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ABSTRACT: Directing group-assisted regioselective C—H
olefination with electronically biased olefins is well studied.
However, the incorporation of unactivated olefins has remained
largely unsuccessful. A proper mechanistic understanding of
olefination involving unactivated alkenes is therefore essential
for enhancing their usage in future. In this Article, detailed
experimental and computational mechanistic studies on palla-
dium catalyzed C—H olefination with unactivated, aliphatic
alkenes are described. The isolation of Pd(II) intermediates is

X-ray

R = Aliphatic

Arylpalladium
Intermediate

shown to be effective for elucidating the elementary steps involved in catalytic olefination. Reaction rate and order determination,
control experiments, isotopic labeling studies, and Hammett analysis have been used to understand the reaction mechanism.
The results from these experimental studies implicate f-hydride elimination as the rate-determining step and that a mechanistic
switch occurs between cationic and neutral pathway. Computational studies support this interpretation of the experimental

evidence and are used to uncover the origins of selectivity.

B INTRODUCTION

The exceptional reactivity of organopalladium intermediates
[R—Pd(II)] has resulted in the discovery of a diverse range
of carbon—carbon' and carbon—heteroatom® bond-forming
reactions during the last half-century. Exploiting this inter-
mediate, the Mizoroki—Heck reaction,” coupling aryl halides
(R—X) and olefins to produce olefinated arenes, has contri-
buted significantly to the advancement of modern synthetic
chemistry. To substitute the use of an expensive prefunction-
alized coupling partner (e.g, aryl halides, R—X), successive
developments in Pd(0)/Pd (II) redox chemistry have led to
the use of unactivated C—H bonds* as a synthon in arene
olefination chemistry (Fujiwara Moritani reaction).” The ubi-
quity of C—H bonds in naturally occurring organic compounds
makes this approach synthetically useful, while also presenting a
challenge to control site-selectivity.

Over the last two decades, significant progress in C—H bond
olefination has been achieved by the use of different transition
metals®” along with palladium.® To achieve predictable site-
selectivity for the activation of carbogenic substrates containing
multiple C—H bonds, the contribution of tethered directing
groups has played a prominent role.” These directing groups
direct the metal-catalyzed activation of a proximal C—H bond
to form a metallacycle intermediate. The coordination of the
catalyst renders olefination highly site-selective and kinetically
fast. In addition to ortho-selective C—H activation, tuning the
nature of the directing group has enabled the development of
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meta-selective C—H olefinations."’ Recently, the palladium-
catalyzed oxidative coupling of alkenes has been accomplished
through para-selective C(aryl)—H bond activation, which
has opened new avenues for diversifying simple structural
motifs.""

Although these examples show the significant advances
made in the field, olefination has traditionally been restricted to
electronically biased olefins such as acrylates and styrenes
(Scheme 1).°® Despite significant efforts, very little reactivity
and regioisomeric mixtures have been observed with unactivated
olefins.”**" A detailed understanding of selectivity for C—H
olefination reactions with unactivated alkenes'” in terms of both
arene regiochemistry and alkene stereochemistry is, therefore,
fundamental to circumvent the current limitations.

Scheme 1. Directed Olefination with Biased and Unactivated

Olefins
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In 2014, we reported the palladium-catalyzed C—H
olefination in which completely unbiased and unactivated
aliphatic olefins were incorporated in a linear fashion with
high stereo- and regioselectivity to the aryl C—H bond of the
8-aminoquinoline phenylacetamide (Scheme 2)."* This method

Scheme 2. ortho-C—H Bond Olefination with 1-Octene
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employs palladium acetate along with a racemic 1,1'-binaphthyl-
2,2/-diamine (rac-BINAM) ligand in the presence of a mild base,
sodium bicarbonate (NaHCO;). Benzoquinone and an oxygen
atmosphere were used as oxidants when the 8-aminoquinolina-
mide of phenyl acetic acid was reacted with aliphatic olefins
in dichloroethane. The generality of this position-selective
alkenylation protocol was demonstrated by accessing exemplary
sets of mono- and dialkenylated compounds, which represent a
class of new chemical entities.

We report the results of detailed experimental investigations
using rate and order determination, complete characterization
of intermediate organometallic species, labeling studies,
controlled experiments, and Hammett analysis to understand
the mechanism of this regioselective olefination with unacti-
vated alkenes. An accompanying computational analysis has
played a crucial role in understanding the origin of selectivity in
the olefination reaction with unactivated alkenes and the role of
BINAM in this catalytic system.

B RESULTS AND DISCUSSION

Isolation and Characterization of an Arylpalladium(ll)
Intermediate. To begin a mechanistic investigation, we
focused on the preparation of the arylpalladium reactive inter-
mediate proposed to be involved prior to olefination. Stoichio-
metric Pd(OAc), was reacted with a number of electronically
different phenylacetamides of 8-aminoquinoline in acetonitrile
at 65 °C. To our delight, the resulting organopalladium species
could be crystallized, and a distorted square planar Pd(II)
geometry for each of the acetamides is established by the X-ray
structures (Figure 1).'* The stability of these aryl palladium
intermediates is attributable to the rigid coordination of the
metal by the quinoline nitrogen atom and the formation of a
six-membered palladacycle from ortho-C—H activation of the
phenyl group.

The formation of these organopalladium intermediates
was investigated computationally using density functional
theory (DFT)." o Geometry optimizations were performed at
the (dispersion-corrected) @B97XD/6-31G*/Lanl2DZ level of
theory with CPCM @wB97XD/def2-QZVPP single point energy
calculations.'® The @B97XD energy profile was compared to
the results of MO06/def2-QZVPP smégle point energy calcu-
lations and gave comparable results.'” This methodology has
been previously applied to the study of Pd(H) catalysis to give
good agreement with experimental results.'” All optimized
species were verified as either minima or transition structures
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Figure 1. X-ray structures of arylpalladium intermediates.

(TSs) by the presence of zero or a single imaginary v1brat10nal
frequency, respectively. Quasi-harmonic Gibbs free energies'®
were evaluated at the reaction temperature using vibrational
frequencies: rigid rotor harmonic oscillator (RRHO) vibrational
entropies were used above 100 cm ™', while a free rotor descrip-
tion was used below this value, as described by Grimme.'
Molecular graphics were produced with Cylview.”

The computed pathway for palladacycle formation is shown
in Figure 2. Two separate concerted metalation-deprotonation
(CMD) steps, assisted by the acetate ligands, were identified.”"

Ph

Pd(OAC)>N_ 2.1

\ ! AGF16.8 Ho-\
| cMD  \
Mo 1.83  Intd 5

‘\:‘/H @3 J".

o\ N__ N= -AcOH",

o)/ _Pd \

(o) OAc 98 | |
Int-2
N 0.

O, N\Pd,N—D
3~ “OAc

o
re-pg 2.35

Figure 2. DFT-computed steps for ortho-palladation of 1. CPCM-
@wB97XD/def2-QZVPP//w-B97XD/6-31G*/Lanl2DZGibbs energies
in kcal/mol; selected distances shown in A. Unless otherwise stated, all
figures adopt this convention.
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These transition structures show the characteristics of ambi-
philic metal—ligand assistance (AMLA), as first described
by Davies and Macgregor,”'*Pd interacting with the breaking
C—H/N—-H bond and the acetate acting as a basic coligand.
In studying the effect of the anionic ligand and the monomer/
dimer equilbrium in Pd(II) catalysis, Sanford and Schoenebeck
found no mechanistic difference between acetate or carbo-
nate in C—H activation steps,Zza so we focus our attention on
the monomeric acetate complex. Bidentate coordination of
Pd(OAc), by the substrate’s two N atoms is favorable by
2.1 kcal/mol. Activation of the amide N—H bond is facile, via
TS1 with an activation barrier of 5.3 kcal/mol, forming the most
stable intermediate Int-2. Second, ortho-palladation of the phenyl
group has a computed activation barrier of 16.8 kcal/mol
(readily accessible via TS2) to form the palladacycle Int-3.”*"~"
C—H activation is predicted to be reversible because the barrier
in the reverse direction is lower by 5.4 kcal/mol. However, we
were able to account for the stability of the isolated palladacycle
by taking into account acetonitrile coordination. Ligand sub-
stitution of AcOH by MeCN is exergonic by 6.2 kcal/mol and
forms the most stable species Int-4; because MeCN is present in
large excess, this process will be even more favorable than indi-
cated by the standard state Gibbs energy computed at 1 mol/L.

To probe the mechanism of olefination with unactivated olefins,
we first tested the chemical and kinetic competence of arylpalla-
dium species 2 (Figure 3). Phenylacetamide was subjected to
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Figure 3. Kinetic competence of arylpalladium species.

standard reaction conditions replacing catalytic Pd(OAc), with
the isolated arylpalladium species 2 (10 mol %). The olefinated
product was isolated in 84% yield as compared to 88% under the
standard reaction conditions with 1-octene. Intermediate 2 was
then subjected to the reaction conditions, and we found that the
rate of the reaction is similar to that of Pd(OAc), and amide
(Figure 3). Therefore, intermediate 2 is kinetically competent.
Moreover, this result implies that 2 is capable of rapid palla-
dium transfer to another substrate molecule for the C—H acti-
vation step.

NMR Studies of Carbopalladation with the Catalyti-
cally Competent Arylpalladium(ll) Intermediate. Next, we
investigated the reaction of olefin with complex 2. The reaction
was probed in an NMR tube using CDCl; solvent (Figure 4).
To observe reactivity at room temperature and also to get clear

765

He [e]
N Ha _~ \
P CO,'Bu P NHQ
/N Hb /N R N CO,'Bu
d — >0
Hqy

N\Pd"_l
CO,'Bu
3

olefinic region of acrylate

O N—
T Pd"~NCMe
2

5 minutes after addition of complex 2 with acrylate

6.45 6.35 6.25 6.15 5.85 5.75 5.65 5.55

6.05 5.95
f1(ppm)

Figure 4. Broadening of the '"H NMR olefinic region due to coordi-
nation of Pd.

upfield signals, we used tert-butyl acrylate (an activated alkene)
instead of 1-octene. The sharp peaks in the 5.5—6.5 ppm region of
the "H NMR spectrum correspond to the olefinic double bond
of free acrylate. After just 5 min following the addition of aryl-
palladium complex 2, significant broadening of these signals was
observed, attributable to the coordination of Pd(II) by the olefin
to form species 3. This is also evident from the *C NMR where
two additional peaks were observed in addition to the original
acrylate 3C peaks in a comparatively upfield position.'* Such obser-
vations can be attributed to an increase in aliphatic character of the
olefinic carbon atoms due to the coordination with palladium.
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Figure S. Detection of carbopalladated intermediates.

For the carbopalladation of 2, the f-migratory insertion of
palladium across the olefinic double bond was observed with
respect to time by '"H NMR (Figure S, 2—4 ppm). Distinct
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aliphatic peaks corresponding to H, and diastereotopic H,/H,,
were observed due to the formation of new intermediate
arylpalladium species 4, following the formation of the
Pd(1I):olefin complex.”’ Thus, it is possible to observe the
disappearance of characteristic peaks belonging to intermediate
3 and the appearance of the product of olefin-insertion with
respect to time. This indicates that the synthesized precatalyst 2
is a viable intermediate for olefination. However, we failed
to detect any characteristic intermediate 'H NMR signals
when this experiment was carried out with 1-octene at room
temperature.

Role of Different Components for Olefination with an
Unactivated Alkene. The success of this palladium-
catalyzed olefination was dependent on the identity of
the directing group as it plays an extremely important role
in metal coordination. Strongly coordinating 8-aminoquino-
line** was experimentally found as the best directing group
for promoting the reaction. Notably, 8-hydroxyquinoline
and N-methyl 8-aminoquinoline derived amides did not
react. Other sp’—sp® combinations of nitrogen incorporated
into the directing scaffold could not surpass 8-aminoquinoline
in terms of yields and selectivity toward forming the linear
product.

Encouraged by the olefination of arylacetic acid in the
presence of 8-aminoquinoline, we hypothesized that similar
olefination could be achieved using other highly impor-
tant scaffolds. Surprisingly, benzoic acid and hydrocinnamic
acid derived amides formed with 8-aminoquinoline failed
to generate the expected olefination product (Scheme 3).

Scheme 3. Tethered Directing Group with Variation of
Chain Length
0]
ol N ] n = 2, no olefination
H Na n = 3, no olefination
n=0-3

n =0, no olefination
n=1,88%, 8:1

Evidently, in addition to strong coordination by the directing
group, the stability of the six-membered palladacycle (see X-ray,
Figure 1) also plays a key role for this C—H olefination with
unactivated alkenes. The crystallographically characterized
(CCDC 1518907) five-membered metallacycle failed to deliver
the desired olefinated product under the standard reaction
condition (Scheme 4). The stability of the five-membered palla-
dacyle as well as the generation of seven-membered intermediate
upon olefin insertion may be the reason for the unsuccessful
olefination.

Scheme 4. Olefination with Five-Membered Metallacycle
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Kinetic studies were performed to investigate the role of
individual components in the reaction medium. It is worth
noting that the reaction works best in the presence of a base
(NaHCO,) with BQ as the oxidant, and rac-BINAM as the
ligand (Scheme 2). We carried out parallel reactions and
quenched them at regular intervals. The yield of the olefinated
product from crude reaction mixtures was determined by gas
chromatography using n-decane as the internal standard. Four
sets of kinetic studies have been performed under the following
conditions: standard protocol (set 1), without rac-BINAM
(set 2), without rac-BINAM and benzoquinone (set 3), and
without rac-BINAM and sodium bicarbonate (set 4). The
results obtained are shown in Figure 6.

D CONHQ
N/
V A Me
Og NH + NZ\Me 10 mol% Pd(OAc), A
(2 equiv) kinetics studies
1
(1 equiv)

30

Conc. (mM)
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Figure 6. Kinetic studies to probe the role of individual components.

Applying the standard protocol (set 1), after 10 min of
reaction time, the concentration of product is almost double
that obtained under the other sets of conditions (sets 2—4).
This clearly indicates a more sluggish reaction in the absence of
any components of Scheme 2. Without rac-BINAM and benzo-
quinone (set 3), the phenyl acetamide is capable of forming
olefinated product albeit in lower yield and selectivity.

According to literature precedence, ligand-free condition may
lead to very poor yield of olefinated product in directing group
controlled olefination.”"Mechanistically our result is in direct
contrast with the earlier reported results of ligand enabled
C—H olefination reactions employing monodentate directing
scaffolds and activated olefins.”

The role of base in the reaction was interrogated when the
arylpalladium complex 2 was reacted with other phenylaceta-
mide (Scheme $). Formation of the aryl palladium complex §
was observed when NaHCO; was employed as the base. In the
absence of NaHCO;, we failed to detect the formation of
complex 5. These results confirm that palladacycle formation is
readily reversible under the reaction conditions, as is suggested
by computations of the forward and reverse barrier heights for
the N—H and C—H activation steps (Figure 2).
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Scheme 5. Probing Base-Assisted Reversible C—H Activation
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A kinetic resolution experiment has shed some light on
the role of BINAM for the olefination reaction (Scheme 6).

Scheme 6. Kinetic Resolution Experiment
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A racemic N-quinolinamide of Ibuprofen ([a]p, 0.009) was
found to give olefinated product ([a]p, —1.2) when it was
treated with (R)-BINAM ligand. The recovered starting
material was also found to have induced chirality when the
reaction was carried out with chiral (R)-BINAM ligand. Prod-
uct obtained with rac-BINAM was found to have very low
induced chirality ([a]p, +0.296). The result of these experi-
ments indicates that BINAM is playing a crucial role by
promoting the amide N-diastereomeric protonation.

Kinetic Studies: Reagent Orders and Isotopic Label-
ing. To establish the reaction rate, kinetic studies were per-
formed to determine the order with respect to substrate and
olefin. Sets of experiments were performed in which either the
concentration of amide or the concentration of olefin was
maintained in large excess, alongside experiments using the
standard reaction conditions."” The yield of olefinated product
was obtained from monitoring the crude reaction mixture and
was plotted against reaction time (Figure 7). By calculating the
initial slopes, a first-order rate dependency with respect to
phenylacetamide as well as 1-octene was determined:

d[product]/dt = k[phenylacetamide]'-[1-octene]'

The first-order dependence on olefin revealed that the initial
C—H bond cleavage of the phenylacetamide is not rate-limiting
for the overall reaction. This is consistent with our computa-
tional data, showing C—H activation to be relatively facile
(with an activation barrier of 16.8 kcal/mol) and palladacycle
formation as reversible, confirmed in crossover experiments
(Scheme S). A subsequent step involving the alkene must be
turnover limiting. For further confirmation, we measured the
intermolecular kinetic isotope effect (KIE) by preparing

767

60 -
50
40 4
s
E 30
1)
£
o
© 204
=  substrate : olefin, 1: 2
® substrate : olefin, 1.5: 2
104 A substrate : olefin, 1: 1

T T T T T 1
100 120 140 160 180 200

Time (min) ————

Figure 7. Rate and order dependency of C—H olefination.

deuterium labeled phenyl acetamide of 8-aminoquinoline.
A gram-scale synthesis of deuteriated phenylacetamide (Ds-1)
was carried out by reacting phenylacetamide (1) with 10 mol %
Pd(OAc), and D,-AcOH at an elevated temperature of
100 °C. The alkenylated product formation was monitored
with respect to time by following the standard protocol
for the D¢-1 and 1-octene (Scheme 7, Figure 8). The KIE

Scheme 7. KIE Experiment with Labeled Acetamide
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Figure 8. Plot of product concentration with respect to time for 1 and
D1

was determined by comparing initial rate constants involv-
ing 1 and Ds-1 (ky and kp). A small KIE of 1.05 was
obtained, consistent with the fact that C—H activation of
phenylacetamide is unlikely to be the rate-determining step.””
Furthermore, when phenylacetamide was treated with 10 mol %
Pd(OAc), in D,-AcOH, 95% deuterium incorporation was
observed at the ortho positions (Ds-1, Scheme 8). Our com-
putations predict C—H activation to be readily reversible, con-
sistent with our experimental deuteration studies (see Scheme 8
and Figure 2), and that it is faster than the subsequent steps
involving the alkene.

DOI: 10.1021/jacs.6b10309
J. Am. Chem. Soc. 2017, 139, 763-775


http://dx.doi.org/10.1021/jacs.6b10309

Journal of the American Chemical Society

Scheme 8. Addition of D,-AcOH to 1 Suggested a Reversible
C—H Activation Step

S
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N | 2 equiv Na,CO3 HN. O D
LN ; D 95%
D4-AcOH, 100 °C, 12 h 66.5% 1
1
Ds-1 Posep

95% deuterium incorporation at
ortho position

After obtaining a small KIE value for the facile and reversible
C—H activation step, we examined the rate dependency of
palladium. Keeping all other reagents constant, only palladium
acetate was varied from 2.5 to 10 mol % with respect to
standard phenyl acetamide. Plotting the slopes from each of the
graphs, first-order rate dependency was obtained for palladium
acetate (Figure 9).

Logk , = 1.00 Log[Pd] — 2.146

d[product]/dt = k'[palladium acetate]'

o)
H l+ XA Me
Ny 4

0.1 mmol
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2(_) mol% rac-F_a‘INAM ™ Me
1 equiv BQ, 2 equiv NaHCO3 4

0O,, 1 mL DCE, 100 C, time

0.2 mmol

= 10 mol%

00

'obs

Log k

0.3
2.5 mol%

-06

2.7 24 21
Log [Pd]

Figure 9. Order with respect to palladium acetate.

Kinetic studies with 3,8-D,-biphenyl styrene (6) were then
carried out (Figure 10). A primary KIE measurement of 2.84
was obtained on the basis of a side-by-side comparison with
undeuterated biphenyl styrene. This value implicates either
P-hydride elimination or reductive elimination as the overall
turnover-limiting step in the catalytic cycle. Complete incor-
poration (>99%) of deuterium was observed in the alkenylated
product 7 (Scheme 9). Notably, no deuterium incorporation at
the olefinated product N—H bond was observed. This could
suggest that reductive elimination from Pd-D involving the
amide nitrogen atom does not occur. Alternatively, any deuterium
incorporation at this position is quickly washed out, which would
be consistent with the low computed barrier (5.3 kcal/mol) for
N—H activation shown in Figure 2.

Electronic Effects on the Olefination with Unactivated
Olefins. The reaction of 1-octene with a series of aryla-
cetamides revealed the effect of electronic substitution on the
olefination reaction (Table 1). Aryl acetamides substituted at
the para- (3-Me, 3-OMe, 3-F, and 3-CF;) and meta- (4-OMe,

768

70
60 <
.
50 o
E 40 4
S J
S 304
U -
20 1 .
= Biphenyl styrene
10 ® D2-biphenyl styrene
0 L L AJ L Ll L\
0 20 40 60 80 100 120
Time (min) -

Figure 10. Comparison of product concentration with respect to time

for styrene and f3,f-D,-olefin 6.

Scheme 9. Olefination of Phenyl Acetamide with §,4-D,-
Olefin 6

o 10 mol% Pd(OAc), QHNOC D Ph
20 mol% rac-BINAM N O
F N 1 equiv BQ, 2 equiv NaHCO3
0,, 1 mL DCE, 100 °C, Time

N ! +
1 . oh Kilkp = 2.84
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4

Table 1. Effect of Phenylacetamide Electronic Substitution
on C—H Olefination

\/ 10 mol% Pd(OAc), CONHQ
N 20 mol% rac-BINAM N Me
0. NH + MMe 1 equiv BQ, 2 equiv I:laHCO:, 2
2 equiv) O,, 1 mL DCE, 100 C,24 h Ry
Ry
Rz
R4

substituents (R;, R,) yield (%) ks (M1 s71)
R, =H,R,=H 88 997.5
R, =CF; R, =H 65 228.1
Ri=H R, =F S5 386.6
R, = H, R, = OMe 69 658.3
R, =OMe, R, = H 73 5382
R, = H, R, = OEt 61 508.3
Ri=Me R, =H S1 432.5

4-OEt, 4-NO,, and 4-F) positions with respect to the
olefination site were studied under the standard protocol.
It was observed that the yield of olefinated product was highly
dependent on the electronic effect of the substituents.'*

The formation of the olefinated products from these
substituted aryl acetamides was studied with respect to time.
The rate constants were determined by initial slope calculation
method. A Hammett analysis was carried out (Figure 11),
giving a nonlinear, concave down’® plot indicative of a
change in the rate-determining step. For inductively electron-
withdrawing groups, a negative slope with a p-value of —0.83 is
obtained, consistent with the accumulation of positive charge/
depletion of negative charge in the aromatic ring of the
turnover-determining TS (relative to the turnover-determining

DOI: 10.1021/jacs.6b10309
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Figure 11. Hammett plot for C—H olefination.

intermediate). A positive slope is obtained for electron-
donating substituents, indicative of opposite electronic eftects
in the turnover limiting step.

Computational Analysis of the Carbopalladation Step
with Aliphatic Alkenes. We computed the reaction of the
palladacycle (Int-5) with propene as a model unactivated olefin
with n-alkyl substituent (Figure 12). These calculations focus
on the simpler BINAM-free reaction, which, although less
effective, turns over experimentally to give the linear olefination
product.”’

From Int-S, carbopalladation was computed to occur via
TS-3 with a barrier of 22.0 kcal/mol, forming the expanded
eight-membered palladacycle. We located four distinct TS
structures for this process: two each for linear and branched
pathways in which the alkyl substituent is oriented either
toward away from the aminoquinoline ligand."* The computed
Gibbs energy profile in Figure 12 corresponds to the formation
of the observed major product: the linear (E)-alkene. In the
ensuing intermediate Int-6, the aromatic group coordinates
the metal in an 7>-fashion. This eight-membered palladacycle
must undergo a change in ring conformation to Int-7 to enable
P-hydride elimination to occur, in which the aromatic coordi-
nation is replaced by a f-agostic (ry..pq = 1.83 A) interaction.
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Figure 12. ®B97XD/def2-QZVPP Gibbs energy profile for successive carbopalladation, f-H elimination, and reductive elimination steps, relative to

the separated reagents and catalyst (R = Me).

DOI: 10.1021/jacs.6b10309
J. Am. Chem. Soc. 2017, 139, 763-775


http://dx.doi.org/10.1021/jacs.6b10309

Journal of the American Chemical Society

a) C-H activation

22.0

18.0
\
—I+
N
23005\ “Rav—
Na 2.05°pd_
2.28

Figure 13. ©B97XD/def2-QZVPP C—H activation and carbopalladation barriers for neutral and cationic intermediates.

P-H elimination is predicted to be relatively facile, via TS-4
with a barrier of 5.5 kcal/mol from this intermediate. For-
mation of the minor (Z)-alkene stereoisomer by S-hydride
elimination proceeds via a barrier 2.2 kcal/mol higher than the
(E)-alkene. Assuming irreversible f-H elimination, the
computed E:Z stereoselectivity is therefore 20:1 at 100 °C.**
However, we note that to access the palladacycle conformation
leading to the (Z)-alkene, the aromatic ring must flip from
below to above the plane (or vice versa) of the Pd(II)-center.
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Although it was not possible to locate a TS corresponding to
this process, several torsional barriers must be overcome while
the metal becomes coordinatively unsaturated. We reason that
the barrier for this process is almost certainly greater than that
of TS-4, excluding formation of the (Z)-alkene.

We were able to locate two pathways for the reductive
elimination of Pd(II) hydride, which remains coordinated by
two N atoms and alkene: a relatively high energy intramolecular
pathway via 3-center TS-5,”" or with the involvement of an

DOI: 10.1021/jacs.6b10309
J. Am. Chem. Soc. 2017, 139, 763-775


http://dx.doi.org/10.1021/jacs.6b10309

Journal of the American Chemical Society

external molecule of acid as proton shuttle a more feasible
pathway via TS-6 is possible.”’ In the intramolecular pathway,
an H atom is transferred directly from the alkene to the product
amide N—H bond, while in the intermolecular pathway an
external acid is responsible for amide protonation. The lack of
any deuterium incorporation detected in the N—H of the amide
product using a deuterated alkene suggests that this latter
pathway is more likely.

Proceeding via the more favorable acid-assisted reductive
elimination pathway, the mechanism in Figure 12 is kinetically
feasible, although it suggests carbopalladation is turnover-limiting
and irreversible. However, such a mechanism is inconsistent
with the primary KIE (2.84) obtained for deuterated alkenes
(Scheme 9), and, furthermore, the relative TS stabilities for this
step were also found to predict a lack of selectivity for the linear
alkene product. Relative Gibbs energies of the most stable TSs
leading to linear and branched insertion products are similar,
giving a predicted linear:branched ratio of 1.2:1 as a con-
sequence. This underestimates the experimental regioselectivity
of 4:1 (without BINAM) in favor of the linear isomer, which
corresponds to a free energy difference of 1.0 kcal/mol at
100 °C."* On the basis of these inconsistencies, we considered
an alternative model involving the intervention of cationic
intermediates to rationalize the experimental observations.

Comparison of Neutral and Cationic Pathways.
Because the neutral pathway failed to account for kinetic and
selectivity data, we considered the reactivity of positively
charged intermediates.”’ Computationally, it is difficult to
compare the relative stabilities of intermediates with different
overall charge due to large differences in solvation energies;*”
thus we restrict our attention solely to reactivity, as judged
by the barrier heights for C—H activation and migratory insertion.
Alongside neutral complexes Int-2 and Int-5, we considered
cationic intermediates formed by amide N-protonation (which
was more stable than O-protonation or pyridine protonation), or
by coordination to Na* (which was more stable at O than N).

Although the barrier heights for C—H activation are unchanged,
we observed much greater reactivity toward migratory insertion
for the cationic intermediates (Figure 13). For the protonated
form, the barrier for carbopalladation is 5.9 kcal/mol lower than
for the neutral form. As discussed previously, the computed
relative stabilities of neutral and protonated forms of Int-$
should be interpreted with caution: nevertheless, N-protonation
of Int-5 by the conjugate acid of BINAM was found to be
exergonic by 6.9 kcal/mol (see the Supporting Information).*

The reaction of cationic intermediate Int-9 with propene
is shown in Figure 14. Carbopalladation is faster and also
thermodynamically more favorable than for the neutral pathway
in Figure 12. The f-hydride elimination step (via TS-8) is now
turnover-limiting with the largest barrier of 19.6 kcal/mol from
the stable intermediate Int-10. Although f-hydride elimination
is slower, the linear/branched selectivity results from the carbo-
palladation step, because this occurs irreversibly. The computed
level of regioselectivity from linear TS-7 and its branched
regioisomer is 7:1, which compares favorably with experimental
values of 4:1 to 8:1.'* For both substrates, the branched
carbopalladation TS is less stable than either linear TS-7 or
TS-8. Linear regioselectivity thus results in both cases, which for
styrene involves turnover- and selectivity-determining f-hydride
elimination. For propene, carbopalladation is selectivity determin-
ing, while f-hydride elimination limits turnover. Stereoselectivity
is controlled in the f-hydride elimination step: for both sub-
strates, there is a clear preference for (E)-alkene formation.
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Figure 14. wB97XD/def2-QZVPP Gibbs energy profile for a cationic
process. The reactions with propene (R = Me) and styrene (R = Ph)
are shown in red and green, respectively.

The experimentally determined KIE value of 2.84 was
obtained for 4-vinylbiphenyl: to compare our computational
results, we used styrene as model substrate, although the
computed PES is very similar to that obtained for propene
(Figure 14). We initially applied the Bigeleisen—Mayer
equation”* (without tunneling corrections) to TS-8, obtaining
a predicted KIE value of 3.32 for this step alone. A value of 2.66
has been obtained previously for syn-elimination.”> However,
isotope effects may result from the compound effect of rate
differences for several elementary steps in a catalytic cycle: in
the present case, TS-7 and TS-8 are relatively close in Gibbs
energy.”® Assuming the carbopalladation intermediate to be in
the steady state, we derived an expression for the rate of the
product formation with first-order dependence on both sub-
strate and catalyst (see the Supporting Information): carbo-
palladation combines with the primary KIE of syn-f-hydride
elimination to give a predicted value of 2.72 (2.79 with a
1D-tunneling correction) that compares favorably with experi-
mental value.

Substrate Scope: Activated versus Unactivated
Alkenes. The present methodology is applicable for unacti-
vated alkenes, which are typically unreactive. From our mech-
anistic study, C—H activation was found to be facile and reversible,
while the carbopalladation process determines regioselectivity.

DOI: 10.1021/jacs.6b10309
J. Am. Chem. Soc. 2017, 139, 763-775


http://dx.doi.org/10.1021/jacs.6b10309

Journal of the American Chemical Society

We have computed the reactivity of various alkenes toward
migratory insertion, applying an activation strain/distortion-
interaction energy decomposition analysis to the TS structures
in Figure 15. Here, the activation barrier is decomposed into an
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Figure 15. ®B97XD/def2-QZVPP activation, distortion, and interaction
energies: green, alkene distortion energy; blue, palladacycle distortion
energy; red, interaction energy; and black, activation energy (kcal/mol).
H1—C2—C3-R torsional strain (deg) in the TS in parentheses.

unfavorable strain energy term for the two reactants relative to
their undistorted ground-state structures, and a favorable
intermolecular interaction energy.”’>* Our findings clearly
show that reactivity is controlled by the alkene distortion
energies: the other terms are remarkably insensitive to a change
in alkene or charge on the palladacycle.

Experimentally, with 1-octene the yield of olefinated product
reaches 45—50% after 2 h, but for the activated olefin ¢-butyl
acrylate this rises to 60—70% after 2 h. Computed activation
barriers reproduce this trend in reactivity, and also confirm the
higher reactivity of a cationic intermediate. Decomposition of
these activation barriers reveals that the distortion energy of
the palladacycle and the interaction energy are consistent
in magnitude in all systems, being equal and opposite in
magnitude. As a result, the alkene distortion energy closely
mirrors the activation barrier. This distortion reflects the
degree of torsional strain in each TS structure, and is strongly
correlated (R* = 0.94) with the H1-C2—C3—R dihedral
angle.”” Electronic effects are important: carbopalladation is
accelerated either by EDG and EWG alkene susbtituents,’
or by weakening ligation to Pd to enable reactivity with
unactivated alkenes. This manifests itself through earlier TS
structures with correspondingly smaller alkene distortion
energies.

On the basis of experimental and computational studies,
we propose that the overall mechanism combines neutral and
cationic pathways as follows (Scheme 10): the rapid and
reversible C—H activation of (B) forms neutral arylpalladium
intermediate (C). Coordination of an unactivated olefin to
this neutral arylpalladium species is possible; however, reactivity
requires a positively charged intermediate (D), for which
we hypothesize that rac-BINAM may act as proton-shuttle.
Intermediate (D) undergoes 1,2-migratory insertion with the
olefin to generate intermediate E. From this intermediate,
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Scheme 10. Proposed Mechanism for C—H Olefination
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turnover-limiting f-hydride elimination step forms the kineti-
cally and thermodynamically favored linear olefination product.

B CONCLUSION

In summary, Pd-catalyzed regioselective C—H olefination with
unactivated, aliphatic olefins has been studied by detailed
mechanistic experiments to shed light on the elementary steps
involved in this multistep catalytic process. A series of inter-
mediate arylpalladium complexes have been characterized by
X-ray crystallography. Arene C—H activation, olefin coordina-
tion, and carbopalladation steps have been rationalized through
NMR and kinetic measurements with the help of these catal-
ytically competent aryl palladium species. The roles of different
optimized reaction components for this C—H olefination were
studied by initial kinetics interpretation. The rate dependency
along with kinetic isotope effect (KIE) revealed that instead of
C—H activation, the S-hydride elimination step is turnover-
limiting for the overall catalytic process. These experimental
results are supported by DFT studies and have proven to be
effective to understand the origins of regioselectivity and stereo-
selectivity. The success of this system to achieve stereoselective
olefination with unactivated olefins is attributable to a cationic
pathway for carbopalladation. The proton shuttling tendency of
BINAM leads to differences from other olefination methods
by creating a positively charged organopalladium intermediate.
Computed alkene distortion energies, which control the inser-
tion barrier, are reduced for this cationic intermediate. These
findings will be useful for the continued development of con-
trolled olefination methodologies for a variety of unactivated
alkenes.
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