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ABSTRACT: A generation of Pd/phosphite-oxazoline catalysts containing an alkyl backbone chain has been successfully applied to
Pd-catalyzed allylic substitution reactions. By carefully selecting the substituents at both the alkyl backbone chain and the oxazoline
of the ligand, as well as the configuration of the biaryl phosphite group, high activities (TOF > 8000 mol substratex(mol Pdxh)-') and
excellent enantioselectivities (ee’s up to 99%) have been achieved for many hindered and unhindered substrates with a wide range of
C-, O- and N-nucleophiles (73 substitution products in total). Moreover, DFT and NMR studies of the key Pd-allyl complexes allowed
us to better understand the origin of the excellent enantioselectivities observed experimentally. The synthetic application of the
Pd/phosphite-oxazoline catalysts was demonstrated by the synthesis of many chiral carbobicyles, with multiples stereocenters, by
simple sequential reactions involving Pd-allylic substitution an either 1,6-enyne cyclization or Pauson-Khand enyne cyclization.

KEYWORDS: Palladium, asymmetric allylic substitution, DF'T calculations, NMR study, mixed P,N-ligands.

INTRODUCTION

Many pharmaceutical, fragrance and crop protection
industries depend on chiral compounds. The finding of
synthetic methods for their preparation is a recurrent research
in chemistry! and the Pd-catalyzed asymmetric allylic
substitution (AAS) has been proved to be one of the most
powerful approaches. AAS works with mild reaction conditions
and has a high functional group tolerance. Moreover the
substitution products can be further derivatized due to the
presence of the alkene group.!? Given its advantages, it is
understandable the constant aim to increase the substrate and
nucleophile scope to reach compounds with more complexity.
Its main limitation is still enantioselectivity is extremely
affected by the steric demands of the substrate.? Each type of
substrate requires a particular ligand for optimal enantiopurity
so most of the best-performing ligands rarely tolerate many type
of substrates. Consequently, the discovery of the best
performing ligands is time consuming and expensive. This is
facilitated with the identification of ligands with a wide
substrate and nucleophile scope. Our group early found that
biaryl diphosphite-based ligands favor substrate versatility.?>
From a common backbone, the right combination of ligand
parameters provides ligands that are appropriated for both linear
and cyclic substrates using dimethylmalonate as nucleophile.?
The study of Pd-intermediates showed that the flexibility of the
phosphite functionalities enables the chiral pocket of the
catalyst to fit substrates with different steric hindrance. In
addition, the m-acceptor capacity of the phosphite moiety has a
positive influence on activities, providing higher TOF than the
most common ligands.?** Encouraged by the high
enantioselectivities achieved with heterodonor-based ligands in
AAS we then started the development of heterodonor ligands
with a biaryl phosphite moiety.’ In this respect, we decided to

change the phosphine group in privileged phosphine-oxazoline
PHOX ligands 12 by a biaryl phosphite group (Figure 1,
ligands 2).%*@ Whereas Pd-1 catalysts gave outstanding
enantioselectivities with rac-(E)-1,3-diaryl-2propenyl
substrates, moderate-to-good enantioselectivities with 1,3-
dialkyl-2-propenyl substrates and racemic results for cyclic
substrates,” the Pd-phosphite-oxazoline counterparts 2 were
very successful in all of them.’*’ Pd/2 emerged as an
unprecedented catalyst able to make C—C and C-X bonds with
high enantiocontrol for several hindered and unhindered
substrates using many C-, O-, and N-nucleophiles. In addition,
the improvement in activity achieved with diphosphite ligands
was maintained. Mechanistic studies established that the large
substrate scope of Pd/2 system is because the ligand is able to
adapt the size of chiral pocket to the steric demands of the
substrates.” This adaptability of the ligand also explains the
excellent results achieved in other catalytic reactions.?

Figure 1. PHOX-based ligand 1 and the related phosphite-
oxazoline ligands 2.

Despite the wide scope of ligands 2, there is still room for
improvement in terms of both substrate and nucleophile scope.
For instance, the efficiency disclosed for non-symmetrical
substrates has to be further enhanced and the nucleophile scope
has to be expanded to cover a wider range of amines and
alcohols. To continue the improvement of Pd-catalysts with air
stable and readily available ligands, we replaced the ortho-
phenylene tether in privileged ligands 2 by an alkyl backbone

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Catalysis

chain (Figure 2, ligands L1-L7a—c). With this simple
modification, we have extended the number of ligand
parameters than can be modified to maximize the catalyst
performance. Therefore, in addition of studying different
substituents and configurations in the oxazoline and phosphite
groups we also studied the influence of a new stereogenic center
in the alkyl backbone chain and the influence of varying the
substituent in this alkyl backbone chain. In this respect, we here
report the application of ligands L1-L7a—c in the Pd-catalyzed
AAS of linear (including unsymmetrical 1,3-disubstituted and
monosubstituted substrates) and cyclic substrates with many C-,
O- and N-nucleophiles (73 substitution products in total). We
also used DFT and NMR studies of the key Pd-allyl complexes
to explain the enantioselectivities obtained experimentally.
Finally, we showed that these new Pd-catalytic systems can be
used in the synthesis of chiral carbobicyclic compounds by
simple sequential allylic substitution/1,6-enyne cyclization or
allylic substitution/Pauson-Khand reactions.
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Figure 2. Phosphite-oxazoline compounds L1-L7a—c.

RESULTS AND DISCUSSION

Synthesis of ligands. Phosphite-oxazoline compounds
L1-L7a—c were synthesized through a two or five step process,
starting from commercial feedstocks (Scheme 1). Therefore,
ligands L1a—c, with two methyl groups in the alkyl backbone
chain, were synthesized in only two steps from cheap o-
hydroxyisobutyric acid 3. Condensation of 3 with (S)-
phenylglycinol afforded hydroxyl-oxazoline 4 in a multigram
scale (step 7).° Then, compound 4 react with the appropriated
phosphorochloridite (CIP(OR),; (OR), = a—c; step vii) to yield
phosphite-oxazoline ligands Lla—c, with different biaryl
phosphite moieties. Phosphite-oxazolines L2-L7a—¢, which
differ from previous ligands in a stereogenic center in the alkyl
backbone chain, were prepared following the procedure
previously reported in our group from commercially available
a-hydroxy acids 5-7.!° Therefore, compounds 5-7 were first
converted to amides 8-13 and subsequent reaction with
diethylaminosulfur trifluoride (DAST) followed by standard
deprotection yielded hydroxyl-oxazolines 14-19 (steps v—
vi).'12 Finally, compounds 14-19 react with the desired
phosphorochloridite (CIP(OR),; (OR), = a—c; step vii) to afford
compounds L2-L7a—c.

Advantageously, compounds L1-L7a—c were isolated as
white air-stable solids that were used and kept in air. HRMS-
ESI and 'H, 3C and 3'P NMR spectroscopy confirmed the
formation of the ligands (see experimental and SI sections for
detail).
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HO COH (ii-iv Ao)ﬁf E) (v-vi) HO)\(\Z (vii) L2.L7a-c

5 R'=Ph
6 R'=Me 8 R'=Ph, R?>=(S)-Ph 14 R'=Ph, RZ—( )-P
7 R'=pPr 9 R'=Ph, R%=(S)Pr 15 R'=Ph, R%= (S)-'Pr

10 R'=Ph, R%= (S)-Bu 16 R'=Ph, R%= (S )‘Bu

11 R'= Ph, R?= (R)}-Ph 17 R'=Ph, R?= (R)-P|

12 R'= Me, R?=(S)-Ph 18 R'= Me, R?= (S)- Ph

13 R'='Pr, R?=(S)-Ph 19 R'=Pr, R?=(S)-Ph
Scheme 1. Synthetic route for the preparation of the phosphite-
oxazoline ligand library L1-L7a—c. (i) (S)-phenylglycinol,
xylene, reflux, 16 h;? (ii) acetylchloride, rt, 2 h;!! (iii) SOCl,,
CH,Cl,, reflux, 3 h;!! (iv) aminoalcohol, NEt;, CH,Cl,, rt, 5 h;!!
(v) DAST, K,CO;, CH,Cl,, -78 °C to rt for 3 h;'12 (vi) NaOH
(aq), EtOH, 0 °C, 3 h;'}!2 (vii) CIP(OR),; (OR), = a—c, Py,
toluene, 16 h.

Allylic alkylation of disubstituted substrates S1-S2
using dimethyl malonate. The effectiveness of the phosphite-
oxazoline compounds L1-L7a—c was first studied in the Pd-
AAA of two benchmark substrates with different steric
constrains, rac-1,3-diphenyl-3-acetoxyprop-1-ene S1 and rac-
3-acetoxycyclohexene S2. For comparison, we use the same
optimal reaction conditions established in our previous study
with related Pd/PHOX-based phosphite-oxazoline catalysts 2.5
The reactions were therefore done at 23 °C with 0.5 mol% of
catalyst and using dimethyl malonate. It should be noted, that
for cyclic S2 is more challenging to control the selectivity than
for S1 due to the presence of less bulky anti substituents.
However, by judiciously choosing the ligand parameters we
have been able to find two particular ligands L1c and Léc, that
performs exceptionally well for both substrate types, with
enantioselectivities up to 99% ee and TOF’s up to 8640 mol
substratex(mol Pdxh)-!. The results (Table 1) indicated that
enantioselectivities are influenced by the substituents at both
the alkyl backbone chain and at the oxazoline as well as by the
biaryl phosphite groups. However, their influence on
enantioselectivity is different for both substrates. While for
substrate S1 the best enantioselectivity was achieved with Lé6c
(ee's up to 99%), for substrate S2 ligand Llc provided the
highest selectivity (ee's up to 99%).

The results with ligands Lla—c, with an achiral alkyl
backbone chain (entries 1-3), showed that the ligand skeleton
can only control the tropoisomerization of the biphenyl
phosphite moiety (a) for substrate S1. While high
enantioselectivities are attained with L1a and L1c for substrate
S1 (96% ee, entries 1 and 3), the use of ligand L1c¢ with an
enantiopure (S)-biaryl phosphite group is necessary to
maximize enantioselectivities for substrate S2 (99% ee, entry 3
vs 1 and 2). The same behavior is found with ligands L2-L7
that differ from L1 in that they contain a substituent at the alkyl
backbone chain that generates a new chiral center.

The results with ligands L2-L4a also indicated that
enantioselectivities are dependent on the oxazoline substituent.
Different from PHOX ligands 1, bulky substituents at the
oxazoline negatively affected enantioselectivity (see for e.g.,
entries 4, 7 and 8). Thus, the highest enantioselectivities for
both substrates were achieved using ligands L2, containing a
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phenyl oxazoline substituent (entry 4). This represents an
advantage over the traditional phosphine-oxazoline PHOX
ligands 1 because enantiopure phenylglycinol (used for the
synthesis of L.2) is much cheaper than fert-leucinol used for the
synthesis of 1.

Table 1. Pd-catalyzed AAA of substrates S1 and S2 with
ligands L1-L7a—c ®

o O MeO.__O
MeO OMe \/[fo
~ S

Ph *"Ph 20 21 OMe

Entry L % Conv®  %ee® % Convd  %ee®
I Lla 100 96 (S) 100 60 (S)
2 Llb 100 86 (S) 100 78 (R)
3 Lic 100 96 (S) 100 99 (S)
4 L2a 100 93 (5) 100 40 (S)
5  L2b 100 40 (S) 100 74 (R)
6  L2c 100 90 (S) 100 90 (S)
7 L3a 100 92 (S) 100 7(S)
8  Lda 100 73 (S) 100 4(S)
9 L5a 100 90 (R) 100 20 (R)
10 L5b 100 94 (R) 100 81 (R)
11 Lse 100 55 (R) 100 77 (S)
12 Léa 100 97 (S) 100 44 (S)
13 Léb 100 89 (S) 100 65 (R)
14 Léc 100 99 (S) 100 96 (S)
15 L7a 100 84 (S) 100 33 (S)
16 L7b 100 91 (S) 100 60 (R)
17 L7¢ 100 90 (S) 100 97 (S)

18 Léc 72 99 (5) 41 96 (S)

2.0.5 mol% [PdCl(n?-CsHs)],, ligand (0.011 mmol), substrate (1
mmol), BSA (3 equiv), dimethyl malonate (3 equiv), KOAc (3
mol%), CH,Cl, (2 mL) at 23 °C. ® Conversion percentage
determined by 'H-NMR after 10 min. ¢ Enantiomeric excesses
determined by HPLC. Absolute configuration drawn in
parentheses. 9 Conversion percentage calculated by GC after 30
min. ¢ Enantiomeric excesses calculated by GC. Absolute
configuration drawn in parentheses. f Reactions performed with 0.1
mol% of catalyst precursor for 5 min.

The results comparing the use of diasteriomeric ligands
L2b—c and L5b—c indicated the presence of a cooperative effect
between the configurations of both, the biaryl phosphite group
and the oxazoline substituent. The right combination of
configurations occurred in ligands L2¢ and LSb (entries 6 and
10). In addition, while the configuration of the oxazoline
substituent controls the sense of enantioselectivity for linear
substrate S1 (ligands L2 provide the opposite enantiomer of
alkylated products than ligands LS5; entries 4-6 vs 9-11), it is
the configuration of the biaryl phosphite who controls the sense
of enantioselectivity for the cyclic substrate S2 (ligands L2b

ACS Catalysis

and L5b provides the opposite enantiomers than ligands L2¢
and L5c). Both enantiomers of the products can be therefore
obtained by simple selecting the correct combination of ligand
parameters.

Finally, the influence of the substituent at the alkyl chain was
examined using compounds L1, L2, L6 and L7. The best
enantioselectivities were achieved with ligands L1 (for S2) and
L6 (for S1) containing two or one methyl group at the alkyl
backbone chain, respectively.

In summary, the enantioselectivities with Pd/L1c and Pd/Léc
are excellent and similar to those with previous Pd/PHOX-
based phosphite-oxazoline catalysts 2 that have recently
become one of the most effective catalysts for Pd-AAS, with
the added advantage that the activity with Pd/L1c and Pd/L6c
is much higher'.

Allylic substitution of disubstituted linear and cyclic
substrates with several C-, O- and N-nucleophiles. We
further studied the performance of L1-L7a—c in the AAS of
other linear substrates, including unsymmetrical 1,3-
disubstituted ones and cyclic disubstituted substrates with
different steric and electronic properties. The range of
nucleophiles was also extended with special attention to some
more puzzling and appealing from a synthetic point of view,
namely  functionalized  malonates,  p-diketones,  2-
cyanoacetates, amines, pyrroles and aliphatic alcohols.

Initially, the nucleophile scope for the Pd-AAS of S1 was
examined with ligand L6c that gave the best ees in the AAA of
S1 using dimethyl malonate. The results showed that many C-,
N- and O-nucleophiles could be efficiently used for this
transformation (Figure 3).

In this respect, a broad range of malonates, containing allyl-,
butenyl, pentenyl- and propargyl- groups, alkylated S1 to give
compounds 22-28 in excellent yields and enantioselectivities
(ee’s >99%). These results are relevant since the resulting
products (22-28) are crucial intermediates for preparing more
complex chiral compounds (for some of their applications see
synthetic applications section, vide infra).!# The use of
malononitrile (compound 29) and acetylacetone (compound 31)
also gave the desired alkylated products in excellent
enantioselectivities (>99% ee). Similarly to previous reports,
the use of isopropyl cyanoacetate as nucleophile (compound 30)
produced two diastereoisomers,' albeit both diastereoisomers
were obtained almost enantiopure (ee’s up to 99%).

The nucleophile scope was expanded to use pyrroles as C-
nucleophiles (Figure 3, compounds 32-35). Pyrroles are present
in many relevant compounds with biological and synthetic
applications.!® Despite their relevance only two successful
examples can be found in the literature!” and one of them
required -20 °C to attain high enantioselectivities'’>. The
difficulty of using pyrroles as C-nucleophiles is also manifested
by the fact that two of the most successful ligands for Pd allylic
alkylation (PHOX 1 and Trost diphosphine) did not perform
well using pyrroles.!” By improving the Pd/2 catalysts, we were
pleased to see that we could reach for substituted pyrroles high
ee's (up to 99%) and yields working at 23 °C.
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* Carbon nucleophile scope

o O o O
Eﬁ%a Bﬁ(&osn
Ph X Ph Ph X Ph

22 94% yield

COzMe e COzMe COZEt N COzEt COzMe
Ph N Ph

23 93% yield 24 94% yield 25 92% yield 26 89% vyield 27 90% vyield 28 89% yield

>99% (S) ee >99% (S) ee >99% (R) ee 99% (R) ee >99% (R) ee >99% (R) ee >99% (R) ee
Et Et
Na _N Nao Q o 0 7NH — — _
/;\/(/ Ykoim /itﬁk N N NH N NH N NH
PRN"pn P N py PN pp P N"pp P X" pp, Ph "pp ph X" pp,
29 90% yield 30 91% yield 31 91% yield 32 91% yield® 33 89% yield® 34 54%yield®® 35 91% yield®

>99% (S) ee d.r. = 55/45

99% ee / 96% ee

>99% (S) ee 95% (R) ee 99% (R) ee 62% (R) ee 92% (R) ee

* Nitrogen nucleophile scope

o
—\
®/\NH Me0/®/\NH F3C/®/\NH U/\NH Sk =y
OO
36 85% yield 37 81% yield 38 83% yield 39 92% yield 40 76% yield 41 71% yield

>99% (R) ee 99% (R) ee >99% (R) ee 99% (R) ee 97% (R) ee 98% ( ) ee

Ph O

mmmmmm

42 83% yield 43 75% yield 44 80% yield 45 84% yield 46 91% yield 47 83% yield
93% (R) ee 96% (R) ee 92% (R) ee 93% (R) ee 98% (R) ee >99% (R) ee

* Oxygen nucleophile scope

O

Ph/\/v\ph /Q/:/Okph FsC/@/;\/?\Ph \Q/;\/Okph /\/k /\/k /\;'\

Ph Ph
48 91% yield® 49 90% yield® 50 89% yield® 51 91% yield® 52 95% yield® 53 79% yield® 54 87% yield®
99% (R) ee 99% (-) ee 60% (-) ee 97% (-) ee 72% (S) ee 99% (-) ee 99% (R) ee
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Figure 3. Allylic substitution of S1 with other several C-, N- and O-nucleophiles with Pd/Léc catalytic system. Reaction conditions: 0.5
mol% [PdCl(n3-CsHs)],, Léc (0.011 mmol), S1 (1 mmol), BSA (3 equiv), nucleophile (3 equiv), KOAc (3 mol%), CH,Cl, (2 mL) at 23 °C.
Full conversions were attained in 2 h. ® Reactions carried out using K,COj3 (3 equiv). ® Reaction performed at -20 °C for 48 h. ¢ Reactions
performed with 2 mol % [PdCI(n3-C3Hs)],, 4 mol% ligand, and Cs,CO; (3 equiv). Full conversions were attained after 18 h.

The reaction also performed well when using amines as
nucleophiles. High yields and enantioselectivities in products
36—47, comparable to those achieved with C-nucleophiles, were
obtained with many primary and secondary amines (aryl-,
alkyl-, allyl- and propargyl-substituted amines). Among them,
several benzylic amines, including furfurylamine, afforded the
substitution products 36-39 in excellent enantioselectivities
(>99% ee). Enantiocontrol was also excellent in the addition of
alkyl primary amines (products 42—43) and cyclic secondary
amines (products 44-45). Gratifyingly, Pd/L6c was also
successfully applied when using sulfonamide and aromatic
amines (compounds 46 and 47, ee’s up to >99%). Finally,
enantioselectivities up to 98% ee with high yields were also
found with allyl- and propargyl-substituted amines (compounds
40 and 41, respectively). These results represent a significant
improvement compared to those obtained with the Pd/2
catalytic system, for which a high enantioselectivity has been
only reported for benzylamine.>

The excellent enantioselectivities also extend to the addition
of O-nucleophiles (Figure 3, compounds 48-54) with
enantioselectivities as high as those attained with dimethyl
malonate. Aliphatic alcohols are another relevant set of
nucleophiles whose resulting chiral ethers are found in
biologically active targets.'® Despite the fact that addition of
aliphatic alcohols has been well examined, there are few
effective examples reported.'® In addition, the type of aliphatic
alcohol highly influences the enantioselectivity, whose value
largely depends on the electronic characteristics of the alcohol.
In this context, for previous Pd/phosphite-oxazoline PHOX
systems 2 the highest enantioselectivity was only obtained
when the benzylic alcohol had a para-CF; substituent (ee's up
to 97%), and the selectivity decreased with electron-rich para
substitutents.?’ Improving these previous results with Pd/L6c
catalyst, high enantioselectivity was achieved for the addition
of a broader range of benzylic alcohols (compounds 4851, ee's
up to 99%). The only exception was compound 50 with a para-
CF; substituent that provided lower enantioselectivity.
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Similarly, the use of butanol gave the corresponding product 52
in 72% ee. Enantioselectivities up to 99% ee were also attained
for the addition of the much less studied allylic alcohol
(compound 53) and the triphenylsilanol (compound 54).%!

We then used the Pd/L6c catalytic system to study other
symmetrical disubstituted linear substrates S3—S8 (Table 2) that
have different electronic and steric properties than substrate S1.
The results indicated that Pd/L6c can also be used for the
alkylation of substrates S3—-S5 (compounds 55-60), with
different aryl substitution patterns, even with highly interesting
substituted malonates containing allyl, pentenyl and propargyl
groups, with yields and enantioselectivities comparable to those
of S1 (compounds 55-60, ee’s >99%).

Table 2. Pd-AAS of S3-S9 with different C-nucleophiles
with Pd/Léc.?

[PACI(n3-C3Hs)], (0.5 mol%)

OAc R L6c (1.1 mol%) RZ_COR’
A, * HCOR - U oo
R tec) R CO,R? CH,Cl, (0.25 M), 23 °C RN g
$3-S9 BSA (3 equiv); KOAc (3 mol%)
o o0
CO,Me CO,Et
MeO OMe co2 Z COLE
0 0
55 (from S3) 56 (from S3) 57 (from S3)
91% yield 92% yield 88% yield
>99% (S) ee >99% ( R) ee >99% (R ee
CO,Me
CO,Me MeO’ MeO
! l MeO ONIe
58 (from S3) 59 (from s4) 60 (from S5)
90% yield 9% yield 86% yield
99% (R) ee >99% (s ee >99% (S) ee
o o0
MeO OMe MeO OMe
O 0
61 (from S6) 62 (from S7) 63 (from S8)
87% yield se% yield 86% yield
>99% (S) ee >95% (S) ee 82% (S) ee
o o0 o o
COMe MeOMOM BHOMOBH

/i/\:fcone : ©
N N
Mo Me F3C/\/\© FaC

64 (from S8) 65° (from S9) 66° (from S9)
87% yield 72% yield 62% yield
83% (S) ee 76% (R) ee 78% (R) ee
CO,Me CO,Me CO,Me
K EOMe WCOZMe /\<coZMe

Fsc/\/\© F3C/\/\© F3C

67°¢ (from S9) 68°¢ (from S9) 69°° (from S9)
59% yield 60% yield 62% yield
80% (S) ee 77% (S) ee 73% (S) ee

aFull conversions were attained after 2 h (except for reactions using
substrates S6 and S7 that were run for 12 h; and for S9 that were
run for 18 h). ® Complete regioselectivity towards the nucleophilic
attack at carbon next to the aryl group was obtained. ¢ Reactions
carried out at 40 °C.

The scope of Pd/Léc was also studied with substrates S6—S8
that have different steric constrains, and are typically alkylated
with lower enantioselectivity than the benchmark substrate S1.2
Thus, comparable high enantioselectivities were still attained in
the alkylation of those more sterically demanding substrates
(compounds 61 and 62). Pd/Léc could also successfully adapt
its chiral pocket in the alkylation of the much less sterically
demanding substrate S8 (compounds 63 and 64), even using

ACS Catalysis

propargyl malonate as nucleophile for which high
enantioselectivity has only been obtained with a few Pd-
catalysts.

We further extended our work to a more challenging class of
linear disubstituted substrates, the unsymmetrical 1,3-
disubstituted ones. For this substrate class not only
regioselectivity has to be controlled, but also most of the
catalytic systems tend to proceed via kinetic resolution, which
limits the maximum yield to 50%.%? There are, however, few
successful examples in which the catalyst is able to epimerize
the Pd-allyl intermediates under reaction conditions and
therefore they are able to overcome the 50% maximum yield
limitation via a dynamic kinetic asymmetric transformation
(DYKAT).” Due to the relevance of chiral organofluorine
molecules we focused on the Pd-catalyzed allylic alkylation of
the CF;-group-substituted linear substrate S9 with several C-
nucleophiles (Table 2). For this substrate only one catalytic
system, the Pd/(S)-tol-BINAP, has been successfully applied
but it required a high catalyst loading (10 mol% Pd), a
temperature of 60 °C and used dioxane as solvent.23"
Interestingly, Pd/L6c catalytic system is able to promote a
DYKAT process of rac-S9 under mild reaction conditions (see
Supporting Information for details). Thus, excellent
regioselectivities and promising enantioselectivities (up to 80%
ee) were achieved with our Pd/Léc system using several C-
nucleophiles (Table 2, compounds 65-69). The results obtained
using propargyl malonate as nucleophile is of special interest
because the alkylated compound 69 can be used in the
preparation of molecules of more complexity such as a chiral
bicyclopentenone derivative by a Pauson-Khand reaction (vide
infra).

Based on the successful results described above for the cyclic
substrate S2, we expanded the substrate scope to other 5-, 6-
and 7-membered cyclic substrates (S2, S10 and S11) and with
nucleophiles other than the dimethyl malonate (Table 3). These
studies were carried out with ligand L1c¢ that had shown the best
enantioselectivities in the Pd-AAS of S2 (see Table 1 above).
For the Pd-AAA of S2, high yields and excellent
enantioselectivities (ee’s to >99%) were attained with many C-
nucleophiles (compounds 70-75), including the propargyl-
substituted malonate (compound 74) whose alkylation gave a
lower enantioselectivity with Pd/2. Excellent
enantioselectivities were also obtained for substrate S11 using
dimethyl and propargyl malonates (ee's up to >99%;
compounds 81-82). The good results were also expanded to the
more challenging five-membered cyclic substrate S10
(compounds 79-80). Note that the resulting propargylated
compounds 74, 80 and 82 are crucial intermediates for the
construction of more complex molecules such as chiral
carbobicycles by a subsequent simple 1,6-enyne cyclization
reaction (vide infra).

The allylic amination of cyclic substrates turned to be more
challenging than the amination of linear substrates described
above.2om3k24 The reactions with cyclic substrates are less
studied and in general provide low enantioselectivity.
Improving on Pd/2 catalysts, Pd/L1¢ were also found to be well
suited for the allylic amination of S2 (Table 3, compounds 76—
78), albeit the enantioselectivities where somewhat lower than
in the allylic alkylation. The results also showed that the
enantioselectivity is hardly influenced by the electronic
properties of the group at the para position of the phenyl group.
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Table 3. Pd-AAS of cyclic substrates S2, S10 and S11 with
different C- and N-nucleophiles with Pd/L1c.?

OAc [PACI(n3-C3Hs)], (0.5 mol%)
L1c (1.1 mol%) Nu
+  H-Nu
N CH,Cl (0.25 M), 23 °C
(rac) BSA (3 equiv); KOAc (3 mol%) h
S2, $10-S11
EtO. 0 CO,Me OzMe MeOZC cone
O % © © OO
70 (from S2) (from 82) 72 (from S2) 73 (from S2) 74 (from S2)
82% yield 89% yield 86% yield 79% yield 80% yield
99% (S) ee 98% (S) ee 99% (+) ee 95% (-) ee >99% (S) ee
(o] \/@ OMe CF3
H H H
Q\if ok ©“N£j ©“‘N£j
75 (from S2) 76" (from S2) 77° (from S2) 78" (from S2)
76% yield 95% yield 81% yield 90% yield
99% (-) ee 81% (S) ee 79% (S) ee 83% (S) ee
MeO.__0O MeO. -0 CO,Me
Me0,C CO2Me MeO,C 7 ~21E
:Efo : RN 4 wi_0 X2
@ OMe OMe
79 (from $10) 80 _(from S10) 81 (from S11) 82 (from S11)
81% yield 89% yield 87% yield 93% yield
91% (-) ee 93% (S) ee >99% (S) ee >99% (S) ee

2 Full conversions were attained after 2 h. ® Reactions performed
with cyclohex-2-en-1-yl ethyl carbonate as substrate and [PdCI(1?-
C;Hs)], (1 mol%) for 18 h.

Allylic alkylation of monosubstituted substrates S12—
S18. We tested whether the good catalytic performance
obtained in the allylic alkylation of 1,3-disubstituted substrates
could be retained for the monosubstituted ones. In these
substrates the catalyst must control not only the
enantioselectivity but also the regioselectivity and most Pd-
catalysts tend to produce the undesired achiral linear product.
For monosubstituted substrates, the discovery of Pd-catalyst
able to provide high regio- and enantioselectivities is still quite
an unsolved issue.?

Table 4 collects the results in the allylic alkylation of
benchmark monosubstituted subtrate S12 under the optimized
reaction conditions found with related Pd/2. Pd/L7¢ provided
the desired branched product in high regioselectivity (up to
90%) with an enantioselectivity (up to 98% ee) that was
somewhat higher than those obtained with the Pd/2 systems. It
was also found that the ligand structure hardly affected
regioselectivity but did affect enantioselectivity substantially.
More precisely, while the configuration/substituent at both the
oxazoline and the biaryl phosphite groups affected the
enantioselectivity like in the alkylation of disubstituted S1, the
influence of the type of substituent at the alkyl backbone chain
was different. Thus, Pd/L7c catalyst, which contains an
isopropyl group at the alkyl backbone chain, provided the
highest enantioselectivities (ee’s up to 98%; entry 11). Like for
S1, the sense of enantioselectivity was dictated by the
configuration of the oxazoline substituent (entries 4—6 vs 7-9)
while its value depended on the configurations at both the biaryl
phosphite group and at the oxazoline substituent (compare e.g.,
ligand L2¢, entry 6 and ligand L5b, entry 8). The control on the
ligand structure allowed us to reach both configurations of the
alkylated compound in enantioselectivities as high as 98% ee.

Table 4. Regio- and enantioselective Pd-AAA of
monosubstituted substrate S12.2
O CH(COOMe),
=

OAc *
. CHy(COOMe), / BSA‘ 83a
O s12 [PACI(m3-C3Hs5)], / L I +

O " CH(COOMe),
83b

% branched® % eed

Entry Ligand % Conv® (% yield)

1 Lla 100 (88) 80 64 ()
2 L1b 100 (89) 80 37(S)
3 Llc 100 (88) 75 88 (5)
4 L2a 100 (91) 75 64 ()
5 L2b 100 (89) 80 34.(S)
6 L2c¢ 100 (90) 75 91 (S)
7 L5a 100 (89) 80 45 (R)
8 L5b 100 (88) 85 87 (R)
9 L5c¢ 100 (91) 70 45 (R)
10 Léc 100 (90) 70 93 (S)
11 L7 100 (91) 90 98 (S)

2 1 mol% [Pd(n3-C3Hs)Cl],, 2.2 mol% ligand, benzene as solvent,
BSA/KOAc as base, 0 °C. b % Conversion measured after 1 h.
Isolated yield shown in parenthesis. ¢ Regioselectivity determined
by 'H NMR. 4 Enantiomeric excesses measured by chiral HPLC.

With the optimal ligand L7¢, we next studied the Pd-AAS of
other challenging monosubstituted substrates that have different
electronic and steric parameters, using dimethyl malonate as
nucleophile (Table 5). In previous studies with Pd/2, it has been
observed that the enantioselectivity and the regioselectivity to
the desired branched isomer were reduced when the 1-naphthyl
group was replaced by a phenyl (S13).7 This effect was also
observed with the Pd/1 catalyst. In addition, the decrease in
regioselectivity was more pronounced or reversed to the achiral
linear product 83b for substrates with electron-withdrawing
substitutents on the aryl group.®® This was overcome with
ligand Pd/L7¢. Thus, enantioselectivities and regioselectivities
(Table 5) were quite independent on the substitution pattern of
the substituent of the aryl group, and high enantioselectivities
(up to 96%) and regioselectivities up to 84% were obtained for
substrates 84a—89a with different electronic properties on the
aromatic ring. Finally, we studied the use of other nucleophiles.
Although the good performance in terms of regioselectivity was
not retained, promising high enantioselectivities were achieved
(compounds 90a—92a).
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Table 5. Pd-AAA of monosubstituted substrates S13—-S18

ACS Catalysis

with ligand L7¢.?
[PACI(n3-C3Hs)]; (0.5 mol%)
}Oiﬁ/ . Hen L7c (1.1 mol%) Nu PN
= —hu ‘. TR N
R ety Benzene (0.25 M) RTNF Y
BSA (3 equiv); KOAc (3 mol%) 81-89a 81-89b
$13-518 0°C.2h
o o o o
MOMB MeOMOMe MeOMOMe
L P
©/;a/from $13) 85a (from $14) 1o 86a (fron_'\ $15)
93% yield 91% yield 85% yield
83% regio 78% regio 82% regio
94% (S) ee 95% (S) ee 93% (S) ee
o o o o
MOM& OMOME MOMe
g g OO g
/©/;a/from §16) 88a (from $17) 89a (from $18)
92% yield 89% yield 87% yield
75% regio 81% regio 81% regio
92% (S) ee 96% (S) ee 96% (S) ee
CO,Me CO,Me CO,Me
\LCOZMe \/\LCEJZMe Wcogwe
= @/v
90a (from S13) ©/;;rom S13) 92a (from S13)
81% yield 79% yield 84% yuelld
60% regio 50% regio 55% regio
86% (R) ee 88% (R) ee 89% (R) ee

a Regioselectivities calculated by 'H NMR and enantiomeric
excesses determined by HPLC.

Origin of enantioselectivity

DFT computational studies. Previous mechanistic studies
with related Pd/phosphite-oxazoline 2 showed that the
nucleophilic attack, that is the step that determines
enantioselectivity, occurs by an early transition state (TS).”
Thus, the electrophilicity of the allylic carbon atoms governs
the stereochemistry of the reaction. In accordance with the
higher trans influence of the P, the allylic carbon trans to P is
more reactive than the allylic carbon frans to the oxazoline
group.26 With the aim of identifying what properties of ligands
L1-L7a—c are responsible for the catalytic performance, we
carried a DFT study of the early TSs involved in the
enantiocontrol of the hindered substrate S1 and the unhindered
substrate S2 with ligands L1b, Llc and Lé6c.?’” With these
ligands we studied the effect on enantioselectivity of varying
the configuration of the phosphite functionality (ligands L1b
and L1c) as well as the effect of having a chiral center in the
alkyl backbone chain (ligand L6c). To accelerate DFT
calculations, we used NH; as the nucleophile rather than
dimethyl malonate.?®? Moreover, and in agreement with that
already described in the literature, only the two syn-syn Pd-allyl
compounds were considered (TS,,4, and TS,,,), neglecting the
involvement of the anti-anti and syn-anti allylic species of
higher energy.>

Table 6 collects the calculated energies for the most stable
TSs, producing both enantiomers of the product (TS, and
TS(), with the three ligands (see Supporting Information for
the full set of calculated coordinates and energies of all TSs).
For both substrates, the calculated TSs energies agree with the
experimental results. They correctly identify the Pd/L1c and
Pd/Léc catalytic systems as more enantioselective than Pd/L1b.
Similarly, in the reaction of both substrates with ligands L1b
and Llc, the energy difference between the TSs with L1b is

lower than with Lle, which agrees with the higher
enantioselectivities obtained with L1e¢ (Table 1; for S1, 96% (S)
ee for L1c vs. 86% (S) ee for L1b and for S2, 99% (S) ee for
Llc vs. 78% (R) ee for L1b). With S2 the calculations also
properly predict the production of the reverse product
enantiomers with L1b and L1ec.

Table 6. Calculated energies for the most stable TSs with S1
and S2 and NH;.?

Structure L1b Llc Léc

o)

Pd-P

Ph—p &
Hiive SN 16.6° 21 142

Ph
TS(r)endo

o)

Ph PdP
_— 5.4b 0 0
HN  ~\—Ph

TS(s) exo

H3N " ’ °

TS(s)endo

(o

RdP

4e 15.6 13.6

TS(r) ex0

H3N

aRelative energies in kJ/mol. ® Energies relative to that of TSz, exo-
L1c. © Energies relative to that of TS endo-Llc.

Of all the TSs evaluated in reactions of S1 and S2 with
ligands L1b and L1e, Figure 4 shows the two most stable for
each substrate. The analysis of these structures allows us to
explain the impact of the configuration of the phosphite group
on enantioselectivity. Interestingly, for both catalytic systems
(Pd/L1b—c) with substrate S1 the endo TSs are destabilized
through a steric repulsion generated between one of the phenyl
substituents of S1 and the oxazoline substituent. This repulsion
is not observed for substrate S2. Accordingly, this unfavorable
interaction causes a larger dihedral angle » (C'-N-C2-C3) in exo
TSs than in endo TSs of S1. In the endo TSs of S1 this
unfavorable interaction shoves the oxazoline moiety away
which causes a lower dihedral angle. These destabilized
interactions justify that for both ligands the same configuration
of the resulting product was achieved.

In S1, it is also interesting to note that for Pd/L1c the exo
TS presents a CH/r interaction between one of the phenyl
rings of S1 and the biaryl phosphite group (see the non-covalent
interaction (NCI) plots in Figure 5(b)) that further stabilize this
TS. This increases the energy gap between the endo and exo
TSs and could explain the preference for one of the pathways
and, consequently, the higher enantiomeric excess achieved
with Pd/L1c compared with Pd/L1b. In the Pd/L1b catalyst,
there is also a CH/m interaction but in this case in the endo TS ).
Therefore the energy of the two TSs are more similar among
them than for the Pd/L1c¢ (see NCI plot in Figure 5(a)).
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TS endo (16.6 kJ/mol)
@ (C1N-C2-C3) = -104.19

TS5 ex0 (5.4 ki/mol)
@ (CL-N-C2-C3) = -127.9 °

(b)

TS, endo (21.0 ki/mol)
© (CL-N-C2-C?) =-106.4 °

TS ex0 (0.0 ki/mol)
@ (CL-N-C2-C?) = -131.2 °

TSs;endo (5.0 k)/mol)
® (C-N-C2-C¥)=-131.0°

TSz exo (4.0 ki/mol)
o (C-N-C?-C3) = -124.9°

Y

TS endo (0.0 kl/mol)
® [CL-N-C2-C%)=-130.7 °

TS exo (15.6 kl/mol)
 (C-N-C>-C%)=-129.8°

Figure 4. Most stable calculated TSs (TS, endo and TS s, exo) from S1 using ligands (a) L1b and (b) L1c; and from S2 using ligands (c)
L1b and (d) L1c. All hydrogens atoms are not shown for clarity. Relative free energies in solution and in kJ/mol respect to the corresponding

lowest energy transition state.

CH/r interaction
TSz endo

(b)

CH/x interaction

TSz endo TS5 exo

Figure 5. NCI plots of the most stable calculated TSs (TS ) endo
and TS exo) from S1 using ligands (a) L1b and (b) L1e. Strong
and attractive interactions are blue, weak interactions are green and
strong and repulsive interactions are red.

For substrate S2 the NCI plots of the two most stable TSs of
ligands L1b and Llc showed weak stabilizing attractive
interactions between the substrate and one of the aryls of
phosphite moiety (Figure 6). However, while with ligand L1b
with an R- phosphite group this favorable interaction is found
in the exo TS, leading to the R-product, with ligand Llc

(whose phosphite group has the opposite configuration) this is
found in endo TS s, responsible of the S-product. This explains
the formation of opposite enantiomers when using both ligands.
Moreover, these weak attractive interactions are larger in the
endo TS of ligand L1e¢ than in exo TS, of ligand L1b, which
agrees with the highest enantioselectivity obtained with ligand
Llec.

(a)

Weak attractive
interaction

TS endo (5 kJ/mol)

No interaction

TS g ex0 (4 kd/mol)

(b)

Weak attractive
interaction

interaction

TS5 endo (0 kd/mol)

TSir, ex0 (15.6 kJ/mol)

Figure 6. NCI plots of the most stable calculated TSs (TS endo
and TS exo) from S2 using ligands (a) L1b and (b) L1e. Strong
and attractive interactions are blue, weak interactions are green and
strong and repulsive interactions are red.
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In summary, the DFT calculations showed that while for
cyclic substrates the enantioselectivity is mostly controlled by
the biaryl phosphite groups, for linear substrates the oxazoline
substituent also has a crucial role.

Preparation and NMR study of Pd-allyl intermediates. DFT
calculations pointed out that enantiocontrol occurs during the
nucleophilic attack through an early transition state.
Consequently, the study of the Pd-allyl complexes and their
reactivity with the nucleophile will provide additional
information about the influence of the ligand components on
catalytic performance. For this purpose, we prepared the Pd-z-
1,3-diphenyl/cyclohexenyl based allyl compounds 93-96
[Pd(n3-allyl)(L)]BF, (L= L2¢ and Léc) (Scheme 2).3° Ligands
L2c and L6c were chosen to complete the study of the influence
on enantioselectivity of different groups in the alkyl backbone
chain.3!

AgBF,

[PdCI(m¥allyl), + 2L 2 [Pd(n-allyl)(L)]BF, + 2 AgCl

93 allyl = 1,3-Ph,-C3H3; L= L2¢
94 allyl = 1,3-Ph,-C3H3; L= L6c
95 allyl = cyclo-CgHg; L= L2¢
96 allyl = cyclo-CgHg; L= L6c

Scheme 2. Preparation of [Pd(n3-allyl)(L)]BF, complexes
93-96.

The variable temperature NMR study (30 °C to -80 °C) of Pd-
1,3-diphenyl allyl complexes 93 and 94 displayed a mixture of
two isomers in equilibrium at 3:1 and 10:1 ratios respectively
(Scheme 3). No changes in the signals have been observed
during these VT-experiments, which agree with a fast
equilibrium between both isomers even at low temperature. The
NOE shows interaction between the two terminal protons of the
allyl group which agrees with a syn/syn disposition for these

® ®
amn ad
Ph _ Ph
- N
N F’%m.g - P?//WH
95.9
TN
Nu F'h‘\—Nu'

Ph™108.1
93 exo 93 endo
Major (3) Minor (1)
l Kexo/Kendo = 8 \
CH(CO,Me), CH(CO,Me),
S, R A
© pr"pp ® o py

ACS Catalysis

isomers. The NOE interactions also confirmed an exo and endo
dispositions for the major and minor isomers, respectively
(NOE details can be found in the Supporting Information). The
carbon chemical shifts of compounds 93 and 94 showed that the
most electrophilic allylic terminal carbons are frans to the P in
the major exo isomers. Since the nucleophilic attack occurs at
the more electron deficient allylic carbon terminus and the fact
that the diastereomeric excesses of the intermediates vary from
the enantiomeric excesses found experimentally, the major
isomers should react faster than the minor ones. If we take into
account that the electronic differentiation between the more
electrophilic allylic terminus carbon atoms of both isomers 93
(A3(3C) = 12.4 ppm) is higher than for 94 (A3('3C) = 8 ppm),
then the major isomer of 93 should react faster than the major
isomer of 94. However, the reactivity, by in situ NMR, of
complexes 93 and 94 with sodium dimethyl malonate, at low
temperature, indicated that both isomers react with comparable
rates: the major isomer of 93 reacts 8 times faster than the minor
isomer while the relative reaction rate of 94 is of 7.5 times faster
than the minor isomer (see Figure S20 in the Supporting
Information). Since the speeds are similar, the higher
enantioselectivity with Pd/L6c is explained by the much higher
relative population of the faster reacting isomer in Pd/Léc
catalytic system than that of Pd/L2e¢. This indicates that the
ability of Pd/Léc to effectively control both the population and
the relative electrophilicity in the Pd-allyl intermediates is
crucial for achieving excellent enantiocontrol.

The VT-NMR study (30 °C to -80 °C) of the Pd-1,3-
cyclohexenyl allyl complex 95 displayed a mixture of two
isomers in fast equilibrium in a 15:1 ratio, while for
intermediate 96 only one isomer was detected (Scheme 4).

(\P TCD (\P T®
N—F"d Ph N—F Ph

v _J683 - Pd’j 68.4
> 98.8
Phrog N L
Ph AL

106.8
94 exo 94 endo
Major (10) Minor (1)
1 Kexo/Kendo = 7.5 \
CH(CO,Me), CH(CO,Me),
(S) N ~

R
Ph Ph ® o ™pp

Scheme 3. Diastereoisomeric Pd-allyl intermediates for S1 with ligands L2¢ (isomers 93) and L6c (isomers 94). The relative amounts
of each isomer are shown in parentheses. The chemical shifts (in ppm) of the allylic terminal carbons are also shown.
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Gl Gl

N—Pd, 685 68-5
102.8 104.4
Ny NN
95 exo 95 endo
Minor (1) Major (15)

ACH(CO,Me), CH(COzMe),
R) @ () @’

AN
Qm@ o 1:‘Nu'-

96 exo 96 endo
not detected

CH(CO,Me),
) @

Scheme 4. Diastereoisomeric Pd-allyl intermediates for S2 with ligands L2c¢ (isomers 95) and Lé6c (isomers 96). The relative amounts
of each isomer are shown in parentheses. The chemical shifts (in ppm) of the allylic terminal carbons are also shown.

The major isomers of intermediates 95 and 96 were
characterized by NOE as endo isomers (see Supporting
Information for NOE details). Again the most electrophilic
allylic carbon is trans to the P. Since for intermediate 95, the
electrophilicity of the allylic carbon trans to the P is very similar
in endo and exo isomers (A3('3C) =~ 1.6 ppm), both isomers
should react at a similar rate. Therefore, we can conclude that
changing the substituent in the alkyl backbone chain modify the
percentage of the species that let to both enantiomers. The
enantioselectivity is therefore mostly governed by the relative
ratio of the endo and exo isomers. The higher enantioselectivity
provided by Pd/L6c can be due that only the endo isomer is
detected.

Synthetic applications of the allylic alkylated
compounds. Construction of chiral carbobicycles. In this
section we show a further application of the propargylated
compounds 28, 69, 74, 80, 82 and 92, prepared in previous
section by Pd-AAS, to produce a range of chiral carbobicycles
(97-104) with multiple stereocentres. These carbobicycles have
been synthesized by simple sequential reactions involving the
Pd-AAS and either 1,6-enyne cyclization (Scheme 5) or a
Pauson—Khand enyne cyclization (Scheme 6).

The first studied derivatization was a 1,6-enyne cyclization
of the propargylated derivatives 74, 80 and 82, with different
cycloalkane ring sizes (Scheme 5). By changing the catalyst
source we were able to prepare two types of carbobicycles:
PtCl/MeOH lead to bicycles with insertion of methanol into the
double bond (Scheme 5a),*? and RuCl;/MeOH gave unsaturated
bicycles maintaining the endocyclic double bond (Scheme
5b)33. With these strategies, the alkylated derivatives 74, 80 and
82, undergo the cyclization with no loss of enantioselectivity,
providing carbobicycles 97-101 in good yields, except for the
most sterically constrained compound 97, and excellent-to-high
enantioselectivities (Scheme 5).

MeO,C~ =

l Pd/L1c MeO,C
®< OMe
n Overall
a

n__ yield % ee

97 0 9% 99 (R,S,S)
1 60% 93 (R,S,S)
2 46% >99(RS,S)

b
“c, > MeO,C~, =

E;n Overall

_n_ _yield % ee
100 1 61% >99 (R,S)
101 2 70% >99 (R,S)

Scheme 5. Preparation of chiral carbobicycles compounds 97—
101.

The second derivatization consisted of a Pauson-Khand
reaction of three linear alkylated derivatives 28, 69 and 92,
which differ in the substituents of the allylic substrate (Scheme
6). In the three cases the corresponding bicyclopentenones 102—
104 were attained in good yields and maintaining the ee’s
achieved in the Pd-AAS. This derivatization was not affected
by the substituents of the substrate (102—104).

1) [PACI(n3-C3H3)], / L

MeO,C MeO,C
Qhe MO0~ N\ o 0
PhMR MeO,C™ "~/

2) Coy(CO)g el A R

Overall
R L yield % ee
102 Ph  L6c 62% 99 (R,R,S)
103 CF; Léc 39% 73 (RRR)
104 H L7c¢ 41% 89 (R,S)

Scheme 6. Preparation of chiral bicyclopentenone compounds
102-104.

CONCLUSIONS

We report a new generation of air stable and readily available
Pd/phosphite-oxazoline complexes for the Pd-AAS of several
linear substrates (including unsymmetrical di- and
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monosubstituted) and cyclic substrates with different electronic
and steric properties, with many C-, N- and O- nucleophiles. A
total of 73 combinations of substrate-nucleophile have been
studied. These catalysts derive from the successful Pd/2
catalysts by replacing the ortho-phenylene tether by an alkyl
backbone chain. With this simple modification, we have
increased the number of ligand components than can be
modified to increase activities and enantioselectivities for a
major number of substrates and nucleophiles. We have been
able to identify three ligands with high enantioselectivities for
a broad range of linear disubstituted substrates (ligand L6c) and
monosubstituted substrates (ligand L7¢) and cyclic substrates
(ligand L1¢), with many nucleophiles (73 compounds in total).
The three ligands have in common a chiral biaryl phosphite
moiety with an S-configuration, the same substituent and
configuration at the oxazoline moiety but differ on the alkyl
backbone chain substituent; whereas L6c has a methyl, L7¢ has
isopropyl and L1c has two methyl groups. In comparison with
Pd/2 the new Pd-catalysts provided better activities for a
broader substrate and nucleophile scope.

Mechanistic studies based on DFT calculations and NMR
spectroscopy let us find the species responsible for the catalytic
performance and the impact of the ligand components on the
origin of enantioselectivity. Thus, these studies confirm that the
ratio of the Pd-allyl intermediates that provide both enantiomers
is influenced by the ligand parameters. The enantioselectivity is
therefore mostly governed by the relative ratio of the endo and
exo isomers. However, while the ratios of endo and exo isomers
for cyclic substrates is mainly controlled by the configuration
of the phosphite moiety and the substituent in the alkyl
backbone chain, for linear substrates the oxazoline substituent
also has a crucial role.

Finally, to evaluate the potential impact of this new
generation of Pd-catalysts in synthesis, some alkylated products
have been applied in subsequent sequential derivatizations,
such as Pauson-Khand or 1,6-enyne cyclizations, to produce a
range of chiral carbobicycles with multiple stereocentres with
excellent transmission of the enantioselectivity.

EXPERIMENTAL SECTION

General considerations. All reactions were performed
with standard Schlenk techniques using argon. Commercial
chemicals were used as received. Solvents were dried by means
of standard procedures and stored under inert atmosphere. 'H,
BC{H} and 3'P{'H} NMR spectra were recorded using a
Varian Mercury-400 MHz spectrometer. Chemical shifts are
relative to that of SiMe, (‘H and 3C{'H}) or H;PO, (*'P{'H})
as internal standard. Racemic substrates S1-S123* and S13-
S18%, compounds 4,° 8-13711 and 14-197:11,
phosphorochloridites*® and ligands L1a% and L2-L7a—c” were
synthesized following already reported procedures.

Computational details. The geometries of all
intermediates were optimized using the Gaussian 09 program,®’
employing the B3LYP-D33 density functional and the
LANL2DZ? basis set for palladium and the 6-31G* basis set
for all other elements.*® Solvation correction was applied in the
course of the optimizations using the PCM model with the
default parameters for dichloromethane.*! The complexes were
treated with charge +1 and in the singlet state. No symmetry
constraints were applied. The energies were further refined by
performing single point calculations using the above-mentioned
parameters, with the exception that the 6-311+G**4? basis set
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was used for all elements except palladium for which SDD basis
set was employed. All energies reported are Gibbs free energies
at 298.15 K and calculated as Greporiea = Ge.316+ + (E6-31146++ - Ee.
310*)'

We used the NCI method® to study the non-covalent
interactions. The method, which is based on electron density
and its gradient, is able of mapping real-space regions where
NCI are relevant. The resulting NCI plots information is mainly
qualitative. To perform these calculations, we used promolecular
approximation using xyz files.

Typical methodology for the preparation of phosphite-
oxazoline ligands. A solution of the desired alcohol-oxazoline
(1.0 mmol) and pyridine (0.16 mL, 2.0 mmol) in toluene (6 mL)
was added dropwise at -78 °C to a solution of phosphochloridite
(1.1 mmol) and pyridine (0.16 mL, 2.0 mmol) in toluene (6
mL). The mixture was left to warm to room temperature and
stirred overnight at this temperature. The precipitate formed
was filtered under argon and the solvent was evaporated under
vacuum. The residue was purified by flash chromatography
(under argon, using neutral alumina and dry toluene as eluent
system) to afford the corresponding phosphite-oxazoline L1—
L7a—c as white solids.

L1b: Yield: 398.3 mg (60%); 3'P NMR (161.9 MHz, C¢Dy):
8=153.9(s); '"HNMR (400 MHz, C4Dg): 6 = 0.52 (s, 9H, CH,,
SiMe3), 0.57 (s, 9H, CHs, SiMe;), 1.57 (s, 3H, CH3), 1.74 (s,
3H, CH3), 3.76 (pt, 1H, CH-O, Jy.y= 8.4 Hz), 4.07 (dd, 1H, CH-
0, 2Jy.y= 10.0 Hz; 3Jy.4= 8.4 Hz), 4.92 (dd, 1H, CH-N, 2Jy=
10.0 Hz, 3Jy.y= 8.4 Hz ), 6.82 (m, 2H, CH=), 6.96-7.13 (m, 7H,
CH=), 7.26 (d, 1H, CH=, 3J;,.;= 8.4 Hz), 7.27 (d, 1H, CH=, 3Jy;.
w= 8.4 Hz), 7.66 (m, 2H, CH=), 8.09 (s, 1H, CH=), 8.15 (s, 1H,
CH=). BC (100.6 MHz, C¢Dy): 8 = -0.3 (d, CH;, SiMes, Jcp=
4.5 Hz), 0.4 (CHj;, SiMes), 28.2 (d, CHj, *Jcp= 3.8 Hz), 28.7 (d,
CHs, 3Jcp= 7.7 Hz), 69.8 (CH-N), 74.9 (CH,-0), 76.2 (d, C,
CMe,, 3Jcp= 5.3 Hz), 122.6-152.4 (aromatic carbons), 169.1
(C=N). TOF-MS (ESI+): m/z = 686.2285, calcd. for
C33H4NNaO,4PSi, [M+Na]*: 686.2282.

Lilc: Yield: 331.9 mg (50%); 3'P NMR (161.9 MHz, C4Dy):
8 =153.6 (s); '"HNMR (400 MHz, C4D): 6 =0.53 (s, 9H, CH;,
SiMe;), 0.59 (s, 9H, CHs;, SiMe;), 1.62 (s, 3H, CH;), 1.77 (s,
3H, CHj), 3.55 (pt, 1H, CH-O, Jyy = 8.0 Hz), 4.06 (dd, 1H,
CH-O, 2Jy=10.8 Hz, 3Jy.= 8.8 Hz), 4.92 (dd, 1H, CH-N, 2J,;.
= 10.0 Hz, 3Jy4= 8.0 Hz), 6.81 (m, 2H, CH=), 6.95-7.11 (m,
7H, CH=), 7.26 (m, 2H, CH=), 7.67 (m, 2H, CH=), 8.11 (s, 1H,
CH=), 8.15 (s, 1H, CH=). 3C (100.6 MHz, C4Dy): 6 = -0.3 (d,
CHs, SiMe;, Jep= 4.6 Hz), 0.4 (CH;, SiMe;), 28.0 (d, CH;, 3Jc.
= 3.9 Hz), 28.7 (d, CH;, 3Jcp= 6.9 Hz), 69.5 (CH-N), 74.8
(CH,-0), 759 (d, C, CMe,, *Jcp= 5.3 Hz), 122.5-152.4
(aromatic carbons), 169.0 (C=N). TOF-MS (ESI+): m/z =
686.2280, calcd. for C;3H4,NNaO,PSi, [M+Na]": 686.2282.

General methodology for the preparation of [Pd(n?-
allyl)(P-N)|BF, complexes 93-96. Compound [Pd(pu-Cl)(n*-
1,3-allyl)], (0.025 mmol) and the corresponding ligand (0.05
mmol) were dissolved in CD,Cl, (1.5 mL) at room temperature
under argon. After 30 minutes, AgBF, (9.8 mg, 0.05 mmol) was
added and the mixture was stirred for 30 minutes. Silver salts
were then removed by filtration over celite under argon and the
resulting solutions were analyzed by NMR. After the NMR
analysis, the [Pd(n3-allyl)(P-N)]BF; complexes were
precipitated by adding hexane as pale yellow solids.

[Pd(n?-1,3-diphenylallyl)(L2¢)|BF,; (93): Major isomer
(75%): 3'P NMR (161.9 MHz, CD,Cl,): 6= 139.5 (s). '"H NMR
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(400 MHz, CD,Cl,): 6= 0.30 (s, 9H, CH;, SiMe;), 0.54 (s, 9H,
CH;, SiMe3), 4.38 (m, 1H, CH,), 4.47 (m, 1H, CH= trans to N),
5.01 (m, 2H, CH,, CH-N), 5.96 (m, 1H, CH=), 6.15 (m, 2H,
CH-O, CH= trans to P), 7.10-8.21 (m, 30H, CH=). 3C (100.6
MHz, CD,Cl,): 6= -0.1 (CHj;, SiMes), 0.6 (CHs, SiMe;), 67.7
(CH-N), 67.9 (d, CH=trans to N, Jcp= 10.7 Hz), 76.3 (CH-OP),
78.0 (CH,), 108.1 (d, CH= trans to P, Jop=29.8 Hz), 112.6 (d,
CH=, Jep= 9.9 Hz), 120.0-150.0 (aromatic carbons), 169.5
(C=N). Minor isomer (25%): 3'P NMR (161.9 MHz, CD,Cl,):
&= 140.2 (s). 'HNMR (400 MHz, CD,Cl,): 6= 0.20 (s, 9H, CH;,
SiMey), 0.39 (s, 9H, CH;s, SiMe3), 4.35 (m, 1H, CH,), 4.74 (m,
1H, CH-N), 5.01 (m, 1H, CH,), 5.23 (m, 1H, CH= trans to N),
5.27 (m, 1H, CH= trans to P), 5.60 (m, 1H, CH=), 6.15 (m, 1H,
CH-OP), 7.1-8.2 (m, 25H, CH=). 3C (100.6 MHz, CD,Cl,): 6=
-0.5 (CH;, SiMe3), -0.2 (CHj;, SiMe;), 68.9 (CH-N), 74.1 (d,
CH= trans toN, Jcp=10.7 Hz), 75.9 (CH-OP), 77.6 (CH,;), 95.9
(d, CH= trans to P, Jcp= 42 Hz), 109.2 (d, CH=, Jcp= 13.0
Hz), 120.0-150.0 (aromatic carbons), 170.2 (C=N).

[Pd(n3-1,3-diphenylallyl)(L6c)|BF, (94): Major isomer
(91%): 3'P NMR (161.9 MHz, CD,Cl,): 8= 140.3 (s). '"H NMR
(400 MHz, CD,Cl,): 6= 0.46 (s, 9H, CH;, SiMe3), 0.74 (s, 9H,
CHs, SiMe;), 1.96 (d, 3H, CH;, *Jy.y= 6.8 Hz), 4.33 (dd, 1H,
CH,, 2Jyy= 8.8 Hz, 3Jy.y= 4.8 Hz), 4.51 (m, 1H, CH= trans to
N), 4.88 (m, 1H, CH-N), 5.00 (m, 1H, CH,), 5.12 (m, 1H, CH-
OP), 6.02 (m, 2H, CH.=, CH= trans to P), 6.3-8.4 (m, 25H,
CH=). BC (100.6 MHz, CD,Cl,): 8= -0.1 (CH3, SiMe3), 0.8
(CH;, SiMe3), 22.6 (b, CH3), 67.3 (CH-N), 68.3 (d, CH= trans
to N, Jep= 9.9 Hz), 71.5 (CH-OP), 78.2 (CH,), 106.8 (d, CH=
trans to P, Jop=30.4 Hz), 112.2 (d, CH=, Jep= 9.8 Hz), 121.0-
150.0 (aromatic carbons), 172.1 (C=N). Minor isomer (9%): 3'P
NMR (161.9 MHz, CD,Cl,): 8= 142.9 (s). 'H NMR (400 MHz,
CD,Cl,): 8= 0.41 (s, 9H, CH3;, SiMe3), 0.62 (s, 9H, CH;, SiMe;),
1.75 (d, 3H, CH;3, *Jy= 6.8 Hz), 4.39 (dd, 1H, CH,, 2Jy.p= 8.8
Hz, 3Jy.u= 4.4 Hz), 4.53 (m, 1H, CH= trans to N), 4.71 (m, 1H,
CH,), 4.88 (m, 1H, CH-N), 5.12 (m, 1H, CH-OP), 5.98 (m, 1H,
CH= trans to P), 6.09 (m, 1H, CH=), 6.3-8.4 (m, 25H, CH=).
BC (100.6 MHz, CD,Cly): = 0.1 (CH;, SiMe;), 0.3 (CH,,
SiMe3), 22.4 (b, CH3), 68.1 (CH-N), 68.4 (d, CH= trans to N,
Jer=9.2 Hz), 70.9 (CH-OP), 78.0 (CH,), 98.8 (d, CH= trans to
P, Jop= 32.4 Hz), 112.7 (d, CH=, Jcp= 9.2 Hz), 121.0-150.0
(aromatic carbons), 172.3 (C=N).

[Pd(n?-1,3-cyclohexenyl)(L2¢)|BF, (95): Major isomer
(95%): 3'P NMR (161.9 MHz, CD,Cl,): = 143.3 (s). '"H NMR
(400 MHz, CD,Cl,): 6= 0.03 (s, 9H, CHj;, SiMe3), 0.10 (m, 1H,
CH,), 0.61 (s, 9H, CH3, SiMe3), 0.81 (m, 1H, CH,), 1.0-1.3 (m,
4H, CH,), 4.05 (b, 1H, CH= trans to N), 4.53 (m, 1H, CH,),
5.18 (m, 1H, CH,), 5.33 (m, 1H, CH=), 5.95 (m, 1H, CH-N),
6.09 (m, 1H, CH= trans to P) 6.36 (d, 1H, CH-OP, Jcp= 26.0
Hz),7.10 (d, 1H, CH=, 3Jy.y= 8.8 Hz) , 7.11-7.30 (m, 2H, CH=),
7.42-7.60 (m, 14H, CH=), 8.02 (d, 2H, CH=, 3Jy.4= 8.4 Hz),
8.24 (s, 1H, CH=). 13C (100.6 MHz, CD,Cl,): 6= -0.4 (CH,,
SiMes), 0.0 (CHj3, SiMes), 19.9 (CH,), 27.0 (b, CH,), 68.5 (d,
CH= trans to N, Jcp= 9.1 Hz), 74.5 (CH-OP), 76.4 (CH-N),
78.2 (CH,), 104.4 (d, CH= trans to P, Jop=39.5 Hz), 111.6 (d,
CHc=, Jeop= 10.7 Hz), 122.7-151.0 (aromatic carbons), 169.4
(C=N). Minor isomer (5%): 3'P NMR (161.9 MHz, CD,Cl,): 3=
139.5 (s). 'H NMR (400 MHz, CD,Cl,): 6= 0.08 (s, 9H, CH;,
SiMes), 0.10 (m, 1H, CH,), 0.61 (s, 9H, CH3, SiMe3), 0.81 (m,
1H, CH,), 1.0-1.3 (m, 4H, CH,), 3.94 (b, 1H, CH= trans to N),
4.53 (m, 1H, CH,), 5.21 (m, 2H, CH, CH.=), 5.95 (m, 2H, CH=
trans to P, CH-N), 6.34 (d, 1H, CH-OP, Jcp=21.0 Hz), 7.0-8.2
(m, 20H, CH=).

[Pd(n?-1,3-cyclohexenyl)(L6¢)|BF, (96): 3'P NMR (161.9
MHz, CD,Cl,): &= 143.7 (s). '"H NMR (400 MHz, CD,Cl,): 6=
0.11 (m, 1H, CH,), 0.47 (s, 9H, CH3, SiMe3), 0.54 (s, 9H, CHs,
SiMe;), 0.68 (m, 1H, CH,), 1.0-1.3 (m, 4H, CH,), 1.89 (d, 1H,
CHs, 3Jy.u= 6.8 Hz), 4.04 (b, 1H, CH= trans to N), 4.51 (dd,
lH, CHz, ZJH_H: 9.2 HZ, 3JH—H: 8 HZ), 5.15 (dd, 1H, CHz, ZJH_H:
9.2 Hz, 3Jy.y= 10.8 Hz), 5.33 (m, 1H, CHc=), 5.36 (q, 1H, CH,
3Jun= 6.8 Hz), 5.71 (dd, 1H, CH-N, 3J;.;= 8.0 Hz, 3Jy.4= 10.8
Hz), 5.95 (m, 1H, CH= trans to P), 6.99 (d, 1H, CH=, 3Jy.4= 8.8
Hz),7.12 (d, 1H, CH=, 3J.y= 8.8 Hz), 7.28 (m, 2H, CH=), 7.41-
7.50 (m, 7H, CH=), 8.02 (t, 1H, CH=, *Jy.4= 8.8 Hz), 8.23 (d,
1H, CH=, 3Jy= 7.2 Hz). 3C (100.6 MHz, CD,Cl,): &= -0.1
(CH3;, SiMes), 0.0 (CH3, SiMes), 19.5 (CH,), 22.9 (d, CH;, Je.
= 4.5 Hz), 27.1 (b, CH,), 67.9 (d, CH= trans to N, Jcp= 9.2
Hz), 71.6 (CH-OP), 74.3 (CH-N), 78.2 (CH,), 104.0 (d, CH=
trans to P, Jop=40 Hz), 111.7 (d, CHc=, Jop= 10.7 Hz), 121.0-
151.0 (aromatic carbons), 171.8 (C=N).

Typical methodology for the allylic alkylation of linear
(S1, S3-S9, S12-S18) and cyclic (S2, S10 and S11)
substrates. A solution of the desired phosphite-oxazoline
ligand (0.011 mmol) and [PdCl(n3-C;Hs)], (1.8 mg, 0.005
mmol) in CH,Cl, (0.5 mL) was stirred. After 30 min a solution
of substrate (1 mmol) in CH,Cl, (1.5 mL), nucleophile (3
mmol), N,O-bis(trimethylsilyl)-acetamide (730 pL, 3 mmol)
and KOAc (3 mg, 0.03 mmol) were subsequently added. After
the desired reaction time the reaction mixture was diluted with
Et,O (5 mL). Saturated NH4CI (aq) (25 mL) was then added
and the mixture was extracted with Et,0 (3 x 10 mL) and the
extract dried over MgSO,. For compounds 20, 22-35, 55-61,
64-69, 72-73 and 82-92, the solvent was evaporated,
conversions were measured by 'H NMR and ees were
calculated by HPLC. For compounds 21, 63, 7071, 74-75 and
80-81, conversion and ees were determined by GC.% For
compounds 62 and 79, conversion was measured by 'H NMR
and ees were determined by 'H NMR using [Eu(hfc);]. See
Supporting Information for characterization and enantiomeric
excess determination details.

Typical methodology for the allylic amination of S1
and S2. A solution of the desired phosphite-oxazoline ligand
(0.011 mmol) and [PdCI(n*-C;H5)], (1.8 mg, 0.005 mmol) in
CH,Cl, (0.5 mL) was stirred. After 30 min, a solution of
substrate (1 mmol) in CH,Cl, (1.5 mL) and the corresponding
amine (3 mmol) were subsequently added. After the desired
reaction time the reaction mixture was diluted with Et,O (5
mL). Saturated NH,Cl (aq) (25 mL) was then added and the
mixture was extracted with Et,0 (3 x 10 mL) and the extract
dried over MgSO,. Conversions were determined by 'H NMR.
HPLC was employed to calculate enantiomeric excesses of
compounds 36—47 and 76-78. See Supporting Information for
characterization and enantiomeric excess determination details.

Typical methodology for the allylic etherification and
silylation of S1. A solution of the desired phosphite-oxazoline
ligand (0.011 mmol) and [PdCl(n3-C;Hs)], (1.8 mg, 0.005
mmol) in CH,Cl, (0.5 mL) was stirred. After 30 min, a solution
of S1 (31.5 mg, 0.125 mmol) in CH,CI, (1.5 mL) was added.
After 10 min, Cs,CO; (122 mg, 0.375 mmol) and the
corresponding alkyl alcohol or silanol (0.375 mmol) were
added. . After the desired reaction time, the reaction mixture
was diluted with Et,0O (5 mL). Saturated NH,Cl (aq) (25 mL)
was then added and the mixture was extracted with Et,0 (3 x
10 mL) and the extract dried over MgSO,. Conversions were
determined by '"H NMR. HPLC was employed to calculate
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enantiomeric excesses of substrates 48—54. See Supporting
Information for characterization and enantiomeric excess
determination details.

Typical methodology for the preparation of
carbobicycles 97-101. A mixture of the enyne (I mmol) and
PdCl, or RuCl; (0.05 mmol) in MeOH (5 mL) was heated at
reflux for 24 h. Then, the solution was cooled down, the solvent
was removed in vacuo and the residue was purified by column
chromatography (hexane: EtOAc mixtures) to give the desired
carbobicycle. See Supporting Information for characterization
and enantiomeric excess determination details.

Typical methodology for the preparation of
bicyclopentenones 102—104. Under an atmosphere of argon
a solution of the enyne (1.0 mmol.) and Co,(CO);g (359 mg, 1.05
mmol) in dry CH,Cl, (0.06 M) was stirred at room temperature
until TLC monitoring indicated full conversion. Then
MesNO-2H,0 (3—10 mmol) was added in one portion. Stirring
was continued until TLC monitoring showed complete
consumption of the cobalt-alkyne complex. The solvent was
then evaporated under reduced pressure, and the residue was
purified by column chromatography (petroleum ether/ethyl
acetate) to give the desired bicyclopentenone. See Supporting
Information for characterization and enantiomeric excess
determination details.
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