [A] = starting material. 

Figure 4.3.  UV-Vis spectra of CuSO4 with increasing 

equivalents of 4-picoline. 

A 

B C 
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for 0
th

, 1
st
, and 2

nd
 order reactions (Figure 4.4), which should provide a straight line when the 

experimental results are consistent with 0
th

, 1
st
, or 2

nd
 order kinetics, respectively.  However, a 

straight line was not observed using any of these treatments, suggesting that the mechanism is 

more complex than the simple scheme A  B, or A + B  C.  In fact, it appears that the rate of 

product formation is increasing with time based on the upward curvature of Figure 4.4A, which 

is indicative of an autocatalytic reaction where either the product or byproduct (presumably 

pinB-OH) activates a key intermediate to enhance the reaction rate.
59

 

 To further investigate this hypothesis, we examined the general mechanism of an 

autocatalytic reaction, as described in Figure 4.5, in which two pathways could lead to product.  

The first pathway is first order on the concentration of A and described by the rate constant k1.  

The second, more complex, pathway involves the formation of an activated complex, AB
*
, from 

one equivalent of product B and one equivalent of starting material A, and is described by the 

rate constant k2.  This activated complex, AB
*
, then rapidly provides 2 equivalents of product B.  

This mechanism allows a simple differential rate law to be examined for preliminary analysis of 

autocatalysis, where the observed rate is described by Equation 4.1.  Assuming also that 1 

equivalent of starting material A yields 1 equivalent of autocatalytic product B— which is 

reasonable for this reaction based on experimental observations and reaction protocol—the 

 

     

  
                

             

     

  

 

   
        (         ) 

Figure 4.5.  

Mechanism of 

autocatalysis. 

Equation 4.1 

Equation 4.2 

Equation 4.3 
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concentration of B should be directly related to the loss of starting material, which provides the 

mass-balanced Equation 4.2.  The combination and rearrangement of Equations 4.1 and 4.2 

yields Equation 4.3, which should provide a straight line—in the case of an autocatalytic 

reaction—when (-dA/dt) (1/[A]) is plotted against [A].
60

  The slope of the line affords the value 

of k2; and k1 can be determined from the y-intercept.  As shown in Figure 4.6, an accurate linear 

fit was obtained using this treatment.  The rate constants for the noncatalytic (k1) and catalytic 

(k2) mechanisms for reactions in H2O and D2O were acquired from the best fit lines and 

compared in terms of SKIE (results summarized in Table 4.3).  Error was assessed using linear 

regression analysis and the reported values are at the 95% confidence level, including 

propagation of error from calculations.  A significant SKIE value of approximately 1.6 was 

obtained for both k1 and k2, supporting the involvement of a deprotonation event in the RDS, 

Figure 4.6.  Differential rate law plots of H2O and D2O.  

 

Table 4.3.  Rate constants and SKIE. 

solvent H2O D2O kH/kD 

k
1
 (min

-1

) 0.1236 ± 0.0034 0.0 61 ± 0.002  1.62 ± 0.11 

k
2
 (μM

-1

min
-1

) 0.6 2 ± 0.022 0.40  ± 0.018 1.64 ± 0.13 
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although additional kinetic experiments are required to accurately identify the components 

involved in the RDS and rule out other potential sources of rate acceleration, such as a change in 

the solution pH. 

 On the basis of these observations, it is plausible to suggest that the role of the amine is 

twofold: (1) to form a stable 4-picoline-Cu
II
 complex 4.6 and (2) to act as a Bronsted base.  Thus, 

we believe the catalytic cycle proceeds as described in Scheme 4.4.  First, the highly insoluble 

diboron 4.2 is likely partially solvated as Lewis acid-base adduct 4.4 with water.  The amine then 

deprotonates complex 4.4 to generate, in situ, a sp
2
-sp

3
 diboron 4.5 that is now capable of 

transmetalation with copper complex 4.6.  The resulting nucleophilic ‘boryl-copper’ species 4.7 

 
Scheme 4.4.  Proposed mechanism. 
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then undergoes 3,4-boryl conjugate addition with substrate 4.8, as supported by DFT 

calculations.
61

 Intermediate 4.9 is rapidly hydrolyzed in water and borated product 4.10 is 

formed as an emulsion.  The function of the proposed autocatalyst is not known and was omitted 

from the mechanism until it can be identified. 

4.7 Stereoinduction by chiral amines 

With an understanding of the mechanism, we wondered whether the amine could 

function simultaneously as a ligand and chiral auxiliary on copper to encourage the formation of 

a single enantiomer.  In fact, only one example of achieving enantioselectivity—as a result of a 

chiral 1,2-diamine—in copper catalyzed β-boration reactions has been reported.
47

  Using β,β-

disubstituted ketones, the corresponding products where obtained in high yield (71-95%) and 

excellent ee (90-99%), although the reaction required high catalyst- and chiral ligand loading, 

and was performed in organic solvent.  We applied our aqueous protocol towards the 

enantioselective boration of a model substrate, chalcone 4.1f, by first screening various chiral 

amines (Scheme 4.5).  In agreement with the decreased yield using bidentate ligand bipyridine 

observed during optimization (Table 4.1, entry 13), initial results suggested a correlation 

between reactivity of the catalyst complex and the binding mode of the amine ligand, where the 

order is tridentate (L1) < bidentate (L2) < monodentate (L3).  This was unfortunately 

accompanied by a complete lack of enantioselectivity.  The possibility of restriction to the latter 

subset of binding modes alluded to a theoretically difficult hurdle, because amines are weak field 

ligands, Jahn-Teller distortion in the d
9
 electron configuration of Cu

II
 imparts a highly dynamic 

geometry
62

 and additional lengthening of the metal-ligand bonds,
63

 and we cannot take 

advantage of increased stability and rigidity from multidentate interactions.  The sum of these 

properties is a flexible catalyst with easily exchangeable—i.e. weakly bound—ligands, which is 
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an undesirable feature when attempting to induce stereochemistry in small molecule synthesis.  

Still hoping to stumble upon a diamond in the rough we continued to examine the efficacy of 

other commercially available amines, such as proline derivatives L4-L6, benzylamine L7, 

Scheme 4.5.  Screening of chiral amines for the enantioselective β-boration of chalcone.
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diamine L8 and Quinox L9 but were unable to identify a system with 

greater stereoinduction than 16% ee.  We synthesized valine 

derivative L10
64

 which we hoped would increase the rigidity of the 

related transition state by serving the dual role of a bidentate 

chelating ligand and Lewis base (Figure 4.6), however this did not 

lead to an increase in stereoselectivity.  To provide evidence that our poor results were due—at 

least in part—to weak metal to ligand binding, we employed Josiphos L11 which has been 

previously shown to transfer chirality in organic solvents,
65

 and in fact obtained a 3:1 mixture of 

enantiomers.  The combination of undesirable electronic properties in our catalyst system (vide 

supra) proved to play a larger role that the steric interactions between ligand and substrate, 

resulting in unsuccessful stereoinduction in water. 

4.8 Conclusions 

 In conclusion, we have developed an efficient and practical catalytic method for the 

preparation of alkylboronates in good to excellent yields (up to 98%) that is environmentally 

friendly. To the best of our knowledge, this is the first report of Cu
II
-catalysis for this reaction, 

and also the first example with water as the only solvent.  The high efficiency of this protocol—

i.e. completion in 3 hours or less—allowed the reaction to be run open to air without a detectable 

amount of autooxidation products being formed.  We also provided evidence for the role of 

catalytic amine in the mechanism of the reaction and determined that preliminary kinetic data is 

suggestive of an autocatalytic reaction with a proton transfer involved in the rate-determining 

step.  The chiral amines we screened did not show stereoselectivity and suggested that the metal 

to ligand bonding was not sufficient for the induction of stereochemistry. 

  

Figure 4.7.  Proposed 

chelation and Lewis 

basicity of L10. 
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 Chapter 5 Experimental 

5.1 General methods: 

 All reactions in Chapters 2 and 3 were performed oven-dried glassware under nitrogen 

atmosphere using standard Schlenk techniques.  All reactions in Chapter 4 were carried out open 

to air.  Solvents were purchased from Fisher Scientific.  Tetrahydrofuran, dichloromethane, 

acetonitrile and N,N-dimethylformamide for reaction solvents were prepared using an Innovative 

Technology Pure Solv-MD solvent purification system.  De-ionized water was used straight from 

the house DI water tap and was not degassed or further purified.  Bis(pinacolato)diboron was 

purchased from Boron Molecular and donated by AllyChem.  All other commercial catalysts and 

substrates were purchased and used as received.  TLC analyses were performed using EMD 

silica gel 60 F254 plates. 

5.2 Instrumentation: 

 
1
H NMR spectra were recorded on either a JEOL EclipsePlus-500 or a Varian Inova-400 

spectrometer.  Chemical shifts are reported in ppm with the solvent resonance as the internal 

standard (CDCl3: 7.26 ppm or acetone-d6: 2.09 ppm).  Data are reported as follows: chemical 

shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling 

constants (Hz), and assignment.  
13

C NMR spectra were recorded on a JEOL EclipsePlus-500 

spectrometer.  Chemical shifts are reported in ppm with the solvent resonance as the internal 

standard (CDCl3: 77.16 ppm or acetone-d6 methyl: 29.84).  The carbon directly attached to boron 

was not observed due to quadrupolar relaxation. 
11

B NMR spectra were recorded on a JEOL 

EclipsePlus-500 spectrometer.  Chemical shifts are reported in ppm using boron trifluoride 
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diethyl etherate as an external standard [BF3O(C2H5)2: 0 ppm].  
19

F NMR spectra (
1
H decoupled) 

were recorded on a Bruker Avance II-500 spectrometer.  Chemical shifts are reported in ppm 

using trifluoroacetic acid as an external standard (CF3CO2H: 0 ppm).  High resolution mass 

spectra (HRMS) were performed on an Agilent LC-ESI-TOF.  Gas chromatography (GC) 

analyses were performed on a Hewlett Packard 6890 Series GC system coupled to a HP 5973 

Mass Selective Detector.  The column was an Agilent DB-5MS with a length of 30 m, I.D. of 

250 μm, and film thickness of 0.25 μm. U -Vis spectra were measured on a Molecular Devices 

SpectraMax Plus384 Absorbance Microplate Reader.  Chiral analysis was performed on an 

Agilent 1100 Series HPLC using a Chiracel OD column.  Elemental Microanalyses were 

performed by Atlantic Microlab, Georgia. 

5.3 Synthetic procedures – Chapter 2 

4,8-dimethyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,3,6,2-dioxazaborocane 

(2.13): 

To a solution of bis(pinacolato)diboron 2.3 (10 g, 39.4 

mmol) in diethyl ether (160 mL) was added bis(2-

hydroxypropyl)amine (5.73 g, 43.3 mmol) in CH2Cl2 (20 

mL). After 5 minutes, a white precipitate appeared and 

the reaction mixture was stirred at room temperature for 48 hours. The white solid was filtered 

and washed with copious amount of diethyl ether to provide the desired product 2 (6.6g, 62%, 

trans:cis 1:1.2), which was sufficiently pure to perform the β-boration experiments. 

Recrystallization using CH2Cl2 and EtOac (1:2) afforded analytically pure product. [Starting 

material 2.3 could be recovered by purification using flash silica gel chromatography (1:1 
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hexane:EtOAc) (3.1g, 31%).]  White solid. (cis/trans): 
1
H NMR (500 MHz, CD3CN) δ 5.45 (s, 

br, 1H, cis), 5.18 (s, br, 1H, trans), 4.13-4.04 (m, 2H, cis; 1H, trans), 3.70- 3.63 (m, 1H, trans), 

3.32-3.27 (m, 1H, trans), 2.83 (dd, J = 11.7, 4.5 Hz, 2H, cis), 2.69 (dd, J = 11.5, 3.7 Hz, 1H, 

trans), 2.51-2.45 (m, 2H, cis), 2.27-2.22 (m, 1H, trans), 1.92-1.86 (m, 1H, trans), 1.15 (s, 12H, 

cis; 12H, trans), 1.13 (d, J = 6.2 Hz, 3H, trans), 1.12 (d, J = 6.2 Hz, 3H, trans), 1.07 (d, J = 6.0 

Hz, 6H, cis); 
13

C NMR (125 MHz, CD3CN) δ 81.40 (cis), 81.2  (trans),  0.68 (cis), 6 .4  

(trans), 66.82 (trans), 57.96 (trans), 57.82 (cis), 56.44 (trans), 24.71 (trans), 24.69 (trans), 24.65 

(cis), 20.36 (cis), 19.04 (trans), 18.32 (trans); 
11

B NMR (160 MHz, CD3CN) δ 35.51 (sp
2
-B), 

8.95 (sp
3
-B); IR (NaCl) 3074, 2972, 2928, 2883, 1369, 1250, 1115, 1022, 970, 854, 806 cm-1; 

HRMS (ESI+): Calcd for C12H26B2NO4 [M+H]: 270.2048, Found: 270.2046; Calcd for 

C12H25B2NNaO4 [M+Na]: 292.1867, Found: 292.1865; Elemental Analysis: Calcd for 

C12H25B2NO4: C, 53.59; H, 9.37; N, 5.21; Found: C, 53.69; H, 9.41; N, 5.14. 

General procedure 1 for the β-boration of compounds 2.14a-n (Tables 2.1 and 2.2): 

 In a 25 mL 2 neck round bottom flask (oven or flame dried under vacuum and purged 

with nitrogen) was added copper(I) chloride (3.68mg, 0.037 mmol). CH2Cl2 (0.5 ml) was added 

and the suspension was stirred for 2 minutes. Mixed diboron 2.13 (400mg, 1.487 mmol) in 

CH2Cl2 (12 ml) was added by syringe and the suspension was stirred for another 10 minutes (the 

solution turned brown). The mixture was then cooled in an ice bath and benzyl acrylate 2.14a 

(121mg, 0.744 mmol) followed by methanol (0.120 mL, 2.97 mmol) were added by syringe. The 

solution was allowed to warm to room temperature and stirred until no starting material was 

detected by TLC. The reaction mixture was filtered through a pad of celite, concentrated and 

2.15a was purified by silica gel chromatography. 
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Characterization of β-boration products 2.15a-n: 

benzyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate (2.15a): 

Compound 2.15a was synthesized using General Procedure 1 and 

purified by flash chromatography on silica gel to afford a yellow 

oil; 
1
H NMR (500 MHz, CDCl3) δ  .52-7.27 (m, 5H), 5.11 (s, 

2H), 2.50 (t, J = 7.5 Hz, 2H), 1.22 (s, 12H), 1.05 (t, J = 7.5 Hz, 2H); 
13

C NMR (125 MHz, 

CDCl3) δ 1 4.52, 136.35, 128.55, 128.14, 128.12, 83.31, 66.13, 28. 1, 24.82, 6.36; 
11

B NMR 

(160 MHz, CDCl3): δ 33.36; IR (NaCl) 2  8, 1 38, 1381, 131 , 1142,   0, 6 8 cm
-1

; HRMS 

(ESI+): Calcd for C16H24BO4 [M+H]: 291.1768, Found: 291.1765; Calcd for C16H23BNaO4 

[M+Na]: 313.1587, Found: 313.1588. 

methyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate (2.15b): 

Compound 2.15b was synthesized using General Procedure 1 and purified 

by flash chromatography on silica gel to afford a colorless oil; 
1
H NMR 

(500 MHz, CDCl3) δ 3.63 (s, 3H), 2.42 (t, J =  .5 Hz, 2H), 1.22 (s, 12H), 

1.00 (t, J = 7.5 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 1 5.14, 83.30, 51.56, 2 . 6, 28.6 , 

24.82; 
11

B NMR (160 MHz, CDCl3): δ 33.36; IR (NaCl) 2 80, 1 40, 1381, 131 , 1144,   0, 84  

cm
-1

; HRMS (ESI+): Calcd for C10H20BO4 [M+H]: 215.1455, Found: 215.1447; Calcd for 

C10H19BNaO4 [M+Na]: 237.1274, Found: 237.1268. 

ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate (2.15c): 

Compound 2.15c was synthesized using General Procedure 1 and 

purified by flash chromatography on silica gel to afford a colorless oil; 
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1
H NMR (400 MHz, CDCl3) δ 4.08 (q, J =  .1 Hz, 2H), 2.40 (t, J =  .5 Hz, 2H), 1.23-1.20 (m, 

15H), 0.99 (t, J = 7.5 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 1 4. 1, 83.25, 60.2 , 28.8 , 

24.82, 14.31; 
11

B NMR (160 MHz, CDCl3): δ 33.43; IR (NaCl) 2 80, 1 36, 1381, 131 , 1144, 

970, 849 cm
-1

; HRMS (ESI+): Calcd for C11H22BO4 [M+H]: 229.1611, Found: 229.1609; Calcd 

for C10H21BNaO4 [M+Na]: 251.1431, Found: 251.1428. 

tert-butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate (2.15d): 

Compound 2.15d was synthesized using General Procedure 1 and 

purified by flash chromatography on silica gel to afford a colorless oil; 

1
H NMR (500 MHz, CDCl3) δ 2.34 (t, J =  .5 Hz, 2H), 1.42 (s,  H), 

1.23 (s, 12H), 0.96 (t, J = 7.5 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 1 4.11, 83.1 ,   .8 , 

30.03, 29.78, 28.18, 24.86; 
11

B NMR (160 MHz, CDCl3): δ 33.66; IR (NaCl) 2  8, 1 30, 136 , 

1319, 1140, 970, 845 cm
-1

; HRMS (ESI+): Calcd for C13H25BNaO4 [M+Na]: 279.1744, Found: 

279.1749. 

butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate (2.15e): 

Compound 2.15e was synthesized using General Procedure 1 and 

purified by flash chromatography on silica gel to afford a colorless 

oil; 
1
H NMR (500 MHz, CDCl3) δ 4.05 (t, J = 6.  Hz, 2H), 2.42 (t, J = 

7.5 Hz, 2H), 1.61-1.56 (m, 2H), 1.40-1.32 (m, 2H), 1.23 (s, 12H), 1.01 (t, J = 7.5 Hz, 2H), 0.91 

(t, J = 7.4 Hz, 3H); 
13

C NMR (125 MHz, CDCl3) δ 1 4.83, 83.2 , 64.23, 30.81, 2 . 8, 28. 0, 

24.84, 19.20, 13.79; 
11

B NMR (160 MHz, CDCl3): δ 33.58; IR (NaCl) 2 63, 2 32, 1 38, 1381, 

1319, 1144, 970, 841 cm
-1

; HRMS (ESI+): Calcd for C13H26BO4 [M+H]: 257.1924, Found: 

257.1926; Calcd for C13H25BNaO4 [M+Na]: 279.1744, Found: 279.1748. 
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methyl 2-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate (2.15f): 

Compound 2.15f was synthesized using General Procedure 1 and purified 

by flash chromatography on silica gel to afford a colorless oil; 
1
H NMR 

(400 MHz, CDCl3) δ 3.65 (s, 3H), 2.68 (sextet, J =  .2 Hz, 1H), 1.24 (s, 

6H), 1.23 (s, 6H), 1.20 (d, J = 7.1 Hz, 3H), 1.12 (dd, J = 15.9, 7.7 Hz, 1H), 0.93 (dd, J = 15.8, 7.3 

1H); 
13

C NMR (125 MHz, CDCl3) δ 1  . 5, 83.23, 51.5 , 35.3 , 24.83, 1 .44; 
11

B NMR (160 

MHz, CDCl3): δ 33.21; IR (NaCl) 2 80, 1 38, 13 3, 1321, 1146, 1125,  68, 84  cm
-1

; HRMS 

(ESI+): Calcd for C11H22BO4 [M+H]: 229.1611, Found: 229.1610; Calcd for C10H21BNaO4 

[M+Na]: 251.1431, Found: 251.1428. 

ethyl 2-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate (2.15g): 

Compound 2.15g was synthesized using General Procedure 1 and 

purified by flash chromatography on silica gel to afford a colorless oil; 

1
H NMR (500 MHz, CDCl3) δ 4.1 -4.02 (m, 2H), 2.64 (sextet, J = 7.1 

Hz, 1H), 1.25-1.22 (m, 15H), 1.18 (d, J = 7.0 Hz, 3H), 1.12 (dd, J = 15.9, 7.5 Hz, 1H), 0.91 (dd, J 

= 15.9, 7.4 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 1  .35, 83.1 , 60.21, 35.48, 24.83, 19.42, 

16.31, 14.31; 
11

B NMR (160 MHz, CDCl3): δ 33.20; IR (NaCl) 2 80, 1 34, 13 3, 1321, 1146, 

970, 847 cm
-1

; HRMS (ESI+): Calcd for C12H24BO4 [M+H]: 243.1768, Found: 243.1767; Calcd 

for C12H23BNaO4 [M+Na]: 265.1587, Found: 265.1583. 

benzyl 2-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate (2.15h): 

Compound 2.15h was synthesized using General Procedure 1 and 

purified by flash chromatography on silica gel to afford a yellow 
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oil; 
1
H NMR (500 MHz, CDCl3) δ  .35-7.27 (m, 5H), 5.10 (q, J = 12.5 Hz, 2H), 2.73 (sextet, J = 

7.2 Hz, 1H), 1.26-1.19 (m, 15H), 1.17 (dd, J = 15.9, 7.5 Hz, 1H), 0.95 (dd, J = 15.9, 7.5 Hz, 1H); 

13
C NMR (125 MHz, CDCl3) δ 1  .16, 136.49, 128.54, 128.05, 128.00, 83.26, 66.05, 35.52, 

24.83, 19.42; 
11

B NMR (160 MHz, CDCl3): δ 33.0 ; IR (NaCl) 2  8, 1 34, 13 1, 1321, 1144, 

968, 847, 698 cm
-1

; HRMS (ESI+): Calcd for C17H26BO4 [M+H]: 305.1924, Found: 305.1929; 

Calcd for C17H25BNaO4 [M+Na]: 327.1744, Found: 327.1750. 

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-2-one (2.15i): 

Compound 2.15i was synthesized using General Procedure 1 and purified by 

flash chromatography on silica gel to afford a colorless oil; 
1
H NMR (500 

MHz, CDCl3) δ 2.5  (t, J =  .1 Hz, 2H), 2.11 (s, 3H), 1.22 (s, 12H), 0.88 (t, 

J = 7.1 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 20 .31, 83.1 , 38.51, 2 .43, 24.82; 
11

B NMR 

(160 MHz, CDCl3): δ 33.47; IR (NaCl) 2980, 1717, 1379, 1315, 1146, 968, 849 cm
-1

; HRMS 

(ESI+): Calcd for C10H20BO3 [M+H]: 199.1506, Found: 199.1497; Calcd for C10H23BNO3 

[M+NH4]: 216.1771, Found: 216.1761; Calcd for C10H19BNaO3 [M+Na]: 221.1325, Found: 

221.1315. 

4-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-2-one (2.15j): 

Compound 2.15j was synthesized using General Procedure 1 and purified by 

flash chromatography on silica gel to afford a yellow oil; 
1
H NMR (500 

MHz, CDCl3) δ  .2 -7.17 (m, 4H), 7.15-7.10 (m, 1H), 3.03 (dd, J = 18.3, 

10.8 Hz, 1H), 2.82 (dd, J = 18.3, 5.3 Hz, 1H), 2.63 (dd, J = 10.8, 5.3 Hz, 

1H), 2.12 (s, 3H), 1.21 (s, 6H), 1.15 (s, 6H); 
13

C NMR (125 MHz, CDCl3) δ 208.41, 141.76, 

128.55, 128.27, 125.62, 83.47, 47.59, 29.67, 26.99, 24.60, 24.59; 
11

B NMR (160 MHz, CDCl3): 
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δ 32.16; IR (NaCl) 2  8, 1 13, 1366, 131 , 1144,  66, 854,  02 cm
-1

; HRMS (ESI+): Calcd for 

C16H24BO3 [M+H]: 275.1819, Found: 275.1819; Calcd for C16H27BNO3 [M+NH4]: 292.2084, 

Found: 292.2091; Calcd for C16H23BNaO3 [M+Na]: 297.1638, Found: 297.1644. 

3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopentanone (2.15k): 

Compound 2.15k was synthesized using General Procedure 1 and purified by 

flash chromatography on silica gel to afford a colorless oil; 
1
H NMR (500 

MHz, CDCl3) δ 2.34-2.17 (m, 2H), 2.16-2.04 (m, 3H), 1.88-1.77 (m, 1H), 

1.69-1.55 (m, 1H), 1.23 (s, 12H); 
13

C NMR (125 MHz, CDCl3) δ 221.12, 83.58, 40.26, 38.  , 

25.33, 24.81, 24.80, 19.65; 
11

B NMR (160 MHz, CDCl3): δ 33.48; IR (NaCl) 2  8, 1 42, 1385, 

1323, 1144, 968, 858 cm
-1

; HRMS (ESI+): Calcd for C11H20BO3 [M+H]: 211.1506, Found: 

211.1492; Calcd for C11H23BNO3 [M+NH4]: 228.1771, Found: 228.1762; Calcd for 

C11H19BNaO3 [M+Na]: 233.1325, Found: 233.1313. 

3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanenitrile (2.15l): 

Compound 2.15l was synthesized using General Procedure 1 and purified 

by flash chromatography on silica gel to afford a colorless oil; 
1
H NMR 

(500 MHz, CDCl3) δ 2.3  (t, J= .  Hz, 2H), 1.24 (s, 12H), 1.1  (t, J =  .  Hz, 2H); 
13

C NMR 

(125 MHz, CDCl3) δ 121.11, 84.04, 24.85, 11. 8,  .58; 
11

B NMR (160 MHz, CDCl3): δ 32. 0; 

IR (NaCl) 2980, 2249, 1379, 1337, 1144, 968, 843 cm
-1

; HRMS (ESI+): Calcd for C9H20BN2O2 

[M+NH4]: 199.1618, Found: 199.1616; Calcd for C9H16BNNaO2 [M+Na]: 204.1172, Found: 

204.1174. 
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N,N-dimethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanamide (2.15m): 

Compound 2.15m was synthesized using General Procedure 1 and 

purified by flash chromatography on silica gel to afford a yellow oil; 
1
H 

NMR (500 MHz, CDCl3) δ 2. 6 (s, 3H), 2. 1 (s, 3H), 2.43 (t, J =  .4 Hz, 

2H), 1.22 (s, 12H), 0.94 (t, J = 7.4 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 1 4.26, 82. 3, 3 .10, 

35.67, 28.36, 24.89, 7.07; 
11

B NMR (160 MHz, CDCl3): δ 32.18; IR (NaCl) 2  6, 2 32, 164 , 

1375, 1327, 1148, 970, 874 cm
-1

; HRMS (ESI+): Calcd for C11H23BNO3 [M+H]: 228.1771, 

Found: 228.1772; Calcd for C11H22BNNaO3 [M+Na]: 250.1590, Found: 250.1586. 

4,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-2-one (2.15n): 

Compound 2.15n was synthesized using General Procedure 1 (with 2X 

diboron) and purified by flash chromatography on silica gel to afford 

colorless oil; 
1
H NMR (500 MHz, CDCl3): δ 2. 2 (d, J = 8.1 Hz, 2H), 2.0  

(s, 3H), 1.22 (s, 12H), 1.19 (s, 12H), 0.95(t, J = 7.9 Hz, 1H); 
13

C NMR (125 

MHz, CDCl3): δ 20 .03, 83.15, 40. 3, 2 .18, 24.82, 24.60; 
11

B NMR (160 MHz, CDCl3): δ 

32.73; IR (NaCl) 2978, 1717, 1369, 1314, 1142, 970, 853 cm
-1

; HRMS (ESI+): Calcd for 

C16H31B2O5 [M+H]: 325.2358, Found: 325.2345; Calcd for C16H30B2NaO5 [M+Na]: 347.2177, 

Found: 347.2163.  
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Synthesis and characterization of enantiopure mixed diboron (R,R)-2.13 (Scheme 2.4):
1
 

(2R,2'R)-1,1'-(benzylazanediyl)bis(propan-2-ol) (R,R)-2.17: 

To a 1-neck round-bottomed flask was added R- (+)-propylene oxide (R)-

2.16 (1.21 ml, 17.22 mmol) and benzylamine (0.86 ml, 7.83 mmol).  The 

reaction mixture was diluted with methanol (5 mL) and heated to 60 °C.  After 8 h, the reaction 

mixture was concentrated via rotary evaporator and purified by silica gel column 

chromatography to provide the product as a yellow oil (1.54 g, 88%).  TLC (alumina, EtOAc):  

Rf = 0.44.  
1
H NMR (500 MHz, CDCl3) δ = 7.36-7.26 (m, 5H), 3.9-3.80 (m, 3H), 3.50 (d, J = 

13.6 Hz, 1H), 2.78 (s, 2H, OH), 2.45 (d, J = 5.2 Hz, 2H), 2.44 (d, J = 7.5 Hz, 2H), 1.09 (d, J = 

6.2 Hz, 6H); 
13

C NMR (125 MHz, CDCl3) δ = 138.6, 129.1, 128.6, 127.5, 64.1, 62.2, 59.9, 20.4. 

(2R,2'R)-1,1'-azanediylbis(propan-2-ol) (R,R)-2.18: 

To a 25 ml round-bottomed flask was added 10% Pd/C (32 mg, 0.297 

mmol) and (R,R)-2.17 (1.328 g, 5.95 mmol) in methanol (6 mL) to give a 

black suspension.  The reaction mixture was stirred under a hydrogen atmosphere at room 

temperature for 6 h.  After completion of the reaction, the suspension was filtered through a pad 

of celite and concentrated to give the product as light yellow oil (729 mg, 92%).  TLC (alumina, 

5% MeOH/EtOAc):  Rf =0.30.  
1
H NMR (500 MHz, CDCl3) δ = 3.84-3.78 (m, 2H), 2.67 (dd, J = 

12.1, 3.0 Hz, 2H), 2.49 (dd, J = 12.1, 9.0 Hz, 2H), 1.16 (d, J = 6.2 Hz, 6H); 
13

C NMR (125 MHz, 

CDCl3) δ = 66.2, 56.8, 20.7.  
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(4R,8R)-4,8-dimethyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,3,6,2-

dioxazaborocane, (4R,8R)-2.13: 

To a solution of bis(pinacolato)diboron 2.3 (1 g, 3.94 mmol) in diethyl ether 

(16 mL) was added (R,R)-2.18 (573 mg, 4.33 mmol) in CH2Cl2 (2 mL).  After 

5 min, a white precipitate appeared and the reaction mixture was stirred at 

room temperature for 24 h.  The white solid was collected by filtration and washed with copious 

amount of diethyl ether to provide the desired product (4R,8R)-2.13 (660 mg, 62%), which was 

sufficiently pure to perform the β-boration experiments.  Recrystallization from acetonitrile 

yielded colorless single crystals suitable for X-ray diffraction analysis.  
1
H NMR (500 MHz, 

CD3CN) δ = 5.14 (s, br, 1H), 4.11-4.04 (m, 1H), 3.70-3.63 (m, 1H), 3.32-3.27 (m, 1H), 2.69 (dd, 

J = 11.5, 3.7 Hz, 1H), 2.28-2.22 (m, 1H), 1.92-1.86 (m, 1H), 1.16 (s, 12H), 1.13 (d, J = 6.2 Hz, 

3H), 1.12 (d, J = 6.2 Hz, 3H); 
13

C NMR (125 MHz, CD3CN) δ = 81.4, 67.5, 66.8, 58.0, 56.4, 

24.7, 24.7, 19.0, 18.3; 
11

B NMR (160 MHz, CD3CN) δ = 35.51 (sp
2
-B), 8.95 (sp

3
-B); IR (NaCl) 

3074, 2971, 2929, 2883, 1368, 1251, 1114, 1024, 971, 854, 804 cm
-1

; HRMS (ESI+): Calcd for 

C12H26B2NO4 [M+H]
+
: 270.2048, Found: 270.2047. 

General procedure 2: re-optimized β-boration protocol (Tables 2.4 and 2.5, Scheme 2.5): 

 To a 25 mL 2 neck round bottom flask was added copper(I) chloride (7.36mg, 0.074 

mmol).  CH2Cl2 (0.5 mL) was added and the suspension was stirred for 2 min.  PDIPA diboron 

2.13 (240mg, 0.892 mmol) in CH2Cl2 (7.2 mL) was added by syringe and the suspension was 

stirred for another 5 min (the solution turned brown).  Cyclohexen-2-one 2.21h (71.5mg, 0.744 

mmol) followed by CF3CH2OH (0.214 mL, 2.97 mmol) were added by syringe.  The solution 

was heated to 40 °C and stirred until no starting material was detected by TLC.  The reaction 
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mixture was filtered through a pad of celite, concentrated and purified by silica gel 

chromatography. 

Characterization of compounds 8h-16: 

 1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentan-3-one (2.22b): 

Compound 2.22b was synthesized using General Procedure 2 and purified 

by flash chromatography on silica gel to afford a colorless oil; 
1
H NMR 

(500 MHz, CDCl3) δ = 2.54 (t, J = 7.2 Hz, 2H), 2.40 (q, J = 7.4 Hz, 2H), 

1.22 (s, 12H), 1.04 (t, J = 7.4 Hz, 3H), 0.90 (t, J = 7.2 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ = 

212.1, 83.2, 37.1, 35.4, 24.8, 8.1; 
11

B NMR (160 MHz, CDCl3): δ = 33.58; IR (NaCl) 2  8, 

1715, 1377, 1315, 1148, 968, 837 cm
-1

; HRMS (ESI+): Calcd for C11H22BO3 [M+H]
+
: 213.1662, 

Found: 213.1662.  

1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexan-3-one (2.22c): 

Compound 2.22c was synthesized using General Procedure 2 and 

purified by flash chromatography on silica gel to afford a colorless oil; 

1
H NMR (500 MHz, CDCl3) δ = 2.54  (t, J = 7.1 Hz, 2H), 2.36 (t, J = 

7.3 Hz, 2H), 1.59 (sextet, J = 7.3 Hz, 2H), 1.22 (s, 12H), 0.89 (t, J = 7.4 Hz, 5H); 
13

C NMR (125 

MHz, CDCl3) δ = 211. , 83.1, 44.2, 3 .6, 24.8, 1 .6, 13.8; 
11

B NMR (160 MHz, CDCl3): δ = 

33.54; IR (NaCl) 2976, 1712, 1379, 1315, 1148, 968, 845 cm
-1

; HRMS (ESI+): Calcd for 

C12H24BO3 [M+H]
+
: 227.1819, Found: 227.1805. 
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4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentan-2-one (2.22d): 

Compound 2.22d was synthesized using General Procedure 2 and purified 

by flash chromatography on silica gel to afford a colorless oil; 
1
H NMR (500 

MHz, CDCl3) δ = 2.55-2.53 (m, 2H), 2.10 (s, 3H), 1.28-1.24 (m, 1H), 1.22 

(s, 6H), 1.21 (s, 6H), 0.94 (d, J = 7.5 Hz, 3H); 
13

C NMR (125 MHz, CDCl3) δ = 20 .1, 83.1, 

47.7, 29.8, 24.8, 24.7, 15.1; 
11

B NMR (160 MHz, CDCl3): δ = 33.  ; IR (NaCl) 2  8, 1 15, 

1369, 1315, 1146, 968, 862 cm
-1

; HRMS (ESI+): Calcd for C11H22BO3 [M+H]
+
: 213.1662, 

Found: 213.1639. 

 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexan-3-one (2.22e): 

Compound 2.22e was synthesized using General Procedure 2 and purified 

by flash chromatography on silica gel to afford a colorless oil; 
1
H NMR 

(500 MHz, CDCl3) δ = 2.53-2.51 (m, 2H), 2.38 (qd, J = 3.7, 7.4 Hz, 2H), 

1.30-1.26 (m, 1H), 1.23 (s, 6H), 1.22 (s, 6H), 1.04 (t, J = 7.4 Hz, 3H), 0.95 (d, J = 7.5 Hz, 3H); 

13
C NMR (125 MHz, CDCl3) δ = 211.8, 83.0, 46.3, 35.8, 24.8, 24. , 15.1, 8.0; 

11
B NMR (160 

MHz, CDCl3): δ = 33.58; IR (NaCl) 2  6, 2 34, 1713, 1369, 1315, 1146, 968, 860 cm
-1

; HRMS 

(ESI+): Calcd for C12H24BO3 [M+H]
+
: 227.1819, Found: 227.1796. 

1,3-diphenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propan-1-one (2.22g): 

Compound 2.22g was synthesized using General Procedure 2 and 

purified by flash chromatography on silica gel to afford a yellow oil; 

1
H NMR (500 MHz, CDCl3) δ =  .  -7.95 (m, 2H), 7.59-7.50 (m, 1H), 

7.45-7.42 (m, 2H), 7.34-7.24 (m, 4H), 7.21-7.13 (m, 1H), 3.55 (dd, J = 

10.9, 18.3 Hz, 1H), 3.42 (dd, J = 5.0, 18.3 Hz, 1H), 2.80 (dd, J = 5.0, 10.9 Hz, 1H), 1.24 (s, 6H), 
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1.16 (s, 6H); 
13

C NMR (125 MHz, CDCl3) δ = 1  .8, 142.0, 136. , 133.0, 128.6, 128.6, 128.5, 

128.1, 125.7, 83.5, 43.4, 27.3, 24.7, 24.6; 
11

B NMR (160 MHz, CDCl3): δ = 32.63; IR (NaCl) 

2978, 1682, 1367, 1321, 1142, 754, 698 cm
-1

; HRMS (ESI+): Calcd for C21H26BO3 [M+H]
+
: 

337.1975, Found: 337.1981.  

3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclohexanone (2.22h): 

Compound 2.22h was synthesized using General Procedure 2 and purified by 

flash chromatography on silica gel to afford a pale yellow oil; TLC (20% 

EtOAC/Hexanes):  Rf = 0.37.  
1
H NMR (500 MHz, CDCl3) δ = 2.39-2.25 (m, 

4H), 2.11-2.01 (m, 1H), 1.89-1.82 (m, 1H), 1.79-1.68 (m, 1H), 1.67-1.59 (m, 

1H), 1.49-1.40 (m, 1H), 1.22 (s, 12H); 
13

C NMR (125 MHz, CDCl3) δ = 212.4, 83.5, 42.6, 41.9, 

28.5, 26. 6, 25.1, 24.8, 24.8; 
11

B NMR (160 MHz, CDCl3): δ = 33.11; IR (NaCl) 2978, 1711, 

1383, 1327, 1144, 980, 851 cm
-1

; HRMS (ESI+): Calcd for C12H22BO3 [M+H]
+
: 225.1662, 

Found: 225.1639. 

4-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentan-2-one (2.22j): 

Compound 2.22j was synthesized using General Procedure 2 and purified by 

flash chromatography on silica gel to afford a colorless oil; 
1
H NMR (500 

MHz, CDCl3) δ = 2.48 (s, 2H), 2.07 (s, 3H), 1.23 (s, 12H), 0.91 (s, 6H); 
13

C 

NMR (125 MHz, CDCl3) δ = 208.8, 83.0, 55.8, 30.1, 24.7; 
11

B NMR (160 MHz, CDCl3): δ = 

34.10; IR (NaCl) 2976, 2934, 1715, 1367, 1308, 1140, 968, 858 cm
-1

; HRMS (ESI+): Calcd for 

C12H24BO3 [M+H]
+
: 227.1819, Found: 227.1814. 
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 3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentan-2-one (2.22k): 

Compound 2.22k was synthesized using General Procedure 2 and purified 

by flash chromatography on silica gel to afford a colorless oil; 
1
H NMR (500 

MHz, CDCl3) δ = 2.59 (m, 1.21H), 2.14 (s, 0.63H, minor diastereomer), 

2.11 (s, 3H, major diastereomer), 1.26 (m, 1.21H), 1.23 (s, 12H, major diastereomer), 1.21 (s, 

2.52H, minor diastereomer), 1.13 (d, J = 7.2 Hz, 3H, major diastereomer), 1.12 (d, J = 7.2 Hz, 

0.63H, minor diastereomer), 0.91 (d, J = 7.5 Hz, 3H, major diastereomer), 0.89 (d, J = 8.5 Hz, 

0.63H, minor diastereomer); 
13

C NMR (125 MHz, CDCl3): δ = 213.1, 83.1, 83.0, 50.1, 49.8, 

28.2, 28.1, 24.8, 24.8, 15.7, 14.8, 13.0, 12.3; 
11

B NMR (160 MHz, CDCl3): δ = 33.63; IR (NaCl) 

2976, 1711, 1369, 1317, 1146, 968, 856 cm
-1

; HRMS (ESI+): Calcd for C12H24BO3 [M+H]
+
: 

227.1819. 

1-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclohexyl)ethanone (2.22l): 

Compound 2.22l was synthesized using General Procedure 2 and purified by 

flash chromatography on silica gel to afford a light yellow oil; 
1
H NMR (500 

MHz, CDCl3): δ = 2.57 (dt, J = 4.5, 7.5 Hz, 1H, major diastereomer), 2.49 (dt, 

J = 6.5, 13.5 Hz, 0.1H, minor diastereomer), 2.12 (s, 3.3H), 1.88-1.78 (m, 

2.2H), 1.69-1.65 (m, 1.1H), 1.55-1.50 (m, 1.1H), 1.48-1.42 (m, 2H), 1.41-1.34 (m 2.2H), 1.29-

1.26 (m, 1.1H), 1.22 (d, J = 4.3 Hz, 13.2H); 
13

C NMR (125 MHz, CDCl3): δ = 212.1, 83.2, 82.8, 

53.0, 52.2, 29.9, 27.9, 27.6, 27.6, 26.7, 26.7, 26.5, 25.8, 25.4, 25.2, 25.1, 24.9, 24.8, 24.8, 24.6, 

24.6; 
11

B NMR (160 MHz, CDCl3): δ = 33.22; IR (NaCl) 2928, 2855, 1707, 1377, 1311, 1146, 

970, 852 cm
-1

; HRMS (ESI+): Calcd for C14H26BO3 [M+H]
+
: 253.1975, Found: 253.1993. 
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3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentanal (2.24): 

Compound 2.24 was synthesized using General Procedure 2 and purified by 

flash chromatography on silica gel to afford a colorless oil; TLC (5% 

EtOAc/Hexanes): Rf = 0.30.  
1
H NMR (500 MHz, CDCl3) δ = 9.76 (s, 1H), 

2.58 (dd, J = 7.2, 18.0 Hz, 1H), 2.51 (dd, J = 7.2, 18.0 Hz, 1H), 1.53-1.46 (m, 1H), 1.43-1.36 (m, 

1H), 1.32-1.26 (m, 1H), 1.24 (s, 6H), 1.23 (s, 6H), 0.92 (t, J = 7.4 Hz, 3H); 
13

C NMR (125 MHz, 

CDCl3) δ = 203.0, 83.3, 45.6, 24.9, 24.7, 23.6, 13.3; 
11

B NMR (160 MHz, CDCl3): δ = 33.74; IR 

(NaCl) 2977, 1725, 1368, 1318, 1146, 968, 854 cm
-1

; HRMS (ESI+): Calcd for C11H21BNaO3 

[M+Na]
+
: 235.1481, Found: 235.1484. 

2-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanal (2.25): 

Compound 2.25 was synthesized using General Procedure 2 and purified by 

flash chromatography on silica gel to afford a colorless oil; TLC (5% 

EtOAc/Hexanes): Rf = 0.21.  
1
H NMR (400 MHz, CDCl3) δ = 9.64 (s, 1H), 

2.56 (m, 1H), 1.25 (s, 6H), 1.24 (s, 6H), 1.15 (d, J = 7.2 Hz, 3H), 1.05 (dd, J = 6.9, 15.9 Hz, 1H), 

0.83 (dd, J = 7.7, 15.9 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ = 205.3, 83.4, 42.7, 24.8, 15.7; 

11
B NMR (160 MHz, CDCl3): δ = 33.38; IR (NaCl) 2979, 1723, 1369, 1319, 1147, 968, 852 cm

-

1
; HRMS (ESI+): Calcd for C10H19BNaO3 [M+Na]

+
: 221.1325, Found: 221.1311. 
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([PDIPA B2][K(thf)])2, ((2.20)thf)2: 

Under an atmosphere of nitrogen 2.13 (70 mg, 260 

μmol) and KO
t
Bu (41 mg, 365 μmol, 1.4 equiv) were 

combined in 2 mL of dry THF.  After 3 days, X-ray 

quality crystals separated, which were washed with n-

hexane (2  2 mL) and dried in vacuo to give 27 mg (36 

μmol, 2 %) of a colorless solid. m.p.: > 160° C (decomp.); 
1
H NMR (700 MHz, THF-d8): δ = 

4.43 – 4.38 (m, 1 H, OCH(A)), 4.37 – 4.31 (m, 1 H, OCH(A’)), 4.15 – 4.09 (m, 1 H, OCH(B)), 

3.63 – 3.60 (m, 4 H, CH2O(THF)), 3.14 (t, J = 8 Hz, 1 H, CH2N(A)), 3.09 (t, J = 8 Hz , 1 H, 

CH2N(A’)), 2. 6 – 2.66 (m, 2 H, CH2N(A, B)), 2.59 – 2.55 (m, 2 H, CH2N(A’, B)), 1.   – 1.76 

(m, 4 H, CH2O(THF)), 1.30 (d, JHH = 6 Hz, 3 H, CH3(A’)), 1.1  (d, J = 6 Hz, 3 H, CH3(A’)), 

1.09, 1.07, 1.06 (two signals) (s, 6 H, CH3(pin)), 1.04 (d, J = 6 Hz, 3 H, CH3(B)), 0.99 (two 

signals) (s, 3 H, CH3(pin)), 0.95 (s, 3 H, CH3(pin)); 
13

C NMR (175 MHz, THF-d8): δ =  8.5, 

78.4, 77.2, 77.0, 74.7, 74.1, 68.4, 66.1, 65.9, 58.2, 57-7, 57.4, 57.3, 27.6, 27.5, 27.3, 27.1 (two 

signals), 26.7 (two signals), 26.6, 24.6, 23.1, 22.6; 
11

B NMR (224 MHz, THF-d8): δ = 38.1 (v br 

s), 5.4 (br s); Anal. Calcd for: C32H64O10N2B4K2: C, 50.68; H, 8.51; N, 3.67%. Found: C, 50.84; 

H, 8.58; N, 3.61%. 

X-ray Crystallographic Analysis: 

 Crystals were centered on the goniometer of an Oxford Diffraction SuperNova equipped 

with an Eos detector and operating with CuK radiation (R,R)-2.13 or a Bruker SMART 1000 

((2.20)thf)2 

cell refinement, and data processing were carried out with the program CrysAlisPro ((R,R)-2)
2
 or 
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SMART,
3
 SAINT

4
 and SADABS

5
 (((10)Kthf)2).  The structures were solved by direct methods 

and refined using SHELXTL NT or SHELXTL 6.14.
6
 The final refinement model involved 

anisotropic displacement parameters for all non-hydrogen atoms and a riding model for all 

hydrogen atoms.  In the case of (R,R)-2.13, the anisotropic displacement parameters of the 

pinacol group suggest disorder, but attempts to model 2-position disorder did not improve the 

overall model and were abandoned.  In the structure of ((2.20)thf)2, the THF molecule is partly 

disordered; two positions were refined (ratio of occupancies: 54:46). Additionally, a part of the 

diisopropanolamine moiety is disordered (see text).  The absolute configuration of (R,R)-2.13 

was established from anomalous dispersion effects (Flack x = -0.07(18);
7
 Hooft P2(true) = 1.000, 

P3(true) = 1.000, P3(rac-twin) = 0.4x1015; P3(false) = 0.000, y = -0.05(7)
8
). 

X-ray data for (R,R)-2.13:  

C12H25B2NO4, Mr = 268.95, crystal dimensions 0.211 × 0.072 × 0.066 mm
3
, orthorhombic, 

P212121, a = 9.5436(2), b = 11.7206(3), c = 13.6397(3) Å, V = 1525.69(6) Å
3
, Z = 4, Z' = 1, ρcalcd 

= 1.171 g/cm
3
,  = 0.673 mm

-1
, CuK radiation (1.5418 Å), T = 100(2) K, 2θmax = 144.5°, 9951 

reflections with 2992 unique [R(int) = 0.0274], R1= 0.0365 (for 2852 unique data with I > 

-0.205 e
–
/Å

3
. 

X-ray data for 2.13: 

C12H25B2NO4, Mr = 268.95, crystal dimensions 0.51 × 0.24 × 0.21 mm
3
, orthorhombic, P212121, 

a = 9.5091(3), b = 11.8200(3), c = 13.6947(4) Å, V = 1539.25(8) Å
3
, Z = 4, Z' = 1, ρcalcd = 1.161 

g/cm
3
,  = 0.082 mm

-1
, MoK radiation (0. 10 3 Å), T = 120(2) K, 2θmax = 54.0°, 17150 

wR2 = 0.1433 (all data), max peak/hole = 0.469/-0.216 e
–
/Å

3
. 
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X-ray data for ((2.20)thf)2: 

C16H32B2KNO5, Mr =379.15, crystal dimensions 0.42 × 0.31 × 0.29 mm
3
, triclinic, P–1, a = 

9.8528(3), b = 10.1429(3), c = 10.9177(3) Å,  = 86.801(1)°,  = 83.170(1)°,  = 69.752(1)°, V 

= 1018.12(5) Å
3
, Z = 2, Z' = 1, ρcalcd = 1.237 g/cm

3
,  = 0.285 mm

-1
, MoK radiation (0.71073 Å 

), T = 120(2) K, 2θmax = 56.0°, 13552 reflections with 4906 unique [R(int) = 0.0356], R1 = 

-

0.360 e
–
/Å

3
. 

5.4 Synthetic procedures for Chapter 3 

Preparation of allenoates: 

 Allenoates were prepared following a published procedure (General Procedure 3) by 

Kwon, as described below.
9
 References for previously reported allenoates are provided in the 

table below.  Spectral data for unreported allenoates follows. 

Substrate R
1
 R

2
 R

3
 Reference 

3.26a H H Me J. Chem. Soc.(C) 1969, 2443 

3.26b H H Et Available from Sigma-Aldrich 

3.26c H H (CH2)3C6H5 Unknown in the literature 

3.26d Ph H Me Helv. Chim. Acta 1980, 63, 438 

3.26e Ph H Et J. Am. Chem. Soc. 2007, 129, 1494 

3.26f Ph H (CH2)3C6H5 Unknown in the literature 

3.26g Me H Me Helv. Chim. Acta 1980, 63, 438 

3.26h Me H Et Org. Synth. 1990, Coll. Vol. 7, 232 

3.26i Me H 
i
Pr Unknown in the literature 

3.26j Me H 
t
Bu Unknown in the literature 

3.26k Me H o-nitrobenzyl Unknown in the literature 

3.26l Me Me Et Helv. Chim. Acta 1980, 63, 438 
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General procedure 3 for the synthesis of allenoates 3.26a-3.26l (Scheme 3.4):
9
 

A solution of bromoacetyl bromide 3.28 (1.5 equiv) in dichloromethane was cooled to 0 

°C in an ice water bath.  Alcohol 3.29 (1 equiv) and triethylamine (1 equiv) were successively 

added.  After stirring overnight, water was added and the organic layer was separated. The 

aqueous layer was extracted twice more with dichloromethane. The combined extract was 

washed with brine, dried over sodium sulfate and concentrated by rotary evaporation. The 

residue was then purified by flash chromatography on silica gel to give bromoester 3.30 (50-84% 

yield).  The bromoester was then dissolved in benzene and triphenylphosphine (1 equiv) was 

added.  The resulting mixture was further stirred for 24 hours at room temperature and was then 

filtered and washed with hexane to give phosphonium salt 3.31 (87-95% yield). To this resulting 

phosphonium salt was added a 2:1 mixture of hexanes:dichloromethane and the suspension was 

cooled to 0 °C in an ice-water bath.  1.1 equivalents of triethylamine were added and the mixture 

was stirred for 2 hours.  An additional 1.1 equivalents of triethylamine were added, followed by 

dropwise addition of acetyl chloride 3.32.  The reaction mixture was stirred overnight, allowing 

the ice bath to melt. The resulting mixture was poured into a fritted vacuum funnel packed with 

silica gel and was washed with dichloromethane several times. The combined filtrate was 

carefully evaporated and purified by either Kugelrohr distillation or flash chromatography on 

silica gel.  
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Characterization of unreported allenoates (3.26c, f, i-k): 

3-Phenylpropyl buta-2,3-dienoate (3.26c): 

Compound 3.26c was synthesized using General Procedure 3 and 

purified by flash chromatography on silica gel to afford a yellow oil; 
1
H 

NMR (500 MHz, CDCl3) δ  .2  (t, J = 7.5 Hz, 2H), 7.19 (m, J = 7.6 Hz, 

3H), 5.65 (t, J = 6.5 Hz, 1H), 5.23 (d, J = 6.5 Hz, 2H), 4.17 (t, J = 6.5 Hz, 2H), 2.70 (t, J = 7.7 

Hz, 2H), 2.03 – 1.96 (m, 2H); 
13

C NMR (126 MHz) δ 215.  , 165.8 , 141.30, 128.58, 128.55, 

126.15, 88.12, 79.40, 64.39, 32.20, 30.33; HRMS (APCI+): Calcd for C13H15O2 [M+H]
+
: 

203.1072,  Found 203.1080; TLC: 1:9 / EtOAc:Hexanes, Rf 0.39. 

3-Phenylpropyl 4-phenylbuta-2,3-dienoate (3.26f): 

Compound 3.26f was synthesized using General Procedure 3 and 

purified by flash chromatography on silica gel to afford a yellow oil; 
1
H 

NMR (500 MHz, CDCl3) δ  .48 – 7.13 (m, 10H), 6.64 (d, J = 6.4 Hz, 1H), 6.03 (d, J = 6.4 Hz, 

1H), 4.20 (t, J = 6.4 Hz, 2H), 2.74 (t, J = 7.6 Hz, 2H), 2.06 - 1.94 (m, 2H); HRMS (APCI+): 

Calcd for C19H19O2 [M+H]
+
: 279.1380,  Found 279.1386; TLC: 1:9 / EtOAc:Hexanes, Rf 0.37. 

Isopropyl penta-2,3-dienoate (3.26i): 

Compound 3.26i was synthesized using General Procedure 3 and purified 

by Kugelrohr distillation to afford a Colorless oil; 
1
H NMR (500 MHz, 

CDCl3) δ 5.61 – 5.51 (m, 1H), 5.11 – 4.99 (m, 1H), 3.19 (q, J = 2.6 Hz, 1H), 1.84 – 1.77 (m, 

3H), 1.27 – 1.24 (m, 6H); HRMS (APCI+): Calcd for C18H13O2 [M+H]
+
: 141.0910,  Found 

141.0909; TLC: 1:9 / EtOAc:Hexanes, Rf 0.45. 
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tert-butyl penta-2,3-dienoate (3.26j): 

Compound 3.26j was synthesized using General Procedure 3 and purified 

by Kugelrohr distillation to afford a colorless oil; 
1
H NMR (500 MHz, 

CDCl3) δ 5.61 – 5.44 (m, 1H), 3.14 (q, J = 2.5 Hz, 1H), 1.87 – 1.72 (m, 3H), 1.47 (d, J = 6.5 Hz, 

9H); GC/MS (EI+): Calcd for C9H14O2: 154, Found 154; TLC: 1:9 / EtOAc:Hexanes, Rf 0.50. 

2-Nitrobenzyl penta-2,3-dienoate (3.26k):  

Compound 3.26k was synthesized using General Procedure 3 and 

purified by flash chromatography on silica gel to afford a white solid; 

1
H NMR (500 MHz, CDCl3) δ 8.12 (t, J = 7.6 Hz, 1H), 7.69 – 7.58 

(m, 2H), 7.53 – 7.46 (m, 1H), 5.59 (d, J = 5.6 Hz, 2H), 3.34 (q, J = 2.5 Hz, 1H), 1.95 – 1.77 (m, 

3H); HRMS (APCI+): Calcd for C12H12NO4 [M+H]
+
: 234.0761,  Found 234.0764; TLC: 1:4 / 

EtOAc:Hexanes, Rf 0.35. 

Procedures 4-7 for the optimization of the β-boration of ethyl-2,3-butadienoate (Table 3.1): 

Procedure 4 (Entry 1):  1,3-Dimethylimidazolium-2-carboxylate (2.5 mg, 0.018 mmol) and 

copper(I) chloride (1.8 mg, 0.018 mmol) were added to a 10 mL, 2-neck, round-bottomed flask.  

ACN (2 ml) was added and the reaction was stirred for 15 min.  Bis(pinacolato)diboron (100 mg, 

0.394 mmol) in ACN (2 ml) was added, followed by ethyl 2,3-butadienoate (0.042 ml, 0.358 

mmol) and the black reaction mixture was stirred at room temperature for 2 hours then analyzed 

by GC.
10

 

Procedure 5 (Entry 2):  1,3-dicyclohexylimidazolium tetrafluoroborate (5.7 mg, 0.018 mmol), 

sodium tert-butoxide (3.4 mg, 0.036 mmol) and copper(I) chloride (1.8 mg, 0.018 mmol) were 
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added to a 10 mL, 2-neck, round-bottomed flask.  THF (3 ml) was added and the reaction was 

stirred for 2.5 hours.  Bis(pinacolato)diboron (100 mg, 0.392 mmol) in THF (1 ml) was added 

via syringe.  After 10 minutes. ethyl 2,3-butadienoate (0.041 ml, 0.357 mmol) was added and the 

reaction was stirred at room temperature for 2 hours then analyzed by GC.
11

 

Procedure 6 (Entries 3-8):  Copper(I) chloride (3.5 mg, 0.036 mmol) was added to a 10 mL, 2-

neck, round-bottomed flask fitted with a reflux condenser (for entries 5-6, NaO
t
Bu and DPEphos 

were also added at this time).  DCM (0.5 ml) was added and the reaction was stirred for 2 min.  

PDIPA diboron (115 mg, 0.428 mmol) in DCM (4 ml) was injected via syringe.  After 10 

minutes, ethyl 2,3-butadienoate (0.041 ml, 0.357 mmol) was added and the reaction was stirred 

at reflux for 2 hours then analyzed by GC (for entries 3 and 7, TFE was added directly after the 

allenoate).  

Procedure 7 (Entries 9-18):  Copper(I) chloride (3.5 mg, 0.036 mmol) and PDIPA diboron (115 

mg, 0.428 mmol) were added to a 10 mL, 2-neck, round-bottomed flask fitted with a reflux 

condenser. THF (4.5 ml) was added (for entry 9, DMF was used instead).  After 10 minutes, 

ethyl 2,3-butadienoate (0.041 ml, 0.357 mmol) was added and the reaction was stirred at the 

indicated temperature for 2 hours then analyzed by GC.  For entries 12-18, copper(I) chloride 

was substituted for the indicated catalyst. 

General procedure 8 for the β-boration of substrates 3.26a-l (Table 3.2): 

 Copper(I) chloride (3.53 mg, 0.036 mmol) and PDIPA diboron 2.13 (115 mg, 0.428 

mmol) were added to a 10 mL, 2-neck, round-bottomed flask and purged with vacuum / nitrogen.  

THF (2.5 ml) was added and the suspension was stirred for 5 min, producing a black mixture. 

Ethyl 2,3-butadienoate 3.26b (40 mg, 0.357 mmol) dissolved in THF (0.5 ml) was added, 
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washing once more with THF (0.5 ml), and the reaction was stirred at room temperature and 

followed by TLC until the starting material was gone (typically 2-3 hours).  The contents were 

then filtered through celite, washing with diethyl ether, and concentrated by rotary evaporation.  

Compounds were purified by either Kugelrohr distillation or flash chromatography on silica gel. 

Characterization of compounds 3.27a-l: 

methyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoate (3.27a): 

Compound 3.27a was synthesized using General Procedure 8 and 

purified by Kugelrohr distillation to afford a colorless oil;
 1

H NMR (500 

MHz, CDCl3) δ 5.8  (d, J = 2.9 Hz, 1H), 5.69 (s, 1H), 3.66 (s, 3H), 3.19 

(s, 2H), 1.26 (d, J = 4.7 Hz, 12H); 
13

C NMR (126 MHz) δ 1 2. 5, 132.02, 83.8 , 51.81, 40.62, 

24.81; 
11

B NMR (160 MHz) δ 2 .58; HRMS (ESI+): Calcd for C11H20BO4 [M+H]
+
: 227.1449,  

Found 227.1444; Calcd for C11H23BNO4 [M+NH4]
+
: 244.1715, Found: 244.1718; TLC: 1:9 / 

EtOAc:Hexanes, Rf 0.28. 

ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoate (3.27b):  

Compound 3.27b was synthesized using General Procedure 8 and 

purified by Kugelrohr distillation to afford a colorless oil;
 1

H NMR 

(500 MHz, CDCl3) δ 5.8  (d, J = 2.9 Hz, 1H), 5.69 (s, 1H), 4.12 (q, J 

= 7.1 Hz, 2H), 3.17 (s, 2H), 1.26 (s, 12H), 1.25 (t, J = 7.1 Hz, 3H); 
13

C NMR (126 MHz) δ 

172.35, 131.94, 83.85, 60.60, 40.84, 24.78, 14.38; 
11

B NMR (160 MHz) δ 2 .5 ; HRMS (ESI+): 

Calcd for C12H22BO4 [M+H]
+
: 241.1606, Found: 241.1600; Calcd for C12H21BNaO4 [M+Na]

+
: 

263.1425, Found: 263.1435; TLC: 1:9 / EtOAc:Hexanes, Rf 0.35. 
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3-phenylpropyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoate (3.27c): 

Compound 3.27c was synthesized using General Procedure 8 and 

purified by flash chromatography on silica gel to afford a light yellow 

oil; 
1
H NMR (500 MHz, CDCl3) δ  .30 – 7.26 (m, 2H), 7.21 – 7.17 

(m, 3H), 5.92 (d, J = 2.9 Hz, 1H), 5.71 (s, 1H), 4.10 (t, J = 6.6 Hz, 2H), 3.19 (s, 2H), 2.68 (t, J = 

7.6 Hz, 2H), 1.99 – 1.92 (m, 2H), 1.26 (s, 12H); 
13

C NMR (126 MHz) δ 1 2.40, 141.44, 132.10, 

128.57, 128.56, 126.11, 83.88, 63.94, 40.68, 32.27, 30.41, 24.86; 
11

B NMR (160 MHz) δ 2 .6 ; 

HRMS (ESI+): Calcd for C19H28BO4 [M+H]
+
: 331.2075, Found: 331.2083; Calcd for 

C19H27BNaO4 [M+Na]
+
: 353.1895, Found: 353.1917; TLC: 1:9 / EtOAc:Hexanes, Rf 0.34. 

(Z)-methyl 4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoate (3.27d): 

Compound 3.27d was synthesized using General Procedure 8 and purified by 

flash chromatography on silica gel to afford a light yellow oil; 
1
H NMR (500 

MHz, CDCl3) δ  .41 – 7.26 (m, 6H), 3.68 (s, 3H), 3.41 (d, J = 1.3 Hz, 2H), 

1.30 (s, 12H); 
13

C NMR (126 MHz) δ 1 3.01, 144.35, 13 .03, 12 .03, 

128.41, 127.77, 83.92, 51.91, 35.10, 24.86; 
11

B NMR (160 MHz) δ 30.1 ; 

HRMS (ESI+): Calcd for C17H24BO4 [M+H]
+
: 303.1762, Found: 303.1779; Calcd for 

C17H23BNaO4 [M+Na]
+
: 325.1582, Found: 325.1596; TLC: 1:9 / EtOAc:Hexanes, Rf 0.31. 

(Z)-ethyl 4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoate (3.27e): 

Compound 3.27e was synthesized using General Procedure 8 and purified 

by flash chromatography on silica gel to afford a light yellow oil; 
1
H NMR 

(500 MHz, CDCl3) δ  .41 – 7.27 (m, 6H), 4.14 (q, J = 7.1 Hz, 2H), 3.39 
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(d, J = 1.3 Hz, 2H), 1.31 (s, 12H), 1.25 (t, J = 7.1 Hz, 3H); 
13

C NMR (126 MHz) δ 1 4.18, 

144.28, 137.11, 129.06, 128.38, 127.72, 83.88, 60.68, 35.33, 24.89, 14.39; 
11

B NMR (160 MHz) 

δ 30.20; HRMS (ESI+): Calcd for C18H26BO4 [M+H]
+
: 317.1924, Found: 317.1883; Calcd for 

C18H25BNaO4 [M+Na]
+
: 339.1738, Found: 339.1713; TLC: 1:9 / EtOAc:Hexanes, Rf 0.33. 

(Z)-3-phenylpropyl 4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoate 

(3.27f): 

Compound 3.27f was synthesized using General Procedure 8 and 

purified by flash chromatography on silica gel to afford a light 

yellow oil; 
1
H NMR (500 MHz, CDCl3) δ  .43 – 7.14 (m, 11H), 4.11 

(t, J = 6.5 Hz, 2H), 3.41 (s, 2H), 2.68 (t, J = 7.7 Hz, 2H), 2.00 – 1.90 

(m, 2H), 1.30 (s, 12H); 
13

C NMR (126 MHz) δ 1 2.64, 144.4 , 

141.42, 137.13, 129.06, 128.58, 128.55, 128.42, 127.78, 126.10, 83.91, 63.98, 35.27, 32.25, 

30.43, 24.91; 
11

B NMR (160 MHz) δ 30.1 ; HRMS (ESI+): Calcd for C25H32BO4 [M+H]
+
: 

407.2388, Found: 407.2416; Calcd for C25H31BKO4 [M+K]
+
: 445.1947, Found: 445.1961; TLC: 

1:9 / EtOAc:Hexanes, Rf 0.31. 

(Z)-methyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-3-enoate (3.27g): 

Compound 3.27g was synthesized using General Procedure 8 and purified by 

Kugelrohr distillation to afford a colorless oil; 
1
H NMR (500 MHz, CDCl3) δ 

6.56 (q, J = 6.8, 1H), 3.65 (s, 3H), 3.20 (s, 2H), 1.73 (d, J = 6.8 Hz, 3H), 1.25 

(s, 12H); 
13

C NMR (126 MHz) δ 1 2. 0, 143.21, 83.55, 51.  , 33.53, 24.83, 
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14.70; 
11

B NMR (160 MHz) δ 30.12; HRMS (ESI+): Calcd for C12H22BO4 [M+H]
+
: 241.1606, 

Found: 241.1618; Calcd for C12H21BNaO4 [M+Na]
+
: 263.1425, Found: 263.1440; TLC: 1:9 / 

EtOAc:Hexanes, Rf 0.33. 

(Z)-ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-3-enoate (3.27h): 

Compound 3.27h was synthesized using General Procedure 8 and purified 

by Kugelrohr distillation to afford a colorless oil; 
1
H NMR (500 MHz, 

CDCl3) δ 6.56 (q, J = 6.8 Hz, 1H), 4.10 (q, J = 7.1 Hz, 2H), 3.18 (s, 2H), 

1.73 (t, J = 5.0 Hz, 3H), 1.25 – 1.22 (m, 15H); 
13

C NMR (126 MHz) δ 

172.47, 143.17, 83.51, 60.49, 33.79, 24.85, 14.72, 14.37; 
11

B NMR (160 MHz) δ 2 . 8; HRMS 

(ESI+): Calcd for C13H24BO4 [M+H]
+
: 255.1762, Found: 255.1753; Calcd for C13H23BNaO4 

[M+Na]
+
: 277.1582, Found: 277.1589; TLC: 1:9 / EtOAc:Hexanes, Rf 0.34. 

(Z)-isopropyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-3-enoate (3.27i): 

Compound 3.27i was synthesized using General Procedure 8 and purified 

by Kugelrohr distillation to afford a colorless oil; 
1
H NMR (500 MHz, 

CDCl3) δ 6.58 – 6.51 (m, 1H), 4.96 (m, 1H), 3.13 (s, 2H), 1.73 (d, J = 6.8 

Hz, 3H), 1.24 (s, 12H), 1.20 (d, J – 6.3 Hz, 6H); 
13

C NMR (126 MHz) δ 

172.02, 143.14, 83.49, 67.66, 34.09, 24.87, 21.96, 14.72; 
11

B NMR (160 MHz) δ 30.01; HRMS 

(ESI+): Calcd for C14H26BO4 [M+H]
+
: 269.1919, Found: 269.1893; TLC: 1:9 / EtOAc:Hexanes, 

Rf 0.37. 
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(Z)-tert-butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-3-enoate (3.27j): 

Compound 3.27j was synthesized using General Procedure 8 and purified 

by Kugelrohr distillation to afford a colorless oil; 
1
H NMR (500 MHz, 

CDCl3) δ 6.56 – 6.51 (m, 1H), 3.09 (s, 2H), 1.73 (d, J = 6.8 Hz, 3H), 1.42 

(s, 9H), 1.24 (s, 12H); 
13

C NMR (126 MHz) δ 1 1. 3, 142. 3, 83.36, 

80.01, 34.93, 28.14, 24.81, 14.64; 
11

B NMR (160 MHz) δ 30.05; HRMS (ESI+): Calcd for 

C15H28BO4 [M+H]
+
: 283.2075, Found: 283.2081; Calcd for C15H27BNaO4 [M+Na]

+
: 305.1895, 

Found: 305.1894; TLC: 1:9 / EtOAc:Hexanes, Rf 0.44. 

(Z)-2-nitrobenzyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-3-enoate (3.27k): 

Compound 3.27k was synthesized using General Procedure 8 and 

purified by flash chromatography on silica gel to afford a yellow oil; 

1
H NMR (500 MHz, CDCl3) δ 8.12 (d, J = 8.4 Hz, 1H), 7.63 (d, J = 

3.9 Hz, 2H), 7.50 – 7.54 (m, 1H), 6.62 (q, J = 7.0 Hz, 1H), 5.53 (s, 

2H), 3.32 (s, 2H), 1.77 (d, J = 6.8 Hz, 3H), 1.22 (s, 12H); 
13

C NMR (126 MHz) δ 1 1. 3, 

147.7*, 144.01, 133.82, 128.74, 128.56, 125.14, 83.63, 62.91, 33.59, 24.86, 14.83; 
11

B NMR 

(160 MHz) δ 2 .88; HRMS (ESI+): Calcd for C18H25BNO6 [M+H]
+
: 362.1769, Found: 

362.1746; Calcd for C18H24BNNaO6 [M+Na]
+
: 384.1589, Found: 384.1565; TLC: 1:4 / 

EtOAc:Hexanes, Rf 0.38. 

*Note: The carbon directly attached to the nitro group was not observed in the normal 
13

C 

spectrum.  HMBC spectroscopy identified a peak at approximately 147.7 ppm, which shows 

multiple bond correlation to other signals from the aromatic ring.  
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(Z)-ethyl 2-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-3-enoate (3.27l): 

 Compound 3.27l was synthesized using General Procedure 8 and purified 

by Kugelrohr distillation to afford a colorless oil; 
1
H NMR (500 MHz, 

CDCl3) δ 6.45 (q, J = 6.8 Hz, 1H), 4.22 (q, J = 7.1 Hz, 0.5H), 4.17 – 4.04 

(m, 2H), 3.47 (q, J = 7.1 Hz, 1H), 2.29 – 2.21 (m, 0.5H), 1.80 (s, 0.75H), 

1.74 (d, J = 6.8 Hz, 3H), 1.34 (s, 3H), 1.30 – 1.19 (m, 22H), 1.05 (t, J = 7.7 

Hz, 0.75H); 
13

C NMR (126 MHz) δ 1 5.52, 1 1.14, 140.58, 131.66, 83.26, 

83.20, 68.12, 61.55, 60.47, 38.89, 25.75, 25.13, 24.83, 16.62, 14.38, 14.25, 

12.44, 11.77; 
11

B NMR (160 MHz) δ 30.05; HRMS (ESI+): Calcd for 
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C14H26BO4 [M+H]
+
: 269.1919, Found: 269.1924; Calcd for C14H25BNaO4 [M+Na]

+
: 291.1738, 

Found: 291.1737; TLC: 1:9 / EtOAc:Hexanes, Rf 0.34. 

Example of 1D NOESY for product 3.27i: 

 

(E)-methyl 3-phenylpent-3-enoate ((E)-3.39): 

PdCl2(PPh3)2 (4 mg, 0.05 equiv) and K2CO3 (28 mg, 2 equiv) were added to a 10 

mL, 2-neck, round-bottomed flask fitted with a reflux condenser and purged 

several times with vacuum and nitrogen.  DMF (2 ml) was added.  Iodobenzene 

(22 μl, 2 equiv) followed by 3.27g (24 mg, 1 equiv) dissolved in DMF (1 ml) was added, 

washing with additional DMF, and the reaction was heated to 90 °C and stirred for 18 hours.  

The crude mixture was diluted with diethyl ether (10 ml) and DMF was removed by washing 
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with saturated LiBr (3 X 5 ml).  The organic layer was dried over Na2SO4, filtered, concentrated 

by rotary evaporation, and purified by flash chromatography on silica gel to afford (E)-3.39 as a 

light yellow oil (19 mg, 100%).  Spectral data is consistent with the literature.
12

  
1
H NMR (500 

MHz, CDCl3) δ 7.43 – 7.18 (m, 5H), 6.06 (q, J = 6.9 Hz, 1H), 3.66 (s, 3H), 3.53 (s, 2H), 1.84 (d, 

J = 6.9 Hz, 3H). 
13

C NMR (126 MHz) δ 1 2.04, 142.45, 133.38, 128.48, 126.  , 125. 6, 52.10, 

35.67, 14.73. TLC: 1:9 / EtOAc:Hexanes, Rf = 0.42. 

5.5 Synthetic procedures for Chapter 4 

General procedure 9 for the optimization of the  β-boration of 2-cyclohexen-1-one in water 

(Table 4.1): 

 Bis(pinacolato)diboron (72 mg, 1.1 equiv), 2-cyclohexen-1-one (25 μl, 1.0 equiv), and 

amine (0.02 equiv) were added to a 1-dram, PTFE vial with a magnetic stirbar.  A stock solution 

of dilute CuCl2 in DI water was prepared to a final concentration of 1.72 mM.  From the stock 

solution, 1.5 ml was added to the reaction vessel, providing 0.01 equiv CuCl2.  The reaction 

mixture was stirred vigorously for 1 hour at room temperature.  1 ml Ethyl acetate was added and 

allowed to stir for 1 minute.  The layers were allowed to separate and the organic layer was 

analyzed by GC.  Stock copper solutions were not freshly prepared each day.  They showed no 

decrease in catalytic activity after bench top storage over several months. 

General procedure 10 for the optimization of the β-boration of 3-methyl-2-cyclohexen-1-

one in water (Table 4.2): 

 Bis(pinacolato)diboron (72 mg, 1.1 equiv), 3-methyl-2-cyclohexen-1-one (2  μl, 1.0 

equiv), and 4-picoline (0.5 μl, 0.02 equiv or 1.2  μl, 0.05 equiv) were added to a 1-dram, PTFE 

vial with a magnetic stirbar.  Additives were also added at this time, when used.  A stock 
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solution of dilute Cu(II) salt in DI water was prepared as before to provide 0.01 equiv Cu(II) per 

1.5 ml.  From the stock solution, 1.5 ml was added to the reaction vessel.  The reaction mixture 

was stirred vigorously for 1 hour at room temperature.  1 ml Ethyl acetate was then added and 

allowed to stir for 1 minute.  The layers were then allowed to separate and the organic layer was 

analyzed by GC.   

General procedure 11 for the copper-catalyzed β-boration of α,β-unsaturated carbonyl 

compounds in water 4.3a-o (Scheme 4.2): 

 Bis(pinacolato)diboron (144 mg, 1.1 equiv), benzyl acrylate (   μl, 1.0 equiv), and 4-

picoline (2.54 μl, 0.05 equiv) were added to a 5 ml round-bottomed flask with a magnetic stirbar.  

From the 1.72 mM stock solution, 3 ml was added to the reaction vessel.  The reaction mixture 

was stirred vigorously for 1-3 hours at room temperature, typically producing a dark red or black 

mixture, until the reaction was complete by TLC analysis. 

Procedure 12 for solid substrate 4.3f: 

 Bis(pinacolato)diboron (144 mg, 1.1 equiv), chalcone (   μl, 1.0 equiv), and 4-picoline 

(2.54 μl, 0.05 equiv) were added to a 5 ml round-bottomed flask with a magnetic stirbar and 

washed down the edge of the flask with THF (600 μl).  From the 1. 2 mM stock solution, 3 ml 

was added to the reaction vessel.  The reaction mixture was stirred vigorously for 2 hours at 

room temperature, typically producing a dark red or black mixture, until the reaction was 

complete by TLC analysis. 
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Work up procedure 1: 

2 ml Hexanes was then added and allowed to stir for 15 minute, which produced clear or 

slightly colored layers.  The contents were transferred to a separatory funnel, washing with 

hexanes.  After collecting the organic layer, the aqueous layer was extracted using 2 X 5 ml 

hexanes.  The combined organic extracts were then washed 5 X 5 ml DI water, dried over 

sodium sulfate, filtered, and concentrated in vacuo to provide the product. 

Work up procedure 2: 

 The products derived from cyclic ketones were not efficiently extracted into hexanes.  

Ethyl acetate was used as the extraction solvent (3 X 5 ml), and the combined organic extracts 

were dried over sodium sulfate, filtered, and concentrated in vacuo.  The residue was then 

purified by flash chromatography on silica gel.  Alternatively, 4.3a and 4.3b were extracted with 

cyclohexanone using the procedure described above, or distilled at reduced pressure using a 

Kugelrohr, to provide nearly identical yields. 

Work up procedure 3: 

 Using a slight modification of a method pioneered by Molander,
13

 5 equivalents of 

sodium perborate were added to the reaction mixture and allowed to stir until the borated product 

was consumed by TLC (1-2 hours).  The solvent was removed by rotary evaporation followed by 

high vacuum overnight.  The resulting white solid was re-dissolved in hot acetone.  After cooling 

to room temperature, the solution was filtered to remove the excess insoluble NaBO3.  The 

acetone solution was concentrated to afford the product. 
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Characterization of compounds 4.3a-o: 

3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclohexanone (4.3a): 

Compound 4.3a was synthesized using General Procedure 11 and purified by 

Work Up Procedure 2 to afford a colorless oil; 
1
H, 

13
C, and 

11
B NMR spectra 

are consistent with the literature
14

; TLC: 1:4 / EtOAc:Hexanes, Rf 0.40. 

 

3-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclohexanone (4.3b): 

Compound 4.3b was synthesized using General Procedure 11 and purified by 

Work Up Procedure 2 to afford a colorless oil; 
1
H and 

13
C NMR spectra are 

consistent with the literature
15

; 
11

B NMR (160 MHz) δ 34.0; TLC: 1:  / 

EtOAc:Hexanes, Rf 0.22. 

1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexan-3-one (4.3c): 

Compound 4.3c was synthesized using General Procedure 11 and 

purified by Work Up Procedure 1 to afford a colorless oil; 
1
H, 

13
C and 

11
B  NMR spectra are consistent with the literature

14
; TLC: 1:9 / 

EtOAc:Hexanes, Rf 0.31. 

5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexan-3-one (4.3d): 

Compound 4.3d was synthesized using General Procedure 11 and purified 

by Work Up Procedure 1 to afford a colorless oil; 
1
H, 

13
C, and 

11
B NMR 

spectra are consistent with the literature
14

; TLC: 1:9 / EtOAc:Hexanes, Rf 

0.34. 



143 

 

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)nonan-2-one (4.3e): 

Compound 4.3e was synthesized using General Procedure 11 and purified 

by Work Up Procedure 1 to afford a colorless oil;
 1

H NMR (500 MHz, 

CDCl3) δ 2.56 (d, J = 7.2 Hz, 2H), 2.11 (s, 3H), 1.44 – 1.33 (m, 1H), 1.29 

– 1.20 (m, 18H), 0.92 – 0.82 (m, 3H); 
13

C NMR (126 MHz) δ 20 .4, 83.1, 46.0, 32.1, 30.5, 2 .8, 

28.7, 24.9, 24.8, 22.7, 14.2.; 
11

B NMR (160 MHz) δ 33.8; HRMS (APCI+): Calcd for C15H30BO3 

[M+H]
+
: 269.2283,  Found 269.2273; TLC: 1:9 / EtOAc:Hexanes, Rf 0.28. 

1,3-diphenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propan-1-one (4.3f): 

Compound 4.3f was synthesized using General Procedure 12 and 

purified by Work Up Procedure 1 (higher purity material is obtained 

when THF solvent is removed under vacuum prior to the addition of 

hexanes) to afford a pale yellow semi-solid; 
1
H, 

13
C, and 

11
B NMR 

spectra are consistent with the literature
14

; TLC: 1:9 / EtOAc:Hexanes, Rf 0.42. 

6-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hept-5-en-2-one (4.3g): 

Compound 4.3g was synthesized using General Procedure 11 and purified 

by Work Up Procedure 1 to afford a colorless oil;
 1

H NMR (500 MHz, 

CDCl3) δ 5.06 – 4.91 (m, 1H), 2.68 – 2.52 (m, 2H), 2.23 – 2.13 (m, 1H), 

2.11 (s, 3H), 1.67 (d, J = 1.5 Hz, 3H), 1.62 (d, J = 1.4 Hz, 3H), 1.23 (s, 6H), 

1.20 (s, 6H);
 13

C NMR (126 MHz) δ 20 .1, 132.2, 123.2, 83.1, 46.4, 2 . , 26.0, 24. , 24.6, 18.2; 

11
B NMR (160 MHz) δ 32.5; HRMS (ESI+): Calcd for C14H36BO3 [M+H]

+
: 253.1970,  Found 

253.1989; TLC: 1:9 / EtOAc:Hexanes, Rf 0.35. 
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3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopentanone (4.3h): 

Compound 4.3h was synthesized using General Procedure 11 and purified by 

Work Up Procedure 2 to afford a colorless oil; 
1
H and 

13
C NMR spectra are 

consistent with the literature
16

; 
11

B NMR (160 MHz) δ 33.8; TLC: 1:4 / 

EtOAc:Hexanes, Rf 0.32. 

potassium trifluoro(3-oxocyclopentyl)borate (4.3i): 

Compound 4.3i was synthesized using General Procedure 11 and purified by Work 

Up Procedure 3 to afford a Pale yellow solid; 
1
H NMR (500 MHz, acetone-d6) δ 

2.04 – 1.98 (m, 1H), 1.97 – 1.77 (m, 4H), 1.73 – 1.63 (m, 1H), 1.06 – 0.92 (m, 

1H);
 13

C NMR (126 MHz) δ 223. , 42.6, 40.0, 26.6; 
11

B NMR (160 MHz) δ 5.0; 
19

F NMR (471 

MHz) δ -70.99; HRMS (ESI-): Calcd for C5H7OBF3 [M-K
+
]

-
: 151.0548,  Found 151.0559. 

benzyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate (4.3j): 

Compound 4.3j was synthesized using General Procedure 11 and 

purified by Work Up Procedure 1 to afford a colorless oil; 
1
H, 

13
C, and 

11
B NMR spectra are consistent with the literature

16
; 

TLC: 1:9 / EtOAc:Hexanes, Rf 0.30. 

methyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanoate (4.3k): 

Compound 4.3k was synthesized using General Procedure 11 and purified 

by Work Up Procedure 1 to afford a colorless oil; 
1
H and 

13
C NMR 

spectra are consistent with the literature
17

; 
11

B NMR (160 MHz) δ 33. ; 

TLC: 1:9 / EtOAc:Hexanes, Rf 0.34. 
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ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanoate (4.3l): 

Compound 4.3l was synthesized using General Procedure 11 and 

purified by Work Up Procedure 1 to afford a light yellow oil; 
1
H and 

13
C NMR spectra are consistent with the literature

18
; 

11
B NMR (160 

MHz) δ 33.8; TLC: 1:  / EtOAc:Hexanes, Rf 0.39. 

methyl 2-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate (4.3m): 

Compound 4.3m was synthesized using General Procedure 11 and purified 

by Work Up Procedure 1 to afford a colorless oil; 
1
H, 

13
C, and 

11
B NMR 

spectra are consistent with the literature
16

; TLC: 1:9 / EtOAc:Hexanes, Rf 

0.35. 

tert-butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanoate (4.3n): 

Compound 4.3n was synthesized using General Procedure 11 and the 

organic components were extracted with tetrachloroethylene-d6 and 

analyzed by 
1
H NMR.  Spectra compared with the literature.

19
   

potassium (4-(tert-butoxy)-4-oxobutan-2-yl)trifluoroborate (4.3o): 

Compound 4.3o was synthesized using General Procedure 11 and purified 

by Work Up Procedure 3 to afford a white solid; 
1
H NMR (400 MHz, 

acetone-d6) δ 2.26 – 2.18 (m, 1H), 1.83 – 1.73 (m, 1H), 1.40 (s, 9H), 0.83 – 0.69 (m, 4H);
 13

C 

NMR (126 MHz) δ 1 6.4,  8. , 40.5, 28.4, 16.0; 
11

B NMR (160 MHz) δ 6.6; 
19

F NMR (471 

MHz) δ -71.65; HRMS (ESI-): Calcd for C8H15O2BF3 [M-K
+
]

-
: 211.1123,  Found 211.1132. 
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Procedure 13 for the β-boration of 1-hexen-3-one with tetra(hydroxyl)diborane (Scheme 

4.3): 

 Tetra(hydroxy)diborane (51 mg, 1.1 equiv), 1-hexen-3-one (60 μl, 1.0 equiv), and 4-

picoline (2.54 μl, 0.05 equiv) were added to a 5 ml round-bottomed flask with a magnetic stirbar.  

3 ml from a stock solution of 1.72 mM CuSO4 in DI water was added as before to provide 0.01 

equiv CuSO4.  The reaction mixture was stirred vigorously for 16 hours at room temperature.  

Pinacol (183 mg, 3.0 equiv) was added followed by 2 ml hexanes and the mixture was stirred for 

2 hours at room temperature.  The product was isolated using the same hexanes extraction 

procedure as previously described. 

11
B NMR sample preparation (Figure 4.2): 

 Bis(pinacolato)diboron (10 mg) was added to a 1 dram vial.  For sample A,  00 μl of 4-

picoline was added; the sample was vortexed and transferred to a quartz NMR tube.  For sample 

B,  00 μl of DI water was added; the sample was vortexed for 5 minutes (at which time the solid 

was not completely dissolved) and transferred to a quartz NMR tube.  It was noted that the 

partial transfer of solid to the NMR tube or the use of nuclease-free water had no effect on the 

spectrum.  For sample C,  00 μl of DI water was added, followed by 4-picoline (3.83 μl, 1 

equiv); the sample was vortexed for 5 minutes and transferred to a quartz NMR tube. 
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UV-Vis measurements: 

Sample preparation:  A stock solution of copper sulfate (1 mg/ml) in DI water was prepared 

and divided into 2 ml aliquots in 1 dram vials.  An appropriate volume of 4-picoline was added 

and the vial was capped and vortexed for 30 seconds.  A white precipitate formed and was 

filtered using a small gravity filter apparatus.  The resulting filtrate was then analyzed by UV-

Vis.  Each sample was prepared immediately before obtaining the spectrum. 

General considerations for the determination of SKIE (Figures 4.4 and 4.5, Table 4.3): 

 Data was obtained at 23 °C using 3-methyl-2-cyclohexen-1-one as the substrate using 

General Procedure 11 with the addition of 1 ml THF to provide a homogenous solution.  Each 

minute, 100 μl aliquots were removed and quenched by addition to a 1:1 mixture of ethyl acetate 

Figure 4.3.  Visible region of the UV-Vis spectra of copper(II) and 4-picoline complexes.
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and water (we previously determined that the aqueous β-boration reaction did not proceed in the 

presence of an immiscible solvent).  The organic layer of each fraction was analyzed by GC.  

Each data point was the average of two trials.  Data analysis and graphs were performed in 

Microsoft Excel 2010. 

General procedure 14 for β-boration of chalcone using various chiral ligands (Scheme 4.5): 

 Pybox L1 (8 mg, 0.05 equiv) was added to a 10 ml round-bottomed flask equipped with a 

magnetic stir bar.  3 ml of the 1. 2 mM stock copper solution was added, followed by 200 μl of 

THF, and the mixture was stirred for 10 minutes.  Chalcone 4.1f (107 mg, 1.0 equiv) and 

bis(pinacolato)diboron (144 mg, 1.1 equiv) were added and washed down the flask with 400 μl 

THF.  The reaction was stirred at room temperature and monitored by TLC.  Work Up Procedure 

1 was used to isolate a mixture of organic components, which was concentrated and analyzed by 

1
H NMR. 

General procedure 15 for oxidation of β-boronic ketone: 

 The concentrated product generated by General Procedure 14 was dissolved in 3 ml 

methanol and transferred to a 10 ml round-bottomed flask equipped with a magnetic stir bar.  

Sodium perborate (257 mg, 5 equiv relative to chalcone) was added, followed by 3 ml DI water, 

and the mixture was stirred for 2 hours at room temperature.  The product was extracted using 3 

X 5 ml ethyl acetate.  The combined organics were washed with brine, dried over sodium sulfate, 

filtered, and concentrated to provide a simple mixture that was analyzed by HPLC. 
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HPLC conditions:   

 The sample was prepared to a final concentration of 1 mg/ml in the mobile phase solvent.  

After equilibration of the column using  5:5 / hexanes:isopropanol, 10 μl of sample was injected 

and the solvent polarity was maintained at a ratio of 95:5 at a flow rate of 0.5 ml/min.  The 

retention times of the (S) and (R) β-hydroxy ketones were 17.8 and 20.5 minutes, respectively.  

Stereochemistry was tentatively assigned by comparison with the literature,
20

 but not confirmed 

due to unsuccessful stereo-induction. 
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