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Abstract—The stereo- and chemoselectivity in the additions of four model a-substituted allylboronates to benzaldehyde was exam-
ined under the standard thermal (uncatalyzed) conditions and the novel Lewis and Brensted acid-catalyzed conditions. With either
of Sc(OTHf); or triflic acid as catalysts, an a-ethyl allylboronate, 1a, led to a surprising inversion of stereoselectivity that can be ten-
tatively rationalized through subtle differences in the geometry of the allylboration transition state between uncatalyzed and cata-
lyzed pathways. It was also found that the chemoselectivity of a-silyl reagents (1c and 1d) can be reversed upon use of a catalyst,
providing allylsilation products instead of the allylboration product obtained from the thermal uncatalyzed reaction.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Since their discovery,! uncatalyzed additions of allylbor-
onates to aldehydes have evolved into one of the most
popular methods for stereoselective C—C bond forma-
tion.? Compared to dialkyl allylic boranes, allylic boro-
nic esters are often more advantageous as a class of
reagents due to their increased air-stability. Two strate-
gies have been developed for controlling enantiofacial
selectivity in the additions of allylic boronates to achiral
aldehydes: (1) the use of a chiral diol or a diamine deriv-
ative as boron’s two non-allylic substituents (B-chiral
allylboronates);? and (2) the use of optically pure, o-
substituted reagents (C-chiral, or a-chiral allylboro-
nates).* The recent discovery of Lewis acid catalyzed
additions of allylboronates, by our group® and others,°
opened doors to new and highly stereoselective aldehyde
allylation methods using B-chiral allylboronates.’
Whereas the scope of aldehyde substrates in Lewis
acid-catalyzed allylboration has been thoroughly inves-
tigated, little is known on the scope of functionalized
allylboronates. Here, we present an investigation on
the scope and stereoselectivity of additions of a-substi-
tuted allylboronates promoted by the low-temperature
Lewis and Bronsted?® acid-catalyzed variants. The objec-
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tive of this study with racemic a-substituted allylboro-
nates is to provide additional mechanistic insight on
the novel catalytic allylboration manifolds, and to help
identify the most promising combination of substituents
and catalytic conditions in view of using optically pure
a-chiral reagents in the future.

The preparation of a-chiral allylboronates 1 and their
additions to aldehydes were pioneered by Hoffmann.*
These reagent-controlled additions proceed with almost
perfect transfer of chirality to give two diastereomeric
products 4 and 5 (Fig. 1). These Z and E allylic alcohol
products are epimeric, and their ratio is highly depen-
dent upon the nature of the a-substituent (R') and the
nature of the boronic ester.* The ratio of 4 and 5 can
be explained in terms of steric and dipolar effects on
the two competing chairlike transition structures 2 and
3. With a non-polar alkyl substituent R, steric interac-
tions play a dominant role on the relative energies of
these putative transition structures. Transition structure
3 is destabilized by a steric interaction between the boro-
nic ester and the pseudo-equatorial a-substituent R'. On
the other hand, transition structure 2 features unfavor-
able allylic interactions due to the pseudo-axial position
of the R! substituent. The use of a hindered ester, such
as pinacolate, aggravates interactions between R' and
the pinacol methyls in structure 3, and tends to favor
transition structure 2 leading to the Z-configured prod-
uct 4.° With a polar R' substituent (halogen, alkoxy),
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Figure 1. Postulated competing transition structures in the allylation
of aldehydes with a-substituted allylboronates 1. Note: A stereodefined
reagent is shown in order to emphasize the stereochemistry of the
reaction and the epimeric relationship between products 4 and 5.

dipolar effects tend to dominate and further favor tran-
sition structure 2 with the pseudo-axial C-R! bond anti
to the axial B-O bond.

2. Results and discussion

Here, a small panel of racemic a-substituted allylboro-
nates of type 1 representing a variety of substituent types
(alkyl, silyl, halogen) were prepared. Pinacol allylic bor-
onates were chosen due to their ease of handling and
their stability to chromatographic conditions and mois-
ture, and also to help optimize the Z/E ratio of addition
products to favor isomer 4.° Thus, a-ethyl, a-bromo, o-
trimethylsilyl, and a-dimethylphenylsilyl reagents la—d
were prepared using known methods shown in Scheme
1. Reagent 1a'® was synthesized through a selective
SN2’ addition (or vinylogous Matteson rearrangement)
of ethylmagnesium chloride to the known 3-chloroprop-
enylboronate 6'' (Eq. 1).!> a-Bromo reagent 1b was
accessed using a reverse Matteson homologation of
dibromomethyl boronate 7 with vinylmagnesium chlo-
ride (Eq. 2).!° Likewise, a-trimethylsilyl reagent 1c¢ was
made using a Matteson homologation on vinylboronate
8 (Eq. 3).'"* Like 1a, reagent 1d was synthesized by a
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Scheme 1.

selective SN2’ addition on 6, using dimethylphenylsilyl
lithium'> (Eq. 4).1?

The allylation of benzaldehyde with a-ethyl reagent 1a
was examined under different conditions (Table 1).
The thermal (non-catalyzed) reaction demanded to be
performed neat at a temperature of 0 °C to provide a
good yield favoring the Z-isomer 4a over 5a in a 2:1
ratio (entry 1).'¢ In contrast, both Sc(OTf);-catalyzed>’
and TfOH-catalyzed® reactions (entries 2 and 3) pro-
ceeded at —78 °C to give a comparable ratio favoring
E-isomer 5a. The TfOH-catalyzed reaction is particu-
larly efficient, providing a quantitative yield.!”

To the best of our knowledge, such an inversion of selec-
tivity is unprecedented and cannot be explained by a
temperature effect. It is likely that subtle differences in

Table 1. Allylboration of a-ethyl and o-bromo allylboronates 1a and 1b with benzaldehyde®

0 JOL HO HO
B. : 1
/Y 0 Ph H Ph)\/ﬁ " Ph/\/\/ﬂ
R? C"JQClz R
1a (R=Et) 4 Ams. 4 5
1b (R=Br)
Entry Boronate Catalyst T (°C) Time (h) Products Ratio® Yield (%)°
1 1a (R =Et) None 0 15 4a, S5a 2:1 75
2 1a Sc(OTf)3 —78 40 4a, 5a 1:1.3 63
3 la TfOH —78 40 4a, 5a 1:1.7 99
4 1b (R =Br) None 0 25 4b, 5b 13:1 75
5 1b Sc(OTH)3 —78 40 4b, 5b 10:1 50
6 1b TfOH —78 40 4b, 5b 9:1 24

Note: Although racemic 1a/1b were used, stereodefined reagents are shown in order to emphasize the epimeric relationship between products 4 and 5.
# Typical reaction scale: approx. 0.7-1.0 mmol, 0.2 M in dichloromethane.
®Ratio of 4 to 5 as determined by "H NMR analysis of crude reaction mixtures.

¢ Unoptimized yields of pure products isolated after flash chromatography. m.s. = molecular sieves.
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Figure 2. Postulated competing transition structures in the allylation
of benzaldehyde with a-ethyl allylboronate (1a). L.A. = Lewis acid.

the geometry of the transition structures between the
uncatalyzed and catalyzed reaction manifolds are
responsible for the inversion of selectivity. Our previous
mechanistic study on Lewis acid-catalyzed allylboration
supported an electrophilic boronate activation mode
through coordination of a boronate oxygen, a process
that increases boron’s electrophilicity and strengthens
the B-O(aldehyde) interaction.'® In the thermal reac-
tion, the preference for 4a over 5a can be explained by
the presence of severe non-bonded interactions between
the pseudo-equatorial ethyl substituent and the large
pinacolate group in transition structure 10 leading to
5a (Fig. 2).

To explain the inversion of selectivity, we hypothesize
that the acid-catalyzed processes feature more advanced
transition states with a shorter B-O(aldehyde) bond and
a longer B-C bond. Thus, in structure 12 such a longer
bond alleviates the non-bonded interactions between the
ethyl substituent and the pinacolate, which would be-
come less important than the allylic interaction caused
by the pseudo-axial ethyl substituent in structure 11.
Hence, a switch of selectivity from the non-catalyzed
reaction occurs and product 5a becomes predominant.
The a-bromo reagent 5b provided comparable selectivi-
ties invariably of conditions employed, thermal, or acid
catalyzed (entries 4-6). The yield of product, however,
was acceptable only in the uncatalyzed reaction. The

predominance of the Z-isomer 4b for reactions of o-
bromo reagent 1b can be explained by the particular
strength of the dipolar effect described above.

The a-silyl substituted reagents 1¢ and 1d presented fur-
ther interesting opportunities to gain insight into the
mechanism of Lewis and Brensted acid-catalyzed allyl-
boration. Indeed, as observed by Hiyama and co-work-
ers, addition of these reagents to aldehydes can lead
either to alkenylsilane products 13¢/13d via allylbora-
tion, or to the common alkenylboronate 14 via allylsila-
tion (Table 2).!"” The nature of products observed would
reveal information on the preferred mode of activation
by the catalyst, that is, aldehyde activation in the allyl-
silation versus boronate activation in the allylboration.
As can be seen with the modest yields of products, these
allylations are difficult (Table 2). However, aside from
products, starting materials were recovered with very lit-
tle degradation. With both reagents 1¢ and 1d, the ther-
mal reaction led to the expected allylboration to give the
Z alkenylsilanes 13c and 13d as major products (entries
1 and 3).

The predominance of the Z-isomers of 13¢/13d can be
explained by the large size of the silyl group, which
would aggravate the interactions with the pinacolate
group in transition structure 3. To our initial surprise,
both S¢(OTf); and TfOH-catalyzed reactions provided
the E-alkenylboronate 14 as major product of what
appears to be acid-catalyzed allylsilations (entries 2, 3,
5, and 6). No allylboration products were observed. This
interesting switch of chemoselectivity can be explained
by a preference for an aldehyde activation mode (i.e.,
transition state assembly 16) over the electrophilic boro-
nate activation mode (15) expected in the absence of an
a-silyl substituent (Fig. 3).

3. Conclusion

This study on the allylation of aldehydes using a-substi-
tuted allylboronates provides additional insight into
the mechanism of Lewis and Brensted acid-catalyzed
allylboration manifolds. Compared to the thermal

Table 2. Allylboration of a-silyl allylboronates 1¢ (R = SiMe;) and 1d (R = SiMe,Ph) with benzaldehyde®

% j\ HO HO
/\rB\O Ph™ "H Ph N + Ph)\/\/Bpin
SiR CH,Cl, ;
o 13 SPs 14

1c (R = SiMej3)

1d (R = SiMe,Ph)
Entry Boronate Catalyst T (°C) Time (h) Product E/Z Yield (%)°
1 1c None 0 15 13c 1:6.7 46
2 1c Sc(OTH)3 —78 40 14 4:1 40
3 1c TfOH -78 40 14 3:1 43
4 1d None 0 15 13d 1:6.2 22
5 1d Sc(OTH)3 —78 40 14 4:1 11
6 1d TfOH —78 40 14 4:1 26

#Typical reaction scale: approx. 0.3 mmol, 0.2 M in dichloromethane.

® Unoptimized yields of pure products isolated after flash chromatography.
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Figure 3. Postulated competing mechanisms in the allylation of
benzaldehyde with a-silyl allylboronates 1c¢ and 1d. Although racemic
1c/1d were employed, stereodefined reagents are shown in order to
emphasize the stereospecificity in the formation of 13. L.A. = Lewis
acid.

uncatalyzed reaction of 1a the inversion of stereoselec-
tivity in the formation of homoallylic alcohols under
acid catalysis is suggestive of a more advanced transition
structure with a shorter B-O(aldehyde) bond and a
longer B-C bond. The case of a-silyl reagents also led
to an interesting switch of selectivity, one of chemoselec-
tivity that provides information on the relative easiness
between boronate and aldehyde activation pathways.
Overall, our results with reagent 1a suggest that careful
optimization of the nature of the alkyl group and boro-
nate’s diol unit in an optically pure a-chiral allylboro-
nate could provide a stereodivergent method to access
both enantiomers of homoallylic alcohols by a simple
choice of thermal or acid-catalyzed allylboration
conditions.
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