Highly versatile Pd-thioether-phosphite catalytic systems for asym-
metric allylic alkylation, amination and etherification reactions.
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ABSTRACT: A Pd-furanoside thioether-phosphite catalytic system that can create new C-C, C-N and C-O bonds in several substrate types
using a wide range of nucleophiles in high yields and enantioselectivities has been identified. Of particular note are the excellent enantiose-

lectivities obtained in the etherification of linear and cyclic substrates. The potential application of the new Pd-thioether-phosphite cata-

Iytic systems was also demonstrated by the synthesis of the chiral carbo- and heterocycles.

In recent decades, the growing demand for enantiomerically pure
compounds for preparing technologically interesting and/or bio-
logically active compounds has stimulated the search for highly
efficient asymmetric catalytic processes. In particular, transition-
metal asymmetric catalysis has become one of the most attractive
approaches because of its high selectivity, activity and sustainabil-
ity." In this approach, the design of the chiral ligand is perhaps the
most crucial step if the highest levels of reactivity and selectivity are
to be attained.' One of the simplest ways of achieving chiral ligands
is to derivatize or transform natural chiral products. In this respect,
carbohydrates are highly functional compounds with several stere-
ogenic centers. This modular nature offers a wide variety of oppor-
tunities for the derivatization and tailoring of synthetic tools in the
search for the best ligand for each particular reaction.”

The Pd-catalyzed allylic substitution reaction is one of the most
powerful and versatile tools for constructing chiral C-C and C-X
bonds.> Most of the successful ligands developed for this process
use either Ca-symmetrical scaffolds, to restrict the number of dia-
stereomeric transition states, or the ability of the ligand to direct
the approach to one of the allylic terminal atoms, by means of
either a secondary ligand-nucleophile interaction or an electronic
differentiation.’ This latter strategy uses heterodonor ligands to
electronically discriminate between the two allylic terminal carbon
atoms because of the different trans influences of the donor
groups.® All these strategies have led to the discovery of several
privileged ligands that provide high levels of enantioselectivity (i.e.
DACH-phenyl Trost ligand, PHOX, etc.). However, asymmetric
induction is highly dependent on the steric demands of the sub-
strate. Thus, most of the privileged catalytic systems only afford
high enantioselectivities for either hindered or unhindered sub-

strates. More recently, we have shown that the introduction of
biaryl-phosphite moieties into the ligand design is highly advanta-
geous."’ The benefits have been attributed, on the one hand, to the
larger m-acceptor ability of the phosphite groups, which increases
reaction rates and, on the other hand, to the flexibility of the phos-
phite moieties, which allows the catalyst chiral pocket to adapt to
both hindered and unhindered substrates.* Despite this success, the
potential of phosphite-containing ligands is limited to the use of
dimethyl malonate as nucleophile.* Greater effort has to be made to
enlarge the scope of nucleophiles, and increase their chances of
being used in the synthesis of more complex chiral organic mole-
cules. In this respect, the use of functionalized malonates,* [3-
diketones* and alkyl alcohols® have hardly been reported. Few
catalytic systems, then, provide high enantioselectivities and those
that do are limited in substrate scope. Substantial improvements
are therefore needed in terms of enantioselectivity, chemical yield
and substrate versatility if they are to be of practical interest.

Mixed phosphorus-oxazoline ligands have played a dominant role
among heterodonor ligands in this process.** However, in recent
years the range of heterodonor P-X ligands has been extended to
include more robust X-donor groups (i.e. amine, pyridine, thi-
oether, etc.). P,S-ligands have scarcely been evaluated, although
some have proved to be potentially useful in this reaction.® Notably,
Evans and coworkers reported the successful application of phos-
phinite-thioether ligands derived from chiral B-hydroxysulfoxides.
These ligands were effective in the allylic substitution of model
substrates S1 (rac-1,3-diphenyl-3-acetoxyprop-1-ene) and S2 (rac-
3-acetoxycyclo-hexene) but had low enantioselectivity for such
unhindered linear substrate as $3 (rac-1,3-dimethyl-3-acetoxyprop-



1-ene). They also required low temperature (-20 °C) to achieve
high ee. The minor role of thioether-based ligands in this process
can be found in the formation of mixtures of diastereomeric thi-
oether complexes (because the S atom becomes a stereogenic
center when coordinated to the metal) and the difficulty of control-
ling their interconversion in solution.” Nevertheless, if the ligand
scaffold can control the S-coordination, this feature may be ex-
tremely beneficial because then the chirality moves closer to the
metal. In this respect, we recently found that the furanoside back-
bone in thioether-phosphite ligands L1-LS can control the thi-
oether coordination to iridium.®

Because we are interested in discovering more versatile and more
robust Pd-catalytic systems, we report herein the successful applica-
tion of furanoside phosphite-thioether ligands L1-L$ (Figure 1) in
the Pd-allylic substitution of both hindered and unhindered sub-
strates with a wide range of nucleophiles, including synthetically
useful functionalized malonates, 3-diketones and alkyl alcohols.
These ligands incorporate the advantages of the heterodonor, the
robustness of the thioether moiety and the extra control provided
by the flexibility of the chiral pocket through the presence of a
biaryl phosphite group. They are also easily prepared in a few steps
from cheap D-(+)-xylose. We also demonstrate the potential appli-
cation of the new Pd-thioether-phosphite catalytic systems by the
practical synthesis of chiral carbo- and heterocycles.
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Figure 1. Furanoside thioether-phosphite ligands L1-LSa-c

Bearing in mind that the stereochemical outcome of this process is
highly dependent on the substrate, to make the initial evaluation of
thioether-phosphite ligands L1-LSa-c, we chose the allylic alkyla-
tion of two model substrates with different steric properties: (a)
hindered S1 and (b) unhindered $2, using dimethyl malonate
(Table 1). Enantioselectivity is more difficult to control for cyclic
$2 mainly because of the presence of less sterically demanding anti
substituents. There are, therefore, fewer successful catalyst systems
for $2. We were pleased to identify Pd-L3c as one of the very few
catalytic system able to provide excellent enantiocontrol for both
types of hindered and unhindered substrates (ee's up to >99% and
96%, respectively) at room temperature. These results compare
favorably with the best ones reported in the literature.>*

We then went on to study the allylic substitution of 81 using a wide
range of C, N and O nucleophiles, among which are the more
challenging functionalized malonates, 3-diketones, and alkyl alco-
hols (Table 2). Several malonates, including those that were o-
substituted, reacted cleanly with $1 to afford products 3-6 in high
yields and enantioselectivities (ranging from 92% to 99% ee).

Table 1. Pd-catalyzed allylic alkylation of substrates S1-S2 with
dimethyl malonate as nucleophile using ligands L1-L5a-c*

o O MeO___O

Me/.é\(U\OMe
Ph\x"ph 1

entry L % yield" % ee* % yield® % ee®
1 Lla 92 58(S) 89 78 (S)
2 L2a 96 69 (S) 91 63 (S)
3 L3a 94 78 (S) 90 75(S)
4 L4a 97 53(R) 89 41 (R)
5 LSa 93 44 (S) 92 66 (S)
6 L3b 94 33(R) 90 32 (R)
7 L3c 95 >99 (S) 91 96 (S)

* Reactions were run at 23 °C with [PdCl(n3*-CsHs)]. (0.5 mol %),
DCM as solvent, ligand (1 mol %), BSA (3 equiv), KOAc. * Full con-
versions were achieved after 3 h. © Determined by chiral HPLC. ¢ After
6 h. ¢ Determined by chiral GC.

Table 2. Allylic substitution of S1 with other several C-, N- and
O-nucleophiles using the Pd-L3c catalytic system®

entry  nucleophile product % yield® % ee*

1 CO,Et EtO,C_ _CO,Et 96 99 (S)
EtOzC) Ph/gPh 3

2 CO,Bn BnO,C CO,Bn 94 99 (S)
BﬂOzC) Ph/g Ph 4

3 co,Me CoxMe 98 98 (R)
MeO,C Ph/gPh 5

4 COMe S S 87 92 (R)
MeO,C N Phtgph 6

S M o 9 91 99 (S)

©ﬁNH2 . /&:@8 86
74 @AOH . Mf;?@g 95 98 (R)

10

9d oH 0 97 99 (-)
F&Qﬁ Ph/v\/P:@\CF

>99 (R)

11 '3
10¢ OH o 93 >99 (-)
11¢ o oF 52 85(-)
Ph/\vs\Ph 13

* Reactions were run at 23 °C with [PdCI(n3®-C3Hs)]» (0.5 mol %),
DCM as solvent, ligand (1 mol %), BSA (3 equiv), KOAc. * Full con-
versions were achieved after 12 h. ¢ Enantiomeric excess determined by
chiral HPLC or GC. ¢ Reactions carried out using 2 mol % [PdCl(n?-
CsHs)]z, 4 mol % ligand, Cs2COs (3 equiv). Full conversions were
achieved in all cases except for entry 11 (74% conversion).



The use of acetylacetone as nucleophile provided enantioselectivity
that was as high as any observed when dimethyl malonate was
added (Table 2, entry S). Enantiocontrol was also excellent when
N-nucleophiles were used (compound 8; 99% ee). Even more
interesting are the almost perfect enantioselectivities achieved in
the etherification of S1 using several aliphatic alcohols (com-
pounds 9-13; ee's up to >99%). These results surpass the best
results achieved using Pd-(S,R)-FerroNPS® and Pd-CycloN2P2-
Phos” catalytic systems, specifically designed for this purpose.’

We also tested Pd-L3c in the allylic substitution of cyclic substrate
$2 using a range of C-, N- and O-nuleophiles (Table 3). In all cases,
enantioselectivities were as high as those obtained using dimethyl
malonate (ee's up to 98%), except when dimethyl methylmalonate
was used as nucleophile, which led to slightly lower enantioselectiv-
ity (compound 14; 87% ee). Excellent enantioselectivities were
therefore obtained using allyl- and propargyl-substituted malonates
(compounds 15 and 16), acetylacetone (compound 17) and ben-
zylamine (compound 18). High yields and enantioselectivities
were also achieved in the etherification of §2 (entry 6). Pd-L3c is
the first catalytic system that can etherificate both substrate types
linear S1 (Table 2, entries 7-11) and cyclic $2 with high ee’s,” and
therefore, could be used for the stereoselective construction of an
ether linkage adjacent to a stererogenic carbon center, which is of
great importance for the synthesis of many biologically active tar-
gets.

Table 3. Allylic substitution of S2 with other several C-, N- and
O-nucleophiles using the Pd-L3c catalytic system®

entry  nucleophile % yield" % ee*

1 CO,Me coél\cﬂ)eM 86 87 (+)
MeOZC)\ K e
14

product

2 CO,Me CO,Me 69 93 (_)
MeOZC)\/\ Qﬂ” chge
15
3 COZMe/ MeO,C COzMe// 69 98 (S)
MeO,C Z QM
16
4 o o 0 64 96 (-)
AN o
17

5 S 1 ) 76 94(S)
Of

6 @AOH o 88 92(S)
@19

* Reactions were run at 23 °C with [PdCI(n3*-C3Hs)]» (0.5 mol %),
DCM as solvent, ligand (1 mol %), BSA (3 equiv), KOAc. * Full con-
versions were achieved after 12 h. € Enantiomeric excess determined by
chiral HPLC or GC. ¢ Reaction carried out using 2 mol %[PdCl(n?-
C3Hs)]z, 4 mol % ligand, Cs2COs (3 equiv).
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The scope of these new catalytic systems was further studied by
using other linear substrates with different steric requirements (rac-
1,3-dimethyl-3-acetoxyprop-1-ene 83 and rac-(E)-ethyl-2,5-
dimethyl-3-hex-4-enylcarbonate S4) than substrate S1 (Figure 2,
compounds 20-22). We were pleased to see that if ligands are
appropriately tuned, high yields and enantioselectivities can also be
obtained for the more demanding substrates $3 and $4 (ee's up to

96% for 83 and >95% for $4) which usually react with lower yields
and enantioselectivities than the corresponding model S1 sub-
strate. The good performance also extended to the allylic substitu-
tion of other cyclic substrates with different ring size (rac-3-
acetoxycyclopentene $$ and rac-3-acetoxycycloheptene $6; Figure
2). It should be noted that the enantiocontrol was excellent in both
cases, but especially in the allylic substitution of rac-3-
acetoxycyclopentene (compounds 23 and 24), which is usually
substituted less enantioselectively than the 6-membered cyclic
substrate S2.
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Figure 2. Pd-allylic substitution of $3-86. Full conversions were achie-
ved. 0.5 mol % [PdCI(1?-CsHs) ]2, CH2Cls as solvent, ligand
(1 mol %), rt, 18 h.

A wide range of synthetic applications can be envisaged for the
allylic substitution using functionalized nucleophiles. One example
is the practical synthesis of the chiral carbocycles (R)-27 and (-)-28
by a simple sequential allylic alkylation of the corresponding sub-
strate (S1 and S$2), with dimethyl allylmalonate, and ring-closing
metathesis reactions (Scheme 1(a)).'® In both cases, the corre-
sponding carbocycles 27 and 28 were obtained in high yields with
no loss in enantiomeric excess. Similarly, the heterocycle (R)-29 is
achieved by sequential allylic etherification of S1 with allyl alcohol
and a ring-closing metathesis reaction (Scheme 1(b)). Another
example is the cycloisomerization of the 1,6-enyne 16, formed from
the allylic alkylation of S2 with dimethyl propargylmalonate, fol-
lowing the methodology described by Uozumi et al.'® to yield the
carbobicycle hydrindane (3aR,7aS)-30 (Scheme 1(c)).

Scheme 1. Representative synthetic applications of sequential
processes involving allylic substitution of functionalized nu-
cleophiles/cyclation reactions
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In summary, a series of furanoside thioether-phosphite ligands
L1-L5a-c have been successfully applied for the first time in the
Pd-catalyzed allylic substitution reactions of several substrate
types using a wide range of nucleophiles. These ligands, which
are prepared from inexpensive D-xylose, also incorporate the



advantages of the heterodonor, the robustness of the thioether
moiety and the extra control provided by the flexibility of the
chiral pocket through the presence of a biaryl phosphite group.
By selecting the ligand components we have been able to identi-
fy catalytic systems that can create new C-C, C-N and C-O
bonds, in several substrate types (hindered and unhindered)
using a wide range of nucleophiles in high yields and enantiose-
lectivities (ee's up to >99%). Of particular note are the excellent
enantioselectivities obtained in the etherification of linear and
cyclic substrates, which represent the first example of successful
etherification of both substrate types. So, the exceptional ligand
family presented here competes very well with a few other lig-
and series that also provide high ee in several substrate types
using a wide range of C-, N- and O-nucleophiles, among which
are the little studied o.-substituted malonates and alkyl alcohols.
Furthermore, the potential application of the new Pd-thioether-
phosphite catalytic systems has been demonstrated by the prac-
tical synthesis of the chiral carbo- and heterocycles using a sim-
ple sequential allylic alkylation/ring-closing metathesis or allylic
alkylation/cycloisomerization of 1,6-enyne reactions, with no
loss in enantiomeric excess. These results open up the asymmet-
ric Pd-catalyzed allylic substitution of several substrate types
with a wide range of nucleophiles to the potential effective use
of readily available and highly modular furanoside thioether-
phosphite ligands.
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An exceptional Pd/thioether-phosphite catalytic system has been identified for the highly enantioselective construction of C-C, C-N and C-O
bonds. Of particular note are the high yields and enantioselectivities achieved in the substitution of several substrates types (with different
steric properties) using the little studied o-substituted malonates and alkyl alcohols. We also report the first successful etherification of both

linear and cyclic substrates using alkyl alcohols. The potential application of the new catalytic systems was also demonstrated by the synthesis
of the chiral carbo- and heterocycles.
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