Downloaded by University of Sussex on 12 November 2012
Published on 10 January 2012 on http://pubs.rsc.org | doi:10.1039/C20B06872A

View Online / Journal Homepage / Table of Contents for thisissue

Organic &

ChemC{)mm Biomolecular
Chemistry

This article is part of the

Organocatalysis

web themed issue

Guest editors: Professors Keiji Maruoka, Hisashi
Yamamoto, Liu-Zhu Gong and Benjamin List

All articles in this issue will be gathered together online at
www.rsc.org/organocatalysis



http://dx.doi.org/10.1039/c2ob06872a
http://pubs.rsc.org/en/journals/journal/OB
http://pubs.rsc.org/en/journals/journal/OB?issueid=OB010012

Downloaded by University of Sussex on 12 November 2012
Published on 10 January 2012 on http://pubs.rsc.org | doi:10.1039/C20B06872A

Organic &
Biomolecular
Chemistry

Cite this: Org. Biomol. Chem., 2012, 10, 2422

WWW.rsc.org/obc

Dynamic Article Links °

PAPER

Mechanism and optimisation of the homoboroproline bifunctional catalytic
asymmetric aldol reaction: Lewis acid tuning through in situ esterificationf}

Irene Georgiou and Andrew Whiting*

Received 7th November 2011, Accepted 9th January 2012
DOI: 10.1039/c20b06872a

The use of homoboroproline as a bifunctional catalyst in the asymmetric aldol reaction has been
investigated mechanistically, particularly with respect to tuning the Lewis acidity of boron by in situ
esterification with mildly sigma-electron withdrawing diols such as hydrobenzoin and tartrate esters. The
stability of simple cyclohexyl and cyclopentyl boronate diol esters shows that the 5-ring boronate esters
are more stable, which sheds light on the mode of action of esterified homoboroproline catalyst in the
enamine-mediated aldol reaction, which is also studied by NMR. The result is reaction optimisation to
provide an efficient aldol reaction and a proposed mechanistic proposal.

Introduction

The rapidly growing interest in the area of asymmetric organo-
catalysis is not only due to the versatile character of small
organic molecules to function as efficient and selective catalysts
but is also attributed to their important role in the construction of
complex and enantiopure molecular skeletons. Since the report
by Barbas and List' of the first proline-catalysed asymmetric
intermolecular aldol reaction, the synthesis and application of
organocatalysts based on enamine-iminium ion activation has
received considerable attention.> Most organocatalysts used cur-
rently are functionally synergic systems which have two distinct
functionalities within the same molecule.> Complementary to the
great variety of bifunctional catalysts available, a privileged yet
still under developed class of Lewis acidic organocatalysts are
aminoboronic acids.”

Even though their use was pioneered by Letsinger,’ the wider
application of aminoboronic acids as catalysts has not extended
until recent years.” In an attempt to illustrate and assess the
potential of such molecules in synthesis, a variety of aminoboro-
nic acids have been synthesised by our group and their catalytic
activity has been mainly examined in the areas of direct amide
formation and aldol reactions.®” Recently, and inspired by the
high catalytic activity and enantioselectivity observed in proline-
catalysed reactions, the synthesis of proline-based aminoboronic
acids such as homoboroproline 1 was developed and published
by our group.” The cooperative action of the nucleophilic
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secondary amine functionality and the Lewis acidic boronic acid
catalysed the formation of aldol products with asymmetric induc-
tion similar to L-proline, and usefully, with the opposite absolute
stereochemistry.'® The goal of this paper is to report the full
details of this work and to enlarge upon the aldol catalysis poss-
ible using aminoboronic acid 1.

Results and discussion

Initial catalytic experiments focused on the benchmark aldol
reaction between p-nitrobenzaldehyde and acetone, producing
mainly B-hydroxycarbonyl aldol adduct 2 (eqn (1)). Catalyst 1
was difficult to prepare as a neutral compound, and was therefore
produced in situ by neutralisation of its HCI salt using Et;N. The
neutral homoboroproline accomplished the formation of the
aldol adduct 2 as the major enantiomer in 38% enantiomeric
excess (e.e.). Surprisingly, although neutralised 1a turned out to
be a moderate catalyst, the in situ esterification of the boronic
acid function with moderately electron deficient diols, improved
the e.e. of the aldol product. Hence, the in situ formation of ester
1b after neutralization increased the boronate Lewis acidity, pre-
sumably tightening the transition state, and therefore, enhanced
the e.e. to 80%.”

[2)., BOR),
o o 4 N, c cat (20 moi%) HO
M- /K 17 M Wﬁ\
R™"H Et;N, 3AMS, 1t, 20 h R R (1)
2 3
R = p-NO,Ph laR'=H 90%, 38% e.e. (using 1a)  10% (using

1b: R' = diisopropyl- - g5g, 80% e.e. (using 1b) either 1a or 1b)
D-tartrate

Importance of bifunctionality

In order to prove the necessity of the cooperative bifunctional
reactivity of the pyrrolidine ring nitrogen and the boronate func-
tion of catalyst 1, further studies on the ‘benchmark’ aldol
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reaction were carried out (eqn (2)). Firstly, it was necessary to
determine that for the cooperative catalysis to take place, the two
reactive groups needed to be intramolecular. Hence, using both
diisopropyl p-tartrate 4 and (R,R)-hydrobenzoin 5 esters of ben-
zeneboronic acid were prepared by reacting phenylboronic acid
with the respective diols in toluene using Dean—Stark conditions
(Scheme 1).

O

o Catalyst (20 mol%), (2)
[:j Ho+ T 2 + 3
O,N i

Pyrrolidine was catalytically active by itself (entry 1, Table 1),
as expected,7’8 however, benzeneboronic acid was unreactive
(entry 2, Table 1) and therefore, both benzeneboronate esters 4
and 5 were similarly unreactive by themselves and unable to
provide any aldol product (entries 3 and 4, Table 1). Importantly,
the pyrrolidine reactivity was substantially reduced by the
addition of a boronate ester, such as 4 (entry 5, Table 1) and no
asymmetric induction was observed. This clearly demonstrates
the importance of the intramolecular bifunctional cooperative
effects needed between the secondary amine and the boronate
function of the catalytic species derived from catalyst 1.

Lewis-acid tuning and "B NMR analysis

Before optimising the reaction conditions for the aldol reaction,
the esterification of cyclohexyl- and cyclopentyl-boronic acids
with different diols was examined in order to determine how
easily the different esters formed, assess their relative stabilities
and determine if they could be isolated.” The reactions were
carried out in refluxing toluene using azeotropic water removal
(as with esters 4 and 5), however, in all cases, the desired boro-
nate esters were easily hydrolysed during the purification
process. Hence, in order to prove their formation, a new
approach in which the purification of the final product could be

0._COuPr

Diisopropyl D-tartrate,
< >7B ]’

toluene, reflux, 24 h 0 “COiPr
4
OH
O
OH

(R,R)-Hydrobenzoin,

toluene, reflux, 24 h

o) .Ph
: SB\OlPh

Scheme 1 Phenylboronic acid esterification to give esters 4 and 5.

Table 1 Catalysed aldol reaction of p-nitrobenzaldehyde and acetone
Conversion®  Yield of 2”  Yield of 3

Entry Catalyst [%] [%] [%]

1 Pyrrolidine >99 >99 <l

2 PhB(OH), n.r. - -

3 4 n.r. - -

4 5 n.r. - -

5 Pyrrolidine + 4 38 36 >2

“Reaction time was 24 h. ’Isolated yield after SiO, column
chromatography.

avoided was necessary. As a result the boronate esters were
formed in situ by reacting the relevant boronic acid and diol.
The boronic acids 6 were each reacted with either diisopropyl
D-tartrate 7a, (R,R)-hydrobenzoin 7b or catechol 7¢ under dehy-
drating conditions in refluxing CDCls, as outlined in eqn (3).
After filtration, "B NMR analysis was carried out directly for each
boronate ester formed'® and the results are shown in Figs. 1 and 2.

HO OH
(s LT
n R R
6 7
an=2 a; Diisopropyl D-tartrgte
b n=1 b; (R,R)-Hydrobenzoin
’ ¢; Catechol
CDCl3, 3 A MS,
reflux, 2 h
o) CO,iPr e} Ph o)
O O e a2
O™ "coyiPr O™ pn ©
8aa 8ab 8ac
o) CO,iPr o) .Ph o)
B ]/ or E}B l or E}B j@
O™ "coyiPr O™pn o
8ba 8bb 8bc
Dpor D
nB B n
or o

Starting with cyclohexylboronic acid 6a, the attempts to gen-
erate the corresponding esters 8aa, 8ab and 8ac resulted in the
"B NMR spectra shown in Fig. 1. Interestingly, attempts to form
both the tartrate 8aa and hydrobenzoin 8ab esters of cyclohexyl-
boronic acid 6a resulted in two ''B NMR peaks (6 36 and 23,
and 35 and 23 respectively) in each case, in contrast with the
catechol boronate ester 8ac, where only a single peak at § 23
was observed. This chemical shift is diagnostic of boroxine for-
mation (presumably with water or some other nucleophile still
present to create partial tetrahedral geometrylo'”) perhaps due to
hydrolytic susceptibility of the catechol ester,'? i.e. forming 9a.
Hence, reaction of the cyclohexylboronic acid 6a with catechol
does not result in esterification, rather it assists boronic acid
dehydration alone. This observation contrasts with the esterifica-
tion of 6a with both diisopropyl p-tartrate 7a and (R,R)-hydro-
benzoin 7b, since in these cases (Fig. 1, spectra b and c)
esterification does occur (to give 8aa and 8ab respectively),
however, the larger peaks also correspond unexpectedly to bor-
oxine 9a formation. Hence, even these boronate esters are also
unstable, though not to the same extent as the catechol ester.

Examining the esterification of cyclopentylboronic acid 6b
with diisopropyl p-tartrate 7a, (R,R)-hydrobenzoin 7b and cate-
chol 7¢ showed quite subtly different results. Although, boroxine
9b formation still occurred in the presence of catechol (6 23,
Fig. 2, spectrum d), boroxine formation was minimal using the
other two diols. Hence, the major peak at § 34 peak in spectrum
b (Fig. 2) showed that the cyclopentylboronate tartrate ester 8ba
was considerably more stable than its cyclohexyl counterpart

This journal is © The Royal Society of Chemistry 2012
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Fig. 1

8aa. Interestingly, the corresponding hydrobenzoin ester 8bb
appeared to be even more stable (see Fig. 2, spectrum c), with a
major 6 36 ''B NMR peak and only a small boroxine peak at & 23.
These observations suggest two important conclusions: 1)
Cyclopentylboronic acid diol esters appear to be more stable
than their six-ring analogues, the origin of which is not clear as
yet; 2) Hydrobenzoin 7b esters are the most stable examined
here, and therefore, they might be expected to be most useful for
improving the asymmetric induction in the aldol reaction if ester
stability is a key factor, as we hypothesised. It is also important
to note that if this ''B NMR analysis is carried out over longer
reaction times, the relative peak intensities and positions do not
change, hence, this type of in situ esterification process for boronate
Lewis-acidity tuning should be suitable for longer reaction times.
Having studied the esterification of simple cycloalkylboronic
acids 6, an attempt to synthesise and characterize the homoboro-
proline-derived catalyst 1 was undertaken in situ. Hence, homo-
boroproline HCI salt 1a was dissolved in CD,Cl, followed by
the addition of diisopropyl-p-tartrate and triethylamine (eqn (4)).
After 2 h at 30 °C, EzZNHCI could be removed by filtration upon
cooling and the resulting reaction mixture monitored by NMR.
The "B NMR spectrum showed a single major peak at & 10,
compared with the starting material which appeared at & 30

"B NMR spectra of cyclohexylboronic acid 6a (a) esterified with diisopropyl-p-tartrate (b), (R,R)-hydrobenzoin (c) and catechol (d).

(Fig. 3). The former does not correspond to either a boroxine
(vide supra) or a free boronic acid, since there was no free diol
present in the '"H NMR spectrum. As a result, we propose that
the peak at § 10 corresponds to the dimer 10a (eqn (4)). Hence,
although the dimer was observed in the absence of substrate, we
assume that dimer 10a exists in equilibrium with its monomer
form 10b in order to act as a catalyst in the aldol reaction, i.e. as
in eqn (1).

Lo Yo
R N lo
“~0/H B[
"BH./0
Ry T
10a
Zﬁl,,,,/B(OH)z 7a, CD,Cl, Ef3N, R = CO,Pr

Hy o 3 AMS, reflux, 1h ‘l (4)

R

1a

100
| R=CO,Pr
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Fig. 2

Reaction optimisation

Taking into consideration the results of the ''B NMR analysis, it
was necessary to further explore the catalytic activity of the
different boronate ester derivatives of the catalyst 1a. Hence, we
examined the aldol reaction between p-nitrobenzaldehyde and
acetone, however, the homoboroproline catalyst 1a was allowed
to react with the relevant diols 7 for 2 h in the presence of mol-
ecular sieves before the addition of the aldehyde substrate to
ensure that the esterification reaction had reached equilibrium
(eqn (5)). The subsequent aldol reactions were monitored for cat-
alytic activity and asymmetric induction, and the results are
shown in Table 2.

o o
/@)LH o Catalyst (20 mol%), 4Dt .
L@ TR, .
o - Et:N, Me,CO, M M (35)
2N t,3AMS,20h  ON ON
2 3

Table 2, entry 1 shows the comparable reaction to that pre-
viously reported in which catalyst 10b effects high asymmetric
induction in the aldol adduct 2, together with some aldol con-
densation product. In the same time period, the catalyst 11 pro-
vides a higher e.e. aldol product (Table 2, entry 2), however, this

B NMR spectra of cyclopentylboronic acid 6b (a) esterified with diisopropyl-p-tartrate (b), (R,R)-hydrobenzoin (c) and catechol (d).

is accompanied by an increase in the amount of aldol conden-
sation product 3. Interestingly, use of catechol which was shown
to cause substantial boroxine formation (vide supra) and results
in a slower reaction which fails to go to completion over 20 h,
and gives a lower e.e. aldol 2 (Table 2, entry 3). Hence, these
results show that the catalytic activity and enantioselectivity
are closely related to the stability of the boronate ester formed
in situ, and hence, the highest asymmetric induction was
achieved when the hydrobenzoin boronate ester 11 was the cata-
lytic species.

()

N~

Ph
o
/é\}Ph

H 14

Having examined the impact of the esterification process, it
was necessary to examine the effect of reaction conditions, and
particularly solvent polarity upon the reaction. Hence, using
in situ formation of catalyst 11, the aldol reaction between
acetone and p-nitrobenzaldehyde was examined, as outlined in
Table 3 and eqn (6).

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 ''B NMR spectra: (a) pyrrolidine-based boronate ester 1a; (b)

condensation reaction of 1a with diisopropyl-p-tartrate.

Table 2 Catalytic aldol reaction of p-nitrobenzaldehyde in neat
acetone

Entry Catalyst Yield of 29 [%] e.e.” [%] Yield of 3¢ [%)]
1 la+ 7a 85 80 10
2 la+7b 63 90 20
3 la+7¢ 11 70 3

“Isolated yield after SiO, column chromatography. ® Determined by
HPLC analysis.

1a (20 mol%), 7b, Et;N,

1.9
Ron A
R = p-NO,Ph

3 AMS, r.t., solvent, time

H O (0]
Ri)k T ()
2 3

Table 3 shows that for the four reactions carried out under
identical conditions over 20 h (entries 1-4), the highest e.e.’s
were obtained using either acetone (entry 1) or DMF (entry 3).
However, the DMF reaction appeared to be the faster of the two
reactions, as shown by the greater aldol condensation product 3
formed. Hence, the reaction was followed until complete con-
sumption of the aldehyde (entry 5), which showed that the

Table 3 Solvent screening of the -catalytic reaction between p-
nitrobenzaldehyde and acetone

Time Yield of 2 ee.’  Yield of 3¢
Entry  Solvent [h] [%] [%] [%]
1 Acetone 20 87 93 10
2 THF 20 45 88 41
3 DMF 20 54 93 34
4 DMSO 20 74 81 18
5 DMF 5 88 95 4

“Isolated yield after SiO, column chromatography. ©Determined by
HPLC analysis.

0.005 1
0.004 A
0.003 A
0.002 A1

Molarity (M)

0.001 A

Time (h)

—Aldehyde
—(S)-Aldol Product 2

—(R)-Aldol product 2

——Chalcone 3

Fig. 4 Molarity of the starting material, (S)-aldol product 2, (R)-aldol
product 2 and chalcone 3 over time when the reaction was carried out in
neat acetone using the diisopropyl p-tartrate derived catalyst, i.e. 10b.

reaction was actually complete in 5 h. Under these conditions,
the e.e. improved to 95%, with only 4% aldol condensation
product 3 being formed. Therefore, in DMF, catalyst 11 appears
to be the most active catalyst giving essentially 99% e.e. aldol
product, since the homoboroproline 1a used was only 96% e.e.,
and the reaction is faster in DMF.

Mechanistic studies

In order to understand the mode of action of the catalysts of type
10b and 11, the standard aldol reaction between acetone and p-
nitrobenzaldehyde was monitored over time using HPLC. Before
the addition of the aldehyde, diisopropyl-p-tartrate catalyst 10b
was generated in situ by reacting the homoboroproline catalyst
1a with diol 7a in the presence of molecular sieves in neat
acetone. The catalytic reaction was further monitored every hour
for a total period of 9 h. The results are summarised in Fig. 4.
According to Fig. 4, the aldol reaction was complete in 8 h
and the by-product 3 remained at a relatively low level through-
out. The enantioselectivity of the desired product 2 remained
relatively constant over time, showing the absence of any non-
linear effects.’® Consequently, the best yields of aldol adduct 2
and e.e. values can be expected when the reaction is quenched
soon after completion, minimising the potential for aldol 2 elim-
ination. Similar results were observed with the (R,R)-hydroben-
zoin analogue of la, ie. 11, in DMF (Fig. 5). In this case,
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Fig. 5 Molarity of the starting material, (S)-aldol product 2, (R)-aldol
product 2 and chalcone 3 over time when the reaction was carried out in
DMF using the (R,R)-hydrobenzoin derived catalyst, i.e. 11.

complete conversion was achieved in a shorter reaction time, as
expected, i.e. around 5 h, with minimal elimination occurring
and again, no sign of non-linear asymmetric induction. Both
these results are consistent with the idea that although both the
catalysts 10b and 11 are capable of existing as dimeric species,
they react as monomeric entities providing aldol adducts 2 with
consistently high asymmetric induction over time.

As well as collecting the data shown in Fig. 4 and 5, at the
same time, this reaction was carried out using meso-hydroben-
zoin as the diol, in order to confirm that the chirality of the diol
has no effect on the asymmetric induction of the final aldol
product, i.e. generating a catalyst in situ 12, rather than 11. The
enantiomeric excess decreased slightly from 95% to 89%.
However, we have already reported’ that the boronate ester
stereochemistry does not affect the sense or magnitude of asym-
metric induction (i.e. no double diastereoselectivity effects’) and
therefore, this minor decrease is more likely to be due to the
meso-hydrobenzoin ester boronate ester being less stable.

Ph

o
Q""'/B‘ o ~Fh

H 12

Finally, it seemed to be the case that longer reaction times
could result in an increase in the amount of aldol condensation
product 3 being formed (see Table 3). The likely explanation
being that aldol adduct 2 could be undergoing a slow elimination
reaction in the presence of the catalyst (such as 11) once the
starting materials had been consumed. Indeed, examination of
Figs. 4 and 5 confirms that the amount of aldol condensation
product remains relatively low over the first few hours of the
reaction. Therefore, we investigated whether the racemic aldol
product 2 could undergo kinetic resolution in the presence of the
catalyst 11 to provide the aldol adduct 2 with high e.e. and the
aldol condensation 3 as the by-product. Hence, a racemic sample
of aldol adduct 2 was reacted with catalyst 11 in both the
absence and presence of acetone in DMF, as in eqn (7). The
results are shown in Fig. 6 and the corresponding e.e. shown in
Fig. 7.

0.003
0.0025
=] - n -
o 0.002 -
=) !
2. 0.0015 - x x
.g A
o~
S 0.001 - . .
= 0.0005 :
. X1
‘0
0 - . r r r r
0 10 20 30 40 50
Time (h)

* Aldehyde
A (S)-Aldol Product 2

® (R)-Aldol Product 2
Chalcone 3

Fig. 6 Molarity of the starting material, racemic aldol 2 and chalcone
3 over time for the reaction outlined in eqn (7).

25.00 -
20.00 - ¢
15.00 -

e.e. (%)

1000 { .
500 { ¢

0.00 T T T L] L]
0 10 20 30 40 50

Time (h)

Fig. 7 Enantiomeric excess of (R)-aldol product 2 over time when the
reaction outlined in eqn (7) was carried out in the absence of acetone.

H O (0] (0]
1a (20 mol%), 7b, Et;N, .

) 3 AMS, r.t., acetone, 20 h (7)
racemic 2 3

R = p-NO,Ph

The fate of the racemic aldol in the presence of the hydroben-
zoin ester of 1a under the conditions outlined in eqn (7) is intri-
guing, as shown in Figs. 6 and 7. These show that the two
enantiomers of the racemic aldol product 2 are consumed at
different rates. In addition, the condensation product 3 appears at
a roughly similar rate to the starting aldehyde, both of which
seem to be levelling off after ca. 24 h. Concurrently, there is a
greater decrease in the concentration of the (S)-aldol product of
2, and hence, the concentration of the (R)-aldol product remains
essentially constant which is matched by an increase in the enan-
tiomeric excess of (R)-2 from 0.15% to 21% because of the
selective loss of the (S)-enantiomer over 48 h, as reinforced in
Fig. 7. It is, therefore, clear that a kinetic resolution process is
occurring throughout the 48 h period, though the increase in e.e.
does level off. What these experiments suggest is that the catalyst
derived from enantiomer 1a (in the absence of acetone — see
below) consumes the (S)-aldol product 2 highly selectively in
two ways: 1) by elimination to the chalcone 3; and 2) by reversal

This journal is © The Royal Society of Chemistry 2012
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Scheme 2 Proposed catalytic cycle for the pyrrolidine-based boronate ester aldol reaction involving homoboroproline 1 derived catalysts acting

through proposed transition state 15, compared with 18 for L-proline.

of the aldol-addition reaction giving the starting materials (as
demonstrated by an increase in aldehyde concentration). It is,
therefore, the (S)-aldol product which is preferably consumed,
giving rise to an increase in the e.e. of the (R)-aldol product. The
slight reduction in the amount of the (R)-aldol product can be
explained by the fact that catalyst e.e. is only 96%, hence, there
is a minor decrease in its concentration (see Fig. 6). Interestingly,
when the same reaction (as eqn (7)) is conducted in the presence
of acetone (see ESIT), the release of the starting aldehyde was
not observed due to the fact that this reacts rapidly with acetone
again to re-afford the aldol product 2; a reaction which favours
formation of the (S)-enantiomer of 2. Hence, the asymmetric
induction of the kinetic resolution process decreases to 10% after
24 h, which is less than without acetone (ca. 21% e.e.). Taking
into consideration these results, a catalytic reaction mechanism
similar to that of proline is a reasonable model, i.e. as in
Scheme 2.

Hence, the initial in sifu esterification with diol 7 of the
boronic acid 1 after neutralisation results in the formation of bor-
onate esters 11-12, and to varying extents (with seemingly the
exception of hydrobenzoin), the boroxine 13. This is followed
by the secondary amine reacting with acetone to form the corre-
sponding enamine 14. Lewis acid coordination of the aldehyde
by the boronate ester, enables the formation of complex 15 to be
formed (compare this with the transition state 18 which is
thought to be the most likely species by which L-proline achieves
the same type of reaction'"'”), and hence, the enamine to add the
aldehyde through a highly organised transition state, presumably
resulting in an iminium ion species in which the boronate forms
a tetrahedral aldolate ‘ate’-complex, i.e. 16. Hydrolysis of the
iminium ion and protonation of the boronate ‘ate’-complex of 16
affords aldol product 2 with high enantioselectivity. However,
B-elimination of complex 16 could also give rise to the iminium

ion analogue of the chalcone 17, which after hydrolysis delivers
the chalcone product 3. Under normal conditions, the hydrolysis
of complex 16 is seemingly faster than the elimination reaction
resulting in 17, presumably as a result of a sufficient concen-
tration of water despite the presence of molecular sieves.

Conclusions

Catalyst 1a is moderately effective in enamine-mediated aldol
reactions,” however, when esterified in situ with different diols
the boron Lewis acidity can be tuned. This is not entirely
straightforward, however, because the facility of the diol to tune
the boron Lewis acidity depends upon the stability of the boro-
nate ester. Interestingly, cyclohexylboronic acid derived esters
appear to be slightly less stable than the corresponding cyclo-
pentylboronate esters, with the hydrobenzoin derivative 8bb
showing good stability compared to the other systems examined.
Catechol esterification results in assisting complete formation of
the boroxine as opposed to forming a more Lewis acidic boro-
nate function. Hence, applying this knowledge to the esterifica-
tion of homoboroproline 1a, using hydrobenzoin as the
esterification diol gives the highest boronate ester stability and
catalyst 11 is believed to be the active species. Importantly, this
ester essentially provides complete asymmetric control in the
aldol reaction, i.e. 95% e.e. for a 96% e.e. catalyst when run
under optimised reaction conditions; i.e. running the reactions at
room temperature in DMF in the presence of molecular sieves to
maintain the boronate ester. Despite the presence of the molecu-
lar sieves, water from the enamine formation is not removed
because the hydrolysis of the iminium intermediate appears to be
facile. A slow hydrolysis would allow time for further chalcone
3 to form, which appears to be the case if the reaction is left for
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longer reaction times, once the starting materials have been con-
sumed. Hence, in situ Lewis acidity tuning is an important tool
for catalyst modification and optimisation and the application of
this approach in further asymmetric transformations will be
reported in due course.

Experimental

(4R,5R)-Diisopropyl-2-phenyl-1,3,2-dioxaborolane-4,5-
dicarboxylate 4

To a solution of benzeneboronic acid (750 mg, 6.15 mmol) in
toluene (100 mL), diisopropyl p-tartrate (1.08 mL, 5.13 mmol)
was added. The mixture was heated under reflux for 24 h using a
Dean—Stark apparatus. After cooling to room temperature, the
solution was dried, filtered and the solvent was removed in
vacuo to give a crude brown solid. The solid was then recrystal-
lised from hexane to give the boronate ester 4°“ as a white solid
(1.34 g, 81%). Mp 7374 °C; "H NMR (700 MHz; CDCl3) &y
1.32 (12H, d, J = 6.3 MHz, CH3), 4.96 (2H, s, CHOB), 5.16
(2H, sep, J = 6.3 MHz, OCH), 7.40-7.42 (2H, m, CHAr),
7.51-7.54 (1H, m, CHAr), 7.90-7.91 (2H, dd, J, = 1 MHz, J, =
7 MHz, CHAr); '*C NMR (176 MHz, CDCl;) 6¢ 21.8 (CHs),
70.2 (OCH), 78.3 (CHOB), 128.0 (CAr), 132.3 (CAr), 1354
(CAr), 135.8 (CAr), 169.1 (COO); ''B (128.4 MHz, CDCly) &
33.1; Elemental anal. cal. for C,4H»;BOg: C, 60.03; H, 6.61.
Found C, 59.71; H, 6.48; IR (film) 3287, 3028, 1627 (s),
1490 cm™'; HRMS (ASAP) C,¢H, BOg + H' requires m/z
321.1504, found m/z 321.1500.

(4R,5R)-2,4,5-Triphenyl-1,3,2-dioxaborolane 5

To a solution of phenylboronic acid (250 mg, 2.05 mmol) in
toluene (40 mL) was added (R,R)-hydrobezoin (439 mg,
2.05 mmol). The mixture was heated to reflux for 20 h using a
Dean—Stark apparatus. After cooling to room temperature, the
solution was dried, filtered and the solvent was evaporated to
give the crude solid. The solid was then recrystallised from
hexane to the boronate 5'*'> ester as a white solid (312 mg,
52%). Mp 92-95 °C; 'H NMR (700 MHz; CDCl3) 8y 5.34 (2H,
s, CHOB), 7.35-7.37 (6H, m, CHA,), 7.40-7.42 (4H, m, CHA)),
7.44-746 (2H, m, CHA,) 7.54-7.56 (1H, m, CHA,), 7.99-8.00
(2H, m, CHA,); C NMR (125.7 MHz, CDCly) 6. 87.1
(CHOB), 126.0, 128.1, 128.5, 129.0, 132.0, 135.4, 140.5
(CHA,). ''B (128.4 MHz, CDCl3) & 33.5; Elemental anal. cal.
for C,oH,;7BO,: C, 80.03; H, 5.71. Found C, 79.98; H, 5.74; IR
(film) 3080, 2941, 1602 (s), 1497 cm™'; HRMS (ASAP)
C5H,7;BO, + NH," requires m/z 318.1660, found m/z 318.1659.

General procedure for the aldol reaction — Table 1

To a solution of p-nitrobenzaldehyde (151 mg, 1 mmol) in
acetone (10 mL), 20 mol% of the examined catalyst (0.2 mmol)
was added. The reaction mixture was stirred at room temperature
for 24 h and then quenched with sat. aq. NH4Cl (10 mL). The
aqueous layer was extracted into EtOAc (3 x 10 mL). The com-
bined organic extracts were dried and concentrated in vacuo.
Silica gel chromatography (petroleum ether: EtOAc, 5:4)
afforded the aldol product 2 as a yellow oil and the chalcone 3

as a yellow solid. All spectroscopic and analytical properties
were identical to those reported in the literature.'®'”

General procedure for the in situ formation of the
cyclohexylboronate esters — eqn (4)

To a solution of cyclohexylboronic acid (15 mg, 0.12 mmol) in
CDCI; (2 mL), the relevant diol (0.12 mmol) was added. The
reaction mixture was refluxed for 2 h in the presence of 3 A mol-
ecular sieves and then filtrated in sifu. ''B NMR analysis was
carried out on the residue.

General procedure for the in situ formation of the
cyclopentylboronate esters — eqn (4)

To a solution of cyclopentylboronic acid (15 mg, 0.13 mmol) in
CDCI; (2 mL), the relevant diol (0.13 mmol) was added. The
reaction mixture was refluxed for 2 h in the presence of 3 A mol-
ecular sieves and then filtrated in sifu. ''B NMR analysis was
carried out on the residue.

Procedure for the in situ formation of the pyrrolidine-based
boronate ester 10b — eqn (5)

To a solution of compound 1a’ (15 mg, 0.09 mmol) in CD,Cl,
(1.5 mL), diisopropyl p-tartrate (19 uL, 0.09 mmol) was added.
The reaction mixture was refluxed for 1 h in the presence of 3 A
molecular sieves, then cooled at —78 °C and filtrated in siru. ''B
analysis was carried out on the residue.

General procedure for the aldol reaction with the in situ
formation of the catalytic boronate ester — eqn (6)

Compound 1a’ (16.5 mg, 0.1 mmol) and the relevant diol
(0.1 mmol) were stirred at 25 °C in the presence of 200 mg of
3 A molecular sieves in acetone (5 mL) for 2 h before p-nitro-
benzaldehyde (75.6 mg, 0.5 mmol) and triethylamine (13.9 uL,
0.1 mmol) were added. The reaction mixture was stirred at 25 °C
for 24 h and then quenched with sat. aq. NH4CI (5 mL). The
aqueous layer was extracted into EtOAc (3 x 5 mL). The com-
bined organic extracts were dried and concentrated in vacuo.
Silica gel chromatography (petroleum ether: EtOAc, 5:4)
afforded the aldol condensation product 2 as a yellow oil and the
chalcone 3 as a yellow solid. All spectroscopic and analytical
properties were identical to those reported in the literature.'>'¢

General procedure for the aldol reaction with the in situ
formation of the boronate ester using different solvents — eqn (7)

Compound 1a’ (16.5 mg, 0.1 mmol) and (R,R)-hydrobenzoin
(21.4 mg, 0.1 mmol) were stirred in 4 mL of the relevant solvent
for 3 h before p-nitrobenzaldehyde (75.6 mg, 0.5 mmol) and
acetone (0.37 mL, 5 mmol) were added. After stirring at 25 °C
for 20 h in the presence of 3 A molecular sieves, the reaction
was quenched with sat. aq. NH4Cl (5 mL) and extracted into
EtOAc (3 x 5 mL). The combined organic extracts were dried
and concentrated in vacuo. Silica gel chromatography (hexane :
EtOAc, 1:1) afforded the aldol condensation product 2 as a
yellow oil and the chalcone 3 as a yellow solid. All spectroscopic
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and analytical properties were identical to those reported in the
literature. ">

Acknowledgements

The authors are grateful to One North East and the Department
of Chemistry at Durham University for financial support.

References

1 (@) B. List, A. Lerner and C. F. Barbas, J. Am. Chem. Soc., 2000, 122,
2395-2396; (b) W. Notz and B. List, J. Am. Chem. Soc., 2000, 122,
7386-7387; B. List, Tetrahedron, 2002, 58, 5573-5590.

For selected reviews see: (¢) L. W. Xu, J. Luo and Y. Lu, Chem.
Commun., 2009, 1807-1821; (b) P. Melchiorre, M. Marigo, A. Carlone
and G. Bartoli, Angew. Chem., Int. Ed., 2008, 47, 6138-6171;
(¢) S. Mukherjee, J. W. Yang, S. Hoffmann and B. List, Chem. Rev.,
2007, 107, 5471-5569; (d) A. Erkkila, I. Majander and P. M. Pihko,
Chem. Rev., 2007, 107, 5416-5470; (e) B. List, Chem. Commun., 2006,
819-824.

For selected reviews see: (a) E. Marques-Lopez, R. P. Herrera and
M. Christmann, Nat. Prod. Rep., 2010, 27, 1138-1167; (b) S. Bertelsen
and K. A. Jorgensen, Chem. Soc. Rev.,, 2009, 38, 2178-2189;
(c) A. Dondoni and A. Massi, Angew. Chem., Int. Ed., 2008, 47, 4638—
4660; (d) H. Pellissier, Tetrahedron, 2007, 63, 9267-9331; (e) D. Enders,
C. Grondal and M. R. M. Huettl, Angew. Chem., Int. Ed., 2007, 46,
1570-1581; (f) B. List, Chem. Rev.,, 2007, 107, 5413-5415;
(g) P. L. Dalko and L. Moisan, Angew. Chem., Int. Ed., 2004, 43, 5138~
5175; (h) A. Berkessel, H. Groger and D. MacMillan, Asymmetric Orga-
nocatalysis: from Biomimetic Concepts to Applications in Asymmetric
Synthesis, Wiley-VCH, Weinheim, 2005; (i) P. I. Dalko, Enantioselective
Organocatalysis: Reactions and Experimental Procedures, Wiley-VCH,
Weinheim, 2007.

4 1. Georgiou, G. Ilyashenko and A. Whiting, Acc. Chem. Res., 2009, 42,
756-768 and references therein.

(a) R. L. Letsinger and S. H. Dandegaonker, J. Am. Chem. Soc., 1959,
81, 498-501; (b) R. L. Letsinger, S. Dandegao, J. D. Morrison and
W. J. Vullo, J. Am. Chem. Soc., 1963, 85, 2223-2227; R. L. Letsinger
and J. D. Morrison, J. Am. Chem. Soc., 1963, 85, 2227-2229;
(c) J. J. Kankare, Synthetic and Molecular Orbital Studies of Some Sub-
stituted Areneboronic Acids Containing Dative Boron—Nitrogen Bonds
and their Catalysis of the Autosolvolysis of 2-Chloroethanol, University
of Torku, 1971.

(a) R. L. Giles, J. A. K. Howald, L. G. F. Patrick, M. R. Probert,
G. E. Smith and A. Whiting, J. Organomet. Chem., 2003, 680, 257-262;

NS}

w

W

(=)

~

o0

=)

10

14

16

17

(b) S. W. Coghlan, R. L. Giles, J. A. K. Howard, M. R. Probert, G.
E. Smith and A. Whiting, J. Organomet. Chem., 2005, 690, 4784-4793;
(¢) K. Armold, B. Davies, R. L. Giles, C. Grosjean, G. E. Smith and
A. Whiting, Adv. Synth. Catal., 2006, 348, 813-820; (d) A. J. Blatch, O.
V. Chetina, J. A. K. Howard, L. G. F. Patrick, C. A. Smethurst and
A.  Whiting, Org. Biomol. Chem., 2006, 4, 3297-3302;
(e) A. S. Batsanov, D. Hérault, J. A. K. Howard, L. G. F. Patrick, M.
R. Probert and A. Whitig, Organometallics, 2007, 26, 2414-2419;
() A. S. Batsanov, C. Grosjean, T. Schiitz and A. Whiting, J. Org.
Chem., 2007, 72, 6276-6279; (g) K. Aelvoet, A. S. Batsanov, A.
J. Blatch, L. G. F. Patrick, C. A. Smethurst and A. Whiting, Angew.
Chem., Int. Ed., 2008, 10, 124—134; (h) K. Aelvoet, A. S. Batsanov, A.
J. Blatch, L. G. E Patrick, C. A. Smethurst and A. Whiting, Angew.
Chem., Int. Ed., 2008, 47, 768-770; (i) K. Arnold, B. Davies, D. Hérault
and A. Whiting, Angew. Chem., Int. Ed., 2008, 350, 2673-2676.

K. Arnold, A. S. Batsanov, B. Davies, C. Grosjean, T. Schiitz, A. Whiting
and K. Zawatzky, Chem. Commun., 2008, 3879-3881.

(a) S. S. Chimni and D. Mahajan, Tetrahedron, 2005, 61, 5019-5025;
(b) C.J. Y. Peng, C. Huang, N. Wang, Z. Luo and Y. Jiang, J. Mol. Catal
A: Chem., 2005, 246, 136—139.

(a) C. D. Roy and H. C. Brown, J. Organomet. Chem., 2007, 692, 784—
790; (b) C. D. Roy and H. C. Brown, Monatsh. Chem., 2007, 138, 879—
887.

(a) D. Hall, Boronic Acids: Preparation and Applications in Organic Syn-
thesis and Medicine, Wiley-VCH, Weinheim, 2005; (b) S. Hermanek,
Chem. Rev., 1992, 92, 325-362; (c) H. Noth and B. Wreckmeyer, in
Nuclear Magnetic Resonance Spectroscopy of Boron Compounds, ed.
P. Diehl, E. Fluck and R. Kosfeld, NMR Basic Principles and Progress
Series 14, Springer-Verlang, Berlin, 1978.

G. E Hennion, P. A. McCusker, E. C. Ashby and A. J. Rutkowski, J. Am.
Chem. Soc., 1957, 79, 5194-5196.

K. Burgess and M. Jaspars, Organometallics, 1993, 12, 4197-4200.

(a) D. Guillaneux, S. H. Zhao, O. Samuel, D. Rainford and H. B. Kagan,
J. Am. Chem. Soc., 1994, 116, 9430-9439; (b) T. Satyanarayana,
S. Abraham and H. B. Kagan, Angew. Chem., Int. Ed., 2009, 48, 456—
497; (¢) S. E. Denmark and R. A. Stavenger, Acc. Chem. Res., 2006, 33,
432-440; (d) A. Cordova, W. Zou, P. Dziedzic, I. Ibrahem, E. Reyes and
Y. Xu, Chem.—Eur. J., 2006, 12, 5383-5397; (e) D. G. Blackmond, Acc.
Chem. Res., 2000, 33, 402-411.

C. H. Hovelmann and K. Muniz, Chem.—Eur. J., 2005, 11, 3951-3958.

Z. Xu, P. Daka and H. Wang, Chem. Commun., 2009, 6825-6827.

T. Stern, S. Riickbrod, C. Czekelius, C. Donner and H. Brunner, Adv.
Synth. Catal., 2010, 352, 1983-1992.

(a) S. Bahmanyar and K. N. Houk, J. Am. Chem. Soc., 2001, 123, 9922—
9923; (b) S. Bahmanyar and K. N. Houk, J. Am. Chem. Soc., 2001, 123,
11273-11283; (¢) S. Bahmanyar, K. N. Houk, H. I. Martin and B. List,
J. Am. Chem. Soc., 2003, 125, 2475-2479; (d) B. List, L. Hoang and
H. J. Martin, Proc. Natl. Acad. Sci. U. S. A., 2004, 101, 5839-5842.

2430 | Org. Biomol. Chem., 2012, 10, 2422-2430

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ob06872a

