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ABSTRACT: The stereoselective preparation of all carbon quaternary stereogenic
centers attached to an aromatic core structure is a long-standing challenge for synthetic
chemists, due to the sterically encumbered nature of the central carbon atom. Natural
products, like teleocidin A or sporochnol A, carrying a branched geranyl chain feature
this special and challenging structural motif. Herein, we present a catalytic system that
promotes the asymmetric γ-selective Suzuki−Miyaura cross-coupling of aryl halides and
allyl boronic acid esters, to form the desired stereogenic center in one step. The γ-
selective coupling approach overcomes the need for a preformed stereogenic center,
gives selective access to both stereoisomers, and starts with readily available starting
materials. In this study we investigate the scope of the γ-selective cross-coupling reaction
and showcase its applicability for late-stage derivatization and natural product synthesis,
to provide a further asset in the toolbox of asymmetric synthesis.

■ INTRODUCTION
Terpenoids are the largest family of natural products as they
can be found in all living organisms, thereby carrying an
enormous range of structural diversity interesting for natural
product related research.1 Prevalent in the primary and
secondary metabolism, terpenoids assume all sorts of biological
functions, ranging from signal transduction to defense
mechanisms against competitors, pathogens, and predators.2−4

Drawing inspiration from this plethora of biological activity
and structural diversity, medicinal research continues to use
terpenoids as lead structures for new active agents, exemplified
by the success of taxol and artemisinin.5−7

The structural diversity of terpenoids is based upon a
number of allylic diphosphates that biosynthetically engage as
substrates either in a series of regio- and stereoselective
cyclization reactions catalyzed by terpene synthases or
intermolecular transfer via prenyltransferases.8 Natural prod-
ucts that arise from the latter pathway often carry the known
prenyl group either in a linear form, represented by
nocardiozine B from Nocardiopsis sp. (CMB-M0232) or a
branched manner, like the secondary metabolite lansai B from
Streptomyces sp. (SUC1).9,10 A structurally interesting motif
arises from the combination of higher order allylic
diphosphates and the branched prenyl chain, as it creates an
all carbon quaternary stereogenic center, which is traditionally
a challenging motif for chemists to establish. Representative
natural products inheriting the branched geranyl motif are
teleocidin A-1 (1) from Streptomyces mecliocidius, (+)-(S)-
sporochnol A (2) from Sporochnus bolleanus, and (+)-(R)-
bakuchiol (3) from Psoralea corylifolia L. (Figure 1).11−13

All three mentioned natural products are potent bioactive
molecules, whose activity was at least partially attributed to
their chiral terpenoid side chain.14,15 While sporochnol A (2)
exhibits significant feeding deterrence toward herbivorous
fishes, bakuchiol (3) possesses a wider range of biological
activities including antifungal, antibacterial, anti-inflammatory,
and anticancer properties.16,17 Teleocidin A-1 (1) is mostly
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Figure 1. Natural products teleocidin A-1 (1), (+)-(S)-sporochnol A
(2), and (+)-(R)-bakuchiol (3) featuring the branched geranyl side
chain.
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known for its high inflammatory and toxic effects as well as its
ability of activating protein kinase C isozymes, making it a
potent tumor promoter.18,19

Despite being prevalent in many natural product scaffolds,
the selective asymmetric synthesis of all carbon quaternary
stereogenic centers still remains challenging. Synthetic
asymmetric methods to establish the stereogenic center via
direct Csp2 to Csp3 cross-coupling from non stereogenic
starting materials remain underdeveloped to this day. A
biomimetic and long-established approach to synthesize the
branched geranyl chain is based upon allylic substitution type
chemistry utilizing allylic nucleofuges in combination with
metal catalysis, instead of the natural allylic phosphates and
enzyme catalysis. The Stoltz group established a method
delivering the desired branched geranyl chain with high levels
of enantio- and regioselectivity based on the combination of
iridium and phosphoramidite ligands (Scheme 1A).20 Un-
fortunately, most stereoselective Tsuji−Trost-type approaches
rely on the use of softer nucleophiles like malonates or
otherwise inherently nucleophilic carbon atoms.21 The

implementation of harder nucleophiles to directly attach the
branched geranyl chain toward arenes has been pioneered by
the Bac̈kvall group using organo-magnesium nucleophiles and
copper catalysis.22 Since then, similar techniques have been
brought forward utilizing indium, boron, or aluminum
nucleophiles.23−25 Nonetheless, these methods suffer from
limited functional group tolerance and the sensitive nature of
the metal arene. Hoveyda and co-workers were the first to
establish the desired structural motif directly in an
enantioselective fashion (Scheme 1B).25,26

The application of allylic nucleophiles in enantioselective
synthesis, for example, in the allylation of carbonyl compounds,
has been established for just as long as allylic substitution
chemistry. When used in a γ-selective cross-coupling type
manner, the combination of allylic nucleophiles and electro-
philic arenes can provide the same desired branched prenyl
motif. Recently, Buchwald and co-workers presented two
palladium based catalytic systems that, by choice of the
employed ligand, can selectively form either the linear or
branched prenyl motif using allylic boronic acid esters in a α/γ-
selective Suzuki−Miyaura reaction (Scheme 1C).27 The only
asymmetric version of the γ-selective Suzuki reaction in
literature has been brought forward by the Miyaura group,
who used the chiral JosiPhos ligand system to induce stereo-
and regioselectivity in the cross-coupling of potassium crotyl
trifluoroborates and aryl halides (Scheme 1D).28−30

In our efforts to access the branched geranyl motif in a
stereoselective fashion, we envisioned that γ-selective Suzuki−
Miyaura coupling, based on a suitable catalytic system, could
eliminate the drawbacks that allylic substitution type
approaches inherit and directly build the desired motif in an
asymmetric manner. Herein, we present a catalytic system that
allows the direct Csp2 to Csp3 cross-coupling of allylic
boronates and heteroaryl halides and thereby establishes the
desired all carbon quaternary stereogenic center in one step via
γ-selective coupling. The combination of readily accessible
allylic boronates and their robustness compared to other
organometal species in conjunction with the mild reaction
conditions of our catalytic system should make this approach
an interesting new asset in the toolbox of asymmetric synthesis
of all carbon quaternary stereogenic centers.

■ RESULTS AND DISCUSSION

Reaction Optimization

On the basis of the previous works by the Buchwald and
Miyaura groups, we started our research with the hypothesis
that a chiral palladium-based catalytic system would be able to
regio- and stereoselectively catalyze the coupling between
heteroaryl halides and geranyl boronic acid esters. To achieve
the desired stereoselective outcome of the coupling reaction,
two factors were deemed critical in our starting hypothesis: the
first one being control of the configuration of the double bond
of the allylic boronate and the second one being directing the
faciality of the coordination of the oxidative-addition PdII
species onto the allylic boronate prior to transmetalation,
thus achieving either selective coordination of the re- or si-site
of the prochiral allylic boronate.
Following these assumptions, we began investigating the

synthesis of a panel of stereodefined allylic boronates from the
inexpensive commercially available allylic alcohols geraniol
(A1) and nerol (A2). A variety of different Pd-based catalytic
systems were applied to directly convert the allylic alcohol

Scheme 1. Established Catalytic Approaches toward the
Branched Prenyl Chain Motif
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toward the allyl boronic acid ester. While [Pd(CH3CN)4]-
(BF4)2 gave complete conversion of the allylic alcohol and the
corresponding bisboronate (BB1 or BB2) toward the desired
allyl boronic acid ester within 2 h at room temperature, an
inseparable mixture of E and Z allylic boronate was obtained,

independent of the identity of the starting allylic alcohol.
Application of di-μ-chlorobis{2-[(dimethylamino)methyl]-
phenyl-C,N} dipalladium(II) as a catalyst at 60 °C overnight
selectively delivers the E-allylic boronate independent of the
nature of the used alcohol.31 H2PdCl4, which is generated from

Scheme 2. Synthesis of Various Allyl Boronic Acid Esters via Palladium Catalyzed Direct Boronation

Table 1. Optimization of the Asymmetric γ-Selective Suzuki−Miyaura Couplinga

entry ligand nucleophile temperature (°C) yield (%)b α/γc erd

1 L1 B1 40 84 8:92 50:50
2 L2 B1 40 traces 93:7 -
3 L3 B1 40 traces - -
4 L4 B1 40 23 42:58 87:13
5 L5 B1 40 56 14:86 90:10
6 L6 B1 40 51 10:90 93:7
7 L7 B1 40 64 18:82 68:32
8 L8 B1 40 10 78:22 77:23
9 L5 B2 40 79 13:87 11:89
10 L5 B3 rt 64 13:87 92:8
11 L6 B3 rt 85 2:98 95:5
12 L6 B1 rt 7 88:12 55:45
13 L6 B2 rt 35 38:62 22:78
14 L6 B4 rt 78 1:99 7:93

aStandard reaction conditions: 5-Bromoindole (0.2 mmol), allylic boronate (0.24 mmol), [Pd(allyl)Cl]2 (0.005 mmol), ligand (0.020 mmol), THF
(0.4 mL), aq. K3PO4 (0.4 mL (2.5 M)), 40 °C, 16 h. bDetermined via 1H qNMR using 1,3,5-trimethoxybenzene as an internal standard.
cDetermined via 1H NMR. dDetermined by high-performance liquid chromatography (HPLC) analysis via comparison with an authentic racemic
sample.
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inexpensive and stable PdCl2 in an aqueous solution of
hydrogen chloride, emerged as our catalyst of choice and is
able to convert the desired allylic alcohol and toward the allylic
boronate without loss of stereoinformation or racemization
under mild conditions.32 Under these conditions the desired
allyl boronic acid ester can be directly obtained from the
corresponding bis boronate (BB1 or BB2) or via synthesis of
the allyl boronic acid and one-pot esterification with the
corresponding diol. In that manner we established a panel of
four different allyl boronic acid esters (B1−B4) with varying
configurations of the allylic double bond, as well as different
steric bulk of the ester functionality (Scheme 2). An

advantageous aspect of these allyl boronic acid esters, in
comparison to other organometallic species used for example
in allylic substitution chemistry, is that these compounds can
be handled under aerobic conditions and seemed to be stable
indefinitely, when stored dry under argon at −20 °C, during
our research.
With these four different allyl boronic acid esters in hand, we

tested the assumption that a chiral catalyst system would be
able to preferably coordinate one face of the allylic boronate
and therefore lead to a stereoselective reaction. In their work
concerning the α/γ-selective Suzuki−Miyaura reaction,
Buchwald and co-workers argue that the choice of ligand

Scheme 3. Proposed Mechanism for the Asymmetric γ-Selective Cross-Coupling

Figure 2. Scope of the asymmetric γ-selective Suzuki−Miyaura cross-coupling reaction.
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would influence the reaction mechanism and the rate of the
single mechanistic steps, consequently leading to different
regioselective outcomes.27 They found that SPhos, RuPhos, as
well as ligand L1, which is structurally derived from SPhos,
give almost exclusively the γ-coupling product.27 Inspired by
this work, we hypothesized that a structurally related but chiral
version of these employed ligands would not only be able
deliver the desired regioselectivity but would also control the
faciality of the coordination of the catalyst species toward the
allyl boronic acid ester. To examine our hypothesis and due to
our interest in prenylated natural compounds like lansai B, we
started investigating the branched geranylation of 5-bromoin-
dole (4).9 We based our starting conditions on Buchwald’s

work using a 1:1 mixture of tetrahydrofuran (THF) and
aqueous potassium phosphate (2.5 M), 1.2 equiv of allylic
boronate, in combination with 2.5 mol % of [Pd(allyl)2Cl2] as
palladium source and 10 mol % of the corresponding ligand.27

Furthermore, initial testing only provided positive results for
allyl boronic acid esters as nucleophiles, whereas the
corresponding allylic potassium trifluoroborates did not yield
the desired result (not shown). After screening ligands based
on structural similarity to L1 (Table 1, entry 1, er 50:50), we
found that P-chiral oxaphosphol ligands (L4−L6) are able to
deliver the desired regio- and stereoinduction (entry 4−6),
with regioselectivities up to 10:90 (α/γ) toward the branched
regioisomer and enantiomeric ratios up to 93:7. Moreover, a
sterically bulky substituent in position 2 of the oxaphosphol
ring, pointing in the opposite direction of the phosphorus’ tert-
butyl group, proved critical for effective stereoselection. The
axially chiral ligand L2 and P-chiral BIDIME (L3) failed to
catalyze the reaction efficiently (entries 2/3). Missing stereo-
genic information concerning position 2 of the oxaphosphol
ring (entry 7, L7, 68:32 er) led to decreased stereoinduction,
whereas a substituent carrying another coordination site
diminished the yield (10%) drastically (entry 8).
We further examined the effect of the constitution of the

allyl boronic acid ester on the selectivity of the reaction.
Interestingly, changing the configuration of the allylic double-
bond results in similar levels of stereoselectivity but gives the
opposite enantiomer (entry 5/9, 90:10/11:89 er). Thus, both
stereoisomers of the desired product are accessible through the
same catalytic system. Altering the nature of the boronic acid

Scheme 4. Total Synthesis of Sporochnol

Scheme 5. Preparation of Natural Product and Active Agent Analogs via Asymmetric γ-Selective Suzuki−Miyaura Cross-
Coupling Methodology
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ester from the pinacol ester (B1) toward the less sterically
bulky neopentylglycol boronate (B3), in combination with a
lowered temperature, gave enhanced regioselectivity and very
high level of enantioselection (entry 10/11) for ligands L5 and
L6, with superior results for L6 (2:98 α/γ, 95:5 er).
Application of the pinacol derived boronic acid ester at room
temperature led to unselective reactions (entry 12/13),
whereas the reaction via the geranyl neopentyl derived
boronate (B4, entry 14) gave similar results as B3, highlighting
the accessibility of both enantiomers. Further optimization
concerning the solvent, base, and palladium source, as well as
different metal to ligand ratios gave no significant improvement
in terms of regio- or stereoselectivity (Supporting Information
Section 2).
Based on the proposed mechanistic pathway for the γ-

selective cross-coupling reaction by the Buchwald group and
our finding, that the two different possible configurations of
the allylic boronate lead toward different preferred stereo-
isomers, we propose an improved mechanistic view for the
asymmetric γ-selective cross-coupling reaction (Scheme 3).27

In analogy to the previously proposed mechanism, trans-
metalation of the allylic boronate prevails via the SE2 ́
pathway.27 For higher-order prenyl boronates this pathway
leads through two different transmetalation transition states
TSR and TSS toward differently configurated intermediates IR
and IS, which after reductive elimination furnish the two
differently configurated stereoisomers (R) and (S). Evidently,
altering the allylic double bond of the starting material between
E and Z leads to different stereoisomers, which indicates that
the rate of π−σ−π interconversion k4/k−4 from IR to IS via the
linear transition state TSL is slower compared to the rate of
reductive elimination k3 and no equilibrium between IR to IS
reached. Furthermore, our finding suggests that contrary to our
starting hypothesis the stereochemical outcome is not merely
determined by first coordination of the metal catalyst toward
one site of the allylic double bond or equilibration between the
sites, but by the identity of the cyclic transmetalation transition
state and the rate k2 of the following transmetalation.
Reaction Scope

To evaluate the generality and synthetic utility of the now
established catalytic system, we investigated the scope of the
asymmetric γ-selective cross-coupling reaction (Figure 2). We
focused our investigation on aryl- and heteroaryl halides
bearing different electronic and sterical prerequisites to identify
their influence on this type of reaction. Pleasingly, we found
that the method generally translated to a wider set of
substrates. In nearly every case, with the exception for the
pyridine-based heterocycle 5n, our set of reaction conditions
delivered excellent regioselectivity for the branched reaction
product. Electronically neutral aryl halides (5b, 5f, 5j)
performed well under the reaction conditions (65−87%),
albeit with a lower enantioselection compared to our
optimized conditions (∼80:20 er). Interestingly, highly
electron-withdrawing substituents like nitro (5e) and trifluor-
omethyl (5c) on the aromatic structure had a detrimental
effect on stereoselectivity that led up to an almost racemic
product (5e 54:46 er). To our delight, the electron-donating
substituents methoxy (5d) and methyl (5g) seem to have a
positive effect concerning the outcome of our reaction in terms
of yield (76−88%) and selectivity (∼86:14 er). Furthermore,
we were pleased to see that our finding that the different
configurations of allyl boronic acid ester led to different

stereoisomers translated to other substrates (5d, 5f) and in
these cases both enantiomers could be prepared with similar
selectivity. In analogy to the literature known sporochnol
precursor 5d we could assign the stereochemical outcome of
the Z-allylic boronate as the (S)-enantiomer, whereas the E-
allyl boronic acid ester gave the R-enantiomer. Scaling
experiments using the sporochnol precursor 5d (1 mmol/
80%, 3 mmol/74%) delivered the same level of stereo-
selectivity while maintaining an efficient reaction even with a
reduced amount of Pd-source (1 mol%) and ligand (4 mol%).
Investigating the sterical boundaries of our reaction (5g, 5h,
5i), we observed that para- and meta-substitution has no
significant influence on the reaction outcome, while ortho-
substitution (5i) leads to a decrease in reaction efficiency and
stereoselectivity (48%, 67:33 er). When we tested heteroaryl
halides, similar to our optimization substrate containing a
different heteroatom (5l, 5m), we obtained similarly efficient
reactions, with slightly lowered enantioselectivity. For the
electron-deficient pyridine 5n, regio-as well as stereoselectivity
(49:51 α/γ, 73:27 er) were poor, which further underlines the
importance of electronic properties of the applied halide.
Moreover, we wanted to investigate whether the method also
transfers to other allyl boronic acid esters.
For that purpose, we prepared the allylic boronates derived

from (E)-hept-2-en-1-ol (B5) and (E,E)-farnesol (B6) (see
Supporting Information Section 3). The subsequent γ-selective
cross-coupling reactions using these boronates gave a highly
efficient and selective reaction (5q, 1:99 α/γ, 15:85 er) for the
farnesol derived allyl boronic acid ester (B6). The heptenol
variant (B5) delivered unsatisfying results (5p, 5q) concerning
the stereoselectivity of the reaction, which might indicate that
for efficient energetical discrimination between the diastereo-
meric transmetalation transition-states, a substituent sterically
more demanding than hydrogen is necessary. This suggests
that the method is more suited for the establishment of all
carbon quaternary stereogenic centers than for stereogenic
centers that are less sterically encumbered.
Natural Product and Analog Synthesis

To further highlight the synthetic utility of our catalytic
system, we showcased the applicability of the reaction for
natural product synthesis. Consequently, we applied the
asymmetric γ-selective cross-coupling conditions onto 4-
iodophenol (6) (Scheme 4). Delightfully, the reaction
proceeded with excellent levels of regioselectivity (1:99 α/γ)
and even higher enantioselectivity [96:4 er (S)/(R)] than we
obtained beforehand. In this manner the natural product
(+)-(S)-sporochnol A (2) is accessible in one step from a
commercially available starting material using this approach.
The usage of an unprotected phenol further showcases the
functional group compatibility as well as the beneficial effect of
electron donating groups for asymmetric γ-selective cross-
coupling. Furthermore, to the best of our knowledge, this
represents the shortest and first protective group free total
synthesis of (+)-(S)-sporochnol A (2).
Due to our ongoing interest in prenylated natural products

and their biological activity and to further assess the viability of
our catalytic system for late-stage functionalization, we aimed
to synthesize higher order prenylated analogs of the lansai B
scaffold and the synthetic precursor tryptophan−tryptophan
diketopiperazine (7) (the 2,5-diketopiperazine core is high-
lighted in green, Scheme 5). Lansai B, which has been isolated
from Streptomyces sp. (SUC1), is a weakly active agent against
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breast cancer cell lines (IC50 = 15 μg mL−1), whereas 2,5-
diketopiperazines in general, and especially prenylated
diketopiperazines have shown potential for a multitude of
pharmaceutical applications.9,33,34

According to our recently disclosed chemoenzymatic
procedure we prepared the brominated tryptophan−trypto-
phan diketopiperazine 7 (5-Br-cWW) (Scheme 5).35 Sub-
sequently, we used or catalytic system to introduce the
branched geranyl (8a) and the branched farnesyl (8b) side
chain onto the core scaffold. In both cases the γ-selective cross
coupling reaction proceeded efficiently (72%/78%), with
perfect levels of regioselectivity (1:99 α/γ) and high levels of
diastereoselectivity [13:87/14:86 er (S)/(R)]. After enzymatic
C3-methylation and reductive methylation of 5-Br-cWW (7),
we subjected the pyrrolo-indoline 9 to the reaction conditions
to obtain the geranylated lansai B analog 10, with equally high
levels of regio- and stereoselectivity [1:99 α/γ, 89:11 er (S)/
(R)] in a very good yield (75%). This further highlights the
utility of our catalytic system for the late-stage derivatization of
natural products and their analogs.

■ CONCLUSION
In summary, we established a new catalytic method for the
asymmetric γ-selective Suzuki−Miyaura cross-coupling of aryl
halides and allylboronic acid esters, which is especially suitable
for the direct synthesis of branched heteroaryl-terpenoids. Our
palladium-based catalytic system is able to form both
stereoisomers of an all-carbon quaternary stereogenic center
directly onto the aromatic scaffold in a selective manner,
starting from simple and easily accessible starting materials. To
the best of our knowledge, our catalytic method represents the
first approach for asymmetric γ-selective cross-coupling leading
to quaternary stereogenic centers. Moreover, we could
demonstrate, that our catalytic method is applicable to a
wider range of heteroaryl halides and different allyl boronic
acid esters, meaning our methodology can serve as additional
asset in the toolbox for asymmetric Csp2−Csp3 cross-coupling.
We could further showcase the synthetic utility of our catalytic
system by applying it for natural product synthesis and late-
stage derivatization of potential active agents and natural
product analogs.

■ METHODS

General Procedure for Asymmetric γ-Selective
Suzuki−Miyaura Coupling
An oven-dried screw cap vial was charged with the [Pd(allyl)Cl]2 (5
μmol, 2.5 mol%), the ligand (0.02 mmol, 10 mol%), and the aryl
halide (0.2 mmol) under air. The vial was closed using a screw cap
with a polytetrafluoroethylene/silicone septa and sealed using
parafilm. The vial was evacuated and refilled with nitrogen three
times using a needle, piercing through the septum. The allylic
boronate (0.24 mmol, 1.2 equiv) dissolved in THF (0.4 mL) was
added followed by an aqueous solution (2.5 M, 0.4 mL) of K3PO4.
The reaction mixture was stirred vigorously overnight at room
temperature. Afterward the reaction mixture was diluted using ethyl
acetate and transferred into a separatory funnel. The aqueous phase
was extracted three times using ethyl acetate. The combined organic
phase was washed with brine, dried over magnesium sulfate, and
concentrated in vacuo. Purification of the crude reaction product was
achieved via column chromatography.

■ ASSOCIATED CONTENT
Data Availability Statement
The data underlying this study are available in the published
article and its Supporting Information.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.6c00410.

NMR spectra, additional experimental details, materials
and methods, including NMR data and HPLC
chromatograms (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Jörg Pietruszka − Institute for Bioorganic Chemistry &
Bioeconomy Science Center (BioSC), Heinrich Heine
University Düsseldorf in Forschungszentrum Jülich, 52426
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