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Abstract: Boronic acids can serve as organic soluble substitutes for water molecules in the
metal-catalyzed hydration of alkynes. The Au-catalyzed addition of boronic acids to alkynes
provides an alternative method for enolate generation, which proceeds under exceptionally
mild conditions. The resulting enolates can be trapped by aldehydes present in the reaction
mixture, giving aldol products that can be isolated as cyclic borate esters. These compounds
are versatile synthetic intermediates that can be elaborated into a variety of products by trans-
formation of the boron moiety. The Au-catalyzed reaction of boronic acids with propargylic
alcohols results in efficient Meyer—Schuster rearrangement to the corresponding enones. The
rearrangement of tertiary alcohols gives (E)-enones with moderate to good selectivity, and
the addition of a boronic acid to the reaction appears to enhance the level of geometrical con-
trol. The rearrangement of primary alcohols to terminal enones also occurs readily in the
presence of catalytic Au(I) and a boronic acid, and the resulting terminal enones can be
reacted with nucleophiles in one-pot procedures to give a variety of -substituted ketones.
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INTRODUCTION

The addition of water across a C—C multiple bond is one of the oldest transformations in organic chem-
istry. It is also one of the simplest and most efficient processes for introducing oxygen functionality into
a molecule. The addition of water across an alkene 1 leads to the formation of a secondary or tertiary
alcohol 2 (Scheme 1). The analogous hydration reaction of an alkyne 3 leads initially to an enol 4 that
tautomerizes to the corresponding ketone 5 [1].
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Scheme 1 Catalytic hydration reactions of alkenes and alkynes.
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The hydration of an alkene can be catalyzed by strong acids [2], although such conditions are not
readily applicable to complex functionalized substrates. Typically, this transformation is achieved via
indirect methods such as hydroboration [3] (usually giving the opposite anti-Markovnikov regio-
selectivity) or via stoichiometric oxymercuration followed by reduction of the resulting organomercury
compound [4]. Similarly, the hydration of an alkyne to a methyl ketone was traditionally achieved using
a mercury-catalyzed process [4], although nowadays more efficient procedures using less-toxic metals
such as Au are the norm [1].

Direct hydration reactions can be problematic due to the fact that most organic compounds are
not readily miscible with water. The solvent system for the reaction must thus be carefully chosen in
order to enable the organic molecule to react effectively with a water molecule. We became interested
in the idea of replacing the water molecule in these reactions with an organic molecule that could act
as a water surrogate, enabling the hydration reactions to take place readily in organic solvents. We
hypothesized that boronic acids [5] would be suitable for this purpose as the exchange of oxygen groups
on the boron is relatively facile, enabling release of the oxygen atom after the boronic acid has under-
gone reaction with a substrate. They are also stable, readily available molecules that are generally sol-
uble in organic solvents. Boronic acids have previously been exploited as reagents and catalysts for a
wide variety of transformations (Fig. 1) [6] including direct amide bond formation (6-9) [7-10],
Diels—Alder reactions (8,9) [11], Friedel-Crafts reactions (10) [12], rearrangement of propargylic and
allylic alcohols (11) [13], aldol reactions (12) [14,15], and the hydrolysis of chlorohydrins (13) [16].
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Fig. 1 Selected boronic acid catalysts.

We envisaged that metal-catalyzed addition of a boronic acid to an alkene 1 will lead to the
boronate ester 14 (Scheme 2). Reaction of this with adventitious moisture can then lead to the alkene
hydration product 15 and regeneration of the boronic acid. In the case of an alkyne 3, the intermediate
addition product 16 is a boron enolate [17]. This can potentially be exploited as a reactive intermediate,
for example, in an aldol reaction, giving access to a more complex intermediate 17. Again, after hydrol-
ysis of the borate ester with water, the aldol product 18 will be obtained and the boronic acid will be
regenerated.
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Scheme 2 Proposed pathways for the catalytic addition of boronic acids to alkenes and alkynes.
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We recognized that this latter concept might be especially powerful as it could enable the catalytic
generation of a reactive enolate intermediate directly from an unactivated alkyne. This is potentially
very useful for aldol reactions as the use of a non-carbonyl enolate precursor can enable chemoselective
formation of the desired enolate in the presence of an enolizable aldol acceptor [18].

STABLE BORON ENOLATES

In order to investigate the feasibility of the proposed enolate formation process, we prepared a series of
ortho-alkynylbenzene boronic acids 21 from readily available bromoiodobenzene 19 (Scheme 3) [19].
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Scheme 3 Synthesis of ortho-alkynylbenzene boronic acids.

With a series of substrates in hand, we examined the Au-catalyzed [20] cyclization of alkynyl
boronic acid 21a (Scheme 4). To our surprise, the boronic acid 21a rapidly cyclized to give a single
product 22a. There was no evidence for the formation of the corresponding 5-ring exocyclic product 24,
despite the fact that mixtures of 5- and 6-ring products are typically observed in the corresponding
Au-catalyzed cyclization of 2-alkynylbenzoic acids [21,22]. Boronate ester 22a was remarkably stable
and could be isolated via chromatography in 85 % yield together with traces of the dimeric species 23a.
We were able to prepare a series of 1,2-oxaboranaphthalenes 22a—e in good to excellent yield from
boronic acids 21a—e.
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Scheme 4 Au-catalyzed cyclization of ortho-alkynylbenzene boronic acids.
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One possible reason for the unexpected stability of 22 is the fact that the boron heterocycle poten-
tially has aromatic character. Related compounds have been reported in the literature as products of a
variety of different chemical transformations (Scheme 5) [23-25]. In an early pioneering paper from
Letsinger and Nazy [23], it was reported that heating diboronic acid 25 with sodium hydroxide resulted
in the formation of a heterocyclic product whose structure was proposed to be 26 or 27. In a more recent
example, attempted cleavage of the methyl ether in ketone 28 with BBr5 led to the formation of hetero-
cycle 29 via electrophilic aromatic borylation of the pendent ring [24]. A related approach has been
used to synthesize the 9,10-oxaboraphenanthrene system 31 via borylation [26,27] of phenol 30 with
BCl; and AICI, [25]. In light of these latter reactions and our own work, it seems highly likely that the
base-mediated cyclization of 25 also leads to exclusive formation of the stabilized 6-ring boron hetero-
cycle 27 [28], given that the formation of these rings appears to be thermodynamically favorable.
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Scheme 5 Previous syntheses of 1,2-oxaboranaphthalenes.

In several theoretical and experimental studies, the aromaticity of these systems has been
explored [25,29,30], with one recent study suggesting that there is little evidence for extended aromatic
conjugation in the boron heterocycle of compounds such as 31 [30]. The non-fused system 32 was
found to exhibit significant aromatic stabilization, however [30]. Notably, some of the fused naphtha-
lene-like systems prepared in our work differ from previous examples in that they do not contain addi-
tional aromatic/conjugated substituents on the ring system (e.g., 22a,d,e). Further studies are currently
underway in our laboratory in order to explore the aromaticity of these 1,2-oxaboranaphthalenes both
experimentally and computationally. It is interesting to speculate about the stability of the closely
related system 33 in which the boron and oxygen atoms have been transposed. Although several com-
pounds containing ring systems of general structure 22 have been prepared, there are no reported com-
pounds containing the bicycle 33, either with or without substituents. It would be interesting to explore
whether such a system could be prepared and characterized, given the stability of compounds 22. There
is substantial interest in the use of boron-oxygen heterocycles in medicinal chemistry [31-34], and the
development of synthetic routes to access structurally novel boron-oxygen heterocycles is desirable.

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 11, pp. 2431-2441, 2012
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AN ALTERNATIVE APPROACH TO ALDOL REACTIONS

In our case, we were interested in whether the 1,2-oxaboranaphthalenes 22 displayed enolate reactivity.
We therefore examined the reaction of 22a with butyraldehyde (Scheme 6). Pleasingly, the aldol prod-
ucts 34 were formed in excellent yield as an 80:20 mixture of diastereoisomers after stirring for several
hours at room temperature. The Au-catalyzed enolate formation reaction was sufficiently mild to enable
it to be carried out in the presence of the aldehyde, enabling a direct one-pot conversion of 21 into 34
in excellent yield. Whilst these cyclic boronates could be isolated by chromatography, they were some-
what unstable if not handled carefully: prolonged drying of a sample of 34 under high vacuum was
found to promote the retro-aldol reaction to regenerate the enolate 22a and volatile butyraldehyde.
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PPh3AuNTf2 CHZCIZ i l o
k: M
Pr
ngh vacuum 2 g H Pr
u
o/\B o/\Bu 22

87 %
anti-34 80:20dr  syn-34

Scheme 6 Aldol reactions of boron enolate 22a.

Upon further investigation, it became clear that the aldol products derived from 22 were not
always stable enough to be conveniently isolated. We therefore decided to develop procedures for direct
transformation of the cyclic borates to functionalized products, in order to avoid this retro-aldol decom-
position reaction. In the first instance we explored a Cu-catalyzed protodeboronation [35] of the cyclic
boronates 35 to generate known hydroxyketones 36 (Scheme 7) [36] in order to determine the stereo-
chemistry of the major aldol product. By comparison of the NMR data with the literature, the major
aldol product was identified as anti-36. This sequence demonstrates the mildness of the enolate forma-
tion conditions: the Au-mediated enolate generation can even be carried out in the presence of highly
reactive acetaldehyde, and a selective crossed-aldol reaction was achieved without needing to use a pre-
formed enolate derivative such as a silyl enol ether or metal enolate.
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Scheme 7 Au-catalyzed enolate formation/aldol reaction of 21e and subsequent protodeboronation.

We also developed procedures for the oxidation of cyclic borates 37 to give phenols 38 [37], for
Suzuki cross-coupling to give biaryls 39 and for Cu-catalyzed intramolecular Chan—-Lam coupling [38]
to give 2,3-dihydrobenzofurans 40 (Scheme 8) [39]. The resulting products were obtained in good to
excellent yields over the multistep reaction sequences and with moderate diastereoselectivity.

This formation of 40 is particularly noteworthy as it constitutes the first example of an intra-
molecular Chan—-Lam coupling [38] of an aliphatic alcohol. Typically, these couplings are rarely suc-
cessful with aliphatic alcohols as the nucleophilic component [40,41]. However, in our case the reac-
tion not only takes place in good yield but only requires a relatively low catalyst loading.
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Scheme 8 Au-catalyzed enolate formation/aldol reactions of boronic acids 21 and subsequent transformations of
the boron group to give phenols 38, biaryls 39, and 2,3-dihydrobenzofurans 40.

During the course of our investigations, we also examined the reaction of boronic acid 21b with
the dimethyl acetal of benzaldehyde in the presence of a Au catalyst, hoping to obtain the methyl ether
41 (Scheme 9). However, the acetal was slowly hydrolyzed under the reaction conditions releasing
benzaldehyde, which then underwent aldol reaction with the enolate derived from 21b to give product
42. Curiously, the syn product (syn-42) was obtained as the major diastereoisomer in contrast to the cor-
responding reaction with the free aldehyde. Carrying out the aldol reaction with PhCHO in the presence
of 2 equiv of MeOH also led to the formation of syn-42 as the major isomer, but a much higher con-
version was observed in comparison to direct reaction with the acetal. This is presumably because
hydrolysis of the acetal is relatively slow under the reaction conditions, leading to a much lower con-
centration of PhCHO.
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anti-42 syn-42 41
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PhCHO/2 eq. MeOH: 3 h, 91 % conversion 34:66 dr

Scheme 9 Au-catalyzed enolate formation/aldol reactions of 21b with PhCHO and PhC(OMe),.
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These observations are somewhat puzzling as they suggest that the presence of MeOH is some-
how able to invert the stereoselectivity of the reaction. It is possible that the presence of methanol leads
to a different reaction pathway, or that methanol can either promote or inhibit equilibration of the borate
isomers 42 to give a thermodynamic product mixture. Mechanistic studies are currently underway in
order to elucidate the reason for these unusual observations.

GOLD-CATALYZED REACTION OF BORONIC ACIDS WITH PROPARGYLIC ALCOHOLS

We next explored the intermolecular reaction of boronic acid 43 with propargylic alcohol 44 in the pres-
ence of a Au catalyst and an aldehyde (Scheme 10). However no aldol reaction occurred and the major
product of this reaction was enone 45, the result of a Au-catalyzed Meyer—Schuster rearrangement [42]
of propargylic alcohol 44 [43].

OH

43 o OH O
“ B(OH),
4y cat. [Au], PrCHO /©/ "
45 HO™ ~Pr MeO

Not observed

Scheme 10 Attempted Au-catalyzed enolate formation/aldol reaction from a propargylic alcohol.

This rearrangement reaction was extremely rapid, taking place in a few hours at room tempera-
ture in the presence of Au catalyst and a catalytic quantity of boronic acid. Whilst there are numerous
reports of the Au-catalyzed Meyer—Schuster rearrangement of propargylic alcohols [44-49], many of
these reactions are carried out in MeOH as solvent and require heating for prolonged periods. Under
our optimized conditions, the rearrangement of a wide range of propargylic alcohols 46 could be
achieved at room temperature using 2 mol % Au catalyst in toluene, in the presence of either 20 mol %
of boronic acid 43 or 1 equiv of MeOH as an additive (Scheme 11) [43,50].
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83 %, E:Z2.3:1° 77 % E:Z >30:1° 88%, E:Z16:1° 82 %, E:Z4.7:1°

Scheme 11 Au-catalyzed Meyer—Schuster rearrangement of propargylic alcohols in the presence of additives;
aWith 1 equiv MeOH as the additive; PWith 0.2 equiv 43 as the additive.

The resulting enones 47 were produced in good to excellent yield with the (E)-isomer being pre-
dominant in each case. Interestingly, whilst using MeOH as the additive generally led to higher yields
for the rearrangement of secondary propargylic alcohols, the boronic acid additive was more effective
for the rearrangement of tertiary alcohols, giving the products in slightly higher yield and with an
enhanced (E:Z) ratio. This is particularly notable for compound 47j where the boronic acid conditions

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 11, pp. 2431-2441, 2012
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give a significant enhancement in the (E:Z) ratio. Interestingly, the boronic acid appears to accelerate
isomerization of the enone to the more stable isomer. Upon addition of boronic acid 43 to a rearrange-
ment reaction carried out with MeOH as the additive, the (E:Z) ratio of the enone product 47j increased
over the course of 6 h from 3:1 to 30:1 (Scheme 12) [50].

OH MeOH (1 equiv.) ArB(OH), (0.2 equiv.) o]
NS
>F\ h Bu
5 2 mol % PPh3AuNTf2
48 u PhMe, rt 47 EZ 311 47j E:Z 30:1

Scheme 12 Enhancement of the E:Z ratio of enone 47j by addition of a boronic acid.

In combination with the addition of an alkyne nucleophile to an aldehyde or ketone, the
Meyer—Schuster rearrangement provides a highly effective method for the synthesis of enones, which
avoids the need for Wittig-type olefination reactions that produce stoichiometric byproducts. As can be
seen in the above examples, the reaction is high yielding and generally proceeds with good control over
the geometry of the resulting enone.

The rearrangement of primary alcohols 49 is particularly difficult due to the high reactivity of the
resulting terminal enones 50. In the presence of MeOH, either as solvent or additive, the terminal enone
50 readily undergoes addition of MeOH to generate significant quantities of 51 (Scheme 13). Both of
these compounds are somewhat unstable, and their isolation via chromatography is difficult.

OH
\ MeOH 0 0
X R 2mol% PPhAUINT, X~ SR MeO R
49 1 50 51

Scheme 13 Meyer—Schuster rearrangement of a primary propargylic alcohol in the presence of MeOH.

However, using boronic acid 43 as the additive, the enone 50 is generated cleanly and can be used
directly in subsequent reactions. For example, we carried out the rearrangement reaction followed by
the Pd-catalyzed addition of the boronic acid to the terminal enone to provide B-arylketones 52 directly
in one-pot (Scheme 14) [43].

OH

\ ArB(OH), (0.2 equiv.) ArB(OH), o}
X
X 0 Ar R
49 Ry 2 mol % PPhsAUNTf, ° "&2' é’o[Pd] 1
PhMe, rt, 1-6 h 2>
~ 52a m ©/\:'L I;/;)L
o 81% 58 % 45 % 39%

Scheme 14 One-pot Meyer—Schuster rearrangement of primary propargylic alcohols and subsequent Pd-catalyzed
boronic acid addition.

Similarly, the addition of an oxygen, nitrogen, or sulfur nucleophile to the terminal enone can be
readily achieved by simply adding it to the reaction mixture after the rearrrangement reaction is com-
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Scheme 15 One-pot Meyer—Schuster rearrangement of primary propargylic alcohols and subsequent addition of
nucleophiles.

plete (Scheme 15). This provides access to B-alkoxy, B-amino, and B-sulfido ketones 53-55 directly in
one-pot from readily available primary propargylic alcohols [50].

The exact role of the protic additive (MeOH or boronic acid 43) in these reactions is not imme-
diately obvious. A plausible mechanism for the rearrangement is shown in Scheme 16. Coordination of
the Au(I) cation to the alkyne, directed by the adjacent alcohol, enables nucleophilic attack of an oxy-
gen nucleophile (H,0, MeOH, or 43) to give enol 56. After proton transfer to the alcohol group, loss
of water can occur assisted by either the enol (58) or the C—Au bond (59). Protodeauration of 58 will
lead to the oxonium ion 60, which can undergo hydrolysis to give the enone product 47. Alternatively,
if water is the nucleophile (X = H), 58 can be transformed directly into 47 by protodeauration. Allenyl
ether 59 can be converted into the enone product 47 by hydrolysis, potentially with further assistance
from the Au catalyst. Although it is tempting to invoke cyclic intermediates such as 61 for the boronic
acid-assisted rearrangement, there is currently no evidence to support this. In addition, the experiment
shown in Scheme 12 suggests that the higher level of geometrical control observed in the boronic acid-
mediated reactions is likely to arise from equilibration of the product enone 47, rather than from dif-
ferences in the mechanism of the rearrangement reaction itself.
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Scheme 16 Possible mechanism for the Meyer—Schuster rearrangement in the presence of protic additives.

SUMMARY

The Au-mediated reaction of boronic acids with alkynes has been demonstrated to provide access to a
wide variety of useful products including novel boron heterocycles, functionalized aldol products,
2,3-dihydrobenzofurans, trisubstituted enones, and B-functionalized ketones (Scheme 17). In these
reactions, the boronic acid moiety serves as an organic-soluble water equivalent, facilitating the Au-cat-
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Scheme 17 Synthesis of diverse functionalized products via Au-catalyzed reaction of boronic acids with alkynes.

alyzed hydration reaction. Further work is underway in our group to extend these “complexity-generat-
ing” hydration reactions to a wide range of synthetic applications.
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