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INTRODUCTION

Allylic boron compounds have gained a prominent position as a useful class
of synthetic reagents in the past 25 years. Their general structures, 1 and 2, and
their utility in carbonyl additions are shown in Eq. 1. The main use of these
reagents is in the stereoselective synthesis of homoallylic alcohols 3 by an allyl-
transfer reaction to carbonyl compounds. In this process, a new carbon—carbon
bond is formed, and up to two new stereogenic centers are created. Moreover, the
residual allylic unit can be manipulated through a number of different transfor-
mations such as oxidative cleavage, olefin metathesis, and many others. Although
less prevalent, the propargyl and allenyl reagents typified by 4 and 5 have
also been described (Eqs. 2 and 3). Most examples of allylic boron reagents
used in carbonyl additions belong to one of two main classes, boranes (struc-
ture 1, Y = alkyl) and boronate derivatives (structure 2, Y = OR or NR; for
bis(sulfonamide) derivatives). This chapter focuses on describing and comparing
both classes, and when needed, they will be discussed separately. A chart of
ligand structures with the acronyms used in this text can be found preceding the
Tables.

30y 3
1 R Y o Re OH R \
R~ B + )J\ _— > 5 R
Y R5 R6 R’
R?> R* R? R! (Eq. 1)
1 Y =alkyl 3

2 Y = O-alkyl(aryl)
or N-alkyl(aryl)

Sos, AN T A (Eqg. 2)
4
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\( O OH P
+ —
\B\Y R)J\ H RM (Eq. 3)
5

Allylic boron reagents react with several classes of carbonyl compounds and
their derivatives, including imines. Their most common use, however, is in nucleo-
philic additions to aldehydes to produce homoallylic secondary alcohols (i.e.,
the process of Eq. 1 where R? = H). This reaction process was discovered by
Mikhailov and Bubnov in 1964, who observed the formation of a homoallylic alco-
hol product from the reaction of triallylborane with aldehydes.! The first example of
allylboration using an allylic boronate was disclosed by Gaudemar and coworkers
in 1966.% The true beginnings of this chemistry in terms of practical synthetic appli-
cations can be traced back to the late 1970’s, with Hoffmann’s crucial realization
of the regio- and diastereospecific nature of the additions of both crotylboronate
isomers to aldehydes (see “Mechanism and Stereochemistry”).? In the following
two decades, the work of Hoffmann, Brown, Roush, and Corey was determinant in
maturing carbonyl allylboration chemistry into one of the primary methodological
tools in stereoselective synthesis. In particular, numerous syntheses of polyacetate
and polypropionate natural products feature stereoselective allylborations as key
steps (see “Applications to the Synthesis of Natural Products”). The discovery of
the Lewis acid catalyzed manifold by Hall and Miyaura recently opened new doors
for further development of this important reaction.

In addition to the predominant allyl and crotyl reagents, a large number of
allylic borane 1 and boronate derivatives 2 (Eq. 1) with various substituents
(R'-R*) have been reported. Interested readers can refer to the comprehensive
Tabular Survey at the end of this monograph, which covers the literature up to the
end of 2005. Several reviews on allylic boron compounds and other allylmetal
reagents and their additions to carbonyl compounds and imines have been written
prior to this one,*~'* and these sources may be consulted if a more in-depth
historical perspective is desired.

MECHANISM AND STEREOCHEMISTRY

Thermal Uncatalyzed Reactions

Mechanistically, allylic boron reagents belong to the Type I class of carbonyl
allylation reagents.!> Type I reactions proceed through a rigid, chairlike tran-
sition structure which requires a synclinal orientation of reacting m systems.
Although catalytic variants for additions of allylic boronates have been reported
recently, the reaction between most allylic boron reagents and aldehydes is spon-
taneous, irreversible, and requires no external activator. The uncatalyzed reactions
of these Type I reagents proceed by way of a six-membered, chairlike transition
structure that features a dative bond between the boron and the carbonyl oxy-
gen of the aldehyde (Scheme 1).'-2° Competitive kinetics in the addition of
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R Y | 2 .
RL i R!, R? = H, alkyl, OR, NR,, SiR3, Cl
Sy R3= H, alkyl, CO;R, halogen, B(OR),
RZ R* R* = H, alkyl, aryl, OR, halogen

1 Y =alkyl
2 Y = O-alkyl(aryl)
or N-alkyl(aryl)

Y
X H | OBY, OH
Re B. R°CHO R };\/,B\Y )\A work-up J\A
j/\/ % =~ |Re /o RSR" R\ o, RT XS
rRR E®Z or N(CH,CH,0H)s,

6
Transition Structure or H,0,/NaOH

Scheme 1. Overall aldehyde allylboration process.

an allylboronate to benzaldehyde and deuterobenzaldehyde in different solvents
revealed a negative secondary deuterium kinetic isotope effect, which rules out a
single-electron transfer mechanism.?’ Theoretical studies using ab initio MO and
DFT methods strongly suggest that the strength of the dative bond between the
boron and the aldehyde carbonyl oxygen in the transition structure is the domi-
nant factor in determining the rate of the reaction.'®?° Indeed, whereas the B-O
bond is short (~1.6 A) and very advanced in the transition state, the incipient
C-C bond between the carbonyl carbon and the allylic unit has merely initi-
ated (~2.4 A) (Fig. 1). A weakly bound B—O coordinated complex was detected
as an early intermediate in the calculated reaction pathway.'” Not surprisingly,
allylboration reactions tend to proceed faster in non-coordinating solvents, and
the most electrophilic boron reagents react faster.?!

1261 1470
."‘l /

1096
1082 {1418
I3

Figure 1. Calculated transition structure for the allylboration reaction between B-allyl-1,
3,2-dioxaborolane (CH,=CHCH,;B[OCH,],) and formaldehyde at the MP2/6-31G** level
of theory. Indicated bond distances are in angstrom. Reprinted with permission from
J. Org. Chem. 1998, 63, 8331.'° Copyright 1998 American Chemical Society.
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The immediate products of additions between carbonyl substrates and allylic
boranes 1 or boronate derivatives 2 are borinate or borate esters, respectively. To
cleave the covalent B-O bond in these intermediates (structure 6, Scheme 1) and
to obtain the desired free alcohol, a hydrolytic or oxidative work-up is required.
This issue is discussed in detail in the section “Work-Up Conditions”. In the
interest of simplifying chemical equations, specific work-up conditions are not
included in most of the examples highlighted in this chapter.

One of the main reasons for the popularity of allylic boron reagents in stereo-
controlled synthesis is that their additions to aldehydes are reliably highly stere-
oselective and the outcome is predictable. The diastereospecificity of the reaction
was first recognized by Hoffmann and Zeiss using both E- and Z-crotylboronates
7 (Egs. 4 and 5).>2? For both crotylboranes and crotylboronates, the additions
generally proceed with near-perfect reflection of the olefin geometry of the
reagent into the configuration of the product. Specifically, the E-crotylboron
reagents (Scheme 1, Rg = Me, Rz = H) lead to anti-propanoate products and
the Z-crotyl reagents (Scheme 1, Rg = H, Rz = Me) lead to syn-products. In
both instances, of the two possible chairlike transition structures the favored
one places the aldehyde substituent (R3) in a pseudo-equatorial orientation. This
model, which has been reproduced computationally for both crotylborane'” and
crotylboronate'® derivatives, accounts for the high diastereospecificity of most
allylborations. Even highly functionalized reagents and most intramolecular addi-
tions follow the same trend.

Et,O HO
0 + RCHO — > /KA\
_— B —78° to rt R j E 4
NP | (Eq. 4)
(E)-7 93:7E:Z anti

(>85%) 93:7 d.r.

O/& Et,O HO

! + RCHO ————

wB\O ~78° to rt R/K‘/k

(2)-7 >95:5Z7Z:E syn
(>85%) >96:4 d.r.

(Eq. 5)

It is well accepted that the high diastereospecificity of aldehyde allylboration
reactions is a consequence of the compact cyclic transition structure. Theoretical
calculations have shown that the chairlike transition structure shown in Scheme 1
and Fig. 1 is the lowest in energy relative to other possibilities such as the twist-
boat conformation.'® With boronate reagents, it has also been suggested that a
weak hydrogen bond between the axial boronate oxygen and the hydrogen of
the polarized formyl unit contributes to the preference for the transition structure
with the aldehyde substituent in the pseudo-equatorial position.??

Lewis Acid Catalyzed Reactions

As described above, allylic boron reagents are self-activating, Type I reagents
where the allylation is effected by coordination of the aldehyde carbonyl oxygen
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to the boron atom within a cyclic six-membered transition structure. Because of
this self-activation mechanism, there would appear to be no advantage to using
an external promoter such as a Lewis or Brgnsted acid. Furthermore, one could
expect an added Lewis acid to compete with the boron atom for the basic alde-
hyde oxygen, potentially leading to a switch from the highly diastereospecific
Type I mechanism to a less selective, open-chain Type II mechanism.!> Recent
publications, however, show that the additions of allylic boronates can be effi-
ciently and beneficially catalyzed by several Lewis acids.>*~2% Allylic boranes
are not subject to this catalytic effect.”?? For additions of allylic boronates, the rate
enhancements observed in the presence of these catalysts are quite dramatic.?*2°
For example, the addition of 2-ethoxycarbonyl allylboronate 8 to benzaldehyde
to give an exo-methylene butyrolactone requires almost two weeks at room tem-
perature, but only 12 hours in the presence of a catalytic amount of Sc(OTf);3
(Eq. 6).2* Note that in this example the resulting homoallylic alcohol intermediate
cyclizes in situ with the carboxy ester group to form a lactone product.

(0]
Et0,C pﬁ Sc(OTf)3 (10 mol%) o
+
Et ~ B\O PhCHO toluene, rt, 12 h (Eq. 6)
Et’
8 12 d with no catalyst Ph

(93%) >19:1d.r.

It is noteworthy that the stereospecificity observed in the thermal reaction
is fully preserved under this new catalytic manifold. Furthermore, the presence
of a 2-alkoxycarbonyl substituent on the allylic boronate is not necessary for
the metal-promoted activation to occur (Eq. 7).?*? According to mechanistic
studies, a chairlike bimolecular transition structure similar to the thermal additions
can be proposed for these catalyzed allylborations.?’ Control experiments have
confirmed the inefficiency of Lewis acids with dialkylallylboranes (Eq. 8). Hence,
the catalytic effect is thought to derive from an increase in the electrophilicity of
the boron atom through binding of the metal ion to one of the boronate oxygens
[transition structure (T.S.) 9], as opposed to coordination of the carbonyl oxygen
(T.S. 10).%

pﬁ PhCHO QH
%B\o CH)CL, 78°.4h Ph% (Eq. 7)
>100X acceleration with (—)
Sc(OTf)3 (10 mol%)
PhCHO OH
A=y S (Eq. §
NO acceleration with (—)

Sc(OTf)3 (10 mol%)
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R2 OR! Hp2 Or!
RN, T N AN
R3 OR‘ R* OR!
LA LA
9 10

Coordination of the Lewis acid to the boronate oxygens is thought to decrease
the overlap between the oxygen lone electron pairs and the vacant p-orbital of the
boron atom. Consequently, the boron center is rendered more electron-deficient,
and compensates by strengthening the key boron—carbonyl oxygen interaction
and concomitantly lowering the activation energy of the reaction. This idea is
consistent with theoretical calculations of the non-catalyzed allylboration'® and
from an experimental study consisting of a quantitative survey of steric and
electronic effects in the reactions of different allylboronates.?! The latter results
led to the conclusion that the rate of a given allylboration can “be rationalized in
terms of the relative availability of lone pairs of electrons on the oxygen atoms
attached to the boron”.

Brgnsted Acid Catalyzed Reactions

In line with the effect of Lewis acids, the huge rate acceleration in the additions
of allylic boronates to aldehydes by strong protic acids such as triflic acid was
recently reported.® In the example of Eq. 9, the reaction yield is almost quanti-
tative after 16 hours at 0° under conditions where the use of Sc(OTf); gives less
than 5% of the product. Interestingly, additions with geometrically defined allylic
boronates are not always stereospecific. Although definitive mechanistic studies
have not yet appeared, it can be presumed that the origin of the acceleration
could be similar to that of Lewis acid catalysis, with activation by protonation
of a boronate oxygen in the cyclic chairlike transition structure.

(0}
EtOZC ﬁ CF3SOsH (10 mol%) o
+ PhCH
CHO toluene, 0°, 16 h
Ph

(99%)
(<5%) with Sc(OTf)3

(Eq. 9)

SCOPE AND LIMITATIONS

Preparation of Allylic Boron Reagents

Unlike aldehydes and ketones, allylic boron compounds are not ubiquitous,
commercial organic substrates. There are several methods for the preparation
of allylic boronates, however, and many of these have been developed in the
past decade. This topic has been reviewed recently'* so only the most common
methods are emphasized in this section. As a result of the lesser stability of allylic
boranes, methods to access these reagents are more limited and it is generally
easier to prepare allylic boronates with a wide range of functional groups.
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From Hard Allylic Organometallics. The most common preparation of
allylic boranes and boronates is the addition of a reactive allylic metal species
to a borinic or boric ester, respectively (Eqgs. 10 and 11). Preparations from
allyllithium,*!=3* allylmagnesium,*>33 and allylpotassium??3!:36-40 reagents are
all well known. These methods are popular because the required allylic anions are
quite easy to prepare, and because they generally lead to high yields of products.

(R )2BY R2
Y OR %’)\( «JXB\ (Eq 10)

3 2
4 or Cl R} R’ R
R regio-1
R A M |
3 5
R’ R R4 ‘ORI R4 QRI
M =Li, K, Mg B(ORY);  R2 R’ B
LR RS Bgpr + “OR! (Eq. 11)
R® RS R® R?
2 regio-2

One potential drawback to this approach is that the allylic metal precursor may
not be configurationally stable and may be subject to facile metallotropic rear-
rangement leading to either constitutional or geometrical isomers (Eq. 12).41-43
This is in fact a major problem even with 3-substituted allylic boranes, whose geo-
metrical integrity can be compromised according to Eq. 12 even at temperatures
well below 0° (see section “Stability and Handling”). Because of their potential
configurational instability, and also because of their high sensitivity to air, allylic
boranes are not isolated from the process depicted in Eq. 10, but rather are used
in situ for their addition to carbonyl substrates. In contrast, allylic boronates are
much more stable and can be isolated and purified prior to subsequent carbonyl
allylation reactions.

2

M e s s Y e

R? R! R? Rl

Another potential problem with the preparations from allylic organometallics
is that they often involve highly reactive reagents that can lead to incompatibil-
ities with many functional groups. While these impediments constitute no real
problem for simple allyl- or crotylboron reagents, they can lead to poor regio- and
stereoselectivities in more substituted examples. Significantly, as shown with the
diisopropyl tartrate (DIPT) derivatives (E)-11 and (Z)-11 of Egs. 13 and 14,3 the
use of Schlosser’s “superbase” conditions** to prepare the configurationally stable
crotylpotassium anions allows the preparation of both E- and Z-crotylboronates
with very high selectivity from the respective (E£)- and (Z)-2-butene. Likewise,
the bis(isopinocampheyl)crotylboranes [bis(Ipc)crotylboranes] 12 are prepared by
anion trapping with the requisite borinic ester [MeOB(Ipc),] at —78° (Egs. 15
and 16).** Because of the strong Lewis acidity of the resulting dialkylborane,
however, the addition of BFj3 is required in order to remove the methoxide anion
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and form the desired “free” borane. This additional operation is not required
with the less acidic crotylboronates. Moreover, crotyldialkylboranes are too sen-
sitive to be isolated and must be treated immediately with carbonyl substrates
(see section on “Stability and Handling”). These approaches using crotylpotas-
sium anions remain the methods of choice for preparing boron-based crotylation
reagents, which are very useful in the synthesis of polypropionate natural products
(see section “Applications to the Synthesis of Natural Products”).

C02Pr-i
~BuOK/n-BuLi | ™| 1. (i-PrO);B, —78° Q/S__COP .
z S o~Bs 2
THF, —78° to —50° K* | 2.1NHCILE0 o]
3. (+)-DIPT, MgSO4 (E)—]l (>75%)
(Eq. 13)
C02Pr—i
_ t-BuOK/n-BuLi (,\ 1. (i-PrO)3B, -78° 0
r\ 5 "COQPI’-i
THF, -78° to —25° K* | 2.1NHCIEp0 K\/B\O
3. (+)-DIPT, MgSO,
@11 (>75%)
(Eq. 14)
[ (Ipc)
K+ (pe)
SN MeOB(Ipo), \ BF3+OFt, __ B
N _— — B= A2 N
K g0 SN ‘\(Ipc) 780 (Ipc)
| OMe (E)-12 (>75%)
(Eq. 15)
r (Ipc)
h MeOB(Ipc) ke (po) BF3*OE B
- e C *OEt N
" #, B #, KV (Ipc)
K —78° (Ipc) —78°
D12 (>75%)
(Eq. 16)

AAN

Kw |7

OMe
B. B.

@L Me “B~oMe

MeOB((+)-Ipc], MeOB[(-)-Ipc]y

O

A number of other functionalized allylic boron reagents can be made
using allylmetal intermediates, including E-3-silyl-substituted reagents,3>38-40.43
exemplified by the bis(Ipc) derivative 13* (Eq. 17), and the useful Z-3-alkoxy-
substituted reagents,**~*® exemplified by 14** (Eq. 18). The double bond
geometry of 14 arises from the chelated alkyllithium intermediate employed in
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its preparation (Eq. 18).3346 Like most allylic dialkylboranes, reagents 13 and 14
are not isolated and rather are allowed to react in situ with carbonyl substrates
(see section “Stability and Handling”™).

Me, Me n-BuLi, TMEDA Me, Me 1. MeOB(Ipc),
_Si _ Si Li _ " =
(PN I Et,0, 0° (PN S BE O,
Me_ Me
(i-Pr)zN'Sl\/\/B(IPC)Z
B (Eq. 17)
n-BuLi = 1. MeOB(Ipc), _~_-B(Ipec),
THF,-78°  |MeO----Li| 2. BF3*OEt, MeO
14 (—)

If the presence of sensitive functional groups poses problems of chemose-
lectivity in the use of hard allylic metal reagents, allylboronate derivatives also
can be accessed by a milder transmetalation of allylic tin species with boron
halides.*” This approach has been used by Corey in the synthesis of chiral
bis(sulfonamido)boron reagents such as the methallyl reagent 15 (Eq. 19) (see
section “Chiral Boronate Derivatives”).>"

Ts. Ph
N
Br/B;‘N Ph Ts Ph

\
\ N
kS"(BU-n)s Is )L/B\Niph (Eq. 19)
\

CH,Cl,, 0° to 1t

15 (—)

Recently, the enantiomerically enriched a-carbamoyloxycrotylboronate 16 has
been synthesized using a similar anti-Sg’ reaction with in situ generated 2-chloro-
1,3-bis(toluenesulfonyl)-1,3,2-diazaborolidine (Eq. 20). Following a ligand-
exchange with pinacol, the resulting chiral a-substituted boronate 16 is isolated
in a good overall yield with minimal erosion of enantiomeric purity.>!

Ts

N

N
Cl/B‘N\ Ts,

N
N Ts
\:/\ S P B/ \‘>
(n-Bu)sSn OC(O)N(Pr-i), CH,Cl,, 0° N

(-PrN(O)CO T

1. HCL, H,0 0
_~__B.

2. pinacol, pTSA, \Ar O
MgSO,, CH,Cl, (i-Pr),N(O)CO

88% ee
(Eq. 20)

16 (83%, 2 steps) 85% ee
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From Alkenylmetal Precursors. The reaction of an alkenylmetal with a
halomethyl boronic ester also leads to allylic boronates (Eq. 21).>> This strategy
takes advantage of the configurational stability of vinylic carbanions and circum-
vents the rearrangements that can plague allylic metal intermediates. For example,
an alkenylmagnesium reagent reacts readily with pinacol chloromethylboronate
to give the corresponding isoprenylboronate in good yield (Eq. 22).>

R 5 1 R ?Rl
R, AHEROR e
M OR (Eq. 21)
R3 R3 R5
M =Li, Mg, Al, K 2

= THF 0/§<
MeBr  + 9J§< ; (Eq. 22)

Cl._B - —78° to rt W/\/B\O

(73%)

Alkenylmetal reagents are generally more configurationally stable than allylic
metal species and so alkylations with these anions are usually more stereoselec-
tive than with allylic anions. The low reactivity of many alkenylmetal species,
however, can sometimes bring about poor yields in the alkylation step. While the
reactions of alkenyllithium>*~¢ and alkenylmagnesium® reagents with halome-
thylboronates are well established, the high reactivity of these organometallics
limits the type of functional groups that may be present. In this regard, less reac-
tive alkenylaluminum’’3® (Eq. 23) and alkenylcopper?®>%%0 reagents (Eq. 24)
have been used to produce more sensitive, functionalized allylic boronates such
as 2-ethoxycarbonyl derivatives of types 17 and 19 from the corresponding
alkyne precursors. In the generic example in Eq. 24, the cis-carbocupration of
alkynoic esters provides a weakly nucleophilic and configurationally unstable
1-alkoxycarbonylalkenylcopper intermediate 18, and the presence of hexamethyl-
phosphoric triamide (HMPA) as an additive was found to be crucial to avoid
erosion of the E/Z stereoselectivity in the alkylation step with the iodomethyl-
boronate electrophile.?®3%:%° Under these conditions, a variety of unsymmetrically
substituted 3,3-dialkylated allylboronates 19 have been prepared in over 20: 1
selectivity, and these reagents have been subsequently employed in the stereo-
selective preparation of quaternary carbon centers by reaction with aldehydes.

OJQ
DIBAL-H, HMPA COMe | CL_B

[ :< o MeO,C (/)/&
THF, 0° Al(Bu-i), It _A_B

0
17 (80%)
(Eq. 23)

=—-CO,Me
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CO,R! OJ§<
. 2 5 1
y . R3,CuLi R%[Cu] IL_B-g RO (/)
R?>—=——CO,R R2 B-
THF, -78° R? HMPA, THF, = o
~78° to 0° 3
18 © R
19 >20:1E:Z
(Eq. 24)

One limitation of this preparative method is the concurrent formation of an
alkenylboronate, which is formed presumably via a-elimination pathways involv-
ing the intermediate ate adduct of addition between the organometallic reagent
and the a-haloalkylboronate (Eq. 25).5%!

1. Mg, THF

2. QJQ
C By TBDMSO 0
L/\ 0 " B
s Et,0, —100° B h

OTBDMS
(69%) 47:53 (Eq. 25)

TBDMSO

The use of enantiomerically pure a-chloroalkyl boronic esters as electrophiles,
for example the dicyclohexylboronate 20 obtained from Matteson’s asymmetric
homologation method,®? provides access to a-alkyl-substituted allylic boronates.
For example, reagent 21 is isolated in very high diastereomeric purity by way
of a net inversion of configuration (Eq. 26).6%%* Likewise, the Zn(II)-promoted
reaction of alkenylmetal fragments with chiral dichloromethylboronate 22 leads
to optically pure a-chloroallylboronates such as 23 (Eq. 27).%° This reagent has
a small tendency to isomerize so it is combined directly with aldehydes. Addi-
tion of all these a-substituted reagents to aldehydes is highly diastereoselective
(see Schemes 8 and 9 under “Enantioselective Allylations”).%%67 Furthermore,
the chloride substituent can be displaced with a variety of nucleophiles includ-
ing metal alkoxides and alkylmetal reagents to provide other useful allylation
reagents.%®

Cy Cy
AL o ZnCl 0
uoe g éi"CY 10.20° By @ (Eq 26
~P0 THF, -78° to 20 K\r ~0 (Eq. 26)
20 21 (76%) >99.5:0.5 d.r.
Cy Cy Cy
ch ZMgCl ’O/>—-C ZnCl, (1 eq) 93«c
CIYB\O ¥ THF,-78° 7By Y| aste0nsh Byl
G Cl,CH &
22 23 (—) >99.5:0.5 d.r.

(Eq. 27)

Page 13
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From Other Organic Fragments. Other direct methods to access allylic
boron reagents, including chiral ones such as 2-cyclohexenylborane 24, are based
on the hydroboration of 1,3-dienes® (Eq. 28) and allenes”® (Eq. 29). Allylic
boronates can also be accessed by the transition-metal-catalyzed diboration”!
(Eq. 30) and silaboration’? (Eq. 31) of dienes and allenes. With allenes as sub-
strates, the use of a chiral phosphoramidite ligand leads to high enantioselectiv-
ities in the preparation of chiral 2-borylated a-substituted reagents of type 25
(Eq. 32).73

(Ipc),BH  + @ THE BlEIpel,
2
—25°,12h ©/ (Eq. 28)

from (+)-2-pinene

24 (—) >94% ee

Pt(dba), (3 mol%),

O -
TBDMSO + H-F P(Bu-7)3 (6 mol%) 9 Ea. 29
= 0 toluene, 50°, 2 h TBDMS()\/\/B\O (Eq. 29)
1.5eq (86%)
O\B B/O . Pt(PPh3)4 (3 mol%) (o} H 0
o \O 2 :\ toluene, 80°, 16 h O/B B\O (Eq. 30)
1.5eq (93%) >99:1 Z:E

Ni(acac), (5 mol%),

PhMe-Si B/O H DIBAL-H (10 mol%) 4>:<; 0
€01 + . /
’ 0 toluene, 80°, 24 h PhMe,Si B\O (Eq. 31)

2eq (90%) >99:1 Z:E
ph Ph
O~/ 0
>~ P-NMe,
(0} 0
Ph" py
(6 mol%), w (Eq. 32)
R o 0 Pdy(dba)s (2.5 mol%) 0. .0
—_ " BB 1 14h P 2
toluene, rt,
¢ o /\‘/B\O
(pinzBy) R

25 (61-75%) 87-92% ee

Allylic boronates with a wide variety of functional groups can also be obtained
by the treatment of allylic acetates with pinacolatodiboron [(pin),B;], although
side products of oxidative homodimerization can be observed in some instances
(Eq. 33).7

(pin)sz, AN Ph
Pd(dba), (5 mol%) o
Ph._~__OAc Pho B Ny, (Ea-33)

DMSO, 50°

(73%) (13%)

Page 14
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Very recently, it was shown that allylic trifluoroborates such as 26 can be pre-
pared stereospecifically from allylic alcohols using a palladium complex made
from a pincer ligand (Eq. 34).”> A copper-catalyzed, site selective and stereo-
specific substitution of allylic carbonates with (pin),B, has been optimized to
afford several examples of a-substituted allylic boronates.”® When using the
E-isomer of an enantiomerically pure secondary allylic carbonate, the result-
ing chiral a-substituted allylic boronate 27 is obtained with minimal erosion of
enantiomeric purity (Eq. 35). The corresponding Z-configured allylic carbonate
affords the other enantiomer, and this stereochemical outcome has been explained
with a mechanism involving anti attack of the borylcopper reagent in a confor-
mation minimizing allylic 1,3-strain. Allylic halides are also suitable substrates
with pinacolborane as the borylating agent under platinum catalysis.”” As shown
in a palladium-catalyzed Stille cross-coupling reaction with soft alkenylmetal
electrophiles (Eq. 36),”® transition-metal-catalyzed processes can even tolerate
unprotected acidic functionalities. Related Negishi-type coupling strategies have
also been employed.”®3°

1.PhSe—Pd—SePh
Cl (5 mol%),

DMSO/MeOH, 50°, 16 h .
n-Pr _-~_OH + [B(OH),l, n—Pr\/\/BF3 K
2. aq KHF,

26 (94%) (Eq. 34)

Cu(OBu-1) (10 mol%),
n-Bu. 0CO,Me Xantphos (10 mol%) /0/@
w( (pin),B, (2.2 eq), \/YB\O (Eq. 35)
98% ee THF, 0°,23 h Bu-n

27 (95%) 96% ee

H sz(dba)3°CHCl3 H
K\VSH(Bu—n)g N (,) (3 mol%) 9
OH Br.__B- PPh; (12 mol%), A~ _~_Bg
© HMPA, 50° Lo

63%)  (Eq. 36)

From Boron-Containing Fragments. A number of indirect methods to
synthesize more highly functionalized allylic boronates are based on the
isomerization or derivatization of organoboron substrates. Selected examples
include the homologation of alkenylboronates with chloromethyllithium®-%!
(Eq. 37),%% and the allylic rearrangement of 3-siloxyalkenylboronates to give
chiral a-chloro derivatives such as 28 (Eq. 38).3 A variant of Eq. 37 using
lithiated allyl chloride has also been described.®* The Johnson orthoester Claisen
rearrangement of a chiral 3-hydroxypropenylboronic ester leads to an epimeric,
separable mixture of a-substituted allylic boronates 29 and 30 (Eq. 39).5%8¢ A
related intermolecular method based on the Sy2’ addition of Grignard reagents
has been reported (Eq. 40).%7 These reagents are not isolated, rather, they
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are immediately combined with aldehydes. Other methods of preparation of
allylic boronates involving boronic ester fragments include the isomerization of
alkenylboronates (Eq. 41),8 cycloadditions of dienylboronates (Eq. 42),%° and
olefin cross-metathesis (Eq. 43).%°

OMe 9& CICH,Li OBn 9J§<
Meow\v B-o THF, ~78° to 1t MeOWB\o
OBn OMe

(77%) (Eq. 37)

\‘/\VB\ \/\(B\o (Eq. 38)

(0] pet. ether, rt
TMSO Cl
28 (75%)
Ph. OMe
Ph
Ph  OMe p Ph

Ph MeC(OEt)3, cat. EtCO,H

-{~OMe
O%g(l)m 135° OK\V Ho é’h

HO\/\/B,\O i ¥
OEt
Ph OMe Ph OMe
Ph Ph
o o
B. >~ OMe 7 B. > £ OMe
- 0 Ph Z00
CO,Et \COZEt
29 (71%) 1:1 (separable) 30 (Eq. 39)
OJ& +  i-PrMgCl THE 9/§<
i-PrMg —_—
Ch~ B ~15°, 15 min /\(B\o (Eq. 40)

i-Pr
(—)

[IrH,(AcOEt),(PPh,Me), | PFq
(3 mol%)

AcOEt, rt, 10 min

/ -
TBDMSO™ ™ “B(OPr-i), TBDMSO._~_B(OPr-i),

(94% conv.) 98:2 E:Z
(Eq. 41)

toluene

B
g Y S0°.6h . (Eq. 42)
O
(6]

Y =0, NPh (quant.)
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cat. (3 mol%)
i B9 JQ CH,Cly, 40° Ph B9 JQ
/\/ \O o PC W \O (Eq 43)
| Yél (88%) 91:9 E:Z
cat. = _Ru’;
p | CI
PCy3

Stability and Handling of Allylic Boron Reagents

Allylic boronates are more stable to atmospheric oxidation and are thus much
easier to handle than the corresponding allylic boranes. The stability of the
boronate reagents arises from the partial donation of the lone pairs of electrons
on the oxygen atoms into the empty p-orbital of boron. This mesomeric effect is
responsible for the upfield shift of the boron atom in "B NMR compared to that
of allylic boranes (compare allylboronate 31 and allylborane 32).%!

,OJ;
/\/B\ .

31 32
"B NMR (200 MHz, CH,Cl,) & 33 ppm 1B NMR (200 MHz, THF) 8 82 ppm

2

As a consequence of their superior stability, many types of allylic boronates
can be isolated and purified. It should be noted that most pinacol allylic boronic
esters and other bulky esters are stable to hydrolysis and can be conveniently
purified by chromatography on silica gel. A potential pitfall of all allylic boron
compounds is their stereochemical integrity, and substituted allylic boranes are
known to undergo reversible borotropic rearrangements at temperatures above
—45° (see Eq. 12, M = BR,).2>?1:92 For this reason, allylic boranes are nor-
mally not handled under atmospheric conditions, and are rather prepared and
employed in situ at low temperatures. These borotropic rearrangements are the
bane of stereoselective syntheses since they can scramble the double bond geom-
etry of the reagent. Thus, a major advantage in using allylic boronates compared
to boranes is that they are much less prone to such rearrangement. For example,
whereas B-crotyl-9-borabicyclo[3.3.1]nonane (B-crotyl-9-BBN) (33) exists as an
equilibrating mixture of E- and Z-isomers at room temperature,’> the two iso-
mers of pinacol crotylboronate (7) are sufficiently stable to be independently
prepared, isolated, and employed at that temperature (Fig. 2).2>>* The allylic
borotropic rearrangement has been studied in detail with a few distinct reagents,
including the a-methyl allylic reagents of generic structure 34 (Eq. 44). The
dialkylboranes are fluxional at room temperature and exist almost exclusively
as the thermodynamically favored crotylborane with a more highly substituted
double bond.”! %
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pe <
B \/\/B\O ﬁ/ "0
33 (E)-7 -7
inseparable E:Z mixture E:Z isomers readily prepared
at room temperature and handled at room temperature

Figure 2. Comparison of the stereochemical stability of crotylboranes vs crotylboron-
ates.

E(Y) R(Y)
/\( \R(Y) - WB\R(Y)
34 (Eq. 44)
R = alkyl fast at room temperature
Y =0OR stable at room temperature

Y =NMe, stable up to 200°

The speed of the rearrangement depends on the Lewis acidity of the boron
atom.”* Electron-donating substituents that reduce the acidity of boron slow down

the process. Thus, whereas a monoamino derivative slowly isomerizes at 150°,%

the corresponding diamino derivative is stable up to a temperature of 200°.%°
The corresponding boronic esters are less stabilized towards the borotropic rear-
rangement, but they are stable enough to be conveniently handled at room
temperature. The presence of Lewis acids, however, can promote or accelerate the
rearrangement.*” These allylic borotropic rearrangements obey first-order kinetics
and the absence of crossover products in control experiments demonstrates their
intramolecular nature.®?> In the case of the B-allyl 9-BBN reagent, the coales-
cence temperature is 10°, which corresponds to a rate of exchange of 330 sec™!
(AG” 13.3 kcal/mol).> Unsurprisingly, bases such as pyridine completely stop
the rearrangement.”>** Activation parameters of several allylic dialkylboranes
have been determined by dynamic NMR spectroscopy.’!

Reactivity of Allylic Boron Reagents

The boron—oxygen mesomeric effect described in the previous section explains
the lower reactivity of allylic boronates towards carbonyl compounds compared
to that of allylic boranes. The use of Lewis acids, however, allows boronate
derivatives, including hindered ones, to react at temperatures comparable to the
analogous boranes. As described above (see section “Mechanism and Stereo-
chemistry”), the most reactive allylic boronates are those with the most elec-
trophilic boron centers.!®?! The nucleophilicity of the y-position of an allylic
boron reagent (the position that forms the new C—C bond with the aldehyde) is
also important to the reactivity of the reagent. For example, allylic boronates with
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ArO 23\ co
Ny o O 0 0
B _~_B. ! 4& B\B !
N T Nakyl 7 N By cosR 00T By
SOQAI'
faster slower

reactivity towards carbonyl compounds

Figure 3. Scale of reactivity for selected allylboron derivatives toward carbonyl com-
pounds.

substituents that reduce electron density at this position, such as 2-ethoxycarbonyl
groups,>®3? are correspondingly less reactive than similar allylboronates that lack
these groups. Between the crotylboronate isomers, the E-isomer reacts noticeably
faster than the Z counterpart.?>>* The electronic and steric effects of different
allylic borane and boronate derivatives has been studied by qualitative kinetic
analysis.”! The resulting scale of reactivity depicted in Fig. 3 emphasizes the
importance of both effects in the reactivity of these boron-based reagents. In
general, acyclic boronates react faster than cyclic ones. Moreover, the reaction is
quite sensitive to electronic effects. For example, N,N,N’,N'-tartramide deriva-
tives react at a much slower rate than the corresponding esters.

Allylic dihaloboranes have been isolated and characterized.®” The highly elec-
trophilic difluoroallylborane is predicted to be extremely reactive in carbonyl
allylation.'® Allylic difluoroboranes are postulated intermediates in the Lewis
acid promoted additions of allylic trifluoroborate salts.”®%" These reagents com-
bine stability and reactivity as desirable attributes in a single class of allylic boron
reagents. They are prepared by reaction of the corresponding allylic boronic acids
with aqueous KHF,, and they can be purified by recrystallization and stored as
air- and water-stable solids for extended periods of time at room temperature. For
example, the crotyl trifluoroborates (E)- and (Z)-35 do not interconvert. Allylic
trifluoroborate salts are inert to carbonyl compounds until activated by an external
Lewis acid, at which point they become efficient allylating agents that produce
homoallylic alcohols in high yields. Instead of aldehyde coordination, this new
method of activation is thought to involve a mechanism whereby the electrophilic
additive (usually BF3<OEt;) strips off a fluoride anion from the trifluoroborate
salt. The expected product of this equilibration is a highly electrophilic tricoor-
dinate allylic difluoroborane, which is thought to react with aldehydes through
the usual Type I mechanism. Consistent with this hypothesis, the crotyl reagents
(E)- and (Z)-35 provide, in over 90% yield, the respective anti and syn addition
products expected from a cyclic, chairlike transition structure (Eq. 45). Although
the reaction is usually carried out using two equivalents of BF3+OEt, at —78°,
it can also be performed with as low as 5 mol% of the same additive, albeit at
room temperature. A phase-transfer procedure has also been developed.'®
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OH
RWBF{K* s BF;
+ R3CHO RO
R2 CH,)Cl, le R2
BF; (0.05 eq), t, 3-6 h; or (Eq. 45)
BF; (2.0 eq), —=78°, 15 min
(E)-35 R'=Me, R2=H R3=Ph (>90%) >98:2 d.r.
(2)-35 R'=H, R?=Me R3=Ph (>90%) >98:2 d.r.

Work-Up Conditions

The addition of allylic boron reagents to carbonyl compounds first leads to
homoallylic alcohol derivatives 36 or 37 that contain a covalent B-O bond
(Egs. 46 and 47). These adducts must be cleaved at the end of the reaction
to isolate the free alcohol product from the reaction mixture. To cleave the
covalent B—O bond in these intermediates, a hydrolytic or oxidative work-up
is required. For additions of allylic boranes, an oxidative work-up of the borinic
ester intermediate 36 (R! = alkyl) with basic hydrogen peroxide is preferred. For
additions of allylic boronate derivatives, a simpler hydrolysis (acidic or basic)
or triethanolamine exchange?” is generally performed as a means to cleave the
borate intermediate 37 (Y = O-alkyl). The facility with which the borate ester is
hydrolyzed depends primarily on the size of the substituents, but this operation
is usually straightforward. For sensitive carbonyl substrates, the choice of allylic
derivative, borane or boronate, may thus be dictated by the particular work-up
conditions required.

4 R! 1 4
Rzﬁj\/ ]|3 R°CHO RLBO R s work-up (Eq. 46)
Pz N R
1 .
R* R R® R aq NaOH
1 R!=alkyl 36
no R
. 5
Rﬁ)\/e\vR
R? R?
4y 4
R2 /R 1|3 RSCHO Y,BO R RS work-up Eq. 47
TY Rf’)\/e\v H30", or OH (Eq. 47)
R} R’ R? R CH :
or N(CH,CH,OH);
2 Y = O-alkyl(aryl) 37

or N-alkyl(aryl)

Carbonyl Substrate Generality

Additions of allylic boron reagents have been reported on a very wide range
of classes of functionalized aldehydes. Some types of aldehydes, however, are
very reactive and may lead to side-reactions. For example, B,y-unsaturated alde-
hydes are notoriously difficult substrates but an indirect procedure for their in situ
generation leads to clean products of allylboration.'®! Although most examples
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of additions of allylic boron reagents involve aldehydes as substrates, additions
to ketones are also possible. Additions to simple ketones are much slower than
similar reactions with aldehydes, and forcing conditions may be required. The
stereoselectivity observed in these additions is variable depending on the differ-
ence in size between the two substituents on the ketone. As exemplified in Eq. 48,
ketones react slowly with allylic boronates, under high pressure, to yield tertiary
homoallylic alcohols as products.!®? Additions of allylic boranes are also much
slower with ketones. For example, additions of methallyl-BBN are performed
at room temperature, compared to —78° for aldehydes (Eq. 49), and they were
found to be highly sensitive to the steric bulk of the ketone.!”3 Because of the
high temperature required, these additions are accompanied by reversible allylic
rearrangement in reactions of 3-monosubstituted allylic boranes, which renders
them impractical.

Q/Q . O pet. ether HO ,,’ . HO /l
%5&0 R kbar3d R>\:/§ R%
| (Eq. 48)

anti syn
R=Et (79%) 1:1 anti:syn, ~1:2 E:Z
R =i-Pr (—) >99:1 anti:syn, ~1:3 E:Z

(0] pentane HO
)‘\/B@ N i, 2h X/K (Eq. 49)

(95%)

The additions of allylic boronates to ketones are greatly enhanced if an appro-
priate chelating group is present on the ketone (such as an a- or B-hydroxy
or carboxylic acid group).!®~1% For example, both (E)- and (Z)-diisopropyl
crotylboronate exchange 2-propanol and add to a-hydroxyacetone within rea-
sonable time frames to give the expected products in high diastereoselectivity
(Eq. 50).'% In the proposed transition structure 38, the ketone residue bearing
the a-hydroxy group occupies an axial position due to the formation of a cyclic
boronate complex.

R B(OPr-i )(J)\/OH ™ OH
EW (OPr- i), " \/I,B~0R HO)\(\
B0 ”
R, Et3;N, CH,Cl,, /
Rg Ry
~78°tort, 36 h Ry

38 Rg=Me, Rz=H (72%) 97:3 d.r.

Rg=H,Rz=Me (65%) 94:6d.r.

(Eq. 50)

Moderate levels of diastereomeric differentiation are observed in the additions
of achiral allylboronates to B-hydroxy ketones, as exemplified in Eq. 51a.!'”
The major product is tentatively assigned as the anti diastereomer. Few reports
describe the use of carbonyl substrates other than aldehydes and ketones, and
these reactions have not led to applications. For instance, low reactivity leading
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to modest yields and stereoselectivity are observed in the additions of allylic
boranes to acylsilanes (Eq. 51b).!!!

OH O _~_B(OH), HO Et. OH . HOHO Et

Ph Et CHyCly, 1t Ph A Ph A
anti syn
(84%) 9:1 anti:syn (Eq. 51a)
)\/& B(Ipo) Et,0 HO SiPhs
" /\/ : M
NSiphy - 7801t X ~  (Eq. 51b)
(61%)

Acid chlorides (which react vigorously), esters, and N,N-dimethylamides react
with two equivalents of the reagent to give diallyl tertiary alcohols after work-up
(Eq. 52).103

0 pentane HO Ph
+ -
~_-B Ph)kCI rt,2h M (Eq 52)
2eq (89%)

The Lewis acid catalyzed reactions expand the scope of aldehyde substrates
with certain boronate reagents. For example, whereas cyclohexanecarboxalde-
hyde is unreactive under thermal (uncatalyzed) conditions, it does react with
allylic boronate 8 under Sc(OTf); catalysis at room temperature (Eq. 53, see also
Eq. 6).2°

CHO
EtO,C o) Sc(OTf)3 (10 mol%)
4 +
Et%B\ o toluene, rt, 24 h
8 no reaction with
no catalyst at 80°

(54%)

Diastereoselective Additions to Chiral o«-Substituted Carbonyl Substrates

The presence of a stereogenic center on the aldehyde can strongly influence
the diastereoselectivity in allylboration reactions, especially if this center is in
the a-position. Predictive rules for nucleophilic addition on such a-substituted
carbonyl substrates such as the Felkin model are not always suitable for closed
transition structures.''? For a-substituted aldehydes devoid of a polar substituent,
Roush has established that the minimization of “gauche-gauche” (“syn-pentane’)
interactions can overrule the influence of stereoelectronic effects.!!'® This model
is valid for any 3-monosubstituted allylic boron reagent. For example, although
crotylboronate (E)-7 adds to aldehyde 39 to afford as the major product the
diastereomer predicted by the Felkin model (Scheme 2),''*!15 it is proposed that
the dominant factor is rather the minimization of syn-pentane interactions between
the y-substituents of the allyl unit and the a-carbon of the aldehyde. With this
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Felkin product
O
Et H + % — 83
~o~-Be o 17
39 (E)-7
(0)
\ OH

L, o= o
0/3;\/ EtY\‘A\
~H

H
Et)( anti-Felkin product

41

Scheme 2. Stereoinduction model for additions of (E)-7 to a-chiral aldehyde 39.

model, 40 is the favored transition structure leading to the Felkin product because
the two smallest substituents on the a-carbon (H, Me) are aligned respectively
with a methyl and a hydrogen of the E-crotyl unit. This arrangement leaves the
largest group (Et) of the aldehyde “outside” the chair, away from the reactive
centers and almost orthogonal with the plane of the carbonyl unit. This conformer,
which in this instance also happens to be the reactive one predicted by the Felkin
model, best minimizes the so-called gauche-gauche (syn-pentane) interactions.
In the alternative transition structure 41 that leads to the minor diastereomer, the
ethyl group induces slightly more important gauche-gauche interactions compared
to those found in 40 (Et—H for 41 vs. Me—H for 40). Other transition structures
with the smallest group (H) outside the chair are less favorable and are not
considered in this analysis. These transition structures feature Me—Me or Et—Me
“syn-pentane” interactions, and thus are significantly higher in energy.

The value of this model is more apparent in rationalizing the results of crotyl-
boronate (Z)-7 for which the possible transition structures, 42—45, are shown
in Scheme 3.'"® In these examples, the major diastereomer is the anti-Felkin
product.'!® The Felkin transition structure 45 shows a severe Me—Me syn-pentane
interaction. Structure 43, analogous to 40 in Scheme 2, best minimizes these
interactions by aligning the smallest groups together. With respect to the minor
diastereomer, structure 44 is preferable over 45, but not quite as effective as 43
in minimizing the overall effect of syn-pentane interactions because it places the
methyl group outside the chair instead of the larger ethyl group.

The stereoinductive effect of the a-substituent is often more powerful when
this substituent is a polar group such as an alkoxy or amino group. In this
instance as well, minimization of syn-pentane interactions with 3-monosubstituted
reagents is important, and the selectivity can be amplified if it acts in con-
cert with other effects. Known models include the stereoelectronic preference
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A}O oH

- O/B\\O/ A\ _H Et\‘/\/\
Et—\ ‘
anti-Felkin product
O 0 H P
Et + / N - 43 -

0 30
39 @-7 H E OH
L~ |\ H /)= 0 — = Et
><Et¢o S
|
H Felkin product

Scheme 3. Stereoinduction model for additions of (Z)-7 to a-chiral aldehyde 39.

for the orthogonal polar group dictated by the Felkin—Anh model,''® and the
minimization of dipoles (i.e., the Cornforth model'!”). With such aldehydes as
glyceraldehyde acetals (e.g., 51 in Scheme 4), Z-crotylboron reagents tend to be
more selective than the E-isomers.!'® In the absence of any y-substituents, or with
3,3-disubstituted reagents, syn-pentane interactions are not expected to play a key
role. As shown in Scheme 4, the generic addition of pinacol allylboronate (31) to
aldehydes substituted with a polar substituent can proceed through four reason-
able transition structures 46—49 (high-energy rotamers with the small group, the
hydrogen atom, in the “outside” position are not considered).''>!'® Comparison
of the selectivity among aldehydes 39, 50, and 51 shows an increase in the anti
product with a polar aldehyde substituent. By presenting the polar group almost
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RS
X
syn
(anti-Felkin—Anh)

X o
31 OH
= R\I/'\A\

X

anti
(Felkin—Anh)
B, K o
‘ OBz ﬁ/
epi-39 50 51
syn:anti 62:38 45:55 20:80

Scheme 4. Stereoinduction model for additions of allylboronate 31 to aldehydes with a
polar a-substituent.

perpendicular to the plane of the aldehyde carbonyl group, structures 46 and
49 are stereoelectronically favorable and probably comparable in energy even
if structure 49 is formally the reactive conformer according to the Felkin—Anh
interpretation. The results of reactions of allylboronate 31 and the corresponding
crotyl reagents suggest that with aldehyde 51, the Cornforth-like conformer 48
(minimizing dipole repulsion between the a-alkoxy substituent and the carbonyl)
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is particularly important in explaining the increase of the anti stereoisomer. A
computational study supports the importance of the Cornforth model in these
allylboration reactions.'!® Moreover, this conformer (48) also favorably places
the large methylene(oxy) substituent of aldehyde 51 on the “outside” on the
chairlike transition structure.

To improve the levels of selectivity in additions to chiral aldehydes, it is
possible to resort to the tactic of double diastereoselection with the use of
chiral allylic boranes and boronates (see section “Double Diastereoselection”).
Bis(isopinocampheyl) allylic boranes and the tartrate allylic boronates (see fol-
lowing section), in particular, are very useful in the synthesis of polypropi-
onate natural products by reaction with a-methyl and a-alkoxy functionalized
aldehydes.

Enantioselective Allylations and Crotylations with Chiral Auxiliary
Reagents

The most common application of the allylboration reaction is in the allylation
and crotylation of aldehydes. Many strategies have been devised for controlling
the absolute stereoselectivity.'®!! These strategies involve two general classes of
chiral reagents: (1) allylic boronates or boranes containing a stereogenic a-carbon
on the allylic unit; (2) allylic boronates fitted with a chiral auxiliary that creates
the cyclic boronate, or that is attached to the non-allylic substituents in boranes.
The use of chiral auxiliary-based reagents is more popular because it is generally
easier to manipulate the non-allylic substituents than it is to make an enantiomeri-
cally pure allylic boronate with a stereogenic a-carbon on the allylic unit. Several
examples of both classes of reagents have been reported and reviewed recently,
both for boronate derivatives and boranes.!%!!

Chiral Boronate Derivatives. A large number of chiral auxiliary reagents
based on allylic boronates has been reported.'®!! This section provides a brief
overview of the historically important ones, but it focuses mainly on the most
popular systems and the emerging ones (Fig. 4).

The first examples of chiral allylic boronates'”’ were prepared from rigid
camphor-derived 1,2-diols, providing allylation reagents of generic structure
52.114120-122. AJthough they did not provide very high levels of stereoinduction in
their reactions with aldehydes, these reagents inspired more work by several other
groups, and these efforts led to significantly improved systems. For example, the
class of tartrate-derived allenyl-, allyl- 53, and crotylboronates 11 has evolved
into one of the most recognizable class of reagents in organic synthesis.?”-123:124
These reagents are very reactive, allowing additions to aldehydes to proceed read-
ily at —78°. Their reactivity comes at a price, however, as they are hydrolytically
unstable and must be employed in conjunction with molecular sieves to rigor-
ously eliminate adventitious traces of water.'?> Nonetheless, when appropriately
stored at —20°, the crotylboronates 11 can be kept for months without apprecia-
ble deterioration. As expected, reagents (£)-11 and (Z)-11 give the respective
anti- and syn-propionate units in a diastereospecific manner and with very high
diastereoselectivity (Eqs. 54 and 55).37 The enantioselectivity tends to be higher
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COzPr-i

9!
B\O “CO,Pr-i
R2 W “R!

52 53 R, R’=H 54 R' = CH,Ph
(E)-11 R'=Me,R>=H 55 R! = CH,CF;
(2-11 R'=H,R*>=Me

Ts Ph
0 RN
! R ™
NP \
\ RZ Ts
SO,Me
56 57 R, R%,R’=H

(E)-58 R'=Me,RL R*=H
(2)-58 R'=H,R>=Me, R*=H
15 R, R>=H,R*=Me
Figure 4. Common allylic boronate derivatives used as chiral auxiliary reagents in enan-
tioselective carbonyl additions. (Only one stereoisomer is shown for simplicity.)

with (E)-11, but values are typically less than 85% ee for most aldehydes. In this
regard, toluene is the best solvent for aliphatic aldehydes whereas THF is optimal
for aromatic ones.!?> Although simple stereoselection with these reagents does
not provide practical levels of enantioselectivity, their use in double diastere-
oselection with a-substituted aldehydes'?® has been amply demonstrated in the
context of numerous total syntheses of complex natural products.'!

COPr-i toluene or THF HO
9 + RCHO ——————— M

B > COPri 4 AMS, -78° R™ Y

S B o Pr-i ; (Eq. 54)
(RR)-(E)-11 anti
(70-95%) >98% d.r., up to 88% ee
C02Pr-i HO
(,)/g + RCHO toluene or THF

K\/B\O “CO,Pr-i 4 A MS, —78° R/H/\ (Eq 55)

RR)-(2)-11 syn

(70-95%) >98% d.r., up to 86% ee

Originally, it was proposed that lone pair repulsions between one of the
tartrate ester carbonyl oxygens and the aldehyde oxygen in transition struc-
ture 60 were responsible for the preference for transition structure 59 and the
consequent enantiofacial selectivity (Scheme 5). Recent theoretical calculations,

Page 27
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OPr-i
O
OH
;07N - COPr-i
— H ) ] 2. R
/)\&’B 0 RN
Z- \0
R R=Cy (97%) 87% ee
CO,Pr-i _ 59 _ R =1-Bu (56%) 86% ce
p/g + RCHO — favored diastereomeric T.S.
/\/B\O “CO,Pr-i
(R,R)-53
i-PrO,C

Scheme 5. Model for absolute stereoinduction in additions of tartrate allylic boronate
53 to aldehydes.

however, point to an attractive np-m*c—¢ interaction between the basic oxygen
atom of one of the two ester groups and the boron-activated aldehyde car-
bonyl as the main factor favoring transition structure 59 in these stereoselective
allylations.'?’

Significantly higher levels of enantioselectivity can be obtained with aromatic
and unsaturated aldehydes by making use of the corresponding metal carbonyl
complexes (Eq. 56).12%12% The selectivity is higher in toluene as solvent, and the
resulting product can be easily decomplexed oxidatively to afford enantioenriched
material. Likewise, dicobalt hexacarbonyl complexes of propargylic aldehydes
provide much improved selectivities.'?%130

CO,Pr-i pZ CHO .
_78° OH
p . @\/ 1.4 A MS, toluene, —78 )\A
- ;i 2. CH3CN, O,, hv X
/\/B\O C02Pr 1 CI‘(CO)3 3 2 Ph
(R,R)-53 (>90%) 83% ee

56% ee with PACHO

(Eq. 56)

Cyclic derivatives 54 and 55 lead to higher levels of enantioselectivity with

several types of aldehydes but their preparation requires more effort than the

simpler parent reagents 53 and 11 (Fig. 4).'3:!32 The mixed O/N boronate deriva-

tive 56 provides high enantioselectivities with aliphatic aldehydes (Eq. 57).'3% Its

preparation, however, is also tedious and requires five steps from enantiomerically
pure camphorquinone.

Page 28
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Q + RCHO E6O OH
1
By -78°,2h RO (Eq. 57)
\
SO,Me (47-92%) up to 96% ee

56

The bis(sulfonamide)-derived reagents (e.g., 57, 58, and 15 in Fig. 4) are based
on a 1,2-diamino-1,2-diphenylethane auxiliary.”® These hydrolytically unstable
boronate derivatives are typically prepared by Sn-to-B exchange of allylic tin pre-
cursors (e.g., Eq. 19). When employed at —78° in toluene or methylene chloride,
unsubstituted allyl and methallyl reagents 57 and 15 provide very high enantio-
selectivities (>95% ee).”® The 2-bromoallyl reagent is also quite efficient but the
crotylation reagents 58 provide slightly lower enantioselectivities (90-95% ee).
It is thought that in the favored transition state 61 involving a tetracoordinate
boron atom, the tolylsulfonyl groups orient away from the phenyl substituents of
the chiral auxiliary (Scheme 6). It was proposed that the high enantioselectivity
can be rationalized by the presence of a steric interaction between the methylene
group of the allyl unit and the sulfonyl substituent on the pseudo-equatorial nitro-
gen atom in the disfavored transition state 62.°° Several 2-substituted derivatives
of these bis(sulfonamide) allylation reagents have been employed in the total
synthesis of complex natural products (see section “Applications to the Synthesis
of Natural Products™).

There are only a few examples where chiral allylic boronates react successfully
with ketones, and the enantioselectivities are modest.'** A recent report, however,

Tol
02‘S\ Ph
N OH
— H | --Ph
//\)Q\//B\N\ R/'\/\
/0 SO,
R | R =Ph (>90%) 95% ee
TolO,s, FPh Tol R=Cy (>90%) 97% ee
N 61
/\/é\N ~pn T RCHO —  favored diastereomeric T.S.
\SOQTOI Tol
(8,5)-57 08
OH
L /}L :/S_.Ph —_— /\/\
; B~ X
RO, 207 N, R
3
Tol
62

Scheme 6. Model for absolute stereoinduction in additions of bis(sulfonamide) reagent
57 to aldehydes.
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describes the use of very reactive binaphthol-derived allylboronates. In particular,
high levels of enantioselection (>96% ee) are obtained in the reaction of the 3,3'-
(CF3),-BINOL reagent 63 with several aromatic ketones, as exemplified with
4-chloroacetophenone (Eq. 58).'%

o Ho,
Cl

toluene,
—78° to —40°, 48 h Cl

(94%) >99:1e.r.

N (Eq. 58)

Chiral Dialkylboranes. Several allylic boranes have been developed as chi-
ral auxiliary reagents (Fig. 5). The introduction of terpene-based reagents such
as 12 and 64-68 has been pioneered by H.C. Brown, and the most popular
class remains the bis(isopinocampheyl) derivatives (structures 12, 64—66).'3¢ A
wide variety of substituted analogs have been reported,”!? including the popular
crotylboranes 12,*137 but also a number of other reagents bearing heteroatom-
substituents. All are made from the inexpensive precursor o-pinene, readily
available in both enantiomeric forms.

AR h SN
R%B\\ RW
RI
R2 E \)v )©><
64 R',RZ,R3=H 67 68
(E)-12 R'=Me, R%Z R*=H
(2)-12 R'=H,R*=Me,R*=H

65 R, R2=H,R3=Me
66 R',R2=Me, R3>=H

TMS
R3
RI/\H\:Q 1
( RL_~__B
R \ W
R R2
69
70 R, R R3=H

(E)-71 R'=Me, R%, R*=H

(2-71 R'=H,R?=Me,R®*=H

Figure 5. Chiral allylic boranes used as chiral auxiliary reagents in enantioselective
additions to carbonyl compounds. (Only one isomer is shown for simplicity. For reagents
12 and 64-66, (—)-Ipc is shown.)
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Most of the bis(isopinocampheyl) reagents, which are prepared from hard
allylic organometallic precursors (e.g., Egs. 15 and 16), are very reactive and add
rapidly to aldehydes at —78°. Like other boranes, they are oxidatively unstable in
ambient atmosphere and must be reacted with aldehydes in situ. Moreover, be-
cause of the borotropic rearrangement discussed above, the crotylboranes must be
preserved and used at a low temperature to avoid geometrical isomerization with
consequent formation of mixtures of diastereomeric products (see section on “Sta-
bility and Handling”). Not surprisingly, the 3,3-disubstituted reagent 66, which
provides quaternary carbon centers in the products, reacts more slowly and neces-
sitates a higher reaction temperature.'3® The alcohol products from these additions
are most often isolated through a basic hydrolytic oxidative work-up of the borin-
ate intermediate (see Eq. 46). The unsubstituted reagent 64, allyl(Ipc),borane, is
very enantioselective.!3® It provides enantioselectivies over 95% for a wide range
of aldehyde substrates. The removal of residual Mg?* salts from the preparation
of 64 leads to a dramatic increase of the reagent’s reactivity, allowing reactions
to be carried out at —100° with improved enantioselectivities (up to 98% ee).!?’
Simple allylation reactions have been performed successfully in good to high
yields with a wide variety of aliphatic, aromatic and heteroaromatic aldehydes
(see section “Applications to the Synthesis of Natural Products”). Crotylations of
aldehydes with reagents 12 are less selective, providing enantioselectivities in the
range of 88—92% ee at —78°.137 The bis(isopinocampheyl)boranes behave poorly
with ketones as substrates. For example, the simple allylation of acetophenone
with reagent 64 gives the addition product with only 5% ee.'*’

The enantioselectivity of these reagents is explained by comparison of
transition structures 72 and 73 shown in Scheme 7. The disfavored transition
structure 73 leading to the minor enantiomer displays a steric interaction between
the methylene of the allylic unit and the methyl group of one of the pinane
units. Unlike the tartrate boronates described above, the directing effect of the
bis(isopinocampheyl) allylic boranes is extremely powerful, giving rise to high
reagent control in double diastereoselective additions (see section on “Double
Diastereoselection”).

Other chiral dialkylallylboranes have been reported, including the borolanes
69 (Fig. 5).'41142 Although the high reactivity and outstanding enantioselectivity
of these borolanes make them very attractive reagents, they are notorious for
their tedious preparation and have thus remained rather under-utilized. Recently,
the 10-TMS-9-borabicyclo[3.3.2]decane allylborane and crotylboranes (70) and
(71) were shown to provide remarkable stereoselectivities (>98% d.r., 94—99%
ee) and good to high yields for a wide range of aldehydes.'* These reagents
require reaction times of just a few hours at —78°, and are said to be robust and
recyclable. They can be prepared using allylic carbanions in three simple steps
that includes, however, a resolution of the borinic ester precursor as a stable
and crystalline pseudoephedrine complex. The corresponding allenylborane has
been reported.'** Reagent 74, the 10-phenyl analog of reagent 70, is particularly
effective in allylations of ketones.'*> As exemplified in the reaction between
(R)-74 and acetophenone, enantioselectivities are excellent for aromatic ketones
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4
- HO R
. nol . Rl%
— N

R2 —/_ IJQO,/ R% R2

R3R up to 98% ee with 64
= 72

R* ﬁ ] favored diastereomeric T.S. >98% d.r., 88-92% ee

RZ fs * 1 with 12
P

R3 r
64 R% R R*=H . HO R*
(E)-12 R2=Me, R3, R*=H L~ JNRA; Rl
(2-12 R?=H,R*=Me,R*=H R o B 5 -
65 R R¥=H,R*=Me R, R
66 R R*=Me, R*=H &3 X
B 73

Scheme 7. Model for absolute stereoinduction in additions of (—)-bis(isopinocampheyl)
allylic boranes to aldehydes.

(Eq. 59), and even surprisingly high for aliphatic ketones such as 2-butanone, a
substrate that offers very little steric discrimination (Eq. 60). Reagent 74 is less
effective than 70 in allylations of aldehydes (e.g., 90% ee vs. >98% ee for 70
in the allylation of benzaldehyde). The superior reactivity and selectivity of 74
with ketones is ascribed in part to the lesser steric bulk of the phenyl substituent
compared to the trimethylsilyl unit of reagent 70. The smaller phenyl substituent
of 74 would provide a better fit for ketones in the chiral “pocket” of the reagent.

O
A
Ph OH
(B0, T8 T e (Eq. 59)
Ph (92%) 96% ee
B
X
(®-74 Et OH
Et,0, —78° > EtM (Eq. 60)

(80%) 87% ee

Enantioselective Allylations and Crotylations with Chiral «-Substituted
Reagents
One major advantage of chiral auxiliary reagents over chiral a-substituted
reagents is the fact that the chiral diol or diamine unit is not modified in the
bond-making process and is thus potentially recyclable. The preparation of enan-
tiomerically pure a-substituted reagents requires a stereoinductive transformation
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such as the Matteson asymmetric homologation (see Eqs. 26 and 27), and their
addition to aldehydes leads to destruction of the stereogenic a-center. Despite
these disadvantages, many such reagents have found extensive use in the total
synthesis of complex natural products.!! Examples of chiral a-substituted allylic
boronates are shown in Fig. 6.3 The possibility for allylic rearrangement pre-
cludes the use of chiral a-substituted allylic boranes except in special instances
such as the cyclohexenyl derivative 24, which can be prepared by the asymmet-
ric hydroboration of cyclohexadiene (Eq. 28). Enantiomerically enriched reagent
24 (94% ee) adds to aldehydes at —78° to give the corresponding homoallylic
alcohols with high enantioselectivities (94% ee).””

From the useful a-chloro allylic boronates 23 and 28,6°-67-83.146 3 number of
other a-substituted reagents can be obtained by nucleophilic substitution of the
chloride substituent (Fig. 6). For example, the a-methoxy reagent 75°%147 and -
methyl substituted reagent 21-% provide excellent enantiofacial discrimination
with levels of enantiocontrol over 95% ee. These reagents provide interesting
insight into the important steric and electronic factors involved in the allybora-
tion transition structure. For all of these a-substituted reagents, two competing
chairlike transition structure models can be proposed where the o substituent
is positioned either in a pseudo-equatorial or in a pseudo-axial orientation.!'4®
These two competing structures lead to opposite configurations for the resulting
homoallylic alcohols, and their relative energy difference depends on the nature
of the substituent on the a-carbon, on the nature of the diol boronate auxiliary,
and also on the presence of y-substituents on the allylic boronate. For example, in
reactions with a-chloro reagent 23, the chloroalkenyl homoallylic alcohol product
(Z2)-78 is largely predominant (>99:1) over the E-configured product 80, and it is
obtained in a very high level of enantioselectivity (Scheme 8).9>-% This very high
enantioselectivity of the product reflects the high enantiopurity of reagent 23. The
predominance of stereoisomer 78 and its Z-olefin geometry can be explained in

Cy cy
T S S 7o
80 \A‘/ e S Bo m/B\o

Cl Cl OMe
23 28 75 21

YW
B[(-)-Ipcl ,Oﬁf, N 0.50 0. 0
@l “ o i ee
O, %

24 CO,R
29,30 Ar=CPhy(OMe) 76 25

Figure 6. Chiral a-substituted allylic boron reagents.
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Cy
OH
L ?/>»Cy
oo RN
= cl
. & 78
el 7 tavored T R =i-Pr (89%) >99% ec
avore: w.
Q%Cy + RCHO | R =Ph (79%) >99% ce
Ao
Cl
23 \« Cy

L~ cl (\)s’cy H
B A _~ca
J=tBo R
/0
R

79

80
Scheme 8. Stereoinduction model for the additions of chiral a-chloro allylboronate 23.

terms of one preferred transition structure 77 where the chloro substituent adopts
a pseudo-axial orientation to minimize dipole repulsion, and to avoid Coulombic
repulsions with the oxygen atoms of the boronate. In transition structure 79, unfa-
vorable steric interactions and electronic repulsions are unavoidable between the
pseudo-equatorial chloro substituent and the dioxaborolane substituents. It had
been shown previously that the 1,2-dicyclohexyl ethanediol (DICHED) auxiliary
had little effect on the stereochemical outcome of the reaction.®* Thus, the stere-
ogenic a-chloro center and not the chiral boronate unit is the main contributor to
the highly efficient enantiofacial differentiation in these allylations. The size of
the boronate auxiliary, however, influences the relative proportions of isomers by
further disfavoring transition structures like 79 where the a-substituent occupies
the pseudo-equatorial position.'*® Reagent 23 also performs very well in double
diastereoselection with chiral a-alkoxy aldehydes.®>% This reagent, prepared as
shown in Eq. 27, has a small tendency to isomerize and thus is combined with
aldehydes directly.

The E-crotylboronate derivatives 28 and 75 behave similarly. As shown in
Egs. 61 and 62, these reagents were successfully tested with simple aliphatic
aldehydes and benzaldehyde and provide very high levels of stereoselectivity in
the formation of anti-propionate products.®”-%® Although the a-methoxy derivative
75 is more diastereoselective, it provides lower enantioselectivity because it can
be obtained only in 90% ee from enantiopure 28 via an SN2 displacement that
causes some erosion of the enantiomeric purity.

OH
0 RCHO , o “a
= B-o 20°, 12 h R r R/\h/
Wr 5 : d (Eq 61)
Cl
28 95% ee R =Et (47-65%) 95:5 d.r., 96% ee

R =Ph (53-68%) 95:5 d.r., 98% ee
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OH
? RCHO S
\/ArB\O 20° 121 R : X R/\h/
' OMe (Eq. 62)
OMe
epi-75 90% ee R=Et (81%) >99:1 d.r., 90% ee

R =Ph (79%) >99:1 d.r., 90% ee

The a-methyl Z-crotylboronate derivative 21 can be obtained in high enan-
tiomeric purity, and its additions to aldehydes are highly diastereoselective and
occur with almost perfect enantiofacial selectivity (Scheme 9).°%* In this in-
stance, the unfavored transition structure 83 (leading to Z-product 84) with
the pseudo-axial a-methyl group develops a strong pseudo-1,3-diaxial interac-
tion between the two methyl substituents of the reagent. The favored transition
structure 81 is devoid of such an interaction, and provides the E-configured syn-
propionate adducts 82 with very high stereoselectivity. Reagents 21, 28, and 75
(Fig. 6) have also been used extensively in double diastereoselective synthesis
with chiral aldehydes, and they generally lead to high levels of reagent control
(see section “Double Diastereoselection’).03-64:67.68.83.149

The enantiomerically pure a-substituted reagents of type 29/30 (Fig. 6, Eq. 39)
react with benzaldehyde to give the expected homoallylic alcohol products such
as 86 with high enantioselectivity (Eq. 63).8>%¢ By analogy with the above-
described reagents, the addition is presumed to occur through transition structure
85 with the pseudo-axial a-alkyl substituent. The competing transition struc-
ture with the pseudo-equatorial substituent would experience severe non-bonding
interactions between this group and the bulky boronic ester moiety.

C

OH
\J>"CY TR

R 0" B0 |
—
[Ap i

81 favored T.S. R =Et (79%) 98% ee
(|) ~Cy + RCHO — R =Ph (71%) 99% ee

|

21 2
I
T PO R)Yﬁ
"/§|O

R
AN 84
83

Scheme 9. Stereoinduction model for the additions of chiral a-methyl crotylboronate
21.
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R
R \
0
Bp/g,,R PhCHO, toluene R\( L OH
~ —_—> —D--A—" —_—
/\E o —100° to rt 0 H 0 \‘ Ph Ph/k/;/COQEt
CO,Et 86 (91%) 96% ec
CO,Et
29 85
R = CPhy(OMe) (Eq. 63)

Recently, the first examples of catalytic enantioselective preparations of chiral
a-substituted allylic boronates have appeared. Cyclic dihydropyranylboronate 76
(Fig. 6) is prepared in very high enantiomeric purity by an inverse electron-
demand hetero-Diels—Alder reaction between 3-boronoacrolein pinacolate (87)
and ethyl vinyl ether catalyzed by chiral Cr(IIl) complex 88 (Eq. 64). The
resulting boronate 76 adds stereoselectively to aldehydes to give 2-hydroxyalkyl
dihydropyran products 90 in a “one-pot” process.’°~152 The diastereoselectiv-
ity of the addition is explained by invoking transition structure 89. Key to this
process is the fact that the possible “self-allylboration” between 76 and 87 does
not take place at room temperature. Several applications of this three-component
reaction to the synthesis of complex natural products have been described (see
section on “Applications to the Synthesis of Natural Products”).

The catalytic asymmetric diboration of allenes provides a-substituted
2-boronyl allylic boronates of type 25 (see Eq. 32). One of them, 91, adds to benz-
aldehyde, albeit with a slight erosion of stereoselectivity (Eq. 65).” The major
B-hydroxy ketone stereoisomer, isolated after an oxidative work-up, originates
from the putative chairlike transition structure 92.

|
e " |
0 0 /\Cr\ B(Plﬂ)
B, |L ‘0 cl 88 (1 mol%) RCHO, 45°
J OEt 4AMS,1t, 1h \
N\

(solvent) O" "OEt
83 76 96% ce
(pimB~
" L
R
HZLO R 0" 0Rt
H OFt Ho 1

H 90
89 (80-90%) >99:1 d.r., >95% ee (Eq. 64)



Hall cO1.tex V2-04/16/2012 11:29 AM. Page 37

ALLYLBORATION OF CARBONYL COMPOUNDS 37

o}
B \ \
G 5
Ph ph Ph (56%) 82% ee
91 87% ee 92
(Eq. 65)

Enantioselective Additions with Chiral Propargyl Reagents

As demonstrated by the example in Eq. 66, propargylboron reagent 93 affords
allenic alcohols in very high enantioselectivities.'>> Although this reagent has not
been widely employed, the selectivity it provides with all classes of aldehydes
is truly remarkable (>99% ee for model aliphatic, unsaturated, and aromatic
aldehydes).

Ts\ ,Ph o on
CH,Cl
N 2%-12 -
X ! /§<Ph + —
\\/B‘N n—CSHI])J\H —78°,2.5h n_CSH”/\/ (Eq. 66)
\
o (82%) >99% ce

Enantioselective Additions with Chiral Allenyl Reagents

Although they were among the first examples to illustrate the use of tartrate
boronate auxiliaries, allenylboronate reagents are seldom employed. The tartrate-
derived reagent 94 provides homopropargylic alcohols in high enantioselectivity
from aliphatic aldehydes (Eq. 67).'>* This reagent provides optimal selectivity
when substituted with the bulkier diisopropyl tartrate ester, and even in this sit-
uation aromatic aldehydes react sluggishly and with low stereoselectivity. The
efficacy and scope of bis(sulfonamide) allenylboron reagent 95 has been inves-
tigated in detail.'>® As exemplified in Eq. 68, this reagent adds to most types of
aldehydes with high enantioselectivities. A recently described chiral dialkylal-
lenylborane provides comparable selectivities.'#*

5 CO,Pr-i . )(J)\ toluene /OHV/
, — Z
\B\O “CO,Pr-i R™ H —78°,20h R (Eq. 67)
94 R=n-CsH,, (63%) >95% ce
R =Ph (43%) 79% ee
Ph
Ts
\ J> o 0 CH,Cl, OH _
| o _
S By \HLH -78°,2.5h W (Eq. 68)
\
Ts

95 (76%) 94% ee
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Enantioselective Additions with Chiral 3-Heterosubstituted Reagents

A large number of chiral 3-substituted allylic borane and boronate reagents
have been described (Fig. 7). To be effective, these reagents must be prepared
in geometrically pure form. Like the corresponding crotyl reagents, additions
to aldehydes are diastereospecific as the anti/syn configuration of the resulting
homoallylic alcohol products is dependent upon the geometry of the original allyl
unit.

Preparation of 1,2-Diols. The most direct method of preparation of 1,2 diols
from allylic boron reagents involves the use of 3-alkoxy-substituted reagents.
Although these reagents are prepared easily from the corresponding lithiated
3-alkoxypropene, only the Z-isomers are prepared directly in this fashion as a
result of the preference for a cis-configuration in the lithium-chelated allylic carb-
anion (see Eq. 18, section “Preparation of Allylic Boron Reagents™). The resulting
Z-configured reagents provide the syn-1,2-diol products in excellent diastereo-
selectivity in agreement with the usual cyclic chairlike transition structure. These
reagents are very effective in double diastereoselection with a-substituted alde-
hydes.!" Several chiral analogues such as 14, 96, 97,*%15* and 98,'>5 are suf-
ficiently effective for use in absolute stereocontrol (Fig. 7). In particular, the
bis(isopinocampheyl)-derived 3-alkoxyallylboranes such as 96 react highly enan-
tioselectively with a wide range of aldehyde substrates, including the notoriously
troublesome acrolein (Eq. 69).!%

O
_~_-B(pc), 3.

N o

C02Pr-i

0.0 0
14 R=Me )
TBDMSO._~ B. - _i
96 R = CH,OMe U NP CO,Pr-i
97 R= CHQO(CHz)zTMS /'\ 98 99
0 CO,Pr-i
Cﬁ\/\/B(Ipc)z (i-PryN)Me,Si~ _~__B(pc), Me, Me 9 ‘ '
o Ar/Sl\/\/B\O “CO,Pr-i
100 13
101 Ar=Ph
102 Ar= 0
\(l/gjf
_~_-B(lpc), Ar\r/ N._~_B(Ipc),
Cl Ar

103

Figure 7.

104

Chiral 3-substituted allylic boron reagents.
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O
Bl Sy HO
Eto_mo V\A (Eq. 69)
Momo 20, AvoM

(66%) 95% ee

To access anti-1,2-diols, indirect methods are required for the preparation of
geometrically pure, chiral E-3-alkoxy reagents. To this end, the isomerization
of alkenylboronic esters described above (Eq. 41), provides a reliable route to
tartrate-derived E-3-siloxy allylboronate 99 (Fig. 7). The latter shows variable
enantioselectivities in additions to aldehydes, with cyclohexanecarboxaldehyde
affording the highest selectivity (Eq. 70).38

CO,Pr-i HO

CyCHO, 4 A MS
TBDMSO._~ éo ~CO.pri  toluene,—78°,5h Cy/'\A (Eq. 70)
0 2 OTBDMS
(R.R)-99 (85%) >99:1 d.r., 91% ee

Alternatively, masked hydroxy groups may be used as the y-substituent. For
example, following allylation with the E-3-boronyl reagent 100 (Fig. 7), the
second hydroxy group is generated upon an oxidative work-up that transforms
the alkylboronate unit of intermediate 105 with full retention of configuration
(Eq. 71).%7 Likewise, provided it can be protodesilylated in the presence of an
allylsilane moiety, a suitable silyl substituent can be subjected to stereospecific
Tamao—Fleming oxidative conditions to afford the desired anti 1,2-diol. The
requisite E-3-silyl-substituted reagents are conveniently prepared by trapping of
the corresponding allylic carbanions!>* with a borate ester (Eq. 17).38-40-43.46
Both borane and boronate reagents, exemplified by the respective pinene- and
tartrate-derived reagents 13* and 102'® (Fig. 7, Eqs. 72 and 73), afford diol
products in moderate yields but with high enantioselectivies after a stereospecific
Tamao—Fleming protodesilylation/oxidation of the B-hydroxy silyl intermediates
(e.g., 106). As with other substituted reagents, however, only the bis(isopinocam-
pheyl) allylic boranes 100 and 13 lead to practical levels of enantioselectivity
suitable for absolute stereocontrol. Reagent 100, in particular, has found useful
application in the synthesis of complex natural products (see section on “Appli-
cations to the Synthesis of Natural Products™).

[()-Ipc],BO

HO
CO RCHO, B0 R)\./\ H,0, /'\/\
| _— | [ ——
B A~ Bl)-Ipcl,  _78° 4h ~B aq NaOH RTYS
0] O O :
(L o
100 (63-80%)
105 >97.5:2.5 d.r., >90% ee

(Eq. 71)



Hall cO1.tex V2-04/16/2012 11:29 A.M. Page 40

40 ALLYLBORATION OF CARBONYL COMPOUNDS
RCHO [H-IPC]ZB/OK/\ H/(')\A
H,0,, KF, KHCO;
Yo _~_Bl(-)Ipc] N N
T ® B0, -78° R THFMeOH,rt R
3 Y OH
Y = SiMe;N(Pr-i), 106 (30-63%)
>97.5:2.5 d.r., 75-95% ee
(Eq. 72)
CO,Pr-i

o HO
Me, Me j 1. RCHO, toluene, ~78°, 5 h )\/\
0 St By TCOPr-i R X

@ 2. MeCO,H, CH,Cl, ;
3. H,0,, KF, KHCO3, OH
THF/MeOH, rt (—)
(R.R)-102 >99:1 d.r., 74-82% ee

(Eq. 73)

Preparation of 1,4-Diols, Epoxides, and Amino Alcohols. Reagent 101
(Fig. 7) illustrates the complications typically encountered in the design of 3-silyl-
substituted allylic boron reagents, which require a selective protolytic desilyl-
ation of the resulting allylic silane to afford a 1,2-diol product. As opposed
to the closely related 2-menthofuryl-derived reagent 102, this selective desilyl-
ation is not possible with reagent 101 (Fig. 7). Epoxidation of the aldehyde
addition products of allylic silane (R,R)-101 with dimethyldioxirane, however,
followed by an acid-catalyzed Peterson rearrangement, provides E-4-hydroxy-
3-alkenol products 107 in good enantioselectivities (Eq. 74).* Reagent 101 is
also very efficient in double diastereoselection with several types of chiral a-
substituted aldehydes. The Z-3-chloro-substituted bis(Ipc) reagent 103 (Fig. 7),
prepared by lithiation of 3-chloropropene, exists in equilibrium with the a-chloro
isomer 108 (Eq. 75). Isomer 103, however, adds faster to a wide range of
aldehydes to give syn-chlorohydrins 109 with high enantioselectivities.'>® The
diastereoselectivity is explained by invoking the usual cyclic chairlike transi-
tion structure. Treatment of the chlorohydrins under basic oxidative conditions
affords synthetically useful vinyl epoxides. Several aldehyde types (aliphatic,
aromatic, unsaturated) have been used successfully with reagent 103. A 3-imino
reagent of E-geometry, 104, adds to aldehydes to afford anti amino alcohols
with good enantioselectivities (Eq. 76).'%° However, even the simplest aldehydes
tested (benzaldehyde, cyclohexanecarboxaldehyde) give modest yields of prod-
ucts (ca. 50-60%).

CO,Pr-i 1.RCHO, 4 AMS,

toluene, —78° HO
Me_Me 0] ’
/\Si\/\/é\ “~CO,Pr-i 2. O-0, acetone, 1t R/K/\/OH (Eq. 74)
Ph 0] 2 PE 107

(R,R)-101 3. AcOH, MeOH (>80%) 81-87% ee
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HO
ﬁ/B[(—)-Ipclz RCHO H,0,, NaOH A
o ~95°,4h R/HCI/\ R/i
3 (60-65%)
109 >94:6 d.r., 90-97% ee

l

_~_BI)-Ipel,

Cl
108 (Eq. 75)
HO
Ar\r/N\/\/B[(—)—Ipc]z 1. RCHO, -78° N /K/\
A 104 i ;i(C))ZNzlii\ICal? ! NH, (Eq. 76)
(50-60%)

>90% d.r., 90-93% ee

Lewis and Brgnsted Acid Catalyzed Enantioselective Additions

The recent advent of the Lewis acid catalyzed allylboration reactions opened
new doors for enantioselective allylborations and motivated the reexamination of
a number of chiral auxiliary systems. In this perspective, reagents 110—112'2!
are extremely enantioselective at —78° in the presence of Sc(OTf); as catalyst
(Eq. 77).2"-28 These hydrolytically stable reagents can be conveniently purified by
silica gel chromatography. Consistently high levels of absolute stereoinduction
(>95% ee) are observed with a broad range of aldehydes for the unsubstituted
allyl reagent 110 as well as the methallyl reagent 111, and both crotyl reagents
(E)- and (Z)-112. Although this method requires a stoichiometric amount of
the chiral diol auxiliary, this diol is readily recovered after the hydrolytic work-
up. Aromatic aldehydes and, unless they are very hindered, aliphatic aldehydes
(including functionalized ones) react efficiently to give good to high yields of
products. Although o,B-unsaturated aldehydes react poorly, acetylenic aldehydes
are very competent substrates even with the crotyl reagents 112 (Eq. 78).28

Ph ¥Q O
J(J)\ . RO Sc(OTf); (2-10 mol%) 0 HR“
R OH R%B\ \ CHyCl,, 78° H\({B\y\&{w
N O

O H
R? " Seam R'R?

110 R%Z R? R*=H 113

111 R%Z R*=H,R*=Me
(E)-112 R>=Me, R*, R*=H HO R*
(2)-112 RZ R*=H,R*=Me R!

RS R?
(50-95%)

>98% d.r., up to 98% ee
(Eq. 77)

Page 41
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0 Ph HO
Sc(OTf)3 (2 mol%) ‘

/ HY Q CH,Cl,, ~78° /\l/\
n-CsHyj S~ Byl n-CsHy
(E)-112 (75%) >98% d.r., 96% ee
(Eq. 78)

On the basis of mechanistic studies,?’ a closed bimolecular transition structure
113 involving activation of the boronate unit via coordination of the scandium to
one of the dioxaborolane oxygen atoms has been proposed (Eq. 77). A possible
interpretation to explain the enantioselectivity of this allylation system originates
from the accepted stereoinduction model for the non-catalyzed reaction arising
from a Tphenyl-T*c=o attraction.'?!"1%! It has been proposed that the Sc(IIl) ion
coordinates to the least hindered lone pair (syn to H) of the pseudo-equatorial
oxygen, thereby suppressing np-pg conjugation and maximizing boron-carbonyl
bonding.?

The real promise of this catalytic reaction is the eventual development of
an efficient enantioselective allylboration catalyzed by chiral Lewis acids. A
stereoselective reaction using a substoichiometric amount of a chiral director has
been reported, but only modest levels of stereo-induction were achieved with an
aluminum—BINOL catalyst system (Eq. 79).2> Recently, a chiral Brgnsted acid
catalyzed system has been devised based on a diol—tin(IV) complex (Eq. 80).'%?
In this approach, aliphatic aldehydes provide enantioselectivities (up to 80% ee)
higher than those of aromatic aldehydes when using the optimal complex 114.'63
Although the levels of absolute stereoselectivity of this method remain too low
for practical uses, promising applications are possible in double diastereoselection
(see section on “Double Diastereoselection”).

Et AICI/(S)-BINOL (10 mol%) OH
0 + PhCHO 1 2% 6h Ph N
toluene, —78°,
S B (Eq. 79)
(E)-7 (40%)
99% d.r., 51% ee
HO OH

0 114 'SnCl, (~10 mol%) HO (Eq. 80)
(1) * /\)L R /\/\/\
B Ph H NayCO;3 (0.2 eq), 4 A MS, Ph X
CH,Cly, -78°, 2 h
31 (85%) 78% ee

A copper-catalyzed reaction using a chiral diphosphine ligand, DuPHOS, with
an added lanthanide salt, provides good levels of enantioselectivity (67-91% ee)
in additions of the simple allylboronate 31 to both aromatic and aliphatic ketones
that present a large difference of steric bulk on the two sides of the carbonyl
group.'® One such example is shown in Eq. 81. On the basis of ''B NMR
experiments and on the lack of diastereoselectivity in crotylation reactions, the
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mechanism of this allylation is believed to involve transmetalation of the boron
to an allylcopper species.

(o) Cqu'ZHQO (3 mol%), . OH
o (R,R)-i-Pr-DUPHOS (6 mol%) )
' " -  (Eq. 81)
/\/B\O La(OPr-i); (4.5 mol%) :
DMF, —40°, 1 h
31(1.2eq) (87%) 90% ee

Double Diastereoselection with Chiral Carbonyl Substrates

Double diastereoselective additions between chiral allylic boron reagents and
enantiopure chiral carbonyl compounds can be highly advantageous because the
resulting diastereomers are separable (in theory, though not always in practice).'®
The most desirable situation is where there is very high reagent control to over-
ride the intrinsic effect of the stereogenic center of the aldehyde or ketone on
the diastereofacial selectivity. The success of this approach depends heavily on
the structure of the particular chiral aldehyde used and the nature of its sub-
stituents, including protecting groups. Fortunately, the directing effect of the
bis(isopinocampheyl) allylic boranes is extremely powerful, giving rise to high
reagent control in double diastereoselective additions. As demonstrated with
the simple allylations of chiral, a-substituted aldehydes 39 and 115, reagent-
controlled additions are very effective (Eqs. 82—85).!%¢ Both examples involving
aldehyde 39 (Eqgs. 82 and 83) are very favorable in comparison to the modest
selectivity of the achiral pinacol allylboronates (compare to Scheme 2). Reagent
control is observed even in mismatched situations such as the difficult case of
a-phenyl aldehyde 115 (Eq. 85).16%:167

/\/136E‘(+)-IPC]2 oH o
THE. 7.3 1 /\rk/\ + W (Eq. 82)
O
(83%) 5:95d.r.
H —

A~-Bl(-)-Ipcl,

¥ o 1§ Iy Eq. 83
N
THF, 78°. 31 /Yk/\ W ( q. )

(81%) 96:4 d.r.

Bl Ipels on on
64 ‘
+ Eq. 84
e ———— AM /Y\/\ (Eq. 84)
Ph Ph
AHL (78%) 2:98 d.r.
H P |

Ph ~_-Bl=)-Ipcly OH OH
115 64 ‘
Nt /Y\/\ (Eq. 85)
THF, -78°,3 h
Ph Ph

(74%) 67:33 d.r.
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By using a judicious combination of the appropriate double bond geome-
try and pinene enantiomer, the corresponding crotylboranes present a very nice
solution to the problem of full stereocontrol of acyclic dipropionate units when
combined with chiral a-methyl B-alkoxy aldehydes such as 116 (Eqs. 86—89).'¢7
In this situation as well, reagent-controlled additions are very selective even in
mismatched cases, affording stereotriads in high yields and >90% d.r. Sim-
ple a-alkoxy aldehydes provide comparable levels of selectivites but excep-
tions have been reported with stereogenic B-alkoxy centers and more complex
aldehydes. '8

~-Bl(#)-Ipcl

(E)-12 OH
THF, -78%,3 h BHOW (Eq. 86)
(84%) 95:5 d.r.
~~-Bl(9)-Ipely
(E)12 OH
THF, -78°, 3 h BnO/YKI/\ (Eq. 87)
o 1
“‘)k (87%) 98:2d.r.
BnO H —
K\/B[(*')-Ipclz
116 ol
(2)-12 ;
THF, -78°,3 h BnO/Y\I/\ (Eq. 88)
K\/B[(,)_Ipc]z (78%) 95:5 d.r.
OH
(2)-12
THF, -78°,3 h BnO/\‘/'Y\ (Eq. 89)

(83%) 92:8 d.r.

In comparison, additions of chiral allylic boronates such as tartrate-based
reagents tend to be less selective in double diastereoselective additions to
a-methyl aldehydes, especially in mismatched cases (Eqs. 90—92).% Nonethe-
less, these reagents are advantageous as they can increase, even in the mismatched
manifold, the intrinsic levels of selectivities dictated by the chiral aldehyde
substrate, and the resulting diastereomeric products are usually separable by chro-
matography. When used with a-alkoxy aldehydes such as glyceraldehyde ace-
tonide (51, Scheme 4), tartrate-based reagents are highly effective.!?®!7? Several
applications of double diastereoselective additions of tartrate-based allylic bor-
onate reagents have been described in the course of the synthesis of com-
plex natural products (see section on “Applications to the Synthesis of Natural
Products”).
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0
= B\O
h(/Z)J (?H . OH (Eq. 90)
ROY\:A\ Roﬁ)\r\ a4

toluene, rt
0 anti-syn syn-syn
RO/\HJ\H CO,Pr-i (—) 55:29 anti-syn:syn-syn
0 / + other diastereomers (16%)
]’3‘/>‘C02Pr-l'
117 0
R = TBDMS $.9-2)-11 (71%) 95:1 anti-syn:syn-syn Eq. 91
toluene, —78° + other diastereomer (4%) ( 4. )
(RR)-(2)-11 (—) 45:41 anti-syn:syn-syn Eq. 92
toluene, —78° + other diastereomers (14%) ( q. )

The use of chiral Brgnsted acids is illustrated in Eq. 93 as a method
for catalyst-controlled double diastereoselective additions of pinacol allylic
boronates.'®® Aside from circumventing the need for a chiral boronate, these
additions can lead to very good amplification of facial stereoselectivity. For
example, compared to both non-catalyzed (room temperature, Eq. 90) and SnCly-
catalyzed variants, the use of the “matched” diol-SnCly enantiomer at a low
temperature leads to a significant improvement in the proportion of the desired
anti-syn diastereomer in the crotylation of aldehyde 117 with pinacolate reagent
(Z)-7 (Eq. 93). Moreover, unlike reagent (Z)-11 (Eq. 91) none of the other
diastereomers arising from Z- to E-isomerization is observed.

22838
HO OH [(R,R)-diol]

SnCly (10 mol%), Na,CO5 (0.2 eq)
toluene, —78°, 24 h

TBDMSOYL B\J§<

(Z)7

OH
TBDMSOY\/\

anti-syn

Conditions

OH
TBDMSO/\‘/'\(\

syn-syn

anti-syn:syn-syn

SnCly alone
SnCly, (R,R)-diol (11 mol%)
SnCly, (S,S)-diol (11 mol%)

(81%) 66:34
(77%) 95:5
(50%) 68:32

(Eq. 93)
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The chiral a-substituted reagents 21, 23, 28, and 75 (Fig. 6) are very pow-
erful controllers of double diastereoselective additions and perform admirably
well even in mismatched situations.63~66:68.83.147.149 Reaoent 75 tends to be more
selective than the a-chloro analog 28, and the high stereocontrol displayed by
reagent 75 in the examples of Egs. 94 and 95 can be explained using a tran-
sition structure model similar to that of Scheme 8.%%!47 Remarkably, even the
mismatched pair (Eq. 95) affords outstanding selectivity. Several other examples
have been described, including applications to the synthesis of complex polypro-
pionate natural products (see section on “Applications to the Synthesis of Natural
Products”: Scheme 19).

0

= B-o
OMe OH OH
(-7 1 Eq. 94
+
toluene, ' = % (Eq. 94)
—78°to1t, 60 h " OMe OMe
syn-anti anti-anti
(0] T
(59%) >95:5 syn-anti:anti-anti
AHJ\H ) KL
39 \/\I/B -0
OMe
(8)-75 T
(—) 5:>95 syn-anti:anti-anti (Eq. 95)
toluene,
-78°to rt, 60 h

Intramolecular Reactions

Intramolecular additions generally follow the same trends of stereoselectiv-
ity as observed in the bimolecular reactions.3%8%171:172 For example, allylic
boronates (E)- and (Z)-118 provide the respective trans- and cis-fused products of
intramolecular allylation.!”> As shown with allylboronate (E)-118, a Yb(OTf)3-
catalyzed hydrolysis of the acetal triggers the intramolecular allylboration and
leads to isolation of the trans-fused product 119 in agreement with the usual
cyclic transition structure (Eq. 96).

CH(OMe),
Yb(OTH)s H Q -OH
04 rocmen | Lo =0
/\/\/B H207 CHSCN’ O\(é\/ o -
[ 0 90°,2h i
(E)-118 119
(77%) >92% trans
(Eq. 96)

Intramolecular allylations can also provide five-membered rings with ease,
and the entropic benefits facilitate additions to ketone substrates. For example,
the allylic boronate 121, formed by a Negishi-type coupling between alkenyl
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bromide 120 and a methylzinc dialkoxyboron reagent, cyclizes in situ into a
cyclopentanone to provide a [3.3.0] bicyclic alcohol product (Eq. 97).'"* This
example constitutes a formal 5-exo-trig cyclization, and seven-membered ring
systems can also be elaborated using a similar approach.”®-80-174

0
o IZnCHzBO o oH
(1.5 eq) ;
Br S

Pd(OAc); (3 mol%), (6]
CORE PhsP (9 mol%), CO4Et CO,Et
120 benzene, 70°, 3 h 121 (71%)
(Eq. 97)

Reagents for Multiple Additions

A tandem double-allylation strategy, based on the E-3-boronyl allylborane
reagent 100,'%’ has been optimized for the synthesis of 1,5-diol products from two
different aldehyde substrates.!” Specifically, reagent 100 undergoes allylation
with a limiting amount of an aldehyde, RICHO, and the resulting a-substituted
allylboronate 122 can then add to a second added aldehyde (R2CHO) (Eq. 98).
The first allylation with the bis(isopinocampheyl)allylic borane unit is highly
enantioselective and the resulting configuration of 122 controls the fate of the
second allylation. Thus, from intermediate 122, transition structure 123 featuring
a pseudo-equatorial a-substituent explains the stereocontrolled formation of 1,5-
diol 124. The lower reactivity of 122 compared to 100, as well as a tight control
of reagent stoichiometry, helps to minimize the formation of the double allylation
product of the first aldehyde (R'CHO).

[(©)-Ipc],BO

f(l) RICHO (0.54 eq) R R¥CHO
o B~ BlHIch, E,0,-78° 2 h oo r, 24 h
100 L
122
(Eq. 98)
[(=)-Ipc],BO
B - J\N\
Jr=g © R R?
R? 124
123 (65-87%) up to 96% ee

With the analogous reagent 125, however, the corresponding allylboronate
intermediate 126 is thought to favor a transition structure 127 where the
a-substituent is positioned in a pseudo-axial orientation in order to escape non-
bonding interactions with the bulky tetraphenyl dioxaborolane (Eq. 99). This way,
a Z-configured allylic alcohol unit of opposite configuration is obtained in diol
product 128. This type of steric control with chiral a-substituted allylboronates
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had been demonstrated before (see section on a-substituted reagents). The useful-
ness of this powerful tandem allylation/allylation strategy is demonstrated by the
preparation of several examples of both types of 1,5-diols 124 and 128, and by
a number of successful applications to the synthesis of complex natural products
(see section on “Applications to the Synthesis of Natural Products”).

[(=)-Ipc],BO

Ph 1
Ph>z|\ o R'CHO (0.82 eq) R I S R2CHO
Ph . -~ B,
it O/B\/\/B [(-)-Ipcl, Et,0,-78°,2h O O rt, 24 h
125 Ph Ph Ph Ph
126
Ph
Ph i3 work-up )
nloteo | . R
/k R? R! =
) 1
[(-)-Ipc],BO™ "R 128
127 (72-95%) up to 95% ee
(Eq. 99)

A double Brown-type allylation reagent, 129, gives C,-symmetric 3-
methylenepentane-1,5-diols 130 in modest yields but high enantioselectivities
with both aliphatic and aromatic aldehydes (Eq. 100).'7® This reagent can be
prepared by double deprotonation of 2-methylpropene followed by condensa-
tion with either antipodes of (Ipc),BCI. For example, (S,5)-129 originates from
[(4+)-Ipc],BCIl. Double allylboration of an excess of aldehyde with (S,5)-129
affords C,-symmetric diol product 130 accompanied with approximately 5—15%
proportion of “monoallylboration” alcohol after the oxidative work-up.

1. RCHO (2-3 eq),

Et,0, -78°, 3 h HO OH
[<+)-Ipc]2BJJVB[(+)-Ipc]2 2. Hy0,, 2 NaOH RWR (Eq. 100)

(8.9)-129 130
(38-55%) >95% ee

Tandem Reactions
Many of the recent advances in synthetic applications of allylic boron reagents
have focused on the use of these reagents as key components of tandem reac-
tions and “one-pot” sequential processes, including multicomponent reactions.
The following examples briefly illustrate the range of possibilities. Most cases
involve masked allylboronates as substrates, and the tandem process is usually
terminated by the allylboration step.

Intramolecular Allylboration. In one rare but impressive example involv-
ing a masked aldehyde, a domino hydroformylation/allylboration/hydroformyla-
tion reaction cascade has been designed to generate bicyclic annulated
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tetrahydropyrans'’’ and nitrogen heterocycles.!’®!” For example, treatment of
allylboronate 131 under hydroformylation conditions first leads to aldehyde inter-
mediate 132 (Eq. 101). With a poised allylic boronate, formation of 132 triggers
the key intramolecular allylation to give intermediate 134.'7° This intermediate
then undergoes a second hydroformylation, followed by a final cyclization to give
the bicyclic lactol product 135 in 83% yield as a 1:1 mixture of anomers. The
final products are obtained in this one-pot process with a very high diastereoselec-
tivity (97 : 3 ratio) as a result of simple diastereocontrol in the allylboration step
involving the putative transition structure 133. Similar approaches are employed
to access pyran derivatives.'”’

\{ Rh(CO),(acac) (1 mol%), _0
0 biphephos (2 mol%)
N/\/\B /\/\ . I
| ! H,/CO (5 bar), THF, 60°, 4 d N B(pin)
Ts O |
Ts
131 132
H H
o]
Ts~ <~ \
N N e _—
/\ﬁ/\B(pln) N H/ N )
| |
Ts Ts
133 134 135 (83%) 97:3 d.r.

(Eq. 101)
A masked allylic boron unit can be revealed through a transition-metal-
catalyzed borylation reaction. For example, a one-pot borylation/allylation tan-
dem process based on the borylation of various ketone-containing allylic acetates
has been developed.'® The intramolecular allylboration step is very slow in
DMSO, which is the usual solvent for these borylations of allylic acetates (see
Eq. 33). The use of a non-coordinating solvent like toluene is more suitable for
the overall process provided that an arsine or phosphine ligand is added to stabi-
lize the active Pd(0) species during the borylation reaction. With cyclic ketones
such as 136, the intramolecular allylation provides cis-fused bicyclic products in
agreement with the involvement of the usual chairlike transition structure, 137
(Eq. 102).

o)
CO,Et
2 . O\B B,O Pd(dba), (6 mol%), AsPhs (6 mol%)
o 0 toluene, 50°, 16 h; 100°, 24 h
OAc
136

1.1eq

(Eq. 102)
CO,Et OH
O

i _—
o Po
- COzE[

137 (72%)
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Intermolecular Allylboration. A tandem aza[4+42] cycloaddition/allyl-
boration three-component reaction'®!-!82 has been designed based on the prece-
dented carbocyclic [4+2] cycloaddition/allylboration®” and a subsequent one-pot
variant.'®® Thus, the thermal reaction between hydrazonobutadienes 138,
N-substituted maleimides, and aldehydes provides polysubstituted a-hydroxy-
alkylpiperidines 141 via the cyclic allylboronate intermediate 139 and the pro-
posed chairlike transition structure 140 (Eq. 103).'8! Monoactivated dienophiles
like acrylates fail to react with heterodienes 138 but the scope of aldehydes is very
broad; both aliphatic and aromatic aldehydes are suitable, including electron-rich
ones.!®? An inverse electron-demand variant to access the corresponding dihy-
dropyran derivatives via the intermediacy of enantiomerically enriched pyranyl
allylic boronate 76 has been subsequently developed (see Eq. 64).!30-152

o\B/o O O\B/O
O toluene 0
P ).V N e —
- R H B | NR3
o

N

| | g2 O

NR'R? L NR'R B

138 139
'/% e g NR?
H7 LN 4
—— \/g o R N
H

| |
HO NR'R? o

140 141 (50-75%) >97.5:2.5 d.r.

(Eq. 103)

As described above in Eq. 43, simple allylboronates can be transformed into
more elaborated ones using olefin cross-metathesis.'®* Treatment of pinacol
allylboronate 31 with a variety of olefin partners in the presence of Grubbs’
second-generation catalyst 142 smoothly leads to formation of 3-substituted allyl-
boronates 143 as cross-metathesis products (Eq. 104). Unfortunately, these new
allylic boronates are formed as mixtures of geometrical isomers with modest E/Z
selectivity. They are not isolated but rather are treated directly with benzaldehyde
to give the corresponding homoallylic alcohol products in good yields (Table A).

I\
Mes—-N__N-Mes

T a

e
PCy3 OH
o cat. 142 (5 mol%) o PhCHO .
: + Rz —( i A/\Ph
/\/B\O CH,Cl,, 40 R h,\/\/B\O It 3
31 143 (44-79%)

(Eq. 104)
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Table A. Functionalized homoallylic alcohols from olefin cross metathesis and subsequent
allylboration reactions with benzaldehyde

Entry Cross Partner Product Yield d.r.
OH
I o’ \“a 7j/\Ph (73%) 3.8:1
Cl
OH

2 B~ g @/\ Ph (78%) 4.9:1
B
3 = =
T
o)
I Br

(58%) >20:1

(66%) —

r QH
Ph
OH
OH
Ph
OH
iegph (60%) >20:1
=

U

The main advantage of this one-pot sequence is that it is exceptionally tol-
erant of sensitive functional groups. Entry 3 (Table A) shows an example with
an unprotected alcohol, and entries 1, 2, and 5 all show examples with halo-
genated groups that are delivered directly from an allylboronate intermediate.
These groups, which would not survive the strongly basic conditions or the
active metals used in many other preparative methods, are carried through this
procedure without incident. Entry 4 is also noteworthy because it shows that qua-
ternary carbon centers can be made with this tandem process. A serious limitation
of this approach, however, is that the diastereoselectivity seen in the formation
of allylation products is quite variable as a consequence of the low geomet-
ric (E/Z) selectivity in the cross-metathesis. Olefin partners with large allylic
substituents (entries 3—5) react to give exclusively the anti product shown in
Table A. Unfortunately, olefins with smaller substituents (entries 1 and 2) show
a much lower preference. Furthermore, both E- and Z-olefins afford the same
stereoisomer (compare entries 1 and 2).

A mild one-pot procedure based on a platinum-catalyzed diborylation of 1,3-
butadienes (see Eq. 30) gives doubly allylic boronate 144, which adds to an
aldehyde to form a quaternary carbon center in the intermediate 145 (Eq. 105).'%
The use of a tartrate auxiliary in this process leads to good levels of enantiose-
lectivity in the final diol product, which is obtained after oxidation of the primary
alkylboronate intermediate. Although examples of aliphatic, aromatic, and unsat-
urated aldehydes have been described, enantioselectivities vary widely (33 to
74% ee), and are good only for aliphatic aldehydes. An intramolecular variant of
this interesting tandem reaction is also known. '8¢

=
s T
B



Hall cO1.tex V2-04/16/2012 11:29 AM.

52 ALLYLBORATION OF CARBONYL COMPOUNDS

Pt(dba), (2.5 mol%),
EtO,C. _o 0 CO,Et

\ % PCy; (2.5 mol%)
j: /B‘B\ + H —
benzene, rt, 12 h [(L)-tart]B B[(L)-tart]

Et0,c” O O™ Co,Et

144
add 4 A MS, [(L)-tart]BO HO
toluene, —78°; NaOH, H,0,
add CyCHO, 3 h 50° 3h
Bl(L)-tart] OH
145 (72%) >19:1 syn:anti, 74% ee
(Eq. 105)

The diboration of allenes can also be employed in a similar tandem pro-
cess. By taking advantage of an improved, more enantioselective variant for the
preparation of allylboronates of type 25 (Eq. 32), a one-pot sequence involving
allene diboration, aldehyde allylation, and Suzuki cross-coupling has been devel-
oped (Eq. 106). It is noteworthy that no change of solvent, nor any addition of
palladium catalyst is needed in the last stage involving the cross-coupling of
alkenylboronate intermediate 146 to give final product 147.'%7

Ar. Ar

o) 0
¢ 'P-NMe,
o 0

Ar Ap 7

B(pin)
O, (0] (6 mol%)
B—B + B(pin)
j:o’ \o:@ ﬂ Pdy(dba)s (2.5 mol%), %\/
CioHa-n ) R

toluene, 22°, 10 h

(pinB,) -
Ar = 3,5-M62C6H3 25 R= n-C10H21
(pin)BO  B(pin) HO Ph
i-PrCHO Phl, KOH
X X
95°
CioHa-n CioHa-n
146 147 (79%) 88% ece
(Eq. 106)

APPLICATIONS TO THE SYNTHESIS OF NATURAL PRODUCTS

Enantioselective Additions
The bis(isopinocampheyl)borane reagents described in the sections on enan-
tioselective additions have found extensive use in the total synthesis of complex,
bioactive natural products. A synthesis of the potent anticancer agent epothilone

Page 52
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(0] OH

Et,O
SWH + /\/B[(—)-IPC]Q 42, S N N X
fN 100, 0.5 h fN

148 64 (96%) >97% ee

0 o ELO 0 oH
+ _~UBIOHpe, —
H = ~100°,0.5 h A
149 64 (74%) >98% ee
HO P—
O OH (6] epothilone A

Scheme 10

exemplifies particularly well the suitability of the Brown allylation with highly
functionalized and hindered aldehydes (Scheme 10). Thus, using the salt-free,
low-temperature conditions, reagent 64 is added to unsaturated heterocyclic alde-
hyde 148 to afford the desired secondary homoallylic alcohol in very high yield
and excellent enantioselectivity. The synthesis also featured another Brown allyl-
ation on the hindered a-dimethylated p-keto aldehyde 149, thus providing two
of the key fragments necessary to assemble the structure of the anticancer agents
epothilones.

188

The applicability of the bis(isopinocampheyl) reagents is not limited to simple

allylations and crotylations. For example, reagent 97 affords syn vicinal diols in
very high enantioselectivity (Scheme 11).!%° Compared with reagents 14 and 96
(Fig. 7), reagent 97 possesses the added advantage of yielding the alcohol prod-
uct with an easily removable (2-trimethylsilylethoxy)methyl (SEM) protecting
group. In this example, the resulting monoprotected diol has been subsequently
converted into the eight-membered ring ether laurencin.

With only a small number of substrate types are the tartrate-based allylic

boronate reagents enantioselective enough for applications in the control of

OH
KVB[(_)_IPC]Z 1. EtCHO, —100° to t ‘
/A/\/
2. aq NaOH, H,0 :
OSEM q 2 OSEM
97 (19%) >95% ce

(+)-laurencin

Scheme 11
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CO,Pr-i )
onc—/ | \—cro 0 ehws
Fe(CO); \/\/B\O CO,Pr-i toluene, —78°
150 (S,9)-(E)-11
H
o -

“ N (MeO)QHC\‘ H.

|

OHC Fe(CO)3

OHC
151 (90%) >98% ee as-indacene unit of ikarugamycin

Scheme 12

absolute stereochemistry. One such example involves iron dienyl complexes such
as the dialdehyde 150, which reacts with crotylboronate reagent (£)-11 to give the
anti-propionate product in the form of complex 151 in over 98% ee (Scheme 12).
After a few transformations and decomplexation, the resulting diene is further
elaborated into a triene precursor that undergoes an intramolecular Diels—Alder
reaction leading to the tricyclic core of ikarugamycin.'”

The Corey allylation system based on a chiral bis(sulfonamide) auxiliary was
put to use with success in a number of synthetic efforts, including the total syn-
thesis of the anticancer agent leucascandrolide (Scheme 13).!"”! Chiral reagent
152 is added to an achiral aldehyde, 3-(p-methoxybenzyloxy)propanal, afford-
ing intermediate 153 in high stereoselectivity. The latter is transformed into a
pyranyl aldehyde, which is subjected to a second allylation (this time, a doubly
diastereoselective addition) en route to the completion of leucascandrolide.

Double Diastereoselection

The powerful directing effect of bis(isopinocampheyl) allylic boranes has
been put to great use in the context of several applications of double diaster-
ereoselective allylations in the total synthesis of natural products. As discussed
in a previous section, the Brown allylation can be exploited to overcome the
stereodirecting effect of chiral a-stereogenic aldehydes, including a-alkoxy sub-
stituted ones. Thus, the simple allylation of aldehyde 154 provides as major
product the desired diastereomer needed towards a total synthesis of brasilenyne
(Scheme 14).'2 The yield and stereoselectivity is even increased to over 97:3
under the low-temperature, magnesium-free conditions described before.'?

A synthesis of the naturally occurring phosphatase inhibitor calyculin C show-
cased several other interesting examples of doubly diastereoselective additions
involving the Brown reagents.!®® The addition of tetrasubstituted reagent 155 to
2,3-0-isopropylidene-p-glyceraldehyde (51) provides intermediate 156 in very
high selectivity despite a substrate-reagent mismatch, which is overruled by the
borane reagent (Scheme 15). The latter is transformed in several steps into alde-
hyde 157, and a crotylboration of this B-alkoxy aldehyde provided a very high
diastereoselectivity for the desired anti-propanoate unit. With the subsequent alde-
hyde intermediate 158, a third example involves a difficult mismatched case that
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Ts,  ph
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~B..,~ “Ph Ts PMBO O
BroN . _Ph
S OR \
M s Cs OR Ni i N
S i, 10h S By P enyen, 78, 150
Sn(Bu-n); ll“
R = TBDMS 152 s
E\s OR OH
- 0
s OPMB LSE)
H OPMB

153 (100%) 11:1 d.r. 0

(96%) 8.5:1d.r. leucascandrolide
Scheme 13

I I
o J OH J
- 0 . 1.Et0,-78°% 2 h _ 0 .

/\/B [(+)'IPC]2 '
\ 64 2. aq NaOH, H202 \

OPMB OPMB
154 (72%) 93:7 d.r.

(89%) >97:3 d.r.
when Mg?* free at —100°

(+)-brasilenyne

Scheme 14
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(}i(')\ + W)VB[(ﬂ_IPCh THE 0 —
7780 —_—
CHO
HO

51 155
156 (73%)
OTBDMS MEMO OTBDMS
~o~-Bl(+)-Ipel, N
(E)-12
THF, -78°

OH OMe

OBz
(55%) >99:1 d.r.

~BIH)-Ipel,
(E)-12
THF, -78°

two steps

_ >

OHC

calyculin C

Scheme 15

provides an unusually low level of diastereoselectivity (almost 1:1), indicat-
ing that high selectivity is never guaranteed even with the bis(isopinocampheyl)
allylic boranes. In this example of an a-methyl-p-alkoxy aldehyde, reagent con-
trol by crotylborane (E)-12 is overruled by the substrate and it was found that
the nature of the protecting group on the B-hydroxy substituent is crucial, with
the most favorable group a benzoyl. The minor diastereomer of this mismatched
double diastereoselective addition possesses the requisite configuration for com-
pleting the synthesis of calyculin C.

Several allylic boron reagents have been recently employed in a series of dou-
bly diastereoselective additions toward a synthesis of mycalamide.'>!** Thus,
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C02Pr-i
Y
B. “CO,Pr-i
. Et w/A/ o) HPr-1
o (R.R)-159
O 4 A MS, toluene, —78°
\/kCHO
160 E = CO,Pr-i 161 (79%) >99:1 d.r.
Et Et _~_B[(#)pcl, Et Ft
two steps O>LO 64 O>LO
\/'\><CHO Et20, 7950 \/'\)W
MeO MeO OH
162 163 (89%) >98:2 d.r.
C02Pr-i
0
o) TMS\/\/B\O ;COZPI‘-[ QH
R,R)-165
S 5 &R : AN .
MO O O 4 A MS, toluene, —78 T™S MeO O, O%\
Troc 0 Troc )
164 166 (93%) >98:2 d.r.
OH
1. 0-0, KHCO3, acetone X mycalamide A

2. MeOH, HOAc, 1t OH MeO O_ O
Troc

(89%)
Scheme 16

«O — trioxadecalin unit
(0]

the addition of tartrate-derived reagent 159 to 2,3-O-isopropylidene-p-glyceralde-
hyde provides diastereomer 161 with very high selectivity (Scheme 16). This
result contrasts with the formation of 156 using a bis(isocampheyl)-borane reagent
(Scheme 15). As described in a previous section, double diastereoselective addi-
tions of allylic boron reagents to the glyceraldehyde acetals usually proceed with
high selectivity in both matched and mismatched cases due to the lack of a
strong bias among the four main rotamers in the transition structures minimizing
syn-pentane interactions (see Scheme 4). Unlike the additions of crotyl reagents
(see Schemes 2 and 3), transition structures from additions of 3,3-disubstituted
reagents cannot escape from syn-pentane interactions and all four of the structures
of Scheme 4 display one such interaction between a methyl group and the diox-
olane ring. Thus, as substrate control is somewhat mitigated in these instances,
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reagent control is more effective, which explains the formation of epimeric alco-
hols with a judicious choice of the right enantiomer of reagents 155 or 159. In
the formation of product 161 from reagent (R, R)-159, the stereoselectivity of this
matched manifold can be explained by a Felkin—Anh transition structure 160.
Such double diastereoselective additions between tartrate-derived reagents and
glyceraldehyde ketals usually proceed with very high stereoselectivity.!”® The
intermediate 161 is transformed into the hindered a-dimethylated aldehyde 162,
which undergoes another doubly diastereoselective addition with Brown’s reagent
64 that results in stereomerically pure product 163. The corresponding tartrate-
derived reagent [(S,S)-53, Fig. 4] gives a much lower selectivity with the same
aldehyde. Further transformations of the intermediate 163 leads to a-methoxy
aldehyde 164, whose reaction with E-3-trimethylsilyl tartrate reagent 165 (simi-
lar to reagent 101, Fig. 7) occurred with high selectivity in the matched manifold
to give product 166. The stereoselectivity of this addition can be explained by
minimization of syn-pentane interactions just as observed with an E-crotyl reagent
(see structure 40 in Scheme 2). As with reagent 101 (see Eq. 74), the allylsilane
unit of 166 is oxidized with rearrangement to give an advanced intermediate
towards mycalamide A.

As demonstrated in the course of a total synthesis of the macrolide bafilo-
mycin,195 double diastereoselective additions can be useful even in the mis-
matched manifold. For example, the crotylation of chiral a-substituted aldehyde
167 with (E)-11 affords an 85:15 ratio of diastereomers favoring the desired
anti-anti product (Scheme 17). Without a chiral tartrate reagent, the undesired
anti-syn diastereomer would be intrinsically favored from aldehyde 167. The
use of the appropriate tartrate reagent, the (R,R) unit in this instance, over-
turns this preference to afford an acceptable ratio of the two separable dias-
teomers.

Although the class of bis(isopinocampheyl)allylboranes often leads to bet-
ter levels of double diastereoselectivity, the basic oxidative work-up required in
these allylations is not compatible with all substrates. This is true for the crotyl-
ation of the aldehyde derived from the terminal alkene of 168 (Scheme 18),

0 O 4 AMS, tol
, toluene
PMBOVLH " Qi‘_ ; 78°,8 h
E \/\/B\O COzPI'-l - ’
167 (RR)-(E)-11

OH OH
PMB 0%3/\ + pMBo/\‘/\r\ - (—)-bafilomycin A

3,4-anti-4,5-anti (70%) 3,4-anti-4,5-syn (—)
85:15

Scheme 17
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o~ \ .
| =
= lCOzPl’—l- 0 R- H
: 3. 0 H
DEIPSO ~~_B- CO,Pr-i
o ? AcO
S.S)-(E)-11
168 (5.5)-(E) 169 E = CO,Pr-i
OPMB OH

DEIPSO OH HO O 0

170 (68%, 3 steps) 13-deoxytedanolide

Scheme 18

which requires the use of boronate (E)-11 because of the milder hydrolytic
workup associated with this class of reagents.!”® This matched case of dou-
ble diastereoselection is very efficient, giving intermediate 170 as the exclu-
sive diastereomer, which was further elaborated to reach the targeted natural
product, 13-deoxytedanolide. The high stereoselectivity in favor of the Felkin
product 170 can be explained through chairlike transition structure 169 using
the same stereoinduction model described in Scheme 2, with the largest chain
(R) occupying the “outside” position.

As demonstrated in a total synthesis of the denticulatins A and B, the class
of chiral a-substituted allylic boronates is very effective in double diastereo-
selection (Scheme 19)."7 From aldehyde 171, a simple E-crotylation provides
the Felkin product 173. The high stereoselectivity of this crotylation can be
explained by invoking transition structure 172 using the same model described in
Scheme 2, which minimizes syn-pentane interactions with the largest of the three
a-substituents positioned at the outside. Intermediate 173 is then transformed into
aldehyde 174, which is subjected to another E-crotylation, however this time
with a-methoxy reagent 75. The use of reagent 75 is necessary to optimize the
diastereomeric ratio in favor of the desired anti-Felkin stereoisomer 175, which
results from a mismatched situation. Thus, the 4:1 diastereoselectivity of this
reagent-controlled addition is remarkable as additions to a-methyl B-branched
aldehydes like 171 and 174 intrinsically favor the Felkin product (e.g., 173 from
171). Here, the stereocontrolling effect of reagent 75 is powerful enough to
reverse this trend and to favor diastereomer 175. The latter cyclizes spontaneously
into a hemiketal intermediate en route to the synthesis of the denticulatins A
and B.
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R +-H
17 H
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o
\/\‘/B\O

TBDMSO  OH O OPMB C;I;/Ie
CHO ——"—————>
\/\:/\(\ > M toluene, 4 bar
173 (95%) 95:5d.r. 174
_PMB _PMB
O O OH O O OH
+
\)J\/m \)M
OMe ’ ' OMe
anti-Felkin product 175 4:1d.r. Felkin product
—— denticulatins A and B

Scheme 19

Tandem Reactions

Allylic boronates are very suitable for the design of tandem reactions that
can be applied in natural product synthesis. Using the strategy illustrated in
Eq. 64, an inverse electron-demand hetero-Diels—Alder reaction between 87 and
a 2-substituted enol ether, catalyzed by chiral Cr(III) complex 88, leads in high
enantioselectivity to cyclic dihydropyranyl boronate 176 (Scheme 20).'%® The lat-
ter adds stereoselectively, in a one-pot sequential process, to unsaturated aldehyde
177 to give 2-hydroxyalkyl dihydropyran product 178. Interestingly, the large,
chiral catalyst 88 promotes the cycloaddition of the requisite Z-enol ether faster
than that of the corresponding E-isomer. The remarkable selectivity of this tandem
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0.50 88 (3 mol%) _ 177
5 neat, 20° 5 h | 110°,36 h

0" "OEt
1.5eq 176

OEt

(pin)B’ 1\\iR2
(6]
= CH,CH=CMe, 178 (76%) 98% d.r., 95% ee
= (E)-MeC=CHCO,FEt
OH OH
HO, | P
0 11;11 O
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HN \”/\/\/\/\O 0 o
o) o HO

thiomarinol H

Scheme 20

reaction allowed an expedient enantioselective synthesis of a potent antibiotic of
the thiomarinol family. A related aza[4+2] cycloaddition/allylboration has been
applied to the enantioselective synthesis of palustrine alkaloids.'%%-2%

The double allylation reagent 125 described in a previous section (see Eq. 99)
has been put to use with remarkable efficiency in the context of natural prod-
uct synthesis. In the construction of the pyran-containing C43-C67 fragment of
the complex marine natural product amphidinol 3, a one-pot double allylation
with two different acetonide-protected chiral a-substituted aldehydes is performed
(Scheme 21).2°! The first allylation involved a stereochemically mismatched case
of double diastereoselection, which is resolved by the strong directing power of
the bis(isopinocampheyl)boryl unit and the optimal choice of protecting group.
The desired intermediate 179 then reacts with the second aldehyde to give
product 180 in high yield and with good overall stereoselectivity (9:1 d.r.).
Functional group manipulations and a subsequent cyclization afford the pyran
core of amphidinol 3. Reagent 125 is also used in the construction of the ClI-
C25 fragment of the same natural product.??? The related reagent 100 (see Eq. 98)
has been put to use toward the synthesis of peloruside.?’?
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%/o Ph O/B\/\/B[(H—Ipc]z O O

125 Ph Ph

(0}

i o
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CH,Cl,, 1t
180 (70-80%) 9:1 d.r. pyran core of amphidinol 3

Scheme 21

Transformations of Residual Groups

The residual alkenyl unit obtained in the products of addition of allylic boron
reagents offers myriad possibilities for further derivatization in the synthesis of
natural products. For instance, earlier sections (see sections on Preparation of
1,2-Diols, and 1,4-Diols) describe oxidative processes involving allylic silane
units originating from additions of 3-silyl-substituted reagents. With the recent
advent of alkene metathesis reactions, the possibilities of manipulations of the
residual alkenyl unit have grown further. One attractive application in the synthe-
sis of y-lactones is exemplified in a synthesis of goniothalamin.?** Thus, a simple
allylation of cinnamaldehyde followed by acryloylation provide intermediate 181
(Scheme 22). The latter then undergoes a ring-closing metathesis using Grubbs’
first-generation ruthenium catalyst to afford the desired natural product.

_~_BIO-Ipcl, 0
o o Ol CI)K/
Ph/\)LH Et,0, —100° PR X X Et;N

(72%) 92% ee

o (0]
cat. (10 mol%)
OJJ\/ _cat. 10 mol%) 0
N |
P X AN Ph” X
181 Pcyél (76%)
cat. =Ph/:R‘u‘Cl goniothalamin
PCys

Scheme 22
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1. /J‘\/B[(*)'IPC]Z 65, =
0 CH,Cl, J/

O
(n'Bu)Ssn/\)J\H 2. /\/Br’ KHMDS M
(n-Bu);Sn” X

182 (92%) 98% ece
i-Pr ; Pr-i

N ph
(CF3)2MeC(0)——1‘{[°%\

CF3),MeC(O o
(CF3);MeC(0O) V;j\ I (-)-laulimalide
(n-Bu)3Sn” ™

(81%)

Scheme 23

A similar strategy has been employed in the synthesis of a dihydropyran
required to achieve the synthesis of (—)-laulimalide (Scheme 23).2%5 Thus, ally-
lation of the secondary alcohol resulting from a methallylation of 3-tri-n-
butylstannylacrolein provided unsymmetrical ether 182, which is closed to a
pyran with a ring-closing metathesis using Schrock’s molybdenum catalyst.

The class of 3-silyl-substituted reagents provides, upon addition with
aldehydes, allylic silanes that offer many options for further derivatization.
Oxidative processes are described in previous sections (see the sections on
Preparation of 1,2-Diols and 1,4-Diols). If the appropriate silicon substituents
are chosen, formal [3+42] cycloadditions with aldehydes can be promoted under
Lewis acid catalysis. For example, the mismatched addition of the Z-3-propyl-
3-benzhydryldimethyl allylsilane 183 to an a-benzyloxy aldehyde proceeds
with low diastereofacial selectivity in favor of product 184; however, after
protection of the secondary alcohol, an efficient [342] annulation provides
the polysubsubstituted furan 185 in good yield and acceptable stereoselectivity
(Scheme 24).2% The latter is brought forward to a tricyclic unit found in the
antitumor natural product angelmicin B.

A special a-substituted allylic boronate, reagent 187, has been developed
as part of a tandem method for synthesizing trienes through an exten-
ded homologation of aldehydes.?”” This process, a one-pot aldehyde allylation/
dioxene thermolysis, has been applied to a total synthesis of phenalamide A,
(Scheme 25).2%® Thus, reagent 187 is added to unsaturated aldehyde 186 to
give dioxene intermediate 188. Upon warming to 120°, 188 undergoes a formal
retro[44-2] cycloaddition to give the desired dienal as a mixture of geometrical
isomers. The addition of iodine promotes a complete Z- to E- isomerization
to give the E,E-dienal intermediate 189. A dehydration of the latter then
provides the tetraenal 190, an advanced intermediate subsequently transformed
into phenalamide A,.
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n Y\/ pclz N /\HL THF
TBDMSO H S
(Ph,CH)Me,Si o ~78°to rt
183 "
OH 1. TBDMSOTY, EN (Ph,CH)Me;Si
W (710%) BDQ
X OB
TBDMSOB oo Nsivtescitpny 2 BIOCHICHO, TBDMSO 10" "
nO n-Pr SiMe,( 2 SHBCl4 (0.5 eq), TBDMS‘ Pr-n
184 (52%) 3:2d.r. 4 AMS, CHCl,, -78° 185 (81%) 3.3:1d.r.
o Prn
_OTIPS
O OBn
A-B subunit of angelmicin B
Scheme 24
0
TBDMSO B/\? toluene >?L Q
Ph CHO + 7 0 0By 00
\/YW\( 2d
| 0 R NNF
186 0
187 188
TBDMSO OH 0 (MeS02):0.
1.120° 2 h - ; (i-Pr),E(N
2.1,1t,0.5h N o X H CH,Cly, 1t, 2 h
3. H;0"
189 (69%)
TBDMSO 0
Ph X T e e T =
190 (85%)

z LA
th\(\ﬁ\ﬁwl\] OH
H

phenalamide A,

Scheme 25
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COMPARISON WITH OTHER METHODS

Despite the extensive efforts by numerous research groups over the course
of more than two decades, there is still no carbonyl allylation methodology
that possesses all of the following attributes: mildness and chemoselectivity,
substrate generality (for both allylmetal reagent and aldehyde substrate), high
levels of diastereo- and enantioselectivity, and high practicality (ease of use, low
cost, non-toxicity, and low environmental impact). Very importantly, the ideal
enantioselective allylation methodology would circumvent the use of a chiral
auxiliary through a simple and efficient chiral catalyst.’”” While several systems
based on allylic boron reagents do possess many of the above attributes, sev-
eral other allylation systems based on other metals (mainly tin, titanium, and
silicon) demonstrate very interesting properties. It is noteworthy that a wide
body of aldol-based reaction methods have been developed to afford chiral sec-
ondary alcohols, propionate units, and other useful intermediates closely related
to those afforded by allylation processes. These methods are not described in this
section but the interested reader will find several excellent reviews and mono-
graphs on the topic of aldol reactions.?!°~2!12 This section focuses on presenting a
brief comparison of allylic boron reagents with other enantioselective allylation
reagents.

Methods Employing Allylic Tin Reagents

Allylic trialkyltin reagents can react at high temperatures with aldehydes!?

but because of the low acidity of the trialkyltin center, they are always employed
as Type II allylation reagents that normally require activation of the carbonyl
substrate with an external Lewis acid.'®> This behavior contrasts the cyclic, orga-
nized transition structure of allylboration reactions. Consequently, additions of
allylic tin reagents proceed through open transition structures that tend to demon-
strate lower levels of diastereoselectivity (with 3-substituted reagents) compared
with the corresponding boron reagents. Allylic trialkyltin reagents are highly
nucleophilic in comparison to the corresponding trialkylsilanes. Their reactivity
has contributed largely to their popularity. One major drawback of organotin-
based reagents, however, is their high toxicity. Moreover, crotylation reagents
are rather difficult to synthesize in geometrically pure form, albeit, this point is
rather inconsequential because of the stereoconvergent (Type II) behavior of 3-
substituted tin-based reagents. Catalytic enantioselective methods that make use
of achiral reagents constitute the most attractive carbonyl allylation processes.
In this respect, the Keck allylation remains the most efficient and most pop-
ular system based on achiral allylic tin reagents (Eq. 107).2'42!5 This system
has been employed mainly for simple allylations and methallylations of aldehy-
des. It makes use of a chiral BINOL-based titanium Lewis acid, which provides
enantiomeric excesses as high as 94-96% for several types of aldehydes, both
aliphatic and aromatic. The catalyst can be employed in a loading as low as
1 mol% when i-PrSSiMes is added.?'® Efficient variants of these systems have
been described for the allylation of ketones.”!” A BINAP—AgOTf complex cat-
alyzes the simple allylation of aldehydes with enantiomeric excesses as high as



Hall cO1.tex V2-04/16/2012 11:29 A.M. Page 66

66 ALLYLBORATION OF CARBONYL COMPOUNDS

96% for benzaldehyde.?'® Methallylations and crotylations of aldehydes under
this catalytic system provide good enantioselectivities.?!”

CO o
O OPrz
OO (10 mol%) OH (Eq. 107)

4 A MS, CH,Cly, ~20° RO
(78-98%) 89-96% ee

RCHO + _~~_-SnBus

Additions of enantiomerically enriched allenyltin reagents provide homopro-
pargylic alcohol products with high levels of stereoselectivity (Eq. 108).22° These
reagents also function through Lewis acid catalysis. Although their prepara-
tion requires several steps through the intermediacy of enantiomerically pure
propargylic alcohols, allenyltin reagents are effective with a wide range of alde-
hydes, including double diastereoselective additions with chiral a-substituted
aldehydes.?*°

C7H15—n BF3'OE'[2 OH P> C7H15'”
RCHO + /I< e Z
Me Sn(Bu-n);3 CHyCl, (Eq. 108)

(>80%) up to 99:1 d.r.

Methods Employing Allylic Silicon Reagents

Allylic trialkylsilicon reagents are less nucleophilic than the corresponding tin
reagents. However, they are cheap and safer in terms of toxicity. One of the early
successes in the area of catalytic enantioselective carbonyl allylation chemistry
makes use of chiral acyloxy borane (CAB) catalysts and methallyltrimethylsi-
lane (Eq. 109).221222 This system works for aromatic, unsaturated, and aliphatic
aldehydes but it gives the highest enantioselectivities in the reactions of 3-alkyl
substituted reagents and aromatic aldehydes. Aliphatic aldehydes give noticeably
lower selectivities, which probably accounts for the low level of adoption of this
allylation method.

PO O COH

o)
opr-i OB
Ar (Eq. 109)
(10-20 mol%) OH
RCHO + )\/TMS o /\/&
E(CN, 78 R
Ar = 3,5-(CF3),C¢H3 (55-99%) 54-88% ee

A method using dual activation has been developed in which a Lewis acid
activates the aldehyde with concomitant nucleophilic activation of the allylic
silicon reagent with fluoride anion. Thus, by using a BINOL-based titanium
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tetrafluoride complex, both aromatic and aliphatic aldehydes can be reacted with
allyltrimethylsilane with enantioselectivities up to 94% (Eq. 110).2** Aromatic
aldehydes provide lower selectivity but this method is particularly efficient with
hindered a,a-dialkylated aldehydes such as pivalaldehyde.??*

TiF4 (10 mol%),
(8)-BINOL (10 mol%) OH
RCHO + _~_TMS :
- CH,Cly/CH5CN, 0° R (Eq. 110)

(69-93%) 60-94% ee

Allylic trialkoxysilanes are effective nucleophiles under the bifunctional
Ag(D)—fluoride catalytic system when using a combination of KF and 18-
crown-6 as catalytic source of soluble fluoride anion (Eq. 111).%2° Although this
method requires the use of three molar equivalents of allyltrimethoxysilane, only
5 mol% of AgOTf with 2 mol% of BINAP are sufficient to afford enantiomeric
excesses in the range of 93-97% for aromatic aldehydes. Aliphatic aldehydes
display lower selectivities, and require a higher loading of the catalyst. The
corresponding crotylation reactions are stereoconvergent, as both (E)- and (Z)-
crotyltrimethoxysilane provide the anti-propanoate product in 95% ee.??

(R)-BINAP (2 mol%), AgOTf (5 mol%),

. KF (5 mol%), 18-crown-6 (5 mol%) OH
RCHO + _~~_-Si(OMe)3 '
- THF, -20°, 4 h RO
3eq (61-95%) 87-97% ee
(Eq. 111)

A similar Cu(I)-catalyzed reaction has been reported, and one example repre-
sents a modestly enantioselective addition to a ketone (Eq. 112).2%¢

CuCl/(R)-tol-BINAP (15 mol%)

O TBAT (15 1%
)J\ + o~ -Si(OMe); (15 mol’®) H%/\
Ph Me THEF, rt Ph X
1.5eq (100%) 56% ee
(Eq. 112)

Another approach toward activating allylic silanes exploits the ability of some
basic solvents and additives to accelerate the additions of allylic halosilanes.
In the latest advance, treatment of an allylic trichlorosilane with a dimeric
chiral phosphoramide catalyst generates a highly reactive silane species which
then allylates aldehydes to give homoallylic alcohols in high stereoselectivity
(Eq. 113).>” Aromatic and unsaturated aldehydes react smoothly with the sim-
ple allyl reagent and both crotylsilanes to give homoallylic alcohols in good yields
and high diastereo- and enantioselectivities.””® The mechanism of these allyla-
tions has been studied in detail. The high diastereoselectivity and the dependence
of product stereochemistry on the geometry of y-substituted silanes indicate that
these allyltrichlorosilanes react like allylic boron reagents through the Type I
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pathway. A significant limitation to this approach is that it is not applicable to
aliphatic aldehydes.

O N
H- N. /,C) \ H
P _Po -H

Hol ITI(AGN N

Me Me
R!CHO R%/MSiCh (5 mol%) OH (Eq. 113)
" 1
R? CHyCl,, -78° R SN
R> R}
R? R?=H or Me (57-92%) 80-97% ee

Non-racemic a-substituted allylic silanes, in particular crotylsilanes, are very
attractive reagents despite their rather tedious preparation. They were found to
provide very high transfer of chirality in their additions to achiral aldehydes under
Lewis acid catalysis (Eq. 114).2% These reagents have been tested several times
in the context of natural product synthesis. Their diastereoselectivity (syn/anti)
depends on several factors, including the nature of the aldehyde substrate, the
reagent, and the nature of the Lewis acid employed. For example, the syn product
can be obtained predominantly in the reaction of Eq. 114 by switching to the use
of a monodentate Lewis acid such as BF5.

0 \)\/\ MgB ¢
= e \)\)\A
BnO&kH + ' COZMe BnO . X COQMC

L CH,Cl,, -25°
S1MezPh

anti
(59%) 12:1d.r.

(Eq. 114)
Another approach for the activation of allylic silanes takes advantage of the
fact that constraining silicon in a small ring increases its Lewis acidity. By react-
ing allyltrichlorosilane with 1,2-diols, diamines, or amino alcohols, allylchlorosi-
lanes are generated in which the silicon is part of a strained heterocyclic 5-
membered ring. The most interesting aspect of this recent work comes from
allylsilanes bearing chiral 1,2-amino alcohols and 1,2-diamines as substituents.
The optimal reagents are derived from C,-symmetrical cyclohexanediamines, and
are exceptionally selective for a broad range of aldehydes, including unsaturated
and aromatic ones (Eq. 115).*° These novel reagents are stable and easy to
handle, and possess a long shelf-life. Interestingly, the corresponding crotylsi-
lanes are also efficient reagents, and behave as Type I reagents by providing
stereospecific crotylations of aldehydes.?!

RCHO + QN\S/O CH,CL . (Eq. 115)
1 —_— .
\N/ X 10°,20h R)\A\ q

kC6H4Br—4 (61-93%) 95-98% ee

CH,Br-4
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Methods Employing Other Metals
Several other metals have been examined in allyl transfer reactions to
carbonyl compounds. Only modest success has been obtained except for a
class of cyclopentadienyl titanium reagents based on a tartrate-derived auxiliary
(Eq. 116).23% These reagents display a very high level of enantioselectivity in
the simple allylation of several types of aldehydes, including hindered ones
like pivalaldehyde (63% yield, 97% ee). A number of 3-substituted derivatives
have been examined, including the E-crotyl reagent, which provides the anti
propanoate products in excellent yields and over 98% ee for model aromatic
and aliphatic aldehydes. These reagents are remarkably effective in double
diastereoselective additions. Their inherent disadvantages are their preparation

and their stoichiometric mode of stereochemical induction.

—

| Ph
.--O~/-Ph
P 1. RCHO, -74° OH
RS T (Eq. 116)
0 -0 2. NH,F R N
P pp O\ (86-93%) 94-97% ee

Allylic chromium species can also add to aldehydes. In this regard, an effi-
cient catalytic enantioselective variant using allylic halides as substrates and
manganese as co-oxidant has been described recently (Eq. 117).?*3 This method
provides high enantiomeric excesses in the simple allylation of a wide range of
aliphatic, aromatic, and heteroaromatic aldehydes. Crotylation examples are also
very enantioselective, albeit with modest anti/syn diastereoselectivity.

(3 mol%) OH
Mn, TESCI, R/'\A\

DME/CH;CN (3:1), 1t, 24 h

RCHO + /\/Br

(81-93%) 93-98% ee
(Eq. 117)

EXPERIMENTAL CONDITIONS

Additions of allylic boron reagents are typically performed under experimen-
tally simple conditions, and under a wide range of temperatures that is dictated
by the reactivity of the particular reagent employed. Work-up conditions are dis-
cussed in a previous section. For the reaction itself, uncatalyzed additions can be
performed in a wide variety of aprotic solvents. Non-coordinating solvents usu-
ally lead to shorter reactions times,>' but the identification of an optimal solvent
in stereoselective additions is rather unpredictable and may require coordinating
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solvents for higher selectivity. The use of molecular sieves is strongly recom-
mended when using water-sensitive allylic boronates. Lewis or Brgnsted acid
catalyzed additions are also better performed with non-coordinating solvents,
typically toluene or methylene chloride. The literature describes only a few
examples of allylations with a polymer-supported reagent,>* and with supported
aldehydes.?3-23¢

EXPERIMENTAL PROCEDURES

1. THF, 0° to rt

/\/MgBr + MeOB [(+)-IpC]2 /\/B[(+)—Ipc]2 (~100%)

2. pentane

(+)-B-Allyl bis(Isopinocampheyl)borane [General Procedure for Prepa-
ration of the Reagent Free of MgBr(OMe)].'*> Allylmagnesium bromide in
ether (48 mL, 1.0 M, 48 mmol) was added dropwise to a well-stirred solution of
(+)-B-methoxy bis(isopinocampheyl)borane (15.8 g, 50 mmol) in THF (50 mL)
at 0°. After completion of addition, the reaction mixture was vigorously stirred
for 1 hour at room temperature, and the solvents were removed under vacuum
(14 mm Hg, 2 hours). The residue was extracted with pentane (2 x 100 mL)
under nitrogen, and stirring was discontinued to permit the MgBr(OMe) salt to
settle. The clear supernatant pentane extract (free from the magnesium salts) was
transferred to another flask using a double-ended needle through a Kramer filter.
Evaporation of pentane (14 mm Hg, 1 hour; 2 mm Hg, 1 hour) afforded the pure
title product in nearly quantitative yield.

1. ether, —100° OH

B -1 - > !
i (ertpelz \)J\H 2. NaOH, H,0, A N (82%)

(R)-1,5-Hexadien-3-ol [Typical Procedure for the Simple Allylation of a
Representative Aldehyde with the AllylB(Ipc), Reagent].'*®  Anhydrous ether
(100 mL) was added to allylB[(+)-Ipc]», and the resulting solution was cooled
to —100°. A solution of acrolein (2.8 g, 50 mmol) in Et;O (50 mL), maintained
at —78°, was slowly added along the side of the flask, kept at —100°. The reac-
tion mixture was stirred for 0.5 hour at —100°, and MeOH (1 mL) was added.
The reaction mixture was then brought to room temperature (1 hour) and treated
with 3 N NaOH (20 mL) and 30% H,0, (40 mL). Heating the reaction mix-
ture at reflux for 3 hours ensured the completion of the oxidation. The organic
layer was separated, washed with water (30 mL) and brine (30 mL), dried over
anhydrous MgSQy, and filtered and concentrated under reduced pressure. Distil-
lation afforded 4.17 g of the title product (82% yield), bp 54° at 20 mm Hg; 'H
NMR (300 MHz, CDCls) § 5.85 (m, 2H), 5.20 (m, 4H), 4.19 (m, 1H), 2.33 (m,
2H), 1.72 (br, 1H); '*C NMR (300 MHz, CDCl3) § 139.3, 133.4, 117.9, 115.2,
72.1, 41.0. GC analysis of its Mosher ester on a capillary Supelcowax column
(15 m x 0.25 cm) showed the enantiomeric excess to be 96%.
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t-BuOK, n-BuLi,

B THF, -78°; { -y } 1. MeOB[(-)-Ipc],, —78° KvB[(—)—Ipc]z

~45°,10 min 2. BF3*OEt,, —78°

(6]
1.)J\H,—78°,3h H
2. NaOH, H,0, /'\‘/\ (75%)

(2R ,3R)-3-Methyl-4-penten-2-0l [Preparation of (—)-(Z)-Crotyl Bis(iso-
pinocampheyl)borane and a Representative Reaction with Acetaldehyde].!>’
To a stirred mixture of 7-BuOK (2.8 g, 25 mmol, dried at 80°/0.5 mm Hg for
8 hours), cis-2-butene (4.5 mL, 50 mmol), and THF (7 mL) at —78° was added
n-BuLi (2.3 M in THF, 25 mmol). After complete addition of n-BuLi, the mix-
ture was stirred at —45° for 10 minutes. The resulting solution was cooled to
—78°, and methoxydiisopinocampheylborane in ether [1 M, 30 mmol, derived
from (4)-a-pinene] was added dropwise. After the reaction mixture was stirred
at —78° for 30 minutes, BF;.OEt, (4 mL, 33.5 mmol) was added dropwise.
Acetaldehyde (2 mL, 35 mmol) was then added dropwise at —78°. The reaction
solution was stirred at —78° for 3 hours and treated with 3 N NaOH (18.3 mL,
55 mmol) and 30% H,0, (7.5 mL). The resulting mixture was heated at reflux
for 1 hour. The organic layer was separated, washed with water (30 mL) and
brine (30 mL), dried over anhydrous MgSQOy, and filtered and concentrated under
reduced pressure to afford the title product (75% yield, 90% ee, >99% d.r.), bp
78°/85 mm Hg; [a]*’p +19.40° (neat); 'H NMR (CDCl3) § 6.00—5.68 (m, 1H),
5.21-4.91 (m, 2H), 3.70 (p, J = 6 Hz, 1H), 2.25 (sextet, / = 7 Hz, 1H), 2.07
(s, br, 1H), 1.16 (d, J = 6 Hz, 3H), 1.04 (d, J = 7 Hz, 3H). '*C NMR (CDCls,
Me,Si) § 140.62, 115.06, 70.78, 44.87, 19.96, 14.85.

t-BuOK, n-BuLi,
THF, -78°; 1. MeOBJ(-)-Ipc],, —78°
{v_\} [(O-Ipcl

RN .
—45°, 10 min 2. BF3°OEt,, —78°

~ A~ -Bl)-Ipely

(6]
OH

)J\ o
L. H,-78°4h
)\/\ (78%)

2. NaOH, H,0,

(2R,3S )-3-Methyl-4-penten-2-ol [Preparation of (—)-(E)-Crotyl Bis(iso-
pinocampheyl)borane and a Representative Reaction with Acetaldehyde].!>’
To a stirred mixture of -BuOK (2.8 g, 25 mmol, dried at 80°/0.5 mm for 8 h),
trans-2-butene (4.5 mL, 50 mmol), and THF (7 mL) at —78°, was added n-BuLi
(2.3 M in THF, 25 mmol). The mixture was stirred at —45° for 10 minutes. The
resulting solution was recooled to —78°, and a solution of methoxydiisopinocam-
pheylborane (1.0 M in ether, 30 mmol, derived from (+)-a-pinene) was added.
After the reaction mixture was stirred at —78° for 30 minutes, BF;.OEt, (4 mL,
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33.5 mmol) was added dropwise. Acetaldehyde (35 mmol) was added dropwise
at —78°. The reaction mixture was stirred at —78° for 4 hours and treated with
18.3 mL (55 mmol) of 3 N NaOH and 30% H,O, (7.5 mL). After the mix-
ture was heated at reflux for 1 hour, the organic layer was separated, washed
with water (30 mL) and brine (30 mL), dried over anhydrous MgSO,, and fil-
tered and concentrated under reduced pressure to afford the title product (78%
yield, 90% ee, >99% d.r.); bp 78°/85 mm Hg; [a]?’p +9.141° (neat); '"H NMR
(CDCl3) & 6.00-5.55 (m, 1 H), 5.30-4.95 (m, 2H), 3.4 (p, J =7 Hz, 1H),
2.15 (sextet, J =7 Hz, 1H), 1.70 (s, 1 H), 1.20 (d, J =7 Hz, 3H), 1.05 (d,
J =7 Hz, 3H); 3C NMR (CDCl;, Me4Si) & 140.73, 115.76, 70.72, 45.64,
19.94, 15.72.

P t-BuOK, n-BuLi {\/\ } 1. B(OPr-i)3, -78° OPr-i
N, RN - - 7 e L
THF, —78° to -50° - 2. (RR)-DIPT 0 OPr-i

! -
~o~Bg \<O
(>60%)

(R,R)-[(E)-2-Butenyl]diisopropyl Tartrate Boronate [Preparation of the
(E)-Crotyl Diisopropyl Tartrate Boronate Reagent].”’ An oven-dried 1-L
three-neck round-bottom flask equipped with a magnetic stir bar and a —100°
thermometer was charged with anhydrous THF (472 mL) and -BuOK (48.0 g,
425 mmol). This mixture was flushed with Ar and cooled to —78°. trans-2-
Butene (42.0 mL, 450 mmol), condensed from a gas lecture bottle into a rubber-
stoppered 250-mL graduated cylinder immersed in a —78° dry ice—acetone bath,
was added via cannula. n-BuLi (2.5 M in hexane, 170 mL, 425 mmol) was then
added dropwise via cannula at a rate such that the internal temperature did not rise
above —65°. After completion of the addition (roughly 2 hours on this scale), the
cooling bath was removed and the reaction mixture was allowed to warm until
the internal temperature reached —50°. The solution was maintained at —50°
for exactly 15 minutes and then was immediately cooled to —78°. Triisopropyl-
borate (80.0 g, 98.2 mL, 425 mmol) was added dropwise via cannula to the
(E)-crotylpotassium solution at a rate such that the internal temperature did not
rise above —65°. On this scale the addition time was approximately 2 hours.
After the addition was complete, the reaction mixture was maintained at —78°
for 10 minutes and then rapidly poured into a 2-L separatory funnel contain-
ing 800 mL of 1 N HCI saturated with NaCl. The aqueous layer was adjusted
to pH 1 by using aqueous 1 N HCI, and a solution of (R,R)-diisopropyl tar-
trate (100 g, 425 mmol) in 150 mL of Et,O was added. The phases were sepa-
rated, and the aqueous layer was extracted with additional Et;O (4 x 200 mL).
The combined extracts were dried with anhydrous MgSO, for at least 2 hours
at room temperature and then vacuum filtered through a fritted glass funnel
under a N, blanket into an oven-dried round-bottom flask. The filtrate was
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concentrated under reduced pressure to afford a colorless thick liquid, which was
then pumped to constant weight (125 g) at 0.5-1.0 mm Hg. It was necessary
for the neat reagent to be stirred to remove residual volatile materials, espe-
cially THF. Analysis of the crude product by capillary GC [50 m x 0.25 mm
fused quartz SE-54 column (0.2 wm polydiphenylvinyl-dimethylsiloxane), 170°
isotherm; t, of the E-isomer, 10.9 min vs. t; of the Z-isomer, 11.3 min; t. of butyl-
boronate, 10.5 min] indicated that the isomeric purity of this batch of reagent was
99%; 12% of tartrate butylboronate was also present, reflecting incomplete met-
alation of (E)-2-butene in this experiment. The reagent is moisture sensitive,
and it is better handled as a stable solution in toluene or THF. The (S,S)-reagent
derived from (S,S)-DIPT had [a]*®p +36.5° (neat); '"H NMR (300 MHz, CDCl5)
3 5.63-5.53 (m, 1H), 5.48-5.37 (m, 1H), 5.00—-4.83 (m, 2H), 4.89 (s, 2H), 1.86
(brd, J = 6.4 Hz, 2H), 1.53 (br d, J = 6.3 Hz, 3H), 0.90 (d, J = 6.3 Hz, 12H);
13C NMR (75.4 MHz, C¢Dg) 8 169.0, 126.1, 125.3, 78.4, 69.6, 21.6, 18.1; ''B
NMR (115.8 MHz, C¢Dg) & 34.4; CIMS (NH3) (m/z): [M + 117 299; HRMS
(m/z): caled for C14H,3'°BOg, 297.1617; found, 297.1618; HRMS (m/z): caled
for C14Hy3!''BOg, 298.1581; found, 298.1683.

OPr-i
\, _rBuOKmBuLi [\ _ ] LBOPr, 78 o opm
THF, -78° to —25° 2. (R,R)-DIPT B \<
= (6] e}
(70-75%)

(R,R)-[(Z )-2-Butenyl]diisopropyl Tartrate Boronate [Preparation of the
(Z)-Crotyl Diisopropyl Tartrate Boronate Reagent].’’ The preparation of
Z-crotylboronate from (Z)-2-butene is analogous to that described for the corre-
sponding E-reagent with the following modification: on completion of the n-BuLi
addition, the reaction mixture was warmed to —20° to —25° for 30—45 min-
utes before being cooled to —78°. This ensured near quantitative formation
of the (Z)-crotylpotassium. Temperature control is less critical here since the
(Z)-crotylpotassium species is highly favored at equilibrium (99 : 1). The remain-
der of this preparation was the same as that described above for the synthesis of
the E-crotylboronate reagent. On a 100-mmol scale, the yield of Z-crotylboronate
was 70—75% (1-2% of butylboronate) and the isomeric purity was >98% (gen-
erally >99%). The (R,R)-(Z)-reagent prepared from (R,R)-DIPT had [a]*p
—80.2°(c 2.42, CHCI3); IR (thin film) 3500 (br), 3220 (m), 2980 (s), 1745 (s),
1375 (s), 1220 (s), 1100 (s) cm~'; '"H NMR (300 MHz, CDCl;) § 5.76-5.67
(m, 1H), 5.55-5.48 (m, 1H), 5.05-4.99 (m, 2H), 4.92 (s, 2H), 191 (d, J =
7.8 Hz, 2H), 1.56 (d, J = 6.6 Hz, 3H), 0.94 (d, J = 6.3 Hz, 12H); °C NMR
(75.4 MHz, C¢Dg) 5 169.0, 124.6, 124.4, 78.4, 69.6, 21.3, 12.7; "B NMR
(115.8 MHz, C¢Dg) 8 34.8; CIMS (NH3) (m/z): [MT] 298; HRMS (m/z): caled
for Ci4Hy3!''BOg, 298.1581; found, 298.1624.
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(0)
i 0 . OH
o + AAMS X (94%)
OPr-i
/O < o H toluene, —78° } ’
~o~B ~0 o)

(15,2R)-1-Cyclohexyl-2-methyl-3-buten-1-ol [Representative Procedure
for Additions of (E)-Crotyl Diisopropyl Tartrate Boronate to Aldehydes].>’
A solution of (R,R)-isopropyl tartrate (E)-crotylboronate (3.19 g, 10.7 mmol,
crude reagent, 99.3% isomeric purity) in 32 mL of dry toluene under N, was
treated with powdered 4 A molecular sieves (600 mg) and cooled to —78°. A
solution of freshly distilled cyclohexanecarboxaldehyde (1.00 g, 8.92 mmol) in
10 mL of toluene was added dropwise over 30 minutes. The reaction mixture was
stirred at —78° for 3 hours and then was treated with 10 mL of 2 N NaOH to
hydrolyze the DIPT borate. The two-phase mixture was warmed to 0° and stirred
for 20 minutes before being filtered through a pad of Celite. The aqueous layer
was extracted with Et;O (4 x 10 mL), and the combined organic extracts were
dried over anhydrous K,COj3 and filtered. Flash chromatographic purification on
silica gel (60 x 150 mm column, 6:1 hexane/ether) provided 1.41 g of the title
product (94% yield) in >99% d.r. (capillary GC analysis: Carbowax 20 column;
70° for 4 minutes then 10°/min to a final temperature of 150°) and 86% ee as
determined by chiral capillary GC analysis of the methyl ether. The product had
[a]®p —15.8° (¢ 1.02, CHCI3, data obtained on a sample with >99% d.r. and
86% ee); 'H NMR (300 MHz, CDCl3) 8 5.80 (ddd, J = 18.0, 10.9, 7.2 Hz, 1H),
5.15-5.10 (m, 2H), 3.11 (dd, J = 5.1, 5.1 Hz, 1H), 2.39 (m, 1H), 1.85-1.60 (m,
5H), 1.48—1.35 (m, 2H), 1.28—1.06 (m, 5H), 1.04 (d, J = 7.2 Hz, 3H); *C NMR
(75.4 MHz, CDCl») § 140.4, 116.0, 78.8, 40.5, 40.3, 30.0, 27.0, 26.5, 26.4, 26.1,
17.0; Anal. Calcd for C;1H,oO: C, 78.52; H, 11.98. Found: C, 78.22; H, 12.20.

OPr-i o ) OH
. 4 A MS
0 OPr-i -+ H N 91%)
B \< toluene, —78°
Kv o) o)

(1R,2R)-1-Cyclohexyl-2-methyl-3-buten-1-0l [Representative Procedure
for Additions of (Z)-Crotyl Diisopropyl Tartrate Boronate to Aldehydes].”
The title product was prepared by the procedure described above using (R,R)-
isopropyl tartrate (Z)-crotylboronate (91% yield); [a]*p 4+28.0° (¢ 0.61, CHCls,
data obtained on a sample with >99% d.r.); '"H NMR (400 MHz, CDCl;) § 5.80
(ddd, J =17.3, 10.0, 7.0 Hz, 1H), 5.08 (d, J =17.3 Hz, 1H), 5.06
(d, J =10.0 Hz, 1H), 3.18 (ddd, J = 5.0, 5.0, 4.3 Hz, 1H), 2.38 (m, 1H), 1.91
(d, J =13.0 Hz, 1H), 1.73 (m, 2H), 1.64 (m, 1H), 1.58 (m, 1H), 1.41 (m, 1H),
1.35 (d, J = 4.3 Hz, 1H), 1.30-1.00 (m, 5H), 0.97 (d, J = 6.8 Hz, 3H); '3C
NMR (75.4 MHz, CDCl3) 3 142.0, 114.4, 78.6, 40.2, 39.8, 29.6, 27.8, 26.4,
26.2, 25.9, 13.1; MS (m/z): [M*™ — crotyl] 113. Anal. Calcd for C;;Hy,O: C,
78.51; H, 11.98. Found: C, 78.33; H, 12.03.
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Ts Ph
N
Ph Ph BB, N /\/Sn(Bu—nh
/ < B Ph
o - ~
Ts—NH HN~ 1 CH,Cl,, 0 Br 1\{ rt, 2 h
Ts

Ph
TS\ J QH

N PhCHO ‘
é/B*Ph X (91%)
PN CH,Cl,, -78°,2.5h

\
Ts

(R)-(+)-1-Phenyl-3-buten-1-0l  [Preparation of (1R,2R)-N ,N’-Bis-
(p-Toluenesulfonamide)-1,2-diamino-1,2-diphenylethane  Allyldiazaboroli-
dine and a Representative Reaction with Benzaldehyde].** (4)-(1R,2R)-
N,N’-Bis(p-toluenesulfonamide)-1,2-diamino-1,2-diphenylethane (0.75 g, 1.44
mmol) was placed in a dry 25-mL round-bottom flask equipped with a magnetic
stir bar and sealed with a septum. The flask was evacuated and flushed with argon
three times. Freshly distilled CH,Cl, (12 mL) was added and the resulting solu-
tion was cooled to 0°, at which point BBr; (1 M in CH,Cl,, 1.4 mL, 1.4 mmol)
was added. The resulting solution was stirred at 0° for 10 minutes and then
warmed to room temperature and stirred for 40 minutes. The solution was concen-
trated under vacuum (2 mm Hg) and rigorously protected from moisture. Freshly
distilled CH,Cl, (5 mL) was added and removed under vacuum to give the bro-
moborane intermediate; ''B NMR (96 MHz, CDCl3) § 25.7; '"H NMR (300 MHz,
CDCl3) 3 7.32-7.28 (m, 6H), 7.26—7.22 (m, 4H), 7.20-7.09 (m, 4H), 7.02-6.98
(m, 4H), 5.11 (s, 2H), 2.33 (s, 6H). Freshly distilled CH,Cl, was added and the
homogeneous solution was cooled to 0° and allyltri-n-butyltin (435 L, 464 mg,
1.4 mmol) was added dropwise. The reaction mixture was stirred at 0° for 10
minutes, followed by 2 hours at room temperature. A purified aliquot displayed
the following spectroscopic data: '"H NMR (300 MHz, CDCl3) § 7.52-6.92
(m, 18H), 6.21-6.09 (m, 1H), 5.34-5.11 (m, 2H), 4.78 (s, 2H), 2.77 (dd, J = 8.9,
1.9 Hz, 2H), 2.32 (s, 3H).

The resulting solution was cooled to —78° and a solution of benzaldehyde
(1.28 mL, 133.6 mg, 1.26 mmol) in CH,Cl, (1 mL) was added dropwise. The
reaction mixture was stirred at —78° for 2.5 hours, and aqueous buffer (pH 7.5)
was added. The aqueous layer was extracted with CH,Cl, (5 mL), the combined
organic phases were washed with brine, and the solvent was evaporated. The
residue was taken up in Et,O/hexane (2: 1, 10 mL), and the resulting solution was
cooled to 0° for 20 minutes to complete precipitation of the solid. After removal
of the (R,R)-bis(sulfonamide) (0.694 g, 92%) by filtration through a sintered
glass funnel, the filtrate was vigorously stirred with aqueous KF (50%, 15 mL)
at room temperature for 40 minutes. The organic layer was separated and dried
with anhydrous MgSQy, filtered, and the solvent was removed under reduced
pressure. The product was purified by silica gel chromatography (hexane/Et,0,
5:1) to afford 170 mg (1.12 mmol) of the title product (91% yield) as a colorless
liquid; [a]p +44.78° (¢ 1.26, benzene); '"H NMR (300 MHz, CDCl3) & 7.41-7.28
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(m, 5H), 5.92-5.73 (m, 1H), 5.22-5.13 (m, 2H), 4.80-4.61 (m, 1H), 2.51-2.30
(m, 2H), 2.05 (d, J = 3.0 Hz, 1H).

OH Me;SiSiMes OTMS | HBCy,, DME, 0° to 1t OTMS

/'\ 110°, 12h /'\ 2. MesNO /'%Bfé

. \
(99%) 3. pinacol, 12 h (83%) o)

1. Co(NO3), » 6H,0, pet. ether QJ%

2.SOCL, t, 4 h v/\(B\o

(1R)-2-[1-Chloro-2-(E )-butenyl]pinacol Boronate [Preparation of a
Chiral o-Chloro Allylic Boronate].?»*” (R)-3-Hydroxy-1-butyne (16.58 g,
236.5 mmol) and hexamethyldisilazane (19.09 g, 118 mmol) were heated to
110° for 12 hours. The mixture was then filtered through a short pad of silica
gel to give 33.30 g (99%) of 3-trimethylsiloxy-1-butyne as an almost colorless
liquid. Under an atmosphere of N, borane dimethylsulfide complex (8.4 mL,
84 mmol) was dissolved in DME (120 mL). The solution was cooled to 0°
and cyclohexene (13.80 g, 168 mmol) was added. The mixture was stirred at
0° for 15 minutes and then warmed to room temperature and stirred for another
1 hour. The solution was cooled to 0° and 3-trimethylsiloxy-1-butyne (15.0 g,
84 mmol) was added. The reaction mixture was warmed to room temperature to
dissolve the dicyclohexylborane, and stirred for an additional 1 hour. Anhydrous
trimethylamine oxide (12.65 g, 84 mmol) was added in small portions to maintain
the solution at reflux. The mixture was cooled to room temperature and stirred
for an additional 1 hour. Pinacol (10.0 g, 84 mmol) was added and the mixture
was stirred for 12 hours. The solution was filtered and the solvent was removed
under reduced pressure. The resulting liquid was distilled (0.3 Torr) to give
18.60 g of pinacol (R)-(E)-2-(3-trimethylsiloxy-1-butene)boronate (83% yield),
bp 68°/0.1 Torr; 'H NMR (400 MHz, CDCl3) § 6.58 (dd, J = 17.9, 4.3 Hz, 1H),
5.58 (dd, J =17.9, 1.7 Hz, 2H), 4.30 (ddq, J = 6.5, 4.3, 1.7 Hz, 1H), 1.25 (s,
12H), 1.20 (d, J = 6.5 Hz, 3H), 0.09 (s, 9H); '*C NMR (125 MHz, CDCl;) &
156.5, 83.0, 69.6, 24.7, 23.5, 0.0. Anal. Calcd for Cj3H,7BO5Si: C, 57.78; H,
10.07. Found: C, 57.71; H, 10.16.

The excess of trimethylamine was removed by washing the pinacol (R)-
(E)-2-(3-trimethylsiloxy-1-butene)boronate (5.0 g) in petroleum ether (50 mL)
using 5% aqueous AcOH (10 mL), 4% aqueous NaHCO3 (10 mL), and saturated
aqueous Na,SO, solution. The aqueous phases were back extracted each time
with petroleum ether (10 mL). The combined organic layers were dried over
anhydrous MgSOy, filtered, and the solvent was removed under reduced pres-
sure to afford pure pinacol (E)-2-(3-trimethylsiloxy-1-butene)boronate (4.84 g).
Co(NO3),+6H,0 (20 mg, 0.069 mmol) was added to a stirred solution of pina-
col (R)-(E)-2-(3-trimethylsiloxy- 1-butene)boronate (5.70 g, 21.1 mmol) in petro-
leum ether (130 mL). Freshly distilled SOCI, (2.75 g, 23.1 mmol) was added, and
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slow evolution of SO, was observed. After 4 hours, when no more bubbling was
observed, the mixture was filtered, and the solvent was removed under reduced
pressure to afford 4.39 g of the crude title product (96% yield), which was dis-
tilled, bp 30°/0.1 Torr; 'H NMR (400 MHz, CDCl3) 8 5.78 (ddq, J = 15.1, 6.4,
0.8 Hz, 1H), 5.65 (ddq, J = 15.1, 9.2, 1.5 Hz, 1H), 3.94 (d, J = 9.2 Hz, 1H),
1.71 (ddd, J = 6.4, 1.5, 0.8 Hz, 3H), 1.28 (s, 12H); '*C NMR (125 MHz, CDCls)
3 129.0, 128.1, 84.4, 24.4, 17.7. Anal. Calcd for C1oH;3sBClO,: C, 55.47; H, 8.38.
Found: C, 55.50; H, 8.64.

(6] OH
(/) . pet. ether (61%)
—_— N o
V/\rB\o H i, 18 h :
' Cl
Cl

(15,25 )-(Z )-4-Chloro-2-methyl-1-phenylbut-3-en-1-o0l [Representative
Addition of Pinacol (1R)-2-[1-Chloro-2-(E )-butenyl]boronate to Aldehydes].*”
To a solution of crude pinacol (1R)-2-[1-chloro-2-(E)-butenyl]boronate (1.80 g,
8.3 mmol) in petroleum ether (15 mL) was added benzaldehyde (0.59 g,
5.5 mmol) at 0°. After 18 hours at room temperature, the mixture was evap-
orated, the residue was dissolved in Et,O, and triethanolamine (1.24 g, 1.10 mL,
8.3 mmol) was added under vigorous strirring. After 4 hours, the mixture was
filtered and the solvent was removed by evaporation. The crude product was
purified by flash column chromatography (7:3 petroleum ether/ether) to afford
0.66 g of the title product (61% yield); [a]*°p +44.5° (¢ 10, CDCl;); 'H NMR
(400 MHz, CDCl3) 3 7.34 (m, 5H), 6.13 (dd, J = 0.9, 7.2 Hz, 1H), 5.75 (dd,
J =72,94 Hz, 1H), 450 (d, J = 7.3 Hz, 1H), 3.14 (dddq, J = 0.9, 6.9, 7.3,
9.4 Hz, 1H), 2.02 (br s, 1H), 0.90 (d, J = 6.9 Hz, 3H); '>*C NMR (100 MHz,
CDCl3) 8 142.3, 133.6, 128.2, 127.7, 126.6, 119.2, 77.8, 39.8, 16.0. Anal. Calcd
for C;;H;5ClO: C, 67.18; H, 6.66. Found: C, 67.27; H, 6.74.

Ph
1. B(OPr-i);, —78° |
0

2. |
OH ~oo~-B ~0 H
OH
(99%)

Ph

\/’\

t-BuOK, n-BuLi {
THF, -78° to -50°

(1R,25 ,3R 45 )-2,3-O -[(E )-2-Butenylboryl]-2-phenyl-1,7,7-trimethylbor-
nanediol [Preparation of the (E)-Crotyl Camphordiol Boronate Reagent].?®
A 200-mL three-neck round-bottom flask equipped with a magnetic stir bar and a
thermometer was charged with 110 mL of THF and #-BuOK (4.65 g, 41.5 mmol).
The mixture was flushed with Ar and cooled to —78°. trans-2-Butene (2.46 g,
43.9 mmol), condensed into a rubber-stoppered 10-mL round-bottom flask kept
at —78°, was added via cannula. n-BuLi (1.43 M in hexane, 29 mL, 41.5 mmol)
was added dropwise over 1 hour with a syringe pump, so that the internal tem-
perature did not rise at all. After completion of the addition, the reaction mixture
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was allowed to warm until the internal temperature reached —52°. The solu-
tion was maintained at —52° for 15 minutes, and then cooled back to —78°.
Triisopropyl borate (10.53 mL, 45.6 mmol) was added dropwise over 30 min-
utes through a syringe pump. The reaction mixture was maintained at —78°
for 2 hours, and was sealed under Ar and stored in a freezer for a few weeks
without any noticeable change of its quality. The stored solution (10 mL) was
reacted with 15 mL of aqueous 1 N HCI, and extracted with ether three times.
The combined organic layers were mixed with (1R,2S5,3R.4S5)-2-phenyl-1,7,7-
trimethylbornanediol (220 mg, 0.89 mmol), stirred at ambient temperature for
45 minutes, and then concentrated under reduced pressure. Flash chromatography
(5% EtOAc/hexanes, SiO, pre-treated with 5% Et;N/hexanes) yielded 277 mg of
the title product as a colorless oil (99% yield); [a]*p +10.5° (¢ 1.84, CHCl3); 'H
NMR (500 MHz, CDCl3) § 7.42-7.41 (m, 2H), 7.34-7.24 (m, 3H), 5.43-5.30
(m, 2H), 4.71 (s, 1H), 2.13 (d, J = 5.5 Hz, 1H), 1.84-1.78 (m, 1H), 1.61-1.52
(m, 5H), 1.20—1.13 (m, 5H), 1.04—-0.94 (m, 1H), 0.93 (s, 3H), 0.92 (s, 3H); 13C
NMR (125 MHz, CDCl3) & 141.8, 127.4, 127.2, 126.7, 125.7, 125.2, 95.6, 88.5,
52.0, 50.2, 48.8, 29.6, 24.8, 23.6, 20.7, 18.0, 9.3; ''B NMR (64 MHz, CDCls)
3 34.2; HRMS-EI (m/z): caled for Cy0Hy70,B, 310.21042; found, 310.20994.
Anal. Calcd for C,0H»;0,B: C, 77.43; H, 8.77. Found: C, 77.24; H, 8.86.

Ph 0 HO
. Sc(OTH)3 (2 mol%) ‘

+
? % H CH,Cl,, ~78° /\]/\
] n—C5H11 n—C5H1

1

(75%)

(3R ,4R)-3-Methyl-1-undecen-5-yn-4-0l [Representative Procedure for
Scandium-Catalyzed E-Crotylation of Aldehydes].?® Scandium trifluorome-
thanesulfonate (238 mg, 0.48 mmol) and CH,Cl, (5 mL) were introduced in
a 50-mL round-bottom flask, and the mixture was cooled to —78°. 2-Octynal
(1.03 mL, 7.25 mmol) was added, followed by a solution of (1R,2S5,3R,4S5)-
2,3-0-[(E)-2-butenylboryl]-2-phenyl-1,7,7-trimethylbornanediol (1.50 g, 4.83
mmol) in CH,Cl, (7 mL) dropwise over 30 minutes. The resulting mixture
was stirred at —78° for 24 hours, then DIBAL-H (1.0 M in toluene, 14.5 mL,
14.5 mmol) was added. The mixture was stirred at —78° for 1 hour, then carefully
poured into a 250-mL separatory funnel containing aqueous 1 N NaOH (50 mL).
After the resulting layers were separated, the aqueous layer was extracted with
EtOAc (3 x 25 mL). The combined organic layers were dried over anhydrous
MgSOy, filtered, and the solvent was removed under reduced pressure. Flash
chromatography (5% EtOAc/hexanes) afforded 594 mg of the title product as a
colorless oil (75% yield); [a]®p +16.55° (¢ 2.00, CHCl3); '"H NMR (500 MHz,
CDCl3) 8 5.82 (ddd, J = 17.7, 10.4, 7.6 Hz, 1H), 5.17-5.12 (m, 2H), 4.19 (ddd,
J =6.2,3.8, 1.9 Hz, 1H), 2.44-2.40 (m, 1H), 2.21 (ddd, J =9.0, 7.1, 1.9 Hz,
2H), 1.82 (br's, 1H), 1.54—1.48 (m, 2H), 1.40-1.29 (m, 4H), 1.12(d, J/ = 7.1 Hz,
3H), 0.90 (t, J = 7.1 Hz, 3H); *C NMR (125 MHz, CDCls) § 139.6, 116.4,
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86.6, 79.5, 66.4, 44.7, 31.0, 28.3, 22.1, 18.6, 15.2, 13.9; HRMS-ES (m/z): caled
for C1,H,0ONa, 203.14064; found, 203.14084. '°F NMR analysis of the Mosher
ester derivative indicated 97% ee: (376 MHz, CDCl3) 8 — 71.88 (major), —72.14
(minor).

The fractions containing the diol auxiliary and those containing borate deriva-
tives were concentrated, and treated with a solution of THF (2 mL), 1 N NaOH
(1 mL), and H,O, (1 mL of a 30% aqueous solution) for 16 hours. The resulting
mixture was diluted with water (5 mL) and extracted with EtOAc (3 x 10 mL).
The combined organic layers were dried over anhydrous MgSQy, filtered, and
concentrated. Flash chromatography (5% EtOAc/hexanes) afforded 891 mg of
recovered (1R,2S,3R,4S5)-2-phenyl-1,7,7-trimethylbornanediol (75% yield).

Ph
t-BuOK, n-BuLi >

THF, -78° to -25°

1. B(OPr-i);, —78°

?
2. X
OH {V Bd' u
OH
(99%)

Ph

(1R,2S5 ,3R 45 )-2,3-O -[(Z )-2-Butenylboryl]-2-phenyl-1,7,7-trimethylbor-
nanediol [Preparation of the (Z)-Crotyl Camphordiol Boronate Reagent].?®
A 300-mL three-neck round-bottom flask equipped with a magnetic stir bar and a
thermometer was charged with 110 mL of THF and 7-BuOK (2.86 g, 25.5 mmol).
After the mixture was flushed with Ar and cooled to —78°, cis-2-butene (1.50 g,
26.8 mmol), condensed into a rubber-stoppered 10-mL round-bottom flask kept at
—78°, was added via cannula. n-BuLi (1.43 M in hexane, 17.9 mL, 25.5 mmol)
was added dropwise over 1 hour such that the internal temperature did not rise
above —70°. After completion of the addition, the cooling bath was removed
and the reaction mixture was allowed to warm up until the internal tempera-
ture reached —25°. The solution was maintained at —25° for 30 minutes, and
then cooled back to —78°. Triisopropyl borate (6.48 mL, 28.1 mmol) was added
dropwise over 30 minutes. The reaction mixture was maintained at —78° for
2 hours, and was then rapidly poured into a 500-mL separatory funnel contain-
ing 200 mL of aqueous 1 N HCI. The layers were separated, and the aqueous
layer was extracted with Et,O (2 x 100 mL). The combined organic layers were
dried over anhydrous MgSQ,, filtered, and concentrated on the rotary evaporator
to a volume of about 60 mL. The resulting solution was approximately 0.4 M
in (Z)-2-butenylboronic acid, and could be kept at 4° for a few weeks with-
out any noticeable change in its concentration or its reactivity with diols. To
this solution (3.00 mL, 1.20 mmol) was added (1R,2S,3R.4S)-2-phenyl-1,7,7-
trimethylbornanediol (246 mg, 1.00 mmol). The resulting mixture was stirred
at ambient temperature for 30 minutes, and concentrated under reduced pres-
sure. Flash chromatography (10% EtOAc/hexanes, SiO, pre-treated with 5%
Et;N/hexanes) yielded 307 mg of the title product as a colorless oil (99% yield);
[a]®p +12.8° (¢ 1.73, CHCl3); 'H NMR (300 MHz, CDCl3) § 7.44-7.38 (m,
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2H), 7.35-7.22 (m, 3H), 5.52-5.34 (m, 2H), 4.70 (s, 1H), 2.13 (d, J = 5.2 Hz,
1H), 1.87-1.74 (m, 1H), 1.66—-1.61 (m, 2H), 1.54—1.50 (m, 3H), 1.21 (s, 3H),
1.21-1.10 (m, 2H), 1.07-0.96 (m, 1H), 0.94 (s, 3H), 0.91 (s, 3H); >*C NMR
(125 MHz, CDCl3) § 141.8, 127.4, 127.2, 126.7, 124.9, 123.5, 95.7, 88.6, 52.0,
50.2, 48.9, 29.6, 24.7, 23.6, 20.7, 12.5, 9.3; "B NMR (128 MHz, CDCl») § 34.1;
HRMS-EI (m/z): caled for CyyH»70,B, 310.21042; found, 310.21036. Anal.
Calcd for Cy0Hy70,B: C, 77.43; H, 8.77. Found: C, 77.41; H, 8.77.

Ph, 0 HO
0 Sc(0Tf)3 (2 mol%) ‘
i * = "H = =
B \ Z4 CH,Cl,, -78° Z4 H
= 0o H n-CsHj n-CsHyj '
(72%)

(35 ,4R)-3-Methyl-1-undecen-5-yn-4-0l [Representative Procedure for
Scandium-Catalyzed Z-Crotylation of Aldehydes].?® The title compound was
prepared in 72% yield by using a procedure analogous to that used to pre-
pare (3R,4R)-3-methyl-1-undecen-5-yn-4-ol; [a]*p +22.7° (¢ 1.27, CHCl;); 'H
NMR (300 MHz, CDCl3) 8 5.94-5.80 (m, 1H), 5.20-5.17 (m, 1H), 5.15-5.12
(m, 1H), 4.26 (ddd, J = 4.8, 2.0, 2.0 Hz, 1H), 2.50-2.38 (m, 1H), 2.22 (ddd,
J =69, 6.9, 2.0 Hz, 2H), 1.72 (br s, 1H), 1.57-1.46 (m, 2H), 1.44—1.26 (m,
4H), 1.11 (d, J = 6.9 Hz, 3H), 0.91 (t, J = 6.9 Hz, 3H); >*C NMR (125 MHz,
CDCl3) 8 139.2, 116.8, 86.7, 79.2, 66.3, 44.5, 31.0, 28.4, 22.1, 18.6, 15.6, 13.9;
HRMS-EI (m/z): calcd for C,H00, 180.15141; found, 180.15092. '°F NMR
analysis of the Mosher ester derivative indicated an optical purity of 95% ee:
(376 MHz, CDCls) 8§ —71.90 (major), —72.19 (minor).

The fractions containing the diol auxiliary and the ones containing diol-borate
derivatives were concentrated, and treated with a solution of THF (2 mL), 1 N
NaOH (1 mL), and H,O, (1 mL of a 30% aqueous solution) for 16 hours. The
resulting mixture was diluted with water (5 mL) and extracted with EtOAc (3 x
10 mL). The combined organic layers were dried over anhydrous MgSQy, filtered,
and concentrated. Flash chromatography (5% EtOAc/hexanes) afforded 891 mg
of recovered (1R,2S5,3R,45)-2-phenyl-1,7,7-trimethylbornanediol (75% yield).

HO OH
'SnCly (~10 mol%) HO

0
0/? + ‘ (85
! o /\/\/\
By Ph/\)LH Na,CO; (0.2 eq), 4 A MS, Ph X
CH,Cl,, -78°, 12 h

%)

(35)-1-Phenylhex-5-en-3-ol [Representative Allylation Catalyzed by a Chi-
ral Diol-SnCl; Complex].!%> Into a flame-dried 25-mL round-bottom flask
equipped with a rice needle stir bar were successively added (R,R)-1,2-dinaph-
thylethanediol (8.65 mg, 0.025 mmol, 0.11 eq), anhydrous Na,CO; (5.6 mg,
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0.05 mmol, 0.05 eq), activated 4 A molecular sieves (50 mg), and freshly dis-
tilled toluene (0.5 mL). To the stirred mixture under argon at room tempera-
ture was added 25 pwL (0.025 mmol, 0.10 eq) of a 1.0 M solution of SnCly
in CH,Cly; in order to obtain reproducible results, it is necessary to use a
gas tight 25 pL syringe, and that all of the SnCly drops into the diol solu-
tion without touching the side walls. The resulting mixture was stirred for 5
minutes, cooled to —78°, and maintained at this temperature for 15 minutes,
after which allyl boronic pinacol ester (46.2 mg, 1.1 eq) dissolved in 0.5 mL
of toluene was added via syringe and this mixture was maintained at —78°
for 15 minutes. Freshly distilled hydrocinnamaldehyde (32.6 nL, 0.25 mmol,
1.0 eq) was added and the reaction mixture was stirred at —78° for 12 hours.
DIBAL-H in toluene (0.5 mL, 0.50 mmol, 2.0 eq) was added to reduce any
remaining aldehyde. After 30 minutes, 2 mL of aqueous 1 N HCI was added,
after which the reaction mixture was brought to room temperature and stirred
for 1 hour. The dark brown biphasic mixture was extracted with Et,O (2 x
25 mL) to give a clear etheral solution, which was washed with brine and
dried over anydrous Na;SOy, filtered, and concentrated under reduced pres-
sure. Purification of the residue by flash chromatography (5% EtOAc/hexanes)
afforded 37.4 mg of the title product (85% yield, 78% ee); HPLC (chiracel-
OD, 5% i-PrOH/hexane, 0.5 mL/min, 254 nm) t, (major, 89%) = 26.19 min,
t; (minor, 11%) = 37.62 min; [a]®p —4.54° (¢ 0.41, CHCl;); IR (thin film)
3370, 1640 cm™!; '"H NMR (300 MHz, CDCls) § 7.32—7.28 (m, 2H), 7.23-7.18
(m, 3H), 5.90-5.78 (m, 1H), 5.18 (m, 1H), 5.14 (m, 1H), 3.72-3.65 (m, 1H),
2.87-2.79 (m, 1H), 2.74-2.67 (m, 1H), 2.37-2.32 (m, 1H), 2.24-2.16 (m, 1H),
1.86—1.75 (m, 2H), 1.68—1.66 (s, 1H); 3C NMR (125 MHz, CDCl;) § 142.05,
134.6, 128.43, 128.38, 125.8, 118.3, 69.9, 42.1, 38.5, 32.05; HRMS-EI (m/z):
calcd for C1,H 60, 176.12011; found, 176.12011. Anal. Calcd for C,H;¢O: C,
81.77; H, 9.15. Found: C, 81.80; H, 9.14.

\
O. .0 %’N\ /O
B Cr
‘0O C(Cl B(pin) =
Z ‘L 88 (1 mol%) PhCHO Ph\/o\
N o O OEt
\ 45 T h

o) OEt 4AMS,1t,1h '
0~ YOEt HO

(solvent) (82%)

(R)-[(2R,6S )-6-Ethoxy-5,6-dihydro-2H -pyran-2-yl]phenylmethanol [Rep-
resentative Example of a Tandem Catalytic Enantioselective [4+2] Cyclo-
addition/Allylboration].!> A mixture of 3-boronoacrolein pinacolate (364 mg,
2.00 mmol) and ethyl vinyl ether (1.90 mL, 20.0 mmol) was placed in an oven-
dried 10-mL round-bottom flask with a stir bar. To this solution was added
the Jacobsen tridentate chromium(IIl) catalyst 88 (9.60 mg, 0.020 mmol) and
powdered BaO (400 mg). After the mixture had been stirred for 1 hour at room
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temperature, benzaldehyde (424 mg, 4.00 mmol) was added. The reaction mix-
ture was stirred at 40—45° for 24 hours, and diluted with EtOAc and filtered
through Celite. The EtOAc solution was stirred for 30 minutes with an aque-
ous saturated solution of NaHCOj;. The organic layer was separated and the
aqueous layer was extracted with EtOAc (2 x 20 mL). The combined organic
layers were washed with an aqueous saturated solution of NaCl (20 mL), dried
over anhydrous MgSOQy, filtered, and concentrated to afford the crude prod-
uct. Purification by flash column chromatography (deactivated silica gel, 9: 1
hexanes/Et,0) afforded 384 mg of the pure title product as a clear oil (82% yield,
96% ee); HPLC (chiralpak AD-RH, 50% i-PrOH/H,0, 0.300 mL/min, 210.8 nm)
t, (major) = 8.60 min, t, (minor) = 10.64 min; [a]**p +24.9° (¢ 1.0, CHCl;); IR
(CH,Cl,, cast) 3451, 3035, 2877, 1640, 1257 cm~'; "H NMR (500 MHz, CDCl3)
8 7.40-7.26 (m, 5H), 5.79-5.75 (m, 1H), 5.40-5.36 (m, 1H), 4.78 (dd, J = 5.9,
5.9 Hz, 1H), 4.56 (dd, J =7.4, 1.5 Hz, 1H), 4.32-4.28 (m, 1H), 3.96 (dq,
J =9.7,7.1Hz, 1H), 3.58 (dq, J = 9.7, 7.1 Hz, 1H), 3.11 (br s, 1H), 2.12-2.10
(m, 2H), 1.25 (t, J = 7.1 Hz, 3H); '3C NMR (125 MHz, CDCl3) § 139.8, 128.3,
128.0, 127.2, 125.4, 124.8, 98.5, 78.7, 76.8, 64.5, 31.1, 15.3; HRMS-ESI (m/z):
[M + Na]* calcd for C14H3O;3Na, 257.1154; found, 257.1152.

TABULAR SURVEY

Within each table, entries are organized in the order of increasing number of
carbons in the carbonyl substrate, not including protecting groups. This system
was adopted so as to have similar substrates grouped together. The tables cover
entries from the literature up until December 31, 2005. See pages 573—-580 for
supplemental references for Tables 1-9 and for recent information about experi-
mental methods, reviews, and mechanisms. In each table, for the same aldehyde,
allyl transfer reagents are grouped by the type of boron reagent involved; boranes
are followed by boronates, and then the others such as borinates and borate salts.
In all tables, entries with the same experimental conditions but differing only
in the results (yield and selectivities) are listed under a single entry. In these
instances, the results noted correspond to the best reported example. Table 1A
contains entries of simple allyl (C3Hs) transfer to non-aromatic carbonyl sub-
strates. Table 1B contains entries for aromatic and heteroaromatic substrates.
Tables 2 and 3 cover entries of Z-crotylation and E-crotylation respectively (cis
and trans C4H7). In the instances where a mixture of E/Z crotyl reagents is used,
these entries are found in Table 2. It should be noted that readers interested
specifically in the propionate products of crotylation reactions should also con-
sult Table 4, which contains several entries of a-substituted crotylation reagents.
Table 4 includes all entries with reagents having a substituent in the o position of
the allylic group. Table 5 lists entries involving allyl transfer where the p position
is substituted with a variety of functional groups. Table 6 reports entries where the
vy position of the reagent is functionalized with a carbon or heteroatom-containing
group. Table 7 presents examples of allenyl and propargyl group transfer. Table 8
consists of entries of cyclic allylic boron reagents, where the allylic unit is part
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of a ring. Table 9 contains entries of intramolecular allylboration reactions. For
multiple substitution patterns, the entries are ordered by least to most substituted;
entries with the same number of substitutions are prioritized by a > y > p. The
authors would like to mention that some entries employing the Ipc reagents are
inconsistent with respect to the nomenclature used for the absolute configuration
of the reagent. These inconsistencies originate from the source references.

The following abbreviations were used in the text and the Tables:

Ac
acac
Adm
AIBN
Ald
All
Bs(cat),
BBN
BEC
bmim
Bn
Boc
BPS
Bu
Bz
Cbz
Conc.
Cy
dba
DBU
DDQ
DEIPS
DIPT
DMB
DMF
DMPM
DMSO
dppe
dppf
d.r.
ee
emim
equiv or
eq.
e.r.
Et
HQ
8-HQ

acetyl

acetylacetone

adamantyl
2,2'-azo(bis)isobutyronitrile
aldehyde

allyl
bis(catecholato)diboron
9-borabicyclo[3.3.1]nonanyl
2-bromoethyloxycarbonyl
butylmethylimidazolium
benzyl

tert-butoxycarbonyl
tert-butyldiphenylsilyl
butyl

benzoyl

carbobenzyloxy
concentration

cyclohexyl
dibenzylideneacetone
1,8-diazabicyclo[5.4.0]undec-7-ene
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
diethylisopropylsilyl
diisopropyl tartrate
3,4-dimethoxybenzyl
dimethylformamide
3,4-dimethoxybenzyl
dimethyl sulfoxide
diphenylphosphinoethane
diphenylphosphinoferrocene
diastereomeric ratio
enantiomeric excess
ethylmethylimidazolium
equivalent

enantiomeric ratio
ethyl
hydroquinone
8-hydroquinoline

Page 83
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Ier isocaranyl

IL ionic liquid

Ipc isopinocampheyl

Ket ketone

L.A. Lewis acid

LDA lithium diisopropylamide
MEM 2-methoxyethoxymethyl
Mes mesityl

min minute

MOM methoxymethyl

MS molecular sieves

Nph naphthyl

Ph phenyl

Phth phthalyl

Piv pivaloyl

PMB p-methoxybenzyl

PMP p-methoxypheny]l

Pr propyl

PTC phase-transfer catalyst
pTSA p-toluenesulfonic acid

pyr pyridine

It room temperature

SEM 2-(trimethylsilyl)ethoxymethyl
siamyl sec-isoamyl

TBAT tetrabutylammonium triphenylsilyldifluorosilicate
TBDMS tert-butyldimethylsilyl
TBDPS tert-butyldiphenylsilyl
TEAN tetraecthylammonium nitrate
TES triethylsilyl

Thex thexyl (2,3-dimethyl-2-butyl)
Tf trifluoromethanesulfonyl
TFA trifluoroacetic acid

TfOH trifluoromethanesulfonic acid
THF tetrahydrofuran

THP tetrahydropyranyl

TIPS triisopropylsilyl

TMP 2,2,6,6-tetramethylpiperidine
TMS trimethylsilyl

TMSE 2-(trimethylsilyl)ethyl

Tol p-tolyl

Ts p-toluenesulfonyl

TPS triphenylsilyl

Tr trityl
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