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ABSTRACT: Under the influence of a chiral bidentate
diphosphine ligand, the Pd-catalyzed asymmetric cross-coupling
of allylboron reagents and allylic electrophiles establishes 1,5-
dienes with adjacent stereocenters in high regio- and stereo-
selectivity. A mechanistic study of the coupling utilizing reaction
calorimetry and density functional theory analysis suggests that
the reaction operates through an inner-sphere 3,3’-reductive
elimination pathway, which is both rate-defining and stereo-
defining. Coupled with optimized reaction conditions, this
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mechanistic detail is used to expand the scope of allyl—allyl couplings to allow the generation of 1,5-dienes with tertiary centers
adjacent to quaternary centers as well as a unique set of cyclic structures.

1. INTRODUCTION

The development of highly efficient and selective methods for
the construction of new stereocenters is of paramount
importance for the continued evolution of organic synthesis.'
Among such developments, palladium-catalyzed allylic sub-
stitutions have provided important strategies for selective
formation of stereogemc centers by the construction of new
C—C or C—X bonds.> A related process is the coupling of two
allylic systems, such as that between an allylmetal reagent (A)
and an allyl electrophile (B), to deliver synthetically useful 1,5-
diene products (Scheme 1, eq 1). In this context, opportunities

Scheme 1. Pd-Catalyzed Allyl—Allyl Couplings
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for stereoselective synthesis emerge when (1) one or both of
the allyl fragments are substituted, (2) regioselectivity can be
suitably controlled to favor formation of branched 1,5-dienes of
type D, and (3) a chiral catalyst is able to enforce stereocontrol
during coupling of the prochiral allyl fragments. Under these
conditions, allyl—allyl cross-couplings have the power to
establish one or two adjacent stereogenic sp>-carbon centers.
Although eflicient methods for the Pd-catalyzed allyl—allyl
cross-coupling have been developed, regioselectivity generally
favors the thermodynamically more stable achiral linear
products of type C.** Recently, however, our group has

-4 ACS Publications  © 2014 American Chemical Society

7092

developed a number of related palladium-catalyzed allyl—allyl
cross-couplings that selectively provide the branched isomer of
product in high regio- and enantioselectivity.’ A critical design
feature is the use of a chiral small bite-angle bidentate
phosphine ligand, which appears to promote coupling through
an inner-sphere 3,3’-reductive elimination pathway shown in
structure E (Scheme 1, eq 2). The coupling applies to
substrates bearing substitution on both the allylmetal and the
allyl electrophile and thereby allows for the synthesis of 1,5-
dienes containing tertiary (F), 3uaternary (G), and adjacent
tertiary (H) stereogenic centers.

A primary challenge has been the use of more highly
substituted coupling partners that allow generation of products
containing enhanced steric congestion. We considered that
construction of 1,5-dienes bearing adjacent quaternary centers
or those with neighboring tertiary and quaternary centers (I)
may have significant value in organic synthesis.® While
compounds with such congestion may be accessed by
asymmetric intramolecular Heck reactions and cycloadditions,
there remain relatively few other strategies for the catalytic
asymmetric construction of these compounds.”'® In this report
we describe mechanistic studies that have led to the
development of an improved strategy for allyl—allyl cross-
couplings, particularly those that apply to the selective and
efficient construction of more hindered C—C bonds.

2. RESULTS AND DISCUSSION

2.1. Catalyst Optimization. Despite high regio- and
stereoselectivity obtained in previous couplings with a catalyst
prepared from Pd,dba; and methoxy(furyl)biphep (L1, Table
1), one drawback was the requirement for relatively high
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Table 1. Optimized Catalyst for Allyl—Allyl Couplings

O
MeO P
P
j ,T\/ Sl )
= CsF (X equiv) M, L1 (o}
ph/\'“) o PACLS Y ph NS
1aX=OBoc 2aX=0Boc _A~_-B(PIN) 5, 1, lo \]
1b X=CI 2bX=Cl2 (1.2 equiv) 3bR=Me e
THF, temp, MeQ \p oGl
4-12h MeO £
T
e ()
2
entry catalyst substrate CsF (equiv) t (h) T (°C) yield (%) er®
1 5% Pd,(dba),, 10% L1 Ia 0 12 60 72 96:4
2 025% (R)-4 la 0 8 60 0
3 0.1% (R)-4 la 0.05 60 95 96:4
49 0.1% (R)-4 la 0.05 4 60 96 96:4
5 0.1% (R)-4 1b 3 5 rt 92 97:3
6 2% Pd,(dba),, 4% L1 2a 3 12 60 86 96:4
7° 0.25% (R)-4 2a 3 4 60 59 94:6
8° 0.25% (R)-4 2b s s rt 85 98:2

“The linear isomer of chloride was used. “Yield of purified material from average of two or more experiments. “Enantiomer ratios were determined
by GC analysis on a chiral stationary phase and are an average of two or more experiments. “Reaction setup on benchtop and purged with N,.

“Reaction run in 10:1 THF/H,0.

catalyst loadings and long reaction times. For the relatively
unhindered coupling of cinnamyl tert-butyl carbonate 1a and
allylB(pin) to give 3a, 10% palladium loading and a 12 h
reaction time were necessary for full conversion (Table 1, entry
1). It was suspected that dibenzylideneacetone (dba), a part of
the original catalyst formulation, might compete with substrates
for binding to palladium and inhibit the reaction."" To study
this feature, the use of a preformed PdCl,-ligand complex (R)-4
was evaluated in the reaction. While (R)-4 alone was unable to
catalyze the reaction between allylB(pin) and la (entry 2),
addition of 5% CsF resulted in catalyst activation such that only
0.1 mol % catalyst was required to effect complete conversion
of substrates in just 4 h at 60 °C (entry 3). Remarkably, despite
this 100-fold decrease in catalyst loading, the reaction was
accompanied by an increase in yield (95% versus 72%) and
showed no loss of enantioselectivity. The cesium fluoride is
presumed to be necessary for the initial activation of
allylB(pin), which is responsible for reduction of (R)-4 to an
active Pd(0) catalyst."”

An important added advantage of (R)-4 is that the preformed
catalyst is air-stable, allowing the reaction to be set up without
the use of a drybox (entry 4). With the more active catalyst, it
was found that reactions of cinnamyl chloride 1b could be
conducted at room temperature, leading to a slight increase in
enantioselectivity (entry S). Similar reactivity enhancements
were observed when catalyst (R)-4 was employed in the cross-
coupling to give products containing all-carbon quaternary
centers. For the cross-coupling of allylB(pin) and disubstituted
2a to give 3b, catalyst loadings could be lowered from 4% to
0.25% and the reaction was also complete in 4 h (entries 6 and
7). While an increase in competitive S-hydride elimination was
noted at the lower catalyst loadings with carbonate 2a, leading
to a decrease in yield (59 versus 86%), both yield and
enantioselectivity were improved with use of allylic chloride 2b
at room temperature (entry 8).

The differences in catalyst performance between (R)-4 and
Pd,(dba);/(R)-L1 can be seen clearly when the rate of coupling
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between la and allylB(pin) was examined by calorimetry
(Figure 1). While the total heat outputs are similar, the reaction
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Figure 1. Reaction rates with 0.1% (R)-4 (blue line), 5% Pd,(dba); +
10% (R)-L1 (red line), and 0.1% (R)-4 + 15% dba (green line) under
standard conditions as described in Table 1.

with 0.1% of (R)-4 is significantly faster and completes within
2.5 h (blue line) while the reaction with Pd,(dba),/(R)-L1
(10% Pd loading) was less rapid, requiring almost 6 h to reach
completion despite the 100-fold increase in catalyst loading
(red line). Suspecting the probable cause for these differences
to be the presence of dba when Pd,(dba); is used as a
precursor, a reaction of (R)-4 in the presence of added dba was
examined. When 15 mol % dba was added to a reaction with
0.1% of (R)-4 (green line), the reaction showed a heat profile
that was very similar to the Pd,(dba);/L1 system. This
observation suggests that dba is a noninnocent participant in
the reaction and likely sequesters the catalyst in off-cycle
processes.'!

2.2. Mechanistic Analysis. To better understand the
operative mechanism and the origins of regio- and stereo-
control present in the allyl—allyl coupling, mechanistic and
computational studies were carried out. Because of its clean and
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efficient nature, the reaction of cinnamyl tert-butyl carbonate
(1a) and allylB(pin) to give 3a was chosen as a probe for these
studies.

2.2.1. Reaction Progress Kinetic Analysis. Reaction progress
kinetic analysis of the model reaction was carried out using
calorimetry to follow rates (Figure 2)."> Conditions optimized
in Table 1 ([1a] = 0.5 M, [allylB(pin)] = 0.6 M, 0.1 mol % (R)-
4, 5.0 mol % CsF, 60 °C in THF) were used to provide an
accurate picture of the catalytic reaction under conditions
employed for typical experiments. Under these conditions, the
reaction exhibited the rate versus [la] profile as shown in
Figure 2A (blue line), which was verified by comparison to
NMR analysis of reaction progress.'*

Comparison of reaction rates versus allyl carbonate
concentration during the steady-state portion for reactions
run with different catalyst loadings (0.1 and 0.05%, Figure 2A)
suggests that the reaction is first-order in catalyst. As depicted
in panels B and C, the heat output profile is relatively
unchanged when the concentrations of either the carbonate
(panel B) or the allylboron (panel C) are doubled, suggesting a
zero-order dependence on both substrates."> As demonstrated
in panel D, beginning the reaction with the initial
concentrations of allylB(pin) and carbonate at 0.4 and 0.3 M,
respectively, gives a slightly lower rate overall compared to the
standard curve (blue). As both reactions have the same relative
proportions of reagents (“excess” allylB(pin) = 0.1 M), this
study indicated that catalyst deactivation and product inhibition
are not complicating factors of the reaction but could point to a
possible acceleration by product or a reaction byproduct.

2.2.2. Proposed Catalytic Cycle. With kinetic studies
suggesting a zero-order dependence on both substrates and
first order dependence on catalyst, we propose the cycle as
pictured in Scheme 2. The cycle is initiated by transmetalation
of the fluoride-activated allylB(pin) to (R)-4, which allows
reductive elimination to yield the active Pd(0) catalyst K.
Oxidative addition of Pd with the allyl carbonate yields the
cationic (17°-allyl)Pd(IT) complex L, accompanied by loss of the
carbonate group that quickly breaks down into CO, and tert-
butoxide.'® The tert-butoxide activates the allylB(pin) toward
transmetalation to give the bis(n'-allyl) M. 3,3'-Reductive
elimination from M will yield the product-bound Pd complex J,
from which the catalyst reenters the cycle upon displacement of
the product by starting material.>*¥*

The kinetic data suggest that the order of the reaction is zero
in both carbonate and allylB(pin), signaling that the rate-
determining step is neither oxidative addition nor trans-
metalation. As the reaction also seems to suffer no product
inhibition, it is unlikely that catalyst turnover is rate-
determining. These results suggest that the 3,3’-reductive
elimination could be the rate-determining step.

2.2.3. Isotope Labeling Studies. The stereochemical features
of reductive elimination and transmetalation are readily studied
with isotope labeling experiments (Scheme 3). Information
about the nature of reductive elimination has been previously
gained and is represented here for completeness.”® For this
study, substrate (S)-Z-5 was prepared and used in the allyl—allyl
cross-coupling with allylB(pin) and (R)-L1 to give (S)-E-6 as
the sole coupling product (eq 3). This outcome can be
explained as follows: oxidative addition via an anti displacement
of the carbonate gives intermediate z—allyl complex N.'7
Subsequent 7—o isomerization followed by transmetalation
gives bis(trans-n'-allyl) complex O. From O, an inner-sphere
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Figure 2. Reaction progress kinetic analysis of the Pd-catalyzed
coupling of allylB(pin) and allyl carbonate 1a with (R)-4 as described
in Table 1. (A) Reaction rate versus [1a] for 0.1% (R)-4 (blue line)
and 0.05% (R)-4 (red line). (B) Heat flow versus time for the standard
amount (0.5 M, blue line) versus excess (1.0 M, red line) of 1a. (C)
Heat flow versus time for the standard amount (0.6 M, blue line)
versus excess (1.2 M, red line) of allylB(pin). (D) Reaction rate versus
[1a] for the standard (0.5 M 1a, 0.6 M allylB(pin), “excess” allylB(pin)
= 0.1 M, blue line) versus modified initial concentrations (0.3 M 1a,
0.4 M allylB(pin), “excess” allylB(pin) = 0.1 M, red line).

reductive elimination leads to the observed product config-
uration.

A similar study was also designed to examine the
stereochemical aspects of the transmetalation. Allylmetal
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Scheme 2. Proposed Catalytic Cycle
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reagents may undergo Sg2’ transmetalation through either an
anti (open) pathway or a syn (closed) pathway, the latter
characterized by coordination between cationic Pd(II) and the
allylmetal.'® To distinguish between these two pathways in
allyl—allyl couplings, isotopically labeled (S)-E-7 was synthe-
sized and subjected to conditions for diastereoselective allyl—
allyl cross-coupling. With (R)-L1 as ligand and la as the
electrophile, the coupling gave (R,R)-E-8 as the major
stereoisomer (eq 4). This outcome suggests that the Sp2' anti
(open) pathway is favored: (R,R)-E-8 is anticipated after 3,3’
reductive elimination from bis(;'-allyl) complex R. Complex R
is accessed via 6—n—0 isomerization of intermediate Q, which
is formed after an S;2’ anti transmetalation as shown in P."°
Similar product stereochemistry was also observed when the
reaction was run with allylic chloride 1b, suggesting that the
nature of the counterion has little effect on the preferred mode
of transmetalation. Further studies also indicated that the anti
pathway was also favored in the absence of CsF as well as when
the reaction was run in 10:1 THE/ H20.20 Although this study
does not differentiate between Sg2’ and direct Sg2 trans-
metalation, later experimental results suggest that the Sg2’
operates (vide infra).

2.2.4. Computational Study of Reaction Mechanism. A
model that explains the stereochemical outcome of allyl—allyl
coupling is depicted in Scheme 4.° This is based on an inner-
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Scheme 4. Stereochemical Model for 3,3’-Reductive
Elimination
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sphere 3,3'-reductive elimination and uses the crystal structure
of (R)-4>" as a template for the ligand conformation. Central to
this model is reaction through bis(;'-allyl)palladium with the
allyl groups directed anti to one another in a chairlike array (S,
Scheme 4). In this arrangement, the preferred chairlike
transition state array is dictated by the pseudoequatorial furyl
rings of the ligand scaffold.

To probe features of this stereochemical model as well as
gain additional understanding of the energetic barriers
associated with allyl—allyl coupling, density functional theory
(DFT) calculations were carried out.*” Extensive computational
studies on the 3,3’-reductive elimination pathway for simple
unsubstituted systems with achiral monodentate phosphine
ligands were completed by Echavarren and Espinet.> We
focused our analysis on the portion of the reaction coordinate
essential to regio- and stereodefinition during formation of the
branched (S)-enantiomer of 3a rather than (R)-3a or the linear
isomer (the Si, Re, or linear pathways, respectively).** > Efforts
to distinguish between possible reaction pathways began from
cationic palladium z—allyl complex GS; and the activated
boronate T (Figure 3). Transmetalation of the allyl unit from
boron to the Pd center would initiate the inner-sphere pathway,
whereas direct outer-sphere attack at C1 or C3 of the Pd 7—
allyl would furnish the diene products directly.

In agreement with the mechanistic experiments, trans-
metalation through an anti-Sg2’ (open) pathway (TS ,) is
calculated to have the lowest free energy of activation, 11.8
kcal/mol with respect to GS; and T. Reaction through a syn-
Sg2’ (closed) transition state (TSt ,) in which the methoxide
oxygen of boronate T is coordinated to Pd was calculated to be
5.7 kcal/mol higher in energy.””*° The three transition states
for outer-sphere attack of allyl boronate T directly at C1 or C3
of the 7’-allyl complex (TSq) require activation free energies
that are 9.8—14.2 kcal/mol higher than TSy ;. Additionally,
the relative energies between the three outer-sphere pathways
predict both regiochemistry and stereochemistry that are
contrary to experimental results.

Transmetalation of the allyl unit to the Pd center leads to the
bis('-allyl)Pd(IT) intermediate GS,, from which reductive
elimination will furnish branched (3a) and linear products.
Previous computational studies by Eschavarren and Espinet on
unsubstituted bis(s7'-allyl)Pd complexes found that when the
complex contains two monodentate phosphine ligands,
reductive elimination by coupling the 3 and 3’ carbons was
favored significantly compared to direct coupling of the 1 and
1’ carbons.®’ As shown in Figure 3, the calculated energy
difference between the lowest energy conformations for 3,3'-
(TS;,3.5i 4) and 1,1"-reductive elimination (TS, ;') of 17.2 kcal/
mol is in good agreement with the literature despite the
addition of substitution at C3.

In line with our previously proposed stereochemical model,
the lowest energy transition state array for 3,3'-reductive
elimination (TS;3.g4) is through a chairlike transition state
with trans olefin geometry at the substituted allyl fragment (A,

dx.doi.org/10.1021/ja502280w | J. Am. Chem. Soc. 2014, 136, 7092—7100
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Figure 3. DFT computed potential energy surface to distinguish between the inner- and outer-sphere pathways as well as the preferred mode of
reductive elimination to give experimentally observed (S)-3a, (Si pathway, blue), (R)-3a, (Re pathway, red), or linear product (green). All
calculations were performed at the B3LYP-PCM(THF)/LANL2DZ-6-31G** level of theory, and some hydrogen atoms were removed from the

displayed structures for clarity. Energies are relative to GS,; + T.

Figure 4). Bond formation from this structure leads to the
experimentally observed (S)-enantiomer of 3a. Consistent with
the crystal structure, the preferred conformation of C,-
symmetric (R)-L1 places pseudoequatorial furyl rings in the
upper left and lower right quadrants about the bound allyl
fragments. We propose that the high levels of stereoinduction

2
i P,-Pd-P
C3' T833 sia c poc,

AG* = 14.0 keal/mol

TS33 518
AGH = 18.6 kcal/mol

o)
C i 5
F \I'_’d_-—‘|\)

%Fh

TS33 pea

AG* = 17.6 keal/mol

?P' W,

TS33 pe b
AG* = 17.5 kcal/mol

AG# = 18.2 kcal/mol

Figure 4. (A) Optimized structure and coordinates for TS;3.; 4. (B)
Activation energies relative to GS, for other possible allyl
conformations during 3,3’-reductive elimination. B3LYP-PCM-
(THF)/LANL2DZ-6-31G** (333.15 K) was used.

during reductive elimination occur because of penalizing
interactions between the pseudoequatorial furyl rings with C1
and C2 of each allyl fragment in less favored structures. This
interaction favors one chairlike conformer over the other,
favoring reaction through TS; 3 g 4.

There are seven additional transition states through which
the 3,3'-reductive elimination can occur, four of which are
relatively close in energy and considered in panel B of Figure
4.3% Reaction through boat-like TS; 5 g; g, with the allyl groups
syn to each other, could also give (S)-3a; however, the
activation free energy for this path was calculated to be 4.6
kcal/mol higher in energy. In considering conformers leading
to the minor enantiomer (Re pathway), the other possible
chairlike arrangement (TS;3.g,,) is 3.5 kcal/mol higher in
energy than TS g 4, as it places C1 and C2 of both allyl
fragments in proximity to the furyl rings. Also similar in energy
are boatlike TS 3 g, 3, and TS; 3 g, , that bear Z-alkenes. It is
not possible to say which of the Re conformers is preferred
because of their similar activation barriers; however, the
difference in activation barriers between TS; 3 g 4 and any of
the TS;; g, conformers are in line with the high enantiose-
lectivities observed experimentally.

2.3. Formation of Congested C—C Bonds. To begin
study of the application of catalyst (R)-4 to more hindered
allyl—allyl couplings, allylboron 9 was treated with electrophile
1b (eq 6, Scheme S). Despite increased catalyst loading, the
coupling showed only 17% conversion and delivered none of
the desired branched product 10. The product mixture

Scheme S. Initial Results for Congested Bond Formations
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consisted of allylbenzene 11 and undesired y-regioisomer 12.
The undesired products likely stem from the bis(s7'-allyl)Pd
isomers U or V (Scheme §5). From U, f-hydride elimination
followed by reductive elimination will yield 11 (eq 7), whereas
3,3'-reductive elimination from V could yield 12 (eq 8).

It was postulated that the added substitution at C3’ during
the 3,3-reductive elimination might raise the activation barrier
for the desired reaction, allowing other pathways to become
operative. To probe this possibility, DFT calculations were
carried out to determine the effect of added substitution at the
3 and 3’ carbons on the calculated energy barrier for reductive
elimination (Table 2). To allow comparison, activation barriers

Table 2. Calculated Activation Free Energies for 3,3'-
Reductive Elimination for Hindered Couplings

R

c3
“ "R ——Pd
Pd Ts33 g\?
Yr
3

R"™
C

R" GS

Successful Couplings Hindered Couplings

Me., Ph, . | Me Me., A
Me, P Me—T
= L o MEr
Phi ! Ph PH

AG =208 AGt=109 QG*=28.0

.-SG* = 16.0 AG* =17.4 AG* =20.0

for the 3,3'-reductive elimination were calculated for three
compounds that have proven to be accessible through allyl—
allyl coupling (13—15) and for three classes of more hindered
couplings (16—18).

As anticipated, the calculations showed higher activation free
energy with increased substitution at the C3 and C3’ carbons.
Addition of one methyl group at C3 (13) shows a free energy
of activation of 16.0 kcal/mol, an increase of 2.4 kcal/mol over
the monosubstituted 3a (AGjF 13.6). The barrier is raised to
17.4 kcal/mol when the methyl substituent is placed at C3’
(14) and increases by an additional 2.6 units to 20.0 kcal/mol
with the larger phenyl substituent (15). The calculated
activation energies that would be required for 3,3’-reductive
elimination to give products 16—18 show a similar trend.
Importantly, the barrier to give 16, a compound inaccessible
from the reaction in Scheme S, is only slightly higher (0.6 kcal/
mol) than the barrier to give 15, a compound previously
prepared in 80% yield with high selectivity.*

The discrepancy between experimental and computational
results suggested that, for the mechanism involving disub-
stituted allylboron 9 (Scheme 5), 3,3'-reductive elimination
may no longer be the rate-determining step. As seen in Figure
S, the addition of two methyl groups at terminus of the
activated boronate W has a significant impact on the calculated
barrier for Sg2’ transmetalation. In comparison to the 12.3
kcal/mol barrier for simple allylB(pin), the additional
substituents on 9 raise the activation free energy barrier to
30.8 kcal/mol.° Compared with the barrier for reductive
elimination (20.6 kcal/mol, 16, Table 2), transmetalation is
now predicted to be the rate-limiting step.

The calculations indicate that modification of the nucleophile
could allow for a better reaction. Indeed, if the two methyl
groups are moved to the a-position of the allylboron as in X
(Figure S), the calculated energy barrier for transmetalation
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AG# = 30.8 kcal/mol AG¥ = 14.6 kecal/mol

Figure S. Calculated activation free energy for transmetalation of
fluoride-activated 9 (W, left) and 19 (X, right) to GS,. B3LYP-
PCM(THF)/LANL2DZ-6-31G** (298.15K) was used.

drops by over 16 kcal/mol, and reductive elimination is again
predicted to be the rate-determining step. To probe this
hypothesis, allyl boronate 19 was prepared and analyed in the
cross-coupling with cinnamyl chloride (Scheme 6). This
strategy showed a strikingly different outcome. The coupling
now delivers compound 10 in excellent yield, regioselectivity,
and enantioselectivity.”>

Scheme 6. Increased Reactivity with @,a-Disubstituted
Allylboron Nucleophiles

al B(pin) (R)-4 (1%) Me, 95% yield
o + Me#\/ il equw.)) Mejé 98:2 er
Me THF, 1t, 14h phr N 201 regiq
(1.2 equiv.)
1b 19 10

To learn more about the newly modified conditions, a survey
of additional coupling partners was undertaken (Table 3). Allyl
boronate 19 was effective in couplings with substrates bearing
electronically diverse substituents; use of cinnamyl chlorides
with p-chloro (entry 1) and p-methoxy (entry 2) groups gave
products 20 and 21 in similarly high yields and regio- and
enantioselectivities to the parent phenyl compound. Despite
lowered regioselectivity, the indole-containing substrate in
entry 3 reacts with high enantioselectivity as well. Remarkably,
the reaction is also operative when the two substituents are
tethered as in 23, giving the 1,1-disubstituted cyclohexane
product 24 in high selectivity and yield (entry 4). Although not
stereogenic, the reverse prenyl groups in products 10 and 20—
22 are a common motif in alkaloid natural products.**

The use of allylboron reagents in which the substitution at
the a-carbon is nonsymmetric would allow access to adjacent
stereocenters. When the allylboron is substituted with one
methyl and one ethyl group as in 25 (entry S, Table 3), the
coupling gives product 26 in high yield and regio- and
enantioselectivity but in moderate diastereoselectivity. The
selectivity is slightly increased as the size of the substituent is
increased, such as with the geraniol-derived allylboron 27; this
coupling gives 28 with similarly high enantio- and regiose-
lectivity (entry 6).

The coupling also furnishes products with adjacent tertiary/
quaternary centers when monosubstituted 29 and disubstuted
chloride 2b are employed (entry 7). The reaction shows high
enantioselectivity and moderate diastereoselectivity; however,
the yield suffers slightly because of competitive A-hydride
elimination. Use of monosubstituted 29 also allows the
previously reported diastereoselective coupling to operate
with reduced catalyst and CsF loadings, showing similar yield
and enantioselectivity (entry 8).>°

Unfortunately, extension to the construction of products
with two adjacent quaternary centers (as in 32) through the
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Table 3. Substrate Scope for Congested Couplings”

(R)-4 (1%)

1 B2

B(pin) R* : R
R? CsF (5 equiv) jj
= t + regioisomers|
R! RSMC' THF 1, 14h o~
RA‘.
yield
entry allyl product regio er
boronate (%)
B(pin) Ma ME\
1 Me~ TP = 94 >20:1 98:2
Me 19 20
Cli
Bi(pin) Ma Me\
2 Me~T~F 5 = 90  >20:1 98:2
Me 19 21
Me0” ~F
Me
B(pin) . MLy )
3 MeT~? - 2 92 5:1 96:4
Me 19 I 22
BocN
B(pin) =
4 d\/ = 85  >20:1  97:3
23 R
Me
B(pin) .
Me = 98:2
M :
5 e\_,{M\/ 3 96  >20:1 (2:1 1)
e 25 PhT 7 :1d
Me Me
Me "%
. . F :
¢ M Bpn T 92 >0 %2
M 2
= e Py (3:1dr)
Me 27 -
>99:1
7 = Me:.. 74 5:1
Me)\/ag Ph /su (4:1dr)
i Me,
8! g ,@ 90 3201 2L
Me 29 Ph 31 (3:1dr)
M
B(pin) Me e\
9 Me = Ph = <5
Me 19 Me 32
B(pin) Cy Me\
10 Z <5
Y Me 33 Ph /34
9 = <5
Me 19 Ph /i.'i

“Unless otherwise noted reactions were run at 0.5 M concentration of
the electrophile with 1.2 equiv of the allylboron reagent. Yield refers to
isolated yield of purified material. Enantiomer ratios were determined
by GC or SFC analysis on a chiral stationary phase. Diastereomer
ratios were determined by 'H NMR analysis. All yield, er, and dr
values reported are the average of two or more experiments. bReaction
run with 10 equiv of CsF for 24 h. “Reaction run in 10:1 THF/H,0.
“Reaction run at 60 °C, 0.1% catalyst loading with 0.05 equiv of CsF
for 4 h. °Reaction run in 10:1 THF/H,0 with 1% (S,S)-
QuinoxP*PdCl, in place of (R)-4.

coupling of 19 and 2b failed (entry 9). Despite complete
conversion, the reaction delivered a mixture of f-hydride
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elimination product and y-regioisomer.*® A more encumbered
allylboron (33) was prepared and was also reluctant to react
(entry 10). This coupling gave mostly products of f-hydride
elimination/reductive elimination pathway similar to that seen
in Scheme S (eq 7). Aliphatic chlorides (R=CH,CH,Ph, 35),
although operative in previous reports, also performed poorly
in couplings with 19. The dominant pathway appears to also be
the f-hydride elimination/reductive elimination pathway (entry
11).

Another class of couplings that can exhibit poor reactivity
and selectivity are those in which one of the coupling partners
was part of a ring system. Under the optimized conditions,
internal a,f-substituted cyclic allylboron reagents were found to
be excellent coupling partners (Table 4). Allylboron

Table 4. Scope of Cyclic Substrates”

B(pin) (R)-8 (1%) (
CsF (5 equiv,
RNt (5 equiv)
THF, i, 24h
n=0,1,2 Ph Z

Ph

ph7 N
37 38° 39 40°
96% vyield 94% vyield 96% vyield 82% vyield
>99:1 er (>20:1 dr} >99:1 er (>20:1 dr) >99:1 er (>20:1 dr) >99:1 er (>20:1 dr}
15:1 regio >20:1 regio >20:1 regio >20:1 regio

“Unless otherwise noted reactions were run at 0.5 M concentration of
the electrophile with 1.5 equiv of the allylboron reagent. Yield refers to
isolated yield of purified material. Enantiomer ratios were determined
by GC analysis on a chiral stationary phase. Diastereomer ratios were
determined by "H NMR analysis. All yield, er, and dr values reported
are the average of two or more experiments. bReaction run with 10
equiv of CsF. “Reaction run with 10 equiv of CsF in 10:1 THF/H,O
with 1% (S,S)-QuinoxP*PdCl, in place of (R)-4.

nucleophiles containing five-, six-, and seven-membered rings
were coupled with cinnamyl chloride to give dienes 37—39 in
near-perfect diastereo- and enantioselectivity with high yields
and regioselectivities. Additionally, the reaction allowed use of
aliphatic chloride 35 to give product 40 with excellent regio-
and stereoselectivity.

3. CONCLUSION

In summary, we have described the development of an effective
catalyst for the Pd-catalyzed allyl—allyl coupling. Reaction
progress kinetic analysis, labeling studies, and DFT analysis of
the reaction have provided a deeper understanding of the
mechanism and help to explain the origins of high regio- and
stereoselectivity. The new reaction conditions and insight have
allowed for the extension of the coupling to allow the formation
of products containing vicinal quaternary and tertiary centers as
well as unique ring systems.
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reasonable that the desired 3,3’-pathway is no longer favored over
other decomposition pathways or isomerizations to give regioisomers.
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