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Prenylated and reverse-prenylated aromatics are present in numerous natural
terpenoids with a broad spectrum of pharmaceutical activity. In their biosynthesis,
prenyl and reverse-prenyl motifs are selectively introduced via enzyme catalysis
with dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP)
as the precursors. In recent years, considerable efforts have been devoted to
emulating the biological process with chemical catalysis via the intermediacy of
m-prenyl species. A set of elegant strategies including the Friedel-Crafts reaction,
cross-coupling, C-H activation, Tsuji-Trost-like reactions, addition reactions, and
radical coupling have been demonstrated. This review aims to highlight these
advances and discuss the regioselectivity issues, which will definitely further
expand their applications and promote the development of this field.

Introduction to prenylation and reverse prenylation of aromatics

Prenylation and reverse prenylation are essential steps for the synthesis of terpenoids that are
omnipresent in nearly all living organisms [1,2]. The prenyl and reverse-prenyl units can increase
the lipophilicity and binding affinity with target proteins. Prenylated and reverse-prenylated aro-
matics represent one of the most important class of terpenoids that usually display a broad
range of medicinal properties including antibiotic [3], antibacterial [4], antioxidant [5], antimalarial
[6], and anticancer [7] activities (Figure 1A). In nature, DMAPP and IPP, obtained via the
mevalonate (MVA) and methylerythritol 4-phosphate (MEP) pathways, are used as the donors
for the incorporation of prenyl and reverse-prenyl motifs on aromatics (Figure 1B). The site selec-
tivity and regioselectivity are manipulated by the choice of prenyltranferases (PTs), which generally
chelate with divalent cations (e.g., Mg®*) [8]. Mg®* can further coordinate with pyrophosphate
groups to promote the formation of TT-prenyl carbocation and subsequent attack of the aromatics
leads to prenylation or reverse prenylation.

Owing to the fundamental importance of prenylation and reverse prenylation, the emulation of
biological processes with chemical catalysis involving the intermediacy of T1-prenyl species has
gained much attention. According to the mechanisms, strategies include the Friedel-Crafts reac-
tion, cross-coupling, C—H bond activation, Tsuji-Trost-like reactions, addition reactions, and
radical coupling (Figure 1C). Nevertheless, most have been studied randomly in the development
of allylations. Therefore, there is an urgent need to give a specific summary on this state-of-the-art
topic. This review primarily focuses on the direct prenylation and reverse prenylation of aromatics
enabled by chemical catalysis and is organized by catalytic strategy.

Catalytic prenylation of aromatics via Friedel-Crafts reaction

In biosynthesis, enzymatic prenylation and reverse prenylation include two steps: Mg?*-assisted
formation of a TT-prenyl cation-pyrophosphate ion pair and subsequent nucleophilic attack of aro-
matics [9]. Emulating this Friedel-Crafts-type mechanism, Menéndez and colleagues attempted
biomimetic synthesis of indole alkaloid tryprostatin B (Figure 2A) [10]. When using magnesium
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nitrate as additive, a tryptophan-based dipeptide (cyclo-L-Trp-L-Pro) could react with prenyl
bromide in acetic acid buffer, giving rise to a mixture of C3 prenylated diastereomers (7a and
N-prenylated 9a) and the C2 prenylated product tryprostatin B (8a). With the aid of NaOAc,
this reaction also proceeded smoothly in acetic acid (Figure 2A) [11]. However, it should be
noted that, in this case, tryprostatin B 8a cannot be separated from the C3 prenylated product
7a because of their similar polarities. Thus, the selective incorporation of a prenyl group at the
C2 position of indoles often relies on the use of stoichiometric promoters [12—-14]. For example,
Danishefsky and colleagues demonstrated that tryptophanate easily reacted with tert-butyl
hypochlorite to afford reactive intermediate 3-chloroindolenine, which could further undergo
C2 prenylation with prenylstannane in the presence of BCls (Figure 2B) [12].

In comparison, Chen’s group recently achieved C2 prenylation of 3-substituted indoles via the
Friedel-Crafts reaction (Figure 2C) [15]. With tert-prenol 2b as a partner and AICl; as a catalyst,
tryptophol was converted to its C2-prenylated product 10a in a reasonable yield, while solid
acid Nafion resin was an optimal catalyst for prenylation of bioactive melatonin (10b). Notably,
the dipeptide Fmoc-L-Pro-L-Trp-OMe participated in this prenylation as well, resulting in the
formation of product 10¢ at 40% yield. Furthermore, the coupling of 3-prenylindole and deuterated
tert-prenol (2b—d) gave rise to a mixture of 10d and 10d". This result suggests that both direct C2
prenylation and tandem C3 prenylation/migration pathways may be involved in this Friedel-Crafts
reaction.

The Friedel-Crafts reaction of anisole with prenyl acetate was executed by a molybdenum(ll)
complex [Mo(CO)4Br5]», providing a mixture of para and ortho isomers (12a) (Figure 2D) [16].
With Lewis acid Bi(OTf)z as a catalyst, isoprene was also a good prenyl donor for electron-rich
1,2,3-trimethoxybenzene (12b) [17]. Interestingly, Bi(OTf)3-catalyzed coupling between 1,2-
dimethoxybenzene and isoprene in MeNO, afforded an annulative product (12¢) [18]. The trans-
formation proceeds through a domino prenylation and intramolecular cyclization process. A
combination of FeCly and AgBF, also exhibited good catalytic performance towards the
prenylation of electron-rich arenes with isoprene (12d-f) [19].

In 2010, Niggemann and colleagues disclosed that 1,3-dimethoxybenzene underwent Friedel-
Crafts prenylation readily with tert-prenol (12g) when assisted by Ca(NTf,), and nBusNPFg cata-
lysts (Figure 2D) [20]. Later, a metal-free alternative was developed by Hall and coworkers in
which bench-stable boronic acid served as the catalyst [21]. For example, in the presence of
tetrafluorophenylboronic acid (A1), 4-methylphenol was a viable substrate (12h) and no further
O-cyclized product was obtained. Moreover, dimethylallene proved to be an effective donor for
prenylation of 1,3,5-trimethoxybenzene under gold catalysis (12i) [22].

While some progress has been achieved, only electron-rich aromatics were suitable substrates
and sometimes it is difficult to control the site selectivity. Besides, as nucleophiles favorably attack
at the less-hindered terminal position, prenylated products are generally obtained. This area can
be directed further towards the development of enantioselective prenylation of 3-substituted
indoles with chiral phosphoric acids.

Catalytic prenylation and reverse prenylation of aromatics via cross-coupling

Transition-metal-catalyzed cross-couplings of aryl organometals with unsubstituted or aryl-
substituted allylic electrophiles have been well investigated [23-27]. However, this strategy
cannot be simply extended to prenylation reactions. Linear/branched selectivity is often encoun-
tered and is more difficult to tackle than with common allylations. For instance, the use of prenyl
electrophiles often leads to a mixture of linear (prenyl) and branched (reverse prenyl) regioisomers
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Glossary

B-Oxygen elimination: the oxygen
atom at the 3-carbon position of the
metal transfers to the metal via a four-
membered transition state, producing
an alkene and a metal-oxygen species.
Concerted-metalation-
deprotonation (CMD): a metal/base-
promoted C—H bond cleavage that
proceeds through a simultaneous
deprotonation and metalation process.
Reductive/oxidative quenching:
excited PCs (*PC") can be quenched by
either a reductant (reductive quenching
cycle) or an oxidant (oxidative quenching
cycle) via single electron transfer to
produce a reduced (PC™ ") or oxidized
(PC™" PC.

Regiodivergent catalysis: the
synthesis of different regioisomers from
the same starting materials just by
varying the catalyst.

Triplet excited state: with light
irradiation, an electron is transferred from
the tpy Orbital (metal) to the Tr* orbital
(ligand), which results in a triplet excited
state.

Zimmerman-Traxler transition
state: the allylic metal coordinates to
the oxygen/nitrogen atom of the
carbonyl/imine via a six-membered
chair-type state, thereby guiding the
attack of alkene to the carbonyl/imine
carbon with good stereoselectivity.
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Figure 1. Catalytic prenylation and reverse prenylation of aromatics. (A) Representative bioactive natural (reverse-)prenylated aromatics. (B) Prenylation and
reverse prenylation of aromatics via enzyme catalysis. (C) Prenylation and reverse prenylation of aromatics via chemical catalysis. Abbreviations: CoA, coenzyme A; DG,
directing group; DMAPP, dimethylallyl pyrophosphate; IPP, isopentenyl pyrophosphate; LG, leaving group; MEP, methylerythritol 4-phosphate; MVA, mevalonate.

[28-31]. This is likely to be because there exists an equilibrium between linear and branched
o-prenyl-metal intermediates and the subsequent steps (transmetalation/reductive elimination) of
the two isomers might have similar rates. Currently, the prenylation of arenes is often achieved by
Pd-catalyzed coupling of arylhalides and prenyl organometals.

A variety of prenyl reagents including prenyl stannane [32,33], trifluorosilane [34,35], boronate [36],
indium [37,38], and zinc [39-41] are suitable donors (Figure 3A). The commonly used palladium
catalysts such as Pd(PPhg)4, PACl,(dppf), and PdCIx(PPhs), can promote these couplings. In
these protocols, the linear-type o-prenyl-Pd-Ar intermediate, generated by transmetalation
between Ar-Pd-X and prenyl organometals, is likely to undergo a rapid reductive elimination to
yield the prenylated products. Pd-prenyl is sensitive to base-induced elimination, and as a result
weakly or non-basic reagents are generally used. Some well-defined palladium complexes also
showed excellent catalytic performance towards prenylation. For instance, the N-heterocyclic
carbene (NHC)-based palladium complex Pd-PEPPSI-IPent, developed by Organ’s group, could
catalyze cross-coupling between aryl halides and prenyl boronate/zinc pivalate [39,40]. The
bulky nature of the catalyst can accelerate the reductive elimination step to enhance the efficiency.
With complex CPhos-Pd-G3, prenylzinc bromide was effectively coupled with aryl bromide at
room temperature, furnishing the prenylarenes in good yields [41].
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In 2013, Buchwald and colleagues demonstrated that, for [(allyl)PdCl],-catalyzed Suzuki
coupling, divergent regioselectivity could be attained through the choice of ligand (Figure 3B)
[42]. Prenylarenes were produced with sterically demanding ‘BuXPhos, whereas the pathway
was altered to reverse prenylation on varying of the ligand to L1. It should be mentioned that
when tert-prenyl boronate was used as a donor, the prenylation also occurred with excellent
selectivity, illustrating that the interconversion of two c-prenyl-Pd-Ar isomers via T1-prenyl-Pd-Ar
(INT-1) is a fast step. With bulky ligand 'BuXPhos, less-hindered linear o-prenyl-Pd-Ar is favored.
This bulky ligand can also facilitate the following reductive elimination step. By contrast, a low
selectivity was obtained for reverse prenylation with tert-prenyl boronate, which is likely to be
because two o-prenyl-Pd isomers do not reach equilibrium before reductive elimination occurs.

Later, Kndlker and coworkers accomplished an interesting Pd-catalyzed prenylation and reverse
prenylation of bromocarbazole through tuning of the (tert-)prenyl precursors (Figure 3C) [43]. With
prenyl stannane or boronate as a partner, the coupling furnished a reverse-prenylated product in
the presence of Pd(dba), and ‘BusP. However, varying the donor to tert-prenyl stannane or
boronate enabled a selective introduction of a prenyl group onto bromocarbazole.

These efficient cross-couplings have found wide applications in the synthesis of natural products
(Figure 3D). For example, the prenyl group in the bioactive molecules V-ATPase inhibitor [44],
demethylasterriquinone B1 [45], and nodulisporic acid C [46] was installed via Stille cross-
coupling. The broad applicability of Suzuki prenylation was highlighted in the preparation of
glycybenzofuran [47], myrsinoic acid F [48], clavicipitic acid [49], cyclopiazonic acid [50], and
griseofamine A [51]. By using Buchwald’s reverse-prenylation protocol, Reisman and colleagues
established the enantioselective synthesis of the alkaloid lansai B [52].

In 2006, Yorimitsu and Oshima and colleagues unveiled an interesting Pd(OAc)./PCys-catalyzed
prenyl transfer from homoallyl alcohol 6a to aryl halides (Figure 4A) [53,54]. An initial oxidative
addition and ligand exchange with homoallyl alcohol produce intermediate INT-2. A further
retro-prenylation via a six-membered transition state yields the o-prenyl-Pd-Ar species INT-3,
followed by reductive elimination to obtain prenylarenes. Remarkably, congested 2-bromo-1,3-
dimethylbenzene participated in the prenylation well (13b), which is likely to be because the steric
repulsion around the palladium center can accelerate the rate-determining retro-prenylation step.

Besides traditional Pd(0) catalysis, Sawamura and coworkers accomplished the first Pd(ll)-catalyzed
coupling of phenylboronic acid and tert-prenyl acetate with the help of a 1,10-phenanthroline (phen)
ligand and AgSbFg (Figure 4B) [55,56]. Alternatively, a neutral Pd(ll)-dimer complex, prepared from Pd
(OAC), and sulfonamidoquinoline ligand, was an effective catalyst as well [57]. The process starts with
the transmetalation between cationic Pd(ll) species and phenylboronic acid. Subsequent acetate-
directed alkene insertion into Pd-phenyl (INT-6) and B-oxygen elimination (see Glossary) produce
prenylbenzene 13d.

In 20183, Gong and his colleagues disclosed an Ni-catalyzed reductive coupling of 5-bromo-
1,2,3-trimethoxybenzene with prenyl acetate (Figure 4C) [58]. A combination of pyridinylimidazole
ligand L2 and pyridine was critical for the transformation. Later, Shu and colleagues reported
areductive prenylation using tert-prenol with Ni({dppf)Cl./AlCI5 as catalysts and manganese as re-
ductant [59]. In this case, Me4-phen L3 was the optimal ligand. In Gong’s work, the reaction

Trends in Chemistry

Figure 2. Catalytic Friedel-Crafts prenylation of aromatics. (A) Biomimetic synthesis of natural indole alkaloid tryprostatin B. (B) C2 prenylation of tryptophanate
promoted by ‘BuOCI and BCls. (C) AlCIs-catalyzed C2 prenylation of 3-substituted indoles. (D) Lewis-acid-catalyzed prenylation of electron-rich aromatics.

Abbreviations: 2-MeTHF, 2-methyl tetrahydrofuran; EDG, electron-donating group; Phth, phthaloyl.
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Figure 3. Catalytic prenylation and reverse prenylation of aromatics via cross-coupling. (A) Pd-catalyzed prenylation of aryl halides with various prenyimetal
reagents. (B) Switchable regioselectivity controlled by catalysts. (C) Switchable regioselectivity controlled by (tert-)orenyl precursors. (D) Representative natural products whose
synthesis relies on prenylation and reverse prenylation of aromatics via cross-coupling. Abbreviations: Bpin, pinacolateboryl; CPhos-Pd-G3, {[2-dicyclohexylphosphino-2',6™-
bis(/V,N-dimethylamino)-1,1"-biphenyl]-2-[2-amino-1,1"-bipheny]} palladium(ll) methanesulfonate (CAS: 1447963-73-6); dba, dibenzylideneacetone; dppf, 1,1'-ferrocenediyl-
bis(diphenylphosphine); dppp, 1,3-bis(diphenylphosphino)propane; Pd-PEPPS-IPent, [1,3-bis(2,6-di-3-pentylphenyl)imidazol-2-ylidene](3-chloropyridyl)palladium(ll) dichloride
(CAS: 1158652-41-5); TBAF, tetrabutylammonium fluoride.
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Figure 4. Catalytic prenylation and reverse prenylation of aromatics via cross-coupling. (A) Pd-catalyzed prenylation of aromatics using homoallyl alcohol.
(B) Pd(ll)-catalyzed coupling of phenylboronic acid and tert-prenylacetate. (C) Ni-catalyzed reductive phenyl-prenyl cross-coupling. Abbreviation: phen, 1,10-phenanthroline.

starts with oxidative addition between Ni(0) and prenyl acetate, followed by reduction with Zn to
generate the prenyl-Ni(l) complex INT-7. By comparison, Shu and colleagues proposed that the
process is initiated by oxidative addition of Ni(0) with aryl bromide and subsequent reduction with
Mn. The formed Ar-Ni(l) intermediate INT-8 further undergoes oxidative addition with activated
(tert-)prenol to deliver Ar-Ni(lll)-prenyl (INT-9). This species can also be produced via oxidative
addition of INT-7 with aryl bromide. Then, reductive elimination of INT-9 affords the expected
product and the eventual reduction of Ni(l) species with Zn/Mn regenerates the Ni(0) catalyst.

Catalytic prenylation and reverse prenylation of aromatics via C-H activation
In 2009, Baran and coworkers described a Pd(OAc),-mediated oxidative coupling between

3-substituted NH indoles and 2-methyl-2-butene for the facile synthesis of N-reverse-
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prenylated indoles (Figure 5A) [60]. Besides AGTFA and Cu(OAc), as oxidants, additional stabilizing
ligands 3-NO»-pyridine and methyl acrylate were required for the reaction of electron-deficient
indoles (15a,b). The amine protecting groups, including Fmoc, Boc, and Phth on L-tryptophanate,
were all tolerated (15¢c—e). Notably, L-tryptophan-derived dipeptide and tripeptide were accommo-
dated to this transformation as well (15f,g). Mechanistically, Pd(OAc)--assisted allylic C—H activation
of 2-methyl-2-butene first occurs, resulting in the formation of the T1-prenyl-Pd complex INT-10.
Subsequent ligand exchange with NH indole (INT-11) and reductive elimination yield the final product.
Another possibility includes palladation at the C3 position of indole and following metallo-Claisen
rearrangement (INT-12). The resulting Pd(0) species is finally oxidized by Ag(l) and Cu(ll) to complete
the cycle. More importantly, the utility of this strategy has been highlighted by its implementation in the
total synthesis of various alkaloids, such as emindole PB [61], rufomyazine [62], ilamycin E; [63], and
desoxycyclomarin C [64] (Figure 5B).
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Figure 5. Catalytic prenylation and reverse prenylation of aromatics via C—H activation. (A) Pd(OAc),-catalyzed N-reverse prenylation of indoles with 2-methyl-2-
butene. (B) Representative alkaloids whose synthesis relies on N-reverse prenylation of indoles. Abbreviations: Boc, tert-butoxycarbonyl; Fmoc, 9-fluorenylmethoxycarbonyl;
Phth, phthaloyl.
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Directed C-H bond activation is another feasible strategy to incorporate a prenyl group on the
aromatics (Figure 6A). Under cationic Rh(lll) catalysis, pyridine [65], trichloroacetimidamide [66],
amide [67], and thiazole [68] were effective directing groups to facilitate C—H prenylation of
aromatics. The cationic Ru(ll) [69,70] and Co(lll) [71-73] systems were able to execute C2
prenylation of indoles (16b,c) and pyrrole (16d) using tert-prenol 2b as the donor. Ackermann
and coworkers disclosed that with a Mn,(CO)¢ catalyst, phenyl ketimine could be coupled
with tert-prenyl carbonate 2d, and subsequent in situ hydrolysis produced prenylated
acetophenone (16e) [74]. In general, the mechanism for directed C—H prenylation includes
five-membered metallacycle formation via a concerted metalation-deprotonation (CMD)-
type C—-H activation pathway, migratory insertion of olefin into a metal-carbon bond (INT-13)
and 3-oxygen elimination.

In 2015, Chen and colleagues developed a Pd(OAc),-catalyzed, aminoquinoline (AQ)-directed C—H
prenylation of aromatic (16f) with prenyl bromide in the presence of (BnO),PO,H and NaHCO3
additives [75]. This prenylation could also occur under Ni(0) catalysis (16g) [76,77]. A distinct
feature is that the formed five-membered metallacycle intermediate favorably undergoes oxida-
tive addition with prenyl bromide/phosphate (INT-14), followed by reductive elimination to yield
prenylated arenes.

Krische and colleagues documented an atom-economical approach for the synthesis of
prenylated aromatics via iridium-catalyzed C-H addition of dimethylallene (16h) [78]. In this
case, the ortho C-H bond is activated by oxidative addition with cationic Ir(l), followed by allene
insertion into the Ir-H bond (INT-15) and reductive elimination to afford the target product.
Mn(l) [79] and Rh(lll) [80] could also promote directed C—H prenylation using dimethylallene (16i,j).
Distinct to iridium catalysis, this process starts with CMD-type C—H activation, followed by allene
insertion into the M—C bond (INT-16) and protonolysis to furnish the prenylated product.

Interestingly, Chen and coworkers showed that isoprene could be coupled with 2-arylpyridines
and formaldehyde under Cp*Co(CO)l./AgSbFg catalysis (17) [81]. A directed CMD-type
C-H activation of 2-phenylpyridine with cationic Co(lll) yields a five-membered cobaltacycle.
Subsequent migratory insertion of isoprene into the Co—C bond and [3-hydrogen elimination lead
to an oxidative coupling intermediate (INT-17). Further 1,4-insertion of an isoprene motif into a
Co-H species generates a prenyl-Co(lll) complex, followed by an addition with formaldehyde to
deliver the desired product through a Zimmerman-Traxler transition state (INT-18). Indepen-
dently, the groups of Ellman and Zhao reported similar results [82,83]. Currently, directed C—H
prenylation generally occurs at the ortho position. It would be interesting to exploit suitable directing
groups to achieve remote C-H prenylation of arenes.

By taking advantage of the inherent coordinating ability of azacycles, the laboratory of Hou
unveiled a yttrium-catalyzed C—H addition of 2-ethylpyridine with isoprene, leading to prenylated
and geranylated pyridines (18a, 19a) in a molar ratio of 1.2:1 (Figure 6B) [84]. The half-sandwich
bis(aminobenzyl) yttrium complex is first activated by B(CgFs)3 to generate a cationic yttrium
catalyst. A coordination of pyridine to the yttrium center aids ortho-C—H activation to deliver a
three-membered yttrium cycle via release of N,N-dimethyl o-toluidine. Then, isoprene undergoes
migratory insertion into the Y-C bond to yield a 11-prenyl-yttrium species (INT-19). A final
protonolysis results in the expected product. Analogously, Luo and Yao and colleagues prepared
a zirconium dibenzyl complex with a tridentate [O,N,O] aniline-bridged bis(phenolato) ligand,
which can promote the prenylation of 2-picoline in the presence of [PhsC][B(CgFs)4] [85].
Compared with commonly used (tert-)prenyl electrophiles, such atom-economical C—H addition
with isoprene to access prenylated products is more appealing.
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Figure 6. Catalytic prenylation and reverse prenylation of aromatics via C-H activation. (A) Directed C-H prenylation of aromatics. (B) C-H prenylation of pyridine
with isoprene. Abbreviations: BAr, tetrakis[3,5-bis(trifluoromethyl)phenylJooron; BINAP, 2,2"-bis(diphenylphosphino)-1,1'-binaphthalene; cod, 1,5-cyclooctadiene; Cp*,
pentamethylcyclopentadienyl.
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Catalytic prenylation and reverse prenylation of aromatics via nucleophilic attack
at m-prenylmetals

By taking advantage of the nucleophilicity of indoles, the Tsuji—Trost reaction is another elegant
strategy to introduce useful prenyl and reverse-prenyl groups. In 2005, Tamaru and coworkers
reported the first C3 reverse prenylation of a simple indole using Pd(PPhg)4 as a catalyst and
BEt; as a promoter (Figure 7A) [86]. It is suggested that BEts is likely to interact with the nitrogen
atom of indole to increase the nucleophilicity of the C3 position. Commercially available prenol
proved to be a suitable partner and reverse-prenylated product 21a (75%) was obtained exclu-
sively. This strategy was successfully applied to install reverse-prenyl groups in the alkaloids
hemiasterlin [87] and caulindole C [88].

Breit and colleagues showed that when using a diphenylphosphino pyridinone ligand, 6-DPPon(CF3),
(L4), Pd-catalyzed reverse prenylation of indole with prenol occurred readily, and notably the additive
BEt; was not required (Figure 7A) [89]. This ligand can interact with the hydroxyl group of prenol
through hydrogen bonding, thereby promoting the release of the hydroxyl substituent and the forma-
tion of 1-prenylpalladium species. Interestingly, Zhu's group demonstrated that with Lewis acid
MoOs(acac),/NH4PFg as catalyst, the coupling of indole with prenol furnished 3-prenylindole 20a
via a 1-prenylcation intermediate [90].

Pregosin and coworkers prepared a cationic ruthenium(lV) complex (Ru-1) via the reaction of
(Cp*RuCly),, allyl chloride, and AgPFg [91]. With this catalyst, the coupling between indole and
tert-prenol offered reverse-prenylated product 21a in 10:1 rr (Figure 7A). Encouraged by this
work, the group of Bruneau used diphenylphosphinobenzene sulfonate as a source to incorpo-
rate a six-membered P,O-chelate onto a ruthenium center. The resulting complex Ru-2
enhanced the regioselectivity to 19:1 [92].

Isoprene is electronically undifferentiated, rendering it more difficult to generate 1-prenylmetal
species and regulate the regioselectivity (Figure 7A; six addition modes in principle) [93]. In
2019, Chen and colleagues achieved prenylation and reverse prenylation of indoles with isoprene
via regiodivergent catalysis [94]. The system comprising Pd(PPha),, the bulky ligand DTBM-
Segphos, and BEt; enabled a facile synthesis of prenylated indole 20a with high selectivity. By
contrast, C3 reverse prenylation of an indole (21a) was found to be predominant when using
[Rh(cod)Cl],, DTBM-Segphos, and Brensted acid CSA as catalysts. Both transformations com-
mence with the formation of metal-hydride species. The active Et,B-Pd(ll)-H catalyst is obtained
via oxidative addition of BEtz with Pd(0) and further 3-hydrogen elimination (-ethylene). An oxida-
tive addition between acid CSA and Rh()) yields active Rh(lll)-H species. Subsequent migratory
insertion of isoprene delivers 1-prenylmetal species INT-21, followed by nucleophilic attack of
indole and aromatization to produce the target products.

In 2013, Stanley and colleagues documented an efficient [Pd(prenyl)Cl]o/Xantphos-catalyzed
N-reverse prenylation of electron-deficient indole with tert-prenyl carbonate (23a) (Figure 7B)
[95]. The electron-withdrawing groups could increase the acidity of NH, thus facilitating its
nucleophilic attack onto the 11-prenylpalladium(ll) intermediate. This protocol has found appli-
cations in the preparation of marine alkaloid cyclomarin A with antimalarial properties [96].

Kim and coworkers reported that, with the assistance of Pd(dba)./Briphos and the co-acid
catalyst CgFsOH, imidazole underwent N-prenylation with excellent yield and regioselectivity
(22b) (Figure 7B) [97]. Briphos, a bicyclic bridgehead phosphoramidite ligand, possesses strong
Tr-acceptor ability. This key feature together with hydrogen-bonding interactions between
CgFsOH and hydroxyl in (tert-)prenol promote the oxidative addition step.
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1,1-Dimethylallene is an effective prenyl source as well. In 2015, Breit and his colleagues accom-
plished reverse prenylation of tetrazole using 1,1-dimethylallene under [Rh(cod)Cl]o/DPEphos
catalysis (Figure 7B) [98]. The process commences with oxidative addition between NH of
tetrazole and Rh(l) catalyst. Subsequent migratory insertion of allene into H-Rh-N species
forms a TT-prenyl-Rh-N complex, which further undergoes reductive elimination to produce N-
reverse-prenylated product 23b.

Recently, the group of Chen thoroughly investigated the regiodivergent coupling between
pyrazoles/indazoles and isoprene under Pd—H catalysis (Figure 7B) [99]. With phosphoric
acid as the additive, the coupling mainly occurred at the N2 position of pyrazoles/indazoles
and the electrophilic reactive site of isoprene could be manipulated by the choice of ligand.
The use of Cy-DPEphos (L6) led to 2,1 insertion of isoprene and N2 reverse-prenylated
products (2,1-adducts, 23c,d) were obtained exclusively (via INT-21). Conversely, 3,4-
insertion of isoprene (3,4-adducts, 24¢,d) became a dominant pathway on variation to the
bulky ligand L7 (via INT-22). Independently, Dong and Yang and colleagues established one
example of the reverse prenylation of pyrazole using isoprene under [Pd(allyl)Cl]o/MeO-
BIPHEP catalysis [100].

Carreira and his colleagues achieved the first dearomative C3 reverse prenylation of tryptamine
derivatives (25a) using tert-prenyl carbonate (Figure 7C) [101]. A combination of [Ir(cod)Cl], and
phosphoramidite ligand (L8) efficiently promoted the reaction in the presence of KO'Bu and
BEts. Analogously, Stark and colleagues discovered a diastereodivergent dearomative C3 re-
verse prenylation of tryptophanate enabled by iridium and chiral phosphoramidite catalysis
[102]. Both exo and endo products could be selectively obtained via tuning of the borane additive.
For example, the reaction between Fmoc-L-Trp-OMe and tert-prenyl carbonate provided the exo
product 25b with 20:1 dr in the presence of PhsB, whereas the endo product 25¢ proved to be
predominant on changing to 9-BBN-octyl as the additive.

In 2018, an elegant enantioselective dearomative C3 prenylation of 3-substituted indoles was
developed by You’s group (Figure 7C) [103]. With [Pd(prenyl)Cl]> and chiral phosphoramidite
ligand allylphos as catalysts, 6-bromo Boc-tryptamine reacted with prenyl carbonate well
to afford product 27a in 94% ee, which was a precursor of alkaloid (-)-flustramine B. Notably,
L-tryptophan-based peptides were compatible with this process as well, followed by Eto,NH-
promoted lactamization/lactonization to form exo-type indoline diketopiperazines (e.g., mollenine
A, 27b) with high diastereoselectivities.

Most of the known work employed biased (tert-)prenyl alcohols and their carbonates as the
donors. It is because these activated precursors can selectively undergo oxidative addition
with low-valent metals to furnish electrophilic Tr-prenylmetals. However, from an economic
point of view, basic feedstock isoprene, which can also form Tr-prenylmetals under metal-
hydride catalysis, is a more promising precursor. Accordingly, the exploration of prenylation and
reverse prenylation of indoles with isoprene, as well as asymmetric versions, will be of great
significance.

Trends in Chemistry

Figure 7. Catalytic prenylation and reverse prenylation of aromatics via nucleophilic attack at 1r-prenylmetals. (A) Catalytic C3 prenylation and reverse
prenylation of simple indoles. (B) Catalytic N-prenylation and -reverse prenylation of various heterocycles. (C) Catalytic dearomative prenylation and reverse prenylation
of 3-substituted indoles. (D) Representative alkaloids whose synthesis relies on prenylation and reverse prenylation of indoles. Abbreviations: 9-BBN-octyl, 9-octyl 9-
borabicyclo[3.3.1]nonane; cod, 1,5-cyclooctadiene; CSA, camphor-10-sulfonic acid; dba, dibenzylideneacetone; DBU, 1,8-diazabicyclo[5.4.0Jundec-7-ene; DPEphos,
bis[(2-diphenylphosphino)phenyl] ether; DTBM-Segphos, 5,5"-bis[di(3,5-di-tert-butyl-4-methoxyphenyl)phosphino]-4,4'-bi-1,3-benzodioxole; PEG-6000, poly(ethylene

glycol)-6000; TBD, 1,5,7-triazabicyclo[4,4,0]dec-5-ene; Xantphos, 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene.

670  Trends in Chemistry, July 2022, Vol. 4, No. 7


CellPress logo

Trends in Chemistry
(A)
O | Ol
N w BF;sEt,0 Ay
@ )\/\ BF,;K H via NF/BI\'/Ie

28a, 89% INT-23

R R
S)-Br-BINOL (15 mol% $ =
b Bk —SoSEY, s )
N B(OH), MeOH (3.0 equiv) N |

¢? CellPress

Bpin

OO e
H

H

29b, 79% yield, 98% ee
>20:1dr

G o

29a, 87% yield, 90% ee

i 99
R = H, prenylboronic acid Toluene, 3AMS, rt 29 i Br 29¢, 72% yield, 98% ee
R = prenyl, geranylboronic acid (S)-Br-BINOL >20:1dr
(B) - : I'Pr :Pr v
N
" ] X D SN INT-28 =
N Pr H pr
& OCqFs OCFs 72 + Ir(lIny* Ir(111)
L 29 INT-29 C4F5OH
30 i ipr
Pr HAT N*
Ir(ppy)s (0.3 mol%) L NH ey -
DIPEA, H,0 Pr CeFeo0 N
MeCN, blue LEDs, 0 °C s 20 o
Ii
EtNPr, )
F -
F > R= COzMe, 318' 61% /\)\ \>< =
_ X
R =CN, 31b, 64% FoaAr A)( OC¢Fs
R F R = CF,, 31c, 57% 31 Fash” " 0CeFs 29 pF
F -
3 R =F, 31d, 64% INT-25 INT-24
(C)
ArNH,
X
hv
\XSOZP ‘/\)\ /\ l(BUONO '/\
2h D) Ir(l)* A+ EosinY* Eosin Y
X =Br, 1 X = NH
. 2 PhsO,*
Ir(ppy)3 (0.3 mol%) Eosin Y (0.3 mol%) Bu Nt
HCOOH/DIPEA/BU,N 'BUONO (2.0 equiv) SET .
MeCN, Blue LEDs DMSO, Blue LEDs — AXt ANy BuO
: Ir(Iv) \ / Eosin Y+ ~ PhSO,"
-N
Br MeO G PhSO,Bu
— Ar
Pr. N* + PhSO,H
X =1, 13g, 60% X= NH2. 13i, 60% T z
\XSOZPh
gs NC@’L(
A\
s’ \= — - PhSO,* /\)\
>~\_< ArA.><SOZPh = AN
X = Br, 13h, 70% X = NH,, 13j, 68% INT-30 13

Trends In Chemistry
(See figure legend at the bottom of the next page.)

Trends in Chemistry, July 2022, Vol. 4,No.7 671


CellPress logo

¢? CellPress

Catalytic reverse prenylation of indoles via addition reaction

The introduction of reverse-prenyl groups at the C2 position of indoles often depends on
Danishefsky’s multistep procedure [104-106]. By contrast, in 2013 Batey and colleagues
unveiled a dearomative C2 reverse prenylation of indole with prenyltrifluoroborate (28a) in the
presence of BFzeEt,O (Figure 8A) [107]. It is suggested that NH indole is first tautomerized into
cyclic imine 3H-indole, which further undergoes addition with prenylboron difluoride species via
Zimmerman-Traxler transition state INT-23. N-Methylindole, which cannot form a cyclic imine
tautomer, was an ineffective substrate. Later, Szabd and coworkers established an asymmetric
version with (S)-Br-BINOL as the catalyst [108]. A chiral BINOL-modified prenylboronate can
be formed via the reaction of prenylboronic acid and the catalyst, followed by the same addition
mode to give reverse-prenylated indoline (29a) with stereochemical induction. Notably,
geranylboronic acid was amenable to the process as well and the branched products (29b,c)
were afforded in high enantio- and diastereoselectivities.

Catalytic prenylation of aromatics via radical coupling

In 2018, Weaver and colleagues exploited a visible-light-induced Ir(lll)-catalyzed C-F
defluoroprenylation of perfluoroarenes in the presence of water and electron donor DIPEA
(Figure 8B) [109]. The nature of the prenyl sources exerted a significant impact on the reaction
and tert-prenyl pentafluorobenzene ether (2g) gave the best result. Electron-deficient groups on
perfluorobenzene were well tolerated (831a—d) and the prenylation exclusively occurred at the
para position. Ir(ppy)s is first transformed into its triplet excited state under blue light-emitting
diode (LED) irradiation, followed by reductive quenching with DIPEA to provide Ir(ll) and amine
radical cation INT-26. A single electron transfer (SET) of Ir(ll) with perfluoroarene delivers
perfluoroaryl radical anion with the regeneration of Ir(lll). A subsequent extrusion of fluoride anion
forms a perfluoroaryl radical (INT-24), which attacks at the alkene terminus of 2g to yield radical
INT-25. A further loss of pentafluorophenoxy radical (INT-27) delivers the desired prenylated
product 31.

Recently, the same group synthesized a bench-stable donor tert-prenyl sulfone 2h via allylation of
benzene sulfinate and dimethylation [110]. This reagent could undergo prenyl transfer to diverse
aromatics under photoredox catalysis (Figure 8C). The prenylation of anilines occurred readily in
the presence of the organic dye eosin Y and tert-butyl nitrite (BuONO), while a combination of Ir
(PPY)s, trialkylamine, and formic acid proved to be the optimal system for the prenylation of aryl
halides. Both transformations start with the irradiation of the photocatalyst (PC) to give its excited
state (PC*). Subsequent single electron transfer (SET) with aryldiazonium salts or aryl halides
(oxidative quenching) yields aryl radical with the loss of nitrogen or halide anions. Further
addition with tert-prenyl sulfone generates radical INT-30, followed by elimination of the sulfonyl
radical to obtain the desired prenylarenes 13. The oxidized form of the PC is reduced by trialkylamine
and the sulfonyl radical to regenerate the Ir(ppy)s and eosin Y, respectively. It is worth mentioning that
reductive quenching cycle of excited PCs cannot be ruled out.

Concluding remarks

To conclude, chemical catalytic prenylation and reverse-prenylation of aromatics have witnessed
significant progress over the past decades. Feasible strategies include the Friedel-Crafts reac-
tion, cross-coupling, C—H bond activation, Tsuji-Trost-like reactions, addition reactions, and
radical coupling. Their utility has been highlighted in the total synthesis of diverse natural alkaloids.

Trends in Chemistry

Outstanding questions

Will bulk chemical isoprene become a
versatile precursor for the incorporation
of prenyl and reverse-prenyl groups?

How can we realize enantioselective
prenylation and reverse prenylation of
aromatics with isoprene?

How can we achieve selective
geranylation of aromatics with isoprene?

Is it possible to install prenyl and
reverse-prenyl groups onto the benze-
noid ring of indoles via a C-H activation
strategy?

Will prenylation and reverse prenylation
find applications in the late-stage modifi-
cation of medically relevant molecules?

Figure 8. Catalytic prenylation and reverse prenylation of aromatics via addition and radical reaction. (A) Catalytic C2 reverse prenylation of indoles via addition
reaction. (B) Photocatalytic defluoroprenylation of perfluoroarenes. (C) Photocatalytic prenylation of arenes with tert-prenyl sulfones. Abbreviations: DIPEA, N,N-
diisopropylethylamine; DMSO, dimethy! sulfoxide; HAT, hydrogen atom transfer; Ir(ppy)s, tris(2-phenylpyridine)iridium; LED, light-emitting diode; SET, single electron transfer.
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Dimethylallylic (prenyl versus tert-prenyl) alcohols and their derivatives, homoallyl alcohol, iso-
prene, and dimethylallene as well as 2-methyl-2-butene are versatile precursors. Because of
the steric hindrance, prenylation is achieved in most cases, whereas reverse-prenylation can
be attained only via careful tuning of transition-metal catalysts and ligands.

From the viewpoint of step and atom economy, bulk chemical isoprene is an ideal prenyl source.
However, electronically unbiased isoprene might lead to six possible regioisomers. Owing to this
challenging issue, (reverse) prenylation using isoprene remains in its infancy (see Outstanding
questions). Future efforts will be devoted to developing common strategies to manipulate the
regioselectivity (regiodivergent catalysis). There will also be plenty of room for the development
of enantioselective dearomative (reverse) prenylations of indoles with isoprene. Since sometimes
geranylated product could also be obtained in prenylation reactions (Figure 6B), it will be highly
desirable to exploit suitable catalytic systems to realize selective geranylation of aromatics with
isoprene.

Indoles with prenyl and reverse-prenyl groups on the benzenoid ring are also widely distributed in
natural alkaloids and their synthesis often relies on enzymatic catalysis. With chemical catalysis,
current (reverse) prenylation of indoles generally takes place at N, C2, and C3 positions. In
contrast, direct C—H (reverse)prenylation of the benzenoid ring of indole remains underexplored.
In this context, exploiting suitable directing groups to achieve this goal will be an important
research area.

Catalytic late-stage functionalization is arguably the simplest tool to quickly modulate the properties
of alead compound without the need for de novo synthesis, which will certainly accelerate the dis-
covery of new drugs. Additional attention will be directed towards exploring the late-stage (reverse)
prenylation of medically relevant molecules, since the presence of (reverse) prenyl units can
improve their interactions with target proteins.
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