INTRODUCTION TO VOLUME 2: ADDITIONS TO C-X I1-BONDS,
PART 2

Since the publication in 1991 of Comprehensive Organic Synthesis (COS) Volume 2 on Carbon-Carbon Bond Formation to C=X
Bonds, discoveries and applications are much advanced. The carbonyl (C=0) functionality is in the central position of organic
synthesis, therefore this is a good time to compile a new volume on this subject. First, the basic knowledge on the formation of
enolates from the carbonyl compounds and their aldol reactions of group I-III enolates in particular are reprinted from the first
edition. The recent development of aldol reactions of group IV enolates are then reviewed with the following zinc enolates. The
chapter on biocatalytic aldol reactions are renewed and the new chapter on the aldol reactions based on the organocatalysis
approach (Figure 1) is highlighted in this second edition. The related Henri reaction by asymmetric catalysts (Figure 1) and metal
homoenolates are reviewed on the recent development. The carbon-carbon bond formation of alkenes as nucleophiles to carbonyl
C=0 bonds is particularly focused on the recent development in asymmetric catalyses of carbonyl-ene reactions (Figure 1)
followed by the related Prins reactions involving the oxo carbenium ion intermediates. Imine (C=N) analogs are extensively
reviewed and the Mannich reactions are revised particularly on the recent topics of the organocatalysis approach using Bronstead
acids (Figure 1). The carbon-carbon bond formation to carbonyl and imine bonds using allylic organometallic reagents such as
allylborons, -silanes, and -stananes are extensively revised. Even on the recent examples, developments and applications of
heteroatom-stabilized allylic anions, and propargyl and allenyl organometallics are fully cumulative in their revised chapters. The
last but not the least chapter on the classic and basic name reactions, Knoevenagel, Perkin, and Darzens reactions deals with many
recent advances particularly on the solid and immobilized reagents and catalysts (Figure 1).
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Glossary Asymmetric allylboration Allylboration wherein a chiral

Allylborane A derivative of borane (BH3) wherein one or
more hydrogens are replaced by an allyl groups.
Allylboration A carbon-carbon bond forming reaction
wherein an allylborane is added across an aldehyde, ketone,
or imine.

ligand is used to induce chirality in the product.
Crotylborane A derivative of borane (BHs3) wherein one
of the hydrogens is replaced by a but-2-en-1-yl group.
Dialkylallylborane An allylborane with two alkyl groups
attached to boron.

Allylboronate An allylborane with two alkoxy groups on
boron.

Homoallylic alcohol Product obtained from allylboration
of an aldehyde or ketone.

2.01.1 Introduction

This chapter provides the scope of chemistry of allylboranes as possible and introduces to the reader the general concepts governing
their chemistry. Beginning with the physical properties of boron, a transition into the effects of ligands on the Lewis acidity is made.
This further segues into the general mechanism of allylboration and into the fine-tuning effect that these ligands play.

Thereafter, the synthesis of allylboranes is thoroughly discussed, including both the historical and newer methods. These
methods are explained in the context of a particular example, allowing the reader to understand the practical utility of the
chemistry being presented. Thereafter, the extension of these construction methods to the structurally related analogs of allylic
boranes is performed.

The reactions of allylic boranes with carbonyls can proceed with relative and absolute stereocontrol, with such parameters
being affected by both external and internal controls. During these reactions, substitutions can be incorporated at any of the
various positions on the allylborane. Knowing this, the sections detailing the allylation of aldehydes has been broken down
into the following classification scheme: without additives, using no stereocontrol, using boron-based stereocontrol, using
aldehyde-based stereocontrol, and using mixed stereocontrol; with Brensted-Lowry acid additives (same breakdown); and with
Lewis acid additives (same breakdown).
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Continuing from aldehydes, the allylation of ketones is next discussed, followed by those of in situ-produced carbonyls. The
allylation of simple imines and N-substituted imines is then covered, followed by the allylation of other carbonyl derivatives such
as esters and amides. Moving away from carbonyl derivatives, the use of allylborane derivatives in the allylation of alkynes and
alkenes follows. Next, the allylation of other z-bond systems is discussed, followed by the use of allylboranes in other reactions
such as when they are made to serve as coupling partners or in sigmatropic reactions. The simple derivatization of allylboranes is
thereafter covered, followed by a select series of synthetic examples.

To date, many scores of allylborane derivatives have been synthesized and used in allylboration. Indeed, specific advancements
in this chemical technology have been so profound that allylboration can lead to the formation of several contiguous stereogenic
centers, and can proceed with a high level of practical control over both the relative and absolute stereochemistries. Multiple
functionalities have been incorporated into all possible positions of the allylborane partner; indeed, @, , and y substitutions are
well-documented, and include such functionalities as halogens, alkoxys, alkylamines, carbonyl derivatives, heteroatoms, etc. These
will be more thoroughly discussed in Section 2.01.3. The incorporation of these varying functionalities at each position can have
stereochemical and mechanistic consequences, which, in turn, lead to either advantageous or disadvantageous allylboration
characteristics. As a result, these substitutions have led to a general understanding of allylboration, wherein each substitutive
element of the allylborane is incorporated into the functionalized product (equation 1).
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There have already been several reviews on this topic." However, all efforts have been made to be fully comprehensive with
regards to referencing and coverage throughout this chapter. It is impossible to cover all the developments in so vast an area in a
single chapter; any omission is unintentional.

This chapter has been produced so as to be different from typical allylboration reviews, wherein the simple concept of the
allylation, crotylation, alkoxyallylation, etc. of aldehydes, ketones, or imines to provide homoallylic alcohols or amines is covered
in-depth. Instead, the authors have attempted to address the preparation and reactions of many types of allylboranes and
structurally-related species as possible. These reactions are presented in such a way so as to demonstrate the ability of the chemistry
to provide both common and rare products. In an effort to maintain the natural flow of this chapter, the classification scheme
mentioned above has been rigidly followed. Consequently, not all the individual topics have been presented in a strictly
chronological order. Instead, the authors have sought to cover as wide a scope of reactions and reagents as possible.

2.01.1.1 Background/History

The utility of allylboron compounds was first described in 1964 by Mikhailov and Bubnov.” They observed, from the interaction of
triallylborane and carbonyl compounds, the formation of homoallylic alcohols (equation 2, X=0). The natural extension of this
transformation was performed thereafter, usually at comparably higher temperatures, with imines, vinylic ethers, and - perhaps
less intuitively — acetylenic compounds (equation 3).” In 1966, this chemistry was extended to the less reactive allylic boronates by
Gaudemar and Favre (equation 2, L=OR).* The diastereomeric nature of these reactions was initially explored by Hoffmann”’ et al.
in 1979, using y-methyl-substituted allylboranes (crotylboranes). This subject was exhaustively studied over the next 30 years by
Hoffmann, Brown, Roush, Corey, and others.
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2.01.2 Overview of Allylboranes

2.01.2.1 Mechanism

The general pathway for allylation with allylborons is one that occurs with allylic rearrangement. Like most allylmetal systems,
allylborons have the potential to undergo reaction at either their a- or y-position. Generally, boron variants of this reaction occur
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exclusively at the y-position, and are formally considered Sp2’ reactions (Scheme 1). Only a limited number of examples of the
a-reactivity of boranes have been published in the literature, occurring only in systems of extreme y-steric demand.
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Scheme 1

Although allylmetal systems are known to react with activated z-bonds, the mechanisms of such additions can be quite varied,
depending on a number of factors. Denmark et al. have classified the addition of such allylic systems to electrophiles into three
distinct groups: Type-I, Type-1I, and Type-IIL.° Type-I additions proceed through a six-membered, chair-like transition state, akin to
that which was originally proposed by Zimmerman and Traxler (Scheme 2).” During this cyclization, the electrophilic partner is
coordinated to the metal center, thereby serving to both increase its own electrophilicity, and to activate the nucleophilic allyl
group by increasing the electron density on the Lewis-acidic metal center. This type of transition state is good at predicting the
relative stereochemistry of the pendent groups at the formed stereogenic centers, as the lower-energy pathway generally proceeds
with the maximum number of groups in pseudo-equatorial positions. In contrast, those systems which suffer from a lack of Lewis
acidity and cannot readily accept a Lewis basic group, proceed through an open transition state.® Such processes, termed Type-II,
are performed with a different type of activation — most often by the addition of Brensted or Lewis acid additives. Generally, Type-
11 processes offer inferior levels of diastereoselectivity. In Type-III processes, a concomitant stereoscrambling at the prochiral allylic
position occurs, and is followed by a Type-I cyclization. Most frequently, allylborations proceed through a Type-I process.’

Type-l - T
RS j)j\ OH R®
R4 ML R1 R2 RZ/, R7
= no— _— R X
R3 R R’ R gt R®
Type-ll
5
X :/\RS R2 OH R .
O 4 R
% A B R1’7(\Y
R? R2 R3 R6 R” R3 R4 R
X =H, Metal
Type-lll
(0]
RS JJ\ » OH R®
1 2 R=/,
H4 _ MLn R R R1/ : N R”
Rr3 RO R’ R3 R4 R6

Scheme 2


MAC_ALT_TEXT Scheme 1
MAC_ALT_TEXT Scheme 2

Allylborons 5

The synthetic utility of the products of allylboration cannot be understated. These polyfunctionalized products have the
potential to be derivatized at either or both the formed alcohol or alkene (or equivalent groups) through transformations such as
oxidation, cyclization, metathesis, and ozonolysis. Thus, allylboration can provide a route to many important synthons such as
B-hydroxy carbonyls, cyclic ethers, and both saturated and unsaturated lactones. As demonstrated in Scheme 3, the inclusion of
certain functionalities such as alkoxy, amino, or halo-substituents along the allylic backbone (as R;-Rs) will produce the expected
allylboration products, but with expanded functionality. These can also allow for further derivatization, such as in coupling
processes, lactamization, or epoxidation.
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In Type-II processes, the carbonyl (or derivative) electrophile is usually activated by the appropriate selection of a Lewis or
Bronsted acid, or, alternatively, the boron center can be activated by the formation of an ‘ate’ complex. In Type-I processes, the
chelation of the electrophile to the boron-based Lewis acid allows both mechanisms of activation to take place simultaneously: the
electrophile is formally activated, and the borate complex is formed.

"B nuclear magnetic resonance spectroscopy is especially useful for following the course of allylboration reactions. This is due
to the drastic change in chemical shift of the starting and final electronic structures of boron. Relative to a standard sample of BF;
with §=0 ppm, trialkylborane chemical shifts are typically observed to be approximately 5~82 ppm, alkyl borinites approximately
6~52 ppm, dialkyl boronates approximately 6~32 ppm, and borates approximately §~18 ppm. This is demonstrated in the
following two examples (Scheme 4).

Scheme 3
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Scheme 4

2.01.2.2 Properties of Boron

Elemental boron is an economical and nontoxic metalloid used in a wide variety of chemical technologies. Its atomic electron
configuration allows it to form three bonds to neighboring atoms with an incomplete octet, thereby rendering the boron center
Lewis acidic. This innate Lewis acidity is that which gives organoboranes their unique reactivity. In compounds containing B-X
bonds, where X=0, N, S, a halogen, etc., there can exist a significant amount of z-backbonding to the p-orbital (Figure 1).'° The
extent of this backbonding can be used as a tool in fine-tuning the Lewis acidity of the boron center, thereby modulating its
activity. "'

Due to its moderate level of electronegativity (2.05 on the Pauling scale), boron tends to form strong, covalent bonds to its
neighbors, especially carbon.'® Kinetically, the highly covalent nature of carbon-boron bonds generally makes them compara-
tively more inert than many other carbon-metal (or metalloid) bonds. Nonetheless, these reagents are still potentially dangerous,
and can be highly reactive or even pyrophoric, and must be handled under an inert atmosphere and with extreme caution.
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Figure 1 Backbonding in organoboranes: effect on lewis acidity.

2.01.2.3 Nomenclature of Boron Compounds

The nomenclature of boron compounds follows the pattern of IUPAC recommendations. The common allylic derivatives of boron
are named according to their structural classes as shown in Figure 2.

\ g :

By BF3 o~ B
Triallylborane Allyltrifluoroborate 2-allyl-1,3,2-dioxaborolane
H H oOH
HO B~ Ho B oH Ho™ B oH
Diallylborinic acid Allylboronic acid Boric acid
H H oR
B B _Bo
RO™ TN RO™ “OR RO “OR
Diallyl borinic ester Allylboronic ester Borate
(allylborinate) (allylboronate)

Figure 2 Generic nomenclature of boron compounds.

2.01.2.4 Effects of Boron Ligand Choice

There are a multitude of ligands that can be placed around the boron in allylboron reagents. The three most common choices are
those based on carbon, nitrogen, and oxygen connectivities. As described in Figure 1, the ability of the ligands to backdonate into the
boron's empty 2p-orbital greatly controls the reactivity of these compounds. Specifically, the greater the ability of the ligand to
backdonate into the boron (the mesomeric effect), the greater the corresponding decrease in the Lewis acidity of the boron
(Figure 3). This, in turn, increases molecular stability, and can be combined with other factors such as kinetic stability through steric
shielding. For example, the bulkier pinacol-derived 1,3,2-dioxaborolanes are so stable that they can usually be chromatographed,

R RoN, RoN RO O, O,
B B B B [ B B
(Acyclic) (Cyclic) (Bulkier)
. _
Stability 3o

Lewis acidity; Reactivity;
Rate of Boratropic shift

-
-

Figure 3 Stability and reactivity of allylborons.
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whereas the trialkyl-derived boranes are not.'"'? This effect also decreases the rate of reaction with potential chemical partners such as
water, molecular oxygen, and Lewis bases such as carbonyls. As discussed in Section 2.01.2.1, Type-I processes rely on the activation
of the carbonyl electrophile through the chelation of the oxygen to the metal center. Therefore, it can be presumed that with an
increase in the z-backbonding of the boron ligands, there will be a decrease in the rate of allylation. This has indeed been
demonstrated to be the case,'? as the reactivity of allylboron compounds typically obeys the trend shown in Figure 3.

2.01.2.5 1,3-Boratropic Shifts

Although many borane derivatives can be much more stable than other molecules containing heteroatom-carbon bonds, they are
not entirely free from problems. Considering the case of 5'-allyl metal systems, which are capable of undergoing a unique 1,3-
metallotropic shift,'* which occurs by the metal changing the ligand's hapticity from 1 to 3 and then back to 1, there is a
stereochemical scrambling necessitated for the ligand (Scheme 5). As the hapticity of the ligand must increase from 1 to 3, it must
be true that a decrease in the Lewis acidity would necessitate an increase in the activation energy for such a transformation, thereby
slowing this interconversion either significantly or altogether stopping it. Exemplifying this fact is the knowledge that dialkyl-
allylboranes, such as B-crotyl-9-BBN, undergo rapid interconversion between the cis- and trans-forms at room temperature,
whereas the corresponding B-crotyl-1,3,2-dioxaborolane requires prolonged heating to affect the same scrambling.'” A similar
observation has been made when comparing the mono- and diaminocrotylboranes, which require temperatures of ~150 °C and
~200 °C, respectively (Scheme 6).°*'® As further evidence, the coordination of amines to triallylborane drastically increases the
temperature required to force a boratropic shift.”

M M
Scheme 5
R
B mel 1
R 7A N
N mo_ O
>,
RO~ X ,B\,_rﬂ\/
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>,
RZN/ j/\ S RN,B\,JJJ\/
2
Scheme 6

2.01.2.6 Structural Classifications of Allylborons

Generally, all allyl-style boron compounds can be classified into five broad categories: allylic, allenic, propargylic, homoallenic,
and a-ylidenyl(allylic, allenic, propargylic, or homoallenic) (Figure 4).

These five categories are all capable of reacting via the typical allylation reactivity pathway. The distinguishing factor among
these five categories is mainly the type of product formed, (Scheme 7). On reacting, the first type, simple allylic systems, gives rise
to homoallylic systems. The second type, allenic, produces homopropargylic functionalities. Conversely, starting from a pro-
pargylic system will offer a homoallenic product. Homoallenyl boranes give rise to 1,3-butadiene systems. The remaining class
varies in its product's structural type.

2.01.3 Preparation of Allylboranes

There are many scores of allylboron systems that have been described to date, with the majority of them being derivatives of the
simple allylic system. They have mostly been formed by incorporating various substitutions at the a-, -, and y-positions as shown in
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_~_BR2 /\BRQ ///\BRz Z=C, O, etc.

R, = Any combination
of cyclic or acyclic /\
BR X__BR *
C, N, O, or halogen 2 2
ligands. /\/ \[Z]/

Figure 4 Structural subclasses of allylborons.

L , _~_BR - -

jj)\ . _~BR,  ————

OH
PPN
OH
I _Z
)J\ + /\/ _— R

jj)\ . X4\H/BR'2 o R X/\
R H 7
Z=C,O0, etc.

X=CH2, C=CH2

Scheme 7

Scheme 1. Several reviews on the topic of allylboranes, which include their preparation, have already been published.! Herein, the
authors describe access to these derivatives in a fairly general manner. In lieu of an exhaustive listing of known allylic systems, the
authors have chosen to describe the preparation through as many means as possible, to demonstrate the general availability of these
useful systems.

The arrangement of the preparation of these borane systems is: allylic, allenylic, propargylic, homoallenic, then finally ‘allylic’
boranes with cross-conjugation. For allylboranes, a further subdivision into fourteen different manners of preparation is given.
Each is shown first as a generic scheme, followed by a few notable examples, along with references to additional preparative
examples.

2.01.3.1 Trans-metalation Reaction with Alkali/Alkaline Earth Metal Allyl Systems

In general, the reaction of allylic nucleophiles with boron occurs readily. If an appropriate leaving group is present on the boron,
then, with very few exceptions, an exchange process will occur, resulting in the elimination of the leaving group from the
boron. This double displacement reaction occurs with the release of a stable salt, most frequently a metal halide or alkoxide
(equation 4).

XBR,

M ABRe L ux (4)
M = Li, Na, K, etc.

X = Cl, OMe, etc.
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The first such report of an allylborane preparation was that of triallylborane, as published by Mikhailov et al.'” It was
discovered that the reaction of either allylic Grignards or allylic sesquihalide aluminum complexes with boron trifluoride resulted
in an exchange (equation 5). Presently, this has been generalized to many different boron trihalides, with many different allyl
group derivatives. This simple exchange methodology has hence been extended to include a variety of other leaving groups on the
boron atom, such as methoxy'® or acetoxy groups (equation 6). In the last few decades, this methodology has been extended as a
means to incorporate allyl groups onto borons with stereogenic ligands such as isopinocampheyl'” (equation 7), isocaranyl,”’ and
many others.”’ Metaborates have also been shown to be capable of serving as precursors to triallylboranes (equation 8).”” Cyclic
boronates, in which only one oxygen is part of the heterocycle, have been converted to allylic borinates by this method.?*

BF3 B
3~ M Ns (5)

M = MgBr, Al,Br;

B(OMe
_~_MgCl _ BOMe); _ = ‘33 (6)
o~ Mgcl
‘\>\\BOMe ‘\>\B\/\ @)
2 2
B
i /\/\
_~_MgBr oo~ 3 NE (8)

Substitution at the a-position using this methodology is rare, but has been reported.'®® The reaction of E-but-2-enylmagnesium
chloride gives a mixture of the but-1-en-3-yl and but-2-en-4-yl products in a proportion of 65 to 35 (equation 9). Fortunately, due
to the decreased Lewis acidity of the boron center (caused by the amine ligand), this molecule is slow to undergo a 1,3-boratropic
shift, and so can be used as it is. Actually, the isolation of a-substituted allylboranes is exceedingly rare, as such shifts are typically
facile at even lower temperatures. This same report demonstrated that heating the but-2-en-4-yl to 150 °C for 6 h resulted in the
completely rearranged product.

MeoN, ~~-Mgdl Me,N, — MeoN, JZ/
B—Cl /BA<7 . B
Et Et Et
65% 35%

In contrast, there are many reports detailing the use of a substitution at the beta position. For example, very bulky silyl groups
are readily incorporated as shown (equation 10). Starting with the allylstannane, lithium-tin exchange gives silyl-derived allyl-
lithium, which, on quenching with a chiral chloroborane, yields a f-(silyl-substituted) allylborane.”* Many other groups have been
incorporated with similar methodologies, including alkyl groups,”'">> boramethyl groups,”® imines (which serve as masked
amines),”” and chlorides (which can lead directly to allylic epoxides).”®

SiMe,R

nBussn” nBuli N ()-lpcoBCI ‘\>\B\/§ (10)
SiMe,R SiMe,R 2

Brown and Randad developed a method to produce symmetric and asymmetric dialkylisoprenylboranes using this approach.”’
The reaction of potassium 2,2,6,6-tetramethylpiperidide with isoprene, followed by a subsequent reaction with an appropriate
alkyl dialkylborinite then boron trifluoride, furnished the desired borane (equation 11).
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By far the easiest location to incorporate substitutions is the y-position. This is likely due to the fact that the thermodynamic
sink for 1,3-boratropic shifts lies on the y-side. What are, perhaps, the three most widely used allylborane derivatives fall into
this category: the Z- and E-crotyl boranes (cis- and trans-y-methylallylboranes, respectively) (equation 12), and the p-
methoxyallylborane derivatives (equation 13). The routes to the Z- and E-crotylboranes were established by Schlosser’*“ and
coworkers using a modified n-butyllithium base, and were later applied by Hoffmann,>°¢ Brown,**” and Roush.>*! The utility of
these two synthons has been firmly established,’® and will be discussed here.

1. tBuOK ® MeO).BF
\_/ —2rBui €, OB —Bome),
-78to 45 °C _9 —
(12)
1. +BuOK
\ 2. n-Buli H (MeQ),BF \=\;
— —_— @\\ .
7810 45 °C K® B(OMe),
OR n-BuLi Li---OR 1. Ipc,BOMe OR
/\/ v = (13)
< 2. BF3-OEt, Blpc,

The production of y-alkoxy substituted boranes is quite facile.’’ Deprotonation of an allylic ether with n-butyllithium gives
the cis-chelated allyllithium shown.’” Brown and Narla have shown that, on quenching with alkoxydialkylboranes, the y-
alkoxysubstituted allylboranes are obtained (equation 13). Virtually any alkoxy group can be substituted into the y-position
(equation 14).>'" Indeed, many other groups have been successfully incorporated into the y-position, including: vinyl groups®>;

aminols, acetals, and aldehydes”; chlorides?®®; y—silyl-y—ethersigs; amines®; thioethers®’; and silanes.*®

n-BuLi Li X 1. Ipc,BOMe X

X — o _ T

Z X =vinyl, N, S, R’) 2. BFyOEt, |p02B/%”/ (14)
Cl, Br, etc.

A surprisingly low number of examples have appeared in the literature detailing this same route as a method to incorporate
multiple substitutions on the allylic system. As an example of one such case, Zaidlewicz and coworkers®® demonstrated the
formation of a series of ,y- and a,y-disubstituted allylboranes, wherein the olefin was internal to either a cyclohexene or pinene
ring system (equation 15).

BR,

1. KCH,SiMe,
O e O,
2. CIBEt,

Also produced

2.01.3.2 Trans-metalation Reaction with Transition/Main Group Metal Systems

Similar to the reactions of allylic alkali and alkaline earths, the use of other allylmetals as a route to produce allylboranes is well-
known (equation 16). In general, these types of allyl systems are considered to be ‘softer’, and are significantly less basic than their
group-I and II counterparts. This tends to result in the tolerance of a greater level of functionality. One drawback to the use of these
systems is found in their availability. Although most allylic alkali and alkaline earths are either commercially or readily available,
many of the softer compounds must be prepared freshly in the laboratory, either directly before use or in situ.
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XBRy
M ABRe +  MX (16)
M = Sn, Zn, etc.
X = Cl, OMe, etc.

There are fewer aspects known regarding the production of allylboranes from the softer allylmetal systems. Unlike the ‘harder’
allylmetals, the softer ones are less prone to perform allylation with the strict inversion seen with the ‘harder’ metals, and can
sometimes proceed through a direct M—-C bond reaction. In fact, mixtures are many times observed, but a careful design can give
either product. For example, Hoppe and coworkers”® reported a case wherein allylic inversion takes place. Starting from an
enantioenriched allylstannane, the reaction with a B-chloro-1,3,2-diazaborolidine resulted in ligand exchange to give the enan-
tioenriched 2-allyl-1,3,2-diazaborolidine (equation 17).

n-BuSSn/,, T\S T\S
/N - /N

OYO % +  CI—B ] —_— 0 B j (17)
N >0 N

NR; Ts R,N Ts

The reaction of borinic esters with sesquihalide-metalloid complexes is also known (equation 18). A report by Mikhailov
et al.*! originally detailed this methodology. Fundamentally, there is no difference between this route and those of the harder
allylmetals.

1. Al

= Br —_ > = BR 18
N 2. R,BOR’ TN (18)

Other methods of producing the desired crotylboranes have also been reported. One such report involved the use of n-
butylithium to deprotonate 2-butene. The allyllithium product was then allowed to react via double displacement with cuprous
iodide to give the allyl cuprate.*? This cuprate, when reacted with n-butyl-9-borabicyclo[3.3.1]nonane, formed the ate complex in
situ, which was then reacted further (equation 19).

Cu®
1. n-BulLi N— n-Bu-9-BBN —
— _ > @@\\ _— S) (19)
2. Cul Cu I/3 ja
n-Bu

The reaction of triallylborane with cyclic boronates as a means of furnishing cyclic allylborinates has also been described.?
Similarly, the reaction of allylic trimethylsilanes (and stannanes) to furnish allylic dichloroboranes has been published.*’

2.01.3.3 Matteson Homologation of Vinyl Boronates

Matteson and coworkers demonstrated*® that the addition of chloromethyllithium to a vinylboronate resulted in the homo-
logation of the boronate by a methylene spacer (equation 20). Mechanistically, the attack occurs first at the boron center to form
the ate complex followed by ''B NMR.** On increasing the temperature, the unstable ate complex underwent rearrangement, with
the vinylic group forming an incipient anion which attacks the methylene group, and substitutes in place of the chloride. This
process has been generalized, and is now referred to as the Matteson homologation reaction (equation 21).

S) ®|V|
M-CR’5-X ZBR B(OR),
Z BOR), ———— gk K (20)
2 M=LiNa K etc. _— R’ R
X = Cl, OMe, etc. R’
_OR n-BuLi, THF S~...OR
> B +  CICH,l e \/\‘? (21)
OR 78°C - rt. OR

This highly useful transformation has been used several times since its intial report. For example, Brown et al.*” used this
methodology to produce allylic 1,3,2-dioxaborinanes in both symmetric and asymmetric variants (equation 22). These authors
have shown that this reaction functions with both mono- and bidentate boron ligands, and that it is tolerant to a wide range of
functionalities. Since then, the use of chloromethyllithium for this transformation has been used many times in the literature.*®
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Another variant of this reaction was described in the use of a sulfur ylide-borate complex (equation 23). The expulsion of a
tetrahydrothiophenyl moiety furnished the desired migration product, which was stable at —100 °C. The same work extended this
methodology to include chiral sulfur ylides.*”

1. LIN(SiMes), o R
B — 57 (23)

Z-R_\\—B@ ng\Ph Ph

Ph
s~

Several examples of an asymmetric Matteson homologation variant are known. One such example involves a homologation
wherein the nucleophile is a chiral, a-lithiated carbamate (equation 24). The latter class of reagents, which were first introduced by
Hoppe and coworkers,® can provide allylboranes with a-chiral centers in very good yields, and with excellent enantio- and
diastereomeric ratios.”’

. R? Li E
$/\/ + B — > X B/\)\ R2 (24)

2.01.3.4 Matteson Homologation with Vinyl and Allylmetals

This transformation is quite similar to the preceding preparation subclass, as it proceeds through the same intermediate ate
complex. It is different, however, in that either a vinylic or allylic group is made to be the nucleophile, and a ligand other than a
vinyl group is already present on the boron (equation 25). Similar to the previous subclass, an ate complex is formed, and the
same migration (resulting in homologation) takes place. Due to the mechanistic similarities of this synthetic method to the
original work, this transformation has also become known as the Matteson homologation, but the authors leave it separate here, as
the starting reagents are quite different from each other.

®
M.~ 6 M
X/\BR2 /\&BRQ /\/BRZ (25)
M = Li, Na, K, etc. @
X = Cl, OMe, etc. X

Brown and Jayaraman®° reported that the addition or 3-chloro-3-propenyllithium to B-alkoxy-9-BBN derivatives gives rise to
the ate complex as expected. Interestingly, the suppression of the nucleophilic displacement of the alkoxy group can be performed,
depending on the conditions chosen for the reaction (equation 26). Indeed, the migration of the carbon ligand was competitive or
preferred; the resulting ring-expanded system has found great utility, and has been carried forward mostly through the work of
Soderquist.”'" Hoffmann has successfully incorporated a chiral 1,2-dicyclohexylethyleneglycolato ligand into the boron to perform
this reaction as a means to produce chiral allylboronates (equation 27). The incipient chirality of the bidentate ligand is actually
transferred onto the a-position of the allyl group, which retains a single halogen atom, thus creating a stereogenic carbon center.
This was used as a means to produce o-chlorohomoallylic alcohols in virtually enantiopure form.”! Similar work to incorporate
groups other than chlorides has also been performed.®” Further derivatization of these products to incorporate other groups has
also been studied in detail.'?
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Just as both hard and soft allyl groups are known to add to boron in the production of allylboranes, so too can the latter be
used for Matteson homologation reactions. For example, the hydroalumination of propiolates leads to vinylaluminates which, on
reaction with chloromethylboronate complexes, leads smoothly to the ate complexes which rearrange to give f-(alkoxycarbonyl)
substituted allylic boranes as shown (equation 28).°” This methodology has also been undertaken with the analogous vinyl
cuprates, the latter being formed from the addition of Gillman reagents to the same propiolate systems.’* An enantioselective
version of this work has also been developed.”” Similar work has been performed by Ramachandran et al. in the production of a-
exo-methylenelactones.”®

Returning to vinylic lithiums, several other reports have surfaced which describe such homologation reactions. Brown et al.
reported a method that could be used to produce a,a-disubstituted allylboranes through this same procedure. A simple hydro-
boration of an appropriate alkene, followed by halogenation alpha to the boron center, provided good yields of the appropriate
precursors.”” Homologation then proceeded smoothly to give the homologated products in mostly excellent yields (equation 29).
Products produced through this pathway have been used as reagents in the stereoselective addition to aldehydes.”® Polysubstituted
reagents, including those containing ethers and orthoformates have also been produced.” The elusive p-vinylsubstituted allyl-
boronates are also readily produced by this methodology.®® More recently, the Ramachandran group®' has used this transfor-
mation as a means to introduce fluorine substitution into synthons in an asymmetric manner (equation 30). y,y-Disubstituted
allylboranes have also been produced by this method.®” Pendent silyoxy groups have also been shown to be tolerated
functionalities.®

/—B(OR) CO,R
DIBAL-H COR ol 2 2oR
——CO5R B/ (28)
Al(i-B
HMPA (i-Bu)s \OR

M o o
x B + N\ — : (29)
O L? (0]

R oP ~~-OR >_<;
— - — OR
= X% F B (30)

In a publication by Hoffmann and Dresely, the sigmatropic reaction of a starting allylic silyl ether with thionyl chloride was
shown to furnish a-chlorocrotylboronates (equation 31).°*

OSiMe, cl

0 socl
ZB LS00 | A A0 (31)
0 o

A more unusual vinylic-allylic conversion from the dihalo complex occurs when subjected to conditions of nucleophilic
substitution (equation 32). The initially formed chelate complex undergoes alkyl migration to displace the proximal halide.
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A second chelate complex causes the migration onto the vinylic group to occur with an Sy2’ allylic rearrangement.®” Several other
displacement reactions of chlorides have also been reported by Hall and coworkers.®® Other direct additions to the allylic system
have been reported, including the conversion of allylic acetals to vinylic ethers, which take place with the addition of an
appropriate nucleophile.®’

| R R
2 NaOR
R OR

One clever expression of this sort of inversion came in the form of a Mitsunobu-type reaction.®® Treatment of an allylic alcohol
(equation 33) with benzoic acid, triphenylphosphine, and diethyl azodicarboxylate gave rise to the a-benzoyloxyallylboronates as
shown. The mild conditions of the reaction make it an especially attractive synthetic transformation.

OH CO,Ph
PhCOOH 2
R1J\/\B/OR - BT B,OR (33)
i PPhs, DEAD |
OR OR

It is also possible to induce chirality while simultaneously building up an organic framework, all during this same vinylic-allylic
transformation, at the expense of an allylic chloride.®” Hall and coworkers have shown that under conditions which generate an
appropriate alkyl cuprate in situ, and when allowed to interact with an appropriate ligand, the vinylic boronates can give rise to
allylic ones (equation 34). The results were generally good, with as high as 96% ee being induced. This same ligand, when applied
to Tsuji-Trost conditions of iridium(I) catalysis, can induce chirality for the displacement of a carbonate group in favor of a

malonate group.”’

z: h
TC = thiophene-2-

OMe carboxylate

I/A\V/A\B CuTC, RMgBr

2.01.3.5 Isomerization of a w-System

The constitutional isomerization (equation 35) of a double bond without other accompanying skeletal changes has only been
used as a means to furnish allylborane derivatives on a few occasions. Just as with their purely organic counterparts, these olefinic
isomerizations are typically either catalyzed by transition metal catalysts, or take place under photochemical conditions.

S BR, - o~ BR, (35)

To exemplify such isomerizations, the authors present three examples. First, the irradiation of a butadienyl system can produce
a diradical (equation 36). Rearrangement of the diradical will necessarily lead to both a cyclization and a ligand migration from
the boron onto the a-radical. Although this process produces a stereocenter, there was no attempted control of the stereogenicity.”'
Second, Miyaura and coworkers reported that both ruthenium and iridium metals are capable of catalyzing the isomerization of
vinylic boranes to allylic ones (equation 37). In the demonstrated cases, the thus-formed vinylic ethers remained intact. Although
the reaction was tolerant of both organic and silyl ethers, the yields were only moderate, but the reaction occured with good
diastereoselectivity.”” A later publication detailed an attempt to control the absolute stereochemistry”” through the incorporation
of an optically pure diisopropyl tartrato ligand (equation 38). Third, a report of a ruthenium-catalyzed hydroboration, detailed the
concomitant isomerization of the double bond along the chain toward the preexisting silyl ether.”* A selected amount of other
work has also been performed.”*

AL, WQBQ@
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2.01.3.6 Displacement of an Allylic Leaving Group

The production of allylborane derivatives at the expense of a different allylic group, wherein boron formally acts as a nucleophile,
represents its own category (equation 39). Usually, this is a transition metal-catalyzed reaction, wherein the catalyst undergoes
oxidative addition into an X-B bond, followed by a typical coupling reaction. Tsuji-Trost style conditions are known, along with
several other related processes. Most commonly, the synthesis of this system occurs with an allylic rearrangement.

M-BR,

BR, 39
M = Metal I (39)

X\/\

One example wherein a metal-catalyzed coupling was not used was in the reaction of trialkylboranes with 1-phenoxy-2-
propenyllithium, which resulted in the expected ate complex.”” The migration of the organic ligand from boron to the allylic
group then occurs with the expected elimination of the phenoxy group (equation 40). The synthesis of different a-substituted
allylic boranes can so be achieved in moderate yields.

The palladium-catalyzed cross-coupling reaction of bis(pinacolato)diboron with allylic acetates has been reported by Miyaura
and coworkers (equation 41). The utility of this procedure was made evident by the intramolecular reaction of the allylborane to
the carbonyl which took place on heating.”® An enantiomeric version of this style of conversion has also been developed.””

BuLi R,B
RB N e (40)

R

\ OAc (41)
020 R2 T2 AP, R3o c R

Platinum has also been used for such a coupling. In this case, the borane itself can be coupled to an allylic halide, which results
in the formation of a hydrohalic mineral acid,”® which is quenched in situ by the basic medium (equation 42). As pinacolborane is
so readily produced in the laboratory from the reaction of pinacol and borane, this reaction can be performed with common
laboratory reagents. A drawback to this methodology is the inclusion of arsenic ligands. However, the high conversion rates for
even allylic chlorides may serve to compensate for this.

°  Pidba), R2 0/g<
|
\)\/ \ " (42)
2 AsPh3 o
R3

EtoN

\

The conversion of allylic acetates into pinacolboronates has been investigated with the acetate derivatives of Morita-Baylis—
Hillman adducts (equation 43). Miyaura and Hosomi independently reported the use of catalytic copper to affect this reaction,””
followed by a report by Szab6 and coworkers.””" Chiral 1,3,2-dioxaborolanes were introduced in this manner.®® Related work has
been performed by several other groups as well.”*>*!

Qhc O CBéTiE'Zm X
#, — /O X = R, OR (43)
Ph X KOAc, DMF PH B
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The displacement of allylic carbonates has also been reported with copper catalysts (equation 44). The reaction is believed to
proceed via an exchange process of the copper(I) system to give a pinacolatoborylcuprate. If a stereogenic carbon is produced as a
result of the rearrangement, then the inclusion of a chiral ligand can be expected to allow for some level of induction. This has
been realized, typically in greater than 95:5 er, while proceeding to give good yields.””>%? The same group has also reported that
simple ethers can serve as leaving groups in place of carbonates. They have further demonstrated that this functions very well with
cyclic alkenes (equation 45), giving rise to cyclic allylboranes in excellent ee (and de, when applicable).®> Work to introduce chiral
1,3,2-dioxaborolanes via a palladium-catalyzed coupling with allylic acetates has also been reported,®® including a stereo-
convergent conversion of allyl aryl ethers to enantioenriched allylboronates with copper.®”

Cu(O-tBu)
Ph (R,R)-QuinoxP* A~ Ph
RO,CO o H
270\ j/i :/g BPin (44)
Cu(O-t-Bu) R
1
R PR (R,R)-QuinoxP*
! 7 45)
o ©O (
BB BPin
o o

The work of Szabé and coworkers has led to the direct conversion of allylic alcohols into boronic acids and potassium
trifluoroborates through the use of palladium catalysts with pincer complexes. Remarkably, this conversion is entirely fueled by the
oxidation of diboric acid. The reaction most likely proceeds through ligand exchange to produce the B-borylboronate. This can
then undergo a transmetallation reaction with the palladium, which, following formal oxidative addition to form the 7>-allyl
complex, eliminates the boric acid (or derivative). Reductive elimination restores the palladium species, and releases the allylic
boronate. Subsequent conversion to the trifluoroborate salt can take place on reaction with potassium bifluoride (equation 46).
Typically, these conversions take place in very good yields, and with an inversion of the stereochemistry. Perhaps even more
amazingly, this reaction can be used to open up allylic cyclopropanes and aziridines, wherein the leaving group is stabilized by
attached malonate and sulfonamidate anions. The reaction has been further extended to the elimination of allylic acetates, acetals,
and other common leaving groups.®® A similar work to produce allyldiethylborane from allyl alcohol and triethylborane under
conditions of palladium catalysis has also been reported.®’

Pincer

-

(46)
R
R._~_ OH 4X- A LU T e N

) OH B(OH), KBF;

/B—B

HO OH

The hydroboration of enantiopure propargylic acetates, when followed by a hydroxide-promoted allylic rearrangement, has been
shown to give enantiopure allylborinic acids (equation 47). These can be directly used in a subsequent allylboration reaction.®

R
R OH
R R’,BH X NaOH = RCHO R
/:\OA - J/\ One === HO T R,\%\A/\R” (47)
& C , B R’ R
BR2 h,

2.01.3.7 Reaction of H-B with =-Systems

The 1,2-hydroboration of 1,3-butadienes (addition of hydrogen to the terminal position and boron to the internal position) or the
2,1-hydroboration of allenes (addition of hydrogen to the internal carbon and addition of boron to the terminal position) gives
rise to allylic borane derivatives (equation 48). Although over-hydroboration and regio- and chemospecificity issues are potential
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problems during these reactions, such undesired outcomes can usually be suppressed by the appropriate choice of conditions or
hydroborating agent. Given that chiral boranes are readily available, the advantage of this method is that these compounds can be
produced in the laboratory quickly, in high yield, and usually in excellent stereoselectivities.

N

H-BR
or -2 A, BRe (48)
1
1

~

The hydroboration of monosubstituted allenes with 9-BBN and Chx,BH was performed in an achiral manner by Brown et al.,
giving the expected E-terminally hydroborated allylboranes (equation 49).*° An asymmetric version of this reaction was later
developed by Brown and coworkers, using “Ipc,BH (equation 50).”° Such hydroborations have since been shown to be an
incredibly general way to produce an allylborane from relatively simple starting materials.”' Like most hydroborations, the
reaction conditions are mild with high yields. Innate in the hydroboration of allenes, however, is an issue of chemospecificity.
When coupled with the potential problem of a lack of regiospecificity during hydroboration, there happens to be a total of four
possible products for this hydroboration reaction. However, just as with the case of the hydroboration of simple alkenes, wherein
the electronic and kinetic effects typically cause anti-Markovnikov regiochemistry, so too can they in the case of allenes. A common
method for controlling the chemospecificity during the hydroboration of allenes is to introduce steric bulk at only one of the two
termini, thereby directing hydroboration toward the opposite end (equation 51).°% Additionally, this bulk tends to assist in the
regiochemical specificity during the actual hydroboration, as 1,2-hydroboration (internal) would introduce a high degree of A-1,3
strain that would not be felt during the 2,1-hydroboration (terminal).

, R
e _MBR2 \=\;BR, (49)
2
g

R! R 7
\ / 9-BBN R1WB{ (51)

R2 R3 R2 R4 R3

Since its inception, the hydroboration of allenes has become quite a commonplace, and many different functionalities have
been found to be compatible with the mild conditions. For example, the inclusion of weakly labile groups such as carbon-silicon
bonds are readily tolerated (equation 52). This particular example contains the added feature of a coordinating group. Such
coordinations can force the thioether and boramethyl ligands of the alkene to be in the cis-configuration.”’® This type of silicon-
containing hydroboration of allenes was further generalized by the work of Wang and coworkers.””

. 7
Me38|>=.= _ 9BBN J\A/B{ (52)

PhS Me3Si ?
Ph

Other more reactive carbon-metal bonds can be tolerated during this reaction. For example, certain vinylic stannyl groups such
as tetraalkylstannanes, which possess virtually no Lewis acidity, can be carried through hydroboration reactions. One particularly
fascinating example is in the enantioconvergent hydroboration of a racemic mixture of 3-methyl-1-stannylallenes (equation 53).
Roush and coworkers have proposed that the hydroboration of the two enantiomers proceeds through different pathways, and
that, after 1,3-boratropic shift, the two pathways stereoselectively converge onto the same product.’” Such hydroborative ste-
reoresolutions are not commonplace; this represents a very unusual method of resolving enantiomers into one via derivatization.
This was actually a natural extension of the earlier work dealing with the simple hydroboration of achiral, monostannylsubstituted
allenes.”® Earlier, they had shown that vinylic boronates are perfectly stable to such hydroboration conditions, and that, on the
successful hydroboration of allenic boronates, double-allylboration reagents could be produced (equation 54), wherein the
normal usage of the first allylborane functionality would create a second allylborane moiety, which could then be used for a
second, subsequent allylation reaction.”’
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H Me
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Catalyzed hydroboration is a well-known reaction, of which much research effort has been put forth over the past several
decades.”® Quite recently, Ritter et al. published the first the iron-catalyzed hydroboration of alkenes, and showed therein that 1,3-
butadienes were particularly suitable substrates for this reaction (equation 55).”° The conversion is believed to proceed through a
hydroferrylation-reductive elimination pathway. Other metals have also been used for the catalysis of comparable reactions with
dienes, such as the 1,4-hydroboration with palladium, 100 and the 1,2-hydroboration with rhodium'°! and nickel.'%? Additionally,
the uncatalyzed 1,2-hydroboration of tetralkylammonium trifluoroallenylborates is known to give rise to double allylating
reagents.'®® Although not strictly a hydroboration, a report of a copper(I)-catalyzed addition of both a proton and a single boron
from methanol and bis(pinacolato)diboron has been reported to give the equivalent of a hydroboration product, starting from
1,3-cyclobutadienes. The reaction can be used to generate nearly enantiopure allylic boronates, wherein the chirality is transferred
from any number of mostly bidentate bisphosphine ligands.'**

FeCl,
Mg W)\ (
55)
w , = =
HBPin PinB

2.01.3.8 Reaction of X-B with =-Systems (X+H)

Similar to hydroboration, the reaction of X-B with the same species and in the same manner (vide supra) can give allylic borane
derivatives (equation 56). Most frequently, these ‘X’ groups are carbon-, silicon-, tin-, or boron-based reagents. Although many of
these reagents are not commercially available, their synthesis is usually quite facile, and can be carried out with few problems.
Additionally, the added functionality of the products-be it a boron, silicon, tin, or other group offers a great utility for these
synthons, and can allow for multiple reactions with nucleophiles or electrophiles, and can be used in cross-coupling meth-
odologies and synthesis.

X-BR,

\ - T )\/Bﬂz

or, (56)
S X-BR, X =
AN —_—> or
X/'VLL/\/BRZ

The palladium-catalyzed 1,4-stannylboration of 1,3-butadienes has been studied by Tanaka and coworkers.'®® They have
shown that the stannylboration takes place with the nearly exclusive formation of cis-product, and with no detectable level of 1,2-
addition product formed (equation 57).

\ Rl R?

RORR N Pd,(dba)g A N

)_{ MesSn—E; j MesSn B j (57)
N P(OCH,)3CCH,CHg N
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Another route to diallylating (diboryl) reagents comes from the 1,2-diborylation of a 1,3-butadiene. There has been much
research centered around such work; 1,2-diborylation competes with the 1,4-pathway, and both or either product can be observed,
depending on the chosen conditions (equation 58). In fact, by simply changing the temperature and catalyst ligand choice, either
product can be obtained in very high yield.'’® Many other diborylation processes are also known,'® including those which
produce enantioenriched diboranes.'®

The formation of some very interesting tetraborylated products through a 1,4-diborylation pathway has been described by
Hiyama and coworkers (equation 59). Although these highly versatile synthons have the potential to react with up to four
electrophiles, they have only been described to react until the third derivatization, wherein an elimination pathway appears to take

precedence.'®’
K AL
%O O& Pt 82 Pi Ny

0-8 B-O OHO (59)
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The 1,2-carboborylation of allenes is a less well-studied process than some of its counterparts, but nevertheless, enough is known
to use it in the preparation of allylboranes.''” For example, f-cyanoallylic boronates can be produced from the intermolecular
reaction of allenes and 2-cyano-1,3,2- diazaborolidines (equation 60). However, the reaction does not proceed as well as the
intramolecular reaction, wherein the cyano and boron moieties are delivered from an etheric tether. In this latter method, the desired
products could be prepared in near-quantitative yield under conditions of either nickel or palladium catalysis. Similarly, the
palladium-catalyzed carboborylation of allenes has been reported."'" This three-component coupling reaction brings together an acyl
chloride, an allene fragment, and bis(pinacolato)diboron to produce f-acylallyl-1,3,2-dioxaborolanes (equation 61).
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Although not a z-system in the strictest sense, cyclopropanes are said to possess significant olefinic character,''? and, in certain
cases, can react with carbon-boron bonds. For example, bicyclo[1.1.0]butane will react with some trialkylboranes to give a-
substituted boranes.''? Along the same vein, the reaction of triallylborane with allenes occurs via carboborylation to give a series
of nonisolable allylboranes.' '

The nickel-catalyzed 1,4-silaboration of 1,3-butadiene systems is also known, and can lead to allylic boranes in very good yields
and selectivities.' ' In general, steric competition leads to the regiochemistry which places the smaller group at the more hindered
position. Conversely, the borasilation of silyloxy-substituted allenes leads to a 1,2-silaboration, i.e., a vinyl borane product116 A
very novel route to the production of a-silylallylic borane derivatives was published by Hiyama and coworkers."'” The reaction of
1-chloroprop-2-enyllithium with silicon-boron bonds is believed to lead to the ate complex, which undergoes preferential silyl-
migration onto the allylic group, necessitating a concomitant chloride elimination (equation 62). These densely-functionalized
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synthons are produced in very good overall yields, and without any detectable level of the 1,4-silaborane product. This indicates
that at the reaction temperature, the 1,3-boratropic shift was so kinetically deactivated, so as to render it improbable. The
silaboration reaction of cyclopropanes has also been studied, and has been shown to function just as well as carboborylation
(equation 63). Amazingly, activated cyclopropanes can actually be silaborylated in the presence of olefins, to give a-silylmethyl-
allylboranes.''®
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2.01.3.9 Sigmatropic Reactions

The sigmatropic reactions of boron-containing compounds are a natural extension of purely organic-based ones (equation 64).
Although many dozens of sigmatropic reaction variations are known with strictly organic-based compounds, there are far fewer
reports of such pericyclic processes with boron-containing compounds. Actually, the vast majority of these sigmatropic reactions
occur when the boron-containing group is being used as a reagent in the formation of carbon-carbon bonds, such as in the aldol
reaction, or during the allylation of carbonyl compounds. In contrast, there are relatively few reactions that use previously-
incorporated boron atoms that are used to produce allylborane derivatives. Most of these pericyclic reactions fall into three main
categories of preparations. First, 1,3-boratropic shifts (vide supra, same title) of allylboranes gives rise to constitutional isomers of
the starting allylic system: an allylborane derivative. Although it is many times true that 1,3-boratropic shifts can be the bane of
allylborane synthesis, those which are controlled can quite elegantly lead to highly functionalized systems. Second, the Diels—
Alder reaction of 1,3-butadiene systems which contain a boron tethered to the 1 or 4 position lead to (cyclohex-2-en-1-yl)boranes.
The exo-boryl allyl systems produced in this manner are set with all the advantages of Diels-Alder chemistry: high stereocontrol
and functionality tolerance. Unfortunately, the difficulty of preparing these systems is evident by their high tendency to homo-
dimerize through the same pathway. More recent is the third method: a boron-containing variant of the well-known |[3,3]-
sigmatropic Johnson-Claisen reaction.
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A cobalt-catalyzed, multicomponent four segment coupling reaction of acrylates, f-vinylallylic boranes, y-enals, and trienes has
been shown capable of producing allylic boronates as part of a bicyclo[4.4.0]decane system (alkyl 7-substituted-7-hydroxy-6-
methyl-5-methylenehept-2-enoates), or 4-methylene-2,3,6-trisubstituted tetrahydropyrans in a one-pot sequence. Incredibly, the
yields for this 4-component coupling are quite high, ranging from 60-99%, and generally give very good diastereomeric ratios.""’
This same methodology was later extended to include a fifth component - an enyne - the one-pot sequence then provided highly
functionalized cyclohexene derivatives (equation 65)."'%°
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Perhaps the most famous of the three above-mentioned sigmatropic reactions is the Diels-Alder reaction. The first two
laboratory syntheses of 3-borylcyclohexenes via the Diels-Alder reaction were reported by Mikhailov and Hoffmann.'?" The
reactions that they reported were performed at the moderate temperatures of 80-100 °C, so a reasonable number of thermally
stable functionalites could be expected to be toleratant. It was shown that ethyleneglycolato, pincacolato, and catecholato
boronates were all functional. As expected for such reactions, the 1,3-product was not observed, and high endo-selectivity for
the maleic derivatives was observed.

It was later reported that the same type of reaction with the boron ate complex - formed by activation through fluoride
chelation - was not only tolerated, but also greatly accelerated.'?” The acceleration was so great, that the reactions were able to be
performed at room temperature, which is desirable for the greater allowance of functionalization of thermally labile groups. This
methodology was extended to include the typical dienophiles of Diels-Alder reactions, such as maleimides, acrylates, and diazo
compounds. Hall and coworkers'?? further elaborated on this, incorporating 4-isothiazolin-3-one 1-oxides as the dienophile. They
also transformed this reaction into a formal hetero-Diels-Alder one, by incorporating different groups at the position labeled X',
such as oxygens and amines (equations 66 and 67). These amine adducts were then able to be aromatized into pyridine groups
through appropriate transformations. Due to the tendency of the products to undergo [3,3]-sigmatropic reactions, and to react as
allylboranes toward the starting carbonyl (or derivative) compound, the desired sigmatropic reactivity had to be carried out at a
significantly lower tempe