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ABSTRACT: The Pd-catalyzed asymmetric α-arylation of carbon-
yl compounds is a valuable strategy to form benzylic stereocenters.
However, the origin of the stereoselectivity of these reactions is
poorly understood, and little is known about the reactivity of the
putative diastereomeric arylpalladium enolate intermediates. To
this end, we report the synthesis and characterization of a series of
diphosphine-ligated arylpalladium fluoroenolate complexes, includ-
ing complexes bearing a metal-bound, stereogenic carbon and an
enantioenriched chiral diphosphine ligand. These complexes
reductively eliminate to form chiral α-aryl-α-fluorooxindoles with
enantioselectivities and rates that are relevant to those of the
catalytic process with SEGPHOS as the ancillary ligand. Kinetic
studies showed that the rate of reductive elimination is slightly
slower than the rate of epimerization of the intermediate, causing the reductive elimination step to impart the greatest influence on
the enantioselectivity. DFT calculations of these processes are consistent with these experimental rates and suggest that the minor
diastereomer forms the major enantiomer of the product. The rates of reductive elimination from complexes containing a variety of
electronically varied aryl ligands revealed the unusual trend that complexes bearing more electron-rich aryl ligands react faster than
those bearing more electron-poor aryl ligands. Noncovalent Interaction (NCI) and Natural Bond Orbital (NBO) analyses of the
transition-state structures for reductive elimination from the SEGPHOS-ligated complexes revealed key donor−acceptor interactions
between the Pd center and the fluoroenolate fragment. These interactions stabilize the pathway to the major product enantiomer
more strongly than they stabilize that to the minor enantiomer.

■ INTRODUCTION

The α-arylation of carbonyl compounds has become a widely
practiced class of coupling reactions, and enantioselective
versions of this process have been reported in both
intermolecular and intramolecular forms with a range of
carbonyl compounds and sp2-electrophiles.1−26 The intermedi-
ates in the α-arylations that form the carbon−carbon bond are
C-bound arylpalladium enolate complexes. Examples of
arylpalladium enolate complexes have been prepared, and the
rates of reductive elimination as a function of the steric and
electronic properties of the enolate have been studied.6,27,28

However, analogous enolate complexes that are putative
intermediates in the enantioselective processes and that undergo
reductive eliminations to form enantioenriched, chiral products
have not been studied. Thus, the influence of the chiral ancillary
ligand and enolate structure on the formation, speciation, and
reactivity of diastereomeric arylpalladium enolate intermediates
is unknown.
In particular, it is unknownwhether formation of the C-bound

arylpalladium enolate complexes (Figure 1, red) or reductive
elimination from these complexes (Figure 1, blue) is the

stereochemistry-determining step in the enantioselective
formation of chiral products (eq 1). This information has

been difficult to obtain because α,α-disubstituted enolates
typically bind to themetal center through the enolate oxygen (eq
1; R1, R2 ≠ H), not the α-carbon (R1 or R2 = H).6,27−29 This
preference for κO binding over κC binding precludes the
evaluation of diastereomeric intermediates because the C-bound
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form is not observed. Diastereomeric C-bound enolate
complexes of α-monosubstituted carbonyl compounds might
be observable because the α-C-bound isomer of these complexes
can be more stable than the O-bound form.27 However, the
benzylic α-C−H bond in the coupled products is more acidic
than the α-C−H bonds of the starting carbonyl compounds, and
this greater acidity of the product complicates analysis of the
origins of enantioselectivity because racemization of the arylated
products occurs under the basic reaction conditions typically
employed for catalysis.9,16,30−34 Thus, information on the
origins of enantioselectivity has been limited to that from
computational studies.32,33

We recently reported several examples of the enantioselective
α-arylation of α-fluoroenolates.18,19 We considered that these
reactions might provide an opportunity to observe such
diastereomeric intermediates because the fluorine atom on
these enolates could lead to an electronic preference for the α-C-
bound form35−37 and the small size of fluorine would not
significantly destabilize this form due to steric interactions.
Because the arylated products formed from these reactions lack
acidic C−Hbonds at the newly formed stereocenter, they do not
epimerize under catalytic conditions.18,19 Thus, such systems
provide a potential opportunity to study the reactivity of enolate
complexes containing a stereogenic, palladium-bound carbon
atom and a chiral ancillary phosphine ligand and to address
whether the formation of these diastereomeric complexes or the
reductive elimination from these complexes determines
enantioselectivity.
We report the synthesis of diphosphine-ligated, chiral,

arylpalladium fluoroenolate complexes derived from an α-
fluorooxindole in which the enolate fragments are bound to the
Pd center at a stereogenic α-carbon, including the first such
complexes bearing a chiral diphosphine ligand ((S)-SEG-
PHOS). These complexes undergo reductive elimination in
high yields, allowing an assessment of the relative rates of
epimerization of and reductive elimination from the fluoroeno-
late complexes. These studies show that the fluoroenolate
complexes undergo epimerization with rates that are comparable
to, but slightly faster than, those of reductive elimination and
that reductive elimination is the principal determinant of
enantioselectivity. Studies of analogous complexes containing
the ach i r a l l i g and DPPF (DPPF = (1 ,1 ’) -b i s -
(diphenylphosphino)ferrocene enabled comparisons to prior
studies of fluorinated and nonfluorinated arylpalladium enolate,
and allowed further information on the electronic effects of the

aryl fragment on the rates of reductive elimination to be
obtained.

■ RESULTS AND DISCUSSION
1. Synthesis and Reactivity of (S)-SEGPHOS-ligated

Arylpalladium Fluoroenolate Complexes. Our investiga-
tions began with the preparation of (S)-SEGPHOS-ligated
arylpalladium fluorooxindole species that are the putative
intermediates that undergo reductive elimination to form the
coupled products in our previous studies on the Pd-catalyzed α-
arylation of 3-fluorooxindoles.19 Complexes 2a and 2b were
prepared by treating arylpalladium bromide complexes 1a−b
with KOtBu in THF to form the corresponding arylpalladium
tert-butoxide complexes, which were combined in situ with 3-
fluoro-N-methyl-oxindole (3) to form the desired fluoroenolate
complexes as mixtures of diastereomers (Scheme 1). The

diagnostic NMR signals of (4-cyanophenyl)palladium enolate
complex 2a are shown in Figure 2. The 19F NMR spectra of both
complexes 2a and 2b consist of two doublets of doublets with
large coupling constants (3JF−P = 112−115 Hz and 38−39 Hz),
each of which are coupled to a pair of doublets of doublets in the
31P{1H} NMR spectra (2JP−P = 27−33 Hz). These data are

Figure 1. Conceptual energy diagram of possible epimerizations and
stereochemistry-determining steps of the formation of enantioenriched
α-aryl carbonyl compounds from chiral arylpalladium α,α-disubstituted
enolate complexes.

Scheme 1. Preparation of (S)-SEGPHOS-ligated
Arylpalladium Fluorooxindole Complexes 2a−b

Figure 2. Diagnostic signals of 2a in its (a) 19F and (b) 31P{1H} NMR
spectra (C6D6). (*) and (‡) indicate peaks corresponding to the two
diastereomers of 2a. (†) indicates a trace amount of the coupled
product 4a.
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consistent with a mixture of diastereomeric α-C-bound enolate
complexes containing a fluorine atom on the α-carbon.
Heating complexes 2a−b at 65 °C in C6D6 in the presence of

PPh3 to trap the generated Pd(0) species resulted in the
quantitative formation of the α-arylated products 4a−b in high
ee’s (93% and 95% for 4a and 4b, respectively; see Table 1). Both

the formation of arylated products 4a−b and the decomposition
of the starting complexes 2a−b were monitored by quantitative
inverse-gated 19F{31P} NMR spectroscopy and displayed clean
first-order kinetics.
The time course for the decomposition of 2a and formation of

4a is shown in Figure 3a. For both complexes 2a and 2b, the

concentrations of the two diastereomers quickly reached a ratio
of ∼3:1, and this ratio remained constant over the remainder of
the reaction. While the dr of the unsubstituted phenylpalladium
enolate complex 2b reached its equilibrium ratio within the first
minute of heating (see the SI), the isomerization of (4-
cyanophenyl)palladium enolate complex 2a to its steady-state dr
was slow enough to observe over the first 5 min of the reaction
(Figure 3b). Because the ee’s of the coupled products 4a−b far
exceeded the steady-state dr’s of the fluoroenolate complexes
2a−b, the relative rates of reductive elimination from the two
diastereomers must be the dominant contributor to the
enantioselectivity of this reaction.38

To obtain a more complete picture of the dynamics of the
reaction of 2a, we estimated the first-order rate constants for the
epimerization of and the reductive elimination from 2a using the
kinetic modeling software COPASI (Scheme 2; see the SI for a

derivation of the rate equation).39 While isomerization from the
diastereomer that gives the major product enantiomer (pro-(S)-
2a) to the diastereomer that gives theminor product enantiomer
(pro-(R)-2a) occurs with a rate constant that is significantly
larger than that of the subsequent reductive elimination step by
more than 2 orders of magnitude (k1 = 8.7× 10−3 s−1 vs kmin = 4.4
× 10−5 s−1, respectively), isomerization of the diastereomer that
gives the minor product to the diastereomer that gives the major
product is just barely faster than the rate of reductive elimination
(k−1 = 3.8× 10−3 s−1 vs kmaj = 3.3× 10−3 s−1, respectively). These
similar rate constants for epimerization and reductive
elimination are consistent with the sluggish equilibration
observed in Figure 3b and highlight the large difference in
rates between the two manifolds forming the two enantiomeric
products. Computational modeling of the individual isomer-
ization and reductive elimination steps by DFT, along with a
discussion of the implications for the origins of enantioselectiv-
ity, are presented in Section 3 and in the Conclusion.

2. Analysis of the Electronic Effect of the Eliminating
Aryl Fragment. Because the rates of reductive elimination can
depend on the electronic properties of the eliminating aryl
group, causing the electronic properties to affect the relative
rates for reductive elimination and epimerization, we also
compared the rates of reductive elimination from unsubstituted
2b and para-CN-substituted 2a. Surprisingly, the formation of
arylated 4b from the complex containing the more electron-rich
phenyl group (2b) occurred ∼3 times faster than the formation
of 4a from the complex containing the more electron-poor 4-
cyanophenyl group (2a). This difference is the opposite of that
observed for the rates of reductive elimination from
diphosphine-ligated arylpalladium complexes of nonfluorinated
enolates and most Pd-catalyzed reductive elimination reactions
to form C−X bonds.28 Such rates are generally faster for
complexes containing more electron-poor aryl groups than for
complexes containing more electron-rich aryl groups.40−43

Two studies on the electronic effect of the aryl ligand on the
rates of reductive elimination of arylpalladium(II) difluor-
omethyl44 and difluoroenolate45 complexes showed that

Table 1. Reductive Elimination from (S)-SEGPHOS-ligated
Arylpalladium Fluoroenolate Complexes 2 at 65 °C

Complex R kobs (s
−1×104)a drb Yield ee of 4

2a CN 8.6 ± 0.4 3.0:1 >99% 93%
2b H 26 ± 2 3.2:1 >99% 95%

aDetermined by monitoring the rate of formation of coupled product
by 19F{31P} NMR spectroscopy. bDetermined as the average ratio
between the two diastereomers (major:minor) during the second half-
life of the reaction.

Figure 3.Time courses of the thermolysis of 2a in C6D6 at 65 °C (eq 2)
showing (a) the concentrations of 2a and 4a and (b) the dr of 2a.
Concentrations were determined by quantitative inverse-gated
19F{31P} NMR spectroscopy relative to an internal standard. The
solid line in part b represents the simulated dr of 2a according to the
fitted rate constants for epimerization and thermolysis (see text).

Scheme 2. Rate Constantsa of Epimerization and Reductive
Elimination of Complex 2a as Modeled by COPASI39

aRate constants are given in units of s−1. Assignment of major and
minor diastereomers of 2a was based on DFT calculations (vide
inf ra).
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elimination occurs more rapidly from complexes containing
more electron-donating aryl groups than from complexes
containing less electron-donating aryl groups. Our data imply
that this trend observed previously for two classes of fluoroalkyl
complexes is general for a range of fluoroenolates.
In light of these results, we sought to explore further the

influence of the electronic properties of the Pd-bound aryl group
on the rates of reductive elimination in the absence of potentially
competing stereoelectronic effects from the two diastereomers
of the SEGPHOS-ligated complexes 2a−b. To this end, we
prepared a series of DPPF-ligated arylpalladium fluorooxindole
complexes 6a−g (DPPF = 1,1′-bis(diphenylphosphino)-
ferrocene). These complexes were prepared from the analogous
arylpalladium bromide complexes 5a−g by a route analogous to
that used to prepare SEGPHOS-ligated complexes 2a−b
(Scheme 3). The 19F NMR spectra of complexes 6a−g consist

of a single doublet of doublets (3JF−P ∼ 110−112, 39−40 Hz)
coupled to two doublets of doublets in the 31P{1H} spectra.
These data indicate that the enolates in these complexes are
connected to palladium through the α-carbon of the enolate.
We also unambiguously confirmed the α-C-bound con-

nectivity of (4-cyanophenyl)palladium enolate complex 6a in
the solid state by single crystal X-ray diffraction (Figure 4). The

Pd−C(aryl) bond of 6a is slightly longer than Pd−C(aryl)
bonds of previously reported DPPF-ligated arylpalladium
fluoroenolate complexes (2.063(3) Å; literature: 2.051(2)−
2.058(3) Å).45 The Pd−C(enolate) bond (2.139(3) Å) of 6a is
longer than the Pd−C(enolate) bonds of mono- and
difluoroester complexes (2.105(3) Å and 2.099(3) Å,
respectively), but is shorter than that of a difluoroamide
complex (2.188(3) Å).

Heating the enolate complexes 6a−g in C6D6 at 80 °C in the
presence of PPh3 afforded the corresponding arylated
fluorooxindoles in quantitative yields. The reactions were
monitored by quantitative inverse-gated 19F{31P} NMR spec-
troscopy, and the rate constants were determined from first-
order exponential fits of product formation (see the SI for a table
of rate constants). A Hammett plot of the relative rate constants
of reductive elimination vs the σp

46 substituent parameter of the
R group on the aryl ring is shown in Figure 5. In contrast to

previous studies on arylpalladium enolate complexes that did
not contain fluorine,28,43 the reductive elimination from
fluoroenolate complexes 6a−g containing more electron-
donating aryl fragments were faster than those of complexes
containing more electron-withdrawing aryl fragments (ρ =
−1.0), with the electron-rich para-methyl-substituted complex
6f reacting ∼8 times faster than the electron-poor para-CF3-
substituted complex 6c. This trend matches that observed for
SEGPHOS-ligated complexes 2a−b and that for the limited
previous arylpalladium fluoroenolates shown to undergo
reductive elimination,44,45 giving more evidence for the unusual
effect of fluorine on the rates of reductive elimination.
To identify parameters that increase the linearity of the

Hammett plot in Figure 5, we also constructed a composite
substituent parameter σ̅ by varying the inductive (“field”) and
resonance contributions of the R group on the aryl ligand (see
Figure S8 and the preceding discussion in the SI). Such a
treatment previously increased the linearity of the fits of the
relative rates of reductive elimination reactions of arylpalladium
amide,40 thiolate,41 and alkoxide complexes.42,47 However, the
optimal combination of field and resonance parameters (σ̅ =
0.69 F + 0.31 F) only modestly increased the linearity (R2 =
0.87) of the Hammett plot for reductive elimination from
complexes 6a−g.

3. Computational Modeling and Origins of Enantio-
selectivity.DFT calculations of the energies of the α-C and O-
bound enolates of (S)-SEGPHOS-ligated arylpalladium fluo-
roenolate complexes 2a−b are consistent with the observation
of the C-bound connectivity in the ground state (Figure 6; see
the SI for computational methods, structures, and energies). For
both 4-cyanophenyl complex 2a and phenyl complex 2b, the free
energy of the diastereomer that affords the minor enantiomer
(pro-(R)) was found to be lower than that of the complex that
affords the major enantiomer (pro-(S)) for several functionals
(ΔG = 0.8−1.3 kcal/mol; see Table S4 in the SI). The energies
of the energy-minimized O-bound isomers of complexes 2a and
2b were calculated to be more than 4 kcal/mol higher than the

Scheme 3. Preparation of DPPF-ligated Arylpalladium
Fluorooxindole Complexes 6a−g

Figure 4. Thermal ellipsoid drawing of fluoroenolate complex 6a.
Ellipsoids are drawn at 50% probability, and hydrogens and
crystallization solvent are omitted for clarity. Teal = Pd, light gray =
C, blue =N, light green = F, light orange = P, dark orange = Fe. Selected
bond lengths: Pd−C1, 2.139(3) Å; Pd−C10, 2.063(3) Å.

Figure 5.Hammett plot of the relative rates of thermolysis of complexes
6a−g vs the σp parameter of the para substituent of the eliminating aryl
group. See the SI for a table of rate constants.
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energies of either of the two α-C-bound diastereomers.
Consistent with the minor diastereomer forming the major
enantiomer of the product, the free energy barriers to reductive
elimination to form the major product enantiomers (S)-4a and
(S)-4b from pro-(S)-2a and pro-(S)-2b were calculated to be
22.5 and 21.7 kcal/mol, respectively, while those to elimination
to form the minor product enantiomers (R)-4a and (R)-4b from
pro-(R)-2a and pro-(R)-2b were both calculated to be 26.2
kcal/mol. These computed barriers agree well with the
experimentally determined rates of reductive elimination of 2a
(ΔG‡

expt(pro-(S)-2a) = 23.7, ΔG‡
expt(pro-(R)-2a) = 26.6 kcal/

mol) and support the faster rates of reductive elimination
observed from phenyl complex 2b than from 4-cyanophenyl
complex 2a.
The free energy barriers for the isomerization from the α-C-

bound isomers pro-(R) and pro-(S) to the corresponding O-
bound enolate isomers κO1 and κO2 were calculated to be 22−
25 kcal/mol. These values are close to the calculated barriers for

reductive elimination to form the major enantiomers of the
products ((S)-4a−b) and are consistent with the comparable
rates of epimerization and reductive elimination to form this
enantiomer determined experimentally.48 Simulations were
conducted to determine the ee values of α-aryl fluorooxindoles
4a and 4b that would result from the reaction of a 1:1 mixture of
the corresponding diastereomeric complexes pro-(R)-2a,b and
pro-(S)-2a,b with rate constants from the computed free-energy
barriers of isomerization and reductive elimination. The
simulated ee values were found to be 87% and 94% for 4a and
4b, respectively, which are well within error of the
experimentally observed values of 93% and 95% (see the SI
for a discussion on the effects of the small differences in free
energy barriers on this value). Altogether, these results support
our conclusion that the reductive elimination step has the
greatest influence on enantioselectivity and that the minor
observed diastereomer forms the major enantiomer of the
coupled product.

Figure 6. Energy coordinate diagram for the epimerization of and reductive elimination from (S)-SEGPHOS-ligated arylpalladium complexes 2a−b.
Free energies are given at 338.15 K in kcal/mol. See the SI for computational methods and structures.

Figure 7. Schematics for the transition state structures (left), NCI plots (center) and overlays of the leading NBOs involved in the d(Pd) → π*
interactions (right) for a-c) RE-TS-(S)-2b and d-f) RE-TS-(R)-2b. NCI isosurfaces are drawn at s = 0.05 au excluding ρ > 0.05 au. Grid data were
generated with Multiwfn 3.751 and visualized with VMD.52 Black arrows highlight C(aryl)−H···O(carbonyl) and d(Pd) → π* interactions.
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Further inspection of the calculated transition-state structures
for reductive elimination revealed close contacts between the
oxygen atom in the carbonyl of the fluorooxindole fragment and
several aryl C−H bonds (r = 2.24−2.60 Å; RvdW(O) +
RvdW(H)

49 = 2.62 Å). These contacts in the transition state to
give the major product enantiomer (RE-TS-(S); 2.24−2.33 Å;
Figure 7a) were shorter than those in the transition state to give
the minor enantiomer (RE-TS-(R); 2.47−2.60 Å; Figure 7d).
Zhou and co-workers previously proposed that such C(aryl)−
H···O(carbonyl) interactions were attractive and responsible for
the high enantioselectivities observed in their Pd-catalyzed
asymmetric arylation of silyl ketene acetals and enol ethers.32,33

To probe these close contacts further, we used Noncovalent
Interaction (NCI) analysis.50 This analysis reveals regions of a
molecule engaged in noncovalent interactions when both the
electron density ρ and reduced density gradient s = 1/
(2(3π2)1/3)|∇ρ|/ρ4/3 are near 0. NCI analysis further classifies
these regions by the sign of the second eigenvalue λ2 of the
Hessian of ρ as either stabilizing and bonding-like (λ2 < 0,
colored blue), destabilizing and nonbonded (λ2 > 0, colored
red), or due to van der Waals interactions (λ2 ∼ 0, colored
green). Regions with larger ρ are considered to represent
stronger interactions and are represented visually by more
saturated reds and blues.
The NCI plots of structures RE-TS-(S) and RE-TS-(R) for

phenylpalladium enolate complex 2b (Figure 7b,e, respectively)
display blue-green isosurfaces between the aforementioned
C(aryl)−H bonds and the carbonyl oxygen atom of the
fluorooxindole fragment, indicating attractive interactions.
These interactions are more prominent (darker blue) in the
transition state to give the major product enantiomer (RE-TS-
(S)-2b) than in that to give the minor enantiomer (RE-TS-(R)-
2b). While these differences may influence the relative stabilities
of the two transition states, the NCI plots also reveal muchmore
prominent, bonding-like interactions between the fluoroox-
indole fragment and the Pd center. InRE-TS-(S)-2b, this region
is positioned between the Pd center and the carbonyl carbon,
while in RE-TS-(R)-2b it is positioned similarly between the Pd
center and one of the carbons of the aryl ring of the
fluorooxindole fragment. Notably, these regions were present
in neither the starting nor final ground-state complexes (see the
SI). We hypothesized that these regions correspond to donor−
acceptor interactions between d orbitals on the Pd center and
the C=O* antibonding orbital of the carbonyl in the case of RE-
TS-(S)-2b and a π* orbital of the aryl ring in the case of RE-TS-
(R)-2b. Because carbonyl groups are typically more electrophilic
than aromatic rings, this interaction should be more stabilizing
in RE-TS-(S)-2b than in RE-TS-(R)-2b.
To evaluate these hypotheses further, we analyzed the second-

order Natural Bond Orbital (NBO) interactions of RE-TS-(S)-
2b and RE-TS-(R)-2b.53,54 Second-order NBO interactions
quantitatively describe the electronic stabilization resulting from
donation of a mostly occupied NBO into another, mostly
unoccupied, NBO. Analysis of the donor−acceptor interactions
between all (partially) occupied d orbitals of the Pd center and
the NBO-localized fluorooxindole C=O* orbital (RE-TS-(S)-
2b; Figure 7c) or the proximal C=C* orbital of the
fluorooxindole aryl ring (RE-TS-(R)-2b; Figure 7f) revealed
interaction energies of 8.7 and 3.4 kcal/mol, respectively. These
energies are consistent with our hypothesis that the interaction is
more stabilizing in the transition state to give the major product
enantiomer than in that to give the minor product enantiomer.

This interaction is reflected further in the NAO-basedWiberg
bond indices55 (WBIs) between the Pd center and the relevant
atoms of the π* orbitals of the fluorooxindole fragment across
the reaction coordinate (Figure 8, gold dotted line). As the

reaction proceeds from the starting complexes pro-(S)-rot-2b
and pro-(R)-rot-2b, the WBIs increase to maxima just after the
transition state (WBI = 0.175 and 0.052 for RE-TS-(S)-2b and
RE-TS-(R)-2b, respectively) and then decrease until they reach
the product η2-arene complexes pdt-(S)-2b and pdt-(R)-2b.
Thus, these interactions arise exclusively in the transition state
and are not present in the starting and product complexes.
Taken together, these results strongly suggest that d(Pd) → π*
interactions are responsible for the stereoselectivity of the
reductive elimination step in complexes 2a−b.

4. Kinetic Analysis of the Catalytic Reaction. Having
demonstrated that (S)-SEGPHOS-ligated fluoroenolate com-
plexes 2a and 2b undergo reductive elimination to form α-
arylated products in high yields and enantioselectivities, we
sought to assess the intermediacy and potential accumulation of
these complexes in the catalytic coupling reaction of aryl triflates
7a and 7b and fluorooxindole 3 with K3PO4 as a base (Scheme
4).19When ((S)-SEGPHOS)2Pd(0) (8) was used as the catalyst
precursor, the enantioselectivities of the arylations with aryl
triflates 7a and 7b (94% and 96%, respectively) matched those
obtained for the stoichiometric reductive eliminations from 2a
and 2b (vide supra).
Phenylpalladium fluoroenolate complex 2b was not detected

by 19F{31P} or 31P{1H} NMR spectroscopy in an aliquot of the
reaction mixture of the arylation of fluorooxindole 3with phenyl
triflate (7b) catalyzed by bis-(S)-SEGPHOS-ligated Pd(0)
complex 8 after 1 h (∼4% conversion). Instead, complex 8
and free SEGPHOS were the only phosphine-containing species
detected in solution by 31P{1H}NMR spectroscopy (see the SI).
This result suggests that ligand dissociation to form
(SEGPHOS)Pd(0) or the subsequent oxidative addition of
aryl triflate is the turnover-limiting step of the catalytic reaction
when 8 is used as the precatalyst.
To probe this hypothesis further, we measured the initial rates

of formation of arylated product 4b while systematically varying

Figure 8.Wiberg bond indices across the intrinsic reaction coordinate
for reductive elimination from pro-(S)-rot-2b. IRC = 0 corresponds to
the transition state along the path. (a) WBIs along the path to give the
major product enantiomer (encountering RE-TS-(S)-2b). Pd−C(π*)
corresponds to theWBI between the Pd center and the C of the enolate
C=O. (b) WBIs along the path to give the minor product enantiomer
(encountering RE-TS-(R)-2b). Pd−C(π*) corresponds to the WBI
between the Pd center and the nearest C of the phenyl ring of the
fluorooxindole fragment. The rising Pd−C(aryl) WBI near the end of
the reaction coordinate corresponds to the formation of the product η2-
arene complex pdt-(R)-2b.
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the initial concentrations of each component. As shown in
Figure 9, the catalytic coupling reaction was first-order in the

concentrations of precatalyst 8 and aryl triflate 7b, zero-order in
the concentration of fluorooxindole 3, and inverse order in the
concentration of added (S)-SEGPHOS. These orders are
consistent with turnover-limiting oxidative addition after
reversible dissociation of the diphosphine. Moreover, the initial
rates of formation of product 4b were slower than the initial rate
that would be observed if reductive elimination from phenyl-
palladium fluoroenolate complex 2b were the turnover-limiting
step of the reaction (hypothetical kinit,RE = 1.2 × 10−5 M·s−1 with
3.0 mol % 2b). Thus, complex 2b is kinetically competent to be
an intermediate in the formation of 4b under catalytic
conditions, but does not accumulate in the catalytic reaction
under these conditions.

In contrast to phenyl complex 2b, the 4-cyanophenyl complex
2a was detected in the reaction of electron-deficient 4-
cyanophenyl triflate (7a) with Pd(0) complex 8 as the
precatalyst (∼50% of the loading of 8 as determined by
19F{31P} NMR spectroscopy). Bis-(S)-SEGPHOS complex 8
was also detected in the 31P{1H} spectrum of this reaction. We
hypothesized that the different resting states for the reactions of
aryl triflates 7a and 7b resulted from the faster oxidative addition
of electron-deficient 4-cyanophenyl triflate (7a) than that of the
more electron-rich phenyl triflate (7b). While the oxidative
addition step in the reaction of the more electron-rich aryl
triflate 7b was slow enough relative to the reductive elimination
from the intermediate fluoroenolate complex 2b that oxidative
addition was the turnover-limiting step in the catalytic reaction,
the oxidative addition step in the reaction of the more electron-
deficient aryl triflate 7a was fast enough to be competitive with
reductive elimination from the intermediate fluoroenolate
complex 2a, leading to the observation of both palladium(0)
complex 8 and fluoroenolate complex 2a in the reaction of 7a.
We reasoned that maintaining a 1:1 ratio of SEGPHOS and

Pd would mitigate the accumulation of the bis-(S)-SEGPHOS
Pd(0) complex 8 and facilitate the oxidative addition step,
thereby causing reductive elimination from the fluoroenolate
complex 2a to be the turnover-limiting step in the catalytic
reaction of 4-cyanophenyl triflate (7a). After some exper-
imentation, we found that fluoroenolate complex 2a was the
dominant phosphine-containing species in solution for the
reaction of 7a with fluorooxindole 3, as determined by 31P{1H}
NMR spectroscopy, when the (S)-SEGPHOS-ligated pallada-
cycle 9 was used as the precatalyst (see the SI).
Analysis of the initial rates of the formation of α-aryl-oxindole

4a during the reaction of 4-cyanophenyl triflate (7a),
fluorooxindole 3, and precatalyst 9 revealed a zero-order
dependence of the rate of the catalytic reaction on the
concentrations of aryl triflate 7a and fluorooxindole 3 and a
first-order dependence on the concentration of precatalyst 9,
consistent with turnover-limiting reductive elimination from the
resting-state fluoroenolate complex 2a (Figure 10). The kobs
determined from a plot of the initial rates of formation of
arylated product 4a vs the loading of precatalyst 9was 6.9× 10−4

s−1, which is close to the observed rate constant for reductive
elimination from 2ameasured in the stoichiometric experiments
(8.6 × 10−4 s−1, vide supra).56 The ee value of the resulting
arylated product 4a was also 94%, which matches that obtained
from thermolysis of 2a or in reactions catalyzed by ((S)-
SEGPHOS)2Pd(0) (8). Taken together, these results directly
implicate arylpalladium fluoroenolate complexes 2a and 2b as
the species that form the C−C bond and control enantiose-
lectivity during the formation of 4a and 4b under catalytic
conditions.57

■ CONCLUSION
In summary, we have prepared a series of diphosphine-ligated,
arylpalladium α-C-bound fluorooxindole complexes, including
two complexes bearing (S)-SEGPHOS as the ancillary ligand,
that begin to reveal the origins of enantioselectivity in the
enantioselective α-arylation of carbonyl compounds. These
complexes undergo reductive elimination to form α-aryl-α-
fluorooxindoles in quantitative yields. The SEGPHOS-ligated
arylpalladium fluorooxindole complexes 2a−b formed the
coupled products with ee values that matched those obtained
in the Pd-catalyzed coupling of aryl triflates with fluorooxindole
3, and 2a was directly observed in the crude catalytic reaction

Scheme 4. Catalytic Arylation of 3 with Aryl Triflatesa,b,c

aAryl triflate (0.100 mmol), 3 (0.200 mmol), K3PO4 (0.300 mmol), 8
(0.0030 mmol), (S)-SEGPHOS (0.0015 mmol). bAryl triflate (0.100
mmol), 3 (0.200 mmol), K3PO4 (0.300 mmol), 9 (0.0030 mmol),
2,6-lutidine (0.018 mmol). cYields determined by quantitative 19F
NMR spectroscopy.

Figure 9. Initial rates of the reaction of phenyl triflate (7b) with
fluorooxindole 3 catalyzed by ((S)-SEGPHOS)2Pd(0) (8) vs varying
initial concentrations of (a) precatalyst 8; (b) aryl triflate 7b; (c)
fluorooxindole 3; and (d) added SEGPHOS. Baseline conditions: 7b
(0.100 mmol, 0.153 M), 3 (0.200 mmol), K3PO4 (0.300 mmol), 8 (3.0
mol %), (S)-SEGPHOS (1.5 mol %). See the SI for details.
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mixture. These experiments established the relevance of these
complexes to catalysis and the origins of enantioselectivity.
Epimerization between the two diastereomers of the SEG-
PHOS-ligated complexes was observed directly and was shown
to be faster than reductive elimination, demonstrating that the
enantioselectivity of the reaction is determined by the relative
rates of reductive elimination from the two diastereomers.
Computational analysis suggests that the difference in energy
between the two diastereomeric transition states to reductive
elimination is due to interactions between the carbonyl oxygen
atom of the fluorooxindole fragment with the aryl C−Hbonds of
the SEGPHOS ligand, as well as donor−acceptor interactions
between the Pd center and π* orbitals of the fluoroenolate
fragment.
Given that arylpalladium fluoroalkyl complexes undergo

reductive elimination more slowly than their nonfluorinated
counterparts,28,37 two scenarios for the enantioselective
arylation of nonfluorinated enolates are possible in light of the
current work. First, if the difference in the rate of the
isomerization between the O- and C-bound forms of the
fluorinated and nonfluorinated enolate complexes is similar or
greater than the difference in the rate of reductive elimination of
the two types of complexes, then reductive elimination would
remain the principal determinant of enantioselectivity. In this
case, enantioselectivities from the arylations of nonfluorinated
enolates could be enhanced by designing systems to facilitate the
aforementioned C−H···O and d → π* interactions. If
isomerization between the O- and C-bound forms of the
nonfluorinated enolates is significantly slower than reductive
elimination, then the formation of the diastereomeric enolate
complexes would control enantioselectivity, and factors to form
one C-bound diastereomer over the other would need to be
developed. To this end, increasing the size of the substituent on
the α-carbon while maintaining its electron-withdrawing nature
could enable the observation of both C-bound and O-bound
arylpalladium enolate species and the measurement of the rates

of conversion among them. Studies to assess the relationship of
these conclusions to the reactions of enolates lacking fluorine
and to design further enantioselective fluoroalkylations are in
progress.
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