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ABSTRACT: Enantioselective conjugate additions of arylboronic acids to $-substituted cyclic enones have been reported previ-
ously from our laboratories. Air and moisture tolerant conditions were achieved with a catalyst derived in situ from palladium(II)
trifluoroacetate and the chiral ligand (S)-#~-BuPyOx. We now report a combined experimental and computational investigation on
the mechanism, the nature of the active catalyst, the origins of the enantioselectivity, and the stereoelectronic effects of the ligand
and the substrates of this transformation. Enantioselectivity is controlled primarily by steric repulsions between the #~-Bu group of
the chiral ligand and the o-methylene hydrogens of the enone substrate in the enantiodetermining carbopalladation step. Computa-
tions indicate that the reaction occurs via formation of a cationic arylpalladium(II) species, and subsequent carbopalladation of the
enone olefin forms the key carbon-carbon bond. Studies of non-linear effects and stoichiometric and catalytic reactions of isolated
(PyOx)Pd(Ph)I complexes show that a monomeric arylpalladium-ligand complex is the active species in the selectivity-determining
step. The addition of water and ammonium hexafluorophosphate synergistically increases the rate of the reaction, corroborating the
hypothesis that a cationic palladium species is involved in the reaction pathway. These additives also allow the reaction to be per-
formed at 40 °C and facilitate an expanded substrate scope.

Introduction

Asymmetric conjugate addition has become a familiar re-
action manifold in the synthetic chemists’ repertoire.' Though
seminal reports involved highly reactive organometallic nu-
cleophiles,” systems were rapidly developed that involved
functional-group-tolerant organoboron nucleophiles. Namely,
Hayashi pioneered the use of rhodium/BINAP catalysts for the
asymmetric conjugate addition of a number of boron-derived
nucleophiles.* As an economical alternative to the rhodium
systems, Miyaura pioneered the use of chiral palladium-
phosphine catalysts to address similar transformations* and
Minnaard reported a palladium-catalyzed asymmetric conju-
gate addition using a catalyst formed in situ from palladium
trifluoroacetate and commercially available (S,S)-MeDuPhos.’

More recently, asymmetric conjugate addition has become
a useful strategy for the challenge of constructing asymmetric
quaternary stereocenters.® Again, many earlier developed
methods involved highly reactive diorganozinc,” trior-
ganoaluminum,® and organomagnesium’ nucleophiles, how-
ever, more recently chiral rhodium/diene systems have been
shown to construct asymmetric quaternary stereocenters with
functional group-tolerant organoboron nucleophiles.” While
rhodium systems are highly developed and exhibit a wide sub-
strate scope, the high cost of the catalyst precursors and oxy-
gen sensitivity of the reactions are undesirable. Despite pro-
gress in palladium-catalyzed conjugate additions for the for-

mation of tertiary stereocenters,'" no conditions were amena-
ble to the synthesis of even racemic quaternary centers until
Lu and coworkers disclosed a dicationic, dimeric palla-
dium/bipyridine catalyst in 2010."> However, it was not until
our recent report that a palladium-derived catalyst was em-
ployed to generate an asymmetric quaternary stereocenter via
conjugate addition chemistry."”

Scheme 1. Asymmetric conjugate addition with (S)--

BuPyOx ligand.
= o

(S)-t-BuPyOx
1

o} Pd(OCOCF;), (5 mol %)

(o]
Ligand 7 (6 mol %)
ArB(OH), (2 equiv.)
CICH,CH,CI, 60 °C, 12 h A “Ar

Up to 99% yield !
Up to 96% ee

We employed a catalyst derived in situ from Pd(OCOCF3),
and a chiral pyridinooxazoline (PyOx) ligand," (S)-t-BuPyOx
(ligand 1, Scheme 1). This catalyst facilitates the asymmetric
conjugate addition of arylboronic acids to 3-substituted enones
in high yield and good enantioselectivity. Importantly, this
reaction is highly tolerant of air and moisture, and the chiral
ligand, while not yet commercially available, is easily pre-
pared.” Initial results with the Pd/PyOx system were reported
rapidly due to concerns over competition in the field. Indeed,
recent publications prove palladium-catalyzed conjugate addi-
tion to be a burgeoning field of research.'® After the initial
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disclosure, we observed that in addition to catalyzing conju-
gate additions to 5-, 6-, and 7-membered enones, the Pd/PyOx
catalyst successfully reacted with chromones and 4-
quinolones.” Intrigued by the broad substrate scope and op-
erational simplicity of this highly asymmetric process, we
conducted a thorough study to optimize the reaction condi-
tions, including measures to reduce the catalyst loading, lower
the reaction temperature, and further generalize the substrate
scope. We also performed mechanistic and computational
investigations toward elucidating the catalytic cycle, active
catalyst species, and the stereoelectronic effects on enantiose-
lectivity of this reaction.

Results:

1. Effects of Water on Catalyst Turnover

In our initial report,'* we were able to demonstrate that the
addition of up to 10 equivalents of water had no deleterious
effect. Despite this, water was not considered as an important
additive in the initially reported conditions because the
stoichiometric arylboronic acid was believed to be a sufficient
proton source to turn over the catalyst. In considering the
overall reaction scheme, a more precise analysis of the mass
balance of the reaction led us to reconsider the importance of
water as an participant in the overall transformation (Scheme
2a).

These considerations proved to be essential during the
scale up of the reaction. Attempts to use the original condi-
tions (with no water added) failed to convert enone 2 effi-
ciently, generating the desired ketone (3) only in moderate
yield (Scheme 2b). We reasoned that when the reaction is per-
formed on a small scale under ambient atmosphere the mois-
ture present in the air and on the glassware could be sufficient
to drive the reaction to completion. On a larger scale, how-
ever, where a more significant quantity of water was neces-
sary, this was no longer true. Gratifyingly, upon the addition
of as little as 1.5 equivalents of water to the reaction mixture,
both reactivity and the enantioselectivity were restored
(Scheme 2c), affording ketone 3 in high yield and ee.

Scheme 2. (a) Examination of reaction mass balance. (b)
Absence of water prohibits scale-up. (c) Addition of water
facilitates larger scale reactions.

@ o [o]

H
@\+ PhB(OH), + H,0 —B= + HO—B(OH),
“"Ph
2 3
b ©O (S)-t-BuPyOx (6 mol %) o
Pd(OCOCF3), (5 mol %)
PhB(OH), (2 equw)l Incomplete Conversion
CICH,CH,CI, 60 °C, 12 h b on 1 g scale (9 mmol)
No Added H,0
2 3
¢ O (S)-t-BuPyOx (6 mol %) o]
Pd(OCOCF3), (5 mol %)
PhB(OH), (2 equiv) 22 mmol scale
—_— h
CICH,CH,CI, 60 °C, 12 h uph 97% yield, 91% ee
5 equiv H,0
2 3

We next sought to measure deuterium incorporation at the
carbonyl a-position as a method to determine the source of the
proton utilized in reaction turnover. Reactions were per-
formed substituting deuterium oxide for water and observed
by 'H and ?’H NMR analysis (Figure 1). Using phenylboronic
acid, the reaction afforded ketone 3 in similar yield and enan-
tioselectivity (Figure la). Likewise, substitution of phenyl-
boroxine ((PhBO)3) for phenylboronic acid and deuterium

oxide for water (Figure 1b) resulted in identical yield, albeit
with slightly depressed ee observed in ketone 3. Analysis of
ketone 3 by '"H NMR (Figure 1c) showed significant deute-
rium incorporation at the a-position of the carbonyl, even in
the presence of phenylboronic acid."® As expected, a higher
degree of deuterium incorporation was observed in the reac-
tion where phenyl boroxine was substituted for the boronic
acid, however, the similar level of incorporation in both ex-
periments suggested that the deuterium oxide was the agent
assisting reaction turnover regardless of the use of protic or
aprotic boron reagent.

(S)-t-BuPyOx (6 mol %) [
Pd(OCOCF;), (5 mol %)
B(OH| 3)2 D
©/ (OH), NH,PF¢ (30 mol %)
—_—
cwuzcuzm 60°C,12h “/ph
D,0
(96% yield) 3
® © (S)-+-BuPyOx (6 mol %) o
Ph\B/O\B,Ph Pd(OCOCF;), (5 mol %) D
1 1 NH,PF; (30 mol %)
* 0.0 > .,
B CICH,CH,CI, 60 °C, 12 h “Ph
Ph D,0
2 (99% yield) 3
(c) H. 0 . .
3 integral relative to Hs
entry H; Hy, H;+H; Hg
Hs H,

| boronic acid 0.67 0.52 0.88 1.00
H,
Ph Hy boroxine 052 041 0.66 1.00
control 0.94 0.90 1.67 1.00
Figure 1. (a) deuterium incorporation using PhB(OH),.
(b) deuterium incorporation using (PhBO);. (c) 'H NMR data
measuring deuterium incorporation by integral comparison of
a-protons relative to Hs, control: treatment of ketone 3 to
deuterium incorporation conditions.

2. Effects of Salt Additives on Reaction Rate

Satisfied with our ability to perform the reaction on scale,
we turned our attention toward improving the catalyst activity.
We observed that nearly all previous literature reports regard-
ing palladium-catalyzed conjugate addition utilized cationic
precatalysts featuring weakly-coordinative anions (PFs,
SbFs, BF4 etc.). We reasoned that the substitution of the
trifluoroacetate counterion with a less coordinative species
could lead to an increase in reaction rate. With this goal in
mind, we examined a series of salt additives containing
weakly coordinative counterions. We viewed the strategy for
the in situ generation of the catalyst as the more practical and
operationally simple alternative to the design, synthesis, and
isolation of a new dicationic palladium precatalyst.

We investigated a number of salt additives to test this
mechanistic hypothesis (Table 1). Coordinating counterions
like chloride (entry 1) shut down reactivity. Pleasingly, as per
our hypothesis, weakly coordinating counterions with sodium
cations (entries 2—4) facilitated swift reaction, albeit with de-
pressed ee. Tetrabutylammonium salts (entries 5-6) encoun-
tered slow reaction times, but good enantioselectivity. So-
dium tetraphenylborate (entry 7), however, failed to deliver
appreciable quantities of the quaternary ketone 3, as rapid
formation of biphenyl was observed. Ammonium salts (en-
tires 8-9) provided the desired blend of reaction rate and
enentioselectivity. We concluded that the hexafluorophosphate
anion (entry 9) gave the optimal combination of short reaction
time with minimized loss of enantioselectivity.
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Table 1. Effect of salt additives on reaction rate.?

) (S)-t-BuPyOX, PhB(OH), O

Pd(OCOCF;),
CICH,CH,CI, 40 °C ’Ph
2 3
entry? additive time (h) yield (%)° ee (%)°

1 NaCl 24 trace
2 NaBF, 8 81d 88
3 NaPFg 6 97 87
4 NaSbFg 5 99 81
5 n{Bu),PFg 24 98 90
6 n-(Bu),BF, 24 95 88
7 NaBPh, 24 trace
8 NH,BF, 15 93 89
9 NH,PFg 12 96 91

*Conditions: phenylboronic acid (0.5 mmol), 3-
methylcyclohexen-2-one (0.25 mmol), water (5 equiv), additive
(30 mol %), PA(OCOCFj3), (5 mol %) and (S)-#-BuPyOX (6 mol
%) in ClCH2CH2C1 (1 mL) at 40 °C . °GC yleld utilizng tridecane
standard. ‘ee was determined by chiral HPLC. “Reaction checked
at 83% conversion as determined by GC analysis.

Based on our previous observations regarding the benefi-
cial nature of water as an additive, we next explored the com-
bined effect of water and hexafluorophosphate counterions.
We found addition of both water and ammonium hexafluoro-
phosphate were the most successful for increasing reactivity
(Table 2). Water alone is insufficient to alter reactivity (entry
1), though the use of water with 30 mol % ammonium hex-
afluorophosphate greatly reduced the reaction time (entry 2) to
only 1.5 hours with minimal effect on yield or ee. Further-
more, this combination of additives allowed the reaction to
proceed at temperatures as low as 25 °C with 5 mol % palla-
dium and 6 mol % ligand, and lowering of catalyst loadings to
only 2.5 mol % of palladium and 3 mol % ligand at 40 °C
(entry 3). We determined that optimal conditions for the reac-
tion with lower catalyst loading to be 5 equivalents of water,
30 mol % ammonium hexafluorophosphate at 40 °C (entry 4),
conditions that reproduce the original result at milder tem-
perature and lower catalyst loadings. The reaction was ex-
traordinarily tolerant of the amount of water, with both 10
(entry 5) and 20 (entry 6) equivalents of water having minimal
effect on the yield or ee. Loadings of ammonium hexafluro-
phosphate can be as low as 5 mol % (entry 7) or 10 mol %
(entry 8) with reactions completed in 24 hours. Stoichiometric
additive (entry 9) gave no additional benefit (entry 4). Thus,
we optimized the additive amounts to be 30 mol % ammonium
hexafluorophosphate and 5 equivalents of water.

Journal of the American Chemical Society

Table 2. Effect of water and NH4PF¢ on reaction rate.

o) (S)-t-BuPyOx, PhB(OH), o

Pd(OCOCF), Q
—_— >
@\ Rttt /P
2 3
entry® (eﬁuﬂ ) ("n?éf °/F.3 (mii’%) (:'Ingoalr:’z) tﬁ’nér time (h) yield (%)° ee (%)°
1 10 5 6 60 12 99 91
2 5 30 5 6 60 15 93 88
3 5 30 5 6 25 36 98 91
4 5 30 25 3 40 12 95 91
5 10 30 25 3 20 12 9% 89
6 20 30 25 3 40 12 95 90
7 5 5 25 3 a0 24 93 90
8 5 10 25 3 40 24 93 92
9 5 100 25 3 40 12 o7 88

*Conditions: phenylboronic acid (1.0 mmol), 3-
methylcyclohexen-2-one (0.5 mmol), water, NH4PFg,
Pd(OCOCF3)2 and (S)-t-BuPyOx in CICH,CH,Cl (2 mL). "Iso-
lated yield. ‘ee was determined by chiral HPLC.

Though increased rates were observed at 60 °C, the newly-
found ability to perform reactions at 40 °C promoted superior
reactivity of many substrates (Table 3). In fact, many sub-
strates that exhibited high enantioselectivities under the origi-
nal 60 °C reaction conditions suffered from poor yields. Re-
acting these substrates at 40 °C with the addition of ammo-
nium hexafluorophosphate and water promoted significantly
higher isolated yields. Arylboronic acids containing halides,
such as m-chloro- (4a) and m-bromophenylboronic acid (4b)
reacted with good enantioselectivity, but each substrate was
originally marred by low yield using our original conditions.
However, when reacted under the newly optimized reaction
conditions, the isolated yield for the addition of chlorophenyl-
boronic acid increased from 55% to 96% and for bromophen-
ylboronic acid from 44% to 86%. Even m-nitroboronic acid
(4¢) reacted with higher isolated yield. Notably, some ortho-
substituted boronic acids, such as o-fluorophenylboronic acid
(4d), reacted more successfully under the milder reaction con-
ditions, leading to increased isolated yield of 70%.

Table 3. Increased reaction yields with different arylboronic
acid substrates under new reaction conditions.?

o (S)-t-BuPyOx (6 mol %) o
7YY  Pd(OCOCF;); (5 mol %)
R __ NHPF HO H,0
»Z
+ cmHchzm < >
B(OH), 40°C,12h
2 4
(H0)23©/0| (HO)ZB\©/Br (HO)ZB\©/N02 (HO)ZBj :
F
4a 4b 4c 4d

55 % Yield 97 % ee 44 % Yield 86 % ee
96 % Yield 96 % ee 84 % Yield 84 % ee

40 % Yield 92 % ee
81 % Yield 91 % ee

32 % Yield 77 % ee
70 % Yield 77 % ee

*Blue font: reported yield and ee of 5 in the absence of NH4PFs
and water with reactions performed at 60 °C; red font: yield and
ee of 5 with additives. Conditions: boronic acid (1.0 mmol), 3-
methylcyclohexen-2-one (0.5 mmol), NH4PFs (30 mol %), water
(5 equiv.), PA(OCOCF3), (5 mol %) and (S)-z-BuPyOx (6 mol %)
in CICH,CH,ClI (2 mL) at 40 °C . Isolated yield reported, ec was
determined by chiral HPLC.
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3. Non-Linear Effect Correlation of Catalyst and Prod-
uct Enantioenrichment

Despite optimization of catalytic conditions for this highly
enantioselective process, we were unsure of the nature of the
active catalyst. For example, some rhodium conjugate addi-
tion systems have been shown to involve trimeric ligand/metal
complexes.” Furthermore, Lu and coworkers reported the use
of the palladium dimer [(bpy)Pd(OH)]»*2BF4 as a precatalyst
for conjugate addition.'> We aimed to rule out the in situ for-
mation and kinetic relevance of such dimers in our system. In
seeking to support our hypothesized monomeric ligand-metal
complex, we performed a non-linear effect study to determine
the relationship between the ee of the ligand and the ee of the
generated product.”” The endeavor was to exclude dimeric
(ML), complexes from kinetic relevance, clarifying the
monomeric nature of the active catalyst.?' Five reactions were
performed using a catalyst with different level of enantiopurity
(racemic, 20%, 40%, 60% and 80% ee), and the obtained
enantioselectivities were plotted against ee of the catalyst
mixture (Figure 2). The obtained data clearly demonstrates
that a non-linear effect is not present, and this observation
strongly supports the action of a single, monomeric (ML)-type
Pd/PyOx catalyst as the kinetically relevant species.”’ While
the precise nature of the active catalyst species is unknown,
isolated (PyOx)Pd(OCOCF3), serves as an identically useful
precatylst, delivering ketone 3 in 99% yield and 92% ee.”

100
90 |
80
70
60

40 |
30 |

ee product (%)
N
o

fg » ee catalyst vs ee product
0« : : : :
0 20 40 60 80 100

ee catalyst (%)

Figure 2. Determination of linearity between catalyst ee and
product ee.

4. Computational Investigations of the Reaction
Mechanism

Despite the results of the non-linear effect study agreeing
with the proposed monomeric Pd/PyOx catalyst, no formal
exploration of the mechanism of this transformation has been
reported. Our initial hypothesis concerning the mechanism of
the Pd/PyOx-catalyzed asymmetric conjugate addition were
well informed by the seminal work of Miyaura,” however, the
heterogeneous nature of the reaction medium, undefined na-
ture of the precise catalyst,” and complicating equilibrium of
organoboron species make kinetic analysis and thorough
mechanistic study extremely challenging.?

Previously, we performed density functional theory (DFT)
calculations to investigate the mechanism of palladium-
catalyzed conjugate addition of arylboronic acids to enones,
explicitly studying a catalytic palladium(II)/bipyridine system
in MeOH solvent similar to that developed by Lu.!?*? Cal-
culations indicated that the mechanism involves three steps:
transmetallation, carbopalladation (i.e. alkene insertion), and
protonation with MeOH. Monomeric cationic palladium com-

plexes are the active species in the catalytic cycle. The car-
bopalladation is calculated to be the rate- and stereoselectiv-
ity-determining step (Scheme 3). Now, we have performed
DFT investigations on the catalytic cycle of reactions with the
Pd/PyOx manifold and the effects of substituents and ligand
on reactivity and enantioselectivity. The calculations were
performed at the theoretical level found satisfactory in our
previous study of the Pd/bipyridine system. Geometries were
optimized with BP86® and a standard 6-31G(d) basis set
(SDD basis set for palladium). Solvent effects were calculated
with single point calculations on the gas phase geometries
with the CPCM solvation model in dichloroethane. All calcu-
lations were performed with Gaussian 03.%

Scheme 3. Enantioselectivity-determining step in asymmetric
conjugate addition of arylboronic acids to cyclic enones.

Q—«‘N’]

“t.Bu o

©/ B(OH), Pd(ococm)2
CIcHZCHZCI 60°C ©

Enantioselectivity-Determining Step

The computed potential energy surface for the catalytic cy-
cle is shown in Figure 3. To simplify the computations of the
mechanisms, a model ligand, in which the #-Bu group on the ¢-
BuPyOx ligand was replaced by H, was used in the calcula-
tions of the mechanisms and the full ligand was used in the
calculations of enantioselectivities which will be discussed
below. Calculations on the reaction mechanism with the full
ligand scaffold, however, generated a similar reaction dia-
gram, and the rate- and stereo-determining steps were un-
changed (see Figure S4 in the Supporting Information). The
first step involves transmetallation of cationic Pd(II)-
phenylborate complex 6 to generate a phenyl palladium com-
plex. Transmetallation requires a relatively low free energy
barrier of 15.6 kcal/mol (7-ts) with respect to complex 6 and
leads to a phenyl palladium complex (8). Complex 8 under-
goes ligand exchange to form a more stable phenyl palladium-
enone complex 12, in which the palladium binds to the enone
oxygen atom. Complex 12 isomerizes to a less stable m com-
plex 13 and then undergoes carbopalladation of the enone (14-
ts) to form the new carbon—carbon bond. The carbopalladation
step requires an activation free energy of 21.3 kcal/mol (12 —
14-ts), and is the stereoselectivity-determining step. The re-
gioisomeric carbopalladation transition state 16-ts requires 5.6
kcal/mol higher activation free energy than 14-ts, indicating
the formation of the a-addition compound 17 is unlikely to
occur. Coordination of one water molecule to 15 leads to a
water-palladium enolate complex 18, and finally facile hy-

4
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drolysis of 18 via 19-ts affords product complex 20. Libera-
tion of the product 3 from 20 and coordination with another
molecule of phenyl boronic acid regenerates complex 6 to
complete the catalytic cycle. The computed catalytic cycle
demonstrates some similarities with the Pd/bipyridine system
in our previous computational investigation, which also in-
volves monomeric cationic palladium as the active species and
a catalytic cycle of transmetallation, carbopalladation, and
protonation (with MeOH instead of H»O).

AGgo
(AHso)

kcal/mol

Journal of the American Chemical Society

We also considered an alternative pathway involving direct
nucleophilic attack of the phenyl boronic acid at the enone
while the Pd catalyst is acting as a Lewis acid to activate the
enone and directs the attack of the nucleophile (9-ts, Figure 3).
This alternative pathway requires an activation free energy of
58.9 kcal/mol, 43.3 kcal/mol higher than the transmetallation
transition state 7-ts. Thus, this alternative pathway was ex-
cluded by calculations.

Figure 3. Computed potential energy surface of the catalytic cycle (shown in black), the alternative direct nucleophilic addition
pathway (via 9-ts, shown in blue), and the isomeric carbopalladation pathway (via 16-ts, shown in green).

5. Experimental and Computational Investigations of
the Enantioselectivities

With the aforementioned optimized reaction conditions and
computational elucidation of the mechanism and stereoselec-
tivity-determining transition states, we explored the effects of
ligand and substrate on enantioselectivities by both experiment
and computations. The enantioselectivity-determining alkene
insertion step involves a four-membered cyclic transition state,
which adopts a square-planar geometry. When a chiral biden-
tate ligand, such as (S)--BuPyOx, is employed, there are four
possible isomeric alkene insertion transition states. The 3D
structures of the alkene insertion transition states in the reac-
tion of 3-methyl-2-cyclohexenone with (S)—#-BuPyOx ligand
are shown in Figure 4. In 1-TS-A and 1-TS-B, the phenyl
group is trans to the chiral oxazoline on the ligand, and in 1-
TS-C and 1-TS-D, the phenyl group is cis to the oxazoline. 1-
TS-A, which leads to the predorminant (R)-product, is the
most stable as the 7-Bu group is pointing away from other
bulky groups. 1-TS-C leads to the same enantiomer, but with
an activation enthalpy 2.6 kcal/mol higher than 1-TS-A. The
difference is likely to result from steric effects between the #-

Bu on the ligand and the phenyl group, as indicated by the C-
H and C-C distances labeled in Figure 4. 1-TS-B and 1-TS-D
lead to the minor (S)-product, which are ~ 3 kcal/mol less
stable than 1-TS-A as a result of the repulsions between the #-
Bu on the ligand and the phenyl group. In 1-TS-B, the cyclo-
hexenone ring is syn to the #-Bu group on the ligand. The
shortest H-H distance between the ligand and the enone is
2.30 A, suggesting some steric repulsions. In contrast, no
ligand-substrate steric repulsions are observed in 1-TS-A, in
which the cyclohexenone is anti to the ~Bu. 1-TS-A is also
stabilized by a weak hydrogen bond between the carbonyl
oxygen and the hydrogen geminal to the -Bu group on the
oxazoline. The O-H distance is 2.16A. Therefore, the enthalpy
of 1-TS-B is 2.3 kcal/mol higher than that of 1-TS-A. This
corresponds to an ee of 94%, which is very similar to the ex-
perimental observation (93%). Enantioselectivities were com-
puted from relative enthalpies of the transition states. The
selectivities computed from Gibbs free energies are very
similar and are given in the SI.

We then investigated the effects of substituents on the
ligand, in particular, at the 4 position of the oxazoline. The

5
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activation enthalpies of four alkene insertion pathways and the
computed and experimental ee for the reaction of 3-methyl-2-
cyclohexenone and phenyl boronic acid are summarized in
Table 4. The #-Bu substituted PyOx ligand is found to be the
optimum ligand experimentally (Table 4, entry 1). Replacing
t-Bu with smaller groups, such as i-Pr, i-Bu, or Ph, dramati-
cally reduces the ee.

The bulky #-Bu substituent on the ligand is essential not
only to discriminate the diastereomeric transition states 1-TS-
A and 1-TS-B, but also fix the orientation of the ligand to
point the chiral center cis to the cyclohexenone. The energy
difference between 1-TS-C and 1-TS-D, in which the chiral
center on the ligand is trans to the cyclohexenone, is dimin-
ished.

1-TS-A 1-TS-B
AH* = 21.5 kcal/mol

=4
1-TS-C 1-TS-D

AH¥ = 21.8 kcal/mol AH* = 22.2 kcal/mol

Figure 4. The optimized geometries of transition states in the
enantioselectivity-determining alkene insertion step of the
reaction of 3-methyl-2-cyclohexenone and phenyl boronic
acid with (S)-#-BuPyOx ligand. Selected H-H, C-H, and O-H
distances are labeled in A.

When the (S)-i-PrPyOx ligand is used, the alkene insertion
transition states with phenyl frans to the oxazoline (2-TS-A
and 2-TS-B) are also preferred. Thus, the enantioselectivity is
determined by the energy difference between 2-TS-A and 2-
TS-B. The (R)-product (via 2-TS-A) is favored with a com-
puted ee of 67%, slightly higher than the experimental ee
(40%). The optimized geometries of 2-TS-A and 2-TS-B are
shown in Figure 5 and the activation energies of all four tran-
sition states are shown in Table 4, entry 2. The i-Pr substituted
ligand manifests via similar steric effects to (S)--BuPyOx,
with, as expected, slightly weaker steric control. The lower
enantioselectivity is attributed to the weaker steric repulsions
between the i-Pr and the cyclohexenone in 2-TS-B than those
with the 7-Bu in 1-TS-B. The shortest distance between the
hydrogen atoms on the ligand and the cyclohexenone is 2.35 A
in 2-TS-B, slightly longer than the H-H distance in 1-TS-B
(2.30 A). Less steric repulsions with the (S)-i-PrPyOx lead to
2.8 kcal/mol lower activation barriers for 2-TS-B compared to
1-TS-B. The ligand steric effects on the activation energies of
the major pathway TS-A are smaller; the i-Pr substituted 2-
TS-A is only 0.6 kcal/mol more stable than the 7-Bu substi-
tuted 1-TS-A.

Similarly, when the (S)-i-BuPyOx or (S)-PhPyOx ligands
are used, the enantioselectivity is further decreased to 0.8
kcal/mol (52% ee) for (S)-i-BuPyOx and 1.0 kcal/mol (65%
ee) for (S)-PhPyOx. (Table 4, entries 3 and 4). These results
agree well with the experimental trend.

Table 4. Activation energies and enantioselectivities of
alkene insertion with (S)--BuPyOX, (S)-i-PrPyOX, (S)-i-
BuPyOX, and (S)-PhPyOx ligands.

g O_(-FH O_(_?H Lo .“OPH

oo P

n-TS-A n-TS-B n-TS-C n-TS-D
TS R’ AHY’ e’
TS-A TS-B TS-C TS-D
1 ~Bu 192 215 218 222 [3‘3‘22]
2 iPr 186 197 201 200 [%Zﬁ]
3 i-Bu 185 193 204 204 éiﬁfg]
4 Ph 180 190 196 202 [2222]

The values are activation enthalpies in kcal/mol calculated at the
BP86/6-31G(d)- SDD level and the CPCM solvation model in
dichloroethane. Experlmental ee were obtained under standard
conditions and are given in square brackets.

Electronically differentiated PyOx ligands were also stud-
ied, and the results are summarized in Table 5. Electron-
withdrawing or donating groups at the 4-position of the PyOx
ligand showed minimal effects on the activation barriers, and
were calculated to have minimal effect on product ee. With
the electron-withdrawing CF3 and the electron-donating OCHj3
on the 4-position of the ligand, the activation enthalpies of
alkene insertion increase by only 0.3 kcal/mol and 0.1
kcal/mol, respectively. The calculated ee are essentially iden-
tical among these three ligands. Experimentally, depressed ee
was observed with both the 4-CF3 and the 4-OCH3 substituted
ligands (entries 5 and 6). This confirms that the enantioselec-
tivity is mainly attributed to the ligand/substrate steric repul-
sions.

Table 5. Remote ligand substituent effects on activation en-

ergies and enantioselectivities of alkene insertion.
G’i C\—(;H %l’ N

o

n-TS-A n-TS-B n-TS-C n-TS-D
TS R? AH™ e’
TS-A TS-B TS-C TS-D
94%
1 H 19.2 21.5 21.8 222 [93%]
93%
5 CF; 19.5 21.7 21.8 223 (81%]
93%

6 OCH; 19.3 21.5 21.5 22.2 [78%]

*The values are activation enthalpies in kcal/mol calculated at the
BP86/6-31G(d)-SDD level and the CPCM solvation model in
dichloroethane. "Experimental ee are given in square brackets.

ACS Paragon Plus Environment

Page 6 of 13



Page 7 of 13

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

2-TS-A 2-TS-B
AH* =18.6 kcal/mol AH*¥=19.7 kcal/mol

=
7-TS-A 7-TS-B

AH*¥=16.7 kcal/mol AH*=18.6 kcal/mol
Figure 5. The optimized geometries of transition states in the
enantioselectivity-determining alkene insertion step of the reac-
tion of (a) 3-methyl-2-cyclohexenone and phenyl boronic acid
with (§)-i-PrPyOx ligand; (b) 3-methyl-8-2-pentenolide and
phenyl boronic acid with (S)--BuPyOx ligand. Selected H-H,
C-H, and O-H distances are labeled in A.

The transition state structures shown in Figure 5 indicate
that the steric control mainly arises from the repulsion of the

C. hydrogens on the cyclohexenone with the ligand. We then
investigated the effects of substitution at the o' position and
replacement of the CH> group with O. The reactivity and
enantioselectivity of the reactions of lactone (Table 6, entry 7)
and o',a'-dimethylcyclohexenone (Table 6, entry 8) with the
(S)--BuPyOx ligand were computed. The enantioselectivity of
lactone is predicted to be lower than cyclohexenone. The en-
thalpy of 7-TS-B is 1.8 kcal/mol higher than that of 7-TS-A,
corresponding to an ee of 88%. Experimentally, the ee of the
lactone product is 59%, also significantly lower than that with
cyclohexenone. The optimized geometries of 7-TS-A and 7-
TS-B are shown in Figure 5b. Replacing the CH> group with
O decreases the ligand—substrate steric repulsion in 7-TS-B is
smaller than that in 1-TS-B. This results in decreased enanti-
oselectivity.

Methyl substitution at the o' position of cyclohexenone in-
creases the steric repulsion with the -Bu group on the ligand.
Computations predicted increased enenatioselectivity with
o',a'-dimethylcyclohexenone (99% ee, Table 6, entry 8).%
However, experimentally, the ee is comparable with the reac-
tion of 3-methylcyclohexenone.

Journal of the American Chemical Society

Table 6. Activation energies and enantioselectivities of
alkene insertion with substrates varying at the o'-position.

@JH Ci_j

Y;(® O

F'd

n-TS-A n-TS-B n-TS-C n-TS-D
TS X AHT o?
TS-A TS-B TS-C TS-D
1 CH, 192 215 218 222 [3‘3‘3;]
7 0 167 186 194 196 égﬁfg]
8  C(CHs: 179 220 200 208 [ggzﬁ]

*The values are activation enthalpies in kcal/mol calculated at the
BP86/6-31G(d)- SDD level and the CPCM solvation model in
dichloroethane. °Experimental ee are given in square brackets.
Experimental isolated yields: TS-1: 99%, TS-7: 49%, TS-8: 9%.

We also considered the electronic effects of arylboronic
acids on enantioselectivity (Table 7). Computations predicted
that para-electron-withdrawing substituents lead to increases
in the activation barrier in alkene insertion, probably due to
the electrophilicity of the f-carbon of the enone, and thus are
predicted to afford slightly decreased enantioselectivities.
Both para-acetylphenylboronic acid (9-TS-A) and para-
trifluoromethylphenylboronic acid (10-TS-A) are predicted to
react with 92% ee. However, both excellent enantioselectiv-
ities (96% ee) and excellent yields (99% isolated yield) are
observed experimentally. Thus, the electronic effects of
phenyl substituents on enantioselectivities are minimal, though
slightly increased enantioselectivities are observed experi-
mentally with the use of electron-withdrawing substituents.

Table 7. Activation energies and enantioselectivities of
alkene insertion with various boronic acids.

Wsbatety Totamery

n-TS-A n-TS-B n-TS-C ATS-D
TS R’ AR 7
TS-A _TS-B__ TS-C__TS-D
1 H 192 215 218 222 [3‘3‘%
9 CHCO 216 237 245 248 [gé‘;ﬁ]
10 CF; 213 234 236 242 [gé‘;ﬁ]

*The values are activation enthalpies in kcal/mol calculated at the
BP86/6-31G(d)- SDD level and the CPCM solvation model in
dichloroethane. *Experimental ee are given in square brackets.
Experimental isolated yields: TS-1: 99%, TS-9: 1%, TS-10: 99%,
TS-11: 99%.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of the American Chemical Society

Table 8. Enantioselectivity trends in pyridinooxazoline and
related ligand frameworks.?

o

B(OH), ligand (6 mol %)
©/ Pd(OCOCF3), (5 mol %)
-
-
CICH,CH,Cl, 60 °C, 12 h pn
(L T, g @ h
I Pr

,-_

21 22 23 24
99% yield 99% yield 95% yield 99% yield
40% ee 52% ee 24% ee 2% ee

H CF, OMe
® ® ®
~ ~ ~
N ° N ° N °
SIS SIS
N N—/ N
t-Bu t-Bu t-Bu
1 25 26
99% yield 99% yield 96% yield
93% ee 81% ee 78% ee
B X
bz o
N—/ N
27 z 28
13% yield +Bu 14% yield FPr
20% ee 0% ee

*Conditions: 3-methylcyclohexen-2-one (0.25 mmol), phenylbo-
ronic acid (0.5 mmol), CICH,CH,C1 (1 mL). Yields are isolated
yields, ee determined by chiral HPLC.

Permutations of the pyridinooxazoline ligand framework
corroborate the calculated data and suggest that a number of
factors affect enantioselectivity. First, the steric demand of
the chiral group on the oxazoline greatly impacts the observed
enantioselectivity in the reaction (Table 8). Only -BuPyOx
(1) yields synthetically tractable levels of enantioselectivity,
while the less sterically demanding i-PrPyOx (21), PhPyOx
(22), and i-BuPyOx (23) all exhibit greatly diminished selec-
tivity. Oxazoline substitution patterns also affect enantioselec-
tivity. Substitution at the 4-position appears to be required for
high selectivity, as substitution at the 5-position yields practi-
cally no enantioselectivity (ligand 24). Electronic variation in
the PyOx framework was observed to have a large effect on
the rate of the reaction but, disappointingly, led to depressed
stereoselectivity. CF3--BuPyOx (25) afforded the conjugate
addition product in 99% vyield and 81% ee. Surprisingly,
MeO-#-BuPyOx (26) afforded the product in similar yield and
only 78% ee. Finally, substitution at the 6-position of the
pyridine (ligands 27 and 28) greatly diminished both reactivity
and selectivity, perhaps due to hindered ligand chelation to
palladium.

Thus, we have concluded that enantioselectivity is con-
trolled by the steric repulsion between the substituent on the
chiral pyridinooxazoline ligand and the cyclohexyl ring. The
bulkier #-Bu substituent on the (S)--BuPyOx ligand leads to
greater enantioselectivity than the reactions with (S)-i-PrPyOx
or (S)-PhPyOx. Similarly, substrates with less steric demand
adjacent the carbonyl exhibit lower enantioselectivities; for
example the reaction of a lactone substrate (Table 6, TS-7)
yields lower enantioselectivity due to smaller repulsions be-
tween the lactone oxygen and the #-Bu group.

6. Experimental Investigation of Arylpalladium(II) In-
termediates and Formation of the Key C—C Bond

Experiments aiming to corroborate the calculated mecha-
nism have been performed. We sought to observe the forma-
tion of the key C—C bond between an arylpalladium(II) species
and the enone substrate in the absence of exogenous phenylbo-
ronic acid. Complexes 29 were synthesized as an intractable
mixture of isomers, and were treated with AgPFe in situ to
generate the [(PyOx)Pd(Ph)]" cation. Gratifyingly, complexes
29 serve as a competent precatalyst at 5 mol % loading, and
affords ketone 3 in 96% yield and 90% ee (Table 9, entry 1).
Varying the amount of complex utilized in proportion with
phenylboronic acid, however, leads to significant production
of biphenyl above 5 mol % (Table 9, entries 2—5). Ultilizing
even 25 mol % (entry 2) resulted in significant increase in
biphenyl production (16% yield), and reduction in yield of the
desired ketone 3 to 79%. Increasing complex loadings to 45
and 65 mol % (entries 3 and 4) leads to negligible production
of ketone 3, and nearly quantitative formation of biphenyl
relative to catalyst loading. Furthermore, attempts to use the
complex as a stoichiometric reagent in the place of PhB(OH)»
lead to no observed product (entry 5), and exclusive formation
of biphenyl. We hypothesize that quantitative generation of
the reactive arylpalladium cation intermediate in high relative
concentration leads quickly to disproportionation and forma-
tion of biphenyl and palladium(0). Omission of the AgPFs in
favor of 30 mol % NH4PFs leads to isolation of only 22%
yield of the conjugate addition product (entry 6). Finally, a
control experiment demonstrates that AgPFs is incapable of
catalyzing the reaction itself (entry 7).*' This control further
supports the computational results, which indicate a transmet-
allation-based mechanism as opposed to a Lewis acid-
catalyzed pathway.

Table 9. Arylpalladium(Il) catalyzed conjugate addition.”
o 0

B(OH), Complex 29, AgPFg
+ [ :] H,0 (5 equiv.)
> 0,
CICH,CH,CI, 40 °C, 12 h “Ph
2 3

yield (%)
entry complex 29 (mol %) AgPFg (mol %) PhB(OH),(mol%) 3 biphenyl

1 5 10 100 96 3
2 25 50 80 79 16
3 45 90 60 1 53
4 65 130 40 5 58
5 105 210 0 0 87
6° 5 0 200 22 0
7 0 20 200 0 0

? Conditions: 3-methylcyclohexen-2-one (0.25 mmol), pheylbo-
ronic acid (equiv as stated), CICH,CH,Cl (1 ng. Yields are
isolated yields, ee determined by chiral HPLC. “Reaction per-
formed with 30 mol % NH4PFg

Concerned by our inability to observe consistent product
formation at 40 °C, we sought alternative experimental verifi-
cation that a putative cationic arylpalladium(II) species is ca-
pable of reacting to form conjugate addition products. Thus,
we performed the stoichiometric reaction of the isomeric
phenyl palladium iodide complexes (29) with AgPFs and 3-
methylcyclohexenone at cryogenic temperatures, allowing the
mixture to warm slowly to room temperature before quench-

ing with trifluoroethanol.”> We observed both conjugate addi-
8
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tion product and biphenyl, with the desired adduct (3) isolated
in 30% yield (Scheme 4a). Curiously, the conjugate addition
adduct was isolated in only 55% ee. We considered that the
isomeric mixture of phenyl palladium iodide isomers formed
configurationally stable cationic species at cryogenic tem-
perature.” Repeating the experiment, we substituted triphen-
ylphosphine for methylcyclohexenone and observed the reac-
tion at low temperature utilizing 'H and *'P NMR (Scheme
4b). Indeed, two °'P signals corresponding to phosphine-
bound palladium(II) species (30) were observed at 28 and 34
ppm. No isomerization was observed upon warming the iso-
meric mixture to room temperature.’* Indeed, we were able to
isolate and characterize the mixture of arylpalladium-
phosphine cations. With evidence for the configurationally
stable arylpalladium cation, we rationalized the observed 55%
ee for the direct reaction of mixture 29 with methylcyclohex-
enone corresponds directly to the isomeric ratio of the com-
plex: a ratio of 1.3:1 represents a 56:44 ratio of isomers. As-
suming that the major isomer reacts with 92% ee, and the mi-
nor isomer reacts with no stereoselectivity to give racemic
products,® a net stereoselectivity of 53.7% ee would be pre-
dicted for the product. Presuming configurational stability of
the arylpalladium(Il) cation as suggested by the triphenyl-
phosphine trapping experiment, the diminished enantioselec-
tivity observed in this result is unsurprising. Thus, we have
obtained experimental verification of the key C—C bond
forming event of the Pd/PyOx asymmetric conjugate addition
occurring from a quantitative generated arylpalladium(II)
cation in the presence of enone substrate and absence of an
exogenous arylboronic acid.

Scheme 4. (a) Direct formation of C—C bond from arylpalla-
dium(II) cation. (b) Triphenylphosphine trapping experiments
demonstrates configurational stability of arylpalladium cation.

(@ = 0, = 0, o
S I \\> N I \\7 1. 3-methylcyclohexenone,
N N/ N, N—/ AgPFg, CH,Cly, —78 °C
Pd d tBu -
| u
Ph

“+Bu | P

@ : ‘ @ 2. CF4CH,0H, 20 °C
29 3

mix of isomers 30% yield
55% ee

®) = ) M= o + PR
[/ \ // \
Sy, Oy
% Pd %
-] : ; ’PPhSt-Bu

AgPFg, PPhy - 30

29

mix of isomers Two °'P Signals Observed

= O, M = O, T
I,Pd: :"t-Bu PhaP‘Pd} :"t-Bu

CD,Cl, 78 °C
+ PFg~

Summary and Discussion

Several experimental results have been described that sup-
port the DFT-calculated mechanism for the Pd/PyOx-
catalyzed asymmetric conjugate addition of arylboronic acids
to cyclic enone (Figure 4); specifically, the role of the palla-
dium catalyst has been addressed. Calculations and previous
experimental work by Miyaura on palladium-catalyzed conju-
gate addition suggest that a transmetallation event occurs to
transfer the aryl moiety from the boronic acid species to the
palladium catalyst.® Our calculations indicated that the

Journal of the American Chemical Society

Pd/PyOx system operates under a similar manifold, and dem-
onstrated a significant energy difference (transmetallation is
favored by over 40 kcal/mol, Figure 4) between the potential
roles of the palladium catalyst, suggesting that the role of the
palladium species is not simply that of a Lewis acid. Further-
more, it is difficult to rationalize the high degree of enanti-
oselectivity imparted by the chiral palladium catalyst if it is
assumed that the metal acts only as a Lewis acid and is not
directly mediating the key C—C bond-forming step.*® Finally,
a number of Lewis- and m—acidic metal salts were substituted
for palladium with no product observed, further indicating that
palladium-catalyzed conjugate addition is likely not a Lewis
acid-catalyzed process.”’

While highly Lewis-acidic, the role of cationic palla-
dium(II) is to provide a vacant coordination site for the enone
substrate to approach the catalyst. The presence of a cationic
intermediate is further supported by the observed rate accel-
eration of non-coordinating anionic additives such as PFs and
BFy4 salts (Table 1). Conversely, the addition of coordinating
anions, such as chloride, inhibited the reaction (Table 1, entry
1). This counterion effect was evident even from choice of
palladium(II) precatalysts."> For instance, Pd(MeCN),Cl, was
not a suitable precatalyst, nor were any palladium(II) halides.
Additionally, Pd(OAc), only afforded modest yield of conju-
gate adducts, whereas the less coordinating counterion present
in PdA(OCOCF3); afforded complete conversion.

Satisfied that the palladium catalyst was not acting as a
Lewis acid, we next sought to demonstrate the viability of the
hypothesized arylpalladium(Il) species as a catalyst (Table 9,
entries 1-5). While serving as a suitable precatalyst under
reaction conditions, arylpalladium(II) mixture 29 failed to
facilitate the conjugate addition reaction when used in
stoichiometric quantities in the presence of AgPFe (entry 5).
We rationalize this outcome to be the result of the highly re-
active nature of the quantitatively generated arylpalladium(II)
cation. Significant biphenyl formation- occuring even under
dilute conditions representative of the catalytic reaction itself-
suggest that alternative reaction pathways, such as dispropor-
tionation, readily out compete the desired insertion reaction.
This reactive nature of the arylpalladium(Il) cation led us to
propose performing the stoichiometric reactions at low tem-
peratures (Scheme 4). Successfully demonstrating that the key
C—C bond could be generated, albeit in modest yield, from
(PyOx)Pd(Ph)(I) (29) corroborates both the precise role of the
arylpalladium(Il) cation in the calculated mechanism as well
as the transition state put forth in the calculations. However,
the modest yield of this process and requisite cryogenic tem-
peratures prompted, again, consideration of the role of the
arylboronic acid.® Calculations suggest that the presence of
boronic acids as Lewis basic entities may serve to stabilize
these reactive intermediates under the reaction conditions
(Figure 3, cationic arylpalladium 8).* This suggestion is con-
sistent with the successful use of arylpalladium(II) mixture 29
as a precatalyst in the presence of arylboronic acids (Table 9,
entry 1).

Lastly, water (or another proton source) is required for effi-
cient turnover of the reaction. Considerations of reaction scale
(Scheme 2) and deuterium incorporation experiments (Figure
1) suggest that water is the likely protonation agent, despite
numerous other protic sources in the heterogenous reaction
mixture. Attempts to use other, miscible proton sources
(MeOH, phenol, ~-BuOH, etc.) typically resulted in 10-15%
less enantioselectivity observed.® 2,2,2-Trifluoroethanol can
be successfully substituted for water with minimal loss of
enantioselectivity, however it affords no supplementary bene-

9
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fit and water is the preferred additive for all reactions.”> Water
in combination with NH4PFs serves to facilitate milder reac-
tion conditions (Table 2), which in turn greatly increases the
synthetic scope with respect to challenging arylboronic acid
nucleophiles (Table 3). Synthetic yields were observed to
double in many cases, greatly increasing the utility of these
transformations. The functional group tolerance of the
Pd/PyOx system is unprecedented for asymmetric conjugate
addition; it encompasses a wide array of halides, carbonyl
functional groups, protected phenols, acetamides, free hy-
droxyl groups, and even nitro groups. Many of these groups
are incompatible with traditional rhodium- and copper-
catalyzed conjugate additions due to the reactivity with the
nucleophiles used or the strong coordination of the functional
group to the metal catalyst.
o

L. B(OH),
O

X L
protonatlon 31
f\ +
N.

transmetallation

A
N/\—l ? d 0
I
de 32
34
Insertlan {|+ 2
@—Pd -N o

b: coordination d

Figure 6. Proposed catalytic cycle for Pd/PyOx-catalyzed
conjugate addition of arylboronic acids to cyclic enones.

The combined results described herein have allowed us to
put forth the following catalytic cycle (Figure 6). The cationic
catalyst, represented as (PyOx)Pd(X)(L) (31), undergoes
transmetallation with an arylboronic acid to yield cationic
(PyOx)Pd(Ar)(L) (32). Substrate coordination forms cationic
arylpalladium(IT) 33, which undergoes rate and enantioselec-
tivity-determining insertion of the aryl moiety into the enone
n-system to afford C-bound palladium enolate 34. Tautomeri-
zation to the O-bound palladium enolate (35), or direct pro-
tonolysis of the C-bound enolate (34), liberates the conjugate
addition product (3) and regenerates a cationic palladium(II)
species for reentry into the catalytic cycle.

Conclusions

In conclusion, we have reported experimental and compu-
tational results that corroborate a single PyOx ligand/metal
complex as the active catalytic species in the palladium-
catalyzed asymmetric conjugate addition of arylboronic acids
to enones for the construction of quaternary stereocenters. We
have used computational models to rule out a suggested alter-
native mechanism in which the palladium catalyst is acting as
a Lewis acid to activate the enone. The preferred mechanism
involves formal transmetallation from boron to palladium,

References

rate- and enantioselectivity-determining carbopalladation of
the enone olefin by a cationic palladium species, and pro-
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proceed in the absence of stirring with no detriment to the observed
enantioselectivity, however the reaction was necessarily performed
at sufficiently elevated temperature that observation of the initial
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’ Gaussian 03, Revision C.02: Frisch, M. J et al. Gaussian, Inc.,

Walhngford CT 2004.
* Here, it is assumed the isomeric rrans and cis phenylpalladlum
complexes cannot undergo rapid isomerization before alkene inser-
tion and thus the enantioselectivity is determined by the energy
difference between 8-TS-A and 8-TS-B, since the transmetallation
leading to the trans isomer is favored (see SI). If trans/cis isomeri-
zation is faster than alkene insertion, the enantioselectivity will be
determined by the energy difference between 8-TS-A and 8-TS-D
(98% ee).

! Other Lewis acids also proved incapable of catalyzing the reac-
tion, including AICl; and Sn(OTf),.

32 These experiments were followed by NMR (IH Bc ), however no
dlscrete intermediates were successfully characterized.

Attempts to separate the isomeric mixture of phenylpalladium
iodide complexes failed by both conventional silica gel flash chro-
matography and preparatory HPLC.

* Optimization of the cis/trans isomerization transition state of the
cationic phenyl palladium(II) complex failed to locate a TS. Scan of
the reaction coordinate indicates the barrier of isomerization is
higher than 10 kcal/mol with respect to the cationic phenyl palla-
dium complex 11. This suggests the cis/trans isomerization via the
dissociative mechanism via isomerization of the tri-coordinated
complex 11 cannot occur. See Supporting Information for details.

¥ Computations indicated that alkene insertion to the minor isomer
of phenyl palladium complex, in which the Ph is cis to the oxa-
zoline, yields very low enantioselectivity. The chiral oxazoline is
now trans to the enone, and thus the stereocontrol is diminished (see
1 TS-C and 1-TS-D in Figure 5).

A similar argument about imparted enantioselectivity can be

made to rule out the catalytic activity of palladium(0) nanoparticles.
Additionally, a mercury(0) poisoning test has ruled out the activity
of palladium(0) nanoparticles in the Pd/PyOx manifold. See ref. 17.
¥ Bronsted acid catalysis was also ruled out, as the substitution of
trifluoroacetic acid for PA(OCOCFs3), proved unable to catalyze the
reaction. Protic acids are not tenable catalysts in the absence of
palladium salts.
* We have computed the effects of coordination with phenylboronic
acid to activate the carbonyl on the enone in the alkene insertion
step. No acceleration on alkene insertion was observed computa-
tionally with either Lewis acid or hydrogen bonding coordination.
See Supporting Information.

¥ The suggestion of boronic acid stabilization of arylpalladium
cationic intermediates is consistent with the observation that boron
species lacking hydroxyl groups serve as poor substrates for the
reaction. For example, greatly diminished yields (and high degrees
of biphenyl formation) are observed with the use of NaBPhy or
KF;BPh as the phenyl donor species. See Supporting Information.
“ See Supporting Information of ref. 13 for details on the sensitivity
of enantioselectivity of the Pd/PyOx system to polar, coordinating
solvents. The addition of 5 equiv. of alcoholic co-solvent as a pro-
ton source is generally detrimental to the enantioselectivity and,
occasionally, to the yield of the reaction.
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