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Abstract. We have developed the first catalytic asymmetric
preparation of sterically hindered tertiary a-aryl oxindoles via
enantioselective palladium-catalyzed decarboxylative
protonation of the corresponding a-aryl-f-amido allyl esters.
The reaction occurs under very mild conditions and in short
reaction times, providing excellent yields and promising
enantioselectivities (ee’s up to 78%). We have also performed
an experimental

enantioselectivity-determining step.
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investigation of the reaction mechanism and employed
theoretical calculations to understand the nature of the

catalytic asymmetric synthesis of quaternary a-aryl
carbonyl stereocenters, the synthesis of the
corresponding tertiary o-aryl carbonyl containing
compounds remains a challenge due to the ease at

Introduction

The enantioselective formation of a C-C bond between

an aryl group and a carbon a- to a carbonyl group is
one of the most challenging problems in organic
chemistry.! The asymmetric synthesis of a-aryl
carbonyl-containing molecules has attracted much
attention over the last decade, due to the presence of
this structural motif in a wide range of naturally
occurring and biologically active compounds.®?
Oxindoles are endogenous aromatic organic
compounds that are found in the tissues and body
fluids of mammals. The oxindole skeleton is also
present in many natural products which exhibit anti-
viral, anti-bacterial and anti-carcinogenic properties.!
The first approach to the asymmetric synthesis of
oxindoles was reported by Hartwig (Scheme 1a) in
2001. They reported the preparation of 3,3-
disubstituted oxindoles using a Pd-catalyzed
intramolecular cyclization with excellent conversions
and promising enantioselectivities (ee's up to 71%).1!
However, such an approach was not suitable when the
substrate had an oxindole core and only quaternary o-
aryl oxindoles were prepared. In contrast to the

which such compounds racemize. As an alternative to
the cyclization method, direct metal-catalyzed o-
arylation of carbonyl compounds emerged for a wide
range of nucleophiles such as enolates of ketones,
esters, nitriles and amides.!

a) Hartwig, 2001
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Scheme 1. Previous methodologies for the preparation of o-
aryl oxindoles.
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The first metal-catalyzed a-arylation of oxindoles
was reported by Willis’® and Buchwald’s! groups
independently in 2008 (Scheme 1b). They applied Pd-
phosphine complexes to catalyze the o-arylation of
oxindoles with several aryl halides with good to
excellent yields. The application of strong bases (such
as NaO'Bu or KHMDS) is necessary to deprotonate the
amidic a-proton in these approaches to the a-arylation

of oxindoles. However, due to such strong basic media,

the asymmetric a-arylation of oxindoles has not been
reported yet because the ease of racemization of the
tertiary stereocentre.

An alternative path to the catalytic asymmetric a-
arylation of carbonyls without using strong bases is to
perform a Pd-catalyzed decarboxylative protonation of
a-aryl-p-keto allyl esters (Scheme 2). With this idea,
Guiry has reported the preparation of chiral o-aryl
ketones and isoflavanones via Pd-catalyzed
decarboxylative protonation in excellent yields and
enantioselectivities with the (S)-CFs-'BuPHOX ligand
1 (Scheme 2a).[®! This methodology was based on the
pioneering work of Stoltz who used Pd-
decarboxylative protonation of allyl B-ketoesters to
prepare a-alkyl cyclic ketones using the 'BUuPHOX
ligand 2.1 A relevant finding of Guiry's group was that
the electron deficient phosphine-oxazoline ligand (S)-
CF:-'BuPHOX 1 provided much  higher
enantioselectivities than the '‘BUPHOX ligand 2. The
Guiry group has also extensively studied the
preparation of sterically hindered a-allyl-a-aryl
carbonyl-containing compounds possessing all-carbon
quaternary  stereocenters,’® including oxindoles
which required the preparation of a series of a-aryl-3-
amido esters S1-S11.1% With these substrates at hand,
containing aryl substituents with different electronic
and steric properties, we now wish to report the first
catalytic asymmetric synthesis of chiral tertiary a-aryl
oxindoles by  Pd-catalyzed  decarboxylative
protonation (Scheme 2b).

Because the use of electron deficient ligands was
seen to facilitate the asymmetric Pd-catalyzed
decarboxylative protonation of a-aryl-B-keto allyl
esters (Scheme 2a),® we focused on electron deficient
P,N ligands and applied several w-acceptor phosphite-
N ligand families (Figure 1) that Diéguez's group had
developed previously. They found that in some
asymmetric catalytic transformations the biaryl -

acceptor phosphite groups in the ligands have a
positive effect on activity and widen substrate
versatility.’2 The higher flexibility of a biaryl
phosphite compared with a phosphine moiety allows
these P-N ligands to accommodate a wider range of
substrates, thereby yielding excellent
enantioselectivities for a broad range of substrates and
catalytic reactions.*? In the present study we applied
three phosphite-N ligand families in the Pd-catalyzed
decarboxylative protonation of a-aryl-B-amido esters
(Figure 1).*® These phosphite-oxazoline ligands are
based on three main ligand structures. The first one is
based on the phosphine-oxazoline PHOX ligands 2, in
which the phosphine moiety has been replaced by
biaryl phosphite groups (ligands L1-L4).1%% |n the
second one the flat ortho-phenylene tether in L1-L4
has been replaced by an alkyl chain bonded to carbon
4 of the oxazoline moiety (ligands L5-L8).:3¢9 |n the
third one the oxazoline group has been replaced by a
more robust pyridine group (ligands L9-L16).0t1
Several configuration/substituents on the biaryl
phosphite moiety have also been studied (a-e). Finally,
we have also performed an experimental investigation
of the reaction mechanism and used theoretical studies
primarily to understand the nature of the
enantioselectivity-determining step.
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Figure 1. Phosphite-nitrogen ligand families.
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Scheme 2. Enantioselective synthesis of chiral a-aryl isoflavanones (Scheme 2a) and oxindoles (Scheme 2b) employing Pd-

catalyzed decarboxylative protonation.



Results and Discussion

Catalytic reactions

In a first set of experiments we used allyl 1-methyl-2-
ox0-3-(2’,4’,6’-trimethoxyphenyl)indoli-ne-3-
carboxylate S1 as a model substrate using previously
developed reaction conditions (Table 1).F¥] Reactions
were therefore performed at room temperature, using
5 mol% of in-situ generated catalyst from
Pdz(dba)s-CHCI; and the corresponding ligand in the
presence of Meldrum’s acid, Table 1. In this protocol
catalysts need to be preactivated during 30 min at
40 °C. All catalytic systems were found to give full
conversion in less than 2 hours. Disappointingly, the
use of the electron deficient phosphine-oxazoline
ligand 1 afforded low enantioselectivity (37% ee,
Table 1, entry 1).141 The use of related phosphite-
oxazoline ligands L1-L4a, in which the phosphine
moiety in ligand 1 has been replaced by a biaryl
phosphite group, provided even lower
enantioselectivities (ee's up to 3%, Table 1, entries 2-
5). The use of ligands L5-L8a provided also lower
enantioselectivities than those achieved with ligand 1
(Table 1, entries 6-9). In these cases we found that
enantioselectivity is affected by the substituent at the
alkyl backbone chain. Thus, the best enantioselectivity
(18% ee, entry 9) was achieved with ligand L8a which
contains phenyl substituents on the alkyl backbone.
Similar levels of enantioselectivity were achieved
using more robust phosphite-pyridine ligands L9-
L16a (entry 12, 20% ee). By varying the substituent of
the ligand backbone (R* and R®) with ligands L9-L16a
we found that the best enantioselectivity was obtained
with L9a (entry 12), which contain a hydrogen in R*
and a Me in R®.

To improve the enantioselectivities further we used
ligands L8-L9a-e to study the effect of the biaryl
phosphite moiety. The results indicated that
enantioselectivity could be increased with the
adequate configuration and substituent at the biaryl
phosphite moiety (ligand L9c, up to 49% ee, entry 14).
Thus, ligands L8-L9c (entries 11 and 14) with an (S)-
biaryl phosphite  group  provided  higher
enantioselectivities than ligands L8-L9b containing an
(R)-biaryl group (entries 10 and 13). On the other hand,
enantioselectivities are very sensitive to variations in
the substituents of the biaryl and therefore sensitive to
the dihedral angle of the biaryl phosphite group.
Accordingly, the use of ligands L9d-e (entries 15 and
16), which also contains (S)-biaryl phosphite groups,
provided lower enantioselectivities than ligand L9c.

Optimization of the reaction conditions. We next
optimized the reaction conditions for ligand L9c that
had provided the best results, Table 2. The screening
of seven  solvents  (toluene,  chloroform,
dichloromethane,  1,4-dioxane, tetrahydrofuran,
diethyl ether and methyl tert-butyl ether (MTBE))
showed that enantioselectivities were higher when

ethereal solvents were used (Table 2, entries 1, 4-7 vs
2-3). Of the solvents tested, MTBE had the most
positive effect on enantioselectivity (ee’s increased to
70%; Table 2, entry 7), albeit with isolated yields up
to 64%. This lower yield with MTBE was attributed to
the difficulty of a quantitative transfer of the substrate
solution to the catalyst mixture due to the low
solubility of the substrate in MTBE. To improve yields,
both Meldrum’s acid and substrate were added as
solids to the preactivated solution of the catalyst
precursor and ligand. This increased the isolated yields
while maintaining the enantioselectivity (entry 11).
Another strategy tested, using mixtures of solvents
(entries 8-10), was unsuccessful and enantioselectivity
decreased, although yields were higher than when
using MTBE alone. We also found that catalyst did not
need to be preactivated to achieve high yields and ees,
although the reaction time required to achieve full
conversions increased (entry 12).

Table 1. Initial ligand screening of Pd-catalyzed
decarboxylative protonation of S1.

OMe

MeO.
allylo,C Q
(rac)- O oOMe
N

\ s1

5 mol% Pdy(q
12.5 mol% 1
Meldrum's acid
Toluene, 23 °C

5-CHCl
L1L16

Entry? L  t(min) Conversion (%)” ee (%)%
1 1 60 100 37 (+)
2 Lla 60 100 1(+)
3 L2a 60 100 2 (+)
4 L3a 60 100 1(+)
5 Lda 60 100 3 (+)
6 Lsa 60 100 4(+)
7 L6a 60 100 3(+)
8 L7a 60 100 10 (+)
9 L8a 60 100 18 (+)
10 L8 60 100 11 (+)
11 L8 60 100 38 (+)
12 L% 60 100 20 (+)
13 L9 60 100 9(+)
14 L9 120 100 49 (+)
15 L9d 60 100 5 (+)
16 L% 60 100 4 (+)
17 Lloa 120 100 3(+)
18 Llla 120 100 10)
19  Ll2a 120 100 2()
20 L13a 120 100 10)
21 Llda 120 100 8()
22 Ll5a 120 100 17 ()
23 Llea 120 100 2()

4 Reaction conditions: 50 mg substrate (0.125 mmol), 5
mol% Pd,(dba)s:CHCI3;, 12.5 mol% Ligand, 2.5 eq.
Meldrum’s acid. ® Determined by *H NMR spectroscopy.
° Determined by SFC.



Table 2. Reaction optimization: solvent and temperature with ligand L9c

OMe

5 mol% Pdy(dba)s-CHCl3
12.5 mol% L9c

MeO
allylo,C Q
(rac) O oOMe
N

Meldrum's acid
Solvent, T

\ s1

Entry? Solvent T (°C) t (h) % Conversion (% Yield)® ee (%)%
1 Toluene 23 2 100 (94) 49 (+)

2 CHCI3 23 1 <5 (nd) 5(+)
3 CH.Cl: 23 1 100 (93) 17 (+)
4 1,4-Dioxane 23 1 100 (93) 54 (+)
5 THF 23 1 100 (94) 46 (+)
6 Et,O 23 1 100 (64) 63 (+)
7 MTBE 23 1 100 (60) 70 (+)
8 MTBE:Dioxane (2:1) 23 1 100 (92) 50 (+)
9 MTBE:dioxane (4:1) 23 1 100 (93) 33 (+)
10 MTBE:Toluene (1:1) 23 1 100 (91) 36 (+)
119 MTBE 23 1 100 (92) 66 (+)
129 MTBE 23 3 100 (93) 70 (+)
139 MTBE 5 3 100 (92) 78 (+)
149 MTBE -20 3 43 (nd) 63 (+)
15°) 1,4-Dioxane 40 1 97 (nd) 17 (+)

% Reaction conditions: 50 mg substrate (0.125 mmol), 5 mol% Pd(dba)s-CHCls, 12.5 mol% L9c, 2.5 eq. Meldrum’s acid.
b Determined by *H NMR spectroscopy. © Determined by SFC. 9 Substrate and Meldrum’s acid added as solids. © Catalyst
precursor, ligand, Meldrum’s acid and substrate all together in the Schlenk vessel without catalyst preactivation.

Finally, by decreasing the temperature to 5 °C,
enantioselectivity increased up to 78% ee while
maintaining the excellent yield (Table 2, entry 13 vs
entry 12). Further decreasing the temperature to -20 °C
led to a decrease in conversion and enantioselectivity
(Table 2, entry 14). We also tested the reaction at 40 °C,
since the literature indicated that higher temperatures
could provide better enantioselectivities,® but the
enantioselectivity did not improve (Table 2, entry 15).

Substrate scope. After optimizing the reaction,
substrates S2-S11, with different electronic and steric
aryl substituents on the oxindole, were studied. These
aryl substituents were chosen due to the facile
synthesis of the required aryllead triacetate and the
high yields obtained in the arylation of the -amido
allyl esters. In addition, previous results from Guiry
had demonstrated the importance of strongly electron-
donating substitutents in the ortho- and para-positions
for obtaining high enantioselectivities.*®! The results
(Figure 2) underline the importance of bulkiness and
of the presence of electron donating substituents for
the enantioselectivity.[*®! The best enantioselectivities
(ee's up to 78%) were therefore obtained with the
bulkiest and most electronically rich substrates S1 and

S2. When other substrates that had less bulky aryl
substituents (S3 and S4) were tested, the
enantioselectivity decreased due to the removal of one
ortho-substituent. Comparing the results for S3 with
those of S4 we can also determine that substituents at
the meta-position have almost no effect on the
catalytic performance. When the para-methoxy group
was removed (S5), the enantioselectivity decreased but
it was higher than those with only one ortho-methoxy
substituent (S3 and S4). As expected, when non-ortho-
substituted aryl groups were studied (S6 and S7)
almost racemic compounds were obtained.

The importance of an ortho-alkoxy substituent was
corroborated by its sequential replacement by methyl
groups. Products 10 and 11 were obtained with lower
ee’sthan 3and 7, respectively. Accordingly, substrates
with ortho-substituted naphthyl groups (S10 and S11)
provided moderate levels of enantioselectivities,
comparable to those found when using S3 and S4 (ee’s
up to 28% and 15%, respectively). As a summary, for
enantioselectivities to be high, the aryl group of the
substrate must contain electron-donating substituents
in the ortho- and para-positions.
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Figure 2. Pd-catalyzed decarboxylative protonation of S1-S11. Reaction conditions: substrate (0.125 mmol), 5 mol%
Pd,(dba)s-CHCIs, 12.5 mol% L9c, 2.5 eq. Meldrum’s acid.  Reaction carried out at 5 °C ? Reaction carried out in Et,O due

to insolubility of S2 and S11 in MTBE.

Study of the key intermediates. Experimental and theoretical
studies

Although the mechanism for the asymmetric
decarboxylative allylation of allyl B-ketoesters with Pd
catalysts has been investigated both experimentally
and  computationally, the  mechanism  for
decarboxylative  protonation is not  well
understood.®°cl The current mechanistic hypothesis
for decarboxylative protonation mainly relies on
kinetic experiments carried out by Stoltz with allyl B-
ketoesters.®™%¢ They studied the variation of the
substrate concentration over time by NMR
spectroscopy and found a zero-order dependence on
substrate concentration which indicates that the
substrate reacts very fast.l’1 However, this only gives
information about the first two steps of the catalytic
cycle, namely the coordination of the substrate and the
oxidative addition (Scheme 3).
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Scheme 3. Proposed catalytic cycle for the enantioselective
decarboxylative protonation of allyl f-amido esters.

To obtain a clearer picture of the kinetic profile for
the decarboxylative protonation with our allyl f-amido
esters, we performed a detailed kinetic study with
substrate S1 using the Pd/L9c catalytic system.
Initially, we studied the effect of the Pd loading (0.5~
2 mM) on activity. It was found that the rate of product
formation is proportional to the Pd concentration
(Figure 3a). This indicates a first-order dependence
and excludes the possibility of polynuclear species as
competent catalysts for this transformation. Next, we
studied the effect of the substrate concentration on
activity. Figure 3b shows that the rate of product
formation is independent on the substrate
concentration (0.01-0.05 M), which is in agreement
with Stoltz's observations. This indicates that the most
likely rate determining step is either the
decarboxylation or the subsequent proton transfer
(Scheme 3). We therefore next studied the effect of the
Meldrum’s acid concentration on activity. The rate of
the decarboxylative protonation of S1 did not depend
on the concentration of Meldrum’s acid (0.05-0.2 M;
Figure 3c). This zero-order dependence agrees with a
rapid protonation step. Further mechanistic insights
into the rate determining step of the reaction were
obtained by studying the kinetic isotope effect (KIE)
of the decarboxylative protonation of S1 using
Meldrum’s acid and d.-Meldrum’s acid (Figure 3d).
Reaction monitoring by !H-NMR spectroscopy
revealed a practically null KIE (KIE = 1.05). This
result further confirms that the decarboxylation is the
rate determining step.
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Figure 3. Kinetic and kinetic isotope effect measurements of the decarboxylative protonation of S1 using Pd/L9c. (a) Plot
of TOFin (measured after 5 min) versus [Pd]. (b) Plot of TOFi, (measured after 5 min) versus [S1]. (c) Plot of TOFiy
(measured after 5 min.) versus Meldrum’s acid concentration. (d) Plots of consumption of substrate S1 using Meldrum’s
acid and d,-Meldrum’s acid measured by *H NMR spectral integral vs time.

Once the rate determining step had been well
established, we moved to study the enantioselectivity-
determining step — the proton transfer — by theoretical
calculations. However, studying protonation by DFT is
complex because there are many reaction pathways
that must be considered. These include the direct
transfer of the hydrogen from the proton source to the
enolate with or without the involvement of water
molecules, or a multiple step process in which the
proton source protonates the pyridinel*® followed by
direct transfer of the hydrogen either to the enolate or
to the Pd-center (see Figure S1 in the Supporting
Information). In order to discard reaction pathways the

(@)
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MeO CO,allyl sz(dLb;g%ﬂf%qﬁmm)
N o Meldrum's acid (2.5 eq)
\ s1 Et,0,23°C,1h

(5 mol%)
Pd,(dba)s. |
Lgc%%nﬁmol)

S1

following tests were performed. Firstly, the
involvement of water molecules in the transition states
(TSs) was studied. We carried out the decarboxylative
protonation of S1 using different amounts of water
(including the use of molecular sieves) (Scheme 4a).
The same enantioselectivity was obtained in all cases,
which allows us to discard the involvement of water in
the TSs. We then studied the effect of the proton
source on enantioselectivity by replacing Meldrum’s
acid with dimethyl malonate, leading to a 63% ee (+)
using Meldrum’s acid and a 15% ee (-) using dimethyl
malonate) (Scheme 4b).

% Conv

100 63(+)
ms 4A 100 62(+)
150 ppm H,0 100 63 (+)
500 ppm H,0 100 61 (+)

Aditive %ee

OMe

(5 mol%)
PO oy
[

dimethyl malonate (2.5 eq)
Et,0,23°C, 3h

100% Conv
15% (-) ee

Meldrum's acid (2.5 eq)
Et,0,23°C,1h

100% Conv
63% (+) ee

Scheme 4. Decarboxylative protonation of S1 using (a) different amounts of water and (b) different proton sources.



This experiment indicated that the type of proton
source is important in the enantioselectivity
determining step and therefore excluded the possibility
of a multistep process in which the proton source
transfers the proton to the Pd-intermediate prior to the
protonation of the enolate. Both experiments agreed
with an outer-sphere protonation mechanism in which
the Meldrum’s acid directly protonates the prochiral
enolate formed after the decarboxylation of the allyl p-
amido ester (Scheme 3). In preliminary experiments in
the asymmetric decarboxylatice protonation using the
(S)-t-Bu-PHOX ligand and our model substrate S1, we
have also investigated a series of other proton sources
- cyclopentanone ethyl ester, phenyl sulfonyl acetone,
and formic acid, all proton sources originally screened
by Stoltz.[°®l However, these afforded very low levels
of enantioselectivity (6-13% ee). In addition, the
employment of acetic acid did not lead to any
conversion, highlighting the need, not just for a proton
source, but also a reagent that can successfully
sequester the allyl unit from palladium. In this case,
Meldrum’s acid has proven optimal on both counts.

Finally, to study whether the proton transfer is
reversible or irreversible, we carried out the
decarboxylative protonation of S1 in a 1:1 mixture of
Meldrum’s acid and d>-Meldrum’s acid (Scheme 5).
This time a significant KIE was observed (KIE = 3),
indicating that the protonation is irreversible.[*%

MeO H H
OWO
OMe O><O
MeQ COsallyl
(1:1)
o (CHCT
N sz(dba)a( 3), L9c
\ Et,0,23°C, 3h

Scheme 5. Competitive decarboxylative protonation of S1
in the presence of a 1:1 mixture of Meldrum’s acid and d»-
Meldrum’s acid.

Taking into consideration these conclusions about
the nature of the TS a computational study of the TSs
arising from the outer-sphere protonation mechanism

@

was performed in an attempt to explain the
enantioselectivity achieved in the Pd-decarboxylative
protonation of S1 using Pd/L9c. Only the TSs derived
from the Pd-enolates trans to the phosphite moiety
were calculated (Figure 4a), since it has been shown
that o-allyl complexes with anionic ligands prefer the
anion to be trans to P than to N.2%

Table 3 shows the calculated energies of all the TSs.
These TSs correspond to (a) different relative
dispositions of the N-methyl group of the enolate after
coordination to Pd (pointing up (Nu) or down (Np),
Figure 4b), (b) different relative dispositions of the
oxindole core of the enolate after coordination to Pd
(above or below the coordination N-P-Pd-O-C plane,
(OCa and OCg in Figure 4b)); and (c) different attack
of the Meldrum’s acid (through the either re- or si-
faces of the Pd-enolate, Figure 4a).l?%

The results (Table 3) show that the two most stable
TSs (TSNy-OCsg-re and TSNy-OCg-si) arise from the
proton attack on either the enantiotopic re-face or the
enantiotopic si-face of the same Pd-enolate. In this Pd-
enolate, the substrate is coordinated in such a way that
the N-methyl group is pointing up and the oxazole core
is below the coordination plane. The most stable TS,
TSNu-OCg-re, provides the (R)-product.??

The structure of these two most stable calculated
TSs, Figure 5, indicates that the TSNy-OCsg-si is
destabilized due to a steric repulsion between one of
the ortho-methoxy groups of the substrate and the
ortho-substituent of the biaryl phosphite moiety. This
unfavorable interaction is reflected in a larger dihedral
angle ®(C-Pd-P-O) in TSNy-OCsg-re than in TSNy-
OCe-si. Thus, in TSNy-OCsg-si the steric interaction
pushes the biaryl phosphite moiety away leading to a
lower o dihedral angle. In the most stable TS, it is also
interesting to note the close proximity of the migrating
proton and the oxygen of one of the ortho-methoxy
groups of the substrate. This suggests that the proton
transfer is supported by this ortho-methoxy group of
the substrate, and explains the lower enantioselectivity
achieved when the ortho-methoxy groups are replaced
by ortho-methyls (Figure 2, 70% ee for 3 vs 2% ee for
11).

N
%o

ez

Figure 4. (a) Representation of the protonation (through either the re- and si-faces) to the Pd-enolates trans to the phosphite
moiety. (b) Representation of the different relative dispositions of the enolate took into account in the TSs calculations.



Table 3. Calculated energies for the transition states with substrate S1 using Pd/L9c.

Transition state

Energy

Product
configuration

Transition state

Energy

Product
configuration

| ‘\Si
0{ C{L SS ‘ X ’ S‘
of () 218kymol R N () okymol R
& b w B
N TSN OCA—re - -%C -re
O
B m
/N\ /\P<o 6 O
o N \s 53.9kImol S Pd\J \S‘ 11.4k¥mol S
Yo% s
O f/‘?k\'\ H O A=
e A
O 0
T8N, OC, S %o
OC -si
28.0 kd/mol R 30.9 kJ/mol R
19.2 kd/mol s P“q Qs 26.5 kd/mol S
TSN OCB-SI
2@ ? one of the aryls of the biaryl phosphite group partly
29 2 -9 ! occupies the lower right quadrant making it semi-
> o9 29 afu‘ @ J" hindered (Figure 6a). Also, the allyl ligand occupies
‘_JJ .%‘ 9 @ .ﬂ‘%g‘! the upper right quadrant (Figure 6a). In this way, the
@ :4 J;.& ‘}‘w- ? _}“ o ligand and the allyl group impose a very sterically
*@ = S0 @ Q“ hindered chiral environment so that, in the most stable
% ' zcﬁ TSs, the oxindole core occupies the free lower left

f.{‘}

11.4 kJimol
w(C-Pd-P-0)= 158.4 °

TSNy-OCg-re
0 kJ/mol
w(C-Pd-P-0)= 1654 °

Figure 5. Most stable calculated TSNu-OCg-re and TSNu-
OCs-si transition states for substrate S1 and Meldrum’s acid
using ligand L9c. For clarity, only the hydrogens involved
in the protonation are shown. For the TSNu-OCs-si, the
hydrogens involved in the steric interaction are also shown.
Relative free energies in solution and in kJ/mol respect to
the corresponding lowest energy transition state.

The analysis of all calculated DFT structures can be
reflected in a quadrant diagram that explains the
stereoselectivity. In this quadrant model, the pyridine
group of the ligand blocks the upper left quadrant and

quadrant and only the aryl group slightly occupies the
semihindered lower right quadrant (Figure 6b).
However, for the less stable TSs, in which the oxindole
core is placed above the coordination plane (TSsNx-
OC.,), the oxindole core is forced to partially occupy
the upper quadrants (Figure 6c¢), which causes its
destabilization. This quadrant model also helps to
rationalize the lack of enantiocontrol found with
ligands L9d and L9e (Table 1, entries 15 and 16).
These ligands contains less bulky ortho-substituents in
the biaryl phosphite moiety than L9c, which results in
a lower occupancy of the semi-hindered lower right
quadrant. Therefore, the above mentioned steric
interaction between one of the ortho-methoxy
substituents of the substrate and the substituent of the
biaryl phosphite moiety diminishes considerably and
therefore the two TSs leading to opposite product
enantiomers have a more similar energy.



@
Figure 6. Quadrant diagram describing the enantioselective
substrate-ligand interactions.

Finally, to study how the ortho-substitution of the
aryl moiety of the substrate affected enantioselectivity,

we ran analogous calculations for substrates S4 and S6.

The results, which can be found in the Supporting
Information, indicate that again the most stable TSs for
both substrates are the TSNy-OCg-re and TSNy-OCeg-
si (Figure 7). The results also indicate that due to the
lack of one or both ortho-substituents, the energy
difference between the two most stable TSs is smaller
than for the two most stable TSs for substrate S1
(AAG(;aI(;z 15 kJ/mOl fOI‘ 84 and 86 VS AAGcalcz 114
kJ/mol for S1). This can be attributed to two main
reasons. Firstly, the above mentioned steric hindrance
between the ortho-substituent and the biaryl phosphite
moiety is less important and therefore the dihedral
angle o for the TSs, leading to opposite enantiomers
for each substrate, are very similar. Secondly, the
presence of two ortho-methoxy groups is needed to
ensure that one methoxy group is in a good position to
stabilize the proton and support its migration.

(@ Q { @
o @ *‘:3‘(" f: & opa

@ ﬁ e Q:‘J | ‘3“

e® B Te 9 oo

N A 3,
32 St b
| j ‘e . /‘65‘ ?

I .‘J\‘ _ 3 ‘3 JQ"J

0 kJ/imol
w(C-Pd-P-0)= 165.7 °

1.5 kJ/mol
w(C-Pd-P-0)= 163.0

(b)

-9
{J 2 J‘ ? "\J 29 2
-9
‘)" 0 J “) “ J
*,..443{ % N "y
e @ %
@ ﬁc ‘ﬁ e F ) d >
@' °
2 | -
ﬁg $$ TSN,-OCg-si ?ﬁg JTS‘MbO(;.a
0%, Twocks 97 TShocare

w(C-Pd-P-0)= 166.7 ° w(C-Pd-P-O)= 1652 °

Figure 7. Most stable calculated TSNu-OCg-re and TSNu-
OCs-si transition states for substrates (a) S4 and (b) S6 with
Meldrum’s acid using ligand L9c. All hydrogens atoms
have been omitted for clarity except those involve in the
protonation. Relative free energies in solution and in kd/mol
respect to the corresponding lowest energy transition state.

Conclusion

We have developed the first catalytic asymmetric
synthesis of tertiary sterically hindered o-aryl
oxindoles via  enantioselective  Pd-catalyzed
decarboxylative protonation of the corresponding o-
aryl-p-amido allyl esters. The method utilizes readily
accessible  a-aryl-B-amido  allyl esters and
commercially available Meldrum’s acid as the proton
donor. The reaction occurs under very mild conditions
and in short reaction times, providing excellent yields
and promising enantioselectivities (ee’s up to 78%).
After the screening of three large series of phosphite-
N (N=oxazoline and pyridine) ligand families we
found that the best results were obtained with a readily
accessible phosphite-pyridine ligand library. The
introduction of an enantiopure (S)-biaryl phosphite
moiety with bulky substituents in the ortho-positions
played an essential role in increasing the
enantioselectivity of the Pd-catalytic systems. For
enantioselectivities to be high, the aryl group of the
substrate must contain strongly electron-donating
substituents in the ortho- and para-positions. In this
study we have been therefore able to identify a readily
accessible phosphite-pyridine palladium catalytic
system (Pd/L9c) that can be used for the preparation
of hindered and electron rich a-aryl oxindoles with
excellent vyields (up to 96%) and promising
enantioselectivities (ee’s up to 78%). Kinetic studies
in a practical regime and KIE experiments indicated
that decarboxylation is the rate determining step. The
combination of an experimental investigation and
theoretical studies were used to understand the nature
of the selective-determining step — the proton transfer.
The enantioselectivity and the effect of the ligand
parameters could be rationalized in terms of a simple
quadrant model.

Experimental Section
General Considerations

All reactions were performed under an inert atmosphere of
nitrogen in flame-dried glassware with magnetic stirring.
All reagents were obtained from commercial sources and
used without further purification unless otherwise stated.
Anhydrous methyl tert-butyl ether (MTBE) was dried
refluxing it over sodium and benzophenone. All other
solvents were obtained from dry solvent dispenser. Aryl
lead triacetates (ArPb(OAc)s) were synthesized accordln%
to literature procedures.® o-Aryl-p-amido allyl esters S
and S3-S11 have been synthesized and characterized
following a reported procedure.* Pd,dbas-CHCI; was
freshly — synthesized followlng reported  method.!
Meldrum’s acid was recrystallized from ethyl acetate before
its use. Ligands 1,8 [ 1-1 4,13%1 | 5-1 8,137} 9-1 1613 and
do>-Meldrum’s acid were prepared as previously described.
Hydroxyl-pyridine intermediate for the preparation of
ligands™ L9e was prepared following the reported
procedure.l**! Phosphorochloridite was easHPé Prep_ared in
one step from the corresponding binaphthol.[?5! Thin layer
chromatography _STLC) was ger ormed on aluminum plates
recoated with silica gel F254. They were visualized with
V-light (254 nm) fluorescence quenching, or by charring
with_acidic vanillin solution (vanillin, H>SO, in ethanol).
[0]o® values have been determined using PE MC240
apparatus with a sodium (Na) lamp at 589 nm. *H, BC{*H},
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and 3'P{*H} NMR spectra were recorded usm%a 400 MHz
Pectrometer Chemical shifts are relative to that of SiMey

and 3C as internal standard or HsPO4 (*'P) as external
standard , BC and 3P spectral assignments were made on
the basis of H-1H gCOSY, ! gHSQC and *H-%P
gHMBC experiments.

Preparation of phosphite-pyridine ligand L9e

The corresponding phosphorochloridite (1.1 mmol)
produced in situ was dissolved in toluene (5 mL) and
pyridine (0.19 mL, 2.3 mmol) was added. The
corresponding hydroxyl ﬂyrldlne compound (1 mmol) was
dried azeotropically with toluene (3 x 2 mL) and then
dissolved in toluene (5 mL) to WhICh rldlne (0.19mL, 2.3
mmol) was added. The p osphoroc oridite solution was
transferred slowly at room temperature to the solution of
hydroxyl-pyridine. Reaction was left at 80 °C for 90 min.
yrldme salts were removed through filtration. Evaporation

the solvent gave white foam, which was purified by using
flash chromatograpr,ly under argon in dry alumina
(Toluene:Hexane: Ets, 5:5:0. to produce the
correspondmg ligand as a white solid. Y|eId 3459 m

56%); P NM CeDe o= 1368 s); 'H NM
CeDs o= 1.1-1. 3 CHz) 1. 3 S 9 CH3, tBU
45d3H CHs, 8 HH—67HZ) 15759H CHjs, 'Bu),

2.1-2.6'(m, 10H, CH5), 5.35 (m, TH, CH-0), 654 m, 1H,
CH)69721(m 4H, CH=), 8.3 (m, 1H, CH=). *C NMR
CsDs): 6= 22.7 (CHy), 22.9 (CH,), 23.1 (CH), 23.2 (CHy),
3.6 (CH3), 27.2 (CH,), 27.5 (CHy), 29.5 (CH,), 29.6 (CH,),
30.8 (CHs, Bu), 31.0 (CHs, 'Bu), 34.3 (C, 'Bu), 34.6 (C, 'BU),
75.7 (d, CH-O, 2Jcp = 9.3 Hz), 119.7 (CH=). 121.7 (CH=),
125.3 (C), 128.9 (CH=), 130.1 (C), 130.9 (C), 132.3 C
132.9 (C), 134.8 (C), 135.1 (C), 1358'SC 137.8
138. 3§C) '145.0 ( 1454(C) 48.6 (CH=), 162.9 (C).
Ié|5R; 5059 [found 57.3062, CasHaNOsP (mM)* requwes

General procedure for enantioenriched protonated compounds
(3-13)

Pdz(dba)s.CHCIz  (0.0125 mmol, 6.6 m92 phosphite-
R/yrldlne L9c (0.016 mmol, 9 mg), substrate (0.125 mmol),

eldrum’s acid (2.5 eq, 0. :31 mmol, 42.4 mg) were added
to a flame dried Schlenk flask and dr%/ methyl tert-buthyl
ether (MTBE) (for S1, S3-S10) or diethyl ether (for S2 and
S11) (5 ml) were added. The suspension was stirred at room
temperature for 3 h. The solvent was removed under
vacuum and the resulting residue Was(]:))urlfled by silica gel
column chromatography (pentane: EtOAc), to achieve the
corresponding product.

1-Methyl-3-(2',4*,6'-trimethoxyphenyl)indolin-2-one  3:
Yield: 36 4m (930/7) as a yellowish solld (EI] 0?0 +24.4° (¢
0.82 in CH,CI5) for 70% e¢); *H NMR (CD =3. 32 s
3H, NCHg), 3.41 (s, 3H, OCHs), 3.76 (s, 3H, OCHI—?
gs 3H OCHJ 508 (s, 1H CH), 6.03 (d, *Jy-n=2 z, lH
,6.21 (d, *Jnn= 26H21H CH 681(d 3= 10.5

H CH-) 6.95 (m, 2H, CH 3Jhn= 10.6 Hz,
1H CH—) 3C NMR (CDCIs 26 1 H3, NCHs), 42. 0
CH), 55.2 (CH3, OCHa), 56.1 CH3 H3), 91.1 (CH=),
2.0 (CH=), 106.8 (C), 107.1 (CH 1220 CH—) 1231
CH=), 12 1CH3 302C 144, &)15 .3(C), 159.1
C), 160.3 (©), 17 OéC O) TOF H MS ES|+Z. m/z =
14.1389, calcd. for 18H20NO4 [M+H]* : 314.1392. ee

determined by SFC using Chlralcel IC-3 column (flow: 3
ml/min, 70:30 scCO2:MeOH; A= 254.0 nm). Ry (+): 1.71
min (major) Rt (-): 2.29 min (mlnor)

1-Methyl-3-(2’,4 trlethoxylphenyl)mdolln -2-0ne 4:
Yield: 40.4 m 4910/ as a white solid H: 20: +30.0° (
0.98 in CHCl,) for 68% ee); 'H NMR (CDCly): 6= 089 (t

3H, CH, OEt, *Jy.i= 6.8 Hz), 1.38 (1, 3H CH3 OFt, 3Jpp=
7.2 Hz), 1.41'(t, 3H, CHs, OFt, 3Jn= 7.2 Hz), 3.26 (s, 3H,
NCHs), 3.56 (m, 1H, CHa, OEt), 3.78 (m, 1H, CH,, OEY).
3.99 (m, 2H, CH,, OEt), 4.11 Sm 2H, CH,, OEt), 5.12 (5,
1H, CH), 5.97 (d, 1H, CH=, “Jaw= 2.0 Hz), 6.18 (d, 1H,

CH=, .= 24H£ 6.80 (d, 1H, CH= 3\]HH—72HZ? 6.95

gm 2H, CH= (m, 1H, CH=). ¥C NMR (CDCls): 8

4.2 (CH3 OEt 14.8 (CHs OEt), 14.9 (CHs, OEY), 26.2
CHs, NCHj3), 4 1 CH 63.4 (C % OEt), 64.2 (CH2, OEt),
2.0 (CH=), 92.2 1070 CH=), 121.8 (C), 123.2
CH=), 12 OCH 50)146& , 158.0 (C), 158.7
C), 159.9 (C? C=0). TOF-H MS (ESI+): ‘miz =
56.1862, calcd. for 21H26NOs [M+H]*: 356 860. ee

determined by SFC using Chiralpack 1A column (flow: 3
mi/min, 90:10 scCO,:MeOH; A= 254.0 nm). Ry (-): 1.55 min
(mlnor) Rt (+): 2.42 min (major)

1-Methyl-3-(2’,3’,4’-trimethoxyphen I)mdolln -2-one 5
Yield: 31.3 mg 80%) as a white SO|Id(i/ 0: +3.5° (¢ 0.77
in CH,Cly) for 23% ee); *H NMR (CD |3) =3.28 (s, 3H,
NCHs), 3.62 (s, 3H, O Hs) 3.82 (s 3H, OCHs), 3.84 (s, 3H,
OCHj), 462 s, 1H, CH), 6.62 (d, JHH—64 z, 1H, CH= ),
681(d 3)y= 6.8 Hz, 1H, CH=), 688(d 33un=6.5 Hz, 1H,
CH=), 7.00 (m, 2H, CH—) 724( 1H, CH=). *C NMR
CD |3) 5= 26.1 (CHs, NCH), 48.0 (CH) 56.1 CH3,
CHs3), 60.2 iCHs, OCHj3), 10 4 CH=), 107.9 (

122.4 (CH=), 240%C£ 1242§ , 12 4 CHg 1280
SCH ) 1301(|_()) ’\ﬁC) 14 2(C 1152.3(C), 153.9

(C=0) S (ESI+): mlz = 314.1387, cac

for C18H20NO4 I[M+H 314.1392. ee determined by SFC
using Chiralcel IC-3 column (flow: 3 ml/min, 70:30
scCO2:MeOH; A= 254.0 nm). Ry (+): 2.77 min (major) Rt
(-): 5. 85 min (mlnor)

3-(2°,4°- Dlmethox henyI) 1- methylmdolln -2-0ne 6:
Yleld 333m asayeIIOW|sh solldlg ] p?%: +2.40°

0.75in CHzC for 6% ee); 'H NMR (C =3.27 (s

3H, NCHs5), 3.43 (s. CHs, OCH3), 3.89 (S 3H, OCH3 , B. 8
(s, 1H, CH), 642(d 3JHH-68 iz, 1H, CH=), 6.62 (d, 3Jn.
H= 68HZ 1H, CH—) 6.81 (d, 3Jp.n= 68HZ 1H, CH= 693
m, 2H, CH=), 7.20 (m, 2H, CH=). °C NMR (CDCls): &
6.0 (CHs, NCH3), 42.1 (CH), 55.8 (CHs, OCHs), 55.9 (CH,

OCH3), 104.0 (CH= 10 1 CH= ,107.1 CH 1141 C
121.8 (CH=), 123. , 12 2§CH8

129.8 C?\/I1442(C 158 C 15 1778

TOF- S (ESI+ m/z-284 1282 calc for Ci7 18N03

[M+H 1" 284 1287 ee determined by SFC using Chiralcel
C-3 column (flow: 3 ml/min, 90:10 scCO2:MeOH; A=
%540 )nm) Rt (+): 7.43 min (major) Rt (-): 8.19 min
minor

3-(2°,6- D|methoxy))henyl) 1-methylindolin-2-one 7:
Yleld 29.4 mg (83%) as a white solid EI!)CZ:(; +14. 6° c
3

28 in CHzCl for 46% ee); '"H NMR gs

3H, NCH5), 3.70 (s, 3H, CHs) 3.78 s 3H, OCH , 4.

ngC 648m2H CH=), 6.83 JHH—68 ZlH
. CH=), 7.06 (m, 1H, CH=), 7.25 (m_ 1H,

CH=). 3C NMR(CDCls) 5= 26.1 (CHs, NCH5), 47.2 (CH),
55.6 (CHs, OCHs), 55.8 (CHs, OCHs3), 99.1 (CH=), 104.1
SCH ,107.6 (C )118 C), 122.1 (CH=) 1240(CH
279(CH ), 299%CH ) 30183%% 40éC) 1581(C
160.5 (C), 176.8 TOF-HRMS ). m/z =
284.1280, calcd. for Ci7H1sNOs M+H]+ 284.1287. ee
determined by SFC using Chiralcel 1C-3 column (flow: 3
ml/min, 90:10 scCO,2:MeOH; A= 254.0 nm). Ry (+): 6.75
min (major) Rt (-): 7.52 min (mlnor)

3-(4’-Methoxyphenyl)-1- methyllndolln -2-one 8: Yield:
30.4 mg (960/)/as a white solid (9% ee)| 'H NMR (CDCly):
8=3.24 (s, 3H, NCHs), 3.78 (s, 3 3), 4.57 (s, 1H, CH),
6.87 (m, 3H CHI—? 7.06 (m, 1H, CH—) 7.15 (m, 3H, CH= )
7.33 S 1H, C 3C NMR (CDCI 5= 26.1

NCHjs 511(CH_) 5.2 (CH3, OCH3), 108.0 (CH=), 142
gCH)1225C 1248(CH)18OECH 1282 Cg
290|SC) 129 ? ), 144.2 (C), 159.0 (C), 176.0 (C=0
TOF S (ESI+): m/z = 254.1181, calcd. for C1H17NO;
[M+H]+ 254, 1173 ee determined by SFC using Chiralcel
C-3 column éflow 3 ml/min, 70:30 scCO2:MeOH; A=
254.0 nm). Rt (major): 1.79 min, Ry (minor): 2.04 min.

3- (Benzogj][l Sgdloxol -5- yl) -1-methylindolin-2-one  9:
Yield: 31 (95%) as a yellowish solid (1% ee); *H NMR
(CDCl3): & 326 (s, 3H, NCHs), 4.51 (s, 1H, CH) 5.91 (s,
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2H, CHy), 6.60 (s 1H CH6) 6.69 gm, 1H, CH= % 676 (m,
1HCH)687d 334 =6.4 H HCHf7 8 (t, *Jn-n
—65Hz 1H,C ) 7.18 (d, 3JHH—66H2 H, CH=),7.35
t, 3Jny = 6.7 Hz, 1H, CH=). C NMR (CDC|3) 8 26.1
CHs, NCHs), 515 CHI 101.2 SC|H2) 108.0 (CH=), 108.2
CH— 122.0 (CH=), 122.8 124.8 CH—) 128.3

1285%2)1300’\2@ 144.2 ( C) 147.1 (C), 1480(C
760 (C=0 F-HR %ESI+) miz = 268.0967, calcd.
for C16H14N03 I[M+H 0974. ee determined by SFC
using Chiralce -3 column (flow: 3 ml/min, 70:30
scCO2:MeOH; A= 254.0 nm). Ry (major): 1.88 min, Rt
(mmor) 2.07 min.

3-(2’-Methoxy-4’,6’-dimethylphenyl)-1-methylindolin-
2-one 10: Yield: 30 6 m69 (87%) as a white solid (7% ee
H NMR (CDCls): & 2(s,3H, CH3), 2.49 (s, 3
3.31 (s, 3H, NCHj), 368 (s 3H, OCH3) 4.67 (s, lH CH
6.41 (s, 1H, CH=), 6.72 (s, 1H, CH= ), 683(m 2H, CH=),
6.93 (m, 2H, CH=). C NMR (CDCls): 5= 20.3 (CHy), 216
gCH , 26.1 (CH3, NCH3), 46.2 (CH), 56.0 (CHs,

1220 CH— 1222

CH=), 109.7 g ), 111.1 (CH
c& 127 5 (CH—
C=0).

gC) 122.8 (CH=), CH=),
38.1 (C), 144. 12%0) 157 (©), 1778 TOF-HRMS

ESI+): m/z = 284.1280, calcd. for 17H1sNO3 [M+H]*:
84.1287. ee determined by SFC using Chiralcel 1C-3
column (flow: 3 ml/min, 85:15 scCO2:MeOH; A= 210.0 nm).
Rt (major): 2.78 min, Rr (minor): 3.17 min.

3-(2°,6’-Dimethylphenyl)-1-methylindolin-2-one 11:
Yield: 29. 2 m 93% as a white solid (2% ee); 'H NMR
CDCl3): 6 H, CH3), 2.58 (s, 3H, CHs) 3.32 (s,
H, NCHs) 505 s '1H, CH?_|69O m 3H, CH= ), 6.97 (M
1H, CH=), 7.12 (m, 2H, C 0 mlH CH-) 3C
NMR (C Clg 5= 18.6 (CH3), 21.8 CH3) 26.2 (CHjs,
NCHs3) ,481( H), 107.9 CH 11225 H—) 122.8 H—)
127.8 (CH=), 1779 C % 28.1 (C 128.2 (CH=
128.3 Cg 1295 (CH 1 35& ), 1372 %5) 1380 (C
142.0 176.1 (C=0). TOF-HRMS I+): m/iz =
252. 1385 "calcd. for Ci7H1sNO [M+H] * 252 1388. ee
determined bg SFC using Chiralcel 1C- 3 column (flow: 3
ml/min, 90:10 scCO.:MeOH; A= 254.0 nm). Ry (major):
3.02 min, Rt (minor): 4.31 min.

1-Methyl-3-(2’- phenoxgnaphthalen -1-yl)indolin-2- -one,
12: Yield: 33.2 mg (70%) as a/yeIIOW|sh solid (Eé
+47.5° (¢c=0.61in H2C|2)f0r28 ee); 'H NMR (CDCls)
o= 268 s, 3H, NCH3), 4.80 (d, 2Jun = 11.4Hz, 1H, CHzZ
485(d Jhn = 11.4 Hz, 1H, CH2 529|_$s 1H, CH) 6.6
d, 3J4n = 6.4 Hz, 1H, CH=) CH— 7.27 (m,
H, CH=) 743(m 1H, CH= ) 761(m 1H, CH= ) 7.85 (m,
1H, CH=), 8.15 éd SJun = 6.8 Hz, 1H, CH=). °C NMR

gCDCIg 6 25.6 (CHs, NCHs), 44.6 %CHJ 70.7 (CHy),
07.8 (CH=), 114. 1 (CH= L8 9 c (CH=), 122 3
gc:H =), 123.2 (CH= 123 7 3 CH 127 9(C),
28.3'(CH=), 128. % &1 129.4
CH=), 129.5 (CH=), 129.6 (C 3 1341 (c 1362 gc

4/4 6 gC) 153.8 (C), 177.1 (C TOF-H ESl+

m/z =

80.1651, calcd fOI’ CzeszNOz M+H|] 38 .1638.
ee determined by SFC using Chiralcel 1C-3 column (flow: 3
ml/min, 70:30 scCO2:MeOH; A= 254.0 nm). Rt (+):
(major) Rt (-): 3.23 min (mlnor)

.9 min

3-(2’-Methoxynaphthalen-1-yl)-1-methylindolin-2-one
13: Yield: 30.3 m §80°/ as a white solid ﬁ:[)é 20: 425,20
¢=0.61 in CH,Cl,) for 15% ee); *H NMR (CDCl; 6 3.37
s, 3H, NCHs), 3.61 (s, 3H, OCHa), 5.28 (s 1H, 6.90
m, 3H, CH= , 7.21 (m, 2H, CH=), 742(m 1H CH " 7.58
m, 1H, CH=), 7.85 (m, 2H, CH=), 8.15 (d, *Ji.4 = 7.0 Hz,
H, CH—) 13C NMR (CDCIs) 8= 26.6 (
SCH) 57.2 (CH3), 1075(CH ), 114.6 (CH=),
22.4 (CH= % 122.6 % 122.8 C 1234 CH—
SCH)123 (CH=), 126.9 (Cg 77( %1286;
29.6 (CH=), 130.1 (CH=), 133.9 (C), 154.
&C =0). TO HRMS ESI+ m/z = 303.1259, calcd for
20H18NO> [IM+H]+ 3.1265. ee determined by SFC usmg
Chiralcel 1C-3 ~ column (flow: 3 ml/min, 90:1
scCO2:MeOH; A= 254.0 nm). Rr (+): 9.63 min (major) Rt
(-): 11.36 min (mmor)

Procedure for the kinetic experiments

In a flame-dried Schlenck tube, szgjba 3-CHCI3 (0.0019
mmol, 2.0 mg), 2phosphlte ggrldme ¢ (0.0049 mmol, 2.8
mg) substrate (25 0.0630 mmol), Meldrum’s acid 52 5
O 1575 mmol, 22 7 mg) and hexamethylbenzene 1.7
E 0.0105) as internal standard were placed. Dry C¢Ds g
mL) was added and 0.7 mL of this mixture were rapidly
transferred to a NMR tube with a seﬁ)tum cap |mmed|ately
before recording the NMR. Previously, the NMR tube was
placed under vacuum and backfilled W|th N2 (x3). The
reaction was followed by recording the *H-NMR spectrum
with a 1 min interval.

Computational details

The geometries of aII transition states were optimized
employing B3LYP[® functional including a D3 empirical
dlspersmn correctlon as implemented in Gaussian 09
program.?”1 LANL2DZ[?®I basis set were used 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 diethyl
ether.*1 The energies were further refined by performin
single-point calculations using the parameters_mentione
before, with the exception that the 6-311+G**B1 basis set
was used for all elements except galladlum All energies
reported are Gibbs free energles at 298.15 K and calculated
as Greported=Ge-316+ + (E6-31146** - Eg-316+).
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