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a b s t r a c t

While Pd-catalyzed allyl-allyl cross-couplings in the presence of small-bite-angle bidentate ligands re-
liably furnish the branched regioisomer with high levels of selectivity, cross-couplings in the presence of
large-bite-angle bidentate ligands give varying, often unpredictable, levels of selectivity. In a combined
computational and experimental study, we probe the underlying features that govern the regioselectivity
in these metal-catalyzed cross-couplings.

� 2015 Elsevier Ltd. All rights reserved.
Scheme 1. Linear/branched selectivity in allyl-allyl coupling.
1. Introduction

The transition metal-catalyzed coupling of two allylic fragments
has the power to generate synthetically useful 1,5-dienes from an
allylic electrophile and allylic nucleophile (Scheme 1).1 Under pal-
ladiumcatalysis, the allyl-allyl coupling reactionhasbeenknown for
some time and typically yields linear, achiral dienes of type Awith
monodentate phosphine ligands (Eq 1).2 Recently, our group has
disclosed a number of methods that employ chiral, small-bite-angle
bidentate phosphine ligands to reverse the regioselectivity of these
couplings to give branched 1,5-dienes of type Cwith excellent regio-
and enantioselectivity (Eq 2).3 Recent mechanistic and computa-
tional studies4 have supported previous proposals3 that the reaction
is operative through an inner-sphere 3,30-reductive elimination,5 in
which coupling at carbons 3 and 30 through the conformation as
shown in B leads to the branched isomer. These studies are in line
with computational studies on the preferred reductive elimination
pathways for unsubstituted allylic systems by Eschavarren5a and
Espinet,5c which also found the 3,30-reductive elimination to be
preferred over direct coupling at the 1 and 10 carbons.

Although our previous study provided a deeper understanding
of the origins of branched regioselectivity for small-bite-angle
bidentate phosphine ligands, it did not explain trends in regiose-
lectivity that we have observed with other ligands.3a As seen in
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Table 1 and in line with previous studies, use of PPh3 as the ligand
in the Pd-catalyzed coupling of cinnamyl t-butyl carbonate 1 and
allyl B(pin) 2 (entry 1) gives high selectivity for the linear 1,5-diene
4. Ligands with smaller bite-angles (entries 2e4) gave high
branched selectivity, however, selectivity became unpredictable as
the bite-angle increased (entries 6e8).6 Unable to explain the
source of such disparate regioselectivity in systems containing
either monodentate or wide-bite-angle bidentate ligands, we un-
dertook additional mechanistic and computational studies to probe
the origins of linear selectivity.7

2. Results and discussion

2.1. Monodentate ligands

To explore the source of high linear regioselectivity in
Pd-catalyzed allyl-allyl couplings with monodentate ligands,
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Table 1
Impact of ligand structure on cross coupling selectivitya

Entry Ligand Bn(�) Yield (%) b:l (3:4)

1 PPh3 d 96 1:>20
2 dppbenzene 83 70 97:3
3 dppe 85 77 98:2
4 dppp 91 80 97:3
5 dppf 96 43 94:6
6 dppb 98 77 38:62
7 DPEphos 102 58 72:28
8 Xantphos 109 >95% conv. 53:47

a Data in entries 1e7 from ref. 3a. Fig. 2. Calculated activation free energy barriers (DG) in kcal/mol relative to GSA
(B3LYP-PCM(THF)/LANL2DZ(Pd)-6-31G**(C,H,P) (333.15 K). All energies include free
PPh3 to align with those shown in Fig. 1.
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computational studies utilizing density functional theory (DFT)
were carried out.8 These studies considered possible pathways
leading to linear and branched isomers of phenyl-substituted 1,5-
diene products of type 3 and 4 (Table 1), and began from the bis-
ligated, bis(h1-allyl) complex GSA (Fig. 1). Based on previous stud-
ies,5a,c the two lowest energy routes for bond formation from GSA
should be through coupling at the either 3 and 30 (TSA) or 1 and 10

carbons (TSB). The 3,30-pathway to give the branched isomer 3 (TSA)
was calculated to have an activation free energy barrier of 14.6 kcal/
mol. The alternate 1,10-coupling to give linear product (TSB), lies
5.5 kcal/mol higher in energy, making it an unlikely source of 4. An
alternate route to this linear product could be 3,30 reductive elim-
ination from a complex in which the palladium sits at the benzylic
carbon of the allyl fragment (GSB). This more highly-strained
ground state was calculated to be 15.3 kcal/mol higher in energy
than GSA, making it an improbable species in the reaction.9 It was
considered that instead of bond-formation, complex GSA might
dissociate one PPh3 ligand to form three-coordinate palladium
complex GSC. This ground state lies almost 22 kcal/mol lower in
energy than GSA, and the barrier for its formation (TSC) is only
3.7 kcal/mol. These energies suggest that formation of complex GSC
from GSA should be both rapid and thermodynamically favored,
presumably driven by a loss of strain.

While calculations on the bis-ligated systems failed to indicate
a potential origin for the experimentally observed linear product,
they did point to complex GSC as a reasonable intermediate. As
a result, we considered potential pathways for bond-formation
from this complex (Fig. 2). In line with the studies by Espinet,5c

barriers for diene formation from this three-coordinate system
were found to be lower overall than those found for the bis-ligated
system (Fig. 1). From GSC, 3,30-reductive elimination to give the
Fig. 1. Calculated activation free energy barriers (DG) in kcal/mol relative to GSA
(B3LYP-PCM(THF)/LANL2DZ(Pd)-6-31G**(C,H,P) (333.15 K).
branched compound 3 (TSD, Fig. 2) was found to have a barrier of
only 8.4 kcal/mol. The activation energy for 1,10-reductive elimi-
nation to give linear product (TSE) was calculated to be 18.2 kcal/
mol, now almost 10 kcal higher in energy than the 3,30 (TSD). This
result suggests that the 1,10-pathway remains an improbable source
of linear product for the three-coordinate system as well. Searching
for an alternate explanation, we found the benzylic ground state
(GSE) to be far less disfavored with only one ligand on the palla-
dium, nowonly 1.5 kcal/mol higher in energy than GSC.10 Excitingly,
from this ground-state formation of linear product 4 via 3,30-re-
ductive elimination through TSF was found to have a barrier of only
4.3 kcal/mol. Presumably by allowing the favored 3,30-elimination
to occur between two unsubstituted carbons, this activation free
energy lies lower than any of the other barriers calculated for for-
mation of either isomer of diene. Reaction through TSF could rep-
resent the dominant source of the linear product in allyl-allyl
couplings with monodentate ligands, and its low barrier compared
to TSD would explain why such high linear to branched ratios are
observed experimentally with PPh3.11

Although systems containing only one phosphine ligand should
favor linear product formation (TSF, Fig. 2), the calculations also
suggest that the branched product should be favored (TSA, Fig. 1)
when two ligands are bound to Pd. If the mono- and bis-ligated
complexes indeed give opposite regioselectivity, it appeared tena-
ble that branched to linear ratios should be dependent on the
equilibrium between these two complexes. To explore this idea
experimentally, the Pd-catalyzed allyl-allyl coupling of cinnamyl
carbonate 1 and allylB(pin) 2 was carried out with increasing
equivalents of triphenylphosphine (Scheme 2). While the linear
isomer 4 remained favored in all cases, entries 3 and 4 show that
the amount of branched product 3 increased with higher equiva-
lents of triphenylphosphine relative to Pd. In line with the com-
putations suggesting that three-coordinate GSC lay far below four-
coordinate GSA, a large excess (10 equiv) of ligand was required to
exceed even a 10:1 ratio of linear to branched product (entry 4).
This experiment supports the idea that the linear isomer arises
Scheme 2. Effect of added PPh3 on allyl-allyl coupling.



Scheme 3. Effect of Bis(phosphino)ferrocene ligand on allyl-allyl coupling.
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from a three-coordinate complex, while the branched isomermight
arise from a complex involving two phosphine ligands.

2.2. Bidentate ligands

Having established a tenable explanation for the linear selectivity
observed with monodentate ligands, the effect of bidentate ligand
bite-angle on regioselectivity was explored. We had originally pro-
posed that small-bite-angle bidentate ligands gave high branched
selectivity by separating the 1 and 10 carbons, effectively slowing the
1,10-elimination pathway and allowing the 3,30-path to prevail. In
contrast, a larger bite-angle ligand might increase the proximity of
the1and10 carbons, allowing the1,10-reductiveelimination toensue.
To probe this hypothesis computationally, the activation free energy
barriers for both the 3,30- and 1,10-reductive elimination pathways
were calculated for four of the ligands shown inTable 1. Interestingly,
the calculations provide little correlation between elimination bar-
riers and ligand bite-angle (Fig. 3). Each of the ligands showed DDGz

values favoring the 3,30-pathway by >11 kcal/mol relative to the
1,10-path. These results fail to provide a link between ligand bite-
angle and the variability in regioselectivity observed experimen-
tally, and suggest that an alternate explanation is required.

Considering other pathways that could lead to the linear cou-
pling product, we considered whether large-bite-angle ligands
might allow reaction through three coordinate ‘arm off’ complexes
akin to TSF as proposed for monodentate ligands. In this context,
factors other than bite-angle such as ligand flexibility could also
play a role in regiocontrol. As flexibility is often unrelated to ligand
bite-angle,6,12 this feature might explain the nonlinear correlation
between bite-angles and branched to linear ratios (e.g., entries 5e8,
Table 1). To examine this effect, the experiment shown in Scheme 3
was carried out.13 While structurally similar to bidentate dppf, di-
tert-butylphenylferrocene (Dt-BPF) has been shown to act as
a hemilabile or monodentate ligand in Pd-catalyzed cross-cou-
plings.14 Accordingly, when employed in the allyl-allyl coupling of
cinnamyl electrophiles and allylB(pin) (Scheme 3), Dt-BPF gives
a nearly opposite branched to linear ratio relative to dppf (15:85 vs
Fig. 3. Calculated reductive elimination selectivity from L2Pd(allyl)(cinammyl) com-
plexes with varied ligand bite-angle.
96:4). Assuming that Dt-BPF is able to act as a hemilabile ligand in
this reaction as well, these results suggest that the lowered regio-
selectivity could arise from a competition between palladium
complexes in which one or both of the phosphines of the bidentate
ligand are coordinated.
To explore computationally the ability of larger-bite-angle li-
gands to act as hemilabile ligands (Fig. 4), xantphos (53:47 b:l,
entry 8, Table 1) was chosen as a model ligand due to its structural
rigidity and nonselectivity in coupling reactions. Overall, these
computations indicated that xantphos may be able to access
a similar pathway leading to linear diene formation as that pro-
posed for triphenylphosphine. Starting from bis-ligated, bis(h1-al-
lyl) GSF, 3,30-reductive elimination through TSH to give branched
product occurs with an activation free energy barrier of 12.6 kcal/
mol. The 1,10-pathway (TSI) is almost 15 kcal/mol higher in energy,
and remains an improbable source of linear product. As an alternate
to bond formation, GSF can instead dissociate one arm of the
phosphine ligand to give mono-ligated GSG, which lies only
3.4 kcal/mol higher in energy. From this three-coordinate complex,
3,30-reductive elimination through TSJ (DGz¼10.0 kcal/mol) would
also furnish the branched diene product.

As seen with triphenylphosphine (GSC to GSE, Fig. 2), GSG can
alternately isomerize to give GSI, which lies 3.1 kcal/mol higher in
energy than GSG, presumably due to increased steric interactions
between the adjacent phenyl substituent and the dissociated arm
of the ligand. From this complex, 3,30-reductive elimination (TSK) to
form linear product showed a relatively small barrier of only
4.4 kcal/mol, giving DDGz values of �1.7 and �2.5 kcal/mol relative
to TSH and TSJ, respectively. Assuming that the reaction is under
Curtin-Hammett control, these calculations point to reaction
through the mono-ligated TSK as not only possible, but preferred. It
should be noted that the relative calculated energies predict amuch
lower branched to linear ratio than is observed experimentally;
however, the actual product ratio values are likely within the error
of the calculated energy values, as TSH, TSJ and TSK all lie within
2.5 kcal/mol of one another. These calculations serve as qualitative
evidence that large-bite-angle, flexible ligands may behave as
hemilabile structures and allow reaction through three-coordinate
complexes. This proposal could also explain why dppb, a flexible
ligand with a bite-angle (98�) smaller than that of the more-rigid
DPEphos or xantphos (102� and 109�, respectively) furnishes less
branched product (entries 6e8, Table 1).

3. Conclusion

Overall, this study provides insight into how ligands control
regioselectivity in allyl-allyl couplings. Although previous pro-
posals considered small-bite-angle bidentate ligands to promote
high branched selectivity by controlling rates of 3,30- versus 1,10-
reductive elimination, the present study provides evidence of an
alternate pathway. We now propose that the linear diene product
is instead formed through a 3,30-reductive elimination from
a mono-ligated complex (F, Scheme 4) in which Pd sits at the
substituted carbon of the allyl fragment. This explanation accounts
for the high linear selectivity observed with monodentate ligands,
and also provides a rationale for why large-bite-angle bidentate



Fig. 4. Calculated activation free energy barriers (DG) in kcal/mol relative to GSF (B3LYP-PCM(THF)/LANL2DZ(Pd)-6-31G**(C,H,P) (333.15 K).

M.J. Ardolino, J.P. Morken / Tetrahedron 71 (2015) 6409e64136412
bisphosphine ligands show inconsistent results. It is clear that li-
gand flexibility may play a significant role in controlling regiose-
lectivity in allyl-allyl couplings, andmay be an overlooked factor in
related transition-metal catalyzed processes as well.
Scheme 4. Lowest energy paths to linear and branched products.
4. Experimental

4.1. General

1H NMR spectra were recorded on a Varian Unity Inova 500
(500MHz). Liquid Chromatographywas performed using forced flow
(flash chromatography) on silica gel (SiO2, 230�450Mesh) purchased
from Silicycle. Thin Layer Chromatography was performed on 25 mm
silica gel platespurchased fromSilicycle.Visualizationwasperformed
usingultraviolet light (254nm),potassiumpermanganate (KMnO4) in
water. All reactionswere conducted inoven-driedglasswareunderan
inert atmosphere of argon. Tetrahydrofuran (THF) was purified using
a Pure Solv MD-4 solvent purification system from Innovative Tech-
nology Inc. by passing through two activated alumina columns after
being purged with argon. Tris(dibenzylideneacetone) dipalladium(0)
[Pd2(dba)3], tripheylphosphine (PPh3), 4,5-Bis(diphenylphosphino)-
9,9-dimethylxanthene (Xantphos), and 1,10-bis(ditertbutylphos-
phino)ferrocene (Dt-BPF),werepurchased fromStremChemicals, Inc.
All other reagents were purchased from either Fisher or Aldrich and
used without further purification.

4.2. Preparation of 1a15

A flame-dried round-bottomed flask equipped with a magnetic
stir bar was charged with THF (30.0 mL) and cinnamyl alcohol
(1.34 g, 10.0 mmol) under a nitrogen atmosphere. The solution was
cooled to �78 �C, and n-butyl lithium (10 mmol, 4.8 mL of a 2.1 M
solution) was added dropwise over a period of 10 min, and the
solution was stirred at �78 �C for 30 min. A separately prepared
solution of di-tert-butyl dicarbonate (2.18 g, 10.0 mmol) dissolved
in 5mL of THF under a nitrogen atmosphere was added dropwise at
�78 �C, and the solution was warmed to 0 �C for 2 h followed by
gradual warming to room temperature overnight. The reaction was
re-cooled to 0 �C and quenched with diethyl ether and ice water
(100 mL of a 3:2 mixture), poured into a separatory funnel and
extracted into diethyl ether (3�100 mL). The combined organics
were dried over magnesium sulfate, filtered, and concentrated in
vacuo. The crude reaction mixture was purified on silica gel (10:1
pentane:diethyl ether) to afford a clear, colorless oil (1.78 g, 76%
yield). Rf¼0.60 (10:1 pentane:diethyl ether, stain in KMnO4) Spec-
tral data are in accordance with the literature.

4.3. Cross-coupling in Table 1 with PPh3

An oven-dried two-dram vial equipped with magnetic stir bar
was charged with Pd2(dba)3 (1.1 mg, 1.25 mmol), triphenylphos-
phine (PPh3) (1.3, 5.2, 10.4 or 26.2 mg; 5.0, 20, 40.0 or 100 mmol),
and THF (0.2 mL) in a dry-box under argon atmosphere. The vial
was capped and stirred for five minutes, then tert-butyl cinnamyl
carbonate (23.4 mg, 0.100 mmol) was added, followed by allyl-
boronic acid pinacol ester (20.2 mg, 0.120 mmol). The vial was
sealed, removed from the dry-box, and allowed to stir at 60 �C for
12 h. After this time, the reaction mixture was diluted with diethyl
ether, filtered through a plug of silica gel and concentrated in vacuo.
The branched:linear product was determined by 1H NMR, spectral
data for the branched3a and linear16 products (3 and 4) are in accord
with the literature.

4.4. Computational details

All calculations were performed using Gaussian 09 with all ge-
ometry optimizations, energies and frequencies calculated at the
DFT level utilizing the B3LYP hybrid functional.17,18 The 6-31G**
basis set was used for the elements C, H, P, B, F and O in conjunction
with the LANL2DZ relativistic pseudopotential for Pd and Fe. All
free energies were calculated at 333.15 K or 273.15 K. The PCM
model was used to estimate the effect of solvation (THF).19 The
frequency calculations for transition states demonstrated one
imaginary frequency each, and each general transition state was
found to connected with the correct ground states through IRC
calculations. NBO analysis was carried out with Gaussian NBO
version 3.1.20 The three-dimensional structures presented in the
figures were visualized utilizing CYLview.21
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