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Abstract: A highly modular library of
readily available phosphite—oxazoline
ligands L1-L21a—g was successfully ap-
plied in the asymmetric Pd-catalyzed
Heck reactions of several substrates
and triflates under thermal and micro-
wave conditions. This ligand library
contains three main ligand structures
that have been designed by systematic
modification of one of the most suc-
cessful ligand families developed for

effect of these three ligand structures
on the catalytic performance, we also
evaluated the effect of modifying sever-
al ligand parameters in these ligand
structures. The effectiveness of these li-
gands at transferring the chiral infor-
mation into the product can be tuned
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by correctly choosing the ligand com-
ponents. Both enantiomers of the Heck
coupling products were obtained in ex-
cellent activities (conversion: >100%
in 10 min), regioselectivities (>99%)
and enantioselectivities (>99% ee).
Under microwave-irradiation condi-
tions, the reaction times were consider-
ably shorter (full conversion was ach-
ieved in a few minutes) and the regio-
and enantioselectivities were still excel-
lent.

this process. As well as studying the

Introduction

One of the main objectives in modern synthetic organic
chemistry is the catalytic enantioselective formation of C—C
bonds. One way to achieve this aim is the asymmetric Pd-
catalyzed Heck coupling of an aryl or alkenyl halide or tri-
flate to alkenes, a reaction known to be very versatile due
to its high tolerance of functional groups.! The bulk of the
reported examples involve intramolecular reactions, which
have the advantage that the alkene regiochemistry and ge-
ometry in the product can be easily controlled. In this re-
spect, chiral bidentate phosphanes have turned out to be ex-
cellent ligands for this process.!!! Fewer studies, however,
have been conducted on the asymmetric intermolecular ver-
sion, mainly because regioselectivity is often a problem. So,
for example, in the intermolecular Heck reaction of 2,3-di-
hydrofuran (S1) with phenyl triflate, a mixture of two prod-
ucts is obtained: the expected product 2-phenyl-2,5-dihydro-
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furan (1) and 2-phenyl-2,3-dihydrofuran (2; Scheme 1). The
latter is formed due to an isomerization process.!!
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Scheme 1. Model Pd-catalyzed Heck reaction of S1. OTf=triflate.

In recent years, heterodonor P—N ligands (mainly phos-
phane—oxazolines) have emerged as being suitable for the
intermolecular Heck reaction (Scheme 2).'*3  Although
some of them have provided high regio- and enantioselectiv-
ities, there is still a problem of low reaction rates and sub-
strate versatility. Therefore, it is very important to develop
ligands that induce higher rates and selectivities (i.e., regio-
and enantioselectivities) on a basis of simple starting materi-
als for several substrate types.

In this context, the presence of biaryl-phosphite moieties
in ligand design can be highly advantageous.”! We recently
discovered that a pyranoside phosphite—oxazoline ligand li-
brary provided excellent activities and regio- and enantiose-
lectivities in the Pd-catalyzed Heck coupling of several sub-
strate types and triflate sources.! Despite this success, the
use of other phosphite—oxazoline ligands has not yet been
reported and a systematic study of the possibilities offered
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Scheme 2. Privileged phosphane-oxazoline ligands for the Pd-catalyzed intermolecular Heck reaction.

by this ligand class for this process is still needed. Herein,
we extend our previous study'* to other phosphite—oxazo-
line ligands and other substrate types to fully investigate
these possibilities. To do so, we synthesized and screened a
library of 147 potential phosphite-oxazoline ligands
(Scheme 3), which is based on three main ligand structures:
The first L1-L4F! is based on the phosphane-oxazoline
(PHOX) ligands (Scheme?2), in which the phosphane
moiety has been replaced by a biaryl-phosphite group; in
the second LS, the flat ortho-phenylene tether in the previ-
ous ligands L1-L4 has been replaced by an alkyl chain; the
third L6-L21" is similar to the second but the alkyl chain is
at C4 instead of C2 of the oxazoline moiety, thus shifting
the chirality from the oxazoline substituent to the alkyl
chain. We also evaluated systematic modification of several
ligand parameters, which are known to have an important
effect on catalytic performance, in these prominent ligand
structures. Therefore, we investigated the effect of systemat-
ically varying the substituents in the oxazoline ring (R) and
the alkyl chain (L6-L12: Me;L14-L17: H; L18 and L19: Ph)
with this library. We also studied the configuration of the
alkyl chain in L6 and L13, the presence of a second stereo-
genic center in the oxazoline ring and its configuration in

FULL PAPER

L20 and L21, and the substitu-
ents and configuration of the
biaryl-phosphite moiety in a-g.
By carefully selecting these el-
ements, we achieved excellent
activities combined with high
regio- and enantioselectivities
in several substrate types and
triflate sources.
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Results and Discussion
Asymmetric Heck reactions under thermal conditions

Asymmetric Heck reaction of 2,3-dihydrofuran (S1) under
thermal conditions: We report the use of the chiral phos-
phite—oxazoline ligand library L1-L2la-g in the Pd-cata-
lyzed asymmetric Heck reaction of S1 [Eq. (1)] using several
triflates with different electronic and steric properties:
phenyl triflate, 1-naphthyl triflate, para-toluyl triflate, para-
nitrophenyl triflate, and cyclohexenyl triflate. In all cases,
the catalysts were generated in situ by mixing [Pd,-
(dba);]-dba (dba=dibenzylideneacetone) with the corre-
sponding chiral ligand.
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Scheme 3. Phosphite—oxazoline ligand library L1-L21a-g.
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Heck reaction of 2,3-dihydrofuran (S1) using phenyl triflate:
In the first set of experiments, we used the Pd-catalyzed
asymmetric phenylation of S1 [R=CsHs; Eq. (1)] to study
the potential of the phosphite—oxazoline ligand library L1-
L21a-g. The phenylation of S1 was chosen because the reac-
tion was performed with a wide range of ligands, which ena-
bled the efficiency of the various ligand systems to be com-
pared directly.["

First, we studied the effect of the reaction conditions by
conducting a series of experiments with three ligands (i.e.,
Lla, L5a, and Lé6a), different solvents, bases, and tempera-
ture. The efficiency of the process was strongly dependent
on the nature of the solvent, base, and temperature (see the
Supporting Information). The best activity and selectivity
(i.e., regio- and enantioselectivities) was achieved with THF
as the solvent and either diisopropylamine or a proton
sponge as the base at 50°C. These optimal conditions were
used to test the catalytic performance of the complete series
of ligands (see Table 1 for the summarized results), from
which it was indicated that the catalytic performance (activi-
ties and selectivities) is affected by the ligand structure, sub-
stituents on the oxazoline ring and the alkyl chain, the pres-
ence of a second stereogenic center in the oxazoline ring,
and the substituents and configuration of the biaryl-phos-
phite moiety. In general, the activities, regioselectivities
(>99%), and enantioselectivities (>99 % ee) were high for
the phenylation of S1.

The effect of the ligand structure was studied with Lla,
L5a, and L6a. The regio- and enantioselectivities were high-
est with L6, in which a chiral alkyl chain at C4 of the oxazo-
line connects the ring to the phosphite moiety (Table 1, en-
tries 6 vs. 1 and 5).

The oxazoline substituents affected both the activities and
selectivities (Table 1, entries 1-4, 6, and 13-18). In general,
our results showed that the catalytic performance is highly
influenced by the steric properties of the substituents in the
oxazoline moiety, whereas the electronic properties have
little effect. Bulky substituents at this position, therefore,

caused a decrease in activity, regioselectivity, and enantiose-
lectivity (i.e., Ph~4-R-Ph~Et>iPr>¢Bu). This outcome
contrasts with the oxazoline-substituent effect observed for
the vast majority of successful phosphane—oxazoline ligands,
the enantioselectivities of which are higher when bulky tert-
butyl groups are present.”” Interestingly, the introduction of
a ferrocenyl substituent has an extremely positive effect on
the regio- and enantioselectivities, and (R)-1 is provided
almost quantitatively in the enantiomerically pure form
(Table 1, entry 18).

We studied the effect of the substituents and configura-
tion of the alkyl chain with L6a, L13a, L14a, and L18a
(Table 1, entries 6, 19, 20, and 24), thus showing that intro-
ducing methyl substituents at this position has an extremely
positive effect on activity and enantioselectivity (Table 1, en-
tries 6 vs. 20). However, bulkier substituents, such as the
phenyl group, have an extremely negative effect on activity
(Table 1, entries 6 vs. 24) and also show that the sense of
enantioselectivity is governed by the absolute configuration
of the alkyl chain (Table 1, entries 6 vs. 19). Both enantio-
mers of the phenylation product 1 can, therefore, be ac-
cessed in high regio- and enantioselectivity simply by chang-
ing the absolute configuration of the alkyl chain.

We tested L20a and L21a to study how a second stereo-
genic center in the oxazoline ring and its configuration af-
fects the catalytic performance (Table 1, entries 26 and 27).
The results show that the configuration of this second ste-
reocenter and the configuration of the alkyl chain have a co-
operative effect on enantioselectivity that results in a
matched combination for L21a, which has an S configura-
tion at both the second stereocenter and the alkyl chain.

Finally, the effects of the biaryl-phosphite moiety were
studied with L6a—g (Table 1, entries 6-12). These moieties
mainly affected activity and regioselectivity, whereas their
effect on enantioselectivity was less important. Bulky sub-
stituents at the ortho positions of the biphenyl moiety, there-
fore, caused in an increase in the activity and regioselectivity
(i.e., tBuxSiMe; > Me > H; Table 1, entries 6-12).

Table 1. Selected results for the Pd-catalyzed enantioselective phenylation of $1 with the phosphite—oxazoline ligand library L1-L21a-g.[!

Entry Ligand Conversion (1:2) ee [%] 1 Entry Ligand Conversion (1:2) ee [%] 19
[%]™ [%]™!
1 Lla 100 (91:9) 98 (R) 15 L9a 75 (92:8) 97 (R)
2 L2a 21 (72:28) 72 (R) 16 L10a 100 (95:5) 99 (R)
3 L3a 36 (79:21) 80 (R) 17 Llla 13 (95:5) 92 (R)
4 Lda 100 (89:11) 96 (R) 18 L12a 99 (>99:1) >99 (R)
5 L5a 100 (90:10) 92 (R) 19 L13a 92 (96:4) 99 (S)
6 L6a 94 (96:4) >99 (R) 20 L14a 61 (94:6) 93 (R)
7 L6b 93 (97:3) 99 (R) 21 L15a 6 (64:36) 35 (R)
8 L6c 80 (96:4) >99 (R) 22 L16a 36 (92:8) 96 (R)
9 L6d 78 (94:6) 99 (R) 23 L17a 79 (88:12) 90 (R)
10 Lé6e 12 (84:16) 98 (R) 24 L18a <5 nd!
11 L6f 6 (83:17) 86 (R) 25 L19a <5 nd!
12 Lo6g <5 nd! 26 L20a 42 (90:10) 86 (R)
13 L7a 81 (97:3) 99 (R) 27 L21a 85 (96:4) 96 (R)
14 L8a 74 (97:3) 98 (R)

[a] [Pd,(dba);]-dba (1.25x 1072 mmol), S1 (2.0 mmol), phenyl triflate (0.5 mmol), ligand (2.8 x 10~ mmol), THF (3 mL), iPr,NEt (1 mmol), T=50°C, t=
24 h. [b] Conversion given in percentage was determined by GC analysis. [c] Enantiomeric excess was measured by GC analysis. [d] Not determined.
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In summary, the best results were obtained with Léa—c,
L12a—c, and L13a—c (Table 1, entries 6-8, 18 and 19; regiose-
lectivities; >99 % and >99 % ee), which contain the optimal
combination of ligand parameters (i.e., ligand structure, sub-
stituents at the oxazoline ring and alkyl chain, and substitu-
ents in the biaryl-phosphite moiety). Moreover, both enan-
tiomers of phenylation product 1 can be accessed with high
activities and high regio- and enantioselectivities simply by
changing the absolute configuration of the alkyl chain.
These results clearly show the efficiency of using highly
modular scaffolds in the ligand design and compete favora-

bly with the best that have been reported previously.**
b.ekL4b]

Heck reaction of 2,3-dihydrofuran (S1) with other triflate
sources: First, we investigated the effects of the electronic
and steric properties of the aryl triflate source on the prod-
uct outcome. For this purpose, we tested L1-L21a-g in the
Pd-catalyzed Heck reaction of S1 with several aryl triflates,
in which these properties were systematically varied
[Eq. (1); R=1-naphthyl, p-CH;—CsH,, p-NO,—C¢H,). The
most noteworthy results are shown in Table 2 (entries 1-16).
These results followed the same trends as for the phenyla-
tion of S1. Again, both enantiomers of the arylated products
1 were accessible with high activities, regioselectivities (up
to>99%), and enantioselectivities (>99% ee). These re-
sults indicate that both the steric and electronic parameters
of the triflate mainly affected regioselectivity, whereas their
effect on enantioselectivity was less important. Thus, the re-
gioselectivities are the highest for the 1-naphthyl and para-

Table 2. Selected results for Pd-catalyzed enantioselective arylation and
cycloalkenylation of $1 with L1-L21a—g.1"

Entry  Ligand R Conversion (1:2) ee [%] 11
[% ][b]
1 Lla C,H; 100 (91:9) 98 (R)
2 Lla 4-NO,CH, 100 (99:1) 99 (R)
3 Lla l-naphthyl 100 (937) 98 (R)
4 L5a CH; 100 (90:10) 92 (R)
5 L5a 4-NO,CH, 100 (94:6) 99 (R)
6 Lé6a CoH, 94 (96:4) >99 (R)
7 Lé6a 4-CH,CH, 80 (92:8) 99 (R)
8 Lé6a 4NO,CH, 86 (982) 99 (R)
9 L6a 1-naphthyl 98 (99:1) 99 (R)
10 L12a CoH, 99 (>991)  >99 (R)
1 L12a 4-CH,CH, 93 (97:3) 99 (R)
12 L12a 4NO,CH, 100 (>99:1)  >99 (R)
13 L12a l-naphthyl 100 (>991)  >99 (R)
14 L13a CH; 92 (96:4) 99 (S)
15 L13a 4-CH,CH, 85 (93:7) 99 (S)
16 L13a 4NO,CH, 90 (98:2) 99 (S)
17 Lla CH, 100 (92:8) 90 (R)
18 L5a CH, 100 (89:11) 89 (R)
19 Lé6a CoH, 100 (>99:1) 94 (R)
20 L12a CoH, 100 (>99:1) 94 (R)
21 L13a CH, 100 (99:1) 94 (S)

[a] [Pd,(dba);]-dba (1.25x 102 mmol), S$1 (2.0 mmol), triflate (0.5 mmol),
ligand (2.8x107*mmol), THF (3 mL), iPr,NEt (1 mmol), T=50°C, t=
24 h. [b] Conversion given in percentage was determined by GC or
"H NMR spectroscopic analysis. [c] Enantiomeric excess was measured
by GC or HPLC analysis.
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nitrophenyl triflates. Again, these results compete favorably
with the best that have been reported previously.? 4!

We next evaluated the ligand library in the Heck reaction
of S1 with cyclohexenyl triflate (Table 2, entries 17-21).
Again the Pd-catalyst precursors containing Lé6a, L12a, and
L13a provided access to both enantiomers of the alkenylat-
ed product 1 with high activity, regioselectivity (>99%),
and enantioselectivity (94 % ee). These results are among
the best reported so far.?a0ek.4]

Asymmetric Heck reaction of N-carbomethoxy-2,3-dihydro-
pyrrole (S2) under thermal conditions: We applied this
ligand library in the arylation of S2 [Eq. (2)]. Although, di-
hydropyrrole derivatives are suitable substrates and very
useful in organic synthesis, the asymmetric Heck reactions
of these compounds have hardly been studied.?><*7

@ . mops [Pda(doa)]doa

(g, v LD, @
N~ R N~ R

N L1-L21a-g

| | 1
COOMe COOMe COOMe
82 3 4

R= CgHs, p-CH3-CeHy

The results with the phosphite—oxazoline ligands L1-
L21a-g are summarized in Table 3 and followed the same
trend as for the arylation and alkenylation of S1. Again,
both enantiomers of product 3 were accessible with high ac-
tivities, regioselectivities (>99%), and enantioselectivities
(99 % ee) with [Pd/L6a—c], [Pd/L12a—c], and [Pd/L13a-c].
Although, as expected, the activities were lower than in the
arylation reaction of S1, they were much higher than those
obtained with other successful ligands under mild reaction
conditions.?***7l Again, these results compete favorably
with the best that have been reported previously.[><*7)

Table 3. Selected results for the Pd-catalyzed enantioselective arylation
of 82 with the phosphite-oxazoline ligand library L1-L21a-g.[*!

Entry Ligand R Conversion  (3:4) ee [%] 31
(%]
1 Lla C.H; 99 (>99:1) 93 (R)
2 L5a C.H; 95 (>99:1) 88 (R)
3 Léa C.H; 99 (>99:1) 99 (R)
4 L6b C.H; 99 99:1) 99 (R)
5 Léc CoH; 100 99:1) 98 (R)
6 Lée C,H, 1 (76:24) 96 (R)
7 L7a C.H; 88 (>99:1) 92 (R)
8 L8a C.H; 92 (>99:1) 88 (R)
9 L2a  CH, 99 (>99:1) 99 (R)
10 L13a  CHs 97 99:1) 99 (S)
1 Llda  CH, 69 (>99:1) 73 (R)
12 Léa 4CH.CH, 99 (>99:1) 99 (R)

[a] [Pdy(dba)s]-dba  (1.5x10?mmol), S2 (2.0 mmol), aryl triflate
(0.5 mmol), ligand (3.5x 107> mmol), THF (3 mL), iPr,NEt (1 mmol), T=
67°C, t=72 h. [b] Conversion given in percentage was determined by GC
analysis. [c] Enantiomeric excess was measured by HPLC analysis.

www.chemeurj.org — 3437


www.chemeurj.org

CHEMISTRY

M. Diéguez, O. Pamies, and J. Mazuela

A EUROPEAN JOURNAL

Asymmetric Heck reaction of 4,7-dihydro-1,3-dioxepin (S3)
under thermal conditions: To study the potential of these
readily available ligands further, we also examined L1-
L21a—g in the arylation of S3 [Eq. (3)].

[Pdx(dba)s]-dba

@] O™
| + rom TETEREERL () @)
o) L1-L21a-g o) R

83 5

R= CgHs, p-CHy-CgH,

This substrate is of great im-

portance because the resulting @
. + Ph-OTf

enol ethers 5 are easily con-
verted into chiral p-aryl-y-bu- S4
tyrolactones, which are useful
synthetic intermediates.’] De-
spite this interesting characteristic, there are only a few re-
ports that provided good enantioselectivities for this sub-
strate and only with low reaction rates (i.e., typically 5-
7 days).?#®<h-4] The most noteworthy results are shown in
Table 4.

[Pda(dba)s]-dba

to control than for functionalized alkenes, such as S1 and
$2, due to extensive double-bond migration."! Moreover, in
addition to the desired product 6, achiral regioisomers 7 and
8 can also be obtained. There are, therefore, fewer success-
ful catalyst systems for the Pd-catalyzed arylation of this
substrate than for the arylation of functionalized alkenes,
such as S1.1220:4]

In this section, we report that the chiral phosphite—oxazo-
line ligands L1-L2la-g applied previously to the Pd-cata-
lyzed arylation and alkenylation of substrates S1-S3 can
also be used for unfunctionalized alkene substrate S4. The

R

L1 -L21a-g

same trend as for the alkenylation of S1-S3 was seen (the
results are summarized in Table 5). Both enantiomers of the
phenylated product 6 were obtained with high activities, re-

Table 5. Selected results for the Pd-catalyzed enantioselective phenyla-
tion of $4 with the phosphite—oxazoline ligand library L1-L21a-g."!

Table 4. Selected results for the Pd-catalyzed enantioselective arylation Entry Ligand Conversion (6:7) ee [%] 61
of 83 with the phosphite—oxazoline ligand library L1-L21a-g.[! [% ]!
Entry Ligand R Conversion ee [%] 51 1 Lla 100 (84:16) 94 (R)
[% ]! 2 L5a 100 (82:18) 90 (R)

N in oL 00 9% (®) 3 L6a 100 (90:10) 99 (R)

2 L5a CH 08 91 (R) 4 Loéb 100 (89:11) 99 (R)

3 Léa CH 99 98 (R) 5 Lée 9 (86:14) 95 (R)

1 Léb CH 100 98 (R) 6 L7a 99 (89:11) 98 (R)

s Léc CH. 97 97 (R) 7 Lila 15 (88:12) 87 (R)

p Lée CH. g gl 8 L12a 100 (94:6) 99 (R)

7 a CH. o 9 (R) 9 L13a 100 (89:11) 99 (S)

g L8a CH. o 92 (R) 10 L14a 73 (87:13) 91 (R)

oHs 4

9 L12a C.H; 99 98 (R) 1 L18a <3 nd
10 L13a C¢H; 96 98 (S) [a] [Pdy(dba)s]-dba (1.25x 1072 mmol), S4 (2.0 mmol), phenyl triflate
11 Ll4a C¢Hs 72 82 (R) (0.5 mmol), ligand (2.8x 10~ mmol), THF (3 mL), iPr,NEt (1 mmol), T=
12 L6a 4-CH;C¢H, 94 98 (R) 50°C, r=48 h. [b] Conversion given in percentage was determined by GC
[a] [Pdy(dba);]-dba (L5x 10 mmol), S3 (2.0 mmol), aryl triflate analysis. [c] Enantiomeric excess was measured by GC analysis. [d] Not

(0.5 mmol), ligand (3.5 x 10~ mmol), THF (3 mL), iPr,NEt (1 mmol), T=
67°C, t=72 h. [b] Conversion given in percentage was determined by GC
analysis. [c] Enantiomeric excess was measured by GC analysis. [d] Not
determined.

In general, the effect of the ligand parameters on activity
and regio- and enantioselectivity followed the same trends
as for the arylation of S1 and S2. Again, the catalyst precur-
sors containing phosphite—oxazoline ligands Lé6a—c, L12a—c,
and L13a—c provided both enantiomers of the arylated prod-
ucts 5 in high enantioselectivities (>98% ee). Again, these
results compete favorably with the best that have been re-
ported previously,2ao<h-40]

Asymmetric Heck reaction of cyclopentene (S4) under ther-
mal conditions: Encouraged by the excellent results ob-
tained, we decided to go one step further and study the ary-
lation of S4 [Eq. (4)]. The selectivity for S4 is more difficult
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determined.

gioselectivities (>94%), and enantioselectivities (99 % ee).
Although, as expected, the activities were lower than in the
alkenylation of S1, they were much higher than those ob-
tained with the most successful phosphane—oxazoline
ligands.”®! Interestingly, the formation of achiral product 8
did not take place. Again, these results compete favorably
with the best that have been reported previously.[**"*"!

Microwave-assisted asymmetric Heck reactions

It is known that by using controlled microwave dielectric
heating, several C—C coupling reactions can be accelerat-
ed.”? In 2002, Hallberg and co-workers demonstrated that
the use of microwave irradiation for the enantioselective
Heck reactions using the Pfaltz PHOX and 2,2’-bis(diphe-

Chem. Eur. J. 2010, 16, 3434 -3440
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nylphosphino)-1,1’-binaphthyl (BINAP) ligands considera-
bly shortened reaction times (from 4 days to 1 h), but enan-
tioselectivities were lower than those obtained under ther-
mal conditions."”! Recently, we and others“*"! have also
shown that the reaction proceeds much faster and retains
excellent enantioselectivity when microwaves are used as
the source of heat, thus allowing for a highly selective inter-
molecular Heck reaction. Therefore, we decided to use
ligand library L1-L21a—g to take advantage of microwave ir-
radiation in asymmetric Pd-catalyzed Heck reactions.

We first studied how temperature affected the Pd-cata-
lyzed asymmetric Heck reaction of substrate S1 by using
phenyl triflate with L1a and L6a (Table 6). The optimal

Table 6. Selected results of the microwave-assisted Pd-catalyzed enantio-
selective arylation and alkenylation of S1 with Lla, L5a, L6a, L12a, and
L13a.

Entry L R T t Conversion (1:2) ee [%]
[°C] [min] [%]"! 1¢
1 Lla CgH; 50 20 98 (92:8) 96 (R)
2 Lla CgH; 70 10 100 93:7) 98 (R)
3 L6éa C¢H; 50 15 96 (982) 95 (R)
4 L6éa C¢H; 70 10 100 97:3) 98 (R)
5 L5a CiH; 70 10 100 92:8) 92 (R)
6 L12a C¢H; 70 10 100 99:1) 99 (R)
7 L13a C¢H; 70 10 100 97:3) 98 (S)
8 L6a 4-NO,CH, 70 10 100 (94:6) 98 (R)
9 L6a 4-CH;CH, 70 10 100 982) 99 (R)
10 L6a  l-naphthyl 70 10 100 (>99:1) 99 (R)
11 Léa CiH, 70 10 100 (99:1) 94 (R)

[a] [Pd,(dba);]-dba (1.25x 1072 mmol), $1 (2.0 mmol), triflate (0.5 mmol),
ligand (2.8 x 10> mmol), THF (3 mL), iPr,NEt (1 mmol). [b] Conversion
given in percentage was determined by GC or 'H NMR spectroscopic
analysis. [c] Enantiomeric excess was measured by GC or HPLC.

temperature was 70°C, and the activities and enantioselec-
tivities decreased at lower temperatures (Table 6, entries 1
and 3 vs. 2 and 4). Under these optimized conditions, we
evaluated the complete ligand library. The most noteworthy
results are shown in Table 6. It is interesting to note that
under microwave-irradiation conditions, the reaction times
improve dramatically (from 24 h to 10 min) and the excel-
lent regioselectivities (>99%) and enantioselectivities
(99 % ee) obtained under thermal conditions are maintained
(Table 6, entries 2 and 4-7). These observations are also true
for other triflate sources (i.e., aryl or cyclohexenyl triflates);
therefore, the activities (full conversion in 10 min), regiose-
lectivities (>99%), and enantioselectivities (>99 % ee) are
excellent (Table 6, entries 8-11).

Encouraged by these excellent results, we also studied the
arylation of S2-S4, which required longer reaction times
under thermal conditions than substrate S1 (Scheme 4).
After the reaction parameters had been optimized, the opti-
mal temperature was 80°C for substrates S2 and S3 and
70°C for substrate S4. Again, the use of microwave irradia-
tion was highly advantageous: the regio- and enantioselec-
tivities were excellent and the reaction times much shorter
(S2 and S3: 6 h versus 3 days; S4: 45 min versus 2 days). It
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Scheme 4. Selected results for the Pd-catalyzed enantioselective arylation
of S2-S4 under microwave-irradiation conditions.

should be noted that the use of microwave irradiation also
improved the regioselectivity for S4. Therefore, the reaction
of S4 and phenyl triflate at 70°C gave the coupling product
6 with a regioselectivity of 98 % and enantioselectivity of
99 % ee.

Conclusions

A highly modular library of readily available phosphite—oxa-
zoline ligands has been applied in the Pd-catalyzed asym-
metric Heck reactions of several substrates and triflates
under thermal and microwave conditions. This ligand library
contains three main ligand structures that have been de-
signed by systematic modification of one of the most suc-
cessful ligand families developed for this process. As well as
studying the effect of these three ligand structures on cata-
lytic performance, we also evaluated the effect of modifying
several ligand parameters (i.e., substituents in the oxazoline
ring and alkyl chain, the configuration of the alkyl chain,
the presence of a second stereogenic center in the oxazoline
ring and its configuration, and the substituents and configu-
ration of the biaryl-phosphite moiety). The activities, regio-
selectivities, and enantioselectivities were highly affected by
the ligand components. We highlight the excellent activities
(up to 100% conversion in 10 min), regioselectivities
(>99%), and enantioselectivities (>99 % ee) obtained in
both enantiomers of the Heck coupling products for a wide
range of substrates and triflate sources with ligands L6a—c,
L12a-c, and L13a—c. These results compete favorably with
the most successful ligands that have been developed for
this reaction. Interestingly, the results were better than
those obtained with pyranoside phosphite—oxazoline li-
gands,*” which have recently emerged as a privileged ligand
class for this process.["”]

— 3439

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

M. Diéguez, O. Pamies, and J. Mazuela

A EUROPEAN JOURNAL

Experimental Section

General: All the syntheses were performed by using standard Schlenk
techniques in an argon atmosphere. The solvents were purified by using
standard procedures. Ligands L1-L4a—c® and L6-L21a-g'! were syn-
thesized previously. Substrate S2 was synthesized as previously reported
and azeotropically dried with toluene prior to use.'?! All the other re-
agents were used as commercially available. 'H, C{'H}, and
SP{'H} NMR spectra were recorded on a Varian Gemini 400 MHz spec-
trometer. The chemical shifts are referenced to tetramethylsilane (TMS;
'H and “C) as an internal standard or H;PO, (°'P) as an external stan-
dard. The 'H and "C NMR spectral assignments were determined by
'H-'H and 'H-"C correlation spectra. The microwave experiments were
carried out with a CEM Explorer, in which the temperature is controlled
by a noncontact IR sensor that is located beneath the cavity floor and
“looks” up to the bottom of the vessel.

Preparation of ligand L5a: Pyridine (1.14 mL, 14 mmol) was added to
(3,3',5,5'-tetra-tert-butyl-1,1"-biphenyl-2,2'-diyl)phosphorochloridite
(3.0mmol) that had been produced in situl® dissolved in toluene
(12.5 mL). Pyridine (1.14 mL, 14 mmol) was added to (S)-2-(1-hydroxy-1-
methylethyl)-4-phenyl-1,3-oxazoline!™ (2.8 mmol) that had been azeo-
tropically dried with toluene (3x2mL) and dissolved in toluene
(12.5mL). The oxazoline solution was transferred slowly at 0°C to the
solution of phosphorochloridite. The reaction mixture was stirred over-
night at 80°C, and the pyridine salts were removed by filtration. Evapo-
ration of the solvent gave a white foam, which was purified by flash chro-
matography (toluene/NEt; 100:1) to produce the corresponding ligand as
a white solid (0.63 g, 35%). *'P NMR (400 MHz, C,Dg): 6=148.3 ppm
(s); 'TH NMR (400 MHz, C,Dg): 6=0.97 (s, 18H, CHj;, tBu), 1.36 (s, 9H,
CH;, tBu), 1.38 (s, 9H, CH;, Bu), 1.42 (s, 3H, CHj;), 1.45 (s, 3H, CH,),
3.54 (t, 1H, CH,, J=8.0 Hz), 3.87 (dd, 1H, CH,, /=10.0, J=8.0 Hz), 4.66
(dd, 1H, CH, J=10.0, J=8.0 Hz), 6.7-7.4 ppm (m, 9H, CH=); >*C NMR
(400 MHz, CDg): 6=28.7 (d, CH; Jc p=54Hz), 288 (d, CH; Jc p=
5.4 Hz), 31.9 (b, CH;, Bu), 34.9 (b, C, tBu), 35.9 (C, Bu), 36.0 (C, rBu),
70.4 (CH), 75.6 (CH,), 76.5 (d, C, Jo_p=10.9 Hz), 124-151 (Ar C),
169.8 ppm (C=N); elemental analysis (%) calcd for C,,Hs,NO,P: C 74.62,
H 8.45, N 2.18; found C 74.59, H 8.39, N 2.16.

General procedure for Pd-catalyzed enantioselective Heck reactions: A
mixture of [Pd,(dba);]-dba (12 mg, 1.25x 10~ mmol for substrates S1 and
S4; and 15 mg, 1.5x 1072 mmol for substrates S2 and S3) and the corre-
sponding chiral ligand (2.3 equiv) in dry degassed solvent (3.0 mL) was
stirred under argon at room temperature for 15 min. The corresponding
olefin (2.0 mmol), triflate (0.50 mmol), and base (1.0 mmol) were added
to the catalyst solution. The solution was stirred at the desired tempera-
ture under argon. After the desired reaction time, the mixture was dilut-
ed with additional diethyl ether, washed with water, dried over MgSO,,
and evaporated. For compounds 2-(1-naphthyl)-2,5-dihydrofuran, 2-(4-ni-
trophenyl)-2,5-dihydrofuran, and 1-(methoxycarbony)-5-toluyl-3-pyrro-
line, the conversion was measured by 'H NMR spectroscopic analysis and
selectivity was measured by HPLC analysis.”™ For the rest of the com-
pounds, the conversion and selectivity were determined by GC analy-
sis.!
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