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ABSTRACT: The three-component coupling of isoprene, an alkenyl triflate, \_ 7/ PR Y >_ ( 4
and styrenylboronic acid catalyzed by a palladium pyrox complex affords j_(_}_\)\ I Jl\ r(} N _/)_ & {I’\'
access to skipped dienes from simple chemical feedstocks. Unfortunately, the © / = i ‘?\ \
transformation proceeds with only moderate selectivity and yields. The R ?,f"“ \r ,
reaction mechanism and factors responsible for the resulting regioselectivity \«‘\K ; P [/ r
were elucidated using M06/SDD/6-311++G(d,p) + SMD calculations. N 8 ‘,‘ﬂ/ )
Distortion of the palladium coordination sphere in the transition structure of ;‘

the migratory insertion step is found to control the 4,1- vs 1,x-selectivity. The
calculated AAG¥ of 1.0 kcal/mol for this step is in excellent agreement with
the experimentally observed selectivity of 1:9.9 disfavoring the 4,1-product.
The transmetalation was found to be the regioselectivity determining step for the formation of the 1,2- vs 1,4-addition products.
Systematic conformational searches for the transmetalation transition structure revealed a series of steric interactions between the
t-Bu substituent on the ligand and the substrates in the model system that are balanced by additional repulsive interactions
between the substrates and the pyridyl portion of the ligand. The combination of these effects leads to the low to moderate 1,2-

1,4-addition (favored) 1,2-addition (disfavored)

vs 1,4-selectivity in the experimentally studied system.

B INTRODUCTION

Palladium-catalyzed difunctionalization of alkenes has attracted
much attention in recent years because it provides access to a
broad range of structurally diverse functionalized chemicals and
is considered a powerful strategy in synthetic organic
chemistry.'™® The range of these reactions can be further
expanded by functionalization of 1,3-dienes with the three-
component coupling strategy shown in Figure 1. Trans-

formation of sp> and sp> carbons is possible.'" The formation of
a wide range of different products in these Pd-catalyzed
difunctionalization reactions suggests that a detailed under-
standing of the relevant structural and electronic origins could
be used to improve the moderate selectivity often observed
when unsymmetrical 1,3-dienes are utilized.

To understand the relevant selectivities observed for the
various products of 1,3-diene difunctionalization, the individual
steps of the proposed mechanism shown in Figure 2 must be

® @0) Nu Nu carefully considered. A Pd(0) complex undergoes initial
P N LaPd EEAGN . = oxidative addition with R*-X, which undergoes subsequent
R R2-X AR T R R’ . . . .
R! R? R? migratory insertion of a 1,3-diene to form a Pd(II)-alkyl
1,2-Product 1,4-Product

Figure 1. Pd(0)-catalyzed difunctionalization of 1,3-dienes.

formations of this type are economically very attractive because
they employ easily accessible chemical feedstocks such as
butadiene or isoprene.* McCammant et al. demonstrated that
1,4-difuctionalization of dienes by aryl and vinyl groups
provides efficient access to skipped polyenes, a common but
challenging structural element to access in many natural
products.” '’ Similarly, Gong and co-workers demonstrated
that stereoselective 1,2-alkene difunctionalization through the
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complex (III in Figure 2). This species could either react
directly with a cross-coupling partner to form a 1,2-addition
product or proceed through an 6—7—oc isomerization to give o-
allyl intermediate V. The 1,4-addition product VII is formed
after boronic acid transmetalation at palladium and subsequent
reductive elimination. Formation of s-allyl Pd-species IV is
therefore a key step for the bifurcation between the formation
of 1,2- and 1,4-addition products. The experimental data
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Figure 2. Mechanistic pathways of the Pd(0)-catalyzed difunctional-
ization of 1,3-dienes.

suggest that this selectivity is largely controlled by the steric
influence of the R'-group on the s-allyl stabilized Pd-
intermediate.””'" When R' is a sterically encumbering group,
complex V is unstable due to the repulsion between palladium
and R'. This influence causes a reversion of the z-allyl species
IV to III, thus ultimately leading to the formation of the 1,2-
addition product VL>**'* If R is a relatively small group (i.e.,
H), complex V is more stable and the reaction will proceed to
selectively form the 1,4-addition product (Figure 2).”
Furthermore, if R' is a relatively small group, the initial
migratory insertion step could occur from the internal double
bond (between C; and C,) to form intermediate ITI'. If this
pathway were operative, the formation of 4,1-addition products
would also be expected.

Recently, the palladium-catalyzed 1,4-difunctionalization of
isoprene using pyridine-oxazoline (pyrox) ligands shown in
Figure 3 was disclosed.” Here, an alkenyl triflate and a

Pd,dbag, CHCl3 (3 mol%)
Ligand (8 mol%)
Na,CO3 (1.7 equiv),
0.25 M DMF, rt, 16h
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20nly the major (E)-isomer is taken into consideration.

Figure 3. Pd-catalyzed difunctionalization of isoprene.

styrenylboronic acid are coupled in a three-component reaction
with isoprene to give mixtures of 1,4-, 1,2-, and 4,1-addition
products with moderate selectivity and yields. Multidimensional
correlation analysis of the observed product distributions
indicated that the site selectivity of alkene insertion correlates
linearly with Sterimol B, values, while the selectivity between
1,4 vs 1,2-addition correlates with the Hammett o-values of the
pyrox ligands. Obviously, these statistical correlations do not
provide the physical origin of the observed product
distributions or provide insights into the geometric and
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electronic structure of the relevant transition structures. In
the present manuscript, we investigate the mechanism of the
isoprene difunctionalization catalyzed by palladium-pyrox
complexes using DFT methods. Elucidation of the different
mechanistic pathways provides the structural and electronic
origins of the experimentally observed regioselectivity between
1,2-, 1,4-, and 4,1-addition products.

B COMPUTATIONAL DETAILS

All geometry optimizations were performed using the MO06 func-
tional'>"® as implemented in Gaussian 09."* This functional includes
corrections for dispersion interactions and was found to be reliable for
studies of Pd-catalyzed Heck'”™'” and related reactions.'”'® The
Lanl2DZ" and ECP (augmented with one f function,” Pd((;) =
1.472) as well as 6-31G(d,p) basis sets were used for Pd and all other
atoms, respectively. Frequency calculations at the same level of theory
as the geometry optimizations were carried out to confirm stationary
points as either minima (zero imaginary frequency) or transition
structures (one imaginary frequency). Single point calculations using
the SDD basis set”’ for Pd and the 6-311++G(d,p) basis set for all
other atoms together with the SMD” implicit solvent model with the
parameters for DMF were used to account for solvent effects. The final
free energies from the single point calculations with solvent and
thermal corrections are reported in kcal/mol. Images of the optimized
structures were prepared using CYLview.”

B RESULTS AND DISCUSSION

Overall Catalytic Cycle. The overall reaction pathway for
the Pd-catalyzed difunctionalization of isoprene depicted in
Figure 4 begins with the oxidative addition of an alkenyl triflate
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Figure 4. Proposed catalytic cycle of the Pd-catalyzed three-
component coupling reaction.

(ROTY) to form 1, followed by coordination of isoprene to
palladium, which has been studied previously (2, Figure 4)."°
Following alkene migratory insertion, c— isomerization results
in the formation of the z-allyl stabilized Pd-intermediate 4. Base
(OH™) promoted isomerization, promoted by hydroxide,
formed through decomposition of sodium carbonate, and
coordination of the alkenyl boronic acid generates Pd-complex

DOI: 10.1021/acs.joc.6b01317
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Figure S. Alkene coordination and migratory insertion steps for the pathways leading to 1,x- and 4,1-addition.

6. Transmetalation of the coordinated boronic acid yields
complex 7, which subsequently undergoes reductive elimi-
nation to generate the product-bound palladium intermediate
8. The catalytic cycle is completed with the substitution of R-
OTTf and the dissociation of product. The individual sections of
this catalytic cycle responsible for the observed product
selectivity will be discussed further below.

1,x- vs 4,1-Addition (x = 2 or 4). The initial alkene
insertion step from 1 to 2 determines the selectivity in the
formation of the 4/S or 6. While steric effects would favor
attack on C;, electronics favors attack on the more electron-rich
C, position. In the absence of a ligand, alkene insertion to
either the C; or C, position of isoprene was shown to be
virtually unselective for the system studied here (4/5:6, 2:1).°
Alternatively, in the presence of a t-Bu pyrox ligand, the same
regioselectivity increases to 9.9:1, favoring the formation of
intermediates 4/5.

To elucidate the factors responsible for these results, the
pathways for alkene coordination and the migratory insertion
were calculated. This work is rendered more complex by the
asymmetry of all three components of the reaction: diene,
alkenyl triflate, and pyrox ligand. To account for the asymmetry
of the Pd-intermediates, the calculation of 16 migratory
insertion transition structures (TS) was necessary (see Figure
S1 in the Supporting Information). Figure S displays the
mechanistic pathways starting from the lowest-energy struc-
tures leading to the 1,x- and 4,1-addition, respectively.

The pathways start with INT1 and INT4, where the alkenyl
group is in trans or cis position to the oxazoline portion of the
bidentate ligand, respectively. For INT1, DMF is replaced by
isoprene to form INT2 with a free energy of binding of AG =
—1.5 kcal/mol. Subsequently, the migratory insertion step
occurs through TS1 (AG* = 4.1 kcal/mol relative to INT1) to
form intermediate INT3 with a AG = —15.7 kcal/mol. This
intermediate can in subsequent steps lead to either the 1,2- or
the 14-addition product, as will be discussed below. The
activation barrier of the insertion step from INT2 is 5.6 kcal/
mol. For INT4, the ligand exchange step to INTS is slightly
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endothermic with a free energy of 2.8 kcal/mol. The transition
structure TS2 for the migratory insertion step leading to the
4,1-addition precursor INT6 has a free energy of activation of
AG¥ of 6.6 kcal/mol, and INT® is accessed with a AG = —13.8
kcal/mol. If the exchange of isoprene and DMF is, in analogy to
earlier studies,'® rapid, then the Curtin—Hammett principle
would be applicable. The barriers of the migratory insertion
step are 5.6 and 8.1 kcal/mol for the 1,x-addition pathway and
the 4,1-addition pathway, respectively. In this scenario, the
calculated differences in free energy of activation are within 2.5
kcal/mol and are modestly higher than what would be expected
based on the experimentally observed regioselectivity (9.9:1).
Alternatively, a non-Curtin—Hammett scenario would lead to a
AAG? of 1.0 keal/mol and is in excellent agreement with
experimental observations. However, both scenarios are
plausible within the computational uncertainty.

Figure 6 shows the geometries of the two selectivity
determining transition structures TS1 and TS2. Interestingly,

2.19A

O(N*-C-C-N)=12.2",
®(0-C-N*-Pd) = 152.8

© TS .
O(N*-C-C-N) =3.7
®(0-C-N*-Pd) = 170.1

TS2

o

Figure 6. Geometries of TS1 and TS2.

the closest distance between the t-Bu group of the ligand and
the coordinating diene or vinylogous lactone is 2.19 A for either
TS1 or TS2, despite the fact that the experimentally observed
Lx- vs 4,1-regioselectivity (fBu > iPr > Me > H)® suggests a
steric control. Analysis of the structures shown in Figure 6
reveals that the steric repulsion lead to an increase of the
torsion angle between the two ring systems in the ligand (3.8°
in TSI vs 12.2° in TS2) and a distortion of the palladium out of

DOI: 10.1021/acs.joc.6b01317
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the plane of the ligand (170.1° vs 152.8° relative to the plane of
the oxazoline ring in TS1 and TS2, respectively). This
distortion of the ligand environment leads to the calculated
energy difference between the two transition structures and the
experimentally observed steric control of the lx- vs 4,1-
selectivity.

1,4- vs 1,2-Addition. As outlined in Figure 5, INT3 can
lead to either the 1,4- or 1,2-addition product through c—n—c
(n'—nP—n') isomerization of the z-allyl-stabilized Pd-species.
Due to the large number of possible isomers, we initially
studied this reaction for the simplified model system shown in
Figure 7. For this model, the 6—z-allyl (17'—#*) isomerization is

é:ng?i--- = Pd;_‘c Pd---?f_‘/i‘(N

R

12.1
o-allyl

0.6
n-allyl-3

i

N, ®
N

2.2
n-allyl-4

1.8
n-allyl -1 n-allyl-2

R

Figure 7. o—n-Allyl isomerization and possible conformations of Pd-z-
allyl complex.

exergonic by 12.1 kcal/mol. It should also be noted that there
are four possible, rapidly interconverting Pd-z-allyl conforma-
tions. 7-Allyl-1 is found to be the most favorable conformation
due to the minimization of steric interactions and will be used
as the starting point for further discussion.

The subsequent cross-coupling sequence requires isomer-
ization of the Pd-z-allyl complex (s-allyl-1) to the reactive o-
allyl species, which then undergoes transmetalation with
styrenylboronic acid. In this study, the styrenylboronic acid is
represented by alkenyl boronic acid (ABA), and hydroxide is
used as the base to facilitate transmetalation, in accordance with
previous studies.”* >° Due to the asymmetry of the bidentate
pyrox ligand, there are four possible conformations for the
hydroxide to coordinate to the palladium. Two of these
conformations lead to Pd—C, bond formation, and the other
two conformations lead to Pd—C, bond formation. In total,
eight intermediates shown in Figure 8 need to be considered
for the isomerization of 7-allyl-1.

The relative energies of these eight intermediates can be
rationalized by the modest trans effect of the hydroxyl group
compared to the allylic carbanion and the enhanced trans effect
of the oxazoline N compared to the pyridine N.*” As a result,
C4 up is more stable than trans C4 up. In addition,
C4 _down is less stable than trans C4 down due to the steric
repulsion between the #-Bu group of the ligand and the adjacent
allylic group.

To identify the rate and selectivity determining steps for the
relevant conformations of the transition states leading to 1,4-
and 1,2-addition products, the complete reaction pathway
involving intermediate C4_up was calculated for the model
system and is shown in Figure 9 (for additional, less favorable
nucleophilic addition pathways, see Figure S2 in the Supporting
Information). Starting from z-allyl-1, hydroxide-assisted 7—o-
allyl isomerization forms C4 up, which is exergonic by 9.7
kcal/mol. Coordination of the alkenyl boronic acid to the
hydroxyl group (IN7, AG = —6.6 kcal/mol) leads to IN8 (AG
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Figure 8. Hydroxide-assisted z-allyl to o-allyl isomerization.

—7.9 kcal/mol). Following boronic acid coordination to
hydroxide, a structural rearrangement to IN9 with carbon—
carbon double bond coordinating to Pd occurs via TS3 with a
barrier of 8.4 kcal/mol. The transmetalation step to form the
stable intermediate IN10 is irreversible with a free energy of
reaction of AG = —26.9 kcal/mol. The transition structure TS4
has a free energy of activation of 13.4 kcal/mol relative to
C4_up. By releasing B(OH);, a more stable intermediate IN11
(AG = —36.9 kcal/mol) is formed, mainly due to entropy gain.
Reductive elimination via TSS to form the product-coordinated
Pd(0) species (IN12) is again highly exergonic with a free
energy of activation of 18.6 kcal/mol (AG = —60.4 kcal/mol).

The transition structure for the transmetalation, TS4,
determines the regioselectivity between 1,4- and 1,2-addition
products by positioning the alkenyl boronic acid close to either
the C, or C, position of the diene. Figure 10 shows the
systematically enumerated conformational possibilities together
with their calculated free energies relative to z-allyl-1. The
structures where the alkenyl boronic acid is positioned cis to the
pyridine portion of the ligand include C4 cisl_TS4 to
C4 _cis4_TS4, which can be seen as different transition-state
conformations derived from C4 up. Similarly, the structures
where the alkenyl boronic acid is positioned trans to the
pyridine portion of the ligand include C4 transl_TS4 to
C4 _trans4 TS4, which can be seen as different transition-state
conformations derived from trans C4 down, which is only 0.1
kcal/mol higher in energy than C4_up as shown in Figure 8.
However, all transition structures C4 trans1—4 TS4 are less
stable than the corresponding C4_cis1—4_TS$4, suggesting that
the reaction pathway 1nvolv1ng trans_C4_down is not as
favorable as C4_up involved, though the two intermediates are
only 0.1 kcal/mol difference in energy. The nomenclature for
transition structures representing the addition to C, is
analogous. We were unable to locate C4 trans3 TS4 and
C2_trans3_TS4, presumably due to the steric repulsion
between B(OH),; and the t-Bu group of the ligand. The
transition structures leading to the 1,4-addition products are in
qualitative agreement with experimental observations, consis-
tently lower in energy by at least ca. 1 kcal/mol.

Among the possible transition structures for attack at C, (top
portion of Figure 10), the most favorable transition structure is
C4_cis3_TS4, which has a free energy of activation of 3.7 kcal/
mol relative to z-allyl-1. The transition structures for attack at
C, (bottom portion of Figure 10) are calculated to be

DOI: 10.1021/acs.joc.6b01317
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Figure 10. Possible conformations of TS4 leading to 1,4- (C4) and 1,2-addition (C2) product formation.

consistently less favorable compared to the examples for attack

at C, with the corresponding conformation. The transition
structure for C, attack is C2_cis3_TS2 (16.7 kcal/mol), which

is much higher in energy than the corresponding to the lowest-
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energy transition structure at C,, C4_cis3_TS4. Analysis of the
transition structures reveals that in C2_cis3_TS2, the nearest
H—H distance between the C,-bound allylic group and the t-Bu
substituent of the ligand is 1.93 A, suggesting significant steric

DOI: 10.1021/acs.joc.6b01317
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repulsion (Figure 11). In comparison, there is no such
unfavorable interaction in C4 cis3_TS4, as the C,-bonded

C2_cis3_Ts4
AG* = 16.7 kcal/mol

R *
= R T

CN,Pd\ B(OH);| C4_cis3_TS4 CN,FdL\ B(OH)3|
n AG® = 3.7 kcal/mol 1

+
(HORB,

Figure 11. Transition structures C4_cis3_TS4 and C2_transl_TS$4.

C2_trans1_TS4
AG* = 9.6 kcal/mol

allylic group points away from the ¢-Bu substituent of the
ligand. Systematic conformational searching indicates that C2-
transl_TS4 has a free energy of activation of 9.6 kcal/mol
relative to m-allyl-1 and is the most favorable transition

structure leading to C, (1,2-addition) selectivity. Therefore, the
free energy of activation for the 1,2-addition model system is
5.9 kcal/mol higher than C4 cis3_TS4 and is significantly
greater than what would be expected from the low selectivity in
observed the experimentally studied system.

Analysis of the structures involved and shown in Figure 12
reveals the origin of this energy difference. In the trans
orientation in C2 transl TS$4, where Pd is bound to C,, steric
repulsion between the substrate and pyridine ring of the ligand
(nearest H—H distance: 1.93 A) leads to an increase in energy.
In addition, the steric interaction with the #-Bu of the ligand
forces the alkenyl boronic acid toward the substrate. This
promotes steric repulsion between the substrate and the alkenyl
boronic acid (nearest H—H distance: 2.11 A), further
increasing the relative energy of C2-trans1_TS$4. The structural
analysis thus shows that, in agreement with the experimentally
observed data, the 1,2- vs 1,4-selectivity is controlled by the
interplay of steric repulsions between the t-Bu group on the
ligand and the two substrates even if the energy difference is
overestimated in the model system. A more quantitatively
accurate description of this selectivity will therefore have to
consider the steric bulk of the experimentally studied systems.

Starting with the lowest-energy conformations of the
transition structures of the model system, structures of the
corresponding C4 cisl_TS4, C4 cis2 TS4, C4 cis3_TS4,
and C2-transl_TS4 were calculated for the experimentally
studied system. As shown in Figure 12, the free energy
difference between the C, and C, transition structures
decreases to 4.9 kcal/mol in Figure 12, with C4 cis1_TS4

C4_cis1_TS4_full
®(0-C-N*-Pd) = 171.4°
AAG*=0.0

A

C4_cis3_TS4_full
®(0-C-N*-Pd) = 175.8°
AAG? = +2.0 kcal/mol

C4_cis2_TS4_full
®(0-C-N*-Pd) = 178.0°
AAG* = +1.2 kcal/mol

C2_trans1_TS4_full
®(0-C-N*-Pd) = 154.8°
AAG? = +4.9 kcal/mol

Figure 12. Geometries of C4_cis1_TS4 full, C4 _cis2_TS4 full, C4 cis3_TS4 full, and C2_transl_TS4 _full.
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being the most stable conformer among three C, transition
structures. This is still an overestimation of the experimentally
observed selectivity of 2.7:1,° but is a much better estimate
based on a single geometry. More importantly, comparison of
the structural details for the full system to the model system
reveals the origin of the low experimentally observed selectivity.
C2 _transl_TS4 full is subject to considerable steric strain,
where the closest H-H distance between the styrenyl substrate
and the pyridine ligand is only 1.86 A. However, a similarly
short distance of 1.99 A is also observed in C4 cis2 TS4 full
and C4 cis3 TS4 full, while in C4 cis1 TS4 full, steric
strain between the substrate and the pyridine ligand is replaced
by an attractive O—H interaction with a distance of 1.98 A,
which can explain why it is the most favorable C, transition
structure conformation. In all cases, the steric effect leads to a
distortion of palladium out of the plane of the ligand, with
C2_transl_TS4 full (154.8°) being more distorted than
C4 cisl_TS4 full (171.4°), C4_cis2_TS4 full (178.0°), and
C4 cis3_TS4 full (175.8°). Overall, steric effects between the
substrate and the pyridine ligand account for the 1,4- versus
1,2-addition selectivity, although the differences are reduced in
the experimentally studied system compared to the model
system.

B CONCLUSIONS

The difunctionalization of isoprene catalyzed by palladium-
pyrox complexes proceeds with moderate 1,x- vs 4,1-addition
and 1,4- vs 1,2-addition selectivity. DFT calculations of the
reaction pathway, including systematic conformational searches,
were necessary for the description of this unsymmetrical three-
component system. This analysis showed that the 1,x- vs 4,1-
addition selectivity is set in the migratory insertion step and is
controlled by steric repulsions that lead to a distortion of the
palladium coordination sphere in the transition structure.
Studies revealed that significant differences in the distances
between substrate and the ligand were not responsible for 1,x-
vs 4,1-addition regioselectivity. The calculated AAG* of 1.1
kcal/mol disfavoring the 4,1-addition product formation in a
non-Curtin-Hammett scenario is in good agreement with the
experimentally observed value of 9:9:1.

The selectivity-determining step for the 1,2- vs 1,4-addition
pathways is computed to be the transmetalation. The relative
stability of the relevant intermediates is controlled by a
combination of trans effect of the pyrox ligand and steric
influence of the ligands t-Bu group. A systematic search of the
16 possible conformations for the two possible transmetalation
pathways identified the two lowest-energy transition structures
for the model system, but overestimated the experimentally
observed selectivity. Calculation of the nontruncated, exper-
imentally studied system identified additional steric interactions
responsible for the lowered 1,2- vs 1,4-addition regioselectivity,
providing the structural basis for possible improvements of the
selectivity for selected substrates, e.g, using the Q2MM
approach.”**’
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