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ABSTRACT

It is reported that appropriate dienolborinates can provide access to both diastereomers of 2-(hydroxymethyl)but-3-enoates through exclusive
R-regiocontrol in a non-vinylogous pathway. Contrary to previous reports in which dialkylchloroboranes failed to enolize propanoates, acidity-
enhanced but-3-enoates readily undergo enolization, offering unprecedented control over the formation of these valuable synthons. The first
example of an aldol reaction in the presence of a phosphine�borane adduct is also reported.

The R-selective aldol reactions of vinylogous ester
enolates provide access to the highly functionalized
and synthetically versatile 2-(hydroxymethyl)but-3-enoate
synthons.The latter have founduse in a variety of synthetic
endeavors1 and in the production of pharmacologically
active functionalities such as lactams and lactones.2 The
stereo- and regiocontrolled production of these compounds
has been challenging, and only a limited number of meth-
odologies have been developed for the production of these
compounds, including elimination,3 reductive allylic dis-
placement,4 Barbier-type reactions of allylic halides,5 and
aldol-style6 reactions of esters and oxazolidine-derived

imides.6b,7 These methods usually suffer from a variety of

setbacks, most especially with regard to R vs γ regio- and

syn vs anti diastereoselectivity; controlling both of these

variables simultaneously remains difficult. Vinylogous

Mukaiyamaenolates exemplify this issue: theynotonly react

with carbonyl electrophiles under both neutral and Lewis

acidic conditions to furnish crotonate derivatives but also

undergo R-alkylation with little diastereocontrol when acti-

vated by an anionic species.6f�i While other metal cations

are reported to proceed through anon-vinylogous pathway,

they also provide poor diastereocontrol. Surprisingly, there

remains no report detailing the production of these aldol

products with simultaneous control of both the regio- and
diastereoselectivities. We believed that the correct choice of
reaction conditions in the application of boron-based aldol
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methodology could solve this long-standing synthetic prob-
lem.Specifically,we envisaged that the reactionof theboron
enolates of either alkyl but-(2 or 3)-enoates with aldehydes
could provide the desired adducts (Scheme 1). Our addi-
tional goal was to demonstrate that the enhanced allylic
acidity could allow for enolization with chloroboranes,
which, unlike bromoboranes8 and boron triflates,9 are con-
sidered incapable of enolizing simple esters.10 However, we
were hopeful, as we had recently shown that certain dialkyl-
chloroboranes could affect the enolization�aldolization
sequence of 3,3,3-trifluoropropionates.11

We first screened several classes of esters and boranes and
found that some dialkylchloroboranes, such as dicyclohex-
ylchloroborane (Chx2BCl), and triflates affected the stereo-
selective enolization of but-(2 and 3)-enoates. The former
reagent, which was first introduced for aldol reactions by
Brown,12 had previously been shown to be highly effective in
enolizing aldehydes, ketones, and thioesters. We also found
that certain triflates functioned, but their instability and
cumbersome synthesis encouraged the use of the former.
After confirming that both esters provided identical dr

(Scheme 1), we chose to focus on the use of but-3-enoates,
which are readily accessible from crotonic acid. Reports of
boron enolates of esters have revealed a trend in which the
smallermethyl esters provideZ-enolates13 (syn-aldol products)
and that larger groups such as tert-butyl provide E-enolates
(anti-products), a trendsimilar to that seenwithketones.12We
anticipated a similar effect in this case and, after initially
screening the methyl (1), ethyl (2), isopropyl (3), benzyl (4),
and tert-butyl (5) but-3-enoate esters, felt great satisfaction
when we reaffirmed this trend: the initial reaction of 1 with
benzaldehyde 6providedmethyl 2-(hydroxy(phenyl)methyl)-
but-3-enoate in an approximately 1:1 dr with Chx2BCl and
triethylamine (Et3N). The same conditions with 5 provided 7

in an initial ratio of 24:76. In these and all further reactions
performed in this study, exclusive R-alkylation took place.

We attribute this excellent regioselectivity to a kinetic pathway
involving a six-membered chelative intermediate.14

The initial success in obtaining both diastereoisomers
prompted the development and optimization of protocols
for the selective formation of either one. A systematic
screening of reaction conditions�choice of amine, solvent,
boron ligand and leaving group, concentration, time, and

temperature�was performed using 6 as the electrophile.

The full optimization studies, which will be detailed at a

later date, improved the syn- and anti-selectivity for the

methyl and tert-butyl ester enolates to excellent levels in

both cases.Unlike the case ofmethyl phenylacetate,wherein

unusual solvent and temperature effects were demonstrated

to exist,15 no unexpected effects were noted. Ultimately, it

was discovered that Et3N, in combination with Chx2BCl,

provided the anti-tert-butyl isomers in excellent selectivities

and yields, whereas the use of di(bicyclo[2.2.1]heptan-2-yl)-

chloroborane (Nrb2BCl) and ethyl-N,N-diisopropylamine

(DIPEA) furnished the syn-methyl isomers in excellent

selectivities but with slightly decreased yields. Deleteriously,

it was discovered that the syn/anti ratio of these compounds

could be readily degraded when the conditions were not

carefully controlled, especially during the workup stage

involving methanolic hydrogen peroxide oxidation. This is

possibly due to the inherent instability of these compounds.6b,j

While it is perhaps not surprising that Chx2BCl pro-
moted anti-selectity, the syn-selective aldolization seen with
Nrb2BCl is entirely unprecedented. We recently showed
that Nrb2BOTf16 was more anti-selective than Chx2BOTf
in enolizing trifluoropropionates.17Knowing this, wewere
astoundedby the selectivity reversal, especially considering
the fact that dialkylchloroboranes are usually considered
E-selective enolization reagents.18

Careful studies of ketone substrates by Brown showed
that larger boron ligands favor the formation of anti-aldol
products. The large sterics of the cyclohexyl ligands,
when combinedwith the bulkiness of the tert-butyl ester,
are likely the source of anti-selectivity in these reactions.
As the steric comparison between norbornane and cy-
clohexane is unclear at this time, the former’s effects are
obscure. One possibile explanation is that the methyl
ester is mimicking the selectivity expected for hexan-
3-one. This is an important consideration, as smaller
ketones (such as pentan-3-one) were shown by Brown
to give high Z-selectivity during enolization with all
screened dialkylchloroboranes. Although unlikely, the
possibility that the reaction furnishes the observed syn-
stereochemistry19 by way of either a closed boat or an open
transition state cannot be ruled out. At this time, the exact

Scheme 1. Three Possible Aldol Pathways for Dienolborinates
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origin of the syn-selectivity remains unclear, but we can
speculate that the thermodynamically favored Z-enolate
must be preferentially formed under the given conditions.
The optimized conditions for the production of the anti-

isomers (Table 1) were applied to a wide variety of

structurally and functionally unique aldehydic electro-

philes. They were chosen for their varying electronic and

steric requirements and as a means to measure the incred-

ible generality of this methodology.
The reaction of 6 furnished 7 with no detectable syn-

isomer (Table 1, entry 1). Electron-deficient 4-nitro- (8)

and 3-fluorobenzaldehydes (10) (entries 2�3) provided an

improvement in the yields while still maintaining excellent

dr. Even 4-methoxybenzaldehyde (12) was well-tolerated,

providing 13 in very good yield and excellent dr (entry 4).

9-Anthraldehyde (14) provided 15 in excellent yield and

without the loss of dr (entry 5).

Heteroaromatic aldehydes thiophene-2- (16) and furan-
3-carbaldehydes (18) gave moderate yields and very good
selectivities (entries 6�7). 1,2-Addition was exclusively ob-
served in the cases of R,β-unsaturated aldehydes (entries
8�9) such as silyl-protected prop-2-ynal (20) and cinnam-
aldehyde (22), providing excellent yields of only the
trans-isomers. Switching to aliphatic aldehydes such as
hydrocinnanaldehyde (24) still furnished the expected
product 25 but in a slightly lower yield (entry 10). Other
aliphatic aldehydes such as the straight-chained, branched,
and hindered electrophiles nonanal (26), cyclohexanecar-
baldehyde (28), and pivalaldehyde (30), respectively, pro-
vided the expected products in very high yields and as
single diastereomers (entries 11�13). Benzophenone ketal-
protected glyceraldehyde (14) also provided a high dr and
good yield as a single (anti) diastereomer (33) about the
C3�C4 bond (entry 14). (The origin of this selectivity is
detailed below.) Most gratifyingly, the use of an enantio-
pure diphenylphosphinite�borane adduct (34) furnished
the expected anti-product (35) as nearly a single stereo-
isomer and in near-quantitative yield. To the best of our
knowledge, this represents the first known example of an
aldol reaction in the presence of a phosphine�borane
adduct. The chemistry of these P�Bcompounds is remark-
able; they have been shown to survive a wide variety of
reaction conditions and chemicalmanipulations, including
chromatography.20

The study’s success did not come without a cost. For
example, capricious but small amounts of alcohol (reduced
aldehyde) pervaded these reactions, as did relatively consis-
tent levels of cyclohexylated aldehydes.21 The latter problem
was readily made nugatory by the use of an excess of alde-
hyde in the reaction mixtures (1.5 equiv). Additionally, the
slow hydrolysis rate for the formed dialkylborinate products
necessitated the use of a methanolic hydrogen peroxide
workup. Despite their instability, the products tolerated this
workup, excepting 17 and 41, wherein small amounts of
thiophene oxidationwas observed22 (Tables 1 and 2, entry 6).
The application of the syn-selective conditions to the

same series of aldehydes was also performed (Table 2).
Generally speaking, the reactions again proceeded in good
yields and excellent selectivities. While in a few cases the
yields (entries 9, 12, and 14) and selectivities (entries 6 and
14) of these syn-products were slightly better than their
anti-counterparts, there was generally a slight decrease in
both the yields and selectivities of the syn-products. The
decreased yields obtained in the formation of these syn-
isomers can be mostly attributed to what we observed to
be a greater level of aldehyde reduction by Nrb2BCl than
Chx2BCl.

23 This is attributable to a strict co-planarity of the

Table 1. Anti-Selective Aldol Reactions of Aldehydes with 5

a Isolated yields are given for the purified major diastereomer.
b 1HNMRanalysiswasused tomeasure the dr.Values givenaremeasured
when 13C satellite peaks were resolved, thus ensuring measurability to
1% in the 1HNMR. cRatio of 99:1 means only one detected diastereomer.
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H�C�C�B bond linkage.24 Likewise, a larger amount
of nucleophilic 1,2-attack onto the aldehydes by the nor-
bornyl nucleophile was obtained. This is to be expected
based on the relatively high migratory aptitude of norbor-
nanyl ligands.21

The reaction dr values were obtained by 1H NMR
analysis of the crude reactionmixtures. The relative stereo-
chemistries were assigned from literature precedent
(J-value differences for the R and β protons for the
isomers,25 along with a downfield chemical shift in both
the vinylic protons of the syn-isomer6e and the backbone
carbons in 13C NMR26). For 35, the absolute configura-
tion of the carbinol was determined byMosher analysis.27

We sought concrete evidence of the stereochemistry of
the C3�C4 linkage in the aldol product 33. To this end, its
crystals (recrystallization in pentanes/Et2O at 0 �C for 48h,
mp 92.4�94.6 �C, uncorrected) were subjected to single-
crystal X-ray analysis. The ORTEP diagram (Figure 1)
clearly shows the anti,anti-relationship of 33.28

We postulate that the observedC2�C3 anti-relationship
of 33 is explained by the invocation of a transition state
akin to those postulated by Paterson and co-workers,14

wherein the vinyl and C3-alkyl groups adopt pseudoequa-
torial positions, whereas the C3�C4 anti-relationship is
that predicted by theR-heteroatom-modified Felkin�Anh
model of facial selectivity.
In conclusion, we have developed the first synthesis of

both the syn- anti anti-isomers of 2-(hydroxymethyl)but-3-
enoate synthons from dienolborinates. These reactions pro-
ceed in very high yields and selectivities. The application of
these developed chemistries to a wide variety of aldehydes,
including one containing a P�B adduct, demonstrated the
generality of this chemistry. In so doing, the first use of
Nrb2BCl as a syn-selective enolization reagent has been de-
monstrated. This new route to these compounds is a sig-
nificant improvement over existing ones and will likely find
much synthetic use. Further work on this methodology is
ongoing inour laboratoryandwill be reported induecourse.
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Table 2. Syn-Selective Aldol Reactions of Aldehydes with 1

a Isolated yields are given for the purified major diastereomer. b 1H
NMR analysis was used to measure the dr. Values given are measured
when 13C satellite peaks were resolved, thus ensuringmeasurability to 1%
in the 1H NMR. cRatio of 99:1 means only one detected diastereomer.

Figure 1. ORTEPrenderingof33.White=H,gray=C, red=O.
Some H atoms have been omitted for clarity. Ellipsoids are shown
at the 50% probability level, with H radii fixed at 0.3 Å.
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